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REACTION OF ARYLIMINODIMAGNESIUM WITH DIPHENYL 
DIKETONES: HEAT EVOLUTION ACCOMPANYING SINGLE 
ELECTRON TRANSFER AND CHELATE FORMATION, AND 


PRODUCT DISTRIBUTION* 


MASAO OKUBO, t YOSHINORI FUKUYAMA, MIYUKI SATO, KOJl MATSUO, 
TETSUHIRO KITAHARA AND MICHIO NAKASHIMA 


Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi, Saga 840, Japan 


Reaction of diphenyl diketones (benzils) with aryliminodimagnesium [ ArN(MgBr)Z, lDMg 1, a magnesium reagent 
having condensation ability, was investigated. By comparison of the relative amounts of heat evolved in the reactions 
of lDMg (mildly electron donating) and ArMgBr (strongly electron donating) with some carbonyl and nitro 
compounds, results were obtained supporting the reported correlation of the relative yields of normal and abnormal 
(radical) products with single electron transfer (SET) efficiency estimated by the oxidation and reduction potentials of 
reactants. A sole exceptional result, i.e. the great heat evolution caused by the combination of benzil and IDMg, was 
attributed to the generation of tightly chelated radicals via SET. The involvement of stepwise SET was confirmed by 
ESR. On the basis of these results, substituent effects of benzil and mono-condensation products on their reduction 
potentials and on the relative yields of normal (mono- and di-condensation) and abnormal (dimerization) products were 
examined. All the results were consistently explained in terms of the relative efficiency of chelation (or o-complexation) 
and SET in two main processes. The role of the initial stages involved in the processes governing the final product 
distribution is discussed. 


INTRODUCTION 


Single electron transfer (SET) is involved in the course 
of Grignard reactions with diary1 mono- and diketones 
leading to  ‘normal’ addition products, and the precise 
mechanism is under investigation.’ In the past decade, 
a variety of reactions of aryliminodimagnesium 
[ArN(MgBr)’, IDMg] , a magnesium reagent capable 
of converting aromatic carbonyl and nitro compounds 
into >C=NAr and -N(O)=NAr products via 
condensation, has been developed. The involvement of 
SET in IDMg reactions studied by ESR3d has been 
reported. In terms of the principle that both normal and 
‘abnormal’ (radical) products (observed under ordinary 
conditions of reactions of magnesium reagents) are 
formed via common intermediate radicals generated by 
SET independent of the normal mode of reaction, the 
types and relative yields of products in fifteen reactions 
of magnesium reagents were correlated with the relative 
SET efficiencies estimated by the difference ( A E )  
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between the oxidation and reduction potentials (Eox and 
Eyed) of the reactants.3e The governing role of the initial 
stage of reactions evaluated from electron-donating and 
-accepting abilities (EDA and EAA) of reactants is pro- 
posed. 


According to  the electron donatinglaccepting ability 
(EDA-EAA) approach based on the weaker EDA of 
IDMg3‘ than that of ArMgBr, modification factors 
reflected in the product distribution in mild IDMg reac- 
tions were derived, 1 3 3 f 7 3 g  viz. the factors due to effects of 
the formation of a u-complex and a reagent aggregate. 
Concerning the reactions of a bifunctional diphenyl 
diketone (benzil) involving stepwise SET, however, 
its IDMg reaction C2 is distinct from Grignard reaction 
A3 with respect to  the types and relative yields of pro- 
ducts (Scheme 1): A3 gives exclusively a stepwise addi- 
tion productza and C2 gives an abnormal radical 
product (3) in reasonable yield. 3a The behaviour of ben- 
zil in the two reactions remains to be examined. 


In this study, new evidence supporting the role of an 
EDA-EAA correlation was obtained by comparison of 
the relative amounts of heat evolved in eight typical 
combinations of reagents and substrates (including ben- 
zil) selected from the four given classes of reactions. 3e 
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Scheme 1 


Among these, the reaction of IDMg with benzil gave an 
exceptionally large evolution of heat, attributed to 
cooperative effects of SET and chelation. On the basis 
of this and measurement of the E r e d  values of benzils 
and monoimines (1)  in tetrahydrofuran (THF) and 
observation of intermediate radicals by ESR, the dis- 
tribution of products in reaction C 2  was explained by 
relative effects of SET efficiency and chelation (or u- 
complexation) cooperating to different extents in the 
two main processes. 


GENERAL ASPECTS AND RELATIVE 
AMOUNTS OF HEAT EVOLVED 


The classification and characterization of fifteen reac- 


Ar-C-Ar + Ar-CH-Ar 
I 
OH 


II 
N-Ar 


Scheme 2 


tions of magnesium reagents with aromatic substrates in 
terms of AEvalues3' are summarized in Table 1. Except 
for class D, involving no SET, small and large A E  
values (A < B < C)  indicate more and less efficient 
SET, respectively.3e Of thirteen of the reactions (Al ,  
A2, BI-B9, C1  and C2) examined, the mechanistically 
important ones (Scheme 2; abnormal products under- 
lined) are Grignard reaction with benzophenone (BI),  
reaction of IDMg with nitrobenzene (B2) and reaction 
of IDMg with benzophenone (CI) .  Grignard reaction 
A3 is numbered by considering its A E  value, whereas 
IDMg reaction C 2  was numbered 3 a 3 3 e  by considering the 
substituent effect on the product distribution, resem- 
bling that of C I  described below. 


Substituents of substrates favourable for intermediate 
radical generation and/or yield improvement are shown 
in Table 2. In reactions B1 and B2, weaker EAA and 


Table 1. Classification and characterization of reactions of magnesium reagents including ArMgBr and ArN(MgBr)z 


Relative yield 
of products 


Units 
of A E  Class Normal Abnormal 


<2.2 A Minor Main 
2.2-2.8 B Main Minor 
2.9-3.Id C Main Minor 
> 3 . I d  D No reaction 


Mechanistic features 


Character Favourable substituent 
of Rate-determining Mode of 


reaction stepa Substrate Reagent SET' 


Vigorous SET SET - p-Me0 Outer-sphere 
SET efficiency controlled SET p-F, p-CI p-Me0 Medium 


Complexation-controlled SET Complexation p-Me0 p-Me0 Inner-sphere 
Only complexation (no SET) - - - 


~~ 


a In the initial stage. 
See text. 
' See text. 
dActual highest and lowest limits of class C and D are Iargei than the cited value, which corresponds to the available potential limit (window) of 
THF solution. 
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Table 2. Reaction numbers, A E  values, substituent effects on  relative yields of products and explicit observation of reagent radicals 
in reactions of ArMgBr and ArN(MgBr)z given in Schemes 1 and 2 


Substituent and product yield 
Reaction Mean ESR observed 
No. A E  Reagent Substrate” Product yield [reagent] ’ Ref. 


A3 2.1 - - No abnormal product No 2a 
B1 2 . 1  p-Me p-CI (More rapid SET) No 16 


B2 2.4 p-Me0 p-CI Azoxy < azo No 3b 


c1 2.9  p-Me p-c1 Lower Yes 3d 


c 2  2.4 p - M e 0  p-Me0 1 4 2 + 3  Yeslno 3a 


p-Me p-Me0 (Less rapid SET) 


p-CI p-Me0 Azoxy > azo 


p-Me p-Me0 Higherb 


p-Me0 p-CI 1 * 2 + 3  


“Substituent favourable for reaction (see text) is designated by bold type. 
Higher concentration of intermediate radical from p-Me0 substrate was also observed. 


stronger EDA due to a p-Me0 group are reflected in the 
product yield and ease of radical generation.3d93e The 
slightly favourable effect of the p-Me0 group of ben- 
zophenone on ketyl generation and or yield improve- 
ment in IDMg reaction CI3’ indicates that 
rate-determining u-complexation of carbonyl oxygen 
with the Mg atom of the reagent is favoured by the 
group; the HOMO and LUMO energy levels of the 
ketone in the a-complex are lowered to facilitate SET3d 
in spite of the large A E  value. The role of the initial 
stage will be discussed later. 


Classification of AE and relative amounts of heat 
evolved 


Holm4a proposed a prototype of the EDA-EAA con- 
cept. He estimated the relative SET rate in reaction B1 
for a variety of alkyl Grignard reagents (RMgBr) with 
benzophenone by measuring the heat evolved in the 
initial stage by means of a ‘flow method.’4b The rate 
was correlated with the electrolysability (identical with 
EDA) of RMgBr4= (recently confirmed2b) and with the 
product distribution. However, an attempt to observe 
heat evolution in IDMg reaction C1 using his flow 


encountered difficulties. The difficulties arose 
from the applied flow-rate, which was suitable and 
unsuitable for reactions B1 and C1, respectively, 
because the rate-determining step in the initial stage of 
B1 (strong EDA and small A E )  is SET and that in Cl 
(weak EDA and large A E )  is u - c o r n p l e ~ a t i o n ~ ~ ~ ~ ~  (Table 
2). 


An unconventional simple batch method was used for 
the present purpose of approximately comparing the rel- 
ative amounts of heat evolved in combinations of reac- 
tants selected from the given classes A-D. ” In order to  
compare the amount of heat evolved accompanying 
almost solely the initial stage, a 1 : 1 molar ratio of rea- 
gent to substrate was used (the use of a large proportion 


f I I 


0 min 10 15 


Figure 1. Temperature-time plots obtained in the typical eight 
combinations of reactants independent of reaction modes. 


Reaction modes: Ad = addition; Cd = condensation, Cp = 
u-complexation. A1 (Cd), 2-Me-I ,4-naphthoquinone + 
p-MeOCsH4-IDMg; 3 a 3  A2 (Ad), p-MeOC6H4N02 + 
p-MeOC&MgBr;’ B1 (Ad), p,p’-(Me0)z-benzophenone + 
p-MeCeHdMgBr; 2b*3d B2 (Cd), p-MeOC6H4N02 + p-MeCsH4- 
IDMg; 3b C1 (Cd), p ,p‘  -(MeO)z-benzophenone + p-MeOCsH4- 
IDMg;3d C2 (Cd), benzil+ p-MeC6H4-1DMg;3a D1 (Cp), N- 
(9-fluorenylidene)-p-MeO-aniline + p-MeCsH4-IDMg; D2 


(Cp), xanthone + p-CIC6H4-IDMg9 
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of reagent will cause considerable heat evolution accom- 
panying the final recombination of intermediate 
radicals, and the use of a smaller proportion leads to the 
possibility of the formation of unusual products from 
the substrate5). This increase in temperature caused by 
mixing of the reactants under fixed conditions was plot- 
ted against time (see Experimental); the heat of dilution 
may be cancelled between one experiment and another. 
Typical combinations (including benzil), class numbers, 
normal reaction modes and the plots obtained are 
shown in Figure I .  


The area enclosed by each curve in Figure 1, repre- 
senting the relative amount of heat evolved, was con- 
verted into a dimensionless value (AH)  according to the 
procedure described under Experimental. With the sole 
exception of the reaction of IDMg with benzil (C2), the 
decreasing order of A H  values (A > B > C > D) is in 
accord with the classification. 


The weakly exothermic nature of u-complexation (see 
D1 and D2) indicates that the heat of u-complexation 
contributes to the A H  value, which therefore shows a 
poor linear relationship with AE. The relative propor- 
tions of the heat of a-complexation in the AHvalues of 
A-C can be estimated qualitatively from the charac- 
terization (Table 1). In class A, the proportion must be 
negligible, reflecting the substantial formation of 
radical products arising from vigorous SET without the 
assistance of u-complexation. 3a The proportion must be 
small in B1 and B2, involving loose u - c ~ m p l e x a t i o n ~ ~ . ~ ~  
or complex formation after SET. ’‘ A large proportion 
in C1, comparable to the amount of heat observed in D1 
and D2, is in accord with a u-complexation-controlled 
character; 3d a small proportion is assignable to  SET in 
a u-complex (i.e. inner-sphere SET 


The rate of the step succeeding SET, i.e. radical trans- 
fer, in Grignard reactions of benzil and benzophenoneZd 
(A3 and BI) was estimated spectroscopically to be much 
lower than the rate of SET. Determination of the rate 
of the succeeding step in the IDMg reaction is difficult 
because of deep coloration of the mixture due to  rapid 
oxidation of reagent molecules,I2 and whether or not 
the succeeding step in the IDMg reaction involves simple 
transfer of arylaminyl radical ArNMgBr 3 d )  is undeter- 
mined. However, the proposed governing role of the 
initial stage is confirmed by the correlation of classifica- 
tion by A E  with heat evolution independent of the 
mechanism of succeeding steps. The steps probably 
progress in the inside of aggregates composed of inter- 
mediate radicals and reagent molecules; indirect but 
supporting evidences are the dimerization of RMgBr 
cation radicals, oligomerization of RMgX molecules 
in the presence of substrate I 3  causing dimerization of 
benzophenone k e t ~ l ~ ~  and cooperation of IDMg mol- 
ecules in the reaction with nitroarenes. l~~~ 


The evolution of heat in C2 is comparable to  those in 
A1 and A2, regardless of AE, comparable to that of 
class B reactions, and is ascribed to the substantial par- 


I \ 
I I  \ 


0 5.- 


0- 
1 I I I 


10 15 min 0 


Figure 2. Temperature-time plots obtained by mixing anhy- 
drous MgBrz with four substrates in diethyl ether: E, benzil; F, 
2-Me-I ,4-naphthoquinone; G, p,p’-(MeO)z-benzophenone; 


H ,  p-MeO-ChH4N02 


ticipation of chelation, as shown by the effects of four 
substrates (used for plots A-C) on the heat of adduct 
formation with equimolar anhydrous MgBrz (Figure 2, 
plots E-H; diethyl ether used for solubilization of 
MgBr2). The great evolution of heat caused by benzil 
(plot E) indicates stabilization by chelation in accord 
with the reported elevation of Ered by interaction with 
MgBr2. 3e The slightly endothermic adduct formation 
with nitrobenzene (plot H) is unexpected, but may be 
reflected in the mechanism of B23b and its smaller A H  
than that of B1. 


CHARACTERISTICS O F  IDMG REACTION 
WITH BENZILS 


For comparison of substituent effects on reaction C2 
(Scheme l) ,  B R  (Ar = p-RC6H4; R = MeO, Me, H, C1) 
and NR’  (Ar’ = p-R’C6Hd; R ’  = MeO, Me, CI) were 
used. Some isolated Is  were submitted to E r e d  measure- 
ment and IDMg reaction. Reaction C2 on a mol 
scale was carried out by use of 2 . 5  and 5 . 0  molar equiv- 
alents of NR , and the mixtures were heated in THF 
under fixed conditions. The yields of the main products 
1-3 and the recovery are affected by the substituents of 
the reactants and the molar ratio: see Figure 3 [S-series 
(2.5 mol: SI-Sl l )  and L-series (5.0 mol: Ll-LIl)] .  


In comparison with typical reactions (Scheme 2), 
reactions of benzil (Scheme 1) are unique with respect to 
the relationship between the mean A E  value and pro- 
duct yield and the effect of substituents favourable for 
radical generation and/or yield improvement (indicated 
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Process I in bold type) (see Tables 1 and 2). Whereas comparable 
A E  values for B1, B2 and C2 are responsible for the 
comparable yields of abnormal products 3e the higher 
combined yield of 2 plus 3 in C2 using Bde0 than those 


Reaction A3, in contrast to  the examined class A reac- 
tions which have comparatively small AE values, 3e gives 


results of Ered and ESR measurements are described 
prior to discussion of yield variations. 


R 


obtain from BH and BMe indicates class C character. 3a I a E-: Ms', -(I) 


@ 0y.Q 
R Ar' 


\, 
R no abnormal products.2a The types of products and (BA 1 


Ar : 


Types of products in IDMg reactions 


Reaction C2 of bifunctional benzil is divided into two 
main processes, I and 11. Their initial stages, involving 
intermediate radicals, are depicted in Scheme 3 .  Process 
I leads to 1 and process I1 leads to  2 (diimine), 3 and 4 
(hydroxyimine); 3 and 4 arise from typical radical path- 
ways (dimerization and abstraction of hydrogen from 
the solvent) via dissociation of the intermediate radical 
pair generated by SET to 1. The yield of 4 (in S8, L8 and 


Process0 


L11) is lower than 6%. 


Me0 


Me 


C I  


Scheme 3 


Me0 Me H CI 


(510, LlO) 1 
1 2  3 R  1 2  3 R  1 2  3 R  1 2  3 R  


(S5.L5) i (Sll, L11) I 
lldthhI1$1 1 2  3 R  1 2  3 R  1 2  3 R  1 2  3 R  


1 2  3 R  I 2  3 R  1 2  3 R  


Figure 3. Schematic diagram of relative percentage yields of major products (1-3) (ordinate) and recoveries (abscissa). Runs of S- 
and L-series are given in the text. Substituents of substrate and reagent are indicated by R and R ' ,  respectively 
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Similarly to reaction A3,2a benzoin (or its dimer), 
expected to arise from benzil itself via a typical radical 
pathway, was absent. Another type of abnormal pro- 
duct, 5, in a yield below 10% arising via a bypass of pro- 
cess I, was observed in S7-S11 and L7-Lll. The bypass 
implies double complexation of two oxygen atoms of 
benzil with Mg atoms of different IDMg molecules; the 
electron density of the central C-C bond is thus 
reduced and broken to give 5. It was undetected when 
1 derived from BH and NMeo was added in a ‘normal’ 
manner to a solution of the same reagent, and its yield 
was lower when 1.5 molar equivalent of NMeo was 
added in a ‘reverse’ manner to a solution of BH. 


Substituent effect on reduction potentials 


The Ered (redox) values of BR and 1, measured in THF 
according to the reported method, 3e  are given below; 
the reported oxidation (peak) potentials (&) of 
IDMg3‘ are listed for comparison. The smaller negative 
and positive potential values indicate stronger EAA and 
EDA, respectively. 


BR (Ered 1: 
R = Me, - 1.43 V; H, - 1.41 V; MeO, - 1.26 V; 


C1, -,1-21 V (2,2’-dipyridyI, - 1.41 V); 
NR ( E 0 x ) : 3 c  


R’ =-MeO, +0.91 V;  Me, +0.94 V; C1, + 1.45 V; 
1 (Ered 1: 


R = R ’  =CI,  -1 .45V;  
R = MeO, R ’  = CL, - 1.43 V; 
R = C l , R ’ = M e ,  -1 .38V 
R = M e , R ‘ = C l ,  -1 .33V 
R =  R’ =Me,  - 1.21 V.  


Three features of substituent effects on the Ered values 
reflected in the two processes are as follows. (i) The E, d 


values of 1 ,  comparable as a whole to  those of B , 
indicate the comparable SET efficiencies in processes I 
and 11. (ii) The Ered value of B varies according to 
Hammett’s a,-like order (p-Cl > p-Me0 > H > 
p-Me), which is distinct from the a,-like effect of the E,, 
values of NR (p-c1 > p-Me > p-MeO) and the Ered 


value of nitrobenzenes (p-Me0 > p-Me > p-CI). 3c ,3e  


iii The lar er negative Ered values of 1s derived from 


the participation of resonance due to the better 
planarity of the p - R  I-benzoyl group of 1 than the same 
group on the parent BR. In the intermediate radical gen- 
erated from 1, fair planarity of the imino and carbonyl 
groups is shown by the considerable coupling of 
unpaired electrons with the imino nitrogen (see below). 


a 
R 


LJeo and B 5 ‘ than that of 1 derived from BMe indicate 


Intermediate radicals and stepwise SET 
(cf. Scheme 3) 


Stepwise SET was confirmed by ESR observation of the 
first and second radicals generated successively in pro- 


cesses I and 11, respectively; BR (R = H, Me, MeO) and 
C6H5-IDMg (NH) were used. Signals of the first radicals 
appeared just after mixing the degassed THF solutions 
of BH and BMe with 1 .O  or 2 .0  molar equivalents of NH 
by breaking the seal at room temperature, the signals 
(Figure 4a and c) being observable for ca 30 min after 
mixing. The hyperfine splitting constants (UH, Table 3) 
are smaller than those of benzophenone ketyls 


Figure 4. ESR spectra of the first (a-f) and second (g) radical 
intermediates in the reaction of C6Hs-IDMg at room tempera- 
ture. (a) Reaction with benzil; (b) computer simulation of (a) 
(half-width = 0.15 G); (c) reaction with p,p’-Mez-benzil; (d) 
computer simulation of (c) (half-width = 0.12 G); (e) reaction 
with p,p’-(Me0)z-benzil; (f) reaction with 2,2’ ,6,6‘-Me4,4‘- 
(t-Bu)z-benzil; (g) typical spectrum of the second radical [a 
broad but isotropic triplet ( U N  = 5.0-5.5 G) was observed on 


treatment of 1 with Mg metal] 
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Table 3. Hyperfine splitting constants (HFS) of first radicals 
generated in the reactions of benzils (BH and BMe) with 


C6H5-IDMg (NH) 


HFS (G) 


Benzils QP a0 am @Me 


Unsubstituted (BH) 0.98 0.98 0.40 - 
p.p'  -Me2-(BMe) - 0.95 0.40 1.08 


indicating the reduced and elevated densities of 
unpaired electrons on the aryl and -CO-CO- 
groups, respectively, and are assigned to  chelated 
radicals. 


The first radical generated from BMeo gave a broad 
spectrum (Figure 4e) unresolved even on extreme dilu- 
tion of the sample solution, and no splitting assignable 
to U H  was observed; the breadth was attributable to 
overlap of a signal of a slightly dissociated arylaminyl 
radical (see later). 3d Instead, the weak and narrow sex- 
tets observed are assigned to the coupling with an Mg 
atom ( U M ~  = 0.15 G; G = T). Its observation is due 
to tighter chelation that those of the first radicals gen- 
erated from BH and BMe. 


All the first radicals decayed gradually in 30-60 min 
at room temperature, and a signal of the second radical 
having a broad triplet (Figure 4g) appeared; the triplet 
are assigned to  coupling with the imino nitrogen of 
1. The a N  value ( 5 - 0 - 5 . 5  G) is distinctly smaller 
than those reported for arylaminyl radicals 
(aN = 9.8-11 . O  G),3d and slightly anisotropy of the sig- 
nals indicates overlap of the weak signal of arylaminyl 
radical. The second radicals were observable for 3-5 h 
by use of 2.0-3.0mol of IDMg, whereas 5 .0mol  
caused fairly rapid decay. 


Crowded 2,2' ,6,6'-Me4-4,4'-(r-Bu)2-benzil gave 1 
quantitatively on treatment with 2.5 mol of NH and 
Nc'. A spectrum having thirteen lines (Figure 4f; 
~ ~ = 0 . 4 0 G )  due to equal coupling with four Me 
groups indicates that the first radical participates in nor- 
mal product formation. The second radical, also giving 
a broad triplet signal, did not decay to reach a high con- 
centration. The succeeding step is sterically inhibited, 
similarly to  the case with Grignard ketyls generated 
from crowded benzophenones. l6  


Product yield governed by SET efficiency and 
chelation 


The roles of Ered and o-complexation are discussed first. 
The am dependence of Ered of BR indicates a lack of 
electron-repelling resonance due t o  a trans and non- 
planar conformation in the free state. For the genera- 
tion of a more or less resonance-stabilized chelated 
radical from BR, a conformational change accompany- 
ing SET is required. The substituent shift of Ered of BR 
caused by adduct formation with MgBrz3" was undeter- 


mined because the adduct precipitated; however, in the 
case of BMeo, strong EAA and resonance stabilization 
must cooperate in the initial stage of process I .  


Chelation, i.e. fairly efficient a-complexation, assists 
condensation in process I at the expense of abnormal 
products. In process 11, however, only one oxygen atom 
of  1 is available for a-complexation, giving rise to the 
frequent formation of 3 (cf. Scheme 3), similarly to 
typical reactions in Scheme 2. In contrast, reaction A3 
is assisted throughout by chelation with unremoved 
oxygen, leading to complete stepwise addition2" regard- 
less of the small AE. A hybrid ( A  + C )  character could 
be ascribed to A3 and (B + C )  to  C2. Pinacol forma- 
tion from ketone solely by Mg metal is evoked. 


The variation of the yields of 1-3 (Figure 3) can be 
explained. The combined yield of 2 plus 3 versus 1 
reflects the actual efficiency of SET and a-complexation 
in the two processes, and the relative yield of 2 versus 
3 reflects the tightness of a-complexation responsible for 
condensation in process 11. Four features of the varia- 
tions in yield are noted, as follows. (a) The major 
product in run S1 is 2 whereas that in run S10 is 1, indi- 
cating that condensation in process I1 is more favoured 
by the p-Me0 than the p-C1 group of 1, regardless of 
the comparable Ered. (b) The high yield of 2 obtained by 
use of reactants having M e 0  and/or Me groups (S1 and 
S4) indicates cooperation of tight o-complexation and 
the small AE required for stepwise condensation. (c) 
Weakening of EDA by the change in the substituent in 
IDMg from M e 0  via Me to  C1 in both the L- and S- 
series leads to  an increase in the relative yield of 1 versus 
2 plus 3 at the expense of the yield of 2 versus 3.3c (d) 
The higher yield of 3 versus 2 in the L-series than that 
in the S-series is due to the more efficient SET from the 
large amount of IDMg causing too rapid consumption 
of 1 in process 11. 


The behaviour of 1 in process I1 is more or less 
modified by the effect of some a priori bound Mg salts, 
as indicated by comparison with the results of the 
reaction of three isolated 1s (R=MeO, R '=Cl ;  
R=R'=Me; R=R'=Cl)  with 2.5 mol of IDMg 
having a substituent with the same R '  . The recovery of 
1 and the yields of 2 and 3 were 0, 81, 0%; 0, 21, 65%; 
and 95, 0, 0070, respectively: first, almost exclusive for- 
mation of 2 due to  efficient a-complexation with the p -  
MeO-benzoyl oxygen of 1 regardless of the large AE (S3 
and L3: considerably modified); second, no recovery of 
1 and efficient formation of 3 over 2 due to the strong 
EDA and EAA ( S 5  and L5: slightly modified); and 
third, nearly complete recovery of 1 due to  weak EDA 
and EAA. 


Additional remarks 


Explicit ESR observation and no observation of reagent 
radicals under ordinary conditions in class C and B reac- 
tions, respectively, have been described. Previous 
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results are listed in Table 2. In A3 and B1, a reagent 
radical was explicitly unobservable, and the formation 
of an aggregate including a diamagnetic dimer of 
RMgBr cation radical was concluded from the effect of 
the bulkiness of the Grignard alkyl group on U H  values 
of intermediate ketyl radicals.2a-2c Also in B2, an 
arylaminyl radical is explicitly unobservable. 3b Overlap 
of the signal of the arylaminyl radical in C2 is suggested 
above, and the same radical was explicitly observed in 
C1 although in low concentration. 3d The existence and 
non-existence o f  pre-interaction between reactants due 
to small and large A E  in BI and C1, respectively, were 
proposed to relate the results obtained with the different 
types of abnormal products.3d (B1): pre- 
interaction --t oligomer (RMgX), formation + SET 
from oligomer + ‘free spin delocalization in oligomer’ 
(no explicit observation of reagent radical) --+ dimeric 
(AR2C(OH)-)2. ( C I  >:  no pre-interaction + u-complex 
formation + SET in u-complex -, dissociation of 
radical pair (explict observation of reagent 
radical) + monomeric Ar2CHOH. 


The suggestion of free spin d e l o ~ a l i z a t i o n ~ ~  is revised 
by cation radical dimer formation,” which is still 
explainable by the ‘pre-interaction prior to SET’. In any 
event, a ‘o-complexation-controlled character’ (Table 1) 
is required for ESR observation of reagent radicals, 
although in low concentration. The hybrid character of 
C2 is reflected in overlap of the signal of the aminyl 
radical being seemingly dependent on the tightness of 
the chelate or u-complex. 


2,2‘ -Dipyridyl, having a larger negative Ered value 
than expected from the effect of the electron-deficient 
pyridine ring, behaves in the IDMg reaction in line 
with the above discussion. Under the conditions of the 
S- and L-series using NMe, a large amount of uniden- 
tified black material was formed owing to vigorous SET 
(cf. Table 1); solely pyridine-2-N-(p-methylphenyl) 
carboxamide (ca 35%) corresponding to 5 was iden- 
tified. Vigorous SET, reflecting the effect of the pyridine 
ring, arises from conformational changes, probably via 
double chelation by the two sets of carbonyl oxygen and 
pyridyl nitrogen (similar to the double complexation 
proposed in Scheme 3), leading to facile C-C bond 
breaking. The monoimine corresponding to 1 was 
obtained under mild conditions using ‘reverse addition’ 
of 1.25 molar equivalent of NMe to a solution of dipyri- 
dyl at - 20 “C: followed by stirring at 0-15 “C.  


CONCLUSION 


In terms of the EDA-EAA concept regarding the initial 
stages of the main processes of the reaction of IDMg 
with benzil, the characteristics governing the relative 
yields of the products are as follows: (i) the reaction 
involves two SET steps having medium efficiency corres- 
ponding to that of typical class B reactions; and (ii) as 
the modification factor depends on substituent effects, 


class C character operates strongly in process I and 
moderately or weakly in process 11. 


The Marcus approach, based on kinetic measure- 
ments, is useful for evaluating SET reactions in terms of 
AGO values estimated from oxidation and reduction 
potentials of the reactants. l o  Usually in a Marcus plot, 
log k vs AGO is linear for small AGO values and deviates 
parabolically downwards at large AGO values according 
to a ‘reorganization The EDA-EAA 
approach based on product analyses has an identical 
basis, i.e. A E  value, and the modification in terms of 
class C character (participation of u-complexation) in 
the high A E  region (cf. C1) corresponds to a Marcus 
deviation. An example of modification in the low A E  
region is presented. The initial and later stages of the 
reactions of magnesium reagents should be estimated 
separately, and the kinetic features of A3 and B1 (lowest 
rate of radical transfer)2b should not be oversimplified. 
Whether or not the chelation (or u-complexation) 
precedes SET in the initial stages was undetermined, 
but the elaborated EDA-EAA approach plays a role 
in the field of  structure-reactivity relationships 
concerning reactions involving SET. 


EXPERIMENTAI 


Materials and procedures. Symmetrical benzils hav- 
ing methyl and methoxy substituents were prepared by 
benzoin condensation of the corresponding benzaide- 
hydes followed by oxidation using copper(ii) sulphate in 
pyridine. 4,4’-Dichlorobenzil was prepared by the 
Friedel-Crafts reaction of 4-chlorophenylacetyl 
chloride with chlorobenzene followed by oxidation with 
SeOr. l 9  2,2 ’ 6,6’ -Me4-4,4 ’ -(r-Bu)z-benzil was prepared 
by the coupling reaction of the corresponding acid 
chloride using 2-propylmagnesium iodide. 2o The Crig- 
nard and IDMg reagents and MgBrz etherate were pre- 
pared in the usual manner. The substrates used in the 
heat measurements were commercially available and/or 
previously prepared (cf. Dl*) .  


The IDMg reactions were carried out by adding ben- 
zils (0.002 mol) dissolved in THF (10 ml) to a given 
amount of IDMg in the same solvent (30 ml), and the 
mixture was stirred at 5 5  “C for 6 h. After quenching at 
0 “C with concentrated aqueous NH4C1, the product 
mixture was separated by column chromatography on 
silica gel (Wako Gel C-200, C-300 and FC-40). The 
elemental analyses of the products gave satisfacotyr 
results; the melting points (uncorrected) and ‘H NMR 
data are summarized in Table 4. 


The reduction potentials of benzils and monoimines 
were determined in THF by cyclic voltammetry by use 
of platinum and silver electrodes, bis(bipheny1)chrom- 
ium(1) tetraphenylborate (BCTB) as an internal stand- 
ard and Bu4NC104 as supporting electrolyte. 3 c . 3 c  ESR 
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Table 4. Melting points and 'H NMR data of products formed in reaction C2 (Scheme 1: Ar = p-RC&; Ar' = p-R'C6Ha) 


Product 


No. R R' MP ( O C )  'H NMR: 6 (ppm) 


1 Me0 Me0  
Me0 Me 
Me0  H 
Me0  CI 
Me Me0 


Me Me 
Me H 
Me CI 
H Me0 
H Me 
H CI 
CI Me0 


CI Me 


2 Me0 Me0 
Me0 Me 


Me0 H 
Me0 CI 


Me Me0 
Me Me 


Me H 
Me C1 
H Me0  
H Me 
H CI 
CI Me0  
CI Me 


3 Me0 Me0 


Me0 Me 


Me0 H 
Me0  C1 
Me Me0  


Me Me 


Me H 
Me CI 
H Me0  


H Me 


H CI 


CI Me0  


CI Me 


Oil 
Oil 
Oil 
Oil 
Oil 


Oil 
85 6-86.0 
loo. 0- 10 I .o 
121 '0- 12 I '5 
113.0-114.0 
87.5-88-0 
Oil 


Oil 


143.2- 145 '0  
152.3 


149.0- 149.2 
139 0- 140.0 


160.1- 163 '4 
146'0-148.0 


145.0- 146 0 
21 5 0-21 5 5 
166.0- 167 '0  


- 


168.0- 168' 5 
167.0- 167.5 
172' 0- 172.5 


183.0 


152.3 


211.0-212.0 
2 14.0-2 15 '0 
233 1-236.5 


21 8.0-221 '0  


201 '0-203.0 
- 


189.0 
(sublm.) 
178.0 
(sublm.) 
195.0 
(sublm.) 
206.0 
(sublrn.) 
226.0 
(sublm.) 


~~ 


7.84-7.64(4H. rn), 6.92-6.56(88, rn), 3.77(3H,s), 3.72(3H3, s), 3.60(3H, s) 
7.82-7.56(4H,m), 6.92-6.64(8H,rn), 3.78(3H,s), 3.73(3H,s), 2.17(3H,s) 
8.06-7.66(5H, rn), 7.25-6.62(8H, m), 3.75(3H, s), 3.68(3H3, s) 
7.98-7.69(4H,m), 7.12-6.43(8H,m), 3.80(3H, s), 3.76(3H, s) 
7.92-7.64(4H,m), 7.32-7.08(4H,m), 6.92 and 6*66(4H,ABq, J =  8.0 Hz), 
3.63(3H,s), 2.38(3H,s), 2.30(3H, s) 
7.90-6.80(128, m), 2.47(3H, s), 2.40(3H3, s), 2.27(3H, S) 
7.79-6.60(13H,m), 2.36(3H,s),2.28(3H,s) 
7.81-6.90(128, m), 2.38(3H, s), 2.33(3H, s). 
7.88-6.81(148, m), 3.68(3H, s) 
7.88-6.79(148, m). 2.18(3H,s) 
7.88-7.39(10H,m), 7.09 and 6.82(4H3,ABq, J =  8.8 Hz) 
7.78 and 6.69(4H,ABq, J =  9.2 Hz), 7.67 and 7.31 (4H,ABq, J =  8.6 Hz), 7.39 and 
6.88(4H,ABq, J = 8 . 5  Hz), 3.69(3H3,s) 
7.79 and 7.41(4H3,ABq, J =  8.5 Hz), 7.67 and 7.31(4H3,ABq, J = 9 . 2  Hz), 6.95 and 
6.79(4H,ABq, J =  8.2 Hz), 2.20(3H,s) 


7.86 and 6.89(8H,ABq, J =  8 .4  Hz), 6.69(8H3, s), 3.83(6H, s), 3.73(6H, s) 
7.80 and 6.80(8H,ABq, J =  8.8 Hz), 6.73 and 6.14(8H,ABq, J =  8.8 Hz), 
3-78(6H, s), 2-24(6H, S) 


7.96-7.69(4H,m), 7.26-6.85(12H, rn), 6.56-6.45(2H, m), 3.84(6H, s) 
7.78 and 6.82(8H,ABq, J =  8.8  Hz), 7.00 and 6.37(8H,ABq, J =  8.4 Hz), 
6.50-6.40(4H,m), 3.82(6H, s) 
7.86 and 7.22(8H,ABq, J =  8.0 Hz), 6.64(8H, s), 3.66(6H, s), 2.34(6H, s) 
7.74 and 7.10(8H,Abq, J =  8.0 Hz), 6.84 and 6.44(8H,ABq, J =  8.0 Hz), 
2.47(6H, s), 2.33(6H3, S) 


7.84-6.34(18H, m), 2.39(6H3, s) 
7.78 and 7.22(8H,ABq, J =  8.0 Hz), 7.06 and 6.46(8H,ABq, J =  8.4 Hz), 2.20(6H,s) 
7.87-6.61(18H,m), 3.82(68,s) 


7.87-7.32(10H,m), 7.05 and 6.45(8H,ABq, J =  8.8 Hz) 
7.76 and 7.32(8H,ABq, J =  8.8 Hz), 6.72 and 6.65(8H, ABq, J =  8.8 Hz), 3.72(6H, s) 
7.77 and 7,34(8H,ABq, J =  8-8  Hz), 6.90 and 6.53(8H, ABq, J =  8.3 Hz), 2.2S(6H, s) 


8.10-7.95(4H,d), 7.50-7.22(8H,rn), 6.90-6.70(14H,m), 3.86(6H, s), 3.82(6H,s), 
3.73(6H,s) 
7.88(4H,d), 7.36-7- 12(8H,rn),7.00-6.64(14H,m), 3.77(6H,s), 3-74(6H,s), 
2.20(6H, s) 
8.64(4H, d), 8. 10-6.85(24H3, m), 3.90(12H, s) 
7.92-7.82(4H, m), 7.32-7.08(14H, rn), 6.83-6.69(8H, m), 3.82(6H, s), 3.78(6H, s) 
7.96(4H,d), 7.52-7.10(16H,m),6.88-6.74(4H,m), 3'77(6H,s), 3.35(6H,s), 
2.31(6H,s) 
8.95-8.83(2H3, m), 7.97-7.83(3H, rn), 7.36-6.92(18H, rn), 6.68-6.59(3H, m), 
2.34(6H, s), 2.26(6H, s), 2.20(6H, s) 
7.80-7.20(28H,m), 2.27(6H,s), 2.33(6H, s) 


- 


- 


8.01-6.81(288, m), 6.96(2H, s), 3.75(6H3, s) 


8.09-7.11(28H, m), 6.96(2H, s), 2.29(6H, s) 


7.97-7.21(28B.m), 7.12(1H, s), 7.11(1H,s) 


7.90-6.76(248, m), 6.69(1 H, s ) ,  6-68( 1 H, s ) ,  3.75(6H, S) 


7.92-7.01(24H, m), 6.94(2H3, s), 2.29(6H, s) 


(Continued) 
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Table 4. (continued) 


Product 


No. R R '  Mp ("C) 'H NMR: 6 (ppm) 


4 H Me 144.0-144.5 8.00-6.54(14H,m), 6.00(1H,s), 5.25(1H,s), 2.19(3H,s) 


5 H M e 0  161.0-161.5 13.8(1H,s), 8.99-6.69(18H3,m), 3.74(3H,s), 3.67(3H,s), 1.60(1H,s) 
H Me 194.0-195.0 14.0(1H, s), 8.92-6.57(18H, m), 2.24(3H, s), 2.20(3H, s), l.59(1H, s) 
H C I  202.0-202.5 13.8(1H,s), 9.02-6.64(18H,m), 1.57(1H,s) 
CI M e 0  179.0-180.0 13-7(1H, s), 8.92-6.63(168, m), 3.78(3H, s), 3.70(3H, s) 
C1 Me 202.5-203.0 13.9(1H,s), 8.88-6.57(16H, m), 2.28(3H,s), (2.22(3H, s) 


spectra of intermediate radicals were recorded accord- 
ing to the reported method, 3d and hyperfine splitting 
constants of the first radicals generated from benzil and 
p,p'-Mer-benzil (Table 3) were determined by computer 
rimulation. 


Heat measurements. The temperature-time plots 
shown in Figures 1 and 2 were obtained by use of an 
apparatus for the measurement of freezing-point 
depressions for molecular weight determinations. An 
air-jacketed sample tube equipped with a Beckmann 
thermometer was purged with nitrogen and placed in a 
water-bath. Its temperature was maintained at ca 
15 ? 0.01 "C using a circulating thermostat. A 0.003- 
mol amount of substrate dissolved in 15 ml of T H F  was 
introduced into the sample tube and 15 ml of the rea- 
gent solution (0-30 M) were introduced into a purged 
reservoir tube and placed in the same water-bath. After 
the temperature of the two solutions had equilibrated by 
standing for about 40 min, a 10-ml portion of the rea- 
gent solution was quickly removed under nitrogen and 
added to the sample tube with vigorous stirring. The 
temperature shown by the thermometer was recorded at 
time intervals of 30 s. 


The plots in Figure 1 were treated as follows. The area 
enclosed by each curve, copied on paper of good qual- 
ity, was cut out and weighed. The weight was nor- 
malized by use of a reference obtained by weighing an 
arbitrary area of the same paper. The dimensionless 
values of A H  thus obtained were taken as the relative 
amounts of heat evolved in the individual combinations 
of reactants. For simplicity, the greatest AH value was 
defined to be 7.0, the same as the maximum tempera- 
ture (ATmax), both being observed in the A2 combina- 
tion. For all the plots, AH showed a satisfactorily linear 
relationship with AT,,,,, values. 
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SYN-ANTI ISOMERISM IN THE 1,3-DIPOLAR CYCLOADDITION 
TO CZS-3,4-DISUBSTITUTED CYCLOBUTENES. 4. 


INTRAMOLECULAR INTERACTIONS 
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A b  initio (4-31G) molecular geometry optimizations on cis-3,4-disubstituted cyclobutenes show that the extent and 
direction of their ground-state pyramidalization depend on the type of substituents and on whether these substituents 
are part of a ring condensed on to the cyclobutene moiety. Thus, electron-withdrawing substituents such as  CI and OMe 
bring about an out-of-plane anti bending of the olefinic hydrogens, whereas cyclobutenes condensed on to small 
carbocyclic rings exhibit high syn bending. Intramolecular interactions are analysed in the frame of a new model where 
the interactions arise from the energy matrix elements between the hybrid atomic orbitals involved in the different 
bonds. The analysis is carried out by C-INDO calculations on deformed molecules (with the olefinic hydrogens forced 
out-of-plane by +20"). These latter calculations reveal that non-planarity of the double bond occurs in the direction 
of increasing interactions between the hybrid atomic orbitals involved in the o-allylic bonds and in the s-bond. The 
increase in this kind of interaction can also explain non-planarity in norbornene, 7-oxanorbornene, 
5,6-dioxanorbornene and 5,6-dioxabicyclo [ 2.2.21 oct-2-ene. The results strongly suggest that pyramidalization and the 
related energy asymmetry of out-of-plane bending of olefinic hydrogens are important factors in governing facial selec- 
tivity of 1,3-dipolar cycloadditions to cis-3,4-disubstituted cyclobutenes. 


INTRODUCTION explain easily the stereochemistry of  attack experienced 


The way the allylic substituent effectively controls or 
directs a-facial selectivity in cycloadditions has recently 
attracted considerable interest. The difficulty rests in 
the fact that many different factors are likely to  in- 
tervene with different weights in different contexts. 
Indeed, both direct intermolecular interactions (steric 
and hydrogen bonding effects, dipole-dipole and 
orbital interactions) with the incoming reactant and 
intramolecular features (a-bond pyramidalization, 
orbital tilting, non-equivalent orbital extension) can be 
taken, separately or in various combinations, as respon- 
sible for the diastereofacial selectivity of the various 
reactions. Wide rationalizations have recently been 
advanced either by the use of a steric model (Houk's 
staggered r n ~ d e l ) ~ ~ " ~ J  or by the use of an electrostatic 
model (Hehre's modelling ~ e a t m e n t ) ; ~  in spite of their 
wide applicability and success, these d o  not appear to 


*Authors  for correspondence. 
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by the consistent group of cis-3,4-disubstituted 
cyclobutenes whose 1,3-dipolar cycloadditions we are 
investigating. On the contrary, in agreement with our 
preliminary work,Zg we shall show that non-planarity 
induced intramolecularly by the allylic substituent into 
the olefinic moiety, and the related concept of a-bond 
pyramidalization lends itself as the most reasonable can- 
didate to explain the facial selectivity of cyclobutene 
1,3-dipolar cycloaddition, particularly when steric and 
electrostatic intermolecular interactions are minimized 
by an accurate selection of substituents and of reactant 
1,3-dipoles. 


The theoretical results reported in this paper concern 
cis-disubstituted cyclobutenes and related molecules, 
tested with the aim of exploring the role of the above 
effects in a variety of graded situations. Moreover, the 
choice of the cyclobutene model, the symmetric cis- 
disubstitution and the concerted cycloaddition enabled 
us to avoid a number of problems concerning the 
distinction between regioisomers and the possibility of 
variable reaction' mechanisms. Finally, the use of rigid 
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systems makes it possible to avoid the cumbersome 
presence of many conformations. 


The dipolarophiles under study display a high 
variability in structure and reactivity; in fact, they 
include cyclobutenes with open and cyclic 3,4-disub- 
stitution, bridges of different sizes and equal-length 
bridges with and without heteroatoms; moreover, when 
reacted, e.g., with diazomethane, they cover the com- 
plete range of facial selectivity, from 100% syn 
diastereoselectivity to 100% anti diastereoselectivity 
through mixtures with various syn : anti ratios (for an 
alternative nomenclature for facial selectivity, see Ref. 
5). Furthermore, different 1,3-dipoles were employed, 
including ‘electron-rich,’ ‘sterically and electrostatically 
neutral’ diazomethane and the ‘electron-pool-’ phenyl- 
glyoxylonitrile oxide, 1,3-dipoles with a high dipole 
moment such as benzonitrile oxide or nitrones and 
the ‘sterically demanding’ 2-diazopropane. Moreover, 
owing to the central role played by norbornene in 
experimental and theoretical studies of facial selectiv- 


we deemed it necessary to extend our studies 
to norbornene and 7-oxa- and 5,6-dioxanorbornene. 
For the sake of comparison, bicyclo[2.2.2]oct-2-ene and 
5,6-dioxabicyclo[2.2.2]oct-2-ene were also investigated. 
Figure 1 shows the structures of all the molecules 
studied. 


For reasons of simplicity of presentation, the 
numbering of the cyclobutene ring is the same for all of 
the cyclobutene derivatives, hence in many cases it does 
not follow lUPAC rules. The same is true for the nor- 
bornene and bicyclo [ 2.2.21 octene rings. 


Throughout we shall use the syn descriptor for attack 
on the cyclobutene double bond near the allylic 
substituents. ’ In the case of norbornene, 7-oxanorbor- 
nene and 5,6-dioxanorbornene, syn attack refers to 
attack next to the monoatomic bridge, and in 
5,6-dioxabicyclo[2.2.2]oct-2-ene to  attack next to  the 
heteroatornic bridge. The same system of descriptors is 
used for out-of-plane bending, e.g. in syn bent 


ity, lb.3c.d.6 


l a :  X = CH2 2a: X = CH2 3a: X = CH2; Y = CH2 


2c: X = CHCO2Me 3c: X = 0; Y = CH2 
l b : X = O  2 b : X = O  3b: X = CH2; Y = CO 


cyclobutenes the olefinic hydrogens bend towards the 
substituents and the bending angle a is given a plus sign. 
Thus negative a values indicate anti bending. 


RESULTS AND DISCUSSION 


Experimental syn :anti ratios and geometrical data 


The experimental syn : anti ratios for 1,3-dipolar 
cycloadditions of cyclobutenes 2-4 with four repre- 
sentative 1,3-dipoles reported so far are collected in 
Table 1. The trends in Table 1 also hold for the reac- 
tions of azomethine imides and nitrile imides. 2 f 3 7  


Moreover, bicyclopentene la  has been reported to 
afford only anti adducts in reactions with benzonitrile 
oxide, benzoni trile phenylimide, and 
diphenyldiazomethane. 2h 


High syn selectivity is observed for X = OAc, OMe, 
OSOzMe and CI, whereas in the case of cyclic 
disubstitution, even with heteroatoms, there is a shift 
towards anti adducts. Noteworthy is the fact that the 
type I1 1,3-dipoles, in particular the ‘electron poor’ 
phenylglyoxylonitrile oxide, exhibit a behaviour very 
similar to that of type I ‘electron rich’ diazomethane. It 
is evident that, whatever the 1,3-dipole, the 
dipolarophiles tend to impose their own rtereochemical 
demand, that is, some intrinsic feature of cyclobutenes 
tends to  guide facial selectivity. 


Theoretical structures (optimum geometries) of 
cyclobutenes 1, 2a and b, 3a-e and 4a, c and d were 
calculated at the single-determinant level, with the 
4-31G basis set and the Berny optimization procedure 
[convergence limits were as follows: maximum force 
4.5, RMS force 3.0, maximum displacement 18.0, 
RMS displacement 12.0; internal units (hartree bohr 
radians) x l o 4 ]  .* (For previous STO-3G calculations on 
l a  and on bicyclo[2.2.2]hexadiene (Zd), see Ref. 9. 
Moreover, STO-3G calculations have also been carried 
ou! on cis-3,4-difluorocyclobiltene and a possibie 


4a’ X = CH3 5a: X = CH2; Y = CH2 
4b. X = C02Me 5b: X = CH2; Y = 0 


6a: X = CH2 
6b: X = 0 


4c x =  CI 5 ~ :  X = 0, ‘f = CH2 
26: X = CH- 
2e: X = NC02Me 3e: X = 0; Y = CO 4e: X = OSOpMe 


3d: X = 0; 


3f: X = 0; Y = CS 41: X = OCOMe 


Y = CMe2 4d: X = OMe 


3g: X = 0;  Y = SO 4g: X = OH 


Figure 1. Structure of compounds 
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Table 1. Experimental syn : ani ratiosa 


Dipolarophile CHzNz (CHIKNZ PhCOCNO CHzN(t-Bu)O 


2c 
2d 
2e 
3a 
3b 
3c 
3d 
3e 
3f 
3g 
4a 
4b 
4c 
4d 
4e 
4f 
4g 


0:10Ob 
9:91d 
o:lOod 
O : l O o e  


0: 100' 
40:60' 
36:64' 
57:43 
60:40 
30:70" 
60:40' 
94:6' 


100:o 
100:o 
100:o' 


0:10Od 
0:100' 


0: 100 
9:91 


20:80 
10:90 


< 5:95' 
30:70' 
80:20 
87:13 
70:30' 


0:10Ob~' 
0: 
O:lOOe 


O: lOoe 
13:87' 


13:87' 
34:66' 


36:64e 


5:95' 
78 : 22 "' 
80:20' 
88:12' 


87:13c,8 
95:5' 


O:lool 
< 5 : 9 5  


0: 100 
< 5:95 


2:98' 
4:96 
7:93 


., ~ y n :  unri ratio refers to reactions carried out in diethyl ether or ben7ene at room temperature. Results not previously reported in 
the literature are unpublished data from our laboratory. (see also Ref. 25) 
'' Ref. 20. 
' s j n  : m t i  iatio for [lie reaction with benzonitrile oxide. 
" Ref. 2i. 
'Ref. 10. 
'Ref.  7 .  


"Rel .  2q. 
'Compound 4b has been prcbiously reported (see Ref. 2b) to  be unreactive with diazomethane. 
' Refs. 2a, h ,  5 ,  


' 0'1) : rmri ratio for the reaction with 3,4-dihydrolsoquinoline N-oride (Kef. 2 4 .  
" r x j / 7 :  aiir i  ratio for the reac[iori with benronitrile o s i d e = 4 8 : 5 2  in diethyl ether and 71 :29  in accronirrile (Ref. 2c) .  
" W J  : unri = 78 : 22 and 75  : 25 in boiling ethanol and acetonitrile, respccti\,ely (Ref. 2d). 


111 refluxing bewene. 


correlation between olefinic hydrogen out-of-plane 
bending and facial selectivity have been briefly 
suggested.") These are provided in Table 2. All ab 
initio calculations were performed with the Gaussian 82 
package' as implemented on a CRAY X-MP/48 
computer. 


The skeletal dihedral angle 01 (Table 2) varies from 
7.  I and 7 . 3  (syn bending) in bicyclopentenes la  and 
Ib, respectively, to -2 .2"  (anti bending) in 
dichlorocyciobutene 4c, thus revealing a definite 
influence of the substituents on the sign and extent of 
double bond non-planarity. The plot of the anti:syn 
ratio of diazomethane cycloaddition vs a (Figure 2) 
clearly shows that there is a good parallelism between 
non-planarity and facial selectivity in diazomethane 
cycloaddition. 


Hence non-planarity of the double bond and the 


related energy asymmetry of the out-of-plane bending 
of the olefinic hydrogens [on their way towards the 
transition state (TS), as clearly revealed (see beloy) by 
the difference in energies required to induce + 20 and 
- 20 hydrogen out-of-plane bending] can be invoked 
as the inherent facial bias of cyclobutenes. Figure 2, 
however, also reveals that, at least for small a ,  other 
structuralo features may be significant; thus, 3a 
(a  = 0.96 ) and 3c (a = 0.20") could not reach complete 
100% anti diastereoselectivity without the cooperation 
of the steric repulsions, due to their boat-like confor- 
mations (6 = 143.9" and 152.8", respectively) whic- 
hinder the syn approach, whereas for 3d (a  = -0.17 ) 
and 3e (a  = 0.51 ), owin5 to their neoarly half-planar 
conformations (6 = 169.0 and 174.3 , respectively), 
mixtures of syn and anti adducts are allowed. lo Further, 
when dimethylcyclobutene 4a (a  = -0*90", anti: syn 







162 A. RASTELLI, M. BURDISSO AND R. GANDOLFI 


Table 2. 4-31G optimum geometries (C, symmetry) of cyclobutenes 1 ,  2a and b, 3a-e, 4a,c  and d and of cyclobutene (C?, 


2 3  


2 3  


2 3  


la 


x = c  


l b  


x = o  


2a 


x = c  


2b 


x = o  


3a 
boat 


X = Y = C  
Zx = H 
Z s = H  


Cyclobutene ring: 
A = CICZ 
D = CiHi 
K = CtC2C3 
01 = CjCzCiHi 


Substituent X: 
a = C3X 


Cyclobutene: 
A = 1 . 3 2 6  
D =  1.069 
K=94.71  
a = 0.00 
Energy = - 154.6679 


A = 1.330 
D =  1.068 
K = 93.59 
01 = 7.08 
a =  1.517 
CiXH = 119.32 
X H = X H '  = 1.074 
Energy = - 192.4152 


A = 1.330 
D =  1.066 
K = 9 2 . 4 9  
a = 7.29 
a =  1.477 
Energy = - 228.1545 


A = 1.329 
D =  1.070 
I( = 94.74 
a = 3.91 


CiXsH = 115.30 
HXH'  = 108.57 
X X =  1.557 


a =  1.562 


Energy= -231.4213 


A = 1.329' 
D =  1.070' 
K = 94.00 
01 = 3.76 
a =  1.484 
xx = 1-498 
Energy = - 302.852 1 


A = 1342d 
D = 1 .083d 
K = 9 4 3 9  
01 = 0.96 
U =  1.533 
X5YX7 = 104.39 
XYH = 109.76 
XsYZy= 110.16 
XY = 1.541 
6=C,XsX7Y = 143.95 
Energy = - 270.4405 


B =  1.524 
E = 1.082 
J =  133.46 
p = y = 1 1 6 . 3 3  


B = 1.529 
E =  1,067 
J =  134.01 
y = 135.43 
g = 108.79 
C I X H '  = 116.38 


B =  1.531 
E = 1.064 
J =  134.42 
y = 147.23 
g = 106.28 


B =  1.521 
E = 1.077 
J =  133.30 
y = 122.08 
g =  114.12 
XsXsH = 115.50 


XH = 1.080 


B =  1 . 5 1 1  
E = 1.077' 
J =  133.81 


g = 112.52 
y =  130.18 


B =  1.526 
E = 1 .094d 
J =  133.47 
y =  116.51 
g = 116.04 
CiXsH = 111.09 
HXrH' = 107.35 


XH = X H '  = YZx 


P = CZC3C4X 


C =  1.576 


I =  115.83 


C = 1.521 


I =  126.87 


@ =  114.16 
HXH' = 114.63 


C =  1.463 


r =  131.05 


j3 = 110.36 


C =  1.580 


I -  119.17 


13 = 114.25 
CIXSH' = 112.81 


X H '  = 1.081 


C =  1.540 


I = 123.55 


j3 = 112.64 


C =  1.586 


I =  115.70 


j3 = 115.79 
C3XrH ' = 11  I .09 
X<YZs = 112.47 


YZS = 1.094'l 
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Table 2. (Continued) 


3a 
chair 


X = Y = C  
ZS = H 
Z 9 = H  


3c 


x = o  
Y = C  
Zs = H 
Z 9 = H  


3d 


x = o  
Y = C  
Zs = Me 
Z9 = Me 


2 3  


m.. 


3 
3e 


x = o  


A = 1342d 
D =  1.083d 
K = 94.53 
cx = 0.36 
a =  1.538 
XsYX7 = 104.73 
YXH = 109.89 
XsYZg = 109.64 
XY = 1.542 
6 = C ~ X S X ~ Y  = 217'00 
Energy = - 270.4344 


B =  1.528 
E =  1.094d 
J =  133.49 
y = 116.01 
g =  118.71 
C ~ X J H =  111'59 
HXsH' = 107'33 


XH = XH'  = YZs = 


C =  1.583 


I=  115.39 


(3 = 118.60 
C3XsH' = 111.59 
XsYZs = 112.79 


YZg = 1.094d 


A = 1342d B =  1.522 C =  1.568 
D =  1.083d E =  1.094d 
K=94.26  J =  133.75 I=  119.27 
01 = 0.20 y = 121.70 
a =  1.427 g =  116.18 /3= 115.95 
zsYz9 = 11 1 '49 XsYZs = 110.29 
XY = 1.429 YZ,q=YZ9= 1.094d 
6 = C3XsX7Y = 152.85 


XsYZ9 = 109.33 


Energy = - 341.9553 


A = 1342d 
D =  1.083d 
K = 94.14 


a = 1.423 
X5YX7 = 105.28 
ZsYZs= 113.82 
YZ9H = 110'06 
XY = 1.447 
ZsH = Z9H = 1.094d 
6 = C I X ~ X ~ Y  = 169.03 


-0.17 


Energy = -419.9284 


A = 1342d 
D =  1.083d 
K=94.74  
CY = 0.80 
a =  1.527 


CIXSH = 107.93 
XCs = 1.517 


x5c6x7 = 110.01 


m = 1.33 
Energy = - 344.0262 


B = 1.522 C =  1.562 
E =  1.094d 
J =  133.86 I= 118.39 
y = 120.54 
g = 116.80 0 = 116.65 
XsYZs = 110.19 XsYZ9 = 108.50 
YZsH = 110.06 HZsH = 108.87 
HZ9H=108.87 
YZs = 1.510 YZ9= 1.510 


B =  1.524 C =  1.594 
E = 1 .094d 
J =  133.61 I =  115.83 
y = 116.50 
g = 115.73 0 = 115.48 
CjXsH = 112.74 C3XsH' = 112.74 
HXjH' = 107.24 X K 6 0  ,= 124.99 
CO = 1.209 XH = XH'  = 1.094d 
6 = C ~ X S X ~ C S  = 158.33 


A = 1342d B =  1.513 C =  1.564 
D =  1*083d E =  1*094d 
K = 94.21 J =  134-15 I=  120-66 
cx = 0.51 y = 123.68 
a =  1.440 g = 114.56 0 = 114.26 


XSc6=1'363 C O =  1.185 


Energy = -415,5663 


xSC6x7=109'44 xSc60 = 125.28 


6 =  c3xSx7c6= 174.31 
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Table 2. (Continued) 


4a A = 1 .342d B =  1.526 C ~ 1.590 
D =  1.083d € =  1.094d 


I =  113.17 X = M e  K = 94.66 J =  133.51 
a =  -0.90 y =  113.08 
a = 1,521 g = 117.30 p 118.68 
HXrH 108'21, 107.52, 107.54 
C,X5H= 1 1 1 ~ 6 8 , 1 1 1 ~ 3 5 , 1 1 0 ~ 3 6  
C ~ C ~ X ~ H I  = 47.30 


2 3  


X5H = 1.094d 
Energy = 232.6257 


4r A = 1.342" B =  1.505 C 7 1.562 
D =  1.083d € = 1.094" 


x = CI K = 94.19 J =  134.56 1 1 ~  118.24 
N = -- 2.24 y = 119.36 
a =  1,862 g = 114.75 $ 115.82 
Energy = - 1071,4799 


4d A = 1.342" U ~ 1.512 C = 1.588 
D = 1 .083d E = 1.094" 6 8  


0 - CH, 
I - ~  11.5~40 K 7 94.67 J =  134.14 


C) - CH, a = ~ 1.43 y ~ 115.79 
a ~ 1.408 g =  113.18 [3 113.67 
CiOrC-= 118.33 
HC;H = 108.89, 109.05, 109.05 
OsC; = 1.421 
CaC>OC: = 163.21 


05C-H = 106.64, I I I .57, 1 1  1.57 


C-H = 1.094" 
C ~ O C ~ H I  = 175.36 


f i5 7 


2 3  


Energy = - 382.0769 


.' Energy in hai-trees. 
"Horid length, in ang,tioni~. anglcr in tlcgrcci. C I C >  etc .  repre\cii~ C-I -C-2 bond, etc 
' Aitumed fro111 tlii ' calculated geometry of 2a. 
'I Aqr u med . 


2a l a  
P 


4 a  
0 


SVN ATTACK ANTI  ATTACK 


Figure 2. Anti addition (070) for the reaction of diazomethane with cyclobutenes vs. a.  4-3 l G  optimization (constraints: C ,  
symmeLry). 0 STO-3G optimization [constraints: C ,  symmetry, C=C,  C(sp3)-H and C(spZ)-H bond lengths = 1.342, 1.094 and 
1.083 A,  respectively] . rn STO-3G optimization (constraints: C, symmetry; cyclobutene ring geometry assumed from the cis-3,4- 
dichlorocyclobutene experimental geometry and OAc geometry fixed to standard values). STO-3G optimization o f  tx on the 


geometry taken from crystallographic data for 4e (unpublished results) and with H in place of Me 
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7 : 3 mixture) and dimethoxycyclobutene 4d (a  = - 1.43, 
100% syn selectivity) are compared, even allowing for a 
greater steric effect in the case of the dimethyl 
derivative, some further intermolecular effect of the 
heteroatom in favouring the syn attack cannot be 
excluded; it is also worth pointing out that in all cases 
in which dominance of syn attack on cyclobutenes was 
observed there were heteroatoms as substituents. This 
last factor, together with relevant intermolecular 
interactions, will be discussed in a following paper; 2 5  


here we report some results and arguments about the 
intramolecular origin of non-planarity. 


Intramolecular interactions and non-planarity 


The structural features most related to the double bond 
non-planarity a are illustrated in Figure 3a and b for the 
hydrocarbons of our sample, norbornene (optimum 
geometry at the STO-3G level) having been added for 
completeness. The geometrical trend in Figure 3a could 
be attributed qualitatively either to the tendency to 
minimize 'torsional repulsions' (that is, the tendency of 
u-bonds to prefer staggered conformations) or to 
hyperconjugative interactions between a-bonds and a- 
bonds (that is, the tendency to maximize when 
stabilizing or minimize if this kind of interaction is 
repulsive). The relative merits of the two explanations 
are compared below. 


Torsional repulsions 


I t  can be seen that with respect to planarity, the olefinic 
C-H bonds are slightly rotated towards more staggered 
geometries. This could suggest that rotation, forced by 
u-bond-o-bond repulsions, tends to minimize torsional 
(Pitzer) strain between olefinic C- H bonds and allylic 
bonds. However, other structural features give 
significant indications against o-bond-o-bond 
repulsions as an exclusive cause of non-planarity. First, 
the olefinic C-H bonds are highly staggered with 
respect to both C-H and C-X allylic bonds even in 
the planar form; moreover, the olefinic bond angles 
H-1-C-I -C-4 and H-2-C-2-C-3 are very large 
(> 13 1 ' in all of the cyclobutenes); also the bond angles 
C-1-C-4-H-4 and C-2-C-3-H-3 are fairly large 
(from 113.2' in dimethylcyclobutene 4a to 126.9" in 
bicyclopentene l a ) ,  whereas bond angles C-1 -C-4-X 
are small only in bicyclopentene and in its oxa derivative 
(108.8" and 106.3", respectively) where, on the other 
hand, the olefinic C-H bonds bend towards the X 
substituent in the optimizedostructures. Thus compared 
with ethane (HCC = 11 1.6 , experimental) a-bond-u- 
bond repulsions in our system are smaller. 


An even stronger argument comes from consideration 
of the dihedral angles (C-2-C-3-C-4-X) in relation 
to the non-planarity angle a;  Figure 3b shows that the 


larger is @, the larger are the anti bendings (with respect 
to X). This feature is better emphasized by model 
calculations on 'distorted' molecules where different 
values are imposed and only a values are varied to 
satisfy energy optimization. As an example, Figure 3c 
reports the comparison between dimethylcyclobutene 
(11) and 'deformed' dimethylcyclobutenes (I  and 111). I t  
does not seem easy to explain this relationship by u- 
bond-u-bond repulsions. 


The case of norbornene 5a (H-2-C-2-C-1 = 124.4", 


C-2-C-1-C-6 = 106.6") is decidedly different from 
that of cyclobutenes owing to the presence of C-1 - H 
and C-4-H bonds. In fact, the dihedral angle 
H-1-C-1-C-2-H-2 = 29.0" in the planar form is 
such that the torsional effect of C-1-H and C-4-H on 
olefinic hydrogens could reasonably be invoked to 
explain anti bending.3r9 However, if we consider the 
case of bicycloocteae and its dioxa derivative, we find 
that in 6a there is perfect eclipsing between olefinic and 
bridgehead C-H bonds and, even more important, in 
6b the olefinic C-H bonds bend towards the 
heteroatomic bridge (syn) together with the C-1 -H and 
C-4-H bonds, maintainging almost perfect eclipsing 
with respect to each other (Figure 3d); it  is worth adding 
that in 6b, HCC b%nd angles, although large 
(H-2-C-2-C-1 = 122. and 
H-l-C-l-CC-2= 113.3 are the lowest values 
encountered in our systems (i.e., the torsional effect 
should be at a maximum). 


The above arguments and results are not certainly 
sufficient to exclude any role of torsional repulsions in 
the pyramidalization of the olefins under study but, in 
our opinion, they are strong enough to call for 
alternative or additional effects. 


C-2-C-1-H-I = 116.0", C-2-C-1-C-7 = 100.Oo, 


Hyperconjugat i ve in f ernct ions 


A convincing explanation of the geometrical trends in 
Figure 3a-d can be qualitatively obtained by assuming 
that interactions between u- and a-bonds are stabilizing 
and that out-of-plane bending is induced by the 
tendency to favour eclipsing of the p, (or a-type) atomic 
orbitals of the olefinic carbons with the C-H and C-X 
o-bonds at positions 3 and 4 of the cyclobutene ring 
(position 1 and 4 in norbornene and bicyclooctene 
frames) (Figure 4). 


The tilting of the p, orbitals. together with a modest 
pyramidalization, modifies their alignments with the 
above o-bonds, the tilting being counteracted by the 
decrease in the double bond p,-p, overlap. Hence, in l a  
and 2a both p,-C-C and p,-C-H interactions are 
increased by syn bending on the olefinic hydrogens, 
whereas in 3a and 4a the two interactions are favoured 
by opposite distortions so that small a values result 
from the competition. In the case of norbornene the 
prevailing anti distortion is favoured by p,-C-l -C-6 
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H i- H . \  
'6 


l a  4a Sa 


Figure 4. Pyramidalization and tilting of pT atomic orbitals in la,  4a and 5a 


and p,-C-1-H interactions, whereas a syn distortion tution is complex, the results can be easily understood, 
would be assisted only by the increase in p,-C-1-C-7. for most of the compounds in Figure 5 ,  if it is assumed, 


Heteroatom substitution influences non-planarity, as as demonstrated in the next section, that p,-C-0 
illustrated in Figure 5 compared with Figure 3a (for interactions introduce higher stabilizations than 
previous STO-3G calculations on 5b and 5c, see p,-C-C interactions. Actually, there is no relevant 
Ref. 6g). Even though the effect of heteroatom substi- change in a in l b  and 2b as compared with l a  and 2a, 


-2.5. 14.0' 


:-3l.9* 
: /  \ -  i 


l b  2 b  3c 


4d 5 b  S C  


Figure 5 .  Newman projections along the C-1-C-4 bond of cyclobutenes l b ,  2b, 3c and 4d (4-31G optimized structures reported in 
Table 2) and along the C-2-C-1 bond of norbornenes 5b and 5c [STO-3G optimized structures with the following constraints: C, 
symmetry, C=C,  C(sp3)-H and C(sp2)-H bond lengths = 1.342, 1.094. and 1.083 A ,  respectively], showing the dihedral angles 


DC and DH and the dihedral angle a 


Figure 3. Structural features related to the non-planarity parameter a. (a) Newman projections along the C-1PC-4 bond of 
cyclobutenes la-4a and along the C-2-C-1 bond of norbornene (5a). The reference plane for the dihedral angles DC and DH 
contains the C-1 -C-4 bond (C-2-C-1 for norbornene) and is perpendicular to the cyclobutene plane. [4-31G optimized structures, 
reported in Table 2, for la-4a, and STO-3C optimized structure for 5a with the following constraints: C, symmetry, C=C,  
C(sp3)-H, and C(sp2)--H bond lengths = 1.342, 1.094, and 1.083 A,  respectively]. (b) Lateral side view showing the dihedral 
angles 0 and 0 1 .  (c) Relationship between p and 01 in distorted cis-3,4-dimethylcyclobutene (STO-3G). (d) Newman projections along 
the C-2-C-1 bond of bicyclo[2.2.2]oct-2-ene (6a) and of its dioxa derivative 6b [STO-3G optimized structure with the following 


constraints: Cr symmetry, C=C,  C(sp3)-H and C(sp')-H bond lengths = 1.342, 1.094, and 1.083 A, respectively] 
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respectively. However, also in l b  and 2b p,-C-0 
interactions are larger than related p,-C-C 
interactions in la  and 2a, respectively. We may 
emphasize that in these two cases both pT/C-X and 
pz-C- H interactions favour syn bending and that 
C-X bonds in these compounds are highly bent. 


It is noteworthy that the out-of-plane bending of 
olefinic hydrogens induced by oxygen substitution in 
bicyclooctene (Figure 3d), discussed in the preceding 
section, conforms well with the tendency to increase 
p,-C-0 interactions. 


From the analysis of the results, it can be concluded 
that hyperconjugative stabilization is a likely factor in 
non-planarity. 


The question of whether u-bond-u-bond repulsions 
or p,-u-allylic bond stabilizations, are the more 
responsible (if they are so) for the olefinic hydrogen 
bending cannot be answered a prior;: only actual 
calculations in which the effects of the two kinds of 
interaction can be compared are able to distinguish 
between them and to establish which factor is dominant 
in the various cases. Houk and c o - w o r k e r ~ ~ " ~  argued 
that u-a effects can be shown to be part of the torsional 
effect by describing the double bond in terms of 
localized bent bonds. They also stated that u-T 
hyperconjugation and torsional repulsions have the 
same geometrical dependence and, although 
conceptually separable, are theoretically and 
experimentally indistinguishable. We feel, however, 
that our approach (see below) is ablc to distinguish 
between these two types of interactions. In the following 
section this problem is approached quantitatively. 


Analysis of the effects of intramolecular interactions 


The model introduced here is described in detail in the 
Appendix and is based on the use of a hybrid atomic 
orbital approach for the calculation of the total energy 
of the molecule. Hybridization defines an atomic orbital 
basis whose elements show the best localization on 
single o-bonds, a-bonds, lone pairs, etc. yet retaining 
complete invariance; as a consequence, each off- 
diagonal term of the energy matrix representing the 
interaction between two elements of  the basis represents 
also the interaction between the molecular fragments 
(bonds, lone pairs, etc.) to which these elements are 
assigned by the hybridization procedure. Accordingly, 
what we call a u-u interaction arises from the energy 
matrix terms between the 0-elements of the atomic basis 
involved in the two u-bonds, whereas a a-u interaction 
arises from elements assigned to a a-system and 
elements assigned to a u-bond. It should be noted that 
the notations a-u and a-u, which are widely used for 
indicating the interactions between filled molecular 
orbitals, assume a different meaning in our model, and 
will be used throughout according to our definition. 


The change in the molecular energy caused by the 
suppression of selected terms of the energy matrix, with 
respect to the calculation in which all the interactions 
are present, defines the effect of the selected 
interactions. Obviously, the calculated effect of the 
interactions depends also on the approximations of the 
procedure for the energy calculation; even if  better 
approximations are considered in future work, we did 
find that C-INDO parametrization " is a reasonable 
choice for our problems. 


The analysis was conducted on all the compounds 
under study and a large collection of significant results 
are reported in Tables 3-10 in order to show both the 
coherence and soundness of the procedure and the 
overall consistency of the answers regarding which 
intramolecular interactions are of paramount import- 
ance in the problem of cyclic alkene pyramidalization. 


The results in Tables 3-10 refer to molecules in their 
optimum geometry and in their anri (a  = - 20") and s.vn 


Table 3 .  Analysis of intramolecular interaction9 for 
bicyclo[2.1 .O]pentene ( la )"  


NORM 
rr-conj. 
TSI 
a- U 


a-U 


a - c - C  
T-C-H 
a-bonds 
a-CHz 


O.O(ref.) 
- 158.69 
- 36.25 
- 18.78 
- 17.47 


11.34 
-4 .56  


- 16.04 
- 0 . 5 9  


5 . 6 9  
- 159.51 
- 36.60 
- 18.42 
- 18.19 


9.05 
-3 .95  
- 13.11 


- -0 .42 


2.39 
- 159.51 


- 40.06 
- 19.40 


~ 20'66 
- 12.02 


-4 .66  
-- 16.79 


-0 .66  


~ 3.29 
- 0.00 
-- 3.46 
- 0.98 
~ 2.48 
~ 2.97 
-0 .71  
- 3.68 
-0 .24  


"C-INDO calculation\ (total energies in kcalniol ' )  on 00 ini/ /o 
optirni7.ed Ytructure (4-31C) and on deformed (forccd T ~ I  bent ( Y  7 20" 
and torced ciriti bent LY = 
[Y : uut-of-plane bending of the olefinic hydrogeii\. 


20° model \triicrure\. 


A + 2 0 = E + ? o  -,!.LO 


Table 4. Analysis of intramoleciilar interactions foi 
norbornene (5a)' 


( Y =  -4.35' ( Y =  -20' o(= + 2 0 c  A 2 2 0  


NORM 
o-conj. 
TSI 
U-  v 
T--0 


a-c - C,,, 
a-C-C, 
T-C-H 
*-bonds 
a-CH2-m 
a-CH2-e 


O,O(ref.) 
- 226. I5 


1.61 
28.00 


- 26.39 
- 5.40 
- 16.13 
- 1.65 
- 22.25 
- 1 - 3 1  
-2 .82 


1.19 
- 226.67 


-0.96 
27.71 


-28.67 
-4 .43  
- 17.29 
- 2.01 
- 22.71 
- 1.10 
~ 2.96 


4.43  
- 226.67 


1.72 
28.01 


-- 26.29 
7.03 


- 13.44 
- 0.99 
- 20.60 
- 1.62 


~ 2.39 


2.64 
0.00 
2.68 
0 - 3 0  
2.38 


~ 2 . 6 0  
3.86 
1.02 
2.17 


- 0.52 
0.57 


"C-INDO calculations on STO-3G struciure 
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(a  = + 20") deformed geometries; the comparison 
between the deformed molecules has the advantage of 
amplifying the energy effects of non-planarity and of 
showing that, even though pyramidalization appears to 
be small, the energetic asymmetry caused by 


Table 5. Analysis of intramolecular interactions for 
5,6-dioxanorbornene ( 5 ~ ) ~  


a =  -5.14' a =  -20" a =  +20" A 2 20 


NORM O.O(ref .) 3.77 6.71 2.94 


TSI 58.36 54.92 57.77 2.84 
u-u 86-12 85.63 85.88 0-25 


u-conj. - 378.03 -378.82 -378.90 -0.08 


T - U  -27.76 -30'70 -28.11 2.59 
n-C-Cm - 7.48 -5.92 -9.71 -3.79 
n-C-0 - 19.28 -20'55 -15.59 4.95 
T-C-H -0.94 -1.30 -0.36 0.94 
n-bonds -25.72 -26.07 -23.43 2.64 
n-lone pairs -0.73 -0.61 -0.58 0.03 
K - C H ~  -1.14 -0.90 -1.47 -0.57 


"C-INDO calculations on STO-3G structure. 


Table 6.  Analysis of intramolecular interactions for 
7-oxanorbornene (5b)" 


a =  -3.05' a =  -20' a =  + Z o o  A 2 2 0  


NORM 
a-conj. 
TSI 
U - 0  


*-CJ 


a-C - 0 
a-C - c, 
T-C-H 
?r-bonds 
n-lone pairs 
n-CHz 


O.O(ref.) 
-277.41 


54-39 
80.49 


-26.10 
- 5.82 
- 16-59 
-2.31 


-23.46 
-0.04 
-2 .50  


3.65 
- 278'31 


50.70 
79.94 


- 29.24 
-4.08 
- 17.92 
-2.88 


-23.60 
-0.00 
-2.67 


6.06 
- 278.27 


53-10 
80.12 


-27.01 
-8.06 
- 13.75 
- 1.40 
- 22.07 


-0.09 
-2.03 


2.40 
0.04 
2.40 
0.18 
2.22 


-3.99 
4.17 
1.48 
1.51 


-0.07 
0.64 


"C-INDO calculations on STO-3G structure. 


Table 7. Analysis of intramolecular interactions for 
oxabicyclo[2.1 .O]pentene ( lb)" 


a = 7 . 2 9 O  a =  -20" a =  +20° A 2 2 0  


NORM O.O(ref .) 5.11 
u-conj. - 204.70 -205.68 
TS I -2.16 -3.22 
u-u 13.92 13.81 
n-U - 16.07 - 17.03 
n - c - 0  - 12.03 - 10.15 
T-C-H -2.79 -2.16 
n-bonds - 15.60 - 12.91 
n-lone pairs 0-03 0.02 


"C-INDO calculations on 4-31G structure. 


2.55 -2.55 
-205.49 0.20 


-5.50 -2.28 
13.57 -0.24 


-19.06 -2.03 
-12.35 -2.20 


-2.95 -0.80 
-16.06 -3.15 


0-06 0.03 


deformations forced towards the transition states is 
significant. The NORM row reports the results of 
conventional C-INDO calculations, and the other rows 
contain the differences between NORM energies and the 
energies obtained when subsets of intramolecular 
interactions are suppressed; according to  the definition, 
these entries represent the effects, either negative, i.e. 
stabilizing, or positive, i.e. destabilizing, caused by 
those interactions. The figures in the last column in each 
table are the differences between the deformed 
molecules (E+ 20' - E -  20"); they represent the energetic 


Table 8. Analysis of intramoleculars interaction for 
bicyclo[2.2.0]hexene (2a)" 


a = 3 . 9 l 0  a =  -20' a =  +20" A 2 2 0  


NORM 
u-conj. 
TSI 
a-U 
T-U 


?r-c - c 
T-C-H 
n-bonds 


O.O(ref.) 
~ 191.60 


11.10 
35-99 


-24.89 
- 14.93 
- 8.60 


-23'02 


6-12 


10.38 
35.91 


~ 192.52 


-25.54 
- 12.83 
- 7.78 
- 20.15 


2.81 


6.98 
35.63 


- 192'52 


-28.64 
- 15.61 


-8.69 
-23.72 


-3.31 
-0.00 
-3.39 
-0.29 
-3.11 
- 2.78 
-0.91 
- 3.57 


"C-INDO calculations on 4-31G structure 


Table 9. Analysis of intramolecular interactions for 
dioxabicyclo[2.2.0]hexene (2b)' 


a = 3 . 7 6 '  a = - 2 0 °  a = + 2 0 °  A + 2 0  


NORM 
u-conj. 
TSI 
u-u 
n-U 
n-C-0 
T-C-H 
*-bonds 
n-lone pairs 


O.O(ref.) 
-349.64 


57.53 
85.58 


-28'05 
- 19.80 
- 7-94 
- 27.41 
-0.51 


5.20 
- 350.64 


55.66 
85.21 


-29.55 
- 18.88 
- 7.00 


-25.54 
-0.30 


3.57 
- 350.52 


54.29 
85.25 


- 30'96 
- 19.37 
-8.11 


-27.15 
- 0.62 


- 1.64 
0.12 


- 1.36 
0.05 


- 1.41 
-0.49 
-1.11 
- 1.61 
- 0.32 


"C-INDO calculations on 4-31G structure. 


Table 10. Analysis of intramolecular interactions for 
3,4-dimethoxycyclobutene (4d) a 


a =  -1.43' a =  -20° a =  +20" A 2 2 0  


NORM O.O(ref.) 3.08 4.47 1.39 
u-conj. - 373.85 - 374-72 - 374.61 0.11 
TSI 128.90 125.84 127.52 1.69 
u-u 156.18 155.76 156.07 0.31 
n-U -27'28 -29.93 -28.55 1.38 
n-C-0 -12.99 -13.38 -11.78 1.60 
T-C-H -13.31 - 12.94 -12'85 0.10 
*-bonds - 26.34 -26.32 -24.65 1.67 


a C-INDO calculations on 4-31G structure. 
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asymmetry (NORM row) and the asymmetry explained 
(or caused) by the various subsets of interactions (other 
rows). 


Table 3 will be described in detail in order to clarify 
the above definitions. 


Bicyclo[2.1 .O]pentene shows a signiccant syn bending 
in its optimum geometry (a  = + 7.08 ); accordingly, a 
+20° syn deformation is less expensive2 by 
- 3.29 kcal mol-', than the corresponding - 20 anti 
deformation. &onjugation, due to  through a-bond 
interaction (TBI) (see Appendix A for definition), 
introduces a high stabilization in all the forms (about 
- 160 kcalmol-'),  but does not contribute at all to 
deformation asymmetry (A k 20), which, on  the other 
hand, appears to be caused exclusively by through-space 
interaction (TSI). These interactions, even though 
weaker than TBI, introduce ,a higher stabilization into 
the + 20" than into the - 20 form, and explain all of 
the asymmetry. 


Now, TSI in our molecules can be classified either as 
u-u or a-u interactions; the effects of a-u interactions 
are found by zeroing the corresponding terms of the 
energy matrix, whereas the effects of U-u interactions 
are evaluated by difference. 


One can see that a-u interactions are largely 
responsible for the asymmetry. This conclusion also 
appears to hold for all the molecules under study 
together with the generalization that a-u interactions, 
in our definition and C-INDO evaluation, always confer 
stabilization. In contrast, u-u interactions have, in 
general, large destabilizing effects (bicyclo[2.1 .O]pent-2- 
ene, la, is a remarkable exception) and give much lower 
contribution to  the asymmetry index, A t 20. It should 
be emphasized that, although u-u interactions include 
the whole group of those interactions, in the 
comparison between the deformed molecules ( k20") 
the differences are limited to the direction of the olefinic 
C H  bonds. 


The analysis of a-u interactions can be detailed 
further by considering separately (i.e. by zeroing 
separately) the interactions between the a-AOs on the 
olefinic carbons (C-I and C-2) and the a-AOs involved 
in the C-3-C-5, C-4-C-5, C-3-H and C-4-H bonds 
around the C-3 and C-4 centres. It has been found that 
this subset of a-u interactions is the most effective in 
causing asymmetry via different stabilizations of the 
deformed molecules; it is gratifying that the effects of 
a-C-C and of a-C-H interactions, separately 
evaluated, reproduce the effects of the same interactions 
taken together (a-bonds), particularly when the 
differences A 2 20 are considered: this addictive 
property of the effects confers significance to our 
analysis. 


Finally, the interaction of the a-AOs with the u-AOs 
involved in the methylene group (a-CH2) has minor 
effects. 


It is worth noticing that the stabilization of the syn 


bent form in l a  due to  the interaction between the a- 
AOs and the C-C and C-H u-AOs agrees with the 
pictorial description in Figure 4, where syn rotation 
increases the overlaps between the a-AOs and the C-C 
and C-H bonds. 


The more complicated cases of norbornenes are 
equally well described: u-u interactions, which 
introduce large destabilizations, give minor 
contributions to  the origin of A t 20, whereas a-u 
interactions appear to  dominate the asymmetry. In 
norbornene, for example, the anti bending, with respect 
to the methano bridge, is favoured by a-C-C-e 
(3-86 kcalmol-') and a-C-I-H (1.02 kcalmol-') 
interactions (C-C-e representing C-I -C-6 and 
C-4-C-5 bonds of the ethano bridge) and opposed by 
a-C-C-m ( -  2.60 kcalmol-') interactions (C-C-m 
representing C-I -C-7 and C-4-C-7 bonds). The effect 
of a-C-C-e is larger than that of a-C-C-m 
interactions as a consequence of the directions of the 
bonds. Once again these numerical conclusions agree 
with the explanation of Figure 4 in terms of stabilizing 
overlaps between aAOs and hybrid atomic orbitals 
involved in the a-allylic bonds. 


The results for oxanorbornenes (Tables 5 and 6), 
similarly to  those of norbornene, allow some interesting 
comparisons. Oxanorbornene 5b is slightly less anti 
bent than norbornene, whereas dioxanorborene (5c) is 
slightly more anti bent, as can be seen both from the 
extent of non-planarity (a  values) and from the 
deformation asymmetry (A t 20). The finding that in 5b 
and 5c a-C-0 interactions have larger effects than the 
corresponding a-C-C interactions in 5a can easily 
explain the observed trend. 


Our conclusions for norbornene are at first sight at 
variance with those of Spanget-Larsen and Gleiter. h d , e  


On the basis of EH calculations, they concluded that a 
reduction in hyperconjugative interaction is the driving 
force behind the observed ground-state bending of 
norbornenes. I n  particular, anti bending in norbornene 
occurs in order to  minimize destabilizing hypercon- 
jugative interactions of a-MO with the part of MOs of 
the 'cyclopentane ribbon' associated with the methano 
bridge. In contrast, our calculations indicate that anti 
bending follows from the fact that the stabilizing 
hyperconjugative interactions with the monoatomic 
bridge are offset by those with the diatomic part of the 
'cyclopentane ribbon.' However, for comparison with 
conclusions of other workers it is worth stressing again 
that the model we are considering is different from the 
PMO model where intramolecular interactions are 
defined as the interactions between filled and empty 
molecular orbital (u-a, u-u*, a-g, *--IT*, etc); in our 
model the interactions arise between atomic orbitals, 
and their role is evaluated via the changes of the total 
energy of the molecule; in our model hyperconjugation 
induces stabilization, and pyramidalization occurs in 
order to increase the stability of the system. 
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Tables 7-9 show the results for oxabicyclo[2.1 .O]J 
pentene ( lb) ,  bicyclo[2.2.0]hexene (2a) and dioxa- 
bicyclo[2.2.0]hexene (2b). Here one can see, even in 
comparison with Table 3, that the effect of a-C-0 
interactions, while higher than the corresponding 
a-C-C interactions, does not increase the energy 
difference between the deformed (220") forms so that 
the syn bending of the hydrocarbon is not increased by 
oxygen substitution and much more in 2b the major role 
in favouring syn bending is left to a-C-H interactions. 


Table 10 reports the results for cis-3,4-dimethoxy- 
cyclobutene (4b); here again one can assign the origin of 
facial asymmetry to  a-u interactions; whereas n-C-0 
and a-C- H interactions have comparable values, the 
role of a -C-0  in driving distortions is much greater. 
Consistently, in cis-3,4-dichlorocyclobutene (4c) 
(results not reported here) only a-C-CI interactions, 
which are also larger than a-C-H interactions are 
responsible for anti bending. 


Finally, the interactions between the a-AOs and the 
methylene groups, and also the interactions between the 
a-AOs and the oxygen lone pairs, produce small effects 
and d o  not contribute significantly to non-planarity. 


We conclude that one of the leading factors that 
determine the geometry of cyclobutenes is the tendency 
to maximize the a-C-X interactions. Whether or not 
this also results in a significant effect on out-of-plane 
bending of olefinic hydrogens depends on how much 
bending is necessary to  maximize a-C - X interactions 
and on how easily the molecule can accommodate such 
a bending without a relevant increase in geometrical 
strain and a decrease in a-bond energy. However, it is 
clear that further studies are warranted, aimed at a more 
precise definition of the relationship between the effect 
of the heteroatom and the character of the heteroatom 
itself (e.g. its electronegativity). 


CONCLUSIONS 


A relationship between non-planarity of the double 
bond moiety in cis-3,4-disubstituted cyclobutenes and the 
facial selectivity of their reactions with 1,3-dipoles 
clearly emerges from theoretical and experimental data. 
We suggest that non-planarity not only parallels but 
actually plays a relevant role in determining the facial 
selectivity observed. 


As for the origin of non-planarity, we have shown 
that cis-3,4-disubstituted cyclobutenes are pyramidal- 
ized so as to maximize a-u interactions between the a- 
atomic orbitals of the olefinic carbons and the a-atomic 
orbitals involved in the allylic bonds. As a rule, the 
strength of these stabilizing a-u interactions increases 
in the order K-C-H < a-C-C < a-C-0.  Pyra- 
midalization of norbornene, 7-oxanorbornene, 5,6-diox- 
anorbornene and 5,6-dioxabicyclo[2.2.2]oct-2-ene can 
be explained by the tendency to  maximise n-u interac- 
tions as well. 
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APPENDIX. MODEL CALCULATIONS FOR THE 
ANALYSIS OF INTRAMOLECULAR 


INTERACTIONS 


The present model is based on the definition of 
molecular subsystems (0-bonds, a-systems, lone pairs, 
molecular fragments) to  which each element of a con- 
venient (hybrid) basis can be assigned. The hybrid basis 
is obtained by unitary transformation of a valence A 0  
basis, according to  the maximum localization 
criterion. '' MO calculations are made in an NDO all- 
valence electron approximation, the C-INDO method. 
In a paper in which the C-INDO procedure was 
formulated," the role of u-u, u-a and a-a inter- 
actions in INDO quality conformational energies was 
investigated. Momicchioli et al. showed that a proper 
balance of these interactions, introduced via empirical 
screening parameters, gives a good overall agreement 
between experimental or ab initio conformational 
energies and the INDO results. Difficulties still remain 
when conformations are strongly dependent on inter- 
actions involving lone pairs: in those cases the lack of 
directionality of two-centre repulsion integrals (taken as 
if they were spherical 2s orbitals) depresses u-u 
repulsions. 


The requirement that MOs of a subsystem be the 
stationary states of a one-electron model is equivalent to 
the requirement that the energy matrix be factorized 
into blocks corresponding to the various subsystems 
into which the molecule is partitioned. The overlap 
matrix and the density matrix must also be factorized 
correspondingly. In fact, the energy matrix of the 
hybrid basis is not block-factorized: a number of inter- 
block elements introduce inter-subsystem interactions 
clearly recognizable in the corresponding elements of 
the density matrix. 


Two kinds of inter-block elements can be distin- 
guished in the energy matrix. Off-diagonal one-centre 
terms, not present in the overlap matrix because of 
orthogonality, follow from the differences between the 
valence states ionization energies (1s and lp)  of the s 
and p AOs and are usually large. 


A H C O X  , ,J - - a , a J ( l s -  lp); A,BH -6" S 
1 J -  1.J 1 , J  


Their value depends on the coefficients a, and a, of 2s 
A 0  in the hybrids h, and h,, on the same atom A, and 
becomes zero when one or both hs are pure p AOs. It 
follows that off-diagonal one-centre terms, relative to 
U-a and a-a interactions, are zero, whereas they are 
large and introduce large delocalizations in u-systems (u- 
conjugation). The relevance of these terms and their 
chemical implications have been discussed by Dewar. 
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Off-diagonal two-centre terms between basis elements 
of different subsystems are proportional to  their overlap 
integrals and cause through-space interactions (TSI) 
between the subsystems: according to the assignment of 
the basis elements to  u, a or lone pair sub-system, these 
interactions can be called u-u, u-a, a-lone pair etc., 
interactions. 


Following this scheme, an analysis of intramolecular 
interactions can be made by calculating the change in 
total energy caused by the suppression of selected off- 
diagonal elements of the complete energy matrix; the 
requirement for a meaningful calculation is that the 
corresponding elements of the resulting density matrix 
vanish. This last condition may exclude the analysis of 
single interactions but, once fulfilled, it guarantees that 
the suppressed interactions are independent of those left 
in the calculation. 


Suppression of all the off-diagonal terms, except 
those corresponding to u- and a-bonds, produces a 
localized description of the molecule: the density matrix 
is strictly localized and the energy difference from a 
‘normal’ calculation, where all the interactions are pre- 
sent, corresponds to the full localization energy. 


A calculation where all TSI overlap interactions are 
suppressed provides a density matrix in which all of the 
corresponding two-centre terms are negligible, so that 
the energy difference can be taken as the effect of TSI 
interactions on the stability of the molecule; as this 
calculation contains one-centre off-diagonal inter- 
actions, u-conjugation, i.e. through-u-bond conjuga- 
tion, can be obtained as the difference between the 
energy of this calculation and the energy of the u-local- 
ized description. 


The a-u subset of TSI appears to be reasonably inde- 
pendent of the other overlap interactions (i.e. u-u) and 
the same happens to various subsets of a-u inter- 
actions. This feature allows some detail in the analysis 
of intramolecular interactions, i.e. the separate analysis 
of small groups of a-u interactions. 


The above procedure, tested on the classical problems 
of the rotational barrier of ethane and of the chair-boat 
barrier of bicyclo[3.2.0]hept-6-enes, l o  gives simple 
explanations in perfect agreement with the qualitative 
bond-bond repulsion model depicted in the relative 
Newman projections. l4 


Studies are in progress towards an ab initio version of 
the above analysis. 
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STRUCTURE OF 1,2,6-THIADIAZINE 1,l-DIOXIDES 
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A6 initio theoretical calculations were carried out on the three tautomers, NH, OH and CH, of 1,2,6-thiadiazine 1,l- 
dioxides. Different basis sets were employed in order to obtain an adequate description of these cyclic sulphamide 
derivatives. A coherent picture is obtained which includes relative stability of tautomers (NH > CH > OH), non- 
planarity of NH and CH tautomers and electronic distribution (Boys’ localized orbitals). 


INTRODUCTION 


Aromaticity I - ’  and, particularly, h e t e r o a r ~ m a t i c i t y ~ ’ ~  
are attracting increasing interest. Continuing with our 
research on the synthesis and physico-chemical prop- 
erties of 1,2,6-thiadiazine I,l-dioxides,6 we decided to 
carry out an ab initio theoretical study of this poten- 
tially aromatic six-membered ring incorporating the 
N-S02-N moiety. In order to discuss the problem of 
its structure, the three possible tautomeric forms in 
which the ring can exist have to be considered: 


1 (2(6)-NH) 2 (?-on) 3 (e-cn) 


According to  x-ray and NMR data in solution, 
tautomer 1 is the predominant form in 3,5-alkyl- or 
aryl-thiadiazines whereas 3 is more stable in compounds 
bearing functional groups such as O H  or NH2 at  C-3 
and/or C-5.6  The 1-OH tautomer (2) has never been 
observed experimentally, and only one 0-substituted 
derivative has been claimed. ’ 


Many x-ray structures of 1,2,6-thiadiazine 1,l-  
dioxides have been determined,6 most of them being 
non-planar e.g. the simple 3,5-dimethyl derivative 
shows the sulphur atom 0.405 A above the mean plane 
formed by the remaining five atoms8). However, at 


t Author for correspondence. 
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least one derivative, 5-amino-4,4-dibenzyl-3-one, is 
planar. 


In this paper, the problem of the structure and 
tautomerism of 1,2,6-thiadiazine 1, I-dioxides is con- 
sidered on the basis of criteria derived from theoretical 
calculations such as energy values, charge distributions 
and an analysis of canonical and localized molecular 
orbitals. 


COMPUTATIONAL DETAILS 


It is well established that polarization functions are 
crucial to  the correct description of the bonding of 
sulphur. Unfortunately, a geometry optimization of the 
system under investigation at the 6-31G* level of 
accuracy is economically prohibitive, so cheaper alter- 
natives must be considered. Among the most popular 
ones are the 3-21G(*) and 6-31G(*) basis,” which are 
of split-valence character and include d functions exclu- 
sively on the second-row atoms. However, we have 
recently shown l 1  that these basis sets d o  not reproduce 
the pyramidalization of the nitrogen atoms directly 
bonded to the SO2 moiety of sulphamide. Therefore, 
and taking into account that the possible pyramidaliza- 
tion of the nitrogen of thiadiazines is one of the prob- 
lems we want to  analyse, we shall carry out single point 
3-21G(*) and 6-31G(*) calculations on fully optimized 
STO-3G* structures. These computational schemes, 
which will be referred hereafter as 3-21G(*)//STO-3G* 
and 6-3lG(*)//STO-3G*, respectivelj, have proved to  
be fairly reliable because the STO-3G basis reproduces 
reasonably well the most important structural features 
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obtained at the 6-31G* level'2.for this kind of com- 
pound and the split-valence character of the 3-21G(*) 
or 6-31G(*) corrects some of the deficiencies of the 
minimal basis, as we shall illustrate later. All calcula- 
tions were carried out using the Gaussian 80 series of 
programs (IBM version). l2 


To characterize better the bonding of the tautomers 
considered we shall obtain the corresponding localized 
MOs using the method of Boys. l 3  


RESULTS AND DISCUSSION 


The optimized geometries (bond lengths and dihedral 
angles) of the three tautomers together with the 


experimental data are given in Table 1 and the energies, 
dipole moments and atomic charges in Table 2. From 
these results, it is clear that the most stable structure is 
planar only in the case of tautomer 2, whereas for 
tautomers 1 and 3 boat forms are obtained (see 
Figure 1). 


There is acceptable agreement between the 
experimental and calculated results as seen from the 
comparison between l a  and the x-ray coordinates of 
3,5-dimethyl-2H-l,2,6-thiadiazine 1 ,I-dioxide (1 '):Q8 


the SO2 group lies 0.405 A (experimental) and 0.325 A 
out of the plane (calculated). The worst accordance 
concerns the S-N bond lengths (calculated for la,  
1 *71  A; observed in 1 '  1.62 A). It is necessary to keep 


l a  l b  


3a 


2a 


3b 


Figure 1. Planar and non-planar forms of the three tautomers of 1,2,6-thiadiazine 1, I-dioxide 
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these differences in mind when discussing the energies 
associated with the different tautomers. 


Assuming a proportionality between bond lengths 
and bond orders,2 it can be concluded that all forms 
show a localization of the double and single bonds 
except 2a, which can be regarded as an ylide form. In 
this case there is a delocalization in the 
N-C-C-C-N fragment and the S-N distances cor- 
respond to single bonds. 


N N  
'S' 


Oi+'Oti 


2a 


Since deviations from planarity are very important 
when discussing the structure of the 1,2,6-thiadiazine 
system, planar forms (by Z matrix) of tautomers 1 and 
3 ( lb and 3b) have also been calculated. 


Examination of the energy values at the STO- 
3G*//STO-3G* level shows that, as expected, planar 
forms of 1 and 3 are unstable with respect to the 
non-planar forms (1, A E  = 2-7 kcalmol-'; 3, 
AE = 1-2 kcalmol-I). 


At this level of accuracy, the order of stability of 
the optimized structures is that 3a is 1.5 and 
17 .5  kcalmol-' more stable than l a  and 2a, respect- 
ively. The great energy difference between tautomer 2a 
and tautomers l a  and 3a can account for the fact that 
2a has never been found experimentally. However, at 
this level of calculation tautomer 3a is more stable than 
l a ,  which is in contradiction with the experimental evi- 
dence, as already mentioned. We shall discuss this point 
later. 


The relatively low stability of tautomer 2a is a direct 
consequence of the changes in the bonding of the SO2 
moiety. First, it must be noted that the structure of the 
ring does not change dramatically with respect to that 
of conformer la .  However, the S-0 bond to which the 
proton is attached becomes 0.17 A longer. This 
geometrical change is significant and is responsible for 
the low stability of this tautomer. As has been found 
for sulphamide, the S-0 bonds in species l a  and 3a 
are the result of a a-type interaction between the cor- 
responding AOs of oxygen and sulphur and a-type 
delocalizations involving the oxygen lone pairs on the 
one hand and p and d orbitals of sulphur on the other. 
As a consequence, we cannot strictly speak of an S-0 
double bond since actually the S-0 bonds appear as 
the result of a a-type S-0 interaction and p,-d, back- 
bonding involving the three oxygen lone pairs. This 
description is not consistent with the conclusion of 
Fraenkel et al. l4 about the conjugative interaction of a 
nitrogen lone pair and an SO2 group through a system 
of C-C double bonds. As we have discussed in a prece- 


ding paper, this conjugation does not play any signifi- 
cant role in the behaviour of the.N-SOz group. The 
nature of the S-0 bond is confirmed by the 
characteristics of the localized molecular orbitals of all 
species studied (see Figure 2), which show that for con- 
formers la ,  lb,  3a and 3b, oxygen retains practically 
three lone pairs and it is the polarization of them 
toward the S that is largely responsible for the multiple 
bond character of the S-0 linkage. This bonding 
scheme, however, is considerably altered in conformer 
2a, because one of the oxygen lone pairs becomes a a- 
bonding orbital involved in the 0-H linkage. Accord- 
ingly, the S-0 bonding becomes considerably 
weakened and the system globally destabilizes. Again, 
the LMOs of this conformer (see Figure 2) clearly show 
this effect and its ylide character. 


More subtle is the difference between conformers l a  
and l b  and between 3a and 3b. The first conspicuous 
fact in Table 2 is that the energy difference between 
planar and non-planar forms is small and that, as 
expected, the 6-31G(*) and 3-21G(*) bases predict the 
planar conformers to be more stable than the non- 
planar conformers. 


It must be noted, however, that the deviation from 
planarity is very small in both instances. As a conse- 
quence, changes in the electronic structure of the 
systems are very small and, therefore, difficult to quan- 
tify properly. Nevertheless, an inspection of the MOs of 
conformers l a  and l b  obtained at the STO-3G* level 
reveals that the most significant changes affect the 
HOMO. This is similar to the behaviour described by 
Alcami et a/ .  Is regarding nitrogen inversion processes 
of three-membered rings, where the inversion barrier 
parallels the destabilization of the HOMO. On going 
from l a  to l b  the energy of the HOMO (see Figure 3) 
rises about 7 kcalmol-'. It may be observed that this is 
a *-type MO in the planar form with a strong contribu- 
tion from the atomic orbitals of N-2. When the S atom 
is not in the plane of the ring, the s character of the 
nitrogens directly bonded to it, especially that of N-2, 
increased noticeably and the MO stabilizes. A similar 
effect is observed in another inner-lying a-type MO 
where the strongest contribution comes from the atomic 
orbitals centered at N-6 (see Figure 3). Obviously there 
are other smaller changes affecting the remaining MOs, 
but they almost cancel each other, so that those affect- 
ing the just mentioned *-type obitals seem to be respon- 
sible for the stabilization of the non-planar form. 


It must also be noted that, as mentioned above, no 
significant changes in the electronic structure of the 
system should be expected. This is clearly reflected by 
the corresponding charge distributions (see Table 2), 
which are almost unaffected by the loss of planarity and 
by the corresponding LMOs. Actually, comparison of 
the localized molecular orbitals of l a  and l b  reveals the 
absence of any significant differences between them, 
and only the nitrogen lone pairs of l b  appear slightly 
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l a  


2a 


Ib 


3a 3b 


Figure 2. Boys' localized orbitals of the planar and non-planar forms of 1,2,6-thiadiazine 1,l-dioxide tautomers (black circles, 
?r-type orbitals; hatched circles, o-type orbitals) 


reoriented with respect to  those of l a .  A similar situa- 
tion is found on comparing the LMOs of 3a and 3b. 


The fact that a 6-31G(*) or a 3-21G(*) basis predicts 
the planar form as the most stable may be an artifact 
of the basis. Actually, it is well k n ~ w n ' ~ . ' ~  that an 
adequate description of the pyramidalization at  the 
nitrogen atoms requires the inclusion of polarization 
functions on them. On the other hand, a proper 
polarization of the sulphur atom by including a second 
set of (diffuse) d functions may also be important, 
namely when it is bonded to very electronegative atoms. 


(HOMO) V! Y,, 
Figure 3.  Schematic representation of the T-type MOs most 


sensitive to puckering in the NH tautorner 


To investigate this particular point, we carried out 
single-point calculations using two different sets of 
polarized 6-31G basis, defined as follows: set A 
includes in a 6-31G scheme one set of d functions on 
sulphur ( a ~ = O . 6 5 )  and on both nitrogen atoms 
(aD = 0.80) and set B includes a set of d functions on 
sulphur (OID = 0.65) ,  on both nitrogens ( a d  = 0.80) and 
on both oxygens ( a ~ = 0 - 8 0 ) .  In all cases, STO-3G* 
fully optimized structures were employed and no- 
geometry optimization was attempted. The results 
obtained predict again the planar forms as the most 
stable, but now the energy differences between con- 
formers l a  and l b  are much smaller (0.7 and 
0.4 kcalmol-') when sets A and B are employed, 
respectively. 


We may conclude that although an amelioration of 
the description of the polarization of suIphur or nitro- 
gen atoms does not change the trend observed at the 
6-31G(*) or  3-21G(*) level, the energy difference bet- 
ween the two tautomers becomes so small that a proper 
geometry optimization or the inclusion of polarization 
functions on the remaining heavy atoms and on hydro- 
gens or electron correlation effects could be sufficient to 
stabilize the non-planar conformation. Similarly, the 







STRUCTURE OF 1,2,6-THIADIAZINE 1,l-DIOXIDES 475 


possibility that the intermolecular interactions that take 
place in the crystal could be responsible for the non- 
planarity of the ring cannot be ruled out. In this 
respect, it is significant that according to our results the 
energetic barrier between the two forms is fairly low, so 
that in the gas phase a rapid interconversion between 
the two situations, with the S above and below the ring 
plane, could probably occur under normal conditions. 


More significant is the fact that l a  is predicted to be 
considerably more stable than 3a when a 6-31G(*) or 
3-21G(*) basis is employed. This finding reflects the 
lack of flexibility of a minimal STO-3G basis to 
describe adequately no-direct bonding interactions such 
as that which takes place in l a  between the amino pro- 
ton and the oxygen lone pairs. A split valence basis is 
much more flexible as it is possible to populate inde- 
pendently the inner and the outer shells of each heavy 
atom. It may be observed, in fact, that whereas at the 
STO-3G* level both nitrogens of l a  have almost the 
same electronic population, at the 6-31G(*) level it is 
considerably greater for the nitrogen bonded to the 
hydrogen atom. As a consequence, this proton becomes 
more acidic (its positive charge increases from +0*22 
to +0-42). Simultaneously and for the same reasons, 
the net negative charge on the oxygens of the SO2 
moiety also increases and the coulombic interaction bet- 
ween them and the amino proton considerably stabilizes 
the system. 


However, the STO-3G* basis not only underestimates 
the stability of tautomer l a  for the aforementioned 
reasons, but also overestimates the stability of the 3a 
conformer. In 3a the N-H bond is substituted by a u 
lone pair, and the stabilizing interaction between the 
NH proton and the oxygen lone pairs is changed in a 
repulsive interaction between the nitrogen and oxygen 
lone pairs. Since the total electronic population is 
underestimated at the STO-3G* level, so is the popula- 
tion at the lone pairs and the repulsion between them. 
In summary, regarding the relative stabilities of th,” 
conformers l a  and 3a, the description at the 6-31C( ) 
or 3-21G(*) level seems more realistic and is in agree- 
ment with the experimental evidence. As would be 
expected, the low stability of tautomer 2a is not 
changed at this higher level of accuracy. 


CONCLUSIONS 


From all these calculations the following conclusions 
can be drawn. In principle, regarding aromaticity, we 
conclude that neither form l a  nor 3a can be aromatic 
since their optimized conformations are non-planar. 
However, the energy gap between forms l a  and l b  and 
between 3a and 3b is so small that even if non-planar 
structures are the most stable in the gas phase, the 
flipping movement of the SO2 moiety above and below 
the molecular plane should proceed very rapidly. 


On the other hand, the puckering of the ring, in 
either l a  or 3a, is so small that the perturbation of the 
MOs of the forms l b  or 3b is also very small. It should 
be taken into account, however, that all these species 
have very large dipole moments, which means that in 
the crystal the intermolecular interactions must be sig- 
nificant. These interactions may favour a puckering 
of the ring and the flipping movement might be prohi- 
bited. 


The most stable ring conformation for the OH 
tautomer (2a) is planar and, according to this criterion, 
this tautomer could be aromatic. However, an examina- 
tion of its electronic distribution (see Figure 2) clearly 
reveals the ylide nature of the OH tautomer. 


In contrast to 2-pyrimidinones, I ,2,6-thiadiazine 
1,l-dioxides resulting from the replacement of the CO 
by the SO2 groups are non-aromatic, which explains the 
difference in stability of pyrimidinone tautomers 
(NH > OH % CH)I7 compared with those of 1,2,6- 
thiadiazine 1,l-dioxide (NH > CH B OH). 
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KINETICS AND MECHANISM OF THE OXIDATION OF ORGANIC 
SULPHIDES BY N-CHLOROACETAMIDE 


ANUPMA AGARWAL, PALLAVI BHATT AND KALYAN K .  BANERJI* 
Department of Chemistry, University of Jodhpur, Jodhpur 342 001, India 


The kinetics of the oxidation of a number of monosubstituted aryl methyl, alkyl phenyl, dialkyl and diphenyl sulphides 
by N-chloroacetamide (NCA) to yield the corresponding sulphoxides were studied. The reaction is Brst order with 
respect to the sulphide, NCA and hydrogen ions. There is no effect of added acetamide. Protonated NCA has been 
postulated as the reactive oxidizing species. The rates of oxidation of mefu- and para-substituted phenyl methyl 
sulphides were correlated with Taft's and Swain's dual substituent parameter equations. For the para-substituted com- 
pounds, the best correlation is obtained with UI and 0;; the mefa-substituted compounds correlate best with UI  and 
UR' values. The reaction constants are negative. The oxidation rates of the orfho-substituted sulphides yield an 
excellent correlation in a triparametric equation involving Taft's UI  and a; values and Charton's steric parameter, V. 
The oxidation of alkyl phenyl sulphides is susceptible to both polar and steric effects of the alkyl group. A mechanism 
involving the formation of a halogenosulphonium cation in the rate-determining step is proposed. 


INTRODUCTION 


The kinetics and mechanism of oxidations by N- 
bromoacetamide (NBA) have received considerable at- 
tention in recent years. The kinetics of the sulphides 
by NBA' is complex. It has been proposed5 that both 
NBA and the substrate form complexes with Hg". On 
the other hand, there seems to be no report on oxida- 
tions by N-chloroacetamide (NCA). Oxidations by 
N-chlorosuccinimide7 are reported to follow different 
mechanisms. In view of the lack of information about 
the mechanism of oxidations by NCA, the mechanism 
of the oxidation of organic sulphides by NCA has been 
studied by kinetic methods. Correlation analysis of the 
reactivity has also been attempted. 


RESULTS 


The oxidation of organic sulphides by NCA results in 
the formation of corresponding sulphoxides: 


R-S-R' + MeCONHCl + HzO + 


R-S-R' + MeCONHl + HCI (1) 
II 
0 


Rate laws 


The oxidation of sulphides by NCA is first order with 
respect to NCA. Further, the pseudo-first-order rate 
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constants, kobs, do not depend on the initial concentra- 
tion of NCA. The variation in the concentration of the 
sulphide indicates that the reaction is first order with 
respect to  the sulphide also. The reaction rate increases 
linearly with an increase in the hydrogen ion concentra- 
tion (Table 1). 


Table 1. Rate constants of the oxidation of methyl phenyl 
sulphide by NCA at 298 K 


[MeSPh] (M) 103[NCA] (M) [ H + ]  (M)  106k,b,(s-') 


0.5 
0.5 
0.5 
0.5 
0.5 
0.2 
0 . 8  
1.0 
1 . 4  
1 .7  
2.0 
1.0 
1.0 
1.0 
1.0  
1 .0  
1.0 


2.5 
5.0 
7 . 5  


10.0 
15.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 


1.0 
1.0 
1 . 0  
1.0 
1.0 
1.0  
1.0 
1 .o 
1.0 
1.0 
1.0 
0 .3  
0.6 
1.2 
1 .5  
1.8 
2.1 


5.42 
5.35 
5.40 
5.20 
5.30 
2.17 
8.45 


10.8 
15.0 
18.0 
21 ' 1 


3.30 
6.42 


13.0 
15.8 
19.3 
22.6 
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Table 2. Effect of acetamide o n  the oxidation of MeSPh by 
NCA" 


Effect of acetamide 


Added acetamide has no effect on the rate of reaction 
1O3[Acetamide] (M) 0.0 2.5  5 - 0  10.0 15.0 20.0 2). 
106kob,(s- ') 10.8 10.6 11.0 10.8 11.1 11.0 


[MeSPh] 1.0 M ;  [NCA]O.OOJ M; [ H C ] l . O  M; Temperature 298 K. 
Effect of solvent composition 


The oxidation of methyl phenyl sulphide was studied in 
solvents containing different proportions of acetic acid 
and water. The rate of reaction decreases as the amount 
Of water in the Table 3. Effect of solvent composition on the oxidation ratea is increased 3). 


Effect of substituents 


The rates of oxidation of a number of ortho-, meta- and 


Acetic acid (To v/v) 30 50 60 70 80 
106 kobs(S-') 8-36 10.8 15.5 25-7 40.3 


a [MeSPh] 1.0 M; [NCA]0.005 M ;  [ H + ]  1.0 M; Temperature 298 K.  para-substituted phenyl methyl sulphides, alkyl phenyl 


Table 4. Rate constants at different temperatures and activation parameters of the oxidation of sulphides by NCA 


107k2(i2 mol-2s-1) A H *  A S *  A G *  


Substituent 288 K 298 K 308 K 318 K (kJ mol-I) (J rnol- 'K-') (kJ mol- ' )  


H 
p-Me 
p-OMe 
P-F 
p-c1 
p-Br 
p-NOz 
p-COMe 
p-COOMe 


m-Me 
m-OMe 
m-NH2 
m-C1 
m-Br 
m-I 
m-NO2 
m-COOMe 
o-Me 
o-OMe 


o-COOMe 
v-NHz 
0-c1 
o-Br 
0-1 
V-CN 


P-NHz 


o-NOz 


Et 
n-Pr 
i-Pr 
t-Bu 


MezS 
PrzS 
PhzS 


42.4 
139 


I050 
100 
45.0 
28.0 


10.0 
10.7 


72.0 
38.1 
75.7 
11.8 


12.2 


2.79 


29500 


9.64 


1.37 
7.72 


19.2 


043 
1.63 


3.26 
2.42 
2.95 
1.47 


356 


2040 


68.2 
40.1 
46.1 


8.02 


105 
264 
22.0 


1 07 
301 


2530 
21 1 
113 
85.6 


27.1 
29.0 


9.63 


51600 
171 


187 
98.0 


29.1 
26.5 
33.3 


21.5 
53.5 


4.45 


856 
1.17 
4-24 


7.62 
6-60 
6-66 
2.05 


5650 


167 


108 
88.6 


25.3 


274 
630 


56.5 


(i) Aryl methyl sulphides 
27 1 620 
635 1560 


5780 11200 
472 1100 
283 65 1 
250 565 


25.4 77.7 
73.0 165 
78.2 190 


93700 147000 
397 870 
252 593 
454 1030 


71.5 163 
73.0 181 
90.0 217 
14.5 41.5 
58.5 147 


145 349 
1950 4140 


3.36 9.10 
12.1 30.0 


17.0 51.6 
17.1 34.5 
21.0 49.3 


5.35 15.2 
(ii) Alkyl phenyl sulphides 


10700 20400 


400 1000 
252 565 
313 875 


56.4 170 


578 1370 
1520 3110 


160 386 


(iii) Other sulphides 


65.8 
58.3 
57.9 
58.3 
65.5 
74.7 
80.9 
70.7 
69.1 
38.7 
60.8 
67.4 
63.9 
64-3 
72.2 
70.8 
84.4 
72.4 
71.3 
59.8 
75.2 
72.0 
55.1 
66.5 
65.5 
70.5 
57.5 


65.4 
65.8 
72.7 
73.3 


61.8 
60.6 
70.8 


- 119 
- 135 
- I19 
- 138 
- 119 
- 92 
- 89 
- 113 
- 119 
- 158 
- 132 
- 114 
- 121 
- 135 
- 109 
- 104 
- 83 
- 110 
- 107 
- 123 
- 126 
- 126 
- 124 
- 139 
- 144 
- 126 
- 177 


- 117 
- 121 
- 96 
- 107 


- 125 
- 122 
- 107 


101 
98.1 
94.6 
99.6 


101 
102 
107 
105 
105 


100 
101 
100 
104 
105 
104 
109 
105 
103 


112 
109 


108 
108 
108 
110 


100 
102 
101 
105 


86.0 


96.2 


91.9 


99.2 
96.9 


I03 
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sulphides, dialkyl sulphides and diphenyl sulphide were 
determined at different temperatures and the activation 
parameters were calculated (Table 4). 


DISCUSSION 


A linear isokinetic relationship exists between log kZ at 
288 K and log k2 at 381 K (slope = 0.8890 ? 0.016, 
r = 0.9948) for the oxidation of 34 sulphides. This sug- 
gests that all the sulphides are oxidized by the same 
mechanism. The value of isokinetic temperature is 
1919 2 115 K. 


The oxidation of sulphides' by NBA was carried out 
in the presence of HG". Hg" was added to  prevent the 
liberation of bromine by trapping the bromide ions 
formed, in the form of complexes. It has been reported 
that Hg" forms complexes with both NBA and the 
sulphide and these complexes participate in the rate- 
determining step.5 However, in no other reaction of  
N-brzmoamides has the formation and participation of 
such complexes in the oxidation process been 
reported. 1-4 .6  In the oxidations by N-chloroamides,' 
addition of Hg" is not necessary as liberation and 
further reactions of chlorine have not been observed. 


N-Halogenoamides are known to hydrolyse/dispro- 
portionate to yield hypohalous acid. 1 3 2 2 6  Hypohalous 
acids and their protonated forms have been postulated 
as reactive species in many reactions. However, no 
effect of added acetamide precludes a pre-equilibrium in 
which acetamide is one of the products. This in effect 
rules out the involvement of hypochlorous acid in the 
oxidation process. Hence it  seems that in the present 
reaction, NCA itself is the reactive oxidizing species. 
This is in sharp contrast to  the observations in NBA 
oxidations, - 5  where hypobromous acid has been 
postulated as the reactive oxidizing species and a 
decrease in the reaction rate on the addition of 
acetamide was observed. 


The linear increase in the reaction rate with acidity 
suggests the protonation of NCA to give a stronger oxi- 
dant and electrophile: 


MeCONHCl + H30' (MeCONHICl)' + H20 (2) 


The fact that no levelling in the reaction rate was 
observed, even at high acidity, indicates that the pro- 
tonation constant is small. The equilibrium constant of 
reaction (2) was not determined. 


The decrease in the reaction rate with increase in the 
water content of the solvent indicates that a decrease in 
the polarity of the solvent favours the reaction. Thus the 
transition state of the reac:ion is less polar than the reac- 
tants. This accords with the postulation of (NCAH)+ as 
the reactive oxidizing species. When (NCAH)' and the 
sulphide react, the charge is spread over a wider area in 
the transition state; the charge density is thus reduced. 
The decreased polarity of the transition state is 
facilitated by the low polarity of the solvent. This also 


accords with the postulation of a protonation of a 
neutral species in the pre-equilibrium. 


Correlation analysis of reactivity 


The data in Table 4 show that the oxidation of different 
sulphides follows the order of their nucleophilicity: 
Pr2S > Me2S > MeSPh > Ph2S. 


The oxidation rates of meta- and para-substituted 
phenyl methyl sulphides failed to show satisfactory cor- 
relation with any single substituent-parameter equation. 
The rates for the mefa- and para-substituted com- 
pounds were therefore subjected to analysis in terms of 
Taft's' and Swain's I "  dual substituent parameter (DSP) 
equations. The rates for the para-substituted sulphides 
show an excellent correlation with 01 and u i  values 
(Table 5). We used the standard deviation (SD), coeffi- 
cient of multiple correlation (R), and the parameter f a s  
measures of goodness of fit; f has been defined' as 
SD/root mean square of data points (here log k/ko). 
Comparison showed that f i s  smaller for the ad scale 
than for the other scales by factors of ca 5-9. Thus i t  
is apparent that the rates of the oxidation of para- 
substituted phenyl methyl sulphides by NCA correlate 
best with UI and ud .  


The rates of the oxidation of the meta-compounds 
show excellent correlation with U I  and u:, although the 
discriminating factor for the precision of fit with the 
other u scales or with Swain's equation is not as sharp 
as in the case of para-substituted compounds. In fact, 
the correlation with uk meets the requirements for a 
satisfactory fit (f< 0.1). This agrees with the observa- 
tion of Ehrenson e f  al." that the correlation of mefa- 
substituted compounds is generally best with ug and 
meta-substituted compounds are less discriminating. 


The reaction constants and statistical data at different 


Table 5 .  Correlation of the rates of oxidation of para- and 
meta-substituted phenyl methyl sulphides by NCA at 298 K "  


Substituent constants PI P R  R SD f 


para-Substi tu t ed 
--1.80 -3.63 
-1.60 -2.80 
-1.55 -2.14 
-1.30 -1.71 
- 0 . 3 3  -0.93 


rnetu-Substituted 
-1.83 -1.03 
-1.82 -0.68 
-1.67 -0.76 
-1.82 -0.36 
-1.04 -0.28 


~ 


0-9303 
0.9795 
0.8527 
0,9992 
0.5858 


0.9987 
0.9886 
0.9861 
0.9789 
0.9898 


0.45 0.42 
0.25 0.23 
0.64 0.60 
0.05 0.05 
0.21 0.21 


0.03 0.05 
0.09 0.15 
0.10 0.17 
0.12 0.19 
0.09 0.15 


"SD =standard deviation, R = coefficient of multiple correla~ion, 
f =  SD/(root mean square of log k /ko) ;  UI and U X  are from Rel'. 9. 
bField and resonance constants are from Ref. 10 
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Table 6. Temperature dependence of the reaction constants 


Temperature (K) 


288 
298 
308 
318 


288 
298 
308 
318 


P I  


- 1.45 
-1.30 
- 1.20 
-1.11 


- 1.96 
- 1.83 
- 1.71 
- 1.60 


P R  X a  


para-Substitutedb 
- 1.81 1.25 
- 1.71 1.32 
-1.64 1.37 
-1.54 1.39 
rneta-Substituted‘ 
-1.10 0.56 
- 1.03 0.56 
- 0.96 0.56 
- 0.88 0.55 


R SD f 


0.9986 
0.9992 
0.9988 
0.9985 


0.9969 
0.9987 
0.9994 
0.9989 


0.07 
0.05 
0.06 
0.04 


0.05 
0.03 
0.02 
0.03 


0.06 
0.05 
0.06 
0.04 


0.08 
0.05 
0.03 
0.04 


k = P R / P I .  
No. of data points = 10. 
No. of data points = 9. 


temperatures are recorded in Table 6. The value of X p  
( I  .25-1.39) showed that the oxidation of the para- 
substituted sulphides is more susceptible to resonance 
effect than to the field effect. In the oxidation of the 
substituted compounds, however, the value of A”’ is ca 
0.56, indicating the greater importance of the field 
effect. The magnitude of the reaction constants 
decreases at higher temperature, indicating a decrease in 
the selectivity. In the case of p-substituted compounds, 
the decrease is more pronounced in the Field effect, 
resulting in a gradual increase in the value of X p .  In the 
oxidation of meta-substituted compounds, the decreases 
in the two reaction constants are of similar order, 
resulting in an almost constant value of X”’. 


In none of the earlier reports on the oxidation of 
sulphides, DSP equations have been used for correlating 
the effect of structures on reactivity. In oxidations by 
reagents which involved a direct oxygen transfer via an 
electrophilic attack on the sulphide sulphur, the reaction 
constants are negative but are relatively small, e.g. 
hydrogen peroxide ( - 1 * 13), I’ periodate ( -  1.40), l 3  


permanganate ( - 1 .52) l4 and peroxydisulphate 
(-0.56). l 5  The reactions involving the formation of 
halogenosulphonium cations, on the other hand, exhibit 
large negative reaction constants (cf. -4-25,  - 3.2 and 
- 3.75 for the oxidation of sulphides by chloramine- 
T ,  l 6  bromine” and NBA5, respectively). In this study, 
the total effects of the meta and para substituents have 
been dissected into contributions by inductive and 
resonance effects. The reaction constants are large and 
negative. Hence the formation of a strongly electron- 
deficient sulphur centre in a transition state is indicated. 


The rates of the oxidation of ortho-substituted phenyl 
methyl sulphides failed to yield any significant correla- 
tion with either Taft’s polar or steric substituent 
constants. The rates were, therefore, analysed by 
Charton’s method. l9  The rates were analysed using 
equations (2) and (3), where U I ,  UR and V are field, 
resonance and steric substituent constants, respectively; 


177 


the values used were those compiled by Aslam et a/.’” 


(3) 


(4) 
The results of correlation in terms of equation (3) are 


log korrho = (YUI + PUR + h 


log kortho = (YO1 + OUR + @I v + h 


given in the equation 


log k2= - 2 . 5 3 0 1 - 3 . 0 4 ~ ~ - 5 . 4 0  ( 5 )  
r = 0.9284; SD = 0.56; n = 10 


where n is the number of data points. In the multiple 
linear regression using equation (3), the correlation 
coefficient is poor and the standard deviation is high. 
This showed that electrical effects alone are not suffi- 
cient to  account for the observed orfho effect in the 
oxidation of sulphides by NCA. 


Correlation in terms of equation (4) was performed 
assuming both orthogonal and planar conformation for 
NO2 and COOMe groups. The correlation was better 
with an orthogonal conformation of both the groups. 
The results [equation ( 5 ) ]  showed that the correlation 
with equation (4) is not very significant. 


log k2= - 2 . 2 1 ~ 1 - 2 . 5 8 ~ ~ -  1.11V-5.01 (6) 


r = 0.9586; SD = 0.43; n = 10 


Since the rates of the oxidation of mefa- and para- 
substituted sulphides showed excellent correlation in 
Taft’s DSP equation9 with a: and u; ,  respectively, the 
rates for the ortho-substituted sulphides were correlated 
in triparametric equations using Taft’s UI and &/a; and 
Charton’s steric parametrs. Excelent correlatin were 
obtained with Taft’s UI and (TI: and Charlton’s Vvalues. 
The reaction constants and statistical data are given in 
Table 7 .  The behaviour of NO2 and COOMe groups is 
consistent with their orthogonal conformations. 


To test the significance of the three substituent con- 
stants, multiple linear regressions were carried out with 
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Table 7. Temperature dependence of the reaction constants for the oxidation of ortho- 
substituted phenyl methyl sulphides by NCA" 


Temperature (K) PI PR 6 R SD PR Ps 


288 -1.64 -1.56 -1.35 0.9894 0.21 48.8 29.7 
298 -1.81 -1.60 -1.28 0.9944 0.15 46.9 27.3 
308 -1.86 -1.49 -1.16 0.9917 0.18 45.0 25.7 
318 -1.75 -1.43 -1.19 0.9924 0.17 45.0 27.2 


" N o .  of data poinls 10, including that of the unsubstituted compound. 


Taft's UI and or:, Taft's a1 and V ,  and u& and V. The 
absence of significant correlations [equations (7)-(9)] 
showed that all the three substituent constants are 
significant. 


log kz= - 2 . 2 4 ~ 1 -  1.520r:-5.41 (7) 


log kz = -3 .54~1-  0.11 V -  4.43 (8) 


log kz= -1.84~; - 1'98V-5.34 


r =  0.9438; SD = 0.32; n = 10 


I '=  0.6992; SD = 0.97; n = 10 


(9) 


I'= 0.8974; SD = 0.43; n = 10 


There is no significant collinearity between Taft's uI and 
V ,  u i  and V ,  and Taft's (TI and ur: (r  = 0.3519, 0.0268 
and 0.3592 respectively). 


The regression coefficients of the UI and a; terms are 
negative, indicating that electron-releasing groups ac- 
celerate the reaction. The negative regression coeffi- 
cients for the steric term indicates that the reaction is 
subject to steric retardation by the ortho substituents. 
The contribution of the resonance parameter2" to  the 
total polar effect of the ortho substituents was 
calculated using the equation 


(10) 
I Pr: I x 100 


I P I  I + I Pr: I 
PR = 


The contribution of the steric parameter to the total 
effect of the substituents, Ps,  was determined by using 
the equation" 


The values o f  PR and PS are also given in Table 7; PR 
is ca 46%. The value of PR for the para-substituted 
compounds ranges from 5 5  to 58%. This shows that the 
balance of resonance and field effects is different for 
ortho and para positions, the resonance effects being 
less pronounced in the former case. This may be due to 
twisting away of the methylthio group from the plane of 
the benzene ring. The value of PS shows that there is 
considerable steric effect in this reaction. Comparable 
studies involving ortho-substituted aryl methyl 
sulphides are not available 


Table 8. Correlation of rate of oxidation of alkyl phenyl 
sulphides in the Pavelich-Taft equation" 


Temperature (K) P *  6 R SD 


288 
298 
308 
318 


-2.60 0.98 0.9996 0.02 
-2.16 0.83 0.9977 0.03 
-2.65 0.95 0.9988 0.02 
-3.12 0.96 0.9966 0.04 


" N o .  of data points = 5 


Analysis of the rates of oxidation of alkyl phenyl 
sulphides separately with Taft's u* and Es values did 
not yield a satisfactory correlation. The rates were, 
therefore, analysed by the Pavelich-Taft 2'  DSP 
equation: 


(12) 


The number of compounds (five) is small for an analysis 
by a biparametric equation, but the correlations are 
excellent (Table 8) and the results can be used ir, a 
qualitative way. The negative polar reaction constant 
confirms that the electron-donating power of the alkyl 
groups enhances the rate. The steric effect plays a minor 
inhibitory role. 


The reactivity of the alkyl phenyl sulphides may be 
compared with those observed in the oxidation by other 
reagents. The oxidations by peroxoanions 15s22  are 
hindered by the increasing bulk of the alkyl group and 
the + Zeffect of the alkyl groups does not have much ef- 
fect. This may be due to  the weak electrophilic nature 
of the oxidants. In the oxidation by chloramine-T, the 
steric effects are almost completely absent, presumably 
owing to the smaller size of the attacking CI'. The 
results obtained in this study are similar to thoqe 
reported for the oxidation by periodate and per- 
manganate anion, i.e. the + I effect of the alkyl group 
enhances the rate greatly and the steric effects play a 
minor inhibitory role. 


log k = p*o* + 6Es + h 


Mechanism 


The experimental results can be accounted for in terms 
of a rate-determining electrophilic attack of a pro- 
tonated NCA molecule on the sulphide to yield a 
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halogenosulphonium ion, similar to  those suggested for 
the oxidations of sulphides by br0mami11e-B~~ and 
halogens. l 7  The large negative reaction constants and 
correlation of the rates of the ortho- and para- 
substituted compounds with u+ values indicated, in the 
transition state, a strong resonance interaction of the 
substituents in the aromatic ring with a developing 
positive charge at the sulphur centre. There is a con- 
siderable steric interaction also between the ortho 
substituents and the reaction centre in the transition 
state. The steric interaction is reduced in groups capable 
of assuming orthogonal conformation, i.e. NO2 and 
COOMe. One can visualize the mechanism shown in 
Scheme 1 for the reaction. 


Fast 
Ph-8-CI H 2 0  Ph-:-OH i H*+ CI- 


I 
R 


I 
R 


EXPERIMENTAL 


Materials. The sulphides were either commercial 
products or prepared by known methods, 13924-29 and 
were purified by distillation under reduced pressure or  
crystallization. Their purity was checked by comparing 
their boiling or melting points with the literature values. 
NCA was prepared by the reported method. 30 Acetic 
acid was refluxed over chromic oxide for 6 h and then 
fractionated. 


Product analysis. Methyl phenyl sulphide (0.005 mol) 
and NCA (0.005 mol) were dissolved in 1 : 1 (v/v) acetic 
acid-water (40 ml) in the presence of perchloric acid 
(0.002 mol) and the mixture was allowed to  stand for 
24 h. Most of the solvent was removed under reduced 


pressure. The residue was diluted with water and 
extracted with chloroform (3 x 50 ml). The chloroform 
layer was dried over anhydrous magnesium sulphate, 
the solvent was removed by evaporation and the residue 
was analysed by IR spectroscopy. The spectrum was 
identical with that of MeSOPh. Peaks characteristic of 
MeSPh and MeOP2Ph could not be detected. 


Kinetic measurements. Kinetic measurements were 
carried out under pseudo-first-order conditions by 
keeping an excess ( x  15 or greater) of the substrate over 
NCA. The reactions were carried out at constant 
temperature (k0.05 K). The solvent was 1 :1 (v/v) 
acetic acid-water unless stated otherwise. Preliminary 
experiments showed that the reaction is not sensitive to 
ionic strength (0.05-2.5 M),  hence no attempt was 
made to  keep the ionic strength constant. The reactions 
were followed iodimetrically for up to  70% of the extent 
of reaction. The observed rate constant, k o b s ,  was 
determined from the linear plots of log[NCA] against 
time. The third-order rate constant, k2, was obtained 
from the relation kz = kob5/ [sulphide] [ H f  1 .  Duplicate 
kinetic runs showed that the rates were reproducible to 
within + 3 % .  
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HOMOALLYLIC INTERACTION OF THE DOUBLE BOND WITH 
SUBSTITUENTS 


LIANG XUE AND JOSEPH B. LAMBERT* 
Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA 


A b  initio calculations were carried out on systems with a geometrically constrained relationship between a double bond 
and a homoallylic substituent X,  as in YC=CCCX. The axial-equatorial equilibria in 3-substituted 
methylenecyclohexanes and 4-substituted cyclohexenes are determined largely by the homoallylic interaction between 
X and the double bond. The homoallyic substituent was chosen to be OCH3, and the nature of the double bond was 
varied by changing Y (H, CH3, F, CI, CN). NMR experiments previously had found very significant dependences of 
the axial-equatorial equilibrium on the nature of the X and Y substituents. Electrostatic calculations, based on 
Mulliken charges, reproduce the experimental (NMR) substituent effects on the axial-equatorial equilibrium and 
sufice to explain all the observations. 


Electronic interactions between a double bond and 
attached substituents (C=C-Y) are well understood in 
terms of conjugation (if the group has 71 orbitals) and 
induction (if it is polar). When the double bond is 
insulated from the substituent by a saturated carbon, 
either allylically (C=C-C-X) or homoallylically 
(C=C-C-C-X), the situation is less clear. Confor- 
mational aspects of the allylic case are dominated by the 
A nonbonded interaction. The homoallylic inter- 
action has been less studied. There may be orbital inter- 
actions, possibly through the bond chain or partially 
through space. Contributing electrostatic phenomena 
can include the u inductive effect and higher order 
effects such as the dipole-dipole interaction. In this 
paper, the letter Y will be used for vinylic substituents 
(Y-C=C) and X for homoallylic substituents 


We have been studying the homoallylic interactions 
of the double bond by NMR spectroscopy and UV 
photoelectron spectroscopy. We have focused on the 
exocyclic (1) and endocylic (2) six-membered ring 


(C= c- c- c- X). 


yux Y 


1 2 
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systems, in which the homoallylic substituent X may be 
varied and the properties of the double bond may be 
altered by the choice of Y. In each case, the ring may 
exist in two conformations, in which the substituent X 
is either axial or equatorial. The spatial arrangement 
and hence the interaction between the substituent and 
the double bond are different in the two conformations. 
The relative amounts of the conformations provide a 
measure of this interaction, which depends on the 
nature of X, Y and the solvent. 


Almost all our NMR observations could be explained 
in terms of an electrostatic interaction between the 
substituent X and the double bond. For the exo-methy- 
lene case (1, Y = H), a higher electronegativity of X 
increased the equatorial conformer at the expense of the 
axial c ~ n f o r m e r , ~  as would be expected from a repul- 
sive dipole-dipole interaction between the C-X bond 
and the C=CH2 double bond. A change to a more 
polar solvent reduced these interactions. Reduction of 
the polarity of the double bond by substitution with an 
electron-donating group (1, Y = Me) essentially nullified 
the interaction. 2 , 3  Similar observations in the endo- 
cyclic series also were consistent with an electrostatic 
interaction that controlled the conformational equi- 
librium between axial and equatorial X in 2.2  


One set of observations appeared to  be inconsistent 
with the electrostatic interaction. Just as a reduction in 
the polarity of the double bond through substitution 
with an electron-donating group (Y = CH3) reduced the 
observed homoallylic interaction, we thought that an 
increase in the polarity through substitution with an 
electron-withdrawing group should increase the interac- 
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tion. Consequently, we prepared 1 with Y = C1, Br and 
CN. Surprisingly, with C1 and Br, the homoallylic inter- 
action was reduced, as demonstrated by increased pro- 
portions of the axial conformer. Thus C1 and Br had 
the same effect as CH3. We considered the possibility 
that the inductive effect of CI and Br was reduced or  
even reversed by resonance donation from the halogen 
lone pairs, but the available dipole moment data 
indicated that the groups were electron withdrawing. 
Consequently, we were forced to invoke an alternative 
mechanism, an attractive, through-space n-a * interac- 
tion. We concluded that an 'electrostatic explanation 
alone cannot explain all these observations,' but noted 
that the attractive n- r*  interaction was 'only a hypoth- 
esis ... no experiments have been carried out to  test its 
validity. " 


The experiments were hampered in part by insolubi- 
lity of 1 with Y = CN at low temperatures and lack of 
success in preparing 1 with X = F. Consequently, we 
had recourse to ab initio calculations in order to  assess 
the importance of electrostatic interactions. We carried 
out calculations on both the exocyclic (1) and endo- 
cyclic (2) systems with X = OCH3 and Y = F, C1 or  CN. 
We found that orbital interactions are not necessary to  
explain the results for the polar homoallylic substit- 
uents X, but that a unified electrostatic interaction 
between X and the Y-substituted double bond is suffi- 
cient to  explain all the NMR observations. 


RESULTS 


Mulliken populations were calculated on a Harris 
version of the SCF-MO GAUSSIAN 82 program at the 
restricted Hartree-Fock level. Initial geometries 


obtained with the molecular mechanics program MM2 
were optimized with the ab initio program. Because of 
the large size of the molecules, only the minimal basis 
set STO-3G was used. Table 1 gives Mulliken popula- 
tions for the em-methylene cases: atom 1 is the ex0 
carbon, atom 2 is the unsaturated carbon in the ring 
and atoms 3 and 3 '  are the atoms attached to atom 1. 
Some differences between these quantities are given in 
Table 2, indicating the electron imbalance between 


Table 1. Muliiken populations for methylenecyclohexanes (1) 


X Y 


H H 
eq-OCH3 H 
ax-OCHz H 
H CH3 
eq-OCH3 CH3 
ax-OCH3 CH3 
H F 
eq-OCH3 F 
ax-OCH3 F 
H C1 
eq-OCH3 C1 
ax-OCH3 C1 
H CN 
eq-OCH3 CN 


ax-OCH3 CN 


c-I" C-2b 3,3" 


6-140 5.986 
6.138 5,988 
6.135 5-982 
5,995 6.002 6.169 
5.993 6.004 6.169 
5.989 6.000 6.168 
5.748 6.045 9.134 
5.746 6.046 9.132 
5.741 6-041 9.132 
5.965 5.960 17.102 
5.945 5.964 17.113 
5.940 5.959 17.113 
6.027 5.916 5.92, 7.18Id 
6.024 5.919 5.922, 


7.179d 
6.021 5-912 5.919, 


7.182' 


"The external unsaturated carbon. 
bThe ring unsaturated carbon atom. 
'The atom attached to C-1. 
dFor C and N of C r N  respectively. 


Table 2. Differences in Mulliken populations for rnethylenecyclohexanes (1) 


X Y [(C-1) - (C-2)] a [C-l(H - OCH3)I [C-2(H - OCHs)] 


H 
eq-OCH3 
ax-OCH, 
H 
eq-OCH3 
ax-OCH3 
H 
eq-OCH, 
ax-OCH, 
H 
eq-OCH3 
ax-OCH, 
H 
eq-OCH3 
ax-OCH3 


H 
H 
H 
CH3 
CH3 
CH3 
F 
F 
F 
CI 
C1 
c1 
CN 
CN 
CN 


0.154 
0.150 
0.153 


- 0'007 
-0.011 
- 0.01 1 
-0.297 
-0.300 
-0.300 
-0.005 
-0'019 
-0'035 


0.111 
0.105 
0.109 


- 0.002 
- 0.005 


-0.002 
- 0.006 


-0.002 
-0.007 


-0.020 
-0.025 


-0.003 
- 0.006 


0.002 
-0.004 


0.004 
-0.002 


0.001 
-0.004 


0.004 
-0.001 


0.003 
-0.004 


"Difference between the exocyclic (C-1) and ring (C-2) unsaturated carbon atoms 
hDifTerence at C-1 between X = H and X = OCH3. 
'Difference at C-2 between X = H and X = OCHI. 
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Table 3. Intramolecular electrostatic interaction energies (kcal 
mol-') for 3-methoxymethylenecyclohexanes (1, X = OCH3) 


Y E (equatorial) E(axia1) A E  


H 1.22 2.02 0.79 
CH3 -0.04 -0.21 -0.17 
F - 1.99 -3.53 - 1.54 
C1 -0.76 - 1.44 -0.68 
CN - 0-65 - 1.24 -0.60 


Table 4. Intramolecular electrostatic interaction energies (kcal 
mol-') for 4-methoxycyclohexenes (2, X = OCHI) 


Y E(equatoria1) E(axia1) A E  


H 1.37 2.01 0.64 
CH3 0.02 -0.09 -0.11 
F - 2.07 - 2.91 -0.84 
C1 - 0.78 - 1.37 -0.59 
CN - 0 . 5 5  - 1.01 - 0.46 


carbons 1 and 2 (column 3) and the effect of intro- 
ducing methoxyl as the homoallylic substituent 
(columns 4 and 5 ) .  


Electrostatic interactions between atoms were calcu- 
lated by the classical coulombic expression 


where q is the Mulliken charge on atoms separated by 
a distance r.  Table 3 gives the magnitude of the com- 
posite of these interactions for the atoms of the double 
bond (C-1 and C-2), the oxygen atom (X = OCH3) and 
the ring carbon to  which X is attached. Other atoms did 
not contribute, either because the charge q is too small 
or the distance r is too large. The total electrostatic 
interactions for the equatorial and axial conformers are 
given in the second and third columns, respectively. The 
axial-equatorial differences are given in the last 
column, as a measure of the conformational free energy 
difference. These calculations were repeated for the 
endocyclic system 2, with a similar set of substituents 
on the double bond (Table 4). 


DISCUSSION 


Because of the use of the minimal basis set and non- 
spatial charges, we prefer to  look at qualitative or semi- 
quantitative trends rather than absolute values of 
Mulliken populations and charges. From Tables 1 and 
2 it may be seen that the exocyclic carbon (C-1) of the 
methylenecyclohexane system 1 (Y = H) is negative 
(higher Mulliken population) with respect t o  the 
unsaturated ring carbon (C-2), as is expected for this 


pattern of substitution, R2C6+ -C6-H2. Introduction 
of the 3-methoxy group has little effect on this polarity. 
The difference in electron density between C-1 and C-2 
(third column in Table 2) is about 0.15 electron at this 
level of calculation. 


The assumption in the NMR investigation of the iso- 
propylidene system' (1, Y = CH3) was that the nearly 
equal substitution of C-1 and C-2 (R2C=CMe2) ren- 
dered the double bond essentially nonpolar. As seen 
from Tables 1 and 2, this assumption is confirmed. 
There is almost no polarity to the bond; if anything 
there is a slight reversal, R2Cb- -C*+Mez, but only 
0.007-0.01 1 electron. 


The effect of Y = F is to  raise the Mulliken popula- 
tion on the ring carbon and lower it on the exocyclic 
carbon, R2C*--CC6+F2. This result may reflect 
resonance donation from fluorine, -C-C=F+,  and 
the poor ability of fluorine to  stabilize an a-carbanion 
because of four-electron repulsion. 


Chlorine has a similar but much reduced effect, so 
that the polarity of the double bond is almost zero. 
Hence, in this system, the effect of C1 is nearly identical 
with that of CH3. The reason probably is that a 
donation by C1 tends to  cancel u withdrawal, as we orig- 
inally suspected but could not confirm from the dipole 
moment literature. Hence the calculations are in 
complete accord with the NMR results and render 
unnecessary a special explanation for the chlorine 
system, and likewise presumably for the bromine 
system. NMR experiments were not carried out with 
the F system. The cyano system retains the original 
polarity, R2C6+ -C'- (CN)2, somewhat reduced, but 
again there are n o  NMR experiments for comparison. 


From the calculations, we have two clear predictions. 
For 1 with Y = F, there should be decreased repulsion 
between the double bond and X = OCH3 with a result- 
ing increase in the proportion of the axial conformer 
over that with Y = H and even that with Y = C1. For 1 
with Y = CN there should be a small decrease in the 
repulsion, with a n  increase in the axial conformer that 
is smaller than for Y = C1 or CH3. 


Table 2 contains some further comparisons. Intro- 
duction of the 3-methoxy group results in small changes 
in Mulliken populations (last two columns). There is a 
slight reduction at the exomethylene carbon (C- 1) for 
both equatorial and axial methoxyl. At the ring carbon 
(C-2), equatorial methoxyl invariably raises the Mul- 
liken populations while axial methoxyl lowers it. 


The calculated Mulliken populations are in agree- 
ment with ''C chemical shift changes that occur on 
introduction of the methoxy group (see the archival 
version of Ref. 2). As seen in Table 2 (last two col- 
umns), introduction of equatorial methoxyl lowers the 
Mulliken population a t  the exo-methylene carbon (C- 1) 
and raises it at the ring carbon (C-2) (in solution there 
is little axial conformer for Y = H, so comparisons 
cannot be made). Similarly, the exo-methylene carbon 
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is deshielded and the ring carbon is shielded on intro- 
duction of methoxyl. 


The dynamic NMR data for Y = H and CH3 were 
successfully explained in terms of a dipole-dipole elec- 
trostatic interaction.”* The cases Y = CI and Br, how- 
ever, were thought to be anomalous because they were 
expected to have reverse polarity from that of Y = CH3. 
From the above results, we have seen that the C1 case 
has Mulliken populations that are very similar to those 
for Y = CH3. Thus the NMR experiments and the calcu- 
lations are in agreement for all substituents. 


The calculations can give further insight into the 
mechanism of the interaction between the X substituent 
and the double bond. The relative magnitude of the 
electrostatic interactions may be assessed by application 
of equation (1) to the Mulliken charges. Table 3 gives 
the calculated magnitude of composite coulombic inter- 
actions ( E )  for each conformer. The difference A E  
between these quantities should be a measure of the 
axial-equatorial equilibrium constant and hence of 
AGo(ax - eq). 


Several interesting conclusions may be drawn from 
the data in Table 3. In the exo-methylene case (Y = H), 
there is repulsion between the methoxy group in both 
the axial and equatorial positions ( E  is positive), but the 
repulsion is clearly larger for the axial conformation. 
The net electrostatic interaction therefore favors the 
equatorial conformer (AE is positive), as observed. I 


For all other Y substituents the electrostatic interactions 
are attractive ( E  is negative), as observed.’ The effect 
for Y = CH3 is almost zero, also as observed. Thus the 
electrostatic interaction indeed operates in the same 
direction fqr Y = CH3 and C1 and favors the axial 
conformer. The effect is proportional to elec- 
tronegativity, in the ascending order CH3, CN, C1, F. 
The parallelism between the NMR observations and the 
electrostatic calculations is clearly seen in Figure 1 .  The 
electrostatic calculations are simplistic, in that the 
charges were placed on the atoms and the resulting 
dipolar interactions calculated, but the trends clearly 
reproduce the experimental results. 


These results show that all the experimental obser- 
vations may be explained in terms of electrostatic inter- 
actions that operate through space. Although other 
effects (through-bond induction, orbital) may be impor- 
tant in absolute terms, they tend to influence the axial 
and equatorial forms equally and hence d o  not result in 
a change in the equilibrium constant. 


We also carried out experiments on 4-substituted 
cyclohexenes (2).’ For X = CN, we examined both the 
unsubstituted (Y = H) and dimethyl-substituted 
(Y = CH3) double bond. We now have performed the 
same electrostatic calculations for the cyclohexenes 2 
(Y = H or CH3) as were described above for the methy- 
lenecyclohexanes l. The results of these calculations are 
given in Table 4, in which calculations also are reported 
for Y = F, C1 or CN, systems that were not accessible 


, 
(H) X/ 


I I I I 
-0 4 0 0 4  0 8  


Calculated Energy Difference (kcallmol) 


Figure I .  Experimental free energy difference vs the Calculated 
electrostatic energy difference for 3-methoxy-exo- 
disubstituted-methylenecyclohexanes (1: X = OCH, and 


Y = H, CH3 or C1) 


synthetically. The sets of results in Tables 3 and 4 are 
very similar, except that the interactions for the cyclo- 
hexenes are smaller than those for the methylenecyclo- 
hexanes, as observed by NMR.’ Thus the interaction is 
repulsive for Y = H ,  essentially zero for CH3 and 
attractive for F, C1 and CN. The electrostatic interac- 
tion favors the equatorial conformer when Y = H and 
the axial conformer for the remaining Y entities. The 
major difference between the two data sets is that the 
interactions in the cyclohexenes are smaller than those 
in the methylenecyclohexanes. The axial 4-methoxy 
group is actually closer to the double bond in the 
cyclohexene than is the axial 3-methoxy group in the 
methylenecyclohexane. The changes in the calculated 
Mulliken populations and electrostatic interactions, 
however, are smaller for the cyclohexenes, in agreement 
with the NMR observations. In these interactions, 
both directionality and distance are important, and for 
the case of the cyclohexenes the directionality of the 
interaction between the double bond and the substit- 
uent is unfavorable. 


CONCLUSIONS 


The stereochemical component of the homoallylic inter- 
action between a double bond and a substituent may be 
explained in terms of a dipolar electrostatic mechanism. 
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This conclusion was based oh experimental NMR 
observations and on ab initio calculations for the axial 
and equatorial 3-methoxymethylenecyclohexanes and 
4-methoxycyclohexenes. Inductive and orbital interac- 
tions are important, but they tend to affect the axial and 
equatorial conformations to similar extents. The elec- 
trostatic interaction invariably affects the two confor- 
mations differently (Tables 3 and 4). The calculations 
agree with experiment on all points: (i) the Mulliken 
populations parallel the observed results (Tables 1 and 
2); (ii) electrostatic interactions calculated by equation 
(1) from Mulliken charges (Tables 3 and 4) parallel the 
NMR populations (Figure 1); (iii) the chemical shift 
changes on introduction of equatorial X = OCH3 par- 
allel the changes in Mulliken populations; and (iv) the 
calculated electrostatic interactions are smaller for 4-X- 
cyclohexene (2) than for 3-X-methylenecyclohexane 
(l), in parallel with the NMR observations (Tables 3 
and 4). 
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DEPHOSPHORYLATION BY PEROXYANIONS IN MICELLES AND 
MICROEMULSIONS 


CLIFFORD A. BUNTON, MARUTIRAO M. MHALA AND JOHN R. MOFFATT 
Department of Chemistry, University of California, Santa Barbara, California 93106, USA 


Dephosphorylation of p-nitrophenyl diphenylphosphate (pNPDPP) by OH - in aqueous cationic micelles of 
cetyltrimethylammonium hydroxide (CTAOH) is  inhibited by rerl-butyl hydroperoxide (2-BuOzH), which reduces the 
binding of OH - , and whose anion is  a relatively ineffective nucleophile. Reaction is faster in microemulsions of 
CTACI, n-octane and O H - ,  with t-BuOiH as cosurfactant, than in otherwise similar microemulsions with t-butyl 
alcohol as cosurfactant. Dephosphorylation by m-chloroperoxybenzoate ion i s  slower in microemulsions of 
cetyltrimethylammonium mesylate or benzenesulfonate, with n-octane and tert-butyl alcohol, than in cationic micelles, 
but a wide range of concentrations can be examined. The reaction rates qualitatively follow the concentration of peroxy 
acid relative to surfactant, and inert anions slow the reaetion. Dephosphorylation by peroxyphthalate dianion in 
micelles of CTACI Bts a pseudophase kinetic model, except in very dilute surfactant where reaction i s  faster than 
predicted. 


INTRODUCTION 


Peroxyanions are effective a-nucleophiles ‘ and hydro- 
peroxide and nz-chloroperoxybenzoate ion react readily 
with p-nitrophenyl diphenylphosphate (pNPDPP). The 
course of these nucleophilic reactions of peroxyanions 
has been discussed. ’ These reactions and deacylation by 
peroxyanions are speeded by cationic micelles. 324 


Oil-in-water (o/w) microemulsions of cationic surfac- 
tants, oil and alcohol cosurfactants solubilize high con- 
centrations of hydrophobic solutes and are much more 
effective than aqueous micelles in this respect. This 
high solubilizing power makes microemulsions useful as 
reaction media. However, the overall reaction rates are 
typically lower than in m i c e l l e ~ ~ . ~  because for a given 
overall concentration of reagent local concentrations in 
microemulsion droplets are lower than in micelles, and 
alcohol or other cosurfactants reduce the surface charge 
density of the droplet and its ability to attract reactive 
counterions coulombically. ’ The factors that govern 
reactivity in aqueous micelles also apply to  o/w 
microemulsions and both micelles and microemulsion 
droplets can be regarded as pseudophases that act as 
reaction media distinct from bulk solvent. ’ Quantitative 
treatments of rate effects of aqueous micelles are rea- 
sonably straightforward because surfactant concentra- 
tions are usually low. The bulk medium is not materially 
perturbed by the surfactant and it is reasonable to define 
concentrations in this aqueous pseudophase in terms of 
molarities. The situation is more complicated for 
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microemulsions or alcohol-modified micelles which are 
multicomponent systems. Solute concentrations are 
often high and cosurfactants are generally partitioned 
between bulk solvent and the microemulsion droplets so 
that is often difficult to define concentrations in these 
pseudophases in any simple way and qualitative discus- 
sions are often based on overall rate effects as a function 
of total concentrations of reagents and inert solutes.435 


Reactions of pNPDPP with various nucleophilic 
anions have been examined in both aqueous micelles 
of cationic surfactants and o/w microemulsions with 
alcohol cosurfactants or alcohol-modified cationic 
m i ~ e l l e s , ~ - ~  but dephosphorylation by peroxyanions 
has not been examined in microemulsions. The aim of 
this work was to extend comparisons of micelles and 
microemulsions as reaction media to dephosphorylation 
by peroxyanions: 


R o t  + (Ph0)2POOC6H4N02 
--t R02PO(OPh)2 + -0CtjH4N02 


R = H ,  t-Bu, W Z - C ~ C ~ H ~ C O ,  o - O C C ~ H ~ C O ~  


We examined the dephosphorylation of pNPDPP by 
tert-butyl hydroperoxide (t-BuOzH) in aqueous cationic 
micelles and in microemulsions at high pH, because t- 
BuOzH should act as a cosurfactant without addition of 
a medium-chain-length alcohol. We also examined the 
reaction of rn-chloroperoxybenzoate ion (MCPBA- ) in 
microemulsions and reactions of the o-peroxyphthalate 
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ion (PPA2-)  in cationic micelles of cetyltrimethyl- 
ammonium chloride, mesylate and benzenesulfonate 
(CTAC1, CTAOMs, CTAOBzs), to complement earlier 
work on the dephosphorylation by MCPBA in cationic 
micelles. 


RESULTS 


Reaction with tert-butyl hydroperoxide 


Dephosphorylation of pNPDPP by O H -  in aqueous 
micelles of CTACl is slowed by addition of z - B u O ~ H , ~  
even though it, and its anion, should bind strongly to 
cationic micelles. This system is complicated by 
competition between O H -  and C1- , which should 
decrease the deprotonation of t-Bu02H. 8*9 We 
eliminated this competition by using cetyltrimethyl- 
ammonium hydroxide (CTAOH), lo but reaction was 
still inhibited by t-BuOzH over a wide range of 
concentration (Table 1). The increasing inhibition with 
increasing t-BuOzH concentration arises from a 
decrease in counterion concentrations at the micellar 
surface due to  a decrease in surface charge density '' and 
competition between f-BuOF and OH-. 8,9 


The pKa of t-BuOzH is 12.8 in water," so it should 
be partially deprotonated in CTAOH (Table 1). The 
bulky alkyl group should sterically hinder reaction so 
t-BuOi is a weak nucleophile and its reaction with 
p-NPDPP does not offset the inhibition due to 
exclusion of OH- from the micelle. Consistently 
reaction in water (containing 3 vol-% acetonitrile) at p H  
10.5 or 12 (0-075 M carbonate buffer, 2S.OoC) is not 
speeded by t-BuOzH (data not shown). 


Table 1. Dephosphorylation in CTAOHa 


[CTAOH](M) 
loz  [t-BuOzH] 


(M) 0,001 0.0025 0.004 0.005 


- 
5 
8 


10 
15 
16 
30 
35 
40 
48 
50 
60 
70 
80 
90 


100 


15.2 
3.8 
3.7 12.0 


8.2 
3.6 6.5 
1.8 6.8 


4.7 
4.8 
2.6 


1.1 2.0 


16.0 17.0 


13.8 
13.4 


10.6 10.4 
8 - 4  


4.4 3.7 
3 - 9  


3.6 
3.5 2.5 
1.4 1.8 
1.1 2.3 


0.9 
0 . 5  


'Values of 10Zk$ 
9.5 and S . O s - '  in 0," 0.3 and 0.5 M I-BuOzH, respectively. 


at 25.0"C; in 0.009 M CTAOH, IO'k$ = 23, 


Although t-BuOT is an ineffective nucleophile in 
water and in aqueous cationic micelles, microemulsions 
with t-Bu02H as cosurfactant are effective 
dephosphorylating agents a t  high pH. Reaction in 
microemulsions of CTACl and n-octane with r-Bu02H 
is much faster than in those containing tert-butyl 
alcohol (Tables 2 and 3). tert-Butyl alcohol and its 
alkoxide ion are ineffective nucleophiles l 3  and slow the 
reaction of pNPDPP with O H -  by decreasing the 
charge density and binding of O H -  at  the surface of the 
microemulsion droplet. 778*11 In microemulsions, 
reaction with O H -  is slow, because so little O H -  binds 
to the droplet, and reaction with t-BuOT then becomes 
important. Therefore, by using the reagent as 
cosurfactant we obtain reaction of t-BuOT in 
microemulsions, but not in aqueous micelles (Table 1). 


Rate constants of the reaction of t-BuOT increase 
sharply with increasing water and O H -  content of the 
microemulsion (Tables 2 and 3). This effect is due to 
increased deprotonation of t-BuOzH by OH-  and a 
decrease in the total volume of the microdroplets, which 
increases the reagent concentrations in the droplet 
pseudophase. Addition of tert-butyl alcohol slightly 
slows the reaction by decreasing the charge density and 
deprotonation of t-BuOr at the droplet surface. 


Table 2. Dephosphorylation by terf-butyl hydroperoxide: 
effect of microemulsion compositiona 


H20 105k$ 
CTAClb f-Bu02Hb t-BuOHb n-Octaneb (wt-To) (SKI) 


2 0 2 1 60 1.7 
60 169 2 1 1 1 
70 292 2 1 1 1 


2 1 1 1 80 635 
2 1 0 1 70 411 
2 1 0 1 80 768 


80 724 2 1 0 0 
~ 


"At 25 .OoC with 0.01 M KOH in the aqueous component 
hWeight ratios of the organic components. 


Table 3.  Dephosphorylation by terf-butyl 
hydroperoxide in microemulsions: effect 


of watera 


K O H ~ ( M )  
Hz0 


(wt-To) 0.005 0.01 


45 79.8 
50 22.3 
60 44.8 141-0 
70 93.5 243.0 
80 219.0 533.0 


'Values of 10Jk$ (s - ' )  at 2 5 . 0 ° C  with 
CTACI-t-BuOZH-n-octane (2: 2:  1, w/w/w). 
bMolarity in terms of the aqueous component. 
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Removal of n-octane has little effect on the rate, which 
shows that even the very hydrophobic substrate 
pNPDPP does not enter the oil-rich region of the 
droplet. Similar observations have been made in other 
systems and generally the reaction rates are similar 
at surfaces of alcohol-modified micelles and 
corresponding o/w microemulsions with oil in the 
interior. 5.6 ,Sc .  13 


Reaction with m-chloroperoxybenzoate ion 
Dephosphorylation of p-NPDPP by MCPBA- was 
followed in microemulsions of CTAOBzs or CTAOMs, 
t-BuOH and n-octane (Figures 1 and 2). At a given 
microemulsion composition, first-order rate constants, 
k$, increase with increasing p H  of the aqueous 
component and become constant at pH = 11 (Figure 2). 
At pH 11.4 reaction is speeded by M MCPBA- by 
a factor of ca 240 and k$ has half its maximum value 
at an apparent p H  of 9.2, i.e. pKa = 9 - 2 ,  whereas in 
water pKa = 7.8. I4 This dissociation constant is an 
apparent value because the p H  in micelles or 
microemulsion droplets is different from that in the 
aqueous medium; 8 3 9 2 1 1  however, an alcohol co- 
surfactant decreases the binding of counterions and 
deprotonation of a weak peroxy acid. Reaction of 
MCPBA- is slower in microemulsions than in micelles 
of CTACl, where k = lo$ s C '  under optimum 
conditions, i.e. with the maximum concentration of 
MCPBA relative to that of CTACI.3 This difference is 
similar to those for other anion reactions. 5 3 6 * 1 3  


Competition between reactive peroxyanion and inert 


benzenesulfonate ion is important and for a given 
pH and microemulsion composition k$ decreases 
monotonically with increasing PhS03Na concentration 
(Table 4). However, considerable amounts of added salt 
were needed to obtain a sizable rate decrease, whereas 
only small amounts of inert counterion are needed for 
inhibition of ionic reactions in aqueous micelles. 3 s 8  


These differences in salt effects in micelles and 
microemulsion droplets are due to  the lower affinity of 
the droplets for counterions. 6C87" 


The microemulsions were made up so that 
concentrations of MCPBA and buffer in the aqueous 
component were kept constant and the water content 
was varied. For given relative concentrations of sur- 
factant, cosurfactant and oil, rate constants increased 
monotonically with increasing water content (Tables 5 
and 6). This increase is due in part to an increase in the 
concentration of MCPBA- relative to those of the inert 
contents of the droplets, i.e. surfactant, cosurfactant 
and oil, but it is steeper than the increase in the relative 
concentration of MCPBA-. An increase in water 
content decreases the amount of terf-butyl alcohol in the 
droplets, which increases their charge density and 
concentration of peroxy anion at the droplet surface. 
The pH of the aqueous medium was high enough to 
ensure complete deprotonation of the peroxy acid, 
and the increase in rate with increasing water con- 
tent and the [MCPBA-] / [CTAOMs] or [MCPBA-] / 
[CTAOBzs] ratio seems to  be general for these 
microemulsions (Figure 1 and Tables 5 and 6). Similar 
conclusions can be drawn from the dependence of k$ on 
the concentration of MCPBA relative to the sum of the 
concentrations of surfactant, cosurfactant and oil. 


MOLE RATIO MCPBA: CTA 


Figure 1. Dephosphorylation by MCPBA in microemulsions of CTAOMs (open symbols) and CTAOBzs (solid symbols). 0 ,  + , 
0.00125; , , 0.0025; 0, *, 0.005 M MCPBA in aqueous component. Conditions are specified in Tables 5 and 6 
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0.11 


- 
I 
* 0.01 


3 
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0.01 


0.04 
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1 I I I 


9 10 l i  12 


P H  
Figure 2. Effect of pH on dephosphorylation. *, With 0.005 M MCPBA and 0.075 M carbonate buffer in aqueous component, 
which is 81% (w/w), non-aqueous component is CTAOBzs-r-BuOH-n-octane (3 : 1 : 1, w/w/w); m , with 8.8 x M PPA, 


0.01 M carbonate buffer in 0.01 M CTACl 


For many bimolecular reactions in aqueous micelles, 
reaction rates in the micellar pseudophase follow the 
reactant concentrations in that pseudophase. There is 
similar, but less extensive, evidence for bimolecular 
reactions in o/w microemulsions and in alcohol- 
modified micelles, 5 - 7 ~ 8 c  but it is less compelling for 


Table 4. Inhibition by sodium benzenesulfonate of 
dephosphorylation" 


PhSOz PhSOzNa 
(wtV0) l02k$(sCl) (wt-To) 102k$ (s - 1 )  


0 12.4 2.38 4.61' 
0.78 8.12 5.70 3.72 
1.27 8.00 5.70 3.72 
1.84 6.80 5.70 3.23b 
2.38 4.90 5.70 3.35c 


"At 25.0'C with 0.005 M MCPBA and 0.0375 M carbonate buffer (pH 
10.5) in aqueous component; microemulsion contains 81 '70 H 2 0 ,  with 
CTAOBzs-r-BuOH~n-octane (3 : 3 : 1 ,  w/w/wj. 
'0.034 M carbonate buffer. 
'0,0375 hi carbonate buffer (pH 10.2). 


several reasons. The concentrations of non-aqueous 
components in o/w microemulsions are typically much 
higher than those used with aqueous micelles, and it  is 
difficult to choose an appropriate measure of concen- 
tration of reactants or buffer. It is also difficult to 
estimate the distributions of reagents between the 
microemulsion droplet and the aqueous part of the 
medium because the cosurfactant usually has some 


Table 5. Effect of microemulsion composition on dephos- 
phorylation in CTAOBzsa 


HzO(wt-%) 
[MCPBA] 


(M) 58.8 68.2 74.1 78.1 79.7 81.1 


0.00125 0.30 0.78 0.43 0.82 1.40 
0.0025 0.27 0.77 0.96 2.39 3.84 5.34 
0.005 0.83 1.77 2.63 6.68 8.92 12.4 


"Values of 102kli. ($ - I )  at 25.0'C in microemulsion with CTAOBzs-r- 
BuOH-n-octane (3:3: I ,  w/w/w), pH 10.5, 0.075 \I carbonace in 
aqueous component. 


aqueous component. 
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Table 6. Effect of microemulsion composition on 
dephosphorylation in CTAOMsa 


HzO(wt-%) 


[MCPBA] b(M) 58.8 64. I 68.2 


0.00125 0.55 0.89 0.98 
0.0025 0.30 0.42 1.12 
0-005 0.82 1.13 1 3 2  


"Values of 10*k$ (sC') at 25OC in microemulslons with 
CTAOMs-r-BuOH-n-oclane (3  : 3 :  1,  w/w/w),  pH 10.5, 
0.75 M carbonate in aqueous component. 
"In aqueous component. 


solubility in water and is partitioned between it and 
droplets, so that the composition of the bulk 
pseudophase is not constant. 


Micellar structures do not change rapidly with 
changes in surfactant or electrolyte concentration, at 
least in low concentration, because the packing of 
monomers is governed largely by the dimensions of the 
hydrophobic alkyl groups of the surfactant. Is However, 
these requirements are relaxed in a multicomponent 
microemulsion and the properties of the droplet surface 
may be sensitive to composition. Second-order rate 
constants in microemulsion droplets probably depend 
on the properties of the surfaces and, although the 
assumption of constant second-order rate constants is 
reasonably satisfactory for micelles,8 it may be less so 
for microemulsions. Our experiments were carried out 
in solvents of high water content so that o/w droplets 
should be present, and most conclusions regarding 
rates of ionic reactions in microemulsions have been 
drawn from experiments under these conditions. 5 3 6 3 8 c  


It appears that the pseudophase model of micellar 
rate effects, including ion exchange, is applicable, 
qualitatively, to reactions in o/w microemulsions. 


Reaction with peroxyphthalate dianion 


Dephosphorylation by the peroxyphthalate dianion 
(PPA2-)  was followed in aqueus CTACI. The rate 
constants for reaction in 0.01 M CTACI increase with 
increase pH and level off at ca p H  9 (Figure 2). The 
value of k$ is half that of the maximum at  p H  = 7, 
i.e. the apparent pK, of the hydroperoxy group is ca 7 
in CTACI. In water the pK, of the carboxyl and 
hydroperoxy groups are 2.96 and 8.2, respectively. l 6  


Reactions in the micelles were followed at pH 9, where 
deprotonation should be complete. First-order rate 
constants increase sharply with increasing CTACI 
concentration, even at concentrations below the critical 
micelle concentration (cmc) which is ca 1.3 x M in 
water, and pass through maxima with increasing 
CTACI concentration (Figure 3 ) .  There are precedents 


2.0 


1 .o 


10' ICTACI] ,M 


Figure 3. Dephosphorylation by 8.8 x lo-' M peroxy- 
phthalate dianion in CTACI micelles and 0.01 M carbonate 
buffer (pH 9.0). Broken line, values calculated from equation 


( 1 ) .  The solid line is meant to guide the eye 


for large rate effects of very dilute surfactants in 
reactions of peroxy anions. '14 


Rate maxima with increasing surfactant concen- 
tration are typical of bimolecular reactions and are 
treated quantitatively by estimating the concentration of 
each reactant at the micellar surface.' It is difficult to 
apply this treatment if the reactants induce micellization 
or react in submicellar aggregates, because it is based on 
the assumption that reaction occurs in the aqueous 
pseudophase or in fully formed micelles whose 
properties are unaffected by the reactants, ' , I 8  and the 
cnic is generally taken to  be the concentration of 
monomeric surfactant. We treated the data for reaction 
at higher CTACI concentrations on the assumption that 
PPA*- is fully bound, because dianions interact 
strongly with cationic micelles. The binding constant of 
pNPDPP to micellized surfactant is ca lo4 Imol- '  
so that binding should be essentialiy complete for 
[CTACI] > M.9'19 The first-order rate constant is 
then given by 


k$ = k~ [ P P A k ] /  [CTACI] 


where k~ is the second-order rate constant in the 
micellar pseudophase with concentration written as a 
mole ratio of P P A Z -  relative to micellized CTACI 
[equation (l)] . Rates increase at such low CTACI 
concentrations that we neglect the concentration of 
monomeric surfactant. 


From values of k$ in 0 .002-0 .015~ CTACI 
(Figure 3) we estimate k~ = 28 s- ' .  The broken line in 
Figure 3 is calculated from equation (1) and this value 
of k ~ .  The fit is fair above 2 x M CTACI, and 
some of the deviations at higher CTACI concentrations 
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are probably due to  adventitious decomposition of 
PPA. This problem is worst for the slower reactions (see 
Experimental). 


On the assumption that reaction occurs in a region at 
the micellar surface whose molar volume is 0.14 1,8a,c 
the second-order rate constant in terms of molarity in 
this region is k2m = 4 Imol-'. The corresponding value 
for reaction of MCPBA- is ca 2 1 mol-'s-'. 'These rate 
constants are similar to those of 1 .2  and 1 1 1 mol-' s - '  
for MCPBA- (Ref. 3) and P P A 2 - ,  respectively, in 
water-acetonitrile (97 : 3, v/v) a t  25 a 0  OC (see 
Experimental), so that charge and structural effects are 
small for these reactions of peroxyanions. An increased 
reactant concentration at the micellar surface is the 
major source of the rate enhancement. This simple 
treatment should overpredict values of k$ in dilute 
CTACl where the reactants may not be fully bound, but 
the observed values are higher than those predicted 
(Figure 3). There is probably reaction in submicellar 
aggregates which is faster than in normal micelles 
because of the close proximity of the reactants. 2o Brown 
and Darwent4 observed very large rate enhancements by 
very dilute CTACl in deacylations by cumyl hydro- 
peroxide, and ascribed them to reaction in submicellar 
aggregates. There are many other examples of rate 
enhancements with surfactant concentrations below the 
cmc, 7,l8a,ZL322 typically for reactions of hydrophobic 
reactants. The PPA'- dianion could bind to, and 
stabilize, submicellar clusters, but with increasing 
surfactant concentration normal micelles will form and 
equation (1) then fits the data. 


EXPERIMENTAL 


Materials. The preparation and purification of most 
of the materials has been described. Peroxyphthalic 
acid (PPA) was used as the magnesium salt (Interox) 
and contained 85% of the peroxy salt; the remainder 
was largely magnesium phthalate. The specified 
concentration takes into account this inactive material 
and we assumed that the (low) concentration of 
phthalate ion would not materially affect the rate and 
Mgz+ should not materially affect reactions in cationic 
micelles. 


Kinetics. Reactions were followed spectrophoto- 
metrically at 15.0 "C in Gilford, Hewlett-Packard 
diode-array or Durrum stopped-flow spectrometers, 3 s 1 0  


at the A,,, for 4-nitrophenoxide ion (400 nm). A few 
reactions at pH < 7 were followed at the isosbestic point 
between the phenol and phenoxide ion (347 nm). The 
concentration of pNPDPP was ca lo-' M, and it was 
added in acetonitrile so that, except where specified, the 
reaction solution contained ca 0.2 v01.-70 acetonitrile. 
For reactions in aqueous micelles, reagent 
concentrations are specified in terms of total solution 
volume, but the specified pH is that of the aqueous 


solution before addition of surfactants, which will 
slightly change the p H  in the aqueous component of the 
solution. 


Microemulsion solutions of t-BuOzH were prepared 
by weight and the molarity of KOH is that in the 
aqueous component, so that the total amount of OH-  
increases with increasing water content. A similar 
approach was used for reaction of MCPBA- in 
microemulsions. The p H  and concentrations of buffer, 
MCPBA- and salt, where added, refer to the aqueous 
component of the microemulsion, and the amount of 
MCPBA- , in particular, increases with increasing water 
content. Decomposition of MCPBA is faster in micelles 
and microemulsions than in water, so solutions were 
prepared immediately before reaction. 


Decomposition of P P A 2 -  was a major problem'6 
and, although the salt is reasonably stable as a solid, it 
decomposes readily in micelles or microemulsions. One 
mode of decomposition involves attack of a peroxy 
anion on the peroxy acidI4 and it should be assisted by 
colloidal species which bind both reactants. There is less 
decomposition at higher p H  where the hydroperoxy 
group is deprotonated, and we generally followed 
reactions at p H  9 or higher with freshly prepared dilute 
solutions. The problem is less serious in micelles than in 
microemulsions where dephosphorylation is slow and 
therefore we did not follow rate constants for reaction 
of PPA'- in microemulsions. 


All reactions were followed at 25 .O  'C. First-order 
rate constants, k$, are in reciprocal seconds. The 
second-order rate constant for reaction of pNPDPP 
with P P A 2 -  is 1.1 lmol - ' s - '  in the absence of 
surfactant in water-acetonitrile (97:3, v/v) and 0.03 M 
carbonate buffer (pH 10.5). 
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DEUTERIUM FRACTIONATION FACTORS FOR 
CARBON-HYDROGEN BONDS: CALCULATIONS USING SCALED 


QUANTUM-MECHANICAL FORCE CONSTANTS 


IAN H. WILLIAMS* 
School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 ITS, U.K. 


The determination of uniform scaling factors for force constants calculated at the STO-3G and 4-31G levels of a6 initio 
SCF MO theory i s  described; scaled 4-31G force constants provide reasonable estimates of reduced partition function 
ratios for deuteriatedlprotiated molecules. Gas-phase deuterium fractionation factors relative to methane calculated 
using scaled 4-31G force constants are, however, consistently too high, whereas those obtained by the MP2/6-31G* 
and scaled STO-3G methods are inconsistent. Scaled 4-31G deuterium fractionation factors relative to water for a range 
of structural moieties correlate linearly with experimental aqueous-phase values, but are also consistently 
overestimated. Substitution at a hydrogen-bearing carbon atom affects the deuterium fractionation factor through the 
combined effect of changes in reduced mass and changes in force constants other than for CH stretching. 


INTRODUCTION 


The estimation and discussion of isotope effects on rates 
and equilibria is often aided by the use of isotopic frac- 
tionation factors. A deuterium fractionation factor +R 
measures the accumulation of this isotope relative to 
protium at a particular site R with respect to the 
deuteriumlprotium ratio at a site S in a standard 
molecule. This fractionation factor is, in the absence of 
symmetry-number contributions, the equilibrium con- 
stant for the isotopic exchange 


RH + SD * RD + SD (1) 


and may be expressed entirely as a function of the vibra- 
tional frequencies of these species. The calculation 
of fractionation factors is therefore straightforward 
for molecular species whose fundamental frequencies 
are known. However, uncertainties in spectroscopic 
measurements of vibration frequencies or in their 
assignment may lead to errors in calculated fractiona- 
tion factors which may be minimized by instead using 
calculated frequencies based on a common vibrational 
force field for each isotopomer.’ A b  initia calculation 
of force fields and vibrational spectra, besides aiding the 
interpretation of experimental spectra, now permits the 
reliable estimation of vibrational frequencies for species 
which are not well characterized experimentally. Dur- 
ing the course of theoretical investigations of carbonyl 
a d d i t i ~ n , ~ - ~  protonation/deprotonation,’ SN2 methyl 


transfer and SN 1 h e t e r o l y ~ i s , ~ . ’ ~  ab initio self- 
consistent field molecular-orbital (SCF MO) calcula- 
tions of harmonic force constants have been performed 
for numerous small organic molecules. It seems 
desirable now to use these data to compute deuterium 
fractionation factors for these same molecules, firstly 
in order to assess the performance of the methods 
employed in our theoretical modelling studies of organic 
reaction mechanisms, and secondly because the results 
should be of interest and use in discussions of isotope 
effects in organic and possibly enzymic l 2  reactions. In 
this paper, the scaling procedure used in mechanistic 
s t u d i e ~ ~ - ~  is described and the results of fractionation 
factor calculations for hydrogen bound to  carbon are 
presented. Deuterium fractionation factors for hydrogen 
bound to oxygen and nitrogen will be discussed 
elsewhere. 


METHODS 


The minimal STO-3G, l 3  split-valence 4-31G l4 and 
polarized 6-3 lG** l 5  bases were used in ab initio SCF 
MO calculations performed with the CADPAC 
programI6 and its earlier versions over a period of 
several years. All geometries were fully optimized using 
either the Murtagh-Sargent I 7  or the Schlegel l 8  


algorithm with analytical gradients. Early calculations 
of Cartesian force constants employed numerical dif- 
ferentiation of the gradient: forward- and central- 
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difference formulae were employed" as well as a 
simplex method'" which yielded central-difference 
accuracy at forward-difference cost. Later computations 
benefited from the availability of analytical second- 
derivative techniques. '' Spurious translational and 
rotational contributions to the Cartesian force constants 
were projected out, l9 thus guaranteeing that the 
Teller-Redlich product rule" was always satisfied for 
isotopomeric molecules. 


The ratio of partition functions for two isotopomeric 
N-atomic molecules is (in the harmonic 
approximation): 


where the asterisk denotes the labelled species, M is the 
molecular mass, A ,  B and C are the principal moments 
of inertia, S is the rotational symmetry number and 
u, = /zv,/kT. Using the Teller-Redlich product rule, this 
expression simplifies to 


(3) Q* 
Q 


where mi is the mass of atom i and 


The reduced partition function ratio2' f is therefore 


but is a function only of vibrational frequencies [cf. 
equation (4)]. For isotopic substitution involving a 
single deuteron, the product over ratios of molecular 
masses in equation ( 5 )  reduces to (l)3'2. The fractiona- 
tion factor $R for the isotopic exchange [equation ( I ) ]  
may (in the absence of symmetry-number contributions) 
be expressed simply as a quotient of reduced partition 
function ratios: 


RESULTS AND DISCUSSION 


Scaling of calculated frequencies 


Vibrational frequencies calculated at the SCF level of  
ub irtirio MO theory are generally overestimated, 24 


owing to the use of the harmonic approximation and 
of truncated basis 5ets and to neglect of electron 
correlation. The same is true for force constants 
calculated using semiempirical methods. 2 5  Improve- 
ment may be gained by addressing each source of error 


in turn using a higher level of theory;26 this is the 
rigorous but expensive option for small molecules 
only. A more practical and widely applicable alternative 
is to perform calculations at a level which yiclds 
consistent errors and to correct these empirically by a 
scaling procedure; this approach has been championed 
and well reviewed by Pulay and c o - w o r k e r ~ ~ ' ~ '  and has 
been employed in our own ~ o r k . ~ - " . ' ~  The simplest 
procedure is to use a single scaling factor determined 
by the ratio of the sum of observed (anharmonic) 
frequencies to the sum of calculated (harmonic) 
frequencies with a particular basis set for a range o f  
molecules of interest; this factor is (for want of better 
information) assumed to be transferable to related 
molecules for which spectroscopic data are unavailable. 
This method minimizes the error in the calculated zero- 
point energy of a molecule and is therefore particularly 
appropriate for calculations of isotope effects, since at 
normal temperatures these are usually dominated by 
zero-point energy changes. 2y 


Sums of vibrational frequencies observed for water I' 


(H20, HOD and D20),  formaldehyde3' (CH20,  CHDO 
and CD20), methanol3' (CH3OH, CHIOD, CDJOH 
and CD3OD) and a ~ e t a l d e h y d e ~ ~  (CHjCHO, CH3CD0, 
CD3CHO and CD3CDO) are given in Table 1 together 
with sums of harmonic frequencies calculated using the 
STO-3G, 4-31G and 6-31G4* basis sets. (Results for 
water and formaldehyde only are given for the last 
basis). Also presented are force-constant scaling factors 
for each basis: these are the squures of the ratios of  
observed to  calculated frequency sums. Note that the 
scaling factors determined by consideration of all the 
isotopomers listed above are closer to unity than those 
obtained using only the parent protio-species, i.e. there 
is slightly better agreement between the (unscalcd) 
calculated and observed fiequencies for deuterated 
molecules. The values adopted for use in subsequent 
work are rounded off to 0.68 for STO-3G and 0.82 for 
4-31G. Note also that the 4-31G basis yields markedly 
closer agreement between (unscaled) calculated and 
observed frequencies than does STO-3G, but that no 
further improvement is to be derived from the use of the 
much larger 6-3 1G** basis. Analytical force-constant 
computations for water and formaldehyde are 4-5 
times longer with 6-31G** than with 4-316 but do not 
provide correspondingly more accurate results. Root- 
mean-square (r.m.s.) errors in calculated vibrational 
frequencies are reduced by force-constant scaling with 
these factors from 403 to 86 cm-l  for STO-3G, from 
233 to 40 cm- '  for 4-31G and from 316 to 31 cm-l for 
6-3 1G**. 


Reduced partition function ratios 


Table 2 contains reduced partition function ratios for 
deuterium substitution at  a single position in each of 
several small molecules. Ratios calculated in this work 
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Table 1 .  Comparison of sums of vibrational frequencies (expressed as wavenumbers, cm-’)  calculated and observed for water, 
formaldehyde, methanol and acetaldehyde and resulting overall force-constant scaling factors 


Parent isotopomer only All isotopomers 


Xu(calc.) Xu(calc.) 


# v  Xu(obsd) STO-3G 4-31G 6-31G** # u  Xv(obsd) STO-3G 4-31G 6-31G** 


HzO 3 9008 10703 9813 10185 9 23482 27761 25454 26415 
CHzO 6 11 348 13692 12788 12725 18 30501 36650 34228 34117 
CHjOH I2 21755 26516 24041 46 75932 92 170 83528 
CHjCHO 14 22048 27105 24716 53 74861 90992 83233 
Total 35 64159 78016 71358 22910” 126 204776 247573 226443 60532h 
Scaling factor 0.676 0.808 0.789 0.684 0.818 0.795 


”Sum over 9 modes. 
hSurn over 27 modes. 


Table 2. Reduced partition function ratios at 300 K for some deuterated molecules 


Unscaled Scaled 
Isoropic 
species STO-3G MNDO” 4-31G MP2/6-31G* Harmonic‘ Anharmonic‘ 4-31‘3 STO-3G 


DCCH 15.28 13.05 12. I2 9.35 9.054 8.298 9.021 8.469 
DCHO 17.01 12.25 13.50 10.75 10.41 8.963 9.924 9.236 
DCHi 20.93 13.03 13.97 12.44 11.63 10.10 10.26 11.00 
DOH 19.82 16.34 14.96 13.22 13.23 11.50 1 1 . 1 1  10.85 
DNHz 22.86 15.50 16.54 14.65 13.44 11.60 12-07 11.96 
DCHzF 23.17 15.01 17.16 13.17 13.52 11.86 12-24 11.74 
Rms error 8.1 2.5 2.9 0.64 0.58 0.50 


“Ref. 3 3 .  
hKeC. 34. 
‘Ref. 35. 


using unscaled STO-3G and 4-31G force constants are 
shown on the left-hand side together with results 
obtained by other workers using the M N D 0 3 3  and 
MP2/6-31G* 34 methods; these results may best be 
compared with those in the column headed ‘Harmonic’, 
which are derived from force constants deduced from 
harmonic frequencies obtained from observed 
fundamentals corrected for anharmonicity. 35 The 
r.m.s. errors (relative to the harmonic values) show that 
each theoretical method overestimates the reduced 
partition function ratios: the minimal-basis STO-3G 
results are the worst and those obtained using a 
polarized 6-3 1G* basis with electron correlation treated 
by second-order Moller-Plesset perturbation theory 
(MP2/6-31G*) are the best. Wolfsberg and co- 
w o r k e r ~ ~ ~  concluded that hydrogen-deuterium isotope 
effects calculated from reduced partition function ratios 
computed using force constants deduced directly from 
observed ‘anharmonic’ fundamentals are equally 
accurate to those derived from harmonic frequencies. 
Since for most molecules harmonic vibration 
frequencies are not available, a valid and practical 


procedure is to  obtain reduced partition function ratios 
using calculated force constants scaled to minimize the 
error between calculated frequencies and observed 
anharmonic fundamentals. Thus the scaled STO-3G 
and 4-31G results shown on the right-hand side of 
Table 2 should be compared with those in the column 
headed ‘Anharmonic.’ The r.m.s. errors suggest that 
the agreement between the scaled STO-3G or 4-31G 
ratios and the ‘anharmonic’ ratios is as good as between 
the MP2/6-31G* ratios and the ‘harmonic’ values. 
Finally, it  should be noted that reduced partition 
function ratios are very temperature dependent. The 
results in Table 2 were calculated at 300 K in order to 
permit comparison with the data in Refs 33-35; 
changing the temperature by less than 2 K to 298.15 K 
causes the numerical values to increase by about 2%. 
A ratio of reduced partition function ratios, i.e. a 
fractionation factor, is relatively insensitive to tem- 
perature, but it is essential to take reduced partition 
function ratios for the molecule of interest and for the 
standard molecule calculated for the same temperature, 
otherwise serious error may arise. 
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Gas-phase fractionation factors 


The isotopic preference at a particular position in one 
molecule relative to the same preference in a standard 
molecule is found by dividing the relevant reduced 
partition function ratio by that for the standard. Table 
3 contains fractionation factors relative to methane at 
300 K for hydrogen bound to carbon in a range of 
molecules included in the compilation of Buddenbaum 
and Shiner. 36 Hartshorn and Shiner" had earlier 
pioneered the use of valence force fields, obtained by 
fitting to  observed fundamental frequencies of 
vibration, for  the calculation of fractionation factors 
and their results have been much cited.38 More recently, 
Wolfsberg and c o - w ~ r k e r s ~ ~  made a detailed study for 
a smaller range of molecules. Comparison of these 
two sets of 'ex-spectroscopic' results shows different 
fractionation factors calculated for acetylene and 
formaldehyde. Although the values of the observed 
fundamentals for these molecules are not in dispute, 
nevertheless i t  would appear that different force fields 
have been deduced from these data by the two groups 
of workers. The small differences in the 'ex- 
spectroscopic' results for ethane and fluoromethane are 
due to the fact that Shiner's data are for 25 OC; the 
change from 300 K to 298.15 K causes the values of the 
fractionation factors to increase by about 0.2%. 


Errors in fractionation factors, or isotope effects 
generally, are best considered as errors in their 
logarithmic values since these are proportional to the 
relevant free-energy differences. Relative to Wolfsberg's 
anharmonic values, the average error in the logarithmic 
fractionation factors calculated by the various 
theoretical methods for acetylene, formaldehyde, 
ethane and fluoromethane are as follows: scaled 4-31G, 
0.043; scaled STO-3G, 0.057; MNDO, 0.071; and 
MP2/6-3IG*, 0.057. The scaled 4-31G results are 


consistently too high, the MNDO results too close 
to unity and the STO-3G and MP2/6-31G* methods 
sometimes overestimate and sometimes underestimate 
the fractionation factors. 


Equilibrium constants for various gas-phase isotopic 
exchange equilibria have been measured using ion 
cyclotron resonance (ICR) spectrometry3' and the 
selected ion flow tube (SIFT) technique.'n Table 4 
contains 0-deuterium isotope effects for methanol 
deprotonation [equation (7)] and methylamine 
protonation [equation (S)] . 


C H 3 0 H + C D 3 0 - .  " . CH3O + C D l O H  (7) 


The minimal-basis STO-3G and MNDO methods are 
unreliable; whereas the values calculated for K ,  agree 
well with the experimental values, the ectimates for Kx 


Table 4. Calculated and experimental equilibriuin conrtanrs 
for gas-phase isotopic exchange reactions 


Method K- KX 


ICR 2.3 2 0.4" 0.86  2 0.03b 
SIFT 2.1 ? 0-3 '  
Scaled 4-31G 2.62 0.824 
Unscalcd 4-3 IG 2.91 0.806 
Scaled STO-3G 1.80 1.071 
Un5cakd STO-3G 2.05 1.089 
MNDO 2.08 I .03 


" R e f .  39a. 
"Rcf .  391). 
' R e f .  40. 


Table 3. Calculated gas-phase fractionation factors relative to methane at 300 K 


Wolfsberg" Scaled Scaled 
Molecule Shiner" anharrnonic 4-31G STO-3G MNDO' MP2/6-31G*" 


DCCH 
DCHO 
DCH, 
DCH zCHzCH i 
DCFO 
DCHzCHi 
DCHzCN 
DCHzF 
DCH2NH; 
DCH(CH j )a 


0.803 
1.022 
1.0 
1.063 
1.07 
1.092 
1.102 
1.176 
1.155 
1.205 


0.822 0.879 
0,887 0.967 
1.0 1 .0 


1.083 
1.171 


1.090 1.094 
I f  101 


1.174 1.193 
1.204 
1.178 


0.770 1 ,002 0.750 
0.840 0.941 0 . 8 6 5  
1.0 1 .o 1 .0  


0,885 
1.076 I ,082 1,097 


1.067 1.153 1.059 
1.135 


1.169' 


" R e f .  36. 
h R e f .  35. 
'Ref .  33. 
"Ref .  34. 
'D. Anhede, Thehis, University of Gotcborg (1987). 
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are qualitatively incorrect in that the equilibrium is 
predicted to lie to the right of equation (8) rather than 
to the left; a similar erroneous result was previously 
calculated for protonation of methanol using STO-3G.' 
The 4-3 1G results are qualitatively correct although 
quantitatively in error; the use of scaled force constants 
improves the values of the equilibrium constants but 
their magnitudes remain overestimated. 


Overall, it seems that the MNDO semiempirical and 
STO-3G ab initio SCF procedures often yield 
reasonably good results for fractionation factors and 
other isotopic exchange equilibrium constants. 
However, these minimal-basis methods lack the 
consistency which may be obtained using more 
sophisticated levels of theory. The recently 
parameterized semiempirical methods AM1 and PM3 
are being evaluated as possible economical and reliable 
alternatives, and will be reported upon elsewhere. 
Meanwhile, the scaled 4-3 1G method represents a 
compromise between expense and accuracy and its 
performance is further investigated in the remainder of 
this discussion. 


Fractionation factors in aqueous solution 


It is generally held that the nature of the potential 
experienced by a hydrogen bound to carbon is 
essentially unchanged on transfer from the gas phase 
into aqueous solution. Thus phase transfer generally 
involves only a very small change in the zero-point 
energy of a CH (or CD) bond and hence a negligible 
isotope effect. Tanaka and Thornton4' found that 
various organic compounds containing C H  bonds were 
extracted into the hydrophobic medium pBondapak-Cle 
more favourably than those containing CD, by factors 
of only 1 .002  t o  1.008 per deuterium. However, 


Kovach and Quinn4' measured an equilibrium isotope 
effect of 1.010 per deuterium for tynsfer  of acetone 
from cyclohexane into water a t  25 C.  Larger phase 
transfer isotope effects such as this probably arise from 
specific solvation of the carbonyl group in water. For 
most molecules containing hydrogen bound to  carbon i t  
is generally safe to neglect any isotope effect for transfer 
from the gas phase into aqueous solution. Calculated 
gas-phase fractionation factors, +(g), relative to water 
may be converted to  aqueous-solution values, +(as), 
by dividing by the vapour pressure isot:pe effect 
P H ~ O I P H O D ,  which is equal to  1.0793 at 25 C:43 


+(as) = d ' k )  ( P H O D I P H z O )  (9) 


Hydrogen bonds involving heavy water are stronger 
than those involving light water. l 9  Hence HOD (the 
deuterated standard SD) is more favoured in aqueous 
solution, shifting equilibrium (1) to the left and yielding 
a smaller (less normal or more inverse) fractionation 
factor in aqueous solution than the has phase. Since 
aqueous solution is the natural medium for biochemical 
processes, fractionation factors relative to  liquid water 
as standard find application in isotope-effect studies of 
enzyme mechanisms. ",'* 


Table 5 contains scaled 4-3 1G deuterium fractionation 
factors calculated for hydrogens bound to carbon in a 
number of structural groupings included in Cleland's l 2  


compilation of equilibrium isotope effects in aqueous 
solution. There are eight moieties for which both 
calculated and experimental fractionation factors are 
given: these data are correlated linearly ( r  = 0.992) 
according to the equation 


d(calc.) = 0.9lqb(expt.) + 0 .  14 (10) 


The calculated values are too large because the reduced 
partition function ratio (Table 2) calculated for H alone 


Table 5.  Scaled 4-31G calculated and experimental aqueous-phase fractionation factors relative to water at 25 'C 


Labelled Reduced 9 (as) d (as) 
moiety Theoretical model p.f. ratioa (calc.) (expt.) Experimental model' Ref. 


-C-CD 
-CD=O 
-COCHlD 
CCH(0H)CHzD 
CCHDC 


HCD(0H)H 
CCD(0H)H 
CCD(0H)C 
HCD(NHi )H 
CCD(NH.T )C 
CCD(0H)z 


Acetylene 
Acetaldehyde 
Acetaldehyde 
Isopropanol 
Propane 


Methanol 


Isopropanol 
Methylammonium 
lsopropylammonium 
Acetaldehyde hydrate 


9.180 
10.75 


12.26d 
12.34 


12.39d 


14.28* 
12.60 
14.53 
14.65 


11.10d 


0.75 
0.88 
0.91 
0.92 
1.01 


1.02 


1.17 
1.03 
1.19 
1.20 


0.65 
0.83 
0.84 
0.88 
0.98 


1.04 
1.16 


1.13 
1.14 


Acetylene 44 
Acetaldehyde 45 
Pyruvate 46 
Lactate 12 
Malate (3) 12 
DPNH (4) 


Ethanol ( I )  12 
Isopropanol 12 


Amino acids (2) 12 
Acetaldehyde hydrate 45 


"Scaled 4-31G reduced partition function ratio for gas-phase isotopomers at 298.15 K; the value for HOD/HzO is 11.30. 
hGas-phase fractionation factor divided by vapour-pressure isotope effect, PH,O/PHOD = I ,0793. 
'Labelled in the position shown in parentheses. 
'Bolumann-weighted average for all rotamers of the labelled molecule. 
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is underestimated with respect to Wolfsberg's 
anharmonic value, whereas the reduced partition 
function ratios calculated for other molecules are 
overestimated. 


Effect of substitution 


The fractionation factors for hydrogen bound to 
sp3-hybridized carbon show a trend with the degree of 
substitution: primary < secondary < tertiary carbon. 
This trend was also noted by Kresge et d.," w h o  
suggested that its origin is a reduced-mass effect arising 
mainly from coupling of hydrogen and heavy-atom 
motions in bending  vibration^.^^ To test this idea, we 
have performed calculations of deuterium fractionation 
factors for several methyl-substituted methanes relative 
to methane itself. One of the methyl groups of ethane, 
and both methyl groups of propane, were replaced by a 
pseudoatom M of mass 15 and the methane geometry 
and scaled 4-31G force constants for methane were used 
to describe these penta-atomic species. The logarithms 
of the fractionation factors calculated for I5MCH3 and 
"M2CH2 (Table6) are only about 50% of those for 
CH3CH3 and (CH3)zCHz respectively. Thus the 
reduced-mass effect accounts for about half of the 
observed increase in the fractionation factor with degree 
of substitution. 


Table 6 also contains results of calculations for 
methane molecules using force constants for ethane and 
propane; here the atom H '  mimics a methyl carbon 
atom and is assigned force constants accordingly. The 
fractionation factors thus calculated are also 
considerably smaller than those for ethane and propane 
themselves. However, when H' i s  replaced by the 
pseudoatom M '  of mass 15, use of the ethane and 
propane force constants does lead to fractionation 
factors essentially the same as those for the real 
substituted molecules. I t  is clear that substitution on a 
hydrogen-bearing carbon atom affects the deuterium 


Table 6. Effect of substitution on fractionation factors for 
hydrogen bound to sp'-hybridized carbon at 25 "C: 


RH + C H I D  C RD + CH? 


C H  
R Force fielda qh stretching Others 


Methane 
Methane 
Ethane 
Ethane 
Ethane 
Methane 
Propane 
Propane 
Propane 


1.0 
1.046 
1.045 
1.110 
I .095 
1.092 
1.048 
I .  178 
1.180 


1.0 
0.995 
0.985 
0.971 
0.974 
0.990 
0.953 
0.946 
0.945 


1.0 
1.052 
1.060 
1.136 
1.124 
1.103 
1.100 
I .245 
1.250 


"Scaled 4-31G force consiatits 


fractionation factor through both reduced-mass and 
force-constant changes. 


It might have been expected (from a too-simple view 
of the origin of isotope effects) that the remainder of the 
increase in fractionation factor with substitution, not 
accounted for by the reduced-mass change, would have 
arisen from the change in C H  stretching force constant. 
The scaled 4-31G valence force constants for S H  
stretching are 4.82 md A - '  for methane, 4.72 mdA I 


for ethane and 4.61 md A I for the methylene group of 
propane. The usual rule4* is that the lighter isotope 
prefers the looser site, i.e. protium should accumulate in 
the more substituted molecules. This prediction is 
opposite to the observed trend for larger fractionation 
factors (i.e. deuterium preferred) as substitution 
increases. Since fractionation factors are quotients of 
reduced partition function ratios which are functions 
only of vibrational frequencies, calculated values of 4~ 
may be analysed into contributions from various groups 
of normal modes. As the results in Table 6 show, the 
CH stretching modes do indeed contribute inversely to 
the fractionation factors, but the overall effect is 
dominated by vibrational-frequency changes in the 
other (mostly bending) modes. A referee has pointed 
out that this greater importance of bending force- 
constant changes is in accord with the results of an early 
treatment of the consequences of deuteriation on the 
effective electronic distributions of molecules 
containing a methyl group." 


A substituent scale of sp3 fractionation factors 


Kresge et al. ' I  have shown how fractionation factor and 
equilibrium constant data may be combined to  provide 
a common scale of deuterium fractionation factors for 
substituted methanes relative to methane as the 
standard. Their data are included in Table 7 together 
with scaled 4-31G values. They noted good agreement 
between experimental values and those from the 
calculations of Hartshorn and Shiner,37 with the 
exception of the cyano substituent, for which doubt was 
cast on the calculated value since the experimental value 
was well established. The present scaled 4-3 IG result for 
the cyano substituent, &N = 1.10, agrees with that of 
Hartshorn and Shiner 3 7  based on Duncan's'' force field 
for acetonitrile; more recent data of Duncan et a/. 5 1  do 
not differ sensibly from the earlier work. Inspection 
of Table 7 reveals not one but several discrepancies 
between experimental and calculated fractionation 
factors; these may be indicative not of error but rather 
of solvation effects which operate in the experimental 
systems but are not accounted for in the present 
calculations. 


