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CONCEPTS 


The Oxide Anion Accelerated Retro-Diels-Alder Reaction 


Mark E. Bunnage and K. C. Nicolaou* 


Abstract: The widespread application of the retro-Diels- 
Alder reaction in synthesis has been hampered by the high 
temperatures usually required to cffect cycloreversion. The 
discovery of the anionic oxy-Cope reaction was followed 
by predictions that the accclerating effect of the oxide an- 
ion should also be observed with other pericyclic reactions. 
Recently, such prcdictions have been confirmed for the 
retro-Diels-Alder reaction, which often proceeds rapidly 
at room temperature by oxide anion rate acceleration. 
Such mild retro-Diels-Alder reactions have now been em- 
ployed in the synthesis of a range of molecular targets, 
including temperature-sensitive enediynes. 


Keywords: Diels-Alder reactions - pericyclic reactions * 
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Introduction 


The Diels-Alder [4 + 21 cycloaddition reaction has proven to be 
one of the most versatile strategies for six-membered carbocycle 
synthesis, allowing the ready union of diene and dienophile 
components in a highly predictable stereo- and regiochemical 
manner. Although countless synthetic applications of the Diels- 
Alder reaction have been described, the corresponding retro- 
grade process has attracted much less attention.“] Although the 
retro-Diels-Alder reaction could also have many potential ap- 
plications in synthetic organic chemistry, particularly as a 
method for masking an alkene moiety, its use has generally been 
hampered by the high temperatures required to effect cyclore- 
version.“] We recently disclosed a novel method for the synthe- 
sis of sensitive cyclic enediynes,[’] which utilised a retro-Diels- 
Alder reaction (rDA) to generate the central “ene” moiety (vide 
infra) . The success of this approach stemmed from the ability to 
effect cycloreversion at room temperature through the utilisa- 
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tion of an oxide anion accelerating effect. In the present article, 
the background to the oxide anion accelerated retro-Diels- 
Alder reaction, and prospects for the future of this process, are 
discussed. 


The classic thermally induced Diels-Alder coupling of an 
electron-deficient dienophile and a conjugated diene is known to 
proceed through a concerted pericyclic mechanism, and can be 
represented schematically by the energy profile depicted in Fig- 
ure I .[31 Clearly, cycloreversion of such a Diels-Alder adduct 
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Figure 1 .  Schematic representation of thermal Diels-Alder and retro-Diels-Alder 
rcactions (FVP: flash vacuum pyrolysis) 


would not generally be feasible since the reaction would be 
thermodynamically “up hill” and have a high activation energy 
(Figure 1). Nevertheless, one strategy by which these barriers 
have been overcome is through the use of flash vacuum pyroly- 
sis.[’] In this technique elevated temperatures (e.g., 500-800 ‘C) 
are employed to surmount the high activation barrier, and the 
diene or dienophile component are separated in vacuo, thus 
driving the reaction to completion. Despite these rather extreme 
conditions, this procedure has found a number of useful appli- 
cations in total synthesis.“] Nevertheless, it is unlikely that com- 
plex or highly reactive molecules could withstand such treat- 
ment, and a more general and convenient strategy for effecting 
the retro-Diels-Alder reaction would evidently be preferred. 


Discussion 


Acceleration of Peticyclic Reactions by the Oxide Anion: In a 
landmark paper in 297S,[41 Evans and Golob reported that the 
oxy-Cope [3,3] sigmatropic rearrangement underwent a spectac- 
ular increase in rate (by factors of up to 10” !) upon conversion 
of the alcohol to the potassium alkoxide (Scheme 1 ) .  In this 
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Schcine 1. Thermal and anionic oxy-Cope rearrangements 


initial study, the effect was exemplified with the rearrangement 
of the dienol 1 to  the ketone 2 (Scheme 2 ) ,  and it was shown that 
the magnitude of the rate acceleration was directly related to the 
degree of alkoxide-metal dissociation, with maximum accelera- 
tions obtained with a more “naked” anion.[41 Thus, under iden- 
tical conditions (THF, reflux), the potassium alkoxide (3, M 
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Scheme 2 Acceleration of the  oxy-Cope rearrsngemcnt by alkoxide ion formation. 
:is f i r s  dernonslratcd by Evans and Goloh [4]. When M = K rate enhancernent~ of 
tip to 10’’ are observed comp;ired 10 the thermal process. 


= K) rearranged at a much greater rate (t,,, = 1.4 min) than the 
sodium alkoxide ( r , j 2  = 1.2 h), whereas the lithium and magne- 
sium (M = MgBr) alkoxides proved to  be stable. Moreover, it 
was found that the rate of the potassium alkoxide rearrange- 
ment could be further accelerated by addition of [18]crown-6 as 
a K +  ionophore. Since 1975 the anionic oxy-Cope rearrange- 
ment has been widely used in total synthesis“’ owing to its 
predictable regio- and stereochemical outcome, and ability to 
proceed at ambient temperature (e.g., 20”C), which allows 
many sensitive functional groups to be tolerated. 


Importantly, the oxide anion effect is not restricted to the 
oxy-Cope rearrangement, and many other thermal pericyclic 
reactions, including [1,3] sigmatropic shifts[‘] and vinylcyclo- 
propane rearrangements,[’] have been found to be similarly ac- 
celerated. One can rationalise this oxide anion rate enhancement 
by considering the degree of conjugation of the substituent in 
the ground state relative to the transition state of the reaction. 
In the oxy-Cope setting, for example, the oxide anion is isolated 
in the ground state; however, in the transition state it can under- 
go a degree of delocalisation into the cycle of fully conjugated 
orbitals, which are present, by definition, in a pericyclic reac- 
tion. This stabilisation of the oxide anion in the transition state 
relative to  the ground state leads to a decrease in the activation 


energy (AG *) and a n  increase in rate for the reaction. This effect 
should be more pronounced as the ground state increases in 
energy (i.e., when the oxide anion is more “naked”). The oxy- 
Cope rearrangement ultimately affords an enolate product that 
is more thermodynamically stable than the alkoxide precursor, 
and so the reaction is generally highly exothermic and irre- 
versible. It is noteworthy that, although a weakening of the 
C-C bond adjacent to the oxide anion may facilitate the rear- 
rangement,‘81 the anionic oxy-Cope reaction has been shown to 
be a true pericyclic reaction, which occurs in a concerted man- 


The assumption that the change in degree of delocalisation is 
the sole determinant of substituent influence on the reaction rate 
led Carpenter to develop, in 1978,r’01 a simple model for predict- 
ing the effect of various substituents (including the oxide anion) 
on the rates of a range of thermal pericyclic reactions. Interest- 
ingly, Carpenter‘s model also suggested that the retro-Diels- 
Alder reaction would undergo rate acceleration by the appropri- 
ate incorporation of a n  oxide anion substituent. Thus, in the 
prototype retro-Diels-Alder reaction delineated in Scheme 3, 
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Scheme 3. Carpenter’s predictive model 1101 for the effect of polar (Pol. e.g.  oxide 
anion) and conjugating (Con. e.g. vinyl) groups on the rate o f  retro-Dieis-Alder 
cycloreversion. Note that the polar clas~ification describes both electron doiior md 
electron ‘icccptor substitucnts. 


the presence of a n  oxide anion at either positions 1 or 2 was 
predicted to increase the rate of cycloreversion, whilst its incor- 
poration at  position 3 was anticipated to  cause a rate retarda- 
tion. As detailed below, Carpenter’s predictions have now been 
experimentally validated, and the oxide anion assisted retro- 
Diels-Alder reaction has emerged as a powerful reaction for use 
in organic synthesis. 


Oxide Anion Accelerated Retro-Diels-Alder Reactions: The first 
analysis of oxide-anion acceleration in a retro-Diels-Alder con- 
text was described by Papies and Grimme in 1980.[”. 1 2 ]  The 
model compound 4 used in this study was prepared from 5 (the 
Did-Alder adduct of p-benzoquinone and butadiene), through 
the sequence of transformations illustrated in Scheme 4. I t  was 
discovered that treatment of 4 with anhydrous tetra-n-butyhm- 
monium fluoride (TBAF) in T H F  a t  room temperature resulted 
in the immediate formation of a burgundy colour, consistent 
with rapid desilylation to 6 and subsequent retro-Diels-Alder 
reaction to form the 2,3-dicarbomethoxyphenolate ion 7. In 
contrast, the parent diester 8 (Scheme 5), readily obtained by 
cycloaddition of 1,4,9,10-tetrahydronaphthaIene and dimethyl- 
acetylene dicarboxylate, was only found to undergo sluggish 
cycloreversion at  100 “C = 3 76 min). The dramatic oxide 
anion accelerating effect observed in this system (> lo6) stems 
from the significant increase in conjugative stabilisation at- 
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Scheme 4. Synthesis of 4 and oxide anion accelerated retro-Diels-Alder reaction 
of desilylation product 6,  as described by Papies and Grimme [ll].  Reagents 
and conditions: a) TsNHNH,, Na,CO,, HI; h) LDA, THF, TMSCI; 
c) MeO,CC=CCO,Me, 25 "C; d) TBAF, THF, 25 "C. TBAF = tetra-n-butylam- 
nionium fluoride. 
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Scheme 5. Free energies of activation (AG *) for retro-Diels-Alder cycloreversion 
of adducts 8 and 6, as calculated by Papies and Grimme [ I l l  


tained in transformation of the alcoholate ion of the precursor 
into the phenolate ion of the product "diene fragment". 


An application of the oxide anion accelerated retro-Diels- 
Alder in total synthesis was provided by Knapp et al. in 1983.[13] 
In this study, a stereospecific synthesis of (+)-conduritol A (9) 
from p-benzoquinone (10) was achieved by using 9-[ (benzyl- 
oxy)methoxy)]anthracene (1 1) (vide infra) as a protecting and 
directing group. Thus, Diels-Alder coupling of 10 with 11 gave 
the adduct 12 (Scheme 6) in which one double bond and one 
face of 10 were now protected from attack by reagents. Conse- 
quently, Luche reduction of 12 occurred from the top face to 
give the corresponding syn-diol, and dihydroxylation of this 
intermediate afforded 13 as a single (racemic) diastereoisomer. 
In preparation for the liberation of the masked double bond, 
13 was then transformed into 14 by standard protecting group 
manipulations (Scheme 6). Treatment of 14 with potassium 
hydride in dioxane at 35 "C initiated the key oxide anion accel- 
erated retro-Diels-Alder reaction, affording the desired alkene 
15 in excellent yield (84%). Finally, deprotection of 15 af- 
forded (i-)-conduritol A (9) in 39% overall yield from 10 
(Scheme 6). 
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Scheme 6. Synthesis of (i)-conduritol A (9) by means of an accelerated retro- 
Diels Alder approach [13]. Reagents and conditions: a) p-benzoquinone (10). 
toluene, 6X'C. 1 5 h .  92%;  b) NaBH,, CcCI,, MeOH, toluene. -78 C. 96%; 
c) OsO,, NMO, acetone, H,O; d) TFA, MeOH.40"C. 78%) (2 steps); e) acetone, 
TFA, 65 'C; f )  BOMCI, NaH, THF, 84% (2 steps); 8)  K H ,  dioxune. 3 S ' C .  12 h, 
84%; h) Na, NH,, ether, -7X"C: i) TFA, MeOfi, 80% (?steps). BOM = 
CH,OCH,Ph; NMO = 4-methylinorpholine N-oxide: TFA = tritluoroacetic acid. 


Our interest in the retro-Diels-Alder reaction arose from its 
potential as a method for the synthesis of enediynes from stable 
1,5-diyne progenitors, as delineated in Scheme 7. Since the 
enediyne moiety is highly reactive and prone towards Bergman 
cycloaromatisation (Scheme 7), a prerequisite for the success of 


retro-DA 


r 


Bergman 
cyclisa tion 


v 
8) 


Schcme 7. General concept for the refro-Diels-Alder generation o f  cnediynes [2] 
and thcir Bergman cycloaromatisation. 


such a strategy is the ability to trigger the retro-Diels-Alder 
process when desired and for it to proceed at ambient tempera- 
ture. The oxide anion accelerated retro-Diels-Alder reaction 
thus appeared ideal for our requirements, and we investigated 
the use of 11 as a platform for the generation of enediynes. The 
generation of 11 from anthrone (16), and its conversion to the 
1,5-diyne 17 is illustrated in Scheme 8 and has been described in 
detail.[21 Since the two alkyne moieties in 17 are locked into a x p  
orientation, the intramolecular bisalkylation of the correspond- 
ing dialkynyl dianion proceeded c\eanly to give the cyclic 1,5- 
diyne (52% yield), which was readily deprotected to give the 
alcohol 18 (Scheme 9). Although 18 proved to be highly stable 
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Scheme 8. Synthesis of 17 [ 2 ] .  Reagents and conditions: a) 1.2 equiv NaH, THF, 
0 C. 45 mini 1.2 equiv BOMCI, 1.5 h, 85%; b) 1.0 equiv maleic anhydride, PhH, 
reflux. R h, 100%: c) 4.25equiv LiAIH,. THF, reflux, 12 h, 95%; d) 1.0equiv 
TPSCI, 2.0 equiv imidazole, 0 - 25 'C, 2.0 h, 63 % (f 25 Yo regioisomer); 
e)  1.5 equiv NMO, 0.025 equiv TPAP, MeCN. 25 C, 0.5 h, 95%;  f )  6 equiv CCI,, 
3 equiv P(NMe,),, THF. -30 + 0 'C. 1.5 h, 83 "YO; g) 2.1 equiv nBuL1, THE 
-78+O"C,(l .Sh, 100%:h) 10equ ivTBA~,THF,2S 'C ,2h ,94%; i )  1.5equiv 
NMO. 0.05equiv TPAP, CH,Cl,iMeCN (9.l), 25"C, 15min. 80%; j) 6equiv 
C'CI,, 3 equiv P(NMe,),, THF, -30"C, 15 min, 84%;  k)  3.2 equiv nBuLi. T H E  
-78 C .  0.5 h. 45%. TPS = rBuPh,Si; TPAP = tetra-n-propylainmonium per- 
ruthenate(vl1). 
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Scheme 9. Synthesis of cyclic 1 ,S-diyne 18 and oxide anion accelerated retro-Dieis- 
Alder reaction to foi-ni eiiediyne 20 [ 2 ] .  Reagents and conditions: a) 2.3 equiv 
nBuLi, 4equiv HMPA. THF, -78"C, 0.5h; 1.2equiv I(CH2)J, -78 -25"C.  
1 2  h,52'%;b) 10'%TFAinMeOH,reflux, 1 h ,94%;c)  KH,THF,25"C,30min, 
90%. H MPA = hexamethylphosphoric triamide. 


under neutral or acidic conditions, deprotonation to form the 
oxide anion 19 immediately initiated the desired cycloreversion. 
Thus, treatment of 19 with potassium hydride in THF at 25 "C 
(Scheme 9) resulted in rapid development of a deep orange 
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colouration, consistent with the generation of the potassium salt 
of anthrone, and the clean generation of cyclodecenediyne 20. 
Although 20 does undergo Bergman cycloaromatisation at am- 
bient temperature = I 8  h at 37 "C), it was stable enough to 
permit isolation and was secured in 90% yield from 18.[*' This 
methodology offers significant scope for the synthesis of new 
cyclic enediynes and structures of type 18 have the potential to 
be developed into novel enediyne prodrug systems. These op- 
portunities are currently under investigation in our laboratories. 


The above examples have demonstrated that dramatic in- 
creases in the rate of retro-Diels-Alder cycloreversions can be 
achieved by incorporating an oxide substituent at the terminus 
of the 47t component, that is, position 2 in the Carpenter model 
(Scheme 3). As predicted by this model, it is also reasonable that 
the rate of cycloreversion should be enhanced if the oxide anion 
substituent were connected to the 2n  component (i.e., posi- 
tion 1, Scheme 3). Indeed, Rajanbabu et al.['41 have shown that 
11 -hydroxy-9,10-dihydro-9,10-ethanoanthracene (21) affords 
anthracene (22) in good yield (60 %) upon treatment with 
potassium hydride in THF/HMPA at room temperature 
(Scheme lo), albeit after a long reaction time (66 h). In contrast, 
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Scheme 10. Retro-Did-Alder reactions of 9,10-dihydro-9,10-ethanoanthracenes 
[14]. Reagents and conditions: a) KH, THF, HMPA, 25'C, 66 h, 6 0 % ;  b) Li, hq. 
NH,,  tBuOH, 59%; c) KH, THF, 18 h,  25'C,69%; d) A- 1.3,5-trichlorohenzene. 
18 h, 28%; e) KH, T H E  17 h, 25°C. 71 %. 


the thermally induced retro-Diels- Alder reaction only proceed- 
ed at temperatures above 200 "C.r'41 Interestingly, the 1,4-dihy- 
dro derivative 23, readily prepared from 21 by Birch reduction 
(Scheme lo), underwent more facile debridging than 21 by de- 
protonation with KH (with or without added HMPA). In this 
system, mixtures of the 1,4-dihydro- (24) and 1,2-dihydroan- 
thracene (25) products were generated depending on the reac- 
tion conditions, with prolonged reaction times leading almost 
exclusively to 25 (18 h, 69% yield). It thus appeared that the 
initial product of the retro-Diels-Alder reaction (i.e. 24) was 
undergoing isomerisation under the reaction conditions. This 
was confirmed by the independent synthesis of 24 through ther- 
inally induced cycloreversion of 26 and its isomerisation to 25 
with KH in THF (Scheme 


Rajanbabu et al. correlated the differing rates of cyclorever- 
sion of 21 and 23 with the greater resonance stabilisation energy 
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of naphthalene over that of anthracene, and further suggested 
that cycloreversions could only occur if the 47c component were 
destined to  be incorporated into an aromatic How- 
ever, Miyashi et al.[''' discovered that the 47c component need 
not be incorporated into an aromatic system if a group capable 
of conjugation is introduced at  the centre bearing the oxide 
anion. Thus, conversion of the barbaralane 27 to the potassium 
alkoxide 28 (Scheme 11) gave rise to a facile retro-Diels-Alder 


27 28 


IDA 


29 
Scheme 1 1 .  Oxide anion accelerated retro-Diels~ Alder reaction in a barbaralane 
aystem [15]. Reagents and conditions: a) KH, [18]crown-6. THF, 25 'C, 60%. 


reaction, affording the cycloheptatriene 29 (60 % yield) upon 
protic workup. Replacement of the vinyl group by a hydrogen 
atom (30) or a methyl group (31) completely curtailed the cy- 
cloreversion process (Scheme 12) and rates for a range of aro- 
matic substituents (32-36) indicated that the reaction was facil- 
itated by electron-withdrawing conjugating groups (Scheme 12). 


rDA failed at 25 OC rDA occured at 25 "C 


decrease i 
30: R = H  no 32: R = p-BrC6H4 
31: R = Me reaction 33: R = p-CIC6~, rate 


34: R = Ph 
35: R = p-MeC& 


I 
36: R = p-MeOC,H, 


Scheme 12. Dependencc of the rate on thc nature of substituent K in rctro-Diels- 
Alder reactions 01' barbaralane systems [15]. Reagents and conditions: a) KH,  
[18]crown-6. THF, 25 'C .  


The rate acceleration in this system may be due to the vinyl and 
phenyl groups providing conjugative stabilisation of the partial- 
ly anionic transition state. The generality of this effect was 
demonstrated by its application in the norborene system. Thus, 
although the parent system was inert towards potassium alkox- 
ide induced cycloreversion,[' the 2-aryl derivative 37 gave rise 
to quantitative generation of p-chloroacetophenone (38) under 
identical conditions (Scheme 13). 


Although the discussion has so far focussed on an oxide anion 
as the accelerating substituent, Carpenter predicted that other 
anions, carbocations and possibly radicals might also be able to  
accelerate pericyclic reactions since all substituents should ben- 
efit from conjugative stabilisation in the transition stale. To test 
this contention in the context of the retro-Diels-Alder reac- 


OH 


37 38 
Scheme 13. Accelerated retro-Diels-Alder reaction in thc norbornene syhtem [14]. 
Reagents and conditions: a) KH. [lX]crown-6, THF. 25 'C, 100%. 


t i ~ n , [ ' ~ ]  Rajanbabu et al. also prepared the bromide 39 
(Scheme 14), the triflate 40 (Scheme I S ) ,  and the nitrite 41 
(Scheme 16) .[141 Unfortunately, the carbanion resulting from 


/rCHzBr 
39 


Q 
42 


Scheme 14. The carbanion derived from 39 undergoes a onc-bond cleavage rtlther 
than a retro-Diels-Alder reaction [14]. Reagents and conditions: a) rlRuLi,  


-78'C, 10min; AcOH, 31% (+ 69% unreacted 39) 


40 


Tf = OSO&F, 


& 43 


+ 


AcO' 
44 


Scheme 15. Solvolysis of 40 leads to  Wagner Meerwein rather than retro-Diels- 
Alder products [14]. Reagents and conditions: a) AcOH, NaOAc. reflux. 


/ON0 


41 45 ~ H ~ C H O  


Scheme 16. Generation of the oxygen-centred radical leads to a single-hond cleov- 
age rather than a relro-Did-Aldcr pathway [14]. Reagents and conditions: a )  hv, 
benzene, 66 min. 23 %. 


metal-halogen exchange of 39 did not undergo a retro-Diels- 
Alder reaction, but instead gave rise to  single-bond cleavage 
leading to the dihydroanthracene 42 (Scheme 14) The po- 
tential for carbocation acceleration was examined by solvolysis 
of the triflate 40, but only the known Wagner-Meerwein rear- 
rangement products 43 and 44 (Scheme 15) could be detect- 
ed.[141 Finally, the potential for oxygen-centred radical rate ac- 
celeration was investigated by photolysis of the nitrite 41,1'41 but 
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the major product was the aldehyde 45 (Scheme 16), resulting 
from one-bond cleavage, and no traces of the anthracene expect- 
ed from a retro-Diels-Alder pathway were observed. Although 
these results suggest that only an oxide anion substituent can be 
employed to  initiate the retro-Diels-Alder reaction in this sys- 
tem, it by no means precludes the potential for other anions,["] 
carbocations or indeed radicals to accelerate cycloreversion 
when alternative reaction pathways are not available. 


Finally, the Carpenter model predicted that an oxide anion 
substituent at position 3 (Scheme 3) should actually veturcl the 
rate of cycloreversion. This has been supported by the observa- 
tions of Miller and D o l ~ e [ ' ~ l  who discovered that the rate of 
conversion of 46 to 47 is markedly slower with an oxide anion 
substituent (X = OLi) than in the parent hydrido (X = H) 
system (Scheme 17). 


relative rate 
X=H > X=OLi 


46 47 


Schcme 17. An oxide anion derelerated retro-Did-Alder reaction 1191, consistent 
with the Carpenter prediction (Scheme 3). 


Conclusions 


The discovery of the anionic oxy-Cope reaction has prompted 
investigations into the accelerating effect of oxide anions on 
other pericyclic reactions. For example, the utility of the retro- 
Diels- Alder reaction in synthesis has traditionally been ham- 
pered by the high temperatures required to  effect cyclorever- 
sion; the oxide anion accelerated variant often proceeds rapidly 
at  room temperature. The generation of enediynes['"] by such a 
protocol demonstrates its potential in the synthesis of sensitive 
inolecular targets, and the oxide anion accelerated retro-Diels- 
Alder reaction seems destined to  find many further applications 
in the years ahead. 
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A Triangular Iron(II1) Complex Potentially Relevant to 
Iron(II1)-Binding Sites in Ferreascidin 


Eckhard Bill, Carsten Krebs, Manuela Winter, Michael Gerdan, Alfred X. Trautwein, 
Ulrich Florke, Hans-Jiirgen Haupt, and Phalguni Chaudhuri* 


Abstract: An asymmetric triangular Fe”’ 
complex has been synthesized by an un- 
usual Fe”-promoted activation of salicy- 
laldoxime. Formation of the ligand 2- 
(bis(salicy1ideneamino)methyl)phenol in 
situ is believed to occur through the re- 
ductive deoximation of salicylaldoxime 
by ferrous ions. The trinuclear ferric com- 
plex has been characterized on the basis of 
elemental analysis, IR, variable-tempera- 
ture magnetic susceptibility, and EPR and 
Mossbauer spectroscopies. The molecular 
structure established by X-ray diffraction 
consists of a trinuclear structure with a 


[Fe3(p,-O)(pu,-OPh)16+ core. Two iron 
ions are in a distorted octahedral environ- 
ment having FeN,O, coordination 
spheres, and the five-coordinated third 
iron ion, with an FeNO, coordination 
sphere, is in a trigonal bipyramidal envi- 
ronment. The magnetic susceptibility 


Keywords 
EPR spectroscopy - exchange 
coupling * iron - Moessbauer 
spectroscopy * 0 ligands 


Introduction 


The current interest in the chemistry of polynuclear systems 
with two or more FellL ions bridged by oxygen-donor ligands is 
mainly due to the growing awareness of the existence of oxo- 
bridged iron units in a variety of iron metalloproteins.[” The 
pursuit of model complexes for the iron proteins has yielded 
several interesting polynuclear ferric complexes with unusual 
electronic structures.[Z1 


The stability of its metal complexes lies behind the diverse 
applications of salicylaldoxime and its various substituted 
derivatives, from analytical reagents to extractants in hy- 
droinetallurgy and as corrosion inhibitors.[3] It has been report- 
ed that the oxime functionality can be chemically activated by 
binding to a metal center such as V 0 2 +  or Pt’V.[41 We report here 
a trinuclear Fe”’ compound obtained by an unusual Fe”-pro- 
moted activation of salicylaldoxime. 


[*I P. Chaudhuri, E. Bill, C. Krebs, M .  Wlnter 
Max-Planck-Institut fur Strahlenchemie 
P. 0. Box 101365, D-45413 Mulheim an der Ruhr (Germany) 
e-mail: chaudh(i~mpi-muelheim.n7pg de 
M. Gerdan, A. X. Trautwein 
Institut fur Physik, Medizinische Univercitit, D-23538 Lubeck (Germnny) 
U. Florke, H.-J. Haupt 
Anorganischc und Analytische Chemie 
Universitat-Gesamthochschule Pdderborn, D-33098 Paderborn (Germany) 


measurements revealed an S, = 5/2 
ground state with the antiparallel ex- 
change interactions J = - 34.3 cm- ’, 
J‘ = - 4.7 cm-’, and D = - 0.90 cm-’. 
The EPR results are consistent with a 
ground state of S = 5/2 together with a 
negative D5,2 value. The Mossbauer iso- 
mer shifts together with the quadrupole 
splitting also provide evidence for the 
high-spin state of the three ferric sites. 
Magnetic Mossbauer spectra lead to the 
conclusion that the internal magnetic 
fields possibly lie in the plane of the three 
ferric ions. 


Ferreas~idin,[~] a glycoprotein with a molecular weight of 
10 kDa, is isolated from the blood cells of the stolidobranch 
ascidian (Pyura stolonifera). Ferreascidin as isolated does not 
contain any metal ions; the protein derives its name from its 
strong iron-binding ability, with an effective stability constant 
of 4 x ~ O ” M - ’  at pH 7.0. The most characteristic feature of this 
protein is its content of aromatic amino acids (42% tyrosine, 
17 % (3,4-dihydroxyphenyl)alanine (DOPA), 8 ‘YO phenylala- 
nine), by far the highest described to date for any natural 
protein. It is also remarkable that ferreascidin contains the 
“non-protein” amino acid DOPA. Recently, EPR and 
Mossbauer spectroscopic investigation of the interaction of 
iron(r1r) with ferreascidin revealed the existence of at least three 
distinct iron(m)-binding sites.“] One of the sites (site 3) is the 
first example of a trinuclear iron(m) cluster as a metal-binding 
domain in a metalloprotein. The authors favored a linear trinu- 
clear Fe”’ cluster as the structure for the metal-ion-binding 
site 3, on the basis of its paramagnetic ground state with S = 


5/2. p-0x0, p-hydroxo and p-phenoxo groups have been consid- 
ered as candidates for the bridging ligands, although no un- 
equivocal identification of the bridging ligands present at site 3 
could be made. The triangular p,-oxo bridged Fe”’ structural 
motif present in the “basic carboxylates” of Fe“’ has been elim- 
inated, because the lowest spin state of the known trinuclear 
carboxytates is S = 112, which is inconsistent with the S = 512 
ground state of the protein. Although the molecular mass of the 
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protein is quite small, the microheterogeneity of the protein 
eliminates the possibility of structural determination by X-ray 
crystallography. Hence the model complex approach appears to  
present the best opportunity to investigate the iron(m)-binding 
sites in ferreascidin further. 


With the above-mentioned points in mind, we describe here 
the synthesis of an asymmetric triangular iron(~ri) complex by 
the reductive cleavage of salicylaldoxime with iron(I1) chloride 
and its characterization by X-ray diffractometry, susceptibility 
measurements, and EPR and Mossbauer spectroscopy. 


Experimental Section 


The starting materials were commercially available and used as received. 
. N) were performed by the Microanalytical Labo- 
Bockum. Iron was determined spectrophotonietri- 


cally as its pyridine-2,h-dicarboxylic acid complex. Electronic absorption 
spectra were measured on a Perkin-Elmer Lambda 9 spectrophotometer in 
an acetonitrile solution. Fourier-transform infrared spectroscopy (K Br pel- 
Icts) wiis performed on ;I Perkin- Elmer 1720X FT-IR instrument. Magnetic 
susceptibilities of the polycrystalhne sample were recol-ded on a SQUl D 
mrgnetometer (MPMS, Quantum Design) in the lemperature range 
5.3 300 K with an applied field of 1 T. Experimental susceptibility data were 
corrected for underlying diamagnctism with Pascal's constants ( I ] , ~ ~  = 


533 x lo-' cm3 niol-I). A Bruker ESP300E X-band spectrometer with Bruk- 
er dual mode cavity in perpendicular mode and an Oxford ESR910 helium- 
flow cryostat were used for the EPR experiments. The thermostat was cali- 
brated against temperature measurements with a standard [7]. Mossbauer 
data were recorded on alternating constant-acceleration spectronietcrs. The 
minimum expcriinental linewidth was 0.24 mms - ' full width at half niaxi- 
mum. The sample temperature was kept constant either in an Oxford Variox 
or ;in Oxford Miissbauer-Spectromag cryostat. The latter is a split-pair super- 
conducting magnet aystem for applying fields up  to 8 T to  the samples, which 
can be kept at temperatures in the range 1.5 K to 250 K. The field a t  the 
sample is perpendicular to the y-beam. With the help of reentrant borc tubes 
the 57Co;Rh source was positioned at room temperature inside the gap of the 
magnet system iit a distance of about 85 mm from the sample. The tkld is zero 
at  this position. Isomer shifts are given relative to a-Fc at  room temperalure. 


Synthesis of I(C,H,),NHIIF~,(O)(C,,H,,N,O,)(C,H,NO,),~C,H~NO~~I~ 
2H,O (1):  A methanolic solution (50 mL) of salicylaldoxime (C,H,NO,, 
0.72 g, 6 mmol) and triethylamine (1 -5  mL) was purged with argon for 10 min 
before the solution was charged with a solid sample of FeCI;4HZ0 (0.4 g? 
2 mmol). The resulting blue solution turned deep brown on stirring for 10 min 
and the stirring was continued for a further 2 h .  The dark solution was filtered 
in air to remove any solid particles and the filtrate was kept a t  ambient 
tempcrature. Afler 2 d red-brown crystals were collected by filtration and 
air-dried. Yield: 0.17 g(IO"4,); anal. calcd for C,,H,,N,O,,Fe,: C 53.81, I1 
4.80. N 7.84, Fe 15.63; found: C 53.8, H 4.8, N 7.7. Fe 15.5; IR spectral data 
(KRrpellets): 3045 (w). 1617 (s), 1597 (s). 1542 (s), 1472 (s), 1440 (s), 1420 (s). 
1293 (s). 1266 (s), 1107 (m), 1151 (in), 1124 (w), 1017 (m), 912 (s). 814 (m), 
755 (m), 665 (m), 608 (m), 566 (m), 436 (m)cm- ' ;  UVjVIS in CH,CN: 
I ( F )  = 409 (16718), ~ 3 0 0  sh (39215). 225 (101699) nm (Lmol - ' em I ) .  


Crystal structure determination: The diffraction intensities of a red-brown 
crystal of 1 with dimensions 0.1 2 x 0.15 x 0.60 mm were collected by mcans of 
a Siemens R3mW diffractoineter with graphite-moiiochromated Mo,, radia- 
tion at 2 9 3 i l  K and the tu-2U scan technique with a 0 range of 2.36 to 
27.56 . A total of 12085 reflections were collccted in the index ranges 
- l l < h < I l .  (J<k<33,  0 5 1 S 2 8 ,  of which 11796 were unique and 2236 


were considered significant with F>4o(F).  Preliminary examination showed 
that the crystal belonged to the monoclinic crystal system, space group P 2 , : r f .  
The lattice parameters were obtained by a least-squares refinement of the 
angular settings (1 5 I 20 5 30 ') of 30 reflections. Pertinent crystallographic 
data arc sunimari/ed in Tablc 1. The data were corrected for Lorentz and 
polarization effects, but it was not necessary to account for crystal decay. An 
empirical absorption correction by $ scans was carried out. The scattering 
factors for neutral non-hydrogen atoms were corrected for both the real and 


Table 1. Summary of crystallographic dara for [(C,H,),NH][C,IH,,Fe,N,O,,l. 
2H,O (1). 


CaH,,N,Oi ,Fc, 
1071.52 
P2,..11 


9.136(2) 
25.X45(8) 
21.628(9) 
90.89 (2) 


5 106 (3) 
1.398 
4 
0.91 
0.71073 


293(1) 
0.0893 
0.3212 


the imaginary components of anomalous dispersion. The structure was deter- 
mined by direct methods (SHELXTL-PLUS). The final cycle of full-matrix 
least-squares refinement on F Z  was based on all 11 796 reflections and 586 
variable parameters and converged with agreement factors of K1 = 0.0893 
[F>4o(F)]  and wR2 = 0.321 (all data) (SHELXL-93). All non-hydrogen 
atoms were refined anisotropically ; isotropic H atoms were fixed in idealired 
positions (riding model). One ethyl group of the trlethylamnionium cation 
was disordered over two sites with site occupation factors 0.41 and 0.59. The 
maximum and minimum peaks on the final difference Fourier map corre- 
spond to 1.158 and - 0.994 e k 3 ,  respectively. Selected interatomic dis- 
tances and angles are given in Table 2. 


Table 2. Selected bond lengths (A) and angles ( ) [or 1 


Fe( I)-O( 1 I )  
Fc( I ) -~  O( I ) 
Fe(1) N ( 1 1 )  
Fe(2) O(22) 
bc(2) ~- O( I )  
Fe(2) N(21) 
Fe(3) O(1) 
Fe(3) O(4) 
Fe(3) -N(31) 


00)- N( 1 I ) 
O(32)- N(31) 
N(l2) C(X) 
N(21)- C(15) 
N(22) C(36) 
C(36)- C(37) 


O( 1 I)-Fc(l)-O( 12) 
0(12)-Fe(l ) -O(I)  
0(12)-Fe(l)-0(2) 
O( 1 l)-Fe(I)-N(ll) 
O(l)-Fc(l)-N(ll)  
O(11 )-Fe(l)-N( 12) 
0 ( 1  ) -k ( l ) -N(12)  
N(11 )-Fe(l)-N(I 2) 
0(22)-Fe(2)-0(1) 
0(22)-Fe(2)-0(2) 
O( I )-Fe(2)-0(2) 
O(LI)-Fe(2)-N(21) 
0(2)-Fe(2)-N(21) 
O( 21 )-Fr( 2)-N(22) 
0(2)-Fc(?)-N(22) 
Q( 1 )-Fe(3)-0(31) 


O(31 )-I+( 3)-0(4)  
0 ( 3  1 )-Fe(3)-0(3) 
O( I )-Fe(3)-N(31) 
0(4)-Fe(3)-N(31) 
Ee(3)-0( 1)-1+(2) 
Fe(2)-O(l)-Fe(l) 


1 .949(6) 
1.982 ( 5 )  
2.125 (7) 
1.934(6) 
1.968 ( 5 )  
2.132(6) 
1.917(5) 
1.935(6) 
2.098 (8) 


1 370(8) 
1.413(9) 


1.283 (10) 
1.302 (10) 


1.491 (9) 
1.491 (11) 


96.n(3) 
96.1 ( 2 )  


I 69.6 (2) 
8 1 - 3 0 )  
84.8 (2) 
94.1 (2) 
96.6(2) 


177.Y (3) 
99.1 (2) 


169.0 (2) 
79.0 (2) 
84.3(2) 
95.9(2) 
93.2(2) 
X3.8(2) 


170.1 ( 2 )  


Y2.4(2) 
90.4(2) 
85.9(2) 


123.0 (3) 
119.0(2) 
101.8(2) 


Fe(l) O(12) 
Fe( 1 ) -  O(3) 
Fc( I ) -  N( 12) 
Fe(2)-0(21) 
Fe(2) - 0 ( 2 )  
Fe(Z)-N(?2) 
Fc(3)- O( 31) 
Fc(3)- O(1 j 


O(4) N(21) 


N( 12)-C( 16) 
N(22) -C(22) 
N(31) C(29) 


N( l  l)-C(I) 


O( 1 l)-Fe(l)-O(l)  
O(ll)-Fe(l)-O(2) 
O(l)-Fe( 1)-0(2) 
O( I2)-Fe(l)-N( 1 I) 
0(2)-Fe(l)-N(I I) 
O( I2)-Fe(l)-N( I?) 
0(2)-Fe( I)-N(12) 
0(22)-Fe(2)-0(21) 
0(2I)-Fe(2)-0(1) 
0(21)-Fe(2)-0(2) 
0(22)-Fe(?)-N(2 I )  
O(I)-Fe(?)-N(21) 
0(22)-Fe(2)-N(22) 
O(l)-I c(2)-N(22) 
N(21)-ke(2)-N(Z2) 
O(l)-Fe(3)-0(4) 


0(1 )-Fe(3)-0(3) 
0(4)-Fe(3)-0(3) 
0(31)-Fe(?)-N(31) 
0(3)-Fe(3)-N(3 I )  
Fe(3)-0( 1 )-re( 1 ) 


1954(6) 
2.062 (5)  
2 130(6) 
1 .Y66 (6) 
2.090 ( 5 )  
2.113 (6) 
1.920(5) 
1.951 (6) 


1357(8) 
1311(101 
1.492(9) 
1.272 (9) 
1.280(11) 


163.3(2) 
88.9 ( 2 )  
79.312) 
95.1 ( 2 )  
94 2 (2 j  
86.4(?) 
84.6(2) 
96.9(3) 


161.0(2) 
X7.2(2) 
94.6(1) 
X4.2(2) 
8 5  X(2) 
98.2(2) 


177.5 ( 2 )  
93.8(2) 


94.7 (2) 
1 10.0 (3) 
84.3(3) 


126.8(3) 
118.0(2) 
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Crystallographic data (excluding structurc factors) for the structure reported 
in this paper have heen deposited with the Cambridge Crystallographic Data 
Centre as supplcmentary publication no. CCDC-1220-46. Copies of the data 
can be obtaincd free of charge on application to the Director. CCDC, 
12 Union Road, Cambridge CB2 IEZ, UK (Fax: Int. code + (1221)336-033; 
e-mail : teched ( ( I  chemcrys.cam.ac.uk). 


Results and Discussion 


The trinuclear Fell' compound 1 has been obtained by an unusu- 
al Fell-promoted activation of salicylaldoxime. The in-situ 
formation of the ligand H,salmp [2-(bis(salicy1ideneamino)- 
methyl)phenol] from the starting salicylaldoxime is believed to 
occur by the reaction pathway shown in Scheme 1. The use of 


c1 


CH 


FeCI, 


-"FeOCI," 
CH CH 
II 
Nbi 


II 
NH 


A 


I /  
0 Figure 1. Structure of the trinuclear anion i n  1, showing the 


atom numbering scheme. 
B 


I1 
NH 


A 6 A 


I1 
HN 


II 
0 


Scheme 1. Propohed reaction pathway for the formation of the Iigand 
H,salmp horn the starting salicylaldox~ine. H,Salrnp 


transition-metal ions with strong reducing properties, such as 
Cr", Ti", Ti"', V", etc., has been reported by Olah and co-work- 
ers for the reductive deoximation of oximes to carbonyl com- 
pounds.[8J 


The IR spectrum of 1 exhibits two strong sharp bands at  1616 
and 1597 cm-', which can be ascribed to the i ( C N )  vibrations, 
whereas the medium intensity band at  1151 cm- '  is assignable 
to the NO stretching vibration. It is worth noting that I exhibits 
two sharp bands of medium intensity a t  608 and 566 cm-' from 
the F e - 0  stretching vibrations. 


Description of the structure: Although the analytical and spec- 
troscopic data unambiguously showed the presence of a trinu- 
clear Fe,O core as the smallest unit in the anion, an X-ray 
analysis was undertaken to remove the doubts regarding con- 
nectivity. Unfortunately, crystals of the anion as  its triethylam- 
monium salt diffract X-rays very weakly. Nevertheless after 
several attempts we were able to collect a set of diffraction data 
of mediocre quality. In spite of the high R factor and large 
standard deviation resulting from the limited data from a weak- 
ly diffracting crystal, the crystal structure analysis of 1 con- 
firmed its novel trinuclear structure with the [Fe3(p3-0)(p2- 
OPh)]'+ core. The entire structure of the anion in 1 is shown in 
Figure 1, while Figure 2 highlights the coordination spheres of 
the three iron atoms. The anion possesses a n  asymmetric 


022 


Figure 2. Structure of the iron coordination sphercs in 1. 


Fe,(p,-O)(p2-O) core. The Fc(2). . .Fe( l )  distance, 3.065(1) A, 
is noticeably shorter than the Fe(2). . 'Fe(3) and Fe(1). . 'Fe(3) 
distances, 3.348 (1) and 3.342(1) A, respectively. The disposition 
of the p3-oxide 0(1) is not symmetrical, the differences being 
significant, Fe(1)-O(1) 1.982(5) A, Fe(2)-O(1) 1.968(5) A. 
and Fe(3)-O(1) 1.937(5) A. 


The iron ions Fe(1) and Fe(2) are in distorted octahedral 
environments, having FeN,O, coordination spheres, and Fe(3) 
is in a trigonal bipyramidal FeNO, environment. Fe(1) is coor- 
dinated to  N(12) and O(12) of the salrnpj- [2-(bis(salicylide- 
neamino)methyl)phenolate] ligand, to O(11) and N(11) of a sal- 
icylaldoxime ligand, to  the doubly bridging phenolate oxygen, 
0(2), and the triply bridging p3-O(l), thus yielding six-coordi- 
nation a t  Fe(1). The atom connectivities for Fe(2) are very 
similar. The bridging Fe(1)-O(2) 2.062(5) A, Fe(2)-O(2) 
2.090(5) A, and Fe(l)"-Fe(2) 3.065(1) 8, distancesin 1 arevery 
close to those of the binuclear species with the hgand H,salmp, 
[Fe,(~almp),].['~ Fe(3) is coordinated to p3-O(l), to O(3) and 
O(4) of the deprotonated hydroxy groups of two neighboring 
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salicylaldoxime ligands, and to O(31) and N(33) of the third 
salicylaldoxime. The single negative charge of the anion in 1 
leads us to concludc that the oxygen O(32) of the hydroxy group 
in the salicylaldoxime bonded only to Fe(3) is protonated. Ac- 
cordingly the average N -0 bond lengths in the N-0-Fe units 
are somewhat shorter, 1.364(7) A, than the N(31) -0(32) dis- 
tance of 1.413 (9) A. The distance Fe(3). .0(32), 2.993 (7) A, is 
long for bond formation. Thus a five-coordinated Fe"', Fe(3), 
with a trigonal bipyramidal geometry prevails in 1. The FeNO, 
coordination sphere is rare for trivalent iron with 0,N-based 
ligation; octahedral coordination is by far the most common for 
Fe"'.['"' The Fe-N and F e e 0  bond distances are consistent 
with a d 5  high-spin electron configuration of the Fe"' centers 
with azomethinc nitrogen and phenolate oxygen-donor lig- 


The three iron ions define an isosceles triangle, and the p,-0x0 
atom 0(1) is displaced from the metal planes by 0.52(1) A, 
further than in similar Fe,(p,-0) compounds (20 .24  A). The 
average Fe-(p,-0) bond distance of 1.96 8, is noticeably longer 
than that observed for typical Fe,(p,-0) species, 1.90 


ands.['>.l 11 


Magnetic susceptibility measurements: Magnetic susceptibility 
data for a polycrystalline sample of 1 were collected in the tcm- 
perature range 5-300 K;  the data are displayed in Figure 3 as 


0 0  
50 100 150 200 250 


T/K 


Figure 3. Plot o f t h e  experimental and calculated (solid lines) pCli and yM of I as a 
lunccion of icmpcrature. 


pefT and zM vs. temperature. At 300.3 K the pCff value of 6.355 pn 
(xM x T = 5.05 cm3mol-' K) is much lower than the value of 
petf = 10.254 pB expected for three uncoupled spins of S = 5/2 
with an average g = 2.00. On lowering the temperature, perf 
decreases monotonically, approaching a broad minimum 
around 100- 115 K ,  and increases upon further cooling. The 
temperature behavior of the magnetic susceptibility of 1 clearly 
indicates an antiferromagnetic coupling between the S = 5/2 of 
high-spin Fe"' centres. peff reaches a maximum with a value of 
5.90 puH (xM x T = 4.352 cm3 rnol-' K) at  40 K,  which is very 
close to the value of 5.92 pR for a hypothetically isolated 
S = 512. An S = 512 state is expected as  the ground state for an 
antiferromagnetically coupled isosceles trinuclear Fe"' complex. 
Below 40 K there is a decrease in perf for 1, which reaches a value 
of 5.61 p,3 at  5.3 K ;  this behavior might be attributed to the 
splitting in the zero field of the ground state. 


The experimental magnetic data were simulated by a least- 
squares-fitting computer program with a full-matrix diagonal- 
ization approach including exchange coupling, Zeeman split- 
ting, and single-ion zero-field splitting. After diagonalization 
the energies (Ei) and magnetic moments [S(Ei)/6(B)] of each 
state were used to calculate the molar paramagnetic susceptibil- 
ity as a function of temperature. The Hamiltonian in use to 
dcscribe paramagnetism is given in Equation (I), where spin 


Si is 5/2 and Di is the axial zero-field splitting parameter. The 
term EID, measures the rhombic distortions. The presence of 
rhombicity has been observed from a preliminary EPR mea- 
surement of l .  From rhoinbograms for an S = 5/2 spin state 
a value for lE/D/ = 0.3 was obtained; hence we have kept 
E;Di = 0.33 fixed during the fitting procedure ofmagnetic data. 
The Zeeman interaction of the high-spin ferric ion in the 6 A ,  
ground state with practically no contribution from the orbital 
angular morncntum is isotropic and thc observed gFe values are 
very close to the free-efec- 


tron Hence spin we have value fixed of g, at  2.00. 2.0. p ~ F ~ - o \  
The exchange coupling N J;3 J13 


model is shown in Scheme 2. 
In this model Ji, represents 
the exchange interaction be- 
tween the ith and kth para- 
magnetic iron(nr) ions; as 
the trinuclear iron(II1) frame- f o r ,  


work forms an isosceles 
triangle, J,, = J , ,  = J describes the interaction of Fe(3) with 
Fe(2) and Fe(l), J , ,  = J '  the interaction between the Fe(2) and 
Fe(1) ions. 


Additionally, Mossbauer spectroscopy provides strong sup- 
port for the high-spin, ferric, nature of iron in 1 ; isomer shifts 
and quadrupole splittings were observed for the three iron sites. 
which are characteristic for S = 5/2 iron with ligand coordina- 
tion as in Figure 1 .  


At the beginning we intuitively assumed that I owes its 
S = 5/2 ground state to a strong antiferromagnetic coupling 
J , ,  , which enforces "spin-pairing" ofFe(1) and Fe(2) and doni- 
inates the antiferromagnetic coupling constants J ,  , and J,, with 
Fe(3). This appeared plausible as besides superexchange 
through the p3-oxo group the coupling of Fe(1) and Fe(2) can 
also be mediated by the pc,-phenoxo bridge, whereas the path- 
way to Fe(3) would be by the longer oxime - N - 0 -  bonds. This 
presumption is augmented by the fact that the iron centres in thc 
binuclear [LFe"'Fe"'(SaO),] complex (L  = 1,4,7-trimethyl- 
I ,4,7-triazacyclononane) is weakly antiferromagnetically cou- 
pled, with a coupling constant of J = - 12.5 cm- ' ,  the media- 
tors being three salicylaldoximate(2 - ) (SaO) bridging 
groups.["b.'3' A spin-Hamiltonian fit starting with jJ'j > ; J I  
yielded a good fit with J '  = - 366.0 cm- and J = - 5.0 cm I .  


The unusually large J', unprecedented in iron-oxo chemistry. 
led us to  perform a systematic search in parameter space to 
determine the nature of the fit minimum. 


\ /(') xu / 
\ /  


Fe(2)<- - - -J,i - - ->Fe(l) 


O(2) 


Scheme 2. Exchange coupling model 
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A three-dimensional view of the relative error surface and 
best-fit contours for fitting the magnetic data of the complex as 
a function of both J and J' is shown in Figure 4. The error map 
in fact reveals the existence of a second minimum, which is a 


Figure 4. Relative error surface for fitting the variable-temperature magnetic sus- 
ceptibility data oTcomplex 1 .  Only the region of parameter space which gives the 
smallest relative errors is shown. 


well-defined global minimum in the parameter space at 
171 < I J ( .  The correspondingly calculated (Figure 3, solid lines) 


( 3/2 , 37 I---+ 
300} 


I 


2 o o t  ; 


Figure 5 .  Energy diagram of the low-ener- 
gy states for complex 1. The energy of the 
ground state S, = 5/2 has been set arbitrar- 
ily to 0 ern-'. The numbers in parentheses 
indicate the values of S, and S* for each 
s t a t e ; J =  -34 .3cm- ' , J '=  -4 .7cm- ' .  


xw and pefr vs. T curves 
with J = - 34.3 cm-', 
J '  = - 4.7 cm-', Di = 
- 0.9 cm-', g ,  = 2.0 
(fixed), E/D = 0.33 
(fixed) show very good 
agreement with the ex- 
perimental data (Fig- 
ure 3, circles). We recall 
that the sign of D is phys- 
ically meaningless with 
E/D = 0.33, as the 
highest and the lowest 
Kramers doublets of the 
sextet are equivalent ex- 
cept for an interchange 
of coordinate axes. 


It is interesting to note 
the broad minimum in 
pefr at ~ 1 0 0 - 1 1 5  K 
(Figure 3), a result that 
can be readily under- 
stood if one considers the 
spin ladder (Figure 5 )  


above the ground state IS, = 5/2, S* = 5). From the evaluated 
exchange coupling constants, the first and second excited states 
are found to be IS, = 3/2, S* = 4) and IS, = 7/2, S* = 5>,  re- 
spectively, which lie 224.5 cm-' and 240.1 cm-' above the 
ground state with S, = 512. Since the total spin of the first excit- 
ed state is 3/2, its population with increasing temperature re- 
duces the effective magnetic moment of 1.  Population of the 
second excited state with S, = 712 occurs above z 11 5 K ,  which 
accounts for the increase in petf at higher temperatures. As a 
result, a minimum is observed in the magnetic moment curve. 
Finally, it may be noted that the observed ratio J/J '  of 7.3 is 
consistent with the IS, = 5/2,S* = 5 )  ground state predicted in 
the literature.[141 


The evaluated coupling constant J ( -  34.3 cm- ') for I does 
fall in the range that has been observed for basic iron carboxyl- 
a t e ~ , [ ' ~ ]  lending some credibility to the formulation of 1 as a 
complex containing the [Fe,0I7+ core. In other words, the p2- 
OPh bridge hardly contributes directly to the exchange coupling 
between Fe(1) and Fe(2), and the [Fe3(p3-O)(p2-OPh)I6+ unit in 
1 can be viewed as a triangular Fe307 '  unit to which has been 
added a phenoxide moiety, PhO -.  Phenolate bridge formation 
between Fe(2) and Fe(1) increases the Fe(l)-p3-O(l) and 
Fe(2)-p3-0(1) bond lengths and thus diminishes the antiferro- 
magnetic exchange coupling in a manner similar to protonation 
or metalation of the p-0x0 bridge. Thus the exchange coupling 
constant J = - 4.7 cm ~ ' is observed along the short edge of the 
isosceles triangle. The occurrence of oximate bridges along the 
edges complicates the situation, however. The problem can be 
simplified by assuming that the ,u3-oxo atom provides the main 
superexchange pathway in 1. 


It is pertinent at this point to compare 1 with the related 
trinuclear complex of 1 , I  ,2-tris(l -methylimidazol-2-yl)ethoxide 
(tieo-), [Fe,0(tieo),(0,CPh),C13] (2),[l6) and the dinuclear 
complex of H,salmp, [Fe,(salmp),] (3).l9] All complexes with an 
Fe:"(O-X), bridge like that in 1 are antiferromagnetic and show 
relatively weak spin coupling with values ranging from z - 5 to 
- 20cm-', with the exception of the dinuclear complex of 
H,salmp 3, which is weakly ferromagnetically coupled, with 
J' = + 1.21 cm-'.['l These observations extend over more than 
20 compounds. The observed J' value for 1 falls at the lower 
end of the observed range. The evaluated J value for I, 
- 34.3 cm-', is significantly smaller than that in the similar 


trinuclear complex 2, for which the equivalent coupling constant 
is - 55 cm-1.[161 The significantly shorter Fe-O bonds in 2 
might account for the stronger coupling in 2 in comparison with 
that in our complex 1. It must be pointed out that in the limit of 
weak interactions, the exchange coupling constant is also sensi- 
tive to small angular changes or distortions, but to a lesser 
degree. 


Electron paramagnetic resonance: In order to characterize fur- 
ther the electronic structure of the individual Fe"' sites in l and 
to probe their contributions to the spin ground state, the macro- 
scopic magnetic measurements of 1 were complemented by X- 
band EPR and Mossbauer measurements. 


The relatively large energy separation of ground-state and 
excited-state multiplets justifies a simplified spin-Hamiltonian 
description of the spin ground state according to Equation 2, 
where S = S, is the total spin of the spin multiplet and D, and 
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= Dt[S,Z-S(S+1)/3 + (E/DJ(S:-S,?)] + p B B g S  (2) 


E/D,  are the corresponding axial and rhombic zero-field 
parameters. Although the approximation is exact only for in- 
finitely strong exchange coupling it is well justified here for 
interpretation of low-temperature EPR and magnetic 
Miissbauer spectra, as a closer inspection of the susceptibility 
calculations in fact revealed negligible mixing of excited and 
ground state spin multiplets a t  any applied field, because of 
relatively small D values. 


Resolved EPR spectra could be obtained from 1 at  tenipera- 
tures below approximately 60 K.  The spectra measured in ace- 
tonitrile solution are dominated by a prominent signal at 
g = 4.3 and an asymmetrical line at  gk9.6 .  The pattern is typi- 
cal o f  spin S, = 5/2 with "strong" zero-field splitting 1 D,,,( > hv 
(0.3 cm- at  X-band),'"] in agreement with the susceptibility 
measurrmcnt. From a rhombogram~'81 for S = 5/2 the signals 
can be assigned to the isotropic middle Kramers doublet 
(g  = 4.3) and the anisotropic lowest or highest doublet 
( g ~ 9 . 6 )  of the sextet, revealing a large rhombicity parameter 
E,;Dsl ,  = 0.3. This parameter is most accurately detectable from 
the EPR data. It is haid to measure with high accuracy from 
other techniques. As the EPR signals originate from different 
Kramers doublets their intensity ratio yields an estimate for the 
axial zero-field parameter D s : 2 .  For 1 the EPR signal anipli- 
tudes and widths appeared to be constant relative to each other, 
within experimental error, in the temperature range 5-20 K. We 
concluded that the splitting 3.5 x lDs:21 of ground and middle 
Kramers doublets must be less than approx. 3.45 cm-' (=  k T a t  
5 K), which means that lDs,21 is of the order of 1 cm-'. To 
compare this value with that of the susceptibility result 
\nil = 0.9 cm- I ,  one has to convert the local zero-field paranie- 
ter Di that is related to individual iron spins S = 5/2 into D s i z ,  
valid for the total spin S, = 5j2 of the molecule. Using spin 
projection coefficients['" for the IS, = 5/2, S* = 5) sextet, one 
obtains D, , = 1.59 x D (adopting the previous assumption of 
identical local D values for the three iron sites). Substitution of 
the susceptibility result yields ID, 2 /  = 1.4cin-' ,  in accordance 
with the estimate from EPR signals. Further discussions refer to 
this value. 


We finally note that no EPR signals could be obtained from 
excited spin multiplets a t  elevated temperatures, presumably 
because of undetectably broad lines. As the experimental spec- 
tra of the gi-ound-state multiplet exhibit increasing broadening 
at temperatures above about 40 K the supposed reason is that 
spin relaxation processes are strongly enhanced by the increas- 
ing thermal population of excited spin states. 


Mossbauer isomer shifts and quadrupole splittings: The zero-field 
Miissbauer spectrum of solid 1 is an asymmetrical doublet that 
can be deconvoluted at  temperatures abovc 150 K into two 
Lorentzian-shaped quadrupole doublets with an area ratio of 
1 :2.  A least-squares fit of the spectrum at  200 K (Figure 6A)  
yields isomer shifts J(1) = 0.43 mms- l ,  4 2 )  = 0.47 mms- ' ,  
and quadrupole splittings AEQ(l) = 1.10 mms-I ,  AEQ(2) = 


0.64 mins-' with linewidths r (1)  = r(2) = 0.38 mms- ' .  
Linewidths and line depths of this fit were correlated by factors 
of 1 and 2, respectively. Alternative f i t  models without con- 
straints or with three independent subspectra did not greatly 
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Figure 6. Mbssbauer spectra oJ'polycrystalline 1 at  200 K,  B = 0 (trace A). 1.5 K 
with B = 3 5 T (ti-ace B) and 1.5 K with B = 7  T (trace C). The magnetic field ap- 
plied wis perpciidicular to the :-radiation beam. The solid line is the superposition 
of two subapectra, labeled I ( - - - )  and 2 (- ), with intriisity ratio 1 2. The 
aubapecti-a are the result of a fit with Lorentzian lines (A)  or oTa spin-Hamiltonian 
simulation ( B  and C). from the values of Table 3. 


improve the quality of the simulations and gave fairly arbitrary 
intensity ratios, and were therefore discarded. On the other 
hand, the line assignments of the tit presented in Figure 6 A were 
further corroborated by magnetically perturbed spectra de- 
scribed later. 


The subspcctra (1) and (2) ,  with an intensity ratio of 1 :2, can 
be unambiguously attributed to the five-coordinated ion Fe(3) 
(subspectrum (1)) and the two six-coordinated ions Fe(1) and 
Fe(2) (subspectrum (2)) ,  respectively (compare the molecular 
structure in Figure 2). The Mossbauer isomer shifts together 
with the quadrupole splittings support the ferric high-spin state 
for the three iron sites. The difference in the isomer shifts of 
Fe(l)/Fe(2) and Fe(3) might be attributed to the shorter bond 
lcngths a t  the pentacoordinated site Fe(3) and consequently the 
increased covalency of the bonds. It is interesting to note that 
the quadrupole splitting of the five-coordinated Fe(3) is unusu- 
ally large for a high-spin ferric iron and significantly exceeds the 
value of the six-coordinated sites Fe(1) and Fe(2). It is in the 
range for Fe"' compounds with known or postulated p2-oxo 
bonds.[201 The six-coordinated ferric ions Fe(1) and Fe(2). on 
the other hand, remain indistinguishable in the Mossbauer spec- 
tra under any conditions of temperature or applied magnetic 
field. 


Magnetic Mossbauer spectra: The sign of the main componcnt 
YzI  and the asymmetry paramcter q of the electric field gradient 
tensor (EFG), which yield further information about symmetry 
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properties of the iron ligand field, were determined from mag- 
netic Mossbauer spectra measured at  1.5 K (Figure 6 B and C). 
For  both iron sites, Fe(l)/Fe(2) as well as Fe(3), we found V,, to  
be negative and y = 0 (within error range 0.3). It should be 
noted that high-field/high-temperature measurements were not 
as conclusive for the determination of the E F G  as they usually 
are for magnetic monomers. The internal fields d o  not collapse 
sufficiently to allow unique line assignments with respect to the 
applied field. This is due to the significant population of excited 
magnetic states of the trimer a t  elevated temperatures. At 130 
and 200 K with a 7 T field (not shown) only the outermost 
magnetic lines of subspectrum (1) were sufficiently resolved. 
Their positions and intensities, however, again corroborated 
Vzz<O and t l z 0  for the Fe(3) site. 


Magnetic hyperfine interactions of the 57Fe nuclei were also 
measured to probe the partial contributions of the individual 
ferric ions t o  the total spin ground state of the trinuclear com- 
pound 1 .  To this end, magnetically perturbed Mossbauer spec- 
tra were measured from polycrystalline samples a t  and below 
liquid helium temperatures. Applied fields of 3.5 and 7 T induce 
well-resolved spectra with overall splitting of z 13 mm s-  ', 
which implies internal fields Bin' in excess of 42 T but much less 
than the 55 T observed in most mononuclear high-spin ferric 
compounds. Temperature variations showed that the 
Mossbauer lines are broadened by intermediate spin relaxation 
rates (on the Mossbauer timescale) even at 4.2 K. Only at  the 
experimental base temperature of 1.5 K are the spectra virtually 
unaffected by spin relaxation processes, indicating stationary 
internal fields. At the lowest temperature the relaxation is inef- 
fective because at  applied field the lowest electron magnetic 
sublevel is populated exclusively. On the other hand, tempera- 
ture elevation to more than 30 K is required to  approach the fast 
relaxation limit where narrow Mossbauer lines are observed 
again. At the higher temperatures, however, sensitivity for 
ground-state properties like zero-field splitting becomes low. 
Therefore, in order to  avoid tedious line-shape analyses for 
broadened Mossbauer relaxation spectra, we focused our analy- 
ses on  measurements a t  1.5 K with fields higher than 3 T. 


As shown in Figure 6 (B, C) the magnetic Mossbauer spectra 
consist of two six-line patterns with an intensity ratio of 1 :2, 
resembling the two subspectra (1) and (2) observed a t  zero field. 
This feature is most obvious from the splitting of the outer lines 
in the 7 T spectrum (trace C, Figure 6). Comparison of traces B 
and C in Figure 6 shows that variations of the applied field 
change the two subspectra in different manners. The total split- 
ting of the low-intensity sextet, subspectrum (I) ,  significantly 
decreases when the magnetic field is decreased from 7 to  3.5 T, 
while the splitting of subspectrum (2) for the same change in 
field increuses. This opposite behavior of the two sextets clearly 


Table 3. Mossbauer and spin-Hamiltonian parameters of 1 


demonstrates the antiparallel alignment of the corresponding 
iron spins in forming the magnetic ground state IS, = 5/2. 
S* = 5) of the trinuclcar molecule. The spins of Fe(1) and 
Fe(2), which both account for subspectrum (2) ,  are obviously 
parallel to each other, but antiparallel coupled to  the spin of the 
Fe(3) site with subspectrum (1). 


The magnetic Mossbauer subspectra were further character- 
ized by means of the spin Hamiltonian for the total spin S, = 5j2 
in the limit of infinitely strong spin coupling [Eq. (2)]. as for thc 
EPR interpretations. The 57Fe hyperfine interactions werc 
derived from separate diagonalization of the usual nuclear 
Hamil tonianll 'I and the hyperfine coupling terms S. a( i) . Z( i) for 
total electronic spin S a n d  nuclear spins Z(i) of the subspectrum 
i = 1,2 were evaluated with electronic spin expectation values 
(S) replacing S. This approach leads to internal fields B'"'(i) = 


a(i)/g,& (S) at  the 57Fe nuclei. The strength and orientation of 
B'"' in the molecular frame depend through (S) on the zero- 
field parameters as well as on strength and direction of the 
applied field. The field dependence of the experimental spectra 
therefore gave the clues in the choice of the spin Hamiltonian 
and hyperfine parameters. The a(i) tensors for the two subspec- 
tra were taken to be colinear and diagonal in the principal axis 
system of the total spin. 


A search in the parameter manifold starting with the output 
of EPR and magnetic susceptibility for the electronic parame- 
ters led to  the values listed in Table 3. The simulations for pow- 
der-distributed molecules show that the measured magnetic hy- 
perfine splittings and line shapes of the powder spectra at 
moderate and strong field depicted in Figure 6B.C are consis- 
tent with ID5,,\ in the range zl -2.5 cm- '  for E/D,\, = 0.33. 
As both parameters were partially covariant in the fits, the val- 
ues ID5,,\ = 1.4cm- '  and E/D,,, = 0.33 as derived from the 
magnetic susceptibility and EPR data were fixed also for the 
analyses of the hyperfine parameters. 


The lowest Kramers doublet of the rhombic S, = 512 sextet 
(E/D,,, = 0.33) is magnetically anisotropic (as is reflected by the 
effective EPR g values) with an easy axis of magnetization in the 
y or z direction, depending on  the sign of D,,, . For arbitrarily 
oriented (weak) fields the spin expectation value is large and 
preferentially aligned along the easy axis fixed in the molecular 
frame. The Mossbauer internal fields B'"' are therefore also 
fixed in the same molecular direction (adopting the isotropic 
hyperfine coupling tensor). For powder-distributed molecules 
this leads to widely split line sextets with relative line intensities 
close to the ratio 3:2:1:1:2:3, which is the limit for uniform 
orientation distribution of the effective field relative to the y a y  
beam. The 3.5 T spectrum of 1 in Figure 6 B  closely resembles 
this feature. The stronger field of 7 T (trace C) changes the line 
intensities towards a ratio 3:4:1:1:4:3, which is the limit for 


1 Fe(3) 0.48 (1 ) - 1.10 (2) O(0.3) 90 20 0 +18.0(2) -21.0 


2 Fe( 1 )/Fe(2) 0.49 (1) -063(2) O(O.3) 90 90 0 -18.6(2) -22.7 
-1.4 0.33 


[a] The magnetic Mossbauer spectra are simulated with intrinsic linewidth r = 0.3 mm s .'. [b] Values for the total spin of-the ground state S, = 5i2.  The corresponding local 
values used in the simulation of the susceptibility data are D, = 0.9 cm..', E/Dr = 0 33. [c] Euler angles for rotation of the principal axes of the /cro-field interaction into 
those of the EFG, sequence R(Y,z) + R(fl,j') --t R(7.z"). 
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alignment of Bin' along the applied field perpendicular to the 
y-rays. This means that the strong external field perturbs the 
electronic levels considerably and forces the spin expectation 
values out of the molecular easy axis. The Mossbauer hyperfine 
fields B'"'(i) in the powder sample therefore tend to sense all 
components of the coupling tensors u(i), while in the first case of 
moderate applied field mainly the a(i) components along the 
easy magnetic axis are effective. The simulations of the mea- 
sured spectra Figure 6 B,C for the different experimental condi- 
tions showed that any magnetic anisotropy detectable in the 
Mossbauer spectra can be explained by the properties of the 
electronic spin system; no indications were found for additional 
a(i) anisotropy (within an estimated error range of 0.5 T for the 
possible differences of the u components). The resulting isotrop- 
ic coupling constants in the two subspectra (1) and (2) were 
u(l)/xN/& = +15.0 T and n(2)/gN& = -18.6T. We recall that 
the values express the 57Fe hyperfine splittings in terms of the 
total spin S, rather than the local spins S,, and the opposite signs 
of a(1) and 4 2 )  again reflect the antiparallel coupling of the 
respective iron spins. The intrinsic A values in the system of the 
individual spins Si = 5/2 (i = 1,2,3) can be derived from spin 
projections of the Si on the total spin state IS, = 512, 
S* = 5).[191 Amazingly, the Mossbauer data permitted identifi- 
cation of the iron sites Fe(1) and Fe(2) with S ,  and S ,  forming 
the intermediate spin S* = 5 and the antiparallel coupled 
site Fe(3) with S,. For negligible mixing of spin multiplets 
the following relations hold: ( M ' J S ,  / M )  = 6/7(M' /S l /M) ,  


where the matrix elements are taken in the ground state multi- 
plet. From the equivalence of the hyperfine term S;a(i).l(i) with 
the intrinsic form Sj.AFc(,).I; for individual electron spin S,, one 
obtains for Fe(3) from subspectrum (1) A,,o, = - 7/5a(l), whilc 
for the equivalent sites Fe(1) and Fe(2) from subspectrum (2), 
the relation is Al;r,ll,Fr(2) = +7/6a(2). Substitution of the results 
from above yields AFe(3)/gN/jN = - 21.0 T and AFe(l),Fe(Zi/ 
gNP, = - 21.7 T, which is in agreement with what is expected 
for high-spin ferric iron with weak 0 and N ligands. Since the 
intrinsic hyperfine constants AFs(ji/gN/jN of the high-spin ferric 
iron arise primarily from the Fermi contact term, it is expected 
to be isotropic and close to 22 T. One might speculate that the 
small reduction for the five-coordinated site Fe(3) with respect 
to the six-coordinated sites owes its origin to the slightly shorter 
bonds around Fe(3) and the corresponding increase in covalen- 
cy. It might be significant, as the same tendency was found for 
the isomer shifts. 


The quadrupole line shifts in the magnetic Mossbauer spectra 
of 1 reveal effective quadrupole splittings; for subspectrum (I), 
these are virtually equal to AE,(I) of the zero-field spectrum, 
but for subspectrum (2) they correspond to only about 
!A x AE,(2) at  zero field. The apparent signs of the splittings are 
opposite for the two subspectra, positive for subspectrum (1) 
but negative for (2). For  strong internal fields, as in the case of 
compound 1, the effect of quadrupole interaction in the spectra 
is determined in the first order by the component of the E F G  
along B'"'. Provided the asymmetry parameter is zero, this 
means that EFG(1) is oriented with its main component V,, 
essentially parallel to B'"', but Vzz of EFG(2) is perpendicular to 
B'"' and the magnetic Mossbauer spectrum senses an EFG com- 
ponent close to the V,,/V,,, plane. Systematic trials were per- 


(M'/  S, IM) = 6/7 (M'(S,J M), (M'IS, I M) = -. 5/7 (M'(S,J M),  


formed to determine quantitative values for the asymmetry 
parameters and the Euler angles of the EFGs in the coordinated 
system of the total spin. For  the sake of simplicity only tensor 
rotations were regarded with no more than one Euler angle 
differing from 0 or 90 ". The best results from the simulations are 
given in Table 3. For  simplicity of the coordinate system we 
selected D < 0 to have the electronic spin expectation value and 
the internal fields Bin' in the z direction. The relative orientation 
of the EFG tensors and Bin' for this choice is sketched in 
Scheme 3. We notice that the two contributions from Fe(1) 
and Fe(2) to EFG(2), subspectrum (2), appear to  be identical. 


- 


X 


Scheme 3 .  The relative orientation of the EFG tensors and B'"' for D<O. 


The accuracy, however, is not very high and we cannot finally 
exclude some angle between the E F G  tensor axes, provided B'"' 
remains perpendicular to  Vzz.  Rotations of the EFG around the 
final z axis are meaningless anyway, as q zz 0. The correlations of 
the E F G  tensors with the molecular coordination polyhedra of 
the ferric ions in 1 are not obvious for the rather "irregular" 
octahedral sites Fe(1) and Fe(2) and cannot be predicted with- 
out detailed calculations. In contrast, for the quasi-trigonal 
bipyramidal site Fe(3) from symmetry arguments the main com- 
ponent Vzz of the E F G  should lie along the "axis" O( 1)-Fe(3)- 
O(31) to be consistent with p1(1)=0. It is interesting to  note that 
the tilting angle Q =16" of the 0(1)-Fe(3) bond out of the Fe 
plane from the X-ray structure closely resembles the Euler angle 
/I' = 20" between VZz(1) and B'"'; one is tempted to assume that 
Bin' is in the Fe(l)-Fe(2)-Fe(3) plane. Since for high-spin Fe"' 
the E F G  and the local zero-field interactions can be expected to 
exhibit identical principal axes and usually have the same sym- 
metry properties, according to the relation E/D = 1 / 3 q ,  one may 
conclude that the observed rhombicity of the total spin ground 
state does not necessarily originate from local rhombicity but is 
the result of tensorial superpositions of local axial interactions 
in rotated coordinate systems. 


Both the three-iron cluster of 1 and that of site 3 in ferreascid- 
in have S = 512 with two Fe"' ions, which are indistinguishable 
by means of their Mossbauer spectra, spin-aligned parallel and 
coupled antiparallel to the third Fe"'. The Mossbauer isomer 
shifts of the Fe"'ions Fe(l)/Fe(2) in 1 (0.49 mms-I )  are further- 
more identical to that of Fe"' from site 3 in ferreascidin 
(0.5 mms-  ', average value given in ref. 161). The same holds for 
the quadrupole splittings in the magnetic Mossbauer spectra; 
~ 0 . 6 2  m m s - '  for Fe(l)/Fe(2) in 1 and ~0 mms- '  for site 3 of 
ferreascidin. The values are typical of ferric high-spin ions in 
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five- or six-coordination with 0- and N-ligands. Remarkable 
differences, however, can be seen for the third Fe"' ion of the 
model cluster 1. Whereas in the protein the third Fe"' is only 
distinguishable from its neighbors by the opposite orientation of 
its Mossbauer hyperfine field, the corresponding third Fe"' in 1 
has a distinctly larger quadrupole splitting and lower isomer 
shift. If we can relate the Mossbauer parameters of Fe(3) to the 
"short" ( ~ ~ - 0 )  bond in 1, this discounts such a bond for the 
trimeric site 3 in ferreascidin. 


The basic analysis of the magnetic Mossbauer spectra offer- 
reascidin in ref. [6] is not easy to compare with the full spin- 
Hamiltonian analysis that was possible for the synthetic model 
complex 1, as the first does not parameterize the magnetic an- 
isotropy of the cluster using zero-field and hyperfine coupling 
parameters and appropriate powder average. The difference in 
the internal hyperfine field, B'"', given for the antiparallel-cou- 
pled ferric ions in the ferreascidin cluster a t  the strongest applied 
field (1 1 .I  T), however, can be used for a comparison. The value 
7.6 TIhJ is close to what we expect for the difference of the 
saturation values of the internal fields, BSat = 1ul/gNBN 5/2. 
From the spin-Hamiltonian parameters for 1 (Table 3) we ob- 
tain Bsa' = 37.5 and 46.4 T for Fe(3) and Fe(l)/Fe(2), respec- 
tively, which means a maximum difference of 9 T. One can take 
the correspondence to the values for ferreascidin as an indica- 
tion of identical spin projection factors for the different iron 
sites in the two trimeric clusters, that is, in fact both the model 
cluster and the protein cluster exhibit the same type of spin 
ground state (S ,  = 5/2, S" = 5). 


To conclude, a trinuclear iron(iii) cluster 1 containing an 
isosceles triangular arrangement of the ferric ions has been as- 
sembled with bridging 0x0 and phenoxo groups; 1 is a potential 
candidate as a structural model for the iron-binding site 3 in 
ferreascidin, as it shares many, but not all, of the characteristics 
of site 3. 
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Heterosupramolecular Chemistry : Self-Assembly of an Electron Donor (Ti02 
Nanocrystallite) - Acceptor (Viologen) Complex 
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Abstract: A TiO, nanocrystallite has been modified to recognise and selectively bind, by 
complementary hydrogen bonding, a uracil substrate incorporating a viologen moiety. Keywords 
Band-gap excitation of the self-assembled donor (TiO, nanocrystallite) -acceptor (vio- electron transfer * heterosuper- 
logen) complex results in electron transfer. Sonic implications of these findings for the molecules - self-assembly * titanium 
sclf-assembly of functional nanostructures containing both condensed phase and oxide - viologens 
molecular components are considered. 


Introduction 


A hcterosupermolecule is formed by linking a condensed phase 
and molecular components."] As is the case for a super- 
molecule, the properties of the constituent components largely 
persist''' and an associated heterosupramolecular function is 
observed.[*] Specifically, a heterosupermolecule consisting of 
covalently linked TiO, nanocrystallite, viologen and an- 
thraquinone components has been described,13] and the associ- 
ated heterosupramolecular function demonstrated, namely, 
light-induced vectorial electron flow.[41 The potentiostatic 
modulation of this function has also been d e m o n ~ t r a t e d . ~ ~ '  
The potential advantages of heterosupramolecular chemistry 
in the construction of practical molecular devices have been 
noted.[51 


To date, the constituent components of a heterosuper- 
molecule have been covalently linked.". 3- As a consequence, 
their self-assembly has been precluded.[61 Recently, however, 
TiO, nanocrystallites stabilised by the modified pyridine I") 
(Scheme I ,  TiO,-1) have been prepared. These nanocrystallites 
selectively bind, by complementary hydrogen bonding, thc 
modified uracil (11) to  form the heterosupermolecule TiO, - 
(1 + 11) .Is1 In a further development of these studies, the self-as- 
sembly of the electron donor (TiO, nanocrystal1ite)-acceptor 
(viologen) heterosupramolecular complex TiO, - (I + 111) is re- 
ported. 


[*I D. Fitzmaurice. I.. Cusack. S N. Kao 
Department of Chemistry, University College Duhlin 
Beltield, Duhlin 4 (Ireland) 
Fax: I n t .  code +(1)706-2127 
e-mail: dfitzrci macollamh.ucd.ie 


Results and Discussion 


The 'HNMR spectra recorded for Ti0,-I, 111 and Ti0,-  
( I  + 111) in CDCI,/[D,]acetone are shown in Figure I a-c. The 
amidic proton resonances of Ti0,-I are observed at  6 = 8.67. 
The amidic and imidic proton of I11 resonate a t  6 = 9.35 and 
9.70, respectively. For Ti0,-(I + III), the above resonances are 
observed at  6 = 8.76, 9.36 and 9.88, respectively. The basis for 
these assignments have previously been discussed in detail for 
Ti0,-(I + II).L8] The measured down-field shifts in the reso- 
nances assigned to  the amidic protons of I and the imidic proton 
of I11 are consistent with self-assembly, by complementary hy- 
drogen bonding, of the heterosupramolecular complex Ti0,- 
(1+111) (Scheme l).[7-91 Also shown in Figure 1 are the 
'H NMR spectra in CDCI,/[D,]acetone recorded for a mixture 
of Ti0,-I and IV, denoted Ti0,-(I and IV), and a mixture of 
Ti0,-CTAB and 111, denoted Ti0,-(CTAB and 111). For 
Ti0,-(I and IV), the amidic proton resonances of Ti0,-I are 
observed at  6 = 8.67 both prior to  and following addition of IV. 
This observation is consistent with the assertion that Ti0,-I 
and IV d o  not self-assemble to form a heterosupermolecule by 
complementary hydrogen bonding. Similarly, for Ti0,-(CTAB 
and HI), the imidic proton resonance of 111 is observed at 
6 = 9.79 prior to  and following its addition to  Ti0,--CTAB. 
This observation is again consistent with the assertion that 
Ti0,-CTAB and 111 d o  not self-assemble to form a heterosu- 
permolecule by complementary hydrogen bonding. 


Based on these findings it was expected that band-gap excita- 
tion of the TiO, nanocrystallite in Ti0,-(I + 111) would result in  
electron transfer to the viologen, whereas in Ti0,-(I and IV) 
and TiO,-(CTAB and 111) it would not. Transient and steady- 
state absorption experiments were performed to  test this expec- 
tation. 
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Schcrne 1. TiOL-(l+ll) [XI and the three systems examined in this study. 
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Figure 1. 'HNMR spectra in a CDCI, 
[D,,]acetone mixture (I  : 1: v / v )  at 20°C 
a) TiO, -I;  b) 111; c) Ti0,-(I+ 111); d) TiO, 
(I and IV); e) TO-(CTAB and Ill) .  


Figure 2 shows 


~ 


I 


IV 


the 
ps and ms absorption 
transients and steady- 
state absorption spec- 
tra measured following 
band-gap excitation of 
Tt0,-I in chloroform/ 
acetone. We note that: 
1) The ps transient is 


not measurably de- 
pendent on the ex- 
tent to which Ti0,- 
I is degassed. 


2) While the ms tran- 
sient for degassed 
Ti0,-I decays to 
about 50% of its 
initial amplitude be- 
tween pulses, the 
same transient for 
aerated Ti0,-I de- 
cays fully. 


3) While the visiblespectrum measured following band-gap ir- 
radiation of degassed Ti0,-I agrees with that reported for 
photogenerated electrons trapped in a TiO, nanocrystal- 
lite,[lo. 11] no spectrum is measured for aerated TiO, - I  under 
the same conditions. 


4) Based on the final amplitude of the ms transient for degassed 
Ti0,-I (0.0001 a.u.), an irradiation volume of 0.4 cm3 (ef- 
fective path-length of 0.7cm) and a sample volume of 


Me 


CTAB 


Ti02-(I and IV) 


1.8 cm', on 
at 600 nm. 


TiOz-(CTAB and 111) 


predicts a steady-state absorption of 0.003 a.u. 


On this basis, the ps transient in Figure 2a is assigned to long- 
lived electrons trapped in the TiO, nanocrystallite of Ti0,-I. 
Finally, as there is no measurable absorption by the molecular 
component I at 355 nm, no transients are measured for 1. 


Also shown in Figure 2 are the ps and ms absorption tran- 
sients and steady-state absorption spectra measured following 
band-gap excitation of TiO, -(I + 111) in chJoroform/acetone. 
We note that: 
1) The 1 s  transient is not measurably dependent on the extent 


to which Ti02-(l+III) is degassed. 
2) While the ms transient for degassed Ti0,-(J+III) rises ini- 


tially within the laser pulse and slowly during 10 ms, the ms 
transient for aerated Ti0,-(I + 111) rises only within the laser 
pulse. 


3) While the ms transient for degassed Ti0,-(I+ 111) decays to 
about 80% of its initial amplitude, the same transient for 
aerated Ti0,-(I + 111) decays fully. 


4) The visible spectrum measured following band-gap irradia- 
tion ofdegassed Ti0,-(I +111) agrees well with that reported 
for the radical cation of viologens['21 and, as expected, is 
offset from the baseline by about 0.003 a.u. due to the pres- 
ence of long-lived electrons trapped in the TiO, nanocrystal- 
lites of TiO,-I.['", In contrast, no spectrum is measured 
for aerated Ti0,-(I +HI) under the same conditions. 


5 )  Based on the final amplitude (0.0015 a.u.) of the ms transient 
for degassed TiO,-(1 + III), an irradiation volume of 
0.4 cm3 and a sample volume of 1.4 cm3, one predicts a 
steady-state absorption of about 0.06 a.u. at 600 nm. 
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Figure 2. a) Transienl absorption at 600 iim for dcgabsed TiO,-I in a chloroform~acctoiie mixture ( I  : 1 : Vv) at 20 C on lhc ps h e s c a l e  following band-gap excitation at 
355 nm (average of 10 pulscs of 5 ns duration at 2 mJ per pulse). Also shown arc the absorption transients for degassed and aerated Ti0,-I in a ch1oroform;acetone mixture 
( I .  1 : D I>) a t  20 C on the ms timescale (average of 100 pulses of 5 ns duration at 2 mJ per pulse) (top left) and the corresponding absorption spectra measured following 
irradiation (bottom left). b) and spectra on thc right: as  above for TiO, ~(1+111) 


On this basis, the ps transient in Figure 2 b  is assigned to radical 
cation of 111 and to long-lived elcctrons trapped in thc TiO, 
nanocrystallite of TiO,--(I + I l l ) .  The slow component of the 
nis transient for degassed TiO,-(I + 111) is assigned to the radi- 
cal cation of 111 formed by diffusion to Ti0,-l.[131 It is noted 
that the contribution by trapped electrons to the measured tran- 
sient for degassed Ti02-( l  +I l l )  may be accurately deduced 
from the transient measured for degassed Ti0,-I. Finally, as 
there is no measurable absorption by the molecular components 
I or I11 at  355 nm, no transients are measured for 1, 111 or 
( I  + 111). 


Figure3 shows the ps and ms absorption transients and 
steady-state absorption spectra measured for TiO,-(1 and 1V) 
in chloroformjacetone. We note that: 
1 )  The ps transicnt is not measurably dependent on the extent 


to which TiO,-(I and IV) is degassed. 
2) While the ms transient for degassed TiO, -(I and IV) rises 


within the laser pulse and slowly during 10 ms, the ms tran- 
sient for aerated TiO, -(I and IV) rises only within the laser 
pulse. 


3) While the ms transient for degassed Ti0,-(I and IV) decays 
to about half its maximum amplitude, the same transient for 
aerated Ti0,-(I and 1V) decays fully and agrees well with 
that for aerated Ti02-l .  


4) The visible spectrum measured following band-gap irradia- 
tion of degassed TiO,-(I and IV) agrees well with that re- 
ported for the radical cation of viologens,['*] and is offset 
from the baseline by about 0.003 a.u. due Lo the presence of 
long-lived electrons trapped in the TiO, nanocrystallites of 
Ti02-l.110,'11 In contrast, no spectrum is measured for 
aerated Ti0,-(I and IV) under the same conditions. 


5 )  Based on the difference of the final amplitudes of the ms 
transients (0.0005 xu . ) ,  an irradiation volume of 0.4 an3 
and a sample volume of 1.4 cm', onc predicts a steady-state 
absorption of 0.02 a.u. a t  600 nm for degassed TiOZ-(I and 
IV) by reduced IV. 


On this basis, the ps transient in Figure 3 a is assigned to elec- 
trons trapped in a TiO, nanocrystallite and to the radical cation 
of 1V formed by diffusion to the surface of Ti0,-I.['31 Finally, 
as there is no measurable absorption by the molecular compo- 
ncnts I or IV at  355 nm, no transients are measured for 1, IV or 
(I and IV). 


Also shown in Figure 3 are the ps and ms absorption tran- 
sients and steady-state absorption spectra measured for TiOz-- 
(CTAB and 111) in chloroform/acetone. Qualitatively, they 
agree with those measured for Ti0,-(I and 1V) although, the 
following quantitative differences are noted : Firstly, the ms 
transients for degassed and aerated Ti0,-(CTAB and 111) decay 
more slowly.['41 Therefore, while the visible spectrum measured 
following band-gap irradiation of degassed Ti0,-(CTAB and 
Ill) agrees well with that reported for the radical cation of vio- 
logen,"2' it is offset from the baseline by about 0.006 xu. ,  twice 
the value for degassed TiO,-(l and IV), owing to the presence 
of longer-lived electrons trapped in the TiO, nanocrystallites of 
TiO,- l . [ lo~l l l  Consistent with the above and in contrast to 
aerated Ti0,- (I  and IV), a spectrum is measured for aerated 
Ti0,-(CTAB and Il l ) ,  which agrees well with that reported for 
photogenerated long-lived electrons irappcd in TiO, nanocrys- 
tallites.['Ox Secondly, based on the difference of the final arn- 
plitudes of the ms transients (0.0005 a.u.), an irradiation volume 
of 0.4cm3 and a sample volume of 1.4cm3. one predicts a 
steady-state absorption of 0.02 a.u. a t  600 nm for degassed 
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Figure 3. a) Transient absorption at 600nm for dcgassed Ti0,-(I and IV) in a chlorofonn/acetone mixture (1:l: i , / v )  a1 20 'C  on h e  pq limescale following hand-gap 
excitation at 355 nm (average of 10 pulses of 5 ns duration at 2 mJ per pulse). Also shown are thc absorption IransIenls for degassed and aerated Ti0,- ( I  and IV) i n  a 
chloroform/acetone mixture (1: 1 : i , / i z )  at 20 "Con the ms timescale (average of 100 pulses of 5 ns durdtion at 2 mJ pcrpulse) (top left) and the corresponding absorption rpsctra 
measured following irradiation (bottom left). h) and spectra on the right: as ahovc for Ti0,-(CTAB and 111) 


Ti0,-(CTAB and 111) by reduced 111. On this basis, the ~s 
transient in Figure 3 b is assigned to electrons trapped in a TiO, 
nanocrystallite and to the radical cation of 111 formed by diffu- 
sion to the surface of Ti0,-CTAB. Finally, as there is no mea- 
surable absorption by the molecular components CTAB or 111 at 
355 nm, no transients are measured for CTAB, 111 or (CTAB 
and IV). 


As the optical absorption at 355 nm of the nanocrystallite in 
Ti0,-I nm is 0.1 a.u., the pulse energy is 2 mJ, the cross-sec- 
tional area for irradiation is 0.4cmZ and assumed reflection 
losses are 20%, i t  is estimated that six electron-hole pairs are 
generated in each TiO, nanocrystallite. From the initial ampli- 
tude of the ps transient in Figure 2 b for degassed Ti0,-(I+ 111) 
and the known extinction coefficient for the reduced form of 
viologen,[lZ1 it is estimated that one radical cation of 111 is 
formed per particle. That is, the charge separation efficiency is 
about 6 %  with the majority of the photogenerated electron- 
hole pairs being lost by recombination or trapping.[", ''' 
From the initial amplitudes of the ps transients for degassed 
Ti0,-(I and IV) and Ti0,-(CTAB and III), equal to that for 
degassed Ti0,-I, it is clear that no radical cations of IV and 111 
are formed within the laser pulse, although, as for Ti0,- 
(I +III), they are subsequently formed on the ms timescale by 
diffusion. It is noted that the molecular components of Ti0,- 
(I-kIII), Ti0,-(I and IV) or Ti0,-(CTAB and 111) may under- 
go oxidative degradation under prolonged irradiation in the 
absence of a suitable hole scavenger.['51 However, no evolution 
of the transients was observed in Figures 2 or 3 that might be 
attributed to oxidative photodegradation of the molecular com- 
ponents. 


Conclusions 


In short and as represented pictorially in Schcme 2 (top), Ti0,- 
I containing a diaminopyridine moiety recognises and selective- 
ly binds the modified viologen I11 containing a uracil moiety. 
Light-induced vectorial electron flow is observed for the result- 
ing donor-acceptor complex. There is ample precedent for elec- 
tron transfer over long distances in supermolecules and their 
organised assemblies.['6] In the absence of a uracil moiety 
(Scheme 2, middle) the modified nanocrystallite Ti0,- I does 
not recognise or selectively bind the viologen IV. Similarly, in 
the absence of a diaminopyridine moiety (Scheme 2, bottom) 
the modified nanocrystallite T O -  CTAB does not recognise or 
selectively bind the modified viologen Il l .  In neither of these last 
two cases is direct light-induced electron transfer to the viologen 
moiety observed. Our current studies are directed toward mod- 
ifying the surface of a TiO, nanocrystallite to selectively bind 
another condensed-phase component." Looking further to 
the future, analogous approaches involving many condensed 
phase and molecular components may be envisaged and offer 
the prospect of self-assembling complex heterosupramolecular 
structures. 


Experimental Procedure 


TiO, nanocrystallites (d = 22 F 2 A and 1,,,,, = 360 nm) were prepared in 
CDCI, in [lie presence of I or  CTAB to form the stable sols denoted TiO,-I 
or Ti0,-CTAB respectively [IS]. 
I and II have heen prepared and characterised previously [7,5]. A summary 
of their ' H N M R  spectra is given. 
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Scheme 2. Pictorial representation of TiO, -(l+IIl), TiO,- (I and IV) and TiO, ~ 


(CTAR and 111). 


I (CDCI,): 6 = 0.88 (t. 6 H ,  J = 7 . 0 H z ) ,  1.25 1.74 (m. 36H),  2.36 (t. 4H,  
~ = 7 . 6 H z ) , 7 . 5 2 ( ~ , 2 H , - N H a m i d i c ) , 7 . 6 9 ( t , l H , J = 8 . 2 H z ) , 7 . 8 8 ( d , 2 H ,  
.I = 8.2 Hz). 
Il(CDCI,):fi=0.88(t,6H,J=7.0Hz),1.26-1.5X(m,40H),2.36(t,2H, 
./ = 7.8 Hz), 4.16 (s. 2H) ,  5.52 (s, 1 H) ;  8.14 (s, 1 H, -NH amidic); 9.51 (s, 1 H, 
-NH imidic). 
III.(PF,), and IV.(PF6)2 were synthesised as shown in Scheme 3 and chardc- 
terised by elemental analysis and 'H NMR. 
111.(PF6)2: Calculated C, 52.42; H, 7.10; N. 6.95. Found:  C, 52.02; H, 7.02; 
N,6.83. 'HNMR([D6~ice tone) :6=0.86( t ,6H,J=6.7Hz) , l .28-  1.39(m, 
46H). 3.60 (t, 2H,  J =7.8 Hz), 4.52 (s, 2H),  5.00 (t, 2H, J =7.6 Hz), 5.52 ( s ,  
lH),6.32(5,2H),7.5(brs,IH,-NHamidic),8.87-8.91 ( d d , 4 H ,  J = S . I ,  
~.~HZ),Y.~~(~.~H,J=~.~HZ),~.~Y(~.~H,J=~.~HZ),Y.Y~(S,~H,NH 
imidic) 
IV.(PF,),:  Calculated C, 49.44; H ,  6.92; N,  3.85. Found:  C, 50.00: H ,  7.11; 
N.3.84 'HNMR([D,]acetone):fi =0.88(t,  3 H , J =  6.6Hz),  1.28-1.32(m, 
32H). 1.80 (t, 3H, J = 7 . 4 H z ) ,  4.96 (q, 4 H ,  J = 7 . 4 H r ) ,  8.85 (dd, 4H,  
unresolved coupling), 9.43 (d, 2H, unresolved coupling), 9.46 (d, 2H, unre- 
solved coupling). CTAB was used as supplied without further purification. A 
summary of its ' H N M R  spectrum (CDCI,): b = 0.88 (t. 3H.  J =  6.6 Hrj, 
3.25-1.36 (m. 28H), 1.78 (m, 2H) .  3.50 (s, 9 H ) .  
General procedure: A solution of the required molecular component, either 
111 or IV. was prepared in acetone or [D,]acetone and added to an equal 
volume of Ti0,-I  or Ti0,-CTAB in chloroform or CDCI,. The final (par- 
ticle) concentration of TiO, nanocrystallites was 4 x  IO-'moldm - 3 .  The 
final (molecular) concentration of I ,  111, IV and CTAB was, in each case, 
4 x IW4 moldm - 3 .  It is noted, that under these conditions, about 70% of 1 
or CTAB are adsorbed at  the nanocrystallite surface [S]. The above sols were 
studied by ' H  NMR and transient optical ahsorption spectroscopy at 20°C. 
All NMR spectra were recorded on either a JEOL JNM-GX270 FT or Varian 


I! v H 


Q 
C-CH,Cl a 


H 


W F , 1  
C H , - C H , N ~ ~ ( C H ~ ) ~ , - C H ;  g 


IV 


Scheme 3. Reaction conditions for synthesis of I11 and I V :  a) Octadecylamme. 
;Prof-[, rellux. N,;  b) chloroacetic anhydride, pyridine-chloroform. RT; c) 4- 
nonylbipyridinium bromide, acetonitrile, reflux: d)  methanolic ammonium 
hcxalluoi-ophosphate; e) excess ethyl bromide (neat), RT; f )  octadecyl bromide, 
acetonitrile. rcflux: g) as in (d). 