Kresge et a/. I '  suggested that the influence of 
electronegativity was evident in the relative values of 


O H  > NH2 and OH > 0- and NH.; > NH2. The 
calculated values also reflect these trends but are 
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Table 7. A substituent scale of deuterium fractionation factors, m,, for hydrogen 
bound to spj-hybridized carbon at 25 'C: XCHj + CHjD 


mx 


XCHzD + CH4 


Theoretical 
X Experimental Calculated model 


R'COH+ 
H 
RiC+ 
CN 
R'CO 
NH2 
R 
0- 
Nz+ 
NH.? 
F 
OH 
HzO+ 


~ 


0.97 
1.0 
1.02 
1.04 
1.05 
1.09 
1.10 
1.11 


1.13 
1.17 
1.18 


- 


- 


1.04 
1.0 
1.03 
1.10 
1.06 
1.11 
1.09 
0.84 
1.16 
1.21 
1.20 
1.19 
1.24 


~~~ 


CH,CHOH+ 
CH4 
(CH3)2CH+ 
CHJCN 
CHjCHO 
CHzNHz 
CHjCHj, CHjCHzCHz 
CHjO- 
CH,Nl 
CHjNH: 
CHjF 
CHjOH 
CH,OH2+ 


quantitatively different for the charged substituents. 
The NH; group is presumably a much more 
electronegative substituent in the gas phase than in 
aqueous solution, where its effective charge must be 
reduced by solvation, hence +NH; (expt) < +NH; 
(calc.). On the other hand, 40- (expt.) a 60- (calc.), 
since the hyperconjugative stabilization of the negative 
charge by the C H  bonds (and the consequent reduction 
of the CH stretching force constants') is greatly 
attenuated in aqueous solution where the charge on 
oxygen is stabilized by hydrogen-bonded water 
molecules. Conversely, it is possible that solvation may 
serve to enhance hyperconjugation in the protonated 
acetyl group and in acetonitrile, thus causing looser 
methyl C H  bonds and lower deuterium fractionation 
factors than in the gas phase. 


The question remains as to whether substituent effects 
on fractionation factors are cumulative. Kresge et al. " 
noted that reduced mass effects should be cumulative 
but that electronegativity effects may not be. Since 
scaled 4-31G results are available for some pairs of 
2-propyl and methyl substrates, this question may now 
be examined further. The deuterium fractionation 
factor for the methine position in (CH3)zCHZ may be 
calculated either directly by equation (10) or indirectly 
by equation (11) as the product of substituent con- 
tributions (Table 7) for two methyls and the group Z. 
The results for several Z groups are given in Table 8. 


+(direct) = f(MezCDZ/MezCHZ)/f(MeD/MeH) (1 1) 


+(indirect) = +he+z (12) 


The agreement between the fractionation factors 
calculated by the two methods is encouraging except for 
Z = OH;. The 4-31G calculated bond lengths for 
CH30H2+ (1 - 548 A') and (CH3)2CHOHZ (1 -648 A l o )  


differ considerably and suggest that the methyl groups 


Table 8. Deuterium fractionation factors for 2-propyl 
derivatives calculated directly or indirectly 


Z +(direct) +(indirect) 


H 1.18 1.19 
F 1.39 1.43 
OH 1.41 1.41 
OH; 1.38 1.47 


of the 2-propyl moiety alter the electronic structure 
about the central carbon in a manner which doubtless 
affects the value of the deuterium fractionation factor 
for the hydrogen bound to this atom: the carbon atom 
in (CH3)zCHOH; is essentially sp2 hybridized. 


CONCLUSIONS 


Force constants calculated at  the 4-31C level of ab initio 
MO SCF theory, and scaled uniformly by a single em- 
pirical factor to minimize the error between calculated 
and observed vibrational frequencies, permit the evalua- 
tion of deuterium fractionation factors for hydrogens 
bound to carbon with a reasonable degree of accuracy. 
Calculated values (relative to  water) for a range of 
structural moieties correlate linearly with experimental 
aqueous-phase values, but are consistently overestimated. 
Substitution at a hydrogen-bearing carbon atom affects 
the deuterium fractionation factor through the com- 
bined effect of changes in reduced mass and changes in 
force constants other than for C H  stretching. 
Discrepancies between calculated and experimental 
fractionation factors (relative to methane) for certain 
methyl compounds probably arise from solvation 
effects. Substituent effects on fractionation factors for 
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hydrogen bound to sp3-hybridized carbon are roughly 
cumulative, provided that the substitution does not 
greatly affect the electronic structure about the carbon. 
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AM1 STUDIES ON THE ACID HYDROLYSIS OF ACETAMIDE' 


IKCHOON LEE,* CHANG KON KIM AND BON-SU LEE 
Department of Chemistry, Inha University, Inchon, 402-751, Korea 


The A2 hydrolysis of acetamide was investigated using the AM1 method and the results were compared with those of 
MNDO. The two methods agree in the general mechanism but differ in detail; MNDO assigns an unduly high energy 
for a complex with long bonds in contrast to AM1 and ab initio (at the 3-21G and 6-316 levels) methods, which 
predict a stable structure for such a complex. Inclusion of solvate water molecules has the effect of lowering activation 
barriers in general. An increase in the number of solvating molecules up to four results in narrowing of the activation 
energy gap between the two rate-determining steps of the A2 hydrolysis of the N- and 0-protonated acetamide, but 
no reversal of the relative order of the barrier height occurs; the A2 hydrolysis proceeding through the less stable 
N-protonated tautometer is therefore likely to remain as a major reaction path in solution-phase reactions, in 
agreement with experimental results. 


INTRODUCTION 


The A2 hydrolysis of acetamide in aqueous acid solu- 
tion has been extensively studied, and is believed to 
proceed by a rate-determining attack of water on the 
carbonyl carbon which has been protonated in a 
pre-equilibrium step. * Our theoretical studies on the 
mechanism using the MNDO method3 indicated that 
the rate-determining nucleophilic attack of water occurs 
at the carbonyl carbon of the N-protonated form and 
tetrahedral species4 found on the reaction coordinate 
are not intermediates but resemble more transition 
states (TS). The problem of whether the tetrahedral 
species is a TS or an intermediate in the nucleophilic 
substitution at a carbonyl carbon has long been con- 
troversial. In this respect, results of recent studies on the 
nucleophilic displacement reactions of acyl compounds 
in the gas phase together with M O  theoretical analysis 
have been helpful in unravelling mechanisms occurring 
in solution. It has been shown that the tetrahedral 
species is likely to  become a tetrahedral TS when weak 
nucleophiles and good leaving groups (LG) are involv- 
ed, whereas tetrahedral intermediates can be expected 
when strong nucleophiles and poor LG are involved. '*' 
On the other hand, the involvement of even one solvate 
molecule is known to cause a profound change in the 
gas-phase reaction mechanism. 


In this work, we investigated the A2 hydrolysis of 
acetamide theoretically using the AM1 method,' in 


* Author for correspondence. 
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which the hydrogen bonding energies are properly ac- 
counted for, in contrast to  the MNDO method. In par- 
ticular, we studied in some detail the solvent effect on 
the A2 hydrolysis mechanism of acetarnide. 


CALCULATIONS 


All calculations were carried out with the AM1 
method. Geometries of equilibrium species were fully 
optimized by the energy gradient method. Transition 
states were located by the reaction coordinate method,' 
refined by the gradient norm minimization" and 
characterized by confirming only one negative eigen- 
value in the Hessian matrix. In the solvent effect 
studies, up to two solvating water molecules were at- 
tached to  the water nucleophile successively in a step- 
wise manner in the entire reaction process calculations 
and were compared with the unsolvated gas-phase reac- 
tion paths. Two additional solvating water molecules 
were attached again successively t o  the ground state, the 
0-protonated tautomer and the TS corresponding to  the 
rate-determining step in order t o  elucidate solvent ef- 
fects on  the barrier heights. The solvated TSs in these 
cases were re-optimized for the supermolecules con- 
sisti'ng of protonated acetamide and solvating water 
molecules and characterized again by confirming only 
one negative eigenvalue in the Hessian matrix. 
However, no structural changes in the TSs were noted 
by the solvating water molecules attached to  the bare 
TSs. 
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RESULTS AND DISCUSSION 


Attention was focused on the A2 hydrolysis mech- 
anism" of protonated acetamide in acid solution; in 
particular we examined the effect of the solvent on the 
reaction processes in order to  shed some light on the 
preferred reaction path involved in the solution-phase 
acid hydrolysis. The conceivable reaction paths are 
shown in Scheme 1. 


OH 
I 0 


where n and m are solvate number (n = 0-2 and m = 0-4). 


Scheme I 


The intramolecular proton transfer (path 1 )  between 
the two protonated tautomers, I and 11, is a rapid 
process compared with the subsequent A2 hydrolysis 
processes (paths 2 and 3), as has been described. l 3  These 
results are in agreement with those obtained by 
MNDO,I4 except that a lower energy difference of 
AAHf = AHf(I1) - AHf(1) = 10.9 kcalmol-' is obtained 
in contrast to the corresponding value of 17 kcal mol-l 


AHt 
(kcallmol) 


8 8 . 2 1  
: T S l  ; 


given by MNDO. The lower energy gap between the two 
forms obtained by AM1 provides additional support for 
the mechanism involving the nucleophilic attack of 
water on the less stable form (11), since the equilibrium 
amounts of the two tautomer will be similar. 


Gas-phase A2 hydrolysis of the 0-protonated 
tautomer (I)  


This process corresponds to path 2 with n = 0 in Scheme 
1. The potential energy profile and structures of equil- 
ibrium species involved in this process are presented in 
Figures 1 and 2. The potential energy profile in Figure 
1 is similar to that obtained by MNDO,' but it lacks the 
oxonium ion-type transient intermediate (TI) suggested 
by McClelland et al. " and found to exist by MNDO 
between the reactant complex (RC) and the TSl cor- 
responding to the rate-determining step. In order to 
confirm the existence of TI, we attempted ab initio op- 
timization at the 3-21G and 6-31G levels,I6 but it was 


OH 


unsuccessful; the failure to obtain an optimized struc- 
ture for the TI by both AM1 and ab initio calculations 
tacitly suggests that AM1 is superior to MNDO in 
reproducing the ab initio results. One reason why AM1 
fails to  give TI could be the more positive charge 
delocalization over the entire molecule I compared with 
MNDO, as shown in Table 1; the positive charge local- 
ization on the oxygen atom in TI can be energetically 


47.80  
products  


React ion C o w d i n a t e  


Figure 1. Potential energy profile for the gas-phase A2 hydrolysis of protonated tautomer (1) 
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RC 


on 


1 . 3 ~  


I C  1 
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Figure 2. Geometries of some species at stationary points on the potential energy profile for the gas-phase A 2  hydrolysis of 


protonated tautomer (I)  


unfavourable by AM1 so that the structure correspon- 
ding to TI  may become destabilizing. The existence of 
such transient intermediate seems very debatable, 
however, since the TI  found by MNDO was not a sta- 
tionary point species and it may have very short lifetime 
in the solution-phase experiment, with little possibility 
of actual experimental identification in real situations. 


Since TI was not found by AM1 calculation, TS 1 is 
formed by the nucleophilic attack of a water molecule 
on the carbonyl carbon with the simultaneous 1,3-shift 
of a water proton toward the nitrogen atom, which is 
similar to the structure of TS 1 by MNDO.' The other 
reaction processes are essentially the same as those by 


Table 1. Comparison of charge distribution in tautomer I by 
MNDO and AM1 


Method Carbonyl-C -OH -NHz -CH; 


AM 1 +0 .315a  +0.104 +0.358 +0.224 
MNDOb +0.319 +0.090 +0.298 +0.222 


a Electronic charge unit 
bRef .  5 .  


MNDO; TS 1 is followed, in succession, by a tetrahedral 
intermediate (IC l) ,  TS 2 in which C-N bond cleavage 
takes place and IC 2 which is a gem-diol type similar to 
RC with NH3 and OH2 interchanged. 


Gas-phase A2 hydrolysis of N-protonated 
tautomer (11) 


This process corresponds to  path 3 with m = O  in 
Scheme 1. The less stable tautomer, 11, formed by a pro- 
ton transfer from the stable form, I ,  proceeds to 
hydrolyse as shown by the potential energy profile in 
Figure 3 with stationary point species in Figure 4. In- 
spection of Figure 3 reveals that the rate-determining 
step in this process corresponds to TS 2, which is lower 
by ca 14 kcal mol-'  than the activation barrier, TS 1, in 
the A2 hydrolysis of the tautomer I.  This process star- 
ting from the less stable form, 11, provides the lowest 
path in the gas-phase A2 hydrolysis of acetamide, which 
is in agreement with but varies in mechanistic details 
from that of MNDO; the rate-determining step was the 
formation of intermediate A via the concerted S~2- type  
TS (TS 1) in the nucleophilic attack of a water molecule 
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Figure 3. Potential energy profile for the gas-phase A2 hydrolysis of protonated tautomer (11) 
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Figure4. Geometries of some species at stationary points on the potential energy profile for the gas-phase A2 hydrolysis of 
protonated tautomer (11) 
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on the carbonyl carbon of the tautomer I1 by MNDO, 
whereas it was the formation of the product complex 
PC via TS 2 by AM1. This difference in 
the rate determining step between the two methods 
originates from the fact that AM1 does not give a 
stationary point species (A), but instead predicts a long- 
range complex (B). The discrepancy between the two 


methods regarding the existence of (A) stems from 
the difference in the stability of an acylium ion. Table 
2 shows relevant atomic charges for the optimized struc- 
tures of acylium ion by AM1 and MNDO. We note that 
AM1 predicts a more evenly delocalized positive charge, 
indicating more effective resonance as shown in Scheme 
2. This is a similar situation to the problem of whether 
TI should exist as an optimizable structure or not in the 
A2 hydrolysis of the tautomer I. In the oxonium ion- 
type species (A), the positive charge delocalization 
through the resonance effect in Scheme 2 is not possible 


Table 2. Comparison of charge distribution on acylium ion by 
MNDO and AM1 


Method -0 Carbonyl-C -CH3 


AM 1 +0.130a + 0.446 i 0 . 4 2 4  
MNDO +0-138 1-0.458 + 0-405 


Electronic charge unit. 


and most of the charge is expected to become localized 
on -OHz+. This charge localization should result in 
energy destabilization so that structure (A) cannot exist 
as an optimized structure by AM1. Another reason for 
this difference in the two methods in the well known 
weakness of MNDO that a long-bond species, such as 
(B), has an unduly high energy, so that MNDO prefers 
a localized structure (A) instead of a long-bond species 
(B). 


+ + + 
H~C-CEO * H3C-H=O*H * HzC=C=O 


Scheme 2 


Solvent effects 
In order to simulate solution-phase reaction, solvating 
water molecules were added successively to the reaction 
system and the effect of solvent on the mechanism was 
studied. We found no changes in the reaction paths 
from those of the gas-phase reaction for the tautomer I 
with a genera1 lowering of the barrier heights, but there 
was a considerable mechanistic change from the gas- 
phase process in addition to the lowering of the barrier 
heights for the reaction involving tautomer 11. When 
one solvating water molecule is attached to the water 
nucleophile, species (C) is formed instead of species (A), 


Reaction Coordinate 


Figure 5 .  Potential energy profile for the solvated A2 hydrolysis of protonated tautomer (11) 
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Figure 6. Geometries of species at stationary points on the potential energy profile for the solvated A2 hydrolysis of protonated 
tautomer (11) 


in contrast to the gas-phase reaction. The A2 hydrolysis, 
in this case, proceeds via the S N ~  path in which the 
solvated nucleophile attacks the carbonyl carbon of 
tautomer I1 and cleavage of the leaving group, NH3, oc- 
curs simultaneously. These reaction schemes are in line 
with the solution phase mechanism suggested by Arm- 
strong, et and Smith and Yates.2e The potential 
energy profile for path 3 with m = 1 (Scheme 1) is 
presented in Figure 5 and the optimized structures for 
the equilibrium species on the reaction coordinate are 
shown in Figure 6. 


The processes following the rate-determining step (TS 
1)  are rapid, as can be seen in Figure 5 .  The abstraction 
of a proton from -O&+ by the leaving group, NH3, 
which is from the intermediate complex (IC) of type 
(C), constitutes a general acid-base equilibrium, which 
should be a diffusion-controlled process. The reactions 
involving more than two solvating water molecules 


(m > 21, proceed in a similar manner to that for rn = 1 
accompanied by a corresponding lowering of activation 
barriers. Now there arises the problem of whether the 
reaction path change occurs or not due to  the lowering 
of barrier heights by the solvent effects. The heats 
of formation of the TSs corresponding to the rate- 
determining step for the solvated A2 hydrolysis pro- 
cesses of tautomers I and I1 are summarized in Table 3. 
The results show that as the number of solvating mol- 
ecules is increased, the difference in the activation 
energy barriers for the two tautomers decreases but no 
reversal in the relative barrier heights is realized, main- 
taining the preference of path 2 to path 1. Of course, 
there may stiIl be the possibility of a reversal of the 
relative barrier heights in the bulk solvent of the 
solution-phase reaction to  alter the preferred path 2 to  
1, but the use of four solvate molecules represent ap- 
proximately the first solvation shell which can account 
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Table 3. Activation energy barriers (kcalmol-') of rate- 
determining steps (r.d.s.1 for the gas-phase and sohated A2 


hydrolysis processes 


work. This research was performed using the SEC 
computer system of the joint project between SEC and 
IBM Korea. 


Tautomer I:a Tautomer 11: 
m AHf* (I)b AHr* (11)' AAHf* REFERENCES 


for major effects of solution. It therefore appears that 
the preferred path in bulk solution is likely to  remain as 
predicted, i.e. path 2, in Table 3.  


CONCLUSIONS 


AM1 is better suited for the study of the A2 hydrolysis 
mechanism of acetamide than MNDO, since the latter 
cannot properly reproduce a relatively stable complex 
with long bonds.' 


The A2 hydrolysis of acetamide proceeds via the less 
stable tautomer 11, which is formed in a pre-equilibrium 
and is subsequently attacked by water. This mechanism 
is in complete agreement with that obtained by 
MNDO.' 


Inclusion of solvating molecules not only lowers the 
activation barriers but also alters detailed mechanistic 
features along the reaction coordinate of the gas-phase 
A2 hydrolysis involving tautomer 11. 


An increase in solvation up to  four solvating mol- 
ecules results in narrowing of the activation energy gap 
between the two rate-determining steps for tautomers I 
and I1 without causing reversal of the relative order of 
the barrier height; extrapolation of this trend to  bulk 
solution is likely to  be justified, providing agreement 
with the solution-phase results of Armstrong et at. Zb 
and Smith and Yates.2e 
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0 37.12 22.84 
1 26.66 14.04 
2 24.29 13.78 
3 25.45 15.49 
4 27.48 16.99 


a Reference ground state. 
b A H f *  ( I )  = AHf (TS for r.d.s.) - AH( (tautorner I ) .  


AHf* (11) = A H f  (TS for r.d.s.) - AHt (tautomer I ) .  
dAAHrr' =AHr' ( 1 ) - A H t *  (11). 
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EVIDENCE FOR FORMATION OF 2-NITROBENZOYLPEROXY RADICAL 
GENERATED FROM 2-NITROBENZOYL CHLORIDE AND SUPEROXIDE: 
SPIN TRAPPING OF THE PEROXYRADICAL INTERMEDIATE AND ITS 


OXIDlZING ABILITIES 
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2-Nitrobenzoyl chloride was reacted with superoxide in acetonitrile to form 1 2-nitrobenzoylperoxy radical 
intermediate which showed a stronger oxidizing ability than that from superoxide, as confirmed by ESR spin trapping 
studies. 


Superoxide (0; . ) has received increasing attention in 
the fields of both biology and chemistry. Recently, 
the accumulation of information on the physical and 
chemical properties of superoxide has promoted the 
study of organic reactions using superoxide. During a 
study on the activating reactions of s ~ p e r o x i d e , ~ - ~  a 
2-nitrobenzoylperoxy intermediate (3), generated from 
2-nitrobenzoyl chloride and superoxide, was found to 
be a more powerful oxidant than superoxide itself. This 
work is the first to demonstrate a carbonyl peroxy 
radical such as 3 by spin trapping studies using ESR. 
Various sulphides were readily oxidized to the corres- 
ponding sulphoxides by addition of 2-nitrobenzoyl 
chloride to a reaction mixture of the substrates and 
potassium superoxide at - 30 "C in acetonitrile. 
Triphenylphosphine and triphenyl phosphite were 
oxidized to  triphenylphosphine oxide and triphenyl 
phosphate, respectively, in excellent yields under the 
same conditions. As evidence of the participation of 


*Author for correspondence. 


3 4 - - 2 - 


0 
[SI I 


-3O'C. 5 h. McCN 
5 


radicals in the chemical reaction, diphenylmethane was 
also converted to  the benzophenone in 62% yield. 


In a general procedure (run 5 in Table l ) ,  a solution 
of 2-nitrobenzoyl chloride (257 mg, 1 * 5  mmol) and 
triphenyl phosphite (155 mg, 0.5 mmol) in dry aceto- 
nitrile (3 ml) was added to a heterogeneous solution of 
potassium superoxide (3,20 mg, 4 . 5  mmol) in dry 
acetonitrile (3 ml) a t  - 30 C with contjnuous vigorous 
stirring. After stirring for 5 h at - 30 C, the reaction 
mixture ws filtered and the solid collected was washed 
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Table I .  Oxidation of various substrates (S) by the 2-nitrobenzoylperoxy intermediate at - 30 "C 


2 + KO2 + (S)l-30'c. h 7  MeCN(SO) + 5 
~~ 


Substrate (1) Ratio 2/1 Product Yield (To)" Run No. 


a Isolated yields. 
bDetermined by 'H NMR. 


twice with 10 ml of acetonitrile and then twice with 
10 ml of chloroform. 


Concentration and separation by preparative TLC 
[Merk silica gel 60 GF254, diethyl ether-hexane (2 : 1, 
v/v)] gave pure triphenyl phosphate (155 mg, 95%). 
The products obtained were identified by comparing 
their IR and 'H NMR spectra with those of authentic 
samples. The results obtained are summarized in 
Table 1. 


The 2-nitrobenzoylperoxy intermediate (3 or 4) which 
is used in these reactions may be formed by nucleophilic 
attack of superoxide anion on the carbon atom of the 
carbonyl group of 2-nitrobenzoyl chloride. Here the 
question is raised as to whether the active intermediate 
involves a radical 3 or anion 4, which can be formed by 
one-electron transfer from 0; ' to 3. There have been 
discussions on the generation of peroxy radicals or 
anionic intermediates from carbonyl halides and 
superoxide6" and by photolysis of a-diketones in the 
presence of oxygen.' In order to establish whether the 
active species of the 2-nitrobenzoylperoxy intermediate 
has a radical or anionic character for the oxidation of 
various substrates, the reactivity of the 2-nitrobenzoyl- 
peroxy intermediate was compared with that of the 2- 
nitrobenzoylperoxy anionic intermediate 4 prepared in 
situ by the following method. The 2-nitrobenzoylperoxy 
anionic intermediate 4 was prepared by addition of 
2-nitroperoxybenzoic acid ( 6 )  ,to a solution of sodium 
hydride in acetonitrile at .- 30 C. After stirring for 2 h 
at -30 C, the solution of the 2-nitrobenzoylperoxy 
anionic intermediate 4, which is relatively stable at 
- 30 "C but decomposes at room temperature, was used 
in the above reactions. When 4 was used, no benzo- 
phenone or methyl phenyl sulphoxide was obtained 
under the same conditions as for 3, which gave 62% 


6 - 4 - 


benzophenone (run 6 in Table 1) and 95% methyl 
phenyl sulphoxide (run 1). From these results it may be 
postulated that as the reactivity of the 2-nitro- 
benzoylperoxy intermediate is different from that of the 
2-nitrobenzoylperoxy anionic intermediate (4), the 
2-nitrobenzoylperoxy radical intermediate (3) plays an 
important role in the oxidation of various substrates. 


In this work, to detect the 2-nitrobenzoylperoxy 
radical intermediate (3), which is expected to be a real 
reactive intermediate responsible for the oxidations, the 
spin trapping method, which is indirect technique for 
the detection and identification of low concentrations 
of free radicals or short-lived radicals, was applied. 9 - 1 '  


Pure 5,5-dimethyl-l-pyrroline-l-oxide (DMPO) was 


10 103 


a,,= 8.8 G aN= 12.8 G 


Figure 1 .  ESR spectra observed (A) 1 and (B) 4 min after 
addition of DMPO to a mixture of 0 2  ' and 2-nitrobenzoyl 


chloride in acetonitrile 
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used as a trapping reagent and the ESR spectra were 
recorded on a JEOL JES-FE 3AX X-band spec- 
trometer. An acetonitrile solution of 0;' was pre- 
pared by dissolving KO2 (7 - 1 mg, 0.1 mmol) in the 
presence of 18-crown-6 (31.7 mg, 0.12 mmol) in dry 
acetonitrile (3 ml). A 200-pl volume of the acetonitrile 
solution of 0; ' was added dropwise to  an acetonitrile 
solution (600 pl) containing 2-nitrobenzoyl chloride 
(3.7 mg, 0-02  mmol) and DMPO (14.7 mg, 
0.13 mmol). The resulting solution was transferred into 
a quartz cell for ESR measurements. Th,e procedures 
mentioned above were performed at - 20 C under dry 
nitrogen to  avoid moisture and thermal decomposition 
of the DMPO spin adducts. The ESR spectra were 
measured immediately after warming the sample sol- 
ution to  room temperature. 


The ESR spectra of the DMPO spin adduct (7) 
obtained by the reaction of 0; .  and 2-nitrobenzoyl 
chloride are shown in Figure 1. The major species 
observed in the ESR spectrum ca 1 min after comple- 
tion of the reaction shows hyperfine coupling constants 
ON = 12.8 G and (IH = 8.8  G. These values are different 
from those reported for the DMPO spin adducts of 
0 ; .  (aN = 14-2 G and U H  = 12.0 G), HO;, and 


The reaction of 0; . with DMPO is sug- 
gested to be significantly slower than that of 0; ' with 
2-nitrobenzoyl choride, because no DMPO spin adduct 
of 0; ' was detected. Judging from the results of the 
oxidizing ability of the peroxy intermediate and of spin 
trapping, it may be concluded that the radical species 3 
rather than 4 is involved in these oxidations. 
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ELECTRON DISTRIBUTION IN T H E  MOLECULE OF NITRONES* 


OTTO EXNER 
Institute of Organic Chemisiry and Biochemistry, Czechoslovak Academy of Sciences, 166 10 Prugire 6, Czerhoslovukia 


Vector analysis of dipole moments of two series of nitrones revealed a mesomeric dipole moment compatible with a 
relatively great contribution of a zwitterionic structure and possibly some contribution from a hypervalent structure. 
The latter was also suggested from a detailed comparison of bond lengths among several classes of compounds, 
involving the CNO grouping. Since both the C = N  and N - 0  bonds seem to possess an appreciable double bond 
characler, it  is suggested that the N atom might be allocated more then eight valence electrons. 


Conjugation of a double bond with a lone electron pair 
has been investigated mostly on the systems X=C-Y, 
e.g. esters, a m i d e ~ , ~ - ~  thioamides,7 a m i d i n e ~ " ~  and 
amidoximes. 'O The most important experimental proofs 
established were bond of the formally 
double bond C = X  and formally single bond C-Y, the 
rotational barrier about the latter' resulting in a fixed 
conformation '**J and stretching vibrations' of these 
two bonds. In previous papers6-xv10 we followed 
another line of evidence based on dipole moments. In 
this approach the vector difference pm (sometimes called 
the mesomeric dipole moment) is obtained from the 
experimental dipole moment and that calculated for the 
simple classical formula. It is considered to be a sym- 
bolic representation of an electron redistribution due to 
conjugation and correlated with possible polar 
mesomeric formula: 


p m  = pexp - pclass (1) 


In the previous paper in this series" we extended the 
above reasoning to systems X=N-Y with nitrogen as 
the central atom. Analysis of the dipole moments of 
oximes revealed a mesomeric contribution pm,, oriented 
approximately from 0 towards C,  in agreement with the 
electron transfer shown in formula lB,  contributing 
ca 10%. Bond lengths obtained from the Cambridge 
Structural Database" (CSD) showed a decreased C = N  
bond order and increased N - 0  bond order. 


+ 


/ / 
1A 1B 


Since all previous investigations6-X"0,11 afforded 
reasonable results, we felt ourselves justified in 
extending them to further classes of compounds, 
possibly more problematic. This paper deals with imine 
N-oxides (nitrones) (2) which possess the same con- 
jugated system as oximes but differ by the presence of 
formula charges even in the basic formula 2A. Of the 
other formulae, "- l 6  2B was generally considered to be 
the most importantL6 or even the only one of 
importance. l 3  Exceptionally, 2C (with an electron sextet 
on C) was preferred since it  expresses the similarity to 
ketones. l4 According to the presence of formal charges, 
one would expect 2B to contribute more to the actual 
structure than does 1B in the case of oximes. The 
'diradical' formula 2D was introduced recently on the 
basis of quantum chemical calculations, l 7  although it 
violates the classical condition for resonance (the same 
number of unpaired electrons "). The hypervalent for- 
mula 2E was rejected for nitrones, although a similar 
formulation was suggested for nitro compounds. 


- . 
0 


O- \ -  + / O  \ +  / O /. / 
C - N  C - - N  C - - N  


+ /  
C = N  


2A 2B 2 c  2D 
- + 


2E 2F 2G 


* Part XI1 in the series Oxime Derivatives, simultaneously Part XI in the series Mesorneric Dipole Moments. For preceding partr, 
see Refs I 1  and 49. 
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In the case of aromatic derivatives, one must still 
consider conjugation with the benzene ring. The weights 
of the two structures 2F and 2G may change according 
to the substitution on the benzene ring. l 9  From 
electronic spectra, 2F was preferred in the case of 
unsubstituted phenyl, 2o this referring mainly to the 
excited state. In the ground state, both 2F and 2G were 
found to be necessary to interpret the dipole 
moments. 19.21 For the dissociation constants, conjuga- 
tion as in 2G was important, whereas 2F was not impor- 
tant even in the presence of a poro-nitro group.22 


3 4 


X ,  Y = H, H; H, CI; H, CH3; CI, H;  


X, Y = H, H ;  H ,  CI; Cl, H;  CI, C1 
Br, H; C1, CI; CI, CH3 


Analysis of dipole moments may be based on several 
sets of good experimental data. L 9 * 2 ' ~ 2 3  Those on 
substituted N-benzylideneaniline N-oxides (3) may be 
immediately compared with substituted N- 
benzyl ideneani l ine~~~ (4), which have the same con- 
figuration (the two phenyl groups trans) and similar 
bond angles.24.z5 We determined first the direction of 
the dipole moment of 3 by triangulation (Figure 1) as 
in ou r  previous study." The bond angles 
C-C=N = 123 , C = N - C =  120" and C = N - 0  = 
123O were adopted from a heterocyclic N-phenyl 
n i t r ~ n e , ~ ~  the bond and group moments of the substit- 
uents were standard values.26 The resulting vector of 
1 1 . 3  (all dipole moments in C m) was situated at 
an angle of  52" to the C = N  bond. In the next step, it 
was simulated by the group moment of 4 plus the con- 
tribution of the N +  -0- bond as in 2A. The direction 
of the group moment of 4 was determined in theosame 
way as above yith anglesz5 of C-C=N= 122 and 
C=N-C = 120 and a resulting vector of 5.0 at an 
angle of 12" to the C = N  bond. The "-0- bond mo- 
ment was estimated to  be 13-33 from the difference in 
dipole moments2' of trimethylamine N-oxide and 
trimethylamine, thus corresponding to replacing a lone 
electron pair on N by a single bonded 0 atom (more re- 
cent measurements, 28 but in different solvents, yielded 
14.27). According to  equation (1) we obtained the 
mesomeric dipole moment p,,, = 6.2, which should 
express the charge redistribution when proceeding from 
the oformula 2A to the actual p c t u r e .  Its direction is 
21 1 to the C=N bond, i.e. 3 to the direction from 0 
to c. 


Further, the above result is not changed when the 
C = N  and C-N standard bond momentsz6 are used in- 
stead of the experimental dipole moments of 4 (Figure 
l ) ,  or if another set of experimental data l9 is chosen for 


= N  
/ O  
\ 


A r  I Me 1 


Figure 1 .  Analysis of dipole moments of nitrones 3 and 5 and 
reference compounds 4 and 6.  Heavy arrows, group moments 
of the functional groups of 3 and 4; light arrows, bond 


moments; broken arrows, mesomeric dipole moments 


3 (not shown). A similar result is obtained also for N -  
benzylidenemethylamine N-oxides (5). The experi- 
mental data2' were processed using the bond angl$s 
measured on 4-chloro derivative:" C-C=N = 125 , 
C=N-C = 119", C=N;O = 125". The resulting 
group moment of 11 * 7  (47 to  the C=N bond) is lower 
than calculated by semi-empirical methods. 2 1 , 3 0  The 
dipole moments3' of reference compounds ( 6 )  were Fro- 
cessed with the same angles: group moment 4 .8  (31 to 
the C = N  bond). Finally, pm of the same absolute value 
was obtained as for 3 ( 6 - 2 )  but differing in its direction: 
233" to  the C = N  bond. Only this vector is shown in 
Figure 1. The calculation is slightly less dependable than 
for 3 owing to  the smaller number of compounds. 


4 - XC,H, 4 -XC, H, 
\ 


C = N  
\ /o 


C = N  
/ \  / \  


H CH, H CH, 
5 6 


X = H ,  C1, Br, CH3 X = H, CI, Br, C H j  


The results for the dipole moment analysis were thus 
represented by either of the two vectors, which differ 
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slightly (Figure 1). Whereas for compounds 3 the vector 
would be compatible with a contribution from 2B 
(approximately 17%), for 5 it would suggest some 
contributions from both 2B and 2C, or alternatively i t  
could be explained by either 2D or 2E (but a 30% contri- 
bution would be necessary). We are aware that these 
vectors are difference values between incompatible 
quantities [equation ( l ) ] :  the real dipole moment of an 
existing molecule and an approximate dipole moment 
anticipated for the classical formula. The most impor- 
tant imperfection of the bond moment scheme is prob- 
ably the neglect of the moments of lone electron pairs, 32 


which are only partly incorporated into the bond 
moments. However, there is ample evidence33 that 
this scheme works for non-adjacent and non-conjugated 
bonds; see also the good fit in Figure 1 for compounds 
3 and 4 with variable substituents. Even the accuracy of 
the scheme was approximately estimated: 34 our values 
of pLm exceed it  at least 10-fold. Moments of lone elec- 
tron pairs are actually not involved in our calculations 
since the situation is the same in nitrones (with respect 
to alkylideneamines) as in amine N-oxides (with respect 
to amines). Therefore, we believe that the values of pm 
have real significance and represent the difference in 
electron distribution between these two classes of com- 
pounds. In other words, they show the difference be- 
tween the real molecule and its classical structure, and 
hence they may be interpreted in terms of mesomeric 
formulae. Of course, this interpretation may become 
ambiguous when several formulae are taken into 
consideration. 


In order to obtain additional information we carried 
out a CSD" search with the same restrictions as 


previously. I '  Eleven true nitrones were re- 
trieved. 2 1 , 2 9 , 3 5 - 4 2  The mean geometric parameters differ 
slightly in aliphatic and aromatic derivatives as far as 
substitution on C is concerned, but there was no dif- 
ference between N-alkyl and N-aryl derivatives except 
for the C-N bond length (Table I ) .  Aliphatic and 
aromatic derivatives are distinguished more clearly in 
the plot of the C = N  and N - 0  bond lengths against 
each other (Figure 2). Whereas the experimental values 
are similar, the calculated values t7.13 disagree both with 
the experiments and with each other. In the plot a cer- 
tain reversed relationship between the two bond lengths 
can be traced. However, most striking i s  the shortening 
of the N - 0  bond in comparison with oximes," which 
is not accompanied by corresponding lengthening of the 
C = N  bond. This fact is more clearly evident from the 
relationship to all compounds involving a C-N-0 
grouping (Figure 2). The double bond character of 
N - 0  increases simultaneously with the decrease in 
C = N  and this trend is roughly followed by the 
theoretical bond lengths. 14,4s Nitrones deviate from 
both the trend of experimental values and theoretical 
curve. One must accept that their N - 0  bond has 
achieved some double bond character while this 
character of the C = N  bond was retained, as pictured in 
the hypervalent structure 2E. This formula was already 
rejected as an inappropriate description of the real 
structure, l 7  but our more dctailed comparison suggests 
its contribution. This conclusion agrees also with the 
C N O  angle of nitrones, which is abnormally widened 
compared with both oximes and aromatic nitroso com- 
pounds (1 13" and 114", respectively). Shortening of the 
N - 0  bond cannot be caused by electrostatic attraction 


Table 1 .  Mean geometric parameters of nitrones 


Calculated for CHzNHO 
Aliphatic Aromatic 


Parameter nitrones nitrones 4-31C UHF/6-3 I C 


Bond lengths [A): 
C=N 1.29 1.30 1.263 1.334 
N-0 1.28 1.29 1.334 1 ,245 
C-N 1.51 1.50 - - 


( 1 . 4 5 ) a  
Bong angles: 
C=N-0 124 125 126.2 12.5.4 
C=N-C 121 121 (1  19.3)h - 


T L  - 15,21,32(58) - - 
- 35,68,88 - - Pd 


Dihedral angles: 


References 35-39 24,29,40-42 43 17 


l i i  N-phenyl drii~atives. 
hAngle C=N-H. 
'Angle of the C-pheiiyl group plane with the CNO plane. 
"Angle of the N-phenyl group plane with the CNO plane. 
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\ 


\ 
\ 
\ 


* 


1.4 1,s C-N 
Figure 2. Dependence of the C-N and N - 0  bond lengths in compounds involving the C = N - 0  group. 0, Aliphatic nitrones; 
0. aromatic nitrones; @, calculated for CH2=NH-O; 0 ,  anions (oximates and nitrosolates); a, aromatic nitroso compounds; 
0 ,  olefinic nirroso compounds; 0, aliphatic gem-chloronitroso compounds; *, standard values for pure single and double bonds.44 


Broken line, standard values45 for simultaneously decreasing C = N  bond order and increasing N - 0  bond order 


since this bond is normal in trimethylamine N - o ~ i d e ~ ~  
(1.404 A). An additional piece of evidence comes from 
the IR spectra, although we were not able to construct 
a graph as in Figure 2 for the stretching frequencies 
C-N and N-0:  the end points are well defined4' [for 
CH2=NOH, v(C=N) = 1642, v(N-0)  = 888 cm-I; 
for CH3N0, v(C-N) = 842, v(N=O) = 1566 cm-I), 
but there are no certain points between. Even S O ,  it 
is evident that the N - 0  stretching frequency of 
nitronesI3 is strongly enhanced (1155-1280 cm-I)  
compared with oximes, while C=N is little affected 
(1565-1610 cm-'). 


The conjugation with the benzene ring as expressed 
by the formula 2F or 2G can be estimated according to 
the conformation of the aromatic nitrones. The dihedral 
angles T in Table 1 are high and hardly compatible with 


strong conjugation. Still weaker (almost absent) is the 
conjugation of the N-phenyl ring (dihedral angle p). 


In conclusion, the structure of nitrones cannot be 
described adequately either by a single conventional for- 
mula or by resonance of just two structures. In addition 
to  the basic formula 2A, there is certainly a significant 
contribution 17348 from the closed-shell zwitterionic 
structure 2B, greater than, e.g., in oximes. In addition, 
we have suggested some contribution of the hypervalent 
structure 2E. The admissibility of such a structure 
depends on what exactly is meant by the double bond 
symbol. If it should express only observable quantities 
(such as bond length, stretching frequency, bond energy) 
and a high electron density, a contribution of formula 
2E can be seriously taken into consideration. I t  means 
that the N atom allocates more than its normal comple- 
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ment of valence electrons. Problems arise if the 20. 0. Exner, Collect. Czech. Chem. Commun. 21, 1500-1512 
double bond symbol should be connected with orbitals 
of a certain type. Since we are of the opinion that the 
concept of a double bond is simpler and more general 
than a particular quantum chemical description, we 
consider the formula 2E to be admissible in principle. 
On the other hand, we have not found any experimental 
support for the open-shell zwitterionic structure 2C or 
the ‘diradical’ structure 2D, the latter advanced from 
unrestricted Hartree-Fock ” or VB 4-31G“ calcu- 
lations. These two structures would in fact require more 
single character of both the C-N and N - 0  bonds, the 
opposite of what has been found. 
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The four possible diastereomeric 5,7-oxido-6-hydroxyiminocholestanes and their 0-acetates have been synthesized. 
The stereochemistry of one of the latter has been proved unequivocally by x-ray diffraction. Their 'H and 13C NMR 
and also their circular dichroism spectra are discussed. It is now also possible to determine unequivocally the 
stereochemistry of the ring-junction geometry and the oxime E or Z stereochemistry. 


INTRODUCTION 


In contrast to the extensive studies of the chiropatical 
properties of ketones, ' such studies on oximes have 
only rarely been published.233 For oximes of saturated 
ketones, in no case have the differences between the cir- 
cular dichroism (CD)-spectra of the E and Z isomers 
been described. In Warsaw University many such E / Z  
pairs have been synthesized, and here we discuss the 
structure elucidation and spectroscopic properties of 
some oxetanone oximes (1-4) containing an oxido 
bridge between C-5 and C-7 and the hydroxyimino 
function at C-6 in ring B of a ster0id.t 


ta ,b  2 a , b  


*Author for correspondence. 
t Atomic coordinates for this structure and additional material 
have been deposited with the Cambridge Crystallographic 
Centre. The coordinates can be obtained from the Cambridge 
Crystallographic Data Centre, University Chemical 
Laboratory, Lensfield Road, Cambridge CB2 lEW, UK. 
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3a,b 4a,b 


a R = H  


b R = A c  
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SYNTHESIS 


The two parent 6-ketones were prepared according to 
the procedure of Rowland and c o - w ~ r k e r s . ~ ~ ~  Oxima- 
tion was achieved by treatment of these ketones with 
hydroxylammonium chloride in pyridine at room tem- 
perature. The respective diastereomeric oximes were 
unusually stable and each E/ 2 pair could easily be sepa- 
rated by column chromatography on silica gel. 


DETERMINATION OF STRUCTURE OF 4b BY 
X-RAY DIFFRACTION 


X-ray experimental data 


The crystals of 4b were prepared from EtOH-H20 at 
room temperature for x-ray analysis. Preliminary cell 
dimensions and the space group (P212121) were 
determined from oscillation and Weissenberg 
photographs recorded with Cu Ka radiation; final cell 
dimensions [a:=724-6(1), b =  1178.0(5), c=3191*3(8) 
pm] were refined from diffract$meter mepurements 
using 25 reflections in the range 6 < 8 < 12 . A crystal 
of 0 ~ 7 0 x 0 ~ 6 6 x 0 ~ 1 4 m m 3  was used for data col- 
lection. Intensities were measured on an Enraf- 
Nonius CAD-4 diffractometer with graphite-monochro- 
mated Mo Ka radiation at 293 ? 1 K in ',he 4 2 8  scan 
mode [scan width in 28 = 0.7 + 0 . 3  tan O (  ); scan rate, 
minimal = 1.03, maximal = 5.49" min-I, aperture 
2.4 + 0.9  tan O ( " ) ]  ; 7264 reflections were scanned 
(+ h,  + k, ? I  up to 28 in 0 ) ,  3778 averaged reflections 
with 1040 observed reflections [2738 observed with 
12 3 ~ 1 1 .  The intensity data were corrected for Lorentz 
and polarization effects but not for absorption. 


The structure was solved by the direct method using 
SHELX866 and difference Fourier syntheses; 
refinement by full-matrix least-squares minimizing 
Cw( I FO I - I F, 1 ) '  with final w = [kuZF+ gF2] - I ,  


k = 1.102, g = 0.003, using SHELX76.' A scale factor, 
atomic coordinates and anisotropic thermal parameters 
of non-H atoms were refined. The H atoms are 
introduced on stereochemical grounds and were refined 
on the constrained conditions (imposed by geometry of 
the pivot C atom) with isotropic thermal parameters. 
Residual electron ~ density in the final map 
- 0 - 3  < Ap < 0.4 e A-'; maximum shiftlerror = 0.441 
( y  for C-26). The low quality of the crystals and the 


large number of unobserved reflections affected the 
discrepancy factors: R = 0.138, R ,  = 0.107. Scattering 
factors are those included in SHELX76. 


Calculations were carried out on the IBM 4341 
computer a t  the University Computing Centre, Zagreb, 
with SHELX866 and SHELX76' and the program for 
analysis of molecular geometry.' 


Crystal and molecular structure of 4b 


Table 1 lists the molecular geometry of the steriod rings 
and the oximino group. Ring conformation and 
asymmetry parameters are given in Table 2. The atom 
numbering is according to  IUPAC conventions and the 
Atlas of Steroid Figure 1 and '2 show 
ORTEP I '  drawings in standard orientations for steroid 
molecules. 9*'0 Figure 3 illustrates the stereo packing 
pattern viewed down the b axis. 


Bond lengths and angles are in agreement with a 3p, 
5-substituted 56-cholestane skeleton onto which a 3p- 
acetoxy-5/3,76-epoxy unit and the 17P-C~-cholestane 
side-chain had been introduced (Table 1). The 
conformation of each particular ring (A, B, C ,  D) is 
described by the asymmetry  parameter^'*'^^'^ in Table', 


Figure 1 .  Stereoscopic projection of 4b along the vectors 
through I(horizonta1) = C-10 --* C-13 and w = C-14 + C-12 


(I x w perpendicular to the plane of the paper) 


Table 2. Conformation of 4b 


Ring Conformation Asymmetry parameters Mean TA ( O )  


A Distorted chair Cs( l )  = 1.9, G(2-3) = 9.9 54.6 
B Distorted boat Cs(6) = 3.7, C45-10) = 41.2 49.9 
C Distorted chair C,(8)=2.9, C2(9-11)= 10.3 57.5 


30.0 D 130, 14a Half-chair C 4 3 )  = 12.2, C,(14) = 23.0; 
C2(13-14) = 7.9 







LOP 


p4 
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Table 3. Torsional angles determining the ring junction conformations 


Ring junction Torsional angle (') Remark 


quasi-cis 


trans 


trans 


A/B C-1 -C-lO-C-5 -C-4 -53.1 
C-9 -C-lO-C-5 -C-6 -27.8 


B/C C-10-C-9 -C-8 -C-7 +43.3 
C-11-C-9 -C-8 -C-14 -60.7 


- 59.6 C/D C-12-C-13-C-14-C-8 
c-17-c-13-c-14-c-15 +46.7 


and the overall skeleton conformation with ring 
junction torsional angles in Table 3. All rings exhibit 
distorted conformations caused by the SP,7P-epoxy 
bridge in ring B. Although the C, symmetry of ring B 
from C-6 to C-9 is retained, such a C, axis through C-5 
and C-I0 is completely lost (Table 2). 


The four-membered ring 0-5-C-5-C-6-C-7 @ 
puckered with a mean torsional angle ( T A )  of 25.0 ; 
the same mode of puckering (( TA ) = 25") and angle of 
puckering a = 35" is observed for cyclobutane." The 
overall molecular conformation is defined by torsional 
angles along the bonds common to two rings according 
to the method described by Bucourt; I 3  torsional angles 
at a junction of opposite signs describe a trans fusion, 
whereas such of identical signs refer to a cis junction. 
In the case of one trigonal carbon atom (C-6 in 4b) the 
torsional angle at the junction A/B describes a quasi-cis 
fusion. l 3  The influence of the SP,7P-epoxy bond on the 
geometry of ring B cannot be neglected. 


The conformation of the 17P-cholestane side-chain is 
described by a few torsional angles: C- 17-C-20- 


c - 2  1 -c-20-c-22- 
C-23 = 64-4(7)'; C-20-C-22-C-23-C-24 = 174.2(6)"; 
C-22-C-23-C-24-C-25 = 174.1(7)"; C-23-C-24- 


C-22-C-23 = - 168.8(5)'; 


C-25-C-26 = 30-0( 1)"; and C-23-C-24-(2-25- 
C-27 = 175.9(7)'. It appears as an extended chain; 
looking along C-24-C-25 the C-23-C-24 bond is trans 
to the C-25-C-27 bond, and the terminal methyl 
conformation is -gauche, trans. A detailed discussion 
on the conformation of the 170-cholestane side-chain is 
given in Ref. 14. 


Molecular packing is in the form of zig-zag layers 
running along the longest c axis (Figure 3) with the van 
der Waals contacts C-11-0-5 = 334.8(7) pm 
[ - x ,  y - 1/2, - z - 1/21, C-32-0-31 = 330- l(9) pm 
[ x +  1/2, - y -  1/2, - z ] .  A hydrogen bond between 
the oximino donor group and the 3P-acetoxy group 


pm, < 0-61-H-0-3 = 148(2) ] connects zig-zag 
layers along a.  


[0-61-H-61**..0-3 = 317.9(6) p ~ ,  H-61....0-3 = 226(2) 


'H AND 13C NMR SPECTRA 


The 'H  and I3C NMR data of the oximes lb-4b are 
summarized in Tables 4-7. The signals were assigned 
with the aid of two-dimensional homo- and hetero- 


Table 4. 'H NMR (b-scale) of alcohols la-4a in DMSO-& 


l a  2aa 3a" 4aa 


H- 1 1.32/ 1.73 
H-2 1 . i6/ 1.60 
H-3 3.39 3.53 4.10 
H -4 1.6312.02 
H-7 4.67 4.63 4.76 4.57 
H-8 1.37 
H-9 1.52 
H-11 1.42 
H-12 1.13/1.95 
H-14 1.35 
H-15 1.02/ 1.63 
H-16 1.24/ 1.79 
H-17 1.13 
H-18 0.62 0.62 0.66 0.67 
H-19 0.78 0.78 0.91 0.89 
H-20 1.32 
H-21 0.87 0.87 0.87 0.87 
H-22 0.971 1.29 
H-23 1.09/ 1.32 
H-24 1.09 
H-25 1.48 
H-26 0.83 0-83  0.83 0.83 
H-27 0.83 0.83 0.83 0.83 
OH 4.89 4.62 4.84 4.53 
N-OH 10.25 10.10 10.34 10.39 
J i . 8  (Hz) 4.8 4.8 5.4 


'Because of the small amounts of samples available, 2D spectra could 
not be registered, so other signals could not be identified unequivocally. 


correlated spectroscopy (HH and H C  COSY, respec- 
tively) and by comparison with data taken from 
published spectra for structurally related cholestane 
oximes in which the 5,7-oxido bridge is replaced by a 
5-hydroxy group, and the C-7 atom being a methylene 
carbon." In addition, all signals in both the ' H  and 
I3C NMR spectra of l a  appear very close to those of l b  
except those for C-2, C-3 and C-4, and for the protons 
attached to  these carbons. 


The alcohols 2a/2b, 343b and 4a/4b were not suffi- 
ciently soluble in chloroform, and a solvent change 
would have been necessary, leading to  additional 
solyent-induced signal shifts, so we refrained from a 
detailed analysis of their NMR spectra. Anyway, there 
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Table 5 .  'H NMR spectra of lb-4ba 


l b  2b 3b 4b 


H-1 
H-2 
H-3 
H-4 
H -7 
H-8 
H-9 
H-1 I 


H-14 
H-15 


H-17 
H-18 


H-12 


H-16 


H-19 
H-20 
H-21 
H-22 
H-23 
H-24 
H-25 
H-26 
H-27 
CH3CO 
N-OH 


1 .56/ 1.81 
1.31/ 1.84 


4.77 
1.92/2.32 


5.06 
1.51 
1 a66 
1.38 


1. Iq2 .01  
1.47 


1.16/ 1.66 
1.24/ 1.84 


1.16 
0.66 
0.89 
1.35 
0.88 


0.98/ 1 .28 
1 . loll .31 


1.10 
1.42 
0.83b 
0.84b 
1.99 
8.03 


1.521 1.81 
1 *43/ 1.85 


4.70 
2.39/2.54 


4.72 
1.52 
1.66 
1.43 


1 .16/2.0 1 
1.49 


1.09/ 1 *61 
1.281 1.85 


1.19 
0.64 
1.01 
1.39 
0.88 


0.94/ 1 .33 
1.14/ 1.33 


1.09 
1.49 
0.83 
0.84b 
2.00 
7.42 


1.18/ 1.76 
1.41/ 1.80 


4.83 
1 .73/2.28 


5.02 
1.27 
2-11 
1.41 


1 .18/ 1.99 
1.23 


1.23/. 162 
1.30/ 1.85 


1.14 
0.69 
1.01 
1.39 
0.87 


0.97/1.35 
1.14/ 1.37 


1.10 
1.48 
0.83 
0.83 
2.00 
7.62 


1.22/ 1 -73 
1.40/ 1 .87 


5.46 
1 .70/ 2.3 5 


4.67 
1.14 
2.12 
1.37 


1.11/1.99 
1.16 


1 .14/ 1 .57 
1.22/ 1.79 


1 -08 
0.69 
1.01 
1.33 
0.88 


0.971 1.27 
1 .08/1.27 


1.10 
1.48 
0.83 
0.83 
2.00 
7.62 


aSolvent, CDCI,; chemical shift values in pprn relative to CHCl (6= 7.24). 
May be interchanged 


is no reason to assume that the situation is different for 
these other pairs of oximes. 


The stereochemistry of the 5,7-oxido bridge (a  in l b  
and 2b, p in 3b and 4b) can be deduced from I3C sig- 
nals only: the chemical shifts of the proton signals 
which can be identified easily (H-3, H-4a and H-7) are 
remarkably invariant on C-5/C-7 configuration inver- 
sion. The "C peak of best diagnostic value is that of 
C-19. In l b  and 2b this chemical shift is 16.4 and 
16.8 ppm, respectively, whereas for 3b and 4b it is 13.5 
and 13 * 8, respectively. Fortunately, this signal can be 
differentiated very easily from that of C-18 even 
without laborious full signal assignments, because its 
position is not obscured by other peaks in the spectrum, 
and can readily be identified as a methyl signal in the 
DEPT experiment. Undoubtedly, the reason for this 
observed differences of C-19 signal shifts is the different 
orientation of the oxime group. In the case of the a- 
oxido configuration ( lb  and 2b), the oxime double 
bond is rather close to the 19-methyl group. 


The situation is reversed if the stereochemistry of the 
oxime group ( E  in l b  and 3b and Z in 2b and 4b) is to 
be determined. Here, the 13C NMR spectra are not very 
useful. Comparing the data for a given carbon in the 
pairs lb/3b and 2b/4b, no chemical shift differences 
larger than 3 ppm can be observed, and in most cases 
these differences are even less than 2 ppm. Therefore, it 


would be dangerous to  derive the oxime stereochemistry 
on the basis of such arguments. This finding is surpris- 
ing since it is expected that the chemical shift difference 
for carbons adjacent t o  an oxime function would be at 
least 6 p p m  owing to  the presence or absence of a 
y-gauche effect of the hydroxyl group. l 6  


Apparently this rule is not valid to the same extent if 
the carbons involved are highly substituted and/or 
members of strained rings. The most diagnostic signal 
for the determination of the oxime stereochemistry is 
that of H-7. In the E configuration ( lb  and 3b), this 
proton resonates a t  5 pprn and thereby its signal is well 
separated from that of H-3. On the other hand, in 2b 
and 4b with 2 configuration, H-7 has significantly 
smaller 6 values (ca 4.7). It is interesting that in 4b the 
H-3 chemical shift is extraordinary high (5.46 ppm), 
whereas in the other compounds 6 values of 4.70-4.83 
are observed. The reason is that 4b is the only 
diastereomer in which the oxime-OH is very close to the 
a-positioned H-3, thus exerting a steric compression 
which generally leads to  a paramagnetic ' H  signal 
shift. 


C D  SPECTRA O F  DIASTEREOMERIC OXIMES 


The CD of both the Sa- and 50-isomers of 6-hydroxy- 


1-4 
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Table6. I3C NMR (&-scale) of alcohols la-3a in 
DMSO-d6" and of l a  in CDC12b 


In DMSO-ds 


C atom l a  2a 3a in CDCl3 
l a  


I 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 


34.0 34.3 (c) 34.1 
29.9 30.1 29.9 29.7 
65.2 65.3 66.6 66.7 
31.4 38.3 32.4 37.2 
99.2 101.0 97.3 100.2 


158.3 157.9 157.3 160.5 
84.2 83.4 85.6 85.5 
49.9 50.4 50.9 50.1 
41.2 44.2 44.0 42.7 
40.2 40.3 40.1 40.3 
21.5 21.5 21.2 22.0 
39.6 39.6 38.9 40.0 
44.0 43.9 43.5 44.5 
52.4 52.5 53.5 52.6 
23.1 23.1 23.0 23.5 
27.8 27.8 27.9 28.2 
55.4 55.4 55.2 56.0 
11.8 11.7 11.9 12.0 
16.2 16.8 13.4 16.5 
35.1 35.1 35.0 35.7 
18.5 18.5 18.4 18.6 
35.6 35.6 35.6 36.1 
23.3 23.3 23.1 23.9 
38.9 38.9 37.9 39.4 
27.4 27.4 27.4 28.0 
22.4 22.4 22.4 22.5 
22.7 22.7 22.7 22.8 


a Not enough material of 4a was available to measure its 13C 
NMR spectrum. 


'Not detected. 
for the assignment of the signal of its acetate Ib. 


iminocholestanes show, as do all other oximes of satur- 
ated steriod ketones (to be published), two CD bands in 
the short-wavelength range of opposite signs. The first 
Cotton effect of the anti-oximes appears a t  215 nm and 
is negative; the second is found below 200 nm and has 


Table 7. 13C NMR spectra if lb-4ba 
~ ~ ~ 


l b  2b 3b 4b 


c- 1 
c-2  
c - 3  
c -4  
C-5 
C-6 
c -7  
c -8  
c -9  
c-10 
c-11 
c-12 
C-13 
C-14 
c-15 
C-16 
C-17 
c-18 
C-19 
c-20 
c-2  1 
c-22 
C-23 
C-24 
c-25 
C-26 
C-27 
Ac 


33.6 
26.2 
69.4 
33.3 
99.1 


160.5 
85.4 
50.0 
41-8 
40.4 
21.9 
39.9 
44.5 
52.6 
23-5 
28-1 
56.0 
12.0 
16.4 
35 -1  
18.6 
36.1 
23.8 
39.4 
28.0 
22.5 
22.8 


170.3 
21.3 


34.0 
26.5 
69.6 
34.2 


101.0 
159.9 
84.6 
50.5 
44.5 
41.1 
21.8 
39.9 
44.4 
52.7 
23.4 
28.2 
55-9 
12.0 
16.8 
35.6 
18.6 
36.1 
23.8 
39.4 
27.9 
22.5 
22.8 


170.4 
21.3 


32.1 
26.2 
70.3 
33.7 
91.4 


159.1 
87- 1 
51.0 
44-5 
40.8 
21.6 
39.8 
44.0 
53.7 
23.3 
28.4 
55-6 
12.1 
13.5 
35.6 
18.6 
36.1 
23.7 
39.5 
28.0 
22.5 
22.8 


170.4 
21.3 


31.7 
25.6 
70.6 
32.6 


100.0 
157.2 
86-2 
50.4 
43.9 
40.8 
21.2 
39.6 
43.8 
52.6 
23.2 
28.2 
55.5 
12.1 
13.8 
35.5 
18.5 
36.0 
23.6 
39.3 
27.9 
22.4 
22-7 


170.6 
21.3 


"Solvent, CDClp; chemical shift values in ppm relative 
to  CDCI, (6 = 77.0). 


a positive sign, irrespective of the configuration at C-5 
(Table 8). 


The carbocyclic ring system of 1 and 2 corresponds to  
that of a usual 6-hydroxyimino-steroid, but formation 
of the additional oxygen bridge may influence the signs 
of the Cotton effects, since one p orbital on the oxygen 
interacts with the T-MO of the oxime moiety, although 


Table 8. CD data for the oximes la-4b in acetonitrile (a) or hexafluoroacetone 
solution (b). Values are given as Ac,,,(A[nm]). 


Cotton effect Cotton effect Additional 
Compound E / Z  around 220 nm around 200 nm CE 


1 a (a) E -11.24 (215) +8 .3  (199) 
(b) - 3.42 (230) +7 .9  (196) + 1.16 (250) 


W a )  E - 10.52 (216) +5 .3  (200) 


2b(a) Z +6.94 (223) - 18.9 (202) +7 .7  (188) 


W a )  Z +4.92 (222) - 14.9 (203) + 10.7 (188) 
(b) + 1.09 (234) -9.1 (208) 


3a(a) E + 2.07 (223) - 6.5 (204) -0.43 (243) 
3Wa) E + 2.29 (221) -6.0 (204) 
4a (a) Z -7.87 (222) +3 .2  (203) 
4b (a) Z -7.66 (221) + 4 . 6  (203) 
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Figure 4. CD spectra of la (- - - 


A 
[nml 


- --), 2a ( ) and (6E)-5~-methoxy-6-hydroxyimino-S~-cholestan-3~-01 
( -  . - . - * - ) in acetonitrile solution 


in achiral manner. The carbon skeleton of 3 and 4, on 
the other hand, differs appreciably from that of a 50- 
cholestane. Since, further, the C D  spectra of the men- 
tioned 6-oximes d o  not depend on  the stereochemistry 
at C-5, for the corresponding pairs 1/3 and 2/4 the CDs 
are, however, enantiomorphic with each other, and no 
conclusion about the stereochemistry at  C-5 for the 5,7- 
oxido compounds could be drawn from the chiroptical 
measurements alone. 


This fact was the reason why the x-ray diffraction 
experiment was done for one of these compounds, and 
4b was chosen because it formed the most suitable crys- 
tals. Having thus unequivocally determined the 
stereochemistry for that compound, a combination of 
other spectroscopic methods led to the assignment of 
the correct configurations to  all products 1-4. It now 
turns out that the CD spectra of la/b show not only the 
same signs for the two Cotton effects as the model 
oxime with 5a-configuration, but even the magnitudes 
of respective Cotton effects are the same, and the ring 
strain introduced by the oxygen bridge leads to only a 
very small bathochromic shift of these Cotton effects. 
We consider this to  be a very important result since it 
indicates that both ring strain and orbital interaction 
are obviously of minor importance as long as such per- 
turbations are introduced symmetrically to  a mirror 
plane of the ring into which the oxime chromophore is 
built. 


The chiral subunit comprised of the four-membered 
ring and the oxime grouping of 4 is obtained from that 
of 1 by mere rotation around the C = N axis by 180", 
so one could naively expect that the Cotton effects for 
both these systems are alike. This is indeed the case, 
although the magnitudes of the individual Cotton 
effects differ somewhat. For the remaining two systems 
2 and 3 by the same reasoning enantiomorphic C D  
curves should then appear, and such is also found. We 
can conclude from these results that the chiral 3- 
hydroxyiminooxetane unit governs the CD behaviour of 
these model steriods (3- refers here to  the oxetane 
system, not to  the steriod skeleton numbering). 


EXPERIMENTAL 


Melting points were determined on  a Boetius micro- 
melting point apparatus and are uncorrected. Unless 
stated otherwise, optical rotations were measured on a 
Perkin-Elmer 241 polarimeter in chloroform solution; 
concentrations are given in g per 100 cm3. IR spectra 
were recorded on a UR-20 spectrometer in KBr, or on 
a Pye Unicam SP 1100 spectrometer in chloroform 
solution. Unless stated otherwise, 'H NMR and I3C 
NMR spectra were taken on  a Bruker AM-400 spec- 
trometer in CDCI3 under normal conditions. For 
'H- 'H and 'H- I3C correlated two-dimensional spec- 
tra, standard Bruker software and parameter sets were 
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used. C D  spectra were recorded with an ISA-Jobin- 
Yvon Dichrograph Mark 111 instrument in acetonitrile. 
Column chromatography was performed on Kieselgel 
60, 70-230 mesh (Merck). 


For the usual work-up, the reaction mixture was par- 
titioned between water and diethyl ether or benzene and 
the organic layer was washed twice with water, dried 
over anhydrous sodium sulphate and then evaporated 
under vacuum. 


(6E)- and (6Z)-5a, 7a-Oxido-6-hydroxyimino-5a- 
cholestan-3/3-ol. (la and 2a). A solution of 500 mg of 
5a,7~~-oxido-3~-hydroxy-5a-cholestan-6-one~~'~ and 
500 mg of hydroxylammonium chloride in 10 cm3 
of pyridine was left at room temperature for 2 days. 
The raw material was chromatographed with 
benzene-diethyl ether. From the less polar fractions, 
52 mg (10%) of 2a were obtained by crystallization 
from acetone, m.p. 162-165 C. [a] h5 = + 36.0 (THF, 
c = 0.97). IR: V = 3630, 1064, 1007, 903 cm-'. 
C27H45NO) (MW431-6): calculated, C 75.13, H 10.51, 
N 3.24; found, C 75.10, H 10.55, N 3.20%.' 


Crystallization of the residue of the more polar frac- 
tions froom acetone gave 120mg (23%) of la, m.p. 


1060, 910, 893, 880crn-'. C ~ ~ H M N O ,  (MW 431.6): 
calculated, C 75.10, H 10.51, N 3.24. found C 75-17, 
H 10.60, N 3.30%. 


The combined mother liquours of the crystallizations 
afforded 325 mg (62%) of a mixture of l a  and 2a, 
which was rechromatographed. 


1 


198-202 C. [a]&5= -84.8 (~=1.08). IR: V=3625, 


(6E)- and (6Z)-Sa, 7a-Oxido-6-hydroxyimino-Sa- 
cholestan-3&01 3-acetate. ( lb  and 2b). A 230-mg 
amount of 30-acetoxy-5a, 7a-oxido-5a-cholestan-6- 
one, 5*'9 dissolved in 5 cm of pyridine, was treated and 
worked up as above with 250mg of hydroxylam- 
monium chloride. Chromatography with methylene 
chloride (alone and in mixture with diethyl ether) gave 
first 54 mg (23%) of 2b as an oil. [aJhs= +2*1 
(c = 0.39). IR: V = 3620, 1728, 1260, 1048, 915 cm-'. 
C29H47N04 (MW 473.7): calculated, C 73.53, H 10.00, 
N 2.96; found, C 73.49, H 10.09, N 2.88%. This ?as 
followed by 160mg (67%) of Ib, m.p. 155-158 C 
(hexane). [a] h5 = - 8 8 . 8  (c = 1.01). IR: V = 3620, 
1728, 1260, 1048, 912, 882cm- ' .  C29H47N04 (MW 
473-7): calculated, C 73.53, H 10.00, N 2.96; found 
C 73.62, H 9.96, N 3.01%. 


(6E)-S& 7~-Oxido-6-hydroxyimino-S~-cholestan- 
30-01. (3a). A 760-mg amount of SP,7P-oxido-3P- 
hydroxy-50-cholestan-6-one4 was treated with 750 mg 
of hydroxylammonium chloride in 20 cm3 of pyridine 
as described above. Chromatography on silica gel with 
methylene chloride-diethyl ether and diethyl ether gave 
716mg (91%) of crude oxime, which afforded from 
acetone 505 mg (64%) of 3a, m.p. 246-255OC 


(decomp.). [a] h5 = + 26.9 (THF, c = 1 -005). IR: 
V = 3630,926, 897, 815 cm-'. C27H4~N03 (MW 431 -7): 
calculated, C 75-13 H10.51, N 3-24; found, C 75-08, 
H 10.49, N 3.18%. 


(6E)- and (6Z)-S@, 7~-Oxido-6-hydroxyimino-S(3- 
choIestan9~-01 3-acetate. (3b and 4b). A 777-mg 
amount of 3/3-acetoxy-5~,7~-oxido-5~-cholestan-6-one4 
in 15 cm3 of pyridine was treated with 750mg of 
hydroxylammonium chloride as described above and 
chromatographed with benzene-diethyl ether mixtures. 
Crystallization of  the less polar fractions from 
methanol gave 337 mg (42%) of 3b, m.p. 81-84"C. 


+21.9 (c= 1.04). IR: V=3400, 1748, 1248, 
1052,940 cm-'. C29H47N04 (MW 473.7): calculated, C 
73-53, H 10.00, N 2.96; found, C 73-63, H 10.05, 


Crystallization of the more polar eluates from 
methanol gave 70 mg (9q0) of 4b, m.p. 180-183 "C. 


1040, 910 cm-'. C2gHg7N04 (MW 473.7): calculated, 
C 73.53, H 10.00, N 2.96; found, C 73.48, H 10.08, 


The combined mother liquours afforded 363 mg 


N 2.91%. 


[a]&5 = -62.9 ( c =  1.04). IR: V = 3516, 1750, 1232, 


N 3.00%. 


(45%) of a mixture of 3b and 4b. 


(6Z)-S& 7~-Oxido-6-hydroxyimino-S~-cholestan-3~- 
01. (4a). A solution of 16 mg of 4b in 16cm3 of 
methanol-diethyl ether (3: 1) was treated at room tem- 
perature with an excess of 5% aqueous NaOH for 
30 min. Usual work-up and filtration through a short 
silica ge', column gave 13 mg (89%) of 4a, m.p. 
231-235 C (decomp., from methanol). [a ]E = -52.7 
(c = 1.01). IR: V = 3620, 890, 840 cm-'. C27H45NO3 
(MW 431.7): calculated C 75-13, H 10.51, N 3.24; 
found, C 75-17, H 10.46, N 3.16%. 


ACKNOWLEDGEMENTS 


G. S. thanks the Deutsche Forschungsgemeinschaft, 
Fonds der Chemischen Industrie, and Hoechst AG for 
valuable financial help, and J.  F. and W. J .  S. the 
Deutsche Forschungsgemeinschaft and Polska 
Akademia Nauk for grants. D. H. and B. K. -P. 
thank Prof. L. GoliC (University of Ljubljana) for data 
collection, and Ph. B. Strong (Medical Foundation of 
Buffalo, Buffalo, USA) for stereo drawings. 


REFERENCES 


1. cf D. N. Kirk, Tetrahedron 42, 777 (1986). 
2. cf M. Legrand and M. J .  Rougier, in Stereochemistry, 


Fundamentals and Methods, edited by H. B. Kagan, 
Vol2, p. 33. Thieme, Stuttgart (1977). 


3. A. Bodor, J. Bream, J .  Miklos, B. Demian and F. Kerek, 
Tetrahedron 36, 1785 (1980). 


4. A. T. Rowland, P. J .  Bennett and T. S. Shoupe, J. Org. 
Chem. 33, 2426 (1968). 







5,7-OXIDO-6-HYDROXYIMINOCHOLESTANE DERIVATIVES 413 


5. A. T. Rowland, R. S. Drawbaugh and J.  R. Dalton, 
J.  Org. Chem. 42, 487 (1977). 


6. G. M. Sheldrick, in Crystallographic Computing 3, edited 
by G. M. Sheldrick, C. Kruger and R. Goddard, p. 175. 
Oxford University Press, Oxford (1985). 


7. G. M. Sheldrick, SHELX76, Program for Crystal Struc- 
ture Determination, University of Cambridge, Cambridge 
(1983). 


8. M. Nardelli, Comput. Chem. 7 ,  95 (1983). 
9. W. L. Duax and D. A. Norton (Eds), Atlas of Steroid 


10. J. F. Griffin, W. L. Duax and C. M. Weeks (Eds), Atlas 


1 1 .  C. K .  Johnson, ORTEP, Report ORNL-3794, Oak Ridge 


Structure, Vol. 1, p. 7 .  Plenum, New York (1975). 


of Steroid Structure, Vol. 2. Plenum, New York (1984). 


National Laboratory, Oak Ridge, TN (1965). 


12. W. L. Duax, C. M. Weeks and D. C. Rohrer, Top. 


13. R. Bucourt, Top. Stereochem. 8, 159 (1974). 
14. W. L. Duax, J.  F. Griffin, D. C. Rohrer and C. M. 


15. H. Duddeck, J. Frelek, W. J. Szczepek and W. J. 


16. G. E. Hawkes, K. Herwig and J. D. Roberts, J.  Org. 


17. H. Duddeck and M. Kaiser, unpublished results. 
18. H. Duddeck, M. Kaiser and D. Brosch, Mugn. Reson. 


19. R. Hanna, G. Maalouf and B. Muckensturm, 


Stereochem. 9, 271 (1976). 


Weeks, Lipids 15, 783 (1980). 


Rodewald, Bull. Chem. SOC. Ethiop. 1, 18 (1987). 


Chem. 39, 1017 (1974). 


Chem. 23, 548 (1985). 


Tetrahedron 29, 2297 (1073). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 3, 485-488 (1990) 


SHORT COMMUNICATIONS 


ROLE OF 2-CARBOXYL SUBSTITUENT IN THE TAUTOMERIZATION 
BETWEEN TWO EQUIVALENT ENOL FORMS OF 


3-HYDROXYPHENALENONE 


SHIGEKI MATSUMIYA, AKIRA IZUOKA AND TADASHI SUGAWARA* 
Department of Pure and Applied Sciences, College of Arts and Sciences, University of Tokyo, Komaba 3-8-1, Meguro, Tokyo 


153, Japan 


AND 


NOBUO NAKAMURA 
Department of Chemistry, Faculty of Science, University of Tokyo, Hongo 7-3-1, Bunkyo, Tokyo 113, Japan 


The interconversion between two equivalent enol forms of 3-hydroxyphenalenone took place predominantly through 
a diketo form with a free energy of activation of cu 14 kcal mol-I in DMSO solution determined by 125.8 MHz "C 
NMR measurement. On the other hand, the corresponding interconversion in 2-carboxy-3-hydroxyphenalenone was 
not frozen on the time scale of "C NMR spectroscopy down to - 60 OC. This acceleration in the interconversion rate 
of the latter may he interpreted by a double proton switching between the hydrogen-bonded 2-carboxyl and 
3-hydroxyenone moieties. 


Dynamic aspects of proton transfer in hydrogen- 
bonded organic molecules in the gas phase have recently 
been elucidated in great detail by laser-induced 
fluorescence spectroscopy. ' Proton transfer in organic 
crystals has also attracted considerable attention from 
the viewpoint of developing devices for molecular 
switches and photo-images.' A novel aspect of proton 
transfer should be observed if the tautomerization is 
coupled by the *-bond switching of a unique H- 
conjugated system. In this respect we have chosen 
3-hydroxyphenalenone (l), because its characteristic 
electronic structure as an odd-alternant hydrocarbon is 
well documented. Here we report a mechanistic study 
on the tautomerization of 3-hydroxyphenalenone and 
the detection of the degenerated tautomerization in the 
2-carboxyl derivative. 


The 'H NMR spectrum of 1 in the aromatic region 
(Figure 1) shows only three kinds of protons 
(6=7*84ppm, t, J = 8 H z ;  8*34ppm, d, J = S H z ;  
8.40 ppm, d, J =  8 Hz; DMSO-da at 80°C), which can 
be interpreted by 1 having CZ, symmetry in solution at 


* Author for correspondence. 


0894-3230/90/070485-04$0S .OO 
0 1990 by John Wiley & Sons, Ltd. 


this temperature owing to the rapid interconversion 
between two equivalent enol forms (la and l b )  and by 
the concentration of the diketo form being negligibly 
small (the keto-enol equilibrium of the system was 
studied by UV spectroscopy4). The enolic proton 
appears at 11 * 8  ppm, suggesting a strong hydrogen 
bond to the DMSO molecule. The averaging process 
may be accounted for by the following mechanisms. 
First, the interconversion may take place through a 
proton or hydrogen transfer from the enolic to the 
carbonyl oxygen. Second, it proceeds through the 
diketo form with which the the enol forms are in 
equilibrium. If the proton transfer prevails in the 
former case, it may occur with the aid of DMSO or 
another molecule of 1. For instance, if the two enol 
molecules form a head-to-head dimer through two 
hydrogen bonds, double proton transfer coupled with 
tautomerization may take place efficiently within the 
dimer [the C=O stretching frequency of a hydrogen- 
bonded head-to-head dimer of 5,5-dimethylcyclohexa- 
1,3-dione (dimedone) is observed at 1607 cm-' in 
chloroform solution, and that of 1 in DMSO at 1662 
and 1634cm-I. The observed frequencies of 1 in 
DMSO may exclude a significant contribution of the 
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6.0 


Figure 1. 'H NMR spectrum of 1 in DMSO-& at 80 ' C .  Inset: 
signal of the vinylic proton at 15OoC 


la l b  


S = 1 o r  DMSO 1.5-sigmat ropy 


head-to-head dimer of 1 ] . Otherwise, two enol forms 
may interconvert through a 1,5-sigmatropic shift. 


In the second case, the enolic proton migrates to  the 
C-2 carbon to  give rise to  the diketo form reversibly, 
where the vinylic proton is assumed to  be exchanged 
with the methylene protons or with the enolic proton 
during the interconversion [Figure 2(a)]. When the 
spectra were recorded at  elevated temperatures the 
vinylic proton signal (6 = 6.04 ppm) became 
broadened, accompanied by a slight downfield shift (see 
inset in Figure 1). This tendency may be best interpreted 
by the rate of interconversion between the vinylic and 


a 


the hydroxyl protons becoming rapid enough to  affect 
their line shapes in spite of the large chemical shift of 
5 .8ppm. When DzO was added to  the DMSO-& 
solution of 1, the vinylic signal disappeared 
instantaneously. This can be explained by the enolic 
proton being replaced by a deuteron, and the latter 
being exchanged with methylene protons during the 
tautomerization process (The enol-keto inter- 
conversion rate a t  room temperature is calculated to be 
250 s - '  by using the activation free energy of 
14 kcal mol- I ) .  


Judging from these behaviours of the vinylic signal, 
the interconversion through the diketo form seems most 
likely t o  occur in the present case. The l3C NMR 
spectrum of 1, on the other hand, showed a distinct 
temperature dependence [Figure 3(a) and (b)] . The 
aromatic carbons afforded broad signals a t  room 
temperature, but the signals became sharpened at 
higher temperatures in accordance with the increasing 
rate of the interconversion, while the signals of the 
carbon atoms on the axis remained unchanged. 
The different behaviours of aromatic signals in the 
averaging process may be understood by considering 
the chemical shift differences of the aromatic carbons in 
the 0-methyl ether 2, which loses C2, symmetry owing 
to its fixed enol structure [Figure 3(c)]. Since the 
significant broadening of the vinylic carbon signal is 
accompanied by an averaging process of aromatic 
signals, the observed process in 13C NMR also seems to 
correspond to interconversion through the diketo form. 
The rate of interconversion between la  and l b  was 
estimated to be 1 . 1  x lo3 s-I  at 45 "C with an 
activation free energy of AG * = 14 kcal mol-' based 
on the coalescent behaviour of the aromatic carbon 
signals. (The interconversion rate was found to be 
slightly dependent on the initial concentration of 1. 
This suggests that 1 itself behaves as the catalyst of 


b 


l a  l b  3 a  3 b  


Figure 2. (a) Tautomerization between two equivalent 3-hydroxyphenalenones ( la  and l b )  via a 1,3-phenaIenedione structure. 
(b) Degenerated tautomerization between 2-carboxy-3-hydroxyphenalenones (3a and 3b) through the double proton transfer 
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Figure 3.  (a) I3C NMR spectrum of 1 in DMSO-& at 65 'C .  
v ; Signals of carbon atoms on the CzC axis. (b) Spectrum of 
1 recorded at 25 "C.  (c )  Spectrum of 2 at 25 OC. The letters I-p 
denote the pair of carbon signals which are assumed to be 


averaged in 1 by the interconversion 


the interconversion. The rate was determined at a 
concentration of 0.17 mol-I.) 


The tautomerization between the two equivalent enol 
forms may be accelerated by introducing a carboxyl 
group at the 2-position of 1, since the two tautomers (3a 
and 3b) can be switched by the double proton transfer 
among hydrogen-bonded oxygen atoms [Figure 2(b)]. 
2-Carboxy-3-hydroxyphenalenone (3) was prepared by 
condensation of 1,8-naphthalic anhydride withodiethyl 
malonate in the presence of zinc chloride at 170 C. The 
crude reaction mixture was extracted with chloroform 
using a Soxhlet apparatus to give 3 as orange needles 
[m.p. 220°C (decomp.)] in 62% (by modifying the 
procedures for work-up and isolation as described by 
Gudrinietse et al.,' one can obtain 3 as the major 
product together with 1). 


The 500MHz 'H NMR spectrum of 3 in CDCI3 
displayed three aromatic protons at S = 7.84, 8-34 and 
8-74 ppm together with a sharp singlet at 6 = 15.6 ppm 
assignable to two hydroxyl protons. The observed 
spectrum indicates that 3 undergoes a rapid averaging 
process between the two enol forms. The significant 
low-field shift of the hydroxyl proton signal suggests 
that these protons participate in the strong hydrogen 
bonds and that the two hydroxylic protons are not 
distinguishable. The spectrum did not show any 
temperature dependence when the sample was cooled to 
- 60 " C .  


The time-averaged spectrum of 3 was also recorded 
by 125-8 MHz I3C NMR spectroscopy. An averaged 
chemical shift of C-1 and C-3 was observed at 
181-6ppm, showing a low-field shift by 6.5ppm 
compared with the corresponding value of 175 1 ppm 
in 1. This is further evidence for the formation of 
strong hydrogen bonds. The spectrum at - 60 "C did 
not show any significant difference (Figure 4), which 
strongly suggests that the averaging process in 3 is much 
faster than that in 1. Although the intrinsic chemical 
shifts of C-1 and C-3 are not available, the chemical 
shift of C-1 in 3 is estimated to be 189 ppm, provided 
that the chemical shift of C-3 is 173 ppm (since the 
substitution of a carboxyl group at the ortho position of 
phenol causes a low-field shift of 7 ppm for the carbon 
attached to the hydroxyl group, the chemical shift of 
C-3 in 3 was estimated to be 173 ppm with reference to 
the chemical shift of C-3 (166 ppm) in 26). 


The activation energy of the tautomerization is 
estimated to be lower than 5 kcalmol-I, its rate being 
much faster than 4 x lo3 s - '  at - 60 "C. This is in 
sharp contrast to the spectral features of 1 as described 
above. The large acceleration of the tautomerization 
rate observed in 3 can be ascribed to the presence of the 
2-carboxylic substituent, i.e. the 2-carboxyl group in 3a 
acts as a proton donor to the carbonyl oxygen of the 3- 
hydroxyphenalenone moiety. The hydroxyl group at the 
3-position, in turn, delivers a proton back to the 
carbonyl oxygen in the carboxyl group, giving rise to 3b 
(and vice versa from 3b to 3a). In other words, a proton 
is relayed from the enolic OH to the carbonyl oxygen in 
the I-position mediated by the carboxyl substituent. 
Hence the carboxyl group can be considered to play a 
key role in the degenerated tautomerization of 3. 


In conclusion, the degenerated tautomerization in 3 is 
extremely rapid in solution compared with that of the 
parent compound 1 (a LIF spectroscopic study of 3 in 
an ultrasonic jet stream may reveal the potential energy 
surface concerning this unique proton transfer system 
in detail). This may be achieved by the mediation of the 
carboxyl substituent at the 2-position. When the 
intramolecular proton-relay model described here is 
extended to the intermolecular case, it may manifest a 
novel transportation phenomenon of great potential 
interest. 
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Figure 4. 13C NMR spectra of 3 in CDCI, at room temperature (above) and at  - 60 "C (below) 
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THE DECAY OF 2-PHENYL-1,3-DIOXOLANE-2-YLIUM SALTS IN 
SOLUTION 
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The decay of 2-phenyl-1,3-dioxolane-2-ylium salts in 1,2-dichloroethane solution has been studied by means of IH 
NMR and U V  spectroscopy and conductimetry. The influence of the nature of the anion (ShCl;, ShClsBr-, AsF;) and 
of the methyl suhstituents on the rate constants of decay is discussed. 


INTRODUCTION 


I n  the course of our studies on the stability of counter 
ions in cationic vinyl polymerization, we have 
investigated the decay of triphenylmethylium salts 
(PhlC'A-) with complex anions MX,,Yi (M = Sb, Al, 
B,  As, P ,  Ti, Fe; X ,  Y = F, CI, Br). The rate constant 
of the decay appeared to be strongly influenced by the 
nature of the central atom (M) and of the ligands (X, 
Y). The same kinetic treatment was used by Jones and 
Plesch, who investigated the decay of triethyloxonium 
salts with various anions. The order of stabilities of 
triphenylmethylium and triethyloxonium salts with 
various anions is not the same, because the stability of 
the salts depends not only on the stability of the anion 
but also on the nature of the cation. Both factors 
influence the course of the polymerization initiated by 
stable organic cationic salts. 


The importance of the stability of the anion in the 
polymerization of oxacyclic monomers has been 
illustrated by results of the polymerization of 
1 , 3 - d i o ~ o l a n e ~ - ~ ,  t r i o ~ a n e ' . ~  and tetrahydrofuran.' 
Studies of the polymerization of these monomers, which 
was initiated by substituted dioxolenium salts, have 
shown the interdependence between the structure and 
electronic behaviour of the dioxolenium cations and the 
stability and catalytic activity of their salts6-'". 


The aim of this work was to extend our concept of the 
stability of the counter ion of 2-phenyl-l,3-dioxolane-2- 
ylium salts (2PhDfA- ,  A = SbCI;, SbClsBr-, AsFC) 
and to determine the influence of the nature of the anion 
and the structure of the cation (substituents and their 
configuration) on the stability of dioxolenium salts in 
solution, in comparison with the decay of PhlC'A- 
and triethyloxonium salts (Et3O'A- ). 


EXPERIMENTAL AND RESULTS 


The dioxolenium salts were investigated by means of 
' H N M R  spectroscopy in CD3N02 and CD2C12. In 
both solvents the stability of the 4J-dimethyl 
derivatives of the 2-phenyl-l,3-dioxolane-2-ylium 
hexachloroantimonates is fairly high. Decay products 
according to Scheme 1 cannot be monitored because of 


CHz-CHz- Y 


@ I R  0-C-R 1 


6\ .6 
YX R II 


Y o  weak nucleophlle 


X o  strong nucleophile 


Scheme 1 


the relatively low conversion (below 5%)  and because 
signals for the ester relating to  the decay cannot be 
separated from other peaks in the spectra. Therefore, an 
excess of (C2H5)4N+C1- was added, leading to the sug- 
gested reaction and the ester appeared in form of two 
multiplets at 3 - 9  and 4.98 ppm. 


Decay products according to Scheme 1 can be obtained 
after dissolution of 2-phenyl-l,3-dioxolane-2-ylium 
hexachlorantimonate. However, this salt is more stable 
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in CD3N02 (20% conversion) than in CDlClz (40% con- 
version) at similar concentrations (0.2-0.46 mol 1- '). 
The formation of the ester proceeds during the dissolu- 
tion and equilibrium between the salt and ester is at- 
tained after 10 min. This equilibrium is stable for up to 
24 h. The formation of the ester derived from the non- 
methylsubstituted derivative can be detected by the 
appearance of two multiplets at 4.05 and 4.41 ppm. 
This result suggests a decay via ion pairs, because of the 
higher stability in CDjNO2. The formation of the ester 
has been well established in the literature"7s. 'The mix- 
ture of products does not allow a kinetic definition of 
the final products obtained, which is in agreement with 
Penczek's statement' that 'a lot of ill-defined processes 
take place simultaneously.' However, the investigations 
of decay clearly show a reaction according to path I in 
Scheme 1. The formation of donors (esters) during the 
decay led to a competition with SbC15 orland SbCI; 
in the form of complexation or ligand-exchange 
reactiotis."." Addition of a stronger nucleophile 
such as (C2Hs)"NtCI- in CD3NO2 or CDzClz also 
results in the immediate formation of the product of 
decay according to path I in Scheme I ,  but competition 
with SbCl5 can be excluded in this procedure. 


Hexahalogenoantimonates of triethyloxonium, I' 


triphenylmethylium I s  and 2-phenyl-l,3-dioxolane-2- 
ylium cations show, in contrast to hexafluoroarsenate, 
a strong absorption ( E  = lo4  1 mol- lcm- ' )  between 
38 000 and 33 000 cm-'. Typical spectra of 2-phenyl-1,3- 
dioxolane-2-ylium and triethyloxoniuni antimonates are 
shown in Figure I .  


The nature of the cation has no significant influence 
on the i,,,, values. This strong absorption band is 
caused by a charge-transfer transition from the ligands 
(CI, Br) to the central atom (Sb) of the antimonate 


Figure 1 .  U V  spectra of' antimonates in I ,2-dichloroethane at 
298 K. ~, Triethyloxonium hexachloroantimonate; ------, 
2-phenyl- 1,3-dioxolane-2-ylium pentachlorobromoaniim- 
onare; -, 2-phen)il-4,5-dimethyl cir- 1,3-dioxolanc-2-yliun~ 


hexachloroantimonatc. Concentration = lo-' inol I -  ' 


anion. ''," An additional absorption band at 33 500 cm- 
in the spectrum of 2PhD+SbC4Br- is due to the charge- 
transfer transition Br- + SbsCl4 The weak absorption 
band of the 2PhD' cation at 37 740 cm- '  is in the same 
range as that of antimonate anions. I *  


The absorption of 2PhD'SbX,2YC-, solutions is not 
stable and gradually disappeared, as also occurred with 
the absorption of Ph3C+SbX,,YL-,,. 


The decay of 2PhDtSbX,,YC-,, has been considered in 
terms of the first-order irreversible reaction in com- 
parison with the decay of Ph3CtA- '  and Et3O'A 
First-order plots of the decay of 2PhDtSbX,2YC-,l ob- 
tained by UV measurements are shown in Figure 2. 


Figure 2. First-order plots of the decay of 2-phenyl-1, 3-diosolane-2-ylium by means of' U V  measurements in I ,2- dichloroethane 
at 298K.  Concentration, 5 . 7  x IO-'mol 1 - '  
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Table 1 .  First-order rate constants of the decay of 2-phenyl-1,3-dioxolane derivatives in 1,2- 
dichloroethane at 288 K 


Salt 


k,/s- ' 
Conductivity Spectroscopy 


~ ~ ~ 


2-Phenyl- 1,3-dioxolane-2-ylium: 
SbClg 1.26 x 2.33 x lo-'  a 


SbClsBr- 6 . 7 ~  1 0 - ~  4 . 4 ~  


AsF; 1.8 x - 
2-Phenyl-4,5-dimethyl-cis-l,3-dioxolane-2-ylium SbC1: 3.9 x 4.5 x 10-6 
2-Phenyl-4,5-dimethyl-frans-1,3-dioxolane-2-ylium SbC1; 4.7 x 5.5 x 


1.26 x lo-' 


,'At 36500 cm- ' .  


'A t  33 500 cm I .  


" I n  the range from 2100 to 7200 s 


In the range from 0 to 900 F .  


The first-order plots deviate from a straight line after 
about 1500 s, and therefore a rate constant could be 
calculated only for the first stage of the decay, within 
the range of conversion below 10-15% (Table 1). In the 
case of 2-phenyl-4,5-dimethyl-l,3-dioxolane-2-ylium 
salts (PhDMD' A - ) ,  the absorption decreased up  to 
13 per cent conversion and then remained unchanged, 
but the position of the band shifted to the higher energy 
part of the U V  spectrum. The shift may be caused by the 
fact that SbCls or related adducts show strong absorp- 
tion in the same region as SbCI;, and so the course 
of the decay of antimonates determined by means of 
UV spectroscopy also involves the absorption of final 
products of the decay. The conductivity plots and the 
plots obtained by means of UV spectroscopy agree only 
in the first stage of the decay, because the decrease in 
absorption at 36 500 cm- '  due to  the SbC1; absorption 
shows a molar absorptivity of E =  lo4 1 mol-'  cm-'.  
The molar absorptivity of the SbCls adducts is much 
lower than that of the strong SbCl; absorption, and the 
overall absorption was influenced after 5-10% decay.4311 
On the other hand, rate constants determined by means 
of UV spectroscopy depend on the wavelength used, 
especially for salts with the SbClsBr- anion. Increasing 
rate constants of the decay were obtained when we used 
decreasing wavelengths. The complications involved in 
studying the decay of mixed bromochloroantimonates 
have already been discussed previously. ',I9 


The conductivities of solutions of 2PhD+A- also 
decrease with time. First-order plots of the decay 
monitored by conductivity, in contrast to UV 
measurements, were straight lines with good correlation 
coefficients of about 0-99 (Figure 3). In the concen- 
tration range between 5 x 10-5 and 5 x mol I - ' ,  
the first-order rate constant of decay is independent of 
the starting concentration and the conductivity plots are 
straight lines. The reproducibility of the conductivity 
data is good. Every rate constant was determined by five 


independent measurements. Higher starting concentra- 
tions of the salt (> mol 1-I) led to an increase 
in the decay rate and the occurrence of numerous 
simultaneous processes as discussed above. The 
estimated second-order rate constant at a salt concen- 
tration of 0 .2  moll - '  is of the order of 
1 . 5  x 10-3-5 x lmol - l s - '  and comparable to that 
reported elsewhere. However, the ill-defined processes 
d o  not allow accurate data representing clean conditions 
as shown in Scheme 1 to be determined when high con- 
centrations of salts are applied. 


As to be seen from Figure 3, the anions SbC1; and 
AsFgare relatively stable, whereas SbCljBr- appears to 
be less stable. The decay of 2PhD'SbClsBr- proceeds 
in two steps. We assume that the first step mainly 
involves the decay of the antimony-bromine bond: 


SbClsBr ~ + SbClj + Br- (1) 


After 2500 s, the plot of the decay of SbClsBr- proceeds 
parallel to the plot of the decay of SbC1;. This may 
be explained by the formation of the more stable 
SbC1; resulting from ligand exchange within mixed 
halogenoantimonates. Rate constants of the decay of  
substituted 1,3-dioxolane-2-ylium salts calculated by 
means of conductivity are given in Table 1. 


According to  the data in Figure 3 and Table 1, the 
stabilities of 2-phenyl-l,3-dioxolane-2-ylium salts can 
be ordered in a similar manner to that proposed by 
Jones and Plesch3 for triethyloxonium salts, i.e. 
SbC1; > AsF; > SbClsBr-. 


Generally, the decay of substituted dioxolenium salts 
is faster than that of Et3O+SbCl; determined by means 
of the same method: k ,  = 5 x The rate constants 
of the decay of substituted I ,3-dioxolane-2-ylium salts 
also depend on the cation structure. 


Methyl substituents in the 4- and 5-positions on the 
ring lead to an increase in the stabilities of dioxolenium 
salts, in spite of the increased positive charge density at 
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15 


1 0  


5 


Figure 3. First-order plots of the decay of 2-phenyl-I, 3-dioxolane-2-ylium salts by means of conductivity in I ,2-dichloroethane at 
298K. Concentration, 4 x 10-4-6 x mol I - ’  


C-4 and C-5.2’ A phenyl substituent in the 2-position 
also has a significant stabilizing effect, as can be con- 
cluded from the comparison of the decomposition of 
trans and cis isomers of 4,5-dimethyl-l,3-dioxolane 
-2- ylium hexachloroantimonates. However, these 
data were obtained with much more concentrated 
solutions, i.e. 0.4-0.8 moll-’  (k,= 1 . 7  x 
3 . 3  x Imol-’ s-’).”These conclusions are in agree- 
ment with the previously described relationship between 
the structure and catalytic activity of dioxolenium salts 
in the polymerization of oxacyclic monomers. 6 -  ’“320 


From the decay of PhDMD’SbCl; determined by the 
conductimetric method one can conclude that the cis 
and fruns isomers appeared to have the same stability 
within the range of error (Table 1). 


Instruments 


U V  spectra were recorded with a Specord UV-visible 
instrument from Carl Zeiss Jena. The conductivity 
measurements were carried out with a Hydromat Ban- 
newitz, LM 300 instrument. The frequency for measure- 
ment was 3000 Hz. Platinum electrodes were used in a 
stirring vessel under an argon atmosphere. The kinetic 
treatment and technique were as described elsewhere. ‘ 
Materials 


The solvent 1,2-dichIoroethane was purified by stirring 
with concentrated sulphuric acid and washing with 
distilled water. After the first redistillation over PzOs 
the solvent was stored over CaH2 and distilled freshly 
under dry argon before use. 


Triethyloxonium hexachloroantimonate was syn- 
thesized from epichlorhydrin and SbCls in diethyl ether 
at 198 K by the method of Meerwein.” I t  was purified by 
recrystallization from a dichloroethane-diethyl ether 
mixture. 


Substituted 1,3-dioxolane-2-ylium salts were obtained 
from the corresponding acetals and triphenylmethylium 
salts by the direct reaction of a slight excess of the acetal 
with triphenylmethylium salts in CHzClz solution 
(0.1 mol I - ’ )  and subsequent precipitation with CCl4 or 
heptane. 23  The final product was purified by dissolution 
and precipitation. The analytical data for the salts 
agreed with the theoretical elemental analysis in every 
case. 
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CORRELATIONS OF RATE AND SELECTIVITY OF A 
DIELS-ALDER REACTION WITH Sp PARAMETERS 
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The rate and endolexo selectivity of the Diels-Alder reaction between cyclopentadiene and methyl (E)-a-  
cyanocinnamate at 25 ' C ,  in several acetone-water and 1,4-dioxane-water mixtures, were measured. The linear 
correlations of log k and log(endo/exo) vs solvophobicity are reported. Correlations for selectivity are considerably 
improved when the results obtained in acetone-water and 1,l-dioxane-water are taken as separate series. 


Cycloaliphatic amino acids, such as those with a nor- 
bornane skeleton, are of interest because of their bio- 
logical activity. We have recently developed' a 
synthetic route for the preparation of the four dl pairs 
of 2-amino-3-phenylnorbornane-2-carboxylic acid, the 
key step being the Diels-Alder reaction between cyclo- 
pentadiene (1) and methyl (E)-a-cyanocinnamate (2). 
The rate of this reaction is noticeably increased by the 
use of aqueous solvents, but the endolexo selectivity is 
only slightly modified. 


Breslow and c o - ~ o r k e r s , ~  Grieco and co-workers5 
and Lubineau and Queneau6 have reported that the rate 
of intermolecular Diels-Alder reactions can be greatly 
increased by the use of aqueous solvents. The origin of 
these accelerations was attributed to  the association 
between diene and dienophile driven by hydrophobic 
forces in aqueous  solvent^.^-^ Further, increased 
endo/ ex0 selectivity has been observed in several inter- 
molecular Diels-Alder reactions. 4b,c*5a,b96 This selec- 
tivity is probably not a consequence of the relatively 
high polarity of water. In fact, although a correlation 
between solvent polarity and stereoselectivities of 
Diels-Alder reactions has been reported with non-polar 
substrates in several solvents,' with water and other 
hydroxylated solvents no correlation was observed with 
any function of the dielectric constant.' 


In spite of the importance of the solvophobic effect 
in several areas, only recently have Abraham and co- 
workers9 developed a quantitative scale of solvophobic 


* Author for correspondence. 


power (S,) that could be applied to pure solvents and 
especially to  aqueous-organic mixed solvents. 9b 


This parameter set was used earlier by Schneider and 
Sangwan, Ioa who found a linear correlation between 
the log k of the Diels-Alder reaction of diethyl 
fumarate with cyclopentadiene and S ,  values. They also 
studied the increase in the proportion of the endo 
adducts obtained by the use of water in reactions of 
cyclopentadiene with maleic acid derivatives. lob They 
found a correlation between the log( endo/ exo) values, 
obtained from the reaction of monoethyl maleate, and 
solvophobicity parameters S,, which supported the 
hydrophobic effect being responsible for the changes in 
selectivity. They carried out a multiple correlation for 
the same system including E~(30) values and the results 
obtained showed that the inclusion of polarity parame- 
ters was of no significance. To our knowledge, these are 
the only descriptions of chemical rates and selectivities 
as a function of solvophobicity. 


We agree with Abraham et al. 9b that further investi- 
gation to  test the general applicability of the S, scale is 
necessary, so we have compared the rates and endo/ ex0 
selectivities of the Diels-Alder reactions between cyclo- 
pentadiene (1) and methyl (E)-a-cyanocinnamate (2) in 
several reaction media with S, values.9b 


Table 1 shows the results obtained in this 
Diels-Alder reaction (Figure 1) at 25 "C in several re- 
action media. As can be seen, the reaction rate is no- 
ticeably increased when the percentage of the water 
increases, whereas the endo/ ex0 selectivity is only 
slightly increased. 


Figure 2 shows the existence of a linear correlation 
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Table 1. Second-order constantsa and endolexo ratios" for the Diels-Alder reaction of 1 
and 2 at 25 "C 


Water 
concentration R x 103 


Entry Organic solvent (070) (dm3 rnol-'s-') 3s: 3b endolexo 
ratio 


1 1,4-Dioxane 20b 3 . 5  1 .35 
2 1 ,4-Dioxane 30 6.2 1.44 
3 I ,4-Dioxane 40 12.6 1.52 
4 1,4-Dioxane 50 24.9 1.59 
5 1 ,4-Dioxane 60 47.0 1.77 
6 1,4-Dioxane 70' 76.1 1.86 
7 Acetone 20 3.8 1.48 
8 Acetone 30 6.9 1.54 
9 Acetone 40 10.7 1.60 


10 Acetone 50 18.1 1.66 
1 1  Acetone 60 45.4 1.72 
12 Acetone 70' 95.1 2.03 


a Determined by HPLC (see Experimental). 


'With more water 2 is not soluble. 
With less water the reaction is too slow to allow an accurate determination of k. 


(3a) C02CH, (3b) &N 


Figure 1 .  Diels-Alder reaction between cyclopentadiene and 
methyl (E)-a-cyanociannamate. 


between log k and S ,  values;9b this correlation is only 
slightly improved when the reactions carried out in 1,4- 
dioxane-water and acetone-water are taken as separate 
series (Figure 3). The change from one to two series is 
just within the limit of statistical significance and does 
not justify using S, valuesgb in separate series, as a 
function of the organic solvent, instead of a complete 
series of solvophobicity values. 


Figure 4 shows the linear correlation between 
log( endo/ e m )  and S,, values; 9b this correlation is no- 
ticeably improved when the results obtained in 1,4- 
dioxane-water and in acetone-water are taken as 
separate series (Figure 5 ) .  This improvement has a sta- 
tistical significance of over 99.9%. Since small differ- 


ences in endolexo selectivity exist, the interpretation of 
these results requires caution. However, the results 
indicate that the endolexo selectivity data are better 
explained using the S ,  values within each series of 
organic solvent-water mixtures. 


Breslow etal.4b suggested that the increase in 
endo/ ex0 selectivity in aqueous solvents are related to 
the well known effects of polar media and the need to 
minimize transition-state surface area in aqueous soiu- 
tion. Taking this into account, it seems logical to obtain 
different correlations as a function of the polarity of the 
organic solvent present in the mixture. In our case, 
large endolexo ratios cannot be expected because of the 
presence of electron-withdrawing groups attached to 
both sides of the double bond. However, the selectivity 
obtained is in accordance with the larger endo-directing 
tendency of the methoxycarbonyl group in comparison 
with the cyano group. This tendency is more favoured 
by acetone-water than 1,4-dioxane-water mixtures 
[ET(3o)acetone = 42.2 k Calmol-'; ET(30)1,4-dioxane = 
36.0 kcalmol-'1 .I2 We agree with Schneider and 
Sangwan that the hydrophobic effect is the main factor 
responsible for the changes in selectivity, but in contrast 
with their results, the polarity of the solvent may play 
a significant role. 


In conclusion, both our results and Schneider and 
Sangwan's show the usefulness of S, valuesgb to explain 
the rates and selectivities of intermolecular Diels-Alder 
reactions. However, the use of separate series of Sp 
valuesgb for each kind of organic solvent-water mixture 
may be advisable in order to explain the differences in 
endolexo selectivity. However, further investigations, 
using Diels-Alder reactions whose endo/ exo selectivity 
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Figure 2. Log k of the reaction of 1 + 2 at 25 'C vs solvopho- 
bicity values (S,).9b y =  -2.8374 + 2.3516 (20 .1974)~ ;  


r =  0.9939; s = 0.0613; F =  704.8622 (A,Io;o.~s = 4.96). 


is more sensitive to the percentage of water in the 
mixture, are necessary. 


EXPERIMENTAL 


'H NMR spectra were recorded on a Varian XL-200 
instrument. Microanalyses were carried out with a 
Perkin-Elmer 240-C microanalyzer. HPLC analyses 
were carried out with an HP-1090 chromatograph 
equipped with a diode-array detector. Data were 
analysed by the Statwork 1.1 and Cricket Graph 1.0 
programs, distributed by Cricket Software for an Apple 
Macintosh computer. 


Material. Dioxane was distilled from sodium under a 
nitrogen atmosphere and stored before use over mole- 
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-3 
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Figure 3. Log k of the reaction of 1 + 2 at 25 'C vs solvopho- 
bicity values (S,),9b taking l,.l-dioxane-water and ace- 
tone-water as separate series. Acetone-water: 


F =  325.0113 (F1,4;0.95 = 7.71). 1,4-Dioxane-water: 
y =  -2.7448+2.1803 (20 .0661)~ ;  r=0.9998; s=0.0126; 


y =  -2.9601 +2.5935 (20 .3836)~ ;  r=0.9944; ~ = 0 ' 0 6 1 8 ;  


F =  8389.6923 (4 .4 ;0 .95  = 7.71). 


cular sieves 4A. Commercial acetone was used without 
further purification. Water was deionized and doubly 
distilled in all-glass apparatus. 


Methyl (E)-a-cyanocinnamate (2) and cycloadducts 
(3a, 3b)' were prepared according to  previously 
described methods and identified by their 'H NMR 
spectra and elemental analyses. 


Kinetic procedure. A 330-mg (5-mmol) amount of 
freshly distilled cyclopentadiene dissolved in the corre- 
sponding aqueous mixture (5 cm3 for entries 1-5 and 
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Figure 4. Log (endolexo) of the reaction of 1 + 2 at 25 "C vs 
solvophobicity values (S,).9b y = 0.1063 + 0.2284 
(20.0495)~;  r=0.9557; s=0.0154; F =  105.5298 


(Fl,l0;0.95 = 4.96). 


7-1 1 and 20 cm3 for entries 6 and 12,dn Table 1) were 
added to  a thermostated (25 k O . 1  C) solution of 
187 mg (1 mmol) of methyl (E)-a-cyanocinnamate (2) 
in the same mixture (45 cm3 for entries 1-4 and 7-10, 
60 cm3 for entries 5 and 11 and 180 ml for entries 6 and 
12 in Table 1) and the solution obtained was stirred 
magnetically (the volume of solvent depends on the sol- 
ubility of 2 in the mixture). Reaction rates were deter- 
mined by HPLC analyses of aliquots of the reaction 
mixtures, following the formation of cycloadducts 3a 
and 3b. All reaction followed second-order kinetics. 


Chromatographic analyses. Reaction mixtures were 
analysed using a Hypersil MOS (CS) column (5 pm; 
100 mm x 4.6 mm i.d.) and methanol-water as the 
mobile phase with a linear gradient from 55:45 to  75:25 
(v/v) in 2 min at a flow-rate of 1.7 ml min-'. Detection 
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Figure 5. Log (endolexo of the reaction of 1 + 2 at 25 "C vs 
solvophobicity values (Sp),9b taking 1,4-dioxane-water and 
Icetone-water as separate series. Acetone-water: 


F =  526.3438 (Fl,4;0.95 = 7.71). 1,4-Dioxane-water: 
y = 0.11 17 + 0.2445 (20.0297)~;  r = 0.9962; s = 0.0048; 


y=0.0996+0.2149 (20.0389)~;  r=0.9916; ~=0 .0074 ;  
F =  235.5660 (F1,4;0.95 = 7.71). 


was performed at  210 nm; &2:C3a:&3b = 1217:1000:1137. 
In kinetic runs the products were identified by com- 
paring their retention times with those of reference 
compounds: 2, 2-28 min; 3a, 2.90 min, 3b, 3-08 min. 
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KINETICS AND MECHANISM OF ACID HYDROLYSIS OF 
2-CARBOETHOXYPYRIDINE N-OXIDES 


BOGUMIL BRYCKI AND BOGUMIL BRZEZINSKI 
Department of Chemistry, A. Mickiewicz University, 60780 Poznan, Poland 


Rate constants and activation parameters have been measured for the acid hydrolysis of six 2-carboethoxypyridine N- 
oxides. The correlations of log kobr. vs Hammett’s constants and chemical shifts of intramolecular hydrogen-bonded 
protons in parent acids are analysed. Evidence was found for the participation of intramolecular hydrogen bonding 
in the hydrolysis of the esters. 


INTRODUCTION 


The kinetics and mechanisms of acid and base hydrol- 
yses of esters are now well recognized. These reactions 
have been shown to proceed by six of the eight possible 
mechanistic pathways, which are essentially the S N ~ ,  
S N ~  or tetrahedral type mechanism. ’*’ Acid-catalysed 
hydrolysis of esters usually occurs by a bimolecular 
mechanism with acyl-oxygen fission, designated 
AAC2. In very strongly acidic solutions, a unimolecular 
mechanism, A ~ c l ,  involving acyl-oxygen cleavage of 
the conjugate acid can operate. This mechanism is the 
result of the decreased nucleophilicity of water mol- 
ecules in the strongly acidic medium. When the ester is 
derived from a tertiary alcohol, acid-catalysed hydrol- 
ysis often occurs by a mechanism involving alkyl-- 
oxygen fission, referred to  as AALI. The change in 
mechanism is due to the stability of the carbonium ion 
that can be formed by C-0 heterolysis, and probably 
also to  a decrease in the rate of nucleophilic attack at 
the carbonyl group because of the steric  factor^.^ Much 
study has been devoted to  establishing substituent 
effects and proton transfers during the formation and 
breakdown of the tetrahedral intermediates. These 
studies have been undertaken in part because of the 
fundamental importance of hydrolytic reactions in 
biological systems. 6 s 7  


Substituents play different roles in the base- and acid- 
catalysed hydrolysis of esters. With esters without 
special structural features, the base-catalysed reaction is 
facilitated by electron-withdrawing substituents in 
either the acyl or the alkoxy group. Since the rate- 
determining tetrahedral intermediate is negatively 
charged, the transition state leading to it will be sta- 
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bilized by electron withdrawal. This stabilization is 
primarily an inductive effect, which is reduced as the 
substituent becomes further removed from the carbonyl 
group. The reaction constants, p ,  for the base-catalysed 
hydrolysis of esters vary from 1.129 to 2.849.’ The 
substituent effects in acid-catalysed hydrolysis of esters 
are more complex. On the one hand, electron-releasing 
substituents increase the proton affinity of the carbonyl 
oxygen atom, but on the other hand, these substituents 
reduce the electrophilicity of the carbonyl carbon atom. 
Hence the acid-catalysed hydrolysis of esters is much 
less sensitive to  substituents. The reaction constants, p ,  
for acid-catalysed hydrolysis of esters range from 
-0.299 t o  0.555,8 including those of picolinic and 
nicotinic esters. 9-11  The ratio of the reaction constants 
for the acid-catalysed hydrolysis of picolinic and 
benzoic esters is 0.89, indicating a similar sensitivity of 
aromatic and heteroaromatic rings to  substituents. I’ 


We have recently found that ability of carboethoxy 
groups in carboethoxypyridine N-oxides to  undergo 
acid hydrolysis is significantly different for those in 
position 2 and for those in positions 4 and 5 .  l 3  Product 
analysis for the acid-catalysed hydrolysis of 2,4- and 
2,s-dicarboethoxypyridine N-oxides in 0.1 moll-’  
hydrochloric acid at 50-80°C showed that only one 
carboethoxy group, that in position 2, hydrolyses to 
give the corresponding monoacids. This different reac- 
tivity can be of value, in practical synthetic terms, since 
it allows certain types of esters to  be converted to the 
corresponding acids very selectively. To understand bet- 
ter the mechanism of this reaction, we have undertaken 
detailed kinetic studies of the acid hydrolysis of substi- 
tuted 2-carboethoxypyridine N-oxides in 0 .1  mol I - ’  
hydrochloric acid. 
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RESULTS AND DISCUSSION 


Acid hydrolysis of the 2-carboethoxypyridine N-oxites 
1-6 was found to occur a t  convenient rates at 50-80 C 
and was followed spectrophotometrically. In spite of 
the fact that pH-log kobs. profiles have not been greci- 
sely established, the reduced values of kobs.  at 80 C at 
lower acid concentrations (0.05 and 0.001 moll- ' )  in 
comparison with those at 0-1 moll- '  a t  the same 
temperature demonstrate the catalytic effect of acid on 
the hydrolysis of 2-car!oethoxypyridine N-oxides. Rate 
constants (kobs)  at 60 C and activation parameters are 
given in Table 1. 


The data obtained reveal an influence of the sub- 
stituent on the hydrolysis rate; a factor of 15 is found 
between the fastest reaction for R = 4-OEt and the 
slowest reaction for R=4-N02.  A plot of log kobs. 
against Hammett's constant, for the N-oxide 
group (UNO), shows that the data are distributed about 
straight line given by the equation (Figure 1, solid line) 


log kobr. = - 1 ' 120UNO - 3 '455 (1) 


The relatively low correlation coefficient, r = 0.9820, 
indicates that substituents simultaneously influence the 
electron density of the NO group (up,m = UNO) and car- 
boethoxy group. Taking into account the substituent 
effect on the carboethoxy group (up,,,, = U C O O E ~ ) ,  the 
following equation is obtained by computer fitting of 
data: 


log kob,.  = - 1 *0950~0 + 0'030~coo~t - 3'490 (2) 


Figure 1. Plots of log kobs. vs Harnmett's constants: solid line, 
equation (1); dashed line, equation (2) 


In this case the correlation coefficient is 1 a 0  (Figure 1, 
dashed line). As can be seen from equation (2), the NO 
group is more sensitive to  a substituent (by a factor of 
ca 30) than the carboethoxy group. The sign and value 
of the reaction constant, p = - 1.095, are significantly 
different from those previously published. * It clearly 
indicates that a different mechanism to classical tetra- 
hedral A ~ c 2  must be involved in the acid hydrolysis of 
2-carboethoxypyridine N-oxides. We believe that the 
proton-donor ability of the NO group plays a dominant 
role in this mechanism. 


The plot of the logarithms of the observed rate con- 
stants, log kobs . ,  for the acid hydrolysis of 2- 
carboethoxypyridine N-oxides against the chemical 
shifts of parent acids was a straight line (Figure 2). 
Straight lines were also obtained for correlation of the 
chemical shifts (6) of the intramolecular hydrogen- 
bonded protons in 2-pyridinecarboxylic acid N-oxides 
and their derivatives (7) against Hammett's constants, 
up. 1 4 - 1 7  The highest chemical shifts, which correspond 
to the strongest hydrogen bonds, were found for acids 
with electron-releasing substituents. 


Table 1 .  Hydrolysis of 2-carboethoxypyridine N-oxides in 0.1 moll- '  hydrochloric acid at 60 'C." 


a! a: h," IO4k,,,,, Error Correlation RXN' 70.5 AH* - A S & >  
Compound R NO COzEt (nm) ( s - ' )  (070 )  coefficient (070 )  (min) (kJrno l - ' )  ( J m o l - I K - ' )  (pprn) 


I 4-NOz 0.778 0.710 330 0.383 +0 .002  0.64 0.9999 81 301.9 68.91 2 2.50 123.43 2 7.53 16.20 
2 4-COzEt 0.552 0.398 290 0.839 2 0'008 1.02 0.9999 79 137.6 66.07 f 4.73 125.52 2 14.24 17.01 
3 S-COzEt 0.398 0.552 275 1 .56020.017 1.07 0.9999 89 74.0 61.71 50.67  133.47 2 2.09 17.66 
4 4-Br 0.232 0.391 275 2.438 2 0 . 0 2 5  1.03 0.9999 92 47.4 6 6 . 1 9 2  1.30 1 1 5 . 9 0 5  3.77 18.49 
5 H 0 0 270 3 .147+0.018 0.58 1.0000 89 36.7 6 4 . 5 2 5  1.42 119.24 f 4.18 18.89 
6 4-OEt -0.250 0.150 275 5.951 5 0 . 0 3 1  0.52 1.0000 93 19.4 5 9 ' 8 7 2 0 . 6 3  128 .032  2.09 19.92 


"concentration of esters 2 . 5  x  moll-'. 
'Ref. 8. 


"Chemical shift of intramolecular hydrogen-bonded protons in 2-pyridinecarboxylic acid N-oxides (acetonitrile solution. 0.3 
Precentage to which the reaction was followed. 


rnol I - ' ) .  
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Figure 2. Plot of logk,br. for the acid hydrolysis of 2- 
carboethoxypyridine N-oxides vs chemical shift of intramol- 
ecular hydrogen-bonded protons in parent acids (A6 = 6~ - SR) 


The above findings suggest that the acid hydrolysis of 
2-carboethoxypyridine N-oxides occurs via an interme- 
diate intramolecular hydrogen bonds. The pK, values 
of substituted pyridine N-oxides vary from - 1.7 to 
4.0 and the protonation of the N-oxide group in acidic 
media is almost quantitative. Hence the direct pro- 
tonation of a carboethoxy group, which would lead to 
the classical tetrahedral intermediate, is precluded since 
the carboethoxy group is not only much less basic but 
additionally is involved in strong intramolecular hydro- 
gen bonds. 


The strong intramolecular hydrogen bond increases 
the electrophilicity of the carbonyl group, which in turn 
facilitates the nucleophilic attack of molecule of water, 
i.e. the rate-determining step (8 + 9) (Scheme 1). Hence 
the stronger the intramolecular hydrogen bond, the 


I0 11 12 


Scheme 1 


more easily hydrolysis occurs. The first step of the 
mechanism (Scheme l),  involving protonation of the 
N-oxide group (1-6 -+ 8), and the last step (11 + 12), 
diffusion-controlled deprotonation, are not considered 
to  be rate determining because proton transfers are 
known to occur much faster than the hydrolysis pro- 
cess. '' 


IR studies of the protonated compounds 1-6 in 
acetonitrile showed, that the esters 1-6 may easily 
undergo proton transfers to  give a tautomeric form 13 
(Scheme 2). l 3  According to  this equilibrium, the 


8 13 


Scheme 2 


electron-releasing substituents cause an increase in the 
hydrogen bond strength, i.e. they can accelerate the 
hydrolysis reaction. 


Intramolecular hydrogen bond participation in ester 
hydrolysis has been extensively studied. These investiga- 
tions are important to the understanding of biological 
mechanisms because enzymes are believed to  act as 
exceedingly efficient catalysts, at least in part, by bring- 
ing together at the 'active site' the various basic, 
nucleophilic or acidic groups in a very favourable orien- 
tation of particular reactions. 


A study of a number of derivatives of compound 14 
showed that at low p H  the general acid catalysis 
mechanism dominates and comparison with analogous 
systems where the intramolecular proton transfer pro- 
cess is not available suggest that the intramolecular 
catalysis result in a 25-100-fold rate enhancement." 


m 
~ 1 - N  + N-N 0 A 


H- ,N 


&y==3 2 


14 15 


Similarly, the intramolecular participation of the 
o-hydroxy group in the aminolysis of phenyl salicylate 
has been established, showing that such compounds are 
more reactive than analogues lacking the hydroxyl 
substituent. '' 


Compounds 2 and 3 possess two ester groups but 
only one of them can form intramolecular hydrogen 
bonds. Therefore, the reactivities of these groups are 
expected to  be very different and indeed only one, that 
at position 2, hydrolyses under the investigated condi- 
tions. 


The proposed mechanism is strongly supported by 
thermodynamic parameters of activation. As can be 
seen from Table 1, the entropies of activation for the 
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hydrolysis of 1-6 are ca - 124 Jrnol-IK- ' ,  and are 
about 20 J mol-' K - '  lower than those for aliphatic and 
aromatic esters where intramolecular hydrogen bond 
participation in the hydrolysis process is not possi- 
ble.23-2s The reactions that take place by way of cyclic 
transition states typically have negative entropies of  
activation because of the loss of rotational degrees of 
freedom with the introduction of a high degree of order 
in the activated complex. Hence the more negative 
entropy of activation for the acid-catalysed hydrolysis 
of 2-carboethoxypyridine N-oxides in relation to reac- 
tions proceeding via a classical AAc2 mechanism forces 
the conclusion that the transition state has a higher 
degree of order, which is undoubtedly introduced by 
intramolecular hydrogen bonding. 


The calculated free energies of activation, AG * , 
for the acid hydrolysis of 1-6 decrease from 
110.01 kJmol- '  for R = 4-NOt to  102-50 kJ mol-' for 
R = 4-OEt. For the acid hydrolysis of ethyl benzoate, 
where intramolecular hydrogen bond participation does 
not occur, this value is 117.0 kJ mol-'.23 Therefore the 
decreased values of the free energy of activation, 
AG * , again demonstrate the participation of intra- 
molecular hydrogen bonding in the acid hydrolysis of 
2-carboethoxypyridine N-oxides. 


CONCLUSIONS 


Analysis of the measured rate constants for the acid 
hydroIysis of 2-carboethoxypyridine N-oxides by linear 
free energy relationships shows that the reaction 
undoubtedly proceeds via intermediates with intramol- 
ecular hydrogen bonds. An increase in the hydrogen 
bond strength by electron-releasing substituents causes 
an increase in reaction rate. The reduced value of the 
free energy of activation for the transition state formed 
by a carboethoxy group at position 2 compared with 
those at position 3 or 4 allows the diesters to be con- 
verted to monoacids very selectively. 


EXPERIMENTAL 


The ethyl esters 1-6 and the parent acids were prepared 
according to  the literature procedures. 26-L8 


' H  NMR spectra were measured at  6 0 M H z  on a 
Varian 360 spectrometer in acetonitrile solution 
(0 .3  moll- ').  A11 chemical shifts were reported to a 
sharp solvent resonance signal and then converted to  
6 values. All preparations and transfers for NMR 
measurements were carried out in a carefully dried 
glove-box. 


UV spectra of reactants and products were measured 
on a Pye Unicam PU 8800 spectrophotorneter. 


Kinetics were followed by UV spectrophotornetry by 
monitoring the decrease in ester absorbance at fixed 
wavelengths. Tightly stoppered UV cells (I = 1 c y )  used 
as the reaction vessel were controlled to  f 0 . 4  C in a 
cell basket inside the UV spectrophotometer by a Pye 


Unicam Cell Temperature Controller. Pseudo-first- 
order rate constants were calculated from the slopes of 
conventional plots of In(c1- cZ)/(c - c2) vs time.*' 
Such plots were linear to  a t  least 80% completion and 
the k&. values were reproducible to  ca. 1%. 
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PHOTOCHEMISTRY OF PYRIDINIUM SALTS 1. 
INTRAMOLECULAR CHARGE TRANSFER IN 


N-AMINO-SUBSTITUTED PYRIDINIUM CATIONS 


VLADIMIR M. FEYGELMAN: YAKOV R. TYMYANSKII, NADEZHDA I. MAKAROVA AND 
MICHALL I. KNYAZHANSKIIf 


Insritute for  Physical and Organic Chemistry, Rostov State University, Rostov-on-Don 344104, USSR 


SERGE1 I .  DRIJZHININ, AND BORIS M .  UZHINOV 
Department of Chemistry, Moscow State University, Moscow 119899, USSR 


The photophysics and photochemistry of N-amino-substituted pyridinium salts were investigated. Electron transfer 
from the amino group to the pyridinium ring takes place in the singlet excited state. The fluorescence quenching and 
photoreactivity of these compounds is conditioned by this process. Irradiation of N-aminopyridinium salts in solution 
leads to novel fused heterocycles or to triphenylpyridine, depending on the concentration of the initial compound. Free 
radical intermediates are involved in the photoreaction. 


INTRODUCTION 


Aryl-substituted pyridinium salts are convenient 
substrates for the investigation of several different 
photoinduced processes, such as fluorescence with 
anomalous Stokes shift (ASS), intramolecular charge 
and energy transfer and photochemical reactions. These 
processes are strongly coupled to photo-induced struc- 
tural relaxation in the excited state.' We regard the 
structural relaxation as the motion of the molecule 
along the reaction coordinate toward the minimum of 
its one-minimum potential energy surface in the excited 
state. This minimum can correspond to either a 
coplanar structure with maximum overlap of the or- 
bitals of the interacting chromophores [an in- 
tramolecular charge-transfer (CT) state] or to a TICT 
structure with a minimum overlap of the orbitals of the 
nearly orthogonal coupling chromophores. I t  has been 
established previously that in aryl-substituted 
pyridinium salts the first singlet excited state has the in- 
tramolecular CT nature. Aromatic substituents become 
coplanar to the pyridinium ring in the excited state. ' 


I n  the development of these ideas, in this work we 
investigated some photo-induced processes in 
I-amino-2,4,6-triaryl-substituted pyridinium perchlor- 
ates (1-4) which contain strong electron-donor groups 
at the nitrogen atom. N-Methyl-substituted compounds 
5-8 were used as the models. 


EXPERIMENTAL 


General. Electronic absorption and luminescence 
spectra were recorded on a Specord M-40 (GDR) 
spectrophotometer and an Elumin 2M (USSR) 
spectrofluorimeter, respectively. The fluorescence decay 
time was measured with an SP-70 (Applied 
Photophysics) nanosecond spectrometer. Distilled 
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ethanol was used as a solvent. For preparative 
photochemical reactions, a quartz photoreactor of 
0.5 dm3 volume with a 230 W unfiltered high-pressure 
mercury lamp was used. 'H NMR spectra were recorded 
on a Varian XL-100 spectrometer. Proton chemical 
shifts in acetonitrile-d3 are reported in ppm downfield 
from HMDS as an internal standard. IR spectra were 
recorded on a Specord IR-75 (GDR) spectrophotometer 
and mass spectra on a Finnigan 4021 instrument. Tran- 
sient absorption was measured by conventional flash 
photolysis, r = 20 ps. 


Compounds 1-3 were synthesized as previously 
r e p ~ r t e d . ~  Salt 4 was prepared according to the 
literature. All methyl-substituted cations were obtain- 
ed from appropriate pyrylium saIts in the usua1 way.6 


Procedure for photochemical syntheses. 1,3-Diphenyl- 
[4a,10] -dihydropyrido [ 1,2-b] -2H-indazole (9) was 
prepared as follows. A solution of salt 1 (20mg) in 
500 ml of ethanol was irradiated at  room temperature 
for 5 min in a photoreactor. A low concentration of 
reactant was used to prevent bimolecular processes. The 
solvent was removed under reduced pressure and the 
residue was washed with hexane. The solution was then 
evaporated and the solid was recrystallized from hexaFe 
to yield 9, a yellow crystalline solid, m.p. 127-129 C 
(decomp.), yield 60-70 per cent. 'H  NMR, 6 7.10-8.10 
(m, 13H, aromatic), 8.65 (s, H-3, pyridinium ring) 8.67 
(s, H-5, pyridinium ring); IR (Nujol), 1650, 1620, 1600, 
1560, 1505, 1415, 1220, 1180, 1090, 1050,880,780,760, 
735 and 710 cm-'; MS, m/z (relative intensity) 320 (100, 
M ' ) ,  319 (71, M -  l),  243 (9, 77 (12). Analysis for 
C23H16N2: calculated, C 86.26, H 5.00, N 8.74; found, 
C 85.90, H 5.02, N 8.69%. 


1 -Phenyl-3-(p-methoxyphenyl)- [4a, 101 -dihydropyrido 
[ 1 , 2 4 1  -2H-indazole (lo), prepared by the same p ~ o -  
cedure, is a brown crystalline solid, m.p. 81-83 C 
(decomp.), yield 50-60Vo. ' H  NMR, 6 3.87 (s, 3H, 
OCH3), 7.10-8.10 (m, 13H, aromatic), 8.54 (s, H-3, 
pyridinium ring), 8.56 (s, H-5, pyridinium ring); IR 
(Nujol), 1650, 1615, 1585, 1560, 1525, 1505, 1430, 1310, 
1270, 1195, 1115, 1050, 850, 800 and 710 cm-'; MS, 
m / z  (relative intensity) 350 (16, M + ) ,  349 (85, M -  I ) ,  


336 ( 8 5 ) ,  77 (38). Analysis for C24HlsNzO: calculated, 
C 82.30, H 5.14, N 7.99; found, C 81.66, H 5.18, N 
7 .87 Yo. 


RESULTS AND DISCUSSION 


Absorption spectra of N-amino-substituted compounds 
1-3 and 4 are similar to those of corresponding 
N-methyl-substitute~d cations 5 and 6 (Figure 1). There 
is no observable band associated with intramolecular 
C T  between directly connected strong electron-donor 
and -acceptor groups. This is attributed to the high 
a-electron density on the pyridinium nitrogen atom,' 
and also the orthogonality of the amino group to the 
pyridinium ring which results from steric hindrance. 


9,  103 cm-' 
Figure 1. Spectral properties of compounds 1-6 at 293 K in 
ethanol (numbers on the curves are the compound numbers) 


Table 1 .  Fluorescence properties of pyridinium salts 1--6 


293 K 
77 K: 


Compound A,,,,,, (nm) @ f  nr (ns) Kr (lo9 s C ' )  A,,,, (nm) 


385 I 
1 (dication) 439 0.001 


315 2 43 5 0.009 - - 


3 43 5 0.29 1.4 0.21 315 
5 435 0.32 1.4 0.23 315 


6 460 0 . 2  1.58 0.13 405 


- - - - 
- - - 


4 460 0.025 0.3 (0.5) 0.83 (0.05) 395 
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Compound 1 does not fluoresce at room temperature, 
in contrast to model 5 (Table I ) .  However, the 
fluorescence quantum yields increase as methyl sub- 
stituents are introduced into the amino group, and 
approach that of 5 in the case of cation 3. At the same 
time, the fluorescence spectra of 2 and 3 are identical 
with that of cation 5 (Figure I ) .  ASS fluorescence 
belongs to the intramolecular CT structure with 
coplanar 2,6-phenyl rings, as has been observed 
previously in 5 .  ' Fluorescence quenching is associated 
with the competitive process of the formation of the 
non-fluorescent intramolecular CT state, resulting from 
torsional twisting of the amino group in the excited 
state, accompanied by electron transfer from the amino 
group to the pyridinium ring. The efficiency of forma- 
tion of the non-fluorescent CT state decreases strongly 
in the series of compounds 1-3 as steric hindrance for 
structural relaxation increases (Table 1). It is interesting 
that the strongest electron donor, the dimethylamino 
group, causes the smallest perturbation of the fluor- 
escent transition. Compounds 3 and 5 have almost iden- 
tical fluorescent spectra, quantum yields and rate con- 
stants (Table 1). Electron-transfer efficiencies are 
expected to decrease as the pyridinium ring electron- 
acceptor ability decreases. Introduction of the electron- 
donor OCH3 group into the molecule (4) leads to a 
decrease in the electron-acceptor ability of the 
pyridinium ring in comparison with cation 1. As a 
result, 4 is fluorescent at room temperature, unlike salt 
I .  


Protonation of the amino group leads to appearance 
of biscation 1 fluorescence at room temperature (Table 
1) and also to an increase in the fluorescence intensity of 
biscation 2 in comparison with the cation. Neither the 
fluorescence spectrum nor the quantum yield of 3 is af- 
fected by the acidity of the Folution. Therefore, it is 
probable that protonation of the cation 3 does not take 
place under the experimental conditions, i.e. in a 1 M 
ethanolic solution of sulphuric acid. The last result is in 
good agreement with the previously reached conclusions 
about the low basicity of sterically hindered dimethyl- 
amino groups (cf., e.g. Ref. 8). 


If intramolecular CT in the excited state occurs, there 
is also the possibility of fluorescence quenching by inter- 
molecular electron transfer. ' Model compounds 5-8 
were investigated and triethylamine (TEA) was used as 
an electron donor. We failed to detect any changes in 
the long-wavelength absorption band as the concen- 
tration of TEA increased to 0.01 M. However, the 
possibility of fluorescence quenching by ground-state 
complex formation (static mechanism) was taken into 
account by using the equation'" 


Z n / I = ( l  + K [ D I ) ( l  +Kq70[Dl)  ( 1 )  


where [ D ]  is TEA concentration, 10 and I are 
fluorescence intensities in absence and presence of TEA, 
respectively, 70 is the excited state lifetime when 


[ D ]  = 0 and K and K ,  are measured static and dynamic 
quenching constants, respectively. I f  i t  is remembered 
that 


(2) 


where T is the lifetime of the SI  state in the presence of 
TEA, one can calculate K and tiqr measuring 10/1 and 
4 7  independently. 


The experimental results are given in Table 2 and 
Figure 2.  The observed decrease in the dynamic quen- 
ching constant K ,  in the series of compounds 5-8 is in 
good agreement with the decrease in the electron- 
accepting ability of the pyridinium ring within the 
series, as determined by the number and positions of the 
donor substituents. Static quenching takes place only in 
the most electron-accepting triphenylpyridinium cation 
5. The dynamic constant in this case approaches the 
diffusion-controlled rate (Kdlt = 6 x 10' 1 mol-'  s - I ) .  


It was also of interest to investigate the quenching of 
the fluorescence of dimethylamino-substituted com- 
pound 3 by TEA. The observed increase in the static 
quenching constant in comparison with model com- 
pound 5 is attributable to the o-accepting influence of 
the sterically hindered dimethylamino group. The bulky 
dimethylamino group also hinders the electron transfer 
from the TEA molecule to the cation. As a result, the 
dynamic quenching constant for 3 is less than that for 5.  


We conclude that the formation of the non- 
fluorescent intermolecular CT state is characteristic for 
N-amino-substituted pyridinium cations. The efficiency 


1 + Kq7o[D] = 701'7 


Table 2. Constants of dynamic ( K q )  and static ( K )  quenching 
of the fluorescence of the pyridinium salts by triethylainine 


Compound 


Constant 8 7 6 5 3 


K ,  (lo9 I mo l - ' )  1.93 2.16 3 .0  5.2 3.6 
- 2.8  3.5 K I mol- ')  - - 


I 9h f 
1.5 


m Y 


'j 
>1 1.0 
9 
w 
.A 
D k 0.5 


5 40 c ,  10-2 1,; 


Figure 2. Quenching of the fluorescence of compound 5 by 
triethylamine in ethanol 
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of this process depends on both electronic and steric fac- 
tors. The mechanism we suggested is in good agreement 
with that proposed by Mariano9 for electron-transfer 
fluorescence quenching in pyridinium and related aza 
aromatic salts, containing electron-rich olefins as 
N-substituents. 


Let us now look at the same process from another 
point of view. Electron transfer leads to  a biradicaloid 
electronic configuration in the singlet excited state 
(Scheme 1). Such a structure is expected to have a high 


R 


Scheme 1 


reactivity.'," Indeed, irradiation of dilute solutions of 
I or 4 results in irreversible changes in the absorption 
spectra (Figure 3), corresponding to  photoconversion to 
fused photoproducts 9 or 10, respectively (Scheme 2). 


1 1  R = C6H5 


12 R E p-C6H40CH3 


9 R = C6H5 


70 R = p-C6H40CH3 


Scheme 2 


44 4 0  38 32 28 3. l o 3  cm-' 
Figure 3 .  Photo-induced transformation of compound 1: ab- 
sorption spectrum. Curves 1 ,  2, 3 and 4, 0, 30, 60 and 90s of 
irradiation with the 313 nm line of a mercury lamp, respec- 


tively; c = 4 x 10- ' h.~ 


Novel 1,3-diaryl- [ 4a, 101 -dihydropyrido [ 1,241 -2H- 
indazoles 9 and 10 were isolated. Elemental analysis 
data and mass spectra confirmed the molecular for- 
mulae. Compounds 9 and 10 are bases soluble in 
alkanes. There are no characteristic bands of the amino 
group or perchlorate anion in the IR spectra, but there 
is a new band of the C=N bond in the strained five- 
membered ring (1650 cm-'). In 'H NMR spectrum of 
9 there are only signals of the aromatic protons, whereas 
in the spectrum of 10 there is an additional signal of the 
methyl group (3.87 ppm). Symmetry breaking in 9 and 
10 leads to non-equivalence of the 3,5-pyridine protons. 
Their signals in the region of 8.64 and 8 . 5 5  ppm for 9 
and 10, respectively, are a pair of singlets with chemical 
shifts difference of about 0.02 ppm. According to 
quantum-chemical calculations on the condensed 
polycyclic part of the molecule by the INDO method, I' 


the electronic structure of the photoproduct is of the 
betainic NC-N- type. This is confirmed by the UV 
absorption spectrum, which is similar to that of a pure 
betaine resulting from salt I in basic media. 


Photoproducts 9 and 10 are accompanied by 
2,4,6-triarylpyridines 11 and 12. The yield of side- 
products increases as the initial concentration rises. 
Increasing the concentration of initial compound 1 from 
2 x M leads to a dramatic increase in 
the triphenyl pyridine yield from 0 to  57 per cent. 
Because the pathway of the phototransformations of N- 
amino-substituted pyridinium cations depends on con- 
centration, the photoreaction mechanism must involve 
both mono- and bimolecular processes. Quenching of 
the triplet state of the cation 1 (El = 22000 cm-I)  by 
naphthalene (Et = 21 000 cm- ' ;  C = 0.1 M) shows that 
the photoreaction 1-9 proceeds only via a singlet 
excited state. The triplet level energy was determined by 
recording the phosphorescence, which proved to be of  
a biphenyl type, as with other 4-phenyl substituted 
cations. ' Flash photolysis of the cation 1 indicates that 
a reaction intermediate with a broad long wavelength 
absorption (X 450-650 nm, 7 12 ms) exists. On the other 
hand, flash photolysis of the photostable model com- 
pounds 5 and 3 showed no evidence for any transient 
absorption. 


According to all the experimental data available one 
can suggest the mechanism of photoinduced processes 
shown in Scheme 3. The singlet-excited biradicaloid 
structure 12 (cf. Ref. 9) transforms with elimination of 
a hydrogen atom into free-radical intermediate 13 (as in 
Ref. 13), which can be observed in the flash-photolysis 
experiment. Its lifetime decreases from 12 to 7 ms as the 
concentration of the initial compound increases from 
2 x M. Radical cation 13 may disap- 
pear by two routes. Depending on the initial compound 
concentration, a unimolecular pathway leads to cation 
14, which is unstable in pure ethanol and converts to 
final photoproduct 9. Cation 14 may be observed by 
means of the UV spectrum of 9 in a 0 .3  M ethanolic 


to 2 x 


to 2 x 
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9 44 


Scheme 3 


solution of perchloric acid. A competitive bimolecular 
pathway proceeds via electron transfer from radical ca- 
tion 13 to  cation 1, resulting in the appearance of bisca- 
tion 15 and radical 16. Antiaromatic biscation 15 
transforms readily into cation 14 and then into base 9. 
Radical 16, after the elimination of the amino group, 
gives 2,4,6-triphenylpyridine (11). The evidence for the 
last reaction was proved by conversion of salt 1 to the 
pyridine 11 on reduction on a sodium mirror. 


CONCLUSION 


The results confirm the bichromophoric nature ' of 
N-substituted pyridinium cations in which the N-sub- 
stituent does not interact with the remainder of the 
molecule in the ground state. Photoexcitation leads to 
structural relaxation and the formation of the highly 
reactive intramolecular CT state responsible for the 
fluorescence quenching. Such an approach gives an op- 


portunity to explain both the photophysical and the 
photochemical properties of N-substituted pyridinium 
cations from a common viewpoint. 
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CORRELATION OF MOLECULAR MECHANICS AND NMR 
DATA: CONFORMATION AND CONFIGURATION OF THE 


MEERWEIN LACTONES 


JEAN STANLEY, ASTRID MATALLANA, AND CHARLES A,  KINGSBURY* 
Department of Chemistry, University of Nebraska, Lincoln, Nebraska 68588-0304, USA 


A method for relating averaged NMR parameters with point-by-point geometries for MM2 calculations is given for 
mobile molecules, e.g. 6-lactones. This method permits the identification of cis/rrans geometry in cases where a 
complete set of isomers is not available. 2-0xa-3r,4c,5t-triphenylcyclohexanone is prepared by condensation of 1,2- 
diphenylethanone with 3-phenylpropenal. The initially formed biscarbonyl adduct undergoes an internal Cannizzaro 
reaction forming a hydroxy ester, which lactonizes during work-up. The stereochemistry of the hydride transfer in the 
Cannizzaro reaction is consistent with the Felkin rule for asymmetric induction. The configurations of this and related 
lactones were studied through observation of NMR coupling constants, reductions to hemiacetals and molecular 
mechanics calculations. The most stable conformations are found to be a boat form for the parent lactone and a half- 
chair form for two isomers. The half-chair and boat forms lie near in energy for all isomers. The calculation 
techniques outlined illustrate that it is incorrect to consider only chair and boat forms; many intermediate 
conformations exist. Difficulties with previous IR methods of analysis are discussed. 


It is difficult to  relate NMR data (an average over all 
conformations) to  the results of molecular mechanics 
calculations on specific conformations. The problem is 
exacerbated in molecules with shallow energy minima, 
such as the Meerwein lactones studied here. This study 
covers initial results in the correlation of ‘averaged’ 
NMR data with ‘point-by-point’ MM2 calculations. 
This correlation method, when fully developed, may 
have several applications: (1) identification of cis/truns 
isomerism (especially in cases where a full set of isomers 
is not available); (2) evaluation of force-field constants; 
and (3) determination of whether all low energy confor- 
mations have been located. 


b-lactones seldom if ever occupy a classical chair 
conformation. ’ Allinger and co-workers consider the 
conformation of lactones to  be the result of interplay 
between two factors: the tendency for the ester group to  
maintain coplanarity and the torsional and steric 
demands of the hydrocarbon part of the molecule, 
giving a staggered shape. 


In other work, infrared, UV, ORD/CD and NMR 
methods have been used to study the conformation of 
 lact tone^.^-^ Literature results generally have been 
interpreted in terms of two conformations, the half- 
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chair (1) or  the half-boat form (2).4*6-15 In many 
studies, the data indicated a preference for the half- 
chair form,’-” although the boat form was considered 
to  be dominant in a few  instance^.^"^'^^ ORDfCD data 
seem to give different results than other experimental 
data. 14-15 


PRESENT WORK 


MeerweinI6 prepared the lactones of interest (cf. 3) by 
condensation of ketones, i.e. 1,2-diphenylethanone (4), 
with 3-phenyl-2-propenal (5) yielding a biscarbonyl 
compound (6), which then undergoes an internal 
Cannizzaro reaction involving hydride transfer from 
the aldehyde to  the ketone group. Under work-up 
conditions, the hydroxy ester 7 lactonizes to form 3. 


The structure of the major product 3a (trans-cis) is 
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P 0 


Ph - CH = CH - CHO H 
Ph U L  


5 6 


7 
3 


consistent with the Felkin-Anh predictions of asym- 
metric induction. The phenyl group at C-5 is anti to  
the hydride being transferred in the transition state of 
the Cannizzaro reaction. This observation suggests that 
the asymmetric induction predictions are independent 
of the possible ion-pairing effects of counter ions. Ion 
pairing or aggregation is a concern in other studies 
establishing stereochemistry, i.e. Grignard reactions or 
hydride reductions. 


- Ph-D I 


Ph 


CONFIGURATION O F  LACTONES 


Tables 1 and 2 list the NMR data for the lactones 
(3a-c) and the hemiacetals (8a,b) derived from 3a,b by 
reduction. As expected, the observed NMR coupling 
constants of 3a,b did not provide a clear indication of 
configuration. However, the hemiacetals were con- 
sidered likely to  occupy relatively pure chair forms, and 
thus cis-trans relationships are more clearly indicated. 


In the I 3 C  spectrum (cf. Table 2), the axial group at 
C-6 of 8a gives rise to  an upfield shift at this carbon. 
The axial Ph at C-5 in 8b gives an upfield shift at this 


Table 1. 'H chemical shifts (ppm) for the lactones and 
hemiacetaka 


0 


Lactones Hemiacetals 


Proton 3a 3b' 3c 8a 8b 


Ha(eq)d 3.03 2.92 3.23 2.19 2.21 
Hb(axfd 3.03 3-06 2-95 2.31 2.71 
Hc 3.56 3.94 3.70 3.20 3.73 
Hd 3.61 3.68 3.25 3.44 3.56 
He 5 . 8 1  6.09 5.51 5.74 5.37 


a Spectra for 3a-c were taken in CDC13 solution at 360 MHz. 
For 8a,b the solvent was pyridine-ds (300 MHz). 
bFor 8a and Sb, the anomeric hydrogen is at 5.75 and 
5.59 ppm respectively. 
' A  45a,3 of ca 0.8 Hz is found for the 1,3-pseudoequatorial 
hydrogens. 
d A ~ .  and eq. refers to  the half-chair hydrogens. 


Table 2. I3C chemical shifts (pprn) for the lactones and 
hemiacetals 


Lactones Hemiacetals' 


Carbon 3a 3b 3c 8a 8b 


c - 2  171.4 170.5 170.4 92.8 96.6 
c - 3  37.0 31.6 37.9 36.3 32.2 
c - 4  42.1 43.3 44.3 45.1 44.3 
c - 5  52.5 50.8 54.7 53.8 50.4 
C-6 81.9 84,4 86.3 71.4 78.3 


carbon and C-3. Skew forms may also be important in 
8a, as C-4 undergoes no upfield shift. l9 


The data for the hemiacetals are consistent with 
geometry of the phenyl substituents as shown in Scheme 
1. For 8a, the axial hydroxyl results from the axial 
C-6-Ph group blocking si approach of hydride in the 
reduction step. In 8b, the normal si approach of 
hydride has occurred, aided somewhat by blockage of 
re approach by the axial C-5-Ph. The low 35 values 
(Table 4) are indicative of gauche hydrogens at  C-4, C-5 
and C-6, and are in agreement with this structure. The 
3 J  values for 8a are similarly corroborative, despite the 
probable lack of complete conformational purity. Since 
3c is the minor product in the formation of 3a, the C-6 
epimeric structure shown is indicated. 
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Scheme 1. Low-energy conformers of 3a-d 
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CALCULATION METHODS 


The results of molecular mechanics calculations on the 
lactones are given in Table 3. In order to relate MM2 
calculations to the average NMR parameters, 2o the 
dihedal driver option of MM2 was used. Beginning 
from previously determined half-chair and boat minima 
of energy, rotations on either side of  the minimum were 
carried out using the dihedral driver option of MM2. In 
practice, conformations of 1 . 5  kcal above the overall 
minimum had negligible weights, and later calculations 
ignored structures of ca 2 kcal above the minimum. 


At each point of the array of structures, J was cal- 
culated using the technique of Altona and co-workers 
[equation ( l ) ]  or of Gandour and co-workers [equa- 


3c" 


tion (2)] ,22 and weighted according to  the MM2 steric 
energy. These two methods provided similar data. The 
summation over all MM2 structures [equation (3)] pro- 
vided an expectation value for the coupling constant. 22 


3 J ~ ~  = Pi COS' @' + p2 COS @' + p3 
+ C A x i [ P 4  + p5 COS2(& + p6 1 AXi 1 )I (1) 


J(HCCH) = A + B cos 0 + C cos 20 
4 


+ C A S  cos e cos +HX, (2) 
i =  I 


(3) 
C JHH exp( - S E / R T )  


C exp( - SEIRT) 
JT = 


With regard to  possible difficulties, the 'lagging' phe- 
nomenon reported by Allinger er al.23 should be noted. 
If a given dihedral angle is rotated and the energy 
minimized in all other degrees of freedom, it is found 
that a complementary full rotation does not occur else- 
where in the molecule. However, the energy may still be 
fairly accurate. By rotating on either side of a pre- 
determined minimum, it was hoped that the effects of 
'lagging' would be minimized. Lagging proved to be 
most serious at low energies, however. Near the energy 
minimum, a 5" rotation zf the main angle gave a much 
smaller rotation (e.g. 2 ) of adjacent angles, but at 
higher energies, a larger (e.g. 3.5") corresponding 
change in adjacent angIes occurred. 


MM2 essentially provides relative internal energies of 
the conformers, not free energy. Therefore, entropy is 
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not considered. If a given ring conformer permits facile 
rotation of a side-chain group, and another confor- 
mation does not. The present procedure has no easy 
way of incorporating the entropic advantage of the first 
conformer. 24 


RESULTS 


For the parent lactone, 3a, the boat forms generally had 
lower energies than the half-chair forms. In agreement, 
a strong NOESY interaction was observed for H, and 
H d ,  which are trans-diaxial in the half-chair form, but 
closer in space in the boat form. The chair form with 
two axial phenyls and one equatorial phenyl, although 
of surprisingly low steric energy (ca 11-12 kcal), is a 
minor contributor. 


Summing over 31 conformations gave a calculated 
Jcd  of 6 . 8  Hz [equation (l)]  or 6 . 2  Hz [equation (2)], 
in fair agreement with the observed '5cd of 7 . 9  Hz (cf. 
Table 4). Rotation of 2-3-4-5 provided values of 1 1  - 8  
and 4 . 9 H z  for 'JaC and 'Jbc (observed, 12.7 and 
5 . 2  Hz). Variation of 1-6-5-4 gave ' Jde  = 4.7  Hz (ob- 
served, 5.1). 


For 3b, the half-chair form is calculated to  be slightly 
more stable than the boat form (by ca 0 . 4  kcal). Sum- 
ming over 17 conformations, the calculated 3Jcd  of  
5 .2  Hz was greater than the observed 3.fcd of 4 .2  Hz. 
A 'Barfield correction', as  recommended by Altona, is 
included in the calculation (cf. Experimental). 21925 The 
boat forms have a high contribution to  J as their 
weights are fairly high. Further, the hydrogens are 
nearly eclipsed (cf. 3b", Scheme 1) and the instrinsic 
coupling constant is large. 


The calculations disclosed a family of fairly stable 
conformations in between the pure boat and half-chair 
forms. The calculations showed that rotations of the 
C-3-C-4 bond is the most likely path for half-chair to 
boat interconversion, with a barrier of ca 2 kcal. The 
alternative chair form, i.e. with two axial and one equa- 
torial phenyl groups, was also investigated but was 


found to  have a high steric energy. The alternative boat 
form having a bowsprit phenyl group is also strongly 
disfavored. 


On rotating the 1-6-5-4 angles, good agreement of 
the calculated 'Jde of 3 - 6  Hz with the observed value of 
3 . 5  Hz was found. However, on rotating 2-3-4-5, the 
calculated 'JaC and 33bc  of 4 - 4  and 9 . 4  Hz were not in 
good agreement (observed, 5 . 2  and 13-9Hz).  The 
difficulty in the latter case may not lie entirely with 
MM2, as '5bc = 13-9 Hz is near the maximum afforded 
by equation (1) for a single optimum dihedral angle. 


The small 3b' - 3b" energy difference (0 .4  kcal) 
seems extraordinary, as eclipsed phenyl groups are pres- 
ent in the boat forms. Toward the end of this study, cal- 
culations using MM2 (87) became possible. This version 
gives a larger energy difference (3b' - 3b", 0 . 8  kcal). 
However, since the energy difference seemed very low, 
and since the correlation of calculated vs observed cou- 
pling constants showed substantial deviations, a search 
for improved bending, torsional, etc., parameters was 
instituted. 


Although isomer 3c occupies a seemingly stable half- 
chair conformation with equatorial phenyl substituents, 
the half-boat forms were calculated to lie only ca 
0.5 kcal higher than the half-chair form (cf .3~ '  vs 3c" 
in Table 3). However, a NOESY interaction was found 
for protons H b  and He, which form a 'bowsprit' inter- 
action in the boat form, but are distant in the half-chair 
form, thus corroborating the importance of the boat 
form. Summation over 21 structures gave a calculated 
35cd  of 11.7 Hz [equation (I)] (observed 10.3 Hz). As 
in the case of 3b' vs 3b", the improved bending energy 
in the half-boat forms counteracts the higher torsional 
energy giving roughly isoenergetic half-chair and boat 
forms.2 The calculation data for other couplings for 3c, 
listed in Table 4, show better agreement. 


The calculated coupling constants are critically 
dependent on the relative energies of the chair vs boat 
forms. Thus, an increase of 0 . 3  kcal in the boat vs half- 
chair energies causes a sizable change in the calculated 


Table 4. Calculated vs observed coupling constants (Hz) 


3a 3b 3c 
Coupling 
constant Obs. Orig." TGb Obs. Origa TGb Obs. Orig." TGb 


3 d  J,, 5 . 2  4 . 9  4 . 6  5 . 2  4 . 4  4 . 2  6 .5  5 . 2  5 . 5  
Jbc 12.7 11.8 11.6 13.9 9 . 4  11.5 9 .8  9 . 2  9 .6  
Jcd 7 . 9  6 .8  7 . 9  4 . 2  5 .2  4 . 2  10.3 11.7 11.6 
Jde 5 . 1  4 . 7  4-1 3.5 3.6 3 . 4  10.9 10.6 10.5 


a Calculated using original MM2 parameterization adjusted for 'hard phenyls' (see Experimental). 


'The observed coupling constants for 813 are 'JaC= 3 . 3  Hz, &= 13.7, 35cd=9'2, '.Idc= 5.8 ,  
'JCf=6.3  and '&= 5 - 9  (the last two of the anomeric hydrogen). For Sb, 'J , ,=2 .3  Hz, 


dAll values were determined using equation (1). 


' 10th generation' parameters (see Experimental). 


3Jbc= 13.9, ' 5 ~ d ~ 4 . 4 ,  ' 5 d e = 2 ' 3 ,  'Jar=2'0, 'Jbf=9'4. 
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35 (e.g. ca 1 Hz in some cases). In an attempt to  find 
MM2 parameters that would provide a better fit of the 
35 data, a series of adjusted bending parameters were 
investigated. The energy of the half-chair vs the boat 
form is critically dependento on the C-0-C(0) bond 
angle. This angle is ca. 120 in all chairs forms,owhich 
is substantially above the optimum value of 109 . The 
boat forms are less strained [C-0-C(0) angles ca. 
114"). Thus, most of the initial parameter changes 
involved this angle. Even so, an improved fit of 35 did 
not evolve. The best data occurred where slightly 
increased van der Waals constants were used for 
phenyl, thus increasing the energy of the boat form 3b", 
which has eclipsed phenyls. Slightly increased torsional 
parameters were also used for the eclipsed case. These 
'10th generation constants' led to  a ca 1.4 kcal energy 
difference (313' vs 3b"). 


The predicted coupling constants using the '10th gen- 
eration' parameters (Table 4) are indeed in better agree- 
ment with the observed data for 3b, although the 
agreement for 3a,c is not improved. 


Infrared data 
A review of the infrared absorptions of 3a showed a 
broad absorption with a major peak at  1745 cm-' and 
a shoulder at 1757 cm-I. For 3b, there is a major peak 
at 1730cm-I and a better defined shoulder at 
1737 cm-'. For 3c, the main peak occurs at 1731 and a 
well defined shoulder at 1740 cm-'. It seems that these 
shoulders rnay result from the boat form. The 
broadness of the 3a absorption may result from many 
conformations. However, as the boat form has been 
assigned an absorption range of 1758-1765 cm-' (half- 
chair, 1730--1750 ~ r n - ' ) , ~ ~ ~ ~ ' ~ ~ ' ~  none of these peaks, 
except the shoulder on 3a absorption, clearly lay in the 
half-boat region. If  only infrared data were available, 
the conformations would have been assigned as half- 
chair. 


CONCLUSIONS 


The Boltzmann summation technique using MM2 steric 
energies is useful in establishing cisltrans relationships 
in mobile molecules, where observed NMR coupling 
constants are unrevealing. Although the agreement 
between calculated and observed conformers is inexact, 
the method is sufficiently accurate to  resolve the identity 
of the isomers. The data in Table 4 differ markedly 
from the predicted coupling constants of the fourth lac- 
tone 3d (which was not isolated) (cf. Scheme 1). The 
predicted coupling constants are 3Ja, = 3 -9,  'Jb, = 3.1, 
3 J c d  = 3.2 and 35d,  = 7 - 3  Hz, clearly much different 
than those observed for 3a-c (Table 4). This technique 
is currently being tested with some success on  five- 
membered rings, where NMR coupling constants are 
completely untrustworthy as a guide to geometry. How- 


ever, more exact predictions of coupling constants 
await the evolution of improvements in the utilization 
of equation (1) and in such factors as the MM2 dihedral 
driver. 


This technique present strong evidence that the 
lactones in this study occupy both half-chair and boat 
conformers with many low-energy states in between, 
not one conformation or the other, as often suggested 
in early work on similar compounds. 


EXPERIMENTAL 


5-0~0-3,4,5-triphenylpentanal. (6). Prepared by the 
method of Meerwein,16 m.p. 176-177 " C  (lit.I6 m.p., 
176.5-177°C); IR (CHC13), 1730 (CHO) and 
1690 cm-l (ketone C=O); NMR, 69.3 (m, I ,CHO),  
2.55 (m,2,CH2), 4.23 ( m , l , P h C H )  and 4 . 9  
(dd, I ,  PhCH).  


I-Oxa-4r,5t,6t-triphenylcyclohexan-2-one (3a). P!e- 
pared by the method of Meerwein,l6 m.p. 141-142 C 
(lit. l6 m.p., 140-141 "C); IR, 1745 cm-' (lactone 
C=O); NMR data are given in Tables 1 and 2. 


I-Oxa-4r,5t,6c-triphenylcyclohexan-2-one (3c). Pre- 
pared by the method of Meerwein,I6 m.p. 171-172'C 
(lit.I6 m.p., 171-172°C); IR (thin film, NaCl), 
1731 cm- '  (lactone C=O). 


I-Oxa-4r,5c, 6c-rriphenyicyclohexan-2-one (3b). Pre- 
pared via hydrolysis, oxidation to the keto acid and 
reduction, by the method of "Meerwein, l6  m.p. 
171-172'C (lit.I6 m.p., 168-170 C); IR (thin film, 
NaCl), 1730 cm-' (C=O). 


I-Oxa-4r, Sc, 6c-triphenylcyclohexan-2-01 (8b). The 
lactone 3b was dissolved in the minimum volume of hot 
dimethyl sulfoxide, then ethanol was added up to  the 
point of insolubility. NaBH4 was added in small 
increments to  the stirred solution. When an excess of 
borohydride was apparent, the mixture was stirred 
overnight. After ca 24 h, fine white crystals appeared; 
water was added, and the crystals were filtered and 
recrystallized from ethanol. The crude hemiacetal was 
purified by flash chromatography, giving product of 
m.p. 181-183°C; IR (CHCh), 3590 (free OH), 
965 cm-' (eq. OH); mass spectrum (CI) for C23H2202, 
330 gmol- ' ,  m / z  (relative intensity) 331(1.7), 313(9*6), 
295(11), 270(23), 269(100), 133(28-7), 127(10.8) and 
105(28*8). 


I-Oxa-4r,5t,6t-triphenylcyclohexan-2-oi (8a). The 
lactone 3a (2.0 g, 6 mmol) was dissolved in 20 ml of dry 
tetrahydrofuran and cooled to ca -70°C with dry- 
ice-propan-2-01. The solution was equilibrated at  this 
temperature for ca 5 min, then an excess of 20% 
diisobutylaluminum hydride (DIBAL) (9.0 ml) in 
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hexane was added dropwise over 4min ,  and the 
resulting mixture stirred at  - 7 0 ° C  for 1 h. The 
solution was then slowly added to  5 ml of acetic acid in 
1 2 g  of ice. The aqueous layer was extracted with 
dichloromethane and the solvent reduced in volume 
with rotary evaporation, whereupon crystals appeared 
(crude yield, 1 .6  g). The product was purified by flash 
chromatography (10 : 1 light petroleum ether-ethyl 
acetate), giving a product of m.p. 131-133°C; IR 
(CHCl3), 3685 (free OH) and lOlOcm-' (ax. OH); 
mass spectrum (CI) for C23H2202, 330gmol- l ,  m/z  
(relative intensity) 33 l(95 *5), 313(100), 270(8.2), 
269(36- 5), 180( 14.8), 135(3 l ) ,  133( 12.3) and 105( 15 * 5 ) .  


Spectral data. All IR spectra were taken on a Perkin- 
Elmer 283 instrument. Most spectra were run as 
solution spectra in CHCl3 (alcohol removed), although 
some few were run in CHzClz or CCL or as thin films. 
The carbonyl absorptions mentioned under 
Conclusions were variable in position & 5  cm-I, 
depending on concentration. 


In a typical I3C NMR determination, usually run on 
a Varian XLlOO (or later on a VXR200) instrument, 
5-kHz spectral width was used with an approximate 45 
tip angle; approximately 7000 transients were collected 
at a pulse repetition time of 1 s. The transformed peaks 
were referenced to CDCl3 taken as 76.9ppm. An 8K 
data table gave an intrisic accuracy of kO.05 ppm. 


In a typical 'H NMR determination, a Nicolet 
WP360 or Varian VXR200 instrument was used, 
operating at  360- 1 or 200 MHz. A 10 ppm window was 
observed using a 32K data table, giving an intrinsic 
accuracy of + 6 x  ppm. The spectra were 
simulated with various versions of LAOCON, 
principally the IBM PC version of LAOCON/3.26 
Trouble was encountered in the iterative mode of 
operation of this program in the version accompanying 
the NMR instrument; the best results were 3a, rms error 
0.064; 3b, 0.153; and 3c, 0.124. The hemiacetal data 
were not fitted well and the entries in Table 1 (best fit 
by individual peak matching) should not be taken as 
highly accurate. One problem was the growth of the 
anomeric form. The very large 'JaC of  13.9 Hz for 3b 
was duplicated by LAOCON simulation of both 
360 MHz and by manual calculation of the ABX part of 
a 100 MHz spectrum. 


The coupling constants for 3a were determined from 
a spectrum run in acetone-&, as the CDCl3 spectrum 
gave extensive superposition of peaks. The chemical 
shifts are from the CDCl3 spectrum, however and 
owing t o  extremely close separation of resonances these 
are fairly rough. 


The NOESY samples were deoxygenated by 
entrainment (by passing nitrogen through the NMR 
sample until half the original volume of CDCl3 was 
evaporated). The spectra were run on a Varian VXR200 
instrument using the parameterization set-up by the 


instrument computer. In a typical run, an 1100-Hz 
window was used with the phase-sensitive mode of 
operation of NOESY. A total of 32 transients were 
collected per each of 64 increments using 512 data 
points in each domain and a 'mix' time of 0 .1  s.  COSY 
and homonuclear J correlation experiments were also 
run, which were not additionally informative. 


Calculation techniques. Calculations were done 
using MM2(77) on an IBM 4381 mainframe. Selected 
low-energy conformations were checked by using 
MM2(87) on a VAX 785, using full a minimization, and 
on a AT version of MM2(85). The differences in the two 
programs seemed to  involve the treatment of phenyl 
groups. The critical parameterization of the lactone 
function appeared to  be the same in the two programs. 


In order to ensure identification of the minimum 
energy conformation for the half-chair and the boat 
forms, extensive rotation of the side-chain phenyl 
groups using the dihedral driver option was carried out. 
The phenyls were rotated singly and in groups. This did 
lead to  significant improvements in the steric energies, 
especially for 3b. The resulting new minimum was 
reminimized without constraint. This provided the basis 
for the dihedral driver rotation of the internal ring 
bonds. 


In order to  provide the input data for the program 
LACA, which calculates the expected coupling 
constants, MM2 was used to  rotate each internal bond 
on either side of the gre-determined minimum a set 
numFer of degrees (5 ). Using a smaller increment 
(2.5 ) did not appear to improve the final results. Thus, 
to  calculate 'Ja, or ' Jb ,  the carbons 2-3-4-5 were 
rotated. It was considered inappropriate to  rotate 
hydrogens per se, as the carbons underwent almost no 
change accompanying a rather large change in the 
H-C-C-H dihedral angle. Thus the energy changes 
reflected a twisting of  hydrogens, rather than a basic 
change in conformation of the b-lactone ring. 


In the application of equation ( l ) ,  the term was 
exp2citly defined only for dihedral angles of 60" or 
180 (for the coupled proton vs an electronegative 
group). In order to  assess the effect of electronegativity 
of other conformations, calculations of the effect of 
electronegativity on 3 J  were performed using the 
program FINITE (QCPE 224), giving the information 
shown in Scheme 2." Although the couplings are 
obviously too large in some cases, the effect of the 
electronegative OH function was clear. The salient 
features are that O H  reduces J not only when it is anti 
to  one H ,  but when it is eclipszd withoH. Therefore, [ 
was taken as 1 fo,r angles of 30 to  150 , but aso- 1 for 
angles above 150 and - 1.2 for angles of 0-30 . More 
complex assignment of parameters improved the 
calculated coupling constants marginally. The original 
calculations used 0f~O.8 for 0 < 30°, 1 for 0 = 30-80" 
and - 1 for 0 > 150 . In practice, the factor caused a 
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Scheme 2. Coupling constants calculated by FINITE 


0.7 Hz variation in couplings in some cases, but usually 
the differences were k 0 - 2  Hz. 


The original parameterization for the carbonyl 
function contained a disturbing element, namely that 
theosum of the intrinsic angles around C=O is not 
360 . Therefore, an optimization of the calculated 35 
values was attempted by varying these bond angles, and 
the C-0-C(0) bond angle by trial-and-error. It 
turned out that the carbonyl angles did not affect ' J  
very much, although the C-0-C(0) angle was 
crucial. Eventually, the time-consuming trial-and-error 
approach was replaced by estimation of the bond angle 
bending constants based on MNDO calculations. The 
best technique, in our hands, seemed to  ,be a ver j  small 
change in the angle in question (2 or 5 ) and 
observation of the increase in energy. Care was taken 
that van der Waals interactions or other parameters 
changed minimally. A set of simultaneous equations 
gave values for each carbonyl angle. The final data 
used (cf. 'TG' data, Table 3), involved atom types 


0 =  125.3 ; 6-3-7, K(b)=  1.1,  B =  116.8 ; and 
1-6-3, K(b)=0-95 ,  0 =  110.0". The MNDO 
calculations were done on molecules such as cis-formic 
acid and cis-methyl formate. Even with formic acid, the 
intrinsic angle for C-0-C(0)  did not appearbo be 
correct from MNDO (1 14"). Only values near 110 gave 
a reasonable fit to ' J ,  and this was used. 


1-3-6, {(b) = 1.05, 0 = 117.9 ; 1-3-7, K(b) = 1.0, 


The final '10th generation' constants used to bring 
the ' J  values for 3b into more reasonable agreement 
involved slightly increased van der Waals parameters 
for the sp2 carbon (eps=0.044, R * =  1.96), and a 
more stringent torsional interaction for eclipsed 
phenyls, i.e. for 2-1-1-2, VI = 2 . 3 ,  V 2 = 0 - 1 7  and 


At the time the original calculations were made, a 
'hard phenyl' was used in order to  reduce the 
calculation time. Thus, the 2-2 stretching parameter 
was taken as 10.0, with a natural length of 1.397 A. 
The out-of-plane bending parameter for 0-2-2 was 
taken as 4.0; the in-plane 2-2-2 bending constant was 
taken as 4.0 with a natural angle of 120". Later, the 
predicted coupling constants for 3a were checked 
against the predictions using the native MM2 
parameterization. The differences were of the order of 
0.1 Hz. 


V,=0.19. 
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VISCOSITY AND DIELECTRIC PROPERTIES OF LIQUID BINARY 
MIXTURES 


JOZEF MAZURKIEWICZ AND PIOTR TOMASIK* 
Department of Chemistry and Physics, Hugon Kohktaj Academy of Agriculture, 30 059 Cracow, Poland 


The stoichiometry of solvates formed in some binary solvent systems is presented and types of interactions in such 
systems are discussed based on changes in viscosity and dielectric properties. 


INTRODUCTION 


Viscosity is an important property of liquids and gases 
in connection with the transport of liquids through 
pipelines and biological membranes, heat transfer, 
orientation and reorientation of solutes in liquid media 
(broadening of chemical shifts in NMR), etc. The vis- 
cosity of liquid mixtures is of particular interest for 
both theoretical and practical reasons. So far it cannot 
be predicted from the viscosities of individual compo- 
nents. This problem remains unsolved in spite of several 
models that have been proposed. '-I7 Among others, 
for this purpose rheology may be a useful tool for 
studying of intermolecular interactions in liquid media. 


It has been reported that viscosity is useful in the 
determination of the stochiometry of solvates in binary 
mixtures of solvents.'8,'9 The wide range of possible 
interactions allows the distribution of binary mixtures 
into four groups and six sub-groups depending on the 
shape of the viscosity isotherms. The shape of these 
isotherms usually deviates from theoretical functions 
constructed under the assumption that the viscosity of 
both components is additive and that any interrnol- 
ecular solvent-solvent interactions are effectively 
absent. 1,13,18 Usually polar intermolecular interactions 
cause more pronounced deviations from the above- 
mentioned additivity. They are responsible for either 
maxima or minima of the isotherms on viscosity- 
molar fraction diagrams. The maxima correspond to a 
favourable composition of structural units in solution 
consisting of solvates of molecules of one solvent sur- 
rounded by a certain number of molecules of the second 
solvent. A lack of maxima on the isotherms is inter- 
preted as the result of intervention of merely weak 
(exchange) interactions. 


* Author for correspondence. 


It is shown in this paper that this point of view is not 
generally valid. Moreover, it is shown that the change 
in viscosity of binary solvents is correlated with a newly 
introduced Ae/Ac parameter, the absolute concentra- 
tion coefficient of the dielectric constant. Similarly, a 
Ae/At  parameter can be defined, the absolute tempera- 
ture coefficient of the dielectric constant. The latter is 
useful in studying the effect of temperature on the 
dielectric constants of binary systems. Both parameters 
seem to be convenient tools for investigating interac- 
tions between molecules of pure solvents and of binary 
mixtures. Their application supplements the obvious 
utility of dielectric constants as parameters for the 
characterization and classification of solvents20'2' and 
also for the interpretation of the behaviour of ionic 
species in solution. 


RESULTS AND DISCUSSION 


Table 1 reports viscosities measured as a function of 
concentration in To (mole/mole) and in 'To (w/w). The 
first mode of presentation of the results is useful for the 
determination of the stoichiometry of solvates, and the 
second for discussing of the viscosity-dielectric con- 
stant interrelations. 


These data are additionally illustrated by diagrams 
for (i) binary mixtures of water with acetone, acetic 
acid, methanol, ethanol, propan-1-01, acetonitrile, 1,4- 
dioxane, dimethyl sulphoxide, pyridine, formamide, 
and N,N-dimethylformamide, with concentrations 
expressed in 9'0 (mole/mole) (Figure 1) and in 'To (w/w) 
(Figure 2); (ii) for binary mixtures of cyclohexane with 
methanol, ethanol, propan-1-01, 1 ,4-dioxane, acetone, 
acetic acid, acetonitrile, formamide and N,N- 
dimethylformamide, with concentrations expressed in 
TO (wlw) (Figure 3); and (iii) for binary mixtures of 


Received 28 February 1989 
Revised 17 October 1989 


0894-3230/90/080493-10$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 







Table 1. Viscosity, q (cP), at 25 'C of some binary mixtures at various concentrations, C 


Water-methanol Water-ethanol 


c (070,  wlw) C (070,  mole/mole) t (CP) c (070, w/w) C (070. mole/mole) t (CP) 


0 0 0.89 0 0 0.89 
7.3 4.3 1.07 7 .3  2.9 1.16 


13.6 8.2 1 -23 13-6 5.5 1.43 
19.1 11.8 1.40 19.1 8 .1  1.71 
24.0 15.1 1.48 24.0 10.4 1.93 
32.1 21.1 1.56 32.0 14.8 2.16 
38.6 26.3 1.58 38.5 18.7 2.30 
44.0 30.8 1-57 44.0 22.2 2.37 


49.5 26.1 2.41 
56.7 31.6 2.47 


49.5 
56.7 42.6 1.45 
66.3 52.7 1.30 66.3 40-2 2.25 
72.4 59.7 1-16 72.4 46.5 1.90 
79,7 69.0 1.03 79.7 55.2 1.66 
88.7 82.0 0.81 88.7 67.9 1.34 


100 100 0.54 100 100 1.09 


35.8 * 52 


Water-propan-1-01 Water- N, N-dimethylformamide 


0 
7 .4  


13.8 
19.4 
24.3 
32.4 
39.0 
49.4 
49.9 
57.1 
66.6 
72.2 
79.9 
88.9 


100 


0 
2.4 
4.6 
6 - 8  
8 -8  


12.6 
16.2 
19.4 
23.2 
28.7 
37.6 
44.6 
54.7 
70.7 


100 


Water-acetone 


0.89 
1.19 
1.51 
1.58 
1.93 
2.23 
2.42 
2.55 
2.63 
2.63 
2.57 
2-55 
2.43 
2.26 
2.00 


0 
8.6 


15.9 
22.1 
27.4 
36.2 
43.0 
48.6 
54.1 
61.2 
70.2 
75-9 
82.5 
90.4 


100 


0 
2.3 
4.5 
6.5 
8.5 


12.3 
15.7 
18.9 
22,6 
28.0 
36.8 
43.7 
53.8 
70.0 


100 


Water-acetic acid 


0.89 
1.07 
1.27 
1 -44 
1.66 
1.94 
2.15 
2.25 
2.47 
2.49 
2.34 
2.24 
1.86 
1.36 
0.80 


0 
7 - 3  


13.6 
19.1 
24.0 
32.0 
38.3 
44.0 
49-5 
56.7 
66.3 
72.4 
79.7 
88.7 


100 


0 
2.4 
4.7 
6 .9  
9.0 


12.9 
16.5 
19.8 
23.6 
29.1 
38.2 
45.1 
55-2 
71.2 


100 


Water-pyridine 


0.89 
1 -03 
1.16 
1.28 
1.35 
1.37 
1.42 
1.31 
1.22 
1.05 
0.89 
0.71 
0.58 
0.42 
0.30 


0 
9.5 


17.9 
23.8 
29.5 
38.5 
45.5 
51.1 
56.6 
63.5 
72.3 
77.6 
83.9 
91.2 


100 


0 
3.2 
6.2 
9.0 


11.6 
16.5 
20.8 
24.7 
29.1 
35.3 
45.1 
52.1 
62-1 
76.6 


100 


Water-dimethyl sulphoxide 


0.89 
1.07 
1.24 
1.36 
1.45 
1.60 
1.80 
1.90 
2.05 
2.18 
2.34 
2.40 
2.36 
2.06 
1.13 


0 0 
8.9 2.2 


16.4 4.3 
22.7 6 .3  
28.1 8 .2  
37.0 11.8 
43.8 15.1 


0.89 
1.07 
1.23 
1.40 
1.54 
1.74 
1.90 


0 
9.9 


18-0 
24.8 
30.5 
40.0 
46.7 


0 0.89 
2.0 1.08 
3.9 1.30 
5.7 1.53 
7.5 I .78 


10.8 2.31 
13.9 2.64 
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Table 1. Continued 


Water-methanol Water-ethanol 


c (%, w/w) C (To, mole/mole) 9 (CP) c (070. w/w) C (To, mole/mole) T (CP) 


49-4 
54.9 
62.0 
70.9 
76.5 
83.0 
90.7 


100 


18.2 2.00 
21.8 2-09 
27.1 2.19 
35.8 2.26 
42.6 2.22 
52.7 2.06 
69.0 1.69 


100 0.88 


Water-acetonitrile 


52.3 
57.8 
64.6 
73.2 
78.5 
84.5 
91.6 


100 


16.8 
20.2 
25.2 
33.6 
40.2 
50.2 
67.0 


100 


Water- 1 ,4-dioxane 


3.04 
2.32 
3.62 
3.77 
3.56 
3.17 
2.61 
1.96 


0 
7.2 


13.5 
18.9 
23.7 
31.8 
38.3 
43.7 
49.2 
56.4 
66.0 
72.1 
79.5 
88.6 


100 


0 
3.3 
6.4 
9.3 


12.1 
17-1 
21.6 
25.6 
30.0 
36.4 
46.2 
53,4 
63.2 
77.5 


100 


Water-formamide 


0.89 
0.96 
0.99 
0.99 
0.96 
0.89 
0.86 
0.82 
0.77 
0.70 
0.59 
0.54 
0.47 
0.40 
0.34 


0 
9.3 


17.1 
23.6 
29.1 
38-1 
45.1 
50.7 
56.2 
63.1 
71.9 
77.4 
83.7 
91.1 


100 


0 
2.1 
4.1 
6.0 
7.8 


11-2 
14.4 
17.4 
20.9 
26.0 
34.5 
41.3 
51.4 
67.9 


100 


Cyclohexane-methanol 


0.89 
1.08 
1.25 
1.38 
1.52 
1.71 
1.81 
1.90 
1.97 
1.98 
1 -90 
1.80 
1.62 
1.39 
1.26 


0 
9 .9  


18.1 
24.9 
30.7 
40.1 
46.9 
52.6 
58.1 
64.9 
73.7 
78.9 
84.8 
91.9 


100 


0 
2.9 
5 . 5  
8.1 


10.4 
14.8 
18.7 
22.2 
26.1 
31.6 
40.2 
46.5 
53-2 
67.9 


100 


Cyclohexane-propan- 1-01 


0.89 
0.96 
1.03 
1-11 
1.18 
1.21 
1.36 
1.44 
1.53 
1.60 
1.71 
2.06 
2.21 
2.52 
3.30 


0 
9.1 
16.7 


23.1 
28.6 
37.5 
44.4 
50.0 
5 5 . 5  
62.5 
71.4 
76.9 
83.3 
90.9 


100 


0.90 
0.88 
0.91 
0.96 
1.00 
1.10 
1-18 
1.26 
1.32 
1.39 
1.52 
1.59 
1.69 
1.81 
2.00 


62.5 
71.4 
76.9 
83.3 
90.9 


100 


Cyclohexane-ethanol 


0.61 
0.58 
0.56 
0-55  
0.55 
0.54 


37-5 
44.4 
50.0 
5 5 . 5  
62.5 
71.4 
76.9 
83-3 
90.9 


100 


0.87 
0.86 
0.87 
0.87 
0.88 
0.90 
0.94 
0.96 
1.02 
1.09 


cyclohexane- N,  N-dimethylformamide 


62.5 
71-4 
76-9 
83.3 
90.9 


100 


0.76 
0.76 
0-75 
0.74 
0.78 
0.80 


(continued) 
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Table 1. Continued 


Water-methanol Water-ethanol 


c (070, wlw) C (070,  mole/mole) 9 (CP) c (To, wlw) C (070,  mole/mole) 9 (CP) 


Cyclohexane-acetone Cyclohexane-acetonitrile 


0 
9.1- 
16.7 
23 ' 1 
28.6 
37.5 
44.4 
50.0 
55.5  
62.5 
71.4 
76.9 
83.3 
90.9 
100 


Cyclohexane- 1,4-dioxane 


0.90 
0.74 
0.63 
0.57 
0.54 
0.49 
0.45 
0.42 
0.40 
0.37 
0.35 
0.34 
0.33 
0.31 
0.30 


0 
9.1 
16.7 
23.1 
28.6 
37.5 
44.4 
50.0 
55.5 
62.5 
71.4 
76.9 
83.3 
90.9 


100 


Methanol-ethanol 


0.90 
0-88 
0.87 
0.86 
0.86 
0.89 
0.91 
0.94 
1.01 
1.02 
1.04 
1.07 
1.12 
1.18 
1.26 


0 
17.0 
29.0 
38.0 
44.0 
50.0 
56.0 
62.0 
71.0 
83.0 
100 


0.54 
0.55 
0.56 
0.58 
0.62 
0.66 
0.70 
0.75 
0.80 
0.85 
1.09 


88.0 
92.0 
95.0 


100 


Cyclohexane-acetic acid 


0.35 
0.34 
0.34 
0.34 


0 
9.1 
16.7 
23.1 
28.6 
37.5 
44.4 
50.0 
55.5 
62.5 
71.4 
76.9 
83.3 
90.9 
100 


0 
17.0 
29.0 
38.0 
44.0 
50-0 
56.0 
62.0 
71.0 
83.0 


100 


0.90 
0.81 
0.72 
0.71 
0.68 
0.69 
0.70 
0.72 
0.74 
0.77 
0.80 
0.82 
0.84 
0.95 
1-13 


Methanol-N, N-dimethylformamide 


0.54 
0.57 
0.58 
0.59 
0.60 
0-62 
0.64 
0.67 
0.72 
0.75 
0.80 


Methanol-dimethyl sulphoxide 


0 
17.0 
29.0 
38.0 
44.0 
50.0 
56.0 
62.0 
71.0 
83.0 


100 


0.54 
0.57 
0.60 
0.65 
0.70 
0.14 
0.81 
0.90 
1.05 
1.20 
1.96 
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O%solvent 10 20 30 40 5 0  60  70 80 90 1 
100 % H,O C 


Figure I .  Viscosity-concentration [in 070 (rnole/mole)] isotherms for aqueous binary mixtures with ( ) acetone, ( A ) acetic acid, 
( x )  methanol, (t-) acetonitrile, ( v  ) 1,4-dioxane, (+ )  propan-1-01, (I) dimethyl sulphoxide, ( 7 )  pyridine, ( 0 )  N,N-dimethyl- 


formamide, 0 ethanol and (+) forrnarnide 


methanol with N,N-dimethylformamide, ethanol and 
dimethyl sulphoxide, with concentrations also 
expressed in 070 (w/w) (Figure 4). 


The stoichiometry of the structural units of the sol- 
vent which corresponds t o  the viscosity maximum of 
the binary mixtures (if it differs from the viscosity of a 
pure component) is given in Table 2. These data are 
calculated based on the position of the maximum on the 
viscosity-concentration curves, with concentrations 
given in 070 (mole/mole). 


The variations of the absolute temperature coefficient 
of the dielectric constant (A&/At)  for several solvents 
are given in Table 3, and the variations of the absolute 
concentration coefficient of the dielectric constant 
(A&/Ac)  for mixtures of water with ethanol, acetone 
and 1,4-dioxane are given in Table 4. 


A graphical presentation of the relationships between 
the data in Table 4 and the viscosity of these systems is 
given in Figure 5.  The results of a statistical evaluation 
of these reIationships are given in Table 5.  These data 
are related to  two sets of points, i.e. to  those which 
describe ascending (from pure water) and descending 
(to pure non-aqueous solvent) portions of the curves in 
Figure 2. 


It is found that there is no simple relationship 


between the stoichiometry of the favourable aggregate 
(solvate) formed in binary solvents and the polarity of 
the two components expressed as dielectric constants, 
refractive indices and various sets of empirical solvent 
polarity parameters such as that of Winstein-Grun- 
wald, Kosower, Dimroth-Reichardt, 24*25 Kamlet26 and 
Pytela. ’’ Undoubtedly, the lack of such correlations is 
due to the fact that viscosity is a parameter that 
describes the overall situation of the solution whereas 
empirical solvent polarity parameters usually reflect 
certain well defined components of such overall inter- 
actions. Moreover, various parameters considered here 
differ from one another in their character. Thus, some 
of them are thermodynamic whereas others (e.g. the 
dielectric constants) are not. 


The rheological properties of a solution depend also 
on the volume and shape of the molecules which form 
heterosolvates and homosolvates. 13,28 Therefore, any 
prediction of the solvate composition responsible for 
the maximum viscosity of binary systems seems to  be 
impossible. Nevertheless, some qualitative conclusions 
can be drawn. The curves for aqueous binary mixtures 
(Figures 1 and 2) usually exhibit maxima, whereas the 
curves for binary mixtures of cyclohexane (Figure 3) are 
concave with very broad minima, as already observed a 
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Figure 2. Viscosity-concentration [in % (w/w)] isotherms for aqueous binary mixtures with solvents as specified in Fig. 1. Symbols 
as in Fig. 1 


long time ago.2g This is also in agreement with earlier 
statements by Fialkov," who found that such a shape 
of isotherms is typical of weak exchange interactions 
between the two components of such binary solvent 
mixtures. 


Surprisingly, even binary mixtures of methanol with 
N,N-dimethylformamide, ethanol and dimethyl 
sulphoxide (Figure 4) d o  not exhibit any maxima. The 
assumption that methanol interacts with these solutes 
via exchange interactions is unlikely. The curve for 
aqueous formamide is also concave upwards, i.e. the 
concave downwards pattern of the isotherms for 
aqueous binary solutions is not a general case. 
Moreover, it is also difficult to believe that only 
exchange interactions exist between such highly dipolar 
molecules. The shape of the isotherms does not depend 
clearly on the difference in the polarities of the two 
components of the binary system. It solely reflects the 
polarity resulting from the mutual orientation of the 
molecules in solution to  form solvates. The polarity of 


particular kinds of molecules may be high but the 
solvates formed between them d o  not necessarily 
interact with one another very effectively. Comparison 
of the results presented here for acetic acid with those 
included for other solvent mixtures clearly supports this 
statement. 


The concave downwards pattern of the isotherms 
given in Figures 1 and 2 may induce attempts to  develop 
a more quantitative approach to  their interpretation. 
This can be based on the determination of the slope of 
tangents to ascending (from pure water) and descending 
(to pure non-aqueous solvent) portions of the isotherms 
and of the positions of the maxima of these isotherms. 
However, neither portion of the isotherms is linear and 
they exhibit more or  less concave shapes themselves. 
This introduces a lack of precision in the treatment. 
This non-linearity reflects an important factor, namely 
the hydrodynamic property of the resulting binary mix- 
tures in addition to the polarity of the solvates formed 
as the composition of the system changes. It is more 
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Table 2. Stoichiometry of some solvates 


System Stoichiometrya 


Methanol-water 
Ethanol-water 
Propan- I-01-water 
Dimethyl sulphoxide-water 
Acetonitrile-water 
N,N-Dimethylformamide-water 
1,4-Dioxane-water 


1:2 
1 :2 
1:3 
1 :2 
1 :9 
1 :2 
1:3 


a Calculated from the maxima of viscosity 


reasonable to shift the discussion in a more quantitative 
direction, utilizing both of the above-mentioned 
parameters, i.e. A.c/At and A&/Ac .  The data in Table 3 
show that the change in the former is negligible in the 
case of binary mixtures of components of low polarity. 
In contrast it changes noticeably if the components of 
solutions are polar. Thus, A c / A t  measures the far- 
distance ordering of molecules in solution. 


The result of the treatment of the experimental data 
by means of AE/Ac is illustrated in Figure 5 .  There are 
three pairs of linear q-A&/Ac  relationships. The lines 
labelled 1 relate to ascending portions of the isotherms 
from Figure 1 and those labelled 2 relate to  descending 
portions of the same isotherms. The deviations of the 
points from these straight iines measure the hydro- 
dynamic factor, which evidently varies in a different 
manner in all three binary mixtures under considera- 
tion. 


Evidently, there are two mechanisms (two distinct 
compositions of effects) which are responsible for the 
formation of solvates. They relate to the manner of 
preparation (either solvent A is diluted with solvent B, 


Table 4. Variation of viscosity as a function of the absolute 
coefficient of the dielectric constant for some binary systems 


Ascending line Descending line 


Binary system 7 (cP) AE/Ac 7 (cP) A & / A c  


Acetone-watei 


Ethanol-water 


1,4-Dioxane-water 


0.54 
0.545 
0.549 
0.560 
0.571 
0.595 


0.570 
0.575 
0.580 
0.585 
0.590 
0.600 
0.610 


0.817 
0.832 
0.847 
0.852 
0.858 
0.866 
0.874 


0-9696 
1-1211 
1.2423 
1.3332 
1.3938 
1 .5444 


1.1211 
1.3635 
1.6059 
1.8180 
1 .9998 
2-1816 
2.2725 


0.9999 
1.1817 
1.3332 
1.4241 
1.5150 
1.6362 
1.7271 


0.621 
0.614 
0.606 
0.605 
0.605 
0.595 
0.585 
0.564 
0.544 
0.538 
0332 
0.580 
0.560 
0.550 
0.540 
0.530 
0,520 
0.495 
0.470 
0.425 
0.380 
0.814 
0.767 
0.721 
0.650 
0.579 
0.482 
0.386 


1.3635 
1.2726 
1.1514 
1 .0605 
0.9696 
0.8181 
0,7272 
0.6363 
0.5454 
0.4545 
0.3636 
2-4543 
2.3634 
2.2422 
2.1210 
1 .9998 
1 .9089 
1.7574 
1.6059 
1.4544 
1 .2726 
2.0301 
1.9998 
1.9392 
1.8180 
1.6665 
1.4847 
1-3332 


Table 3 .  Change of the absolute temperature coefficient of the dielectric constant (Ae/At)  for some solventsa 


A & / A t  
~ ~~~ 


A t  ('C) Water Cyclohexane Benzene Chloroform Methanol Ethanol 


0.180 0-5 1.95 
5-10 1.93 
10-15 1.89 
15-20 1.86 0.016 0.020 0.180 2.10 1.63 
20-25 1.72 
25-30 1.89 
30-35 1.75 
35-40 1.72 


0.016 


0.016 


0.020 


0.019 


0.180 


0.166 


2.00 


1.86 


1.51 


1.42 


0.016 0.020 0.162 1.75 1.34 


0.016 0.021 0.150 1.25 


1.18 


40-45 1.69 
45-50 1.65 
50-55 1.62 
55-60 
60-70 


"Calcu[ated from data tabulated in Refs 22 and 23. 
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Figure 5 .  Viscosity-absolute concentration coefficient of dielectric constant relationships for aqueous binary mixtures with 
(a) ethanol, (b) acetone and (c) 1,4-dioxane 


Table 5 .  Relationships between viscosity and absolute concentration coefficient of dielectric constant [v = a(A&/Ac)  - b] 


Binary system Line a b ra Sb nc  


Acetone-water 1 7.7 f 5 - 8  3.1 f 3.2 0.882 0.18 6 
2 21.6 f 4-6  11.7 2 2.7 0.962 0.34 11 


Ethanol-water 1 36.0 f 8-0 19.Of 5.0 0.980 0-43 7 
2 9.6 f 1-4  2.9 2 0.7 0.985 0.39 10 


1,4-Dioxane-water 1 12.8 f 1.3 9.4 f 1.1 0.996 0.25 7 
2 1.7 f 0.2 0.7 f 0.2 0.992 0.27 7 


a Correlation coefficient. 


‘ Number of experimental points. 
Standard deviation. 


or solvent B is diluted with solvent A). One of them 
causes a change in viscosity of the binary system along 
lines 1 and the other along lines 2. 


Following other attributes, these relationships can be 
interpreted as follows. The range of variation of AE/Ac 
for both solvation mechanisms for a given binary 
mixture, i.e. A(AE/Ac)I  and A(Ae/Ac)z,  measures the 
deviation from the additivity of dielectric constants of 
these systems which takes place when either the first or 
the second mechanism is involved. These parameters 
are helpful in deducing whether the structure of the 
solvate is more or less polar, i.e. whether these solvates 


are capable of stronger or  weaker interactions with one 
another. Polar solvates interact more strongly and 
A(A E/Ac) is small. Hence the hydrodynamic properties 
of acetone-water and water-acetone binary systems 
vary significantly and irregularly. These properties vary 
in the case of ethanol-water whereas in the case of 
water-ethanol mixtures they are constant. The changes 
in hydrodynamic properties for 1,4-dioxane-water and 
water- 1,4-dioxane binary mixtures are stable. Addition 
of ethanol to water leads to  the formation of solvates 
which interact with one another less strongly than 
solvates resulting from the addition of water to ethanol. 
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There are very strong interactions between solvates 
formed from 1,3-dioxane with water added, and much 
weaker interactions between solvates from water with 
1 ,Cdioxane added. 


Both straight lines 1 and 2 are described by the equa- 
tion y = ax + b with x = XI - xo as the magnitude of 
the deviations from zero. Thus, the corresponding 
equations take the following forms, respectively: 


7 = [A~/A(AE/Ac)]  [ (A&/Ac)i  - (AE/Ac)oI + 171 (1) 


7 = [Aq/A(A&/Ac)l [ (Af /Ac) i  - (Ac/Ac)ol + 9 2  (2) 
where [Aq/A(A&/Ac)] is the slope (tan a) of the lines, 
which reflects the hydrodynamic and polar properties of 
the solvates, and (Ac/Ac)o corresponds to  the original 
value of this coefficient, i.e. the magnitude of this 
coefficient for pure solvents which constitute a binary 
mixture. The statistical treatment of the data points to  
a high credibility of the proposed approach. 


EXPERIMENTAL 


The viscosity measurements (with ca 1 % accuracy) were 
carried out by means of a Zimm rotatory viscos- 
imeter, 30 modified by providing for the preparation of 
binary solutions inside the chamber of the device. 3 1  The 
weight of the rotor can be adjusted to the viscosity of 
the mixture being studied. The apparatus was addi- 
tionally equipped with an automatic timer measuring 
the velocity of the rotor under a constant meniscus for 
pure solvents and their mixtures. The measurement 
temperatures were 298 and 313 K, maintained with a 
precision of _+0-01 K .  


The solvents used in the measurements were of 
analytical-reagent grade and water was redistilled. 


The dielectric constant data were taken from the 
literature. 22.23 
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The equilibrium adduct from the Michael reaction between lithium dimethylphenylacetamide enolate and methyl 
cinnamate has been studied by means of 'Li, I3c and 'H N M R  and I R  spectroscopy as well as by electrical 
conductivity measurements in THF and diethyl ether. The 'Li N M R  and the electrical conductivity measurements 
data are consistent with a triple ion structure of [ A - M + A - ] -  M+ type, favoured in THF. All other spectral data 
support an intramolecular chelation in the triplet fragment. 


INTRODUCTION 


In the course of a recent study on the addition of 
sodium and lithium N,  N-dialkylphenylacetamide 
enolates to cinnamic acid dialkyl amides and esters and 
to  cinnamic aldehyde, we observed a high thermo- 
dynamic diastereoselectivity (erythro : threo = 5 : 9 3 ,  
explained by stabilizing chelation in the reaction 
adduct. Such chelation has been postulated previ- 
ously to explain the equilibrium stereochemistry in some 
aldol-type reactions. 334 The structures of the corre- 
sponding chelates, however, have not been investigated. 


We found a strong dependence of the threo-chelate 
stability on the metal counter ion, temperature, concen- 
tration and the presence of dechelating agents such as 
crown ethers or neutral carbonyl compounds. The ac- 
tion of the dechelating agents leads to a strong decrease 
in diastereoselectivity (erythro : threo = 40 : 60) accom- 
panied by an increase in the electrical conductivity of 
the reaction mixture. This reaches a maximum after the 
addition of 0.5 equiv. of dechelating agent. This fact 
allowed us to  postulate for the equilibrium adduct a tri- 
ple ion chelate structure, represented below for the case 
studied in the present work by means of 7Li, 13C and 'H 
NMR and IR spectroscopy (for 1) and electroconduc- 


tivity measurements (for 1 and 2): 


C H -CH - C C-CH-CH-C H 
6 5  ' N R ~  RO' 6 5  


where M = Li (1); M = Na (2). 


EXPERIMENTAL 


Mi 


The 7Li NMR spectra were measured on a Bruker 
WH-90 spectrometer at 34.98 MHz and the chemical 
shifts were assigned with respect to  0.5 M solution of 
LiC104 in DzO. The I3C NMR spectra were recorded on 
a Bruker WH-90 spectrometer a t  22.63 MHz relative to 
TMS as external standard using the off-resonance 
technique. Only some of the signals were assigned. The 
'H NMR spectra of 1 and of the neutral threo isomer 
were recorded on a Bruker WH-250 spectrometer in 
THF-ds with TMS as internal standard. IR spectra were 
measured on a Beckman IR 20 spectrometer. The 
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erythro : threo ratios were determined using the resolved 
COOCH3 proton resonances. 


Electrical cpductivity of T H F  solutions was 
measured at 25 C in a cell with platinum electrodes (cell 
constant 0.01098cm-I) on a Tesla BM 509 semi- 
automatic capacitance bridge. 


The solvents used were freshly dried, distilled and 
degassed. The syntheses of 1 and 2 were carried out 
under an argon atmosphere as described',' and the 
samples for spectral studies were taken with a syringe 
and kept under argon. 


RESULTS AND DISCUSSION 


' ~ i  NMR data 


The organolithium compounds are known to show a 
definite tendency to triple ions formation. 5 - 9  Both 
lithium atoms in the triple ion pairs can be easily 
detected by means of 'Li spectroscopy. 6210 


The 'Li NMR spectra of 1 in T H F  and diethyl ether 
at ambient temperature show two signals (Figure 1 a 
and b) which differ from those of the metallating agent 
BuLi (1 .32  ppm) and the starting enolate (-0.18 ppm). 


0.78 Ppml 


[ c ]  b, = 0.1 "_ M 


0.19 ppm 


[ c ]  =0.3 M 


Figure 1. 'Li NMR spectra (34.98 MHz, 0.5 M solution of 
LiC104 in DzO as external standard) of 1: (a) in THF; (b) in 
diethyl ether; (c) in THF in the presence of 0.5  M 


bicyclohexyl- 18-crown-6 


The up-field signal (0.56 ppm in T H F  and 0.48 ppm in 
diethyl ether) does not significantly depend on the sol- 
vent. This allows us to assign it to the included in the tri- 
ple ion lithium by analogy with the data reported for the 
'Li resonance in cryptand [ 2.1.1 ] complex. 6 2 1 1 , ' 2  


We assume the following equilibrium to exist in the 
solution of 1: 


[ A  M + ] ~ - x  Solv. [ A - L i + A - ] - , L i + * x  S o h .  


The ratio of both 'Li resonances in THF is approx- 
imately 1 : 1 and does not depend on the concentration 
(c = 1 .O-O. 1 mol/l). This excludes a possible coinciden- 
tal ratio of aggregates. l 3  Hence, the downfield signal 
can be assigned to the 'external', uncomplexed lithium 
ion from the triple ion pair. From the absence of a third 
peak we conclude that the above equilibrium is shifted 
completely to  the right. 


In a medium with lower polarity (diethyl ether), the 
upfield peak appears as a well depicted shoulder 
whereas the area of the downfield peak strongly in- 
creases. Probably the weaker solvation of the 'external' 
lithium destabilizes the triple ion and the equilibrium 
shifts to the left. The signal at 0.78 ppm (Figure 1 b), 
in our opinion is due to the overlapping of the 
resonances of the lithium ion in the dimer and the ' ex-  
ternal' one in the triple ion pair. Both lithium atoms are 
peripherally, non-symmetrically solvated in tight ion 
pairs (see the results of the electrical conductivity 
measurements). 


The observed 'Li signals d o  not represent an ion-pair 
equilibrium because, according to literature data, the 
exchange of ion pairs usually is very fast relative to the 
NMR time scale at ambient temperature. lo 


In the presence of 0.5 equiv. of bicyclohexyl-18- 
crown-6 a single peak at 0.19 ppm appears (Figure 1 c), 
which is accompanied by a change of the 
stereochemistry as was mentioned before. A logical 
explanation is that the signal observed is an average one 
for 'Li in the dechelating metal form, and that in the 
bicyclohexyl-18-crown-6 complex, a result of a fast 
exchange at ambient temperature. 


The results obtained support the postulated triple ion 
chelate structure. The tendency for its formation is 
stronger in T H F  than in diethyl ether. 


I3C NMR data 


The I3C NMR data cannot be used for complete confir- 
mation of the postulated triple ion, but they indicate the 
participation of the carbonyl functional groups in the 
chelation process. Thus, the I3C NMR spectrum of 1 
contains signals that exceed the number of expected 
carbon atoms; this may be due to  restricted rotation 
around some bonds or to a change in the aggregation 
state. 14- I6 The signals for the carbonyl carbon atoms in 
the neutral threo isomer appears as a single peak at 
172.17 ppm, whereas in the lithium salt 1 two new 
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signals at 175.12 ppm and 165.17 ppm are observed. 
We consider the up-field shift to be caused by the 
shielding of the ester CO atom because of enolization. 
This is supported by the fact that the metal counter ion 
is at C4 position (heavy water hydrolysis). Downfield 
shift of the CO group is usually connected with a strong 
coordination of this group. We assign the signal at 
175.12ppm to the coordinated amide group, which 
is known to possess a good complexing power. " In the 
presence of bicyclohexyl-18-crown-6 when the 
erythro: threo ratio changes from 5 : 95 to  37 : 63 a 
signal for uncoordinated amide group appears. The 
observed shifts of + 2 . 9  ppm and -6.52 ppm allow a 
significant intramolecular coordination to be assumed. 


'H NMR data 


The N(CH3)2 group in the neutral threo product gives 
two signals a t  3.44 and 3.34ppm. No change in the 
position of these peaks is observed in the metal form 1. 
This rejects the participation of the nitrogen atom in the 
coordination. 


The doublet for -C3H= at 4 -  1 ppm in the spectrum 
of 1 is consistent with the enolization of the ester group. 
The J(C-3, (2-4) vicinal coupling constant is about 
11 Hz. This value and the requirement that the two car- 
bony1 centres be in closer proximity during chelation 
suggest a Z-configuration for the adduct enolate. 


IR data 


In the spectrum of 1 in THF shown in Figure 2, the band 
of v COOCH3 at 1735 cm-' disappears and a new 
strong band at 1620 cm-' is observed due to an enolate 
double bond. 1631s The CON(CH3)r absorption band 
shifts from 1750cm-' in the neutral product to 
1740 cm-l in 1 which is an indication of chelation. 


1800 1700 1600 1500 cm-I 


Figure 2. Infrared spectra in the 1500-1600 cm- '  region: (----) 
of the neutral three isomer; (-) of the lithium salt 1 


Electrical conductivity data 


The results from the electrical conductivity measure- 
ments are given in Table 1. In the concentration range 
of 5 x 10-2-1 x M the value of equivalent conduc- 
tivity A remains almost independent for both 1 and 2. 
According to de Groof et a/ .  l9 this finding indicates the 
formation of only one type of triple ion. We assume the 
predominance of the negative triple ion [ A-M+A- ] 
because it is more stable2' and tends to form 'ate' com- 
plexes within lithium and sodium counter ions.21 


According to Hirohara and he,"  


A = [ K$"/( 1 + K$/2)]  Xo, 


where XO denotes the sum of limiting conductances of 
the ions in the triple ion pair, it is possible to  establish 
the equilibrium constant KT: 


[ A - M + l 2 2  [ A - M + A - ] - + M  + (2) 


Actually the system consists of the following 
- 


equilibria: 
k '  


[A-M']2 ~ [ A - M + A - ] - ,  


[ A - M + A - ]  - + M+ (3) Ki 
M+ L 


where KT = k '  K f  and 


A - + A - M +  (4) kr [A-M'A-I-, 


where KT = KD/kT. 


tration c follows Wooster's equation: 22 


It was found that the dependence of A on the concen- 


(6) 
where f i s  the activity coefficient, rn is the mobility coef- 
ficient and A0 denotes the limiting conductance of the 
ion pair, 1 - A/Ao being neglected because of the low 
value of A/Ao. 


Table 1. Molar conductivity of T H F  solutions of 
lithium 1 and sodium 2 salts at 25 'C 


0.1000 0.0164 0.0750 0.0160 
0.5250 0.0170 0.0380 0.0180 
0.0280 0.0154 0.0220 0.0195 
0.0155 0.0150 0.0115 0.0211 
0.0086 0.0149 0.0052 0.0244 
0.0050 0.0200 0.0025 0.0288 


0.0013 0.0352 







208 L. VITEVA, Y. STEFANOVSKY, C.  TSVETANOV AND L. GORRICHON 


Table 2. Dissociation constants of ion pairs ( K D )  and triple 
ions kr of 1 and 2 in T H F  


structure which stabilizes the threo adduct in the in- 
vestigated Michael addition. 


Li 6.8 2.85 1.3 5 .2  5.9 75.2 61.5 
Na 21.9 3.00 4.5 4 .9  9.2 83.8 69.5 


"Average interionic distance for ion pair A-M' according to F u ~ s s ~ ~  
bAccording to Wooster" 
'According to de Groof ef 


The results obtained from equations (1) and (6) are 
given in Table 2. 


The values of A0 and XO are determined from the well 
known linear correlation log A07 = f ( M )  where M is the 
molar mass. 23 


The very close values for KT obtained in two different 
ways show that the XO values have been correctly 
calculated. 


From the data given in Table 2, the following conclu- 
sions can be drawn. The K D  of 2 is one order of 
magnitude higher than that of I which can be explained 
by the greater ionic radius of sodium and by its 
diminished solvation ability in comparison with lithium 
counter ion. The K D  values are very low for both 1 and 
2 in comparison with the data theoretically calculated 
according to Fuoss and AceascinaZ4 and those available 
for some other salts with large anions (e.g. 
tetraphenylborates). 25 This result and the average in- 
terionic distance a for ion pair A - M +  are consistent 
with a strong intramolecular chelation where the metal 
counter ion penetrates into the anionic sphere. 


From the low value of KT as well as from the 'Li 
NMR data we conclude that the triple ion pair 
[ A - M + A - ]  -, M' is predominant in T H F  solution, 
which means that k '  > 1. Although we can only ap- 
proximate k ' ,  using the equation24 


Kt  = (3000/4i~a~N)exp(  - eZ /aDkT)  


it is possible to evaluate K+ [equation (3)] and, hence, 
the average interionic distance a '  for the triple ion pair. 
From KT = k 'K+ it follows that K+ < KT. Thus, a' is 
about 3-3.5 A, which is smaller than the sum of the 
ionic radii. Actually from the consideration of 
molecular models an access to, and therefore coordina- 
tion of, the 'external' cation to  the triple ion polar 
groups seem quite possible. 


This study confirms the postulated triple ion chelate 
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ION ASSOCIATION AND REACTIVITY OF THE ALKALI METAL 
SALTS OF ALKANOIC ACIDS IN DIPOLAR APROTIC SOLVENTS 


MANUELA CRESCENZI, CARLO GALLI* AND LUIGI MANDOLINI* 
Centro di Studio CNR sui Meccanismi di Reazione, Dipartimento di Chimica, Universita 'La Sapienza, ' 00185 Rome, Italy 


The effect of added alkali metal perchlorates on the rate of lactonization of w-hromoalkanoate ions was investigated 
in 99% dimethyl sulphoxide (four-membered ring formation) and in dimethylformamide (DMF) (four- and sixteen- 
membered ring formation). In all cases the effect of the added metal salts is rate depressing, as a result of the lower 
reactivity of metal ion-associated species relative to the free ions. Ion-pairing association constants were determined, 
but the reactivity of ion pairs were so low as to elude direct measurement in most cases. Evidence was also obtained 
for the formation of ion triplets with Li' in DMF. The relevance of the present results in connection with the 'caesium 
effect' is brietly discussed. 


INTRODUCTION 


The notion that the reactivity of anionic nucleophiles 
can be considerably affected by association with metal 
ions is widespread, ' but much of the evidence on which 
such a notion is based is still qualitative in nature, or 
semiquantitative at  best. In recent years we have started 
a programme devoted to a physico-organic investiga- 
tion of the phenomenon. We have studied the effect of 
metal ion association on the rates of alkylation of ary- 
loxide ions293 and of P-ketoenolate ions derived from 
malonic4 and acetoacetic' esters. We have shown that 
under a suitable set of conditions a self-consistent ana- 
lysis can lead to a meaningful subdivision of reactivity 
data into contributions from free ions and ion pairs, 
and to reliable estimates of ion-pair association cons- 
tants. 


In view of our continuing interest in this field, and 
with the aim of extending the scope of the self- 
consistent approach, we have now undertaken an 
investigation of the effect of added alkali metal salts on 
the rates of alkylation of alkanoate ions. 


RESULTS 


Because of the inherent slowness of intermolecular 
alkylations of alkanoate ions with primary alkyl 
bromides,6 and of the problems linked to  the 'spon- 
taneous' reaction of the latter with dimethyl suhhoxide 


*Authors for correspondence. 


(Me2SO),' we chose as a probe reaction the lactoniza- 
tion of 3-bromopropanoate anion (four-membered ring 
formation) [equation (l)]  , which has been reported to 
occur smoothly in MezSO solution at room tempera- 
ture.7 Its rate, lying in the stopped-flow range, is still 
conveniently fast for extensive rate measurements both 
in dimethylformamide (DMF) and 99% Me2SO at 25 "C 
in the presence of rate-retarding added salts. Further, in 
view of our long-standing interest in macrolactoniza- 
tion reactions, we have also studied the cyclization of 
15-bromopentadecanoate anion (16-membered ring for- 
mation) [equation ( l ) ]  in DMF. For the latter 
substrate, rate measurements were carried out at 45 "C 
for experimental convenience. 


Br(CH2),nCOi + (CH2),, r c = o  I + B r -  (1) 
Lo 


m = 2  and 14 


Since little or no change in absorbance accompanies 
the transformation of carboxylate into a lactone func- 
tion, a visual acid-base indicator (InH) was matched to  
the reactions concerned, so that the kinetics could be 
simply followed by monitoring the disappearance of the 
basic form In -  either by stopped-flow or  conventional 
spectrophotometry, depending on the time-scale of the 
experiment. Details on the spectrophotometric method 
with the visual indicator have been reported else- 
where. 7 ~ 8  Briefly, the concentration of In- is bound to 
that of the reacting substrate Br(CH2),,,COr through 
equation (2), in which KI"H and K ,  are the acidity 
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constants. 


Equation (2) shows that [In-] is simply proportional 
to [Br(CH2),COr] when the ratio [InHl/ 
[Br(CHz),X02Hl is constant. Such a condition was 
fulfilled (i) by running the cyclization of a given 
alkanoate anion in the presence of a significant amount 
of the parent bromoacid and (ii) by choosing InH in 
such a way that only a very small fraction is converted 


into the basic form under the reaction conditions. The 
indicators of choice were 2,6-dichlorophenol for 3- 
bromopropanoic acid and m-nitrophenol for 15-bromo- 
pentadecanoic acid. The kinetics were started by the 
fast addition of a calculated amount of 0.04 M Bu4NOH 
stock solution to a mixture of the parent bromoacid and 
InH in the proper solvent. The amount of base was 
calculated in order to neutralize approximately 
half of the bromo acid. Typical concentrations in the 
kinetic runs were [Br(CH2),C021 = [Br(CH&C02H] 
2 . 5  x 10-4-5 X M and M, [In-]2 X 10-5-4 x 


Table 1. Salts effects on lactonization of a-bromoalkanoates" 


Concentration Concentration 
Salt (MI k o b S ( S - l )  Salt (M) kobs(s-  I ) 


None 


Et4NBr 


csc104 


KClOa 


None 


None 


Et4NBr 


0.089 


0.010 
0.090 


3.0 x 10-3 
0.010 
0.032 
0.094 


0.095 


0.010 
5.2 x 
0.013 


0.054 
0.144 


0.010 


8.0 x 10-3 
0.021 
0.048 
0.078 
0.107 
0.209 


B~(CHZ)~CO; in 99% Me2SO at 25*OoC 
0.068 NaC104 


0.063 


0.065 
0.041 LiClOa 


0.063 
0.060 
0.048 
0.036 


Br(CH2)2CO; in DMF at 25-O0C 
0.073 NaC104 


0.063 


0.060 
0.064 
0.059 


LiC104 


Br(CH2)14y0; in DMF at 45-OoC 
3 . 8  x 10- NaC104 


3.5 x 10-3 
2.8 x 1 0 - ~  


1.8 x 10-3 


2.9 x 10-3 


1.3 x 10-3 
1.0 x 1 0 - ~  
7.8 x 1 0 - ~  


2.2 x 10-3 LiClO4 
1.6 x 


2.7 x lo--' 
0.010 
0.039 
0.100 


0.010 
0.020 
0.031 
0.054 
0.097 


0.020 
0.033 
0.049 
0.099 
0.170 
0.010 
0.018 
0-031 
0.049 
0-098 
0-160 


7.2 x lo-' 
0-014 
0.025 
0,020 
0.050 
0.059 
0.184 


1 . 5  x 1 0 - ~  
4.3 x 1 0 - ~  
8.9 x 10-3 
0.018 
0.045 
0.091 
0.167 


0.051 
0.031 
0.022 
0.013 


0.043 
0.035 
0.029 
0.023 
0.020 


0.018 
0.012 
8 . 0  x 10-3 
5.1 x 10-3 
4.3 x 10-3 
0.037 
0.027 
0.018 
0.01 1 
5.7 x 10-3 
3.7 x 10-3 


6.6 x 
4.3 x 1 0 - ~  
3.0 x 10-4 
3.5 x 10-4 
2.0 x 
2.0 x 1 0 - ~  
1.0 x 1 0 - ~  


1.1 x 1 0 - ~  
5.2 x 1 0 - ~  
3 . 0  x 1 0 - ~  
2.3 x 1 0 - ~  
8.1 x 10-5 
5.0 x 1 0 - ~  
2.4 x 


a Reproducibility of rate constants within f 5%. 
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[InH] 3 x 10-4-6 x M. The decrease in the 
absorption of the basic form of the indicator was fol- 
lowed in the range 320-335 nm for 2,6-dichlorophenol 
and 470-490 nm for rn-nitrophenol. The alkali metal 
ions were added as perchlorates, which are likely to  
behave as strong electrolytes in the given solvents' in 
the concentration range used, namely 10-3-10-' M .  
Any possible association of In- with the metal ions, 
apart from presumably being small,3 had no appre- 
ciable influence on the fulfillment of the proportionality 
conditions expressed by equation (2). The effect of 
tetraethylammonium bromide was also studied. Strict 
first-order behaviour was observed in all cases. 


- 1  


In .a 0 
x 
m 
0 - 


- 1.5 


I I I 


- 3  -2 -1 


l og  [ M + l  


The observed rate constants are listed in Table 1 and 
are plotted as a function of the concentration of added 
salt in Figure 1. 


Treatment of rate data 


It is apparent that EtaNBr exerts only a small effect on 
the given reactions, which can be interpreted as 
indicative of a negligible association between the 
alkanoate ions and the tetraalkylammonium ion. *-' 
Accordingly, the kobs values obtained in the presence of 
the Bu4N' ion, as the sole counter ion accompanying 


- 1  


- 1.5 
In 


0 x 


0, 
0 


n 


- 
- 2  


- 2.5 


Figure 1. Effect of tetraethylammonium and alkali metal salts 
on the rate of lactonization of (A) Br(CH2)zCO; in 99% 
MezSO at 25.OoC, (B) Br(CHz)zCOr in DMF at 25.0°C and 
(C) B~(CHZ)I~COZ in DMF at 45.0'C. The horizontal line 
represents the rate constant k, for reaction of the free ion. The 
points are experimental (kabr, s - ' )  and the curves are 


calculated by means of the parameters listed in Table 2 
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the added base, were taken as reliable measures of the 
reactivity of the free ions (ki). 


On the other hand, the rate-depressing effects exerted 
by the added metal salts are diagnostic of significant 
associations, the reactivity of the associated species 
being lower than that of unassociated reactants. 


Scheme I 


The simplest scheme (Scheme 1) that can accom- 
modate rate-retarding effects from ion association is 
one involving independent and additive contributions 
from the free ion and from the ion pair [equation (3)] 
with kip < ki, whose relative proportions are ruled by 
the equilibrium constant Kip for ion pairing [equation 
(4)]. Combination of equations (3) and (4), with the 
additional assumption of a negligible primary salt 


u = ki [B~(CHZ),,,COT] + kip [ Br(CH2),COTM+] (3) 


effect,' leads to  equation (9, which relates the 
measured quantities kobs/ki to  [M+] through a func- 
tional relationship containing only two adjustable 
parameters (kip and Kip), provided that a suitable 
expression for the activity coefficient is available. 


ki 1 + Kipy$ [M'] ( 5 )  
_-  kobs 1 + (kip/ki)Kipy% [M+l - 


In terms of transition state theory, the equivalent 
equation (6) is obtained," where the quantity 
KT* = (kip/ki)Kip has the meaning of the equilibrium 
constant for the formal conversion of the transition 
state T', which does not contain M', into one which 
contains M+ [equation (7)]. 


T* + M +  . KT* L T*M+ (7) 
A non-linear least-squares procedure' was used to  fit 


the data to  equation (5) or (6) with the mean activity 
coefficient y +  calculated as p r e v i o ~ s l y ~ ~ ~  from the 
extended Debye-Huckel equation. It is worth stressing 
that neglect of activity coefficients leads to  a totally 
meaningless fit of rate data. As an example, in Me2SO 
at 25 "C we estimate the quantity 7% to be 0-722 and 
0.418 at 5 x and 1 x 1 0 - I ~  ionic strength, 
respectively. In view of the adaptability of equations 
containing two adjustable parameters, and of the 
obvious difficulty in accounting with acceptable preci- 


sion for the non-ideal behaviour of relatively concen- 
trated electrolyte solutions, caution is needed in the 
interpretation of the results o f .  the curve-fitting pro- 
cedure. This is particularly so in the case of KT* [or 
Kip(kip/ki)], which turned Out to be very small for all 
of the systems investigated. 


In fact, for many reactions "a+, Br(CH2)2COT, 
DMF; K + ,  Br(CH2)2COr, 99% MezSO; Na' and Cs', 
B ~ ( C H ~ ) M C O T ,  DMF] KT* was so small (i.e. < 10) 
that the quantity 1 + KT+& [M+] is not significantly 
larger than 1 in the investigated concentration range. In 
the above cases a satisfactory fit of the data was also 
obtained with the simple equation (8), which contains 
the quantity Kip as the sole adjustable parameter and 
holds for the case where the ion pair is totally unreac- 
tive. In only two cases, i.e. Li' and Na' in the cycliza- 
tion of Br(CHz)2COT in 99% MezSO, were the KT* 
values large enough to  support the existence of small 
but definite contributions from the ion-pair path t o  the 
overall rate. 


1 - kobs _-  
ki 1 + K i p ~ %  [M'] 


The situation is more complicated with the Li+ salts 
in DMF. The least-squares treatment of the data accor- 
ding to  equation (6) afforded negative values for the 
quantities KT*,  which is clearly devoid of physical sig- 
nificance. The simple equation (8) gave a poor fit to the 
data, with a definite tendency for the kobs values in the 
high concentration region to  be significantly lower than 
those calculated. The situation is closely reminiscent of 
that exhibited by Li+ aryloxides,3 for which the occur- 
rence of ion triplets of the type + - + was shown3 to 
be more significant in DMF than in 99% MezSO. 
Accordingly, the rate-depressing effects on lactone for- 
mation exerted by Li+ in DMF were well accounted for 
quantitatively in terms of equation (9), which is an 
expansion of equation (8) to  include triple-ion forma- 
tion [equation (lo)], and holds when both ion pairs and 
ion triplets are unreactive. 


K,,  Br(CH2),,,COtM+ + M +  , 
Br(CH2),,,CO; (M' )Z (10) 


The results of the least-squares analysis of rate data 
are summarized in Table 2. It is worth noting that the 
log Kip values for Br(CH2)zCOT in 99% MezSO com- 
pare remarkably well with the corresponding values 
reported by Olmstead and Bordwell I '  for the benzoate 
anion in MezSO at 25 "C: 2-21 for Li+,  2-31 for Na+ 
and 1.68 for K + .  The pK, of benzoic acid in water is 
4.20 and that of 3-bromopropanoic acid is 4.00. It 
seems very likely that the acidities of the two acids 
should follow a comparable trend also in Me2SO. Thus, 
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Table 2. Rate and equilibrium parameters 


Substratelconditions Metal ion Log K,p Log Ki, Log KT' ktplk, 


Br(CHZ)zCOi, Li + 2.08 - 1.20 0.14 
99% MeZSO, 25.0 'C Na' 2.28 - 1.26 0.09 


- - 1.40 - K +  
c s  + 1.2" - 
Li+ 2.21 1.18 Br(CHz)zCOT, 


DMF, 25.0"C Na' 2.60 
Li + 3.24 1 -00 Br(CH2)14C02, 


DMF, 45 .0"C Na' 2.98 
c s  + 1.85 


- - 
- - 
- - - 
- - 


- - - 
- - - 


Rough estimate from only two points, under the assumption that the ion pair is unreactive 


the similarities of the basicities of the corresponding 
carboxylate anions render meaningful a direct compar- 
ison of their ion-pairing tendencies, and point to the 
correctness of our analysis of rate data. 


DISCUSSION 


Stability of associated species 


The log Kip data in Table 2 provide useful information 
about some of the factors which govern ion-pairing 
phenomena, namely, the nature of the metal ion and of 
the solvent and basicity of the alkanoate ion. 


The strongest associations are found for the smaller 
alkali metal ions, with a modest but nevertheless real 
reversal in the Li'/Na+ order on  going from 
Br(CH2)zCOT (Na' > Li') to  Br(CH2)14C02 
(Li' > Na'). When DMF replaces MezSO as the 
solvent, the ion-pairing tendency of Br(CH2)zCOT 
increases. The KiP(DMF)/K,,(Me2SO) ratio is 1 . 3  for 
Li' and 2 .1  for Na'. The observed trend is consistent 
with a greater cation-anion electrostatic interaction in 
the solvent with lower dielectric constant (Me2SO 4 6 . 7 ;  
DMF 36.7) ,  but the effects are modest. They are in fact 
much smaller than those observed for an o-alkoxy- 
substituted phenoxide ion,3 for which the 
Kip(DMF)/K,p(Me2SO) ratio is 1 1  for Li+ and 3 . 1  for 
Na' . 


Although the Kip data for Br(CH2)zCOT and 
Br(CH2)14COT in DMF were obtained at  different 
temperatures, there seems t o  be little doubt that the 
greater ability of the latter anion to  bind cations is a 
real phenomenon, which is understandable on the basis 
of its greater basicity. 


The dafa collected in recent years on ion-pairing 
phenomena involving oxyanions, such as alkoxides, l 3  


aryloxides' and e n ~ l a t e s , ~ * ~ ~ " * ' ~  mostly in MezSO 
solution, allow some of the factors which influence the 
formation of ion pairs in dipolar aprotic solvents to  be 
delineated. When the negative charge is localized on  
oxygen, or when chelate interaction is allowed by 


geometrical factors, as in the @-ketoenolates which can 
adopt the U-type conformation, I '  large and widely 
spaced association constants are observed, decreasing in 
the order Li' Na' > K + .  Whenever available,' K,, 
data for the larger alkali metal ions show the expected 
trend, K' > Rb+ > Cs', but the differences are very 
small. The situation is clearly one where the stability 
order is dominated by the stronger electrostatic 
interactions with the smaller cations, in spite of the fact 
that the latter suffer from a greater loss of solvation 
energy on contact pairing. However, when the negative 
charge of the anion is more spread, and its geometry is 
unsuitable for chelate interaction, much lower and less 
widely spaced Kip values are observed as a result of an 
increase of the relative importance of solvation. This 
may even cause anomalous orders among cations, such 
as the order Na' > Li' > K' reported by Olmstead 
and Bordwell" for CHz=NOT and CsHsCO;. They 
reasoned that the oxygen-oxygen distance in CsHsCOy 
(and CH2=NO;) is not sufficient to  permit chelation 
with Li', but that a certain degree of chelation is 
possible with the larger metal ions. Consistent with this 
suggestion, x-ray crystallographic data show that, 
unlike the larger alkali metal ions, the size of the Li+ 
ion is not such as to  permit interactions with both 
oxygens of carboxylate ions. 


It is clear from the above considerations that the 
behaviour of Br(CH2)2COT and Br(CH2),4COZ is 
typically that of anions with a substantially spread 
negative charge, and with a limited propensity for 
chelation with the alkali metal counter ions, as 
suggested by Olmstead and Bordwell. As a 
consequence, there is significant compensation of 
differences of contributions from electrostatic 
interactions and losses of solvation energy on  ion 
pairing, which causes substantial flattening of cation 
effects on stability of ion pairs, and also of the effect of 
changing the solvent from MezSO to DMF. Such a 
compensation is almost exact for the Li+/Na' pair. The 
fact that the stability order among these cations is 
reversed on going from the less basic Br(CH2)zCOi to 
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the more basic Br(CH2)&02 illustrates well how 
delicate is the balance among the factors underlying 
ion-pair formation. 


Finally, evidence has been obtained that the 
formation of triple ions containing two Li’ ions 
becomes significant in DMF, but not in 99% MerSO, 
which is in line with previous conclusions.3 


Reactivity of ion pairs 


All of  the added alkali metal ions depress the car- 
boxylate reactivity in the investigated lactonization 
reactions. The rate-depressing effect is larger the 
stronger is the interaction of the alkanoate ion with 
M + .  Analysis of rate data has shown that in the 
investigated concentration range contributions t o  the 
overall rate from associated species are in all cases very 
small, or even negligible, in comparison with 
contributions from free ions. Thus, on addition of 
alkali-metal salts, the overall rate is depressed to  extents 
essentially reflecting the decrease in free anion 
concentration caused by the mass-law effect exerted by 
the added alkali metal ion. The present data are well in 
line with all of the available evidence pointing to  a low 
reactivity of ion pairs and higher aggregates in sN2 
reactions between anions and neutral molecules. 
Reduction of the cation interaction on going from a 
reactant anion to a transition state is easily understood 
on the basis of the widely accepted picture for the latter 
as a species with a spread negative charge and a 
geometry unsuitable for chelate interaction. 


It is worth noting that in the present systems Cs+ 
behaves exactly as would be expected from its position 
in the group. A strictly analogous situation has been 
reported for the effect of Cs+ on the rates of intra- and 
inter-molecular alkylation of aryloxide ions with alkyl 
bromides. These observations bear upon the question 
of the so-called ‘caesium As pointed out by 
Dijkstra et al., the term relates to the ‘readiness with 
which caesium carboxylates in DMF can be alkylated 
with alkyl halides’ in synthetically useful procedures, 
and to  the high yields with which many macrocycles can 
be obtained via intramolecular anionic sN2 processes 
because ‘intermolecular substitution is suppressed 
relative to  the intramolecular process.’ Being aware of 
the limits involved in any extension of kinetic results to 
the more concentrated systems used in preparative 
experiments, especially to  those carried out under 
heterogeneous conditions, we stress that nothing 
emerges from rate data, as obtained under 
homogeneous conditions, that points to  a peculiar 
behaviour of caesium carboxylates (and aryloxides), as 
distinct from the other alkali metal salts. Caesium 
carboxylates are simply less associated, and 
consequently more reactive, than the carboxylates of  
the smaller alkali metal ions. Still, they are less reactive 


than the corresponding tetraalkylammonium salts, for 
which ion pairing is negligible, or nearly so. 


The above considerations confirm our previous 
reservations l 8  concerning the mere existence of a 
‘caesium effect’ as an effect that can be unequivocally 
defined in model systems. This matter will be dealt with 
in greater detail in a forthcoming paper. 


EXPERIMENTAL 


The alkali metal perchlorates and Et4NBr were of 
analytical-reagent grade and were dried under vacuum. 
3-Bromopropanoic acid, 15-bromopentadecanoic acid, 
2,6-dichlorophenol and rn-nitrophenol were available 
from previous investigations. 7,8 The mixed solvent 99% 
(v/v) aqueous Me2SO was prepared as before. * 
Dimethylformamide was kept 48 h over anhydrous 
copper(I1) sulphate, filtered, stirred overnight over 
potassium hydroxide pellets, filtered again and finally 
distilled from a n h y d r p s  copper(I1) sulphate at reduced 
pressure, b.p. 60-62 C at  40mmHg. It was stored in 
an automatic burette under nitrogen. 


Stock solutions of the base (0.04 M) were freshly 
prepared by placing 0.1 ml of a 0.8 M solution of 
Bu4NOH in methanol (Fluka) and diluting to  2 ml with 
either 99% MezSO or DMF, 


Stopped-flow spectrophotometric rate measurements 
were carried out on a Durrum Model 110 apparatus. 
Conventional spectrophotometric rate measurements 
were carried out on either a Cary 219 or a Varian DMS 
90 spectrophotometer with a thermostatted cell com- 
partment. 


The low solubility of potassium salts in DMF 
prevented kinetic measurements at concentrations of 
added K +  ion exceeding 0-01 M. 
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CONTRIBUTION OF ACTIVITY COEFFICIENTS TO THE 
NUCLEOPHILICITY OF SOLVENT COMPONENTS IN SOLVENT 


MIXTURES. INFLUENCE OF ADDED ACETONE ON 


MIXTURES 
SELECTIVITY VALUES, k ~ / k w ,  IN ETHANOL-WATER 


RACHEL TA-SHMA AND ZVI RAPPOPORT* 
Department of Organic Chemistry, The Hebrew University, Jerusalem 91904, Israel 


Literature data on the change in the selectivity values, k e / k w ,  for several solvolysing systems in ethanol (E)-water 
(W) on addition of acetone were analysed. It is suggested that acetone acts as a basic cosolvent for both ethanol and 
water and that the change in the activity coefficients on changing the solvent composition is mainly responsible for 
the observed effect. 


INTRODUCTION 


A common method for studying nucleophilic substitu- 
tions at carbon and the nature of possible intermediates 
involves a measurement of the selectivity of the elec- 
trophilic centre towards different nucleophiles. This is 
frequently done in order to  provide information per- 
tinent to  the reactivity-selectivity principle (RSP). ' 
When two nucleophiles (Nu I ,  Nu") attack a common 
electrophile (RX or a solvolytically generated R +  ), the 
selectivity ( S )  is usually obtained from the products 
distributions: 


S = k N u ' / k ~ u "  = [RNu'] [Nu"]/[RNu"] [ N U ' ]  (1) 


For the competitive reaction of N 3  and H2O with 
alkyl chlorides, Sneen et a/.* and Raber et found 
a linear log kN;/kHZO vs. log k,,l,(RCI) relationship in 
80% acetone. This is a reactivity-selectivity behaviour 
since log ksolv was taken as a measure of the stability 
and hence of the reactivity of R+.  A reinvestigation 
showed that an extended relationship is not linear.4 


Relevant data on selectivity towards two competing 
nucleophilic solvent components can be found or 
calculated from the literature. The most common 
pair of nucleophiles is ethanol (E) and water (W), 
and selectivity values kE/kw are known for a wide 
range of electrophiles from the relatively 
stable p-MezNGHdCH+ (CH3)536 to primary alkyl 


* Author for correspondence. 


substrates. 7 - 9  Most of the literature data are fragmen- 
tary and difficult to  systematize, but RSP behaviour 
was observed in some series. Several problems which 
might cause the kE/kw values calculated by equation (1) 
to  differ from the true selectivity measures were dis- 
cussed. lo The reaction of 1-arylethyl carbocations with 
alcohols, including EtOH, in 50 : 50 CF3CH20H-H20 
shows a regular but complicated change in the selec- 
tivity as a function of the ring substituent.5 For four 
Ar2CHCI, Karton and Pross" found that the plots of 
log kE/kw vs. u+ in several E-W mixtures are h e a r  and 
parallel. Similar trends were found also by Harris et 
a/." and McLennan and Martin." For ArCHzCl, 
Aronovitch and Pross13 found a decrease in kE/kw 
values on increasing u+ in 95% E-W, but a t  lower 
ethanol concentrations there was no clear trend. 


A major problem is the simultaneous change in 
solvent properties (i.e. dielectric constant, ionizing 
power, etc.) and in the concentrations of the 
nucleophilic solvent components. Hence, the selectivity 
towards two nucleophilic solvent components, calcu- 
lated as in equation ( l ) ,  almost always changes with the 
solvent composition. 'O-" For the E-W pair the kE/kw 
values decrease when the concentration of E increases. 
A typical example is the diarylmethyl system with 
various ring substituents and nucleofuges, 'O," where 
kE/kw ratios decrease regularly by 30-50'70 on changing 
the solvent from 70% to 95% E-W" or from 50% to 
80% E-W. lo Although the effect is small, the regularity 
of  the change in the kE/kw values points to  their 
mechanistic significance. 
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EFFECT O F  ADDED ACETONE ON THE 
SELECTIVITY VALUES 


In order to  evaluate the contribution of the solvent ioni- 
zing power Y to  the change in the selectivity values 
when the E content of E-W is varied, P r o s  and co- 


and McLennan and Martin lo investi- 
gated the influence of added acetone (A) on the k ~ / k w  
values of several solvolysing systems. Addition of A to  
E-W should change only the solvent properties at a 
constant E/W ratio. The suggestion that acetone could 
serve as + a nucleophile, giving the intermediate 
(CH3)2=OR2' seems a remote possibility in E-W. 


Pross and co-workers' r e s ~ l t s ~ ~ ' ~ ~ ' ~ ~ ' ~  (Table 1) 
display the interesting feature of a similar decrease in 
the k ~ / k w  values for diphenylmethyl, benzyl, octyl and 
adamantyl derivatives when the acetone volume percen- 
tage increases (the ratios of the selectivities at 0% 
and 80% acetone are between 1.6 and 1.9). p- 
MeC6H4CH2CI in 50 : 50 E-W is an exception (ratio of 
1 - l ) ,  probably owing to a change in the product- 
forming step on changing the solvent composition. l 3  


For all these substrates, excluding the adamantyl 
systems, the decrease mainly parallels the decrease in 
the kE/kw values when [El in E-W  increase^.""'^^ The 
k ~ / k w  values for 1- and 2-adamantyl are insensitive to  
the concentration of E in the binary mixtures. l4 The 
similarity of the acetone effect is remarkable since the 
various systems solvolyse by different mechanisms and 
the product-forming species differ markedly in both 
structure and energy. 


Pross and KartonI4 attributed the change in the selec- 
tivity values with the solvent composition primarily to  
'a change in the relative nucleophilicities of ethanol and 
water as the solvent composition is varied' rather than 
to  substrate-solvent interactions. They also suggested 
that acetone 'enhances water nucleophilicity relative to  
ethanol nucleophilicity,' but later they emphasized that 
the nucleophilicity of a solvent component is substrate 


workers 7,11,13,14 


dependent. This means that 'front side nucleophilicity,' 
which dominates product formation from the ada- 
mantyl solvent-separated ion pair ( k ~ / k w  < l) ,  and 
'back side nucleophilicity,' which determines the selec- 
tivity in diphenylmethyl, benzyl and octyl substrates 
( k ~ / k w  > I) ,  might respond differently to  changes in the 
binary E-W mixtures, as was indeed found. 


OPEN QUESTIONS 


The conclusion l 4  that solvent effects on the nucleophilic 
solvent components are responsible for the selectivity 
variations seems to  be well founded, especially if each 
of the systems concerned solvolyses mainly through a 
single, although different, intermediate. 7,13*14 However, 
several questions are still left open: (i) what is the 
nature of the interaction between acetone and ethanol 
or water?; (ii) why is the effect similar for different 
mechanisms of nucleophilic substitution with different 
molecular requirements?; (iii) why d o  only the ada- 
mantyl systems react differently on adding acetone and 
on adding ethanol to  E-W? We would expect that when 
products are formed, mainly by a back side attack of a 
solvent on  an intimate or solvent-separated ion pair as 
in diphenylmethyl, benzyl and octyl halides, ' , I 3  the 
selectivity will be determined by the electron-donating 
power of the nucleophile. In contrast, when products 
originate from front side collapse of an irreversibly 
formed solvent-separated ion pair as in the adamantyl 
systems, the selectivity is largely determined by the rela- 
tive ability of  the solvent molecule in R +  1 SOH 1 X -  to 
stabilize X -  by hydrogen bonding. 14,18*23 


A PARTIAL QUALITATIVE EXPLANATION 


Symons' seems to  be relevant to these ques- 
tions. He suggested that in mixtures acetone acts as a 
basic cosolvent for both ethanol and water,24 scavenges 


Table 1. Selectivity values ( k t l k w )  in the presence of increasing acetone (A) concentrations (070 v/v) 


System 


k ~ / k w  in acetone solutiona 
EtOH : HzO 


T/'C (vlv, 0% A 20% A 40% A 60% A 80% A Ref. 
~~~~~ ~ 


PhzCHCl 25 50 : 50 3.84b 3.56 3.24 2.78 2.44 1 1  
PhCHzCl 75 50 : 50 3.33 2.88 2-59 2.18 1.73 13 


15 95.5 1.86 1.73 1.56 1.35 13 
p-CHGH4CH2Cl 15 50 : 50 2.00 1.87 1.90 1.90 1.79 13 


75 95 : 5 1.91 1.64 1.52 1-36 13 
n-CsH17Br 120 50 : 50 1.73 1.48 1.30 1.12 0.91 7 


I20 90: 10 1.03 0.87 0.85 0.79 0.78 7 
I-Adamantyl-Br 75 60 : 40 0.57 0.53 0.49 0.45 14 
2-Adamantyl-OTs' 75 60 : 40 0.58 0.51 0.45 0.40 0.32 14 


"Solutions prepared using X% A and (100- X)% E-W. 
hExtrapolated from values at higher TOE using the linear log(kt./kw) vs Y plot." 
Very similar results were obtained for 2-adamantyl p-nitrobenrenesulphonate. l 4  
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free hydroxyl groups (OHf ) and thereby increases the 
concentration of free nucleophilic lone pairs (LPf ). 
Water and ethanol react preferentially via these units, 
however, in his words, ‘because of the presence of 
weakly basic lone pairs on every alcohol molecule, the 
extra catalytic effect of free lone-pair groups (caused 
by a basic cosolvent) is less pronounced (for ethanol) 
than for aqueous systems.’ These suggestions might 
explain the role of acetone in E-W mixtures for 
diphenylmethyl, benzyl and octyl halides but not for the 
adamantyl systems. Still, Symons found that methanol 
added to  water acted also as a n  OHf  ~cavenger , ’~ and 
since adding acetone to  E-W means partial replace- 
ment of both of them, the total effect might be com- 
plex. In addition, Symons’ concepts were developed 
and checked at molar fractions of cosolvents below 0 .2  
which correspond t o  45% ethanol or 50% acetone in 
water or 24% acetone in ethanol. The data in Table 1 
are at higher VoE or % A  where other, probably mixed, 
reactive species may prevail and which might not 
respond to a change in % A  or % E  in the same way.24 


IMPORTANCE O F  ACTIVITY COEFFICIENTS 
AND THEIR PREVIOUS USE IN SOLVOLYSIS 


REACTIONS 


We believe that in addition to Symons’ concepts, 
the change in the solvent interactions affecting the 
kinetic activity coefficients of ethanol and water 
(KACE, KACw) when the solvent is changed must be 
considered and might help answer the questions posed 
above. By ‘kinetic activity coefficients’ we mean those 
terms which should multiply the molarities of E and W 
in equation (1) in order to  obtain ‘solvent-free’ selec- 
tivities. KACE and KACw cannot be measured indepen- 
dently, but the interactions affecting the KACs 0.e. 
dipole-dipole interactions, hydrogen bonding, disper- 
sion forces and structure making or breakingz6) are 
also reflected in the partial vapour pressures of the 
solvent components, and the Raoult’s law activity 
coefficients of E and W (YE and y w )  calculated from 
them.z7 Therefore, changes in KACE and KACw could 
be deduced from changes in YE and yw.  


Ingold and c o - w o r k e r ~ ~ ~ ~ ~  preferred the use of partial 
pressures of W and E rather than their concentrations 
in studying the solvolysis of butyl halides in E-W mix- 
tures. Following Olson and Halford, 29 they regarded 
the transition state as a mode of ‘escape,’ so that the 
tendency for its formation should be correlated with 
fugacity (or activity) measures. Nevertheless, activity 
coefficients were usually not used in LFER investi- 
gations of solvolysis reactions, except in the work of 
Luton and Whiting,” who investigated the solvolysis of 
several 1-adamantyl derivatives in 50-95% E-W. The 
k ~ / k w  values changed very little for the bromide, but 
for the picrate and 2,4-dinitrophenolate, and especially 
for the tosylate, they decreased significantly on 


increasing the concentration of E (ca 30% in 50-95% 
E-W). They observed ‘a good linear relationship’ 
between the k w / k ~  values and the activity coefficient 
ratio y w / y ~  with slopes ranging from 0.1 for the 
bromide to  0.6 for the tosylate. The values of the slopes 
were taken as measuring ‘the need during the formation 
of the solvent-separated ion pair to isolate the inter- 
stitial solvent molecule from the rest of the solvent.’ 


noticed that in E-W, AG* for 
t-BuC1 solvolysis decreased when the positive excess 
molar Gibbs function of mixing, G E ,  decreased. This 
was ascribed to  a more hydrophilic transition state than 
the ground state. The GE function is directly connected 
to YE and yw, but this point was not investigated 
further. 


Parker26 related the ratio of the rate constant for 
a bimolecular reaction of an anion Y- with RX in a 
solvent, S, and in a reference solvent, 0, to the 
appropriate solvent activity coefficients: 


Blandamer et 


log(kS/kO) = log0 7%‘ + log0 ySx - log0 &X* (2) 
He regarded bimolecular solvolysis reactions as un- 
suitable for this treatment because solvolysis in two 
different solvents ‘is a bimolecular reaction with two 
different reagents.’ 


We note that the last problem does not apply when 
measuring selectivity values at different E-W composi- 
tions. Further, if E and W react with the same inter- 
mediate, the kE/kw values should be relatively 
independent of its y and of the y of the transition state, 
as the species involved are relatively large and similar. 
Consequently, the selectivity changes, regardless of the 
system, should mainly reflect changes in the Y E / Y W  
ratio, in line with the data in Table 1. 


CONTRIBUTION O F  ACTIVITY COEFFICIENTS 
TO T H E  SELECTIVITY 


Several activity coefficients YE and yw in binary E-W, 
A-W and E-A mixtures a t  40 or 45 OC were calculated 
from vapour pressures given in the literature31s32 by 
regular proceduresz7 and are displayed in Table 2. A 
literature search revealed that the y values are almost 
insensitive to  the temperature in the region of interest 
(see footnotes to  Table 2). In each binary system the y 
value of each component changes regularly on changing 
its relative concentration and values at three represen- 
tative volume percentages are given. At very low con- 
centrations of each component in a binary mixture the 
y values tend to  change sharply, thus rendering them 
very sensitive to  experimental errors. However, for our 
concentration range, different literature sources give 
very similar values for E-W. 3 1 3 3 3 v 3 4  


The effects of E or A on yw and of A on YE are all 
moderate and very similar, but the effect of W on YE is 
twice as large in the same solvent range (Table 2). It 
therefore seems reasonable that when A is added to an 







506 R. TA-SHMA AND Z .  RAPPOPORT 


E-W mixture with a fixed composition, and the 
medium surrounding each nucleophile contains more A 
and less E and W, the main effect will be lowering of 
YE and therefore also lowering of ke/kw.  


In an attempt to obtain a clearer and more quanti- 
tative evaluation of the effect of the change of the 
medium, we tried to compare kE/kw values in solvent 
mixtures which differed only in the volume percentage 


Table 2. Influence of the cosolvent B on YA in EtOH-Hz0, 
Me2CO-H20 and MeZCO-EtOH mixtures at 40 'C 


H20 EtOH 24 
46 
75 


HzO' MezCO 24 
46 
75 


EtOHb H20 25 
46 
76 


EtOHd MezCO 24 
46 
75 


0.96 
I .06 1 . 5  
1 -43 
1.06 
1.20 I .35 
1.43 
1.29 
2.25 2 .8  
3.64 
1.05 
1.17 1 . 4  
1.46 


"Ratio of activity coefficients at highest (y!) and lowest (7;) B concen- 
trations. 
bThe  y values were calculated from partial pressures given in Ref. 31 
and they do not change significantly between 20 and 75 'C. The esti- 
mated error is < +0.5%. 
' y Values at 45 OC were calculated from partial pressures given in Ref. 
31. They change slightly and irregularly with temperature in the range 
25-60'C. The estimated error is 2 6 % .  
d y  Values were calculated from total pressures and molar fractions of 
acetone in liquid and gas phases given in Ref. 32. YE decreases by < 6 %  
between 32 and 48-C. The estimated error is <0.5%. 


of one nucleophilic component. For example, in the 
solvolysis of PhzCHCl at  25 'C' '  in 30:  30:40 
W-E-A, kE/kw = 3-24; in 30: 70 W-E, kE/kw = 3.25; 
and in 70 : 30 W-E, kE/kw = 4.50. The last value was 
extrapolated from results at higher ethanol concentra- 
tions using the linear kE/kw vs Y plot. I '  


Similar comparisons were obtained for other combi- 
nations of the three solvents and for other systems. The 
results are represented graphically in Figure 1 for the 
diphenylmethyl, octyl, I -  and 2-adamantyl systems. 
PhCHZCI behaves very similarly to C8HI7Br. Almost all 
the points at high water concentrations (lines W in 
Figure 1)  are extrapolated from experimental values at 
lower water concentrations using the m Y relationship 
for diphenylmethyl" and octyl halides and a log kE/kw 
vs %E plot for 1- and 2-adamantyl derivatives.'" 
Hence, lines W should be viewed as reflecting only an 
estimate of the true behaviour of these systems at high 
water volume percentage, but our qualitative conclu- 
sions remain valid. It may be argued that the effect of 
the medium on the selectivity values should be analysed 
by comparing solvent mixtures with fixed molar frac- 
tions of ethanol or water rather than fixed volume 
percentages. However, both are important in deter- 
mining the activity of each component in a m i x t ~ r e ' ~  
and we also found that comparisons based on molar 
fractions gave very similar plots to those here. It is 
immediately discernible from Figure 1 that substituting 
A for E lowers the selectivity values much less than sub- 
stituting A for W. The overlap of the A and E lines for 
PhlCHCl in Figure 1(4), which reflects nearly identical 
kE/kw values in E-W and E-W-A mixtures having 
identical percentages of water is probably fortuitous. 


We suggest that although the behaviour represented 


% 6  ( v / v )  


Figure 1. Medium effects on selectivity values in ( I )  I-Ad-Br, (2) 2-Ad-OTs, (3) I-octyl-Br and (4) PhzCHCI. Solutions were 
prepared using XVo of B and (100 - X)Vo of 60% E-W (in 1 and 2) or 50% E-W (in 3 and 4). B represents A, E or W .  Full symbols 


represent measured or interpolated values, open symbols represent extrapolated values (see text) 
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in Figure 1 results mainly from changes in the kinetic 
activity coefficients as reflected in the change in YE and 
yw (Table 2), it is also affected by the action of A or E 
as basic cosolvents according to Symons' proposals. 
Each of these two factors is insufficient alone to  
account for all the changes observed. Unfortunately, a 
real quantitative evaluation of the contribution of the 
changes of the y values to  the selectivity values is hin- 
dered by the lack of data on these y values in the 
ternary system W-E-A. A method to  calculate y values 
in a multicomponent solution using a combination of 
parameters derived from data for binary mixtures is 
a ~ a i l a b l e . ~ '  Since the method is very cumbersome and 
gives only approximate results, we did not apply it to 
calculate y values in W-E-A mixtures, but qualitative 
speculations concerning the ternary mixture, on the 
basis of the y values for the separate binary mixtures, 
are justified. A simplified approximation is to  regard 
each y in W-E-A mixtures as a simple average of those 
in the binary mixtures (i.e. YE in 30 : 30 : 40 W-E-A is 
the average of YE in 50 : 50 W-E and in 43 : 57 E-A). 
Using such approximation and y values calculated from 
the l i t e r a t ~ r e , ~ ' . ~ '  we estimate that a change from 
70 : 30 W-E to 30 : 30 : 40 W-E-A will lower ~ E / Y W  by 
a 2-3-fold, which is more than the actual largest 
observed decrease in k ~ / k w  values for this solvent 
change [ 1 - &fold decrease for n-octyl bromide; cf. 
Figure 1(3)]. A change from 30 : 70 W-E to 30 : 30 : 40 
W-E-A will increase y ~ / y w  by 35% whereas the 
observed kE/kw values remain unchanged or decrease 
by up to 10%. 


This last discrepancy, which is even larger a t  higher 
% A  and is especially marked for the 1- and 2- 
adamantyl systems, can be ascribed t o  the aforemen- 
tioned action of acetone as an OHf scavenger and 
therefore an LPf 'producer' for both E and W, and the 
similar such effect of E on W. It can be deduced from 
Symons' workz4 that A, having a base strength compar- 
able to that of dioxane, is slightly more effective than 
E and binds between one and two OHf units per mol- 
ecule, whereas E binds only one extra OHf. Assuming 
that A and E act basically in the same manner even 
when their concentrations in the aqueous solution are 
high and OHf and LPf are probably replaced by mixed 
reactive species, we might speculate that these 
additional factors are responsible for the decrease, or 
lack of change, in the k ~ / k w  values when A is substi- 
tuted for E. Acetone binds and 'deactivates' a great 
part of the free hydroxyl groups that are present on E 
molecules in E-W (6% at  75 "C in pure ethanol36) and 
therefore lowers k~ for the adamantyl carbocations sig- 
nificantly, whereas the net effect on water, for which A 
replaces E,  is much smaller. Consequently, the kE/kw 
ratios decrease. Lone pairs are important in the solvol- 
ysis of PhzCHCl and C8H17Br, and since the small 
increase in LPf, caused by replacing part of the E with 
A, is kinetically important for W but not for E (lone 


pairs are present on either free or bonded E molecules), 
the ke/kw values will tend t o  decrease slightly. This 
effect will compensate the expected increase in kE/kw 
due to the change in activity coefficients (on substituting 
A for W the same line of reasoning suggests, a t  most, 
a small decrease in k ~ / k w  for all the systems concerned; 
this may contribute to  the marked decrease related 
above to  the changes in the activity coefficients). 


The relative insensitivity of the k ~ / k w  values for 
1-adamantyl-Br and 2-adamantyl-OTs to  the E content 
in binary E-W mixturesI4 can also result from two 
opposing effects. An increase in E content means both 
higher Y W / ~ E  ratio (Table 2), and diminished W elec- 
trophilicity (OHf units). In the other systems in Table 1, 
the nucleophilicity (LPf units) of the solvent molecule is 
important and these two effects lead now to a total 
sharper decrease in kE/kw values (Luton and Whiting's 
selectivity values for I-adamantyl 2,4-dinitrophenolate, 
picrate and tosylate*' are inconsistent with the explana- 
tion of opposing effects of ethanol which is based on 
Karton and Pross's resultsI4 for I-adamantyl-Br and 
2-adamantyl-OTs. This might be due t o  different sen- 
sitivities of the different nucleofuges t o  the activities 
changes. However, Luton and Whiting's correlations 
included only four data points and their actual values 
for 1-adamantyl-Br and tosylate do not differ by more 
than three times the estimated standard error. More- 
over, Karton and Pross found almost identical kE/kw 
values for 2-adamantyl-Br and tosylate, l4 which were 
almost insensitive to  E-W composition. Clearly, more 
data should be gathered before we can draw conclu- 
sions regarding the role of the nucleofuge). 