500 FT spectrometer. All absorption transients were recorded, unless other- 
wise stated, at 600 nm following pulsed excitation at  355 nm ( 5  ns, 
2 mJpulse- I) of a rigorously degassed samples contained in a vacuum-tight 
1 cm by 1 cm quartz cell. The transient absorption spectrometer, a double- 
beam laser-based system capable of measuring absorption changes of 
5 x lo- '  absorbance units, has been described in detail elsewhere [IY]. Tran- 
sients reported on the ps timescale are the average of ten measurements, those 
reported on the nis timescale are the average of one hundred measurements. 
Absorption spectra were measured using a Hewlett-Packard 8452 A diode 
array spectrophotometer. 
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Hexabromotricyclobutabenzene and Hexabromohexaradialene: 
Their Nickel-Mediated One-Pot Syntheses and Crystal Structures 


Amnon Stanger,* Nissan Ashkenazi, Roland Boese,* Dieter Blaser, and Peter Stellberg 


Abstract: The reaction of hexakis(di- 
bromomethy1)benzene with [(Bu,P),- 
Ni(COD)] (COD = 1,5-cyclooctadiene) 
in DMF at 65-70 “C yielded a mixture of 
the title compounds. The mixture was sep- 
arated by column chromatography to 
yield hexabromotricyclobutabenzene (3 a) 
and hexabromohexaradialene (4) in 24 


and 16% yields, respectively. ‘H and I3C 
NMR spectroscopy suggest that 3 is ob- 
tained as the syn-all-trans isomer 3 a, and 


Keywords 
crystal structure * cyclobutenes nick- 
el * radialencs - radical reactions 


the symmetric anti-all-trans isomer 3b is 
not obtained at all. The X-ray structures 
of 3a and 4 are reported. The hexaradi- 
alene 4 has a chair conformation, and de- 
viates from planarity by 43.6”. Heat or 
radical impurities cause the clean trans- 
formation of 3 a  to 4. 


Introduction 


Tricyclobutabenzene (1) has been considered as one of the key 
compounds for the study of the long-debated Mills-Nixon ef- 
fect.“, *I Although a strained compound, it does not show bond 
alternation. This was theoretically predicted (from ab initio cal- 
culations), and explained by the theoretical ability of the sp3 
carbon atoms to rehybridize and form curved (“banana”) 
bonds.L3I Later, this was proven by X-ray and X-X electron- 


density deformation.[’] It was 
also predicted that some of 
the organometallic complexes 
of 1 will show bond alterna- 
tion.L31 


Synthetically, there are two 
1 2 multistep and low-yielding 


methods for the preparation 
of 1 ;I4] no derivative of the tricyclobutabenzene skeleton is 
known. Thus, it was desirable to find a more efficient method 
for the preparation of tricyclobutabenzene, preferably a func- 
tionalized system, so that it could be used for the preparation of 
organometallic complexes and for organic and organometallic 
chemical transformations of this interesting skeleton. 


The elusive hexaradialene (2) is a nonaromatic, ring-opened 
isomer of 1. This system is of particular interest among the 


II 


rad ia lene~.~~]  The parent system is unstable and polymerizes 
immediately.161 Only two substituted hexaradialenes have been 
structurally characterized, the hexamethyl[’”] and dode- 
camethyl[7b] derivatives. These molecules are chair-shaped, pos- 
sibly owing to the steric bulkiness of the substituents causing 
deviation from planarity. The question of whether 1 is more 
stable than 2 is still open. The interconversion between cy- 
clobutabenzene and o-xylylene was investigated thoroughly,[81 
and it was found that the ring-opened form is less stable (by 
about 8 kcalmol-l) than its aromatic isomer. However, none of 
the reports of the synthesis of [6]-radialene (or its stable deriva- 
tives) mention conversion to the respective tricyclobutaben- 
zene.L5, 7 *  ’1 It may thus be that 2 is more stable than 1 (only more 
labile) in contrast to the cyclobutabenzene case. This can be 
investigated only if a synthesis of authentic tricyclobutabenzene 
derivatives is developed. 


Our interest in the Mills-Nixon effect,“. 3 s  ‘‘I the need for 
functionalized cyclobutabenzenes for its study, and the general 
interest in compounds like 1 and 2 led us to search for an effi- 
cient method to prepare such functionalized systems. We report 
here the “one-pot’’ synthesis and the X-ray structures of the title 
compounds hexabromotricyclobutabenzene (3 a) and hexabro- 
mohexaradialene (4),[’ and some observations regarding the 
interconversion of these two isomers. 


[*I Dr. A. Stanger, N.  Ashkenazi 
Department of Chemistry, Technion-Israel Institute of Technology 
Haifa 32000 (Israel) 
Fax: Int. code + (4) 823-3735 
e-mail: stanger(dtechnnix.technion.ac.il 
Prof. Dr. R. Boese, Dipl.-lng. D. Blaser, DipLChem. P. Stellberg 
Institut fur Anorganische Chemie der Universitat 
Universitdtsstrasse 5-7, D-45117 Essen (Germany) 
Fax: Int. code +(201)183-2535 
e-mail: boese@structchem.uni-essen.de 


Results and Discussion 


As the known routes for the preparation of tricyclobutabenzene 
yield the unfunctionalized system (in low yields),[41 they did not 
fit our needs. We therefore tried our recently developed nickel- 
mediated cyclization method (Scheme 1),[”] in the hope that the 
efficiency of the reaction in closing one four-membered ring 
would permit the cyclization of three rings within the same 


208 ~ 0 VCH Verlags~esellschaft mbH, 0-69451 Weinheim, 1997 0947-6539/97/0302-0208 $ IS.00+.2SlO Chrm. Eur. J .  1991, 3, No. 2 







208-211 


Br rangement between the bromine atoms are 
CHBrz 1 not observed at all. The formation of the 


four-membered rings with only trans ar- 
Br2Hc* CHBrz HBrz (Bu3P)2Ni(COD) IpBr ''. Br + Br % Br rangement of the bromine atoms is under- 


stood on the basis of a single ring closure.['21 Br2HC 
The sole formation of 3a without even a 
trace of 3b is probably a result of steric con- 
gestion around the syn bromine atom of a 
CHBr, unit adjacent to an already formed 
four-membered ring (i.e., Br, to Br, and Br,, 
see Scheme 2 ) .  This forces the (Bu,P),Ni 
moiety to insert into the C-Bra bond 


(Scheme 2), which results in a syn arrangement between the 
adjacent bromine atom on the newly formed four-membered 


(*) DMF, 65-70 ', 24 h 


Br 


5 3a 4 


Scheme 1 .  The attempted nickel-mediated cyclization of 5 yielded two isomers, 3a and 4. 


molecule. The results proved to be better than expected. Three 
equivalents of [ (Bu,P),Ni(COD)] (COD = 1,5-cyclooctadiene) 
were dissolved in dry deoxygenated DMF, 
hexakis(dibromomethy1)benzene (5)L9] was 
added, and the suspension stirred at 65- 


70 "C for 24 h. In an NMR experiment it was "$.Br - T$Br Br,-..,@ Br observed that after a few minutes at RT, be- 
fore the cyclization started, the nickel com- 
plex decomposed and only free COD was 
present. We therefore assume that the reac- 


Br$" Br, 
tive mediator is [ (Bu,P),Ni(DMF),], where I Br 
the complexing DMF molecules equilibrate 
rapidly with the solvent. The reaction takes 
more time than the single ring Closure (24 h 


Br1 
0 Brl 'Ni" 0 -  Br1 0 Bra 


B r i  ,. Br i  Br ...'I w" Brs 


Br 


3a 


Scheme 2. The formation of the third four-membered ring in 3a. "Ni" = (Bu,P),Ni. 
instead of 253 h[12]), probably because 5 is 
almost insoluble in DMF (or any other com- 
mon organic solvent). The 3a:4  ratio in the product mixture 
ranges between 3 : 2 and 1 : 1, depending on exact reaction time 
and temperature. According to the 'H and 13C NMR spec- 
tra,[',] 3 is obtained only as the syn-all-trans isomer (3a). The 
symmetric anti-all-trans isomer (3b) or any of the other seven 
isomers that have at least one four-membered ring with a cis ar- 


Br Br 
1 


Br 


3a 3b 


Abstract in German: Die Reaktion von Hexakis(dibrom- 
methy1)benzol mit [ (Bu,P),Ni(COD)] (COD = 1,5-Cyclooc- 
tadien) in DMF bei 65-70°C fiihrte zu einem Gemisch der 
Titelverbindungen. Nach Saulenchromatographie wurden Hexa- 
bromtricyclobutabenzol(3 a )  und Hexabromhexaradialen ( 4 )  in 
24 bzw. 16%-iger Ausbeute erhalten. ' H  und 13C NMR-spek- 
troskopische Daten lieJen darauf schlieJen, daJ 3 als das syn-all- 
trans Isomer 3a gebildet wurde, and das symmetrische anti-all- 
trans Isomer 3 b  nicht entstand. Die Ergebnisse aus den 
Rontgenstrukturanalysen von 3 a und 4 werden vorgestellt. Das 
Hexaradialen 4 hat Sesselkonformation mit einer Abweichung 
yon 43.6" von der planaren Anordnung. Durch Erwarmen oder 
durch radikalische Erunreinigungen wird 4 glatt aus 3 a gebildet. 


ring and the other two. Thus, even if the first two rings were 
formed with an anti arrangement between the adjacent bromine 
atoms on the two rings, the third one must be formed with a syn 
relation of its bromine atoms to those in the adjacent rings. 


The workup of the reaction consists of high vacuum evapora- 
tion of the volatiles at room temperature, dissolution of the 
residue in chloroform, and aqueous workup. The products can 
be separated on an alumina column (hexane/chloroform 1 : 3) or 
by fractional crystallization (chloroform, - 20 "C) to give 3 and 
4 in 24 and 16 % isolated yields, respectively. The mass spectrum 
of the mixture (CI) shows two compounds with the same molec- 
ular mass (629.4) and the same isotopic pattern (that fits 
C,,H,Br,), but with totally different fragmentation patterns. 
However, all the fragments are less than 8 %  (relative to the 
molecular peak). 


Reacting 5 under metallic nickel cyclization conditions gave 
similar results; the reaction temperature needed was somewhat 
higher (SOT) and the workup similar, except that the crude 
reaction mixture was filtered before evaporation. In this case a 
minor amount (3 %) of a reduction product, hexakis(br0- 
m~methyl)benzene,['~~ was also isolated, and the yields of 3 and 
4 were 22 and lo%,  respectively. 


As some of the organometallic complexes that we intended to 
use in the Mills-Nixon effect studyL3] require the parent system 
1 as a precursor, we attempted the reduction of 3. Application 
of the methods that were employed for the reduction of 1,2-di- 
bromocyclobutabenzene to cyclobutabenzene (Bu3SnC1/ 
LiAIH41'5"1 or H, under Pd/C['5b1 or Raney Ni/NaOCH, catal- 
ysis) did not yield any of the desired product 1. Probably the 
presence of radicals in these reactions mediated the electrocyclic 
ring opening of 1 (or 3a) to 2 that polymerized (see below). 
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However, "superhydride" (LiEt,BH) successfully reduced 3a to 
1 in 54 % isolated yield (i.e., 90 % yield per bromine atom). Thus, 
the total yield from commercially available starting materials 
(hexamethylbenzene) to 1 is 13 %, an order of magnitude higher 
than the yields obtained in the previously published methods.[41 


Crystals suitable for X-ray crystallography were obtained by 
slow crystallization of the clean compounds from chloroform 
at -20°C. It was not easy to obtain the crystal structures of 
isomers 3a and 4. The molecular structure of 3a (Figure 1) 


Br6 


Figure 1. Ellipsoid plot of 3a, relevant distances (A) and angles c): Br l -Br2  4.53, 
Br2-Br3 5.33, Br3-Br44.46, Br4-Br54.37, BrS-Br64.47, Br6-Br l4 .39;Br l -  
C7-Cz-Br2 -126.4, Br3C9-ClO-Br4 -121.9, Br5-Cll-CI2-Br6 122.9. 


clearly reveals a conformation with C,  symmetry, with a planar 
ring system. Owing to the dominant scattering of the bromine 
atoms, the esd's of the C-C bond distances are too high to allow 
a discussion of possible bond fixation, but (as expected) there 
are no large differences between exocyclic and endocyclic 
bonds.", 3a, 16] The molecular structure of 4 with crystallograph- 
ic Ci symmetry shows that the all-Eisomer (Figure 2, top) chair- 
shaped (Figure 2, bottom) conformer is formed, similar to the 
known he~amethyl[~"] and d ~ d e c a m e t h y l ~ ~ ~ ]  derivatives of hex- 
aradialene. The angle between the C(l)C(2)C(lA)C(2A) and 
C(2)C(3)C(lA) planes is 43.6", that is, rather similar to the chair 
geometry of cyclohexane (49.3') . [I7]  The deviation from planar- 
ity of the substituted [6]-radialenes probably has steric and elec- 
tronic causes.[181 All the other geometrical features are in the 
expected range. 


Heating 3a transformed it cleanly into 4. Thus, if the reaction 
mixture (Scheme 1) was kept at the reaction temperature for a 
prolonged period, the yield of 3 a  dropped and that of 4 in- 
creased. This happened also if a solution of 3a in DMF or 
chloroform was heated. Moreover, when a solution of 3 a  in 
CDC13[191 was placed in an open vial (in an attempt to crystal- 
lize the compound by slow evaporation of the solvent) beautiful 
clean crystals of 4 were found. A concerted ring opening of 3a 
should be conrotatory, and therefore cannot lead to 4 (which is 
the all-E isomer). Thus, we believe that the transformation pro- 
ceeds by a radical mechanism. Interestingly, although this trans- 
formation changes many properties of the molecule (for ex- 
ample, six carbon atoms that are sp3 hybridized in 3a are sp2 
hybridized in 4), most of the geometrical changes are relatively 
small. Figure 3 shows an overlap presentation of 3 a  and 4, 
based on a fit of both six-membered rings. The positions of the 
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Q B r l  


a 
B r l A  


k )  


Figure 2 Ellipsoid plot of 4 (top, top view, bottom, side view); relevant distances 
(A) and angles (") C-C (ring, mean value) 1 496(7), C=C (mean value) 1 318(7), 
C-Br (mean value) 1878(8), Brl-Br2 491, Br2-Br3 4.97, Br3-BrlA 480,  
C2-CI-C4-Br1 19 .  Cl-C2-CS-Br2 -1744, C2-C3-C6-Br3 173 5, Cl-C2-C3- 
C 1A 48.3. 


six internal atoms deviate 
by an average distance of 
0.21 A, and the six external 
carbon and four bromine 
atoms reveal an average dis- 
placement of 1.12 and 
1.30 A, respectively. How- 
ever, two of the bromine 
atom positions are relative- 
ly far from each other (aver- 
age 3.36A) and suggest a 
rotation about the external 
C-C bonds during the 3a 
to 4 transformation. 


Figure 3. Overlap presentation of 3 a  
and 4 with best fit of the two six-mem- 
bered rings. 


Conclusion 


The nickel-mediated cyclization of cc,a,cr',cc'-tetrabromo-o- 
xylene has been successfully applied to synthesize the tricy- 
clobutabenzene skeleton. The only isomer obtained was 3a, 
which can be reduced in 54% yield to the parent system 1. The 
hexaradialene 4 was also obtained in this reaction, and both 
compounds were characterized by X-ray crystallography, which 
revealed no unusual structural property in these two novel sys- 
tems. It was shown that 3a cleanly transforms to 4, probably by 
a radical mechanism; none of our attempts to reverse the reac- 
tion were successful. Thus, the [6]-radialene is probably thermo- 
dynamically more stable than its aromatic isomer, in contrast to 
what was found for the cyclobutabenzenelo-xylylene case. The 
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Hexabromotricyclobutabenzene and Hexabromohexaradialene: 
Their Nickel-Mediated One-Pot Syntheses and Crystal Structures 


Amnon Stanger,* Nissan Ashkenazi, Roland Boese,* Dieter Blaser, and Peter Stellberg 


Abstract: The reaction of hexakis(di- and 1 6 %  yields, respectively. ‘H and 13C the symmetric unti-all-trans isomer 3b is 
broniomethy1)benzene with [(Bu,P),- N M R  spectroscopy suggest that 3 is ob- not obtained at  all. The X-ray structures 
Ni(COD)] (COD = 1,5-cyclooctadiene) tained as the .sjwall-rrun,s isomer 3a, and of 3a and 4 arc reported. The hexaradi- 
in DMF at 65-70 ‘C yielded a mixture of alene 4 has a chair conformation, and de- 
the title compounds. The mixture was sep- 


by column chromatography to 
yield hexabromotricyclobutabenzene (3 a) 
and hexabromohexaradialene (4) in 24 


viates from planarity by 43.6’. Heat or 
radical impurities cause the clean trans- 
formation of 3a to 4. 


Keywords 
crystal structure . cyclobutenes . nick- 
el . radialenes . radical reactions 


Introduction 


Tricyclobutabenzene (1) has been considered as one of the key 
compounds for the study of the long-debated Mills-Nixon ef- 
fect.[’. Although a strained compound, it does not show bond 
alternation. This was theoretically predicted (from ab initio cal- 
culations), and explained by the theoretical ability of the sp3 
carbon atoms to rehybridize and form curved (“banana”) 
bonds.i3’ Later, this was proven by X-ray and X-X electron- 


density deformation.“] It was 
also predicted that some of & the organometallic complexes 
of 1 will show bond alterna- 
tion.L3’ 


II Synthetically, there are two 
1 2 multistep and low-yielding 


methods for the preparation 
of l;F4] no derivative of the tricyclobutabenzene skeleton is 
known. Thus, it was desirable to find a more efficient method 
for the preparation of tricyclobutabenzene, preferably a func- 
tionalized system, so that it could be used for the preparation of 
organometallic complexes and for organic and organometallic 
chemical transformations of this interesting skeleton. 


The elusive hexaradialene (2) is a nonaromatic, ring-opened 
isomer of 1. This system is of particular interest among the 


radialene~.[~]  The parent system is unstable and polymerizes 
immediately,f61 Only two substituted hexaradialenes have been 
structurally characterized, the hexamethyli7”] and dode- 
~ a r n e t h y l [ ~ ~ ]  derivatives. These molecules are chair-shaped, pos- 
sibly owing to the steric bulkiness of the substituents causing 
deviation from planarity. The question of whether 1 is more 
stable than 2 is still open. The interconversion between cy- 
clobutabenzene and o-xylylene was investigated 
and it was found that the ring-opened form is less stable (by 
about 8 kcalmol-I) than its aromatic isomer. However, none of 
the reports of the synthesis of [6]-radialene (or its stable deriva- 
tives) mention conversion to  the respective tricyclobutaben- 
~ e n e . [ ~ .  7 ,  It may thus be that 2 is more stable than 1 (only more 
labile) in contrast to the cyclobutabenzene case. This can be 
investigated only if a synthesis of authentic tricyclobutabenzene 
derivatives is developed. 