The substantial dependence of k ~ / k w  values on y is 
consistent with their relative insensitivitz to  significant 
temperature changes between 25 and 120 C. 791'9"313~2'*37 
That the y values d o  not change significantly between 
25 and 75 "C3' is probably due to  compensating effects 
of the temperature on the thermodynamic excess func- 
tions A H  and A X 3 '  


We note that McLennan and Martin's'' results on 
the effect of  added A on the solvolysis of the 
diphenylmethyl systems in E-W partially contradict 
those of Pross and Karton." The main difference is 
the remarkable increase in the values for 
PhzCHOPNB (OPNB = p-nitrobenzoate) from 2.25 
and 3.79 in 20: 80 and 50: 50 W-E, respectively, to 
2.67 in 10:40:50 and to 6-61  in 25:25:50 W-E-A. 
Solvolysis of the diazo compound Ph2CN2 showed a 
similar increase only in 10 : 40 : 50 W-E-A, whereas in 
25 : 25 : 50 W-E-A the selectivity value of 3 -50 is lower 
than the value of 4-24  in 50: 50 W-E. The different be- 
haviour of PhzCHOPNB and PhzCNz+HOPNB was 
ascribed to different 'initial state solvation require- 
ments,' which are especially important in the water-rich 
solutions where the discrepancy between the selectivity 
values for the two systems, with or without added 
acetone, is the largest. This suggestion raises some pro- 
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blems (for example, the authors stated that the solvo- 
lytic products from PhzCN2 are not formed either from 
the diazonium ion pair PhzCHN2'0PNB- or from the 
intimate ion pair PhZCH'OPNB- which is already 
common to both substrates lo), and we also note that it 
is unclear why the solvolyses of Ph2CHCl" and 
PhzCHOPNB" respond so differently to added A when 
their responses to  changing E-W ratios are so similar. l o  


CONCLUSION 


We believe that kinetic activity coefficients as modelled 
by y values from partial vapour pressures play a major 
role in determining the selectivity values and their 
changes with the solvent in E-W mixtures, as well as in 
other binary solvent mixtures such as MeOH-H2O and 
CFjCH20H-H20. For 1-adamantyl-Br in several 
solvent mixtures composed of two nucleophiles A and 
B, McManus and Zutaut l8 observed a tendency for the 
selectivity values k ~ / k ~  to decrease when the concen- 
tration of A increases. We are currently trying to  
determine the generality and scope of the above 
phenomenon and the factors that affect it in various 
substrate and solvent systems, since changes in the 
selectivity values are as informative as the values them- 
selves in mechanistic studies. 
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The problem of non-proportionality between the substituent field parameter (UF) and substituent electronegativity 
(AL or u,) was clarified by the introduction of the ‘charge-separation parameter’ (A), which is the component for the 
direction of the H-X axis of the distance between positive and negative poles of the dipole in the H-X molecule. 
Thus UF was correlated with At or a, by the equation UF = nAtX (or UF = a‘a,X). The above proposal was further sup- 
ported by performing an energy decomposition analysis for the !sodesmic reaction in the isolated molecule system 
(X--H,..H&H3 or X-H...HCOi) at shorter distances (2-0-4-5 A). It was further shown that field parameters such 
as ui, F and ~ ~ ( ~ h ~ ~ ) ,  and the pK. values in the series of aliphatic acids, and spectral data (UPS and ”C-SCS) were also 
well correlated with A A  or o,X. It is concluded that X and At or ax are essential parameters for interpreting the electro- 
static field effect in aliphatic substituent effects, and that the transmission due to the a-inductive effect is considered 
to be not as significant as the field effect after a few bonds away from the substituent. 


INTRODUCTION 


The concept of the inductive effect was first introduced 
as the through-a-bond effect (i.e. the a-inductive effect) 
by Robinson l a  and Ingold. I b  Currently, however, the 
polar substituent effect in aliphatic systems is described 
as the sum of through-a-bond and field effects, and that 
in aromatic systems as the sum of field, resonance2p3 
and a polarization  effect^.^" 


The a-inductive effect originates from bond polariza- 
tion due to  the difference in electronegativities between 
the substituent and the adjacent atom, and is transmit- 
ted through progressive but diminishing a-bond 
polarization. 6 2 7  On the other hand, the field mechanism 
for transmission of substituent effects is mainly attrib- 
uted to the Coulombic field interaction between the 
dipole of the substituent and the charge of the probe 
centre (dipole-charge interaction). The transmission 
due to  the a-inductive effect has been considered to be 
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less significant than the field effect after two bonds away 
from the substituent. 


Recently, non-linearity in the plot of the field 
parameters ( a ~  or UI)  of the dipole moments ( ~ M ~ x )  of 
CH3X against the group electronegativities (XX ) or the 
inductive substituent parameters ( L )  has been reported 
by several w ~ r k e r s . ~ ~ * ’ ~ ~ ’ ’  Further, it has not been 
explained why the field effect is dominant for the ApK, 
values l 2  of X C H Z C O ~ H ,  while the electronegativity of 
a substituent correlates linearly with the proton 
chemical shift parameter ( ~ c H >  - ~ C H J  in an apparently 
similar system, XCH2CH3. l 3  


These facts led us to  examine the reason for the non- 
proportionality between the field parameter and electro- 
negativity. Then we attempted to  obtain information 
regarding the interaction between the point charge of 
the probe centre and the pure dipole ‘ s u b s t i t ~ e n t ’ ’ ~ ” ~  
using the isodesmic reaction ( l ) ,  and applied energy 
decomposition analysis l6 to  the isodesmic reaction (1) 
for the molecular pair 1, composed of the pure dipole 
‘substituent,’ H-H, and point charge as the probe 
centre, where the field effect would be dominant. 


Received 2 March 1989 
Revised 7 June 1989 
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probe pure dipole 
center "subslitusnt" 


1 


In 1, ne represents the charge on the pure dipole 
'substituent,' A the distance between positive and 
negative charges in the pure dipole 'substituent' and 0 
the angle between the dipole and the z-axis. From the 
result thus obtained, a linear relationship between the 
electrostatic field energy (ES) and the z-component of 
the dipole moment ( p z =  neAcos8; see 1) was ob- 
served, but there was no similar relationship between 
ES and the charge (ne) on the dipole 'substituent.' 
Consequently, the major reason for the non-propor- 
tionality'Op'' between the field parameters (UF, UI and 
p ~ ~ x )  and the electronegativity or inductive substituent 
parameter (ux, A, = L X  - LH) may be clarified by means 
of this analysis. 


A theoretical scale of the field parameter [ UF(theor)] '' 
has recently been derived from MO calculation (at the 
4-31G level) for the proton transfe! reaction (2) in the 
molecular pair (2), where r' = 4.5 A and above; I* r' is 
the distance between the hydrogen atom of the H-X 
molecule and the nitrogen or carbon atom of NH2 (2) 
or HCOF (3). However, the studies concerned were 
made under the assumption that the electrostatic inter- 
action is dominant at such longer distances. 


Strictly, in the interaction between the substituent and 
probe centre, different types of interactions contribute 
to  the total interaction energy (AE),16 i.e. 


AE=ES+ P L + C T + E X + M I ~  


where ES is electrostatic energy, PL polarization 
energy, CT charge-transfer energy, EX electron- 
exchange repulsion energy and MIX the higher order 
terms. The components of such interactions are often 
complicated at shorter distances. Therefore, we also 
performed energy decomposition analysis l6 for the 
proton transfer isodesmic reactions (2) and (3) in 
molecular pairs 2 and 3 at several distances. 


(X-H...NH3) + (H-H-..HkH3) 


(H-H...NH3) + (X-H-.HkH3) (2 )  


(X-H..-HC02H) + (H-H*..HCO?) - 
(H-H-*-HC02H) + (X-H**.HCOF) (3) 


X = H ,  NH2, F,  CN, NO2 
r' =2.0,2.25,2.5,3.5,4.5 A 


+ )CH ........ H-NH *H ........ H-CO- 


C r 4  
3 


b-- 
2 


The result of the analyses shows that the electrostatic 
energy terms (ES) in reactions (2) and (3) are correlated, 
even at a short distance (r' = 2 - 5  A), with the dipole 
parameter AA,I9 where X is the z-component of the 
distance (A)  between the positive and negative poles in 
the H-X molecule (i.e. X = A cos 0 ;  cf. l) ,  namely the 
charge separation parameter. 


In order t o  ascertain whether the charge separation 
parameter is independent of the systems or not, we 
also examined the utility of the parameter, ALX or u,X, l9 


for the observed data such as relative pKa values (ApKa) 
in substituted aliphatic acids, 20921 UPS data22 and 
carbon-1 3 substituent chemical shifts ( '3C-SCS) in 
aliphatic derivatives. 23  


CALCULATIONS AND RESULTS 


M O  calculations were performed by the ab initio 
method at 4-31G and 6-31G basis levels using the 
GAUSSIAN-8024a and IMSPAC24b program series. 
Molecular geometries were taken from observed 
values.25 All calculations were carried out with a 
FACOM M-382 computer at the Nagoya University 
Computation Center. 


The pure dipole 'substituent' having only positive and 
negative point charges was taken to  be the same as that 
used in previous papers. ' 4315 The probe centre and the 
centre of the pure dipole 'substituent' were located on 
the H-H molecular axis as shown in 1. In the 
hypothetical system 1, the total energy of interaction is 
composed of electrostatic (ES) and polarization ( P L )  
energies. We chose 5 . 0  A as the distance between the 
probe centre and the centre of the H-H bond (see 1). 
The centre of the dipole was always fixed at 1.36 A 
away from the hydrogen atom H(l) on the z-aFis, as 
used by Vorpazel et a1.I5 When A=O.72 A and 
ne = 1 .O, the dipole moment of the pure dipole 'substi- 
tuent' nearly corresponds to  $at of nitromethane. We 
used A=0-72,  1.0 p d  !-5A, n$= 1.0, 0 - 5  and 0-3 
units and 8 = 0 " ,  30 , 60 and 90 (see 1) .  


Table 1 summarizes the results calculated at the 4-31G 
level for reaction (1) in the case of the negative point 
charge in 1. The energies for the isodesmic reaction ( 1 )  
(i.e. EA, EB, EC and ED), the electrostatic interaction 
energies (ESD and ESB) and the relative energy com- 
ponents ( 6 A E ,  6ES and 6PL)  for the energy decomposi- 
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Table 1. Energy decomposition analysis for the isodesmic reaction (at the 4-31G level) 


H-H( + - , 0) + (-).. .H-H -+ H-H + (-).. .H-H( + - , O )  


(A) (B) (C) (D) 


Relative energy component/ 
kcal mol - ' 


ne A cos O 
6pL = ne Aldebye (D) NO. nea Aa/A 0"/' EAb/a.u. Eo'/a.U. ESod/a.u. 6 A E  6ES 


2 1.0 0.72 
3 1.0 0.72 
4 1.0 0.72 
5 1.0 0.72 
6 1.0 1.00 
7 1.0 1-50 
8 0.5 0.60 
9 0.5 1.00 


10 0.3 0.60 
I 1  0.3 1.00 


0 -1.84658 
30 -1.84939 
60 -1.85452 
90 -1.86171 
60 -1.64814 
60 -1.47292 
60 -1.34338 
30 - 1.24595 
60 -1.20368 
30 - 1.16533 


- 1 .  12754h 


- 1 -86041 
- 1.86131 
- 1.86164 
- 1.86250 
- 1 -65749 
- 1.48559 
- 1 34684 
- 1.25444 
-1.20607 
-1.17074 


- 1.12713' 


-1.86004 
- 1 '86093 
- 1.86124 
- I '86209 
- 1.65711 
- 1 '48520 
- 1 '34643 
- 1 '25405 
- 1 '20566 
-1.17035 


0.00 
( -  0.49)' 


-8.19 
- 7.02 
- 3.98 
- 0.01 
- 5.35 
-7.46 
- 1.68 
-4.84 
- 1.01 
- 2.90 


0.00 
(-0*23)* 
-8.21 
-7.04 
- 3.99 
-0.01 
- 5,37 
-7.48 
- 1.68 
-4.85 
- 1.01 
- 2.92 


0.00 
(-  0.26)' 


0.02 
0.02 
0.01 
0.00 
0.02 
0.02 
0.00 
0.01 
0.00 
0.02 


0.00 


3.46 
3.00 
1.73 
0-00 
2.40 
3.60 
0.72 
2.08 
0.43 
1.25 


"Cf.  1 .  


'Total energy for system D perturbed with negative point charge. 
Total energy for system A. 


Electrostatic energy for system D perturbed with negative point charge. 
' ~ A E = ( E D - E A ) - ( E B - E ~ ) = A E , ~ ~ ~ ~ - A E H ;  b E S = E S , , b s t - E S ~ ,  ESrvbri= E S D - E A ,  € S H = E S B - E C ;  b P L = b E - b E S .  
'Unsubstituted system. 
",c. 


EB. 
' ESa. 
' A E H = E B - - E c .  
k E s H = E s B - E ' .  
' fLH = AEH - EsH. 


tion analysis are also shown in Table 1 .  The last column 
in Table 1 lists values of ne A cos 6 ( =pz) .  A linear 
relationship between the relative interaction energies 
( - 6AE) and p z  (= ne A cos 0 )  for 1 is shown in Figure 


1 .  On the other hand, no linear relationship between 
-6AE and ne is observed. 


Table 2 gives the charge density (1 - qH) on the 
hydrogen atom, pt ( = p  cos 0) calculated for the H-X 


neA cose 


Figure 1. Linear relationship between the relative isodesmic 
reaction energies (6AE) in reaction (1) and ne A cos @ (=  p z )  


in 1 


Table 2. The charge on hydrogen ( 1  - qH), z-component of 
dipole moment (p i )  and charge separation parameter ( A )  in 


H-X molecule 


CH3 
NHz 
OCH3 
OH 
CHO 
F 
CF3 
COCH3 
C02H 
C02CH3 
CN 
NO2 


0.1522 
0.3042 
0.3967 
0.3936 
0.1541 
0.4786 
0.2104 
0.1559 
0.2158 
0.2125 
0.3308 
0.4320 


0.00 
0.73 
1.24 
1.60 
1.57 
2-28 
2.17 
I *20 
1.34 
1.72 
3.25 
3.51 


0.OOo 
0.500 
0.651 
0.846 
2.121 
0.992 
2.147 
1.603 
1 -289 
1.684 
2.046 
1.692 


0.1549 
0.3096 
0.3977 
0'4257 
0.1484 
0.4820 
0.1972 
0.1498 
0.2093 
0.2076 
0.3336 
0.4247 


0.00 
0.73 
1.24 
1.62 
1.58 
2.30 
2.20 
1.21 
1.36 
1.75 
3.27 
3.53 


O.Oo0 
0.495 
0.649 
0.796 
2.221 
0.992 
2.320 
1.682 
1.351 
1.750 
2.039 
1.733 
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A 6 . A  
0 0.4 08 1.2 


Table 4. Energy decomposition analysis for 3 (X=F) (at the 
4-31G level) 


I I I I I I I I  


NO, 


0 02 0 4  0 6  


tTX. A 


0 


.5 
Y 


lo" 


Figure 2. Relationship between field parameter, o,(g), and A A  
or o,X 


molecule and the charge separation parameter (A ) ,  
which was obtained from the equation 
k = p cos O/  [ e(1 - q H ) ] ,  where p represents the dipole 
moment of fhe H-X molecule in place of the group 
dipole moment of X. 


Figure 2 shows the relationship between the field 
parameter [ m(g) = (IF]  26 and dipole parameter ( A A  or 


Tables 3 and 4 give the interaction energies ( A E )  and 
%A). 


Table 3. Energy decomposition analysis for 2 (X=NOz) (at 
the 4-3 1 G level) 


Energylkcal mol- '  


r ' / A  A E  ES PL CT EX MIX 


4.5  9.78 10'24 -0.43 -0.03 0.00 0.00 
4.5 (0.87)' (0.95) (-0.05) (-0.03) (0.00) (0.00) 
3.5 14.62 16.19 -1.15 -0.58 0.05 0.11 
2.5 27.10 30.55 -5.47 -3.62 3.51 2.13 
2.5 (6'07)" (5.65) (-2.14) (-2.84) (4.79) (0.61) 
2.25 36.10 37.70 -9.87 -6.49 9.43 5.33 
2 .0  54.72 49.02 -20.06 -20.06 24.67 21.15 


" T h e  results for  the neutral molecule system (X-H.. .H--NOl) are  
gken in parentheses. 


Energylkcal mol- ' 
r ' / A  A E  ES P L  CT EX MIX 


4.5 -4.79 -4.54 -0.13 -0.13 0.00 0.01 
4.5  (1.10)" (1.16) (-0.04) (-0.02) (0.00) (0.00) 
3.5 -7.53 -6.53 -0.46 -0.82 0.25 0.03 
2.5 -7.52 -11.02 -4.21 -4.13 10.05 1.79 
2 . 5  (8.79)" (7.78) (-2.29) (-3.12) (5.48) (0'94) 
2.25 -1.36 -12.97 -8.80 -8.60 23.38 5.63 
2 .0  17.09 -13.18 -19.23 -22'20 53.05 18.65 


" T h e  results for  the neutral molecule syytern ( X - H , , , H C O L H )  a re  
given in parentheses. 


the component terms (i.e. ES, PL,  CT, EX q d  M I X )  
calculated at  several distances (2.0-4-5 A) for 2 
(X = NOz) and 3 (X = F) using the 4-31G basis set. The 
corresponding results of the energy decomposition 
analyses for the neutral molecule system (i.e. 
X-H..-H--NHz and X-H-.+H-C02H) at r '  = 2 - 5  
and 4.5 A are shown in parentheses. 


Figure 3 shows the distance dependence of the inter- 
action energy ( A E )  and the component energies for 3 
(X = F). The interaction energies ( A E )  and their com- 
ponent terms for the isodesmic proton transfer reactions 
[ (2) and (3)], together with the corresponding relative 
interaction energies [6AE = (AEx - A E H ) ]  and their 
relative component terms [ 6ES = (ESX - ESH ), 
6 P L = ( P & x -  P L H ) ,  S C T = ( C T X - C T H ) ,  etc.] at 
r '  = 4 .5  A, and the corresponding values at r' = 2 . 5  A 
are given in Tables 5 and 6 ,  respectively. 
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Figure 3. Distance dependence of each of the energy com- 
ponents of the intermolecular interaction energy in the 


F-HHHCO? system 
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Table 5. Energy decomposition analysis for the isodesmic reaction (2) (at the 4-31G level) 
~ ~~ ~ 


Energy (kcal mol-') 


r ' l A  x 6AE 6ES 6PL 6CT 6EX 6mix 


4.5 H 


F 
NO2 
NHz 
CN 


2.5 H 


F 
NOz 
NH2 
CN 


0.00 
(-0.09)= 


6.09 
9-00 
1.60 
6.28 
0.00 


(-2.16)" 
17.55 
23-19 
3-96 


15.12 


0.00 
(0.24) 
5.92 
9.05 
1.62 
6.42 
0.00 


(2.23) 
15.96 
22.67 
4.33 


15.29 


0.00 
( -  0.32) 


0.16 
-0.06 
- 0.02 
-0.16 


0.00 
(-3.91) 


2.46 
0.58 


- 0.02 
0.18 


0.00 0-00 
(-0.01) (-0.01) 


0.02 0.01 
0.01 0.01 
0.01 0.00 
0.02 0.00 
0.00 0.00 


(-0.87) (-1.33) 
- 0.27 0.18 


0.09 0.05 
- 0.73 -0.03 


0.18 -0.19 


0.00 
(0.01) 


-0.02 
- 0.01 
- 0.01 
0.00 
0.00 


(1 -72) 
-0.78 
- 0.20 


0.41 
-0.34 


a Values in parentheses are energy values of each term when X = H. 


Table 6. Energy decomposition analysis for the isodesmic reaction (3) (at the 4-31G level) 
~ 


Energylkcal mol- ' 
r r l A  x 6AE 6ES 


4.5 H 0.00 0-00 
(-0.41)a (-0.22) 


F -5.48 - 5.48 
NO2 - 8.49 - 8.26 
NH2 - 1.85 - 1.80 
CN -6.15 - 5.93 


2.5 H 0.00 0.00 
(-0. 17)a (-4.22) 


F - 16.14 - 14.58 
NOz -22.69 -20'51 
NHz - 5.02 -4.69 
CN - 14.73 - 14.01 


6PL 6CT 6EX 6 M f X  


0-00 
(-0.14) 


0-05 
-0.12 


0.00 
- 0.10 
0.00 


(0.17) 
- 2.09 
-3.30 
- 0.75 
-2.24 


0.00 
( -  0.06) 
- 0.05 
-0.17 
- 0.04 
-0.10 


0.00 
(-2.58) 


1.57 
0.70 
1.30 
0.74 


0.00 
(0.01) 
- 0.01 
-0.06 


0.00 
0.00 
0.00 


(5.79) 
- 1.22 
- 0.44 
-0.32 


0.26 


0.00 
(0. 00) 
0.01 
0.12 


-0.01 
-0.02 


0.00 
(0.67) 
0.18 
0.86 


0.52 
-0.56 


Values in parentheses are energy values of each term when X = H. 


Table 7 summarizes the results of  statistical analyses 
for the relative pk, values (ApK,) of various series of 
substituted aliphatic carboxylic acids and ammonium 
salts, 20,21 ionization potentials ( I P )  or relative rate 
of methylation of 4-substituted quinuclidines, 22*31 


I3C-SCS in the phenyl p-carbon of 4-substituted 
I-phenylbicyclo [2.2.2]0ctanes*~ and others2' and 
relative rate of esterification of substituted acetic acids3' 
using the dipole parameter (AtX or oJ). 


DISCUSSION 


The field parameter (UF or U I )  depends essentially on the 
group dipole moment of the substituent (px) which is 
correlated with AtX, whereas the o-inductive effect is 
related directly to the group electronegativity (XX, ox or 


At). Therefore, there is no relationship between UF (or 
UI) and ox (or At).'o9" 


A decisive answer concerning this non-proportion- 
ality was obtained from the following consideration 
using the results in Table 1 .  According t o  the energy 
decomposition analysis for the case of a negative probe 
charge, the field energies (AE) in the system 1 are 
almost entirely composed of the electrostatic energy 
(ES)  as shown in Table 1, and the contribution of the 
polarization energy ( P L )  can be ignored. It was 
previously pointed out l4 that the logarithm of the inter- 
action energy (log A E )  between molecules X-H and 
point charge [i.e. (+)...H-X) is well correlated with 
- log r having a slope of nearly 2 at various distances ( r )  
between the hydrogen atom of X-H and point charge 
as expected from equation (4). Hence the interaction 
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Table7. Statistical results for ApK,, ionization potential ( I P ) ,  "C-SCS and relative rate [log(k/ko)] vs AiX (first value listed) or 
o,X (second value listed) 


Parameter System 


Slope 


a B r n  fb n c  __ 
A P K ~  X-G-CO2H: 


G = CHz 
(CHz)r 


(CHzh 
(CH2)J 


CH2Cdh-P 
S 
6 
7 
8 
9 


10 


l 1  + 
X-G-NHJ: 
G = CHz 


12 
13 


IP 14 
"c-scs 4 (C-4) 


lS(C-4') 
Log(k/ko) XCHzCOzH + PhzCNz 


XCHzCOzH + PhzCNz 
14 + Me1 


2.09 4.15 
0.74 1.46 
0.33 0.67 
0.32 0.69 
0.39 0-76 
1.57 3.02 
0.35 0.64 
0.52 1.03 
0.72 1.30 
0.75 1.49 
0.79 1.65 
0.58 1.13 


4.35 8.52 
2.41 4.68 
I .09 2.14 
0.57 I .08 
0.63 1.27 


-0.97 -1.90 
1.17 2.31 
1.81 3.56 


-0 .54  -1.05 


0.963 
0.960 
0.983 
0.922 
0.947 
0.984 
0.987 
0.978 
0.990 
0.960 
0.980 
0.973 


0.997 
0.984 
0.927 
0.995 
0.974 
0.991 
0.989 
0.994 
0.969 


0.975 
0.970 
0-962 
0.961 
0-935 
0.960 
0.996 
0.983 
0.991 
0-976 
0.980 
0.990 


0.997 
0.984 
0.927 
0.997 
0.976 
0.990 
0.991 
0.995 
0.981 


0.17 
0.18 
0.16 
0.32 
0.23 
0.15 
0.16 
0.15 
0.09 
0.19 
0.15 
0.22 


0.073 
0.12 
0.42 
0.09 
0.15 
0.12 
0.17 
0.12 
0.19 


0.14 10 
0.16 10 
0.22 7 
0.23 6 
0.28 5 
0.23 6 
0.08 6 
0.17 5 
0.09 6 
0.15 8 
0.15 7 
0.15 5 


0.076 5 
0.13 I I  
0.42 5 
0.07 6 
0.15 9 
0.13 5 
0.16 6 
0.11 6 
0.15 10 


Ref 


20.21 
27 
27 
27 
20 
28 
20 
20 
20 
20 
20 
20 


20 
20 
20 
22 
23 
29 
20.30' 
20,30' 
20, 3 I d.g 


~~~ ~~~ ~~~ ~~ 


Correlation coetTicient . 
hGoodness of fit ( =  SD/RMS, where SD = standard deviation and RMS = root mean square of the data) 
Number of data points. 


'The X value for the CONHz group was estimated from equation (10) as 1.968 A. 
In  EtOH at 25 ' C .  


' In MezSO at 30 ' C .  
' I n  MeOH at IO'C. 


energies ( A E )  in 1 can be approximately calculated by 


A E =  - (ep  cos 8 ) / r 2  (4) 
and 


A E  = - e (ne A)COS e/r2 ( 5 )  
where e represents the probe point charge. Accordingly, 
if the distance ( r )  between the probe charge and the 
centre of the pure dip015 'substituent' is kept constant 
(for example, r = 6.73 A in I ) ,  a linear relationship 
between A E  and p,( = ne A cos 8 )  will be expected from 
equation (5). In fact, the relative interaction energies 
(6AE) and pz  ( = ne A cos 0 = ne A, cited in Table 1 )  can 
be well connected by equation (6) with an excellent corre- 
lation coefficient. Since 6AE is nearly same as 6ES as 
shown in Table 1, equation (7) is also given with a com- 
parable precision to that of equation (6) (see also 
Fig. 1); 


6 A E =  -2.23 ne A cos 8 - 0.067 (6 )  
( r ,  = 0.996,f= 0.058, n = 11) 


~ E S =  -2.24 ne A C O S  8-0 .067  ( 7 )  
(rc = 0.996,f= 0.058, n = 11) 


In contrast, there is no linear relationship between 
6AE and the charges (ne)  on the pure dipole 'substi- 
tuent' as shown in Table I .  Hence it is necessary to 
explain why UF (or UI ) is not linearly correlated with the 
substituent electronegativity, ux (or A L ) ,  because a linear 
relationship between fractional charge and electro- 
negativity has been indicated32 and further the ux values 
have been evaluated from the charge densities on the 
hydrogen atom ( 1  - q H )  in compounds X-H,'"b and 
the inductive substituent parameter ( 1 ) "  are related to 
(1 - q H ) .  33  


Charge separation parameter (X) 


The X parameter of each substituent listed in Table 2 
was obtained from the z-component of the dipole 
moment, p r  (= p cos O), for the molecule H-X and the 
charge density, ( I  - q H ) ,  on the hydrogen atom in the 
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molecule H-X by an ab initio molecular orbital 
calculation at the 4-31G or 6-31G level. 


The pz values listed in Table 2 are expected to show 
a linear relationship with field parameters, uI(g), which 
were derived recently from the acidities of the 
substituted phenols in the gas phase.26 The results are 
m(g) = O-191pz (rc = 0-991, f = 0-088, n = 10 at the 
4-31G level) and m(g) = 0*189p, (rc = 0.991, f = 0.087, 
n = 10 at the 6-31G level), indicating almost the same 
correlation coefficient ( rc) ,  goodness of fit (f) and 
slope. The types of substituent groups used in the 
statistical analysis are H, CH3, NH2, OCH3, CHO, F, 
CF3, COCH3, CN and N02. Owing to the lack of 
evaluation of ur(g) for the CH3 group, the UI value given 
by Charton” was used, but the substituent C02CH3 is 
eliminated from this statistical analysis, because the 
inclusion of this group leads to a significant deviation 
from the regression lines (rc = 0.969, n = 11 at the 
4-31G and 6-31G levels). The reason for this deviation 
can probably be attributed to an imperfection in the 
separation of the uI(g) value into the UI and UR com- 
ponents, because the correlations with ~i~~ and the other 
data in solution are excellent or fairly good even when 
the C02CH3 group is included, as mentioned later. 


On the other hand, we reported previ~usly’~ a good 
correlation between the relative inductive substituent 
parameter (Ac) and (1 - qH) in H-X molecules. lob 


According to equation (6), it is expected that the pro- 
duct of the A value and or axLob probably bears 
a linear relationship to the field parameter (a1 or UF) , ’~  
because the UF(theor) (or UF)  values have recently been 
evaluated using an interaction energy of isolated 
molecule systems.I7 In fact, it was found that the pz 
values were correlated with ALX (rc = 0.968, n = 13 at 
the 4-31G level; rc = 0.962, n = 13 at the 6-31G level) 
and with uxX (rc =0-986, n = 13 at the 4-31G level; 
rc = 0.992, n = 13 at the 6-31G level). 


Figure 2 shows plots of uI(g) values against ALX or 
u,X, and the following relationships were obtained with 
a good correlation coefficient for the 10 substituents 
mentioned above: 


= 0’479A~X4.31~ - 0.023 (rc = 0*987,f= 0.11) 
( 8 4  


(8b) 


~ 1 ( g ) = 0 . 9 7 5 ~ , k 4 . 3 1 ~ - 0 . 0 0 4  (rc =0.987, f=O*l l )  
( 9 4  


(9b) 


As can be seen in Figure 2, the plot of m(g) against 
AA is slightly more scattered than that against uxX. The 
reason may be attributed to the incomplete evaluation 


UI(g) = 0.465Atk6-31~ - 0.021 (rc = 0*982,f= 0.13) 


ur(g) = 0.968~~X6.31~ - 0.009 (rc = 0-992,f= 0.08) 


of aI(g), because AcX correlates excellently with ui, as 
shown later. According to the results expressed by equa- 
tions (8a) and (8b) and (9a) and (9b), it is obvious that 
the evaluation of X on the basis of approximation at the 
4-31G level is favourable with respect to the field 
parameter, ALX, but that based on approximation at the 
6-31G level is better for the field parameter u,X. 


The reasoning could be an accidental result due to the 
following data in the range of the limited substituents. 
The AL values correlated with the ( I  - qH) values of 
H-X molecules calculated at the 4-3 1G level slightly 
better than those at the 6-31G level (rc = 0-950 vs 
0*946), and the ax values correlated with those at the 
6-31G level slightly better than those at the 4-31G level 
(rc = 0.989 vs 0-983), because the ax values were ob- 
tained based on the (1 - q H )  values calculated at the 
6-31G* level. 


Hence it seemed that the introduction of a new 
parameter, namely the charge separation parameter, 
X, l9 is necessary in order to identify the reason for the 
non-linear relationship between the field effect and the 
substituent electronegativity parameter. 3bv10v11 


The validity of the charge separation parameter (A) 
becomes clear by comparing Figure 2 with Figure 5 in 
Ref. 10b [extremely scattered plot of UF (or UI) against 
a,], because of a remarkable improvement in the non- 
linear relationship between UF (or at) and 
electronegativity . 


A linear relationship between ALX or axX and the field 
parameter, ui,34 was found with high precision as 
follows: 


Individual substituents used in the statistical analysis 
were H, CH3, NH2, OCH3, OH, F, CF3, COCH3, 
C02CH3, CN and Nos. A similar treatment was also 


and the following linear relationships having a slightly 
less precise linearity were obtained; F =  0-669A~X4-31~ 
+0*073 (rc=O-%3, f=0.17, n =  12); F= l -355ux&~1~ 


0-414A~X4.31~ + 0.007 (rc = 0-930, f = 0-22, n = 13); 


n = 13). 


applied to other field parameters, F35 and uF(thcor), 17 


+ 0.073 ( r c  = 0.974, f =  0‘ 145, n = 12); CTF(theor) = 


bF(theor) = 0.861~xX6.31~ + 0.006 (rc =0*961, f= 0.16, 


In the plot of ui against UA&-31G1 substituent groups 
such as CF3, COCH3 and OH deviated from the regres- 
sion line. On the other hand, in the plot of F against 
AA4-31~~ OCH3, NH2, COzH and NO2 groups deviated 
considerably from the regression line. In the relation- 
ship between UF(theor) and ALXCJIG, a larger deviation 
from the regression line was observed for CHO and 
NO2 groups. 
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Energy decomposition analysis for isodesmic reaction 


It is generally observed from the results in Tables 4 and 
5 that the A E  value consists mainly of-an electrostatic 
(ES) term at  longer distances (r'  = 4 - 5  A or above), but 
the other energy terms such as PL, CT, EX and MIX 
contribute to  the A E  value to various extents at shorter 
distances (r'  := 2.0-3.5 A) in both series 2 and 3. In the 
case of 3 (X = F) (see Figure 3), the A E  valye changed 
from stabilization (negative value at  r' = 3 A or above) 
to destabilization (positive value at r' = 2.0-2.5 A) 
with a decrease in the distance between two species (HF 
and HCOF). This result is ascribed to the sum of both 
stabilization due t o  an increase in ES, CT and PL terms 
and destabilization caused by an increase in EX and 
MIX terms. 


The relative component energies (i.e. 6PL, 6CT, 6EX 
and 6 M K )  in reactions (2)  and ( 3 )  at a longer distance 
(r' = 4.5 A) play only a minor role compared with the 
electrostatic energy term (6ES), as shown in Tables 5 
and 6 .  The point to  be noted is that the electrostatic 
term (6ES) is also dominant at a shorter distance 
(r'  = 2.5 A), although other terms such as 
6PL, 6CT, 6EX and 6MIX show a considerably greater 
contribution than those at  longer distances. 


In general, the relationship between the relative elec- 
trostatic energy, 6ES (see Tables 5 and 6 ) ,  and mZ6 
shows excellent linearity as followg;: r, = 0.984 at  
r' = 4.5 A and r, = 0.978 at r' 2 .5  A for reaction (2) ,  
and r , 2 0 . 9 8 2  at  r' = 4 . 5 A  and r C = 0 * 9 7 6  at 
r' = 2.5 A for reaction (3).  


As shown in Figure 4, the 6ES value is nearly corre- 
lated with ArX at  a closer distance (at r' = 2 - 5  A in 2 and 
3). This trend was also generally observed in *the 
isodesmic reactions at a longer distance (r'  = 4.5 A). 


The magnitude of the energy (AE = 9.78 kcal mol-I) 
in the chargeidipole interaction (in the case of 
02N-H-..H--NH3 at r' = 4.5 A listed in Table 3 )  is 


I . , . , l I I  


0 1.0 
AL.A 


Figure 4. Relationship between 6ES and A A  in reactions (2) 
and (3) at r '  = 2.5 A 


more than ten times of that of *the relative energy 
(AE = 0.87 kcalmol-' a t  r' = 4.5 A, as shown in Table 
3) in the case of  the dipole-dipole interaction 
(O*N-H...H--NHz) . Consequently, the field effect 
due to  charge-dipole interaction becomes more import- 
ant than that due to  dipole-dipole interaction. As men- 
tioned in the Introduction, the reason why the field 
effect for ApKa is dominant in the charged molecules, 
XCHzCOF, but the electronegativity of the substituent 
correlates linearly with the chemical shift parameter 
( ~ c H ~  - ~ C H J  in the neutral molecules (XCH2CH3) may 
be attributed to the fact mentioned above. 


Application of A,k or a,X to ApK. and some physical 
data 


The relative PKa values (ApKa) of a wide variety of 
aliphatic acids20~21~z7~28 were analysed with high preci- 
sion using ALX or a,X as shown in Table 7 .  


ApKa = a A ~ X 4 . 3 1 ~  + c or p ~ ~ X 6 - 3 1 ~  + C'  (1 1) 


These results support the validity and generality of the 
X parameter. The ionization energies of the lone pair on 
the nitrogen atom in 4-substituted quinuclidines (14)22 
were also precisely related with AtX or a,h (see Table 7 ) .  


From the analysis with equation (1 1) i t  was confirmed 
in the aliphatic systems that the electrostatic dipolar 
field effect on the reaction centre is much more impor- 
tant than the through-a-bond effect. 


Recently, Adcock and c o - ~ o r k e r s ~ ~  reported that 
13C-SCS of the C-4 atom for 4'-substituted bicyclo- 
L2.2.21 octylbenzenes (4) are proportional to UF, even 
though the atoms are contained in the unsaturated 
probe linkage. In this case, the C-4 SCS are also well 
correlated with ALX or o,X, as shown in Table 7 .  


Hence the validity of introduction of the charge 
separation parameter (X) into the relationship between 
the field parameter and the electronegativity or induc- 
tive substituent parameter was best judged by compar- 
ing physical and chemical data such as ApKa,20*21~z7*z8 
IP,zo,22 13C-SCS23.29 and l o g ( k / k ~ ) ~ ' ~ ~ ' > ~ '  with the 
parameter ALX or 6,X as shown in Table 7 .  


4 5 6 7 


8 9 10 11 


12 13 14 15 
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T h e a ( = 0 . 5 8 )  [o rP (= l .13 ) ]  valueoftheslope for 
11 in Table 7 is considerably smaller than those for 9 
(a  = 0.75 or /3 = 1 *49) and 10 (a = 0.79 or P = 1.65), 
although the geometrical relationships between the 
substituent and COOH group are nearly same. 
However, it is known that the substituent effect for 11 
is almost same a s  those for 9 and 10, when the H atom 
and CH3 group are omitted. 36 Therefore, the difference 
in slopes may be attributed to  a deviation of H and CH, 
in 11. 


It is concluded that both the charge separation 
parameter (A) and substituent electronegativity are 
essential parameters for interpreting the electrostatic 
field effect. Our approach on the basis of the inductive 
substituent parameter ( 1 )  and the charge separation 
parameter (A)  will be very useful as a means of predict- 
ing the field parameter (uF). Hence these results should 
cast a new light on an interpretation of the electronic 
substituent field effect in aliphatic series. 
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23Na NUCLEAR MAGNETIC RESONANCE STUDY OF THE 
COMPLEXATION OF SODIUM TETRAPHENYLBORATE BY 


ACETONITRILE, ACETONE AND PYRIDINE 
[5 ,5 ]  -DIBENZO-30-CROWN-10 IN NITROMETHANE, 
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CHRISTIAN DETELLIER* 


Ottawa-Carlefon Chemistry Institute, Ottawa University Campus, Ottawa {Ontario) KIN 984, Canada 


The nature of the (Na-DB30C10)+ complex has been studied by '3Na NMR in four non-aqueous solvents: 
nitromethane (NM), acetonitrile (AN), acetone (AC) and pyridine (PY). The equilibrium constant of formation (Kf) 
of (Na-DB30C10)' in AC, AN and PY was determined at 300 K: log Kf = 3.9 f 0.3, 3.4 f 0.5 and 3.0 f 0.1, 
respectively. In cases such as in pyridine, where exact values of the rate constants for the chemical exchange could 
not be calculated, limiting values were determined giving k -  1 (the rate constant for complex 
dissociation) > 6.6 x lO-'s-' and k ,  (the rate constant for the formation of the complex) > 5 x 1071mol-'s-'. 
Evidence was found for the formation of a 2 : 1 (Naz-DB30C10) + * complex in nitromethane. It has been previously 
shown that for (Na-DB24C8)+ the first coordination sphere of Na' is exclusively filled by the oxygens of the crawn 
ether, whereas for (Na-DB18C6) + there is participation of at least one solvent molecule. The first coordination 
sphere of Na+ in (Na-DB30C10)' consists of one or several molecules of solvent in addition to a number of 
oxygens from the crown ether. The soft wrapping of the Na+ by DB30C10 is in constrast with the hard wrapping 
of Na+ by DB24C8 and of K +  by DB30C10. 


INTRODUCTION 


The large crown ether [5 ,5 ]  -dibenzo-30-crown-10 (6,7, 
9,10,12,13,15,16,23,24,26,27,29,30,32,33-hexadeca- 
hydrodibenzo[b,q] [ 1, 4, 7, 10, 13, 16, 19, 22, 25, 281 
decaoxacyclotriacontin) (DB30C10,l) first reported by 
Pedersen' in 1967, is known to form stable complexes 
with a variety of cations, ranging from dicationic 
organic entities such as diquat 2 3 3  to organometallic 
derivatives such as [Rh(cod)(NH3)2] + (cod = cyclo- 
octadiene), inorganic complexes such as 
[Pt(bpy)(NH3)2] + or (UOZ)~ '  and alkaline earth' or 
alkali metal8-" cations. 


In the case of the alkali metal cations, complexation 
in methanol shows a plateau selectivity since the 
equilibrium constant for the formation of 
(Na-DB30C10)' is a factor of 400 lower than that of 
(K-DB30C10)+, which is in the same order as that of 
(Cs-DB30C10)'. l 2  The formation constants of the 


* Author for correspondence. 
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(Cs-DB30C10)' complex were determined by 133Cs 
NMR in five noon-aqueous solvents by Shamsipur and 
Popov. l3  At 30 C, they are in a range between log Kf = 
3.4 (acetonitrile) and 4 -4  (pyridine). In all five cases, 
the complexes are enthalpy stabilized and entropy 
destabilized. l 3  These observations can be rationalized 
by the fact that DB30C10 is flexible enough to adapt its 
conformation to the size of the cation and to wrap 
around K+ or Cs+. Such 'wrap-around' structures of 
the KSCN-DB30C10'4 and KI-DB30C10" complexes 
have been determined in the solid state by x-ray 
crystallography and studied by CP-MAS 13C NMR. l6  


Live and Chan" have shown that in solution the 
DB30C10 conformations of these complexes are similar 
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to those in the crystal. Recently, our group has shown, 
by '9K and "C NMR, that in non-aqueous solvents 
DB30C10 wraps around the potassium cation and expels 
the conjugate anion and the solvent molecules from the 
cation coordination sphere. l 7  This behaviour is very 
similar to the case of Na+- [4,4] -DB24C8 ([4,4] - 
dibenzo-24-crown-8 = 6,7,9,10,12,13,20,21,23,24,26,27- 
dodecahydrodibenzo [b,n] [ 1,4,7,10,13,16,19,22] octa- 
oxacyclotetracosin). However, if DB30C10 can 
form a cavity precisely adapted to  the size of K', then 
in the case of smaller cations such as sodium, it has been 
proposed that the cavity formed during the complexa- 
tion process is not so perfectly adapted" and that un- 
favourable non-bonding interactions would become 
important.22 The main result is a drop of the value of 
the equilibrium constant of formation on going from 
K +  to Na+,  and the possibility of formation of 2 :  1 
sodium-DB30C10 complexes, as it has been shown in 
the solid state" and in solution. 1 3 * 2 3  


It is in this context that we decided to  study, by ''Na 
NMR, the nature of the (Na-DB30C10)' complex in 
four non-aqueous solvents: nitromethane (NM), aceto- 
nitrile (AN), acetone (AC) and pyridine (PY). 23Na 
NMR is an excellent probe of the close electronic 
environment of the sodium cation24326 and is very sensi- 
tive to  the nature of the sodium coordination shell. 


EXPERIMENTAL 


[5,5]-Dibenzo-30-crown-IO synthesis. [ 5,5] -DB30C10 
was synthesized by a modification of Pedersen's 
method, after monoprotection of catechol by 
tetrahydropyran (THP),27 according to  the following 
scheme: 


0 - THP 
(a) KOH/n-BuOH& * 


@OH I+ c$opcl (b) 7% HZSOA 


2 I 


3 


2- [ (Tetrahydro-2H-pyran-2-yl)oxyl phenol (2) 27. 


Compound 2 was synthesized following a modification 
of the previously published method,27 as follows. A 
18 * 5-g (0.22-mol) amount of dihydropyran dissolved in 
50 ml of toluene containing 4-8 drops of concentrated 
HCl was added dropwise over 1 h a t  0 ° C  to 2 2 g  
(0.20 mol) of catechol dissolved in 150 ml of toluene. 
After a standing period of 1 h, the toluene was extracted 
with 2 x 100 ml 10% NaOH. The aqueous phase was 
saturated with carbon diodixe until pH7 to generate the 


monoprotected catechol. This two-phase mixture was 
extracted with 2 x 100 ml of dichloromethane. The 
dichloromethane solution was washed with 50 ml of 
water, then with 50 ml of saturated aqueous NaCl. The 
organic phase was dried over MgS04, filtered and the 
CH2Cl2 evaporated to  afford 29.4 g of monoprotected 
catechol as a slightly golden liquid, with a yield of 76%. 
TLC (silica gel with 4 :  1 CHzClz-hexane as eluent) 
showed only a very slight contamination by catechol. 
(M' ' = 194; ' H  and I3C NMR spectra were in perfect 
agreement with the structure). 


2,2, I -  [oxybis(2,1 -ethanediyloxy-2, I-ethanediyloxy)] 
bisphenol (3). 3,28 A 9.12-g (0.047-mol) amount of 
monoprotected catechol 2 was dissolved in 110 ml of 
butan-1-01 with 5.28 g (0.094 mol) of KOH with reflux 
under nitrogen. After complete dissolution, 5.28 g 
(0.023 mol) of 1,1 l-dichloro-3,6,9-trioxaundecane in 
30 ml of butan-1-01 were added dropwise over 1 h. The 
mixture was refluxed for 24 h and after filtration and 
solvent evaporation, the brown oil obtained was dissolv- 
ed in 50 ml CH2Cl2 and extracted with 24 ml of 10% 
NaOH. After standard work-up procedures, the pro- 
tected bisphenol was reacted with 25 ml of 7% HzS04 
for 2 h. The solution was then extracted with 2 x 50 ml 
of CHzClz and, after work-up, 3.88 g of 3 were obtain- 
ed as a brownish oil (yield 45%). The 'H NMR data 
were in good agreement with the literature. 


[5,5]-DB3OClO (1). ' A 0.66g (0.0017mol) amount 
of 2 was dissolved under nitrogen in a mixture of 50 ml 
of butan-1-01 and 0.23 g (0.041 mol) of KOH at reflux. 
After complete dissolution, 0.39 g (0.0017 mol) of 
bischlorotetraethylene glycol in 40 ml of butan-1-01 was 
added dropwise over 1 h and the solution obtained 
refluxed for 24 h. Then the butan-1-01 was removed by 
distillation with water addition, until the temperature 
remained at 100 "C for 10 min. [5,5]-DB30C10 
crystallized out during the distillation. After 
recrystallization from ethyl acetate, 0 -  17 g of 
[ 5 , 5 ]  -DB30C10 were obtained (yield 20%); m.p., 
104-106°C; lit."' m.p., 104-106-5 "C. The 'H NMR 
data were in good agreement with the literature, as also 
were the "C NMR. 1 0 , L 7  


Materials and methods. Nitromethane (Aldrich, gold 
label) and acetonitrile (BDH, assured) were dried under 
reflux over calcium hydride, fractionally distilled and 
stored over 4A molecular sieves under argon. Pyridine 
(Aldrich, gold label) and acetone (Fisher, spectran- 
alyzed) were stored over 4A molecular sieves under 
argon at least 2 days prior to  use. The NMR tubes were 
tightly capped under argon. All the spectra were 
recorded within 24 h of preparation of the samples. 
[5 ,5 ]  -Dibenzo-30-crown-10 was synthesized and 
purified as described above, or purchased from Parish 
Chemical. In the latter case, it was recrystallized from 
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a minimum volume of acetone; after cooling and 
washing with a few millilitres of acetone, it was dried at 
60'C under vacuum for several hours (m.p. 
105- 106 "C). Sodium tetraphenylborate (Aldrich, 
99 + 070) was dried over phosphorus pentoxide under 
vacuum for several hours prior to use. 


The 23Na NMR spectra were obtained at 79.346 MHz 
(Varian XL-300 spectrometer). The temperature was 
controlled at 300 5 0.5 K. The chemical shifts were 
measured with respect to  a 0.1 M NaCl solution in 
D20-H20 (10:90) and corrected for the bulk 
diamagnetic susceptibility of the solvent. The lineshapes 
were Lorentzian is all cases and the linewidths at half- 
height were measured graphically. The 90' pulse width, 
which was systematically controlled, depended on the 
experimental conditions and was in the range 20-30 p s .  
The TI m e a s u r e m p  were done by an 
inversion-recovery 180 -7-90' pulse sequence and TI 
was obtained from a three-parameter non-linear regres- 
sion analysis on at least nine experimental data points. 


RESULTS 


Figure 1 shows the "Na chemical shifts of a 0.010 M 
NaBPh4 solution in four solvents [nitromethane (NM), 
acetonitrile (AN), acetone (AC) and pyridine (PY)] as a 
function of p ,  the ratio [DB30C10] : [NaBPhd]. By 
coincidence, the chemical shifts of solvated and 
complexed sodium are almost identical in acetone and 
acetonitrile. In nitromethane there is evidence for 
the formation of an (Na~-DB30C10)~+ complex. 1 3 3 2 3  


For pyridine, the data can be accounted for by the 
formation of a 1 : 1 complex. A non-linear regression 
analysis based on the equilibrium of the equation 


(Na+),,1, + (DB30C10),ol, (Na-DB30C10)&1, (1) 


gives Kr = 2.8 ? 0.1  and a value for the characteristic 
chemical shift of the complex, A,, equal to  
- 6 . 9  2 0.3  ppm (Table 1). The values of the chemical 
shifts of the complex in the four solvents span a 3 ppm 
range ( -  7 to - 10 ppm). The formation of the complex 
in acetone and acetonitrile can be followed through the 
relaxation rates. In the extreme narrowing limit, and 
in the absence of any contribution from chemical ex- 
change, we have 


(2) 


where Tz.obs-l is the observed transverse relaxation rate 
directly obtained from the linewidth of the signal, Y I / Z ,  


T2,ins-l is the field inhomogeneity component and 
 TI,^^,-' is the longitudinal relaxation rate which is 
measured independently and, in the case of a 
quadrupolar nucleus such as 23Na ( Q  = 0 -  12 barn), is 
totally dominated by the quadrupolar r e l a ~ a t i o n ~ ~ - ~ ~  
(TI,&-' =  TI,^-'). We carefully checked that in all the 
cases of this study at  79.35 MHz, there was no exchange 
contribution t o  the observed transverse relaxation rate. 


T2,obs-l = T 2 , i n h - l  + T1~ob9-l = T Y I / Z  


0. c c . c :  O A  


X 


X 


X 


I I I 
0 0.5 1 .o 1.5 


P 
Figure 1. 23Na chemical shifts as a function of the ratio 
p = [DB30C10]/ [NaBPh4] in four solvents: ( ) pyridine; 
( A ) acetonitrile; ( 0 )  acetone; ( X )  nitromethane. [NaBPh4] 
= 0.010 M. The data in nitromethane are from Ref. 23. The 


data points are experiental and the line is calculated from the 
data in Table 1 


This was verified by the fact that T1,obs-l was typically 
lower than T2,obs-l by 5-20 Hz, which is the expected 
order of magnitude for T2,inh-l .  Under extreme narrow- 
ing conditions for a spin-; nucleus, neglecting the asym- 
metry parameter, the quadrupolar longitudinal relaxa- 
tion rate is given by the equation 


(3) 


where rc is the correlation time characteristic of the 
quadrupolar relaxation and x is the quadrupolar coupl- 
ing constant (QCC), which is given by 


X =  (4) 


where Q is the 23Na nuclear quadrupole moment, q is 
the electric field gradient at the quadrupolar nucleus site 
and (1 + ym) is the Sternheimer antishielding factor. 
 TI,^-' therefore reflects, through its electric field 


e2qQ(1 + y-1 
h 
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Table 1. (Z3Na-DB30C10)+ NMR characteristics a n d  formation constantsa 


Solvent 6 (PPW v l / z d  (Hz) T I - '  (Hz) tlf (mp) Log KJ- 
~~~ 


- 10.2 ? 0.lb" 230 ? lob g 6.20 NM 
AC - 7.4 ? 0. I d  72 ? 2 201 ? 6 3.24 3.9 ? 0.3h  
AN -7.1 _c 0 - I d  86 _+ 2 280 ? 20 3.57 3 . 4  ? 0.5h 


3 . 0 ? 0 . 1 h  PY -6.9 2 0.3' 325 ? 5 1140 ? 30 9.52 
2 - 8 ?  0 .1 '  


a Values of the "Na chemical shifts, linewidths and longitudinal relaxation rates for the complex (Na-DB30C10)' in nitromethane (NM), acetone (AC), 
acetonitrile (AN) and pyridine (PY). The viscosities of the four solvents are also indicated. [NaBPh4] = 0.010 M, unless indicated otherwise. 
T=294K.  
bFrom Ref. 23; NaBPha = 0.050 M .  


dExperimental value obtained for p = [DB30C10]/[NaBPh4) = 2.0 (acetone: p = 1.5). 


'From Ref. 17 and references cited therein. 


J , . ,  Logarithm of the equilibrium constant of formation (300 K) of the complex determined from non-linear regression on the data shown in (h) Figure 
2 ( T I - ' )  and (i) Figure 1 (6). 


g 


Calculated from a non-linear regression; see equation ( I )  and Figure 1. 


From non-linear regression analysis. See Figure 2. 


Not determined. 


gradient term, the dissymmetry of the electronic dis- 
tribution around the sodium cation. In the cases of 
(23Na-DB24C8)+ " and (39K-DB30C10)+, I'  TI,^-' 
was shown to be linearly related to the macroscopic 
viscosity of the solvent. This was rationalized on the 
basis of the Debye-Stokes-Einstein relationship, which 
relates the correlation time T~ to the medium macro- 
scopic viscosity, q:  


where a is the molecular radius and fr a microviscosity 
coefficient. 24*2s 


Equations (3)-(5) show that the 23Na relaxation rate 
of a sodium complex in media of various viscosities is 
expected to be directly proportional to  7, if the electric 
field gradient, q, is independent of the solvent. In this 
context, a convenient representation of the titration of 
Na+ by DB30C10 as measured by the relaxation rates is 
to plot Tl,obr-L/q as a function of p =  [DB30C10]/ 
[NaBPh4] 2y (Figure 2). The formation constants, 
log Kf, could be determined in pyridine, acetonitrile and 
acetone from non-linear regression analysis [equation 
( l ) ]  of the plots shown in Figure 2.  The results are given 
in Table 1. The agreement between log Kf in pyridine 
determined independently from the chemical shifts and 
from the relaxation rates is good. In contrast with the 
case of the complexes (Na-DB24C8)+I8 and 
(K-DB30C10)+, l 7  the relaxation rates of the complex 
are not perfectly proportional to  the viscosity of the sol- 
vent. This is apparent from Figure 2, since the three 
titration curves do not give the same plateau value for 
T I  - ' / q .  


A further insight into the nature of the sodium coor- 
dination shell with an eventual participation of the sol- 
vent can be gained from a study of the 23Na chemical 
shift and relaxation rate variations of the complex in 


10 I 


0' I 
I I I t  


0 5  10 1 5  2 0  


P 
Figure 2. Z3Na longitudinal relaxation rate divided by the 
viscosity o f  the solution ( T l - ' / q )  as  a function o f  the ratio 
p = [DB30C10]/ [NaBPh4] in three solvents: ( o ) pyridine; 
( A ) acetonitrile; ( 0 )  acetone. [ N a B P L ]  = 0.010 M .  The  da ta  
points a r e  experimental and the three Lines are calculated from 


the  da t a  given in Table  I 







Figure 3.  (0)  


"3 4 5 6 7 8 9 


?(rnP) 


Figure 4. Linewidths a t  half-height of the Z3Na signals for the complex (Na-DB30C10)' as  a function of the solution viscosity. 
( o ) Pyridine; (0) binary mixtures of nitromethane and pyridine; ( A ) binary mixtures of acetone and pyridine; ( x )  nitromethane; 
( A ) acetonitrile; (*) acetone. In all cases p = [DB30C10]/ [NaBPh4] 2 2.0 and NaBPh4 = 0.010 M. For comparison, the results for 


the complex [Na-DB24C8] + are also indicated: ( + ) acetone; ( T ) acetonitrile; (0 )  nitromethane; ( D )  pyridine 
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binary mixtures. Such variations are shown in Figure 3 
for the binary mixtures NM-PY and AC-PY. A 
definite curvature is observed, showing preferential 
solvation of the complex by pyridine in both cases. 
Figure 4 shows the relationship between the observed 
linewidths of (Z3Na-DB30C10)' in the four solvents 
and the two binary mixtures as a function of the viscos- 
ity of the medium. The linear correlation coefficient of 
the DB30C10 plot is 0.97 for 19 experimental points. 
For comparison, the same relationship is shown in the 
case of (Na-DB24C8)+. I *  


DISCUSSION 


The equilibrium constant of formation (Kf ) of 
(Na-DB30C10)' could be determined at 300 K in 
acetone, acetonitrile and pyridine. Log K f  is lower in 
pyridine (2-9 ? 0.1) than in acetone or acetonitrile. 
One should note a discrepancy with the previously 
published value of log Kf in acetone, determined by 'H 
NMR (log Kf= 2.5). lo This is perhaps due to a con- 
tamination by water of the acetone-& used in the 'H 
NMR study. The value determined in acetonitrile 
(log K f  = 3.4 ? 0.5) is in good agreement with the value 
(3.6) determined by polarography at  295 K in the 
presence of 0-05 M Bu4NCI04. 1 2 * 3 1  


In acetonitrile and acetone, the coincidental equality 
of the chemical shifts of the solvated and of the com- 
plexed sodiuin caption prevents any kinetic study. In 
pyridine, a limiting value for the exchange rate can be 
evaluated on the basis of the equation3* 


where T2,ex-I is the exchange contribution to  the 
transverse relaxation rate, A and B denote the two sites 
between which sodium exchanges in solution (solvated 
and complexed), PA and p~ are the populations of the 
two sites, ( k ~  + k ~ )  is the sum of the two pseudo-first- 
order rate constants for the exchange A i= Band vA - V B  


is the difference (Hz) between the chemical shifts of 
23Na+ in the two sites. Equation (6) is valid under the 
conditions of moderately rapid exchange 3z where the 
longitudinal relaxation rate is not affected by the 
exchange. 32 The quadrupolar contribution to the relax- 
ation rate is given by T 1 , o b s - l  and if the difference 
TZ,obs- - Tl.ob5 is larger than the inhomogeneity con- 
tribution, Tz. inh-'  [equation @)], the excess can 


The difference - 1  33,34 be attributed to T2,ex . 
- Tl,obs-l was measured to  be 30 Hz for p = 0.5 


in pyridine at 300 K. This value is of the 
same order of magnitude as the error limits 
( T 2 , o b s - l  = 570 2 20 Hz) and of the inhomogeneity, but 
it gives a higher limit value for T 2 , / ' .  Knowing 
V A  - V B  = 635 Hz, one can calculate that ( k ~  + k ~ )  > 
1.3 x lo ' s - ' .  If the mechanism of exchange were 


- 1 .  


dissociative, 3 3  corresponding to the equation 


then (kA + k ~ )  = k -  (1 - p ) -  and k -  I > 6.6  x 
s- ' .  Since Kf = k,/k- I = 7.9  x lo2,  a lower limit is 


known for k, > 5 x lo7  l rnol- ' s - ' .  Since it is known 
for several crown ethers and cryptands in several 
aqueous and non-aqueous solvents that the rate con- 
stant for the formation of the complex with alkali metal 
cations is diffusion controlled, 35-36 this lower value for 
k, is very reasonable. Conversely, one could calculate, 
on the basis of k, = 10' lmol - ' s - ' ,  that T2,ex-1 should 
be 15 Hz, which is in excellent agreement with the 
experimental data. This discussion does not preclude 
any competition from a fast associative mechanism of 
exchange, plausible in the case of a large crown 
ether. 20,37 Recently, it has been shown by Shamsipur 
and Popov3* that at temperatures below 263 K, the pre- 
dominant mechanism for the exchange of the Cs+ 
cation between the solvated and the DB30C10 com- 
plexed sites is associative in acetonitrile, propylene 
carbonate and methanol. 


Table 2 gives the "Na NMR characteristics of the 
Na' complexes with [5,5] -DB30C10, [4,4] -DB24C8 
and [3,3] -DB18C6 ([3,3] -dibenzo-l8-crown-6 = 6,7,9, 
10,17,18,20,21-octahydrodibenzo [b,k] [ 1,4,7,10,13,16] 
hexaoxacyclooactadecin). The data for [4,4] -DB24C8 
have been published and analysed previously. In this 
case, both the chemical shifts and the linewidths divided 
by the solution viscosity (v;L/2) occupy a very narrow 
range of values. This is rationalized by the fact that dur- 
ing the formation of the (Na-DB24C8)' complex, the 
solvent molecules are completely expelled from the 
sodium first coordination sphere, which is exclusively 
composed of ether oxygens from the large crown ether, 
wrapped around the cation. I' The same conclusion was 
reached for the complex (K-DB30C10)'. l 7  The data 
are very different in the case of DB18C6, for which a 
definite correlation can be noticed between the 
(Na-DB18C6)' chemical shifts and the donicity 
number of the solvent. This correlation is similar, 
although less pronounced, to that shown by Erlich and 
Popov, 39 relating the donicity number of the solvent 
and the chemical shift of the solvated sodium cation. 
This is an indication that, in the case of 
(Na-DBl8C6)+, a t  least one solvent molecule par- 
ticipates in the first coordination sphere of the cation. 
There is also a large variation of vl*/2, a parameter 
reflecting the dissymmetry of the electronic distribution 
around Na+ [equations (2)-(5)], with the nature of the 
solvent. In the case of DB30C10, the situation is in- 
termediate between DB24C8 and DBI8C6. There is a 
definite variation of the (Z3Na-DB30C10)' chemical 
shift with the donicity number of the solvent, and the 
v ? , ~  data depend on the nature of the solvent (see Figure 
2 for the similar observation in the case of T I - '  data). 
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Table 2. (23Na-DB6nC2n)t (n  = 3,4,5) NMR characteristics" 


Compound Parameter NM AN AC PY 


D.N.' 2.7 14.1 17.0 33.1 
[ 5 , 5 ]  -DB30C10 "Ld 370 f 30 241 t 6 222 _+ 6 341 _+ 5 
[4,4] -DB24Cgb 103 t 5 109 _+ 5 129 f 5 127 f 5 
[3,3] -DB18C6 144 ? 10 2 5 0 t  10 332 f 20 1260 f 50 
[ 5 , 5 ]  -DB30Clt 6' - 10.2 -7 .1  -7 .4  - 6 . 9  f 0.3 
[4,4] -DB24C8 -7 .7  - 8.4 - 8.4 - 8 . 8  
[3,3] -DB18C6 - 17.0 - 13.2 - 14.1 - 7 . 8  


"Value of the "Na chemical shifts (6) and reduced linewidths (&) for the complexes (Z3Na-DB6nC2n)' (n  = 3,4,5) in nitromethane (NM), 
acetonitrile (AN), acetone (AC) and pyridine (PY). 
bFrorn Ref. 18. 


dReduced linewidth: Y:Q = u , , * / $ ,  where vI/z is the observed linewidth and 7 the viscosity of the solvent. 
'Unless indicated otherwise, the error in 6 is f O . 1  ppm. 


Donicity number, from Ref. 30. 


This last point can be seen in Figure 4, where the cor- 
relation between v 1 / 2  and 7 in 19 different solutions of 
pure solvents and of binary mixtures shows some scat- 
ter. Also, the slope resulting from a linear regression on 
the data ( v l / 2 , q )  in the case of DB30C10 is larger 
(41 HzmP-I )  than that obtained in the case of 
DB24C8 (11 HzmP-I) .  The volume of the complex 
cannot explain such a large difference. On the basis of 
CPK models, one can roughly estimate a 10% increase 
of the volume going from (Na-DB24C8)' to 
(Na-DB30C10)+. The slope indicates a mean value 
of the electric field gradient, q,  at  the 23Na+ site of 
(Na-DB30C10)' larger by a factor of 3.7 than that of 
(Na-DB24C8)'. We have previously shown" that the 
ratio of the electric field gradients for (Z3Na-DB24C8)+ 
and (39K-DB30C10)+ was 0.9 +_ 0-1 .  


All the observations that we have developed in this 
paper point t o  a structure of (Na-DB30ClO)+ incor- 
porating one or several molecules of solvent in the first 
coordination sphere of the sodium cation, in addition 
to a number of oxygens from the crown ether. Since we 
do not observe any large variations of the chemical shift 
or of the relaxation rates with the concentration of the 
complex, since the data are very similar when PF; is 
the counter anion instead of BPh; and since it is gener- 
ally known that ion pairing by BPh; is negligible a t  the 
concentrations of the study," it is very improbable that 
the BPh; counter anion coordinates the sodium cation 
in the complex. 


This 23Na NMR study complements previous I3C and 
'H NMR studies which suggested that the solution 
conformation of the crown ether in (Na-DB30C10)+ 
was different from that of (Na-DB24C8)'. The Z3Na 
NMR data d o  not permit access to  the conformation of 
the oligoethyleneoxy chain in solution, but definitely 
point to an incomplete desolvation of sodium during the 
complexation process. This is probably due, as was sug- 
gested by Owen and Truter," to  the fact that 'if the 
sodium ion, coordinated only by the ligand, were to  oc- 


cupy the central cavity with the usual Na-0 (polyether) 
distances, very unfavourable non-bonded interactions 
would be induced in the molecule.' As a result, one or 
several ether oxygen sites remain uncoordinated, and 
can be involved in the formation of a 2 :  1 
Na+-DB30C10 complex,23 or in a fast associative ex- 
change mechanism. 


One could summarize by contrasting the sofr 
wrapping of Na+ by DB30C10 with the hard wrapping 
of K f  by DB30C10" or of Na' by DB24C8.I' 
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ROLE OF EXCIPLEX AND ION PAIR IN THE 
PHOTOSENSITIZED OXYGENATION OF 


1,4-DIPHENYL-l,3-BUTADIENE 


Y. TAKAHASHI, K .  WAKAMATSU, K. KIKUCHI AND T. MIYASHI* 
Deparfmenf of Chemisfry, Faculfy of Science, Tohoku University, Sendai 980, Japan 


9,lO-Dicyanoanthracene (DCA) sensitized the photooxygenation of 1,4-diphenyl-1,3-butadiene(la) and its 4,4'- 
dimethoxy derivative (Ib) to afford the corresponding endoperoxides 2 and the other oxidized products such as 
aldehydes and epoxides. The mechanism of the DCA-sensitized photooxygenation of 1 was diversified by solvent 
polarity. In non-polar solvents the reaction involves an exciplex intermediate, which leads to  formation of triplet DCA 
(3DCA*) with an efficiency of 0.64 in the case of la .  The resulting 3DCA* acts as  a sensitizer for the generation of 
singlet oxygen ( '02 )  and thus ' 0 2  reaction occurs exclusively to  give 2. On the other hand, single electron-transfer 
quenching of 'DCA* by 1 is feasible in polar acetonitrile and a primary ion pair can be formed. Competing with fast 
back electron-transfer deactivation, the primary ion pair produces free ions in limited yield to furnish electron transfer 
oxygenation. In the case of the DCA-la system, free ions were produced with an efficiency of CQ 4%. Thus, in 
acetonitrile, electron-transfer oxygenation partly took place to give the other oxidized products, whereas the ' 0 2  
pathway was still valid and responsible for the formation of 2. The effect of solvent polarity was apparently less 
pronounced in the case of l b  because the reactivity of I b  toward ' 0 2  is about five limes higher than tht of la .  For 
such '02-reactive substrates, the electron-transfer pathway would become dominant only when the substrate 
concentration is impractically high. 


INTRODUCTION 


Electron-deficient aromatic compounds such as 
cyanoarornatics are capable of photosensitizing the 
oxygenation of olefins and various substrates3 which 
are not necessarily reactive to  singlet oxygen (lo2). 
Arylolefins and polyalkylolefins are relatively good elec- 
tron donors and their radical cations can be generated 
electroechemically4 or by photoinduced electron 
transfer reactions in polar solvents.' Indeed, unique 
oxygenation reactions of olefin radical cations have 
been reported. 436  An electron-transfer mechanism was 
once assigned to try to explain universally the character- 
istic feature of the reactions. Recent developments in 
this area, however, have revealed that singlet oxygen 
can be involved and may participate in the photo- 
sensitized reaction especially when substrates used are 
reactive to ' 0 2 .  Foote and co-workers' investigated 
9,lO-dicyanoanthracene (DCA)-sensitized photooxida- 
tions and demonstrated that excited triplet 9,lO- 
dicyanoanthracene (3DCA*) can be formed through 
quenching of excited singlet DCA ('DCA*) by molec- 
ular oxygen or olefins and then 3DCA* sensitizes the 


* Author for correspondence. 


0894-3230/90/080509- 10$05.00 
0 1990 by John Wiley & Sons, Ltd. 


formation of ' 0 2 .  Thus, the photooxygenation 
reactions sensitized by cyanoarornatics potentially 
occur via a ' 0 2  pathway and an electron-transfer 
pathway competitively. 


In some cases, a ' 0 2  pathway and an electron- 
transfer pathway can be distinguished by observing the 
corresponding products. Mattes and Farid' found that 
electron-transfer processes completely alter the 
regiochemistry of the photoinduced oxidation of 
1 ,I-dimethylindene. Akasaka and Ando' reported an 
elegant example in which a sterically hindered rnethy- 
lenecyclopropane was utilized as a diagnostic tool to 
distinguish a ' 0 2  pathway from an electron-transfer 
pathway. 


We sought a simple system which would show diverse 
reactivity in electron-transfer photooxygenation. It is 
known that 1,3-dienes react with ' 0 2  to give endo- 
peroxides." The reaction is one of  the typical ' 0 2  


reactions and can be classified as a Diels-Alder 
type [4 + 21 cycloaddition reaction. 


[ Q ' 0 2 1  - ca 
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Relevance to this is the oxygenation of 1,3-dienes by 
catalysis with radical ion salts I '  and by electrochemical 
oxidation,I2 in which the radical cations of 1,3-dienes 
play an important role to give similar endoperoxides. 


Intriguingly, Cao and co-workers l 3  reported that 
electron-transfer oxidation of 1,4-diphenyl-l,3- 
butadiene was markedly different, whereas a ' 0 2  


reaction gave the endoperoxide. Accordingly, 1,4- 
diphenyl-l,3-butadiene seems to  be a suitable substrate 
to define the scope of electron-transfer reactionsI4 in 
conjunction with the oxygenation reaction. In this 
study, we focused on the fluorescence quenching 
process to investigate the role of exciplex and radical 
ions in the photosensitized oxygenation of 1,4- 
diphenylbuta- 1,3-diene. 


RESULTS 


The photooxygenations were carried out in several sol- 
vents with DCA as an electron-acceptor sensitizer and 
the results were compared with those of the reactions 
with tetraphenylporphyrin (TTP) or Rose Bengal (RB) 
as typical ' 0 2  sensitizers (Table 1). 


h v IDCA - Ar-Ar 
02 0-0 


2 


1 a;Ar=C&lS 


1 b;Ar=p -MeOC& 


+ + A r b A r  + 


\ 3 4 5 '  


Reactivity of l a  and l b  toward singlet oxygen 


When TPP or RB was used as a sensitizer, exclusive 
formation of endoperoxide 2 was observed. In order to  
assess the reactivity of l a  toward ' 0 2 ,  Stern-Volmer 
analysis was examined. As shown in Figure 1, plots of 
reciprocal relative quantum yield vs reciprocal concen- 
tration of l a  for the TPP- and RB-sensitized reactions 
gave straight lines, consistent with the prediction from 
a general scheme for photosensitized ' 0 2  reactions 
(Scheme 1). Thus, the TPP- and RB-sensitized photo- 
oxygenation of l a  could be analysed as a typical case of 
a ' 0 2  reaction. According to Scheme 1, the quantum 
yield (@) for the formation of 2 is as follows: 


I f  the relative quantum yield is used, 


(+re')- a (1 + 111 - ' )  (2) 


where p is the so-called 'acceptor half-value concen- 
tration' I S a  and is equal to kd/k, ratio. 


The 0 values for the photosensitized oxygenations in 
carbon tetrachloride and acetonitrile were obtained as 
0.0069 and 0.056 M from the slopelintercept ratios of 
the TPP-  and RB-sensitized oxygenations, respectively 
(Figure l a  and b). Since these values are equal to the 
kd/kr ratios, ' 0 2  lifetimes ISa  of T = kd ' = 700 x 
and 30 x s in carbon tetrachloride and aceto- 
nitrile, respectively, permit us to  calculate the rate 
constants to  be k,(CC14) = 2.1 x 10' 1 rnol- 's- '  and 
k,(CH3CN) = 6 . 0  x lo5 Imol- ' s - ' .  The rate constant 
for l b  was estimated to  be k,(CC14) = 1 . 1  x lo6 
1 mol- ' s - '  by comparing the relative rates of photo- 
oxygenation. 


DCA-sensitized photooxygenation of 1 


DCA-sensitized oxygenation also gave the endo- 
peroxide 2 as a sole product in non-polar solvents such 
as carbon tetrachloride or benzene. In acetonitrile or 
niethylene chloride, however, DCA gave a decreased 
amount of 2 with concomitant formation of other 
oxidized products 3, 4 and 5 .  Another interesting 
feature of the reactoin is that the formation of the 
endoperoxide was selectively quenched by the addition 
of 1,4-diazabicycIo [2.2.2] octane, which is known to be 
an excellent ' 0 2  quencher (k = 3 x lo7 1 mol-' s-I) .  
The results in Table 1 indicate that the DCA-sensitized 
oxygenations in non-polar solvents occur exclusively by 
a ' 0 2  pathway and that an electron-transfer pathway 
can compete with a ' 0 2  pathway in polar solvents such 
as acetonitrile, where electron-transfer quenching of 
'DCA* by 1 can be significant. 


Quantum yields for the DCA-sensitized photooxy- 
genation were measured in carbon tetrachloride and 
acetonitrile. The quantum yield is dependent on the 
concentration of la ,  and it increased with increasing 
concentration of la .  The Stern-Volmer plots are shown 
in Figure 2. In carbon tetrachloride the plot gave a 
straight line ( r  = 0.9999) with an intercept of 1.56 and 
a slope of 1.49 x lo-' M. The intercept value indicates 
that the limiting quantum yield is as high as 0.64. In 
contrast, the Stern-Volmer plot in acetonitrile did not 
give a straight line. Apparently, the observed curve 
seems to be a consequence of at least two competitive 
pathways for the oxygenation. 


DCA fluorescence quenching study 


Because of its high fluorescence quantum yield 
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Table 1 : Photosenitized oxygenation of 1,4-diaryl-1,3-b~tadiene(l)~ 
~ 


Product yield/% 
Irradiation 


Dine Solvent Sensitizer time/h 2 3 4 Recovery/% 


l a  CH3CN DCA 2 22 21 7 9 
l a b  CH3CN DCA 2 0 14 9 36 
1bLsd C H K N  DCA 2 80 3 3 5 
la CHzClz DCA 2 15 4 12 51 
l a  C6H6 DCA 2 6 0 0 94 
l a  cc14 DCA 1 83 0 0 17 
lbr,d cc14 DCA 4 80 0 0 11 
l a  CHjCN RB 2 94 0 0 0 
lb',d CH,CN RB 2 95 0 0  0 
lae,' CH~CIZ MBg 4 86 0 0 0 


lbCsd cc14 TPP 0.5 100 0 0 0 
l a  c c h  TPP 0 . 5  100 0 0 0 


"Unless indicated otherwise, 5 ml of solution containing 5.0 x lo-* mmol of diene and 1 .Ox 
sensitizer was irradiated by using a 2-kW xenon lamp at 15 'C and analysed by HPLC. 
h l n  the presence of I .3 x M of 1,4-diazabicyclo[2.2.2]octane. 
' A  suspension was irradiated owlng t o  the limited solubility of tb. 
dYields by NMR. 


1 .OO mmol was used. 
Isolated yields. 
Methylene Blue. 


M of 


hv isc , (aPr, 0.91, and very low intersystem crossing quantum 
I yield (a isc  = 0.003 in acetonitrile), l6 light absorption 


and radiative decay are the major photophysical pro- 
cesses which DCA undergoes. DCA fluorescence was 
efficiently quenched by l a  (E,"" = + 1.24 Vvs SCE) and 
l b  (E,"" = +0.93 V vs SCE), and the quenching rate 
constants (kq )  can be obtained experimentally by using 
the Stern-Volmer equation and the fluorescence life- 


sens - sens 


k0 3sens' - sens 


3 .  k,  sens + 302 - sens + '02 


lo2 - 3 ~ 2  time (7) of DCA;'39'7a*'8 
k d  


(4) 
I0 - = 1 + k,7[1] 
I 


k ,  


Scheme 1 


1 + lo* - 2 
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[ i a r ' / M - '  
Figure 1. Stern-Volmer plots for the photosensitized oxygenation of la: (a) in carbon tetrachloride with tetraphenylporphyrin as 
a sensitizer and (b) in acetonitrile with Rose Bengal as a sensitizer. (a) Intercept 55 and slope 0.378 M (r = 0.992); (b) intercept 1.53 


and slope 0.0858 M (r = 0.999) 
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Figure 2. Stern-Volmer plots for the DCA-sensitized 
photooxygenation of la; (a) in carbon tetrachloride and (b) in 
acetonitrile. (a) Intercept 1.56 and slope 1.49 X M 


( r  = 0.999) 


where I .  and I ,  are the fluorescence intensity of DCA 
in the absence and presence of a quencher, respectively. 
Molecular oxygen also quenches 'DCA* and the 
quenching rate constants were obtained similarly. The 
values are given in Table 2. 


When the quenching experiments were carried out in 
carbon tetrachloride with l a ,  a broad and weak emis- 


Table 2. Rate constants for DCA fluorescence quenching in 
several solvents 


Quencher Solvent Ta/ns k,7/1 mol-' k,/l rnol-'s-' 


2.4 X 10'' la CHiCN 13.4b 32 1 
la CHzClz 11.7b 268 2.3 x 10" 
la C6H6 11.zb 195 1 . 7  x 10" 


Ib  CH3CN 13.4b 342 2.6 x 10" 
Ib CHzClz ll.7b 329 2.8 x 10'' 
0 2  CH3CN 15.3' 99 6.5 x 10' 


0 2  CC14 11.6' 32 2.8 x 10' 


1.1 x 10" la CCli 10.9b 122 


0 2  ChH.5 12.4' 52 4.2 x lo9 


Lifetime of 'DCA*. 
In aerated solutions. 


' I n  degassed solution, taken from Refs 13, 17a and 18. 


sion band appeared in the longer wavelength region 
than the DCA fluorescence itself. The excitation spec- 
trum monitored at the band maximum (565 nm) was 
identical with the DCA absorption spectrum. A similar 
emission band at A,,, = 585 nm was observed in 
benzene. In methylene chloride or acetonitrile, how- 
ever, no such emission could be detected. We assigned 
these emissions as being due to  exciplex formation. " 


.Flash photolysis study 


A microsecond flash photolysis study provided infor- 
mation on the transient species generated via the fluor- 
escence quenching process. Flash photolysis of degassed 
carbon tetrachloride or benzene solution containing 
5 x M of l a  and 5 x lo-' M of DCA gave rise to 
a transient absorption as shown in Figure 3. The 
absorption intensity extrapolated to  time zero was 
dependent on the concentration of l a  and increased 
with increasing concentration of la .  The transient 
species was extremely sensitive to oxygen and no 
appreciable absorption was detected in oxygen- 
saturated or aerated solutions. We assi ned this band as 
being due to  the formation of 'DCA on the basis of 
its oxygen-sensitive nature. A similar spectrum was also 
observed when 'DCA* was generated by using the 
triplet energy transfer technique with 9-cyano- 
phenanthrene (ET = 5 8 -  1 kcalmol-')I6 as a triplet 
donor. 


We observed that the first-order decay rate of 'DCA* 
was dependent on the concentration of la .  When the 
concentration of l a  was higher, the observed decay rate 
was faster, indicative of possible energy-transfer 
quenching of 'DCA* by l a .  In the absence of l a  a 
similar but much weaker absorption could be detected 
and its decay rate was of the order of 104s-'. A 
Stern-Volmer plot of the observed decay rate (/cobs) vs 
concentration of l a  gave an intercept of 5.0 x lo3 s-l 


0 
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and.a slope of 3.0 x lo6 lmol - ' s - '  (Figure 3,  inset). 


kobs = kdl f kqt [ 11 (5 )  
These values correspond to  the decay rate constant kdt, 


a, 
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Figure 3. Transient absorption spectrum obtained 60 ps after 
flash photolysis of carbon tetrachloride solution containing 
5 x lo-' M of DCA and 5.0  x lo-' M of la. The inset shows 
plots of the observed transient decay rates (/coba) vs 
concentration of la monitored at ( 0 )  435 nm and ( 0 )  810 nm 


of 'DCA*, and the quenching rate constant kqf, 
respectively. Thus, the lifetime of 3DCA* in carbon 
tetrachloride was determined as l/kdt = 2-0  x 


In degassed acetonitrile, entirely different transient 
absorption was observed. As shown in Figure 4, flash 
photolysis of the DCA-la system gave an intense 
absorption at Amax = 535 nm. We assigned the absorp- 
tion as being due to the formation of the radical cation 
of  l a  (la"). Consistent with this assignment was the 
fact that the transient spectrum was completely 
replaced by the spectrum of diphenylamine radical 
cation (Amax = 670 nm) when diphenylamine was added, 
and that similar spectra were also observed when other 
acceptor sensitizers such as 2,6,9,10- 
tetracyanoanthracene or 2,9,1O-tricyanoanthracene 
were used. Further, the observed spectrum compares 
well with the spectrum of la" generated by the 
radiolysis technique, l9  in which an absorption 
maximum appeared at 550nm in a 2-chlorobutane 
matrix a t  77 K. Similar absorption was also observed 
for l b  + ' (Amax = 600 nm). Absorption due to DCA- ' 
could barely be seen around 700 nm. When the system 
was aerated, the absorption due to DCA- '  disap- 
peared because of secondary electron transfer from 


Kinetic analyses of the decay rates of la" and 
l b "  revealed that their decay process was greatly 
affected by molecular oxygen. In degassed acetonitrile, 
the decay profiles of l a  +. and l b  + ' were second order 
with rate constants of k = 2 - 3 x  10'' and 
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Figure 4. Transient absorption spectrum obtained 60 ps after flash photolysis of acetonitrile solution containing 5 x lo-' M of 
DCA and 5 . 0 ~  M of la. The inset is the absorption spectrum of DCA- obtained from similar flash photolysis of 


DCA-dimethylaniline in acetonitrile 
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2.0 x 10" lmol- ' s - ' ,  respectively, [&(la) = 6 .8  x lo4 
and c( lb)  = 10-6 x lo4 1 mol-' cm- '1 2o whereas oxygen 
saturation led to  the observation of pseudo-first-order 
decay with the rate constants of k = 3.6 x lo4 and 
7 . 8 ~  lo's-'  for la" and l b + ' ,  respectively. These 
results indicate that both la" and lb' ' are very reac- 
tive to molecular oxygen. 


DISCUSSION 


The results of the DCA-sensitized photooxygenation of 
1 indicate that ' 0 2  is involved in the reaction and leads 
exclusively to  the formation of 2. Carbon tetrachloride 
is a particularly useful solvent for such a ' 0 2  reaction 
process, not only because its polarity is low (dielectric 
constant is 2.24 at 20°C)z' but also because lifetime of 
' 0 2  is much longer (700 ps)ISa than in other solvents. 
Electron-transfer oxygenation occurs competitively in a 
polar solvent such as acetonitrile to afford 3, 4 and 5.  
The observed diverse reactivity, particularly in the case 
of la ,  is adequately described as a consequence of the 
solvent-dependent nature of the DCA fluorescence 


DCA + ' 0 2  


k ,  
1 + ' 0 2  - 2 


Nonpolar Solvent : 


k ,  
'DCA + 1 - (DCA---l):xciplex 


/c \k' 


DCA + 1 3DCA' 


Pdar Solvent ; 


'DCA + 1 - (DCA*--- 1' )ion pair 
k ,  - +  


J k k t  \kfl 


DCA + 1 DCA; t it 


(9) 
1 


quenching process. Consistent with the results, we 
propose a mechanism as shown in Scheme 2. 


' 0 2  can be produced via DCA fluorescence 
quenching by molecular oxygen regardless of solvent 
polarity, but to a limited extent [reaction (6), kl and 
kz] .' Although Cao et al. l 3  pointed out the possibility 
of an external heavy atom effect of carbon tetrachloride 
on the intersystem crossing of 'DCA* to give 'DCA*, 
it is not likely as we did not observe any enhanced T-T 
absorption of 'DCA* in carbon tetrachloride compared 
with that in benzene. We also confirmed that even 
carbon tetrabromide exhibits very little heavy atom 
effect ( G I V O ) . ' ~  


Therefore, when the solvent polarity is low, an 
exciplex intermediate must play a key role for the gener- 
ation of 'DCA* [reaction (9)]. Considering the long 
lifetime of 2 .0  x 
can be quenched completely by molecular oxygen to 
produce ' 0 2 .  In polar acetonitrile, while the ' 0 2  


process remains, single electron-transfer quenching is 
feasible [reaction (lo)]. Competing with back electron 
transfer (kbet) ,  the primary ion pair dissociates (kn) to 
give free ions. The observed pseudo-first-order decay of 
1 + '  in oxygen-saturated acetonitrile indicates that 1 +. 
can be trapped by molecular oxygen more efficiently 
than otherwise fatal charge recombination with 
D C A - '  and/or O F ' .  In the case of lb,  the electron- 
transfer oxidation occurs less pronouncedly because the 
reactivity of l b  toward ' 0 2  is five times higher than that 
of la. Although it is conceivable that the eIectron- 
transfer pathway for the oxidation of l b  would become 
dominant when its concentration is very high, it is 
impossible to  address this point experimentally owing 
to the limited solubility of lb  in acetonitrile. Accord- 
ingly, the following photokinetic treatment is mainly 
based on the results with la ,  while aiming at the general 
understanding of electron-transfer photoreactions in 
conjunction with the oxygenation reaction. 


The mechanism in non-polar solvents, as shown in 
Scheme 2, explains well the observed Stern-Volmer 
plots in Figure 2a. According to the exciplex 
mechanism in Scheme2, the quantum yield for the 
formation of 2 is expressed as 


s that we determined, 'DCA 


where @('02)  represents the quantum yield for ' 0 2  


formation: 


where ft is the efficiency of 'DCA* generation from the 
exciplex intermediate: 


When the concentration of l a  is high enough, equation 
(16) predicts that the maximum 9( '02)  value is nearly 
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equal to f, and hence the maximum + = f, according 
to equation (15). The experimental value of 0-64  
(Figure 2a) for the limiting quantum yield is, indeed, a 
good indication that f, = 0.64. 


Rewriting equation (15) gives 


Since @( 'Or) can be calculated with ft = 0.64 and with 
k, and kl values from DCA fluorescence quenching 
experiments, @ '  can be calculated based on the 
quantum yield data of Figure 2a. The results are 
replotted as shown in Figure 5 .  The plot is linear with 
a slope of 0.0085 M and an intercept of 0.99 
( r =  0.999). In accord with the prediction from 
equation (18), the slope of 0.0085 M is in good agree- 
ment with the P value of 0.0069 M obtained from TPP- 
sensitized photooxygenation of la  in carbon 
tetrachloride. 


Alternatively, the quantum yields can be calculated 
according to  equation (15) [and (16)] by using 
experimental value of = 0.0069 M and the quenching 
rate constants. For example, Figure 6 shows the 
simulated Stern-Volmer plots with different f, values. 
The calculated plots are more or less linear when f, is 
larger than 0.4, whereas smaller ft values significantly 
bend the lines upward with increasing concentration of 
la .  The calculated plot with fr = 0.64 gave a straight 
line with a slope of 1.30 x M, consistent with the 
experimentally obtained slope of 1-49 x lO-*bf in 
Figure 2a. 


1000 2000 


[ l a  r ' /M- '  


Figure 5 .  Plots of ( + I ) - '  vs reciprocal concentration of la. 
The data sets in Figure 2a were used for replotting according 


to equation (18) 


lot  
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Figure 6. Simulated Stern-Volmer plots with different fi 
values in 0.1 increments according to equations ( I S )  and (16). 


a = 0.0069 M was used for calculation 


Therefore, it is most likely that the exciplex inter- 
mediate ultimately produces 3DCA* with an inter- 
system crossing efficiency as high as 0.64. ft is an 
important factor in the DCA-sensitized photooxygena- 
tion, and the quantum yield is crucially dependent on 
fr. 


The radical ion process as evidenced by the direct 
observation of the transient absorption of l + '  is 
feasible in polar solvents such as acetonitrile. Although 
the '02 mechanism competes, the electron-transfer 
mechanism becomes significant when the concentration 
of la  is high. Hence, the quantum yield can be 
expressed as the sum of a ' 0 2  process and an electron- 
transfer process; 


= + ( I 0 2  process) + @(I  + ' process) 


where aiP is the quantum yield for ion-pair formation 
via electron-transfer quenching of DCA fluorescence 
and fri is the efficiency of free ion formation: 


(20) 


(21) 


kq [ 11 
ko+kl [Ozl  + k q [ l l  


*ip = 


kfi 
h i = z z x i  
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Smce we did not observe exciplex formation or 'DCA* 
formation in the present case in acetonitrile, it is 
reasonable to  eliminate the possibility of 'DCA* 
formation from the primary ion pair (occasionally, 
however, electron-transfer quenching may result in the 
formation of a triplet though this was not 
the case). Equation (19) can be rewritten by defining 


@" is then simplified by substituting the experimental 
values of k, = 2.4 x 10" lmol- ' s - '  and 
k l  = 6.5 x lo9 lmol-I S - I  and an oxygen concentration 
of 8 - 1  x lo-'  M at saturation." Under the conditions 
where [ la]  4 0 * 0 5 6 ~ = p ,  @" is estimated to  be con- 
stant: 


a'' can be calculated based on the measured and cal- 
culated 3i,, and the resulting plot of W' against [ la]  is 
shown in Figure 7. Consistent with the evaluation with 
equation (24), the calculated @" values are more or less 
constant and lie in the range 0.1-0.2 when 
3.92 x M < [ la]  < 3.92 x M, giving an 
average @" value of 0.12. This leads to  an estimate of 
ffi of ca 0.04. Indeed, f, = 0.04 is in reasonable agree- 
ment with the value of 0 -  11 that we determined inde- 
pendently using emission absorption spectroscopy. 


Hence, the efficiency of the electron-transfer induced 
oxygenation is determined by the efficiency of free ion 
formation. Although electron-transfer quenching of 
'DCA* by l a  occurs at a diffusion-controlled rate to 
generate a primary ion pair, the competing back 
electron-transfer process seriously lowers f r i  in spite of 
the relatively fast ionic dissociation rate of kfi = 5 x 10' 
s - ' . ~ ~  If we assume kfi = 5 x 10' s - '  for the DCA-la 


, 10.0 
5.0 0 


[ l a ]  / M 


Figure 7 .  PIots of Q1" vs concentration of la.  The data sets in 
Figure 2b were used for replotting according to equation (23). 


The broken line represents the average a'' of 0.12 


system, k b e (  is estimated to  be as high as 9 .5  X lo9 s - '  
according to  equation (21) with ft = 0.04. As such, the 
electron-transfer oxidation takes some part in the DCA- 
sensitized photooxygenations, whereas the ' 0 2  pathway 
can still be valid if k, = lo6  lmol- ' s - '  or higher (in 
other words, P = 0.033 M or smaller) and the substrate 
concentration is around or smaller than the 6 value. 
The electron-transfer oxidation process would become 
pronouncedly dominant only when the substrate con- 
centration is impractically high, e.g. 10 M. 


CONCLUSION 


The study of the DCA-sensitized photooxygenation of 
1 showed that the mechanism of the reaction can be 
diversified by solvent polarity. In non-polar solvents the 
reaction involves an exciplex intermediate, which leads 
to the formation of 'DCA* with an efficiency of 0.64 
in carbon tetrachloride in the case of la.  The resulting 
'DCA* acts as a sensitizer for the generation of ' 0 2 .  


On the other hand, electron-transfer quenching of 
'DCA* by 1 is feasible in polar acetonitrile and a 
primary ion pair can be formed. However, the radical 
ion oxidation process is limited by fast back electron- 
transfer deactivation of the primary ion pair, despite 
the diffusion-controlled rate of the electron-transfer 
quenching of 'DCA* by 1. Hence the ' 0 2  pathway can 
be still valid even in acetonitrile if k, of the substrate is 
larger than ca lo6  Imol-I s - '  and the concentration of 
the substrate is not much higher than its P value. 


An important feature of the electron-transfer photo- 
oxygenation is that kbet is a crucial factor and depends 
on the thermodynamics of the back electron-transfer 
process. 24*25 Recently, Farid and c o - w ~ r k e r s ~ ~ ~ ~ ~  pro- 
vided convincing experimental verification of the 
Marcus theory24 by using laser flash photolysis for the 
determination of quantum yields for free-ion formation 
via electron-transfer fluorescence quenching. We expect 
that the determination of f f i  with a series of donor- 
acceptor pairs would lead to  additional verification of 
the Marcus theory in the photionduced electron- 
transfer process. 


EXPERIMENTAL 


Materials. Compound l a  was purchased from 
Aldrich and was purified by silica gel column 
chromatography followed by recrystallization from 
methylcyclohexane; l b  was synthesized from 4- 
methoxybenzaldehyde, succinic acid and lead(I1) oxide 
according to  the literature.26a TPP,  RB and MB were 
supplied by Wako. DCA was synthesized from 9,10- 
dibromoanthracene and copper(1) cyanide in dry 
quinoline according to the reported method. 26b 


Commercially available spectroscopic-grade solvents 
were distilled from calcium hydride. 
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Instrumentation. NMR ,spectra were recorded on a 
Varian EM-390 90 MHz NMR spectrometer. A 
Shimadzu IR-435 spectrometer was used for IR 
measurements. Electronic spectra were measured on a 
Hitachi 340 spectrophotometer. Fluorescence 
quenching experiments were carried out on a Hitachi 
MPF-4 fluorescence spectrometer. Melting points were 
measured on a Yamato MP-21 melting point apparatus 
and were uncorrected. Cyclic voltammetric measure- 
ments were done in acetonitrile solution with 0.1 M 
tetraethylammonium perchlorate as supporting 
electrolyte and a saturated calomel electrode (SCE) as 
the reference electrode by using a Yanagimoto P-1000 
voltammetric analyser equipped with a function 
generator. High-performance liquid chromatographic 
(HPLC) analyses were performed with a Waters HPLC 
system. The flash photolysis apparatus has been 
described previously. 27 


Preparative photooxygenation of /,l-diphenyl-1,3- 
butadiene (la). In a Pyrex test-tube, l a  (207 mg, 
1 .OO mmol) and 1 mg of TPP were dissolved in 50 ml 
of methylene chloride. While being oxygenated with a 
stream of oxygen, the solution was irradiated with a 
2-kW xenon lamp (X > 450 nm, Toshiba Y-48 glass 
filter) for 3 h. After removal of the solvent in vacuo, the 
residue was chromatographed on a short silica gel 
column. Elution with a 1 : 1 mixture of hexane and 
methylene chloride afforded 208 mg (0.87 mmol, 86%) 
of 2a. Recrystallization from ethanol gave affalytically 
pure 2a as colourless needles, m.p. 80-81 C (lit.,28 


6.28 (2H, s), 7.2-7-6 (lOH, m). Mass spectrometry 
(80"C, 25 eV): m/z  238 (M', lo%), 220 (M' - H20, 


133 (36vo), 131 (15%), 115 (400/0), 105 (93%). 
Elemental analysis: calculated for C16H1402, C 80.65, 
H 5.92; found, C 80.39, H 6.0%. 


81-82OC). 'H NMR (CDCl3, 90 MHz): 6 5.60 (2H, s), 


loo%), 206 (M+ - 0 2 ,  28%), 191 (15%), 180 (11010)~ 


Preparative photooxygenation of 1,4-bis(4- 
rnethoxypheny1)- I,3-butadiene (lb). Compound l b  
(99 mg, 0.37 mmol), 1 mg of methylene blue and 50 ml 
of methylene chloride were placed in a Pyrex test-tube 
and irradiated as described above. After removal of the 
solvent in vacuo, the residue was subjected to 
preparative TLC and developed with a 1 : 1 mixture of 
hexane and methylene chloride. A band with RF = 0.5 
afforded 64 mg (0-21 mmol, 58%) of 2b as a slightly 
yellow solid. Recrystallization from ethanol afforded 
analytically pure 2b as colourless needles, m.p. 
80-82 "C. 'H NMR (CDC13, 90 MHz): 6 3.78 (6H, s), 
5-54 (2H, s), 6.24 (2H, s), 6-87 (4H, AA'XX' ,  
9.0Hz), 7.31 (4H, AA'XX',  9.0Hz). Mass 
spectrometry (80°C, 13.4 eV): m/z  298 (M', 4%), 280 
(M' - H20, 100%). Elemental analysis calculated for 
C18H1804, c 72.47, H 6.08; found, c 72.46, H 
6.17%. 


Determination of @ values. Volumes of 3 ml of 
solutions containing 2.0 x 1 0 - ~  M of sensitizer (TPP in 
carbon tetrachloride or RB in acetonitrile) and a certain 
amount of l a  were prepared and saturated with oxygen 
with a stream of dry oxygen prior to photolyses. The 
photolyses were carried out to ca 5% conversion. In the 
case of the TPP-sensitized reaction, a 150-W xenon 
lamp equipped with a monochromator was used to 
irradiate at 515 nm with a 10-nm band width. A 300-W 
xenon lamp with a Tashiba Y-43 glass filter 
( X  > 410 nm) was used for RB-sensitized reactions. 
After the photolyses, the solutions were diluted 
appropriately and the decrease in the absorbance of l a  
(X,,, = 335 nm) was determined spectrophotometric- 
ally. Relative quantum yields were calculated according 
to the following equation: 


+,I = 
(relative concentration of la)  [conversion (%) of la] 


irradiation time (min) 


Steady-state photooxygenation of l a  and Ib. This 
was examined under various conditions as summarized 
in Table 1. The photolyses were carried out with a 2-kW 
xenon lamp at l5OC with a Toshiba Y-43 glass filter 
(X > 410 nm) for DCA-sensitized reactions, or a 
Toshiba Y-48 glass filter (X > 450 nm) for TPP- and 
RB-sensitized reactions. The resulting reaction mixtures 
were analysed by HPLC with trans-stilbene as an 
internal standard or by 'H NMR with toluene as an 
internal standard. 


DCA fluorescence quenching. Sample solutions 
containing 5.0 x M of DCA and a given amount 
of 1 were prep$red and the fluorescence spectra were 
recorded at 20 C. The relative fluorescence intensities 
at the emission maxima were measured and analysed 
according to equation (4). When oxygen was used as a 
quencher, the relative fluorescence intensities of argon- 
saturated sample solutions were compared with those of 
aerated and oxygen-saturated sample solutions. 
Stern-Volmer analyses were based on the oxygen 
concentration at saturation" and the partial pressure of 
oxygen. The results are shown in Table 2. Cao et a/ .  '' 
reported k,  values of 2 . 6 ~  10" and 2 . 0 ~  
10" lmol-'  s-' for the DCA fluorescence quenching by 
l a  in acetonitrile and benzene, respectively. 


Quantum yields for  the DCA-sensitized oxygenation 
of la. Quantum yields for the DCA-sensitized 
photooxygenation of l a  in carbon tetrachloride and 
acetonitrile were determined by using the ferrioxalate 
actinometer system. 29 The photolysis apparatus 
consisted of a 150-W xenon lamp and a grating 
monochromator. A 3-ml volume of solution containing 
DCA (3 x M in carbon tetrachloride, 2 x M 
in acetonitrile) and a certain amount of l a  was placed 
in a 10-mm cuvette and saturated with oxygen. The 
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sample solution was irradiated at  420 nm with a 10-nm 
band width for a certain period to effect cu 10% 
conversion. After the photolyses, the solutions were 
diluted appropriately and the decrease in the 
absorbance of l a  (X,,, = 335 nm) was determined 
spectrophotometrically . 
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ORIGIN OF E X 0  SELECTIVITY IN NORBORNENE. AN 
AB ZNITZO MO STUDY 


NOBUAKI KOGA, TADAHIRO OZAWA* AND KEIJI MOROKUMAt 
Institute for  Molecular Science, Myodaiji, Okazaki 444, Japan and Tochigi Research Laboratories, Kao Corporation, 


Ichikai 321-34, Japan 


The geometries o f  the reactants, the reactant z-complex, the transition state and the product for  ex0 and endo addition 
of BH3 to  norbornene were optimized at the HFj3-21C tevel, and their energies were calculated at the MP216-31G 
level. The analysis of activation energy and model calculations singled out the endo deformability, a major portion 
o f  the norbornene deformation energy, as the origin o f  ex0 selectivity; norbornene, with the olefinic hydrogens already 
bent toward endo in the equilibrium geometry, requires less deformation to reach the exo than the endo transition 
state. The reason why olefinic hydrogens are bent in norbornene has been elucidated. An analysis indicates that the 
difference between norbornene ex0 side and bicyclo r2.2.11 hex-2-ene i s  also dictated by the endo deformability. 


INTRODUCTION 


A very high ex0 selectivity (exolendo = 200 : 1) was 
found by Brown in the hydroboration of norbornene 
(1) (equation 1). 


(1) 


Norbornene ex0 side has been found to  be more reac- 
tive than ethylene, which in turn is more reactive than 
norbornene endo side. ' The stereoselectivity has been 
studied for various norbornene derivatives in many 
reactions, including hydroboration, e p o x i d a t i ~ n ~ ~ ~  
and Diels-Alder reactions. 5 - 7  Many proposals have 
been made concerning the origins of the ex0 selectivity 
of norbornene and related compounds. 


The torsional effect was proposed by Schleyer8 for 
the ex0 selectivity in the deuteration of norbornan-2- 
one enolate ion (2). The dihedral angle between C-3 and 
C-4 substituents around the C-3-C-4 axis is about 20" 
in the reactant (2). In the transition state for the ex0 
attack (3) this angle is increased, to release the torsional 
strain. On the other hand, for the endo attack (4), the 
angle is reduced, to  increase the strain energy in the 


DO-D Hw- H>20 


3 


t20 
H 
0- 


transition state. Hence the ex0 attack takes place more 
easily than the endo attack. 


The steric effect, proposed by Brown,' is based on 
experimental results in hydroboration that norbornene 
gave a 99.5% ex0 product, whereas 7,7-dimethyl- 
norbornene ( 5 )  showed an endo selectivity with a 78 : 22 
ratio [equation (2)]. 


5 (22%) (78%) BH2 


In norbornene, the steric hindrancela (6) of the BH3 
with the ethano bridge hydrogens makes endo attack 
less favourable. On the other hand, in 5 bulky CH3 
groups on the methano bridge makes the ex0 attack 
sterically undesirable. 


The non-equivalent orbital extension, proposed by 
Inagaki et a / . ,9  suggests that the higher ex0 reactivity 
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in norbornene is due to the higher HOMO electron 
density on the ex0 side than on the endo side caused 
by mixing of u orbitals and 7~ orbitals. 


The staggering effect, proposed by Rondan et al., lo 


gives consideration to the new bonds being formed. In 
the cycloaddition of fulminic acid to  norbornene, the 
transition state calculated with an ab initio MO method 
suggests that the newly formed C-0 and C-C bonds 
have a larger overlap (smaller 19) with the ethano bridge 
in the endo transtion state ( 7 )  than with the methano 
bridge in the ex0 transition state (8). The ex0 attack 
with less overlap and less repulsion is preferred. 


The endo deformability effect, first proposed 
WiDff and MorokumaLL and later elaborated 
Spanget-Larsen and Gleiter, considers that the ex0 
side is more reactive than the endo side because the 
olefin part of isolated norbornene is already non-planar 
with its hydrogen atoms bent to  the endo side. Further 
bending to reach the transition state for the ex0 reac- 
tion requires less energy than for the endo reaction, 
where bending all the way back to  the ex0 side 
is required. Calculations with a semiempirical M O  
method indicated that bending of the olefinic hydrogen 
atoms from a coplanar geometry to  the endo side, say 
by 20", requires over 0 .1  eV less energy than that to the 
ex0 side. Calculations at the HF/STO-3G level also 
support this proposal. 12' 


Some of these theories base their argument on the 
properties of isolated reactants, some on the interaction 
of rigid reactants and some on transition states. Some 
theories seem to share a common concept of steric 
repulsion. Every theory, however, without knowing 
exactly what the transition states are like, arbitrarily 
picks a 'favourite' factor and proposes its importance 
intuitively, and seems to  lack decisive evidence substan- 
tiating the claims. What is needed is an evaluation of 
contributions of various factors to the transition-state 
energy difference between the ex0 and endo attack. 


In this paper, after a brief description of the method, 
an ab initio calculation is used to determine both the 
ex0 and the endo transition states for hydroboration of 
norbornene, analysing the difference in the barrier 
heights in terms of the deformation and the interaction 
energy. Further, models are built and energetic contri- 


butions of the various proposals mentioned above are 
evaluated. After the predominant origin of the ex0 
selectivity has been identified to be the endo deform- 
ability, an attempt is made to establish why the olefin 
hydrogens in isolated norbornene are bent. Finally, 
bicyclo [2.2.1] hex-2-ene (9) and norbornene are com- 
pared. 


METHODS OF CALCULATION 


The geometries of the reactants and transition states 
were fully optimized at the HF/3-21G'3 level, unless 
stated otherwise. The energetics were calculated also 
with the Maller-Plesset second-order perturbation 
theory (MP2)14 with the 6-31GL5 basis set at the 
HF/3-21G optimized geometries. The GAUSSIAN82 
programL6 was used. 


E X 0  AND END0 ADDITION O F  BHj TO 
NORBORNENE 


Geometries and energetics for ex0 and endo addition 
to norbornene 


The HF/3-21G optimized geometry of norbornene, 
shown in Figure 1, has the olefin carbon atoms 
pyramidal, with the hydrogen atoms bent toward the 
endo side. y e  define the pyramidalization or bending 
angle as 180 minus the dihedral angle between HC-2 
and C-2-C-1 (and also between HC-3 and C-3-C-4) 
with respect to the C-2-C-3 axis with the positive 
(negative) sign for endo ( e m )  bending. The bending 
angle calculated with various ab initio methods 1 L s L z s 1 7  


and the empirical molecular mechanics (MM2) are 
summarized in Table 1. In all cases the bending is to the 
endo side, from a few to several degrees. 


1.0814 1 0812H H-$z 


H 
Figure 1. HF/3-21G optimized geometry of norbornene. In 
this and other structures bond lengths are in A and angles 


in degrees 
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Table 1 .  Bending angle of norbornene at various levels of 
calculation 


Method Angle (') 


MM2 1 . 7 a  
HFISTO-3G 4.9,b 3.4,' 4.3," 3.9d 
HFi3-21G 4.8' 


*Ref .  17b. 
bRef .  10. 
'Ref.  17a. 
d R e f .  12c. 
'This work 


The optimized geometries of the ex0 and endo transi- 
tion states and the corresponding reactant complexes 
and products for addition of BH3 are shown in Figure 
2. In the optimization, the C H  bond distances that are 
away from the reactive centres (C-1-H, C-4-H, 
C-5-H, C-6-H and two C-i'-Hs, as shown in bold 


Exo Endo 


lines in Figure 1) are assumed to  be those of norbornene 
itself in Figure 1. 


The potential energy profiles a t  the HF/3-21G and 
MP2/6-31G levels are shown in Figure 3, together with 
that for ethylene + BH3. [There is some doubt whether 
any activation energy exists for the reaction of BH3 
with norbornene in the gas phase. For instance, the 
MP2/6-31G* optimization for the reaction of BH3 with 
the less reactive ethylene shows that the potential sur- 
face is downhill from the reactants, without r-complex 
or transition state, to the 1,2-addition product. ' 9a  The 
only corresponding experimental result shows a mar- 
ginal positive activation energy of 2 k 3 kcal mol- '. L9b 
Despite the above results, the present use of Ea or Eb 
for comparison of reactivity in solution is justifiable as 
follows. On the reactant side BH3 is stabilized by form- 
ing a complex with solvent tetrahydrofuran molecules. ' 
At the transition state BH3 interacts strongly with nor- 
bornene and little, if any, solvation is expected to take 
place. The real barrier, therefore, is the sum of the 


2.5602 H:.:- .. .-._. H e  i$ 1,5502 1.5499 ' " ' H G  :;B\H 


1.5699 1.5283 1.0693 


'5.5146 
1.5707 1.3361 / 


114.7 ,' 


H 
n-Complex (Cs) 


1.5540 hl.5539 


H d B - H  
2.8302 


7.189t3,,oH 
1 . 1 8 8 7 + ~  
H-B 


12.60 17 


n-Complex (Cs) 


8 H  n-Complex ;.2_6_8_9 I 3 m 9 3  


79.4f104.%\ 
1.685d) 't1.7638 


\ 


'm;3.3 ,, ,, 
f i 5 7 0 $ 4 0 3 2  .o># 


Transition State (Cs) 


Transition State 1.78 1 ?I ,z{\~ 
H 


Transition State 


H Product (Cs) 
Product Product 


Figure 2. HF/3-21G optimized geometries of ex0 and endo reactant complexes, transition states and products of BH3 addition to 
norbornene. Corresponding ethylene results are shown for comparison. Only essential geometrical parameters are shown. The CH 


bond distances that are shown in bold lines in Fig. 1 are fixed (see text) 
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desolvation energy of BH3 and the intrinsic barrier Ea. 
Since the desolvation energy is independent of the 
substrate, the ex0 - endo difference is determined by 
the intrinsic barrier. In this paper, we also use different 
levels of calculation to show that, although the calcula- 
tion is far from 'converged' with respect to the basis set 
and the electron correlation, the present analysis leads 
to the same conclusion as to the origin of ex0 selectivity 


I j I 


at all the levels of calculation.] The energies of the 
transition state relative to  the reactants and the reactant 
complex are calculated as E, and Eb and are shown in 
Tables 2 and 3, respectively. Regardless of considera- 
tion of E, or Eb, and regardless of the level of calcula- 
tion, the ex0 barrier of norbornene is lower than that 
of ethylene, which in turn is lower than the endo barrier 
of norbornene, in agreement with experiment. 


Endo Ethylene 


47 8 


9 


Figure 3. Potential energy profiles (in kcalmol-I) for norbornene, ethylene and 9 + BH, at the HF/3-21G, and the MP2/6-31G 
level (in italics) at the HF/3-21G optimized geometries 


Table 2. Deformation (DEF) and interaction ( I N T )  energy contributions to ex0 and endo barriers (E, = transition 
state - reactants)a 


~ ~~~ ~~ ~ 


Method Component Ex0 Ethylene Endo A(exo - endo) A(exo - ethylene) 


HFI3-2IG E, 5 .3  8 .6  14.1 - 8.8 -3 .3  
DEF(norb) 14.2 12.5 20.8 - 6.6 1.7 
DEF(BH3) 22.6 23.2 21.8 0.8 -0 .6  


INT -31.5 -27.1 -28.6 -2 .9  - 4.4 
MP2/6-31G E, -5.6 - 2.4 1.2 - 6.8 -3 .2  


DEF(norb) 7.2 6.9 13.1 - 5.9 0 .3  
DEF(BH3) 21.5 22.1 20.8 0.7 - 0.6  


INT -34.3 -31.4 - 32'7 - 1.6 -2 .9  


aEnergies in kcalmol ' at the HF/3-21G optimized geometries The total energies in the ex0 transition state are -295.5979 (HF/3-21G) and 
-297.8153 hartree (MP2/6-31G) 
bFor ethylene, this is DEF(CzH4) 


Table 3 .  Deformation (DEF) and interaction ( I N T )  energy contributions to ex0 and endo barriers (Eb = transition state - reactant 
complex)a 


Method Component Ex0 Ethylene Endo A(exo - endo) A(exo -ethylene) 


HF/3-21 G E b  
DEF(norb) 


INT 


DEF(norb)b 


INT 


DEF(BH3) 


MP2/6-3 1G E b  


DEF(BH2) 


11.2 13.9 
13.8 12.4 
20.4 22.0 


-23 .0  - 20.5 
3 .4  3.6 
1 . 5  7.3 


19.5 20.9 
-23.6 - 24.6 


16.8 
20.6 
21.6 


5 .6  
13.3 
20.6 


-25.4 


-28.3 


-5 .6  
- 6.8  
-1 .2  


2 .4  
- 2.2 
- 5.8 
- 1.1 


4.7 


- 2 . 1  
1.4 


-1 .6  
-2.5 
- 0.2 


0 .2  
-1 .4  


1 .0  


'Energies in kcal mol-' at the HF/3-21G optimized geometries. 
bFor ethylene, this is DEF(CzH4). 
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With this agreement in mind, we analyse the dif- 
ferences in the activation energies between the exo 
and endo reactions of norbornene, AEa = E,(exo) 
- E,(endo) and A& = Eb(ex0) - &(endo), and deter- 


mine the origin of exo selectivity. (See the discussion in 
brackets above.) 


Deformation and interaction contribution to the 
ex0 - endo barrier difference 
The activation energy differences between ex0 and endo 
reactions, AE,  and A&, were analysed in terms of 
deformation and interaction contributions. In this 
analysis, both reactants are first deformed to the 
geometries which they take at  the transition state, which 
requires the deformation energy DEF, and then the 
deformed reactants are allowed to  interact with each 
other gaining the interaction energy ZNT: 


AE, = E,(exo) -. &(endo) 
= ADEF(norb) + ADEF(BH3) + AZNT 


A similar decomposition can be done for A&, where 
the energy components of the reactant complex are sub- 
tracted from those of the transition state. 


Tables 2 and 3 show the ADEF and AINT contribu- 
tions to  AEa and AEb, respectively, a t  two levels of 
calculation at  the HF/3-21G optimized geometries. At 
all levels, the deformation energy contribution of the 
norbornene part, ADEF(norb), is predominant. Its 
magnitude changes little between Ea and E b  or among 
HF/3-21G and MP2/6-31G. This leads to  the most 


important conclusion about the origin of the ex0 selec- 
tivity, that the energy required to  deform norbornene to 
reach the transition state, from either the reactant or 
the reactant complex, is smaller in the ex0 than in the 
endo reaction. Table 2 shows that the interaction 
energy difference AINT also makes a small but non- 
negligible contribution to  AE,, although its weight is 
reduced by the introduction of the MP2 correlation 
effect. One can see in Table 3, however, that the AZNT 
contribution to A E b  is positive, indicating that the 
difference in INT is more important in the a-complex 
than in the transition state. 


Detailed comparison of the transition state 
geometries 


In order to elucidate further the exo-endo difference 
and its origin, we compared in detail the HF/3-21G 
optimized geometries of the ex0 and the endo transition 
states, shown in Figure 2. A comparison of the four- 
atom reaction centres, shown in Figure 4, indicates that 
in the endo transition state the C-2-B and the C-3-H 
distances are longer by about 0-02-0.03 A and the C- 
2-C-3 and tbe H-B distances are shorter by about 
0.006-0.01 A than in the ex0 transition state, suggest- 
ing that the former is at an earlier stage of reaction than 
the latter. As shown in Figure 3, the difference in 
exothermicity of the reaction is substantially smaller 
than that in the transition state. Therefore, this 
earliness of the endo transition state is not caused by 
the difference in exothermicity, but rather is considered 


I I 


1.4113 1.4032 


Exo Endo Ethylene 


Figure 4. Geometries of four-atom reaction centres 


119.5 


107.2 


(41.9) 


Exo Endo 9 


Figure 5 .  Dihedral angles around the C-2-C-3 axis a t  the transition states. Numbers in parentheses are changes from the reactant 
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to come from the difficulty of approach between the 
reactants. 


A detailed comparison of the dihedral angles of 
substituents around the C-2-C-3 axis is shown in 
Figure 5 .  The direction of approach of attacking H and 
B with respe2t to the norbornene carbon skeleton is 
115" and 107 , respectively, the ex0 transition state, 
compared with 120" and 109 , respectively, in the endo 
transition state, indicating that the attack takes place 
from further outside in the endo than in the ex0 
reaction. 


Figure 6 shows the dihedral angles between the nor- 
bornene skeleton carbon atoms and the methano C-7 
atom with respect to the C-1-C-4 axis. Those of C-5 
and C-6, far away froom the reactive centre, have not 
changed much (< 1.6 ) from the norbornene values. 
The changes in the C-2 and C-3 dihedral angle; are 
larger; the ex0 attack increases the angles by 1.4 and 
2.8", respectively, pushing these carbon atoms down to 
the endo side,"whereas the endo attack decreases the 
angles, by 4.1 and 6 . 5 " ,  pushing C-2 and C-3 up to  
the ex0 side. These trends in changes of the dihedral 
angles, seen in Figures 5 and 6, clearly indicate that 
repulsion occurs between norbornene and the attacking 
reagent, the endo attack having larger angle changes 
and hence a larger steric repulsion. These characteristics 
are more clearly observed in the ir-complexes (Figure 2), 
where the interaction is weaker. Whereas the shortest 
H-Ha distance between BH3 and norbornene is about 
2.56 A in both the ex0 and endo complexes, the shorte? 
B-C distance is about 2.51 A in the ex0 and 3.02 A 
in the endo complex. Obviously, the existence of steric 


c7 9' 


repulsion in the endo complex prevents the approach 
and thus reduces the attractive interaction between BH3 
and norbornene. 


These geometrical considerations suggest that some 
steric repulsion might be an important factor determin- 
ing the ex0 selectivity of norbornene. These structural 
analyses, however, do not indicate what the energetic 
contribution is. 


Models in the search for the origins of ex0 selectivity 


I n  order to assess the energetic contributions of various 
effects to  AE,, we shall construct several models that 
represent these effect as even-handedly as possible, and 
compare them. The main reasons why we choose AE,  
instead of A &  are that all the existing theories of ex0 
selectivity consider, implicity or explicitly, changes 
from the reactants and that AE,  is easier to interpret 
than A&. Recognizing that A E b  may be a better 
measure for solution reactions, we shall later examine 
contributing factors to A&. 


Staggering effect l o  


The dihedral angles between bonds around the C-2- 
C-l and the C-3-C-4 axes are shown in Figure 7 for the 
transition states. In the ex0 transition state, the newly 
formed bonds C-2-B and roughly bisect the 
C-7-C-1-H and the C-7-C-4-H angles, respect- 
ively, and are essentially staggered, whereas in the endo 
transition state, the C-2.-B bond is nearly eclipsedowith 
the C-1-C-6 bond with a dihedral angle of 9.1 . As 


C6 
I 


(-6 5) (3.9) (-0.1) 
129 3 120.8 121.4 


C5 
9 Endo 


Figure 6 .  Dihedral angles around the C-I-C-4 axis at the transition states. Numbers in parentheses are changes from the reactant 


Ex0 Endo 9 


Figure 7. Dihedral angles around the C-2-C-1 and the C-3-C-4 axis at the transition states 
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H 
I 


H 
H 


H 
H-Site 


CH3 10 
.u 


CH= 1.78 17 140.A 
(LCCCH40.2)H CH3 12 u. 


E( 13)-E(15)=4.0kcal/mole 


' BH2 HHTH 


OPT. 


.u 
CH, 


H59.0 58.9 OPT. 
15 BHp (CB=1.7856) 


Scheme I .  Model for staggering effect (endo) 


suggested by Rondan et al.," this would make the 
endo transition state less favourable. 


In order to estimate the energetic contribution of the 
C-2.-B and C-1-C-6 bond overlap and the C-3-H 
and C-4-C-5 bond overlap, we construct the following 
model. As shown in Scheme 1 for the endo transition 
state, we cut four C-C bonds and divide the system 
into two fragments (10 and ll), where the broken C-C 
bonds are replaced by C-H bonds having a standard 
bond length of 1 ~ 0 7 7 7  A. The .  ?ometry of fragment 11 
is at first fully optimized, except that the C-2-B dis- 
tance and the B-C-2-C-l-CH3 dihedral angge are 
fixed at the transition state values of 1-7856A and 
9. I " ,  respectively. In the resulting structure 13, all the 
strain energy existing in the transition state has been 
released except for that associated with the C-2.-B 
bond length and the overlap of bonds across the 
C-2-C-1 bond. Next the geometry is fully reoptimized 
except for the fixed C-2.-B distance. In the resulting 
structure 15, the strain energy associated with the bond 
overlap is also released. The energy difference, 
E(13) - E(15), calculated to  be 4.0 kcalmol-' 
(HF/3-21G), is the destabilization energy due to the 
bond overlap across the C-2-C-1 bond. However, this 
energy difference contains, in addition to the targeted 
overlap repulsion between C-2.-B and C-1-C-6, the 
repulsion between the nearly eclipsed CH bonds, since 


16 17 


CE( 16)-E( 17)1/3=0.9 or 0.8kcal/mole 


(e=9.1 or 12.0) 


Scheme 2. Model for staggering effect (CH-CH repulsion) 


the HCCH dihedral angles are very small (9.1' and 
12.0") in 13. 


An estimate of the CH-CH repulsions has been 
made in Scheme 2. The structure of ethane is optimized 
(16) under C3" symmetry with the additional constraint 
of (all three) HCCH dihedral angles 0 of 9.1" or 12.0". 
The energy difference between the energy of 16 and that 
of the fully optimized ethane (17, with D3d symmetry) 
is three times the overlap repulsion between nearly 
eclipsed CH bonds. The calculated value of the 
CH-CH r:pulsion en:rgy is 0.9 and 0.8 kcalmol-' 
for 0 = 9-1  and 12.0 , respectively. Subtracting the 
CH-CH repulsion energies from the total overlap 
repulsion energy, E(13) - E(15), one obtains the repul- 
sion energy between C-2-B and C-1-C-6 as 
4.0 - 0.9  - 0.8 = 2.3 kcalmol-'. 


Similar calculations were also carried out for the 
fragment 10 in Scheme 1 with the sequence of 12 and 
14. The energy difference E(12) - E(14) = 
0.4 kcalmol-' is found (by the method in Scheme 2) to 
be d2minated by the CH-CH repulsion (32.4" and 
51.4 ), and therefore the repulsion energy between 
C-3-H and C-4-C-5 is estimated to  be 0.0. There- 
fore, the total overlap repulsion between the newly 
formed C-2-B and C-3-H bonds and norbornene at 
the endo transition state is 2.3 + 0 - O =  2.3 kcalmol-'. 


A corresponding calculation was carried out also for 
the exo transition state, based on  Scheme 3. The total 
overlap repulsion between the new C-2.-B and C-3-H 
bonds and norbornene at  the exo transition state is 
0 - 3  + 0-0 = 0-3  kcalmol-'. Taking the difference 
between ex0 and endo transition states, the contribu- 
tion of the staggering effect is estimated to be 
exo- endo=0 .3 -2 .3=  -2.Okcalrnol-'. 


The staggering effect reflects the stability of the newly 
formed bonds and is part of the interaction energy term 
AINT. The staggering effect (-2.0 kcal mol-') 
accounts for about two thirds of the total interaction 
energy difference AINT (- 2 - 9  kcalmol-'). 
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E(20)-E(22)=0.0kcaVrnole E(2I)-E(23)=0.5kcal/rnole 


Scheme 3. Model for staggering effect (exo)  


E N D 0  deformability ' i 3 i z  and torsional effect' 
As shown in Figure 5 ,  the dihedral angles of olefinic 
hydrogens with respect to the C-2-C-3 axis measure: 
from the C-1-C-2 and the C-4-C-3 bonds are 140.1 
and 155.3", respectively, for the exo transition state 
and 140.5" and 155.9", respectively, for the endo tran- 
sition state. The bending angles in the ex0 transition 
state are essentially the same as those in the endo transi- 
tion state. In norbornene itself, as shown in Figure 1,  
they are 175*2", i.e., the olefin Bydrogens are bent 
down toward the endo side by 4.8 at the present level 
of calculation. The changes in these bending angles 
from the reactant o to  the ex0 transition Dstate, 
175.2 - 140.1 = 35.1 and 175.2 - 155.3 = 19.9 , are 
smaller than those for the endo transition state, 
360- 175.2- 140.5=44.3" and 360- 175.2- 155.9 
= 28.9". The endo transition state requires a bending 
motion larger than the ex0 transition state by about 9". 
This larger bending would be energetically less 
favourable, as has been pointed out by Spanget-Larsen 
and Gleiter. 


In order to  assess the energy difference due to  this 
difference in bending, we used the method shown in 
Scheme 4. The deformation of norbornene (1) from its 
equilibrium geometry to its geometry at the transition 
state (24 for ex0 and 25 for endo) is assumed to  take 
place through an intermediate (26 for exo and 27 for 
endo). In the intermediate all the geometrical 
parameters are those of the transition state except for 


(4.8) 4.8 


Endo Attack Exo 4 


U U 


E(24)-E(26)=7.0kcal/mole E(25)-E(27)=12.5kcal/mole 


Scheme 4. Model for endo deformability 


the olefin hydrogen bending angles, which are assumed 
to be 4.8", those of norbornene equilibrium geometry. 
The energy change in the first step, norbornene (1) to 
the intermediate (26 and 27), is the deformation energy 
due to change in the ring structure, and is calculated at 
the HF/3-21G level to  be 7.2 kcalmol-' for the ex0 
and 8.3 kcalmol-' for the endo transition state. The 
exo- endodifference, 7 . 2 - 8 * 3 =  - 1 . 1  kcalmol-', is 
the ring deformation contribution to the barrier height 
difference. The energy change in the second step, from 
the intermediate (26 and 27) to the transition state 
geometry (24 and 25), is the deformation energy due to  
changes in bending angles, and is calculated to be 
7.0 kcalmol-' for the ex0 and 12-5 kcalmol-' for the 
endo transmission state. The ex0 - endo difference, 
7 . 0 -  12.5= - 5 . 5  kcalmol-I, is considered to  be the 
endo deformability contribution. 


We also estimated what portion of the endo deform- 
ability of - 5 . 5  kcalmol-' could be attributed to  the 
torsional effect according to  Schleyer. ' As can be seen 
in Figure 7, the dihedral angles between the olefin 
hydrogen atoms and the bridgehead hydrogen atoms in 
the endo transition state, 7.4" and 1 5 . 5  , are much 
smalier than those in the exo transition state, 43.8" and 
57.4 , clearly disfavouring the endo transition state. 
The torsional effect can be estimated by evaluating 
these CH-CH overlap repukions. Adopting the same 
method (Scheme 2) as we used in calculating CH-CH 
repulsion in the staggering effect, we calculated the 
energy of the fully optimized ethane (17) and that of 
the ethane optimized with a fixed value (7.4" or 15.5 ' )  
for the three HCCH dihedral angles 0 (16). A 
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third of E ( 1 6 ) - E ( 1 7 ) ,  0.9  kcalmol-l for 7.4" and 
0.8 kcalmol-' for 15-5O, is the estimate of torsional 
energy for the endo transition state. For the ex0 transi- 
tion state, both HCCH angles are 43.8" and 57.4", and 
the torsional energy for these angles are estimated from 
the method in Scheme 2 to be 0 .1  and 0 kcalmol-', 
respectively. Hence, the torsional effect to  the 
ex0 - endo barrier difference is (0.1 + 0.0) - 
(0 .9+ 0.8) = - 1.6 kcalmol-I. 


Therefore, we conclude that, of the norbornene 
deformation energy contribution to the ex0 - endo 
barrier difference, ADEF(norb = -6 .6  kcalmol-', 
the ring structure deformation accounts for 
- 1 . l  kcal mol-l and the endo deformability of olefin 
hydrogens is responsible for - 5 . 5  kcal mol-I, which 
includes a torsional effect of - 1 * 6  kcal mol- I .  


Steric effect I 


As was discussed in the Introduction, the steric effect is 
reflected in the difference in the strain of the norbor- 
nene carbon skeleton in addition to  the difference in the 
intermolecular distances between the ex0 and endo 
transition states. The strain energy difference of the car- 
bon skeleton was estimated in the previous sub-section 
to be - 1 * 1 kcal mol-I. The difference in the intermole- 
cular difference may be considered to  be responsible for 
the portion of the interaction energy difference AZNT 
(-2 .9  kcalmol-I) that is not attributable to  the 
staggering effect (-2.0 kcalmol-I), and is therefore 
estimated to  be -0.9 kcalmol-I. Furthermore, the 
steric effect is probably also responsible for the 
difference in the deformation energy of BH3, 
ADEF(BH3) = + O - 8  kcalrnol-I. Adding all these, an 
estimate for the steric effect on AEa is 
( -  1.1) + ( -0 .9)  + (+0.8) = - 1.2  kcalmol-I, 
slightly favouring the ex0 transition state. Although the 
definition of the steric effect is somewhat arbitrary con- 
cerning what should be included, the above method of 


estimation is probably more or less consistent with the 
original definition. ' 


Origin of exo selectivity 
Contributions of various 'origins' to the energy dif- 
ference between the ex0 and endo transition states 
obtained above are summarized in Table 4. The endo 
deformability '',IZ contribution is the largest, followed 
by staggering effect" and steric effect.' The electron 
correlation does not change the conclusion, as is also 
shown in TabIe 4. 


Therefore, we conclude that the origin of the ex0 
selectivity is the endo deformability. 


Endo deformability contribution to AEb 


Here we shall examine the contribution of the endo 
deformability to A&, the ex0 - endo difference in the 
activation barrier relative to the reactant *-complex. 
We can use the method in Scheme 4, except that instead 
of  175.2" as the dihedral angles of the intermediales 26 
and 27, we have to  use those of the reactant 
*-complexes (Figure 8). Results at the HF/3-21G level 
are: 


exo: E(24)  - E(26)  = 6.9 kcalmol-I; 
endo: E(25)  - ,327) = 12.4 kcalmol-'; 
endo deformability contribution = 6.9 - 12.4 


and at the MP2/6-31G level: 


exo: E(24)  - E(26)  = 4.9 kcalmol-I; 
endo: E(25)  - E(27)  = 10.3 kcalmol-I; 
endo deformability contribution = 4.9  - 10.3 


Here again the endo deformability is found to be the 
origin of the ex0 selectivity. 


= - 5 . 5  kcalmol - I ;  


= -5 .4  kcalmol-I. 


Table 4. Estimates of contributions of various factors to exo - endo transition state energy difference" 


Endo deformability - 5 . 5  
( -5 .8)  


(includes torsional effect - 1.6) 
ADEF(norb) 


A DEF( BH, ) 


AINT 


'I Ring deformation 


Staggering effect 


Steric effect 1.2 


2.0  


A E., - 8.7 - 8 . 7  
(-6.8) 


" E ( e x o ) - E ( e n d o )  in kcalrnol-' at the HF/3-21G level. Numbers in parentheses are energies at the MP2/6-31G 
level. 
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11 1.5 


122.1 


Scheme 6 


the bridgehead hydrogens and the olefinic hydrogens, 
i.e. the torsional effect (Scheme 6). 


considered the ‘banana’ orbitals pro- 
duced by mixing the alkene (T and K orbitals, and pro- 
posed that both the torsional strain between the banana 
orbital and the methano bridge and that between the 
bridgehead hydrogen and olefinic hydrogen cause the 
‘rotation’ of the alkenyl hydrogen (Scheme 7). 


Endo Exo 


Houk et al. Figure 8. Dihedral angles around C-2-C-3 at the r-com- 
plexes 


ORlGlNS O F  PYRAMIDALIZATION OF 
NORBORNENE 


Structural considerations 


It was found in the previous section that the principal 
origin of the ex0 selectivity of norbornene is the 
pyramidalization of olefinic hydrogens. The next ques- 
tion then is why the olefinic hydrogens are bent to  the 
endo side. 


Wipff and Morokuma ” and Spanget-Larsen and 
Gleiter 12a3b argued that the CH bond is ‘bent’ owing to 
the repulsion between the methano bridge and the K 
electrons (Scheme 5). Schleyer’ and Burkert2’ con- 
sidered the bending to be due to  the repulsion between 


Ex0 in 


Endo 


Scheme 5 


u 
Scheme 7 


One question then is whether the K orbital is ‘bent’ or 
‘rotated.’ The geometry of norbornene optimized under 
the constraint that the olefinic hydrogen atoms are 
coplanar with the C-1-C-2-C-3-C-4 plane is very 
similar to  the fully optimized geometry in Figure 1, and 
gives no clear indication. Therefore, we considered the 
charge centroids of localized ‘banana’ bonds. If the 
‘bending’ is taking place, the charge centroid should 
rotate around the C-2-C-3 axis. If the ‘rotation’ is tak- 
ing place, it should rotate around the C-2-C-1 and 
C-4-C-3 axes. The localized ‘banana’ bonds were 
calculated with the Boys localization method22 and the 
charge centroids were determined for the planar and the 
fully optimized norbornene. The locations of the cen- 
troids thus calculated are shown in Figure 9. Figure 
9(A) shows that the charge centroids are rotated around 


A. Bending 


Figure 9. Locations of charge centroids, marked with dots, for the fully optimized geometry (dashed lines) and the geometry 
optimized under the coplanar constraint (solid lines, Fig. 10). (A )  ‘Bending’; (B) ‘rotation’ 
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n 127.5 A 127.6 
H 
H 


1' 
Scheme 8 


the C-2-C-3 axis, by 1.7 (on the ex0 side)- 
1.9"(endo). Figure 9(B) also shows that the charge 
centroids are rotated around the C-2-C-1 and 
C-3-C-4 axes by 0*7(  exo)-O.8"( endo), indicating 
that 'rotation' also takes place but to  a smaller extent 
than 'bending.' 


Energetic considerations 


The energy difference between the fully optimized 
structure and the structure optimized under the 
C-1 -C-2H-C-3H-C-4 coplanar restriction is 
0 .2  kcalmol-I. In ethylene the structure optimized 
under the restriction (C2,)othat one HCCH plane is 
bent from the other by 4.8 , the bending angle in the 
fully optimized norbornene is found to be about 
0.3 kcalmol-' higher in energy than the fully 
optimized (&) structure. Therefore, there has to  exist 
roughly 0 .2  + 0.3  = 0-5  kcalmol-' of extra stabiliza- 
tion energy (pyramidalization energy) for norbornene. 


In Scheme 8, we compare the dihedral angles around 
the C-2-C-1 and the C-3-C-4 axis of norbornene bet- 
ween the fully optimized geometry 1 and the optimized 
geometry 1 ' under the coplanar C-l-C-2H-C-3H- 
C-4 restriction. On releasing the coplanar restriction, 
the torsional angle between the bridgehead hydrtgen 
and :he olefinic hydrogen increases from 19.2 to  
23-8 . The torsional energy contribution to  the 
pyramidalization energy, i.e. the stabilization due to  the 
change in this dihedral angle, is estimated, with the 
method in Scheme 3, to be about 0.2 kcalmol-I. The 
effect of the small C-1-C-2-C-3 angle on the bending 
has been found to have a very small energetic contribu- 


1 


tion. We conclude here by saying that the norbornene 
pyramidalization energy is small and that no single 
factor emerges as its primary origin. 


Most interesting, however, is that this small energy 
difference between the pyramidalized and the planar 
structures is amplified into a very large difference in the 
reactivity between norbornene ex0 and endo side. 


COMPARISON BETWEEN NORBORNENE AND 
BICYCLO [2.1.1] HEX-2-ENE (9) 


Here we concentrate on the difference in the reactivity 
between the ex0 side of norbornene and 
bicyclo [2.1.1] hex-2-ene (9), where both compounds 
have a cyclopentene skeleton on the reacting side of the 
olefinic double bond and therefore have a similar steric 
environment. Experimentally, exo-norbornene is about 
1 .4  times more reactive than 9 to the attack of 
2,4,6-trimethylbenzonitrile oxide (28), and 6.3 times 
more reactive for the attack of C-p-nitrobenzoyl-N- 
phenylnitrone (29). 


Discussions above have indicated that the ex0 - endo 
reactivity difference is due to  the endo deformability. 
The symmetric bicyclo [2.1.1] hex-2-ene (9) is expected 
to have a planar olefinic group. Here we examine only 
the activation barrier Ea (transition state - reactant) 
and try to clarify the origin of the difference between 
exo-norbornene and bicyclohexene (9). 


H\ ,H H\B/H 
1 1.2 583,,? 


.565 1.8297' 1'0693 
1.4062 100.6 


104.6 
1.0812 


Bicyclohexene 9 Transition State Product 


Figure 10. HF/3-21G optimized geometries of 9,  the transition state and the product of BH3 addition. See text for restrictions on 
C H  bond distances 
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Geometries and energetics 


The geometries of the transition state and the reaction 
product for hydroboration of 9, and also 9 itself, were 
optimized at the HF/3-21G level and are shown in 
Figure 10. We use the same assumption as in nor- 
bornene that non-olefinic C H  bond distances at the 
transition state and the product (shown with bold lines 
for 9) are those of optimized 9. The optimized structure 
of 9 has CzV symmetry, without pyramidalization of 
olefinic units. A comparison of geometrical parameters 
of the cyclopentene skeleton among norbornene, 
bicyclohexene (9) and cyclopentene is shown in Table 5 .  
The angle between the plane of the methano bridge and 
the plane of the ethylene bridge, C-1-C-2-C-3 bond 
angle and the bond distances b and c all indicate that 
bicyclohexene (9) has more strain energy than nor- 
bornene, caused by the existence of the C-l-C-5- 
C-4-C-6 cyclobutane skeleton. The geometries of four 
atom reaction centres in Figures 4 and 10 indicate that 
the transition state for 9 is earlier than that for nor- 
bornene. 


The energetics of the reaction of 9 are shown in 
Figure 3. The activation energy E, for 9 is higher than 
that of norbornene by 1 . 5  kcalmol-I, but this dif- 
ference is much smaller than the norbornene 
ex0 - endo difference of 8 .8  kcalmol-I. This is cohsis- 
tent with the experimental observation that the reac- 


Table 5. Comparison of optimized geometrical parameters" 
of cyclopentene skeleton 


b 
Bicyclohexene(9) 116.0 103.9 1.5801 1.5465 1.3231 
Norbornene 127.9 107.9 1.5524 1.5303 1.3226 
Cyclopentene 161.2 112.6 1.5623 1.5217 1.3174 


" A t  the HF/3-21G level. 


tivity of 9 and norbornene endo side are about 10% and 
0.570, respectively, of that of norbornene ex0 side. I , '  


Interestingly, the exothermicity of BH3 addition to 9, 
48 kcalmol-' at this level of calculation, is larger, by 
about 10 kcalmol-' ,  than that of norbornene, despite 
the fact that the activation energy is smaller. The larger 
strain energy of 9 is released in the product as the result 
of  the reaction that converted a double bond to a single 
bond. The larger exothermicity of 9 is consistent with 
the earlier transition state. 


Deformation and interaction contributions to the 
barrier difference 


Table 6 shows the results of the deformation and 
interaction energy analysis of the barrier height E,. 
The trend for each contribution is similar to that in 
A(norbornene, ex0 - endo) in Table 2: AE,  < 0, 
ADEF(o1efin) < 0, ADEF(BH3) > 0 and PINT< 0. 
The major difference between A(exo - endo) and 
A(exo - 9) is that the magnitude of ADEF(o1efin) 
is much smaller in the latter. Although it appears 
that ADEF(o1efin) is still playing a major role, a 
further analysis of various effects, as was done above, 
is needed. 


Model calculations for various origins 


Endo deformability 


The dihedral angles around the C-2-C-3 axis in the 
transition state of 9, shown in Figure 5 ,  suggest that the 
amount of bending required to reach the transition state 
and therefore the bending energy increase in the order 
norbornene ex0 side < bicyclohexene < norbornene 
endo side, consistent with the deformation energy 
DEF(o1efin) in Tables 2 and 6. 


The olefinic endo deformability contribution to the 
deformation energy DEF(o1efin) in 9, calculated using 
the method in Scheme 4, is 9.1 kcalmol-l at the HF/3- 
21G level, compared with 7.0 kcalmol-'  for nor- 
bornene ex0 reaction mentioned above. Therefore, the 


Table 6. Energy contributions to the reaction barrier E, for bicyclo [2. I .  11 hex-2-ene and norbornene 


Method Component Norbornene ex0 Bicyclohexene (9)  A(exo - 9 )  


HF/3-21G E'3 5.3  6.8 - 1 . 5  


DEF(BH3 ) 22.6 21.2 1.4 
IN7 -31.5 - 30.7 - 0.8 


MP2/ 6-3 1 G E,  - 5.6 -3 .7  - 1.9 
DEF(olefin) 7 .2  8 .6  - 1.4 


IN7 - 34.3 - 32.5 - 1.8 


DEF(olefin) 14.2 16.3 -2 .1  


DEF( BH 3 ) 21.5 20.2 1.3 


.'Energies in kcal mol-' at the HFI3-2IG optimized geometries. The total energy at the transition state of 9 is - 256.7174 (HF/3-21G) and - 258.6490 
hartree (MP216-3Iti). 
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Table 7. Origins of activation energy difference AEa (in 
kcal rnol-') between norbornene ex0 side and 


bicyclo [2.1. I ]  hex-2-ene" 


Endo Staggering Steric 
Method deformability effect effect A E  


HF/3-2 1 G - 2 . 1  - 0 . 6  +1'2 - 1 . 5  
MP2/6-3 1 G - 1.5  - 0 - 5  +0 '1  -1 .9  


" A t  the HF/3-21G optimized geometries. 


endo deformability contribution to the difference in the 
barrier between norbornene ex0 side and 9 is 
7 . 0 -  9 .1  = - 2 . 1  kcalmol-'. Results at higher levels 
for the same geometries give 7 . 1  - 9 . 0  = 
- 1 . 9  (HF/6-31G) and 4 - 7 - 6 . 2 =  - 1 . 5  kcalmol-' 
(MP2/6-31G), as summarized in the second column of 
Table 7. On comparing Tables 6 and 7 ,  it can be seen 
that the magnitude of the endo deformability contribu- 
tion is equal to or slightly larger than the deformation 
energy DEF(olefin). This implies that the deformation 
energy of the skeleton part is smaller in bicyclohexene 
than in norbornene ex0 side. On the other hand, the 
changes in the dihedral angles around the C-1-C-4 axis 
on 5oing from the reactant to the transition state in 9, 
3 . 9  and 2.5",  as shown in Figure 6, are laroger than t!e 
corresponding values in norbornene, 1.4  and 2 . 8  , 
respectively. These observations can be explained by 
considering a large skeleton strain energy in bicyclo- 
hexene (9). As BH, approaches, the sp3 character 
increases at the alkene carbon atoms, releasing the 
strain energy ca!sed by an inside bond angle that is 
smaller than 120 . This release of the strain energy is 
larger in the more strained bicyclohexene than in nor- 
bornene, and is more than sufficient to  upset the struc- 
tural changes in the skeleton. This idea is consistent 
with the larger exothermicity of the bicyclohexene 
reaction than the norbornene reaction (Figure 3). 


Staggering effecr 
The dihedral angles around the C-1-C-2 and C-4-C-3 
axes in the transition state of 9 are shown in Figure 7. 
The C-3-H bond nearly bisects the angle between the 
methano bridge C-C bond and the bridgehead C-H 
bond. The C-2--B bond forms a small angle, 36*4", 
between the methano bridge C-C bond, less favour- 
able in the staggering effect than in norbornene ex0 
transition state, 47-0  . 


The staggering effect has been estimated by the 
method in Scheme 1. The destabilization due to the 
orbital overlap between the C-3-H bond and the 
methano bridge with the CCCH diehedral angle = 
62.0" should be zero. The destabilization due to  the 
overlap between the C-B bond and the methano 
bridge is 0 . 9  kcal mol-' (HF/3-21G). The corre- 


spmding destabilization for norbornene ex0 reaction 
was 0 - 3  kcalmol-' .  Therefore, 0 - 3  - 0 - 9 =  -0 -6  
kcal mol-l is the contribution of the staggering effect to 
the activation energy difference, as shown in Table 7 
together with those at higher levels of calculation. 


Steric effect 


As previously, the steric effect was estimated as (ADEF 
- endo deformability) + (AZNT - staggering effect) 
and is given in the fourth column in Table 7. The steric 
effect favours bicyclohexene over norbornene ex0 side. 
This is because the deformation of the BH3 is larger in 
norbornene, ADEF(BH3) = + 1.3-1.4 kcalmol-I, 
owing to the lateness of the transition state. 


Origin of norbornene exo side - bicyclohexene 
reactivity difference 


As is shown in Table 7, the endo deformability is the 
principal reason why norbornene ex0 side is more reac- 
tive than bicyclohexene. The difference in endo deform- 
ability between norbornene ex0 side and bicyclohexene 
is smaller than that between norbornene ex0 and endo 
side and so is the difference in the reactivity. 


The conclusion of the comparison among norbornene 
ex0 side, bicyclo [ 2. I .  1 ] hex-2-ene and norbornene 
endo side is that the decrease in the reactivity in this 
order is a reflection of the degree of pyramidalization in 
the isolated reactant. Norbornene ex0 side, already 
pyramidalized, is the most reactive. Unpyramidalized 
bicyclohexene requires pyramidalization to  reach the 
transition state. Norbornene endo side, which is pre- 
pyramidalized in the wrong direction, requires the 
largest repyramidalization energy. This conclusion can 
probably be extended easily to  the reactivity of tri- 
cyclooctene (30), which is comparable to that of 
bicyclohexene (9). Very interesting is the reactivity of 
bicyclooctene (31), which is probably comparable to 
that of endo-norbornene. I , '  The supposedly planar 
olefinic group would suggest an endo deformability 
contribution comparable to  that of bicyclohexene. 
Therefore, there have to  be some other factors, prob- 
ably both the staggering effect and the steric effect, that 
make this compound less reactive. This should be a 
subject for further study. 
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CONCLUSION 


The geometries of the reactants, the reactant K- 
complex, the transition state and the product for ex0 
and endo addition of BH3 to norbornene were 
optimized at the HF/3-21G level, and their energies 
were calculated at up to the MP2/6-31G level. The 
activation energy analysis indicates that the energy 
required to deform the norbornene to reach the transi- 
tion state for ex0 attack is smaller than that for endo 
attack and that this difference gives rise to  the ex0 selec- 
tivity. In particular, endo deformability, a major 
portion of the norbornene deformation energy, is 
singled out as the origin of ex0 selectivity; norbornene, 
with the olefinic hydrogens already bent toward endo in 
the equilibrium geometry, requires less deformation to  
reach the ex0 than the endo transition state. A further 
analysis was carried out to  elucidate the reason why 
olefinic hydrogens are bent in norbornene. A similar 
detailed analysis of the difference in the activation 
energy between norbornene ex0 side and 
bicyclo [2.1.1] hex-2-ene indicates that this difference is 
also dictated by the endo deformability. 
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THERMOCHEMICAL DATA OF CARBONYL COMPOUNDS VIA 
THEIR BOND SEPARATION ENERGIES 


MUSTAFA R. IBRAHIM 
Department of Chemistry, Yarmouk University, Irbid, Jordan 


Two types of equivalents for the aldo and the keto groups have been developed, the Schleyer and the bond separation 
energy (BSE) equivalents. The equivalents were used to give the heats of formation and the BSE of unstrained models. 
These equivalents were then used in the calculations of the strain energies for aldehydes and ketones. The results 
obtained were compared with MM2 values. The equivalents were also used in calculations of the stabilization 
(destabilization) energies for conjugated carbonyl compounds. The results obtained correlate well with the available 
experimental data. 


INTRODUCTION 


Heats of formation, AHf, of unstrained models are 
usually obtained by the summation of strain-free group 
equivalents. Franklin ' and Benson et a/.' separately 
developed group equivalents for most organic com- 
pounds and Schleyer et developed a set of group 
equivalents for alkanes. The conventional strain energy, 
SE, is defined as the difference between the experimen- 
tal AHf and that of the unconstrained model.4 In this 
work, the SEs are named according to the equivalents 
from which they were calculated. For example, the 
Schleyer SE means that it was calculated via the 
Schleyer equivalents. Allinger et af. developed general 
and strain-free bond equivalents. For a given com- 
pound, the summation of the general equivalents repro- 
duces the experimental heat of formation while that of 
the unstrained model is obtained by the summation 
of the strain-free equivalents. The SE is the difference 
between the two summations. The SEs calculated via 
the two types of Allinger bond equivalents are named 
MM2 SEs. 


Another comparable method used for the calculation 
of the SEs is the bond separation energy (BSE) 
method.6 In this method, the SE is calculated via the 
equation 


SE = Nix; - BSEexpr1 (kcalmol-') (1) 


where A'; is the number of groups of type i, Xi the 
equivalent for group i and K the number of different 
groups in the molecule. The summation term of equa- 


i =  1 


0894-3230/90/070443-06$05 .OO 
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tion (I) ,  CNiX;, is the BSE for the unstrained model 
and BSEexpt1 is the experimental BSE for the compound. 
The definition and the method of calculation of BSEexptl 
are explained in detail elsewhere. 697 BSE equivalents 
have been developed for CH3, CH2, CH,  C,  H2C=, 
HC= and C =  groups.6 This method has successfully 
reproduced the thermochemical data  for alkanes and 
alkenes. Therefore, there is real convenience in extend- 
ing this method to  other classes of organic compounds. 
The aim of this work was the development of BSE 
equivalents for the aldo and the keto groups. Conse- 
quently, the SEs of carbonyl compounds can be 
calculated via equation (1). The values obtained in this 
work are compared with MM2 SEs. The developed BSE 
equivalents are also used in the calculations of the 
stabilization (destabilization) energies for conjugated 
carbonyl compounds, the results being compared with 
the available experimental data. 


Schleyer et a / .  used their equivalents for alkanes and 
the Benson equivalents for the alkenes to  calculate the 
SEs for alkenes. This set of equivalents will be referred 
to as Schleyer equivalents. To include other classes of 
organic compounds in the Schleyer equivalents, equiv- 
alents for the aldo and the keto groups have been 
developed in this work. The results obtained via these 
equivalents are compared with those calculated via the 
BSE equivalents and with the available experimental 
data. 


Both BSE equivalents and Schleyer equivalents for 
the aldo and the keto groups are derived to reproduce 
the SEs for propanal and butan-2-one. These com- 
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pounds were chosen because the enthalpy differences 
between the conformers of each compound are known. 
This knowledge is necessary for the calculation of their 
SEs. Therefore, the calculations of SEs for propanal 
and butan-2-one will be discussed before the method of 
the derivation of the equivalents. 


Calculation of SE of propanal 


Microwave s p e c t r o ~ c o p y ~ ' ~  revealed that the eclipsed 
conformer of propanal is more stable than the gauche 
conformer by 0.9 kcalmol-'. The CSCO djhedral 
angle is O.Oo in the former and either 60 or 280 in the 
latter. Entropy favours the gauche conformer by 
R In 2. The free energy difference, AG, between the two 
conformers is 0.49 kcalmol-' as calculated via equa- 
tion (2) at 298 K. Applying equation (3) at 298 K 
indicates that the population of the gauche is 30%. 
This population yields an SE for propanal of 
0.27 kcal mol- I. 


A G  = A H -  T A S  (2) 


A G =  - R T l n  Ke4 (3) 


Calculation of SE of butan-2-one 


IR spectroscopy, electron diffraction and microwave 
spectroscopy show that the trans conformer of butan-2- 
one is more stable than the gauche conformer by 
0.7 kcalmol-1.9 The trans conformer is the one in 
which the two methyls are trans to  each other whereas 
they are gauche to each other in the gauche conformer. 
Applying the same procedure described above gives an 
SE for butan-2-one of 0.27 kcalmol-I. 


Derivation of the group equivalents 


The BSE equivalents are derived via equation (1). The 
SEs of propanal and butan-2-one are calculated above. 
The BSEcxptl are the experimental enthalpy changes for 
reactions (3) and (4). 


CH3CHzCHO + 2CH4 + 2CH3CH3 + H2CO (3) 


CH3CH2COCH3 + 3CH4 ---t 3CH3CH3 + HzCO (4) 


These enthalpy changes are 14.14 and 
20.02 kcal niol- I ,  respectively. The experimental heats 
of formation of reactants and products used are those 
reported by Cox and Pilcher, lo except for propanal, 
where the value reported by Pedley and Rylance" is 
used in the calculations. This choice was built on the 
fact that the Pedley and Rylance value 
( -  44.79 kcalmol-') is closer to  the MM2 value 
(-44.39 kcalmol-I)' than the Cox and Pilder value 
( -  45.45 kcal mol-I). lo  Using BSE equivalents for CH3 
and CH2 groups6 gives aldo and keto BSE equivalents 


Table 1. Strain-free heats of formation 
(Schleyer) and the BSE equivalents 


Equivalent (kcal mol- ') 


Group BSE Schleyer 


H K  0.07" - 10.05b 
HzC 2.15" -5.13h 
HC 7.42" -2.16b 
C 13.11" -0.30b 
HlC= 0.0" 6.26' 
HC= 5.36a 8.59' 
C= 11.29a 10.34' 
HC=O 11.59 - 29.88 
c=o 21.40 - 32.06 


"Ref .  6 
bRef.  3. 
' Ref. 2.  


of 11.59 and 21-40 kcalmol-', respectively. These 
values are given in Table 1 together with the previously 
obtained BSE equivalents for alkanes and alkenes. 


Schleyer equivalents for the aldo and the keto groups 
were also developed to reproduce the SEs of propanal 
and butan-2-one. These equivalents are also listed in 
Table 1. 


RESULTS AND DISCUSSION 


Schleyer and BSE strain energies were calculated for a 
large number of aldehydes and ketones from their 
experimental heats of formation. The MM2 heats of 
formation of cyclobutanone, cyclopentane and cyclo- 
hexane carboxaldehydes were used because their 
experimental heats of formation are not available. 


Schleyer and BSE SEs for aldehydes and acyclic 
ketones are given in Tables 2 and 3, respectively. The 
MM2 SEs, reported by Allinger et al.,' are also given 
for comparison. The r.m.s. deviations of the Schleyer 
and BSE SEs relative to  MM2 values are 0.79 and 
0.56 kcal mo1-l for aldehydes and acyclic ketones, 
respectively. Hence the Schleyer and BSE SEs correlate 
well with the corresponding MM2 strain energies for 
both aldehydes and acyclic ketones. 


The SEs of cyclic ketones calculated via Schleyer and 
BSE equivalents are listed in Table 4. The results show 
that the MM2 SEs are much higher than the others. I t  
seems that MM2 strain energies are overestimated for 
cyclic ketones. The MM2 SEs of cis- and trans- 
bicyclo[3.3.0]octanes are 13.56 and 19.98 kcalmol-', 
respectively. l3 The corresponding Schleyer SEs are 12.4 
and 18.7 kcalmol-' as calculated from the experimen- 
tal heats of formation reported by Pedley et al.14 It is 
known that the angle bending is unfavourable at the 
carbonyl in cyclopentanone, but the removal of the 
eclipsing interaction by replacing a CH2 by a carbonyl 
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Table 2. Calculations of strain energies for aldehydes" 


Molecular 
for rn u 1 a 


SE 
Observed k 


Molecule AffPk!) ESE nix, Schleyerb BSEb MM2' 
, = I  


Acetaldehyde 
Propanal 
Butanal 
2-Methylpropanal 
Pentanal 
Cyclopentanecarboxaldehyde 
Hexanal 
3,3-Dimethylbutanal 
C yclohexanecarboxaldehyde 
Heptanal 
Octanal 
2-Ethylhexanal 
Nonanal 
Decanal 


- 39.73d 
-44.79e 
-49.59e 
-51.53e 
- 54.45' 
-43.559 
- 59.37h 
-63.89g 
- 55.3:s 
-63.1 
-69.23h 
-71.6' 
-74.16h 
- 79-09h 


11.43 
14.14 
16.59 
18.53 
19.10 
21.39 
21.67 
26-19 
30.81 
23.05 
26.83 
29.20 
29.41 
31.99 


11.66 
14.41 
17.16 
19.15 
19.91 
30.01 
22.66 
27-66 
32.76 
25.41 
28.16 
30.15 
30.91 
33.66 


0.20 
0.27 
0 .60  
0.61 
0.87 
9-01 
1.08 
1-57 
2.37 
2-48 
1.48 
1.06 
1.68 
1.88 


0.23 0.0 
0,27 0.27 
0.57 0.52 
0 .62  1.11 
0.81 0.70 
8.62 8.83 
0.99 0.88 
I .47 1-00 
1.95 2.25 
2.36 1.06 
1 . 3 3  1.24 
0.95 3.34 
1.50 1.41 
1.67 1.58 


a All energies in kcal mol-' .  
'This work. 
'Ref .  5 .  
dRef.  10. 
'Ref .  11. 
'Ref. 12. 
? M M 2  value reported in Ref. 5. 


Experimental value reported in Ref. 5 .  


carbon is more important and hence the ketone has a 
lower SE than the hydrocarbon.' The MM2 SEs of cis- 
and trans-bicyclo [3.3.0] octan-3-ones are 16.85 and 
19.38 kcalmol-', respectively (Table 4). Both values 
are either higher than or very close to  those of the corre- 
sponding hydrocarbons, although it is expected that 
they will be lower in comparison to  that observed with 
cyclopentanone and cyclopentane. Similar arguments 
could be used for cis- and trans-hydrindan-2-ones and 
most of the other compounds listed in Table 4. 


The stabilization (destabilization) energies of 28 con- 
jugated carbonyl compounds were calculated (Table 5 ) .  
MM2 stabilization energies are not included because 
there are no general and strain-free bond equivalents 
for alkenes. The equivalents were used to  reproduce 
strain energies. However, if there is a resonance stabil- 
ization energy in a specific compound, the equivalents 
will give the algebraic sum of the resonance and strain 
energies. Therefore, the results in Table 5 represent the 
net balance between resonance stabilization and strain 
destabilization energies. For example, Herndon l 9  


concluded, from photoelectron spectra, that the res- 
onance stabilization energy in cyclopropenone is 
23.2 kcalmol-I. Greenberg et al." estimated that the 
strain energy of cyclopropenone is 67 kcalmol-I. 
Hence cyclopropenone has a destabilization energy of 
about 44 kcalmol-I. This value is in fair agreement 
with the destabilization energy obtained via Schleyer 
and BSE equivalents as shown in Table 5 .  


The equivalents give a stabilization energy for tro- 
pone of 9.0-9.5 kcalmol-l. Correction for the cis 
configuration by 1 kcalmol-' for each double bond 
gives a resonance stabilization energy in tropone of 
12.0-12.5 kcal mol-I. The corresponding value 
reported by Herndon l 9  from photoelectron spectra is 
10.8 kcal mol- I .  


Shiner et a1.I' reported that 2,4- and 2,5- 
cyclohexadien-1-ones, the keto tautomers of phenol, 
have resonance stabilization energies. Unfortunately, 
they did not report the values. The results in Table 5 
show that the stabilization energy is 14.5 kcalmol-' in 
the linearly conjugated dienone and 10.5 kcalmol-l in 
the cross-conjugated dienone. The resonance stabiliza- 
tion in each is higher by 2 kcalmol-l owing to the cis 
configuration at the two double bonds. 


The results obtained (Table 5 )  are in good agreement 
with the experimental values resulting from hydrogena- 
tion experiments. These experiments show that the 
resonance stabilization energies in benzaldehyde and p -  
benzoquinone are 35 and 3 kcal mol- I ,  respectively. 2o 


After the consideration of the &configuration correc- 
tions, the stabilization energies in benzaldehyde and p -  
benzoquinone will be 32 and 1 kcal mol-I, respectively. 
The experimental stabilization energy of benzaldehyde 
is reproduced by Schleyer and BSE equivalents whereas 
that of the quinone is only reproduced by BSE equiv- 
alents, as shown in Table 5 .  


The results in Table 5 also show that the aliphatic 
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Table 3. Calculations of strain energies for acyclic ketones" 


SE 
Molecular Observed 
formula Molecule AHPM BSE 5 n,x, Schleyerb BSEb MM2' 


, = I  


Acetone 
Butan-2-one 
Pentan-2-one 
Pentan-3-one 
3-Methylbutan-2-one 
Hexan-2-one 
Hexan-3-one 
2-Methylpentan-3-one 
3,3-Dimethylbutan-2-one 
2,2-Dimethylpentan-3-one 
2,4-Dimethylpentan-3-one 
2,2,4-trirnethylpentan-3-one 
Nonan-5-one 
2,6-Dimethylheptan-4-one 
2,2,4,4-Tetrarnet hylpentan-3-one 
2,2,5,5-Tetrarnethylhexan-3-one 
2,2,6,6-Tetramethylheptan-4-one 


-51.90d 
- 57.02= 
- 61 .92d 
-61.76' 
-62'76e 
- 66.87d 
-66.5Id 
-68.3gd 
-69.2gd 
- 74.99d 
- 74.40d 
- 80.84d 
- 82.44* 
-85.47' 
-82.65' 


- 100.67' 
- 94- 15d 


21.25 
24.02 
26.57 
26.41 
27.41 
29.17 
28.81 
30.68 
31.58 
34.94 
34.35 
38.44 
37.69 
40.72 
37.90 
47.05 
51.22 


21 a54 
24.29 
27.04 
27.04 
29.03 
29.79 
29.79 
31.78 
34.79 
37.54 
36.52 
42.28 
38.04 
42.02 
48.04 
50.79 
53.54 


0-26  
0.27 
0.50 
0.66 
1.61 
0.68 
I .04 
1'12 
3-28  
2.70 
2.18 
3.93 
0.50 
1.37 


10.31 
3.94 
2-55  


0.29 0.0 
0.27 0.05 
0.47 0.28 
0.63 0.29 
1.62 1.36 
0.62 0.46 
0.98 0.51 
1.10 1.70 
3.21 2.57 
2.60 2.76 
2.17 2.74 
3.84 5.31 
0.35 0.74 
1.30 I .91 


10.14 9.61 
3.74 3.56 
2.32 8 


a All energies in kcal m o l ~  ' 
bThis work. 
'Ref. 5 .  
dRefs 10 and 11 .  
'Ref. 10. 
'Ref. 1 1 .  


Not reporred. 


Table 4. Calculations of strain energies for cyclic ketonesa 


Molecular 
formula Molecule 


Cyclobutanone 
Cyclopentanone 
Cyclohexanone 
Cycloheptanone 
cis-Bicyclo [3.3.0] octan-3-one 
trans-Bicyclo [3.3.0] octan-3-one 
Bicyclo [2.2.2] octan-2-one 
Cycloctanone 
cis-Hydrindan-2-one 
rrans-Hydrindan-2-one 
cis-8-Methylhydrindan-2-one 
trans-8-Methylhydrindan-2-one 
Cyclopentadecanone 
Cyclopentadecanone 


- 18.80d 
- 46.03' 
- 54.04e 
-59.1'  
- 55.0' 
- 49.4' 
-53.1' 
- 64.9' 
- 59.66g 
- 59.56' 
-68.59' 
- 65.77' 
-99.1'  
- 110.0' 


Observed 
BSE 


1.34 
26.22 
31.88 
34.59 
43.68 
30.08 
41.78 
38.04 
45.99 
45.89 
52.57 
49.75 
55.79 
62.0 


SE 
k 


i =  I 
n,x, Schleyerb BSEb MM2' 


29.65 28.65 28.31 29.03 
32.40 6.55 6.18 6.40 
35.15 3.67 3.27 2-79 
37.90 3.74 3.31 6.51 
49.99 7.03 6.31 16.85 
49.99 12.63 11.91 19.38 
49.99 8.93 8.21 11.42 
40.65 3.07 2.61 8.97 
52.74 7.50 6.75 9.25 
52.74 7.60 6.85 8.58 
58.50 6.76 5.93 9.46 
58.50 9.58 8.75 11;56 
59.90 4.78 4.11 
65.40 4.14 3.40 h 


'All energies in kcalmol- ' .  
bThis work. 
'Ref. 5 .  
dMM2 value reported in Ref. 5. 
'Ref. 10. 


'Ref. 11. 
Refs 10 and 11. 


Not reported. 
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Table 5. Calculations of stabilization (destabilization) energies of conjugated carbonyl compoundsa 


SE 
Molecular Observed 
formula Molecule A ff; (9) BSE nix, Schleyer ’ BSE 


i =  I 


C2HzOz Ethanedial - 50.66’ 14.3 23.2 9.1 8.9 
C3H2O Cyclopropenone +33‘ - 15.4 32.1 47.9 47.5 
Cd%0 Propenal - 18.0‘ 20.0 16-95 -2 .9  - 3-0  
C3H40z Propane-l,2-dione -64.gb 26.1 33.1 7.2 7 .0  
C4H60 But-2-enal - 24.76‘ 24.4 22.4 -2 .0  -2.0 
C4H602 Butane-2,3-dione -78.20‘ 37.1 42.9 6.0 5.8 
CsH8OZ Pentane-2,Cdione -90,47‘ 47.1 45.7 -1 .1  - 1.4 
C6H60 Cyclohexa-2,4-dien-l-one - 17 2 39 60.2 45.6 - 14.2 - 14.6 
C6H6O Cyclohexa-2,5-dien-l-one - 13 ? 3’ 56.2 45.6 - 10.2 - 10.6 
C6H402 p-Benzoquinone -29.4‘ 64.6 64.2 0 .4  - 0.4 
C7HsO Benzaldehyde -8.8’ 82.4 49.7 -32.2 - 32.7 
C7H60 Tropone + 10.5‘ 63.1 53.6 - 9.0 -9.5 
C8H80 Acetophenone - 20.71 ’ 91.9 59.6 -31.9 -32.3 
CYHIOO 1 -Phenylpropan-I-one -25.98b 94.8 62.3 - 32.0 - 32.5 
C9HioO 1 -Phenylpropan-2-one - 23 .52’ 92.4 62.3 -29.6 - 30.1 
CioHi2O 1 -Phenylbutan-1 -one - 30.63’ 97.1 65.1 -31.6 - 32.0 


C1iHi40 3-Methyl-1-phenylbutan-1 -one - 38.41 ’ 102.6 69.8 -32.5 - 32.8 
C I 3H 1 0 0  Benzophenone +14.1‘ 159.0 97.6 -60.4 -61.4 
C14H120 1,2-Diphenylethanone + 5.3e 165.4 100.3 -64.1 -65.1 
Ci4H802 9,lO-Anthraquinone -22.8’ 201.0 130.8 -68.8 - 70.2 
C14H80z 9,lO-Phenanthraquinone -33.3’ 211.5 130.8 - 79.3 - 80.7 
C i4H 1 0 0 2  Diphenylethanedione (bend)  - 13.26’ 175.9 119.0 - 55.7 -56.9 


CisH140 1,3-DiphenyIpropan-2-one + 1.2f 167.2 103.1 -63.1 -64.1 


“All energies in kcalrnol-’. 


‘ A h  inilio value reported in Ref. IS. 
d R e f .  16. 
‘Ref. 1 1 .  
‘Ref. 10. 
’Ref. 17. 
hRef .  18. 


ClOH602 1,4-Naphthoquinone -26.5’ 133.2 97.5 - 34.6 - 35.7 


C I s H 1 0 0  Diphenylcyclopropenone 86 t 4h 130.6 120.2 -9 .2  - 10.4 


Refs 10 and 1 1 .  


1,2-diones have destabilization energies. For example, 
the destabilization energies for ethanedial, propane-1,2- 
dione and butane-2,3-dione are 8.9, 7.0 and 
5.8 kcal mol- I, respectively, as  calculated from the 
BSE equivalents. This can be attributed to the electro- 
static repulsion between the adjacent carbonyl carbons. 
The decrease in the destabilization energies in the 
diones is due to  the inductive effect of the methyl 
group. 


CONCLUSION 


Schleyer and BSE equivalents for the aldo and the keto 
groups have been derived only from thermochemical 
data of propanal and butan-2-one. In spite of this, the 
SEs calculated via these equivalents for aldehydes and 
acyclic ketones correlate well with the MM2 SEs. 
Schleyer and BSE equivalents give lower SEs than the 
MM2 values for cyclic ketones. However, it is believed 


that the MM2 SEs are overestimated. The present 
calculations also show that Schleyer and BSE equiva- 
lents successfully reproduce the available experimental 
data for conjugated carbonyl compounds. 


1. 
2. 


3. 


4. 


5. 
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Following the observation that ally1 radicals trapped in an argon matrix can be photolytically converted into 
cyclopropyl radicals (X = 410 nm, 18 K), the IR spectrum of the cyclopropyl radical was recorded for the first time and 
interpreted. Bicyclopropane and cyclopropane are formed when the photolysed argon matrix is warmed from 18 to 
35K. The identification of these new species unequivocally proves the presence of cyclopropyl radicals in the 
photolysed matrix. This radical is shown to be a u-type (C, symmetry) and not a *-type (CzV symmetry) radical; of 
the 18 normal frequencies of the C, cyclopropyl radical, all active in the IR, 16 were observed and were assigned to 
their corresponding normal modes. For this assignment advantage was taken of a6 initio frequency computations 
reported in the literature and performed by the authors. 


INTRODUCTION 
The thermal ring opening of the cyclopropyl radical to 
the allyl radical, 'L' although symmetry forbidden in the 
ground state, 6*7 proceeds very easily because ring strain 
is released along the reaction pathway. This reaction 
should be strongly exothermic; in fact, ab  initio calcula- 
tions (see below) indicate that the allyl radical is 
ca 33 kcalmol-' more stable than the cyclopropyl 
radical. 


The cyclopropyl radical should therefore be very 
difficult to obtain and can be expected to be identified 
only as a transient species in selected reactions or as an 
isolated species eventually trapped in a rare gas matrix. 
The ESR spectrum of a species attributed to be 
cyclopropyl radical has been detected in the presence of 
many other paramagnetic species by Fessenden aFd 
Schuler* in liquid cyclopropane irradiated at - 120 C 
by a 2.8-MeV electron beam from a Van der Graff 
accelerator. Dupuis and Pacansky' unsuccessfully tried 
to trap the cyclopropyl radical in an argon patrix 
generated by photolysis and pyrolysis (at 600 C) of 
acetylcycloproplyl peroxide. Dyke et al. lo obtained the 
PE spectrum of the postulated cyclopropyl radical by 
reacting cyclopropane with fluorine atoms in the gas 
phase. 


In the course of our studies on the allyl radical trap- 
ped in rare gas matrices,'' we have observed that the 
allyl radical, when irradiated at 410 nm, i.e. in the first 


* Author for correspondence. 


absorption band, undergoes ring closure yielding the 
cyclopropyl radical. Following this observation, we 
have investigated this photochemical reaction more 
extensively; this allowed us to record the first IR spec- 
trum of the cyclopropyl radical trapped in an argon 
matrix (18 K) and, in independent experiments, to ob- 
tain some information about its ESR and its UV absorp- 
tion spectra. 


EXPERIMENTAL 


Matrix preparation and instrumentation. The a!yl 
radical, generated by flash vacuum pyrolysis at 850 C 
of hexa-1,S-diene, was trapped with argon (Matheson, 
research purity) on a CsI crystal maintained at 18 K. 


Our cryogenic equipment '* consists of a laboratory- 
made liquid helium cryostat with CsI windows that can 
be slid in and out the beam of an IR spectrometer 
(Perkin-Elmer 983). The inner part of the cryostat, 
composed of a liquid helium reservoir, a temperature- 
controlled liquid helium vaporization chamber and a 
gold-plated copper block fitted with a CsI crystal 
(10 mm thick), is turnable around its vertical axis. A 
metal shutter, activated via a rotatory motion feed- 
through, is used to protect the CsI windows during the 
matrix deposition; it opens to either the spectrometer or 
the pyrolysis oven. The desired deposition temperature 
is adjusted and controlled (f 0.05 K) via an electrical 
winding located around the liquid helium vaporization 
chamber, the temperature being sensed by a calibrated 
silicon diode (Lake Shore Cryotronics); the temperature 
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of the CsI crystal is measured (to kO.02 K) via another 
calibrated silicon diode. 


The pyrolysis oven, consisting of a quartz tube fitted 
in a Monel-600 cylinder heated by a thermocoax 
winding, is focused on the CsI crystal. The temperature 
of the oven is measured and controlled by a 
thermocouple (type K). At the oven inlet, three inclined 
holes divert the molecular beam (substance to be 
pyrolysed + rare gas) so that the molecules hit the inner 
wall of the quartz tube several times. In addition, rare 
gas at room temperature is sprayed directly on to  the 
cold CsI crystal by six nozzles. 


The necessary vacuum, typically in the region of 
lo-' mbar mbar during the matrix deposition), is 
generated by a turbomolecular pump (Pfeifer TPU 170) 
backed by a double-stage rotary pump (Pfeifer DUO 
004). A more detailed description of the equipment will 
be published elsewhere. I' 


A general procedure for the matrix preparation was 
the following. hexadiene gas (10 mbar, 1 1) was diluted 
in argon (500mbar, 11) and the gas mixture was 
introduced into the oven through a needle valve (Whitey 
SS-21-RS-2) at a rate of about 2 mmol h- '  for about 3 h 
(flow-rate calculated from the pressure drop of the gas 
mixture contained in a 1-1 reservoir). At the same time, 
additional argon (14.5 mmol h- I )  was sprayed directly 
on to the CsI crystal. Under these conditions, a final 
matrixlhost ratio of about 500 : 1 was obtained. 


The IR spectrum of the matrix was then recorded with 
a PE-983 IR spectrophotometer equipped with a 
PE-3600 data station. The scan conditions were selected 
(mode 7, noise filter 4) in order to achieve a resolution 
of 0.5-1 cm I and a good signal to  noise ratio. The 
spectra were stored on floppy disk for further 
transformation. 


The cryostat was then slid away from the IR beam 
into the photolysis equipment. This installation consists 
of a water-cooled 1000-W super-pressure mercury lamp 
(Philips SP 1000 W) a Bausch and Lomb low-dispersion 
monochromator (gratings: 1200 grooves mm- I )  and 
appropriate optics to  focus the exit slit (3 x 10 mm) of 
the monochromator on the matrix (magnification: 1 x). 
The entrance and exit slits of the monochromator were 
chosen in order to obtain a spectral band width of ca 
20 nm. The light power density a t  the wavelength 
selected for the irradiation experiments (410 nm) and at 
the position of the CsI crystal was measured with a 
power meter (Newport Powermeter Model 815) and 
found to be of 12mWcm-' (i.e. lOI5 photons 
~ - ' c m - ~ ) .  The IR spectrum of the irradiated matrix 
was recorded after several irradiation time intervals in 
order to determine the irradiation time giving the 
highest possible concentration of photoproducts. The 
maximum concentration of cyclopropyl radicals was 
obtained after ca 6-7 h of irradiation. The IR spectrum 
was then recorded after different warming and cooling 
cycles, this procedure being used for the assignment of 
the IR bands to  the relevant chemical species formed. 


RESULTS AND INTERPRETATION 


The IR spectrum of the pyrolysis products of the allyl 
precursor hexa-lJ-diene is shown in Figure la .  The 
assignment of the IR bands of this spectrum to the rele- 
vant chemical species trapped is given in Table 1. The 
bands assigned to the allyl radical are indicated by 
arrows in the spectrum. Their assignment to the allyl 
radical is based on their thermal behaviour and on ab 
initio calculations; a full vibration analysis (including 
isotope labelling measurements) was also performed 
and will be published elsewhere. '' 


When the 18 K argon matrix containing allyl radicals 
is irradiated at 410 nm, i.e. in the first absorption band 
('A2 + ' B I )  of allyl, the IR bands assigned to the allyl 
radical decrease in intensity and new bands appear. 
Figure Ib  shows the IR spectrum obtained after 6.5 h of 
irradiation. These new bands can be more clearly seen 
in the difference spectrum (spectrum in Figure l a  minus 
that in Figure Ib, properly scaled) in Figure 2. Some of 
these bands have been assigned to the cyclopropyl 
radical. 


This assignment, indicated in Table 2, is based on a 
comparison with the spectrum recorded after warming 
the matrix to 37 K and recooling it to 28 K (Figure lc); 
this temperature rise leads to the formation of 
bicyclopropyl (dimerization of cyclopropyl radical) and 
also cyclopropane, thus proving the presence of the 
cyclopropyl radical before the matrix warm-up. Table 3 
reports the assignment of the different new bands ap- 
pearing on thermal treatment of the irradiated matrix 
(spectrum in Figure lc). The 1R absorptions assigned to 
bicyclopropyl and to cyclopropane were identified by in- 
dependent measurements of the pure substances trapped 
in the argon matrix. The IR spectra of these reference 
substances are shown in Figures 3 and 4 and the bands 
positions observed are reported in Tables 4 and 5 ,  
together with indications of their thermal behaviour. 


It should be noted that on warming the irradiated 
matrix to  37 K, cyclopropane is obviously formed by 
the cyclopropyl radical abstracting an H atom from 
hexa-lJ-diene present in the matrix; this is to be 
expected in view of the difference in the bond dissocia- 
tion energies of a C H  bond in cyclopropane and a C H  
bond in the allylic position in hexadiene. In fact, some 
IR bands in Figure l c  can be assigned unambiguously to 
the expected hexadienyl radical; for instance, the intense 
bands at 968 and 784 cm-' are assigned to the C H  out- 
of-plane vibration and CH2 wagging in the allylic 
residue of the hexadienyl radical, respectively [the cor- 
responding frequencies in allyl appear at 984/975 cm- '  
($H) and 802 cm-l (wCH2); see Tables 1-31. 


Scheme 1 summarizes the different chemical and 
photochemical steps implied in the above-reported 
experiments. 


It should be mentioned that, in different attempts to 
improve the yield of  cyclopropyl radicals by photolysis, 
we observed that both cyclopropane and bicyclopropyl 
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Table 1 .  Assignment of the different IR absorptions observed in the spectrum in 
Figure laaab 


A 
CHz=CHCHzCHzCH=CH* 8Joy 2CHz-CHzCHz 


Y (cm-’) Assignment Y (cm-’) Assignment Y (cm-’) Assignment 


4560 
4495 
4345 
4290 
3775 
3757 
3712 
3320 
3109 
3087 
3077 
305 1 
3040 
3019 
3012 
2993 
2947 
2936 
2915 
2889 
2861 
2850 
2344 
2339 
2142 
2137 
1999 
1956 
1831 


vw 
W 


vw 
vw 
vw 
vw 
W 


vw 
m 
m 
W 


W 


W 


m 
m 
m 
m 
m 
m 
V 


W 


m 
W 


W 


W 


m 


m 
m 


W 


a.r. 
h 
h 


a.r. 
Hz0 
H2O 
Hz0 
a.r. 
a.r. 


h 
h 


a.r. 
a.r. 


a + h  
h 
h 
h 
h 
h 
h 
h 
h 


coz 
coz 
co 
co 
h 
all 
h 


1827 
1680 
1650 
1624 
1608 
1604 
1574 
1478 
1464 
1455 
1449 
1445 
1441 
1435 
1421 
1416 
1389 
1330 
1317 
1304 
1284 
1248 
1242 
1210 
1183 
1145 
1126 
1076 
1050 


m h 
W all 
S h 


W HzO 
W HzO 
m a.r. 
W ? 
m a.r. 
m a.r. 
S h 
m h 
m h 
S h 


m h 
S h 
m h 
s a.r. + all 


W h 
W a.r. + h 
W h 
W ax. 
W h 
W a.r. 
W h 
W a.r. 
W h 
W h 
vw h 
m h 


1043 
1028 
1009 
997 
984 
974 
963 
954 
947 
914 
837 
810 
802 
776 
767 
737 
684 
670 
647 
629 
619 
604 
558 
553 
51 1 
473 
425 
357 
301 


W 


W 


m 
vs 
S 


m 
W 


W 


W 


vs 
m 
sh 
vs 
W 


W 


W 


m 
m 
m 


m 
W 


W 


W 


W 


m 
W 


vw 
W 


W 


h 
h 
h 
h 


a x .  
a.r. 
h 
h 


Ethen? 
h 
all 
a.r. 
a.r. 


h 
h 


Ethin? 
h 
h 
h 
? 
h 
h 
h 
h 


ax. 
h 
? 


h +  all 
h 


aa.r., Ally1 radical; h, hexadiene; all, allene; ?, unknown. 
b ~ ,  Weak; vw, very weak; rn, medium; s, strong; vs, very strong; sh, shoulder. 


were already formed when we photolysed ally1 (C, and C2v) were optimized using the standard pro- 
(hexa-1,S-diene is always present) in neon at 4 K or in gram GAUSSIANI2” and the split valence basis sets 
argon at 28 K (matrixlhost ratio = 600). Evidently, the with polarization functions 6-31G*,16 6-31G**” and 
cyclopropyl radicals formed can diffuse at  these matrix D95* . The inclusion of electron correlation was con- 
temperatures and composition conditions. sidered by applying the Merller-Plesset ’’ perturbation 


method using the 6-31G* basis set. The optimized 
geometries obtained are presented in Tables 6-8. The 


AB INITIO COMPUTATIONS 


The identified IR absorptions of allyl (Table 1) and of 
cyclopropyl (Table 2) radicals were assigned to  their 
normal modes by comparison with ab initio calculated 
frequencies.I4 The assignment of the allyl bands is in 
complete accord with the full vibrational analysis 
reported elsewhere. I ’  We also refer to  the ub initio com- 
putations reported by Takada and Dupuis l 3  (allyl rad- 
ical) and Dupuis and Pacansky’ (cyclopropyl radical). 


Geometry optimization and energy determination 


The geometries of allyl (C2,) and cyclopropyl radicals 


computed total energies (in atomic units) are reported in 
Table 9, from which it can be seen that the allyl radical 
is the most stable of the three radicals. It is 
33.0-33.7 kcal mol- ’ more stable than the cyclopropyl 
radical with C, symmetry (a-radical); this a-type 
cyclopropyl radical is itself 3.9 kcalmol-’ more stable 
than the cyclopropyl radical with C2“ symmetry (T-  


radical). This value of 3 . 9  kcalmol-’ in fact represents 
the expected energy barrier of inversion at the radical 
centre of the cyclopropyl a-type radical. That the 
n-radical is indeed the transition-state structure for this 
inversion is indicated by the fact that the C H  bending 
vibration in the ?r-radical is found t o  be imaginary in 
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Figure 2. Difference spectrum, providing evidence for the vibration frequencies of the cyclopropyl radical which is formed on photo- 
lysis of the ally1 radical (spectrum in Figure la - spectrum in Figure Ib) 


t i  


Table 2. IR bands appearing or increasing in intensity on irradiation of the argon matrix 
a t  410 nm (Figure lb) and their assignment 


u (cm-’) Assignment” Y (cm-I) Assignmenta P (cm-I) Assignmenta 


4425 vw 
3118 w 
3049 w 
3042 w 
3033 w 
2980 w 
2965 w 
2861 w 
2125 w 
2030 vw 
1841 w 
1623 m 


c.r. 
c.r. 
c.r. 
c.r. 
c.r. 
c.r. 
c.r. 


c.r. 
c.r. 


C . T . ?  


1440 
1416 
1308 
1237 
1229 
1085 
1077 
1065 
1037 
1028 
1024 
997 


W 


W 


vw 
W 
vw 
vw 
W 


vw 
m 
m 
m 
W 


c.r. + h 
c.r. 


c.r.? 
c.r. 
c.r. 
c.r. 
c.r. 


c.r. 


899 vw 
887 vw 
865 w 
827 m c.r. 
824 sh c.r. 
784 w 
717 m c.r. 
743 w c.r. 
482 vw c.r. 
452 w c.r. 
442 vw c.r. 


c.r. + h 


*c.r., Cyclopropyl radical; h, hexadiene. 
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Table 3. IR bands appearing or increasing in intensity on warming of the argon matrix to 37 K 
(Figure lc) 


v (cm-') 


3087 s 
3016 s 
2125 w 
1890 w 
1434 w 
429 vw 


1387 w 
1258 w 
1188 vw/b 


Assignment a v (cm- ') Assignment a 


cp + bcp 1170 vw/b bcp + hex.r. 
c p +  bcp 1094 w bcp 


hex.r. 1065 vw hex.r. 
CP 1045 w bcp 
CP 1028 s CP 


bcp+ hex.r. 1024 s CP 
bcp+ hex.r. 1020 sh bcp 


hex.r. 975 w hex.r. 
hex.r. 968 m hex.r. 


v (cm- ' )  


962 m 
899 w 
886 w 
865 s 
853 w 
813 w 
784 s 


Assignment a 


hex.r. + bcp 
hex.r. 
bCP 
CP 
CP 


bCP 
hex.r. 


cp, Cyclopropane; bcp, bicyclopropyl; hex.r., hexadienyl radical. 


4000 3000 2000 1000 600 cm-' 200 


Figure 3. IR spectrum of cyclopropane in an argon matrix at 18 K (1.6 pmolcm-2 cyclopropane; matrixlhost ratio = 1200: 1) 


I 
I 1  I I . I . I I I 1 I  l l l l l l l . ~ . l ' l l , , , l l l /  


1000 600 cm" 200 4tIOO 3000 2000 


Figure 4. IR spectrum of bicyclopropyl in an argon matrix a t  18 K (0.8 pmol cm-' bicyclopropyl; matrixlhost ratio = 3200: 1) 
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Table 4. Observed vibration frequencies of cyclopropane 
trapped in  a n  argon matrix a t  18 K a  


v (crn-I) v (crn-') v ( cm- ' )  


4496 
3104 
309 1 
3041 
3024 
3016 
2928 
2880 


W 2861 
w (-) 2082 
S 2048 


vw (-) 1886 
rn (-) 1762 
S 1726 


W 1435 
vw 1285 


w 1032 w (-) 
w 1025 vs 


vw 1020 w (-) 
w 876 rn (-) 
w 865 vs 
w 855 w 
m 851 rn 
W 


'The sign (-) indicates that the corresponding band does not decrease 
appreciably and does not change in position when the matrix is annealed 
(18 - 28 + 37 + 28K) in the same manner as the matrix containing 
cyclopropyl radicals. 


our ab initio frequency computations. The value 
3 -9  kcal mol-' compares well with the ab inirio results 
of Ellinger et al.*' 


Computation of vibrational frequencies 
The vibrational frequencies of allyl and of cyclopropyl 
(C, and C2" symmetry) were computed at the 
UHF/6-3 lG* level for UHF/6-3 lG* optimized 


Table  5 .  Observed vibration frequencies o f  bicylopropyl 
trapped in a n  argon matrix a t  18 K a  


3100 
3085 
3026 
3015 
3010 
3000 
2054 
1745 
1467 
1462 
1458 


W 


rn 


rn 
m 


W 


W 


W 


W 


W 


W 


W 


(-) 1431 w 960 rn 
1424 w 886 rn 


(-) 1356 w 880 m (-) 


(sh) 1289 w 869 w 
(sh) 1188 vw (-) 829 rn 


1170 w 812 w 
1111 w 803 w 
1093 m 781 w 


697 w 1046 rn 
1018 s 


1294 w (-) 873 w 


"See Table 4 


geometries. The force constants were determined 
analytically through second differentiation. The vibra- 
tional frequencies obtained are reported in Tables 10 
(for allyl) and 11 (for cyclopropyl of symmetry C,) 
under the heading 'analytical.' The frequencies resulting 
from numerically computed force constants are 
reported under the heading 'numerical.' As can be seen, 
there is almost no difference between the frequencies 
obtained by the two methods. 


tropped in Ar rnotrix 
ot  1BK 


in Ar matr ix  
a t  18 K 


7 


/ I v  410nm ~ 


in Ar motrix 
A 


18 K V 


with o l l y l  rodicol ond 
hexa-1.5-diene present 
in the orgon motrix 


A l S K -  3 7 K  -I+ 


observed 
in Ar motrix 


o t  27 K 


observed 
in A r  motr ix  


a t  27 K 


Scheme 1 
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Table 6. A b  iniZio optimized geometry for ally1 radical C,,,“ 


Parameter 6-31G* 6-31G** D95** MP2/6-31G* 


Bond lengths (A ) 
HiCz 1.078 1,079 1.079 1.088 
cZc3 1.390 1.390 1.396 1.377 
C4H5 1.074 1.074 1.076 1.082 
C4H7 1.076 1.076 1.077 1.084 
Bond angles (”) 
c3czc4 124.6 124.5 124.5 124.4 
HsC4Cz 121.4 121.4 121.1 121.8 
H ~ C ~ C Z  121.2 121.2 121.1 121.0 


“Numbering of the atoms adopted: 


Table 8. A b  initio optimized geometry for 
cyclopropyl radical with CZ, symmetrya 


Parameter 6-31G* 


Bond lengths ( A  ) 
ClC2 1.456 
CZc3 1.529 
H4C I 1.066 
H5C2 1.080 


C3CICZ 63.38 
H s C ~ C I  119.35 


CiCzCjH5 106.32 


Bond angles (’) 


Torsion angles: 


“Numbering of the atoms adopted: 


Ally1 radical Clr. 


a 


Cyclopropyl radical Cz, 


Table 7. A b  initio optimized geometry for cyclopropyl radical 
with C, symmetrya 


Parameter 6-31G* 6-31G** D95** MP2/6-31G* 


Bond lengths (A) 
ClC2 1.470 1.469 1.477 1.469 
CZc3 1.517 1.517 1.523 1.526 
C I H ~  1.072 1.072 1.074 1.081 
CZH5 1.078 1.078 1.078 1.087 
CZH7 1.078 1.078 1.078 1,087 
Bond angles (”) 
Y 41.1 40.8 41.1 41.1 
C2CIC3 62.2 62.2 6 2 . 2  62 .6  
C I C ~ H S  118.9 118.9 118.7 119.1 
CiC2Hi 118.5 118.5 118.3 118.7 
Torsion angles: 
C I C ~ C ~ H S  106.5 106.5 106.4 105.3 
C I C Z C ~ H ~  - 107.4 - 107.7 - 107.8 - 108.2 


A Numbering of the atoms adopted: 


K 


Cyclopropyl radical C, 


In Table 10, the vibrational frequencies of the ally1 
radical calculated by Takada and Dupuis (multi- 
configuration Hartree-Fock MHCF) and by us are 
compared with the experimental frequencies, the devia- 
tions between the computed and experimental values be- 
ing reported as percentages. As can be seen, the 6-31G* 
basis set reproduces the experimental data reasonably 
well, the mean deviation being 9.3% with the ab initio 
computed frequency being greater than the observed 
value; the greatest discrepancy is observed for the CH2 
rocking model p,CH2 (experimental 810 cm-’; com- 
puted 1005-1006 cm-I; deviation 24.1%). 


It is well known that ab inti0 computed frequencies 
are always ca 10% greater than the corresponding nor- 
mal frequencies obtained from gas-phase measurements 
on model substances. A scaling procedure is generally 
adopted to  bring the computed frequency in accord with 
experience. A uniform scaling factor u (ab  initio), 
which is defined as the average ratio of assigned 
experimental frequencies vi (exp) to the corresponding 
ab initio computed frequencies v;(ab initio), the averag- 
ing being performed over the normal modes of many 
model compounds in the gas phase, was used. For the 
level of theory employed here (HF/6-31 G*),  such ,,a!- 
ing factors based on  the ratios vi(e~p)/v,(HF/6-31 G ) 
for 165 frequencies in molecules constructed from only 
first-row elements have been deduced from the work of 
Hout et al. by DeFrees and McLean2’: u(UHF/6-31 G*) 
= 0-89. 
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Table 9. Total ab inifio energy of allyl and cyclopropyl radicals (C, and CZ,,) as computed 
with GAUSSIAN82 program using different basis sets 


EUH F (a.U .) 


Radical Symmetry State 6-31G* 6-31G** D95** MP2/6-3 1G* 


Ally1 CZ" 'Az  -116.46811 -116.47699 -116.49362 -116.82429 
Cyclopropyl C, *A' - 116.41554 - 116.42438 - 116.43993 - 116.79204 


- - Cyclopropyl CZ, ' B I  - 116.4093 - 


Table 10. Assignment of the identified IR absorptions of allyl radical (Figure la, Table 1) to its normal mode, taking advantage of 
ub initio computed frequencies 


ab infio UHF/6-31G* 
Experimental Ab inifio 


Vibrational frequency HCHF l 3  Deviation Analytical Deviation Numerical Deviation Scaled Deviation 
mode Symmetry (cm-') (cm-l) (TO) (cm-') (070) (cm-'1 (TO) (cm-l) (TO) 


3109 
3 109 
305 1 
3019 
3019 
1478 
1464 
1389 
1284 
1242 
1183 
984 
810 
802 


i.a.a 
i.a." 
51; 


n.0. 


3413 
3407 
3327 
3318 
3314 
1661 
1632 
1556 
1204 
1370 
1093 
I051 
1040 
786 
761 
596 
562 
476 


9.8 3422 
9.6 3418 
9 .0  3336 
9.9 3325 
9.8 3324 


12.4 1647 
11.5 1637 
12.0 1537 


-6.2 1251 
10.3 1341 


-8.2 1075 
10.9 1035 
28.4 1005 
- 2.0 799 
- 780 


572 
10.0 547 


45 1 
10.7 


- 


- 


10.1 
9.9 
9.3 


10.1 
10.1 
11.4 
11.8 
10.6 
- 2.6 


7.9 
-9.1 


5.2 
24.1 


-0.4 
- 
- 
7.0 


9.3 


- 


3421 
3417 
3316 
3334 
3325 
1647 
1638 
1537 
1254 
1343 
1077 
1035 
1006 
799 
780 
572 
547 
452 


10.0 
9.9 
8.7 


10.4 
10.1 
11.4 
11.9 
10.6 


-2.3 
8.1 


- 8.9 
5,2 


24.2 
- 0.4 
- 
- 
7.0 


9 .3  


- 


3045 
3041 
295 1 
2967 
2959 
1466 
1458 
1368 
1116 
1195 
958 
92 1 
895 
71 1 
694 
509 
487 
402 


-2 .2  
-2 .2  
-3.3 
- 1.7 
-2.0 
-0.8 
-0.4 
- 1.5 
- 13.1 
-3.8 
- 19.0 
- 6.4 
10.5 


- 11.3 
- 
- 


-4.7 


5.5 


- 


"Inactive in IR. 
Not observed. 


Application of this scaling factor to the 'numerically' 
computed frequencies gives the data reported under the 
headings 'scaled.' This arbitrary scaling procedure 
improves the computed data, as can be seen from 
Table 10: the scaled UHF/6-31G* frequencies are now 
only few percent smaller than the observed values. A 
mode-by-mode scaling procedure in fact leads to even 
better results; such a procedure, applied to more 
elaborate ab inifio computed frequencies, will be 
discussed elsewhere. 23 


In the case of the cyclopropyl radical with C, sym- 
metry, the mean average deviation for our computed 
frequencies (12.4%) and of those of Dupuis and 
Pacansky' is greater than in the case of allyl. Compar- 
ing our results with those of Dupuis and Pacansky,' we 
realised that the latter workers erroneously assigned the 


frequency computed at 870cm-' to the CH2 sym- 
metrical twist mode ( A  ') and the frequency computed 
at 1241 cm-' to the CHZ symmetrical rocking mode 
( A  '). In fact, the assignment of these two computed fre- 
quencies has to be reversed as we have found in our 
computation and by reproducing the computation of 
Dupuis and Pacansky. The agreement between these 
computed frequencies and the frequencies observed at 
1037 and 743 cm-' is then better (these frequencies are 
given in italics in Table 11). Here again the scaling pro- 
cedure adopted improves the computed frequencies but 
a mode-by-mode scaling method leads to an even better 
improvement. 23 


The ab initio computed frequencies for the 
cyclopropyl r-radical (C2, symmetry) are listed in 
Table 12. Comparison of these computed frequencies 
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Table 11. Assignment of the identified 1R absorptions of cylopropyl radical (C,) (Figure Ib, Table 2) to its normal mode, taking 
advantage of ab initio computed frequencies 


UHF/6-3 1G* 
Experimental 


Vibrational frequency A b  initjog Deviation Analytical Deviation Numerical Deviation Scaled Deviation 
mode Symmetry (cm-l) (crn-l) (70) (cm-') (0700) (cm-') (070) (cm-') (070) 


- 
vCH A '  


vaCH2 A '  


vaCH2 A " 
vsCH2 A' 
v ~ C H Z  A " 
6CH2 A '  
6CH2 A ' I  


6,CCC A '  
raCH2 A ' I  


YCH A " 
rsCH2 A' 
waCH2 A " 
wsCH2 A '  
v,cc A " 


u,cc A' 


pCH2 + yCH A "  
pCH2 + 6CH A '  
6CH A'  


Mean deviation (Yo) 


3118 
3049 [ 3042 
3033 
2980 
2965 
1440 
1416 
1237 
1229 
1085 
1077 
1037 
997 


n.o .a  


777 
743 


n.o.a 


3418 9.6 3406 9.2 3407 


3313 10.8 3367 10.4 3369 


3358 10.7 3354 10.6 3355 
3293 10.5 3291 10.4 3292 
3286 10.8 3285 10.8 3286 
1646 14.2 1645 14.2 1645 
1623 14.6 1604 13.3 1604 
1314 6.2 1339 8 .2  1339 
1301 5.8 1287 4.7 1287 
1208 11.3 1190 9.7 1196 
870 -23.8 1230 14.2 1246 


1268 22.2 1209 16.6 1209 
1204 20.8 1169 17.3 1169 
995 - 1007 - 1008 


916 11 .1  930 12.5 93 1 


893 14.9 847 9 .0  847 
1241 67.0 855 13.1 855 


705 713 - 704 - 


16.5 11.5 


9.3 3032 


10.6 2998 


10.6 2986 
10.5 2930 
10.8 2925 
14.2 1464 
13.3 1428 
8.2 1192 
4.7 1145 


10.2 1064 
15.7 1109 
16.6 1076 
17.3 1040 


897 


12-8 828 


9.0 754 
13.1 761 


627 


- 


- 


11.5 


-2.8 


- 1.5 


- 1.5 
- 1.7 
- 1.4 
- 1.7 


0 .8  
- 3.7 
-7 .3  
- 1.9 
- 3.0 
- 3.8 


4.3 


0.4 


- 


-3.1 
2.4 
- 


-2.5 


*Not observed. 


Table 12. Computed ('numerical') vibrational frequencies (in 
cm- ' )  for the cyclopropyl radical (CZ,.) normal modes 


Numerical Scaled 
Vibrational mode Symmetry (cm-l) (cm-I) 


vCH 
vaCH2 
vaCH2 
vsCH2 
v ~ C H Z  
CHZ bend + CH2 wag 
CH2 bend + CH2 wag 
v,CCC + CHZ wag 
pCHz 
wCH 


aCC asym. stretch 


crCH wag 


PCC sym. stretch 
pCH2 
crCH bend 


wsCH2 


T ~ C H Z  


T ~ C H Z  


3478 
3340 
3325 
3267 
3262 
1645 
1608 
1348 
1270 
1219 
1190 
1160 
1129 
948 
933 
918 
834 


-671imb 


3095 
2973 
2959 
2808 
2803 
1464 
1431 
1200 
1130 
1085 
1059 
1032 
I005 
844 
830 
817 
742 


- 597imb 


"Vibration with A2 symmetry and inactive in IR. 
b. irn, lrnaginary frequency. 


(14 IR active + 1 imaginary) with the experimental fre- 
quencies reported in Table 3 clearly indicates that a con- 
cordance between experimental and calculated frequen- 
cies could be established. However, of all the computed 
vibrational frequencies for cyclopropyl with C2" sym- 
metry, the lowest one (677 cm- ' )  is imaginary. It has B I  
symmetry and corresponds to  the out-of-plane motion 
of the proton at  the radical centre. The existence of this 
imaginary frequency implies that the *-radical should 
be the transition-state structure for the inversion at the 
u radical centre of the cyclopropyl radical. 


1. 


2. 


3. 
4. 


5. 
6. 


7. 
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SOLVENT POLARITY SCALES. 1. DETERMINATION OF ET AND 
T *  VALUES FOR PHOSPHONIUM AND AMMONIUM MELTS 


W. BRIAN HARROD AND NORBERT J .  PIENTA* 
Departmenl of Chemistry and Biochemisrry, University of Arkansas, Fayetteville, Arkansas 72701, USA 


The solvent polarity of a series of organic salts in their molten state has been determined using the solvatochromic 
dyes: pyridinium N-phenolate betaine, the basis of the ET scale, and N,N-diethyl-4-nitroaniline, one of the primary 
standards for the T *  scale. Each of these dyes was dissolved in the following liquids: lithium acetate-sodium 
acetate-potassium acetate eutectic; ethylammonium chloride; dimethylammonium chloride; diethylammonium 
nitrate; ammonium trifluoracetate; tetraethylammonium acetate; tetrabutylphosphonium chloride; octyltributyl- 
phosphonium chloride; dodecyltributylphosphonium chloride; tetrabutylammonium bromide; tetrabutylphosphonium 
bromide; octyltributylphosphonium bromide; dodecyltributylphosphonium bromide; octyltributylphosphonium 
iodide; dodecyltributylphosphonium iodide; tetrahexylammonium benzoate; methyltrioctylphosphonium 
dimethylphosphate; and methyltrioctylammonium chloride. The ultraviolet and visible spectra were measured for each 
of these. In addition, data were collected as a function of temperature and in  the presence of neutral and ionic 
additives. I n  general, these molten salts represent solvent polarities equivalent to moderately polar aprotic solvents 
such as acetone and acetonitrile. The salts with cations capable of being hydrogen bond donors gave considerably 
higher values, equivalent to or higher than water, the solvent with the highest value on the ET scale. These and the 
eutectic mixture are thought to involve specific dye-solvent interactions which cause these anomalously high values. 


The use of organic molten salts as solvents for reactions 
has begun to receive increasing attention. The area has 
been recently reviewed by Pagnil and Smith and 
Pagni,' and the literature before 1968 was covered by 
Gordon.-' In the course of using melts as solvents for 
nucleophilic substitution  reaction^,^-^ we surmised a 
need for a general way to compare the different molten 
salts with each other and with traditional solvents with 
respect to their polarity and solvating ability. A conve- 
nient way to  access these properties is through the use 
of established solvatochromic scales, ET and T*. We 
chose the solvatochromic dye pyridinium N-phenolate 
betaine ( l ) ,  which forms the basis of the ET scale intro- 
duced by Dimroth and c o - ~ o r k e r s ' - ~  and made 


Ph Ph 


Ph Ph 


1 2 


popular by Riechardt and co-workers ''-I5 as the 
primary reference. For the sake of comparison, the use 
of N,N-diethyl-4-nitroaniline (2) gave a few values for 
T*, the scale developed and made popular by Kamlet, 
Taft, Abboud and others. I 6 - I 8  


The betaine 1 exhibits one of the largest solvato- 
chromic effects ever observed" with the long- 
wavelength band being shifted by more than 350 nm on 
going from the least polar solvent (tetramethylsilane) to 
the most polar (water). The molecule 1 represents a so- 
called 'negative solvatochromism' dye whose ground 
state is more dipolar than its excited state. Because of 
its structure and this latter property, we anticipate that 
the solvation of this dye by molten salts should be 
dominated by solvent ion-solute ion interactions. The 
apparent significance of this will be discussed later. 


The nitroaniline 2 is one of as many as 40 indicators 
used to establish the T* scale, which is often used in 
conjunction with 01 and 6 values. L 6 * 1 7  The latter two are 
measures of hydrogen bond donor and acceptor ability, 
respectively. The T* scale is much more compressed 
than ET with values generally being reported on a 
normalized scale between 0 and 1 (corresponding to a 
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ca 60 nm range for the dye 2). Thus, the values of a* 
for any solvent are the average of many data including 
statistical fits, an approach used to prevent specific 
solute-solvent interactions. I 6 , l 7  The shortcoming of the 
approach is that the measurement of an absorption 
maximum of a single dye (including the experimental 
uncertainty) may not give a very precise H* value. The 
ET dye 1 also has potential problems, especially those 
associated with specific solvent interactions that will be 
discussed later. 


The salts in this study include many quaternary 
ammonium and phosphonium cations, generally with 
four alkyl groups attached to the central atom. Hence 
the ET values are determined as a function of the length 
and structure of the alkyl chains, the central quaternary 
atom and the anions. A few carboxylate salts are 
included. Other variables include the temperature and 
the presence and amount of neutral or ionic additives. 


RESULTS 


The Er and a* values for the various salts considered in 
this study are summarized in Table 1. The entries are 
listed by increasing chain length of the alkyl groups 
attached to the quaternary center. In a number of 
instances three of these groups remain constant while 
the fourth is changed from butyl to octyl to  dodecyl. A 


variety of anions have been considered, including 
halides (but excluding fluoride), carboxylates (acetates, 
benzoate) and others. In most instances spectral data 
were collected over a temperature range except for 
those salts that are molten at  room temperature or 
where increasing the temperature was suspected of 
decomposing the melt. Only the last entry (Table 1, salt 
20) showed thermosolvatochromism, shifts in the 
absorption maximum as a function of temperature. 


Organic salts, especially those composed of an 
organic cation and halide anion, are very hygroscopic. 
Furthermore, it has been demonstrated that the water 
content of solvents may have a marked effect on their 
ET values. l9 In order to appreciate the relationship 
between the organic salts and water, a variety of data 
were collected. The importance of the water content 
was examined in a number of ways: (i) by Karl Fischer 
titration of various melts, (ii) by addition of water to 
the neat melt 13 and (iii) from aqueous solutions of the 
salts 13 and 15. Figure 1 is a plot of the concentration 
of 13 and of 15 (done in separate experiments) in water 
versus the measured ET values for the corresponding 
solution. The inset in Figure 1 shows the effect of molar 
amounts of water (0-8 M concentration of added 
water) on the neat salt 13. This represents the other 
extreme in which relatively small amounts of water are 
dissolved in high concentrations of (i.e. neat) salt. Data 


T a b l e  I .  S u m m a r y  of ET and r* values for a m m o n i u m  and p h o s p h o n i u m  salts 
~~ ~ ~ ~ 


R 'R'R 3R4Q+X-a  


Salt R '  RZ  R' R4 Q X ET T e m p e r a t u r e  (°C)h 7r * c  


3 - - - - Li/ Na/ K CH3COz . 64.7 50- 120 
4 H H H 2 N CI 62.3 120-50 
5 H H 1 1 N CI 60.3 130 
6 H H 2 2 N No3 65.5 I10 
7 H H H H N CFiCOz 43.6 130 
8 2 2 2 2 N CHiCOz 48.6* 45-90 
9 4 4 4 4 P CI 43.0 125-135 


10 4 4 4 8 P CI 43.8 15-95 
11 4 4 4 12 P c1 42.6 90- 130 
12 4 4 4 4 N Br 43.3 105- 130 
I3 4 4 4 4 P Br 43.5 110-130 
14 4 4 4 8 P Br 42.9 85-100 
15 4 4 4 12 P Br 44.5 100-130 
16 4 4 4 8 P I 43.5 40-85 
17 4 4 4 12 P I 42.3 50-75 
18 6 6 6 6 N PhCOz 43.9' 25 
19 8 8 8 1 P MezP04 43.8 25 
20 8 8 8 1 N CI 44.1' 35-125 


'Groups attached t o  the central quaternary atom: H = hydrogen, 1 = methyl, 2 = ethyl, 4 = butyl, 6 = hexyl, 8 = octyl, 12 = dodecyl. 
' Ahsorhance spectrum measured at various temperatures in the given range or  at the single temperature given (see Experimental). 
'Absorbance spectrum measured at the lowest of the listed temperatures only (see Experimental). 
dObtained as tetrahydrate and used without modification. For the range loO-llO°C, a value of 47.7 was obtained (see discussion in text). 
'This value has been reported in the literature as 44.3.'".'2 
'Shows thermosolvatochromism: a plot of ET versus temperature has a slope of -0 .22  ( r =  0.968, y intercept = 46.9 for a plot of six values). The 
listed value is that obtained at 125 " C .  


0.89 


0.87 


0.93 
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on the absolute water content of some of the melts after 
their preparation, purification and drying were deter- 
mined by Karl Fischer titrations and are summarized in 
Table 2. Two entries are available for each salt, one 
measurement obtained from the salt as it was obtained 
after preparation and a second in which that Faterial 
was dried in wetlo at temperatures above 100 C. 


The betaine dye 1 is sensitive to the presence of acid. 
The charge-transfer nature of the solvatrochromism 
depends on an unprotonated phenoxide portion. The 
small quantity of dye required in the absorption 
measurement allows its protonation by surrepticious 
acid, especially found in halide melts.6 Small amounts 
of triethylamine were added to the melt containing the 
dye in order to  alleviate the problem. The dye’s absor- 
bance returned with addition of as little as 10mM 
amine (and often less), and the observed maximum did 
not shift even at  concentrations 5 M in amine. 
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Figure 1. ET values from aqueous solutions of 13 (*) and 15 
(+). Inset: addition of water to molten Salt 13; the highest 


concentration is for 8 tetrahydrate (see text) 


Table 2. Karl Fischer titrations of various salts 


Salt State“ HzO (wt-%)b Error‘ 


8d 
9 
9 


13 
13 
15 
15 
18 
18 


W 
w 
D 
W 
D 
W 
D 
W 
D 


3.50 - 


1.67 0.46 
0.13 0.08 
1.41 0.05 
0-14 0.06 
1-07 0.04 
0.04 - 


1-17 0.07 
0-46 - 


Pretreatment of the salt: W = used as obtained from the preparation 
or from subsequent storage in a desiccator, D = d r i e d  in V ~ C U O  at 
elevated temperature (See experimental). 


‘Standard deviation of data in the previous column. 
‘Obtained commercially as the tetrahydrate. 


Water Concentration as mol-%. 


The addition of long-chain hydrocarbons and 
alcohols has an effect on the ‘order’ or packing of alkyl 
chains in micelles, bilayers and other similar struc- 
tures. 20-22 The addition of dodecane (0-0.5 M) to 
melts of 15 does not appear to give rise to  a change in 
the ET value. For example, the ET value determined in 
the melts of 15 with 0.5 mM dodecane is only 0 - 2  units 
higher, well within the error limits of the measure- 
ments. Use of higher concentrations is precluded by the 
meager solubility of the hydrocarbon in this melt. 


DISCUSSION 


The solvatochromic determination of molten salt 
polarities provides this useful solvent property from a 
single, simple spectroscopic measurement. The foll- 
owing sections serve as an introduction; methods of 
determining molten salt solvent properties and a general 
discussion of solvatochromism precede our evaluation 
of the data. 


Solvent properties 


General discussions of organic reaction media include 
features such as polarity or ionizing power. In turn, 
these are available from dielectric constants, 23224 dipole 
moments, 23*24 relative positions in elutropic s e r i e ~ , ’ ~ . ~ ~  
other microscopic measures such as donor numbers 


acceptor numbers ( A N ) , 2 5 ,  6,26 and solvato- 
chromic measures such as Z,27 ET,’-’’ and the trio a, 
0 and s* . L6,17 Traditional measures for non-polar and 
dipolar media (i.e. dielectric constant and dipole 
moments) are inappropriate for the fused salts. 


Cohesive energy density and internal pressure are 
useful measures for interparticle interactions. 23 The 
former is also advantageous, since it can be used to  
account for mutual solubilities and miscibilities. Quan- 
tities equivalent to the cohesive energy density and the 
internal pressure have been assembled for fused, 
organic salts by Gordon, and representative data are 
given in Table 3 together with the few 2 values that 
have been measured for salts. A variety of traditional 
solvents are also included to allow comparisons, and 
their ET values are reported.” There appears to  be 
reasonable qualitative agreement among the various 
scales. However, the internal pressure scale (Table 3,  
column 1) requires measurement of the surface tension 
while the second (Table 3, column 2) uses the energy of 
activation for viscous flow, two quantities that are more 
experimentally difficult to obtain than the absorption 
maxima for dissolved solvatochromic dyes. In addition, 
these values are only available for a much more limited 
collection of solvents. 


The use of N-ethyl(4-carbomethoxy)pyridinium 
iodide (the dye for the 2 scale) has shortcomings, espe- 
cially that a high concentration of contact ion pairs 
(CIP) of the dye is required because the measured 
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absorption is the charge-transfer band of the CIP. 
Exchange of the iodide (of the Z scale indicator dye) 
with the anion of the melt greatly diminishes the absor- 
bance peak and often removes it entirely even at high 
dye concentrations. 


The entries in Table 3 contain salts that span the 
entire range starting with values equivalent to moderate 
polarity such as methylene chloride and approaching 
water, the most polar entry of all of the listed stan- 
dards. As the total number of carbons in the alkyl 
groups (on both the cation and anion) decreases, the 
polarity increases and the position of the salt moves 
down the table. For a given cation, a change in anion 
has a more modest effect. From the limited data (tetra- 
pentylammonium iodide and thiocycanate; ethylam- 
monium chloride and nitrate), it appears that the 
polarity of the salt increases with increasing size of the 
anion. 


These data suggested that a more systematic study 
was appropriate and would enable us to  probe 
additional variables and more subtle changes in struc- 
ture. The ET scale was chosen because of ease and con- 
venience, and because it is possible to do a wide variety 
of structures (i.e. the betaine dye is soluble in most of 


Table 3. Solvent polarity scales“ 


Solvent ,,/v”3b En/Vc Zd E T ~  R * f  


Pentane 
Diethyl ether 
(Isopentyl)4N+ I 
Methylene chloride 
(Penty1)dN’ I 
Acetone 
(Penty1)aN ‘SCN 
(Propyl)4N+ picrate 
Acetronitrile 


Nitromethane 
(Methy1)’NH 2’ 
(Ethyl)NH $ C1- 
(Ethy1)NH 1 NO 1 
Li+/Na ‘/K ’ 


acetate 


(Ethy1)zNHiNO T 


Tl+CH3COr 
CH3NH lC1- 
TI’HCOF 
Water 


3.28 
3.60 
4.06 


4.20 
5.57 


7.37 
7.77 
9.59 
9.80 


- 


- 


11.7 
11.8 
13.7 


- 


13.9 
15.4 
27.7 
27.7 


13.7 
15.5 


- 
20.7 
23.4 
20.4 


- 
33.7 


60.1 
- 
- 


64.7 
66.4 
65.7 
- 
- 


71.3 
- 


31.0 
34.5 


40.7 


42.2 


- 


- 


- 
- 


45.6 
43.78 
46.3 
60.0 
62.08 


64.0’ 


- 
- 


63.1 


( 0 . 0 ) h  
0.27 


0.82 


0.71 


- 


- 


- 
- 


0.75 


0.85 
- 


- 
- 


dThe salts were measured at various temperatures; the solvents are for 
2O0C. 
bShown by Hildebrand and ScottZR to  be related to internal 
pressure. 3,23  


‘Based o n  energies of activation to viscous f l o ~ ~ ~ . ’ ~  and used as a 
measure of cohesive energy density by Gordon. 
dRef.  27. 
‘Refs 10 and 12. 
‘Refs 16 and 17. 
gThis work. 


Based o n  similarity to hexane and heptane for which the value is 0. ’‘ 


the salts, it involves an intramolecular charge transfer 
unlike the Z dye and it does not involve estimation of 
molar volumes like the first two methods in Table 3). 


Solvatochromism 


The term ‘solvatochromism’ is used to describe the 
changes in position, intensity and shape of ultraviolet 
and visible absorption peaks that accompany variation 
of the solvent in which the measurement is con- 
ducted. The changes are the result of solute-sol- 
vent interactions that alter the energy difference 
between the solvated ground and excited states of the 
dye molecules. A hypsochromic (i.e. blue) shift with 
increasing solvent polarity is called negative solva- 
tochromism and corresponds to  the case where the 
ground state of the dye is more dipolar than its corre- 
sponding excited state. Positive solvatochromism is a 
bathochromic (i.e. red) shift with increasing solvent 
polarity that occurs when the excited state is more 
dipolar than the ground state. The betaine 1 is a case of 
the former, one in which solvation by the molten salt 
ought to  operate by ion-ion interactions. 


Bayliss and McRae3’ suggest that four factors or 
some combination of them are important in a 
qualitative interpretation of solvent shifts: (i) the transi- 
tion dipole moment during optical absorbance; (ii) the 
difference in permanent dipoles between the ground and 
excited states; (iii) the change in the solvent-induced 
ground state dipole; and (iv) the Franck-Condon prin- 
ciple. It has been shown that electronic polarization of 
the solvent molecules adjacent to  a dipolar solute 
affects that solute’s ground-state dipole, and this effect 
couples with the difference in permanent dipoles to  give 
rise to  the shifts. 32-36 This induced electric field has 
been termed a ‘reaction field’ by Onsager” and is 
viewed as arising from an interaction between a dipole 
(in this case the betaine dye 1) and a homogeneous 
polarizable dielectric. Quantitative calculations of the 
solvent dependence of absorption maxima have been 
based on several models. 38 The fundamental theory has 
been reviewed, and critical discussions of the various 
models have appeared. l 7  


The ET scale has been correlated with a variety of 
solvent properties and with chemical reactivity in those 
solvents. In general, good fits in such linear free energy 
relationships have made the use of these values fairly 
general. 10*17 The Er values have one potentially serious 
shortcoming that has been m e n t i ~ n e d ’ ~ . ’ ~ ’ ~ ~  but not 
quantitatively demonstrated to  our knowledge. Any 
strong interactions with the phenoxide oxygen in dye 1 
will lead to a stabilization of its ground state and a con- 
comitant increase in the observed ET value. 36 Hydrogen 
bonding is the most obvious example of such an inter- 
action, and hydroxylic solvents have the highest ET 
values. We have devised a simple way to calculate the 
hydrogen bonding contribution and thus ‘divide’ ET 
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values into a polarity/polarizability component and a 
hydrogen-bonding component for traditional sol- 
v e n t ~ . ~ ~  (Since a number of solvent parameters or 
mathematical functions of them have been correlated 
with ET, we perform linear regression on such pairs of 
values for non-hydrogen bond donors. We use the 
equation for that line and the solvent parameters or 
function of them to 'calculate' ET. The difference 
between the measured and calculated values is then 
taken to be the hydrogen-bonding contribution.) 


The a* scale was designed to be free from specific sol- 
vent-solute interactions such as hydrogen bonding. In 
fact, hydrogen bond donating and accepting strength: 
(0 and a, respectively) most often accompany the a 
values. The difficulty is that this in turn requires the use 
of many dyes to measure accurately a single T* number 
(and even more to elicit the hydrogen-bonding values). 
Most of these dyes exhibit the solvatochromic effect 
over a narrow spectral range, and as a result small 
changes represent large differences in solvent prop- 
erties. Nonetheless, the published T * scale is valuable, 
also having been correlated in a variety of linear free 
energy relationships. l 7  The agreement between a* and 
ET is good (especially if one excludes the solvents 
capable of being hydrogen bond donors39) and is given 
by 


(2) 
where UET is the frequency corresponding to the 
maximum of the ET dye absorption (in units of 
lo3  cm- I )  and 6 is the 'polarizability correction term' 
(equal to  0 for non-chlorinated aliphatic solvents, 0.5 
for polychlorinated aliphatics and 1 + O  for aromatic 
solvents). l6z1' 


V E T  = 10.60 + 5 * 1 2 ( ~ * -  0.236) 


Molten salts as solvents 


Gordon3 described fused salts as 'ionic liquids . . . com- 
posed of kinetically free ionic units.' The notion of the 
ion pair is not a valid one as a consequence of the 
strong coulombic interaction between each ion and an 
approximately symmetrical field of counter ions. The 
structure in a crystal might be considered as a reason- 
able model. 4" 


Organic salts have an added feature to  be considered, 
that is, the structural entity that makes them 'organic.' 
In the present context, these are alkyl chains sur- 
rounding the quaternary central atom in a cation or an 
alkyl chain in a carboxylate anion. Data from x-ray 
crystal structures and implications from studies of 
physical properties such viscosity suggest that (i) there 
can be penetration of the counter ion into the chain@) 
of an ion (for example, an inorganic anion into the 
'sphere' of alkyl groups on a phosphonium or 
ammonium cation); or (ii) there can be overlap in space 
(i.e. a tangling) of the alkyl portions of two ions. 


A simple representation of the consequences of dis- 


A- 0' A- A- 0' A- 0' A- 0' A- 0' 


A- 0' A- 
0' A- 0' 0' A- 0' A- Qt 


A- 0' A- A- 0 ' 4 -  0' A- X-Y 0' 


P A R T  A P A R T  B P A R T  C 


Figure 2. Representations of a simple model for molten salt 
with (A) no solute, (B) a zwitterionic solute, D+-D- and (C) 


a neutral solute, X-Y 


solving a solute in a melt are shown in Figure 2, in 
which part A shows no solute, part B has an ionic solute 
D+-D- and part C has a neutral molecule (shown as 
X-Y). The ionic solute has a minimal effect on the 
structure of the salt since its ions or ionic parts replace 
the function of that part of the molten salt. On the 
other hand, the neutral molecule might be expected to 
cause the reordering of adjacent molten salt ions by 
shielding them from favorable interactions with sur- 
rounding ions. From the perspective of the dissolved 
solute, the ionic solute (Part B) would be solvated by a 
microscopic environment much more like the bulk 
molten salt. From this simple point of view, solvato- 
chromic dyes 1 and 2 are represented by parts B and C, 
respectively, in Figure 2. 


One can test this model with the few data (salts 9, 12 
and 14) for which we measured both values. By using 
equation (2) and the T *  values in the last column in 
Table 1, we calculate their ET values as 43.3, 43.0 and 
43 '9, respectively. Considering the relative errors in 
both numbers, the small differences between these cal- 
culated values and the measured ET values in Table l 
indicate that the differences between parts B and C in 
Figure 2 are not substantial, the dye 2 is not large 
enough to  create a measureable difference or the solvent 
structures in parts B and C elicit the same response 
from the dye. Whatever the reason, we must conclude 
that no new specific interaction (i.e. a special solvent 
cavity requirement for neutral solutes) makes the x* 
scale any less valid. Both ET and a* appear to be 
acceptable for highly ionic liquids. 


Another important matter concerns the water content 
of the salts, and some appropriate data are contained in 
Table 2. First we consider the effects of relatively small 
concentrations of water in the 'neat' melts. In that con- 
text, the tetrahydrate 8 can be taken as a limiting case, 
since it contains the largest amount of water, and we 
know its water content (at least if we assume that it has 
not adsorbed any additional amounts). One could con- 
sider this to  be a highly concentrated, aqueous electro- 
lyte solution. Even with that as the premise, the ET 
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value for that material (48.6, see Table 1) is dominated 
by the salt and not the water (ET = 63 1, see Table 3). 
The remainder of the entries in Table 2 have consider- 
ably lower absolute amounts of water. They have ca 
10-100 times less water if we consider them in their 
dried state (see column 2, Table 2) as they were used for 
the solvatochromic studies. It is interesting that the 
'wet' state for 9, 13, 15 and 18 (see column 2, Table 2) 
appear to contain ca one water per salt molecule 
(although the consequences of this are unknown since 
their ET values were not measured). 


Koppel and Koppe14' reported the ET dependence of 
aqueous solutions containing electrolytes including 12. 
Their data are related to  the main portion of Figure 1 
in which salts 13 and 15 are dissolved in water; 13 is 
tetrabutylphosphonium (TBP) bromide and 15 is dode- 
cyltributylphosphonium (DTBP) bromide. The data for 
TBP starts a t  very high values where the salt is appar- 
ently just increasing the ionic strength of the water (i.e. 
the values become slightly greater than that of water 
itself, 63.1). At concentrations of 13 greater than 
c a 0 - 2 5  M ,  the ET value drops precipitously as the 
microscope environment around 1 must become more 
like the salt than like water. On the other hand, the 
lowest concentration for 15 begins at a much lower ET 
value (ca 53). The DTBP ion is a structure expected t o  
form micelles at millimolar concentrations. 2 0 - 2 2 3 4 L 3 4 2  


[We estimate the critical micelle concentration (CMC) 
for 15 to  be 7-10mM from analogous ammonium 
salts,42 R(R')3N+, where R = C14, Cl6, CIS and 
R '  = CZ, C3, C4, (25.1 Thus, for 15 the lowest reported 
concentration is already an aggregate in which the dye 
1 is 'dissolved.' The ET values decrease as the size and 
number of the aggregates increase. The TBP ion is a 
poor surfactant, although it has found use in methods 
such as phase-transfer catalysis.43 In analogy to 
mechanisms suggested for phase-transfer catalysis, we 
envision that the solvation of 1 by 13 occurs by associ- 
ation of TBP with the phenoxide portion and by van 
der Waals attraction of the alkyl chains with the many 
phenyl groups. The scarcity of literature CMC data for 
structures such as TBP makes it difficult to predict 
whether 13 will form structures like micelles at concen- 
trations greater than about 200 mM (the concentration 
at  which ET drops off in Figure 1). The values a t  ca 2 M 
13 or 15 in Figure 1 represent the ET for the pure molten 
salts (i.e. the molarity of the salts themselves) and are 
included as a reference point. The inset in Figure 1 
shows the effect of starting in the other direction, that 
is, by adding water to  the molten salt 13. In this case, 
the 'zero' water concentration is the pure molten salt 
and the next three points represent water added to  it. 
The highest value corresponds to the tetrahydrate of 
salt 8 (see the value for 8 in Table 1). 


The data of Koppel and Koppe14' for aqueous sol- 
utions of 12 (at 25, 50 and 75 "C) agree with that illus- 
trated in Figure 1 for 13 with two minor exceptions: (i) 


our value for the c o n c p r a t i o n  of neat salt itself (ca 
2.3 M ,  E T =  42 at 125 C is used as our last entry, 
whereas they report an ET value for 3.2 M 12 in water 
(46.4 at 25 "C); and (ii) at the low concentration end, 
Figure 1 includes six points a t  concentrations below 
those in the previous r e p ~ r t . ~ '  These entries demon- 
strate two important points. For the first three concen- 
trations of 13 in Figure 1, the ET values actually 
increase above that reported for water. This is consis- 
tent with the data of Koppel and Koppe14' for aqueous 
solution of LiCI, NaCl, NaC104 and KBr, but perhaps 
for different reasons than they proposed. We suggest 
that at all concentrations of the inorganic salts (which 
show a steady increase in ET with increasing concentra- 
tion) or a t  low concentrations of 13 (and presumably 
12), the salt increases the ionic strength of the water 
and changes the associated solvent electric field. Thus, 
ET rises as the 'polarity' increases. At higher concentra- 
tions of 13 (and 12), a new trend begins to take effect: 
in spite of further increases in ionic strength, ET begins 
to  drop. 


If one considers the ratio of water molecules to  those 
of the salt at 1 * o  M salt concentration (ca 50: I), it is 
difficult to  imagine disruption of the bulk water struc- 
ture to the extent that the ET drops (from 60 to 45). One 
could envision one mechanism in which hydrogen 
bonding to the bromide ion competes with the dye 
phenoxide. That the drop in ET is not due solely to the 
effect of the anion on  bulk water is supported by con- 
sidering the differences between 13 and 15 in Figure 1. 
That disparity (barring activity difference as a function 
of concentration between them) must be due to the 
structure of the cation since both are bromide salts. 


In summary, organic salts (at least those composed of 
quaternary cations) seem to dominate the solvation of  
the ET dye in water, mostly by mechanisms involving 
salt aggregates or preferential interactions of the salt 
with the dye. Nonetheless, the ET values approach those 
of neat salts even when considerable water is present. 
We must conclude that unlike the case in traditional 
solvents," dye 1 is not a good indicator of the water 
content of molten organic salts. However, we note that 
the forces that dominate the solvation of 1 are likely to  
be as great or greater for neutral organic solutes (e.g. 
dye 2), and such molecules might undergo reaction in 
a considerably water-free region, even if water is 
present in the system. [Our only support for this 
suggestion is the lack of water addition products in 
substitution  reaction^,^-^ a highly unremarkable obser- 
vation because of the greater nucleophilicity of anionic 
nucleophiles (i.e. the salt anions) versus comparable 
concentrations of neutral water]. 