Our interest in the Mills-Nixon effect,“. 3, l o ]  the need for 
functionalized cyclobutabenzenes for its study, and the general 
interest in compounds like 1 and 2 led us to search for an effi- 
cient method to prepare such functionalized systems. We report 
here the “one-pot’’ synthesis and the X-ray structures of the title 
compounds hexabromotricyclobutabenzene (3 a) and hexabro- 
mohexaradialene (4) and some observations regarding the 
interconversion of these two isomers. 


~~~ ~~~ 


[*] Dr. A. Stanger, N .  Aahkena7i 
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As the known routes for the preparation of tricyclobutabenzene 
yield the unfunctionalized system (in low yields) ,[41 they did not 
fit our needs. We therefore tried our recently developed nickel- .~ 
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mediated cyclization method (Scheme I),[‘*] in the hope that the 
efficiency of the reaction in closing one four-membered ring 


, .  
e-mail: boese(ir structchem uni-esscn de would permit the cyclization of three rings within the same 
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rangemcnt between the bromine atoms are 
not observed at all. The formation of the 
four-membered rings with only trans ar- 


stood on the basis of a single ring closure.[l2] 
The sole formation of 3a without even a 
trace of 3b is probably a result of steric con- 
gestion around the syn bromine atom of a 
CHBr, unit adjacent to an already formed 
four-membered ring (i.e., Br, to Br, and Br,, 
see Scheme2). This forces the (Bu,P),Ni 
moiety to insert into the C-Bra bond 


(Scheme 2), which results in a JJWI arrangement between the 
adjacent bromine atom on the newly formed four-membered 


(Bu3P)ZNi(COD) 


BrzHC*CHBu Br2HC CHBrz 
- ::&13; +Br% Br rangement of the bromine atoms is under- 


DMF, 65-70 ", 24 h 


HBrz 
Br 


5 3a 4 


Scheme 1 The attempted nickel-mediated cyclization of 5 yielded two isomers, 3 a  and 4 


molecule. The results proved to be better than expected. Three 
equivalents of [ (Bu,P),Ni(COD)] (COD = 1,5-cyclooctadiene) 
were dissolved in dry deoxygenated DMF, 
hexakis(dibromomethy1)benzene (5)['] was 
added, and the suspension stirred at 65- 


70 "C for 24 h. In an NMR experiment it was Br+Br - :+ Br2...,,+ Br observed that after a few minutes at RT, be- 
fore the cyclization started, the nickcl com- 
plex decomposed and only free COD was 
present. We therefore assume that the reac- 


the complexing DMF molecules equilibrate 
rapidly with the solvent. The reaction takes 
more time than the single ring closure (24 h 
instead of 253 h[I2]), probably because 5 is 
almost insoluble in DMF (or any other com- 
mon organic solvent). The 3a:4 ratio in the product mixture 
ranges between 3 : 2 and 1 : 1, depending on exact reaction time 
and temperature. According to the 'H and NMR spec- 
tra,[l3] 3 is obtained only as the syn-all-trans isomer (3a). The 
symmetric anti-all-trans isomer (3 b) or any of the other seven 
isomers that have at least one four-membered ring with a cis ar- 


Brl 
Brt 'Ni" 0 -  Br1 0 0 


Bra 


B$ ,. B r l  . Br ...as !& Br, Big'. Br, 
tive mediator is [ (Bu,P),Ni(DMF),], where I Br Br 


3a 


Scheme 2.  The formation of the third four-mernbcred ring in 3a. "Ni" = (Bu,P),Ni. 


ring and the other two. Thus, even if the first two rings were 
formed with an anti arrangement between the adjacent bromine 
atoms on the two rings, the third one must be formed with a syn 
relation of its bromine atoms to those in the adjacent rings. 


The workup of the reaction consists of high vacuum evapora- 
tion of the volatiles at room temperature, dissolution of the 
residue in chloroform, and aqueous workup. The products can 
be separated on an alumina column (hexane/chloroform 1 : 3) or 
by fractional crystallization (chloroform, - 20 "C) to give 3 and 
4 in 24 and 16 YO isolated yields, respectively. The mass spectrum 
of the mixture (CI) shows two compounds with the same molec- 


Br Br . . , I  Br ular mass (629.4) and the same isotopic pattern (that fits 
C,,H,Br,), but with totally different fragmentation patterns. 
However, all the fragments are less than 8% (relative to the 


Reacting 5 under metallic nickel cyclization conditions gave 
similar results; the reaction temperature needed was somewhat 


Abstract in German: Die Reaktion von Hexakis(dibrom- higher (80°C) and the workup similar, except that the crude 
methy1)benzol mit [ (Bu,P),Ni(COD)] (COD = 1,5-cyc~ooc- reaction mixture was filtered before evaporation. In this case a 
tadien) in DMF hei 65-70°C ,fuhrte zu einem Gemisch der minor amount ( 3 % )  of a reduction product, hexakis(br0- 
Titelverbindungen. Nach Saulenchrornutographie wurden Hexa- m~methyl)benzene,[ '~~ was also isolated, and the yields of 3 and 
bromtricyclobutabenzol (3 a)  und Hexubromhexaradiaien (4) in 4 were 22 and 10 YO, respectively. 
24 bzw. i6%-iger Ausbeute erhalten. ' H  und I3C NMR-spek- As some of the organometallic complexes that we intended to 
troskopische Daten liejen darauf'schliefien, dafi 3 als das syn-all- use in the Mills-Nixon effect require the parent system 
trans Isomer 3 a  gehildet wurde, and das symmetrische anti-ull- 1 as a precursor, we attempted the reduction of 3. Application 
trans Isomer 3 6  nicht entstand. Die Ergebnisse uus den of the methods that were employed for the reduction of 1,2-di- 
Runtgenstrukturanalysen von 3 a und 4 werden vorgestellt. Das bromocyclobutabenzene to cyclobutabenzene (Bu,SnCI/ 
Hexuradialen 4 hat Sesselkonformution n?it einer Ahweichung LiA1H4['5a1 or H, under Pd/C['5b1 or Raney Ni/NaOCH, catal- 
von 43.6" von der planaren Anordnung. Durch Erwiirmen oder ysis) did not yield any of the desired product 1. Probably the 
durch radikalische Erunreinigungen wird 4 glatt aus 3 a gebildct. presence of radicals in these reactions mediated the electrocyclic 


ring opening of 1 (or 3 a )  to 2 that polymerized (see below). 


Br&Br Brp Br 


Br . 


Br 


3a 3b molecular peak). 


~~ ~ 
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However, "superhydride" (LiEt,BH) successfully reduced 3 a to 
1 in 54% isolated yield [i.e., 90% yield per bromine atom). Thus, 
the total yield from commercially available starting materials 
(hexamethylbenzene) to  1 is 13%, an order of magnitude higher 
than the yields obtained in the previously published methods.L4] 


Crystals suitable for X-ray crystallography were obtained by 
slow crystallization of the clean compounds from chloroform 
at  -20°C. It was not easy to obtain the crystal structures of 
isomers 3a and 4. The molecular structure of 3a [Figure 1 )  


Figure 1 .  Ellipsoid plot of3a ,  i-elcvant distances (A) and angles ( '): Br 1 Rr2  4.53. 
RrLBr35.33 ,  Br3-Br44.46. Rr4-RrS4.17,BrS Rr64.47, Br6- B r l  4.39; H r l -  
C 7-CX-Br 2 - 126.4. Br3-C9-C 10-Br4 - 121 .Y, Br 5-C 11-C 12-Hr6 122.9. 


clearly reveals a conformation with C ,  symmetry, with a planar 
ring systcm. Owing to the dominant scattering of the bromine 
atoms, the esd's of the C -C bond distances are too high to  allow 
a discussion of possible bond fixation, but (as expected) there 
are no large differences between exocyclic and endocyclic 
bonds.". The molecular structure of 4 with crystallograph- 
ic Ci symmetry shows that the all-Eisonier (Figure 2, top) chair- 
shaped (Figure 2, bottom) conformer is formed, similar to the 
known hexamcthyl['"] and d~decamethyl[ '~ '  derivatives of hex- 
aradialene. The angle between the C(I)C(2)C(l A)C(2A) and 
C(2)C(3)C(lA) planes is 43.6". that is, rather similar to  the chair 
geometry of cyclohexane (49.3") .I1 71 The deviation from planar- 
ity of the substituted [6]-radialenes probably has steric and elcc- 
tronic causes.[1s1 All the other geometrical features are in the 
expected range. 


Heating 3 a transformed it cleanly into 4. Thus, if the reaction 
mixture (Scheme 1) was kept at the reaction temperature for a 
prolonged period, the yield of 3a dropped and that of 4 in- 
creased. This happened also if a solution of 3a in DMF or  
chloroform was heated. Moreover, when a solution of 3a in 
CDC1,1'91 was placed in an open vial [in an attempt to crystal- 
lize the compound by slow evaporation of the solvent) beautiful 
clean crystals of 4 were found. A concerted ring opening of 3a 
should be conrotatory, and therefore cannot lead to 4 (which is 
the all-E isomer). Thus, we believe that the transformation pro- 
ceeds by a radical mechanism. Interestingly, although this trans- 
formation changes many properties of the molecule (for ex- 
ample, six carbon atoms that are sp' hybridized in 3a are sp2 
hybridized in 4), most of the geometrical changes are relatively 
small. Figure 3 shows a n  overlap presentation of 3 a  and 4, 
based on a fit of both six-membered rings. The positions of the 


i. 


f'igurc 2. Ellipsoid plot 01'4 (top, top view; bottom, side vicw); relevant distances 
(A) and angles ('): C- C (ring, mean value) 1.496(7), C=C (mean value) 1.318(7). 
C--Br lmcan valuc) 1.878(8): B r l - B r ?  4.91. B r 2 - B r 3  4.97. B r 3 - B r l A  4.80. 


j ,  


C2-C 1 -C4-Br 1 1.9. C GC2-C: 5-Br2 
C1A 4 x 2 .  


six internal atoms deviate 
by an average distance of 
0.21 A, and the six external 
carbon and four bromine 
atoms reveal an average dis- 
placement of 1.12 and 
1.30 A, respectively. How- 
ever, two of the bromine 
atom positions are relative- 
ly far from each other (aver- 
age 3.36A) and suggest a 
rotation about the external 
C-C  bonds during the 3a 
to 4 transformation. 


I74 4. C2-C  3.C6-Br 3 173 5,  C 1 -C 2-C 3- 


Figure 3. Ovcrlap prcsentation of 3 n  
and 4 with hest fit of the two six-iiiem- 
bcred rinpa. 


Conclusion 


The nickel-mediated cyclization of a,a,a',a'-tetrabromo-o- 
xylene has been successfully applied to synthesize the tricy- 
clobutabenzene skeleton. The only isomer obtained was 3a. 
which can be reduced in 54% yield to the parent system 1. The 
hexaradialene 4 was also obtained in this reaction, and both 
compounds were characterized by X-ray crystallography, which 
revealed no unusual structural property in these two novel sys- 
tems. It was shown that 3a cleanly transforms to 4, probably by 
a radical mechanism; none of our attempts to reverse the reac- 
tion were successful. Thus, the [6]-radialene is probably thermo- 
dynamically more stable than its aromatic isomer, in contrast to 
what was found for the cyclobutabenzenelo-xylylene case. The 
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Methods of Calculation 


Assumption of reaction pathway: In order to investigate catalysis, thc suh- 
stituent effect and the isotope effect, and to  rationalize the complex kinetics, 
calculations were carricd out for the respective B-V reactions of p-anisalde- 
hyde and bcnAdchyde with peroxyacetic acid to givc p-anisyl- and phcnyl- 
forrnate in nonpolar solvcnts. Although the B-V reaction of bcnzaldehyde 
with peroxyacid has been found mainly to givc a hydridc-shift compound in 
experiments [ I  1 - 131, only the aryl migration was examined in this study, 
hecausc our intercst is in thc substituent effect o n  the migratory aptitude of 
the aryl group. This dccision was based on the grounds that the substituent 
effect has been found to be insensitive to variationq in nonmigrating groups 
[II-131. 
Several possible pathways for the B-V reaction were takcn into consideration 
(Scheme 1). These pathways are based on sccond-order kinetics, bccause 
similar B-V rcactions have been found experimentally to he second-order [9]. 
Bccause the difference in catalysis between acetic and trifluoroacetic acids has 
been observed experimentally for the B-V reaction of p-methoxyacctophc- 
none with peroxybenzoic acid [ l l ] ,  catalysis with each of these acids was 
cxamined. 
Several assumptions were made on the bas~s  of the experimental findings 
already obtained. Firstly, we excluded from consideration the possibility of 
the reaction proceeding by way of an ionic species produced by the dissocia- 
tion of peroxyacetic acid. bccause the peroxyacid is not likely to dissociate in 
nonpolar solvents. The experimental observation of second-order klnctics for 
similar B -V reactions [9] supports this assumption. Sccondly, rcgarding the 
nature of acid catalysis, protonation on the carbonyl, acyloxyl, or hydroxyl 
oxygen was excluded from consideration, hecausc experiments have shown 
that the rate of the B-V reaction ofp-methoxyacetophenonc with peroxyben- 
roic acid in the prcsencc of perchloric acid in aqueous ethanol is not correlat- 
ed with thc acidity function Ho but increases slightly with increasing perchlo- 
ric acid content [I  11. Accordingly, both acctic and trifluoroacetic acids were 
assumed to catalyze the reaction without apparent dissociation. Further, it 
was assumed that thc migration in the B-V reaction occurs by a concerted 
mechanism, because thc reaction proceeding by way of a stepwise mechanism 
would form unslable ionic species in nonpolar solvents. In fact, experimental 
results [I51 support this assumption. 


Ab initio molecular orbital calculation. All the geometries werc optimized by 
the analytical gradient procedure of the GAUSSlAN92 program [16]. To 


a Ar= 


b Ar= 0 
(W) 


H 


select a calculation method, preliminary calculations werc performed for a 
model reaction, the hydrogen-migratory B -V rcaction of formaldehyde with 
peroxyrormic acid, catalyzed by the hydronium ion. The geometries of the 
reactants and the transition state (TS) for the carbonyl addition and the 
migration were optimized by the use of a 3-21 G basis set at the Hartree~ Fock 
( H F )  level of theory (HF/3-21 G) and a 6-31 G* basis sct a t  the Moller-Ples- 
set second-order perturbation level of theory (MP 2/6-31 G*) The electron 
energies for the HF geometries werc obtained with MP2.6-31 G* (MP216- 
31 G*//HF/3-21 G). The TS geometries and their relative electron encrgics 
with respect to the reactants obtained with MP2i6-31 G*/,'HFj3-21 G were 
found to be close to thosc obtained with MP2/6-31 G* (Tablc I ) .  This finding 


Table 1 .  Relative energies (kcalniol ~ ' )  with respect to rcxtants and 0- 0 bond 
lengths (A), calculated for stationary states 01' the model B- V reaction with both 
MP2/6-31G*!/HF/3-21G and MP2/6-31G*. 


Stationary state MP2/6-31 G*:/HF/3-22 G MP2!&-3IG* 
Relative 0-0 bond Relative 0 0 bond 
encrgy length energy length 


0.0 1.4% Reacrants 0.0 1.470 
TS for 
carhonyl addition -43.05 1.458 -46.28 1.472 
TS for migration -39.91 1.845 -41.91 1.795 
Products -75.X7 -76.46 ~ 


indicates that the H F  geometry optimization for thc heteropolar dissociation 
of the 0-0 bond is acceptable, in contrast with the H F  calculations for 
homopolar dissociation; the HF calculations provide an incorrcct value of 
thc radical dissociation energy of HOOH [17]. Although there is a n  encrgy 
differcnce of a few kcalinol- ' for each of the TS's between these two calcu- 
lation methods, the discrepancy in the TS energy for carbonyl addition is very 
close to that for migration, and the comparison between the TS energies 
obtained with MP2/6-31 G*//HF/3-21 G for carbonyl addition and migration 
is then expected to provide valuable information on the mechanism of B-V 
reactions. Therefore, MP 2/6-31 G*//HF/3-21 G was selected in the present 
study to reduce computational time. Considering the fact that some uncer- 
tainties associated with estimates by this calculation method could still rc- 


I/ CH3C02H 


5a, b \ 


8a',b 9a',b 


+ CH3COOH 


7 


/ 


Scheme 1. Poasihle reaction pathways for the B - V  reaction of p-anisaldehyde or benzaldehyde with peroxyacetic a d ,  either uncatalyzed or catalyzed by acetic or 
trifluoroacetic acid. The isotope effect was examined by thc replacement of the carbon atom denoted with an asterisk by I4C. 
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main, we will examine the complex kinetics of the B-V reactions on the basis 
of not only the calculation results but also the experimental facts. 


Results and Discussion 


Fii-stly. the geometries of some possible stereoisoiiiet’s were optimized for 
several stationary states in both thc B - V  reactions of p-anisaldehyde and 
ben7aldehyde with peroxyacetic acid by nieans <>fihe minimal s ~ o - 3 ~  basis 


Reaction mechanism in the absence of acid: Figures 1 and 2 show 
the optimized geometries for some important stationary states 


set The geometries at global minima on the potential-energy surface were 
delcrmined so that they could serve 3 s  starting structures for the following 
optimizations. Secondly. the geometries were further optimized with HF/3- 
21 Ci and were charactei-ized by harmonic-fi-equency calculations.~F.‘in~~lly, 
energy calculations for the optimized geometrics were carried out;  all electron 
energies were calculated by means of M P 2 6 3 1  G*, and then the zero-point 
energies and entropies and thcrmal energies were evaluated at  1.013 x lo5 Pa 
and at  298 K by frequency calculations with H F  3-21C. 


in the B-V reaction of p-anisaldehyde with peroxyacetic acid. 
The total energies and entropies are summarized in  Table 2, 


No isotope effect has been obscrved for the B-  V reaction ofp-methoxyace- 
tophcnone with /Iz-chloroperoxyben/;oic acid. in contrast to the decrease in 
reaction ratc that follows an isotope substitution in other acetophenones [15]. 
To trace the origin of this finding, calculations were carried out for the B -  V 
re;iclion ni the casc in which the migrating carbon atom ofpanisaldehyde or 
hewaldehyde is replaced by the corresponding isotope I4C (denoted with an 
;ircei-isk i n  Schcme I). 


Thermod>namic values in nonpolar solvents: So that we could evaluate Ihc 
changes in the thcrmodynainic values ii i  the liquid phase. the free-volume 
thcoi-y [I$] w:is taken into considcration for estimation of thc entropy diffcr- 
cnce between the gas and liquid phases. The changes in the thermodynamic 
values i n  nonpolar solvents werc evaluated accoi-ding to  the theory with 
Equations(1) (3). where AM,, , ,  and AC,,, are the changes in the 


(1 1 


(2) 


(3) 


cnthalpy. entropy, and frec energy, respectivcly. in nonpolar solvents, R. T,  
and 171 the %ah consunt.  the absolute temperature. and the overall orders of 
ireaction, respectively. and AH,, ,  and AS,,, the changes in the enthalpy and 
entropy in  the gas phase that are obtained by ab  initio calculations. The rate 
constants were evaluated according to the thermodynamic formulation of the 
transition state theory [18]. The tunneling effect was disregarded in the eval- 
uation of the ratc constants. 


A H , , ,  = AH,,,,  - ( I  - /?I)RT 


A s , , , ,  = ASgd< +Rl11(10~”’ ’ 177 )  


A(;l2q = AH,, ,  - TAS,,, 


(a’ ,Oplo 99y /J 


A; ‘H ‘0 


c?/ 8 
c3 2 214 04 
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Figure 1. Optimved geometrics l‘or soinc important species in the B--V reactions of 
p-anisaldehydc Mith pcroxyacetic acid: a )  in thc ahsencc of acid. b) in the prccence 
of ctcctic acid and 01. trifluorodcetic acid. The compound numbers correspond to 
those in Schcine 1. Numerical values for bond Icngths are 111 A. 
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Figure 2. Cylindrical bond b l e w  o f  the o p t i m i d  stiuciures for 
the B V reactions ofp-anisaldehyde. 


Table 2. Total cnergies and molar entropies at 1 ,013 x 105 Pa and 
298 K .  


Total energy (Hal-me) Molar entropy Species LI] 
(cal mol ’ K ~ ’) 


l a  
I b  
2 
3a 
3b 
4a 
4b 
5 a  
Sb 
6a  
6 b  
7 
7’ 
8 a  
8 a’ 
8h 
8 b’ 
9a 
9 a’ 
9b  
9 b’ 


-458,50938 
- 344 35862 
-303.27824 
- 761,72025 
-647.56778 
- 761.79968 
-647.65021 
-761.74626 
-647.59746 
- 533.54043 
-41 9.39178 
-228.33648 
- 525.42885 
-990 10979 
- 1287.20994 
-875.95942 
- 11 73.05827 


-990.09096 
~ 1287.21667 
-875.94814 
- 1173.06156 


89.96 
71.49 
74.36 


121.61 
109.17 
120.43 
107.72 
120.6? 
107.40 
98.09 
84.81 
67.30 
X1.56 


152.80 
162.96 
139.83 
150.45 
151 36 
159.37 
138 96 
146.57 


[a] Compound numbers correspond to those in Schcine 1 







Baeyer -Villiger Reaction 


At the TS for the carbonyl addition 3 a  (Figure 1 a), the dis- 
tance between the carbonyl oxygen 0' and hydroperoxyl hydro- 
gen H2, 0.994 8,, is seen to be quite short compared with that 
between the carbonyl carbon C3 and hydroperoxyl oxygen 04, 
2.214 A. This finding suggests that the carboiiyl addition is in- 
duced by the electron-withdrawing power of the hydroperoxyl 
hydrogen H2 with respect to  the carboiiyl oxygen 0'. Therefore, 
the peroxyacid should be characterized as an electrophile, 
and the carbonyl addition is predicted to  accelerate with an 
increase in the electron-donating power of the migrating group. 
On the other hand, from comparison of the optimized structures 
4 a  and 5a  the migration was found to start with the cleavage 
of both the hydroxyl H5-06 and the peroxyl 07-08 bonds 
(Figure 1 a). 


- Pathway without catalysis 
- 
- 


Pathway with the participation of acetic acid 
Pathway with the participation of trifluoroacetic acid I .  


10.0 


.- 
(+7 or 7') 


Transient 
intermediate 


-30.0 


6a 


Products 


Reaction Coordinate 


Figure 3. Schematic free-energy diagram for the B-V reaction of p-anisaldehyde 
with peroxyacetic acid in nonpolar solvents. either uncatalyred or catalyzed by 
acetic or trifluoroacetic acid. The thermodynamic data for the labeled states are 
given in Table 3. 


The energy diagram[''] (Figure 3 and Table 3) shows that the 
rate-determining carbonyl addition is followed by the migra- 
tion, and the reaction is very exothermic. The free energy of 
activation for the carbonyl addition, 52.46 kcalmol-', is quite 
large; therefore, the reaction is expected not to occur under mild 
conditions. In Fact, experimental results have proved that the 
B-V reaction is acid-catalyzed.['* lo ,  Even iil the case of no 
catalyst, autocatalysis by the carboxylic acid resulting from the 
B-V reaction or a second peroxyacid molecule is probable. 
Contamination of acid in the peroxyacid should be considered 
if a commercial peroxyacid is used without further purifica- 
tion. The influence of acid on the B-V reaction should there- 
fore be clarified to identify a rate-determining step. We ex- 
cluded the autocatalysis of a second peroxyacid from consider- 
ation, because the carboxylic acid resulting from the B-V 
reaction should surpass the second peroxyacid in catalysis 
except for the initial stage of the 
reaction. 


Table 3. Rclative enthalpies, entropies. and free encrgies a t  1.013 x lo5 Pa and 
298 K. 


Species [a] AJI,,,, [b] AS,,, b l  A(;,,, b l  
(kcalmol- I) (calmol I )  (kcalmol I) 


3a 
3b 
4 a  
4h 
5 a  
5b 
6a  
6b 
8 a  
8 a' 
8b 
8 b' 
Ya 
9 a' 
9b 
Y b' 


42.87 (42.86) 
53.50 (53.49) 
- 6.9X (-7.00) 


26.54 (26.56) 
25.31 (25.33) 


-7.80 (-7.81) 


- 56.03 ( - 56.04) 
-57.35 (-57.37) 


10.16 (10.14) 
5.22 (5 21) 
9.91 (9.90) 
5.79 (5.78) 


20.80 (20.81) 
1 .oo ( I  .00) 


16.99 (17.01) 
3.73 (3.75) 


~- 


-32.17 (-32.20) 
- 32.05 ( -  32.06) 
-33.49 (-33.39) 
-33.60 (-33.63) 
-33.17 (-33.20) 
-33.92 (-33.95) 


1 .07 ( I  .07) 
0.26 (0.24) 


- 58.34 ( -  58 36) 
-62.44 ( - 6 1  47) 
-58.84 (-58.86) 
- 62.48 ( - 62 49) 
- 59.78 ( - 59 79) 
- 66.03 ( - 66.06) 
- 59.71 ( -  59 74) 
-66.36 (-66.38) 


52 46 (52.46) 


3 01 (2.96) 
53.50 (53 49) 


2.22 (7.22) 
36 43 (30.46) 
35.42 (35.45) 


- 56.35 ( -  56.36) 
- 57.43 ( - 57.44) 


27 55 (27.54) 


27.45 (27.45) 
23.84 (23.84) 


74.42 (34.41) 
38.62 (38.64) 
20.69 (20 70) 
34.79 (34.82) 
73.52 (23.54) 


[a] Compound numbers correspond to  those in Figures 3 and 5 .  [h] The value\ i i i  


par-enthcses are those for the B - V  reactions i i i  which thc migrating carbon atom of 
p-anisaldehydc or bcnzaldchyde IS replaced by I4C. 


presence of acetic acid, 1.998 A (8a in Figure 1 b). is seen to  be 
shorter a t  the TS for the carbonyl addition than the correspond- 
ing distance in the absence of acid, 2.214 8, (3a in Figure 1 a) .  
The corresponding distance is further shortened by the catalysis 
of trifluoroacetic acid; the distance becomes 1.883 A (8a' in 
Figure 2 b). The stronger the electron-withdrawing power of the 
acyl group of the carboxylic acid, the shorter the distance is. 
These findings indicate that acid catalysis diminishes the energy 
of the unoccupied orbital localized mainly on the carbonyl car- 
bon and enhances carbonyl addition. Accordingly, i t  is predict- 
ed that trifluoroacetic acid surpasses acetic acid in catalysis and 
the reactivity of the carbonyl addition in the presence of acid is 
superior to that in the absence of acid. 


It was found that the migration in the presence of acetic acid 
starts with the separations of both the peroxyl 0"-Ol2 and 
hydroxyl OI3-Hl4 bonds (9a in Figure 1 b), while the migra- 
tion in the presence of trifluoroacetic acid starts only with the 
separation of the peroxyl 015-016 bond (9a' in Figure 1 b). 
This finding means that acetic acid plays roles as both a n  elec- 
trophilic and a nucleophilic catalyst and the trifluoroacetic acid 
plays a role only as a n  electrophilic catalyst. 


The participation of acetic acid in migration results in an 
unfavorable change in the activation entropy and a favorable 
change in the activation enthalpy. The free-energy change['9] 
(Figure 3) shows that the entropic disadvantage outweighs the 
advantage of the activation enthalpy decrease for the free energy 
of activation. The calculated rate constant for the migration 
in the presence of acetic acid (Scheme 2), IC$"'[AcOH] = 


1 x 10- ' *  x [AcOH] s- ' ,  was found to besmaller than thecorre- 
sponding value without catalysis, k! = 2 x S C ' ,  if the 
concentration of acetic acid is smaller than 2 mol L - I .  The situ- 


kjo + k,XCooHIXCOOH] OH k: + k3XCooH[XCOOH] 
Reaction mechanism in the pres- 
ence of acid: The distance be- 


and the peroxyl oxygen 0" in the 


ArCHO + CH3C0,H ______F A~FH .) HCOOAr + CH3COOH - 
!i2 + k2XCooH[XCOOH] OOCOCH3 


tween the carbonyl c9 Scheme 2 Rate constdnts for the B-V redction of p-,inisaldehyde (01 henzaldehyde) with peroxyacetic (or peroxytri- 
fluoroacetic) m d  
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ation is completely the reverse in the case of the carbonyl addi- 
tion, and acetic acid will catalyze only the carbonyl addition and 
not the migration. As a whole, migration that is not acid-cata- 
lyzed was found to correspond to a rate-determining step. In 
approximating the overall rate constant, the transient interme- 
diate can be assumed to be in a stcady state, because the condi- 
tions of the application of the steady-state approximations dis- 
cussed by Volk et a1.[201 are satisfied. The apparent rate constant 
in the presence of acetic acid can be denoted approximately by 
Equation (4). It is predicted that, at a smaller con- 


AcOH - kfCo" [AcOH] k! 
k'''tal - k: +k$'OHIAcOH] (4) 


centration of acetic acid, the linear relation be- 
tween the rate constant and the concentration of 
acetic acid, k$:H = kfCoH [AcOH], is obtained 
and at higher concentration of acetic acid the rate 
constant ktf;" approaches the limiting value, 


The decrease in activation eiithalpy owing to  the 
participation of trifluoroacetic acid in both car- 
bony1 addition and migration was found to be 
larger than that due to the participation of acetic 
acid. The entropic disadvantage in both the 
carbonyl addition and the migration is thus 
overcome. The calculaled rate constant in the 
presence of trifluoroacetic acid (Scheme 2), 
k:"C02H[CF,C0,H] = 2 x 10' x [CF,CO,H] S - ' ,  


is greater than the corresponding value without 
ii catalyst, k: = 2 x 10- l 2  s - I  if the concentra- 
tion of trifluoroacetic acid is higher than 
1 x lo-' ,  molL- ' .  Not only the carbonyl addi- 
tion but also the migration is catalyzed by tri- 
fluoroacetic acid, and the carbonyl addition is a 
rate-determining step. The apparent rate constant 
in the presence of trifluoroacetic acid i s  therefore 
given approximately by Equation ( 5 )  by the 


k ACOH k~/ /~~CVH,  
I 


Therefore, we can safely say that acetic acid catalyzes only the 
carbonyl addition, and not migration, but trifluoroacetic acid 
rapidly establishes the addition equilibrium and also catalyzes 
the migration. It is concluded that the mechanism of the reac- 
tion varies with the catalyst. 


Substituent effect: Figures4 and 5 show the optimized ge- 
ometries for somc important stationary states in the B V reac- 
tion of benzaldehyde with peroxyacetic acid. The total energies 
and entropies are summarized in Table 2. 


3b 


cc  


0 
8b 9b 


)COCF, COCF, 


0' 
8b' 9b' 


Figiirc 4. Optmired geometries for sane important species in the B-V reaction of bcnddehqdc 
with peroxyacctic x i d :  a )  in the absence of catalyst, b) in the prcsencr of acetic acid and of 
acid. Thc coni[iound numbers correspond to those in Scheme 1. Values for bond lengths art 
trifluoroacetic given in A.  


steady-state approximation, because the conditions of applica- 
tion of the approximation are satisfied. The apparent rate con- 
stant is predicted to be proportional to the concentration of 
trifluoroacetic acid. 


The rclationships between the rate constant and the concen- 
tration of acid described in Equations (4) and (5) were qualita- 
tively in good agreement with the expcriniental results for thc 
I3 - V reaction of p-methoxyacetophenone with peroxybenzoic 
acid; specifically, the experiments showed that for catalysis with 
trifluoroacetic acid in benzene solvents there is a linear relation- 
ship between the rate and the concentration of acid, but cataly- 
sis with acetic acid does not show such a linear relationship.[' ' I  


Although the free-energy profile (Figure 3) might still have 
some uncertainties associaled with energy estimates a t  the 
present calculational Icvei, the agreement betwcen the kinetics 
observed experimentally and those predicted by calculations 
proves the semiquantitative validity of this free-energy profile. 


The activation free energy of each of the carbonyl additions 
in the B-V reactions of benzaldehyde with peroxyacetic acid was 
found to be greater than or nearly equal to that in the case of 
p-anisaldehyde (Figures 3 and 6 and Table 3). This fact implies 
that the reactivity of the carbonyl addition increases with an 
increase in the electron-donating power of the migrating group. 
and the carbonyl addition is induced by the interaction between 
the carbonyl oxygen and the carboxyl or hydroperoxyl hydrogen. 


The difference between the activation enthalpies in the ab- 
sencc of acid and in the prescnce of trifluoroacetic acid was 
found to be 21.58 kcalmol-' for the migration in the B-V 
reaction of benzaldehyde with peroxyacetic acid. The difference 
is smaller than the corresponding difference for the migration in 
the B-V reaction of p-anisaldehyde with peroxyacetic acid, 
25.54 kcal mol- I .  Thcse findings indicate that the p-anisyl 
group migrates more easily than the phenyl group in the pres- 
ence of trifluoroacetic acid. Thc situation is completely reversed 
in the presence of acetic acid. The activation free energy of the 
migration in the B-V reaction of benzaldehyde with per-oxy- 
acetic acid in the presence of acetic acid is smaller than in the 
case of p-anisaldehyde. 
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3b 


4b 


8b 


I 


8b' 


Yb 


9b' 


Figure 5 .  Cylindrical bond view of the optimized structures for the B-V reaction5 
of' henfiktehyde. 


- : Pathway without catalysis 
- : Pathway with the  participation of acetic acid 
..~.. : Pathway with the participation of trifluoroacetic acid 1 
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Figure 6. Schematic f'ree-energy diagram Tor the B- V reaction of benzaldehyde 
with peroxyacetic acid in  nonpolar solvents, either uncalalyzed or cataly7cd by 
acetic or  tritluoroacctic acid. The thermodynamic datil for Ihc Iahcled states are 
given i n  Table 3 .  


This fact will be explained if attention is focused on the geo- 
metrical difference in the TS for the migrations. The migration 
in the presence of acetic acid starts with the separations of both 
the peroxyl 01'-0'8 and hydroxyl O"-H2* bonds (9b in Fig- 
ure4b) ,  but that in the presence of trifluoroacetic acid starts 
with the clcavage of only the peroxyl 02'-02* bond (9b' in 
Figure 4b). This situation is the same as in the case of the 
migration of thep-anisyl group. The electron donation from the 
carboxyl oxygen 023 of acetic acid to the hydroxyl hydrogen 


HZo of the carbonyl adduct intermediate leads to  the separation 
of the hydroxyl 019-H20 bond, and this results in the migra- 
tion. The migration is therefore likely to accelerate with a de- 
crease in the electron-donating power of the migrating group. 
As a result, in the presence of acetic acid, the electron-donating 
power of the migrating group does not necessarily enhance the 
migration. The situation contrasts with that in the presence of 
trifluoroacetic acid: only the cleavage of the peroxyl OZ'-Oz2 
bond induces the migration in this case (9b' in Figure4b); 
therefore, the migration accelerates with an increase in the elcc- 
tron-donating powcr of the migrating group. 


Many experiments have demonstrated thc enhancement of 
the migration by the electron-donating power of the migrating 
group. This finding had been explained in terms of the stabiliza- 
tion of cationic intermediates. Because the B-V reactions are 
generally acid-catalyzed and the acids are relatively strong un- 
der the usual conditions, the migratory aptitude observed exper- 
imentally does not nccessarily contradict the present calcula- 
tiondl results. In fact, results tending to back up our calculations 
have been obtained for the B-V reactions of p-chloro- and 
p-bromobenzophcnone with peroxyacetic acid in the abscnce of 
acid.["' These reactions have been shown to yield small quanti- 
ties of the products from the migration of the p-chloro- and 
p-bromophenyl groups, in contrast with the case in the presence 
of sulfuric acid, in which such products arc not obtained at  all. 
These experimental results as well as the present calculational 
results lead to the conclusion that migratory aptitude varies with 
the catalyst. 


Isotope effect: It was found that the rate of migration decreases 
following isotope substitution of the migrating carbon by 14C. 
and there is little isotope effect in the carbonyl addition, regard- 
less of whether the reactant is y-anisaldehyde or  benzaldehyde, 
and regardless of whether acetic or trifluoroacetic acid is used or  
not (Table 3). This finding indicates that the absence of an ob- 
served isotope effect for the B-V reaction of p-methoxyace- 
tophenone with m-chloroperoxybenzoic acid is explained in 
terms of an exceptional rate-determining carbonyl addition. 


Palmer and Fry"'] considered for the absence of any ob- 
served isotope effect that the strong electron-donating power of 
the p-methoxy group leads to  a change in the force constant in 
the TS; the good electron-donating group causes a high density 
in the three-membered ring, resulting in a tight TS. The force 
constant in theTS at  the labeled position then increases, and this 
results in a lowered isotope effect. On the other hand, Ogata and 
Sawaki"'] showed that the absence of the observed isotope 
effect can be attributed to a rate-determining carbonyl addition. 
Thc present result provides support for the latter view. 


If attention is focused on trifluoroacetic acid catalysis, the 
free-energy diffcrence between the TS for the carbonyl addition 
and that for the migration in thc B-V reaction of p-anisalde- 
hyde, 3.15 kcalmol-' (Figure 3), is seen to be large compared 
with the corresponding difference in the case of benzaldehyde, 
0.90 kcalmol- ' (Figure 6). In considering catalysis with an acid 
having electron-withdrawing power between trifluoroacetic 
acid and acetic acid, such as tn-chlorobenzoic acid, it is possible 
that the rate-determining steps in the B-V reactions of ben- 
zaldehyde and p-anisaldehyde are the migration and carbonyl 
addition, respectively. 
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In the experiments of Palmer and Fry,[”] the 13-V reactions 
of substituted acetophenones with m-chloroperoxybenzoic acid 
werc carried out in the absence of acid. However. isotope effect 
measurements were performed for fivc fractions of the reac- 
tions, ranging from 8 to  60%. The autocatalysis of m- 
chlorobenzoic acid resulting from the reaction should therefore 
be taken into account. Wc suggest that the exception in the case 
of p-methoxyacetophenone is brought about by the shift of the 
rate-determining step from the migration to  the carbonyl addi- 
tion, caused by the autocatalysis. 


Concluding Remarks 


The mechanism of the B-V reaction of p-anisaldehyde with 
peroxyacetic acid to give p-anisylformate has been studied on 
the basis of ah initio calculations as well as experimental obser- 
vations. The theoretical investigation of a rate-determining step 
and catalysis led to the findings that 1) the carbonyl addition 
corresponds to the rate-determining step in the absence of a 
catalyst, 2) catalysis by acetic acid contributes only to the car- 
bonyl addition, and the rate-determining step shifts from the 
carbonyl addition to the migration, and 3) catalysis with tri- 
fluoroacetic acid contributes to both the carbonyl addition and 
migration, and the carbonyl addition corresponds to thc rate- 
determining step. Comparison of the reaction with the B-V 
reaction of benzaldehyde and peroxyacetic acid to give phenyl- 
formate showed that migratory aptitude depends on catalysis. 
The calculational results of the isotope effect for these reactions 
suggested that such an effect is absent from the B-V reaction of 
p-methoxyacetophenone with m-chloroperoxybenzoic acid be- 
cause the carbonyl addition caused by autocatalysis is the rate- 
determining step. These results lead to the conclusion that the 
B-V reaction cannot be explained in terms of only a single 
mechanism and the mechanism of the reaction varies with the 
catalyst or substituent effect. 


It should be pointed out that the present investigation has 
been limited to the reaction in nonpolar solvents. In polar sol- 
vents or under basic conditions, the possibility of a different 
mechanism for the reaction, proceeding by way of ionic species, 
should be taken into consideration. 
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Terrylenimides : New NIR Fluorescent Dyes 


Frank 0. Holtrup, Gert R. J. Muller, Heribert Quante, Steven De Feyter, 
Frans C. De Schryver, and Klaus Mullen* 


Abstract: Terrylenimides 3 and 4 repre- 
sent a new class of blue colorants, exhibit- 
ing absorption maxima at 650 to 700 nm 
and fluorescence emissions in the NIR re- 
gion (673 to 750 nm). The terrylenimides 
were synthesized by means of various 
organometallic coupling reactions, cata- 
lyzed by transition metal complexes (Ni', 
Pd') and starting from the aromatic bro- 


Introduction 


mides, boronic acids, or organotin com- 
pounds. The terrylenimides have all the 
properties expected of excellent fluores- 


cent dyes : high extinction coefficients, 
high fluorescence quantum yields, and 
vcry good thermal, chemical, and photo- 
chemical stabilities. Owing to its extended 
7c system, 3 can reversibly accept four neg- 
ative charges. By varying the substituents, 
3 and 4 can be modified to serve either as 
soluble dyes or as insoluble pigments. 


Keywords 
arenes C-C coupling dyes * fluo- 
rescence - terrylenes 


Perylene-3,4: 9,10-tetracarboxdiimides 1 (Scheme 1) have been 
valued for a long time owing to their outstanding chemical and 
optical properties."] They are characterized by a brilliant color, 
strong fluorescence, and good thermal, chemical, and photo- 
chemical stabilities.['] Perylenediimides 1 absorb in the visible 
range at 525 nm and show a fluorescence quantum yield of 1 
(IOOYO).[~] In addition to their application as commercial dyes 
and pigments, they are used in reprographical processes,[41 in 
fluorescence solar colle~tors,[~1 in photovoltaic devices,16] in dye 
lasers,['] and in molecular switches.['] Recently, we succeeded in 
synthesizing the quaterrylenetetracarboxdiimides 2 by homo- 
coupling of bromoperylenedicarboximides 5, followed by oxi- 
dative cyclization.['' Owing to their extended 7c system, the 
quaterrylenes 2 exhibit absorption maxima (A =764, R = H;  
781 nm, R' = tert-butylphenoxy) at much longer wavelengths 
than the corresponding perylene derivatives (526 nm) ."'I Syn- 
thesizing the missing link absorbing in the red region would 
close the gap between the two classes of dyes. The red fluores- 
cent dyes used so far are cyanin,["] phthalocyanin, xanthene 
(e.g. rhodamine), and oxazine dyes, some of which have serious 
disadvantages such as low chemical stability.['21 


We will describe the synthesis of new terrylene derivatives that 
excel in their long-wavelength absorption and high fluorescence 
quantum yield, in addition to having high thermal, chemical, 


[*I K. Mullen, F. 0. Holtrup, G. R. J. Muller, H. Quante 
Max-Planck-Institut fur Polymerforschung 
Ackermdnnweg 10, 55128 Mainz (Germany) 
Filx: Int. code +(6131)379-350 
Steven De Feyterb, Frdns C. De Schryverb 
Department of Chemistry, Katholieke Universiteit Leuven 
Celesti.jnenlaan 200F, 3001 Heverlce (Belgium) 
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Scheme I .  R = alkyl, aryl; R' = H, 4-tert-butylphenoxy. 


and photochemical stabilities. This makes them promising can- 
didates for attractive applications.[' 31 We have prepared both 
symmetrical terrylenes with two dicarboximide groups (4) and 
unsymmetrical ones based on benzanthrone (3 ) ,  and we have 
examined the influence of the structure on the spectroscopic 
properties. 


Results and Discussion 


The major purpose of our work was to synthesize a new fluores- 
cent dye exhibiting a high fluorescence quantum yield. Our con- 
cept was the combination of two well-known fluorescent dyes 
(perylenimide and benzanthrone) with the aim of obtaining an 
absorption at longer wavelengths while maintaining the high 
quantum yield. 


we first used Nio complexes 
to promote the crosscoupling of the bromoperylenimide 5 with 


In analogy to the synthesis of 


Chem. Eur. J. 1997, 3, N o .  2 c; VCH V~rlu~.s~e,sc.llsrhufi mhH. D-69451 Weinheim, I997 l)Y47-6539jY7ji~31~2-o2/9 $ / 5  OO+ .25iO 21 9 
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3-bromobenzanthrone (6) (Scheme2). In the case of 5a, we 
produced the activc species in situ by reducing bis(tri- 
phenylphosphine)nickel(rr) chloride with zinc and obtained the 
condensation product 7 a in a 45 YO yield. To couple 5b we used 
[Ki(l,5-cyclooctadiene),] (Yamamoto  condition^,['^' already 
successful for the synthesis of quaterrylenediimide) and ob- 
tained the desired product 7 b  in 62% yield. The subsequent 
cyclization was again achieved in an oxidative alkali melt to give 
3 a and 3 b in 34 YO and 83 % yields, respectively. The reason for 
the low yield of 3a is the ready saponification of the propyl- 
imide; in 3b the isopropyl groups sterically shield the imide and 
thus hinder hydrolysis. 


Ni(0) - KOH / EtOH 
ox. 


c__c 


6 


Scheme 2. Syntheses of henzoplleri-y~encdicar~~(~xiinide 3a and 3 b  (a:  K = ir- 


propyl. K' = R" = 4-teri-butylphcnoxy: b: R = 2.6-diisopropylphenyl. R' = 4-/(vt- 
butylphenoxy. R" = H) .  Keagcnts, couditions, and yields: a) 7 a :  Ni(PPh,),CI2. 
%n.NEt,l,THF.25 C. 12ht45%;7b:  Ni(cod),, cod, hipy:DMF. 70 C.2&62" / , , :  
b) KOII. ox.,'EtOH, 70 C. 15 minlXO'% 


Crosscoupling two different bromides with 
a Ni" complex in this way is a straightforward 
method of obtaining a new class of fluores- 
cent compounds absorbing at  long wave- 
lengths, the benzoylterrylenimides 3. How- 
ever, some disadvantages are also apparent: 
the Ni complex is required in equiinolar 
amounts, the yields are low owing to the ho- 
mocoupling products that are also formed, 
and a chromatographic purification is re- 
quired in the workup. Furthermore, not all 
bromides can be crosscoupled by this 
method. Some systems are dehalogenated or 
undergo exclusive homocoupling under the 
Yamamoto conditions. More selective reac- 
tions were therefore required favoring hetero- 
coupling over mixed homocoupling. 


An example where the Yamamoto conden- 
 ati ion"^] fails is in the synthesis of symmetri- 
cal terrylenetetracarboxdiimides 4: the cou- 
pling reaction of bromoperylenimide 5 and 
bromonaphthylimide 8 yielded mainly homo- 
coupling products. The synthesis of 4 
through heterocoupling would first require 
the transformation of one of the bromides 5 


R 
O N 0  p 


8 


or 8 into the corresponding boronic acid (or another 
organomctallic compound), which is usually achieved by lithia- 
tion or via the Grignard compound. The attempt to metalate 5 
or 8 with butyllithium or magnesium, however, resulted solely in 
the reduction of the imide structure. We therefore chose a syn- 
thetic route via the ketal of 5-bromoacenaphthenequinone (9) 
(Scheme 3). The carbonyl groups in 9[15] were protected against 
nucleophilic attack by reaction with ethyleneglycol to form ketal 
groups.t161 The bromide was then transformed into the boronic 
acid 10 by using standard methods. Compound 10 was used 
without further purification in a Suzuki  coupling^"' with 5. The 
resulting condensation product was hydrolyzed quantitatively 
to LI. Compound 11 was oxidized by air under basic conditions 
giving the anhydride 12, which was transformed into its imide 13 
by reaction an amine. In analogy to the preparation of 2,19' 13 
was cyclized in a KOH melt to give the final compound 4. 


This last route-heterocoupling via a boronic acid-is much 
more selective than the mixed homocoupling under Yamamoto 
conditions. Although a little lengthy, it allows intermediates 
such as 11 and 12 to be condensed with di- or monoamines to 
yield new useful dyes. One disadvantage is that it is restricted to 
reactions starting from acenaphthenequinone, because the pro- 
tection of the carbonyl groups as ketals only works well for this 
molecule. The carbonyl group in 3-bromobenzanthrone ( 6 ) ,  for 
example, cannot be protected by standard procedures (as the 
ketal with ethyleneglycol, as the dithioketal with propane-I ,3- 
dithiol, or as the silyl ether after reduction to the alcohol). 
because it is incorporated into the aromatic system. 


We therefore continued our search for a short, selective, and 
widely applicable synthesis of terrylenimides. Using a hexa- 
alkylditin reagent and a palladium cdtalyst,r181 we succeeded in 
transforming the bromides 5 into their stannyl derivatives 14, 


0 6 Br 


9 


12 


R 
o k o  


- 
f 8 \ '  0 


C S h 7  


13a 


R 


11 


%H17 


4a 


Scheme 3. Synthcais of tcrrylenetelracarhoxdiimide 4a:  reagents, conditions, yields: a )  ethyleneglycol. 
conc. H,SO,~m-xylenc. reflux. 4 d,'H5%: b) 1 .  n-huty1lithiurn;THF. -78 'C:  2. triisopropylhorate 
THF, -78 C: 3. H20!60%. c )  [Pd(PPh,),]. 2~ K,CO,~toluene, reflux. 20h.7570: d) H2S0,. tI1O 1 -  
PrOH. reflux, 4 d  >95%: c )  KOH, 0Jl-PrOH, bO'C. 4 h , ' > 9 5 % ;  f )  wxtylaniine 2-PrOH. reflux. 
10 h / > 9 5 % :  g) KOH. ox.  EtOH. 70'C. 15 rninrXO%. 







Fluorescent Dyes 219-225 


c- 
C 


b c-- 


Br 
6 


R R,g I 


5b, 5c 


R 


nBu, 


14b. 14c 


d 
R" 


___c 


8 


R 


3b, 3c 7b, 7c 13a, 13b, 13c 4a, 4b, 4c 


Scheme 4. Syntheses of 3 and 4 (a: R' = H, R" = n-octyl; b: R' = 4-teri-butylplieiioxy, R" = 2,6-diisopropyIphenyl; c :  R' = H. R" = 2.6-diisopropylpheiiyl). Reagents, 
conditions, and yields: a) Sn,(Bu),, [Pd(PPh,),]/toluene, reflux, 4 d/88%; h) 6,  [Pd(PPh,),]/DMF, 90 'C, 4d /73%;  c) KOH. ox./EtOH. 7 0 ' C .  15 min,XO'%: d) 8. 
[Pd(PPh,),]jtoluenc, reflux, 4 d/70%. 


which could be condensed with the bromides 6 or 8 (Scheme 4). 
Since this mild method does not employ nucleophilic 
organometallic reagents, protection of the imide group is not 
necessary. Both hexamethylditin and hexabutylditin could be 
used as stannylating agents, but the latter was preferred, owing 
to its lower toxicity and price. The tin group could be introduced 
into all of our bromides (5, 6, and 8); this demonstrates how 
tolerant the reaction is to  functional and electronic variations. A 
number of palladium(o) and palladium(i1) catalysts can be used, 
since they are interconvertible in the reaction mixture. The tin 
compounds can be coupled with a variety of aromatic bromides 
as described by Stille.[''] Stannane 14 coupled with 6 to yield 7 
and with 8 to  yield 13. Minor side reactions were the homocou- 
pling of the stannanes and the bromides, and destannylation. 
The final cyclizations t o  the compounds 3 and 4 were again 
achieved by means of an oxidative alkali melt. 


The advantage of the mild stannane route is that protection 
of the sensitive carbonyl groups and inert conditions are no 
longer necessary. Both the ketal and the stannane route can be 
used to  prepare terrylenimides 4 with identical or different 
groups (alkyl, aryl) a t  the imides. Further reactions such as 
hydrolysis and decarboxylation can be envisaged. The ready 
availability of tin compound 14 means that homocoupling reac- 
tions with other chromophoric units become accessible. 


The dark blue compounds 3 and 4 can be identified unequiv- 
ocally by 'H and 13C NMR spectroscopy and FD mass spec- 
trometry. The bay-substituted compounds 3a, 3b, and 4 b  are 
especially soluble in all common organic solvents and could thus 
be completely characterized. 


The thermal stabilities of 3 and 4 are very high-decomposi- 
tion sets in only above 460 "C, starting at the N-bonded groups, 
as determined by TGA. Thus the thermal stability corresponds 
to that of perylenediimide 1 and quaterrylenediimide 2.['] 


The UV spectra of the terrylenimides show absorption bands 
at  650 to 700 nm, lying between those of perylenediimide and 


quaterrylenediimide, as expected (Figure 1). The similarily of 
the fine structures of the absorption spectra of 1,2, and 4 is most 
remarkable (Figure 2). The absorption wavelength of tcr- 
rylenediimide 4 is a little lower (4a: I,,, = 650nm and 
E = 9 3 0 0 0 ~ ~ ' c m - ' )  than that of benzoylterrylenimide 3. The 
absorption wavelength is influenced by the number of phenoxy 
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Figure 1 .  Absorption spectra or3c arid 4 a  (CHCI,) 
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Figurc 2 Absorption spectra of I ,  4a,  and 2 (CHCI,). 
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substituents in the bay region: The unsubstituted compounds 
4a and 4c absorb at  650 nm (E  = 9 3 0 0 0 ~ - ' c m - - ' )  and the di- 
substitutcd 4 b  at  664nm ( E  =120000M-'cm-'). Unsubstitut- 
ed 3c absorbs at 676 nm ( E  = 6 2 0 0 0 ~ - ' c r n - ' ) ,  disubstituted 
3h at 687 nm ( E  = 93000h1-'cm-'), and tetrasubstituted 3a at 
700 nm ( E  = 7 8 0 O O ~ - ' c m -  '). The high extinction coefficients 
make the terrylenimides promising candidates for applications 
as functional dyes. 


The absorption spectra of 3 and 4 in sulfuric acid are charac- 
terized by narrow bands that are shifted bathochromically by 
I60 to 200 nm (&,ax = 887 nm (3c) and 810 nm (4a)) and exhibit 
extremely high extinction coefficients (i: = 182000M- ' cm- ' 
(3c) and 508 000 M ' cm ~- ' (4a)) (Figure 3). This observation 
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l-igure 3 Absorption spectra of 3c and 4 a  in H2S0, (96%) 


can be explaincd by a protonation of the chromophores and the 
subsequent formation of J After dilution with 
water, the terrylenimides can be rccovered unchanged ; this indi- 
cates their high stability to acids and oxidizing agents. 


The fluorescence quantum yields of the terrylcnimides were 
dcterrnined relative to tetraphcnylporphine, which has a known 
fluorescence quantum yield (4, = 0.13)[211 and absorbs at a 
similar wavelength. The solvent used was methylcyclohexane 
((,%I x 1 0 - ' ~ ) .  The results are outstanding: 4a exhibits a 
quantum yield of 90% (& = 0.9+0.1), and 3c of 60% 
((jF = 0.6+0.1). The emission bands are shifted bathochromi- 
cally by 20 to 50 nm compared to the absorption bands and, in 
the case of 3a, already lie in the NIR region at  750 nm (3b: 
735 nm; 3c: 701 nm; 4a: 673 nm; 4b: 707 nm; 4c: 668 nm) 
(Figure 4). 


1 


0.2 J I i l i  


The photostabilities of 3 and 4 were estimated by exposing 
non-degassed chloroform solutions of 3 and 4 in quartz cuvettes 
to UV light (A = 366 nm) for a prolonged period of time. After 
one week no significant changes in the extinction coefficients of 
the solutions of 3 and 4 could be observed. The samples of 3 and 
4 were thus shown to be highly photostable, as stable as a sim- 
ilarly treated sample of perylenetetracarboxdiimide I ,  which is 
known for its excellent photochemical stability.[31 


Another important aspect for a possible application as optical 
switches are the redox properties. The reduction potentials of 
compound 3a were determined. Four reduction stcps can be 
detected, with potential values of E = - 0.83, -0.92, -2.14, 
and -2.52 V. When compared to the corresponding values of 
tetraphenoxyperylenediimide 1 ( E  = - 0.85, - 1.1 1, -2.64V), 
the first reduction step shows no significant difference. The sec- 
ond reduction step already occurs a t  a less negative potential, 
and for the third step the difference is even greater. The fourth 
step is impossible for the perylenediimide and can only be ob- 
served in the casc of terrylenimide. Since the first two reduction 
steps occur considerably more easily than the third and fourth, 
it is probable that the first two charges can be stabilized by the 
dicarboximide groups through a partial delocalization. The 
third electron gives rise to electrostatic repulsion from the two 
negative charges already on  the molecule and thus requires a 
higher potential than the first two. The fourth electron can add 
to the terrylenimide, but not to  the perylenediimide, because the 
former is larger. This explanation is further supported by the 
fact that 2,5,8,11 -tetra-trrt-butylperylene (a molecule with the 
perylene core, but without any dicarboximide groups) under- 
goes only two reduction steps ( E  = - 1.99 and - 2.55 V)."ol In 
this case no stabilization of the reduced species is observed owing 
to the absence of dicarboximide groups, and potentials similar 
to  those of the third step of tetraphenoxypcrylenediimide 
( E  = - 2.64 V) and the third and fourth step of terrylenimide 3 
( E  = - 2.14 and -2.52 V) are required for the reduction. 


The exceptional electron-acceptor properties of 3 combined 
with the long-wavelength absorption and emission, and the high 
stability suggest applications in the field of optoelectronics. Be- 
sides the potential applications mentioned earlier, the terrylen- 
imides are promising for uses in the medical (e.g., pho- 
tochemotherapy) and analytical (e.g., laser fluorometry) fields. 


Our future work will include the incorporation of soluble 3 
and 4 (substituted by side chains in the bay region) into main- 
chain polymers in analogy to the perylenediimides 1.(221 We thus 
hope to provide new ways of processing and new applications 
for the terrylenimides. 


Experimental Procedure 


All commercially available rcagents and solvents were used without further 
purification unless otherwise stated. TH F was distilled from potassium, anti 
D M F  from calcium hydride. Column chromatography was performed on 
silica gel (Merck, Geduran Si 60), mesh size 70-230. IR spectra (KBr 
method) were recorded on a Nicolet FT-IR 320 spectrometer, UVIVis spectra 
were taken on a Perkin-Elmer Lambda 9 spectrometer and fluorescence spec- 
tra were measured on a Spex Fluorolog2 Type F232 spectrometer. NMR 
spectra wcre recorded on  AMX500, Bruker AC300, and Varian Gemini 200 
spectrometers (at room temperature, unless otherwise notcd); the operating 
frequencies are given with the data.  FD mass spcctra were recorded on it 


Finnigan MAT312 spectrometer (resolution M , A M  = 1000; accuracy 
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AM = kO.5 u). Thermogravimetric analyscs were performed on a Mettler 
TO 50. For the cyclovoltammetric experiments on 3 a  (in THF, with Bu,NPF, 
added) a Potentiostat/Galvanostat PAR Model 173 was used. The photosta- 
bility of 3 and 4 was estimated with a UV lamp (Camag, 0.25 A, 220 V),  
placing the cuvettes 12 cm away from the lamp. Elemental analyses were 
performed by the Department of Chemistry and Pharmacy of the University 
of Mainz. 


N-Propyl- 1,6,7,12-tetra(4-tcrt-butylphenoxy)-9-(3- benzanthrony1)perylene- 
3,4-dicarboximide (7a): Ni(PPh,),CI, (326 mg, 0.50 mmol), activated zinc 
(120 mg, 1.84 nimol), and Et,NI (129 mg, 0.50 mmol) were placcd in a 
Schlcnk flask and dried in vacuo at 100°C for 4 h. Dry THF (120 mL) was 
added under argon, and the mixture stirred at room temperature for 4 h to  
form the active nickel(o) complex. N-Propyl-1,6,7,12-tetra(4-rerr-butylphe- 
noxy)-Y-bromoperylene-3.4-dicarboximide (Sa) (279 mg, 0.27 mmol) and 3- 
bromobenzanthrone (6) (0.43 g, 1.40 mmol) were added and the mixture 
stirred at room temperature for 12 h. The solvent was evaporated, and thc 
residue purified by column chromatography on silica gel (80 x 10 cm, 
CH,CI,). The product was recrystallized from CH,CI,/MeOH to give 7a as 
a red solid (145 mg, 45%). m.p. 252-C. IR (KBr): Ls = 2961, 1699 (C=O),  
1660 (C=O), 1592, 1580, 1505, 1405, 1320, 1277, 1217, 1173, 888, 835, 
782 c1n-I. UVjVis (CHzCIz):%,,,ax (logc) = 278 (4.81), 408 (4.37), 543 
(4.48) nm. 'H N M R  (500 MHz, CD,CI,): 6 = 8.69 (d, J = 8 Hz, 1 H) ,  8.50 
(d.J=8H~,1H),8.44(d,J=8H~,lH),8.36(d,J=8Hz,lH),8.15(~, 
2H),7.98(brs,lH),7.76(t,J=8Hz,lH),7.60-7.70(brs,2H),7.57(t, 
J =  8 Hz, 1 H), 7.32 (d. J = 8 Hz, I H), 7.27 (m, 5 H ) ,  7.18 (m, 4H),  6.98 (d, 
J = 9 Hz, 1 H), 6.90 (d, J = 9 Hz, 2H),  6.84 (m, 4H) ,  6.77 (d, J = 9 Hz, 2H),  
4.08 (1, J =7  Hz, 2H,  N-CH,-C) 1.71 (m, 2H,  C-CH,-C), 1.31 (s, 9H),  1.30 
(s .  YH), 1.23 (s, 9H) ,  1.20 (s, 9H) ,  0.97 (t, J =7  Hz, 3H,  CH,). "C N M R  
(125 MHz, CD,CI,): 6 =183.7 (C=O), 163.9 (C=O),  156.8, 155.5, 154.2, 
154.1. 154.0, 153.9, 147.1, 147.0, 139.8, 136.2, 134.8, 134.2, 134.0, 132.8, 
131.5, 130.0, 129.1, 129.0. 128.1, 128.0, 127.1, 127.0, 126.9, 124.9, 124.0, 
123.9, 123.2, 122.9, 121.8, 121.0. 120.7, 120.1, 119.9, 119.8, 117.8, 115.8, 
115.1, 42.1, 34.5, 31.9, 31.8, 11.8. FD-MS (8 kV): m/z: 1184.0 (100%) [ M ' ]  
(calcd. 1183.54). C,,H,,NO, (1183.84): calcd. C 83.22, H 6.13, N 1.18; 
found C 83.07, H 5.99, N 1.30. 


N-(2,6-Diisopropylphenyl)- 1,6-di(4-ter~-bntylphenoxy)-9-(3- benzanthrony1)- 
perylene-3,4-dicarboximide (7b): A solution of Ni(l,5-cyclooctadiene), ( I  ,038 
g, 3.70 mmol), 2,2'-bipyridyl (605 mg, 3.70 mmol), and 1,5-cyclooctadiene 
(364 mg, 3.37 mmol) in dry D M F  (70 mL) were stirred for 1 h at  room 
temperature under argon. N-(2,6-Diisopropylphenyl)-l,6-di(4-terr-butylphe- 
noxy)-9-bromoperylene-3,4-dicarboximide (5 h) (1.500 g, 1,75 mmol) and 3- 
bromobenzanthrone (6) (1.350 g, 4.40 mmol) were added and the mixture 
stirred at 70 'C for 2 d. The reaction mixture was poured onto 1 L of HCljwa- 
ter (1 : l ) ,  and the precipitate was filtered off, dried, and purified by column 
chromatography on  silica gel (100 x 10 em, CH,Cl,). The product was recrys- 
tallized from CH,CI,/MeOH to give 7 b  as a red solid (1.092 g, 62%). m.p. 
247-249 'C. IR (KBr): 3 = 2961, 1708 (C=O). 1671 (C=O), 1598, 1505, 
1412, 1332, 1272. 1208, 1173, 877, 843, 811, 780cm-'. UV/Vis (CH,CI,): 
imdx (loge) = 275 (4.67). 409 (4.20), 521 (4.68) nm. 'H  NMR (500 MHz, CD- 
C 1 , ) : 6 = 9 . 4 8 ( d , J = X H ~ , l H ) , Y . 3 7 ( d . J = 7 H z ,  I H ) , 8 . 8 0 ( d , J = 7 H z ,  
lH),X.59(d,J=8H~,1H),8.56(d~J=7Hz,lH),8.41(111,3H),7.94(d, 


1.17 (d, J =7  Hz, 12H). 13C N M R  (125 MHz, CD,CI,): d =184.3 (C=O), 
163.7 (C=O), 154.3, 154.2, 153.8, 147.9, 147.8, 146.2, 141.0, 139.9, 136.5, 
134.3, 134.0, 133.4, 132.9, 132.4, 132.6, 131.3, 131.2, 130.5, 130.1, 129.9, 
129.6, 129 5, 129.3, 129.2, 129.1, 129.0, 128.7, 128.6, 128.4, 127.7, 127.5, 
127.3, 124.8. 124.7, 124.4, 124.2, 123.6, 122.2, 219.0, 118.9, 34.9, 31.9. 29.6, 
24.5. FD-MS(8 kV):m/z: 1005.4(100%)[M+] (calcd. 1005.44). C,,H,,NO, 
(1006.26): calcd. C 84.75, H 5 91, N 1.39; found C 84.39, H 5.62, N 1.45. 


N -  Propyl- 1,6,7,16-tetra(4 - fert -butylphenoxy)- 11 (CO), 12 - benzoylterrylene- 
3,4-dicarboximide (3a): Compound 7 a  (145 mg, 0.12 mmol), KOH (20 g), 
and ethanol (20 mL) were heated to  120°C for 2.5 11. The mixture was dis- 
solved in water and acidified with 2~ HCI, and the residue was removed by 
filtration, dried, and purified by column chromatography on silica gel 
(CH,CI,) to separate any remaining starting material. Thc crude product 
(some of it was partially dephenoxylated) was purified by G P C  (CHCI,) 
and recrystallization from CH,CI,/MeOH to give 3 a  (98 rng, 34%). 
m.p.>36O"C. IR (KBr): 3 = 2961, 1699 (C=O), 1659 (C=O). 1586. 1505, 
1402, 1335, 1280, 1225, 1176, 834, 552cm-'. UV/Vis (CH2Cl2): Amax 


J = X H z ,  IH),7.83-7.07(m, 18H) ,2 .76 (h ,  J = 7 H z , 2 H ) ,  1 .35(s ,  18H),  


(logi:) = 251 (4.94), 265 (4.94), 398 (3.88), 455 (4.05). 700 (4.89) nm. 
' H  NMR (500 MHz, [DJTHF):  6 = 8.40 (d, J = 8 Hz, 1 H), 8.25 (d, 
J = X H z , I H ) , X . l 8 ( d ,  J = 8 H z , 1 H ) , 8 . 1 0 ( s , l H ) . 8 . 0 6 ( s , 1 H ) , 8 . 0 6 ( d ,  
J = 6 Hz, 1 H), 7.87 ( s .  1 H), 7.84 (s, 1 H). 7.80 (d, J = 8 Hz, 1 H) ,  7.73 (d, 
J = 8 H z ,  l H ) ,  7.67 (t, J = 7 H z ,  I H ) ,  7.49 ( t ,  J = 7 H z ,  I H ) .  7.32 (d, 
J = Y H z ,  2H) ,  7.31 (d, J = Y H z .  2H),  7.28 (d, . I = Y H z ,  2H),7.21 (d, 
J =  9 Hz, ZH), 6.95 (d, J =  9 HL, 2H). 6.86 (d, J = 9 Hz, 2H), 6.77 (d, 
J =  9 Hz, 2H), 6 .72 (d , J=  9 Wz,2H),4.08 ( t , J = 7  Hz, 2H, N-CH,-C) 1.71 


3H,  CH,). I3C NMR (125MH2, [DJTHF):  cT =182.1 (C=O),  163.4 
(C=O), 157.1, 156.8, 155.5, 155.0, 154.8, 154.7, 154.6, 147.5, 147.2, 147.1, 
147.0, 136.0, 135.6, 135.4, 133.3, 132.1, 131.8, 131.4, 131.3, 129.0, 12X.6, 
128.1, 127.7, 127.5, 127.4, 127.3. 127.1, 122.9, 122.7, 122.3. 121.0, 119.9, 
119.6,119.4,119.3,118.6, 117.5,114.2,113.2,42.3, 31.8,31.7,31.6, 25.4,25.2, 
25.0, 22.1, 11.7. FD-MS (8 kV): mi.: 1181.8 (100%) [ M + J  (calcd. 1181.52). 
C,,H, NO, (1 181.46): calcd. C 83.36, H 6.14, N I .19; found C 82.99, H 6.01, 
N 1.27. 


(m, 2 H ,  C-CH,-C), 1.33 (s, 9 H). 1.28 (s, 18 H),  1.27(s, 9H) ,  0.96(t, J = 7  H7, 


N-(2,6-Diisopropylphenyl)- 1,6-di(4-fevt-butylphenoxy)-l I(CO), 1 Z-henzoylter- 
rylene-3,4-dicarboximide (3h): Compound 7 h  (500 mg, 0.5 mmol), KOH 
(60 g), and ethanol (60 mL) were heated to 120°C for 2.5 h. The mixture was 
dissolved in water and acidified with ? M  HCI, and the residue was removed 
by filtration, dried, and purified by column chromatography on silica gcl 
(60 x 10 cm, CH,CI,). The product was recrystallized from CH,Cl,/MeOH 
to give 3 b  (412mg, 83%).  m.p.>36OCC. IR (KBr): i = 2960, 1705 (C=O) ,  
1668 (C=O), 1643. 1584,1505, 1343, 1278, 1209, 1174, 1013.842,808cm~' .  
UV/Vis (CH,CI,): i,,, (loge) = 251 (4.81), 262 (4.81), 434 (3.78), 632 (4.71), 
687 (4.97) nm. Fluorescence emission (exc.: 675 nm): 735 nm. 'H N M R  


9.16 (m, l H ) ,  9.09 (d, J =  9 Hz. I H ) ,  8.43 (t, J =  8 Hz, 1 H). 8.35 ( t ,  
J =  9 Hz, IH) ,  8.30(m. 2H) ,  8-16 (m, 5H),  8.04 (d, J = 8 Hz, 1 H). 7.59 (d. 
J = 9 H z , l H ) , 7 . 5 4 ( d d ,  J = Y H z ,  J = 3 H z , 2 H ) , 7 . 5 0 ( i n ,  1 H ) , 7 . 3 0 ( d ,  
J =  8 Hz, 2H) ,  7.24 (m, 3 H ) ,  2.X5 (h, J = 7  Hz, 2H. CH). 1.41 (s, YH, tBu), 
1.38 (s, YH. tBu), 1.18 (d, J = 7 H z ,  12H, iPr). ',C N M R  (125 MH7, CD- 
C13): 6 =183.9 (C=O), 163.3 (C=O), 163.2 (C=O), 153.9, 153.8, 153.3, 
147.4, 147.3, 145.7, 145.6, 140.5, 139.4, 136.1, 133.8. 333.5, 133.0, 132.5, 
131.9, 131.1, 130.7, 130.0, 129.7, 129.4, 129.1, 128.9. 128.8, 128.7. 128.6, 
128.5, 128.2, 128.1 (2 signals), 128.0, 127.2 (2 signals), 127.1, 127.0, 126.9, 
126.8, 124.3, 124.2, 123.9. 123.7, 123.1, 121.8, 121.7, 118.5, 118.4, 34.4(fBu. 
Cq), 34.3(fBu, Cq), 31.5(1Bu, CH,), 29.1 (iPr, CH), 24.0(iPr, CH,). FD-MS 
(8 kV): m/z. 1003.7 (100%) [ M ' ]  (calcd. 1003.42). C,,H,,NO, (1004.24): 
calcd. C 84.92, H 5.72, N 1.39; found C 84.53, H 5.84, N 1.27. 


N-(Z,6-Diisopropylphenyl)-9-(4-acenaphthenequinony~)peryle~e-3,4-dicarhox- 
imide (11): A solution of 4-bromoacenaphthenequinone (9) (15.0 g, 
57 mmol), ethylencglycol (30.0 g, 480 mmol), and p-tolucnesulfonic acid 
(200 mg, 1 mmol) in m-xylene (700 mL) were refluxed for 4 d.  The resulting 
water was removed from the reaction by means of molecular sicve (4 A) .  
Every 12 h more ethyleneglycol (20 g, 322 mmol) and 0-toluenesulfonic acid 
(200 mg, 1 mmol) were added to the mixture. Aftcr it had cooled down, the 
solution was washed three times with aqueous NaHCO, (1 M ) .  Thc solvent 
was evaporated, and the residue recrystallizcd from petroleum ether (800 mL) 
to give white ketal (16.4g, 85%) (the resulting ketal is a mixturc of two 
isomers that can hoth be used in the subsequent reaction; for clarity only one 
form is shown). To a solution of the kctal (3.0 g, 8.6 mmol) in T H F  (80 mL) 
at  -78"C, butyllithium (6.5 mL, 10.4mmo1, 1 . 6 ~  in hexane) was addcd. 
After 2 h of stirring, thc solution was transferred to  a solution of triisopropyl- 
borate (8.1 g, 43.0 mmol) in THF (200 mL) at -78 'C. After 3 h at  this 
tcmperature, the reaction was allowed to warm to room temperature, the 
solvent evaporated, and the residue dissolved in CH,CI, and washed with 
water. The solvent was evaporated again and the residue recrystallized from 
toluene (20 mL) to give the boronic acid 10 (1.6 g, 60%). Due to the ease of 
hydrolysis of the kctal function. the product was not purificd further and used 
in the following coupling. 
Y-Bromoperylene-3,4-dicarboximide (5c) ( 1  .0 g, 1.8 mmol), thc boronic acid 
10, and Pd(PPh,), (55 mg, 3 mol%) were refluxed in a mixture of toluene 
(70 mL) and an aqueous K,CO, solution (2N, 20 mL) for 15 h. The organic 
phase was seperated. the toluene evaporated, and the residue purified by 
column chromatography (silica gel, CH,CI,) to give the coupled keral 
(960 mg, 80%) .  The ketal was hydrolyzed by refluxing it (1 .0 g, 1.3 mmol) in 
a mixture of 1-propanol (500 mL), water (20 mL), and sulfuric acid ( 1  mL) 
for 3 d. The solution was poured onto 2 L of water containing NaHCO, 


(500 MHz, [DJTHF): 6 = 9.26 (d, J = 9 Hz, 1 H), 9.22 (d, J = 9 Hz, 1 € I ) ,  
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( 5 . 0  g). and the prccipitate removed by filtration to givc 11 (95% purity). I t  
w a s  further purified by column chromatography (silica gel, 40 x 5 cm, 
CH,CI,) to givc pure 11 (880 mg. 99%).  m.p. 220 C (dccomp.). IR (KBr): 


1246, 812 e n - ' .  UV;Vis (CHCI,): LInax (logr:) = 537 nm (4.67). 485 (4.63,  
320 (4.15). ' H N M R  (SOOMHz, C,D,CI,, 120'C): 6 = 8.65-X.59 (ni, 3H).  
8.55-X.48 (m. 3H),  8.25 (d, J = 7 H z ,  l H ) ,  8.12 (d. J = 7 H z ,  l H ) , 7 . 9 4 ( d ,  
J - - 7 H 7 .  I H ) ,  7.89 (d. J = 9 H z .  l H ) ,  7.74-7.69 (m, 2H),  7.51 (m,  2 H ) ,  
7.42 (t ,  J = 8 Hz, l H ) ,  7.27 (d. J = 8 Hz. 2H). 2.69 (h, J = 7 l I z ,  2H). 1.12 
(d. J - 7 H z .  12H).  I3C NMR (75MHz, C,D,CI,, 120 C): 6=188.3 
( C - 0 ) .  188.0 (C=O), 163.8 (C=O). 146.1. 145.6, 144.0, 13X.3. 137.3, 137.0 
132.9, 132.0, 131.7, 131.1, 130.5, 130.4, 130.3, 130.1, 129.7. 129.2, 129.1, 
129.0, 128.8, 128.6, 128.5, 128.3. 127.9. 126.9, 124.3, 124.0, 123.4. 122.6, 
122.1, 121.4, 121.2, 120.9.120.8. 29.1. 24.1. FD-MS (8 kV): I Z / : :  660.6 
(100'%) [M '1 (calcd. 661.23). C,,H,,NO, (661.77): calcd. C 83.49, H 4.72, 
N 2.12; found C 83.88, H 5.12, N 2.27. 


N-(2,6-Diisopropq Iphenyl)-9-(4-N-octyl-naphthalene- 1,8-dicorhoximide)peryl- 
ene-3,4-dicarboximide (13a): A solution of I1 (600 mg. 0.9 mmol) and KOH 
(5.0 g) in 1-propanol (300 mL) was heated in the presence of air to 60 'C  foi- 
2 h. The solution was poured onto HCI (2 L. l N) and the precipitate removed 
by filtration to give 12 (600 mg, 98%).  A solution o f12  (500 mg, 0.74 mniol) 
and ~ x t y l a m i n e  (1 .O g) in isopropanol (300 mL) was rciluxed for 8 h. The 
solution was poured onto 1 L of 3 M HCI, and the precipitate rcmoved by 
filtration and recrystallized from ethanol (300 m L )  to give 13a (570 mg, 
07%).  m.p. 293 C (decomp.). IR (KBr): ? = 2958. 2922. 1699 (C=O). 1660 
(C=O), 1590. 2577. 1356. 1245, 1234,812,787. 757cm-I. UV/Vis (CHCI,): 


(logs) = 536 nni (4.60), 483 (4.60), 340 (4.17). 'H NMR (500 MHz, 
C,D,CI,, 120 C ) :  6 = 8.69 (d, J = 7  Hz, l H ) ,  8.64~-X.57 (m, 4H) .  8.54 (d,  
J = 9 H z ,  l H ) ,  8.50-8.47 (m. 2H) .  7.83 (m. t H ) ,  7.81 (m. I H ) ,  7.64 (d,  
.I= 8 Hz, 1 H). 7.59(m, I H). 7.48(t, J = 8 Hz, 1 H),  7.44-7.38(m. 2H) .  7.28 
Id,J=8Hz.2H).415(m.2H).2.68(m,2H),1.72(m,2H),1.41(m,2H), 
1 32(m,2H),  1.28- l.IX(m.6H). 1.12(d, J = 7  Hz, 12H) ,0 .84 (m,3H) .  I 3C  
NMR (75 MHz. C,D,CI,, 120 C ) :  d =164.4 (C=O), 164.2 (C=O), 164.1 
(2 C,  C=O), 146.0 (4). 144.5 (q). 139.5 (q), 137.7 (q), 137.4 (q), 133.6 (q) ,  
132.4(t), 332.3 (t). 131.7 (t). 131.5 (q),  131.3 (q ) ,  131.0 (t), 130.7 (q),  130.2 
(q), 129 9 (q), 129.5 (2 C, t). 129.3 (1). 129.2 (t) ,  128.8 (q), 128.5 (4). 128.0 
(1). 127.6 (1). 127.3 (4). 124.5 (t), 124.2 (t). 123.5 (t). 123.4 (4). 123.1 (9). 
lZl.S(q), 121.6(q), 121.1 (t),  121.0(t).41.0(CH,). 32.1 (CH,), 30.0(CH2), 
29.7 (CH,). 29.5 (CH,), 29.4 (CH), 28.5 (CH2), 27.5 (CH,), 24.3 (CH,), 22.9 


393.8 (9%) [ M ' - ] .  C,,H,,N,O, (788.99): calcd. C 82.20, H 6.13, N 3 .55 ,  
found C 82 07. H 5.99, N 3.30. 


C = 2960, 2926. 1730 (C=O),  1701 (C=O) ,  1662. 1606. 1592. 1577. 1359. 


(C'H,). 14.4(CH3). FD-MS (8 kV): P P , ' Z :  787.9 (100%) [ M ' ]  (cdcd. 788.36), 


N-(2,6-diisopropylphenyl)- N'-octylterrylene- 3,4,11,12- tetracarboxdiimide 
(4a):  Compound 13a (460 mg, 0.58 mmol). KOH (30.0 g) and ethanol 
(60 mL) were heated to 70 "C for 20 miti. Thc dark blue melt was poured onto 
2 w  HCI (400 mL), the precipitate removed by filtration, washed twice with 
water, and cxtrdctcd twice with boiling ethanol to dissolve the impuritics to 
give 4a (370 mg, 80%). m p.>360"C. TGA: 463'C. IR (KBr):  ? = 2959, 
2925.1694(C=O), 1656(C=O). 1585,1378, 13S7,1330.l304,l248.841.809, 
751 ci11-I. UV;Vis(2.41 x 10~'MinCHC1,):1,,~~(logt.) = 650nm(4.97). 598 
(4.68), 553 (4.20). Fluorescence emission (exc: 590 nm): 673 nm. ' H N M R  
(500 MHz, C,D,CI,, 120°C): 6 = 8.67 (d, J = 8.0 Hz, 2H).  8.56 (m, 8H) .  
8.47(d. J = X . O H Z . ~ H ) . ~ . ~ ~ ( ~ , J = ~ . O H ~ ,  I H ) , 7 . 3 O ( d . J = 7 . 9 H z , 2 H ) ,  
4 . 1 5 ( t . J = 7 . 0 H z , 2 H ) , 2 . 7 7 ( h , J = 7 . 0 H z , 2 H ) ,  1 .75(m.2H),  1.44- 1.27 
(m, 10H) ,  1.18 (d, .I= 6.8 Hz, 12H), 0.89 (t, 3H).  ',C NMR (125 MHz, 


131.2(2C).  131.0,130.9, 129.2. 12X.6. 128.5. 126.3, 126.0, 124.4. 124.3, 123.9, 
122 I ,  122.0 (2 C'). 121.5, 121.4, 40.6, 31.7. 29.3, 29.2, 29.1, 2X.2, 27.2. 24.0, 


C,,H,,N,O, (786.98): calcd. C 82.42, H 5.89, N 3.56; found C 82.57, H 5.55,  
N 3.20. 


C,D1C1,,120'C):6 =163.5(C=O), 163.4(C=0).145.8,135.9. 135.5,131.7, 


22.5. 14.0. FD-MS (8 kV): F Y I ! Z :  786.5 (100%) [ M + ]  (cdkd. 786.35). 


N-(2,6-Diisopropylphenyl)-9-(tributyltin)perylene-3,4-dicarboximide (14 c) : A 
solution of 5 c  (13.5 g, 24.1 mmol), hexabutylditin (26.3 g. 45.3 mmol), and 
Pd(PPh,), (0.1 g, 0.09 mmol. 0.3 mol%) in toluene (700 mL) was refluxed for 
3 d. The solvent was evapordtcd and thc residue purified by column chro- 
matography (silica gel, 31 x 9 cm, CH,CI,) to give 14c a s  a red solid (16.4 g. 
88%)). m.p. 158-159 C. IR (KBr): i = 2958. 1699 (C=O) ,  1663 (C=O). 
1590, 1463. 1355. 1292, 1245, 838, 814, 804. 750 cm-'. UVWis (CHCI,): in,dx 
(logc) = 521 nm (4.54), 496 (4.56). 267 (4.45). ' H N M R  (500 MHz. CDCI,): 


6 = 8.66 (d. J = 8 Hz, 1 H). 8.65 (d. J = 8 Hz, 1 H ) ,  8.50 (d. J = 8 HL. 1 H) .  
8.47 (d, J = 8 Hz. 1 H), 8.46 (d. .I = 8 Hz, 1 H). 8.40 (d, J = 7  Hz. 1 H) ,  7 88 
(d,J=8H~,lH),7.84(d,J=7H~,lH),7.69(t,J=8H~.lH).7.49(t. 
.I = 8 Hz, 1 H, €1-4'). 7.35 (d, J = 8 Hz. 2 H, H-3', H-5'). 2.79 (h.  J = 7 Hz. 
2H.CH).  1 .69-1.56(m,6H,Sn~CH,) ,  1.44- 1.33(m,6H,CH2), 1.31-1.27 
(m, 6H.  C H , ) ,  1.20 (d, J = 7 H z ,  12H, CH C H , ) ,  0.92 (t. J = 7 H 7 .  9H.  


140.1. 138.0, 137.7, 136.3, 133.4, 132.0. 131.1, 130.5, 129.8. 129.4, 129.2. 
127.0. 126.8, 124.0. 123.7, 122.7, 120.8, 120.0, 119.9, 29.3, 29.2. 27.3, 24.0 
(CM-('H,), 13.6, 10.8. FD-MS (8 kV): niiz: 770.5 (100%) [ M + ]  (calcd. 
771 31). C,,H,,NO,Sn (770.63): calcd. C 71.70, H 6.93. N 1.82: found C 
72.05. H 6.68, N 2.20. 


CM,).  I3C NMR (125 MHz. C,D,CI,): 6 =164.0 (C=O), 149.7, 145.7, 


N-(2,6-Diisopropylphenyl)- 1,6-di(4-tcrt-butylphenoxy)-9-(tributyltin)perylene- 
3,4-dicarboximide (14b) can bc synthesized analogously: A solution of 5 b  
(5.0 g, 5.8 mmol), hexabutylditin (6.8 g, 11.7 mmol), and Pd(PPh,), (0.lg. 
0.09 mmol. 1.6 inol%) in toluene (300 mL) was refluxed for 3 d.  The solvcnt 
was evaporated, and the rcsidue purified by column chromatography on silica 
gel (30 x S cni, CH,Cl,) to give 14b as a red solid (5.3 g. 8 5 % ) .  m.p. 263 'C. 
IR(KBr):  i = 2958,2925,1708 (C=O), 1671 (C=O),  lS97.1S06,1334,1282. 
1210 cm- I .  UVVis (CHCI,): (logc) = 524 n m  (4.53). 488 (4.38), 290 
(4.42). ' H  NMR (500 MHz, C,D,CI,): 6 = 9.29 (d, J = 8 Hz, 1 H). 9.19 (d. 
J=8H7.1H).X.19(~.1H).8.18(~.1H),7.80(d..J=8Hz, lH) .7 .76 (d .  
J=8Hz,1H),7.60(t,J=XHr,IH),7.40(m.4H).7.34(m,1H),7.20(d, 
. 1 = 8 H z ,  2 H ) .  7.09 (m? 4H) .  2.53 (h, J = 7 H z .  2H, iPr). 1.53 (m. 6H. 
r-CH,). 1.29 (m. 24H, ,!-CH,; /Bu), 1.19 (m, 6H,  y-CH2), 1.05 (d, J = 7  HI. 
12H, rPr). 0.83 (t, J = 7 H z ,  9H. CN,). I3C NMR (125MHz. C,D,CI,): 
6 =163.5 (C=O) ,  154.1, 153.7, 153.2, 153.1, 149.2, 147.9, 147.7, 145.7. 139.3. 
133.7, 132.1, 131.0, 129.8, 128.4. 128.1, 127.4, 127.2, 126.8, 122.9, 121.3. 


1067.0 (100%) [ M ' ]  (calcd. 1067.49). C,,H,,NO,Sn (1067.04): calcd. C 
74.29, H 7.27, N 1.31; found C 74.40, H 7.62, N 1.20. 


121.2, 119.7, 34.6,31.8,29.4,29.3,27.7,24.3. 14.0, 11.0. FD-MS(8 kV):~tz/:: 


N- (2,6 - Diisopropylpheny1)- 9- (3- benzanthronyl) perylene - 3,4 -dicarboximide 
(7c): A solution of 14c (1.245g. 1.6 mmol), 3-bromobenzanthrone (6 )  
(0.501 g, 1.6mmol). and Pd(PPh,), (56mg. 0.05mmol. 3 mol%) in D M F  
(100 mL) was heated to 100°C for 2 d .  After 1 d, more Pd(PPh,), (56 mg. 
0.05 mmol) was added. The solvent was evaporated, the residue taken up i n  
CH,CI,, washed with 2 w  HCI, and purified by column chromatography on 
silica gel (30 x 5 cm, CH,CI,) to givc 7 c  as an orange solid (0.827 g. 73 "A,). 
1n.p. 255 C. IR (KBr): i = 2962, 1698 (C=O), 1655 (C=O). 1592, 1575. 
1358cm- ' .  UV/Vis (CHCI,): i,,, (loge) = 517nm (4.63), 491 (4.62) 
' H  NMR (500 MHz, CDCI,): 6 = 8.80 (dd, J = 7 Hz. J = 1 Hz, 1 H) ,  8.70 (d, 
.I = 8 H7, 1 H),  8.68 (d, .I = 8 Hz. 1 H),  8.62 (dd, J = 8 Hz, .I =1 Hz, 2 H ) ,  
8.55 (d, .I = 8 Hz, 2H) ,  8.50 (d. J = 8 Hz, 2H), 8.44 (d, J = 8 H7. 1 H), 7.92 
(dd, J = X H Z ,  J = l H z ,  lH) ,7 .81  ( d t , J = 8 H z , J = 2 H z 3  I H ) .  7.78(tl. 
J = S H L ,  1H).  7.72 (d, J = 8 H z .  I H ) ,  7.65 (t, J = 8 H z ,  IH).  7.61 (t. 
J = 8 H z ,  l H ) ,  7.52 (d. J = S H L ,  l H ) ,  7.49 (d. J = 7 H z .  1H). 7.47 (d. 
. I=XHz .  I H ) ,  7.34 (d. J = 8 H z ,  2H).  2.74 (h, J - 7 H 7 .  2H) ,  1.15 (d. 
J = 6.8 Hz, 12H). I3C NMR (125 MHz, CDCI,): b = 183.9 (C=O),  164.0 
(C=O), 145.8 (q), 145.7 (4). 140.4 (q) .  140.0 (q), 137.5 (q) .  137.3 (q),  136.0 
(9). 133.9 (q ) ,  133.6 (t). 133.5 (t), 132.4 (q ) ,  132.1 ( t ) .  131.1 (9) .  131.0 (9). 
130.6 (4). 130.1 (t). 129.6 (q),  129.5 (q),  129.4 ( t ) .  128.9 (4). 12X.7 (t) .  128.6 
(t). 128.3 (t). 128.2 (4). 128.1 (q), 127.4 ( t ) .  127.3 (t). 127.0 (q). 124.0 ( t ) .  
123.7 (t). 123.3 (t) ,  123.2 (t), 121.3 (9). 121.2 (4). 120.6 (t), 120.5 (t), 29.2 
(CHI, 24.0 (CH,J. F'D-MS (8 kV): ni!z: 708.8 (100%) [ M - ]  (calcd. 709.26). 
C,,H,,NO, (709.85): calcd. C 86.30, H 4.97. N 1.97; found C 86.59. H 5.20. 
N 2.31. 


N-(2,6- Diisopropylpheny1)- 1,6-di(4-twt- butylphenoxy)-9-(3-benzanthronyl)- 
pcrylene-3,4-dicarboximide (7b): A solution of 14h (1.627 g. 1.6 mmol). 3- 
hromobenzanthrone (6) (0.528 g, 1.6 mmol), and Pd(PPh,), (56 mg. 
0.05 mmol, 3 niol%) in D M F  (100 mL) was heated at  100 - C  for 2 d. After 
1 d ,  morc Pd(PPh,), (56 mg, 0.05 mmol) was added. The solution was poured 
onto 2~ HCI (500 mL), the precipitate removed by filtration. washed with 
water and purified by column chromatography on silica gcl (30 x 5 cm. 
CH,CI,) to give 7 b  as ii red solid (l.172g. 73%). The analytical data are 
given abovc. 


N-(2,6- Diisopropylpheny1)- ll(CO),12- benzoylterrylene-3,4-dicai-hoximide 
(3c): Compound 7 c  (427 mg. 0.6 mmol), KOH (7.5 g), and ethanol (15 mL) 
were heated to 70 "C for 15 inin. The dark blue melt was poured onto water. 
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acidified with 2 w  HCI, extracted with CH,CI,, and purified by column 
chromatography on silica gel (12 x 2.7 cm). The starting material eluted with 
CH,Cl,, and then switching 10 T H F  to elute 3 c  (341 m g ,  80%). 
m.p.>360"C. TGA: 475 C. IR (KBr): C = 2962,1702(C=O). 1666(C=O). 
1579, 1505, 1358, 1329. 1302, 1284, 1247. 839, 811, 751 cm-  I .  UVIVis 
( 1 . 4 0 ~  I V 5 w  in CHCI,): (log}:) = 684nm (4.79), 626 (4.52). Fluorcs- 
cence emission (exc.: 630 nm): 701 nm. 'H  NMR (500 MHz, C,D,CI,, 
120 'C):  6 = 8 . 8 4  (d, J = 8 . 0 H z ,  I H ) .  8.67F8.49 (m, 12H), 8.37 (d, 
J = ~ . ~ H L ,  I H ) ,  7.76 ( t ,  J = 7 . 3 H z ,  IH) ,  7.57 ( t , J = 7 . 4 H z ,  l H ) ,  7.41 (t, 
J = 8 . 0 H z ,  I H ) . 7 . 2 7 ( d , J = 8 . 0 H z , 2 H ) 2 . 7 4 ( h ,  J = 6 . 9 H z , Z H ) ,  1.15(d, 
J = 6.8 Hz, 12H). Owing to the low solubility of 3 c  no 13C NMR spectrum 
was recorded. FD-MS (8 kV): m / z :  706.8 (100%) [M' ]  (calcd. 707.25). 
C,,H,,NO, (707.83): calcd. C 86.54, H 4.70, N 1.98; found C 86.27, H 4.35. 
N 2.36. 


N-(2,6-Diisopropylphenyl)-9-(4-N-octyl-naphthalene- 1,8-dicarboximide)peryl- 
ene-3,4-dicarhoximide (13a): A solution of 14c (3.30 g, 4.40 mmol), N-octyl- 
4-bromonaphthalene-1,X-dicarboximide (8a) (2.60 g, 6.70 mmol), and Pd- 
(PPh,), (30 mg, 0.03 mmol) in toluene (I00 mL) was refluxed for 4 d.  The 
solvent was evaporated and the residue purified by column chromatography 
on silica gel (40 x 5 cm, CH,CI,) and recrystallization from ethanol to give 
13a as a red solid (2.43 g, 70%). The analytical data are given above. 


N-(2,6-Diisopropylphenyl)-9-(4-N-(2,6-diisopropylphenyl)-napbthalene-1,8-di- 
carboximide)perylene-3,4-dicarhoximide (13c): A solution of 14c (1.50 g, 
1.95 mmol), N-(2,6-diisopropylphenyl)-4-bromonaphthalene-l,8-dicarbox- 
imide (8c) (1.30 g, 2.90 mmol), and Pd(PPh,), (30 mg, 0.03 mmol) iii toluene 
(100 inL) was refluxed for 4 d.  The solvent was evaporated and the residue 
purified by column chromatography on silica gel (30 x 4 cm, CH,CI,) to give 
13c as a red solid (1.02 g, 70%). m.p. 290°C (decomp.). 1R (KBr): i. = 2960. 
1703 (C=O), 1666 (C=O), 1590, 1578, 1354, 123Xcni-'. UV/Vis (CHCI,): 
I.,,, (log}:) = 513 nm (4.56), 484 (4.55). 264 (4.41). ' H N M R  (500 MHz, 
C,DZCI,, 120°C): 6 = 8.76 (d, J = 7  Hz, I H ) ,  8.67 (m, 3H),  8.61 (d, 
J = 8 Hz. 1 H), 8.56 (d, J = 8 Hz, 1 H), 8.51 (m, 2H),  7.93 (dd, J = 9 Hz, 
J = 1 Hz, 1 H), 7.88 (d, J = 7  Hz, 1 H), 7.70 (d, J = 8 Hz, 1 H),  7.66 (m, 1 H), 
7.53 (m, 2H), 7.43 (m, 2H), 7.30 (m, 4H) ,  2.78 (m, 4H),  1.19 (m. 24H). I3C 
NMR (125 MHz, C,D,CI,, 120°C): 6 =164.2 (C=O), 164.1 (C=O), 164.0 
(2 C.  C=O). 146.2, 144.7, 139.4, 137.5, 137.2, 133.8, 132.8, 132.2, 132.1, 
131.9, 131.7, 131.5, 131.2, 130.8, 130.5, 129.5, 129.4, 129.1, 128.7, 128.0, 
127.6, 127.4, 124.4. 124.1, 123.7, 123.4, 122.2, 122.0, 121.1, 121.1, 29.5,24.2. 


(837.03): calcd. C 83.23, H 5.78, N 3.35; found C 83.07, H 6.01, N 3.55. 
FD-MS (8 kV): ~ Z / Z  836.4 (100%) [M'] (calcd. 836.36). C,,H,,N,O, 


N-(2,6-Diisopropylphenyl)- 1,6-di(4- tert- butylphenoxy)-9-(4-N-(2,6-diisopro- 
pylpheny1)naphthalene- 1,8-dicarhoximide)perylene-3,4-dicarboximide (13 b) : 
A solution of 14b (1.40 g, 1.31 mmol), N-(2,6-diisopropylphenyl)-4-bromo- 
naphthalene-l,8-dicarboximide (8c) (0.86 g, 1.97 mmol). and Pd(PPh,), 
(30 mg, 0.03 mmol) in toluene (150 mL) was refluxed for 4 d.  The solvent was 
evaporated and the residue purified by column chromatography on silica gel 
(40~5cm,toluenc)togive13basaredsolid(I.l6g, 78%).m.p. 151--152'C 
(decomp.). IR (KBr): i = 2962,1708 (C=O), 1671 (C=O), 1589,1505,1361, 
1353, 1272, 1239, 1208 cm- l .  UV/Vis (CHCI,): d,,, (logs) = 517 nm (4.55), 
487 (4.38, sh). 340 (4.43), 274 (4.45). ' H  NMR (500 MHz, C,D,CI,, 120 T ) :  
6 = 9.51 (d, J = S Ha, I H ) ,  9.41 (d, J = 8 Ha, I H ) ,  8.74 (d, J = 8 Hr,  1 H), 
8.61 (m, 2H),  8.32 (d, J = 8 H z ,  2H), 7.94 (d, J = 8 H z ,  I H ) ,  7.88 (d, 
J =  8 Hz, 1 H), 7.66(m. 2H),  7.53 (m, 2H), 7.43 (m, 6H).  7.30(m,4H), 7.12 
(rn,SH),2.75(m,4H),  1.34(m, 18H), 1.19(m,24H). '3CNMR(125MHz,  
C,D,CI,, 120 'C): d =l64.0 (C=O), 163.9 (C=O),  163.0 (C=O),  154.2, 
152.9. 147.8, 145.8, 145.7, 145.6. 145.5, 145.0. 138.1, 133.8, 132.7, 132.5, 
131.9, 131.5, 131.3, 131.2, 131.1, 130.9, 130.8, 130.7, 129.8, 129.1, 128.9, 
128.6, 128.2, 127.9, 127.1, 127.0, 126.3, 126.1, 123.7, 123.3, 122.8, 122.7, 
122.0, 118.8, 118.7, 34.3, 31.3, 29.1, 29.0, 23.8. FD-MS (8 kV): mi.: 1132.2 
(100Yo) [ M ' ]  (Cakd. 1132.54). C,,H,,N,O, (1133.45): calcd. C 82.66, H 
6.40, N 2.47; found C 83.05, H 6.01, N 2.35. 


N,N'-his(2,6-diisopropylphenyl)terrylene-3,4,11,12-tetracarboxdiimide (4c): 
Compound 13c (500 mg, 0.6 mmol), KOH (30.0 g) and ethanol (60 mL) were 
heated to 70 "C for 20 min. The dark blue melt was poured onto 2~ HCI 
(400 mL). The precipitate was removed by filtration, washed twice with wa- 
ter, and extracted twice with boiling ethanol to dissolve the impurities to give 
4 c  (400mg, 80%).  m.p.>360"C. IR (KBr): i; = 2965, 2925, 1703 (C=O), 
1660 ( c = o ) ,  1585, 1378, 1359cm-'. UV/Vis (2.41 x I O - ' M  in CHCI,): >~,,, 


(logt.) = 650 nm (4.97), 598 (4.68), 553 (4.20). Fluorescencc emission (cxc.: 
575 nm): 668 nm. ' H  NMR (500 MHz, C,D,CI,, 120 'C): IS = 8.70 (m, XH), 
8.61 (d,  J = 8 Hz. 4H),  7.43 (1. J = 8 Hi., 2H) .  7.29 (d. J = 8 Hz, 4H) .  2.74 
(h, J = 7  Hz. 4H).  1.17 (d, J =7  Hz, 24H). "C NMR (125 MHz. C,D,CI,, 
120"C):6=163.5(C=O),146.0(q),136.2 (9). 131.7(t). 131.5(q). 131.4(q), 
130.5 (q), 129.2 ( t ) ,  129.0 (4). 126.6 (q), 124.6 (t). 123.9 ( t ) .  122.4 (4). 121.7 
(t), 29.3 (CN),  23.8 (CH,). FD-MS (8 kV): mi': 834.7 ( l 0 0 V o )  [M '1 (cdcd. 
834.35), 417.9 (10%) [MZt]. C,,H,,N,O, (835.02): calcd. C 83.43. H 5.55. 
N 3.35; found C 83.77. H 5.89, N 3.28. 


N,N'-bis(2,6-diisopropylphenyl)-1,6-di(4-tert-b~tylpbcnoxy)terrylene-3,4,~ 1, 
12-tetrdcarboxdiimide (4b): Compound 13b (500 ing, 0.44 mmol). KOH 
(30.0 g), and ethanol (60 mL) were heated to 70 "C for 20 min. The dark blue 
melt was poured onto 2 M  HCI (400 mL), the precipitate removcd by filtra- 
tion, waqhed twice with water, and extracted twice with boiling ethanol tn 
dissolve the impurities to give 4 b  (401 mg, 80%). m.p.>360'C. IR (KRr):  
i. = 2962, 1704 (C=O), 1667 (C=O),  1589, 1579, 1505. 1357. 1 3 2 7 c m ~ ' .  
UV/Vis (CHCI,3): E.,,, (logc) = 664 nm (5.08), 615 (4.82). Fluorescence cmis- 
sion (exc.: 575 nm): 707 ntn. 'H NMR (500 MHz, C,D,CI,, 120 'C):  
6 = 9.59 (d, J = 9 H7., 2H),  8.66 (m. 4H) .  8.56 (d, J = 8 Hz, 2H),  8.32 (s, 
2H), 7 . 4 6 ( d . J = 9 H z , 4 H j ,  7.40(m, 2H),  7.28(d, J = 8  Hz. 2H),7.24(d, 
J = X H z ,  2H), 7.17 (d, J = 9 H z ,  4H),  2.73 (h, J = 7 H z .  2H).  2.68 (11. 
J = 7 H z ,  2H), 1.36 (s, 18H), 1.15 (d, J = 7 H z ,  12H), 1.12 (d, J=711z ,  
22H). I3C NMR (125 MHz, C,D,CI,, 120°C): 6 =l63.7 (C=O), 163.0 
(C=O), 155.3 (q), 152.9 (q), 148.3 (q), 146.0 (q), 145.8 (4). 136.6 (q). 131.8 
(t), 130.9 (q). 130.5 (q),  130.3 (q), 130.0 (q), 129.4 (t). 129.2 (t). 128.0 (q), 
127.3 (t), 126.6 (4). 125.5 (q), 124.6 (t). 123.9 (t), 123.8 ( t ) ,  122.9 (1). 122.6 
(4). 122.5 (q), 121.7 (9). 121.3 (t), 119.0 (t). 108.4 (q), 34.5 (rBu, C J ,  31.5 
(iBu, CH,), 29.2 (iPr, CH), 23.9 (iPr, CH,). FD-MS (8 kV):  m / z :  1130.9 
(100'%) [M+] (calcd. 1130.52). C,,H,,,N,O, (1131.44): calcd. C 82.80, H 
6.24, N 2.48; found C 82.51, H 6.58, N 2.22. 
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Syntheses, Crystal Structures, and Properties of Novel Heterooctametallic 
Clusters Na,M~[M30,(0,CEt),], (M' = Fe, Cr, Mo; 
M3 = Mo3, MOW,, W3) 


Li Xu,* Zhaohui Li, Huang Liu, Jinshun Huang,* and Qianer Zhang 


Abstract: A mixture of Na,MO,, 
M(CO),, FeC1,.6 H,O, and (EtCO),O 
was heated at 120 'C  to produce the het- 
erooctanuclear clusters Na,Fe,[M,O,- 
(O,CEt),], (M = Mo, 1; W, 2). The 
bioxo-capped clusters Na[M,O,(O,CEt),] 
(M, = MOW,, W,) were treated with Fe- 
(CO),, Cr(CO),, and Mo(CO), in 
(EtCO),O at 120°C to afford Na,M',- 
[MoW,O,(O,CEt),], (M' = Fe, 3; Cr, 4; 
Mo, 5) and Na,Mo,[W,O,(O,CEt),], (6), 
respectively. The isomorphous clusters 1, 
2, 5, and 6 were characterized by X-ray 
crystallography. The structures, similar to 
those o f  the analogues Nd,Cr,[M,O,- 
(O,CEt),] (M = Mo, 7; W, 8) and 
Na,V,[M,O,(O,CEt),], (M = Mo, 9; W, 


lo) ,  consist of two incomplete cubane- 
type [M,0,(0,Et),]4- units centrosym- 
metrically bridged by two M'(III) metal 
ions through p o x 0  and propionate 
groups; the resulting cluster dianions are 
linked by Na' ions into infinite chains. 
Clusters 1-10 do not dissolve in water 
and common organic solvents at room 
temperature. Unlike the chromium(lI1) 
clusters 7 and 8, the iron(ri1) and vanadiu- 
m(iri) clusters 1 and 9 are soluble in 


Keywords 
chromium * clusters - iron * molybde- 
num * tungsten 


Introduction 


Recently, we reported a novel class of the paramagnetic het- 
erooctametallic chain clusters Na,M;[M,O,(O,CR),], , ' I ,  


which consist of two incomplete cubane-type cluster units 
[M\V0,(0,CR),]4- (M = Mo, W) bridged by two M'(m) metal 
ions through pox0  and carboxylate groups. These clusters are 
of interest because they add to the extensive and developing 
chemistry of [M304] (M = Mo, W) cluster How- 
ever, because ofthe lack of general and efficient synthetic meth- 
ods, the species of this type thus far reported are limited to 
chromium(1ir)- and vanadiurn(IIl)-bridged clusters containing 
homonuclear triangular units,", and little is known about 
their magnetic properties and stability toward aqueous acid so- 
lution. Herein we report on a new general route to such species 
and crystal structures of four new members o f  this series- 


Na,Mo,[MoW,O,(O,CEt),], (9, and Na,Mo,[W,O,(O,- 
Na,Fe,[Mo,O,(O,CEt),l~ (I) ,  Na,Fe,[W,O,(O,CEt),I, (21, 


[*I Dr. L. Xu, Z. F. Li, H. Liu, Prof. .I. S. Huang, Prof. Q. E. Zhang 
Slate Key Laboratory of Structural Chemistry 
Fujian Institute of Research o n  the Structure of Matter 
Chinese Academy of' Science>, Fuzhou, Fijian. 350002 (P  R. China) 
Fax: Int. code +(591)371-4946 


aqueous acid solution, as a result of their 
decomposition into isolated [Mo,0J4+ 
cluster units. Temperature-dependent 
magnetic susceptibilities of 1,2,  and 7-10 
were measured over the range 2-200 K 
and modeled by means of the spin-Hamil- 
tonian H = - 2JS,S2 to give spin ex- 
change coupling constants Jik  of 
-0.60, -0.72, -1.76, -1.33, -4.80, and 
- 1.46 K, respectively. These figures show 
that antiferromagnetic spin exchange cou- 
pling interactions between the magnetic, 
bridging M'(m) ions are very weak. These 
species show characteristic bands in  the 
IR spectra at  740-820cm-'. which can 
probably be assigned to C(M-p-0). 


CEt),], (6). The magnetic exchange interactions between the 
bridging metal(n1) ions in trinuclear units and solution stabilities 
have also been investigated. 


Results and Discussion 


Synthesis: The syntheses of clusters 1-10 are summarized in 
Scheme 1. All these preparative reactions involve the redox 
reaction system Na,MO,/M'(CO),/(RCO),O, which was previ- 
ously used in the effective synthesis of triangular bioxo- 
capped carboxylate clusters of molybdenum(1v) and tung- 
sten(iv).['2-161 One such reaction (M = Mo, M' = W. R = Me) 
was first reported by Cotton et al. to yield a mixture of the 
triangular bioxo-capped acetates Na[Mo,W,-.rO,(O,CMe),] 
(.Y = 1 -3) . [" ,  The reverse reactions (M = W, M' = Mo, 
R = Me, El) were found to result in the exclusive formation 
of the mixed-metal cluster species Na[MoW,O,(O,CR),] 
(R = Me, Et)."4-1f'1 This reaction system was recently success- 
fully extended to the preparation of the Mo(W)-Cr(V) mixed- 
metal clusters Na,M;[M,O,(O,CEt),], (M' = Cr, M = Mo, 7, 
M = W, 8; M' = V, M = Mo, 9, M = W, 10) by using Cr(CO), 
or NaVO, in place of M(CO), or Na,MO, in heated (120°C) 
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can be dissolved in 
aqueous hydrochloric 


above-mentioned methods, be- 
cause a far wider variety of 
metal(1rr) complexes are avail- 
able compared to metalates 
or metal carbonyis. For in- 
stance, one can prepare cluster 
7 easily and in similar yields 
by replacing FeCI, .6H,O with 
CrC1;6 H,O. 


The syntheses of clusters 3- 
6 from the hetero- or homo- 
nuclear bioxo-capped propi- 
onates Na[M,O,(O,CEt),] 
(M, = MOW, or W,) as start- 
ing materials are of special in- 


L 


1 


t 


Scheme 1. Syntheses of clusters 1-10 


instead of refluxing (EtCO),0.[13'1 It is interesting to note that 
both reduction of Na,MO, and oxidation of M(CO), produced 
the incomplete cubane-type units [M,0,(0,CEt),14- rather 
than the aforementioned bioxo-capped species, which were pre- 
viously considered to predominate for Mo'" and W'" in car- 
boxylic anhydrides, since the former cuboidal units could be 
trapped by Cr3+ (or V 3 + )  and Na+ ions in the reaction mixtures 
to give the insoluble heterooctdnuckar infinite chain clusters. 
However, these two methods are limited and cannot be em- 
ployed to prepare, for example, the present Fell'-bridged deriva- 
tives effectively. We thus considered designing an alternative 
route based on the redox reaction of Na,MO, and M(CO), to 
produce the incomplete cuboidal units [M,0,(0,CEt),14 in 
the presence of iron(irr) complexes as a source of Fe3+ ions. 
As might be expected, reaction of Na,MO,, M(CO),, and 
FeCI;6HZO in heated (120 "C) propionic anhydride yielded the 
desired iron(1n)-bridged derivatives Na,Fe,[M,O,(O,CEt),], 
(M = Mo, 1; W, 2) in good yields. This reaction should provide 
a more general route to such heterooctametallic series than the 


terest, because they confirm 
that the cuboidal units [M,O,- 
(0,CEt),14- (M3 = MOW,, 


W,) in 3-6 result from the cluster conversion of the bioxo- 
capped species with the metal triangle remaining intact. 


It is noteworthy that, in addition to the above-mentioned 
MoiV clusters, this reaction system can also produce the interest- 
ing dinuclear Mo" and trinuclear Mo". "','11 carboxy lates, 
Na,Mo,0,(p-0,CCF,),,.4CF3C02H and Na,[Mo,O(p,$- 
0,CMe),(p,~1-0,CMe)(0,CMe),(H,0)].['7~1R] 


peak at ca. 510 nm is 
flatter for 1, pre- 
sumably because of the presence of Fe3+ ions. These results 
suggest that the solubility in aqueous acid solution is a conse- 
quence of the decomposition of the octametallic clusters to give 
[Mo,O,]~+ species. In contrast to the above-mentioned iron 
and vanadium clusters, the chromium cluster 7 dissolves only 
very slowly in hot HCI, and 8 is insoluble; these clusters thus 
display considerably higher stability toward aqueous acid solu- 
tion. A similar trend was observed for the stability in air. 
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Presumably, this can be explained in terms of the stronger C r - 0  
bonds, owing to thc high crystal-field activation energy of Cr"' 
ions. 


Crystal Structure: The isomorphous clusters 1, 2. 5, and 6 have 
been characterized by X-ray crystallography. The [Mo,O,- 
(02CEt)J4. unit, the [F~MO,O,] ;~+ skeleton, the Fe,[Mo,- 
O,(O,CEt),];- dianion, and the infinite chain of cluster 1 are 
shown in Figures 2-5, respectively. Table 1 lists the selected 
bond lcngths and angles. A comparison of important averaged 
bond lengths in 1 - 10 and related clusters is given in Table 2. An 


Figure 2. Structurc of the triangular unit  [Mo,O,(O,CEt),]" of 1 


Figurc 3 .  Structure of the [FzMo,O,]:"+ skelcton of 1 


unusual feature of the trinuclear unit shown in Figure2 is 
the single bridging propionate ligand, which has not been 
found in isolated [M,0,I4+-type clusters previously reported. 
The average bond lengths in the [M,0,]4t cores of 1, 2, 5, 
and 6 are similar to the corresponding bond lengths in the 
other compounds shown in Table 2. The M-- 0: ( 0 2  or 0 3 )  
bonds are significantly lengthened compared to the M-0,  
bonds. This implies that d-p n bonds in the Mo,O,* arrays 
are considerably weakened by the bonding of 0: atoms to 
the bridging metal M'(irr) ions. Unlike the formal sulfur ana- 
logues [M'M,S,], of double cubane-type structure,[41 the 
[F~Mo,O,]:~' skeleton shown in Figure 3 possesses a cen- 
trosymmetric cyclic structure characteristic of Fe,Mo,O, eight- 
membered rings (the average deviation of ring atoms from the 


least-squares plane is about 0.3 A). The four FeMo,O arrays 
are nearly planar (the sum of the M'-0-M angles are 346 and 
359" for Fe 1 /Mo 1 /Mo 3 / 0  3 and Fe 1/Mo 1 /Mo 2 / 0  2. respec- 
tively; Table I ) ,  as is also observed for the CrW,O units in 
W,(CCH,rBu)O,Cr,(O,CtBu), , This arrangement is be- 
lieved to be a result of both the strong repulsion between the 
Mo'" and Fe"' ions and the small radius of the oxygen atom. In 
fact, no [M,M'O,] (M = Mo or W) cubane-type clusters with 
three or more metal-metal bonds have been prepared by far. As 
shown in Figure 4 and Table 1 ,  the four EtCO, groups from 
each trinuclear unit complete a rather regular 0, octahedron for 


F~gure 4. ORTEP drawing of the octnmetallic dianion Fe,~Mo,O,(O,CEt),]~ 
I (thermal ellipsoids at the 50% probability level). 


of 


the M'(III) ions with the 0-M'-0  angles within 5" of the expected 
values for an octahedron and six similar M ' -0  bond lengths. It 
is noteworthy that Fe-0: and Mo-0: bond lengths in I ,  2, 5, 
and 6 are much longer 
than corresponding 
Fe-0, and Mo-0, 
ones in [Fe30I7+ and 
[MO,O,]~+ units, re- 
spectively; this indi- 
cates that the former 
bonds lack significant 
d-p K bonding. 


The octanuclear di- 
anions shown in Fig- 
ure 4 are linked by Na' 
ions into infinite chains 
characteristic of cen- 
trosynimetric Na,O, 
four-membered rings 
(Figure 5) .  Each N a +  
ions is coordinated to 
four terminal propi- 
onate oxygen atoms 
and one capping oxygen 
atom in a distorted trig- 
onal bipyramidal ar- 
rangement with rather 
short Na--o bonds (ca. 
2.31 A), compared to 


Figurc S Perspective view of infinite chains of 
cluster 1 with the Et group.; ommcd for clarity. 
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Table 1. Selccted bond lengths (A) and angles ( )  for clusters 1, 2. 5, and 6. 


Cluster 1 Cluster 2 Cluster 5 Clusto 6 


Mo 1 -Mo2 
M o l - M o 3  
M a 2  - M o 3  
M o l  0 1  
M o l  0 2  
M o l - 0 3  
Mo 1 - 0 1 1  
M o l - 0 1 2  
M o l  0 1 3  
Mo2-01 
Mo2 0 2  
M o 2 - 0 4  
M o 2 - 0 2 1  
M o 2  0 2 2  
Mo2 0 2 3  
Mo3 - 0 1  
M o 3 - 0 3  
M o 3 - 0 4  
Mo3 0 3 1  
Mo3-032 
M o 3 - ~ 0 3 3  
F c l - 0 2  
F e l - 0 3  
F e l - 0 4 1  
Fe 1-042 
Fe 1-043 
P e l - 0 4 4  
0 1 - N a  1 
0 1 4 - N a l  
0 2 4 - N a l  
024-Na 1 
034-Na l  


0 2-Fe 1-0 3 
0 2 - F e l - 0  3 
0 2-Fe 1-041 
0 2-Fc 1-042 
0 2-Fe 1-0 43 
02-Fe  1.044 
0 3 - F e l - 0 4 1  
0 3 - F e l - 0 4 2  
0 3 - F e  1-043 
0 3-Fe 1-044 
041-Fel -042  
042-Fe 1-043 
0 4 1  -Fe 1-0 44 
042-Fe 1 - 0  43 
0 42-Fe 1-0 44 
0 43-Fe 1-0 44 


Mo 1-0 2-Fe 1 
Mo2-02-Fe 1 
Mo l -03-Mo3 
Mo 1-0  3-Fe 1 
Mo3-03-Fe1 


Mo 1-0 2-Mo 2 


2.506(1) 
2.529 ( I )  
2.517(1) 
2.01 4 (7) 
3.957(7) 
1.950(7) 
1.991 (8) 
2.105(7) 
2.1 36(7) 
2.013(7) 
1.952(7) 
1.911(7) 
2.018(7) 
2.109(8) 
2.145(7) 
2.055(7) 
1.975(7) 
1.918(7) 
2.022 (7) 
2.116(8) 
2.116(7) 
2.011 (7) 
1.973 (8) 
1.975(8) 
1.989(7) 
2.010(7) 
1.999 (8) 
2.3 10 (8) 


2.40(2) 
2.25(2) 


2.305(8) 
2.23(1) 


93.8(3) 
93.8(3) 
88.3(3) 
89.0(4) 
89.3 (3) 


176.4(1) 
176.5(3) 


89.1 (3) 
87.9 (3) 
89.7(3) 
93.7 (3) 
89.4(4) 
88.2(3) 


176.4 (3) 
90.7 (3) 
91.213) 
79.7(3) 


147.3(4) 
132.3 (4) 
80.3 (4) 


134.3 (2) 
131.9(4) 


w1-w2 
W L W 3  
w 2  -w3 
w 1 - 0 1  
W I ~ 0 2  
W 1 - 0 3  
w 1 --0 1 1 
W I - 0 1 2  
W1 0 1 3  
w 2 - 0 1  
w2-02 
W 2 - 0 4  
w 2 - 0 2 1  
w 2 - 0 2 2  
W 2  0 2 3  
w3- 03 
w 3 - 0 3  
w3 0 4  
w3 0 3 1  
w3 -032  
W 3 - 0 3 3  
F e l - 0 2  
F e l - 0 3  
F e l - 0 4 1  
Fc 1 --0 42 
F c l - 0 4 3  
Fe l  - 0 4 4  
0 1 - N a l  
0 1 4 - N a l  
0 2 4 - N a l  
0 2 4 - N a l  
0 3 4  N a l  


0 2-Fe 1-0 3 


0 2- Fe 1-0 41 
0 2 - F e l - 0 4 2  
0 2 - F c l - 0 4 3  
0 2 - F e l - 0 4 4  
0 3-Fe 1 - 0  41 
0 3 - F e  1-042 
03-Fe  1-043 
0 3 - F e l - 0 4 4  
041-Fe 1-042 
0 41-Fe 1-043 
041-Fe  1.044 
042-Fe 1-043 
0 4 2 - F e l - 0 4 4  
0 43-Fe 1-044 
W I - 0 2 - w  2 
W1-02-Fel  
W 2-02-Fe 1 
w 1 - 0 3 - w 3  
W 1-03-Fe 1 
W 3-0 3-Fe I 


02 -FC 1 - 0 3  


2.5182(9) 
2.5442 (9) 
2.542 (I)  
2.043 (9) 
1.96(1) 
1.98 ( 1 )  
2.01 (2) 
2.09(2) 
2.1 1 ( 2 )  
2 02 (2) 
I . Y X O ( 9 )  
1.923 (9) 
2.02 ( I )  
2.10(2) 
2.1 5 ( I )  
2.068(9) 
1.99(1) 
1.92(2) 
2.04 (2) 
2.09(1) 
2.10 (2) 
1.994 (9) 
1.96(2) 
1.99(2) 
2.02(1) 
2.02(1) 
2.03(2) 
2.30(1) 
2.30(2) 
2.41 (2) 
2.32(1) 
2.25 (2) 


94.6(4) 
94.6(4) 
88.8(4) 
89 6 (5) 
91.4(4) 


175.6(4) 
175.8 ( 5 )  
88.4(4) 
88.2(5) 
89.7(4) 
94.1 (4) 
89.2(4) 
87.1 (5) 


176.6(4) 
89.4(4) 
90.0 (4) 
79.4(3) 


148.0(6) 
131.1 (5) 
7Y.8(4) 


132.7 (5) 
132.2 ( 5 )  


M I - M 2  
M I L M 3  
M2- M 3  
M I G O 1  
M 1 - ~ 0 2  
M I -  0 3  
M I  - 0 1 1  
M I L 0 1 2  
M I - 0 1 3  
M 2 - 0 1  
M 2  0 2  
M 2  0 4  
M 2 - 0 2 1  
M 2 - 0 2 2  
M 2 - - 0 2 3  
M 3 - 0 1  
M 3 - 0 3  
M 3  0 4  
M 3 - 0 3 1  
M 3 - 0 3 2  
M 3 - 0 3 3  
M o l  - 0 2  
M o l - 0 3  
Mo 1-041 
Mol -042 
M o l  - 0 4 3  
M o l - 0 4 4  
0 1 - N a l  
0 1 4 - N a l  
0 2 4 - N a l  
0 2 4  - N a l  
0 3 4 -  N a l  


0 2-Mo 1 -03  
0 2 - M o  1 - 0 3  
0 2-Mo 1-041 
0 2 - M o l - 0 4 2  
0 2 - M o  1-043 
0 2 - M o l - 0 4 4  
0 3-Mo 1-041 
0 3 - M o l - 0 4 2  
0 3 - M o  1-043 
0 3 - M o  1-044 
0 41 -Mo 1-042 
0 41 -Mo 1-043 
041-Mo 1-044 
042-Mo 2-043 
0 42-Mo 1-044 
0 4 3 - M o l - 0 4 4  
M I - 0 2 - M 2  
M I - 0 2 - M a 1  
M 2-0 2-Mo I 
M 1-03-M3 
M1-03-Ma1 
M 3-0 3-Mo 1 


2.5045 (9) 
2.533 ( 1 )  
2.523 (1) 


1.959 (6) 
1.959(9) 
2.004(6) 
2.094(8) 


2.022(8) 


2.11(1) 
2.021 (6) 
1.965(8) 
1.91 8 (9) 
2.019(8) 
2.098(7) 
2.12(2) 
2.059 (9) 
1.952 (8) 
1.901 (7) 
2.030(9) 
2.102 (7) 
2.10(2) 


2.01 1 (3) 
2.083 (9) 
2.083 (8) 
2.085(7) 
2.064 (8) 
2.277(7) 
2.27 (1) 
2 41 (2) 


2.24(2) 


2.044(6) 


2.31 (2) 


96 8 (4) 
96.8(4) 
87.5(3) 
89.6(2) 
89 6(2) 


175.9(2) 
175 O(2) 


88.3(2) 
X9.6(2) 
87.3(3) 
94.3(3) 
87.9(2) 
88.3(3) 


177.6(3) 
90.6(2) 
90.4(3) 
79.3(2) 


80.7(4) 


147.1(4) 
132.3(3) 


133.4(5) 
134.1 (6) 


w1--w2 
W I ~  w3 
W 2 ~  w3 
W l - 0 1  
W I  0 2  
W I - 0 3  
W I ~  0 1 1  
W I - 0 1 2  
W I  ~ 0 1 3  
w2-01 
w 2 - 0 2  
W 2 - 0 4  
w2 0 2 1  
w 2 - 0 2 2  
W 2 - 0 2 3  
W 3 - 0 1  
w 3  0 3  
W 3 -  0 4  
W 3 - 0 3 1  
W 3  0 3 2  
W3 0 3 3  
Mo 1 - 0 2  
M o l - 0 3  
M o l  - 0 4 1  
Mo 1-042 
Mo 1 - 0 4 3  
M o l - 0 4 4  
0 1 - N a l  
0 1 4 - N a l  
0 2 4  N a l  
0 2 4 -  Na 1 
0 3 4 - N a l  


0 2 - M o  1 - 0 3  
0 2-Mo 1 - 0 3  
0 2-Mo 1-0 41 
0 2 - M o l - 0 4 2  
0 2 - M o t - 0 4 3  
0 2-Mo 1 -0  44 
0 3 - M o  1-041 
0 3-Mo 1-042 
0 3-Mo 1-043 
0 3 - M o  1-044 
0 4 1 - M o l - 0 4 2  
0 41-Mo 1-043 
041-Mo 1-044 
0 42-Mo 1-043 
0 4 2 - M o l - 0 4 4  
043-Mo 1-044 
w 1 - 0 2 - w 2  
W 2 - 0  2-Mo 1 
W2-02-Mo 1 
w I-03-w 3 
W I - 0 3 - M o I  
W 3-03-Mo 1 


2.51 7 (7) 
2.539(1) 
2.535(2)  
2.03(2) 
1.96(2) 
I .96(2) 
1.99 ( 2 )  
2 09 ( 2 )  
2. I 2 ( 2 )  


l.97(1) 
l .Yl(2)  
2.00(2) 
2 .05(2)  
2.  I3 (7) 
2.10(2) 
2.00(2) 
I.X9(2) 
1.98(2) 
2.1 I (3) 
2.1 2 ( 2 )  
2.05(1) 
2.00(2) 
2.13(2) 
2.09(2) 
?.OX(?) 
2.1 0 (2) 
2.28 (2) 
2.34(2) 
2.39(3) 


2 04(2) 


2.31 (2) 
2.27(3) 


96.0(7) 
Y6.0(7) 
86.9(6) 
90.5 (6) 
88.9 (7) 


176.8(7) 
175.7(6) 
90.1 (7) 
88.8(7) 
87.1 (7) 
93.0(7) 
88.2(7) 
90.0(7) 


178.6 (7) 
88.6(8) 
92.2(7) 
79.6(6) 


147.1 (8) 
112.2 (8) 
80.0(6) 


135.2(8) 
132.8 (9) 


Table 2 .  A comparison of mean bond lengths (A) in clusters 1. 2, 5- 10, and relaled compounds. 


M-M M 0, [a] M-0: [bl M - 0 ,  [c] M-O,, [d] M--O,, [el M'-O: M'-O,. Ref. 
- -  ~ 


NaZFe,[Mo,0,(0,CEO,1, (1) 2.517(1) 1.915(7) 1.957(7) 2.010(8) 2.027(7) 2.121(8) 1.992(8) 1.993(8) this work 
Na,Fe,[W,O,(O,CEt),l, (2) 2.535(1) 3.92(1) 1.98(2) 2.02(2) 2.04(2) 2.11(2) 1.98(2) 2.02(2) this work 
Na,Mo,[M,O,(O,CEI),l, (5 )  2.520(1) 1.909(9) 1.959(9) 2.011 (9) 2.034(9) 2.104(9) 2.028(6) 2.079(9) this work 
Na,Mo,[W,O,(O,CEt),l, (6) 2.530(2) 1.90(2) 1.97(2) 1.99(2) 2.06(2) 2.10(3) 2.03(2) 2.10(2) this work 
Na,Cr,[Mo,O,(O,CEt)*l, (7) 2.5198(9) 1.907(4) 1.952(5) 2.010(4) 2.02614) 2.114(5) 1.947(4) 1.973(5) [1,2] 
Na,Cr,[W,O,(O,CEt),l, (8) 2.5313(9) 1.927(9) 1.072(8) 2.012(9) 2.059(9) 2.110(9) 1.929(8) 1.986(9) [1,2] 
Na,V,[Mo,O,(O,CEt)sJI (9) 2.519(1) 1.905(6) 1.953(6) 2.005(6) 2.026(7) 2.119(8) 1.985(6) 1.989(8) [2] 
Na,VAW,0,(OzCEt)Jz (10) 2.5328(6) l.Y26(6) 1.974(6) 2.013(6) 2.057(6) 2.107(7) 1.962(6) 2.012(6) (21 
[Mo,O,(C,0,),tH,0),l2 ~ 2.493 ( 3 )  1 .Y1 S(7)  2.020 (3) [7 f l  
[Mo,WO,(NCS),l4- 2.521 ( 5 )  1.891 (15) 2.021 (14) 18 bl 
[w304(NCs),14- 2.534 1.91 1 2.039 [9 a] 
[Fe,O(0,CCMe3),(Me0H),1' 1.905(5) 2.02(2) [?I] 
[Cr,O(O,CEt),FJ-. 1.909(4) I.Y74(3) [22] 
[v30(0,CMe),(T~F),1+ 1.910(6) 2.00(2) [23] 


[a] Bridging M atoms. [b] Bridging M and M' atoms. [c] Terminal EtCO,. [d] Capping 0 atoms. [el Bridging EtCO,. 
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Figiirc 6. Plots ol.effectivz moments of 1. 2. 
and 7 -  10 versus tcrnperatui-e over the I-aiige 
2 100 K .  Ihc solid linc is a best lit of the 
experimental data. 


usual N a - 0  bonds 
(2.42 A). These features 
are believed to be re- 
sponsible for the ready 
formation and for the 
insolubility of the het- 
crooctanuclear species 
described. 


Magnetic Properties: 
Plots of the magnetic 
moments of 1, 2, and 
7-10 between 2 and 
200 K are given in 
Figure 6. At 200 K the 
magnetic moments per 
M'(in) ion in 1, 2, and 
7-10 are 5.71, 5.72, 
4.02, 3.98, 2.87, and 
2.87 ,uB, respectively, 
close to the spin-only 
values for the magneti- 
cally isolated high-spin 
Fe" (5 .92p8) ,  Cr3+ 
(3.87p8), and V" 
( 2 . 8 3 ~ ~ )  ions. The val- 
ues for the iron and 
chromium clusters 1, 2, 
7, and 8 are almost con- 


stant over the range 200 -40 K and then decrease to 2.80, 3.90 
(4 K),  1.54. and 1 . 7 8 ~ ~  at  about 2 K. The vanadium clusters 9 
and 10 behave somewhat differently. For  9, the magnetic mo- 
ment sharply decreases from 2 . 8 7 ~ ~  at  200 K to 0 . 6 7 ~ ~  at  2 K.  
The magnetic moment of 10 varies slightly over the range 200- 
9 K (200 K, 2.87~1,; 35 K, 2.50~1,; 9 K,  2 . 6 4 , ~ ~ )  and then de- 
creases to 2 . 1 8 , ~ ~ ~ ~  at 4 K. The susceptibility data ofthese clusters 
have been modeled with the isotropic Heisenberg --Dirac-Van 
Vleck model with the spin-Hamiltonian H = - 2JS,St .  A best 
tit of the data (g is fixed to 2.0) leads to the spin exchange 
coupling constants Jik  of -0.60, -0.72, - 3.76, - 1.31, -4.80, 
and - 1.46 K for 1, 2, and 7- 10, respectively. These figures 
show that the antiferromagnetic spin exchange coupling interac- 
tions between the bridging M'(III) ions are very weak, as expect- 
ed for long M'(III)-M'(III) distances (ca. 5.7 A]. 


Infrared Spectra: The heterooctanuclear clusters in this series 
display several charactcristic IR absorptions in the range 700- 
820 cin ' .  For the oxofluorotungsten species [W,O,FJ-, the 
IK bands at 780, 740, and 700 cm-' have been previously as- 
signed to the strctching vibrations of the W-0 ,  bonds in the 
W,O, core.[')''] The corresponding bands, assigned to M -0, 
stretching vibrations in the clusters 1-4 and 7- 10, are observed 
a t  the higher wavenumbers [811 (s), 785 (ms), and 753 
(ms) cm ~ (1); 81 2 (s), 784 (ms), and 754 (ms) cm- (2); 812 (s), 
783 (ms),  754 (ms)cm- '  (3), 814 (s), 805 (s), 767 (m), 747 
(m) cm- (4); 812(s), 799 (s). and 769 (m) cm (7); 813 (s), 805 
(s) ,  766 (m), and 743 (m)cm-- '  (8): 811 (s), 787 (m). and 769 
( m ) c n - '  (9); 812 (s), 789 (s), 761 (in), and 743 (m)cm- '  
(10)].'21 All these spectra are very similar, even though they are 


for different cores, namely, W,O, (6, 8, lo), Mo,O, (1, 7, 9), 
and MoW,O, (3, 4). This is rather surprising, since the stretch- 
ing force constants in isostructural species involving Mo and W 
are always larger for latter than for the formcr. However, a 
similarly unexpected behavior has also been observed in the case 
of the triangular bioxo-capped carboxylates [M,O,(O,CR),- 
(H,O),]" (M = Mo, W ;  R = Me, Et). The band v(Fe-p3-O) 
for [Fe,O(O,CCH,),(H,O),]+ appears a t  600 cm ~ 1,[201 but 
v(Fe-0:) for 1 and 2 are not found in this region, owing to  the 
fact that the Fe-0: bonds are remarkably weak. 


Experimental Procedure 


All manipulations were carried in air. All reagents were A. R. grade and were 
used without further purification hdorc use. 


Na,Fe,~Mo,O,(O,C~Et),I, ( 1 ) :  A mixture of Na2MoO;2H,0 (0.63 g, 
2.60 mmol), Mo(C'O), (0.40 g. 1.50 inmol), FeCI,.6H,O (0.35 g, 
1.30 mmol), and propionic anhydride (60 mL) was placed in a flask with a 
fine-ncedle syringe and heated at 120 -'C for 3 d. After the reaction had been 
allowed to cool to  room temperature, well-formed hlack crystals of cluster 1 
were obtained (0.95 g. 72% based on FeCI,-6H20). Fe,Mo,O,,,C,,H,oNa, 
(2030.5), calcd Fe 5.50, Na 2.26. C 28.39, H 3.97; found Fe 5.41, N a  2.03, C 
28.67. H 4.11 


Na,I;e,lW,O,(O,CEt),j, (2): The tungsten cluster 2 was prepared similarly 
to 1 by using Na,WO;2H20 (0.86 g, 2.60 mmol) and W(CO), (0.43 g, 
1.5 mmol). Yield: 21 %. Fe,W,O,,C,,H,,Na, (2557.9), calcd Fe 4.37, Na 
1.XO. c'22.54, H 3.15; found Ve 4.33, Na 1.61. C 22.83. H 3.22. 


Na,Fe,lMoW,O,(O,CEt),I, (3): An orange-red solution of Na[MoW,O,- 
(O,CEt),] in propionic anhydridc (50 mLj was obtained by refluxing 
Na2W0,.2H,0 (1.3 g. 4.0 mmol), and Mo(CO), (0.53 g. 2.0 mmol) for ten 
hours in air. Fe(CO), (0.35 mL, 2.55 mmol) was added, and the mixture was 
heated at Y0"C for 3 d. After the reaction had been allowed to cool to room 
temperature. black microcrystalline 3 was isolated from the solution (0.43 g. 
18"' base on Mo(CO),). Fe,Mo,W,O,,C,,H,,Na, (2382.1 j ,  calcd Fe 4.69. 
Mo8.06,Na 1.93,C24.21,H3.39;foundFc4.66,Mo7.81,Na1.6~,C?4.67, 
H 3.45. 


Na,Cr,~MoW,O,(O,CEt),I, (4): This cluster was synthesized similarly to 3 
by using Cr(CO), (0.5 g. 2.3 mmol). Yield: ca. 26% (0.57g). 
Cr,Mo,W,O,,C,,H,,Na, (2374.4). calcd Cr 4.38, Mo 8.08, Na 1.94, C 
24.28, H 3.40; found Cr 4.17, Mo 7.22, Na 1.83, C 23.90. H 3.47. 


Na,Mo,lMoW,O,(O,CEt),), (5): This cluster was synthesized similarly to 3 
using Mo(CO), (0.53 g, 2.0 mmol). Yield: ca. 6 % .  Mo,W,0,,C,,H8,Na2 
(2462.3). calcd Mo 15.57, Na 1.87; found Mo 15.19, Na 1.87. 


Na,Mo,lW,O,(O,CEt),l, (6): A yellow solution of Na[W,O,(O,CEt),] in 
propionic anhydride (50mL) was prcpared by rcfluxing a mixture of 
Na2WO;2H,0 (1.3 g, 4 mmol) and W(CO), (0.66 g, 2.0 mmol) in propionic 
anhydride for 10 h in air. Mo(CO), was added, and the mixture heated at 
120 C for 3 d. After the reaction had been allowed to cool to room ternpcr- 
ature. black crystals of 6 precipitated from the solution in 8 %  yield. 


X-Ray Crystallography: Thc crystallographic data for clusters 1, 2, 5. and 6 
are summarized in Table 3. The reflection intensities were collected on a 
Rigaku AFC 5R diffractotneter, by using graphite-nionochromated Mo,, 
radiation (; = 0.71069 A)  at rooin temperature and (,I 2H scan mode 
( 3 < 2 0 < 5 0  ) with a scan speed of 8"min- '. The structures were solved by 
direct nicthods using MULTAN 11 ;82 and refined by full-matrix least- 
squar-es with all non-hydrogen iitoins anisotropic except for in 5. wherc some 
of the non-hydrogen atoms wcre rcfiiied isotropically, owing to the low 
numbcr o f  observable retlections. The Mo and W atoms of'the trinuclear unit 
in 5 are disordered and treated as M = 0.33Mo +0.67 W, giving the reason- 
iiblc temperaiiirc factors. The wcighting scheme 11' was 1 f[a(Fo)Z + (0.02F0)' 
+ l.000]. All calculations were performed on a Compaq Prolinea 4;66 with 
the Molen program package with scattering factors taken from the lnterna- 
tional Tables. 
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Table 3. Crystallographic Data for 1, 2, 5, and 6 


1 2 5 6 


M 
F(000) 
crystal size, mm 


n. A 


( 7  A 


P,  


\pdcC 


h. A 


1, 


i .  ' 
v, A' 
Z 
P I n l c d >  gc'11-3 
g, cm-'  
scan width 
unique reflns 
reflns />30( / )  
no of parameter!: 


II R [b] 
GOF [c] 
(Au)m 
@P)max 


R la1 


2030.5 
1014 
0.2 x 0.3 x 0.3 
group 
12.988(6) 
14.021 (7) 
12.378(9) 
109.79(5) 
117.50(4) 
90.52 ( 5 )  
1844.2 
1 
1 8 3  
14.4 
1.32 
6826 
3518 
442 
0.056 
0.062 
1.31 
0.04 
0.85 


2557.9 
1206 
0.3 x 0.2 x 0.4 
P7 


14.072 (7) 


109.91 (5) 


90.50 ( 5 )  


12.984(6) 


12.436 (9) 


117.54(4) 


1856.2 
1 
2.29 
99.4 
I .63 
6863 
4586 
442 
0.045 
0.052 
1.24 
0.05 
I .x0 


2462.3 
1174 
0.3 x 0.2 x 0.2 


12.805(4) 
14.100 (3) 
12.396(3) 
109.97 (2) 
1 17.87 (2) 
90.43 (2) 
1821 7 
1 
2.24 
71.8 
1.15 
6169 
4529 
442 
0.042 


I .40 
0.05 
1 .78 


pi: 


0.053 


2638.1 
1238 
0.3 x 0.2 x 0.3 
P i p i  
1 2.904 (1 3) 
14.144 (1 6) 
12.467 (14) 
109.91 (9) 
11 8.09 (X) 
90.42(1) 
1848.3 
1 
2.37 
99.2 
1.26 
6842 
2964 
442 
0.063 
0.069 
1.37 
0.03 
2.14 


CrystaIbgraphic data (excluding structure factors) for the structures reported 
in this paper have bcen deposited with the Cambridge Crystallographic Data 
Center as supplementary publication no. CCDC-1220-4s. Copies of the data 
can be obtained free of charge on application to The Director, CCDC, 12 
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033; 
e-mail: tcched((khemcrys.cam .ac.uk). 


Magnetic Susceptibility, UV/Vis, and IR Spectra: The tcmperdture-dependent 
magnetic susceptibilities of polycrystalline samples of' 1 ,  2, and 7-10 were 
measured on PPMS Model-6000 over the rangc 2-200 K.  The data were 
corrected for diamagnetism of the samples by using Pascal's constants. UV/ 
Vis and IR spectra were recorded on a Schiinazhu UV-3000 and Digilab 
FTS-40 spectrophotometers with KBr pellet, respectively. 
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The Thiazole Ylide : A Frequently Invoked Intermediate 
Is a Stable Species in the Gas Phase 


Graham A. McGibbon, Jan HruSak, David J. Lavorato, Helmut Schwarz* and 
Johan K. Terlouw* 


Abstract: The 1,2-hydrogen shift isomers 
of neutral (singlet and triplet) thiazole (1) 
and its radical cation have been investi- 
gated by a combination of mass spectro- 
metric experiments and hybrid density 
functional theory calculations. The latter 
were used to probe the structures and 
stabilities of selected C,H,NS and 
C,H,NS'+ isomers and transition state 
structures. Although 3H-thiazole-2- 
ylidene (2) is less stable than 1, by 
31.5 kcalmol-I, it is expected to be capa- 
ble ofindependent existence, since the 1,2- 
hydrogen shift from carbon to nitrogen 
involves a very large energy barrier of 
72.4 kcalinol-I. The other 1,2-hydrogen 
shift reaction from C(2) leads not to 
the expected cyclic 1 H-thiazole-2-ylidene 
structure (3), which is apparently un- 


stable, but rather to  the ring-opened spe- 
cies HSCH=CHNC (4), which is 
34.5 kcalmol-' higher in energy than 1. 
The barrier in this case is lower but still 
large (54.9 kcalmol-I). The triplet 
ground states of 1, 2 and 4 arc consider- 
ably destabilised (69.5, 63.2 and 
58.7 kcal mol-I) relative to their singlet 
states. Interestingly, in addition to 2" 
and 4+, the cyclic radical cation 3'' is 
predicted to be stable although it is sub- 
stantially higher in energy than ionised 


Keywords 
carbenes * density functional calcula- 
tions - mass spectrometry - thiamin * 


ylides 


thiazole 1" (by 53.9 kcalmol-I), where- 
as 2" and 4" are much closer in energy 
(only 10.2 and 27.0 kcalmol- higher, re- 
spectively). Dissuading 2'+ and 3'' from 
isomerising to 1'+ are energy barriers of 
52.6 and 15.3 kcal mol- I ,  respectively. 
Experimentally, dissociative ionisation of 
2-acetylthiazole enabled the generation of 
2'+, which could be differentiated from 
1" by collisional activation mass spec- 
trometry. Reduction of the ylide ion 2' ' 
in neutralisation - reionisation mass spec- 
trometry experiments yielded the corrc- 
sponding neutral molecule 2. This direct 
observation of a thiazolium ylide provides 
support for postulates of such species as 
discrete intermediates in a variety of bio- 
chemical transformations. 


Introduction 


Thiamin (Vitamin B,)  is a coenzyme that is essential to several 
biochemical processes."] The decarboxylation of pyruvic acid to 
acetaldehyde exemplifies its involvement in the catalytic cycles 
of many carbon-carbon bond forming and breaking reac- 
tions.[" The enzymatic activity has been suggested to  stem from 
the relatively easy deprotonation of the thiazolium ring to form 
an active, thiazolium ylide intermediate. Breslow's fundamental 
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studies[31 on model systems laid foundations for this current 
understanding of thiamin action. Despite a considerable body 
of other supportive experimental work,". 4-y1  including the re- 
cent synthesis and characterisation of a few metallocarbene 
complexes,"0 - the direct observation of free thiazolium-2- 
ylides remains elusive. In contrast, closely related live-mem- 
bcred ring heterocycles of the imidazole-2-ylidene family proved 
to be isolable compounds,['3, j4' although the parent species 
itself was only recently generated and characterised as a gaseous 
molecule.[' 51 More highly substituted members of this class have 
been probed spectroscopically in the gas phase.[16' Among relat- 
ed heterocycles, oxazole-2-ylidene has similarly been ob- 
served" 71 in neutralisation-reionisation mass spectrometry 
(NRMS)" *' expcriments. 


Since these latter types of species are biochemically less signif- 
icant than the thiazole ylides, it is important to addrcss this 
deficit. Herein we describe the successful identification of the 
parent 3H-thiazole-2-ylidene (2) using the technique of NRMS. 
Although not identical to the suggested active form of thiamin. 
this structure is the simplest model compound for the vitamin. 
While extensive computational studies have been carried out on 
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irnida~ole-2-ylidene~'~, ", 201 much less information is available 
for the thiazole ylides;r20-241 this has prompted us to use quan- 
tum chemical calculations of the hybrid density functional theo- 
ry[251 type to  investigate aspects of the C,H,NS potential energy 
surface relevant to the characterisation of thiazole-2-ylidenes 
and their radical cations.[261 It should be mentioned that the 
issue of " a r o m a t i ~ i t y " [ ~ ~ ~  in five-membered ring heterocycles 
has long attracted attention.[2s1 Aromatic stabilisation energies 
determined by means of a b  initio calculations incorporating 
perturbation theory (MP 2)[20, 21] apparently indicated that 2 is 
less stabilised than imidazole-2-ylidene, and the exact extent of 
its aromatic stabilisation has continued to  be a subject of con- 
t r~versy ."~ .  ' y' Given the difficulties inherent to establishing 
unambiguously the exact extent of aromatic stabilisation in 2, 
notwithstanding recent calculated magnetic susceptibility an- 
isotropy data,'"] we confine ourselves to a comparison of its 
structural features and energies relative to its isomers. 


Results and Discussion 


Generation of 2 + might be accomplished analogously to previ- 
ous "gas-phase syntheses" of carbene radical cations" ', 181 by 
dissociative electron ionisation (El) of an appropriately substi- 
tuted thiazole, such as the readily available acetyl-2-thiazole 
(Scheme I ) ,  which has a sizeable C,H,NS'+ peak at  m/z 85 in its 
EI mass spectrum. 


The proper identification of neutral species by NRMS re- 
quires that one can confidently establish the parent-ion struc- 
ture. Details of neutralisation-reionisation (NR) mass spec- 
trum acquisition[291 and other tandem mass spectrometric 


used to generate and characterise C,H,NS ions 
and neutrals are given in the Experimental Section. 


The collisional activation (CA) mass spectrum of the m/z 85 
ions obtained according to  Scheme 1 was compared to  that of 
thiazole radical cations (l"), which are produced simply by 
70 eV EI of thiazole (Figure The m/z 85 ions generated 
from the two precursors give rise to reasonably similar spectra, 
except for two crucial differences. First, only the mjz 85 ions 
that are expected to have the ylide ion structure produce a peak 
at m/z 73 (C,H,NS'+), which formally corresponds to the ex- 
trusion of the ylidic carbon atom from the ring. Secondly, the 
peak at  m/z 59 (HNCS") provides definitc evidence for a struc- 
ture that can readily lose acetylene, that is, 2'+,[321 Ion 3'+, 
although energetically disfavoured compared to  2' ' (see 
Table I ) ,  could also provide m/z 59 ions (HSCN" or 
CzH,S+).[331 However, an MS/MS/MS experiment[301 con- 
firmed the identity of the ions as HNCS'+.[3441 Ring cleavage in 
1'' wouldlead to the ion N=CH-S'+,  which is undoubtedly of 
higher energy, and this process is therefore not observed. Fur- 


thermore, the near 
absence of the rnjz 59 
peak in the CID mass 
spectrum of I * +  effec- 
tively rules out the 
possibility that iso- 
merisation to ionised 


58 
(a) 


45 
1 


thiazole by a 1,2-H &u\ 70 
shift occurs to a sig- 


- 


nificant extent prior 
to dissociation. Per- 
haps not surprisingly, 
an analogous situa- 
tion is observed for 


G 4  


the imidazole/imida- 
zole-2-ylidene radical 
cation system, where 
the two isomers with m/z 


similar 'ID 
mass spectra are clear- 


Figure I .  CA i n a s  spectruiii 01' the / i f ; :  85 
ions generated from a) ioniscd thiazole and 


ly distinguished on b) iOniSed 2-acetyllhiazole 


the basis of the 
acetylene elimination reaction.["] Depending upon thermo- 
chemical considerations, it may be that this is a generic differen- 
tiating feature for simple five-membered ring heterocyclic 
molecular ions and their ionic 2-yfide isomers. We hasten to add 
that such a generalisation clearly has limits, as demonstrated by 
the challenge of identifying the pyridinc-2-ylide ion, which is a 
six-membered ring heterocycle.['51 


Encouraged by the indications that the dissociative ionisation 
of 2-acetylthiazole produces m/z 85 radical cations of structure 
2'+, we employed neutralisation-reionisation mass spectrome- 
try (NRMS)"" to attempt to  generate and characterise the 
neutral ylide 2. Ideally, near vertical electron transfer to the ion 
should yield the desired neutral. However, the internal energy 
content of the neutral produced in this way will depend on the 
Franck-Condon overlap between the ion and neutral. If the 
energy barrier to iso- 
merisation in the neu- (a) 85 


tral molecules is less 
than the minimum 
bond dissociation en- 
ergy, then rearrange- 
ment of excited neutral 


58 


45 


molecules is possible 
and may occur. In 
such a case, subse- 
quent reionisation 
would lead to  a mix- 
ture of ions and, as a 
result, to NR mass 
spectra that d o  not 
match the correspond- 
ing CA mass spectra. 


The neutralisation - 
reionisation (NR) 
mass spectra of the 
two ions 1" and 2" 
(Figure 2)  are quite 


m/z 


Figure 2. N R  mass spectrum of  the i>r/;X5 
ions gencrated rrom a) ionised thiazole and 
b) ionised 2-acetylthiazole. 
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similar to  the corresponding CA mass spectra and both exhibit 
survivor signals a t  m/z 85. The observation of recovery peaks is 
consistent with the computational predictions (see below), pro- 
vided that the ions generated from 2-acetylthiazole are 2" as 
opposed to  3'+, since the latter are not expected to  yield stable 
species upon neutralisation. More importantly, the distinguish- 
ing peaks at  m/z 59 and 73 again appear only in the spectrum 
assigned to  2". Because of the absence of unique peaks for the 
thiazole structure itself, we cannot say with absolute certainty 
whether or not the ion 1" is also generated from 2-acctylthia- 
zole. However, the mjz 85 ions from 2-acetylthiazoie were 
analysed after N R  by CA[351 (spectrum not shown) and they 
again showed a substantial mjz 59 peak; we therefore conclude 
that the majority of the ions have the structure 2". It is thus 
clear that thiazole-2-ylidene (2) is formed by one-electron reduc- 
tion of2'+ in the gas phase and that 2 does not readily isomerise 
to  the neutral thiazole structure I .  


The search for stationary points corresponding to the thiazole 
isomers 1-3, their radical cations and the connecting transition 


Tirhle 1 Calculatcd energies [a] Tor ?elected C,H,NS neutrals [b]. radical cationa 
and transition structures. 
a )  Neutrals. 


R3LYP,6-31G*, ZPVE, A& ZPVE, tSZz, Ere, 


1 -569.051841 34.7 69 5 31.9 2.000 0 
2 -569.001609 34.7 63.2 33.1 2.007 31.5 
4 - 568.99 1753 31.5 34.5 
TSI 2 -568.930103 30.7 58.7 29.9 2.021 72.4 
TS1 4 - 568.957245 30 2 54.9 


b) Ions 


B3LYP/6-31G** ZPVE t S Z >  I E, 


I'  -568.718007 33.6 0.750 9.04 0 
Z t  - 568.703864 34.9 0 750 x.11 10.2 
3'' -568.629387 31.9 0.750 53.9 
4 +  -568.671657 31.5 0.750 8.71 27.0 
TSI" 2" -568.613426 30.8 0.758 8.62 62.8 
TSl.' -Ti  -568.602495 30.3 0.759 9.66 69.2 


[a] Total energies are in hartree; zero-point vibrational energies (ZPVE), triplet- 
singlet gap energies (AE,- , )  and relative energies of singlet species (&,) in kcal- 
mol-'; ionisation energies (IE,) in eV. [b] Subscript S and T are used to  indicate 
values for singlet- and triplct-state neutral species. 


structures of the 1.2-hydrogen shifts was conducted on a 6-pro- 
cessor SGI-POWER-Challenge computer using the Gaussian 94 
program package.[3h1 Analytical frequency calculations con- 
firmed the assignment of stable or  transition structures based on 
the correct number of eigenvalues of the Hessian matrix, 0 or I ,  
respectively. The geometric parameters and energies of the 
structures were obtained with the 6-31G** basis set by using the 
standard hybrid density functional theory option (HF/DFT) 
designated Becke 3LYP.["71 Relative energies were corrected for 
nonscaled zero-point vibrational energy (ZPE) contributions. 
The energy data and < S2 > expectation values of the open shell 
systems are collected in Table 1. The latter show that the 
Becke 3LYP wave functions d o  not suffer appreciably from spin 
contamination.[381 Tablc 2 contains the geometric details for the 
structures shown in Figure 3. 


H 


Figure 3. Optimised Recke3LYP/6-31G** geometries of selected C,H,NS mole- 
cules, radical cations and their connecting transition structures (see also Table 2 for 
details of geometries). Torsion angles Tor nonplanar species are as follows: 1,: 
C-N-C(Z)-H, 232.6' : C-S-C(2)-H, 165.8"; S-C(Z)-N-C, 12.8' ; C(2)-S-C-C, 11.2 : 
C-C-N-C(2), 4.0". 2,: C-C-N-C(2). 21 8 ; C-N-C(2)-S. 21.8'': C-C-N-H. 127.5.'. 
3": C-C-S-H, 98 .6 .  TS1,-2,: H-C(2)-N-C, 101.5' TS1,-.2,. H-C(Z)-N-C. 
128s. .  


According to the Becke 3LYP calculations thiazole (1) ( 'A ' )  is 
planar, with C-S bonds of almost equal length (1.737 and 
1.731 A) and a typical C=C double bond. This result is remark- 
ably close to the structure of 1 determined by microwave spec- 
t r o s ~ o p y . [ ~ ~ ]  In its triplet state 1 is nonplanar. As well as having 
an out-of-plane hydrogen atom, the ring skeleton exhibits some 
torsion (z lo'), and by comparison with the singlet-state struc- 


Table 2. Optimized Becke3LYP geomctries (angles/'. bond lengtha/A) for selected C,H,NS neutrals [a]. radical cations and transition structures 


S-C(2)-N C(2)-N-C N-C-C C-C-S C(2)-X-H [c] S-C(2) C(2)-N N - C  C=C C-s X - H [c] 


L,, [bl 
1, 
1, 
1" 
25 
2,  
2' + 


3' + 


4, 
4' 


TS I \  -2, 
TS I ,  -2, 
IS]'+ 2' 
TSI, 4, 
TSI" 3' 


11 5.2 110.1 115.8 
115.2 110.4 116.1 
112.4 110.5 114.X 
114.8 110.9 115 1 
103.6 120.9 111.3 
113.5 108.3 114.9 
115.5 112.6 111.5 
11 0.6 11 7.0 113.4 
'15.8 I75 6 122.9 
95.6 179.3 122.9 


1 16.0 110.8 11 2.5 
115.3 105.6 118.2 
108.3 115.3 113.3 
93.6 130. I 114.9 


110.4 116.9 114.0 


109.6 
109.8 
11  5.6 
111.5 
108.5 
113.0 
111.8 
110.7 
123.8 
122.0 


113.2 
113.4 
112.7 
116.5 
Il6.X 


121 7 
121 5 
130 1 
120 5 
11x2 
1188 
123 5 
94 1 


162 0 
I64 2 


60 0 


60 7 
23 3 
49 4 


60 2 


1.713 
1.750 
1.848 
1.820 
1.742 
1.780 
1.682 
1 .x34 
3.806 
3.788 


1.731 
1.784 
1.768 
2.650 
1.885 


1.304 
1.300 
1.406 
1.308 
1.312 
1.390 
1.352 
1.216 
1.201 
1.183 


1.324 
1.431 
1.372 
1.196 
1.245 


1.372 
1.377 
1.294 
1.339 
1.399 
1.401 
1.398 
1.419 
1.355 
1.374 


1.385 
1.392 
1.397 
1.392 
1.371 


1.367 
1.365 
1.452 
1.450 
1.349 
1.348 
1.356 
1.306 
1.398 
1.342 


1.377 
1.357 
1.362 
1.366 
1.373 


1.713 
1.733 1.0x3 
1.746 1.088 
1672 1 ,086 
1.755 1.013 
1 778 1.022 
1.755 1.019 
1.803 1368 
1.696 1.353 
1.762 1.346 


I .737 1.308 
1786 1.339 
1.740 1.316 
1.714 1.979 
1.740 1.529 


[a] Subscript Sand T a r e  used to indicate values for singlet- and triplet-state species. [h] Compare ref. 1391. [c] X = C(2) for strtictures 1, X = N for ~tructurcs 2 and TS I - 2. 
and X = S for structures 3". 4, TSI-3'' and TSI-4. 
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ture all the bonds except C(4)--N are longer with the S-C(2)-N 
angle narrowing slightly to accommodate the change. The 
triplet-singlet gap is large, 69.5 kcalmol- I including zero-point 
vibrational energy contributions. Ionisation of 1 yields a planar 
C, structure with bond lengths and angles intermediate between 
neutral thiazole in its singlet and triplet states. According to the 
DFT calculations the separation of 1 from 1'+ is smaller than 
the experimentally determined ionisation energy for thiazole 
(9.51 eV).[401 The difference is somewhat smaller for imida- 
z ~ l e , ~ ' ~ . ~ * ~  and for the imidazole ~a rbene"~" .  1 9 f 1  theory and 
experiment concur. 


Like 1, the ylide 2 ( ' A ' )  is also planar; its C=C bond is shorter 
and its C-N bond is a little longer; the C-S distances are about 
the same. In contrast to Sauer's structure for 2 derived by using 
a method based on a single determinant,f201 the Becke 3LYP- 
derived structure (Figure 3) has longer (by at  least 0.02 A) C-S 
bonds and shorter C(2)-N and C=C bonds (by 0.043 and 
0.01 A, respectively), although the S-C(2)-N angle is virtually 
the same. On going to the triplet state of 2 the S-C(2)-N angle 
widens noticeably from 103.6 to 113.5" and the two adjacent 
heteroatom-carbon bonds lengthen. Upon ionisation, further 
widening of the S-C(2)-N angle to 115.5" occurs, but while the 
associated C-N bond becomes slightly longer in 2'+, the C(2)- 
S bond actually shortens to 1.682 A and the other C-N and 
C- S bonds remain essentially unchanged. The geometry 
changes relative to singlet 2 are consistent with substantial local- 
ization of the HOMO at C(2). Energetically, reduction of the 
ions favours the formation of singlet 2 in the NRMS experi- 
ments, although, especially considering the similarity of the 
S-C(2)-N angles in 2" and triplet 2, the possibility of some 
endothermic neutralization to the latter cannot be ruled out on 
the basis of geometric differences. 


The transition structure TS 1-2 possesses features one ex- 
pects for a 1,2-hydrogen shift and has a typical frequency 
( z 2000 cm I)  for this type of process.[421 The energy required 
to surmount the barrier is 72.4 kcalmol-' coming from 1. Sim- 
ilarly, TS 1*+-2'+, the corresponding structure for the ions, lies 
62.8 kcalmol-I above 1". 


According to our calculations there is a stable radical cation 
3'' that has a cyclic structure, but curiously there seems to be no 
corresponding neutral molecule; optimisation attempts led in- 
stead to spontaneous ring opening and eventually to structure 4. 
The ionised counterpart of the latter (4") is also lower in energy 
than the cyclic ion 3" by 27 kcalmol-'. The deprotonated 
counterpart of 4 has been proposed to rationalise reactions of 
thiazole with bases in both solution[431 and gas-phase chem- 
i ~ t r y . [ ~ ~ l  


The transition structures TS 1-4 and TS 1" -3" determined 
for 1,2-hydrogen shifts from C(2) to the sulfur atom should lie 
high enough in energy (20.4 and 15.3 kcalmol-' relative to 4 
and 3") for the stable isomers to be observable under appropri- 
ate conditions. 


If the heat of formation of thiazole and also its ionisation 
energy were well established it should be possible to evaluate 
AHf(2) and AH,(2'+) from the computed energy differences be- 
tween the various species. However, the Lias compendium["] 
indicates that AHf(l) = 37+2 kcalmol-' is an estimated value. 
If we rely on this estimate together with our calculated differ- 
ence between 1 and 2, it puts AHf(2) at 68.5 kcalmol-'. Using 


the calculated energy difference between ylide 2 and its radical 
cation, we estimate AHf(l.+) to be 256 kcalmol-' with an un- 
certainty of several kcalmol- I .  The energy difference between 
the two neutrals can be combined with AH,(C,H4NSf) = 


187 kcal mol-', from the experimental proton affinity of thia- 
zole (PA(1) = 216.5 kcalmol-').[451 Howcver, we note that the 
value PA(2) = 247 kcalmol-I thus obtained is quite different 
from the 254.7 kcal mol- predicted by Sauer's calculations.[2"' 
Further calculations and experiments are necessary, and under- 
way, to alleviate this discrepancy. 


Conclusion 


The stability of the gaseous thiazole ylide 2, a model compound 
of Vitamin B, , provides support of mechanisms of thiamin ac- 
tion involving ylidic intermediates. The high barriers to isomeri- 
sation indicated by the computational and experimental results 
point to the possibility of directly observing 2 in the condensed 
phase under appropriate conditions, for example, by low-tem- 
perature matrix isolation. 


Experimental Procedure 


The tmdeni mass spectrometry experiments were performed at McMaster 
University on the VG Analytical ZAB-R. This BE,E, (B = magnet, 
E = electric sector) instrument and the details of the neutralization~-reioniza- 
tion mass spectrum acquisition have been previously described [29]. 
The ions of interest (e.g., m/z 85 in the case of C,H,NS' ' )  are mass-selected 
by B and subsequently (in a small gas cell located bctween B and E l )  subjected 
to collision with N.N-dimethylaniline. This results in neutralisation of a frac- 
tion of the ions generated in a 10 kV source by fast electron transfer. After 
exiting the cell any remaining ions are deflected away by a positively charged 
electrode, so that only a beam of fast-moving neutral species enters a second 
gas cell, whereupon they are (dissociatively) reionised by collisions with 
oyxgen molecules. The resulting ions are analysed by scanning E,.  If instead 
the reionised species are selectively transmitted at  a fixed E l  setting and 
helium gas is introduced in a third cell located between E l  and E,, an 
NR/CLD mass spectrum characteristic of the reioniscd neutrals can bc ob- 
tained by scanning the latter sector. Comparative CID experiments are per- 
formed analogously, but with the deflector electrode switched off. Spectra 
were recorded with a PC-based data system (Mommers Technologies, 
Ottawa, Canada). 
The compounds were purchased from commercial sources and used without 
further purification. Samples were introduced to the mass spectrometer either 
through an all-glass heated inlet system equipped with a leak valve or through 
a direct insertion-type probe having a glass bore and reservoir. At indicated 
pressurcs (monitored by a remote ionisation gauge) of typically 10 Torr, 
ions were formed by electron ionisation (70 cV) with the source temperature 
at 150°C. 
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The Vinylketene- Acylallene Rearrangement : Theory and Experiment 


Hervk Bibas, Ming Wah Wong,* and Curt Wentrup* 


Abstract: Alkoxyvinylketenes 4 are gener- 
ated by flash vacuum thermolysis (FVT) 
or photolysis of 3-alkoxycyclobutenones 
3. The thermal interconversion of 4 and 
allene carboxylic acid esters 5 under FVT 
conditions is demonstrated by Ar matrix 
FTIR spectroscopy. In addition, ethoxy- 
vinylketene 4 b undergoes thermal elimi- 
nation of ethene with formation of s-cis- 
and s-trans-acetylketene (8). An analog- 
ous aminovinylketene-to-allenecarbox- 
amide conversion is observed on FVT of 
3-dimethylaminocyclobutenone 3 c. A 
facile 1,3-chlorine migration in 2J-buta- 


dienoyl chloride (5d) is also reported. 
Consistent with the experimental observa- 
tions, 1,3-methoxy, 1 ,3-chloro, and 1.3- 
dimethylamino migrations in vinylketene 
are calculated (G 2(MP2,SVP) level) to 
have moderate barriers of 169, 157, and 
129 kJ mol-l, respectively, significantly 


Keywords 
ab initio calculations allenes * 


ketenes * matrix isolation * rear- 
rangements 


Introduction 


The chemistry of ketenes has been of much interest recently."] 
In previous work, we have shown that a-oxoketenes (acylket- 
enes) (1 a) undergo a degenerate thermal rearrangement involv- 
ing a I,3-shift of the group R (Scheme This migration is 


x=.- 
a: X=O, Y=O 
b: X=NR', Y=O 


C :  X=CR',, Y=O 
R > R 


1 2 
Schemc 1 


dramatically accelerated for electron-donating substituents R 
(OR', S R ,  and NR',) owing to a favorable overlap between the 
lone pair of the migrating atom and the vacant central carbon 
p orbital of the ketene LUMO.['] A similar reaction intercon- 
verts imidoylketenes ( I  b) and a-oxoketenimines (2 b) .L41 Further 
computational work indicates that the activation barriers are 
related to the electrophilicities of the carbon atoms where the 
migration occurs.[51 Thus, for 1,3-H migration, the activation 
barrier increases along the series r-oxoketene < r-oxoketen- 
imine < imidoylketene. It is intriguing to ask whether a similar 
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less than the corresponding 1,3-H shift 
barrier (273 kJ mol I ) .  The stabilization 
of the four-center transition structures is 
rationalized in terms of the donor-accep- 
tor interaction between the lone pair elec- 
trons of the migrating donor substituent 
and the vacant central carbon p orbital of 
the ketene LUMO. The predicted migra- 
tory aptitude in the series of substituted 
vinylketenes, R-C(=CH,)-CH=C=O, is 
in the order N(CH,),> SCH, > SH > 
CI> NH, >OCH, >OH > F > H  >CH,, 
and correlates well with the electron- 
donating ability of the R group. 


1,3-migration is possible for the vinyl analogues, which inter- 
converts vinylketenes (1 c) and acylallenes (2c). 


In this paper, we provide experimental evidence for the 1,3- 
migrations of methoxy, ethoxy, dimethylamino, and chlorine 
substituents in vinylketene ( I  c ) . [ ~ '  Ab initio calculations of the 
reaction profiles for the vinylketene -acylallene rearrangements 
were carried out to elucidate the mechanism of the 1 .3-migra- 
tion and to predict the migratory aptitude for a series of substi- 
tuted vinylketenes (R-C(=CH,)-CH=C=O). 


Results and Discussion 


1. Alkoxy groups: 3-Methoxycyclobutenone171 (3a) underwent 
flash vacuum thermolysis (FVT)['] at temperatures above 
400 "C to give the s-cis- and s-frans-methoxyvinylketenes["1(4 a, 
Scheme 2), as evidenced by Ar matrix isolation of the ketenes 
at 12 K. The characteristic bands are at 2134 and 2142 cm-' for 
s-cis- and s-tranL~-4a, respectively. The band at 21 38 cm- ' ap- 
pears to be due to a site of s-tr~n.r-4a (Figure 1 a). These assign- 
ments are discussed below. At 77 K (neat deposition), a single 
band at 2123 cm-'  is observed. A direct comparison of the full 
spectrum of 4a, generated by FVT at 500 "C and deposited in Ar 
matrix at 12 K,  with the calculated IR spectrum of s-rruns-4a 
shows that the s-trans conformer is the main species formed 
(Figure 2; Table I ) .  It appears that the band at  2142 cm-'  is the 
main absorption of the s-tmns vinylketene. Comparison of the 
intensities of the bands in the experimental spectrum with those 
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Figure 1. Partial Ar matrix FTlR spectra (I2 K) of the results of FVT of 3a under 
dirferent conditions (T = oven T (T), T, = deposition T ("C). V = vacuum 
(mhar), I, = deposition time (min), P = pressure of argon used during deposition 
(inbar)): a) T,=500, T,= -17, V = 2 x I O - ' ,  1,=19, P=190 ;  b) T,=540. 


r ,  = 1 5 , P = 5 0 ; d )  T , = 4 5 0 , T d =  -14. V =  3 x 1 0  ' .f,=lO,P=100(depnsition 
7': 17 K ) .  Peak assignment: 2142, s-trans-4a; 2138, a site of s-trans-4a; 2134, .v-ris- 
4 a  (;ippcars to have B contribution froin a second site oI's-trun.c-4a. 


T il- - -18. V = I O - ' ,  t d = 2 5 ,  P=155:  C) T;,=420, TI= -15, V = 2 ~ 1 0 - ' .  


A 
~ I , )  s-trans4a , I. 


(b) 1 J 


1 
3a 


I I I I I 
3500 3000 2500,,-1 2000 1500 1000 


Figure 2. IR spectra of s-irnns-4a. a) Calculated IR spcctrurn of.r-rfan.v-4a at the 
B3LYP,6-31 G* level, b) Ar matrix IR spectrum (12 K) of s-trrmr-4a (positive 
peaks). obtained by subtracting the spectrum of the FVT of 3a at 500'C from the 
spectruni o f 3 a  itsclf(negative peaks). m: peaks due to.s-cls-4a (2134, see Figure 1 3  
for details); 1233 cm - I ) .  


calculated for s-trans-la shows that the ratios between the band 
at  2138 cm- '  and those in the fingerprint region are too small; 
the band at 2142 cm-' is the only one in the C=C=O stretch 
region that agrees with the calculated ratio (of course, the errors 
in the calculated intensities are unknown, but they are not ex- 
pected to be large). As it will be seen below, the band a t  


Table 1. IR data [a] for .s-trrm-4a, matrix isolated 111 argon at 12 K and calculated 
at the B3-LYP/6-31 G* level. 


Calculated Experiment [b] 
I' I [dl c [c] I L' [dl 
Experiment [h] Calculated 


5 [c]  I 
~ 


748 89 
814 15 
926 8 


1081 53 
1096 32 
1141 1 
1185 11 
1270 112 
1337 89 
1418 16 
1448 5 


766 
830 
941 


1088 
1092 
1167 
1200 
1273 
1347 
1399 
1451 


S 


W 


vw 
rn 
S 


vw 
W 


S 


rn 
W 


vw 


1458 6 
1478 11 
1636 164 
2143 819 
2916 36 
2914 40 
3039 18 
3083 0 
3105 8 
3162 7 


1453 
1469 
1646 
2142 
291 3 
2970 
3016 


3122 


VW 


w 
S 


VS 


VW 


b 
vw 


vw 


[a] Frequencies in cni-' and inlcnsities In kmiiiol-'. [b] s-trrm.v-4a generated by 
FVT/matrix isolation (Ar, 12 K) of3a .  [c] Scaled by0.9613 (ref. [30]). [dl Relative 
intensity: vw = very weak, w = wcak, rn = medlum, s = strong. v s  = very strong. 
b = hroad. 


2138 cm-' is assigned to a site of the s-trans form, and the one 
at 2134cm-' to  the s-cis form. The corrected ratio""' .s-cis:s- 
transis ca. 0.1:l.  


Further evidence supporting the assignments is given by gen- 
eration of these bands by Ar matrix photolysis (6.5 K) of 3a 
(1000 W high-pressure Hg-Xe lamp; broad band; quartz). The 
s-cls form absorbing at  2134 cm-' is generated first (the evi- 
dence for this is given by a comparison of calculation with 
experiment) (Figure 3 and Table 2), but isomerizes to the s-trans 


I 3a I 
4600 35100 3000 25100 cm.i 2600 1<00 1600 


Figure 3. IR  spectra of s-cis-4a. a )  Calculated IR spectrum of . s - ~ 0 - 4 a  at the 
B3LYP16-31 G* level, b) Ar matrix IR spectrum (6 K) of .r-ris-4a (positive peaks), 
obtained after subtracting the spectrum of the photolysis (broad band) of 3 a  for 
6 min from the spectrum of 3 a  itself (negative peaks). m. peaks due to r-rrans-4a 
(2142, 2138 (see details in Figure4a), 1646, 1272, 1092cm-I). 


form (2142 and 2138 cm-') on further photolysis (ca. 1 : l  :2.5 
ratio after 6 min changing to  a ca. 1 : 1 : 1.2 ratio after 25 min, 
and finally to ca. 1 : 1 : 1 after 41 min). The nearly constant ratio 
between peaks at  2142 and 2138 cm- '  appears to  confirm that 
both of these peaks belong to the s-trans form. Furthermore, 
when these two bands increase in intensity, the other peaks 
belonging to the s-trans form (cf. Figure 2) also increase in in- 
tensity. When 3 a  is thermolyzed at  roughly constant tempera- 
ture but otherwise different conditions (defined in the caption of 
Figure I ) ,  the ratios of these three bands can change radically, 


~-~ ~ 
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Table 2. IR data [a] for s-cis-4a. matrix isolated in argon at 12 K and calculated at 
the B3-LYP/6-31 G* level. 


Experiment [b] 
I' L' I [dl 
Experiment [h] Calculated 


I [dl B [c] I 
Calculated 


B [c] I 


154 
873 
925 


1051 
1091 
1141 
1182 
1226 
1381 
1408 
1449 


82 759 s 
22 881 w 


39 1057 m 
5 


9 
1 
4 


246 1233 s 
56 1398 w 
44 1409 w 


8 1451 w 


1458 
1478 
1628 
2141 
2914 
2072 
3037 
3081 
3089 
3159 


6 
12 1469 w 


116 1637 s 
123 2134 vs 


37 
41 2961 h 
22 3015 vw 


11 3076 vw 
0 


7 


[a] Frequcncies in cm-'  and intensities in kmmol-I.  [h] s-cis-4a generated by 
irradiation (broad band, Ar, 12 K) of 3% [c] Scaled by 0.9613 (ref. [30]) .  
[d] Relative intensity: vw = very weak. w = weak, m = medium. s = strong, 
v b  = very strong, h = broad. 


suggesting that the band at  2138 cm- ' may bc due to a site effect 
and the one at  2134 cm-' has contributions from both a site of 
the s-trans and the s-cis form. Another possibility to consider is 
the formation of a rotamer of the s-trans form involving rota- 
tion of the methoxy group (Scheme 3). Indeed, the methyl group 


Scheme 3 Rotamers of .s-trun.s-4a. 


can be either proximal to or remote from the ketene moiety, and 
thus it can interact with this functionality, which is not possible 
in the s-cis form. Even though the value of 2138 cm-' equals the 
wavenumber for CO in argon matrices,["] this band cannot be 
due to CO formation because it is not observed when 3a is 
thermolyzed between 400 and 650 "C and the products isolated 
neat at 12 K. Here, the ketenes give a single, unresolved band at 
2129 cm-'. Neat CO under these conditions absorbs at  
2139 cm-'. Likewise, it can be excluded that the band a t  
2142 cm- ' is due to  the unsubstituted ketene itself, which could 
form in a cycloreversion of 3a with concomitant formation of 
methoxyacetylene; no other bands that could be due to 
ketene[12] appear. Further evidence against this cycloreversion 
process is detailed below for the case of 3 b. 


When the thermally and photochemically generated ketenes 
were trapped at  - 196°C and subsequently warmed up, rever- 
sion to  the starting material 3a was observed at  - 15 "C. Al- 
though the s-cis species is formed first upon Ar matrix photoly- 
sis (12 K) after 5 min irradiation, the s-trans species is the only 
one observed on photolysis a t  77 K, even aftcr 5 min of irradia- 
tion. This observation as well as the higher proportion of the 
s-trans form on FVT can be understood in terms of a greater 
thermodynamic stability of the s-trans form and a low barrier 
for interconversion of the two isomers. "Oh]  To prove this, an- 
nealing experiments were carried out on the photochemically 
generated s-cis ketene in Xe matrix (10 K) (Figure 4). After 
5 min of broadband irradiation of 3a, the s-cis and s-trans spe- 
cies were produced in a ca. 2.7:l corrected ratio["] (Figure 4, 


top). Annealing to 40 K did not 
modify this ratio. At  SO K, the 
1234 cm-' absorption charac- 
teristic of the s-cis form started 
to decrease slightly, with con- 
comitant increase in the 
1269 cm- '  band of the s-trans 
form. The corrected ratio was 
estimated to be 1.6: 1. The small 
change observed a t  5 0 K  in- 
creased drastically with anneal- 
ing at  6 0 K  for Smin. The 
s-trans species now became 
dominant, with a corrected ratio 


A 


1 260 1220 
crn-' 


of 0.3 : 1. The conversion is so Figure 4. Annealing experiment 


efficient that at 7o of s-ci.s-4a in xetion matrix at dit- 
fereiir nrobe temncraturcs. The o,lly the 


s-trans form was observed after peaks characteristic of .\-cis- xnd 


large change occurred. Before Table 1 ) .  * :  slte effect. 


annealing, only two bands were 
observed at 2133 and 2130 cm- '  due to the s-trans and s-cis 
forms, respectively. After annealing to 70 K, three bands at 
2133, 2130, and 2127 cm-' were observed in this region, all 
belonging to  the s-trans species, with a pattern similar to that 
found in Ar matrices (cf. Figure 1 c-d).[lobl 


At FVT temperatures above 650"C, weak allene bands were 
observed at  1980 and 1946 cm- '  (Ar, 12 K),  increasing in inten- 
sity until ca. 900 "C (Figure 5 a). Direct comparison with methyl 
allenecarboxylate (5 a) confirmed the 
The proof for the reversibility of this 
process was obtained when 5a was 
thermolyzed at  temperatures above 
625°C (Ar, 12 K).  All the bands in 
the ketene region assigned to  4 a 
were also observed in the allene case 
(Figure 5 b). 


Analogous FVT/matrix isolation 
of 3-ethoxycyclobutenone[' 31 (3 b) 
gave s-cis- and s-trans-ethoxy- 
vinylketene (4b) above 400 "C.  The 
conversion was complete a t  700 "C. 
The characteristic I R  bands of 4 b  
are a t  2136 and 2140cm-' (Ar, 
12 K) . As in the previous case, the 
s-trans species a t  2140 cm- '  is the 
main species formed on thermolysis. 
The evidence is again given by  the 
very good agreement between calcu- 


identity of these bands. 


am m 
cm.' 


Figure 5. Partial Ar matrix 
FTIR spectra (12  K )  of the 
results of I'VT of a )  3a dt 
700 'C; b) S a  at 710°C. 


lation and experiment (Figure 6, Table 3). The s-cis conformer 
at  2136 cm- '  was observed as well in small quantity (ca. 0.1 : 1 
ratio) Assuming this corrected ratio is accurate, then thc 
measured ratio between the two peaks in the C=C=O stretch 
region is too small (0.7: 1 ; the calculated extinction coefficients 
are roughly the same for these two peaks). This can again be 
understood if the peak at 2136cm-' is due to both a site of 
s-trans-4b and a contribution from s-cis-4 b. This was confirmed 
by thermolysis of 3 b a t  450 "C under different conditions. The 
peak at  2136 cm-' decreased in intensity when the Ar dilution 
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3500 3000 2500 2000 lSb0 Id00 
cm~l 


Figirrc 6. IR ?pectr;i of .s-tran.s-4b. a )  Calculatcd 1R spectrum at  the BRLYW6- 
31 G* level; b) Ar matrix spectrum ( 1 2  K )  o f .~ -1 rm~-4b  (positive peaks), obtained 
after subtracting the spectrum of the FVT o f 3 b  at 450 -C from the spectrum o f 3 b  
itself (negativc pcaks). m: s - ~ i \ - 4 b  (2114. 1232 cni I). 


Tablc 3. IK data [a] fors-tr.uru-4b, matrix isolated in argon a t  12 K and calculated 
;it the B3-LYPY-31 GC level. 


Experimcnt [b] 
1' I' I kll 
Experiment [b] Calculated 


I [dl i. [c] / 
C.rlculated 
i, [c] I 


748 87 165 m 1423 6 
812 0 1456 5 1449 vw 
814 11 834 w 1472 3 1463 vw 
91Y 1 1494 4 1487 vw 
957 13 980 m 1634 168 1640.1644 s 


1070 89 1086 ni 2143 794 2140 vs 
1095 13 1105 2905 23 2900 W 


I l l !  27 1128 w 2941 34 2946 b 
1151 5 2943 16 
1259 1 301 I 22 3000 h 
1267 156 1272 s 3017 29 
1329 105 1340 m 3082 0 
1371 16 1379 m 3104 8 3093 W 


I 400 9 1399 vw 3161 8 
~~~ ~ - 


[a] Frequencies iii c n - l  and intensities in kmmo1-l [b] s-trnn.s-4b generated by 
FVTimatrix isolation (Ar,  12 K )  d 3 b  [c] Scaled by 0.9613 (ref. [30]). [d] Relative 
intensity: v w  = very weak, M' =weak, m = nicdiuin, s = strong. vs = very strung. 
h = broad 


factor increased, that is, when the concentration of 3b  in the 
gas phase decreased. The .r-cis form absorbing at  2136 cm- 
was generated first on Ar matrix photolysis of 3b (broad 


21150 21b0 ~I 21ko 21 
cm 


band), but as expected 
isomerized to .s-~ans-4 b 
(2140 cm ') on further 
irradiation (2.8: 1 ratio 
after 5 min, changing to 
0.8: 1 after 30 min; Fig- 
ure 7). Once again, the 
calculated and experi- 
mental IR spectra of s- 
cis-4b are in excellent 
agreement (Figure 8, 
Table 4). 