Effect of molten salt structure on solvatochromic 
values 


The data in Table 1 allow a comparison of the potential 
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effects of  some of the structural variables. Salts 3-7 are 
discussed in the next section. The length of the alkyl 
chain, central quaternary atom and anion have been 
varied in 8-20 (a number of structural variants have 
been precluded because their melting points are high 
enough that decomposition became a concern). 


With the exception of salts 8 and 20, there is 
remarkably little variation in this part of the table. The 
acetate 8 was obtained commercially as the tetrahy- 
drate, and although heating in vucuo (or just heating in 
the cuvette for 1-2 h) would decrease the ET value (and 
presumably the water content), carrying this out for 
long periods of time resulted in decomposed (i.e. 
brown) salt. The lack of variation among 9-19 suggests 
that the microscopic environment in this series is 
similar. This was reassuring from the point of view of 
our work with halide nucleophilicities in these 
media.4-6 That is, the differences among the halides are 
not simply due to  a change in the ‘bulk’ properties. On 
the other hand, the three halides used here correspond 
to a considerable variation in size and polarizability of  
the anion. Comparison of such a series implies only 
small variations in average interionic distances, a result 
that in turn requires greater penetration of the anion 
into the alkyl portion of the cation on going from 
chloride to bromide to  iodide. Again, it is possible that 
the ET dye is not very sensitive to  the interionic distance 
(see previous discussion of Figure 2). The same kinds of 
arguments can be made for holding an anion constant 
and varying the cation (or at least an R group from C4 
to  Ce to  CQ). 


We might suggest a simple model in which changes 
d o  occur at the microscopic level, but they offset each 
other in ways that produce no change manifested by the 
solvatochromic probe. Suppose that an increase in the 
size of the salt anion or cation does cause the distance 
between any pair to increase. Corresponding to  this 
change should be an increase in the distance between 
the salt anion and the cation portion of 1 (D’ in Figure 
2) and/or the salt cation with the anion portion of 1 
(D-). The energy of the system should increase because 
all of the Coulombic attractive terms have a l / r 2  term. 
However, so d o  all of the Coulombic repulsive terms. 
In other words, all of the anion-anion and cation-ca- 
tion distances may have the same distance dependence 
as a function of anion and cation size. There is no 
measurable change in ‘solvation’ due to offsetting 
changes in attractive and repulsive terms. 


It is interesting to note the values for 9,  12 and 14, 
the salts in which both dyes were measured. ET predicts 
a polarity order 14 < 9 < 12, which is directly opposite 
that which T *  suggests. We ascribe this to coincidence, 
because the values appear to be within the error limits 
(i.e. two standard deviations for ET =O-4 and for 
K* = 0.09). 


The salts 7-20 compare very favorably with more 
traditional polar aprotic solvents (e.g. acetone, acetoni- 


trile and nitromethane) with respect to  their polarities 
measured here. This is consistent with the findings of 
studies in which these kinds of media have been used 
for organic reactions. 1~2*4-6,44,45 w e had expected a 
greater effect of the long-chain alkyl groups of the 
cations (e.g. 19 and 20). It appears that the coulombic 
interaction between the solute and the charged portion 
of the solvent dominates even through the ‘shielding’ 
that might be provided by the alkyl chains. 


Hydrogen bonding and speci6c interactions 


The first four entries in Table 1 are examples of salts 
which are not consistent with the remainder of the 
entries. Furthermore, their ET values are among the 
highest recorded for the scale. The results from salts 
4-6 are easy to  rationalize. One would expect that they 
should be as or more polar than entries further down 
the table. Based on arguments proposed in the previous 
section, solvent-solute interactions should be increased 
in the absence of alkyl chains. 


In addition, the presence of H-N’ bonds in the 
cation predispose it to hydrogen bond to the phenoxide 
portion of the dye. There are strong similarities to  
water, a very dipolar molecule with strong hydrogen 
bonding capabilities. In the salt, one would not expect 
as strong a hydrogen bond to  the dye phenoxide as in 
water, but this might be offset by a stronger Coulombic 
attraction between the dye and molten salt. Further- 
more, one would expect weaker hydrogen bonds among 
the parts of the molten salt. 


The three salts 4-6 would be expected to be fairly 
acidic because of the equilibrium in the equation 


(3) 
They all required triethylamine (but orders of  magni- 
tude less than was observed to produce any effect on the 
spectrum). In addition, an effect due to the bulk prop- 
erties of triethylamine would shift the ET dye absorp- 
tion maximum in the wrong direction (i.e. to  the red). 
Furthermore, it was possible to  see the spectral changes 
corresponding to  the deprotonation of the phenol form 
of 1 to the corresponding phenoxide with added amine. 
In very polar solvents, the phenol and phenoxide 
both have maxima at short wavelengths, but they are 
distinguishable. 


The trifluoroacetate 7 is more puzzling. Its ammon- 
ium cation is free of any alkyl groups and should be a 
reasonable hydrogen bond donor. Perhaps hydrogen 
bonding to the trifluoroacetate anion is much stronger 
than that to the phenoxide. This is consistent with the 
symmetrical disposition of the two oxygens in the car- 
boxylate compared with the phenoxide. Hydrogen 
bonding to  the chloride and nitrate anions in 4-6 would 
be expected to  be small.46 However, the origin of this 
anomaly is not clear, and its resolution will no doubt 
require additional studies. 


(RNH3)+ X -  -+ HX + RNHz 
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The eutectic 3 represents a molten salt for which a 
specific solute-solvent interaction other than hydrogen 
bonding must be in force. We have found that lithium 
cations are responsible. 39 Limited studies of the effects 
of electrolytes on ET values in traditional solvents have 
been reported. 4',47248 We have found that if one 
measures the changes in the ET values of acetonitrile 
solutions of various concentrations of lithium, sodium 
or potassium acetate, one observes small changes in the 
solutions of the latter two that can be accounted for by 
the effects of ionic strength or added water. At the same 
concentration, Li+ has a much larger effect. Further- 
more, one reaches a plateau after the addition of only 
small amounts of cation and this appears to  correspond 
to a titration of the dye 1. Thus, 3 is a melt with a high 
concentration of Li+ that is complexed not only to  the 
negatively charged oxygen of the acetate anion of the 
salt but also to the phenoxide of the dye. The energetics 
of this complex are of sufficient magnitude to produce 
an effect on the ET equivalent to  strong hydrogen 
bonding. 


Thermosolvatochromism 
Thermochromism is the reversible dependence of elec- 
tronic absorption on  t e m p e r a t ~ r e . ~ ~  Thermosolvato- 
chromism refers to  the variation of solvatochromism 
also based on temperature, and the theory and practical 
aspects of these features have been r e ~ i e w e d . ~ ~ - ~ '  


The chloride salt 20 exhibited a considerable change 
in the peak maximum as a function of temperature. In 
contrast, none of the other entries in Table 1 varied by 
more than 0 . 4  ET units for the range of temperatures 
reported for them. A plot of the data for 20 is shown 
in Figure 3. The effect is interesting in that it involves 
a negative slope or a regular decrease in polarity at 
higher temperatures. This could correspond to  an 
untangling or straightening of the alkyl chains and/or 
an increase in the interionic distance. One interpreta- 
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Figure 3 .  Temperature dependence of the ET value for salt 20 


tion of the lack of  any difference among the different 
halides suggests that this distance is not an important 
factor. A better interpretation of the temperature 
effects might involve the location and role of the alkyl 
groups in the solvation of the dye 1. The apparent 
lability of 19 (which has a cation analogous to 20) 
precluded its use at  other than room temperature. 


C 0 N C L U S I 0  N S 


Molten organic salts of a reasonable variety of struc- 
tures have been subjected t o  solvatochromic determi- 
nation of their solvating ability or polarity. Thus, the 
ET and X* values were measured for some quaternary 
ammonium and phosphonium salts with different 
anions. There is remarkably little variation among most 
of them by this method with an ET range of ca 42-44 
and X* values near 0.9. This places them in favorable 
comparison with polar aprotic solvents of moderate to 
high polarity such as acetone and acetonitrile. The use 
of these solvatochromic scales for molten salts must 
proceed with the same caveats that apply in traditional 
solvents. That is, the presence of hydrogen bond donors 
prejudices protic solvents to  higher (and often much 
higher) values. The complexation with lithium ions has 
been confirmed as producing considerably higher ET 
values. On the other hand, the ET values of molten 
organic salts are not very sensitive to  water content, in 
contrast to traditional solvents. 


EXPERIMENTAL 


Melting points were obtained using open capillary tubes 
in a Thomas-Hoover melting point apparatus. Melting 
and boiling points are uncorrected. NMR data were 
obtained on a Varian EM-360 ( 'H)  or JEOL FX-90 
(I3C) spectrometer in the solvents listed. 'H chemical 
shifts are reported in ppm relative to TMS and coupling 
constants ( J )  are reported in hertz. The I3C NMR 
spectra are broad-band proton decoupled and are 
reported in ppm relative to  TMS. IR data were acquired 
with a Perkin-Elmer Model 383 spectrometer. Analyses 
by gas chromatography were performed on a Hewlett- 
Packard Model 5730A chromatograph equipped with a 
flame ionization detector. The column was lof t  x $in 
i.d. stainless steel packed with 20% SF-96 on 60-80- 
mesh Chromosorb W.  Prepurified nitrogen was the 
carrier gas (40 mlmin-').  Under standard conditions, 
the column oven temperature was linearly programmed 
from 60 to 220 OC at  8 "C min-'. 


Methylene chloride, hexane and acetonitrile were 
obtained from Fisher (HPLC grade) and used as sup- 
plied. 1-Chlorobutane, 1-chlorooctane, l-chloro- 
dodecane, I -iodooctane, 1 -iodododecane, 
I-bromobutane, 1-bromooctane, I-bromododecane and 
tributylphosphine were commercially available or were 
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prepared by common, standard procedures. 5 2  These 
materials were generally distilled prior to use. 


Some salts were commercially available and were 
used without further purification: 4, 5, 9, 12, 18 and 20 
from Eastman; 7 and 8 from Aldrich; and 19 from 
Carlisle. Salt 3 is a eutectic mixture (31% LiOAc-25Vo 
NaOAc-44% KOAc) prepared from the individual 
commercially available salts (Aldrich) by dissolving 
them in water and then removing the water in vacuo at 
elevated temperature for 24 h. The nitrate salt 6 was 
prepared by titrating 70% nitric acid at 0 ° C  with 
freshly distilled diethylamine (Aldrich) and removing 
the water from the solution at ambient temperature 
over ca 48 h. 


Syntheses of fused salts 
The Menschutkin reaction" of tributylphosphine 
(Aldrich) with each of the alkyl iodides and bromides 
was performed in order to obtain the corresponding 
phosphonium salts. Each was synthesized using pro- 
cedures analogous to that described below. Reactions 
to obtain alkyltributylphosphonium chlorides were 
similar, except that they were refluxed in 50ml of 
toluene for 48 h prior to  workup. The salts were suction 
filtered and dried prior to  use by heating the solid 
obtained in vacuo at  elevated temperature (1 10 "C, 
4 mmHg). 


Dodecyhributylphosphonium bromide (IS). Into a 
100-mI round-bottomed flask fitted with a reflux con- 
denser and magnetic stirrer, a 50 ml portion of methy- 
lene chloride, 8 .4  ml (34 mmol) of tributylphosphine 
and 8.2 ml (36 mmol) of dodecyl bromide (Aldrich) 
were added. After reaction for 48 h at  room tempera- 
ture, the solvent was removed at reduced pressure. The 
last traces of solvent and excess alkyl halide were 
removed by washing with 50 ml of hexane. The result 
was a solid or often a viscous oil, which eventually soli- 
dified, in essentially quantitative yield. ' H  NMR 
(CDC13): 2.6, m, 1H; 1.6,m; 1.4, m,4H;  0.9, t ,  2H, 
J =  6 Hz. 


Octyltributylphosphonium chloride (10). 1-Chloro- 
octane (1 1.6 ml, 68 mmol) and tributylphosphine 
(17 ml, 68 mmol) were added to 20 ml of toluene in a 
100-ml round-bottomed flask which was fitted with a 
reflux condenser, a gas inlet tube and a drying tube 
filled with anhydrous sodium sulfate. The reaction 
mixture was refluxed for 2 days and then the solvent 
was removed at reduced pressure. The resulting 
phosphonium salt (15.5 g, 44 mmol, 65%) was 
obtained as a viscous oil which crystallized on standing. 


Tetrabutylphosphonium bromide (13). 'H NMR 
(CDCl3): 2.5, m, 2H; 1.6, m; 1.5 ,  m, 10H; 0.9, t ,  3H, 
J = 6  Hz. M.p. 83.5-85.5 OC; lit.53 m.p. 112°C. 


Octyltributylphosphonium bromide (14). 'H NMR 
(CDCl,): 2 .5 ,m,  1H; 1 * 6 , m , 4 H ;  1 - 4 , m ;  0 * 9 , t , 3 h ,  
J =  6 Hz. I3C NMR (80 'C, neat): 18.30, 17.61, 16.96, 
15.44, 12.84, 10.66, 10.04, 9.00, 8.48, 6.96, 4.88, 
0.42. 


Octyltributylphosphonium iodide (16). 'H  NMR 
(CDCI3): 2 -5 ,  m, 1H; 1.5, m; 1.4, s, 4H; 0.9, t ,  3H, 
J =  6 Hz. 


Dodecyltributylphosphonium iodide ( I  7). 'H NMR 
(CD3CN): 2 * 3 , m , 2 H ;  1.5,m; 1.3,s ,  14H; 0 * 9 , t , 3 H ,  
J =  4 Hz. 


Karl Fischer titrations 


The water content of the salts was determined by Karl 
Fischer titrationZ4 of solutions in 1,2-dichloroethane. 
The water content of the solvent was determined from 
a calibration to be less than 20 ppm. Commercial Karl 
Fischer reagent (Fisher) was diluted and then used for 
the salt assays by dissolving samples (ca 0.5 g each) in 
10 ml of the solvent. Water content was determined on 
salts that were either pretreated or used as prepared. 
Thus, the titrations were carried out on salts stored in 
a desiccator and on samples of the same salts that had 
been dried in vacuo (130°C, 4 mmHg, 12 h). 


Solvatochromic measurements 


The data were acquired by placing a standard 
(1 x 1 cm) quartz cell in a 4 x 4 x 4 cm aluminum block 
maintained at constant temperature by a 100 W 
(4 x 1 cm O.D.) finger heater controlled by a J-type 
thermocouple with a laboratory-fabricated circuit. The 
aluminum block was positioned such that a hole in it 
was aligned with the monitoring beam of a Cary Model 
218 spectrophotometer. The internal temperature of the 
cuvette was monitored with a calibrated thermocouple 
thermometer. Spectra were measured (250-800 nm) on 
solutions made by directly dissolving one microcrystal 
of the ET dye 1 (provided by Prof. Chr. Reichardt) or 
N,N-diethyl-4-nitroaniline 2 (Frinton Laboratories) 
into the sample (ca 2 ml after melting) of the fused salt 
contained in the quartz cell within the heated holder. 
The ET values were determined as a function of 
t e m p e r a t ~ r e . ~ ~ - ~ '  The spectra were taken after equi- 
libration (1 5-30 min) at the indicated Aemperatures, 
which typically covered a range of ca 50 C. Complete 
UV-visible spectra were recorded, and the maxima of 
the longest wavelength peak were converted to scale 
values." The Er value is the wavelength of the peak 
maximum that has been converted to  the equivalent 
value in energy (kcal mol-I). The standard deviation 
for the values listed in Table 1 is typically 0 .2  ET units. 
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The T* values were obtained from the equation 


urnax = 27.52 - 3*18a* 
where urnax is in units of lo3 cm-'. l6 


A few microliters of triethylamine often increased the 
intensity of the ET dye's peak by scavenging acids that 
would protonate the phenoxide form. Control exper- 
iments showed that concentrations of about 10% 
triethylamine were necessary t o  shift the absorption 
maxima even a few wavenumbers. The sensitivity of the 
ET values to  added water was determined by control 
experiments that included addition of incremental 
amounts of water to salts, Karl Fischer titrations and 
spectral measurements on aqueous solutions of the salt 
molecules. 
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CROSS-INTERACTION CONSTANTS AS A MEASURE OF THE 
TRANSITION STATE STRUCTURE. PART 8. MECHANISM OF 


WITH BENZYLAMINE IN ACETONITRILE 
THE REACTION OF 2-PHENYLETHYL BENZENESULPHONATES 


IKCHOON LEE, WON HEUI LEE AND HA1 WHANG LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


The kinetics of reactions between 2-phenylethyl benzenesulphonates (2-PEB) and benzylamines in acetonitrile at 
65.0 OC have been studied; the mechanism was examined on the basis of the sign and magnitude of cross-interaction 
constants pi, and pi,. In contrast to the reactions of 2-PEB with anilines in methanol, participation of the aryl-assisted 
pathway was negligible, with a strong indication that the reaction proceeds largely by an intermolecular S N i  
mechanism with a four-centre transition state (TS). The effect of substituents on the TS variation was in accord with 
the predictions of the quantum mechanical model. 


INTRODUCTION 


The nucleophilic displacement reactions of 2- 
phenylethyl compounds have attracted considerable 
attention in connection with the involvement of an aryl 
participation. ' In such reactions there is a three-way 
competition in the rate-determining displacement of the 
leaving group by the solvent (kS), nucleophiles other 
than the solvent (kN) and neighbouring aryl groups 
(ka), as shown in Scheme 1. ' 


In previous work,' we reported the results of kinetic 
studies of the reactions between 2-phenylethyl benzene- 
sulphFnates (2-PEB) with anilines in methanol a t  
65.0 C,  showing that the overall reaction proceeded by 
a dissociative S N ~  mechanism with a relatively small 
degree of aryl participation and the possibility of four- 
centre transition state (TS) in an intermolecular S N i  
mechanism' for the aryl-unassisted pathway. These 
conclusions were based on the magnitude of the cross- 
interaction constants p U  defined by' 


(1) 
The magnitude of the cross-interaction constants 


reflect the strength of the indirect interaction between 
substituents i and j through reaction centres R, and R, 
when both substituents interact with their respective 
centres simultaneously in the TS (Scheme 2), and pro- 
vides a useful measure of bond length, rl,.3 


It has been shown that rl, is linearly related to  


log(ki,/kHH) = PI(JI  + Pjaj f P i j ( J i 0 j  


lOg(l PU I - ' ) :  
rlJ = (Y f 0 log(l PlJ I - ' )  (2) 


0894-3230/90/080545-05$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


where 01 and are constants which depend on the rows 
of  the Periodic Table for the two atoms being bonded 
at constant t e m p e r a t ~ r e . ~  We have since introduced the 
Brmsted type of cross-interaction constant pi,: 


lOg(ktj/ktIH) = PiAPKi f PjApKj f O&pKiApKj (3) 
and applied them to the rationalization of mechanistic 
details involved in a variety of reactions. 


In this paper, we report the results of kinetic studies 
of the reactions betwee? 2-PEB and benzylamines (BA) 
in acetonitrile at 65.0 C, equation (4), elaborating on 
the mechanism based on various cross-interaction con- 
stants p v  and & determined from k, values by multiple 
linear regressions using equations (1) and (3). 


2XCsH4CHzNHz + Y C ~ H ~ C H ~ C H Z ~ S ~ Z C ~ H ~ Z  
MeCN 


6j ,o  oc * Y C ~ H ~ C H ~ C H Z N H C H ~ C ~ H ~ X  


+ X C ~ H ~ C H Z N H ~ '  + -0SOrC6H4Z (4) 
X = p-CH30, p-CH3, H or p-C1 
Y = p-CH30, p-CH3, H ,  p-Br or p-NO2 
Z = p-CH3, H ,  p-C1 or p-NO2 


RESULTS AND DISCUSSION 


Second-order rate constants, k2, for the reaction of 
2-PEB with benzylamines [equation (4)] were obtained 
from slopes of pseudo-first-order rate constants, kpbS, 
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Scheme 1 


I P X V l  I 


6 
i ,  j = X. Y or Z 


Typical Su2 TS 


Scheme 2 


versus benzylamine concentration, [BA] [equation ( 5 ) ,  
Table 1 1 .  


(5) 


Solvolysis of 2-PEB in acetonitrile5 can be safely 
ruled out from zero intercepts, k l  = 0, in equation (5) 
in all cases. The magnitudes of kz are approximately 
twice those for the corresponding reactions of 2-PEB 
with anilines in methanol at the same temperature. The 
rate increases with a more electron-withdrawing substi- 
tuent in the leaving group (Z = EWS) and with a more 


kpbs = kl + k2[BA] 


Table 1 .  Second-order rate constants (k2 x lo4 1 mol- ' s - ' )  
for the reactions between Y C ~ H ~ C H I C H ~ O S O Z C ~ H ~ Z  and 


X C ~ H ~ C H Z N H ~  in acetonitrile at 65.0"C 


Y 


55.3 
48.3 
36 .9  
25.9 
12.3 
10.7 
8.39 
6 - 0 2  
6 .46  
5.69 
4.47 
3.31 
3.89 
3.47 
2.84 
2.11 


56.2 
48 .9  
38.2 
26.9 
12.6 
10.8 
8.45 
6.10 
6.53 
5 .79  
4.57 
3.37 
3.89 
3.48 
2.88 
2.16 


56 .9  56.5 
51 .0  50 .2  
3 9 . 0  37.9 
27.5 26.1 
12.8 12.8 
1 1 . 1  10.8 
8 .69  8 .39  
6.25 6 .17  
6.61 6 .64  
6 .03  5.91 
4.75 4 3 1  
3.47 3 . 5 1  
4 .01 3.98 
3.63 3.63 
2.98 2.91 
2 .24  2.19 


5 6 . 2  
50 .4  
37 .4  
25 .9  
12.1 
10.2 
8 .13  
5.83 
6.17 
5.43 
4 .21  
3.24 
3 .80  
3.47 
2 .69  
2 .04  


electron-dominating substituent in the nucleophile 


The rate is almost insensitive, however, to  substituent 
changes in the substrate (Y). A slight decrease in rate 
(< 7%) is observed with both Y = EWS and Y = EDS. 
This is in contrast with a slight increase in rate induced 
by Y = CH3O in the reaction of 2-PEB with anilines in 
methanol ' and the relatively strong rate enhancement in 
solvolysis in ethanol acetic acid and formic acid. Since 
the p-CH30 substituent is considered to be a strong 
phenyl group activator for the aryl-assisted process, 
ka,6 such an insensitivity of substituents (Y) in the 
substrate indicate that the aryl-assisted pathway is less 
important in the nucleophilic substitution reaction (4) 
than in solvolysis. This may be especially true when the 
rate of the nucleophilic pathway, k ~ ,  is fast enough that 
the competition of the aryl-assisted path becomes 
negligible. 


Variations of Hammett p x  and Brmsted P x ( / ~ N )  
parameters (obtained by varying substituent X in the 
nucleophile) with substituents Y in the substrate and Z 
in the leaving group (LG) are summarized in Table 2. 


The p x  values are negative and approximately half 
those for the reaction with aniline' owing to an inter- 
vening CH2 group in benzylamine.' The magnitudes of 
p x  and PX increase with a better LG (Z = p-NOz), but 
vary very little with the substituent in the substrate (Y). 
It is barely observable that both Y = EWS and Y = EDS 
tend to have slightly greater I p x  1 and 1 PX I. 


The p z  and PZ ( P L c )  values (obtained by varying 
substituent Z in the LG) are shown in Table 3 .  The 
magnitudes of p z  and PZ increase with a more EDS in 
the nucleophile (X = p-CH3) and again vary very little 
with the substituent Y in the substrate. ( 3 ~  is greater 


(X = EDS). 
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Table 2. Hammett p x a  and Brensted Px" values for reaction 
(4) 


Y 


2 Parameter p-CH3O p-CH3 H p-Br 


p-NO2 P X  -0.67 -0.65 -0.65 -0.69 


p-Cl P X  -0.63 -0.63 -0.63 -0.64 


H PX -0 .59  -0 .58  -0.58 -0.57 


P X  0.67 0.65 0.67 0.71 


PX 0.62 0.62 0.62 0.61 


P X  0.59 0.59 0.60 0.57 


P X  0.54 0-52 0.52 0.55 
p-CH3 P X  -0.54 -0.51 -0.51 -0.53 


P-NO~ 


-0.69 
0.72 


0.61 


0.56 


0.57 


-0.63 


- 0.57 


-0.56 


aCorrelation coefficients are better than 0.998 at the 99% confidence 
level in all cases. 
bThe pK, values of BA were taken from Ref. 13. 


Table 3. Hammett p Z a  and Br~nsted Pza values for reaction 
(4) 


Y 


X Parameter p-CH3O p-CH3 H p-Br p-NO2 


P-CH~O P Z  1.21 1.22 1.21 1.21 1.21 
Pz -0.40 -0.41 -0.40 -0.40 -0.41 


p-CH3 P Z  1.20 1.20 1.20 1.20 1.23 
PL -0.40 -0.40 -0.40 -0.40 -0.41 


H P Z  1.18 1.18 1.18 1.18 1.21 
P7 -0.39 -0.40 -0.39 -0.39 -0.40 


p-c1 P L  1.15 1.16 1.15 1.13 1.16 
P Z  -0.38 -0.39 -0.38 -0.38 -0.39 


'Correlation coefficients are better than 0.998 at the 99% confidence 
level in all cases. 
hThe p& values were taken from Ref. 14. 


than 02, suggesting a greater degree of bond formation 
than bond breaking in the TS. 


In this reaction, a stronger nucleophile (ax < 0) 
and/or nucleofuge ( a 2  > 0) lends t o  a greater degree 
of bond breaking ( A r y z  > 0) and/or formation 
( A f x y  < 0), resulting in a 'late' TS conforming to  the 
predictions by the quantum mechanical (QM) 
model. 3g,8 This means that reaction (4) constitutes an 
intrinsically controlled series following the relationships 


A r x y  = Xaz 


ArvZ = LOX (6) 
X < O a n d  X ' < O  


where A and A' are negative constants. ' ,3g , i ,p39  


The p y  values for reaction (4) are summarized in 
Table 4. Their sign is mostly negative, indicating a 
slightly greater degree of bond breaking than of bond 
formation, in contrast to the conclusion above based on 


Table 4. Hammett pu values for reaction (4)a 


X 


Z p-CH3O p-CH3 H p-CI 


~ - N 0 2  0.00 0.01 0.00 -0.01 
p-c1 - 0.01 -0.02 -0.02 - 0.02 
H -0.02 -0.02 -0.03 - 0.01 
P - C H ~  -0-01 0.00 -0.03 - 0.02 


'The linearities of the plots were unsatisfactory in most cases since 
there were tendencies to form two branches by EWS and EDS. The 
values are therefore only approximate guides. 


the magnitudes of p x  and Pz. However, the magnitude 
is very small indeed, as we expected from the insen- 
sitivity of p x  and pz with the substituent Y in the 
substrate. One reason for this negligible I p y  I is the fall- 
off of the substituent effect susceptibility by a factor of 
2.4-2.8 owing to  an intervening CH2 group (P-CH2) 
in the ~ u b s t r a t e , ~  and another may well be a near charge 
balance owing to  approximately the same degree of  
bond formation and breaking. These two factors imme- 
diately rule out any significant participation of the aryl 
group (ka) in the rate-determining step, since the aryl- 
assisted pathway has the TS structure which is not 
consistent with the two factors; the aryl-assisted inter- 
mediate has no CH2 group corresponding to  P-CHZ 
with a unit positive charge. 


The k2 values in Table 1 were subjected to  a multiple 
linear regression analysis ' I  using equations (1) and (3), 
and cross-interaction constants P X Y ,  P Y Z ,  P X Z  and P X Z  
were determined. The results are summarized in Table 
5 .  The signs of these parameters are consistent with 
those expected from the predictions of TS variation by 
the QM model.' The very small magnitudes of p x y  and 
p y z  are again partly due to  the intervening CH2 groups 
in the nucleophile, BA, and substrate, 2-PEB.7 Since 
the fall-off factor for one CH2 group is in the range 
2.4-2-8, \ p x y l  should decrease by a factor of 
(2.4-2.8)2 in comparison with those for the reactions 
of anilines with 1-phenylethyl (1-PEB), (I p x y  I -- 
O*21)3h9i or the benzyl series ( I  p x y  I = 0.70).3i Rough 
estimates give 0.03 for I-PEB and 0-10 for the benzyl 
series when the fall-off of (2.6)' is applied, showing 
that the degree of bond formation is small, being 
approximately the same as that of the 1-PEB series.3h 
However 1 P Y Z  I is smaller than that for the reaction of  
l-PEB3h when the fall-off factor is allowed for. Since 
the reaction conditions, i.e. solvent and temperature, 
are different, ' these comparisons are only approximate. 


The magnitudes of P X Z  and PXZ are strikingly large, 
however; again, if we apply the fall-off factor to  1 p x z  1, 
the magnitude amplifies to nearly that for the reaction 
of aniline and 1-PEB (I P X Z  I = 0.50).3hr' Since we are 
free from the fall-off factors in the Brernsted-type 
coefficients, 0 x 2  values can be directly compared. 3n 


Some examples of @ X Z  values are given in Table 6 .  
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Table 5. Hammet and Br~nsted (in parentheses) a type cross-interaction constants for reaction (4) 


Correlation Correlation Correlation 
Z PXV coefficient X P Y Z  coefficient Y PXZ coefficient 


p-NO2 -- 0.04 0.997 p-CH20 0.02 0.999 p-CH,O -0.13 
(-0.22) 


p-CI - 0.01 0.997 P -CH~ 0.02 0.999 P - C H ~  -0.12 


H -- 0.02 0.994 H 0.03 I .ooo H -0.13 
(-0.21) 


(-0.29) 


(-0.19) 


p-CH3 --0.03 0,994 p-CI 0.01 0.999 p-Br -0.16 


P - N O ~  -0.15 
( - 0.30) 


1.000 
(0.992) 


1 .ooo 
(0.992) 
1.000 


(0.992) 
0.999 


(0.992) 
1 .om 


(0.993) 


"The pKa values of sulphonic acids were taken from Ref. IS and the pK,  values for BA from Ref. 13. 


Table 6 .  Comparison of Brmsted type cross-interaction constants 


Reaction Reactants 
Correlation 


0x2 coefficient Ref. 


The sign and magnitude of PXZ for reaction (4), i.e. 
G, are nearer to  those of reactions E and F but much 
greater than those of reactions C and D. This unusually 
large 1 pxz 1 (corrected for the fall-off factor) and 1 PXZ 1 
are indeed an indication that reaction (4) also proceeds 
largely by an intermolecular S N ~  mechanism with a four- 
centre TS, (Scheme 3) ,  as we concluded for reactions E 
and F in previous papers; the magnitude of cross- 
interaction is inversely proportional to the distances 
between reaction centres (Scheme 2), equation (2),4 so 
that 1 pxz I should be the smallest instead of the greatest 
found since rxz ( = r x y  + r y z )  is greater than either r x y  
or ryZ.3h 


Hence of the three reaction paths conceivable for 
reaction (4), direct displacement, kN, aryl-assisted, ka, 
and intermolecular, SN~,  the last mechanism with a 
four-centre 1's is the most likely based on the sign and 
magnitude of the cross-interaction constants. In this 


mechanism the nucleophile is required to  approach 
from the front, forming a by-pass hydrogen bridge, 
which greatly enhances the interaction between the 
substituent in the nucleophile (X) and in the LG ( Z ) .  3c~'' 


Y Q /H" 
C' 


H-N - H 
I 


CH? 
LSH4 
i 


Scheme 3 
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EXPERIMENTAL 


Materials. Benzylamines 3i ,p  and a ~ e t o n i t r i l e ~ ~  were 
used after appropriate purification as described 
previously. 2-Phenylethyl benzenesulphonates were 
prepared and purified as described. 


Rate constants. Rates were measured conductimet- 
rically at 65 -0  "C in acetonitrile. Pseudo-first-order 
rate constants, k pbs., were determined by the Guggen- 
heim method" with a large excess of benzylamine; [2- 


Second-order rate constants, k2 were obtained from the 
slope of equation ( 5 ) .  The absence of solvolysis5 in ace- 
tonitrile was confirmed by zero intercepts, kl = 0 in 
equation (9, in all cases. No elimination products of 
2-PEB were found in the preliminary tests. These are 
also evident from the large values of I pxz I since if there 
were any of these complications, the magnitude of ~ X Z  


would be small. 
The linearity of the plot [equation ( 5 ) ]  was good, 


with correlation coefficients of better than 0.998 with a 
99% confidence limit" (more than four [BA] values 
were used). The k2 values listed in Table 1 are averages 
obtained by more than two runs, and were reproducible 
to within + 5 % .  


PEB] = M and [BA] z 0.06-0.15 M. 


Product analysis. Products of the reagent of 2-PEB 
with BA (PhCH2CH2NHCHzPh and PhCH2NH3+ 
-SO3PhCH3) were identified by thin-layer chromatog- 
raphy, IR and NMR spectrometry and elemental analy- 
sis. 


N-(2-Phenylethyl)benzylamine showed urnax 3400 
(secondary aromatic amine) and 1360 cm-' (CN of sec- 
ondary aromatic NH); 6 7.3 (Ph, 10H,m), 3.7 (a- 
CH2,4H, s), 2.8 (&CH2,2H, s) and 1.9 (NH, lH ,  s). 
RF = 0.55 [developing solvent, cyclohexane-ethyl 
acetate ( 5 :  l)]. Found: C, 85-14; H,  8.19; N, 6.55. 
C14Hl7NO3S requires C, 85-26; H,  8-11; N, 6.63%. 


Benzylammonium toluene-p-sulphonate was 
insoluble in organic solvents and had m.p. 198-200 'C; 
urnax 3400,2600, 1600 and 1495 (NH3') and 1210, 1170, 
565 and 490cm-I (S03-); 6 7.5 (Ph,9H,m), 4 - 2  
(CH2,2H, s), 3.1 (NH3+, 3H, s) and 2.4 (CH3,3H, s). 
Found: C, 60.05; H, 6.21; N, 5.16. C M H I ~ N O ~ S  
requires C, 60.19; H,  6-13; N, 5.01%. 
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CROSS-INTERACTION CONSTANTS AS A MEASURE OF THE 
TRANSITION STATE STRUCTURE. PART 9. THE DEGREE OF 


INVOLVING ANIONIC NUCLEOPHILES 
BOND FORMATION IN THE S N ~  TRANSITION STATE 


IKCHOON LEE, HAN JOONG KOH, CHUL H U H  AND HA1 WHANG LEE 
Department of Chemistry, Inha University, Inchon, 402-751, Korea 


The second-order rate constants of the reactions between benzenesulphonyl chlorides and anionic nucleophiles, 
benzoates and cinnamates, in methanol at 30.0"C are reported. A marked increase in rate found with a p-nitro 
substituent in the substrate indicated the development of an electron-rich centre on the S atom in the transition state. 
The two types of cross-interaction constants, p x y  and XXY, suggested that bond formation in the s N 2  transition state 
with anionic nucleophiles i s  greater than that for the corresponding reaction with aniline nucleophiles. 


INTRODUCTION 


In a previous paper,' we showed that the mixed 
Hammett-Bransted type cross-interaction constant, 
XXY in equation ( l ) ,  can be more useful than the 
Hammett type, pxy in equation (2 ) ;  the use of ApKx 
( = pKx - PKH ) enables us to avoid the complication 
arising from the fall-off of the substituent effect trans- 
mission to  the reaction centre by a factor of ca 2 owing 
to a non-conjugating intervening CH2 or CO group in 
the reactants.' 


log(kxY/kHH) = PxApKx + PYUY + XXYUYAPKX ( 1 )  


On the other hand all of our previous work' on the 
application of cross-interaction constants to the elu- 
cidation of the transition state (TS) structure has been 
involved with the use of neutral nucleophiles, partly 
because the kinetics are clean and experimentally conve- 
nient. In this work we aim to show that the use of 
anionic nucleophiles is just as useful for the similar 
analysis of the TS structure. We can in fact provide a 
comparison of the degree of bond formation in the S N ~  
TSs involving neutral and anionic nucleophiles. 


We report here the resuIts of kinetic studies on the 
reactions of substituted benzenesulphonyl chlorides 
(BSC) with two series of nucleophiles, benzoates and 
cinnamates, equation (3). The degree of bond forma- 
tion in the TS and the mechanism are discussed in the 
light of the sign and magnitude of XXU and pxy deter- 
mined by multiple linear regression analysis4 of the 


IOg(kXY/kHH ) = PXOX 4- PYUY 4- PXYUXUY (2) 


0894-3230/90/080550-05$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


RESULTS AND DISCUSSION 


In reaction (3), the anionic nucleophiles are added in 
the form of sodium salts. The reaction follows typical 
second-order kinetics, equation (4), and is first order 
with respect to each reactant. 


(4) 
The rate constant, however is, found to increase with 
increasing dilution of nucleophiles, i.e. at lower 
[RCOO-] , as shown in Table 1. The downward drift in 
k2 with increasing salt concentration can be accounted 
for by the ion-pairing of the salt at relatively higher salt 
concentration, lowering the nucleophilicity of the 
anionic nucleophile and hence diminishing the second- 
order rate constant. This is supported by the relative 
insensitivity of k2 to changes in neutral substrate 
concentration [BSC]. The k2 values are reported in 
Tables 2 and 3 a t  a fixed salt concentration of 
[RCOO-] = 0.02 M.  


The rate of reaction with both anionic nucleophiles is 
slower than the corresponding rate of reactions with 
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Rate = kz [BSC] [ RCOO-I 







CROSS-INTERACTION CONSTANTS AS A MEASURE OF STRUCTURE 9. 55 1 


Table 1. Effect of varying concentrations of sodium benzoate, sodium cinnamate and 
benzenesulphonyl chloride on the rate of the reaction in methanol at 30.0"C 


0-01 0-015 
0.02 0-010 
0.02 0.015 
0.02 0.017 
0.022 0.015 
0.035 0.015 
0.040 0.015 


[C~HSCH=CHCOON~] (M) [ C ~ H S S O ~ C ~ I  (M) 


10.3 f 0-08 
9 . 1 3 f  0.10 
9.15 f 0.11 
9.14 f 0.09 
9.07 f 0.13 
8.92 k 0.10 
7.78 f 0.11 


k2 ( x  lo3 Imol-ls- ' )" 


0.01 
0.02 
0.02 
0.02 
0.02 
0.034 
0.04 


0.012 
0.012 
0.016 
0.020 
0.025 
0.015 
0.015 


16.1 f 0.09 
14.0 f 0.10 
14.3 f 0.12 
14.1 t 0.11 
14.5 f 0.08 
12.8 f 0.12 
12.1 f 0.13 


"The error limits shown are average deviations based on triplicate runs. 


Table 2. Second-order rate constants, kz ( x  lo3 Imol-' s - ' ) , ~  and Hammett coefficients for the reactions of (Y) benzenesulphonyl 
chlorides with (X) sodium benzoates in methanol at 30.0"Cb 


Y 


X p-CH3O p-CH3 H p-CI p-NO2 P U C  


p-CH3O 5.62 f 0.05 7.41 t 0.07 11.5 f 0 . 0 8  15.1 f O . 1 0  15.9 f 0.18 0.75 
P -CH~ 5.31 f 0.07 6.92 k 0.03 10.6 f 0.11 13.5 t 0.09 66.7 f 0.11 0.70 
H 4.79 f 0.04 6.12 f 0.04 9.12 f 0.09 12.9 f 0.08 53.5 ? 0.09 0.67 
p-CI 4.17 f 0.06 5.25 f 0.08 7.59 t 0.06 9.33 f 0.06 40.7 t 0.10 0.62 
P X  - 0.26 -0.30 -0.37 - 0.42 -0.55 


"The error limits shown are average deviations based on triplicate runs. 


'Correlation coefficients > 0.997 at the 99% confidence level. Ordinary u values are used except for Y =p-NOz" (see text) 
dCorrelation coefficients > 0.998 at the 95% confidence level. Ordinary u values are used. " 


[XC6H4COONal = 0.02 M ;  [YC~H~SOZCI] = 0.015 M. 


Table 3. Second-order rate constants, kz ( x  lo3 lmol- '  s - ' ) , ~  and Hammett coefficients for the reactions of (Y) 
benzenesulphonyl chlorides with (X) sodium cinnamates in methanol at 30-0 O C b  


Y 


X p-CH3O p-CH3 H p-CI P-NOZ PY 


p-CH3O 8.93 f 0.12 1 1 . 1  20 .13  16.6 t 0. I3 21 .9 f  0.18 97.3 2 2.0 0.67 
P -CH~ 8.69 f 0.09 10.7 20 .11  15.7 t 0.12 20.3 f 0.13 91.1 ? 2.8 0.65 
H 8.09 f 0.10 9.93 ? 0.08 14.3 f 0.14 18.5 f 0.14 79.8 * 2.2 0.64 
p-CI 7 .52 f  0.12 9 .122  0.11 12.9 f 0.11 16.6 t 0.11 67.5 f 1.4 0.61 
P X d  -0.15 -0.17 - 0.22 -0.24 -0.32 


a.c.d See Table 2. 
[XC6H4CH=CHCOONa] = 0.02 M; [YC6H4SOrCl] = 0,015 H. 
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Table4. AM1 HOMO levels (eV) based on  full optimization, pK, and k2 values for 
various nucleophiles reacting with benzenesulphonyl chloride 


Nucleophile CMO a LMO P K ~  k2 ( lmol- ' s - ' )  


CsHsNHz - 8.522 - 14.729 4.60 11.5 x 
C6HsCHzNH2 - 10.052 - 15.665 9.35 2.30e 
C6HsC00- 
C6HsCH=CHCOO- 


-4.673 -6.204 4.204 9 . 1 2 ~  lo-" 
-4.691 -6.207 4.438 14.3 x 10-3f 


Canonical MO. 
Localized MO. 
At 25 "C in water.' 


d A t  35.0"C in MeOH. I3  
'At  35,O"C in MeOH.'' 
'At 30.0"C. this work. 


amines, as shown in Table 4, where we have given the 
highest occupied MOs (HOMOS) of the nucleophiles 
both calculated by AM1 . Examination of 
LMO-HOMOS indicates that the lone-pair levels in the 
anionic nucleophiles are substantially higher than those 
in the amines; benzoates and cinnamates are therefore 
soft bases having relatively low pKa values. ' One 
anomaly in Table 4 is that aniline has a much lower pKa 
value despite the lower HOMO. This is mainly due to 
resonance and inductive effects of  the benzene ringsa 
but is also partially due to the nucleophilic solvation of 
water enhancing the lone-pair electron delocalization 
(I) .  Since this type of delocalization cannot occur in 


/H 


'H 
( 1 1  


benzylamine, its pKa is high, as expected from the low 
HOMO level. The reactivity order, however, parallels 
the basicity of the nucleophiles, since in the charge- 
controlled reaction the more basic nucleophile is more 


nucleophilic; this is in line with the HSAB principle: lo  


since the sulphonyl reaction centre is a hard acid, a hard 
base, i.e. a more basic nucleophile, will react faster, as 
in Table 4. 


The rate is faster with a more electron-donating 
substituent (EDS) in the nucleophile (X = p-OCH3) and 
with a more electron-withdrawing substituent (EWS) in 
the substrate (Y = p-NO2). We note a marked increase 
in rate with a strong EWS, Y = p-NO2, suggesting the 
development of an electron-rich reaction centre at the 
sulphonyl S which is in strong resonance with the 
EWS. It therefore appears that bond formation in the 
TS is fairly extensive between the reaction centre, S, 
and the anionic nucleophile. This is supported by a 
better linear correlation in the Hammett plots with 6 
instead of (I for Y = p-NO2. ' I  The px and py values 
determined are shown in Tables 2 and 3. 


For both anionic nucleophiles, the magnitude of px 
( < O )  increases with a more EWS in the substrate and 
the (positive) py value increases with a more EDS in the 
nucleophile. These trends in the selectivity parallel 
those of the reactivity so that the reactivity-selectivity 
principle does not hold. 


Since py increases (dpy > 0) with a more 
EDS(dax < 0) in the nucleophile, and 1 px 1 increases 


Table 5 .  Cross-interaction constants, PXY and XXY, obtained by multiple linear regression of rate constants using equations (1) 
and (2) 


Reaction P X  P Y  P X V  ra P X  XXY ra  
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(d 1 px 1 > 0 or dpx < 0) with a more EWS (day > 0) in 
the substrate, the sign of pxy should be negative. This 
is borne out in Table 5 ,  which summarizes the cross- 
interaction constants, XXY and p x y ,  determined by 


multiple linear regression of the second-order rate con- 
stants in Tables 2 and 3 using equations (1) and (2). The 
fact that the cross-interaction constants are non-zero 
indicates substantial bond formation in the TS, which 
considered together with the fairly good leaving group, 
C1-, involved suggests a concerted, i.e. S N ~ ,  
mechanism. The possibility of an addition-elimination 
mechanism with a rate-limiting addition step cannot be 
precluded entirely. However, we are here concerned 
only with the degree of bond formation irrespective of 
whether concerted bond breaking occurs (SN2) or not 
(addition-elimination). The size of I pxy I for benzoates 
is approximate half of that for the reaction with aniline 
nucleophile; this is reasonable if the degree of bond for- 
mation is approximately the same for a group (CHZ or 
CO) between the reaction centre and substituent 
reduces p values by a factor of 2.4-2.8.' An extra con- 
jugative intervening group, CH=CH, in cinnamates 
should also reduce p values by slightly more than the 
same factor (less than 0*16)2b so that the value of 
I p x y  I = 0.22 indicates a relatively greater degree of 
bond formation compared with benzoates. 


The cross-interaction constants, XXY, do not suffer 
from such complications, and the magnitudes can be 
compared in a straightforward manner without any 
such considerations of the fall-off of the susceptibility 
for substituent effect transmission to the reaction 
centre. As expected from the I p x y  I values, cinnamate 
series have a higher value of XXY, suggesting a greater 
degree of bond formation involved in the TS. Both ben- 
zoates and cinnamates have larger XXY values than the 
aniline series (XXY = 0.20), but they have similar values 
to that for the benzylamine series (XXY = 0.39). It is 
interesting that for benzoates the magnitudes of the two 
cross-interaction constants are the same, I p x y  1 = 
1 XXU 1, which reflects the original definition of the u 
values, i.e. ux = - ApKx, using benzoic acids.' This is 
also true for benzylamines, ux = - ApKx. 


The two types of nucleophiles, amines and anions, 
form separate families of nucleophiles in that the 
arnines have much lower HOMOS than the anions, so 
that the amines are hard but anions are soft bases; ani- 
lines, however, are made softer by the solvation effect. 
Within a family of nucleophiles the reactivity is intrinsi- 
cally and a more product-like TS, i.e. a 
greater degree of bond formation with larger pxy and 
XXY, is formed by a more basic n u ~ l e o p h i l e . ~ ~ ~ ~ ~  


We conclude that the degree of bond formation in the 
TS with anionic nucleophiles is in general greater than 
that with neutral nucleophiles under similar reaction 


conditions. Anionic nucleophiles transfer a larger 
amount of charge to the reaction centre in bond forma- 
tion so that the use of u- constants is warranted for the 
strong electron-withdrawing para substituents in the 
substrate owing to the strong resonance between the 
relatively electron-rich reaction centre and EWS. 


EXPERIMENTAL 


Materials. Substituted benzenesulphonyl chlorides 
were purified as described previously. I4 Sodium ben- 
zoates and cinnamates were recrystallized from suitable 
solvents16 and their purities were checked by m.p. and 
'H NMR determinations. 


Kinetic procedures. The rate measurements were 
carried out under second-order conditions, fixing the 
concentrations of sodium benzoates and cinnamates at 
0.02 M and those of benzenesulphoayl chlorides at 
0.015 M in methanol at 30-0 k 0-05 C. The chloride 
ion was titrated by Volhard's method following a pro- 
cedure similar to that of Mishra et d.  l 6  The standard 
deviation of the individual second-order plot was well 
within 1% and the agreement between triplicate runs 
were usually within 1-3%. 


Product analysis. The reaction mixtures were kept 
overnight and the solvent, methanol, was removed. The 
residual liquid was extracted with carbon tetrachloride 
and dried with anhydrous sodium sulphate. After 
removing the solvent, the residue was examined by 
thin-layer chromatography (TLC), IR and NMR 
spectrometry and elementary analysis. TLC with 20% 
ethylacetate-hexane showed spots at 


RF = 0.53 (C6HsCOOSOzC6Hs) 
and 


0.44 ( C ~ H ~ C H = C H C O O S ~ Z C ~ H ~ ) .  


C6H5COOSOzC6Hs: v,,,(neat), 3030 (CH arom.), 
1715 (C=O, sym. str.), 1580 (C=C, arom.), 1295 (CO) 
and 1180 cm-I (SO2); 6 (60 MHz; CC14), 6.65-7.78 
(lOH, phenyl). Found: C, 59.46; H, 3-81; 0, 24.48; S, 
12.25. Calculated for C13H1004S: C, 59-53; H, 3.85; 


v,,,(neat), 3015 (CH, arom.), 2905 (CH, alkene), 1720 
(C=O, sym. str.), 1620 (C=C, alkene), 1570 (C=C, 
arom.), 1290 (CO), 1175 cm-' (SO'); 6 (60MHz; 
CDCI3), 6.40-8-01 (10H arom. and 2H olef.). Found: 
C, 62.53; H, 4.14; 0, 22.28; S, 1 1  *05. Calculated for 


0, 24.40; S, 12.22"10. C6HsCH=CHCOOSOzCsHs): 


CI~HIZO&: C, 62.48; H, 4.20; 0, 22.20; S, 11.12%. 
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SYNTHESIS AND CHEMISTRY OF AZOLENINES.” PART 19. t 


THE REMARKABLY LARGE pKL OF 
BASICITIES OF SOME 2H- AND 3H-PYRROLES AND 


2,2,3,5-TETRAMETHYL-2H-PYRROLE 


KON-HUNG LUI AND MICHAEL P. SAMMES$ 
Deparlment of Chemistry, University of Hong Kong, Pokfulam Road, Hong Kong 


pKi Values are reported for two ZH-pyrroles and their 3H-pyrrole isomers. The latter have basicities of the same 
order as similarly substituted pyridines, whereas the former are 2-2.5 pK units more basic, 2,2,3,5-tetramethyl-2H- 
pyrrole having a pK,’ of 8.40, close to that for 2-aminoimidazole. Possible reasons are given. 


INTRODUCTION 


Few basicity measurements on 2H-pyrroles have been 
reported. With the exception of the methoxy compound 
1 for which two independent determinations by 
electromeric titrationZs3 gave pKL values of 10 and 
10-2 2 0-2 ,  all data have been for I -azaf~lvenes .~  No 
such data have been reported for 3H-pyrroles. The 
availability from our recent work4*’ of alkyl- and aryl- 
substituted 3H-pyrroles and by rearrangement their 
2H-isomers prompted this study. 


4 R=Me - - 1 - 2 R = M e  


5 R = P h  - 3 R = P h  - 
RESULTS AND DISCUSSION 


The pK: values for compounds 2-5 were recorded spec- 
trophotometrically6 in aqueous solution, and are given 
together with UV data in Table 1. The 2H-pyrroles 2 
and 3 are stable in aqueous solution both at high and 
at low pH, their UV spectra showing negligible change 
with time. Measurements were carried out at two sep- 


*The term ‘azolenines’ refers to the non-aromatic isomers of 
the azoles. 
?For Part 18, see Ref. 1. 
t Author for correspondence. 


0894-3230/90/080555-03$05.00 
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arate analytical wavelengths, which in turn yielded self- 
consistent pKL values, giving overall means for 2 and 3 
of 8.40 2 0.04 (14 measurements) and 7.42 2 0-06  (16 
measurements) respectively. In contrast, 3H-pyrroles 
are unstable in aqueous solution, particularly at low 
pH, first adding water across the C = N  bond and subse- 
quently hydrolysing to  give a 1,4-diket0ne.~~’ For sol- 
utions of the 3H-pyrrole 5 ,  the absorbance was 
observed to change slowly with time, but by working 
rapidly acceptable isosbestic points could be obtained in 
plots of X,,,. against pH. The UV spectrum of the 
tetramethyl compound 4, however, showed rapid 
changes in absorbance with time, and it was not poss- 
ible to  obtain clean isosbestic points. The pKL value of 
the latter is therefore less reliable. For the 3H-pyrroles, 
measurements were carried out at only one analytical 
wavelength. 


3H-Pyrroles 4 and 5 have basicities of the same order 
as for similarly substituted pyridines. Thus, for 2- 
methyl-,’ 2,6-dimethyL7 and 2-phenyl-pyridines, * the 
pK, values are 5.97, 6.75, and 4-48  respectively. The 
isomeric 2H-pyrroles, in contrast, are more basic by 
2-2-5 pK units. In fact, their basicities are significantly 
greater than that of imidazole (pKL = 7 .  13),9 whereas 
that of the tetramethyl compound 2 is similar to 
reported values for 2,4-dimethylimidazole (pKa = 8.36) lo 


and 2-aminoimidazole (pK: = 8.46)”, making it 
among the most basic of the known alkyl azoles. 


It is interesting to  speculate on the possible reasons 
for the larger basicity of the 2H-pyrroles relative to the 
3H-isomers, a result which is consistent with the obser- 
vation that IH-pyrroles protonate a t  C-2 in preference 
to  C-3. l 2  A structural comparison between the cations 
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Table 1. pK; vaiues at 20 OC in aqueous solution and UV data for 2H- and 3H-pyrroles 


pK; measurement UV 


lo-% Base Cation 


Compound A/nma Base Cation PC SDb nc  Amax. 10-3f Amax. lo-% 


2 235 3.52 2.42 8.41 0.03 6 234 3.54 252 4.58 


3 244 14.80 3.44 7.41 0.06 8 244 14.80 278 22.15 


4 255 1.47 1.10 6 .4  0.2 5 253 1.47 27 1 1.45 
5 330 5.74 10.65 5.08 0.06 7 215 9.30 258 5 . 3 1  


303 8.70 325 10.66 


254 1.84 4.43 8.39 0.04 8 


280 3.36 22.02 7.43 0.05 8 


a Analytical wavelength. 
Standard deviation. 


'Number of different pH values at which measurements were made. 


6 - 7 


6 and 7 reveals that the former should be the more 
stable, in that the positive charge may be more exten- 
sively delocalized within the heterocyclic ring, and at 
the same time further stabilized by both the positive 
inductive effect of the gemdimethyl group, and the 
greater p character of the C-2-N bond. It also seems 
likely, however, that steric constraints imposed by the 
gemdimethyl group will influence solvation in the 
cations 6 relative to the free bases to  a significantly dif- 
ferent extent than in the case of the cations 7, causing 
the AS term to have a different influence on Ka. A 
comparison with gas-phase pKa values would be 
informative. 


An alternative approach is to  recognize that 2H- and 
3H-pyrroles are Schiff's bases, the former being derived 
from saturated amines and unsaturated ketones, and 
the latter from enamines and saturated ketones. We 
were unable to  find pKa data for suitable open-chain 
analogues of 3H-pyrroles; benzylideneanilines, for 
which some data have been reported, are structurally 
too far removed. However, the Schiff's bases 8 and 9 


Me 


Me 
Me-)-NfiPh 


9 


are reasonable models for the 2H-pyrroles 2 and 3, 
respectively, and are found to have pKa values (25 "C in 
water) which are similar to their counterparts 
(8.34 & 0.03" and 6.70, l4 respectively). 2H-Pyrroles 
thus have unusually large basicities in comparison with 


other azoles, but not when compared with structurally 
similar Schiff's bases. 


Replacement of the imino C-methyl group by phenyl 
reduces the basicity of both the 2H- and the 3H- 
pyrroles. A similar effect has been observed with pyri- 
dines, and was explained in terms of a larger angle 
between the ring planes in the solvated 2-phenylpyridine 
cation than in the conjugate base.8 


EXPERIMENTAL 


The pKL values were determined spectrophotomet- 
rically6 at  20 "C using a Shimadzu UV240 spectropho- 
tometer and a cell with a 1-cm path length; deionized 
water was used as reference. Compounds 2-5 were pre- 
pared and purified as reported earlier. Stock solutions 
of each were prepared by dissolving 10-50 mg in 10 ml 
of 95% ethanol, and standard buffer solutions were 
prepared according to Ref. 15. 


Separate aliquots (20-50 111) of stock solution were 
diluted to 2.00 ml with buffer, giving final concentra- 
tions of azole in the range 10-3-10-4 M (a constant 
concentration was employed for all measurements on a 
given base). Measurements were carried out a t  (a) pH 
2.2-2.8, (b) p H  10-8-11.6 and (c) at least five inter- 
mediate p H  values in the range of values pKa' & 1. 
Each measurement was repeated three times and the 
mean was used to  determine pKi at a given pH. All p H  
values were checked with a Cole-Parmer Digi-Sense pH 
meter, which was standardized beforehand. The 
observed pKi values were not corrected to give 
thermodynamic (pKa) values. 
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NMR SPECTROSCOPIC STUDY OF CONFIGURATIONS AND 
CONFORMATIONS OF 5-PYRIDYLMETHYLENEHYDANTOINS 


SAU-FUN TAN, KOK-PENG ANG AND GEE-FUNG HOW 
Department of Chemistry, National University of Singapore, Kent Ridge, 051 I ,  Singapore 


Nine 5-pyridylmethylenehydantoins were prepared. Each of the 1-methyl-substituted compounds was obtained in two 
stereoisomeric forms. Only one form of each of the 3-methyl-substituted and N-unsubstituted compounds was 
obtained directly from synthesis but could be partially converted into the other stereoisomer photochemically. The Z/E 
configurations and the conformational relationship between the pyridine and hydantoin rings were studied by 'H and 
13C NMR spectroscopy, including variable-temperature 'H NMR. The existence of N or C-H-.N 
interactions and the possibility of tautomerism are suggested for some of the compounds. The Z-isomers of 
compounds with 2- or  3-pyridyl rings prefer an s-cis conformation whereas the E-isomers prefer an s-tmns 
conformation. 


INTRODUCTION 


A systematic study of the Z-E isomerism of three series 
of 5-arylmethylenehydantoins, with or without substi- 
tuents a t  the nitrogen atoms, has been reported. ' NMR 
spectroscopy has been found to be particularly useful in 
configuration assignments. The configurations of a few 
of them have since been confirmed by x-ray 
crystallography. The geometric isomers are inter- 
convertible by thermal or photochemical methods and 
their relative stabilities have also been estimated. 


Very little is known about the pyridyl analogues of 
these compounds, although condensations of hydantoin 
with 2-pyridinecarboxaldehyde and of thiohydantoin 
with 3-pyridinecarboxaldehyde have been described, 
without a discussion of the s t e r e ~ c h e m i s t r y . ~ ' ~  This 
prompted us to extend our studies to  these 5-pyridyl- 
methylenehydantoins. 


Compared with the 5-arylmethylenehydantoins, these 
pyridyl analogues provide additional structural and 
stereochemical features of interest. NMR spectroscopy 
not only allows unambiguous determination of the Z/E  
configuration but also a closer analysis of the spectral 
data, coupled with variable-temperature studies, has 
yielded further information on the effects of the orien- 
tation of the pyridyl nitrogen on conformational pre- 
ferences of the pyridine ring relative to  the hydantoin 
ring. 


RESULTS AND DISCUSSION 


Syntheses and geometric isomerism 


The 5-pyridylmethylenehydantoins 1-9 (Scheme 1) 


0894-3230/90/090559-08$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 
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were synthesized by condensation of hydantoin, 3- 
methylhydantoin or 1-methylhydantoin with 2-, 3- or 
4-pyridinecarboxaldehyde in an aqueous solution 
containing alanine and sodium carbonate. 6*' 


Attempted preparations of these compounds 
according to  methods previously reported for 5 -  
arylmethylenehydantoins, involving the use of acetic 
acid and sodium acetate' or piperidine' as condensing 
agents, gave either low yields or gummy products. The 
1-methyl-substituted compounds 7-9 were each 
obtained directly in two stereoisomeric forms, whereas 
for the N-unsubstituted and the 3-methyl-substituted 
compounds 1--6, only one isomer was isolated in each 
case. The melting points and analytical data are 
summarized in Table 1. 


Configuration assignments by 'H NMR spectra 
The Z/E configurations of the two isolated 
stereoisomers of each of the 1-methyl-substituted 
compounds 7-9 could be readily distinguished by 
comparison of their 'H NMR spectra. For each of 
compounds 1-6, the configuration of the only isolated 
isomer could be deduced by comparison of its spectrum 
with those of the Z- and E-isomers of compounds 7-9. 
This isomer was then partially converted 
photochemically into the other isomer and the NMR 
spectrum of the mixture was determined. The spectral 
data for the second isomer could then be obtained by 
subtracting the known signals of the first isomer 
(Table 2 ) .  


Table 1. Melting points and analytical data for compounds 1-9 


Found (Yo) Calculated (070)  


Compound M . p. ('C) C H N C H N 


( 0 1  233-5-235.5 57.0 3.5 22.1 57.1 3.7 22.2 
( 0 2  292. S(dec .) 56.9 3.5 22.5 57.1 3.7 22.2 
(21-3 > 300 56.9 3 .6  22.0 57.1 3.7 22.2 
(-04 224-225 59.0 4.3 20.8 59.1 4 . 4  20.7 
(21-5 288-290 58.8 4.3 20.4 59.1 4 .4  20.7 
( 0 6  247-248 58.8 4.4 20.8 59.1 4 . 4  20.7 
( 0 7  145-147 59.2 4.1 20.6 59.1 4.4 20.7 
W ) - 7  249.5-250.5 59.3 4.4 20.6 59.1 4.4 20.7 
( Z b 8  227-229 58.9 4.4 20.7 59.1 4 .4  20.7 
(E) -8  244-246.5 59.3 4.4 21.0 59.1 4.4 20.7 
( 0 9  242-244 59.3 4.5 20.6 59.1 4.4 20.7 
@)-9  275.5-277.5 59.1 4.4 21.0 59.1 4 .4  20.7 


Table 2. 'H NMR shifts (ppm) of compounds 1-9 [solvent, (CD3)2 SO] 


Compound N-1-H N-3-H 


10.35 
10.44 
10.69 
10.45 
10.81 


10.46 
10.56 
10.70 
10.58 
11.00 
10.89 


a 


- 


11.31 
11.32 
11.34 
11.22 
11.41 


- 
a 


11.30 
11.47 
11.36 
11.55 
11.50 


H-6 H-8 H-9 H-10 H- l l  H-12 1-CH3 3-CH3 


- - 6.50 - 8.66 7.30 7.84 7.60 
6.40 - 8.66 7.30 7.84 8.52 - - 


6.43 8.77 - 8.49 7.41 8.04 
6.31 8.82 - 8.49 7.42 8.39 
6.34 7.55 8.56 - 8.56 7.55 - - 


6.24 7.76 8.54 - 8.54 7.76 - - 


6.59 - 8.66 7.29 7-84 7.60 - 2.98 
6.46 - 8.66 7.29 7.84 8.40 - 2.94 
6.53 8.79 - 8.50 7.41 8.05 - 2.97 
6.38 8.84 - 8.50 7.41 8.41 - 2.93 
6.46 7.58 8.57 - 8 3 7  7.58 - 2.97 
6.31 7.78 8.55 - 8.55 7.78 - 2.94 
6.57 - 8.62 7-29 7.82 7.58 3.22 - 
6.33 8.56 7.24 7.75 8.37 3.10 - 


2.81 - 6.63 8.62 - 
- 8.45 7.37 8.35 3.10 - 6.39 8.87 


6.53 7.33 8.56 - 8.56 7.33 2.82 - 


6.33 7.80 8.55 - 8.55 7.80 3.09 - 


- - 
- - 


- 


8.53 7.42 7.83 


"Signal not detected. 
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For the purpose of distinguishing between Z- and E- 
configurations, the chemical shift of the vinyl proton at  
C-6 is most diagnostic. Without exception, a significant 
downfield shift was observed for proton H-6 of the 
Z-isomer, since only in the Z-configuration is H-6 close 
to and therefore deshielded by the anisotropic C-4 
carbonyl group. A similar difference was previously 
observed for the Z- and E-isomers of 5-arylmethylene- 
hydantoins, whose configuration assignments were 
supported by other spectroscopic considerations. In 
addition to  the effect of configuration, the chemical 
shift of this vinyl proton of the 5-pyridylmethylene- 
hydantoins studied here also shows a dependence on the 
position of the pyridyl nitrogen relative to  the 
hydantoin ring. Within each group of compounds 1-3 
or 4-6, this H-6 signal shifts upfield from 2- to  3- and 
4-pyridyl compounds, probably as a result of its 
increasing distance from the electron-withdrawing and 
therefore deshielding effect of the pyridyl nitrogen. 


Correlation of other 'H NMR data with 
coniigurations and conformations 


NH protons 
In general, the proton H-3, under the influence of two 
adjacent carbonyl groups, gives a lower field signal than 
H-1 with only one adjacent carbonyl group. Whereas 
H-6 is most deshielded in the 2-pyridyl and least in the 
4-pyridyl compounds, the opposite trend is noted for 
H-1 among the Z-isomers of compounds of compounds 
1-6. To understand this, one needs to  consider the 
geometry of these compounds. A previous x-ray 
crystallographic study showed that (Z)-j-benzylidene- 
hydantoin has an almost planar structure with only a 
small dihedral angle between the phenyl and hydantoin 
rings. Since the pyridine and benzene rings are similar 
in size and shape, one may speculate that approximate 
molecular planarity is also probable for the Z-isomers 
of 1-6 to allow maximum resonance interaction 
between the hydantoin and the aromatic moieties. In 
such coplanar, or nearly coplanar, conformations of 
these Z-isomers, H-1 would be in the deshielding zone 
of the aromatic ring and resonate more downfield than 
that in the corresponding E-isomers where it is not 
similarly affected. An analogous difference was 
previously observed between the H-1 resonances of the 
Z- and E-isomers of 5-benzylidenehydantoin. 
Molecular planarity also permits the transmission of the 
electron-withdrawing and therefore deshielding effect 
of the pyridine ring, particularly from the conjugated 2- 
and 4-positions, to  the N-1 position. Although the H-1 
signals of the Z-isomers of the 3- and 4-pyridyl 
compounds are, as expected, more deshielded than 
those of the corresponding E-isomers, with the 
downfield shift more pronounced for the 4- than the 
3-pyridyl compounds, it is surprising to  observe the 


reverse trend for the 2-pyridyl compounds. These 
unexpectedly upfield H-1 signals of the 2-pyridyl 
compounds (Z)-1 and (2)-4 relative to  those of (E)-1 
and (E)-4 and also the 3-pyridyl compounds (2)-2 and 
(Z)-5 and the 4-pyridyl compounds (2)-3 and (2)-6, 
may possibly be rationalized by consideration of 
conformational effects and the possibility of 
prototropic tautomerism. 


When the pyridine ring is unsymmetrical with respect 
to rotation about its bond t o  C-6, two limiting coplanar 
conformations are possible, with the pyridyl nitrogen 
orientated either cis (denoted by s-cis) or trans (denoted 
by s-trans) relative to the hydantoin ring. Only in the 
s-cis conformation of (Z)- l  and (2)-4 does the close 
approach of H-1 and the pyridyl nitrogen allow a strong 
intramolecular interaction. Moreover, since N-1 is 
conjugated to the 2-pyridyl nitrogen through the 
exocyclic double bond, tautomeric transfer of a proton 
between these nitrogens could be facilitated by cyclic 
delocalization of electrons, resulting in theoretically 
possible tautomeric forms (T) and (T'). (Scheme 2) .  


Prototropic tautomerism of numerous 2-substituted 
pyridines of general structure A has been well studied, lo 


particularly where the geometry of  the molecule makes 
such proton transfer facile. Compounds B" and C L 2  


Q = 0, I 


H H 


(A) X= 0, NH or CH, 


N-N 


provide interesting examples. Given the favourable 
molecular geometry of (Z)-1 and (2)-4, proton transfer 
between (T) and (T') is likeiy to  be fast so that the 
chemical shift of H-1 could be observed as a weighted 
average of two types of NH protons. The amine type 
NH in form (T ' )  may be expected to be less deshielded 
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Tautomer (T) Tautomer (T’) 
s-cis conformation 


0 H  


s-trans conformation 


Scheme 2. Coplanar conformers of Z-isomers of 1 and 4 


than the amide-type NH in form (T). Hence the 
apparent small upfield shift of this signal for (Z)-1 and 
(2) -4 relative to the corresponding signal for (2)-2 and 
(Z)-5 suggests a possible small contribution from form 
(T’) .  Because only a very small adjustment of the 
position of the proton H-1 is required, the 
interconversion of the two forms may involve relatively 
little perturbation of the pyridine ring and its protons. 


Methyl protons 
Whereas the methyl protons at N-3 show minimal 
changes among the 2- and E-isomers of 4-6, the 
methyl protons at N-1 in 7-9 show more interesting 
differences. As the 1-methyl group sterically hinders the 
coplanarity of the hydantoin and pyridine rings in the 
Z-isomers, its protons may now be in the shielding 
region of the aromatic ring and resonate at higher fields 
than the corresponding protons in the E-isomers. This 
is actually observed with 8 and 9. Unexpectedly, the 
opposite difference is found for the Z-isomer of  7. 
Again, this reversal is attributable to  the special 
position of the 2-pyridyl nitrogen. 


Examination of Leybold molecular models shows 
that since the pyridyl nitrogen does not carry a 
hydrogen, the steric crowding of the 1-methyl group 
with the 2-pyridyl ring is less severe than with the 3- or 
4-pyridyl rings. Hence the deviation of the two rings 
from coplanarity is probably less in (2)-7 than in (2)-8 
and (Z)-9. \4oreover, if (2)-7 adopts the s-cis 
conformation, the interesting possibility of a hydrogen- 
bond-like interaction could exist between the 1-methyl 
protons and the 2-pyridyl nitrogen as a result of very 
close proximity. Similar C-H .... N interactions have 
previously been postulated for other compounds with 
favourable molecular structures. 


Pyridyl protons 


The ring protons of the 4-pyridyl compounds 3, 6 and 
9 give rise to  twin doublets with finer ‘inside lines’ 
typical of 4-substituted pyridines. l4 Those of the 
2-pyridyl compounds 1, 4 and 7 and the 3-pyridyl 
compounds 2, 5 and 8 give rise to  more complex 
signals. Kowalewski and Kowalewski l 5  made detailed 
analyses of the proton spectra of several 2- and 
3-substituted pyridines. The patterns of the pyridyl 
protons of the 2- and 3-pyridyl compounds studied here 
agree particularly well with those of the published 
spectra of 2- and 3-acetylpyridines. Hence, assignments 
of the ring protons have been made based on the 
spin-spin coupling patterns and the expected strong 
electron-withdrawing effect of the pyridyl nitrogen. 


Strking and interesting changes are observed in this 
portion of the spectra for all nine compounds 1-9 as 
the configuration changes from Z to E. These 
variations of the pyridyl proton shifts with 
configuration not only confirm the configuration 
assignments deduced earlier from study of the vinyl 
proton shifts, but also shed some light on the 
conformation of the pyridine ring. As expected, 
accompanying a Z to E change in configuration, the 
H-12 signal of the 2-pyridyl compounds and both H-8 
and H-12 signals of the 3- and 4-pyridyl compounds 
move substantially downfield under the anisotropic 
influence of the C-4 carbonyl group (Table 3). 
Moreover, a more careful comparison of the 
magnitudes of these chemical shifts changes with 
configuration, A6 (62 - &), reveals some subtle but 
nevertheless significant differences attributable to 
conformational effects. 


Although the pyridine ring in each of these 
compounds may rotate about the C-6-C-7 bond, it is 
likely to prefer, wherever possible, a conformation 
coplanar with the hydantoin ring to achieve maximum 
resonance interaction (Scheme 3). By analogy with 
5-benzylidenehydantoin and its 3- and 1-methyl 


Table 3.  Differences in chemical shifts of 
H-8 and H-12 in Z- and E-isomers 


Compound H-8 H-12 


- 0.93 
0.00 0.35 
0.21 0.21 
- 0.80 


0.05 0.36 
0.21 0.21 
- 0.79 


0.26 0.52  
0.47 0.47 
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s - t r a n s  s - c i s  


s - t r a n s  s - c i s  


Scheme 3.  Coplanar conformers of E-isomers of 1, 2,  4, 5 ,  7 
and 8 


derivatives,' it is reasonable to  postulate that all the 
molecules of (E)-l)-(E)-9 and (2)-1-( 2)-6 could be 
planar or nearly so. However, unlike the symmetrical 
benzene ring, the 2- or 3-pyridyl ring may adopt either 
the s-cis or s-trans conformation with respect to  the 
hydantoin moiety. In the s-trans conformation of the 
2-pyridyl compounds (E)-1, (E)-4 and (E)-7 ,  the 
proton H-12 will experience the deshielding effect of the 
C-4 carbonyl very strongly but not in the s-cis 
conformation. The differences in the effect of the C-4 
carbonyl group on the chemical shifts of the more 
remote protons H-9 and H-11 in the two conformers are 
expected to be smaller. 


Hence, if the s-trans conformation is favoured for 
the E-isomers of 1, 4 and 7, the largest downfield shift 
accompanying configuration changes from 2 to E will 
be shown by the H-12 signals. Based on a similar 
argument, for the 3-pyridyl compounds (E) -2 ,  (E) -5  
and (E)-8  the H-12 signal will experience a larger 
downfield shift than the H-8 signal if the s-trans is 
preferred to the s-cis conformation. On the other hand, 
in the 4-pyridyl compounds (E) -3 ,  (E)-6 and (E)-9 ,  H-8 
and H-12 are equivalent so that, on average, each 
proton experiences less of the deshielding effect of the 
C-4 carbonyl than that expected from a static model. 
Hence the A6 ( B E  - 6 ~ )  values observed for H-8/H-12 
provide a means of estimating the relative populations 
of the s-cis and s-trans conformations for each of the 2- 
and 3-pyridyl compounds. It is noted that the H-12 
signals in the 2-pyridyl compounds (E)-1, (E)-4 and 
(E)-7 show the largest downfield shift ( A s )  of 
0-8-0-9 ppm. This suggests that the s-trans 


conformation is considerably preferred. Interestingly, 
the A6 values for the H-8 and H-12 signals in the 3- 
pyridyl compounds (E) -2 ,  (E)-5 and (E)-8 are not the 
same, being significantly larger for H-12 than for H-8. 
Since conformational changes are fast on the NMR 
time scale, the observed proton signals would be 
averages of those for all possible conformations. If, as 
an approximation, we consider only the two coplanar 
conformations and not the intermediate non-planar 
conformations, then the difference in A6 for H-8 and 
H-12 may be interpreted in terms of the coexistence 
of  both s-trans and s-cis conformations with the 
population of the former being higher than that of the 
latter so that, on average, H-12 experiences greater 
deshielding than H-8. That the A6 values for the H-12 
signal of the 3-pyridyl compounds are smaller than 
those for the H-12 signal of the corresponding 2-pyridyl 
compounds suggests a less strong preference for the 
s-trans conformation in the case of the 3-pyridyl 
compounds. For both groups of compounds the s-cis 
conformation is less favourable, probably because of 
repulsion between the lone pairs of electrons on the 
pyridyl nitrogen and on the C-4 carbonyl oxygen. 
Understandably, this effect is stronger when the two 
atoms concerned are closer together as in the 2-pyridyl 
compounds, as shown by examination of Leybold 
models. 


Variable-temperature ' H  NMR studies 
The temperature dependence of NMR spectra provides 
a valuable tool for conformation studies. This 
technique was applied to  examine further the relative 
stabilities of the s-trans and s-cis conformations of the 
E-isomers of 1-9. However, a low temperature study 
could not be carried out as deuterated dimethyl 
sulphoxide was used as the solvent. Low solubilities of 
these compounds in solvents such as deuterated acetone 
or acetonitrile make them also unsuitable for low- 
temperature study. Instead, spectra in deuterated 
dimethyl sulphoxide were obtained at various higher 
temperatures from 25 to 120°C. For the E-isomers 
of the 2- and 3-pyridyl compounds, if the s-trans 
conformation is indeed more stable than the s-cis 
conformation as suggested above, then raising the 
temperature could make the latter more accessible and 
increase its population at the expense of the former 
conformation, although at elevated temperatures 
contributions from the non-planar conformations 
probably also increase. Such shifts in conformational 
equilibria should be reflected by the differences in the 
observed temperature effects on the chemical shifts of 
the various proton signals, particularly those of the 
pyridyl protons (Table 4). While a general slight upfield 
shift is observed in the pyridyl protons with increasing 
temperature, this is most pronounced for H-12. 
Although the magnitude of the temperature effect on 
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Table4. Temperature dependence of the 'H NMR shifts 
(ppm) of the pyridyl protons of (E)- l - (E)-9  


Compound Hydrogen 


Temperature ("C)  


25 65 90 120 6120-625 


(E)-I  H-9 
H-10 
H-I 1 
H-12 


( E ) - 2  H-8 
H-10 
H-11 
H-12 


( E ) - 3  H-9, 11 
H-8, 12 


(E)-4  H-9 
H-10 
H-11 
H-12 


(E)-5 H-8 
H-10 
H-1 I 
H-12 


(€)-6 H-9, 11 
H-8, 12 


(E)-7 H-9 
H-10 
H-11 
H-12 


(E)-8  H-8 
H-10 
H-11 
H-12 


(€)-9 H-9, 11  
H-8, 12 


8.65 8.65 8.65 8.65 
7.29 7.28 7.27 1-26  
7.84 7.83 7.82 7.80 
8.52 8.49 8.46 8.42 
8.82 8.82 8.81 8.80 
8.43 8.42 8.41 8.41 
7.37 7.35 7.32 7.30 
8.39 8.35 8.31 8.28 
8.54 8.53 8.53 8.54 
7.79 7.76 7 , 7 3  7.72 
8.65 8.66 8.65 8.66 
7.30 7.29 7.28 7.27 
7.83 7.83 7.82 7.81 
8.56 8.52 8.49 8.45 
8.86 8.85 8.84 8-84 
8.48 8.45 8.45 8.45 
7.38 7.35 7.34 7.32 
8.43 8.38 8.35 8.32 
8.56 8.55 8.54 8.52 
7.82 7.78 7.76 7.73 
8.57 8.56 8.55 8.54 
7.27 7.25 7.24 7.22 
7.78 7.76 7.75 7.73 
8.40 8.37 8.35 8.31 
8.81 8.87 8.86 8.86 
8.45 8.44 8.41 8.43 
7.38 7.36 7.33 7.33 
8-38 8.35 8.31 8.29 
8.55 8.53 8.52 8.52 
7.80 7 .77  7 . 7 5  7.73 


~ 


0.00 
-0-03 
-0.04 
-0.10 
- 0.02 
- 0.02 
- 0.07 
-0.11 


0.00 
-0.01 


0.01 
-0.03 
-0.02 
-0.11 
-0.02 
- 0.03 
- 0.06 
-0.11 
- 0.04 
- 0.09 
- 0.03 
- 0.05 
-0.05 
-0.09 
-0.01 
-0.02 
-0.05 
-0.09 
-0.03 
-0.01 


chemical shift differences is understandably small, the 
much larger change in the position of the H-12 signal 
relative to the signals of the other pyridyl protons is 
unmistakably evident on comparison of the spectra 
at 25 and 120 'C, as illustrated in Figure 1. This 
pronounced relative upfield shift of H-12 with increase 
in temperature is consistent with a decrease of residence 
time in the s-trans conformation where this proton is 
particularly deshielded by the anisotropic C-4 carbonyl 
group. A similar but smaller upfield shift is observed 
for the signal of the more distant H-11 on the same side 
of the pyridine ring. The opposite changes are expected 
for the protons H-8 and H-9 on the other side of the 
pyridine ring. This is clearly demonstrated by the 
almost negligible change in the H-8 signals of (E) -2 ,  
(E)-5 and (E)-8  with temperature, which may be 
interpreted as the combined effects of  a general upfield 
shift with temperature increase and an expected 
downfield shift due to  an increased residence time in the 
s-cis conformation where H-8 approaches closely the 
C-4 carbonyl. In the case of (E)-3 ,  (E) -6  and (E)-9 ,  


(E-I) 
25 "C 


120°C 


H-12 


6 
9 8 1 


(b) 


Figure 1. Temperature dependence of the chemical shifts of 
the pyridyl protons of (a) (E)-7 and (b) (E)-8 


symmetry of the 4-pyridyl ring does not distinguish 
s-trans and s-cis conformations. That the signals of H-8 
and H-12 still show larger upfield shifts with increasing 
temperature than those of H-9 and H-11 may be due 
to  increased contributions from the non-planar 
conformations in which the pyridyl protons, especially 
H-8 and H-12, move away from the deshielding 
influence of the C-4 carbonyl group. 


I3c NMR spectra 


Differences in the I3C NMR spectra of the Z- and E- 
isomers of 1-9 (Table 5 )  show considerable regularity 
and provide further correlation with configuration. 


Studies of pairs of geometric isomers of alkenes have 
revealed a tendency for the olefinic carbons in the 
E-isomers to  resonate a t  lower field than those in the 
Z-isomers.16 The C-6 signals, and to a much lesser 
extent the C-5 signals, of 1-9 conform to this trend. It 
is interesting that the direction of the change in C-6 
shift with configuration is opposite to that of the 
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Table 5 .  I3C NMR shifts (ppm) of compounds 1-9 [solvent, (CD3)2 SO] 


Compound c-2  c-4 


154.6 
153.6a 
155.6 
153.8 
155.5 
154-1 
154.2 
153.5a 
155.3 
153.4 
155.4 
153.5 
155.6 
153.4 
155-3 
153.3 
155.4 
153.5 


165.1 
163.4 
165.2 
163.4 
165.0 
163.5 
163.8 
161.9 
163.9 
162.0 
164.0 
161.9 
164.6 
162.7 
163.9 
162.7 
163.9 
162.7 


c -5  


131.7 
132.0 
129.5 
131.3 
131.2 
133.3 
130.5 
130.7 
128.9 
130.0 
130.4 
132.0 
131.9 
132.6 
132.0 
131.9 
132.6 
133.5 


C-6 c - 7  c - 8  c - 9  


104.9 
115.3 
104.4 
110.9 
104.4 
111.2 
105.9 
116.1 
105.3 
111.8 
105.5 
112.3 
108.1 
114.6 
105.4 
110.8 
105.8 
111.3 


153.6 
152.1 
129.1 
131.3 
140.1 
140.5 
153.5 
152.1 
128.4 
128.3 
140.0 
140.0 
151.9 
152.1 
128.8 
129.1 
140.6 
140.5 


- 149.4 
- 149.1 


150.2 - 
150.4 - 


123.0 149.8 
123.5 149.4 
- 149.4 
- 149.1 


150.2 - 
150.6 - 
123.1 150.0 
123.3 149.5 
- 149.0 
- 149.0 


149.8 - 
150.7 - 
124.1 149.1 
123.8 149.4 


c-10 c-11 


122.2 137.1 
122.2 135.9 
148.6 123.6 
148.4 122.9 
- 149.8 
- 149.4 


122.3 137.0 
122.3 135.9 
148.7 123.6 
148.5 122.9 
- 150.0 
- 149.5 


122.4 136.5 
122.4 135.8 
148.6 122.9 
148,4 122.8 
- 149.1 
- 149.4 


c-12 


125.4 
124.0 
135.7 
136.1 
123.0 
123.5 
125.5 
124.1 
135.7 
136.1 
123.1 
123.3 
126.1 
124.3 
136.7 
136.2 
124.1 
123.8 


l-CH, 3-CH3 


- - 


- - 
- - 
- - 
- - 


- - 
- 24.1 
- 24.1b 
- 24.2 
- 24.0 
- 24.3 
- 24.1 


30.6 - 


25.7 - 
29-5 - 


25.8 - 
29.6 - 
25.9 - 


"The  C-2 signal of the E-isomer probably merged with the C-7 signal of the 2-isomer 
bThe  3-CH3 signal of the E-isomer probably merged with that of the Z-isomer. 


change in H-6 shift. Similarly, it is observed that the 1- 
methyl carbons of 7-9 show a downfield shift in the 2- 
isomers relative to those in the E-isomers, although the 
1-methyl protons of 8 and 9 show an opposite shift with 
configuration. This is not surprising as it is well known 
that an anisotropic rieighbouring group has a large 
effect on proton shieldings but its effect on carbon 
shielding is small and often cannot be separated from or 
even masked by other contributions. The C-2 and C-4 
signals of all compounds 1-9 are consistently more 
deshielded in the Z-isomers than in the E-isomers. On 
the other hand, the 3-methyl carbon of 4-6, being more 
distant from the olefinic bond, is less affected by 
configurational changes, as shown by the minimal 
differences in their chemical shifts in the two isomers. 


EXPERIMENTAL 


5-Pyridylmethylenehydantoins 1-9 were prepared by 
condensation of hydantoin, 3-methylhydantoin or 
1-methylhydantoin (0.01 mol) with 2-, 3- or 4-pyridine- 
carboxaldehyde (0.01 mol) in a n  aqueous solution 
(10 ml) of alanine (0.01 mol) and sodium carbonate 
(0.005 mol). The mixture was refluxed for 2-3 h ,  
cooled, diluted with water and acidified with hydro- 
chloric acid. The Z -  and E-isomers of 7-9 were separ- 
ated by fractional recrystallization with methanol. All 
the other compounds were also recrystallized from 
methanol except 3, which was purified using 5 M acetic 
acid as it was very sparingly soluble in most of the 
common solvents. 


The 2-isomers of 1-6 were partially converted into 
the E-isomers by photoisomerization, using a Hanovia 


mercury-vapour lamp (654A-0360) and a solution filter 
made up of  0.27 g l - '  K2Cr04 and 1 g l - '  Na2C03 and 
having a transmission maximum around 313 nm. 
Samples further enriched in E-isomers could be 
obtained by careful and selective recrystallization. 'H 
and I3C NMR spectra were recorded in (CD3)~SO 
solution with tetramethylsilane as internal reference 
using a JEOL FX90Q spectrometer. In the variable- 
temperature experiments, the concentrations of the 
solutions were kept at 20mgml-I .  
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FREQUENCY-DEPENDENT BRANCHING RATIO IN THE 
INFRARED MULTIPHOTON PHOTOCHEMISTRY OF DIETHYL 


CARBONATES 
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Wilmington, Delaware 19898, USA 


MARCUS w. THOMSEN* AND THOMAS L. BECK 
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Unimolecular decomposition of 0.1 Torr of diethyl carbonate, diethyl-ds carbonate and diethyl-d,O carbonate 
induced by irradiation with a COz TEA laser was investigated. In all cases only ethylene, ethanol and COz were 
obtained. In the case of diethyl-ds carbonate, both ethylene-d, and ethylene4 were observed together with the 
corresponding isotopic variants of ethanol. The chemical branching ratio was determined as a function of irradiation 
frequency and laser Buence by analysis of  the ethylene-do/ethylene-d4 ratio. RRKM theory applied to the branching 
ratio data requires very different average energies for two sets of Buence and frequency conditions that give identical 
total yields. 


INTRODUCTION 


Investigations of the infrared photochemistry of mol- 
ecules that can decompose by more than one reaction 
pathway have proved to  be especially useful in char- 
acterizing the multiphoton activation process. ' -  l o  


Branching ratios from multichannel reactions are a sen- 
sitive function of the energy content of the reacting 
molecules. Comparison of the observed branching ratio 
with the predictions of statistical unimolecular rate 
theories allows the average energy of reacting 
molecules, ( E r ) ,  to  be determined.Is2 The change in 
branching ratio resulting from systematic variation in 
experimental parameters (e.g. laser fluence, laser inten- 
sity or bath gas pressure) constitutes perhaps the best 
available data on how sensitive (E,)  is to  these 
parameters. This important information is useful for 
developing predictive versions of rate equation models 
of infrared multiphoton photochemistry, and for 
designing infrared photochemistry experiments that 
yield one reaction pathway preferentially. l4 


One variable that has not been very thoroughly 
examined with respect t o  its effect on ( E , )  is laser fre- 
quency. Theoretical models of multiphoton decom- 
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position suggest that the average energy of reacting 
molecules should depend on the rates of absorption, 
chemical reaction and deactivation. Laser frequency 
influences ( E , )  through its effect on the rate of photon 
absorption. The rate of absorption from level i to level 
j is given by Rij = ZuijNi where Ni is the population of 
molecules in the absorbing level, Z is the laser intensity, 
and a;j is the absorption cross-section for the particular 
j + i transition. In the energy regime above the reaction 
threshold photons will continue to  be absorbed until 
R;j = k(Ei)Ni, the unimolecular reaction rate a t  energy 
E;. When the branching ratio changes in response to 
changes in experimental parameters, information on 
how those parameters influence the up-pumping rates, 
Rij, can be inferred. 


In this paper we describe the infrared photochemistry 
of both diethyl-l,l,l,2,2-d5 carbonate (DEC-ds), a 
molecule with two unimolecular reaction channels that 
differ only by isotopic substitution, and the parent mol- 
ecule DEC-do. The experiment is conceptually similar 
to  work reported by other groups. 2 s 9 , 1 0  DEC-d5 
is an especially attractive molecule for this type of 
study for several reasons. (1) The two competitive 
reaction channels ( k ~  and kD, Scheme 1) both yield 
stable, molecular products via mechanisms that are well 
established. l 5  
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CD2CDz + CH3CH20D + COZ 
O H  II 


CH ,CHzOCOCDzCD! 


DEC-d: CHzCHz + CD3CDzOH + C02 


(2) The thermal chemistry of both DEC-doL6 and 
DEC-ds are well characterized and the Arrhenius par- 
ameters for both channels from DEC-ds have been 
determined. '' This permits accurate RRKM calcu- 
lations of the branching ratio as a function of internal 
energy to be performed. (3) DEC-ds possesses two 
distinct absorption bands in the region accessible with 
the COz laser. (4) The molecule is closely related in 
structure to ethyl acetate, which is one of the most 
thoroughly investigated single-channel organic reac- 
tants in multiphoton photochemistry. I 8 , l 9  As a class, 
organic esters are important infrared photochemical 
reagents because of strong absorptions in the CO2 laser 
region and useful unimolecular chemistry; pyrolysis of 
esters is a classical preparative method for olefins.zO 


EXPERIMENTAL 


DEC-ds was prepared via the reaction of ethanol-& 
(Stohler Isotope Chemicals, 99% D) with ethyl chloro- 
formate (MCB Chemicals). Reaction was performed at 
4-6 OC in methylene chloride solution containing pyri- 
dine (1 equiv.). The product was purified by preparative 
gas chromatography (GC). Mass spectral (MS) analysis 
(Finnegan 4000-EI) gave m/z = 96, 45, 93, 46, 50, 123, 
124 in order of decreasing intensity. No peak is 
observed at m/z  118-122 (M' of DEC-do). IR (gas, 
Beckmann IR 4250): 2800-3050, 2100-2300, 1760, 
1375, 1295, 1200, 1095, 1060, 1025, 990, 880cm-'. 


DEC-dlo was prepared by refluxing 2 - 2  equiv. of 
ethanol-& with carbonylimidazole (Aldrich) for 1 h 
followed by distillation). 


Infrared photochemical experiments were performed 
on vapor-phase samples of the diethyl carbonates in a 
cylindrical Pyrex vessel (7.5 cm x 2.5 cm i.d.) fitted 
with KCI or NaCl windows. Sample pressures were 
measured with an MKS-Baratron 220 capacitance 
manometer. The samples were irradiated with a colli- 
mated beam from a Lumonics COz TEA-101 laser, 
which was operated mukimode. The beam emerging 
from the laser was reduced to 25 mm diameter with an 
iris and telescoped to 7 mm diameter with a combi- 
nation of two ZnSe lenses. The beam was characterized 
using a Laser Precision KT-15 10 pyroelectric detector, 
a Scientech (Model 38-0102) volume-absorbing 
calorimeter and an Optical Engineering 16A spectrum 
analyzer. At both experimental frequencies the pulse 
consisted of an initial cu 200-ns spike with a tail to cu 
1.5 ps. The spatial characteristics of the beam were 


determined by two methods: (i) the beam was sub- 
divided into quadrants, the fraction of laser energy in 
each quadrant being independent of frequency, and (ii) 
the intensity cross-section was obtained by moving a 
pinhole aperture across the horizontal and vertical axes 
of the beam. The profiles obtained by the latter method 
were roughly trapezoidal for both axes and identical 
within experimental error at the two experimental fre- 
quencies. When necessary, the laser beam was atten- 
uated with a gas cell containing variable pressures of an 
absorbing material. 


Reaction yields and product ratios were determined 
by GC [Varian 2400 equipped with an HP-3390A 
integrator, using 10% Carbowax 1540 on Chromosorb 
(60-80 mesh), 10 ft x 1/8 in i.d. column) GC-MS 
(Hitachi RMU-6MS) or GC-Fourier transform 
infrared spectroscopy (Digilabs FTS-10). The branching 
ratio was most conveniently determined from FTIR 
spectra of the photolysis mixture. Absorption inten- 
sities were determined at 950 and 722 cm-', the Q- 
branch maxima of the CH2 and CDz out-of-plane 
deformation modes of ethylene-& and ethylene-&, 
respectively. Spectral subtraction of DEC-& and/or 
ethanol-do or -d6 did not change the absorbance ratios 
appreciably. The ratio of absorbances was converted to 
a concentration ratio using the Beer-Lambert Law. 
Absorptivities of C2H4 and C2D4 at these frequencies 
were obtained from CzH4-CzD4 mixtures at similar 
pressures and under analytical conditions identical with 
those used in photochemical product analyses. Compar- 
able results for branching ratios could be obtained by 
analyzing ethanol-do and -ds at specific frequencies 
between 3000-2900 and 2250-2100 cm-' using 
GC-FTIR. 


RESULTS AND DISCUSSION 


The infrared photochemistry of three isotopomers of 
DEC, DEC-do, DEC-ds and DEC-dlo, was examined. 
In DEC-ds one of the two ethyl groups is completely 
deuterated. In DEC-dlo all hydrogens are replaced by 
deuterium. The infrared spectra of DEC-do, DEC-d5 
and DEC-dlo are given in Figure 1. Significant differ- 
ences are evident in these spectra in the region accessible 
with a COz TEA laser (900-1100cm-'). The band 
centered at 1378 cm-' (CH3 deformation) in DEc-do 
splits into two bands at 1377 and 1056 cm-' in DEC-ds 
and disappears completely in favor of the lower 
frequency band in DEC-dlo. Bands appearing at 
1056 2 9 cm-' for compounds structurally similar to 
DEC-ds have been assigned as CD3 deformations. 2 1 - 2 3  


Similarly, the band at 1031 cm-' in DEC-do appears to 
split into two bands at 1029 and 994 cm-' in DEC-d5. 
In DEC-dlo in a single band at 1016 cm-' appears in 
this region. The 1031 cm-' band in DEC-do has been 
assigned as an O-C(H2) ~ t r e t ch . '~  Changes observed in 
the DEC-ds spectrum appear to be consistent with this 
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assignment (reduced mass ratios indicate that an 
O-CHz stretch at 1031 cm-' should shift to 996 cm-' 
on deuterium substitution). 


The infrared photodecomposition of the diethyl car- 
bonates leads cleanly to the three products expected 
from pyrolysis studies, ethanol, ethylene and COZ. l6 


When DEC-& is the reactant, branching occurs to yield 
both ethylene-& and ethylene-& together with the cor- 
responding isotopic ethanols and COZ (Scheme 1). For 
each isotopomer and under all experimental conditions 


the ethanol-to-ethylene ratio was 1 *02 2 0.08. Irradia- 
tion of ethanol or ethanol-& under identical photolysis 
conditions gave insignificant decomposition. Therefore, 
ethanol and ethylene are produced in equivalent 
amounts from DEC, and there is no significant secon- 
dary photochemistry. Scheme 1 adequately represents 
all routes to ethylene. 


Photochemical reaction was investigated at two fre- 
quencies with each isotopomer: P(14), 1052 cm-', and 
P(38), 1029 cm-'. Irradiation was generally done with 


WAVENUHBERS 


DIETHYLCARBONATE-00 i[DEC-D0) 1.50 TORR -- HHT 
\ 


WA VENUHBERS 


DETHYLCARBONATE-D5 ( O E C - 0 5 )  1 . 5 0  TORR -- HUT 'OOm 
w u 


aQ 


1 1 0  I d 5 0  ld00 1 150 1 100 1d50 1&0- 1 
WAVENUMBERS 


DIETHYLCAREONATE-Dl0 (OEC-010) 1.50 TORR -- HWT 


Figure 1 .  Vapor-phase infrared spectra of DEC-do, DEC-h and DEC-dlo. The irradiation frequencies, P(38), 1012 crn-l, and 
P(14), 1029 cm-I, are indicated on each spectrum 
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0.100 2 0.004 Torr of reactant using the telescoped 
beam of a C02 TEA laser at the photolysis source. At 
both frequencies and with each isotopomer, the extent 
of reaction up to at least 25% conversion was well 
described by an equation analogous to a first-order 
decay, [DEC] n/ [DEC] o = exp( - kn) ,  where n is the 
number of pulses and k is the fraction of DEC decom- 
posed per pulse within the irradiated volume. The 
irradiated volume was estimated from cell dimensions 
and the laser beam diameter observed on thermal paper 
placed at  the entrance window. Values of k are given in 
Table 1. At 0.400 Torr of reactant some deviations 
from this apparent first-order behavior were observed. 
Since reaction produces three molecules of product per 
decomposed reactant, significant pressure changes 
occur over the course of the reaction. As products are 
formed the ambient pressure increases and reaction 
occurs less efficiently, and this effect becomes signifi- 


cant at lower conversions when the initial pressure is 
increased. 


For the same frequency and at identical fluences, the 
decomposition rate constants for DEC-do, DEC-& and 
DEC-dlo are very different. These differences are in 
accord with expectations based on the single photon 
absorption spectra (see above). Thus, at 1029 cm- '  the 
strongest absorber, DEC-do, reacts faster than either 
DEC-d5 or DEC-dlo. Similarly, at 1052 cm-', where 
DEC-dlo is the strongest absorber, it is the most reac- 
tive. At both frequencies, the reactivities of DEC-d5 is 
intermediate between those of DEC-dlo and DEC-do. 


The dependence of reaction yields on fluence is also 
unexceptional. Figure 2 shows yield vs fluence behavior 
for DEC-do at P(38), 1029 cm-I, and DEC-d5 at both 
P(38), 1029 cm-', and P(14), 1052 cm-'. The slopes of 
these plots are DEC-do P(38)=5.3 ,  DEC-d5 
P(14) = 4.4 and DEC-d5 P(38) = 5.4. These values are 


Table 1. Percentage conversion of DEC-d, in laser beam per pulse 


Laser frequency DEC-do DEC-ds DEC-dlo 


P(14)= a 0.10 4.29 t 0.12 6.51 t 0.95 
P(38) 6 .122  1.05 1.14+0.10 1.08%0.06 


'0.100 2 0.004Torr DEC-d,,, 1.29 t 0.02 Jcm-'. 
bO.  100 t 0.004 Torr DEC-d,,, I .49 2 0.02 J ern-'. 


Q) cn - a n 


a 
L 
Q) 


!-i 
Q1 


C 


c 
0 
cn 
L 
Q) 


0 


n 
.L 


.C 


z 
V 
oe 


0.6 1.0 1.2 1.4 1.6 


Fluence Jlcm* 


Figure 2. Yield vs fluence for ( A  ) DEC-do P(38), ( ) DEC-ds P(38) and ( 0 )  DEC-ds P(l4) 
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in good agreement with work on ethyl acetate under 
similar conditions. Danen and JangI3 reported a slope 
of ca4 .2  in the intermediate fluence range 
(ca 1 Jcm-2) when the reaction probability is of the 
order of as it is here. Higher fluences are required 
at P(38) than at P(14) to achieve comparable conver- 
sion of DEC-d5. Nevertheless, the slope of the fluence 
vs percentage conversion plot is not significantly dif- 
ferent within experimental error at these two frequen- 
cies. 


Both total yields and branching ratios ( k ~ / k ~ ,  
Scheme 1) for the photodecomposition of DEC-ds were 
determined. A comparison of branching ratios at 
the two experimental frequencies reveals interesting 
differences. Data are given in Table 2. When the total 
yields are identical (entry 2 vs entry 5 ) ,  the branching 
ratio is considerably smaller for reaction at P(14) 
( p =  1.26 2 0.17) than for reaction at P(38) 
(0  = 1.63 2 0.15). In spite of scatter in the data, these 
two values are significantly different in the 99.9% con- 
fidence level by a standard t-test [the total number of 
degrees of freedom was 19; 8 runs at P(38) ,  13 runs at 
P(14)]. When the two frequencies are compared at the 
same fluence (entry 4 vs entry 5 ) ,  the differences are 
even greater. Clearly, the average reacting molecule 
absorbs more photons during irradiation at P(14) than 
at P(38) under otherwise identical conditions. 


RRKM theory has been used to calculate the 
branching ratio from DEC-& as a function of internal 
energy. The general formulation for using RRKM 
theory to calculate a branching ratio, p, in this way is 
given by 


where N ( E )  is the number of reactant molecules that 
decompose at energy E,  ~ H ( E )  and ~ D ( E )  are RRKM- 
calculated unimolecular rate constants for a reactant 
activated to internal energy E and EO is the threshold 
for reaction. Assuming a delta distribution among 
reacting molecules, p = ~ H ( E ) / ~ D ( E ) .  


The best fit of calculated to observed values of /3 gives 
(Er), the mean internal energy of reacting molecules. 
Parameters for the calculation of individual RRKM 
rate constants, k ~ p ) ( E ) ,  are given in the Appendix. 


Table 2. Yields and branching 


The calculations use Arrhenius parameters for the two 
channels that we determined in an independent series of 
pyrolysis experiments. l 7  The RRKM calculations using 
the parameters described in the Appendix reproduce the 
temperature dependence of both the high-pressure rate 
constant for DEC-& disappearance and the branching 
ratio in the thermal experiments to within the 
experimental accuracy. 


The results of the RRKM calculations are shown in 
Figure 3. The solid line shows branching ratios ( p )  cal- 
culated using threshold energies for the two channels, 
EOH, EOD, determined from thermal activation energies. 
The broken lines represent values of for EOH and 
EOD + u and EOH, EOD - u, where u is the standard devia- 
tion of the difference in activation energies from the 
thermal experiments. Clearly, the calculated branching 
ratio is sensitive to small changes in the threshold 
energy difference. The calculation is much less sensitive 
to other parameters. The best fit of the observed to cal- 


4 0  


\ 
\ 


E (kcal/mole) 
Figure 3 .  Branching ratio ( k ~ / k ~ )  vs internal energy for 
DEC-ds. Best fits to P(14) and P(38) data are shown. Broken 
curves represent upper and lower limits for calculated 


branching ratio based on error limits of ED (see text) 


ratios in DEC-ds IR photochemistry 


Frequency Fluence Yield per pulse Branching ratio, 
(cm-') ( (Yo) C Z H ~ / C ~ D ~  


1052 P(14) 0.86 ? 0.02 0.5 f 0.2 1.51  f 0.15 
1052 P(14) 1 . O O k  0.02 1.0 f 0.3 1.26 f 0.17 


1052 P(14) 1.4Ok 0.02 2.9 ? 0.2 1.09 ? 0.10 
1052 P(38) 1.44 f 0.04 1 . 0 2 0 . 3  1.63 ? 0.15 


1052 P(14) 1-32 2 0.02 2.5 f 0.3  1 - 1 2 ?  0.10 
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culated branching ratio gives ( E , )  = 99 kcalmol-' 
at P(14) and ( E , )  = 7 1  kcalmol-' a t  P(38). The 
absolute magnitudes of these energies have fairly 
large uncertainty owing to  the uncertainty in the 
Arrhenius parameters. However, their differences, 
(&)p(14) - (&)P(38) ,  is a t  least 20 kcalmol-'. 


There are two important implications of these data. 
First, yield vs fluence plots for DEC-do or DEC-d5 at 
either frequency are very similar to  yield/fluence data 
for a variety of other 'large' molecules.'3*25*26 The se 
data could surely be successfully fitted by an approxi- 
mate rate equation model of the type that has been used 
to  rationalize very similar yield data in a number of 
single-channel multiphoton decomposition experi- 
ments. 12c*13726 Basically these models describe how the 
energy distribution function of the absorbing popula- 
tion evolves with time. Because the complete rate 
equation matrix is difficult to  solve, models are usually 
applied to  the data in some approximate form. Since 
the basic elements of the theoretical model are well 
established, the most important remaining questions 
concern what approximations can be made that retain 
the chemically significant effects. For example, an 
approximate model, which is very appealing in its 
simplicity, has been suggested by Danen and Jang. l 3  


This model has been used to  rationalize simultaneously 
bulk absorption and yield/fluence data for several 
organic esters. 13,27 Multiphoton activation is presumed 
to  produce a Boltzman distribution of internal energies 
among reactant molecules within the irradiated volume. 
All reaction occurs after the pulse from the high-energy 
tail of this distribution. Molecules with sufficient 
energy such that unimolecular reaction rates (RRKM) 
are greater than the collisional deactivation rates are 
assumed to react. Increased fluence raises the average 
energy of the Boltzman distribution, which increases 
the population in the tail and thereby the yield. 


This model yields the clear prediction that changes in 
yield which result from variations in laser parameters 
(fluence, intensity, frequency) must always be 
accompanied by changes in branching ratio and vice 
versa. This result is required because the only parameter 
remaining in the model that is sensitive to irradiation 
conditions is the average energy of the entire ensemble 
( E ) .  Any set of frequency-fluence conditions that pro- 
duces a given yield must also, according to  this one- 
parameter model, produce a unique branching ratio. In 
fact, the same conclusion applies to any approximate 
master equation treatment that assumes a homogeneous 
ensemble of absorbers, a statistical theory for reaction 
rate constants and a simple functional form such as 
R ,  = la0 exp( - YE,)  for the absorption rates, where y is 
independent of frequency. To fit the DEC-d5 data, a 
model must be able to change simultaneously both the 
average energy and the shape of the ensemble dis- 
tribution function when frequency and fluence are 
changed. 


Two ad hoc ways to  build the required flexibility into 
the model would be first to postulate an inhomogeneous 
sample incorporating subsets of absorbing ('hot') mol- 
ecules and non-absorbing ('cold') molecules, 28829 and 
allow the relative populations of the subsets to change 
with frequency . In the case of DEC-ds, a larger frac- 
tion of the sample would be required in the absorbing 
(hot) population at P(38) but, because of the smaller 
value of Zao, the average energy of the absorbing 
population lags behind that for P(14). Secondly, permit 
y to be frequency dependent.25 At P(14), y may be 
negative and R, therefore an increasing function of  
energy. At P(38) ,  y could be positive and R,J therefore 
a decreasing function of energy. These differences will 
tend to  produce a broader, higher energy distribution 
for molecules that react a t  P(14) and one that is 
bunched a t  lower energies for P(38). There may be 
some physical justification for a difference of this type 
in the energy dependence of the P(14) and P(38) 
absorption cross-sections. Rossi el showed that for 
C3F7I the absorption spectrum at  high energies has the 
same features as the small signal absorption spectrum 
but is red-shifted by ca 20 cm-'. A progressive red shift 
in the DEC-ds spectrum would lead to  continuously 
decreasing cross-sections at P(38) but sharply 
increasing cross-sections at  P(14) over 20 cm-' of red 
shift. Independent of the details required to fit the 
DEC-ds data successfully with an approximate model, 
the first implication is that the simplest approximations 
that have been usefully applied to  single-channel reac- 
tants are probably not adequate for branching systems, 
a t  least over a range of reaction conditions. More 
remains to be learned about up-pumping rates, R,, and 
the characteristics of the ensemble energy distribution 
before models can be considered to be predictive, espe- 
cially for chemically interesting cases involving multiple 
reactant channels. 


The second implication of the branching ratio data is 
that (E , )  at these two freuqencies is very different even 
when the total yields are the same. The best fitting 
branching ratios in Figure 3 correspond to  the 
absorption of ca 24 and ca 34 photons at P(14) and 
P(38), respectively. The total unimolecular rate con- 
stants ( k ~  + k ~ )  at these energies differ by about two 
orders of magnitude: ~ ( E , ) P ( ~ ~ )  = 9.0 x lo4  s - '  and 
k ( & ) P ( 3 8 )  = 1.1 x lo7 s - ' .  It is becoming increasingly 
apparent that very large differences in the mean unimo- 
lecular reaction rate constant can be achieved with 
fairly modest alterations to the reaction conditions in 
multiphoton excitation experiments. In addition to 
these data, recent work on other branching systems has 
shown differences of over three orders of magnitude in 
k ( E , )  in response to bath gas pressure changes for 
CHzDCHzCl' and approximately two orders of mag- 
nitude in response to laser intensity with ethyl vinyl 
ether. l o  These observations foster the hope that once 
the details of pressure, intensity and frequency effects in 
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infrared multiphoton excitation are known, it can 
become a flexible method for activating chemical 
reactions capable of delivering known and variable 
amounts of energy to specific components of reacting 
mixtures. 


APPENDIX 


RRKM rate constants for each reaction channel from 
DEC-d5 were calculated from the equation” 


C t  


where 


L * = reaction path degeneracy = 3; 
Q;/QI = ratio of adiabatic partition functions = 1; 


E+ = O  P(E&) = sum of vibrational states of the 
activated complex from the threshold energy EO to 


N*(E*) = density of vibrational states of the reactant 
at internal energy E*. 


State sums and densities were calculated using the 
algorithm described by Stein and Rabinovitch. 3’ All 
internal degrees of freedom were assumed to  be har- 
monic oscillators. Frequencies for D E C - d ~  were chosen 
based on normal mode assignments for dimethyl car- 


Z E *  


E*; 


Table 3. Frequencies and degeneracies for RRKM calculations 
~- 


D E C - ~ ~  (cm- ’) kH (transition state) k D  (transition state) 


3000 (5) 3000 (5) 3000 (5) 
2150 (5) 2150 (5) 2150 (5) 
1760 1760 1760 
1430 (2) 1430 (2) 1430 (2) 
1295 1295 1295 
1150 (3) 1150 (3) 1150 (3) 
1060 (3) 1060 (3) 1060 (3) 
1030 (2) 1030 (2) 1030 (2) 
1025 1025 1025 
1000 (2) 1000 (2) 1000 (2) 
990 990 990 
950 ( 3 )  950 (3) 950 (3) 
857 857 857 
80 1 801 801 
634 634 634 
579 579 579 
518 518 518 
400 (2) 400 400 
222 320 222 
190 190 260 
90 140 90 (2) 
70 70 60 (2) 
60 75 
50 50 


bonate ” and characteristic frequencies for carbonate 
skeletons. 33 Harmonic oscillator approximations to 
torsional frequencies were calculated from 


I / 2  v = E  (5) 
2 r  I ,  


using estimatesofor VO and I,. These frequencies give a 
value for AS(600) in good agreement with group 
additivity calculations. 34 Frequencies for the activated 
complexes were obtained by dropping a C-C-0 
bending mode as the reaction coordinate and adjusting 
the torsional frequencies to fit the experimental values 
of A S * .  Frequencies are listed in Table 3. 


Arrhenius parameters were determined from 
pyrolysis experiments: I’ log k H  = 12.6 - 43 300/4; 
log k D  = 12.7 - 44400/4 (4 = RT). Values of the 
critical energies, Eo, were calculated from the Arrhenius 
activation energies. RRKM calculations were carried 
out over a range of critical energy differences, 
AEo(D-H),  that reflected the error in the thermal data”. 
High-pressure thermal rate constants and branching 
ratios calculated with RRKM theory using these par- 
ameters are in excellent agreement with the pyrolysis 
data. 
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INTERPRETATION OF 'H NMR SPECTRA OF 2- 
BENZOPYRYLIUM SALTS WITH THE USE OF THE CND0/2 


METHOD 


IRINA v. SHCHERBAKOVA,* IOSIF A. YUDILEVICH AND EVGENII v. KUZNETSOV 
Research Institute of Physical and Organic Chemistry, Rostov University, 34471 I Rostov on Don, USSR 


The 'H NMR spectra of eleven substituted 2-benzopyrylium salts are interpreted with the aid of the CNDO/2 method 
for standard geometry. Some effects of the substituents are considered for the charge distribution in the 
2-benzopyrylium cation. 


INTRODUCTION It should be emphasized that almost all known con- 
The various conversions of 2-benzopyrylium salts into 
carbo I - 3  and heteroderi~atives,~.' which have been 
used for practical purposes a l ~ o , ~ ~ '  and into different 
types of d i m e r ~ * * ~  and C-adducts" require an explana- 
tion of the results on the basis of the structures of the 
compounds used. Fairly complete structural data for 
monocyclic pyrylium salts have been reported, ' I  but so 
far few papers have been devoted to the 2-benzo- 
pyrylium salts with respect to the use of quantum 
chemical calculations for rationalization of the "C 
NMR spectra. '0,12,13 


The main aim of this work was to  correlate chemical 
shifts in the 'H NMR spectra with the charge distri- 
bution in the cation for eleven substituted 2- 
benzopyrylium salts and to establish the relationship 
between the influence of the substituents and the charge 
distribution in the cation. The latter aspect determines 
the reactivity of the 2-benzopyrylium cation. 


versions of 2-benzopyrylium salts are the result of their 
reactions with nucleophiles, l o  and 2-benzopyrylium 
behaves chemically like a carbenium and not an 
oxonium salt, similarly to  its monocyclic analogue. ' I  


This can be easily understood if one takes into account 
resonance formulae a-f where oxonium form f is 
excluded owing to the absence of an alkoxy substituent 
in position 6. 


RESULTS AND DISCUSSION 


The charge distribution in the 2-benzopyrylium cation 
was estimated by the CNDO/2 method with standard 
geometry, which revealed a good correlation with the 
I3C NMR data for 2-benzopyrylium salts13 and 
cyanoisochromenes. 


It is known that the picture of the charge distribution 
depends on the parameterization of the method used. 
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Thus, the oxygen atom has a slightly negative charge 
for the 2,4,6-trimethylpyrylium cation according to the 
CND0/2I6 and ab initio STO-3G" methods, whereas 


the first calculation for 1,3-dimethyl-2-benzopyrylium 4 
by the simple LCAO-MO method'' revealed a positive 
charge density on the oxygen atom, and its value was 


Table 1. Charge densities (CQ) of atoms C-I to C-8 calculated by the CND0/2 method (standard geometry) and measured 'H 
chemical shifts (6, ppm) of substituents/hydrogen atoms for 2-benzopyrylium salts 1-15 


Substituent c- 1 c - 3  


Compound R R' R2 CQo-2 CQc-i 6 R  I EQc - 3  6 n  


l a  CH3O 
229 CHiO 
36 CH3O 


4" H 
5 30 CH30 
6 30 CH3O 


7 l o  CHjO 


lib CHiO 


9 '  CHtO 


1031 CHiO 


11" CHiO 
1 2 b  CHjO 


13" 
1432 


H 
H 


15" CH30 


-0.131 
-0.168 
-0.151 


- 0.189 
-0.172 
-0.175 


-0,175 


-0.175 


-0.176 


-0.177 


-0.177 
- 0.176 


-0.180 
-0.183 


-0.176 


0.251 
0.240 
0.291 


0.323 
0.290 
0.282 


0.278 


0.280 


0.286 


0.255 


0.280 
0.280 


0.318 
0.316 


0.278 


- 


9.17 
2.93 


- 


2-84 
t ,  1.18, 


CH2CH3; q, 
3.38, 


CHzCHi 
d,  6H, 1.63, 
CH(CH3)2, 
J =  7 Hz; 


septet, 3.83, 
CH(CH3)z 


2.83 


S,  4.50, 
CHzCs Hs; 


S ,  
6.95, 


CHzCsHs 
m,  7.36, 


ChHs + 1H 
- 


2.85 


- 
3.10 


2.93 


0.232 
0.313 
0.224 


0.306 
0.280 
0.278 


0.277 


0.274 


0.277 


0.274 


0.284 
0-285 


0.263 
0-227 


0.259 


- 


2.42 
d,  IH, 8.28 


J = 6 H z  


2.40 
2.40 


- 


2.43 


d,  6H, 1.51 
CH(CH3)z. 
J =  7 Hz; 


septet, 2.83, 
CH(CH3h 


2.39 


2.50 


- 
5. 3.98, CH2; 
S, 6H, 3.50, 
(CHi0)2; S, 


6.60, aromatic 
3H 
- 


S, 3.50, CH3O 
and m,  4H 


from aromatic 
9H, 6.65-8.63 


m,  3H, 7.18 
m, 2H, 7.55 


a These salts have not been synthesized. 
For syntheses, see Experimental. 







INTERPRETING NMR SPECTRA USING THE CNDO/2 METHOD 577 


greater than the charge densities on  C-1 and C-3. This 
assumed the main resonance contribution from 
oxonium form a. 


Among semi-empirical calculations, the CND0/2  
method gives the most reliable results for the estimation 
of the charge distribution in the molecule and for cor- 
relations of calculated charge densities with 
experimental NMR data." The application of the 
CNDO/2 method to  the substituted 2-benzopyrylium 
cations 1-15 unambiguously predicts a negative charge 
density on the oxygen heteroatom (Table I), and this 


value hardly depends on the substituents. These results 
highlight the main contribution from carbenium reso- 
nant structures b-e in comparison with the oxonium 
form a. 


At the same time, the character of  the substituents 
and their presence in positions 1 and 3,  and the absence 
or presence of methoxy groups in positions 6 and 7 ,  
influence the picture of the charge distribution. This is 
displayed both for the calculations and for their com- 
parison with 'H NMR data for salts 2, 3, 5-10, 12, 14 
and 15. 


0.153 - 0.019 - 0.088 - -0.120 - -0.031 - 0.256 - 
-0.073 -0.135 7.02 -0.126 7.22 -0.037 7.67 0.248 3.85 0.151 3.71 


0.067 -0.092 d, 7.63 -0.117 7.18 -0.034 7.38 0.247 3.88 0.148 3.80 


0.017 -0.135 - -0.050 - 0.050 - 0.095 - -0.011 - 
0.010 -0.125 6.96 -0.122 7.22 -0.036 7.30 0.244 3.82 0.146 3.74 
0.004 -0.128 6.98 -0.122 7.24 -0.035 7.30 0'243 3.80 0.144 3.73 


J = 6 H z  


0.001 -0.127 7.00 -0.122 7.30 -0.035 7.30 0.242 3.83 0-143 3-78 


0.006 -0.131 7.00 -0.124 7.20 -0.039 7.30 0.242 3.83 0.146 3.71 


0.009 -0.128 7.02 -0.123 7.35 -0.033 7.35 0.242 3.85 0.142 3.70 


-0.019 -0.124 7.23 -0.123 7.36 -0.178 7.50 0.240 3.90 0.151 3.65 


- 0.006 -0.136 - -0.124 - -0.039 - 0-242 - 0-145 - 
- 0.005 -0.136 6.98 -0.124 7.21 -0.039 7.21 0.241 3.80 0.145 3.75 


0.055 -0.120 - 


0.089 -0.126 m, 1H 
from 
arom. 
9HI 


6.65- 
8.63 


0.019 -0'125 7.08 


-0.048 - 
-0.049 m, 1H 


from 
arom. 
9H, 


6.65- 
8.63 


-0.122 7.18 - 


0.047 - 
0.005 m, 1H 


from 
arom . 
9H, 


6.65- 
8-63 


-0.039 7.83 


0.091 - 
0.099 m, 1H 


from 
arom. 
9H, 


8-63 
0.239 3.83 


6.65- 


-0.010 - 
-0.011 m, 1H 


from 
arom. 
9H. 


8-63 
0.145 3.75 


6.65- 
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It can be seen in Table 1 that the chemical shifts of 
the methoxy substituents in both positions hardly 
depend on R ’  and R 2  and also the total charge densities 
for C-6 (CQc.6) and C-7 (CQc.7) remain unchanged. 
The 6-CH3O and 7-CH3O signals are recorded at 6 
3.80-3.90 and 3.65-3-80, respectively, in accordance 
with the calculated data. 


It should be noted that according to the calculations 
the methoxy groups do not have much influence on the 
ratio of CQc.1 and CQc.3. The presence of these substi- 
tuents leads only to a slight increase in CQc.1 [compare 
(CQc-i - CQc 3) for 4 and 5 and for 13 and 151. The 
insignificant donor effect of the methoxy groups for the 
heterocyclic fragment of the cation is corroborated by 
the nearly unchanged CQc.4 values for 4-5 and 13-15. 


However, the effect of the methoxy groups in the 
benzenoid ring annelated with the heterocyclic ring is 
strong and leads to  a sharp decrease in CQc.5 and 
CQc.8 in the absence of the substituents on the 6- and 
7-positions (compare 4-5 and 13-15 in Table 1). AS 
seen for 14, the absence of dimethoxy substitution 
markedly affects the charge and the chemical shifts at 
position 1. 


Interestingly, an example has been described of 
relationship between the methoxy group in position 6 
and the reactivity of the heterocyclic part of an iso- 
quinolinium salt: the presence of a methoxy substituent 
made position 1 passive for nucleophilic attack.” In 
contrast, no similar effect was observed for the 2-benzo- 
pyrylium salts, * - l o  and these results provide a good 
experimental support for the calculations by the 
CNDO/2 method. 


According to these calculations, the charge distri- 
bution in the heterocyclic fragment of the 2- 
benzopyryliuni cation is determined by the substituents 
a t  C-1 and C-3. Thus, the CQC.~ value depends mainly 
on the substituent in position 3 and increases consider- 
ably when R 2  = H (compare 1, 3 and 2). The influence 
of R 1  in this case is insubstantial. The 6 value of H-4 
for 2, 3, 5-10, 12 and 15 increases from 6.96 to 
7.63 ppm in the IH NMR spectra with increase in 
CQC -4 from -0.136 to -0.092 (Table 1). The unique 


compound 3 without a substituent in position 3 has 
6 = 7-63 ppm and CQC-4 = -0.092, leading to an 
apparent linear regression, and the following equation 
is given by a least-squares analysis: 


(1)  
The regression coefficient is -0.928. 


Less satisfactory relationships have been found for 
the series of charge densities for C-5 and C-8 and the 6 
values of H-5 and H-8 reported in Table 1. In these 
cases the regression coefficients are -0.461 and 
- 0-636, respectively. Obviously, this i s  the result of 
the overall effect of the methoxy, R 1  and R 2  substi- 
tuents and the anisotropic effect of the heteroatom.*’ 
Nevertheless, we have based the assignments of the H-5 
and H-8 signals at 7.18-7.50 and 7.21-7.83ppm, 
respectively, on the charge density values for C-5 and 
C-8 for salts 2, 3, 5-10, 12 and 15. 


For the heterocyclic fragment of the cation, a linear 
correlation also exists between the charge densities on 
C-1 and C-3 and the chemical shifts of the methyl 
substituents in positions 1 and 3. Thus, when R ’  = CH3 
(3, 5 ,  8, 12, 14 and 15), the increase in the CQc .I value 
from 0.278 to  0.310 gives rise to a deshielding of the 
6 value of the methyl signal from 2.83 to 3.10 ppm. 
The unique compound 14 without a dimethoxy substi- 
tuent has CQC-~ = 0.316 and 6 = 3.10 ppm for l-CH3 
methyl protons, leading to the following apparent cor- 
relation: 


6 = - 17.88CQc.4 + 9.30 


6 = 8.33CQc.i + 0.47 r = 0 * 8 6 6  (2) 


When R Z  = CH3 (2, 5 ,  7, 9 and lo), a change in CQc.3 
from 0.277 to 0.313 gives a range of 6 values of 
2-39-2.50 ppm (see Table 1). 


As one could expect,” the application of standard 
geometry for other semi-empirical calculations by the 
MIND0/3 and MNDO methods* gave no satisfactory 


* W e  did not use the AM1 method” in this case, since there 
is no need to take account of the hydrogen bond parameters 
which are the main distinguishing feature in comparison with 
the MNDO method. 


Table 2. Charge densities (CQ) of atoms C-1 to C-8 calculated by the MIND0/3 and MNDO methods with the total optimization 
of all geometric parameters for salts 2-5 


Compound Method 
~ 


c-l 


MI NDO/ 3 
MNDO 
MIND0/3 
MNDO 
MIND0/3 
MNDO 
FvlIND0/3 
MNDO 


2 


3 


4 


5 


0.4509 
0.2525 
0,4763 
0.2303 
0,5098 
0.2681 
0.4713 
0.2280 


0 -2  


-0’3170 
- 0.1024 
- 0.3228 
- 0.1055 
-~ 0’3434 
- 0.0972 
-0.3486 
- 0.1075 


- 
c-3 


0.4025 
0.1056 
0.3708 
0.1278 
0.3937 
0.0932 
0.4017 
0.1085 


c -4  


-0.1837 
- 0.0959 
- 0.1604 
- 0.0988 
-0.1617 
- 0.0668 
-0.1837 
-0.0966 


c-5 C-6 


-0.2600 0‘4618 
-0.1981 0.2965 
- 0.2554 0.4578 
- 0.1934 0.2893 
-0.0630 0.1207 
-0.0691 0.0652 
-0.2558 0’4541 
-0.1966 0.2886 


c-7  C-8 


0.3118 -0.1083 
0.1616 -0.0922 
0.3028 --0.0952 
0.1641 -0.0960 


-0.0086 0.0758 
- 0.0412 0.0227 


0.3153 -0‘1170 
0.1655 - 0’0989 
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relationships for the charge densities and the 6 values of 
2-benzopyrylium cations 1-15. At the same time the 
calculations with the total optimization of all geometric 
parameters by the MIND0/323 and MND024 methods 
revealed the same tendency for the charge distribution 
for several examples with 2-5, except CQc-1 and CQc-3 
for 2, in comparison with the CNDO/2 method (see 
Tables 1 and 2). However, the data presented in Table 
2 exhibit poorer relationships for the charge densities 
and the 'H NMR chemical shifts in comparison with 
the CND0/2  method, and especially the MNDO 
method. It should be noted that these facts are in good 
agreement with the known assessment of the applica- 
tion of different semi-empirical methods l9  and confirm 
the choice of the C N D 0 / 2  method for correlation of 
charge densities with 'H NMR data for 2-benzo- 
pyrylium salts. 


15 


The phenyl-substituted salts 10 (R'  = Ph,  R' = CH3) 
and 15 (R '  = CH3, R' = Ph) occupy a special position 
in the correlation between the quantum chemical calcu- 
lations by the CND0/2  method and experimental 'H 
NMR data. An unusual assumption has been made in 
the literature for the interpretation of the I3C NMR 
spectra of I-aryl-substituted 2-benzopyrylium salts: it 
has been assumed that the sp2 hybridized atom C-1 
exists in the geometry of sp3 hybridization. l 3  As the 
consequence, the C-1-Ar bond is out of the plane of 
the cation with simultaneous rootation of the aryl substi- 
tuent around this bond by 90 . The standard geometry 
for the CND0/2  method assumes coplanarity for the 
planar cation and the aryl substituents. This is in good 
agreement with the 'H NMR data for 15, since a 
coplanar arrangement of the cation and the phenyl 
substituent is manifested by the multiplet signals of the 
phenyl hydrogen atoms with integral intensities in a 2 : 3 
ratio. A similar observation was made for the spatial 
arrangement of the a-phenyl substituents in monocyclic 
pyrylium salts. 25 


For the case of the salt 10, the signals of the phenyl 
hydrogen atoms appear as one multiplet, which can be 
explained by the arrangement of the phenyl ring plane 
at  C-1 at an angle to the plane of the cation.25 Since this 
fact is not taken into account in the CNDO/2 method, 
an abnormally low value of CQc.8 = -0.178 is 
obtained for 10. This is why the 6 value of H-8 at 
7.50 ppm does not correlate with the charge density on 
C-8 for 10 in comparison with the other compounds 
(Table 1). Unfortunately, it is impossible to  make a 


more accurate spatial description of 10 using the 'H 
NMR data. 


It should be mentioned that the deshielding effect of 
the aryl substituent on the signal of the methyl group in 
another position of  the heterocycle is obviously due to 
the ring current having greater efficacy in the approxi- 
mate planar system26 (compare the 6 values of the 
3-methyl signal a t  2-40 and 2.50ppm for 5 and 10, 
respectively, and the 6 values of the 1-methyl signal at 
2-84, 2.93 and 3-10 ppm for 5, 15 and 14, respectively, 
in Table 1). 


The hindrance of  free rotation around the single 
bond for the bulky substituent in position 1 of the 2- 
benzopyrylium cation is obvious also for the salt 7. This 
fact makes plausible the existence of 7 as  two rotamers, 
7A and 7B. 


Recently different rotamers for the a,a'-substituted 
N-isopropylpyrylium salts have been detected by 
dynamic 'H NMR spectroscopy. 27 The isopropyl group 
in 1-isopropyl-2-methylnaphthalene is preferentially 
locked on the peri hydrogen (gear effect2') with 
rotamer 16A, but not 16B.28 


CHj 
a - 


16A - 
One can see the structural similarity between 16A and 


7A. There is also an anomalous deshielding of the 
methine hydrogen signal of the isopropyl group for 7 
(3.83 ppm) in comparison with the same signal for 8 
(2.83 ppm), whereas the change in charge densities for 
C-1 and C-3 (CND0/2 method) is almost zero. This 
result can be easily explained by the shielding of the 
methine hydrogen atom of the 1-isopropyl group due to 
the existence of 7 as the rotamer 7A, whereas there is 
no hindrance for the rotation of the 3-isopropyl group 
in 8. 
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CONCLUSION 


The 'H NMR chemical shifts of substituted 2-benzo- 
pyrylium salts are mainly in good agreement with the 
charge distribution in the cation calculated by the 
CNDO/2 method, whereas some other semi-empirical 
calculations (MIND0/2 and MNDO) d o  not give such 
a satisfactory correlation. On the basis of data 
obtained, the structural perculiarities of some 2-benzo- 
pyrylium salts can be determined. 


However, the effect of the ring current and the mag- 
netic anisotropy of the heteroatom must be taken into 
account for the deviations from linearity of the 
relationship between the proton chemical shift and the 
charge densities calculated by the the CND0/2  method 
for the 2-benzopyrylium salts. 


EXPERIMENTAL 


'H NMR spectra were recorded with a Tesla BS-487 
spectrometer at 80 MHz at 20 "C. Trifluoracetic acid 
was used as a solvent for all measurements; hexa- 
methyldisiloxane was added as the lock signal for the 
internal stabilization. 
3-Isopropyl-6,7-dimethoxy- 1 -methyl-2-benzopyrylium 


perchlorate (8) was obtained as described3' by acylation 
of 1-(3,4-dimethoxypheny1)-3-methylbutane-2-one with 
acetic anhydride in the presence of 70% perchloric acid 
(80% yield); m.p. 196 C (from glacial acetic acid). 
6,7-Dirnethoxy-3-(3,4-dimethoxybenzyl)-l methyl-2- 


benzopyryliurn perchlorate (12) was obtained by acyla- 
tion of a,a'-di(3,4-dimetho~yphenyl)acetone~~ with an 
equimolar amount of acetic tcid in polyphosphoric 
ester35 (70% yield); m.p. 201 C (from glacial acetic 
acid). 
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ACTIVATION BARRIERS IN PHOTOSENSITIZED PYRIMIDINE 
DIMER SPLITTING 


SANG-TAE KIM AND SETH D. ROSE* 
Department of Chemistry, Arizona State University, Tempe, A 2  85287-1604, USA 


Pyrimidine dimers, which form by a symmetry allowed (sf + rf )  photocycloaddition reaction, are subject to 
photosensitized cycloreversion by electron donors, such a s  indoles. In  a linked dimer-indole system, photoinitiated 
electron transfer occurs intramolecularly from indole to dimer to produce a charge-separated species (dimerr'- 
indole+'). This species undergoes cycloreversion in competition with back electron transfer. Studies of the 
temperature dependence and solvent dependence of this competition have allowed the relative values of the activation 
parameters for the competing processes to  be determined. In  water (5-65 "C) the free energy of activation of splitting 
minus that of back electron transfer (AAG' =AG?.I-AG$,,) was found to be 1.3  kcalmol-I. The enthalpy of 
activation difference (AAH * ) was found to be 1.1 kcal mol- and the entropy of activation difference (AAS * ) was 
found to be -0.51 calmol-'K-l. In EPA (diethyl ether-isopentane-ethanol, 5:5:2; -85 to 25 "C) the value of 
AAG* remained the same, but the entropy and enthalpy contributions were different (AAH* = 0.72 kcal mol-';  
AAS* = -1.8 calmol-lK-l). The results have been interpreted in terms of the effect of the polarity of the solvent 
on the transition states for the two competing processes. Enthalpy effects retard splitting more in water than in EPA, 
whereas entropy effects favor back electron transfer more in EPA than in water. Potential implications of these results 
for the mechanism of enzymatic photocycloreversion of pyrimidine dimers in DNA are considered. 


INTRODUCTION 


Pyrimidine dimers form in DNA exposed to the ultra- 
violet component of solar radiation in a symmetry 
allowed (IT: + a:) photocycloaddition reaction. ' The 
dimers are deleterious in vivo' and are substrates for 
several classes of repair enzymes. Members of one such 
class of enzymes, the photolyases, catalyze cyclo- 
reversion of the dimer to two pyrimidine nucleotides. 
The photolyases effect cycloreversion by utilization of 
near-UV and visible light,435 a remarkable phenomenon 
that has evoked much interest in the mechanism of the 
cycloreversion. It is believed that the photolyases 
achieve dimer cycloreversion by photoinitiated electron 
transfer from an enzyme-bound sensitizer to  the 
dime,. l b , 5 b S c , 5 g  to produce the dimer radical anion, the 
species that actually splits. 


Numerous ions and molecules have been found to  
sensitize pyrimidine dimer splitting in solution. ' To 
model more closely the natural systems, in which elec- 
tron transfer from the enzyme-bound sensitizer to  the 
enzyme-bound dimer is essentially intramolecular, we 
have prepared compounds in which dimers are cova- 
lently linked to  chromophores capable of photoinitiated 
electron transfer.6s8 In 1, for example, a dimer is linked 
to 5-methoxyindole, which absorbs light and transfers an 
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electron to the dimer. The resulting dimer radical anion 
in the charge-separated species (dimer -'-indole+') can 
then undergo cycloreversion, which ultimately yields 2. 
Alternatively, the dimer radical anion can transfer an 
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electron to the covalently linked indole radical cation. 
In dimer-indoles such as 1, however, back electron 
transfer limits the quantum yield of intramolecularly 
photosensitized splitting (+ = 0 .  I). * 


In a previous study,'b we found that the dimer 
radical aniori in the charge-separated species faced 
thermal barriers to splitting that were insurmountable 
at 77 K. To examine the competition between back elec- 
tron transfer and dimer radical anion splitting, we have 
measured splitting efficiency of 1 in EPA and in water 
over a wide range of temperatures. The results have 
allowed the activation enthalpies and entropies for back 
electron transfer and splitting in two solvents to be 
compared. From the activation parameters, a semi- 
quantitative energy diagram depicting the alternative 
fates of dimer radical anions in the charge-separated 
species has been constructed. These studies revealed 
features of the transition states for splitting and back 
electron transfer and have potential implications for the 
enzyme-catalyzed cycloreversion reaction. 


EXPERIMENTAL 


General. The synthesis of the linked dimer-indole 
used in this study (1) has been reported.8d EPA 
consisted of diethyl ether-isopentane-ethanol (5  : 5 : 2, 
v m .  


Quantum yield measurements. Splitting quantum 
yields were measured as follows. For 1 dissolved in 
water, photolysis was carried out with an Oriel deep UV 
source consisting of a Model 68811 power supply, 
500-W Hg-Xe short arc lamp and fused silica, four- 
element condenser. The beam was focused onto the 
entrance slit of a Jarrel-Ash 0.25-m monochromator 
equipped with a ruled grating (2360 grooves mm-')  
blazed at 300nm. The light beam leaving the 
monochromator was focused on a quartz cuvet 
containing a stiried solution of 1. In the photolysis 
carried out at 25 C,  the beam was split with a quartz 
plate to allow simultaneous irradiation of I and a 
ferrioxalate actinometer solution. The solutions were 
irradiated at 304 nm ( I  .6 nm bandwidth). The extent of 
dimer splitting was determined from the increase in 
absorbance of the solution at 276 nm.8a To obtain 
quantum yields of dimer splitting at 5 ,  45 and 65 "C, 
the absorbance at 276 nm was monitored at intervals of 
30 s of irradiation and the data were plotted as 
In(A - &)/(A0 - A,) versus time. Comparison of the 
slopes to the slope from a photolysis that was carried 
out at 25 "C allowed quantum yields at the three other 
temperatures lo be evaluated. 


For 1 dissolved in EPA, the light source was a 500-W 
high-pressure Xe arc lamp with a Princeton Applied 
Research Model 301 power supply. The light beam was 
focused onto the entrance slit of a Jobin-Yvon Model 
M-25 holographic grating monochromator. Photolyses 


at 300 nm (15 nm bandwidth) wer; carried out for 
45 min at  25, - 10, -70 and -85 C. Samples of 1 
dissolved in EPA (A300 = 0.228) were placed in a quartz 
tube (3 mm i.d.), which in turn was placed in a quartz 
Dewar vessel containing a bath equilibrated at the 
desired temperature. The baths used were ethylene 
glycol-C02 ( - 10 "C), isopropanol-C02 ( - 70 'C) and 
diethyl ether-COz ( -  85 "C). The shape of the Dewar 
vessel prevented solid C02 from obstructing the light 
beam. The irradiation was periodically interrupted to 
allow agitation of the bath to maintain a uniform 
temperature. Temperatures were measured with a 
Weksler thermometer (range - 100 to  50°C) that was 
checked against a calibrated thermocouple. The 
thermometer was inserted into the space to be occupied 
by the quartz tube when the irradiation was performed. 


A solution of 1 in EPA at 25 "C was also irradiated 
at 304nm with the Hg-Xe deep UV source, which 
allowed the quantum yield of splitting to be determined 
by comparison to the value obtained for 1 in water at 
the same temperature. The quantum yields for the 
irradiation of 1 in EPA at various temperatures with the 
Xe source were then calculattd from the value 
determined for 1 in EPA at 25 C with the Hg-Xe 
source. 


Fluorescence emission measurements. Fluorescence 
emission measurements were carried out on 1 and 
5methoxytryptophol with instruments described 
previously'" and yielded intensities F and Fo, 
respectively. For 1 dissolved in EPA, the excitation 
wavelength was 300 nm. For 1 dissolved in water, the 
fluorescence intensity was monitored with excitation ar 
304 nm. 


RESULTS 


Splitting quantum yields and fluorescence intensity 


Dimer splitting by 1 during steady-state irradiation at 
304 nm followed first-order kinetics, as evidenced by 
the linearity of the semi-logarithmic plot shown in 
Figure 1. This ensured that under these conditions only 
intramolecular photosensitization was occurring. In a 
typical experiment (25 OC, water) the absorbance at 
276 nm increased from A" = 0.118 to A, = 0.391. The 
values of +'spl in water and in EPA at various 
temperatures are given in Table 1. The measured 
fluorescence intensity ratios for I and 5-methoxy- 
tryptophol are also given in Table I .  


Evaluation of activation parameters 


Irradiation of 1 in water and in EPA at different 
temperatures allowed activation parameters to be 
assessed as follows. It is assumed that the dimer radicat 
anion has two reactions open to it, back electron 
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Figure 1. Kinetics of the cycloreversion of 1 to 2 


Table 1. Splitting quantum yields (aspi) for 1 
and fluorescence intensity ratios (F/ Fo) for 1 ( F )  
relative to 5-methoxytryptophol ( F o )  as a func- 


tion of solvent and temperature 


F/ Fo %I 


T ('c) Water EPA Water EPA 


65 0.02 0.13 
45 0.04 0.11 
25 0.03 0.12 0.10 0.094 


- 10 0.17 0.078 
- 70 0.53 0.031 
- 85 0.54 0.025 


5 0-03 0.090 


transfer and splitting. The partitioning of dimer radical 
anion between these paths depends on their activation 
barriers. Based on transition-state theory, the rate 
constants for splitting (kspl) and back electron transfer 
(kbet) are related to  their respective free energies of 
activation by 


The rate constants are related to the observed 
quantum yield of dimer splitting and the quantum 
efficiency of formation of the precursor charge- 
separated species &,, by 


(2) 
kspl 


*,PI = dcss 
kbet + k s p i  


which can be rearranged to  


(3) 


If it is assumed that attachment of dimer to  indole 
simply provides a new decay path (electron transfer 8e) 
for the indole in its excited singlet state, then the 


quantum yield of formation of the charge-separated 
species (I&) is related to the observed fluorescence of 
1 ( F )  relative to that of a corresponding indole without 
attached dimer (Fo) by* 


(4) 


Combination of equations (3) and (4) with equation (1) 
and conversion to  logarithmic form gives 


Finally, substitution of A H *  - TAS*  for A G *  and 
rearrangement gives 


(AH$I - AHget) 
R T  


(AS$ - ASger) 
R 


(6) 


Hence the activation parameters for the competing 
pathways can be evaluated from measurements of 
splitting quantum yield and fluorescence intensity a t  
various temperatures by plotting the left side of 
equation (6) versus 1/T. Data obtained from 1 i? water 
and in EP! over the temperature ranges 5-65 C and 
-85 to  25 C, respectively, are plotted in this way in 
Figure 2. Also shown are the linear least-squares lines 


+ 


I 


-2.0 


-2 .5 


- 3 0  1 I 


0.003 0.004 0.005 


L (K-') 
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Figure 2. Temperature dependence of cycloreversion of 1 to 2 
in water ( 0 )  and EPA ( ) 


*This equation is derived from the following: FO =k f /  


where the subscript f signifies fluorescence, d non-radiative 
decay (other than by electron transfer) and et electron 
transfer. The derivation also requires I the use of 


(kt + kd) .  F =  kf/(kf + k d  + ket) and & s \  = ket/(kf f kd + kc,), 


FIFO = [(kf + kd f k e t )  - kc,] /  (kf + kd + ket) .  
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Table2. Activation parameters for photolysis of 1 in water 
and EPA 


AAC* a at 298 K A A H t  AAS' 
Solvent (kcal mol- ' )  (kcal m o l - ' )  (cal m o l - ' K -  I) 


Water 1 .3  5 0.1 1 . 1  50.1 -0.51 t 0.25 
EPA 1 '3 '0 .1  0 . 7 2 5 0 . 0 3  -1 .8 ' 0 .1  


AAG * = A G  ?,I - A G  f, The activation enthalpy and activation 
entropy differences are defined analogously. 


through the data (for water, r=0.996;  for EPA, 
r = 0.998). The activation enthalpy differences 
(AAH* ) were obtained from the slopes, and the acti- 
vation entropy differences ( A A S  * ) were obtained from 
the intercepts. From these values the activation free 
energy differences ( A A G * )  for 1 in both water and 
EPA at 25 OC were calculated. The values of these acti- 
vation parameters are given in Table 2. 


DISCUSSION 


In the linked dimer-sensitizer system 1, absorption of 
light by the indole results in efficient electron transfer to 
the covalently linked pyrimidine dimer. The pyrimidine 
dimer radical anion thereby formed undergoes either 
cycloreversion or back electron transfer. This 
mechanism is schematically represented by 


hv D-I ___) D-I* -t 


1 


REACTION 


2 


The fact that the quantum yield of splitting is low 
(e.g. @ = 0 -  10 in water at room temperature) implies 
that back electron transfer is the faster process. From 
the activation enthalpy and entropy data (Table 2 and 
Fig. 2), the free energy of activation for splitting in 
water or EPA at 25 "C was found to be 1 . 3  kcalmol- ' 
higher than the free energy of activation for back elec- 
tron transfer. A semi-quantitative energy diagram 


Figure 3. Semi-quantitative energy diagram for the two paths available to the charge-separated species'(D- -1' ), back electron 
transfer ( k b e t )  and splitting (k$,,l) 
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depicting these mechanistic alternatives is shown in 
Fig. 3. The charge-separated species (D-'-I+'), gener- 
ated by photoinitiated electron transfer from indole to  
dimer, is located centrally on the abscissa. This species 
faces two energy barriers, one for back electron 
transfer, which regenerates D-I, and one for splitting, 
which produces a pyrimidine and a pyrimidine radical 
anion (Py-Py-'-I+.). 


Although the free energy differences for splitting and 
back electron transfer are the same (within 
experimental error) in the two solvents a t  25 OC, the 
enthalpy and entropy contributions to  the free-energy 
barriers are not the same for the two solvents. In 
water, almost all of the free energy of activation 
difference arises from the enthalpy component (1 1 
out of 1.3 kcalmol-I). The enthalpic and entropic 
contributions to AAG* in EPA, however, are more 
nearly equal ( A A H *  accounts for 0-72 out of 
1 . 3  kcalmol-I). 


Since splitting produces a pyrimidine radical anion in 
which charge is more delocalized than in the dimer 
radical anion, loss of solvation occurs at the transition 
state for splitting. lo  This manifests itself in the enthalpy 
component of the free energy barrier. The magnitude of 
AAH* is smaller in EPA than water, presumably 
because of the lower polarity of the solvent mixture 
EPA (even if the most polar component, ethanol, pref- 
erentially solvates the charge-separated species). lo We 
have previously found that electron delocalization in 
the dimer radical anion itself is significant,6 and this 
must mitigate the overall increase in charge delocaliza- 
tion that results from splitting. 


During splitting, both bond breaking and desolvation 
may occur on the same time scale. Back electron 
transfer, on the other hand, does not consist simply of 
charge annihilation and consequent desolvation at  the 
transition state. Indeed, if this were the case, back elec- 
tron transfer would experience a greater loss of solva- 
tion than splitting does, and AAH* would probably be 
negative. 


Electron-transfer theories formulate an essential 
reorganization of solvent and reactants that must occur 
prior to  electron transfer. I '  Such reorganization 
arranges solvent and reactant nuclei in such a way that 
the energy of the system at the instant of actual electron 
transfer is the same whether the electron is on the donor 
or on the acceptor. The reorganization of solvent con- 
tributes to the free-energy barrier, and it has enthalpic 
and entropic components. In the case of 1 in water, the 
enthalpic component of the solvent reorganization 
energy is apparently 1 . 1  kcalmol-' less than the 
enthalpy change due to  partial loss of solvation during 
splitting. 


Entropic effects on splitting and back electron 
transfer nearly cancel each other in water 
( -  TAAS * = 0.2 kcal mol-' a t  298 K),  but are slightly 
larger in EPA ( -  TAAS * = 0.5 kcal mol-' at 298 K). 


This may be a consequence of a higher ordering 
required of the less polar solvent mixture (EPA) prior 
to  the actual electron transfer step.* 


These results have potential implications for the 
enzyme-catalyzed cycloreversion of dimers in DNA by 
the photolyases, a highly efficient process (@ = 1)5a3b, '2  
that is temperature dependent. 4b,g Wexasc and others5b2c 
have suggested that the photolyases prevent back elec- 
tron transfer and/or reduce the energy barrier faced by 
splitting. 8b Although specific catalytic steps (i.e. 
transfer of the charge away from the primary donor) 
might effectively accomplish these results, the degree of 
polarity of the active site may also influence splitting 
efficiency. 


The chromophore pocket of a t  least one photolyase 
is thought to  be hydrophobic. 5a Based on the results 
obtained for 1 in EPA, less polar environments are 
expected to favor splitting relative to  back electron 
transfer via a reduced enthalpy contribution to the split- 
ting barrier, but to retard splitting due to  promotion of 
back electron transfer, as a consequence of entropy 
effects. t Whether hydrophobic active sites are tailored 
to reduce the enthalpy contribution to  the barrier faced 
by splitting and/or to  counteract the unfavorable 
entropy effects associated with splitting relative to back 
electron transfer must await further investigation of the 
natural systems. 
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In that case xSpl and Xbet will not cancel when the ratio shown 
in equation (1) is taken. 
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sion of polarity from water to EPA is accompanied by a trade- 
off between enthalpy and entropy effects, i.e. as one decreases 
the other increases, with AAG * remaining approximately 
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transfer. In other words, AAG* might be considerably less 
than the value found for water and EPA. 
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ROLES OF KINETIC AND POTENTIAL ENERGIES IN 
CONJUGATION II.* ANILINE AND NITROBENZENE 


HIROSHI ICHIKAWAt AND KEIICHIRO SAMESHIMA 
Division of Chemical Physics, Hoshi College of Pharmacy, Shinagawa, Tokyo 142, Japan 


An analysis of the energy components of the conjugation energy between the substituent and the phenyl group in 
aniline and nitrobenzene showed that there are two types of conjugation: the conjugation energy in aniline, with an 
electron-donating substituent, is given by the decrease in the kinetic energy of electrons, whereas that in nitrobenzene, 
with an electron-withdrawing substituent, is caused by the decrease in the potential energy. Physical interpretations 
are given of the arrows in the organic electron theory of these compounds. 


Conjugation is associated with energetic stabilization in 
the a-electron system. The fundamental energies which 
govern a system are electrostatic potentials (between 
electrons, between an electron and a nucleus and 
between nuclei) and kinetic energies of nuclei and elec- 
trons and in a balance given by the virial theorem. Since 
nuclear motion can be treated separately, the major 
and important energies in this study were the potential 
energy ( V )  and the kinetic energy of electrons ( T ) .  We 
considered that conjugation can be interpreted in such 
energy terms. 


Based on the above idea, in Part I '  we studied the 
process of conjugation in vinylamine and nitroethene as 
prototypes of the conjugation between a T system and 
an electron-donating or -withdrawing substituent. The 
conclusion was that there were two different modes 
of conjugation: the conjugative stability given by a 
decrease in the kinetic energy of electrons and that 
given by a decrease in the potential energy, which could 
be termed the conjugations of the kinetic energy origin 
and the potential energy origin, respectively. The 
conjugative stability in vinylamine is produced by an 
excess decrease in the kinetic energy over the increase in 
the potential energy (the kinetic energy origin), which 
was attributed to a release of the kinetic energy pressure 
of the lone pair of electrons on nitrogen. On the other 
hand, the conjugation of nitroethene causes an over- 
whelming decrease in the potential energy, especially 
that belonging to the nitro group (the potential energy 
origin). Here a further question is whether or not these 
findings are valid for benzene derivatives. The marked 


* For Part 1, see Ref. 1. 
t Author for correspondence. 


difference in the T systems between the vinyl and phenyl 
groups is in that the latter has an aromatic stabilization 
energy. 


EXPERIMENTAL 


Energy component calculation. In the Hartree-Fock 
MO theory, the Fock operator is composed of the sum 
of the operators associated with the kinetic energy of an 
electron, the potential energy of an electron in the field 
of nuclear charges and the repulsion energy between 
electrons. The electronic energy (Eel) of a molecule is 
hence divided into the kinetic energy of electrons (E') 
and electronic potential energy. The latter is further 
divided into an attractive one-electron potential ( E  ') 
and repulsive two-electron ( E J )  energies. They are 
calculated by the following equations: 


E J  = 1/2 C Prs(F,s - T r s  - Vrs) (3) 


where P,, T,s, I/, and F, are the density, kinetic 
energy, one-electron potential energy and Fock matrix 
elements, respectively, between atomic orbitals r and s. 
The summation may run over all atomic orbitals. The 
potential ( V )  and kinetic energies ( T )  are thus, given by 


r, s 


T =  E~ 
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where E& is the nuclear repulsion energy between 
atoms A and B and. the summation may run over all 
atoms without duplication. 


In the LCAO hI0  theory, each M O  is expanded by 
a linear combination of atomic orbitals, and via the 
Fock matrix the three- and four-centre integrals of two- 
electron integrals can be reduced to two-centre terms. 
Hence both the total ( E )  and the component energies 
are formally expressed by the sum of monocentric (EA)  
and bicentric (EAs) terms. Following the method pre- 
sented in the definition of Mulliken population 
analysis, the kinetic and potential energies with respect 
to the electrons belonging to a specific atom, X ,  T ( X )  
and V ( X )  are defined as 


V(x) = E; i- E$ + 1/2 ( E ~ A  + E l A  + E$A) (6) 
X # A  


and 


T ( x ) = E $ +  1/2 C EL ( 7 )  
Xf A 


Since the wavefunction is expressed by the Slater 
determinant with the elements of molecular orbitals 
(MOs: $,) and since 7~ MOs do not mix with (I MOs in 
a planar *-conjugated system, Eel and its component 
energies in a conjugative structure can also be expressed 
as the sum of r- and o-electron e n e r g i e ~ . ~  Details of the 
calculation may be found e l ~ e w h e r e . ~  -' 


The above technique has some fundamental difficul- 
ties. The partitioned energies are dependent on the size 
of the system and the basis set of the M O  method.' 
Therefore, one cannot compare the EX values (where 
X =  T,  V and J) in different systems and in different 
basis sets. To avoid such difficulties, the partitioned 
energies should be compared only in the same system 
and the same basis set in addition to the requirement 
that the basis set must be carefully chosen. 


We have already studied the basis set dependence of 
energy components and found that the 4-31G9 and 
6-31G" basis sets give the fairly reasonable results. 
Therefore, we adopted 4-31G in this study. The com- 
ponents of the total energy were shown to be sensitively 
affected by the threshold of geometry optimization. I '  


The convergence at the density matrix in the SCF itera- 
tion is also another important condition which affects 
the energy components, we adopted the thresholds of 
0.00075 (maximum) and 0.00005 (rms) hartreelbohr or 
rad for geometry optimization, which is less than one 
fifth in the standard optimization and lo-'' of the SCF 
tolerance at the density matrix, which is 1000 times 
severer than the standard SCF criterion ( lo- ' ) .  We 
used the GAUSSIAN-80H program [a Hitac version of 
the GAUSSIAN-80 program (QCPE 437, 1982)] at the 
Computer Center in the University of Tokyo. [In the 
study of prototypes by 6-311G** (for the 6-311G** 
basis set, see Ref. 12), we adopted a much severer 
threshold [0*00003 (maximum) and 0-00002 (rms) (har- 


tree/bohr or rad); the present thresholds are the prac- 
tical compromises given in Ref. 1 I ] .  


Method of analysis. We examined aniline 
(CsHsNHz) as a benzene derivative with a typical 
electron-donating substituent and nitrobenzene 
(c6H5N02) as one with a typical electron-withdrawing 
substituent. Those compounds are known to have a 
planar or near-planar geometry as the most stable con- 
formation. 1 3 - "  Such planarity may be the result of 
conjugation. If there were no conjugation between the 
phenyl group and the substituent, the orthogonal struc- 
ture would be the most stable conformation because 
such a structure has the least interatomic repulsions 
(steric effect). We therefore employed the optimized 
orthogonal structure (A) as the reactant structure for 
the conjugation (Schemes 1 & 2 ) .  


A 


/ I .' / 


B 


Scheme 1 


A + B' 


A' - B 


A:geometry-optimized orthogonal structure 


B:geometry-optimized planar structure 


Scheme 2 


The total energy of any stationary system consists of 
T and V in a balance determined by the virial ratio 
(V/  T = - 2) .  The balance is broken in the chemical 
process because the change of either Tor Vexceeds that 
of the other. Our method is t o  examine this imbalance. 


Consider the process when A becomes the planar 
structure (B) through the minimum energy path. As the 
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angle of the planes between the phenyl group and the 
functional group (0) decreases to zero, the bond length 
between the carbon and nitrogen atoms and the geom- 
etries around the functional group may be changed. 
Since angular coordinates do not contribute to the virial 
relationship, l7  the equation 


V =  - 2 T  (8) 
holds exactly in this process. 


The geometrical change on the minimum energy path 
takes place as the result of the conjugation, which con- 
sists of three primary effects: the change in interatomic 
distances, the loss of hyperconjugation and the forma- 
tion of x bonds between the phenyl and functional 
groups, each of which involves an energetic change. It 
should be noted that in order to study the cause of the 
conjugation, one must eliminate the eflects caused by 
the geometrical changes. To this end we considered a 
pfanar intermediate structure (B’) for which all geo- 
metrical parameters were the same as those in A except 
8 ,  which is the same value as in B, usually zero. With 
this structure the virial theorem [Eqn(8)] no longer 
holds; elimination of the geometrical effect causes an 
imbalance in the virial relationship, which we carefully 
analysed. The energy difference between A and B‘ is 
produced by the T conjugation and that between B’ and 
B corresponds to the energy caused by the geometrical 
change due to the conjugation. 


We also considered the process in which the 
optimized conjugative structure (B) was changed 
without optimization, to the orthogonal structure (A‘) 
by simple rotation of the substituent; the energy change 
between B and A‘  corresponds to the broken conjuga- 
tion. With the orthogonal structure, the x conjugation 
is broken and may be replaced by a weak hyperconjuga- 
tion. The energy at the orthogonal structure includes 
the effect of such a hyperconjugation. 


RESULTS AND DISCUSSION 


An i I i n e 


The optimized geometries of aniline and nitrobenzene 
in both A and B conformations are shown in Table 1. 
In accordance with reported observations, 13,14 the two 
hydrogen atoms of the NH2 groups are located slightly 
out of the molecular plane. 


MO calculations ’* and measurements of dipole 
moments I 3 , l 4  showed that the lone pair of electrons on 
the nitrogen atom of the substituent flows to the phenyl 
group. The conjugation in aniline is expressed in 
organic chemistry as shown in Scheme 3, which 
explains well the chemical nature of aniline. Here the 
question was, “Why do the electrons on the atom with 
a high electronegativity flow to the carbon atoms with 
a low electronegativity?” The answers to this question 
have not yet been elucidated, although the MO 


H H 
‘CN/ 


6 
H \+/” -+ 


Scheme 3 


interaction between the phenyl group and its substituent 
has been studied in many cases. Probable answers are 
that the lone pair of electrons delocalizes (1) to release 
their own interelectronic repulsion and (2)  to release the 
kinetic energy pressure of the lone pair of electrons 
(since without conjugation the lone pair of electrons 
must localize itself in a small region of the atomic 
orbital, resulting in a high kinetic energy). 


On changing from A to B’ ,  the total energy is 
decreased. Such a stabilization is produced by 
conjugation between the two functional groups. The 
changes in energy components are important; the 
potential energy increases while the kinetic energy 
decreases. The change in the kinetic energy is much 
larger than that in the potential energy, causing the 
total energy to be lower. Hence the decrease in the 
kinetic energy is the source of the conjugation stability. 


Since the geometries for both A and B are optimized 
with respect to the respective total energies, the energy 
change between A and B (Figure 1) must satisfy the 
virial theorem of difference, AT = - A V/2,  where AT 
and A V are the differences between two conformations. 
Comparison of B’  with B reveals that although 
optimization of all geometrical parameters does not 
produce a large amount of total energy, its components 
encounter drastic changes: the potential energy drops 
by 195 kJmol-’ while the kinetic energy rises by 188 
kJmol-’, resulting in the virial theorem of difference 
between A and B being reasonably satisfied. 


The process B -+ A‘ is the case when the conjugation 
between the substituent and the phenyl group is 
disrupted. The total and kinetic energies increase while 
the potential energy decreases, indicating that the 
kinetic energy favours prevention of the conjugation 
from being broken. 


We then examined the energy change on each atom. 
As shown in Table 2 ,  the electron densities on N, C-1,  
C-3 and C-3’ are reduced by conjugation. In contrast, 
those on C-2,  C-2’ and C-4 are increased, indicating the 
ortho/para orientation of the substituent. The kinetic 
energy on the N atom is substantially lowered by the 
process A + B‘,  i.e. the kinetic energy pressure on the 
N atoms is released by conjugation. This supports the 
conclusion that the release of the kinetic energy 
pressure on N is responsible for conjugation. 







590 H. ICHIKAWA AND K. SAMESHIMA 


Table 1. Optimized geometries of A and B conformations 
(4-3 1 G )  


Aniline Nitrobenzene 
(X = H) 


Parameter A B A B 


(X = 0)" 


Bond lengths ( A  ) 
1.3853 1.3298 1.3754 1.3806 
1.3873 1.3928 
1.3833 1.3803 1.3825 1.3803 
1.3832 1.3803 
1.3834 I .3835 
1.3834 1.3836 
1.4254 1.3779 
1.0705 1.0730 
1.0728 1.0730 
1.0720 1.0726 
1.0721 1.0726 
1.0720 1.0710 
0.9938 0.9884 


120.57 120.45 
118.00 120.43 
120.12 120.91 
120.05 120.90 
119.69 118.75 
121.58 118.56 
119.14 120.73 
118.37 119.49 
122.08 119.49 
119.84 119.15 
119.87 119.17 
120.18 120.63 
144.84 121.07 


1.3837 1.3846 


1.4572 1.4466 
1.0704 1.0678 


1.0704 1.0703 


1.0710 1.0713 
1.2206 1.2240 


118.39 118.66 


120.11 120-06 


120.68 120.43 
120.68 122.13 
118.66 118.04 
120.45 119.84 


119.63 119.67 


119.84 119.78 
117.61 118.22 


229 - 
I \  


A €3 
Figure 1 .  Changes in the total ( E ) ,  kinetic ( T )  and potential 
( V )  energies (kJmol-I)  as the conformation changes from A 


to B and from B to A in aniline 


Nitrobenzene 


The nitrogen atom in nitrobenzene has been determined 
by both calculation and experiment to have a planar 
conformation. I 5 s L 6  Scheme 4 shows the organic- 


c, 


4\ 7- +b H 


Scheme 4 


chemical expression of the conjugation in nitrobenzene, 
which suggests that the a electrons in the phenyl group 
move to  the nitro group and are localized there. The 
MO theoretical calculations and the measured dipole 


agree with such an organic-chemical 
expression. 


The enerw changes in nitrobenzene. which are 
-72.59 -0.00 90.00 0.00 displayed inyigure 2,show a sharp contrast to the case 


L XzNCiCz 72'59 180.00 -90.00 180'00 with aniline: with the planar structure, the potential 
energy is lower and the kinetic energy is higher than 


potential energy exceeds that in the kinetic energy. 


'Symmetry: Czu. 
hCounterclockwise twist angle around the C-N bond to (he molecular those for the The change in the 
plane. 
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Hence the conjugation stability is produced by a 
decrease in the potential energy. The energetic changes 
for the process B -+ A '  also indicate that the potential 
energy prevents the conjugation from being broken. 


The changes in the electron densities and the 
partitioned energies in the process A -+ B ' correspond 
to the situation that the electrons in the phenyl group, 
especially those at C-4, move to  the oxygen atoms of 
the nitro groups and that such a migration is caused by 
a lowering of the potential energy at the oxygen atoms. 
An increase in the electron density at C-1 is interpreted 
as the allylic position to  the two oxygen atoms, which 
have two and three lone pairs of electrons. Those results 
are in agreement with the organic chemical-expression. 


Change in T kinetic energy 


The resonance energy in unsaturated hydrocarbons has 
been shown to be related to  the x kinetic energy of 
electrons in the system. Substituent effects in benzene 
derivatives are also interpreted in terms of conjugation 
in the T electron systems, where essentially no u 
electrons are considered. It is therefore desirable to  
explain the substituent effect in terms of the ?r-electron 
energies only. 


With a planar structure, the energies for the H 
electrons can be treated separately from the u energies. 
The orthogonal structure completely breaks the x 
conjugation between the substituent and the phenyl 
groups. Instead, however, hyperconjugation takes 
place, making it difficult to  handle the pure x electron 
energy. Therefore, we treated the case when the 
distance, R ,  between the phenyl group and the 


substituent is stretched from 1 . 3  to  2.4 A with the 
planar conformations being retained. 


Figure 3 shows the changes in the K kinetic energies 
as functions of R.  The lines A and D represent the total 


/37  \ \ - 33 


I 


,-36 ' -36 


A A' €3' B 
Figure 2. Changes in the total ( E ) ,  kinetic (T) and potential 
( V )  energies (kJ mol-') as the conformation changes from A 


to B and from B to A in nitrobenzene 


Table 2. Electron density, kinetic energy and potential energy on atom in a n  orthogonal conformation (A) and their 
differences from a planar conformation (B')  by 4-31G 


Electron density Kinetic energy Potential energy 


A b  Difference' Compound Atom A Difference" A b  Difference' 


Aniline N 
CI 
CZ 
c2, 
c3 
c3, 


c4 
Nitrobenzene 0 


N 
CI 
c 2  


c3 


c4 


7.9060 
5.8199 
6.1568 
6.1781 
6.1923 
6.1914 
6.1886 
8 ' 3747 
6.7946 
5.7754 
6.1245 
6.1925 
6.1699 


- 11.0 
-98.3 


64.7 
41.5 


- 26.3 
-25.0 


28.3 
21.3 


32.3 
- 1.3 
14.0 


- 15.7 


-29.7 


55.684364 - 


37.722858 
37.888 140 
37 *903598 
37.881380 
37.876084 
37 .a73689 
74.817790 
54.393404 
37.854483 
37.7476 14 
37.869993 
37.867525 


2884 
- 91 


63 
- 12 
- 91 
- 73 


34 
- 17 


17 
- 19 
- 7  


2 
- 7  


- 114'311307 
-74.325963 
-76.504265 
-76.653488 
-76.723785 
-76'707479 
-76.656360 


-108.019134 
-151.798898 


-73.656430 
-76.430838 
-76.965416 
-76.739853 


- 98 
1795 


- 1182 
- 649 


574 
493 


- 378 
- 362 


59 
21 1 
29 


9 
3 


a D(B' ) - D(A) in lo-' electron unit. 
In Hartrees. 
X(B') - X(A) in kJ mol-', where X is the kinetic or potential energy. 
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the NO2 group, causing a high kinetic energy owing to  
localization of the electrons on NO2. 


CONCLUSION 


The results on the conjugation between the phenyl 
groups and its substituent are similar to those for the 
ethylene derivatives. There are two different types of 
conjugation. In a benzene derivative with an electron- 
donating substituent, the conjugation causes the de- 
localization of the electrons on the substituent to  the 
benzene n system to release the kinetic energy pressure 
of a lone pair of electrons (kinetic-energy origin) [the 
kinetic energy or kinetic energy pressure is easily related 
to  the uncertainty principle (see Refs 19 and 2O)J. On 
the other hand, conjugation of the T system with an 
electron-withdrawing substituent lowers the potential 
energy of the substituent (potential-energy origin). 


The conjugations that we studied here are the typical 
cases which represent substituents with electron- 
donating and -withdrawing characteristics. However, 
other substituents may not be so delineated and may 
possess both electron-donating and -withdrawing 
characteristics. A detailed study of such compounds 
will require the precise determination of the potential 
and kinetic energies, perhaps using a method that 
exceeds the level of the Hartree-Fock theory. 


Figure 3. Changes in n kinetic energies as  functions of R ,  the 
distance between the phenyl group and the substituent by 
4-31G. The lines A and D represent the total kinetic energies 
and while B,C and E,F represent the kinetic energies of the 
substituents (B and E) and the phenyl groups (C and F) in 


aniline and nitrobenzene, respectively 


T kinetic energies and B,E and C,F  represent the T 


kinetic energies of the substituents (B and E) and the 
phenyl group (C and F) in aniline and nitrobenzene, 
respectively. 


From these curves, if we consider the way that the 
NH2 group approaches to  the phenyl group, in aniline 
as R becomes shorter, the T kinetic energy of NHz 
becomes lower whereas that of C6H5 becomes higher. 
However, the decrease exceeds the increase and 
consequently the total kinetic energy decreases until 
R = 1 . 5  A. The kinetic energy decrease in NHz and the 
increase in C6H5 can be interpreted as being caused by 
the kinetic energy release in NH2 and the increase in the 
T electrons in CsH5, respectively. 


The changes in the n kinetic energy in nitrobenzene 
appear to  be smaller but more complicated than those 
in aniline.The total kinetic energy shows a minimum at 
R = 1 . 7 5  A, which is far longer than the optimized 
distance (R  = 1.4 A). The substituent portion increases 
while the T kinetic energy of the phenyl group 
continuously decreases, indicating that as R becomes 
shorter the T electrons on the phenyl group flow into 
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BOROHYDRIDE REDUCTION OF ALKYL PHENYL KETONES 


COLUMN 
WITHIN A REVERSED-PHASE LIQUID CHROMATOGRAPHIC 


DAVID A. JAEGER* AND MALGORZATA WEGRZYN CLENNAN 
Department of Chemistry, University of Wyoming, Laramie, Wyoming 82071, U.S.A 


The reductions of propiophenone and octanophenone to 1-phenylpropan-1-01 and 1-phenyloctan-1-01, respectively, 
with sodium borohydride and tetrabutylammonium borohydride were performed on a reversed-phase high- 
performance liquid chromatographic (HPLC) column of macroporous 10-pm poly(styrene-divinylbenzene) under 
HLPC conditions. I n  these reactions a lower concentration of tetrabutylammonium borohydride than of sodium 
borohydride was needed to effect the same extent of reduction, and modest substrate selectivity was obtained. 


Reversed-phase high-performance liquid chromato- 
graphic (HPLC) columns are used routinely for 
analytical and preparative separations, but only 
infrequently as reaction media. For example, on 
alkylsilane-bonded silica columns, we have performed 
aromatic chlorinations of alkyl phenyl ethers by 
chlorine water, ' Tanaka and co-workers.' nucleophilic 
substitution reactions and Langer and co-workers3 
esterifications. We have also reported hydroxide ion- 
catalyzed hydrolyses of p-nitrophenyl esters on a 
column of poly(~tyrene-divinylbenzene).~ The use of a 
reversed-phase column as a chemical reactor offers a 
potential alternative to procedures such as phase 
transfer and micellar catalysis for reactions of water- 
insoluble organic substrates with water-soluble inor- 
ganic reagents, with the added possibility of reaction 
selectivity, as observed in our two studies above. ' ,4 We 
report here a study of the reduction of propiophenone 
(1) and octanophenone (2) to I-phenylpropan-1-01 and 
1-phenyloctan-1-01, respectively, with sodium boro- 
hydride (3) and tetrabutylammonium borohydride (4) 
on a 15 cm x 4.1 mm i.d. column of macroporous 
10-pm poly(styrene-divinylbenzene) (PRP- 1) under 
HPLC conditions. 


Two closely related HPLC reaction procedures were 
used for individual reactions of 1 and 2. Procedure A, 
summarized in Figure 1 and similar to that used pre- 
v i o ~ s l y , ~  is as follows. The column was equilibrated at 
23 2 1 "C with an acetonitrile-water mixture or water 
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alone. Then, at time f = O ,  5.0 @I of 0.50 M 1 (2) in 
acetonitrile was injected, and the eluent at a flow-rate 
of 0 . 7  mlmin- '  was changed to 100% water, if 
necessary, to ensure immobilization of 1 (2) within the 
column by its sorption to  the polymer. At I =  4 - 5  min, 
2-00 ml of a solution of 0.010-1.25 M 3 (4) in 2.5  mM 
sodium hydroxide solution was injected, and the flow- 
rate was either left at 0 . 7  mlmin-' or changed to a 
value between 0.30 and 2-0 rnlmin-'. At f = 14.5 min, 
the flow-rate was returned to 0 .7  mlmin-'. At the same 
time, the eluent was linearly changed to 60% (v/v) ace- 
tonitrile during 3 rnin with 3, or during 5 min with 4, 
for reactions of 1, or to  90% acetonitrile during 5 rnin 
for those of 2. In procedure B, the events at t = 4.5 and 
14.5 min were delayed by 3.5 min, i.e. they were 
performed at t = 8.0 and 18.0 min, respectively. 


Procedure C was used for the competition runs and 
differed from procedure A as follows. At t = 0, 5.0 pI 
of 0.050 M 1 in acetonitrile was injected, followed by 
5.0 pl of 0.050 M 2 in acetonitrile at t = 1 min. Then 3 
(4) was injected at t = 5 . 5  min, and the eluent was 
changed at t = 1 5 . 5  rnin to 60% acetonitrile during 
2 min, and at t = 25 rnin to 90% acetonitrile during 
2 min. 


With these procedures excess of 3 eluted with the void 
volume of the column (1 a 3  ml)' and excess of 4 at ca 
20 rnin after its injection. In procedures A and B, the 
alcohol product eluted next, followed by 1 (2), as deter- 
mined by a calibrated UV detector (254 nm) attached to  
the column outlet. In procedure C,  1-phenylpropan-1-01 
and 1 eluted before 1-phenyloctan-1-01 and 2. 


The kinetics of the reductions of 1 and 2 by 3 within 
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ketone(s) gradient elution 
start injected; of unreacted 
column eluant = H,O; ketone@) begun; 
equilibration flow rate = 0.7 mUmin flow rate = 0.7 mUmin 


t m e  
3 (4) inlected; 
flow rate adjusted 


end 01 procedure 
alter elution 
of ketones 


Figure 1. Summary of HPLC reaction procedure A 


Table 1 .  Individual reductions of 1 and 2 with 3a 
~ 


Retention times 
of 1/2 (min)b 103k+(s- l)c,d 


Equilibration 
Entry Substrate solvent (v/v) A B A B 


~ ~ 


1 1 HzO 30.9 10 (84) 
2 1 20 : 80 MeCN-H20 30.8 3 3 . 3  3.7 (45) 3.1 
3 1 40 : 60 MeCN-H2O 29.4 32.2 4.7 (56) 4 .3  
4' 1 60 : 40 MeCN-H20 30.1 8.4 (76) 


6 2 Hz0 35.8 1.7 
I 2 40 : 60 MeCN-HzO 32.7 35.9 2 .9  (36) 3.9 
8 2 60: 40 MeCN-HZO 32.3 35.7 1 .4  2.3 
9 2 80 : 20 MeCN-H20 30.8 34.1 5.0 (60) 5 . 5  


a Procedures A (Figure 1) and B in the text were used unless indicated otherwise. [3] = 0.75 and 1.25 M in the 
2.00-ml aliquots of 2 . 5  mM NaOH for entries 1-5 and 6-9, respectively. 
bFor each entry the values represent the averages of the retention times in procedures A and B from f = 0 for 
the separate runs in the kinetic determinations; average deviation 20 .3  min. 
'Averages of duplicate determinations; the estimated limits of error are ? 10%. 
dEach value in parentheses is the percentage reduction for the kinetic point in procedure A with flow-rate 
0.7 mlmin". 
e A  different elution gradient was used; at / = 14.5 rnin, the acetonitrile content was increased to 45% during 
3 min. 
'A modification of procedure A was used; see the text for details. 


5' 1 20: 80 MeCN-H20 27.6 4 . 4  


the column were studied as a function of the eluent 
composition used for column equilibration and were 
determined with adaptations of procedures developed 
by Langer and co-workers3 and Bentley and Gream.6 
In  procedures A and B,  the use of different flow-rates 
during the 10-min periods from t = 4.5 to  14.5 min and 
from t = 8.0 to  18.0 min, respectively, gave different 
contact/reaction times for a ketone with the 2.00-ml 
aliquot of aqueous 3. Thus, flow-rates of 0.30 and 
2 - 0  mlmin-I correspond to reaction times of 6 . 7  and 
1 . O  min, respectively. Plots of In (070 unreacted ketone) 
vs reaction time were uniformly linear and comparable 
to  those in Figure 2 in Ref. 4. The resulting observed 
pseudo-first-order rate constants, k+, are summarized in 
Table 1. 


The above kinetic method could not be applied to  the 
reductions with 4 since it did not elute with the void 
volume. Therefore, only percentage reductions to the 
alcohols are given in the summary in Table 2. Also, 


only percentage reductions are given for the competitive 
runs summarized in Table 3. 


The second-order rate consta2t for the reduction of 
1 by 3 in propan-2-01 at 25.0 C is known,' and at  
[3] = 0.75 M, as used in entries 1-5 in Table 1, corres- 
ponds t o  k+ = 5.87 x s-'. In water, k+ should be 
greater.' In any event, the k+ values in Table 1 for 
reactions performed under the HPLC conditions are 
comparable to  those obtained for homogeneous 
reactions in polar hydroxylic solvents. 


The partitioning of a ketone between the polymer 
phase and a mobile phase rich in water overwhelmingly 
favors the former. Thus, 1 (2) is effectively immobilized 
within the column during its reaction with 3 (4). There 
are four possible reaction sites: (a) mobile phase outside 
the polymer beads; (b)  liquid phase inside the pores of 
the beads; (c) liquid-polymer interface on the pore 
walls; and (d) bead interior. For reasons noted earlier,4 
it is unlikely that any 1 (2) resides a t  side d. Also, as 
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Table 2. Individual reductions of 1 and 2 with 4” 


Retention 
Equilibration time of 


Entry Substrate [41 solvent (v/v) 1/2 (min)‘ Reduction ( ‘70)~  


10 1 0.010 HzO 29.8 43 
I I  1 0.025 20 : 80 MeCN-H20 29.7 52 
12 2 0.20 Hz0 33.2 47 
13 2 0.050 60 : 40 MeCN-HzO 32.1 39 
14 2 0.050 80 : 20 MeCN-H2O 31.3 90 


“Procedure A in the text was used with flow-rate 0.1 mlmin-‘  throughout. 
bContained in the 2.00-ml aliquot of 2.5 n m  NaOH. 


‘ Averages of duplicate runs; average deviarion k 1%. 
From I = 0. 


Table 3. Competitive reductions of 1 and 


Reducing agentb Reduction ( ‘70)~ 
Equilibration Flow-rate, 


Entry Compound Concentration (M) solvent (v/v) (ml min- ’ )‘ 1 2 


IS 3 
16 4 


0.75 
0.050 


HzO 0.25 > 99 50 
HzO 0.30 > 99 30 


’Procedure C in the text was used 
bContained in the 2.00-ml aliquot of 2.5 m M  NaOH 
‘Used from I =  5 . 5  to 1 5 . 5  min. 


Averages of duplicate runs: average deviation 2 3% 


reaction at site a cannot be readily distinguished from 
that at site b,4 only the former is mentioned specifically 
in the following discussion. Thus, overall, a given 
reduction occurs at site a after desorption of 1 (2) from 
the polymer surface and/or at site c. Further, it is 
assumed that the reactivity of 1 (2) at site a is greater 
than that at site c. Desorption of a compound from a 
surface is a first-order process, and a bimolecular 
reaction on a sparsely covered surface is first order in 
each reactant.’ 


Based on control runs in our  earlier s t ~ d y , ~  there was 
residual acetonitrile in the eluent during the reaction 
periods of procedures A-C, except when 10040 water 
was used for column equilibration. It was also dem- 
onstrated that the greater the relative amount of aceto- 
nitrile used in the equilibration solvent, the greater was 
the amount left in the eluent during the reaction 
period. ‘ 


In Table 1 the value of k+ varied with the solvent used 
for column equilibration. In entries 1 and 6, it is pro- 
posed that 1 and 2 reacted at site c, with perhaps a small 
contribution from site a for 1. On going from entry 1 
to  2, kiCA’ decreased. Since the solubility of 1 in the 
mobile phase in entry 2, containing residual acetoni- 
trile, should be greater than that in the mobile phase in 
entry 1,  an increase in kitA’ might have been expected 
as the result of more desorption of 1 from site c into the 


mobile phase. Apparently, any enhanced desorption 
was countered by solvent effects on the reactions at sites 
a and c. On going from entries 2 and 3 to 4, kitA) 
increased. In entry 4, enhanced desorption due to the 
larger amount of residual acetonitrile has almost over- 
come the solvent effects. It is unclear why > k$(”’ 
in entries 2 and 3, whereas k$‘”’ > k$*) in entries 7-9. 
With procedure B there should be less acetonitrile in the 
eluent during the reaction period. Perhaps the opposite 
trends reflect different blends of solvent effects on 
desorption and the rates of reactions at sites a and c. In 
entry 5, a modification of procedure A was used. At 
t =0 ,  the eluent was not changed to 100% water; 
instead it was left a t  20% acetonitrile, the equilibration 
solvent, until the gradient elution was begun at 
t = 14.5 min. The lower k $  for this entry compared 
with entry 1 is consistent with the proposed solvents 
effects. 


increased, 
opposite to the decreases uniformly obtained for k $  on 
going from entry 1 to  entries 2-4. Presumably for 2 
there are greater solvent effects on desorption than on 
the reactions at sites a and c. The decreases in and 
k$B) on going from entry 7 to 8 are unclear but could 
reflect different blends of solvent effects as suggested 
above for the trend in kiCA’ and k$@’ compared with 


On going from entry 6 to  entries 7-9, 


and k,$(B). 
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The extents of reduction in Tables 1 and 2 are com- 
parable, even though the concentrations of 4 used in the 
latter are considerably lower than those of 3 in the 
former. This greater efficiency with 4 derives from at  
least two related factors. First, since 4 did not elute in 
the void volume of the column after its injection, it par- 
titioned from the mobile phase onto the polymer 
surface to a greater extent than did 3. Therefore, the 
effective concentrations of 4 at  site c in the runs of 
Table 2 were probably comparable to, or greater than, 
those of 3 in the runs in Table 1, even though the 
formal concentrations of 4 were lower. Second, the 
greater retention of 4 by the column resulted in longer 
reaction/contact times for 1 (2) with 4 than with 3. 


The competition runs in Table 3 were performed 
under conditions which, based on the results in Tables 
1 and 2, maximized the reactivity difference between 1 
and 2. The selectivity with 4 was greater than with 3. 


The retention times for 1 were the same in entries 1 
and 2 of Table 1, even though different equilibration 
solvents were used. This invariance suggests that 1 was 
immobilized at the same point along the length of the 
column. Analogous statements pertain to 2 in entries 
6-8 in Table 1, and to 1 in entries 10 and 11 in Table 
2. The decrease in retention time for 1 on going to  entry 
3 in Table 1 is consistent with the use of an equi- 
libration solvent containing more acetonitrile. Hence 
there is a greater fraction of residual acetonitrile in the 
eluent that carries 1 further down the column before its 
immobilization. Equivalent statements apply to  2 in 
entry 9 in Table 1 and entries 13 and 14 in Table 2. 
Also, note that a single retention time was obtained in 
each entry in Table 1, even though different flow-rates 
were used during a 10-min period in procedures A and 
B after the injection of 3. This fact suggests that 1 (2) 
remains immobilized during its reaction with 3 (4). In 
Table 1, with acetonitrile-water (40 : 60) the retention 
times decreased for 1 in entry 3 but not for 2 in entry 
7 .  This difference reflects the greater lipophilicity of the 
latter. It is reasonable that the retention time of 2 
decreased only with a greater fraction of acetonitrile, as 
in entry 9. 


In Table 1, 1 is uniformly more reactive than 2 with 
a given equilibration solvent, and the greatest reactivity 
differences were obtained with 100% water and aceto- 
nitrile-water (60: 40) equilibration. In entry 6, k$(A) 
was not determined, but it is probably less than k$B', 
since k$'*' < k$(B' in entries 7-9. Hence with 100% 
water equilibration, ki'A'/k$'A' 2 5.9, and with aceto- 
nitrile-water (60 : 40) equilibration in entries 4 and 8, 
k$'A'/k$'A' = 6.0. However, these rate constant ratios 
are minimum values since [3] in the 2.00-ml aliquot 
was greater in the reductions of 2. Quantitative rate 
comparisons cannot be made for the reductions of 1 
and 2 with 4 in Table 2, but it is qualitatively apparent 
that the former is more reactive. In entries 10 and 12 
with 100% water equilibration, comparable extents of 


reduction were obtained, but the [4] used for 2 was 20 
times greater than that for 1. In the competition runs in 
Table 3, essentially complete conversions of 1 were 
obtained with only 50% and 30% reductions of 2 with 
3 and 4, respectively. 


The greatest reactivity differences observed between 1 
and 2 in the HPLC reactions with borohydride are 
probably greater than the intrinsic reactivity difference 
in water by factors of ca 3 with 3 and ca 6 with 4. At 
25 "C in propan-2-01, the relative reactivity ratio for 
acetophenone and 1 in reactions with 3 is 1 s o 0  : 0.56,7 
and the reactivity of 2 should be somewhat, but not 
much, less than that of 1. In the hydroxide ion- 
catalyzed hydrolysis of RC02C6H4N02-p, another 
reaction involving rate-determining nucleophilic attack 
at  a carbonyl carbon, the relative reactivity ratio with 
R = M e ,  ~ - C ~ H I I ,  n;$,H15 and n-C9H19 was 
1.00:0.53:0.55:0.23. The greater reactivity of 1 
under a given set of HPLC reaction conditions prob- 
ably derives from its greater propensity to  desorb from 
the polymer surface with a resultant greater contribu- 
tion from reaction at  site a in comparison with that at 
site c. A reactivity difference between alkyl phenyl 
ketones in reduction by borohydride has also been 
obtained in a surfactant-based organized medium. In a 
water-in-oil microemulsion containing 3, the reactivity 
ratio for 1 and octadecanophenone was 1 .O  : 0.056. 
This result was attributed to  a difference in the parti- 
tioning of the two ketones between the oil pseudo-phase 
and the interphase, the reaction site. 


In summary, it has been shown that a reserved-phase 
HPLC column can be used as a chemical reactor in real 
time (i.e. with continuous eluent flow) for the reduction 
of ketones to alcohols by borohydride. In these 
reactions a lower concentration of 4 than of 3 was 
needed to effect the same extent of reduction, and 
modest substrate selectivity was obtained for com- 
pounds with comparable intrinsic reactivities but 
different relative hydrophilic/lipophilic characters. 


EXPERIMENTAL 


General procedures and materials. The HPLC 
reactions were performed on a 15 cm x 4 - 1  mm i.d. 
stainless-steel column packed with 10-pm 
poly(styrene-divinylbenzene) (PRP-1) from Hamilton. 
The characteristics of the column have been reported. 
A Beckman Model 344 gradient liquid chromatograph, 
an Altex Model 210 injector fitted with a 2.00-mI 
sample loop and a Beckman Model 165 variable- 
wavelength detector (254 nm) were used. A column 
inlet filter (2 mm) was inserted between the injector and 
column, and a back-pressure regulator was attached to 
the detector outflow. The pump pressure did not exceed 
2000 psi. The PRP-1 column was washed with 2 - 0  ml 
of 2% hydrochloric acid after each run. Quantitations 
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were performed on a Hewlett-Packard Model 3390A 
reporting integrator. HPLC-grade water and aceto- 
nitrile (J. T. Baker) were used. Compounds 1, 3 and 4 
were used as received (Aldrich); 2 (Aldrich) was purified 
by HPLC on a 25 cm x 10 mm i.d. column of 7-pm 
LiChrosorb RP-18 (EM Science) with 100% acetonitrile 
as eluent. 


HPLC kinetic measurements, Reaoctions were per- 
formed at room temperature (23 2 1 C) with the pro- 
cedures given in the text. The extent of reaction was 
determined by comparison of the peak area for 
unreacted ketone with that for ketone in a blank.6 Rate 
constants were obtained by least-squares analysis. 
The product alcohols, I-phenylpropan-1-01 and 
I-phenyloctan-1-01, were identified by comparison with 
the retention times of authentic materials. '' Even 
though the volume of the aliquot of 3 will increase as 
it moves through the column owing to  dilution by the 
eluent, the initial volume was used in calculations. It is 
likely, a t  least for runs where little or no acetonitrile 
was used in the equilibration solvent, that 1 (2) was 
absorbed by the polymer at  or near the head of the 
column, where minimal dilution of the aliquot has 
occurred. The volume of the line between the injector 
and the column inlet was 0.02 ml. 
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A VALENCE AND CHARGE CRITERION FOR REACTIVITY OF 
7r ELECTRON SYSTEMS 


KARL JUG AND ANDREAS M. KOSTER 
Theoretische Chemie, Universitat Hannover, Am Kleinen Felde 30, 3000 Hannover 1, F.R.G. 


A new criterion for the reactivity of I electron systems is proposed. The method incorporates and modifies ideas of 
Coulson and Fukui et al. about free valence. The proposed reactivity index includes covalent and ionic components 
and is suitable for electrophilic, radical and nucleophilic attack. The method is tested for a few simple r systems and 
differences from Coulson and Fukui et al. are discussed. Finally, it is applied to the electrophilic attack of a series 
of substituted benzenes and to nucleophilic attack of a series of substituted benzoic acid esters. 


INTRODUCTION 


The definition and application of reactivity indices has 
been an important topic in the development of quantum 
chemistry. In the framework of valence bond (VB) 
theory, Svartholm ' calculated electronic charge dis- 
tributions in condensed unsaturated hydrocarbons. 
Svartholm recognized two different competing kinds of 
reactivity, namely reactivity at atoms and reactivity at 
bonds. The uneven distribution of a electrons in such 
systems was considered to  be the key to  reactivity. 
Daudel and Pullman' improved this approach by nor- 
malizing the sum of all portions of a electrons in bonds 
or a t  atoms to  the total number of K electrons. This 
procedure allowed a comparison between sites in dif- 
ferent molecules and predicted trends from benzene to 
anthracene. It was concluded that the a-position in 
naphthalene is more reactive than the carbon positions 
in benzene. This was the intuitive birth of the idea of 
free valence of atoms in molecules. This expression was 
actually introduced by Daudel et a / . 3  several years 
later. 


An alternative concept was created by Coulson4 in 
the framework of molecular orbital (MO) theory. 
Coulson considered the a electron system of a molecule 
on the Huckel level and defined charge q~ and the bond 
order PAB between atomic a electron orbitals a and b 
at different atomic centres A and B as 


occ 
q A  = C c f a  


occ 
P A B  = CiaCib 


I 


where the c i .  are the expansion coefficients of MOs $; 
in AOs xa:  


+i = C c r a x a  ( 2 )  
(I 


'I'he u electrons were considered as a non-polarizable 
core and neglected in the subsequent discussion. The 
valence number NA of an atom was then defined as the 
sum of all bond orders PAS of neighbour atoms B 
which were bound to  reference atom A :  


NA = ~ P A B  (3) 
B 


It was then postulated that a maximum valence number 
could be obtained depending on the nature of the atom 
and its state of hybridization. Free valence of an atom 
for a free-radical attacks was then introduced as 


FA= Nmax- NA 14) 


N,,, = 8 was the maximum for tertiary carbon atoms, 
N,,, = f i  for secondary carbon atoms and N,,, = 1 for 
primary carbon atoms.6 N A  = N,,, = & is reached in 
trimethylenemethane. In Coulson's approach, the influ- 
ence of charge was completely disregarded, but it would 
be essential for electrophilic and nucleophilic attack. In 
the following we call FA the Coulson reactivity index. 


Fukui et a/.' recognized the importance of frontier 
orbitals. The electronic distribution of the highest mol- 
ecular orbital (HOMO) for an electrophilic reaction and 
the lowest unoccupied molecular orbital (LUMO) for a 
nucleophilic reaction. * The highest singly occupied 
molecular orbital (SOMO) was considered most impor- 
tant in a radical reaction. The frontier orbital concept 
was based on the observation that the valence orbitals 
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play the key role in the formation of molecules from 
atoms. Recently, Fujimoto et al.’ modified this idea by 
a projection technique with a reference function which 
is projected on all occupied and unoccupied orbitals. 
This procedure serves to  generate localized orbitals on 
the specific reactive region of molecules. The idea was 
applied to substitution reaction in benzenes and 
addition reactions of the Diels-Alder type. lo 


Reactivity indices of the type introduced by Daudel 
et a/ . ,  Coulson and Fukui et a/. serve to  interpret the 
initiation of the chemical reaction. They are concerned 
with the pretransition stage, but d o  not describe the 
final stage of the reaction, in particular the relative 
stability of the product. In the following section, we 
introduce a new reactivity index which combines the 
covalent and ionic influences of a reactive system. We 
then demonstrate the similarities and differences with 
respect to Coulson and Fukui et al. Finally, we apply 
the method to a series of substituted benzenes and 
benzoic acid esters. 


COVALENT AND IONIC REACTIVITY 


Since Coulson’s idea of a reactivity index was super- 
seded by the more specific approach of Fukui et a/.,  
we shall address ourselves in detail only to  the latter. 
Fukui et a/ .  distinguished between reactions with a 
nucleophilic, an electrophic and a radical reagent 
(Figure 1). In a nucleophilic reaction, the reagent fur- 
nishes electrons from its HOMO for binding with unoc- 
cupied molecular orbitals (UMOs). From perturbation 
theory, Fukui e t a / .  concluded that this transfer of elec- 
trons would be inversely proportional to  the energy dif- 
ference between the HOMO of the reagent and the 
UMO of the reactant and proportional to  the magni- 
tude of charge that an UMO can attract at a particular 
atomic site. On the Huckel level, one can then define 
the following dimensionless quantity as the reactivity 
index Rj for nucleophilic attack at  atom A :  


( 5 )  


Here it is assumed that there is only one s orbital a on 
atom A .  


In a similar way, the efficiency of an electrophilic 
reaction depends on the feasibility of transfer of elec- 
trons from all occupied molecular orbitals (OMOs) to  
the LUMO of the electrophilic reagent. If the reactant 
is a closed-shell system, the corresponding equation 
would be 


P UMOs 


R 2 = 2  c I ~ ‘ -  


I Q - c, 


(6) 


In a radical reaction two ways of charge transfer are 
possible. Electrons can be transferred from the OMOs 
of the reactant to the SOMO of the radical reagent or 
from the SOMO of the reagent to  the UMOs of the 


P OMOs 


R 5 = 2  c,~~------  
I El - a! 


4% 
Reactant Reagent (Nucleophile) 


.- 


Reactant Reagent (Electrophile) 


Reagent (Radical) Reactant 


Figure 1. Reactions with (a) nucleophilic, (b) electrophilic and 
(c) radical reagents 


reactant. In consequence, a combined equation from 
nucleophilic and electrophilic attack is obtained for the 
radical reactivity index: 


P OMos 
UMOs 


R2 = c cIa2 __ + c cIaZ __ 
I a - - I  I E, - Q 


In all cases 01 refers to  the MO energy of the reagents, 
i.e. HOMO for nucleophiles, LUMO for electrophiles 
and SOMO for radicals. We now propose the following 
alternative procedure. We consider the electron transfer 
in the light of changes in covalent and ionic bonding in 
the reactant. The covalent bonding of atom A in the 
reactant can be described by the atomic valence number 
V..” This index was derived from an equation sug- 
gested by Wiberg l2 and based on symmetrically ortho- 
gonalized atomic orbitals. l 3  


The atomic valence number VA measures the amount 
of covalent bonding and antibonding extended from 
atom A to all other atoms in the molecule. We suggest 
that the reactivity of atom A in the reactant is increased 
if the covalent bonding in the reactant a t  the reactive 
site is reduced by the electron transfer. The lost valence 
in the reactant can then be used for the new bonding 
between reactant and reagent. However, there is also an 
ionic component in the reactivity which is important in 
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nucleophilic and electrophilic attack. We argue sim- 
ilarly to  Fukui et al. that the reactivity also increases 
with increasing change in charge at a particular atomic 
site. Parr and YangI4 introduced the so-called Fukui 
function which measures the change in density with 
respect to change in the number of electrons. The more 
atom A is able to  acquire charge in a nucleophilic 
attack or lose charge in an electrophilic attack, the more 
it should react. However, this simple picture has to  be 
modified. Atom A will favour the acquisition of charge 
in a nucleophilic attack only to  the point where it 
reaches its normal charge, i.e. the charge in the free 
neutral atom. If its net charge is already negative, it will 
resist further charge transfer and reduce the reactivity 
index R". In an electrophilic reaction, an atom with a 
negative net charge will favour charge transfer to  the 
electrophilic reagent, whereas an atom with a positive 
net charge will resist charge transfer. 


We therefore suggest the following reactivity index 
R" for a nucleophilic reaction at  the site of atom A of 
the reactant: 


with A V A i  = VAi - VAO, Aqai = qAi - qA0 and KA = QA. 
Here VAO and q ~ o  are valence number and electronic 
charge of atom A in the ground state of the reactant, 
respectively, and V A ~  and qAi are the valence number 
and charge of the dianion of the reactant where UMO 
i is doubly occupied. Similarly to  Coulson, the valence 
numbers VAO and V A ~  are calculated with the inclusion 
of nearest neighbours only. This approach differs from 
our previous papers where all other atoms were 
included. QA is the net charge on atom A .  Nalewajski 
and Koninski15 extended the discussion of Parr and 
Yang by inclusion of the perturbing electrostatic poten- 
tial produced by a point charge reagent. Lee et al.I6 
concentrated on the charge transfer by using the con- 
densed Fukui function, which corresponds to  the A q  of 
the second term in equation (8). However, there is an 
additional covalent contribution contained in the first 
term. This contribution is not present in Lee er d . ' s  
theory. 


In a similar way, R: for an electrophilic attack can 
be defined as 


OMOs HOMO 
&ethylene R 2 =  C ( - A V A i + K A  AqAi)-  


I Ei 
(9) 


Finally, the radical attack is expressed by a combination 
of the two previous equations: 


It is now necessary t o  observe that 


1 2  nucleoDhilic UMO 


electrophilic O M 0  


The reactivity index RL for radical attack is not the 
average of the indices for nucleophilic and electrophilic 
attack, because the covalent term is quadratic and the 
ionic term linear in density matrix elements. In sum- 
mary, we can say that each covalent term depends on a 
sum of interactions between the reference atom and its 
neighbour atoms and each ionic term on the reference 
atom. It is not possible to reduce the covalent term to 
charge contributions only. In the following section we 
give details and discuss the significance of this 
approach. 


COMPARISON O F  DIFFERENT METHODS FOR 
SIMPLE A ELECTRON SYSTEMS 


Let us start with the simplest case of a reaction with eth- 
ylene. For nucleophilic, electrophilic and radical attack 
of a reagent, we calculate the reactivity indices R", R e  
and R'. In Coulson's approach, these three reactivity 
indices are all equal and represented by the free valence 
index Fc. Since the A bond order PCC between the two 
carbon atoms is 1, FC = 0.73 according t o  equation 4 
and NmaX=B. 


In Fukui et al.'s approach we can use c = CY - p for 
the single UMO, .c = a + /3 for the single O M 0  and 
ca2 = 0-5  for both UMO and OMO. In consequence, we 
obtain R = 1 for nucleophilic, electrophilic and radical 
attack according to  equations 5-7. 


In our new approach we need the following three 
density matrices for the calculation of the reactivity 
indices: 


P o =  (; ;), P " =  (; ;), p e =  (; ;) 
Here Po is the A orbital density matrix of the ground 
state of ethylene, P" the corresponding matrix of the 
dianion and Pe the matrix of the dication. For 
nucleophilic attack we obtain A VC = - I ,  Aqc = 1 and 
KC = 0, hence RE = 1. For electrophilic attack we 
obtain AVC = - 1 ,  A q c  = - 1 and KC =0,  hence 
RE = 1. In a similar way one can derive Rk = 1 . 5 .  This 
means that there is no qualitative difference between 
Coulson's, Fukui er al.'s and our new approach with 
respect the three types of reactivity in ethylene. 


To understand more generally the similarities and 
differences between the three methods, we have calcu- 
lated reactivity indices for several simple A electron 
systems. The results for nucleophilic reactivity indices 
R" are given in Table 1, for electrophilic reactivity 
indices Re in Table 2 and for radical reactivity indices 
R' in Table 3. Here we have used Hiickel calculations 
throughout for uniform comparison and in particular 
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since Fukui el al.'s method was formulated on this 
level. 


From Table 1, it is obvious that Coulson's approach 
is in general unqualified for the description of 
nucleophilic reactivity. It reproduces the trends cor- 
rectly only for ethylene and butadiene, but cannot 
identify the most reactive centre in the other molecules. 
The trends of Fukui et al.'s and our approach are very 
similar and even the numbers are very close in most 
cases. The sequences of reactive centres are the same for 
all molecules with these two methods. The correct pre- 
diction is particularly striking in the case of acrolein, 


where the most reactive centre is indeed the carbon 
atom C-1. This is supported by the fact that a Michael 
addition of acrolein occurs via a 1,4-nucleophilic 
attack." However, if we compare the relative reac- 
tivities of different molecules, Fukui et al.'s method 
would predict that acrolein is more reactive than for- 
maldehyde, whereas this work suggests the opposite 
trend. From the literature, we would expect formalde- 
hyde to be more reactive, since the equilibrium constant 
K = k l /k-  I for the reaction 


K 
CHzO + HzO. HOCHzOH (1 1 )  


Table 1. Reactivity index R" for nucleophilic reactions of selected molecules with different 
methods 


~ - ~ 


R" a 


Reactive 
Molecule centre A B C D E 


HzC=CHz C 
HlC=CHCH=CHz c- 1 


c - 2  
HzC=CHCH=O c- 1 


c - 2  
c - 3  
0 


HzC=O C 
0 


HCOOH C 
0- 1 
0 - 2  


o=c=o C 
0 


0.73 1 .oo 1 .oo 1 .oo 
0.84 1.34 1.34 1.34 
0.39 0.90 0.90 0.90 
0.87 2.72 2.28 1.65 
0.37 0.86 0.79 0.82 
0.48 2.35 1.62 0.83 
0.98 1 ' 12 1.07 1.67 
0.84 2.34 2.34 1.29 
0.84 0.89 0.89 1.29 
0.53 1.82 1.81 1.01 
0.93 0.56 0.49 0.81 
1.33 0.15 0.07 0.21 
0.39 1.33 1.33 0.89 
1.06 0.33 0.22 0.45 


0.00 
0.00 
0.00 
0.63 


- 0.03 
0.79 


1.05 


0.80 


-0.60 


-0.40 


-0.32 
-0.14 


0.44 
- 0.23 


'A ,  Coulson (Huckel); B, Fukui  e/  at. (Huckel); C, this work (Huckel); D, this work (Huckel, covalent part); 
E ,  this work (Huckel, ionic part). 


'Table 2. Reactivity index R e  for electrophilic reactions of selected molecules with different 
methods 


R'" 
Reactive 


Molecule centre A B C D E 


H2C=CH2 C 
H*C=CHCH=CH2 c- 1 


c - 2  
HzC=CHCH=O c-1 


c-2 
c - 3  
0 


HzC=O C 
0 


HCOOH C 
0- 1 
0-2  


o=c=o C 
0 


0.73 1 .oo 1 .oo 
0.84 1.34 1.34 
0.39 0.90 0.90 
0.87 0.72 0.69 
0.37 0.86 1.02 
0.48 0.18 0.32 
0.98 1.12 0.89 
0.84 0.34 0.34 
0.84 0.89 0.89 
0.53 0.30 0.21 
0.93 1.05 1.13 
1.33 0.91 0.60 - 
0.39 0.33 0.34 
1.06 1.33 1.11  


1.00 0.00 
1.34 0.00 
0.90 0.00 
0.86 -0.17 
0.99 0-03 
0.33 ~ 0.01 
0.30 0.59 
0.49 -0.15 
0.49 0.40 
0.34 -0-13 
0.55 0.58 
0.21 0.81 
0.44 - 0.10 
0.22 0.89 


' A s  in Table I .  
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Table 3. Reactivity index R‘ for radical reactions of selected molecules with different methods 


R r a  
Reactive 


Molecule centre A B C D E 


H2C=CH2 C 
H2C=CHCH=CHz c- 1 


c -2  
HzC=CHCH=O c- 1 


c -2  
c -3  
0 


H2C=O C 
0 


HCOOH C 
0- 1 
0-2  


o=c=o C 
0 


0.73 1 .oo 1 .so 0.75 0.75 
0.84 1,34 1-57 0-78 0.78 
0.39 0.90 1.34 0.67 0.67 
0.87 1.72 1.72 0.46 1.26 
0.37 0.86 1.31 0.66 0.65 
0.48 1.26 1.41 0.27 1.14 
0.98 1.12 1.25 0.53 0.72 
0.84 1.34 1.79 0.29 1.50 
0.84 0.89 1.33 0.57 0.76 
0.53 1.06 1.40 0.24 1.16 
0.93 0.80 1.08 0.45 0.63 
1.33 0.53 0.46 0.37 0.09 
0.39 0.83 1.17 0.28 0.89 
1.06 0.83 0.84 0.61 0.23 


~~ 


3As in Table 1, except I), this work (Huckel, electrophilic part); E, this work (Hiickel, nucleophilic part). 


is much larger for formaldehyde than for other alde- 
hydes. This is conclusive under the assumption that the 
rate constant k - I  for the back-reaction is independent 
of the particular aldehyde. 


Table 2 for electrophilic reactions shows again the 
lack of suitability of Coulson’s method and the results 
are rather erratic. Again, Fukui et d . ’ s  and this method 
show similar trends for all cases except acrolein. Fukui 
et a/.’s method would predict the oxygen atom to be the 
most reactive centre, whereas we predict the second 
carbon atom to be most reactive. In the case of an elec- 
trophilic attack of Br2 on unsaturated carbonyl com- 
pounds, our prediction seems to  be supported. I 8  For 
formaldehyde Lee et al. l6 predicted the same reactive 
centres for nucleophilic and electrophilic attack as we 
do. 


In the two cases of nucleophilic and electrophilic 
attack, our equations allow a convenient decomposition 
of the reactivity index into covalent and ionic contribu- 
tions. From Table 1 it can be seen that for the 
nucleophilic attack of the six molecules the covalent 
contribution is always positive and dominant. The ionic 
contribution can enhance or diminish the covalent influ- 
ence. In the case of the electrophilic attack there is a 
similar picture but with two exceptions. In HCOOH 
and C02 the ionic contribution dominates. For the 0 - 2  
atom of the former molecule the covalent contribution 
is even negative. 


Table 3 presents the reactivity indices for radical 
reactions. Again the Coulson index fails for molecules 
with heteroatoms. There is again parallelism between 
Fukui et al.’s and our proposed method. The only 
exception is COz, where Fukui et al.’s method predict 
equal reactivity for the C and 0 atoms. We predict 
more reactivity at the carbon centre. This seems more 
plausible since the nucleophilic power of the carbon 


atom was more pronounced that the electrophilic power 
of oxygen. From the last two columns it appears that 
the nucleophilic contribution dominates in the most 
cases. For HCOOH Lee et al.I6 predicted that the 
oxygen atom is the reactive centre. This is due to the 
fact that their criterion includes only the second term of 
our approach in equation (8), namely the charge- 
transfer contribution. 


ELECTROPHILIC ATTACK ON SUBSTITUTED 
BENZENES 


To extend these ideas to  relevant reactivity problems, 
we chose as a first example the electrophilic attack on 
the T electron systems of substituted benzenes. 


Many years ago, JaffeI9 correlated Hammett’s u 
values” with electron densities calculated by molecular 
orbital theory. The u values are defined as 


where ko and k are the rate (or equilibrium) constants 
for the unsubstituted and substituted aromatic com- 
pound and p is a constant characteristic of the reaction 
and the conditions which it occurs; u depends only on 
the substituent group and its position. Jaffk used 
experimental u values to  define Hiickel parameters for 
heteroatoms. Our approach is different. We used 
Hiickel parameters for heteroatoms from Heilbronner 
and Bock” and applied equation 9 in Huckel calcu- 
lations on substituted benzenes. The scheme is depicted 
in Figure 2 .  We also calculated these systems by the 
SINDOl method for first-” and second-row2’ 
elements. The accuracy of this method for geometries 
and energies of the elemens involved is comprehensively 
documented. 24325 We have selected six systems with 
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E 
l 


X 


Figure 2. Electrophilic reaction of substituted benzenes 


Table 4. Carbon reactivity index R e  for substituted benzenes 
in nreta (R:,l) and para ( R ; )  positions 


H 0.883 0.883 1 1.154 1.154 1 
CH3 0.863 1.076 1.246 1.134 1.355 1.194 
NHz 0.874 1.140 1.304 1.235 1.556 1.259 
O H  0.905 1.080 1.193 1.145 1.451 1.267 
F 0.828 1.076 1.299 1.083 1.370 1.265 
CI 0.906 1.059 1.168 1.112 1.397 1.256 


substituents CH3, NH2, OH, F,  C1 and the unsubsti- 
tuted benzene. The results for rate constants RF,, for the 
meta position and R i  for the para position are given in 
Table 4. 


The remarkable fact is that the para position is 
favoured over the meia position throughout. The 
Huckel and SINDOl calculations differ in the posi- 
tioning of chlorine in the sequence of I?;. One would 
expect from Hammett equations that the reactivity of 
chlorine would be lower than that of fluorine in sol- 
ution. It is not clear whether the Hiickel parameters of 
Heilbronner and Bock2' account for such a solution 
effect. At any rate, SINDO1 calculations refer to gas- 
phase reactions and cannot be directly compared with 
data from solution. 


Bader and ChangZ6 recently studied the electrophilic 
attack on substituted benzenes using their derivative of 
density distribution method. They used as an index the 
secondary charge concentrations as sites of electrophilic 
attack. They calculated the second derivative of the 
electronic density distribution V 2 p  at the out-of-plane 
saddle points relative to the values in benzene. In Bader 
and Chang's terminology, these are the greatest concen- 
trations of electronic charge not involved in the 
bonding. They predicted that ortho and para positions 
will be favoured over the meta positions in electrophilic 


attack. This is in line with our conclusions from the 
reactivity index R e .  


NUCLEOPHILIC ATTACK ON SUBSTITUTED 
BENZOIC ACID ESTERS 


As a second example we chose as 7r electron systems 
substituted benzoic acid esters which obey the Hammett 
equation. The reaction scheme is depicted in Figure 2. 
From the results a linear relationship of the following 
form can be established: 


log kx = a log Kx + b (13) 
where kx is the rate constant and K X  the equilibrium 
constant for the system with substituent X. We have 
denoted the substituent in the meta position by X and 
in the para position by Y. Sykes2' presented a series of 
substituted systems which can be ordered in a sequence 
of increasing rate constants. We selected the following 
six of these systems which show an increase in rate 
constant in the following order of substituents: p- 
CH3 < H < p - C l <  m-C1< m-NO2 < p-NO2. For 
these systems we calculated the carbonyl carbon 
nucleophilic reactivity index RZ with the SINDOl 
method, The results in Table 5 show that this sequence 
is reproduced with the exception of the unsubstituted 
compound by the reactivity index defined in equation 8 
in comparison with the Hammett u value of equation 
12. 


OH 


RO-C-0- 


(p- - @ Y - 
x x 


Figure 3. Nucleophilic reaction of substituted benzoic acid 
esters 


Table 5. Carbonyl carbon reactivity index R" 
for hydrolysis of substituted benzoic acid 
esters with para (X) or mela (Y)  substitution 


Substituent 
RE, 0, 


X Y SINDOl exp. a 
~ 


H CH3 1.620 - 0.17 
H H 1.603 0 
H CI 1.640 0.23 
CI H 1.670 0.37 
NO2 H 1.820 0.71 
H NOz 1.824 0.78 


"Ref. 28 
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THEORETICAL STUDY OF THE GAS-PHASE THERMAL 
ISOMERIZATION OF ISOXAZOLES. PART I. ISOXAZOLE 


GUSTAVO E. DAVICO AND JORGE D. PEREZ* 
Instituto de Investigaciones en Fisicoquimica de Cordoba (INFICQ), Departamento de Quimica Organica, Facultad de Ciencias 


Quimicas, Universidad Nacional de Cordoba, CC 61, SUC. 16, 5016-Cdrdoba. Republica Argentina 


An MNDO study was made of the gas-phase thermal isomerization of isoxazole to explore theoretically the proposed 
reaction mechanism. The results showed that isoxazole isomerizes through an azirine, as an intermediate, to oxazole 
via a nitrile ylide or to ketenimine, with similar activation energies, and that the first step is rate limiting, in agreement 
with the experimental results. These results also show that isomerization to a nitrile is possible, but in this case the 
energy barrier is greater than the corresponding isomerization to oxazole. The MNDO study also supports a concerted 
process for the rate-limiting step, as reported earlier on the basis of experimental studies. 


INTRODUCTION 


We have been interested in the flash vacuum thermol 
ysis (FVT) of some p y r a ~ o l e ' - ~  and isoxazole 
 derivative^^-^ as a technique for carrying out kinetic 
measurements, ' which previously led us to postulate 
reaction mechanisms supported not only on the basis of 
the products obtained but also on the basis of activation 
parameters derived from those measurements. 


Theoretical studies of the proposed mechanisms and 
correlation of experimental results with theoretical cal- 
culations have allowed us to predict the behaviour of an 
isoxazole according to the position and kind of substi- 
tuents on the heterocyclic ring. Our first attempts were 
based on the models suggested by Epiotis' for 1,3- 
sigmatropic and we have recently published a 
theoretical study " using the MNDO method. '' 


We have found that most of the isoxazoles (I) that we 
have studied isomerize into the corresponding oxazole 
(111) or nitrile (IV). We have also demonstrated the 
intermediacy of the 2-H azirine (11) isomer in these 
reactions4" (Scheme 1); in addition we have suggested 
that the step I --t I1 is the slow one. 


On the other hand, we have suggested that 5-  
aminoisoxazole derivatives undergo a 1,3-sigmatropic 
shift and 5-methylisoxazo~e derivatives undergo either a 
1,3-~igmatropic shift or rearrange via a diradical 
(Scheme 1 ) . 5 s 9  In the FVT of 4-acetyliso~azole'~ we 
have suggested a diradical pathway based on the log A 
value, which is much greater than those observed for 
the previously reported isoxazole derivatives and also 
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because the -COMe group at position 4 of the 
isoxazole ring increases the stability of the diradical 
intermediate. 


Further, we postulated a general reactivity pattern 
for isoxazole derivatives (Scheme 1). In this paper we 
report a theoretical study of these reactions, which was 
undertaken to confirm or reject the proposed reaction 
mechanism. 


PROCEDURE 


All calculations were performed on a Tandy 3000 or 
Epson Equity H I +  personal computer, using the 
MNDO semi-empirical molecular orbital procedure 
described by Dewar and Thiel, " and force calculations 
were carried out on an IBM 3031 computer. Calcu- 
lations were carried out with complete geometry 
optimization with no geometrical constraints and using 
the standard gradient method. 


Full geometry optimization was performed for all 
compounds (1-8) and true minima were confirmed 
through vibrational analysis. Hypersurfaces were calcu- 
lated by assigning fixed values to the appropriate coor- 
dinates and optimizing all the others. Saddle-points 
were located by one-dimensional reaction paths or two- 
dimensional grid searches, and the resulting approxi- 
mate transition-state geometries were refined by 
gradient norm minimization until diagonalization of the 
Hessian matrix yielded only one negative eigenvalue. 


Since RHF procedures give energies for biradicals 
that are far too positive, the results were obtained both 
with the normal (RHF) version and with two open-shell 
versions, using either the 'half-electron' approximation l3  
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RESULTS AND DISCUSSION 


In order to  begin the study, we made a calculation to 
optimize the isoxazole molecular geometry and to esti- 
mate its AHr using approximate initial values.'' The 
results agree fairly well with those reported by Dewar 
and Ford. 


with 3 x 3 CI '' (MNDO-HE-CI) or the UHF formalism 
(UMNDO). 


Probe calculations were made using both MNDO- 
HE-CI and UMNDO procedures. The latter afforded 
the best results and therefore was used for the open- 
shell calculations. 
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,c= 


R2 


- 
W 


Scheme I 
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All experimental studies on isoxazole or their deriva- 
tives suggest the scission of the N-0 bond, closure to 
a three-membered ring (azirine) and/or opening to a 
linear structure. To study these possibilities we carried 
out an RHF calculation to find the potential energy 
surface (PES) in relation to these variables, that is, the 
N-0 bond length (scission) and the C4-C3-N angle 
(closure or opening). As an intermediate diradical in the 
step isoxazole (1) 4 azirine (2) (see Scheme 1) also 
seemed possible, as proposed previously, the same cal- 
culations were carried out using the open-shell version 
(UMNDO). The computed PES is plotted in Figure 1. 


Figure 2 shows the optimized geometries of the 
chemical species described in Figure 1 and also in 
Figures 3-8. 


In Figure 1 the equilibrium points of the isoxazole 
(l), azirine (2) and ketenimine (3) can be clearly seen. 
The energetically more favourable reaction path 
involves first a stretching and breaking of the N-0 
bond, thus forming an intermediate placed in the upper 
valley of the surface with an activation energy ( A E )  of 
about 65-5 kcalmol-' (1 kcal=4-184 kJ). It can also 
be seen that the most suitable path is closure to the 
azirine 2 and not ring opening to the ketenimine 3 with 
a greater A H * .  


Nevertheless when a molecule has the energy 
necessary to break the N-0 bond, it directs only to the 
relative minima of the potential energy surface corres- 
ponding to the azirine 2, which requires no additional 
energy. In accordance with this, the more likely 
reaction pathway showing a reliable energetics may be 
that shown in Fig. 1 which suggests a concerted 
mechanism in agreement with the experimental 
results. lo The hypersurfaces performed using both 


Figure 1. Potential energy surface calculated by using 
UMNDO for the isomerization of isoxazole (1) to the azirine 


2 or ketenimine 3 


open- and closed-shell calculations show that the PES 
do not change significantly in shape, but the energies of 
the transition state (TS) and the presumed intermediate 
markedly change and therefore the UMNDO calculated 
A E  is more reliable and nearer to the experimental 
values of about 41 kcal mol-'. 


In order to compare these results, in Figure 3 we have 
plotted the enthalpy profile of the reaction against the 
N-0 bond length. When the system overcomes the TS 
its goes unfailingly to the azirine isomer 2 and not 
necessarily through the diradical intermediate, which 
according to our results is a singlet 1,3-diradical (8). 


\ .  // 
7- \ 


H. H 


8 


Although the formation of the corresponding 
ketenimine 3 is unfavourable, this product may afford 
the experimentally observed nitrile 4 through a 1,3- 
hydrogen shift; therefore, we carried out a theoretical 
study to compare the results with the proposed 
mechanism going through the azirine 2. The results are 
shown in Figure 4. The AE from this step is about 
87-7  kcalmol-' compared with a value of 
81.6 kcalmol-' using UMNDO, indicating that this 
step would involve a much higher energy barrier than 
the path isoxazole (1) .+ azirine (2) 4 nitrile. (4). 


The last reaction step (2 -+ 4) was studied through a 
1,2-hydrogen shift from position 2 of the azirine ring. 
For geometrical reasons, when the hydrogen atom is 
placed near C-3 of the azirine ring, it inserts itself in the 
C-2-C-3 bond, breaking it and giving the isonitrile 7. 


Although the isonitrile-nitrile isomerization is a well 
known, fast reaction which requires only a low 
energy, '8,19 we may assume the intermediacy of the 
isonitrile 7. The A E  calculated for the step azirine 
(2) -+ isonitrile (7) is 80.2 kcalmol-' (79.4 kcalmol-' 
using UMNDO), which implies a barrier much greater 
than the step isoxazole (1) -+ azirine (2), this being 
hypothetically the rate-limiting step. In order to 
examine this process further we carried out  a calcu- 
lation using two-dimensional grids vs the N-C-3 and 
C-3-H bond lengths in the azirine (2) ring. 


The results of these RHF-MNDO calculations are 
given in Figure 5, where it can be seen that the energeti- 
cally more favourable reaction path goes through a 
relative energy minimum to give the nitrile 4 isomer 
with an AE of about 54.6 kcalmol-' (37-9 kcalmol-' 
using UMNDO). This is a value smaller than that for 
the corresponding azirine (2) -+ isonitrile (7) step. The 
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Figure 2. Optimized geometries from isoxazole (1)  and its isomers (2-7) cited in text 
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Figure 3.  Enthalpy profile of the N-0 bond scission using both ( a ) RHF-MNDO and (0 ) UMNDO methods 
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Figure 4. Enthalpy profile for the ketenimine (3)-nitrile (4) isomerization 
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equilibrium position of the nitrile 4 cannot be seen 
explicitly because when the C-3-H bond length is 
smaller than 1.5 A the C-2-C-3 bond in the ring is for- 


mally broken, consequently the energy rises drastically. 
For a better view of what is happening on the hypersur- 
face we should have plotted the C-2-C-3 bond length 
also, but this is physically impossible. 


We also carried out an MNDO calculation of the step 
azirine ( 2 )  -+ oxazole ( 6 ) .  Although the oxazole isomer 
is not present as a product when position 3 of the isox- 
azole ring is not substituted (such as in this case), we 
think that these A E  values are important for compar- 
ison with the nitrile isomerization. According to our 
p o s t ~ l a t e , ~  the first value must be smaller in these isox- 
azole derivatives. However, the situation should change 
in the 3-substituted isoxazole derivatives. These calcu- 
lations were made through the C-1 [ 1,3] -sigmatropic 
shift rather than the N [1,3] -sigmatropic shift to restore 
the isoxazole 1. The results show that the C-2-C-3 
bond scission of the azirine ring takes place first giving 
the nitrile ylide 5,20 which in a second step undergoes 
cyclization to oxazole (6). This point reveals a stepwise 
rather than concerted mechanism for this isomeriza- 
tion, in agreement with the results obtained by Dewar 
and Turchi” using MIND0/3. 


Figures 6 and 7 show these calculations for the steps 


Figure 5 .  Potential energy surface calculated by using the 
RHF-MNDO for the isomerization of the azirine 2 into the 


nitrile 4 or isonitrile 7 
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Figure 6. Enthalpy profile for the azirine (2)-nitrile ylide (5) step. A , RHF-MNDO, 0, UMNDO 
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azirine (2) --t nitrile ylide (5) and nitrile ylide (5) -+ ox- 
azole (6), respectively. It can be seen clearly that the 
rate-limiting step is the first step with an A E  of 
ca 51  a6 kcalmol-' (26.4 kcalmol-' using UMNDO) 
against 20-5 kcalmol-' (UMNDO) for the step nitrile 
ylide (5) -+ oxazole (6). 


These results agree fairly well with those reported by 
Tanaka et of 24 kcalmol-' for the step 2 --t 6 
using ab initio calculations at  the STO-3G level and 
with values of cu 22 and 26 kcalmol-' for the 
isomerization of some nitrile ylide -+ oxazole deriv- 
atives2'. On the other hand, the geometric parameters 
of oxazole (6) (see Fig. 2)  are reasonably consistent with 
those determined by x-ray diffraction studyz3 and 
MIND0/3 c a l c ~ l a t i o n . ~ ~  Further, the AHf of 6 (see 
Figure 8) agrees with the value reported by Turchi and 
DewarZ4 of - 7 . 6 3  kcalmol-' using MIND013. 


CONCLUSIONS 


Figure 8 shows the enthalpy profile of the isomerization 
pattern of isoxazole, where the following can be clearly 
seen. 


Nitrile 4 is formed through the azirine isomer 2 and 
not through the ketenimine 3. The isomerization azirine 
(2) -+ nitrile (4) proceeds directly and not through an 
isonitrile isomer (7). 


The azirine 2 isomerizes into oxazole (6) via the 
nitrile ylide 5 and not into the nitrile 4, since the latter 
path has a greater A E  in this case. Although the 
expected product of the thermal isomerization of isox- 
azole (1) was the nitrile 4 on the basis of experimental 
evidence, these results were obtained in the isomeriz- 
ation of 3-unsubstituted isoxazole derivatives since isox- 
azole was not yet experimentally studied. On the other 
hand, MNDO predicts the formation of the ketenimine 
3 with an A E  value similar to the isomerization to 
oxazole (6), despite the fact that 3 is not observed either 
as a product or as a reaction intermediate, as is azirine, 
for any isoxazole derivatives studied experimentally. 
These differences can be attributed not only to  a failure 
in the MNDO method to  reproduce quantitatively this 
reaction path, but also to  a different behaviour of isox- 
azole (1) in relation to the studied 3-unsubstituted isox- 
azole derivatives. 


In view of these results, the rate-limiting step of the 
overall reaction is isoxazole (1) -+ azirine (2), in agree- 
ment with the experimental results. Further, MNDO 
supports a concerted pathway for this step corres- 
ponding to  the N-0 bond scission in accordance with 
log A values between 9 and 11 obtained experimen- 
tally. 4 s  


Although the MNDO is well known to have difficul- 
ties in treating molecules with adjacent lone pairs of 
electrons and in biradicals, the results reported here 
afford a novel approach to the understanding of isox- 


azole thermal isomerization from a semi-quantitative 
point of view. 


Finally we consider the results obtained by com- 
paring the steps azirine (2) + isoxazole (1) and azirine 
(2) + oxazole (6). The former, being the reverse of the 
rate-limiting step, gives an A E  of 59.5 kcalmol-', 
which is essentially the same as azirine (2) 4 oxazole (6) 
of 58.2 kcalmol-' both using RHF, reaching 48.5 and 
52-8 kcal mol- ', respectively, using values obtained 
from open-shell calculations. 


Therefore, according to MNDO calculations, the 
[1,3]-sigmatropic shift C -+ 0 and N -+ 0 from 
I-azirine are kinetically identical. However, this con- 
clusion is only of theoretical interest because the 
isomerization through nitrile ylide requires a lower 
energy barrier than the concerted path. 
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GENERAL-ACID, SPECIFIC-BASE AND INTRAMOLECULAR 
CATALYSIS OF THE DEHYDRATION STEP IN NITRONE 


FORMATION FROM FURFURALS AND 
PHENYLHYDROXYLAMINE 
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Brazil 


Nitrone formation from furfural and 5-nitrofurfural with phenylhydroxylamine was studied in water at 25 "C and 
ionic strength 1 .O (KCI). The reaction exhibits general acid catalysis (a = 0-52), specific base catalysis and a pH- 
independent process. The results are consistent with a mechanism where dehydration of an N,N' -dihydroxy addition 
intermediate, formed by a rapid pre-equilibrium, is the only rate-determining step over the pH range studied (1-11). 
In contrast, nitrone formation from p-chlorobenzaldehyde and N-methylhydroxylamine exhibits a clear change of 
rate-determining step, from dehydration of the addition intermediate to attack of the nucleophile on the aldehyde, 
with increase in pH. The profile of log k2 (k2 = second-order rate constant) vs pH indicates, by comparison with the 
corresponding profile for similar reactions, that phenylhydroxylamine exhibits unexpected nucleophilic behaviour in 
this reaction. The pH-indpendent dehydration process, which has a higher rate constant than that predicted from the 
Brensted line for the water catalysis, appears to involve intramolecular catalysis rather than bifunctional catalysis by 
water. 