It was mentioned 
Fieure7. Partial Ar matrix FTIR snectra above that 3a  did not 
(6 I() of the  result^ of photolysis (broad decompose into ketene 
band) of 3 b  after a )  5 min and b) 30 niin. 
Peaksat2136and2140cm'aredueto,s-ci.r- (lo) and methoxy- 
4 b  .ind .s-rvaws-4b, respectively. acetylene on FVT. Evi- 


3000 25b0 2cl0Ol 1 sbo 1000 
cm- 


Figure 8. IK spectra of 3-cis-4b. a) Calculated IR spectrum of c-cis-4b at the 
B3LYP,!6-31 G* level; b) Ar matrix spectrum (12 K) of.\-ci.\-4b (pos~tive peaks). 
obtained after subtracting the spectrum after photolysis (broad hand) of 3 b  for 
5 mm from the spectriim o f 3 b  itself (negiitivo peaks). m :  s-rrws-4b (2140 cin- ' ;  cf 
Figui-e 721). 


Table 4. IR data ki] for.s-cis-4b. matrix isolated in argon at 12 K and calculated at 
the B3-LYP,6-31 G* level 


Experimcnt [b] 
I' r 1 w Calculated 


i. [c] / 1 [dl a [c] I 
Calciilated Experimcnt [b] 


754 
814 
853 
912 
960 


1053 
1091 
1107 
1251 
1221 
1262 
1356 
1386 
1409 


79 
0 
9 
2 


I6 
71 


8 
9 
4 


31 1 
1 


47 
47 
37 


766 


980 
1071 


112x 


1232 


1365 
1390 
1427 


rn 


In 
m 


W 


S 


vw 
m 
W 


I41 3 
1457 
1412 
1494 
1626 
2140 
2904 
2940 
2944 
301 2 
3018 
3080 
3089 
31 59 


-~ 


5 
5 
3 
5 


122 1633 s 
745 2134 v? 
23 
34 2932 vw 
18 2945 YW 
24 3001 vw 
30 3009 vw 


10 307X w 
0 


8 


[a] Frequencies in cm- '  and intensities in kmmol-I. [b] .r-crs-4b generated by 
irradiation (broad band. Ar, 12 K) of 3b. [c] Scaled by 0.9613 (ref. 1301). 
[d] Relative intensity: vw = very weak, w =weak, m = medium. s = strong. 
vs = very strong, b = broad. 


dence is now given for the ethyl analogue 3b  (Scheme4). 
Ethoxyacetylene (9) was preparedrl4' and thermolyzed. On ma- 
trix isolation (Ar, 12 K), the characteristic absorptions of 9 are 
a t  3351 (s) and 3346 (s) cm-l  for the CH stretch and 2180 (w), 
2169 (vs), and 2156 (w) cm-' for the CC stretch. None of the 
absorptions assigned to  9 or  were observed on therniolysis 
of 3 b  at 400-920°C. FVT/matrix isolation of 9 gave 10 and 
ethene above 400 "C.[' '1 A six-electron transition state is postu- 
lated for this known process.['". 16' 


i 
=.=0 


10 
Schctne 4. 
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Formation of the starting material 3 b was observed when the 
thermally or photochemically generated ketenes 4 b were 
warmed from - 196 "C to  - 25 "C. Interconversion of the lcss 
stable s-cis to  the more stable s-trans form of 4b was observed 
in annealing experiments in Xe matrix in analogy with Figure 4. 


Chemical evidence for the structure of 4 b was obtained by 
generation at  450 "C with trapping on a cold finger coated with 
MeOH at  - 196 "C. After the finger had been allowed to warm 
up to room temperature, 'H NMR analysis demonstrated the 
formation of methyl 3-ethoxy-3-butenoate (6) and methyl (E)-3- 
ethoxy-2-butenoate ( (E)-7)  in a ratio 64:36 (70% yield with 
26 '/O of 3 b recovered) (Scheme 5 ) .  Photolysis of 3b on a prepar- 
ative scale in methanol solution gave, after purification, 6 and 
(E)-7 as a mixture as well as methyl (Z)-3-ethoxy-2-butenoate 
((2)-7) in a ratio 44:47: 7 (80 % yield with 2 YO of 3 b recovered). 


4b 


MeOH \ 
6e 


MeOH I \< 
1 \ 


Ae 
1 


11 


Scheme 5 .  


(2)-7 is formed by photochemical cis- trans isomerization of 
(E)-7.  The formation of 6 and (E)-7 can be understood in terms 
of initial formation of a n  enol 6e  (or enolate)["] (Scheme 5 ) .  
(E)-7 may also be formed by 1,4-addition. Isomerization of the 
less stable P,y-unsaturated ester["] 6 to the qfi-conjugated ester 
(E)-7 was not observed: GC-MS of the mixture of photochem- 
ically prepared 6 and (E)-7, with 60-100 "C as the initial tem- 
perature, gave no change in the ratio of these two compounds. 
Compound (E)-7 was also obtained from ethoxymethylene- 
ketene (12), itself prepared by FVT of the Meldrum's acid 
derivative 11 at  475 0C.['91 


FVT of 3b above 690°C gave rise to allene bands at  1985, 
1979, and 1943 cm-' (Ar, 12 K) or  1971 and 1941 cm- '  (neat, 
77 K), identical with those of ethyl allenecarboxylate (5b). The 
latter was also unambiguously identified by 'H N M R  spec- 
troscopy of the product of a preparative thermolysis of 3b at  
690°C . 


The allene bands in the IR spectrum increased until 730 T, 
whereupon they decreased again, disappearing entirely a t  
920 "C. Throughout this temperature range ( ~ 6 0 0 - 9 2 0  "C), 


a new set of bands belonging to acetylketene (8) grew in intensi- 
ty.[201 As we have recently characterized acetylketene very thor- 
oughly,[*] we readily recognized this pattern as thc s-trans and 
s-cis forms of 8 (ratio ca. 1 :I).[*'] Bands due to ethene were also 
identified at  948, 2996, and 3096cm--'. The formation of 
acetylketene and ethene is readily understood in terms of ther- 
mal cis-elimination through a six-electron transition state from 
the ethoxyvinylketenes (4b) (Scheme 6 ) .  


Me 
\ 


- 
s-trans-4 b s-cis-8 


II 


- Me O h \  ;\ 


'0 
s-trans4 


'0 
s-cis-4b 


Scheme 6 


At still higher temperatures (> 800 "C) acetylketene under- 
went partial decomposition to give CO, and propyne 15 (3323, 
2137 cm- ') (also observed when other acetylketene precur- 
sors[81 were 


Proof of the interconversion of vinylketenes 4b and ethoxy- 
carbonylallene 5 b was obtained by FVT of the latter at 570- 
800 "C. Again, the vinylketene bands due to s-cis- and s-trans-4 b 
were observed, as well as those due to  s-cis- and s-trans-8 and 
ethene, which increased in intensity with the temperature. The 
formation of 8, ethene, 15, and CO, by FVT of 5 b was con- 
firmed by direct on-line monitoring of the reactions by mass 
spectrometry.[231 


Another allene derivative was briefly investigated and indi- 
cates the generality of the rearrangement. Thus, FVT of 
trimethylsilyl allenecarboxylate (1972, 1942 cm- I ;  77 K) at  
temperatures above 600 "C gave rise to  a ketene absorption at  
2126 cni-'. 


2. Dimethylamino group: Probably the most intriguing I ,3-shift 
is that involving the amino group (Scheme 7). A variation of the 
method described by Wasserman et al. was used to prepare 
3c."3' 


FVT of 3c caused the emergence of new allene absorptions 
due to 5 c  at  1969 and 1948 cm- ' (77 K) already at 500°C in 
agreement with the lower calculated barrier for the 1,3-shift of 
a dialkylamino group (see Section 4). Allene 5c was unambigu- 
ously identified by direct comparison with an authentic sample, 
but 4c was not observed at  all on thermolysis, even when using 
matrix isolation (Ar, 12 K). It was, however, observed a t  
2132 cm-' on broad-band photolysis of 3c in an Ar matrix a t  
12 K.[241 The amount of ketene generated by photolysis of a 
film of neat 3c at  77 K was, however, too small for a meaningful 
warmup experiment to  determine wether this ketene cyclized 
back to 3c. 
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f l  


5c 


16 I - 50 "C HNMe, 


0 
97, 


CI' '\ fi 
5d 


Scheine 7 


Thc 1,3-shift of the dimethylamino group was confirmed by 
FVT of allenic amide 512, obtained by adding 2,3-butadienoyl 
chloride (5d) to a solution of diethylamine in THErz5]  Even 
though 4 c  itself was not observed, strong evidence was provided 
by the isolation of 3c by using FVT temperatures above 470 "C. 
By Ar matrix isolation (12 K) 3c was characterized at 1772, 
1722, 1391, 1362, and 1038 cm-'. At higher temperature 5c 
decomposes further through a retroene reaction, which will be 
described elsewhere.[" bJ 


3. Chloro substituent: 2,3-Butadienoyl chloride (5d) was sub- 
jected to FVT between 320 and 850°C. A ketene band was 
observed on argon matrix isolation (12 K) above 370°C (Fig- 
ure 9 a) due to the exclusive formation of s-tvnns-(chloroviny1)- 


2200 2000 2200 c m ~ l  2000 2200 2000 


Figure 9. Partial Ar matrix FTIK spectra (12 K )  of the results <)I' FVT of 5 d ,  
a )  .i-trut1.!-4d (2140 cm ') forined ;it 400 'C, b) ~-trau.s-4d (cf. Figure 10c, Fable 5 )  
:it 530 'C. c) 18 (2242 cm ; cf. Table 6) and 4d formed at X00 ' C. 


ketene (s-truns-4d, Scheme 8 ) .  The evidence is given by the very 
good agreement between calculated and experimental data (Fig- 
ure 10b,c; Table 5 ) .  The s-cis rotamer was not observed: s-cis- 
4d  has the strongest calculated absorption ( in  the fingerprint 
region) at 1087cm-' and no signal near this value was de- 
tcctable (Figure 10a,c; Table 5). 


Generation of 4 d  a t  550°C with trapping on a cold finger 
coated with methanol at - 196 "C gave mainly 3-chloro-3- 
butenoaterZ6] (17) (73 % yield). Not even traces of 3-chloro-2- 


s-trans-4d 


1 
I A  


s-trans-5d 


II 
kH 0 


$ 
s-cis-5d 


-HCI\ 


0 - _ _  -_. -. -. = 
18 


Schemc 8 


5d 


I I I I I 
3500 3000 2500 2000 1500 l D O 0  


cm-' 


1 


Figurc 10. IR spectra or , s - /run.~4d.  Calculated I K  spectrum of a) .\-cis-4d and 
b) .s-rrans-4d a1 the B3LYP/6-31 G* level. c) Ar matrix specti-urn of s-/rous-ild 
(positivc peaks), obtained after subtracting thc spectrum of the FVT of S d  at 530 C 
(Figurc 9 b) from the spectrum of 5 d  itself (negative peaks) 


Table 5. IR dala [a] for s-/rnris-4d, matrix isolated in argon and nitrogen at 12 K. 
and for s-/run.r- and s-c.is-4d. calculated at the B3-LYP16-31 G* Icvel. 


.s-trcrn.s-4d,calcd [b] .r-1rans-4d, Ar [c] s-/mns-4d. N2  [c] s-ci,r-4d, calcd [b] 
1' I I, I [d] i I [d] ? I 


817 
907 


1090 
1175 
1326 
1417 
1628 
2149 
3064 
3079 
31s5 


601 835 ni 
9 924 w 


20  
62 1188 m 


3 
3 


106 1616 s 
a x  2140 v~ 


3 
7 


841, 844 m 842 56 
931 12 


1087 XO 
1191 in 1103 I 1  


13SY 32 
1399 -- 


3616 b 1625 58 
2144 vs 2141 140 


3062 1 
309 1 12 
3151 1 


71 


[a] Frequencies in c m - '  and intensities in  kmniol-  I [b] Frequencies sciilcd by 
0.9613 (ref: [30]). [c] s-rruun.r-4d generated by FVT;inatrix isolation (Ar or N 2 .  
12 K )  of S d .  [d] Relative intensity. vw = very weak, w = weak, m = medium. 
s = strong, vs = very strong. b = broad. 


butenoater2'] were detected When the thermally generated 
ketene 4 d  (2130cm-', 77 K) was warmed from -196-C 
to - 25 'C in an Ar atmosphere, several new bands in the car- 
bony1 region were observed, but no major compound could be 
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isolated. 3-Chlorocyclobutenone is less stable than ketene 
4d.['" 


FVT above 530 "C (Figure 9 b) gave rise to a new band at 
2242 cm- ' due to the formation of butatrienone (18) and HCI 
(2888, 2864, and 2816 (dimer) cm-'). This band became domi- 
nant at above 780 "C (Figure 9c). This latter observation is in 
agreement with a report by Brown et al.,[241 who observed 18 on 
FVT of 5d between 710-880°C. A comparison with the data of 
Brown et al., and with calculations, shows very good agreement 
(Table 6; Figure 9b-c). 


Tahle 6. IR data [a] for hutatrienone (IS), matrix isolated in argon at 12 K and 
calculated a t  the B3-LYP/6-31 G* level 


Literature [d] 
V V V I I [el I 


Experiment [c] Calculated [b] 


~~ 


1454 m 1456 11 
1484 82 1495 m 1495 6 
2003 1 


2220 S 2219 26 
2267 1976 2242 VI 2242 88 


2965 W 2964 1 
3044 13 3025 W 3025 3 
31 I7 1 


[a] Frequencies in cm-l  and intensities in kmmol- ' .  [b] Frequencies scaled by 
0.9613 (ref, [30]). [c] 18 generatcd by FVT/matrix isolation (Ar, 12 K) of 5d. 
[d] R. F. C. Brown et al. (ref. [24]). [el Relative intensity: w = weak, m = medium, 
s = strong, vs = very strong. 


One source of 18 could be syn-elimination of HCl from s-cis- 
5d. Another pathway would be the HC1 elimination from s-cis- 
4d itself (Scheme 8). The fact that the s-cis form of 4d is not 
observed is probably due to stability differences. According to 
calculations (cf. Section 4) s-trans-4d is predicted to be more 
stable than the s-cis form by 9 kJmol-' with a rotation barrier 
of 19 kJmol-'. 


4. Theory: The structures and energies of vinylketenes 19 and 
acylallenes 20, and transition structures for the 1,3-R migration 
(21) (Scheme 9), were investigated using the G2(MP2,SVP) 
theory.[29] Note that the calculated G 2(MP 2,SVP) relative en- 
ergies are close to those reported earlier at the QCISD(T)/6- 
31 1 + G(2d,p)//MP 2/6-31 G* + ZPVE level.[61 Optimized struc- 
tural parameters for .s-trans-19, s-trans-20, and the 21 are given 


s-trans-I 9 s-cis-19 
9 H H\ / 


H s 1  


s-trans-20 s-CIS-20 1,3-R shift TS (21) 


Scheme 9 R = H (a), CH, (b), NH, (c). OH (d), F (e). SH (f), CI (g), OCH, (h), 
SCH, (i) ,  and N(CH,), 0) 


Table 7. Calculated structural parameters (MP2i6-31 G*) [a] for ,s-trmi.~-19. .s-rroru-20, and 
21 [b] 


H CH, NH, O H  F SH C1 OCH, SCH, N(CH,), 


1.089 ISM 
1.344 1.346 
1.458 1.465 
1.329 1.329 
1.181 1.181 
119.3 122.1 
316.8 117.2 
122.3 122.6 


i . i m  1.512 
1.227 1.231 
1.475 1.487 
1.321 1.320 
1.311 1.312 
121.6 122.2 
115.2 118.3 
120.1 123.3 


1.438 2.012 
1.421 1.967 
1.337 1.331 
1.381 1.370 
1.414 1.396 
1.201 1.198 
123.1 113.5 
85.9 96.4 
95.7 101.0 
146.4 144.5 


1.414 
1.347 
1.466 
1.331 
1.180 
124.0 
113.2 
120.7 


1388 
1.344 
1.456 
1.330 
1.178 
124.3 
110.7 
120.6 


1.369 1.360 
1.231 1.221 
1.496 1.477 
1.317 1.318 
1.313 1.310 
123.1 123.0 
116.0 113.0 
124.0 123.3 


2.367 1.780 
1.336 1.347 
1.451 1.461 
1.331 1.330 
1.177 1.179 
1197 123.8 
111.8 114.6 
120.0 124.2 


1.364 
1.202 


1.319 
1.309 
121.1 
11 2.2 
122.4 


I .470 


1.801 
1.222 
1.481 
1318 
1311 
122.5 
115.5 
123.3 


1.906 1.811 1.799 2.197 
1.519 1.595 1.712 2.019 
1.328 1.325 1.317 1.329 
1.375 1.374 1.370 1.376 
1.424 1.408 1.393 1.415 
1.21X 1.198 1.177 1.201 
122.3 117.5 1149 123.0 
81.9 85.1 87.3 88.0 
1022 101.8 104.8 109.4 
140.0 146.1 152.5 140.7 


1.749 
1342 
1.454 
1.332 
I117 
119.9 
115.3 
122.9 


1791 
1.207 
1.472 
1.319 
1.309 
120.7 
115.1 
124.3 


2 229 
2.226 
1.321 
1.367 
1.395 
1.177 
117.9 
91.9 
113.0 
150.0 


1.373 I773  1.421 
1 347 1.340 1 349 
1.460 1.464 1.469 
1.329 1330 1.331 


126.1 125.2 124.9 
109.9 114.0 113.3 
120.5 124.5 ll9.X 


1.179 L I X O  i.ixn 


I 354 1.785 1.370 
1.222 1.227 1237 
1 480 I .482 I.499 
1.318 1.318 1.317 
1.310 1311 1.313 
124.0 122.3 123 1 
112.4 116.2 118.6 
123.5 123.6 124.2 


1.802 2.178 1.968 
1 579 1 037 1.507 
1.327 1331 1329 
1.373 1 178 1.369 
1.410 1 422 1.428 
1.200 1210 1.221 
117.4 123.4 122.4 
85.0 86.X 80.9 
101.2 107.3 102.8 
145.9 139.7 138.9 


[a] Bond lengths in A and bond angles in degrees. [b] At0111 lahels are given in Scheme 9. 


Table 8 .  Calculatcd relative energies (kJrno1-l) [d.b] 


R .s-trans-19 .s-i.is-19 .\-~rnii.s-20 .s-ris-20 21 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


6.0 
8.2 
3.5 
8.5 
6.1 
4.3 
8.7 
8.2 
4.5 
2.3 


44.7 
32.9 


-22.3 
- 24.6 
- 17.2 


8.7 
11.8 


-23.6 
4.6 


-13.2 


56.6 
41.X 


-13.1 
- 23.0 
- 15.0 


14 7 
16 0 


-23 0 
8.3 


-9.9 


272.5 
332.6 
165.7 
I86 1 
1 X4.0 
152.7 
156.9 
169.0 
146.7 
128.8 


[a] G 2(MP2,SVP) Eo values. [b] Calculated E, values for .s-ti-inr.s-lO (G 2- 
(MP2,SVP)): -229.60378 (R = H).  -268.64766 (R = CH,). -284.6X675 ( R  = 
NH,), -304.55127 (R = OH), -328.56117 (R = F), -627.14902 (R = SH),  
-688.54812 (R = Cl), -343.72770 (R = OCH,), and -666.33799 (R = SCH,). 
and -363.05063 (R == N(CH,),) hartrees. 


in Table 7 and calculated G2(MP2,SVP) relatives energies are 
summarized in Table 8. 


Vinylketene/acylallene equilibrium: There are two possible con- 
formations of vinylketenes 19 and acylallenes 20, s-trans and 
s-cis (Scheme 9). For all the substituents considered (a-j), the 
s-trans conformation is the preferred conformer (Table 8). The 
s-cisls-trans energy difference ranges from 2 to 12 kJ mol- The 
s-tram and s-cis conformers are connected by the transition 
structure for rotation. The calculated rotational barriers for 
vinylketenes are of the order of 20 kJmol-'  (R = H, CI, and 
OCH,). A slightly higher value, 31 kJmol-' for R = H, is pre- 
dicted for the rotational barrier for acylallenes. Thus, one would 
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expect the two conformers of vinylketenes and acylallenes to 
exist in equilibrium under high-temperature FVT conditions. 
Th.is result is consistent with the experimental observations of 
both conformers for methoxy- and ethoxy-substituted 
vinylketenes. The calculated vinylketene/acylallene energy dif- 
ference depends on the R substituent. A greater stability of the 
allenes is predicted for R = NH,, OH, F, OCH,, and N(CH,), , 
while vinylketenes are preferred for the others (Table 8). 


Infrared Spectra: To facilitate the cxpcrimental characteriza- 
tion, infrared spectra of all ten vinylketenes 19 and acylallenes 
20. calculated at  the H3-LYP/6-31 G* level, are reported 
(Table 9). This level of theory is shown to provide reliable pre- 


Table 9. Calculated (B3-LYP16-31 G*) frequencies [a] (cm-') and infrared inten- 
sities ( in  parentheses. kmmol I) of the main bands of vinylketenes 19 and acylal- 
lenes 20. 


2133 (899) 


2129 (807) 
1637 (68) 


1639 (56) 
2133 (781) 
1653 (121) 
2146 (838) 
1651 (212) 
2152 (863) 
1670 (177) 
2138 (793) 


2149 (838) 


2141 (819) 
1636 (164) 


1619 (114) 
2136 (787) 
1598 (74) 


1605 (78) 


1628 (106) 


2131 (745) 


2128 (698) 
1634 (42) 
2129 (716) 
1642 (34) 
2138 (691) 
1644 (105) 
2143 (691) 
1641 (151) 
2147 (682) 
I661 (118) 
2136 (768) 
1606 (41) 
2141 (740) 
1625 (58) 
2141 (723) 
1628 (116) 
2135 (748) 
1609 (107) 
2134 (797) 
1599 (52) 


1968 (108) 
1727 (310) 
1971 (103) 
1714 (251) 
1974 (80) 
1726 (361) 
1982 (109) 
1754 (405) 
1981 (104) 
1819 (427) 
1975 (85) 
1717 (322) 
1979 (98) 
1791 (394) 


1735 (313) 
1978 (77) 
1674 (347) 
1975 (92) 
1690 (268) 


1982 (110) 


1971 (141) 
1726 (186) 
1975 (151) 
1721 (141) 
1988 (110) 
1727 (227) 


1759 (246) 
1983 (114) 
1x22 (269) 
1976 (163) 
1732 (191 j 
1973 (156) 
1805 (233) 
1986 (122) 
1741 (181) 
1985 (129) 


1976 (166) 
1705 (1 56) 


19x7 (120) 


1677 (230) 


[a] Scaled by 0.9613 (ref. [?O]) 


diction for experimental frequencies.[301 For  instance, the calcu- 
lated (scaled) B3-LYP/6-31 G* C = C = O  frequencies of s-(Z)- 
and .s-(E)-acetylketenes are 2150 and 2135 cm-', in excellent 
agreement with the experimental values (2143 and 2133 cm- I ,  


respectively) .['I The characteristic features of the IR spectra of 
the vinylketenes (19) are the strong absorption bands due to the 
ketenic (C=C=O) and ethylenic (C=C) stretching vibrations. 
In general, the s-trans conformers are calculated to  have higher 
frequency and more intense ketenic and ethylenic stretching 
vibrations than the corresponding s-cis rotamers. The charac- 
teristic IR absorptions for acylallenes 20 are the allenic 
(C'=C=C) and carbonyl (C=O) stretching vibrations. Here, the 
c cis conformers are predicted to  have higher frequency but less 
in tense carbonyl bands than the corresponding s-trans forms. 
On the other hand, the s-cis conformers are calculated to have 
higher frequencies and more intense allenic bands. Thus, one 
may distinguish between the s-trans and s-cis conformers of 
vinylketenes and acylallenes based on the frequency difference 
and intensity ratio for their two characteristic vibrational mod- 
es. For s-trans- and s-cis-methoxyvinylketenes (19d, R = 


OCH,), our calculated results for the C=C and C=C=O vibra- 
tions are in excellent accord with the observed values (Section 1 ; 
Figures 2, 3, 6, and 8).  


1,3-Migration: As with a-oxoketenesL3I and imidoylketenes,['] 
the concerted 1,3-R shift, via a four-centered transition struc- 
ture 21, is the most favorable route for 1,3-migration in 
vinylketenes. Other plausible routes for the 1,3-migration pro- 
cess, namely, cleavage of the C-R bond and recombination. 
and two successive 1,2-R shifts, are calculated to be higher in 
energy (by 444 and 395 kJ mol-', respectively, for R = H). The 
direct 1.3-hydrogen shift of the parent compound (19a) requires 
an activation barrier of 273 kJmo1-l. This is significantly 
higher than those calculated for the 0x0 (143 kJmol-') and 
imine (194 kJmol- ') analogues. 


Next, we consider the effect of several simpie substituents- 
CH, (b), NH, (c), OH (d), F (e), SH (f) and CI (g)-on the 
calculated 1,3-migration barrier height. As shown in Table 8, 
substitution of an electron-rich group (c-g), with one or more 
unshared pairs of electrons, for hydrogen decreases the activa- 
tion barrier. On the other hand, a significant destabilizing effect 
is calculated for a methyl substituent (b). As with a-oxoketenes 
and iinidoylketenes, the origin of the dramatic rate acceleration 
by electron-rich substituents in vinylketene-acylallene rear- 
rangements can be understood in terms of a favorable donor 
acceptor interaction. The direct I ,3-R shift involves an interac- 
tion between the R group and the central carbon atom of the 
ketene moiety in the four-centered transition structure. The low- 
est unoccupied molecular orbital (LUMO) of s-trans-vinylkete- 
nes (or acylallenes) indicates that there is a vacant atomic p 
orbital (with the largest coefficient) a t  the central carbon atom 
in the molecular plane (Figure 11 a). Thus, one would expect n 
electron donor substituents (c-g) to  interact favorably with the 
vacant p orbital and thus stabilize the 1,3-migration transition 
structures. The (symmetry allowed) donor -acceptor interaction 
between the lone pair electrons of a hydroxyl group and the 
ketene acceptor orbital in 19d is illustrated in Figure 11 b. 


H \*/H 


I 


H \C/H 


I 
I 


R 


I 
0 


(a) (b) 


Figure 11. a) The lowest unoccupied molecular orb~ta l  (LUMO) of .s-tmns-vinyl- 
ketenes. b) The donor-acceptor interaction between the lone pair electrons of a 
hydroxyl group and the vacant carbon p orbital G f  the ketene in 19d. 


For the second-row substituents, SH (f) and CI (g), the calcu- 
lated barriers are lower, by ~ 3 0  kJmol-' ,  than those of the 
corresponding first-row analogues (ix., OH (d) and F (e), re- 
spectively). The lower activation barriers may partly be attribut- 
ed to the fact that the four-centered transition structures in the 
second-row systems (2 l f  and 21g) have significantly less ring 
strain. This is reflected in the larger calculated C,C,C, bond 
angles for transition structures 21f and 21g (Table 7). The 1,3- 
shift transition structure (21) involve a partially broken C,-R 
bond. Thus, the magnitude of the C-R bond dissociation ener- 
gy, which is smaller for the second-row systems, could also be a 
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contributing factor influencing the barrier height. Second-row 
elements are less electronegative and more nucleophilic. They 
are "soft" nucleophiles in the sense of hard and soft acids and 
bases. The methyl group (b) is calculated to be a poor migrator. 
In this case, there is no lone pair available for a donor-acceptor 
interaction. Furthermore, a pentacoordinated carbon is re- 
quired in the 1,3-migration transition structure (21 b). As a con- 
sequence, the 1,3-methyl shift in vinylketene would involve a 
very substantial barrier of 333 kJmol-l, 60 kJmol-' higher 
than the 1,3-hydrogen shift in 19a. 


The importance of donor-acceptor interaction is further sup- 
ported by calculations on methyl-substituted n electron donor 
groups, namely, OCH, (h), SCH, (i), and N(CH,), 0'). Methyl 
substitution on OH (d), NH, (c), and SH (f) groups increase 
their electron-releasing abilities, and thus one would expect an 
increase in strength of the donor -acceptor interaction. Indeed, 
the calculated barrier heights for OCH,, SCH,, and N(CH,), 
substituents are significantly less than for the corresponding 
unsubstituted ones (i.e., OH, SH, and NH,, respectively), by 17, 
6, and 37 kJmol-', respectively. Thus, the predicted order of 
1,3-migratory aptitude in vinylketenes is N R ,  > S R  > O R ,  
where R = alkyl group. This calculated trend agrees well with 
experimental findings for the 1,3-migration in imidoylketenesr4' 
and thioacyl isocyanates (R-C( = S)-N=C=O), isoelectronic 
analogues of a~yl(vinyI)ketenes.[~ I 1  Our calculated activation 
energies for methoxy (h) and dimethylamino (j) substituents 
are 169 and 129 kJmol- respectively. These results are in ex- 
cellent accord with experimental findings (Sections 1 and 2): 


the 1,3-migration process for 19j 
requires a lower FVT temperature 
than that of 19h. It is interesting to 


1.482 c note that a stable cyclic intermediate 
(22) is calculated for the dimethyl- 
amino substituent. This intramolecu- 
lar amine-ketene zwitterion lies 


o 1.205 21 kJmo1-l above the open-chain 
22 vinylketene (19j). However, ring- 


opening of this cyclic ylide to 19j is 
associated with a small barrier of just 1 kJmol-'. The C-N 
bond distance is rather long (1.774 A, MP2/6-31 G*). 


For all the R substitutents (a-j), the 1,3-migration barriers 
are in the order a-oxoketene < imidoylketene < vinylketene. In 
particular, the 1,3-migration barrier in vinylketene is approxi- 
mately 100 kJ mol- ' higher than that of a-oxoketene. Thus, one 
can only expect to observe the vinylketene-acylallene rear- 
rangement (19+20) for the most favorable migrating groups, 
that is, for alkoxy, thioalkoxy, amino groups, and the halogens. 
For 1,3-H migration, the calculated activation barrier increases 
along the series (H-C(=X)-CH=C=Y) a-oxoketene < a-oxo- 
ketenimine < imidoylketene < acylallene < vinylketene. An ex- 
cellent correlation (Rz  = 0.99) is observed between the barrier 
height and the energy difference between the ketene LUMO 
(acceptor MO) and the occupied orbital (donor MO) involving 
the migrating group (Figure 12). This result provides further 
evidence for our donor -acceptor hypothesis. 


In summary, electron-rich substituents strongly stabilize the 
transition structures for 1,3-migration in vinylketenes. The in- 
teraction between the R group and the ketene LUMO, in 
particular the atomic p orbital at the central carbon (Figure l l ) ,  


H\ lH c / /  1.343 


H3C ,,,, / 
H,C/N--- C--H 


1.774 \ >  'c 41'383 
/ /  


Y=O 


100, ' I ' I ' I ' I . I ' -I 
0.52 0.54 0.56 0.58 0.60 0.62 0.64 


E(acceptor4onor) (hartrees) 


Figure 12. Plot ofthe 1,3-H shift barrier height (kJ mol ~ I )  against thc energy differ- 
ence (hartrees) between the orbitals of the donor (involving the migrating H atom) 
and the acceptor (ketene LUMO) for the series ofcumulenes H-C(=X)-CH=C=Y 
(1 hartree = 2625.5 kJmol-I). 


is the key factor in determining the magnitude of the activa- 
tion barrier. The predicted migratory aptitude is in the or- 
der N(CH,), > SCH, > SH > C1> NH, > OCH, > OH > F > H 
> CH,. Since the methylthio group (19i) has an activation bar- 
rier (147 kJmol-') smaller than that of the methoxy group 
(19d), we expect 1,3-S-alkyl shifts in (alky1thio)vinylketenes 
and -acylallene~[~~] to be observable processes. 


Conclusions 


Alkoxyvinylketenes (4a and 4b) undergo thermal interconver- 
sion with alkoxycarbonylallenes under FVT conditions above 
630 "C, the allenes being the thermodynamically most stable 
isomers in this equilibrium. Allenecarboxamides isomerize to 
3-aminocyclobutenone (3c) via unobserved aminovinylketenes 
4 c  above 500 "C. ChlorocarbonyIakne 5d interconverts with 
chlorovinylketene 4d above 370 "C. A competing HCI elimina- 
tion to butatrienone (18) is also observed. Ab initio calculations 
indicate that the vinylketene-acylallene rearrangements pro- 
ceed via a concerted 1,3-R shift, involving a four-centered cyclic 
transition structure. The migratory aptitude is in the or- 
der N(CH,), > SCH, > SH > CI > NH, > OCH, > OH > F > H 
> CH,. The calculated barriers in the series R-C(=CH,)- 
CH=C=O decrease with the increasing electron releasing abili- 
ty of R. The stabilizing effect of the electron-rich substituents is 
readily understood in terms of the favorable interaction between 
the R group and the vacant central carbon p orbital of the 
ketene (or allene) moiety in the molecular plane. 


Experimental and Computational Procedures 


Computational Methods: Standard ab initio [33] and density functional [34] 
calculations were carried out with the Gaussian92/DFT [35] system of pro- 
grams. The structures and energies of vinylketeues, acylallenes. 1.3-migration 
transition structures, and related species were investigated by the 
G2(MP2,SVP) theory [29]. The G2(MP2,SVP) method, described in detail 
elsewhere [29], is a composite procedure based effectively on QCISD(T)/B- 
31 1 + G(3df,2p)//MP2/6-31 G* energies (evaluated by making certain addi- 
tivity assumptions) together with zero-point vibrational and isogyric correc- 
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tions. Harmonic vibrational frequencies and infrared intensitics were calcu- 
lated at the R3-LYP,'6-31 G* level. The 93-LYP formulation [36] of density 
functional theory correspond to Becke's 3-parameter exchange functional 
[36a] together with Lec-Ymg- Parr correctional functional [36b]. The direct- 
ly calculated frequencies were scaled by 0.9613 to account for the average 
overestimation of vibrational frequencies at this level of theory [30]. The 
frolen-core approximation was employed for all single-point correlated cal- 
culation>. All tramition structures arc calculated to have one imaginary 
frequcncy and the specific reactant and product linked by a particular transi- 
tion structure werc confii-med by intrinsic reaction coordinate ( I  RC) calcula- 
tions. 


Preparative flash vacuum thermolysis (FVT) was carried out in electrically 
heatcd quartz tubes. 40 cm long, 2 cm in diamcter. Samples were sublimed or 
mporized into the pyrolysis tube from a reservoir cooled in dichloromethanel 
liquid N,, whcn neccssary. The system was evacuated to ca. lo-'  mbar and 
continuously pumped during FVT using a Leybold-Heraeus turbomolecular 
pump PT 150. The pyrolysatc was co-condensed with methanol vapor on the 
77 K cold finger, whereby methanol was introduced betwecn the exit of  the 
pyrolysis ovcn and the cold fiugcr. Further details of the FVT apparatus have 
bcen published 1371. 


Matrix isolation was carried out using 10 cm long, 0.8 cm diameter quartz 
tube in an oven dircctly attached to the vacuum shroud of a Leyhold-Heraeus 
o r  Air Products liquid Hc cryostat [37]. Argon, nitrogen, and xcnon were 
used as matrix media, which werc passed over the sample while it was sublim- 
ing, and co-condensed as a matrix at ca. 12 or 6.5 K on a BaF, window for 
IR specrroscopy. Annealing experiments were carried out using a Lakeshore 
Model 330 autotuning tempcrature controller. Neat isolation at 77 K was 
carried out in a similar apparatus using a Iiq. N, cryostat [37]. 


Photolysis was carricd out in quartz tubes (4.5 cin diametcr, 20 cm length) 
using broad-band irradiation (1000 W high-pressure Hg-~Xc lamps, Oriel). 


Matrix IR spectra were recorded on Perkin Elmer 1720X or System 2000 
instrumcnts. ' H  and " C  NMR spectra were rccorded on a Bruker AC200 
(200 MHz), mass spectra (70 eV; direct insertion) on a Kratos MS25RFA. 
and GC-MS o n  a Hewlett-Packard 59928 instrument. 


Materials: Mcthyl(tripheiiylphosphoranylideile)acet~ite and ethyl (triphenyl- 
phosphoranylidene) acetate were obtained from Aldrich. Ketene [38] was 
pi-oduced using the ketenc lamp described by Hurd and Williams [39]. Melt- 
ing points are uncorrected. 


3-Methoxycyclobntenone (3 a )  was synthesized according to ref. [7]. IR 
(neat, -196 C ) :  a = 2945(vw), 1775(w), 1751 (m), 1654(vwj, 1584(s), 1458 
(w). 1433(w).1417(w), 1341 (m). 1226(w), 1043(w). 1007(mj,958(m),811 
(wj. 762 (w) cm '. 1R (Armalrix, 6 K): i: = 2994 (vw). 2983 (vw), 2950 (vw). 
2897 (vw). 2842 (vw), 1793 is), 1784(w), 3778 (w),  1769 (m), 1600 (s), 1592 
(E), 1461 (w).  1456(w), 1434(w), 1423 (w). 1334 (s), 1219 (w), 1028 (w), 1005 
( s ) ,  973 (m), 961 (in), 799 (m) cn1-l. 


Methyl allenecarboxylate (5 a ) :  The procedure was modified from Hamlet 
and Barker [40]. Methyl(tripheny1phosphoranylidene)acetate (4 g. 1.2 x 
IO- '  mol) was dissolved in dry dichloromcthane (80 mL) containing hy- 
di-oquinone ( ~ 5 0  mg), and the solution was blanketed with an atmosphere 
ofnilrogcn. Into this solution. ketene 139,401, which was generated at a steady 
rate (-0.35 inolh-'),  was introduced at 0-C.  When the reaction was com- 
plete (as shown by 1R spectroscopy), the solvent was evaporated and 
pctroieum ether (50 mL) was added. Triphenylphosphine oxide was filtered. 
Aftcr evaporation of thc solvent. 5 a  was distilled under vacuum as a clear 
liquid, b.p. 38 -41 " C 1 3  mm Hg (ht. 40-C,14 torr [41]); yield 3 5 % .  NMR 
data are in good agreement with ref. [41]. IR (neat, - 196'C): i = 3064 (w), 
3 0 3 ? ( ~ ) , 2 9 9 0 ( ~ ) , 2 9 5 3 ( w ) ,  1971 (w),1943(w),l714(~),1439(w), 1347(w), 
1305 (w),  1267 (m), 1199 (in), 1173 (m), 1081 (w). 1027 (w), 861 (w), 780 
(w) cm- ' .  IR (Ar, 12 Kj:  3 = 3034 (w). 3006 (w). 2962 (w). 2909 (vw), 2851 
( 1 ~ ) .  2848 (vw), 1980 (m), 1946 (m). 1745 (m), 1740 (s), 1462 (w), 1443 (m), 
1422 (w), 1361 (w) ,  1350 (w) ,  1334 (w). 1324 (w), 1300 (w). 1281 (w), 1267 
(s). 1195 (m). 1167 (s), 1079 (IV), 1046 (w), 1039 (w), 992 (w), X66 (w), 858 
(w). 852 (wj. 845 (w), 841 (w), 778 (w)cm-'. 


3-Ethoxyeyclobutenone (3 b) was synthesized according to the procedure of 
Wasserm;inct;tl.[13]. IR (neat, -196 'C): i~ = 2985(vw), 1782(w), 1748(w), 


1577 (sj, 1473 (wj, 1448 (w), 1420 (w), 1400 (w), 1369 (w), 1329 (m). 1215 
(w), 1158 (vw), 1078 (w), 1042 (vw), 1016 (m), 870 (mj, 828 (w), 807 
(in) cm-'. IR (Ar matrix, 12 K): 3 = 3005 (vw), 2956 (vwj, 2950 (vw), 2909 
(vw), 1790 (s), 1783 (mj, 1761 (m). 1604 (s), 1588 (s), 1481 (w), 1425 (wj, 
1402 (vw). 1397 (vw), 1375 (w), 1327 (s), 1203 (w). 1040 (m), 1023 (w), 1008 
(m), 1001 (w), 885 (w), 798 (m) cm-'. 


Trapping of Ketene 4b with Methanol: 
Method A (flash vacuum thermolysis (FVT) of 3b): 3b  (100 mg) was vapor- 
ized at 0°C ( 5 x  lo- jmbar)  and thermolyzed at 450°C in the preparative 
FVT apparatus, with methanol as a trapping agent. Column chromatography 
(SiO,/CHCl,) of the crude product gave a mixture of 6 and ( E ) - 7  in a ratio 
h4:36 (S5  mg, 70% yield) and 3b  (26%). 


Method B (photolysis of 3b): 3b  (100 mg, 8.93 x mol) was added to dry 
methanol (100 mL) in a quartz tube. After degassing, the solution was irradi- 
ated with an aged broad-band lamp for 3 h. The reaction was monitored by 
TLC (SiO,, CHCI,). Column chromatography of the crude product gave a 
mixture o f 6  and (E)-7 in  a ratio 49:51 (93 mg, 72%) and (2)-7 (8 mg, 7%) .  
Data are reported bclow. 


Methyl 3-ethoxy-3-butenoate (6):  'H NMR (200 MHz, CDCI,): 6 = 4.05 (d, 
'J(H,H) = 2.2 Hz, 1 H ;  (Z)-H4), 4.02 (d, 'J(H,H) = 2.2 Hz, 1 H ;  (E)-H4), 
3.76 (q, ,J(H,H) =7Hz,  2 H ;  OCH,), 3.71 (s, 3H; OCH,), 3.12 (s, 2 H ;  
CH,), 1.29 (t, 'J(H,Hj = 7  Hz, 3 H ;  CH,CH,j; 13C NMR (200 MHz, CD- 
Cl,): 6 =170.7 (CO),  156.0 (C=CH,), 84.5 (CH,=C), 63.2 (CH,O), 52 
(CH,Oj, 41 (CH,), 14.3 (CH,CH,). GC-MS: mjz  =144 (131, 113 (6), 101 
(9 ,  85 (17), 84 (17). 74 (42), 59 (231, 56 (36), 43 (loo), 42 (51), 41 (9),40 (7), 
39 (21). 


Methyl (Q-3-ethoxy-2-butenoate ( (E)-7) :  'H NMR (200 MHz, CDCI,): 
6 = 5.00 (s, 1 H ;  CH) ,  3.82 (q, 'J(H,H) =7  Hz, 2 H ;  OCH,), 3.67 (s, 3H:  
OCH,), 2.30 (s, 3 H ;  CH,), 1.34 (t, ,J(H,H) =7Hz,  3 H ;  CII,CH,j; ',C 
NMR(200 MHz,CDCI3):6 =172.6(C=CH), 168.5(C=O),90.6(CH),63.7 
(CH,O), 50.7 (CH,O), 19.1 (CH,), 14.2 (CH,CH,). GC-MS: m/z = 144 (9), 
113(27), 101 (38),85(73),84(28),69(57), 59(17),43(100).42(15),41 (13), 
40 (9j, 39 (26). The ('H and ' 'C )  NMR data are in good agreement with the 
literature values for analogous compounds [18]. 


Methyl (Z)-3-ethoxy-2-butenoate ( (Z)-7):  'H NMR (200 MHz, CDCI,): 
6 = 4 . 9 0  (4. 4j(H,H)=0.7Hz,  1H;  CH), 4.11 (4. ,J(H.H)=7Hz, 2 H ;  
OCH,), 3.65 (s, 3 H ;  OCH,), 2.01 (d, ,J(H,Hj = 0.7 Hz, 3H; CH,), 1.37 (t, 
' J = 7 H z ,  3H;  CH,CH,); '3C NMR (200MHz, CDCI,): 6=167.7 
(C=CH), 165.9 (C=O), 95.5 (CH), 64.7 (CH,O), 50.5 (CH,O), 19.6 ('24) 
15.2 (CH,CH,). GC-MS was identical with that of (E)-7.  


2,2-Dimethyl-5-(1-ethoxyetbylidene)-l,3-dioxane-4,6-dione ( I  1): 11 was syn- 
thesized by analogy with the method of Bihlmayer [42]. Meldrum's acid 
(2.5 g, 2.42 x lo-' mol) was dissolved in an excess of triethyl orthoacetate 
(16 mL, 8.2 x mol) under N,. The solution was stirred and heated at 
8O'C for 3 h. The yellow solution was then cooled overnight. The solid was 
filtered and recrystallized from CCI, to give 8 as white crystals (1.73g. 
8.08 x mol); m.p. 86-88"C, yield 33%. 'HNMR (200 MHz, CDC13). 
6 = 4.40 (q, 3J(H,H) = 7  Hz, 2 H ;  CH,), 2.73 (s, 3H;  CH,), 1.70 (s, 6H;  
2 x(CH,j), 1.51 (t, 3J(H,H) =7 HZ. 3H; CH,-CH,); I3C NMR (200 MHz, 
CDCI,): 6 ~ 1 8 6 . 2  (C7), 163.5 (CEO), 159.4 (C=O), 102.6 ( C 2 ) ,  97.5 ( C S ) ,  
67 (OCH,), 26.9 (2 x (CH,)), 18.3 (CH,), 14.7 (CH,CH,). Anal. calcd. for 
C,,H,,O,: C, 56.07;H, 6.54. Found: C, 56.02; H,  6.65. 


Trapping of 12 with methanol: 11 (270mg) was sublimed at 62-C 
(3 x mbar) and thermolyzed through the 40 cm oven at 475'C onto a 
cold finger coated with methanol and cooled to - 196 "C. After the end of the 
reaction, ( E ) - 7  was isolated by column chromatography (SiO,, CHCI,); yield 
62%.  HRMS calcd. for C,Hi,O,: m/z 144.0786, found 144.0782. 


Ethyl allenecarboxylate (5b): The synthesis of 5 b  was described by Hamlet 
and Barker [40]. 5h was vaporized at-40°C (10-jmbar). IR 
(neat, -196 C ) :  V = 3036(vw), 2984(w), 1971 (m). 1941 (w), 1711 (s), 1424 
(w), 1369 (m), 1337 (m), 1302 (w), 1277 (mj, 1266 (m), 1260 (m), 1184 (m). 
1095 (w). 1036 (w), 953 (w), 860 (m), 781 (m)cm- ' ;  IR (Ar matrix, 12 K): 
i = 3004 (w). 2987 (w), 1985 (m). 1979 (m), 1943 (m). 1745 (m),  1737 (s). 
1732(s), 1726(s). 1714(s), 1483(w), 1449(w), 1430(w), 1371 (m), 1345(m), 
1299 (m), 1286 (s), 1272 (m), 1270 (s), 1268 (s), 1257 (s), 1194 (s), 1178 (s). 
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1175 (s), 1162 (m), 1101 (w). 1045 (m), 1038 (m), 1035 (m), 950 (w), 884 (w), 
868 (m),  843 (s), 777 (w) cm-'. 


N,N-3-Dimethylaminocyclobutenone (3c): In a two-neck flask, 1,3-cyclobu- 
tanedione [13] (0.42 mg, 5.10- mol) was added to a dry solution of CH,CI, 
(25 mL) under N,. The solution was then cooled to 0 "C. A fresh solution of 
dimethylamine (1 equiv.) in dry T H F  was added dropwise. The solution was 
stirred at  0 "C for 2 h. After removing solvents, 3 c  was purified by column 
chromatography (1.9 MeOH:CHCI,) t o  give (0.410 mg, 3 . 7 ~  mol); 
yield 74%. 3c  was vaporized at  60°C mbar). ' H N M R  (200 MHz, 
CDCI,): 6 = 4.61 (s. 1 H ;  CH). 3.14 (s, 2 H ;  CH,), 3.10 (s, 3 H ;  CH,), 3.04 
(s, 3 H ;  CH,); 13C N M R  (200 MHz, CDCI,): 6 =180.0 (C=O), 169.4 (C3), 
98.9 (CH), 45.9 (CH,), 40 (CH,), 38.8 (CH,); IR (neat, -196°C): V = 2976 
(w), 1726 (w). 1706 (w). 1601 (s), 1454 (w), 1429 (m), 1381 (w), 1324 (vw). 
1292 (w), 1158 (w), 1079 (w). 1050 (w), 1006 (w), 912 (w), 879 (w), 762 (w), 
753 (w)cm- ' ;  IR (Ar, 14 K): i = 3011 (w), 2955 (w), 2934 (w), 2911 (w), 
1772 (m), 1722 (w), 1622 (s), 1611 (m), 1593 (m), 1590 (m), I476 (w), 1453 
(w), 1433 (w), 1419 (w), 1391 (w), 1362 (w), 1217 (w). 1164 (w), 1148 (w), 
1065(w), 1038(w),994(w),910(w),767(w),764(w)cm~'.MS:tn/z-111 
(IOO), 68 (26), 67 (11), 55 (19), 43 (21), 42 (22), 39 (9). HRMS:  calcd. for 
C,H,NO: m/z 11 1.0684, found 11 1.0683. 


N,N-Dimethylamino allenecarboxamide ( 5 ~ ) :  A solution of dimethylamine in 
T H F  (0.6 mL; 3.92 x LO mol; 6 . 4 8 ~ )  was added to 25 m L  of dry THF 
under N,. The solution was thcn cooled to -50°C. 2,3-Butadienoyl chloride 
[25a] (5d) (0.2 g;  1.96 10 - 3 mol) was added dropwise to the cold, stirred 
solution. After 1 h of stirring at  - 50 "C, the solution was warmed to - 25 "C 
and kept at this temperature for 3 h. Without stirring, the solution was then 
warmed to 0 'C. The pH was checked. If the solution was slightly acidic, 
potassium carbonate was added until neutralization. After filtration and 
evaporation of solvents, ether was added, and once more filtration was car- 
ried out to remove completely the ammonium salt formed. After evaporation 
of the solvent, a mixture of 2 : l  petroleum ether (b.p. 30-40"C):cther was 
added to the viscous oil. After a night in a freezer, 5 c  (0.11 g, 9.8 mol) 
crystallizsed as white needles, m p  41 -42°C; yield 50%. 5 c  was sublimed at  
0 ° C  (10- mbar). ' H N M R  (200 MHz, CDCI,): 6 = 5.95 (t, 4J(H,H) = 


6 . 6 H ~ ,  1 H ;  CH), 5.15 (d, 4 J (H ,H)=6 .6Hz ,  2 H ;  CH,), 3.09 (s, 3 H ;  
NCH,), 3.00 (s, 3 H ;  NCH,); I3C N M R  (CDCI,): 213.4 ( C 3 ) ,  164.8 (C=O), 
87.3 (CH), 78.7 (CH,=C), 38 (NCH,), 35.8 (NCH,); 1R (neat, -196°C): 
Iv = 3049 (w), 2969 (w), 1969 (w), 1948 (m), 1617 ( s ) ,  1500 (m), 1398 (m), 
1260 (w), 1153 (m), 1092 (w). 1062 (w), 857 (m), 763 (w)cm- ' ;  1R (Ar, 
12 K): C = 2953 (w): 2936 (w). 2919 (w), 2898 (w). 2880 (w), 2863 (w), 2855 
(w), 1978 (m), 1949 (w), 1663 (s), 1655 (m), 1653 (m), 1501 (m), 1465 (w). 
1453 (w). 1437 (w), 1424 (w), 1401 (m), 1393 (m), 1368 (w), 1362 (w), 1354 
(w), 1265 (w), 1217 (w), 1194 (w), 1180 (w), 1130 (ni), 1086 (w), 1070(w), 
1062(w), 983 (w), 973 (w), 859 (w), 844 (m), 842 (m), 840 (m), 759 (w) cm-'. 
G C - M S : m / z = l l I  (13),83(7),82(7),72(100),68(17),67(19),55(30),44 
(43), 42 (57), 39 (70); Anal. calcd. for C,H,NO: C, 64.86:H, 8.11; N, 12.61. 
Found: C, 64.57:H, 8.36; N, 12.59. 


2,3-Butadienoyl Chloride (5d): The procedure was as described by Brown et 
al. [25a]. 5d  was vaporized at  -4O'C mbar). ' H N M R  (200 MHz, 
CDCI,): 6 = 5.93 (t, 4J(H,H) = 6.2Hz,  1 H ;  C H ) ,  5.49 (d, 
4J(H,H) = 6.2 Hz, 2H,  CH,); I3C NMR (CDC1,): 6 = 219.3 (C3), 164.7 
(C=O), 95.5 (CH), 81.6 (CH,); IR (neat, -196°C): i = 3072 (w), 2994 (w), 
1962(m), 1 9 1 4 ( ~ ) , 1 8 4 8 ( ~ ) , 1 7 9 5 ( ~ ) , 1 7 5 5 ( s ) ,  1748(s), 1720(m), 1135(m), 
1040 (m). 978 (w), 923 (w), 910 (w). 856 (m), 787 (w)cm- ' ;  I R  (Ar, 12K):  
5 = 3013 (w). 1969 (m), 1925 (w), 1850 (w), 1847 (w), 1841 (w), 1836 (w), 
1786 (w). 1775 (w), 1773 (m), 1770 (s), 1760 (w), 1502 (vw), 1411 (w). 1328 
(w). 1318 (w), 1137 (w), 1126 (in), 1093 (vw). 1086 (vw), 1039 (m), 1002 (w), 
970 (m), 859 (w), 856 (m), 851 (m), 849 (m). 799 (w), 785 (w) cm-I .  


Methyl 3-Chloro-3-butenoate [26] (17): 5d  (200 mg) was vaporized at  -40 "C 
(2 x mbar) and thermolyzed through the 40 cm oven a t  550 "C onto a 
cold finger coated with methanol and cooled to - 196°C. After the end of the 
reaction, 17 was isolated in 74% yield. Data are in good agrccment with the 
literature values [26]. 'H NMR (200 MHz, CDCI,): 6 = 5.39 (d, ,J(H,H) = 
1.6Hz,  IH;  (E)-H4), 5.36 (m, 1 H ;  (Z)-H4),  3.75 (s, 3 H ;  CH,), 3.38 (d, 


134.1 (C-CI), 116.6 (CH,vyn), 52.2 (CH,), 44.3 (CH,). GC-MS: mi; =I36 
(9), 134 (19), 106 (42), 103 (85), 99 (41), 75 (19), 69 ( I l ) ,  67 ( l l ) ,  59 (23), 43 


,J(H.H) = 0.9 Hz; CH,); 13C N M R  (200 MHz, CDC1,): 6 =169.1 (C=O),  


(43), 39 (100). 
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Edge-sharing SiN, Tetrahedra in the Highly Condensed 
Nitridosilicate BaSi,N, 


Hubert Huppertz and Wolfgang Schnick* 


Abstract: The novel nitridosilicate Ba- 
Si,N,, was obtained by the reaction of 
barium metal with Si(NH), in a special 
high-frequency furnace at 1650 “C. The 
single-crystal structure determination 


963.28(4) pm, f i  = 106.269(3)”, Pc, 2 = 2, 
R1 = 0.0497, wR2 = 0.0924) reveals a 
network structure of connected SIN, te- 


( a  = 68?.29(3), b = 671.29(3), c = 


trahedra. BaSi,N,, is the first nitridosili- 
cate with both corner and edge-sharing 
SIN, tetrahedra. Unlike the situation in 


Keywords 
high-temperature synthesis - network 
structures * nitridosilicates silicon * 


structure elucidation 


Introduction 


Recent investigations“] have demonstrated that nitridosilicates 
contribute to the spectrum of structural types seen in the well- 
known oxosilicates.[” “Normal” silicates contain SiO, tetrahe- 
dra, which are linked through common vertices. Oxygen is 
bound either terminally (0“’) or as a bridging atom (0[21) to 
one or two neighboring Si atoms, respe~tively.~~’ Nearly all of 
the numerous oxosilicates known are based on variations of 
these structural motifs. In contrast, the nitridosilicates contain 
SiN, tetrahedra, which can be linked through common vertices 
to give NI2], Nr3], or even connectivities to two, three, or 
four silicon atoms, respectively.“. Accordingly, a larger vari- 
ety of structural features are possible for nitridosilicates than for 
oxosi licates. 


Vertex-sharing of SiO, tetrahedra is exclusively favored over 
edge-sharing. In fact, the latter has only been postulated for the 
so-called fibrous polymorph of silica SiO, .I5] However, the 
structure and existence of this polymorph have not yet been 
unambiguously confirmed. 


Recently, DiSalvo described a novel barium nitridosilicate 
Ba,Si,N,, which contains discrete [Si,N,]lO- anions formed by 
two edge-sharing SIN, tetrahedra.‘,’ In addition, we have ob- 
tained Ba,Si,N, in the quasi-binary Ba,N,-Si,N, system,[4c1 
whose network structure is built up of corner-sharing SiN, te- 
trahedra corresponding to the formula ~[(Si&41Ni21Ni31)4-]. 


In this contribution we report on a novel barium nitridosili- 
cate BaSi,N,,, which is the first highly condensed network nitri- 
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Labordtorium fur Anorganische Chemie der Universitit 
D-95440 Bayreuth (Germany) 
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normal oxosilicates, vertex-sharing of 
SIN, tetrahedra is not exclusively favored 
over edge-sharing. With a Si:N molar ra- 
tio of 7:10, BaSi,N,, is the most highly 
condensed multinary nitridosilicate 
known and has almost the same degree of 
condensation as binary Si,N,. 


dosilicate with edge-sharing SiN, tetrahedra. I t  demonstrates 
for the first time that, in combination with a given metal, nitri- 
dosilicates exhibit a much more varied degree of condensation 
(Ba,Si,N,, Ba,Si,N,, BaSi,N,,) than is possible for oxosili- 
cates. Within the group of the hitherto known nitridosilicates, 
BaSi,N,, is the most highly condensed example. The Si:N mo- 
lar ratio of 7:lO nearly reaches the value for binary Si,N,. 


Experimental Procedure 


Silicon diimide: In a thrce-necked bottle, CH2Cl, (50 mL. p.a. Merck) was 
saturated with dried NH, (99.9%, BASF, dried by condensation on sodium 
and potassium) at  - 78 “C under a purified argon atmosphcre. A precooled 
solution of SiCI, (20 mL, 0.17 mol; Merck) in CH,CI, (30 m L )  was slowly 
added with stirring. The suspension was then warmed to room tempcraturc 
under an NH, atmosphere [Eq. (I)]. The finely powdered residue was heated 
to  300 “C and finally to 600 “c [7]. 


( 1 )  
CH2CI, SiCI, +6NH, - + Si(NH), +4NH,CI 


BaSi,N,,: A mixture of Ba (68.7 mg, 0.5 mmol, ABCR. >99.99%) and 
silicon diimide (1 16.2 mg, 2 mmol) was mixed thoroughly under argon in a 
glove box and transferred to a tungsten crucible positioned in a water-cooled 
quartz-reactor [4 b-d].  The crucible was heated undcr a pure nitrogen atmo- 
sphere by inductive coupling through a water-cooled induction coil, which 
was connected to a high-frequency generator (Fa. Hiittinger, Freiburg. Type 
IG 10/200 Hy, frequency: 200 kHz, elcctrical output: 0-12 kW). Thc exper- 
imental setup of the high-frequency furnace is shown in Figure 1. The nitro- 
gen had previously bcen purified ovei- silica gcl, potassium hydroxide, molec- 
ular sieve, P,O,,. and a BTS catalyst. The reaction mixture was heated to 
650 ’C within 1 h and to  165O‘C within another 24 h, maintained at  that 
temperature for 2 h, and then slowly cooled to 1400 ‘C within 65 h. Finally, 
the product was quenched to room temperature [Eq. (2)]. This process led to 
the formation of BaSi,N, as a single-phase, coarsly crystalline, colorless 


1650- 1400 ”C. 65h 


H F  furnace 
Ba + 7 Si(NH), - -+ BaSl,N,, + 2 N 2  +7H, 
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Figure I .  Expcriinental set-up of the high-frcquency furnace 


solid. During thc reaction, excess barium evaporated out of the tungsten 
crucible and condensed on the inner wall of the water-cooled quartz-reactor. 
Energy dispcrsive X-ray microanalysis (JF,OL, JSM-6400) showed that the 
Ba:Si atomic ratio in the traiisparcnt, colorless crystals is 1:6.9-7.0. This is 
close to the ideal ratio of 1 :7 in BaSi,N,,. The absence ofhydrogen (NH) was 
checked by 1R spectroscopy. Similar t o  all nitridosilicates we have synthe- 
sized so  far. BaSi,N,, is stablc up to 1600 C and resistant to hot acid and 
alkaline solutions. 


Crystal-Structure Analysis: X-ray diffraction data were collected on a four- 
circle diffractometer (Siemens P4). Relevant crystallographic data and details 
of thc data collection are listed in Table 1 .  According to the observed system- 
atic absences (hO1 with 1 = 2n and 001 with 1 = 2 n ) ,  the space groups PZ/c 
(no.13) and Pc (no.7) were considered. The crystal structure of BaSi,N,, was 
solved by direct methods using SHELXTL-Plus [8] in thc noncentrosymmet- 
ric space group F'c (no, 7) and refined with anisotropic displacement parame- 
Iers for all atoms. Table 2 shows the positional and displacement parameters. 
Table 3 gives selected interatomic distances and angles [9]. Powder diffraction 
inveatigations (Sicmens D5000) revealed a single-phase product. All reflcc- 
tions have been indexed (Table 1) and their observed intensities correspond to 
a calculated diffraction pattcrn based o n  the single-crystal structural data.  


Results and Discussion 


In the solid-state BaSi,N,, is built up of Baz+ ions in a three-di- 
mensional Si-N network structure. BaSi,N,, is the first nitri- 
dosilicate with both corner and edge-sharing SIN, tetrahedra. 
As seen in the formula ~ [ ( S i ~ 1 N ~ 2 1 N ~ 3 1 ) 2 - ] ,  every fifth nitrogen 


Abstract in German: Das neuartige Nitridosilicat BaSi,N,, 
wurde dwch Urnsetzung von Barium rnit S i ( N H ) ,  in einern 
speziellen Hochf;equenzqfen hei 1650 "C erhulten. Narh der Ein- 
k~is tal l -R~~it~enstrukturanal~~se ( a  = 687.29 (3 )  , h = 671.29 (3 )  , 
c = 963.28 ( 4 )  pm, = 106.269 (3)",  Pc, Z = 2, Rl  = 0.0497, 
1vR2 = 0.0924) liegt eine Raumnetzstrukrur uus verknupften 
SIN,-Tetraedern vor. BuSi,N,, ist dus erste Nitridosilicat, in dem 
sowohl Ecken- als auch Kuntenverkniipfung von SiN,- Tetruedern 
uufiritl. Anders als bei den Oxosiiicafen ist hier die Ecken- 
serknirjfung gegeniiher der Kanmwerkniipfiing nicht hevorzugt. 
Mit einem Verhiiltnis von Si:N =7:10 ist BuSi,N,, das bislang 
um liijrhsten kondensierte multinare Nitridosilicat, in dem der 
Kondensationsgrad annahernd den von Si,N, erreicht. 


Table 1. Cry\ta~iographic data for BaSi,N,, 


formula 
rornlula wcight [gmol-'] 
crystal system 
 pace group 
powder diffractometer 
radiation 
unit cell dimensions 


four-circle diffi-actometcr 
radiation 
uni t  cell dimensions 


cell volume [loh pin3] 
Z 
X-ray density [gcm ~ '1 
F(000) 
absorption coefficient [inm- '1 
temperature [K] 
crystal size [rnni'] 
range 
h, k. I 


scan type 
total no. reflections 
independent reflections 
observed reflections 
refined parameters 
corrections 
absorption correction 
inin.pnax. transmissiori ratio 
flack parameter I 
min./tnax. residual clectron 


density [ e k ' ]  
extinction coefficicnt 
GOF 
R indices (all data) 


BaSi,N,o 
474 07 
monoclinic 
Pc (no. 7) 
Siemens D 5000 
Cu,,, (2 = 154.06 pm, germanium monochromator) 
(2 = 686.82(6) pm 
b = 671.00(6) pm 
c = 962.73 (7) pm 


= 106.249 (6)'' 
Siemens P4 
Mo-K, (1. = ? I  ,073 pm, graphite monochromator) 
a = 687.29(3) pm 
6 = 673.29(3) pm 
c = 963.28(4) pin 
/j = 106.269(3)" 
426.63 (3) 
L 


3.690 
44R 
5.633 
292(2) 


2 i 20 < 90 
-13Sh513  


0.12 x 0.12 x 0.12 


- 1 3 5 k c 1 3  
- 1 9 ~ 1 2 1 8  
(0 


14083 
7050 (R,,, = 0.0412) 
7050 ( F ,  2 0rr(F:) 
164 
Lorentz, polarization, absorption. extinction 
cmpirical ($ scans) 
0.2763/0.3760 
0.168(11) 


- 3.650/3.528 
0.0303 (1 3) 


R1 = 0.0497 
wR2 = 0.0924 


1.031 


connects two Si centers (NL2]) and the remaining nitrogen atoms 
bridge three Si atoms (NL3]). This is consistent with the observa- 
tion that nitridosilicates with a molar ratio of tetrahedral centers 
to bridging atoms (Si:N) larger than 1 :2  form topologically 
closed networks of alternating Si and N atoms according to the 
formula ~[(Si~41N~1N~31)'4"-3(y+z))] ,  where Si:N = x/Cv+z) 
and 4x  = 2 y  + 3 z .  Remarkable exceptions to this rule are the 
nitridosilicates SrYbSi,N, and BaYbSi,N,, in which NL4] cen- 
ters connecting four Si atoms were found for the first time."] 


the corner-sharing SIN, tetrahedra are arranged 
in nearly coplanar, corrugated sheets vertical to [OIO]. This re- 
sults in layers of highly condensed dreier rings (Figure 2).["] 
Similar planar and corrugated layers of dreier rings also exist in 
Si,N,NHL1'I and M,Si,N, (M = Ca, Sr, Ba)[4b,4c1 although the 
configuration pattern of the SiN, tetrahedra within the layers is 
different in each compound. Cross-linking of these layers is 
accomplished by further corner-sharing SIN, tetrahedra. How- 
ever, in BaSi,N,, vierer single chains occur in which every sec- 
ond connection between neighboring SIN, tetrahedra is through 
common edges. These chains run along [00 I ]  bridging the layers 
(Figure 3). The BaZ+ ions are thus positioned in the linear chan- 
nels formed. 


The Si-N bond lengths in BaSi,N,, are in the typical range 
for N1'](N3,N4: 164-169pm)andN[31(N1, N2,N5-N1O: 


In BaSi,N 
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a-Si,N,- 


&SIP,- 


Table 2. Atomic coordinates and anisotropic displacement parameters [Az] for BaSi,N,,. U,, is defined as one third of the trace of the orthogonalized U,, tensor. The 
anisotropic displacement factor exponent is of the form -2x2[(ho*)’U,, +. .. 2hku*h*U,,]. 


EZBa 
Ezz2zB 


Ba 
s11 
Si 2 
Si 3 


Si 5 
Si 6 
s17 
N I  
N 2  
N 3  
N 4  
N 5  
N 6  
N 7  
N8 
N 9  
N10 


s14 


0.28706(4) 
0.6846 (2) 


- 0.1 323 (2) 
0.1784(2) 
0.4382(2) 
0.6250(2) 
0.8122(2) 


-0.0048(2) 
- 0.1 024 (4) 


0.6503 (4) 
0.4874(5) 
0.0744 ( 5 )  


- 0.2264 ( 5 )  
0.8284 (3) 
0.61 47 (3) 
0.4083 (3) 
0.21 72(3) 
0.0341 (3) 


0.59904(3) 
0.4721 (2) 
0.4732(2) 
0.1241 (2) 


0.1 186(2) 


0.8652(2) 
0.6321 (5) 
0 3692(5) 
0.3339(5) 
0.3384(5) 
0.6176(3) 
0.0369(4) 
0.9990(4) 
0.9220(3) 
0.8897 (4) 
0.91 50(3) 


0.1061 (2) 


0.871 2(2) 


0.71 225 (3) 
0.55534(8) 
0.86723(9) 
0.8469 (2) 
0.6123(2) 
0.9227 (2) 
0 7265(2) 
0.0316(2) 
0.0154(3) 
0.9044 (3) 
0.5561 (4) 
0.8687(4) 
0.71 13 (4) 
0.0633 (2) 
0 7633 (2) 
0.4768 (2) 
0 1711 (2) 
0.8629 (2) 


0.01474(7) 
0.0033 (3) 
0.0047(3) 
0.0074(3) 
0.0063(3) 
0.0074(3) 
0.008214) 
0.0072(3) 
0.0070(8) 
0.0056 (8) 
0.0086 ( I  0)  
0.0081 (10) 
0.0072 (8) 
0.0064(7) 
0.0045 (7) 
0.0043 (6) 
0.0046 (7) 
0.0045 (6) 


0 01 164 (6) 
0 0049 (4) 
0 0039(4) 
0 0056 (3) 
0 0055 (3) 
0 0048 (3)  
00050(2) 
0 0055(3) 
0 0053(8) 
0 0044(8) 


0 0075(11) 
0 0043 (6) 
0 0065 (7) 


0 0070 (8) 
0 0103 (8) 


0 0051 (10) 


0 0074(7) 


0 0069 (7) 


0 01687 (7) 
0 0038 (4) 
0 0039 (4) 
OOOSS(3) 


0 0057 (3) 
0 0059(3) 
0 0060(3) 
0 0049 (8) 
0 0057 (8) 
0 0093 ( I  I )  
0 a i i q i i )  
0 0048 (6) 
0 0050(7) 
0 0054(7) 
0 0057 (7) 
0 0047 (7) 
0 0051 (7) 


0 0058 (3) 


0.00175(9) 
-0.0001 (2) 


0.0001 (2) 


-0.0011 (3) 


0.0000 (2) 


0.0006(2) 


-0.0006(2) 


- 0.0005 (2) 
-0.0023 (7) 


0.001 1 (7) 
0.001 1 (8) 


-0.0011 (9) 
0.0003(8) 


0.0004(6) 
-0.0005(6) 


- 0.002 2 (6) 
- 0.0003 (7) 


0.0004 (6) 


0.00801 (5) 
0.0013 (3) 
0.0017(3) 
0.0038 (2) 
0.0025 (2) 
0.0029(2) 
0.0032 (3) 
0.0029 (2) 
0.0036 (6) 
0.0021 (6) 
0.001 6 (9) 
0.0047 (9) 


0.0016(6) 
0.0005 (6) 
0.0000(S) 
0.000Y ( 5 )  


0.001 1 (5) 


0.0008(5) 


0.001 96 (9) 
-0.0003 (2) 


0.0006 (2) 
- 0.001 4 (2) 


0.0003 (2) 


-0.001 3 (3) 
0.0000 (2) 


-0.001 l(7) 
- 0.0009 (3) 


- 0.001 0 (6) 
-0.0004(7) 


0.0019 (8) 
- 0.001 6(8) 


0.0016(6) 
0.0018(6) 
0.0002(6) 


- 0.001 5 (6) 
-0.0007(6) 


0.01369(4) 


0.0041 (2) 
0.0059 ( 2 )  
0.0057 (2) 
0.0057 (2) 


0.0060 ( 2 )  


0.0039(2) 


0.0061 (2) 


0.0053(3) 
0.0051 (3) 
0.0078(4) 
0.0087 ( 5 )  
0.0055 (3) 


0.0059 (3) 
0.0060 (3) 
0.0066(3) 
0.0056 (3) 


0.0060(3) 


Table 3. Interatomic distances [pm] and angles [“I in the structure of BaSi,N,,. 


Ba -N3 
-N 4 
-N2 
-N 1 
-N 3 
-N4 
-N10 
-N 9 
-N 5 
-N X 
-N7 
-N9 
-N 5 


SiI - N 3  
-N 5 
-N I 
-N 2 
-Si 2 


Si2-N4 
-N 1 
-N 5 
-N 2 


Nl-Si l -N2 
N2-Sil -N 5 
N 5-Sil - N 3  
N 3-Si 1 -N 1 
N5-Si l -Nl  
N3-Sil-N2 
Sil-N3-Si4 


291.3(3) 
295.0 (4) 
307.4 (3) 
32 1.3 (3) 
324.3(3) 
324.9 (4) 
332.3 (2) 
332.3(2) 


340.6 (2) 
345.0(2) 
347.3 (2) 
352.9(3) 


164.4(3) 
175.3 (3) 
176.0(3) 
176.4 (3) 
250.6(1) 


168.1 (3) 


175.2(3) 
177.4(3) 


89.3(2) 
107.7(2) 
113.6(2) 
120.9(2) 
107.3 (2) 
11 5.1 (2) 
138.8(2) 


334.9(3) 


174.7 (3) 


Si3-N4 
- N 8  
-N 10 
-N 9 


Si4-N3 
-N9 
-N 7 
-N 8 


Si5-NZ 
-N 7 
-N 8 
-N 6 


Si6-N6 
-N 5 
-N 7 
-N10 


S17 -N 1 
-N 6 
-N 9 
-N 10 


N 1-Si2-N 2 
N4-Si2-NI 
N4-Si2-N5 
N 1-Si2-N 5 


N5-Si2-N2 
Si3-N4-Si2 


N4-Si2-N2 


164.6(3) 
174.6(2) 
175.0 (2) 
178.9(2) 


168.8(3) 
176.4(2) 
176.5 (2) 
176.7 (2) 


170.6(3) 
171.6 (3) 
173.1 (2) 
174.0(2) 


172.2 (2) 
172.2(2) 
172.5 (2) 
173.7(2) 


169.2(3) 
171.3(2) 
173.5(2) 
175.2(2) 


89.3 (2) 
114.6 (2) 
114.4(2) 
107 .0 (2) 
122.9(2) 
105.1 (2) 
150.0(2) 


Figure2. Laycrs of highly 
condensed dreier rings occur 
vertical to (0 1 01 in the crystal 
structure of BaSi,N,, 


0 


Figure 3. Crystal structure of BaSi,N,,: view along [0 101 (left) and view along 
[I 001 (right). Vierer single chains (black) appear in which every second connection 
between neighboring SiN, tetrahedra is realized through common edges. 


160 170 180 190 200 
Si-N bond lengths lprnl 


Figure 4 Si -N bond lengths in n~tridosilicates The degree of condensation (molar 
ratio Si N) increases trom bottom to top 


169- 179 pm) (Table 3 and Figure 4). The Si-N distances with- 
in the edge-sharing tetrahedra (Figure 5)  are markedly shorter 
(164-177 pm) than in the isolated (Si,N,)”- group (174- 
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Figure 5. Jnteratomic dislances [pm] and angles for the edgc-sharing SIN, double 
tetrahedra in BaSi-N,,. 


184 pm) described by DiSalvo.[61 This may be due to  the high 
degree of condensation in BaSi,N,,, which nearly reaches the 
value for Si3N,.r1 21 A general trend observed in nitridosilicates 
is a decrease in the Si-N bond lengths with an increase in the 
degree of condensation (Figure 4). 


The Ba2 ' ion is coordinated by thirteen nitrogen atoms with- 
in a distance of 291-353 pm, of which the "*' atoms are the 


Figure 6. Coordination of 
UaSLN,". 


Ra2+ in 


closest (Figure 6). They 
therefore contribute most 
towards coordination of 
Ba" (Si-N3: 291 pm, 
Si-N4: 295 pm) and, in a 
simple valence bond ap- 
proach, possess a formal 
negative charge. In con- 
trast to M,Si,N, (M = 
Ca, Sr, Ba),[4b74c1 the Nf3] 
atoms in BaSi,N,, also 
show remarkable coordi- 
native contributions. 


Conclusions 


Whereas edge-sharing of SiO, tetrahedra does not occur in 
oxosilicates, this phenomenon is favored in the nitridosilicates. 
Apparently, i t  occurs independently of the degree of condensa- 
tion in the Si-N substructure (for example, Ba,Si,N, and 
BaSi,N,,). Furthermore, edge-sharing does not seem to com- 
pete with corner-sharing, as both occur in BaSi,N,,. This might 
be due to the covalency in the nitridosilicates, in contrast to the 


W. Schnick and H. Huppertz 


predominant ionic character of the Si-0 bonds. An almost 
invariant Si . . . Si distance of 306 pmI2] is seen for oxosilicates as 
a result of the electrostatic repulsion between neighboring Si 
atoms. This is significantly lowered in nitridosilicates and the 
Si I .  . Si distances vary from 251 to 337 pm. Similarily, the 
Si-N-Si bond angles (1 13 to  172") indicate greater flexibility in 
the nitridosilicates than in the oxosilicates. 


connectivities to Si tetrahedral centers, significantly extends the 
structural possibilities of nitridosilicates beyond the limits of 
oxosilicates. 


Edge-sharing of SiN, tetrahedra, along with Nt3] and 


Acknowledgements: The authors would like t o  thank the Fonds  der 
Chemischen lndustrie and especially the Deutsche Forschungsgemeinschaft 
(Gottfried-Wilhelm-Leibniz-Programm) for generous financial support .  We 
thank D. Will, University of Bayreuth, for helpful support  during the exper- 
iments. 


Received: Scptember 11, 1996 [F463] 


[I] H. Huppertz, W. Schnick, Angew. Cheni. 1996, 108 2115; Angen.. Chenz. Inr. 


[2] E Liebau, Structural Chemistry of Silicares, Springer, Berlin. 1985. 
[3] Besides the large number of "normal" silicates with SiO, tetrahedra, very few 


silicates with octahedral SO, units have been found. Cf [2] .  
[4] a) D. Peters. E. F. Paulus, H. Jacobs, Z .  Anorg. Allg. Client 1990, 584. 129. 


bf T. Schlieper. W. Schnick, ihid. 1995.621, 1037, c) T. Schlieper, W Milius. W. 
Schnick, ihirl. 1995, 621, 1380, d) T. Schlieper, W. Schnick. ihid. 1995, 621. 
1535, c) M. Woike, W. Jdtschko, Inorx. Chrm. 1995.34. 5105, f) T. Schlieper. 
W. Schnick, 2. Krisrullogr. 1996, 211. 254. 


Ed. Eng1. 1996, 35, 1983. 


[ S ]  A. Weiss, A. Weiss, Z .  Anovg. AIIg. Chem. 1954, 276, 95. 
[6] H. Yamane, E J. DiSalvo, J Alloys Conipouids, 1996, 240, 33. 
[7] H. Lange, G.  Wotting, G. Winter, Angrw. Chem. 1991. 103. 1606; Anpen.. 


Cheni. Int. Ed. Enxl. 1991, 30, 1579. 
[S] G. M. Sheldrick, SHELXTL-Plus, V 5.0 Crystallographic System. Siemens 


Analytical X-Ray Instruments, Madison, WI, 1994. 
[9] Further details of the crystal structure investigation may be obtained from the 


Fachinformationsrcntrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Ger- 
many) on quoting the depository number CSD-405772. 


[lo] The term "dreier" ring was coined by Liebau [2] and IS derived from the 
Gcrman word drei. which means three. However, a dreier ring is not a threr- 
membercd ring, but rather a six-membered ring with rhree tetrahedral centers 
(Si) and three clectronegative atoms (N). Similar terms exist for rings made up 
of four, five. and six tetrahedral centera (and the corresponding number of 
electronegative atoms), namely "vierer funfer". and "sechser" rings, respec- 
tively. 


[l I ]  D. Peters, H. Jacobs, J. Less-Common Mtzr. 1989, 146. 241. 
1171 A simple measure of the degree of condensation within a network of TX, 


tetrahedra with stoichiometry T,X,, is the molar ratio n : m  (T =tetrahedral 
center, X =bridging atom). In nitridosilicates a maximum value of 0.75 
(Si,N,) and in oxosilicates a maximum value of 0.5 (SO,) is observed. 


252 ___ ('I VCN Verlu~.gesellsrhi~/i mhH, 0-69451 Weinhrini, /997 0947-6539/97/0302-0252 $ 15.01/+ ,2510 Chrm. Eur. .I 1997, 3. ico. 2 








FULL PAPER 


Evidence for Direct trans Insertion in a Hydrido - Olefin Rhodium 
Complex-Free Nitrogen as a Trap in a Migratory Insertion Process 


Arkadi Vigalok, Heinz-Bernhard Kraatz, Leonid Konstantinovsky, and David Milstein* 


Abstract: Reduction of the hydrido chlo- 
ride complex [Rh(H)Cl{CH,C(CH,CH,- 
P(tBu),),}] (4) with NaH under a nitrogen 
atmosphere results in formation of two 
products: the dinitrogen complex [Rh(N,)- 
{CH,C(CH2CH,P(tBu),),)] (2) and the 
unusual low-valent hydrido- olefin com- 
plex, [RhH{CH,=C(CH,CH,P(rBu),),}] 
(3). In the presence of N,, complexes 2 
and 3 are in equilibrium in solution; 2 is 
about 2.9 kcalmol-1 more stable than 
3 + N, . Both complexes co-crystallize in 
the solid state; they occupy the same crys- 
tallographic site in the crystal lattice (P2-  
(l)/c; Z = 4; a = 12.173(2), b =14.121(3), 


c =15.367(3); a = 90, /3 =106.50(3), 
y = 90'). The mechanism of the reversible 
interconversion of 2 and 3 has been stud- 
ied in detail. Complex 3 undergoes rapid 
olefin insertion//3-hydrogen elimination 
processes. The insertion rates were mea- 
sured at different temperatures by satura- 
tion transfer NMR experiments, provid- 
ing evidence for a highly organized late 
transition state (AS * = - 40 e.u.), which 


Keywords 
dinitrogen * hydrido complexes * 


insertions olefins - rhodium 


Introduction 


hydride bonds, to- Insertion of coordinated olefins into metal - 
gether with its microscopic reverse p-hydrogen elimination, are 
among the most fundamental processes in organometallic chem- 
istry and much has been done to evaluate the thermodynamic 
and kinetic parameters of this important class of reaction, which 
play a key role in major catalytic processes."] However, one of 
the limitations of these studies is the instability of hydrido- 
olefin complexes of transition metals. Most of the information 
was obtained with saturated early transition metal complexesr2] 
or late transition metal complexes in high oxidation 
which are normally more stable. Much less is known about 
low-valent, unsaturated late transition metal complexes with hy- 
dride and olefin l i g a n d ~ . ~ ~ ]  All of the reported examples involve 
cis insertion. 