INTRODUCTION 


The mechanism and catalysis of nitrone formation 
from aldehydes and hydroxylamines has been little 
studied, although interest in nitrone chemistry has 
grown considerably owing to its use in cycloadditions' 
and natural products synthesis. ' Reimann and Jencks' 
studied the reaction between p-chlorobenzaldehyde and 
N-methylhydroxylamine and showed that it occurs in a 
two-step process in which acid-catalysed dehydration of 
the carbinolamine intermediate is rate determining at 
neutral and weakly acidic pH and attack of free hydrox- 
ylamine on the carbonyl group is rate determining at 
low pH. Masui and Yijima4 observed similar results for 
the reaction between N-cyclohexylhydroxylamine and 
aliphatic aldehydes, which led them to suggest that at 
neutral and weakly acidic pH the hydronium ion- 
catalysed attack of free N-cyclohexylhydroxylamine on 
the carbonyl group is rate determining and at  basic pH 
dehydration of the carbinolamine intermediate is rate 
determining. 


To broaden the experimental basis of the mechanism 
and specially of catalysis in this kind of reaction, 
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nitrone formation from furfurals and phenylhydroxyl- 
amine was studied [equation ( l ) ]  . 


PhNHOH + >C=O - >C=&(O - ) P h  (1) 


Although this study, in part, reinforces previous con- 
clusions, some interesting differences and new facts 
appear. 


RESULTS AND DISCUSSION 


The p H  dependence of the second-order rate constants 
(k2) extrapolated to  zero buffer concentration for the 
reaction of phenylhydroxylamine with furfural and 5- 
nitrofurfural is shown in Figure 1. The pH-rate profile 
indicates hydronium ion-catalysed condensation 
reaction at  low pH, hydroxide ion-catalysed nitrone 
formation at high p H  and a pH-independent pathway 
in the p H  range 5-8. 


Equation (2) is consistent with the experimental 
results: 


including terms for hydronium ion ( k ~  ) and hydroxide 
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ion @OH ) catalysis and the pH-independent pathway 
(ko); [F] is the furfural concentration that is in the 
necessary excess to obtain pseudo-first-order reaction 
conditions and K,  is the dissociation constant of 
phenylhydroxylammonium ion. The lines in Figure 1 
were calculated using equation (2) with the rate con- 
stants given in Table 1 and the acid dissociation con- 
s t a p  of phenylhydroxylammonium ion [Ka = 0-0109 at 
25 C, ionic strength p = 1-0 (KCI)] . 


The dependence of the second-order rate constant 
( k ~ )  on acetate buffer for reaction of phenylhydroxyl- 
amine with furfural is shown in Figure 2. The reaction 
is general acid catalysed; least-squares fits correlating 
the third-order rate constants with the molar fraction of 
free acids gave straight lines (plots not shown) whose 
right intercepts (where the fraction of free acid equals 
1) give the catalytic constants for the acidic component 
of the buffers ( k A ~  in Table 2) and whose left intercepts 
(where the fraction of free acid equals 0) are zero. 
Changing the ionic strength from 0 to 1.2 (KCI) does 
not affect the second-order rate constants. 


General acid catalysis 


The Bransted plot for the formation of furfurilide- 
aniline N-oxide catalysed by different acids is shown in 
Figure 3 (a = 0.52, correlation coefficient = 0.998; 


3 


2 


I 


I.) 
\ z o  


: - I  


N 
Y 


- 


-2 


- 3  


I 


I 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
PH 


Figure 1. pH dependence of the logarithms of second-order 
rate constants for nitrone formation from furfural (0-01 M) 
and 5-nitrofurfural (0*001 M) with phenylhydroxylamine 


M) in water at 25 "C and ionic strength 0.5. All rate 
constants have been extrapolated to zero buffer concentration. 


(0) Furfural; (x) 5-nitrofurfural 


statistical corrections were applied according to the 
method of Bell and Evans'). Nitrone formation from 
p-chlorobenzaldehyde and N-methylhydroxylamine 
gives a higher value of CY (0.77).3 To determine the 


Table 1. Rate constants for formation of 
nitrone from furfural and 


phenylhydroxylaminea 


Rate constant Value 


a Water, 25 OC, ionic strength 1 .O (KCI) 


PH9-5 


__cL_ 
0.1 0.2 0.3 0.4 Q5 


[Crg  co Od T M-' 


Figure 2. Second-order rate constants for nitrone formation 
from furfural (0.01 M) and phenylhydroxylamine (W4 M) in 
water at 25°C and ionic strength 0.5 plotted against the 
concentration of acetic acid-acetate buffer at three pH values 


Table 2. Rate constants for general-acid catalysed nitrone 
formation from furfural and phenylhydroxylamine" 


Catalyst PG kAH (I2 m O l - ' S - ' )  


Hydronium ion 1.74b 1 . 5 0 ~  103 
Formic acid 3.56' 2.60 x lo-' 
Acetic acid 4.65' 6.50 X lo-' 
Succinate monoanion 5.48d 4.50 X lo-' 
Phosphate monoanion 6.60d 1.40 x 
Imidazolium 7.2Ie 3 . 0 0  x lo-' 
Water 15.74b 5 .00  x 1 0 - ~  


water, 25 ' C ,  ionic strength 1 .O (KCI). 
L. P. Hammett, Physical Organic Chemistry, 2nd ed. p. 23. McGraw- 


Hill, New York (1970). 
J. M. Sayer and W. P. Jencks, J .  Am. Chem. Soc. 91, 6353 (1969). 


dRef. 2. 
'W. P. Jencks and M. Gilchrist, X Am. Chem. SOC. 90, 2622 (1968). 
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Figure 3 .  Brernsted plot for general-acid catalysed formation 
of nitrone from furfural and phenylhydroxylamine in water at 


25 ' C  and ionic strength 0.5 


mechanistic nature of the general acid-catalysis, exper- 
iments were carried out at pH 5.21 with different con- 
centrations of imidazole. The reaction was catalysed, 
which shows that there is true general acid catalysis 
since at  this pH the concentration of the free base is 
negligible and the catalysis corresponds to that effected 
by imidazolium ion. 


The hydronium ion catalytic rate constant is approxi- 
mately four time larger than that expected from the 
Brmsted plot (Figure 3). 


Catalysis by the hydroxide ion 


The reaction of furfural and 5-nitrofurfural with 
phenylhydroxylamine is hydroxide ion catalysed 
(Figure l ) ,  which is an important difference from the 
reactions of nitrone formation from p-chlorobenzal- 
dehyde3 and aliphatic aldehydes4 with N-methyl- 
hydroxylamine and N-cyclohexylhydroxylamine, re- 
spectively, where this kind of catalysis is not detected. 
Some evidence indicates that the hydroxide ion catalysis 
is specific because (i) there is no general base catalysis 
in the pH range studied; (ii) the significantly smaller 
values of the enthalpy and entropy of activation for the 
base-catalysed region (Table 3) suggest that in this 
region there is a different mechanism; and (iii) as noted 
below, the pKa of the proposed tetrahedral addition 
intermediate is consistent with this behaviour. 


Rate-determining step and reaction mechanism 


A two-step process generally fits the experimental data 
for nitrone formation from aldehydes and hydroxyl- 


Table 3. Activation enthalpies, entropies and free 
energies for the reaction of nitrone from furfural and 


phenylhydroxylamine at different pHa 


AH' AG * 
pH (kcal mol- ')  A S  =k (e.u.) (kcal mol- ' )  


3.2 7.13 ~ 35.21 19.63 
6 .5  11.35 - 33.94 21.65 


11.0 2.26 - 64.41 21.82 


In water, 25 'c ,  ionic strength I .O (KCI). 


amines. 3 2 4  In the reaction between furfurals and 
phenylhydroxylamine, no intermediate could be shown 
experimentally. However, our results indicate that the 
mechanism, over the p H  range studied, involves fast 
addition of phenylhydroxylamine to furfurals to give a 
tetrahedral addition intermediate followed by slow 
dehydration of this intermediate to the final product: 


+ P h N H O H  . 
C4H3OCHO 


C4H3OCH(OH)N(OH)Ph (3) 
fast . 


C4H30CH=fi(O - )Ph + H20 (4) 


The evidence is provided by the following obser- 
vations. First, it is known that in this kind of reaction 
an intermediate, which does not accumulate in detect- 
able concentrations, gives rise to non-linear pH-rate 
relationships in which a negative deviation may be 
caused by a change in the rate-determining step6. 
Reimann and Jencks, considering this behaviour, pos- 
tulated this change of rate-determining step in the 
nitrone formation from p-chlorobenzaldehyde and 
N-methylhydroxylamine. The absence of this negative 
deviation in the profile of log k2 vs pH for the reaction 
between furfurals and phenylhydroxylamine is evidence 
that this reaction has only one rate-determining step 
over the p H  range studied. Other evidence is obtained 
by comparison with the similar reaction of furfurals 
and phenylhydrazine to give phenylhydrazone' (Table 
4). The initial attack of phenylhydrazirie on furfural 
and 5-nitrofurfural can be measured under conditions 
in which dehydration is fast (ca pH 1-6). At higher pH 
(6- 11) dehydration becomes rate limiting and the rate 
constants for the hydronium ion-catalysed, hydroxide 
ion-catalysed and uncatalysed processes under this 
limiting condition are given in Table 4.  The pH-rate 
profile of the nitrone formation from furfural and 5 -  
nitrofurfural corresponds to the profile of dehydration 
as the rate-determining step of the phenylhydrazone 
formation from furfural and 5-nitrofurfural. Thus, the 
values of the hydronium ion catalytic rate constant ( k H )  
are very similar for furfural and 5-nitrofurfural in both 
reactions. This means that the acid-catalysed pathway is 
insensitive to the polar substituent, which is reasonable 
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Table 4. Rate constants for the hydronium ion- and 
hydroxide ion-catalysed and for the uncatalysed reaction of 
nitrone and phenylhydrazone formation from furfurals at 


25 "c 
Furfural Nitronea Phenylhydrazone 


~ 


Attack' Overall reactiond 


5-H 2 . 5  x 102  
S - N O ~  6 . 7  x lo4 


- 


3 - 3 3  x 10' 


"This work 
bRef. 10. 
'pH 1-6. 
d p H  6-11. 


for the dehydration step, because the unfavourable 
effect of the nitro group on the rate of dehydration is 
compensated for by its favourable effect on the equi- 
librium formation of the addition intermediate. Similar 
observations have been made for related reactions. '-Io 


In contrast with this behaviour, in the region where the 
rate-determining step is attack of phenylhydrazine on 
the furfurals, the hydronium ion catalytic rate constant 
for 5-nitrofurfural is 18 times larger than that for fur- 
fural. In the uncatalysed process, the second-order rate 
constant (ko) for reactions of 5-nitrofurfural is 35 and 
37 times larger than that for furfural in the formation 
of nitrone and phenylhydrazone, respectively, i.e. there 
is a high sensitivity to  the polar substituent effect in this 
region. Finally, the hydroxide ion-catalysed process 
cannot be compared because the catalytic constant for 
hydroxide ion (ko") for the reaction between furfural 
and phenylhydrazine could not be observed. ' 


To explain the different sensitivity to  the substituent 
effect in the acid and uncatalysed region, Do Amaral' 
suggested that the transition states for the two reactions 
could differ in the extent of carbon-oxygen bond 
cleavage. Sayer and  Jencks" showed that in the acid- 
catalysed dehydration step of semicarbazone formation 
from benzaldehydes the transition state formation 
involves extensive carbon-oxygen bond cleavage but 
relatively little electron donation by delocalization from 
the benzene ring or  the nitrogen atom. In the reaction 
between furfural and phenylhydroxylamine, the value 
of the Brcansted coefficient 01 implies that both signific- 
ant transfer of the proton and cleavage of the carbon- 
oxygen bond should have occurred in the transition 


state. In the uncatalysed process, with the poor leaving 
hydroxide ion, it is reasonable to  postulate a transition 
state with extensive carbon-oxygen cleavage but 
relatively large electron donation by delocalization of 
the non-bonded lone pair from the nitrogen atom that 
should provide the driving force for antiperiplanar 
expulsion of the leaving group. There should therefore 
be a greater interaction by resonance between the 
reaction centre and the nitro group, which explains the 
stabilization of the transition state by this group. The 
transition states of the acid-catalysed (I)  and uncata- 
lysed reactions (11) should exhibit, fundamentally, dif- 


OH 
E .  


I1 


ferent degrees of carbon-nitrogen double bond 
formation. 


According to the general mechanism for the forma- 
tion of tetrahedral addition compounds (Carbinol- 
amines) from carbonyl compounds and nitrogen 
nucleophiles described by Sayer et al., l 2  three types of 
pH-rate profiles can be observed. The reaction between 
furfurals and phenylhydra~ine~ exhibits a profile of 
type A where only one change in rate-determining step 
is observed as a function of the pH,  corresponding to 
the transition from formation to  dehydration of the 
carbinolamine intermediate. The prediction '* is that 
reaction between furfurals and phenylhydroxylamine, a 
less basic nucleophile, must exhibit the same kind of 
profile. However, the profile in Figure 1 is not of type 
A and does not correspond to  any other profile dis- 
cussed by Sayer et al. l 2  We can assume that the change 
in the rate-determining step occurs a t  a very high 
hydronium ion concentration given a profile of type C, 
similar to  that observed by Reimann and Jencks3 for 
the nitrone formation from p-chlorobenzaldehyde and 
N-methylhydroxylamine, which implies a special and 
unexpected behaviour of phenylhydroxylamine as a 
nucleophile. 


The profile determined by Masui and Yijima4 for the 
reaction of aliphatic aldehydes and N-cyclo- 
hexylhydroxylamine between p H  2 and 9 corresponds 
t o  the acid-catalysed and uncatalysed regions shown in 
Figure 1 and could better be interpreted by the 
hypothesis that there is not a rate-determining change 
and that dehydration of the tetrahedra1 intermediate is 
the only rate-determining step. 


The carbinolamine intermediate suggested for nitrone 
formation from furfurals and phenylhydroxylamine is 
consistent and supports specific base catalysis by 
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hydroxide ion: 


C4H3OCHO 
+ PhNHOH fas' C4H3OCH(OH)N(OH)Ph (4) 
7 


C4H3OCH(OH)N(OH)Ph 
fast + O H  , 'GH3OCH(OH)N(O-)Ph + H2O 


( 5 )  


C4H30CH=fi(O-)Ph + OH- (6) 


The pK, for the ionization of the hydroxyl group 
bonded to the nitrogen of the intermediate (111) can be 
~ a l c u l a t e d ' ~  from the pK, of N-phenyl- 
benzohydroxamic acid (IV) (9,15) l 4  by considering the 


slow 
CdH30CH(OH)N(O-)Ph - 


111 IV 


change caused by replacement of the -COPh group by 
-CH(OH)GH30. The acid-strengthening effect of a 
-COPh grouo in C, calculated from the u* = 2.2614 
(using the equation ApK, = 0.06 + 0*630* '~ )  is - 1 a 4 5  
log units. As this group is directly bonded to the func- 
tional group, considering that in this position its behav- 
iour is normal, the effect will be - 1.45/0*4= -3.61. 
The -CH(OH)C4H30 group can be considered to  be 
formed by the -CdH30 and -OH groups and their 
acid-strengthening effects calculated from their u* 
values (0.2514 and 1.3414) are -0 .22  and -0.90 log 
units, respectively. Then the acid pKa of the inter- 
mediate is 9.  I5 + 3.61 - 0.90 = 11 *64. Even accepting 
an error of one pK unit in the calculation, it is clear that 
this pKa is smaller than that of hydroxide ion. Since, 
according to Jencks,15 the pKa of a general catalyst 
must be between those of the initial and final substrate 
sites, where the proton transfer occurs, it is evident that 
in this case the hydroxide ion cannot be a general cata- 


The value of the hydronium ion catalytic rate con- 
stant is four times larger than that predicted by the 
Brernsted line for general acid catalysis. The reasons for 
this behaviour are not clear, but it could be due to  the 
catalyst being another species of solvated proton or to  
specific-acid catalysis by hydronium ion, although the 
coexistence of general and specific acid catalysis is 
rare. I6 


lyst. 


pH-independent reaction 
If the reaction in the pH-independent region (from p H  
5 . 5  to 9 for the reaction of furfursl and phenyl- 
hydroxylamine) is considered to  be water catalysed, the 


third-order rate constant is approximately 400 times 
larger than that predicted by the Brernsted relationship 
(Figure 3). Some form of bifunctional in 
the transition state is usually invoked to explain this 
behaviour. Thus, for general base catalysis of the 
methoxyaminolysis of phenyl acetate, l9 the catalytic 
rate constant for water is 100 times larger than that pre- 
dicted by the Brernsted relationship, which was attrib- 
uted to the fact that water acts as a bifunctional 
catalyst, for proton transfer, through an eight- 
membered ring. Transfer of a proton between oxygen 
atoms probably occurs through rings that vary in size 
from five- to ten-membered, which may include one or 
two water molecules. 2o In the reaction between furfural 
and phenylhydroxylamine, water could act as a bifunc- 
tional catalyst for proton transfer through a seven- 
membered ring (structure V) in a stepwise mechanism, 
where initially cleavage of the carbon-oxygen bond is 
concerted with proton transfer from water to the 
leaving hydroxide group. In a second step the proton 
from the hydroxyl group, bonded to the nitrogen, could 
be transferred. A concerted mechanism is improbable 
considering the requirements for the proton transfer 
and the unfavourable pK, values of the reacting groups. 


However, the absence of bifunctional catalysis by 
phosphate monoanion, the nature of the transition 
state, the solvent effect that will be discussed below and 
the non-occurrence of this kind of catalysis in the 
similar reaction of azoxybenzene formation2' suggest 
that intramolecular catalysis provides a more satisfac- 
tory explanation of the results. The existence and 
importance of hydrogen bonds were shown in cyclic 
systems, including five-membered rings, in which the 
hydrogen bond is almost certainly non-linear. 6b322 


Then, the initial and fundamental process of carbon- 
oxygen cleavage is favoured by the high anion-solvating 
tendency of water but the posterior departure of the 
hydroxide ion in the transition state is catalysed by 
intramolecular proton transfer to it from the hydroxyl 
group bonded to  the nitrogen atom (structure VI). 


V VI 


Important support for this mechanism is that this 
hydroxyl group is more acid than water (PKa, = 11.64, 
pKaH20 = 15.7) and that intramolecular proton transfer 
will reduce the repulsion between the negative charges 
in the oxygen atoms. 
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Solvent effect 


Reaction between furfural and phenylhydroxylamine 
occurs in water, methanol and benzene, but strikingly 
does not occur in dimethyl sulphoxide (DMSO) and 
tetrahydrofuran (THF) (Table 5) .  It is evident that this 
behaviour is not caused by bulk properties of the sol- 
vents. This dramatic solvent effect can be explained by 
considering the nature of the dehydration process where 
the initial carbon-oxygen cleavage in DMSO and THF 
is not possible owing to their very poor anion-solvating 
ability. 23 However, reaction occurs in benzene despite 
its poor anion-solvating ability. 23 The dihydroxy inter- 
mediate of the reaction should be stabilized in DMSO 
and THF by hydrogen bonding between its hydroxyl 
groups and the solvent, but in benzene, where this is not 
possible, the intermediate should be stabilized only by 
hydrogen bonding between its hydroxyl groups, that is, 
by intramolecular hydrogen bonding. The internuclear 
distance between oxygens, for this hydrogen bonding, 
should be between 2-70 and 2490A.24 The internuclear 
distances between the oxygen atoms in the intermediate, 
and also in the transition state of the antiperiplanar 
elimination, calculated from bond lengths2' and angles, 
are consistent with this value. In this way the initial car- 
bon-oxygen cleavage with stabilization of the incipient 
hydroxide ion by hydrogen bonding and intramolecular 
proton transfer in the transition state are possible in 
benzene. From molecular models it is possible to see 
that the more stable conformation of the intermediate 
in DMSO and THF does not leave the lone pair of elec- 
trons on nitrogen in an anti position of the leaving 
group, making the reaction difficult. 


The reaction occurs in DMSO when a small quantity 
of acetic acid or water is added (0.05 and 0.1 M acetic 
acid and 10% v/v of water, Table 5). The small quan- 
tity of acetic acid and water should not affect substan- 
tially the bulk properties of the solvent but will 
facilitate the initial carbon-oxygen bond cleavage by 
stabilization of the hydroxide ion that is formed, 
making the reaction possible. This fact confirms the 
mechanism suggested. . 


Table 5 .  Solvent effects on second order-rate 
constants for formation of nitrone from furfural 


Solvent k2 (1 mol-ls- ') 


Water 
Benzene 
Methanol 
Dimethyl sulphoxide (DMSO) 
Tetrahydrofuran (THF) 
DMSO, 0.05 M AcOH 
DMSO, 0 .1  M AcOH 
DMSO, 10% E(v/v) H20 


2.8 x 1 0 - ~  
1.17 x 
1.68 X lo-' 
No reaction 
No reaction 
1.32 x 10-3 
5 . 0 0  x w3 
4.82 x 10-4 


EXPERIMENTAL 


Materials. 5-Nitrofurfural and phenylhydroxylamine 
were prepared and purified according to methods in the 
literature. 26*27 All other reagents were obtained 
commercially and, with the exception of reagent-grade 
inorganic salts, were either recrystallized or redistilled 
prior to use. 


Kinetic measurements. The reytions were followed 
spectrophotometrically at 25 C by monitoring 
formation of the nitrone at 360 nm in solutions of the 
aldehydes, 0.5 x 10-3-1 x M ,  and of the 
phenylhydroxylamine, 3.33 x 10-4-1 x M, which 
gave first-order kinetics. Reactions were followed in 
water at an ionic strength of 1.0 (KCl) and 2 x M 
EDTA for three half-lives and first-order rate constants 
were calculated with a computer. Second-order rate 
constants were calculated by dividing the first-order rate 
constants, k&, by the concentration of the aldehyde 
multiplied by fc. where fc = Ka/(Ka + [H']) and Ka is 
the acid dissociation constant of phenylhydroxylamine. 


pKa determination. The pKa of phenylhydrozyl- 
amine under the reaction conditions [water, 25 C, 
p =  1.0 (KCl)] and at different temperatures were 
determined following the spectrometric method of 
Albert and Serjeant." The values obtained were. 1 -96 
(25 "C), 1-88 (30 "C) and 1.82 (35 "C). 
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ELECTRONIC ABSORPTION SPECTRA OF ALIPHATIC DIAMINE 


DELOCALIZATION 
RADICAL CATIONS. CONFORMATION-DEPENDENT CHARGE 


JERZY G@BICKI,* ANDRZEJ MARCINEK AND CZESEAW STRADOWSKI t 
Institute of Applied Radiation Chemistry, Technical University, 90-924 todz ,  Poland 


Electronic absorption spectra of radical cations generated by steady-state and pulse radiolysis from a series of a,o- 
diaminoalkanes ( R z N ( C H ~ ) ~ N R Z ;  n = 1-6, R = CH3 or CZHS), 1,4-dimethylpiperazine and 1,4-diaza- 
bicyclo [ 2.2.2 ]octane (DABCO) were measured. In some cases spectral evidence was obtained for an interaction 
between the nitrogen atoms leading to charge delocalization in the radical cation. A delayed formation of radical 
cations was associated with a conformational change necessary for achieving the most stable structure having a 
favourable conformation for charge delocalization. 


INTRODUCTION 


Organic radical ions are important intermediates in a 
wide variety of electron-transfer reactions. ’,’ ‘They are 
produced in chemical reactions and also on electrolysis, 
photolysis and radiolysis. Direct exposure of low- 
temperature glassy solutions to ionizing radiation is a 
particularly useful method of radical ion generation for 
optical studies. Both steady-state and time-resolved 
detection are feasible. We have recently established that 
low-temperature pulse radiolysis can be successfully 
applied to  studies of radical ion transformations with a 
very low activation barrier. 3 s 4  This paper presents elec- 
tronic absorption spectra of radical cations for several 
aliphatic diamines obtained in the steady-st ate and 
time-resolved modes. The problem of spectral evidence 
for the charge delocalization in diamine radical cations 
is considered in terms of the conformational require- 
ments necessary to obtain the most stable structure 
characterized by the strongest interactions between the 
two nitrogen atoms of the diamine. In principle, two 
kinds of interactions, ‘through-space’ and ‘through- 
bond,’ can play a role.’ I t  has been suggested, and in 
some cases also documented, 6 s 7  that both types of inter- 
actions are very dependent on the structure. Evidence is 
presented that charge delocalization in the diamine 
radical cations is a conformation-dependent process. 
This applies particularly to  diamines that have great 
conformational freedom. 


* Author for correspondence 
7 Deceased. 
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EXPERIMENTAL 


Materials. The structures and names of the a,@- 
diaminoalkanes 1,2a, 2b, 3a, 3b, 4 and 6 and the cyclic 
diamines 2c and 2d used are given in Table 1 .  


The numbers of the compounds were chosen such 
that each is related to  the number of methylene groups 
in the polymethylene chain separating two nitrogen 
atoms of the diamine. Hence there is no compound 
numbered 5 as we did not study 1,5-tetraal- 
kyldiaminopentane derivatives. All the compounds 
were purchased from Aldrich, except 2b and 3b, which 
were synthetized according to the known procedure. 
They were purified by standard laboratory methods 
when necessary. 


Methylcyclohexane (MCH) and 3-methylpentane 
(3MP) were used as solvents for the preparation of low- 
temperature glassy solutions. They were passed through 
a freshly activated silica gel column before use. Small 
amounts of 1-chlorobutane (IBuCI), acting as an elec- 
tron scavenger, were added to  the solution before 
sample preparation. The concentrations of the solute 
(0.02 M) and the electron scavenger ( 1  M) were kept 
constant during measurements. 


Sample preparation and measurements. Since we 
have found that deoxygenation of the solution before 
sample preparation has almost no effect on the yield of 
radical cations, the samples were made from air- 
saturated solutions. The details of the sample prep- 
aration procedure and the description of the pulse 
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Table 1. Compounds studied 


607 


No. Structure Name 


1 


2a 


2b 


2c 


2d 


3a 


3b 


4 


6 


N ,  N ,  N '  ,N'-Tetramethyldiarninomethane 


1,2-N, N ,  N' , N' -Tetrarnethyldiarninoethane 


I ,2- N ,  N ,  N' , N'-Tetraethyldiaminoethane 


1,4-Dirnethylpiperazine 


1,4-Diazabicyclo r2.2.21 octane (DABCO) 


1,3-N, N ,  N'  , N'-Tetramethyldiarninopropane 


1,3- N ,  N ,  N'  , N' -Tetraethyldiaminopropane 


1,4-N,N, N' , N'-Tetramethyldiarninobutane 


1,6- N ,  N ,  N' , N' -Tetramethyldiarninohexane 


radiolysis system and the steady-state radiolytic 
measurements are given elsewhere. 3,4 For measure- 
ments at temperatures below 77 K a liquid helium- 
cooled cryostat (Oxford Instruments) was used. 


RESULTS AND DISCUSSION 


In aliphatic diamines, the nitrogen lone pairs can 
interact both directly through space and by mixing with 
other 0-bonds in the molecule (through-bond interac- 
tions). Photoelectron spectroscopy is particularly useful 
for probing such interactions. For example, for 
DABCO (2d), which has been thoroughly studied from 
that point of view, the photoelectron spectrum shows 
two bands ascribed to the ionization of electrons from 
the a [ ( n + )  and a$(n - )   orbital^.^ Through analysis of 
the vibrational fine structure of the photoelectron spec- 
trum, it was shown that the first ionization of DABCO 
corresponded to removal of an electron from the n+ 
orbital. lo Since through-space interactions should lead 
to an orbital sequence a $ @ - )  above a i ( n + ) ,  this result 
suggests a dominant contribution of a through-bond 
interaction in DABCO." The ESR spectrum of 
DABCO' ' also indicated a delocalized structure. I 2 * l 3  


The picture for other diamines with more conforma- 
tional flexibility is less clear. For example, for 1,4- 
dimethylpiperazine (2c), where both photoelectron and 
ESR spectra are known, 6*13 there is spectral evidence 
for charge delocalization but there is no indication 
which interaction prevails. 


Since both through-space and through-bond interac- 


tions are dependent on geometry, one might expect that 
the electronic absorption spectra of radical cations 
obtained in the time-resolved mode would show fea- 
tures typical of such interactions. Absorption spectra 
themselves do not contain sufficient information for 
judging what type of interaction dominates. Without 
support from photoelectron spectroscopy it is even 
difficuIt to assign unambiguously the electronic transi- 
tions. Despite these drawbacks, we obtained evidence 
for a strong time dependence in the absorption spectra, 
suggesting conformational effects in the charge deloca- 
lization process. For all the diamines studied, except 2c 
and 2d,14-16 the absorption spectra of radical cations 
shown in Figures 1 and 2 are presented for the first 
time. 


The spectra obtained for 1, 2a-2d, 3a and 3b show 
only the visible transition, in contrast to 4 and 6, where 
only the UV transition is seen. In the case of 4 the spec- 
trum shows a rising absorption in the UV region 
without a pronounced maximum. As the length of the 
polymethylene chain increases, the probability of 
achieving a favourable conformation for interactions 
decreases sharply. Also, viscosity effects introduced 
by the matrix can effectively quench the conformational 
mobility. Hence, radical cations generated from 4 and 
6 may possess a charge localized on one nitrogen atom, 
similarly to the monoamine radical cations. For 
example, the radical cation of triethylamine generated 
in an argon matrix absorbs in the UV region (A,,,= 
324 nm). l4 


The visible absorption, being of the charge-resonance 
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type, '*I7 indicates a structure with charge delocaliza- 
tion, already proved for 2c and 2d. The striking feature 
of the series 2a-2d is that A,,, is shifted to higher 
energy as the two nitrogen atoms are linked by 
additional ethylene bridges. Hence A,,, observed at  
about 780nm for 2a and 2b is shifted to  600 and 
470 nm for 2c and 2d, respectively. This observation is 
fully compatible with a picture based on a dominant 
through-bond interaction in 2a-2d in that an increasing 
number of ethylene bridges leads to  a stronger interac- 
tion between the nitrogen lone pairs as manifested by a 
shift of the observed transition to  higher energy. 


The time-resolved observations of radical cations 
generated from a few diamines are summarized in Table 
2.  In all cases studied, with the exception of 2d, the 
absorption increased with time after the electron pulse. 
This effect is particularly pronounced for 3a. Transient 
absorption spectra for 3a obtained at  9 0 K  are pre- 


3l2 
Loo 750 ?lo0 nm 


Figure 1. Absorption spectra of y-irradiated (60Co) 1, 2a-2d, 
3a and 3b (0.02 M )  in glassy matrices of MCH containing 
lBuCl (1 M) at 77 K .  The samples were 2 mm thick and 


received a radiation dose of lo4 Gy 


360 m m 
Figure 2. Absorption spectra of y-irradiated (60Co) 4 and 6 
(0.02 M) in glassy matrices in MCH containing lBuCl (1 M )  at 
77 K. The samples were 2 mm thick and received a radiation 
dose of lo4 Gy. The dashed line shows the background before 


y-irradiation 


Table 2. Summary of pulse radiolytic observationsa 


2a 780 20 1600 
2700 2b 780 30 


2c 600 25 5 X  lo-' 1800 
650 2d 470 - - 


3a 500 90 lo-'  1050 


a Measurements made in MCH matrices at 90 K .  
Ratio of the increase in absorption (A ,  - A,=o) to the total absorp- 


tion observed (A). 
Total rise time. 
Molar absorptivity ( I  mo l - '  c m - l )  of radical cation estimated from 


the total absorption formed after a I-ps electron pulse (250Gy) 
assuming a yield of scavengeable holes of G = 3. 


sented in Figure 3. As can be seen, the initial absorption 
(curve a) is broad with a maximum at 510 nm. This 
absorption grows with time (see inset in Figure 3) and 
2 x s after the pulse a fairly strong absorption 
slightly shifted to  a lower wavelength with a maximum 
at  500 nm is seen (curve b). This process can be ration- 
alized in terms of conformational motion leading to  an 
enhanced interaction between two nitrogen atoms of 
the diamine. Assuming dominant through-space inter- 
actions in this case, one would expect the formation of 
the three-electron a-bond whose strength should depend 
strongly on the distance between the nitrogen atoms. ' 
As one would expect, the absorption maximum is 
shifted with time toward the ultraviolet region, indi 
cating a stronger interaction. This intramolecular 
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x lnml  
4 00 500 660 700 


Figure 3. Transient absorption spectra of 3a at 90 K obtained 
(a) lO-’s and (b) 2 x I O d 3  s after the 1-as electron pulse deliv- 
ering a dose of 250 Gy. The sample, 10 mm thick, contained 
3a (0.02 M) in MCH. Inset: absorption change calculated 


from the scope trace at 500 nm 


- 


rearrangement should follow first-order kinetics. This 
was not the case, as shown in Figure 4. The kinetics are 
more complex, suggesting a distribution of initial con- 
formations leading to  a distribution in the reaction 
rates. 


Non-linearity, when the experimental data were 
treated by first-order kinetic equations, was also seen in 
the systems 2a-2c. In our opinion, this problem 
deserves separate consideration, applying the kinetic 
model with a time-dependent rate constant. 
Interesting information comes from the effect of temp- 
erature on the transient absorption spectra of the 
radical cation generated from 3a. As can be seen in 
Figure 5 ,  the spectra of 30 K possess a maximum of 
600nm and hardly change with time if one corrects 
them for lowering of the background. Some motions 
can be quenched at very low temperature owing to  
intrinsic rotational barriers. Also at  lower temperature 
the MCH matrix becomes more rigid, inhibiting confor- 
mational movement of the radical cation and a distinct 
change in the absorption is not seen with time evol- 
ution. The absorption maximum positioned at 600 nm 


Xlnml c 


400 500 600 700 


Figure 5 .  Transient absorption spectra of 3a at 30 K obtained 
(a) lo-’ s and (b) 2 X lO-’s after the 1-as electron pulse deliv- 
ering a dose of 250 Gy. The sample, 3 mm thick, contained 3a 


(0.02 M) and IBuCl (1 M) in MCH 


as compared with 500nm observed at 90 K points 
toward stronger effects on conformational mobility pre- 
cluding the formation of a favourable structure for 
intramolecular interactions. This effect was also seen 
when we generated diamine radical cations in 3MP 
matrices. The ratios ( A ,  - At=o)/Am obtained at 90 K 
were equal to  60, 25 and 100% for 2b, 2c and 3a, 
respectively, and were higher than those obtained in 
MCH matrices (see Table 2) .  This indicates greater con- 
formational freedom in 3MP, and is compatible with 
the known fact that 3MP is a much softer matrix than 
MCH, particularly in the region 80-100 K. 2or21 


As one would expect, changes in the transient absorp- 
tion spectra for 2a-2d are much less pronounced (see 
Table 2) than for 3a. For 2d, where the bicyclic 
structure holds two nitrogen atoms in an almost fixed 
configuration, no change at  all with time is seen in the 
absorption spectra. 
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All the above supports the view that conformational 
motion restricted by the rigid matrix environment leads 
to  substantial changes in the time-resolved absorption 
spectra, which in turn reflects intramolecular interac- 
tions in diamine radical cations lowering their energy. 
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STEREOCHEMISTRY AND KINETICS OF ADDITION OF AMINES 
TO ACETYLENIC KETONES 


EZZAT A. HAMED, SABER M. SHARAF, SAMY A. ABDEL-BAKY, MAHMOUD F. IBRAHIM AND 
ABDEL-HAMID A. YOUSSEF* 


Department of Chemistry, Faculty of Science, Alexandria University, Alexandria, Egypt 


The reactions of a series of 3-@-substituted phenyl)-l-phenylprop-2-yn-l-ones with piperidine and morpholine in 
methanol were studied and their rates measured. The products were 3-piperidino- and 3-morpholino-3-@-substituted 
phenyl)-l-phenylprop-2-en-l-ones. 'H NMR spectra were used to determine the configurations of the obtained 
products. A good Hammett correlation was obtained with p values of 1*15-1*10 and 1.15-0.53 for piperidine and 
morpholine, respectively, which suggest a carbanionic character of the transition state. A two-step mechanism is 
postulated for these nucleophilic additions. 


INTRODUCTION 


The nucleophilic addition of amines to activated acety- 
lenes such as a-acetylenic esters, 1-6 sulphones, 7 - 9  


nitriles lo and ketones ",'* has been studied, especially 
with respect to the 1 :  1 adducts. However, the 
stereochemistry of such reactions was not well eluci- 
dated, probably owing to the difficulties concerning the 
determination of the configuration and the possibility 
of isomerization of the initially formed adduct. 


In this work, the reactions and kinetics of piperidine 
and morpholine with 3-(p-substituted pheny1)-1- 
phenylprop-2-yn-1-ones (la-d) were studied, the 
stereochemistry of the products was assigned and a 
possible mechanism is suggested. 


'a-d 


2 a .R:H;  b, R = C H 3 ;  c ,R:CI i  d =  NO 


RESULTS AND DISCUSSION 


Many attempts to prepare la-d have been reported L3s14 
without much success and little of the acetylenic 
ketones was isolated in these cases. The synthesis of l c  
and d could however, be, readily achieved with fairly 
good yields by the reaction of triethylamine with the 


* Author for correspondence. 


appropriate dibromochalcone l5 in acetone. Attempts to 
synthesize compounds l a  and b by this method gave 
mainly the a-bromo-a,0-unsaturated compound and 
unreproducible amounts of the required acetylenic 
ketones. These two compounds were prepared, how- 
ever, from the corresponding a-bromo-a,@-unsaturated 
ketones I s  by their reactions with aqueous potassium 
hydroxide in acetone. The starting a-bromo-a,@- 
unsaturated ketones were prepared by the action of 
alcoholic fused potassium acetate on 3-(p-substituted 
phenyI)-2,3-dibromopropan-l -one. The acetylenic com- 
pounds l a  and b were separated by repeated flash 
column chromatography [light petroleum-ethyl acetate 
(9 : l)] and identified by continuous TLC. 


The reaction of la-d with piperidine and morpholine 
in absolute methanol gave either exclusively 2 or a 
mixture of 2 and E isomers of 3-(p-substituted 
phenyl)-l-phenyl-3-piperidinoprop-2-en-l-ones (2a-d) 
and 3-(p-substituted phenyI)-l-phenyl-3-morphoIino 
prop-2-en- 1-ones (3a-d), respectively. The Z :  E ratio 
depends on the nature of the para substitutent in 
the phenyl ring at C-3. The addition occurs smoothly 
with the amino group @- to the activating carbonyl 
group, a pattern similar to acetylenic esters" and 
ketones." The properties and spectral data for 2a-d 
are different from those obtained from the reaction 
of the knownI5 2,3-dibromo-3-( p-substituted 
pheny1)propan-1-one and piperidine, which gave the 
knownI6 2-piperidino isomers (4). This is evidence for 
the presence of the amino group in the 0-position of 
2a-d and 3a-d rather than in the a-position. 
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“4 *a- d 3a-d 


4 


Configurational assignments of 2a-d and 3a-d were 
based on their ‘H NMR spectra (Tables 1 and 2). The 
vinylic protons of the p-E- isomers resonate a t  6 
5.60-5.64 and 5.64-5.88 ppm, whereas those of the 
0 - Z -  isomers resonate a t  6 5-80-6.14 and 
5.85-6- 10 ppm for 2a-d and 3a-d, respectively,” 
depending on the nature of the para substituent in the 
phenyl ring. A downfield shift observed for the vinylic 
proton of a 0 - Z -  isomer relative to that of the 0-E- 
isomer is presumably due to  the deshielding of this 
proton by the aryl group which lies on the same side of 
the double bond in the former isomer. 


CH3 
5 


D @7=c=c, 


\ 


“+S 
I \  ?- 
ti-- _ _  o,k 


I 


1 (€)-Isomer 


(ELlsomer 1 (Z)-Isomer 


Scheme 1 


*c,d* 3c,d a - d l  3a-d 


Table 1.  ‘H NMR spectra of 3-(p-substituted phenyl)-l-phenyl-3-piperidinoprop-2-en-l-ones (2a-d) 


Vinylic 
protons 


Aromatic CY-CH~N a- and y-CH2N P-CH~ 
Compound protons Z E protons protons protons 2 :  E 


2.84 1.50 - 1oo:o 
2.90 1.55 2.15 1oo:o 


2a 7.95-6.90 5.80 - 
2b 8 .OO-6.80 5.78 - 


81 : 19 2c 7.85-7.24 6.04 5.60 3.20 1.64 - 
2d 8-  30-7 ‘40 6.14 5.64 3.30 1.70 - 83: I7 


Table 2. ’H NMR spectra of 3-(p-substituted phenyl)-l-phenyl-3-rnorpholinoprop-2-en-l-one (3a-d) 


G ( P P ~ ) ( C D C ~ )  


Vinylic 
protons 


Aromatic 0-CH2 N-CH2 P - C H ~  
Compound protons Z E protons protons protons Z : E  


3.15 3.70 - 1oo:o 3a 7.75-7.35 5.95 - 
3.75 3.20 2.30 100 : 0 3b 7.95-7- 35 5.85 - 


3c 7.80- 7 ’2 5 5.85 5.64 3.20 3.75 - 83: 17 
83 : 17 3d 8.24-7 ‘40 6.10 5.88 3.22 3.78 - 
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Two possible mechanisms could be proposed. The first 
involves a concerted mechanism in which the two poss- 
ible cyclic transition states 5 and 6 include a methanol 
molecule as a proton carrier (Scheme 1). A similar 
mechanism was suggested for the reaction of truns- 
chalcone with pyrrolidine, '' the addition of morpholine 
to  1,3-diphenyIprop-2-yn-l-one in dioxane2' and the 
addition of amines to  aryl vinyl sulphonesXc and 
ketones." Pathway A can lead only to  the E isomer 
through transition state 5, whereas pathway B can give 
both E and Z isomers through transition state 6 .  


The exclusive formation of the Z isomer in the case 
of l a  and b and the increase in Z/E ratio in the mixture 
obtained from l c  and d can be considered to  be due to  
the equilibration of the E and Z intermediates during 
the reaction (Scheme 2). However, attempts to  
isomerize a mixture of (2)- and (E)-2c and d or -3c and 
d under the reaction conditions resulted in the recovery 
of the mixture in the same ratio. A similar observation 
was reported where no post-isomerization was observed 
for P-enamino ketones. '' 


The second mechanism involves attack by  the amine 
on the P-carbon of the acetylenic ketone with initial for- 
mation of an intramolecularly stabilized (electrostatic 
or hydrogen bonded) 2 intermediate, 7 (Scheme 2). 
This intermediate can form the 2 adduct only by direct 
protonation as in l a  and b (electron-releasing substi- 
tuents, kinetic control), whereas isomerization to  the 
linear intermediate 8 leads on protonation to  a mixture 
of Z and E isomers as in l c  and d (electron-attracting 
substituents, thermodynamic control). 


Our results are in accord with the stepwise mechanism 
(Scheme 2) and are inconsistent with the cyclic 
mechanism (Scheme 1). 


The exclusive formation of the 2 isomer in 2a and b 
and 3a and b and its extensive formation in 2c and d 
and 3c and d may be further attributed t o  the intra- 
molecular r-hydrogen bonding interaction between the 
ammonium centre and either the aromatic ring (10) or 


the carbonyl oxygen atom2' (11). Such a hydrogen 
bonding interaction to  the *-cloud of electrons of 
an aromatic ring was reported earlier' for 1-(3,5- 
dimethylbenzylsulphonyl)-2-aziridinoprop-l-ene. Obvi- 
ously, the substituent has a pronounced effect on the 
strength of this hydrogen bond' and on  the stability of 
the initially formed carbanion 7 ( Z ) .  This hydrogen 
bonding presumably freezes the carbanion structure 7, 
favouring the formation of the Z isomer. 


11 


The rate constants of the reactions of la-d with 
piperidine and morpholine in methanol were measured 
at five temperatures. The reaction was found to be first 
order with respect to  the amine determined by the initial 
rate method. However, all reactions follow a second- 
order kinetic equation. The rate coefficients together 
with the derived Arrhenius parameters and the p values 
calculated by the least-squares method are listed in 
Tables 3 and 4. 


The rate of addition t o  la-d depends on the type of 
the amine and the nature of the substituent in the 
phenyl ring. Piperidine reactions are generally faster 
than those of morpholine (kpip/kmow = 3) because of 
the higher nucleophilic power and high basicity of the 
former. 


Our values for the entropy of activation ( A S  * ), 
however, are less negative than those reported for aryl 
vinyl sulphones in ethanol" and t o  1,3-diphenylprop- 
2-yn-1-one in dioxane." These values of A S *  are in 
favour of a stepwise mechanism (Scheme 2) rather than 
a concerted mechanism (Scheme 1). However, the 
relatively low values of the entropy of activation can 
be considered as an indication of the participation of 


(Z)-lsorner 


Scheme 2 


( E)-Isorner 







Table 3. Specific rate constants, activation parameters and p values for the reaction of la-d with piperidine in methanol 


1.9 


17- 


1.5 


N 
1 


8' 1.3- - 
c 


1.1 


0.9 


0.7 


Specific rate constant 
k*(l min-lmol-') 


E O  AS * A H +  
Compound 30 'C 35 OC 40 "C 45 OC 50 "C (kcal mol-') (e.u.) (kcal mol- ') 


- 


- 


- 


- 


- 


~ ~- 


l a  1.93 2.70 4.08 4.66 7.00 12.16 f 0.03 - 18.9 11.53 
( r =  0.99) 


(r = 0.99) 


(r = 0.99) 


(r = 0.99) 


l b  1.35 1.87 2.66 3.30 4.60 12.60 2 0.02 - 18.3 11.98 


IC 3.42 4.84 6.80 8.49 11.38 11.81 f 0.01 -19.0 11.18 


Id 15.60 20.72 30.38 39.18 51.88 11.22 f 0.01 -17.0 10.59 


P 1.15k 0.03 1.13 f 0.01 1.12 2 0.02 1.11 2 0.03 1.10+ 0.03 


Table 4. Specific rate constants, activation parameters and p values for the reaction of la-d with morpholine in methanol 


Specific rate constant 
kz(1 min-lmo1-l) 


Ell AS* AH' 
Compound 30 OC 35 OC 40 "C 45 OC 50 OC (kcal mol- ' )  (e.u.) (kcal mol- ' )  


l a  0.76 0.94 1.21 1.60 2.02 9.59 ? 0.01 -29.5 8.97 


l b  0.53 0.66 0.85 1.18 1 -47 9.81 f 0.01 -29.5 9-18 


l c  1.02 1.47 1.80 2.32 3.01 9.48 ? 0.01 -29.1 8.85 


Id 3.00 3.72 4.88 6.44 7.82 9.06+ 0.01 -28.5 8.43 


P 1.15 2 0.02 0.79 2 0.01 0.78 t 0.02 0.77 f 0.02 0.53 2 0.02 


(r = 0.99) 


(r = 0.99) 


(r = 0.99) 


(r = 0.99) 


I 1  I I I I I I I 
0.3 0.1 a1 a3 0.5 0.7 0.9 


w-Hammet t. 


Figure 1. Plot of log kz for the reaction of la-d with 
piperidine against Hammett u-constants 


d 
L . I . I # I . I . I . I .  
- 03 -0.1 01 0.3 as 0.7 as 


w-Hammct t 


Figure 2. Plot of logkz for the reaction of la-d with 
morpholine against Hammett u-constants 
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a-hydrogen bonding of the benzoyl moiety with the 
ammonium moiety (10 and 11). 


Plots of log kz vs Hammett U-values correlate well for 
the piperidine and morpholine reactions (Figures 1 and 
2, respectively). The p values range between 1.15 and 
1.10 for piperidine and 1 * 15 and 0 - 53 for morpholine, 
indicating that a considerable anionic character is devel- 
oped at the carbon atom adjacent to the carbonyl 
group. These p values are comparable to those reported 
for the addition of amines to aryl vinyl sluphones.'' 


Further evidence of the stepwise mechanism came 
from the observation of two isosbestic points in the UV 
spectra (Figures 3 and 4), which is characteristic of 
consecutive reactions. 23 
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Figure 3.  Variation of the electronic spectra of l c  in the 
presence of piperidine as a function of time 
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Figure 4. Variation of the electronic spectra of l c  in the 
presence of rnorpholine as a function of time 


It can be concluded that the rate-determining step for 
these reactions is the addition of amine followed by fast 
protonation of the carbanion formed, giving the final 
product. The possibility of delocalization of negative 
charge through the carbonyl group followed by keto- 
lization cannot be excluded as a source for the forma- 
tion of some E isomer in case of 2c and d and 3c and d.  


EXPERIMENTAL 


Infrared and ultraviolet spectra were measured on Pye 
Unicam SP 1025 and SP 800 spectrometers, respect- 
ively. The 'H NMR spectra were measured on a Varian 
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EM 390 90-MHz spectrometer (Alexandria University, 
Egypt) and on a Bruker PW 300-MHz spectrometer 
(Oldenburg University, FRG) using CDC13 as the sol- 
vent. Microanalyses were done at Alexandria Univer- 
sity, Cairo University and Mansoura University, Egypt; 
melting points and boiling points are uncorrected. 


Solvents. Methanol and acetone were purified as 
reported previously, 24 whereas amines were dried over 
potassium hydroxide and distilled through a 25-cm 
fractionating column. Their physical constants are as 
follows: pipertdine, b.p. 106 C ,  nh5 1.4520; morpho- 
line, b.p. 127 C, ni5 1.4523. 


1,3-Diphenylprop-l-yn-l-one ( la) .  2,3-Dibromo- 
1 ,3-diphenylpropan-l-0ne~~ was treated with fused 
potassium acetate as reported previously" to  give 2- 
bromo-l,3-diphenylprop-2-en-l-one. The latter com- 
pound undergoes dehydrobromination under the 
action of KOH, giving a residue which was subjected to 
several flash column chromatographic steps and pure l a  
was obtained as yellow crystals (14%). 


3-(p-Methylphenyl)-l-phenylprop-2-yn-I-one ( lb) .  
2,3-Dibromo-3-(p-methylphenyl)-l-phenylpropan- 1- 
one" was treated with fused potassium acetate and the 


isolated 2-bromo-3-(p-methylphenyl)-l-phenylprop-2- 
en-l-oneZs was dehydrobrominated with KOH. The 
pure acetylenic compound l b  was obtained through 
several flash column chromatographic steps as a pale 
yellow solid (27%). 


3-(p-Chlorophenyl)-I-phenylprop-2-yn-l-one ( lc ) .  
A solution of 2,3-dibromo-3-(p-chlorophenyl)-l- 
phenylpropan- 1-one Is (16 g; 0 * 039 mol) and triethyl- 
amine (40 ml) dissolved in acetone (160 ml) were sealed 
in an ampoule and heated for 40 h on a steam-bath. 
The reaction mixture was poured into cold water and 
acidified with 10% hydrochloric acid, then extracted 
with diethyl ether. The ethereal layer was washed with 
water and sodium hydrogen carbonate solution and 
dried over anhydrous sodium sulphate. The solvent was 
removed and the crude product crystallized from dilute 
methanol as white needles (7.29 g; 75%). 


3-(p-Nitrophenyl)-I-phenylprop-2-yn-I-one (Id). In 
a sealed ampoule, a solution of 2,3-dibromo-3-(p- 
nitropheny1)-1-phenylpropan-1-one l 5  (12 g; 0.029 mol) 
and triethylamine (30 ml) in 120 ml of acetone was 
heated on  a steam-bath for 40 h. The reaction mixture 
after work-up as in the synthesis of l c  gave a solid that 
crystallized from dilute methanol as yellow crystals 
(4-89 g; 65%). 


Table 5 .  IR,  UV, 'H NMR, mass spectra and elemental analyses of 3-(substituted phenyl)-l-phenylprop-2-yn-l-ones (la-d) 


3* f i i *Q' 1 / CEC-co 


6. 5 f 


l a - d  
IR (v cm- ' )  uv 


(X  nm) 'H NMR(CDC13) Calc. ( M + ) "  
Compound m.p.('C) C r C  C=O C=C (c) (6,ppm) Formula (Found) (To) ml 


l a  63-64 2200 1655 1620 292 8.2S-8.20(m,2H2,,6,) CisHioO C,87.40; H.4'89 206 
(2 1 900) 7 .68-7.62(n1,3H,,,~,.s ,) (C,87.00; H.4.87) 


7 '48-7 .40(m,5Hz,,,3,,.4.,s,',6,,) 
l b  56-58 2200 1690 1620 310 8.23-8.04(m,2H2,,6,) C16H120 C,87.27; H,5.45 220 


(22 000) 7'60-7'37(m,5H3,,4~,s~,r,,,6,~) (C,86.90; H,5.47) 
7.20-7.03(m,2H3,,,s,,) 
2.40(~,3H,p-CH3) 


l c  103 2210 1670 1600 296 8.26-8.09(m,2Hz,,6,) CisHgOCI C,74.84; H,3.74; C1,14.76 240 


7.45-7'40(m,2H~",a.,) 
Id 146-147 2220 1640 1600 293 8.40-8.35(d,2H3,,,~,,) ClsHsNO3 C,71.71; H,3'58; N, 5.57 251 


7.92-7 8O(m,2Hy,6") 


(23 200) 7.68-7.46(m,5H3,,4,,~",5,,) (C,74.70; H,3.60; C1,14-30) 


(26000) 8.30-8.20(m,2H2.,6,) (C,71 '10; H.3.70; N,S.66) 


7.73-7*49(n1,3H~.,~,,5,) 


a Mass spectra were measured on a Nuclide 12-90 G mass spectrometer (North Eastern University, USA). 
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Melting points, elemental analysis and spectral data 
of the above starting materials la-d are reported in 
Table 5. 


Reaction products. The following procedure was 
adopted for all compounds 2a-d and 3a-d. Compound 
la ,  b, c or d (0-59g) was dissolved in absolute 
methanol and a solution of amine (three times the 
molarity of the compound) in absolute methanol (5  y l )  
was added. The mixture was thermostated at 40 C 
(until the disappearance of the starting material using 
TLC), then cooled, poured into ice-cold water and the 
precipitate formed was filtered and crystallized from 
light petroleum-benzene. The samples used for 'H 
NMR are those isolated from the reaction before 
purification. 


(a) 1,3-Diphenyl-3-piperidinoprop-2-en- I -one deriva- 
tives (2a-d). 


ZT *a-d 
(2)-1,3-Diphenyl-3-piperidinoprop-2-en-l-one (2a). 


Deep yellow crystals; yield 95%; m.p. 97-99°C. 
Analysis: calculated for C ~ ~ H ~ I N O ,  C 82.47, H 7-21, 
N 4-81; found, C 82.32, H 7.30, N 4.61%. IR: 
1680(s). 1605(s), 1380(m), 1240(m) cm-'. UV, 
X = 348 nm (E  = 20400). 'H NMR(CDCl3): aromatic 
protons at 6 8.10-8.00 (2H2',6'), 7-57-7.17 
(m,6H3, ,49,5, ,33,,4,3,5"), 7 -07-6- 87 (m,2H2,,,6?1); 5 * 80 
(s, lH,  vinylic proton); 2.84 (s, 4H, a-CH2 protons); 
1.50 ppm (s, 6H, p- and y-protons). 


lz)-3-(p-(Methylphenyl)-l-phenyl-J-piperidinoprop-2- 
en-I-one (2b). Pale yellow crystals; yield 98%; m.p. 
124-125 "C. Analysis calculated for C ~ ~ H Z ~ N O ,  C 
82.62, H 7.54, N 4.59. Found, C 82.23, H 7.41, N 
4.61%. IR: 1675(s), 1605(s), 1340(m), 1285(m). UV: 
X = 350 nm ( E  = 17.600). 'H NMR (CDCl3): aromatic 
protons at 6 8.1-7-90 (m, 2HzZ,6*), 7.57-7.13 (m, 
5H3,,4,,5,,2,,,6r,). 6.93-6-70 (m, 2Hy,5,,); 5.78 (s, lH ,  
vinylic proton); 2-90 (s, 4H, a-CH2 protons); 2.15 (s, 
3H, p-CH3 protons); 1.55 ppm (s, 6H, 0 and 
y-protons). 


(E, Z)-3-(p-Chlorophenyl)- I -phenyl-3-piperidinoprop- 
2-en-l-onz (2c). Pale yellow crystals; yield 76%; m.p. 
143-145 C. Analysis: calculated for C2oH2oClN0, C 
73.73, H 6.14, N 4.30, C1 10.90; found, C 73.40, H 


5.90, N 4.10, C1, 10.70%. IR: 1648(s), 1600(s) 
1375(m), 1230(m) cm-I. UV: X = 350 nm ( E =  17400). 
'H NMR (CDCl3): aromatic protons at 6 8.04-7.74 
(m, 2H2, ,6'), 7 * 55-7.25 (m, 5H3, ,4',5, ,33,,5"), 
7.25-7.00 (m, 2H2,,,6?!); 6.04 [s, lH ,  (Z)-vinylic 
proton 81%], 5.60 [s, l H ,  (E)-vinylic proton, 19%]; 
3.20 (s, 4H, a-CH2 protons); 1-64 ppm (s, 6H, p- and 
y-protons). 


(E, 2)-3-(p-Nitrophenyl)- I -phenyl-3-piperidinoprop- 
2-en-1-one (2d). Yellow crystals; yield 79%; m.p. 
164-166 "C. Analysis: calculated for CzoHzoNzO3, C 
71.42, H 5.95, N 8.33; found, C 71.20, H 6.00, 
N 8.70%. IR: 1638(s), 1618(s), 1355(m), and 
1220(m) cm-'. UV: X = 350 nm ( E  = 22800). 'H NMR 
(CDCl3): aromatic protons at 6 8-18-8-10 (d, 
2H3,8,5c3); 7.46-7-38 (m, 2H2',6'), 7-26-7.15 (m, 
5H3,,4,,5,,2,,,6,r); 6 -  14 [S, lH ,  (Z)-vinylic proton, 
83%]; 5-64 [s, lH ,  (E)-vinylic proton 17%]; 3-30 (s, 
4H, a-CH2 protons); 1-70 ppm (s, 6H, p- and yCH2 
protons). 


(b) I,3-Diphenyl-3-morpholinoprop-2-en-l-one 
derivatives (3a-d). 


b' 3 a-d 


(Z)-I,3-DiphenyI-3-morphoIinoprop-2-en-I~one (3a). 
Pale yellow crystals; yield 97%; m.p. 72-74 C. Analy- 
sis: calculated for C19H19N02, C 77-81, H 6-48, N 
4-77; found, C 77-71, H 6.35, N 4.41%. IR: 1620(s), 
1600(s), 1200(s), 1345(s) cm-'. UV: X = 348 nm 
( E  = 16000). 'H NMR (CDCl3): aromatic protons at 6 
7.98-7-66 (m, 2Hzr,6,), 7.47-7.20 (m, 
6H3,,4,,5,,3",4,,,5"), 7-28-7.05 (m, 2H2,,,6"); 5-95 (s, 
lH ,  vinylic proton); 3-70 (m, 2H, CH2-N protons); 
3.15 ppm (m, 2H, 0-CH2 protons). 


(2)-3-( p-Methylpheny1)-I -phenyl-3-morpholinoprop- 
2-en-I-one (3b). 
Pale yellow crystals: yield 94%; m.p. 105-106 'C. 
Analysis: calculated for C20HzlN02, C 78.17, H 6-88, 
N 4.56; found, C 77-76, H 6.44, N 4.52010. IR: 1620 
(s), 1600(m), 1345(m), 1240(m) cm-'. UV: X = 348 nm 
( E  = 19200), 'H NMR (CDCl3): aromatic protons at 6 
8.13-7.87 (m, 2H2,,6~), 7.60-7-20 (m, 3H3,,41,5,), 
7.20-7.00 (m, 4H2",3~,,5,,,61~); 5.85 [s, lH,  (Z)-vinylic 
proton]; 3.75 (m, 2H, CH2-N protons); 3.20ppm (m, 
2H, 0-CH2 protons). 
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(E, Z)-3-(p-Chlorophenyl)- I-phenyl-3-morpholino- 
prop-2-en-I-one (3c). 
Pale yellow crystals; yield 80%; m.p. 115-117 "C. 
Analysis: calculated for C I ~ H I ~ N O ~ C I ,  C 69.61, H 
5.49, N 4-27, Cl 10-68; found, C 69.50, H 5.80, N 
3-92, CI 10.41%. IR: 1650(s), 1610(m), 1375(s), 
1220(s) cm-'. UV: X = 345 nm (E  = 19200). 'H N M R  
(CDC13): aromatic protons at  6 8.00-7.67 (m, 
2H2,,6,), 7.51-7.46 (m, 2H2,,,6,,), 7.45-7.27 (m, 
3H3,,43,5,); 5.85 [s, IH, (2)-vinylic proton 83%], 
5.64 [s, IH, (E)-vinylic proton, 17%]; 3.75 (m, 2H, 
CH2-N protons); 3-20 ppm (m, 2H, 0-CH2 protons). 


(E, 2)-3-(p-Nitrophenyl)-I-phenyl-3-morpholino- 
prop-2-en- 1 -one (3d). 
Yellow crystals; yield 85%; m.p. 154-155 "C. Analysis: 
calculated for C I ~ H I ~ N Z O ~ ,  C 67.45, H 5.32, N 8.28; 
found, C 67.50, H 5-40, N 8.10%. IR: 1640(s), 
1612(s), 1355(s) and 1220(s) cm-'. UV: X = 350 nm 
(c = 16800). 'H N M R  (CDC13): aromatic protons at  6 
8.33-8.20 (d, 2H3,,,5,,), 7.88-7.76 (m, 2H2,,6,), 
7.51-7.46 (m, 2H2,,,6,,), 7.45-7.27 (m, 3H3,,4,,51); 
6.10 [s, IH, (2)-vinylic protons, 83%], 5-88 [ s ,  IH, 
(E)-vinylic proton, 17%], 3.78 (m, 2H, CH2-N 
protons); 3.22 ppm (m, 2H, 0-CHZ protons). 


Kinetic measurements. The kinetics of the reactions 
of la-d with piperidine or morpholine were studied 
spectrometrically using a Pye Unicam SP 800 double- 
beam recording spectrometer. The spectral variations of 
these reactions as a function of time show two isosbestic 
points (Table 6). 


Table 6. Positions of isosbestic points for the reactions of 
la-d with piperidine and morpholine 


Piperidine Morpholine 


Compound X (nrn) A (nm) X (nm) A (nm) 


l a  316 260 317 256 
l b  322 282 323 250 
l c  320 256 318 252 
Id 318 262 320 250 


The reactions were monitored at X = 348,350,350 
and 350 nm for reactions of la,  b, c and d, respectively, 
with piperidine and at X = 348, 348, 345 and 350 nm for 
the corresponding reactions with morpholine. 


Methanolic solutions of the substrate and piperidine 
or morpholine that give a final concentration of 
5 x M and 5 x or 5 x lo-' M, respectively, 
were thermostated at the desired temperature ? 0.5 "C. 
A 2 ml volume of the reaction mixture was transferred 
quickly into a well thermostated chamber containing 
the UV cell. The rate constant kobs at any time t was 


obtained from the following equation: 


where Ao,  A ,  and A are the values of the absorbance 
at zero, time f and infinity, respectively. The kz values 
were calculated by dividing kobs by the amine concentra- 
tion. 
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EFFECTS OF C F 2  GROUP PYRAMIDALIZATION IN THE 
1,1,3,3-TETRAFLUOROPROPENYL ANION 


JAMES H. HAMMONS,* DAVID A. HROVAT AND WESTON THATCHER BORDEN~ 
Department of Chemistry, University of Washington, Seattle, Washington 98195, U.S.A. 


A b  initio calculations with the 6-31G" basis set were carried out on planar and pyramidalized geometries of the 
1,1,3,3-tetrafluoropropenyl anion and on two geometries with one CF2 group rotated out of conjugation. Structures 
with at least one pyramidalized CF2 group are substantially lower in energy than the corresponding unpyramidalized 
structures for both rotated and unrotated geometries. At the MP2/6-31G* level of theory, three structures of 
approximately equal energy all lie 17-18 kcal mol - below the planar Czv structure. These include a C, geometry with 
one CF2 group rotated out of conjugation, an unrotated C1 structure with unequal CC bond lengths and an 
unrotated, pyramidalized C2 structure with equal CC bond lengths. 


INTRODUCTION 


The effects of fluorines on allylic radicals have been 
investigated both experimentally' and computa- 
tionally.' Replacement of the four terminal hydrogen 
atoms in the allyl radical by fluorines has been found 
to lower the allyl rotational barrier' by about 
9 kcalmol-'. Our ab initio calculations have con- 
firmed the conjecture that CF2 group pyramidalization 
is the major factor responsible for this large decrease in 
the barrier t o  rotation in fluorinated allyl radicals.' 


CF2 group pyramidalization would be expected to  be 
even more important in fluorinated allylic anions. 
Indeed, in an interesting computational study of allylic 
anions with terminal CF2 groups, Dixon et aL4 found 
that a C, geometry for pentafluoroallyl anion, in which 
the anionic CF2 group is pyramidalized and rotated out 
of conjugation, lies 25-28 kcalmol-' below the con- 
jugated C2" structure. However, they did not report the 
energies of conjugated geometries in which one or both 
of the CF2 groups were pyramidalized. 


As an extension of our study of pyramidalization in 
the I ,  1,3,3-tetrafluoropropenyl radical,' we have per- 
formed ab initio calculations on the corresponding 
anion. Our aim was to  determine whether conjugated 
geometries with pyramidalized CF2 groups would be 
competitive in energy with a geometry in which the 
anionic CF2 group is pyramidalized and rotated out of 
conjugation. Calculations were performed at the six 
geometries depicted in Figure 1. 


H 
I 


F*F F F 


1 


4 


2 


H 


F 
5 


3 


F+ .OFF 


F 
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Figure 1. Schematic depiction of molecular geometries for the 
1,1,3,3-tetrafluoropropenyl anion 


Three of these geometries are conjugated and have 
both C C  bond distances equal. These include the planar 
CzV structure 1 and the pyramidalized Cs(2) and C2(3) 
structures. The remaining three geometries each have 
two unequal CC bond lengths. These structures are the 
conjugated CI geometry (4) and two rotated C, geom- 
etries, with the twisted CF2 group planar in 5 and 
pyramidalized in 6. In this paper, we discuss the results 
of our calculations of the relative energies of these six 
geometries. 
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COMPUTATIONAL METHODOLOGY 


Geometries were fully optimized within each symmetry 
constraint by RHF calculations performed with the 
6-31G* basis set. Diffuse functions were not included 
in the basis set, as Smart et u I . ~  found them to have 
little effect on the relative energies of planar and rotated 
geometries of allyl, pentafluoroallyl and 1,l-difluorallyl 
anions. The RHF energies are given in Table 1 and the 
optimized geometries in Table 2. Vibrational analyses 
were carried out with the 6-31G* RHF wavefunction 
for the CzV (l) ,  C2 (3) and CI (4) and rotated C, (6) 
geometries, in order to determine whether each of these 
stationary points was a minimum or an energy 


Table 1. Calculated relative 6-31G* energies and numbers of 
imaginary frequencies for geometries 1-6 of the 1,1,3,3- 


tetrafluoropropenyl anion 


E (kcal mol ') 
Imaginary 


Geometry RHF MP2 frequencies 


1 24.0 17.3 2 
14.8 - 2 


3 10.5 0.1 1 
4 0.2  -1.1 0 
5 52.6 


l a  


b - - 
6 0.0' O.O* 0 


a Predicted, nor calculated; see text. 
Not a stationary point, so no frequency analysis performed 


' E =  -511.8247 hartree. 
E = - 512.8798 hartree. 


maximum with respect to  one or more normal co- 
ordinates. The effect of electron correlation on the 
relative energies of the optimized geometries was deter- 
mined by MP2/6-31G4  calculation^.^ All of the 
calculations were performed with the Gaussian 86 
package of programs. * 


RESULTS AND DISCUSSION 


The relative RHF and MP2 energies calculated for the 
optimized geometries 1-6 are presented in Table 1. 
Delocalization of the four *-electrons is at a maximum 
in the planar CzO geometry 1. Loss of conjugation by 
rotation of one CF2 group without any pyramidaliz- 
ation in 5 raises the RHF energy by 28.6 kcalmol-'. 
However, full optimization of the rotated geometry in 
C, symmetry gives 6 ,  in which t b  pyramidalization 
angle at rotated CF2 group is 73.9 This angle, which 
is defined as the angle between the CF2 plane and the 
extension of the CC bond, is c o n s i F b l y  larger than 
the pyramidalization angle of 54.7 for a tetrahedral 
geometry. The 28.6 kcal mol-' increase in energy result- 
ing from the loss of conjugation in 5 is more than com- 
pensated by the 52.6 kcalmol-' decrease in energy 
which accompanies pyramidalization of the carbanionic 
CF2 group in the rotated structure 6. At the RHF level, 
6 is calculated t o  lie 24.0 kcalmol-' below 1, in close 
agreement with the results of Dixon et al. for the pen- 
tafluorallyl anion. 


CF2 group pyramidalization was also found to  
be energetically favorable a t  conjugated geometries. 


Table 2. Optimized geometries for structures 1-6 


Structure 2 3 4 


Bond length ( A )  C-H 
c-1-C-2 
C-2-C-3 
C-1-F-1 
C-1-F-2 
C-3-F-3 
C-3 - F-4 


Bond angle ( O )  H-C-2-C-I 
H -C-2-C-3 
c - c - C  
C-2-C-1 -F-1 
C-2-C-1-F-2 
C-2-C-3-F-3 
C-2-C-3-F-4 
F-1 - C-1 -F-2 
F-3 - C-3-F-4 


Dihedral angle (') H-C-2-C-1-C-3 
H-CC-2-C-1 -F-1 
H-C-2-C-1 -F-2 
H-C-2-C-3-F-3 
H -C-2-C-3 - F-4 


1.078 
1.353 
1.353 
1.367 
1.358 
1.367 
1.358 


112.5 
112.5 
134.9 
123.4 
127.1 
123.4 
127.1 
109.5 
109.5 


180.0 
0.0 


180-0 
0-0 


180.0 


1.078 
1.378 
1.378 
1.378 
1.367 
1.378 
1.367 


112.8 
112.8 
131.6 
116.5 
120.0 
116.5 
120.0 
106.3 
106.3 


161.1 
28.7 


159.2 


159.2 
-28.7 


1.076 
1.379 
1.379 
1.381 
1.363 
1.381 
1.363 


114-2 
114.2 
131.7 
116.9 
119.3 
116.9 
119.3 
105.8 
105.8 


180.0 
34.2 


163.7 
34.2 


163.7 


1.077 
1.307 
1.504 
1.340 
1.322 
1.435 
1.418 


114.3 
115.1 
130.1 
124.3 
128.3 
102.4 
105.2 
107.4 
101.1 


172.6 
0 .9  


178.2 
50.3 


155.7 


5 


1.124 
1.318 
1.420 
1.332 
1.312 
1.395 
1.385 


108.2 
127.0 
124.8 
124.6 
128.6 
125.0 
125.0 
106.8 
110.0 


180.0 
0.0 


180-0 
90.0 


- 90.0 


6 


1.082 
1.303 
1.521 
1.333 
1.317 
1.438 
1.438 


115.5 
120.7 
123.8 
124.8 
128.0 
110.4 
100.4 
107.2 
99.5 


180.0 
0.0 


180.0 
50.9 


- 50.9 
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Vibrational analysis revealed two imaginary frequencies 
for the Czu structure 1, corresponding to modes of bl 


and a2 symmetry. These modes correspond, respec- 
tively, to syn- and anti-pyramidalization of the CF2 
groups, in both cases without rotation. Of the two 
modes, the one leading to the anti-pyramidalized C2 
structure 3 is calculated to produce the greater energy 
lowering. Structure 3 is calculated to lie 
13.5 kcalmol-' below 1 and 4.3 kcalmol-' below the 
syn-pyramidalized structure 2. 


Pyramidalization of the CF2 groups in 2 and 3 is 
pronounced. The pyramidalizatio? angle at each CF2 
group is 37.9O in 2 and 38.6 in 3. CF2 group 
pramidalization aesults in the lengthening of the CC 
bonds by 0-025 A in both 2 and 3, compared with 1. 
The energetic cost of decreased *-bonding in 2 and 3 is 
apparently outweighed by the stabilization that results 
from pyramidalization of the negatively charged CF2 
groups. 


Vibrational analysis showed the optimized C2 struc- 
ture 3 to have one imaginary frequency. Examination 
of the normal coordinates of this mode revealed that a 
major component is asymmetric stretching of the CC 
bonds. This result is interesting because, in the CzU 
structure 1, the b2 mode for asymmetric C-C stretching 
was calculated to have a frequency of 1941 cm-'. Even 
in the C2 structure 3, pure asymmetric C-C stretching 
has a positive force constant. 


Symmetry breaking' in 3 can be understood by con- 
sidering how the a2 mode for anti-pyramidalization of 
the terminal CF2 groups in 1 might be coupled with the 
bl mode for syn-pyramidalization. As noted above, 
both modes have negative force constants and, in the 
harmonic approximation, they are independent of each 
other. Consequently, any combination of these modes 
must, within this approximation, also lower the energy 
below that of the Czv geometry. 


Group theory shows that a vibration of b2 symmetry 
can couple vibrations of bl and a2 symmetry. The 
energy associated with the coupling term has the form 
A E  = k Ax(a2) Ax(b1) Ax(&),  where each Ax is the 
linear displacement from CzV symmetry along one of 
the three normal coordinates. Because this cubic term is 
linear in each displacement, it is zero unless all three Ax 
terms are non-zero. Whether this term raises or lowers 
the energy depends on the relative signs of all three 
distortions. 


This analysis predicts that because a b2 vibration has 
a positive quadrtic force constant, b2 distortion of the 
C-C bond lengths from equality can be energetically 
favorable only when the modelcule is simultaneously 
distorted along both a2 and bl modes of CF2 pyramida- 
lization and when the b2 mode has the correct phase, 
relative to the phases of a2 and bl. Physically, when dis- 
tortion along both a2 and bl modes occurs simul- 
taneously, pyramidalization is additive at one terminal 
CF2 group and tends to cancel at the other. The mode 


of C-C bond length distortion that is energetically 
favorable is that which lengthens the C-C bond to the 
more highly pyramidalized CF2 group and shortens the 
bond to the more nearly planar one. 


In fact, distortion of the C2 geometry (3) along the 
vibrational mode with the imaginary frequency leads to 
a CI energy minimum (4), lying 10.3 kcal mol-' below 
3, and having the geometrical features expected on the 
basis of the foregoivg analysis. The C-1-C-2 bond 
length in 4 is 1.307 A ,  and the geometry around both 
doubly bonded carbons is nearly planar. The C-2-C-3 
distance is 1 504 A ,  and the negative charge is localized 
primarly on C-3, which has a pyramidalization angle 
of 67-8O. 


The C1 geometry of structure 4 can also be reached 
by asymmetric distortion of the C, geometry (2). Since 
2 lies higher in energy than the C2 geometry (3), a vibra- 
tional analysis was not performed on 3; however, like 
3, 2 should have an imaginary frequency for the vibra- 
tion that takes it to 4. 


Structure 4 is calculated to lie just 0.2 kcalmol-I 
above 6, which has the singly bonded CF2 group twisted 
out of conjugation, and which is the most stable of the 
six geometries at the RHF level. Comparison of these 
two strytures reveals that in 4 the C-2-C-3 bond is 
0.017 A shorter, C3 is slightly less pyramidalized 
(67-8O vs 73.9") and there is less negative charge at C3 
( -  0.64 vs - 0.70) than in 6. These differences are con- 
sistent with some delocalization of the negative charge 
at C-3 in the conjugated structure 4. However, delocal- 
ization in 4 is weak because of the long C-2-C-3 dis- 
tance and the highly pyramidalized geometry at c-3. 
The stabilizing effect of conjugation of the lone pair 
with the double bond in 4 is presumaly balanced in 6 by 
overlap of the a-bond with the combination of CF 
bonds at C-3 with the same symmetry. 


When the hydrogen at C-2 in 6 is replaced with 
fluorine, additional stabilization of this geometry is 
provided by overlap of the lone pair on C-3 with the 
unfilled C-2-F antibonding orbital. This extra sta- 
bilization by anionic hyperconjugation is presumably 
responsible for the finding that in the pentafluoro- 
propenyl anion a conjugated structure, analogous to 4, 
is not an energy minimum and rotates without a barrier 
to a non-conjugated structure, analogous to 6. lo 


The inclusion of electron correlation, which 
characteristically lowers the energy of more delocalized 
structures relative to localized ones,' also does so in 
1,1,3,3-tetrafluoropropenyl anion. At the MP2/6-31G* 
level, the decrease is 6.7 kcalmol-' for the Czv struc- 
ture (1) and 10.4 kcalmol-' for the C2 structure (3), 
relative to the energy of the unconjugated anion (6). 
Although 1 still lies more than 17 kcalmol-' above 6 at 
the MP2 level, the energies of 3 and 6 now differ by 
only 0.1 kcal mol-I. The energy of the conjugated, but 
weakly delocalized, C1 structure (4) decreases by only 
1.3 kcalmol-I relative to 6, but this small change is 
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enough to  make 4 the more stable of the two structures 
by 1 . 1  kcalmol-I. 


At the MP2 level, the potential energy surface for 
rotation about the C C  single bond in 4 and for 
equalization of the two CC bond lengths is calculated to  
be fairly flat. Consequently, geometry reoptimization at  
the MP2/6-31G* level could change the relative ener- 
gies of 3, 4 and 6, as could inclusion of diffuse func- 
tions in the basis set and higher Ievels of electron 
correlation. Nevertheless, our MP2/6-3 1G* calcula- 
tions at the SCF-optimized geometries indicate that the 
geometry of lowest energy is the conjugated but local- 
ized structure 4. The C, structure (6) appears to be an 
intermediate for CF2 group rotation, and the C2 struc- 
ture (3) is a low-lying transition state connecting the 
equivalent CI minima (4). 


Although higher levels of calculation would be 
required to predict unequivocally the equilibrium gas- 
phase geometry of the 1,1,3,3-tetrafluoropropenyl 
anion, the major finding of this study is that the carb- 
anion is rather floppy. Thus, in solution exchange of 
the fluorines among the four non-equivlaent NMR 
environments in 4 is predicted to be rapid, even at  very 
low temperatures. 
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REARRANGEMENT AND CYCLIZATION IN THE IONIZATION 
OF THE 4-CHLORO-3-METHYLBUTANOYL CATION 


DAN FARCASIU,* GLEN MILLER AND SHALINI SHARMA 
Department of Chemistry, Clarkson University, Potsdam, NY 13676, U.S.A. 


The second ionization of the 4-chloro-3-methylbutanoyl ion forms a primary alkyl acyl dication, as a tight ion pair. 
Methyl and hydrogen shifts occur to comparable extents indicating that the relative stability of the product (sec- or 
fert-carbocation) does not influence the energy barrier for the shift. The product of methyl shift (1,3-sec-alkyl acyl 
dication) loses the proton closest to the counterion in the tight ion pair and forms the pent-3-enoyl cation. 
Protonation-deprotouation of the latter, followed by internal acylation, gives the protonated cyclopent-2-enone. The 
dication resulting from hydrogen shift loses a proton from C-2 and gives the 3-methylbut-2-enoyl cation. 


INTRODUCTION 


As part of our studies on acyl alkly dications, we have 
investigated the reaction of the 4-chloro-3-methyl- 
butanoyl cation (1) in superacids. Based on our findings 
with the lower homolog, the 4-chlorobutanoyl cation 
(2), ' we expected 1 to form the 3-methylbutenoyl cation 
(3) in an acidity-dependent reaction [equation (l)] . We 
reasoned that a concerted hydride shift might assist 
ionization of 1, such that the latter would not show the 
mechanistic complications observed in the coversion of 
2 to 4, and it would react at lower acidities, thus expan- 
ding the range for which conversion rates of chloroacyl 
cations could be used as acidity probes. 233 


R R 
I I 


ClCH2-CH-CH2CO' CH3-C=CHCO+ 


1 R=Me;  2 R = H  3 R = M e ;  4 R = H  
(1) 


Cation 1 was generated from the acid chloride, the 
synthesis of which is detailed under Experimental. The 
reaction of 1 was studied in three superacids: (A) 
FSO3H-SbF5 (4:l) (B) FS03H-SbF5 ( 1 : l )  and (C) 
HF-SbF5 ( I  : 1) .  On standing, the 'H NMR spectrum of 
l(61.48, d, 3H; 3.23, m, 1H; 3-85, m, 2H; 4-13, m, 
2H)4 was replaced with that of 3 (62.78, s, 3H; 2-86, 
s, 3H; 6.50, s, lH)5 and of protonated cyclopent-2- 
enone, 5 (63.40, s, 4H; 7.09, d, 1H; 9.28, d, 1H).6The 
reaction therefore involves a competition between a 


* Author for correspondence. 


hydrogen and a methyl shift, after ionization or con- 
certed with it [equation (2)]. In each instance the migra- 
tion increases the charge repulsion, as a 1,3-dication is 
formed from a 1 ,Cdication, but at the same time it con- 
verts a primary carbocation to a tertiary and to a 
secondary carbocation, respectively. 


3 -H 1 - -Me MeCHzCH 'CHZCO + -, --* 


6 


7 5 


An analogy to the formation of 5 exists in the reac- 
tion of 1,3-dimethylallyl cation with carbon monoxide. 
The @,y-unsaturated acyl cation first formed in that 
reaction undergoes double-bond migration and 
cycloacylation giving the protonated 2-methylcyclo- 
pent-Zeone. ' 


The conversion was clean in acids A and B, and rates 
could be measured; some side products formed in acid 
C prevented an accurate kinetic study. The rate of dis- 
appearance of 1 increases with increasing acid strength. 
Thus, about 50% conversion to products occurred in 
250 min in acid A at 53-5 'C, in 40 rnin in acid B at 
54.0 "C and in less than 100 min in acid C at 23.8 "C 
(the side reactions were prevalent in acid C at higher 
temperatures). For comparison, the parent ion 2 is 
about half converted to 4 in 250min in acid A at 
53 3 8  "C and in 85 min in acid C at 28 ". The near 
equality in rates between 1 and 2 would seem to argue 
against assistance of ionization of 1 by the methyl and 
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hydrogen shifts, but the comparison is not straightfor- 
ward, because mechanistic differences were evidenced. 
Thus, an intermediate was observed for the reaction of 
1 in both acids A and B; it exhibited a doublet at 6 1.79, 
which could be integrated. The conversion of 1 to  the 
intermediate exhibits first-order kinetics 
( k 1 = 4 . 9 7 ~  s- l  at 53.5"C in acid A and 
1.71 x s C 1  at 54.0"C in acid B) and shows no 
induction period. 


The ratio of 3 to 5 remains constant throughout reac- 
tion in acids A and B. In addition, the rates of forma- 
tion of the two products depend on the intermediate 
concentration in a similar way, thus indicating that the 
intermediate is common to the two pathways, and 
therefore has an unrearranged structure. It is probably 
the analog of 1 with C1 replaced by fluorosulfate. 
Similar replacements of substrate leaving group by the 
superacid anion have been reported before. ti Acid cata- 
lysis in the formation of the intermediate (faster reac- 
tion in acid 6) indicates capture of a primary alkyl acyl 
dication, rather than nucleophilic displacement of 
chloride in 1. 


The relative importance of the two pathways depends 
on both acidity and temperature. Thus, the ratio: 3:5 is 
1 *46 in acid A at  53.5 "C and 0.69 in acid B at 54.0 "C. 
The iatio in acid A is 1-28 at  57.8"C and 2.79 at  
-19 C.  In acid C the ratio changes with conversion 
(> 1 initially, < 1 at  more than 50% conversion). 
Again, the sizeable extent of side reactions prevented a 
careful study in acid C, but a control experiment 
showed no conversion of 3 to  5. The similar amounts of 
3 and 5 observed indicate that the stability of the migra- 
tion products (tertiary cation for the formation of 3, 
secondary cation for the formation of 5 )  plays no 
significant role in determining which group migrates. 


A difference between the two pathways appeared in 
the reaction of 1 in deuterated acid B. Deuterium NMR 
shows one strong peak at 3-40 ppm (C-4 or  C-5 of 5, 
or both), and very small incorporation in other pos- 
itions of 5, or in 3. I3C NMR' confirmed this finding. 
The isotope exchange can result from the deuteration9 
of an alkenoyl cation intermediate in the formation of 
5, which indicates that the 1,3-dication, 6, resulting 
from a methyl migration reacts further by proton loss 
rather than a hydride shift. Of the two possible elimina- 
tion products, the a&-unsaturated structure (pent-2- 
enoyl cation, 8)  would lead to incorporation of 
deuterium at  C-5 in the cyclic product. This pathway is 
unlikely, however, because the branched a,P-alkenoyl 
cation 3 formed in the reaction, which should be pro- 
tonated more easily than 8, incorporates no deuterium. 
It remains that proton elimination to  form the less 
stable P,y-unsaturated alkenoyl cation isomer, 9, is the 
preferred reaction of 8. As shown in Scheme 1, conver- 
sion of 9 t o  7 through dication 10 places a deuterium 
atom at  C-3, which becomes C-4 of the cyclic product, 
5, Formation of the 1 ,4-dication 10 from 9 is obviously 
preferred to  the formation of the 1,3-dication 6. 


The proton loss that occurs in the formation of 9 
cannot be concerted with the methyl migration and 
assist it kinetically (base catalysis I ) ,  because the ratio 
5:3 is higher in the stronger acid B than in acid A. The 
results are best rationalized by a competitive migration 
in the primary alkyl acyl dication (1,Cdication) fol- 
lowed by proton loss from the 1,3-dication (6 or 11, 
Scheme 1). The secondary ion 6 transfers the proton 
closest to  the counter ion serving as the base, in the 
tight ion pair, and gives the pent-3-enoyl cation (9), 
while 11 survives long enough to  allow the base to 
remove the proton at C-2 and form 3. 


Scheme 1 
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EXPERIMENTAL 


General procedures. The gas chromatograms were 
run on a 3 m x 3 mm 0.d. column with 10% silicone 
SP-1000 on Supelcoport as stationary phase. The 'H 
NMR spectra of neutral species were recorded at 
60 MHz and their 13C NMR spectra were obtained at 
62.896 MHz, all in CDC13 with TMS as internal 
standard. The conversion of ion 1 was followed by 'H 
NMR at 90 MHz; the chemical shifts were measured 
from external (coaxial) TMS dissolved in CDC13. 


4-Chloro-3-methylbutanenitrile (12). A warm 
solution of NaCN (21.4 g) in water (33 ml) was diluted 
with 95% ethanol (130 ml), then l-bromo-3-chloro-2- 
methylpropane (62.2 g) was added dropwise and the 
mixture was boiled under reflux until the ratio of 
product to starting material was 6-9 [by gas-liquid 
chromatography (GLC)] ; about 3 5 h were necessary. 
Very little of a material with a longer retention time 
(presumably the dinitrile) was observed. The reaction 
mixture was diluted with 150 ml of water and extracted 
with 4 x 25 ml of methylene chloride. The combined 
organic solution was washed with a solution of 50 g of 
calcium chloride hexahydrate in 37 ml of water, then 
with distilled water (90 ml) and dried over CaC12. The 
solvent was evaporated and the product was distilled on 
a 15 cm long annular column at 12 Torr (1  
Torr = 133.3 Pa). A small amouat of unreacted 
starting material (5.6 g, b.p. 47-48 C) and a mixture 
of the latter with the product (2.3 g) were first 
collected, then the prodyct (12, 29.7-30 g, 69-5-70% 
yield) distilled at 83-84 C/ll-12 Torr. Its purity was 
98.5% (GLC). The yield was nearly double that 
reported for a lower conversion of the starting 
material. lo 


IR: 2212cm (CzN) .  'H NMR: 1-16 (d, 3H), 
1.9-2-7 (complex, 3H), 3.2-3.7 (complex, 2H). I3C 


(CN). 
NMR: 17.31, 21.73, 32.00, 48.52 (CHzCl), 117.99 


Hydrolysis of 12. The nitrile (14-25 g) was added to 
36% hydrochloric acid (19 ml) and boiled under 
reflux" for 18 h. Water (18 ml) was added, and the 
mixture was extracted with three 25-ml portions of 
diethyl ether. Drying (NaZS04) and evaporation of the 
solvent left a mixture of 4-chloro-3-methylbutanoic acid 
(13) and 3-methyl-~-butyrolactone (14) in comparable 
amounts (8.0 g, ca 50% yield). Attempts to isolate pure 
13 by extraction with cold 10% aqueous sodium 
hydrogen-carbonate solution, followed by careful 
acidification and diethyl ether extraction, gave a product 
that still contained some lactone, which is readily 
soluble in both water and diethyl ether. 


13:13C NMR 17-79 (CH3), 32.32, 38.01, 49.92 
(CHzCI), 177.68 (COOH). 


14:I3C NMR, 17.93 (CH,), 30.42 (CH), 36.15 
(CH2), 74.72 (CHz), 177.29 (COOR). 


4-Chloro-3-methylbutanoyl chloride (15). Sodium 
hydroxide (7.5 g) was dissolved in methanol (75 ml), a 
cu 1: 1 mixture of 13 and 14 (22.5 g, about 0.191 mol) 
was added, then 2 drops of alcoholic phenolphthalein, 
and the solution was stirred until all the base was 
consumed (overnight). A further 0.5 g of sodium 
hydroxide was added, the solution was stirred for 2 h 
and the solvent was distilled off under vacuum. The 
resulting cake, still wet, was broken in to small lumps 
with a spatula, then evaporation was continued until 
the solid no longer looked wet. The materifl was 
ground in a mortar, then dried for 1 day at 100 C and 
4 Torr. 


The sodium salt was added in small portions to 
thionyl chloride (95 ml) maintained at - 50°C and 
stirred magnetically. The suspension was allowed to 
warm to room temperature overnight, and finally boiled 
under reflux for 2 h. After cooling, the mixture was 
filterred with suction through a sintered-glass funnel, 
the excess of thionyl chloride was distilled off at 
atmospheric pressure and the residual oil was 
fractionated under vacuum on a 15 cm long annual 
column. Pure 15 (9.35 g, 27-32% yield) distilled at 
73-5 "112 Torr. A fraction containing some lactone 14 
(4.54 g, 13.1-15.4Vo yield) was collected at 
76-78 'C/12 Torr. 


15: 'H NMR, 3.46 (2H, distorted d), 3.2-1.8 (3H, 
m), 1-08 (3H, d); '3C NMR, 17.36 (CH3), 32.80 (CH), 
49.01 (CH2), 50.80 (CHz), 172.61 (COCI). 


Acyl cation 1. Acid chloride 15 was added to the 
superacids directly in the NMR tubes, under nitrogen in 
a dry-box, at - 78 C. The tubes were then sealed on a 
vacuum line, and placed in a thermostated bath (or in 
the variable-temperature probe of the NMR instrument) 
maintained at the desired temperature. The conversion 
of 1 was followed by 'H NMR. 


1: 'H NMR, 1.48 (d, 3H), 3-23 (m, lH), 3.85 (m, 
2H), 4-13 (m, 2H). 


5:  'H NMR, 3.40 (s, 4H), 7.09 (d, lH), 9.28 (d, 
1H). 


3: 'H NMR, 2.78 (s, 3H), 2.86 (s, 3H), 6.50 (s, 1H). 
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THE SPIN DELOCALIZATION SUBSTITUTENT PARAMETER ajj. 
5. CORRELATION ANALYSIS OF "F CHEMICAL SHIFTS OF 


SUBSTITUTED TRIFLUOROSTYRENES. 
THE UNRESOLVED POLAR SUBSTITUENT PARAMETER a m b  
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The I9F NMR spectra of 30 substituted a,8,B-tri~uorostyrenes (Y-TFSs, 1) covering a diverse range of substituents 
are reported and discussed. Values (&I, 6p2, A83-1 and A83-2) derived from the I9F NMR chemical shifts of the 
fluorine atoms of 1 are found to correlate very well with UI and ui .  The results of the correlations of the I9F chemical 
shifts with dual (up and uR) and triple parameter (UF, UR and u-) treatments are compared. An unresolved substituent 
parameter umb, is proposed for applications to systems in which the substitutent Y interacts with a multiple bond and 
is compared with u + .  


INTRODUCTION 
Over the past decade, efforts toward the establishment 
of a spin delocalization substituent parameter u.  have 
intensified. '-' One approach is the treatment of kinetic 
data of the radical reactions in terms of the extended 
Hammett equation: 


(1) 


where u' is an unresolved polar substituent parameter 
that reflects the total contribution of all polar effects9 
to that particular radical reaction. Ideally, each par- 
ticular radical reaction used for the establishment of a 
certain U' scale should have its own best suited u' 


log(k/ke) = pxux + P'U' 


1 (Y-TFS's) 2 


3 4 
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scale. '910,11 With the final objective of setting up a truly 
reliable u. scale, to be designated ujJ, this work rep- 
resents efforts to establish an independently measured 
u' scale specifically suited to our u. approach with the 
cyclodimerization of substituted trifluorostyrenes (Y- 
TFSs, 1) as the radical reaction. '',I3 


Hammett-type substituent parameters, such as up, 
urn, u' and u- ,  are examples of unresolved polar sub- 
stituent parameters, and they have been established as 
very useful and of wide applicability. In order to 
understand the nature of these parameters, Taft and co- 
workers'." have resolved them into several contri- 
buting components of factors, namely, field, resonance, 
polarizability and electronegativity effects. They are 
resolved polar substituent parameters and are desig- 
nated as UF, UR, urn and a, respectively. Both classes of 
substituent parameters (unresolved and resolved) are 
valuable assets in basic organic chemistry. 


One of the most popular ux parameter is 0' ;  it is best 
suited for systems in which the substituent Y interacts 
with an electron-deficient centre, e.g. an empty orbital, 
as in 2. l4 On the other hand, u- is derived from systems 
in which Y interacts with a negative centre, as in 3." 
Our Y-TFS system represents yet another type of 
system in which Y interacts with a multiple bond, as in 
4, thus the ux derived therefrom might be designated as 
'urn,,', if proved to be useful and applicable to other 
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studies in the future. One noteworthy and distinct dif- 
ference between the systems designed for u+ (2) and Umb 


(4) is that in the latter, there exists a repulsive term 
between the double bond and the lone pair (n-) elec- 
trons on Y or a-electrons in Y (e.g. Y = vinyl). l 6 , I 7  This 
repulsive term is magnified by the lone pairs on  the 
fluorine atoms of Y-TFS (1).17 


Fluorine-19 and carbon-13 NMR have been widely 
and successfully applied to studies of polar substituent 
parameters. lo,l* Craik and Brownlee l o  have reviewed 
the substituent effects on the side chain chemical shifts 
in the ring substituted styrene derivatives, and men- 
tioned that this system is a very useful probe for stu- 
dying the substituent effects of Y on the structural and 
electronic properties of this framework. Reynolds and 
co-workers and Adcock and Kok have successfully 
applied the correlation analysis of substituent effects 
with I9F and I3C NMR in substituted styrenes (5),19 
fi,P-difluorostyrenes (6)20 and 1 , l-difluoro-2-(4- 
substituted-bicyclo [2,2,2] oct-l -yl)ethenes (7). 21 


5 6 


I 


In this work, the "F chemical shifts of 30 Y-TFSs 
have been correlated with field/inductive and resonance 
effects, and an unresolved substituent parameter Umb is 
proposed for applications t o  systems in which the 
substituent interacts with the multiple bond. 


EXPERIMENTAL 


The Y-TFSs were synthesized by methods reported 
previously. 12,17-22 19F NMR spectral data were obtained 
on Varian XL-200 (188.2 MHz) and Varian EM-360 L 
(56.4 MHz) speckrometers operating at  a probe 
temperature of 20 C.  Spectra were measured for 0.2 M 
solutions in hexane. The measurements were repeated 
at least five times on the EM-360 or twice on the 
XL-200. On the basis of these measurements, a con- 
servative estimate of the uncertainty in the I9F chemical 
shifts is 0.1 ppm and in the 19F- I9F coupling constants 
2 Hz. 


RESULTS AND DISCUSSION 


I9F NMR of Y-TFS 


The "F NMR data for Y-TFSs in hexane as the solvent 


are given in Table 1 .  These shifts were determined and 
assigned from an analysis of the AMX 19F NMR 
spectra. As pointed out previously, 13*23 the chemical 
shifts of F' and F 2 ,  as well as the differences of the 
chemical shifts of F3 and F ' ,  or F3 and F 2 ,  i.e. 
63- 1 = 6 ~ '  - SF', or 63-2 = 6F3 - 6 9 ,  reflect the degree of 
polarization of the double bond in Y-TFS.l7 In this 
work, the unsubstituted TFS is taken as the standard, 
and the differences in chemical shifts are defined by the 
equations 


A63-1=(63-1)Y-(63-1)H (2) 


A63-2 = (63-2)Y - (63-2)H (3) 


On the basis of the A63-1 and A63-2 values, the degree 
of polarization of the a-bond in Y-TFS decreases in the 
following order for para substituents: 


CN, NO2 > COCH3 > CF3 > COOCH3 > Me,%, 
Br > C1> Ph,  Vinyl > H > CH3S > t-Bu > 
F > CH3 > c-Pr > PhO > O H  > CH3O > NMe2 


and for meta substituents: 


CF3 > Br > F > C1> H > CH3O > Et > t-Bu > CH3 


Correlation analysis of 19F chemical shifts of Y-TFS 


Based on the NMR investigations of a series of  
substituted styrene derivatives, Reynolds et a/. 24 


concluded that (i) a dual substitutent parameter 
treatment (UF and ug) is necessry t o  account adequately 
for substituent-induced long-range chemical shifts in 
styrenes and (ii) the actual substituent chemical shifts 
(SCS) reflect a combination of resonance and 
fieldlinductive (polarization) effects. This work makes 
use of both Exner's extensive c o m p i l a t i ~ n ~ ~  and recent 
work by Taft and Topsom' and analyses our data with 
UI, ug, u-, UF and UR parameters. The equation 


Variable = PIUI + p ~ u i  (4) 
is used for the correlation of our data with Exner's UI 


and u: values, where 'variable' represents the SCS 
values or differences in SCS values of the ten para- 
and meta-substituted probes, namely p-6~1, ... , 
p-A63- 1, . . . , rn-Ali-2,  etc., as given in Table 2. 


Table 2 shows that the data for & I ,  6Fz, A63-I and 
A63-2 correlate very well with UI and u!, but 6~~ does 
not. As shown in Scheme 1, the contributions of the 


; e c - c  - - Y-@=C - 
B n 


Scheme 1 


i=(=)C-t: - 
10 
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Table 1. I9F NMR data for Y-TFS (0.2 M in hexane) 


No. 


Coupling constants 
I9F chemical shiftsa (Hz) 


6F'  6F2  8F' A63-1 A63-2 JIZ J13 J23 Y 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 


H 
p-N(CHs)z 
p-OCH3 
p-OH 
p-OPh 
P - c - C ~ H ~  
P-CH~ 
P-F 
~-t-C4H9 
p-SCH3 
p-CH=CHz 
P-CsHs 
P-CONH~ 
p-CI 
p-Br 
p-Si(CH3h 
p-COOH 
p-COOCH3 
P-CF~ 
p-COCH3 
p-NO2 
p-CN 
m-CH3 
m-t-C4Hg 
m-CzH5 
m-OCH3 
m-CI 
m-F 
m-Br 
m-CF3 


23.96 
29.35 
26.55 
26.98 
24.50 
24.83 
25.18 
24.42 
24.11 
24.93 
23.86 
23.66 
23.88 
22.30 
23.27 
22,70 
23.14 
22.51 
21.04 
21.02 
19.89 
20.81 
23.87 
23.40 
24.41 
24.04 
21.60 
22.72 
21-97 
21.77 


38.46 
44.36 
41.63 
42.22 
39.60 
39.17 
39.74 
39.70 
38.82 
39.77 
38-53 
38.56 
38.03 
37.50 
38.20 
37.28 
37.16 
37.18 
36.08 
35.77 
34.86 
35.66 
38.34 
38.40 
39.14 
38.37 
35.20 
36.80 
36.89 
36.42 


100.12 
100*05 
98.45 
99.42 
98.34 
99.61 


100.08 
99.65 
99.45 


100.51 
100-80 
100.62 
101.23 
99.70 


100.80 
100.31 
101.77 
102 * 25 
100.81 
101.24 
102.00 
102.93 
99.33 
98-90 


100.19 
100.07 
99.10 


100.90 
100.96 
100.93 


0 
- 5.46 
-4.26 
- 3.71 
-2.32 
- 1.38 
- 1 *25 
- 0.93 
-0.82 
- 0.58 


0-78 
0.80 
1.19 
1.24 
1.37 
1.45 
2.47 
3.09 
3.61 
4.06 
5.95 
5-96 


-0.70 
-0-66 
-0.38 
-0.13 


1.34 
2-02 
2.83 
3.00 


0 
-5.97 
-4.84 
-4.40 
-2.92 
- 1 a22 
- 1.32 
- 1.80 
- 1.03 
-0.92 


0.61 
0.40 
1.50 
0.74 
0.94 
1.37 
2.94 
3.41 
3.05 
3.81 
5.48 
5.62 


-0.67 
- 1.16 
-0.61 


0.04 
2.24 
2.44 
2.41 
2.85 


73 33 109 
84 32 110 
82 38 118 
79 34 111 
77 33 113 
75 31 109 
81 37 114 
80 32 115 
74 32 111 
75 34 108 
71 33 1 09 
71 33 109 
73 36 113 
75 35 115 
72 38 113 
71 33 109 
66 36 111 
66 36 I07 
66 38 113 
64 34 109 
58 38 111 
62 38 111 
80 37 112 
75 36 113 
75 32 109 
79 34 109 
68 34 109 
71 32 107 
68 34 110 
69 34 110 


a In ppm relative to external CFKOOH; high-field shifts are positive. 
Measured in 0.2 M THF solution. 


Table 2. Values of PI and PR of equation (4) and corresponding values of the correlation coefficient R,  standard 
deviation s, F-testa and gb for correlation of "F NMR of ten probes as variables of equation (4) with substituent 


parameters UI' and u8' 


Variable PI PR R S Fd * n e  


- 3 ' 3 7 f  0.87 
-2.76 f 0.87 


0.76 f 0.90 
4.54 ? 0,76 
3.54 f 0.75 


-4.05 f 1.03 
-4.73 f 1.21 


1.79k 1.29 
5.82 f. 1.02 
6.53 f. 0.86 


- 8.87 f 0.83 
- 9.45 f 0.83 


4 .10 f  0.86 
12.81 f 0.72 
13.55 f 0.71 


-2.94 f 1.61 
- 2 ' 1 8 f  1.62 


1.14 f 2.02 
4 -00?  1.59 
3.32 f 1.35 


0.962 
0.963 
0.816 
0.988 
0.990 
0.924 
0.891 
0.554 
0.962 
0.983 


0.66 
0.66 
0.71 
0.50 
0.49 
0.48 
0.67 
0.77 
0-47 
0-34 


104 
108 
17 


361 
40 1 


17 
12 
1 


37 
86 


0.27 
0.29 
0.63 
0.16 
0.15 
0.47 
0.56 
1.02 
0.34 
0.23 


20 
20 
20 
20 
20 
9 
9 
9 
9 
9 


a Ref. 26. 
Refs 27 and 28b. 
Ref. 21. 
Critical F values: F0.001(2.17)= 10.66, FO.OOI(Z,~ = 27.00. 
Number of data. 
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resonance effect to the ground state of the conjugated 
molecules can be represented by various symbolic 
resonance forms (8 or 10). They might help us to  
visualize an important difference between the a -C and 
6-C of the side-chain in that the p-C is a t  the terminus 
of the resonance system whereas the a -C is not, and 
therefore the electron density changes at  the 6-C may be 
more directly affected by the para substituents. 
Consequently, the chemical shifts of F' and F2 
correlate with (11 and (I: much better than does F3.  


The relative importance of resonance and 
field/inductive effects may be assessed by application of 
the equation2* 


Resonance (070 )  


Table 3. Relative importance of the resonance ( R )  
effects as expressed by equation ( 5 )  and estimated by 


different variables 


Variable R(V'o) Variable R(V'0) 


p-6F'  76.4 m-6$ 47.2 
p - 6 F 2  80.8 m-6F2 46.6 
P-bF' 86.9 m-6F' 43.9 
p-AS3 - I 77.6 m-A& - 45.8 
PA63 - 2 82.5 m-A63 - 2 38.5 


and the resonance values thus obtained are summarized 
in Table 3. The results are in accord with expectations. 


Since the styrene derivatives are highly polarizable 
systems, the substituent polarizability effect might 
affect the chemical shifts of Y - T F S S . ~ ~ , ~ '  Tables 4 and 
5 show the results of the triple parameter correlation 
analysis of 19F data with UF,  UR and ua by equation (6) ,  
and the corresponding dual parameter correlation 
without ua by equation (7). 


Variable = ~ F U F  + QRUK + & J ~ ( I ~  + C (6)  


Variable = PFUF + PRUR + C (7) 


Qualitative comparison of the standard deviations (s) 
and $ values indicates that the triple parameter 
correlation is slightly better than the dual parameter 
correlation. Taking A63- as an example, the s value is 
0.71 (sl) for the former and 0.85 (s2) for the latter. 
Based on the variance test of the correlation,26 the 
variance ratio F' of the dual parameter correlation to 
the triple parameter correlation s$/st is equal to 1.43. 
At the significance level a = 0-05, the critical F' value 
F6.05(12,13) is 2 0 6 0 , ~ ~  which is larger than 1-43. This 
indicates that there is no significant difference between 
the standard deviations of the dual and triple 
regressions at the significance level a = 0.05. Factor 
analysis also shows that the correlation analysis of I9F 


chemical shifts of Y-TFSs needs only two parameters 
(OF and U R ) .  In the aforesaid analysis, the Malinowski's 
factor indicator function (IND) is used to  deduce the 
number of  factor^.^' The IND values associated with 


Table 4. Values of PF, PR and pa of equation (6) and corresponding values of the correlation coefficient R ,  
standard deviation s and \L for correlations of 19F chemical shifts of 15 Y-TFSs with substituent parameters 


ma, U R ~  and urna 


Variable PF P K  Pff R S $ 
- 
p-6F '  -4.19 t 1-12 -8.91 2 0.95 0.61 t 0-78 0.972 0.69 0.27 
P - A  F1 - 3 . 3 6 %  1.09 -9.58 % 0.93 0.75 % 0.80 0.976 0.66 0.25 
p-br' 2.32% 1.37 1.50rf: 1.16 -0.32 % 0.95 0.595 1.04 0.94 
~ - A 6 3  - I 6.55 _+ 1.14 11.57% 0.96 - 1.63 t 0.79 0.984 0.71 0.21 
p-Ab3 - 2 5 . 7 6 t  1.16 12.38 t 0.98 -1.19 t 0.81 0.984 0.74 0.21 


Ref. 8 


Table5. Values of PF and PR of equation (7) and corresponding values of the correlation 
coefficient R, standard deviation s and \L for correlations of I9F NMR of 15 Y-TFSs with 


substituent parameters upa and U R ~  


Variable PF P R  R S $ 


P-AF' -3.86 f 1.04 - 9.06 t 0.93 0.970 0.69 0.27 
p-6$ -2.95 t 1.02 - 9.76 f 0.92 0.973 0.67 0.26 
@F' 1.75 f 1.14 3.08 k 1.02 0.768 0.82 0.72 
p-A63- I 5.67 t 1.15 11.97 rf: 1.03 0.975 0.85 0.25 
P-Ah3-2 6-55 f 1-19 11.47 t 1.12 0.972 0-91 0.26 


a Ref. 8 .  
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one, two and three factors are 0.2545, 0.0555 and 
0.0993, respectively. This shows that the minimum is 
reached when two factors are employed. By rotating the 
abstract factors to  UF, UR and am, it was found that the 
optimum combination with two factors was that of UF 


and UR. Hence the contribution of the third parameter 
(a,) to  the correlation analysis can be neglected. 
However, for some groups which possess a large 
polarizability effect, e.g. CH& SiMe3, Ph,  vinyl and 
1-Bu, the contribution of the polarizability effect might 
also play a role in affecting the chemical shifts of 
Y-TFSs. In fact, if these groups are excluded in the dual 
parameter correlation, the goodness of fit of the 
correlation with UF and UR is improved. Therefore, our 
results suggest that although the polarizability effect is 
very small if all kinds of substituents are considered, it 
is not necessarily non-existent for molecules bearing 
substituents with large a, values. 


The field/inductive effect of substituents on 19F 
chemical shifts in substituted arene ring systems 
involves two electronic transmission mechanisms, 32*33 


i.e. the field-induced polarization of  the aromatic 
electron system and the direct field effect. Reynolds and 
Hamer 32 employed the internal shift differential 
(A& = - 6 ~ 2 )  of 4-substituted P,P-difluorostyrenes 
(6) to  assess the direct electrostatic field effect. They 
pointed out that the direct field effect is negligible for 
6 F 2  since the field acts almost at right-angles to  the 
C-F2 bond. If p~ in the DSP equation for 6~~ is 
assigned entirely to  the field-induced ir-polarization in 
6, then the p~ for 6 ~ 1  may reflect the total of the two 
effects mentioned above. Thus, from the value (0.85) of  
the ratio P F ( & ~ ) / ~ F ( & ' )  it was deduced that about 85% 
of the field/inductive effect for 6 ~ '  is caused by ir- 


polarization. 32 Adcock and Kok" also obtained similar 
results for 7, i.e. 89% polarization, 11% direct field 
effect. For our Y-TFS system, the ratio p ~ ( & ~ ) / p ~ ( & ~ )  
is 0.82. 


The unresolved polar substituent parameter Umb 


At this juncture, we should establish whether any of the 
available unresolved ax scale can correlate well our 19F 
NMR data by a single parameter equation [equation 
(S)] . If any one of them does, then there is no need for 
a 'Umb' scale (see above). In fact, as might have been 
expected, among all other scales that had been tried, i.e. 
a,, a', 6, etc., the a' scale gave the best fit by 
equation (8). 


Variable = pxax  + C (8) 


The $ values for variables p-AS3- 1 and P-As3-2 given 
in Table 6 show that the correlation is not good enough 
compared with the dual parameter correlation tabulated 
previously (Table 2). This is expected, as discussed in 
our introductory remarks and previously, l3  because the 
mechanism of interaction between Y and the double 


bond is different from that between Y and a 
carbocation if Y is in possession of ?r- and n-electrons. 
Indeed, Figure 1 shows that if A&-1 is plotted against 
a', those groups which deviate most from the 
regression line are groups with ir- or n-electrons, or with 
high polarizability. 


Of particular interest, perhaps, is the fact that in our 
Y-TFS system both the p-vinyl and p-phenyl groups 
become electron sinks (0.63-1 values 0.78 and 0.80) 
whereas their a+ values suggest otherwise (a+ values 
-0.1634 and -0.1825). Further, our data show that 
SiMe3 is clearly an electron-withdrawing group, and 
MeS is much less electrondonating in the Y-TFS system. 


The above observations suggest that it is justifiable to 
introduce another unresolved a* scale, viz. Umb, to  be 
used in systems in which the substituent Y interacts with 
multiple bonds. In order to set our Umb scale 
comparable in magnitude to  the a' scale, we define our 
(Tmb value by the equation 


Umb=0'16A63-1-0'09 (9) 


Actually, we had found that almost identical results 
would be obtained if we opted to  use the A&-2 data 
instead of A&-1. In equation (9), the coefficient is 
conveniently taken to  be 0.16, the slope of the 
regression line in Figure 1 .  Twenty-seven values of Umb 


for para and meta substituents are presented in Table 7.  
One of the persuasive reasons for presenting our Umb 


scale is the fact that those groups which deviate from 
the regresion line of A63-1 vs IJ' plot because they are 
in possession of n- or a-electrons correlate very well 
with Umb, whereas with a' they do not. Comparisons of 
the correlations of some combinations of these groups 
with either a+ or a m b  are listed in Table 8. The results 
of comparing three substituent sets show that the Umb 


scale clearly performs better than the a+ scale. 
Therefore, we propose the Umb scale with the hope 


that it will be applicable to  and useful in some systems 
which possess a multiple bond in conjugation with the 
aromatic ring. For instance, to serve as a first test of the 
applicability of the Umb scale, we may correlate 
Reynolds' data for styrene ( 5 )  and P,P-difluorostyrene 


Table 6. Values of p x  of equation (8) and corresponding 
values of the correlation coefficient R, standard deviation s 
and I) for correlation of I9F NMR of 20 Y-TFSs with sub- 


stituent parameter u+ 


Variable P X  R S 11. 


P-6F' -3.63 2 0 . 2 7  0.974 0.53 0.24 
P-6F' - 3 . 6 9 2  0.28 0.971 0.57 0.25 
P-6F' 1.28 2 0 . 3 5  0.675 0.88 0.78 
p-A63- I 4 . 8 7 k O - 3 8  0-950 1.00 0.33 
p-A63 - 2 4.97 2 0 . 3 9  0.946 1-07 0.34 
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4 - 1  


6.0  


4.0  


2.0 


0 -  


-2.0 


-4.0 


-6.0 


(6). These correlations are designated as correlation As 
and are compared with Reynolds' dual-parameter (UF 


and u i )  correlation Bs in Table 9. Apparently, the two 


correlations, A and B, are about equally satisfactory. 
We hope some other workers will find the Cmb scale 
useful and applicable to their own studies. 
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Table 7. Untb values based on the I9F NMR chemical shifts of Y-TFS 


Substituent u m b  Substituent Urnb Substituent b m b  


p-NMe2 
p-Me0 


p-c-Pr 
p-Me 
P-F 
p-t-Bu 
p-MeS 
H 


p-PhO 


-0.96 
- 0.17 
- 0.46 
-0.31 
-0.29 
-0.24 
-0.22 
-0.18 


0 


p-Vinyl 
p-Ph 
p-c1 
p-Br 
p-SiMe3 
p-COOMe 
P - C F ~  
p-COMe 
p-CN 
IJ-NOZ 


0.03 
0.04 
0.11 
0.13 
0.14 
0.48 
0.49 
0.56 
0.86 
0.86 


m-Me 
m-t-Bu 
m-Et 
m-h?eO 
m-CI 
m-F 
m-Br 
m-CF3 


- 0.20 
-0.20 
-0.15 
-0.11 


0.12 
0.23 
0.36 
0.39 
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Table8. Comparison of the results of the correlation of A&-1 with 5' and (Tmb by 
equation (8) 


U X  R S 4 n Substituent set 


U +  0.971 0.68 0.30 6 A = H ,  NMe2, MeS, Ph, Vinyl, 
Me& 


umb 0.996 0.25 0.11 6 A 
U +  0-928 0.95 0.44 7 A plus F 


U +  0.928 1.30 0.43 8 A plus F and CN 
Umb 0.996 0.23 0.11 7 A PIUS F 


umb 0.998 0.22 0.07 8 A PIUS F and CN 


Table 9. Comparison of the results of correlation A with correlation B for p,p- 
difluorostyrenes 7 ( 6 ~ ~  and 8f)  and styrenes 6 ( 6 ~ ' .  8 ~ ~ ,  &HI, A63-I and A&,-2) 


R S tL 


Variable A B A B A B n 


6 F '  0.992 0.996 0.41 0.32 0.15 0.11 9 
6 F 2  0.995 0.991 0.31 0.44 0.12 0.17 9 
6 H '  0.980 0.985 0.021 0.023 0.21 0.19 17 
6"l 0.976 0.993 0.027 0.018 0.23 0.13 17 
6 H '  0.845 0.852 0.027 0.030 0.57 0.50 17 
A63-2 0.934 0.986 0.030 0.015 0.38 0.18 17 
A83- I 0.977 0.963 0.013 0.017 0.23 0.30 17 
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The spectroscopic and physicochemical properties of parent azoles substituted on the nitrogen by a proton, a methyl 
group, a p-aminophenyl group and an acetyl group have been gathered. This information on azol-1-yl substituents 
has been treated by principal component analysis and partial least-squares analysis. The first result of these analyses 
i s  that it has been possible to complete some missing properties of azol-1-yl substituents, such as pKu for proton loss 
of some azoles and hydrolysis rates of certain azolides. Another significant result of the chemometric approarh is the 
assignment of the 1-acetyltetrazole IR and NMR data to one of the two possible isomers. 


INTRODUCTION 


Among the classical heteroaromatic compounds, azines 
and azoles, the latter are characterized by the existence 
of a bond between the pyrrole-like sp2 nitrogen and the 
substituent X. This situation is unique in neutral aro- 
matic compounds, not including functional derivatives 
such as pyridones. 


Ar -X 


Ar : 


1 2 3 4 5 


N mN ;J 13 (--- 
‘N’ 


I I 
‘N’ ‘N 


I 


6 7 8 9 


* Authors for correspondence. 


10 11 12 13 


14 15 16 


The effects of C-substituents, common to all aro- 
matic and heteroaromatic compounds, have been 
widely studied. In contrast, there are very few reports 
dealing with the effects of N-substituents. To study 
lhese effects, there are several possibilities, e.g. the use 
of pyridinium salts, pyridones and azoles. Regarding 


0894-3230/90/ 10065 1 -08$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


Received 28 November 1989 
Revised 24 April 1990 







652 C. EBERT, J .  ELGUERO AND G.  MUSUMARRA 


azoles, only the effect of substituents X on I3C NMR 
parameters has been carefully examined. 


The effect of N-substituents and of the heteroaro- 
matic moiety on the spectroscopic properties, equilibria 
and reactivity of azoles have also been studied. We have 
already discussed the influence of the azole on the con- 
formation of N-arylazoles (dihedral angle),’-’ on the 
isomerism, conformation, rotational barrier and spec- 
troscopic proprieties of N-acylazoles6-‘2 and on the 
structure of N,  N-linked biazoles. l 3  Moreover, the 
azoles have often been used as test compounds for 
theoretical calculations owing to their homogeneity and 
uniqueness. l4 


METHODS 


Multivariate statistical methods. A data set suitable 
for a multivariate analysis consists of a table (matrix) 
where a number ( M )  of experimental values (variables) 
are collected for each of N compounds (objects). The 
geometrical interpretation of each object is a point in 
the M-dimensional space, where each variable defines 
an orthogonal axis. Accordingly, the data set has the 
form of N points in an M-space. Multivariate methods 
search for the structure of the data, i.e. they are aimed 
at recognizing systematic patterns, if present. I s -  


Principal component analysis (PCA), the statistical 
method adopted here as an alternative to multiple 
regression analysis (MRA), l 9  looks for systematic 
variations in the data matrix to elucidate the structure 
of the objects in the M-space.20 PCA requires no a 
priori assumptions and selects the best model, with the 
minimum number of dimensions, which explains the 
data structure. 


The SIMCA method carries out PCA on a data 
matrix containing elements x l k ,  where k represents the 
experimental measurements (variables) and i the 
chemical compounds (objects). Each element is 
described by the equation 


A 


Xik  = 2 k  + tinpuk + eik (1) 
a = l  


where the number A of significant cross-terms 
(components) and the parameters p a k  and ti, are 
calculated by minimizing the squared residuals e , k ,  after 
subtracting .fk (the mean value of the i experimental 
quantities x k ) .  


In this model, parameters . f k  and p a k  depend only on 
the variables and ti, only on the compounds. The 
deviations from the model are expressed by the 
residuals e j k .  The number of significant components 
( A )  is determined using the cross-validation 
technique. 


The relevance of each variable in describing the 
mathematical model is given by its modelling power, 


(2) 


MPO wk 


MPOWk = 1 - S , $ ~ = ~ ) / S $ * = ’ )  


where sk is the residual standard deviation for each 
variable after A dimensions and after dimension zero. 


The recently developed algorithm called partial least- 
squares (PLS)22-24 is aimed at finding the relationship 
existing between one or more ‘dependent’ variables and 
a group of explanatory variables. This method gives a 
description of the X matrix by the one principal 
cgmponent-like model [equation ( I ) ]  and a description 
of the y vector as a predictive relationship with the 
latent variable t [equation (3)] ,  where b, is a 
proportionality coefficient for each dimension. 


y i u  = C bafra + hi, (3) 
The algorithm used in the SIMCAlMACUP method, 


presented in detail elsewhere,22 is iterative for each 
dimension as in PCA. It consists in finding the latent 
variables of the X matrix tlu in such a way that the 
relationship between yI and t, is maximized, 


PCA and PLS have already been applied successfully 
to  investigate the applicability of the Harnmett equation 
to five-membered heterocycles, 2 5  to study the 
simultaneous dependence of nucleophilic displacement 
rates on alkyl group structure and leaving group 
nucleofugacity in N-alkyl pyridinium and related 
cations26 and to  demonstrate the orthogonality of 
classic and magnetic aromaticity scales in five- and six- 
membered heterocycles. ’’ 


Objectives of the study. In a systematic exploration 
of a family of compounds, there are always some data 
missing owing to  the instability of some of them (minor 
tautomers) or to the difficulty in measuring certain 
properties (very slow or very rapid kinetics). A 
possibility for solving this difficulty is through 
theoretical calculations (‘compounds not easily 
amenable to  experiment’); l 4  another method for 
obtaining a complete picture of spectroscopic, 
equilibrium and reactivity data is to use a chemometric 
approach. Thus, one of the objectives of this study was 
to  fill the empty values in Table 1. 


Further, the parameters can be used to assign 
spectroscopic data (measured for one of two possible 
isomers) to the isomer which fits the model better, i.e. 
to identify the isomeric structure of a heterocycle. 


RESULTS AND DISCUSSION 


Principal component analysis 


Cfass A 


[60 elements; 12 objects (1-3, 5 - 7 ,  10-13, 15 and 16); 
5 variables ( 1  - 5 ) ]  


IR and ”C NMR data (variables 2, 3 and 4) reported 
in Table 1 for 1-(N-acety1)tetrazole (9d), in the refer- 
ence paper’ were not assigned to  one of the two poss- 
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Table 1 .  Available characteristics for azoles 1-16 


Var. No: 1 2 3 4 5 6 7 
X :  p-NHzPh COCH, COCHi COCH3 CH3 H COCH: 


Compound Ar 0, a v ( C O ) ~  6(CO)' 6(CH3)' 6(L5N)d p K a e  In t 1 / 2  


1 
2 
3 
4 
5 
6 
1 
8 
9 


10 
11 
12 
13 
14 
15 
16 


Pyrr-1-yl 
Imidazol- 1 -yl 
Pyrazol- 1 -yl 
1,2,4-Triazol-4-yl 
1,2,4-Triazol-l-yI 
1,2,3-Triazol-2-yl 
1,2,3-Triazol- 1 -yl 
Tetrazol-2-yl 
Tetrazol-1-yl 
Indol- 1 -yl 
Benzimidazol-1-yl 
Indazol-2-yl 
Indazol- 1 -yl 
Benzotriazol-2-yl"' 
Benzotriazol-1-yl 
Carbazol-1-yl 


0.10 1732 
0.24 1747 
0.19 1746 
0.33 8 


0.37 1765 
0.35 1780 
0.40 1762 
0.59 j 


0.52 1779 
- 1710 


0.38 1730 
- 1752 
- 1720 


- 1735 
0.38 1692 


- - 


167.5 
166.3 
169.2 


167.8 
165.7 
168.3 


164.7 
168.2 
166.9 
170.8 
170.7 


169.3 
169.3 


8 


J 


- 


21.9 
22.3 
21.3 


21.8 
21.8 


8 


22; 1 
J 


23.1 
23.5 
23.3 
21.8 
22.7 


22.8 
27.2 


- 


230.2 
218.1 
179.3 
217.1 
171.3 
131.4 
143.0 
101.8 
151.4 
253.6 
236.4 
162.1 
203.8 
117.0 
161.8 
272.7 


17.51 
14.40 
14.21 


h 


h 


k 


k 


16.97 
12.86 


I 
I 


16.70 


- 


3.71 
6.81 


1.86 


3.28 


8 


- 


- 


- 
6.63 


- 


4.74 
- 


Hammett up constants for N-(p-aminophenyl) derivatives (c), calculated from NMR chemical shifts, from Ref. 29. 
Stretching carbonyl frequencies, for N-acetyl derivatives (d ), from Refs 31 and 32. 
"C NMR chemical shifts for N-acetyl derivatives (d), from Ref. I .  
"N NMR chemical shifts for N-methyl derivatives (b), from Ref. 33. 


' pK, for proton loss [(a) derivatives, X = HI,  from Ref. 30. 
' I n  1 1 : ~  for the hydrolysis of N-acetylazoles ( d ) ,  from Ref. 31. 


'A  p K ,  of 10.04 was obtained for a possible mixture of tautomers. 
' A  p K ,  of 9.26 was obtained for a possible mixture of tautomers. 
'Available data were assigned to  the I-yl derivative 9; see discussion of PCA, class A. 
' A  pK, of 4.90 was obtained for a possible mixture of tautomers. 
' A  p K ,  of 13.86 was obtained for a possible mixture of tautomers. 
"'Object not included in any calculation. 
" A  DK,  of 8 ' 3 8  was obtained for a possible mixture of tautomers. 


N-Acetyl derivative too unstable to  be isolated. 


ible isomers 8d or 9d. PCA of a data matrix (class A) 
without tetrazoles 8 and 9 provided a three significant 
principal component model, which explains 77% of the 
total variance. In this PCA (class A), the values of the 
residuals for the variables within each object (tetrazole) 
will be adopted as a guide for the assignment of vari- 
ables 2, 3 and 4 to  a specific isomeric structure. This 
procedure has already proved to be successful for the 
assignment of I3C NMR shifts.28 


Both tetrazoles 8 and 9 (assigning the same values for 
variables 2, 3 and 4) were then fitted, as test objects, 
into the above PCA model with the aim of excluding 
one of the two possible isomeric structures on the basis 
of the 'object' standard deviations (s i )  and of the 'vari- 
able' residuals (e,k). In other words, if the si and eik 


values are significantly lower for one isomer, this 
isomer fits the PCA model better (i.e. its values of vari- 
ables 1-5 are in better agreement with those of other 
azoles) and then it is likely that the IR and I3C NMR 
values for variables 2, 3 and 4 refer to  this isomer. 


The residual standard deviation and the residuals 
reported in Table 2 are significantly lower for 1- 
tetrazole (9), showing that this isomer fits the PCA 


Table 2. Residual standard deviation for each tetrazole (s,) 
and residuals for variables 1-5 (e ,k )  in class A 


8 0.52 -0.09 -0.40 -0.06 0.18 -0.58 
9 0.06 0.02 -0.01 -0.02 -0.06 0.05 


model better than 2-tetrazole (8). On the basis of the 
above considerations, the values 1779, 164-7 and 23.1 
are reported in Table 1 as variables 2, 3 and 4, respect- 
ively, for 1-(Nacety1)tetrazole (9d ), whereas for 
2-(N-acetyl) tetrazole (8d) the above variables are con- 
sidered as unknown values. 


Class B 
[70 elements; 14 objects (1-3, 5-13, 15 and 16); 5 vari- 
ables (1-5)] , 


The second PCA was carried on a data matrix where 
the values of variables 2, 3 and 4 for 1- 
(N-acety1)tetrazole (8d ) were now given as unknown 
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Table 3. PC ‘scores’ for azoles (class B) 


Compound Ar t l  t 2  t 3  


1 
2 
3 
5 
6 
7 
8 
9 


10 
I 1  
12 
13 
15 
16 


Pyrr-I-yl 
Irnidazol- 1 -yl 
Pyrazol-1-yl 
I ,2,4-Triazol-l-yl 
1,2,3-Triazol-2-yI 
1,2,3-Triazol-l-yl 
Tetrazol-2-yl 
Tetrazol-I-yl 
Indol- 1 -yl 
Benzimidazol-I-yl 
Indazol-2-yl 
Indazol-I-yl 
Benzotriazol-1 -yl 
Carbazol-I-yl 


- 0.69 
0.09 
0.15 
1.05 
2.15 
1.12 
4.26 
1.97 


- I .77 
- 0.69 


0.28 
- 1.22 
-0.19 
-3.59 


1.09 
0.03 
1 . 5 7  
0.25 


0.23 
-0.18 


- 1.06 
- 1.72 
-0.35 
-0.82 


2.07 
1.60 
0.80 


~ 1.60 


1.61 
1.39 
0.30 
0.06 
0.47 


-0.57 
0.20 
0.25 
0.76 
0.72 


- 0.64 
- 0.21 
- 0.59 
-0.50 


values, available data being already assigned to  com- 
pound (9) (cf. class A). The aim of this analysis was to 
evaluate the information content of the variables 
(characteristics) from the ‘loadings’ plot and to look for 
systematic patterns exhibited by the azoles (objects) in 
the ‘scores’ plot. 


The number of P C  existing in characteristic vector 
space is less than the number of variables in the data 
set. For class B, a three significant PC model, which 
accounts for 86% of the total variance (42% first 
PC + 24% second PC + 20% third PC) was found. The 
first P C  is the best summary of the linear relationship 
exhibited in the data. The second component (ortho- 


t .  
12  


2 


1 


0 


- 1  


-2 


gonal to the first) accounts for the most residual vari- 
ance when the effect of the first component is removed 
from the data. Subsequent components are defined 
similarly until all the systematic variance in the data is 
exhausted. The P C  ‘scores’ plots for azoles (com- 
pounds) are reported in Table 3 and represented graphi- 
cally on the ‘scores’ plots of t 2  vs t l  and tl vs i I  
(Figure 1 ) .  These plots show that tl values generally 
increase on replacement of a ring carbon atom by a 
‘pyridine-like’ nitrogen, particularly when the latter is 
adjacent to the pyrrole-like nitrogen (see azoles 1-3-6, 
2-5-8 or  2-7-8, 10-13 and 11-15), and decrease with 
benzo substitution (see 1-10-16, 2-11, 3-13 and 
7-15). Also, the t 2  values for pyrrole and imidazole 
decrease significantly with benzo substitution. 


The P C  loadings for characteristics 1-5, which will 
be used as explanatory variables in the PLS analysis, 
are given in Figure 2. For the interpretation of the load- 
ings plots it is worth mentioning that variables which lie 
in the same direction with respect to the origin (0,O 
point) have similar information content. Figure 2 shows 
clearly that the variables under examination exhibit 
different information contents. 


PLS analysis 


In the PLS treatment, we select, for a set of compounds 
(reference set), a number of available characteristics 
(independent variables, X-block) as descriptors of the 
property taken in turn as the dependent variable ( y ) .  
The Hammett u,, for N - a ~ o l e s , ~ ~  the pK, for the acidity 


0.64 i n d a z o l - 2 - y l  - 0 


1 . 2 , 3 - t r i a z o l - i - y l  


1 , 2 , 3 - t r i a z o l - 2 - y 1  


@ 
t e t r a z o l - 2 - y l  


t e t r a z o l - 1 - y l  


I I I I 


t .  
- 2  0 2 


1 1  


Figure 1 .  Scores plot of f 2  vs 11 with I3 indicated inside circles for class B 
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C H 3  


I 1 1 I I I 1 


-0 .6  - 0 . 4  - 0 . 2  0 0.2 0 .4  0.6 
'lk 


Figure 2. Loadings plot of pz vs P I  with p3 indicated inside circles for class B 


of azoles3' and the logarithm of half-lives (min) for the 
hydrolysis of N-a~etylazoles~ '  were taken, in turn, as 
the dependent variable in three PLS treatments (classes 
C-E) using variables 2-5 (class C) or variables 1-5 
(classes D and E) as explanatory variables (X-block). In 


x Variables 
l..........k.............n 


Reference 


Set 


Figure 3.  Typical data matrix for PLS analysis. X variables 
are the explanatory variables or descriptors (Hammett up, 1R 
and NMR data), y is, in turn, the dependent variable 
(Hammett a,, equilibrium or reactivity data). The reference set 
is used to  build the PLS model whose parameters allow the 


PLS predictions for compounds in the test set 


order to carry out the PLS analysis, the objects (azoles) 
were divided into a reference or learning set (in which 
all values for both explanatory and dependent variables 
are needed) used to  build the PLS model, and a test set 
including objects for which data for one or more of the 
above dependent variables were missing. A typical data 
matrix for a PLS analysis is reported in Figure 3.  
The objects and the variables included in the reference 
set of each class (according to  data availability) are 
recorded in Table 4, together with the percentage of 
expIained variance and the number of significant PLS 
components (PLSC) obtained. 


Class C 


PLS analysis using variables 2-5 as descriptors and 
Hammett up as the dependent variable, provided a two 
PLSC model which explains only 62% of total vari- 
ance. Variables 2-5 turned out to be not particularly 
appropriate descriptors to describe the variation of up. 


The modelling powers after two PLSC for the 
explanatory variables, reported in Table 5, are sig- 
nificantly higher for the infrared carbonyl stretching 
frequencies (variable 2) and for the methyl I3C NMR 
shifts (variable 4) of N-acetylazoles, indicating that the 
above variables are better descriptors for the dependent 
variable (up).  This finding can be rationalized taking 
into account the relative position of the azole and of the 
'probe' used for the evaluation of its 'effects' 
(Figure 4). Hammett up values were calculated from 
proton chemical shifts of the amino group in 1-(p- 
aminopheny1)azoles where the 'probe' (the amino 
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Table 4. Objects and variables used for each PLS analysis 


Objects in the Explanatory 
Class” reference set variables yb  PLSC‘ %Vd 


C 1,2 ,3 ,5 ,6 ,7 ,9 ,11 ,16  2 , 3 , 4 , 5  1 2 62 (36 + 26) 


E 2 ,3 ,5 ,7 ,11  1 , 2 , 3 , 4 , 5  7 3 96 (53 + 27 + 16) 
D 1,2,3,11,16 1 ,2 ,3 ,4 ,5  6 3 94 (31 + 55 + 8) 


,’ Each class made selecring the appropriate values from Table 1. 


‘Number of PLS components. 
‘Percentage of total variances explained; Vo variance for first, second and third PLSC given in 
parentheses. 


Dependent variable. 


Table 5 .  Modelling powers (MPOWk) for explanatory variables in the PLS analysis 


Class 


C D E 


Var. 
( k )  MPOWik MPOW2k MPOWlk MPOW2k MPOW3k MPOWlk M P O W Z ~  MPOWjk 


0 0.93 0.93 0 0 0.82 1 
2 0.36 0.80 0.67 0.89 0.89 0.70 0.70 0.92 
3 0.42 0.38 0 0 0.99 0 0.69 0.88 
4 0 0.98 0.41 0.77 0.77 0 0.30 0.84 
5 0.26 0.47 0.29 0.29 0.90 0.48 0.75 0.69 


- - 


group) is connected to the substituent (the azole) by 
transmitting system (the benzene ring). Carbonyl 
stretching frequencies and methyl carbon shifts of 
N-acetylazoles (variables 2 and 4) are ‘probes’ not 
directly linked to the azole and then somewhat similar 
to the Hammett up. Carbonyl shifts of N-acetylazoles 
and nitrogen-15 shifts of N-methylazoles (variables 3 


G - C H ,  


z 
Figure 4. Positions of the ‘probe’ (indicated by a n  arrow) used 
in variables 1-5 for the evaluation of the ‘effect’ of azoles 


and 5 )  are ‘probes’ located at the N-C bond and then 
influenced by specific proximity effects of the azole, 
which are relevant to  the prediction of other properties 
such as the hydrolysis rates (see discussion of class E). 


The above considerations and the low percentage of 
variance explained by the PLS model prevent its use for 
precise predictive purposes. However, PLS predictions 
reported in Table 6 provide an approximate estimation 
for unavailable up values of azoles (test set). 


Class D 


PLS analysis using variables 1-5 as descriptors and the 
pK, for the acidity of azoles as the dependent variable 
provided a three significant PLSC model which 
accounts for 94% of the total variance. The modelling 
powers recorded in Table5 show that the carbonyl 
stretching (variable 2 )  and, to a lesser extent, methyl 
and nitrogen NMR chemical shifts (variables 4 and 5) 
are relevant in determining the first PLSC (31% vari- 
ance), whereas the second PLSC ( 5 5 %  variance) is 
mainly determined by up (variable 1); after three PLSC 
all explanatory variables exhibit approximately the 
same modelling power, i.e. all of them contribute to the 
PLS model. 


The predictions reported in Table 6 are in excellent 
agreement with the experimental values not only for 
compounds in the reference set (1 ,2 ,3 ,11 and 16) but 
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Table 6. PLS predictions for dependent variables in classes C, D and E 


Class: C D E 
Y:  UP PKa log t l / 2  


Compound Ar Obs. Calc. Obs. Calc. Obs. Calc. 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
15 
16 


Pyrr-1-yl 
Irnidazol-1-yl 
Pyrazol-1-yl 
1,2,4-Triazol-4-yl 
1,2,4-TriazoI-l-yl 
1,2,3-Triazol-2-yl 
1,2,3-Triazol-l-yl 
Tetrazol-2-yl 
Tetrazol-1-yl 
Indol- 1 -yl 
Benzimidazol- 1 -yl 
Indazol-2-yl 
Indazol- 1 -yl 
Benzotriazol-1-yl 
Carbazol- 1 -yl 


0.10 
0.24 
0.19 
0.33 
0.37 
0.35 
0.40 
0.59 
0.52 


0.38 
- 


- 
- 
- 


0.38 


0.20 
0.30 
0.18 


0.29 


0.23 


0.16 
0.27 
0.40 


17.51 
14.40 
14.21 


10.04b 


9.26b 


4-90b 
16.97 
12.86 
13.86b 
8.38 


16.70 


17.66 
14.09 
14.20 


9.97 
7.90 
8.72 


a 


5.68 
17.43 
13.14 
12.51 
15.27 
12.90 
16.60 


a 


W 


3.71 
6.81 


1.86 


3.28 


- 


- 


< -0.70 
- 
W 


6.63 
- 
- 


4.74 
- 


7.41 
3.56 
6.83 


2.17 
-2.76 


3.03 


a 


a 


-3.67 
11.35 
6.70 
7.84 


12.62 
8.62 


16.98 


PLS predictions not available owing to the lack of explanatory variables 
pK, obtained for a possible mixture of tautomers. 


also for indole, which belongs to  the test set. The 
experimental acidities for 1,2,4-triazole (10.04) and for 
1,2,3-triazole (9.26) are consistent with a great excess 
of the 1H-tautomer 5a and 7a, respectively (for 
a detailed discussion for tautomeric equilibria 
see Ref. 34); the less satisfactory PLS predictions for 
indazoles 12a and 13a also suggest 13a as the possible 
prevailing tautomer. 


No information about the tautomeric equilibria of 
tetrazole can be obtained by the present model owing to 
the lack of sufficient explanatory variables, which does 
not allow reliable PLS predictions. 


Class E 


The hydrolysis rates of N-acetylazoles, selected as the 
dependent variable for this class, appear to be described 
fairly well by the selected explanatory variables (1-5). 
A three significant component model explaining 96% of 
total variance is found. The modelling powers in 
Table 5 show that the first PLSC (i.e. the greatest syste- 
matic descriptor variation which can be related to the 
dependent variable) accounts for 53% of the variance 
and is determined by the IR carbonyl stretching fre- 
quencies of N-acetylazoles (variable 2) and by the 
nitrogen shifts of N-methylazoles (variable 5 )  with no 
contribution from other descriptors. This trend is again 
consistent with the overall picture depicted in Figure 4. 
For the description of the rates of hydrolysis of N- 
acetylazoles, implying C-N bond breaking, descriptors 
whose 'probes' are either atoms forming this bond or 
properties sensitive (related) to  its strength are needed. 
Both the IR carbonyl stretching frequencies of N- 


acetylazoles (variable 2) and the nitrogen shifts of N- 
methylazoles (a property describing the azole nitrogen 
environment when attached to  a carbon atom) appear 
to  be very appropriate explanatory variables. 


The second PLSC (accounting for 27% residual vari- 
ance when the effect of the first PLSC is removed from 
the data) is determined by the carbonyl carbon (the 
carbon forming the C-N bond) shifts of N- 
acetylazoles (variable 3, MPO Wz - MPO W1 = 0-69), 
by the methyl carbon shifts of N-acetylazoles (variable 
4, MPOW2- MPOW! =0.30)  and again by the 
nitrogen shifts of N-methylazoles (variable 5, 


The third significant PLSC (accounting for 16% of 
the variance) is mainly required to describe the explan- 
atory capability of the azole electronic effects, 
expressed by up values (variable l), which are also 
important in determining the hydrolysis rates. After 
three PLSC all variables contribute, approximately to 
the same extent, to the PLS model and no systematic 
variance is left in the data. 


The PLS predictions in Table 6, satisfactory for com- 
pounds in the reference set, provide the order of magni- 
tude for the half-lives of N-acetylpyrrole (Id)  and 
N-acetylindole (10d ), for which limit infinite values 
were available, whereas N-acetylbenzotriazole (15d ) 
appears to be an outlier of the PLS model. 


MPOWz - MPOW1= 0.27). 


CONCLUSIONS 


The two main objectives of this study have been 
achieved. First, the PLS predictions in Table 6 com- 
plete fairly well the experimental results in Table 1, 
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making possible the use of azoles in QSAR studies when 
the corresponding log Ps are known. It is interesting to  
compare such a chemometric approach with the theor- 
etical approach. For azoles, we can examine if there is 
a relationship between INDO-calculated parameters l4 
and calculated values in Table 6. For instance, there 
exists a linear equation which relates the calculated pK, 
values in Table 6 to  the charge of the NH hydrogen, 
pK, = - 163.6 - 233. l q H ,  r2  = 0-96  (compounds 
1,2,3,5,6,7 and 9). 


The second objective, to use the comparison between 
the observed value and those calculated for a pair of 
isomers for deciding the structure of the most stable 
isomer, has also been achieved. Thus, the deviations 
from the PCA model (expressed as residual standard 
deviations and as residuals) allow the assignment of the 
isomeric structure of 1 -(N-acety1)tetrazole (9d ) on the 
basis of spectroscopic data. 
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FORMATION CONSTANTS IN C-H HYDROGEN BONDING. 
2. ALKYNES AND POLYHALOBENZENES WITH 


HEXAMETHYLPHOSPHORIC TRIAMIDE IN CYCLOHEXANE 
SOLUTION 


JOHN P. LORAND,* JONATHAN P. NELSON, R. DEAN GILMAN, KATHY L. STALEY, JEFFERY R. 
CHAMBERS, HAROLD D. KIRK, KEVIN J .  MOEGGENBORG AND DAVID L. FARLOW 


Malcolm H .  Filson Laboratories, Department of Chemistry, Central Michigan University, Mt. Pleasant, MI 48859, U.S.A. 


Formation constants, K ,  for hydrogen bonding of weak C-H donors with hexamethylphosphoric triamide were 
measured in cyclohexane at 35 OC by PMR spectroscopy; data were analyzed by the Higuchi method. Donors include 
terminal alkynes and series of polyfluoro-, polychloro- and polybromohenzenes. The K values for many of these are 
too small to measure in CC14. For RCICH, K decreases in the order R = BrCHz > C& > CzHsO > tert-butyl. For 
polyhalobenzenes, K is generally larger for F than CI or Br, and meta halogens facilitate hydrogen bonding most 
effectively. Among tetrahalobenzenes, 1,2,3,4-isomers show the least evidence of 2 : 1 complex formation. 
Pentachlorobenzene has a smaller K than its 1,2,3,4-tetrachloro analog even after statistical correction; for C6HX5, 
K decreases in the order F > CI > Br; the K values for 1,3,5-trihalobenzenes are closely similar; and 1,3,5-tribromo- 
2,4-dimethylbenzene shows no evidence of hydrogen bonding by PMR. The last three observations suggest that 
buttressing is important in the C&Xs structure, at least with CI and Br. A value of K for benzene was measured, 
suggesting for the first time that the H atoms of benzene engage in hydrogen bonding. The result compares well with 
values extrapolated from data for polyfluoro- but not polychlorobenzenes, again probably because of buttressing in 
the latter. 


INTRODUCTION 


A wide variety of compounds participate in C-H 
hydrogen bonding, encompassing alkyl, vinylic, aro- 
matic and acetylenic hydrogens; certain electronegative 
substituents must usually be present. To date, the only 
hydrocarbons known to serve as proton donors in 
hydrogen bonding are terminal alkynes. 


Previously we measured C-H hydrogen bond 
strengths with the strong acceptor hexamethyl- 
phosphoric triamide (HMPA) by PMR spectroscopy2 
using the Higuchi method.3 We found that formation 
constants, K ,  as calculated do not correlate with shifts 
in the fundamental infrared stretching frequencies of 
the corresponding C-H bonds nor, in the aliphatic 
series, with inductive substituent constants. a-Cyano 
and -nitro groups facilitate hydrogen bonding far more 
than halogens. Significant K values are also observed 
for benzenes and terminal alkynes, molecules which 
cannot have an a-substituent. The relative effectiveness 
of F and C1 substituents depends on their location and 
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the type of compound in which they occur: a-CI is more 
effective at sp3-hybridized carbon, whereas 6-F is more 
effective at sp2-hybridized carbon, as in halobenzenes. 


Several other quantitative studies of C-H hydrogen- 
bonding have appeared. Dale4 reported K and A H  
values, calculated by the Higuchi method, from PMR 
data for chloroform and pentafluorobenzene with 
HMPA in C c 4  (cf. Table 1). Both K values at 35 "C are 
in excellent agreement with those reported, both 
previously and in this paper. The A H  values are - 2.7 
and - 1 - 7  kcalmol-', respectively. LeNours et a / . , 5  
using infrared spectroscopy, measured K (1 mol-') for 
the acceptor dimethyl sulfoxide (DMSO) in cc14 at 
25 "C with 2,3,5-tribromothiophene (0*3), 
trichloroethylene (0-4), pentafluoro- and pentachloro- 
benzene (both 0.6) and 3-nitro-1,2,4,5- 
tetrachlorobenzene (0-7). Their values are of a 
reasonable order of magnitude, but larger than our 
values with HMPA,2 even though DMSO is a weaker 
acceptor than HMPA.6 Domke and Lippert' applied a 
statistical method to PMR shifts to estimate hydrogen 
bonding energies for all the polychlorobenzenes that 
have three or more C1 atoms, in the presence of HMPA 
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in CC4.  Complex formation appears t o  be more 
strongly enhanced by meta- than para-C1, but impeded 
by ortho-C1. Murdoch and Streitwieser,* using both 
infrared and PMR spectroscopy, obtained 
K = 0.36 2 0.12 lmol-’ for pentafluorobenzene and 
pyridine-ds in CCL. In the absence of cc14, K rose to  
about 1 -7  1 mol-’. Finally, Miura et al. determined K 
values for association of both CHC13 and CHBr3 with 
tetrabutylammonium chloride in four different solvents 
a t  22.2”C using NMR methods. The K values are 
closely similar for the two compounods, and those in 
Cc4  are the same as measured at 35 C with HMPA.2 


Previous efforts’ to measure K for certain com- 
pounds, viz. 3,3-dimethylbut-l-yne and 1,3,5-trichloro- 
benzene, with HMPA in CC14 were unsuccessful 
because changes in &bs, the proton chemical shift, were 
small and scattered. This contrasts with the reported 
measurement of K for other alkynes and tetra- and 
pentahalobenzenes. 2,4 However, both compounds must 
form hydrogen bond complexes with strong acceptors, 
since both show sizable shifts (82 and 27 cm-’, respect- 
ively) of their C-H stretching bands in the presence of 
DMSO-&.’ Therefore, a way of measuring their K 
values by PMR should exist. Indeed, in agreement with 
other  report^,^"' K is usually’ 4-5 times greater in 
cyclohexane than in C C 4 .  ( C C 4  may suppress K values 
by competing with HMPA for the proton donor, 
whereas cyclohexane, lacking lone pairs, presumably 
does not. Alternatively, a solvent effect may be 
operating.) Whatever the origin of this effect, 
it may well cause K for the two donors in question, 
and many others, to be large enough to measure in 
cyclohexane. 


We decided to  measure complex formation constants 
of a series of substituted terminal alkynes and polyhalo- 
benzenes with HMPA in cyclohexane by PMR. The 
absence of C C 4  enhanced the chemical shifts, and we 


succeeded in measuring K for four alkynes and in 
separating the effects of ortho, meta and para substi- 
tuents. We also attempted to  measure for the first time 
the benzene-HMPA formation constant. The result is 
compared with values extrapolated from those for the 
polyhalobenzenes. 


RESULTS 


Measurement of formation constants, K 


The Higuchi iterative method3 was used to caculate 
both K and 6, - 6,, the limiting shift, from equation (1). 
This method is particularly useful for identifying and 
eliminating deviant data points. 


where Ca and c b  are total concentrations of donor 
(‘acid’) and acceptor (‘base,’ i.e. HMPA), respectively, 
C, is the equilibrium concentration of the hydrogen 
bond complex, 6obs is the chemical shift at equilibrium, 
6, and 6, are the chemical shifts of the fully formed 
complex and free donor, respectively, and K is the 
formation constant. The Higuchi equation is derived 
exclusively for 1 : 1 complex formation. The problem of 
2 :  1 complex formation by donors with two or more 
equivalent protons is discussed below. 


Solvent effects and small K 


If K is smaller than ca 0.5 lmol-’  as measured by the 
Higuchi method, K becomes the lower limit to the ‘true’ 
K.’ In the Higuchi method K = slope/intercept. When 
K is small, 6obs is small and strongly affected by 
miscellaneous solvent effects. The left-hand side of 


Table 1. Formation constants in CC14 vs cyclohexane at  35 ‘Ca 


Ratio, 


K (I mo1-l)  in K(CH) 6, - b,(ppm) 
K(CCI4) 


cc14 CH CC14 CHb Donor (Registry No.) 


BrzCHCN(3252-43-5) 16.8 71 4 .2  2.22 2.39 
CHC13 (67-66-3) 2.4 12.0 5 .0  1.79 1.90 


CsHFs (363-72-4) 0.53‘ 2.2d 4.2 2.13 1.94 
1,2,3,4-CsH~C14~(634-66-2) 0.54 2.1 3.9 0.87 0.82 
CsHCI5(608-93-5) 0.09 0.68 7.5 3.2 1.58 


2.36‘ 1.80C 


CsHsC= CH(536-74-3) 0.15 1.0 6.7 4.1 2.1 


a From Ref. 2, except as noted. 


‘ Ref. 4 .  
CH = cyclohexane. 


This work. 







FORMATION CONSTANTS IN C-H HYDROGEN BONDING. 2. 66 1 


equation (1) increases too slowly, the slope is too small 
and the intercept is too large. As a result, the measured 
K is too small and the measured limiting shift is too 
large. 


The data in Table 1 illustrate these trends for six 
donors in c c l 4  and cyclohexane. For BrzCHCN and 
CHCI3, which show K > 1 a 0  Imol-' in c c 4 ,  the K 
values in cyclohexane are 4-5 times those in cc4, while 
values of 6, - 6, in the two solvents differ by less than 
10%. For pentafluorobenzene and 1,2,3,4- 
tetrachlorobenzene the K values are likewise cu four 
times as great in cyclohexane as in CCL, while the 
6, - 6, values are again only slightly different. For 
pentachlorobenzene and phenylacetylene, however, the 
K values in cyclohexane are cu seven times those in 
CCI4, and the 6, - 6, values are twice as great in cc4. 
For small K,  then, as measured by PMR in a given 
solvent, quantitative comparisons may lack rigor. 


Effect of water on K 


Water is a strong proton donor and would certainly 
alter the concentration of free HMPA. The water 
content of a freshly opened bottle of HMPA was found 
by gas-liquid chromatography (GLC) to  be cu 0 . 2  
mol-Yo, and 9 months later was still less than 1.0 
mol-To. The K values for polyhalobenzenes and for 
chloroform measured using this material agreed well 
with earlier values, particularly for donors containing 
only one proton, or for which 2 : 1 complexing could be 
ruled out. For example, K for chloroform and HMPA 
was 2.3 1, comparing very favorably with published 
values of 2-35' and 2 ~ 3 6 ; ~  K for pentachlorobenzene 
was 0.77 f 0-01 (mean of two runs), while 0-69  had 
been obtained previously. ' The agreement was 
unexpected because the water content had been found' 


by Karl Fischer titration to  be 2-6 mol-Yo. These results 
may mean that the Fischer results were in error. 


K for 1,2,3,4-tetrachlorobenzene was 2-10 f 0.08 
(mean of five runs). However, addition of cu 6 mol-Vo 
water t o  HMPA resulted in a decrease in K to 
1.17 f 0.02. Hence, the presence of water in HMPA 
can be critical, but with the samples available evidently 
is not. 


The amount of water present in spectroscopic-grade 
cyclohexane, and presumably CCh,  had no effect on 
the I( values for C-H hydrogen bonding with HMPA. 
Identical K values, within the experimental precision, 
were obtained for 1,2,3,4-tetrachlorobenzene with 
HMPA in cyclohexane, whether this solvent had been 
dried over Type 3A molecular sieves or not, The K 
values were 2.02 ? 0.03 and 2.06 k 0.02, respectively; 
these are also indistinguishable from the mean value 
given above. 


Terminal alkynes 


Formation constants for phenylacetylene and three 
other alkynes in CC4 were reported earlier. Values for 
3,3-dimethylbut-l-yne (tert-butylacetylene) and ethoxy- 
acetylene have now been measured in cyclohexane, and 
are given in Table 2. The formation constants decrease 
in the order NC- > BrCH2- > 
C6H5- > C2H50- > tert-Butyl-. The inductive 
substitutent constants, UI, however, decrease in the 
order NC- > CzH50- > BrCH2- > C6H5- > tert- 
Butyl- (Cf. Table 2). Ethoxy shows a much smaller K 
than is consistent with its inductive constant. The 
reason is probably lone pair p-a conjugation with the 
triple bond. With this exception, K values correlate well 
with UI. 


Table 2. Formation constants of alkyne-HMPA complexes at 35 'Ca 


Concentration (M) 
Alkyne: R in RC=CH 
(Reg. No.) [AH] [HMPA] Solventb No. of points a; K (1 mol-') (PPm) Source 


6, - 6, 


(CH,),C-(917-92-0) 0.25 0'4-1.0 CH 6 
C2H50- (927-80-0) 0.3 1.5-3.2 CH 7 
C6H5- (536-74-3) 0 .2  0.2-1.8 CH 6 


0 .2  0.2-1.7 CC4 7 
BrCH2- (106-96-7) - 


0.08 0'6-1.4 cc14 5 
NC- (1070-71-9) - 


0.08 0.3-1.0 cc14 7 


- - CH 


- CH - 


a NMR method: CW a t  60 MHz. 
CH = Cyclohexane. 


' Source: Ref. 11. 
For methoxy. 
From K in CCL., assuming K in cyclohexane is four times greater. 


' From UI = 0.44 for Br, dividing by 2.8 .  


- 0.07 
0.27* 
0.10 
0.10 
0.10 
0.16' 
0.16' 
0.56 


0.44 _+ 0.02 
0.60 ? 0.03 
1 .00?  0.01 
0.15 ? 0.01 
2.12 
0.53 


48.4 
12.1 


1.68 ? 0.07 This work 
1.92 2 0.02 This work 
2.07 ? 0.01 This work 
4.07 _+ 0.16 Ref. 2 


- Est.' 
2.1 Ref. 2 


- Est .' 
3.08 Ref. 2 
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Polyhalobenzenes 


Measured values of K in cyclohexane for a variety of 
polychloro- and polybromobenzenes with HMPA are 
presented in Table 3, together with published results for 
comparison. A value for benzene is included. 


Formation constants were also 'statistically 
corrected' by dividing by the number of equivalent 
hydrogens, and the results are listed in Table 3 as K/H. 
This procedure is essential for comparing K values for 
compounds with differing numbers of equivalent 
hydrogens. The presence of two or more equivalent 
hydrogens multiplies the probability of complex 
formation, an entropy effect which is of no interest in 
itself. 


For 1,2,3,4-tetrachIorobenzene, daia were obtained 
at three temperatures, 35, 45 and 55 C,  and A H  was 


found to  be - 3 - 6  k 0.2 kcalmol-I. Chemical shifts 
for 1,2,3-trichIorobenzene were measured at  360 MHz 
(see Experimental); K values were extrapolated from 
300 to 308 K using the above A H  value. 


K for 1,3,5-tribromo-2,4-dimethylbenzene could not 
be measured because its chemical shift was virtually 
insensitive to  added HMPA. Substitution of methyl 
groups for two of the three Hs in 1,3,5- 
tribromobenzene had been expected both to prevent 
higher order complexing and to  increase observed 
shifts. 


Results for polyfluorobenzenes are given in Table 4. 
These are less precise, probably because of extensive 
splitting of their proton signals by I9F. Data in CC14 are 
included where the measurements are sufficiently 
precise. Formation constants in Table 4, as in Table 3, 
are also listed on a per hydrogen basis as K/H. 


Table 3. K values for polychloro- and polybromobenzenes with HMPA at 35 'C  


Concentration 
(M) 


NMR Kl H 6, - 6a 
Donor, AH (Registry No.) No. of points [AH] [HMPA] Solvent' method K (1 mol- ') (1 mol- ' )  (ppm) 


CsHCIs(608-93-5) 


CsH Br~(608-90-2) 
1,2.3,4-CsHzC14(634-66-2) 


7 
5 
3 
7 
6 
7 
7 
7 
6 
6 
6 
4 
5 
5 
6 
5 
6 
5 
7 


7 
7 
7 
7 


0.05 
0.2 
0.1 
0 .1  
0.2 
0.08 
0.08 
0.08 
0.2 
0.1 
0.05 
0 .1  
0 .1  
0.05 
0.05 
0.1 
0.06 
0.1 
0.06 


0.15 
0.15 
0.13 
0.13 


0.5-2.0 
0'2- 1 ' 7  
2.2-4.2 
0.5-2.5 
0'2-2.7 
0'1-1.8 
0.1-1 
0.1-1 
0.2-2'6 
0.8-2.6 
0.1-0.6 
1 3-2' 3 
0.7-1.8 
0.1-1.5 
1 '0-3 '6  
0.5-2.5 
0.2-1.2 
0.5-2.5 
0.2- 1.5 


0.2-1 .o 
0.2- 1 .o 
0.3-1 '7  
0-3-1 -6  


CH 
CH 
CH 
CH 
CH 
CH 
CH 
CH 
cc14 
CH 
CH 
CH 
CH 
CH 
CH 
CH 
CH 
CH 
CH 


CH 
CH 
cc14 
CH 


CW 0.69 
FT 0.77 t 0.01 
CW 0.060 t 0.002 
CW 2-20 50.13 
FT 2.19 2 0.06 
FT 2.06 t 0 . 0 4  
FT 1.73 2 0.03d 
FT 1.44 t 0.02e 
FT 0.54 kO.01 
CW 0.40 5 0 . 0 2  
CW 0.76 5 0 . 0 2  
CW 0.47 20 .02 '  
CW 0.59h 
FT 0.93 5 0 . 0 3  
CW 0.57 2 0 . 0 2  
CW 0.34 2 0 . 0 1  
FT 0.62 20 .02  
CW 0.42 2 0.05 
FT 0.68 t 0 . 0 2  


FT' 1.74 2 0.02' 
FT' 1.41 f 0.04' 
FT 0.23 20.02 
FT 0.90 20.03 


1.57 
0.77b 1.53 t 0.02 
0.06 2.57 2 0.10 


0.82 t 0 . 0 1  
1.05c 0.81 2 0.01 


0.836 2 0.006 
0.828 2 0.006d 
0.836 t 0.007' 


0.27 0.87 2 0 . 0 1  
1.19 '0.04 


0.38' 0.82 t 0.02 
1.10 50 .03 '  
1.02h 


0.47 0.76 t 0 . 0 2  
0.67 t 0.01 
0.75 


0-21 0.55 20 .02  
0.53 


0.23 0.41 t O . 0 1  


1.49' 0.755 t 0.004' 
O.6Ok 0.504 2 0.010' 
0.05 0.50 2 0 . 0 4  
0.23 0.46 2 0 . 0 1  


a CH = cyclohexane. 
Mean of 2 runs. 
' Mean of 5 runs. 
d A ~ 4 5 . 0 + 0 . 5 ° C .  
'At 55.0 5 0.5 "C. 


Mean of 3 runs. 
Highest concentration points of a run of 7 points; original plot concave down 
Source: Ref. 2. 


' At 360 MHz. 
' Run conducted at 3 0 0  K (27 ' C ) .  
' Extrapolared from 300 to 308 K ,  assuming A H o =  - 3 . 6  kcalmol-I. 







Table 4. K values for polyfluorobenzenes with HMPA at 35 OC 


Donor, AH (Registry No.) No. of points 


CsHFj(363-72-4) 8 
3 


1,2,3,4-CsHzF4(55 1-62-2) 7 
8 
4c 


1,2,3,5-CsHzF4 (2367-82-0) 5 
4d 
4d 


1,2,4,5-CsHzF4(327-54-8) 5 
6 
3 
7 


1,3,5-CsH,F3(372-38-3) 4 
3' 


1,4-CsHdF2(540-36-3) 5 


Concentration (M) 


[AH] [HMPA] Solvent" method K (1 mol- ' )  (1 mol-') 
NMR KIH 


0 . 2  0.2-1.6 cc14 FT 0 . 5 6 2 0 . 0 1  0.50b 
0 - 3  0.4-1.7 CH CW 2 , 1 5 2 0 . 3 2  2.15 
0.1 0.1-0.5 CC14 FT 0 ' 7 6 2 0 . 0 4  0.38 
0.14 0.2-2.7 CCli FT 0.71 f 0 . 0 2  
0.14 0.2-1'1 CC14 FT 0 . 7 8 2 0 . 0 1  
0 .2  0.2-1'4 CC14 FT 0 . 1 3 2  0.02 0.065 
0 .3  1.7-3.2 CH CW 0.73 2 0 . 0 5  
0.3 1.0-1.7 CH CW 1.11 20.03 0.56 
0.05 0.3-1.0 cc14 CW 0 . 4 5 2  0.01' 
0 .1  0.1-0.5 cc14 CW 0 . 6 4 2  0.05 0.32 
0.02 0.1-0.3 CH CW 2.6' 1.3 
0.2 0.2-1.2 CH FT 1.38 f 0.03 
0.15 0.6-2.0 CH CW 0 . 5 7 2 0 . 0 5  
0-15 0'6-1.5 CH CW 0.67 2 0.05 0.22 
0.4 1'1-3'2 CH CW 0 . 7 0 2  0.02 0.18 


2.20 2 0.03 
1-94 ? 0- 10 
0.82 t 0.04 
0.85 t 0.02 
0.80 2 0.01 
2.40 2 0.26 
1.61 2 0.05 
1.37 5 0.02 
1.27e 
1.01 t 0.07 
l . l l e  
1.64 t 0.02 
0.86 ? 0.06 
0-77 2 0.04 
0.53 2 0.01 


a CH = cyclohexane. 
Mean of 2 runs. 
First four points of preceding run; plot of all 8 points is curved, concave down. 
From set of 7 points giving a curved plot, concave down; one point common to both entries. 


First three points of preceding run; four points give a curved plot, concave down. 
'Source: Ref. 2. 


0.050 


0.040 


0.030 


0.020 


0.010 


0.005 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 


c, + Cb - c,. M. 


Figure 1. Higuchi plots for association of tetrachlorobenzenes with HMPA in cyclohexane. 0 ,  1,2,3,4-Isorner, K =  2.06 Imol-l, 
6, - 6, = 0.84 ppm; , 1.2,3,5-isomer, K = 0.76 1 mol-', 6, - 6, = 0.82 ppm (from low concentration points) 
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Benzene 


The measured formation constant, 0.17 1 mol-I, is 
small (see above), so the true value is probably closer to 
0.3 andK/H close to  0.05 Imol-'. The largest shift was 
only 8 Hz, and modest scatter obscured any curvature 
due to 2 :  1 complex formation (see below). 


2 : 1 Complex formation by polyhalobenzenes 


Since the Higuchi method applies only to  1 : 1 complex 
formation, data for donors having two equivalent 
protons will be meaningful only if 2 :  1 complex 


formation can be ruled out. Higher order complex 
formation increases Sobs further, causing the left-hand 
side of equation (1) to  increase too slowly. The Higuchi 
plot becomes concave downward, particularly a t  higher 
concentrations of HMPA, where the limiting shift (the 
reciprocal of the slope) becomes too large. Measured K 
values thus increase as [HMPA] decreases, and should 
approach limiting values. Malononitrile and 
fumaronitrile are cases in point. * 


Measurements for the tetrahalobenzenes and 1,3,5- 
trichlorobenzene were undertaken in the lowest 
practical range of [HMPA]. Figures 1 and 2 show 


0 061 


0.051 


0.041 


0 031 


0.021 


0.01( 


'b 


b b s  - ba 
MIHz 


- 
1 .o 1.5 2.0 2.5 3 0  3.5 


Ca + Cb - C,. M 


Figure2. Higuchi plots for association of polyfluorobenzenes with HMPA. A ,  C6HF5 in CC14, K=0.56 lmol I ,  


6, - 6 ,  = 2.20 pprn; , 1,2,3,5-C6HzF4 in cyclohexane, K =  1.11 Imol-' ,  6, - 6. = 1.37 ppm (from low concentration points); 0,  


1,2,3,4,-c&zF4 in CCL, K = 0.64 Irnol-I, 6, - 6, = 1.01 ppm (from low concentration points); 0 ,  1,2,3,4,-C6HzF4 in CCL, 
K =  0.71 ImoI-I, 6, - 6, = 0.85 ppm 
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typical Higuchi plots for most of the tetrahalobenzenes 
studied, and also for pentafluorobenzene. The plot for 
pentafluorobenzene is strictly linear, as expected. Those 
for the 1,2,3,5- and 1,2,4,5-tetrahalobenzenes are 
clearly curved at high [HMPA] , whereas those for the 
1,2,3,4-isomers are only slightly curved. Except for 
1,2,3,4-tetrachIorobenzene, K was indeed higher at 
lower [HMPA], and the limiting shifts were smaller. 
For all isomers, K remained constant for [HMPA] 
below 1 - 0  M, consistent with 1 : 1 complex formation. 
The plot for 1,3,5-trichIorobenzene was also curved, 
and K nearly doubled when measured at lower 
[HMPA] . 


K for 1,2,3,4-tetrachIorobenzene in CC4 was almost 
exactly one quarter of that in cyclohexane, consistent 
with the K values being correct and uncomplicated by 
2: 1 complex formation. The limiting shift for 1,2,3,4- 
tetrafluorobenzene was the lowest of the three isomers, 
close to the lowest values observed for the tetrachloro 
analogs. We conclude that 2 :  1 complexing is also 
negligible in this case. The shifts for 1,2,3,5- and 
1,2,4,5-tetrafluorobenzenes were much larger, 
consistent with some 2 : 1 complexing. The limiting 
shifts for 1,2,3,5-tetrafluoro- and pentafluorobenzene 
were very large because of relatively low K values (see 
above). 


The limiting shifts of the 1,3,5-trihalobenzenes are 
similar and approximately one third of those for the 
pentahalobenzenes. The limiting shifts of the 
tetrachlorobenzenes at low [HMPA] are all nearly half 
of that for pentachlorobenzene. Such relationships 
would be expected if the shifts for complexed aromatic 
protons were all alike, while those for uncomplexed 
protons in the same molecules were essentially 
unaffected. 


Overall, the evidence is strong for the 
tetrachlorobenzenes and suggestive for the 
tetrafluorobenzenes that the 1,2,3,44somers undergo 
negligible 2 : 1 complexing with HMPA, and that their 
measured K values are correct. In contrast, the 1,2,3,5- 
and 1,2,4,5-isomers do appear to form 2 : 1 complexes, 
but the true K values for 1 :  1 complexing of the 
tetraclorobenzenes have been closely approached. In 
the following analysis it must be borne in mind that the 
true K values of the tetrafluorobenzenes and the 1,3,5- 
trihalobenzenes may not have been reached. 


DISCUSSION 


Effects of chlorine and bromine 
For the chloro- and bromobenzenes the K values are 
generally smaller than those for the corresponding 
fluorobenzenes, but the difference is small for the 1,3,5- 
trihalobenzenes. Thus, the halobenzenes appear to 
show behavior opposite to that of the few aliphatic 
compounds examined to date, the dihaloacetonitriles, 


where replacement of C1 by F decreases K (however, we 
have found K for 1 ,l  , l-trifluoro-2-bromo-2- 
chloroethane to be 2.5 times greater than for 
pentabromoethane, l2  showing the effect of P-F to be 
opposite to that of a-F in C-H hydrogen bonding.) 
Evidently aliphatic a-F is unable to exert on the 
hydrogen bond complex a stabilizing effect in keeping 
with its high electronegativity and the fact that it shows 
the largest u value of all the halogens. This may be 
attributed to the nearness and hardness of the a-F lone 
pairs, in contrast to those of a-C1 and a-Br. 


Chloro and bromo analogs show virtually identical K 
values under identical conditions, except for 
pentabromobenzene, where K = 0-06 1mol-’, only one 
tenth of the value for pentachlorobenzene. The correct 
value is likely to be in excess of 0.10 Imol-’ (see 
above). 


K/H is smaller for 1,2,4,5- and 1,2,3,5- 
tetrachlorobenzenes than for pentachlorobenzene, in 
agreement with Domke and Lippert’s finding that meta- 
and para-chlorines facilitate hydrogen bonding.’ 
However, K/H is significantly greater for 1,2,3,4- 
tetrachlorobenzene than for pentachlorobenzene, and K 
for H-5 of 1,2,3-tetrachlorobenzene, which has no C1 
atoms ortho to it, is even greater. Clearly, ortho- 
chlorines in the isomers studied hinder hydrogen- 
bonding, again in agreement with Domke and Lippert. ’ 
They assigned a polar origin to the ortho effect: the 
C-Cl dipole is in the opposite direction relative to 
those of meta and para C-CI bonds. This effect should 
then be greater for F than for C1, a conclusion not 
supported by our data (see below). 


A series of apparently self-consistent substituent 
factors or s, values can be calculated from ratios of 
formation constants for certain polyhalobenzenes 
[equation (2)]. [These are analogous to K(X)/K(H) for 
ionization of substituted benzoic acids, the decadic 
logarithms of which are, of course, the Hammett 
substituent constants; we compare log s, values with 
Hammett constants below.] The procedure is illustrated 
for p-C1. The value of sp is obtained from the 
formation constant ratio of pentachlorobenzene to 
1,2,4,S-tetrachlorobenzene, representing replacement 
of H by C1 in the para position: 


Sp  = K(CaHCIs)/ [K(1,2,4,5-CaHzC14)/2] 
= 0*77/0*47 = 1 * 6 4  (2) 


Similarly, data for pentachloro- and 1,2,3,5- 
tetrachlorobenzene give sm2 = 2.0, while data for 
pentachloro- and 1,3,5-trichIorobenzene give 
s,,,~ x sml = 3-7, so that sml = 1 *8. Finally, data for 
1,2,3,4-tetrachIorobenzene and H-5 of 1,2,3- 
trichlorobenzene give so2 = 0.73 and sol = 0.71. These 
last two are identical within the experimental precision. 
The s, values are given in Table 5. 


These s, values are applicable to other polychloro- 
benzenes, e.g. to estimate K for Hs at positions 4 and 
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Table 5 .  Substituent factors sx in aromatic C-H hydrogen bonding 


Sources 


K/H (1 mol-i)a 


Ring position C6HXs c6HiX6-j Other S X b  Log sx (7 


Br in Cyclohexane solution: 
para 0.06 0.3 - sp = 0.2 (-0.7) 0.23 
Cl in cyclohexane solution: 
ortho 0.17 1.05 - s02 = 0.13 - 0.14 (1 .28)' 
ortho 0.71 1.49 so2 = 0.71 -0.15 (1.28)' 
meta 0.17 0.38 - sm2 = 2.02 0.30 0.31 
meta 0.71 0.21 Sn12 s,,,I = 1.82 0.26 0.31 
para 0.77 0.47 - ~p = 1 *64 0.21 0.23 
F i n  cyclohexane solution: 
ortho 2.2 1 . 5 d  - so2 = 1 . 5  0.18 (0.93)' 
meta 2.2 0.56 - Snr2 = 3 ' 9 0.59 0.34 
meta 2.2 0.22 s m 2  ~ n t i  = 2.6 0.41 0.34 
para 2.2 1.3 - sp= 1.7 0.23 0.06 
F in CCId solution: 
ortho 0.50 0.38 - s02 = 1 ' 3  0.11 (0.93)' 
meta 0.50 0. loe - L,,2 = 5.0 0.10 0.34 
para 0.50 0.32 - s,= 1.6 0.20 0.06 


~ ~~~ ~ ~ 


a Cf Tables 3 and 4 
sOz is the effect of adding a second orlho-halogen when one is already present: sol IS the effect of adding the first ortho halogen, see text 


Estimated assuming K/H in cyclohexane is four times K/H in CC14 
Estimated, measured K/H 4 0.5 Imol- ' ,  see text. 


PKa (CsHsCOzH) - pKa(o-XC6HKOzH) 


6 of 1,2,3-trichlorobenzene. This compound can be 
compared with pentachlorobenzene by removing one 
ortho-CI and the adjacent meta-Cl, and 
K/H = 0.77/(0.7 x 2.0) = 0.55 Imol-I. The measured 
value of K/H, extrapolated to 308 K, is 0.60 Imol-I. 
The excellent agreement also suggests that 2 : 1 
complexing by H-4 and H-6 is negligible. 


Effect of fluorine 
Pentafluorobenzene shows a larger K/H than all other 
polyfluorobenzenes, including 1,2,3,4-tetrafluoro- 
benzene. Substitution of F at any position thus 
increases K/H. 


Substituent factors are not as easy to calculate as for 
C1 because of the uncertainty and precision of several of 
the K values and the fact that K for pentafluorobenzene 
is ca 0.5 Imol-I. The series of sx values in Table 5 are 
based on K(C6HF5) = 2.2 in cyclohexane and 0.50 in 
CCL; the latter is the mean of our two determinations, 
and is close to Dale's value.4 


Despite their uncertainties, these s, values suggest 
that F is most effective in facilitating hydrogen bonding 
when meta, not ortho, to an H, in agreement with 
Domke and Lippert's findings for polychlorobenzenes. ' 
The small effect of the second ortho-F probably results 
from the opposition of two factors: polarity probably 


promotes hydrogen bonding, while the size of F inhibits 
approach of HMPA to the proton. 


Measurement of a value of sol will require the study 
of 1,2,3-trifluorobenzene, whose H at C-5 has no 
ortho-F neighbors. The complex PMR spectrum of this 
moleculeI3 will require decoupling of the Fs. 


The above sx values may be used to predict K/H for 
any additional polyfluorobenzene. To obtain K/H for 
p-difluorobenzene, one ortho- and one meta-F are 
removed from 1,2,4,5-tetrafluorobenzene, decreasing 
K/H by the factor s02 x sm2 = 1 . 5  x 3.9 = 5 - 9 .  K/H in 
cyclohexane should be 1-3/5.9 =0.22 lmol-I, which is 
reasonably close to the measured value of 0.18 1 mol-'. 


The s, values for F and C1 will be compared with 
Hammett CJ values after the following discussion of 
steric effects. 


Steric effects 
The K values for chloro- and bromobenzenes reflect two 
sizable steric effects. First, a pair of ortho-C1 or -Br 
atoms sterically hinder the approach of the 0 atom of 
an HMPA molecule. Second, buttressing, deformation 
of C-C-X bond angles by bulky neighboring 
atoms, l4 brings the ortho-chlorines or -bromines even 
closer to the proton and to the Lewis base. This effect 
should increase with increasing size of the halogen 
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substituent. Steric hindrance, aggravated by 
buttressing, explains the fact that 1,3,5-tribromo-2,4- 
dimethylbenzene showed virtually n o  change in its 
chemical shift even in 2 * 0 M  HMPA (in CCld). 
Buttressing should be severe in pentabromobenzene, 
but unimportant in the 1,2,4,5-tetrahalo- and 1,3,5- 
trihalobenzenes. 


The buttressing hypothesis is supported by the 
modest amount of available x-ray diffraction dat?. 
Hexafluorobenzene is planar within 2 0 . 0 1  A ,  
according to Boden et Hexachloro-’6 and 
hexaiodobenzene, l7 however, display deviation of 
halogen atoms alternately above and b$ow the ring 
plane: C1 atoms devi?te by 0*014-0*020 A and I atoms 
deviate by ca 0.04 A .  Marsh and Williams’ study of 
pentachlorobenzene also showed deviations of C1 
atoms. Unexpectedly, C1-1 and CI-4, not C1-5, lie above 
the plane, while C1-2 and (4-5 lie below the plane, and 
Cl-3 lies within k0.005 A of the riag plane; the 
deviations range from 0.025 to  0-039 A .  Moreover, 
the C-1 -C-6 and C-5-C-6 bonds are !horter than the 
other fpur by nearly 0.03 A (1.363 A vs a mean of 
1 391 A ). Presumably the latter effect will bring the 
ortho-C1 atoms closer to  the H atom, thus blocking a 
base molecule more severely. Similar deformation and 
bond shortening are likely in pentabromobenzene, thus 
explaining the larger differences among our K values for 
C6HXs molecules than 1,2,4,5-tetrahalo- or 1,3,5- 
trihalobenzenes. Finally, 1,3,5-tribromo-2,4-dimethyl- 
benzene, which hydrogen bonds negligibly to  HMPA, 
experiences strong buttressing but lacks the crucial 
meta-bromines of pentabromobenzene. 


A second steric effect, not involving buttressing, is 
discernible in the absence of 2: 1 complex formation 
with the donors having two ortho-H atoms, viz. the 
1,2,3,4-tetrahalobenzenes. In a 2 : 1 complex two 
HMPA molecules would have to be prohibitively close 
together. 


Comparison of sx with Hammett (I 
To facilitate this comparison, Table 5 includes log sx 
values, um and up values, and ‘uo’ values calculated 
from pKa values of ortho-substituted benzoic acids. 


Clearly no correlation exists between log sx and u, 
and should not, because of the well known sensitivity of 
reactions of orfho-substituted compounds to steric 
effects. Although the strengthening of benzoic acids by 
ortho-halogens is not attenuated by their steric bulk, we 
have seen that aromatic C-H hydrogen bonding is. 


Log Sm and log sp values also fail to  correlate with 
Hammett u values: those for C1 are smaller than u, 
whereas those for F are larger. This inconsistency again 
reflects steric effects, which are larger for C1 than F. 
When rn-C1 is substituted, for example, in 1,2,3,5- 
tetrachlorobenzene, a buttressing effect attenuates an 
expected large polar effect: With F, the buttressing 


effect is smaller or absent, and a larger polar effect is 
observed. 


Estimation of K/H for benzene 


Our measurement of K for benzene strongly suggests 
that benzene represents a second class of hydrocarbons, 
in addition to the terminal alkynes, which undergoes 
C-H hydrogen bonding. This is not surprising, in view 
of hydrogen bonding by polyhalobenzenes. To gain an 
insight into whether the measured K is ‘reasonable,’ we 
calculated K/H by extrapolation from K/H values for 
polyhalobenzenes, using the sx values derived above. 
For example, for polychlorobenzenes in cyclohexane, 


K/H(C&) = K(H-5)( 1,2,3GH3C13)/ ( S ~ Z  X Sml X S p )  


= 1*49/(2*02X 1 - 8 2 x  1.64) 
= 0.25 lmol-’ (3) 


K for benzene would then be 1.50 Imol-’ for all six 
positions. Other polychlorobenzenes give virtually 
identical estimates, as expected, because the same sx 
values are used repeatedly. This large estimate is clearly 
inconsistent with the measured value. 


An analogous estimate using polyfluorobenzenes 
gives a much smaller estimate of K/H = 0.05 I mot-’, 
which is much closer to  the measured value. The dis- 
crepancy between the two extrapolated values of K/H is 
serious, and must be explained if this evidence for 
C-H hydrogen bonding by benzene is to be taken 
seriously. 


The key is again likely to be the buttressing effect. 
With all the polychlorobenzenes studied except 1,3,5- 
trichlorobenzene, two or more chlorines occupy 
adjacent positions. When one chlorine is substituted 
into 1,3,5-trichlorobenzene, the product has chlorines 
in three consecutive positions, introducing strong but- 
tressing which counteracts a favorable polar effect. We 
have already argued that this is why s, is so much 
smaller for C1 than F (and why so < 1 a 0  for C1). The 
present data by no means show that the same value of 
s,,!~ would be obtained by comparing H-5 of 1,2,3- 
trichlorobenzene with H-4 (and H-5) of 1,2- 
dichlorobenzene, nor the same value of s0z by 
comparing the 1,3,5-trichloro isomer with H-4 (and 
H-6) of  1,3-dichlorobenzene. It is very likely that larger 
values of Sm2 and S,Z would result. These would bring 
the extrapolated value of KIH for benzene into Iine with 
those from polyfluorobenzenes and from experiment. 
These experiments might be readily performed at high 
field, o r  if first-order spectra could not be obtained, 
with deuterium-labeled polychlorobenzenes. 


CONCLUSIONS 


The interaction of polyhalogenated benzenes with the 
very strong Lewis base HMPA meets two of the most 
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important tests of hydrogen bonding proposed by 
Pimentel and McClellan la and others, viz. a shift of the 
fundamental stretching f r e q u e n ~ i e s ' ~ ~ ~ ~ ' ~ ~  of their 
C-H bonds and downfield shifts of their proton 
resonances in PMR. 2-4*6*7 We have no illusions that 
these hydrogen bond interactions are strong. They 
clearly are weak, and the blend of Coulombic and 
quantum mechanical contributions must be different 
from that for O-H.- .O or other strong hydrogen 
bonds. However, the weak interactions examined show 
more specificity than van der Waals interactions and 
therefore their designation as hydrogen bonds is fully 
justified. 


The present data show that formation constants in 
aromatic C--H hydrogen bonding are measurable by 
PMR, and that 2 : 1 complexing by donors with two or 
more equivalent hydrogens can be virtually eliminated. 
Although it should be possible to  measure formation 
constants by infrared methods, the authors believe that 
this approach would probably be more tedious and less 
precise than PMR. 


The constants appear to be influenced as much by 
steric factors, including buttressing, as by polar factors. 
Steric hindrance increases as expected in the order 
F > C1 > Br, to the point that, in the presence of but- 
tressing, ortho-Cl (and presumably Br) decrease K/H,  
although ortho-F increases K/H slightly. Highly substi- 
tuted polyfluorobenzenes show larger K/H values than 
their chloro analogs, contrary to  expectation based on 
ionization of substituted benzoic acids. The apparent 
superiority of F results from buttressing in polychloro- 
benzenes. Consistent with their polarity as measured by 
Hammett constants, meta-halogens enhance hydrogen 
bonding more than para-halogens. A deeper under- 
standing of these substituent effects might emerge from 
measurements of the enthalpy and entropy contribu- 
tions to  complex formation. 


The chemical shift of benzene increased sufficiently 
regularly in the presence of HMPA to permit the 
measurement of K .  It has thus been shown for the first 
time that the hydrogen atoms of benzene engage in 
hydrogen bonding. This conclusion is supported by an 
extrapolated value of K/H for benzene from 
polyfluorobenzene data, in fair agreement with the 
experimental value. 


EXPERIMENTAL 


Materials. Most compounds and solvents were of 
reagent grade and were used as received. Freshly 
purchased HMPA (Aldrich) contained ca 0 .2  mol-Yo 
water (GLC) and, after 9 months, less than 1 .O mol-To 
water. 


A sample of 1,3,5-tribrom0-2,4-dimethylbenzene was 
prepared starting from 2.0 g (16.5 mmol) 3 5  
dimethylaniline (Aldrich), following a procedure for 
1,3,5-tribromoben~ene;'~ yield, 0.66 g, 1 * 9  mmol, 


12%; m.p. 80.5-83-0"C (lit." m.p., 85°C); pmr 


(ppm): 0.0, 1.72; 0.5, 1.12; 2-0, 7.14. 
( C c 4 ,  TMS, 60MHz; arom. H): [HMPA] (M), &,be 


NMR Measurements and calculations. Solutions 
were prepared in either 2- or 5-ml volum$tric flasks 
which had been calibrated with water a t  25 C; penta- 
and 1,2,4,5-tetrabromobenzene were dissolved in 
HMPA with mild heating before adding the 
cyclohexane or Cch. Aliquots of solutions were 
transferred to  5-mm NMR tubes, stoppered and 
analyzed on the same day. TMS was usually employed 
for internal locking and chemical shift reference in 
continuous-wave (CW) experiments (Varian T-60 
spectrometer, probe temperature 35.5 2 1.0"C). In a 
few cases cyclohexane was the internal standard. In 
pulsed Fourier transform (FT) experiments 
(IBM-Bruker NR-80 pulsed FT spectrometer, 
35.0 +- 0.5 "C, 4 or 16 pulses), TMS was added only to 
C C 4  solutions; deuterium locking was accomplished 
using chloroform-d in a concentric 10-mm tube. 


The FT spectrometer was employed for 
reinvestigating K values a t  lower [HMPA] because the 
CW instrument had become less precise. However, with 
pulsed FT the cyclohexane signal masked those of the 
aromatic substrates a t  concentrations below ca 0.1 M 
and, in the cases of the highly split tetrafluoro 
compounds, much higher. Attempts to overcome this 
interference by irradiating the cyclohexane protons 
were unsuccessful; the use of completely deuterated 
cyclohexane as solvent should succeed, but this material 
is prohibitively expensive on the scale needed. For these 
reasons the decision was made to  employ CCL for 
reinvestigation of  polyfluorobenzenes. Even so, 
extensive splitting of most signals prevented precise 
work below 0 - 1  M donor. The FT results were all 
obtained using HMPA containing less than 1 . O  mol-Yo 
water; HMPA used earlier was not analyzed by GLC. 


Formation constants and limiting shifts were 
calculated via the Higuchi equation. The slope was 
calculated by the least-squares method after each 
iteration using a preprogrammed pocket calculator or a 
specially written program in Fortran IV. Data points 
deviating more than ca 1 . 5  standard deviations from 
the least-squares line were rejected and the calculation 
was repeated. No more than two points were rejected. 


The chemical shifts for 1,2,3-trichlorobenzene were 
measured at 360 MHz, because the spectrum was first 
order: 5.524 ppm, triplet, l H ,  J =  7-94 Hz; 
5.803 ppm, doublet, 2H, J =  7.94 Hz. At 60 HMz, the 
nine-line AB pattern" depended on HMPA 
concentration, making accurate measurements of  8& 
impossible. 
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APROTIC SOLVENTS 


MARK H. KOWALSKI*, JOSEPH w. PONS, PETER J .  STANG, AND STANLEY PONSI 
Department of Chemistry, University of Utah, Salt Lake City, UT 84112, USA 


N. H. WERSTIUK 
Department of Chemistry, McMaster University, Hamilton, Ontario, L85 4M1, Canada 


KEVIN ASHLEY t 
Department of Chemistry, San Jose State University, San Jose, CA 95192, USA 


Microelectrodes can be used to measure redox half-wave potentials in aprotic solvents containing no purposely added 
supporting electrolyte. By employing an electrode of sufficiently small size, the accessible potential range in solution 
i s  considerably extended. The electrochemical oxidation of vinyl (enol) triflates, which are oxidized at high electrode 
potentials, can therefore be studied using an ultramicroelectrode. Oxidation and ionization potentials, determined by 
ultramicroelectrode voltammetry and H e  I photoelectron spectroscopy, respectively, of 2-methylprop-l-enyl, 
cyclohexenyl, cyclopentenyl, 1,l-diphenylethenyl and prop-2-enyl tritlate are reported. The results from 
electrochemical measurements and photoelectron spectra were compared. 


INTRODUCTION 


Since first introduced I over 20 years ago, a large variety 
of vinyl triflates have been prepared and widely used 
in mechanistic, synthetic and organometallic chemistry. 
They serve as the prime precursors to  both vinyl 
cations3 and unsaturated ~ a r b e n e s , ~  and are involved in 
the formation of novel transition metal complexes. 
More recently, enol triflates have been employed 
in olefin synthesis by coupling with organocopper 
reagents6 and the directed formation of diverse conju- 
gated dienes’ by palladium-catalyzed coupling with 
organostannanes. Vinyl triflates have also been utilized 
in the synthesis of unsaturated ketones, aldehydesg2’” 
esters ’ I  and amides ‘ I  via carbonylative coupling 
reactions. Likewise, a variety of ally1 alcohols may be 
formed by the CrC12-NiClz-mediated reaction of vinyl 
triflates with aldehydes. l 2  Hence, vinyl triflates (enol 
triflates) have emerged as valuable reagents in organic 
chemistry. l 3  


Despite the long history, ready a ~ a i l a b i l i t y * ” ~ - ’ ~  and 


increasing importance of vinyl triflates, little is known 
about their fundamental physico-chemical properties. 
We have therefore studied the electrochemical oxida- 
tion potentials and the photoelectron spectra of a series 
of representative vinyl triflates. 


Electrochemical investigations of these systems have 
heretofore been precluded because their oxidation 
potentials are higher than those of conventional sup- 
porting electrolytes and most solvents. The use of elec- 
trodes of very small dimensions, or microelectrodes, 
allows electrochemical experiments to be performed in 
polar solvents containing no purposely added electro- 
lyte, and in non-polar solvents at high electrode poten- 
tials. In many cases, the elimination of the supporting 
electrolyte considerably extends the range of potentials 
that can be used. The observed half-wave potentials in 
this work were up to 1 V higher than those which can 
be observed in conventional electrochemical experi- 
ments. In addition, the measurements are made rapidly 
under steady-state conditions, so that interpretation of 
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the data is simplified compared with that in conven- 
tional diffusion-controlled experiments. The oxidation 
potential determined from the electrochemical results 
were compared with ionization potentials determined 
from the gas-phase photoelectron spectra of several 
representative vinyl triflates. 


EXPERIMENTAL 


Reagents and chemicals. For electrochemical 
experiments, acetonitrile solvent (Burdick and Jackson, 
distilled in glass, 0.005% nominal water content) was 
distilled twice on  a 150-cm glass helix packed column 
from calcium hydride and stored over drying alumina 
(Woelm Super Grade I) before use. The solvent was 
degassed immediately before use with dry helium 
(Matheson, research grade). 2-methylprop-1-enyl, 
cyclohexenyl, cyclopentenyl, 1,l-diphenylethyenyl and 
prop-2-enyl triflates were prepared by standard 
procedures. 2*14 


Photoelectron spectra. He I photoelectron spectra 
were obtained with a non-commercial instrument as 
described previously. I s  The spectra were calibrated 
against argon, and the resolution was less than 50 meV. 


Electrochemistry. Microelectrodes were either 
purchased commercially (JAS Instrument Systems) or 
were prepared in the laboratory. Platinum ring 
microelectrodes were prepared by (a) coating the inner 
surface of capillaries with metal by vapor deposition or 
reduction of metal screen printing inks, followed by 
collapsing the capillary (over an oxygen-acetylene 
flame) around a glass fiber; and (b) using the same 
procedures to  deposit platinum on a fine glass or quartz 
fiber, and collapsing a glass tube around it. The 
platinum ring electrode used in this work was 1; pm in 
diameter and had an average thickness of 500 A .  The 
secondary pseudo-reference electrode was a platinum 
wire placed about 0 - 5  mm from the tip of the working 
microelectrode. The cell consisted of a glass bulb 
designed to  hold 15 ml of solution. The electrodes were 
mounted in the cell with ground joints. The cell was 
cleaned before use in hot acid solution (sulfuric 
acid-nitric acid, 1 : 1 v/v), rinsed in triply distilled water 
and dried in a vacuum at 110 "C. The cell assembly was 
mounted on steel clamps inside a 2 f t3  x 3/8 in thick 
aluminum Faraday cage. Electrical connections were 
made though the cage by means of triaxial BNC-type 
bulkhead connectors. All cables used were triaxial, and 
were rigidly mounted to prevent triboelectric noise 
generation. 


The electrode potential was maintained by a 
waveform generator (Hi Tek Instruments PPR1) added 
to a battery through a voltage adder. Currents were 
measured on a Keithley 617 picoammeter. The 


polarization curves were recorded on  a Hewlett- 
Packard 7015 x-y  recorder. 


RESULTS AND DISCUSSION 


Electrochemistry 


The vinyl triflates 1-5 were chosen as simple prototypes 
of this class of compounds representing, primary, 
secondary, aryl and cyclic systems. 


OSO$F3 
W r 


1 2 


8'""" 
sp.cF3 


Electrochemical oxidation of substituted vinyl 
triflates cannot be studied by conventional 
electrochemical techniques (such as cyclic voltammetry 
at macroelectrodes) owing t o  their typically high 
ionization potentials. The width of the potential 
window in a conventional electrochemical experiment is 
determined by the redox reactions of the solvent or 
supporting electrolyte. It is therefore impossible to  
study the redox reactions of species with very low 
electron affinities or high ionization potentials by 
ordinary electrochemical methods. In the aprotic 
solvent acetonitrile, which has one of the widest 
potential windows, l9 the accessible range is from about 
+ 3 V t o  about - 3 V vs the AglAg+ reference redox 
couple. It is now well known, however, that reducing 
the characteristic electrode dimensions t o  very small 
values allows measurements to  be made in media of 
high resistivity. " Electrochemical experiments are 
therefore possible in solvents with little or no added 
supporting electrolyte, non-polar solvents, in solid 
solutions at low temperature and even in the gas phase. 
For example, studies have been performed on the 
oxidation of ferrocene in acetonitrile without purposely 
added supporting electrolyte, oxidation of chromium 
hexacarbonyl in pure dichloromethane, oxidation 
of aromatic hydrocarbons in pure benzene, oxidation 
of ferrocene in pure acetone down to -95°C,20 
oxidations in low-temperature solid-solution eutectic 
mixtures and glasses of acetonitrile2' and 
electrochemical oxidations and reductions in the gas 
phase.22 These experiments are possible owing to the 
very small number of ions (and/or dipoles) required to 
charge the electrical double layer a t  the microelectrode. 
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Table 1. Ionization potentials (IP) and half-wave potentials 
(Ett2)  for the vinyl triflates 


Adiabatic IP Vertical IP E I / Z  
Triflate (ev) (ev) (V) 


200 pA I 


I I I 


2-Methylprop-I-enyl 9.05 9.52 3.32 
Cyclohexenyl 9.10 9.48 3.33 
Cyclopentenyl 9.17 9.55  3.34 
I ,I-Diphenylethenyl 8.19 8.62 3.62 
Prop-2-enyl 9.76 10.31 3.63 


In cases where the supporting electrolyte redox 
reactions limit the potential window, their elimination 
from solution allows the direct study of electron- 
transfer reactions of species with higher ionization 
potentials (or electron affinities) than the supporting 
electrolyte. An important example is the study of 
electrochemical oxidations in acetonitrile. The 
oxidation of the anion of all supporting electrolytes in 
this solvent will occur at potentials less than about 3 V 
vs Ag/Ag+. We have recently d e m ~ n s t r a t e d ' ~  that 
voltammetric data can be obtained at  much higher 
oxidation potentials (up to  ca 6 V  vs Ag/Ag+ under 
some circumstances), and have shown that it is possible 
to observe steady-state voltammetric behavior for 
compounds with vertical ionization potentials as high as 
12.70 eV. These included n-heptane, cyclopropane, 
n-pentane, n-butane, methane and the rare gases. 


The half-wave potentials (vs Ag/Ag') of the series of 
substituted vinyl triflates are listed in Table 1 and a 
typical polarization curve is shown in Figure 1. For 
comparison, it should be mentioned that the oxidation 


of ferrocene occurs a t  a half-wave potential of 
+0-95 V vs Ag/Ag+ in acetonitrile solution containing 
no added supporting electrolyte, 2o and that the 
potential of the Ag/Ag+ reference is 0 .3  V more 
positive than that of the saturated calomel electrode in 
this solvent system. 23 The steady-state curves result 
from the fact that the mass transport coefficient to  and 
from the microelectrode is very high. The plots were 
independent of all potential sweep rates used in these 
experiments (up to  10 v s-'1. Voltammetry was 
studied as a function of concentration of the substrate, 
and all limiting currents were linear with concentration 
over the range studied (0.01-10 mM in the vinyl 
triflate) to  within 2% relative error. These observations 
indicate that the oxidations involving each of the vinyl 
triflates studied were electrochemically reversible at 
a microelectrode of sufficiently small size,24 and 
the measured half-wave potentials are a good 
approximation to  the expected standard oxidation 
potentials if the reference potential is taken into 
account. Standard potentials can only be measured 
under standard conditions (e.g. unit activities of both 
forms of the redox couple), but since it is impossible to 
know the activity coefficients of the species under study 
in this paper we regard the measured half-wave 
potential as the best possible estimate of the standard 
oxidation potential for a given vinyl triflate. 


Photoelectron spectroscopy 


The photoelectron spectra (PES) of 2-methylprop-l- 
enyl, prop-2-enyl, cyclopentenyl and cyclohexenyl 
triflates are shown in Figure 2. The spectra yield the 
adiabatic and vertical ionization potentials listed in 


POTENTIAL / VOLTS 


Figure 1. Polarization curve for the oxidation of 4 in pure acetonitrile at a platinum ring microelectrode. The sweep rate was 
20 mV s- ' ;  potentials are vs Ag/Ag+ (Electrode potentials were measured vs a Pt pseudo-reference and were rescaled to the Ag/Ag' 
reference; the potential of the Pt pseudo-reference was checked with ferrocene and 9,IO-diphenylanthracene internal standards). 


The curve on the reverse sweep superimposes the trace obtained on the forward potential excursion 
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Table 1. The broadness of the lowest ionization energy ionization potential for the 1,l-diphenylethenyl species 
bands suggests an estimated error of +0.05 eV in the (Figure 2C and Table 1). The significant difference 
measurements. It is interesting to note the high ioniza- between the first ionization potentials of the prop-2- 
tion energy for the prop-2-enyl triflate species enyl and 2-methylprop-1-enyl triflates (Table 1) is 
(Figure 2A and Table 1) and the comparatively low surprising. The second and higher ionization potentials 


A N 
I0  I2 14 16 


EV 


I 10 12 14 16 


EV 


L 
10 12 14 16 18 


E V  


I 


10 12 I 4  16 18 
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Figure 2. He I photoelectron spectra of (a) prop-2-enyl, (b) 2- 
methylprop-I-enyl, (c) 1 ,I-diphenylethenyl, (d) cyclopentenyl 


and (e) cyclohexenyl triflates 
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for these two species, however, are similar (Figure 2A 
and B). For the cyclopentenyl and cyclohexenyl systems 
the first ionization potentials are very similar, but 
higher ionization energies are more disparate (Figure 
2C and D). The first ionization potentials (adiabatic 
and vertical, respectively) for the 1,l-diphenylethenyl 
triflate species are significantly lower than those of the 
remaining four triflates (Table 1 and Figure 2C). The 
band in the PES spectrum (Figure2C) appearing at 
about 9 . 4  eV is similar to  the lowest energy bands for 
the remaining four triflates (Table 1 and Figure 2A, B, 
D and E). 


A plot of the vertical and adiabatic ionization 
potentials of the vinyl triflates is shown in Figure 3 .  
As expected, there is certainly a correlation between 
the ionization potentials for the cyclohexenyl, 
cyclopentenyl, prop-2-enyl and the 2-methylprop-1 -enyl 
triflates. The deviation from a 1 : 1 correlation for the 
half-wave potential and ionization potential for the 
diphenyl-substituted species may be explained by the 
difference in the solvation energy between the reduced 
and oxidized forms of this species. In the absence of 
secondary effects, such as large differences in the 
solvation energies of an oxidized and reduced form of 
a redox couple, a linear relationship between the 
oxidation potential and the vertical ionization potential 
of an electroactive species is to  be expected. For a 
simple redox process: 


O + n e - = R  


the reversible potential is given by the expression l 9  


1 
nF 


E?ev = - [AGi(solvation) - AG8(solvation)] 


where the term in brackets represents the change in free 
energy of solvation between the reduced and oxidized 
forms of the couple, n is the number of electrons 
exchanged per mole of reactant, F is the Faraday 
constant, I,, is the ionization potential and E$f is the 
standard potential of the reference electrode. The same 
type of relationship will exist in non-standard states if 
the activities of the species are taken into account: 


RT 
nF (2) Ere, = EyeV + - In - 


where a0 and U R  are the activities of the oxidized and 
reduced forms at the electrode surface, respectively. We 
then see that if the difference between the solvation 
energies of the reduced and oxidized forms is large, 
then the half-wave potential for the reaction will be 
lower than when the standard free energies of the two 
species are equal. For ions that are effectively solvated, 
the linear relationship is generally obeyed fairly well. 
Solvation of ionic species can only occur after there is 


3.00 I I 1 1 I 


I .  P/eV 


Figure 3.  Plot of the electrochemical half-wave potentials (vs. 
Ag/Ag+) as a function of the adiabatic and vertical ionization 
potentials for the substituted triflates. For each triflate the 
lower value for the ionization potential is the adiabatic value. 
x : 2-methylprop-1-enyl; + : cylcohexenyl; : cyclopentenyl; 


*: 1,l-diphenylethenyl; .: prop-2-enyl 


8.0 8.5 9.0 9.5 10.0 10.5 


solvent structure rearrangement or breaking; this is an 
endothermic process which ultimately reduces the total 
effect of the magnitude of the difference in the standard 
free energy of solvation of the species. It is well known, 
however, that smaller ions typically show a con- 
siderable departure from linear behavior of E I , ~  and I ,  
with unit slope; very small ions having a high charge 
density are expected to  be more efficiently solvated into 
the solvent cage structure. The difference in the 
solvation energies of the neutral and oxidized species is 
therefore large, and a large change in the magnitude of 
the half-wave potential is observed; the shift is always 
to  more negative potentials for oxidations. Expected 
oxidation potentials for the vinyl triflates under study, 
based on observed ionization energies (Figure 2), would 
be much lower than actually observed.'' Hence the 
solvation energies of all of the vinyl triflates under 
study here are appreciable. 


The linear correlation between oxidation potential 
and ionization energy is obeyed fairly well for all of the 
vinyl triflates studied except the diphenyl-substituted 
species (Figure 3). This suggests that the solvation 
energy for the diphenylvinyl species is considerable; a 
similar result has been observed previously in strained 
aromatic cycloproparene systems. 26 Another possibility 
for the disparity involving the diphenyl-substituted 
triflate is that the conformation of this molecule in 
solution may be substantially different from its 
conformation in the gas phase. It is difficult to explain 
the high oxidation potential measured for 1 , l -  
diphenylethenyl triflate in the light of its low first 
ionization potential obtained in the gas phase. 
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However, in solution, as a result of solvation, the 
overall valence orbital electron density of this species 
may more closely resemble that of the other vinyl 
triflates studied. The implication is that the feature 
appearing in the gas-phase photoelectron spectrum at 
9 .4  eV (Figure 2C) is a more realistic estimate of the 
actual ionization potential of the molecule in solution. 
If this is the case, then the measured half-wave potential 
of the diphenyl-substituted species (Table 1) is actually 
within the expected range in the light of the PES results 
obtained for the other vinyl triflates. 


The molecular energy minimization program 
Macromodel 2 (MM2)” was used to carry out geometry 
optimizations on the vinyl triflates. Molecular orbital 
energies were then calculated using AM1 software2’ 
within the Macromodel package; AM1 estimations are 
generally more accurate than MNDO and MND0/3 
methods. ’’ 


Two conformations were used as starting points for 
the MM2 optimizations. One initial geometry had the 
sulfur atoms cis to  the carbon-carbon double bond 
and the other held the sulfur trans to  the vinyl group. 
For the moelcular orbital calculations typical bond 
lengths, bond angles and force constants were input 
initially, and the molecular orbital eigenvalues (MOES) 
for the energy-minimized geometries were obtained 
iteratively in the calculation. From these energy 
minimizations MOES for the highest occupied 
molecules orbitals (HOMOS) were estimated and 
compared with observed vertical ionization potentials. 


Table 2 compares the optimized MOES for the vinyl 
triflates with experimentally determined vertical 
ionization energies. It is seen that the configuration, cis 
or trans, has little influence on the stabilization energy 
of the HOMO for the cyclopentenyl and cyclohexenyl 
triflates. However, for prop-2-enyl triflate the trans 
configuration yields a significantly more stabilized 
MOE than does the cis geometry. Here the dihedral 
angle between the two double-bonded carbons, the 
oxygen bridging one of these sp2 carbons to the sulfur 
and the sulfur atom is approximately 109” (Table 2). 
Hence the sulfur is above the plane of the *-system of 


the ene carbons, and the molecule is twisted: 


In the case where the sulfur is cis to the double bond 
(for the prop-2-enyl species) the dehidraI angle between 
the two ene car!ons, the bridging oxygen and the sulfur 
is only about 3 (Table 2). Hence this molecule is more 
or less planar since the sulfur is approximately in the 
same plane as the oxygen and the vinyl carbons: 


For the two ring systems studied, there is little 
difference in the HOMO energy whether the sulfur is cis 
or trans to the C = C  double bond. In these cases the 
sp2 carbon-sp2 carbon-bridging oxygen-sulfur 
dihedral angle is close to zero in all cases, whether the 
sulfur atom is cis.or trans to  the vinyl group. Hence 
planarity is favored in these systems regardless of the 
configuration of the sulfur atoms (Table 2). The sulfur 
is above the plane (twisted) with respect to  the plane of 
the *-system only in the case of trans-prop-2-enyl 
triflate. 


The molecular orbital computations indicate that the 
HOMO is *-type for each of the near-planar systems, 
with the exception of the 1,l-diphenylethenyl species, 
which shows five low-lying MO eigenvalues; this is in 
accord with the photoelectron spectrum (Figure 2C). 
The HOMO is *-type benzene, as one would expect. It 
is the fifth highest band at  10.4 eV which is similar to  
the HOMOS of the other triflates. In the case of cis- 
prop-2-enyl triflate, the HOMO (MOE = 10.22 eV) 
involves *-bonding p-orbitals of the C = C  double 
bond, the bridging oxygen and the methyl group. This 
is also the case for the HOMOS of 2-methylprop-l- 
enyl, cyclopentenyl (cis and trans) and cyclohexenyl (cis 


Table 2. Molecular orbital eigenvalues (MOEs), vertical ionization energies and C=C-0-S 
dihedral angles for the vinyl triflates 


Triflate 
c=c-0-s 


Configuration MOE (ev) IP, (eV) dihedral angle ( O )  


Prop-2-enyl trans 10.56 10.31 109.1 
cis 10.22 3 . 4  


2-Methylprop-1-enyl trans 9 . 8 4  9.52 3 . 9  
Cyclopentenyl trans 9.71 9.55 6 . 9  


cis 9-78  4 . 5  
Cyclohexenyl trans 9 . 7 2  9 .48  2.1 


cis 9.15 5 . 9  
Diphenylethenyl trans 8 . 5 0  8.62 4 . 5  







676 M. H. KOWALSKI ET. AL.  


and trans) triflates. The result is that the MOE for the 
HOMO and hence the magnitude of the lowest 
ionization energy depend on the degree of interaction 
between the oxygen and the C = C  double bond. Hence 
the vertical ionization potential depends on the dihedral 
angle between the atoms in the C=C-0-S portion of 
the triflate molecule. In the case of twisted trans-prop- 
2-enyl triflate, where the MOE (and IE) is lower in 
energy, the HOMO is different; it has contributions 
from the SOz fragment and is stabilized with respect to  
the planar cis-prop-2-enyl species (Table 2). 


For higher ionization potentials MOE assignments 
such as those made above are less reliable. This is 
because the triflate systems studied here consist of  many 
atoms and are largely asymmetric. Only higher energy 
MOES for asymmetric molecules with very few atoms 
(usually five or less) can be satisfactorily approximated 
by modeling methods. 


In the case of 2-methylprop-I -enyl triflate, a nearly 
planar configuration is the stablest structure. In this 
molecule a twisted conformation yields destabilized 
MOEs for the HOMO. For cyclopentenyl and 
cyclohexenyl triflates nearly planar conformations are 
the stablest structures regardless of whether the sulfur 
is cis or trans to the ene moiety. A planar configuration 
is also favored for the 1,l-diphenylethenyl species in the 
gas phase, but the high oxidation potential of  this 
molecule suggests that its conformation in solution may 
be different from its geometry in the gaseous state. The 
fact that the MOEs are higher than the IEs (Table 2) for 
2-methylprop-I-enyl, cyclopentenyl and cyclohexenyl 
triflate (and this is generally observed in most systems) 
provides support that in the case of prop-2-enyl triflate 
the twisted conformation is favored in the gas phase. 
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MICELLAR CATALYSIS OF ORGANIC REACTIONS. 28." A 
COMPARISON OF THE CATALYTIC EFFECTS OF MICELLES 
CONTAINING BROMIDE AND FLUORIDE COUNTERIONS ON 


SOME SNAr AND B A , ~  REACTIONS 


TREVOR J. BROXTON, JOHN R. CHRISTIE AND SALLYANNE WRIGHT 
Department of Chemistry, La Trobe University, Bundoora, Victoria, 3083, Australia 


The catalytic effects of micelles of cetyltrimethylammonium bromide (CTAB) and fluoride (CTAF) on several sNAr 
and 3 ~ , 2  reactions were studied. Rate versus detergent concentration curves predicted by the pseudophase models 
PPIE (ion exchange) for CTAB studies and PPMA (mass action ) for the CTAF studies were fitted to the experimental 
results to determine the best values of the substrate binding constant (Ks), the second-order rate constant for reaction 
in the micelle ( k y )  and the exchange constant KO"'' (PPIE) or binding constant (PPMA) for the counterions. Better 
catalysis by micelles of CTAF is shown to be due to the combined effects of a more favourable exchange constant 
in CTAF than in CTAB, slightly different rates of reaction within the two micelles and different values of f l ,  the 
fraction of micellar head groups neutralized in CTAF and in CTAB. 


In both micelles the magnitude of catalysis depends on the charge produced in the intermediate complex and the 
presence of electron-withdrawing groups to stabilize that charge. Strongest catalysis was found for a reaction leading 
to a monoanionic intermediate complex in which the charge was stabilized by two nitro groups, and the weakest 
catalysis was found for a reaction leading to a dianionic intermediate in which no electron-withdrawing groups were 
present. 


INTRODUCTION 


On the basis of the pseudophase ion-exchange (PPIE) 
model of micellar catalysis, the observed rate constants 
for reactions in the presence of micelles are depen- 
dent'-4 firstly on the binding constant of the substrate 
to  the micelle, K,, secondly on the exchange constant of 
the nucleophilic ion (hydroxide ion in this case) and 
the micellar counterion (X-), i.e. KOH/' ,  and thirdly 
on the actual rate of reaction within the micellar 
pseudophase, k p .  


Previous studies 5 3 6  have shown that many hydrolytic 
reactions including nucleophilic aromatic substitution 
and amide and ester hydrolyses occur slightly faster in 
the presence of micelles of cetyltrimethylammonium 
fluoride (CTAF) than in the presence of micelles of 
cetyltrimethylammonium bromide (CTAB). This was 
not unexpected since the exchange constant for hydrox- 
idelfluoride (KoH/F = 1-0)  is much more favour able'^* 
than that for hydroxide/bromide (KoH'BT = 10-20), 
leading t o  a higher concentration of hydroxide ions in 
the micellar pseudophase for micelles of CTAF than 


for micelles of CTAB. Surprisingly, however, these 
reactions in CTAF are only slightly faster (typically 
two- to  threefold) than those in CTAB. The large differ- 
ence in the relevant exchange constants led us to  expect 
a much larger difference in the observed catalysis by 
CTAF compared with that by CTAB. In an attempt 
to  determine the best values of the above parameters, 
several workers have reported the use of computer 
methods to  simulate the variation of the observed rate 
of reaction with changing detergent concentration on 
the basis of the PPIE model. However, attempts to use 
this model for reactions in the presence of CTAF have 
generally not been very successful, primarily because 
one of the basic assumptions of the PPIE model is that 
the value of 6 ,  the fraction of micellar head groups 
neutralized, is constant and independent of the CTA 
concentration. However, for micelles containing hydro- 
philic counterions, e.g. CTAF, it has recently been 
shown that 6 varies significantly for different 
CTA concentrations. 9v10 As an alternative to the 
pseudophase ion-exchange model, the pseudophase 


*For Part 27, see T. J .  Broxton and R. P.-T. Chung, J. Org. Chem. 55, 3886 (1990). 
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F 0 2 “ h  


(3) 


QNo2 


C O C ~ H ~  


mass-action mocel (PPMA), in which the value of @ is 
allowed to vary, ‘ I -  l 3  provides a much better simulation 
of the variation of observed rate with detergent concen- 
tration for reactions in CTAF. We now use this 
approach t o  determine the origin of the faster observed 
rates of SNAr and B A , ~  reactions in micelles of CTAF 
than in micelles of CTAB. 


Previous studies of the hydroxydehalogenation of 
compounds 1-4 in water and in micelles of CTAB have 
shown greater catalysis for the chlorodinitro com- 
pounds (3 and 4 )  than for the fluoronitro compounds (1 
and 2). In all of these reactions for compounds 1-4 a 
double negative charge is produced in the intermediate. 
Such reactions are susceptible t o  changes in the polarity 
of the environment. l4 Transfer from water to  CTAB 
results in a reduction in the polarity” and hence of the 
ion-solvating power of the environment. This leads to  
weaker catalysis of such reactions by CTAB than is 
observed for reactions in which charge is not concen- 
trated in the rate-determining step, e.g. reactions in 
which monoanionic intermediates are produced. This 
unfavourable effect is offset to some extent for the 
dinitro compounds (3 and 4) by the presence of two 
electron-withdrawing nitro groups to  stabilize the 
double negative charge. Hence greater catalysis is 
observed for these compounds than for the fluoronitro 
compounds (1 and 2) which possess only one nitro 
group each to  stabilize the double negative charge. We 
now compare reactions producing a single negative 
charge (e.g. the hydrolysis of 5 , 6  and 7)  with those pro- 
ducing a double negative charge (e.g. the hydrolysis of 
2) in micelles of CTAB and CTAF. We have also inves- 


NO2 
I 


OCOCH, 
I 


\ Me 
CON / 


I 
c4 H9 


tigated the B A , ~  hydrolyses of aspirin (8) and the anilide 
9 in the presence of micelles of CTAF and CTAB. The 
basic hydrolysis of aspirin also involves the production 
of a dianionic intermediate because, like substrates 
1-4, the carboxylic acid group of aspirin is ionized in 
basic solution. The hydrolysis of the anilide 9 involves 
the production of a monoanionic intermediate. 


RESULTS AND DISCUSSION 


Second-order rate constants for the hydroxydehaloge- 
nation of 2, 5, 6 and 7 and for the B A , ~  hydrolysis of 
8 and 9 in CTAF are given in Table 1 and those for the 
reaction of 5-7 and 9 in CTAB in Table 2. The second- 
order rate constants for the hydroxydehalogenation of 
2 and for the hydrolysis of 8 in micelles of CTAB are 
taken from the l i t e r a t ~ r e . ~ ” ~  For each compound in 
both micelles the rate CTA profile showed the typical 
behaviour of second-order reactions, with the observed 
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rate first increasing as the CTA concentration was 
increased and then decreasing with further increase in 
CTA concentration. 


The kinetic data in Tables 1 and 2 were subjected to  
computer simulation. Rate vs detergent concentration 
curves predicted by the pseudophase models (PPIE and 
PPMA) were fitted to  the experimental results to deter- 


Table 1. Second-order rate constants [ lo3  x kz (1 mol- ' s - ' ) ]  
for the reactions of 2 and 5-9 in micelles of CTAF 


0 2.50 
0.1 2.65 
0-338 - 
0.5  3.82 
1 .0  5.37 
1.69 - 


2.0 6.82 
3.38 - 
4.0 7.86 
8 .0  8.23 


10.0 8.57 
12.0 - 
13.5 - 
16.0 - 


20.0 8.26 
33.8 - 


36.0 - 
40.0 7.47 
50.7 - 
67.6 - 
84.5 - 


101 
118 - 
I35 


[OH](mM) 100 
T C C )  56.7 


- 


- 


5 


2.87 


11-3 
- 


- 
- 


3 20 


540 
554 
597 


- 


- 
- 


554 
535 


405 
- 


- 
- 


340 
294 
245 
22 1 
205 
189 


20 
19.5 


6 7 8 


0.165 
- 
- 
- 
- 


3.10 


7.95 
- 


- 
- 


16.8 


17.3 
17.4 
17.5 
16.3 


- 


- 
- 


13-7 
12.2 
11.4 
10.3 
9.43 
8.98 


20 
56.7 


18.4 809 
19.8 748 


19.6 823 
285 1400 


991 3330 


2470 3900 
3960 3860 


4370 3480 


4340 2960 
4240 2740 


- - 


- - 


- - 


- - 


- - 


- - 
3590 - 
- 1810 
- - 
- - 
- - 
- - 
- - 


- - 


10 10 
74.0 56.4 


9 


1.65 


3.35 
- 
- 
- 
9.54 
- 


67.2 
- 


107 
- 
- 


104 
103 
93.7 
76- 1 
- 
- 


59.3 
53.1 
49.6 
44.1 
40.4 
35.8 


4.7 
71.0 


mine the best values of the substrate binding constant, 
K, ,  the second-order rate constant for the reaction in 
the micellar pseudophase, k?, and the exchange con- 
stant (PPIE) or binding constants (PPMA) for the 
counterions. These results are given in Table 3. For 
either model, the observed second-order rate constant is 
given by 


where ky is the second-order rate constant for the 


Table 2. Second-order rate constants [ lo3  x k2 (1 mol- s I ) ]  
for the reactions of 5-7 and 9 in micelles of CTABa 


[CTAB] (mM) 5 6 7 9 


0 
0.1 
0 -5  
1 .o 
2.0 
3.0 
4 .0  
5 .0  
7.0 
8.0 


10.0 
12.0 
15.0 
20.0 
25.0 
28.0 
30.0 
36.0 
40.0 


[NaOH] (mM) 
T ("C) 


2.87 
2.83 


66.3 
202 
- 
- 
- 


244 
- 


- 
197 


164 
135 
121 


109 


- 


- 


- 
- 


20 
19.5 


0,165 


0.415 
1.46 


- 


- 
- 
- 


7.72 
- 
- 


9.92 


9.75 
9.03 
8.54 


7,69 


7.16 


- 


- 


- 


20 
56.7 


18.4 
20.3 


20.6 
177 


1170 


2610 
- 


- 
- 


3 120 


3175 


2870 


2540 


2250 


- 


- 


- 


- 


- 


10 
74.0 


1.65 
3.21 
3-39 
3.50 


49.5 
80,7 


95.8 
- 


114 
- 


92.5 


89.7 
72.6 
69.1 


62.3 


61.9 


4.7 
71.0 


- 


- 


- 


"Rate constants for reactions of 2 and 8 in CTAB are in Refs 4 and 16, 
respectively. 


Table 3. Derived kinetic data for the reactions of 2 and 5-9 in the presence of micelles 


Parameter Micelle 2 5 6 7 8 9 


K ,  CTAB 731 753 88 82 49 1 150 
CTAF 92 1 864 93 112 1423 207 


lo3  x k? 
(I m0lr's-l) - 2.50 2.87 0.165 18.4 809 1.65 
lo' x k? CTAB 0.266 2-80 0.27 72,8 26.5 1.39 
(I mo1-ls-l) CTAF 0.16 4.7 0.24 46.5 21.4 0.85 
Increase in CTAF (To) - 40 68 - 11 - 36 - 19 - 39 


Increase in CTAF (To) 31 145 75 37 100 33 


Observed catalysis CTAB 2.6 85 60 172 2.4 69 
CTAF 3.4 208 105 236 4.8 65 


kz"/kz" CTAB 0.11 0.98 1.64 3.96 0.033 0.84 
CTAF 0.06 1.64 1 -45 2.53 0.026 0.52 







680 T. J. BROXTON, J.  R. CHRISTIE AND S. WRIGHT 


0.40 


0.36 


0.32 


0.28 


0.24 


Rate  
0.20 


0. 16 


0.12 


1 .o 


0.9 


0.8 


0.7 


0.6 
Rate 


0.5 


0.4 


0.3 


S u b s t r a t e  5. Reac t ion  in  CTAB m i c e l l e s  


PPlE curve - solid line : cmc=0.3mM betaz0.8 K0HBr:lO.O Ks=753 km=0.0195 
PPMA curve - broken line : cmc=0.3mM KOH=55 KBr=550 Ks= 1270 kmzO.0 189 


t 


0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024 0.027 0.030 


CTAB Concentration 


S u b s t r a t e  5. React ion i n  CTAF m i c e l l e s  


PPlE curve - solid line : cmc=l.OmM beta=0.3 KOHF=0.727 Ks=704 km=0.0640 
PPMA curve - broken line : cmc=l.OmH KOH=55 KF=40 Ks=864 kmz0.0332 


0.0084 0.0 I69 0.0254 0.0338 0.0422 0,0507 0.0592 0.0676 0.0760 0.0845 


CTAF Concentration 


Figure 1. Variation of second-order rate constant (1 mo1-l s - ' )  with CTA concentration (M) for the hydroxydehalogenation of 5 
in CTAB (top) and in CTAF (bottom). The curves are predicted from the parameters in Table 3 using the PPIE model (solid lines) 


[equations ( 1 )  and (211 and the PPMA model (broken lines) [equations ( 1 )  and (3)] 
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reaction in the aqueous phase (taken as being identical 
with that measured for the reaction in the absence of 
detergent) and [cta] m is the concentration of micellized 
detergent. It is assumed that if the detergent concentra- 
tion is sufficient for micelles to  form, [ctaIw is always 
equal to  the critical micelle concentration (c.m.c.), and 
hence [cta], = [cta] - c.m.c. Finally, moH is the frac- 
tion of hydroxide counterions present in the Stern layer, 
expressed relative to  the total number of cta head 
groups. 


In the PPIE model,'-4 it is assumed that a constant 
fraction, (3, of the head groups have counterions pre- 
sent, and that hydroxyl and bromide ions compete for 
the sites in an ion exchange equilibrium governed by 


This leads to  the equation 


mbH(KgOft - l)[ctalm+ moH 
x [ [ O H - ]  +Kg?[Br-] -p(Kg?- l)[ctalm1 


- p [OH-] = 0 (2) 


In the PPMA it is assumed rather that the 
two anions present compete independently for the 
available counterion sites. For each anion present, an 
equilibrium constant for binding into the Stern layer is 
defined by 


K A  = [A-I ~ ( l  - N/m,  


On this occasion, is treated as a variable equal to  
moH + mF. 


As an alternative to equation (2), the following pair 
of equations are obtained, which must be solved 
iteratively: 


The parameter k,,, used in these treatments is the 
second-order rate constant for the reaction in the 
micellar pseudophase, given by 


The term [OH] ,,, refers to the molar concentration of 
hydroxide ion relative to  the total volume of solution. 
To obtain a second-order rate constant characteristic of 
the micelle phase suitable for direct comparison with 
k p ,  the hydroxide ion concentration should rather be 
related to  the volume of the Stern 1ayer.l 


k p  is defined by 


Rate,,, = k? [OH] Am' [Sl rn 


and obtained from 


k?' = k m  Vcta 


since 


[OH1 rn 
[ctal mvcta  


[OH] Awe = 


where Vcta is the molar volume of the Stern layer,* 
taken as 0.14 dm3mol-'. 


In line with previously reported results2 for the PPIE 
model, a unique set of parameters was not obtained 
since the values of the exchange constant KoHIBr and 
the second-order rate constant in the micelle, k?, are 
compensatory. A good fit could be obtained with a 
number of combinations of these parameters. We 
found a good fit with KoH/Br= 10 in all cases. As 
reported, ''*I8 a value of KoH/BR = 2 has previously 
been used for 8, but we found an equally good fit with 


10 and this value is closer to  the range of 
KoH/Br values reported for most compounds studied.2 
For the PPMA model we used 40 and 55 lmol-I as the 
binding constants of f l ~ o r i d e ' ~  and hydroxide, I '  


respectively. This is equivalent to  a n  exchange constant 
-0 .73,  which is similar to that reported by 


Bartet et for these anions. 
As suggested by Tanford,I9 we used the kinetic 


c.m.c. value that gives the best fit for each substrate 
rather than a single literature value. For CTAB we used 
c.m.c. = 3 x M for 2 and 5 and 9 x M for 
6-9. For CTAF we used c.m.c. = 1 x M all com- 
pounds except 9, for which we used 1 . 5  x M, and 
2, for which we used 3 x M .  For 5, an example of 
the fit obtained by the two models is shown in Figure 1. 
It can be seen that the best fit of the experimental data 
is obtained using the PPIE model in CTAB and the 
PPMA model in CTAF. 


K O H / B ~  = 


KOH/F - 


CTAF versus CTAB 


The observed catalysis a t  the optimum CTA concentra- 
tion ranged from 2.6 (2) to  85 (5) in CTAB and to as 
large as 236 (7) in CTAF. With the exception of 8, 
similar binding constants were obtained in both micelles 
for each of the substrates studied. Factors leading to  
efficient solubilization of a substrate by a micelle 
include the presence of hydrophobic groups, long alkyl 
chains or nitro groups, on the substrate and the electro- 
static attraction between the positive charge on the 
micelle and negatively charged substituents (e.g. car- 
boxylate groups) on the substrate. In the case of aspirin 
(8), no hydrophobic alkyl or  nitro groups are present 
and the only factor which assists solubilization by the 
micelle is the electrostatic attraction between the posi- 
tive micelle and the negative carboxylate group. Hence 
for this compound we observe a larger K ,  value in 
micelles of CTAF than in micelles of CTAB, possibly 
because of the smaller 0 value in CTAF and hence the 
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larger charge on the micelle in that case. For all of the 
other substrates hydrophoibic butyl chains (5-7) 
and/or nitro groups (2,5-7 and 9)  lead to efficient solu- 
bilization by the micelles and hence we do not see large 
differences in the K ,  values in CTAB and CTAF for 
these substraies. 


The greater observed catalysis in CTAF was pri- 
marily a result of  the more favourable exchange 
constant for hydroxide/fluoride than for hydroxide/ 
bromide. However, this difference was modified by two 
other effects. first by the slightly different rate con- 
stants in micelles of  CTAF and CTAB and second by 
the different /3 values in the two micelles." For 
example, at 4 mM CTA for CTAF, /3 = 0.3, whereas 
for CTAB, p=O.8 .  Thus, in CTAF, despite having a 
more favourable ratio of hydroxide and fluoride, there 
is a smaller total concentration of counterions present 
on the micelles than in micelles of CTAB. 


On comparing the percentage change in k p  on 
transfer from CTAB to CTAF (Table 3) with the 
percentage increase in the observed catalysis in the two 
micelles (Table 3), we find that for 2, 7 and 9 a 30-40% 
decrease in k p  in CTAF still results in slightly greater 
observed catalysis (3 1-37%) by CTAF, presumably 
because the increase in hydroxide concentration in 
micelles of CTAF compared with micelles of CTAB is 
more important than the decrease in kp. For 8, a 19% 
decrease in k p  in CTAF resulted in doubling of the 
observed catalysis. For 6 a smaller decrease (11%) in 
k? in CTAF resulted in a significant increase in the 
observed catalysis (75%) in CTAF compared with 
CTAB. For 5,  an increase (68%) in k p  in CTAF 
resulted in a large increase (145%) in the observed 
catalysis on transfer from CTAB to CTAF. 


Monoanionic versus dianionic intermediates 


For both micelles high catalysis was observed for the 
reactions of 5 ,  6, 7 and 9, for which monoanionic inter- 
mediates were produced. In comparison, the reaction of 
2 and 8, for which dianionic intermediates were pro- 
duced, showed only low catalysis. These differences in 
the magnitude of catalysis for reactions involving 
mono- and dianionic intermediates are a result of dif- 
ferences in the k y / k y  rate ratios for the reactions of 
these compounds, presumably because reactions which 
involve dianionic intermediates are hindered by a 
reduction in the polarity of the environment on transfer 
from water to  the micelle, as predicted by the 
Hughes-Ingold solvent theory. l4 It is of interest that a 
direct correlation exists between the charge formed on 
the intermediate, the number of nitro groups available 
to stabilize that charge and the magnitude of the cata- 
lysis as shown by the kp/k? rate ratios. For example, 
the smallest k?/k? rate ratio (0.03-0.04) is observed 
for the reaction of 8, with a double negative charge on 
the intermediate and no nitro groups to stabilize it. A 


slightly higher k p / k y  rate ratio (0.06-0.11) is 
observed for the reaction of 2, with a double negative 
charge on the intermediate and one nitro group to stabi- 
lize it. For 5, 6 and 9, the k p / k T  rate ratio is higher 
(0.5-1.6), with a single negative charge on the inter- 
mediate and one nitro group to stabilize i t .  Finally, for 
7 the k p / k y  rate ratio is the highest observed 
(2.5-4.0), with a single negative charge on the inter- 
mediate and two nitro groups to  stabilize it. 


EXPERIMENTAL 


Materials. I-(4 ' -Fluoro-3 ' -nitrophenyl)-I-pentanone 
5 (found, C 58.4, H 5.1,  N 6.4; C I I H I ~ F N O ~  requires 
C 58.7, H 5.3, N 6.2%) was prepared in 67% yield 
by the FriedelLCrafts acylation (AlC13 catalyst in 
CS2 solvent) of fluorobenzene followed by nitration 
with a mixture of fuming nitric acid and concen- 
trated sulphuric acid at -20 to -25  "C. After 
chromatography (CHzClz/silica) using a Chromatotron 
the compound was pure by TLC. Compounds 1, 2, 8 
and 9 were available from previous work.4*L6320 
N-Methyl-N-butyl-2-fluoro-5-nitrobenzamide (6) 


(found, C 56.3, H 5.9, N 10.9; C I Z H I ~ F N ~ O ~  requires 
C 56.7, H 5 . 9 ,  N 11.0%) was obtained as a yellow oil 
from the reaction of N-methylbutylamine with 2- 
fluoro-5-nitrobenzoyl chloride in dry acetone at 56 "C 
(40 min). The product of the reaction was obtained by 
methylene chloride extraction of the reaction mixture 
after pouring into water. The oil was pure by TLC and 
the NMR spectrum was consistent with the expected 
product. 


N-Methyl-N-butyl-2-chloro-3,5-dinitrobenzamide (7) 
(found, m/z 315.0624; C12H14ClN305 requires m/z 
315.0622) was obtained as a yellow oil, pure by TLC 
(Si02/CH2C12) from the reaction of N-methylbutyl- 
amine with 2-chloro-3,5-dinitrobenzoyl chloride in 
acetone at 56 " C  for 40 min. The product was isolated 
as described above for 6. 


CTAB was purified by the method of Mukerjee and 
Mysels. CTAOH was prepared as described 
previously. 22 CTAF was prepared by the neutralization 
of CTAOH with H F  in a plastic beaker. The resulting 
solution was shown to be neutral (glass electrode) and 
contained no detectable silver ions. The fluoride 
concentration was determined using a fluoride ion- 
selective electrode by comparison with standard sodium 
fluoride solutions. Microanalyses were performed by 
the Australian Microanalytical service. 


Distilled water was further purified by a Millipore 
system to achieve a resistivity of 16 MQ cm. 


Kinetics. Stock solutions of the substrates 0.01 M in 
analytical-reagent grade acetonitrile), CTAB and CTAF 
(0.05 or 0 . 1 9 2 ~  in water) and sodium hydroxide 
( 1  * O  M in water) were prepared. The CTAF was stored 
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in plastic containers. Sodium hydroxide was 
standardized by titration against hydrochloric acid with 
bromocresol green as indicator. The required amounts 
of detergent solution (CTAB or CTAF) and sodium 
hydroxide were pipetted into a cuvette and the solution 
was allowed to reach thermal equilibrium. The 
substrate (18 PI) was then added by microsyringe, the 
mixture was stirred vigorously and product formation 
was monitored at 415 nm (2), 310 nm (S), 400nm ( 6 ) ,  
363 nm (7), 297 nm (8) and 233 nm (9) on either a 
Varian DMS 70 or a model 635 UV-visible 
spectrophotometer. The reactions were followed for ten 
half-lives where practical to obtain an experimental 
infinity measurement. For slow reactions data were 
collected over at least two half-lives. A computer 
program designed to  give the best straight-line fit was 
used to provide an infinity value. Good agreement was 
obtained between rate constants obtained by the two 
methods. Reactions were carried out in a cuvette 
maintained at constant temperature in the jacketed cell 
holder of the spectrophotometer. The temperature 
within the cell was determined with a Jenco Thermistor 
thermometer. 
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Direct kinetic measurements of the C-protonation rates of 1,2,5-trimethyl- and 3,4-dimethyl-pyrroles allow the first 
comparison of the relative kinetic proton athities of unsubstituted and substituted positions of the pyrrole ring. 


INTRODUCTION 


C-Protonation of aromatics and heteroaromatics rep- 
resents the prototype reaction for the addition step of 
electrophilic aromatic substitutions, but direct kinetic 
measurements of this process are generally inaccessible, 
even with highly activated compounds such as 
1,3,5-trimethoxybenzene. Because these systems are 
characterized by very low pK, values and very small 
kinetic proton affinities, the first-order reverse rates for 
deprotonation of the conjugate benzenonium and 
related heteroaromatic cations are extremely high, ren- 
dering the observed overall protonation rates in sol- 
ution out of range of kinetic techniques such as 
stopped-flow and T-jump. It is only with the highly 
basic azulenes such as guaiazulene that some direct 
kinetic-studies of protonation have been successful. '-' 


To gain some information on these processes, 
workers have turned their attention to isotopic 
exchange (detritiation) experiments. I * * -  l 5  However, 
this indirect method has two drawbacks: it can provide 
information only on C-protonation rates a t  an 
unsubstituted carbon, and the equation giving the 
exchange rate contains terms from different isotope 
effects which so far are subject to  various 
uncertainties. 


In the indole and pyrrole series, the first direct 
measurement of a C-protonation rate was made fairly 


0894-3230/90/ 1 OO684-03$05 .OO 
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recently16 using one of the most basic pyrroles known, 
2,4-dimethyl-3-ethylpyrrole (kryptopyrrole). However, 
protonation of this pyrrole takes place only at an 
unsubstituted a-carbon and, again, no direct infor- 
mation could be obtained on the relative proton 
affinities of a- and P-unsubstituted positions. 


This kinetic study of the similarly basic pyrroles 
1,2,5-trimethyIpyrrole (1) and 3,4-dimethylpyrrole (2) 
largely fills this gap. Thus, the interesting finding has 
been made that the thermodynamically favoured pro- 
tonation at a CH3-bearing a-carbon occurs at a much 
lower rate than protonation at an unsubstituted a- 
carbon. In addition, reliable information on the relative 
proton affinities of a -  and 0-unsubstituted carbons has 
been obtained. 


RESULTS AND DISCUSSION 


Rates of protonation of  1 and 2 in hydrochloric acid 
solutions (0-05-0-5 M) were determined at 25 OC by a 
stopped-flow method. Pseudo-first-order conditions 
with the pyrrole as the minor component were used 
throughout. The ionic strength was kept constant at 
0.5 M with KCI. Under these experimental conditions, 
only one kinetic process associated with equilibrium 
formation of the adduct C-la or C-2a according to 
equation (1) was observed. In particular, no evidence 
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for initial formation of the isomeric adduct C-lb was 
found by stopped-flow spectrophotometry. This result 
is consistent with previous NMR observations that C-lb 
is thermodynamically less stable than C-la. 17,18 


The rate constants k 1” (statistically uncorrected) and 
kHl for protonation of 1 and 2 by H 3 0 + ,  and depro- 
tonation of C-la and C-2a by solvent, were readily 
obtained from plots of the observed first-order rate con- 
stant, kobsd vs [H’] , which were linear [equation (2)]. 
It is noted that the high degree of linearity of these plots 
provides further evidence for the absence of a com- 
peting formation of C-lb under our experimental con- 
ditions. From the k? and k! ,  values, statistically 
uncorrected pKa values of 0.73 and 0.90 can be calcu- 
lated at an ionic strength of 0.5 M for c-a protonation 
of 1 and 2, respectively (see Table 1). (The measured 
pK, for C-a  protonation of 1 is 0.9 units higher than 
that derived previously using the acidity function 
method in concentrated sulphuric acid solutions, I’ 


whereas the pK, for C-a protonation of 2 is consistent 


Table 1. Rate constants and pK, values for C-a and/or C-P 
protonation of 1 and 2 


1 2 


H,cs: 
N H  
I 
H 


!Xil 


with an earlier determination. The discrepancy in the 
values for 1 is not understood at present). The k p  and 
pK, values are statistically uncorrected because the 
same statistical factor of 2 is included in all protonation 
processes considered here. 


1 or (2) + &O+,-C-la (or C-2a) + H20 
k p  


k H ,  
( 1 )  


kobsd=kp[HjO+]  + / C H I  (2) 


An estimate of the rate constant k p  for C- 
protonation of 1 at the P-position to  give C-lb has been 
obtained as follows. The protiodetritiation of 1-12 was 
studied kinetically in dilute HCl solutions 
(3 x 10-’-2.4 x M ,  no added KCl) where neither 
adducts C-la nor C-lb form in appreciable amounts. 
Accordingly, the first-order rate constant kobsd for the 
exchange process of equation (3) was simply given by 
equation (4). l 6  


Ar - T + H30f  - HArT 
k: 


(1 - f 2 )  k ! ,  


k? , 
+ H20 HAr + TH2O + (3) 


(1 1 


[H@+ ] = kerch [H3O+ 1 (4) 
Parameter C-ff C-P C-ff k: 


kobsd = - 
k ! ! ~  


k?  (1 rno1-Is-l) 27 940 596 1+- 
k!!i (s-I) 5 - 75 kf 1 


PKa 0.73 - 0.49” 0.90 
0.66b From the linear dependence of kosbd on the H+ Eoncen- 


tration, a kexch value of 52 Imol-’s-’ a t  25 C was 
derived. If one assumes a reasonable value of 18 for the 
k H ~ / k f  I r a t i ~ , ~ ’ ~ ’ ~ - ’ ’ ’ ~ ” ~  then a statistically uncor- 


- 0.24= 


“ R e f .  17 .  
b R e f .  18. 
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recred k ;  value of 940 Imol- ' s - '  is obtained for pro- 
tonation at the tritium-labelled p-position of 1 - t 2 .  


[Our k :  value is notably lower than that previously 
derived from measurements in phosphate buffers 
(kexch = 190 lmol-'  s-').12 Although the reasons for 
this discrepancy which arises from a different kexch 
value are also not understood, these respective values 
would lead to  the same overall conclusions in our dis- 
cussion.] Since isotopic substitution is known to affect 
only slightly the rate of protonation. 1,16.19 this value 
can be safely used as a reference for the rate of protona- 
tion at the unlabelled P-position of 1. 


Two essential points in the context of electrophilic 
aromatic substitution emerge from the above results: 


(i) Protonation at the hydrogen-bearing C-a carbon of 
2 occurs at a much higher rate than protonation at  
the methyl-a-carbon of 1. Since both conipounds 
have similar C-a basicities (ApK = 0.17), this result 
shows unequivocally that, other things being equal, 
electrophilic attack at  an unsubtituted ring carbon 
is kinetically favoured over electrophilic attack at 
a methyl-substituted ring carbon. This situation 
is reminiscent of that found in the formation 
of anionic a-adducts which are the counterpart of 
the cationic a-adducts in nucleophilic aromatic 
substitutions. 20*21 


(ii) Protonation at the unsubstituted C-P position of 1 
occurs faster than at the unsubstituted C-a position 
of 2 (kf /k:  = 0.5). Noting that the thermodynamic 
affinity for C-P protonation of 1 is appreciably 
lower than that for C-cr protonation of 2 the 
observed kf/kf ratio will represent a minimum 
value. Hence previous suggestions that the a- 
position in pyrroles is not necessarily much more 
reactive than the p-position are confirmed. l2  In 
fact, exchange experiments have shown that the 
relative reactivities of the a- and @-positions of a 
pyrrole ring depend markedly on the medium and 
the electrophile, with strong electrophiles being less 
selective. 8 * 1 0 , 2 2  


EXPERIMENTAL 


1,2,5-Trimethylpyrrole (1) and 3,4-dimethylpyrrole (2) 
were commercially available samples which were 
purified by distillation under vaccuum prior to use. 
1 - 22 was prepared by the general procedure previously 
describedZ3 with the modification that an acid catalyst 
(ca I pl of 1 v HCI) was used. The position and extent 
of tritiation (ca 1 mCi mmol- ' )  were determined by 'H 
NMR spectroscopy; only the p-position of the pyrrole 
ring was found to be labelled. 


The kinetics of detritiation were followed by the pub- 
lished procedure23 using an acid catalyst and with- 


drawing at regular time intervals 5-ml aliquots of the 
reaction solution, which was quenched with sodium 
hydrogencarbonate solution. Kinetic runs were per- 
formed in triplicate. Stopped-flow kinetics were per- 
formed according to the method used previously. l 6  
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The electrochemical behaviour of seven N-hydroxy-N-arylacetamides (RNOHCOCH,, R = phenyl, 4-chlorophenyl, 
3,4-dichlorophenyl, 4-ethoxyphenyl, 4-biphenylyl, 2-fluorenyl and 2-phenanthryl) was investigated by 
cyclovoltammetry. Each compound showed two different oxidation potentials, attributed to a quasi-reversible one- 
electron transfer in the range between 0.55 and 0 . 6 3  V and an irreversible transfer of a second electron between 0.80 
and 1 a20 V. Since the one-electron oxidation of N-hydroxy-N-arylacetamides gives the corresponding nitroxides, the 
kinetics of the self-reaction of these radicals and the concentration dependence of the product pattern were also 
studied. 


INTRODUCTION 


N-Hydroxy- N-arylacetamides (N-arylacetohydroxamic 
acids) play an essential role in the metabolic activation 
of N-arylacetamides due to cytochrome P-450- 
dependent N-hydroxylation. Since N-arylacetamides 
are also formed after incorporation of several aromatic 
amines and nitroarenes (which can be reduced to  
amines in v i v o ) ,  a greater number of chemicals may be 
considered to enter this metabolic pathway. Further 
oxidation of N-hydroxy-N-arylacetamides in vivo and 
in vitro has been suggested by several workers in con- 
nection with the mechanism of chemical carcino- 
genesis3 and in the catalytic oxidation of 
h a e m ~ g l o b i n . ~ , ~  Therefore, we were interested in the 
oxidation-reduction potentials of these compounds in 
order to  obtain more information about the probability 
of the formation of secondary nitroxides from N- 
hydroxy-N-arylacetamides in biological systems. 


We also report kinetic data for the decay of several 
acetyl arylnitroxides in toluene and methanol which 
may be suitable for elucidating some of the properties 
of these radicals. 


EXPERIMENTAL 


Chemicals. The preparation and properties of N- 
hydroxyacetanilide, N-hydroxy-4-chloroacetanilide, 


*For Part V of this series, see Ref. 5 .  
t Author for correspondence. 


N-hydroxy-3,4-dichloroacetanilide, N-hydroxyphenacetin, 
N-hydroxy-4-acetylaminobiphenyl and N-hydroxy-2- 
acetylaminofluorene were described in Part 11. N- 
Hydroxy-2-acetylaminophenanthrene (m.p. 177-178 "C) 
was prepared by reductive acetylation of 2-nitrophenan- 
threne according to  Poirier et al. ' 4-Chloronitroso- 
benzene and 4-chloroacetanilide were prepared as 
described. 


4-Chloronitrobenzene, lead dioxide and all solvents 
(analytical-reagent grade) were purchased from Merck 
(Darmstadt, FRG). 


Methods.  UV-visible absorption spectra were 
measured with a Varian Cary 118 spectrophotometer. 


Voltammetric measurements were performed on a 
Polarecord E 506 from Deutsche Metrohm (Filderstadt, 
FRG). All electrodes were purchased from Deutsche 
Metrohm. The working electrode was a glassy carbon 
electrode (EA 276/2) and the reference electrode was 
an Ag/AgCl (3 M KCl) (EA 441/5) together with a 
Pt-helping electrode (EA 282/ 1). 


EPR measurements were performed on a Varian E 
109 spectrometer. 


For the determination of N-hydroxy-4- 
chloroacetanilide and its oxidation products, an HPLC 
system from Waters (Milford, MA, USA) was used 
with a p Bondapak C I 8  column and 
methanol-water-acetic acid (60 : 30 : 10, v/v/v) as the 
mobile phase. The resolved metabolites were detected 
by their UV absorbance at 254 and 280nm and 
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quantified by comparing the areas under the peaks with 
those of known amounts of the authentic compounds. 


Melting points were determined with a Dr Tottoli 
apparatus from Buchi Laboratoriums-Technik (Flawil 
Switzerland) and corrected. 


Solutions of acetyl aryl nitroxides in toluene or 
methanol were obtained by oxidation of M 
solutions of the corresponding N-hydroxy-N- 
arylacetamides with lead dioxide. After rapid filtration 
from the oxidizing agent, the solutions were used to 
record the EPR spectra and to determine the reaction 
rate of the self-reaction of the nitroxides by monitoring 
the maximum absorption band in the visible region. 


RESULTS 


Voltammetric determination of the 
oxidation-reduction potentials of various 
N-hydroxy-N-arylacetamides 
The voltammetric investigation of seven N-hydroxy-N- 
arylacetamides (N-hydroxyacetanilide, N-hydroxy-4- 
chloroacetanilide, N-hydroxy-3,4-dichloroacetanilide, 
N-hydroxyphenacetin, N-hydroxy-4-acetylamino- 
biphenyl, N-hydroxy-2-acetylaminofluorene and 
N-hydroxy-2-acetylaminophenanthrene) showed a very 
close relationship of the electrochemical behaviours of 
these compounds. 


In Figure 1 the voltammogram of N-hydroxy-4- 


chloroacetanilide is given, showing the current vs 
potential characteristics typical of all of the seven 
hydroxamic acids apart from the differences in the 
heights of the potentials. The interpretation of the three 
distinct potentials as shown in Figure 1 is based on the 
following observations. 


Potential ( 1 )  is not observed in the first run in the 
anodic direction, but appears as soon as the potential 
difference of potential (2)  is applied to  the working 
electrode. Therefore, it is obvious that potential (1 )  
does not arise from the hydroxamic acid itself, but is 
caused by an oxidation product. Such as assumption 
could easily be verified by comparison with the 
voltammogram of 4-chloronitrosobenzene or N- 
hydroxy-4-chloroaniline, both of which showed the 
same characteristic reversible potential. 


Potential (2) displays the characteristics of a quasi- 
reversible electron transfer process, as might be 
expected for the formation of an unstable oxidation 
product. Since it is known that N-hydroxy-N- 
arylacetamides can be oxidized to the corresponding 
secondary nitroxides, ' 1 9  we assume that this one- 
electron transfer is involved in the observed potential 
(2). The value of 0-61 V for this potential is in 
agreement with the observation that only very strong 
oxidizing agents allow the formation of the nitroxides. 


Potential (3) is characterized by the missing potential 
wave during the run in the cathodic direction, thus 
giving the typical shape of an irreversible oxidation 


Figure 1. Voltammogram of a M solution of N-hydroxy-4-chloroacetanilide in 0.05 M phosphate buffer (pH 7.4)-methanol 
(9 : 1, v/v) at 22 OC. Working electrode, glassy carbon; reference electrode, Ag/AgCl (3 M KCI); scan rate, 20 mV s- ' 
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Figure 2. Oxidation-reduction potentials (vs the normal hydrogen electrode, NHE) of seven N-hydroxy-N-arylacetamides 
determined by voltammetric measurements. The lowest potential (1) between 20 and 110 mV is not caused by the hydroxamic acid 


itself, but results from the formation of the corresponding nitrosoarenes 


process. Therefore, we assume that the N-hydroxy-N- 
arylacetamide looses a second electron and forms an 
unstable intermediate that is considered to decay under 
N-deacetylation (see Figure 1). 


Differences in the positive potentials due to different 
aromatic substituents are apparent from Figure 2. Since 
we used an Ag/AgCl electrode as a reference electrode, 
the values given in Figure 2 were obtained by adding 
210 mV to each of the original potential values. 


Figure 3 shows how the potential values vary with the 
pH of the solution. The highest oxidation potential 
could not be determined at pH > 9, because the glassy 


[mvl 
12001 0 


-LOO{ , , , , , , , , , , , , 


1 2 3 L 5 6 7 8 9 10 11 12pH 


Figure 3 .  pH dependency of the oxidation-reduction 
potentials of N-hydroxyacetanilide (potentials referred to the 


NHE) 


carbon electrode is not stable under these conditions. 
The pH dependence of the lowest potential, which is 
due to the arylhydroxylamine-nitrosoarene couple, 
displays a slope of 0.059 V pH-', which is in agreement 
with the theoretical value (i.e. the Nernst factor), thus 
providing further evidence for the interpretation of this 
potential. Potential (2) for the one-electron transfer 
shows the same slope as does potential (1) up to pH = 8 
and roughly half the slope from pH 8 to 12. This can 
be explained as the transition from the non-ionized to 
the ionized state of the hydroxamic acid, since the pKa 
value of N-hydroxyacetanilide was determined to be 
8 .34  f 0.02 (at 25 C) by Monzyk and Crumbliss." 


The third potential does not depend on the pH from 
pH 1 to 6 .  This is in agreement with the assumption 
that an electrically neutral molecular species, i.e. the 
secondary nitroxide, is oxidized at this potential. So far 
we have no interpretation for the small variations 
between pH 6 and 9. 


Chemical oxidation of N-hydroxy-N-arylacetamides 


In order to obtain some information on the stability of 
the primary oxidation products of N-hydroxy-N- 
arylacetamides, i.e. acetyl arylnitroxides, we studied the 
decay of these radicals in toluene and methanol. All the 
nitroxides produced by oxidation of the corresponding 
hydroxamic acids with lead dioxide showed absorption 
bands in the visible region as shown in Figure4. 
Because of the rapid decay of the nitroxides, we did not 
determine any molar absorptivities. Figures 5 and 6 
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Figure4. Electronic spectra of several acetyl aryl nitroxides in toluene. Volumes of 10 ml each of M solutions of the 
hydroxamic acids in toluene were shaken at room temperature for 10 s with 4 ml of M KMnO4, the organic phase was removed 
and the absorbance was scanned between 800 and 3.50 nm. The relative absorbances shown here do not reflect the real differences 


in the molar absorptivities 
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Figure 5 .  Kinetics of the decay of several acetyl aryl nitroxides 
in toluene. Solutions M) of the hydroxamic acids in 
toluene were oxidized at room temperature with lo-' M 
KMnO4 solution and the organic phase was monitored at  the 
maximum absorption band in the visible region every 5 min 
for 2 h. On plotting reciprocal differences in absorbance vs 
time, straight lines were obtained, indicating second-order 


decay kinetics 


show the kinetics of the radical decay obtained by 
monitoring the maximum wavelength of each nitroxide. 
The kinetic data for acetyl 4-ethoxyphenyl nitroxide 
and acetyl 3,4-dichlorophenyl nitroxide are not shown 
here, because they did not obey second-order kinetics 
but displayed a formal order of reaction of about 2 . 5 .  
We have not yet analysed this in detail. Acetyl 4- 
chlorophenyl nitroxide is also missing from Figure 6, 
because its decay in methanol followed a first-order rate 
equation. 


Table 1 gives the apparent rate constants determined 
for the second-order decay reaction of several acetyl 
aryl nitroxides. Although the rate constants of the 
decay reactions are 15-58 times higher in methanol 
than in toluene, the order remains the same for both 
solvents: acetyl 2-fluorenyl nitroxide > acetyl 2- 
phenanthryl nitroxide > acetyl 4-biphenylyl 
nitroxide = acetyl phenyl nitroxide. We have no 
explanation for the surprising observation that the rate 
constants of the last two compounds are the same in 
both methanol and toluene. 
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Figure 6 .  Kinetics of the decay of several acetyl aryl nitroxides 
in methanol. Solutions M )  of the hydroxamic acids in 
methanol were shaken with 50 mg of PbOz in a 10-ml syringe. 
After 3 s the solution was ejected through a membrane filter 
(Minisart P) into the cuvette in order to remove Pb02 and 
monitored at the maximum absorption band in the visible 
region 1 s later. On plotting reciprocal differences in 
absorbance vs time, straight lines were obtained for four acetyl 


aryl nitroxides, indicating second-order decay kinetica 


EPR spectra of several acetyl aryl nitroxides 


In order to confirm our assumption about the nature of 
the primary oxidation products of N-hydroxy-N- 
arylacetamides, we recorded the EPR spectra of the 
nitroxides generated in toluene by oxidation with lead 
dioxide. The spectra shown in Figure 7 are in agreement 
with the structure of acetyl aryl nitroxides. The 
hyperfine splitting constants (h.f.s.c.) of acetyl phenyl 


Table 1. Decay kinetics of various acetyl arylnitroxides" 


Apparent rate constants 
(1 mol- 's- ' )  in 


Compound Toluene Methanol 


Acetyl phenyl nitroxide 0.11 1.6 


Acetyl 4-biphenylyl nitroxide 0.11 1.6 
Acetyl 2-fluorenyl nitroxide 0.88 51.3 


Acetyl 4-chlorophenyl nitroxide 0.22 


Acetyl 2-phenanthryl nitroxide 0.34 9.3 


b 


Acetyl aryl nitroxides were formed from the corresponding N- 
hydroxy-N-arylacetamides either by oxidation of the toluene solutions 
with aqueous K M n 0 4  or by oxidation of the methanol solutions with 
PbOz. Decay kinetics were determined by monitoring the maximum 
absorption band in the visible region and plotting reciprocal differences 
in absorbance vs time. Second-order rate constants were read from the 
straight lines. 


The decay of acetyl 4-chlorophenyl nitroxide in methanol apparently 
followed first-order kinetics, with k = 1.4 s- ' .  


nitroxide are similar to  those reported by Aurich and 
Baer. The h.f.s.c. of acetyl 4-chlorophenyl nitroxide 
were reported in a previous paper. Although the EPR 
spectra of compounds 3,4 and 6 are not complex, their 
h.f.s.c. could not be determined because the spectra 
could not be better resolved. 


Concentration dependence of the product pattern 
obtained by chemical oxidation of N-hydroxy-4- 
chloroacetanilide 


In a previous paper' we reported on the kinetics of the 
self-reaction of acetyl 4-chlorophenyl nitroxide in 
water. Since the decay of this radical led to the 
formation of N-acetoxy-4-chloroacetanilide and 4- 
chloronitrosobenzene, we proposed an intermolecular 
acetyl transfer as the first step of the radical 
degradation. From the additional formation of 4- 
chloroacetanilide and 4-chloronitrobenzene, a 'spin- 
trapping analogue' reaction of the nitroxide with 
4-chloronitrosobenzene has been assumed as a parallel 
reaction. As additional proof for this mechanism, 
originally suggested by Forrester et al.,' we were 
interested in the effect of dilution on the product 
pattern. 


Since 4-chloronitrosobenzene is a volatile compound, 
the determination of the products had to  be carried out 
without any concentration of the solution. Hence our 
method of product determination by direct HPLC 
analysis was limited to  concentrations 2 moll- '  
(referred to N-hydroxy-4-chloroacetanilide before the 
oxidation with PbOz). The results given in Table 2 
show that the decay of acetyl 4-chlorophenyl nitroxide 
indeed depends on its original concentration. Lowering 
the radical concentration gradually diminished the 
relative amount of N-acetoxy-4-chloroacetanilide, but 
raised the relative amount of 4-chloronitrosobenzene. 
This observation can be explained by the increasing 
probability of an acetyl transfer to the solvent. Table 2 
also shows that the relative amount of 4- 
chloroacetanilide decreased with increasing dilution, as 


Table 2. Dependency of the product pattern (moll-  ' )  on the 
concentration of N-hydroxy-4-chloroacetanilide in aqueous 
solutiona 


N-Hydroxy-4-chloroacetanilide 
(mol 1- I) 


10-3 1 0 - ~  


4-Chloronitrosobenzene 2 . 5  x 6 . 3  x I O - ~  7 . 7  x I O - ~  
4-Chloronitrobenzene 3 . 2  x 0.4 x 1 .  I x 


4-Chloroacetanilide 0 .4  x 0.2 x 0.1 x lo-* 
N-Acetoxy-4-chloroacetanilide 3 . 5  x lo-" 2.5  x lo-' 0 .5  x 


'I Different concentrations of N-hydroxy-4-chloroacetanilide in water were oxidized 
by PbOz at room temperature and the product pattern determined by HPLC as 
described under Experimental. 
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Figure 7. EPR spectra of six acetyl arylnitroxides in toluene. The nitroxides were generated by lead dioxide oxidation of lo-’ M 
solutions of the corresponding N-hydroxy-N-arylacetamides. EPR conditions: magnetic field, 3300 G; microwave frequency, 


0.15 GHz; microwave power, 2 mW; modulation frequency, 10 kHz; modulation amplitude, 0.05 G 







N-HYDROXY-N-ARYLACETAMIDES-VI 693 


expected for an intermolecular reaction mechanism. 
This provides further evidence that 4-chloroacetanilide 
is not formed from N-hydroxy-4-chloroacetanilide by 
reduction, but rather as a consequence of an oxidative 
process. 


DISCUSSION 


Oxidation-reduction potentials of N-hydroxy-N- 
arylacetamides 


The potential values for the one-electron oxidation of 
the seven N-hydroxy-N-arylacetamides [ = potential 
(2)] measured were between 550 and 630 mV, i.e. they 
varied only within a small range of 80 mV, in contrast 
to the variation of potential (3) of 300 mV between 790 
and 1090mV. This clearly shows that the enthalpy 
required for the withdrawal of a second electron 
depends much more on the electronic properties of the 
aromatic system than it does for the one-electron 
transfer. This can be understood if the transition state 
of the nitroxides's oxidation is assumed to  have a 
structure close to the positively charge state 
[ArN' (=O)COCH,] , because the electron-donating 
effect of the aromatic ring system acts more specifically 
stabilizing on a charged transition state than it does on 
a neutral molecule. 


Hence the electron-donating effect of the ethoxy 
group in a para-position caused a decrease in potential 
(3) of 180 mV (from 970 to  790 mV), but a decrease of 
only 30 mV (from 620 to  590 mV) in the case of the 
one-electron potential (2). In a similar way, the lower 
electron density in the aromatic system due to 3,4- 
dichloro substitution is responsible for a rise in the two- 
electron oxidation potential (3) of 120 mV from 970 to  
1090 mV, whereas the one-electron oxidation potential 
(2) showed only a very small increase from 620 to  
630 mV. Compared with the relatively small effects of 
electron-donating and -withdrawing substituents on the 
one-electron oxidation, the nature of the aromatic 
system itself seems to be of greater significance, since all 
the hydroxamic acids containing a polycyclic aromatic 
ring system have a one-electron oxidation potential of 
550 mV, which is 70 mV lower than the potential of the 
unsubstituted monocyclic compound (i.e. N- 
hydroxyacetanilide). Whether such a difference has any 
implications for the toxicity of hydroxamic acids or 
may be useful in explaining the observation that many 
polycyclic compounds of this type are chemical 
carcinogens, whereas most of the monocyclic analogues 
obviously are not, will be a matter of further 
investigation. 


This is consistent with reports of Crumbliss and co- 
workers for the acidity of C- and N-substituted 


phenylacetohydroxamic acids and substituted N- 
methylbenzohydroxamic acids, l2 and for the 
coordination chemistry of subsituted hydroxamic 
acids. 13-16 They presented evidence that changes in the 
N-substituent will not strongly influence electron 
density a t  the N-hydroxy groups, but will influence the 
electron density in the C-N and C = 0 bonds through 
stabilization of a positive charge on the nitrogen. This 
supports the relative changes in redox potential with 
N-substituents shown in Figure 1. 


h ydroxamic acids, lo substituted N- 
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SHORT COMMUNICATION 


BENZYLOXYFLUOROCARBENE: RESISTANCE TO FRAGMENTATION 


ROBERT A. MOSS* AND TADEUSZ ZDROJEWSKIt 
Department of Chemistry, Rutgers, (he State University of New Jersey, New Brunswick, NJ 08903, U.S.A 


Benzyloxytluorocarbene resists fragmentation to benzyl Euoride, and can be intercepted by water, fluoride ion, 
methanol or acrylonitrile. In contrast, benzyloxybromocarbene and benzyloxychlorocarbene fragment to the 
corresponding benzyl halides, and are not efficiently trapped 


INTRODUCTION fluoride ion. Benzyloxybromocarbene, on the other 
hand, behaves analogously to the chlorocarbene, 


Alkoxychlorocarbenes, 1, undergo intramolecular frag- efficiently fragmenting benzyl bromide. 
mentation with the formation of carbon monoxide and 
alkyl cation-chloride ion pairs, 2, whose ultimate fate 
depends on the reaction conditions.' When 1 is gen- 
erated by the thermolysis of diazirine 3, la,b*d or by the 
reaction of phase transfer-generated CClz with 
ROH,Lc*e good yields of alkyl chlorides result, often 
without rearrangements. I C  In particular, decomposition 
of 3 (R = PhCH') in acetonitrile at 25 "C afforded a 
quantitative yield of benzyl chloride, presumably via 
benzyloxychlorocarbene and ion pair 2. I b  The reaction 
of CCl2 and benzyl alcohol gave benzyl chloride in 90% 
yield, together with a small amount of benzyl formate 
(from the capture of 1 by water; see below). le 


1 2 3 


4 5 


(a, X=F; b, X=CI; c, X=Br) 


RESULTS 


Preparation of diazirines 


0-Benzylisourea p-toluenesulfonate I b  in 50 : 50 (v/v) 
dimethyl sulfoxide-pentane was oxidized' to  bromo- 
diazirine 4c by the action of freshly prepared aqueous 
NaOBr solution at  0 "C for 10 min. The dried (MgS04) 
pentane extract of 4c, after rapid filtration through a 
short silica gel column, contained ca 35% of 4c (X,,, 
246,350,366 nm; 6cH2 4.93) and an equivalent amount 
of benzyl bromide ( ~ c H ~  4.58) unavoidably formed by 
decomposition of 4c during its preparation. 


Benzyloxychlorodiazirine (4b) was obtained in ca 
60% yield, accompanied by < 10% of benzyl chloride, 
by the previously reported, Ib analogous hypochlorite 
oxidation' of 0-benzylisourea tosylate. The dried 
(CaClZ), chromatographed (silica gel) pentane solution 
of 4b was used directly, either for generation of carbene 
5b or conversion into benzyloxyfluorodiazirine (4a). 


In the latter case, diazirine 4b [in dimethylform- 
amide (DMF) solution, after evaporative replacement 
of Dentanel was stirred with 'anhydrous' n-BuaN+FF- 


We now report that benzyloxyfluorocarbene resists 
fragmentation, participating instead in intermolecular 
reactions, where it can be efficiently trapped by addition 
to  acrylonitrile, or intercepted by water, methanol or 


[prepared from the trihydrate by ihreefold azeotropic 
removal of water with 2 : 1 (vJv) acetonitrile-benzene 
under reduced pressure at  25 C,  followed by reduced 
pressure replacement of the solvents with dry DMF] , at 
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25 "C for ',2 h in the dark. The reactants were initially 
mixed at 0 C. [Note: the conversion of 4b to 4a by F- 
is essentially complete within 2 h. The extended 
reaction time is needed to convert the benzyl chloride 
side product (from fragmentation of 4b) to benzyl 
fluoride, which is readily separable from the desired 4a. 
Benzyl chloride is not easily separated from 4a.l After 
an aqueous workup and pentane extraction, benzylox- 
yfluorodiazirine (4a) was purified from the accompa- 
nying benzyl fluoride by silica gel chromatography 
(pentane). We obtained 35-40% of pure 4: (SE-30 
capillary gas chromatography (GC) at 50 C); IR, 
1546 cm-' (N=N); UV (A,,,, pentane), 
248,350,368 nm; 'H NMR (6, CDXN), 5.05, s, 2H, 
CH2; 7-40 's,' C6H5.i I9F NMR (CDKN), 35.41 ppm 
upfield from external CF3COOH. 


Thermal stabilities of benzyloxyhalodiazirines 
The thermolyses of diazirines 4a-c (presumably to 
carbenes 5a-c) were followed spectrophotometrically 
in hydrocarbon solvents. The decompositions were first 
order, affording kinetic results and activation param- 
eters that are summarized in Table 1. The order of 
kinetic stability is 4a %- 4b > 4c. Benzyloxyfluoro- 
diazirine (4a) is much more stable than its Br and C1 
analogues, owing to its 3-4 kcalmol-' higher acotiva- 
tion energy for decomposition. Indeed 7L/2 at 66 C is 
7430 s, indicating wby 4a can be successfully gas chro- 
matographed at 50 C (30-m SE-30 capillary column; 
retention time 2.8 min). The extrapolated 71/2 for 4a at 
25 "C is 460 h, so that 4a is easily manipulated in sol- 
ution. Comparison of the Arrhenius parameters in 
Table 1 with those for other diazirine thermolyses3 
shows that 4b and 4c are 'unusually' labile (low E,), 
whereas 4a has 'normal' thermal stability. Alkoxy 
substituents (MeO, PhCH20) tend to lower E, for 
diazirine decomposition (e.g. E, for the thermolysis of 
methoxychlorodiazirine in hexane is 23.9 kcal mol- ', 
similar to that of 4b4), whereas a fluorine substituent 
raises E,. It is clear from these results that the thermal 
stabilities of the diazirines are not governed by the 
expected stabilities of the carbenes formed on nitrogen 


Table 1. Thermal decompositions of benzyloxyhalodiazirines 
4a-c 


Diazirine 71/2 (s) k ( s - ' )  E, (kcalrnol-') Log A (s- ' )  
~ 


4a 7430a 9-33 x 26.4 k 0.3' 13.0 k 0.4 
4b 11 600' 5 . 9 8 ~  23.3 2 0.35d 12.9 ? 0.2  
4c 2810b 2.47 x 22.7 2 0.2' 13.0 2 0.2 


At 66'C. in decane. monitored at 368 nm. 
At 25 'C, in isooctane, monitored at 366 nm. 
' Over 66-86'C; 5 points. 


Over 25-49'C; 6 points. 
Over 20-49 'C; 7 points. 


Ioss (5a most stable). However, in the absence of 
detailed calculations on the diazirines, carbenes and 
appropriate transition states, the origin of the diazirine 
stability sequence remains unknown. 


Product studies 


On thermolysis (25-40 "C) or photolysis (X > 300 nm) 
in acetonitrile, the chloro- and bromo-diazirines 4b and 
4c afford only the corresponding benzyl halides in near 
quantitative yields, with simulttneous loss of CO and 
N2. In contrast, thermolysis (80 C, 5 h, sealed tube) or 
photolysis (X > 300 nm) of benzyloxyfluorodiazirine 
(4a) give comylicated product mixtures (SE-30 capillary 
GC, 50-220 C) containing < 10% of benzyl fluoride. 
The major identified products in 18% and 16% (GC) 
yields are benzyloxydifluoromethane (6) and benzyl 
formate (7). These are most easily rationalized as flu- 
oride ion (HF) and water trapping products of carbene 
5a: 


'- (HF) = 
PhCH20CHF2 + P h C H e C H  


6 7 


80 OC 


W N  w 4a - 5 8  


(1) 


Formate 7 is the expected product from addition of 
(adventitious) H2O to PhCH20CX, followed by the 
loss of HX. 'b*e,g In the case of 5a, loss of HF provides 
the fluoride for converting 5a to 6 ,  the identity of which 
was established by 'H and I9F NMR and mass 
spectrometry. 


When an equivalent of water was deliberately added 
to the acetonitrile solvent, analogous thermolysis of 4a 
gave 6 and 7 in enhanced yields (47% and 39%, respect- 
ively), but only 4% of benzyl ofuoride was formed. 
Decomposition of 4a at 80-85 C in isooctane con- 
taining a sevenfold excess of HF-pyridine complex 
gave difluoride 6 in 60% yield, together with ca 30% of 
formate 7 and 3% of benzyl fluoride. 


In contrast, the thermal decomposition at 30°C of 
the bromodiazirine 4c in acetonitrile containing either 1 
or 20 equivalents of water gave only benzyl bromide. 
Decomposition of the chlorodiazirine 4b under similar 
conditions gave benzyl chloride and benzyl formate in 
a molar ratio of ca 5 : 1, with no benzyl alcohol. With 
a 20-fold excess water, benzyl chloride and beniyl 
alcohol (from hydrolysis of 7) were again formed in a 
ca 5 :  1 ratio. 


These experiments suggest that bromocarbene 5c 
fragments to benzyl bromide faster than it can be 
intercepted by water; fluorocarbene 5a does not frag- 
ment rapidly, and is easily captured by water or fluor- 
ide; and chlorocarbene 5b undergoes competitive intra- 
molecular fragmentation and intermolecular trapping 
by water. 


The reluctance of benzyloxyfluorocarbene to frag- 
ment also follows from methanol trapping experiments. 
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Decomposition of 4a in methanol (60°C, 12 h, sealed 
tube) gave no benzyl fluoride. Instead, 71% of benzyl 
alcohol was formed, which we interpret as arising from 
acid (HF)-catalyzed methanolysis and methanol 
exchange of the primary methanol carbene trapping 
product, fluoroacetal 8. A related sequence occurs in 
the reaction of methoxyfluorocarbene and methanol. 


PhCH@HFOMe PhCH20k7@CN F 


8 9 


Analogous decompositions of chlorodiazirine 4b or 
bromodiazirine 4c gave mixtures of benzyl halides and 
benzyl methyl ether, arising from fragmentations of 
carbenes 5b or Sc, via ion pairs resembling 2. This kind 
of reaction has been discussed in detail. La*b 


Finally, thermolysis (85 OC, 6 h) of fluorodiazirine 4a 
in acrylonitrile gave a 1.2 : 1 mixture of isomeric cyclo- 
propanes, 9, isolated in 81010 yield and 97% purity after 
silica gel chromatography (CHCl3). An analytical 
sample (C,H,N) was obtained by preparative GC 
(SE-30, 135 "C). The structure of 9 was supported by 
'H NMR [6(CDC13) 1-56-1.95, 2.10-2.30, 2 m, 3H, 
cyclopropyl H; 4.80-4-96 and 4.96-5-06, 2 AB quar- 
tets, J =  11 Hz in each case, total 2H, PhCHrO; 
7.30-7.50, m, 5H, Ph] and I9F NMR [(188*2 MHz in 
CDC13) 58.77 and 65.10, 2 m upfield from external 
CFdZOOH]. 


In contrast to the efficient trapping of 5a by acrylo- 
nitrile, thermolyses of bromo- or chloro-diazirines 4c or 
4b in the same olefin led only to the benzyl halide frag- 
mentation products, with no evidence (GC, NMR) for 
the formation of cyclopropanes. 


CONCLUSION 


The evidence from water, fluoride, methanol and 
acrylonitrile trapping experiments is that benzyl- 
oxyfluorocarbene is 'slow' to fragment, and therefore 
offers a rich intermolecular chemistry resembling that 
of the related ambiphile methoxyfluorocarbene. 5 * 6  Ben- 


zyloxychlorocarbene and benzyloxybromocarbene, on 
the other hand, fragment more rapidly, and are not 
easily or efficiently trapped. The origin of these differ- 
ences presumably resides in the relative strengths of the 
C-X bonds in PhCHzOCX; the strong C-F bond 
opposes the efficient fragmentation of carbene 5a. We 
note that the naturally strong C-F bond will be 
stronger in carbene Sa, where one expects partial C = F  
character due to F -+ C lone-pair donation.' Further 
analysis of the relative stabilities of PhCH2OCX awaits 
ab initio calculations. 
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STEREOSPECIFICITY IN ANIONIC 1,l-ADDITION TO 
ISOCYANIDES. A RE-EXAMINATION OF THE (H- + HN=C) 


POTENTIAL ENERGY SURFACE 
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The potential energy surface for the addition of the hydride ion to hydrogen isocyanide reported previously was re- 
examined. An improved energy surface was explored at the MP2/6-31 + + G** level while relative energies were 
estimated at the MP4SDTQ/6-311 + + G** level and corrected for zero-point vibrational contributions. The 
calculated results show the existence of transition structures for both cis and trans-additions of H -  to the carbon end 
of HN-C even though the corresponding barrier heights are small. These transition structures did not exist at a lower 
level of theory (HF/4-31G) employed previously. 


The cis addition is calculated to be favoured over the trans addition by 10 kcal mol- '. The overall addition is thus 
strongly stereoselective, if not purely stereospecific. This result confirms our previous analysis of the stereoelectronic 
effect in the addition-elimination process involving imidoyl anions as intermediates. Recent experimental work on the 
addition of OH-  to ArN=C is disussed. 


INTRODUCTION 


In recent years, new synthetic routes to isocyanides 
( R N r  C) have resulted in increased interest in the use of 
this functional group in organic synthesis. ' Isocyanides 
undergo 1, I-addition to hydrogen compounds (HX) at 
their mono-coordinated carbon atom, under a variety 
of experimental conditions, to yield substituted imines 
(RN=CHX) as the first step in most of their chemical 
transformations. The stereochemistry of the reaction 
between isocyanide and a nucleophilic agent has been 
shown to be strongly dependent on the nature of 
nucleophile and the reaction medium.2-6. 


As a model for addition reactions in which anions act 
as nucleophilic agents, we previously examined, using 
ab initio molecular orbital calculations, the following 
reaction: 


H - + H N = C  - 


Calculated results suggested that the anionic addition is 
stereospecific giving the less stable isomer Z as the 
kinetic product. In other words, the anionic addition 
to isocyanides was predicted to have a large stereo- 
electronic effect. 


Recently, Cunningham' reported an experimental 
study of the reaction of hydroxide ion with aromatic 
isocyanides. In that work, isocyanide (I) has been 
found to react in alkaline aqueous dioxane to give 
formamide (IV). The linear dependence of the observed 
rate constants on hydroxide ion concentration and the 
positive value of the p parameter suggest a direct attack 
of OH- on the carbon end of I to  yield 11 and 111 suc- 
cessively as reaction intermediates. 


As far as the addition mechanism is concerned, 
Cunningham' also suggested that the proton transfer 
(to carbon giving 111) is concerted with nucleophilic 
OH- attack. Although no information on the confor- 
mation of the system 11-111 was given in Ref. 7 ,  the 
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A r - N = C  +OH- -  [ Ar-N=COH ] - H’ b r - N = C < l d  


H 


I n 


Ar, / 


H /  \ 
N - C  


0 
Ip 


assumption of a concerted mechanism implies the poss- 
ible formation of both the E and Z isomers of the imine 
111. ’ Accordingly, the anionic addition in solution 
might not be stereospecific, which is in conflict with our 
theoretical prediction based on MO calculations. 


Faced with this situation, we wished to  refine the 
theoretical results by performing higher level calcu- 
lations. Our earlier investigation3 in fact suffered a 
computational limitation. Although the relative ener- 
gies between stationary points were estimated using cor- 
related wavefunctions at the fourth-order Meller- 
Plesset perturbation theory with the 6-31 + G** basis 
set (including diffuse and polarization functions), the 
potential energy surface of the system was explored 
only at the Hartree-Fock level with the split-valence 
4-31G basis set (without diffuse and polarization func- 
tions). Although no transition structures for addition 
can be located at the HF/4-31G level, the shape of the 
corresponding (HCNH)- potential energy surface 
allowed a large stereoelectronic effect to be predicted. 
For instance, consider the intermolecular distance R 
joining the hydride ion to the carbon end of HNC. We 
have found that when the H -  anion attacks the tTr- 
minal carbon, even at large values of R(R  2 2 . 5  A),  
the hydrogen isocytnide already becomes strongly bent 
(angle HNC = 120 ) and the supermolecule adopts the 
Z structure. In this region of the energy surface only the 
Z form exists; the E form is found to  be repulsive. At 
around R = 2.2 A, the E structure begins t o  form but 
the Z structure is still more favoured in energy and then 
remains $0 until the formation of the anion 
(R  = 1 - 4  A). In other words, early on there appears on 
the energy surface a distinct valley which leads the 
supermolecule to the formation of the less stable Z 
anion. 


However, recent theoretical studiesss9 on anionic 
additions to  ethylene and formaldehyde indicated that 
transition structures for addition may exist at higher 
levels of theory. If the latter do exist, the stereochemical 
course of the reaction should depend on their relative 
energies. In order to verify whether our earlier analysis 
of  the stereochemistry of anionic 1,l-addition to  iso- 
cyanides remains valid, we re-examined the potential 
energy surface of the H- + HNC system at  an appro- 
priate level of calculation. We found that although the 
shape of the energy surface is modified fundamentally 
with the existence of the transition structures for both 


cis and trans additions, the overall stereochemical 
course remains unchanged with respect to our previous 
finding. 


CALCULATION 


A b  initio M O  calculations were carried out by using the 
Gaussian 82 program. lo Geometrical parameters of 
points on the potential energy surface were determined 
at both Hartree-Fock SCF and second-order 
Meller-Plesset F;rturbation theory (MP2) levels with 
the6-31 + + G  a n d 6 - 3 1 1 + + G * * b a s i ~ s e t s ’ ~ ( + +  
denotes a set of diffuse s functions on H and sp func- 
tions on  C and N). Harmonic vibrational frequencies 
were computed at  the HF/6-31 + + G** level in order 
to characterize stationary points as minima and transi- 
tion structures and to  estimate the zero-point vibra- 
tional contributions (ZPEs) to  relative energies. The 
latter were obtained from single-point calculations at 
the fourth-order Meller-Plesset perturbation theory13 
with the 6-31 1 + + G** basis set. 


RESULTS AND DISCUSSION 


Stationary points on the (H2CN)- potential energy 
surface considered in this work are listed in Figure 1. 
Geometrical parameters of these points optimized at 
the HF/6-31 + + G**, HF/6-311 + + G** and 
MP2/6-31 + + G** levels are summarized in Table 1. 
Calculated total, zero-point vibrational and relative 
energies are summarized in Table 2. A schematic profile 
showing the (HCNH)-’ potential energy surface is 


H rc\ H -I- 


3 - 


2 - 


H rc  
/ 


H-N-Cl -  


H 
\ 


H /N-c 


6 - 5 - 
Figure 1. Stationary points relevant in the study of the 


H -  + NH=C addition 
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Table 1. Geometrical parameters of species considered at three levels of theorya 


Parameter HF/6-31 + + G** HF/6-311 + + G** MP2/6-31 + + G** Species 


cis HCNHU- (3) 


TS trans addition (4) 


trans-HCNH- (5) 


TS inversion ( 6 )  


HNC (1) C-N 
N-H 


TS cis addition (2) C-N 
N-H 
C-H 
HNC 
NCH 


N-H 


HNC 
NCH 


N-H 


HNC 
NCH 


C-N 


C-H 


C-N 


C-H 


C-N 
N-H 
C-H 
HNC 
HCN 


N-H 
C-H 
HNC 
HCN 


C-N 


1.154 
0.985 
1.214 
0.994 
2.006 


120.4 
104.8 


1.296 
1.018 
1.141 


113.1 
111.2 


1.201 
1.003 
2.356 


116.4 
106.4 


1.295 
1.010 
1.123 


108.5 
107.2 


1.266 
0.974 
1'183 


178.8 
111.1 


1.150 
0.985 
1.210 
0.994 
2.018 


119.7 
104.7 


1.294 
1.017 
1.141 


112.8 
111.3 


1.196 
1.003 
2.390 


115.1 
106.2 


1.293 
1.010 
1.125 


108.4 
107.2 


1.264 
0-974 
1.183 


179.0 
111.1 


1.186 
0.999 
1.233 
1.006 
2.176 


125.0 
103.8 


1,320 
1.041 
1.141 


112.8 
111.2 


1.217 
1.009 
2.543 


126.3 
104.7 


1.323 
1.024 
1 ' 123 


107.2 
106.0 


1.283 
0.993 
1.191 


184.5 
112.8 


"Bond lengths in A and bond angles in degrees 
Parameters are defined in Fig. 1 .  


Cis - 
Addit ion 


101 , - 
13) 
,- 2 
I 3 -  


Trans - 
A d d i t i o n  


X I  


'-I 3 , 
I-' 5 f -19)  


1-24) 


HNC+H- z -  HNCH- E-HNCH- HNC + H- 


Figure 2. Schematic energy profile showing the cis and trans 
additions of H-  to HN=C and Z-E isomerization of the 
HCNH- anion. Relative energies are given in parentheses in 


kcal mol- ' 


displayed in Figure 2. Unless noted otherwise, the 
energies discussed hereafter are obtained from the 


relative energies and corrected for zero-point energy 
contributions, 


Compared with our earlier results using the 
HF/4-31G level, the most interesting feature of this 
work is perhaps the existence of transition structures 
for both cis addition (2) and trans-addition (4) of the 
hydride ion to  the carbon end of H N z C .  These have 
been located at all three levels considered, with and 
without electron correlation. Such a change emphasizes 
again the crucial role of diffuse functions in exploring 
potential energy surfaces of molecular anions. 


As seen in Table 1, there are marginal changes in 
structural parameters following extension of the basis 
set from the valence double-zeta (6-31 + + G**) to the 
valence triple-zeta (6-31 1 + + G**). The largest change 
occurs in the reaFtion coordinate C . - .H of 4 (an 
increase of 0.034 A ) .  As expected, correlation correc- 
tions introduced at  the MP2 model result in bond elon- 
gation, especially for multiple bonds and intermolecular 
distances, with respect to  the H F  values. 


MP4SDTQ/6-311 + + G**//MP2/6-31 + + G** 
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For instance, the most dramatic bond lengthening on 
incorporation of electron correlation is found for the 
C ... H distance? in both transition structures 2 and 4 
(by 0.17-0.19 A) .  Some significant variations in bond 
angles can also be noted in transition structures (up to  
10 in the HNC angle in 6). The correlation-induced 
changes in minima structures are shown to be less 
important. 


A recent analysis14 of the performance of both H F  
and MP2 methods for geometry of the formyl anion 
(CHO-,  isoelectronic with HCNH-)  suggests that the 
real ro distances in minima structures might lie between 
the H F  and MP2 optimized values. Overall, the 
geometry changes noted above are consistent with 
recent studies**' on anionic nucleophilic additions 
which showed, among other things, that corresponding 
transition structures are sensitive to the quality of wave- 
functions. More extensive computations including 
larger amounts of correlation energy are no doubt 
necessary to  obtain more accurate geometrical par- 
ameters for the transition structures being considered. 
Unfortunately, full geometry optimization at such 
levels (e.g. MCSCF-CI with larger basis sets) are 
beyond our present computational resources. Neverthe- 
less, it should be stressed that the changes in geo- 
metrical parameters imply only minute consequences 
with respect to relative energies. 


Perhaps more important than the observed changes 
in geometries is the associated modification of the shape 
of potential energy surface. First, we note that the 
H- + HNC system remains exothermic but the extent 
of exothermicity found here is much smaller than 
reported previously. In fact, the present 
MP2/6-31 + + G** value of 30.5 kcalmol-' for the 
energy difference between the isolated system 
(H- + HNC) and the E anion 5 (cf. Table 2) is much 
smaller than the previous MP2/6-31 + G** value of 
73.9 kcal mol-'. This discrepancy appears to  arise 
from the lack of diffuse functions on the anionic centre 
H- in Ref. 3. Such a lack renders the hydride anion 
unrealistically hard with respect to  the adduct and gives 
as a consequence a large exothermicity for the addition. 
In this work, we find the isolated system H -  + H N E C  
lies 19-2 and 23.9 kcal mol-' above the Z anion 3 and 
the E anion 5 ,  respectively. Thus, the E carbanion 5 is 
about 4 . 7  kcalmol-' more stable than its Z isomer 3. 
The relevant Z/E  isomerization occurs via the transition 
structure for N-inversion 6 and has a substantial barrier 
of 33.2 kcal mol- ' (Figure 2). The latter relative ener- 
gies computed at various levels (cf. Table 2) are not 
very different from those reported in Ref. 3 (computed 
up to  MP4SDQ/6-31 + G** without ZPE corrections). 
The barrier heights for the cis-addition (giving the Z 
anion 3) and trans addition (yielding the E anion 5) are 
estimated to be 2.9 and 12.9 kcalmol-', respectively. 


Hence there is a difference of 10.0 kcalmol-' in 
activation energy in favour of the cis over the trans 


addition (Figure 2). In addition, the computed barrier 
height of 2.9 kcalmol-' is too small to  be real. The 
results in Table 2 indicate that this quantity tends to be 
reduced as the wavefunctions expand further. It might 
just disappear following a larger extension of the basis 
set and correlation energy. In any case, the cis addition 
exhibits a small barrier height and is always the pre- 
ferred process. In other words, the addition of H -  to 
H N E C  is either stereospecific or, at least, strongly 
stereoselective. This result in general lends further 
support for o u r  previous analysis based on lower levels 
of computations. Such a stereoelectronic effect can 
simply be rationalized in terms of a concerted move- 
ment of electron pairs about the isocyanide as the 
nucleophile approaches the carbon end. 


Our calculated results are primarily valid for 
reactions which occur in gas phase. In solution, 
chemical systems may behave differently owing to the 
medium effect. In this regard, we should point out that 
kinetic results reported in Ref. 7 are not clear as to  
whether proton transfer is concerted with nucleophilic 
O H -  attack. The increase in reaction rates with 
increasing water content in the solvent suggests a con- 
certed mechanism through a transition state such as V, 
but the apparent lack of a significant solvent isotope 
effect is, on the contrary, consistent with little (or no) 
proton transfer from the solvent. However, several 
assumptions with regard to the solvent isotope effect on 
other equilibria have to  be made before coming to this 
conclusion. Questions can thus be posed on the rate- 
determining step and the role of water molecules in the 
transformation. 


,H-OH ,.H'OH 


._ -"H 
Ar - N = C:. R - N=C:. ' 


H') 
OH 


P PI 


Recent experimental and theoretical studiesss6 on the 
addition of amines to  isocyanides showed that one or 
two water molecules can act as a bifunctional catalyst 
via a transition structure of type VI. In this case, the 
addition was shown to be non-stereospecific, yielding 
both Z and E isomers of the imine adduct. Hence the 
key information which would allow the mechanism of 
the anionic addition to  isocyanide to  be identified is the 
conformation of the primary adduct (111) (see above). 
Exclusive formation of the less stable Z isomer would 
suggest a stepwise carbanion mechanism, whereas the 
existence of both Z and E isomers would indicate a con- 
certed mechanism. Because of the rapid conversion of 
the hydroxyimine I11 to  formamide IV in aqueous sol- 
ution, the use of hydroxide anion as nucleophilic agent 
may not be ideal for determining the conformation of 
the former. Further appropriate experiments are there- 
fore desirable. 
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Table 3. Stereochemistry of 1,l-additions to isocyanides 


d i  X 
Z € 


Stereochemistrya 
Reaction Nature of 
conditions nucleophile Experimental Theoretical 


Acidic, metal-catalysed H', M+/X-  Stereospecific' Stereospecific ' 3 "  


Neutral H X  Non-stereo~pecific~ Non-stereospecifics 
Anionic X -  Stereospecific 
Radical X' Non-stereospecific6 


"Stereospecific indicates the formation of the less stable (Z)-imine in the kinetic step and non- 
ctereospecific indicates the formation of both Z and E isomers. 


CONCLUSION 


The potential energy surface fo the H -  + HNC system 
has been re-examined. Relative energies estimated 
at the MP4/6-311 + + G** level using the 
MP2/6-3 1 + + G**-optimized geometries show that 
transition structures for both cis and trans additions 
exist on the energy surface, even though corresponding 
barrier heights are small. The cis addition is calculated 
to be favoured over the trans process by about 
10 kcalmol-'. The overall addition is thus stereospe- 
cific or, at least, strongly stereoselective. This result 
confirms our previous analysis of the stereoelectronic 
effect in the addition-elimination reactions involving 
imidoyl anions (11) as intermediates. Hence the 
addition of an anionic agent to isocyanide is predicted 
to be completely different from that involving a neutral 
nucleophile. The present knowledge on the 
stereochemistry of 1 , l  -addition reactions to isocyanides 
in the kinetic steps found either experimentally or 
theoretically is summarized in Table 3. To complete this 
table, experimental work with the aim of determining 
the mechanism and the stereochemistry in both anionic 
and radical additions to isocyanides is required. 
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IONIZATION CONSTANTS OF 
5PYRIDYLMETHYLENEHYDANTOINS IN 80% (w/w) DIMETHYL 


SULPHOXIDE-WATER AT 25 "C 
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The ionization constants of nine amphoteric 5-pyridylmethylenehydantoins were measured in 80% (w/w) dimethyl 
sulphoxide-water at 25°C. The effects of structure and Z / E  configuration on both p C  and p c '  values are 
discussed. The especially low basicity and acidity of the Z-isomers of the N-unsubstituted and 3-methyl-substituted 
5-(2-pyridylmethylene)hydantoin are attributed to the formation of intramolecular N(l)-H ... N hydrogen bond in the 
s-cis conformation of these compounds. The existence of N(l)-CH3...N attraction is also postulated for the 
Z-isomer of l-methyl-5-(2-pyridylmethylene)hydantoin. 


INTRODUCTION 


The ionization constants of a series of seventeen 
5-arylmethylenehydantoins in 80% (w/w) dimethyl 
suphoxide-water a t  25 "C have been reported 
previously.' The effects of substituents and of 
stereochemistry on acidity were studied. The ionization 
constants of a series of nine S-pyridylmethylene- 
hydantoins (1-9; Scheme 1) have now been determined 
in the same solvent. Compared with the aryl com- 
pounds, these pyridyl analogues present some 
additional interesting features. First, they are 
amphoteric, being not only weakly acidic like the 5-  
arylmethylenehydantoins but also weakly basic owing 
to the presence of the pyridyl nitrogen. Second, the 
pyridine ring may have a 2-, 3- or 4- orientation relative 
to the methine bridge, and this orientation significantly 
affects both the acidity and basicity. Further, for the 
N-unsubstituted compounds, the electron-withdrawing 
effect of the pyridylmethylene group may bring the 
acidities of the N-1 and N-3 protons sufficiently close so 
that first deprotonation may produce a mixture of 
tautomeric monoanions. 


RESULTS AND DISCUSSION 


Compounds 1-9 were prepared by condensation of 
hydantoin, 3-methylhydantoin or 1-methylhydantoin 
with 2- ,  3- or 4-pyridinecarboxaldehyde. Compounds 
1-6 were obtained only in the Z-form and 7-9 in both 
E- and Z-isomeric forms. ' For each compound, two pK 
values were determined by spectrophotometric methods 
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in 80% (w/w) dimethyl sulphoxide-water at 25 “C.  The 
ionization constant of the protonated species, pKi, is a 
measure of basicity and the ionization constant of 
the neutral form, pKf‘, is a measure of acidity of that 
compound. 


PK‘, 
Examination of the results in Table 1 reveals some 
interesting trends. The pKf values of N-unsubstituted 
compounds (Z)-l to  (2) -3  parallel closely those of the 
3-methyl derivatives (2)-4 to (2)-6, showing that a 
methyl substituent at N-3 has only a minimal effect on 
basicity. However, the basicity is very much influenced 
by orientation of the pyridine ring, so that within each 
of the groups (Z)-1-(2)-3 or (2)-4-(2)-6, pKA 
increases sharply from the 2- to the 3-pyridyl and less 
sharply from the 3- to  the 4-pyridyl compounds. The 
high basicity of the 4-pyridyl compounds (2)-3 and 
(2)-6 can be accounted for by resonance stabilization 
of the protonated base in which the positive charge is 
delocalizable from the pyridyl nitrogen into the 
hydantoin ring. The cations formed on protonation of 
the 3-pyridyl compounds (2)-2 and (2)-5 cannot be 
similarly stabilized owing to lack of conjugation. 


The exceptionally low basicity of the 2-pyridyl com- 
pounds (2)-1 and (2)-4 may at first appear surprising, 
since the 2-pyridyi nitrogen, like the 4-pyridyl nitrogen, 
is obviously conjugated with the hydantoin ring so that 
its cation should also be resonance-stabilized. For this 
reason, one may also expect (2) -1  and (2) -4  to be 
stronger bases than the 3-pyridyl analogues (27-2 and 
(2)-5.  However, the pKa values of (Z)-1 and (2)-4 are 
not only much lower than those of the corresponding 
4-pyridyl compounds by about 2.15 units but also 
lower than those of the corresponding 3-pyridyl com- 
pounds by about 1 .4  units. This apparent anomaly may 
be rationalized by considering the spatial relationship 
between the N-1 proton and the pyridyl nitrogen. As the 


Table 1 .  pK,  values in 80% (w/w) 
dimethyl sulphoxide-water solvent 


at 25’C 


Compound PK: PK:‘ 


( 0 - 1  0.89  9.55 
( 0 2  2.26 9.43 
( 0 3  3.05 9-15 
(Z)-4 0 . 8 0  10.71 
(-0-5 2.26  9.55 
( z )-6 2.95 9.16 
( z )-7 1.82 9.34 
(E)-7 3.22 9.49 
( Z ) 4  2.21 9.30 
( E  )-8 2 .54  9.68 
( 0 9  2.98 9.09 
( E  )-9 3 . 3 3  9.31 


2-pyridyl ring is unsymmetrical with respect to rotation, 
two limiting conformations are possible in which the 
pyridine and hydantoin rings become coplanar to  allow 
for maximum resonance effects. These are the s-cis 
and s-trans conformations with the pyridyl nitrogen 
oriented towards or away from the hydantoin ring, 
respectively. Preference for the s-cis conformation was 
indicated by the results of NMR studies.* In this con- 
formation, the close proximity of the 2-pyridyl nitrogen 
to the proton at  N-1 favours the formation of an intra- 
molecular hydrogen bond, which is strengthened owing 
to conjugation between the two nitrogen atoms 
(Scheme 2 ) .  Such intramolecular chelation stabilizes the 
neutral molecule and may be likened to ‘internal pro- 
tonation’ rendering the lone pair of the 2-pyridyl 
nitrogen less available for donation to external protons 
from solution. This effect is absent in the 3- and 4- 
pyridyl analogues where the pyridyl nitrogen is too far 
away to interact intramolecularly with the N-1 proton. 


The differences in basicity among compounds 
(2)-1-(2)-6 may be correlated with their UV spectra 
(Table 2). The 4-pyridyl compounds show the largest 
bathochromic shifts on protonation as a result of 
enhanced conjugation effects (Figure I ) ,  whereas the 
smallest shifts are shown by 3-pyridyl compounds. For 
the 2-pyridyl compounds, the cyclic delocalization of 
electrons in the six-membered conjugate chelate ring 
formed by the intramolecular N-H ... N bond in the 
neutral form is reflected by the observed longer absorp- 
tion maximum than those of the neutral 3- or 4-pyridyl 
analogues. 


For the 1-methyl-substituted compounds 7-9, the 
E-isomers are more strongly basic than the 2-isomers. 


0 U 0 U 


Cationic form 


(2-6) R’= Me 
(2-3) RL= H 


Neutral form in the s-cis conformer 
(Z-1) RZ= H 
(2-4) R’= Me 


Scheme 2 
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Table2 .  UV absorptions of 
compounds 1-9 and their cations in 
80% (w/w) dimethyl sulphoxide-water 


Compound Neutral Cation 


330 
320 
319 
330 
3 20 
319 
326 
335 
312 
335 
313 
334 


346 
323 
350 
346 
325 
350 
344 
370 
317 
340 
350 
363 


Previous x-ray studies of 1-methyl-5-phenylmethylene- 
hydantoin have shown that the phenyl and hydantoin 
rings are nearly coplanar in the E-isomer but not in the 
Z-isomer. 3,4 Although no x-ray data are available for 
the corresponding pyridyl compounds, it may reason- 
ably be speculated that near coplanarity may be poss- 
ible for (E)-7-(E)-9 but not for (2) -7- (  Z)-9. Since the 
pyridine ring is electron-withdrawing with respect to the 
hydantoin ring, molecular planarity and conjugative 
effects in the E-isomers should enhance the electron 
density at the pyridyl nitrogen, resulting in increase in 
basicity relative to  the non-planar Z-isomers. The order 
of basicity among the E-isomers is found to be (E)-  
9 > (E)-7 > (E)-8 ,  consistent with the order of extent 
of conjugation in these compounds. By contrast, the Z -  
isomers show a different order of basicity: ( Z ) -  
9 > ( Z ) - 8  > (Z)-7. The unexpectedly weaker basicity 
of ( 2 ) - 7  is again attributable to the special position of 
the 2-pyridyl nitrogen. 


P) 


e 
(?9 e 
ul a 
a 


2.0 


1 .O 


0.0 
250 


Figure 1. Electronic spectra of 7.0 x M (2)-3 in 80% dimethyl sulphoxide-water with (a) 0, (b) 4.36 x lo-’, 
(c) 5.34 x lo-’, (d) 5.38 x lo-’, (e) 5.78 x 1 O - I  and (f) 9.87 x 10-1 M HCI 
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Intramolecular CH3 ... N interaction 
The existence of intermolecular hydrogen bonds 
between C H  groups and N has been well 
d o c ~ m e n t e d . ~ - ~  In a number of compounds with suit- 
able molecular geometry, the presence of intramole- 
cular C H  ... N hydrogen bonds has also been 
demonstrated by spectroscopic and x-ray crystallo- 
graphic evidence.'-14 In all cases, the C-H bonds 
involved are those of a methine, methylene, olefinic or 
aromatic group which must be suitably activated by 
electron-withdrawing substituents. 


A methyl group is considered to be highly unlikely to 
participate in similar interactions. However, such an 
intramolecular CH3 ... N attraction appears to be occur- 
ring in (2)-7,  where a number of contributing factors 
could concurrently favour its existence. The polarity of 
the 1-methyl C-H bond is increased by virtue of its 
attachment to an electronegative nitrogen atom, which 
is, in turn, conjugated with the two adjacent electron- 
withdrawing carbonyl and pyridylmethylene groups at 
positions 2 and 5 ,  respectively. This enhanced polarity 
may be sufficient for the methyl protons to  participate 
in some weak electrostatic bond if a well placed strong 
electron donor is present. Moreover, it has been pointed 
out that the steric requirements of the lone pair on a 
pyridyl nitrogen are less than those of a hydrogen 
bonded to an aromatic carbon" so that there could be 
less steric crowding between the 1-methyl group and the 
2-pyridyl ring in (2)-7 in its s-cis conformation than 
between the 1-methyl group and the benzene ring in the 
otherwise structurally analogous (2)-1-methyl-5- 
phenylmethylene hydantoin studied previously. With a 
relatively smaller deviation from molecular planarity, a 
significant conjugative effect between the hydantoin 
and pyridyl rings is still possible in (2)-7 and the 
I-methyl group may come close to  and interact with the 
s-cis-oriented pyridyl nitrogen. 


Such an engagement of the lone pair of this 2-pyridyl 
nitrogen could explain the observed lower basicity of 
(2)-7 compared with (2)-8 or (2)-9, which has a more 
distant 3- or 4-pyridyl nitrogen atom. Since hydrogen 
bonds generally cause deshielding of the hydrogen 
atoms concerned in NMR spectroscopy, the postulation 
of this hydrogen bond-like CH3 ... N interaction in 
(2) -7  is supported by the previously reported downfield 
shift in its I-methyl protons relative to those in (Z)-8 
and (Z)-9.' Understandably, such an N-CH3 ... N 
interaction is weaker than the N-H ... N hydrogen 
bond discussed above, as can be seen from comparison 
of the pKA values of (2)-7, (Z)-1 and (2)-4.  


PK! 
Deprotonation of hydantoins is known to occur mainly 
at the N-3 position, although introduction of an 
unsaturated arylmethylene side chain at C-5 increases 


the acidity, especially at the N-1 hydrogen. 1 6 . "  Broad 
comparison of the pK:' values of the present series of 
5-pyridylmethylenehydantoins (Table 1) confirms the 
higher acidity of the N-3 over the N-1 hydrogen, as 
shown by the higher acidity of the 1-methyl-substituted 
compounds (2)-7-( 2) -9  than the 3-methyl-substituted 
analogues (Z)-4-(2)-6, with the corresponding N- 
unsubstituted compounds (Z)1-(2)-3 of intermediate 
acidity. Following the effect of configurations pre- 
viously found for the geometric isomers of the 
1 -methyl-5-arylmethylenehydantoins, ' the E-isomers of 
7-9 are also weaker acids than their Z-isomers. 


It is noted that within each of the groups (Z)-1- 
(2)-3, (2)-4-( 2)-6  and (2)-7-( 2)-9 the order of acid- 
ity parallels the order of basicity, that is 4-pyridyl > 3- 
pyridyl > 2-pyridyl compounds. The electron 
displacement from the hydantoin to the 4-pyridyl ring 
through conjugative effects obviously enhances not 
only the basicity of the pyridine nitrogen but also the 
acidity of the hydantoin protons. Comparison of the 
pKA' values of (2)-3,  (2)-6 and (2)-9 with the pre- 
viously measured pK, values of (Z)-5- 
arylmethylenehydantoins indicates that the 
electron-withdrawing effect of the 4-pyridyl group is 
intermediate between those of p-cyanophenyl and p -  
nitrophenyl groups I as far as their acid-strengthening 
influence on hydantoins is concerned. 


Interestingly, the most weakly basic compound, 
(2)-4,  is also strikingly the least acidic of those con- 
sidered. The intramolecular hydrogen bond which 
makes the lone pair of the 2-pyridyl nitrogen less 
available to an external proton also makes the N-1 
proton less available to  an external base from solution. 
Although a similar interaction is present in (Z)-l, its 
effect is less evident because, unlike (2)-4,  which has 
only an N-I hydrogen, ionization of the more labile N-3 
proton is the main contributor to the experimentally 
measured pK:' value of this N-unsubstituted com- 
pound. 


Tautomeric monoanoins 


The observations that the pK:' values of the N- 
unsubstituted compounds are intermediate between 
those of the corresponding 3- and I-methyl derivatives 
and that the electron-withdrawing character of the 
pyridyl group is comparable to that of cyanophenyl 
or nitrophenyl group prompted us to investigate the 
possible existence of an equilibrium between the 
monoanions A '  and A 3  that may be formed from 
(Z)-1, (2)-2 or (2)-3 on first ionization at the N-1 and 
N-3 positions respectively (Scheme 3). 


It is observed that, on deprotonation, the UV-visible 
spectra (Table 3) of the 3-methyl compounds (2)-4- 
(2)-6 show large red shifts of 59-71 nm whereas those 
of the I-methyl compounds (2)-7-(2)-9 show 
relatively smaller red shifts of 15-25 nm. This indicates 
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R =  2-, 3- or 4-pyridyl R= 2-, 3- or 4-pyridyl 


I t  


B' A '  A 3  
Scheme 3 


that the negative charge of the N-1 anion, B' ,  is more 
extensively delocalized than that of the N-3 anion, C 3 .  
Although the individual spectra of A ' and A 3  cannot be 
obtained directly, the spectra of (Z)-l-(Z)-3 in alkaline 
medium appear to be a combination of those of B ' and 
C 3 ,  with a longer wavelength band attributable to  the 
A '  anion and a shorter wavelength band to  the A 3  
anion. 


Following the spectrophotometric method used 
previously to  investigate tautomeric monoanions of the 
5-arylmethylenehydantoins, 18,'9 and using the corre- 
sponding B '  and C3 as model anions, the absorption 
maxima and molar absorption coefficients of A ' and A 3  
can be estimated and their relative populations derived. 
For each compound, this tautomeric equilibrium was 
determined in So%, 80% and 95% dimethyl sulphox- 
ide-water solvent. The results (Table 4) show that 


c' 


Table 4. Equilibrium percentage of N-1 anions A '  and 
equilibrium ratios, K =  %A1/(lOO - % A 1 ) ,  in dimethyl 


sulphoxide (DMS0)-water mixtures 
~~ 


DMSO DMSO DMSO 


Compound % A '  K % A '  K %Ai K 


a a a - - - (21-1 
( - 0 2  11 0.12 22 0.28 37 0.59 
( 0 3  13 0.15 26 0.35 51 1.04 


a These percentages are very low and could not be determined 
accurately. 


(Z)- l  ionizes at the N-1 position to  only a very small 
extent. Increasing the percentage of dimethyl 
sulphoxide in the solvent produces relatively little 


Table 3. UV absorptions of compounds 1-9 and their anions in dimethyl sulphoxide (DMS0)-water mixtures 


A,,, (nm) 


50% DMSO 80% DMSO 95% DMSO 


N-3 N- 1 N-3 N-1 N-3 N-1 
Compound Neutral anion anion Neutral anion anion Neutral anion anion 


33 1 
331 
322 
320 
320 
311 
318 
318 
313 


338 


335 
321 


326 
33 1 


333 


- 


- 


- 


372 
372 


369 
369 


379 
379 


- 


- 


332 
332 
328 
32 1 
32 1 
313 
3 20 
3 20 
313 


343 


343 
330 


328 
338 


338 


- 


- 


- 


382 
3 82 
- 
380 
380 


391 
391 


- 


- 


332 
332 
33 1 
322 
322 
313 
320 
320 
314 


345 


348 
340 


332 
350 


342 


- 


- 


- 


391 
391 


388 
388 


3 99 
399 


- 


- 


- 
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Figure 2. Electronic spectra of 6.0 x lo-’ M ( 2 ) - 2  in 3 x M NaOH in (a) 95%, (b) 80%, (c) 65%, (d) 50% and (e) 35% 


dimethyl sulphoxide-water mixtures 
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Figure 3. Electronic spectra of 6.0 x lo-’ M (2)-3 in 3 x M NaOH in (a) 95%, (b) SO%, (c) 65%. (d) 50% and (e) 35% 
dimethyl sulphoxide-water mixtures 







IONIZATION CONSTANTS OF 5-PYRIDYLMETHYLENEHYDANTOINS 709 


I .o 


Figure 4. Electronic spectra of 6.1 x M (Z)-1 in 3 x M NaOH in (a) 95%, (b) 80'70, (c) 65%, (d) 50%, and (e) 35% 
dimethyl sulphoxide-water mixtures 


change in the concentration of A ' .  By contrast (23-2 
and (2)-3, even in 50% dimethyl sulphoxide-water, 
give substantial amounts of  A',  which increase sig- 
nificantly with increase in the percentage of the organic 
solvent. I t  is not surprising that among the three com- 
pounds, (2)-3 gives the highest concentration of A ' on 
ionization, since this monoanion is the most stabilized 
through conjugation between N-1 and the 4-pyridyl 
nitrogen. The equilibrium concentration of A ' for this 
compound is comparable to those found for 5-(p-  
cyanopheny1)- and 5-(p-nitrophenyl)-rnethylene- 
hydantoin, l 9  in agreement with the similarly strong 
electron-withdrawing character of the 4-pyridyl and the 
p-cyanophenyl and p-nitrophenyl groups. 


The changes in the relative populations of A '  and A 3  
with solvent composition may be explained by differ- 
ences in the solvation characteristics of water and 
dimethyl sulphoxide. The latter interacts more 
favourably than the former with the more delocalized 
A I anion, thus enhancing its concentration in a solvent 
mixture richer in dimethyl sulphoxide. This is shown by 
the large increase in intensity of the longer wavelength 
absorption band and the corresponding decrease in the 
intensity of the band at shorter wavelength in the 
spectra of the anions of the 3- and 4-pyridyl compounds 
(Figures 2 and 3). The above emphasized difference for 


the 2-pyridyl compound is further strikingly demon- 
strated by the much smaller dependence of the spectra 
of its anions on solvent composition (Figure 4). 


EXPERIMENTAL 


Materials. 5-Pyridylmethylenehydantoins 1-9 were 
prepared according to  published methods. * 


Spectrophotometric-grade dimethyl sulphoxide and 
water purified with a Milli-Q system (Millipore) (freshly 
boiled and stored under soda lime) were used in 
preparing the solvent mixtures, hydrochloric acid and 
carbonate-free sodium hydroxide solutions. 
Bromothymol Blue and Cresol Red, with suitable 
known pK values in 80% (w/w) dimethyl 
sulphoxide-water solvent of 8.95 and 10.68, 
respectively," were used as indicators. 


Measurements. Ionization constants were obtained 
by spectrophotometric methods. 2' Measurements were 
made using a Shimadzu UV-260 UV-visible recording 
spectrophotorneter with the cell compartment 
thermostated at 25 2 0.2"C.  pKi values were 
determined using hydrochloric acid solutions of various 
concentrations and pK:' values were measured using 
the indicator method. 
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COMPARISON BETWEEN SOME SEMI-EMPIRICAL AND 
AB INITIO HARTREE-FOCK MODELS FOR THE DESCRIPTION 


OF AMIDES (FORMAMIDE REVISITED) 


J. N. LOUWEN AND L. W. JENNESKENS 
Akzo Research Laboratories Arnhem, Corporate Research, P.O. Box 9300, 6800 SB Arnhem, The Netherlands 


A comparative study on the use of the MIND0/3,  MNDO and AM1 semi-empirical methods for the description of 
formamide and aliphatic amide systems is reported. For formamide, ob initio Hartree-Fock calculations are also 
reported using both the STO-3G and 3-21G basis sets, as  well as a basis set obtained by a minimal relaxation of the 
STO-3G contraction scheme. It is shown that both the MNDO and the STO-3G methods cannot properly reproduce 
the experimental results. In both cases this appears to be due to inadequacies of the basis sets used. Again in both 
cases only small improvements in the basis set necessary to allow for the diffuse character of the pr orbitals lead to 
dramatic improvements in the calculated results. In the case of the STO-3G basis set this is demonstrated by the fact 
that a small relaxation in the contraction leads to results even superior to  those with the 3-21G set. The conclusions 
reached for amide systems can be extended to  other systems where planarity around or inversion with respect to 
nitrogen is an issue. This is demonstrated for ammonia. 


INTRODUCTION 


The semi-empirical quantum chemical methods 
MIND013 and MNDO,' based on the INDO and 
NDDO approximations, respectively, developed by 
Dewar and co-workers, have become important tools in 
the theoretical study of molecular systems. They allow 
full geometry optimization and the study of several 
molecular properties without the need for excessive 
computing resources even for compounds which, owing 
to  their size, are still inaccessible to ab initio methods. 
Although in general a variety of ground-state properties 
of molecules are reproduced well, both methods reveal 
certain weaknesses.4i5 These are a consequence of the 
basic theoretical approximations or the parameteriza- 
tion. Recently, Dewar et ~ 1 . ~  reported a new method, 
AMI,  which was stated to have overcome the major 
flaws of its predecessor MNDO. 


In our group, we are interested in the application of 
quantum chemical models to  the theoretical study of 
compounds containing amide functionalities that are of 
importance in both polymer and peptide chemistry. 
Obviously, a prerequisite is the appropriate description 
of the amide moiety. 


At present a rigorous evaluation of the use of these 
semi-empirical methods applied to amides is lacking. 
This is unfortunate, since a survey of the literature 
reveals that both MINDO/3 and MNDO have already 


been applied indiscriminately to  amide systems (there is 
little point in giving a comprehensive list of references; 
scores of papers using one of the methods on amide 
systems can easily be retrieved by CAS on-line or 
related searches). 


Remarkably, however, a comparison of the calcu- 
lated data for the simplest representative, formamide 
(1) (Figure l ) ,  obtained with MIND0/3,  MNDO and 
AM1, respectively, shows that the semi-empirical SCF 
methods give ambiguous results. The minimum energy 
structure of 1 is predicted to be planar,7 non-planar2 
and planar,6 respectively. Although in the case of 
MIND013 and MNDO this has been noted before, no 
explanation was presented. 8*9 In part this can be attrib- 
uted to the fact that experimentally the question of 
planarity or non-planarity of 1 has been a contentious 
issue. Three microwave spectral investigations led to 
differing views. In the first, a planar structure was 
assumed. lo A subsequent investigation'' favoured a 
non-planar structure, which was eventually challenged 
again. l2 The planar structure now appears to  be gener- 
ally accepted and is also predicted by extended basis set 
ab initio Hartree-Fock calculations with full geometry 
optimizations on 1 . l 3 - l 7  In these studies the potential 
well for the out-of plane bending was found to  be very 
small, in agreement with the most recent experimental 
work." 


The ambiguous results obtained for 1 with the semi- 
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Me Me 


Fig. 1. Compounds considered 


empirical SCF-MO method are not confined to 1 itself. 
Similar deviations were found by us for acetamide and 
N-methylacetamide (see below). Clearly, a systematic 
evaluation of the semi-empirical SCF-MO methods 
MIND0/3, MNDO and AM1 in their application to the 
theoretical study of amides is warranted. 


At the ab initio level, the effect of choice of model on 
the formamide geometry is well documented. Carlsen 
et a/. l 3  have carried out ab inilio calculations with full 
geometry optimization on 1 with a variety of basis sets. 
The reliability of these was estimated by their prediction 
of the inversion barrier of ammonia. It was concluded 
that the STO-3G basis set which predicted a non-planar 
structure for 1 was unfit. At higher levels of theory only 
planar or nearly planar structures were calculated. It 
was found, however, that the potential well is very 
shallow. Subsequent ab initio calculations on 1 have 
lent further support to these conclusions. l 3 , l 4  


Although our main interest and emphasis are with the 
semi-empirical methods, we have nevertheless included 
results for formamide obtained by ab initio calcu- 
lations. It will be seen that an interesting parallel exists 
between basis set inadequacies in semi-empirical and 
ab initio approaches. 


forms A (neutral) and B (N'O-) (see Figure 2). 
Recently, this analysis has been challenged by Wiberg 
and Laidigl5.l6 and by Flegg and Harcourt." Wiberg 
and Laidig noted from the planar and non-planar struc- 
tures of 1 that although the C(2)-N(3) bond is con- 
siderably shortened when planarity is enforced, there is 
only a very small effect on the C(2)-O(1) bond length. 
Obviously, a large contribution from resonance form B 
can explain the shortening in the first bond, but not the 
absence of it in the second. From an analysis of the 
electron populations they concluded that charge 
transfer is not predominantly from N to 0 (as is sug- 
gested by resonance form B) but from N to C. Flegg 
and Harcourt, in ab initio valence bond calculations on 
the six most likely resonance structures, found as the 
second most dominant structure the C'O- structure 
(form D) with form C (N'C-) as third in order of 
importance. The contribution of the N'O- form was 
found to be very small. However, their calculations 
should perhaps be viewed with care as they used 
STO-SG and STO-6G basis sets. It is well known that 
the STO-3G set performs very poorly on this system. 
We shall show below that this is due to  the absence of 
any flexibility rather than to a poor convergence of the 
Gaussian expansion to  the Slater orbital. 


In an attempt to  correct for this inflexible behaviour 
Flegg and Hakour t  have also performed calculations 
both with all p orbital exponents and with the pT orbital ELECTRONIC STRUCTURE OF FORMAMIDE 


The electronic structure of formamide is often exponents only optimized for the atomic ions. 
described in terms of two major resonance forms, Although this correction might be too extreme, it is 
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A C 


C E F 


Fig. 2. The six most dominant resonance forms of formamide (taken from Ref. 18) 


worth noting that the conclusions were valid for all 
basis sets. 


All this evidence seems to  indicate that one should 
not use the simple picture of the resonance forms A 
and B, but should consider several possible resonance 
structures, all of which nevertheless favour the planar 
structure. 


SEMI-EMPIRICAL CALCULATIONS 


Geometry and energy calculations on formamide and 
aliphatic amides 


In  Table 1 we present MIND0/3, MNDO and AM1 


results for formamide. These calculations are not the 
first reported as they have all been included in the 
original papers on the methods. 2,6,8p22s23 However, this 
appears to  be the first systematic comparison and 
evaluation of the results. 


In view of the discrepancies between the methods and 
since the most reliable experimental data and ab initio 
calculations indicate that the minimum structure of 1 is 
located in a very shallow potential well, we have done 
our calculations under more stringent convergence 
criteria than are normally applied. Special care has been 
taken to prevent convergence to  local minima by doing 
cross-calculations on the geometries predicted by all 
methods in this study. Nevertheless, a comparison 


Table 1. MIND0/3, MNDO and AM1 results for formamide 


Parametera MIND0/3 MNDO Restricted MNDOb AM1 Exp.' 


Bond lengths 
rco 
rc N 


ONCO 
8 H N H  


Bond angles 


Dihedral angles: 
6 H N C O  


@ H N C H  


Heat of formation 
Rotational barrierse 


1 .208 
1.334 


126.6 
110.4 


0.0, 
180.0 


0.0, 
180.0 


-51.8 
12.7, 
11.9 


1.225 
1.409 


121.2 
110.6 


19.5, 
153.0 
31.4, 


164.9 
- 40.0 


5.4, 
7.9 


1 -227 
1.389 


120.9 
115.7 


- 


- 39.2 
8 . 1  


1-243 1.212 _t 0.003 
1.367 1.368 ? 0.003 


121.9 125.0 f. 0.4  
118.2 121.6 2 1.0 


0.1, 
180.0 
179.9 


0.0 
-44.9 - 4 4 7 3  


10.2, 18-19 
15.1 


"Bond lengths are given in A, angles in degrees of formation in kcalmol-'. 
bThe  molecule was forced to  be planar (hence no values are given for dihedral angles). 
'Ref. 19. 
*Ref. 20. 
'The first transition state has the N-H bonds inclined towards C=O (see text). For restricted MNDO, the NH2 group 
was forced to remain planar, hence there is only one transition state possible. 
'Ref. 21. 
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TabIe 2. MIND0/3, MNDO and AM1 results for methylated formamidesa,b (see 
formula for substituent sites X and Y) 


Compound Parameter MIND0/3 MNDO AM 1 Exp.' 


rco 
rc N 


ONCO 


d X N C 0  


dYN$O 


A Hi 
rco 
rc N 


ONCO 


d X N C 0  


d Y N S 0  


A Hr 
rco 


ONCO 


rc N 


d X N C 0  


d Y N 5 0  


A Hi 
rco 
rc N 


ONCO 


'bXNCO 


dYNCoO 


A Hr 
rco 
rc N 


ONCO 


6 X N C O  


d Y N S O  


rco 
rc N 


A Hi 


ONCO 
6 X N C O  


6 Y N 5 0  


rco 
rc N 


ONCO 


d X N C O  


d Y N S 0  


A H r  


A H1 


1.206 
1.349 


127.5 
0.0 


180.0 
-43.1 


I .206 
1.351 


125.9 
0.0 


180.0 
-42.9 


1.205 
1.369 


127.4 
0.0 


179.6 
- 24.6 


1.220 
1.348 


120.1 
180.0 


0.0 
-67.2 


1.218 
1.365 


120-7 
0.3 


179-7 
-57.8 


1.219 
1.368 


118.6 
0.4 


180.0 
- 56.3 


1.218 
1.391 


119.3 
1.2 


178.6 
-35.8 


1.225 
1.398 


122.5 
0 .4  


179.7 
- 39.9 


1.226 
1.399 


120.2 
0.2 


179.5 
-40.5 


1.224 
1.410 


122.2 
0 .6  


179.1 
- 36.8 


1.230 
1.418 


118.6 
149.1 


18.2 
-48.0 


1.229 
1.410 


119.6 
11.0 


165-5 
-47.7 


1.231 
1.414 


117.2 
6.1 


156.0 
-46.7 


1.231 
1.420 


118.4 
1.5 


173.7 
-41.2 


1.242 
1.373 


123.3 
0.2 


179.9 
-41.7 


1.243 
1.373 


121.4 
0.0 


180.0 
-42.1 


1.242 
1.380 


122.9 
0.9 


178.9 
- 37.0 


1.248 
1.375 


119.9 
180.0 


0.1 
- 50.8 


1.247 
1.381 


121.2 
1.7 


178-3 
-47.4 


1.248 
1.382 


119.0 
1.5 


178.0 
-47.2 


1.247 
1.390 


120.5 
4.3 


175.4 
- 4 1 . 5  


1.219 
1.366 


124.6 
0 


180 


- 45.8 
1.220 
1.380 


122 
180 


0 
- 56.9 


1.224 
1.386 


121.8 
0 


180 


-53.7 
~ - 


'Bond lengths are given in A ,  angles in degrees and heats of formation in kcalmol-I. 
bSee formula for definition of angles in substituted formamide. 


Experimental data from gas electron diffraction (given where known) taken from Ref. 25, [for 
(27-21, Ref. 26 (for 4) and Ref. 27 [for ( 2 ) - 5 ] .  The heats of formation have been taken from 
the on-line data file o f  the Design Institute for Physical Properties data (DIPPR) of the 
American Institute of Chemical Engineering. 
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between our results and those originally reported 
reveals only small differences. 


It is clear that, whereas MINDO/3 and AM1 predict 
a planar structure for formamide, MNDO predicts a 
distinctly non-planar structure. In view of this, we have 
also performed a restricted MNDO geometry 
optimization in which the molecule was forced to  
remain planar. It should be noted that owing to the 
symmetry of the system the planar structure is 
necessarily an extremum and represents a saddle point 
on the MNDO potential energy surface. Since at  that 
point the first derivative of the energy with respect to 
the out-of-plane bending coordinate vanishes, a 
calculation started from a planar structure in MNDO 
might well result in a planar structure. 


Note that the MNDO results obtained for 1 with the 
planarity constrained applied are similar to  those 
reported in Ref. 24. The latter workers must either have 
intentionally imposed the same constraint or have 
started from a planar initial geometry. 


A survey of the calculated geometry reveals several 
interesting features. First, we see that the C-0 bond 
length is almost the same in the planar and the non- 
planar MNDO structure, which suggests that the N + O -  
is not an important resonance contribution, in 
agreement with the findings of Wiberg and Laidig 
(see above). The C-N bond length, on the other hand, 
decreases markedly when the molecule is forced t o  
remain planar, although it is still too long. These two 
facts strongly suggest that the C-N part of the 
molecule plays a dominant role in the failure of MNDO 
to produce the planar structure, and indeed in the whole 
issue of planarity. 


To investigate whether the differences between the 
two models will remain in the more general case of 
aliphatic amides, we performed MINDOl3, MNDO and 
AM1 calculations on  all possible methyl substituted 
derivatives of formamide and the results are given in 
Table 2. As expected from the above, we find that both 
MIND0/3 and AM1 predict all molecules to be in a 
planar or nearly planar conformation. At first sight it 
would appear that no clear trend evolves from the 
MNDO data. However, a closer scrutiny reveals that 
MNDO predicts a planar structure in those cases where 
the number of methyl groups on N exceeds that on C. 
An explanation of this trend wil! be found in the 
analysis of the MNDO artifacts. 


On the basis of the above comparisons, it appears 
that MNDO is not the method of choice for the 
description of amides and its use in, for instance, 
modelling of peptide structures can lead t o  erroneous 
and misleading results. At first sight there appears t o  be 
little to  choose between MIND013 and AM1. It is 
known, nevertheless, that MIND0/3 falsely predicts 
valence angles for amines that are too large, which leads 
to planar structures for secondary and tertiary amines;' 
Note, further, that the predicted 6HNH angle (110.4 , 


Table 1) is far too small. The superior description of 
amide structures might therefore partly be a fortunate 
cancellation of errors, and the use of MIND0/3 in 
N-containing sytems should always be made with care. 


Scrutinizing the energy differences between the E and 
Z conformers of both 2 and 5 (see Table 2), we find that 
for 2 both MNDO and AM1 predict the E conformer to 
be the most stable. Not only does this run counter to 
chemical intuition, but since only the Z conformer has 
been observed in the gas phase, there is good evidence 
to  assume that MIND0/3 makes the superior prediction 
in this case. For 5, a recent high-level quantum chemical 
calculation by Jorgensen and Gao2* gave an energy 
difference between E and Z of 2-07 kcalmol-' at 
298 K .  Although all three semi-empirical models agree 
with the high-level ab initio calculation in predicting Z 
to be more stable, the energy difference predicted by 
MIND0/3 (1.5 kcalmol-I) seems to be better than the 
MNDO and AM1 values (1.0 and 0.2kcalmol- ' ,  
respectively). 


Finally, looking at  the predicted and available 
experimental heats of formation (AHf"),  we must 
conclude that AM1 seems to  perform better than the 
other methods but the improvement, in particular that 
over MNDO, is small in view of the still fairly large 
deviations. 


Resonance integrals 


For a further analysis of the difference between the 
amide geometries as calculated by MNDO on the one 
hand and MIND0/3 and AM1 on the other, we have 
calculated the overlap and one-electron resonance 
integrals for the valence pz orbitals ,on C and N at 
reference distances of 1.35 and 1.40 A (Table 3). The 
importance of this resonance integral is obvious. Since 
there is clear evidence to suggest that the planarity 
around N is caused mainly by the N+C-  resonance 
form (see above), the semi-empirical model should be 
able to  give a good energy balance for two electrons in 
an N lone-pair type orbital against two electrons in an 
N-C a orbital. 


It is clear from Table 3 that whereas the resonance 
integral values for MIND013 and AM1 are fairly 
similar, those for MNDO are significantly smaller. 


Table 3. Overlap and resonance integral values for the pn 
orbitals on C and N at distances of 1.35 and 1-40 A 


Parameter MI NDO/ 3 MNDO AM 1 


at 1.35  A :  
Overlap 0.210 0.149 0.173 
Resonance -0.0821 - 0'0778 - 0.0825 


At 1-40 A:  
Overlap 0.191 0.133 0.155 
Resonance -0.0746 - 0.0695 -0.0742 
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Despite the fact that a completely unambiguous 
breakdown is not possible owing to the different 
evaluation of resonance integrals in MIND0/3 
compared with MNDO and AMI,  it appears that the 
differexe in resonance integral values is due, a t  least in 
part, to  the much smaller value of the overlap integrals. 
In this respect we note that in the parameterization of 
MIND0/3 ' and AM1 the orbital exponent values for 
s and p valence orbitals on the same atom type have 
been optimized separately, whereas in the MNDO 
parameterization they are equal.2 Since cP values in 
MIND0/3 and AM1 are generally smaller than the c5 
values for the same atom (indeed, this is the case for all 
atomic basis sets with c5 # rp), the restriction inherent 
in the MNDO parameterization will tend to yield values 
for f p  that are too large (making the electron charge 
cloud due to the p orbital too contracted). In the case 
of a overlap, this will lead to  overlap integrals and 
hence resonance integrals which are too small, as is 
demonstrated by our calculated values (Table 3). 


As a result, geometry predictions will be affected 
because charge delocalization from N will become less 
favourable. From the results on the methyl-substituted 
formamide molecules it would appear that this artificial 
energy barrier to delocalization can be overcome by 
sufficient destabilization of the charge on the N atom. 
This explains why the addition of a methyl group to N 
leads to planarity with MNDO. Adding a methyl group 
to C again disfavours delocalization because of the 
repulsive effect on a-electrons on the amide carbon. 
This, in turn, can be compensated for by adding one 
more methyl group to nitrogen. The trend observed on 
going from formamide (1) via N-methylformamide (2) 
to N-methylacetamide (5) and finally to  N,N- 
dimethylacetamide (6) is now an obvious one (see 
Figure I). 


To confirm our line of reasoning, in Table 1 we have 
listed the values for the rotational barrier for 1 as 


calculated by the several methods. Note that two 
transition states exist. Whatever planarity the NH2 
moiety possesses in the minimum energy structure is not 
generally retained when the group is rotated out of 
plane by 90". As a consequence, two transition states 
exist, one in which the H atoms incline to  the side of the 
C=O bond, and one in which they incline to the other 
side. Intuitively one would expect electrostatic 
interaction to stabilize the former with respect to the 
latter. This expectation is borne out with AM1 and 
MNDO, but not with MIND0/3, although here the 
differences are small. In general we can conclude from 
these values that the MNDO rotational barrier is far 
lower than that calculated by the other methods. This, 
of course, is fully in keeping with the postulated lack of 
charge delocalization (or lesser bond order) in the 
MNDO case. 


Force field calculations 
Force field calculations have become popular both as a 
tool to analyse results from a geometry calculation and 
as a means of predicting and interpreting IR and 
Raman absorption spectra. 29 Further, they can be used 
in estimating parameters for molecular mechanics or 
dynamics calculations. Another point of interest in 
force fields is the shape of the potential energy well for 
out-of-plane bending. This potential is shallow and 
therefore susceptible to  deformations. 1 3 , 1 7  For 
successful use of the present methods in geometry 
predictions, the correct shape of this potential well is 
therefore of great importance. 


Although several CNDO semi-empirical SCF-MO 
force fields of 1 are available,30'3'.38 we are not aware 
of MIND0/3, MNDO or AM1 force fields. In Table 4 
we report the harmonic vibrational frequencies for for- 
mamide as calculated by MIND0/3 in the minimum 
energy structure, MNDO in both the minimum energy 


Table 4. MIND0/3, MNDO and AM1 calculated harmonic vibrational frequencies of formamide" 


Parameter MIND0/3 MNDO Restricted MNDOb AM 1  EX^.^ 


NH asym. stretch 3688(3319) 3603(3243) 3673(3306) 3526(3173) 3545 
NH syrn. stretch 3713(3342) 3624(3262) 3648(3283) 3560(3204) 3451 
CH stretch 3 199(2879) 3292(2963) 3293(2964) 3081(2773) 2852 
CO stretch 1914( 1723) 2094( 1885) 2081( 1873) 2004( 1804) 1734 
NHz scissor 1501(135 1) 1805( 1625) 1788(1609) 1710(1539) 1572 
C H  bend 1241( 1 1 17) 1427( 1284) 1386( 1247) 1325(1193) 1378 
CN stretch 1393( 1254) 1379( 1241) 1450(1305) 1482(1334) 1255 
NHz rock 91 3824) 1205( 1085) 1 1 SO( 1035) 1133(1020) 1059 
NCO bend 494(445) 582(524) 591(532) 539(485) 565 
CH out-of-plane 930(837) 1034(931) 1038(934) 990(891) 1030 
NH2 twist 498(448) 363(327) 470(423) 557(501) 602 
NH2 wagging 477(429) 641(577) 420i(378i) 331(298) 289 


' In  crn-l; values in parentheses have been scaled by a factor of 0.9. 
hThe molecule was forced to be planar [hence the NHz wagging value is imaginary (i)] . 
'Refs 32 and 33.  
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structure and the restricted planar structure and AM1 in 
the minimum energy structure. The values obtained by 
scaling the frequencies by the usual factor of 0 - 9  are 
given in parentheses. 34 


It can be seen that in general, the AM1 results agree 
fairly well with the experimental numbers, with the 
exception of the calculated values for N-H stretching 
frequencies, which are too low. On the whole, 
MIND0/3 gives the poorest performance, in one case 
even reversing the order of calculated vs experimental 
frequencies (C-H bend and C-N stretch). The 
frequencies calculated by MNDO at the lowest energy 
(non-planar) structure agree fairly well with 
experimental results, with the obvious exception of the 
low-lying wagging, twisting and deformation modes 
(especially the NH2 wagging mode). 


For the constrained planar formamide the MNDO 
results are not very different from those for the bent 
structure, especially when compared with the 
differences between predicted and observed spectra, 
with the, again obvious, exception of the imaginary 
frequency due to  the NH2 wagging. Further, all three 
methods predict the asymmetric and symmetric N-H 
stretching frequencies in the wrong order. Note, 
however, that for the constrained geometry MNDO 
predicts the right ordering. 


AB INITIO CALCULATIONS ON FORMAMIDE 


In the above, we have seen that the artifact in the 
MNDO calculation of amide structures is at least partly 
due to the relatively poor description of the atomic p 
orbitals which are not diffuse enough to give sufficiently 
large values for pT-pz resonance integrals. Clearly, 


there is a parallel with ab initio Hartree-Fock calcu- 
lations where the use of minimal basis sets can lead to 
similar problems, especially when the same scaling 
factor is used for valence s and p orbitals, as is the case 
in the well known STO-KG basis sets.35 


Carlsen et al. l3  have already demonstrated that the 
geometry calculated for formamide is very much basis 
set dependent: use of the STO-3G basis set resulted 
in a distinctly non-planar structure for formamide, 
whereas nearly planar structures were found using more 
sophisticated basis sets. Similar conclusions have been 
reached by other investigators. I 4 - l 6  Carlsen et al. 
classified the problem with the poor geometry predic- 
tion as part of the general effect that STO-3G calcu- 
lations tend to  underestimate valence angles around N. 
While it is clear, therefore, that STO-3G is unfit for 
modelling of this kind of structure, the question of the 
actual deficiency in STO-3G has not been fully 
answered. 


Although we are safe in assuming that the restricted 
contraction scheme of a minimal basis set will create 
problems similar to  those described above in the 
analysis of the semi-empirical methods, part of the 
error might still be due to an inappropriate choice of 
Gaussians in STO-3G. Since STO-type basis sets are 
still being used frequently (as witnessed by the use of 
STO-SG and S T O d G  in the valence bond calculations 
on formamide18), this point is not without interest. 


In order to  assess the importance of flexibility in the 
basis set, we have for this particular purpose created a 
‘recontracted STO-3G’ basis set which consists of the 
same Gaussian primitives as STO-3G but with a con- 
traction scheme similar to  that of the 3-21G basis set: 
for each valence orbital the two Gaussians with the 


Table 5. A b  initio Hartree-Fock results for formamide 


Parameter STO-30 Recontracted STO-3G 3-21G Exp.‘ 


Bond lengths: 
rco 
rc N 


Bond angles: 
ONCO 


@ H N H  


Dihedral angles: 
&NCO 


$ H N C H  


Total energy - 


Rotational barrierd 


1.216 
1.436 


123.9 
109-8 


21.9, 
145.8 
161.4 
37.6 


166.69 184 
8.2,  
9 .3  


1.205 
1.355 


125.9 
118.4 


1.5,  
177.3 
178.3, 


2.9 
166.86 167 - 


15.1, 
17.0 


1.212 1.212 2 0.003 
1.353 1.368 k 0.003 


125.3 125.0 ? 0.4  
118.6 121.6 2 1 .O 


0.0 
180.0 
180.0 


0.0 
167.98490 
18.6, 18-19‘ 
18.6 


‘Bond lengths are given in A, angles in degrees, total energies in hartree atomic units. 
For details refer to text. 
Ref. 19 (gas electron diffraction). 


dFor the definition of the first and second rotational barrier, see Table I. footnote e. 
‘Ref. 21. 
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A B C 
Figure. 3. Electron density contour diagrams of the formamide LMO with the most nitrogen lone-pair character calculated with 
the STO-3G (A), recontracted STO-3G (B) and 3-21G (C) basis sets at the minimum energy structure for each basis set. The plane 
of intersection is defined to coincide with the C-N bond and to  be either perpendicular to the plane of the molecule (B and C), 
or to be equidistant to the N hydrogen atoms (A). The C and N atoms are located left and right of the centre, respectively. Contour 


lines have been drawn at values of 2-' ,  2-', 2-3, ..., 2-", 2-12 


largest orbital exponents are contracted to  one orbital 
with the ratio between the contraction coefficients the 
same as in the original STO-3G contraction scheme. In 
this way, the STO-3G results provide a strict lower limit 
to the results for the recontracted basis set. Calculations 
performed with this basis set and with the STO-3G and 
3-21G basis sets are reported in Table 5 .  


It is clear that the freedom allowed to  the valence 
orbitals with the recontracted basis is sufficient to bring 
the results in much better agreement with 3-21G (and 
superior basis sets) and with experiment. As with the 
semi-empirical methods, this is true both for the 
geometry and for the rotational barriers. The only thing 
seriously wrong with the results of the recontracted 
scheme appears to be the total energy, which is not 
much lower than that calculated with the STO-3G basis 
and much more positive than that calculated with the 
3-21G basis. However, much of the latter difference is 
due to the poor description of the core electrons (which 


is no different from that with STO-3G). This has only 
a very small influence on the description of valence elec- 
trons. The small energy difference obtained with the 
normal and the recontracted STO-3G sets at different 
geometries again emphasizes the shallowness of the 
potential well for inversion around N.  


At this point we should stress that we are not aiming 
at redeeming the STO-3G by making modifications, 
thereby creating yet another variety of basis sets. We 
feel, however, that the best case for our postulated defi- 
ciency of minimal basis sets with similar exponents for 
s and p orbitals is best demonstrated by showing the 
effect of a minimal relaxation. 


To analyse the differences in chemical bonding as 
predicted by the models, the canonical molecular orbi- 
tals have been transformed to localized molecular orbi- 
tals (LMOs) using the method of Boys. 36,37 For all three 
compounds we have plotted the orbital that has the 
largest density on nitrogen and therefore conforms 


Table 6. STO-3G, recontracted STO-3G and 3-21G ab initio Hartree-Fock calculated 
harmonic vibrational frequencies of formamide (l)a 


Parameter STO-3G Recontracted STO-3Gb 3-21G Exp.' 


NH asym. stretch 4161(3745) 3991(3592) 3896(3506) 3545 
NH sym. stretch 3956(3560) 3843(3459) 3769(3392) 3451 
CH stretch 3549(3 194) 3080(2772) 3187(2868) 2852 
CO stretch 2 12 1 (1 909) 2043(1839) 1909(1718) 1734 
NH2 scissor 1943(1749) 1815(1634) 1805(1625) 1572 
CH bend 161 6( 1454) 1636( 1472) 1576(1418) 1378 
CN stretch 1418(1276) 1390( 125 1) 1355(1220) 1255 
NH2 rock 1079(971) 1061 (955) 1157(1041) 1059 
NCO bend 604(544) 627(564) 616(554) 565 
C H  out-of-plane 1219(1097) 1192(1073) 1210(1089) 1030 
NH2 twist 783(705) 640(576) 644(580) 602 
NH2 wagging 42 1 (379) 320(288) 499(449) 289 


"In  cm-'; values in parentheses have been scaled by a factor of 0.9. 
bFor details see text. 


Refs 32 and 33.  
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most closely to  an N lone-pair orbital. Figure 3 shows 
plots for this orbital calculated with the three basis sets 
at the minimum energy structure calculated for each 
set. 


In the case of the STO-3G set, we find the orbital to  
best resemble an N hybrid lone-pair orbital, which is 
not surprising in view of the non-planar structure. The 
plots of the orbitals calculated with the other two basis 
sets however, are rather different. Apart from small 
contributions of 0 atomic orbitals (not represented in 
the plots) we find these to  have the character of 'banana 
bonds' between C and N, indicating the increased C-N 
bond order to  be expected with the relatively large 
weight of the N'C- structure [see Figure 2(C)] as pro- 
posed by others. 15*16,18 


As with the semi-empirical models, we have calcu- 
lated the force fields and harmonic frequencies. Table 6 
gives the calculated harmonic frequencies for all three 
methods with the molecule in the calculated minimum 
energy geometry. As before, we have also given the 
numbers used by scaling with a factor of 0.9. Not sur- 
prisingly, the regular STO-3G basis set gives the poorest 
rendering. The best overall results are obtained from 
calculations with the recontracted STO-3G basis set, 
especially with respect to  the NHz wagging. Apparently, 
the potential well is best described by this basis set. 


CALCULATIONS ON AMMONIA 


As Carlsen et a/. l 3  pointed out, there is an interesting 
parallel between the question of planarity of the amide 
unit and the inversion barrier of ammonia. In his terms, 


Table 7. MIND0/3, MNDO and 


the tendency of some basis sets to  underestimate 
valence angles around N tends to  carry over from the 
one system to the other. At first sight this might seem 
surprising. In the above we have discussed the inefficacy 
of several computational models in terms of the 
nitrogen p. orbital and its overlap. Obviously, there can 
be no effective overlap between this orbital and any 
other in ammonia (interaction with virtual p. orbitals 
on the hydrogen atoms being more of a formal possi- 
bility). However, one can intuitively understand the 
tendency of the electron lone-pair density in the planar 
state of ammonia to  move away from the electrostatic 
repulsion of the sigma orbital hybrids. 


This being true, the freedom allowed by the basis set 
in ab initio calculations will have an importance in 
describing the process of inversion around N in 
ammonia similar to that in determining the structure of 
the amide unit. Where in the case of formamide the 
energy difference between an N sp3 lone pair and a 
'polarized' pr lone-pair orbital was important, we now 
are dealing with an sp3 N lone pair in the minimum 
energy geometry and a diffuse p. orbital (polarized 
away from the plane of the o-hybrids in a sense) in the 
transition state. Therefore, we can again expect poten- 
tial problems with a restricted basis to  be reflected in the 
results of the semi-empirical methods. Here the MNDO 
method will keep the electron too close to the repulsive 
field of the a-electrons, thereby raising the energy of the 
planar transition state and, consequently, the inversion 
barrier for ammonia. 


With this in mind, Table 7 gives the results of the 
semi-empirical models for both unconstrained (C3" 


AM1 results for ammoniaanb 


MIND0/3 MNDO AM 1 
Exp. 


c3, Djh C3" D3h c3 " D3h c3 " 


Geometry: 
r H  H 


r N  H 
Vibrational spectrum: 


a deform. 
e deform. 
a stretch 
e stretch 


Negative force constant 
(for 4 r )  
Heat o f  
formation 
Difference between 
C3" and D3h 


1.627 1.724 
1.031 0.996 


1116(1004) - 
15 18( 1366) 1432( 1289) 
3554(3199) 3886(3497) 
3577(3219) 3886(3497) 


- -0.2859 


-9.14 -3 .03  


6.11 


1.601 1.701 
1.007 0.982 


1474(1327) - 


184911664) 1730(1557) 
3634(327 1) 37 19(3347) 
3573(3216) 3764(3388) 


- -0.6901 


-6.05 5.54 


11.59 


1.626 1-691 1.624 
0.998 0.977 1.012 


950 
1763 1589) 1691( 1522) 1627 
3535(3182) 3663(3297) 3337 
3465(3119) 3641(3277) 3444 


1141(1027) - 


- - 0.3360 


-7 .28  - 3.02 


4.26 5.8' 


'Distances are given in A ,  vibrational frequencies in cm-', force constants in mdyn k' and heats of formation in kcalmol-' 


'Taken from Ref. 35. 


'Taken from Ref. 13 .  


C3u refers to the unconstrained ammonia molecule, Dlh implies the restriction of planarity. 


cm-'; values in parentheses have been scaled by a factor of 0 .9 .  
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Table 8. Ab initio Hartree-Fock results for ammonia with three different basis 


STO-3G Recontracted STO-3G 3-21G 
Exp.' 


Parameter c3, D3h Ch D3h C? 2 D3h C1t 


Geometry: 
r H H  1.629 1.724 1.646 1.722 1.666 1.717 1.624 
f" H 1.033 I .006 1.016 0.994 1.003 0.991 1.012 


Vibrational spectrum:d 
a deform. 1423( 1281) - 11 13( 1002) - 868(78 1 )  - 950 
e deform. 2078(1870) 1868( 1681) 1876( 1689) 1773(1596) 1860(1674) 1771( 1594) 1627 
a stretch 3812(3431) 3994(3595) 3588(3229) 3794(3415) 3618(3256) 3724(3352) 3337 
e stretch 4090(3681) 4338(3904) 3774(3397) 4044(3639) 3777(3399) 3938(3543) 3444 


Negative force constant 
(for D3h) - - 0.1467 - - 0.0861 - -0.0476 
Total energy -55.45542 -55.43767 -5530531 -55.49802 -55.87220 -55.86964 
Difference between 
C3, and D3he 0.01775(11.14) 0.00729(4.57) 0-00256( 1 .61) (5.8) '  


"Distances are given in A ,  vibrational frequencies in cm- ' ,  total energies in hartree atomic units and force constants in atomic units. 


'Taken rrom Ref. 35. 
"In cm- ' ;  values i n  parentheses have been scaled by a factor of 0.9. 
'For comparison, the difference is also given in kcalmol- ' in parentheser. 
'Taken from Ref. 13. 


C3,, refers to the unconstrained ammonia molecule, D M  implies the rescriction of planarity. 


symmetry) and planar NH3 (D3h symmetry). It is imme- 
diately clear that the above predictions are borne out, 
as it is MNDO that gives the poorest rendering of the 
energy barrier with a value (1 1.6 kcalmol-') that is 
almost twice the experimental value (5.8 kcal mol- I ;  


Ref. 13). MIND0/3, on the other hand, comes very 
close with a value of 6.11 kcalmol-I, while that calcu- 
lated by AM1 is too small (4.26 kcalmol-I). In keeping 
with this, the MNDO value for the one negative force 
constant in the oforce field of the transition state 
( -  0-6901 mdyn A - I )  is much more negative Jhan the 
values of -0.2859 and -0.3360 mdyn A - '  for 
MINDO/3 and AMl,  respectively. 


With respect to the good results obtained with 
MIND0/3, we should again take care not to over- 
emphasize this fact since, as stated above, MIND0/3 
is known to perform poorly with alkyl-substituted 
amines. '3' 


Regarding the ab initio calculations (Table 8), as 
expected we find an STO-3G-calculated value for the 
inversion barrier that is much too high 
(11.14 kcalmol-'). The 3-21G model, on the other 
hand, grossly underestimates this value 
(1.61 kcalmol-I), similarly to  what has already been 
observed for the comparable 4-31G basis set [with a 
value of 0 .4  kcalmol-' (Ref. 13)J. In contrast, we find 
that the recontracted STO-3G model gives a fair 
account of the barrier with a value of 4.57 kcalmol-I. 
This may be a fortuitous result based on a coincidental 
cancellation of errors (note that a poorer basis set over- 
estimates and an in principle better basis set under- 


estimates the energy value). Nevertheless, the results 
indicate the enormous improvement obtained over 
STO-3G by a simple relaxation of the contraction 
scheme. 


Obviously, these results agree with those of force 
field calculations on formamide with the same basis 
where a very good rendering of the harmonic frequency 
for inversion around N was also obtained. The har- 
monic frequencies resulting from force field calcu- 
lations are also presented in Tables 7 (semi-empirical) 
and 8 (ab  initio). Neither of the semi-empirically calcu- 
lated vibrational spectra corresponds exceptionally well 
with the experimental data for the C3" structure, but 
MIND0/3  at least predicts the correct order in which 
the several modes should appear. MNDO and AM1 
reverse the order for the a and e stretching modes. For 
MNDO we further find a value for the symmetric defor- 
mation mode that is far too large, in keeping with the 
far too negative corresponding force constant for the 
D 3 h  structure and the related value for the inversion 
barrier that is too large. 


Ab Initio calculations using the 3-21G and recon- 
tracted STO-3G basis sets give a fair rendering of the 
C3" vibrational spectrum, whereas that obtained with 
the STO-3G basis set compares poorly, although the 
ordering is still correct. 


COMPUTATIONAL DETAILS 


All semi-empirical calculations were carried out with 
the program MOPAC 2-0,39 modified to  include the 







COMPARISON OF HARTREE-FOCK MODELS 72 1 


AM1 method. Instead of the incorrect expressions from 
Ref. 6 ,  those from Ref. 40 were taken. The program 
was run on an IBM 3090-200 computer. In all calcu- 
lations the ‘precise’ option of the program was used. 39 


Failure to  d o  so was in many cases found to result in 
improper convergence often far from the actual geo- 
metric minimum owing to  the shallowness of the poten- 
tial well, depending on the starting geometry used. 


The ab initio calculations were carried out using both 
the HONDO/5 program on the IBM 3090-20041 and the 
Gaussian 80 USCF program of Chandra Singh and 
Kollman taken from the TRIBBLE program set,42 
running on a DEC microVAX 2000 workstation. Local- 
ized molecular orbitals were generated by a modified 
version of the Boys program,35 and orbital contour 
plots were made from a numerical grid prepared by the 
MOPLOT program.43 


Force field analyses on all minima have shown these 
to  be genuine. In order to ensure as much as possible 
the global character of the minima in the case of the 
formarnide molecule, results from one model were 
always used as input geometry in the others and were 
found to  lead the same model-dependent results upon 
convergence. 


CONCLUSIONS 


With respect to the use of Hartree-Fock models for the 
description of formamide and related systems, we can 
draw the following conclusions. Regarding the semi- 
empirical models, MNDO does not appear to  be the 
method of choice for amide systems. It apparently pro- 
duces artifacts in the prediction of molecular geome- 
tries and may well have problems with other properties 
in view of the rather poor description of ?r-overlap. 
These problems are caused, a t  least partly, by the 
definition of the atomic orbital basis set used. Both 
MIND013 and AM1 appear to be better model choices. 
Of these, one should probably prefer the AM1 model, 
as it is in general a better model than the relatively out- 
dated MIND0/3,  which is known to produce artifacts 
in amine systems. However, calculations with both 
MIND0/3 and AM1 on more aromatic amide systems 
are now under way. Preliminary results indeed seem to 
indicate that AM1 is better for routine modelling of a 
wide range of amide systems. 


Unfortunately, a number of MNDO calculations on 
amide (peptide) systems have appeared in the literature. 
It is obvious that conclusions reached in these studies 
about, e.g. pyrimidalization angles, should be viewed 
with care, as they may very well be of an artificial 
nature. 


Our ab initio results obviously agree with those 
obtained by others. It is striking, however, that the 
poor quality of the STO-3G results can be fully ascribed 
to  the inflexibility in the basis set, as the smallest relax- 
ation possible already gives dramatic improvements, 


yielding results which, in some cases, even excel that of 
the 3-21G basis. This again indicates the dangers 
inherent in using STO-KG orbitals, which should only 
be used, if ever, when storage limits for the two- 
electron integrals are an issue and after careful analysis 
of parent molecules. From these data, they at  least 
appear unfit for amide systems. It is worth noting that 
the reasons for the failure of both STO-3G and MNDO 
in these systems are rather similar, as both use an 
orbital exponent for the valence p orbital which is too 
contracted as it has been given the same value as the 
orbital exponent for the valence s orbital in N, C and 0. 


Conclusions reached for formamide are mostly valid 
for the ammonia systems also. In particular we can con- 
clude that for inversions around N, AM1 should be 
used rather than MNDO for the same reasons as for the 
amides. 
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ELECTROCHEMICAL REDUCTION OF SUBSTITUTED 


BETWEEN CYCLIC VOLTAMMETRIC PEAK POTENTIALS AND 
HAMMETT SUBSTITUENT CONSTANTS 


a,a, a-TRIFLUOROACETOPHENONES. LINEAR RELATIONSHIP 


JYE-SHANE YANG, KWANG-TING LIU* AND Y. OLIVER su 
Department cf Chemistry, National Taiwan University, Taipei 10764, Taiwan, Republic of China 


The peak potentials of substituted cY,a,a-trihoroacetophenones were measured in acetonitrile with 0 .1  M 
tetrabutylammonium perchlorate. The cyclic voltammograms indicated an irreversible electrochemical process for the 
first wave (EpJ and a partially reversible one for the second wave (Epc2) when the scan rate was slower than 
100 mV s - ' .  Excellent linear correlations were observed for EPcr with u constants (p = 0.526, r = 0.999) and for Epr2 
with u -  constants (p=0*605, r=0-998) ,  respectively. Therefore, unknown u values such as -0-36 for 
3,4-ethyleneoxy can be estimated from these correlations. The mechanism of the electrode process probably involves 
a single electron transfer and the formation of a pinacol. 


INTRODUCTION 


Correlation of polarographic half-wave potentials 
(El /2)  of organic compounds with a variety of par- 
ameters, e.g. ionization potentials (Z,), ' electron 
affinities (EA)2 and Hammett substituent constants, 
has long been an important subject in physical organic 
chemistry. Both theoretical considerations4 and 
empirical data'-4 result in linear free energy 
relationships. Recently we observed5 an excellent 
correlation of 1 7 0  NMR chemical shifts with u' 
substituent constants for substituted a,a,a-trifluoro- 
acetophenones. The results raised the question of 
whether there is also a linear correlation between the 
half-wave potentials for these ketones and the 
Hammett-type substituent constants. 


The half-wave potential (El/2)  is usually obtained 
from polarographic measurement. From a cyclic vol- 
tammogram, E l / z  can also be estimated in a reversible 
system by finding the mid-point of the cathodic peak 
potential (E,,) and anodic peak potential (Epa). In an 
irreversible system, El/2 cannot be obtained in the same 
way, because only E,, or Epa can be observed from the 
voltammogram. However, the difference in the peak 
potentials (AE,)  would be same as that in the half-wave 
potentials ( A E l f 2 )  for a series of compounds having the 


*Author for correspondence. 
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same type of reducible centre under similar experi- 
mental conditions. This can be easily derived from the 
combination of equations (1 )6 ,7  and (2)' for a totally 
irreversible system in cyclic voltammetry (CV) and in 
polarography, respectively, to give equation (3), where 
the symbols in these equations have usual meaning. 6 - 8  


That is, the AE, or AEl/z  will be directly related to the 
rate constant of heterogeneous electron transfer ( k ? )  at 
an electrode potential of 0 V as well as the free energy 
of activation for heterogeneous electron transfer (for 
the correlations using Ep/2 and E p  see, e.g., Refs 9 and 
10, respectively), since the other parameters 
(u ,  an,, DO. t l  and T )  are assumed to be constant, as are 
R and F. 


[ -0*780+1n Ep = - 
F 


RT 


El12 = - RT In 0.87kPwD 
an, F 


R T  
anaF 


AE, = AEl/2 = - A In k! 0: AAGx(E)  (3) 


The first CV study on a,cY,a-trifluoroacetophenone in 
acetonitrile was reported by Andrieux and Saveant. 
The results of the photochemical reaction involving 
charge-transfer (CT) quenching of several substituted 
a,a,a-trifluoroacetophenones were reported later l 2  and 
the half-wave potentials of these ketones measured at a 
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hanging mercury drop electrode by CV in acetonitrile, 
were also listed, but no further discussion about the 
correlation with the structures of the ketones was given. 


Therefore, we undertook to examine the relationship 
between the reduction potentials of a number of substi- 
tuted a,a,cr-trifluoroacetophenones and the Hammett 
substituent constants in a CV study. In addition, the 
mechanism of the electrode process was also examined. 


RESULTS AND DISCUSSION 


Cyclic voltammetry of a,a,a-trifluoroacetophenones 


A typical cyclic voltammogram for 2 mM substituted 
a,a,a-trifluoroacetophenones in acetonitrile solution 
with 0.1 M tetrabutylammonium perchlorate (TBAP) 
as the supporting electrolyte is shown in Figure 1 .  The 
voltammograms of these ketones exhibit three distinct 
successive waves (&I,  Epc2 and Epc3) in the potential 
range of -0-9 to  - 2.5 V. The reversibility of the first 
and second waves depends on the substituent. 
However, the third waves are usually too small and 
too broad to determine their peak potentials and 
reversi bility . 


On increasing the scan rate, the reversibility increases 
for the first waves, but decreases for the second. It is 
likely that some coupled irreversible chemical reactions 
occur after the first electron transfer, and the rate 
constants (forward and backward) of the second 
electron transfer are finite. Therefore, at high scan rates 
the backward process of the first electrode reaction will 
compete with the following chemical reaction, whereas 
the second electrode reaction will no longer be able to 


maintain equilibrium conditions as the potential 
changes. '*I3 


The single-sweep CV data for substituted a,a,a- 
trifluoroacetophenones and the corresponding 
substituent constants are given in Table 1. Owing to  the 
strong electron-withdrawing ability of CF3, the 
electrode processes are accelerated and a lower 
reduction potential for cr,cr,cr-trifluoroacetophenone 
( E I , ~  = - 1.42 V vs SCE) than acetophenone 
(El12 = -2.06 V vs SCE)I7 has been observed. 


In this series of substituted a,a,a-trifluoro- 
acetophenones, the near constancy of the current 
function ip/cv"2 in Table 1 indicate" that the diffusion 
coefficients are rather insensitive to structure. The 
values of the diffusion coefficients ( D ) ,  measured by 
chronoamperometry, for certain ketones (Table 2) also 
show agreement. 


Correlation of cathodic peak potentials with 
Hammett substituent constants 


The reversibility of electrode processes in CV for these 
ketones not only changes with the scan rate, but also is 
different from one to another at different scan rates. 
Nevertheless, when the scan rate is slower than 
100 mVs- ' ,  the first waves (EPcl)  in all of the cyclic 
voltammograms of these ketones change gradually 
from partial reversibility to total irreversibility 
(Figure 2). This irreversibility suggests that the rate 
process of the subsequent chemical reaction is much 
faster than the reverse electron transfer, so the rate of 
the forward electron transfer becomes rate limiting, 7 , ' 3  


and that the properties of the electrode process are now 


I -1 -0 -2.0 1 -3 I I I 
+2.0 +1 .o 0.0 


E, V VS. Ag/AgCI 


0 


Figure 1. Cyclic voltammogram of 2 mM a,cy,a-trifluoroacetophenone in acetonitrile with 0.1 M TBAP at a scan rate of 
100 mVs- '  (full line) and SO mVs- '  (dashed line) 
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Table 1. Cyclic voltammetric data” and Hammett substituent constants for 
0 


3-CHzCH20-4 


p-OCH3 


P-CHI 


3-OCHz0-4 


m-CH3 


p-OPh 


H 


m-F 


m-CI 


m-CF3 


p-CF3 


rnm‘-(CF3)2 


-0.36f 


- 0.268 


-0.17 


-0.16h 


- 0.069 


- 0.055’ 


0 


0.34 


0.37 


0.43 


0-54 


0.82f 


-0.20b 


-0,14g 


- 0.069‘ 


0.005g 


0 


0.34’ 


0.37‘ 


0.43’ 


0-628 


- 1.593 
- 1.635‘ 
-1.546 
- 1.582‘ 
- 1-490 
- 1.505k 
- 1.483 
- 1 .490k 
- 1.445 
- 1,463’ 
- 1.431 
- 1.444‘ 
- 1.398 
- 1.436’ 
- 1.234 
- 1,260’ 
- 1.219 
- 1.237‘ 
- 1.169 
-1.189k 
-1.111 


- 0.972 
- 1-122’ 


-0.992‘ 


-2.275 


- 2.216 


-2.168 


-2.138 


-2.137 


-2.073 


-2.073 


- 1-890 


- 1.853 


- 1.819 


- 1 -725 


- 1.612 


0.0031 


0.0028 


0.0028 


0.0031 


0.0023 


0.0026 


0.0028 


0.0026 


0.0029 


0.0031 


0.0031 


0.0025 
~~ ~ ~~~~~ ~ 


Measured with a glassy carbon electrode at a scan of 50 mV s - ’  in acetonitrile with 0.1 M TBAP at 22 ‘C 
unless stated otherwise. 
bRef. 14. 


Reproducible within +0.005 V. 
dReproducible within +0.010 V. 
‘ In  units of A Irnol-l (s/mV)”’. 
‘Extrapolated from EPcl vs u plot (Figure 3). 
gRef.  15. 
“Ref.  3. 
’ Value as u used. 
’Ref. 16. 
‘Potential was measured at a scan rate of 100 mVs-’ .  


just like those of a totally irreversible system. Hence a 
linear relationship between EPc1 and u in terms of 
equation (3) would be expected. Indeed, an excellent 
linear relationship ( p  = 0.526, r = 0.999, s.d. = 0.008) 
in correlating E,,, with u at  u = 50 mVs-’  is realized 
(Figure 3). At u = 100 mV s -I ,  the linear EPcl vs u plot 
( p  = 0.532, r =  0.996, s.d. = 0.016) supports our 
assumption that the first electrode process in CV could 
be treated as an irreversible process for these ketones at  
scan rates slower than 100 mVs-’. Worse correlations 
with oo ( p  = 0.561, r =  0.981, s.d. = 0.039) and with 


support our assumption. One of the principal tests for 
electrochemical reversibility rests on the constancy of 
the transfer coefficient from various properties of the 
CV wave. The transfer coefficients calculated from 
equations (4),7,10 (5 ) ’  and (6)’,’’ are listed in Table 3. 
The internal consistency in these values confirms that 
the first wave exhibits total irreversibility at scan rates 
slower than 100 mV s - I .  


Ep = - 2 * 3 R T  log u + constant (4) 
2an, F 


E, - Ep/z  = 1*857(RT/anaF) ( 5 )  


(6) 


( p  = 0.535, r = 0.991, s.d. = 0-027) have been 
observed at u = 50 mVs-’. 


Some quantitative criteria’”’ for total irreversibility 
in cyclic voltammetry have been developed which also 


- 14-16 


E , = -  2.3RT log i, + constant 
2ana F 
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The magnitude of the slope of the plot of Ep or E,,z 
vs log u is another probe for this purpose. lo Figure 2 
shows the negative shift of peak potential when the scan 
rate changed from 10 to  100mV s- ' .  The values 
(42-48) of slopes ( m )  for these ketones shown in 
Table 3 are consistent with 30/a mV negative shift per 
decade for a one-electron-transfer irreversible wave. ' 


The positive value of 0.526 for the reaction constant 
p indicates a nucleophilic reaction l 9  and the aromatic 
ring has a higher electron density in the transition state 
than in the starting material. The electron on the 
electrode is probably the nucleophilic agent. 


The u value of the 3,4-ethyleneoxy group could be 
estimated from coumaranyl trifluoromethyl ketone as 
-0.36 by extrapolation on the basis of the excellent 
linear E,,I vs u plot (open circle in Fig. 3). In addition, 


B 


I I I I I 1 


Table 2. Diffusion coefficients (D)= and coulometric n valuesb 
for selected ketones A 


Substituent los D 
(em's- I ) nl ( E )  n2 ( E )  


5 
B H 2.9 1.09 ( -  1.70) - 


tTI-CH3 2.6 1.05 (-1.65) __ 


p-OPh 2.8 1.04 ( -  1.40) __ 


- 
u P-CHI 2.8 1.11 (-1.70) 


P-CFI 2.9 - 2.12 ( - 1.85) 


in-F 2.9 1.04 ( -  1.40) 2.21 (-2.00) 


"Measured by chronoamperornetry. 
Measured by chronocou!ornetry. -1.0 -1.2 -1.4 -1.6 


- .  
appropriate than that usually suggested as double that 
of ~rtt(CF3), 0.86. E, V vs. Ag/AgCI 


Although the different reversibility in &2 SWgested 
that the correlation with u might not be good, the Epcz 
vs u plot showed the contrary [ p  = 0.582, r = 0.994, 


Figure 2. Dependence of peak potential of the first wave 
of 3-methyl-cr,a,or-trifluoroacetophenone on scan rate: 


(A) 30 < v < 100 mV s-  ' and (B) 100 < u < 700 mV s -  ' 


',, 


-0.500 -0.300 -0.100 0.100 0.300 0 500 0 7C0 


U 


Figure 3.  EPcI vs u plot for substituted a,a,wtrifluoroacetophenones 







SUBSTITUTED a,a,ol-TRIFLUOROACETOPHENONES 727 


-1 7OO-- 


Table 3. Transfer coefficients determined by independent Mechanism of the cyclic voltammetric electrode 
methodsa process 


Transfer coefficient A number of possible processes for the electroreduction 
of carbonyl compounds have been summarized, 2o and 
a series of papers and a broad survev of the literature Substituent mb Ep vs log v E p  - Ep/2 Ep vs log rp Av.‘ 


P-CF>O 
\ 


on early work on the reduction of aromatic carbonyl 
H 45 0.65 0-66 0.57 0’63 compounds are available.2’ The reduction of a,a,cy- 


0.54 ::: trifluoroacetophenone has also been studied. Based 
on our findings, the overall mechanism of the CV of 


p-OCH3 45 0.65 0.62 
m-CH3 47 0.62 0.62 0.57 
m-C1 42 0.70 0.65 0.70 o.68 
m-F 48 0.61 0.65 0.55 0.60 ol,a,a-trifluoroacetophenones in acetonitrile with 0.1 M 
m-CF3 46 0.64 0.65 0.58 0.62 TBAP as supporting electrolyte could be as illustrated 


in Scheme 1. 
aE, refers to E p c ! .  From theoretical considerations, the m values (the 
bThe slope of Epil vs log u for u < 100 rnvs-’ slope of the Ep vs log u plot) for a,ol,a-trifluoro- 


acetophenones (Table 3) fit the diagnostic criteria of a 
so-called ‘ePrrcp’ mechanism. 23 According to this 
reaction pathway, the rate-determining step is the 


s.d. = 0.023, Figure 4(A)]. If the second peak forward reaction of the preceding proton transfer 
potentials were plotted against u- instead u, an even equilibrium (step 2) after a rapid reversible electron 
better correlation [p = 0.605, r = 0.998, s.d. = 0-015>, transfer (step 1) and than a fast radical-radical 
Figure 4(B)] resulted. coupling (rrc) reaction (step 3). That is, once the neutral 


‘Average: 20.05. 


-2 300 


I 1 -1 900 
w 


-1 ROO 


-1 700 


-1 61104 
-0.500 --0 300 -0 100 0 100 0.300 0.500 0 


U 


- C H 3  
P-OPh 


0 (3 


\ 
-2.000 \ 


>- i 
Q -1 903 


w” 
-1 800 


\ 
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0 0- 
II EPC I I 


Ar--C---CF3 t e Ar----G--CFo 


1 i 
- 
0 OH 


I I 
A r 4 - C F a  + H’ -- Ar--C--CF3 


i i 
(step 2) 


- - 
0 OH 0 OH 
I I fast  I I  


I 1  
C F 3  C F a  


Ar- -C- -CFa t A r - - C 4 F 3  - Ar---C--C--Ar (Step3) 
i i 


4 
- 
0 OH OH OH 
I I  I 1  


I I  i I  
A r - M - A r  t H’ b Ar-C--C-Ar (step 4) 


C F 3  C F 3  C F 3  C F 3  
4 5 


0 
- 
0 


I Epc 2 I 
Ar--C--CFa t e A r - - - C F ,  


2 


0 


6 


OH 
I 1 


A r - s - - C F 3  t 2Ht - A r a F 3  
H 


6 
7 


OH OH 
I EP( E D C Z  I 


H slow H 
OH OH OH OH 


Ar- -C- -CFa t 2n e t n Ht - A T - C - C H ~ F ~ - ~  (step7) 


I I  + E P C ~  I I  
A r 4 - C - A r  + 2n e t n H ____) Ar-C-C-Ar (step 8) 


I I  I I  
C F 3  C F 3  C F 3  C H n F 3 - n  


Scheme 1. Mechanism of electrode reactions and chemical reactions in CV of substituted a,a,a-trifluoroacetophenones 


radical 3 forms in the neighbourhood of the electrode, 
it couples with the newly formed radical anion 2 to give 
a pinacol 5 after the protonation step (step 4). The 
irreversibility of the first waves could be due to the 
competition of a moderately fast and irreversible rrc 
reaction. The proton source may be the trace amount of 
water present in the solvent.z4 When the concentration 
of proton increases in the solution, the preceding 
proton transfer would be more favourable and then a 
more irreversible wave would be observed (see below). 
The n values for some ketones, listed in Table 2 ,  also 
indicated that the first wave, in addition to  the second 
wave, was a one-electron transfer process (steps 1 and 
5 ) .  Moreover, the observed linear correlation with u- 
for Epc2 suggests that the aromatic ring would have a 
partial negative charge in the transition state in the 
second electrode process (step 5 ) ,  and eventually the 


dianion would be p r ~ t o n a t e d ~ ” ~ ~  to  give the alcohol 7 
(step 6). 


The third wave (Figure 1) could be due to  the 
reduction of the C-F bond in the cY,a,a-trifluoro- 
methyl group. The electrolytic reduction of  the C-F 
bond in a,a,a-trifluoroacetophenone had even been 
noted in protic solvent. *’ Figure 5 shows the cyclic 
voltammograms of ol,a,a-trifluoroacetophenone, 
I ,  I ,  1,4,4,4-hexafluoro-2,3-diphenylbutane-2,3-diol and 
l-phenyl-2,2,2-trifluoroethanol. The last two 
compounds did undergo electrode reactions, which 
should come from the reduction of the C-F bond in 
the CF, group, whereas the broad and low current 
peaks might be due to  the slow rate of electron transfer 
and the complicated electrode processes, producing 
different F-containing alcohols or pinacols (steps 7 and 
8). On the other hand, from a comparison of their 
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V I 


A 


L B  QJ -lr 
I c  


0 .o -1 .o -2.0 -3.0 


E, V vs. Ag/AgCI 


Figure 5 .  Cyclic voltammograms of (A) CY,CY,CY- 


triffuoroacetophenone, (B) 1,1,1,4,4,4-hexafluoro-2,3- 
diphenylbutane-2.3-diol (pinacol 5 in Scheme 1) and (C) 
I-phenyl-2,2,2-trifluoroethanol (alcohol 7 in Scheme 1) in 
acetonitrile with 0.1 M TBAP (full line) and with 2% wafer 


added (dashed line) at a scan rate of 100 m V s - ’  


* 


E 
u” 


relative peak potentials, it seems that the third wave just 
represents the reduction of pinacols formed after the 
first reduction in the carbonyl group of ketones (step 8), 
whereas the reduction of alcohols is probably immersed 
in the second wave (step 7). 


Wawzonek and Gundersen” suggested that the 
positive shift of peak potentials on the addition of 
water could be used to  detect the different influences of 
radical anion 2 and dianion 6 in studying the 
polarography of acetophenone. Andrieux and Saveant 
also studied” the effect of the addition of water in 
linear voltammetry. Figure 6 shows the positive shift of 
peak potential for the m-CF3-substituted ketone on 
addition of 2% of water. The larger shift of the second 
wave (EPc2 --t ELC2)(l8O mV) than the first (EPcl + ELc,) 
(100 mV) indicates that the second wave should be the 
reduction of the radical anion 2 (step 5 ) ,  and not the 
neutral radical 3.2L925.26 It is worth noting that a new 
peak is present, designated E,,, between E&l and Ehc2 
in Figure 6, in addition to Figure 5(A). This phenom- 
enon was observed for all the ketones, but the degree of 
decay of E c l  or the growth of Epw were different. It is 
known 11,2p that these ketones are apt to undergo 
hydration to form gem-diols: 


0 OH 


Ar-C-CF3 + Ar-C -CF3 
II I 


I 
OH 


Thus the stronger the electron-withdrawing substituent, 
the easier was gem-diol formation and then the more 
decay in Epcl was observed, as predicted. This electrode 


+ 
I 


0.0 -0.5 -1 .o -1.5 -2.0 


E, V w. Ag/AgCl 


Figure 6. Cyclic voltammograms of 3-methyl-c~,~~,a-trifluoroacetophenone in acetonitrile with 0.1 M TBAP (full line) and 2% 
water added (dashed line) at a scan rate of 100 mV s - ’  
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A 


I l O P . 4  


I I- 
... L-_ 
0.0 


i 


-1.0 -2.0 


E, V vs. Ag/AgCI 


B 
I 


.o 


Figure 7. Cyclic voltammograms of (A) 3,.5-bistrifluoromethly-cu,ol,ol-trifluoroacetophenone and (B) 4-trifluoromethyl-ol,ol,a- 
trifluoroacetophenone in acetonitrile and 0.1 M TBAP (full line) and 2% water added (dashed line) 


reaction may be the reduction of the neutral radical 3: 


O H  0-  


Ar-i -CF3+e Ar-C -CF3 
I 
H 


3 


since the dimerization process shifts the first wave 
(EPct) towards more anodic potentials and then two 
separated waves (E&, and E p w )  can be observed even if 
the standard potential of the latter is more positive than 
that of the former.21 The reason why this electrode 
reaction was insignificant in anhydrous acetonitrile 
could be attributed to the low concentration of proton 
source in the solution. When water is added, the third 
wave in Figure 5(A) is influenced even more than the 
second, which indicates that the fission of the C-F 
bond becomes easier in the presence of water. 28 


Moreover, the CV behaviours of the p-CF3- and 
m,m ' -(CF3)2-substituted ketones shown in Figure 7 are 
different from the others, with more waves at the more 
cathodic potential, and this might have resulted from 
the reduction of CF3 in aryl groups (for previous 
instances of the electrochemical reduction of 
trifluoromethyl compounds see Refs 29 and 30). 
However, this reduction would be more difficult 30 in 
the m-CF3-substituted ketone and therefore similar 
reduction peak(s) was not observed in the potential 
window. 


It has been established" that pinacol is produced in 
the presence of lithium cation in the large-scale 
electrolysis of a,a,a-trifluoroacetophenone. In order to 
examine the pinacol formation in the solution system 
without Li', large-scale electrolysis of a,a,a- 
trifluoroacetophenone at EPcl was carried out and the 


product analysis showed about a 10% yield of a 
pinacol, CF3CPh(OH)CPh(OH)CF3, detected by gas 
chromatography, together with a large amount of 
intractable tars. On controlling the potential at Epc2, the 
same pinacol was also obtained (ca 4%), which 
suggested further electron transfer in the radical anions 
2. No defluorinated product" was detected, probably 
owing to the different reaction conditions employed. 


EXPERIMENTAL 


Materials. Acetonitrile (Hayashi), employed as a 
solvent, was purified3' by heating under reflux with 
calcium hydride for at least 8 h under nitrogen, 
followed by distillation prior to use. The potential 
window with 0.1 M TBAP was found to be from + I . 7  
to - 2.7 V vs a Ag/AgCl (KCI saturated) reference 
electrode. 


Tetrabutylammonium perchlorate (TBAP) (Tokyo 
Kasei), the supporting electrolyte, was recrystallized 
from absolute ethanol followed by drying in vucuo at 
room temperature for 24 h .  


Commercial a,a,a-Trifluoroacetophenone (Merck) 
was used without further purification. All of the 
substituted ketones were prepared from the reaction of 
the appropriate arylmagnesium bromide in diethyl ether 
with 1.2 equiv. of trifluoroacetic anhydride under 
reflux. The ketones were isolated by vacuum distillation 
(30-60%) and then further purified by column 
chromatography on silica gel. s * 3 2  


1,1,1,4,4,4,-Hexafluoro-2,3-diphenylbutane-2,3-diol, 
m.p. 152-153 OC (uncorrected; lit.,33,34 155-156 "C) 
and I-phenyl-2,2,2-trifluoroethanol, the GC standards, 
were prepared from a,a,a-trifluoroacetophenone by 
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photochemical irradiation 34 and by sodium 
tetrahydroborate reaction, respectively. 


Elerkochemical instruments. A glassy carbon 
electrode (BAS GCE-63 grade carbon) was used for CV 
experiments with an area of 7.05 x lo-' cm', measured 
from the analysis of the chronoamperometric i-t 
transient of 4 mM hexacyanoferrate(lI1) in 1 .O M KCl 
s ~ l u t i o n , ~ '  in which the diffusion coefficient is 
D = 0.763 x cmz s - ' .  In every experiment, the 
electrode was newly hand-polished with aluminium 
oxide (first 0 . 3 p m  and then 0.05pm) and felt pads 
(Buehler) on a flat glass plate to a mirror-like finish, 
rinsed with distilled water, cleaned ultrasonically for 2 
rnin, rinsed with distilled water and then dried at 


Reticulated platinum electrodes were used as 
cathodes for chronocoulometry and large-scale 
controlled-potential electrolysis. A platinum wire was 
used as the auxiliary electrode and an Ag/AgCl 
electrode as the reference electrode in all 
electrochemical experiments. 


In performing CV experiments, a three-electrode, 
single-compartment cell was used. Prior to use, the 
reference electrode was calibrated with an aqueous 
saturated calomel electrode (SCE). The measurements 
were carried out with a BAS Model CV-27 394 
potentiostat and a BAS Model CIB-120 267 cell 
stander. Cyclic voltammograms were obtained with a 
BAS Model RXY 226 X-Y recorder in a solution of 
2 mM ketones in acetonitrile containing 0-  1 M TBAP at 
room temperature (ca 22 "C). All potentials were 
recorded with respect to the reference electrode. 


The chronoarnperometric i-t curves and 
chronocoulometric curves were recorded with a BAS 
Model RYYT-DP 182 recorder with the same solution 
as in CV. 


For large-scale electrolyses (3 mmol) at a reticulated 
carbon electrode, a two-compartment H-cell was used. 
The same solvent and supporting electrolyte as in CV 
were used. 


100 "c. 


Product analysis. Gas chromatographic analysis was 
performed on a 10-m Carbowax 20M column using a 
Hewlett-Packard Model 5890 instrument. 
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A bond energy scheme has been developed and two previously existing schemes have been extended for the calculation 
of heats of formation of aliphatic amines using ab initio 6-31G" energies in place of experimental data. The results 
are in good agreement with those obtained experimentally and suggest that this method can be used to predict heats 
of formation of molecules of this class with an accuracy competitive with good quality experiments, and with probable 
errors of less than 1 kcal mol- '. 


INTRODUCTION 


The heat of formation is an important parameter of a 
compound and has traditionally been determined by 
heat of combustion measurements. There is a large 
body of data on heats of formation for hydrocarbons, ' 
determined primarily by this method. For hydrocarbons 
substituted with a simple functional group, such as 
amines, there are fewer experimental data, and they are 
not always of high accuracy. Heat of combustion work 
has not been very fashionable for many years, and there 
are available many interesting compounds for which the 
heats of formation have not been determined. The 
prognosis is that this situation will continue to  deterio- 
rate, which suggests that reliable calculated values for 
heats of formation would be highly desirable. In 
addition, often one would like to have heat of forma- 
tion data on compounds that are not available for 
experimental measurements. 


The difficulty in trying to calculate heats of forma- 
tion by ab initio methods directly is well known.2 
Because the energies which result when electrons and 
nuclei are put together are so large, even small percen- 
tage errors amount to many kcal mol-'. However, if 
instead of using absolute numbers on compares 
isodesmic reactions, so that the number and kinds of 
bonds and structural features remain constant, then 


~ ~~ 
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most of the error cancels out, and one can obtain 
reasonable estimates for heats of formation. Another 
approach, which is a variant of the same idea, is to 
determine empirically a set of group or atom equiva- 
lents which when added to the ab initio energy yields 
the heat of formation. This technique has previously 
been studied independently by Wiberg ' and Ibrahim 
and S ~ h l e y e r . ~  Both groups found that the heats of for- 
mation of hydrocarbons could be calculated with an 
rms error of about 1 kcalmol-' when the 6-31G* basis 
set was used. For other functional groups, the errors 
were slightly greater, although the data sets used were 
small. 


Hydrocarbons are more or less ideal compounds for 
ab initio calculations. One would like to know how 
accurately the heats of formation can be determined for 
classes of compounds which contain lone pairs, of 
which the amines constitute a simple example. In this 
work, we have extended the schemes of Wiberg and 
Ibrahim and Schleyer to include aliphatic amines. 
Ibrahim and Schleyer included atom equivalents for 
nitrogen compounds in their work. However, these 
were derived from a set of compounds that included a 
variety of nitrogen containing functional groups, and 
the set contained only three amines. We felt that more 
useful results could be obtained by limiting the par- 
ameters to amines and including a much wider selection 
of compounds. 


Additionally, we have developed our  own set of  
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equivalents for alkanes and amines based on the same 
set of structural elements used in the MM2 and MM3 
bond increment schemes. Like its molecular mechanics 
counterpart, our ab initio scheme explicitly includes the 
statistical mechanical terms ’ P O P  (the energy resulting 
from populating higher energy conformations of the 
molecule), TORS (the energy resulting from populating 
low-lying vibrational states) and T/R (the energy terms 
required to  convert AE to AH and t o  account for the 
translational and rotational motion of the molecule). 
The inclusion of these terms is conceptually an 
improvement over the previous work in which these 
terms were not explicitly included, and were therefore 
compensated for in the parameters themselves. Rig- 
orous determination of these statistical mechanical 
terms is difficult and these quantities are often not 
available. They can, however, be estimated’ and it has 
been our experience with molecular mechanics that 
doing so will improve the quality of results, particularly 
for larger molecules. 


There was one other question that we wanted to  
answer. In our molecular mechanics study on the heats 
of formation of amines, there appeared to be a signifi- 
cant problem with diisopropylamine. The experimental 
value for the heat of formation of this compound was 
reproduced poorly in our MM3 calculations. It was not 
completely clear if the fault lay with the experimental 
value for this compound, with experimental errors in 
other compounds which just happened to  yield this 
result, or if this was a problem in molecular mechanics. 
Our thought was that if the experimental heat of forma- 
tion for diisopropylamine contains a sizeable error, 
then the ab initio value should agree with the MM3 
value and not with the experimental value. On the other 
hand, agreement of the ab initio value with experiment 
would indicate that the error was in the molecular 
mechanics calculations. 


COMPUTATIONAL METHODS 


All of the increments and ab initio energies reported in 
this paper are based on calculations using the 6-31G* 
basis set.6 The required ab initio energies for the 
alkanes were taken from the tabulations of Wiberg and 
Ibrahim and Schleyer. For methylamine, the energy was 
taken from the Carnegie-Mellon Quantum Chemistry 
Archive.’ The 6-31G* energy of propylamine was 
reported by Schmitz et al. * Values for the remaining 
amines were calculated using a Cray-XMP super com- 
puter running GAMESS. The geometry optimizations 
were done by first running a few cycles of optimization 
using the Schlegel algorithm, followed by the Baker 
procedure” until the largest component of the gradient 
was less than 4 x hartree bohr-‘. In the case of 
triethylamine, the largest component of the gradient 
was 5.95 x hartree bohr-’ with an rms gradient of 


2.05 x hartree bohr-’ for the final structure. Tests 
showed that the likely error from gradients of this size 
were less than 0.1 kcal mol- ’. 


The P O P  terms required for the molecular mechanics 
style group equivalents scheme were estimated by using 
the usual procedure’ and relative energies of the con- 
formations as calculated by molecular mechanics rather 
than by ab initio calculations. The TORS terms were 
estimated using the assumption that this term arises 
from the population of low-energy rotational modes. 
Therefore, as has been our practice with MM3, for each 
bond around which there is relatively free rotation (bar- 
rier less than 7 kcal mol- ’ and excluding methyl groups) 
a contribution of 0-42 kcalmol-’ (0-00067 hartree) to 
TORS was assigned. The T/R terms was taken to be 
4RT or 2 .4 kcalmol-’ (0.00382 hartree) for nonlinear 
molecules. 


RESULTS AND DISCUSSION 


Alkanes 


Nine relatively unstrained compounds were chosen to 
determine the equivalents for the alkanes. The group 
equivalents determined were for the carbon-carbon 
and carbon-hydrogen bonds and the methyl (Me), 
isopropyl (ISO) and neopentyl (NEO) groups. A least- 
squares fitting of the appropriate data yielded the 
equivalents in Table 1. The conversion of an ab initio 
energy t o  heats of formation then can be done 
according to the equation 


AHf = A E 6 - 3 1 ~ *  + POP + TORS + T/R 
+ C (n  x equivalent) 


where n equals the number of occurrences of the 
equivalent in the molecule, the summation is over all 
equivalents and A&-31G* is for the lowest energy 
conformer of the molecule. The heat of formation for 
any particular conformation can be calculated by 
setting P O P  to zero and using the appropriate ab initio 
energy. Table 2 compares the observed and calculated 
heats and presents the other data used in the 
calculations. The rms error over the set of nine 
compounds is only 0.5  kcalmol-’. 


Table 1. Bond and group equivalents for alkanes 


Group Equivalent (hartree) 


Me 0.002423 
Is0 - 0.003879 
Neo -0.010139 
c-c 18,9445 16 
C-H 10,0407 10 
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Table 2. Data and results for alkanes” 


Energy (hartree) Energy (kcalmol-I) 


Compound P O P  TORS ’r/ R A E6 - 3 IG* AHi(exp) AHf(calc) Diff. 


Methane 0.0 0.0 0.00382 - 40.195 17 
Ethane 0.0 -0.00067 0.00382 - 79.22876 
Propane 0.0 0.0 0.00382 - 118.26365 
n-Butane 0’00048 0.00067 0’00382 -157.29840 
lsobutane 0.0 0.0 0.00382 -157.29897 
n-Pentane 0.00104 0.00134 0‘00382 - 196.33302 
Neopentane 0.0 0.0 0.00382 -196.33383 
Cyclopentane 0.0 0.0 0.00382 -195.16124 
Cyclohexane 0.0 .o.o 0-00382 -234.20799 


a The an inifio energies and heats of formation were taken from Ref. 3. 


Amines 


The parameterization for amines is based on 19 
compounds. In addition, heats of formation are 
predicted for azetane, for which the heat of formation 
is not known, and for diisopropylamine, which was not 
included in the fitting since we now believe that the 
experimental heat of formation is in error (see below). 
We have derived three sets of equivalents, for use with 
the group equivalents of Wiberg, with the atom 
equivalents of Ibrahim and Schleyer and with the 
equivalents described above. 


For the Wiberg group equivalents, we derived 
equivalents for the NH2 group (primary amines), NH 
group (secondary amines) and N group (tertiary 
amines). The selection of this set of group increments is 
consistent with the philosophy of the original 
parameterization for alkanes in which the selected 
increments were for methyl, methylene, methine and 
quaternary carbon groups. The new set of equivalents 
are reported in Table 3. 


In the case of the atom equivalent scheme, we have 
deviated slightly from the scheme originally presented 
by Ibrahim and S ~ h l e y e r . ~  In the original scheme, the 
carbon attached to a heteroatom was always assigned a 
value equal to that of the increment for C-(H)3(C). 
The original data set included only three amines, all of 
which had the amino nitrogen bound to  methyl groups 
or primary carbons. The set of data included here 
contains amines in which the amino group is attached 
to  methyl, primary, secondary and tertiary carbons. We 


Table 3. Equivalents of aliphatic amines for use with the 
Wiberg’ scheme 


Group Equivalent (hartree) 


NHz -55.603455 
N H  - 55.036376 
N -54.462817 


- 17.89 - 17.89 
-20.04 -20’07 
-25.02 -25.27 
- 30‘03 - 30.08 
- 32.07 - 32.07 
-35.08 -34.76 
-40.14 -40.14 
- 18.44 - 17.41 
- 29.50 - 30.47 


0.00 
- 0.03 
-0.25 
-0.05 


0.00 
0.68 
0.00 
1.03 


-0.97 - 


were able to obtain much better results by assigning 
different increments for the carbon bearing the amino 
group, based on the number of substituents at that 
carbon. Therefore, we used the published values for 
appropriately substituted alkane carbons for the carbon 
bearing the nitrogen as shown below: 


C-(H)3(N) = C-(H)3(C) = - 37.88935 hartree 
C--(H)z(C)(N) = C-(H)z(C)z = - 23.88750 hartree 
C-(H)(C)z(N) = C-(H)(C)3 = - 37.88371 hartree 
C-(C),(N) = C-(C)4 = - 37.87642 hartree* 


For the atoms of the amino group, the H-(N) value 
( - 0.56636 hartree) was retained as originally 
published. However, three new equivalents, 
N-(H)z(C), N-(H)(C)z and N-(C)3, the amine 
nitrogen in primary, secondary and tertiary amines, 
respectively, were derived. The resulting equivalents are 
reported in Table 4. 


In MM3 eight equivalents are used for calculating the 
heats of formation involving amino groups. In this 
study we are able to  use a subset of this group in which 
the two equivalents for cyclobutane rings are not 
included. Since the ab initio energy includes the strain 
in small rings, it is not necessary to  include these terms. 
The six equivalents used are C-N (carbon-nitrogen 
bonds), N-H (nitrogen-hydrogen bonds), N-Me 


Table 4. Equivalents for aliphatic amines for use with the 
Ibrahim and Schleyer4 scheme 


Atom Equivalent (hartree) 


-54.466218 
- 54.465522 
-54.458497 


* An equivalent for C-(C)4 was not published. Therefore, we 
derived one from the heat of formation and 6--31G* energy 
for neopentane as given in Reference 3. 
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(nitrogen bond to a methyl group), NISO (nitrogen 
bond to a secondary carbon), NSEC (nitrogen bond to  
a secondary nitrogen) and NTBU (nitrogen bond to  a 
tertiary carbon). The values of the equivalents for this 
scheme are reported in Table 5 .  


Tables 6 and 7 report the relevant input and output 
data, respectively, for calculating the heats of 
formation of amines, and compare the results of the 
calculations with experimental values. Overall, each of 
the schemes is able to  reproduce the experimental data 
with an rms error that is competitive with the 
experimental error. Since the rms errors are close to the 
typical experimental errors for heats of formation, it 
cannot be concluded that the apparent superiority of 
the present scheme with statistical mechanical terms 
(rms error 0.47 kcal mol-') to the other two schemes 
(rms errors 0.79 and 0.75 kcalmol-') is real. However, 


Table 5. Bond and group equivalents for aliphatic amines 


Group Equivalent (hartree) 


C-N 
N-H 
N-Me 
NISO 
NSEC 
NTBU 


27.621246 
18.723018 
0.00248 1 


0.0022 17 
-0.003461 


-0.005353 


we note that the main reason for the lower error of the 
present scheme is the ability to  fit triethylamine. This 
ability does depend on the presence of the statistical 
mechanical terms, since we found by deriving yet 
another scheme based on the same set of equivalents 
but without the statistical mechanical terms that it does 
not result in a scheme that fits triethylamine well. 
Further, i f  the equivalents for all three schemes are re- 
evaluated leaving triethylamine out of the fitting 
process, each scheme gives a similar results with an rms 
error of about 0.5 kcalmol-'. Nevertheless, until 
ab initio calculations are available for larger molecules 
in which the statistical mechanical terms make a larger 
contribution and, perhaps, until we can estimate better 
the statistical mechanical terms themselves, it will 
remain difficult to demonstrate conclusively the 
importance (or lack of importance) of including these 
terms in schemes such as these. 


Perusal of Table 7, using the presently developed 
method from Table 5 ,  shows that there is only one 
discrepancy between calculation and experiment that is 
as large as 1 kcalmol-'. Since there are other 
compounds in the table which are secondary amines 
(such as diethylamine), and compounds which contain 
a branching group, such as isopropylamine, it seems 
impossible that the molecular mechanics value for 
diisopropylamine can be very far wrong. In fact, it 
agrees with the value calculated from the ab initio data 


Table 6. Data for aliphatic amines 


Energy (hartree) Energy (kcalmol-') 


Compound P O P  TORS Ti R A E6 - 3 I G* Afff(exp)a 


Methylamine 
Dimethylamine 
Trimet hylamine 
Ethylamine 
n-Propylamine 
n-Butylamine 
tert-But ylamine 
Piperidine 
2-Methylpiperidine 
Cyclobutylamine 
Cyclopentylamine 
Cyclohexylamine 
Diethylamine 
sec-Butylamine 
isobutylamine 
isopropyiamine 
Diisopropylamine 
Pyrrolidine 
Azetane 
Quinuclidine 
Triethylamine 


0.00000 
0~00000 
0.00000 
0.00005 
0.00038 
0.00094 
0~00000 
0.00016 
0.00025 
0.00038 
0.00024 
0.00038 
0.00075 
0.00051 
0.00043 
0~00018 
0.0001 I 
0.00022 
0.00005 
0~00000 
0~00010 


0 ' 00000 
0.00000 
0.00000 
0.00067 
0.00134 
0.0020 1 
0.00067 
0~00000 
0~00000 
0.00134 
0.001 34 
0.00067 
0.00134 
0.001 34 
0.00134 
0.00067 
0.00134 
0.00067 
0.00067 
0.00000 
0~00201 


0.00382 
0.00382 
0-00382 
0.003 82 
0.00382 
0.00382 
0.003 82 
0.00382 
0.00382 
0.00382 
0.00382 
0.00392 
0.00382 
0.00382 
0.00382 
0-00382 
0.00382 
0.00382 
0.00382 
0.00382 
0.003 82 


- 95.20983 
-134.23885 
-173.26930 
-134.24773 
-173.28248 
-212.31708 
-212.32180 
-250.18870 
-289.22679 
-211.12142 
-250.18540 
-289.23035 
-212.31404 
-212.31906 
-212.31728 
-173.28567 
-290.38362 
-211.14426 
- 172.07865 
-327'07880 
-290.36962 


-5.50 
- 4.43 
-5.67 
- 11.35 
- 16.77 
-21.98 
-28.90 
-11.76 
-20.19 


9.90 
- 13.13 
-25.06 
- 17.33 
- 25.06 
-23.57 
- 20.02 
- 34.41 
- 0.80 
- 
- 1.03 


-22.17 


a Data from Ref. 1. 
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Table 7. Results for aliphatic amines 


Heat of formation ( kcalmol-') from 


Compound Exp. Table 3 Diff. Table 4 Diff. Table 5 Diff. 


Methylamine 
Dimethylamine 
Trimeth ylamine 
Ethylamine 
n-Propylamine 
n-Butylamine 
tert-Butylamine 
Piperidine 
2-Methylpiperidine 
Cyclobutylamine 
Cyclopentylamine 
Cyclohexylamine 
Diethylamine 
sec-Butylamine 
lsobutylamine 
Isopropylamine 
Diisopropylamine 
Pyrrolidine 
Azetane 
Quinuclidine 
Triethylamine 


Rms error excluding 
diisopropylamine 


- 5.50 
-4.43 
- 5.67 
- 11.35 
- 16.77 
-21.98 
-28.90 
- 11.76 
- 20.19 


9.90 
- 13.13 
- 25.06 
- 17.33 
-25.06 
-23.57 
- 20.02 
- 34.41 
-0.80 
NA 
- 1.03 


-22.18 


- 5.03 
-3.61 
-7.15 
- 12.11 
- 17'21 
-22.22 
-27.81 
- 12.06 
-20.12 


9.66 
- 13-79 
-25.29 
- 17.82 
-24.32 
-23.11 
-20.08 
- 29.37 
-0.88 
23.59 
- 1.73 
- 19'99 


0.47 
0.82 


- 1.48 
- 0.76 
-0.44 
-0.24 


1.08 
-0.30 
-0.07 
- 0.24 
-0.66 
-0.23 
- 0.49 


0.73 
0.36 


-0.06 
5.04 


-0.08 
NA 
- 0.70 


2.19 


0.79 


-5 -10  
-4.10 
- 7.54 
- 12-04 
- 17.00 
-21.87 
- 29.46 
- 11.86 
-20.14 


9.93 
- 13.72 
-24.74 
- 17.60 
- 24.33 
-23.21 
-20.22 
- 30.01 


-0.82 
23.51 
- 1.37 
- 19.97 


0.40 
0.33 


-1.87 
-0.69 
- 0.23 


0.11 
-0.56 
-0.10 


0.05 
0.03 


0.32 


0.73 
0.36 


-0.20 
4.40 


- 0.02 
NA 


-0.34 
2.21 


-0.24 


-0.27 


0.75 


-5.10 
- 3.82 
- 6.22 
- 12.19 
- 17.09 
-21.76 
-28'90 
- 12.44 
- 20.66 


10.65 
- 13.31 
-25.57 
- 17.23 
-24'34 
-23.53 
- 20.29 
- 30'02 
-0.37 
24.42 


-0.50 
-22'17 


0.40 
0.61 


- 0.55 
-0.84 
- 0.32 


0.22 
0.00 


-0.68 
- 0.47 


0.75 
-0.18 
-0.51 


0.10 
0.72 
0.04 


-0.27 
4.39 
0.43 


NA 
0.53 
0.01 


0.47 


in this work to within an error of 1-65 kcalmol--l. On 
the other hand, the experimental value for 
diisopropylamine differs from the ab initio value by 
4.39 kcalmol-I. We therefore conclude that the 
experimental value is in error, and hence have not 
weighted it in the parameterization. 


We were interested in the heat of formation of 
azetane for the MM3 work, and no experimental value 
for that compound exists. We believe that the 
calculated value of 24.42 kcalmol-' given in Table 7 
should be reliable to within about 1.0 kcalmol-' .  


CONCLUSION 


Three combined empirical - ab initio schemes for cal- 
culating the heats of formation of amines have been 
shown to perform with a level of accuracy that is com- 
petitive with experimental measurements. The 
experimental heat of formation of diisopropylamine 
appears to be in error by about 4 kcalmol-I. 
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MO STUDY OF THE POSSIBILITY OF A CONCERTED 
MECHANISM IN THE PINACOL REARRANGEMENT 


KENSUKE NAKAMURA AND YOSHIHIRO OSAMURA* 
Department of Chemistry, Faculty of Science and Technology, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohamo 223, 


Japan 


The ab initio SCF-MO method was employed to examine the possibility of a reaction pathway without a carbocation 
intermediate in the pinacol rearrangement. The molecular geometries of the transition states were obtained for the 1,2- 
hydride shift together with H20 elimination, starting from the various methyl-substituted protonated 1,2-diois. It 
was found that the activation energies depend strongly on the substitutents. A comparison of the relative energies 
between 8-hydroxycarbonium ions and the transition states of the concerted mechanism suggests that the stepwise 
mechanism is less favourable than the concerted path in each case. 


INTRODUCTION 


The pinacol rearrangement reaction is the nucleophillic 
intramolecular 1,2-shift reaction of 1,2-diols (1) under 
acidic conditions: 


no on +n--O Me 
H+ II I 


I 
Ye-C-C-Me 


1 1  
Me-C-C-Me - 


Me I 1  *H20 Me Me 


1 2 


This reaction has been believed to proceed stepwise via 
a carbonium ion intermediate as similarly to  a 
Wagner-Meerwein rearrangement. In most text- 
books on organic chemistry, 3,4 the mechanism of the 
pinacol rearrangement is explained as follows: 


3 4 5 


R R 
I .H+ I 


II I II I 
R-C-C-R - R-C-C-R 


".-A R O R  


6 7 
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According to  this mechanism, the pinacol rearrange- 
ment proceeds via two steps, first the formation of the 
6-hydroxycarbonium ion 5 by dehydration of the pro- 
tonated 1 ,2-diol 4 and second the formation of the car- 
bony1 compound 6 followed by a 1,2-shift of R in the 
P-hydroxycarbonium ion 5. The species 5 is thought to 
exist as an intermediate to  explain the racemization of 
the product. ' Although this stepwise mechanism is sup- 
ported by the experimental observation of mixing of 
stereochemistry, there is doubt about the stability of 
the P-hydroxycarbonium ion, based on our previous 
theoretical study. Gas-phase experiment * and the 
recent observation of a stereospecific pinacol-type 
rearrangement under mild conditions, also suggest the 
concerted mechanism. Considering these facts, the 
mechanisms of the pinacol rearrangement seems likely 
to  be intrinsically concerted. In this paper, we examine 
these two mechanisms (stepwise and concerted) more 
closely in terms of ab initio molecular orbital theory. 


COMPUTATIONAL PROCEDURE 


A b  initio molecular orbital calculations were carried 
out using the GAUSSIAN 82 program package. lo  The 
geometries of each stationary point were optimized by 
means of the analytical gradient method at the HF level 
with the 6-31G basis set. Single-point energy calcu- 
lations were carried out using the 6-31G** basis set a t  
these geometries, because it is known that a polariz- 
ation function is necessary to evaluate the energy of a 
bridged structure such as the transition state of the 
pinacol rearrangement. Geometry optimization with a 
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polarization function and the MP2 calculation were 
performed for the system of the simplest ethane-1,2- 
diol to  test the reliability of the above procedure. All 
the values cited in the following text are those obtained 
with the 6-31G** basis set in HF-Ievel calculations 
unless specified otherwise. 


RESULTS AND DISCUSSION 


Instability of the 0-hydroxycarbonium ion has been dis- 
cussed in previous molecular orbital studies. 7 * 1 1 - - 1 3  As 
a result of our complete examination of the stability of 
primary, secondary and tertiary 0-hydroxycarbonium 
ions: 


H-0 R l  \ + /  


5 


5b secondary R 1 =  Me, R2 = H 
5a primary 


5c tertiary 
R3, Rq = H or Me 1 R I  = H, R2 = H 


R 1  = Me, Rz = Me 


we have found that the geometry of 5 is not the equi- 
librium structure for the primary and secondary 
cations, and Rj or & (H or Me) spontaneously migrates 
without any activation energy to form a protonated 
aldehyde or ketone. On the other hand, the formation 
of an aldehyde by the 1,2-hydride shift of the tertiary 
0-hydroxycarbonium ion 5c ( R I  = R2 = Me) requires 
8 kcalmol-' of activation energy. While the tertiary 
carbonium ion 5c seems to be stable enough as an inter- 
mediate of the pinacol rearrangement, it is more prob- 
able that the rearrangements proceed without forming 
the 0-hydroxycarbonium ion 5 in the case of primary 
and secondary cations (RI =Me). In other words, we 
have to  consider the concerted mechanism for the 
pinacol rearrangement in addition to  stepwise 
mechanism via the P-hydroxycarbonium ion 5 .  


Whether the 0-hydroxycarbonium ion is stable or 
not, it is important to compare the energetic superiority 
of both the concerted and stepwise mechanisms to  
discuss the reaction mechanism. In the following sec- 
tions, we shall discuss the energetics of the stepwise 
mechanism. 


Molecular structures of protonated l,%-diols and 
dehydration energies 


The protonated 1 ,2-dio14 may be assumed t o  be a reac- 
tant of the pinacol rearrangement. Optimized geomet- 
ries of primary (4a), secondary (4b) and tertiary (4c) 
protonated 1,2-diols are shown in Figure 1. 1,2- 
Ethanediol is most stable at the conformation where the 
two hydroxy groups are in a cis arrangement because of 
the intramolecular hydrogen bonding. The cis con- 


former of protonated 1,2-ethanediol is also substan- 
tially stabilized owing to the strong hydrogen bonding 
between the protonated hydroxy group and the other 
hydroxy moiety. The energy difference between the cis 
and trans conformers of protonated 1,2-ethanediol is 
calculated to  be 12 kcalmol-I. 


As is shown in Figure 1, protonation prefers the 
hydroxy group on the side substituted with the methyl 
group. The proton strongly binds to the oxygen atom 
on the side substituted with the methyl group. It should 
be noted that the C-0 bond distance of the dimethyl 
protonated 1,2-diol 4c is 0.08 A longer than that of 
protonated ethane-l,2-diol4a. This suggests the favour- 
able dehydration to  produce the tertiary carbonium ion. 


protonated ethyleneglycol(4a) 


protonated 1,2-propanediol(4b) 


protonated 2-methyl-1,2-propanediol(4c) 


Figure I .  Geometries of protonated 1 , td io ls  optimized with 
HF/6-31G 
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The total energies and relative energies for calculated 
species are summarized in Table 1. As is shown, the 
energies required for the formation of primary @a), 
secondary (5b) and tertiary (5c) carbonium ions are cal- 
culated t o  be 48.7,  32.4 and 20.4 kcalmol-', respect- 


ively. The large energy differences between primary and 
secondary and between secondary and tertiary (each 
about 10 kcalmol-') are due to  the stabilization of the 
cationic center by hyperconjugation. 


Table 1. The energies (hartree) of the reactants, intermediates, transition states, and products of pinacol 
rearrangement. Relative energies (kcal/mol) are shown in parentheses 


HF/6-31G HF/6-3 lG**//HF/6-3 1G 


Primary 
protonated 1,2-ethanediol (4a) 
2-hydroxy ethyl cation (5a) + H20 
transition state of concerted mechanism (9a) 
protonated acetoaldehyde (6a) + HzO 
hydrated protonated acetoaldehyde (12a) 


Secondary 
protonated 1,2-propane diol (4b) 
2-hydroxy-1-methylethylcation (5b) + HzO 
transition state of concerted mechanism (9b) 
protonated propanal (6b) + HzO 
hydrated protonated propanal (12b) 


Tertiary 
protonated 2-methyl-l,2-propanediol (4c) 
2-hydroxy-l , 1-dimethylethylcation (5c) + HzO 
transition state of concerted mechanism (9c) 
transition state of 1 ,2-shift (8c) + H20 
protonated isobutylaldehyde (6c) + HzO 
hydrated protonated isobutylaldehyde (12c) 


-229.16650 (0.0) 
- 229.07416 (57.9) 
-229.10362 (39.4) 
-229.13698 (18.5) 
-229.19179 (-19.7) 


-268.19818 (0.0) 
-268.13297 (40.9) 
-268.14015 (36'2) 
-268.16143 (23.0) 
-268'21392 (-9.9) 


- 307-22676 (0.0) 
-307'18090 (28.8) 
- 307' 17475 (33.4) 
-307.15105 (47.4) 
- 307.18372 (26.9) 
-307.23481 (-5.1) 


- 229.26573 (0.0) 
-229.18806 (48.7) 
-229.22824 (23.6) 
- 229.26007 (3.5) 
-229.32227 (-21.7) 


-268.31590 (0.0) 
- 268.2641 9 (32.4) 
- 268.28463 (1 9.6) 
- 268.30272 (8.3) 
-268.34401 (-17.6) 


- 307.36259 (0.0) 
-307.33010 (20.4) 
-307'33541 (16.7) 
-307'31777 (28.1) 
- 307.34465 (1 1 '2) 
-307.38396 (-13'4) 


1 1 


i? 


Lz 
3 50.0 


40.0 ' 


30.0 


20.0 


10.0 


0. 


scwndary 6b 
primary 6a 


0 1  . I+ Ht--O. 9' 
n\ .. 


1H--9 


Figure 2. Schematic energy diagram of the stepwise mechanism of the pinacol rearrangement. The relative energies were obtained 
with the procedure HF/6-31G**//HF/6-31G 
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Transition state of the stepwise mechanism 
Figure 2 summarizes the schematic potential energy sur- 
faces for the stepwise mechanism via p- 
hydroxycarbonium ions. As we have already concluded 
previously,’ the primary and secondary p- 
hydroxycarbonium ions (5a and 5b) spontaneously 
isomerize to the protonated carbonyl compounds. 
Although the transition state of hydride migration is 
found in the case of the secondary @-hydroxycarbonium 
ion 5b, its energy barrier is extremely small 
(0.8 kcalmol-I). In the case of the tertiary p-hydroxy- 
carbonium ion, the transition state of the 1,2-hydride 
shift (8c)  was found to be relatively higher 


H- 


2-hydroxy ethylcation (51) 


H- 


transition state of 12-Hshift of 
2-hydroxy-1-methylethylcation (8b) 


-H 


H- 


transition state of 12-H shift of 
I-hydroxy-2,Zdimethylethylcation (&) 


Figure 3.  Optimized geometries of the 2-hydroxyethyl cation 
5a, transition states of 1,2-hydride shift of the 2-hydroxy-l- 
methyl cation 8b and of the I-hydroxy-2,2-dimethyl cation 8c 


obtained with HF/6-31G 


(7.7 kcalmol-’) than the intermediate 5c as shown in 
Figure 2. Such a relationship with the stability of the 
p-hydroxycarbonium ion clearly reflects the structures 
of the transition state for the 1,Zhydride shift which 
are illustrated in Figure 3. While the primary p- 
hydroxycarbonium ion 5a itself is a t  the transition state 
of self-isomerization between two protonated aceto- 
aldehydes, a hydrogen-bridged structure is found to  be 
the transition state of hydrogen-migration in the case of 
secondary and tertiary carbonium ions (5b and 5c). 
Noting the difference between the two H-bridged 
geometries shown in Figure 3, the tertiary P-hydroxy- 
carbonium ion has a late transition state because the 
cationic centre is stabilized by methyl substitution. 


Transition state of the concerted mechanism 


Since the primary and secondary 0-hydroxycarbonium 
ions cannot exist as stable species during the dehydra- 
tion and the 1,2-migration, it is more reasonable to con- 
sider the alternative rearrangement pathway, in which 
the 1,2-shift and water elimination occur simulta- 
neously. It is also worth examining such a concerted 
reaction mechanism for tertiary diols, which would be 
an alternative route via the tertiary carbonium ion. 


Figure 4 shows the calculated geometries of the tran- 
sition state of the concerted 1,2-hydride shift starting 
from the protonated 1,2-ethanediol in cis forms. It is 
clearly shown that the hydride migration occurs in con- 
junction with the elimination of € 4 2 0 .  The transition 
state has a nearly symmetric structure about the 
migrating hydride. It is notable that the C-C bond 
length at  the transition state (1 *38 A) is *much shorter 
than the single C-C bond lengths (1.52 A and 1-47 A) 
in the reactant and product. One may regard the 
geometry at  the transition state as a so-called non- 
classical structure protonated on the olefinic a-bond as 
follows: 


When a methyl group is substituted on the carbon 
atom in 1,2-ethanediol, hydride migration occurs 
toward the carbon atom substituted with a methyl 
group. The dehydration prefers the methyl-substituted 
site, owing to the stability of the carbonium ion 
formed. The elimination of a water molecule, however, 
leads to  a transition state of the 1,2-hydride shift 
without forming the p-hydroxycarbonium ion. This 
situation is clearly shown in unsubstituted ethane-l,2- 
diol, where the migrating hydride is anti-periplanar to 
the leaving water molecule. 


The transition-state structures shown in Figure 4 are 
obtained for trans elimination of water toward the 
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H H  
ti&$ 


transition stateof 12-H shift from 
protonated I.Z-ethanediol(9a) 


H H  $& 


%i 
4: 


transition stateof 12-H shift from 
protonated I,Z.-propanediol(9b) 


transition state of 12-H shift from protonat& 
2-methyl-1,2-propanediol (9c)  


Figure 4. Optimized geometries of the transition states of the 
concerted mechanism obtained with HF/6-3 1G 


hydride migration starting from the cis form of pro- 
tonated 1,2-ethanediol. In order to examine the non- 
stereospecificity of the products as experimental 
evidence, we also calculated the transition state of cis 
elimination starting from the less stable truns- 
protonated 1,2-ethanediol. The geometries of the reac- 
tant (10) and transition state (11) are shown in Figure 
5 .  As seen in the transition-state structure 11, the dis- 
tance between the carbon atom and the leaving water 


protonated IZ-ethane diol(10) 
(trans conformer) 


,u' *'., 
'P 


H 4 .  
I 


transition state of 12-shift of Wethane diol(11) 
(cis shift) 


Figure 5 .  Structure of the reactant and the transition state of 
the concerted cis hydride shift obtained with HF/6-31G 


molecule is very large, and the leaving water molecule 
undergoes a coulombic interaction with the migrating 
hydrogen atom. Although this energy is found to be 
almost the same as that obtained for rruns elimination, 
cis elimination would be unfavourable for a migrating 
group other than hydride owing to the steric situation. 
Hence it is difficult to conclude that the cis elimination 
is one of the reasons for the mixing of stereochemistry, 
except for the case of hydride migration. 


It is interesting to consider the geometrical differ- 
ences among the transition states of hydride migration 
shown in Figure 4. In the case of monomethyl- 
substituted ethane-l,2-diol, the C-0 bond distance 
(2.69 A) at the transition state 9b is much larger than 
that of non-substituted case 9a (2*36A),  and the 
C-C-0 angle is found to be almost 90". Note that the 
C-C-0 angle becomes <90° in the transition state 
with dimethyl subsritution 9c. Since the C-0 bond is 
already cleft (cu 3 A), hydride migration of protonated 
dimethylethane-l,2-diol seems to  occur followed by the 
formation of a tertiary carbonium ion. The leaving 
water molecule in the tertiary case is moving toward the 
hydroxy group showing that the product gains stabiliza- 
tion by further hydration, as will be discussed in the 
next section. 
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Noting the charge distributions of the reactants and Enernv barriers of the concerted mechanism 
transition states shown in Figure 6 ,  the positive charge 
disperses on the hydrogen atoms in any case, but does 
not localize on a proton. At the transition states, the 
positive charge distributes equally to the protonated 
olefinic moiety, although the largest positive charge is 
on the hydrogen atom which is going to be the proton 
of the product, the protonated aldehyde. 


protonated Il-ethanediol(4d 


+0.10 


+0.12 


H 
protonated 1,2-propanediol(4b) 


hH+O.'O 


In order to  obtain more reliable energy barriers for the 
1,2-hydride shift in the concerted mechanism, we calcu- 
lated the total energies with the 6-31G** basis set at the 
geometries obtained with 6-31G basis set. Energies 
obtained with both the 6-31G and 6-31G** basis set 
are summarized in Table 1 .  


transition state of concerted 1.2-H-shift of 
protonated Il-ethanediol @a) 


transition state of concerted 1,Z-H-shift of 
protonated ll-propanediol(9b) 


H 
!/+O,l9 


0-0.37 


+d.i2 u 
protonated 2-methyl-1,2-propanediol(4c) ;o: 12 


transition state of concerted 1,Z-H shift of 
protonated 2-methyl-l~-propanedioI (9c) 


Figure 6 .  Atomic charge densities for the protonated 1,2-diols and the transition state of the hydride shift. The values were obtained 
with HF/STO-3G 
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The product of the pinacol rearrangement is reason- 
ably assumed to  be the hydrated protonated aldehyde 
or ketone. As shown in Table 1, however, the pro- 
tonated aldehyde or ketone is higher in energy than the 
corresponding reactant, protonated 1,2-diol. One 
reason is that protonation of the 1,Zdiol gives a larger 
stabilization than that of the aldehyde because a proton 
can bidentate to  two hydroxy groups in 1,2-diol. The 
other reason is that we are assuming the isolation of the 
leaving water molecule. Since the pinacol rearrange- 
ment is, in fact, normally observed in solution, this 
reaction would show an enthalpy gain due to  the solva- 
tion. In the present model calculation, we have there- 


H 


H 


hydrated protonated acetoaldehyde i12a) 


fore calculated the energies of the hydrated species of 
the protonated aldehydes as products. Figure I shows 
the molecular structures of products used for the evalu- 
ation of reaction energies. As in the transition-state 
structure shown in Figure 4, the leaving water tends to 
hydrate to  the hydroxy group, especially in the case of 
a tertiary diol. This automatically leads to the forma- 
tion of hydrated species of the protonated aldehyde. 


Figure 8 illustrates the energy diagrams of the con- 
certed mechanism for the three cases discussed above. 
The lowering of the barrier heights of 1,2-shift is found 
to  be 4 kcalmol-' from the primary to  secondary and 
2 .9  kcalmol-' from secondary to  tertiary. It is 
interesting that the stabilization of the transition state 
or intermediate due to  the methyl substitution is much 
smaller in the concerted than in the stepwise 
mechanism. This is because simultaneous nucleophilic 
migration with dehydration occurs in concerted 
mechanism. In other words, stabilization of the positive 
charge by hyperconjugation works more effectively 
on the /3-hydroxycarbonium ion intermediate in the 
stepwise mechanism than on the transition state in 
concerted mechanism. 


In this study, the effect of the electron correlation 
was not taken into account. From previous results for 
the dehydration and 1,2-hydride shift of protonated 
ethane-1 ,2-diol, ' we have concluded that the contribu- 
tion of the polarization function is more important than 
the effect of the electron correlation in order to evaluate 
the relative energies of these ionic species. The solvent 
effect would also be important because the actual 
reaction is performed in solution. An ionic species tran- 
sition state tends to be less stable than its reactant or 
product in a polar solvent, because of delocalization of 
the positive charge. Consequently, the activation energy 
of the pinacol rearrangement is expected to  be higher in 
a polar solvent, as is known in the sN2 reaction. l4  The 
effect of the solvent may be small in an aprotic solvent. 
Although we have considered the single water molecule 
as a part of the reactive species in our model calcu- 
lation, the intrinsic nature of the reaction would not be 
affected by the solvent. In conclusion, the present 
results indicate the superiority of the concerted 
mechanism over the stepwise mechanism, even in the 
case of the tertiary carbonium ion. 


hydrated protonated propanal (12b) 


CONCLUSION 


We have obtained the geometries of the transition state 
and the potential energy surfaces for the hydride 
migration of methyl-substituted 1 ,2-diols for both step- 
wise and concerted mechanisms by using the ab initio 
SCF-MO method. In the present model calculation of 
the pinacol rearrangement, the estimation of the acti- 


Figure 7. Optimized geometries of hydrated protonated vation energies leads to the result that the concerted 
aldehydes obtained with HF/6-31G mechanism is more favourable than the stepwise 


H 1.0811 


hydrated protonated isobutyl aldehyde (12~) 
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primary 9a 
secondary 9b 


H-O--.. j*,.R2 tertiary 9c 
H-.'. *"R1 - '.. + ,/ 


9a 23.6 'H ' 


Figure 8. with 


mechanism. Since the tertiary 0-hydroxycarbonium ion 
can exist as stable intermediate, the stepwise mechanism 
would also be possible in a polar solvent. We would 
expect the predominance of the concerted mechanism 
for the reaction in a non-polar solvent, however. In this 
respect, the present molecular orbital calculation may 
be a good model for the recent stereospecific pinacol 
rearrangement in an aprotic solvent. Further studies 
on the substituent effects and migratory aptitude of the 
pinacol rearrangement will be published elsewhere. l 5  
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MECHANISM OF FORMATION OF PHOSPHONATE 
CARBANIONS WITH THE USE OF A LITHIUM SALT AND 


1,8-DIAZABICYCLO[5.4.0]UNDEC-7-ENE 


F. FROMENT AND J. CORSET 
LASIR, CNRS, 3P28, 94320 Thiais, France 


The deprotonation reaction mechanism of methyl diethylphosphonoacetate in the presence of lithium salts and 1,8- 
diazabicyclo [5.4.0] undec-7-ene (DBU) was examined by infrared spectroscopy. It was found that the intermediate 
species formed by chelation of the bidentate phosphonate with a lithium cation or an ion pair of the salt deaggregated 
by DBU takes part in the reaction path. The role of the anion X- is lo induce the elimination of a protonated 
DBUH + X ~ ion pair and that of the solvent is to compete with the bidentate phosphonate in cation solvation. A 
similar mechanism via a related intermediate is proposed to interpret the results obtained by other workers on the 
catalysis by Ba(OH)2 of the Wittig-Horner reaction. 


INTRODUCTION 


We have been interested in the structure and mechanism 
of the formation of carbanionic species as phosphono- 
acetate anions for a number of years.'-3 These com- 
pounds are usually generated by the action of a strong 
organometallic base (n-BuLi, t-BuOK, etc.), on the 
parent phosphonate in an appropriate solvent such as 
dimethylether (DME) or tetrahydrofuran, in order to  
prevent the reaction of the base with the solvent. It has 
been shown more recently that carbanionic species can 
be prepared under milder conditions in the presence of 
a lithium or magnesium salt and an appropriate organic 
base such as triethylamine or 1,8-diazabicyclo [5.4.0] 
undec-7-ene (DBU).4,5 As shown previously, the 
mechanism of the formation of the carbanionic species 
in the presence of less than one equivalent of organome- 
t a l k  base proceeds through an intermediate involving 
an activated parent phosphonoacetate molecule which 
solvates a carbanionic ion pair or a monomeric 
organometallic base.' This work was aimed at an 
understanding of the action of the lithium salts in the 
presence of DBU. 3 3 6  A reinvestigation by infrared spec- 
troscopy of the complexation of DBU with salts in the 
absence or presence of water' led to  a more detailed 
interpretation of the mechanism of the deprotonation 
of methyl diethylphosphonoacetate in the presence of 
DBU and lithium salts. 


EXPERIMENTAL 


Methyl diethylphosphonoacetate (Janssen) was distilled 
under reduced pressure and DBU (Janssen) was 


0894-3230/90/ 1 10746-05$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


handled under argon. Acetonitrile (Prolabo, quality for 
infrared spectroscopy) was dried over Merck molecular 
sieves 4 A. The salts LiCl (Merck), LiBr (Koch-Light 
Laboratories) and LiC104 (Aldrich) were dried by slow 
heating under vacuum and handled under argon. 


Solutions were prepared in a dry-box or under argon 
in a glove-bag. 


Infrared spectra were scanned on a Perkin-Elmer 983 
spectrometer. The resolution was usually 3 cm-' and 
the frequencies are given with a precision of at least 
2 1 cm-I. The cell was equipped with CaFz windows 
and had a thickness of 30 bm. 


RESULTS AND DISCUSSION 


It has been shown recently that in the presence of water 
and a lithium or magnesium salt, the DBU molecule dis- 
solved in acetonitrile may be protonated.' The increase 
in the acidity of the water molecule through the cooper- 
ative effect of the cation and the anion in a water- 
separated ion pair is responsible for this deprotonation. 
When the water molecule is bonded only to a cation or 
to  an anion and to solvent molecules, the protonation 
of DBU does not take place. The bicyclic DBU mol- 
ecule [pKa = l l .6  (Ref. 8)] has two intracyclic nitrogen 
atoms. Two bands are observed at 1612 and 1313 cm-' 
for DBU in acetonitrile solution, which correspond to  
the stretching vibrations of the C=N and C-N bonds, 
respectively. When a carefully dried lithium salt is 
added to  the acetonitrile solution, the v(C=N) 
vibration is only slightly lowered in frequency (to 
1607 cm-I)  as a result of complexation of the nitrogen 
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atom. When water is added to the DBU-LiX solution 
a new v(C=N) band appears a t  1646cm-', which is 
due to  the protonation of the imine nitrogen of the 
DBU molecule. This 34 cm-' frequency increase arises 
from a slight coupling of the C=N stretching coor- 
dinate with the in-plane bending NH' coordinate of the 
protonated imine.739*'0 The band at 1646 cm-' was pre- 
viously erroneously assigned to  the complexation of 
LiCl by DBU,3 thus the possibility of the protonation 
of DBU by traces of water present in the salt sample 
was overlooked. 


Figure 1 shows the infrared spectra of an equimolec- 
ular solution of methyl diethylphosphonoacetate (Pha) 
and dried lithium chloride in acetonitrile, with different 
concentrations of DBU added. As already analysed in 


when the organic base is added the free Pha 
characterized by the v(C=O) vibration at 1740 cm-' 
disappears and the phosphonoacetate anion Pha-  is 
formed as characterized by the v(C.zO-) bands or 
shoulders at 1632, 1594 and 1575 cm-I. These features 
correspond to  a triple anion, a monomeric ion pair and 
aggregated ion pairs of this bidentate carbanion, 
respectively. Two bands are related to the addition of 
DBU to the solution, the band at  1646cm-' which 
appears first, showing that DBU acts as a deprotonating 
agent, and another at 1611 cm-' when larger amounts 
of DBU are added. The latter band may be due to  both 
unreacted DBU (1612 cm-I) and DBU complexed with 
the lithium salt (1607 ~ m - ' ) . ~  


In order to determine the role of the salt and the 
influence of its anion, a comparison of the effects of 


very well dried LiC104 and LiBr was made (Figure 2). 
In this case, compared with the results shown in 
Figure 1, a slight excess of lithium salt and of DBU 
relative to Pha  was used. As seen from the intensity of 
the v(C=O) band at 1740cm-' of the free Pha, the 
amount of Pha-  formed is less important for LiC104 
than for LiBr. This deprotonation yield is also corre- 
lated to the intensity of the v(C=NH+)  band at 
1646cm-I. The bands at  1605, 1588cm-' and the 
shoulder at 1570cm-' are due to  the v(C-O-) 
vibrations of the Pha-  anions involved in triple anions 
and monomeric and aggregated ions pairs; their fre- 
quencies may be slightly influenced by the formation of 
mixed species with the anions of the added salt in these 
associated ionic species. The equilibrium between the 
three forms is different with LiC104 and LiBr, as shown 
in Figure 2. 


In order to specify the role of the anion, the infrared 
transmission spectra of these solutions in the 
2800-3600 cm-' region, which is shown in Figure 3, 
was investigated. As the spectrum of the acetonitrile 
solvent and the added DBU may be perturbed by the 
salt," an exact subtraction of the solvent spectrum is 
difficult and was not attempted. In the presence of 
LiC104 two new bands appear a t  3320 and 3520 cm-' 
[Figure 3(B)], in addition to the v(CH2) bands of DBU 
around 2800 cm-I. The new bands may be assigned to 
the v(NH+) vibration of protonated DBU. The appear- 
ance of two components may be due to  either a Fermi 
resonance or the existence of two species in equilibrium. 
In the presence of LiBr [Figure 3(A)], the intensity of 


1740 


Figure 1. Infrared absorption spectra of an equimolecular solution of methyl diethylphosphonoacetate (Pha) and LiCl in acetontrile 
in the presence of DBU at increasing concentrations. DBU/Pha concentration ratio: -, 0.12; - ... - ..., 0.25; ----, 0.75; - . - . , 


1.5; ...', 3 
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Figure 2. Infrared absorption spectra of a solution of Pha  at a concentration of 0 .3  M in acetonitrile in the presence of an 
equimolecular mixture of DBU and of a lithium salt: --, 1.2 equiv. of LiCIO4 and DBU; - ... - ..., 1.2  equiv. of LiBr and DBU. 


Infrared spectra of (---) Pha and (- . - . - )  DBU, both 0 .3  M in acetonitrile 


the 3320 cm-' band is very low and a new broad band 
is observed with components at lower frequencies (3080 
and ca 3000 cm-'), indicating a large shift to  lower fre- 
quencies of the u(NH+) feature. This result is consis- 
tent with the existence of free solvated 
DBUH+...NCCH3 cation corresponding to  the band at  
3320 cm- '  and the presence of a low concentration of 
ion pairs DBUH+...CIO; corresponding to  the band at  
3520cm-'. The high v(NH+) frequency observed in 
this ion pair is due to  the large CIO; anion. In the pres- 


ence of LiBr, there is a small amount of free solvated 
DBUH+-.-NCCH3 cation, the low-frequency band at 
3080-3000 cm- ' being assigned to a DBUH+...Br- 
contact ion pair. The lowering of the frequency of the 
v(NH+) band is due t o  the N-H+..-Br- hydrogen 
bond. 


As already discussed from the IR and NMR 
 result^,^.^ the DBU first contributes to the dissolution 
and the deaggregation of the lithium salt in acetonitrile. 
It further induces two reaction sequences [equations (1) 
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Figure 3 .  Infrared transmission spectra of solutions of (A) (-) 0.3  M Pha, 0.36 M DBU, and 0 . 3 6  M LiBr in acetonitrile and 
(B) (-) 0.3  M Pha, 0.36 M DBU and 0.36  M LiC104. The transmission spectra of the pure solvent (----), of the 0.36 M binary 


salt solvent solution (...) and of the 0.36 M DBU solution in acetonitrile ( -  . - .  -)  are shown for comparison 


and (2)], depending on the amount of DBU added and 
the nature of the salt. In these sequences the bidentate 
phosphonate is coordinated to a lithium ion pair inter- 
mediate 14 or a free DBU solvated lithium cation inter- 
mediate IS .  This coordination induces a lengthening of 
the carbonyl group as shown by the v(C=O) frequency 
shift from 1740 to 1668 cm-' in acetonitrile and a 31P 
chemical shift variation from 19.1 to 28.1 ~ p r n , ~ ' ~  
which shifts the keto S enol equilibrium towards the 
enol form. The enol is promptly deprotonated by elim- 


ination of a DBUH+.--Br- ion pair or a DBUH+ 
solvated cation. 


From Figure 2, it is apparent that the yield of the car- 
banionic species is higher with LiBr than with LiC104, 
strongly indicating the importance of intermediate 14, 


for which the deprotonation may take place through the 
concerted elimination of a DBUH+...Br- ion pair. This 
mechanism is similar to that involved in the protonation 
of the organic base DBU by a water-separated ion pair7 
[equation (3)]. It is nevertheless not possible to reject 
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S' Br- S 


the formation of the anion by direct C deprotonation 
of the ester, since under these conditions the C H  
vibrations of the intermediate species, 14 and 15,  the 
concentrations of which were always very low, were not 
observed. 


I t  is important to note that if the salt or the solvent 
used is incompletely dried, reactions (3) take place at 
the expense of reactions (1). It has been shown' that in 
the same concentration range, reaction (3) is almost 
quantitative, whereas the Pha --t Pha- reaction is not. 
On the other hand, the acidity of water is insufficient to 
protonate DBU in the absence of anionic assistance, 
while the enol form of the phosphonoacetate molecule 
may be deprotonated without this anionic assistance. 
Indeed, in an acetonitrile solution of LiC104 the DBU 
molecule is not protonated by water. Finally, the 
reactivity results of Rathke and Nowak5 emphasize 
the importance of intermediates 14 and IS since 
in dirnethylformamide, which forms a very stable 
Li+ (DMA)4 solvated cation, the deprotonation is 
much lower than that in the other less coordinating 
solvents. The dimethylformamide solvent molecule 
competes strongly with the bidentate Pha molecule, 
preventing the formation of intermediate 14 or 1 5 .  


The above mechanism is also in agreement with the 
experimental observations of Sinisterra Gago and co- 
w o r k e r ~ " * ' ~  on solid Ba(OH)2 catalysis of the Wittig- 
Horner reaction. In fact, they observed the formation 
of an intermediate I characterized by a v(C=O) band 
at 1684 cm-' when ethyl diethylphosphonoacetate is 
adsorbed on the Ba(0H)z catalyst C200 in the absence 
of added water. In this case, in disagreement with their 
interpretations, only a small amount of carbanionic 
species (characterized by the v(C=O-) band at 
1592cm-' and a v(P-0) band at 1194cm-I) is 
formed. On the other hand, when the adsorption takes 
place in the presence of water, intense bands at 1570, 
1384 and 1194 cm-I characteristic of ethyl 
diethylphosphonoacetate carbanion are observed. With 
this new a ~ s i g n m e n t , ~  it is clear that the formation of 
a (Ba2+OH-)+ ion pair at the site where the bidentate 
phosphonoacetate is adsorbed is needed in order to  
deprotonate the neutral phosphonate. This interpreta- 
tion is reinforced by the decrease in the intensity of the 
v(OH-) band at 3580 cm-', which is observed simulta- 
neously with the formation of the carbanionic species 
(Ref. 13, Figure 2). Therefore, either in solution in the 
presence of lithium salts or on solid Ba(OH)2, the 
deprotonation by an amine or by O H -  of ethyl 


Br 


- DBUH'.. 8; + LiOH DBUH'. .S + Br- I (3) 


diethylphosphonoacetate requires preliminary coordi- 
nation of the neutral molecule by a cation. 
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CROSS INTERACTION CONSTANTS AS A MEASURE OF THE 
TRANSITION STATE STRUCTURE. 13. STERIC EFFECTS OF THE 


N,N-DIMETHYL GROUP ON THE TRANSITION STATE 
STRUCTURE IN AMINOLYSIS OF ALKYL 


BENZENESULPHONATES 


IKCHOON LEE,* KEUN woo RHYU, HAI WHANG LEE AND CHANG SUB SHIM 
Department of Chemistry, Inha University, Inchon, 402-751, Korea 


AND 


HYUCK KEUN OH 
Department of Chemistry, Jeonbook National University, Jeonjoo, 560-756, Korea 


Kinetic studies on the reactions of methyl (MBS) and ethyl benzenesulphonates (EBS) with N,N-dimethylanilines 
(DMA) in methanol and acetonitrile are reported. The cross interaction constants pxz and Bxz, between the 
substituents in the nucleophile (X) and the leaving group (Z) indicated that the transition states (TS) are looser than 
those for  the reactions with anilines, but the relative tightness between the two substrates was the same; the TS was 
tighter for EBS despite the increase in steric effect leading to looser TSs for MBS and EBS alike. The TS variation 
between two different reaction series expected from the simple Hammett and Br~rnsted coefficients, p x ,  pz,  f,! and 
Bz, was incompatible with that predicted by the cross interaction constants, demonstrating again the unreliability of 
the simple parameters. 


INTRODUCTION 


In  previous work ’ on the characterization of transition 
state (TS) structures using cross interaction constants pf, 
[equation ( l ) ]  and p,, [equation (2)] ,’ we showed that 
the magnitudes of cross interaction constants between 
substituents in the nucleophile (X) and the leaving 
group (Z) (Figure l ) ,  ~ X Z  and ox=, are greater for the 
reactions of anilines with ethyl (EBS) than with methyl 
benzenesulphonates (MBS) in methanol and acetonitrile 
[equation (3)], indicating a tighter TS for ethyl rather 
than methyl derivatives. This unexpected trend was 
interpreted as the a-methyl substituent in the ethyl 
compounds leading to  a tighter TS structure. 


lOg(kij/kHH = PiUi + PjCr, + Qijaro, (1) 


lOg(kij/kHH = PiAPKi + PjApKj + PtjApKiApKj (2) 


*Author for correspondence. 


MeOH or MeCN 


65 ,o oc 
2XCsH4NHz + ROSO2C6H4Z 


RHNC6H4X + -0S02C6H4Z + XCsH4NH; (3) 
R = C H 3  or CzH5 


This TS variation is in accord with that predicted by 
the potential energy surface (PES) diagram4 (Figure 2). 
An electron-donating substituent (EDS) in the substrate 
(Y = CH3) should stabilize the upper corners, D and P, 
so that the TS will shift to  either G (decrease in bond 
formation) or G ’  (decrease in both bond formation and 
cleavage), depending on whether the Hammond effect’ 
is the same6a with (OF = OE) or greater6b (OF’ > OE) 
than the anti-Hammond e f f e ~ t . ~ ”  The kinetic isotope 
effects (KIE) in the nucleophilic substitution reaction 
involving deuterated aniline nucleophiles’ indicated 
that the Hammond effect is in fact greater than the anti- 
Hammond effect6 in all cases, so that an EDS in the 
substrate (Y = CH3) should in fact lead to  a looser TS 
with a greater decrease in bond formation than a 
relatively small decrease in bond breaking (see below). 
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H H  


I .  LEE ET. A L .  


f r a p t  Z 
(Leaving groi ip) 


Y = H or M e  


fragrwnt X 
(Ni icleophi le) 


f r aqmnt  Y 
(Substrate) 


Figure 1 .  rk /  = rxiy + r Y / ;  Rx and R, are the reaction centres 
in the nucleophile and leaving group, respectively 


The reactions of alkyl benzenesulphonates with ani- 
lines I [equation (3)] was found to proceed by an associ- 
ative SN2 mechanism with rate retardation for EBS 
originating not only from a steric origin' but also from 
the small secondary electron-donating polar effect of 
the a-methyl s ~ b s t i t u t e n t . ~  In this respect, it is of 
interest to see i f  a further increase in the steric effect in 
the TS can bring about the reversal in the relative 
tightness of the TS structure between EBS and MBS. 


In this work, we carried out kinetic investigations on 
the reactions of alkyl benzenesulphonates with N ,  N- 
dimethylanilines (DMA), which should lead to a greater 
steric effect20 in the TS due to  the two methyl groups 
on the reaction centre of the nucleophile: 


+ 
XC6H4NR2 + YCH2 


+ -US02C6H4Z 


MeOH or MeCN 
XC6H4N(CH3)2 + R O S O Z C ~ H ~ Z  65,0ac ' 


R(CH3)2N+CsH4X + -0S02CsH4Z (4) 


R = CH3 or C2H5; X = p-MeO, p-Me, H or p-CI; 
Z = p-Me, H, p-C1 or p-NO2 


and the cross interaction constants PXZ and 0x2 were 
determined to compare the TS structure with that for 
the reactions of anilines' under the same reaction 
conditions [equation (3)] .  


RESULTS AND DISCUSSION 


The second-order rate constants, k2, for the reactions 
of MBS and EBS with DMA in methanol and acetoni- 
trile are summarized in Table 1. The rates are lower by 
a factor of 1.2-3.6 for the reactions with DMAs than 
with anilines I under the same reaction conditions owing 
to a greater steric effect with DMAs. The average rate 
ratio for the two substrates, i.e. kz(MBS)/kz(EBS), is ca 
15 in methanol and ca 30 in acetonitrile. This is greater 
than that (ca 10) for the reactions with anilines' 
[equation (3)] ,  indicating that the relative rate for the 
two compounds depends on the size of the nucleophile. 
The ratio increases with increase in the size of the 
nucleophile so that the slow rate for EBS is mainly attri- 
butable to the greater effective bulk of a methyl group 


YCH R N'C H X - 2 2  6 4  
+ QSO2C6H4Z 


Prcdi icts 


- 
XC6H4NR2 Dond formation- YCH,0S02C6H4Z 


I f L  
XC H N R2 6 4  + YCH20SO2C6H4Z 


Figure 2. Potential energy surface diagram showing TS variations with substituent changes (Y,  R = H or CHI) 
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Table 1. Second-order rate constants, kz ( x lo4  I m o l ~  ' s ~ I ) ,  


for the reaction 


XChH4N' (CH3)2R + -0SOzCsH4Z 


MeOH Me p - M e 0  57.3 78.0 157 488 
p-Me 34.6 48.1 90.9 324 
H 14.2 26.2 38.9 165 
p-CI 3.84 5.13 11.1 41.7 


p-Me 2.01 3.51 5.22 17.1 
H 0.840 1.24 2.19 7.06 
p-CI 0.241 0.409 0.671 2.51 


MeCN Me p - M e 0  14.9 24.7 54.9 264 
p-Me 8.62 14.6 31.8 165 
H 3.53 6.11 13.9 71.9 
p-CI 1.05 1.81 4.32 24.6 


Et p - M e 0  0.512 0.846 1.88 8.86 
p-Me 0.293 0.502 1.14 5.49 
H 0.117 0.207 0.491 2.41 
p-CI 0.0350 0.0600 0.149 0.818 


Et p - M e 0  3.79 5.39 8.49 28.1 


sterically opposing the close approach of a nucleophilic 
reagent. 6b*S,10 Table 1 reveals that the reactivity trends 
are typical Of those expected for SN2 processes," i.e. 
the rate increases with a more EDS in the nucleophile 
(X = p-MeO) and with a more electron-withdrawing 
substituent (EWS) in the leaving group (Z = p-NO2) in 
all cases. 


The Hammett l 2  and Brransted coefficients, l 3  p x  and 
( =PN), for variation of substituent X in the 


nucleophile, and the corresponding parameters, PI. and 
PZ ( =  &), for variation of substituent Z in the leaving 
group are summarized in Table 2. As we have noted for 
the reactions with anilines' [equation (3)], the magni- 
tudes of p x  and PX are substantially greater than those 
of P Z  and &, suggesting a greater degree of bond for- 
mation than bond breaking in the TS, i.e. an associative 
sN2 mechanism. The magnitudes of parameters for the 
reactions with DMAs are similar in general to  those 
with anilines, except the 1 ~ x 1  values which are much 
greater for DMA than for a n i l i n e ~ . ~ " ~ ' ~ ' ~ ~  The greater 
magnitude of p x  for DMA would normally be taken as 
an indication of a greater degree of bond formation 
in the DMA reactions than in the reactions with 
anilines;' however this is misleading, as in fact bond 
formation is less with DMAs than with anilines as dis- 


Table 2. Hammett ( p x  and p z ) "  and Brernsted coefficients ( o x b  and P z ' )  for reaction (4) 


Solvent R Z P X d  P X P  X P7 PI 


MeOH Me p-Me 
H 


p-c1 
p-NOz 


H 


p-CI 
p-NOr 


MeCN Me p-Me 
H 


Et p-Me 


-2.38 
-2.36 


( -  1.66)' 
-2.31 
-2.16 
-2.39 
-2.30 


(-1.72) 
-2.23 
-2.12 
-2.32 
- 2.29 


(-1.82) 


0.67 
0.66 


(0.60) 
0.63 
0.59 
0.65 
0.63 


(0.62) 
0.61 
0.58 
0.63 
0.62 


(0.66) 


p - M e 0  
p-Me 
H 


p-CI 
p - M e 0  
p-Me 
H 


p-CI 
p - M e 0  
p-Me 
H 


0.96 
I .04 
1.09 


(1.16)' 
1.12 
0.92 
0.95 
0.98 


(1.11) 
1.05 
1.32 
1.35 
1.38 


-0.33 
-0.35 
- 0.36 
-0.39)' 
-0.38 
-0.31 
-0.32 
- 0.33 
-0.37) 
- 0.35 
-0.44 
- 0.45 
-0.46 


p-CI - 2.22 0.61 (1.33) ( -  0.45) 
p-NO2 - 2.08 0.57 p-CI 1.45 -0.48 


Et p-Me -2.36 0.65 p - M e 0  1.31 - 0.44 
H - 2.32 0.63 p-Me 1.34 -0.45 


p-CI - 2.22 0.61 (1.32) ( -  0.44) 
(-1.87) (0.67) H 1.38 - 0.46 


p-NO2 - 2.09 0.57 p-CI 1.45 - 0.49 


"The g values were taken from R.  D. Gilliom, ln/roduc/ion fo Physrcal Organic Chcmisrry, p. 148. Addison-Wesley, 
Reading, MA (1970). 
'The pK, values were taken from W. C .  Davis and H.  W .  Addis, J. Chem. Soc. 1622 (1937) and G. Thompson, J .  
Chem. Sac. 1113 (1946). 
'The p K ,  values are for methyl transfer: R.  V .  Hoffman and J. M.  Shankweiler, J. Am. Cheni. Sor. 108, 5536 (1986). 
'Correlation coefficients were better than 0.998 with 99% confidence limit in all cases. 
'correlation coefficients > 0.993. 
'Values in parentheses are those for the reactions with anilines [equation (3)I . l  
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cussed below. This is another example of the unreliabi- 
lity of the Hammett coefficient2f*g,16 as a measure of 
bond tightness involved in two different series of 
reactions due to  the variable charge transmission when 
the reaction centre is varied [in this case from -NH2 
to -N(CH3)2]. The simple Hammett and Brmsted 
parameters can at best serve as a measure of the TS 
structure within a particular family of related reac- 
tions.’k.r6 The magnitudes of px and fix in MeCN are 
in general smaller and those of p z  and PZ in MeCN are 
greater than the corresponding values in MeOH, 2 h s 1 7  


suggesting a looser TS in MeCN than in MeOH. This 
comparison of the TS structure based on the simple 
Hammett and Br~lnsted parameters is again in contrast 
to the relative TS tightness predicted by the I pxr l  and 
I Px71 values2 (see below). 


The cross interaction’ constants pxr  and PXZ are 
summarized in Table 3. The sign of 0x7 (and PXZ) is 
positive so that the PES diagram approach 2k*6as18 to the 
predictions of the TS variation is applicable; a more 
EWS in the leaving group (Z = p-NO2) stabilizes upper 
corners, D and P in Fig. 2, so that the TS will shift to  
G (or G ’ )  predicting a smaller degree of bond forma- 
tion as reflected in the smaller magnitudes of px and fix 
(Table 2 ) ,  whereas a more EDS in the nucleophile 
(X = p-MeO) stabilizes the right-hand corners P and A 
in Fig. 2, so that the TS shifts to H (or H ‘ )  predicting 
a smaller degree of bond breaking as reflected in the 
smaller 1 pz/ and IPzl (Table 2). 


The ~ X Z  and PYZ values for EBS in Table 3 are greater 
than those for MBS, although the differences are small, 
suggesting a tighter TS for EBS than for MBS. This 
trend is identical with that found for reaction (3). ’ We 
note, however, that the magnitudes of p x 7  and fiXz for 
the reactions with DMAs [equation (4)] are smaller by 


Table 3. Cross interaction constants p x ~  and PXZ for reaction 
(4) a 


Solvent 


MeOH 


MeCN 


Et 0.26 
(0.33) 


Me 0.24 
(0.30) 


(0.34) 
Me 0.25 


(0.32) 


Et 0.27 


SE‘ P X Z d  SEC 


0.017 0.12 0.092 
(0.19) 


0.036 0.11 0.078 
(0.18 


0.022 0.13 0.113 


0.016 0.12 0.102 
(0.21) 


(0.20) 


“Mulriple correlation coefficients were better than 0.993 at 99% 
confidence limit in all cases. The values in parentheses are  those for the 
reactions with anilines’ at 6S.0°C.  
*The u values were taken from the same source as for  footnote a in 
Table 2. 
‘Standard errors; number of  data  points = 16. 
dThe pK, values of N,N-dimethylanilines were taken from the same 
source as for footnote b in Table 2 and the pK, values for sulphonic 
acid were taken from R .  V.  Hoffman and E. L .  Belfoure, J. Am. 
c h c J ~ .  SOC. 104, 2183 (1982). 


approximately the same amount (0.06-0.08 unit)’ than 
the corresponding values for the reactions with aniline. 
The smaller magnitudes of pxz and PXZ indicate that the 
TSs for the reactions of DMAs are looser than those for 
the reactions with anilines. Thus the bulky nucleophile 
DMA results in the formation of a looser TS than the 
relatively small aniline,’ but a tighter TS is again 
obtained with EBS despite the overall increases in the 
steric effect;”,* the relative tightness of the TS remains 
the same between EBS and MBS with net increases in 
the looseness for both alkyl compounds alike by a 
bulkier nucleophile. 


Obviously, the dimethyl group is expected to exert 
both electronic (polar) and steric effects on the TS 
structure. The two effects will have opposing influences 
on the rate; electronically the dimethyl group increases 
the nucleophilicity of the N centre owing to an 
increased electron density (higher pK, value 19), but 
sterically it decreases the nucleophilicity of the reaction 
centre N. An increased nucleophilicity due to the polar 
effect can increase bond formation when pxz is neg- 
ative, whereas it decreases bond making when px7 is 
positivezq*“ and the Hammond effect is greater than 
the anti-Hammond effect, which was found to  be the 
case according to our results for KIE using deuterated 
aniline nucleophiles.’ This is true, of course, when the 
steric effect does not overwhelm the relatively small 
electronic effect. Indeed, we found that in the reactions 
of 1 -phenylethyl benzenesulphonates with DMA2’ bond 
formation increases ( Ipx~l  increases from 0.21 for ani- 
line’j to 0.36 for DMA2’), since for this reaction pXz 
is negative.2q It is therefore reasonable that in the 
reactions of alkyl benzenesulphonates with DMA bond 
making is less in the TS than in the reactions with ani- 
line, since for these reaction series pxz is positive. We 
believe, however, that when the steric effect is very 
large, the small electronic effect becomes overwhelmed 
and the TS structure is mainly determined by the 
Hammond postulate, i.e. increased steric hindrance 
leads to  a later TS’’ for bond making, as has been 
observed in the Menshutkin reactions of methyl iodide 
with 2,6-dialkyl-substituted pyridines. 2 1  The smaller 
amount of bondmaking in the TS for the S N ~  reactions 
of the propionaldehyde compared with formaldehyde 
acetal derivatives” can, therefore, be attributed to elec- 
tronic effects since in these reactions the TS is very loose 
and steric effects may not be too great. 


The enhanced steric crowding with DMA, reflected in 
the rate retardation (Table l ) ,  and the tighter TS 
obtained with EBS strongly suggest that this TS 
variation within a series (from Y = H to Y =CH,)  
originates from the small electron-donating polar effect 
of the methyl group338 (Figure 1). 


The ~ X Z  and 0x2 values in Table 3 show that the mag- 
nitudes are greater in MeCN than in MeOH, although 
again the differences are small. This suggests a tighter 
TS in MeCN than in MeOH. This is in contrast to the 
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higher lpx l  and IPxl  values, i.e. a greater degree of 
bond formation, and the lower I p ~ l  and 1 pzl values, 
i.e. a lesser degree of bond breaking, in MeOH so that 
a tighter TS is expected in MeOH than in MeCN, as 
pointed out above. This shows again the unreliability of 
the simple Hammett and Br~nsted parameters as a 
measure of the TS structure when TS structures are 
compared between two different reaction series. 2f,g,k*'6 


EXPERIMENTAL 


Materials. All materials used were as reported pre- 
viously. 


Rate Measurements. The second-order rate con- 
stants, kz,  were determined as described. ' The average 
deviations of kz were less than k3Vo in more than 
triplicate determinations. ' 


Product analysis. Thin-layer chromotography (silica 
gel, glass plate, 30% ethylacetate-hexane eluent) of the 
reaction mixtures showed four spots corresponding to 
two reactants, CH3OS02C6H4CI (RF = 0.81) and 
C&5N(CH3)2 (RF = 0-69), one product 
C6HsNf(CH3)~OSOrC6H4cl (RF = 0.34) and a trace 
amount of unknown compound (RF = 0.19). In NMR, 
the cationic part of product C&N+(CH3)3 had A H  
(60 MHz; CDCl3 + DMSO-ds) 3 .70  [(CH3)3,9H], 
7.5-8.0 (C6H5, 5H, m). 
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Polarization of the *-electron systems of indenyllithium (In-Li' ) and indenylpotassium (In-K+), which is generally 
indicative of the degree and tightness of contact ion pairing, was investigated by "C NMR spectroscopy. The effect 
of changing solvent is about two thirds as great for In-K+ as for In-Li'. The indenyl anion is more strongly polarized 
with Li+/dimethyl sulfoxide than with Li'lammonia, whereas the reverse is observed for In-K+. Complexation of 
In-K' in tetrahydrofuran (THF) by cryptand(2,2,2) results in a r-electron distribution identical with that of In-Li' 
in hexamethylphosphoramide, indicative of solvent- or agent-separated ion pairs or free ions. Small but significant 
cation-anion interactions are observed for In-K+ in hexamethylphosphoramide and for In-N'Med in THF. 


INTRODUCTION 


An understanding of the mechanisms of solvation of 
organometallic compounds has become increasingly im- 
portant in recent years. Solvation affects ion pairing, ' 9 '  


which in turn affects chemical reactivity's3 to  a signifi- 
cant degree. An experimental solvent scale is important 
for preparative work and a knowledge of charge-density 
distribution and ion pair structure is essential for an 
understanding of the regioselectivity of many carb- 
anionic reactions. 


In a previous I3C NMR study of the solvation of 
indenyllithium (In-Li' ) by a principal components 
data analysis, a solvation scale was established for ether 
solvents and other relatively inert and polar  solvent^.^ 
The scale ranges from solvents such as diethyl ether 
(EtzO), in which In-Li' exists predominantly as contact 


ion pairs (c.i.p.s), to  hexamethylphosphoramide 
(HMPA), in which solvent-separated ion pairs (s.s.i.p.s) 
or 'free' ions predominate. This solvation scale was 
derived primarily for the prediction of solvent effects on 
lithium salts of delocalized carbanions. 


This study had the following aims: (a) to  construct a 
solvation scale for indenylpotassium (In-K' ) and to 
compare it with that for In-Li'; (b) to include an im- 
portant solvent, ammonia, in both scales; and (c) to 
assess the effectiveness of various strategies for 
separating the centers of positive and negative charge by 
employing a complexing agent [ cryptand(2,2,2)] for 
In -K+ or a bulky counter ion [tetramethylammonium 
(Me4N+)]. By this approach we sought to  gain a better 
understanding of the specific interactions involved in 
solvation. 


* Present address: Department of Organic Chemistry, University of Umei, S-90187 Umei, Sweden. 
t Authors for correspondence. 


0894-3230/90/0looO9-04$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


Received 28 September 1988 
Revised 27 January 1989 







10 B. ELIASSON ET. AL. 


RESULTS AND DlSCUSSION 


The indenyl anion (1) constitutes an ideal model system 
for solvation and ion pairing studies of delocalized carb- 
anions because of its rigidity, thermal stability and sen- 
sitive 13C chemical shift dependence on changes in 
charge density and ion pairing. Consequently, its alkali 
metal salts have been extensively investigated by 
UV-visible' and NMR4,6 spectrometry and by x-ray 
d i f f r a ~ t i o n . ~  NMR6b- and studies have shown 
that the cation in the contact ion pair of In- Li' has a 
preferred position(s) above the five-membered ring, 
resulting in the polarization of the T-electron system 
toward this ring. When the solvation of the cation is in- 
creased, changes occur in the interionic distances, which 
in turn cause a decreased r-electron polarization and a 
redistribution of charge from the five-membered ring to 
C4-C7 in the six-membered ring. Consequently, the I3C 
resonances of the five-membered ring (most noticeably 
those of CZ and C3a,7a) move downfield, whereas those 
of C4,7 and c 5 . 6  are shifted upfield (Table 1). 


We employ the difference in the two most affected 
chemical shifts (6C3a,7a - 6c5.6 = As)  as a measure of 
the polarization of the indenyl anion. We have deter- 
mined that A6 correlates well ( r  = 0.99) with the dif- 
ference between the average I3C chemical shift (13~") for 
C4-C7 and 6," for the five-membered ring carbons for 
both In-Li' and In-K'. The A6 value reflects the 
'tightness' of the overall ion pairing, which is dependent 
on two factors, the proportion of c.i.p.s and the degree 
of cation-anion interaction within the c.i.p.s. 


7 


5 * a 2  4 


A change in the average distance between the anion 
and the cation can result from both a change in 'the ion 
pairing equilibrium and, to a lesser extent, from a 
change in the effective radius of the solvated cation in 
a c.i.p., i.e. to variable external solvation of the c.i.p. 
Furthermore, different c.i.p.s may exist that have dif- 
ferent degrees of external solvation and different in- 
teraction sites in the anion.* Any estimation of 
c.i.p./s.s.i.p. ratios from NMR chemical shifts alone 
will therefore be only approximate. [le Noble9 has 
pointed out that s.s.i.p.s may not be important energy 
minima for heavier cations. ] 


Solvent effects 


The tightness of the ion pairing decreases on going from 
ether solvents to  dipolar aprotic solvents, as expected. 
However, several interesting points emerge from the 


data in Table 1 .  Although the polarization of In-K' in 
HMPA is less than for this species in ether solvents, the 
A6 value is smaller (i.e. greater polarization of the 
anion) than the nearly identical A6 values observed for 
In-Li' in HMPA and In-K' in THF-cryptand(2,2,2). 
The ion pairing equilibria in the latter systems are pro- 
bably completely shifted towards solvent-separated ion 
pairs (or free ions) with negligible anion-cation inter- 
action. Hence the use of HMPA is not sufficient to 
cause complete solvent separation of ln-K+.  Evidence 
for contact ion pairing has previously been observed for 
cyclooctatetraenedipotassium in HMPA lo  and for 
1-phenylallylpotassium in HMPA-THF. The present 
results provide evidence for a small but significant 
degree of contact ion pairing of the potassium salt of a 
delocalized monoanion in neat HMPA. 