We have recently demonstrated that bulky P-C-P type ligands 
can stabilize electron-rich, low-valent rhodium complexes 1 
with various loosely bound gaseous molecules.r51 Since it is well 
known that unsaturated electron-rich late transition metal com- 
plexes easily undergo b-hydrogen elimination,[" we were in- 


[*] D. Milstein, A. Vigalok, H.-B. Kraatz, L. Konstaniinovsky 
Department of Organic Chemistry, The Weizmann Institute of Scicnce 
Rehovot 76 100 (Israel) 
e-mail: comilst(3 weizmann.weizmann.ac.il 


can be caused by a concerted "trans mi- 
gration". This theoretically unfavorable 
process is assisted by a distortion from the 
ideal square-planar configuration, includ- 
ing a decrease of the P-Rh-P angle and 
some bias of the double bond toward the 
hydride as indicated by the X-ray crystal 
structure of 3. Under a nitrogen atmo- 
sphere, the intermediate formed upon 
olefin insertion is slowly trapped by free 
dinitrogen to form complex 2. The dini- 
trogen dissociation from 2 was found to 
be the rate-determining step for the over- 
all interconversion of 2 and 3 (AG:q8 = 


terested in the synthesis of complex 2, which may form the 
hydrido-olefin complex 3 upon the dissociation of the dinitro- 
gen molecule. Indeed, we obtained complexes 2 and 3 and ob- 
served that they undergo reversible interconversion. Our study 
of the thermodynamics and kinetics of the reactions involved in 
this overall equilibrium provided the first example of direct 
trans insertion of an olefin into an M-H bond, without prior 
isomerization into the cis complex. Even in very low concentra- 
tions in solution, atmospheric dinitrogen exerts a major effect 
on this process. 


Results 


1. Preparation of complexes 2 and 3: We have recently demon- 
strated that, in the presence of a large excess of sodium hydride 
under a nitrogen atmosphere, it is possible to eliminate HC1 
from a rhodium hydrido chloride complex and obtain the new 
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dinitrogen complex 1 a. However, when complex 4['] was treat- 
ed with an excess of NaH in THF, two products, 2 and 3, were 
obtained after evaporation of the solvent and extraction with 
pentane (Scheme 1). According to the NMR data, the ratio 


4 
Schemc 1. 


2 3 


between 2 and 3 was independent of the reaction time and 
equaled approximately 1 : 1. No other species was observed, even 
upon cooling to -70°C. Both complexes are highly soluble in 
pentane and could not be separated by fractional crystallization. 
However, complex 3 was obtained analytically pure by passing 
argon through the solution (vide infra). 


2. Characterization of complex 2: Complex 2 is an air-sensitive 
solid. The dinitrogen ligand displays a very characteristic strong 
1R absorption band at C = 21 10 cm-'  (film). The same absorp- 
tion is observed in solution (cyclohexane, benzene, dioxane) . 
This frequency is similar to the one observed for the analogous 
complex 1 Upon passing argon through a solution of 2, this 
signal disappears and it reappears after exposure to a nitrogen 
atmosphere; this result indicates the presence of an equilibrium 
involving dini t rogen dissociation. 


The 31P{1H) NMR spectrum of 2 in C,D, shows a doublet at 
6 = 86.95 with J(Rh-P) = 172.1 Hz. In the 'H NMR spectrum, 
the methyl group is not coupled to Rh and P and it appears as 
a singlet at 6 = 1 .I 6. The protons of the tBu groups give rise to 
two sets of virtual triplets centered at  6 =1.3 and 1.28. The 
'3C{'H) NMR spectrum also shows two different signals due to 
the tBu groups. The @so carbon appears as a doublet of triplets 
at 6 = 55.6 (J(Rh-C) = 28.1 Hz, J(P-C) = 1.9 Hz), and the 
methyl group bound to the i p ~ - C  gives rise to a singlet at 
6 = 27.66. 


3. Characterization of complex 3: An analytically pure sample 
of complex 3 was obtained by passing dry argon through a 
warm solution containing 2 and 3 in benzene. The IR spectrum 
ofcomplex 3 exhibits a broad Rh-H band at 1791 cm-' (film), 
which is very unusual for rhodium hydride complexes. This very 
large shift to lower energy indicates the presence of a ligand with 
a strong trans influence in a position trans to the hydride.''] 
Similar frequencies have been obtained with iridium trans di- 
hydride We believe that this lowering of the 
rhodium- hydride frequency may be caused by rhodium "slip- 
page" towards the quaternary carbon, giving the ligand trans to 
the hydride an "alkyl-like" character. 


The chemical shift of the hydride in the 'H  NMR spectrum 
(6 = - 3.16, dt, J(Rh.-H) = 21.0 Hz) is also at a much lower 
field than that expected for a rhodium hydride, which usually 
appears upfield of 6 = - 8. A 2D long-range coupling-enhanc- 
ing COSY experiment showed a very weak cross-signal due to 
spin- spin interaction between the hydride and the olefin pro- 
tons. No Overhauser effect was observed at low temperatures 
between these nuclei. 
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The olefin protons of complex 3 appear as a broad (8 Hz) 
singlet at 6 = 2.78 in the 'H NMR spectrum. No coupling with 
rhodium or phosphorus was observed. This chemical shift is 
slightly downfield from the one reported for the analogous chlo- 
ride complex [RhCI {CH, = C(CH,CH,P( tBu)J2)] .['I 


The I3C{'H} NMR spectrum of 3 unambiguously confirms 
the presence of the alkene ligand, exhibiting two doublets of 
triplets at 6 = 97.4 (J(Rh-C) = 9.8 Hz, quaternary carbon) and 
at 6 = 48.22 (J(Rh-C) = 8.6 Hz, methylene group). The latter 
overlaps with the signal of the (CH,CH,P) groups. The higher 
Rh-C coupling constant for the quaternary carbon versus the 
carbon of the CH, group suggests that the rhodium atom has 
slipped towards the former. 


The 31P{1H} NMR spectrum shows a doublet at 6 = 86.71 
with J(Rh-P) = 152.7 Hz, confirming the symmetrical posi- 
tioning of the phosphorus atoms trans to each other in solution. 
The position of the signal is dramatically shifted downfield 
(more than 20 ppm) from that of the analogous chloride com- 
plex [RhCI{CH,=C(CH,CH,P(tBu),),)]. Trogler et al. ob- 
served a large downfield shift of the phosphorus signal of a 
palladium hydride complex relative to those of the analogous 
palladium chloride, methyl, or BF, complexes ,1111 


4. Equilibrium study: Complexes 2 and 3 undergo reversible, 
temperature-dependent interconversion in solution. When a 1 : 1 
solution of 2 and 3 in benzene is heated to 80 "C, complex 2 is 
totally converted into 3, as observed by 31P{'H} NMR, with no 
other products formed. When this solution is cooled to room 
temperature under an atmosphere of nitrogen, 2 is slowly 
formed until the mixture reaches the equilibrium ratio between 
complexes 2 and 3 (approximately 1 : 1)  (Scheme 2). 


3 
Scheme 2. 


2 


Equilibrium parameters were derived from experiments car- 
ried out at different temperatures. In a typical experiment, a 
solution of 2 and 3 was allowed to reach a given temperature 
and was then held at this temperature until an equilibrium was 
established, as observed by 31P{1H} NMR spectroscopy (usual- 
ly about 30 min). The equilibrium constants were calculated 
from Equation (I), where [N,] is the equilibrium concentration 
of dinitrogen in benzene at the given temperature, as deduced 
from literature data.["] 


Figure 1 shows the temperature dependence of the equilibri- 
um in Scheme 2, which yields a AH of - 7.53 kcal mol- ' and a 
A S  of - 15.5 e.u. The equilibrium constants and AG of the reac- 
tion at different temperatures are presented in Table 1. 


It can be seen that formation of the dinitrogen complex 2 
from complex 3 is quite favorable, AG for the equilibrium in 
Scheme 2 at 21 "C being approximately - 3  kcalmol-'. In an 
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Figure 1. Temperature dependence of the equilibrium in Scheme 2 


Table 1. Temperature dependence of the equilibrium in Scheme 2. 


T/"C %, AG/kcalmol- ' 


21 163.69 -2 978 
30 110.06 -2.830 
40 71.94 - 2.709 
50 50 60 -2.518 


analogous system, we have already shown that dinitrogen is 
quite a good ligand, capable of stabilizing an unsaturated elec- 
tron-rich rhodium complex even better than ethylene.[51 Similar 
thermodynamic parameters were also obtained in dioxane." 


Interestingly, pressurizing an equilibrium mixture of 2 and 3 
in cyclohexane or benzene with nitrogen (80 psi) at room tem- 
perature in a high-pressure NMR tube for a few hours resulted 
in the complete disappearance of 3 and practically quantitative 
formation of 2. To our knowledge this is thefirst example of an 
overull migratory insertion process influenced by N 2 .  Release of 
the extra pressure of N, re-establishes the corresponding equi- 
librium ratio between 2 and 3. 


5. Kinetic studies: The equilibrium between complexes 2 and 3 
in solution provides an opportunity to study the kinetics of the 
hydride migration to the olefin by NMR. An NOE difference 
experiment at room temperature gave a slightly negative value 
for the signal from the olefinic protons upon saturation of the 
hydride signal.[141 Similarly, saturation of the signal from the 
olefin gave about the same negative NOE for the hydride signal. 
The negative NOE increased as the temperature increased. 
These phenomena in our system are caused exclusively by a 
chemical exchange. Therefore, one must be very cautious in the 
interpretation of NOE data as a measure of through-space inter- 
actions unless the absence of exchange between the two nuclei 
has been proved. 


In order to evaluate k ,  for the equilibrium shown in 
Scheme 3,'15] saturation-transfer experiments were performed 
between 40 and 70 "C. At lower temperatures, the process pro- 
ceeds too slowly for the application of this technique. 


3 5 
Scheme 3 


When an equilibrium mixture of 2 and 3 in C,D, was heated, 
C-D bond activation took place, resulting in H/D exchange of 
the olefin protons and of the hydride. This caused broadening of 
the signals in 'H NMR and the appearance of additional split- 
ting in the hydride region. This problem was avoided by using 
[DJdioxane as a solvent; no changes in the spectra were ob- 
served when the complexes were heated in dioxane at 70 "C for 
several hours. All the measurements were carried out under 
equilibrium conditions, as determined by 'IPCIH) N M R  spec- 
troscopy. Complex 5 was not observed throughout the experi- 
ments, indicating that k, % k ,  under the experimental con- 
ditions. The response of the signal of the olefinic protons upon 
saturation of the hydride (saturation transfer difference) at var- 
ious temperatures is shown in Figure 2. 


I' 


pDn 3 " " i i  ',' ' ' " " ' ' 1 1 '  ' ' ' ' 


Figure 2. Response of the olefinic protons upon the saturation of the hydride in 3 
at different temperatures (saturation transfer difference). The d scale corresponds to 
that in the lowest spectrum. 


The exchange rate constants kobs were calculated by means of 
the Forsen-Hoffman equation[161 (see Experimental Section). 
The rate constants k ,  were calculated taking into consideration 
the difference in the spin population between the exchanging 


The rate constants and the kinetic parameters, 
derived from the Eyring equation, are presented in Table 2. The 
Eyring plot for the equilibrium in Scheme 3 is given in Figure 3. 
The high negative value for the entropy of activation 
of - 39.3 e.u. indicates the presence of a concerted, highly orga- 
nized transition state (see Discussion). 


Significantly, saturation of the hydride signal at 50 "C had no 
effect on the signal of the methyl group in 2. Also, no effect on 
the hydride or the olefinic protons in 3 was observed upon 


Table 2. Rate constants and activation parameters for the equilibriutii shown in 
Scheme 3. 


T / T  k , / s  ' AG:,,/kcal mol AH */kcal mot ~ ' S*/e.u. 


40 0.197 
S O  0.305 18.8 7.1 -39.3 
60 0.452 
70 0.575 
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Figure 3. Eying  plot of the reaction in Scheme 3. 


saturation of the methyl protons in 2. This indicates that trap- 
ping of the 14-electron intermediate 5 by a nitrogen molecule 
has a substantially higher activation barrier than that of the 
/l-hydrogen elimination process and, therefore, dissociation of 
N, from 2 is the rate-determining step for the overall conversion 
of 2 to 3. 


In order to quantify the rates of N, dissociation and reassoci- 
ation, a kinetic study of the conversion of 2 into 3 was per- 
formed. A benzene solution containing complexes 2 and 3 at 
25 “C was pressurized with 80 psi of N, in a high-pressure NMR 
tube; this resulted in practically quantitative conversion of 3 
into 2 (see above). Upon release of the pressure, complex 2 was 
slowly converted into 3. By using 31P(1H} NMR spectroscopy 
to  monitor the rate of disappearence of 2 and formation of 3, the 
reaction was shown to have a first-order dependence on the 
concentration of 2, with kobq = 1.2 (&  0.2) x 10- s-  (Figure 4). 


-O.’ 1 


Since the intermediate 5 could not be observed under any condi- 
Lions, the steady-state approximation was applied for reac- 
tion (2). Due to the low dinitrogen solubility in benzene 


(2) 
k k . . ,  


2 & 5 + N 2  5 ~ e - 3  
x.2 x., 


( -0.005 M) and high prevalence in concentration of complex 2 
over 3 at the beginning of the experiment, the rate Equation (3) 
can be simplified into Equation (4). Therefore, the dinitrogen 


(3 )  


(4) 


dissociation rate constant k - becomes equal to the observed 
first-order rate constant kobs, which corresponds to AGz(298) 
= 24.1 (kO.1) kcalmolK Figure 5 presents the free energy 
profile for the interconversion of complexes 2 and 3. 


A G ~ # =  18.8 


AG=2.9 PrBu, I _..__..____-_.._.-_...----- 
3 


. . . \ . -. . 


bG#= 21.1 


Figure 5 .  Free encrgy profile for the interconversion of complexes 2 and 3 (298 K. 
kcal niol- ’ ) . 


6. X-ray Crystal Structures of complexes 2 and 3: A red crystal 
was formed from a pentane solution of 2 and 3 (2:3 =7:3, by 
NMR) which was allowed to stand at room temperature. X-ray 
crystallographic analysis showed two species to be present in the 
crystal lattice, occupying the same crystallographic sites, in a 
6:4 ratio, similar to the ratio in solution.1181 The crystal data for 
complexes 2 and 3 are presented in Table 4 (see Experimental 
Section). The molecular structures of 2 and 3 are shown in 
Figures 6 and 7, respectively. Bond lengths and angles for 2 and 
3 are given in Table 3. 


Table 3. Selected bond lengths (A) and angles (‘) for 2,,3, 4 .  


R h l - - P i  2.262(2) Rh 1 -P2 2.290(2) 
R h l - N l  2.032(1) R h l  C 3  2.135 ( 5 )  
R h l G C 3 l a  2.1 7(2) N 1 - N 2  0.963(14) 
c3- C31a 1.468 (12) C3-C31b 1.36(2) 


P I-Rh 1-P2 164.33 (5) P 1-Rhl-N 1 95.9(2) 
P 1-Rh 1-C 3 85.63(14) P2-Rh I-N 1 95.3(2) 
P 2-Rh 1 -C 3 84.41 (14) N 2 - N l - R h l  173.8(10) 
N I-Rh I-C 3 173.8(2) C31a-C3-Rhl 73.1 (7) 


u )  Crystul structure of complex 2 :  As shown in Figure 6, com- 
plex 2 has a slightly distorted square-planar structure. The N 1 - 
N2 bond length of 0.963(14) A is comparable with the those 
reported for [CIRh(iPr,P),(N,)] (0.958(5) A)r191 and [HRh- 
(tBu,PPh),(N,)] (1.074(7) A)>2o1 and it is shorter than that of 
free N, (1 .10~) . [211  (The reasons for this bond contraction 
have been discussed.[221) The P 1-Rhl-P2 angle of 164.33(5)‘ 
is comparable to those reported for the similar Rh and Ir 
complexes [HR~C~{HC(CH,CH,P(~BU),),)]~””~ (1 67.8 (2)’.) 
and [HI~CI{HC(CH,CH,P(~BU),)~)][~~~ (167.5 (1)‘). The con- 
figuration around the ips0 carbon atom is almost perfectly 
tetrahedral, indicating that there is no interaction between the 
Rh atom and the protons of the methyl group bound to the ipso 
carbon. 
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Figure 6. Molecule of 2 in the crystal (hy- 
drogen atoms have been omitted for clarity). 


b) Crystal structure of 
complex 3: Complex 3 
(Figure 7) exhibits a 
C3-C31a double bond 
length of 1.36(2) A, 
slightly longer than 
that of free ethylene 
(1.337(2) A)[231 and 
within the range of other 
rhodium olefin com- 
p l e ~ e s . [ ~ ~ ,  251 Although 
the bond lengths Rh 1 - 
C 3  and Rhl -C31a  
cannot be precisely com- 
pared since two com- 
plexes are present in the 
crystal lattice, the ob- 
served values (2.135(5) 
and 2.1 7 (2) A, respec- 
tively) together with the 
NMR data indicate that 


there is “slippage” of the rhodium atom towards the most sub- 
stituted carbon of the double bond. The angle C 31 a-C 3-Rh 1 is 
73.1 (7)”, indicating that the double bond is distorted from an 
ideal trans configuration with respect to the hydride (the hydride 
was not located in the structure). 


QC62 


C81 


Figure7. Molccule of 3 in the crystal (hydrogen atoms have been omitted for 
clarity). 


Discussion 


It is well established that hydride and olefinic protons can un- 
dergo rapid exchange in a metal coordination sphere via olefin 
insertion and P-hydrogen elimination processes. A concerted 
4-centered mechanism is assumed for this type of reaction.I6. 
All of the reported systems are postulated to involve cis inser- 
tion, while in our case formally direct trans insertion occurs. As 
in other reactions involving coordinated olefins, some “slip- 
page” of the metal atom takes place at the stage prior to migra- 
tion or nucleophilic attack,[”] resulting in a shift of the metal 
towards the least substituted carbon atom, unless some addi- 


tional stabilization is provided by the substituents of the olefin 
(mainly heteroatoms). In our system the rhodium atom mi- 
grates exclusively to the most substituted quaternary carbon. 
This phenomenon is probably due to the presence of the two 
bulky phospliine groups which are held in position trans to each 
other by the rigid chelate core, favoring the formation of two 
5-membered rings rather than two 6-membered ones. 


The high stability of this bischelated system leads to another 
interesting question concerning the mechanism of hydride mi- 
gration to the olefin. In the only previously reported study of 
olefin insertion into the Rh-H bond, i t  was assumed that hy- 
dride migration to the ethylene ligand in the square-planar d8 
rhodium complex frans-[HRh(iPr,P),(C,H,)I proceeds via a cis 
intermediate.[4a1 As mentioned in that work, the ease of the 
presumed trans-to-cis isomerization of this complex is surpris- 
ing.Lz81 


In our system, hydride migration to the olefin is very unlikely 
to proceed through a trans- cis rearrangement. Both the bulki- 
ness of the phosphines and the high stability of the two S-mem- 
bered planar chelates would disfavor this process. Coordination 
of a fifth ligand (solvent, N,) to 3, thereby enabling a cis olefin- 
hydride arrangement, is unlikely. Since the migratory insertion 
process takes place in such a noncoordinating unpolar solvent 
as cyclohexane, solvent coordination to 3 probably does not 
play a role in the mechanism. N, coordination to 3 is incompat- 
ible with the lack of magnetization transfer between 2 and 3. No 
other species that could be assigned as the cis intermediate were 
observed by IR or by NMR spectroscopy. It appears that the 
structure of the hydrido-olefin complex 3 does not require this 
type of isomerization, since the C=C double bond plane does 
not lie perpendicularly to the Rh-H bond (the C=C-Rh angle 
is about 73“), and therefore, the necessary “cis arrangement” in 
the transition state can be achieved by a further shift in the 
position of the hydride. The P-Rh-P angle of 164.33 (5)” repre- 
sents an additional distortion from the ideal square-planar 
structure. All these factors may produce the necessary require- 
ments for the direct “trans” hydride migration, without involve- 
ment of a cis complex, which would be unfavorable in the ideal 
case.[”] The high, negative value of the entropy of activation is 
also compatible with a highly organized late transition state, 
which is formed upon the distortion from planarity in 3. 


Hydride migration to an ethylene ligand in a trans position 
was reported in the complex trans-[ (2,11 -bis(diphenylphosphi- 
nomethyl)ben~o[c]phenanthrene)PtH(C,H,)]+.[~~~ It was pro- 
posed that a cis H-C,H, orientation is obtained in this case by 
coordination of another ethylene molecule[301 or by distortion 
of the P-Pt-P angle.[29a1 


It is noteworthy that the methyl olefin complex [RhCH,- 
{CH,=C(CH,CH,P(tBu),),}] (6) ,  which we prepared by treat- 
ment of [RhCI{CH,=C(CH2CH,P(tBu),)2]][81 with MeLi in 
THF, does not undergo the migratory insertion process even 
when heated at 110 “C for days. Although hydride migration to 
an olefin ligand is alkyl migration in rhodium cis- 
alkyl-olefin complexes can occur under relatively mild condi- 
t i o n ~ . [ ~ ~ ~ , ~ ]  Were a classic cis intermediate to be formed in our 
system, methyl migration in 6 (if thermodynamically favorable) 
might have been expected. 


It has been recently shown that an unsaturated metal- alkyl 
complex, formed upon hydride to olefin migration, is not neces- 
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sarily the species responsible for the observed hydrogen scram- 
bling in a cis hydrido--olefin metal complex.r321 A detailed 
NMR study of some early transition metal complexes,[331 in- 
cluding reinvestigation of a study involving the niobium com- 
plex [Cp,Nb(CH,=CHCH,)H],[341 concluded that agostic in- 
teractions participate in the hydrogen exchange. Exploring 
these considerations in our system may lead to some intriguing 
questions: 1) If this type of intermediate does participate in our 
equilibrium, what should its geometry be? 2) What is the role 
of nitrogen in this process'? 


The kinetic data clearly shows that the dissociation of the 
dinitrogen ligand from complex 2 is the rate-determining step in 
the overall conversion of 2 to 3. Based on this, and on the fact 
that the H,C-C-Rh angle in 2 (104.2") is very close to tetrahe- 
dral, we believe that formation of an 18-electron agostic inter- 
mediate prior to dissociation of the N, ligand is unlikely. In 
addition, the square-planar d8 configuration is expected to be 
very stable. However, we have recently demonstrated that sub- 
stitution of a dinitrogen ligand in a similar complex, 1 a, by a 
weaker ligand (CO,) to form complex 1 d results in the appear- 
ance of a strong agostic interaction between the Rh atom and 
the proton attached to the ips0 carbon.['] The presence of an 
agostic interaction, even at the stage of the square-planar 16- 
electron complex 1 d, suggests that such an interaction would be 
even more favorable for a 14-electron intermediate formed upon 
dissociation of N, from 2. It has been also demonstrated that 
associative formation of an agostic interaction can occur upon 
dissociation of a loosely bound ligand from the tungsten coordi- 
nation ~phere.'"~ From this point of view, the unsaturated T- 
shaped 14-electron complex 5 probably does not exist as such, 
but rather has the agostic structure 5'(Figure 8). The latter must 
be quite unstable, since its formation leads to substantial pertur- 
bations in the electronic structure (the geometry of 5' must be 
strongly distorted from the square-planar configuration, result- 
ing in a considerable increase in the free energy of the system). 
'Therefore, 5' undergoes facile b-hydrogen elimination giving 
3.[361 Rapid in-place rotation followed by P-hydrogen elimina- 
tion results in the hydrogen scrambling observed for 3 (Fig- 
ure 8).  


Finally, we would like to point out the role of nitrogen in our 
process. Various small molecules are frequently used for trap- 
ping unsaturated intermediates in many migratory insertion 
processes involving metal centers. Carbon monoxide, phosphi- 
nes, and nitriles are among the most common ones.[4". 3 7 1  Prac- 
tically all of them dramatically slow down the reverse reaction, 
playing a role of a reaction sink. The migratory insertion inter- 


3 
Figure 8. Proposed mechanism of hydrogen scrambling in complex 3. 


mediate may also be trapped by a solvent molecule, although 
such adducts are normally very difficult to observe.1381 To our 
knowledge there are no examples of the use of atmospheric 
nitrogen as a trap for such a process. While dinitrogen can 
reversibly substitute various ligands from their metal compiex- 
es,r391 it is commonly used in inany reactions requiring anaero- 
bic conditions.[401 Here we have shown that nitrogen, even at 
low concentrations in solution, can easily trap the unsaturated 
species and shift the equilibria towards the insertion product. It 
is possible that dinitrogen may play a significant role in catalytic 
reactions performed under nitrogen and involving a slow migra- 
tory insertion step. 


Conclusion 


The thermally stable hydrido-olefin Rh complex [RhH- 
{CH,=C(CH,CH,P(tBu),),)1 (3) undergoes facile olefin inser- 
tion/P-hydrogen elimination processes. The structural data ob- 
tained from the NMR spectroscopy of 3 and its X-ray crystal 
structure, together with the high entropy of activation for the 
iiisertion reaction, as derived from the spin saturation transfer 
study (AS* z - 40 e.u.), suggest that direct trans insertion 
takes place in this system. Although the theory disfavors such a 
process,[291 we should take into consideration that, owing to the 
unique geometry of 3, some distortion from the trans configura- 
tion is already present in the ground state, and therefore, the 
high energy barrier predicted for the bending of the olefin to- 
ward the hydride is partially overcome. 


Another interesting point is the role of free nitrogen in the 
system. It is found that, under a nitrogen atmosphere, complex 
3 exists in equilibrium with the dinitrogen complex [Rh- 
(N,){CH3C(CH,CH,P(tBu),),}] (2). It has been demonstrated 
that the dinitrogen molecule is capable of efficiently trapping 
the unsaturated intermediate, which is formed upon olefin inser- 
tion into the metal-hydride bond. The dinitrogen complex 2 
is thermodynamicaIIy more stabIe than 3 + N, (ACzp8 E 


- 2.9 kcal mol - ') and 3 can be completely converted to 2 under 
moderate N, pressure. To our knowledge this is the first 
example of a dinitrogen effect on an insertion reaction. It is 
also noteworthy that N, dissociation from 2 has a substan- 
tially higher activation barrier than those for the migratory in- 
sertion and P-hydrogen elimination reactions. These facts are 
worth considering when studying organometallic reactions un- 
der free N, . 


Experimental Section 
General Procedures: All operations with air-and moisture-sensitive com- 
pounds were performed in a nitrogen-filled glove box (Vacuum Atmospheres 
with an MO-40 purifier). All solvents were reagent grade or better. Pentane, 
benzene. and THF were distilled over sodium/benzophenone ketyl. All sol- 
vents were degassed and stored under high-purity nitrogen after distillation. 
All deuterated solvents (Aldrich) were stored under high-purity nitrogen on 
molecular sieves (3 A). Sodium hydride was purchased from Merck as an  
80% suspension in Paraffin oil and washed with pentane in a glove box until 
only traces of oil remained. 'H, "P, and I3C NMR spectra were recorded at 
400, 162, and 100 MHz. respectively, using a Bruker AMX400 spectrometer. 
'H and I3C chemical shifts are  reported relative to TMS and referenced to the 
residual solvent C,D,H (6 =7.15, benzene) and all-deuterated solvent peaks 
(6 = 128.00, benzene), respectively. 3 'P  chemical shifts are relative to H,PO, 
and referenced to an  external 85% phosphoric acid sample. All measure- 
ments were performed at  23 ' C  unless otherwise specified. 
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Reaction of 4 with sodium hydride to form 2 and 3: To a solution of the 
rhodium hydrido chloride 4 (40 mg, 0.078 mmol) in THF (4 mL) was added 
NaH (30 mg 1.25 mmol). The suspension was vigorously stirred for 24 h at 
room temperature, after which it was filtered and the THF pumped off under 
vacuum. The resulting solid was dissolved in pentane, and the pentane solu- 
tion filtered again to remove insoluble inorganic particles. A 1 : 1 mixture of 
2 and 3 was obtained as an extremely air-sensitive dark red solid after evap- 
oration of the pentane. Yield 34 mg. Bubbling dry argon through a warm 
solution containing 2 and 3 in benzenc results in disappearance of 2 and 
quantitative formation of pure 3. The assignments of signals due to 2 and 3 
given below are confirmed by I3C{'H}, 'H-2D correlation and DEPT 
13C(IH} experiments. 


(Rh(N,){CH,C(CH,CH,P(rBu),),~l (2): TR (film): S = 2110 cm-' (s, 
(NEN). 31P{'H}NMR (C,D,): 6 = 86.95 (d, J(Rh-P) =172.1 Hz). 
'HNMR (C,D,,): 6 =1.16 (s, 3H),  1.27 (m of overlapped signals of 2 and 
3; appear as two singlets at 6 = 1.30 and 1.28 in 1H{31P} NMR, 36H). Other 
signals: 6 =1.8 (m), 1.57 (m), 1.39 (m). "C{'H} NMR (C,D,): 6 = 55.6 (dt, 
J(Rh-C) = 28.1 Hz, J(P-C) =1.9 Hz, ipso-C). Other signals: 6 = 24.08 (td, 
J(P-C) =7.0 Hz, J(Rh-C) = 3.0 Hz, CH,-P), 36.22 (t, J ( P - C )  = 4.9 Hz, 
CH,(CH,-P)), 35.6 (td, J(P-C) = 5.8 Hz, J(Rh-C) = 0.7 Hz, C(CH,),), 
35.12 (td, J(P-C) = 5.7 Hz, J(Rh-C) = I  Hz, C(CH,),), 30.18 (m, tBu 
CH,), 27.66 (s, CH,(C-Rh)). 


[RhH{CH,=C(CH,CH,P(tBu),)Z)I (3): IR (film): ? = 1791 cm-'. (br, R h ~ -  
H). Elemental analysis: calcd C 55.46, H 9.94; found C 55.71, H 10.06; 
"P{'H} NMR (C,D,): 6 = 86.71 (brd, J(Rh-P) =152.7 Hz). ' H N M R  
(C,D,): 6 =  -3.36 (dt, appears as a d in 'H(31P} NMR, J(Rh- 
H) = 21.0 Hz, J(P-H) =19.3 Hz, I H, hydride), 2.78 (brs, 2H,  CH, of the 
olefin group), 1.27 (m, appears as two singlets at 6 = 1.27 and 1.26 in 1H{31P) 
NMR, 36H). Other signals: 6 =1.88 (m, 4H), 1.7 (m, 2H),  1.54 (m, 2H).  
I3C{'H) NMR (C,D,): 6 = 97.4 (dt, J(Rh-C) = 9.8 Hz, J(P-C) = 3.6 Hz, 
quartcnary carbon of the olefin group), 48.22 (dt, J(Rh-C) = 8.6 Hz, CH, 
of the olefin group, overlapped with CH,(CH,-P)). Other signals: 6 = 24.08 
(t, J(P-C) = 4.4 Hz, CH,- P). 48.19 (m, CH,(CH,-P)), 33.21 (td, J(P- 


CH,), 30.36 (t, J(P-C) = 4.1 Hz, tBu CH,). 
C) =7.7 Hz, J(Rh-C) = 3.4 Hz, C(CH,),), 30.66 (t, J(P-C) 3.2Hz, fBu 


Synthesis of IRhCH,{CH,=C(CH,CH,P(tBu),),}] (6): To a solution of 
[RhCI(CH,=C(CH,CH,P(tBu),),~] 181 (23 mg, 0.045 mmol) in THF (3 ml) 
were added 35 pL of a 1 . 4 ~  solution of MeLi in diethyl ether at -30 'C. The 
solution immediately turned dark red. The reaction mixture was allowed to 
reach room temperature and solvent was evaporated. Pentane (3 mL) was 
added to the resulting solid, and the precipitate was isolated by filtration, 
washed with 2 x 2 mL of pentane, and the washings combined with the fil- 
trate. After removal of the solvent under vacuum, 6 was obtained as a 
air-sensitive red solid. Yield 21 mg (95.5%). Elemental analysis: calcd C 
56.32, H 10.07; found C 55.38, H 9.58. "P{'H) NMR (C,D,): h = 62.50 (d, 


J(Rh-H) =1.9 Hz, 3 H ,  CH,), 2.58 (brs, 2H. CH, of the olefin), 1.29 (vt, 
J(P-H) = 5.8 Hz, singlet in 'Hi3IP} spectrum, 18H, fBu),  1.27 (vt ,  J(P- 
H) = 5.7 Hz, singlet in 1H{3'P} spectrum, IXH, tBu). Other signals: 6 = 1.90 
(m, 4H). 1.70 (m. 2H),  1.50 (m, 2H). '3C{'H} NMR (C,D,): b = 87.48 (dt, 
J(Rh-C) = 9.1 Hz, J(P-C) = 3.4 Hz, quartenary carbon of the olefin 
group), 45.88 (dt, J(Rh-C) = 8.6 Hz, J(P-C) = 2.1 Hz, CH, of the olefin 
group), -7.03 (dt,J(Rh-C) = 23.3 Hz,J(P-C) =11.6Hz,CH3). Othersig- 
nals: 6 = 34.96 (t, J(P-C) = 4.1 Hz, CH,(CH,-P)), 20.15 (t, J(P- 
C) = 5.9 Hz, CH,-P), 35.89 (m, C(CH,),), 31.22 (t, J(P-C) = 2.8 Hz, CH, 
of tBu group), 30.12 (t. J(P-C) = 3.4 Hz, CH, of tBu group). 


J(Rh-P) =153.3 Hz). 'HNMR (C,D,): 6 =1.13 (td, J(P-H) = 5.8 H7, 


Measurement of olefin insertion rate with the saturation transfer technique: All 
the experiments were performed in a screw-cappcd NMR tube. In a typical 
experiment, an NMR tube was loaded with an approximately 1 : 1 mixture of 
2 and 3 (ca. 25 mg) in 0.5 mL of [D,]dioxaiie in thc glove box and then placed 
in a Bruker AMX400 spectrometer. The measurement tempcrature was kept 
constant (rt0.2"C) throughout the experiment. Equilibrium was reached 
within several minutes ("P{'H) NMR). No other species or decomposition 
products were observed. Saturation transfer experiments were performed by 
selective saturation of the hydride resonance under steady state conditions. 
The response of the signal of the olefinic protons was detected by comparison 
with a control experiment (the signal-free area was irradiated under the same 
conditions). The relaxation time (T&) of the olefinic protons was measured 
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using the standard inversion-recovery technique combined with the satura- 
tion of the hydride resonance. The k,,, value was calculated from the satura- 
tion transfcr (Forsen-Hoffman) equation: I" / I c  = qhc/(Tobs + kobr), where 
I" is the intensity of the signal of the olefinic protons under the saturation 
of the hydride resonance and I' is the intensity from the control expcriment 
[15b]. 


Measurement of N, dissociation rate from 2: In a typical experiment, 16 mg 
of an approximately 1 : 1 mixture of 2 and 3 in 1.2 mL of benzene was placed 
in a 10 mm high-pressure NMR tube (Wilmad 513-7PVH). and the solution 
was pressurized with 80 psi N,. The mixture was allowed to reach an equi- 
librium ratio betwcen 2 and 3 (ca. 5: 1). The dinitrogcn prcssure was released 
and the tube shakcn well to ensure that no extra gas pressure remained (the 
system was opened and closed twice). The "P(lH} NMR spectrum showcd 
that there was no dramatic ratio change occured between 2 and 3 upon the 
release of the pressure. The first kinetic spectrum was obtained after 45 miii 
from the beginning of the experiment, 


Data Collection and the X-ray Structure Determination of 2 and 3: A red block 
of approximate dimensions 0.3 x 0.3 x 0.2 mm was mounted on a glass fibcr 
using silicone grease and placed on a Rigaku AFCSR diffractometer. Data 
was collected at 110 K.  The unit cell was obtained by a random search of 20 
carefully centered rcflections in the 20 range of 8.0-25.0 . Monitoring of 
three standard reflections (hk l :  0 -2 -2, 1 2  -4, 1 -3 -2) every 200 re- 
flections indicated no decay of the crystal in :he X-ray beam. Data were 
collected at constant scan speed (16"min-') in the f2 scan mode in two 
shells [range: a) 2<20<44", b) 44<28<55') ( - 1 5 < h < 1 5 ,  O<k<18, 
-3<1< 19). The data were corrected for Lorentz and polarization effects. 
The data was not corrccted for absorption due to the low absorption 
(p = 0.81 1 mm- I )  of the crystal. A summary of the data collection informa- 
tion is given in Table4. The structure was solved by a Patterson map 


Table 4. Crystal data for 2, ,,3, 


formula 
M ,  
space group 
a/A 
h l A  
4 
Pi" 
viA3 


pcillsdlgcm ~ 


MMo,,)/mm- ' 


Z 


cryst. sizeimm 
F(000) 


instrument 
radiation (monochromated incident beam) 
orientation renns, no. 
T! K 
scan method 
data collection range (O)! 
data collected, unique, total ohs. 
parameters refined 
R I ,  wR2 [a] 
R 1, n R 2  (all data) 
GOF 
largest pcak, holejek,  


C,zH,,Ni ,P,Kh 
493.3 
P 2 ,  !r 
12.173 (2) 
14.121 (3) 
15.367(3) 
106.W (3) 
2532.7(8) 
4 
1.326 
0.2 x 0.3 x 0.3 
3076 
0.811 
Rigaku AFCSR 
Mo,, 
3 
110 
R 
1.74 -27.51 
7440, 5818, 5793 (F>4n(F)) 
264 
6.21. 14.21 
8.57, 16.47 
1.061 
0.827, -0.974 


(SHELXS86) and then expanded using Fourier methods and refined by 
full-matrix least squares refinement (SHELXL93) (5816 reflections with 
I>2u( I ) ;  K1 = 0.0621, wR2 = 0.1421). Scattering factors and corrections for 
anomalous dispersion were those implcinented in the SHELX program pack- 
age. The solution ahowed two species to be present in the crystal lattice, 
occupying the same crystallographic sites in a 6:4 ratio. This ratio was also 
verified by 31P{1H] NMR, which gave a slightly different ratio (7:3). All 
non-hydrogen atoms werc refined with anisotropic temperaturr factors. The 
tBu groups havc slightly higher temperature factors due to high thermal 
motion, common for tBu groups. The hydrogen atoiiis were included in the 
structure factor calculations at the final stage using a riding model with 
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d ( G  H )  = 0.98 A for the bonded carbon atoms. Hydrogens were introduced 
a t  calculated positions around the methyl C31 b with 0.6 occupancy. In the 
fin:il difference map, the largest peak (0.827 c k  ’) a n d  hole ( -  0.974 e A - 3 )  
appearcd in close proximity around the rhodium center (ca. 0.4-0.6 A) a n d  
could not be intcrpreted in a chemically significant way. Bond lengths and  
angles are given in Table 3. T h e  molecular structures of 2 and 3 are shown in 
Figures 6 and  7. respectively. 


Crystallographic da ta  (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic D a t a  
Centre as supplcmentary publication no. CCDC-100055. Copies of the data 
can be obtained frce of charge o n  application t o  The  Director, CCDC, 12 
Union Road, Cambridge CBZlEZ, U K  (Fax:  Int .  code +(1223)336-033: 
e-mail: tcched@,cheincrys.carn.ac.uk). 
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On the Role of Structural Zinc in Bis(Cysteiny1) Protein Sequences** 


Axel MeiSner, Wolfgang Haehnel, and Heinrich Vahrenkamp” 


Abstract: Besides its functional role in metal or whether the zinc ion provides the pects of this question by synthesizing zinc 
many hydrolytic metalloenzymes, zinc structurizing power and stability for the complexes of small model peptides and by 
acts as a structural component by being observed peptide conformations. We have determining their structures in solution by 
attached to bis(cysteiny1) protein se- addressed the coordination chemistry as- 2 D NMR spectroscopy. The peptides 
quences in some of the same enzymes, and chosen were of the terminally protected 
in other metalloproteins and zinc fingers, bis(cysteiny1) type: Cys-Cys, Cys-Gly- Keywords 
and by being an essential constituent in Cys, Cys-Phe-Cys, and Cys-Gly-Ile-Cys. NMR spectroscopy - peptides - 
metallothioneins. It is not always obvious The zinc ions fold these peptides into protein structures * structure eluci- 
whether the zinc-binding proteins are pre- structures that can be superimposed on dation * zinc 
organized for the incorporation of the those of the natural proteins. 


Introduction 


The best-known role of zinc in biological processes is its func- 
tion in the active centers of hydrolytic enzymes.12*31 In recent 
times, however, zinc has been found to be equally important as 
a structural component, assisting in the folding of proteins.[41 


One of the most common protein motifs for the binding of the 
so-called structural zinc is the bis(cysteiny1) sequence Cys-Xn- 
Cys. It occurs in alcohol dehydrogena~e,[~] in many zinc fin- 
gers,L6, ’] zinc twists, and zinc clusters,[s- lo] as well as in metal- 
lothioneins.”’. 12] As a rule the two cysteine residues 
coordinating one zinc ion are separated by only one to three 
amino acid residues, and in metallothioneins they may even be 
immediate neighbors. Often the binding sites for structural zinc 
occur in 8-turn or pseudo-/I-turn like regions.[’31 


The question of whether the folding or the immediate metal 
environment of these proteins are induced by the zinc ions or 
whether the preorganization of the proteins provides a singular- 
ly favorable environment for the structural zinc cannot always 
be answered. While it could be shown that zinc finger fragments 
or metallothioneins are converted from random coils to ordered 
folds upon addition of zinc, this is not obvious for fully intact 
transcription factors or enzymes containing structural zinc, be- 
cause the structure of the metal-free protein is not known. 


Model studies may help to uncover the folding and binding 
mechanism, as has been shown for the design of protein-zinc 
binding sites[14, I as well as for the metal ion assisted helix 
formation of small polypeptides.[161 We have approached this 
field with simple coordination compounds of zinc with 
aminethiols[”’ and cysteine-containing peptides.”’] The aim of 
our studies is to find thermodynamic and geometrical factors 
determining the composition, structure, and immediate zinc en- 
vironment of complexes of chelating N and S (e.g. peptide) 
ligands. In turn these factors may help in the construction of 
peptides that induce specific protein folds when complexed to 
“structural” zinc. This would allow coordination chemistry to 
contribute to protein design. 


In addition to underlining the high affinity between zinc and 
thiolates and the very marked preference for ZnN,S, coordina- 
tion, our studies so far have shown that, even with highly volu- 
minous or electronegative substiuents on the thiolates, it is near- 
ly impossible to obtain non-oligomeric (i.e. not Zn-S-Zn 
bridged) complexes of alkanethiols (namely, cysteine deriva- 
tives) in the absence of nitrogen donors. When investigating the 
zinc coordination chemistry of bis(cysteiny1)peptides with the 
purpose of modeling structural zinc sites, we therefore ensured 
their monomeric and stable nature by incorporation of a nitro- 
gen coligand. The four peptides used, 1-4, were protected at 


[*I Prof. Dr. H. Vahrenkamp, Dr. A. Meilher 
Institut fur Anorgdnische und Analytische Chemie der Universitat Freiburg 
Albertstr. 21, D-79104 Freiburg (Germany) 
Fax: Int. code +(761)203-6001 
Prof. Dr. W. Haehnel 
Institut fur Biochemie der Pflanzen der Universitat Freiburg 
Schinzlestr. 1, D-79104 Freiburg (Germany) 
Fax: Int. code +(761)203-2601 


[**I Zinc complexes of amino acids and peptides, Part 10. Part 9, ref. [I]. 


Bz-Cys-Cys-OEt 1 BL-Cys-Gly-Cys-OEt 2 


Bz-Cys-Phe-Cys-OEt 3 Bz-Cys-Gly-He-Cys-OEt 4 


both the N- and C-termini to prevent coordination other than 
by the thiolate functions. They are minimal representations of 
the bis(cysteiny1) protein sequences with 0, 1 .  and 2 spacer 
amino acid residues between the two cysteines. The protecting 
groups were N-benzoyl (Bz) for the N-terminus and ethoxy (OEt) 
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for the C-terminus. The o-phenanthroline derivative neo- 
cuproine (neo), with its two nitrogen donor funtions, was found 
to be an ideal coligand. With this ligand combination, principal- 
ly simple mononuclear complexes of the type (pept)Zn(neo) 
were accessible. 


neo L s '  


Results and Discussion 


The peptides 1-4 were obtained starting from the cystine 
derivative [H-Cys-OEt], 2 HOTos. Stepwise coupling with the 
N -protected amino acids Boc-Gly-OH, Boc-Phe-OH, Boc-Ile- 
OH, and [Bz-Cys-OH], , respectively, was performed by using 
the mixed anhydride technique. The resulting bis(cystine) pep- 
tides were reduced to the bis(cysteine) peptides 1-4  with dithio- 
erythritol. Thc products obtained were of analytical purity, and 
further purification by HPLC was not required. They were fully 
characterized (IR, NMR, MS, and elemental analyses; Experi- 
mental Procedure). 


The zinc complexes of the type (pept)Zn(neo) were obtained 
in a two-step procedure. After deprotonation with sodium 
ethoxide, the peptides were treated with zinc perchtorate in 
ethanol to give the Zn(Sli), compounds 1 a-4a. Their reactions 
with equimolar amounts of neocuproine produced the desired 
complexes 1 b-4b. 


[(B~-Cy~-Cys-0Et)Zn].  1 a 


[I Br-Cys-Cily-C~s-OEt)Zn], 2a  [(Br-Cys-Gly-Cys-OEt)Zn(neo)) 2b 


[ I  Bz-Cys-Phe-Cys-OEt)Zn], 3a [(Bz-Cys-Phe-Cys-OEt)Zn(neo)] 3h 


[ 'Bz-Cy~-Cly-Ile-C)~s-OEt)Znl, 4 a [ (BI-Cys-Gly-Ile-Cys-OEt)Zn(neo)] 4 h 


[( Bz-Cys-Cys-OEt)Zii(neo)] 1 h 


Compounds 1 a-4a slowly precipitated from the reaction so- 
lutions. After precipitation they were practically insoluble in all 
solvents except strong acids, thereby indicating their possible 
oligomeric nature. Therefore they were isolated only for analyt- 
ical purposes. For the formation of 1 b-4b they were treated in 
situ with neocuproine. Complexes 1 b-4b were also isolated by 
precipitation from ethanol. Their solubility in solvents of lower 
polarity (see NMR experiments) indicates, however, that they 
;are monomeric. Their identity was verified by analytical and 
spectroscopic data. 


Proof for the monomeric and mononuclear nature of 1 b-4b 
was obtained by ESI-MS. The mass of peptides 1, 3, and 4 was 
accurate to within 10 .1  of the calculated mass as detected by a 
quadrupole mass spectrometer equipped with an electrospray 
interface." Protonation of the ligands decreased the stability 
of the zinc complexes at low pH and made it difficult to detect 
the intact complexes in the presence of acid introduced with the 
eluent used for chromatographic purifications. However, com- 
plexes 1 b. 3b, and 4 b  dissolved in CHClJacetonitrile (1 : I  v/v), 


yielded the masses 627.1, 774.3, and 797.9, respectively, for the 
intact protonated complexes (with 'H, I3C, 32S, and 64Zn) 
when acid-free methanol was used as eluent. This indicates a 
remarkable stability of these zinc complexes. In contrast, in 
previous studies with zinc-finger proteinstzo3 211 and the cop- 
per(1)-containing protcin plastocyanin[z21 only the masses of the 
metal-free apoproteins were observed. The zinc isotopes 64, 66, 
67, 68, and 70 incorporated in complexes 1 b, 3b, and 4 b  were 
resolved as individual peaks in each of the three mass spectra 
showing relative intensities in good agreement with the natural 
abundance of the isotopes. This provides clear evidence for the 
monomeric character of these complexes and excludes the possi- 
bility of dimers, such as (MH');'. Thus the combined advan- 
tages of electrospray ionization and the presence of uncharged 
molecular complexes have allowed an unprecedentedly exact 
determination of their molecular masses. 


The complexes 1 b-4 b could not be obtained as single crystals 
for X-ray structure determinations. We therefore applied 2 D 
NMR methods to determine their structures in solution. Con- 
ventional COSY and NOESY techniques were applied for data 
acquisition and the extraction of torsional angles.[23] The struc- 
tures were solved by the procedure of dynamical simulated an- 
nealing using the program XPLORrZ4] (for details, see Experi- 
mental Procedure). For reference purposes the NMR data of 
the peptides 1-4 were obtained in the same way. They showed, 
as expected, that the peptides have no preferred conformations, 
that is, they exist as random coils in solution. Typically their JHlv 
coupling constants are all close to 7.0 Hz, and the NOESY 
spectra show for each cysteinyl function cross-signals relating 
the NH protons with both diastereotopic C,H, protons. This 
indicates that the peptide backbone as well as the side chains for 
1-4 are randomly oriented. In contrast, in complexes I b-4b 
the same peptides have well-defined conformations. 


In the following graphical representations of the complex 
structures, wire models of several of the "best" (see Experimen- 
tal Procedure) solutions are superimposed by using the central 
peptide linkage as the anchor. This shows that there is rather 
good definition in the conformation of the peptide backbone 
and a high degree of freedom for the terminal protecting groups 
and the peptide side chains. According to the NMR data the 
Zn-neocuproine unit has considerable freedom through a rock- 
ing motion with respect to the ZnS, plane. The Zn-N distances 
remained close to 2.00 8, and the Zn-S distances close to 2.30 8, 
during the refinement. With the N-Zn-N angle constrained to 
80", the S-Zn-S angles refined at 133 k 2" and the N-Zn-S angles 
at 108_+6". 


The complex of 1 (Fig- 
ure 1) contains a nine- 
membered chelate ring. Its 
key features are the cis 
configuration of the pep- 
tide bond and the absence 


- 


S 
of stabilizing hydrogen 
bonds. 


The complexes of 2 (Fig- 
ure2) and 3 (Figure 3) 
both have twelve-mem- 
bered chelate rings and 
trans configurations of all Figure 1 Wire model of complex I b. 
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Figure 2. Wire model of complex 2 b  


Figure 3. Wire model of complex 3 b  


the peptide bonds. NMR data and molecular geometry indicate 
that the NH proton of the C-terminal cysteine is involved in a 
hydrogen bond to one or both of the sulfur atoms. 


The complex of 4 (Figure4) contains a fifteen-membered 
chelate ring. All the peptide bonds are again in  a trans configu- 
ration. The peptide forms a loop which is very similar to a type I 
p - t~~rn , [ ’~I  however, without a hydrogen bond between CO of 
the N-terminal and NH of the C-terminal cysteines. 


Figure 4. Wire model of complex 4b. 


3b 


Figure 5. Ball-and-stick models of the average structures of I b, 2b. 3b. and 4b. 


The coordination environment of the zinc ions in the average 
structures of the four complexes is given in Table I .  For refer- 
ence one zinc complex with a very simple ZnN,S, environ- 
ment (A = Zn(N-methyl imida~ole),(SPh),[~~’) and one neo- 
cuproine-Zn(SPh), complex (B = Zn(neo)(SPh),[261) are in- 
cluded. The consistency of bond lengths and angles among the 
four peptide complexes is noticeable. While for the bond lengths 
this is an expression of the imposed restaints on their variability 
(see Experimental Procedure), such is not the case for the bond 
angles, which were allowed to vary within a wide range. The 
distances and angles are in a reasonably good agreement with 
those of reference complex B in which the neocuproine ligand 
also enforces a very small N-Zn-N angle, allowing the S-Zn-S 
angle to become very large. Reference complex A adopts a more 
“natural” disposition of the ligands around zinc, with bond 
angles closer to the tetrahedral value, but bond lengths again 
reasonably close to those in 1 b-4b. 


Table 1. Bond lengths [A] and angles v] at the zinc ions in cornpiexes lb-4b and 
reference compounds. 


lb 2 b  3 b  4b  A B 


Zn-S’ 
Zn-S2 
Zn-N’ 
Zn-N2 


S1-Zn-S2 
S’-Zn-N’ 
S’-Zn-N2 
S2-Zn-N’ 
SZ-Zn-N2 
N‘-Zn-N2 


2.29 
2.30 
2.01 
1.99 


134.7 
108.9 
103.1 
105.2 
111.4 
80.3 


2.30 
2.30 
2.01 
2.01 


135.6 
110.0 
101.8 
105.4 
110.1 
80.2 


2.30 
2.30 
2.01 
2.00 


331.4 
114.1 
103.2 
105.8 
110.2 
80.0 


2.30 
2.30 
2.00 
2.00 


133.4 
110.4 
102.0 
106.3 
111.9 
80.1 


2.30 
2.2Y 
2.05 
2.03 


109.4 
110.6 
111.1 
108.1 
115.3 
101.9 


2.26 
2.26 
2.09 
TOY 


134.5 
106.7 
107.7 
107.7 
106.7 
80.2 


Figure 5 shows the structures of all four complex molecules as 
ball-and-stick models in the SCHAKAL format, obtained by 
averaging the wire models displayed in Figures 1-4. This repre- 
sentation facilitates visualization, but also gives the false impres- 
sion that the accuracy of the structure determinations is of X- 
ray quality. 


The structural results show that the zinc ion, assisted by the 
neocuproine ligand, is able to assemble the peptide ligands such 
that quite unusual chelate ring sizes (9, 12, 15) are formed, 
although this limits the conformational freedom of the peptides, 
which exist as random coils in the absence of zinc. The molecu- 
lar dynamics calculations show that the zinc ion does not impose 
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conformational strain, that is, the structures are compatible 
with the “natural” situation of the corresponding amino acid 
sequences in proteins. 


Thc degree of this compatibility can be evaluated by superim- 
posing the zinc peptide units of the four complexes on those of 
their natural equivalents, as shown in Figure 6 for the Cys-Cys 


Zn Zn 


Figlire 6. The Zn(CysCys) units of rat llvcr metallothionein-11 (left) and of thc five 
“hejt” structures of  the Zn(CysCys) complex 1 b (right) projccted onto the ZnS, 
plane. 


complex 1 b and two Zn(CysCys) units in rat liver metallo- 
thionein-11.[121 Again, the zinc ion is used as anchor. While a 
gencral similarity is to be expected due to the relatively small 
chelate ring size, the differences are nevertheless obvious. They 
result from the fact that the peptide bond in the complex has a 
cis arrangement and that in the metallothionein a trans arrange- 
ment. A direct comparison is not possible because the Cys-Cys 
units in the metallothionein are both coordinated to one addi- 
tional zinc ion. 


The two Zn(Cys-X-Cys) complexes of peptides 2 and 3 find 
their natural equivalent in three of the seven zinc-coordinating 
Cys-X-Cys units of the metallothioneins, namely, the Cys-Ser- 
Cys units, which each bind to only one zinc ion.[’2] In order to 
align them with the complexes of 2 and 3 a different mode of 
projection is employed. In Figure 7 the Cysl-X amide bond is 


Fijpre 7. The Cys-Ser-Cys units of three zinc-binding sites in t’dt liver metallo- 
thionein-TI (left) and thc Cys-X-Cys units of the zinc complexes 2 b  and 3 b  (right) 
projected onto the planc of the Cysl-X amide bond. 


used as the anchor and as the plane of projection, and the zinc 
ions are omitted. The reason for this lies in the large variation 
in the orientations of the cysteinyl side chains (i.e., the S-C,-C,- 
C dihedral angles) in the five species. Except for this conforma- 
tional freedom found in the three natural and the two synthetic 
examples, the shapes of the five tripeptide “ligands” are very 
similar. 


The zinc binding units Cys-X-X-Cys exemplified by 4 b occur 
in metallothioneins[””2’ as well as in zinc fingers,[h.27-291 and 
in many other “structural” sites of proteins.[’-‘] Three of those 
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that are obtainable from the protein data banks (two from the 
zinc finger ZIF 268[281 and one from rat liver metallothionein- 
IIr121) are depicted in Figure 8 for comparison with the corre- 
sponding fragment of the complex of 4 b. As for 2 b and 3 b the 
amide bond between Cys’ and X2 is used as the anchor and 
plane of projection, because the real protein structures and the 


‘S 


Figurc 8. Superpositions of the zinc binding Cys-Arg-lle-Cys and Cys-Asp-lle-Cys 
units from ZIF 268 and the Cys-Ala-Lys-Cys unit from rat liver metallothionein-I1 
(left) and of the three “best” structures of 4b in its zinc complex (right) projccted 
onto the plane of the C y s l ~  Xz amide bond. 


best solutions of the model structure exert their largest confor- 
mational freedom in the cysteine side chains. On the one hand, 
this seems to cause a large flexibility of the zinc ion position if 
viewed from the anchoring point on  the other side of the chelate 
ring; on the other, it again reveals a marked similarity between 
the shapes of the chelate rings formed by the natural and the 
synthetic Cys-X-X-Cys ligands. 


The three comparisons between the natural bis(cysteiny1) zinc 
binding sites and their model structures presented here reveal 
typical differences and striking similarities. The main differ- 
ences lie in the variable orientations of the cysteinyl CH,- S side 
chains and S-Zn bonds with respect to the plane of the peptide 
loop. In the natural structures this reflects the conformational 
freedom of these units whose orientation is determined more by 
extraloop rather than intraloop interactions. In the different 
solutions obtained by the computational process for the struc- 
tures of each model complex, it reflects the fact that the C,-S- 
Zn-S dihedral angles are not constrained by the NMR data. 
Another reason for the differences between the natural and the 
model structures lies in the different modes of hydrogen bond- 
ing. In the model structures only intraloop hydrogen bonds are 
possible and become visible for 2 b  and 3b (see above). In the 
natural structures various extraloop hydrogen bonds exist in 
addition to  the same intraloop interaction as in the mod- 
els,[’ I .  121 


Taking these limitations into account, the geometrical tit be- 
tween the natural examples and the model complexes is remark- 
ably high. Figures 7 and 8 demonstrate this by using a central 
amide unit as the plane of projection. It thus becomes clear that 
the conformations of the three or four peptide constituents are 
highly conserved and that only the side chains (including the 
thiolate side chains) are free to  orient themselves. 


The peptide conformations found in complexes 1 b-4 b are 
not the minimum-energy conformations of the free peptides. 
The NMR data of the free peptides 1-4, in agreement with 
molecular mechanics calculations, indicate that they exist in 
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solution as random coils. Thus, the binding to the zinc ions 
enforces the loop structure on the peptides and is the structuriz- 
ing influence generating the observed conformations. The simi- 
larity between the model complexes and their natural equiva- 
lents suggests that the same mechanism occurs in the proteins. 
This allows the further conclusion that "structural zinc" not 
only stabilizes the structure, but is also the essential component 
for the folding of the corresponding protein segments. 


Experimental Procedure 


The general experimental techniques and spectroscopic methods were as 
described previously [30]. The peptide derivatives [H-Cys-OEt],.2 HOTos, 
[Bz-Cys-OH],, Boc-Gly-OH, Boc-Phe-OH, and Boc-lle-OH were prepared 
by standard procedures from the commercially available amino acids cystine, 
glycine, phenylalanine, and isoleucine. All solvents were free of water and 
oxygen. Ail manipulations were carried out under an atmosphere of nitrogcn 
(99.99 "/.) 


Peptide syntheses: The following standard procedures were applied: 
A (coupling): The cystinyl component (5.00 mmol, as its HOTos (tosylate) or 
HOTf (trillate) adduct) was dissolved in DMF (20 mL) and treated with 
N-mcthylmorpholine (NMM) (1.10 mL, 10.0 mmol). In a second flask the 
coupling component (Bz or Boc amino acid, 10.00 mmol) was dissolved in 
THF (50mL), cooled to - 1 5 ° C  and treated with NMM (I.lOmL, 
10.0 mmol). After 15 min this second solution was treated with chloroformic 
acid isobutyl ester (CAIBE) (1.30 mL, 10.0 mmol). After 2 min the first solu- 
tion was added to the second, and the mixture stirred for 16 h. The precipitate 
was then removed with a G 3  frit and washed with THF (20 mL). The com- 
bined filtrates were concentrated to 25 mL in vacuo and treated with water 
(80 mL) to precipitate the crude product. The voluminous precipitate was 
separated with a G 3 frit and washed with water (3 x 15 mL) and 5 %  NaH- 
CO, solution (3 x 15 mL). It was then washed with 15 mL portions of water 
until the filtrate had a neutral pH. The colorless product was dried under an 
oil pump vacuum. 
5 ( ~ ~ ~ p l i n g )  : Like A until the precipitation of the crude product. The oily 
crude product was taken up into cthyl acetate (100 mL), and the aqueous 
phase was extracted with ethyl acetate (50 mL). The combined ethyl acetate 
phases were washed with water (3 x 50 mL), HCI solution (pH = 3) 
(3 x 50 mL), water (3 x 50 mL), 4 %  NaHCO, solution (3 x 50 mL), and fi- 
nally 50 mL portions of water until the filtrate had a neutral pH. The ethyl 
acetate phase was dried ovcr Na,SO, and evaporated to dryness under an oil 
pump vacuum. 
C (removul of Boc g r o u p ) :  The Boc-protected peptide (5.00 mmol) was 
dissolved in water-free trifluoroacetic acid (TFA) (50 mL) whereupon a vigor- 
ous gas evolution occurred. After 1 h the TFA was removed in vacuo. The oily 
yellow residue was triturated with diethyl ether until it was transformed into 
a colorless solid. This was filtered off over a G3 frit, washed with ether, and 
dried in vacuo. 
D (disuffide clruvtrgr): The cystine derivative (5.00 mmol) was suspended in 
water (100 mL) and treated with dithioerythritol (DTE) (1.31 g, 8.50 mmol). 
The pH was adjusted to 8.5 by addition of0.2 M NaOH. Acetonitrile (100 mL) 
was then added. and the solution refluxed 6 h. After cooling to room temper- 
ature the resulting clear solution was acidified with TFA and evaporated to 
dryness. The remaining solid was washed with ether (30 mL) and cold water 
(5  mL) and then dried under an oil pump vacuum. 
1: From [Bz-Cys-OH], (3.36 g, 7.50 mmol) and [H-Cys-OEt],.2HOTos 
(4.81 g, 7.50 mmol), according to procedure A with NMM ( 2  x 1.65 mL) and 
CAIBE (1.95 mL), producing [Bz-Cys-Cys-OEt], (4.51 g, 85%). Cleavage 
according to procedure D; [Bz-Cys-Cys-OEt], (4.36 g, 12.30 mmol) with 
DTE (3.79 g, 24.6 mmol) yieldcd 1 (4.05 g, 92%)) as a colorless powder, m.p. 
198-200°C. IR (KBr, cm-I): i. = 3360 (s, NH), 2546 (w, SH), 1737 (s), 1644 
(s), 1525 (s, ester, amide). 'HNMR (CDCI,): 6 =7.84 (d, J,,, = 8.0 Hz, 2H,  
o-H Bz);7.60-7.41 (m,3H,m,p-H Bz); 7.26(d, JaN =7.2 Hz, 1 H,NH-'Cys); 
7.21 (d, JaN = 8.4 Hz, 1 H, NH-'Cys); 4.95-4.80 (m, 2H,  C,H-'Cys, C,H- 
'CYS); 4.27 (4. J,, =7.1 Hz, 2H, CH,-Et); 3.22 (ddd, Jzlc = 4.8 Hz, Joy = 
7.8 Hz, 'J,,. =13.9 Hz, 1 H, C,H-'Cys); 3.04 (dd, Jzp  = 4.4 Hz, J,; = 8.9 Hz, 


2H, C,H-*Cys); 2.90 (ddd, Jxa, = 6.7 Hz, J,,; = 10.1 Hz, 'J,,, = 13.9 Hz, 1 H, 
C,H'-'Cys); 1.86 (dd, J,, = 8.0 Hz, Jp . ,  = 10.1 Hz, I H, SH-'Cys); 1.45 (t, 
Jp7 = 8.9 Hz, 1 H, SH-'Cys); 1.31 (t, J,, =7.1 Hz, 3H.  CH,-Et). 
C,,H,,N,O,S, (356.5): MH+ found: 357.1 (ESI-MS). 
2: From [H-Cys-OEt],.2HOTos (6.41 g, 10.00 mmol) and Roc-Gly-OH 
(3.82 g, 20.00 mmol), procedure B, yielding [Boc-Gly-Cys-OEt], (5.80 g, 
95%). This product (5.80 g, 9.50 mmol), treated according to procedure C. 
yielded [H-Gly-Cys-OEt],.2TFA (5.1 1 g, 84%). This product (4.1 1 g, 
6.43 mmol) and [Bz-Cys-OH], (2.87 g, 6.43 mmol). treated according to pro- 
cedure A, yielded [Bz-Cys-Gly-Cys-OEt], (5.01 g, 94%). This product 
(4.89 g, 11.89 mmol) and DTE (3.67 g, 23.77 mmol), according to proce- 
dure D, yielded 2 (3.54 g, 72%) as a colorless powder, m p. 136 -137 'C. IR 
(KBr, cm-I): i. = 3308 (s), 3249 (m, NH), 2548 (w, SH), 1730 (s) ,  1676 (s). 
1632 (s), 1578 (m), 1534 (s, ester, amide). 'H NMR (CDCI,): 6 =7.87-7.82 
(m, 2H, o-H Bz); 7.48 (mc, 3H,  m,p-H Bz); 7.24 (d, JzN =7.1 Hz, 1 H, NH- 
'CYS); 7.16 (t, .TeN = 5.4 Hz, 1 H, NH-Gly); 6.96 (d. JrN = 6.8 Hz, 1 ll. NH- 
"CYS); 4.85 (ddd, JeN =7.1 Hz, Jzu = 4.4 Hz, Je,, = 6.5 Hz, 1 H, C,H-'Cys): 
4.83(dd, J e N = 6 . 8 H 2 ,  Jog=4.4Hz,  1H,C,H-3Cys);4.22(q. J,,=7.1 Hz, 
2H,  CH,-Et); 4.08 (dd, JilN = 5.7 Hz, *J,,, = 16.8 Hz. I H, C,H-GIy): 4.03 (d. 
Ja.N = 5.7 Hz, *J,.. =16.8 Hz. 1 H. C,H'-Gly); 3.25 (ddd, .IzIl = 4.4 Hz, 
2J,p. = 13.9 Hz, J,; =7.7 Hz, 1 H,  C,H-'Cys); 3.01 (dd, Jz, = 4.4 Hz, 
JPy = 8.4 Hz, 2H,  CgH-3Cy~); 2.89 (ddd, Jmp, = 6.5 HZ. J,.7 = 10.2 Hz, 
'JPa. = 13.9 Hz, 1 H, C,H'-'Cys); 1.87 (dd, J,; =7.7 Hz, J, = 10.2 Hz. 1 H, 
SH-ICys); 1.42 (t, J o y =  8.4H2, 1 H, SH-3Cys); 1.28 (t. JE, =7.1 Hz, 3H, 
CH,-Et). C,,H,,N,O,S, (413.5): calcd C 48.37. H 5.60, N 10.16: found: C 
48.58, H 5.24, N 9.79. 


3: From [H-Cys-OEt],.2HOTos (3.20 g, 5-00 mmol) and Boc-Phe-OH 
(2.65 g, 10.00 mmol), procedure B, yielding [Boc-Phe-Cys-OEt], (3.34 g, 
84%). This product (3.34 g, 4.22 mmol). treated according to procedure C. 
yielded [H-Phe-Cys-OEtI2.2TFA (3.36 g, 97%). This product (3.15 g, 
4.17 mmol) and [Bz-Cys-OH], (1.87 g, 4.17 mmol), treated according to pro- 
cedure A, yielded [Bz-Cys-Phe-Cys-OEt], (3.72 g, 89 %). This product 
(3.70 g, 7.38 mmol) and IlTE (2.39 g, 15.50 mmol), according to proce- 
dure D, yielded 3 (3.06 g. 82%) as a colorless powder. n1.p. 286--188 'C 
(dcc.). 1R (KBr, cm-I): i = 3484 (sh), 3280 (s, NH), 2561 (w. SH), 1738 (s), 
1628 (s), 1579 (m), 1529 (6, ester, amide). ' H N M R  (CDCI,): 6 =7.77 (d, 
Jam =7.5 Hz, 2H,  o-H Bz); 7.60-7.40 (m, 3H,  m,p-H Bz); 7.16 (mc,  6H,  
Aryl-H Phe, NH-'Cys); 7.05 (d, JaN =7.8 Hz. 1 H, NH-Phe); 6.99 (d. 
JIN =7.5 Hz, 1 H, NH-,Cys); 4.88-4.72 (m, 3H, C,H-'Cys, C,H-Phe. C,H- 
'Cys); 4.22 (9. J,, =7.0 Hz, 2H, CH,-Et); 3.22-3.04 (m, 1 H, CBH-'Cys): 
3.13 (mc, 2H, C,H-Phe); 2.97 (mc, 2H,  CpH-'Cys); 2.87 2.72 (m, I H, 
CPH'-'Cys); 1.68 (dd, JpI =7.7 Hz, Jp, = 10.2 Hz, 1 H,  SH-'Cys); 1.39 (t, 
Joy = 9.0 Hz, 1 H, SH-,Cys); 1.29 (1, J,, =7.1 Hz, 3H. CH,-Et). 
C,,H,,N,O,S, (503.6): calcd C 57.23, H 5.80. N 8.35; found: C 56.24, H 
5.75, N 7.87; MH' found: 504.2 (ESI-MS). 


4: From [H-Cys-OEt],.2HOTos (4.81 g, 7.50 mmol) and Boc-lle-OH (3.47 g, 
15.00 mmol), procedure B, yielding [Boc-lle-Cys-OEt], (4.69 g. 86%).  This 
product (4.57 g. 6.33 mmol), treated according to procedure C, yielded [H- 
lle-Cys-OEt],.2TFA (3.52 g, 74%). This product (3.52 g, 4.68 mmol), and 
Boc-Gly-OH (1.64 g, 9.36 mmol). treated according to procedure A. yielded 
[Boc-Gly-Ile-Cys-OEt], (3.76 g, 96%). This product (3.75 g, 4.48 mmol), 
treated according to procedure C, yielded [H-Gly-Ile-Cys-OE(],.2TFA 
(3.85 g, 99 56). This product (3.85 g, 4.45 mmol), and [Bz-Cys-OH], (2.00 g, 
4.45 mmol), treatcd according to procedure A, yielded [Bz-Cys-Gly-Ile-Cys- 
OEt], (3.02 g, 64%). This product (2.90 g, 5.53 mmol) and DTE (3.09 g, 
20.00 mmol), treated according to procedure D,  yielded 4 (2.40 g. 8 3 % )  as a 
colorless powder, n1.p. 162-164'C (decomp.). IR (KBr, cm I ) :  i = 3304 (s. 
NH). 2565 (w, SH), 1729 (s), 1631 (s), 1578 (w). 1542 (s, ester, amide). 
' H N M R  ([D,]DMSO): 6 = 8.51 (d, JrN =7.6 Hz, 1 H, NH-'Cys): 8.35 (d, 
JzN = 8.5 Hz, 1 H, NH-"Cys); 8.29 (1, JrN = 5 . 2  Hz, 1 H. NH-Cly); 7.90 (d, 
J,,,,=S.l Hz,2H,o-HBz);7.72(d,J,,=7.9Hz,1H,NH-Ile);7.47(m,,3H, 
m,p-H Bz); 4.53 (mc, 1 H,  C,H-'Cys); 4.40 (mc, I H, C,H-4Cys); 4.25 (inc, 
I H ,  C,H-He); 4.10 (q, J,, =7.1 Hz, 2H, CH,-Et); 3.81-3.62 (m. 2H,  C,H- 
Gly): 3.28 (mG, 2H,  SH-C.ys); 3.07-2.64 (m, 4H. C,H-Cys); 1.72 (me, 1 H, 
C,H-lle); 1.41 (mG, 1 H, C,H-Ile); 1.17 (1. J,, =7.1 Hz, 3H, CH,-Et): 1.07 
(mc, 1 H, C7,H-lle); 0.82 (d, Jp,, = 6.7 Hz, 3H,  C,H,-Ile); 0.79 (t, Jy6 = 5.7 €fz. 
3H, C,H-Ile). C,,H,,N,O,S, (526.7): calcd C 52.45, H 6.51, N 10.64; 
found: C 52.06, H 6.44, N 10.62; MH' found: 527.2 (ES1-MS). 


Compounds Zn(SR), (general procedure): The peptide was suspended i n  


ethanol (50 mL per mmol), and a 0 . 2 ~  solution of sodium ethoxide (2 equiv) 
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in ethanol was added with stirring, to produce a clear solution. Zn- 
(ClO4),-6H,O (1 equiv) in ethanol ( 5  mL per mmol) was slowly added with 
stiri-ing. The solution was heated to 80 "C for a few minutes and then coolcd 
slowly to room temperature. A colorless prccipitate was formcd. The volume 
of the mixture was reduced by one half in vacuo, and then the mixture was 
held at - 15 C for 20 h. The colorless precipitatc, consisting of compounds 
l a . -4a ,  was filtered off, washed with cold ethanol and dried in vacuo. 


I a :  From 1 (1.07 g, 3.00 mmol) and Zn(CIO4);6H,O (1.12 g, 3.00 mmol). 
Yield 0.65 g ( 5 2 % ) ,  m.p.>250 -C (decomp.). IR (KBr ,  cm I): i. = 3422 (w). 
3062 (s, NH). 1735 (s), 1645 (s). 1512 (s, ester. amide). C,,H,,N,O,S,Zn 
(419.8). calcd C 42.91, H 4.32, N 6.67, Zn 15.57; found: C 41.95. H 4.12, N 
6.41, Zn 14.94. 


2 a .  From 2 (0.10 g, 0.24 mmol) and Zn(CI0,),.6H20 (0.090 g, 0.24 mmol). 
Yield 0.070 g (61 YO) ,  m.p. 190 -192'C (decomp.). IR (KBr, cni-I): = 3142 
(w). 3060 (w, NH), 1733 (m), 1652 (s). 1521 (s, ester, amide). 
C,,H,,N,O,S,Zn (476.9): calcd C 42.82, H 4.44. N 8.81, Zn 13.71; found: 
C 42.43. H 4.16, N 8.56. Zn 13.54. 


3a: From 3 (0.10 g. 0.20 mmol) and Zn(CI04);6H20 (0.074 g, 0.20 mmol). 
YiddO.074g(65%~), m.p. 204-206"C(decomp.). lR(KBr ,cm- ' ) :  7 = 3394 
(s), 3373 (s). 3310 (s, NH),  1728 (s), 1646 (s), 1521 (s, ester. amide). 
C2,H2,N30,S,Zn (567.0): calcd C 50.84, H 4.80, N 7.41, Zn 11.53: found: 
C 50.15, H 4.37, N 7.55, Zn 11.12. 


4 a :  From 4 (0.53 g, 1.00 mmol) and Zn(CIO4);6H,O (0.37 g, 1.00 mmol). 
Yield 0.41 g (69%). m.p. 163--165-C (decomp.). 1R (KBr, cm-I):  i = 3420 
(s ) ,  3345 (m, NH), 1738 (s), 1639 (s), 1522 (s, ester, amidc). 
C,3H,3N40,S,Zn (591.0): calcd C 46.74, H 5.63, N 9.48, Zn 11.06: found: 
C 46.54, H 5.22, N 9.31, Zn 10.87. 


Complexes (pept)Zn(neo) (general procedure) : The peptidc was suspended in 
ethanol (50 mL per mmol) and tl-eated with 2 equiv of a 0 . 2 ~  solution of 
sodium ethoxidc in  ethanol. The clear solution was treated dropwise with 
vigorous stirring with 1 equiv of Zn(C104),~6H,0 in ethanol (5 mL). Subse- 
quently 1 equiv of neocuproine (neo) in ethanol (10mL) was added. The 
resulting suspension was heated under reflux for 2 h and then stirred 
overnight at room temperature. The mixture was then reduced to one half of 
its volume in VdCUo and kept at -15°C for 3 d. The colorless precipitate 
(complexes 1 b-4b) was filtered off. washed with cold cthanol (5 x 10 mL) 
and dried in Vdcuo. In order to remove some remaining [Zn(SR),], the residue 
was taken up into a minimum amount of CHCI,. The mixture was then 
liltcred through a membrane filter and concentrated to dryness again. 


1 b :  From 1 (1.07 g, 3.00 mmol). Zn(CI04),.6H,0 (1.12 g, 3.00 mmol), and 
nco (0.68 g, 3.00mmol). Yield 0 . 6 5 ~  (34%), m.p.>250"C (decomp.). IR 
(KBr, cm-I):  3 = 3408 (s, NH),  1731 (m), 1650 (s), 1508 (s, ester, amide). 
' H N M R  (CDCI,/CD,CN): 6 = 8.78 (d, . I=  X.5 Hz, 2H,  H47'-neo); 8.31 
((1, JrN = 9.0 Hz, 1 H, NH-'Cys): 8.29 (d. JuN =7.7 Hz, 1 H, NH-'Cys); 8.15 
(s, 2H, H5'6-neo): 7.98 (d, J = 8.5 Hz, 2H, H3'8'-neo); 7.85 (mc, 2H,  m-H 
Bz); 7.46-7.39 (m, 3H. o,p-H Bz): 4.61 (ddd, JIN = 9.0 Hz, Jgn = 4.0 Hz, 
Jxo ,  = 4.8 Hz, 1 H, C,H-'Cys); 4.39 (ddd. JaN =7.7 Hz, Jep = 4.2 Hz, 
J z p ,  =10.9Hz. IH,C,H-'Cys);4.12(4, J = 7 . 1  Hz,2H,CH2-OEt):3.25(dd, 
J,, = 4.0 Hz, 'J,],,. = 14.1 Hz, 1 H, C,H-'Cys); 3.08 (s, 6 H ,  2'9CH,-neo); 
3.04 (dd. J., = 4.2 Hz, zJ,u. =12.3 Hz, 1 H, C,H-'Cys); 3.02 (dd, 
J%r. = 10.9 Hz, 2J,a. = 12.3 Hz, 1 H, C,,H-'Cys); 2.98 (dd, Jap, = 4.8 Hz, 
2J,,,=14.1 Hz, l H ,  C,.H-'Cys); 1.22 (t, J = 7 . 1  Hz, 3 H ,  CH,-OEt). 


,,H,,N,O,S,Zn (628.1): calcd C 55.46, H 4.81, N 8.92, Zn 10.41; found: 
54.62, H 4.54. N 8.66, Zn 10.22: M H C  found: 627.1 (ESI-MS). 


2b: From 2 (0.19 g, 0.46 mniol). Zn(CI04),.6H,0 (0.17 g, 0.46 mmol), and 
rieo(0.10g,0.46mmol). Yield0.19 g(hO%),m.p. 192-194'C(decomp.). IR 
(KBr, cm- ' ) :  C = 3402 (s, NH), 1733 (s), 1652 (s), 1511 (s, ester, amide). 
'H  NMR (CDCI,;CD,CN): 6 = 8.93 (d, JzN = 5.8 Hz, 1 H, NH-3Cys); 8.47 
(d .  J,,+ = 8.3 Hz, 1 H, H4-neo): 8.43 (d, J,.8. = 8.3 Hz,. 1 H. H7'-neo); 7.93 
(s. 2H, H5'6-neo); 7.87 (me, 2H, o-H B7); 7.83 (d. J3,,. = 8.3 Hz, l H ,  
M3'-neo); 7.75 (d, J,.8. = 8.3 Hz, 1 H, HX'-neo); 7.55 (dd, JaN =7.9 Hz, 
.J2N = 5.4 Hz. 1 H, NH-,Gly); 7.53 (me. 2 H,p-H Bz); 7.46 (mc, 2H,  m-H Bz); 
7.45 (d, J,,=7.1 HZ. l H ,  NH-lCys); 4.65 (ddd, JaN =7.1 Hz, Jz, = 2.9 Hz, 
J3,. = 5.8 Hz, 1 H, C,H-'Cys); 4.61 (ddd, JaN = 5.8 Hz, J.,, = 6.6 Hz, 
,lz,j, = 4.6 Hz, 1H.  C,H-3Cy~); 4.61 (dd, JzN ~ 7 . 9  Hz, 'J,. = 17.2 Hz, 1 H, 
C,H-2Gly): 4.20 (9. J z 7 . 1  Hz, 2H,  CH,-OEt): 3.88 (dd, JeN = 5.4 Hz, 
'J,,. = 17.2 Hz, 1 H, CZ.H-'Gly); 3.29 (s, 3H, Z'CH,-neo); 3.17 (s, 3 H, 9'CH,- 
neo): 3.14 (dd, Jzp = 6.6 Hz, ' J P p ,  = 12.6 H7, 1 H, CoH-,Cys); 3.08 (dd, 
,Izu, = 4.6 Hz, 'Jpp. = 12.6 Hz, 1 H, Cu.H-3Cys); 2.82 (dd, Jzs = 2.9 Hz, 


*Jog, = 12.5 Hz. 1 H, C,,H-'Cys); 2.54 (dd, JaO. = 5.8 Hz, 'JOp, = 12.5 Hz, 1 H, 
C,.H-'Cys); 1.29 (t, J =7.1 Hz, 3H,  CH,-OEt). C,,H,,N,O,S,Zn (685.2): 
calcd C 54.34, H 4.85, N 10.22, Zn 9.54; found: C 53.86, H 4.77, N 10.34, Zn 
Y.36. 


3b: From 3 (0.50 g, 1.00 mmol), Zn(CI0,);6H20 (0.37 g, 1.00 mmol), and 
neo (0.23 g, 1.00 nimol). Yield 0.46 g(60%),  m.p. 200-202-C (decomp.). TR 
(KBr. cni-'): i. = 3500 (s), 3399 (s, NH),  1733 (s), 1652 (s), 1511 (s, ester. 
amide). 'H NMR (CDCl,/C,CN): 6 = 8.60 (d, JrN = 6.6 Hz, 1 H. NH-3Cys); 
8.52 (d. J = 8.6 Hz, 2H, H47'-nco); 7.96 (s, 2H,  H5'6'-neo); 7.79 (d. 
J = 8.6 Hz, 2H,  H3'8'heo); 7.73 (d, JaN = 10.1 Hz, 1 H, NH-'Phe); 7.64 (mc. 
2H. CJ-H Bz); 7.43 (m', 21-1. p-H Br): 7.37 (mc, 2H. m-H Bz); 7.33 (s, 5H, 
Aryl-Phe); 7.15 (d, JeN =7.0 Hz, 1 H, NH-'Cys); 4.96 (ddd, JIN =10.1 Hz. 
Jea = 4.3 Hz, Jz0. = 9.4 Hz, 1 H, C,H-'Phe); 4.55 (ddd. JzN = 6.6 HL. 
.Iep = 6.2 HZ, JZr, = 3.1 Hz, 1 H,  C,H-'Cys); 4.42 (ddd. JzN =7.0Hz, 
Jzo = 3 9 HZ, J,r = 9.4 Hz, 1 H, C,H-'Cys); 4.14 (q, J =7.0 Hz, 2H,  CH,- 
OEt); 3.37 (dd. Jl, = 4.3 Hz, '.Iua, = 14.0 Hz, 1 H, CpH-'Phe); 3.16 (dd. 
Jxa = 6.2 Hz, 2Jpp. =14.0 Hz, 1 H, C,H-3Cys); 3.01 (s, 6H, 2'9'CH3-neo): 
2.97 (dd, Jzp  = 9.4 Hz, 'Jon. =14.0Hz, 1 H, C,,.H-'Phe); 2.94 (dd. 
JXp. = 3.1 Hz, 'JPp, =14.0 Hz, 1 H, Cu.H-'Cys): 2.78 (dd, Jar = 3.9 Hz. 
2J,l,,=12.1 Hz,lH,C,,H-'Cy~);2.61 (dd,Jzp.=9.4Hz,'JOp.=12.1 H z . l H ,  
Cp.H-'Cys); 1.23 (t, J =7.0 Hz, 3 H, CH,-OEt). C,,H,,N,O,S,Zn (775.2): 
calcd C 58.87. H 5.07, N 9.04, Zn 8.43: found: C 57.16, H 5.21. N 7.97, Zn 
8.59; MH' found: 774.3 (ESI-MS). 


4b: From 4 (0.53 g. 1.00 mmol), Zn(CIO4);6H,O (0.37 g, 1.00 mmol), and 
iieo (0.23 g, 1.00 mmol). Yield 0.40 g (SO%), m.p.>25OZC (decomp.). IR 
(KBr, cm-I) :  3 = 3397 (s, NH), 1737 (s). 1653 (s). 1509 (s, ester. amide). 
'H NMR (CI)CI,/CD,CN): 6 = 8.56 (d, = 8.5 Hz, 1 H, H4-neo); 8.50 
(d, J7.8.  = 8.7Hz, 1 H, HT-neo); 7.99 (s. 2H,  H5'6'-neo); 7.85 (d, 
J,N=10.0Hz,1H,NH-3lle);7.80(d,J,.,.=8.5Hz,1H,H3'-neo):7.74(m,, 
2H, m-H Bz); 7.71 (d, J,.8. = 8.7 Hz, 1 H, H8'-neo); 7.41 (dd, JuN = 6.5 Hz. 
Ja.N = 6.1 Hz, 1 H, NH-'Gly); 7.40-7.35 (m, 3H,  og-H Bz); 7.36 (d, 
JaN = 6.1 Hz. 1 H, NH-4Cy~); 7.24 (d, JaN =7.4 Hz, 1 H, NH-ICys); 4.52 
(ddd, JzN =7.4 Hz. J., = 4.3 Hz, Jnp. = 6.5 Hz, 1 H, C,H-'Cys); 4.43 (dd. 
JuN = 10.0 Hz. JNa =7.8, 1 H, C,H-Ile); 4.28 (ddd, JzN = 6.1 Hz, Jz8 = 3.5 Hz, 
Jaa. = 9.1 Hz, 1 H,  C,H-4Cys); 4.12 (q, J ~ 7 . 1  Hz, 2H, CH,-OEt); 4.02 (dd, 
JaN = 6.5 Hz, 'J,,, = 16.9 Hz, 1 H, C,H-'Gly); 3.80 (dd, JIN = 6.1 Hz, 
2J,~~=16.9Hz.1H.C,.H-ZGly);3.11 (s,3H,2'CH3-neo);3.07(s,3H,9'CH,- 
neo); 3.03 (dd, Joa = 3.5 Hz, 'Jug, =13.3 Hz, 1 H, CpH-,Cys); 2.95 (dd, 
Jzp. = 9.1 Hz. ' J p a ,  =13.3 Hz, 1 H, C,.H-4Cys); 2.83 (dd, Jma = 4.3 Hz. 
'Jsp, = 12.6 Hz, 1 H, CpH-'Cys); 2.51 (dd, Jep, = 6.5 Hz, 2J,,a, =12.6 Hz, 1 H, 
C,.H-'Cys); 2.01 (mc, 1 H, C,H-311e); 1.58 (mc, IH, C,H-311e); 1.29 (mc, IH. 
C,.H-311e); 1.21 (t. J = 7 . 1  Hz, 3H, CH,-OEt): 0.9X (t, Jp, =6 .9Hz ,  3H,  
C,H,-'lle); 0.93 (dd, .JY8 =7.4Hz, JY,8 = 8.2Hz,  3H,  C,H-311e). 
C,,H,,N,O,S,Zn (798.3): calcd C 55.67, H 5.56, N 10.53, Zn 8.19; found: 
C 55.12, H 5.34, N 10.45, Zn 7.98: MH' found: 797.9 (ESI-MS). 


Mass spectrometry: Mass spectra were recorded on a tandem quadrupole 
instrument (TSQ700, Finnigan) equipped with an electrospray interface. The 
samples obtained from the chromatographic separations were freed from the 
eluent in V ~ C L I O  and dissolved in chloroform/acetonitrile (1 : 1 ) .  These solu- 
tions ( 2 - 3  pL) were injected by means of a syringe pump at 5 pLmin-'.  The 
scan range of m/z  was from 150 to 1000 and could be extended to 2000. The 
mlz values given for 1, 3, 4, 1 b, 3b, and 4b  are those for the peaks resulting 
ft-om the isotopes 'H. "C. "S, and 64Zn. 


Structure determinations: The samples of complexes 1 b-4b were dissolved in 
CDCl,/CD,CN (1 : 1). the solutions were degassed in vacuo and handled in 
sealed 5 mm test tubes. DQF-COSY spectra were recorded on a Bruker 
AC200, NOESY spectra on a Varian Unity 300 machine. The number of 
NOE values obtained was 18 for 1 b, 23 for 2b  and 3b. and 25 for 4b. Of these, 
the nontrivial ones were 7 for l b ,  8 for 2b. 9 for 3b, and 11 for 4b. The 
number of dihedral angles extracted from the 3J values was 6 for I b, 8 for 2 b, 
9 for 3b, and 10 for 4b. The distances extracted from the NOESY spectra 
were calibrated by using the known distances within the aromatic 
neocuproine ligands. The NOESY spectra were thus used to confirm the 
assigned peptide sequences and to distinguish between the two cysteine units. 
The choice between the alternative torsional angles 6 and x extracted from 
thc DQF-COSY spectra was aided by the distance values from the NOESY 
spectra and by the fact that both cysteine units are coordinated to the zinc ion. 
thercby making the peptides torsionally constrained chelate ligands [23]. The 
pcptide geometries thus obtained and the known geometry of the neocuproine 
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ligand provided the basic structures of the complexes for the subsequent 
molecular mechanics calculations. 
The calculations were performed by applying the procedure of hybrid dis- 
tance geometry dynamical simulated annealing [3i] .  using the program 
XPLOR [24]. In order to includc all parts of the complexes in the computa- 
tions the molccular mechanics parameters of the terminal protecting groups 
(benzoyl, ethoxy) and the neocuproine ligand had to be defined based on their 
known geometries. Furthermore. starting values for the Zn-N (2.00 A) and 
Zn-S (2.30 A) distances as  well as for the angles N-Zn-N (80.0"), N-Zn-S 
(109.5"), and S-Zn-S (135.0") had to beassigned based on our experience with 
ZnN,S, coordinated complexes [16,17,32]. These distances were allowed to 
vary by k0.02 A and the angles by _+20". The neocuproine ligand was 
constrained to planarity. Within the peptide moieties the bond lengths wcre 
allowed to differ by 0.01 A and the bond angles by i- 2" from their standard 
values. 


The refinement of the structures was performed by using the simulated an- 
nealing protocol of the program XPLOR [24]. In the first cycle the peptides 
were disconnected from the zinc ion for 4000 steps of a 1000 K molecular 
dynamics calculation. In the second cycle the Zn(neocuproine) unit was at- 
tached to the peptides again, and for the subsequent 2000 steps a t  1000 K the 
NMR-derived distances and angles were taken into consideration. In the 
third cycle (3000 steps) the fictitious temperature was reduced to 100 K in 
50 K decrements. This three-cycle procedure was performed 20 times yielding 
20 different structures. 


The whole sequence was then repeated for all 20 structures, but without 
disconnecting the peptides and the Zn(neocuproine) units and using a higher 
weighting for the NMR-derived distances and angles. The structures with 
unrealistic deviations from the experimental distances and angles (i.e., atomic 
distances differing by more than k0.5 A from the values obtained from the 
NOE's and dihedral angles differing by more than rl. 5" from those dcrived 
from thc 3Jvalues) were eliminated, leaving 5-8 "good" structures. The wire 
models representing superpositions of these "good" structures are shown 
above as Figures 1-4. 


The rigidity of the complex structures thus obtained, that is, the precision qf 
the determination of the solution structures, is obvious from the figures. This 
can be assessed quantitatively from the RMSD values for all atoms, obtained 
from the XPLOR program by comparing the individual structures with their 
common average structure. In the specific cases of complexes I b-4b, the 
RMSD values for the peptides are the smallest, ranging from 0.2 to 2 A, 
followed by those for the protecting groups (benzoyl, ethoxy), ranging from 
0.5 to  3.3 A. Those for the neocuproine ligand are by far the largest, ranging 
from 1.5 to 5.5 A, reflecting the lack of NMR-derived constraints for a 
rocking motion of the neocuproine ligand with respect to the ZnS, plane. The 
drawings were produced by the SCHAKAL program [33], after converting 
the atomic coordinates of all structures from the protein data bank (.pdb) 
format to the SCHAKAL (.dat) format. 
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Nickel Complexes of 21-Oxaporphyrin and 21,23-Dioxaporphyrin 


Piotr J. Chmielewski, Lechoslaw Latos-Graiynski,* Marilyn M. Olmstead, 
and Alan L. Balch 


Abstract: The nickel(r) and nickel(n) 
complexes of 5,20-bis(p-tolyl)-10,15-di- 
phenyl-21-oxaporphyrin (ODTDPPH) 
and 5,10,15,20-tetraphenyI-21,23-dioxa- 
porphyrin (0,TPP) have been investigat- 
ed. These oxa analogues of 5,10,15,20-te- 
traarylporphyrin, where one or two pyr- 
role rings are replaced by a furan moiety, 
have been synthesized by condensation of 
the respective precursors, namely 2,5- 
bis(arylhydroxymethyl)furan, pyrrole, and 
arylaldehyde. Insertion of nickel(rr) into 
ODTDPPH or 0,TPP yielded high-spin 
five- and six-coordinate ([(ODT- 
DPP)Ni"CI] and [(O,TPP)Ni"Cl,]) com- 
plexes, which can be reduced with moder- 
ate reducing reagents. The EPR spectra of 


Introduction 


[ (0DTDPP)NilI and [(O,TPP)Ni'Cl] 
revealed the Nil oxa(di0xa)porphyrin 
rather than a Ni" anion radical elec- 
tronic structure. In the structures of 
[ (ODTDPP)Ni"Cl], [ (O,TPP)Ni"Cl,] , 
and [ (ODTDPP)Ni'], determined by X- 
ray diffraction, the furan ring is planar 
and coordinates in the q1 fashion through 
the trigonal oxygen atom; the nickel ion 
lies in the furan plane for the latter two 
complexes, but slightly outside it in 
[(ODTDPP)Ni"Cl]. The Ni-N and 


Keywords 
heterocycles * heteroporphyrins - 
nickel - porphyrinoids 


Core modification of porphyrins by the introduction of various 
heteroatoms (0, S, Se, Te, CH) in place of the nitrogen atoms 
permits the preparation of a series of new heterocycles that may 
have interesting properties in terms of both their aromatic char- 
acter and their ability to bind metal ions. The series of oxygen- 
containing porphyrins constitutes a group in which the extent of 
substitution can be systematically varied (Scheme 1). 