The corresponding A6 values indicate that In-Li' is 
more polarized in DMSO than in NH3, whereas the 
reverse is observed for In-K'. This illustrates the im- 
portant point that solvent scales for carbanions can 
display counter ion dependence. This reversal may 
reflect the greater polarizabilities of DMSO and K' 
relative to ammonia and Li', respectively (principle of 
hard and soft acids and bases), although evidence 
presented below suggests that hydrogen bonding be- 
tween In- and NH3 may play a role. 


Evidence for the interaction of solvents with carb- 
anions has been obtained from pulsed high-pressure 
mass spectrometric studies of anion-solvent clusters. l 3  


Previous studies by IR, I4  UV-vi~ible"'~ and ESR l6  


spectroscopy have led to  the conclusion that carbanions 
and other anions are solvated by or hydrogen bonded 
with NH3 and primary amines. However, the exact 
nature of these interactions is unknown, although in 
several studies structural models involving cation- 
assisted hydrogen bonding have been proposed. ' , I 4  


Recently, an x-ray diffraction study of a complex of 
fluorenyllithium with two diaminoethylenes indicated 
that the fluorenyl anion was stabilized by hydrogen 
bonding with amine hydrogens directed towards the C9 
position. 


With this background, it is of considerable interest 
that A6 decreases (increased polarization) on decreasing 
the temperature of the In-Li'-NH3 and In-K'-NH3 
systems. This behavior is exactly the opposite of that 
observed for these compounds in THF. The latter result 
has been satisfactorily explained on the basis of a shift 
toward s.s.i.p.s at lower temperatures owing to a 
negative entropy change on going from c.i.p.s. to 
s.s.i.p.s. 


We propose that a similar shift occurs in NH3 but that 
increased polarization of In-  results owing to hydrogen 
bonding between NH3 and the sites of highest negative 
charge density in In- (primarily C1 and C3). This idea 
was tested by investigating In-Li' and I n - K f  in ND3. 
The observation (see Table 1 )  that $6 is ca 0 . 2 p p m  
greater for ND3 than for NH3 at - 65 C is fully consis- 
tent with this proposal. 
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Table 1. I3C NMR chemical shifts of indenyllithium and indenylpotassiurn in various solvents" 


EtzOC Li 
THF 
THF 
DMSO' 
NH3 
NH, 
NH3 - d3 
HMPA' 


EtzO K 
T H F  
T H F  
NH3 
NH3 


DMSO 
HMPA 
THF-cryptand(2,2,2) 


NH3 - d3 


0.27 
0.5 
0.5 
0.28 
0.77 
0.77 
0.58 
0.20 


0.1 
0.30 
0.30 
0.69 
0.69 
0.66 
0 .4  
0 .2  
0.15 


25 
25 


25 
25 


- 58 


- 65 
- 65 


25 


25 
25 


25 
- 5 8  


- 65 
- 65 


25 
25 
25 


92.13 
91.70 
91.94 
94.12 
93.42 
93.41 
93.41 
93.24 


93.71 
93.50 
93.41 
93.55 
93.44 
93.44 
94.10 
93.28 
93.16 


115.42 
115.58 
116.21 
118.93 
118.49 
118.58 
118.58 
117.98 


117.61 
117.75 
117.70 
118.33 
118.33 
118-37 
118-86 
117-91 
117-93 


128.14 
129.64 
130.27 
130.81 
131.18 
130.52 
130.65 
131.33 


128.27 
129.19 
129.35 
130.37 
129.86 
130.01 
130.80 
130.76 
131.52 


120.66 
119.62 
118.99 
118.79 
118.57 
118.48 
118.52 
118.15 


119.18 
118.97 
118.94 
118.93 
118.77 
118.79 
118.79 
118.30 
118.22 


116.13 
114.00 
112.73 
111.71 
111.45 
111.52 
111.46 
110- 19 


114.58 
113.28 
112.92 
112.26 
112.04 
112.02 
111.75 
110.86 
110.37 


12.01 
15.64 
17.54 
19.10 
19.73 
18.99 
19.20 
21.14 


13.69 
15.91 
16.43 
18.11 
17.81 
17.99 
19.05 
19.90 
21.15 


T H F  Me4N + 0.5 25 93.8 118-6 130.6 118.7 111.9 18.7 
~~ 


"The chemical shifts in the organic solvents were measured relative to cyclohexane as an internal standard by using d = 27.70 on  the TMS scale. The 
chemical shifts in ammonia were measured relative to trimethylamine as an internal standard by using 6 = 47.98 at 25 OC and 6 = 48.02 at - 58 OC 
on the TMS scale. 


EbO = diethyl ether; THF = tetrahydrofuran; NHI = ammonia; DMSO = dimethyl sulfoxide; HMPA = hexamethylphosphoramide; (2,2,2) = 
cryptand(2,2,2) 
'Ref. 4a. 


Counter ion effects 


A plot of the change in the value of A6 for In-Li' ver- 
sus that for In-K+ gives a straight line ( r =  0.97), with 
a slope that indicates that the potassium salt is affected 
about two thirds as strongly as the lithium salt by 
changes in the ion pairing. This result expands on earlier 
observations that cation-anion interactions in c.i.p.s 
decrease as the radius of the cation increases.',* 


The tetramethylammonium (Me4N') salt of In- was 
investigated in order to  assess the extent to  which a 
bulky counter ion will diminish cation-anion interac- 
tions. Delocalization in the indenyl anion in THF in- 
creases in the order Li' < K+ < Me4N+ as the size of 
the cation increases and the anion-cation interaction 
diminishes, but a detectable polarization of In- is still 
present in In-N+Me4. This result parallels that of an 
earlier study of the MedN' salt of the fluorenyl anion by 
UV-visible spectroscopy. 


In-K' in T H F  shows a significantly smaller decrease 
in polarization than In-Li' on lowering the 
temperature. This is consistent with a primarily c.i.p. 
structure for In-K+ and a c.i.p./s.s.i.p. mixture for 
In-Li+.  In the lattzr case, the equilibrium i: known to 
favor c.i.p.s at 25 C, but s.s.i.p.s at -58 C in ether 
solvents. 6f These data contradict the recent statement 
that the calculated T charges for In- imply that In-Li' 
in THF exists as ~ . s . i .p . s . '~  


CONCLUSIONS 


This study has led to some important conclusions 
regarding solvation of salts of the indenyl anion that 
have broad implications. 


Solvation scales can be counter-ion dependent. This is 
illustrated by the observation that In-Li+ is more 
polarized by DMSO than by NH3, whereas the reverse 
holds for In-K'. 


Hydrogen bonding of ammonia to the indenyl anion 
can be inferred from the greater polarization observed 
for the anion in NH3 relative to  ND3. This is also consis- 
tent with a decrease in A6 found for In-Li' and In-K' 
on lowering the temperature. 


The effect of changing solvent on T polarization is 
about two thirds as great for In-K+ as for In-Li'. 


Cryptand(2,2,2) causes complete anion-cation 
separation of In-K+ in THF but small anion-cation in- 
teractions are still observed for In-K+ in HMPA and 
for In-N+Me4 in THF. 


EXPERIMENTAL 


The alkali metal salts of In- in NH, were generated 
from indene and lithium or potassium amide according 
to  a previously described procedure. l 9  The NMR tubes 
were sealed under vacuum after the addition of indene. 
Solutions of In-Li+ in organic solvents were obtained 
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from indene and n-butyllithium as previously descri- 
bed,4a whereas solutions of In-K+ in organic solvents 
were prepared slightly differently from an earlier 
method. 2o Typically, 2 mmol or less of indene in 5 ml of 
dry EtzO 2r THF was purged with purified nitrogen and 
kept at 0 C. After the addition of an excess of freshly 
cut potassium, the solution was stirred for 1 *5-2 h, at 
which time the yield was found to be quantitative. For 
the DMSO samples, In-K+ was first prepared in EtzO. 
After evaporation of the ether with nitrogen, de- 
oxygenated DMSO was added to  the dry salt. Only 
small amounts (less than 0.1 equiv. with respect to In- )  
of EtzO remained in the samples as determined from the 
NMR signal intensities. For the cryptand(2,2,2) solu- 
tions, 1.1-1.2 equiv. of the cryptand was added to 
freshy prepared 1n-K' in THF. In-N'Me4 was 
prepared by adding a slight excess of Me4NCI to a THF 
solution of In-Li'. The solution was sonicated until the 
'Li NMR chemical shift reached the same shift value as 
that of a solution of LiCl in T H F  of the same concentra- 
tion. The solutions were transferred to NMR tubes with 
a syringe. 13C NMR spectra were obtained on a Varian 
XL-200, a GE GN300 or a Bruker WM-250 spec- 
trometer at I3C frequencies of 50.31, 75-47 or 62.89 
MHz, respectively. 
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STERN-VOLMER QUENCHING KINETICS IN PHOTOREACTION 
SYSTEMS WITH STRONG INTERNAL FILTERING: TYPE I1 


PHOTOREACTION OF 2-BENZOYLCYCLOHEXANONE 


TADASHI HASEGAWA* AND MICHIKO NISHIMURA 
Department of Chemistry, Tokyo Gakugei University, Nukuikitamachi, Koganei, Tokyo 184, Japan 


MICHIKAZU YOSHIOKA 
Department of Chemistry, Saiiama Universiiy, Shimookubo, Urawa, Saitama 338, Japan 


The Stern-Volmer quenching equation for a photochemical reaction in the presence of internal filtering was obtained 
by applying the steady-state approximation to the system. The equation was used for the kinetic analysis of the Type 
I1 photoreaction of 2-henzoylcyclohexanone yielding l-phenylhept-6-ene-l,3-dione, the enol form of which acts as an 
effective internal filter. The kq7 value for quenching of the photoreaction by 2,5-dimethylhexa-2,4-diene was 
determined to be 9.1 2 0.5 Imol- I .  


INTRODUCTION 


Laser-flash techniques make it possible to  make direct 
observations of excited states of photochemically active 
compounds and of their decay kinetics. However, tech- 
niques exploiting ,energy transfer still continue to play 
an important role in mechanistic studies of organic 
photochemical reactions. Stern-Volmer quenching 
kinetics are very useful and convenient; they provide 
excited-state lifetimes and allow the calculation of 
excited-state rate constants. Under steady-state condi- 
tions, the only kinetic parameter that can be measured 
directly for a photochemical reaction is the overall 
quantum yield, which must be constant in order to 
apply the normal Stern-Volmer quenching kinetics to  
the photoreaction. There are a t  least two phenomena 
which might change the quantum yield in conversions: 
internal filtering by a product and quenching of an 
excited reactant by a product. In these cases, the nor- 
mal Stern-Volmer kinetics cannot be applied to pho- 
toreactions in order to obtain excited-state lifetimes and 
rate constants because the slopes of the Stern-Volmer 
plots d o  not give the kqs values directly. 


The Type I1  photoelimination and cyclization reac- 
tions of aryl alkyl ketones having a y-hydrogen atom 
have been the subject of extensive investigations in 
organic photo~hemis t ry .~  These reactions are now well 


*Author for correspondence. 


established to involve a 1,4-biradical intermediate, 
which is formed through y-hydrogen abstraction by the 
n, T* excited carbonyl group. 5 2 6  Aryl cycloalkyl ketones 
also undergo the Type I1 reactions. '*' The Type I1  reac- 
tion of 2-benzoylcyclohexanone (1) gives l-phenylhept- 
6-ene-1,3-dione (2),'"' which is a 0-diketone with 
keto-enol tautomerism. It can be readily expected that 
the enol form of the heptene-l,3-dione 2 acts as a strong 
internal filter. We report here the application of 
Stern-Volmer quenching kinetics to  the Type I 1  
photoreaction of 2-benzoylcyclohexanone (1) yielding 
the product 2, which acts as a strong internal filter. 


EXPERIMENTAL 


Chemicals. 2-Benzoylcyclohexanone ( I )  was pre- 
pared from 1 -morpholi!ocyclohexene and benzoyl 
chloride; m.p. 91 *5-92 C (lit. '' m.p., 91-91 - 5  "C) .  
Valerophenone was purified by fractional distillation 
with a Taika SM-NB spinning-band distillation appar- 
atus and 2,5-dimethylhexa-2,4-diene (Tokyo Kasei) was 
purified by distillation. Benzene was washed with 
sulphuric acid, neutralized, dried and distilled over 
phosphorus pentoxide. 


Irradiation procedures. Benzene solutions of 1 (ca 
0.05 moll- ') containing a known concentration of 
pentadecane (ca 0.001 moll- ' )  as a caliburant, were 
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0.3 + 
0.2 


0.1 


placed in 15Ox 15 mm Pyrex culture tubes. In 
quenching experiments, the solutions also contained 
appropriate concentrations of 2,5-dimethylhexa-2,4- 
diene. The tubes were degassed by three freeze- 
pump-thaw cycles and then sealed. Irradation was 
performed on a 'merry-go-round' apparatus with an 
Ushio 450-W high-pressure mercury lamp. Potassium 
chromate filter solution was used to  isolate the 313-nm 
line. Analyses were performed on a Shimazu GC-4B 
or GC-8A gas chromatograph equipped with flame 
ionization detectors using a 2-m column containing 3% 
SE-30. Quantum yields were determined by the use of a 
valerophenone actinometer. 5b 


. 


. 


. 


RESULTS AND DISCUSSION 


Irradiation of a cyclohexane solution of 1 has been 
reported to give the Type I1 elimination product 
l-phenyl-hept-6-ene-l,3-dione (2) in 72% yield. lo  No 
Type I1 cyclization products have been reported to  be 
obtained in the p h o t o r e a c t i ~ n . ~ ~ ' ~  Irradiation of 1 in 
benzene also gave a similar result (82% yield) with no 
indication of the formation of the Type I1 cyclization 
product. 


Quantum yields for the disappearance of 1 were 
determined. Degassed benzene solutions of 1 were irra- 
diated with 313-nm light for reactions periods. The 
observed quantum yields were not constant and 
decreased with increasing conversion (Figure 1). This is 
attributable to the internal filter effect by the enol form 
of the photoproduct 2. The following kinetic treatment 
provides evidence for very effective internal filtering by 
the enol form of 2. 


The cyclohexanone 1 exists as a mixture of the keto 
and enol tautomers. The Type I1 photoreaction should 
occur only from the keto form. The photoproduct 2 also 
exists as a keto-enol mixture. Both of the enol forms of 
1 and 2 absorb 313-nm light strongly and, therefore, can 
act as effective internal filters. The keto form of 2 might 
act as a sensitizer because acetophenone produced from 
the Type I1 photoreaction of butyrophenone or 
valerophenone acts as a sensitizer. l 3  A simple scheme 
for the photoreaction of 1 containing the internal filter- 
ing by the enol form of 1 and the photoproduct 2 is 
shown in Scheme 1, where BR is the 1,4-biradical inter- 
mediate 


1:' (1) 


1:l 1 ~ 3  (2) 
i Z 3  J BR 


hv . 
lk>  kl 


(effective light intensity = I , )  


(3) 


(5) 
(6)  


k 


1 ~ 3  ka ik (4) 
k 


BR 5 2  
k6 BR -1k 


Conversion / % 
0 


0 


0 


0 0 
0 


" 0  1 2 3 4 


[l disappeared] x 103/mol I-' 


Figure 1. Dependence of quantum yield for disappearance of 
2-benzoylcyclohexanone (1) on conversion 
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Scheme 1 


Sensitization: 


2:l (7) 


(8) 


hv . 
2k'  k7 


(effective light intensity = I,') 
ks 2~1- 2 ~ 3  


2 ~ 3  ks 2k (9) 
i Z 3  + 2k (10) 2 k * 3  [ l k ]  + 


1,. hv 1: - l k  (1 1) 


kin 


Internal filtering: 


* -2k (12) 
hv 


2e L 2, 


and subscripts k and e represent the keto and the enol 
form, respectively. The steady-state approximation 
gives the rate of product formation, equation (13), 
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where x is the molar 
d x  kz k3 k5 
dt - kl + kz k3 + k4 k5 + k6 
- - __ . - . - 


1 


concentration of 2, I is the whole absorbed light inten- 
sity, I, and I,' are the light intensities absorbed by the 
keto form of 1 and 2, respectively, and p is a parameter 
representing the efficiency of sensitization by the keto 
form of 2 (0 < p < 1). The term Fp(x) I  is the effective 
light intensity for the photoreaction of lk. The function 
Fp(x) expresses the probability that the excited state of 
the reactive keto form of the reactant will be produced. 
If the keto form of the Type I1 photoproduct 2 acts as 
a 100% effective sensitizer, p should be unity. The func- 
tion Fp(x) can be 


F A X )  
- [ci,(l - eni)[Co - xlcyl +pfZk(l - enzlxl 


+ (fzk(l - e n d  + ~z,enz1xl (16) 
defined as equation (16) where [CO] is the initial concen- 
tration of 1, cy is the chemical yield of 2, elk, t i c ,  fzk, 
and cz, are the 


- 
[ I ~ 1 d l  - end + a,eni  I [CO - xlcyl 


r x  1 


d x =  A x +  A B  ln(1 + Cx) (17 


= CPOIt (18) 


where 


czk(l - enz)cy - a k ( l  - enl) - Et,enl + f2,enzcy 
pcz(1 - enz)cy - f ik( l  - eni) 


A=----- 


(19) 
B=- - eni)Cocy + a,eniCocy 


EZk(l - enzlcy - a k ( l  - eni) - ci.eni + ~z,enzcy 


absorption coefficients for the keto and the enol forms 
of 1 and 2, respectively, and en1 and en2 are the enol 
contents of 1 and 2, respectively. Integration of equa- 
tion (15) gives equation (18). This equation describes the 
dependence on the amount of the product x on time t .  
The enol contents eni and enz were determined to  be 
0.07 and 0.89, respectively, from the NMR analyses of 
1 and 2 in benzene-&. The observed absorption coeffi- 


cients of 1 and 2 at  313 nm are 230 and 
16600 lmol-I cm-I, respectively. Both of the absorp- 
tion coefficients of 2-methyl-2-benzoylcyclohexanone 
and 3-benzoyl-3-methylbutan-2-one, non-enolizable 
analogues, are commonly 100 lmol-l cm-l at 313 nm in 
benzene. We used this value for cik and f z k  in benzene 
at  313 nm. The absorption coefficients of the enol forms 
of 1 and 2 at 313 nm can be calculated to  be 2000 and 
18 600 1 mol-I cm-I, respectively. 


Figure 2 shows the rate of product formation as a 
function of time. Least-squares analysis of the 
experimental data according to  equation (18) gives a 
best-fit plot in Figure 2, which gives the quantum yield 
(4') to  be 0-82. The straight line shows the rate 
expected for the reaction without internal filtering. 
Figure 2 indicates that the enol forms of 1 and 2 act as 
very effective internal filters and that the true quantum 
yield (the quantum yield at zero conversion) for forma- 
tion of the photoproduct 2 is 0.82. Therefore, the true 
quantum yield for disappearance of the reactant 1 
should be unity because the chemical yield of 2 from 1 
is 82%. These high values of quantum yields indicate 
the complete absence of the reverse hydrogen transfer 
process, l4 equation (6), which yields the starting com- 
pound from the 1,4-biradical intermediate 3. The intra- 
molecular hydrogen bonding between the hydroxyl and 
the ketone-carbonyl group in the biradical intermediate 
might prevent the reverse hydrogen migration. l 5  The 
quantum yield for the Type I1 photoreaction of benzoyl- 
cyclohexane has been reported to be remarkably low, 
being explained in terms of the ready regression of the 
1,4-biradical intermediate to the ground-state ketone. 7d 


Usual Stern-Volmer quenching kinetics cannot be 
applied straightforwardly to such a photochemical 
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Figure2. Rate of product formation from the Type I 1  
photoreaction of 2-benzoylcyclohexanone (1) as a function of 
irradiation time. Irradiation times were corrected by using a 
valerophenone actinometer. Straight line: the rate expected for 
the reaction without filtering. Curved line: the rate calculated 


by using equation (18). 
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system in which a product acts as a strong internal filter. 
The number of photons absorbed by the reactant is not 
constant and changes with conversion. We derived a 
Stern-Volmer quenching equation applicable to  pho- 
toreactions accompanied by strong internal filtering. 


For the quenching system, we can add equation (22) 
to  the equations in Scheme 1, where Q is the quencher. 
The triplet 


kq 


state of the product 2 k  might also be quenched. How- 
ever, this process can be neglected when the conversion 
is not so high. Application of the steady-state approxi- 
mation to  the quenching systems gives equation (23) and 
integration of this equation gives equation (26). 


* I + Q * ~  (22) 1 : 3 +  Q 


ks 
ks + k6 


.- d x  kz k3 
dt  - kl + kz k3 + k4 + kq[Q]  
_--. 


d x  = Ax + A B  In( 1 + Cx) 
l o &  =@.II 


Dividing equation (18) by equation (26) gives equation 
(29), a generalized Stern-Volmer quenching equation 
applicable to a photochemical system changing the 


(27) 6' 
4 


Ax0 + A B  In(1 + Cxo) 
Ax + A B  In(1 + Cx) 


_ -  -' 


= 1 +- kq [ Q I  
k3 + k4 


= 1 + k q ~ [ Q ]  
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Figure 3. Corrected Stern-Volmer plots for quenching of 
l-phenylhept-6-ene-l,3-dione (2) formation from 2-benzoyl- 
cyclohexanone (1). 0,  0.050moll-' of 1 was used and the 
conversion at zero quencher concentration was 2.6%; *, 


0.050 moll-', 10.1% 


light intensity absorbed by a reactant with conversion, 
that is, the equation for the photoreaction in the pres- 
ence of internal filtering. The Stern-Volmer quenching 
plots corrected by equation (27) show the linear rela- 
tionship (Figure 3). The straight line in Figure 3 was 
obtained by the least-squares method for the corrected 
plots. The slope of the line gives the kq7 value. The kq7 
value was determined to  be 9.1 k 0.5 lmol-' ,  from 
which the lifetime and the value were calculated to 
be 1.8  x s and 5 . 5  x lo8 s-', respectively, assum- 
ing a diffusion-controlled rate for kq 
(5 x lo9  lmol- l s - ' ) .  The lifetime is about four times 
shorter than those of butyrophenone and 
valerophenone.' This might be due t o  an increase in the 
population of geometries favourable for 7-hydrogen 
abstraction because of the decrease in con formational 
flexibility, 


CONCLUSIONS 


The Type I1 photoreaction of 2-benzoylcyclohexanone 
(1) afforded l-phenylhept-6-ene-l,3-dione (2), which 
acts as a very effective internal filter. The steady-state 
approximation was applied to  a photoreaction in the 
presence of internal filtering and the generalized 
Stern-Volmer quenching equation (29) was obtained. 
The kq7 value in the Type I1 photoreaction of 1 was 
determined to be 9.1 k 0.5 Imol-'  by applying the 
equation, and the lifetime of the triplet excited state of 
1 was calculated to be 1.8 x 10-9s. 
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MICROENVIRONMENTAL EFFECTS IN SOLID-STATE 
REACTIONS. DISPERSIVE KINETICS OF CONFORMATION- 
DEPENDENT CHARGE DELOCALIZATION IN ALIPHATIC 


DIAMINE RADICAL CATIONS 


ANDRZEJ MARCINEK, JERZY GeBICKI* AND ANDRZEJ PLONKA* 
Institute of Applied Radiation Chemistry, Technical University, 90-924 Zodz, Poland 


The kinetics of conformation-dependent charge delocalization in radical cations generated from a series of ap-  
diaminoalkanes, (CH,)2N(CH2),N(CH3)2, (n  = 1-3) in a 3-methylpentane glassy solution at 90 K are discussed in 
terms of dispersive kinetics with the use of the time-dependent rate constant in the form k( t )  = B P -  I .  It was found 
that the activation energy distribution function became broader as the number of methylene groups separating the two 
nitrogen atoms increased, and that this process was accompanied by a substanlial increase in the mean value of the 
activation energy. 


INTRODUCTION 


Kinetic observations of chemical reactions in a non- 
fluid medium are often difficult to analyse by applying 
classical kinetic equations. Problems may arise from 
the perturbation caused by the solvent rigidity, as dif- 
ferent molecules in a solid sample experience different 
microenvironments. This effect, in principle, can lead 
to the distribution of activation barriers and to  complex 
(dispersive) kinetics. Recent approaches to dispersive 
kinetics in condensed media offer various mathe- 
matical models for treating experimental data. Sponsler 
et al., applying a method called ‘distribution slicing’, 
showed experimentally that the rate dispersion may 
arise from a distribution of activation energies ( E )  with 
the Arrhenius pre-exponential factor ( A )  remaining 
constant. 


Since elucidation of the matrix perturbation in solid- 
state reactions is highly challenging and only a few 
systems have been analysed so far, we decided to study 
the kinetic behaviour of unimolecular reactions of 
structurally designed molecules for which microen- 
vironmental effects are expected to be a function of 
molecular structure. The chosen model reaction obeys 
conformation-dependent charge delocalization in 
radical cations generated from a series of 


(n = 1-3) in a 3-methylpentane glassy matrix. 
cy ,w-diaminoalkanes (CH3 ) z N ( C H Z ) ~ N ~ ( C H ~  )z, 
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RESULTS AND DISCUSSION 


The apdiaminoalkanes studied were N, N, N’ ,W -te- 
tramethyldiaminomethane (n = 1; l ) ,  N,N, N‘, N’-te- 
tramethyldiaminoethane (n = 2; 2)  and 
N , N , N  ,N‘-tetramethyldiaminopropane (n = 3, 3). A 
mechanistic discussion of conformation-dependent 
charge delocalization in radical cations of 1 ,  2 and 3 
together with relevant results and descriptions of the 
experimental details were given p r e v i ~ u s l y . ~  It was 
found that the time needed to achieve a suitable 
geometry for charge delocalization was a function of 
the number of methylene groups separating the 
nitrogen atoms. The most complex initial conformation 
is expected for 3 and it was not surprising that this mol- 
ecule needs the longest time to achieve a suitable con- 
formation for charge delocalization. In this case the 
through-space interactions are dominant and they are 
expected to be strong only if two nitrogen atoms are in 
close vicinity. Our recent work4 clearly supports the 
view that conformational motion restricted by the rigid 
matrix environment leads to  substantial changes in the 
time-resolved absorption spectra, which in turn reflect 
intramolecular interactions in diamine radical cations. 
However, the discussion of the kinetics was left open 
and will be present here. 


Intramolecular conformational changes lowering the 
energy of radical cations lead to  structures suitable for 
charge delocalization. This intramolecular rearrange- 
ment should, in principle, follow first-order kinetics. 
However, the experimental data do not follow such 
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kinetics, as is shown in Figure 1 (curves 1.4, 2A and 
3.4). The kinetics are more complex, suggesting a distri- 
bution of the initial conformation leading to distri- 
bution of the reaction rates. Therefore, we have 
analysed our results in terms of dispersive kinetics using 
the time-dependent rate coefficient in the form 


k ( t )  = Bt"-' (1) 


where the coefficient 0 < CY < 1 measures the reactivity 
dispersion. '*' The first-order kinetic equation 


- dc/dt = k( t )c  (2) 
with the time-dependent rate coefficient [equation (l)] 
on integration gives the relation 


In(c/co) = - (B/cu)t" = - ( t /70)*  (3) 
which fits the experimental results well (Figure 1, curves 
lB, 28 and 3B). 


Phenomenologically, the decrease in the rate coeffi- 


Figure 2. Densities of activation energy distribution for the 
formation of diamine radical cations 


cient k ( t )  with time according to equation ( I )  implies2 
that the activation energy for reaction increases as 


E = EO + ( 1  - c~)RT[ln(t/~n)l (4) 
where TO = ( a / B )  '"' for the first-order reaction. This 
enables one to  obtain the distribution function for acti- 
vation energy F ( E )  from F ( t )  = 1 - ( c / C O ) .  The den- 
sities of the activation energy distribution function, 


g(E) = d F ( E ) / d E  (5) 
are depicted in Figure 2 for a value of the pre- 
exponential factor in the Arrhenius equation equal to 
log A = 10. The first moments of the activation energy 
distribution,' i.e. the mean value of activation energy 
( E )  


( E )  =En - [0*577(1 - CY)RT/CY)] (6) 
and the dispersion characterizing the width of the acti- 
vation energy distributions, 


(7) 
are given in Table 1 together with the kinetic par- 
ameters used for data fitting. It is clearly seen that the 
activation energy distribution function becomes 
broader as the number of methylene groups separating 
the two nitrogen atoms increases. This effect is 
accompanied by a substantial increase in the raising 


U' = r2/6[(1 - CY)RT/CY] ' 


Table 1. Rate and activation parameters for the formation of 
diamine radical cations with delocalized charge 


TO ( E )  (12 


Diamine 01 (S) (kJ mol-') ( k J 2  rnol-') 


1 0 .62  9.1 x 8 . 3  0 .34 
2 0.53 8.8 x 9.9 0.72 
3 0.45 8 . 1 ~ 1 0 - ~  11.4 1.37 
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time of the absorption characterizing the radical cation 
with delocalized charge. 


One can intuitively visualize this observation in the 
following way. The conformational flexibility of a 
diamine is greater for molecules having a longer chain 
separating the two nitrogen atoms. Greater confor- 
mational flexibility causes greater conformational dis- 
order of diarnine molecules embedded in the glassy 
matrix. After ionization, the radical cation initially 
formed retains the structure of the neutral parent and 
conformational motion monitored as the absorption 
change with time leads to the structure of the lowest 
energy characterized by the greatest interactions. 
Greater initial conformational disorder should be 
characterized by a broader activation energy distri- 
bution function and a longer time should be needed to  
achieve a favourable conformation. It is expected that 
the molecule in the initial conformation surrounded by 
its own microenvironment possesses a characteristic 
activation barrier for conformational motion which is 
partially a function of this microenvironment. 


All these expectations were verified by experimental 


results presented above. The results discussed here were 
obtained in a 3-methypentane glassy matrix, but similar 
conclusions can be drawn from the results obtained 
with methylcyclohexane glass. There is no doubt that a 
correlation exists between the kinetic behaviour of a 
conformationally driven reaction and the structure of 
the matrix site accommodating the reacting molecule. 
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REVIEW COMMENTARY 


RATE-EQUILIBRIUM LFER CHARACTERIZATION OF TRANSITION STATES: 
THE INTERPRETATION OF CY 


EDWARD S .  LEWIS 
Deportment of Chemistry, Rice University, P .O.  Box 1892, Houston, Texas 77251, U.S.A. 


The effect of substituents on the rate of a reaction and the effect o f  the same substituents on the equilibrium can often 
be related by a linear free energy relation (LFER): log k -  = a log K= + constant, where k' and K =  are the rate constant 
and the equilibrium constant, respectively. This review, concentrating on group transfers, adds to many studies 
describing the use o f  a to describe the transition state. Although the use o f  (I to describe transition states i s  general, 
group transfers constitute a simple class allowing a fairly complete description yet illustrating two often neglected 
contributions. Group transfers can be described by the Marcus equation relating rate to an average identity rate and 
the equilibrium constant; a major contributor to the slope, a, of  the rate-equilibrium LFER i s  the variation o f  identity 
rates with substituent, rather than retlecting product-like character. Substituent effect LFERs are predominantly 
attributable to interaction o f  charges with the substituent. However, a i s  not an exact measure o f  the charge on the 
substituent-containing group, because in a transition state, but often not in a reaction product, there are more remote 
centers of charge which exert a smaller attenuated effect. A simple treatment of this attenuation for group transfers 
i s  proposed. The possibility o f  application o f  these ideas to proton transfer reactions and the interpretation of the 
Brensted a (or j3) is  proposed. 


1.NTRODUCTION 


The transition state (T.S.) is a wonderfully useful struc- 
ture for describing rates through absolute reaction rate 
theory. ' The T.S. is treated as a stable molecule, with 
its thermodynamic properties determinable from the 
rate. Its elemental composition and charge are found 
from the rate law; its structure in part from the 
stereochemical course; its volume, vibrational energies 
and solvation by effect of pressure, isotopic substitu- 
tion, and solvents, respectively, on the reaction rate.2 


Here the concern is the study of charge distribution in 
the transition state, through the use of substituent ef- 
fects on the rate. The intent is to provide a framework 
for the interpretation of the magnitude of these effects. 
Substituents will be limited to those which can be 
expected to  give linear free energy relations (LFERs) 
between rate constants and equilibrium constants. The 
primary example used for illustration will be reaction 
series which follow the Hammett equation, in both rates 


and equilibria, but the results are more general. There 
are numerous sources for these ideas in addition to 
those specifically quoted. One which must be men- 
tioned, although it applies to more extensive substituent 
changes, is the review on the 'Bema Hapothle' by 
J e n ~ k s ; ~  much of his other work is also very relevant. 


SUBSTITUENT EFFECT MEASURES O F  
TRANSITION STATE LOCATION 


If a reaction follows the Hammett equation with p+ (the 
p value for the forward reaction rate) and p= (the p 
value for the equilibrium with the same series of sub- 
stituents), then the plot of log k +  vs log K =  will also be 
linear with a slope p + / p = .  This plot is often better than 
the Hammett plots; it is no longer sensitive to the choice 
of u scale or to solvent effects on u. Further, this log k' 
vs log K =  plot is often linear when the substituents are 
not included in any u list, or even when structural 
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changes are well beyond limitations of Hammett sub- 
stituents. The term p + / p =  will nevertheless be used here 
for such substituent effects. 


Implicit in the following treatments is the assumption 
that the substituent effect, p ,  is measuring only the 
change in an electrostatic interaction between the re- 
action center and the substituent, without consideration 
of the mode of transmission of this interaction. Sub- 
stituent effects also arise in part from changes in 
hybridization, as described by Sager and R i t ~ h i e ; ~  such 
sources, or those arising from major conjugative in- 
teraction between reaction center and substituent, may 
not be covered by the treatment. 


The term p + / p =  may also be applied to reactions 
which follow the Taft equation. The Br~ns ted  01 and p 
(for general acid and general base catalysis) are also 
easily shown to be slopes of a log k+ vs log K' plot for 
a proton transfer. Less direct but still very useful plots 
are those for reactions of nucleophiles, X - ,  where Pnuc 
is the slope of log k f  vs pK, of XH, and for some leav- 
ing groups Y , where PI& is again the slope of a plot of 
log k+ vs pK, of YH. These are equivalent to the log k f  
vs log K= plots to the extent that the substituent effect 
for equilibrium proton loss from YH parallels that for 
(for example) equilibrium carbon loss from RY, or the 
protonation of X -  parallels the formation of the bond 
to carbon or other electrophiles, an inexact but gener- 
ally not very bad approximation. Bernasconi and 
Fornarini' 'normalized' Pnuc to compensate for the dif- 
ferences in substituent effect on the equilibrium pro- 
tonation vs equilibrium bond formation to carbon. 
Some of these corrections are found to be 10--20%. A 
treatment of the quality of this assumption in the gas 
phase was made by Brauman and Han.6 


Following custom, we shall use a not only for 
Br~ns ted  acid catalysis, but more generally for the 
Br~ns ted  p, -& and p + / p = .  The first general 
interpretation of this a was that this is a measure of how 
far the transition state is along the path from reagent to  
product, having a very small value for a reagent-like 
T. S. and a value near unity for a product-like T.S.' In 
fact, i f  the T.S. is considered as a hybrid of reagent-like 
and product-like structures, 01 might be considered to  be 
the weight of the product-like structure, and 1 - a  
would be the weight of the reagent-like structure in this 
hybrid. 


The rationale behind this argument is that in proton 
transfers, in iiucleophilic substitution or addition, the 
charge on  the fragment bearing the substituent changes 
during the reaction. Since the charge changes, 01 is a 
measure of the charge change on going to the transition 
state compared with that on going to the final product. 
With an exception noted later, this interpretation is used 
here. The fragment charges so calculated in the T.S. 
have been called the 'apparent charges.' However, the 
change from reagent charge to the apparent fragment 
charge in the transition is not a general measure of the 


product-like character of the transition state, as will be 
shown below. 


The Hammond postulate' also bears on the question 
of  product-like character in the T.S. The T.S. is very 
close to  the reagent when a highly exothermic reaction 
has a low activation energy, and very close to the pro- 
duct for a highly endothermic reaction with a low 
activation energy for the reverse. Another expression of 
the fraction of  product-like character, p ,  in equation (1) 
has been derived for a particular analytical form' of a 
plot E, vs. AH.  


p = EJ(2Ea - A H )  (1) 


This is roughly equivalent to the slope of a pIot of  
log k+ vs. log K' , and has the value 1/2 for A H  = 0. 
We shall explore in more detail the Marcus equation" 
as a relation between log k+ and log K = ;  it hs been wide- 
ly tested and found applicable to alkyl transfers, ",'' 
proton transfer l 3  and hydride transfers I4,I5 in addition 
to  the electron transfers for which it was originally 
designed. 


In the group transfer (2) between nucleophiles, the 
charge on the reagent X is n, and that on the product 
Y is m. 


12) 


A simply treated case has m = n and most results have 


X - + G Y * X G + Y -  (3) 


The free energy of  activation in the forward direction, 
AGGx, is defined as usual, as is the overall free energy 
change, AG&. The Marcus equation is equation (4), 
where AGZx and AGGY are the free energies of 
activation for the identity reactions ( 5 )  and (6): 


AGvfx = 1/2(AG;x + AG&) + 112 AG& + 


X"+Gy" '+ l  * X " + l G + Y " '  


m = n =  - 1 :  


(4) 
A G& ' 


16[1/2(AG;y+AGxfx)- W R 1  


X ' + G X * X G + X -  ( 5 )  


Y- + G Y * Y G + Y -  (6) 
and w R  is the work term to bring X -  and GY together. 
In this form it is assumed that wR is the same for all X 
and Y, and is equal to - wp,  where w p  is the work to 
separate the immediate products into free XG and Y - .  
Only for the case m = n will this simplification be valid. 
(The work terms are subject to these assumptions, but 
in our work, since the term containing w R  is neglected, 
we can say nothing about it. The wR can in principle 
only be evaluated if the log k f  vs. log K =  is concave 
downward.) The term (1/2)(AG& + AC&) - w R  is 
called the intrinsic barrier. 


The quadratic term can be shown to allow this 
expression to  conform to the Hammond postulate and 
the related reactivity-selectivity principle, RSP. It also 
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(in the case of a constant intripic barrier) makes the 
relation between AG& and AGYX non-linear, although 
a very large range of AG& is often required to detect 
the curvature. However, the slope itself of an 
experimentally linear part of the plot is informative. For 
a constant intrinsic barrier8 equation (4) can be differen- 
tiated with respect to  AGYX to give this slope a: 


a =  1/2+AG&/8[1/2(AG~x+AGGyfy)- W R l  (7) 


Unfortunately, this result is not always in agreemeFt 
with experiment; for several systems with AGyx 
very nearly zero, a is often different from 1/2. 
Some experimental values found for alkyl transfers 
with a changing nucleophile are as follows: for 
the reaction ArSO, + CH303SAr, a = 0~38;'~ for 
ArS- + CH3SPh, a = 0.54;'' for ArSeMe + Me2Se+Ph, 
a = 0.45; I 2  for ArSe- + MeSePh, a = 0.62;" and for 
ArSO: + PhCOCH203SPh, CY = 0.74. l9 All these 
values, with the possible exception of the 
thiophenoxide-thioanisole reaction, differ from 0.5 by 
well over the experimental error. We must conclude that 
equation (7) is incorrect, even though the fit to equation 
(4) has been very good in several tests. The problem lies 
in the constant intrinsic barrier assumption. The iden- 
tity rates for the methyl transfers between sulfonates 
were in fact directly measured, using a "S tracer 
technique. l 6  The identity rates for different sulfonate 
substituents were not constant, instead they varied con- 
siderably and fit the Hammett eqFation with pii = 0.6! 


For these reactions with AG close to zero, the 
quadratic term in equation (4) can be neglected, and it 
becomes equation (8), alternatively written as equation 
(9): 


(8) 
In kyx = (In kxx + In k y ~ ) / 2  + (In K Y X ) / ~  (9) 


and with a variable nucleophile X-  and a constant leav- 
ing group we are left with the equation 


a = d In kyx/d In KYX = (1/2)(d I n  kxx/d In KYX) + 1/2 
(10) 


which allows a value of a different from 0.5 without 
abandoning the Marcus equation. Equation (10) is ap- 
plicable whenever the quadratic term is negligible. 
When the quadratic term is not negligible, the contribu- 
tion of the identity rate variation can normally not be 
neglected either, and both the last term in equation (7) 
and the first term in equation (10) should be used. 


The quantitative relation between a and the identity 
p has been developed for a variable Y ;  l6  the relevant 
relations between the various p values are 


(11) 


AG& = (AG& + AG?y)/2 + AGGx/2 


P +  = (1/2)pii + (1 /2)~ '  
and 


CY = (1/2) + pii/2p= 


l e  
(1  d )  


Figure 1. The More O'Ferrall-Jencks plot for a nucleophile 
substitution, showing the change in charge on X from n to n + 1 
and the change in the charge on Y from m + 1 to m. The diagonal 
shown is the position for all one-step identity reactions, and close 


to that for most alkyl transfers 


Hence the data on a with small AG& can be fitted by 
a non-zero value of pii of the same sign as p =  for 
a > 1/2, and of the opposite sign for a < 1/2. 


The reason why pii # 0 is not very subtle, and is im- 
mediately obvious when the More O'Ferrall-Jencks 
two-dimensional diagram" for a substitution reaction is 
noted. Figure 1 shows such a diagram for a group 
transfer. In this plot the reagent is shown at the lower 
left and the product at the upper right. The vertical axis 
is shown as the charge on Y, varying from rn + 1 in the 
reagent to rn in the product, and the horizontal axis is 
the charge on X, varying from n in the reagent to  n + 1 
in the product. Alternatively, they might have been 
labelled - pis and pnuc, respectively. The extreme upper 
left obviously corresponds to  the structure 
IX"G+Y"l " + " + I  , the lower right is for G = alkyl, best 
represented as [ X .  " + *  G -  myrn+' 1 r n + n + ' .  


The location of the transition state along the identity 
reaction diagonal, here described in terms of non-zero 
values of pii, is akernatively described by Albery and 
Kreevoy" as the tightness parameter, 7. This is unity 
when pii=O and can vary from 0 to  2. The two no- 
tations d o  not have an essential difference. A more 
general treatment by Grunwald2' describes the position 
in terms of 'disparity', referring to  motion perpen- 
dicular to  the reaction coordinate. 22 The hypothetical 
disparity reaction, which has a minimum energy at the 
transition state for the parent reaction, is the conversion 
of the species at the upper left of a More 
O'Ferrall-Jencks diagram such as Figure 1 to the 
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species a t  the lower right. Both species can be 
hypothetical. For alkyl transfers (with m = n = - 1) the 
disparity reaction is presemably reaction (13): 


x- G +  Y-  + x. G-  * Y  (13) 
Any point on the top left to  bottom right diagonal is 


a potential identity reaction transition state, for it is the 
line for which the charge on X and that on Y are iden- 
tical, a requirement for the identity transition state. 
However, at point a these charges are exactly - 1/2, at 
point b the absolute value of the charges on X and Y are 
each greater than 1/2 and at points c they are less, the 
remainder of the total charge resides on G, thus for b 
the charge on G is positive and for c G is negatively 
charged. For many group transfers, notably alkyl 
transfers between nucleophiles, there is very little devi- 
ation from this identity reaction line, because t p  intrin- 
sic barriers are large, and the range of AGyx is not 
large. The absence of significant selectivity changes with 
large rate changes23 is a manifestation of the unimpor- 
tance of the Marcus quadratic term. Hence for these 
reactions a differs from 0.5 principally because p , ,  dif- 
fers from zero. No case of a transition state exactly at 
a has been found. While cases may be found of this 
perfectly central transition state, it is now clear that it 
is at best an exceptional model for the transition state 
for alkyl transfers. The transition state consistent with 
this More O’Ferrall-Jencks diagram is the resonance 
hybrid 1: 
X - G - Y + ~ X - G Y - + + X - G + Y -  


l a  l b  l c  
U X - G - - y + + X .  G-  .y 


thus the transition state a t  point a has equal contribu- 
tions of l a  and lb ,  and a combination of l c ,  Id and l e  
so that X and Y each have a 1/2 negative charge. 
Similarly, the T.S. marked b has equal l a  and l b ,  but 
a predominance of l c ,  and c has an excess of Id or l e .  
A transition state not generally found for alkyl transfer, 
although possible for some faster group transfers, might 
be d with a substantial excess of both l a  and l c .  


Transition states near the upper left corner with 
major contributions of l c  have been described as 
‘loose,’ ‘exploded’ or having ‘bond breaking before 
bond making.’ In alkyl transfers these pose no pro- 
blems; they have also been described as borderline SN 1, 
and are widely understood. The a-arylethyl transfers 
between nucleophiles and of methoxymethyl transfers 
between amines are an extreme example, where the iden- 
tification of nucleophilic participation is far from 
trivial. 24 Examples with SO3 or phosphonyl transfer 
with ‘exploded’ transition states are also known. 25 


Transition states near the lower right corner have 
been described as ‘tight’ or with ‘bond making before 
bond breaking.’ However, with some substituted benzyl 
and phenacyl transfers, this description requires a con- 


Id l e  


tribution of hypervalent carbon, which appears un- 
likely. The explanation in terms of structure l e  appears 
more attractive for carbon transfer, although transfers 
of groups centered around atoms of higher atomic 
number can easily have hypervalent contributions; 
indeed, the hypervalent structure may be a real 
intermediate. 


The predictions of the hybrid 1 lead to  an under- 
standing of the deviations from point a. Very stable 
anions (such as sulfonates) lead to an emphasis on struc- 
ture lc ,  groups G well able to tolerate a positive charge 
likewise emphasize l c ,  G beyond the first row of the 
Periodic Table can stabilize Id, and X -  and Y -  easily 
oxidized to  X.  and Y .  will favor the structure l e  (an 
electron paired structure with a ‘formal’ XY bond). The 
contribution of l e  accounts for the often obseved cor- 
relation between rate of attack of a nucleophile and its 
oxidation potential. 26 


This introduction of a second dimension in the re- 
action coordinate diagram constitutes a considerable 
improvement in the interpretation of a. We no longer 
require that the total charge be divided only between the 
leaving group and the attacking group. Hence the 
transferring group can carry charge of either sign. It 
should be noted that the variation of the charge on the 
transferring group is not a modification or an extra term 
on the Marcus equation; it is contained within the equa- 
tion as a variable intrinsic barrier present even with 
modest structural changes. 


The charge distributions, calculated in this way and 
called ‘effective charges,’ will in this paper hereafter be 
called ‘infinite attenuation charges.’ The charge trans- 
ition state distributions, calculated very simply from a, 
are not quite correct, even with the assumptions that p c  
is sensitive only to  electrostatic interactions of substi- 
tuents with the rest of the molecule, because there are 
more remote centers of charge in the transition state. 


The estimation of transition state ‘effective charges’ 
from substituent effects is of course not limited to group 
transfers, which have clearly defined identity reactions 
and the Marcus equation is applicable. ‘Effective 
charges’ can also be calculated for reactions for which 
no identity reactions can exist, such as eliminations or 
additions to  multiple bonds. B e r n a ~ c o n i ~ ~  has suggested 
an intrinsic barrier as well as a thermodynamic driving 
force for such reactions; the intrinsic barrier is that for 
a reaction in a series having zero free energy change 
within the collision complex. 


Evidence points in many such reactions to different 
extents of forming or breaking the various bonds in the 
transition state, described by Sayers and Jencks” as an 
‘imbalance’ and by Berna~coni~’  as the operation of the 
‘principle of non-perfect synchronization.’ It is not 
possible to  attempt to describe the entire charge 
distribution in such reactions with a single substituent 
effect study. There are examples where multiple substi- 
tuents have been fruitfully varied. 
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The work on alkyl transfers was nearly all done in 
dipolar aprotic solvents. In these solvents the anions are 
certainly solvated, but not by the rather specific 
hydrogen bonds that characterize protic solvents. Work 
in protic solvents can introduce substituent-dependent 
solvation which can deform Pnuc or Pig. An example by 
JencksZ9 has a negative Pnuc, presumed to arise from a 
necessary prior reversible cleavage of a hydrogen bond 
to  a nucleophile, which is followed by attack with a very 
small dependence on basicity. 


REMOTE CHARGE EFFECTS 


The transition state for the group transfer (2) between 
nucleophiles may be represented by the structure 2, 
where yx is the charge on X, 6 is the charge on G and 
yy is the charge on Y. 


[XYx ... G* ... Y Y Y ]  “ ‘ + n + l  


2 


In the following approach, we divide these charges 
sharply and localize them within the fragments X, G 
and Y. In this way the fragment charges add up to the 
total charge: 


y , + y y + 6 = m + n +  1 (14) 


In relating p + / p =  for a variable Y to the charge 
distribution in the transition state, clearly the largest 
contributor will be the charge yy. However, we should 
not neglect the interaction of the more remote charge, 
6, with the substituent in Y, or even that of the still more 
remote charge yx with the substituent in Y. We can 
allow for these interactions by introducing an attenu- 
ation factor a to  allow for the effect of introducing an 
extra (partial) bond between 6 and Y, and a further at- 
tenuation of a’ for the interactions of yx with the 
substituent in Y .  In dealing with normal single bonds an 
attenuation of a factor of 2-2.5 per CH2 group in- 
troduced between the reaction site and the fragment 
bearing the substituent has generally been accepted. 30 


The partial bonds in a transition state are longer than 
those in stable molecules; we shall use a value of a = 3 
as a working value, but this is still considered an ad- 
justable parameter, with the constraint 2 < a < 03. 


The relation between the various charges and a for a 
variable leaving group becomes equation (15). The value 
of a can be approximated in this case by -Pig. 


a = m +  1 - ( y y + 6 / a + y x / a 2 )  (15) 
For the particular case of nucleophilic substitution 


with G = alkyl and m = n, it has been noted that there 
is little difference between identity reactjons and un- 
symmtrical reactions except for the AG term in the 
Marcus equation. Hence we can carry over the necessary 
feature of the identity reactions which have yy = yx 
to the unsymmetric reactions. With this restriction, 


Table 1. Transferring group charges, b,  from equation (15) for 
a = 3  and m 


Reaction 01 b ( a = m ) ”  6 ( a = 3 )  


PhS03 + MeO3SAr 0.64 -0.28 -0.4 
PhS- + MeSAr 0.46 -0.08 - 0 . 4 4  
PhSe- + MeSeAr 0.38 - 0 . 2 4  -0.8 
PhSOl + PhCOCH203SAr 0.26 - 0 . 4 8  - 0 . 5 g b  
PhSeMe + MezSe’Ar 0.46 -0.08 0.00 


aThis value is the ‘effective charge’. 
Because of the delocalization of the charge in the phenacyl group, with 


most of the charge on oxygen, the term &/a’ was substituted for S/u in 
equation (15). This is why the attenuation correction is smaller than the 
example immediately above. 


equation (15) together with equation (14) allow (for any 
value of a )  a solution of yu and 6 from an experimental 


These values (for a = 3) differ from the earlier ‘in- 
finite approximation’ values. The values for some re- 
actions given before are presented in the Table 1. 


The use of equation (15) to  calculate the charge 
distribution is, of course, only a first approximation to 
the effect of remote charges. The direction of the effect 
when the attentuation is finite can be estimated by con- 
sidering the limit for a = 1 .  In this case equation (15) 
reduces to  


a. 


a = m + l - ( m + n + l ) =  - n  (16) 
and when the substituent containing group is anionic, 
a = 1 ,  and only the charge on the attacking group is 
relevant. Similarly, when the attacking nucleophile is 
neutral, regardless of the charge on GY, a = 0. No in- 
formation on the charge distribution is now contained 
in a. While this limit is meaningless, these limits point 
to the direction that finite a can change a for a par- 
ticular charge distribution. The precision of calculation 
of the charge distribution falls with a, and even the 
a = 3 values of 6 in Table 1 are less precise than the 
a = 05 values. 


A similar equation can be derived when the changing 
reagent is the nucleophile X in reaction (2): 


(17) 
In this case a can be approximately measured as Pnuc. 
The same assumption for G = alkyl of yx = y y  can be 
applied if rn = n,  and the two equations (14) and (17) 
can be solved for yx and 6, given a.  Again, the limits for 
a = I are a = 1 i f  m = 0, corresponding to + 1 net 
charge on the transition state, and a = 0 if the transition 
state has a net charge of - 1, m = - 1 .  


Equations (15) and (17) also apply to  cases where 
m # n.  In this case, for example the Menschutkin re- 
action, yx most likely is of the opposite sign from yy, 
and the assumption that they are equal is clearly wrong. 


a = (yx + 6/a  + y y / a 2 )  - n 







6 E. S. LEWIS 


The Menschutkin reaction has been extensively studied 
from many aspects; many are quoted by Ando et al., ” 
Arnett and Reich,” Matsui and T ~ k u r a ~ ~  and 
Abraham34. Thus equation (15) or (17), which now have 
three unknowns, can no longer be solved with equation 
(14) for the charge distribution. Yet the effect is still pre- 
sent, and the changes can be significant. It is still possi- 
ble to  solve the a = 00 case, where 01 for the leaving 
group variation is a =  m + 1 - yy, or for a varying 
nucleophile, where a = yx - n, but a solution for 6 re- 
quires both. For any particular charge distribution, 01 
may come closer to zero, because of the influence of 
remote charges, regardless of whether the attacking 
neutral nucleophile or the leaving group contains the 
substituents. 


There are few data on the Menschutkin reaction in 
which both the leaving group and the attacking 
nucleophile can be varied to establish a a t  both ends in 
the same system, but the work of Ando and co- 
w o r k e r ~ ” ~ ~ ~  is a distinct exception. Although this work 
on substituted dimethylanilines with various substituted 
benzenesulfonate esters was designed to  study the carbon 
and hydrogen isotope effects on the transferring group, 
it also yields substituent effects on  the rates summarized 
in Table 2. The p+ values are newly calculated. 


There are no comparable data on the equilibrium; we 
can find several measures of p= for protonation of 
substituted dimethylanilines in protoc solvents and they 
fall in the range - 2 - 5  to - 4 .  The value used 
( p =  = - 4.2) may be more reliable since it is in the sol- 
vent dimethylformamide but it is for the unmethylated 
a n i l i n e ~ . ~ ~  The value of Pnuc so estimated is about 0.55. 
The probable benzyl group positive charge is likely 
delocalized enough so that the infinite attenuation ap- 
proximation is almost adequate. 


Table 2. Estimated OL and  p values for 
YC6H4NMe2 + GO3SC6H4X from refs 29 and 33 


Y G X p+ p=(est.) aa 


p-CH3 p-Bromobenzyl Variable +2*06b > +2.94‘ <0.70 
p-OCH3 Benzyl Variable +2.17b > +2.94‘ <0.74 
p-CH3 Benzyl Variable +2.10b > +2.94‘ <0-71 
H Benzyl Variable +2.04b > +2.94‘ <0.69 
Variable p-Bromobenzyl p-C1 -2 .3b  - (>4 .2 )d  <0.55 
Variable Benzyl p-C1 -2.33b -(>4.2)d <0.55 
Variable CH3 p-Br -2.45e -4.2‘ 0.58 


’This is p + / p =  for the sulfonate leaving groups and Auc for the amines. 


‘This is the value for equilibrium loss of sulfonate groups in sulfolane; 
the corresponding value in acetone would presumably be larger. 
dThis is the value for acidity of substituted anilinium ions in the higher 
dielectric solvent dimethylf~rmamide’~ 
‘In acetonitrile. 
‘As in footnote d except there is no significant dielectric constant cor- 
rection in this acetonitrile solvent. 


acetone. 


The a for the leaving group variation may be estimated 
using p for the equilibrium loss of substituted sulfonates 
( p  = + 2-94) from methyl arenesulfonates in sulfolane; l6 


it may be higher in the lower dielectric acetone. Neglect- 
ing this solvent change on p = ,  a = 2-1/2.94 = 0.7.  Such 
a value appears to indicate a product-like transition state. 
However, assuming an identity rate variation similar to  
that for the methyl transfer case, the corresponding in- 
finite attenuation charge development on the sulfonate 
might be nearly this large for a transition state with little 
bonding to the nucleophile. With all the uncertainties, 
an a for the leaving group appears reasonable for a rather 
central T.S. with nearly equal product-like and reagent- 
like character. 


In sum, these substituent effects are not entirely incom- 
patible with having about equal contributions of reagent- 
like and product-like character, as has been found for 
the negatively charged transition states for methyl 
transfer, but the very rough Pnuc estimates of a d o  ap- 
pear to be large. The variation of p+ for variation of either 
group for changes in the other group fall in a systematic 
order and might therefore be suitable for analysis by 
Jenck’s method, 3837 but it is not clear how significant these 
variations are. 


To the extent that the infinite attenuation is a good ap- 
proximation, the information on the charge distribution 
is given by 6 = - ( Plg + Pnuc) = + 0.2,  when the charge 
on the attacking amine is Pnuc and that on  the leaving 
group is Plg (a negative number). Unfortunately, the large 
uncertainties on p for the amine pK, values and the im- 
perfect correlation between p + / ~ =  and Pnuc or -Plr is too 
great t o  give this estimate of 6 much credibility, even if 
it is plausible. 


A further possibly major problem in dealing with the 
Menschutkin reaction within the context of the Marcus 
equation is the work term wR. Because wR involes the 
formation of a neutral complex, where wp resembles an 
intimate ion-pair dissociation, it is unreasonable to 
assume that wR = - wp. Hence the measured equilibrium 
constant differs from that for conversion of the reagent 
complex t o  the product complex. 


THE BRQNSTED CATALYSIS LAW 


The most deeply rooted notion of measuring the extent 
of product-like character from substituent effects is in the 
interpretation of the Brmsted catalysis law. We can now 
ask if the special effects attributed to variable identity rates 
and to the effects of remote charges can influence the in- 
terpretation of structural change on proton transfer rates. 


In alkyl transfers the value of a was shown not to repre- 
sent the amount of product-like character when in the 
More O’Ferrall-Jencks diagram the transition state lies 
well off the diagonal from reagent to product. The ques- 
tion then to be asked is whether or not there is a cor- 
responding effect on the Brernsted coefficients. 


The discussion is limited to variable oxygen and 
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nitrogen acids and bases, and is within the context of the 
Marcus equation. It will avoid carbon acids and bases 
such as the 'anomalous' nitro compounds, which have 
been extensively discussed and are now fairly well 
understood. 38 


The transition states for alkyl transfers that are off the 
diagonal in the More O'Ferrall-Jencks diagram are 
characterized by having varying identity rates. Using the 
same arguments for proton transfers brings up the ques- 
tion of the magnitude of identity rates for oxygen or 
nitrogen acid-base pairs. Since a large fraction of known 
proton transfer rates between oxygen or nitrogen have 
been shown to be nearly diffusion controlled, it has been 
generally accepted that all these reactions have low and 
essentially the same barriers. Eigen3' has described nor- 
mal acid-base reactions as those which are diffusion con- 
trolled in the thermodynamically favourable direction. 
Nevertheless, in his review, most of his examples are one 
or two orders of magnitude slower than the diffusion- 
controlled limit for the thermodynamically neutral cases; 
thus we are not forced to  assume that identity reactions 
involving oxygen or nitrogen acid-base pairs are 
necessarily diffusion controlled. The diffusion control is 
not related formally to the Marcus equation, which is con- 
cerned with the barrier t o  be overcome after a collision 
complex is formed. It is therefore essentially a 
unimolecular process with a barrier less than about 5 kcal 
mol-' .  We can reproduce the Eigen curves with a bar- 
rier of as high as 7 kcal mol-'. 


We can ask whether a barrier can vary within this limit 
of 5-7 kcal that is correlated with acid strength. For 
generality, we should stay well within that limit, with 
perhaps a range of AG& of 2 kcal mol-' for a range 
of free energies of 8 kcal mol-' corresponding to a orange 
of Ka values of about lo6.  In the range near A G  = 0, 
equation (10) then gives 


a =  1 1 / 2 X 2 / 8 +  1/2=0*5  2 1.25=0*375-0 .625  
(18) 


This range is plausible even for diffusion-controlled iden- 
tity reactions resulting from a correlation of the identity 
rate with acid strength. 


It has been customary to attribute the variation of a 
from 1/2 to  represent the derivative of the quadratic term 
as shown in equation (7 ) .  Since in alkyl transfer this in- 
terpretation is almost always wrong, we must ask whether 
the neglect of the quadratic term is also justifiable for 
porton transfers. Clearly this depends on the intrinsic bar- 
rier, and also on work terms. For reactions with rate con- 
stants less than 1 Imol-', and with equilibrium constants 
within 5-6 powers of ten of unity, the quadratic term 
contributes very little, unless wR is large.40 It is of in- 
terest that that the Marcus equation has been fitted to 
some curved Bransted plots for slow reactions, but the 
fits usually require a very large wR. When the Br~ns ted  
plot for slow reactions is experimentally linear, and the 
equilibrium constant is either near unity or covers a 


wide range, we may assume that there is no significant 
contribution of the quadratic term, and we are not 
measuring fraction of product-like character when a is 
determined. Here then we suggest two other soruces of 
a # 0.5. 


Chiang et al. 4 1  have perhaps found an example of the 
varying identity barrier in their discussion of the peculiar 
behavior of calculated work terms in fitting ketonization 
of enols to  the Marcus equation. They use instead a 
variable Albery-Kreevoy T value and write, following 
Kreevoy and Lee: 


= 0.5(1 + AG/AGo$) + 0.5(1 - 7) (19) 


However, writing this is compatible with the Marcus equa- 
tion only if it is recognized that T # 0 corresponds to a 
variable identity rate, which is unquestioned in the hydride 
transfers of ref. 14, 15, but has not previously been re- 
cognized for proton transfers. The 1 - T term corre- 
sponds exactly to the first term of equation (10). 


The remote charge effect must also contribute, although 
the formal treatment represented by equations (15) and 
(17) may be inadequate. Let us consider several cases in 
which the acid or base represented as HA or B is the one 
of variable structure. 


As in the case of alkyl transfer, for a transfer, for a 
transition state charge on the A fragment of 0.5 less than 
the charge on H A  in a reaction with a neutral substrate, 
a will be less than 1/2 because of the finite attenuation, 
it will be less than 1/2 if a cationic substrate is being pro- 
tonated and more than 1/2 if an anionic substrate is being 
attacked. 


Similarly, if the charge on  B in the transition state is 
0.5 more than B, a will be more than 1/2 for proton 
abstraction from a cationic species and less than 1/2 for 
a neutral or anionic species. 


No matter what the charge type, the finite attenuation 
will deform the observed a in the direction determined 
mostly by the charge on the substrate. The finite attenu- 
ation makes a different from the charge change at the 
variable structure fragment. At present, there seems to 
be no basis for selecting a value of a to allow a quan- 
titative measure of this effect. However, the usual 
Br~ns ted  relations for a variety of bases with a single 
substrate will all be deformed in the same direction. Only 
differences in CY influenced by a change in charge of the 
substrate will have an effect. There seem to be few data 
of this sort, so the opportunity to compare the data with 
experiment appears to  be lacking. 


We conclude that many slow proton transfers, in 
addition to slow alkyl transfers, may have transition states 
as close to reagents as to products, and yet have a value 
of a significantly different from 1/2. 
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CONTRASTING KINETIC BEHAVIOUR OF ALLYL AND CROTYL 


METHANOL 
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The reactions of N-bromosuccinimide (NBS) with allyl and crotyl alcohols in aqueous methanol are first order in NBS. 
Allyl alcohol displays a zero-order dependence whereas crotyl alcohol exhibits a Michaelis-Menten-type dependence 
on substrate concentration. The NBS-ally1 alcohol reaction is inhibited by H +  whereas the NBS-crotyl alcohol 
reaction is independent of [ H +  1. However, both are fast in the absence of acid. The rates are unaffected by the 
addition of neutral salt and succinimide. The reaction of NBS with crotyl alcohol exhibits a positive dielectric effect 
whereas allyl alcohol displays no such effect. Inhibition by Hg" is observed in the crotyl alcohol reaction but not with 
allyl alcohol. 3-Bromo-2-methoxypropan-1-01 is the product of the allyl alcohol reaction but a mixture of 
2-bromo-3-methoxybutan-1-01 and 2-bromobutane-1,3-diol in the crotyl alcohol reaction. In (he ally1 alcohol reaction 
the formation of solvated bromonium ion and of HOBr is suggested as rate-limiting steps. In the crotyl alcohol 
reaction, rate determining breakdown of an NBS-crotyl alcohol complex, formed in a fast pre-equilibrium, is 
proposed. 


INTRODUCTION 


The kinetics of the bromination ' and ~ x i d a t i o n ~ . ~  of 
saturated organic compounds by N-bromosuccinimide 
(NBS) have received considerable attention recently, but 
there seem to have been no studies of the kinetics of the 
reaction of NBS with unsaturated alcohols. We have 
studied the oxidation of allyl alcohol by NBS in aqueous 
acid m e d i ~ m . ~  It is a second-order reaction, first order 
with respect to NBS and allyl alcohol. In aqueous 
methanol the reaction is methoxybromination. This 
prompted us to investigate the kinetics and mechanism 
of the reaction of NBS with allyl and crotyl alcohols 
in aqueous methanol. This paper reports a contrasting 
kinetic behaviour of the two alcohols under identical 
conditions, although they react with chloramine-B 
through a common mechanism. 


EXPERIMENTAL 


NBS was prepared by the bromination of succinimide 
and recrystallized. Allyl and crotyl alcohols (Merck) 
were distilled before use. The reactions were conducted 
in black-coated flasks to avoid photochemical reactions, 
if any. The kinetic studies were carried out in aqueous 
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methanol under pseudo-first-order conditions with a 
large excess of alcohol over NBS. The reactions were 
followed by iodimetric determination of unreacted 
NBS. The pseudo-first-order rate constants (k' ) were 
calculated from the slopes of linear plots of log titre vs 
time by the method of least squares. The error quoted 
in k' is the 95% confidence limit of a Student's t-test. 
The activation parameters were calculated by the least- 
squares analysis of Eyring plots. 


Product analysis. To the substrate (0.05 mol) in 50% 
(v/v) aqueous methanol, maintained acidic with per- 
chloric acid, NBS (0.05 mol) was added. Methanol was 
distilled off under reduced pressure. The product was 
separated by repeated extraction with diethyl ether and 
purified by distillation under reduced pressure. 'H 
NMR spectroscopy indicated that 3-bromo-2-methoxy- 
propan-1-01 was the product in the allyl alcohol reac- 
tion, whereas a mixture of 2-bromo-3-methoxybutan-1-01 
and 2-bromobutane-l,3-diol were identified in the crotyl 
alcohol reaction using 13C NMR spectroscopy and mass 
spectrometry. Hence the reactions are represented as 


CH2=CHCHzOH + (CH2CO)zNBr + CH30H 
-+ CHzBrCH(OCH3)CHzOH + (CHzC0)zNH 
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and 


CH3CH=CHCH20H + (CHzC0)zNBr + HOX 
--t CH3CH(OX)CHBrCH20H + (CH~CO)INH 


where X = H or CHI. Owing to  the slow decomposition 
of NBS in aqueous methanol, the stoichiometry of the 
reactions could not be determined. 


RESULTS AND DISCUSSION 


The reactions are first order with respect to  NBS. Plots 
of log titre vs time are linear with a correlation coeffi- 
cient (I-) of at least 0.996. The pseudo-first-order rate 
constant ( k ' )  remains constant at different [NBS] o 
(Table 1). The rate of decomposition of the oxidant in 
the solvent mixture, determined in the absence of 
substrate, is almost negligible in comparison with the 
rate of the reactions. The reaction of NBS with allyl 
alcohol is zero order with respect to the substrate. The 
pseudo-first-order rate constant remains constant a t  dif- 
ferent [ allyl alcohol] 0. The reaction with crotyl alcohol, 
in dramatic contrast, displays a Michaelis-Menten type 
of behaviour with respect to  the substrate. The double 
reciprocal plot of k '  vs. [crotyl  alcohol]^ is linear with 
a definite y-intercept (r = 0.9998). The reactions of NBS 
with other P,y-unsaturated alcohols such as cinnamyl 
alcohol are fast under identical conditions. 


The reactions display a novel acid dependence. At 
constant ionic strength ( p ) ,  maintained with sodium 
perchlorate, the rate of the NBS-ally1 alcohol reaction 
decreases with. increase in [ H + ]  whereas the 
NBS-crotyl alcohol reaction exhibits no dependence on  
[ H " ] ,  where [ H + ]  is calculated from p H  measure- 
ments. In the absence of acid both the reactions are fast 
(Table 2). 


Variation of the ionic strength of the medium and ad- 
dition of succinimide have negligible influences on the 


Table 1. Pseudo-first-order rate constants for the reactions of 
NBS with ally1 and crotyl alcohols in 50% (v/v) aqueous 


methanol at 35 'Ca 


104kf/s-' 
lo3 [NBSjo/ 102[alc] 01 
mol dm- mol dm- Allyl alcohol Crotyl alcohol 
~ 


1.0 
1 . 5  
2.5 
3.0 
2 .0  
2.0 
2.0 
2.0 
2.0 
2.0 


~~ 


2 .0  7.19 f 0.47 27.9 2 2 .9  
2.0 5 . 6 9 t  0.29 25.4 2 1.5 
2 .0  5.89 t 0.48 27.1 2 1 . 7  
2 .0  5 . 8 5  f 0.36 27.9 2 2.1 
1.0 5.76 2 0.72 17.7 f 0.6 
2.0 6.23 2 0.52 30.7 2 1 . 3  
3.0 6 . 2 4 2  0.34 4 2 . 6 t  2.2 
4 .0  5.88 2 0.37 50.3 t 1.9 
5 . 0  5.71 2 0-35 57.7 2 5.0 
6 . 0  6.03 t 0.55 - 


Table 2. Dependence of the rates on [ H + ]  at 35 "C" 


Allyl alcohol 


0.00 
0.28 
0.68 
1.00 
1.23 
1.86 
2-34 
2.82 
3.39 


Fast 
1 2 3  2 1.2 
1 1 . 5  2 0 . 7  
6.77 f 0.47 
6.23 t 0.52 
4.73 k 0.42 
4.73 t 0.49 
4.30 f 0.47 
4.13 t 0.29 


Crotyl alcohol 


Fast 


28.3 2 1.6 


30.7 2 1 . 3  
28.4 k 1.2 
2 5 - 6 2  1 .5  
30.4 2 0.6 
27.7 2 1.7 


- 


- 


"[NBS]0=0.002moldrn-';  [ a l ~ ] ~ = 0 . 0 2  moldm-'; 
p = 0.06 mol dm-'; solvent = 50% (vlv) MeOH-HZO. 


rates of the reactions. Initial addition of acrylonitrile to 
the reaction mixtures neither induces polymerization 
nor retards the reactions, indicating the absence of any 
free-radical intermediate. Under the experimental con- 
ditions, there is no reaction between NBS and acrylo- 
nitrile. The rate data at different solvent compositions 
(Table 3) show that the reaction of NBS with allyl 
alcohol is independent of solvent polarity whereas that 
with crotyl alcohol exhibits a positive dielectric effect. 
An increase in the methanol content of the solvent, at 
a constant concentration of perchloric acid, leads to  
a small increase in the pH of the medium. As the 
NBS-ally1 alcohol reaction is inhibited by hydrogen 
ion, it may be assumed that the decrease in rate due to  
hydrogen ion inhibition is approximately compensated 
by a small positive dielectric effect. 


Mercury(I1) acetate has no effect on the rate of the 
reaction of NBS with allyl alcohol whereas the crotyl 
alcohol reaction is inhibited by Hg" - a feature that is 
completely different from that observed in the reaction 
of  NBS with saturated alcohols (Table 4). The activa- 
tion parameters were ocalculated from rate measure- 
ments a t  2 5 ,  35 and 45 C using Eyring plots (Table 5). 


Table 3.  Effect of solvent composition on the rates at 35 'Ca 


MeOH-HzO 
(Yo, 4.) 
70 : 30 
60 : 40 
50 : 50 
40 : 60 
30 : 70 
0: 100 


102[H+ ] 
mol dm- 


1.07 
1.12 
1.23 
1 .38  
1.55 
2.00 


1 0 ~ k ' / ~ - ~  


Allyl alcohol Crotyl alcohol 


6.59 2 0.28 10.0 2 0.5 
6.17 2 0.25 18 .1  2 1 . 3  
6.23 t 0.52 30.7 2 1 . 3  
5.64 f 0.29 50.7 t 1.7 
6 . 7 7 2  0.18 90.6 2 4.1 


13.6h Fast 


'[NBS]o= 0.002 moldm-'; [alcIo = 0.02  r n ~ l d r n - ~ ;  
p =  0.06 m ~ l d m - ~ .  
b[NBS]o=O.OO1 m ~ l d r n - ~ ;  p = O . O 5  moldm-'; product and kinetic 
order are different.4 
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Table 4. Effect of [Hg"] on the rates at 35 'Ca 


104kf/s-1 


l o 3  [Hg"I/mol dm-3 Allyl alcohol Crotyl alcohol 


6.23  f 0.52 
5.54 f 0.67 
5.86 f 0.35 
5.53 2 0.78 


30.7 f 1.3  
20.5 k 1 . 2  
19.9 f 0.5 
20.3 2 1 . 7  


'[NBS]o=O.002 moldm-'; [ a l ~ ] ~ = 0 . 0 2  moldm-'; 
[Hi] =0.0123 m ~ l d m - ~ ;  p = 0 . 0 6  moldm-'; solvent = 50% (v/v) 
MeOH-H20. 


Table 5 .  Activation parameters of the reactions of NBS with 
allyl and crotyl alcohols in 50% (v/v) aqueous methanola 


AH'/ - y*/ AG'b/ 
Substrate kJ mol-' J K -  mol-' kJ mol-' 


~ ~ ~ 


Allyl alcohol 73.2 69.2 94.5 
Crotyl alcohol 41.9 138 90.4 


[ NBS] o = 0.002 mol dm-'; [ alc] o = 0.02 mol dm-'; 
[ H + ]  = 0.0123 m ~ l d m - ~ ;  p =  0.06 moldm-'. 
bat 35 'c. 


Mechanism and rate law 


NBS-ally1 alcohol reaction 


The possible reactive species of NBS in acidic medium 
are molecular NBS, protonated NBS (NBSH'), HOBr 
and solvated bromonium ion. 2-4 In NBS brominations 
or oxidations of organic substrates, it is generally pro- 
posed that the molecular NBS acts only through the 
positive halogen end. As the reaction is zero order with 
respect to substrate, molecular NBS is unlikely to  be the 
reactive species. Most investigators have assumed the 
protonation of NBS in acidic medium with the proton 
bonded at nitrogen. 2,6 In amides protonation at oxygen 
has been reported.' In imides, owing to the decreased 
electron density a t  nitrogen, protonation is more likely 
at  the carbonyl oxygen. Hence the most probable struc- 
ture of NBSH' is one with the proton bonded at oxygen 
rather than nitrogen (I). 


However, the reaction is inhibited by hydrogen ion, 
and hence NBSH' is not considered to be the reactive 
species. Solvated bromonium ion is likely to  be reactive. 
To  account for the novel acid dependence, HOBr 


formed by the hydrolysis of  NBS, which is an aqueous 
medium owing to  its positive bromine end, is likely to 
be associated with one water molecule (11), is also con- 
sidered as a reactive species. As the reaction is zero 
order with respect to  allyl alcohol, formation of 
solvated bromonium ion (Scheme 1) and HOBr (Scheme 
2) are supposed to  be slow and rate-limiting. 


(CH2C0)2NBr ,:dW (CH2CO)zN- + Br' 


Br+ + alcohol - product 


Scheme 1 


(CHzC0)d" + H +  - (CHzC0)2NH 


11 + H20'-, f(i (CH2C0)2N-Br..-O-H + H3O' + 


(CH2CO)zN - + HOBr 
HOBr + alcohol product 


Scheme 2 


(CH2CO)zN- + H +  - (CH2CO)zNH 


The above equilibria and reactions lead to the rate law 


- d [NBS]/dt = (ki + K2k3/[H+] ) [ NBS j (1) 


The pseudo-first-order rate constant being 


k '  = k i + K z k 3 / [ H f ]  (2) 
A linear plot of k' vs 1 / [ H + ]  ( r =  0.898) confirms 


the applicability of rate law (1). Even though protona- 
tion of NBS should facilitate the release of Br', forma- 
tion of Br+ through NBSH'is not considered as the 
NBS-HC104 pH titration curve shows no appreciable 
protonation. Another simple route for HOBr formation 
is 


(CH2CO)zNBr + OH--------+HOBr + (CHzC0)2N- 


This is in accordance with the experimental findings. 
The term Kzk3 may be replaced by the term k*Kw, where 
Kw is the ionic product of water. However, this route is 
unlikely as the reaction has been conducted in acidic 
medium. 


k' 


NBS-crotyl cllcohol reaction 


The reaction exhibits Michaelis-Menten kinetics, sug- 
gesting the formation of a complex between the reactive 
species and the substrate. If NBSH+ were to be the 
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active species, contrary to the experimental observation, 
the rate law should predict a first-order dependence on 
[ H' 1 .  The reaction is not retarded by succinimide, and 
hence HOBr and solvated bromonium ion are less likely 
to complex with the substrate. A positive dielectric ef- 
fect and the absence of a primary salt effect suggest a 
dipole-dipole interaction leading to  a polar transition 
state. Hence molecular NBS is considered to  be the reac- 
tive species and formation of a molecular NBS-crotyl 
alcohol complex in a fast pre-equilibrium followed by 
its slow breakdown is proposed as the reaction 
mechanism (Scheme 3). To account for the fact that the 
reaction is fast in the absence of acid, HOBr formed by 
the rate-limiting hydrolysis of molecular NBS is also 
considered as a reactive species and is assumed to react 
with the substrate in a fast step (Scheme 2). 


(CH2C0)2NBr + CH3CH=CHCHzOH A 
P 


(ale) 
CH3CH=CHCH2OH 


1 
(CH2CO)ZNBr 


(complex) 
hq 


C H ~ C H = C H C H Z O H  
1 


(CH2CO)ZNBr 
CH~CH-CHCHZOH + (CHzC0)zN- 


'+ ' 
Br 


CH~CH-CHCHZOH + HOX- 
\ +  / CH,CH(OX)CHBrCH20H + H +  Br 


(CHzC0)zN- + Ht- (CH2C0)2NH 


Scheme 3 


The rate law for the proposed mechanism (Schemes 2 


where X = H or CH3 


and 3) is derived as 


(K4ks [alcl + Kzk3/ [ H +  1 ) "BSI T 


1 + K4 [ alc] 
- d [ NBS] T/dt = 


(3) 
where [NBS]T= [NBS] + [complex]. The pseudo- 
first-order rate constant is 


(4) 
k '  = K4ks[alcI + K2k3/[H+I 


1 + K4[alc] 
In acidic medium, the rate of formation of HOBr, 
traced from the kinetic study of the NBS-ally1 alcohol 
reaction under identical conditions, is lower than that of 
the rate of the NBS-crotyl alcohol reaction. It is likely 
to be suppressed further owing to the complexation 
of NBS with crotyl alcohol. Hence, assuming 
&k3/ [ H' ] 4 K4k5 [alc] , the pseudo-first-order rate 
constant simplifies to 


k '=K4ks[alc] / ( I  +K4[alc])  ( 5 )  


From the slope-intercept relatjonship, the 
equilibrium and rate constants at 35 C have been 
calculated as k l  = 3-97 x 
moldm-'s- ' ,  K4=15.4dm3mol- '  and k S = 1 . 3 3 x  


In the absence of acid, the term Kzk, / [H+] in rate 
laws (1) and (3) becomes large and hence accounts for 
the fast reactions. Complex formation between NBS 
and crotyl alcohol is also observed in aqueous ethanol 
under identical conditions. The reaction rate is almost 
the same as that in aqueous methanol, and the 
equilibrium constant (K4) and the rate constant (ks) are 
measured as 8.73 dm3mol- '  and 1-90  x 1 0 - 2 s f ' ,  
respectively. The thermodynamic parameters of the 
reaction in aqueous ethanol (AH' = 49.3 k J  mol- ' ;  
AS' = - 133 J K - ' m o l - '  and AG' = 90.4 kJmol-I)  
are in close agreement with those in aqueous methanol. 
The function of Hg" is generally to trap Br- ,  formed 
as a consequence of oxidation of the substrate, as either 
non-ionized HgBrz or more likely as HgBr:-.6 Hg" 
also plays a catalytic role through the formation of an 
NBS-Hg" complex.8 The inhibition by Hg" of the 
NBS reaction with crotyl alcohol but not that with allyl 
alcohol is probably due to the complex formation 
between Hg" and allyl and crotyl  alcohol^.^ A possible 
explanation for the contrasting kinetic behaviour of the 
two alcohols towards the same reagent, in a high- 
dielectric medium, under identical conditions, is that 
crotyl alcohol with a rich electron density at the olefinic 
linkage, due to the + I  effect of methyl group, com- 
plexes with the oxidant itself in fast pre-equilibrium 
whereas allyl alcohol reacts with active species derived 
from the oxidant. 


s - ' ,  Kzk3 = 2-73 x 


10-2s-I.  
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SHORT COMMUNICATION 


ABSOLUTE RATE CONSTANTS FOR THE REACTIONS OF 
PHENYLHALOCARBENES WITH ALKYNES 


ROBERT A. MOSS,* EUN G. JANG AND GUO-JIE HO 
Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08903, lJ.S.A 


Additions of phenylchlorocarbene and phenylfluorocarbene to representative alkynes are rapid (106-107 I mol - ' s ~ I ) .  


The variation of the rate constants with alkyne structure parallels that observed with analogous alkene substrates. The 
addition of phenylchlorocarbene to 3-hexyne is characterized by a very low activation energy ( - 2 kcal m o l ~  ') and 
a large, negative entropy of activation ( - -20 e.u.). 


INTRODUCTION 


Despite extensive studies of the absolute kinetics of 
carbene additions to  alkenes, there appears to have 
been no survey of carbenelalkyne kinetics. Additions of 
carbenes to alkynes lead to cyclopropenes and cyclo- 
propenium ions,2 important classes of small-ring com- 
pounds. The absence of kinetic characterization here 
constitutes a lacuna in our knowledge. We have now 
addressed this deficiency with a laser flash photolysis 
(LFP) study of the absolute kinetics of reactions of 
phenylchlorocarbene (PhCC1) and phenylfluorocarbene 
(PhCF) with representative alkynes. The measured rate 
constants were compared with those obtained pre- 
viously for analogous carbene/alkene reactions. 


RESULTS 


Kinetics 


PhCCl and PhCF were generated by LFP3 of pentane 
or isooctane solutions of phenylchlorodiazirine ( la)4  or 
phenylfluorodiazirine ( lb) ,5  and reacted with 3-hexyne 
(2), phenylacetylene (31, ethoxyacetylene (4), 1-heptyne 
(S), methyl propiolate (6) or dimethyl acetylene- 
dicarboxylate (7). Thus, diazirine l a  or l b  was 
irradiated at 22 C with a 14-ns, 70-90 mJ,  351-nm 
pulse from an XeF excimer laser,3 affording the 
knownle transient UV absorptions of PhCCl or PhCF. 
These absorptions, monitored at 315 nm (PhCCl) or 


* Author for correspondence. 


l a ,  X=CI 
l b ,  X=F 


2 


R - C E C - H  CH3COO-CC-CC-OOCCH3 


3, R=Ph 7 
4, R=C2HsO 


6, R=CHJWCI 
5, R = ~ - C ~ H I I  


310 nm (PhCF), were quenched on addition of alkynes 
2-7 and, in the presence of sufficiently high 
concentrations of alkyne (0.01-1.5 M ,  depending on 
the alkyne reactivity), the transients decayed with 
pseudo-first-order kinetics. The slopes of the linear 
correlations of the decay rate constants vs [alkyne] then 
afforded bimolecular rate constants, k2, for the 
carbenelalkyne reactions. These are collected in 
Table 1. Table 2 gives absolute rate constants for 
reactions of these carbenes with alkenes that are 
structurally analogous to  alkynes 2-7. Literature values 
for substrate ionization potentials are included in each 
table. 


Comparisons of the rate constants in Tables 1 and 2 
reveals substantial correspondence between the kinetic 
behavior of PhCCl or PhCF with alkynes 2-7 or with 
the analogous alkenes. Both the magnitudes of kz 
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Table 1. Absolute rate constants for reactions of PhCX and 
alkynesa 


Table 2. Absolute rate constants for additions of PhCX to 
alkenes" 


Alkyne IP (eV)b PhCCl PhCF Alkene IP (eV)b PhCCl PhCF 


PhC=CH 8.82' 22 1 1  
CzHsCsCCzHs 9.32' 24 8.4 
CzHsOC=CH 9.5' 6.8 
CsHi I C E  CH 10.4' 4.3 1.6 
CH3OOCCECH 11.2e 1.8 1.1 
CH3OOCC"CCOOCHs 1 1  ' 5 '  5.3 3.2 


f 


aAt 22'C in isooctane; estimated error, ? 10%. 
Ionization potential. 
Ref. 6. 


dRef. I. 
Ref. 8. 


'Not determined; an unknown growth signal occurred after LFP, and 
interfered with PhCF signal decay. 


Ref. 9. 


(106-107 Imol- ' s - ' )  and the selectivity patterns of the 
carbenes are similar. With the alkynes, in addition to  
the alkenes, we observe decreasing carbenic reactivity 
with increasing substrate s ionization potential, i.e. 
electrophilic carbenic selectivity, until the substrate's 
ionization potential increases to  a 11 eV. Then, with 
strongly electron-deficient substrates, k 2  increases as 
the known, ' d v ' 2  latent nucleophilicity of the 
phenylhalocarbenes comes into play. The carbene 
additions to 7 clearly seem to be predominantly 
nucleophilic, consistent with the behavior anticipated 
from simple differential frontier molecular orbital 
energy considerations. IC 


~ 


PhCHXCHz 8.48' 40d - 
truns-CHaCH=CHCzHs 9.04e 5 .5 '  2.4 
n-CdH90CH=CHz 9.14' 4.7' - 
n-GH9CH =CHz 9.4ge 2.2' 0.93' 
CH,OOCCH=CHz 10.72' 5 . 1 '  1+4g 
~ ~ u ~ s - C Z H ~ O O C C H = C H C O O C ~ H ~  1 1  .23h 3 . 3 '  - 


9.2' 


aAt 22-25 ' C  in isooctane; estimated error, L 10% 


'Ref. 6. 
dRef. le. 
'Ref. 10. 
'Ref. Id; kl determined in toluene. 
gRef. 1 1 .  


Ref. 9. 
' Ref. Id (heptane). 


Ionization potential. 


Not only are the rate constants of the carbene/alkyne 
and carbenelalkene reactions similar, but, in the case 
of 3-hexyne, the activation parameters are also 
comparable. Thus, an Arrhenius treatment of In k 2  vs 
1/T (250 < T < 308 K) for the addition of PhCCl 
to alkyne 2 gives E, = 2.1 t 0.1 kcalmol-' 
(1 kcal= 4.184 kJ) and log A = 8.93 2 0-08 s- ' ,  with 
a correlation coefficient of 0-996 (see Figure 1 ) .  These 
parameters are similar to  those obtained for the 
addition of PhCCl to trans-pent-2-ene: 
Ea = 1.0 kcalmol-' and log A = 7 . 7  s-'. l 3  In both 


I 
n 


k 


1 6 . 2 4  I I I 1 I I I 


3 . 2  3 . 3  3 . 4  3 . 5  3 . 6  3 . 7  3 . 8  3 . 9  4 . 0  4 


1 / l  X 10A-3 


1 


Figure 1. In kz (1 mol-'s-') vs 1/T ( K - ' )  for the addition of PhCCl to 3-hexyne (2) 
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reactions, the activation parameters are dominated by 
abnormally low pre-exponential factors, i.e. large, 
negative activation - 19.5 e.u. for the 
PhCCl 3-hexyne addition and -25.0 e.u. for the 
PhCCl/truns-pent-2-ene reaction. Entropic control of 
bimolecular kinetics, a now commonplace observation 
for the highly exothermic reactions of carbenes and 
alkenes, la  clearly also extends to alkyne substrates. 


Products 


The products of PhCX additions to  3-hexyne were fully 
characterized. Thus, UV photolysis ( A  > 330 nm) of 
phenylhalodiazirines in a 5-10-fold excess of 2 gave 
yellow solids 8a-c, after removal of hexyne. The crude 
yields were 8a (from PhCF) 15%, 8b (from PhCCl) 
23% and 8c (from PhCBr4) 47%. All three pro- 
ducts exhibited identical, appropriate NMR spectra in 
D20 (sodium 2,2-dimethyl-2-silapentane-5-sulphonate 
(DSS)) with the Et groups at 81-40 (t, J =  4 Hz, CH3) 
and 3.23 (q, J = 7 - 4 H z ,  CHz), and aromatic 
resonances at 67.59 (t, J = 7 . 5  Hz, 2H, m), 7.78 (t, 
J =  7.4 Hz, 1 H ,  p )  and 8.04 (d, J =  7 Hz, 2H, 0). The 
chloride salt, 8b, was converted to tetrafluoroborate 8d 
with AgBF4 in acetonitrile. We obtained 8d as a white 
solid, m.p. 100-101 OC, in 83% yield. Its NMR 
spectrum was identical with that of 8b, and a 
satisfactory elemental analysis (C, H, F) was obtained. 


aa, X=F 9 
8b, X=CI 
ac, X=Br 
ad, X=BF4 


1 0  1 1  


Cyclopropenes that are monosubstituted at C=C,  
particularly when the single vinyl substituent is electron 
withdrawing, are generally unstable and difficult to 
isolate. I s  This applies to the adducts of PhCX to 6. Is 
The adduct of PhCCl to phenylacetylene has been 
prepared by thermolysis of l a  with 3 in refluxing 
benzene; product cyclopropene 9 was characterized, but 
was unstable when impure. l6 


We briefly examined the photolyses of l a  in 1- 
heptyne (5) and methyl propiolate ( 6 ) .  The former 
reaction, in pentane, gave a brown oil that exhibited an 
appropriate NMR spectrum for cyclopropene 10. In 
particular, the pentyl group appeared at  (6, CDCl3) 


0.95 (t, Me), 1.44 (m, CH2CH2) 1.85 (t, CH2) and 
2.74 (t, allylic CH2). The vinyl H was observed as a 
singlet at 64.83; the corresponding resonance in 9 
appeared at  64*95.16 Attempts to purify 10 by 
chromatography on silica gel led to  decomposition. The 
crude yellow oil resulting from the photolysis of l a  in 
6 had NMR signals consistent with expectations for 11, 
including a vinyl proton singlet at 6(CDCI3) 4.8. AS 
anticipated, Is however, 11 decomposed on attempted 
chromatography. 


CONCLUSION 


The addition reactions of PhCCl and PhCF with rep- 
resentative alkynes are rapid (106-107 l m o l - ' ~ - ~ )  pro- 
cesses, with rate constant and selectivity dependences 
on alkyne structure that are comparable t o  those 
observed with analogous alkenes. The addition of 
PhCCl to  3-hexyne is dominated by entropy 
(ASx = - 20 e.u.), and exhibits a low activation energy 
(E,  = 2 kcalmol-I). The kinetic selectivity patterns of 
the carbenes toward the alkynes are generally elec- 
trophilic, but with very electron-deficient alkynes (e.g. 
dimethyl acetylenedicarboxylate), the latent nucleophi- 
licity of these ambiphilic carbenes is manifested. 
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SOLVOLYSIS OF HIGHLY REACTIVE PHOSPHORUS-SULPHONIC 
ANHYDRIDES. STEREOCHEMICAL AND CHEMICAL 
ARGUMENTS FOR PHOSPHATHIACYLIUM CATION 


FORMATION 


ZBIGNIEW SKRZYPCZYNSKI 
Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza I I 2 ,  90-363 t d d i ,  Poland 


The stereochemistry and mechanism of solvolysis of optically active fert-hutylphenylphosphinothioic-0- 
triduoromethanesulphonate (1) in solvents of different ionizing power were studied. It was found that in solvents of 
high ionizing power and low nucleophilicity 1 ionizes with the formation of a phosphathiacylium cation (2) as the 
reaction intermediate. Product resulting from the reaction of 2 with anisole was isolated and characterized. 


INTRODUCTION 


Reactions leading to  bond formation or bond breaking 
around a phosphorus atom belong to  the most impor- 
tant processes in biology and biochemistry. Generally, 
nucleophilic substitution reactions’ at phosphorus atom 
follow an associative SN2(P) mechanism with the for- 
mation of a pentacoordinated intermediate (addition- 
elimination mechanism), or involving a pentacoordin- 
ated transition state. A dissociative S N  1 (P) mechanism 
(elimination-addition mechanism) with the formation 
of a highly reactive metaphosphate intermediate, 
ROPOT, also plays an important role, particularly in 
reactions of phosphate monoanions, and is well 
documented. I b s 3  In contrast to  the mechanistic 
pathways mentioned above, the existence of the SNl(P) 
mechanism proceeding with the formation of the 
discrete positively charged tricoordinated species 
R R ’ P + = X  (X = 0, S) has been the subject of both in- 
tense study and controversy. Whereas the existence of 
dicoordinated species of the type RR’P’ is well 
d o ~ u m e n t e d , ~  examples of tricoordinated cations of the 
type R R ’ P + = Y  (Y = O , S , N ,  >C-) are rare. Wolf 
and co-workers reported the synthesis and spectral 
data of the cations (R*N)lP+=Y (Y =S,NR)5a  and 
(RZN)ClP+=NR’ (R’ = Ph, P+Pr’);sb,c however, these 
cations were not formed in solvolytic processes. The 
possibility of the participation of phosphacylium-type 
cations in the reaction course has also been mentioned6 
as a mechanistic option. 


A detailed kinetic study of the solvolysis of 
phosphinic acid chlorides7 in which the phosphorus 
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atom was surrounded by bulky substituents led to  the 
conclusion that such substrates in highly polar and 
weakly nucleophilic solvents solvolyse via a dissociative 
SNl(P) mechanism [equation ( l ) ]  . 


0 
II 


I 
-P-OR + HCl ( 1 )  


Similar conclusions were drawn from kinetic studies of 
the acid-catalysed solvolysis of phosphinanilides, but 
other workers9 opted for an associative A2 rather than 
a dissociative A 1 mechanism of this reaction. An ionic 
S N ~ ( P )  mechanism for substitutions at  tetracoordinated 
phosphorus atoms was also rejected on the basis of 
numerous stereochemical studies. 9c310 In all instances, 
inversion of configuration at the phosphorus atom was 
observed. Partial racemization of the reaction product 
found in the acid-catalysed solvolysis of 
phosphinanilides was best explained as a result of 
nucleophilic catalysis by the conjugate base of the acid 
catalyst. 9c More recently, a dissociative character of 
the acid-catalysed solvolysis of phosphorylimidazoles 
was proposed. ” It was found that solvolysis of 
phosphorylimidazoles was rapid and proceeded with 
100% of inversion of configuration. When the starting 
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material was treated with tetrafluoroboric acid in non- 
hydroxylic solvents, a product with retained config- 
uration was also formed. This was attributed to  the 
interaction between an electrophilic intermediate and 
the solvent. When benzene or anisole was used as the 
solvent it  was claimed that a a-complex with a 
phosphacylium cation was formed, but no products of 
electrophilic aromatic substitution were found. 


In our earlier studies, ionization of tert-butyl- 
phenylphosphinothioic-0-methanesulphonate under 
solvolytic conditions was rejected. Nevertheless, the 
importance of this question to  the understanding of 
solvolytic processes of organophosphorus compounds 
prompted us to examine the reactivity of highly reactive 
phosphorus sulphonic anhydrides in which the phos- 
phorus atom is bound to  the trifluoromethanesulphonic 
(triflate) residue, known to be an excellent leaving 
group. l 3  tert-Butylphenylphosphinothioic-0-trifluoro- 
methanesulphonate (1) was chosen as a model com- 
pound. I t  was expected that the presence of a tert-butyl 
group and a triflate group directly bonded to  the 
phosphorus atom would predispose this compound to 
undergo nucleophilic displacement reactions by a 
dissociative SN1(P) mechanism. In this paper, the 
stereochemical and chemical evidence for the formation 
of the phosphathiacylium cation 2 from the anhydride 
1 under solvolytic conditions is reported. 


RESULTS AND DISCUSSION 


The synthesis of the anhydride 1 in both racemic and 
optically active form was achieved l4 by the conden- 
sation of tert-butylphenylphosphinothioic acid I s  3 and 
trifluoromethanesulphoni: anhydride in methylene 
chloride solution at - 50 C [equation (2)]. 


3 


1 


As was expected, the anhydride 1 exhibited a con- 
siderably higher solvolytic reactivity under conditions in 
which previously studied Ioa tert-butylphenylphosphino- 
thioic-0-methanesulphonate 4 was only moderately 
reactive. For example, 1 undergoes very fast 
methanolysis whereas the appropriate reaction of 4 took 
several days to be completed. 


Products resulting from both optically active 
anhydrides 1 and 4 were formed with high stereoselec- 


tivity and with full inversion lo' of configuration at the 
phosphorus atom [equation (3) ] .  


3 +23.88"(c 1.2, MeOH) 


T 
I 


3 [ Q ] D =  +15.1°(c 1, MeOH) (3) 


Inversion at  the phosphorus centre and high 
stereoselectivity were also observed for the reaction of 
1 with the chloride anion and with sodium 
b ~ r o h y d r i d e ' ~  (Scheme 1). 


The stereochemistry of the formation of the 
chloridate 7 and phosphine sulphide 6 from the 
anhydride 1 can be found from the stereochemical cycle 
presented in Scheme I .  The formation of 1 (reaction 
3 + 1) occurs without bond breaking around the 
phosphorus atom. Retention of configuration for this 
reaction is evident. Also, Todd-Atherton 
chlorinationI6 of the sulphide 6 with carbon 
tetrachloride in the presence of triethylamine leads to a 
product with retained Configuration. The reaction of the 
acid 3 with PCls leading to 7 was found'' to  proceed 
with inversion of configuration. Taking into account 
that reactions 3 -  1 and 6 + 7  are of known 
stereochemistry, it can be deduced that the conversions 
1 - 7 and 1 + 6 occur with inversion of configuration at 
the phosphorus atom. 


Inversion of configuration is characteristic of the 
classical sN2(P) mechanism, but it cannot be excluded 
that nucleophilic attack occurs as a discrete, rate- 
determining step involving a contact ion pair formed 
from 1. However, such a dissociative pathway was 
excluded in our previous studyI2 on the solvolysis of 
'80-labelled anhydride 4 [equation (4)]. 
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8 


The lack of "0 scrambling which was found in the 
unreacted substrate was used as an argument against the 
ionization of 4 leading to  the tight ion pair 8, assuming 
that the structure of the ion pair which will undergo "0 
scrambling is the same as that undergoing solvolysis 
(ion-pair formation under solvolytic conditions has 
been discussed in reviews 18) .  


The extremely high nucleofugacity of the triflate 
anion has found extensive use in both synthetic and 
mechanistic studies. l 3  Its ability to depart from esters 
with the formation of very reactive, even strongly 
destabilized carbenium ions implies that also in the 
solvolysis of 1 the formation of cationic 
organophosphorus species should be considered. 
Evidence for ion-pair formation in the solvolysis of 1 
came from the inspection of the stereochemistry of the 
substitution of the triflate group by iodide anion in 
highly polar solvents. It was found that the reaction of 
optically active 1 with a methanolic solution of 
tetrabutylammonium iodide led to  the formation of the 


corresponding ester 5 with inversion of configuration 
and to  the iodidate 9 with retention of configuration 
[equation (5)] . 


Bu', S T t O  P? 
Ph' O H  


3 
[a ]D= + 2 4 . 3 5 " ( ~  1.6,  MeOH) 


Bu' S I-/CHiOH ' PC 
Ph' OS02CF3 


The stereochemical course of the substitution reaction 
leading to the iodidate 9 was established on the basis of 
a stereochemical cycle presented in Scheme 2. 
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1 + 9  [ ( Y ] D =  -35 .66 ' (~1*5 ,  CsH6) 
6 + 9 [ a ]  D = + 49.79O(c 1.9,  C6H6) 


[ C Y ] D =  -44*36" (~  1.4, C6Hs) 


Scheme 2 


i, Bu4N+I-, MeOH 
ii, NaBH4, EtOH (-20°C) 


iii, N-iodosuccinimide, C6H6 


In a previous study, '' we found that the chlorination of 
the optically active phosphine oxide Bu 'PhP(0)H by 
N-chlorosuccinimide proceded with retention of con- 
figuration. The conversion of the optically active 
sulphide 6 into the iodidate 9 by N-iodosuccinimideI4 
probably follows the same reaction mechanism and the 
same stereochemistry as was observed for N- 
chlorosuccinimide. This assumption is reinforced by the 
stereochemical result of the reaction of 6 with elemental 
iodine in the presence of triethylamine [equation (6)]  . 


6 


[ a ]  D = - 42*4O(~ 1 . 5 ,  C6H6) 


9 


[ a ]  D = + 45*6'(c 2.4, C6H6) (6) 


Taking into account that 6 is formed from the 
anhydride 1 with inversion of configuration (Scheme l) ,  


it is clear that the overall stereochemical result of the 
formation of 9 via the route 1 -+ 6 + 9 is also inversion 
of configuration. Comparison of the signs of the optical 
rotations of the products 9 obtained via 1 -, 6 --t 9 and 
via 1 -+ 9 indicates that those two products are of 
opposite configuration. Retention of conjiguration 
observed in the substitution reaction leading to 9 was in 
striking contrast to fhe generally observed stereo- 
chemical course of the SNZ(P) substitution reaction ut a 
phosphorus atom. 


Assuming that the substitution reaction follows an 
&2(P) mechanism, frontal attack of the iodide anion 
on the phosphorus atom leading to  the formation of a 
pentacoordinated intermediate and its subsequent 
pseudo-rotation 19,*' should be considered. The second 
mechanistic option which can account for the 
stereochemical course of the formation of 9 is the 
dissociative process with the participation of the cation 
2. According to  the Winstein's solvolysis scheme, '*," 
the highly reactive ionic intermediate 2 formed in this 
reaction should exist in a number of differently solvated 
ion pairs, each of which can exhibit different reactivity 
towards nucleophilic reagents (Scheme 3). 


Nucleophilic attack on neutral substrate 1 and the 
tight ion pair 10 should occur with inversion of con- 
figuration, whereas attack on free 2 or the solvent- 
separated ion pair 11 should give racemization or some 
mixture of inversion and retention, depending on the 
relative efficiencies of frontal collapse and rear-side 


10 11 


Scheme 3 


2 
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attack. Most probably, steric interactions between the 
fert-butyl group attached to the phosphorus atom and 
the large iodide anion prevent its rear-side attack on the 
neutral substrate 1 or the tight ion pair 10, possibly 
because this intermediate is far from planar. In conse- 
quence, only frontal attack on ion pair 10 is possible. 


Important evidence supporting this conclusion was 
obtained from stereochemical studies performed in 
solvents of low nucleophilicity and high ionizing power, 
such as 2,2,2-trifluoroethanoI TTFE)22 and 
1,1,1,3,3,3-hexafluoro-2-propanol (HFiP).23 


In such weakly nucleophilic and highly ionizing 
solvents, the presence of charged intermediates in 
the solvolysis reaction should be much more pro- 
nounced, because of little or no nucleophilic sol- 
vent assistance. Indeed, it was found that the solvolysis 
of optically active anhydride 1 in TFE and HFiP in the 
presence of tetrabutylammonium iodide gave 9, but the 
stereochemistry of the product depended strongly on the 
ionizing power of the solvent (Scheme 4). 


For both TFE and HFiP, the stereoselectivity of the 
formation of 9 was much lower than was observed when 
methanol was used as the solvent and, interestingly, the 
stereochemical pathways of the solvolysis reactions in 
those two solvents were opposite (a control experiment 
showed that the low optical purity of the iodidate 9 
formed in these reactions is not due to its racemization 
under reaction conditions). 


These results can be rationalized on the basis of the 
formation of differently solvated ion pairs of 2 (Scheme 
3). In methanol, which is highly nucleophilic, the for- 
mation of the solvent-separated ion pair 11 or free ion 
2 was not likely. The reaction products were formed by 
the rear-side attack of a small MeOH molecule on 1 or 
10 and by nucleophilic attack of the iodide anion on the 
pair 10 from its less shielded front side. When TFE was 
used as a reaction medium, the chance for the formation 


of solvent-separated 11 or the free ion pair 2 increased, 
which was reflected by the lowering of the stereoselec- 
tivity of the formation of 9. Nevertheless, retention of 
configuration dominated. In HFiP, ionization of 1 
leading to the formation of 11 or even 2 is more likely. 
As was mentioned above, reaction of the tight ion pair 
10 with iodide anion led to the product of retained con- 
figuration owing to the steric interactions between 
attacking nucleophile and groups attached to the 
phosphorus atom. In 11, the phosphathiacylium cation 
2 probably accepts planar geometry and can be more 
easily attacked by iodide anion. Inversion of configur- 
ation observed in the reaction product 9 suggests that 
phosphorus atom in the ion pair 11 is attacked more 
preferably from its less shielded (opposite to the triflate 
anion) side. Reaction of the planar cation 2 with a 
nucleophile leads to the racemic product. This 
mechanistic pathway is also responsible for the low 
optical purity of the ester 5 formed from 1 when HFiP 
was used as a solvent and MeOH as a nucleophile 
[equation (7)]. (It was found that ester 5 is configur- 
ationally stable under the reaction conditions). 


3 [ o l ] D =  -20-32"(c 1.2, MeOH) 


1 
1 [ O I ] D =  +18.03"(~ 1 . 8 ,  C6H6) 


MeOH( lZ%)/HFiP 


.1 
5 [CY]D= - 8 . O o ( C  1, C6H6) 


(69.7% inversion) 


9 


[ a ] D =  -6*62'(C6Hs) 
(56.6% retention)* 


9 


3 


[a] D 1 + 24.25"(MeOH) [ (Y 1 D = + 21 *06'(CsH,5) 


[ ( Y ] D =  f 14'37°(C,5H5) 
(64.4% inversion)* 


(7)  


Scheme 4 
*Calculation is made assuming that the conversion 1 + 6 -+ 9 (Scheme 2) is stereospecific. 
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The presence of very reactive ion pairs of 2 in the 
solvolysis of 1 when HFiP was used as a reaction 
medium was evidenced by a trapping experiment. It was 
found that when solvolysis of 1 was performed in HFiP 
and in the presence of anisole, the product of an elec- 
trophilic attack of 2 on the aromatic ring of anisole was 
formed [equation (8)] . [Product of an electrophilic 
attack of the cation 2 on the anisole ring was formed in 
40% yield (estimated by "P N M R  spectroscopy). Other 
products resulting from the reaction of 2 with the sol- 
vent or from decomposition of 2 were not further 
analysed] . Sulphide 12 was isolated from the reaction 
mixture by column chromatography. All spectral 'H 
NMR, I3C NMR,  "P N M R  data and m/z values of the 
isolated compound were in agreement with the structure 
of 12. No ortho isomer was detected. Probably its for- 
mation was inhibited owing to  the bulkiness of the 
groups attached to the phosphorus atom in the cation 2. 


1 


12 (40%) 


h3'p = 59.22 ppm (8) 


Additional proof of the structure of 12 was obtained by 
its independent synthesis from tert- 
butylphenylchlorophosphine (13) [equation (9)] . Spec- 
tral ( 'H,  13C, 31P NMR) and chromatographic (GLC, 
TLC) data for 12 synthesized independently were iden- 
tical with those of the product of electrophilic attack of 
2 on the anisole aromatic ring. This result represents the 
first chemical evidence for  the existence of 
phosphathiacylium cation 2 formed in a solvolytic reac- 
tion {several attempts were made to  observe the forma- 


tion of the cation 2 by 3'P N M R  at low temperatures 
(-70 to  0°C) in solvents such as HFiP, TFE and 
nitroethane. No clear data were obtained which could 
be attributed to the tricoordinated cationic phosphorus 
species. Also, the stereochemistry of the formation of 
the phosphine ylphide 12 from the optically active 1, 
[ a ]  D = - 21 * 5 1 (c 1,  benzene), in HFiP as solvent was 
investigated. It was found that in this instance reaction 
product 12 o,f low optical activity was formed, 
[ a ]  D = - 2.85 (c 3,  benzene). However, without addi- 
tional stereochemical study one cannot say what the op- 
tical purity and absolute configuration of 12 are]  


Stereochemistry of hydrolysis of optically active 1 


In a previous we found that the mechanism of 
the solvolysis of phosphorus sulphonic anhydrides 
depended on the pH of the reaction medium. Whereas 
inversion of configuration was observed at p H  < 7 ,  base 
hydrolysis gave products of retained configuration a5 a 
result of sN2(s) nucleophilic attack of hydroxide ion on 
the sulphonic sulphur atom or as a result of sulphene 
formation. Examination of the stereochemical course of 
the hydrolysis of optically active 1 also revealed a 
substantial dependence of the optical purity of the 
reaction product on the pH of the reaction medium 
(Scheme 5 ) .  


For the highly reactive anhydride 1, which under 
alkaline conditions cannot react with the formation of 
a sulphene intermediate, low stereoselectivity of the 
hydrolysis reaction can be rationalized as a result of 
frontal attack on the tight ion pair 10 by the bulky, 
strongly solvated hydroxide ion, or as a result of 
0-SO1 and not P-0  bond breaking. A clear answer 
to  this question was given by comparison of the results 
of experiments on the hydrolysis of 1 conducted in l*O- 
enriched water with the stereochemical course of the 
hydrolysis of 1 (Scheme 6). 


As can be seen, the percentage "0  incorporation into 
acid 3 resulting in acid or base hydrolysis of 1, with 
respect to the l80 enrichment of the reaction medium, 
is in good agreement with the percentage of inversion 
which was found for those reactions. It is clear then that 
retention of configuration at the phosphorus atom caus- 
ing a loss of the optical purity of the reaction product 
3 is due to  0-SO2 bond breaking and that the 
nucleophilic attack at  the thiophosphoryl centre in 1 
occurs with full inversion of configuration. This is in  
accordance with an S N ~ ( P )  mechanism of substitution at 
the phosphorus atom. The questions of what kind of 
species is attacked by the molecule of water (tight ion 
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[ ( Y ] D =  -23*44'(c 1.1, MeOH) 
(97.56% inversion) 


[ ( Y ] D =  +25.6"(c 1.6, MeOH) 


[ ( Y ] D =  -2.60°(c 1-2 ,  MeOH) 
( 5 5  - 1070 inversion) 


Scheme 5 


pair 10 or neutral molecule of 1) and what the extents 
of bond formation and bond breaking in the rate- 
determining step of the solvolysis reaction of 1 are can- 
not be answered without detailed kinetic studies, 


Similarly, inversion of configuration was observed 
for the reactions of appropriately '*O-labelled 
phosphate esters25 for which solvolysis with the forma- 
tion of a very reactive metaphosphate intermediate was 
postulated. 


Reactivity of 1 in nitromethane 


Whereas anhydride 1 is chemically and configuration- 
ally stable in dry aprotic solvents of low polarity such 
as benzene or methylene chloride, it was of interest to 
investigate its reactivity in an aprotic and highly polar 
medium. 


A stereochemical study of the reactivity of the op- 
tically active 1 dissolved in dry nitromethane revealed 


that 1 is not configurationally stable and undergoes slow 
racemization. Polarimetric measurements showed that a 
nitromethane solution of optically active 1 lost about 80 
per cent of its initial optical activity after 10 h. Addition 
of methanol to this solution led to the formation of the 
ester 5 of low optical purity. The 31P NMR spectrum of 
the nitromethane solution of 1 revealed that after 12 h 
the formation of a new product (7 per cent) absorbing 
at  63'P 112-6 ppm took place. Addition of MeOH to 
this sample converted both anhydride 1 and the new 
product into the methyl ester 5 (63'P 107.4ppm) 
(CH3N02). 


These findings can be explained as the result of the 
triflate group displacement in 1 by the molecule of 
nitromethane, leading to the very unstable phosphorus 
nitronic anhydride 14, which can be converted back into 
1 or can undergo an exchange reaction with another 
molecule of nitromethane [equation (lo)] (an example 
of a hydrolytically labile phosphorus nitronic anhydride 
has been reported26). 


HzO/H'-dioxane 
3 [ ( Y ] D  = + 19.98"(MeOH) 


(96.9% inversion) 


3 [ ( Y ] D =  +5-02"(MeOH) 
HaO/H ~ -dioxane 


(61 -8% inversion) 


3 98.7% "0 incorporation 


3-1 


3 60.08% I8O incorporation 


[a] D = - 21.3O(MeOH) 


HZ '"O/H+-dioxane 


control experiment 
+ 3 2.8% "0 incorporation 


Scheme 6 







30 z. SKRZYPCZYNSKI 


3 [ ( Y ] D =  -21.23'(c 1 . 3 ,  MeOH) 
TfO- (10) 


CHjNO2 4 
p\ + 


___.) 


P h /  O-N-CH3 1, 
II 
0 


14 


Convincing evidence for the dissociative &l(P) 
mechanism of the reaction leading to the racemization 
of 1 was supplied by the isolation of the phosphine 
sulphides 12 and 16 [equation (1 l)] . 


But\  4 s  PhOMe u 
CH3N02; 3 weeks 


R /  '\ OSOzCF3 


1 (R = Ph; 631P = 129 ppm) 
15 (R = Bu'; 63'P = 164 ppm) 


W O M e  


12 (R = Ph;  631P = 59.42 ppm) 
16 (R = Bur; 631P = 76.04 ppm) 


+ other products (11) 


The sulphide 12 isolated from the reaction mixture was 
found to be identical ( 'H ,  I3C, "P NMR and GC-MS 
data) with the compound synthesized independently 
[equation (S)] . Also, all spectral data and m/z  values 
for the sulphide 16 were in agreement with the proposed 
structure. 


The low yields of 12 and 16 (5 per cent and 4 per cent, 
respectively) reflect the lower ionizing power of 
nitromethane compared with HFiP (other components 
of the complex reaction mixture were not analysed. The 
complexity of the reaction mixture was due to  the in- 
stability of the species formed, the long reaction time 
and the reactivity of nitromethane toward cationic 
species2'). Ion pairing in aprotic solvents is important28 
and the amount of highly reactive free cation 2 capable 
of interacting efficiently with aromatic systems is small. 
Nevertheless, the formation of 12 and 16 confirms the 
existence of phosphathiacylium cations formed in a 
dissociative process from the anhydrides 1 and 15 in 
nitromethane solution. 


The stereochemical course of the substitution reaction 
of the triflate group in 1 in nitromethane was the same 
as that observed when methanol was used as a solvent. 
Also in this instance the retention of configuration 
found in the reaction of 1 with iodide anion is best 
explained as the result of the frontal attack of the 
nucleophile on the tight ion pair 10 [equation (12)]. 


1 
I /CH,N02 


*(93.7 per cent retention [calculation made assuming 
that the conversion 1 + 6 + 9  (Scheme 3)  is 
stereospecific]. 


Most likely, ionization leading to the formation of the 
phosphathiacylium cation is also responsible for the re- 
action of the anhydrides 1 and 15 with the neutral 
molecule of dimethyl sulphide [equation ( 1  3)] . 


R / F \  
OSOzCF3 CHiNOr 


1 (R = Ph; 631P = 129 ppm) 
15 (R = Ru'; h 3 I P  = 169 ppm) 


17 (R = Ph; 631P = 95.45 ppm) 
18 (R = Bu'; 6"P = 116.0 ppm) 


CONCLUSIONS 


As already mentioned, several attempts have been made 
to search for short-lived, positively charged tricoor- 
dinate species formed in solvolytic reactions of 
organophosphorus compounds. The only conclusion 
that was proposed from those studies was that in the 
rate-determining step of the reaction extensive bond 
breaking between the phosphorus atom and the leaving 
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group take place. The observed loss of stereospecific- 
ity of the reaction products was rationalized in terms of 
pseudo-rotation processes, " nucleophilic catalysis" or 
the influence of extraneous cations. The results 
presented here provide ample evidence for heterolytic 
bond cleavage between the phosphorus atom and the 
triflate group, resulting in the formation of 
phosphathiacylium cations. Products resulting from the 
reaction of the phosphathiacylium cation with the 
aromatic system were detected and isolated. The 
existence of the cation 2 or ion pairs involving cation 2 
is stereochemically manifested only when solvents of 
high ionizing power and low nucleophilicity (TFE, 
HFiP) are used or when steric hindrance to the 
nucleophilic approach to the thiophosphoryl centre 
plays a critical part. 


EXPERIMENTAL 


All solvents and commercial reagents were dried and 
purified by conventional methods before use. NMR 
spectra were recorded on a Jeol JNM-FX 60 FT or 
Bruker MSL-300 instrument with 85 per cent ortho- 
phosphoric acid as external standard and internal 
deuterium lock. The Bruker MSL-300 instrument was 
operated at 121.468 MHz with a quadrature detection 
system. Products were identified with an LKB Model 
2091 gas chromatograph-mass spectrometer. oOptical 
rotations were measured at 589 nm at 20 * 2 C on a 
Perkin-Elmer 141 polarimeter. TLC for monitoring the 
progress of the reaction was performed on Merck silica 
gel 60F254 sheets of 0.25 mm thickness. Column 
chromatography was performed on Merck silica gel 
(100-200 mesh), Air- and moisture-sensitive reactions 
were performed under a blanket of dry nitrogen. 


Starting materials. tert-Butylphenylphosphinothioic- 
0-trifluoromethanesulphonate 1 was synthesized as 
described earlier. l4 Di-tert-butylphosphinothioic-0- 
trifluoromethanesulphonate (15) was synthesized and 
purified as described for 1. Yield 10 per cent; m/z 326; 
"P NMR (CDCI,), 6 169.1; 'H NMR (CDC13), 6 1.39 
(d, 'JPH 18.12 Hz). 


The starting material for the synthesis of 15, di-tert- 
butylphosphinothioic acid, Bu'zP(S)OH, was synthe- 
sized as follows: to a solution of 7-22 g (0.04 mol) of 
Bu'zPClZ9 in 35 ml of dioxane a solution of 0.725 ml 
(0.0402mol) of water and 5 .6ml  (0.04mol) of 
triethylamine was added and the mixture was stirred for 
24 h at room temperature. The resulting precipitate was 
filtered off and the solvent was evaporated under 
reduced pressure. The oily residue was dissolved in 
10ml of methanol and 3 ml of 13.5 M KOH and 1.5 g 
(0-046 mol) of sulphur were added. After stirring for 
12 h, excess of sulphur was filtered off. The filtrate was 
dissolved in 100 ml of water and acidified with concen- 


trated HCl. The product was extracted with CHzClz 
(10 x 15 ml) and the combined extracts were dried over 
MgS04 and then evaporated under reduced pressure. 
The product was crystallized from pentane. Yield 6.8 g 
(85 per cent); m/z 194; "P NMR (CDCI3, 6 116.9; IH 
NMR (CDC13), 6 1.18 (18H, d, 3 J p ~  1 5 . 9 2 H ~ ) ,  7.2 
(IH, s). 


tert-Butylphenylphosphinothioic-O-n~ethanesu~honate 
(4). To a solution of 2.14 g (0.01 mol) of acid 314,15 in 
100 ml of dry EtzO a solution of 1.39 ml (0.01 mol) of 
NEt3 in 10 ml of dry EtzO was added. To the resulting 
solution of the ammonium salt of 3 1.14 g (0.01 mol) 
of CH$302Cl dissolved in 30ml of EtzO was added. 
The reaction mixture was stirred for 12 h at room 
temperature, then triethylammonium chloride was 
filtered off and the filtrate was concentrated under 
reduced pressure. The product was purified by column 
chromatography (100-200-mesh silica gel, benzene). 
Yield 1.8 g (60 per cent); "P NMR (CHzClz,, 6 112.74; 


(3H, s), 7-3-8-1 (5H, m). Analysis calculated for 
C I I H I ~ O ~ S Z P ,  C 45.2, H 5.82, P 10.6; found, C 45.1, 
H 5.71, P 10.55 per cent. 


'H NMR (Cc4) ,  6 1.21 (9H,d, 3 J p ~  18 Hz), 3.27 


Methanolysis of 1 and 4. Reactions were performed 
by addition of a solution of the corresponding 
anhydride (0.001 mol) in dry CHzClz (0:2-0.5 ml) to 
methanol (5-10ml). Progress of the reaction was 
monitored by TLC. After reaction was completed, the 
solvent was evaporated under reduced pressure. Ester 5 
was isolated by column chromatography on silica gel 
(100-200 mesh, benzene), RF = 0.46 (benzene); MS, 
m/z 228; "P NMR (CHzClz), 6 107.4; 'H NMR 


10-9 Hz), 7.3-8 (5H, m). 
(CDC13), 6 1*4(9H,d ,  3 J p ~  13.1 Hz), 3.5 (3H,d, 3 J p ~  


Reaction of 1 with chloride anion. To a solution of 
0.150 g (0.00093 mol) of Et4NCl in 2 ml of dry C H K N  
a solution of 0.27Og (0.00078 mol) of 1 in 0 . 5  ml of 
dry CHzClz was added. After the reaction was com- 
pleted, the reaction mixture was concentrated under 
reduced pressure. The chloridate 7 was purified by 
column chromatography, RE = 0.55 (benzene), and was 
found to be identical (GLC, TLC) with the authentic 
specimen; 14,'' 3 1  P NMR (CHZCIZ), 6 114.69. 


Reaction of 1 with iodide anion leading to 
9. Reactions were performed by the addition of a solu- 
tion of 1 (0.0006 mol) to a stiochiometric amount of 
tetrabutylammonium iodide (TBAI) in 3 ml of the ap- 
propriate solvent (CH~NOZ,  TFE or HFiP). For the 
reaction performed in methanol a 5-fold excess of TBAI 
was used. After the reactions were completed, excess of 
solvent was evaporated under reduced pressure. The 
iodidate 9 was isolated by column chromatography 
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(100-200-mesh silica gel, benzene), and was found to be 
identical (GLC, TLC) with the authentic specimen; l4  


RF = 0.54 (benzene); MS, m/z  324; 31P NMR (CDCh), 


7.4-8- 1 (5H, m). 
6 83.82; 'H NMR, 6 1.256 (9H, d ,  3 J p ~  27.57 Hz), 


Reaction of 6 with elemental iodine giving 9. To a 
stirred solution of 0.156 g (0.0008 mol) of the sulphide 
6 and 0.080 g (0.0008 mol) of anhydrous triethylamine 
in 2 ml of benzene-pentane (1 : I )  solution, a solution 
of 0 .2  g (0.00078 mol) of iodine in 2 ml of benzene was 
slowly added. After addition, the reaction mixture was 
stirred for 15 min, then washed with 1 ml of saturated 
Na2S203 solution. The benzene layer was separated, 
dried over MgS04 and concentrated. The iodidate 9 was 
purified by column chromatography (100--200-mesh 
silica gel, benzene) and was found to be identical with 
the authentic specimen. l 4  


Solvolysis of 1 in HFiP in the presence of MeOH 
leading to 5. To a solution of 0.15 ml of methanol in 
1 ml of HFiP a solution of 0.1 g (0.00029 mol) of 1 in 
0 .1  ml of dry CHzCl2 was added. After the reaction was 
completed, excess of solvent was evaporated under 
reduced pressure. The ester 5 isolated by column 
chromatography (100-200-mesh silica gel, benzene) was 
identical (GLC, TLC, 31P NMR, MS) with the authentic 
specimen. 


Synthesis of sulphide 12. To a solution of 0.01 mol 
of butyllithium in 5 ml of dry EtzO, a solution of 1 a72 g 
(0.0092 mol) of bromoanisole in 5 ml of Et2O was ad- 
ded. After stirring for 30 min the reaction mixture was 
cooled to 0 "C and a solution of 1.84 g (0.00918 mol) 
of Bu'PhPCl I s  in 2.5 ml of dry Et2O was added. After 
stirring for 1 h at room temperature EtzO was 
evaporated under reduced pressure and 5 ml of toluene 
and 0 .4  g (0.0125 mol) of sulphur were added. The 
reaction mixture was stirred for 2 h at room 
temperature and excess of sulphur was filtered off. The 
filtrate was concentrated under reduced pressure. The 
reaction product 12 was isolated by column 
chromatography (100-200-mesh silica gel, benzene), 
RF = 0 - 2 7  (benzene); yield 2.1 g (75 per cent); MS, 
m / z =  304; 31P NMR (CDCl3), 6 59.22; 'H NMR 


6.89, 7.91 (9H,m); I3C NMR (CDC13), tjPccH, 27-01, 
~ P C C H ~  36.9, Jpc 51.4Hz,  6 0 ~ ~ ~  56.01, anisole ring 


(CDC13), 6 1.235 (9H, d 3 J p ~  17 Hz), 3.74 (3H,s), 


6c-(;pso) 122.4, Jpc 79.2 Hz, 6 ~ - ( o r r h o )  135.62, 2Jpc 
10.9 Hz, Gc-(mera) 114.38, 3Jpc 12.4 HZ,  6 ~ - ( p a r a )  


133.2, 'Jpc 9 Hz, G ~ - ( r n r i G )  128.7, 3Jpc  11.3 Hz, 
k ( p a r a )  131.7. 


162.6; phenyl ring 6c-(;pSo) 132.3, JPC 74.4 Hz, 6c-(ortho) 


Solvolysis of I in HFiP in the presence of anisole 
leading to 12. To a solution of 0.25 ml(0-0023 mol) of 
anisole in 1 . 5  ml of HFiP, a solution of 0.23 g 


(0.00055 mol) of 1 in 0.2 ml of CHzClz was added. 
After 20min the 31P NMR spectrum of the reaction 
mixture showed the absence of the starting material. 
Sulphide 12 was formed with a yield of 40 per cent [ "P 
NMR (HFiP), 6 59.22, 40 per cent]. After concentra- 
tion of the reaction mixture, 12 was isolated by column 
chromatography (100-200-mech silica gel, benzene), 
RF = 0.27 (benzene) and was shown to have TLC, GLC 
MS, 31P NMR, ' H  NMR and I3C NMR data identical 
with those of the sulphide 12 synthesized independently. 


Solvolysis of 15 in nitroinethane in the presence of 
anisole leading to 16. To a solution of 0.04 ml 
(0.00036 mol) of anisole in 2 ml of dry CH3NO2,O. I 1  g 
(0.00033 mol) of 15 was added. The reaction mixture 
was left at room temperature until no more starting 
material was present (3 weeks), then concentrated and 
the sulphide 16 was isolated by column chromatography 
(100-200-mesh silica benzene), Rr = 0.25 
(benzene), MS,  m/z = 284f"b NMR (CDC13), 6 76-04; 


(3H, s), 6 .9  (2H,m), 8.05 (2H, m); I3C NMR (CDCL), 
~ P C C H ~  24.34, ~ P C C H ,  38.49, Jpc 43 Hz, Gocrj, 55.28, 
aromatic ring 6c-(jps0) 120.05, Jpc 75 Hz, S C - ( ~ ~ , - , ~ ~ )  
135.6, 'Jpc ~ H z ,  6c.(titr,L,) 113.2, 'Jpc 11.4 HL, 
S<.-(puro) 161.82. 


' H  NMR (CDC13), 6 1.29 (18H, d, 'JPH 15.4 Hz), 3.79 


Solvolysis of 1 and 15 in nitromethane in thepresence 
of dimethylsulphide (formation of 17 and 18). To solu- 
tion of 0.0002 mol of 1 or 15 in 5 ml of CH3N02, a 
4-fold excess of MezS was added. MezS was refluxed 
over NaH (30 min) and then distilled from NaH before 
it was used. After the reaction was completed, excess of 
solvent was evaporated under reduced pressure. 
Phosphinodithioates 17 and 18 were isolated by column 
chromatography (100-200-mesh silica gel, benzene). 
S-Methyl-tert-butylphenylphosphinodithioate (17): l 4  


R ~ = 0 . 4 9  (benzene); MS, m/z=244;  "P NMR 
(CDCl3), 6 95.4; ' H  NMR (CDCI3), 6 1.53 (9H, d, 
3 J p ~  18*43Hz),  2.237 (3H, d ,  'JPH 13.11 Hz), 
7.3-8.1 (5H m). S-Methyl-di-fert-butylphosphino- 
dithioate (18): RF = 0.47 (benzene); MS, m/z = 224; 31P 
NMR (CDC13), 6 116; 'H NMR (CDClj), 6 1.29 
(18H,d, 3 J ~ ~  26.5 Hz), 2.32 (3H, d ,  3 J p ~  12 Hz). 


Alkaline hydrolysis of 1. A 0- 16 g (0.00046 mol) 
amount of 1 dissolved in 0.5 ml of anhydrous dioxane 
was added with vigorous stirring to a solution contain- 
ing 5 ml of dioxane and 5 ml of 0 .7  M NaOH. After 5 h 
the reaction mixture was concentrated to 7 ml and then 
dissolved in 20 ml of water. Acid 3 was isolated by ad- 
dition of 1.5 ml of concentrated HCI and then by 
extraction with CHCI3 (10 x 5 ml). The combined 
extracts were dried over MgS04. Acid 3 obtained after 
evaporation of CHCI3 was dried over P205. 3 'P NMR 
(CDCl3), 6 95.6. 
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Acid hydrolysis of 4. A 0 - 0 8 7 g  (0.00025 mol) 
amount of 1 dissolved in 0 .3  ml of dry dioxane was ad- 
ded with vigorous stirring to a solution containing 5 ml 
of dioxane and 5 ml of 0 .2  M CF3S03H. The reaction 
mixture was stirred for 5 h, then concentrated under 
reduced pressure to  7 ml and dissolved in 20 ml of 
water. Acid 3 was extracted with CHC13 (10 x 5 ml) and 
the combined extracts were dried over MgS04. Product 
3 obtained after evaporation of CHC13 was dried over 
PzOs. "P NMR (CDC13), 6 95.6.  


Hydro/ysis of 1 in "0-enriched H20-dioxane 
system. Water with 25.3 per cent l8O enrichment was 
used. Analysis of "0 enrichment was performed on an 
LKB Model 2091 gas chromatograph-mass spec- 
trometer combined with a PDP-l l I05 computer. Acid 3 
was analysed as the 0-trimethylsilylester, which was in- 
troduced through a 10 per cent OV-101 GC colymn 
(2.7 m) operated under isothermal conditions (240 C). 
Helium was used as the carrier gas (30 ml min-I). Mass 
sprectra were recorded at an electron energy of 70 EV, 
trap current 50 pA and ion source temperature 250 C. 
Only the molecular peak range m/z = 260-280 was 
scanned. Calculation of "0 enrichment were made 
using a standard equation3' based on molecular peaks 
of m/z 268 and 270. 


Alkaline hydrolysis of 1 in "0-enriched medium. To 
a solution of 0.12 g (0.00035 mol) of 1 dissolved in 3 ml 
of anhydrous dioxane a solution of 3 ml of 0.5 M 
N a 1 8 0 H / H z ' x 0  (25.3 per cent "0) was added with 
vigorous stirring. After stirring for 12 h at room 
temperature the reaction mixture was concentrated 
under reduced pressure to  3 ml. Acid 3 was isolated by 
passing a stream of dry HCI through the solution of its 
sodium salt and by extraction with CHC13 (15 x 2 ml). 
The combined extracts were dried over MgS04 and then 
concentrated under reduced pressure. Acid 3 was dried 
over PZOS (12 h), dissolved in 3 ml of dry EtzO and 
treated with Me3SiCl and NEt3. Precipitated triethyl- 
ammonium chloride was filtered off. The "0 enrich- 
ment of the reaction product was 15 -2  ? 0.2  per cent, 
which represents 60.08 per cent of the '*O abundance 
in the reaction medium. 


Acid hydrolysis of 1 in "0-enriched medium. To a 
solution of 0.12 g (0.00035 mol) of 1 in 3 ml of 
anhydrous dioxane a solution of 0-03  ml of CF3SO3H 
in 5 ml of Hz"0 (25.3 per cent "0) was added. After 
stirring for 12 h at room temperature the reaction mix- 
ture was concentrated to  3 ml. Acid 3 was extracted with 
CHC13 (15x2ml )  and converted into the 0- 
trimethylsilyl ester as described above. The l8O enrich- 
ment of the reaction product was 25.0 per cent ? 0.2  
per cent, which represents 98.8 per cent of the "0 
abundance in the reaction medium. 


Control experiment. To a solution of 0.085g 
(0.0004 mol) of acid 3 in 1 ml of anhydrous dioxane, a 
solution of 0-01 ml CF3SO3H in 1 ml of HZI80  (25-3 
per cent "0) was added. After 12 h acid 3 was extracted 
with CHCI3 (15 x 2 ml). The extracts were dried over 
MgS04 and then evaporated. The resulting acid 3 was 
analysed as the 0-trimethylsilyl ester. The "0 enrich- 
ment of the reaction product was 0.73 ? 0.1 per cent, 
which represents 2.88 per cent of the "0 abundance in 
the reaction medium. 
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Reaction of bromide ion with a-picryl-p-bromoacetophenone (1) is speeded by aqueous cationic micelles of 
cetyltrimethylammonium bromide (CTABr; C16H33NMe3Br) and dodecyltrimethylammonium bromide (DoTABr; 
CIzHz5NMe3Br) and rate constants reach limiting values when 1 is fully bound to micelles of CTABr. Limiting values 
are not reached in DoTABr, but the data can be fitted to a simple model for the distribution of reactants between water 
and micelles. Estimated second-order rate constants at the micellar surface are similar to values in water, but this model 
cannot explain the observed rate enhancements on addition of NaBr to CTABr. Inert anions such as nitrate, mesylate, 
n-butanesulfonate, phenylmethanesulfonate and camphor-10-sulfonate inhibit reaction in CTABr by competing with 
Br- at the micellar surface. Other n-alkanesulfonate ions (RSO,, R = n-CsHI1, n-CgH13, n-C7HI5, n-CaH17) and arene- 
sulfonate ions (benzene-, toluene-, naphthalene-1- and naphthalene-2-sulfonate) behave anomalously. These ions expel 
Br- from the micelle, as shown electrochemically, but there are maxima in plots of rate constant against mole fraction 
of Br-. These rate extrema are apparently due to perturbation of the micellar surface structure that overcomes the inhi- 
bition due to competition with Br-. These results show that the simple pseudo-phase, ion-exchange model can be 
applied only in dilute electrolyte and in the absence of hydrophobic anions 


INTRODUCTION 


Aqueous ionic micelles speed reactions of hydrophobic 
substrates and counter ions by bringing reactants 
together a t  the micellar surface. ' The rate-surfactant 
profiles can often be treated quantitatively by estimating 
the concentration of each reactant at the micellar sur- 
face and calculating the second-order rate constant at 
that surface.2 For many reactions, values of second- 
order rate constants at the surfaces of micelles and other 
colloidal assemblies are similar to  those in water, so that 
observed rate enhancements are due largely to  concen- 
tration of reactants a t  colloidal surfaces. 


Added inert counter ions decrease micellar rate 
enhancements of bimolecular reactions involving reac- 
tive counter ions because of inter-ionic competition. 
Inhibition increases with increasing polarizability and 
decreasing charge density of the competing ion, because 
these properties control the interaction of an ion with 
the micellar surface. 


Micellar effects on the rates of bimolecular ionic reac- 
tions have been treated quantitatively in terms of the 
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pseudo-phase ion-exchange (PIE) model. Competition 
between anions is described in terms of the equation 


where concentrations of X-  and Y- are written as 
molarities in terms of total solution volume and the 
subscripts W and M denote aqueous and micellar 
pseudo-phases, respectively. Fractional charge neutral- 
ization of the micellar head groups, @, is assumed to be 
constant and the concentrations of micellar-bound 
counter ions can be calculated from a mass-balance rela- 
tion in terms of KZ and @. The rate-surfactant profiles 
can then be simulated by using substrate binding con- 
stants to the micelle, the distribution of counterions and 
second-order rate constants in aqueous and micellar 
pseudo-phases. 


The PIE model also includes the assumption that 
changes in micellar properties on addition of electrolyte 
have no effect on KZ, fl  or the second-order rate con- 
stants. These assumptions are reasonable if the prop- 
erties of the micellar surface are insensitive to changes 
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in micellar shape or size. This model fits a great deal of 
data, although it has been criticized on theoretical and 
experimental grounds, and it fails for concentrated 
electrolyte  solution^.^ Kinetic values of KZ for OH- or 
F-  in cationic micelles of cetyltrimethylammonium 
bromide (CTABr) d o  not agree with values from 
fluorescence quenching. 


A variant of the PIE model expresses ionic distribu- 
tions in terms of Langmuir  isotherm^.^.' This, unlike 
the PIE model, is applicable to higher concentrations of 
electrolyte, but both models lead to  similar overall con- 
clusions. Another variant of the pseudo-phase model 
estimates the coulombic interaction by solving the 
Poisson-Boltzmann equation with a term for specific 
ion-miceIIe interactions. '- l o  It fits data for 
bimolecular ionic reactions and allows for size changes 
in spherical micelles. 


A major question is the extent to  which ions at the 
micellar surface may affect second-order rate constants 
at that surface. The success of the various models for 
reactions in dilute solutions of hydrophilic ions suggests 
that changes in second-order rate constants at micellar 
surfaces can be neglected. However, added salts affect 
the rate constants of some spontaneous reactions in 
micelles, 2a .c ,1k  even though inter-ionic competition is 
unimportant, so salts are affecting these rate constants 
at micellar surfaces. For example, polarizable, 
hydrophobic anions sharply speed anionic decarboxyla- 
tions in cationic micelles, I '  so an assumed constancy of 
second-order rate constants at micellar surfaces may 
also be incorrect if salts change micellar surface 
properties. 


One test of the PIE model is to use a reactive ion 
micelle so that only reactive ion is in solution and there 
is no inter-ionic competition. 6 , 1 2  Rate constants should 
increase with increasing surfactant concentration 
and become constant when substrate is fully bound. 
This prediction is fulfilled reasonably well for reactions 
of dilute C N - ,  N j ,  C1- and Br-, but not for reactions 
of more hydrophilic anions where modification of the 
simple models is required. However, the treatment 
is not completely satisfactory, even for S N ~  reactions of 
Br- , because addition of Br- slightly speeds reaction 
with methyl arenesulfonates even when they appear 
to be fully micellar bound. This increase may be due 
to a structural change in the micelle because CTABr 
micelles undergo a change from sphere t o  rod at high 
NaBr concentrations. l 3  Other anions, especially 
arenesulfonate ions, that induce this change consistently 
have striking effects on the rates of spontaneous 
decarboxylations. ' ' 


Reaction of Br- with a-picryl-p-bromoacetophenone 
(1)  gives picrate ion and we could follow it readily in 
aqueous micelles of CTABr or dodecyltrimethyl- 
ammonium bromide (DoTABr) in the visible spectral 
region with no spectral interference from arenesulfonate 
ions. l4 


We examined the reaction of Br- with 1 in aqueous 
CTABr or DoTABr in the presence and absence of 
various inert anions, e.g. nitrate and alkane- and 
arenesulfonate ions of various hydrophobicities. We 
also used a specific bromide-ion electrode to examine 
the competition between Br- and inert anions at the 
micellar surface. I s  


RESULTS 


Micellar reactions 


First-order rate constants increase to constant values 
with increasing [CTABr] (Figure 1). This result is 
consistent with substrate being incorporated into a 
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Figure 1 .  Reaction of 1 in (0) CTABr, ( 0 ) DoTABr and ( ) 
0.4 M DoTABr + NaBr 
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products 4 
Scheme 1 


micelle whose surface is saturated with Br-, i.e. in 
which /3 is constant,2a3C*12 as for other sN2 reactions of 
Br- and reactions of other dilute nucleophilic anions. 


Micelles of DoTABr also speed reaction, but rate 
constants do not reach limiting values, even at high 
[DoTABr] (Figure 1). The results for reaction in 
CTABr and DoTABr can be described in terms of 
Scheme I ,  where S is substrate, Dn is micellized 
surfactant, subscripts W and M denote aqueous and 
micellar pseudo-phases, respectively, and kw , and kM'' 
are first-order rate constants. 2 3 1 6  The observed first- 
order rate constant is given by 


k $ = ( k w f  +kM'Ks[Dn])/(l +Ks[Dn])  (2) 


These rate constants can be written in terms of 
second-order rate constants and concentrations of Br 
in the two pseudo-phases: 


kw,  = kw[Brw-] (3) 


(4) 
In equation (4), the concentration of micellar-bound 
Br- is written as a mole ratio which, in the absence of 
added anions, should be given by /3.2a9c Therefore, for 
a strongly bound substrate, reaction occurs wholly in 
the micellar pseudo-phase and equations (2)-(4) in the 
limit of constant /3 simplify to2a,c*i2 


k$ = @kM ( 5 )  


The interaction of Br- with micelles of DoTABr (or 
CTABr) can alternatively be described by 


K B ~ '  = [ B r ~ - l / ( [ B r w - l  ([Dnl - [ B ~ M - I )  (6) 


i.e. 0 is regarded as constant only if Kgrf  is large. 
Equation (6) fits data for a variety of micellar reactions 
in dilute electrolyte. 2a*c*697 The data for reaction in 
DoTABr (Figure 1) were fitted with Ks = 500 lmol-I, 
K B ~ ,  = 150 Imol-I, critical micellar concentration 
(cmc) = 5 x s- '  and kw = 1.6 x 


but can probably be fitted with 
other combinations of these parameters. l7  


Although these simple treatments fit the rate data in 
the absence of added anions, they fail on addition of  
Br- and of inert anions, added either as CTAX, 
DoTAX or NaX. In the following section we denote 
alkanesulfonate ions as RSO3-, where R = n-C4H9 
(n-Bu), n-CsHII (n-Pe), n-C6H13 (n-Hex), n-C,Hls 
(n-Hep), n-CsHI7 (n-Oct), PhCH2 or 10-camphor, and 
arenesulfonate ions as arene = benzene (OBs), toluene 


M ,  kM = 9 x 
10-41mol-ls-l 14b , 


(OTos), naphthalene-1 - [ ONs( l)] or naphthalene-2- 
[ ONs(2)I . 


Effect of added Br- 


The simple pseudo-phase model in equation (5)2a7c. '2 
predicts that k$ for reaction in CTABr will become 
constant with fully bound substrate and be independent 
of added Br-. This prediction fails, because k$ 
increases markedly on addition of NaBr (Table 1). 
Added NaBr also affects k$ for reaction in DoTABr 
with total [Br- ]  = 0 * 4 ~  and variable DoTABr 
(Figure 1). Paradoxically, k+ is higher in 0.05 M 
DoTABr + 0.35 M NaBr than in 0.4 M DoTABr. 


Table 1. Effect of NaBr on reaction in CTABr (values of lo4 
kll.s-' at pH 3 and 25.0"C) 


[ C T A B ~ ] / M  


[ NaBr] /M 0.01 0.02 0.03 


- 
0.001 
0.005 
0.009 
0.013 
0.017 
0.021 
0.029 
0.037 


10.1 
10.1 
11.1 
11.8 
12.4 
13.1 
14.3 
14.6 


10.7 
10.7 
11.3 
12.0 
12.5 
13.6 
14.3 
15.4 
16.8 


10.7 
10.7 
11.2 
12.4 
12.8 
13.5 
14.7  
15.3 


Reactions in mixtures of anions 


The simplest approach is to  examine reactivity in 
mixtures of CTABr and CTAX with constant surfactant 
concentration. The results are simple for a mixture of 
CTABr and CTANO3 because k$ decreases linearly 
with decreasing mole fraction of Br- (xar) (Fig. 2). 
These rate effects are shown as krel, i.e. relative to the 
value with no adduct. Mixtures of CTABr and 
cetyltrimethylammonium mesylate (CTAOMs) also give 
a monotonic decrease of krel with decreasing X B ~ ,  but the 
situation is different for mixtures containing 
cetyltrimethylammonium benzenesulfonate and tosylate 
(CTAOBs and CTAOTos) (Figure 2). The plots of krel 
against mole fraction of Br- are curved and, at high 
X B ~ ,  reaction is faster in mixtures of CTABr + 
CTAOTos than in CTABr alone. However, values of 
krel are very low in CTAX, and are similar to those of 
the residual reaction with water (see Experimental). 
These general conclusions are not very sensitive to  
changes in total surfactant concentration (Figure 2). 


The dependence of rate constant on X B ~  in a mixture 
of DoTABr and DoTAOMs (Table 2) is similar to that 
in CTABr + CTAOMs. 
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0.2, 


0.0 0.6 0.4 0.2 0.0 


'Br 


Figure2. Dependence of rate constants in CTABr on mole 
fraction or concentration of Br- with 0.03 M CTABr + CTAX 
(open symbols) or 0.02 M CTABr + CTAX (closed symbols). 


X = (0, 0 )  NO3; ( 0 ) OMS; ( A ) OBS; ( 0 ,  + ) OTOS 


Table 2. Reaction in mixtures of DoTABr and DoTAOMs at 
25.0 'C in 0. I M total surfactant 


XBr 1.00 0.80 0.60 0.40 0.20 0.00 
l@klC,s-' 6.90 5.59 4.28 3.04 1.73 0.48 


Effects of added inert salts 


The mole fraction of Br- can also be decreased by 
adding NaX to a fixed concentration of CTABr. We 
used NaNO3 and sodium salts of alkane- and 
arenesulfonic acids (Figures 3-6). At high 
concentrations, salts inhibit reaction, but some of the 
more hydrophobic sulfonates speed reaction at low 
concentrations. The behaviors of NaNO3, NaOMs and 
n-BuSO3Na in CTABr fit the qualitative predictions of 
the PIE model in that NO3- and BuSO3-, which should 
compete with Br - with ion-exchange parameters 
[equation ( l ) ]  , of close to unity, ' 3  give rate decreases 
which closely follow XB* (Figure 3). Mesylate ion is, as 
expected, a less effective inhibitor than NO3- .' These 
results accord with those for mixtures of CTABr and 
CTAX (Figure 2). 


The situation is very different for salts of the 
hydrophobic sulfonic acids in CTABr. The solutions 
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Figure 3. Rate constants relative to k$ in 0.03 M CTABr. 
Effect of NaX: X = (0) NO,; ( ) OMS; ( 0 1 n-BuSO3 
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Figure4. Rate constants relative to k $  in 0.03 M CTABr. 
Effect of RSO3Na: R = (0) Pen; ( U ) Hex; ( 0 ) Hep; ( A ) Oct 
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Figure 5 .  Effect of hydrophobic sulfonate ions on rate con- 
stants relative to k$ in 0.03 M CTABr. A ,  NaOBs; 0 ,  
NaOTos. RSO3Na: R = (  A )  PhCH2; ( 0 )  ONs(1); (0) 


ONs(2); ( 0 )  10-camphor 


L 


XBr 


Figure 6. Rate constants relative to k$ in 0.02 M CTABr. 
Effect of ( A ) NaOBs and ( + ) NaOTos 


often become viscous on addition of the salt," which 
limits the amount that can be added, and there are rate 
maxima in dilute salt (Figures 4-6). For a series of 
n-alkanesulfonates the extent and position of these 
maxima depend on the length of the n-alkyl group 
(Figure 4). 


Results for mixtures of 0.03 M CTABr and sodium 
arenesulfonates are shown in Figure 5 .  There are also 
striking rate enhancements to  extrema on addition of 
NaOTos and NaOBs to  0.02 M CTABr (Figure 6). 
Although sodium arenesulfonates give unexpected rate 
extrema, sodium phenylmethanesulfonate and sodium 
camphor-10-sulfonate give the predicted monotonic rate 
decreases (Figure 5 ) .  


Salt effects on reaction in DoTABr (0.1 or 0.2 M) 
(Figure 7) are qualitatively similar to  those in CTABr, 
except that NaOBs did not give a rate maximum. 


Rr 


Figure7. Effect of NaX on rate constants relative to k$ in 
0.1 M DoTABr (open symbols) and in 0 .2  M DoTABr (closed 
symbols). X = (0) NO,; ( 0 ) OMS; ( A ) OBs; ( 0 , + ) OTos; 


( V ) PhCHzSO3 


Binding of Br- 


Specific ion electrodes are assumed to  sense ions that are 
free in the water rather than bound to  the micelle.'5 
Their response depends on mean ion activity rather than 
concentration, so there is a question of the activity 
correction in solutions of ionic surfactants with mixed 
anions. We therefore used the data only qualitatively 







244 C .  A. BUNTON, C .  P. COWELL, F. NOME AND L. S. ROMSTED 


Table 3. Salt effect on the binding of Br- in CTABr micelles' 


[Salt]/M NaNOl NaOMs NaOBs NaOTos 


0.002 
0.004 
0.008 
0.012 
0.016 
0.018 
0.020 
0.024 
0.028 
0.032 
0-036 
0.04 


0.015 0.016 
0.013 0.015 
0.01 1 0.013 
0.009 0.012 


0.008 0.012 
0.007 0.01 1 
0.006 0.01 
0.006 0.01 1 
0-006 
0.004 


0.015 
0.016 0.013 
0.012 0.010 


0.007 
0.006 0.004 


0.003 
0.005 0.002 
0.004 
0.003 


0.002 
0.001 


'Values of (BrM-1 in 0.02 M CTABr, calculated from [Brw-1 
estimated by using a specific ion electrode. In 0.02 M CTABr with no 


added salts [ B ~ M - ]  =0.017 M 


(Experimental) and values of [BrM-] in Table 3 are 
given by [CTABr] - [Brw-] on the assumption that 
[Brw-]  is given by the electrode after calibration in 
aqueous NaBr. This assumption neglects the decrease in 
concentration of monomeric surfactant due to  added 
salt (the cmc is very low in added salt), but the results 
show that all the ions displace Br- from the micelle in 
the expected sequence, OTos- > NO3- > O M S - . ~ . '  
Arenesulfonate ions are especially effective in displacing 
Br-. 


There is extensive evidence on competition between 
Br- and inorganic and Lissi et al. l8 have 
estimated the following exchange constants [equation 
(l)]  between Br- and RC02-: R = M e ,  0.06; n-Bu, 
0-60; Pen, 1.4; Hex, 4-5; Hep, 10; and Oct, 23. A 
qualitatively similar series of exchange constants should 
apply to the competition between Br- and alkane- 
sulfonate ions. 


DISCUSSION 


The PIE model 


Some of our data are consistent with the PIE modeL2 
For example, the constant values of k$ for 
[CTABr] > 0.02 M (Figure 1 )  fit a constant value of /3 
[equation ( S ) ] ,  and give k~ = 14 x s - ' ,  based on 
the concentration of Br- written as a mole ratio, and 
/3 = 0.78.2 If we assume that the molar volume of the 
reactive region, VM = 0.14 1 mol-I, and write2asc 


kz" = kM VM (7)  


where k p  has the dimensions Imol- Is - ' ,  we obtain 
k? = 1.9 x lmol-'s- ' .  This value is very similar 
to  that of kw = 1.6 x 1 mol-I s - '  in water. 14b 
Hence the rate enhancement is due largely to  an 


increased concentration of reactants at the micellar 
surface. Similar conclusions have been drawn from 
analyses of many bimolecular ionic reactions in 
micelles. 2.7.9.10.12 For reaction in DoTABr, application 
of equations (2)-(4) and (6) gives kM = 9 x s - ' ,  
which is slightly lower than the value in CTABr but, 
assuming VM = 0.14 1 mol-I, kz" = 1 * 3  x lmol-I 
S - I  and is slightly lower than in water. 


Despite these fits of the data in the absence of added 
salt, there are problems with the simple model, even 
with no inert anion, because added NaBr increases k$ 
with fully bound substrate (Table 2). The increase is by 
a factor of ca 1.5, so it cannot be explained simply by 
an increase in the value of [BrM-]/(Dn] in equations 
(2)-(5), if this term is identified with p, because p must 
be less than 1 ,  and is ca 0.8 for these cationic micelles. I s *  


The extent of fractional neutralization, 6, is generally 
taken as a measure of the concentration of counter ions 
in the micellar Stern layer, which is also regarded as the 
reaction region in the micellar pseudo-phase. This 
description is adequate for reactions in CTABr alone, 
or with limited amounts of added reactive counter 
ions,2asC but it apparently fails for high concentrations 
of counter ions, regardless of their h y d r ~ p h i l i c i t y . ~ . ~  
The ion distribution adjacent to  the micellar surface is 
diffuse and the counter-ion concentrations decrease 
gradually with distance from the surface rather than 
changing abruptly a t  the Stern layer boundary,'-'' as is 
implied by the simple kinetic model. Counter-ion 
binding is governed by coulombic and specific 
interactions with micellar head groups. The specific 
interactions should be short-range, but coulombic 
interactions are long-range and the concentration of 
anions, e.g. Br-, in the diffuse layer and adjacent to, 
but not in, the micellar surface will increase with 
increasing total anion concentration and with any 
structural change that increases the micellar surface 
potential. Ions in this region may react with micellar- 
bound substrate. 


Micelles of CTABr grow and become rod-like on 
addition of NaBr.I3 This change in shape will bring 
head groups closer-together, and may affect reactivity in 
various ways. The increase in surface charge density, 
and the change of shape from sphere to  rod, will 
increase the coulombic interaction with Br-. The closer 
packing of head groups will, in effect, decrease VM 
[equation ( 7 ) ] ,  which is equivalent to  increasing the 
concentration of Br- at the micellar In 
addition, if water is partially expelled from the surface, 
the consequent change in micropolarity will also speed 
reaction, because the non-micellar reaction is strongly 
inhibited by an increase in the water content of the 
solvent. 14b These effects should also apply to  reactions 
in DoTABr. Although the simple treatment [equations 
(2)-(6)] fits the kinetic data in the absence of salt, it is 
only a first approximation, and it fails in moderately 
concentrated NaBr. 
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Role of inert anions 


It is useful to  distinguish between two experimental 
situations. Inhibition due to  an increase in the mole 
fraction of an inert anion, X-, in solutions with 
constant [CTABr] + [CTAX],  can be ascribed to  
replacement of  Br- by X - ,  and therefore dilution of 
Br- at the micellar surface (Figure 2). Addition of X-  
as NaX exchanges an inert anion for Br-, but it also 
increases the number of counter ions relative to 
surfactant head groups and the overall ionic strength 
(Figures 3-6). The exchanges with inert anions are 
confirmed by the use of a specific Br- electrode 
(Table 3), and the rate inhibition by hydrophilic anions, 
e.g. NO3- or MeSO,-, is as predicted.2 


The rate effects of hydrophobic alkane- and 
arenesulfonate ions are inconsistent with a simple 
exchange model (Figures 4-6). For example, these 
anions are more effective than NO3- or OMS- at 
displacing Br- (Table 3), and should therefore strongly 
inhibit reaction, but under some conditions they 
actually speed it. There must be compensating effects, 
probably related to  changes in micellar structure and 
surface polarity, that depend on the geometry of the 
sulfonate ion and on its hydrophobicity. The rate 
extrema move towards higher mole fractions of Br- 
with increasing length of the organic residue, i.e. from 
CsHll to C B H I ~ ,  and both C7HlsSO3- and CsH17SO3- 
give rate maxima (Figure 4). Arenesulfonate ions added 
as the sodium salts, or as CTAOTos, also increase k,~, 
although for surfactant mixtures the rate constants 
initially increase and  then decrease sharply (Figures 2, 5 
and 6). Addition of sodium arenesulfonates increases 
the solution viscosity so much that we observed only a 
rate increase, but not overall inhibition, in 0.03 M 
CTABr (Figure 5 ) .  Similar, but less extensive, kinetic 
results were observed with DoTABr (Figure 7). 


The overall inhibition by sodium a-toluenesulfonate 
and camphorsulfonate was unexpected, because both 
these anions should be as hydrophobic as the 
arenesulfonates or  the Ionger chain alkanesulfonates. 
They apparently inhibit reaction by displacing Br- from 
the micelle but without inducing the structural change 
that increases the rate. 


Anomalous salt effects are observed only with 
arenesulfonate ions and the alkanesulfonate ions that 
have longer alkyl groups. Arenesulfonate and 
carboxylate ions and aryloxide ions interact strongly 
with cationic micelles, " * I 9  and spectroscopic evidence 
suggests that they insert between the head groups. This 
insertion changes the micellar structure from spherical 
to  rod-like, as shown by marked increases in viscosity. 
Qualitatively sodium phenylmethane- and camphor- 
sulfonate d o  not markedly increase viscosity, so it 
appears that they d o  not induce a transition from sphere 
to  rod. The low solution viscosity allowed the use of 
relatively high concentrations of these salts. 


We cannot explain the rate extrema (Figures 2-7) in 
terms of any simple quantitative model, but it appears 
that anions that are linearly symmetrical, e.g. n- 
alkanesulfonates, or have the anionic residue directly 
attached to  the arene group, e.g. the arenesulfonates, 
behave differently to  the nonlinear phenylmethane- 
sulfonate ion, with angularity at the methylene group, 
or the bulky bicyclic camphorsulfonate ion, which do 
not induce the change in surface structure that assists 
reaction. We tentatively suggest that these last two 
anions interact with, but do not penetrate, the micellar 
surface. 


Spontaneous anionic decarboxylations ' I  are assisted 
by decreases in water content and polarity, as are 
bimolecular anionic reactions. 20,21 Reaction of 1 with 
NaBr is consistently strongly inhibited by an increase in 
the water content of the solvent. The second-order rate 
constants at 25.0"C are 5 . 0 9 ~  and ca 0 . 1 6 ~  


Imol- ' s - '  in 0.645 and 0 mole fraction of 
t-BuOH in water, respectively. 14b Reactivities of C1- 
and Br- in sN2 reactions at  surfaces of cationic micelles 
increase as the size of the head group increases in the 
sequence Me3N+ < Et3N' < n-Pr3N' < n-Bu3N+, 
even though the extent of halide ion binding decreases 
in this sequence. 22 There is NMR evidence for decreased 
hydration of Br- a t  the surfaces of micelles that have 
the bulky head groups,z2b and it should be responsible, 
at least in part, for the rate increases. 


I f  a transition from sphere to rod is induced by Br- 
or  a sulfonate ion, the head group spacing should 
decrease, and water could be partially excluded from the 
surface, which will be less polar, so that the rate 
constant of an Sp~2 reaction of Br- should increase at 
the surface. There is evidence from Dimroth's E ~ 3 0  
polarity values23 for a decrease in micellar surface 
polarity with a transition from sphere to  rod and on 
addition of saltsz3 and it correlates qualitatively with 
our kinetic data. In addition, a decrease in head group 
spacing, however induced, will increase the surface 
electrical potential and coulombic attraction of counter 
ions and partially compensate for the charge 
neutralization by inert counter ions. 


Development of the pseudo-phase model for reaction 
in aqueous micelles led to  the generalization that 
second-order rate constants of most bimolecular 
reactions are similar in water and at  micellar surfaces 
and that @, in the absence of inert counter ions, gives the 
concentration of reactive ion at  the surface.' These 
generalizations apparently fail at high salt 
concentrations, especially if the micellar surface is 
markedly perturbed, for example by addition of 
hydrophobic counter ions or introduction of bulky head 
groups.2z In addition, the original form of the PIE 
model involved the assumption that reaction occurs 
in a discrete zone at the surface, often identified 
with the micellar Stern layer, although the counter-ion 
concentrations decrease smoothly with distance from 







246 C. A. BUNTON, C. P. COWELL, F. NOME AND L. S. ROMSTED 


the s ~ r f a c e . ~ . ~ . ' ~  In dilute electrolyte, counter-ion 
concentrations at the micellar surface, of the order of  
3-5 M , ' ~  are so much higher than those in bulk solvent 
that it appears as if reaction is occurring in a discrete 
zone at the surface, but this simplification becomes less 
satisfactory as the counter-ion concentration is 
increased. It is therefore understandable that the PIE 
model is generally satisfactory in dilute but not in 
concentrated solutions of reactive ions, where it may 
break down for (at least) two reasons. First, the concept 
of a discrete reaction zone is unsatisfactory at high 
concentrations of reactive counter ion, as for reaction 
of Br- with 1, and for reactions of O H - , 4  where rate 
constants a t  the micellar surface increase, rather than 
remain constant, on addition of nucleophilic anion. 
Second, inert counter ions, e.g. arene- or alkane- 
sulfonate ions, may perturb the properties of the 
micellar surface so as to assist reaction. 


These electrolyte effects on the properties of the 
micellar surface have unexpected kinetic consequences. 
For example, although arenesulfonate ions effectively 
displace Br- from the micellar surface (Refs 2 and 5 and 
Table 3), at low concentrations some of them are more 
effective than Br- in increasing the reaction rate in 
CTABr (Figures 5 and 6 and Table 1). The rate in 
0.03 M CTABr is increased by factors of l.5-fold by 
0 . 0 2 ~  Br-., 1-4-fold by 0-013 M OTos- and ca 
1.9-fold by 0.01 3 M naphthalenesulfonate ion. 


EXPERIMENTAL 


Materials. a-Picryl-p-brornoacetophenone (1) was 
prepared by reaction of equimolar silver picrate with a- 
bromo-p-brornoacetophenone in dry MeCN under 
reflux for 48 h. The product wa: recrystallized from 
MeOH-MeCN, m.p. 163-164.5 C,  and gave picrate 
ion quantitatively on reaction with dilute I- in EtOH. 
The surfactants were commercial samples (Aldrich, 
CTABr and DoTABr) recrystallized from EtOH-EtzO 
or MeOH-EtzO, or were prepared by exchange of 
anions (CTANO3, DoTAN03) or by quaternization of 
N,N-dimethyldodecylamine or N,N-dimethyl- 
hexadecylamine. Quaternization was generally effected 
in MeOH under reflux and the surfactants were purified 
as for CTABr, until there were no minima in plots of 
surface tension against surfactant concentration. The 
critical micelle concentrations (cmc) in Table 4 were 
determined by surface tension and agree with available 
literature values. 24 


The sodium salts were commercial samples or were 
prepared by neutralization of the acid or by reaction of 
the alkyl bromide with NazSO3 in EtOH-H20 (1: 1, 
v/v) under reflux. 


Kinetic methods. Formation of picrate ion was 
followed spectrophotometrically a t  350-360 nm. 
Kinetic solutions were prepared by adding 25 pl of a 


Table 4. Critical micelle concentrations in water at 25 .O 'C 


Surfactant 1O4Cmc/M Surfactant 1O4CmC/M 


CTABr 8.0 CTAOTos 1-3  
CTANO, 9 .0  DoTABr 190 
CTAOMs 13 DoTAOMs 210 
CTAOBs 3 .0  


M solutiop of 1 in dioxane to the reaction medium 
(3 ml) at 25.0 C. Lower concentrations of 1 were used 
when solubility was a problem. Most experiments were 
made at  p H  3 (HBr) to suppress reaction with O H - ,  but 
the rates were independent of p H  from 2 to  5. Reaction 
is slow in the absence of Br- at low pH. In water in 


M H N 0 3  + 0.02 M KNO3 the first-pder rate 
constant is k $ = 2 * 6 x  10-6s-'  at 25-0 C and is 
unaffected by increase in HNO3 concentration to 
0 . 0 0 6 ~  at  constant ionic strength, and in 0 . 0 4 ~  
CTANO3 and a solution p H  of 3 (HNO3) 
k$ = 3.4 x s - ' .  This rate increase with addition of 
CTANO3 is probably caused by incursion of a micellar 
reaction with O H - ,  despite its low concentration in 
bulk solvent,2 and because of the effects of cationic 
micelles on S N ~  reactions with water  molecule^.^ 


Electrochemical measurements. A Beckman Select 
Ion electrode, calibrated with aqueous NaBr, was used 
to estimate the amount of free Br- in surfactant 
solutions. If the cmc and the fractional micellar 
ionization, a ,  are constant, we obtain 


[Brw-] = a [ C T A B r ]  + ( I - a ) c m c  (9) 


A plot of [Brw-]  against [CTABr] is linear, but the 
slope, a = O . 1 4 ,  is lower than the generally accepted 
values of ca 0.2. '3 '  These differences probably stem 
from activity effects of the surfactant ions and therefore 
we use values of [Brw-] and [BrM-] in added salt for 
purposes of comparison only. 
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REVIEW COMMENTARY 


THE CURRENT STATUS OF ISOMER ENUMERATION OF USEFUL 
BENZENOIDS AND A NEW TOPOLOGICAL PARADIGM 


JERRY RAY DIAS 
Department of Chemistry, University of Missouri, Kansas City, Missouri 64110, U.S.A. 


The enumeration and development of conceptual tools for understanding the chemical properties of practical 
benzenoid hydrocarbons is stressed. Currently known isomer numbers for benzenoids having up to 60 carbons are 
summarized. Although there are well over 2 million isomers in this range, only approximately 500 benzenoid 
hydrocarbons have been characterized. 


INTRODUCTION 


Knowing which benzenoid isomers are absent and 
present in the environment should provide novel 
insights and will allow one to speculate the reasons. 
Herein, the current status of the enumeration of prac- 
tical benzenoids and the concepts that evolved from 
these studies are reviewed. The successful enumeration 
of non-branched benzenoids was achieved by the 
classical paper of Balaban and Harary.' A com- 
puterized approach for enumeration of general 
benzenoids was first accomplished by Knop et a/. and 
with its depictions remains a major resource for many 
useful benzenoids. Although numerous benzenoid 
computer enumerations have subsequently appeared, 
they are less useful to practising chemists because the 
numerical data are in a form which does not allow one 
to identify the isomer groups easily.3 It is well known 
that the number of alkane isomers increases as the 
number of carbon atoms  increase^.^ In contrast, our 
formula periodic table for benzenoid hydrocarbons 
(Table 1 or Table PAH6; see the Glossary of Terms) led 
us to identify special benzenoid series whose number of 
isomers remains constant as the number of carbons 
increases. These constant-isomer benzenoid series con- 
stitute a phenomenon that we call an edge effect of 
Table PAH6 that is intricately related to the topology 
of the benzenoid members. Constant-isomer benzenoid 
series have formulas found on the left-hand staircase 
edge (boundary) of Table PAH6. Thus, we claim to 
have identified a new paradigm that may have universal 
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topological implications since the polyhex structure is 
fundamental to  nature.' 


A FORMULA PERIODIC TABLE FOR 
BENZENOID HYDROCARBONS (TABLE PAH6) 


Previously, we presented a formal definition of a 
periodic table set.' Key features of this definition are 
hierarchal ordering, two-dimensionality and edge 
effects. Both Table PAH6 and the Periodic Table of 
elements possess these features. 


Since our enumeration studies have focused prin- 
cipally on the more stable even-carbon benzenoids of 
practical importance,8 odd-carbon benzenoids which 
are always radical species will only be discussed when it 
enhances our understanding of even-carbon compounds 
through intercomparison of their relationships. 


The formula periodic table for even-carbon 
benzenoids will be designated Table PAH6 and for odd- 
carbon benzenoids Table PAH6(odd). Throughout this 
paper the carbon and hydrogen atoms and the p a  and 
C-H bonds will be omitted, leaving only the C-C 
0-bond skeleton to represent the benzenoid structure. 
Methine substructural units will be shown as secondary 
graph vertices. 


The formulas for all benzenoids are given in Table 
PAH6 which has x, y-coordinates of ( d s ,  N I C ) .  Recur- 
sive construction of this table was accomplished using 
the aufbau principle.' Table PAH6 complies with a 
sextet rule analogous to  the octet rule for the Periodic 
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Table of elements, and d,  = r - 2 - NIC is analogous to 
the outer-shell electronic configuration and N ~ c  is anal- 
ogous to  the principal quantum number associated with 
the Periodic Table of elements. Thus, Table PAH6 can 
be considered to be ‘Mendeleevian.’’ 


Table PAH6 represents a partially ordered set which 
sorts benzenoid hydrocarbons into isomer groups 
and delineates their graph-derived properties. These 
absolute group properties are fixed and are useful in 
studying differences among isomer groups. For 
example, the average electronic p r  energy between 
isomer groups is principally determined by NC and 4. 
To study differences among PAH6 isomers, one needs 
graphical invariants that change from one isomer to 
another. The members of a benzenoid isomer set have 
the same values for the invariants of d,, Nc, NH, NIC,  
4 and r (see Glossary of Terms). Table 2 presents a 
summary of the properties associated with 
Table PAH6. 


In Table PAH6 every compound in a particular 
column has the same d, value, and every compound in 
the same row has the same NIC value. Member com- 
pounds in the same column with the same d, value 
belong to the same column series (Nc = ~ N H  - 14 - 2ds, 
where d,  is specified), and member compounds in the 
same row with the same NIC value belong to  the same 
r o w  series (Nc = 2N” - 6 + NIC,  NIC is specified). For 
example, all PAH6 isomers of the formulas C16H1O and 
C20H12 have the same value of NIC = 2 and, similarly, 
all PAH6 isomers of the formulas C Z O H I ~  and C Z ~ H I ~  
have the same value of ds = 1. Table PAH6 extends 


infinitely in three directions: horizontally to the right, 
vertically to the bottom and in a slanting direction to 
the left. The top of this table contains the cata- 
condensed benzenoids (NIC = 0) of progressively larger 
size as one goes from left to  right. 


The criteria for a periodic table set is that it is a 
partially ordered set (poset) forming a two-dimensional 
array complying with reflexivity, antisymmetry, and 
transitivity, and Dobereiner’s triad principle where the 
middle member (element) has a metric property which 
is the arithmetic mean of the other two surrounding 
members.’ This constitutes a formal definition of a 
periodic table set. 


The recognition of the attributes that define a 
periodic table set began with Dobereiner’s principle of 
triads, which was subsequently expanded into a Mende- 
leevian two-dimensional partial ordering. We now 
propose that every such set possesses a boundary (edge) 
which exhibits special characteristics. The members of 
a periodic table set found on the edge (boundary) 
possess unique properties. For example, the Periodic 
Table of elements is bounded by three edges or boun- 
daries. The upper edge consists of First and Second 
Period elements which are the most unique elements of 
the family because of their small size and absence of d 
subshells. On the left edge the alkali metals are the most 
reactive of all metals and on the right edge the noble 
gases are the least reactive of all elements. Similarly, the 
formula periodic table for benzenoids (Table PAH6) 
has two edges. The upper horizontal edge consists 
of cata-condensed benzenoids with characteristically 


Table 2. Hierarchical two-dimensional ordering of benzenoid isomer groups by Table PAH6 


1 .  Properties 
A. Molecular weight 
B. Average ET 


A. Strictly peri-condensed benzenoids are sorted toward the left-hand staircase edge and highly branched benzenoids toward the 


B. Row series 


2. Topological characteristics 


right-hand horizontal edge. Constant-isomer benzenoids occur on the staircase edge. 


a .  Sorts benzenoids with the same Nlc values into the same row 
b. Sorts cata-condensed benzenoids into N I C  = 0 row 
c. Sorts pyrenelperylenelzethrene benzenoids into the N I C  = 2 row 
d.  Sorts benzenoids with N C ~ N H  = 2 into the N ~ c  = 6 row 
e. Sorts benzenoids having spanning subgraphs with an odd number of K2 and G n + 2  components into the N I C  = 0 (mod 


4) rows 
f. Benzenoids with Hamiltonian circuits are only found in the N I C  = 0 (mod 4) rows 


a .  Sorts benzenoids with the same d, value into the same column 
b. Sorts non-radical threefold, sixfold and total resonant sextet benzenoids into the NIC = 0 (mod 6) columns 
c. Sorts benzenoids with an odd number of rings into every other column 
d.  Sorts benzenoids with Nc/NH = 3 into the d, = - 7 column 


a.  Sorts benzenoids of the same perimeter ( N H  ) into positive sloping alignments with shift coordinates (Ad,,ANtc/Z) of ( J ,  1) 
b. Sorts benzenoids of the same NC according to shift coordinates of (3 ,2)  and of the same r according to ( 2 , l )  
c. Sorts benzenoids of the same q1 according to shift coordinates of (4 , l )  


C .  Column series 


D. Other series 
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unique properties and the sloping left-hand staircase 
edge which consists of strictly peri-condensed 
benzenoids having unique properties that have been the 
subject of our work. This edge effect is characteristic of 
all two-dimensional posets. 


Through a vector addition analog method, we pre- 
viously showed that the total p~ energy (E:) of a large 
benzenoid hydrocarbon can be estimated from the 
known E, values of smaller hydrocarbons.’ Thus, when 
the number of carbon (N:) and hydrogen ( N h )  atoms 
of a large benzenoid hydrocarbon is related by (Nk, 


to the number of carbon and hydrogen atoms of smaller 
benzenoid hydrocarbons, then E: = E, + E:. 


N L  ) = ( N ~ ,  N~ ) + ( ~ 6 ,  N,!, ) = ( N~ + N&, NH + N A  ) 


STRICTLY PERI-CONDENSED BENZENOIDS 
AND THEIR EXCIZED INTERNAL 


STRUCTURES 


In this paper only the a-bond molecular graph (polyhex 
graph) will be shown for all benzenoids. The number of 
carbon atom vertices will be denoted by Nc,  the 
number of internal carbon vertices bounded by three 
hexagonal rings by N1c and the net number of discon- 
nections (positive values) and/or rings (negative values) 
among the internal edges (edges bounded by two rings) 
by d,.  For example, anthracenelphenanthrene has 
d,  = 1 and N l c  = 0 and pyrene has d, = 0 and N K  = 2. 
A strictly peri-condensed benzenoid hydrocarbon has 
all its internal third-degree vertices mutually connected 
( d ,  = 0, - 1 ,  - 2, . . .) and has no cata-condensed 
appendages. An excized internal structure is the set of 
connected internal vertices usually associated with a 
strictly peri-condensed benzenoid which has a formula 
found at the extreme left-hand boundary of the formula 
periodic table for benzenoid polycyclic aromatic hydro- 
carbons (PAH6s). For example, the excized internal 
structure of pyrene is ethene and of coronene is benzene 
as shown below by the dotted line. Even carbon strictly 
peri-condensed benzenoids have no proximate triplet of 
bay regions and on a per carbon basis have the fewest 
number of bay regions and are among the benzenoids 
with the highest p a  electronic energy. 5 , 8  


Strictly peri-condensed benzenoids have many dis- 
tinctive properties that uniquely characterize them. As 
the ratio Nc/ NH increases, a benzenoid becomes more 
peri-condensed, which is of crucial importance in deter- 
mining whether a 0-packiiig crystal structure (graphite 
rhombohedral) is adopted or not. lo  A higher Nc/ NH 
ratio favors the 0-packing over the non-0 (herringbone) 
packing because of the differing relative importance of 
C-C and C-H interactions in these two situations. 
Higher fused ring benzenoids become increasingly 
graphitic and tend toward the ultimate 0-packing where 
the crystal stabilization is exclusively through C-C 
interactions. Thus, all cata-condensed benzenoids 
having their peripheral H atoms exposed adopt a 


.’ a . -- 
Pyrene (ethene) 


coronene (benzene) 


herringbone crystal packing structure, and strictly 
peri-condensed benzenoids with N c ~ N H  > 2.3 are 
expected to adopt a 0-graphite-like crystal packing. 


BENZENOID ENUMERATION VIA THEIR 
EXCIZED INTERNAL STRUCTURES 


Strictly peri-condensed benzenoid isomers can be gen- 
erated by enumeration of their excized internal struc- 
t u r e ~ . ~  This method has led t o  the identification of 
strictly peri-condensed benzenoid series having a con- 
stant number of isomers (Tables 3 and 4). For example, 
the excized internal structures of pyrene (C16HIO), 
coronene (C24HI~) and ovalene (C32H14) are ethene, 
benzene and naphthalene, respectively, which have no 
other isomers composed exclusively of hexagonal rings. 
By successively circumscribing a carbon-atom perimeter 
around each of these strictly peri-condensed benzenoids 
of pyrene, coronene and ovalene, the one-isomer series 
presented in Table 3 are obtained. Note that each time 
a benzenoid is circumscribed it must be incremented 
with six hydrogens. One must clearly distinguish 
between a base excized structure belonging to a 
constant-isomer series and the ultimate excized internal 
structure. A base excized internal structure is the first 
strictly peri-condensed benzenoid (first generation) of a 
constant-isomer series. For example, pyrene, coronene 
and ovalene are base excized internal structures for the 
one-isomer series summarized in Table 3, whereas 
ethene, benzene and naphthalene are their respective 
ultimate excized internal structures. 


Pyrene is a strictly peri-condensed benzenoid with an 
ethene excized internal structure. 5 3 6  Since ethene is 
incapable of having isomers, pyrene has no other 
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Table 3.  Constant isomer series of even-carbon strictly peri- 
condensed benzenoids 


Series No. of isomers" Series No. of isomersa 


38(19) 


86(47) 


128(71) 


128(71) 


264( 164) 


373(243) 


373(243) 


749(516) 


- 1055(745) 


- 1055(745) 


benzenoid isomer since it has only one arrangement of 
its internal third-degree vertices. There are three 
isomers of the formula C4H6 (Figure 1): s-cis-buta-l,3- 
diene, s-trans-buta-l,3-diene and trimethylenemethane 
diradical. If an 18-carbon-atom perimeter is circum- 
scribed about each of these C4H6 isomers with the 
resulting species being incremented with six hydrogens, 
one obtains the only three C22H12 benzenoid isomers 
possible for this formula, i.e. benzo [ ghi] perylene, 
anthanthrene and triangulene. If these three latter 
strictly peri-condensed benzenoids are circumscribed by 
a 30-carbon-atom perimeter followed by incrementa- 


Table 4. Constant isomer series of odd-carbon strictly peri- 
condensed benzenoids 


~~ ~~~ 


Series No. of isomers Series No. of isomers 


20 


48 


74 


74 


174 


258 


258 


550 


796 


796 a 


'The number of less stable radical isomers is given in parentheses. "Predicted value based on induction 
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tion with six Hs, one obtains the only three benzenoid 
isomers possible for C52H18. 


Whenever a strictly peri-condensed benzenoid has an 
excized internal structure that can be ultimately pruned 
to  trimethylenemethane diradical, then the corres- 
ponding strictly peri-condensed benzenoid will also be 
a diradical. Triangulene is a diradical because its 
excized internal structure is trimethylenemethane dira- 
dical. 5 3 1 1  Similarly, dibenzo [bc, hi] coronene is a dira- 
dical because its excized internal structure is 
meta-quinodimethane which can be pruned of buta-l,3- 
diene to  give trimethylenemethane diradical. Since 
triangulene is a diradical with three selective lineations 
(shown as lines in Figure l), by visual inspection we 
immediately know 8 of its 22 eigenvalues as 0, 0, 2 1, 
2 1 and 2 I@. For each unpaired electron in a radical 
polyene, there will be an HMO eigenvalue (energy level) 
of zero. Whenever a benzenoid structure can have a 
succession of parallel edges bisected with a straight line 
drawn from one side of the molecule to  the other with 
the terminal rings being symmetrically convex relative 
to  this line, then those edges intersected can be 
embedded with a succession of ethene substructures and 
the benzenoid structure as a whole will have at least one 
eigenvalue pair of 2 1. 


CONSTANT-ISOMER SERIES OF STRICTLY 
PERZ-CONDENSED BENZENOIDS 


Tables 3 and 4 present all known benzenoid constant- 
isomer series in which the latter contains odd carbon 
radical benzenoids. Each table reveals the same dis- 
tinct pattern in which the number of isomers alternate 
between single and pairwise occurrence. Also, the 
pattern for the progressive increase in the first member 
formula of each series should be evident and will allow 
one to  extend these tables even further. As will now be 
shown, each pair of series with the same isomer number 
possess a one-to-one topological correspondence 
between their benzenoid members in the characteristics 
defined below. 


There are three structural or topological properties 
considered: symmetry and the number of bay regions 
and selective lineations possessed by the benzenoids. 
Topology is the study of the way that lines, surfaces, 
etc. connect themselves; it deals with properties of a 
geometric figure that d o  not vary when the figure is dis- 
torted without tearing surfaces or breaking edges. One 
can deform the polyhex structures associated with the 
constant-isomer benzenoids and the carbon vertex 
adjacency described by what we refer to  as symmetry, 
bay region and selective lineation will be invariant. 
When two benzenoids are identical in these parameters, 
they are said to  be isotopological as they are not 
isomorphic. Within a constant-isomer series the 
benzenoid members have isotopological mates in going 
from one isomer set to  another. Figure 1 shows an 


example of a constant-isomer series with a bay region, 
selective lineations and isotopological mates. It will 
now be shown that the paired constant-isomer series 
with the same isomer number (Tables 3 and 4) also have 
the same topological characteristics. 


TOPOLOGICAL CHARACTERISTICS 


The one-isomer series (Table 3) beginning with benzene 
is unique and has corresponding benzenoids with D6h 


symmetry. Both of the other two one-isomer series 
starting with naphthalene and pyrene have benzenoids 
with D 2 h  symmetry. The constant-isomer series starting 
with C22H12 is unique. Both the constant-isomer series 
starting with C3OH14 and C40H16 have benzenoids that 
are pairwise equivalent. Even-carbon strictly peri- 
condensed benzenoids up to  C46H18 can.. only possess 
non-radical and diradical isomers. Both the diradicals, 
dibenzo [bc, hi] coronene (C30H14) and phena- 
lenyl[2,3,4,5-hijk] ovalene (C40H16), have C2u sym; 
metry, no bay regions and one selective lineation. 
Naphtho [ 1,8,7-abc] coronene (C30H14) and 
anthra [2,1,9,8-hijkfj ovalene (C40H16) both have C, 
symmetry, one bay region and two selective lineations. 
Dibenzo [bc, eA coronene (C30H14) and phenan- 
thro [3,4,5,6-efghi] ovalene (C40H16) both have Cz,, 
symmetry, one bay region and no selective lineation. 
Finally, dibenzo [bc, kfj coronene and circumanthracene 
each have D 2 h  symmetry, no bay region and one selec- 
tive lineation. Figures 2-5 give all the benzenoids of 
the constant-isomer series starting with C62H20 and 
C76H22 and it can be verified that each group has a 
topological one-to-one correspondence. 


The one-isomer series (Table 4) beginning with 
phenalenyl (C13Hg) is unique and has benzenoids with 
D3h symmetry.6 The one-isomer series starting with 
CL9Hll and C27H13 have benzenoids with CzU sym- 
metry, no bay regions and one selective lineation. The 
constant-isomer series starting with C45H17 and C57H19 
are shown in Figures 6 and 7, respectively, and form 
topologically equivalent benzenoid groups. The 
constant-isomer series starting with C83H23 and C99H25 
each have 16 C, and 4 C2u benzenoids. These two 
strictly peri-condensed benzenoids can only possess 
mono- and triradical isomers, the relative number of 
which is the same. 


For the constant-isomer series in Tables 3 and 4, the 
diradical benzenoids (Table 3) have a one-to-one topo- 
logical correspondence to the monoradical benzenoids 
(Table 4).6 The C22H12 diradical (triangulene) and 
C13Hg monoradical (phenalenyl) both have D3h sym- 
metry, no bay regions and three selective lineations. 
The C30H14 diradical and C19Hll monoradical both 
have CzU symmetry, no bay regions and one selective 
lineation, as d o  the C40H16 diradical and the C27H18 
monoradical. The two C5oHls diradicals and the two 
C35H15 monoradicals each have C, symmetry and a 
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D2h 


(continued ) 
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Figure 2. (Continued) 
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Figure 3 .  Base members of the' C76HZZ constant-isomer benzenoid series (coni 'hued)  
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member of each pair has one bay region and two selec- 
tive lineations while the other has neither. There is a 
one-to-one topological correspondence between the 
four diradicals of C62H20 and the four monoradicals of 
C4.5H17, as there is for the four diradicals of C76H22 and 
the four monoradicals of C57H19 (Figures 4-7). There 
is a one-to-one topological correspondence between the 


12 diradicals of C90H24 and 12 of the monoradicals of 
C69H21. In addition, C69H21 possesses a triradical which 
has no correspondent. With regard to  symmetry, 
number of  bay regions and number of selective linea- 
tions, there is again a one-to-one correspondence 
between the 19 (16Cs+3C20) C106H26 and C124H28 
benzenoid diradicals and the 19 C83H23 and C99H25 


cs 


Figure 4. Diradical base members of the C62H20 constant-isomer benzenoid series 
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benzenoid monoradicals. The additional triradical 
benzenoid isomers of C83H23 and C99Hz5 have no cor- 
respondents. The origin of the topological correspon- 
dence between these odd-carbon monoradicals and 
even-carbon diradical benzenoids belonging to the 
constant-isomer series appears to arise from the 
common threefold symmetry of the centralized methyl 
radical and trimethylenemethane diradical substruc- 
tures in a polyhex system. This correspondence of 
benzenoids belonging to the left-hand staircase edge of 


topological principle which limits the number of poss- 
ible arrangements of hexagons. Hence this edge effect 
of Table PAH6 is intricately related to the topological 
characteristics of the benzenoid members having the 
formulas given in Tables 3 and 4. 


Previously, we showed that the perimeter topology 
of benzenoids followed the equation 
- qo + qz + 21)3 + 3q4 = 6, where q o  is the number of bay 
regions, 72 is the number of duo groups, q3 is the 
number of trio groups and ~4 is the number of quartet 


Table PAH6 appears to be governed by a fundamental groups 
~~ 


(cata-condensed appendages); the number of 


Figure 5 .  Diradical base members of the C76H22 constant-isomer benzenoid series 
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solo (91) groups is independent of this equation 
(Figure 1). These perimeter groups have distinct 
infrared absorption bands due to  out-of-plane bending 
vibrations and distinct nuclear magnetic resonance 
chemical shifts and splitting patterns. The solo group 
has the highest IR vibration frequency (900-860 cm- I )  


and PMR chemical shift value (ca 8 . 3  ppm in the 
absence of proximate bay regions). For the base (first 
generation) members of the constant-isomer series the 
above equation becomes - 70 + 72 + 2q3 = 6 and for the 
second generation it becomes - 70 + 72 = 6 (92 2 6). 
Thus, 90 and ?Z remain constant while v I  increases 
(Avt = 6 for each incrementation) as the number of 
carbons in a constant-isomer series successively 
increases starting from the second-generation isomer 
set. This means that magic-angle NMR of benzenoid 
solids composed of constituents of these strictly 


peri-condensed benzenoids might yield considerable 
information by determining the ratio v1  to  72.  


In general, the most reactive sites on a benzenoid 
hydrocarbon are solo positions and the least reactive 
are the central trio positions. The second most reactive 
type of site is the non-central trio position. For 
example, anthanthrene (C22H12) has two each of the 
solo (positions 6 and 12), duo (positions 4, 5 ,  10 and 1 1 )  
and trio (positions 1, 2, 3,  7 ,  8 and 19) peripheral 
groups. If electrophilic substitution occurs a t  position 
6, one obtains a carbocation transition intermediate 
with 58 resonance structures, whereas electrophilic 
substitution at the central position 2 gives a carbocation 
transition intermediate with only 24 resonance struc- 
tures. Similarly, the non-central trio positions 1 and 3 
give 54 and 52 cation resonance structures, respectively, 
and the duo positions 4 and 5 both give 34 cation tran- 


U 
c2v 


cs 


Figure 6. Base members of the C4sH17 constant-isomer benzenoid series 
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Figure 7 .  Base members of the C57H19 constant-isomer benzenoid series 


sition resonance structures. These results are in agree- 
ment with the magnitude of the HMO coefficients for 
the HOMO = 0.291P: Cg = 0.371, CZ = -0.056, 
CI = -0.328, C3 = 0.311 C4 = -0.209 and 


The efficient two-dimensional packing of equal-sized 
spheres in such a way as to  minimize void space is a 
useful model for studying the underlying geometrical 
principles that play a role in cellular agglomeration and 
growth. It turns out that this model is isomorphic t o  the 
arrangements of polyhex systems where each sphere is 
replaced by a hexagon. Thus, from Tables 3 and 4 using 
r = $(Nc + 2 - NH) one can determine the number of 
compact arrangements of equal-sized spheres. For 
example, from the series C90H24, C144H30, C210H36, ..., 
one can determine that 34, 58, 88, 124, ... spheres have 
only 39 compact arrangements. 


C5 -0.208. 


ENUMERATION OF PRACTICAL BENZENOID 
HYDROCARBONS 


No benzenoid with more than 58 carbons has yet been 
characterized and reported in the literature. ' Table 5 
summarizes the known information on formulas for the 
benzenoids having up  to  60 carbon atoms together with 
their theoretical number of  non-radical (Kekulean) 
constitutional isomers. These results were taken from 
several sources and represent what the author believes 
to  be most reliable values. 2*3s 'z  These numbers need to 
be carefully interpreted because helicenic isomers which 
also exhibit stereoisomeric forms have been excluded, 
even though the largest cata-condensed benzenoid syn- 
thesized to  date was [I41 helicene (C58H32). In spite of 
their strain, it may well be that helicenic benzenoids are 
among the more stable isomers. l 3  Also helicenes can 
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Table 5 .  Number of constitutional isomers of benzenoid 
hydrocarbons with up to 60 carbons 


NI c No. of isomers N1c No. of isomers 


1 
2 
5 


12 
37 


123 
>411a 


> 1489 
> 5572 


>21115 
>81121 


> 31 1408 
> 1212066 


1 
3 


13 
62 


> 1352 
>287= 


> 6256 
-36109b - 168318 


2 
9 


58 
> 3 3 3 a  


- 13415b 
> 1907 


- 74985 
- 408785 


1 
8 


46 


- 281 1 
- 18306 - 114326 


-691933d 


337b 


3 
34 


<333' 
<2713 


-201 19b - 141268: - 94729 1 


3 
20 


< 2459 
< 20321 - 155656d 


- 1 132642d 


<279' 


10 


<2001 
< 18396 - 156434d - 1236839d 


< 187; 


< 120C.d 
< 1570 


< 16234d 
- 148430bBd - 1 262442 


I d  
49d 


< 1 1 2 1 C . d  
< 13286: - 133713 


22d 
< 7631Bd 


< 10587 - 1 16648 b3d 


7d 
< 461 c s d  


<7885d 


85 l: 


32d 


aHelicenic benzenoid hydrocarbons have not been counted. 
bIncludes radicaloid benzenoids but excludes helicenic benzenoids. 
'Includes radicaloid benzenoid isomers. 
dThis formula has no known hydrocarbon. 


serve as models for study of screw dislocations.' 
Table 4 includes benzenoid formulas for which at least 
one isomer has been reported in the literature and those 
regarded by the author as being potentially tractable 
because of the advent of supercritical fluid extraction 
and chromatography. l4 


Out of over 2 million analytically tractable 
benzenoids, only approximately 500 benzenoids have 
been characterized.' Thus, part of our work has been 
directed toward sorting out those isomers not yet syn- 
thesized that are among the more stable ones believed 
to have a greater likelihood of occurring in thermal 
processes. Is These are predicted to be strictly peri- 
condensed, essentially strain-free (devoid of coves) 
total resonant sextet, and threefold and sixfold sym- 
metrical benzenoids. l 5  Hence these are the benzenoids 
that should be the first targets for futd're synthetic 
efforts. 


Given the volume of papers on the enumeration of 
cata-condensed benzenoid hydrocarbons that do not 
include helicenic isomers, it is ironic that this very class 
is one of rhe most synthesized groups for the cam- 
condensed formulas of C38H2Z to C&32. Further, for 
the NIC = 2 series, the isomer numbers in Table 5 for 
C44H26 include radical benzenoids and exclude helicenic 
benzenoids, and similarly the NIC = 4, 6, 8, 10, 12 and 
16 series have formulas that also include radical 
benzenoids but exclude helicenic benzenoids. Hence 
these latter isomer numbers are almost meaningless, 
from a practical point of view. 


A recent communication has appeared which pro- 
vides limited numerical data for helicenic and other 
related stereoisomeric forms of benzenoids. l 6  Not only 
d o  helicenic (hexahelicenic) components lead to 
steroisomers, but non-planarity and stereoisomers 
are engendered by structural features associated 
with substructural components corresponding to 
benzo [c] phenanthrene, having a 1-5 H-H or cove 
steric interaction, and dibenzo [c, g] phenanthrene, 
having a 1-6 H-H or fjord steric interaction. 


In addition to  helicenic benzenoid isomers, some 
researchers would like to  include benzenoids with 
benzenoid-shaped holes containing hydrogens, such 
as kekulene. l8 However, as there are only two known 
compounds of  this type, they are of limited importance. 
Since strictly peri-condensed benzenoids are incapable 
of having either of  these benzenoid types, the isomer 
numbers given Tables 3 and 4 are totally unambiguous. 
Further, it is believed that these strictly peri-condensed 
benzenoids are ultimate pyrolytic products, since 
carbonization processes tend toward more condensed 
benzenoids with larger Nc/ NH ratios. 


Should an environmental analytical chemist deter- 
mine via gas chromatography-mass spectrometry 
(GC-MS) that a sample contained a molecular ion peak 
corresponding to  a benzenoid of  formula C42H22, from 
Table 5 they would surmise that this corresponds to 
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approximately 10 000 isomers and that they would have 
no chance whatsoever of specifying its precise identity. 
From Table PAH6 however, they could surmise some 
general properties, such as general structural features 
including the number of internal carbon atoms 
(NIC = 4), rings (r = 11) and average electronic p ? ~  
energy (E,  = 60.2p) Now suppose in the same GC-MS 
spectrum for this same environmental sample a mol- 
ecular ion peak is observed six mass units lower corre- 
sponding to a benzenoid with the formula of C42H16. 
Since this formula corresponds to  only one benzenoid 
isomer (Tables 3 and 5 ) ,  the analyst can obtain total 
information concerning the precise identity of the 
benzenoid structure corresponding to this latter ion 
peak. Clearly, this review and Table PAH6 are a medi- 
ator between the chemistry and the epistemology for the 
field of benzenoid hydrocarbons. 


Total resonant sextet benzenoid isomers (e.g. 
Figure 8) are found only in the NC = 0 (mod 6) columns 
of Table PAH6 (i.e. NC must be divisible by 6). These 
benzenoids are predicted t o  be among the more stable 
isomers and should resist quinone formation via aerobic 
processes in the environment. Essentially strain-free 
total resonant sextet isomers have no proximate bay 
regions and are incapable of undergoing further oxi- 
dative intracondensation ( G H s  + [O] --+ G H s - 2  + H2). l 5  


Our work has enumerated essentially strain-free 
(devoid of fjords = triplet of bay regions) total resonant 
sextet benzenoid isomers (e.g. Figure 8) of exceptional 
stability. 8 , ' 5  Since there are only two C42Hzz essentially 
strain-free total resonant sextet benzenoid isomers 
(E,  = 60.338) and given the difficulty associated with 


characterization of approximately 10 000 C4&2 
isomers, these two benzenoids should be worthy candi- 
dates for targeted synthesis and investigation. In fact, 
one of these two essentially strain-free total resonant 
sextet isomers is among the nine known C42H22 
benzenoid isomers. Although the previous paragraph 
suggested that approximately 10 000 C42H22 isomers 
represented a nearly intractable analytical GC-MS situ- 
ation, nevertheless, if a polluting source was generating 
a preponderance of the two predicted more stable 
C42H22 benzenoid isomers, then classical chemical char- 
acterization of these species is within our capability. 


The isomer numbers given in Table 5 can be used to 
establish lower bounds for formulas in Table PAH6 for 
which the number of isomers is unknown. This determi- 
nation takes advantage of the fact that the number of 
isomers increase on going from left to  right in a par- 
ticular row series and on going down in a column series. 
For example, the formula of C&z8 in the NIC = 6 row 
series and d, = - 7  column series is to  the right of 
C&26 with approximately 600 000 isomers and below 
CsoH26 with approximately 400 000 isomers. Thus, 
C56H28 corresponds to  approximately 500 000 
benzenoid isomers. 


Hence the average properties of large isomer sets 
become the only meaningful way to  describe these 
systems, and one cannot even to  begin to  consider the 
possibility of generally characterizing individual 
benzenoids having much more than 60 carbons, except 
for some of the strictly peri-condensed benzenoids with 
small isomer numbers. 


K= 200, HOMO-0.4 84 8 6 


Figure 8.  The two C42H22 essentially strain-free total resonant sextet isomers out of > 13 415 predicted to be the most stable 
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ISOMER COUNTING EQUATIONS FOR 
SUBSTITUTED ISOSKELETAL ANALOGS AND 


BENZENOID HYDROCARBONS 


For a given polyhex skeleton without any axis of sym- 
metry, the number of poly-homosubstituted isomers is 
given by the binomial generating function. 8.20 If the 
given polyhex skeleton has a single twofold axis of 
rotation, the isomer counting generating function is 
given by Z ( l  + x, CZ) 2 $ [(l + x)"  + (1 + x')"'~], 
where n = N H  for the precursor benzenoid; the 'greater 
than' situation occurs only for an odd number of 
substituents in some C2" benzenoid precursors. For 
example, the number of triaza isomers having the two- 
fold chrysene (Cl~H12) skeleton is $ [12!/3!9! + 01 = 110 
compared with the 220 triaza isomers of the ben- 
zo[a] anthracene (C18H12) skeleton. Similarly, the 
number of trimethylchrysene isomers is 110 and the 
number of isomers of trimethylbenzo [a]  anthracene is 
220. 


For a given polyhex skeleton having no symmetry 
axis of rotation, the number of monoquinone isomers 
is estimated by nz/4. For a given twofold polyhex skel- 
eton, the number of monoquinone isomers is estimated 
by 2n2/8. Thus, benzo[a]anthracene has 36 mono- 
quinone isomeric derivatives and chrysene has 18 
monoquinone isomers. The four relationships above 
cover about two thirds of all possible cases for 
benzenoid-related molecular systems. For exact 
counting equations for benzenoids of various sym- 
metries, the reader should consult a recently published 
paper. zo One should expect that environmental samples 
will only contain the more stable benzenoid quinones 
and, thus, these isomer-counting equations only define 
upper bounds for the expected number of mono- 
quinone constituents. 


NON-RADICAL MONOQUINONES OF 


CONCLUSION 


The aufbau principle, excized internal structure con- 
cept, strictly peri-condensed classification and formula 
periodic table (Table PAH6) are powerful concep- 
tualization tools for enumerating and understanding the 
general properties of benzenoid hydrocarbons of prac- 
tical interest to chemists. The strictly peri-condensed 
benzenoid series with a constant number of isomers is 
particularly illustrative. The above has been instru- 
mental in organizing both experimental and theoretical 
properties of known benzenoids into a two-volume 
monograph. 


Tables 3 and 4 greatly extend the isomer numbers 
found in previous work on benzenoid hydrocarbons. 
As has been demonstrated here, these strictly peri- 
condensed benzenoids having formulas along the left- 
hand staircase boundary of Table PAH6 have unique 
characteristics and form alternating pairs of topologi- 
cally equivalent sets of benzenoid structures with the 


non-identical invariants of Nc,  NIC ,  q and r. This work 
again demonstrates the power of Table PAH6 in sorting 
benzenoid formulas into a hierarchal order, forming 
series with unique characteristics. This edge effect of 
Table PAH6 constitutes what the author believes is a 
new topological paradigm that will have implications in 
other systems. Our enumeration work and Table PAH6 
define the epistemology of the field of benzenoid hydro- 
carbons. In the limit of formulas corresponding to large 
isomer numbers, average (global) properties organized 
in hierarchal form in Table PAH6 is all that can be 
hoped for, and the largest potentially characterizable 
benzenoids will probably have formulas in Table 3. 
Hence this review shows how Table PAH6 can help us 
define the limits of what we can do and can know about 
benzenoids to  graphite. 


d. 


Nc 


NH 


Nic 


NPC 


PAH6 
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GLOSSARY OF TERMS 


net tree disconnections of internal 
graph edges (positive values) or con- 
nections (negative values are called 
negative disconnection) 
total number of carbon atoms in a 
P A H  
total number of hydrogen atoms in a 
PAH 
number of internal carbon atoms in a 
PAH having a degree of 3 
number of peripheral carbon atoms in 
a PAH having a degree of 3 
polycyclic aromatic hydrocarbon con- 
taining exclusively fused hexagonal 
rings; also referred to  as benzenoid and 
polyhex. 
total number of graph points 
number of graph edges (lines or C-C 
bonds) 
number of internal graph edges 
number of peripheral graph edges 
number of rings 
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STEREOCHEMISTRY OF SILVER-ION-ASSISTED SOLVOLYSIS OF 
tert-BUTYLPHENYLPHOSPHINOTHIOIC IODIDATE. 


PHOSPHATHIACYLIUM CATION FORMATION 


ZBIGNIEW SKRZYPCZYNSKI 
Centre o f Molecular and Macrornolecular Studies, Polish Academy of Sciences, Sienkiewicza 112, 90-363 tad?, Poland 


Studies on the stereochemistry of silver-ion-assisted solvolysis of a new optically active tert-butylphenylphosphinothioic 
iodidate demonstrated that the reaction proceeds with inversion of configuration at the phosphorus atom. Evidence 
for phosphathiacylium cation formation as a reactive intermediate is presented. 


INTRODUCTION AND RESULTS 


Although processes leading to the formation of acylium 
cations (RCO') are well known, ' reactions leading to  
their phosphaanalogues (R 'R"P+=X,  X=O, S) are 
rare. Only the synthesis of the nitrogen-stabilized 
analogues (R'N)2P+=X (X=O, S) have been 
reported.' Chemical evidence for the formation of the 
phosphathiacylium cation BuPhP' =S as a reaction in- 
termediate in the solvolysis of tert-butylphenylphos- 
phinothioic-0-trifluoromethanesulphonate 2 in solvents 
of high ionizing power was recently obtained. In search 
for dissociative displacement reactions proceeding with 
the formation of phosphacylium cations, RR'P' =X 
(X = 0, S), silver-ion-assisted solvolysis of organophos- 
phorus substrates were ~ t u d i e d . ~  It was found that the 
presence of silver ions caused a sharp increase in the rate 
of solvolysis of organophosphorous acid halides, 
thiolates and ~ e l e n o a t e s . ~ ~  An s N 1  (P) mechanism of 
this reaction and the formation of phosphacylium 
cation RR'P '  = X  (X = 0, S) were rejected on the basis 
of stereochemical results. It was assumed4" that 
heterolytic bond cleavage between phosphorus and the 
leaving group, occurring under the influence of silver 
ions, should lead to the formation of racemic reaction 
products or products of retained configuration. The 
inversion of configuration which was observed was 
explained as the result of an associative sN2(P) 
mechanism of substitution at  the phosphorus atom with 
the formation of a pentacoordinated transition state (or 
intermediate) in which the leaving group is coordinated 
to the silver ion and occupies an axial position. 


Our recent s y n t h e ~ i s ~ ' ~  of the optically active tert- 
butylphenylphosphinothioic ioidate 3 opened up the 
possibility of the study of the silver-ion-assisted 


solvolysis of organophosphorus compounds. The 
weakness of the P-I bond6 suggested that under the in- 
fluence of silver ions it can be heterolytically cleaved 
with the formation of the positively charged species 1. 
Indeed, it was found that whereas the chloridate 
Bu'PhP(S)Cl was stable in the presence of silver ions in 
nitromethane solution, the iodidate 3 under the same 
reaction conditions reacted with the production of a 
complex mixture of phosphorus compounds. When the 
reaction of 3 (6 x lo-' mol) with silver perchlorate 
(6 x lo-' mol) was performed in a nitromethane solu- 
tion (10 ml) of triphenylmethane (1.4 x mol), the 
reaction mixture turned intense orange. After cen- 
trifugation of the precipitated silver iodide, the UV 
spectrum of the resulting solution exhibited strong ab- 
sorption at 405 nm (absorbance = 1 .O) and 430 nm 
(absorbance = 0-98), with a shape characteristic of the 
triphenylmethyl cation, PhXC' .* The formation of the 
triphenylmethylcation in the above reaction can be 
explained as a result of the hydride shift? from 
triphenylmethane to the very reactive cationic species 
generated from the iodidate 3 under the influence of 
silver ions [equation (l)]  . 


PHlCH 


P h /  'I 
3 4 


Ph3CC + other products ( 1 )  


* It was found that P h K '  was not formed as a result of the 
reaction of Ph3CI-I with silver perchlorate. For the UV in- 
vestigation of Ph3C+, see Ref. 7. 
t Recently reactions involving hydride shifts were used in the 
study of silylenium cation, R3Si+, formation.' 
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The "P NMR spectrum of the resulting reaction mix- 
ture showed that among many organophosphorus pro- 
ducts, the suiphide Bu'PHP(S)H (5) was not present. 
Probably, if 5 was formed as a reaction product, it 
underwent further reactions or formed complexes with 
silver perchlorate. 


Chemical evidence for the generation of the cation 1 
from the iodidate 3 under the influence of silver ions 
was supplied by the reaction performed in anisole as a 
solvent. When 0.063 g (0.002 mol) of 3 dissolved in 
anisole (1 mi) was treated with a nitromethane solution 
(0.7 ml) of silver perchlorate (0.06 g, 0.000203 mol), a 
complex mixture of products was formed. "P NMR 
and gas chromatographic-mass spectrometric analysis 
of the reaction mixture revealed the presence of the 
phosphine sulphide 6, formed as a product of an elec- 
trophilic attack of the cation 1 on the aromatic ring of  
anisole [equation (2)]. 


3 


6 


+ other products 


The sulphide 6 was formed in a very low yield (4% by 
3 'P NMR) and was not isolated from the complex re- 
action mixture. Nevertheless, the chromatographic pro- 
perties (TLC, GLC), m/r values and the mass spectrum 
of the compound found in the reaction mixture were 
identical with those of phosphine sulphide (6) synthe- 
sized independently. 


The complexity of the reaction mixture is not surpris- 
ing. Heterolytic bond cleavage between phosphorus and 
iodide led to the formation of  a positively charged 
organophosphorus intermediate, which can exist as part 
of differently constituted ion pairs.' In the absence of 
nucleophilic reagents which can react with phosphorous 
atom, decomposition of the cation 1 leads to a variety 
of products. 


The ionic character of the P-I bond breaking that 
occurred under the influence of  silver ions and the 
availability of 3 in an optically active form created a 
unique opportunity for studying the stereochemical 
course of silver-ion-assisted solvolysis reactions. It was 
found that the iodide 3 dissolved in methanol was 
solvolytically stable and was not converted into the cor- 
responding ester 7. Addition of silver perchlorate to a 
methanolic solution of 3 caused immediate precipitation 
of silver iodide and the formation of the reaction pro- 
duct (7). When the optically active iodidate (+)-3 was 
used as a substrate, the reaction led to the formation of 
optically active O-methyl ester (-)-7. The 
stereochemical course of this reaction was established 
on the basis of the stereochemical cycle presented in 
Scheme 1. 


I /CHiNOz [ a ]  D = +47.41°(c 1.8, C6H6) 


Scheme 1 
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Two of the three reactions in the stereochemical cycle 
are of known stereochemistry. It was found earlier that 
the conversion of the anhydride 2 into the iodide 3 pro- 
ceeds with retention of configuration at the phosphorus 
atom.3 Inversion of configuration was found3 for the 
methanolysis of the anhydride 2, leading to the ester 7. 
Based on these results, it can be deduced from Scheme 
1 that silver-ion-assisted solvolysis of 3 leads to  the pro- 
duct 7 with inversion of configuration at  the phosphorus 
atom. Ester 7 formed via the route 2 + 3 -+ 7 is of lower 
optical purity than the product formed via 2 -+ 7. This 
can be attributed to  the low stereoselectivity of the con- 
version 3 + 7, but is also due to the relatively low 
stereoselectivity of the reaction 2 -t 3, as shown earlier. 


CONCLUSIONS 


In previous work, silver-ion-assisted solvolysis of 
organophosphorus compounds was studied in search 
for a phosphacylium cation as reaction intermediate.4 It 
was expected4a that the products formed in such a re- 
action would be racemic or have retained configuration. 
The results presented here illustrate conditions under 
which the phosphorus-iodide bond is heterolytically 
cleaved and a phosphathiacylium cation is produced. 
The stereochemical study of this reaction showed that 
previous assumptions were not correct and the inversion 
of configuration at the phosphorus atom dominates as 
the stereochemical reaction course. 


EXPERIMENTAL 


NMR spectra were recorded on JEOL JNM-FX6FT 
(24.3 MHz, 31P) and Bruker MSL-300 spectrometers. 
Products were identified with an LKB MNodel2091 gas 
chromatograph-mass spectrometer. UV spectra were 
recorded on Specord-M40 instrument. Quartz cells of 
0.1 mm were usedb Optical rotations were measured at  
589 nm at 20 ? 2 C on a Perkin-Elmer 141 polari- 
meter. Thin-layer chromatography was performed on 
Merck silica gel 6 0 F ~ ~ ~  sheets of 0.25 mm thickness. 
Column chromatography was performed on Merck 
silica gel (100-200 mesh). Optically active 3 was syn- 
thesized as described earlier. 


Silver-ion-assisted methanolysis of 3. To a solution 
of 0.083 g (0.0004 mol) of silver percholate in 8 rnl of 
dry methanol, a solution of 0.065 g (0.000205 mol) of 
3 in 1 ml of benzene was added. After the reaction was 
completed, precipitated silver iodide was filtered off. 
The filtrate was concentrated under reduced pressure 
and subjected to column chromatography 
(100-200-mesh silica gel, benzene). The isolated ester 7 
was found t o  be identical with an authentic specimen. 
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ORGANOPHOSPHORUS HERBICIDES AND PLANT GROWTH 
REGULATORS PART 1. SYNTHESIS AND PROTONATION 


BEHAVIOUR OF GLYPHOSATE AND RELATED COMPOUNDS 


M .A. DHANSAY, P. W. LINDER AND R. G. TORRINGTON 
Department of Chemistry, University of Cape Town, Rondebosch 7700, South Africa 


T. A. MODRO 
Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 


Ionization constants of IV-phosphonomethylglycine (glyphosate) and three structurally related plant-growth regulators 
were determined by potentiometric titration. The effect of pD on the chemical shifts of the 'H and I3C nuclei of the 
methylene groups and of the "P nucleus in these substrates was measured by NMR spectroscopy. The results allowed 
an assignment to be made of a specific site (carboxylic, phosphonic, ammonium) in the molecule to each of the deter- 
mined pK. values. 


INTRODUCTION 


N-Phosphonomethyl (and N-phosphinomethyl) deriva- 
tives of glycine find wide application as herbicides and 
stimulators of plant growth processes. N-Phosphono- 
methylglycine (glyphosate, 1) itself inhibits the enzym- 
atic conversion of shikimic acid to  anthranilic acid,2 
and its t h i ~ c a r b a m a t e ~  or C-sulphonamide4 derivatives 
show herbicidal activity. The same activity has been 
found' in the aminotriazolinium salts of 1 and of 
N,N-bis(phosphonomethy1)glycine (glyphosine, 3) and 
N-(phosphonomethy1)-N-(carboxymethy1)glycine (4). 
Amine salts and esters of di [ N-(carboxymethy1)amino- 
methyl] phosphinic acid (2) show fungicidal, herbicidal 
and plant growth-regulating properties. ' 


COr H C O I H  C O I H  COz H COzH C 0 2 H  


C H I  
I I I I I 


CHz CHI CHz CHI CHI 
I 


1 2 3 4 


Compounds 1-4 belong to the family of mixed 
carboxylic-phosphonic amino acids, and can contain 
up to  five acidic centres (COzH, PO3H2, NH2'). 
Although the pKa values for some of these substrates 
have been determined previously, little information is 


available on the sites and the sequence of the protona- 
tion equilibria in these multi-centred systems. In con- 
nection with our studies' on the metal ion complexation 
behaviour of biologically active organophosphorus 
compounds, we decided t o  determine ionization con- 
stants for the acidic groups in 1-4 by potentiometric 
study, and to  assign the individual protonation sites by 
measuring for each substrate the effect of acidity on 
their NMR spectra. NMR spectroscopy involving 
chemical shift measurements has been used in protuna- 
tion studies with a wide variety of weak bases,8 and of- 
fers a number of advantages over spectrophotometric 
techniques. Compounds 1-4 are particularly well suited 
for NMR study, since the protonation equilibria can be 
probed by following the chemical shift changes in the 
'H,  I3C and "P NMR spectra. The absence of n-bonds 
in the molecular framework of the compounds studied 
should minimize the magnetic anisotropy contributions, 
and the presence of a formal charge@) developed near 
the magnetic nuclei should lead to a substantial 
deshielding effect(s). Appleton et a/. l o  successfully ap- 
plied NMR to the study of the acid-base equilibria of 
aminoalkylphosphonic acids, and observed both large 
variations in the chemical shifts of the individual nuclei 
with pD, and well defined inflection points on the titra- 
tion curves. The same group, in a study of the Pt"  
complexes of amino- and iminophosphonic acids, deter- 
mined the plots of SP, SC and SH against pD for substrate 
1, and interpreted their results in terms of the sequential 
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deprotonations of the individual acidic centres in 1. I '  


We decide to repeat Appleton's measurements on 1 in 
order to confirm the applicability of the method to this 
and the related systems 2, 3 and 4. 


RESULTS AND DISCUSSION 


Substrates 1-4 were prepared according to the pro- 
cedures available in the literature; some modifications 
were introduced in a few cases to improve the yields and 
purity of the products. Full details are given under Ex- 
perimental: the syntheses were based on the following 
reactions. 


N-Phosphonomethylglycine (1) was prepared accord- 
ing to equation ( I ) ,  by addition of diethyl phosphite to 
the trimer of methyleneaminoacetonitrile (prepared l 3  


from formaldehyde, NaCN and NHdCI), followed by 
hydrolysis of the nitrile and ester functions14 and 
purification of the final product by ion-exchange 
chromatography. 


, I  
i ,  ii 


1 /3(CH2=NCHzCN)3 + (Et0)2P(O)H 


(1) 
(i) dry HCI, room temp.; (ii) conc. HCl, reflux. 


Phosphinic derivative 2 was prepared from N- 
benzylglycine Is by condensation l6 of its hydrochloride 
with formaldehyde and hypophosphorous acid accord- 
ing to equation (2), to give the bis(N-benzyl) derivative 
(2a). Debenzylation of 2a to 2 was then achieved by 
catalytic hydrogenation. l6 


2PhCHzNHCHzCOrH + 2CH20 + 
+ [ HO~CCH~N(CHZP~)CHZ]~POZH (2) 


2a 


Synthesis of glyphosine (3) was based on the conden- 


sation of glycine with formaldehyde and phosphorous 
acid in strongly acidic solution [equation (3)j .  


. .. 


HzNCH2COzH '"I + 3 (3) 
(i) 2H3P03, conc. HCI, reflux; (ii) 4CHz0, reflux 


The same method, starting with iminodiacetic acid, 
was used for the preparation of 4. 


Protonation 


The potentiometric method used is described under Ex- 
perimental. The protonation constants found are listed 
in Table 1, together with the available literature values. 
With a few exceptions, the values obtained for the 
dissociation constants agreed well with the data 
reported previously. 


NMR ('H, I3C, "P) spectra of substrates 1-4 showed 
only the presence of the signals expected from their 
structures; all peaks appear as sharp singlets or doublets 
(due to the coupling to the "P nucleus). Since the NMR 
'titrations' were performed in DzO, only the signals of 
the methylene groups appeared in the PMR spectra. The 
effect of pD was measured using the signals of the CH2 
groups (in the 'H and I3C NMR spectra) and the "P 
signals in the pD range 1-13. Owing to the reduced sen- 
sitivity of the carboxylate carbon atoms in the 13C NMR 
spectra, together with solubility limitations for some of 
the substrates, we did not include the signals of the 
carboxylic carbons in our plots. Within this range of 
acidity, significant changes in the chemical shifts were 
observed: 0.5-1.1 ppm for 'H, 3.8-7.5 ppm for I3C 
and 7-19 ppm for 31P NMR spectra. 


Figure 1 shows the effect of pD on the chemical shift 
of both methylene groups ( 'H and I3C atoms) and the 
phosphorus atom in 1. The results obtained are in 
excellent agreement with those reported previously for 
this substrate. In the vicinity of the first pKa value 


Table 1 .  Acid dissociation constants and standard deviations (s.d.) in HzO, I = 0.1 M 
"a+] [CI-1, 25.0"C" 


Substrate 
Dissociation 
constant 1 2 3 4 


PKI 2-11 (2.32") 2.10 1-42 (1*717) 1.25 (2 .00 '~ )  
S.d. 0.02(6) 0.02(4) 0.01 (0) 0 a 06(0) 
PK2 5.42 (5.86") 6.55 2.10 ( 2 . 0 1 ~ )  2.28 (2.2519) 
S.d. O.Ol(1) 0.00(8) 0.00(6) 0*02(1) 
PK3 10.06 (10.86") 9.00 5.02 (5.117) 5.61 (5.5719) 
S.d. 0.00(6) 0.00(5) O.OO(4) 0.0 l(3) 
PK4 6.40 (6.4517) 10-35 (10*7619) 
S.d. O.OO(4) 0.00(8) 
PKS 11.19 (10.98") 
S.d. 0-OO(3) 


Literature data (where available) are given in parentheses. 
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Figure 1 .  Effect of pD on chemical shift of nuclei in 1 


(2.1 I), the chemical shift of the 'H and I3C nuclei of 
the phosphonomethyl CH2 group and that of 31P 
remain constant, whereas the 'H and "C nuclei of the 
glycine methylene group undergo significant shielding 
and deshielding, respectively. Deprotonation of acidic 
functions usually causes downfield shifts of the signals 
of neighbouring carbon atoms," and these changes 
have been explained" as a result of competition bet- 
ween the deshielding effect of a decrease in excitation 
energy and the shielding effect of an increase in electron 
density on deprotonation. The shielding of the 'H 
nuclei on the first deprotonation is ca - 0 * 4 p p m ,  
whereas the deshielding of the methylene carbon is ca 
+ 3 ppm, in agreement with the corresponding average 
values of -0.21 and +3-5 ppm observed for the a- 
methylene groups on ionization of aliphatic carboxylic 
acids.'2 The observed effects allowed us to conclude 
that the first deprotonation of 1 occurs at the carboxylic 
group. 


At the second pKa value (5.42) the singlets of the 
glycine CHI group do not change their chemical shift 
values, whereas the ' H  and I3C nuclei of the CH2P 
group are affected, giving rise t o  a ca -0 .3  ppm 
shielding and ca 2 ppm deshielding, respectively. This 


result clearly indicates that the second deprotonation of 
1 involves the phosphonic group, which is changing 
from the mono- to  the dianionic form. 


The third deprotonation of 1 (pKa 10.06) involves the 
nitrogen atom: 'H nuclei of both rnethylene groups 
undergo significant shielding ( - 0-4  to  - 0.5 ppm), and 
both I3C nuclei significant deshielding (+ 3-5 to 
+ 5 . 5  ppm). The latter shifts can be compared with 
a n  average value of ca + 3  ppm reportedz3 for the 
a-carbon atom on deprotonation of the primary alkyl- 
ammonium ions. 


The effect of pH on the shielding parameters of the 
"P nucleus in 1 is more complex. Around the second 
pKa value weak shielding (ca - 1 - 5  ppm) was observed, 
whereas near the third ionization strong deshielding (ca 
+ 8 . 5  ppm) of the "P nucleus was obtained. Although 
the second deprotonation of orthophosphoric acid 
results in a "P low-field shift of ca 3 pprn," the 
presence of a highly positive active site in the vicinity of 
the phosphate group is knownz5 to change the S(3'P) vs 
p H  dependence of this group. We suggest that although 
the second deprotonation of 1 involves the PO3H- 
group, the effect of the charge is mostly neutralized by 
strong intramolecular hydrogen bonding of the adjacent 
NH2+ group. Only on the third deprotonation is the 
'free' PO:- group released, and that has a strong effect 
on  the "P shielding. The deprotonation behaviour of 1 
(represented in its true zwitterionic form) can therefore 
be illustrated by the equation 


-H' 


H' 
- 


1 


,cot - ,cot - 


(4) 


For substrate 2, because of the variation in solubility 
with acidity, no reliable 'k NMR data could be ob- 
tained over the whole range of pD. Figure 2 shows the 
variations of the 'H and "P chemical shifts with pD 
for 2. 


As in 1, the first ionization (pK, 2.10) involves one of 
the carboxylic groups, since it is the glycine, not 
phosphinic, methylene protons which experience 
shielding effects (ca 0.2 ppm). 


When approaching the second ionization (pKa 6. 5 5 ) ,  
both types of methylene protons (glycine and 
phosphinic) undergo shielding effects, whereas the 31P 
signal begins to move downfield. This behaviour is con- 
sistent with the second deprotonation occurring at one 
of the nitrogen atoms and affecting the shielding 
parameters of all the nuclei studied. 


The third ionization (pK, 9.00) involves the 
deprotonation of the second NH2' group and results in 
further shielding of the methylene groups, and also in a 
dramatic (ca + 19 ppm) deshielding of the "P atom. 
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Figure 2. Effect of pD on chemical shift of nuclei in 2 


This latter effect, which necessarily cannot involve the 
ionization of the POH group (phosphinic substrate), 
supports our conclusion about the strong deshielding of 
phosphorus caused by the deprotonation of an adjacent 
ammonium centre. The deprotonation sequence for 2 is 
presented in equation (5 ) .  


C O z  H coz - 
, - i H z l  - H* ~ , A H , J  - H ' -  - -0zP - L i H  H' 


-0zP + 
H' 


2 7 c 0 2  - NHz- 
coz - 


c02 - c o z  - 


c o z  - c02 - 
Substrate 3 can undergo five consecutive ionizations, 


and the effects of pD on the chemical shift of its 
methylene 'H and 13C nuclei and the "P atom are 
shown in Figure 3. 


The first deprotonation (pKa 1 *42) involves the non- 
ionized phosphonic group, resulting in weak shielding 
and deshielding of the 'H and I3C nuclei of the 
phosphonomethyl groups. It is interesting that this 
ionization has no effect on the 3'P chemical shift, 
probably owing to the compensating effects of the 
intramolecular hydrogen bonding. The next ionization 
occurs at the carboxyl group, as can be seen from the 
effect on the chemical shift of the glycine methylene 
group. The next two ionizations (pKa 5.02 and 6.40) 
involve both phosphonic groups; the chemical shifts of 
the glycine moiety remain constant, but the CH2 atoms 
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64.0 


52.0 


4.7c 


4.10 


2.90 


2.30 
3 6 9 12 
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Figure 3. Effect of pD on chemical shift of nuclei in 3 


of the phosphonic part undergo further shielding and 
deshielding effects ( -0 .3  and + 2 ppm, respectively). 
The least acidic hydrogen atom of the NH+ group 
undergoes ionization at pH 11.9, causing strong 
shielding (-0.4 and -0.7 ppm) of all methylene pro- 
tons, deshielding (+ 3 and + 1 * 5  ppm) for all methylene 
carbons and strong deshielding (+ 10 ppm) of the "P 
nuclei. The ionization of 3 is shown in equation (6). 
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As with 2, owing to solubility problems with 4, 13C 
NMR spectroscopy did not produce reliable results over 
the whole pD range. Substrate 4 is the strongest acid in 
the series and sufficient chemical shift data could not be 
obtained in the vicinity of the first dissociation (Figure 
4). The effect of the second deprotonation (pK, 2.28) on 
the chemical shift is also not clear; it seems to affect all 
the nuclei studied only weakly. The effect of the third 
deprotonation is obvious, however: the chemical shift 
of the glycine methylene protons remains constant, 
whereas for the CHzP group a distinct inflection curve 
is obtained ( A s =  -0.26ppm) with a pKa value cor- 
responding well with that (5 -61) determined poten- 
tiometrically. This deprotonation therefore corresponds 
to the ionization of the monoanionic phosphonic group. 
The last ionization (PKa 10.35), as before, affects the 
chemical shift of all nuclei studied in the expected 
manner, and corresponds to the deprotonation of the 
nitrogen atom. The protonation behaviour of 4 is 
presented in equation (7). 


10.0 


s P'PI/ 
ppm 
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I '  


' I ,  
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Figure 4. Effect of pD on chemical shift of nuclei in 4 


In conclusion, we confirm that NMR spectroscopy of- 
fers a successful method for studies on the protonation 
behaviour of multibasic systems, and complements well 
the more quantitative potentiometric data. For such 
multifunctional, branched systems as the plant growth 
regulators 1-4, a knowledge of the detailed structure of 
the ionic form of each substrate at a given pH should be 
helpful in predicting the complexation properties and 
selectivity with respect to metal ions present in the in- 
vestigated system. 


EXPERIMENTAL 


All solvents and commercially available reagents were 
purified by conventional methods before use. 
Deuterium oxide (Merck, min. 99.75%), sodium 
deuteroxide (Wilmad Glass, 40% in D20, min. 99% D) 
and deuterium chloride (Nuclear Magnetic Resonance 
Ltd, 20% in DzO, min. 99% D) were used to prepare 
solutions for NMR measurements. pD was measured by 
means of a Radiometer pH Meter 29 pH meter fitted 
with a Radiometer GK 2401C combination electrode, 
standardized against a Beckman pH 4.00 buffer solu- 
tion. Hence pD was given by pD=meter 
reading + 0.40.' The NMR ( 'H, I3C, "P) spectra were 
recorded on a Varian VXR-20 supercondtcting FT 
spectrometer at a probe temperature 23.0 C, using 
dioxane ('H, "C) or trimethyl phosphate (31P) as 
internal standards. Elemental analyses (C, H,  N) 
were obtained using a Heraeus Universal combustion 
analyser. 