Limited data regarding oxaporphyrins are available. Broad- 
hurst et al. described the synthesis of 8,12,17-triethyl-7,13,18- 
trrmethyl-21 -oxaporphyrin, 13,17-diethyl-l2,1 X-dimethyl- 
21,22-dioxaporphyrin, and 8,17-diethyl-7,18-dimethyl-21,23- 
dioxaporphyrin.[" They demonstrated by means of electronic 
spectroscopy that p-alkylated monooxaporphyrin acts as a te- 
tradentate macrocyclic ligand toward Zn", Ni", Cu", Co", or 
Mn" ions. The zinc(i1) and nickel(i1) complexes were isolated 
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.hcrne 1 


N i -0  bond lengths decrease upon re- 
duction of high-spin five-coordinate 
[ (0DTDPP)Ni"ClI to four-coordinate 
[(ODTDPP)Nil]. The pattern of down- 
ficld pyrrole resonances in 'H NMR spec- 
tra of [(ODTDPP)Ni"CI] and [(O,TPP)- 
Ni1'C1,] has been established. The down- 
field positions of furan resonances are un- 
usual for Ni" heteroporphyrins; they have 
been accounted for by the nearly in-plane 
coordination of the furan moiety as op- 
posed to the side-on coordination found 
for thiophene- or selenophene-containing 
heteroporphyrins. An example of ion-pair 
formation, [(O,TPPH),][Ni"CI,], was 
produced from [ (O,TPP)Ni"Cl,] by acidi- 
fication with HCI. 


-1 + 


scries of oxygcn-containing porphyrins. 


and characterized by elemental analysis, mass spectra and elec- 
tronic spectroscopy. However, the /I-alkylated dioxaporphyrin 
failed to form metal complexes by the insertion procedures typ- 
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ical for regular porphyrins. The electronic and molecular struc- 
tures of metalloxaporphyrins have not been studied. 


In the search for modifications of oxophlorins (keto tau- 
tomers of mesohydroxyporphyrin) , 21,22-dioxa-5-oxophlorin 
and 23,24-dioxa-5-oxophlorin were ~ynthesized.[~I The trioxa- 
porphyrin cation was apparently not prepared. The tetra- 
oxa[l8]porphyrin(l.1.1 . I )  dication was synthesized and dis- 
cussed in the context of the aromatic character of ann~lenes . [~]  
This molecule preserves the general porphyrin framework. In 
addition, an isomer of porphyrin-porphycene (porphyrin- 
(2.0.2.0)) possesses its own tetraoxa counterpart, tetraoxapor- 
phyrin(2.0.2.0) dication (tetraoxaporphycene) .14c1 The next 
higher homologues to the tetraoxaporphyrin dication, tetraoxa- 
[22]porphyrin(2.2.2.2) dication and tetraoxa[26]porphyrin- 
(3.3.3.3) dication, were also obtained.[51 


A general interest in the aroinacity of large molecules also 
prompted investigations of other polyfuran macrocycles, name- 
ly, annulenes and annulenones, which were treated as related to 
expanded porphyrins, although generally these compounds are 
not aromatic.['] On the other hand, oxa derivatives of expanded 
porphyrins exhibit aromaticity. The following expanded por- 


Abstract in Polish: Zbadano kompleksy niklu(1) i niklu(i1) 5,20- 
bis(p-toly1o)- 10,15-difirnyl0-2l-oksaporphyriny (ODTDPPH) i 
S,l0,1.5,20-tetrUfenylo-21,23-diok.saporphyriny (0 ,TPP)  . Oksa 
anulogi 5,10,iS,20-tetrafenylopo~fi'ryny, w kt6rych jeden lub dwa 
piericienie pirolowe zostaty zastqpione przez grupy,furanowe two- 
rzq sic nu drodze kondensuqji odpowiedniego prekursora, tj. 2,s- 
bis (arylohydroksymetylo), furunu, pirolu i aldehydu arylowego. 
InserCjiL niklu(//) do ODTDPPH czy 0, TPP daje wysokospi- 
nowe kompleksy: piqciokoordynacyjny [ (ODTDPP) Ni"Cl] i 
szeSciokoorllynac~jny [ (0 ,TPP)  Ni"Cl,]. Redukcja obu koin- 
pleksbw zostala dokonana przy zustosowaniu lagodnych irodkow 
redukujqcych. Widma EPR [ (ODTDPP)Ni'] oraz [ ( 0 , T P P ) -  
Ni'Cl] wykazujq w obu przypadkach strukture elektronowq kom- 
pleksu nikluj l ) ,  a nie rodniku anionowego niklu(I1). 


Struktur-y molekularne [ (ODTDPP)Ni"Cl], [ (0 ,TPP)-  
Ni"Cl,] i ,f (ODTDPP) Nil] zostuly wyznaczone rentgenostruk- 
turalnie. We wszystkich strukturach piericiefi,furanowy jest plaski 
i koordynuje '1' przez atom tlenuprzyjmujqcy geometric trygonal- 
nq. Jon niklu leiy w plaszczyinie furanu ui przypadku [ (ODT- 
DPP)Ni'] i [(O,TPP)Ni"Cl,], natomiast w [ (ODT- 
DPP) Ni"Cl] ohsernuje sic nieznaczne jego wychylmie od tej 
plaszczyzny. DlugoSci wiqzan Ni- N i Ni- 0 sq krotsze w 
czterokoordynacyjnyrn [ (ODTDPP) Ni'] nii w lcysokospi- 
nowym, pi@okoordynacyjnym [ (ODTDPP) Nil'Cl]. Zaobser- 
wowano charakterystyczny wzorzec dolonopolowych przesuni& 
dla rezonanshw protonciw pirolo 11 w widmach ' H  N M R  
f (0DTDPP)Ni"Clj i [ (O,TPP)Ni"Cl,]. Niskopolowa 
lokalizacja sygnalu protondw ,furanow>ych ,jest czymi niespo- 
tykanym dla serii heteroporjiryn niklu ( I I )  . Kierunek przesuniecia 
kontaktowego juranu zwiqzany jest z niemal plaskq koordynacjq 


, fragmentu furanowego, odmiennq od hocznej koordynacji stwierd- 
zonej w porfirynach zawierajqcych tiofen i .selenofen. 


Zidentyfi'kowano i scharakteryzowano renigenostrukturalnie 
pare jonowq [ (0,TPPH)2][Ni11C14] tworzqcq siq podczas zak- 
waszania [ (0, TPP)  Ni"Cl,] kwusem solnym. 


phyrin derivatives with one or two pyrrolic fragments replac- 
ed by furan were investigated: dioxasapphyrin,['] dioxa- 
smaragdyrin,[" ozaphyrin (isomeric analogue of oxasap- 
phyrin) ,I7]  oxobronzaphyrin (isomeric analogue of rubyrin) , 
and hexaphyri~i.[~I To complete the list of oxapolypyrrolic 
macrocycles one has to include 21,24-dioxacorrole, where two 
adjacent pyrrole rings were substituted by furans and monoxa- 
porphyrin with an inverted pyrrole ring.["] 


A complementary area of porphyrin modifications that can 
be formally described as a replacement of a single atom in the 
porphyrin skeleton by oxygen concerns 5-oxaporphyrin. Such 
a molecule is formed during the coupled oxidation of iron 
porphyrins, which produces verdoheme (iron(n1) S-oxapor- 
phyrin) .[I '1 


Recently our laboratories reported a reasonable synthesis and 
the structural characterization of a new macrocyclic ligand, 
5,20-bis(p-tolyl)-10,1S-diphenyl-21 -oxaporphyrin (ODTDP- 
PH), in which one of the pyrrole groups of S,lO,IS,20-tetraaryl- 
porphyrin is replaced by furan.["I In the light of the interesting 
chemistry of nickel 2I - th iaporphyr in~~ '~  and nickel 21-sele- 
naporphyrins," we decided to investigate nickel complexes of 
a S,10,15,20-tetraaryl-21-oxaporphyrin and 5,10,15,20-te- 
traaryl-21,23-dioxaporphyrin. We attempted to elucidate the in- 
fluence of one or two oxygen incorporations in comparison with 
regular porphyrins and heteroporphyrins. The furan ring, which 
is regarded as a weak ligand, is a significant component of the 
oxaporphyrin. There are only a limited number of crystallo- 
graphically characterized models for furan -metal bind- 
ing.[17-211 For Sr", Ba", Bi"', and TiLV complexes['6-'91 with a 
furan built into macrocyclic or chelating ligands, coordination 
occurs through oxygen. Coordination by a carbon atom of 
furan was observed in lithium tris(a-furyl),stannate [Sn"- 
(a-furyl),Li(rl-fiiryl),Sn"]~ and in series of low-valeut tungsten, 
rhodium, and iridium complexes.[2 'I 


Here we report on the structure and spectroscopic properties 
of nickel 21 -0xaporphyrin and 21,23-dioxaporphyrin complexes 
and comment on the relation between coordination geometry 
and isotropic shifts of the modified ring in a series of nickel(11) 
heteroporphyrins [(2l-X-TPP)Ni"Cl] (X = 0, S, Se). 


Results 


Synthesis: A key step in the synthesis of 5,10,15,20-tetraaryl-21- 
oxaporphyrin and S,10,1S,20-tetraary1-21,23-dioxaporphyrin is 
the construction of the condensation precursor, 2,S-bis(arylhy- 
droxymethy1)furan. Dialcohol substrates for synthesis of thia-, 
selena-, or telluraporphyrin (STPPH, SeTPPH, TeTPPH), 
namely 2,5-bis(phenylhydroxymethyl)thiophene, 2,5-bis- 
(phenylhydroxymethyI)selenophene, or 2,5-bis(phenylhydroxy- 
methyl)tellurophene, were obtained from 1,6-diphenylhexa- 
2,4-diyne-1,6-diol by a ring closure with H,S, NaHSe, or 
NaHTe.[221 Alternatively the preparation of the thiaporphyrin 
precursor could be achieved by the reaction of the respective 
2,5-dilithium derivative with ben~aldehyde . [~~]  To functionalize 
furan we considered a different approach, which is presented in 
Scheme2. This approach uses the reaction of a Grignard 
reagent with furan-2,5-dicarboxaldehyde. In the adjusted reac- 
tion conditions, the asymmetric derivative 2-(phenylhydroxy- 
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for the preparation of monooxapor- 


OH OH The electronic spectra of ODTDPPH and 
0,TPP are shown in Figure 1. The spectra 
resemble the electronic spectra of 
TPPH, and its other tetraarylheteroana- 
logues.[12, 1 6 , 2 2 - 2 4 1  A distinction has been 


near ultraviolet and four Q bands in the 


aldehyde bathochromic shift of the Q I  band of 


ArMgBr 
P I  


__+ 
H - F  0 I phyrins. 


H X H 2 Q  CH20H 


ArMgBr - 
H-C H\ G c ' H  


I I 
OH 


made between the intense Soret band in the 
OH 


H X H 2 0  CHO 


Scheme 2. Furan functionalization by means of the reaction of  a Grignard reagent with furan-2,s-dicarbox- visible region. to TPPH, a strong 


methyl)-5-(hydroxymethyl)furan is formed along with 2,5- 
di(phenylhydroxymethyl)furan. 


21 -0xatetraphenyIporphyrin can be prepared in reasonable 
yield from 2,5-di(phenylhydroxymethyl)furan by a procedure 
analogous to that described previously for 21 -thiaporphyrin[' 5a1 


or 2l-selenaporphyrin.[" The synthetic route to 21-oxatetra- 
arylporphyrin is shown in Scheme 3. The synthesis involves a 


ODTDPPH is observed. In 0,TPP the in- 
troduction of the two oxygen atoms causes 


a strong bathochromic shift of the QI  and QII bands and a 
hypsochromic shift of QIII and Q IV compared with TPPH, . In 
the series oxa-, thia-, selena-, and telluraporphyrin systematic 
bathochromic shifts have been found for the Soret and all Q 
bands. However, in the series O,TPP, S,TPP, Se,TPP, the 
marked bathochromic shifts are determined only for the Soret 
and QIV and Q IIIbands. The dioxaporphyrin shows the Q I  
band with the lowest energy (L,,, = 704 nm) of all heteropor- 
phyrin systems investigated until now. 


\Ll/ 


Schcinc 3. Synthetic roule to 21-oxatetraarylporphyrin 


one-pot reaction from 2,5-bis(p-tolylhydroxymethyl)furan, 
benzaldehyde, and pyrrole in dichloromethane, as described 
briefly in our communication.[' 21 The procedure can introduce 
unsymmetrical substituents on the porphyrin periphery in a 
structurally defined relationship to the location of the furan 
ring. With 2-(phenylhydroxymethyl)-5-(hydroxymethyl)furan 
and p-tolylaldehyde present in the reaction mixture we obtained 


1, 5' Q tetraphenyl-21,23-dioxaporphyrin 


Ar' 


10,15-bis(p-tolyl)-20-phenyl-21 -oxa- 
porphyrin (OPDTPH) . 


The synthetic work on 5,10,15,20- 


(0,TPP) is sum-marized in Scheme 4. 
The dioxaporphyrin was synthesized 
by the condensation of pyrrole and 
2,5-bis(phenylhydroxymethyl)furan 
under similar conditions to those used 


'. 
Ar - 


OPDTPH 


Scheme 4. Synthesis of 0,TPP 


2.4 i r ,  t 0.4 


h [nm] - 
Figure 1. UV/Vis spectra of oxaporphyrins (dichloromethane, 293 K). Solid 
line = ODTDPPH, dashed line = 0,TPP. 


The spectroscopic properties of ODTDPPH and 0,TPP sug- 
gest that they have aromatic character; this is consistent with the 
presence of 4n + 2 .n electrons. The aromaticity of oxaporphyrin 
and dioxaporphyrin is confirmed by the 'H NMR shifts of the 
pyrrole protons (ODTDPPH: 6 = 8.82 trans, 8.62, 8.57 cis; 
0,TPP: 6 = 8.38) and furan resonances (ODTDPPH: 6 = 9.21, 
0,TPP: 6 = 9.10), and the upfield position of the NH reso- 
nance of ODTDPPH (6 = - 1.58). These values are accounted 
for by the ring-current effect, which is specific for aromatic 
macrocyclic systems. 


Formation and characterization of nickel(i1) complexes: Insertion 
of nickel(i1) into 5,10,15,20-tetraphenyl-21-oxaporphyrin was 
readily achieved under moderate conditions by boiling a mix- 
ture of ODTDPPH in chloroform and an ethanolic solution of 
nickel(1r) chloride hydrate. When applied to 5,10,15,20-te- 
traphenyl-21,23-dioxaporphyrin, the procedure yielded a six- 
coordinate [(O,TPP)Ni"CI,] complex. The electronic absorp- 
tion spectra of [ (0DTDPP)Ni"ClI and [ (O,TPP)Ni"CI,] are 
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shown in Figure 2. A porphyrin-like spectrum is clearly present 
for [(ODTDPP)Ni"Cl] with a Soret band and the three Q bands. 
The electronic spectrum of [ (O,TPP)Ni"Cl,] is similar to the 
spectrum of 0,TPP (Figure 1). The coordination causes only 
minor shifts in the band positions. The spectral similarities sug- 
gest that the nickel(I1) insertion does not influence the geometry 
of the dioxaporphyrin chromophore. 


h[nm] - 
Figure 2. UV/Vis spectra of nickel oxaporphyrin compiexes. Solid line = 


[(ODTDPP)Ni"CI] (dichloromethdne), dashed line = [(O,TPP)Ni"CI,] (dichloro- 
methane), dotted line = [(ODTDPP)Ni'] (benzene). 


The acidic denietalation of [ (ODTDPP)Ni"CI] and [ (0,TPP)- 
Ni"C1J in a dichloromethane/hydrochloric acid mixture gave 
ODTDPPH and O,TPP, respectively, after chromatographic 
work-up. However, the evaporation of the dichloromethane 
layer produced in the course of [ (O,TPP)Ni"Cl,] demetallation 
yields the unusual nickel(I1)-dioxaporphyrin compound formu- 
lated as (O,TPPH),[Ni"CI,], where two monoprotonated 
dioxaporphyrins act as monocations neutralizing a [NiCl,]* - 
anion. The electronic spectrum of (O,TPPH),[Ni"Cl,] (not 
shown) is similar to 0,TPP with slightly broadened bands. The 
[ (0DTDPP)Ni"CIl and [ (O,TPP)Ni"Cl,] complexes are para- 
magnetic ( S  = l ) ,  demonstrated by the distinctive isotropic shift 
of pyrrole and phenyl resonances (Figure 3) in their 'H NMR 
spectra. However, the 'H NMR spectrum of (O,TPPH),- 
[Ni"Cl,] bears the features of a diamagnetic species. The 
(0,TPPH)+-[Ni'1C1,]2- ion pair seems to be not tightly bound 
in the chloroform solution. 


NMR studies of paramagnetic nickel(@ complexes: The 'H NMR 
spectra of the paramagnetic [ (ODTDPP)Ni"CI], [ (0PDTP)- 
Ni"Cl] and [(O,TPP)Ni"Cl,] are shown in Figures 3 and 4. The 
spectral parameters for these and other relevant compounds 
have been gathered in Table 1. The spectroscopic data for 
[ (ODTDPP)Ni"Cl], [ (OPDTP)Ni"Cl] , and [ (O,TPP)Ni"Cl,] 
have been analyzed by consideration of their effective symmetry 
in solution. [ (0DTDPP)Ni"ClI appears to have effective C, 
geometry with the mirror plane passing through the nickel 
atom, the chloride, and the furan oxygen. In this case there are 
three distinct pyrrole protons and one furan proton. Two ortho 
and two meta positions on each phenyl ring will be distinguish- 
able by 'H NMR unless the rotation around the C,,,,-C, bond 
is sufficiently fast.1251 The 'HNMR spectrum of [(OPDTP)- 
Ni"Cl] has been analyzed in the light of its C, symmetry. There 
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Figure 3. NMR spectra (293 K) of A) [(ODTDPP)Ni"CI] (CDCI,. 'H NMR);  
A )  ([D,]ODTDPP)Ni"CI] (C,D,, 'H NMR); B) [(OPDTP)Ni"CI]: C) [(O,- 
TPP)Ni"CI,] (CDCI,, 'HNMR); C )  [([D,]O,TPP)NI"CI,] (CHCI,. ,H NMR). 
Peak labels: p y r :  pyrrole ring protons; meso: 5-CH; f :  furan. 
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Figure 4. The 2D 'H COSY spectrum of[(ODTDPP)Ni"CI] (CDCI,, 273 K).  Up- 
per map: lowfield region showing spin-spin coupling of regular pyrroie protons; 
lower map: mesa-phcnyl region. Peak labels: trans-pyrr and ci2-pyrr denote 
7,8,17,18- and 12.13- pyrrole protons, respectively; f: furan:  o, !TI. p denote reso- 
nances of ortho. mefu, orpara protons of 10,15-phenyl rings; a'. m' are assigned to 
ortho and meta protons of 5,20-p-tolyl groups. 
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Tahlc 1 .  'H NMR data for nickcl(l1) heteroporphyrins [a] 


cls-Pyrrolc trans-Pyrrole Modified heterocycle meso-Aryls 


[(OI~TDPP)NI"CI] 57.53. 18.12 56.92 30.23 11.43, 9.80, 9.24, 9.17, 9.07, 8.47, 8.46, 8.43, 3.82 (p-CH,) 


[(OPDTP)Ni"CI] 57.40, 57.60, 17.77, 17.23 57.60, 57.08 30.72, 29.79 11.73, 11.03,9.72, 9.31, 9.22, 9.15. 8.93, 8.61, 8.27, 8.12. 7.91. 
3.55, 3.49 (p-CH,), -4.08 (mem H) 


[(02TPP)Ni"CI,] 50.86 37.72 X.97, 8.24. 8.15 


[(S1PP)Ni"Cl][b] 64.58, 32.52 30.93 -29.84 9.93. 9.81, 9.74. 8.10, 7.31, 6.53, 6.17 


[(SeDPDTP)Ni"Cl][c] 68.32, 40.21 17.09 - 38.75 10.76, 10.23, 9.75, 9.44, 8.66, 6.94, 6.30, 5.72 


[a] 411 spectra recorded in CDCl, solution at 295 K. [b] Ref. [13b]. [cl Kef. [16]. 


are six distinct pyrrole positions, two furan positions, three 
nonequivalent meso phenyl rings, and one meso proton. In the 
NMR spectrum the lowered symmetry in comparison with 
[ (C)DTDPP)Ni"CI] is reflected by the doubling of each pyrrole 
and furan resonance. A higher effective symmetry, D,,, can be 
predicted for [(O,TPP)Ni"Cl,]. Such a geometry generates only 
one pyrrole resonance and one furan resonance. The meso 
phenyl rings are symmetrically equivalent, and produce only 
three resonances. Their ovtlzo and meta positions are pairwise 
equivalent because of the mirror symmetry with respect to the 
porphyrin plane. As well as geometrical considerations, relative 
intensities, line widths, site-specific deuteration, and 2 D COSY 
experiments were used as the basis for the resonance assign- 
ments, which are given above each peak in Figure 3. The most 
characteristic feature for [ (ODTDPP)Ni"Cl], the downfield res- 
onance at S = 30.2, has been assigned to the furan b-protons. In 
order to distinguish the pyrrole and furan resonances, the 
'H NMR spectrum of [ ([D,]ODTDPP)Ni"CI] was recorded, 
and is shown as trace A in Figure 3. The three pyrrole reso- 
nances are in the S = 60-20 region. The additional resonances, 
presented in detail in Figure 4, come from the meso phenyl pro- 
tons. In the case of [(O,TPP)Ni"Cl,] the furan resonance has 
been unambiguously identified at S = 37.7, since it is absent in 
the 'H NMR spectrum of [ ([D,]O,TPP)Ni"CI] where the ligand 
is deuterated in all P-pyrrole positions. (Figure 3, Table 1). 


The two-dimensional COSY experiment is effective in con- 
necting protons within pyrrole moieties and meso phenyl groups 
of metallotetraarylporphyrins."6. 26-281  F' igure 4 shows repre- 
sentative COSY data collected in [D]chloroform solution at 
25.3 K. Crosspeaks reveal pairwise coupling between 7-H and 
8-13 (17-H and 18-H) pyrrole resonances (6 = 57.5 and 18.1), 
denoted as cis-pyrr in Figure 4. No crosspeak is observed for the 
resonance assigned to the 12-H, 13-H protons (trans-pyrr) by 
default. Characteristic sets of crosspeaks resulting from cou- 
pling between five protons of a phenyl ring have been estab- 
lished and located in the COSY map for the two nonequivalent 
phenyl rings of [(ODTDPP)Ni"CI]. The two ortho and metu 
protons on each of the meso phenyl or meso tolyl rings are 
nonequivalent, since the porphyrin plane bears different sub- 
stituents on the opposite sides and rotation about the meso 
carbon-phenyl bond is restricted. 


Analysis of hyperfine shifts: Curie plots of the temperature de- 
pendences of the chemical shifts of the [ (ODTDPP)Ni"Cl] and 
[ (O,TPP)NiL'Cl,] pyrrole and furan resonances (not shown) arc 
linear, with extrapolated intercepts that do not correspond to 
the appropriate diamagnetic references. Thus there is a small 


contribution to the dipolar shift from the anisotropy of zero- 
field splitting (ZFS). The ZFS contribution results in T-'-de- 
pendent curvature.[299 301 However, the alternate directions of 
the phenyl shifts in [(ODTDPP)Ni"Cl] and [(O,TPP)Ni"CI,] 
are compatible with the dominant n:-contact contribution with 
a negligible dipolar contribution. This is consistent with the 
ground state of Ni", which has two unpaired electrons in the 
o-symmetry orbitals (dX2--y2)1(d12)1. The downfield shifts of 
three pyrrole and furan resonances are indicative of n-delocal- 
ization of spin density. 


The unprecedented downfield isotropic shift of the furan ring 
is important as regards the nature of the interaction in the series 
of nickel@) 21-heteroporphyrin complexes including N -  
methylated porphyrins and C-methylated inverted por- 
p h y r i n ~ . ~ ' ~ .  I 5 ' , l 6 .  311 Previously we have always observed an 
upfield isotropic shift of the modified pyrrole ring proton reso- 
nances and discussed the n delocalization of the unpaired spin 
density in nickel(1i) heteroporphyrins and nickel(1r) N-methyl- 
porphyrins in terms of ligand-to-metal and metal-to-ligand 
charge transfer. The strong tilt of the modified ring changes the 
geometry of the spin density delocalization path as compared 
with the regular pyrrole rings. The unpaired spin density was 
localized on the molecular orbital dominated by the p, compo- 
nent, which can transfer the G spin density but simultaneously 
contributes to the n: orbitals of the modified ring. The consider- 
able differences in the spin densities at the particular pyrrole 
carbons were related to the pattern of the occupied n: and unoc- 
cupied n* molecular orbitals.[l3, ''1 


In the case of [(ODTDPP)Ni"Cl] and [(O,TPP)Ni'rCI,], the 
downfield position of the furan resonances implies that the co- 
ordination geometry of the furan ring is similar to that of the 
pyrrole rings. Consequently, the downfield contact shift is deter- 
mined by a G delocalization mechanism. Such a structure- 
isotropic shift relation is consistent with our crystallographic 
studies (vide infra) . 


Chemical reduction of [ (ODTDPP)Ni"Cl] and [ (0,TPP)- 
Ni"C1,I: Moderate reducing agents are sufficient to carry out 
one-electron reduction of both [ (ODTDPP)Ni"CI] and 
[ (O,TPP)Ni"Cl,] .[321 Reduction in benzene by aqueous sodium 
dithionite or zinc amalgam produced nickel(1) derivatives. To 
avoid any complication with axial ligation, zinc amalgam has 
been used for the preparative reduction according to reac- 
tions (1) and (2): [(ODTDPP)Ni'] was isolated as a dark solid; 


[(ODTDPP)Ni"CI] +e-  [(ODTDPP)Ni'] +Cl-  (1)  


[(O,TPP)Ni"CI,] +e-  - - - )  [(O,TPP)N?CI] t C I -  (2) 
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Table 2 Selected interatomic distances and bond angles for nickel oxaporphyrins. 


[(ODTDPP)Ni"CI] [(O,TPP)Ni"CI,] [(ODTDPP)Ni'] (O,TPPH)[Ni"CI,] ODTDPP [a] furan [b] 


NI - O(1) 
Ni - N( 1)  
NiLN(2) 
NiLN(3) 
O(1)- C(1) 
C( 1) --C(2) 
C(2)-C(3) 
Ni-Cl 
0(1 )-Ni-N(2) 
N(l )-Ni-N(3) 
C(i)-O( 1)-C(4) 
O( I )-C( 1 )-C(2) 
C(I)-C(2)-C(3) 


2.185(5) 
2.004(6) 
1.955 ( 5 )  
2.063(5) 


1.429(10) 
1.355(10) 
2.293 (2) 
163.9 (2) 
158.7 (2) 
107.3 ( 5 )  
107.6(6) 
108.0(6) 


1.397(8) 


2.133 (4) 
2.001 (4) 


1.373(6) 
1.400(8) 
1.374 (8) 
2.428(2), 2.400(2) 
179.55(14) [c] 
179.8(2) [d] 
107.8(4) 
108.5(5) 
107.7(5) 


2.120(3) 
1.950(4) 
1.952(4) 
2.065 (4) 
1.390(5) 
1.421 (6) 
1.355(6) 


177.7 (2) 
172.4(2) 
106.4(3) 
10X.6(4) 
107.') (4) 


[a] Ref. [12]. [h] Rcf. [43]. [c] 0(1)-Ni-0(2). [d] N(l)-Ni-N(2) 


[ (O,TPP)Ni'Cl] was generated directly before any spectroscopic 
characterization, but not isolated. The electronic spectra of the 
one-electron reduced species are included in Figure 2. The 
chemical reductions are reversible. Addition of oxidants (O,, I,) 
regenerates the nickel@) complexes. 


The EPR spectra of the reduction products as frozen toluene 
solutions at 77 K are shown in Figure 5. Well-defined rhombic 
patterns are observed with g ,  = 2.168, g, = 2.116, g, = 2.097 
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Figure 5.  EPR spectra (toluene, 77 K) of A) [(ODTDPP)Ni'], B) [(O,TPP)- 
Ni'CI]. The solid line corresponds to cxperimental spectra. Simulated spectra are 
shown as dashed lines. 


(giso = 2.130 at 293 K) for [(ODTDPP)Ni'] and g, = 2.295, 
g ,  = 2.141, g, = 2.090 (g,,, = 2.144 at 293 K) for [(O,TPP)- 
Ni'Cl] . The electronic structure of one-electron reduced species 
can be discussed in terms of two canonical forms: nickel(1) oxa- 
porphyrin (dioxaporphyrin) and nickel(I1) oxaporphyrin (dioxa- 
porphyrin) anion  radical^.^'^] Alternatively, the reduced mole- 
cules can be considered as metallomacrocyclic radicals with 
varied metallic contribution to the singly occupied MO. The 
EPR spectral parameters highlight the strong contribution of 
the a') electronic structure to the ground-state description and 
corroborate the formulations [ (ODTDPP)Ni'] and [ (0,TPP)- 
Ni'CI] . 


1.376(8) 1.380 (4) 1.370 


1.353 (10) 1.363(4) 1.425 
2.254(4), 2.289(4), 2.292(4), 2.285(4) 


1.402 (10) 1.403 (4) 1.322 


107 3(5) 107.0(5) 
108 l(5) 108.0 (6) 
108.8(6) 108.0 ( 5 )  


Crystal and molecular structures of [ (0DTDPP)Ni'I , 
[ (ODTDPP)Ni*'Cl], [ (O,TPP)Ni'lCl,], and (O,TPPH),- 
[NiCl,l: The structures have been studied by X-ray diffraction. 
The perspective views of the complexes are shown in Figures 
6-9. A selection of important bond distances and angles are 
reported in Table 2. The structure of [(ODTDPP)Ni"Cl] dis- 
plays disorder in the location of the furan oxygen and one of the 
cis pyrrolic nitrogens. Figure 6 only shows the major form. The 


CII11 P 
Figure 6. A perspective drawing (with 50% probability ellipsoids) of [(ODTDPP)- 
Ni'ICI] showing the major molecule orientation. The lower view in which aryl groups 
are omitted emphasizes deviations from planarity. 


nickel is displaced 0.3289 A out of the O(l)N(l)N(2)N(3) plane 
toward the axial chloride. The deviation of the pyrrole planes 
from the plane defined by dihedral angles between the pyrrole 
(furan) and O(l)N(l)N(2)N(3) planes are as follows: 0(1) 9.5", 
N(l) - 12.9", N(2) 7.0", N(3) -8.6". This can be described as a 
saddle distortion mode for the oxaporphyrin macrocyclc. The 
Ni-N bond lengths are similar to the 2.038(4) A seen in a six- 
coordinate, high-spin nickel(I1) porphyrin complex[331 or 2.09 8, 
in a six-coordinate high-spin nickel(n) hydroporphyrin com- 
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p l e ~ . [ ~ ~ ]  The similarities of bond lengths to those found for the 
five-coordinate, high-spin nickel(r1) tetraphenyl-21-thiapor- 
phyrin,[13"] 2.094(3), 1.963 ( 3 ) ,  and 2.084(3) A, and high-spin 
five-coordinate nickel(I1) C-methylated inverted p ~ r p h y r i n , ~ ~ '  b1 


2.030(8), 2.057(8), and 1.978 A, have also been noted. The 
furan ring is planar and coordinates in the q 1  fashion through 
an oxygen atom, which acquires trigonal geometry. Thus the 
nickel(r1) lies slightly above the furan plane with the angle be- 
tween the O(I)C(l)C(2)C(3)C(4) plane and the Ni-O(1) bond 
being 17.0". In [ (STPP)Ni"Cl] the corresponding angle between 
the SC(Z)C(4) plane and the Ni-S bond is 63.3".[' 3a1 The Ni'I-0 
distance is longer than the sum of the Pauling covalent radii of 
octahedral nickel(I1) (1.39 A) and oxygen (0.66 A) but falls in 
the broad range observed for nickel(I1) -ether oxygen bond dis- 
tances (1.99-2.31 A).[351 


The structure of nickel(1i) dioxaporphyrin (Figure 7) consists 
of ordered molecules of [ (0,TPP)Ni"CIJ and disordered mole- 
cules of dichloromethane. The Ni-N and N i b 0  bond length 


Figure 7 .  A perspective view (with 50% probability ellipsoids) of [(O,TPP)Ni"CI]. 
The lower drawing emphasizes deviations from planarity. 


are, as expected, similar to those of other paramagnetic 
nickel(I1) porphyrin (heteroporphyrin) complexes but slightly 
shorter than those measured for [(ODTDPP)Ni"Cl] . The dioxa- 
porphyrin skeleton is essentially planar. The furan ring is planar 
and coordinates in the q 1  fashion through the oxygen atom, 
which acquires trigonal geometry. Thus the nickel(r1) is practi- 
cally coplanar with the furan ring. The Ni"-Cl(I) (2.428(2) A) 
and Ni"-C1(2) (2.400(2) A) bonds are the longest found for 
high-spin nickel(11) heteroporphyrins ([(ODTDPP)Ni"Cl] 
2.293(2), [(STPP)Ni"CI] 2.275(1) A),113a1 but a comparable 
Ni-Cl length (2.492 A) was observed in [Nill(cyclam)C1,] .[361 


This considerable lengthening of the Ni-Cl bonds can be as- 


cribed to the mutual trans interaction of axial chloride ligands. 
A similar phenomenon was previously noted in the [(P-PPh,- 
TPP)Fe"'CI,] structure in comparison with [ (TPP)Fe"'Cl] . [371 


The locations of the oxygen atom and one of the cis-nitrogen 
atoms in the structure of [(ODTDPP)Ni'] are disordered. The 
other nitrogen atoms are not involved in the disorder. Figure 8 


C127oJ 


CI.161 


Figure 8. A perspective drawing (with 50% probability ellipsoids) of [(ODT- 
DPP)Ni'], showing the major molecular orientation. The lower view, in which the 
aryl groups are omitted, emphasizes deviations from planarity. 


shows only the major form; here also nickel is located in the 
furan plane and the furan ring coordinates in y1 fashion through 
the oxygen atom, which acquires trigonal geometry. In contrast, 
the relevant angle between the Ni-S bond and the S(2)C(4) 
plane of [(STPP)Ni] is 45.9".['5b1 The coordination center of the 
(0DTDPP)Ni' molecule is nearly planar. The nickel is slightly 
displaced (0.0683 A) out of the O(l)N(l)N(2)N(3) plane. The 
deviation of the pyrrole planes from the plane defined by the 
dihedral angles between the pyrrole and O( l)N(I)N(2)N(3) 
planes are as follows: 0(1) 5.5", N(l) -14.8", N(2) 7.2', 
N(3) - 14.8". This geometry corresponds to a saddle distortion 
mode for the oxaporphyrin macrocycle. 


Examination of the data in Table 2 indicates that the Ni-N 
and N - 0  bond lengths decrease upon reduction of the high- 
spin, five-coordinate [(0DTDPP)Ni1'C1] to four-coordinate 
[(ODTDPP)N?] . These Ni'-N(I) and Ni1-N(2) distances locat- 
ed in the ordered fragment of [(ODTDPP)Ni'] are even shorter 
than those determined for [(O,TPP)Ni"CI,]. The Nil distances 
of [ (0DTDPP)Ni'I are shorter than those of four-coordinate 
nickel(1) thiaporphyrin.[' 5b1 Ni-0  bond lengths of [ (ODT- 
DPP)Ni"Cl] and [ (0DTDPP)Ni'J follow the trend determined 
for Ni-N bonds, although the disorder in these fragments ren- 
ders such a comparison of the limited value. Analogously to the 
[ (STPP)NI"CI] - [ (STPP)Nil] couple, this comparison shows 
that the reduction does not necessarily imply expansion of all 
metal-ligand distances; for example, the pattern of two shorter 
and two longer Nil-N distances was determined in several Ni(1) 
tetraaza complexes characterized by EXAFS or X-ray diffrac- 
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t i ~ n . [ ~ * J  In the cases where the coordination number is lowered, 
a lack of expansion upon reduction is fairly general phe- 
nomenon.["gl There are also examples in which reduction with- 
out ligand loss is accompanied by a decreasz in metal -1igand 
distance.[401 Previously the dramatic shortening of the Ni -S 
bond that occurred upon reduction of [(STPP)Ni"Cl] was con- 
sidered to reflect n back-donation, which could be responsible 
for the stabilization of the one-electron reduction 
The replacement of the sulfur by oxygen still produces a macro- 
cycle which stabilises low oxidation states of nickel. This obser- 
vation excludes a special role of the sulfur in the stabilization of 
nickel(1). 


For comparison the structures of some of the free ligands are 
known. The structure of ODTDPPH was investigated previous- 
IY.['~] Here we present the structure of [ (O,TPPH),][NiCI,], 
where the dioxaporphyrin monocation formed by protonation 
of one of the pyrrole nitrogens has been found. The hydrogen 
atom of the NH group was clearly located on a difference map 
and its position was subsequently refined. The cation is puck- 
ered, as seen in Figure 9. The nonbonded distances (N(l)-N(2) 
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Figure 9. Perspective view of(O,TPPH)+ as found in (O,TPPH),[NiCI,] with 50% 
thermal conlours for all non-hydrogen atoms. A second view with aryl grotips 
omitted shows deviation from planarity. 


4.00, O(1)-0(2) 4.25 A) compared with the N-N distances in 
the monoxaporphyrin" and in TPPH, suggest that molecule 
is not elongated.[411 The unit cell also contains five disordered 
molecules of dichloromethane. The nickel@) coordination con- 
forms to expectations for a tetrachloronickel(i1) anion. The 
Ni"-CI distances, 2.254(4), 2.289(4), 2.292(4), and 2.283(4) A, 
are comparable to the 2.246-2.272 A range determined for 
[NiCl,]'~ .[421 


In the monooxa-and dioxaporphyrins and their nickel com- 
plexes, the 0- Ca, C,-C,, C,-C, bond lengths are practically 
identical (Table 2). The aromatic character of the macrocycle 
has an appreciable effect on the furan portions. Thus in these 
macrocycles the C,-C, distances are longer and the C,-C, 
distances are shorter than in free f ~ r a n . [ ~ ~ ]  The pattern of C,- 
C, and C,-C, distances follows that seen in the pyrrole rings. 


These bond changes indicate that the n delocalization through 
the furan ring is altered in monoxa- and dioxaporphyrins and 
their nickel complexes. However, the C,-0 bond lengths re- 
main practically unchanged compared with those in furan. 
These changes suggest that the n electron density has been al- 
tered within the furan portion so that it is increased in the 
C,-C, bond, decreased in the C,-C, bond, and unchanged in 
the C,-0 bonds. A similar influence of the aromatic macrocycle 
on the delocalization pattern in the modified ring was observed 
in the case of tetraoxa[l8]porphyrin(l .I .I  .I) d i~a t ion , [~ l  oza- 
phyrin,[*J and thia- and d i t h i a p ~ r p h y r i n . [ ~ ~ ~  


Discussion 


The porphyrin core is well recognized as providing a stable 
yet somewhat flexible environment for the coordination of 
a great variety of metal ions. Introduction of other atoms 
(0, S, Se, Te, or CH) produces new porphyrin-like macro- 
cycles that are of interest for use as new complexing 


-4, 1 2  - 16 ,  2 2  -24 .45 .461  Th e incorporation of furan, 
thiophene, selenophene, or tellurophene rings in place of a 
pyrrole alters the character of the macrocycle significantly. The 
presence of the large heteroatoms shrinks the porphyrin core 
relative to that of regular porphyrin TPPH,: STPPH N . . S 
3.547(8), N . . . N 4.40(1) A;[441 SeTPPH N . . Se 3.36, N . . N 
4.49A;["] TeTPPH N. . .Te  3.13(1), N . . . N  4.65(2)A;[1'1 
S,TPP S . . . S  3.069(6), N . . . N  4.6S(1)8,;L441 Se,TPP Se".Se 
2.92 A;[221 SSeTPP S ' .  . Se 2.89 A;1221 STeTPP S ' 1  . Te 
2.65 A;["] TPPH, tetragonal N N 4.108 A; triclinic 4.06, 
4.20 A.1411 When considering complex formation between a 
metal and complexing porphyrin or heteroporphyrin, the 
matching of macrocycle cavity size to metal radius is of prime 
importance.[471 The heteroporphyrin may be capable of modifi- 
cation by stepwise controlled changes in its cavity size. In oxa 
and dioxaporphyrins the size of the porphyrin-coordinating 
center ODTDPPH ( N . . . O  4.132 A;  N . " N  4.034A) and 
0,TPPH (0 ' .  ' 0  4.25 A; N . . . N 4.00 A) is comparable to that 
of regular porphyrin, since the atomic radii of nitrogen and 
oxygen are alike. We are thus able to anticipate a similar match 
for a large variety of metal ions including nickel(i) and nickel(1i) 
for the radius of the cavity in porphyrin and oxaporphyrins, a 
situation radically different from that found for thiaporphyrin 
or selenaporphyrin. 


This study has established a number of significant character- 
istics of the oxa and dioxa core-modified porphyrins. Although 
furan is generally considered to be a poorly coordinating lig- 
and," '-''I within the macrocyclic structure provided by these 
core-modified porphyrins furan can function as a donor toward 
nickel. In both the oxa and dioxa macrocycles, the furan rings 
coordinate nickel so that the metal ion resides in the plane of the 
furan ring and the furan ring is nearly coplanar with the rest of 
macrocycle. In this sense, the nickel complex of oxaporphyrin 
contrasts markedly with the nickel complexes of the thiapor- 
phyrin and selenaporphyrin, where the coordinated thiophene 
and selenophene rings are sharply bent out of the porphyrin 
~ l a n e . [ ' ~ " ~ ~  As a consequence of the planarity of the oxapor- 
phyrins, the 'HNMR resonances of the furan protons exhibit 
similar hyperfine shifts to those of the pyrrole protons. In con- 
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trast, in the thiaporphyrin and selenaporphyrin nickel complex- 
es, the protons of the thiophene and selenophene ring exhibit 
opposing hyperfine shifts to those of the pyrrole protons.['3, 51 


The oxaporphyrin ligand, just like the thiaporphyrin ligand, is 
able to stabilize the relatively uncommon Ni(1) oxidation 
state." 53 3 8 - 4 9  511 Th us the sulfur atom of the thiaporphyrin is 
not in fact responsible for some unusual effect that stabilizes 
Ni(r). 


Interest in the chemistry of Ni(i) complexes is prompted by 
reactivity studies of F430, a Ni" hydrocorphinoid complex that 
is 1 he prosthetic group of methyl coenzyme M reductase. EPR 
data have already pointed to the importance of the Ni(1) in the 
enzymatic m e c h a n i ~ m . [ ~ ~ . ~ ' . ~ ~  


Considering their properties, the oxa- and dioxaporphyrins 
may be considercd to lie between two ligand categories, namely 
regular porphyrins and mono- and diheteroporphyrins of S, Se, 
and Te. We have previously stated that five-coordinate complex- 
es of monoheteroporphyrin are geometrically and magnetically 
similar to their N-methylporphyrin counterparts.[' 3 ,  481 21-0xa- 
porphyrin and 21,23-dioxaporphyrin act as the nionoanionic or 
neutral ligand as expected for heteroporphyrins. Electronegativ- 
ity causes the oxygen u-donor properties to drop below even 
nitrogen, which is more electronegative than sulfur or selenium. 
The size of the coordinating centers N 3 0  or N,O, discussed 
above matches the geometry of regular porphyrins. 


The structure of [(O,TPPH),][NiCI,], which is composed 
of two separate ionic units, the 0,TPPH' cation and the 
[NiCI,]'- anion, may serve as a suitable structural model for the 
other diheteroporphyrins where the insertion of the metal ion 
was previously attempted.[23' 


Experimental Section 
Solvents and reagents: [DIChloroform (Glaser) and [D,]toluene (CIL) wcrc 
used as received. All common solvents were purified by standard methods 
and distilled prior to usc. 2,5-Bis(hydroxymcthyI)fiiran, pyridinium dichro- 
mate, diethyl ether, and [DJpyrrole were supplied by Aldrich. 


Furan-2,s-dicarboxaldehyde: 2.5-Bis(hydroxymethyI)furan (3.5 g, 27 mmol) 
was oxidized with a slurry of pyridinium dichromate (30 g) in 
dichloromethane (400 mL) for 24 h. When oxidation was completed the solid 
matter was filtered off, the solution volume was reduced to 100 mL, and 
100 m L  of diethyl ether was added. The resulting precipitate was filtered. The 
solution was evaporated under vacuum; during evaporation a white precipi- 
tat? formed, which was collected by filtration, washed with ether, and dried 
in vacuo to yield 2 g of furan-2,s-dicarboxaldchyde (yield 60%). ' H N M R  
(300 MHz. CDCI,, 293 K): 6 = 9.84 (s, 2H),  7.31 (s, 2H) .  


2,S-Bis(phenylhydroxymethyI)furan: This compound was synthesized in a 
one-pot prcparation by addition of phenylmagnesium bromide (20 mL, 1 M 


solution) in diethyl ether to an cthcr solution (300 mL) containing furan-2.5- 
dicarboxaldehyde (1 g. 8 mmol). After 30 min. 1 YO sulfuric acid (20 mL) was 
addcd. Subsequently solid Na,CO, was added until the liberation of CO, 
cealicd. The organic phase was separated from the MgCO, precipitate by 
filtration, and from the water layer. Then the organic phase was dried with 
MgSO, and concentrated under reduced pressurc to afford crude 2,5- 
bis(phenylhydroxymethy1)furan as a pale yellow oil. 'H NMR (300 MHz, 
CDCI,, 293 K): b =7.41 (m, IOH), 6.03 (s, 2H) ,  5.78 (d, 2H) ,  4.85 (b, 2H) .  
The compound is sufficiently pure ( > 9 5 %  by ' H N M R  ) for use in subse- 
quent reactions. 


5,20-Bis(p-tolyl)-l0,15-diphenyl-21-oxaporphyrin (ODTDPPH): This com- 
pound was synthesised as previously described [I21 from 2,5-bis(p-tolylhy- 
droxymethy1)furan as the precursor. Oxaporphyrin deuterated in the 8- 
pyrrolc positions ([DJODTDPPH) was obtained in the same way from 
[D,byrrole. 


5-Phenyl-lO,lS-bis(p-tolyl)-21-oxaporphyrin (OPDTPH): 2,5-Bis(hydroxy- 
methy1)furan (7 g, 55 mmol) was oxidized with a slurry of pyridinium dichro- 
mate (16 g) in dichloromcthane (800 mL) for 12 h. The reaction progress was 
checked by ' H N M R .  Under thcsc conditions the product mixture contained 
% 50 O h  of the desired 2-carboxaldchyde-5-hydroxymethylfuran accompanied 
by the furan-2,5-dicarboxaldchydc. When oxidation was completed the vol- 
ume was reduced to 150mL and diethyl ether (200mL) was addcd. Thc 
resulting prccipitate was removed by filtration. The solvent was evaporated 
and a mixture of aldehydes (1.9 g) was dissolved in diethyl ether (300 mL) .  
The Grignard reagent (phenylmagnesium bromide) was added as 1 M solution 
in diethyl ethcr (30 mL). The products were concentrated under reduced 
pressure to produce a pale yellow oil that contained a mixture of 2-(phenyl- 
hydroxymethyl)-5-(hydroxymcthyl)furan and 2,5-(phenylhydroxymethyl)- 
furan. This mixture was used without further purification for the next step. 
Thc oil was dissolved in deoxygcnated dichloromethane (500 mL). and benz- 
aldehyde (2.15 mL, 18 mmol) and pyrrole (1.4 mL. 21 mmol) were added. 
After addition of boron trifluoride ethcratc (4 mmol) the reaction mixture 
was stirred for 1 h in the dark. p-Chloranil (5.9 g, 24 mniol) was added and 
the solution was refluxed ( 1  h) and then taken to  dryness under reduced 
pressure by rotary evaporation. The product was dissolved in dichloro- 
methane and chromatographed on a neutral alumina column to remove tarry 
products, followed by chromatography on basic alumina. Two fractions con- 
taining 5,20-diphenyl-10,15-bis(p-tolyl)-21-oxaporphyrin (ODPDTPH) and 
OPDTPH were eluted with chloroform, evaporated to dryness. and recrystal- 
lized from mcthanol/dichloromethanc (1 : 1 v/v) to produce ODPDTPH 
( 5 5  mg) and OPDTPH (40 mg). Anal. calcd for OPDTPH.O.SCH,CI, 
(C,,H,,N,O.O.SCH,CI,): C 79.65, H 4.92, N 6.88; found: C 80.08, H 4.83, 
N 6.79; ' H N M R  (300 MHz, CDCI,, 213 K): 6 = 10.24 (s), 9.78 (d), 9.40 (d, 
3J=4.7Hz),9.17(d),8.88(d,'J=4.6Hz),8.94(m,2H),8.68(d),8.59(d, 
,J = 4.9 Hz), 8.20 (m. 2H) ,  8.08 (m, 4H),  7.79 (m, 3H) ,  7.56 (m. 4H),  2.69 
(s, 3H),2.67(s ,  3H).  -2.06(s, 1 H); UV/Vis: i[nm](logi:) = 418 (4.97). 534 
(sh), 504 (3.68), 474 (sh), 606 (3.01), 664 (2.78). 


0,TPP: 2,5-Bis(phenylhydroxymethyl)furan (1 g, 3 mmol) and pyrrole 
(0.2 mL, 3 mmol) were added to deoxygenated dichloromethane (500 mL). 
After addition of boron trifluoride etherate (0.5 mmol) the reaction mixturc 
was stirred for 1 h in the dark. p-Chloranil (0.75 g, 3 mmol) was added and 
the solution was heated under reflux (1 h) and then taken to dryness under 
reduced pressure by rotary evaporation. The product was dissolved in 
dichloromcthane and chromatographed on  a neutral alumina column to 
remove tarry products, followed by chromatography on basic alumina. The 
O,TPP fraction (orange-brown band) was eluted with dichlorornethanc. 
evaporated to dryness, and recrystallized from dichloromethanc/cthanol (1 : 1 
v/v) to produce 90 mg of dioxaporphyrin (yield 10%). Dioxaporphyrin 
deuterated in the a-pyrrole positions ([D,]O,TPP) was obtained in the same 
way from [D,]pyrrole. Anal. calcd for O,TPP,EtOH (C44H28N,0,. 
C,H,OH): C 83.36, H 5.17, N 4.23; found: C 83.42, H 4.70, N 4.38; 'H NMR 
(300 MHz, CDCI,, 295 K) :  6 = 9.08 (s, 4H),  9.37 (s, 4H),  8.137 (m. 8H).  
7.73 (m, 12H); UV/Vis: 1. [nm] (log c) = 416 (4.99), 466 (sh), 496 (4.19). 526 
(3.67), 640 (3.25),  704 (3.54). 


I(0DTDPP)Ni"CII: A solution of nickel chloride tetrahydrate (200 mg, 
1 mmol) in ethanol ( 5  mL) was added to  a solution of 5.20-bis(p-tolyl)-10,15- 
diphenyl-21-oxaporphyrin (50 mg, 0.07 mmol) in chloroform (40 mL) .  The 
solution was heated under rctlux for 2 h. It was cooled, and the solvent was 
removed under reduced pressure. The solid residue was extracted with chloro- 
form, and the chloroform solution was separated from the remaining solid by 
filtration. The solution was subjected to column chromatography on silica gel 
(Mesh 70). Elution with chloroform gave a red fraction that was recovered 
as a solid after evaporation under vacuum. Rccrystallization from 
dichloromethane/hexane (50/50) produced 59 mg of [(ODTDPP)Ni"CI] 
(yield 80%). Anal. calcd for (ODTDP)NiCI.CH,CI, (C,,H,,N,O. 
CH,CI,): C 65.85, H 4.00, N 4.90; found: C 66.10, H 4.07. N 4.95; UV/Vis: 
2 [nm] (log c) = 422 (4.54), 540 (3.32), 582 (3.31). 630 (2.55). 


[(OPDTP)Ni"CI] was obtained in the same way from 5-phenyl-l0.15-bis- 
(p-tolyl)-21-oxaporphyrin. UV/Vis: 2 [nm] (log i:) = 421 (4.45),430 (sh), 538 
(3 .35) ,  576 (3.37), 627 (2.53). 


I(O,TPP)Ni"CI2]: A solution of NiC12.4H,0 (200 mg, 1 mmol) in mcthanol- 
( 5  mL) was added to a solution of 5,10,15,20-tetraphcnyl-21.23-dioxapor- 
phyrin (50 mg, 0.08 mmol) in chloroform (40 mL). The solution was heated 
under reflux for 8 h. It was cooled, and thc solvent was removed undcr 
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Table 3. Crystallographic data for [(ODTDPP)Ni"CI], [(ODTDPP)Ni'], [(O,TPP)Ni"CI,], and [(O,TPPH),][Ni"CI,] 


I(ODTDPP)Ni"] [(ODTDPP)Ni'] [ (O,TPP)Ni"Cl,] [ (O,TPPH)Ni"CI,] 


empirical formula C,,H,,CI,N,NiO C, ,H,~N~NIO C46H32CLN2Ni02 VJh sHjqCl-N,Nic 5 0 2  


color. habit black, hexagonal black, parallelepiped black, wedge dark. needlc 
M ,  821.83 740.51 916.15 930.26 
crystal system monoclinic triclinic monoclinic triclinic 
space group P 2 , h  Pi p2 L In Pf 
(4 


h (A) 
15.2750(10) 9.785(2) 10.8544 (9) 12.793?(14) 


13.341 2 (1  0) 11 .I  490 (10) 
13.7111 (11)  


15.227(2) 
(4 22.705(2) 14.918 (3) 25.398(2) 


13.1 04 (3) 


r (-) 90 10332(3) 90 107.896(6) 
P i )  101 .o3n(io) 106.54 (3) 96.01 1 (6) 104.236(7) 
7 90 93.00(3) 90 96.1 16(7) 


3795.3(5) 1765.6 (6) 41 74.7(7) 21 16.7(3) 
130 130 130 130 


v (A') 
Z 4 7 4 2 
T (K) 


crystal size (mm) 
P & d  (gem-? 1.438 1393 1.458 1.46 
radiation d (A) 1.54178 1.541 18 1.54178 1.54178 
P ( c u d  (mm '1 3.009 1.134 4.533 4.84 
range of transm Factors 0.45-0.68 0.87 - 0.92 0.39-0.63 0.63 0.73 


0.33 x 0.28 x 0.15 0.12 x 0.10 x 0.08 0.22 x 0 . 1 2 ~  0.12 0.26 x 0.08 x o.nx 


R,  [a.~] 0.1073 0.0846 0.0915 0.1213 
n.RZ[b,c] 0.2266 0.1442 0.2105 0.3291 
Ri [dl 0 . 0 ~ 0 6  0.0566 0.0735 0.0916 


[a] R, = xll&l ~ ~ ~ ~ / ~ ~ F o ~ .  [h] wR2 = [x[w(Fz  - ~)']/~[w(F~)']'~'. [c] All data. [d] Data with F,>2u(F0). 


reduced pressurc. The solid residue was extracted with chloroform, and the 
chloroform solution was separated from the remaining solid by filtration. 
Recrystallization from a dichloromethane/hexanc mixture (70/30 v/v) and 
extendcd vacuum drying produced 50 mg of [(O,TPP)Ni"Cl,] (yield 83%). 
Anal. calcd for C44H,8NZ0,NiCI,: C 70.96, H 3.79, N 3.76; found: C 70.55, 
H 3.87, N 3.76; UV/Vis 1. [nm] (log c )  = 406 (4.69), 494 (4.00), 524 (sh), 612 
(3.08), 676 (3.36). 


I(ODTDPP)NilI: [(ODTDPP)Ni"Cl] (20 mg) was dissolved in benzene and 
energetically stirred with zinc amalgam (2 h). The reducing agent was filtered 
off and the solution of [(ODTDPP)Ni'] was taken to  dryness under rcduced 
pressure. All experiments were performed under nitrogen in a dry box (yield 
10mg).  UV/Vis: 1. [nm] = 370, 417, 515, 547. 


(O,TPP),[NiCI,I: The acidic demetallation of [(O,TPP)Ni"CI,] (5 mg) was 
carried out in a dichloromethane/hydrochloric acid mixture. The dichloro- 
methane layer was separated and evaporated to dryness. The product 
was recrystallized from dichloromethaneihexanc to yield [(O,TPPH),]- 
[NiiiC14]. The same product was obtained when 0,TPP (5 mg) in 
dichloromethane and NiCI, (20 mg) in concentrated hydrochloric acid 
(10 mL) were mixed together and the dichloromethane layer was separated, 
passed through a short, neutral alumina column, and evaporated to dryness. 
The product was recrystallized from dichloromethane/hexane (yield 3 mg) 
UV/Vis 1. [nm] = 418, 519, 601, 664. 


Instrumentation: 'H N M R  spectra wcre measured on a Brukcr AMX spec- 
trometer that operated in a quadrature detection mode. The signal-to-noise 
ratio was improved by apodization of the free induction decay, which typical- 
ly induced 5-15 Hz broadening. The residual 'H NMR spectra of the dcuter- 
ated solvents were used as a secondary reference. The 2 D  COSY spectrum of 
[(ODTDPP)Nil'C1] was ohtained after a standard 1 D refercnce spectrum had 
been obtained. Thc 2 D  spectrum was recorded with 1024 points in 1,  over the 
desired handwith (to include all desired pcaks) with 256 t ,  blocks and 1024 
scans per block. All cxperiments included four dummy scans prior to the 
collection of the first block. 
EPR spectra were recorded on a Bruker ESP 300E spectrometer equipped 
with a Hewlett-Packard 53508 frequency counter. The magnetic field was 
calibrated by means of EPR standards. 


X-ray structure determination: 
Crystul prepurution: Crystals of [(ODTDPP)Ni"CI]~CH,CI,, [(O,TPP)- 
Ni"CI,], and [(O2TPPH),][Ni"CI4]~SCH2CI, were grown by diffusion of n- 
hexane into a dichloromethane solution of the appropriate complex in a thin 
tubc. Crystals of [(ODTDPP)Ni']C,H, wcre prepared by diffusion of acetoni- 
trilc into a benzcne solution in a thin tubc under strictly anaerobic conditions. 
Suitable crystals were coated with light hydrocarbon oil and mounted directly 
in the 130 K dinitrogen stream of the low-temperature apparatus. 


X-ruy dmu co//ection: Data were collected at 130 K on a Siemcns P4/RA 
diffractometcr equipped with a Siemens LT-2 low-temperature apparatus. 
Two check reflections showed random (less than 2 % )  variation during the 
data collection. The data were corrected for Lorentz and polarization effects. 
The radiation employed was Ni-filtered Cu,, from a Siemens rotating 
anode source operating at 9 kW in the case of [(ODTDPP)Ni'].C,H, 
and [(0,TPPH),][Nii'C14]~SCH~Clz; the normal focused sealed tube 
(monochromator graphite-filtered Cu,,) was used in the data collections for 
[(ODTDPP)Ni"CI]~CH,CI, and [(O,TPP)Ni"CI,]. Crystal data :ire com- 
piled in Table 3. 
Sofution and strtrcture refinerneni: Calculations were performed on a PC with 
SHELXTL v.5. Scattering factors for neutral atoms and corrections for 
anomalous dispersion were taken from the standard source [52]. An ahsorp- 
tion correction was applied to the structures [53]. The solutions were obtained 
by direct methods. 
[ jODTDPPiNirrCI1.CH,CI,: There is disorder in the oxygen atom loca- 
tion, and the N(3) atom was refined as coincident with O(1). The relative 
occupancies are 80.2% and 19.8%. A molecule of dichloromethane in the 
lattice exhibits six disordered positions for the chlorine atoms and three for 
the carbon atoms. 
[ (ODTDPP)Ni'].C,H,: The position of the oxygen atom is disordered over 
two positions in the proportions 56.9% and 43.1 %. The disorder was treated 
by examining several different models that plncc the oxygen in the nitrogen 
site of the pyrrole group involving N(3). The occupancies were determined by 
requiring that two oxygen atoms have reasonable thermal parameters. Once 
determined from the latter difference maps the positions of 0(1) and N(3). 
O(1)' and N(3)' were fixed during the refinement. A molecule of benzene in 
the lattice occupies two disordered positions with rclalive occupancies of 
50%. 
[ (0 ,TPP)Ni"C12/~2CH,C[ , :  There is no apparent disorder in the position 
of the N and 0 atoms. One molecule of dichloromethane in the lattice is in 
an ordered position with one of the hydrogens interacting with the axial 
chloride ligand; the second dichloromethane has three disordered positions 
for the chlorine atoms. 
/ ~0,TPPHJ,NiriC14/.5CH,C/2: The structure was solved by direct 
methods. There is no apparent disorder in the positions of the N and 0 atoms. 
If their positions are switched the R 1 value increascs from 0.0941 to 0.0946 
and the thcrmal parameters are skewed. The positive charge of the porphyrin 
cation is balanced by one half unit of NiCIi- in the asymmetric unit. The site 
is shared hy one half of a molecule of CH,CI,. Four other molecules of 
CH2CI, are also at one-half occupancy; carbon atoms were locatcd for three 
of these. The fourth has two different sites for one of the chlorine atoms: 
C1(11), 0.5 occupancy; Cl(12) and Cl(13). 0.25 occupancy. Distance restraints 
of C-CI 1.77(1)A and CI'..C1 2.89(2)A werc applied to the atoms of the 


Chem. Eur. .I 1991, 3 ,  No. 2 a VCH ~ , r / u ~ , ~ g ( ~ s ~ , / l . ~ ~ h ~ ~ t  mbH, 0-69451 Wcinlzeim, 1997 0947-653ui97io3o2-0277 $ 15.00 f .2.5,'1/ 277 







FULL PAPER L. Latos-Grazynski et al. 


disordered CH,Cl,'s. There is rotational disorder that  involves one of thc 
phenyl rings, C(33) to C(3X). This was modeled by the use of two equal sets 
of carbon atoms, set A and set B (refined as  a rigid group).  Hydrogen atoms 
were included a t  their geometrically idealized positions a n d  refined by use of 
a riding model. Thc  hydrogen bonded to  N(2) was located in a difference 
Fourier m a p  before being thus positioned. All hydrogen thermal parameters 
weie 20% greater than the equivalent isotropic thermal paramcter of the 
boiidcd a tom.  Refinement was by full-matrix least-squares methods, based o n  
F', fi-om all da ta  with anisotropic thcrmal parameters for  non-hydrogen 
atoms except for the carbons of the disordered phenyl group. T h e  largest 
peaks in the final difference m a p  were less than 0.74 e k ' .  


Crystallographic da ta  (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data  
Centre as supplemcntary publication no. CCDC-1220-47. Copies of the da ta  
caii be obtained free of charge o n  application to  the Director, C C D C ,  
I 2  Union Road, Cambridge C B 2 t E Z ,  U K  (Fax: int. code +(1223)336-033; 
e-mail: teched(ir chemcrys.cam.ac.uk). 
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Structural Effects in the Reductive Activation of (Indenyl)RhL, Complexes: 
The Reduction of [Rh(q5-C,H,)(q4-cod)] 


Christian Amatore,* Albert0 Ceccon, Saverio Santi, and Jean-Noel Verpeaux 


Abstract: The reduction of the indenyl 
complex [Rh(y5-C,H7)(y4-cod)J has been 
investigated in the context of structural 
effects induced by the transfer of one elec- 
tron. The reduction of this complex oc- 
curs in two steps, leading first to the radi- 
cal anion and then to the highly frangible 
dianion. Both species eliminate the in- 


denyl anion. In the presence of free cy- 
clooctadiene, the related cleavage leading 
to the indenyl anion and his-cyclooctadi- 


Keywords 
electron transfer * indene - kinetics - 
rhodium 


Introduction 


The one-electron-transfer activation of coordination complexes 
of transition metals most generally results in an electronic and 
structural alteration of the coordination shell in relation to the 
ability of the metal center(s) or ligands to gain or lose this 
electron. Structural modifications involving cleavage or forma- 
tion of chemical bonds can thus be induced in the highly activat- 
ed species. This may lead to ligand exchange, metal-metal bond 
formation, or ligand reorganization, all reactions extensively 
documented in the literature.“. Among these subsequent pro- 
cesses, changes in the hapticity with redox state is of special 
interestc3’ since the corresponding reversible ligand distortion 
amounts to a modification of the electronic density at the metal 
center, which could eventually protect the complex against more 
drastic reactions (e.g., ligand cleavage). Complexes bearing in- 
denyl (In) ligands are illustrative:[41 for example, reduction of 
the 18-electron cation [(q5-In)2V(CO),]’ gives the [(q5-In)- 
(y3-In)V(CO),] radical after slippage of one five-membered 
ring,r51 whereas the same treatment of the corresponding cy- 
clopentadienyl complex [Cp,V(CO),] leads to the cleavage of a 
molecule of CO. 


This possibility of accommodating various electronic envi- 
ronments provides chemical flexibility associated with enhanced 
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ene rhodium fragments now follows a 
Michaelis- Menten-type mechanism in- 
volving precoordination of one extra 
COD ligand to the initial radical anion. 
These results suggest the modification of 
the hapticity of the indenyl ligand in con- 
nection with 17- and 19-electron metal- 
centered intermediates. 


v 6  v 4  t 


M M M 


v 1  v 2  v 3  
Scheme 1 .  The indenyl slippage process. 


reactivity (the indenyl effect),r6] which justifies quantitative in- 
vestigation of this indenyl slippage process (Scheme 1). 


[(In)RhL,J (In = indenyl) complexes have proven to be very 
efficient catalysts for the hydroacylation of olefins, cyclotrimer- 
ization of alkynes or even hydrocarbon CH bond 
The “indenyl effect” is quite strong in this series; it was shown 
that a ligand exchange reaction became faster by a factor of lo8 
when the cyclopentadienyl ligand in [CpRhL,] was replaced by 
the indenyl ligand. Since the catalytic efficiency is also heavily 
dependent on the ability to accommodate new ligands in and 
out of the coordination shell, it was decided to investigate the 
effect of electron-transfer activation on the structural properties 
of the complex [(In)Rh(cod)], where cod is cyclooctadiene, both 
in the presence and absence of extra ligand. Kinetic data allowed 
the range of stability and reactivity of the monoanion 
[(In)Rh(cod)]- to be established (in the presence and absence of 
free COD), and finally to propose a mechanism for the stepwise 
decoordination of indenyl involving a precoordination of a sec- 
ond COD ligand (see Scheme 3). 
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Results and Discussion 


Delineation of reactivity induced by electron transfer 
Retluction q f ' [  ( I n )  Rh(corl)] alone: As shown in Figure 1, the 
cyclic voltammogram at  0.5 Vs- of a 3 mM solution of the title 
compound in THF/0.3 M nBu,N. BF, exhibited two reduction 


-2.01 - . ' ' I 
0.0 -1.0 -2.0 -50 


Potential (V vs. SCE) 
k'ignre 3 .  Expcriincntal (solid linc) and simulated (circles) voltammetric reduction 
of ((ln)Rh(cod)]. 3 mM, in THF,U3 M ~iBu, BF, at a gold disk electrode (0.5 mm 
diamclcr); 18 = 0.5 VsC' ,  20-C. Thermodynamic and kinetic parameters uscd in 
thc simulated voltainmograni: = - 2 35 V vs. SCE, k: = 5 x IO-'cms-', 
x,==O.35.  e=-2.65V vs. S C E . / ~ ~ = S x 1 0 ~ ' c r n s ~ ' . a , = 0 . 3 5 .  k r = 0 . 6 s - ' ,  
k b ..5M~ls-' - -  and k 2 2 x  lo '  SKI (see text and experimcnlal scction) [14]. 


waves a t  rather negative potentials. The first wave was chemical- 
ly partially reversible although electrochemically irreversible 
( x  = 0.35, AEp = E,", -EL, = 140 mV a t  0.5 Vs-') whereas 
chemically the second wave was totally irreversible. The peak 
current function of the first wave, that is, i p  1'- L / 2 ,  was no1 con- 
stant with the scan rate (Figure 2), thus establishing that the 
first reduction wave involved a subsequent reaction coupled 
wil h further electron 


0.01 a1 1 10  loo 


0.0 scan rate v (vs-1) 
0.01 0.1 1 10  loo 


Figure 2 .  Variations of the currcnt function ( i 7 v - I  ') of the lirst reduction wave 
(top) and of the ratio (i4Jir) of the peak current of the second and first reduction 
wave (bottom) of [(In)Rh(cod)]. 15iiiM in THF,0.3hl riBu;BI.k at  a gold disk 
clcctrode (0.5 rnm, 0.125 m m  or 25 pm diameter according to the scan rate). 20 C. 
Symbols: expcriinental data; solid lines: theoretical variations based on simulations 
using tlie set of thermodynamic and kinetic parameters given in Figore 1. Note that 
the current function (top) is normalized to its value at infinite scan rate (here 
i'> 100 Vs-  ' )  where the wave obeys a chemically reversible but slow charge transfer 
kiiietic regime 181: because of this choice the normalized current function reaches 
\ d u e s  larger than two at low scan rates, although thiscorresponds t o  a two-electron 
limit. 


Determination of the absolute electron s t ~ i c h i o m e t r y [ ~ ~  at  
sufficiently high scan rate ( v 2 2  Vs-') showed that within this 
timescale the first wave corresponds to a one-electron process 
(napp = 2.2f0.2). This process was associated with the observa- 
tion of a chemically fully reversible wave, provided that the scan 
was inverted between the two reduction waves. Both facts indi- 
cate that the anion radical [(In)Rh(cod)]- is the reduction 
product for the first wave [Eq. (l)], provided that the timescale 
is short enough, that is, v 2 2  Vs-'.  


At lower scan rates, for example 0.5 Vs-' (Figure l ) ,  this 
intermediate is not fully stable, as indicated by the growth of the 
current function of the first peak (nap,> 1) and by the partial loss 
of chemical reversibility of the wave. The second wave can then 
be assigned a priori either to the further reduction of the anion 
radical, or to  the reduction of one of the products formed by 
evolution of the anion radical. The fact that the second wave 
corresponds to the further reduction of the anion radical to  the 
dianion [(1n)Rh(cod)l2- [Eq. (3)] was established by the obser- 
vation that at large scan rates (v22 Vs I )  the two reduction 
waves had approximately the same size (viz., corresponded 
to one electron each). Thus, when the decomposition of 
[ (In)Rh(cod)]- was suppressed, the amount of species reduced 
at  the second wave was quantitative (Figure 2). Despite its one- 
electron stoichiometry, the second wave remained chemically 
irreversible over the complete range of scan rates investigated 
( v  < 100 Vs- I ) ,  which showed that the dianion was considerably 
less stable [r i  <0.2 ms, Eq. (4)] than the anion radical. 
Chronoamperometric experiments in which i(0), the current 
measured a t  the end of a potential step of duration 0 = 0.2 s, 
was plotted as a function of the step potential confirmed the 
existence of a monoelectronic reduction when Eslup> - 2.55 V 
and of a bielectronic overall reduction at  more negative values. 


[(ln)Rh(cod)] + e  [(In)Rh(cod)] ~ (Ef = - 2.35V vs SCE) (1) 


[(In)Rh(cod)] ~ . * etc. ( V i 2 V s - i )  (2) 


[(In) R h( cod)] ~ + e . 4 [(In) R h(cod)12 
(E,P = - 2.72 V a t  0.5 VSC') (3) 


[(In)Rh(cod)l2- -----t etc. (fast. li 1 0 . 2  ms) (4) 


The gradual loss of reversibility of the first reduction wave on 
increasing the timescale (decreasing the scan rate) associated 
with a concomitant rise of the current function (Figure 2) sug- 
gested that Equation (2) corresponds in fact to the setting up of 
an ECE/disproportionation process"'] in which the anion radi- 
cal formed in the first wave generated a product that was quan- 
titatively reduced at  this potential. 


Figure I shows that an oxidation wave a t  -0.43 V is present 
on the reverse potential scan provided that the potential scan is 
inverted after the first reduction peak. This wave is much more 
intense when the potential is reversed after the second reduc- 
tion wave. I t  could be assigned to  the oxidation of the indenyl 
anion by comparison with an authentic sample generated by in 
situ deprotonation of indene. This indicates that the indenyl 
anion, I n - ,  is a common reaction product ofeach redox process. 


Reduction oj" ( In)Rh(cod)]  in the presence of,free COD: The 
reduction of [(ln)Rh(cod)] in the presence of one equivalent of 
COD was then investigated. Figure 3 a  shows the voltam- 







(Indeny1)Rhodium Complexes 279-285 


-2ao I 
Qo - 4 0  -2.0 -10 


Potential (V vs. SCE) 


-3 -2 - 1  0 
log ([COD] / M) 


0 5 10 15  


COD (equrv) 


Figure 3.  Voltammetric rcduction 
of [(ln)Kh(cod)], 15 mM, in THF/ 
0 . 3 ~  nBu;BF, at a gold disk elec- 
trode (0.Smm diameter), in the 
presence of added COD; v = 


mograms in the absence (dashed 
line) or in the presence (solid line) 
of one equivalent of COD. b) Ex- 
perimental (open circles) or theo- 
retical (solid line) variations of the 
peak current of the first reduction 
wave normalized to its value in the 
absence of COD. The theoretical 
curve was obtained by simulation 
based on thc set or thermodynamic 
and kinetic parameters given in 
Figure 1 and k* = 10.5 s- ' .  p = 
k,/(l + k . , / k * )  = l . S M - ' S . "  (see 
text). The dashed line IS the theo- 
retical prediction for a classical S,? 
mechanism (as in Scheme 2). Note 
that although the limit of the 
dashed line at infinite COD con- 
centration corresponds to a two- 
electron process, it  appears smaller 
in the Figure bccaux of the nor- 
malization used, since the peak 
current in the abscncc of added 
COD already corresponds to 
1.15 electron per mole. c) Plot of 
the same experimental data as in 


0.5 vs- 1,  20'C. a) Voltam- 


(b) in the rorm of Equation (17); the regression line (correlation coefficient 0.985) 
correspondstok* =10.5sC1andp = kJ(I  + k - , / k * )  = 1 , 5 ~ - s ~ ' , a n d i s i d e n t i c a l  
to the solid working curve in (b) 


mograms obtained before (dashed line) and after (solid line) the 
addition of the free ligand. Comparison of such voltam- 
mograms indicates that, within the same timescale (i.e., a t  con- 
stant potential scan rate), addition of COD results in 1) a n  
increase of the  peak current and a loss of reversibility of the first 
reduction wave, 2) a decrease of the peak current of the second 
one associated with a marked positive shift of its peak potential 
(50 mV for one equivalent of COD added at  0.5 Vs-I), and 
3) the observation on reverse potential scan of a set of two new 
oxidation waves of nearly equal intensity (at E p  - 1.15 and 
-0.78 V versus SCE for v = 0.5 Vs-I)  in addition to the oxida- 
tion wave of the indenyl anion. 


An independent study of the voltammetric reduction of an 
authentic sample of [Rh(cod),]+ in the same medium led to the 
observation of two consecutive one-electron reduction waves 
corresponding to  the cation/radical and radical/anion redox 
couples, in agreement with previous observations, albeit in dif- 
ferent solvents.["] The position of the waves allowed assign- 
ment of the new set of oxidation waves in Figure 3 a  to  the 
successive monoelectronic oxidation of [Rh(cod),]- and [Rh- 
(cod),], respectively. 


Kinetics and mechanism 
Mechunisrn in the absence of free ligund: In the absence of free 
COD ligand, the electrochemical reduction of [ (In)Rh(cod)] led 
to the monoanion and then, a t  a more negative potential, to the 
dianion. The dianion is very unstable, its lifetime being less than 
0.2ms, and undergoes a fast cleavage of the indenyl anion, 
oxidation ofwhich was observed at  -0.43 V. Thus, a reasonable 
description of the process a t  the second wave can be given ac- 
cording to  Equations (3), ( 5 ) ,  and (6). 


[(In)Rh(cod)]' - In- +[Rh(cod)]- ( k > 2 x  103 SKI) ( 5 )  


[Rh(cod)]- - degradation products (6) 


[Rh(cod)] represents an unstable, unsaturated anionic 
rhodium fragment. N o  direct information concerning the nature 
or the fate of this rhodium center could be obtained in this 
study,[''] since no wave that could have been ascribed to  this 
species was visible on the cathodic or anodic voltammetric 
scans. Such an unsaturated rhodium anion is not expected to be 
stable, since it is formally a 14-electron complex, which may 
explain why no electroactive fragment could be detected in the 
absence of extra ligand. Note that the observation of rhodium 
bis(cyc1ooctadiene) redox couples in the presence of added cy- 
clooctadiene also supports the formation of a [Rh(cod)] frag- 
ment in the absence of COD. 


The anion radical is far more stable; nevertheless, it afforded, 
through a route involving uptake of an additional electron, the 
same indenyl anion formed by cleavage of the dianion [Eq. (j)]. 
Two possible routes could be proposed to account for this be- 
havior. One consists of a slow endergonic disproportionation 
[Eq. (7)] ,  leading to the dianion and thus being continuously 
displaced by its fast cleavage [Eq. ( 5 ) ] .  This route could be ruled 


2[(ln)Rh(cod)] 4 


[(ln)Rh(cod)] t[(In)Rh(cod)]'- (AGO = b'(e - E ' , ' ) z O )  (7)  


out based on the fact that the chemical irreversibility of the first 
wave was independent of the concentration of the substrate.[l3I 
A second route consists of an ECE/DISP sequence,""] in which 
the anion radical underwent a slow cleavage, leading to the 
indenyl anion and to a reducible rhodium-centered fragment. 
According to simple stoichiometry, this rhodium species must 
be [Rh(cod)], reduction of which a t  the electrode surface (or 
homogeneously) should afford the same [Rh(cod)]- fragment as 
that formed on decomposition of the dianion [Eq. ( 5 ) ] .  All the 
experimental observations converge, therefore, on the mecha- 
nism at the first reduction wave being described by Equa- 
tions @-( lo ) .  


[(In)Rh(cod)] +e-  [(In)Rh(cod)]- (EP = - 2.35 V vs SCE) (8) 


[(In)Rh(cod)] --f [Rh(cod)] + I n -  (9) 
[Rh(cod)] f c  - [Rh(cod)]- ( s " E ; )  (10) 


Quantitative assessment of the two mechanisms described 
above could be performed only based on simulation procedures 
because of the intrinsic slowness of the two electron transfers 
[Eqs. (3) and @)I. The rate of electron transfer for Equation (8) 
(k: = 5 x cms-  ') was adjusted based on the peak-to-peak 
separation['] of the first wave at  high scan rates ( r t>5 V s - I ) ,  
where the wave was chemically re~ersible ."~]  An arbitrary rate 
constant for the cleavage of the dianion [Eq. (511 was chosen to  
be sufficiently large for the simulations to result independent 
of this parameter. Therefore the simulations of a series of 
voltammograms at  moderate scan rates ( v < 5  Vs-') required 
only determination of the rate constant for the cleavage of the 
anion radical [Eq. (9)]. 


First, this parameter was adjusted (k, = 0.6 s- I )  to  reproduce 
the experimental dependence of the peak current of the first 
wave as a function of the scan rate (compare Figure 2). How- 
ever, and despite the good agreement between simulations and 
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experimental results for the peak current, we found that this rate 
constant led to a degree of reversibility of the first wave that was 
slightly smaller than the experimental value, especially when the 
second wave was scanned before the potential scan inversion. 
This result indicates that products formed a t  the second wave 
could affect the overall stability of the anion radical. The most 
simple explanation to account for this phenomenon is that the 
cleavage of the anion radical is slightly reversible. The effect of 
such a slight reversibility could be negligible a t  the level of the 
first peak current, where the flux production of the stable in- 
deny1 anion is small. Conversely, because scanning the second 
wave resulted in the build-up of a quantitative concentration of 
indenyl anion in the diffusion layer, a bimolecular reverse reac- 
tion could lead to partial reversal of the cleavage reaction, lead- 
ing then to  an apparent increase in the reversibility of the first 
wave. The validity of this hypothesis was checked by means of 
simulations based on the above value of k,, by adjusting the rate 
constant k ,  of the reverse reaction so that the experimental 
degree of reversibility could be correctly reproduced in the sim- 
ulations ( k ,  = ~ M - ' s - ' )  [Eq.(11)].["] 


k 
[(ln)Rh(cod)]- [Rh(cod)]   in^ (11) 


The rate constants k,  and k ,  of the forward and reverse reac- 
tions, respectively, were thus determined and the mechanistic 
sequence [Eqs. (8), ( I l ) ,  and (lo)] demonstrated. Note that it 
can be seen from the small value of k ,  (which leads to  a pseudo- 
first-order rate in the range of 0.01 s - '  for a 2 mM substrate 
concentration) that the coupling between indenyl anion and 
the Rh(cod) fragment is not a favorable process unless the con- 
centration of indenyl anion is high and the equilibrium dis- 
placed toward its left-hand-side by the reoxidation of the 
[(In)Rh(cod)]- anion radical. This explains why the current 
function of the first reduction wave depended almost exclusively 
on the forward process (i.e., on kf)["] while the reversibility of 
the wave was also a function of the reverse reaction [Eq. ( l l ) ] ,  
that is, of k ,  and of the concentration of the indenyl anion, that 
is, the point of inversion of the potential scan. 


k b  


Mechanism in the presence of.free COD: The presence of free 
COD ligand provided further support for Equations (5) and 
( I I ) ,  since this allowed the rhodium fragments to  be stabilized 
by COD coordination, thus permitting their identification based 
on the observation of the characteristic system of paired one- 
electron waves due to the sequential oxidation of the anion 
[Rh(cod)l2 and of the radical [Rh(~od) , ] [ '~]  Thus, the forma- 
tion ofindenyl anion on the one hand, and rhodium bis(cyclooc- 
tadiene) anion on the other, both detected by their oxidation 
wave on the reverse scan, suggest that the same overall reactivity 
was preserved in the absence of COD. 


The increase of the first reduction wave at  the expense of the 
second, as well as the loss of reversibility when C O D  is added to  
the solution, indicates decreased stability of [ (In)Rh(cod)] in 
the presence of COD. One could argue that this effect is only 
indirect and reflects suppression of the reverse reaction 
[Eq. (II)] because of a fast stabilization of the rhodium frag- 
ment by COD coordination after the cleavage. This first inter- 
pretation was rejected, however, because we saw above that the 
reverse reaction does not significantly influence the current 


function of the first wave. Since this is mainly a function of the 
forward step (i.e., of k , ,  which would not be modified in this 
process) we are forced to conclude that COD reacts directly with 
the anion radical (in an associative mechanism), in competition 
with Equation (1 I ) ,  that is, with the former spontaneous de- 
composition of this species. 


The mechanistic sequence shown in Scheme 2 is kinetically 
equivalent to that in Equations @-(lo) ,  with an apparent rate 


(In)Rh(COD) ~ 5 1 
R ~ ( C O D ) ~  + In- 


kz [COD1 


t + e  


Rh(COD)z-+ In- 


Scheme 2. Mechanistic sequence of the overall decomposition of the anion radical 
[(ln)Rh(cod)] ~. 


constant k,,, = k, + k,[COD] for the overall decomposition of 
the anion radical [ (In)Rh(cod)] - .I1 61 Accordingly, this apparent 
rate constant should be made as large as desired just by increas- 
ing the concentration of COD. That means that for a given scan 
rate, it should be possible to  make k,,, sufficiently large to reach 
the two-electron limit of the ECE process simply by increasing 
the excess of COD. Conversely, a t  a given COD concentration, 
the same two-electron limit should be achieved by decreasing 
the potential scan rate v (compare, e.g., the analogous effect in 
Figure 2), since the actual parameter that governs the current 
function of the first peak is then kapp/v = ( k ,  + ~, [COD]) /V. [ '~]  
Experimentally, we did not observe such symmetric roles for 
[COD] and scan rate. Indeed, if a two-electron limit could be 
reached on decreasing the scan rate, the limit reached by increas- 
ing the COD concentration at  a given scan rate was significantly 
lower (Figure 3 b) and, furthermore, depended on the scan rate, 
being closer to the two-electron limit the smaller the scan rate. 
This asymmetry is sufficient to rule out the occurrence of the 
mechanism in Scheme 2, at least within its present formulation. 


The existence of a limit less than the expected two-electron 
limit on increasing the COD concentration implied a leveling of 
its effect. The simplest way to account for such a saturation 
within the framework of Scheme 2 was to consider a Michaelis- 
Menten-like mechanism, in which the COD-assisted cleavage of 
[(In)Rh(cod)] occurs by a two-step mechanism involving re- 
versible addition of COD to the anion radical followed by a fast, 
irreversible cleavage of the adduct [Eqs. (12) and (13)] that is 


[(ln)Rh(cod)] ~ +cod & [(In)Rh(cod),]- (12) 
k 


~ ., 


(1 3) 
k*.fxt 


[(In)Rh(cod),]~ - [Rh(cod),] + In -  


COD-independent. At sufficiently low COD concentration, the 
equilibrium according to Equation (12) is expected to lie mostly 
to  the left-hand side. Thus, the apparent rate law for the chem- 
ical decomposition of the anion radical can be expressed simply 
as Equation (14), showing that the whole sequence then behaves 
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as explained above for Scheme 2, with k ,  ndw being equal to 
k*k,/(k* + k - J .  This scheme predicts an increase in the current 


d[(ln)Rh(cod)-]/dt r - { ____ k*k3 [COD] +k,)j(ln)Rh(cod)-] (14) k* + k _ ,  


function of the first wave with an increase in the COD concen- 
tration or a decrease in the scan rate. Conversely, at sufficiently 
high COD concentration, the equilibrium in Equation (12) is 
expected to be shifted completely toward the right-hand side. 
The kinetics of the sequence given by Equations (12) and (13) is 
then controlled only by the rate of cleavage of the adduct, that 
is, by k*.  The current function, therefore, becomes independent 
of the COD concentration, but still increases with a decrease in 
the scan rate. 


Therefore, the sequence in Equations (12) and (13) qualita- 
tively explains the experimental behavior described above. In a 
general case, that is, when [COD] is not an extreme value, the 
system still behaves as an ECE sequence [i.e., as given in 
Eqs. (8)-(lo)] with an apparent rate constant k,,, for the decay 
of the anion radical given by Equations (15) and (16). 


d[(In)Rh(cod)-]/dt = - k,,,[(In)Rh(cod)-] (1 5) 


1 k,  -k* 
k,,, = ,*[I + 


k* + k, [codl/(l + k-  Jk*) 


When [COD] is sufficiently small for [COD] 4 (k* + k -  , ) / k 3 ,  
one obtains k,,, x k, + k,k* [COD]/(k* + k -  ,), which then 
leads to a rate expression identical to the above limiting Equa- 
tion (14). Conversely, when [COD] is sufficiently large for the 
condition [COD]$((k* + k - , ) / k ,  to be true, Equation (16) can 
be simplified into k , , , z k * ,  which shows that the rate of cleav- 
age of the anion radical becomes independent of the COD con- 
centration. One interesting aspect of this latter limiting case is 
that it allows the independent determination of k* (i.e., 
k* = 10.5 s-l)  based on the scan rate dependence of the current 
function measured at high COD concentration, that is, in the 
range of concentration where the current function is dependent 
on the scan rate but is independent of [cod] (compare Fig- 
ure 3 b). Independent knowledge of k* and k ,  allows Equa- 
tion (16) to be rewritten as Equation (17). This formulation 


Rk,,,,) = (kap, - k)/(k* - kapp) = Ik3/(k* + k -  3)KCODI 


= (P/k*)[CODI (17) 


shows that the function F(ka,,), which can be evaluated from the 
experimental k,,, values determined by simulating at each scan 
rate and COD concentration a simple irreversible ECE se- 
quence"'] (vide supra for the determination of kf), must depend 
linearly on [COD]. This is actually what is observed in Fig- 
ure 3 c,[I7] thereby supporting the above mechanism [Eqs. (12) 
and (1 3)]. Furthermore, from the slope of the regression line and 
from independent knowledge of k*, the rate parameter p 
( p  = kJ(1 + k _ , / k * )  = I . ~ M - ' s - ' )  can be determined. Note, 
however, that the individual rate constants k ,  and k _  , cannot be 
determined because the current function is independent of their 
actual values but depends only on k, ,  k*,  and p [compare with 
Eq. (16)]. Based on the knowledge of these three rate parame- 
ters, the theoretical variations of the current function of the first 
wave can be simulated as a function of the COD concentration 
at any scan rate based on the complete mechanism [namely, 


Eqs. (S) ,  (12), (13). followed by the exergonic reduction of 
[Rh(cod),]] and compared with the experimental dependence. It 
is seen in Figure 3 b that the agreement between experimental 
determination and prediction (solid line) is excellent, providing 
additional support for the validity of the mechanism represent- 
ed by Equations (12) and (13). 


Structural aspects: Electrochemical methods are quite efficient 
for picturing intermediates and providing kinetic data necessary 
to build reactivity schemes. Unfortunately, they are less well- 
suited to solving the structure of these intermediates. This is 
particularly true in the case of 17- versus 19-electron complexes, 
as recently stressed.[31 The following section presents a reason- 
able structural interpretation of the reactivity scheme estab- 
lished above. 


There is no doubt that the thermodynamically favored struc- 
ture of [(In)Rh(cod)] corresponds to an 1 &electron compound 
with an y5  indenyl ligand. On the other hand, the dianion 
formed after the second electron transfer must correspond to a 
q3 indenyl hapticity to avoid a 20-electron metal configura- 
tion."'] The required ring slippage is known to be easy in in- 
deny1 complexes.[61 Regarding the intermediate anion radical, 
things are less obvious and two possibilities (17-electron com- 
plex with y 3  indenyl ligand or 19-electron complex with y5 hap- 
ticity) must be ~ons ide red . [~ .~ ]  In the absence of spectroscopic 
or structural data, nothing definitive can be formulated. How- 
ever, several facts have been established in this work: l )  the 
peak-to-peak separation of the reversible first reduction wave is 
large and its transfer coefficient small (AEP = ex -eed = 


140 mV, SI = 0.35, at v = 0.5 Vs-I) suggesting that an important 
structural rearrangement is associated with the electron trans- 
fer. 2) The second reduction takes place only about 300 mV 
after the first. This gap is quite small compared with the usual 
separation between the reduction waves of a neutral species and 
its anion radical in THF due to coulombic repulsion. For ex- 
ample, for conjugated organic molecules such as azobenzene 
this gap is in the 600 mV range under the same conditions. A 
comparison with other organometallic compounds is certainly 
more relevant: the two reduction waves of the 16-electron 
[Rh(cod),]+ are also separated by ca. 600 mV in chlorinated 
solvents or acetone["] and approximately 500 mV in THF. 
Data concerning 18-electron compounds cannot be used so eas- 
ily, because they necessarily raise the same problem of the 17- 
versus 19-electron structure of the first reduced species, as illus- 
trated by the example of indenyl tris carbonyl manganese.["] 
The small gap observed in our case indicates that the effect of 
the coulombic repulsion (ca. 50-55 kJmol-I based on a peak 
separation of 500-600 mV) is counteracted by a decrease of the 
standard reduction potential of the anion radical vis-a-vis its 
would-be 19 electron structure. Based on the experimental peak 
separation of ca. 300 mV, the reduction potential is shifted by 
ca. 20-30 kJmol-'. This observation is better accounted for 
when assuming that a 17- rather than a 19-electron anion is 
being reduced at the second wave.r31 3) The radical anion at 
hand has been shown to coordinate an extra COD ligand readily 
[Eq. (12)], which is also indicative of a hypovalent complex. All 
these three arguments point to the reduction of a 17-electron 
anion radical, that is, with y 3  hapticity, at the second wave.[191 
This may correspond either to a true 17-electron structure or to 
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a fast CE sequence['] involving a rapid equilibrium between 19- 
and 17-electron forms that would provide the same kinetic data 
when quenching the 17-electron intermediate by reduction at  
the second wave or by COD coordination. In other words, the 
results obtained here support a ring slippage towards the allyl- 
like coordination associated with the first clectron transfer or a 
very labile structure for the radical anion due to a low barrier 
between the 17- and 19-electron isomers.[2o1 It is impossible to 
distinguish firmly between the two possibilities on  the basis of 
the present results. 


'The fact that this radical anion [(In)Rh(cod)]- adds a free 
COD ligand [Eq. (12)] before cleavage of the rhodium-indenyl 
bond [Eq. (13)] has been established on kinetic grounds. The 
small but significant (50 mV) positive shift of the second reduc- 
tion peak observed on addition of free COD (see Figure 3) pro- 
vides additional support["] for such an associative mechanism 
with formation of an intermediate adduct [Eqs. (12) and (13)] by 
opposition to the simple associative mechanism initially consid- 
ered in Scheme 2. Indeed, the latter case would imply that the 
second wave still corresponds to the reduction of the same spe- 
cies [(In)Rh(cod)]- as in the absence of COD, whereas in the 
Michaelis - Menten-like process the second wave must be as- 
signed to the reduction of the adduct, the stoichiometry of which 
is [(In)Rh(cod),]-. 


Experimental Section 


Chemicals and Instrumentation: T H F  was purified by distillation from 
sodium benzophenone under argon and thoroughly degassed. Fluorenone 
(Aldrich) was used without further purification; cyclooctadienc (Aldrich) 
was redistilled prior to use. The starting complexes [(indenyl)Rh(cod)] [22] 
and [Rh(cod),]BF, [23] were synthetized according to published proce- 
dures. (1ndenyl)K was prepared by dcprotonation of freshly distilled indcne 
(0.1 M solution in T H F )  by 10 equivalents of potassium hydride under 
argon. 


All the electrochemical experiments wcrc run under argon. nBu,N.BF, was 
used as thc supporting electrolyte; it was obtained from nBu,N.HSO, and 
NaBF, and recrystallized from ethyl acetate/hexane. Cyclic voltammetry ex- 
periments were performed in an air-tight three-electrode cell connected to a 
vacuum line. The rcference electrode was SCE (Tacussel ECS C 10) separated 
from thc solution by a bridge compartment filled with the same solvent/sup- 
porting clectrolyte solution as that uscd in the cell. The counter electrode was 
a platinum spiral with ca. 1 cmZ apparent surface area. The working elec- 
trodes wcrc disks obtained from cross-sections of gold wires of various diame- 
ters (0.5 or 0.125 mm and 25 pni) sealed in glass. Bctween each CV scan the 
working electrodes were polished on alumina according to standard proce- 
dures and sonicated before use. A EG&G PAR-175 signal generator was 
used. The potentiostat was home-made [24], with a positive feedback loop for 
ohmic drop compensation. The currents and potentials werc rccorded on 
Nicolet 310 or Lecroy 9310L oscilloscopes. 


1 +e 
COD 


1 ' lF-L 111- + Rh(COD), w e r e n , , , = l 2 ~ 0 2 a n d D = ( 1 3 4 ~ 0 1 8 )  x10 ' cm*s 


~ 


Simulations Digitdi siinulations of the voltammogrdrns cor 
responding to the proposcd mechanism$ were performed 


19e Rh 17e Rh 


I 


Determination of the absolute electron stoichiometry [9] : The steady-state 
reduction currents a t  a 12.5 pm radius gold disc microelectrode (potential 


scan rate 50 mVs-I) and the chronoamperometric diffusion- 
al currents at a 0.5 mm diameter electrode for a step duration 
of 0.2 s were measured for a 3 mM solution of [(In)Rh(cod)] 
and fluorenone (D =1.017 x cm2s I )  under idcnti- 
cal conditions (THE 0.28 M nBu,N.BF,). These data 
allowed the determination of the absolute consumption of 
electrons at the First reduction wave of ((in)Rh(cod)] and 
thc diffusion coefficient of this rhodium complex in this 
medium. For a characteristic time of 0.2 s the results 


COD 
In- + Rh(C0D) - in- + Rh(C0D);- - 


1 
J 


with the program elaborated by D. Gosser [XI, from the set 
of values indicated in the captions of Figures 1 and 3. The 
thermodynamic and kinetic parameters featuring the first 
reduction wave were determined from thc experimental 


I +e 


voltammograms following the procedures indicated in the 
text. This led to a set of thermodynamic (e), heterogeneous 
kinetic ( x l .  kp),  and homogeneous kinetic (k,.  k , ,  k * ,  and p )  


Schcme 3. lopolog~cal processes triggered by the electron transfer activation of [(In)Rh(cod)] 
in the presence of free COD. 


It is remarkable that this adduct, which bears the same charge 
as and more ligands than the parent mono-COD anion radical, 
is reduced at a potential very close to and even slightly more 
positive than the reduction potential of the parent 
[(In)Rh(cod)]-. This result suggests that the electronic density 
around the metal center is quite similar in both cases. Conse- 
quently, if [(In)Rh(cod)]- is to  be depicted as [(y3-In)Rh(q4- 
cod)] -, the bis(C0D) radical anion can be regarded either as 
[ (y3-In)Rh(y2-cod),] .- or as [ (y l  -In)Rh(y4-cod)(q2-cod)]-. On 
the other hand, the adduct undergoes a fast cleavage of the 
indenyl anion, a t  least compared with the parent mono(C0D) 
anion radical (k* = 10.5 s -  vs. k,. = 0.6 s -  I ) .  This would rather 
fmor a weaker association of the indenyl ligand and conse- 
quently y'-hapticity for the indenyl ligand. The overall dance of 
the rhodium center on the indenyl ring ends here with the cleav- 
age of the indenyl anion. Scheme 3 suinniarizes the topological 
processes triggered by the electron transfer activation of 
[(In)Rh(cod)] in the presence of free ligand. 


paraincters that IS really charactel-istic of the electron transfer 
and subsequent kinetics involved in the first reduction wavc. The situa- 
tion is different for the second wave. Formally, its simulation requires inde- 
pendent knowledge of the thermodynamic (E:) and kinetic (x2, k:) parame- 
ters of the electron transfer, as well as  the rate constant ( k )  of the cleavage 
of the dianion [eq. ( S ) ] .  Howcvei-, since this wave is controlled by the 
kinetics of clcctron transfer, its shape and position are independent of 
the value of k ,  provided that this value is large enough to lead to a chem- 
ically irreversible wave at each scan rate considered [8]. Thus, a value 
for k of 2 x lo3 sC1 was uscd, although this value represents only a 
minimum value of the true rate constant in equation ( 5 ) .  x I  = 0.35. used 
in the simulations, was dctermined from the experimental half-width 01' 
the second reduction peak [g]. Owing to its charge transfer control, the 
position of the second reduction peak depends only on  the value of the 
global parameter E: +(Rr/x,F)ln k:  [ X I ,  and not on  the individual values of 


and k: .  Therefore, choosing arbitrarily k: = k: in the simulations [I41 
implied the use of a value for such as E; -E: = Z$ -q. Using the 
experimental value for 4 - q of -0.30 V at  0.5 Vs - 1, and 6: = 2.35 V vs. 
SCE thus imposed an arbitrary value of = - 2.65 V vs. SCE in the 
simulations. However, it should be emphasized that thc set of I?;, k: .  and A 
values used in the simulations should not be considered individually but j u h t  
as a coherent set allowing the simulation of the shape and position of the 
second wave. 
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[I21 These rhodium fragments also could not be identified after preparative scale 


electrolysis performed at -2.3 V in the abseiice of added COD ligand. The 
indenyl anion was actually formed in quantitative yield but the electron con- 
sumption was only one Faraday per mole. This result is surprising since a 
bielectronic process is expected for the long timescale of electrolysis based on 
the voltammetric invcatigation (comparc Figurc 2). Such a stoichionictry cs- 
tablishes the involvement of a subsequent reaction(s) that i s  (are) too slow to 
be observed using voltammetry but sufficiently fast to be active in preparative 
scale electrolysis. The decrease in the electron consumption, together with the 
stoichiometric production of indenyl anion, suggests oligomcrization of thc 
[Rh(cod)] radical to  form cluster compounds under the conditions (concentra- 
tion) of clectrolysis. 
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Since the electron transfer parameters controlling thc sccoiid wave were not 
critical for our simulations, the samc valuc was also used for [he second wave, 
and was then adjusted so that the simulated peak potcntial values o f  the 
second wave reproduced the experimental ones within the rangc of potential 
scan rates of interest. 
We checked that the introduction o f k ,  = 5 M ~ ' s ~ did not change the current 
function ofthe first peak within the experimental iiccul-acy orits mciirurcment, 
which accorded with our hypothesis described above. 
A more rigorous formulation should consider the fact that the cleavage is a n  
equilibrium. However, as already mentioncd, the rolc of thc rcvcrse reaction on 
the current peak function of the first wavc i s  neghgible. This IS even moi-e true 
in the presence of added COD since the reduction becomes more chemically 
irreversible. 
As expected for such a reciprocal formulation, the two points corresponding to 
the highest values of [COD] appear to be located far away l'rom the line: this 
is due to the fact that when [COD] i s  high, the ratio k*/k,3,, becomes close to 
unity and a small error in the determination of k,,, then leads to  a huge error 
in the term on F(k,,,) = (k,,, ~ k,)/(k* ~ kopp). Nevertheless. the good fit for 
all other points allowed measurement of the slope. 
Scc, for cxamplc: S. Lee, S. R. Lovelace. N.  J. Cooper, Or~NirorweroNics, 1995, 
14, 1974; these authors found a 250 tiiV separation (in T H F )  for the two 
consecutive reduction waves of[(In)Mn(CO),] and also invoke a q 5  t o $  shift. 
In the case of this indenyl manganese compound, the two reduction waves are 
chemically reversible, which allows measurement o f  the two standard poten- 
tials and e. whereas in our case, the second wave is chemically irreversible 
and controlled by slow charge-transfer kinetics. Thus. E'; cannot be obtained. 
wh~ch prevents a definitive conclusion (as could be drdwn in thc quotcd work 
on [(ln)Mn(CO),]). Yet, owing to formal identity of the two systems (except 
for fast subsequent kinetics in our case) it i s  anticipated that the  mall value of [e ~ e) also reflects a change of hapticity. 
Here, and in the following, we consider that 17-electron configurations involve 
changes of hapticity of the indenyl ligand. A partial decoordination of the 
COD ligand leading to [(q5-indenyl)(q2-cod)Kh] could a priori also he consid- 
ered. This would be analogous to the structure proposed for the radical anion 
[CpCo(cod)]- involving a q*-cod ligand, ref. [3]. However. this appcara rather 
unlikely in the casc of [(In)Rh(cod)] since the indenyl undergoes a very easy q5 
to y 3  slippage compared with C p  (ref. [5]). Additional arguments in favor of a 
partial decoordination of the indenyl rather than COD can he found I )  in thc 
fact that the indeiiyl i s  cleaved, whereas the COD remains coordinated to the 
metal center and 2) in  the easy and fast incorporation or a n  additional COD 
ligand; owing to the chelating effect of the COD moiety, rcplaccmcnl of one 
q4-cod by two q2-cod seems highly unlikely. 
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Lacostc. D. Astruc, J. Am. Chmni. Soc. 1990, 112. 5471 
The new peak potcntial is inorc positive than the one observed in the iibsence 
of COD. Since the second wave is kinetically controlled by the race ofelectron 
transfer, i ts  pcak potential ought to be independent ofviiriutions of any follow- 
up chemical reactions [8]. This means that the potentinl shift observed in the 
presence ofCOD for the second wave arises from a thermodynamic or  a kinetic 
change of the actual electron transfer step. In both cases, this implies a pl-0- 
found structural change of the reduccd species vis i vis the case in the absence 
of COD. This is compatible with the Michaelis ~ Menten-like formulation in 
Equations (12) and (13). 
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A Joint Experimental and Theoretical Study of the Interaction 
between Aluminum and Electroluminescent Polymers : 
C yano Derivatives of Poly(p-phenylene vinylene) 


M. Fahlman, W. R. Salaneck, S. C. Moratti, A. B. Holmes, and J. L. Brhdas" 


Abstract: The early stages of rnetal/polymer interface formation between aluminum and 
poly(2,5,2',5'-tetrahexyloxy-8,7'-dicyanodi-~-phenylenevinylene) or their ring-substi- 
tuted derivatives have been studied theoretically by using quantum-chemical calcula- 
tions as well as experimentally by X-ray photoelectron spectroscopy and ultraviolet 
photoelectron spectroscopy. This class of conjugated polymer is of interest in the devel- 
opment of organic light-emitting diodes. The theoretical and experimental results indi- 
cate that aluminum preferentially reacts with the polymer by forming covalent bonds 
with the nitrogen and carbon atoms of the cyano groups. When the side chains of the 
phenylene rings include carbonyl groups, however, the theoretical results indicate that 
the carbonyl moiety is another preferred site of interaction. 


Keywords 
light-emitting diodes ' Polymers 
Semiempirical calculations - electrolu- 
minescence ' PolYmer/metal interface 


Introduction 


Research activity in the field of conjugated polymers has in- 
creased continuously,''. 21 ever since it was discovered that poly- 
acetylene can be doped to high electrical cond~ctivity.[~] Much 
effort has been invested into studying the nature of charge stor- 
age in both degenerate and nondegenerate ground-state conju- 
gated polymers and model molecular ~ys t ems . '~ -~ I  In recent 
years considerable attention has been devoted to the pristine 
(semiconducting) state of the conjugated polymers, especially 
because of their potential applications as organic light-emitting 
diodes (polymer-LEDs) ,K9 '1 field-effect trans is tors,"'^ 141 or 
nonlinear optical materials.[', "1 


Light-emitting diodes in which thin films of conjugated poly- 
mers constitute the active layer were first reported in 1990 by 
Friend and co-workers, who succeeded in fabricating an LED 
with poly(p-phenylene vinylene) (PPV) as the emission layer, 
IT0 as the hole-injecting electrode. and aluminum as the elec- 
tron injecting electrode.['] Interest in this field then grew rapidly, 
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and extensive research was conducted in order to improve both 
the electroluminescent yield and the variety of colors of these 
devices. In order to tune the bandgap, and hence color, substi- 
tuted PPVs, typically poly(dialkoxypheny1ene vinylene)s,[". 16] 


but also other polymers such as poly(p-pheny1ene)s and poly- 
(alkylthiophene)~," 71 have been used. Methods of improving 
the electroluminescence efficiency include the use of low work- 
function electrodes (such as calcium) in order to enhance the 
electron injection rate,"'] the design of copolymers with conju- 
gated and nonconjugated segments in order to create preferred 
sites for electron-hole rec~mbination,[~] and the fabrication of 
multilayered devices.[' Recently, the derivatization of the 
polymer backbone by electron-withdrawing substituents such as 
cyano groups was considered in order to lower the conduction 
band of the active polymer and, hence, ease the electron injec- 
tion process with aluminum;["] in poly(2,5,2',5'-tetrahexyloxy- 
8,7'-dicyanodi-p-phenylenevinylene), or CN-PPV, a high inter- 
nal quantum efficiency can indeed be obtained by using 
aluminum as electron-injecting contact.[20' 


The purpose of this work is to describe, by means of a joint 
experimental and theoretical approach, the early stages of 
metal/polymer interface formation upon deposition of alu- 
minum on CN-PPV and some derivatives thereof. We also com- 
pare our results with those of similar studies carried out on 
PPV[". 221 and poly(ethy1ene terephthalate) (PET) .[231 This 
study has been carried out under the premise that the results 
should not only be of fundamental chemical and physical inter- 
est, but also contribute to an improved design of polymer-based 
LEDs. 
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Experimental and Theoretical Details 


Experimental: Both X-ray and ultraviolet photoelectron spectroscopy (XPS 
and UPS) measurements were carried out in Linkoping, on an ultrahigh 
vacuum (UHV) instrument, of our own design and construction, with a base 
pressure. of better than 10 - l o  Torr. The X-ray source for XPS was un- 
monochromatized MgK,,,, at hv = 1253.6 eV. The resolution of the hemi- 
spherical electron energy analyzer was set such that the full width at half 
maximum of’ the Au(4f,,,) line was 0.9 eV. UPS was performed with 
monochromatized He I (hv = 21.2 eV) photons from a He-resonance lamp. 
The energy resolution was set to 0.2 eV for XPS and 0.1 eV for UPS. 
Aluminum was deposited on the surfaces of samples held at 20 “C, by using 
a home-built evaporation source. During deposition, the background pres- 
sure rose to only about lo-’ Torr. The deposition was carried out in carefully 
timed steps; the resultant number of Al atoms per phenylene-vinylene unit 
was estimated from the intensity ratio between the XPS C(l s )  and Al(2 p) core 
electron intensities (areas under the curves). Two types of samples were used 
in the experiments: a) the CN-PPV polymer and b) a three-ring oligomer, 
3CN-PV (molecular structures shown in Figure 1). The CN-PPV samples 
were produced by spin-coating from a CHCI, solution onto SiO, substratcs, 
and the thin films of 3 CN-PV by sublimating the oligomers from a Knudsen 
cell onto cooled Au substrates. 


Ill 
N 


N 


Figure 1. Geometric structures of a) CN-PPV and b) 3CN-PV. 


Theoretical: The quantum-chemical calculations were carried out on isolated 
polymer or oligomer chains. The geometries of the CN-PPV polymer and the 
3 CN-PV oligomer were optimized using the Austin Model 1 (AM 1) Hamilto- 
nian [24] and used as input into the electronic-structure calculations. It was 
practical to optimize the geometry of the CN-PPV polymers containing 
dimethoxy instead of dihexyloxy side chains, since the length of the alkoxy 
chains does not affect the low binding energy r[ bands. Interaction with 
aluminum was modeled with four-ring oligomers of various CN-PPV poly- 
mers and two A1 atoms. The oligomers used were those corresponding to 
a) poly(8,7’-dicyanodi-p-phenylenevinylene); b) poly(2,5,2‘,5‘-tetramethyl- 
8,7’-dicyanodi-p-phenylenevinylene); c) poly(2,5,2’,5‘-tctramethoxy-X,7‘- 
dicyanodi-p-phenylenevinylene); and d) poIy(2,5,2,5’-tetraformyl-8,7‘-di- 
cyanodi-p-phenylenevinylene) . The geometries were fully optimized for all 
the configurations considered, by means of the AM 1 Hamiltonian. Also, 
qualitative estimates of the charge distributions in connection with aluminum 
deposition were obtained by Mulliken population analysis. 
Electronic band structure calculations for pristine CN-PPV and 3 CN-PV 
were carried out by the valence effective Hamiltonian method [25,26]; the 
VEH technique is a nonempirical pseudopotential method based on an effec- 
tive Fock Hamiltonian. In this case, the polymer chains were taken to be 
planar (torsion angles set equal to zero), in order to  simulate the conforma- 
tion expected in the solid state. The bare density of valence electronic states 
(DOVS) curves were computed from the VEH output in the standard way, 
that is, by taking the inverse of the derivative of the band energies with respect 
to momentum. In order to make comparison with solid-state UPS data (with 
the vacuum level taken as reference level), the bare DOVS curves were treated 


in the usual manner (see, for example, Rcfs. [26-271): 1) contraction along 
the energy scale, 2) a shift to lower binding energies to compensate for 
solid-state effects, and 3) convolution by a Gaussian to appropriately match 
the experimental peak broadening in the UPS data. This type of theoretical 
approach has been used successfully in previous instances, for instance to 
describe aluminum deposition on poly-p-phenylene vinylene [21 -221 or 
polyethyleneterephtalate, polystyrene, and polycaprolactone [23] 


Theoretical Results 


Poly(8,7’-dicyanodi-p-phenylenevinylene): Two A1 atoms were 
allowed to  interact near the central unit (Figure 2a)  of the four- 
ring oligomer. Several different configurations were obtained, 
with the aluminum atoms bonding with the phenylene carbons, 
vinylene carbons, and/or the carbons and nitrogens of the cyano 
groups. The three most energetically favored structures are de- 
picted in Figures 2 b-d, while the AM I-optimized bond lengths 


A1 1 


-‘A12 
A1 < 


A1 1 
Figure 2. Central section of the four-ring oligomer corresponding to poly(8,Tdi- 
cyanodi-p-phenylenevinylene) for: a) the pristme case; and b), c). and d), the three 
most energetically favored AM I-optimized structures for the AlJoIigomer com- 
plex. 


are displayed in Table 1. The most favored structure is that 
corresponding to (b), which is 3.8 kcalmol-’ lower than (c) and 
4.2 kcal mol- * lower than (d). In all cases, the cyano group is 
the preferred reaction site for aluminum. In a similar study of 
the interaction of aluminum atoms with PPV,[”] the most fa- 
vored structure was with two aluminum atoms forming bonds 
with each of the vinylene carbons within the same vinylene moi- 
ety. In the present case, however, this type of structure, with 
formation of AI-C8 and A1-C9 bonds, was found to  be 
25.1 kcal mol-’ higher in energy than the optimal configuration 
(b). 


In (b) and (c), both A1 atoms bind to the cyano group, and 
one is attached to  the nitrogen; the difference between these two 
configurations is that there is a C-AI-N bridge in (b), whereas in 
(c) the second Al atom forms a bond only with the cyano car- 
bon. The C 16-N bond (see Table I )  increases in length from 
1.164 8, in (a) to 1.319 in (b) and to 1.266 A in (c), with the 
change from triple-bond to  more double-bond character; the 
C16-N bond in structure (d) is shorter than in (b) and (c) 
(1.207 A). 
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Ihble 1. AM I-optimized bond length, (A) and dihedral angles i ) of the central part of the four-ring oligomer 01' i) poly(X.7'-dicyanodi-ppheiiylenevinylene) and 
ii) poly(2,5,2'.S'-tetramethoxy-X,7'-dicyanodi-p-phenylenevinylene) for a) the pristine case ;ind Tor h), c ) .  and d) the three most energetically ravored AM I-optimized 
Atructures for the Al,:oligomer complex as  shown in Figures 2 and 4. 


rC1 c2 
r C 1  C 3  
r C i  ~ c4 
I-C 4 ~~ c 5 
r C ?# -C 6 
r C f f - ~  C 7 
rCfs-C8 
rct; c 9  
re9 C10 
r C  10-C 11 
rC 11 - e l 2  
rC12-CI3 
rC13 -C14 
r C 1 4  CIS 
rCR--C16 
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rC12 0 3  
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r . 0 1  c19 
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rC16 N 
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The variation in the C 16-N bond length can be explained by 
looking a t  the bonding in the different structures. In struc- 
ture (b), the Al l  -N bond is mostly formed through the overlap 
of the s and p, orbitals of A1 1 with the p, orbitals of the nitrogen 
atom. The C 16-A1 2 bond is formcd through the overlap of the 
p, orbitals of C 16 and the s and p, orbitals of A1 2. The N - C  16 
bond is mostly ofo-bonding nature, though there exists p, over- 
lap between N and C 16; this overlap, however, is much weaker 
than in structures (c) and (d). There is also some p, overlap 
along All-N-A12 and A1 1-N-C 16-A1 2 as well. In structure (c), 
the N-AI 1 bond is formed through overlap of the respective 
atoms py orbitals (o-bonding). The C 16-A12 bond is obtained 
through overlap of the p, orbitals. As in (b), there is some 
p, overlap along All-N-C 16-A1 2. The p, overlap between 
C16-N, though stronger than in (b), is still not of the same 
order as that of a pure C = N  bond as calculated by means of the 
A M  1 Hamiltonian, hence the longer bond length (1.266 A) 
compared to  formimide (1.228 A). The p, overlap between A1 1 
and N is stronger for (c) than (b), hence the shorter N-A11 
bond length. In structure (d), the C9-AI2 bond is formed by 
overlap between the p, orbitals of C 9  and the s and p,, orbitals 
of A12. The N-Al l  bond is mostly formed by p,-p, overlap. 
Note that in structure (d) there is no significant p, overlap along 
A1 1-N-C 16428, owing to  the nodes between either N and C16 
or C 16 and C8. The p,-p, overlap in the C 16-C8 and N - C  16 
bonds are much stronger in structure (d) than in (b) and (c), 
which is consistent with the comparatively shorter bond lengths. 


It is worth pointing out that the conjugation along the poly- 
mer backbone in eases (b) and (c) is not broken diirectIy by the 


- 
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interactions with the A1 atoms. However, the Al-cyano com- 
plexes that are formed induce large ring torsion angles (see 
Table I), which cause the overlap of the n-electron wavefunc- 
tions along the backbone to be decreased significantly (at least 
along isolated chains; in the solid state, packing effects are ex- 
pected to  reduce the torsions). In case (c), the cyano-aluminum 
complex is rotated by nearly 30" out of the C 16-C8-C9 plane; 
this minimizes the steric interaction between the A12 atom and 
the hydrogen atoms of the adjacent phenylene ring. In case (d), 
the conjugation is broken directly, since one of the Al atoms 
binds to  the carbon atom of a vinylene group, and the other Al 
atom forms a bond with the nitrogen of the cyano group; the 
direct break of n conjugation is evident from the bond length 
values: the C8-C9 bond increases from 1.351 to 1.491 A, and 
the C 9  carbon assumes an sp3 bonding configuration. 


The decrease in overlap of the n-electron wavefunctions along 
the backbone for structures (b) and (c), combined with the 
break of n conjugation for structure (d), prevent the choice of 
optimal configuration for comparison with experimental (UPS) 
data. Indeed, in all cases the highest valence (and lowest conduc- 
tion) bands, which are dispersed in the pristine case, become 
flatter upon metalization. 


Instead, the charge transfer induced by the aluminum deposi- 
tion was studied using Mulliken population analysis in order to 
make a qualitative comparison with the chemical shifts obtained 
in XPS core level spectra. In  all the configurations, the nitrogen 
atom receives about 0.51el added charge. For  configuration (b). 
carbon atoms 8 and 16 gain about 0.1 7 and 0.1 1 1 el, respectively, 
with the charge on  carbon a t o m 9  basically unaffected. For 
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case (c), carbons 8 and 16 gain 0.111eJ and carbon 9 gains 
O.OS)e/. In case (d), carbon atom 8 gains 0.25)eJ but atom 16 
loses 0.301cl, in contrast to the situation in the (b) and (c) struc- 
tures where the p,-p, overlap of N-C16 and C16-C8 is sub- 
stantially smaller; carbon atom 9 gains 0.341~1, since one of the 
Al atoms binds to it. Each Al atom transfers about 0.35-0.50 to 
the molecule, with thc largest charge transfer taking place for 
configuration (d), and the smallest for (b). 


Poly(2,5,2’,5’-tetramethyl-8,7’-dicyanodi-~-phenylenevinylene): 
The central unit of the four-ring oligomer of poly(2,5,2’,5’- 
tetramethy1-8,7’-dicyanodi-p-phenylenevinylene) is depicted in 
Figure 3 a ;  the three most energetically favored structures for 
two aluminum atoms interacting with this central unit are 
shown in Figures 3 b-d. Structure (b) is the lowest in energy, 


All’ 


dicyanodi-p-phenylenevinylene) is illustrated (Figure 4a) to- 
gether with the three most energetically favored structures for 
interaction with two aluminum atoms (Figures 4 b-d). Again, 
the formation of the C-AI-N complcx of (b) is the lowest in 
energy, (c) being 6.3 and (d) 6.7 kcalmol-’ higher. Here also. 
the bond lengths (given in Table 1) of the different structures are 
very close to those of aluminurn interacting with poly(8,7’-di- 
cyanodi-p-phenylenevinylene) . 


i” / 
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Figure 4 .  Illustration of the central part of the four-ring oligoiner of poly(2.S.T.S’- 
tetramethoxy-8,7’-dicyanodi-p-phenylenevinylene) for: a) the pristine case: and b) ,  
c), and d),  the three most energetically favored AM I-optimized structures for the 
AlJoligomer complex. 
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Figure 3. Illustration of the central part of the four-ring oligomer ofpoly(2,5,2’,5’- 
tetramethyl-8,7’-dicyanodi-p-phenylenevinylene) for: a) the pristine case; and b), 
c), and d),  the three most energetically favored AM boptimized structures for thc 
AlJoligomer complex. 


3.7 kcal mol ~ lower than (c) and 4.7 kcal mol - lower than (d) . 
As can be seen from the figures, it is evident that the addition of 
the methyl groups does not affect the aluminum interaction with 
these polymers. In fact, the same type of bonds are formed with 
nearly identical bond lengths, and these are therefore not given 
in Table 1. In structure (c), the cyano-aluminum complex is 
rotated by about 25” out of the C 16-C 8-C 9 plane, similar to the 
case for poly(8,7’-dicyanodi-p-phenylenevinylene). The struc- 
ture with the fourth lowest energy was that in which the alu- 
minum atoms form bonds with the vinylene carbons, AILC8 
and A1 4 9 .  This structure was 22.7 kcal mol- higher in energy 
than (b). 


The Mulliken population analysis shows charge transfers 
nearly identical to those in the corresponding structures of 
poly(8,7’-dicyanodi-p-phenylenevinylene), reinforcing the point 
that the methyl groups do not affect the nature of the interaction 
of aluminum atoms with the polymer. These results are consis- 
tent with the absence of significant interactions upon deposition 
of aluminum on polyethylene.[281 


Poly(2,5,2’,5’-tetramethoxy-8,7’-dicyanodi-~-phenylenevinylene): 
In Figure 4, the central unit of poly(2,5,2’,5’-tetramethoxy-8,7‘- 


The cyano-aluminum complex in structure (c) is rotated by 
about 35” out of the C16-C8-C9 plane, and the C9 carbon of 
structure (d) becomes sp3 hybridized. Note that, owing to inter- 
ring torsion and rotation of the cyano-aluminum complex in 
(c), the A1 atoms are not situated as close to the methoxy groups 
as the (two-dimensional) figures might suggest. Like the methyl 
groups, the methoxy substituents do not significantly affect the 
aluminum interaction with the polymer, nor is the aluminum/ 
oxygen interaction likely. In fact, the aluminum atoms did not 
form bonds with the methoxy oxygens in any of the minimum 
energy structures obtained from the present calculations. For 
the case of dimethoxy-substituted PPV,[211 it also was found that 
aluminurnlether oxygen interactions are not favorable. 


The Mulliken population analysis is qualitatively the same as 
in the previous polymers. Hence, neither alkyl nor alkoxy sub- 
stituents on the phenylene rings appear to affect the interaction 
of aluminum atoms with the polymer. 


Poly(2,5,2’,5’-tetraformyl-8,7’-dicyanodi-~-phenylenevinylene): 
The middle two rings of the four-ring oligomer of poly(2,5,2’,5’- 
tetraformyl-8,7’-dicyanodi-p-phenylenevinylene) is depicted in 
Figure 5a. The main reason for studying this polymer, which 
has not been synthesized, is that carbonyl moieties are expected 
to be formed upon oxidation of the pristine polymer.[”] Upon 
metalization, we note striking dissimilarities compared to the 
previous three polymers. The most favored structure for the 
interaction with two aluminum atoms is that shown in Fig- 
ure 5 b, where one aluminum atom reacts with a formyl oxygen, 
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'0 I 


A1 Table 2. AM I-optimized bond lengths (A) and dihedral angles (') of the central 
part of the pristine four-ring oligomer of poly(2,5,2',5'-tetraforrnyl-X,~-dicyanodi-p- 
phenylenevinylene) (a) and of the AlJoIigomer complexes b),  c), d),  e), and f )  illustrated 
in Figure 5 .  


b) O\O, 


- * C 


a b C d e f 


c-0 r C I b C 2  1.4725 1.4727 1.4121 1.4740 1.4706 1.4723 
r C 2 Z C 3  1.4039 1.4045 1.4007 1.4571 1.4021 1.4016 


N rC3-C4 1.3993 1.3984 1.4058 3.4466 1.4037 1.4037 
r C 4  C 5  1.3992 1.4010 1.4062 1.3560 1.4079 1.4076 
rC5  C 6  1.4041 1.4051 1.4073 1.4571 1.4095 1.4057 
rC6-C7 1.3989 1.4000 3.3976 1.4470 1.3966 1.3978 


d) A12\0 r C 5 - C 8  1.4724 1.4668 1.4752 1.4738 1.4634 1.4793 
\ o=c rC8-C9 1.3482 1.4487 1.3523 1.3484 1.4890 1.3432 


rC9-CIO 1.4563 1.3722 1.4555 1.4561 1.4851 1.4579 
r C l 0 - C l l  1.4009 1.4492 1.4012 1.4020 1.4064 1.4015 
r C l l  -C12 1.3984 1.3623 1.3990 1.3977 1.3979 1.3978 


C 'c=o rC13-C14 1.4010 1.3646 1.4012 1.4002 3.3999 1.4001 
Y$N r C l 4 - C l 5  1.3981 1.4426 1.3976 1.3988 1.3980 1.3993 


rC8-Cl6  1.4249 1.3421 1.4578 3.4265 2.3386 1.4985 
r C 3 -  C19 1.481 5 1.481 3 1.4853 1.3672 1.4836 1.4843 
r C 6  C20 1.4813 1.4779 1.4828 1.3670 1.4776 1.4825 
uc12-c21 1.4789 1.4714 1.481 1 1.4785 1.4782 1.4781 
rC15-C22 1.4785 1.3787 1.4785 1.4779 1.4804 1.4774 
rC19-01 '  1.2319 1.2321 1.2314 1.3322 1.2321 1.2313 
rC20- 0 2' 1.2318 1.2330 1.2316 1.3321 1.2324 1.2318 
r C 2 1 ~  0 3 '  1.2321 1.2320 1.2323 1.2323 1.2326 1.2320 
r C 2 2 - 0 4  1.2322 1.3211 1.2326 1.2319 1.2309 1.2324 
rC16-N 1.1639 1.2033 1.3167 1.1640 1.2031 1.2620 
r A l l - N  - 1.6669 1.7086 - 1.6648 1.6301 


1.7520 2.7520 


/ /  


\\ \ 
A1 1 


0 


rC12-CI3  1.4083 1.4516 1.4070 1.4087 1.4088 1.4090 


* / / I  


C 
\ 
ol All 


f) 


- - 


rA12-C(i) - - 1.8045(9) - 1.821 6(9) 1 .8285(9) 
r All  -O(j) - - - 1.7048(1') - - \ r A l 2 - 0  ( k )  - 1.7382(4) - 1.7044(2') - - 


\\ 
A1 1 0 
.... 


114 112 65 107 xc9-c8-c 5-C4 lox 
4: C 1 I-C 10-C9-C 8 46 9 36 45 73 57 


179 177 130 174 4:C10-C9-C8-c7 17' 
QC12-CIl-ClO-C9 178 155 180 118 177 Ill 


Figure 5 .  Illustration of the central part of the four-ring oligomer of poly(2,5,2',5'- 
tetraformyl-8,7'-dicyanodi-p-phenylenevinylene) for : a) the pristine case; and b), 
c ) ,  d),  e), and f ) ,  the five most energetically pdvored AM I-optimized structures for 
the AlJoligomer complex. 
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and the other A1 atom forms a bond with the nitrogen atom. In 
this case, then: conjugation is broken directly, since the bonds in 
both the vinylene group and the phenylene ring become severely 
distorted, as can be seen from Table 2 and Figure 5 b. For  struc- 
ture (c), which is only 1.8 kcalmol-' higher in energy, we have 
the familiar C-A1-N complex, which induces large inter-ring 
torsion angles, again severely decreasing the conjugation along 
the backbone. The bond lengths are approximately the same as 
for the corresponding structures of the previous polymers. 
Structure (d) is 3.9 kcalmol-' higher in energy than (b). Here, 
both aluminum atoms form bonds with the oxygens of the 
formyl groups on the same phenylene ring. This disrupts the n 
conjugation of that particular ring, but the vinylene groups and 
the other rings remain unaffected. Structures (e) and (f) are 
similar to  the corresponding configurations obtained for the 
previous three polymers, but here the stability order is reversed; 
structure (e) is lower in energy than (f); (e) and (f) are 5.8 and 
7.9 kcalmol- higher than (b), respectively. In contrast to  alkyl 
or alkoxy substitutions, the formyl groups are thus found to  
strongly affect the nature of the interaction with two aluminum 
atoms. For  diformyl-substituted PPV,[211 the most favored 
structure also involved an AI-0-C complex. These results are 
consistent with the well-established reactivity of aluminum to- 
wards carbonyl groups, for instance in p ~ l y i m i d e [ ~ ~ ]  or PET.[231 


Upon interaction with two aluminum atoms, C 8  and C9  in 
structure (b) gain 0.241el and 0.101el, respectively; carbon 
atom 16 loses 0.31 le i ,  the nitrogen atom gains 0.51 /e l ,  the 


formyl carbon gains 0.08 I el, and the oxygen atom gains 0.17 I e I ; 
the aluminum atom forming a bond to the nitrogen donates 
0.551e1, whereas the other A1 atom donates 0.44/e1. In struc- 
ture (d), the two oxygen atoms forming bonds with the alu- 
minum each gain 0.231e/, the formyl carbon atoms each gain 
0.101el, and the A1 atoms lose 0.471el each. The charge transfers 
in structures (c), (e), and (f) are qualitatively the same as in the 
equivalent structures for the previous three oligomers. 


Experimental Results 


In order to make a comparison with experiment, the early stages 
of formation of the interface between aluminum and poly- 
(2,5,2',5'-tetrahexyloxy-8,7'-dicyanodi-p-phenylenevinylene) 
(CN-PPV) and a three-ring oligomer thereof (3 CN-PV) were 
studied. For these compounds, the theoretical results indicate 
three likely structures. With their energy difference of less than 
7 kcalmol-', it is difficult to discriminate between them on the 
basis of theory alone, hence the importance of gathering exper- 
imental results that are as accurate as possible. We first look at 
the interface formation between aluminum and 3 CN-PV in de- 
tail, and then use these results when discussing the aluminum/ 
CN-PPV interaction. 


The UPS He1 and He I1 spectra for 3 CN-PV are compared 
with the VEH-derived DOVS in Figure 6. The experimental 
spectra are well resolved and in good agreement with theory, 
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evidence that the mate- 
rial is of good quality 
(minimum of chemical 
and spatial inhomo- 
geneity). The spectral 
features between 1 and 
4 eV are derived from TC 


bands; the highest-lying 
state (closest to the Fer- 
mi level) derives from 
wavefunctions delocal- 
ized along the oligomer 
backbone and those 
around 3 eV, from 
wavefunctions localized 
on the phenylene rings. 
The structure between 


Figure6 He1 and He11 UPS spectra, as well 5-10 eV in the 
as the corresponding occupied energy bands spectrum is derived 


BINDING ENERGY (eV) 


and the DOVS calcuiated by the VEH method, 
for 3 CN-PV, with the Fermi level as reference. 


mostly from ~ states, 
mainly from the C-H 
bonds of the hexyloxy 


chains. The peak at 10.5 eV is derived from oxygen lone pair 
states. The peaks between 12 and 25eV are derived from CJ 
states, with the peak at 26.5 eV arising from O(2s) states. 


In the XPS core level spectra, no excess amount of oxygen nor 
any indication of foreign substances were observed. As men- 
tioned above, large charge transfer between aluminum atoms 
and the oligomers/polymers show up in the XPS core level spec- 
tra as chemical shifts. If the atoms gain electronic (negative) 
charge, the corresponding XPS spectral line (peak) moves to- 
ward lower binding energies (closer to the Fermi level); for a loss 
of electronic charge, the opposite is true. According to the re- 
sults presented for poly(2,5,2’,5’-tetramethoxy-8,7’-dicyanodi-p- 
phenylenevinylene) , structures (b) and (c) experience approxi- 
mately the same overall charge transfer, whereas structure (d) 
shows strong dissimilarities. Hence, it is possible to differentiate 
between structures (b) and (c) on the one hand, and (d) on the 
other, by studying the XPS core level spectra. 


The calculations show that the nitrogen atoms gain approxi- 
mately 0.51el from the aluminum atoms, and this should be 
related to a large shift of the N(l s) peak towards lower binding 
energies. In Figure 7 (left), we show the N(l s) spectrum of 
pristine 3CN-PV; the binding energy of the peak is 400.0 eV. -..-\.I v Q m K ;rK v 
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Figure 7 .  XPS N(l s) spectra, with the Fermi level taken as reference. Left: pristine 
3CN-PV; right: A113 CN-PV at a metalization level of approximately two Al atoms 
per oligomer. 


286-293 


When aluminum is deposited on the sample, a shoulder immedi- 
ately appears on the low binding energy side of the main peak 
and grows in intensity with increasing deposition of aluminum. 
At an aluminum deposition in excess of about two Al atoms per 
phenylene-vinylene unit, a low binding energy shoulder, cen- 
tered near 398.0 eV, is clearly visible in the N(l s) spectrum 
shown in Figure 7 (right). This is a clear indication that (some 
of) the nitrogen atoms of the cyano groups do indeed react with 
the Al atoms. Note that the main peak at 400.0 eV still remains, 
since XPS probes depths of up to 100& and the A1 atoms 
remain in the near-surface region according to studies using 
angle-dependent XPS. 


Figure 8 (left) shows the C(1 s) spectrum of pristine 3 CN-PV. 
The main peak at 285.2 eV consists of contributions from the 


A1/3CN-PV 
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Figure 8. XPS C(1s) spectra, with the Fermi level taken as reference. Left: pristine 
3CN-PV; right: Al13CN-PV at a metalization level ofapproximately two Al atoms 
per oligomer. 


alkyl carbons of the hexyloxy chains and the unsaturated car- 
bons of the phenylene and vinylene groups. The shoulder at 
286.8 eV consists ofcontributions from the C-0  carbons of the 
hexyloxy side chains and phenylene groups as well as from the 
C r N  carbons, in agreement with published results which indi- 
cate that the binding energy difference between C-C,H carbons 
and C - 0  carbons is about 1.5-1.6 eV.r231The results o fa  study 
on polya~rylonitrile[~~] indicate that the chemical shift of C=N 
carbons is ca. 1.7 eV relative to C-C,H. Therefore, in cases (b) 
and (c), a shoulder on the low binding energy side of the C(l s) 
peak is expected in connection with the deposition of aluminum. 
because of the charge added on the C 8 and C 16 carbon atoms 
and a decrease in relative intensity of the high binding energy 
shoulder, since the C 16 carbon atoms then no longer contribute 
to the intensity. For case (d), a larger shift, and hence a more 
pronounced shoulder at low binding energies, associated with 
the addition of charge to the C 8  and C 9  carbon atoms, is ex- 
pected. In addition, a slight increase in the relative intensity of 
the high binding energy shoulder, as well as a significant broad- 
ening, should occur because of the decreased electronic charge 
density on carbon atom C 16. 


In Figure 8 (right), wedisplay the C(l s) spectrum taken at the 
same aluminum coverage as for Figure 7 (right). As can be 
observed, a new feature has appeared as a shoulder at 283.6 eV. 
Also, the relative intensity of the shoulder on the high binding 
energy side of the main peak has decreased (compared to the 
pristine case). No broadening is seen; on the contrary, the 
shoulder has moved in somewhat towards the main peak. This 
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suggests that configuration (d) is not likely, while the evolution 
is consistent with configurations (b) and (c). The shoulder a t  
283.6 eV represents a chemical shift of 1.6 eV relative to the 
main peak. This value is smaller than those reported for alu- 
minum atoms covalently bonded to a-sexithiophene molecules 
(2.5 eVr3']) and PET (=2.4--2.6 eV[231). In the latter case, the 
charge transfer was also calculated by means of a Mulliken 
population analysis, with the C- A1 carbons accepting roughly 
0.451eI. This also suggests that configurations (b) and (c) are 
more likely, since the calculated charge transfer in these cases is 
smaller than that of case (d); hence, smaller chemical shifts are 
expected. 


The valence band electronic structure of CN-PPV has been 
discussed elsewhere.[321 Results similar to the 3 CN-PV case 
were obtained when the aluminum interface formation with 
CN-PPV was studied. This is expected since the interaction be- 
tween the A1 atoms and the oligomer/polymer chains are of local 
character. In Figure 9 (left), the N(1 s) spectrum of pristine CN- 
PPV is depicted, and Figure 9 (right) shows the N(l s) spectrum 


- 
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Figure 9. XPS N(l s) spectra, with the Fermi lcvcl taken as reference. Left: pristine 
CN-PPV: right: AI/CN-PPV at a metaliration level of approximately two Al atoms 
per oligomer. 


taken at  an aluminum concentration of approximately two A1 
atoms per phenylene-vinylene unit. The binding energy of the 
main peak as well as that of the low binding energy shoulder are 
identical with the case of 3 CN-PV. Hence, it is again concluded 
that the A1 atoms interact strongly with the cyano nitrogen 
atoms of the polymer. 


Figure 10 (left) provides the C(l s) spectrum of pristine CN- 
PPV, and Figure 10 (right) shows the C(l s) spectrum taken at  
the same aluminum coverage as for Figure 9 (right). Here too, 
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the binding energies as well as the evolution of the new features 
upon aluminum deposition are nearly identical to those of the 
3CN-PV case. As a result, structures (b) and (c), where the 
aluminum atoms react with the cyano groups, are those most 
likely to occur a t  the early stages of interface formation on 
CN-PPV. 


Summary and Conclusions 


The early stages of aluminum interface formation on a cyano- 
substituted poly(p-phenylene vinylene), of current interest for 
applications in polymer light-emitting devices, have been stud- 
ied by using a combined theoretical and experimental approach. 
Both a model oligomer as well as the actual polymer have been 
studied experimentally, and a variety of possible structures has 
been considered theoretically. 


The model calculations indicate that, for poly(8,7'-dicyanodi- 
p-phenylenevinylene), poly(2,5,2',5'-tetraalkyl-8,7'-dicyanodi- 
p-phenylenevinylene)~, and poly(2,5,2',5'-tetraalkoxy-8,7'-di- 
cyanodi-p-phenylenevinylene)s, aluminum atoms preferentially 
react with the cyano groups in pairs, one forming a covalent 
bond with the nitrogen atom, the other forming either a N-Al-C 
complex with the same cyano group, or forming a covalent bond 
with the cyano carbon. The dialkyl and dialkoxy ring substitu- 
tions do not appear to affect the nature of the interaction of 
aluminum atoms with the molecules considered. When carbonyl 
groups are present as ring substituents, however, other struc- 
tures, involving mainly covalent bonds between the aluminum 
atoms and the carbonyl oxygens, become possible as well. 
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Quantum-Chemical Investigations of Stabilizing Interactions in 
p-Diborylcarbene Dicobalt Complexes with a Planar Tetracoordinate 
Carbon Atom 
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Abstract: Quantum-chemical methods for the model compounds 6b (R' = R 2  = 6 are stabilized through push-pull effects 
have been employed to study the nature of R 3  = H) and 6 c  (R' = R2 = H ;  R3 = by which the ptC experiences n electron 
stabilization in dinuclear cobalt complex- C,H,). Ab initio electron deformation density delocalization and cr electron den- 
es of the general formula [{(C5HS)Co}2(p- density maps and natural population sity accumulation. The calculated elec- 
CKiBCBRZR3)] (6) as well as the "anti- analysis calculations show that complexes tronic configuration of the ptC in the free 
van't Hoff-Le Bel" configuration of the ligand 9b is and in 6b 
planar tetracoordinate carbon (ptC) atom n . . ectron density donation Keywords 
of the bridging diborylcarbene ligand 9. from one cobalt atom to an aryl group on a b  initio calculations * cobalt * planar 
Extended Huckel and a b  initio Hartree- the bridging ligand further contributes to carbon 
Fock calculations have been carried out the stabilization of the complexes 6. 


03.944 1 3 5 6  EI 


Introduction 


In 1970 Hoffmann et al.['] suggested that the seemingly impossi- 
ble goal of stabilizing a planar tetracoordinate carbon (ptC) is 
not necessarily out of reach. One strategy for stabilizing mole- 
cules with "anti-van't Hoff-Le Bel" configuration['] is based 
on consideration of steric effects on the structure of the chemical 
species. The idea of incorporating the carbon atom 
into a strained polycyclic environment". 31 has in- 
spired many theoretical [4, '] and experimental stud- 
ies.[', 61 However, for fenestranes and bowlanes, the 
most likely candidates, both theory and experiment 
point to pyramidal rather than planar geometry of 
the bridgehead carbon atom.[4- Exciting predic- 
tions about the possible existence of strained com- 
pounds with a ptC have been made for a new 
class of neutral, saturated hydrocarbons, the alka- 
p l a n e ~ . [ ~ j ~  411 Recently, molecules of this type were 
identified theoretically by Radom as the first stable 
hydrocarbons containing a ptC.[4"1 
- 
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Another strategy for stabilizing a ptC IS  based on the qualita- 
tive analysis of the electronic structure of planar methane."] 
Here, only two electrons from the carbon atom are involved in 
o bonds with the four hydrogen atoms; the two remaining va- 
lence electrons occupy an undisturbed, high-lying 2pn orbital 
(Figure 1). Therefore, the ptC forms a three-center cr bond in 
the molecular plane and is an electron-poor center. The planar 


H n 


T,(CO4) D4,, (C:&*) 


Figure 1 .  Electronic structures of tetrahedral ( T J  and planar (D4J methane 
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conformation of methane is destabilized with respect to the 
tetrahedral one by a considerable amount of energy and is thus 
not a viable species.['.'] To reduce and possibly reverse this 
energy gap, Hoffmann et al.['] suggested the replacement of the 
four hydrogen atoms by substituents that are in-plane o donors 
and out-of-plane 7t acceptors in order to facilitate the o electron 
density transfer toward the electron-poor carbon and to delocal- 
ize the carbon 2p7t lone pair. 


The simplest molecule containing a ptC is the methane dica- 
tion CH:'. This often overlooked example[*"] has been experi- 
mentally observed in the gas A comparison of the 
measured and calculated vertical ionization energies of CH:' 
shows that the "anti-van't Hoff-Le Bel" isomer is indeed 
formed upon charge stripping from the methane monoca- 
tion.[yal High-level ab initio calculations indicate that the struc- 
ture corresponding to a global minimum on the potential energy 
surface does not have D,, but rather C,, symmetry, with two 
long and two short C-H bonds.[yb1 Thus, the methane dication 
can best be described as a complex between CH:' and molecu- 
lar hydrogen, which is held together by a 3c-2e donor-accep- 
tor interaction. These findings suggest that delocalization of 
electron density from the carbon 2p7t orbital could be sufficient 
for stabilizing the planar arrangement in neutral molecules, 
since the o electron density distribution in CH:+ is similar to 
that in planar methane. 


A systematic investigation of the barrier to planarization has 
been carried out by Schleyer et al.[lO1 for an extensive set of 
simple model compounds by means of MNDO and ab initio 
calculations. These studies pointed out that electropositive sub- 
stituents such as Li or B, which are not only well-suited to 
participation in three-center bonding but also to delocalization 
of the carbon 2pn lone pair, are particularly effective in stabiliz- 
ing the planar arrangement.[""] This was computationally con- 
firmed for 1 ,I-dilithiocyclopropane and dimeric phenyllithium 
derivatives,[""] a result that attracted attention for the synthesis 
of such species.["] In spite of all efforts, neither organic nor 
organolithium/boron molecules with "anti- van't Hoff-Le Bel" 
configuration have been found. Carbon atoms can easily form 
more than four connectivities to surrounding groups or 
atoms,['21 but in the case of four substituents it is rather difficult 
for them to adopt anything other than tetrahedral geometry. 
However, in the last years, reports of experimentally verified 
organometallic compounds incorporating a ptC atom have been 
accumuIating.[I3 - I 7 ]  


Complexes 1-5 are similar in that the ptC is part of a n 
system, and one can expect that the formal distribution of elec- 
trons in the four hybrid orbitals of the ptC will be different from 
that of planar methane. On the basis of ab initio and extended 
Hiickel calculations Gleiter et a1.[16js interpreted the stabi- 
lization of the ptC in complexes 4 in terms of the presence of a 
o-acceptor substituent, the do zirconocene moiety. They point- 
ed out that delocalization of the 7t electron density of the ptC 
plays essentially no role. Similar conclusions were reached on 
the basis of extended Hiickel, ab initio Hartree-Fock, and CI 
calculations carried out by Benard et al. for complexes 1 and 
2.[1y1 It was shown from these investigations that the strategy 
designed by Hoffmann et al. and successfully investigated by 
Schleyer et al. for stabilizing a ptC in a o2nZ electronic configu- 
ration is not adequate for ptC incorporated into an aryl ligand 


1 2 


Ph 
I 


I .O'Bu \ 1 
X-M2 O'Bu O'Bu I 


3 4 M'=Zr .H f  5 M=Ti,Zr 
M2=B,AI,Go 


7t system. The ptC in the bridging dimethoxyphenyl ligand, for- 
mally bearing a minus charge, has a o4x1 configuration; the 
planar geometry is stabilized through o donation into empty 
metal d orbitals with predominantly metal-metal bonding 
character. 


Recently, Siebert et a1.[201 synthesized the dinuclear complex 
6a, which has a ptC incorporated in the bridging ligand, by the 
reaction of the boriranylideneborane 8a with [Co(C,H,)- 
(C2HJ2]. The nonclassical structure of boriranylideneboranes 
8["] (the classical formulation is 7) was predicted by quantum- 
chemical calculations[221 years before proof was provided by an 
X-ray structure determination of 8d.[231 During the formation 
of 6 a  a duryl group migrates from one boron to the other and 
cleavage of the C-C bond in the three-membered ring of 8a  
occurs. In 6 a the boriranylideneborane 8 a has been trans- 
formed into the chain form 9 a, which can be viewed as the first 


6 


7 8 9 


example of a complex-stabilized diborylcarbene ligand. In 6 a 
the C-B-C-B chain and the two cobalt atoms lie in exactly the 
same plane. In the present study we describe the factors that are 
responsible for the stabilization of complexes 6 as well as the 
planar arrangement of the C 2  carbon atom of the bridging 
diborylcarbene ligand. 
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Computational Details 


Ah initio calculations were carried out by using the Gaussian 94 [24] and 
Asterix [25] system ofprograms. Two basis sets (BS) were adapted throughout 
the studies. The natural population analysis [26] was calculated with BS 1 and 
tht: electron deformation density maps were computed with BS 2. In BS 1, for 
Co a (14s, 9p,  5d)/[9s, 5p, 3d] basis [27] was selected, and for hydrogen, 
boron, and carbon atoms the 6-311G basis [28]. In BS2 for Co a (14s, 9p,  
6d)/[6s, 4p, 4d] basis was made by adding one s- and two p-type orbital 
cxponents (exp(s) = 0.3572; exp(p) = 0.2728, 0.0886) and replacing the last d 
function with two functions (exp(d) = 0.3648,0.1173) in theoriginal (13% 7p, 
5d) basis set from reference [29]. The basis sets (4s)/[2s] [30] and (9s, 5p)/[3s, 
2p] [31] were used for the hydrogen and carbon atoms of the C,H, ligand, 
respectively. Boron and carbon atoms of the ligand 9 b  were described with 
a ( t O s ,  5p)/[4s, 3p] basis made from the original (9s,  5p) basis set by adding 
a (diffuse s function with exponent 0.035 (B) and 0.05 (C) [32]. Extended 
Hiickel calculations [33] were carried out with standard parameters for all 
atoms [33d. 341. The calculations were carried out on the RS/6000 worksta- 
tion at the Universititsrechenzentrum (Heidelberg, Germany) and the Cray 
98 computer a t  the institut du Developpement et des Ressources en Informa- 
tique Scientifique (Orsay, France). 


Results and Discussion 


Extended Huckel and ab initio molecular orbital calculations 
were carried out for the model complexes 6 b and 6c.  In 6 b all 
substituents have been replaced by hydrogen atoms and C, sym- 
metry (mirror plane y z )  has been assumed. A convenient 
method for analyzing the bonding in the complex 6 b  is to build 
up this molecule from the cobalt dimer fragment [{CpCo},] 10 
(Cp = C,HJ and the bridging diborylcarbene ligand 9 b. A sim- 
plified interaction diagram is shown in Figure 2. The frontier 
orbitals of the cobalt dimer 10 can be easily derived from the 
well-known fragment MOs of two MCp units.[351 They are 
shown on the left side of Figure 2. For the sake of clarity, the six 
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-7 


-8 


-9 


-10 


-11 
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zt -.. 
8a” \ 


1 a’,2a’ 


10 6b 9b 
Figure 2.  Interaction of the MOs of the molecular fragments [{CpCo},] (10) and 
the diborylcdrbene ligand 9 b  to yield 6b. 


metal-centered levels and six MOs describing the Co -Cp bond- 
ing have been omitted. The HOMO, a near-quadruply degener- 
ate combination of metal-like d,, and d,, levels, is occupied by 
four electrons in the cobalt dimer 10. 


The frontier MOs of the bridging ligand 9b, shown on the 
right side of Figure 2, display interesting features. An analysis of 
their shapes shows that there is a situation similar to, but elec- 
tronically a little more favorable than, that of planar methane. 
The HOMO (1 a”) of 9b, which is of moderate energy, is local- 
ized on the ptC atom and has almost pure 2p7t character. The 
low-lying LUMO (2 a’), an out-of-phase combination of the 
in-plane 2p orbitals of the two carbon atoms of 9b, is well 
positioned to accept CT electron density from the metal dimer 
fragment. The electronic situation is complicated due to the 
HOMO-1 (1 a’), which is slightly lower in energy and describes 
the C- B n bond. In the presence of appropriate accepting levels 
on the cobalt dimer fragment, the la’ MO should have a 
propensity for CY donor interactions. 


The resulting MOs of 6 b  are shown in the middle of Figure 2. 
The MO shapes of the bonding levels of 6 b as well as of the 
corresponding antibonding counterparts are displayed in Fig- 
ure 3. The out-of-phase combination of Co d,, levels of 10 does 


--- 


b 
1 a“ 1 


7a” 1 


1 Oa’ 


I 1  


Figure 3. MO shapes of the bonding levels and the corresponding antibonding 
counterpdrts of 6b.  
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not overlap with the MOs from 9 b  and gives rise to the non- 
bonding HOMO (6 a”) of 6 b. Thus, the in-phase combination of 
Co d,, orbitals of 10 is formally empty and can accept n electron 
density from the HOMO (1 a”) of 9b .  This interaction gives rise 
to the strongly bonding 1 a” MO and the antibonding LUMO 
(7 a”) of 6 b .  The LUMO is not high in energy due to the bonding 
admixture of the LUMO + 1 (2a”) of 9 b  (Figures 2 and 3). 
Consequently, the n electron density from the HOMO (1 a”) of 
9 b can be delocalized toward the in-phase combination of Co 
d,, orbitals and the 2pn orbitals of the boron atoms. 


For the in-plane interactions in 6b ,  a synergic ligand-metal 
and metal-ligand shift of cx electron density is possible. An 
analysis of the MO shapes in Figure 3 shows that the 1 a’ and 2 a‘ 
MOs of 6 b are stabilized through multicenter in-plane interac- 
tions; the two electrons from the 9 a’ and 10a’ MOs of 10 occupy 
the strongly bonding 1 a’ MO of 6b .  In other words, electron 
density from the cobalt center is transferred through (T donation 
interaction toward the LUMO of 9 b and the 9 a’ and 10a’ MOs 
of 10 are formally empty in 6b .  An electron density shift can 
then take place in the opposite direction, from the 2 a’ MO of 9b 
to the empty cobalt levels. The ratio of the density shift of 
ligand-metal (T donation to metal-ligand cx back-donation in 
this synergic multiorbital interaction cannot be inferred from 
the orbital interaction diagram. In order to quantify these 
donor-acceptor interactions, a natural population analysis has 
been carried out for the ab initio wavefunction of 6 b  and the 
molecular fragments CpCo 1, CpCo 2, and 9 b. The resulting 
data have been summarized in Table 1. The electronic configu- 
ration of the ptC (C2: ( T ~ . ~ ~ ~ ~ T ~ . ~ ~ ~ )  in the free diborylcarbene 
ligand is electronically different from that of planar methane 
(C: ci2n2). With respect to planar methane, in 9 b  0.499e of C2 
n electron density has already been delocalized onto the boron 
atoms and the ci electron density has increased by 0.978 e. Upon 
complexation an additional electron density shift is observed 
from the CpCo units to the bridging ligand 9b.  In 6 b  the inte- 
grated natural charge on CpCol and CpCo2 amounts 
to + 0.21 1 and + 1.022, respectively. During formation of the 
complex, 1.233 e are transferred from the CpCo fragments to the 


Figure 4. Deformation density 
plots obtained by subtracting the 
density generated by a superposi- 
tion of molecular fragments 
[ { C ~ C O } ~ ]  (10) and 9b from the a b  
initio molecular density of 6b. 
A) yz plane, B) xz plane. Bold 
lines for zero contour, solid lines 
for positive contours (electron den- 
sity accumulation), and dotted 
lines for negative contours (elec- 
tron density depletion). Contour 
interval: 0.05 e k ’ .  


Table 1. Natural population analysis of 6 b  and the fragments C p C o l ,  CpCo2. 
and 9 b. 


Complex 6 b Molecular fragments 
Charge NAO(a’) NAO(a”) Charge NAO(a‘) NAO(a”) 


~~~ 


C o l  +0.955 4.157 3.886 t 1 . 0 2 2  5.007 2.968 
Co2 +1.437 5.206 2.340 +1.021 5.007 2.970 
c 2  -1.310 3.944 1.356 -0.482 2.987 1.501 


B3 f0.478 2.070 0.418 +0491 2.201 0.288 
c 4  -0,980 3.735 1.232 -0.612 3.408 1.199 


B1 + 0 4 1 3  2.397 0.172 + o . m  2.476 0.230 


bridging ligand. A more precise description of the bonding as 
well as of the stabilization manner of the ptC atom in 6 b  can be 
obtained by a comparison of the atomic natural charges and 
occupancies on the valence natural atomic orbitals (NAOs) of 
the particular atoms in the free molecular fragments with those 
in 6b .  The natural charge accompanying the ptC atom increases 
from -0.482 in 9 b  to - 1.310 in 6b .  Due to the electron density 
reorganization in 6 b ,  the ptC atom receives 0.828e from its 
neighboring groups or atoms, but the in-plane (T electron densi- 
ty reorganization is not the same as that of the out-of-plane n 
electron density. Upon going from the free to the complexed 
ligand, the occupancy of the 2pn orbital (NAO-a”) of the ptC 
diminishes from 1.501 e to 1.356e and that of the in-plane G 
NAOs (a’) increases from 2.978e to 3 . 9 4 4 ~  Thus in 6 b  the 
overall stabilization manner of the ptC atom is exactly the same 
as that predicted by Hoffmann et al. in the case of planar 
methane-like molecules. In 6 b  both boron atoms act as cx 
donors and n acceptors; however, the n-acceptor properties of 
B 1 are weakened upon complexation. 


The natural charges accompanying the cobalt atoms change 
from +1.022 (Col) and +1.021 (C02) in the free fragments 
to + 0.955 (Co 1) and + 1.437 (Co 2) in the complex 6 b. There- 
fore the two cobalt atoms are not equivalent in 6b .  Although 
both cobalt atoms as a whole can be regarded as donors of 
electron density, their in-plane (0) and out-of-plane (n) interac- 
tions with the ptC atom are of different character. An analysis 
of the occupancies of the in-plane NAOs (a’) and out-of-plane 


1. s 8, 


z 
(am) 


Y (a.u.) X (as.) 


z 
( a 4  
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NAOs (a") shows that C o l  can be characterized as a good o 
donor and good n acceptor, but that C02 has o-acceptor and 
7t-donor properties (Table 1). Thus, the bonding between Co 1 
and the ptC atom in 6 b  has an unconventional character and 
that with Co 2 shows typical features of a metal-carbene bond. 
Furthermore, the Co2-ptC bond length of 1.887 A falls within 
the: range for a Co=C double bond;[361 the Co 1 -ptC distance 
of 2.008 A is much longer. In the o plane, electron density is 
transferred from Co 1 through the ptC atom to Co 2 while, in the 
perpendicular plane, n electron density reorganizes in the oppo- 
site direction. This situation is clearly illustrated in the deforma- 
tion density maps computed from the ab initio wavefunctions 
derived for the ground state of 6 b and the molecular fragments 
[{CpCo},] and 9 b  (Figure 4, page 297). 


'In order to investigate the postulated bonding interactions 
between a duryl ligand and the Co 1 atom, based on NMR and 
X-ray experiments,[201 and to see what role aromatic substitu- 
tion on boron plays in the stabilization of the complex, calcula- 
tions were carried out on the model compound 6c, in which R3 
is it phenyl group. 6c  has C,  symmetry and the BH(C,H,) group 
is rotated by 30" out of the y z  plane. The calculations predict 
that the stabilization manner of the ptC atom in 6c  is the same 
as in the parent complex 6b, with the exception of one addition- 
al interaction appearing in 6c. The LUMO of 6 c  has an admix- 
ture of the n* orbital of the phenyl group with large p compo- 
nents on the ipso and ortho carbon atoms (Figure 5 ) .  With re- 
spect to the cobalt levels, the LUMO of 6c  behaves as an accep- 
tor orbital and back-bonding from Co 1 to the n* orbital of the 
phenyl group is possible. Compared to the model ligand 9c, the 


Figure 5 .  LUMO of 6c. 


electron density associated with the 
phenyl group increases in 6c  by 0.08e 
while that of C o l  decreases by 0.07e 
with respect to 6b. This interaction con- 
tributes to an extra stabilization of 6c  
and could be responsible for the experi- 
mentally observed short Co 1 -Cipso bond 
distance. Furthermore, attempts to syn- 
thesize an analogous complex with alkyl, 
rather than aryl, substitution on boron 
failed. In this case only a mononuclear 
complex could be isolated.[371 


Conclusions 


Theelectronic configuration of the ptC (C2: oz 9787t1.501)  ofthe 
free diborylcarbene 9 b ligand is different from that of planar 
methane (C: 02n2). Further stabilization of the ptC atom is 
achieved through electron density reorganization due to the 
interactions with the metal dimer fragment. In 6 b  the electronic 
configuration for the ptC is 03,944n1.356 and the manner of 
stabilization is the same as that suggested by Hoffmann et al. for 
planar methane-like molecules. The accumulation of o electron 
density at the ptC atom of 6 b  does indeed play a role, as it is 
greater than the depletion of n electron density. The bonding 
between the ptC atom and the C 0 2  atom has normal metal-car- 
bene bond character, but that with the Co 1 atom displays un- 
conventional character with Co 1 +ptC CJ donation and 
ptC + Co 1 n back-donation. The CJ electron density flows from 


Co 1 through the ptC to Co 2 and the n electron density reorga- 
nizes in the opposite direction. The overall stabilization of com- 
plexes 6 is achieved by this push-pull effect. 


In looking for an analogue of the CH;' dication, 
[{(C,H,)Ni),(p-CR~BCBR2R3)12f presents itself as a possibili- 
ty. Future attempts will be made to synthesize this complex 
either directly from 8 or by exchanging the CpCo fragments in 
6 with the isolobal CpNi+. Although [(AuP(c-C,H,,),},C] 
(Schmidbaur et is assumed to be tetrahedral, its strong 
Lewis may be an indication of a planar structure, in 
accordance with the Hoffmann model. On the other hand, the 
isolobal relationship between H and Ph,PAu suggests that two- 
fold oxidation of tetragold methane could lead to a CH:+ ana- 
logue with a ptC. The complex cations [ ( A u P P ~ ~ ) ~ ( ~ ~ - C R ) ] " +  
(R = H, IZ = I  R = Me, n = I  ;[39b1 R = S(O)Me,, n = 


2[39c1) containing a hypercoordinate carbon center have been 
synthesized and structurally characterized. They can be viewed 
as donor- acceptor compounds between a nucleophile and 
[(AUPP~,),C]*~. 
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Phenoxyl Radical Complexes of Gallium, Scandium, Iron and Manganese 


Britta Adam, Eckhard Bill, Eberhard Bothe, Beatrix Goerdt, Gabriele Haselhorst, 
Knut Hildenbrand, Achim Sokolowski, Steen Steenken, Thomas Weyhermiiller 
and Karl Wieghardt* 


Abstract: The hexadentate macrocyclic 
ligands 1,4,7-tris( 3,5-dimelhyl-2-hydroxy- 
benzy1)-I ,4,7-triazacyclononane (LCH'H3), 
1.4,7-tris(3,5-di-terr- butyl-2-hydroxyben- 
zyl)-l,4,7-triazacyclononane (LR"H3) and 
1.4,7-tris(3-tert-butyl-5-methoxy-2-hydro- 
xybenzy1)-I ,4,7-triazacyclononane ( LOCH3-  


H,) form very stable octahedral neutral 
complexes LM"' with trivalent (or tetrava- 
lent) metal ions (Gall', Sc"', Fe"', Mn"', 
Mn'"). The following complexes have 
been synthesized: [LB"M], where M = Ga 
( l ) ,  Sc (2), Fe (3); [LB"MnlV]PF, (4'); 
[LUCH3M], where M = G a  ( l a ) ,  Sc (2a) ,  
Fe (3a); [L°CH3Mnrv ]PF, (4a'); [LCH3M], 
where M = Sc (Zb), Fe (3b), Mn"' (4b); 
[ L.'H3Mn'V], (CIO,), (H, 0)( H,O) (4 b') . 


An electrochemical study has shown that 
complexes 1, 2, 3, 1 a, 2 a  and 3a each 
display three reversible, ligand-centred, 
one-electron oxidation steps. The salts 
[L°CH3Fe")CI0, and [LorH3Ga"1]C104 
have been isolated as stable crystalline 
materials. Electronic and EPR spectra 
prove that these oxidations produce spe- 
cies containing one, two or  three coordi- 
nated phenoxyl radicals. The Mossbauer 


Keywords 
gallium - iron * scandium - spec- 
troelectrochemistrq 
phenoxyl radicals 


Introduction 


A persistent, not coordinatively bound, tyrosyl radical has been 
unequivocally characterized in the active site of the R 2  subunit 
of the non-heme diiron enzyme ribonucleotide reductase from 
E.wherichiu coli.[I1 This organic radical is located in the vicinity 
of the 0x0-bridged diiron centre, approximately 5.3 8, away 
from the next nearest iron ion. The spin of this radical (S = 1 /2) 
is virtually uncoupled from the spins of the high-spin iron(m) 
ions, which are strongly antiferromagnetically coupled through 
a superexchange pathway within the F e - 0 -  Fe moiety. This 
ensemble has recently been successfully modelled by a low 
molecular weight compIex.r21 


In contrast, a coordinated tyrosyl radical has been discovered 
in the active form of the copper(i1)-containing fungal enzymc 
galactose oxidase.r3I Owing to  the strong intramolecular antifer- 
romagnetic coupling of the tyrosyl radical ligand with the un- 
paired electron of the Cu" ion (d'), the active form of the en- 


- manganese - 


spectra of 3 a and [3 a] + show conclusively 
that both compounds contain high-spin 
iron(rr1) central ions. Temperature-depen- 
dent magnetic susceptibility measure- 
ments reveal that 3 a  has an S = 5 /2  and 
[3a]+ an S = 2 ground state. The latter is 
attained through intramolecular antifer- 
romagnetic exchange coupling between a 
high-spin iron(ri1) (S ,  = 5/2) and a phe- 
noxyl radical ( S ,  = 1/2) ( H  = - 2JS,S,: 
J = - 80 cin- I ) .  The manganese com- 
plexes undergo metal- and ligand-centred 
redox processes, which were elucidated by 
spectroelectrochemistry ; a phenoxyl radi- 
cal MnJV complex [MnJVLoCH3J2 + is acces- 
sible. 


zyme is diamagnetic and, consequently, EPR-inactive. One- 
electron reduction of the active site yields an inactive form 
which displays an EPR spectrum typical for five-coordinate Cu" 
ions.[31 This form has been structurally characterized by X-ray 
cry~tal lography.[~~ Recently, a new enzyme containing a similar 
active site with a Cu"-coordinated tyrosyl radical has been de- 
scribed, namely, glyoxal oxidase from Phanerochaet chrysospo- 
rium .I5] 


The coordination chemistry of phenoxyl radicals bound to 
transition metal ions is not well developed,['] despite the fact 
that there are some intriguing problems concerning their elec- 
tronic structure. In principle, a one-electron oxidation of a tran- 
sition metal phenolato complex can be either metal- or ligancl- 
centred (Scheme I ) .  The question then arises whether the above 


Mn++=O-R a M ( n + l ) +  -Q-R or M"+-Q-R 


Scheme 1 .  One-electron oxidation of a transition metal phenolato complex. 
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two formulations are merely resonance structures of the same 
electronic ground state, o r  whether we are dealing with two 
distinct chemical species with different ground states and differ- 
ent physical and chcmical properties. 
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To address questions of this kind experimentally, we have 
invcstigated intensively octahedral transition metal complexes 
containing ligands of the type 1,4,7-tris(o-hydroxybenzyI)-l,4,7- 
triazacyclononane (LH,) ."3s1 We and others['% ''I have shown 
in the past that its trianionic form, [LI3-, generates extremely 
stable["% neutral complexes [ML] with a number of trivalent 
metal ions (Table 1). 


.pdbable 1. Complexes studied in this paper. 


R 
Lieands: I 


C;alll I l a  
SC"' 2 2 a  2b  
Fe"' 3 3a 3b 
Mn"' 4b 
Mn" 4' 4 a' 4b' 


As we will show here, suitable substituents at the ortlzo- and 
para-positions of the pendent o-hydroxybenzyl groups of [LI3 - 
facilitate one-electron oxididation to the corresponding phe- 
noxyl radicals. If the substituents are sterically bulky, the radical 
stability is increased to the extent that they become isolable and 
spectroscopically characterizable both in solution and in the 
solid state. 


We have recently characterized the neutral complex [LOCH3- 
Cr"'] and its one-electron oxidized form [L°CH3Cr"'jCI0, by X- 
ray crystallography. [L°CH3Cr"']+ has been shown to contain 
two coordinated phenolate groups and one coordinated phe- 
noxyl radical; the central metal ion is chromium(111) . [ l 3 I  


Results 


1. Syntheses: The reaction of 1,4,7-triazacyclononane with 
three equivalents of di-2,4-tert-butylphenol, 2-tert-butyl-4- 
methoxyphenol or 2,4-dimethylphenol with three equivalents of 
paraformaldehyde in methanol (Mannich reaction) afforded the 
pendent-arm macrocycles LBUH3, L°CH3H, and LCH3H3['I 
(Table 1) in satisfactory yields as colourless solids. By using 
(CD,O), and deuterated solvents (CH,OD, conc. DCL, D,O) 
the six benzylic protons of the ligands LR"H, and LoCH3H3 were 
quantitatively exchanged for deuterium atoms. 


The ligands reacted with one equivalent of GaCI, or Sc- 
C1;6H,O in refluxing acetonitrile, to which a few drops of 
triethylamine had been added, to give the neutral complexes 


[LM"'] (Table 1)-colourless 1, 1 a and colourless to pale yellow 
2, 2 a  and 2b. Complexes deuterated at the benzylic positions 
complexes [DJ-1 and [D,]-2 were obtained analogously by us- 
ing the deuterated ligands. Slow recrystallization of these com- 
plexes from hot CH,CN solutions produced crystals with two 
molecules of acetonitrile of crystallization per formula unit. The 
corresponding reactions with Fe'"(CIO,), .9 H,O in acetone or 
CH,OH produced crystalline red 3, 3 a  and 3b, respectively. 
Slow recrystallization from hot CH,CN again afforded the 
bis(acetonitri1e) species. The solvent molecules evaporated slow- 
ly on storage in air. For all subsequent spectroscopic and elcc- 
trochemical investigations, samples of the complexes dried in 
vacuo were used. 


A mixture of three equivalents of LCH3H, and [Mn'&- 
O)(CH,CO,),](CH,CO,) in acetone, to which a few drops of 
NEt, had been added, produced a deep green solution. Upon 
addition of water a green precipitate of [Mn"'LCH3j (4b) was 
obtained. Slow recrystallization from CH,OH yielded green 
crystals of4b.2CH30H, which were suitable for X-ray crystal- 
lography (see below). Acidification of a methanol solution of 4b 
with a few drops of concentrated HCIO, in the presence of air 
resulted in the precipitation of green microcrystals of [Mnlv- 


presence of the acidic proton was established by potentiometric 
titration of an aqueous solution of [4b'j(ClO,),(H,O)(H,O), 
with 0 . 1 0 ~  NaOH. 


Finally, one-electron oxidation of 1 a and 3a  dissolved in dry 
acetonitrile with one equivalent of [Ni'"(tacn),](ClO,), [14] 


(tacn = 1,4,7-triazacyclononane) afforded green microcrystals 
of [L°CH3Ga"']CI04 ([I aIC10,) and blue crystals of [L°CHIFe] 


LC~'31,(CI0,)3(H,0)(H,0)3 ([4b'],(CIO,),(H,O)(H,O),). The 


~10, ([3a1~10,) [Eq. (111. 


l a  (3a) + [Ni"'(tacn),](ClO,), 


[l a]C10,([3a]C104) + [Ni"(tacn)](ClO,), (1 1 


2. Crystal structures: The crystal structures of the ligands 
LB"H, and L°CH3H, have been determined by single-crystal X- 
ray crystallography, as have the structures of the complexes 2 a. 
2b.2CH3CN and 4b .2CH30H;  Figures 1-5 show the struc- 
tures, and Table 2 summarizes important bond lengths and 
angles of the N,O,M coordination polyhedra. The structures 


Figure 1. Structure of the iigdnd LH"H,. Intramolecular 0 H . - .  N contiicts [A]: 
O(1). . "(1) 2.623(5), O(2). "N(2) 2.716(6), O(3). . .  N(3) 2.726(6). 
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Cl41 


Figiirc 2. Structure of the ligand L"CH'H,. Intramolecular 0 - H  ' ' ' N contacts [A]: 
0(1).. N(l)  2 .721(5 ) .0 (3 ) . . .N(2 )  2.650(5),0(5)...N(3)2.647(5) . 


(61 
C1381 


Figtire 3. Structure of the neutral complex 2 a  


C1221 


Ci141 


C1151 


Figure 4 Structure of thc neutral complex Zb 


of LCH~H, and of its monoprotonated gallium complex 
[LC"3HGa1"]CI0,~ CH,OH have been determined previously,[91 
as have the structures of [LV]C10,[7'1 and of three similar neu- 
tral iron(irr) comple~cs . [~"~  7b, lob] 


The structures of the uncoordinated ligands LH, (Figures 1 
and 2) are very similar, irrespective of the nature of the sub- 


C1271 


Ci23 


Figure 5. Structure of the neutral complex 4b 


Table 2 .  Selected bond lengths [A] and angles [deg] of complexes 


M N I  
M - N 2  
M - N  3 
M - 0 1  
M - 0 2  
M 0 3  
av c -0 ,h '" , , , , ,  


0 1 - M - 0 2  
0 1 - M - 0 3  
0 2-M-0 3 
N I - M - N 2  
N 2-M-N 3 
N I - M - N 3  
0 I-M-N 1 
0 2-M-N 2 
0 2 - M - N 3  
0 1-M-N 1 
0 2-M-N 1 
0 3-M-N 2 
0 1-M-N 1 
0 3-M-N 3 
0 1 - M - N 2  


2.354 (2) 
2.365(2) 
2.412(2) 
1.977(2) 
1.971(2) 
1 .960 (2) 
1.335(3) 


106.1 ( 1 )  
102.3 (1) 
100.3(1) 
75.6(1) 
72.6 ( I )  
72.7(1) 
81.4(1) 
82.9 ( I )  


200.2(1) 
153.7(1) 
3 58.4(1) 
155.4(1) 
99.0(1) 
82.8(1) 
96.9 ( 1 )  


2.339 (8) 
2.351 (6) 
2.328(9) 
1.969 ( 5 )  
1 .965(X) 


1.335(10) 


l05.0(3) 
106.9(3) 
105.2(3) 
75.1 (3) 
75.7(3) 
75.6(3) 
83.6(2) 
82.6(3) 


156.9(2) 
92.5(3) 
91.2(3) 
90.9 (3) 


157.0(3) 
83.4(3) 


157.5 (3) 


1.979 (7) 


2.079 ( 2 )  
2.1 79 (3) 
2.230 (3) 
1.924 (3) 
2.053(3) 
1.863 (2) 
1.345(5) 


100.9 ( 1 )  
93.2 ( I )  
95.1(1) 
82.1 ( I )  
78.8 ( 1 )  
82.1 ( I )  
89.5(1) 
86.9 ( 1 )  


164.8 ( 1 )  
92.5(1) 
90.7 (1 ) 
94.4(1) 


173.0(1) 
91.3 (1) 


168.6 ( I )  


2.04( 1) 


1.83 ( I )  


1.36(2) 


95.1 (2) 


84.8 (4) 


87.5(3) 


172.0(3) 


stituents at the phenyl groups. Each structure consists of neutral 
LH, molecules with three intramolecular N . . H -0 hydrogen 
bonding contacts between the tertiary amine nitrogen atoms of 
the 1,4,7-triazacyclononane ring and the three phenol groups. 


The structural analyses of complexes 2a, [2b].2CH3CN and 
[4b].2 CH,OH (Figures 3- 5) confirm that the trianionic ligands 
are hexadentate and give rise to a facial N,O, donor set. The 
resulting polyhedron is in all three cases a distorted octahedron 
with long M-N and comparatively short M - 0  bond lengths. 
Interestingly, in 4b  the M n - 0  and Mn-N distances are not 
equivalent. The high-spin d4-configurated Mn"' ion displays a 
Jahn-Teller tetragonal distortion since the mutually truns Mn- 
N(3) and Mn-O(2) distances are significantly longer than those 
of the other two axes. Thus, in this case the electronic structure 
of the central Mn ion determines the geometry of the MnN,O, 
polyhedron and allows an unambiguous assignment of the 
oxi,dation state of the metal ion. The phenolate oxygen O(2) 
forming the weakest (longest) bond to the Mn"' ion forms an 
0 - H  . . ' 0  hydrogen bonding contact to a methanol solvent 
molecule [0(2) . . . O(4) 2.825 (7 )  A]. 
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We have also obtained a low-quality crystal structure of 
[4b']Z(CI0,),(H,0)(H,0),, details of which will be published 
el~ewhere.~' 51 The structure consists of the monocations 
[MnivLCH3]+, perchlorate anions and disordered water mole- 
cules of crystallization. Charge considerations necessitate the 
presence of one proton for two Mn" ions. Since [4b']+ is the 
oxidized form of 4 b it is appropriate to comment on some geo- 
metric features of the [Mn'"LCH3]+ cation. The three Mn-N and 
Mn-0  distances of 2.04(1) and 1.83(1) A, respectively, are 
equivalent and significantly shorter than the corresponding 
bond lengths in the neutral complex t4b1.2 CH,OH. These data 
confirm that the one-electron oxidation of 4b is metal-centred, 
yielding an octahedral MnIV (d3) complex. The Mn"-0 bonds 
are very short and indicate considerable double-bond character. 
Consequently, these phenolate oxygen atoms are not involved in 
hydrogen-bonding contacts to the water molecules or to the 
H,O+ cation. 


3. Electrochemistry: The electrochemistry of the complexes has 
been studied by cyclic voltammetry (CV), square-wave voltam- 
metry and coulometry in acetonitrile solutions containing 0.10 M 


tetra-n-butylammonium hexafluorophosphate as supporting 
electrolyte; ferrocene was added as internal standard. In the 
following, all redox potentials are referenced versus the ferroce- 
nium/ferrocene couple (Fc+/Fc) . Table 3 summarizes the mea- 
sured potentials. 


Table 3. Redox potentials [a] of complexes. 


ELz [bl E?,z E L  e,2 E L  


1 0.87 0.62 0.35 
l a  0.43 0.23 0.01 
2 1.04 0.76 0.52 
2a 0.69 0.47 0.27 
2b 0.80 (irr.) 0.60 (in.) 
3 0.96 (irr.) 0.65 0.38 - 1.78 
3a  0.63 0.38 0.14 -1.81 
3b 1.02 (irr.) 0.84 (irr.) 0.52 (irr.) -1.58 
4' -0.43 -0.82 
4 a' 0.89 (irr.) 0.74 (irr.) 0.56 -0.55 -0.92 
4 b/4 b' -0.265 -0.85 


[Lo'H'Cr"i] [d] 0.45 0.24 -0.03 
[L°CH3Coi"] [c] 0.43 0.18 -0.10 


[a] Conditions [ c0mpIex]= l0 -~~  in CH,CN (0 1 0 ~  [N(nBu),]PF,), Ar atmo- 
sphere, T = 298 K, glassy carbon working electrode, reference electrode Ag/AgCl 
(saturated LiCl in C,H,OH), ferrocene internal standard, scan rate 200 mVs-' 
[b] The potentials are referenced versus the ferrocenium/ferrocene (Fc+/Fc) couple 
E: 
potentials, K, are given for irreversible (irr )processes [c] Ref [16] [d] Ref [I71 


= (q + c d ) / 2  for reversible one-electron transfer processes, oxidation peak 


Complexes 1, 1 a and 2, 2 a, 2 b contain redox-inactive triva- 
lent Ga"' and Sc"' ions, respectively. The observed two irre- 
versible oxidation waves in the CV of 2b shown in Figure 6a  
must, therefore, be assigned to ligand-centred processes. It is 
gratifying that the introduction of sterically more demanding 
tert-butyl groups in the ortho and puru positions of the ligands 
in 2 instead of the methyl groups in 2b leads to a CV which 
exhibits three reversible one-electron transfer waves.(Figure 6b). 
Exactly the same electrochemical behaviour is detected for the 
corresponding gallium complex 1 which also displays three re- 
versible one-electron transfer waves. The three one-electron ox- 
idations of 1 and 2 are assigned to the successive formation of 


J 
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 - E N  vs. Fc'IFc 


Figure 6. Cyclic voltammograms of 2b (top) and 2 (bottom) in  CH,CN ( 0 . 1 0 ~  
[N(nBu),]PF, at a glassy carbon electrode: scan rate: 200 mVsC' ;  [com- 
pkx]%10-'M; 298K). 


one, two and three coordinated phenoxyl radicals [Eq (2); 
M = Ca, SC]. 


- e (E2)  -e(E1) 
(2) ; z e ( E 2  [MiiiLlt - [ M I i I L I Z +  [MiiiL13 t 


+ e  +e + e  


On the timescale of a coulometric experiment at ambient tem- 
perature only the monocations [GaL'"]' and [ScLB"]+ are sta- 
ble. Thus, oxidation of 1 and 2 by one electron equivalent at a 
constant potential of 0.55 V vs Fc+/Fc produces yellow-green 
solutions of the respective monocations, whose UV/Vis spectra 
(see below) remain unchanged for hours. The di- and trications 
are unstable under these conditions. 


In order to make such phenoxyl radicals more accessible by 
introducing more easily oxidizable phenolate pendent arms, we 
prepared the ligand [LOCH3I3- and its colourless Ga"' and Sc"' 
complexes 1 a and 2 a. Figure 7b shows the CV of 2 a and Fig- 
ure 7a a square-wave voltammogram of 1 a. Again, three re- 
versible one-electron oxidation waves are observed in each case. 


. = - b  - 
-I:/ 


-20 


1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 - E N  vs. Fc+/Fc 


Figure 7.  Cyclic voltammogram of 2 a  in CH,CN (conditions as given in Figure 6) 
and square-wavevoltammogram of l a i n  CH,CN ( 0 . 1 0 ~  [N(nBu),]PF,; frequency: 
30 Hz; pulse height 2.5 x lo- '  V;  glassy carbon electrode). 


The stability of both monocations in solution at ambient tem- 
perature is excellent. The redox potentials of l a  and 2a are 
shifted by ~ 3 5 0 - 4 1 0  mV to less positive potentials compared 
to those of 1 and 2. The corresponding di- and trications of 1 a 
are stable at -40 "C for hours and can therefore be spectroscop- 
ically characterized. 
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Complexes 3 , 3  a and 3 b each contain a high-spin Fe"' ion in 
an octahedra1,fh.c-N,O, donor set. The CV of 3a is shown in 
Figure 8. Three reversible one-electron oxidation waves and, in 
addition, a reversible one-electron reduction at  a very negative 


20 - 


10 - 


2 0 -  
- ,  


-10 - 


.20 


-30 


- 


- 


1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 


+- E N  vs. Fc+/Fc 


Figure 8. Cyclic voltrtnimograin of3a  i n  CH ,CN (conditions as given in Figure 6) 


potential are observed. The latter process is assigned to  a metal- 
centred reduction of Fe"' to Fe", whereas the three oxidation 
waves are ligand-centred successive phenoxyl radical formation 
processcs. In this instance, the mono- and dications are stable in 
solution and can readily be prepared by coulometry. The CV of 
3 is similar, but the third oxidation process leading to  the trica- 
tion is irreversible, and the C V  of 3b displays only irreversible 
oxidation processes, indicating that the phenoxyl radicals are 
not stable under these conditions. Interestingly, both 3 and 3b 
display a reversible one-electron metal-centred reduction wave 
at quite negative potentials (E::2; Table 3). These reduction 
waves of 3, 3a  and 3b have similar redox potentials. The three 
coordinated phenolato groups cnorniously stabilize the + I I I  ox- 
idation state of the central iron ion. This is a general feature of 
phenolato iron complexes. 


In the potential range + 0.70 to - 1.5 V vs Fc+/Fc  the CV's 
of 4' and 4b each display two reversible one-electron transfer 
processes [Eq. (3)], which are assigned to the metal-centred cou- 


( 3 )  


ples Mn'V,'Mn"' and Mn"'/Mn" (Ef,* and in Table 3), re- 
spectively. The CV's of 4b and 4b' are identical. Note that 4b 
and 4 b' have been isolated as solids and were fully characterized 
as high-spin Mn"' and Mn'" complexes, respectively. 


The square-wave voltammogram of [Mn'"LoCH3]IPF, (4 a') is 
shown in Figure 9, where the expanded potential range + 1.5 
to -2.5 V vs Fc i /Fc  has been scanned. The two metal-centred 
reversible one-electron transfer processes E4 and E s  have very 
similar redox potentials to the above complexes 4' and 4b (4b') 
and are assigned to the couples MnlV/Mnl" ( E 4 )  and Mn"'/Mn" 
(E ' ) .  In addition, three further oxidative processes were detect- 
ed, two of which, E' and E 2 ,  at 0.89 and 0.74 V are irreversible, 
but the third E 3  at  0.56V vs Fc+/Fc is reversible and corre- 
sponds to a one-electron oxidation of the [Mn'VLoC''3]+ species 
to ii dication, as was indicated by a coulometric measurement. 
Spectroelectrochemistry provides evidence (see below) that this 
oxidation is ligand-centred rather than metal-centred. 


- 3 0 1  I , , , , , , , , , , , , , I 
1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 


c E N  vs. Fc'iFc 


Figure 9. Squuie-wave voltammoprum of 4a' in CH,CN ( 0 . 1 0 ~  [N(nBu),]PF,): 
other conditions as in Figure 7. 


The difference between the redox potentials E l ,  E 2  and E 3  of 
a given species is nearly constant irrespective of the nature of the 
coordinated central metal ion (Figure 10). A very simple elec- 
trostatic model that takes into account only the difference in 
solvation energy of species carrying an n+ and an (PI+  I ) +  
charge has been developed by using the Born equation for a 
charged spherical particle of radius r in a mcdium with dielectric 
constant 8E [Eq. (4)], where E' is the redox potential in V. N L  


- AGO = E'F = n2e2NL/8xrc,,c, (4) 


is the Avogadro number, F is thc Faraday constant, 87cr is a 
geometric parameter of the spherical particle, B , E ~  is the dielec- 
tric constant of the surrounding medium and ne is the electric 
charge of the particle. Assuming that the difference of the redox 
potentials [LM]"+/("+')+ (n = 0, 1, 2) is primarily governed by 
the differing solvation energies of thc two charged species one 
can derive Equation (5). 


This simple model predicts that a plot of the measured redox 
potentials for a given complex [LM]" versus 2 n  - 1 should be 
linear with a slope k = (e2NL/87crE,EE)F~ '. As Figure 10 shows. 
this is indeed the case. Note that the slopes k for the series 1 a, 
2a, 3a are nearly identical (105, 105, 122 mV, respectively), 
irrespective of the nature of the coordinated metal ion. Most 
importantly, a very similar k (83 mV) is observed for the oxida- 
tions of [4a']+ to [4a'I2+. to  [4a'I3+ and to  [4a'I4+ (if one 


1.00 0 


1 3 5 7 
2n - 1 


Figure 10. Dependence of the redox potentials El ~. E: *, t': of the couples 
[LM]"' ![LM]"'-"+ on 211-1 where n represents the charge of the  species [LM]". The 
solid lines are for guidance only. 







assumes that the values for the [4a'I2+j3+ and [4a']3+/4+ 
couples represent the values of the oxidation processes). 
This is again interpreted as a clear indication that oxidation of 
the manganese(1v) species 4 a' to the dication [4a']* + is a ligand- 
centred process, as are the two further oxidation steps. 


If one now considers the fact that all [LM] complexes 
(M = Co"',[''] Cr"',[' 31 Fell', Ga"', Sc"') are isostructural and 
that one-electron oxidation is ligand-centred in all cases, it is 
somewhat surprising that the redox potential E:,, (and similarly 
E& and I?;,*) for the ligand oxidation is rather strongly metal 
ion dependent. Thus, E:,2 for the couple [LM]''' is -0.10 V vs 
Fc+/Fc for the cobalt(m) complex["I but +0.27 V vs Fc+/Fc 
for the scandium(~rr) complex 2 a. The oxidizability of the COOT- 
dinated phenolate ligands is obviously dependent on the nature 
of the metal ion to which it is bound. If the tzn orbitals of the 
metal ion are unoccupied or only half-filled, the M -Ophenalate 
bond has partial double-bond character due to phenolate-to- 
metal x-donation. As a relative measure for the strength of the 
covalent M-Ophenolatc bond we calculate the difference A be- 
tween the sum of the effective ionic radii of the metal(ru) ion and 
an O2 ionr171 and the experimentally determined M-Ophenolatr 
bond length. The larger A is, the more covalent is the M-  
Ophenolate bond and thus x-donor bonding prevails. AS shown in 
Figure 11, a clear correlation exists between A, representing the 
n-donor strength, and the redox potential E:,z exists. Strong 
M -Ophenalate x-donor bonding renders ligand oxidation more 
difficult (Sc represents an extreme case), whereas weakly Tc-ac- 
cepting metal ions facilitate radical formation (Co"' with a filled 
t,, subshell is the other extreme). 


I t  is well established that the Ophcnalvte-M -Ophcnolate bond 
angle CI in a,fuc-N,O,M octahedron also represents a measure 
for the degree of M=Ophenolate double-bond formation: R is ap- 
proximately 90" for M - Ophenolate single bonds and increases with 
increasing M=Ophrnolate double-bond character.17". The inset 
in Figure 11 shows that a linear correlation exists between the 
redox potential E:,, and this R .  


0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 


A /  A 
Figure 11. Dependence of the redox potentials E:,2 of the couple [LM]+ " on tho 
dil'rcrcnce A [(lonic radius: M"+ +O'-) - (expcrimental M-O,,,,,,,,,)]. The inset 
shows the dependencc o f  the redox potential E: 


~ 


angle a. 
on the O,,, ",,,", * -  M -  O,,, 


4. Electronic spectra: The ligands LBUH,, LOCH3H, and LCH3H,. 
dissolved in acetonitrile, each display two .n-n* transitions of 
the phenol pendent arms [LB"H,: 226 nm (c = 1.5 x 
lo4 Lrnol-'cm-'), 283 ( 7 . 2 ~  lo3); LorH3H,: 233 (1.8 x lo4), 
295 (1.3 x lo4); LCH3H,: 219 (8.7 x lo3) ,  286 (3.3 x lo')]. Upon 
coordination to Ga"' or Sc"' (complexes 1, 1 a, 2, 2 a, 2 b) these 
two absorption maxima undergo a slight bathochromic shift 
(Table 4). In CH,CN the spectra of the yellow-green monooxi- 
dized forms of these complexes, generated electrochemically a t  
controlled potentials (or in solution of [l a]C104), also display 
these two UV absorption maxima but, in addition, three maxi- 
ma in the visible: two intense bands between 390 and 430 nm 
(c > l o 3  Lmol-'cm-') and a transition at 600-800 nm of 
much lower intensity (100-600 Lmol-'cm-'). These new 
transitions are characteristic of phenoxyl radicals." The spec- 
trum of 2,4,6-tri-trrt-butyIphenoxyl has been reported : 625 nm 
( ~ ~ 4 0 0  Lmol-'cm-'), 400 (1.8 x lo3), 382 (1.5 x 103).[1y1 


Table 4. UViVis spectral data and magnetic properties of complexes in CH,CN. 


Complex Am,$= [nm] (8: [Lmol-'cm-']) ~ c , ,  [ f d  [dl s, 


1 
[ ] I+  [bl 
l a  
[I  aIC10, 
[ la I2+ [a] 
[la]'+ [a] 
2 
PI+ [bl 
2a  
P a l +  P I  
2 b  
3 
PI+ [bl 
3 a  
[3a]CIO, 
P a l 2 +  ibl 
3 b  
4' 
4 a' 
[4a'J2+ [c] 
4b  
4 b' 


248 (2.5 x lo"), 296 (8.4 x lo3)  
243 (1.8 x lo4), 296 ( 1 . 2 ~  lo"), 394sh (2.1 x lo'), 410 (2.7 x lo'), 781 (230) 


246 (1.4 x lo"), 310 (1.5 x lo4),  340 sh (4.3 x lo'), 408 sh (4.3 x 10'). 427 (5.2 x lo'), 600 (192) 
243(1.3x104), 313(1.8x104), 333sh ( 1 . 3 ~ 1 0 ~ ) , 4 1 7 s h ( 7 . 2 ~ 1 0 ~ ~ ) . 4 3 2 ( 8 . 9 ~ 1 0 ~ ) ,  
243(1.3x104),315(2.1x104),333sh(1.6x104).420(9.8x10')) ,436(1.3xl04) 
252 (4.0 x lo4), 292 (8.3 x 10') 
250 (2.7 x lo4), 294 (1.3 x lo4),  413 (3.1 x lo'), X27 (220) 


253 (1.8 x lo4), 308 (1.2 x 10'). 411 sh ( 3 . 6 ~  lo3). 432 (4.2 x 10'). 616: (178) 
247 (3.9 x 10'). 296 (9.7 x lo3) 
2 4 4 ( 2 . 5 ~ 1 0 ~ ) . 2 8 7 ( I . X x l O " ) ,  3 3 0 s h ( l . 0 ~ 1 0 ~ ) ,  S O O ( 8 . 4 ~ 1 0 ~ )  
2 4 X s h ( 1 . 5 ~ 1 0 ~ ) , 2 9 8 ( 1 . 4 ~ 3 0 ~ ) .  344(7.5x103),406(4.6x103),564(4,8x10~) 
245 (2.2 x lo4), 303 (2.1 x lo4), 513 (8.9 x 10') 
241 ( 2 . 0 ~ 1 0 " ) , 3 0 2 ( 2 . 2 ~ 1 0 ~ ) ,  3 3 2 s h ( 1 . 2 ~ 1 0 ~ ) , 4 0 2 s h ( 7 . 8 ~ 1 0 ' ) , 4 2 1  (l.0x104),562(6.7x10') 
244(3.0x104), 300(2.2x104), 332 ( 1 . 4 ~  lo4), 431 ( 1 . 8 ~  lo4). 610 ( 6 . 5 ~  l o 3 ) ,  750sh ( 5 . 0 ~  10') 
243 (2.4 x lo4),  290 (1.6x lo'), 320 sh (7.0 x 10')). 486 (8.5 x 10') 


236 (2.3 x lo4), 295 (2.4 x lo4), 332 sh (7.9 x 10'). 445 (8.0 x lo3).  678 (7.8 x 10') 
239 (2.0 x lo4),  288 (2.1 x lo"), 320 sh (1.0 x 10"). 441 (9.5 x lo')), 720 (5.6 x 10') 
246 (2.8 x lo4), 295 (1.8 x 10"). 379 (4.8 x lo4), 650 (950) 
277 (2.1 x lo"), 416 ( 8 . 2 ~  lo'), 612 ( 7 . 9 ~  10') 


245 ( 2 . 0 ~  104), 307 ( 1 . 1  304) 


253 (4.2 1041, 307 (1.3 104) 


276 (1.7 to"), 439 (7.3 103),634 (6.3 103) 


dia 
n.m. 
dla 
1.73 
n .m 
n.m. 
dia 
n.m. 
dia 
n.m. 
dia 
5.9 
n.m. 
5.9 
4.9 
n.m. 
5.8 
3.9 
3.9 
n.in. 
4.7 
3.8 


0 
112 
0 


'? 
'? 
0 
1 '2 
0 
1 ,'2 
0 
5,'7 


S 2  


1 ,'z 


7 


1 


5 '2 
3'2 
3:2 
'? 
2 
312 


[a] Species generated coulomeirically at - 30 'C in CH,CN ( 0 . 1 0 ~  [N(nRu),]PF,) from the corresponding neutral trisphenolato complex. [b] Species generated as above at 
22 'C. [c] Species generated coulometrically at - 3 0 ' C  in CH,CN ( 0 . 1 0 ~  [N(nBu),]PF,) from 4a'. [d] n.m. = not measured; dia =diamagnetic. 
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Lippard et a1.12] have characterized the phenoxyl radical 1,l-bis- 
(2-( 1 -methylimidazolyl)- 1 -( 3,5-di-tevr-butyl-4-oxyphenyl)ethane 
and reported its spectrum in CH,CN: 638 nm (c = 


430 L mol - cm I ) ,  394 (1 700), 378 (1 500). Electrochemical 
generation of the dication [I aI2+ by controlled potential cou- 
lometry at - 30 “C produced a green solution, the spectrum of 
which also shows these three transitions (Table 4; Figure 12) in 
the visible. with increased intensity. We take this as an indication 
that a second phenolate pendent arm of the coordinated ligand 
is oxidized, generating a second phenoxyl radical. The trication 
[1aI3+ was generated similarly, and its spectrum is shown in 
Figure 12. It displays the same transitions. with again with in- 
creased intensity in the visible. This indicates that all three pen- 
dent phenolato arms in 1 a undergo successive one-electron oxi- 
dation up to three coordinated phenoxyl radicals in [l aI3+. 
Thus, the electronic spectra of [I]+. [la]’, [la]”, [1al3+, [2]+ 
and [2a]+ all show the typical transitions of phenoxyl radicals 
(Table 4). 
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X Inm 
kigurs 12. Electronic spectra of l a  and electrochemically generated [I a]’. [1aI2’ 
and [la]’’ in  CI1,CN ( 0 . 1 0 ~  [N(nBu),]PF,). 


‘The spectra of the neutral iron complexes 3, 3 a and 3 b show 
an intense and characteristic phenolate-to-iron(rI1) charge trans- 
fer (CT) band in the visible (= 500 nm) and the two x-n* tran- 
sitions of the coordinated phenolates in the ultraviolet region. A 
shoulder at z 330 nm is tentatively assigned to  an amine-to-iron 
CT band. One-electron oxidation of 3 and 3a produces the 
stable monocations 131’ and [3a]+, and in the case of 3a the 
clectrochemically generated dication [3aI2 + is stable enough at  
22 ‘C to allow its electronic spectrum to be measured. 


Figure 13 shows the spectra of 3a, [3a]+ and [3aI2+, the 
solutions of which are red, blue and green, respectively. Since 
the spectra of 3 and 3a show an absorption minimum a t  
;= 400 nm it is significant that the oxidized species [3]+ and [3 a]+ 
both display a new intense asymmetric maximum in this region. 
We take this as a fingerprint of the formation of a phenoxyl 
radical rather than a metal-centred oxidation to Fe’”. It is also 
significant that this maximum has approximately twice the in- 
tensity in [3a12+ as compared to its monocation [3a]+; this 
indicates the presence of two phenoxyl radicals in [3a]’+. Inter- 
estingly, these one-electron oxidations of 3 and 3a cause a 
bathochromic shift of the phenolate-to-iron C T  band and its 
intensity decreases. 


The spectra of the manganese(1v)-containing species [4‘]PF,, 
[4 a’]PF, and [4b’],(ClO,),(H,O),(H,O) are similar in the visi- 


h l n m  - 
Figurc 13 Elcctronic spectra of 3a, [3a]C10, and electrochemically generated 
pa]’ ’  in CH,CN. 


ble and display two intense ( E  > lo3 Lmol-  ’ cm- ’) phenolato- 
to-manganese(1v) CT bands at  ~ 4 2 0  and =. 650 nm.[’] Electro- 
chemical one-electron oxidation of [4 a’]PF, in acetonitrile solu- 
tion at -30°C produces a stable dication [4a’I2+, the spectrum 
of which is shown in Figure 14. Owing to the fact that this 
oxidation diminishes the intensity of the CT band of [4a’]+ at 
678 nm and shifts its maximum to 720 nm, whereas the band at  
450 nm ([4a’]+) gains in intensity and shifts to a shorter wave- 
length a t  441 nm, we assume this oxidation to be ligand- rather 
than metal-centred with formation of a phenoxyl radical rather 
than an Mn” species. 
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hl nm - 
Figure 14 Elcctronic spectra of [4a’]PF, and electrochemically generdted [4 a?‘ * in 


CH,CN (0 1 0 ~  [N(nBu),]PF,) 


5. Magnetic properties of complexes: The temperature-depen- 
dence of the molar magnetic susceptibility of solid samples of 
complexes was studied on a SQUID magnetometer in the range 
2- 300 K. Experimental susceptibilities were corrected for un- 
derlying diamagnetism by use of Pascal’s tabulated constants. 
Magnetic moments are summarized in Table 4. 


The colourless or  pale yellow neutral species 1 ,  1 a, 2, 2a and 
2b are diamagnetic as judged by their ‘HNMR spectra (see 
Experimental Section). The neutral iron(n1)-containing com- 
plexes 3, 3a  and 3 b have a temperature-independent magnetic 
moment of 5.9 pB, indicating a high-spin d 5  electronic configu- 
ration ( S  = 5/2) .  Complex [l aIC10, is paramagnetic with a tem- 
perature-independent magnetic moment of 1 .7pB ( S  = 1/2) in 
the range 10-300 K. 


The temperature-dependence of the magnetic moment of 
[3a]C10, is more complex and is shown in Figure 15. peff de- 


314 - 7’; VCH I/itrlu~.ge.sf~l/.~rhuft mhH,  D-6’24.51 W?inliriin, 1997 0947-653Y/Y7~0302-0314 $ 15.00t .25/0 Chem. Eirr. J.  1997. 3. N o .  2 







5'4 7 


4 . 4  


Figure 15. Temperature dependence of the magnetic moment, pCtr/pB, of [3a]CI04. 
The solid line represents a best fit to the spin Hamiltonian N = - 2JS;S, (S, = 51 
2; S, = l / 2 )  (see text) 


creases monotonically from 5 . 2 5 , ~ ~  at 300 K to a plateau value 
of 4 . 9 ~ ~  below 100 K, which remains constant to x 10 K. This 
indicates an S = 2 ground state. The temperature-dependence 
was readily modelled by using the isotropic Heisenberg- Dirac- 
van Vleck (HDvV) spin-coupling model [H = - 2JS,S, + 
gpBB(S,  + S,)) for a high-spin iron(Ii1) ion (S, = 5 /2 )  coupled 
to a phenoxyl radical (S ,  = 1/2). The following numerical values 
were obtained from a fitting procedure to the above spin-Hamil- 
tonian: J = - 80 cm-', g = 2.0 (fixed), and a small amount 
of [3a] (1.6%) as paramagnetic impurity with S = 5/2. The 
intramolecular antiferromagnetic exchange coupling then 
gives the observed S = 2 ground state. The result proves that 
the phenoxyl radical is coordinated to the iron(Ir1) ion, be- 
cause in Lippard's model such antiferromagnetic coupling does 
not exist in a complex with an uncoordinated phenoxyl radi- 
~ a I . [ ~ l  


Complex 4 b exhibits a temperature-independent magnetic 
moment of 4 . 7 , ~ ~  (80-300 K), indicative of an octahedral high- 
spin manganese(1rr) ion. Its oxidized form [4b'],(CIO,),- 
(H,O),(H,O) displays an effective magnetic moment of 3 . 8 6 , ~ ~  
per manganese ion, in agreement with its formulation as an 
Mn" ion (d3). Complexes [47PF6 and [4a']PF6 also have a tem- 
perature-independent magnetic moment of 3 . 9 ~ ~  (10-300 K). 
In all these cases, metal-centred oxidation states of III or IV 


prevail. 


6. Mossbauer spectra: Zero-field Mossbauer spectra of 3, 3a  
and 3b  have been recorded at 80 K. The isomer shifts 6 of 0.49, 
0.50 and 0.48 mm s- '  vs a-Fe at 298 K and the small quadru- 
pole splitting AEa of 0.83, 0.60 and 0.76 mms-' for 3, 3 a  and 
3b, respectively, clearly indicate the presence of highly symmet- 
ric (octahedral), high-spin iron(Ir1) ions in these complexes.[201 
Most importantly, the Mossbauer spectrum of [3a]C10, at 5 K 
also shows a single quadrupole doublet with 6 = 0.54 mms-' 
and AEQ = 0.95 mms-'. Thus, one-electron oxidation of [3a] 
does not induce a significant change in the isomer shift 6 and, 
consequently, the oxidation cannot be metal-centred. Fe" com- 
plexes have very small or even negative isomer shifts 
(6 = - 0.1-0.29 mm s-').['O1 [3a]C10, also contains a high- 
spin iron(n1) ion. The increased quadropole splitting in [3a]+ as 
compared to [3a] may indicate a lower symmetry of the ligand 
field in the oxidized complex. This may be interpreted as evi- 
dence for a localized coordinated phenoxyl radical ligand at 5 K 
(on the timescale of a Mossbauer experiment: z s) in [3a]+ 
giving rise to an N,FeO,O' donor set of C,, symmetry. 
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7. EPR-spectra: X-band EPR 
spectroscopy on acetonitrile 
solutions of the electrochemi- 
cally generated monocations 
[1]+ and [2]+ and of their ben- 
zyl-deuterated forms [D,-l]+ 
and [D,-2]+ proved to be very 
informative concerning the 
question as to whether the 
phenoxyl radical is coordinat- 
ed to the metal ion gallium(m) 
and scandium(rr1). Figure 16 
shows these spectra. 


All four species display a 
signal at 298 K with hyperfine 
structure at g = 2.0041 I 
0.0002, which is characteristic 
for phenoxyl radicals.['*] The 
spectra were satisfactorily 
simulated by taking into ac- 
count of the hyperfine cou- 
pling with the gallium 
(71169Ga, nuclear spin I = 3/2) 


336.0 337.0 33s 0 
Blm ' l -  


Figure 16. X-band EPR spectra of 
electrochemically generated [I]'. ID,- 
l]', [2]' and [D,-2It in CH,CN 
( 0 . 1 0 ~  [N(nBuj,]PF,) at 298 K (condi- 
tions: 9.4592 GHr, 0.45 mW, modula- 
tion frequency: 100 kHz: modulation 
amplitude: 0.026 mTj. Solid lines rep- 
resent experimental spectra. broken 
lines arc simulations using the parame- 
ters in Table 5. Thc ordinates arc in  
arbitrary units of dX"idB. 


or the scandium ion (45Sc, I = 7/2), as well as of three equivalent 
protons of the ligand. The simulation parameters are listed in 
Table 5. Since the form of these signals responds to the selective 


Table 5 .  EPR simulation parameters. 


I11 + 0.230 (69Ga) 0.230 0.155 
0.290 (71Gaj 


0.290 ("Ga) 
[D,-lI+ 0.230 (6'Ga) 0.035 0.120 


PI + 0.117 (4sSc) 0.207 0.140 
P6-21' 0.117 (45Sc) 0.032 0.104 


[a] Hyperfine coiiphng constants [b] Line width at half height 


deuteration of the six benzylic protons (aH/a, z 6.5), coupling to 
one of the diastereotopic protons of each of the three benzyl 
groups must occur. This immediately implies that on the EPR 
timescale (x lo-' s) at ambient temperature the unpaired elec- 
tron in [1]+ and [2]+ is delocalized over all three phenolate 
groups. Note that this is probably not the case for [3a]+ where 
Mossbauer spectroscopy (see above) may imply the presence of 
one localized phenoxyl radical (timescale z 10- ' s) at 5 K. The 
large hyperfine coupling to the gallium or scandium ion proves 
conclusively that the phenoxyl radical is coordinated and not 
dangling as in Lippard's model complex.[21 


Discussion 


We have recently published the syntheses and crystal structures 
of blue [L°CH3Cr"'] ' 2  CH,CN and its violet one-electron oxi- 
dized form [L°CH3Cr1"]C10,~ 3 CH,CN.['31 The former has a 
temperature-independent magnetic moment of 3.87 pB indica- 
tive of an S = 3/2 ground state of a chromium(II1) complex, 
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whereas for the lattcr a temperature-independent pCf, of 2.83 pg 
indicates sin S = 1 ground state of the monocation, which is 
attained by strong intramolecular antiferromagnetic coupling 
between a coordinated phenoxyl radical (S = 1 /2) and a chromi- 
um(iri) ion (S = 3/2). In the crystal structure of 
[L”CHiCr111]C104, the phenoxyl radical and the two phenolate 
pendant arms of the macrocyclic ligand are clearly discernible 
and agree with the two differing resonance structures shown in 
Figure 17. 


Figore 17. Structural data of[Cr”’Lc’‘H’]CI0,~3CH,CN [13]. On the left-hand side 
the iverage hond lenglha ofthe t m o  coordinated phenolate pendent :ti-ms arc given, 
and 011 the right-hand side those for the coordiiiated phenoxyl radical, for which onc 
rexrniincc b~ructure  is drawn. 


The two phenolates and the phenoxyl radical are coordinated 
to the metal ion. Interestingly,the Cr-Ophenoxyl bond length of 
2.943 (2) A is slightly longer than the Cr-OOphenol~lte bond length 
of 1.920(3) A. In contrast, in the trianionic triscatechola- 
tochromium(lr1) complex,[211 [CrLJ3 ~, where L is 3,5-di-teut- 
buiylcatecholate(2 -), the average Cr-O,,, bond length is 
1.986(4) A, whereas in its oxidized form,[221 [CrL,] [ L  = 3.5- 
di-tcvt-butylsemiquinonate(1 -)I, the Cr-05emiqui,,one distance is 
shorter a t  1.933 (5) A. Complexes of this type have been shown 
to undergo reversible or quasi-reversible one-electron redox 
steps to give Cr(quinone);, where n ranges from 3 + to 3 - . l r3’  


Thus, coordinated tris(0-catecholates) display a similar chem- 
i ~ t r y ‘ ~ ~ ]  to the phcnolato complexes reported here. 


From EPR and susceptibility measurements“31 we have con- 
cluded that the electronic ground states of the neutral complex 
[L°CH3Cr“’] is S = 312, that of the monocation is S = 1, that of 
the dication is S = 1/2 and that of the trication is S = 0. These 
ground states are attained via intramolecular antiferromagnetic 
exchange coupling between zero, one, two or three coordinated 
phenoxyl radicals and a central chromium(II1) (t$) ion. 


Similarly, the corresponding neutral iron complexes 3 ,3  a and 
3b  contain high-spin iron(i1r) ions with S = 5/2 ground states, 
whereas the corresponding monocations have S = 2. For the 
dictrtions S = 3/2 and for the trication S = 1 ground states are 
expected, but this has not yet been proven experimentally. This 
behaviour is again in excellent agreement with that of analogous 
tris(catecholato)iron(m) complexes 12” and their semiquinonale 
analogues, which have recently been shown by high magnetic 
field Mossbauer spectroscopyL2”l to cxhibit relatively localized 
bonding between a high-spin ferric ion and semiquinonate rad- 
ical ligands. 


In the neutral trisphenolate complexes containing redox-inac- 
tive gallium(iir) o r  scandium(m) ions, the monooxidized forms 
[l]’ , [ la]+ ,  [2]+ and [2a]’ contain one coordinated phenoxyl 


radical. The EPR spectra of [ l  a]’ and [2a]+ in acetonitrile 
solution at  room temperature show that the unpaired electron is 
delocalized over the whole cation on the EPR timescale 
( z  10-’s). It is interesting to note that in tris(semi-quinona- 
to)gallium(ru) complcxes the spins of the three unpaired clec- 
trons are aligned parallel,[261 giving rise to  an S = 3/2 ground 
state. Ferromagnetic intramolecular coupling of this kind oper- 
ating through superexchange mechanisms has also been ob- 
served for inetal(1v) derivatives of the diiiegative radical ligand 
3,5-di-tert-butyl-l,2-semiquinonato-l-(2-hydroxy-3,5-di-tevt- 
butylpheny1)imine (MI” = Ti, Ge, Sn).[271 We therefore expect 
similar behaviour for the present di- and trications, which 
should yield S = 1 and S = 312 ground states. 


All the available spectroscopic data suggest that the oxidized 
forms of LM“’ complexes (M = Ga, Sc, Cr, Fe) contain coordi- 
nated phenoxyl radicals. In no instance has a metal-centred 
oxidation been observed. The situation is different for the man- 
ganese complexes; the monocations [4’]+, [4a’]+ and [4b’]+ 
clearly containing a manganese(1v) ion. The spectroelectro- 
chemical investigation of the dication [4a’]’+ then points to a 
ligand-centred oxidation. This species is most probably a man- 
ganese(rv) complex with a coordinated phenoxyl radical. In- 
tramolecular antiferromagnetic coupling is expected to yield an 
S = 1 ground state in [4a’I2+. 


The chemistry described in this paper places coordinated phe- 
nolates in the growing class of noninnocent organic ligands such 
as 1,2-dithioIenes, diimines, quinones and porphyrins. We have, 
therefore, checked the recent literature for first-row transition 
metal complexes with “unusually” high oxidation states of the 
central metal ion and coordinated phenolates. In a series of 
interesting papers, Koikawa, Okawa, Kida et al.[28-311 have 


In addition, they have described dinuclear copper(I1) complexes 
which they show to undergo a one-electron oxidation to  the 
mixed valent “Cu“Cu”’” and a further one-electron oxidation to 
a dinuclear “Cuy” species. These complexes contain, in their 
reduced forms, trianionic ligands derived from N-(2-hydrox- 
ypheny1)salicylamidc. The mononuclear bis-complexes [MI1’- 
LJ3 ~ (M = Fe, Co) and a [Mn1VL2]2- species were subjected to 
one-electron oxidation by use of Ce” to give [ML,]’- and an 
[MnLJ species. In our view, all the 


tochemistry reported by these au- 
thors are also compatible with for- 


Fell’) and M d - O R  species. Simi- 
larly, the Cu”’-OR complexes may 
in f x t  be Cu“-OR. In all these cas- 
es, strong intramolecular antiferro- 
magnetic coupling of the d” elec- 
trons with the radical spin would give the observed ground 
states. A similar case has recently been reported by Collins et 


for an iron(1Ir) complex containing a similar coordinated 
radical ligand.[32] It is not a trivial matter to characterize the 
electronic structure of such complexes. 


Recently, Tolman et al. have reported a mononuclear cop- 
per(1r) complex that contains a coordinated phenoxyl radical.[341 
This complex serves as a structural model for the enzyme galac- 
tose oxidase. 


described octahedral complexes of “Mn’”, “FeiV” and “Co~v” 


spectroscopic data and the magne- R 


ho@ 0 
mulation as MII’--OR (M = Co“’, L =  L E  6;” 


R=H,CH,.CI,NO, 
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Experimental Section 


1,4,7-Tris(3,5-dimethyl-2-hydroxybenzyl)-t,4,7-triazacyclono~~ne (LCHJH,j 
[Y]: A solution of 1,4,7-triazacyclononane (tacn) (3.0 g, 0.024 tiiol) and 
paraforiiialdehyde (2.16 g, 0.072 mol) in methanol (100 mL) wab refluxed for 
0.5 h. 2,4-Dimethylphenol (9.0 g, 0.074 mol) was added to the orange solu- 
tion. The mixturc was refluxed for 12 h and allowed to cool t o  room temper- 
ature. The white product was collected by filtration. Yield: 7.6 g (60%); 
'H NMR (400 MHz, CDCI,, 20°C): 6 = 2.20, 2.25 (s, 3 H ,  S, 3H,  PhCN,). 
2.85 (s, 4H,  NCH,CN,N), 3.70 (s, 2H,  NCH,Ph), 6.60 (s, 1 H, PhH), 6.95 
(s, 1 H, PhH), 9.95 (brs, 1 H, PhOH); t-3C NMR (100.62 MHz, CDCI,, 
293 K): 6 =l5.4, 20.6 (CH,), 55.3 (NCH,CH,N), 62.4 (NCH,Ph), 121.1, 
124.5. 127.1, 127.7, 130.9 (arom. C ) ,  153.0 (arom. COH); MS (FAB): m/z 
(%): 532.8 (100) [ M + H + ] ;  C,,H4sN,0, (531.74): calcd C 74.5. H 8.5, N 7.9, 
found C 74.8, H 8.8, N 7.3. 


1,4,7-Tris(3,5-di-tr~-butyl-2-hydrox~'bcnzyI)-1,4,7-triazacyelononane ( LHUH ,): 
A solution of tacn (I  .0 g, 8 mmol) and paruforinaldehyde (0.72 g, 0.042 mol) 
in methanol (20 mLj was refluxed for 2 h. 2,4-Di-tert-butylphenol (9.8 g, 
0.048 mol) and a few drops of conc. HCI were added to the orange solution. 
The mixture was refluxed for 3 h and allowed to cool to room temperaturc. 
The white product was isolated by filtration and recrystallized from acetoni- 
trile solution. Yield: 3.1 g (50%); 'HNMR (400 MHz, CDCI,, 293 K): 
6 =1.24, I.~~(s.~H,s,~H,P~C(CH,),),~.~~(S,~H, NCH,CH,N), 3.71 (a. 


2H, NCfI,Ph), 6.75, 7.21 (d, l H ,  d ,  I H ,  ,J(H,H)=2.34Hz, PhfI), 10.1 
(brs, 1 H, PhOH); ',C NMR (100.62 MHz, CDCI,, 293 K): 6 = 28.8, 31.8 
(C(CH,),). 31.2. 34.9 (C(CH,),), 55.4 (NCH,CH,N), 63.5 (NCH,Ph), 
121.5, 123.5. 123.8, 135.7, 141.0 (arom. C), 154.0 (arom. COH); MS (FAB): 
n7/z (%): 784.6 (100) [A4']; C,,H,,N,O, (784.2): calcd C 78.1, H 10.4. N 5.4, 
found C 78.7, H 11.4, N 5.4. 


I ,4,7-Tris(3-tc~~f-butyl-S-methoxy-2-hy~roxyhen~yl)-l.4,7-triazacyclononane 
(LorH'H,): The same procedure as  described for L""H, was employed, but 
2-tert-butyl-4-niethoxy-phenol (8.7 g, 0.048 mol) was used. Yield: 2.8 g 


2.79 (s,4HI.NCH,CH,Nj, 3.67 (s ,2H,NCHZPh),  3.69 (s, 3H,OCH,), 6.32, 
6.79 (d, I H ,  d, I H ,  ,J(H.H) = 2.91 Hz, PhH), 9.83 (brs, 1 H, PhOH); I3C 
NMR (67.93 MHz, CDCI,, 293 K): 6 = 29.4 (C(CH,),), 34.8 (C(CH,),j, 
55.4(NCH,CH2N), 55.6(OCH3), 63.2(NCH2Ph), 111.3, 113.1 (arom. C'H), 
122.7 (arom. CC(C€I,),), 138.0 (arom. CCH,N), 150.0, 151.9 (arom. COH 
and aroni. COCH,); MS (ESIp): mlz (%):  706.0 (72) [ M + H + ] ;  
C4,H6,N306 (705.98): calcd C 71.5, H 9.0. N 6.0, found C 71.4, H 9.1. N 6.0. 


1,4,7-Tris(3,5-di-~crf-butyl-2-deuterohydroxybenzyl)-t ,4,7-triazacyclononane 
([D6]-LB"D,): Thc same procedure as described for LR"H,, but CH,OD, 
(CD,O),, and conc. DCl in D,O were used. The 'H NMR spectrum exhibits 
the s a n e  signals as reported for LRUH, except for the signals for the benzylic 
and phcnolic protons; MS (Elp): WtlZ (%): 789 (80) [D,-L""H,]+, 790 (100) 


C,,H,,D,N,O, (793.15): calcd C 78.1, H 10.4, N 5.4, found C 78.7, H 10.4, 
N 5.4. The dcuieratcd ligand [D,]-L"CH3D, was preparcd analogously. 
All following manipulations were carried out under an  argon atmosphere in 
water-free solvents. 
1: GaCI, (0.17 g, 1 mmol) was added to  a solution of L""H, (0.78 g, 1 mmol) 
in acetonitrile (30 mL). After rcfluxing for 2 h and cooling to room temper- 
ature, a white microcrystallinc product formed and was collected by tiltra- 
tion. Yield: 0.39g (46%); ' H N M R  (400 MHz, CDCI,, 300 K): 6 =1.16, 
1.24 (s, 9H, s, 9H,  PhC(CH,),), 2.60, 2.80. 3.40 (m, I H ,  m, 2H, m, l H ,  
NCH,CH,N), 3.55, 4.90 (d, 1 H, d, 1 H, 'J(H,H) =12.50 Hz, NCH,Ph), 
6.63,7.12(d,1H,d,lH,4J(H,H) =2.59Hz,Phfl); '3CNMR(100.26MHz, 
CDCI,, 293 Kj: 6 : 30.1, 31.9 (C(CH,),), 34.0, 35.1 (C(CH,),), 49.3, 53.5 
(NCH,CH,N), 64.1 (NCH,Ph), 117.3 (arom. CCH,N). 123.0, 122.2 (arom. 
CH, 135.0. 137.8, (arom. CC(CH,),), 160.5 (arom. COGaj; MS (FAB): m/z 
(%): 850.0 (100) [ M + ] ;  C,,H,,N,O,Ga (850.9): calcd C 72.0, H 9.2, N 4.9, 
found C 69.8, H 9.3, N 4.8. 
l a :  GaCI, (0.17g, 1 nimol) was added to a solution of L°CH3H, (0.71 g, 
1 mmol) in acetonitrile (30 mL). After refluxing for 2 h and cooling to room 
temperature, a white microcrystalline product formed which was isolated by 
filtration. Yield: 0.42g ( 5 5 % ) ;  ' H N M R  (270MHz, CD,CI,, 300 K): 
6=1.31 (s, YH, PhC(CH,),), 2.55, 2.80, 3.11 (in, IH,  m, 2 H ,  m, l H ,  
NCH,CH,N), 3.40,4.70 (d, I H ,d ,  1 If, 'J(H,H) =12.58 HL, NCH,Ph), 3.69 


(50%); ' H N M R  (270 MHz, CDCI,, 300 K): 6. = 1.40 (s, 9 H ,  PhC(CH,),), 


[D,-LBUD,H2]', 791 (70) [D,-L""D,H,]+, 792 (25) [D,-LRUD,]+; 


(s, 3H,  OCH,) ,  6.31, 6.78 (d, l H ,  d,  I H ,  "J(H,H) = 3.12 H7. PhH): 13C 
NMR (100.62 MHz, CD,CI,, 300 K): 6 = 30.0 (CCCH,),). 35.4 (C(CH,),), 
49.0, 56.1 (NCH,CH,N), 55.2 (OC:H,), 64.3 (NCH,Ph). 112.1. 113.9 (arom. 
CH), 118.7 (arom. CC(CH,),), 140.1 (arom. CCH,N). 148.7 (arom. 
COCH,), 158.4 (nrom. COGaj; MS (ESlp) rn/: (%): 772.0 (SO) .  774.0 (40) 
[M+H]' ; C,,H,,N,O,Ga (772.68): calcd C 65.3, H 7.8. N 5.4. found C 
64.8, H 7.7, N 5.6. 


IlalCIO,: [Ni"'(tacn),](ClO,), [14] (0.62 g. 1 nimol) w a s  added to a solution 
of 1 a (0.77 g, 1 mmol) in CH,CN (45 mL) at - 18 C .  After stirring for 
15 min. the green solution was filtered, and the solvent partly removed by 
rotary evaporation under reduced pressure. A green solid precipitated and 
was collected by filtration. Yield: 0.40 g (46%); MS (ESIp) n7!2 (Yo):  756.5 
(69), 758.5 (52) [ M +  - C10, - OCH,]; 771.5 (100). 773.5 (74). 
[M' - CIO,]; Cd,H,,,N,OloCIGa (872.13): calcd C 57.8.14 6.9. N 4.X, CIO, 
11.4, found C 57.0. H 6.9, N 4.5, CIO, 11.0. 


2: ScCI;hH,O (0.26 g, 1 mmol) was added to a solution of LH"H, (0.78 g, 
I mmol) in acetonitrile (30 mL). After refluxing for 2 h and coolins to irooni 
tempcrature, a whjtc microcrystalline product formed. which was isolated by 
filtration. Yield: 0.36 g (44%); 'HNMR (400 MHz, CD,CN, 300 K): 
6 =1.26, 1.41 (s. 9H, S .  9H, PhC(CH,),), 2.38, 2.75, 3.05 (ni. 2H. m, 1 H, m, 
1 H, NCH,CH,N), 3.31,4.03 (d, 1 H, d, 1 H, *J(H,H) = 12.23 Hz, NCEI,Ph). 
6.95,7.22 (d, 1 H, d,  1 H, ,J(H,H) = 2.49 Hz, PhH); ',C NMR (100.61 MHz, 
CD,CN, 300 K) :  (5 = 30.2, 32.1 (C(CH,),), 34.6, 35.6 (C(CH,j,). 49.5, 59.0 
(NCH,C'H,Nj, 64.4 (NCH,Ph), 124.4 (arom. CCH,N), 124.7. 126.4 (arom. 
CH), 136.2, 137.7 [arom. CC(CH,),], 161.7 (arom. ('0%); C5,H,,N,0,3Sc 
(826.2): calcd C 74.2, H 9.5, N 5.1, found C 74.8. H 9.3, N 5.0. 
[D&I and ID61-2- The samc proccdures as describcd for I and 2 wcrc eni- 
ployed, but [D6]-LU"D, was used. The 'HNMII  spectra show thc same 
signals as  reported for I and 2, except for thc signals of thc ben7ylic protons; 
MS (ESIp): m j z  (%>): X32 (200) [ M i ] ;  C51H,,D,N,0,Sc (832.2). 
2a:  ScCI,.6H,O (0.26g, 1 mmol) was added to a solution of L"CH'H, 
(0.71 g, I mmol) in acetonitrile (30 mL). After rctlitxing for 2 h and cooling 
to room temperature, a white crystalline product forined which was isolated 
by filtration. Yicld: 0.46 g (62%); 'H NMR (400 MH7. CDCI,, 300 K ) :  
6 =1.41 (s, 9H,  PhC(CN,),), 2.30, 2.58, 2.84 (m. 1 €I, in, 1 H, ni, 2H,  
NCH,CH,N).3.15.4.19(d,1H,d,1H,2J(H,H) =12.15 Hz,NCH2Ph).3.72 
(s, 3H,  OCH,), 6.46, 6.84 (d, 1 H, d, 1 H,  ,J(H,H) = 3.15 Hz, PhH); I3C 
NMR (100.62 MHz, CDCI, 300 K):  6 = 29.5 [C(C'H,),], 35.0 [C(CH,),]. 
49.0, 58.4 (NCH,CH,Nj. 55.8 (OCH,), 64.0 (NCH,Ph). 112.8, I 1  3.6 (arom. 
CH), 123.0 (aroni. CC(CH,),), 138.2 (arom. CCH,N), 148.8 (aroin. 
COCH,). 157.6 (arom. COSc): MS (ESIp) m/z (%): 747.0 (100) [M+];  
C,,H,,N,O,Sc (747.97): calcd C 67.5, H 8.1, N 5.6. found C 6S.0, H 8.0. N 
5.6. 
2b: A few drops of NEt, were added to a solution of LCH3H, (0.54 g. I mmol) 
and ScCI;6H20 (0.26, 1 mmol) in acetonitrile (30 mL). After refluxing for 
3 h and cooling to room temperature, a white inicrocrystalline product 
formed which was isolated by filtration. Crystals of 2b.2CH3CN werc ob- 
tained by recrystallization from CH,CN. Yield: 0.41 g (72%);  'HNMR 


2.81 (m. 1 H, ni, I H ,  m, 2H,  NCH,CH,N). 3.21. 4.33 (d. I H ,  d, 1 H, 
(400 MHz, C,DCI,, 293 K): 6 = 2.15. 2.18 (s, 311, s, 3H,  PhCH,), 2.20. 2.58, 


2J(H,H)=14.13H~,NCH,Ph),  6.68,6.90(d, l H , d ,  I H ,  PhH);  ' ,CNMR 
(100.62 MHz, CDCI,. 293 K): 6 =I4.5, 19.4 (CH,), 49.2, 58.3 
(NCH,CH,N), 61.8 (NCH,Ph), 120.9, 123.7, 124.5, 127.3, 130.5 (arom. C), 
159.0 (arom. COSc); MS (FAB): m / z  (%j: 573.20 (100) [M+];  
C,,H,,N,O,Sc (573.7): calcd C 69.1, H 7.4, N 7.3, found C 69.5, H 7.6. N 
7.1 
3 :  FeCI,.9 H,O (0.52, 1 mmol) was added to  a solution of LH"H, (0.78 g. 
1 mmol) in methanol (50 mL). The solution was refluxed for 0.5 h. NEt, 
(1 mL) was added to Lhe violet solution, a i d  the resulting red solution was 
refluxed for 2 11. After cooling to room temperature, water (5 mL) w ~ i s  addcd, 
which initiated the precipitation of a microcrystalline red solid. Yield: 0.70 3 
(83%); MS (FAB): 4; (YO): 836.5 (100) [Mi]; C,,H,,N,O,Fe (837.1): 
calcd C 73.2, H 9.4, N 5.0. found C 71.3, H 9.5, N 4.9. 


3 a :  The same procedure as described for 3 was employed, but LOCH3H, 
(0.71 g. 1 mmol) was used. Yield: 0.48 (63%); MS (ESIp) nz/z (%): 759.0 
(100) [hi'+]; C,,HhUN3O,Fe(758.8): calcd C 66.5. H 8.0. N 5.5. Fe7.4, found 
C 66.8. H 8.0. N 5.4, Fc 7.2. 


[3alC10,: [Ni"'(tacn),](CIO,), (0.62 g. 1 nimol) was added to a solution o f 3 a  
(0.76 g, 1 mmol) in CH,CN (45 mL) at - 18 " C .  After 15 min the blue solu- 
tion was filtered. and the solvent was partly removed by evaporation under 
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reduced pressure. The deep blue microcrystalline solid was isolated by filtra- 
tion. Yield: 0.48 g (56%); MS (ESIp) m/z  (%): 758.5 (100) [ M + ] ;  
C,,H,,N,O,,CIFe (858.3): calcd C 58.8, H 7.1, N 4.9. Fe 6.5, CIO, 11.6, 
found C 58.5, H 6.8, N 5.1, Fe 6.3, CIO, 11.3. 


3h: NEt, (1 mL) was added to a solution of LcH?H, (0.53 g, 1 mmol) and 
Fc.CI;9H20 (0.52, 1 mmol) in acetone (30 mL). After 1 h of stirring, water 
(5 mL) was added, which initiated the precipitation of a microcrystalline red 
solid. Yield: 0.43 (73%); MS (FAB) nz/z (%)): 583.1 (100) [ M ' ] ;  
C,,H,,N,O,Fe (584.6): calcd C 67.7, H 7.3. N 7.2, found C 68.2, H 8.0, N 
7.2. 
4': Asolution of IMn~O(CH3CO2),]CH,CO2 (0.23 g, 0.33 mmol) and LB"H, 
(0.79 g. 1 mmol) in acetonc (30 mL) was refluxed in thc presence of air for 
0.5 h. After addition of a few drops ofNF,t, and heating for 2 h, a deep green 
solution formed. NaPF, (0.5 g, 3 mmol) was added to the cooled (20 "C) 
solution, and [L""MniV]PF, was isolatcd as a green solid by filtration. 
Yield: 0.77g (78%); MS (FAB) m/z (YO): 835.6 (100) [ M +  - PF,]; 
C,,H,,N,O,MnPF, (Y81.1): calcd C 62.4, H 8.0, N 4.3, found C 61.3, H 8.6, 
N 3.8. 


4a': The same procedure as described for 4' was employed, hut L°CH3H, 
(0.71 g,  1 mmol) was used. Yield: 0.60 g (67%); MS (ESIp) m / i  ( Y o ) :  757.0 
(100) [ M +  - PF,]; C,,H,,N,O,MnPF, (902.9): calcd C 55.9, H 6.7, N 4.7, 
Mn 6.1. found C 55.7, H 6.8, N 4.7, Mn 6.0. 
4b: A solution of LCH3H, (0.53 g, 1 mmol) and [Mn~'O(CH,CO,),]CH,CO, 
(0.23 g, 0.33 mmol) in acetone (30 mL) was heated to reflux for 0.5 h. NEt, 
(2 mL) was addcd, and the solution heated for 2 h. Water (6 mL) was added 
to the green solution, which initiated the precipitation of a microcrystalline 
green solid. Yield 0.54g (93%); MS (FAB) m/z (%): 583.1 (100) [ M + ] ;  
C,,H,,N,O,Mn (583.7): calcd C 67.9, H 7 . 3 ,  N 7.1, found C 68.2, H 7.5, N 
6 8. 


(4 b'~,(ClO,),(H,O)(H,O),: 4 b (0.59 g, 1 mmol) was dissolved in methanol 
in the presence of air and HCIO, (60%, 0.5 mL) was added. After 3 d in an  
open vessel, deep green crystals precipitated. Yield: 0.35 g,  (23%); MS (FAB) 
m/z  (%): 583.2 (100) [M' - CIO,]; C,,H,,N,O,,Mn,CI, (1538.8): calcd C 
513,  H 6.2, N 5.2, found C 50.1, H 6.1, N 5.2. 


Physical Measurements: Electronic spectra of the complexes and spectra of 
the spectroelectrochemical investigations were recorded on a Perkin Elmer 
L.ambda 19 (range: 220-1400 nm) and on a HP 8452A diode array spec- 
trophotomcter (range: 220-820 nm), respectively. Cyclic voltammograms, 
square-wave voltammograms and coulometric experiments were performed 
on EG & G equipment (Potentiostat/Galvanostat Model 273A). EPR spcctra 
orcomplexes ( lo - ,  M ,  CH,CN solution containing 0 . 1 0 ~  [N(nBu),]PF,) wcrc 
rncasured at 298 K in a quartz cell (d = 0.3 mm). The data were digitized on  
a data station (Stelar s.n.c., Mede, Italy). The spectra were simulated by 
iteration of the isotropic hyperfine coupling constants and line widths u and 


A v ~ , . ~ .  We thank Dr.  F. Neese (Abteilung Biologie der Universitat Konstanz) 
for a copy of his EPR simulation program. Temperature-dependent (2- 
298 K) magnetization data were recorded on a SQUID magnetometer 
(MPMS Quantum Design) in an  external magnetic field of 1.0 T. The exper- 
imental susceptibility data were corrected for underlying diamagnetism by use 
of tabulated Pascal's constans. The Mossbauer spectra were recorded on an 
alternating constant-accelaration spectrometer. The source was "Co/Rh and 
the minimum experimental line width was 0.24 mms- '  full width at half 
maximum. The sample temperature was maintained constant in an Oxford 
Instruments Variox cryostat. Isomer shifts are quoted relative to iron metal 
a t  300 K. 


Crystal Structure Determinations: Details of the crystal data, data collection 
and refinement are summarized in Table 6. Intensities and lattice parameters 
of colourless crystals of LB"H,, L°CH'H,, [2a] and [2b].2CH3CN were mea- 
sured on an Enraf-Nonius CAD4 diffractometer by using Cu,, radiation 
(L""H,, L°CH3H,), and on a Siemens SMART system and a Siemens P4 
diffractometer by using Mo, radiation for [2a] and [2b].2CH3CN, respec- 
t i d y .  Similarly, a green crystal of [4b] (CH,OH), was studied on a Siemens 
P4 diffractometer by using Mo,, radiation. No corrections for absorption 
effects were carried out. The structures were solved by conventional Patterson 
and difference Fourier and direct methods and refined with anisotropic ther- 
mal parameters for all non-hydrogen atoms. Neutral-atom scattering factors 
and anomalous dispersion corrections for non-hydrogen atoms were taken 
from ref. [33]. The Siemens programme package SHELXTL PLUS (G. M. 
Sheldrick, Universitdt Gottingen) was used throughout. All methyl, 
methylene and aromatic hydrogen atoms were placed at  calculated positions 
and were refined with isotropic temperature factors. The function minimized 
during full-matrix least-squares refinement was ~ w ( l F O l  - IF,I)'. 
Further details of the crystal structure investigations may be obtained from 
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen 
(Germany) on quoting the depository number CSD-59362. 
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Extended-Core Discotic Liquid Crystals Based on the Intramolecular 
H-Bonding in N-Acylated 2,2'-Bipyridine-3,3'-diamine Moieties 


Anja R. A. Palmans, Jozef A. J. M. Vekemans," Hartmut Fischer, 
Rifat A. Hikmet and E. W. Meijer" 


Abstract: A new type of disc-shaped molecule (1  a-c) has been synthesised and charac- 
terised. The molecules were built up by linking three lipophilic, N-monoacylated 2,2'- 
bipyridine-3,3'-diamine wedges to  a central 1,3,5-benzeiietricarbonyl unit. They show 
liquid crystalline behaviour, as shown by DSC, polarisation microscopy and X-ray 
diffraction. In all cases the mesophase was characterised as a D,, phase. From 'H NMR 
results it was shown that the interior of compounds l a - c  preferentially adopts a C, 
symmetrical conformation owing to strong intramolecular H-bonding, which gives rise 
to  an extended core. This large core induces strong interactions between molecules. 
leading to mesophases of enhanced thermal stability. 


Keywords 
bipyridines a discotic liquid crystals ' 
hydrogen bonds ' liquid crystals * 


mesophases 


Introduction 


Since its beginnings in 1977,"' the field of discotic liquid crystals 
has expanded exponentially. A recent new development is the 
synthesis of discotic liquid crystals of increased dimen- 
sions,[2a-g1 containing cores with diameters exceeding 20 A. 
They are much larger than the commonly used and well-studied 
cores based on benzene or triphenylene, which have diameters 
of around 10 A. One of the major consequences of the larger 
cores is to extend the temperature range of liquid crystallinity. 
Potential applications for which enhanced temperature stability 
of mesophases is desirable include one-dimensional chargc 
transport.r3" ~ bl. 


Although a wide variety of central cores are currently 
known to induce discotic liquid crystalline behaviour, there are 
only limited reports of columnar mesophases based on large 
discs built up through intermolecular H-bonding between 


Intramolecular H-bonding has also only seldom 
been used to improve the rigidity of an otherwise flexible core.[51 
Without a doubt, secondary interactions such as H-bonding will 
gain in importance as a powerful and flexible tool to control the 
conformation of large central cores. 


[*] J. A .  J. M .  Vekemans, E. W. Meijer, A. R. A. Palmans 
Laboratory of Organic Chemistry, Eindhoven University of Technology 
POBox 51 3, 5600 M B  Eindhoven (The Netherlands) 
Fax: lnt. code +(40)245-1036 
e-mail: tgtobm(u chem.tue.nl 
H. Fischer 
Department of Polymer Chemistry and Technology 
Eindhoven University of Technology 
R .  A Hikmet 
Philips Research. Prof. Holstlaan 4, 5656 AA Eindhoven (The Netherlands) 


We have shown recently that strong intramolecular H-bond- 
ing is present in N-acylated 2,2'-bipyridine-3,3'-diamine~,[~I and 
we therefore decided to use this building block to design a new 
class of large disc-shaped molecules. Here, we discuss the syn- 
thesis and characterisation of compounds l a -c  (Figure 1) in 
which three rigid bipyridine moieties and a central benzene ring 
form a large planar core. Intramolecular H-bonding and strong 
stacking interactions between the large molecules 1 a-c lead to 
enhanced stability of the mesophases. 


Ro$ 


b R  


Figure 1.  Disc-shaped compounds based on N-acylated 2.2'-bipyridine-3.3'-di- 
aminc (R = n-C,H,, (a), n-C,,H,, (b), u-C,,H,, ( e ) ) .  
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Results and Discussion 


1. Synthesis: Disc-shaped molecules 1 a-c were synthesised by 
a convergent approachi7] (Scheme 1). The synthesis of 2,2'- 
bipyridine-3,3'-diamine has been described previously.[*] The 
hydrophobic groups in 4a-c were introduced by alkylation of 


1. alkylation 
M e O C O d O H  . 2. saponification CIOC&3R 


3. soc12 
OH O R  


la-c 


YN - 
TEA 


COCl 


TEA 
- la-c 


RO 
OR 


5a-c 
Scheme 1. Synthesis of disc-shaped compounds l a -c  (R = n-C,H,, (a), n-C,,H,, 
(b), n-Ci,H,, (el). 


the commercially available methyl 3,4,5-trihydroxybenzoate by 
modifying previously described proced~res.~'"- b1 To obtain a 
high degree of monoacylation in the condensation of 2,2'- 
bipyridine-3,3'-diamine with acid chlorides 4 a-c, all reactions 
were carried out by adding a dilute solution of the acid chlorides 
( ~ 0 . 1  mM) to an ice-cooled and dilute solution ( Z  0.1 mM) of 
2,2'-bipyridine-3,3'-diamine and triethylamine (TEA). Typical 
product ratios of mono- to diacylated compounds were 86: 14, 
regardless of the acid chloride used. Column chromatography 


proved to be a useful tech- 
nique to separate the monoa- 
cylated compounds S a,b from 
the diacylated compounds 
6a,b.1'01 In the case of com- 
pound Sc, solubility problems 
and almost identical R, values 


N O  for the mono- and diacylated 
KN products prevented complete 


separation by column chro- 
matography. Compound Sc 
could, however, be obtained 
at a purity of up to 95% and 
was used as such. In the final 


6b: = "G12H25 step-linking Sa-c to ben- 
zene-I ,3,5-tricarbonyl trichlo- 


ride-we found that it is crucial to use a slight excess of Sa-c to 
ensure complete reaction. Although acid chlorides are reactive, 
long reaction times, or in the case of compound Sc even elevated 
temperatures, are required. The crude compounds were 
thoroughly purified and finally precipitated from a CHCI, solu- 
tion with acetone, giving the desired compounds 1 a-c in rea- 
sonable to good yields (54-82%). Compounds 1a,b were ob- 


o*c I k0: 
53 


" O T L * O  
RO 


OR 6a: R = n-CeH13 


tained as waxy, strongly birefringent substances at room tem- 
perature; this indicates the presence of a mesophase (vide infra). 
Compound 1 c was obtained as a white powder. 


Compounds 7 and 8 were synthesised as references for addi- 
tional studies. Reference compound 7 was obtained by conden- 
sation of aniline with benzene-l,3,5-tricarbonyl trichloride in a 
yield of 72%. Compound 8 was obtained in a three-step proce- 


dure. In the first step, 2,2'-bipyridine-3,3'-diamine was mono- 
acylated with Boc,O by heating the two compounds in THF 
under reflux. Similar product ratios of mono- and diacylated 
products were observed as in the case of the previously discussed 
acid chlorides. The monoacylated compound 10 was obtained in 
70% yield after column chromatography. In the second step, 
compound 10 reacted with benzene-1,3,5-tricarbonyl trichlo- 
ride-in a similar procedure as discussed for compounds 1 a- 
c-to give the tri-Boc derivative 9. Finally, compound 9 was 
treated with trifluoroacetic acid in CH,CI, to remove the Boc 
group, yielding the desired triamine 8. Reference compounds 7 
and 8 were barely soluble in common organic solvents. 


All new compounds were fully characterised by NMR and IR 
spectroscopy and gave satisfactory elemental analyses. Gel per- 
meation chromatography (GPC) measurements confirmed the 
high purity (>99.6%) of compounds l a - c  with respect to 
higher and lower molecular weight substances. All spectroscop- 
ic data of compounds 1 a-c are in agreement with the proposed 
C,-symmetric structure (Figure 1) and will be presented in Sec- 
tion 2. The properties of these new molecules were studied in 
detail by means of differential scanning calorimetry (DSC), po- 
larisation microscopy and X-ray diffraction, and the results will 
be given in Sections 3-5. 


2. 'HNMR spectroscopy: It has been shown previously that 
strong intramolecular H-bonds in N-acylated 2,2'-bipyridine- 
3,3'-diamines lead to the formation of a planar, transoid 
bipyridine system.['] In 'H NMR spectra this conformation is 
characterised by a low-field absorption of the amide NH (at 
6 ~ 1 4 )  and of the H-4 proton of the pyridine ring (at 6 ~ 9 . 2 ) ,  
which is a consequence of the deshielding influence of the adja- 
cent carbonyl group. 


The 'H NMR spectra of compounds 1 a-c were recorded in 
CDCI, and follow the pattern described above. For example, in 
compound 1 b (Figure 2), two low-field NH shifts (6 = 15.49 
and 14.36) are present. Furthermore, the absorptions of pyri- 
dine protons H-4 and H - 4  are found at 6 = 9.56 and 9.38, 
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14 12 10 8 6 4 2 


6 
Figure 2. ' H  NMR spectrum of compound 1 b in CDCI, 


respectively. These values are in agreement with those common- 
ly (observed in acylated 2,2'-bipyridine-3,3'-diamines. However, 
6 == 9.16 for the orlho hydrogens of the central benzene ring is 
remarkably high. Similarly high values for ortho-H are found in 
1 a and l c  (6 = 9.25 and 9.22, respectively). 


To account for this, reference compounds 7 and 8 were de- 
signed to determine the influence of the bipyridine moiety on the 
6 value of ortl7o-H of the central benzene ring. Both compounds 
are insoluble in CDCI,, and [D,]DMF was used for their 
'H  N M R  spectra; these are compared in Figure 3. A large dif- 


H-ortho 1 


____ -.. . 
7 


NH 
I _ _  


6 
Fipure 3 'H  NMR specti-d in [D,]DMF of compounds 7 and 8 


ference between the absorptions of the amide NH in compound 
8 (6 =15.79) and compound 7 (6 =10.56) was found, and a 
low-field absorption at  ij = 9.46 for H-4 was observed in com- 
pound 8 .  Furthermore, a substantial difference in the absorp- 
tions of ortho-H atoms of the central benzene rings was ob- 
served for compounds 7 (6 = 8.81) and 8 (6 = 9.23), which 
cannot be attributed to electronic effects alone. A reasonable 
explanation is that the rotational freedom around the Ph-C=O 
in 7 is more pronounced than in 8. In compound 8, a high degree 
of coplanarity of the bipyridine units with the central benzene 
ring would induce a relative deshielding of the identical protons 
in the trimesoyl core. If the rotational freedom around the Ph- 
C=O bond is restricted in 8, then this will certainly also be the 


case in compounds la -c .  This phenomenon is illustrated in a 
CPK model of compound 1 b in Figure 4, from which it is also 
obvious that the high degree of coplanarity of the central ben- 
zene ring with the bipyridine units implies a C,  symmetry, for 
reasons of space availability. 


Figure 4. CPK model of compound 1 b 


The concentration effect in the ' H N M R  spectra of com- 
pound 1 a in CDCI, should be noted.["] On going from higher 
(31 mmolL-') to  lower concentrations (1.55 mmolL-') the 
peaks sharpened substantially and all aromatic peaks under- 
went some deshielding. The effect was most pronounced for the 
ortho-H of the central benzene ring and the protons in the inte- 
rior of the molecule, namely, NHCO, H-4 and H-6'. A similar 
effect was observed when a 2.8 mM solution of 1 a in [DJtoluene 
was heated from room temperature to 100 "C. At room temper- 
ature, the peaks were extremely broad, but sharpened at 80°C 
with a concomitant deshielding of the aromatic protons. Final- 
ly, we found that, when very apolar solvents werc used (hexane 
and cyclohexane), compounds 1 a-c did not really dissolve, but 
formed stable 


All 'H N M R  spectroscopic results given above are in agree- 
ment with the stacking of discs in solution. In the absence of 
solvent this preference for phase separation leads to liquid crys- 
talline behaviour. The preferred planar orientation of the aro- 
matic interior leads to a large rigid core with an estimated di- 
ameter of approximately 28 A (Figure 4) in compounds 1 a-e. 


3. Differential scanning calorimetry : The phase transition tem- 
peratures and enthalpies of compounds 1 a-c and 6a,b were 
determined by using DSC. The heating and cooling rates were 
10 Kmin ~ '. All samples were dried in a vacuum oven before 
use. The data are collected in Table 1. Due to the high clearing 
temperatures of compounds 1 a-c and the presence of air in the 
sealed pans, slight decomposition took place in all samples 
starting at  250 "C. 


Compound 1 a was heated in a first run from - 40 "C to 
200 "C and subsequently cooled to  - 80 "C. No K-D,, transi- 
tion could be observed. In a second run the sample was heated 
to  400 "C, and a D,,-I transition was visible at 383 "C. Due to 
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Table 1. Transition temperatures ("C) and corresponding enthalpies (k.Iniol-'j for 
thc phases [a] of compounds l a - c  and compounds 6a,b ( 0 :  phase observed; -. 
phase not observed). 


~~~ - ~ ~ ~ ~ 


~ 383 (17) [b] l a  ~ [GI 
l b  0 9 (56) ~ 355 (27) [b] 
l c  0 62 (172) ~ 308 (30) [b] 
6a 0 53 (38) ~ 108 ( 2  5) 0 


6b 0 38 (79.5) 0 - 110 (2 5) 0 


[a] K = crystalline phasc; M = unidentified mesophase; D,, = hexagonal ordcred 
columnar phase; I = isotropic phase. [b] Clearing is accompanied by some decom- 
position of the sample making the accuracy or the calculated enthalpics 
i 2  kJmol-'. [c] On cooling to -80°C the sample did not show a transition. 


decomposition of the sample, the cooling run was rather unreli- 
able, although a I-Dho transition was present at 340°C. 


In a first run, compound l b  was heated and cooled be- 
tween -20 and 200°C. A K-D,, transition was observed at 
9 "C on heating, and a D,,-K transition at - 3 "C on cooling. A 
second heating and cooling cycle between - 20 and 200 "C gave 
the same results. In a last run the sample was heated from 20 to 
380°C and showed a Dho-I transition at 355 "C, and an I-Dh0 
transition at 333 "C upon cooling. 


Compound l c  was heated and cooled in a first run be- 
tween -20 and 200 "C,  and a K-D,, transition was observed at 
62°C and a D,,-K transition at 5 4 T ,  which was immediately 
followed by a second transition at 47 "C. A second heating and 
cooling run gave the same results. In the third run the sample 
was heated up to 330"C, and a Dho--I transition was observed 
at 308°C. The cooling run showed an I-D,, transition at 
302 "C. 


Comparison of the DSC data obtained for the "monomeric" 
reference compounds 6a,b and the disc-shaped analogues 1 a,b 
reveals the striking difference in mesophase stability. While the 
temperature range in which compounds 6 a,b display liquid crys- 
tallinity is limited to approximately 60 "C,  the corresponding 
range for compounds 1 a,b is more than 350 "C. 


4. Polarisation microscopy: In order to study the thermal be- 
haviour of the compounds by polarisation microscopy, samples 
of compounds 1 a-c were prepared on a glass plate. A strongly 
birefringent texture was observed for 1 a,b, indicating that these 
compounds were already in a mesophase at room temperature. 
This was confirmed by the fact that, upon heating (to around 
200 "C), the samples slowly became mobile, that is, sensitive 
towards pressure changes, while remaining strongly birefrin- 
gent. Compounds 1 a,b exhibited a permanent mesophase start- 
ing from room temperature up to the clearing temperatures at 
389 and 373 "C for 1 a and 1 b, In both cases, the 
isotropic state had a low viscosity. Typical textures for com- 
pounds 1 a,b were grown by slowly cooling the isotropic liquid 
(1 Kmin-I), and an example is presented in Figure 5 (top). 


Compound l c  was obtained as a white powder, which 
changed into a liquid crystalhe phase at around 58°C. The 
clearing temperature of 320 "C was substantially lower than in 
1a,b. The fast reappearance upon cooling of the liquid crys- 
talline phase at 317 "C indicated a high degree of preorientation 
in the isotropic state. Again, typical textures could be grown by 
slowly cooling the isotropic liquid (Figure 5 ,  bottom). Large 


Figure 5. Top. Optical texture of 1 b at room temperaturc (crossed polarisersj. 
Bottom: Optical texture of l c  at 2x0-C (crossed polarisersj. 


homeotropic monodomains were present in the liquid crys- 
talline state. Upon further cooling, a gradual transition into the 
crystalline state was observed at around 45 "C. 


5. X-Ray diffraction: The structures of the mesophases of com- 
pounds l a - c  were examined in detail by X-ray diffraction. 
Compound l c  was heated in a glass capillary to the clearing 
point and was then slowly cooled to the liquid crystalline state 
at a rate of 5 K min- I .  At 120 "C the sample was screened to find 
suitably large monodomains. The diffraction pattern obtained 
for Lc points unambiguously to a columnar packing of the mol- 
ecules. Furthermore, two monodomains could be distinguished : 
a more prevalent one with the columns parallel to the X-rays 
and a less pronounced one with the columns perpendicular to 
the X-rays. The reflections in the wide-angle area originated 
from the second monodomain. The calculated diffraction spac- 
ings are summarised in Table 2. A sharply defined reflection at 
3.5 8, and a broad ring at 4.7 ,&can be assigned to the disc-disc 
distance and the disorder of the aliphatic chains, respectively. In 
the small-angle area (Figure 6) two clear reflections at 40.0 and 
23.2 8, are present in a hexagonal distribution. The reflections 
are assigned to the 100  and 1 I 0  reflection, respectively. Finally, 
two less intense reflections at 20.0 and 13.8 A are also observed, 
which derive from the 2 0 0 and 2 1 0 reflections. The hexagonal 
distribution of the 100  and 1 10 reflection clearly points to a 
hexagonal packing of the columns in the liquid crystalline state, 
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Tdble 2. Diffraction spacings in A obtained for compounds 1 a,b at 20' C and for 
compound 1 c at 120 "C. 


Conclusions 
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Figure 6. Diffraction pattern observed in the small-angle area for compound 1 c at 
120'C. 


with an intercolumnar distance of about 46 A. The nature of the 
liquid crystalline state present can thus be designated as a D,, 
phase. Interestingly, another monodomain could be distin- 
guished when the orientation of the glass capillary was changed. 
In this side-on view, a characteristic reflection with a quadruplet 
splitting pattern was observed. 


Compounds 1 a,b were shear aligned at room temperature. 
Both compounds show similar diffraction patterns. The calcu- 
1att:d diffraction spacings of compounds 1 a,b are summarised in 
Table 2. The diffraction patterns indicate that the molecules are 
packed in columns. For example in compound 1 b, two clear 
reflections are present in the small-angle area: a first-order re- 
flection at 34.1 8, and a reflection split into a quadruplet at 
17.4A. In the wide-angle area, the disorder of the aliphatic 
chains at 4.7 A, a sharp reflection at 3.4 A and a more diffuse 
reflection at 3.6 8, are observed. The mesophase present in com- 
pounds 1 a,b is most likely to be a D,, phase, because of the 
similarities between the X-ray diffraction pattern obtained for 
1 c in the side-on view and the those found for compounds 1 a,b. 
Unfortunately, we have not yet been able to explain the origin 
of this set of reflections. One explanation can be derived from 
the CPK model in Figure 4. Compounds 1 a-c are not perfectly 
disc-shaped; they are more accurately described as trefoil- 
shaped. To minimise unfavourable interactions and to fill the 
space between the bipyridine moieties, it is likely that a given 
disc will be rotated with respect to the previous and following 
disc. Possibly, an extra order is thus present in the lattice. Exper- 
iments with an optically active homologue are in progress and 
will hopefully clarify the origin of the splitting in the quadruplet 
reflections. 


A new class of discotic liquid crystals based on 2,2'-bipyridine- 
3,3'-diamine has been synthesised in a convergent sequence, and 
the molecules have been fully characterised. 'H NMR spec- 
troscopy has revealed that intramolecular H-bonding forces the 
3,3'-di(carbonylamino)-2,2'-bipyridine fragment of each wedge 
into a planar conformation. Furthermore, evidence has been 
presented that the core as a whole possesses a high degree of 
planarity in solution and has a diameter of approximately 28 A. 
It has been deduced from concentration and temperature mea- 
surements that the molecules have a strong tendency to aggre- 
gate in solution, which is promoted in very apolar solvents, by 
higher concentrations and by lower temperatures. Compounds 
1 a-c show liquid crystalline behaviour relying on several coop- 
erative processes. Firstly, strong intramolecular hydrogen 
bonding in the N-acylated 2,2'-bipyridine-3,3'-diamine moieties 
fixes the bipyridine units in a planar, transoid conformation. 
Secondly, the central benzene-1,3,5-tricarbonyl unit preferen- 
tially adopts a planar conformation in which all carbonyl 
groups point in the same direction giving rise to a C,  symmetry 
and to an extended planar core incorporating the bipyridine 
units. Thirdly, the presence of peripheral lipophilic nonaromatic 
side chains induces liquid crystalline behaviour, and the 
mesophase present in compounds 1 a-c can be designated as a 
D,,, phase. 


Experimental Procedure 


General: ' H N M R  spectra were recorded on a Bruker AM-400 
(400.13 MHz). IR spectra were measured on a Perkin Elmer 1600 FT-IR. 
Elemental analyses were carried out using a Perkin Elmer 240. The optical 
propertics of the materials were studied with a Jenaval polarisation micro- 
scope equipped with a Linkam THMS 600 heating device, with crossed 
polarisers. Melting points were recorded on an Linkam THMS 600 heating 
device. DSC spectra were obtained on a Perkin-Elmer DSC-7 under a nitro- 
gen atmosphere with heating and cooling rates of 10 Kmin- ' .  The transitions 
into the isotropic state of compounds 1 a-c were determined by means of 
DSC. X-ray diffraction patterns of oriented and nonoriented samples were 
recorded using a multiwire area detector X-1000 coupled with a graphite 
monochromator and a Linkam THM 600 hot stage at elevated temperatures, 
or  by means of a flat-film camera at room temperature (Ni filtered, Cu,, 
radiation). The temperature was adjustable to an accuracy of 20 .5  K.  For 
the GPC measurements, a column with PL gel (5 pL particles and 500 A pore 
size) was used with chloroform as eluent and a flow of 1 mLmin- ', and a UV 
detector was used at a wavelength of 254 nm. Fast-atom bombardment mass 
spectra (FAB-MS) were recorded on a VG micromass VG 7070 E using a Xe 
beam at 8 kV with nitrobenzyl alcohol (NOBA) as matrix. Diethyl ether was 
dried over CaCl, and stored over Na wire, THF was distilled from Na/ben- 
zophenone, and CH,Cl, was dried over CaCI, and distilled from P,O,. All 
other chemicals were used as received. 


Methyl 3,4,5-trihexyloxyhenzoate (2 a): A mixture of methyl 3,4,S-trihydroxy- 
benzoate (10 g, 54.3 mmol). I-bromohexane (29 g, 175 mmol) and anhydrous 
K2C0 ,  (40 g) was stirred under an Ar atmosphere in dimethylformamide 
(200 mL) at 75 "C for 6 h. The reaction mixture was allowed to cool to room 
temperaturc, poured into water and extracted with hexane (2 x 250 mL). The 
combined organic layers were washed with HCI (1 M, 200 mL) and saturated 
NaHCO, solution (200 mL), dried with MgSO,, filtered and concentrated in 
vacuo. The residual yellow oil was purified by column chromatography 
(SO,).  The impurities were first eluted (eluent: hexane), followed by com- 
pound 2a (eluent: hexane/EtOAc 85/15, R ,  = 0.50). This afforded pure 2a as 
a colourless oil (20.3 g, 85%). 'HNMR (CDCl,): 6 =7.22 (s, 2H,  orfho-H); 
4.03 (m, 6 H ,  OCH,); 3.88 (s, 3H.  OCH,); 1.80 (m, 6H,  OCH,CH,); 1.48 
(qui, 6H,  OCH,CH,CH,); 1.30 (brs, 12H, (CH2j2); 0.90 (t, 9H,  CH,) .  
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3,4,S-Trihexyloxybenzoic acid (3a): A mixture of 2 a  (10 g, 23.6 mmol) and 
KOH (2.7 g) in EtOH (96%, 200 mL) was heated under reflux for 4 h. Con- 
centrated HCI (6 mL) was then added to the hot solution, followed by H,O 
(200 mL). Extraction with diethyl ether (3 x 200 mL) yielded the crude 
product, which was purified by column chromatography (SiO,). Impurities 
eluted first (eluent: CH,CI,), followed by 3 a  (eluent: CH,Cl,/CH,CN l j l ,  
R, = 0.62). Compound 3a was obtained as  a slowly solidifying white solid 
(7.35 g, 76%). M.p. 41 -42.5'C. 'HNMR (CDCI,): 6 =7.27 (s, 2H, orfho- 
H); 4.02 (m, 6H, OCH,); 1.80 (m, 6H,  OCH,CH,); 1.46 (qui. 6H,  
OCH,CH,CH,); 1.30 (brs, 12H, (CH,),); 0.88 (t, 9H, CH,). Anal. calcd. 
for C,,H,,O, (MW 422.60): C 71.05, H 10.01. Found: C 71.0, H 9.9. 


3,4,5-Trihexyloxybenzoyl chloride (423): Compound 3a (4.1 g, 9.7 mmol) was 
treated with thionyl chloride (50 mL) under reflnx for 3 h. The excess thionyl 
chloride was distilled off, and the resulting brown oil was flushed with hcxane 
(2 x 10 mL). The brown oil was dissolved in hexanc and filtered. After con- 
centration of the filtrate in vacuo, 4 a  was obtained as a yellow oil (3.65 g, 
85%).'HNMR (CDCI,): 6 =7.30 (s, 2H,  ortho-H); 4.02 (t, 2H,  para- 
OCH,); 3.98 (t. 4H,  mrta-OCH,); 1.80 (m, 6H,  OCH,CH,); 1.48 (m, 6H,  
OCH,CH,CH,); 1.28 (m, 12H, (CH,),); 0.88 (t. 9H,  CH,) .  


3'-(3,4,5-Trihexyloxybenzoylamino)-2,2'-bipyridine-3-amine (Sa): A solution 
of 4 a  (3.54 g, 8 mmol) in dry diethyl ether (70 mL) was added dropwise under 
an Ar atmosphere to an  ice-cooled solution of 2,2'-bipyridine-3,3'-diamine 
(1.49 g, 8 mmol) and triethylamine (TEA) (1.3 mL) in dry diethyl cther 
(70 mL). After complete addition, the ice bath was removed, and the mixture 
was stirred a t  room temperature for 16 h. The resulting suspension was 
washed with saturated NaHCO, solution (2 x 100 mL), and the organic layer 
dried with MgSO,, filtered and concentrated in vacuo. Purification by 
column chromatography (SO,; eluent: hexane/EtOAc 9/1; by-product 6a, 
R, = 0.23: 5a. R,  = 0.05). Recrystallisation of5a from hexane at  0°C afford- 
ed pure 5 a  as  yellow needles (3.15 g, 66%). TCI =119- 121 'C. 'HNMR 
(CDCI,): 6 = 14.28 (s, 1 H, NH'CO); 9.25 (dd, 1 H, H-4'); 8.33 (dd, 1 H, 
H-6); 8.00 (dd, 1 H, H-6); 7.32 (dd, 1 H, H-5'); 7.25 (s, 2H,  ortho-H); 7.12 (m, 
2H,  H-4and H-5); 6.56 (brs, 2H, NH,); 4.07 (m, 6H, OCH,): 1.88 (m, 6H,  
OCH,CH,); 1.49 (qui, 6H.  OCH,CH,CH,); 1.32 (brs, 12H, (CH,),); 0.88 
(t? 9H,  CH,). Anal. calcd. for C,,H,,N,O, (MW 590.80): C 71.15, H 8.53, 
N 9.48. Found: C 71.3, H 8.3, N 9.3. 


3,3'-Bis(3,4,5-trihexyloxybenzoylamino)-2,2'-bipyridine (6 a): Compound 6 a 
(R ,  = 0.23) from the preparation of 5 a  (vide supra) was isolated and an 
analytically pure sample was obtained after recrystallisation from CH,CI,/ 
MeOH Sj2. K 53°C M IlO'C I. I R  (nujol): i = 2928 (C-H), 2856 (C-H), 
1668 (C=O), 1578, 1459, 1375, 1333, 1225, 1112crn-'. 'HNMR (CDCI,): 
b = 14.15 (s, 2H, NH); 9.40 (dd, 2H, H-4); 8.38 (dd, 2H,  H-6); 7.50 (dd, 2H, 
H-5); 7.25 (s, 4H,  orrho-H); 4.05 (m, 12H, OCH,); 1.80 (in. 12H, 
OCH,CH,); 1.50 (qui, 12H, OCH,CH,CH,); 1.31 (brs,  24H. (CWJ2); 0.88 
(t, 18H, CH,). Anal. calcd. for C,,H,,N,O, (MW 995.39): C 72.39. H 9.11, 
N 5.63. Found: C 72.6, H 9.3, N 5.7. 


A',","'-Tris{ [3(3'-(3,4,5-trihexyloxybenzoylamino)-2,2'-bipyridyl~}benzene- 
1,3,5-tricarbonamide (1 a): A solution of 1,3,5-benzenetricarhonyl trichloride 
(0.29 g, 1.12 mmol) in dry CH,Cl, (10 mL) was added dropwise under an  Ar 
atmosphere to a solution of Sa (2 g. 3.39 mmol) and TEA (0.75 mL) in dry 
CH2CI, (40 mL). After 16 h of stirring at  room temperature, the precipitate 
was filtered (P4 glass filter) and washed extensively with a mixture of acetonel 
CHC1, 1/1 yielding pure 1 a as  a white sticky solid (1.79 g, 82%). T,, = 383 "C 
(decomp.). IR (nujol): i. = 2892(C-H), 1668(C=O), 1572,1459,1375,1291, 
1243, 1112cm-'. 'HNMR (CDCI,): 6 =15.51 (s, 3H, NHCO); 14.38 (s, 


3H, NH'CO); 9.59 (d, 3H, H-4); 9.40 (d, 3H, H - 4 ) ;  9.25 (s, 3H, orrho-H); 
9.04 (d, 3H, H-6'); 8.44 (d, 3H, H-6); 7.50 (dd, 6H,  H-5 and H-5'); 7.26 (s, 
6H, ortho-H'); 4.02 (m, 18 H, OCH,); 1.80 (qui, 18H, OCH,CH,): 1.51 (qui, 
18H, OCH,CH,CH,); 1.32 (m, 36H, (Ch',),); 0.88 (1, 27H, CH,). Anal. 
cakd. for C,,,H1,,Nl,OI, (MW 1928.50): C 71.00, H 7.84, N 8.71. Found: 
C 70.9, H 7.3, N 8.6. 


Methyl 3,4,S-tridodecyloxybenzoate (2 b): A mixture of methyl 3,4,5-trihy- 
droxybenzoate (3.5 g, 19 mmol), I-bromododecane (14.5 g, 57 mmol) and 
K,CO, (13 g) was heated under reflux in cyclohexanone (160 mL) for 40 h. 
After cooling, the precipitate was removed, and the filtrate was concentrated 
in vacuo. The resulting brown solid residue was purified by column chro- 
matography (flash SO,;  eluent: petroleum ether (60-80)/EtOAc (96/4)). 


Pure 2 b  was isolated as  a white powder (12.6 g, 90%). An analytically pure 
sample was obtained after recrystallisation from EtOH (96%). M.p. 43.2- 
43.8"C. 'HNMR (CDCI,): 6 =7.22 (s, 2H,  ortho-H); 4.03 (m, 6H,  OCH,); 
3.88 (s, 3H, OCH,); 1.80 (m, 6H,  OCH,CM,); 1.4X (qui, 6H. 
OCH,CH,CH,); 1.30 (brs,  48H, (CH,),,); 0.90 (t. 9 H, C H , ) .  Analxalcd. for 
C,,H,,O, (MW 689.11): C 76.70, H 11.70. Found: C 77.3, H 11.8. 


3,4,5-Tridodecyloxybenzoic acid (3b): A solution of KOH (0.9 g) in EtOH 
(96%, 28 mL) was added dropwise to a mixture of 2 b  (5 g, 7.25 mmol) in 
ElOH (96Y0, 50 mL). The mixture was heated under retlux for 4 h. After 
cooling and acidification with a conc. HCI solution to pH = 2-3, the reaction 
mixture was poured into water (200 mL). The resulting white precipitate was 
filtered and recrystallised from EtOH (96%)  to yield pure 3 b  as a white 
powder (4g. 82%). M.p. 57.5-58'C. ' H N M R  (CDCI,): 6 =7.31 (s, 2H, 
ortho-H); 4.02 (m, 6H, OCW,); 1.80 (ni, 6H,  OCH,CII,); 1.46 (qui, 6H,  
OCH,CH,CH,); 1.30 (brs, 48H, ( C H J J ;  0.88 (t, 9H,  CH,) .  Anal. calcd. 
for C,,H,,O, (MW 675.10): C 76.50, H 11.65. Found: C 77.2, €I  11.7. 


3,4,5-Tridodecyloxybenzoyl chloride (4b): Compound 3 b (2 g, 2.96 mmol) was 
treated with thionyl chloride (10 mL) under reflux for 3 h. The excess thionyl 
chloridc was distilled off, and the resulting solid flushed with hexane 
(2 x 10 mL) to give pure 4 b  as a whitc solid in quantitative yield (2.07 g, 
100%).'HNMR (CDCI,): b =7.32 (s, 2H, ortho-H): 4.05 (m, 6H,  OCH,); 
1.XO (m, 6H, OCH,CH,); 1.46 (qui, 6H, OCH2CH,CH,); 1.30 (brs,  48H, 
(CH,),);  0.88 (1, 9H,  CH,). 


3'-(3,4,5-Tridodecyloxybenzoylamino)-2,2'-bipyridine-3-amine (5b): A solu- 
tion of4 b ( I  .8 g. 2.6 mmol) in dry diethyl ether (20 mL) was added dropwise 
under an Ar atmosphere to an ice-cooled solution of 2,2-bipyridine-3,3'-di- 
amine (0.5 g, 2.6 mmol) and TEA (0.5 mL) in dry diethyl ether (25 mL). Aftcr 
complete addition, the ice bath was rernovcd, and the inixturc stirred at room 
tcmperature for 4 h. The mixture was concentrated in vacuo and purified by 
column chromatography (SiO,; eluent:CHCI,; R, = 0.55 for by-product 6 b  
and R, = 0.28 for 5b) yielded pure 5 b  as a yellow powder (1.27 g, 58%). 
Recrystallisation from hexane yielded an  analytically pure sample. q, = 64- 
65°C. 'H NMR (CDC1,): 6 = 14.28 (s, 1 H, NH'CO); 9.25 (dd, 1 H, H-4'); 
8.33 (dd, 1 H, H-h'); 8.00 (dd, 1 H ,  H-6); 7.32 (dd, 1 H. H-5'); 7.25 (s, 2H. 
ortho-H); 7.12 (m, 2H,  H-4 and H-5); 6.56 (brs, 2H, NH,); 4.07 (m, 6H, 
OCH,); 1.88 (m, 6H,  OCH,CH,); 1.49 (qui, 6H,  OCH,CH,CH,); 1.32 (brs, 
48H, (CH,),,); 0.88 (t, 9H, CH,).  Anal. calcd. for C,,H,,N,O, (MW 
843.28): C 75.48, H 10.28, N 6.64. Found: C 75.8, H 10.2,  N 6.6. 


3,3'-Bis(3,4,5-tridodecyloxybenzoylamino)-2,2'-bipyridine (6b): Compound 
6b ( R ,  = 0.55) from the preparation of S b  (vide supra) was isolated, and an  
analytically pure sample obtained after recrystallisation from EtOAc. K 38 "C 
M 110 'C I. 1R (nujol): 3 = 2928 (C-H), 2856 (C-H), 1656 (C=O), 1572, 
1459, 1369, 1333, 1225, 1123cin-'. 'HNMR (CDCI,): S =14.11 (s, 2H. 
NH); 9.35 (dd, 2H, H-4); 8.38 (dd, 2H. H-6); 7.44 (dd, 2H,  H-5); 7.25 (s, 4H, 
ortho-H); 4.05 (m, 12H,  OCH,);  1.85 (qui, 8H,  nwta-OCH,CM,); 1.77 (qui, 
4H,  pura-OCH,CH,); 1.50 (qui, 12H, OCH,CH,CH2); 1.31 (brs,  96H, 
(CH,)8); 0.88 (t. IXH, CH,). Anal. calcd. for C,,H,,,N,O, (MW 1500.36): 
C 76.85, H 10.88, N 3.73. Found: C 76.4, H 11.1, N 3.4. 


N,N',N''-Tris{[3(3' - (3,4,5 - tridodecyloxybenzoylamino) - 2,2' - bipyridyll}ben- 
zene-1,3,S-tricarbonamide (1 b): A solution of 1,3,5-benzenetricarbonyl 
trichloride (0.13 g, 0.48 mmol) in dry CH,CI, (5 mL) was added dropwise to 
a solution of S b  (1.27 g, 1.5 mmol) and TEA (0.3 mL) in dry CH,CI, 
(1 5 mL). The mixture was heated under reflux for 18 h and, after cooling, 
concentrated in vacuo. To remove the salts, the solids were triturated with 
MeOH (2 x 20 mL). After purification with column chromatography (SO, ,  
eluent: CHCI,, R, = 0.50) the oil was dissolvcd in CHCI, (20 mL) and cooled 
(0 "C) .  Acetone (15 mL) was added dropwise until a white solid prccipitated. 
The precipitates were filtered and washed with acetonc to yield pure 1 b as a 
sticky solid (0.76g, 56%). Tc, = 368°C. IR (nujol): i = 2911 (C--H), 1668 
(C=O), 1579, 1502. 1377, 1300, 1250, l l l l c m - ' .  'HNMR (CDCI,): 
b=15.49(s,3H,NHCO);14.36(s,3H,NH'CO);9.56(d,3H.H-4);9.88(d. 
3H, H-4); 9.16 (s, 3H, orfho-H); 9.03 (d, 3H,  H-6); 8.38 (d. 3H. H-6); 7.52 
(dd, 3H,  H-5); 7.48 (dd, 3 H ,  H-5'); 7.26 (s, 6H,  ortho-H'); 4.05 (m, 18H, 
OCH,); 1.85 (qui, 18H, OCH,CH,): 2.50 (qui, 18H. OCH,CH,CHZ); 1.31 
(brs, 144H, (CH,),,); 0.88 (1, 27H, CH,) .  Anal. calcd. for C,,,H,,,N,,O,, 
(MW 2685.90): C 75.12. H 9.68, N 6.25. Found: C 75.1, H 9.6, N 6.2. 
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Methyl 3,4,S-trioctadecyloxybenzoate (2c): A mixture of methyl 3,4,5-trihy- 
droxybenzoate ( 5  g, 27.15 mmol), I-hrornooctadecane (29 g) and anhydrous 
K 2 C 0 ,  (20 g) was stirred under an Ar atmosphere in dimethylformamide/te- 
trahydofuran I l l  (200 mL) at 80°C for 24 h. The reaction mixture was al- 
lowed to cool to room temperature, poured into water (200 mL), and the 
prccipitate was filtered and washed with toluene (200 mL). The product was 
used without further purification (11.65 g, 91 %). An analytical pure sample 
w;is obtained by recrystallisation from diethyl ether. M.p. 61 -63 “C. 
‘ H  NMR (CDCI,): 6 =7.25 (s, 2H,  urrho-H); 4.03 (m. 6 H ,  OCH,); 3.88 (s, 
3H,  OCH,); 1.80 (in, 6H. OCH,CH,); 1.48 (yui, 6H.  OCH,CH,CH,): 1.30 
(brs, 84H, (CH,),J; 0.90 (t, 9 H ,  CH,) .  Anal.calcd. for C,,H,,,O, (MW 
941.59): C 79.08, H 12.41. Found: C 79.2, H 12.4. 


3,4,5-Trioctadecyloxybenzoic acid (312) : A mixture of 2c (5.75 g, 6.1 mmol) 
and KOH (2g)  was heated under reflux in EtOH (96%)/dioxane 131 
(200 mL) for 4 h. After cooling and acidification with cone. HCI solution to 
pH = 2-3, the resulting white precipitate was filtered and washed with 
EtOH. After recrystallisation from EtOAc pure 3 c  was obtained as a white 
powdcr (4.66 g, 82%) .  M.p. 86.5-87.2”C. ‘ H N M R  (CDCI,): b =7.31 (s, 
2H.  orrho-H);4.02 (m. 6H,  OCH,); 1.80 (m, 6H,  OCH,CH,); 1.46 (qui, 61-1, 
O(’H,CH,CH,); 1.30 (brs, 84H. (CH,)14): 0.88 (t. 9H, CH,) .  Anal. calcd. 
for C,,H,,,O, (MW 927.56): C 78.99, H 12.38. Found: C 79.1, H 12.7. 


3,4,5-Trioctadecyloxybenzoyl chloride (4c): Compound 3 c  (2.05 g, 
5.39 mmol) was treated with thionyl chloride (40 mL) under reflux for 3 h. 
The excess thionyl chloride was distillcd off and the resulting solid was 
flushed with hexanc (2 x I0  mL)  to give pure 4 c  as a white solid in quantita- 
tivz yield (2.1 g, 100%) . lHNMR (CDCI,): 6 =7.32 (s, 2 H ,  orrho-ti); 4.05 
(m. 6H,  OCH,); 1.80 (m, 6 H ,  OCH,CH,): 1.46 (qui, 6H,  OCH,CH,CH,); 
1.30 (brs, 84H, (CH2)14); 0.88 (t, 9H. CH,).  


3’-(3,4,5-Trioctadecyloxybenzoylamino)-2,2’-bipyridine-3-amine (5 c) : A solu- 
tion of 4 c  (2.45 g, 2.6 mmol) in dry T H F  (40 mL) was added dropwise under 
an Ar atmosphere to an ice-cooled solution of 2,2‘-bipyridine-3,3’-diamine 
(0.5 g, 2.6 mmol) and TEA (0.5 mL)  in dry T H F  (80 mL). After complete 
addition, the mixture was stirred at room temperature for another 16 h. The 
mixture was poured into H,O (l00mL) and extracted with diethyl ether 
(3 :.( 100 mL). The solvent was removed in vacuo, and the crude product 
recrystallised from CH,CI, yielding S c  with a purity of 95% (the impurity is 
the diacylated compound) (2.18 g, 74%). Due to solubility difficulties, no 
further purification was attempted, and the compound was used as such. 
‘kt NMR (CDCI,): ii = 14.22 (s, 1 H,  NH‘CO): 9.25 (dd, 1 H,  H-4): 8.33 (dd, 
1 H, H-6‘); 8.00 (dd. 1 H,  H-6); 7.32 (dd, 1 H, H-5’); 7.25 (s, 2H,  ortho-H); 
7.12 (in. 2H.  H-4 and H-5); 6.56 (brs, 2H,  NH,); 4.07 (in, 6H,  OCH,); 1.88 
(m. 6H.  OCH,CH,): 1.49 (qui, 6H,  OCH,CH,CH,); 1.32 (brs, X4H, 
(Cff,),J; 0 88 (t, 9H,  CN,) .  


N,N‘,N” -Tris{13(3’-(3,4,5- trioctadecyloxybenzoylarnino)-2,2’- bipyridyl]} hen- 
zene-l,3,S-tricarbonamide (1 c): A solution of 1.3,5-benrenetricarbonyl 
trichloride (60 mg, 0.22 nimol) in dry CH,CI, (4 mL) was added dropwise 
under an Ar atmosphere to a solution of S c  (0,85 g, 0.68 mmol) and TEA 
(0.1 5 mL) in dry CH,CI, (40 mL). The mixture was heated under reflux for 
16 11. The white precipitate was filtered off (P4  glass filter) and washed with 
cold CH,CI,. Thc crude product was purified by column chromatography 
(SO,). The impurities were eluted with CH,CI, (Ic hardly dissolves in 
CH,CI, at room temperature). Extensive elution with CHCI, yielded Ic .  
After cvaporation of‘ thc Eolvent. compound lc was dissolved in CHCI,, 
(15 mL) and the solution cooled (0 ‘ C ) .  Acetone was slowly added until a 
white solid precipitated. The precipitate was filtered and washed with acetone 
to yield lc as a whitc powder (0.46g. 54%).  ci = 308 ‘C (decomp.). IR  
(nu.io1): V = 2926 (C--H), 2856 (C-H), 1668 (CEO), 1578, 1459. 1375, 
1303cn- ’ .  ‘HNMR (CDCI,): 6 =15.49 (s, 3H,  NHCO); 14.39 (s, 3H,  
NH’CO); 9.55 (d, 3H, H-4); 9.40 (d, 3H,  H-4); 9.22 (s, 3H,  orfho-H); 9.04 
(d. 3H, H-6‘); 8.42 (d, 3H.  H-6); 7.55 (dd. 3H,  H-5); 7.49 (dd, 3H. H-5’): 7.26 
(s, 6 H ,  urth+H); 4.05 (m, 18H, OCH,): 1.85 (qui, 18H, OCH,CH,); 1.50 
(qui. 18H, OCH,CH,CH,); 1.31 (brs, 252H, (CHJ! , ) ;  0.88 (t. 27H, CH,) .  
Anal. calcd. for C222H366NlZ015  (MW 3443.40): C 77.43, H 10.71, N 4.88. 
Found: C 77.3, H 10.7, N 5.1. 


N,N’,N”-Trisphenyl-1,3,5-henzenetricarhonamide (7): A solution of 1,3,5-ben- 
7eni:tricarbonyl trichloride (1 g, 3.76 mmol) in dry CH,CI, (15 mL) was 
added slowly to an ice-cooled mixture of aniline (1.1 g, 11.4 mmol) and TEA 


(1.7 mL) in dry CH,CI, (25 mL). After 2 h of stirring, the ice bath was 
removed, and the stirring continued at room temperature for another 12 h. 
MeOH (25 mL) was added to the clear solution. The resulting white precipi- 
tate was filtered and washed thoroughly with MeOH and, after drying, pure 
7 was obtained as a white powder (1.23 g, 72%). M.p. 327-329 “C. ’H NMR 
([DJDMF): 6 =10.65 (s, 3H,  NHCO); 8.81 (s, 3H.  ortho-H); 7.98 (d, 6 H ,  
orfho-H‘); 7.45 (t, 611, meta-H‘): 7.19 (t, 3H,  para-H’). FAB-MS: m/z  (‘36): 
436 (100) [ M + H ] + ;  4% (28) [ M + N a ] + .  


3’-~err-Bntoxycarbonylamino-2,Z’-hipyridine-3-amine (10): A mixture of 3,3’- 
diamino-2,2-bipyridine (0.80 g, 4.3 mmol) and Boc,O (0.95 g, 4.3 mmol) in 
dry T H F  (30 mL) was heated under reflux for 18 h. After the solution had 
been cooled to room temperature, it was poured into water (200 mL) and 
stirred for 10 min. The water phase was extracted with diethyl ether 
(3”100 mL). The combined organic layers were dried with MgSO,, filtered 
and concentrated in vacuo. The resulting yellow oil was purified by column 
chromatography. The diacylated by-product was eluted (eluent: hexanei 
EtOAc 95/5, R,  = 0.12). Then, the desired monoacylated compound 10 was 
eluted (eluent: CHCI,/CH,CN/hexane 1.8/2.5/3, R ,  = 0.6). After evapora- 
tion of the solvent in vacuo, pure 10 was obtained as a yellow oil (0.87 g. 
70‘%). ‘ H N M R  (CDCI,): 6 = 12.42 (s, 1 H ,  NHCO): 8.76 (d. 1 H, H-4);8.24 
(d, 1 H, H-6); 8.02 (d, 1 H, H-6‘); 7.23 (dd, 1 H, H-5); 7.10 (m. 2H,  H-5’ and 
H-4);  6.35 (brs, 2H,  NH,); 1.53 (s, 9 H ,  C(CH,),). 


N,N’,N”-Tris[3(3’- t - butoxycarbonylamino-2,2’- hipyridyl)]benzene- 1,3,5- tri- 
carbonarnide (9): A solution of 1,3,5-benzenetricarbonyl trichloride (0.39 g, 
1.5 mmol) was added slowly to an ice-cooled solution of 10 (1.40 g, 4.8 mmol) 
and TEA (0.7 mL) in dry T H F  (50 mL). The reaction was carried out under 
an Ar atmosphere. After complete addition, the ice bath was removed and the 
mixture stirred a t  room temperature for another 18 h. The resulting white 
precipitate was filtered and washed with cold T H F  (3 x 5 mL), H,O 
(3 x 10 mL) and saturated NaHCO, solution (2 x I0 mL). The resulting white 
solid was suspended in MeOH to remove last traces of TEA.HCI. After 
filtration and drying of the residue, pure 9 was obtained as a white powder 
(1.36g, 83%). M.p. 265°C (decomp.).’HNMR (CDCI,): 6 =15.33 (s, 3H,  
NHCO); 12.77 (s, 3H,  NHBoc); 9.44 (d. 3H,  H-4); 9.10 (s, 3H,  ortho-H); 
8.90 (m, 6H,  H-6 and H-4‘); 8.38 (d, 3H.  H-6‘); 7.41 (m, 6H,  H-5 and H-5’); 
1.57 (s, 27H, C(CH,),). FAB-MS: m/z (%): 1037 (42) [M+Na]+ :  1015 (83) 
[ M + H J + ;  941 (52) [ M I H  - C(CH,),O]+; 914 ( 5 5 )  [ M + H  - C(CH,),- 
OCO] +. 


N,N’,N” - Tris[3(3’- amino - 2,2’ - bipyridyl)] benzene - 1,3,5 - tricarbonamide (8) : 
TFA (10 mL) was added carefully to a solution of 9 (1.00 g. 1 mmol) in 
CH,CI, (10 mL). The yellow solution was stirred for 18 h at room tempera- 
ture. Then, TEA (10 mL) was cautiously added through a dropping funnel 
(this addition gave rise to aggressive fumes). The resulting yellow precipitate 
was filtered, washed with CH,CI,/TEA (l/l,  3 x 5 mL) and suspended in 
CH,CI, (20 mL). After filtration and drying of the precipitate, 8 was ob- 
tained as a yellow powder which, owing to solubility problems, was used 
without further purification (0.7 g, 99%”). M.p. 167‘C (decomp.). ’ H N M R  
([D,]DMF): 6 =15.79 (s, 3 H ,  NHCO); 9.46 (dd, 3H,  H-4); 9.23 (s, 3H. 
or//~o-H); 8.60 (dd, 3H,  H-6‘); 8.50 (dd, 3 H ,  H-6); 7.77 (brs, 6H, NH,); 7.51 
(dd, 3H,  H-5‘); 7.47 (dd, 3H,  H-4‘); 7.32 (dd, 3H,  H-5). 
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