Preparation of substrates 


N-Phosphonomethylglycine (1). A 12-2 g (0.176-mol) 
amount of the trimer of methyleneaminoacetonitrile 
(prepared according to Ref. 13) was dissolved in 48 ml 
(0.372 mol) of freshly distilled (b.p. 84-87 "C/12 mm Hg) 
diethyl phosphite and dry HCI was passed with stirring 
into the solution for 3 h at room temperature. 
The resulting precipitate was filtered off, washed 
with cold diethyl ether, dried and recrystallized from 
methanol to give the hydrochloride salt of N- 
(diethylphosphonomethyl)aminoacetonitrile, 23. O g 
(54%); m.p. 136-138°C. 'H NMR (DzO): 6 1.37 


(2H, s, CHzCN), 4.28 (4H, d of q, 2 x CH20). Analysis: 
calculated for C ~ H I ~ N ~ O ~ P C I , C  34.60, H 6.60, N 
11.55; found, C 34.55, H 6-35, N 11.70%. 


A l o g  (0.041-mol) amount of this product was 
dissolved in 120 ml of concentrated HCl and the solu- 
tion was heated under reflux for 6 h. The solvent was 
removed on a rotary evaporator, yielding 10-3 g (97%) 
of a 1 : 1 mixture (as determined by elemental analysis) 
of 1.HCl and ammonium chloride. A 5-g amount of 
this mixture was dissolved in water (50 ml) and the solu- 
tion was passed through a cation-exchange column 


(6H, t , 2  x CH3), 3.68 (2H,d, J"p 14 Hz, CHzP), 4.28 
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(Amberlite IR- 12H). Two bed volumes of deionized Potentiometrv 
water were used to elute the product. The solvent was 
removed on a rotary evaporator, yielding 1, 2.4g  
(60070); m.p. (decomp.) 220-225 "C. 'H NMR (D20): 6 
3.26 (2H,d, J H P  14 Hz, CHzP), 3.99 (2H,s,CH2C02). 
Analysis: calculated for C3HsNO#, C 21 *30, H 4-70, 
N 8.20; found, C 21.25, H 4.70, N 8.25%. 


Di- [ N- (carboxymethyl)aminomethyl] phosphinic 
acid (2). N-Benzylglycine (prepared according to 
Ref. 15) was reacted with hypophosphorus acid and 
formaldehyde according to Ref. 16, yielding the 
hydrochloride salt of di [ N-(carboxymethy1)- N-benzyl- 
aminomethyl] phosphinic acid, yield 74?; after crystal- 
lization (EtOH), 59%; m.p. 200-205 C (lit.I6 m.p. 


(4H, s, 2 x CHzPh), 7.54 (lOH, s, 2 x Ph). Analysis: 
calculated for C ~ O H ~ ~ N Z O ~ P - H C I ,  C 52.6, H 5.7, N 
6.1; found, C 51.8, H 5.3, N 6.0%. This product was 
then debenzylated according to the procedure given in 
Ref. 16, yielding 2 (4270); m.p. (decomp.) 272-278 OC. 


(4H, s, CHZC02). Analysis: calculated for 
CsH13N206P, C 30.0, H 5.42, N 11.67; found, C 
29.75, H 5-50, N 11.50%. 


211-214 C). 'H NMR (D20): 6 3.50 (4H,d, J H P  
11 Hz, 2 x CHzP), 4.08 (4H, S, 2 X CHZCO~) ,  4.60 


'H NMR (D2O): 6 3.88 (4H, d, JHP 14 Hz, CHzP), 3.88 


N,N-Bis(phosphonomethy1)glycine (3). I 7  A 17.2-g 
(0.20-mol) amount of 97% phosphorous acid was 
added to the solution of glycine (7.5 g, 0 -  10 mol) in a 
mixture of water (15 ml) and concentrated HCI (20 ml) 
and the solution was heated under reflux. To this reflux- 
ing solution, 35.0 ml (0.41 mol) of aqueous formal- 
dehyde (35%) were added dropwise and the refluxing 
was continued for a further 1 h. The mixture was 
cooled, filtered and the filtrate was evaporated under 
reduced pressure, yielding a viscous oil that crystallized 
after addition of a small volume of ethanol. The 
crystalline material was filtered off and washed with 
cold ethanol to give 3, 26.3 g (66Vo); m.p. (decomp.) 


2 x CHlP), 4.44 (2H, s, CH2C02). Analysis: calculated 
for C4HlINOsP2, C 18.25, H 4.20, N 5.30; found, C 
18.25, H 4.20, N 5.30%. 


189-193 "C. 'H NMR (D2O): 6 3.72 (4H,d, J H P  14 Hz, 


N- (Phosphonomethy1)-N- (carboxymethy1)glycine 
(4). This product was prepared similarly to 3, starting 
with 20.1 g (0.151 mol) of iminodiacetic acid, 12.4 g 
(0.147mol) of 97% phosphorous acid and 26ml 
(0.328 mol) of 35% formaldehyde. After the work-up, 
24.1 g (72%) of pure 4 were obtained; m.p. (decomp.) 


14 Hz, CHZP), 4.30 (4H, s, 2 x CH2C02). Analysis: 
calculated for C ~ H I O N O ~ P ,  C 26.43, H 4-40, N 6.17; 
found, C 26.40, H 4.35, N 6.15%. 


214-218°C. 'H NMR (D2O): S 3.56 (2H,d, J H P  


Sodium hydroxide solutions (0.05 M) were freshly 
prepared at frequent intervals by dilution of the con- 
tents of Merck ampoules under nitrogen and stand- 
ardized against potassium hydrogenphthalate (Merck). 
Hydrochloric acid (0.01 M) was also prepared by the 
use of Merck ampoules and standardized against 
sodium hydroxide. 


Boiled-out, glass-distilled water was used to prepare 
the solutions. Sodium chloride (BDH, Aristar grade) 
was added during the preparative stage to the above- 
mentioned sodium hydroxide solutions and hydro- 
chloric acid so as to produce solutions with a total 
chloride concentration of 0.1 M. 


To determine the acid dissociation constants for 1-4, 
weighed quantities of the substrates were placed in a 
Metrohm EA876-20 double-walled titration vessel. Ac- 
curately measured volumes of the 0.01 M hydrochloric 
acid/chloride solution were added so as to produce a 
substrate concentration in the range 2-12 mM. The 
titration vessel was fitted with a Metrohm EA109 glass 
electrode and a Metrohm EA404 calomel electrode 
containing saturated sodium chloride. The vessel was 
thermostated by circulating water at 25 C. 


Potentiometric titrations were carried out by deliver- 
ing the sodium hydroxide/chloride solution from a 
Radiometer ABU80 Autoburette controlled by a PEP 
computer, which also recorded the volume delivered 
and the e.m.f. of the cell as measured by a Radiometer 
PHM64 pH meter. During the titration a purified 
nitrogen atmosphere was maintained in the titration 
vessel. The data obtained were used to calibrate the 
electrodes and determine the protonation constants 
simultaneously. This was done by applying the data on 
the OBJE task of ESTAZ7 with the weight at each titra- 
tion point based on a standard deviation of the titre of 
0.005 cm3 and of the e.m.f. of 0.1 mV. 


NMR measurements. Solutions of substrates 1-4 in 
D2O (0 .03-0 .10~)  were prepared and their pD was 
adjusted by addition of the required quantity of 
NaOD-D20 or DCI-D20 solution. For a given solu- 
tion, the chemical shifts for individual nuclei remained 
constant within the solute's concentration range given 
above. Chemical shifts were measured relative to inter- 
nal standards. It should be noted that since the pKa 
values of dioxane and trimethyl phosphate are of the 
order of - 3 and -4, respectively,2s any protonation of 
the standards in the pH range studied is negligible. 
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LONE-PAIR CHARGES AND STRUCTURAL EFFECTS 


JAVIER CATALAN AND JOSE LUIS G. DE PAZ 
Departamento de Quimica Fisica, Universidad Autonoma de Madrid, 28049-Madrid, Spain 


The lone-pair charge, elp,, of a base B is a (theoretically calculated) measure of the amount of charge on the lone pair 
of B that binds to an acid A" (v = 0, 1) in an acid-base reaction. It is shown how they can be used for the quantita- 
tive study of structural effects on gas-phase proton affinities, vertical ionization potentials and hydrogen-bonding 
basicities. 


INTRODUCTION 


The systematic development of experimental and 
theoretical gas-phase ion chemistry'-* in the last 10 
years has led to a rapid accumulation of information 
and it is now possible to analyse a posteriori a substan- 
tial body of different experimental data relating to  the 
Lewis concept of basicity. 


Special attention has been paid to  the study of substi- 
tuent effects.' A b  initio SCF calculations provide useful 
information on the role played by substituents on the 
structure and reactivity of a given system.6" A con- 
siderable number of linear relationships between gas- 
phase proton affinities [ defined as P A  = - AHo for the 
process 


where B is a base] and some theoretical indices have 
been proposed. Energy-charge correlations have been 
especially useful in reactivity studies. 


It is usually accepted that some characteristics of a 
basic centre are correlated with its gas-phase PA. One 
of these characteristics is the charge on the lone pair 
involved in the formation of the corresponding cation 
on protonation. It has been showng that the electronic 
population of the basic centre bears only a rough rela- 
tionship with the energy variation of the corresponding 
proton-transfer equilibrium. 


In previous work an economical way to evaluate the 
lone-pair charge in an SCF procedure was 
proposed. * - I '  The lone-pair-charge (Qlpf) concept 
reflects the interest in finding theoretical methods that 
allow the prediction of structural effects on basicity. It 
has been shown8-" that the gas-phase proton affinities 
of a wide variety of organic bases are linear functions 
of the Qlpf values of their protonation sites. 


We report here that a series of compounds exists for 
which this simple linear relationship breaks down, and 


0894-3230/90/040255-05$05.00 
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show how this failure provides a new and powerful tool 
for the analysis of molecular properties. 


COMPUTATIONAL DETAILS 


For compatibility with our previous studies'-'' we car- 
ried out ab initio calculations at  the minimal basis set 
level following the model employed previously based on 
fully optimized INDO geometries, where the CH,  NH 
and O H  bond lengths were conveniently scaled to ac- 
count for the fact that the INDO method overestimates 
them. The scaling factors for C H  (0.974), NH (0.935) 
and OH (0.924) bond lengths are the ratios of the 
experimental C H  bond lengths in naphthalene, NH 
bond lengths in pyrrole and O H  bond lengths in phenol, 
respectively, to the INDO optimized values. 


The lone-pair charge is evaluated using a lone-pair 
function (LPF) formed by one s-type and three p-type 
( x ,  y ,  z )  Gaussian-type orbitals (GTOs) with identical 
exponents and centred at  the same point in space. This 
basis (to be added to  the STO-3G" minimal basis set) 
is located on the line that joins the basic centre (either 
N or 0) to the centroid of charge of the corresponding 
Boys' l ~ c a l i z e d ' ~  lone-pair orbital (see Scheme 1) from 
a previous STO-3G calculation. The charge on the LPF 
is evaluated using the well known Mulliken population 
method. 


I 


I 


/N\ 
E / \  


Scheme 1 
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The previously reported' values of  exponents (0.10) 
and position (0.85 A away from the N atom) are used 
in this work, when N is the basic centre. Following the 
same methodology as given in Ref. 8 and taking ben- 
zaldehyde as a probe, we obtained for compounds in 
which 0 is the basic centre exponent = 0.133 and posi- 
tion 0.773 A away from the 0 atom. 


We have proved' that the basis set STO-3G + LPF 
does not present any abnormal behaviour. 


All the calculations were performed at  UAM/IBM 
Scientific Centre and CC/UAM Centre in Madrid using 
the programs GEOMOL4 and our version of GAUSSIAN 
8015 (IBM MVS version by E. M. Fluder and L. R. 
Kahn, modified by us to run under VMICMS). 


RESULTS AND DISCUSSION 


Table 1 shows the relative proton affinities, 6PA [i.e. 
the standard enthalpy changes, for reaction (1) in the 
gas phase] for para-substituted benzaldehydes (Data 
from Ref. 16 except for 4-NHz value, kindly com- 
municated by Prof. R. W. Taft) (Y = H, series I) and 
acetophenones" (Y = CH,, series 11). Also given are 
calculated Qlpf values for the lone pairs of their carbonyl 
oxygens . 


x a c ' . "  \u + &= .+! \v + @-d: \H (1) 


Figure 1 shows plots of 6PA vs Qlpr for series I and 
11. The Qlpf calculated for 4-substituted pyridines taken 
from Ref. 9 are shown for comparison purposes (series 
I11 in Figure 2). GPAs for these compounds were taken 
from Ref. 5 and are defined according to reaction (2). 


It appears that in all three cases, + R  (electron- 
acceptor) and - R (electron-donor) substituents define 
two different lines, the ratios ( =  S-R/S+R of their 
slopes ( S )  being iI = 2.42 f. 0.27, ( 1 1  = 2.19 f. 0 . 7 3  
and (111 = 1.29 ? 0 . 3 5  (excluding the 4-F value, 


The same applies to vertical ionization potentials 
(VIP). l 8  In Figure 3 the VIPs for the no orbitals of the 
carbonyl oxygen (for some compounds experimental 
values were estimated from the excellent linear relation- 
ships between experimental VIPs and the STO-3G 
energies of the no orbitals; see Table 2) are plotted 
against Qjpf. The linear relationships are excellent ( r 2  
and standard deviations in the ranges 0.974-0.992 and 


( 1 1 1  = 1.16 f. 0.29). 


Table 1 .  Relative gas-phase proton affinities (SPA), vertical ionization potentials (VIP) and lone-pair charges 
(Qlpf and Qipf) for 4-X-substituted benzaldehydes and acetophenones 


X 


~ 


SPA 
Y (kcal mol- 1)16*17  


VIP Qlpf Qlb f 


(kcal mol-')'* (electron units) (electron units) 


H 21.1 
H 14.9 
H 10.2 
H 6 . 9  
H 4.5 
H - 0 . 6  
H (0) 
H - 0 . 5  
H - 4 . 5 "  
H - 5 . 9  
H - 8 . 0  
H - 8 . 7  


CH3 18.1 
CH3 11.4 
CH3 8-1  
CH3 5 . 4  
CH3 3 .9  
CH3 - 0 . 6  
CH3 (0) 
CH3 - 0.7  
CH3 - 4.5  
CH3 - 8 . 2  
CH3 - 8 . 8  


216.8 
219.7b 
224.9 
223.7b 
225.6 
227.2 
228.1 
231.8 
232*Ob 
235.3b 
238.7 
239.2 
208.4b 
209.4 
212.2 
213.3b 
216.3 
217.4b 
219.3 
219.6 
221.8 
226.5 
230.2 


0.3732 
0.3689 
0.3629 
0.3628 
0.3578 
0.3563 
0.3554 
0.3494 
0-3493 
0.3442 
0.3436 
0.3382' 
0.3938 
0.3924 
0-3869 
0.3865 
0.3834 
0.3805 
0.3797 


0.3731 
0.3682 
0.3624 


- 


0-3804 
0-3736 
0.3675 
0.3643 
0.3593 
0.3556 
0.355 


0.3503 
0.3472 
0.3448 
0.3430 
0.4013 
0.3957 
0.3900 
0.3874 
0.3835 
0.3797 
0.380 


0.3747 
0.3689 
0.3675 


- 


- 


'Calculated from the excellent linear relationship between (6PA)l and 


of rhe n~ orbitals (see Table 2). 
'Qt,,t for the 3-NO3 derivative is 0.3385 electrons. 


given in Ref. 17. 
Calculated from the excellent linear relationship found between the experimental VIPs and the STO-3G calculated energies 
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Figure 1 .  Relative proton affinities (SPA) for series I and I 1  
(benzaldehydes and acetophenones) vs. calculated lone-pair 
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Figure2. Relative proton affinities (&PA) for series I11 
(pyridines) vs. calculated lone-pair charges (&f) 


Figure 3. Vertical ionization potentials (VIP) for series I and 
I 1  (benzaldehydes and acetophenones) vs. calculated Qlpf 


values 


0.5-1 .O kcal mol-', respectively). As expected, the 
plots of 6PA vs VIP are bilinear. This is to be compared 
with the highly precise linear relationships that exist 
between PAS and adiabatic ionization potentials. l9 


Little electron demand is involved in hydrogen- 
bonding processes in which proton transfer is not a 
significant contributor. 2o The charge involved in 
hydrogen-bonding processes is much lower than in pro- 
tonation processes. We may expect a better description 
using Qpf. Some relative standard free energies, 6AGtB,  
for the formation of 1 : 1 complexes between substituted 
benzaldehydes or acetophenones tnd  phenol (ArOH) in 
CCla or C2C4 solutions at 25.0 C [reaction (3)] are 
available. ( ~ G & B  is calculated from equilibrium con- 
stants at 298 K in the concentration scale, taken from 
Ref. 21. For related compounds, the 6AGtBs closely 
follow the ranking of GAf& values.**) We have 
represented this in Figure 4, which shows that ~ A G ~ B  
values are indeed linear, with rz = 0.971 for series I 
(para-substituted benzaldehydes) and rz = 0-0.988 for 
series I1 (para-substituted acetophenones). Qlpf is thus a 
means of describing hydrogen-bonding free energies. 


.HOAr H O A r  
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b 
111 < I1 < I (see Table 3). This is also the order of 
increasing electron demand on the corresponding pro- 
tonated systems. 


A similar analysis of Qlpf will indicate how substi- 
tuents contribute to  this value and also how substituents 
transmit their effect ( p ) .  For this analysis we employ the 


as  the arithmetic mean of the corresponding values for 
acid-base equilibria in cationic and anionic systems, 


Using multivariate regression analysis the following 


"1 


corresponding UR for neutral molecules, which we define \\ r2z0.971 
OCH 


Series I 11 I 
-1 N(CH312 Data are taken from Ref. 5. 


I l l  
were obtained: 


Benzaldeh ydes: 


qLpF(1'II) Qlpr=0.3537 - 0 . 0 4 0 0 ~  - 0~0200~-0~0040p  (4) 
I I I 


Table 2. STO-3G oxygen lone-pair energies (f",,) and experimental vertical ionization 
potentials (VIP) '* in kcal mol- ' for para-substituted benzaldehydes and acetophenonesaZb 


Benzaldehydes Exp. STO-3G Acetophenones Exp. STO-3G 


N(CH3)z 216.8 205.1 NH2 209.4 201.0 
O(CH3) 224.9 210.3 O(CH3) 212.2 204.9 
CH3 225.6 211.4 CH3 216.3 206.0 
F 227.2 214.9 H 219.3 207.6 
H 228.1 213.3 CHO 221.6 214.0 
CI 231.8 220.5 CN 226.5 219.2 
CN 238.7 225.2 NO2 230.2 222.9 
Nor 239.2 229.2 


"Benzaldehydes: VIP (kcalrnol-')= 0.8981 (-c,,)+ 34.83; r=O.Y78S 
Acetophenones: VIP (kcalrnol-')=0.9300 ( -cnJ+ 22.83; r =  0.992. 
Calculated oxygen lone-pair energies at STO-3G level: 
benzaldehydes: NH2 205.0, OH 210.2, CHO 219.5, CFj 223.2 kcalrnol-'; 
acetophenones: N(CH3)2 199.5, OH 209.2, F 204.8 kcalrnol-l. 


(3)] for series I and 11  (benzaldehydes-and acetophenones) vs. 
calculated Qlpr  values 


The substit,uent effects on the PAS may be separated5 PYridines: 
into three contributions: Qlpt = 0.1953 - 0.0600~ - 0.03470~- O*OO80p (6) 


GAG = R -k P -I- F =  PRUR + ppop+ p ~ a ~  


where R ,  P and F are the contributions of  the After establishing the transmittance factors of these 
resonance, polarizability and field effects, respectively. effects ( p ~ ,  p~ and p p ) ,  we can find the values of Qlpf 
A quantitative analysis of substituent effects on the that will correspond to our studied series of compounds 
GPAs of series I, I1 and III' shows that the importance if they showed cationic behaviour, i.e. the calculated 
of the resonance effect increases in the order lone-pair charge (Q&O corresponding to the use in equa- 


(n  = 9, r = 0-997) 


Table 3. Comparison between PK and PF taken from Ref. 5 and the calculated ratio = S - R / S + R  


Series Compounds PR P F  P R / P F  $ =  S - - R I S + K  


I Benzaldehydes 31 .6?  0 . 7  16.6 k 0 . 6  1.90 2.42 
11 Acetophenones 27.4 ? 0.5 16.1 ? 0.5 1.70 2 .19  
111 Pyridines 25.7 L 0 . 6  2 1 . 8 ?  0 . 6  1 .18  1.29 
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Figure 5 .  Relative proton affinities (6PA) for series I and 11 
(benzaldehydes and acetophenones) vs. calculated A&r values 


tions (4) and ( 5 )  of the UR values reported in Ref. 5 for 
cationic systems. 


Following this procedure, we obtained the values 
of QfPf shown in the last column in Table 1. Figure 5 
shows a plot of QiPf vs 6PA in the gas phase. There is 
an excellent agreement and the plot is linear 


As Qlpf is calculated on neutral molecules, it is not 
able to reproduce completely *-donor effects in the 
positively charged protonated formz3 and it may explain 
the ranking of the F values, namely €1 < &I < ~ I I I .  Our 
multivariate analysis of Qlpf shows that Qipf will 
reproduce this effect. 


(r = 0.997, r = 0.996). 


,o- H 


CONCLUSIONS 


There is a proportionality between basicity (proton 
affinity) and the electronic charge density that the 
system is able to place on the basic centre (Qlpf). Also 
the amount of this charge can change depending on the 
electron demand of the attacking acid (gas-phase 
basicity Hf ; hydrogen-bonding basicity RH6+, etc.). 


The present findings confirm that the lone-pair charge 
formalism is a reliable tool for the study of substituent 
effects, and can be used for the quantitative study of 


structural effects on SPA, verticaI ionization potentials 
and hydrogen-bonding basicities as shown Figures 1-5. 
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STUDIES ON ORGANOPHOSPHORUS COMPOUNDS. XXXVI.* 


IN ALKALINE HYDROLYSIS 
SUBSTITUENT EFFECTS OF ALKYLPHOSPHONATES AND -PHOSPHINATES 


CHENGYE YUAN,? SHUSEN LI AND XIUGAO LIAO 
Shanghai Institute of Organic Chemistry, Academia Sinica, 345 Linling Lu, Shanghai 200032, China 


ABSTRACTAlka l ine  hydrolysis o f  diethyl alkylphosphonates and alkyl diethylphosphinates was studied in ,aqueous 
dimethyl sulphoxide. The behaviour o f  these acyclic phosphorus esters i s  very similar to that o f  some cyclic phosphorus 
esters. Rate constants were measured at three temperatures over a 30 OC range, and the activation functions o f  the reac- 
tion were estimated. The basic hydrolytic process was proved to be a bimolecular A E  reaction. Multiple regression 
analyses involving rate constants and substituent parameters gave, as a rule, poor results using steric constants derived 
from carbon compounds. However, the substituent steric effect on the rate o f  hydrolysis of phosphonates and 
phosphinates studied correlated very well with AAE, representing the difference in steric energy calculated by molecular 
mechanics. I t  i s  attributed to the various degrees o f  susceptibility o f  carbon and phosphorus atoms to the steric hin- 
drance of the substituents. Moreover, Newman's rule o f  six for the hydrolytic reaction o f  carboxylates was completely 
eliminated in phosphorus ester hydrolysis. 


INTRODUCTION 


Investigation of the substituent effect of organo- 
phosphorus esters provides a basis for quantitative 
structure-activity relationship (QSAR) studies of this 
biologically important class of compounds and can con- 
tribute to progress in phosphorus chemistry in 
general. The hydrolytic reaction of phosphorus-based 
esters has been the subject of many previous 
 investigation^,^-' but the QSAR examination of these 
compounds was hindered by insufficient structural 
parameters of groups directly bonded to phosphorus. 
As shown previously, the structure of exocyclic alkyl 
groups has a remarkable influence on the rate constant 
( k )  of alkaline hydrolysis of some cyclic esters of 
alkylphosphonic acids. 6 - R  However, regression 
analyses demonstrated that log k did not correlate with 
commonly used steric parameters, including Taft's E, 
and Charton's u .  In the meantime, the energy difference 
between the most stable conformation of the penta- 
coordinated transition-state and the ground-state 
phosphorus esters during the basic hydrolysis as 
represented by A A E  seems to reflect the contribution of 
the primary steric effect of substituents in this process. 
The term AAE was therefore suggested by us as a substi- 
tuent steric parameter in the alkaline hydrolysis of the 


*For Part XXXV, see S. S. Li, Z. Y. Chen and C .  Y. Yuan 
Scienfia Sinica (Series B) 136, (1989). 
-I Author for correspondence. 


cyclic esters of alklyphosphonic acids. In this paper, 
we report the characteristic behaviour of diethyl 
alkylphosphonates (1) and alkly diethylphosphinates 
(2) in alkaline hydrolysis and to examine the accept- 


1 2 


I: R' = CH3, C2H5, n-C3H7, iso-C3H7, n-C4H9, 
iso-C1Hs, sec-C4Hr, n-CsHI 3 ,  n-CgH17, 
n-ClzHzs 


sec-C?Hs, n-CbH13, n-C~H17,  n-C12H25 


2: R2 = CH3, C2H5, iso-C3H7, n-C4Hy, iso-CqH9, 


ability of this substituent steric parameter in correlation 
analysis. Based on these data, the difference in 
hydrolytic behaviour among 1,2,2-alkyl-2-0~0-1,3,2- 
dioxaphosphorinanes (3) and -phosphepanes (4) was 
examined and the various susceptibilities of the central 
atom to the steric hindrance of the substituents in the 
alkaline hydrolysis of these phosphorus esters and car- 
boxylates (5) are illustrated. 


0894-3230/90/010048-07$05.00 
@ 1990 by John Wiley & Sons, Ltd. 
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RESULTS AND DISCUSSION 


The alkaline hydrolysis of diethyl alkylphosphonates 
(1) and alkyl diethylphosphinates (2) was carried out 
in aqueous dimethyl sulphoxide solution o,f sodium 
hydroxide at different temperatures over a 30 C range. 
The saponification rate was found to  be second order, 
i.e. u = k[ester] [ O H - ]  and the rate constants ( k )  were 
calculated by the least-squares method as indicated in 
Table 1. 


The experimental data in Table 1 demonstrate that an 
increase in number of carbon atoms in the n-alkyl 
substituent in the phosphonates and phosphinates had 
no significant influence on rate constant of hydrolysis, 
especially when the carbon number of the ester alkyl 
group exceeded four. However, a considerable decrease 
in the rate constant was observed when the bulkiness of 
the alkyl substituents was increased. Thus, the rate con- 
stants for the basic hydrolysis of 1 and 2 decrease in the 
order methyl > ethyl > n-propyl > n-butyl > n-hexyl > 
n-octyl > n-dodecyl > isobutyl > isopropyl > sec-butyl. 
This order is in good agreement with the decreasing 
trend in the alkaline hydrolysis of some cyclic esters of 
alkylphosphonic acids. The results revealed that there 
is a similar influence of steric effects of substituents on 


Table 1. Rate constants for alkaline hydrolysis of acyclic 
phosphorus esters at various temperatures 


1, (C2HsO)dYO)R 2, (C2Hs)zP(O)R 


Temp. ('C) k (lmol-I) Temp. ("C) k (Imol-') R 


50 
60 
70 
70 
80 
90 
70 
80 
90 
70 
80 
90 
70 
80 
90 
70 
80 
90 


90 
70 
80 
90 
90 
- 
- 
90 


30.4 
59.6 


108-1 
23.5 
47.4 
83.7 
18.5 
37.8 
61.1 


1.88 
3-25 
6.23 
18.7 


35.7 
59.3 
12.3 
23.3 
44.3 


6.63 
16.6 
35.0 
57.6 
54.7 
- 


- 
49.0 


40 
50 
60 
60 
70 
80 
- 
- 
- 
60 
70 
80 
60 
70 
80 
60 
70 
80 


60 
60 
70 
80 
60 
70 
80 
60 


63.4 
129.3 
234.1 
48.0 
95.5 


177.2 
- 
- 


- 
4.41 


10-5 
21.0 
27.6 
64.2 


125-5 
18.3 
43.8 
88.8 


2.61 
26.7 
62.2 


122.7 
22.2 
57.2 


110.0 
20.9 


the rate constants of the hydrolytic reaction for 
phosphonates and phosphinates. 


It was found that neither Charton's u1'" '  nor Taft's 
Es12 parameter fitted the data for the alkaline hydrolysis 
of 1, as shown by very poor result in regression analyses 
[equation (l)] . However, correlation analysis involving 
log k for compounds 1 with Charton's u'  value13 pro- 
vided better result [ equation (2)] . 


(1) 


(2) 


where u '  is Charton's substituent constant of an alkyl 
group for pentacoordinated transition species, k is the 
reaction constant, r is the correlation coefficient, n is the 
number of points and CL is the confidence level. 


On the other hand, log k for compounds 2 correlated 
very well with Charton's u value: 


(3) 


where the rate constant (log k )  was determined at 60 'C, 
and the fact that the r and CL values are 0.990 and 
99.9070, respectively, indicate satisfactory results in 
correlation analysis. However, in multiple regression 
analysis with log k(1) and Taft's u* and E, no radical 
improvement could be found: 


log k(1) = - 2 . 2 4 ~  + 3.28 


log k(1) = - 4 . 4 1 ~ '  + 3.70 
r = 0.706, n = 10, CL = 95% 


r =  0.916, n = 10, CL = 99.9% 


log k ( 2 )  = - 4 . 1 7 6 ~  + 3.84 
r = 0.990, n = 9, CL = 99.9% 


log k(1) = 4.770* + 0.423ES + 3.17 (4) 
r = 0.906, S, = 2.63, SS = 0.323, S, = 0.421, 


T p =  1.82, Ts= 1.31, Tc=7*52 ,  n =  10, CL=99 '9% 


where S is the standard deviation and T is the T-test 
from regression analysis. It is interesting that, in con- 
trast with the unsatisfactory result of multiple regres- 
sion analysis involving log k(1) and Taft's u* and E,,  a 
significant improvement was achieved in correlating log 
k ( 2 )  with Kabachnik's up14-16 and Charton's u 


log k ( 2 )  = -0 .614~ ' -  0 . 4 7 9 ~  + 3.96 ( 5 )  
r = 0.992, So = 0.468, Sa = 0-549, S, = 0.167, 


T,= -1.26, Ts= -8-72, Tc=23.7, n = 9 ,  
C L  = 99.9% 


Equation (9, in which both p (-0.614) and 6 (-0.479) 
are negative, shows the increasing trend of the influence 
of polar effects of the substituent in the hydrolytic reac- 
tion of compounds 2 .  This structural effect is in con- 
tradiction with the experimental data. It is therefore 
reasonable to  conclude that substituents parameters, E, 
and a*, derived from the hydrolytic reaction of carbox- 
ylates are not suitable in correlation analysis with the 
phosphorus-based esters investigated. This can prob- 
ably be attributed to  the difference in the conformation 
change from substrate to  products via different transi- 
tion states in the process of alkaline hydrolysis of 1 and 
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Table 2. Activation parameters of alkaline hydrolysis of compounds 1 and 2" 


Compound R AG* (kcalmol-I) A H S  (kcalmol-') AS* (e.u.) 


l a  CH3 23.0 14.2 -25.6 
l b  C2H5 26.0 16.5 -27.8 


I d  i~o-CzH7 26.2 16.0 - 29.7 
l e  n-C4Hg 26.8 16.9 -28.8 
If iSO-C4H9 29.1 18.8 -31.8 


lc n-C2H7 25.0 15.7 - 27.0 


l h  n - c d  I 1 26.3 16-6 - 28.4 
2a CH3 22.2 13.9 -25.0 
26 C2Hs 24.7 15.8 -26.8 
2c iso-CqH7 25.8 16.0 - 29.3 
2d n-C4H9 28.6 18.3 - 30.9 
2e ~ s o - C ~ H ~  29.9 19.1 ~ 32.5 
2g n-C4H13 28.8 18.4 -31.1 
2h r2-CsH1-i 30.3 19.4 .- 32.6 


"Activation parameters were determined at three temperatures over a 30'C range according to data in Table 
I .  


5, since the alkaline hydrolysis of phosphorus-based hydrolysis at different temperatures. Corresponding 
esters proceeds from a tetracoordinated substrate activation parameters AG*,  AH' and A S *  were 
through a pentacoordinated species to the final pro- obtained, as given in Table 2. 
ducts. However, the saponification of the carboxylates The magnitude of the AS' values (-25 to 
occurs from a planar tricoordinated substrate to  the - 32.6 e.u.) indicated that the hydrolytic reaction pro- 
final product through a tetracoordinated transition ceeded via the typical bimolecular AE mechanism. The 
state. Therefore, the contribution of the variation of the results were very similar to those for the hydrolytic reac- 
structure of alkyl or alkoxy groups to the rate constants tions of 3 and 4 studied previously.6 Therefore, the in- 
of hydrolysis of 1 and 2 is significantly larger than that fluence of alkyl and alkoxy groups on the hydrolysis 
for 5. rate may vary from 3 and 4 to  1 and 2. However, a 


A series of thermodynamic functions of alkaline similar substituent effect in the alkaline hydrolysis of 1, 
hydrolysis for compounds 1 and 2 were evaluated, based 3 and 4 was observed by plotting log k(1)  versus log 
on the measurement of rate constants of alkaline k (3 )  (Figure I).  A better result of correlation analysis 


3 . 0  


log k(3) 


2 . 5  


2 . 0  


1.5 


1.0 


0 . 5  


-0.5 0 0 . 5  1.0 1.5 2 . 0  2 . 5  3 . 0  


109 k(1) 


Figure 1 .  Plot of log k ( l )  versus log k ( 3 )  
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Table 3. Relative rate constants for basic hydrolysis of alkylphosphonates and carboxylates 


krel 


R =  R =  R =  R =  
Ester Solvent Temperature ("C) CH3 C2H5 iso-C3H7 iso-CdH9 Ref. 


1 83.3% DMSO 70 58 13 1 7 This work 
38 1 11 6 3 50% dioxane 29.5 - 


50% DMSO 19.5 - 38 1 11 7 
4 50% dioxane 90 21 1 5 6 


50% DMSO 90 19 1 5 7 
RCOzEt 70% acetone 35 - 4 1 0 -5  17 


85% ethanol 50 7 4 1 0.6 I8 
RCO2Me 40% dioxane 35 4 3 1 0.4 19 
RCOzEt 70% acetone 25 8 4 1 0.4 17 


- 
- 


(r = 0.985 for compounds 1) was obtained. Figure 1, of 
log k ( 1 )  vs log k ( 3 ) ,  exhibited an identical substituent 
effect in hydrolytic behaviour among compounds 1, 3 
and 4, illustrating a similar transition state in the basic 
hydrolysis of acyclic and cyclic phosphonates. 


In order to examine the influence of substituent 
effects on the base hydrolysis of phosphonates, 
phosphinates and carboxylates, the relative rate con- 
stants (kre l )  for the hydrolytic reaction of various cyclic 
and acyclic alkylphosphonates and corresponding car- 
boxylates in different mixed solvents were evaluated 
(Table 3). 


The relative rate constants between ethyl- and 
isopropylphosphonates for 1, 3 and 4 in various mixed 
solvents are 13-38, compared with only 3-4 for the 
corresponding ethyl alkylcarboxylates. This proved that 
the influence of the steric effects of alkyl groups of 
alkylphosphonates was much larger than those of car- 


boxylates in alkaline hydrolysis. The results can be 
rationalized by the different contributions of the sub- 
stituent steric effects on the various configurations 
between the ground and transition states of phosphorus- 
based esters and carboxylates in such a process. 
However, the relative rate constants among isobutyl and 
isopropyl derivatives of 1, 3 and 4 in various aqueous 
solvents lay between 5 and 11, but were only 0 . 4  and 
0 . 6  for the corresponding ethyl carboxylates (Table 3). 
The results in Table 3 demonstrate that Newman's rule 
of six,22 which is well known in the solvolytic displace- 
ment of carboxylates, was completely eliminated in the 
hydrolysis of alkylphosphonates and alkylphosphinates. 
The configurational changes in the hydrolytic pathway 
of these phosphorus-based esters involves the conver- 
sion of tetrahedral to  bipyramidal phosphorus. For the 
formation of hydrolysis products the leaving groups 
should be located at axial positions in the bipyramidal 


Table 4. Relative rate constants for basic hydrolysis of alkyl dialkylphosphinates and carboxylates 


Ester 
R =  R =  R =  R =  


Solvent Temperature ('C) CH3 CzHs iso-C3H7 iso-CjHg Ref 


PhzP(0)OR 33% dioxane 50 320 27 1 5 5 
5 EtzP(0)OR 60% dimethyl glycol 75 157 21 1 - 


CH3, ,CHI 


5 - 75 40 10 1 /c, CH,-C\H ,P(O)OR 65% dimethyl glycol 
C 


CHI CHI 
/ \  


EtzP(0)OR 83.3% DMSO 60 53 11  1 4 This work 
MeC02R 40% dioxane 35 11 5 1 2 20 
MeCOzR 70% acetone 25 15 7 1 3 18 


18 EtCOzR 70% acetone 25 22 8 1 
21 PhCOzR 60% dioxane 35 19 6 1 
18 BuCOzR HzO 15 89 17 1 


- 


- 


- 
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log k(2) 


Figure 2. Plot of log k ( 2 )  versus log k ( 5 )  


structure, whereas the variations in configuration in the 
hydrolytic pathways of ethyl carboxylates is concerned 
with a transformation from a planar trigonal to a tetra- 
hedral configuration. 


The data in Table 4 demonstrate that the influence 
of the structure of leaving alkoxy groups on the rate 
constants for the basic hydrolysis of phosphonates, 
phosphinates and carboxylates is identical. This is also 
evidenced by the excellent result in regression analysis 
involving log k of 2 or 5 with Charton’s u parameter 
using equation (3). The plot of log k(2) versus log k ( 5 )  
in dioxane-water (40: 60, v/v) is shown in Figure 2. A 
better correlation coefficient of 0.990 was obtained. 


In order to illustrate the difference in the structural 
influence of alkyl groups on the behaviour of the 
hydrolytic process of phosphorus-based esters and 
carboxylates, diethyl alkylphosphonates and alkyl 
diethylphosphinates were examined using molecular 
mechanics calculations (MM2), 1985 version). 23 The 
most stable conformation of each compound and cor- 
responding intermediate state and its energy were 
selected for comparison with each other. In the alkaline 
hydrolytic reaction of phosphonates and phosphinates, 
the most stable intermediate state is usually considered 
to be a trigonal bipyramidal pentacoordinated species 
such as for diethyl alkylphosphonates (1). 


OH 
l a  


/ 


OH 


OH 
2a 


The most stable conformations of 1 and 2 are the cor- 
responding pentacoordinated intermediate species la  
and 2a, respectively. On the basis of the assumption that 
the attack of O H  on a phosphorus atom to form the 
pentacoordinated trigonal bipyramidal intermediate 
state is the rate-determining step in the basic hydrolytic 
reaction of 1, the difference in the steric energy ( A E )  
between l a  and 1 can be used as a measure of the 
steric effect of an alkyl group for compound 1 ,  
AER = E l ,  - El.  If CHl is taken as a reference group, 
AAER can be obtained from the equation 


The alkaline hydrolytic reaction of compounds 2 was 
studied in a similar manner. Consequently, the most 
stable conformation of the intermediate state of 2 is 2a, 
in which two ethyl groups are located in equatorial 
positions. 


The A E R  and AAER can thus be obtained from the 
steric energies of 2 and 2a calculated by the molecular 
mechanics method as shown in Table 5: 


AAER = AER - A E c H ~ .  


A E R  = E2 - Eza; AAER = AEK - AEtci, 


Charton’s u in equations (1) and (3) was replaced with 
AAER estimated by molecular mechanics calculation, 
and the results of the regression analysis are given in 
Tables 6 and 7.  


However, when Taft’s E, in equation (4) and Char- 
ton’s u in equation ( 5 )  were replaced with AAER, a bet- 
ter regression analysis result was obtained by equations 
(6) and (7). 


(6) 
(7) 


The parameters of these correlation analyses are given 


log k(1) = ~ A A E R  + pu* + C‘ 
log k(2) = ~ A A E R  + pup + c 
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Table 5. Log k and AAER values of 1 and 2 (energy unit kcalmol-' 
~~ ~~~ 


R group 
Temperature 


Compound Parameter CC) Me Et n-Pr i-Pr n-Bu i-Bu s-Bu n-Hex n-Oct n-Dod 


1 AAER 0.0 0.226 0.223 1.96 0.222 0.643 1.85 0.223 0.223 0.223 
Log k 70 2.53 1.92 1.79 0.794 1.77 1.65 0.822 1.76 1.74 1.69 


80 2.28 1.68 1.58 0.572 1.55 1.37 - 1.55 1.54 - 
90 2.03 1.39 1.26 0'274 1.25 1.09 - 1.22 1.21 - 


2 A U R  0.0 0.0 - 0.413 0.0 0.0 0.476 0.0 0.0 0.0 
Log k 60 2.25 - 1.32 2.10 1.95 - 2.09 2.04 - 


1.98 - 1.02 1.81 1.64 - 1.79 1.76 - 70 
80 2.37 1.68 - 0.644 1.44 1.26 0.417 1.43 1.35 1.32 


_- 
- 


Table 6. Linear regression analysis of log k with AAER (log k = ~ A A E R  + c) 


No. Compound Temperature ("C) s C Y n CL (To) 


1 1 
2 1 
3 1 
4 2 
5 2 
6 2 


70 - 0.653 2-03 0-922 10 99.9 
80 -0.707 1.84 0.917 8 99.9 
90 -0.675 1.53 0.880 8 99.0 
60 - 1.85 2.09 0.955 6 99.0 
70 - 1.88 1.80 0.945 6 99.0 
80 - 2.33 1.55 0.804 9 99.0 


Table 7. Results of correlation analysis with equations (6) and (7) 


C r n 6 s o  SS S C  7, T& T C  R CL (To) NO. p 
~ ~~~ 


1 4.27 -0.429 2.47 0.448 0.0365 0'0350 9.53 -11.8 46.7 0.995 10 0.0499 99.9 
2 3.94 -0.500 2.22 0.550 0.0501 0.0620 7.16 -9.98 35.9 0.993 8 0.0538 99.9 
3 4.52 -0'437 1.97 0.565 0.0515 0.0636 8.01 -8.49 31.0 0.992 8 0.0552 99.9 
4 1.07 -1.72 2.54 0'391 0.187 0.169 2.72 -9.19 1.5'0 0.987 6 0'0479 99.9 
5 1.18 -1.73 2.30 0.452 0.216 0'196 2.60 -8-00 11-7 0.984 6 0.0553 99.9 
6 2.40 -1.43 2.48 0.288 0.222 0.119 8.34 -6.46 20.9 0.986 9 0'0889 99.9 


in Table 6. The experimental data in Table 6 showed 
that all the correlation coefficients exceed 0.98. The 
T-test, T, and Ta values, indicated that substituent and 
solvation effects are very important for log k .  For sets 
1, 2 ,  3 and 6 the weight of u* or up is almost the same 
as the weight of BAAER, but for sets 4 and 5 ~ A A E R  has 
a much greater contribution than a. 


EXPERIMENTAL 


IR spectra were obtained on a Shimadzu 440 spec- 
trometer, the sample being prepared as a liquid film. 'H 
NMR spectra were recorded on a Varian EM-360L spec- 
trometer, using carbon tetrachloride as solvent and 
TMS as internal standard. 3'P NMR spectra were ob- 
tained on a JEOL FX-90Q spectrometer using CDCI3 as 
solvent and 85% H3P04 as external standard. Mass 
spectra were measured on a Finnigan 4021 apparatus. 
Titrations were performed on a Methohm Model 636 
Titroprocesser. 


Determination of rate constant. A dimethyl 
sulphoxide-water (83.3 : 16.7, v/v) solution containing 
0.015 mol diethyl alkylphosphonates or alkyl 
diethylphosphinates and sodium hydroxide was 
prepared at room temperature by shaking the flask 
thoroughly in a Jubblo constant-temperature bath 
(precision + 0.01 C). At appropriate time intervals, ali- 
quots were removed and followed by addition of stan- 
dard hydrochloric acid solution to  retard the hydrolytic 
reaction. The residual acid was then back-titrated with 
standard sodium hydroxide solution and the concentra- 
tion of phosphorus ester was thus calculated. The sec- 
ond rate constants at various temperature were obtained 
both by graphical analysis and by calculation utilizing 
the least-squares method. 


Diethyl alkylphosphonates and alkyl diethylphos- 
phinates were synthesized by standard models. 5324.25  
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ABSOLUTE HARDNESS AND AROMATICITY: MNDO STUDY OF 
BENZENOID HYDROCARBONS 


ZHONGXIANG ZHOU* AND HIMANSHOO V. NAVANGULT 
Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27599, U.S. A.  


Absolute hardness calculated by the MNDO method has been shown to be a good measure of aromaticity for 14 
benzenoid hydrocarbons. Comparisons among hardnesses at different levels of approximation are given. The 
parallelism of the aromaticity and hardness concepts in benzenoids i s  elaborated. 


INTRODUCTION 


The characterization and quantification of aromaticity 
have long been goals of both physical and organic 
chemists. The aromaticity of a molecule can be con- 
sidered as the complex of properties associated with the 
cyclic conjugation in the molecule. Among many facets 
of aromaticity, high stability, low reactivity and sus- 
tained induced ring current are the most important 
characteristics for aromatic compounds. Therefore, it 
has been possible to quantify aromaticity by empha- 
sizing one or the other of these three aspects’. lo (note 
that the definition of resonance energy in this paper has 
a different sign convention from the original definition 
of Dewar and de Llano’). There exist unified theories 
which characterize more than one aspect of 
aromaticity. 
have shown that absolute hardness and relative hard- 
ness can also well serve as measures of aromaticity 
because they also unify, at least in principle, the three 
main aspects of aromaticity mentioned above. 


In this paper we calculate absolute hardness at the 
MNDO level ( ~ M N D O )  for some selected benzenoid 
hydrocarbons and use it as a measure of aromaticity in 
comparison with hardnesses calculated using two other 
levels of approximation: HMO hardness ( ~ H M O )  and 
experimental hardness ( 7 ~ ~ ~ ) .  We then discuss the cor- 
relation of hardnesses with other criteria of aromati- 
city, such as Dewar’s resonance energy per a-electron 
(REPE) [REPE(D)] , * Hess and Schaad’s REPE 
[REPE(HS)] and Aihara’s4 and Gutman ct a/.’s5 
REPE (or topological REPE: TREPE). Finally, we 


l4 Recently, Zhou and co-workers 


attempt to  establish hardness as a measure of aromati- 
city that unifies the three main aspects of aromaticity 
concept. 


CALCULATION OF ABSOLUTE HARDNESS AT 
THE MNDO LEVEL 


Absolute hardness, TJ, is defined asI5 


TJ=-l (5%) 
2 a N 2  u 


where E is the electronic energy, N is the number of 
electrons and u is the external potential. The corres- 
ponding finite difference equation is 


TJ = ( I -  A)/2 (2) 
where I is the ionization potential and A the electron 
affinity. If molecular orbital theory is used,I6 the 
absolute hardness can be defined as 


17 = (ZLUMO - E H O M 0 ) / 2  (3) 
where c, are the orbital energies. We shall use equation 
(3) as our operational equation. 


The standard AMPAC package” was used to  calcu- 
late TJ and the geometric optimization procedure (with 
restriction of planarity) was employed for all the mol- 
ecules considered here. The initial geometries were set 
up assuming all rings to be hexagons and all angles to 
be 120°, and with the following fi?ed values of bond 
lengths: a!l C-C bonds, r = 1.39 A ;  all C-H bonds, 
r = 1.08 A .  The output PLUM0 and &HOMO gives VMNDO 
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Table 1. Hardnesses and REPEs for selected benzenoid hydrocarbons 


No. Compound VHMO a VMNDO VExp T R E P E ~  REPE(HS)e REPE(D)‘ 


I Benzene 
2 Naphthalene 
3 Anthracene 
4 Naphthacene 
5 Pentacene 
6 Hexacene 
7 Biphenyl 
8 Phenanthrene 
9 Pyrene 


10 Benzo [c] phenanthrene 
1 1 Benz [a]  anthracene 
12 Chrysene 
13 Triphenylene 
14 Perylene 


1.000 
0.618 
0.414 
0.295 
0.220 
0.169 
0.705 
0.605 
0.445 
0.568 
0.452 
0.520 
0.684 
0.347 


4.879 
4.121 
3.603 
3.268 
3.034 
2.869 
4.143 
3.999 
3.568 
3.812 
3.641 
3.771 
3.974 
3.348 


3.985 
3.430 
2.900 


3.805 
3 -570  
3.825 
3.415 
3.795 
3.955 


0.046 
0.039 
0.034 
0.031 
0.029 
0.027 
0.042 
0.039 
0.037 
0.038 
0.036 
0.038 
0.041 
0.037 


0.065 
0.055 
0.047 
0.042 
0.038 


0.060 
0.055 
0.051 
0.053 
0.050 
0.053 
0.056 
0.048 


0.145 
0.132 
0.114 
0.101 
0,091 


0.142 
0.138 
0.114 
0.138 
0.127 
0.138 
0.147 
0.131 


a In - p .  Values are from Ref. 10. 
In eV. Values are calculated by using equation (3) 
In eV. Values are from Ref. 18. 
In p. Values are from Ref. 19. 


‘ In  p. Values are from Ref. 20. 
‘ In  -eV.  Values are from Ref. 2. 


via equation (3). Calculated ~ M N D O  results and ~ H M O ,  


q t X p  and REPEs are reported in Table 1 .  


HARDNESSES AS A MEASURE OF 
AROMATICITY 


Hardnesses at different levels of approximation are 
given in Table 1. Previously ~ H M O  and q~~~ were shown 


to correlate well with both TREPE and REPE(HS). l4 
Figure 1 demonstrates that hardnesses at different levels 
of approximation are linearly correlated. The results 
shown in Figure 2 demonstrate that ~ M N D O  serves well 
as a measure of aromaticity. The correlation between 
~ M N D O  and TREPE or  REPE(HS) is linear. It is clear 
from Figure 2 that the harder the cyclic conjugated 
molecule, the more aromatic it is. The correlation of 


I 


,. 
d 


3 5  
X 


Ln 
Ln 
W 
Z 
O 
K < 
I 


2 


I 


HARDNESS (MNDO) 


Figure 1. Correlation of VMNDO (in eV) with V H M O  (in - p )  and V E ~ ~  (in eV). ( 0 )  HMO hardness; ( ) experimental hardness. The 
straight lines are the corresponding linear least-square fits. For compound numbers, see Table 1 
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____( 
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HARDNESS (MNDO) 


Figure 2. Correlation of ~ M N D O  (in eV) with REPE (in P ) .  ( 0 )  TREPE; ( ) indicate REPE(HS). The straight lines are the 
corresponding linear least-square fits. For compound numbers, see Table 1 
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Figure 3 .  Correlation of Dewar REPE (in --eV) with TJHMO (in - P ) ,  T J F ~ ~  (in eV) and TJMNI)O (in eV). ( 0 )  HMO hardness; ( ) 
experimental hardness; ( A  ) MNDO hardness. For compound numbers, see Table 1 
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REPE(D) with hardness is not always as good as 
TREPE or REPE(HS). However, for some particular 
types of molecules, it can be very good. Figure 3 shows 
the correlation of REPE(D) with ~ H M O ,  ~ M N D O  and 
for acenes. Again, in all cases harder implies more aro- 
matic. This agrees with the known fact that acenes show 
decreasing stability as the number of rings increases. 
Hence the MNDO calculations here are in complete 
agreement with the previous results. l 4  


About 25 years ago Clar2’ noted that highly colored 
benzenoid hydrocarbons are generally less stable. Hess 
and Schaad” even plotted their REPE vs the p band of 
benzenoid hydrocarbons and found a very good linear 
correlation. The p band is due to  an electron transition 
from the HOMO level to  the LUMO level. The tran- 
sition energy (AE, )  of the p band is related but not 
equivalent to  twice the hardness because of the 
electron-electron repulsion. As an approximation, if 
we neglect electron-electron repulsion or assume that it 
remains the same for different numbers of electrons, we 
find that hardness is 0-SAE,.  Hence the linear correla- 
tion of REPE(HS) with AE,  shown by Hess and 
Schaad 2o really reveals the correlation of REPE(HS) 
with hardness. 


It should be noted that equation (3) assumes the vali- 
dity of Koopman’s theorem for both ionization poten- 
tial and electron affinity. I6 This introduces some errors 
because of the neglect of the rearrangement of the elec- 
tron distribution. However, these errors partiany cancel 
each other when equation (3) is used to  calculate hard- 
ness. It seems that the differences among hardnesses are 
mainly due to the different treatment of the electron- 
electron interactions in different calculation schemes. It 
is interesting that the linear least-square fit of ~ H M O  to  
either ~ M N D O  or T ) E ~ ,  gives p, the resonance integral, 
with a value of about - 2.5 eV. This value is compar- 
able to  those obtained by other methodsz2 (note that the 
0 value from the 9 value fitting should be the average 
of 0 values from the ionization potential fitting and the 
electron affinity fitting). 


HARDNESS AS A UNIFYING MEASURE OF 
AROMATICITY 


Zhou and ParrI4 have recently argued that relative 
hardness is a parallel concept to  aromaticity because it 
measures in principle the three main aspects of aromati- 
city. Here we elaborate the conclusion that hardness 
measures the sustained induced ring current effect of 
an aromatic compound. For simplicity we consider 
the effects of sustained induced ring current on 
the diamagnetic susceptibility x of a species. The 
z-component of the diamagnetic susceptibility x for a 
molecule can generally be written as23 


where N is Avogadro’s number, m, is the z-component 
of the angular momentum, 1 n > are eigenstates of the 
molecule and En are the corresponding energies, where 
the subscript 0 corresponds to  the ground state. The 
first summation in equation (4) is over the electrons and 
the second is over all excited eigenstates. The effects of 
the induced ring current on xr of an aromatic com- 
pound are contained in the second term of equation (4). 
This can be seen from the following argument. 24 For a 
free atom, the second term in equation (4) equals zero, 
which represents a maximum induced circulation cur- 
rent. In a molecule the existence of the other atoms will 
resist this induced circulation current. The second term 
of  equation (4) represents this resistance. Other things 
being equal, this resistance is inversely proportional to 
the induced ring current in a cyclic conjugated mol- 
ecule. Therefore, this resistance is smaller for an aro- 
matic molecule than for its acyclic analog, and larger 
for an antiaromatic molecule than for its acyclic 
analog. This is in accordance with the hardness index of  
aromaticity. Applying the Unsold approximation2’ to 
the second term of equation (4) we arrive at a common 
denominator of energy gap A which is roughly pro- 
portional to  hardness. The harder the compound is, the 
smaller the second term of equation (4) will be. This 
implies that for a cyclic conjugated molecule harder 
means more aromatic. 
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P-SECONDARY DEUTERIUM ISOTOPE EFFECT AND SOLVENT 
ISOTOPE EFFECTS IN CATALYSIS BY SUBTILISIN BPN ‘ 


ILDIKO M. KOVACH,* SON DO AND RICHARD L. SCHOWEN 
Universily of Kansas, Center for  Biomedical Research, 2099 Conslant Avenue, Lawrence, Kansas 66045-21 I2, USA 


Subtilisin BPN ’ catalyzes the hydrolysis in protium and deuterium oxides of ~ N O ~ C ~ H ~ O C O C L ~ N H C O Z C H Z C ~ H ~  
(L = H, D) in the pH(D) range 5.0-8.5 (HzO) and 5.4-9.0 (DzO), according to simple Michaelis-Menten kinetics. 
The parameter k,.,/K,,, exhibits pH(D) inflection points of 7.17 f 0.05 (HzO) and 7.69 f 0.08 (DzO), and kcal shows 
6.88 f 0.05 (HzO) and 7.50 k 0.07 (DzO). The ‘normal’ ApK values of 0.5-0.6 indicate no unusual effects of D 2 0  
on enzyme properties. The solvent isotope effects (HzO/DzO) on the limiting values of the rate constants at high 
pH(D) are 1-13 & 0.07 for k,,/K, and 1-29 2 0.05 for kcat. These small effects indicate no more than minor con- 
tributions of general acid-base catalysis for rate-limiting events for either k,.,/K, or k,.,. The &deuterium secondary 
isotope effects (2H/2D) are roughly estimated by extrapolation as 0.95 f 0.01 for k,.,/K,, corresponding to substan- 
tial tetrahedral character in the transition state, and 1-03 f 0.03 for k,.,, consistent with no tetrahedral character. 
Models consistent with these results have as rate-limiting events for k,.,/K, nucleophilic attack by active-site im- 
idazole and for k,.,, among other possibilities, the release of carboxylate product from the imidazolium form of the 
enzyme. 


INTRODUCTION 


The participation of general acid-base catalysis in the 
catalytic action of serene proteases can be investigated 
by the use of solvent isotope When an 
exchangeable proton is involved in acid-base catalysis, 
reactions are commonly 2-4 times faster in HzO than in 


P-Deuterium secondary isotope effects (@DIE) can be 
used to probe the related question of how much re- 
hybridization has occurred in the carbonyl group of the 
substrate at the catalytic transition state. 5 - 8  In the for- 
mation of the expected quasi-tetrahedral transition state 
for acyl transfer, hyperconjugation from the P-CH(D) 
bonds into the carbonyl ?r orbital is reduced. This leads 
to an increase of electron density in the P-CH(D) bonds 
and to a strengthening of the bonds, and thus to an in- 
verse isotope effect.’ For PDIEs, a limiting value of 
k(H)/k(D) = 0-955 per deuterium can be estimated 
from the equilibrium effect for ketone hydration, 
where a completely tetrahedral structure is achieved in 
the product. Transition states with intermediate degrees 
of rehybridization are expected to show intermediate 
isotope effects. A quantity 4 can be defined5 by equa- 
tion (1) to relate, at least roughly, the measured PDIE 
[ k(H)/k(D)] to the extent of tetrahedral character 
developed at the transition state: 


Dz0. 


k(H)/k(D) = [K(H)/K(D)I 4 (1) 
where K(H)/K(D) is 0.955 per deuterium. 


*Author for correspondence. 


0894-3230/90/040260-06$05 .OO 
@ 1990 by John Wiley & Sons, Ltd. 


Similarly, f values may be obtained from a-D 
isotope effects in acyl transfer reactions of formyl 
substrates. f values calculated from a-D and from 
P-D effects in similar acyl-transfer reactions agree with 
each other. ’*’ In the model reactions most relevant for 
enzyme-catalyzed acyl transfer, 4 values are between 
0.58 and 0.66 for four cases of protolytically catalyzed 
attack of water on ester carbonyl. For deacylation for 
chyomtrypsin and elastase, various substrates yield f 
between 0.21 and 0 ~ 8 4 . ~  This paper extends these 
studies to the bacterial enzyme subtilisin BPN‘ , which, 
in spite of a preference for hydrophobic side chains at 
the S1 sub-site, has a broad specificity. 


RESULTS 


pH and pD dependence 
For hydrolysis of ~ N O ~ C ~ H ~ O C O C H Z N H C ~ Z  by sub- 
tilisin BPN’, the values of k,,,/Km, kcat and Km at 
various pH(D) are shown in Tables 1 (H2O) and 2 
(D20). 


Some spontaneous hydrolysis occurred and albumin, 
added to stabilize the subtilisin, catalyzed substrate 
hydrolysis to a minor extent. Solvent isotope effects for 
the spontaneous and albumin-catalyzed hydrolyses of 
the substrate were 1.37 2 0.03 and 1.35 2 0.05, 
respectively, and were independent of pH. The data in 
Tables 1 and 2 (which have been corrected and therefore 
refer to the enzyme-catalyzed reaction alone) are 
described by the equation 


k = klimKa/(Ka + a r )  


Received 10 May 1989 
Revised 15 June 1989 







ISOTOPE EFFECTS IN CATALYSIS BY SUBTILISIN BPN' 26 1 


Table 1. Kinetic parametersa for solvolysis of p- 
N O Z C ~ H ~ O C O C H ~ N H C ~ Z  by subtilisin BPN' at 


25-00 2 0.02 'C and p = 0.27 M~ as a function of pH 


5.00 
5-00 
5.60 
5.62 
6.01 
6.01 
6.40 
6.48 
6.84 
7.23 
7.61 
7.61 
8.02 
8.03 
8.52 


0.986 
1-115 
3.550 
3.278 
9.400 


11.240 
24.800 
29-540 
46.68 
68.33 
90.53 
97.43 
92.08 
99.80 
92.70 


0.444 
0-484 
2.030 
1.820 
4.990 
5.323 


10.40 
17-42 
32.39 
54.10 
79.00 
75.47 


104.30 
100.50 
95.17 


2.22 
2.31 
1.74 
1.80 
1.90 
2.11 
2.39 
1-70 
1.44 
1.26 
0.90 
1.29 
0.88 
0.99 
0.97 


Kinetic parameters were obtained from Eadie-Hofstee plots and all 


With KHPOI and KzHP04 above pH 6; with CH3C02K (0.1 M) and 
have errors less than f5%. 


KCI below pH 6. 


Table 2. Kinetic parametersa for solvolysis of p- 
N O ~ C ~ H ~ O ~ C C H ~ N B C ~ Z  by subtilisin BPN' at 


25.00 ? 0.02 'C in D20 and p = 0.27 M~ as function of pD 


PD 


5.40 
5.40 
6.50 
6.50 
6.92 
7.35 
7.35 
7.85 
8.08 
8.12 
8.54 
9.02 


kcat (s - ' )  


0.623 
0.587 
6.030 
7.290 


17.72 
28.30 
31.85 
53.60 
64.50 
76.20 
76,17 
75.30 


1 0 - ~ k , , , / ~ ~  (Imol- 's- ' )  1 0 4 ~ ,  (M) 


0.479 1.31 
0.572 1.03 
5.700 1.06 
5.90 1.24 


11.77 1.50 
21-41 1-34 
29.00 1.10 
45.60 0.81 
84.37 0.76 
72.55 1.05 
83.18 0.92 
85.78 0.88 


a.b  See footnotes to Table 1 .  


where klim is the limiting value of the particular rate 
constant, Ka is an apparent ionization constant and UL 
is the hydrogen-ion activity expressed in molar units for 
both HzO and D20. 


Nonlinear least-squares fit3 of the data yields the 
following: 


W20) 
( D O  


10-6(kcat/Km)lim = 1 a10 f 0.035 lmol-'s- '  
10-6(kcat/Km)"m = 0.99 ? 0-053 Imol-'s- '  


108Ka=6.81 f 0.82 (HzO) for kcat/Km 
108Ka=2*02 2 0.39 (DzO) for kcat/Km 


(kcat)lim= 103.2 f 2.7 S-' (HzO) 


(kcat)"" = 80.0 f 4.0 S-' (DzO) 
108Ka= 13.0 f 1 . 5  (Hz0) for kcat 
10sKa=3*14 k 0.54 (D2O) for kcat 


The solvent isotope effects in the now customary 
notation are 


(kcat/Km)lim = 1 * 13 f 0.07 DOD 


M)D(kcat)lim = 1.29 ? 0.053 
The values of PKa for kcat/Km are 7.17 2 0.05 (HzO) 


and 7.69 f 0.08 (DzO) and for kcat are 6.88 f 0-05 
(H2O) and 7.50 ? 0.07 (D20). Figures 1 and 2 show the 
pH(D) rate profiles. 


111111111111 
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Figure 1. pL-rate profiles for kcal/Km in the subtilisin 
BPN' -catalyzed hydrolysis of ~ N O Z C ~ H ~ O C O C H ~ N H C ~ Z  
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Figure 2. pL-rate profiles for kcat in the subtilisin 
BPN' -catalyzed hydrolysis of p-NO2CsH4OCOCH2NHCbz 
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/3-Deuterium isotope effects 
Table 3 gives the mean ratios of initial rates of 
reactions of N O ~ C ~ H ~ O C O C H ~ N H C ~ Z  and 
N02C6H40COCD2NHCbz with subtilisin BPN ’ at a 
series of substrate concentrations. The isotope effect ap- 
peared to be moving towards 1 S O  or larger as the degree 
of saturation increases. It seemed worthwhile to  
estimate the isotope effect at unit saturation [ 2Dkcal] by 
extrapolation, even though it is obvious that the 
estimate will not be very precise. The individual 
measurements have standard deviations of 1-3 - 2 %  and 
it was not possible to make measurements above 44% 
saturation because of the limited solubility of  the 
substrate. 


The observed isotope effects k(2H)/k(2D) can be 
thought ofI3 as weighted averages of the averages of the 
isotope effects on kcat and kcat/Km, as follows: 


1/k(2D) = [ 1/ka1(2D)l + I I /  [Skcat/Km(2D)1 1 (3) 
then, 


where: 


FES = k(2H)/keat(2H) = S / ( S  + K ; H )  
1 - FES = k(ZH)/(kcat/l(,(2H) = Klfi”/(S + K i H  ) 


repeated determinations. Changes of 10% in K ,  (0.20 
and 0-24mM) led to  changes of less than 1% in the 
calculated isotope effects, as expected from the known l4 


insensitivity of this treatment to  the exact value 
employed for Km. 


A linear least-squares regression of the 44 ratios of 
initial velocities at different FES were fitted to equation 
(6) [ a  rearranged form of equation (S)] . 


As already emphasized, FES is limited to  values of 
0.44 and lower and owing to the scatter a t  each FES it 
is therefore not possible to evaluate the extrapolated 
isotope effects on kcat with sufficient confidence to base 
strong mechanistic conclusions on its exact values, 
although the value of 2D(kcat/Km) is obtained with good 
precision. The intercept value at FES = 0 gives the 
isotope effect 2D(kcat/Km) and extrapolation to 
FES = 1 a 0  yields the isotope effect for 2Dkcat. The slope 
of equation (6) gives the difference between the two 
isotope effects and is equal to  +0.080 [standard devia- 
tion (SD) = 0.0361. This indicates at the 95% (or better) 
confidence leve1 that 2Dkcat is larger than 2D(kear/K,). 
(A direct assessment of the significance of this difference 
can be made through statistical F and t tables.” F 
values were 4.95 for 42 degrees of freedom and the lack 
of fit 1 ~ 3 2  for 5 degrees of freedom, which indicates the 
95% confidence level in the goodness of fit. Similarly, 
calculated t values give the 96.5% confidence level if the 
slope is allowed to take positive or negative values and 
the 99% confidence level i f  the slope can have only 
positive values.) The isotope effects obtained from the 
intercepts are 2D(kcat/Km) = 0.947, SD = 0.012, and 
2Dkcat = 1.03, SD = 0.03. These experiments were con- 
ducted a t  p H  6-00, where the correction for background 


Note that the factor FES depends on K ,  for  the pro- hydrolysis was less than 1%. The @DIE for the non- 
tiated substrate o d y .  l4 In the following treatment, K ,  enzymic hydrolysis of ~ N O ~ C ~ H ~ O C O C L ~ N H C ~ Z  
was taken as 0.22 mM, a mean value which we have at pH 6-00 in 0.2 M phosphate buffer was 
established to within a standard deviation of 8 %  by 2Dk = 0.939 2 0.013. 


Table 3. Secondary isotope effects for pN02C6H4OCOCH2NHCbz. as a function of 
substrate concentration for subtilisin BPN‘ at pH 6.00, p = 0 . 2 7  M and 


25.00? 0.02”C“ 


lo4 [ NOLC6H40COCLZNHCbzl (M) F E S ~  k(2H)/k(2D) Number of ratios 


0.439 
0.658 
0.877 
1.096 
1.316 
1.535 
1.754 


0.166 0.957 2 0.020 10 
0.230 0.969 2 0.020 7 
0.285 0.982 2 0.025 4 
0.333 0.963 2 0.032 6 
0.374 0.991 2 0.023 5 
0.411 0.985 ? 0.032 5 
0.444 0.979 2 0.010 7 


’Phosphate buffer, 0.20 M; subtilisin, 9.93 x 
hFraction of enzyme saturated = [S] / (K, , ,  + [S l ) ;  K ,  = 0.22 mv 


M. 
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DISCUSSION 


pH and pD dependence for kcat/& and krat for 
subtilisin BPN ' with p-NO2CaH40COCH2NHCbz 


The pK value from the pH-rate profile for k,,,/K, in 
HzO, 7.17 t 0.05, is in good agreement with a value of 
7.15 reported for subtilisin BPN' with various 
substrates by Philipp et PolgarI7 found 7.20 for 
subtilisin Carhberg with ~ - N O ~ C ~ H ~ O C O C H Z N H C ~ Z .  
Our pK value in DzO is 7.69 ? 0.08, yielding a differ- 
ence between HzO and DzO of ApK = 0.52 ? 0.09. The 
results for k,,, (6.88 k 0.05 in HzO, 7.50 k 0.07 in 
DzO) give ApK = 0.62 f 0.09. These values approxi- 
mate the expected'* solvent isotope effect for ionization 
of an acid in this pKa range. They indicate that neither 
the free enzyme (the ionizing entity for kcat/Km) nor the 
acyl enzyme (probably the ionizing entity for kcat, for 
which deaclyation is likely" to be rate determining with 
this substrate) undergoes any unusual structural altera- 
tion in D20. This in turn means that the solvent isotope 
effects on the limiting values of kcar and kCat/K, ought 
to  be directly interpretable in mechanistic terms without 
reference to possible conformational or other changes 
induced by DzO. The effects of 1.1-1.3 are much 
smaller than other serine proteases exhibit when general 
acid-base catalysis is important in the rate-determining 
steps.'-4 Then DoDk is typically 2 .4  or greater. The 
small effects observed here therefore suggest that such 
catalysis is at best a minor component of the rate- 
limiting process. 


&Deuterium isotope effects 


The isotope effect on  k,,,/Km is 0.95, which corresponds 
to  substantial tetrahedral character ( f  = 0.6). This 
kinetic term corresponds to  acylation, and whereas it 
would not be surprising for carbonyl attack to be rate 
limiting for acylation (consistent with f = 0.6), it is 
striking that the attack does not seem to be general 
acid-base catalyzed [ DoD(kcal/K,) = 1 - 1 ] . A small sol- 
vent isotope effect (1.23) was also reported for kcat K,  
of this same substrate with subtilisin Carlsberg. '7~20 


Five aryl esters of N-(methoxycarbony1)-L-Phe, that 
satisfy the preference of subtilisin BPN' a t  the SI sub- 
site, l9 were studied recently by Matta and AndrackL2' 
Their kinetic data seem to indicate the initial steps to  be 
rate determining at low substrate concentration without 
noticable sensitivity to  the nature of the leaving group. 
The solvent isotope effects for the kca,/Km term are 
small, 0 .9  -+ 1 . 3  for leaving groups with electronic pro- 
perties between p-nitrophenyl and p-methoxylphenyl, 
whereas Matta et nl. 22 reported solvent isotope effects 
of 2-3 for the same enzyme and other phenyl esters. All 
these processes, however, follow the same p H  depen- 
dence corresponding to  the uncomplexed enzyme. 
Matta and Andracki*' interpreted their data by pro- 
posing an isotopically insensitive step, a conformational 


change, to be rate determining in the course of acylation 
of the aryl esters of N-(methoxycarbony1)-LPhe. 
A rate-limiting conformational change by itself 
cannot explain the acylation of subtilisin BPN'  by 
N02C6H40COCH2NHCbz, since it would not be 
consistent with the approximately 60% tetrahedral 
character derived from the 0-deuterium isotope effect 
on kcat/Km. 


The variation of solvent isotope effect with substrate 
structure suggests that the involvement of rate-limiting 
general catalysis in these systems is a sensitive function 
of substrate structure. Earlier  investigator^^^ suggested 
that certain substrates exhibiting small solvent isotope 
effects in their reactions with chymotrypsin were 
undergoing a nucleophilic attack on substrate carbonyl 
by histidine rather than serine. A later rearrangement 
to  the acylserine species would then permit normal 
behaviour in deacylation. Such an attack by histidine, 
without general catalysis, could explain the presence of 
a PDIE and the absence of a solvent isotope effect for 
kca1/K, in the present case. A mechanism involving 
nucleophilic attack by histidine instead of general base 
catalysis could probably be promoted by a different 
conformational arrangement to  that which is occurring 
with substrates that more nearly mimic the natural 
substrates. When activated esters with good leaving 
groups are involved, nucleophilic attack by histidine 
may be preferred over the histidine-catalyzed attack by 
serine. 


The k,,, process which, as already mentioned, 
presumably represents deaclyation, exhibits neither a 
solvent isotope effect of a magnitude consistent with 
general catalysis nor a 6-D effect indicative of other 
than trigonal carbonyl. Any number of models may fit 
the data; obvious ones involve conformational changes. 
One possibility is that a product-release step, which is in 
effect an ion-pair dissociation, limits the rate: 


A small normal 6-D isotope effect similar to  that on car- 
boxylic acid ionization and related reactions (about 1070 
per deuterium)'." would be expected in this case. 


The overall picture for ~ - N O ~ C ~ H ~ O C O C H ~ N H C ~ Z  
with subtilisin BPN' is therefore one in which an 
unusual mechanism of acylation may be involved, and 
in which an unusual step in deaclyation may limit the 
rate. These facts are particularly striking in view of the 
large magnitude of catalysis being effected: kcat/Km is ca 
lo6  I mol-'s- '  (1500 fold greater than the second-order 
rate constant for hydroxide attack), while kcar is 
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102s- ' .  These are among the largest parameters each 
reported for phenyl ester substrates of subtilisin 
Carlsberg. l9 One possible factor which might be at 
work in the acylation step is insertion of the p-nitro- 
phenyl group into the 'specificity pocket' of the active 
site. This could maintain strong transition-state binding 
while producing nucleophilic attack by the wrong func- 
tional group. 


EXPERIMENTAL 


Materials and solutions. Buffer salts and solvents 
were as described previously.' The acquisition and syn- 
thesis of ~ - N O ~ C ~ H ~ O C O C L ~ N H C ~ Z  (L = H ,  D) has 
also been reported previously. Subtilisin BPN'  Type 
VII (E.C. 3.4.21.14) was obtained from Sigma as a 
crystallized and lyophilized powder with an indicated 
activity of 12-2 unitsmg-I. A 7 X M stock solu- 
tion of subtilisin in 70% glycerol and 30% $l*2 M 
phosphate buffer (pH 6 .5 )  was stored at  -70 C in 
small vials. Active-site titration of the stock solution 
showed the commercial material t o  be 90 2 2% active 
subtilisin. Dilutions of this stock solution with the ap- 
propriate buffer were made fresh for each experiment. 
To  stabilize enzyme stock solutions further through a 
working period, 1 mgml-I of bovine serum albumin 
was added to the diluted enzyme stock solution. 
Phosphate buffers were used in calculated concentra- 
tions (0.09-0.20 M) to give an ionic strength of 0.27 M 
in all runs. Acetate buffer ( p  = 0.27 with KCl) was used 
at  pH = 5 .O. 


Kinetic procedures. All reaction rates were measured 
spectrophotornetrically under zero-order conditions. 
Reactions were monitored at 347.5 nm, the isosbestic 
point of p-nitrophenoxide and p-nitrophenol. The 
molar absorptivity was determined from seven solutions 
buffered at pH 2-12. A Beer's law plot constructed 
from data at pH 7-00 gave a molar absorptivity of 
5500 5 99 lmol- 'cm-l  for p-nitrophenol and p- 
nitrophenoxide and 330 ? 19 lmol- lcm- '  for the ester. 
There is evidence for the lack of solvent isotope effect 
on the molar absorptivity of p-nitrophenoxide. To 
obtain optimum reproducibility, all components of the 
reaction mixture were mixed and then pipetted into 
cuvettes. Buffer was added to  bring the total volume to  
1 ml, including the volume of an aliquot of substrate 
stock solution in acetonitrile. Solutions were brought to  
thermal equilibrium in a jacketed cell holder in the cell 
compartment of a Cary-16 or Cary-118 spectrophoto- 
meter. The temperature was maintained by water cir- 
culated from a Lauder 4KR bath, was monitored by a 
digital thermometer and was recorded electronically 
from a thermistor probe in an adjacent cell. Injection of 
50 pl or less of a 3 x M solution of the substrate in 
acetonitrile initiated the reaction. Runs of isotopic 
substrates were conducted in alternation at  each 


substrate concentration. Rates in HzO and D2O were 
measured with use of the same enzyme stock solution at 
each pH,  within 48 h of each other. Data acquisition 
and analysis methods are detailed elsewhere. 


Background correction. The total velocity in a par- 
ticular isotopic solvent mixture, VT, is the sum of 
enzymic ( VE ) and non-enzymic ( VN ) contributions. The 
background reaction was assumed to be first order in 
substrate: 


v T =  v E +  v N =  v E + k o b s [ S ]  


Values of kobs were determined in the absence of enzyme 
and under conditions identical with those of the enzymic 
reactions of interest including the presence of albumin 
in the appropriate concentration (3% of a 1 mgml-I 
solution). The magnitude of the correction reached 20% 
at  p H  8.5 and dropped below 1% at pH 6.5. 


Nonlinear least-squares fit of the parameters from 
Tables 1 and 2 was performed by the use of 
BMDPAR.25 
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RATES OF HYDROGEN EXCHANGE AND KINETIC ISOTOPE 
EFFECTS IN THE REACTION OF 


TOLUENE SOLUTION: ABSENCE OF INTERNAL RETURN 
p-NITROPHENYLNITROMETHANE WITH AMINE BASES IN 


A. J .  KRESGE* AND M. F. POWELL 
Department of Chemistry, University of Toronto, Toronio, Oniario M5S I A  I ,  Canada 


Rates of loss of tritium from p-nitrophenylnitromethane-cY-t in toluene solution catalyzed by a series of amine bases 
show that hydrogen exchange in this system occurs at the same rate as ionization of the carbon acid, and that internal 
return is  not taking place. This substantiates a previous suggestion that very large deuterium isotope effects reported 
for some of these reactions and attributed to extensive tunnelling were determined under conditions where the isotopic 
label was being lost and are therefore artifacts. This study provides isotope effects which are generally much smaller 
than those reported previously, but some tunnelling may still be taking place in some of these reactions. 


INTRODUCTION 


Quantum mechanical penetration of an energy barrier, 
or tunnelling, is more probable for light than for heavy 
particles, and it can therefore produce kinetic isotope 
effects that are larger than those predicted by semi- 
classical isotope effect theory. ' Such veryo large isotope 
effects, some as great as k ~ / k ~  = 50 at 25 C,  have been 
reported for hydron transfer from the carbon acid 
p-nitrophenylnitromethane to  a series of amine bases in 
non-polar solvents, giving ion-pair products:2 


N02C6H4CH2N02 + B * NOzC6H4CHN02HB' (1) 


Since isotope effects as large as this exceed by a con- 
siderable margin the maximum value that can be at- 
tributed to complete loss of all of the zero-point energy 
of  a carbon-hydrogen bond, these large isotope effects 
soon came to  be regarded as good evidence for quantum 
mechanical tunnelling at a time when convincing 
evidence for this phenomenon in proton transfer reac- 
tions was rare. 


Reinvestigation of some of these reactions, however, 
revealed deviations from expected kinetic behavior 
which could be attributed to  loss of isotopic label from 
the deuterated substrate through exchange with adven- 
titious protium. Detailed kinetic analysis taking such 
exchange into account lowered the large isotope effects 
to values within the limits of semi-classical theory.3 


This criticism of the original work was countered4 by 


the argument that rates of hydrogen exchange in these 
systems were not known, and internal r e t ~ r n , ~  which 
occurs in some carbon acid ionization reactions, could 
well make exchange much slower than proton transfer. 
In that case, the isotopic integrity of the deuterated 
substrate would be maintained. It was further proposed 
that the kinetic deviations that were observed might be 
explained as an influence of adventitious water, which 
is very difficult to  keep out of some of the systems used; 
this might affect the rate law without changing the 
isotope effect. If this were so, then the original claim of 
very large isotope effects would stand. 


In order to supply the missing information, we have 
determined rates of hydrogen exchange in these systems 
by measuring rates of loss of tritium from p-nitro- 
phenylnitromethane-a-t. The results we obtained have 
been reported in preliminary form;6 we now describe 
our work in full. 


EXPERIMENTAL 


Materials. p-Nitrophenylnitromethane was prepared 
as reported in the literature' by treating p-nitr.obenzy1 
bromide with silver nitrite. This material was labelled 
with tritium through hydrogen exchange with tritiated 
water. A mixture of 50mg of p-nitrophenylnitro- 
methane, 100 pl of tritiated water (0.1 Ciml-') and 
sufficient 1,4-dioxane to  make a homogeneous solution 
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(ca 1OOpl) was allowed to  stand at room temperature 
for 1 week. The solvents were t@ removed by applying 
high vacuum and heating at 50 C for 24 h. The residue 
was found t o  be pure by gas chromatography. An 
analogous experiment using DzO in place of tritiated 
water followed by examination of the product by mass 
spectrometry and proton and carbon-13 NMR showed 
that isotope incorporation had taken place, as intended, 
only in the methylene group, 


Literature methods were used to prepare 
pentamethylg~anidine~ and n-butyl- and n-nonyl- N, N- 
diethylamidine. l o  All other materials were of the best 
available commercial grades. Amines were purified by 
drying over anhydrous sodium or potassium hydroxide 
followed by distillation under reduced pressure 
(triethylamine and tri-n-butylamine) or preparative gas 
chromatography (tetramethyl- and pentamethylguan- 
idine, n-butyl- and n-nonyl-N, N-diethylamidine, 
1,5-diazabicyclo [4.3.0] non-5-ene and 1,5-diazabicyclo- 
[ 5.4.01 undec-Sene), except for quinuclidine, which 
was purified by vacuum sublimation. Toluene was dried 
and purified by heating ACS-grade material under 
reflux over molten sodium for several hours followed by 
distillation in a dry nitrogen atmosphere. The first and 
last 10% of the distillate were discarded and the middle 
80% was stored under nitrogen in brown bottles. 


Kinetics. Rates of detritiation of p-nitrophenylnitro- 
methane-a-t were measured by radioactive assay of the 
labelled substrate. Solutions of amine catalysts in 
toluene were prepared by weight and molar concentra- 
tions at the reaction temperatures were calculated using 
the known density-temperature relationship for 
toluene. I '  Appropriate volumes, usually 50 ml, of these 
solutions were allowed to  come to temperature 
equilibrium with a constant-temperature bath con- 
trolled to ? 0.02 "C ,  and reactions were then initiated 
by adding 2 pl of p-nitrophenylnitromethane-a-t stock 
solution and shaking the resulting mixtures vigorously. 
At appropriate times, aliquots of reaction mixture were 
removed by volumetric pipette and were quenched in an 
excess of aqueous hydrochloric acid. The toluene and 
aqueous layers were separated, and the toluene layers 
were washed three times with aqueous hydrochloric 
acid, were dried with anhydrous calcium chloride, and 
were assayed for radioactivity by liquid scintillation 
counting. 


p-Nitrophenylnitrornethane concentrations in the 
reaction mixtures were 2.5 x lo-' M,  and concentra- 
tions of the labelled material, p-nitrophenylnitro- 
methane-a-t, were ca times lower. Amine concen- 
trations, chosen to give convenient rates of exchange, 
ranged from M for the slower systems to lo-' M 
for the faster systems. Even so, some of the more reac- 
tive systems required the use of a special sampling 
device, '' which was patterned after a gas-driven rapid- 
operating pipette. l 3  
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Figure 1. First-order plot for the detritiation of p-nitrophenyl- 
nitromethane-cr-f by 9.9 x M tetrarnethylguanidine in 


toluene solution at 5.0°c 


Reactions were followed for 3-4 half-lives and data 
obtained in this way obeyed the first-order kinetic law 
accurately; an example is shown in Figure 1. Observed 
first-order rate constants were obtained by least-squares 
fitting to a linear expression using 'infinite time' 
radioactivities measured after 15 half-lives. 


RESULTS 


First-order specific rates of loss of tritium from p-  
nitrophenylnitromethane-a- t to nine different amine 
bases were determined at 25 ' C  and for three of these 
additional measurements were made at 2-4 other 
temperatures. In each case the base concentration was 
varied, generally by a factor of five, and 4-6 different 
concentrations were usually used. These data are sum- 
marized in the thesis upon which this paper is based, '* 


p-Nitrophenylnitromethane has two acidic hydro- 
gens, but, at the tracer level of radioactivity used, the 
concentration of doubly tritiated molecules is negligibly 
small and only the singly labelled substrate, RHT, need 
be considered. This substance can reach in either one of 
two ways, by transferring a triton or by transferring a 
proton: 


/ R H - T B +  
RHT + B\RT-HB+ 
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The latter reaction is a 'dead-end' process which puts 
tritium into a non-exchanging position, and it will not 
contribute to  the rate of loss of tritium directly. It will, 
however, provided it occurs to  a significant extent, 
deplete the concentration of RHT and affect the rate of 
detritiation indirectly. 


This dead-end reaction involves the transfer of pro- 
tium, whereas that leading to  exchange involves transfer 
of tritium; the dead-end reaction will therefore be faster 
than exchange by a tritium isotope effect. Isotope effects 
on these reactions are large (see below), and this rate 
difference will therefore be appreciable. Since the ion 
pairs are formed reversibly, this dead-end reaction will 
also be reversible, and formation of the dead-end ion 
pair can consequently be treated as a rapidly established 
non-productive side-equilibrium: 


R T - H B ' C  , R H T + B  RH-RTB' kr 


(3) 
This conclusion is supported by calculations involving 
numerical integration of the differential form of the rate 
law using values of the necessary parameters (rate and 
equilibrium constants and isotope effects) consistent 
with experimental observation." The rate law for such 
a process is 


k o b s = k ~ [ B ] / ( l  + K [ B I )  (4) 
It predicts that the exchange reaction will show base 
catalysis at low [ B] , with kobs directly proportional to 
[ B] , but, as [ B] increases, this catalysis will diminish 
and eventually will become saturated. As Figure 2 
shows, this proves to  be the case experimentally. 


The relationship of equation (4) can be linearized by 
taking reciprocals of both sides. This leads to the 
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Figure 2. Relationship between tetramethylguanidine concen- 
tration and observed rate constants for the detritiationoof 
p-nitrophenylnitromethane-a4 in toluene solution at 5 .O C 
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Figure 3 .  Reciprocal plot of the data shown in Figure 2 


equation 


I / kob ,  = W/kT ) + l / k ~  [ Bl ( 5 )  
which predicts that a plot of I/koh, vs l / [ B ]  will be 
linear and that both kT and K may be evaluated from the 
slope and intercept of such a plot. Figure 3 shows that 
this relationship is also obeyed. Least-squares analysis 
of the data gives (k&s)-l = (3.86 ? 0.14) x 10 + (9.04 
? 0.32) x IO-'[B] - I ,  from which k ~ =  (slope)-' = 
1 1 . 1  ? 0 . 4 K 1 s - '  and K = (intercept)/(slope) = 


427 k 22 M - I .  If, as seems probable, there is little or no 
isotope effect on ion pair formation, i.e. if the two ion 
pairs shown in equation (3) are formed in similar 
amounts, the equilibrium constant K should be equal to 
half of the ion-pair formation constant for the system: 
K = K1p/2.  Such ion-pair formation constants have been 
measured, ' and that for the process under discussion is 
KIP,= 839 M (This value was calculated from A H o  and 
A S  for ion-pair formation determined from spec- 
trophotometric measurement of KIP over the 
temperature range 10-30 O C Z b ) ;  this makes 
KIP/2 = 420 M - ' ,  which is in very good agreement with 
the value of K determined from the data in Figures 2 
and 3. 


This analysis presumes that the triton transfer step in 
equation (3) is not reversible, and that internal return is 
therefore not taking place. An analogous treatment may 
be carried out for a process in which internal return does 
occur. The kinetic scheme for such a situation will have 
the formation of both ion pairs as  rapid and reversible 
steps, and loss of radioactive label from the tritium- 
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transferred ion pair will be rate determining: 


RT H B + (  , R H T + B ,  + 


R H - T B ' k  RH-HB+ (6) 


The rate law for this case is 


kobs=kK[B]/(I + 2K[Bl)  ( 7 )  


A curvilinear relationship between kobs and [B] with 
saturation of base catalysis at high [B] is again 
predicted, as is also a linear reciprocal plot: 


(8) 


However, now the parameters that may be obtained 
from the slope and intercept of the reciprocal plot are 
different; in particular, the intercept divided by the 
slope is now equal to 2K instead of just K as was the case 
for no internal return. Since the definition of K has not 
changed, and K = K1p/2 still holds, 2K = KIP and, if the 
internal return mechanism is correct, the intercept divid- 
ed by the slope should be equal to KIP. The fact that (in- 


l / kob ,  = (2/k) + l /kK[Bl 


tercept) (slope) = 427 ? 22 M - '  is different from Kip = 


nal return is not occurring. Additional support for a 
mechanism without internal return is given below. 


The reciprocal expression of equation ( 5 )  was used to 
analyze the relationship between kobr and [B] for all of 
the amines studied here. In all cases this method deter- 
mined the rate constant kr well; the results are listed 
in Table 1. Statistically significant values of the 
equilibrium constant K, on the other hand, often could 
not be obtained because the reactions were fast, and low 
values of [B]  had to  be used to put kob\ into a 
measurable range; in such situations the product K[B]  
was small compared with 1, and the significant cur- 
vature in plots of kobr vs [ B ] needed to  evaluate K was 
not achieved. However, the accurate determination of K 
was not the purpose of this work. 


For three of the bases, detritiation rate measurements 
were made over a range of temperatures, and Arrhenius 
plots were constructed. The activation energies, Ed,  and 
pre-exponential factors, A ,  so obtained are listed in 
Table 2. 


839 M -  I may therefore be taken as evidence that inter- 


Table I .  Summary of rate constants for detritiation of p-nitrophenyl- 
nitromethane-u-[ by amine bases in toluene solution 


- 


Base 


Tetramethylguanidine 


Triethvlamine 


Quinuclidine 


Tri-n-butylamine 
n-Butyl-N, N-diethylamidine 
n-Nonyl- N, .V-diethylamidine 
Pentamethylguanidine 
1.5-Diazabicyclo [ 4.3.01 non-5-ene 
1,5-DiazabicycIo [ 5.4.01 undec-5-ene 


5 . 0  
15-0  
25.0 
35.0 
45.0 


0 . 4  
15.0 
25.0 


5 .0  
15.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 


11.1 t 0 . 4  
18.6 f 0.2  
30.3 ? 0.5 
41.9 t 0.6  
61.2 t 1.0 


1.31 f 0.03 
2.28 f 0.03 
3.17 t 0.04 


28.1 f 0.6 
45.2 f 0.4 
63.8 t 0.6 


1 1 . 1  t 0.1 
32.8 2 0.1  


0.715+ 0.010 


469 f 2 
3100 5 4 0  
2480 2 3 0  


Table 2.  Activation energies and pre-exponential factors for detritiation of p-nitrophenylnitromethane by 
amine bases in toluene solution 


Base E,/k,,l mol- '  Log A E: - E:/k,,l mol-'" A r /A i~ ' '  


Tetramethylguanidine 7.46 2 0.28 7.22 2 0.20 3.25 5 0.28 5 . 9  t 2.8  
Triethylamine 5.83 ? 0.09 5.08 f. 0.07 1.73 t 0.11 0.92 f 0. I9 
Quinuclidine 6.81 f 0.46 7.11 ? 0.35 1.68 5 0.47 0.99 f 0.81 


"Parameters for protio reaction taken from Ref. Zc. 
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DISCUSSION 


Internal return 


The objective of this work was to determine whether 
hydrogen exchange and carbon acid ionization occur at 
comparable rates in the reaction of p-nitrophenyl- 
nitromethane with certain amine bases in toluene 
solution, or whether exchange is markedly slower than 
ionization, i.e. whether or not internal return is taking 
place in these reactions. This can be accomplished by 
comparing the rates of ionization of  the protio substrate 
measured in previous studies233 (whose values appear to  
be reliable; questions have been raised only about rates 
of ionization of the deuterio substrate) with rates of 
hydrogen exchange measured here. Such a comparison 
should be made using the same isotope of hydrogen for 
both processes, in order to  eliminate the influence of 
isotope effects, and we have therefore translated the 
specific rates of ionization of the protio substrate into 
rate constants for tritium transfer, using tritium isotope 
effects calculated by the Swain-Schaad relationship l4 
from reported deuterium effects. The results are listed in 
Table 3 .  


It may be seen that in no case are rates of ionization 
estimated in this way, ( k ~ ) ~ ~ ~ ,  greater than the rates of 
exchange, ( k ~ ) ~ b \ .  For the first three entries there is in 
fact good agreement between the two kinds of rate 
constant. Therefore, since rates of ionization are not 
higher than rates of exchange, hydron transfer must 
lead directly to  exchange and internal return cannot be 
taking place in these reactions. 


This conclusion, however, would seem t o  be spoiled 
by the last five entries in Table 3 .  These show rates of 
exchange that are significantly faster than rates of 
ionization, which is an impossible situation if exchange 
occurs as expected through hydron transfer from the 


carbon acid to the amine acceptor. However, there is a 
reasonable explanation. If internal return is not 
occurring, then, provided there is a pool of 
exchangeable protium in the reaction medium, the 
deuterated substrate will lose its isotopic label every 
time it ionizes. Such a transformation of deuterio to 
protio substrate is known to depress the observed rate 
constants and lead to erroneously large deuterium 
isotope effects3 This would make the isotope effects 
used in calculating values of ( k ~ . ) ~ ~ ~  too large, and that 
would lead to  artificially small estimates of this rate 
constant. 


Evidence for the existence of the pool of 
exchangeable protium needed for such an explanation 
comes from the very fact that hydrogen exchange does 
take place; i.e. that the tritiated substrate does lose 
radioactivity, as shown, for example, by the kinetic run 
illustrated in Figure 1. In this case, an obvious source of 
exchangeable protium is the N-H bond of the amine 
triton acceptor, present in great excess over the tritiated 
substrate. Some of the amines used here and in the 
earlier studies, 2 r 3  however, have completely alkylated 
basic nitrogen atoms and possess no N-H bonds, and 
yet the labelled substrate loses radioactivity to toluene 
solutions of these amines just as it does to solutions of 
amines which d o  have N-H bonds. There must 
therefore be another source of  exchangeable protium, 
and it is likely that this is adventitious water. Most of 
the anines used in these studies are highly hygroscopic, 
and it is very difficult to keep toluene solutions of these 
substances absolutely dry; we are sure that, despite 
strenuous effects, we were not able to  d o  so. Very little 
water, moreover, is needed to produce the effects 
observed. We estimate, for example, that water 
concentrations of the order of M would be 
sufficient to account for the extents of exchange we have 
seen with amine acceptors possessing no N-H bonds, 


Table 3. Rate constants and isotope effects for the reaction of p-nitrophenylnitrornethane with amine bases in roluene solution at 
25 OC 


Pentamet hylguanidine 
1,5-Diazabicyclo [ 5.4.01 undec-5-ene 
n-Butyl-N, N-diethylamidine 
Tri-n-butylarnine 
Triethylamine 
n-Nonyl- N, N-diethylamidine 
Quinuclidine 
Tetramethylguanidine 


45 OOOd 
270 000' 


685' 
438 


132g 
790' 


22009 
229O9 


14d 
13' 
13' 
149 
1 lg 
8r 


16g 
459 


520 
3200 


9 . 9  
0.48 
2.1 


20 
22 
4.8 


470 48 
3 100 54 


11  31 
0.72 30 
3 .2  21 


33 12 
64 17 
30 38 


14.6 
16.0 
10.8 
10.6 
8.2 
5.6 
7.2 


12.4 


*Observed values reported in references indicated 


'This work 
Ref. 3b. 
Ref. 2f. 


'Ref. 2e. 
Ref. 2c.  


h(kl =kH/Z(kH/kD)' 'Iz 
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and it is reported that water concentrations in the region 
of 1W3 M were frequently found in previous studies 
using “dry” toluene as the solvent.4 Each of these water 
concentrations is many orders of magnitude greater 
than the concentration of isotopically labelled substrate 
generally used, and each therefore represents an 
appreciable pool of exchangeable protium. 


The argument has been advanced that adventitious 
water present in sufficient concentrations will mimic the 
deviations from kinetic behavior previously attributed 
to loss of isotopic label from the deuterated substrate 
through exchange.‘ This claim is based on the 
observation that the strongly basic amines used in these 
studies react with water in toluene solution to  form 
quaternary ammonium hydroxide ion pairs: 


HzO + B S HO-HB’ (9) 


The hydroxide ions so generated, being strong bases 
themselves, will react with p-nitrophenylnitromethane: 


RH2 + HO-HB’ + RH-HB+ + H2O (10) 


and, if this reaction is sufficiently fast, upward 
deviations from a linear dependence of observed rate 
constants on base concentation will result, and perhaps 
even departures from first-order kinetics will occur. 


These arguments should apply both to rates of 
detritiation and to rates of deuteron transfer, but we 
have found no such effects, even with reactions 
conducted in toluene containing deliberately added 
water. Figure 4 illustrates the situation for a water- 
saturated toluene solvent (ca. 0-02 M H2O). ’’ Each of 
the runs shown there was accurately first order, and a 


I I I I I I  


I P I  


20 > 


0 2 4 6 8 10 12 
[B] / 1G4 M 


Figure4. Effect of water on rates of detritiation of p-nitro- 
phenylnitromethane-a- t caialyzed by tetramethylguanidine in 
toluene solution at 25.0 C .  A ,  ‘Dry’ solvent; 0, H2O- 


saturated solvent (0.02 M HzO) 


linear dependence of kobs on [ B ]  was maintained, just 
as in the ‘dry’ medium (at the base concentrations used 
for the runs shown in Figure 4,  the extent of dead-end 
ion-pair formation is small and the curvilinear 
relationship expected between kobs and [ B] degenerates 
into a linear relationship). Similar behavior has been 
observed for the ionization reactions of p-  
nitrophenylnitromethane with tetramethylguanidine 
and N, N-diethyl-n-pentylamidine in dry and water- 
saturated toluene solution. 3b 


It is likely that the expected kinetic deviations‘ did 
not materialize because the rate constant for the 
reaction of p-nitrophenylnitroniethane with quart- 
ernary ammonium hydroxide ion pairs used in the 
prediction was too large. This rate constant could not be 
measured, and that determined for a related ion pair, 
tetrabutylammonium hydroxide, was used instead. I t  is 
unlikely, however, that these two rate constants are 
similar. The quarternary ammonium groups of the ion 
pairs formed by reaction of water with amines 
[equation (9)] will all possess a t  least one N-H bond, 
and these N-H bonds will provide sites at which 
hydroxide ions can bind tightly, through hydrogen 
bonding, to their ammonium ion partners. No such sites 
are available in the tetrabutylammonium ion, and 
hydroxide ions associated with this species will be much 
more loosely bound, and therefore much more 
kinetically effective. The tetrabutylammonium 
hydroxide ion pair can therefore be expected to  react 
with p-nitrophenylnitromethane much faster than, and 
thus be a poor model for, ion pairs generated by the 
reaction of amines with adventitious water. 


Comparison of rates of ionization with rates of 
hydrogen exchange thus indicates that the two are the 
same, and that ionization leads directly to exchange and 
internal return is not taking place in these reactions. 
This concIusion is supported by results obtained from 
analysis of the curvilinear relationship between 
observed rates of exchange and base concentration, as 
discussed above. It is also consistent with expectation 
based on the fact that the acid ionization of nitro 
compounds, such as p-nitrophenylnitromethane, is an 
intrinsically slow process. l 6  This means that, in 
approximately ergoneutral systems such as those 
investigated here and in previous rates of 
hydrogen transfer will be slow in both directions; 
reformation of the carbon acid from the ion-pair 
hydron transfer product is therefore unlikely to  be 
sufficiently faster than exchange of hydrogen in the ion 
pairs, which is probably a diffusion-controlled process, 
to give internal return. 


Isotope effects 


In the absence of internal return, isotope exchange and 
ionization occur through the same rate-determining 
step, and the detritiation rate constants determined here 
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may be combined with published specific rates of 
ionization of the protio substrate2s3 to provide tritium 
isotope effects. Such isotope effects, together with their 
deuterium equivalents, are given in the last two columns 
of Table 3. These isotope effects are generally smaller 
than those reported before; an especially marked 
reduction is found for tetramethylguanidine acting as 
the hydron acceptor. There is good agreement, 
however, for pentamethylguanidine, in the ionization 
of which loss of deuterium label was suppressed 
by carrying out the measurements in DzO-saturated 
toluene solution. 3b The value obtained here for 
tetramethylguanidine is also consistent with kH/kD = 11 
at 30 “ C  estimated for this base from detailed analysis 
of the non-first-order kinetics observed for the 
ionization of the deutero substrate in the presence of the 
protio isotopomer of this base.3a 


Although the isotope effects determined here are 
generally less than previous values, some are still fairly 
large. However, none is larger than the semi-classical 
maximum limit, k”/ko = 15-20, that may be estimated 
for complete loss of all of the zero-point energy of the 
stretching and both bending vibrations of a carbon- 
hydrogen bond, with no contribution from tunnelling. ’’ 
The completely unbound transition state that this would 
require, however, is implausible, and a more realistic 
upper limit is judged to  be kH/kD= 10. By this 
criterion, tunnelling could be taking place in several of 
the reactions in Table 3, notably that with tetra- 
methylguanidine as the base. This idea receives some 
support from the activation energy difference and ratio 
of pre-exponential factors which may be obtained for 
this system by combining the results from this study 
with values reported for the protio substrate; 2c the 
resulting isotopic differences (Table 2) are just outside 
the limits generally considered to signify no tunnelling; 
they contrast with the ‘normal’ results found for 
triethylamine and quinuclidine, for which the isotopic 
effects themselves are also well below the semi-classical 
limit. 
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REACTIONS OF MOLECULES WITH TWO EQUIVALENT 
FUNCTIONAL GROUPS. 2. ACETYLATION OF THE ISOMERS OF 


BIS(HYDR0XYMETHYL)BENZENE 


IOANNIS CONSTANTINIDES, MARIA LOURDES-GUERRA AND ROGER s. MACOMBER* 
Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45’221-01 72, U.S.A. 


The acetylation (with acetic anhydride-pyridine in tetrahydrofuran) of the ortho, meta and para isomers of 
bis(hydroxymethy1)benzene (1) was studied. Third-order rate constants kl (formation of monoacetate 2 from 1) and 
k~ (formation of diacetate 3 from 2) for a l l  three isomers were determined, as were the rate constants for acetylation 
of benzyl alcohol and its ortho- and para-ethyl derivatives under the same conditions. The compositions of the. final 
product mixtures (comprising 1, 2 and 3) were ascertained as a function of the initial ratio of acetic anhydride to 1. 
Comparisons were made with predictions based on a previously published independent functional groups model, 
which assumes that k 2 / k l  = 0.50. All three isomers gave product mixtures whose compositions were in generally good 
agreement with predictions based on the model. For the para and meta isomers the ratios k2/k1 were determined 
experimentally to be 0-548 and 0.521, respectively. The kl/kl ratio for the ortho isomer was found to be 0.605, and 
i t s  kr  and kz values were lower than those for the para and meta isomers. Possible explanations for the anomalous 
behavior of the ortho isomer are discussed. 


INTRODUCTION 


A problem frequently encountered in organic synthesis 
is to  carry out a reaction at just one of two (or more) 
similar functional groups in a substrate molecule. 
Under most conditions, a mixture is obtained of pro- 
ducts from reaction at either functional group, or 
both. ’ Chemists have developed several ingenious 
strategies to  ‘protect’ (i.e. deactivate) one of the func- 
tional groups, or to  isolate the initial product before it 
can react further. For example, in the esterification of 
dicarboxylic acids with diazomethane, adsorption of 
the starting material on alumina successfully inhibited 
methylation of the second carboxyl group. Monoketa- 
lization of cyclohexane-l,4-dione and similar reactions 
can be effected by selective extraction of the ‘mono- 
adduct’ prior to  reaction at  the second functional 
group. 3 a - d  Recently, diols have been monoprotected by 
esterification on sulfate salt surfaces, 3e or under phase- 
transfer conditions. 3f  


It is clear in many cases that two functional groups 
which might be expected a priori to be independent 
exhibit anomalous behavior instead. We recently 
reported4 that, under most conditions, attempted 
nucleophilic addition to just one of the carbonyl groups 


* Author for correspondence 
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of cyclooctadecane- 1,lO-dione instead gave predom- 
inantly the diadduct (and unreacted starting material), 
even when the mole ratio of reagent to  substrate was 
less than 1 : 1 (theoretical, 2 : 1). This seemed to indicate 
that some sort of mutually protective ‘cooperativity’ 
existed when both carbonyls were present, causing the 
first addition to  be significantly slower than expected 
(or the second faster). Conversely, in the epoxidation of 
2,5-di-tert-butyl-l,4-benzoquinone, the first epoxida- 
tion is 3.5 times faster than the 


In the first paper of this series,’ we derived the 
equations which predict product ratios from the 
reaction of a molecule (XZ) with two equivalent but 
independent functional groups, as a function of the 
amount of reagent R in which converts group X to P. 
There it was shown that the fractions of ‘monoadduct’ 
(XP) ‘diadduct’ (Pz) and starting material (XZ) in the 


R R 


k2 


x2 XP pop 
p2 
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reaction mixture are described by the following 
relationships: 


(1) 


( 2 )  


fx, = (1 - +IZ 
f X P  = r ( l  - $2) 


(3) 


where r is the mole ratio of reagent (R) to  starting 
material (XZ) and 0 < r < 2. The derivation of these 
equations presumes that (i) X functional groups operate 
completely independently of other X or P groups in the 
molecule, (ii) Xz is exactly twice as reactive as XP (i.e. 
k z / k ,  = 0.5) and (iii) the reaction between reagent and 
functional group is specific, rapid, and irreversible. 


Armed with these theoretical predictions, we have 
begun to  study several prototype difunctional molecules 
in order to test how well this model correlates with 
observed product ratios in molecular systems where the 
two functional groups are constrained to  operate inde- 
pendently. If this model proves to  be valid, we shall in 
the future examine systems where the significant devi- 
ations from the model will provide quantitative insights 
into intramolecular interactions between the functional 
groups present in X2, XP and P2. 


RESULTS 


For this experimental study it was important for the 
substrate (XZ) to have two symmetry-equivalent func- 
tional groups (X) which are held rigidly apart from one 
another, insulating them in so far as possible from any 
steric or electronic interactions with each other or with 
the product functional groups P. Further, the relative 
concentrations of substrate XZ and products XP and P2 
should be directly determinable by some analytical tech- 
nique. The reaction to convert X to  P should have a 
mechanism that has been well studied. In addition, the 
reaction should be clean, irreversible and homogeneous 
in order to  permit accurate kinetic analysis. 


After a considerable search for a system which met 
these criteria, we eventually focused on the acetylation 
of the para isomer of bis(hydroxymethy1)benzene (p-1) 
with acetic anhydride-pyridine. Not only did this 
isomer provide two isolated equivalent hydroxyl 
groups, but it would also permit later comparisons with 
the meta and ortho isomers of 1 to  see if their hydroxyl 
groups also function independently. 


Preliminary product ratios 


The target reaction, with acetic anhydride as limiting 
reagent and acetone-& as solvent, was first monitored 
by 300 MHz 'H NMR spectroscopy. Relevant spectral 
data for all three isomers of 1, their monoacetates 2 and 
diacetates 3 are listed in Table 1. All three isomers of 1 
required 3-4 days at room temperature for complete 
exhaustion of the acetic anhydride at the initial concen- 


5H2OH CH20Ac 


I I . 1  I - 
pyridine 


1 2 
CH2OAc 
I 


(9 CH20Ac 


3 


trations given in Table 2. Control experiments dem- 
onstrated that, once formed, the product mixture was 
stable toward the reaction conditions. There was no 
evidence for disproportionation of 2 t o  1 and 3, or the 
reverse reaction. 


The para isomer of 1 was expected to exhibit the least 
significant intramolecular interactions between the two 
hydroxyl groups. As is shown in Table 2, the observed 
fractions of p-1, p-2 ,  p-3 in the product mixture agree 
very closely (average deviations 3-12%) with values 


Table I .  'H NMR spectral parameters for isomers of 1, 2, 3" 


0 
I1 


Compound Aromatic C-H CH2 OH C-CH3 


P-1 7-319 4.618 3.122 


P-2 
4.640 
5.073 


5.35(br) 7.38(AA'BB'm) 


P-3 7.385 5.093 - 
m-1 7.233(m); 7.348(s) 4.644 4.45 


m-2 b - r-a59 5.087 -b 


m-3 7.352(m); 7.396(s) 5.101 - 
0-1 7.323(AA'BB') 4.739 4.365 


0-2 - 


0-3 7.40.5(AA'BB') 5.213 - 


b 1"'"" 5.207 -b 


0 0  
II II 


0 
I1 


CH3COCCH3 - - _  


CH3C-OH' - - -  


- 


2.035 


2.045 
- 


2.041 


2.050 
- 


2-040 


2.054 


2.201 


1,967 


'Spectra were recorded on acetone-d6 solutions (internal TMS) at 
300 MHz. All signals were singlets unless noted otherwise, with 
chemical shifts reproducible to f0.005 ppm. 


' Pyridinium salt. 
Impossible 10 resolve from 1 and 3. 
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Table 2. Acetylation products from the isomers of 1 as determined by 'H NMR 
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Observed product mixture" (Predictedb) 
Amount Pyridine 


Diol (mmol)' AczO (mmol)c r (mmol)' fl f 2  f 3  Av. deviation ( 0 7 0 )  


P-1 
P-1 
m- 1 
m-1 
m-1 
0-1 
0-1 
0-1 
0- I 


0.207 
0.216 
0.172 
0.220 
0.219 
0.230 
0.261 
0.248 
0.120 


~~ 


0.231 
0.235 
0.161 
0-257 
0.266 
0.245 
0.307 
0.269 
0.176 


~~ 


1.12 
1.09 
0.94 
1.17 
1.22 
1.06 
1.18 
1 -09 
1.47 


0.220 
0-260 
0.354 
0.375 
0.405 
0.417 
0.570 
0.422 
0.344 


0.18 (0.195) 
0.22 (0.208) 
0.22 (0.283) 
0.16 (0.174) 
0.16 (0.154) 
0.37 (0.221) 
0.35 (0.168) 
0.30 (0.208) 
0.37 (0.070) 


0.45 (0.493) 
0-48 (0.496) 
0.50 (0.498) 
0.44 (0.486) 
0.46 (0.477) 
0.55 (0.498) 
0.52 (0.484) 
0.55 (0.496) 
0.46 (0.390) 


0-37 (0-31 1) 
0.30 (0.296) 
0.28 (0.219) 
0.40 (0.340) 
0.38 (0.369) 
0.07 (0.281) 
0.12 (0.348) 
0.15 (0.296) 
0-  16 (0.540) 


12 
3 


17 
12 
4 


51 
60 
35 


172 


' F r o m  peak heights and integrals of the CHI signals (Table I )  at 300 MHz; precision 50.02 
hCalculated with equations (1)-(3). 
'Total volume cu 0.5 ml, with acetone-& as  solvent. 


Average absolute deviation as a percentage of predicted value 


predicted from equations (1)-(3) and the value of r. 
Not only is this consistent with the expectation that the 
two hydroxyl groups in p-1 are independent, but it also 
affords confidence in the validity of equations (1)-(3) 
and the assumptions leading to  them. 


The behavior of rn-1 was equally well predicted by 
the independent groups model, exhibiting average 
deviations of 4-17% in three runs. However, 0-1 gave 
different results. The data in Table 2 demonstrate a 
greater average deviation between predicted and 
observed product fractions, viz. 35-172% in four runs. 
There was consistently more 0-1, less 0-3 and more 0-2 
present in the reaction mixture than predicted by the 
independent groups model. The reasons for this are 
discussed below. 


Kinetics 


The product ratio results for p-1 and m-1 support the 
validity of the independent functional groups model, 
and provide semi-quantitative information about the 
ratio kz/kl. However, direct determination of the values 
of kl and k2 was essential in order to  determine whether 
a kz/kl ratio other than 0.5 was due to  a change in kz, 
k l  or both. 


The exact mechanism for acetylation of nucleophilic 
substrates with AczO-pyridine or similar reagents 
( A C C I - D M A P ~ ~  or AcC1-tertiary amineEb) 
(Ac = CH3CO) in aprotic media is not fully understood. 
There are three different mechanistic schemes which 
can occur competitively in some cases:8c-e (1) general 
base catalysissis'; (2) nucleophilic catalysis (via N-ace- 
tylpyridinium ion); 8f9g  and (3) merged mechanisms.8b,h 
For the AczO-pyridine system in tetrahydrofuran 
(THF), it is unlikely that N-acetylpyridinium ion is 
formed" and it is believed that general base catalysis is 


However, in many of these studies the rate 
equation is found to be complex.8k 


Initially, a kinetic study was performed with benzyl 
alcohol (4) to find the optimum conditions for the 
acetylation reaction. The solvent was changed to 
anhydrous THF,  and the analytical technique used was 
gas chromatography (GC). 


The acetylation of 4 in T H F  is extremely slow in the 
absence of pyridine, with a second-order rate constant 
of ca 1 x 1mol-'min-' at 35.5 "C (Table 3, run 
1). For given initial concentrations of 4 and AczO, the 
rate constant increases linearly with increase in pyridine 
concentration (see Table 3, runs 1-13, and Figure I ) .  
At a given pyridine concentration, all kinetic runs exhi- 
bited cleanly linear pseudo-second-order kinetics (first 
order in both 4 and Ac2O) to  at least 80% reaction 
(with correlation coefficients of 2 0.996). This was 
true even when less than 1 equivalent of pyridine was 
initially present, demonstrating that the activity of pyri- 
dine was not significantly affected by the acetic acid 
generated during the reaction. These results indicate 
that the reaction is adequately described by the pseudo- 
second-order rate law kobs [4] [AczO] , where 
kobs = k[pyr] , with [pyr] constant for a given run. 


The value of koba was also sensitive to concentration 
and medium effects. For example, at a given pyridine 
concentration, doubling the concentration of either 
reactant caused a ca 5% increase in kobs (compare runs 
5-7 with runs 14 and 15). When the concentrations of 
both reactants were doubled, there was a 25% increase 
in kobS (compare runs 5-7 with runs 20-24). Whether 
these rate increases simply reflect an increase in the net 
dielectric constant of the medium, or the ability of 4 to 
serve as a weak general base, is not yet known (see Dis- 
cussion). However, a threefold increase was observed 
when the solvent was changed from T H F  to the slightly 
more polar chloroform (runs 27 and 28) (the ET solvent 
polarity values of chloroform and T H F  are 39- 1 and 
37.4, respectivelyg). 


It is clear from the above results that in order to 
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Table 3. Rate constants for acetylation of 4 , s  and 6 at 35-5'C 


Compound Run No. Solvent [4]o(M) [ACzO]o(M) [ P ~ ] o ( M )  kobr (IO-31mol-'min-') k" ( 1 0 - 3 1 Z m o l - 2 m i n - ' )  


4 I 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 


5 1 
2 
3 


6 1 
2 
3 


THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
TH F 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
TH F 


CHC13 
CHC13 
THF 
THF 
TH F 
THF 
THF 
THF 


0.544 
0.344 
0.270 
0.317 
0.252 
0.285 
0.258 
0.313 
0.262 
0,273 
0,251 
0.212 
0.249 
0.515 
0.259 
0.460 
0.494 
0.470 
0.406 
0.500 
0.484 
0-451 
0.481 
0.484 
0.924 
0.764 
0-189 
0.153 
0.256 
0.255 
0.252 
0.264 
0,274 
0.254 


0.736 0.00 
0.450 1.20 
0.297 1.76 
0.436 3.24 
0.302 3.50 
0.302 3.51 
0.332 3.50 
0.428 3.97 
0.295 5.25 
0.367 5.29 
0.347 5.47 
0.291 6.56 
0.295 7.00 
0.295 3.52 
0 ' 597 3.50 
0.628 0.46 
0.657 0.93 
0.640 1.21 
0.555 2.47 
0.600 3.50 
0.646 3.50 
0-580 3.50 
0.607 3.50 
0.606 3.50 
1.053 3 3 0  
0.999 2.67 
0.290 1.26 
0.238 2.07 
0.317 3.51 
0,299 3.51 
0.301 3.51 
0.319 3.50 
0.304 3.50 
0.301 3.50 


0.1 
1 1 . 1  
17.8 
29.9 


31.3 
35.0 
51.2 
41.8 
43.3 
58.7 
67.1 
32.7 
32.5 
7 .5  


12.5 
14.6 
24.3 


46.3 
34.6 
34.5 
52.1 


32.8 


27.8 


- 
9.3 


10. I 
9 .2  


8.94 
8 . 8  
9.8 
7 . 9  
7 . 9  
8.9 
9 . 6  
9.3 
9.3 


16.3 
13.4 
12.1 
9.8 


10.6 
11.3 
13.2 
13.0 
27.4 
25.2 


9 . 2  k = 9.4 2 0.3 
9.3 9.71 


8 . 2  k = 8 . 0  5 0.2  
7.9 7-81  


make meaningful comparisons between kinetic data for 
different substrates, it is necessary to keep the initial 
concentrations of substrate, acetic anhydride and pyri- 
dine within comparable ranges. With initial concentra- 
tions in the range of [4] = 0.25 M ,  [AcrO] = 0.30 M and 
[pyr] = 3.5  M ,  the value of k is 
(8.91 -t 0.06) x 12mol-2min- '  at 35.5 "C. 
Insofar as is possible, these same concentration ranges 
were used for all subsequent kinetic determinations. 


For the purpose of establishing the effects (both steric 
and perhaps electronic) of a simple remote alkyl group 
on the acetylation of benzyl alcohol, we also measured 
the rate for the para-ethyl ( 5 )  and ortho-ethyl (6) 
derivatives of 4. The results are also given in Table 3. 


The acetylation kinetics for the isomers of 1 were, of 
course, far more complicated than those with 4, 5 and 
6 because consecutive/competitive pseudo-second-order 
reactions are involved. Fortunately, there are 
algorithms for extracting the observed second- 


4 5 6 


order rate constants for each step (klUb\ and k2,b,), pro- 
vided that the concentrations of 1, 2 and 3 are all 
known as a function of time (see Experimental). The 
method we chose led directly to klob$ and the ratio 
k20bJk10b, (hereafter labelled K ) ,  from which kzOb, can 
be calculated. To test the validity of this mathematical 
method, a direct determination of kzOb, for p-1 was 
made starting with authentic p-2 .  This value agreed 
exactly with the value obtained independently from 
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Figure 1. Effect of pyridine concentration on the pseudo-second-order rate constant for acetylation of 4 


kl,,, and K (Table 4). As with 4, 5 and 6 ,  the values of 
the third-order rate constants kl and k2 were generated 
by dividing each observed pseudo-second-order rate 
constant by the concentration of pyridine. The kinetic 
results for all three isomers of 1 are summarized in 


Table 4. For each kinetic run, the final product ratios 
were also determined by GC analysis at time = 00, and 
were compared with predicted values from the indepen- 
dent groups model. 


Below, the average rate constants for each compound 


CHzOH CH2OH CH2OH CHzOH CH2OH 


CH2CH3 CHzOH 


0- 1 


1.78 


1.08 


0.61 
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P-1 I 
2 
3 
4 
Av . 


Table 4. Kinetic and product ratio data for the isomers of l a  


Compound Run No. k l  I, K k2 r fk' f X P '  fP . '  Av. deviation (010) 


20.9 0.529 1 1 . 1  1 .I97 0 .  I55 (0.161) 0.456 (0.481) 0.389 (0.358) 5 .9  
23.0 0.541 12.4 1.200 0.164 (0.160) 0.449 (0.480) 0.387 (0.360) 5 . 5  
20.9 0.545 11.4 1-532 0.044 (0.055) 0,330 (0-359) 0.626 (0.586) 11.6 
20.7 0,578 12.0 1.213 0.162 (0.155) 0.439 (0.477) 0.399 (0,368) 7 .0  


21.4 f 1 . 1  0.548 f 0.021 1 1 . 7  f 0 .6d  


5' 
6' 
A V .  


7 '  
8l 
Av . 


m-1 I 


3 
Av. 


1 


0- 1 I 
2 
3 
AV. 


28.1 0.554 
27.4 0 . 5 5 3  


27.8 ? 0.5 0.554? 0.001 


22.8 0.560 
20.6 0.560 


21.7 ? 1.6 0.560 


21.3 0.513 
21.7 0.531 
22.4 0.520 


21.8 ? 0 . 6  0.521 f 0.009 


16.1 0.600 
15.9 0.607 
15.8 0.609 


15.9 f 0 . 2  0.605 It 0.005 


15.6 
15.2 


15.4  f 0 .3  


12.8 
1 1 . 5  


12.2 f 0 . 9  


10.9 
1 1 . 5  
11.6 


1 1 . 3  2 0 .4  


9.66 
9.65 
9.62 


9.64 f 0.02 


0.598 0.483 (0.491) 0.413 (0.419) 0 .  I04 (0.0894) 
0.598 0.491 (0.491) 0.410 (0.419) 0.0989 (0.0894) 


2.42 
2.38 


1.210 0.144 (0.156) 0.455 (0.478) 0,401 (0.366) 
1.342 0.0911 (0.108) 0.423 (0.442) 0.486 (0.450) 
1.214 0.150 (0.155) 0,457 (0.477) 0.393 (0.368) 


1.388 0.0915 (0.0936) 0.354 (0.425) 0.554 (0.482) 
1.140 0.200 (0.185) 0.447 (0.490) 0.353 (0.325) 
1.223 0.155 (0.151) 0,428 (0.475) 0.417 (0.374) 


6 .6  
4 .2  


7 . 4  
9 .3  
4.7 


11.2 
8 . 5  
8.0 


'I [Ilo 
'Rate constants k ( =  kot.r/[pyrl) are in units of lo-' 12mol-2min-'  at T =  3 5 . 5  2 0.1 OC. K =  kl/kl.  Error limits are standard deviations. 
' Product fractions in parentheses are calculated from equations (1)-(3). See Table 2. 
dAcetylation of purep-2 exhibited an identical kl value of 1 . 1 7  x 
' I l l o = O ~ 5 O M ;  I A c 2 0 1 0 = 0 . 3 0 ~ ;  IpyrJ"= 3 . 5 2 1  


0.25 hi;  IAc2Olo = 0.30 11; [pyr] = 3 . 5  h i .  


1 ' m 0 l ~ ~  min ' - I  . 


' 1 1 1 0  = 0.25 \ I ;  [.4ciOlu = O . h 0 \ 1 ,  [pyrJli = 3.5 \I. 


are expressed relative to the rate for benzyl alcohol. 
Note that 5 undergoes acetylation only 5% (just outside 
the experimental error limits) faster than 4, suggesting 
a very modest increase in the nucleophilicity of the 
hydroxyl group in 5 by the remote electron-releasing 
ethyl group. More significantly, an ortho-ethyl group 
causes only a modest 10% decrease in the acetylation 
rate, an effect which is probably steric in nature. 


With p-1, the final product ratios were once again 
in good agreement with predictions. Further, the exper- 
imentally determined ratio k2/k1 is 0.548, in reasonable 
agreement with the value of 0 . 5  assumed by the inde- 
pendent functional groups model. However, k2 for p-1 
is 25% greater than the k value for 5. Similarly, k l  is 
2.29 times greater than the k value for 5.  Hence both 
k2 and kl are accelerated relative to the monofunctional 
model compound, with k2 accelerated more. Like the 
reaction of 4, the acetylation of p-1 was subject to  
medium effects. Doubling the concentration of acetic 
anhydride led to a slight increase in kl,  and doubling 
the concentration of p-1 increased both kl and kz by ca 
30% (Table 4). 


The meta isomer behaved almost identically with the 
para isomer, with k2/kl = 0.521 and values of kl and k2 
within 3 %  of those for p-1. Additionally, the final 
product ratios were well correlated with the indepen- 
dent groups model. 


Our initial work with the ortho isomer provided a 


complication not observed with the other two isomers, 
viz. a n  inadequate mass balance; that is, although a 
known amount of acetic anhydride has been completely 
consumed, there was appreciably less of products 0-2 
and 0-3 than should have been formed. Eventually it  
was found that, unlike the para  and meta isomers, 
crystalline 0-1 was hydrated, and the water consumed 
an equivalent amount of the anhydride. This problem, 
which also accounted for the behavior of 0-1 in the 
NMR experiments (see above), was solved by careful 
sublimation of the substrate. 


Anhydrous 0-1 was kinetically well behaved and its 
final product ratios showed good agreement with pre- 
dictions. However, both its rate constants were lower 
than those of the para and meta isomers, and the ratio 
k2/kl was 0.605. Interestingly, the value of kz was 20% 
greater than the k value for 6 whereas kl was exactly 
twice the k value for 6. Hence the ortho isomer shows 
a modest anomaly. 


Mass spectral analyses of 1 and 3 
In an attempt to correlate the esterification results with 
other properties of the isomers of 1, we examined the 
electron impact mass spectra of the isomers of 1 and 3 
under comparable conditions. The three isomers of 
diester 3 all gave similar spectra (Table 5, see 
experimental section), dominated by absent molecular 
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ions, and fragments from loss of acetate, acetic acid, 
acetic acid + acetyl and formation of acetyl. By 
contrast, the three isomers of diol 1 gave different 
spectra (Table 6 ,  see experimental section). For 
example, whereas the para and meta isomers of 1 
exhibited either molecular ions or (M-H)' ions, the 
ortho isomer showed neither. Instead, the ortho 
isomer's most significant fragments resulted from loss 
of O H  and water, to  which we assign structures 7-H 
and 7, respectively. Such structures are impossible with 
the para and meta isomers. Similarly, whereas the para 
and meta isomers showed fragments involving loss of 
C H 2 0 H ,  the ortho isomer did not. 


W + - H  (a)-+ 
7-H 7 


DISCUSSION 


The good correlation of the final acetylation product 
ratios from the three isomers of 1 with predictions 
based on the independent functional groups model 
[equations (1)-(3)] implies that the model is valid and 
can indeed be used to confirm the absence of dramatic 
intramolecular interactions between equivalent func- 
tional groups. Specifically, the present results show that 
the hydroxyl groups in each isomer of 1 and 2 function 
essentially independently of other functional groups in 
the molecule. It is nonetheless clear that the model is 
not highly sensitive to modest departures of K 
(=  k z / k l )  away from 0-5 ;  these must be determined by 
direct measurement of the actual rate constants. Armed 
with these rate constants, it is possible to detect even 
relatively small departures from independent behavior 
which are not obvious from product ratio data alone. 


A comparison between the rate constants in Tables 3 
and 4 reveals only modest departures from expectations 
based on the independent groups model. The rate con- 
stants k [  and kz for the para and meta isomers of 1 and 
2 are nearly identical, and 14-25% greater than expec- 
tations based on the ethyl-substituted model 5 under 
comparable conditions. Because this modest increase is 
unlikely to  be steric or electronic in nature, we attribute 
it to the same type of concentration-dependent medium 
effect exhibited by 4. That is, 1 and 2 (each with two 
oxygenated groups) should be expected to have a 
greater effect on the net dielectric constant and general 
basicity of the medium than an equal concentration of 
5 (with just one oxygenated group). 


The ortho isomer, where some degree of intramole- 
cular interaction was expected, exhibited the smallest 
rate constants and the largest kz/kl ratio of the three 
isomers. Steric effects certainly play some role in this, 
as evidenced by the 14% rate decrease on changing 
from 5 to  6. Nonetheless, steric effects alone cannot be 


entirely responsible for the modest anomaly presented 
by the ortho system, since 0-2 is 20% more reactive 
than 6 .  Part of this increase may be due to  the fact that 
a methyl group is slightly more sterically demanding 
than an acetoxy group (which is comparable to a 
hydroxyl group). However, the acetoxymethyl group 
in 0-2 must present at least some steric hindrance to the 
reaction, yet 0-2 reacts even faster than 4 and 5, where 
there is no ortho substituent. It might seem tempting to 
attribute this increase in reactivity of 0-2 to  intramole- 
cular hydrogen bonding as in 8. However, structures 


6- 6- 


0 8 


such as these are probably not important because of the 
low basicity of the ester group [the pKa of 
RC(=bH)OR is -6 .5  whereas that of RCH2bH2 is 
- 21 , l2  and the fact that such bridging hydrogens 
would be less available to pyridine during the rate- 
limiting step of acylation. Instead, we attribute the 
increased reactivity of 0-2 to the fact that its effect on 
the polarity of the medium should be greater than those 
for 4, 6, p-1 or m-1 because the rotationally averageed 
polar moments of the two functional groups are more 
nearly aligned, making for a larger net dipole moment. 


By contrast, the reactivity of 0-1 at first glance seems 
perfectly in line with expectations, since it is exactly 
twice as reactive as 6. However, it can be argued that 
0-1 should be more than twice as reactive as 6, because 
the second hydroxyl group in 0-1 is smaller than methyl 
in 6 ,  and because 0-1 should exhibit the same increased 
dipole moment as 0-2. However, since a hydroxyl group 
is ca more basic than an ester group, hydrogen- 
bonded structures such as 9 or 10 are likely to be more 
important than hydrogen-bonded structures were for 
0-2. As stated above, such structures should reduce the 
reactivity of 0-1 relative to  twice the value for 0-2, and 
this is observed. 


6- 


9 10 


CONCLUSIONS 


We have demonstrated that the acetylations of p - ,  m- 
and 0-1 proceed in a manner essentially consistent with 
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the independent group model. In all cases K ( = k z / k l )  
is in the range 0.5-0.6, with the largest value exhibited 
by the ortho isomer. The individual rate constants k2 
and k~ for the para and meta isomers are significantly 
greater than k and 2k for monofunctional model com- 
pound 5 .  Those for the ortho isomer are the least of the 
three isomers, but equal t o  2k for model compound 
6 .  The lower reactivity of the ortho isomer can be 
attributed to a combination of steric effects and intra- 
molecular hydrogen bonding in the diol, which 
decreases the reactivity of its O H  group. 


EXPERIMENTAL 


General. The instruments used included the 
following spectrometers: IBM NR-80, Bruker AC250 
and General Electric (formerly Nicolet) NT-300 (NMR); 
Hewlett Packard Model 5995 (MS) and Perkin-Elmer 
1600 FT-IR (IR). A Hewlett Packard Model 700 gas 
chromatograph with disk integrator and thermal 
conductivity detector was used. The GC analyses were 
performed with a 6 ft x 1/8 in i.d. column packed with 
10% UC W-98 on Chromosorb S, 80-100 mesh, except 
for the acetylation of 5 ,  where an 8 ft x 1/8 in i.d. 
column packed with 5 %  Carbowax 20M on 
Chromosorb W ,  80-100 mesh, was used. The relative 
retention times were diol (or alcohol) < monoacetate 
(or acetate) < diacetate when the UC W-98 column was 
used, and acetate < alcohol when the Carbowax 
column was used. The GC response factor for each 
ester product (E) relative to the starting alcohol (A) was 
determined by GC analysis of standard solutions, and 
application of the equation: Rfe = (moles of Elmoles of 
A) (signal area for A/signal area for E). For the 5% 
Carbowax 20M column, the response factors were: 
benzyl acetate, 0.79; P-2, 0.78; P-3, 0.66; 4- 
ethylbenzyl acetate, 0.78 (0.71 for the UC W-98 
column). Because thermal conductivity detection was 
used, it was assumed that the response factors of the 
meta and ortho isomers of 1 were the same as those of 
the para isomer. 


Materials. The three isomers of 1 were supplied by 
Aldrich Chemical; P-1 was recrystallized from 
chloroform and 0-1 was sublimed prior to  use. The 
~ r t h o , ' ~ ~  and para'3c isomers of 3 were 
prepared directly from the diols by standard methods. 
Analytical-reagent grade pyridine was refluxed and 
distilled over KOH according to Ref. 14. T H F  was 
freshly distilled over potassium. All glassware was 
oven-dried. Compound 5 was supplied by Aldrich 
Chemical and was distilled under high vacuum prior to 
use. 


Product mixture analysis by NMR. The desired diol 
(1) was weighed by difference into a dried NMR tube, 
then dissolved in 0 . 4 m l  of dry acetone-&. Pyridine 
was added by syringe, and its mass determined by 


difference weighing. Finally, the desired amount of 
freshly distilled acetic anhydride was added via a 
syringe, its mass determined by difference weighing and 
the tube sealed with Parafilm. The resulting solution 
was shaken thoroughly and the time started. At 
intervals, the 'H NMR spectrum of the reaction 
mixtures was recorded. 


Kinetic method. T o  a 2 ml volumetric flask, 
containing ca 1 ml of T H F  and the desired exact 
amounts of the diol (or benzyl alcohol) and pyridine, 
was added dropwise the acetic anhydride, whose mass 
was determined by difference weighing. The volumetric 
flask was filled to  the mark with T H F  and the solution 
was transferred into a 5-ml two-necked round- 
bottomed flask fitted with a septum and a condenser 
with a drying tube on top. The fla5k was inserted in an 
oil-bath maintained at 35.5 ? 0.1 C. Aliquot portions 
(1 -3 pl) of the reaction mixture were analyzed by GC 
every 10-20 min until the reaction was ca 85% 
completed, then also after 24 h (1 = co). Absolute 
concentrations of starting alcohol and (mono- and di-) 
acetate were determined from GC integrations 
(corrected for response factors) and the known initial 
concentration of the alcohol. The concentration of 
acetic anhydride was calculated from its known initial 
concentration, less the total amount of acetate 
product(s) formed. Thus, in the reactions of benzyl 
alcohol, [AczO] = [AczOIo - [benzyl acetate], and for 
the diols, [AczO] = [AczOIo - 121 - 2[31. 


In the case of benzyl alcohol, the rate constant k o b 5  


was determined as the slope of a plot of 


versus time. The value of k was determined by dividing 
k o b ,  by [pyridine] . 


In the case of the isomers of 1, the graphical 
integration method of Widequist was used. For 
each timed aliquot (data point) the concentrations [l] , 
[2], [3] and [AczO] were determined as described 
above. For each data point the values of ln([l]o/[l]) 
and 8 (defined below and determined by graphical 
integration were determined: 


8 = i '  [AczO] dr 
0 


The value of kiobr was found as the slope of a linear plot 
of In([l]o/[l]) versus 8 (as abscissa). Then, for each 
data point, the value of K (=kzob ,  klob,) was 
determined iteratively from the equation l o  *d 


b 


The K value for a given run was the mean of the point- 
by-point K values. Finally, k z o b a  was found by 
multiplying kiobr and kzobq by [pyridine] . 
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Synthesis of p-bis(hydroxyrnethy1)benzene rnono- 
acetate and diacetate (p-2 and p-3). To a solution of 
1.382 g of pbis(hydroxymethy1)benzene (p-1, 
10.00mmol) in 30ml of THF were added dropwise 
1.023 g of acetic anhydride (10-02 mm2l) and 1 S O  ml 
of pyridine. After stirring for 48 h at 25 C the solution 
was analyzed by GC, and found to contain the expected 
diol : monoacetate : diacetate ratio of 1 : 2 : 1 .  The 
colorless crystals that appeared after rotary and high- 
vacuum evaporation of the solvent were partitioned in 
20 ml of CHC1, and 20 ml of HzO to separate most of 
the water-soluble p-1. The aqueous layer (pH = 6) was 
extracted with an additional 20 ml of CHCI3, the 
organic layers were combined and the solvent was 
evaporated. The remaining pale yellow liquid (1 a389 g) 
was subjected to flash column chromatography" 
(17 cm x 0-30 cm i.d. column, 40% EtOAc-60Vo 
ligroin as eluent) to give pure p-2 and p-3  as colorless 
oils and a small amount of p-1 as colorless crystals. The 
p-2  was crystallized by adding a small piece of dry-ice, 
and then distilled/sublimed (40-45 'C, 0.1 mm Hg) to 
give 0.725 g (40.2%) of p-2 as colorless crystals, m.p. 
35-37.5 ' C .  'H NMR (CDCl3/TMS): 6 2.085 (s, 3H), 
4.676 (s, 2H), 5.088 (s, 2H), 7.347 (s, 4H). IR ( c c 4 ) :  
3615 (w), 3525 (br), 3467 (w), 2954 (w), 2876 (w), 1744 
(vs), 1422 (w), 1379 (m), 1361 (m), 1227 (vs), 1029 (m), 
1019 (m), 967 (w), 818 (w), 809 (w) cm-'. MS: m/z  181 
(M + H), 180 (M'), 149, 138, 121, 120, 119, 108, 107, 
93, 92, 91 (base), 89, 79, 78, 77, 65, 63, 51, 50, 43, 39. 


The p-3 was crystallized by adding a small piece of 
dry-ice and was recrystallized from EtOH-H20 to give 


Table 6. EI mass spectra of the three isomers o f  I 


mlz para meta ortho Assignment 


138 
137 
136 
121 
120 
119 
107 
105 
92 
91 
90 
89 
79 
78 
77 
65 
64 
63 
51 
50 


- 
49 
90 


39.5 M' 
M - H  
M - H2 


M - O H  
M - HzO 


M - CHaOH 


- 
58 


100 
92 - 


100 
35 
- 


- 
39 


46 
71 


- - 
19 
99.5 
9 


13 
19.5 


35 
25 
12.5 


- 


- 


m/z 107 -OH 
- 
50 
59 
19 
91 


- 
100 
74 Ph+ 


- 
38 
27 
18 


colorless crystals (0-385 g, 17.3%), m.p. 47.5-50 'C 
(lit: 47 OC, '6a 45-49 'C, 13' 49-50 oC'6b). 'H NMR 


(s,4H). MS: see Table 5 .  
(CDChITMS): 6 2.091 ( s , ~ H ) ,  5-100 (s, 4H); 7.348 


Synthesis of 2-ethylbenzyl alcohol (6). A mixture 
containing 0-415 g (17-1 mg-atom) of magnesium, 
2.0 ml (14.5 mmol) of 1-bromo-2-ethylbenzene and 
15 ml of diethyl ether was refluxed for 2 h. 
Formaldehyde vapor generated in another flask by 
heating 1 - 2  g of paraformaldehyde (previously dried 
over PzO5) at 180 C was carried into this reaction flask 
by a slow stream of nitrogen through a glass tube 
terminating about 1 cm above the surface of the 
solution. The mixture was stirred for 30min, then it was 
quenched with 10 g of ice and 10 ml of 50% HzS04. '' 
The layers were separated and the aqueous layer was 
saturated with NaCl and extracted with 20 ml of diethyl 
ether. The combined ether layers were dried with 
KzC03, the solvent was evaporated and the resulting 
pale yellow oil was distilled twice under high vacuum to 
give 0.85 g (40% yield) of 6. '' 'H NMR (CDCI3ITMS): 
6 1.24 (t,3H), 1.67 (s, lH), 2.70 (q,2H), 4.73 ( s , ~ H ) ,  
7.15-7.50 (m,4H). 


Synthesis of 4-ethylbenzyl acetate. The reaction 
mixture from the three experiments for the 
determination of the rate of acetylation of 5 were 
combined and the volatile solvents were rotary 
evaporated. Distillation of the residue under reduced 
pressure (0.1 mm Hg) gave 0-  112 g of 4-ethylbenzyl 
acetate (47% yield) as a colorless liquid whose 'H NMR 
spectrum matched the previously reported one. 


Table 5. EI mass spectra of the three isomers of 3" 


Relative abundance (070)  


m l z  para meta orrho Assignment 


163 12 30 6 M - OAC 
162 20 39 35 M - HOAC 
121 10 18 13 
120 100 1 00 1 00 M - (Ac + HOAC) 
119 25 30 44 
103 7 13 5 
92 10 35 6 
91 48 59 29 
89 17 25 7 
78 11 5 
71 16 27 13 
65 9 20 12 
63 8 15 6 
57 7 
51 11 17 8 
45 17 
43 149 244 168 Ac 
41 10 


a For comparison purposes, the peak at m/z = I20 was set at 100%; 
AC = CH3CO. 
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PHOTOSTIMULATED REACTIONS OF HALOARENES WITH 


COMPETITION BETWEEN ELECTRON TRANSFER AND 
FRAGMENTATION OF RADICAL ANION INTERMEDIATES 


BENZENESELENATE IONS BY THE S R N ~  MECHANISM. 
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5016 Cdrdoba, Argentina 


The photostimulated reaction of p-iodoanisole @-]An) and 2-bromopyridine with PhSe- ions in liquid ammonia gave 
PhzSe, ArSePh and Ar2Se (Ar =p-anisyl, 2-pyridyl) by the S R N ~  mechanism. These products are formed due to the 
competition between two steps of the proposed mechanism, the fragmentation of the radical anion intermediate formed 
in the coupling of aryl radicals with the PhSe- ion, and the electron transfer from the radical anion to an electron 
acceptor. These photostimulated reactions were carried out in different solvents in order to study their influence on 
the rates of the two competing reactions. They were also studied at high concentrations of p-haloanisoles in acetonitrile 
(ACN), and it was found that the straightforward substitution product AnSePh was formed only at a 2 . 5 ~  
concentration of p-IAn, 7.8 M p-BrAn and 15.6 M p-CIAn. The last compound did not react with the PhSe- ion at 
concentrations as high as 15.6~, but the substitution reaction took place in the presence of 0 . 0 2 5 ~  p-IAn 
(entrainment reaction). The relative reactivity of PhSe- vs PhS- toward 2-quinolyl radicals was studied and it was 
found that PhSe- reacts 2.7 times faster than PhS- in ACN. 


INTRODUCTION 


The mechanism known as radical nucleophilic substitu- 
tion or & ~ l  is well known. ’ The three main steps of the 
propagation cycle are outlined in Scheme I .  


(RX)..’ - R‘ + X -  ( 1 )  


R‘ + N u -  ____+ (RNu)-‘ (2) 
(RNu)--’ + RX- RNu + (RX)-’  (3) 


RX + Nu- - RNu + X -  (4) 
Scheme 1 


Sumniation of these three steps leads to equation (4), 
which is a nucleophilic substitution but with radical and 
radical anions as intermediates. When there is no spon- 
taneous formation of the radical anion of the substrate 
to initiate the reaction, it can be catalysed with solvated 
electrons in liquid ammonia’ or with electrons from 
an electrode,3 but the most common initiation step is 
photostimulation. 


*Author for correspondence. 


0894-3230/90/040266-07$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


Although it is known that many systems react to give 
a substitution product, such as in equation (4), it is also 
known that in some systems other products are formed. 
For instance, in the photostimulated reaction of 
p-iodoanisole (p-IAn, l a )  or 2-bromopyridine (2-BrPy, 
l b )  with benzeneselenate (PhSe-) ions 2 not only the 
straightforward substitution product ArSePh (3) was 
obtained, but also the symmetrical diphenyl selenide (4) 
and the diary1 selenide (5) were formed [equation (S)] . 


ArX + PhSe-- ArSePh + Ph2Se + Ar2Se 


1 2 3 4 5 


l a  = p-IAn 3a, Ar = p-anisyl 5a, Ar = p-anisyl 
l b  = 2 - BrPy 3b, Ar = 2-pyridyl Sb, Ar = 2-pyridyl 


This scrambling of aromatic rings has been ascribed 
to a reversible coupling and fragmentation of the radical 
anion intermediates during the S R N ~  chain process, and 
more steps should be added to Scheme 1 to account for 
the products obtained, as shown in Scheme 2.’*6 


The aryl phenyl selenide radical anion 6 -  . formed by 
coupling of the aryl radical with PhSe- ion undergoes 
three competitive reactions, namely, reversion to start- 
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hv 
ArX + PhSe-- (ArX)-' + PhSe' (6)  


(ArX)-'- Ar' + X- (7) 
k <  k '  


ki 6-  ' k ,  


Ar + P h S e -  G (ArSePh)-' 5 ArSe- + P h '  (8) 


k, IArXI i 
ArSePh + (ArX)-. 


3 
k ,  IArXI 


Ar' + ArSe- S (Ar2Se)- ' B A r z S e  + (ArX)- ' 
5 (9) 


k,  IArXI 
Ph '  + PhSe- G (Ph2Se)-'-Ph2Se + (ArX)-' 


(10) 
4 


Scheme 2 


ing materials, electron transfer to  the substrate to give 
the substitution product 3 and fragmentation of the 
Ph-Se bond to give the areneselenate ion ArSe- and 
phenyl radical [equation (S)] . In equation (8) two new 
intermediates are formed, ArSe- and phenyl radical. 
They can further react with each other to give the same 
radical anion 6 - . ,  or they can diffuse apart and ArSe- 
competes as a nucleophile with aryl radical to give ulti- 
mately 5 [equation (S)], whereas phenyl radical can be 
trapped by PhSe- ion to  give 4 [equation (lo)]. 


The fragmentation of the radical anion 6 6 '  occurs 
because the energy levels of the antibonding a* MO of 
the aromatic system and the antibonding u M O  of the 
C-Se bonds are close enough, and from the antibond- 
ing u* MO fragmentation occurs [equation ( l l ) ]  . 6 s 7  


Ar' + -SePh [ArLSePh +, A r S e r P h ]  
u* radical anion 


* ArSe- + Ph '  (1 1) 


These scrambling reactions have been found not only 
with PhSe- ions but also with PhTe-,8 PhzAs- and 
PhzSb- ions,' so we consider it important to  establish 
how to avoid these scrambling reactions. 


One possibility to  avoid the fragmentation of radical 
anion intermediates, such as 6 - ' ,  is by increasing its 
stability, which can be done by lowering its antibonding 
T *  MO. For instance, the photostimulated reactions of 
I-chloronaphthalene (lc) or 2-chloroquinoline (Id) 
with PhSe- ions in liquid ammonia given good yields of 
the substitution product 1-naphthyl phenyl selenide (3c) 
and 2-quinolyl phenyl selenide (3d), respectively, by the 


S R N ~  mechanism of nucleophilic substitution [equation 


ArX + PhSe- h" b ArSePh + X- (12) 


3c, Ar = 1-naphthyl 
3d, Ar = 2-quinolyl 


In these cases, the radical anions formed by coupling 
of 1-naphthyl or 2-quinolyl radicals with PhSe- ion 
fragment too slowly in comparison with the electron- 
transfer reaction to  the substrate, and only the substitu- 
tion product is obtained without scrambled products. In 
this case a ?r* radical anion is formed [equation (13)] .6 


(12N .8 


1 2 3 


l c  = 1-chloronaphthalene 
Id = 2-chloroquinoline 


+ -SePh - -+ 


r SePh 1- ' SePh 


a* radical anion 


When it is not possible to lower the antibonding a* 
MO of the aromatic system, and considering that there 
is a competition between the rate of fragmentation ( k f )  
and the rate of ET [kt(ArX)] [equation (S)] , the scram- 
bling reaction could be avoided by increasing the stab- 
ility of the radical anion intermediate when changing 
the solvent, or increasing the rate of ET by means of 
increasing the concentration of the acceptor ArX. 


It is known that the fragmentation rate of radical 
anions depends on the temperature and the solvent. lo 


Saveant and Thiebault 'Oa studied the rate of fragmenta- 
tion of halobenzophenones radical anions in liquid 
ammonia, acetonitrile (ACN) and dimethylformamide 
(DMF) at  different temperatures. For instance, they 
found that the rate of fragmentation of 4- 
bromobenzophenone radical anion is 2 x 105s-' in 
liquid ammonia, 8 . 2 ~  104s- '  in DMF and 
2.4 x lo3 s - '  in ACN at  20 "C (extrapolated), but in 
liquid ammonia it was 5 . 9 ~  102s-' at -40°C.  


It is well known that S R N ~  reactions also occur in sol- 
vents other than liquid ammonia, Lb,3311 so we decided to 
study the effect of the different solvents and different 
concentrations of p-haloanisoles (p-XAn) on the 
scrambling of aromatic rings in the photostimulated 
reaction with PhSe- ions. 


The relative reactivity of PhS- and PhSe- ions 
toward 2-quinolyl radicals has been studied. The deter- 
mined ratio kphQ - / k p h ~  - was 5 -8  in liquid ammonia. ' 
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We studied this relative reactivity in ACN in order to  
determine the solvent effect on the relative reactivity of 
pair of nucleophiles toward aromatic radicals. 


the same experimental conditions did not give PhzSe 
(expt 8, Table I). 


In I-BuOH-water there was no reaction with 2-BrPy. 
In pure t-BuOH the only product detected was 2-pyridyl 
phenyl selenide, although in low yield (Expts 10 and 11, 
Table 1). 


In ACN the photostimulated reaction with p-IAn 
gave the three selenides as in licluid ammonia, but in 


RESULTS 


Reactions in different solvents 


The nucleophile PhSe- was insoluble in dioxane, and 
there was no reaction with p-IAn under irradiation 
(expt 5 ,  Table 1). However, PhSe- ions were soluble in 
dioxane with 6% v/v of DMSO (the minimum amount 
of DMSO to dissolve the KPhSe), and in this reaction 
medium the photostimulated reaction gave the same 
three selenides as in the reaction in liquid ammonia 
together with a ca 10% yield of the reduction product 
anisole. The photostimulated reaction of 2-BrPy in diox- 
ane-6% DMSO gave the three selenides as in liquid 
ammonia (expt 7, Table l), although in an overall lower 
yield. Irradiation of only the nucleophile PhSe- under 


relative lower yields (expt 12, Table 1). 2-BrPy gave the 
three selenides although in even lower yields (expt 13, 
Table 1). 


The photostimulated reaction of l-bromo- 
naphthalene or Id with PhSe- ions in ACN gave good 
yields of the straightforward substitution product 
without scrambling of aromatic rings (expts 14 and 15, 
Table 1). The same behaviour was observed in liquid 
ammonia as reported previously. 5 3  


The photostimulated reaction of Id with PhS- ion as 
nucleophile gave good yields of 2-quinolyl phenyl 
sulphide (expt 16, Table 1). There was some reaction in 
the dark (16% yield of C1- ions) which was inhibited by 
p-dinitrobenzene (expts 17 and 18, Table I).  


Table I .  Photostimulated reactions of aryl and hetaryl halides with PhSe- ions in different solventsa 
~ 


Product yields (oio)' 
Concen- 
tration 


Expt ArXb (M X lo') PhSe-(M X 10') Solvent ArSePh ArZSe PhzSe ArH 


I d  p-IAn 36 36 NHi 25 19 20 
2d 2-BrPy 25 25 NHi 72 2 4.5 
3' I-CINp 16 34 NH3 73 0 0 
4d 2-ClQ 25 25 NH3 54 0 0 
5 p-IAn 39 90 Dioxane < I  - - 


6 p-IAn 18 45 Dioxane-6% DMSO 18 10 22 10 
7 2-BrPy 19 36 Dioxane-6Vo DMSO 12 3 5 


45 Dioxane-6Vo DMSO < I  
9 2-BrPy 83 83 f-BuOH-HzO (1 : I )  < I  


10 2-BrPy 33 82 f-BuOH 16 g 8 


I 1  2-BrPy 13 32 f-BuOH 18 8 s 
12 p-IAn 19 63 ACN 17 7 8 9 
13 2-BrPy 26 63 ACN 13 2 2 1 
14 I-BrNp 25 63 ACN 88 0 0 
I5 2-CIQ 25 63 ACN 70 0 0 I 
16 2-CIQ 25 73h ACN 94 0 0 
17' 2-CIQ 26 61 ACN 0 0 
18'~k 2-CIQ 26 61 ACN 0' 0 0 


c 


P 


P 


- 


- - 8 


e 


c 


c 


c 


J 


'Irradiation time 4 h at room temperature. 
An = anisyl; Py = pyridyl; Np = naphrhyl; Q = quinolyl. 
Determined by GLC, using the internal standard method. 


Not quantified. 
*Ref. 5 .  


'Ref. 8 .  
'Not detected by GLC. 


a Dark reaction. 
'Cl- ions 16% yield; the substitution product was detected but not quantified. 
Ir 20mol% of p-dinitrobenzene was added. 
'Cl- ion in ca 5% yield. 


PhS- ions as nucleophile. 
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Table 2. Photostimulated reactions of p-haloanisoles with PhSe- in acetonitrile= 


Product yields 


Expt IAn (M) BrAn (M) ClAn (M) I -  (To) X -  ("70) AnH PhzSe PhSeAn AnlSe 


c 9 8 17 7 1 0.019 - - - 


5 2 68 41 2 1.0 
5 2 56 < 1  3 2 .0  - - 89d - 


10 0 67 0 4 2.5 - - 100 - 
23 lae  8 5 23 5 5 0.024 2.0 - 


26 13e 10 < l  22 $ 1  6 0.025 3 .9  - 


I 0.024 7.8 21 35' 10 0 31 0 
34' 3 0 26 0 8 - 7.8  


9 0.025 3.9 19 22 4 8 28 8 
7 .8  24 24' 10 5 25 3 


11  0.025 - 11.7 18 32r 16 3 20 1 
15.6 18 22' 12 2 1  13 0 
15.6 - < 5' 0 0 0 0 


- 93 - - 


- 


- - 
- 


10 0.025 - 


12 0.025 - 


13 - - 


" Irradiation time 4 h at room temperature; An = p-anisyl: PhSe- = 0,063 1.1 
'Determined by GLC using the internat standard method. 
'Not quantified. 
' lrradiation time 2 h .  


Bromide ions. 
'Chloride ions. 


Reactions with different concentrations of 
p-Haloanisoles in ACN 
The photostimulated reaction of p-IAn (0.019 M) with 
PhSe- ions (0.063 M) gave PhSeAn (17%), P h S e  (8%) 
and An2Se (7%) (expt 1,  Table 2). When the photosti- 
mulated reaction was performed with p-1An at 1 - O M  
concentration, PhSeAn was formed in 68% yield with 
an important decrease in the symmetrical selenides (expt 
2, Table 2). when the concentration of l a  was increased 
to 2.5 M ,  the only product formed was PhSeAn (expt 4, 
Table 2). 


The photostimulated reaction of p-IAn (0.024 M) 
with PhSe- ions (O.O63M), but in the presence of 
p-BrAn (2M), gave more AnSePh and less symmetrical 
selenides (expt 5 ,  Table 2). In the presence of p-BrAn 
(3.9 M), the symmetrical selenides were formed in 
,< 1 %  yield; AnSePh was the only product formed 


when p-BrAn was present at 7.8 M (expt 7, Table 2). 
The photostimulated reaction of p-BrAn (7.8 M) and 
PhSe- (0.063 M) also gave only AnSePh. 


The photostimulated reaction of p-IAn (0-025 M) 
with PhSe- ions ( 0 . 0 6 3 ~ )  and p-C1An ( 3 . 9 ~ )  gave 
almost the same results as in the absence of p-ClAn. 
However, an increase in the concentration of p-CIAn 
resulted in a decrease in the symmetrical selenides, 
which almost disappeared at a p-C1An concentration of 
1 5 . 6 ~ .  There was no photostimulated reaction of p -  
ClAn (15.6 M) with PhSe- ions in the absence of p-IAn 
(expt 13, Table 2). 


Competition experiments. Relative Reactivity of 
PhSe- and PhS- ions toward 2-quinolyl radicals in 
ACN 
Once the yields of the substitution products 2-quinolyl 
phenyl sulphide (PhSQ) and 2-quinolyl phenyl selenide 
(PhSeQ) had been determined in the photostimulated 
reaction of 2-chloroquinoline with PhS- and PhSe- 
ions in excess, it was possible to calculate kPhSe  - / k p h s  - 


by using equation (14) (see Table 3), where [PhS-Io and 


Table 3. Competition experiments of 2-chloroquinoline with P h S  and PhSe- ions in acetonitrile" 


2-CIQ (M x lo3)  PhS-(M X 10') PhSe-(M x l o3 )  2-QSPh 2-QSePh kPhSe-/kPhS- ratio 


10 31 36 21 70 3.10 
10 46.5 20 51 49 2.52 
10 36.6 31 35 65 2.47 


Av. 2.7 2 0.3  


Irradiation time 4 h at room temperature 2-CIQ = 2-chloroquinoline; 2-QSPh = 2-quinolyl phenyl sulphide; 2-QSePh = 2-quinolyl phenyl selenide. 
bDetermined by GLC using the internal standard method. 
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[PhSe-] 0 are the initial concentrations and [PhSQ] 
and [PhSeQ] are the concentrations of the products at 
time t. '." This equation is based on the assumption that 
the reactions of both nucleophiles with the 2-quinolyl 
radicals are first order in the anions. 


[PhSe-] o 


PhS-1 o 


In ([PhSe-] o - [PhSeQ] 


In ([PhS-I 0 - [PhSQ] 
We found that PhSe- ions are 2.7 times more reac- 


tive than PhS- ions toward 2-quinolyl radicals in ACN. 


DISCUSSION 


It is known that the fragmentation rate of radical 
anions is solvent dependent because, in the transition 
state for the fragmentation step of a radical anion which 
has the negative charge delocalized over the whole mol- 
ecule, the charge has to  be localized on the bond which 
fragments; more polar solvents stabilize this transition 
state, increasing the rate of the fragmentation step. l 3  


In the photostimulated reactions in dioxane there was 
no reaction owing to the insolubility of the nucleophile 
in this solvent. The nucleophile was soluble in diox- 
ane-6% DMSO. In this solvent mixture, in which there 
is an apparent decrease in the polarity of the bulk sol- 
vent, we obtained almost the same results as in liquid 
ammonia. The expected decrease-jn the fragmentation 
rate by decreasing the polarity of the solvent was pro- 
bably cancelled by the almost 60°C difference in 
tempeLature of the reaction from liquid ammonia 
( -  33 C) to room temperature of this solvent mixture. 


In tert-butyl alcohol-water (1 : 1) there was no reac- 
tion of 2-BrPy with PhSe- ions. In pure fert-butyl aIco- 
hol there was some reaction of 2-BrPy with the 
nucleophile, and no scrambling could be detected. In 
this case the low polarity of tert-butyl alcohol decreases 
the fragmentation rate of the radical anion interme- 
diate. 


The photostimulated reaction in ACN of l a  or l b  
gave scrambling of products, and 1 -bromonaphthalene 
or Id gave only the substitution product. This solvent 
behaved as liquid ammonia, both being of similar 
polarity. However, when the reactions of l a  were per- 
formed with increasing concentrations, there was a 
decrease in the scrambled products, and at 2.5 M only 
the substitution product AnSePh was formed. 


In the photostimulated reaction of l a  with PhSe- and 
in the presence of p-BrAn at high concentration there 
was also a decrease in the scrambled products, but now 
the concentration of p-BrAn necessary to  prevent the 
fragmentation was 7 . 8 ~ .  


p-BrAn (0.045 M) reacts sluggishly with PhSe- 
(0.045 M) in liquid ammonia ( < 5%). In ACN and at 


7 .8  M p-BrAn there was a 26% yield of the substitution 
product PhSeAn without scrambling of the products. 


In the photostimulated reaction of l a  with PhSe- in 
the presence of p-C1An there was a decrease in the 
scrambled product only at  high concentrations of p -  
C1An. In order to obtain only the substitution product, 
a concentration as high as 1 5 . 6 ~  of p-C1An was 
necessary. 


p-C1An reacted neither under photostimulation in 
liquid ammonia' nor in ACN at 1 5 . 6 ~ .  The fact that 
in the presence of p-IAn ( 0 . 0 2 5 ~ )  and 15.6~ p-C1An 
only PhSeAn was formed indicates that p-IAn initiates 
the reaction, and the radical anion intermediate formed 
in the coupling of p-anisyl radical with PhSe- transfers 
its odd electron to  p-C1An (entrainment reaction' of 
p-CIAn by p-IAn). 


Taking into account that the rate of fragmentation of 
the radical anion intermediate competes with the rate of 
the electron transfer (ET) to  the substrate, and that the 
rate of E T  depends on, in addition to solvent and 
temperature, the reduction potential of both species, l 4  
the ET reaction should be almost diffusional (see 
below). 


Although the reduction potential of PhSeAn is not 
known, the reduction potential of the related com- 
pound PhzSe is - 2.54 V (ACN), l 5  which is more nega- 
tive than p-CIAn (Efi = - 2.15 V,  ACN)," p-BrAn 
(Efi = - 1 . 9 5 V ,  ACN)I6 and p-1An (Efi = - 1.26V, 
ACN). l 6  Although the half-wave potential of PhzSe is 
vs SCE, and the p-haloanisoles are vs Ag/AgBr, the 
difference in these reference electrodes is ca 0 .2  V. 


In the coupling of p-anisyl radical with PhSe- ion, 
the radical anion (AnSePh)- ' is formed, and although 
the ET to p-IAn should be diffusional (difference in E% 
ca 1*2V) ,  a concentration of 2.5 M of p-IAn was used 
to prevent its fragmentation. With p-BrAn (difference 
in E E  of ca 0.5 V) and with p-CIAn (difference in E55 
of ca 0 . 3 V ) ,  a concentration of 7 .8  and 1 5 . 6 ~  had to 
be used, respectively. These results indicate a very fast 
fragmentation rate of the radical anion (AnSePh)- ' , 
and that the more negative the reduction potential of the 
p-haloanisoles, the higher is the concentration needed 
to prevent its fragmentation. 


Assuming that the rate constant of the electron 
transfer from (PhSeAn)-' to p-IAn ( k , )  is ca 
10" 1 mol- '  SKI in ACN, l8 and considering that when 
the products of the fragmentation of the radical anion 
are not observed, the ratio between the rate of electron 
transfer to the rate of fragmentation is 100: I ,  we can 
therefore estimate that the rate constant of 
fragmentation ( k f )  of the radical anion is < lo 's- ' .  
The rate of the electron transfer from (PhSeAn) ~ ' to 
p-IAn is 


(15)  rateFT = kr [(AnSePh). '1 [p-IAn] 


The fragmentation rate of the same radical anion is 


ratef = 2kf [(AnSePh) '1 (16) 
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The factor of 2 arises from the fact that we observed 
only half of the fragmentation products (the 
fragmentation to An' + PhSe- does not give scrambled 
products). If the ratio of equation (15) to  equation (16) 
is 100: 1 when no scrambled products are observed 
((p-IAn] = 2.5 M), we can write 


2kf[(AnSePh)-'] = kt [(AnSePh)- '1 [p-IAn] X 


(17) 


from which we can estimate kf as < 10' SKI using 
k, = lO'O1 mol-'s-'. 


With the value of ca lo8 for kf, and with the same 
procedure, we can estimate the k, from (PhSeAn)- ' to 
p-BrAn to be ca 2.6 x 1091mol-'s-1 and p-C1An 
1.3 x 10glmol-L~-l under these experimental 
conditions. 


In the competition experiments between PhSe- and 
PhS- toward 2-quinolyl radicals, we found that there is 
a decrease in the selectivity compared with the results in 
liquid ammonia (2.7 in ACN compared with 5 . 8  in 
liquid ammonia). This fact can also be ascribed to  the 
60 "C difference in temperature, but we must also take 
into account the difference in the solvent, and different 
solvation from polar protic (liquid ammonia) to polar 
aprotic (ACN) can modify the reactivity of the 
nucleophiles. There is a precedent that changing the 
solvent produces a modification in the reactivity, and,it 
was reported that in DMSO there is a decrease also in 
the selectivity of radicals toward nucleophiles. l9 


EXPERIMENTAL 


General Methods. IH NMR spectra were recorded 
on a Varian T-60 instrument. Infrared spectra were 
recorded on a 5 SXC NicoIet FTIR spectrophotometer. 
Mass spectral measurements were obtained with a Fin- 
nigan Model 3300 mass spectrometer and gas chromato- 
graphic analyses were performed on a Varian 
Aerograph Series 2400 instrument with a flame ioniza- 
tion detector by using a column packed with 3% SE-30 
on Chromosorb P (0.5 m x 3 mm i.d.) or 5% OV-17 on 
Chromosorb P (1 * 5 m  x 3 mm i.d.). Irradiation was 
conducted in a reactor equipped with four 250-W UV 
lamps emitting maximally at 350 nm (Philips Model 
HPT,  water refrigerated). 


Materials. p-Chloroanisole (Aldrich), p-bromo- 
anisole (Aldrich), p-iodoanisole (Fluka), 2-chloro- 
quinoline (Aldrich), 2-bromopyridine (Aldrich), 1- 
bromonaphthalene (Aldrich) and 1 -chloronaph- 
thalene (Fluka) were used as received. Benzenethiol 
(Aldrich) was distilled under reduced pressure and 
stored in ampoules under nitrogen. Diphenyl selenide 
and diphenyl diselenide were prepared as reported. 2o 


Benzene selenol was prepared as reported2' and distilled 


under reduced pressure and stored in ampoules under 
nitrogen. All the other selenides and sulphides were 
prepared as reported. 5 * 8  1,4-Dioxane (Merck) was dried 
with KOH pellets, refluxed over sodium metal, distilled 
and stored with LiAlH4. It was redistilled before each 
reaction. DMSO o(Merck) was dried over molecular 
sieves (Merck, 4A) .  and then vacuum distilled under 
nitrogen and stored over molecular sieves (4 A). ACN 
(spectroscFpy grade, Merck) was dried over molecular 
sieves (4 A )  and distilled under nitrogen. 


Photostimulated reactions of benzeneselenate ions 2 
with 2-bromopyridine in tert-butyl alcohol. The follow- 
ing procedure is representative of these reactions: to a 
three-necked 250-ml round-bottomed flask, equipped 
with a nitrogen inlet and a magnetic stirrer, were added 
80 ml of tert-butyl alcohol, which was then degassed. 
Diphenyl diselenide (389 mg, 1.25 mmol) was added, 
followed by sodium borohydride (108 mg, 2 a86 mmol) 
to form 2.22 Then 2-bromopyridine (0.10 ml, 
1.04 mmol) was added and irradiated for 4 h at room 
temperature. The reaction was quenched with 30 ml of 
water and air was bubbled into the reaction mixture (to 
oxidize 2 to diphenyl diselenide). The organic phase was 
separated and the aqueous solution was extracted three 
times with diethyl ether. In the aqueous solution Br- 
ions were determined potentiometrically (18% yield). 
The organic solution was dried (anhydrous N a ~ S 0 4 )  
and by GLC 2-pyridyl phenyl selenide was quantified in 
comparison with an authentic sample (internal standard 
1-chloronaphthalene) (0.184 mmol, 18% yield). No 
other selenides were detected by GLC ( < 0.5%). 


Photostimulated reaction of benzeneselenate ions 2 
with p-iodoanisole in dioxane. Following the same pro- 
cedure, diphenyl diselenide (403 mg, 1.29 mmol) was 
added to 130ml of dioxane and potassium metal 
(11 1 mg, 2.84 mmol) was added to  the yellow solution. 
The solution was boiled and a fine precipitate of 2 was 
formed. p-Iodoanisole (241 mg, 1.03 mmol) was added 
and irradiated for 4 h at room temperature. The reac- 
tion was quenched by adding ammonium nitrate and 
water (10 ml). By potentiometric analysis there were no 
I -  ions, and by GLC there were no substitution pro- 
ducts compared with authentic samples of the selenides. 
The nucleophile 2 was prepared using the same proce- 
dure, but DMSO was added to the white precipitate 
until it was dissolved (6T0, v/v). The selenides and the 
I -  ions were analysed by the same procedure and are 
reported in Table 1. 


Photostimulated reactions of 2 with p-haloanisoles in 
ACN. The experiments were similar to  those reported 
above; nucleophile 2 was prepared from benzeneselenol 
and potassium tert-butoxide and the results are given in 
Table 2. 
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Competition experiments in ACN. To a three-necked 
250-1111 round-bottomed flask, equipped with a nitrogen 
inlet and a magnetic stirrer, were added 63 ml of ACN 
and the solution was degassed. Then benzenethiol 
(0.20 ml. 1.95 mmol) and benzeneselenol (0.18 ml, 
2.25 mmol) were added from ampoules. Potassium tert- 
butoxide (444.2 mg, 3.96 mmol) was added. After 30 
min, 2-chloroquinoline (106 mg, 0.65 mmol) was added 
and the solution irradiated for 4 h at room temperature. 
The reaction was quenched by adding methyl iodide 
(4.8 mmol) and 20 ml of water, and ca 50 ml of ACN 
were removed by distillation. The residue was extracted 
three times with diethyl ether, dried over anhydrous 
NazSO4 and quantified by GLC, using pure samples of 
the substitution products with phenanthrene as internal 
standard. The results are given in Table 3. In blank 
experiments, benzenethiolate and benzeneselenate ions 
were recovered in 94% and 93% yields, respectively 
(quantified by GLC as the methyl derivatives, using 
naphthalene as an internal standard). 
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STRUCTURE AND STABILITY OF 2a/ 1 a* THREE-ELECTRON- 
BONDED RADICAL CATIONS FROM 


1 ,n-BIS(ALKYLTHI0)ALKANES IN AQUEOUS SOLUTIONS 


ELKE ANKLAM* AND KLAUS-DIETER ASMUS* 
Hahn-Meitner-Institut Berlin, Bereich Strahlenchemie, Glienicker Str. 100, 0-1000 Berlin 39, FRG 


AND 


HARI MOHAN 
Bhabha Atomic Research Centre, Chemistry Division, Trombay, 400 085 Bombay, India 


A large number of 1,n-bis(alkylthio)alkanes, R' S(CHz),SR", was investigated by pulse radiolysis in aqueous solu- 
tions. The sulphur-centred radical cations, which were obtained on oxidation of the dithia compounds by *OH radicals, 
are stabilized via 20/10* three-electron interaction between two sulphur atoms. Intramolecular stabilization i s  the only 
process observed for n = 2-4, whereas for longer chain compounds with n > 4 some intermolecular sulphur-sulphur 
interaction is also indicated. The stability and yields o f  the three-electron-bonded species also depend on the nature 
of the substituents R' and R", and for the intermolecular systems are a function o f  solute concentration. The results 
corroborate earlier investigations and demonstrate, in particular, that the optical parameters are a very sensitive 
measure o f  changes in electron density and structure o f  the three-electron-bonded systems. 


INTRODUCTION 


I t  is well established that sulphpr-centred radical cations 
of the general structure [-S-] +, obtained by one 
electron oxidation of organic sulphides, generally 
exhibit a high tendency to  stabilize by coordination with 
a free p-electron pair of a second sulphur atom: 


The stability of the resulting three-electron bond is 
determined by the nature of the substituents, steric 
aspects and, in particular, by the fact that two of the 
electrons are bonding o-electrons whereas the third is an 
antibonding, i.e. bond-weakening, o*-electron 


The formation of these three-electron bonded species 
may occur intermolecularly, as indicated above, but 
also intramolecularly if the substrate molecule contains 
at least two separated sulphur atoms (di-or polythia 
compounds). Examples of the latter ' * 4 - 6  have 
demonstrated a strong influence of structure on the 
stability of the ring-closed system formed in the overall 
reaction 


-6 \ + I  


c 3  (3) 
-s-s- - 


0894-3230/90/0 1001 7-06$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


In order to obtain more quantitative information on 
such intramolecular radical cations, we have now con- 
ducted an extensive and systematic investigation 
the one-electron oxidation of a large number 
1 ,n-bis(a1kylthio)alkanes: 


R ' S(CHl),SR" 
2-10 


with the number assianed to a comDound denotine 


on 
of 


the 
I - 


number of methylene groups between the two sulphur 
atoms, i.e. n = 2-10, and R '  and R" are alkyl groups. 


Bis(alky1thio)alkanes are interesting, however, not 
only from the above-mentioned points of view. This 
class of compound is known to play significant roles in 
the generation of the flavour of various natural 
 product^.'^^ Our study of such compounds under ox- 
idative conditions may therefore provide useful infor- 
mation for the understanding of their chemical reac- 
tions in biological systems. 


EXPERIMENTAL 


Most of the bis(alky1thio)alkanes investigated were not 
commercially available and had to be synthesized. A 


Received 24 October 1988 
Revised 2 January 1989 







18 E. ANKLAM, K.-D. ASMUS AND H. MOHAN 


detailed description of the synthesis has been published 
elsewhere. 9, '0  


Oxidations were initiated by -OH radicals, the major 
radical species in the radiolysis of NzO-saturated 
aqueous solutions. 'I The solvent was deionized water 
filtered through a Milli-Q system (Millipore), and solute 
concentrations were typically in the range 10--5-10-3 
mol dm-3.  The pH of the solution was generally ca 4 
(adjusted by addition of HClOl) in order to provide 
optimum conditions for time-resolved conductivity 
measurements. ",'' The latter were performed to iden- 
t i fy  the charge and measure the absolute yields of 
radical cations. Details of these evaluations in connec- 
tion with the oxidation of organic sulphur compounds 
have been described previously. 2 . 1  ',Iz 


It-radiations were carried out  by means of pulse 
radiolysis. This technique provides short pulses, e.g. of 
1 ps duration, of high-energy electrons (e.g. I .5 eV) 
delivered by a Van-de-Graaff accelerator. The concen- 
tration of radicals generated was of the order of 
6 x lo-' mol d m .  ' per 1 Gy absorbed energy (1 Gy = 
I J kg I), taking into account that the radiation 
chemical yield of OH radicals in an NzO-saturated 
aqueous solution is G = 6 (species per 100 eV absorbed 
energy). Further details of this, the dosimetry [based on 
the oxidation of SCN- to (SCN);~~) and the evaluation 
and interpretation of pulse radiolysis data have been 
published elsewhere. " , I 2  


All experiments were carried out at room 
temperature. 


RESULTS AND DISCUSSION 


Oxidation of 1,3-bis(ethylthio)prnpane 


Oxidation of compounds 2-10, each with varying 
substituents R '  and R"  (a, b,c ,  etc.) always resulted 
in the formation of positively charged and optically 
absorbing transients. A typical spectrum measured 
immediately after a 1 ps pulse delivered to an N2O- 
saturated, 2 x lo-' mol d m - '  aqueous solution of 
1,3-bis(ethylthio)propane (3h) (R'  = R" = Et) is shown 
in Figure 1 .  
The strong absorption peak in the visible region at 445 
nm is assigned to the intramolecular radical cation 
formed in the overall reaction 


EtS(CHz)3SEt + - O H  - E B  .'. Tt t O H  


This assignment is based on the same grounds as 
presented and discussed in detail in our earlier publica- 
tions on the radical-induced oxidation of dithia 
compounds. 1 3 4 - h  The formation of a positive ion-OH- 
pair is unambiguously evidenced by an increase in con- 


30000 1 


w 1  20000 


0 


O c t  
0 
0 


(1 


0 


0 


10000 0 


0 


0 


0 0  
0 , . , . I ' I ' I  
2 0 0  300  4 0 0  500 6 0 0  7 0 0  


A max 8 nm 


Figure 1. Transient absorption spectrum obtained inimediatc- 
ly after a I ps pulse given to an  aqueous, NzO-saturated, 
2 x lo-' rnol dm-' solution of 1,3-bis(ethylthio) propane (3h) 


ductivity in slightly basic solutions (pH 8-9). Further, 
i f  the O H -  ions formed in reaction (4) are neutraliLed 
in acidic solutions (pH 4), i.e. the net effect from the 
conductivity point of view is a replacement of a highly 
conducting H &  (A = 315 Q - '  cm') by a much less con- 
ducting normal cation (A  = 50 Q ~ - '  cm2),  a correspond- 
ing decrease in conductivity is observed. I 2  


Three types of radical cations may, in principle, be 
envisaged as one-electron oxidation products of the 
1 ,n-bis(alky1thio)alkanes: 


i + 
RS(CH~), ,SR(~ R 'S  .'. SR" 


R '  (CH2),,SR" 
\ + /  


/ \ 
s :. s 


(111) 


The unstabilized species of type I can be eliminated as 
a cause of  the visible absorption, as its spectrum (by 
analogy with the corresponding R2S' ' from simple 
aliphatic sulphides) should show a peak around 300 nni. 
The dimeric, i.e. intermolecular, species 111 (also by 
analogy with numerous corresponding examples 
on the other hand, should exhibit more red-shifted 
maxima above 470 nm. Further, the yield of 
[R2S :. SR2]+ type species generated via - O H  radicals 
generally shows a pronounced dependence on the solute 
concentration within the 10-s-10-2 mol dm-3 range.z,4.s 
The yield of the 445 nm absorption obtained in the 
-OH-induced oxidation of 3h is, however, absolutely 
independent of concentration, as shown in Figure 2 
(curve a). 


R"S(CHz),I R '  
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3 7  


.OH/ - HzO 


7 -S-CH2- 


n w 20000 Y Y a, 3h 
0 


0.0 0 . 1  0.2 0.3 0 . 4  0.5 0.6 


[solute], mM 


Figure 2.  Relationship between the yield of the radical cations 
(in terms of G r )  and the solute concentration: (a) 3h; (b) 5c; 


(c) 7a 


The assignment of the optical transition at 445 nm to 
the intramoleculer species of type I1 is corroborated by 
the corresponding properties of a well documented 
intramolecular radical cation derived from 
1,3-bis(methylthio)propane (3a), namely, Amax = 445 
vs 440 nm, 1112 = 650 vs 730 p s  and cmax = 7000 vs 5800 
mol-’ dm3 cm- I ,  respectively. The molar absorptivity 
( E ) ,  incidentally, was calculated from the optically 
measured GAA divided by the radiation chemical yield 
G(species per 100 eV absorbed energy). The latter is 
derived from G M  values obtained from conductivity 
measurements and the known specific conductances 
AA = A(OH-) + A(radica1 cation) = 180 + 50 = 230 0 - I  


cm2 (basic solution) or AA = A(radica1 cation) 
- A(H&) = 50 - 315 = - 265 0-l cmz (acidic solution) 
(see also the discussion on conductivity above). 


The spectrum shown in Figure 1 reveals a second, 
smaller band in the UV region in addition to the visible 
absorption. this 280-300 nm absorption decays slightly 
more slowly than the 445 nm absorption, suggesting the 
presence of a second, different transient species. 
Although the unstabilized sulphur-centered radical 
cation of type I absorbs in this wavelength range and is 
present through the general equilibria 


I I1 ( 5 )  


I + substrate I11 (6) 


it is unlikely to  be responsible for this absorption, as its 
lifetime is generally much shorter than that of the three 
electron-bonded species. 3 , ’ 3 . 1 4  A contribution of this 
unstabilized radical cation to the UV absorption never- 
theless cannot be excluded. The prime candidates for 
this absorption are a-thioalkyl radicals generated either 
by abstraction of a hydrogen atom from the solute 
molecule or deprotonation of the sulphur-centred 
radical cation 5,15.  i.e. 


Oxidation of 1 ,n-bis(alkylthio)ethanes, -propanes and 
-butanes 


Very similar results to  those for 3h have been obtained 
for the -OH--induced oxidation of 1 ,n-bis(alky1- 
thio)ethanes (2a-g), -propanes (3a-m) and -butanes 
(4a-h), i.e. for compunds with two, three or four 
methylene groups between the two interacting sulphur 
atoms. In all cases the predominant transient species are 
intramolecular radical cations of the structures (11-2), 
(11-3) and (11-4). 


s...s \ + /  t) \ + /  
\ + /  


11-3 11-4 
M 
11-2 


The respective A,,, values are listed in Table 1. They 
confirm our earlier observations and conclusions about 
the influence of the radical cation structure on the 
optical properties of the three-electron-bonded 
 system^."^-^ Thus it has been established, and later 
supported by theoretical calculations, I 6 , I 7  that Am,, 
directly reflects the strength of the 2a/Io* bond. 
Generally, an increase in bond strength is associated 
with a blue shift in A,,, and vice versa. 


The most blue-shifted absorptions are observed for 
the propane derivatives 3 (i.e. n = 3). This coincides 
with the fact that five-membered ring structures as in 
11-3 are sterically the most favoured. They seem to pro- 
vide a maximum degree of sulphur-sulphur p-orbital 
interaction (sulphur p-orbitals show little if  any 
hybridization and accordingly are located almost 
perpendicular t o  the sulphur-carbon-sulphur plane). 


The six-membered ring structures derived from the 
butane derivatives 11-4 (n = 4) absorb at slightly higher 
wavelengths, indicating a comparatively lower stability 
of the three-electron bond. 


An even more dramatic effect is observed for the 
ethane derivatives 11-2 (n = 2) .  The A,,,, are now shifted 
to > 520 nm. The strained four-membered ring con- 
figuration 11-2 that has to be attained for the 
intramolecular radical cations provides a satisfactory 
rationale. 


As expected for intramolecular stabilization, the 
radical cation yields from all these compounds are 
independent of solute concentration and the respective 
experimental results resemble the features of curve a in 
Figure 2.  
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Table 1. Properties of radical cations of compounds 2-10" 


f l / 2  ( ps) 


2a 2 
2b 2 
2c 2 
2d 2 
2e 2 
2f 2 
2g 2 


3ah 3 
3b 3 
3r 3 
3d 3 
3e 3 
3f 3 
3 s  3 
3h 3 
3i 3 
3j 3 
3k 3 
31 3 
3m 3 


4a ' 4 
4b 4 
4c 4 
4d 4 
4e 4 
4f 4 
4g 4 
4h 4 


5a 5 
5b 5 
5 C  5 
5d 5 
5e 5 
51 5 
5g 5 


6a 6 
6b 6 
6c 4 
6d 6 


l a  7 


8a 8 


9a 9 


1 Oa 10 


520 
520 
525 
530 
535 
535 
545 


440 
440 
440 
445 
450 
450 
450 
445 
450 
455 
45 5 
460 
450 


460 
470 
460 
470 
47 5 
480 
485 
485 


475 
495 
480 
495 
5 10 
545 
520 


490 
500 
510 
515 


5 40 


550 


560 


570 


18.5 
GY 
- 
120 


180 


200 


150 


130 


9.1 
GY 


210 
210 
190 
160 
150 
170 
130 


360 
360 
330 
300 
280 
300 
250 
350 
300 
220 
240 
180 
90 


380 
330 
340 
310 
260 
280 
200 
- 


250 
180 
180 
140 
100 
80 
- 


200 
I30 
90 
60 


80 


40 


- 


- 


3.2 1.5 
GY GY G 


.! 
(mo1-I dm' cm I 


320 390 
390 
380 
340 
330 
340 
270 


720 1050 
1100 
980 
870 
700 
850 
730 
870 
830 
700 
750 
650 
270 


760 1100 
950 


1030 
840 
760 
770 
630 
- 


630 760 
580 
620 
550 
370 
280 
- 


440 610 
500 
270 
180 


200 


120 


- 


- 


3.4 
3 .4  
3.7 
3 - 4  
3.2 
3.5 
3 .4  


3.5 
3.5 
3.4 
3 .0  
2.9 
2 .9  
2.7 
2 .7  
2 . 0  
1.9 
2 . 0  
2 . 0  
0 .2  


2 .9  
2.0 
2 .9  
1.9 
1.7 
1 .3  
1.0 
- 


3.1 
2.2 
2 .5  
1.5 
1 . 4  
0 . 9  
- 


2.0  
1 .4  
1.0 
0 . 6  


1.2 


0 .4  


- 


- 


4700 
4700 
4500 
4600 
4200 
4800 
3600 


5800 
5900 
6000 
6400 
6200 
6000 
5800 
7000 
7700 
7500 
7300 
7400 
5500 


6000 
6500 
8500 
8200 
7400 
7500 
7900 
- 


6000 
6100 
6000 
6000 
7500 
6400 
- 


6900 
7500 
6800 
7000 


6200 


5800 


- 


- 


~ ~ 


" A  dose of 1 G y =  1 J kg-' corresponds to  a total radical concentration of lo-' mol dm-' per G unit. 
'Lax values from Ref. 5: 2% 525 nm (3400 mol- '  dm'cm- ' ) ;  351, 440 (5800); 451, 450 (5800); 6a, 485 (6500). 
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Radical cations from higher 1, n-bis(alky1thio)alkanes 


Whereas there seems no question about the intra- 
molecular character of the radical cations from com- 
pounds 2, 3, and 4, the picture is less unambiguous for 
the longer chain alkanes, i.e. for n = 5-10. The cor- 
responding data are also listed in Table 1. The con- 
tinuous red shift of the visible A,,, from 445 to 570 nm 
for the radical cations from the bis(ethy1thio) com- 
pounds with n = 3-10, for example, would certainly be 
in accord with intramolecular stabilization. Increasing 
steric hindrance of sulphur-sulphur p-orbital interac- 
tion with increasing chain length would provide a 
reasonable rationale for this trend. Another parameter 
in support of intramolecular species is the magnitude of 
this red shift. Absorptions of > 530 nm have so far been 
found only if  the substituents at sulphur were eitherlor 
both strongly electron releasing or branched alkyl 
groups (e.g. isopropyl, tert-butyl), but not for ethyl 
and unbranched substituents as in our 
bis(ethy1thio)alkane series. 


On the other hand, starting for the radical cations 
with n = 5 their yields become clearly dependent on the 
solute concentration, as is demonstrated for the radical 
cations from 5c and 7a in curves b and c in Figure 2. 
Such a functional relationship, together with the 
generally expected decrease in probability of ring 
closure with increasing chain length, may be taken as 
arguments in favour of intermolecular stabilization as in 
structure 111. 


The observed trends in lifetime and yields of the 
radical cations (see Table 1) d o  not allow any distinction 
between intra- and intermolecular S :. S stabilization. 
The yields, for example, mainly reflect the competition 
between sulphur oxidation and H-atom abstraction by 
the .OH radicals. The latter process clearly becomes in- 
creasingly important for the longer chain compounds 
and is also particularly evident for the cyclohexyl 
substituted species. Considering all the experimental 
observations and arguments, it seems probable that 
both mechanisms, i.e. intra- and intermolecular 
stabilization, may contribute for the compounds with 
n 2 5. 


(n > 4) 


Effect of the substituents R '  and R" 
Within any series of given n, the visible-range radical 
cation absorption depends on the nature of the substi- 
tuents R '  and R". The observed trends in A,,, can be 
explained by the general rules established for simple 
aliphatic sulphides. ' Thus, electron-releasing substi- 
tuents invoke an increased electron density in the anti- 
bonding orbital. This in turn causes weakening of the 
S :. S bond and shows up as a corresponding red shift 
in absorption. The largest of such effects in our series is 
observed for the tert-butyl substituents. 


Table 2 AX,,, between methyl and isopropyl-substituted 
intramolecular radical cations as a function of ring size 


n Ring size AXma, (R'  , R" = Me/i-Pr) 


2 4 25 nm(O.109 eV) 
3 5 15 nm(O.093 eV) 
4 6 15 nm(0-085 eV) 
5 I 35 nm(0.178 eV) 
6 8 25 nm(O.122 eV) 


Bond weakening through steric hindrance was evident 
in our earlier studies' only for branched alkyl substi- 
tuents. In the present cases this is therefore likely to 
apply for the iso-C,H,-, tert-GH9- and cyclo-CsH I 


substituted species. 
It is further noted that the overall effect of the R '  and 


R" substituents in our present cyclic intramolecular 
radical cations I1 is not as pronounced as in the case of 
dimeric [ R2S :. SRz] + radical cations. One reason is 
that for any given chain length n,  the species I1 carry 
only two (instead of four) variable substituents. More 
important for the comparatively smaller influence of the 
substituents is, however, probably that the high degree 
of rigidity provided by the intramolecular ring closure 
does not allow the same response to the bond- 
weakening properties of the substituents as in 
[ R2S :. SRZ] + . In this respect it is interesting to  com- 
pare the differences in X,,, (in nm and eV) of, for 
example, the bis(ethy1thio)- and bis(2-propy1thio)alkane 
radical cations for different ring sizes as listed in Table 
2. Although an error limit of at least ? 5  nm must be 
allowed for AX,,, it is evident that this difference, and 
correspondingly the difference in energy (ev), passes 
through a minimum for n = 3 and 4. In other words, the 
influence of the substituents R '  and R "  in I1 becomes 
least important for the five- and six-membered ring 
structures. The dominant factor for these systems is, as 
may be expected, the sterically most favourable 
geometry of the intramolecular radical cations. 


Lifetimes, yields and molar absorptivities 


The lifetimes of the radical cations indicate a relatively 
high persistence, particularly for the five- and six- 
membered ring structures. It seems that the kinetic 
stability corroborates the thermodynamic stability of 
the three-electron-bonded systems. Within any series of 
given n and dose (radical concentration), the lifetime 
therefore decreases with increasing bulkiness and 
electron-releasing power of the substituents. 


The decay kinetics of the radical cations are generally 
of mixed order, with first- and second-order compo- 
nents. As can be seen from the half-lives at different 
doses (Table l),  the respective t 1 1 2  values decrease with 
increasing radical concentration. The linear t l / z  = f(c- I )  


relationship for a clean second-order process is, 
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however, not fullfilled over the entire radical concentra- 
tion range. A reasonably good second-order fit is only 
obtained at high doses for the fully methyl- and, to  
some extent, ethyl-substituted species derived from the 
n = 3 and n = 4 compounds (3a, 3b, 3c, 4a, 4c). Taking 
a radical concentration of ca lo-' mol dm-3  per Gy and 
unit G, bimolecular rate constants of 2k = ( 1  -2)  x lo9 
mo1-I dm3 s-  I are derived from the experimental data. 
The underlying process is suggested to  be a 
radical-radical disproportionation, since an alternative 
combination would lead to sterically probably hindered 
and, further, at sulphur hypervalent structures. 


First-order contributions to  the decay become in- 
creasingly important with decreasing radical concentra- 
tion (dose) and for more highly substituted, i.e. 
thermodynamically less stable, species. Two processes 
can be envisaged for a first-order decay mechanism, 
namely, dissociation of the three-electron bond into its 
-S'* and -S: components, and deprotoriation of 
(-S :. S-)' and/or - S ' + . I 4  Rough analysis indicates 
first-order rate constants of the order of l o 3  s - ' .  
However, it does not seem feasible to  evaluate these 
(and also further second-order rate constants) in a more 
quantitative manner on the basis of the presently 
available, limited amount of kinetic data. 


Comparison of the lifetimes with those of some 
earlier examples on bis(methylthi0) systems5 shows 
good to reasonable agreement. Only our published half- 
life to 25 p s  for the intramolecular radical cation from 
1,2-bis(methyIthio)ethane (2a) is lower than the value of 
120 p s  measured in this investigation at comparable 
doses. Knowing that RzS.', and presumably all 
sulphur-centred radical cations to type I are reasonably 
good oxidants, we therefore consider that our early 
samples still contained oxidizable substrate, contam- 
inants, introduced perhaps in the synthesis of 2a. 


The yields of the radical cations generally decrease 
with increasing molecular weight of the substrates. As 
indicated already, the main reason is an increasing prob- 
ability of H-atom abstraction in competitition with 
direct oxidation of the sulphur function. Low 
solubilities of the higher compounds may also have 
prevented higher yields. 


Finally, the molar absorptivities are all of the order of 
published values for sulphur-centred three-electron- 
bonded systems. 


CONCLUSION 


This extensive study of 20/10* three-electron-bonded 
radical cations derived from the *OH radical-induced 
oxidation of 1 ,n-bis(alky1thio)alkanes has confirmed 


our earlier results and conclusions on the properties of 
these species. In particular, it could be demonstrated 
that the optical absorptions respond in a very sensitive 
and predictable manner to variations in the electron 
density within the three-electron bond, and also to 
changes in structural parameters. 
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KINETICS OF OXIDATION OF AMINO ACIDS BY ALKALINE 
HEXACYANOFERRATE(II1) 


DIDCY LALOO AND MAHENDRA K. MAHANTI* 
Department of Chemistry, North-Eastern Hill University, Shillong 793 003, India 


The kinetics of the oxidation of a-amino acids (glutamic acid and aspartic acid) by alkaline hexacyanoferrate(Il1) were 
studied at constant ionic strength and over the temperature range 323-348 K. The rate was dependent on the first 
power of the concentrations of substrate and oxidant, but was independent of the concentration of alkali in the range 
studied. The value of k ~ / k ~  was in the range 8.1-8.3 for the slow step, indicating the loss of a hydrogen atom from 
the C-H bond, giving a radical species which was characterized by ESR spectroscopy. The reaction proceeds by way 
of the a-imino acid, formed in a fast step, which undergoes hydrolysis to give the corresponding a-keto acid. 


INTRODUCTION 


Amino acids are the building blocks in protein syn- 
thesis. The fact that the important naturally occurring 
amino acids have a-hydrogen atoms suggests that the 
biosynthesis and degradation of amino acids occur by 
way of the a-imino acids and a-keto acids, thus 


H 
I (0) 


I (W I I  
R C COOH, R C COOH 


NHz NH 


- N H 3  - R  C COOH 
NH3 I1 


0 


Earlier work on the oxidation of amino acids by potas- 
sion hexacyanoferrate(II1) had shown that the rate was 
dependent on the structure of the amino acid and 
the nature of the cation in the inert electrolyte.' 
Subsequently, the kinetics of the oxidation of amino 
acids by potassium hexacyanoferrate(III), catalysed by 
osmium(VIII), was reported. 2 - 4  


The oxidation of amino acids is of importance both 
from a chemical point of view and with regard to the 
mechanism of amino acid metabolism. This investi- 
gation forms part of a broad programme of studies on 
the mechanistic aspects of the oxidation of amino acids 
by potassium hexacyanoferrate(II1) in alkaline media. 
A detailed investigation of the kinetics of the oxidation 
of glutamic acid and aspartic acid by alkaline hexa- 


*Author for correspondence. 


cyanoferrate(II1) in alkaline medium at constant ionic 
strength under a nitrogen atmosphere is reported in this 
paper. 


EXPERIMENTAL 


The substrates (BDH, Poole, UK) were found to be 
chromatographically pure, but were further assayed by 
the acetic acid-perchloric acid method, and their 
aqueous solutions were used for kinetic studies. All 
other compounds employed were obtained from E. 
Merck (Darmstadt, FRG). The ionic strength of the 
system was kept constant at a high value (0.5 M) using 
concentrated sodium perchlorate solution. Triply dis- 
tilled water was used throughout the kinetic runs. All 
reactions were performed under a nitrogen atmosphere. 


Kinetic measurements. The rate studies were made 
under pseudo-first-order conditions by keeping an 
excess of amino acid over the oxidant. Aqueous sol- 
utions of the amino acids were prepared. Solutions of 
potassium hexacyanoferrate(II1) were prepared in 
aqueous sodium hydroxide, and sodium perchlorate 
solution was added to adjust the ionic strength. The two 
solutions were separately thermostated at 338 K for 1 h 
under nitrogen and then mixed in equal volumes by 
syringing into the spectrophotometric cell. The kinetics 
were followed by monitoring the disappearance of 
[Fe(CN)i- J spectrophotometrically at 420 nm 
(Beckman UV 26 spectrophotometer). At this wave- 
length, the absorption due to hexacyanoferrate(I1) was 
negligible. The course of the reaction was followed for 
five half-lives. The rate constants were evaluated from 
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the linear (r = 0.994) plots of log [oxidant] vs time, and 
were reproducible to within 2 3%. 


Stoichiometry and product analysis. Various ratios 
of hexacyanoferrate(II1) to  amino acid in the presence 
of 0.5 M sodium hydroxide (ionic strength adjusted by 
the addition of sodium perchlorate) were equilibrated at  
338 K for 24 h under nitrogen. Estimation of residual 
oxidant showed that 1 mol of amino acid consumed 
2 mol of hexacyanoferrate(III), corresponding to the 
stoichiometric equation 


RCH(NH2)COOH + 2Fe(CN)$ 
+ 2 0 H -  --* RCOCOOH + 2Fe(CN);- + NH3 + H20 


Using the same experimental conditions as for the 
kinetic determinations, solutions of substrate and 
oxidant in sodium hydroxide (ionic strength adjusted by 
the addition of sodium perchlorate) were mixed and 
kept at 338 K for 24 h under nitrogen. The evolution of 
ammonia was shown by partial distillation of the 
reaction mixture. The ammonia formed was absorbed 
in an excess of 0.5 M hydrochloric acid. The excess 
acid was then back-titrated against base in the presence 
of methyl red indicator.' 


The reaction mixture was extracted with diethyl 
ether, washed with water, dried over anhydrous mag- 
nesium sulphate and then concentrated. The product 
obtained was the corresponding keto acid, detected by 
spot tests,' in agreement with earlier work.g 


The product obtained was treated with an acidic sol- 
ution of sodium hydrogen-sulphite and cooled in ice. A 
25 ml volume of 0.05 M 2,4-dinitrophenylhydrazine 
solution was added and the mixture kept overnight a t  
0 "C. The solid compound formed was filtered, dried, 
recrystallized from a mixture of ethyl acetate and light 
petroleum and weighed as the 2,4-dinitrophenyl- 
hydrazone (DNP) derivative of the corresponding keto 
acid (Table I). The yields were cu 75-80%. 


ESR measurements. Using the appropriate reaction 
conditions, the radicals were generated by mixing the 
substrate and oxidant, by volume, in an ESR tube just 
outside the cavity of the spectrometer (Varian E4). The 
mixture was placed under high vacuum in order to expel 
dissolved oxygen, and the sample tube was placed in 
the cavity of the spectrometer. The conditions for 
obtaining the spectra at 77 K were as follows: scan 


Table 1. Characterization of the product 


2,4-DNP 
Keto acid derivative: 


Amino acid (oxidation product) m.p. ("c) 


Glutamic acid Oxaloacetic acid 222 
Aspartic acid a-Ketoglutaric acid 218 


range, 4000 G; field set, 3300 G; modulation amplitude, 
6.3 G; microwave frequency, 9.45 GHz; time constant, 
0.3 s; and scan time, 4 min. 


RESULTS AND DISCUSSION 


Kinetic results 


The rate data are given in Table 2. Under the 
experimental conditions, the rate law could be 
expressed as 


Rate = - d [Fe(CN)&]/df = 


k[amino acid anion] [Fe(CN):-j. 


When [amino acid anion] 2 [oxidant], the second- 
order rate constant can be represented approximately 
by kobs(first order)/ [amino acid anionlo. The presence 
of an intervening methine group in glutamic acid could 
lead to  a diminution of the + I effect, which may be 
responsible for the difference in the rates of oxidation 
of these two amino acids. 


A linear correlation (r = 0.992) between log kobs and 
the reciprocal of temperature in the range 323-348 K 
was observed for the amino acids. The rate data and the 
activation parameters are given in Table 3. The near 
constancy of the free energy of activation points to a 
common mechanism for the oxidation of both the 
amino acids. 


The addition of hexacyanoferrate(I1) ions in the 
concentration range 1 x W 4 - I  x M did not have 
any effect on thz rates of these oxidation reactions, 
indicating that the reaction between the substrate and 


Table 2. Rate data for the oxidation of amino acids at 338 K 
( p  = 0.5 M) 


1O'kob,(s-~) 


[Substrate] [K3Fe(CN)6] [NaOH] Glutamic Aspartic 
(1O'M) (10~h.l) (M) acid acid 


5.0 
10.0 
25.0 
50.0 


100.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 


1.0 
1.0 
1 .o 
1.0 
1 .o 
0.75 
0.50 
0.25 
0.10 
0.05 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 


1.0 
1.0 
1.0 
1.0 
1.0 
1 .o 
1.0 
1.0 
1.0 
1.0 
0.75 
0.50 
0.25 
0.10 
0.05 
0.01 


2.1 4.7 
4 3  9.3 


10.5 24.0 
21.0 47.0 
43.0 95.0 
10.5 23.5 
10-5 25.0 
10.0 24.0 
10.5 24.0 
10.0 24.5 
10.5 24.0 
10.0 25.0 
1 0 3  24.0 
10.2 23.5 
10.0 25.0 
10.5 24.0 
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Table 3.  Effect of temperature and activation 
parametersa 


~~~ 


1o3kOb,(~- '1 
Temperature (K) 
(f 0. I K) Glutamic acid Aspartic acid 


323 
328 
333 
338 
343 
348 


3.9 6 .1  
5 - 7  9.5 
7.2 16.8 


10.5 24.0 
14.2 31.0 
21.3 48.0 


E (kJ mol-') 21 f 2 22 ? 2 


Log A 4.7 4.5 
AHf (kJ mol-') 24 ? 2 19 2 2 


AS1 (J K-'mol-') - 165 f 5 
AGf (kJ mol-I) 76 k 2 74 ? 2 


- 155 f 5 


a [Substrate] = 0.25 M; [K3Fe(CN)6] = 1 x lo-) M; 
[NaOH] = 1 .O M; p = 0.5 M. 


oxidant (the electron-abstraction step) was an 
irreversible step. 


Variations in the ionic strength of the medium using 
sodium-perchlorate ( p  = 0.01-0.5 M) did not have any 
effect on the rates of these reactions. 


The addition of salts such as NaC1, NaNO3, KNO3, 
Na2S04 and MgS04 (concentration range 
1 x 10-4-5 x M) did not have any influence on the 
rates of these reactions. Striking specific cation effects 
had been observed in an earlier investigation of the 
oxidation of amino acids by hexacyanoferrate(II1) in 
alkaline medium, where changing the cation from 
lithium to caesium resulted in a > 100-fold increase in 
the rate of the reaction. In the present investigation, 
salt effects were not observed. It seems possible that any 
effects due to the addition of salts, in the concentration 
range studied, may be compensated for by the high 
ionic strength of the medium, thus vitiating any 
observed effect of the addition of salts. 


SGauss ,5Gauss , 
Figure 1. ESR spectra for the oxidation of (a) glutamic acid 
and (b) aspartic acid. Conditions: scan range, 4000 G; field set, 
3300 G; modulation amplitude, 6.3 G; microwave frequency, 
9.45 GHz; time constant, 0 .3  s; scan time, 4 min; temperature 


71 K 


Table 4. Solvent isotope effect at 338 K a  


Glutamic acid 10.5 11.0 0.95 
Aspartic acid 24.0 25.0 0.96 


a [Substrate] = 0.25 M; [K3Fe(CNk] = 1 x 
[NaOH] = 1 . 0 ~ ;  p = 0 . 5 ~ .  


M; 


ESR of the corresponding radicals generated from 
the oxidation of each of the substrates (Varian E-4), 
gave five-line spectra with intensity ratios of 
1 : 2 : 3 : 2 : 1 (Figure 1). 


Solvent isotope studies in D20 medium gave 
k ~ ~ o / k ~ ~ ~  values close to unity (Table 4). Even though 
OD- is a stronger base than OH-, the kH/kD value 
indicated that OD- did not influence the kinetics of the 
reaction. Since the rate of the reaction was independent 
of the concentration of the alkali in the range studied, 
the ratio ~ H ~ O / ~ D ~ O  should be close to unity, as was 
observed. 


Mechanism 


The dissociation of amino acids depends on the pH of 
the medium. It is known that amino acids exist as 
zwitterions in aqueous solution. In strong acidic or 
alkaline media, the following equilibria exist: 


+ 
OH' R.CH(NH3)COO- 


+ 
RCH(NH3)COOH. H +  


( S O )  


zwitterion 


OH- RCH(NH2)COO- 
H i  


c - 1  
anion 


In alkaline solution, the zwitterion is converted to the 
anion, RCH(NHz)COO-, which is the reactive species 
under the present experimental conditions. The pK, 
values for the system 


RCH(GH3)COO- RCH(NH2)COO- + H+ 


have been reported. lo Since all the kinetic studies were 
performed at high concentrations of sodium hydroxide, 
it may be assumed that the amino acids would be 
completely dissociated into their anions, 


The radicals generated from the oxidation of each of 
the substrates gave five-line ESR spectra with intensity 
ratios of 1 : 2 : 3 : 2 : 1, The radical intermediate was 
formed by the loss of a hydrogen atom from the carbon 
atom of the methine group. The number of lines was 
accounted for by the radical species RC(NHz)COO-, 


RCH(NH2)COO - . 
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Table 5. Kinetic isotope effect at the a-carbon atoma 


10~k,,,,(~-l) 


Amino acid RCH(NH2)COO- RCD(NH2)COO- k ~ / k o  


Glutamic acid 10.5 1.3 8.1 
Aspartic acid 24.0 2 . 9  8.3 


* [Substrate] = 25 x lo-* v, [K,Fe(CN)sl = 1 x 10.' M. [NaOHl = 1 0 v, 
p = o  s u  


which corresponds to a radical with two equivalent 
protons and a nitrogen atom, all having nearly equal 
coupling constants. The g-values were 2.002. 


Since potassium hexacyanoferrate(II1) is a one- 
electron oxidant, it would be justified to  postulate that 
the reaction between the substrate and oxidant would 
give rise to  a radical intermediate, analogous to  
enzymatic oxidation reactions which are also known to 
proceed via radical intermediates. This would suggest 
that hexacyanoferrate(III), as chemical oxidant, is 
capable of simulating enzymatic behaviour. 


The kinetic isotope effect caused by deuterating the 
a-carbon atom was studied. The kH/kD values were 
observed to be between 8 . 1  and 8.3 (Table 5), 
indicating that, in the rate-determining step, the C-H 
bond underwent fission to  give a radical species, 
RC(NHz)COO-, which has been characterized by ESR 
spectroscopy. 


CONCLUSION 


The rate of the reaction was dependent on the first 
power of the concentrations of substrate and oxidant, 
and was independent of the concentration of alkali in 
the range studied. The addition of hexacyanoferrate(I1) 
ion had no effect on the rate of the reaction. The pres- 
ence of radical intermediates was characterized by ESR 
spectroscopy. The kinetic isotope effect at the a-carbon 
atom indicates the fission of a C-H bond in the slow 
step of the reaction. Subsequent steps involved the 
rapid reaction of the radical intermediate with the oxi- 
dant, yielding the imino compound, which underwent 
hydrolysis to give the corresponding keto acid and 
ammonia. 


The reaction sequence for the oxidation of these 
amino acids (glutamic acid and aspartic acid) by pot- 
assium hexacyanoferrate(II1) in alkaline medium is as 
follows: 


RCCOO- + O H -  G! RCHCOO- 
Fe(CN)6) 


I I 
NH3 NHz 


RCCOOH a RCCOO- fast + 
Fe(CN)a- 


I II 
NH2 NH 


RCCOOH + NH3 
It 
0 


The products obtained in each case (the corresponding 
a-keto acid) were isolated and characterized. 


This mechanistic pathway for the oxidation of amino 
acids to the keto acids, via the intermediate formation 
of the imino acid, has been well established in the 
synthesis of a-keto acid esters. '' 
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CONCENTRATION-DEPENDENT DEUTERIUM ISOTOPE EFFECTS 
ON THE QUANTUM YIELD OF ARENE-ALKENE META 


PHOTOCYCLOADDITION: THE ROLE OF EXCIMERS 


P. DE VAAL, G .  LODDER AND J .  CORNELISSE* 
Leiden University, PO Box 9502, 2300 RA Leiden, The Netherlands 


A deuterium isotope effect on the arene-alkene metu photocycloaddition, reported earlier for toluene/toluene-ds 
photoaddition to cyclopentene, was found to depend on the concentration of both arene and alkene. This phenomenon 
is explained in terms of an unbalanced dissociation of 'mixed' excimers, which play a role in the intermolecular 
competition experiments. 


INTRODUCTION 


Isotope effects on the quantum yield (quantum yield iso- 
tope effect, QIE) of a photoreaction are not always 
equal t o  the kinetic isotope effects (KIE). The isotope 
effect on the quantum yield can have its origin in a 
diabatic process (internal conversion, intersystem 
c r ~ s s i n g , ~  fluorescence'), in the rate constant of the 
reaction under or in other (bimolecular) 
competing decay processes of the excited state.'-". The 
kinetic isotope effect depends on the rate constants of 
the reaction only. 


With this in mind, we studied the isotope effect on the 
quantum yield of metu photocycloaddition of ring- 
deuterated arenes to  cyclopentene in an intermolecular 
competition experiment. 


Kinetic isotope effects on this type of reaction had 
been observed previously in the case of arenes 
deuterated at  the carbon atoms to which bonds with the 
alkene are formed, and in the case of methyl-deuterated 
arenes. Both effects were determined in intramolecular 
competition experiments (see Figure 1 and Table 1, 
entries a-c). Both effects can be explained in the usual 
way, common in ground-state chemistry: l 3  the inverse 
effect observed with l b  may be an a-secondary effect 
accompanying rehybridization of the carbon atoms 
towards which the new bonds are being formed; and the 
normal @-secondary effect observed with l c  is in agree- 
ment with a polarized intermediate l4 in which the posi- 
tive charge is stabilized by hyperconjugation with the 
methyl C-H bonds. Is 
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The relationship between the kinetic isotope effect 
(KIE = k H / k D )  and the isotope effect on the quantum 
yield of adduct formation (QIE = + H / ~ D )  can easily be 
derived from equation (1). Here the assumption is made 
that the photoaddition is the only bimolecular process. 


(1) 
[alkene] 


-k- a =  or -- k[alkene] a 
k[alkene] + C kx 1 - 9 C k x  


where C k, is the sum of the rate constants of all uni- 
molecular decay paths of the excited arene. 


Because it is known that deuterium has no significant 
effect on singlet excited-state lifetimes of toluene 
(TH1.D = 34 ns/35 ns) and p-xylene (TH/TD = 30 ns 
30.3 ns) in cyclohexane solutions 16,' 
(TH = TD = I/ C kx), the QIEs determined in these 
experiments are expected to  be related to  the KIEs 
according to  the equation 


(2) 


4 


1 - @ D  


1 - a H  
KIE = QIE X - 


This means that the KIE will be nearly equal to the QIE 
if the quantum yields of product formation (@ ) are not 
extremely large, which is the case for the reactions 
which are subject of our studies (@ < 0.25). 


With the results of the intramolecular competition 
experiments and the above relationship between the KIE 
and the QIE in mind, the intermolecular competition 
experiments (Figure 2) between toluene (4a) and each of 
the labelled compounds 2,6-dideuteriotoIuene (4b), 3 3 -  
dideuteriotoluene (4c) and octadeuteriotoluene (4d), 
are expected to  give the following isotope effects: 


4a-4b : an a-secondary type effect as observed with 
lb, i.e. @H/+D = 0.93; 
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the intermolecular competition experiments may 
reflect the kinetic isotope effects. New theoretical 
insight would be required for a rationalization of  


X these effects. 


‘9 hv vq 
2 x  


+ 
3 (B) The value from the intramolecular experiment with 


5‘, cyclopmlene 4 


V l b  may represent the true KIE. In the intermol- 
2. 3a ecular experiment an isotope effect on a process 


b b other than meta photocycloaddition then plays a 
la : X=H. Y:CH, 
b : X = D .  V=CH, 
c : X=H. V=CD, c 5 role. 


Figure I .  Mefo photocycloaddition of 4-ethyltoluene and 
deuterated 4-ethyltoluenes to cyclopentene. Product B Seems the most likely. If the bonds 


distributions 2 : 3 are listed in Table 1, entries a-c between the arene and the alkene are being formed in 


Table 1. Product distributions and isotope effects from intra- and intermoleculai 
competition experiments 


Compound Product ratio 


a 4-Ethyltoluene ( l a )  2a:3a= 1.74 
b 2,6-d2-4-Ethyltoluene (lb) 2b:3b=1.84 
c ~,cu,cu-d~-4-EthyItoluene (Ic) 2r :3r= 1-64 
d Toluene (4a)/2,6-d~-toluene (4b) (1 : 1) 5a : 5b = 1.10 
e Toluene (4a)/3,5-dz-toluene (4c) ( I  : I )  5a:5c= 1.17 
f Toluene (4a)/toluene-d8 (4d) (1 : 1) 5a:5d= 1.48 


Isotope effect 


2 


4. : x=y=z=n 
b : X=D. V = Z = H  
c Y=D. X=Z=H 
d X=Y=Z=D 


cz, 


5. 
b 
5 


d 


Figure 2. Meta photocycloaddition of toluene and deuterated 
toluenes to cyclopentene. Isotope effects from intermolecular 


competition experiments are listed in Table 1, entries d-f 


4a-4c : no significant effect, i.e. *H/*D = 1 .00; 
4a-4d : the net result of an a-secondary type effect as 


observed with l b (  = 0.93), and a P-secondary type 
effect as observed with l c  ( = 1.06), i.e. +,H/+D = 0.99, 
probably distorted by an effect due to the deuterium at 
position 4 in 4d, which however, is not expected to be 
significant. 


The isotope effects found with the experiments (1.10, 
1.17 and 1 ~48, respectively), however, do not agree 
with these expectations (see Table 1, entries d, e and f). 


At the time of publication of Ref. 12, we had no other 
data available which could give a clue to  the origin of 
these unusual isotope effects. Two explanations are 
considered: 


(A) It is possible that the usual explanation of the 
kinetic isotope effect fails in this case of a pho- 
tochemical reaction. The isotope effects obtained in 


the rate-determining step, an inverse isotope effect is 
expected in the case of 2,6-meta photocycloaddition of 
a 2,6-dideuterated arene. In such a process carbon 
atoms 2 and 6 change hybridization (from sp2 to sp3), 
leading to  the inverse kinetic isotope effect l 3  (0.93). On 
the other hand, carbon atoms 3 and 5 remain sp2 hybri- 
dized initially, which results in a kinetic isotope effect of 
unity (1 .OO) for 3,5-dideuteriotoluene. In order to dis- 
tinguish between explanations A and B of the effects, a 
series of additional experiments was performed as 
described below. 


RESULTS 


Competition experiments with toluene and toluene-& 


In explanation B as described above there is one external 
factor on which the observed isotope effect may depend, 
viz. concentration. The meta photocycloaddition is a 
bimolecular process and its quantum yield depends on 
the cyclopentene concentration. Most other processes 
are unimolecular with no concentration dependence, or 
bimolecular with a dependence on a concentration other 
than that of cyclopentene, or a different dependence on 
the cyclopentene concentration. As a consequence, the 
QIE will change when other concentrations of reactants 
are chosen, for example when the ratio of labelled to 
unlabelled reactant is changed. 


The usual method for determining isotope effects 
from intermolecular competition experiments [i.e. mass 
spectrometric (MS) determination of the isotopic pro- 
duct and substrate ratios] is very time consuming and 
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Table 2. Dependence of the QIE on the isotopic substrate ratio 
in the intermolecular competition experiment 


5a : 5d 


4a : 4d 
Toluene/toluene-& ratio @H/@D = - 


a '  1 : l  1.48(4) (determined by MS)= 
a 1 : l  1.46(2) (determined by GC) 
b 2 :  1 1.54(2) (determined by GC) 
C 1 : 2  1 .36(2) (determined by GC) 


'see Ref .  12. 


not suitable for large series of experiments. Instead, the 
following method was chosen. 


A solution of toluene and octadeuteriotoluene in 
cyclohexane in the presence of cyclopentene was irradi- 
ated, and at low conversion the mixture was analysed by 
capillary gas chromatography (GC). The chromato- 
grams showed two product peaks of about equal height 
close to each other, due to  the labelled and unlabelled 
photoproducts. Under optimized conditions the two 
peaks were almost baseline separated. 


Competition experiments were performed with ratios 
of toluene/toluene-ds of 1, 2 and 0.5. The QIEs from 
these experiments are listed in Table 2. It can be seen 
from entries a and a '  that there is good agreement 
between the results of the GC method and the MS 
method. 


Remarkably, the isotope effect increases with increas- 
ing toluene/toluene-ds ratio. This observation cannot be 
explained in terms 0f.a kinetic isotope effect on the meta 
photocycloaddition reaction. The isotope effect is 
caused (at least partly) by a process which depends on 
the concentration of the substrate. In order to find out 
which process this might be, a series of competition 
experiments was performed in which the concentrations 
of the arene and the alkene were varied; p-xylene and 
p-xylene-d,o were used in these experiments because 
these arenes give very neat irradiation mixtures with 
only one product and no detectable by-products. 
Moreover, the peaks of the labelled and the unlabelled 
products are fully baseline separated in the gas chromat- 
ogram and the product ratio determined by integration 
of the two peaks is very reproducible (even better than 
with toluene/ toluene- ds ). 


Competition between p-xylene and p-xylene-dlo. 
Concentration dependence of the QIE 


Competition experiments were performed with 
equimolar solutions of p-xylene (6a) and p-xylene-dlo 
(6b) in cyclohexane containing cyclopentene (Figure 3). 


The QIE was determined by measuring the product 
ratio 7a : 7b at  seven different xylene concentrations, 
ranging from 0.002 to 1 . 3 3 3  M,  and two cyclopentene 
concentrations, 2.0 and 0 .2  M. Lower concentrations 


27 5 


am (= pra-.*a1 7. 
b (= para-xyhe-d,,) b 


Figure 3. Meta photocycloaddition of p-xylene and 
p-xylene-dlo to cyclopentene 


Table 3. Concentration dependence of the QIE of p-xylene 
to cyclopentene meta photocycloaddition determined in 


intermolecular competition experiments 


Xylene Cyclopentene 
concentration (M) concentration (M) @H/@D = 7a/7b 


1.333 2 1.51 
0.444 1.51 
0.133 1.40 
0.044 1.22 
0.013 1.02 
0.004 1.01 
0.002 1.01 
1.333 0.2 1.61 
0.444 1.51 
0.133 1.51 
0.044 1.34 


Table 4. QlEs of p-xylene to cyclopentene mera 
photocycloaddition determined in a non- 
competition experiment (see text). Cyclopentene 


concentration, 2 M 
~~ ~ 


Xylene concentration (M) @H/@D = 7a/7b 


0.5 
0.1 
0.05 


0.88 
0.87 
0.88 


of cyclopentene and xylene could not be used because 
impurities prevent an accurate determination of the pro- 
duct ratios at low conversion. The values of the QIEs 
determined in these experiments are listed in Table 3. 


These values show that when both the concentrations 
of arene and alkene are high the QIE is constant (1 . 5  1). 
When the arene concentration decreases the QIE also 
decreases, but reaches a lower limit of 1.01 at very low 
concentrations. When the alkene concentration is 
lowered the QIE is even higher, but decreases with 
decreasing arene concentration. 


In order to  obtain more insight into the origin of the 
isotope effect, +H/@D was also determined in a non- 
competition experiment. This was done by irradiating 
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solutions of p-xylene and p-xylene-d,o, both containing 
cyclopentene, in separate vessels. After several time 
intervals equal amounts of both solutions were mixed 
for analysis of the product ratios. The measured values 
are listed in Table 4. In contrast to  the results of the 
competition experiments, here no concentration 
dependence is observed. 


DISCUSSION 


The origin of the concentration dependence observed 
with the competition experiments must be sought in 
a bimolecular process which competes with the meta 
photocycloaddition. With low alkene concentration, the 
quantum yield of the photoreaction is low and quantum 
yields of other decay paths are higher. The contribution 
of an isotope effect on such a decay path to  the QIE will 
be proportionally higher. 


The only important bimolecular process of which the 
quantum yield does not decrease with decreasing alkene 
concentration is the formation of excimers. It is known 
(at least for benzene and toluene) that excimers are in 
equilibrium with the excited monomer, ’’ and it can be 
imagined that this equilibrium lies more to the excimer 
side in the case of the deuterated arenes than in the case 
of the light isotopic species. The situation is much more 
complicated in our case, however. Because in the com- 
petition experiment both labelled and unlabelled xylene 
are present, three different excimers are possible, 
formed by interaction of an excited-state and a ground- 
state molecule of the same species (DHH or DDD), or 
from either kind of excited state molecule with a 
ground-state molecule of the other species (DHD). Here 
the assumption is made that the ‘mixed’ excimers 
formed in the latter case are equal, i.e. it does not mat- 
ter which of the two molecules was in the excited state 
before the interaction. l 9  


The values of the QIEs found in the non-competition 
experiment contrast strongly with those found in the 
competition experiments. The QIE is inverse. N o  con- 
centration dependence is observed in this case. This 
implies that the clue to the origin of the isotope effect 
must be sought in the difference between the two 
experiments. This difference lies in the absence of the 
processes involving the mixed excimers DHD. The 
rationalization of the concentration dependence of the 
QIE in the competition experiment can be found in an 
unbalanced dissociation of the ‘mixed’ excimers. In that 
case these excimers would then give more excited 
p-xylene than excited p-xylene-dlo on dissociation. This 
can be viewed as excitation transfer from the labelled to  
the unlabelled xylene via an exciplex (i.e. the mixed 
excimer) of the two. Isotope effects on energy-transfer 
processes have been In several cases it has 
been shown that in mixtures of isotopic molecules the 
excitation energy will preferentially be located at  the 
light isotopic species owing to differences in zero-point 


energy. This phenomenon, however, is only observed at 
very low temperatures and in crystals. In solution or at  
higher temperatures the excitation migration is fast and 
both isotopic species have their excited state equally 
populated. In our case the effect can therefore not ori- 
ginate from direct excitation migration, but may ori- 
ginate from the suggested energy-transfer process via 
the intermediacy of an excimer. 


The fact that the isotope effect (1.01) no longer 
differs significantly from the KIE [i.e. the product 
(0.99) of the a-secondary (0.93) and @-secondary 
(1 ~ 0 6 )  effects shown in Table 11 at arene concentrations 
at  which excimer fluorescence is no longer observed22s23 
supports this explanation. An energy diagram of the 
excimer equilibria is shown in Figure 4. It can be seen 
that the equilibrium constants of AH G DHH and 
AD DDD will be equal. 


Although the above qualitative interpretation of the 
experimental results is clear, it is tempting to try to 
express the concentration dependence of the QIE quan- 
titatively in terms of the model proposed. A steady-state 
analysis of the processes which may influence the QIE 
should yield such a n  expression. Figure 5 depicts the 
processes which may affect the QIE, i.e. the ratio of 7a 
to 7b. 


To make things not too complicated, it is assumed 
that [AH] = [AD] and that the molar absorptivities EH 
and ED of the unlabelled and labelled arene are equal. 
In a steady-state approximation, it can be shown that 
the relationship between the QIE (*H/+D) and the KIE 
(kR,H/kR,D) is given by the following equation: 


@ H  kR,H 
@ D  kR,D 


- 


kM,D + ~ D D ~ M D D I A I  TDD + (kR,D + kQ.o) [CPl 


kM,H + kHHkMHH [A1 ~ H H  + (kR,H + kQ,H )[Cp] 
+ ~ D H  [A1 [ 1 + (k-HD - k-  DH ) T H D )  


+ ~ H D [ A ] ( ~  + ( ~ - D H - ~ - H D ) ~ H D )  


(3 )  
where 


THH = l/(kMHH + k-  HH ), TDD = I/ (kMDD f ~ - D D )  


and T H D = ~ / ( ~ ~ ~ H D + ~ - H D ~ ~ - D H )  


Although the expression is very complex we can rec- 
ognize two terms which depend on the arene concentra- 
tion. One term stems from the formation and decay of 


Figure 4. Energy diagram of monomer-excimer equilibria 
occurring in the intermolecular competition experiments 
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L 
Po('mb) A, 


A, - parexylene, A. - paraxylensd,, a cp - cyclopntens 


Figure 5 .  Schematic representation of excited-state processes 
occurring in intermolecular competition experiments (see text) 


D'-excirner 


the excimers DHH and DDD and the other represents the 
contribution of the processes involving the mixed 
excimer DHD. Rate constants of processes involving 
excimers of simple alkylbenzenes have been determined 
by Birks et al. 1724 It can be shown by substituting these 
values for ~ H H ,  k M H H  and T H H  and the same values for 
the corresponding rate constants of deuterated or mixed 
species, that the term involving DHH and DDD is an 
order of magnitude smaller than any of the others, and 
so can be left out of the equation. This yields 


QIE = KIE x 


k M , D  + ( ~ R , D  + ~ Q , D )  [Cp] + k D H  [A1 
11  + ( k - H D - k - D H ) T H D I  


~ M . H  + ( ~ R . H  + k Q , H  ) [CP] + ~ H D  [A] 
( 1 + ( ~ D H  - ~ - H D ) T H D J  


(4) 
The term involving the mixed excimer is eliminated 
when the two xylenes are irradiated in separate vessels, 
and the equation is then reduced to  


The observation that in the non-competition 
experiment the QIE no longer depends on the arene con- 
centration proves that such a dependence in the com- 
petition experiment stems entirely from the term caused 
by DHD. At high arene concentration the QIE becomes 
larger, ~ D H (  1 + ( ~ - H D  - k-DH)THD) > ~ H D (  1 - 
( k - H D  - ~ - D H ) T H D  J. This can be written as  


(6) 


Because the processes involving the excimers DHH and 
DDD d o  not exhibit an isotope effect, as was concluded 
from the non-competition experiment, it seems very 
unlikely that the formation rate constants k D H  and ~ H D  


of the mixed excimer from either side are different. In 
that case, the left-hand term in equation (6) is unity and 
i t  can be concluded that ~ - H D  > ~ D H .  


It is known that ~ M , H  = ~ M , D  [the fluorescence life- 


so 


k D H  > 1 - ( k - H D -  k - D H ) T H D  - 
~ H D  1 + ( ~ - H D  - ~ - D H ) T H D  


times ( 7 0 )  of p-xylene and p-xylene-dlo are 30.0 and 
30.3 ns, respectively"]. Equation ( 5 )  can therefore be 
rewritten as 


If the assumption is made that kQ,H = kQ,D then it can 
be seen from this equation that the QIE is greater than 
the KIE if KIE < 1. This is in agreement with the 
limiting value of 1.01 for the QIE at low arene concen- 
tration and the small inverse KIE effect which is 
expected for p-xylene. 


All the observations are consistent with the above 
kinetic model and it can be concluded that the differ- 
ences between the QIE and the KIE in the competition 
experiments are caused by asymmetric adiabatic dissoci- 
ation of the mixed excimer. 


EXPERIMENTAL 


Toluene-& and p-xylene-dlo were obtained from 
Aldrich and were used without further purification. 
Toluene and p-xylene (spectroscopic grade) were 
purified by shaking with concentrated sulphuric acid 
followed by repeated distillation. 


The irradiations were carried out in a laboratory- 
made irradiation apparatus, fitted with a high-pressure 
mercury lamp (Philips HPLN) and a cooling block in 
which a quartz cuvette with the solution was placed. 


The irradiation mixtures were analysed on a Packard 
Model 433 gas chromatograph with hydrogen as t)e 
carrier gas. The column temperaturoe varied from 85 C 
for the toluene irradiations to  95 C for the p-xylene 
experiments. A chemically bonded, cross-linked 
methylsilicone column (25 m x 0.3 1 rnm i.d., film- 
thickness 1.05 pm) was used. 
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QUANTIFICATION OF RESONANCE IN THIOAMIDES FROM 
INFRARED SPECTRAL DATA 
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AND 


S. K. SURI 
Department of Chemistry, Indian Institute of Technology, New Delhi-110 016, India 


A model is proposed for the quantification of resonance in thioamides. The percentage resonance and CS and CN bond 
distances predicted from the model are reported and the results are compared with those for the corresponding amides. 


Quantitative aspects of chemical resonance lack both 
theoretical and experimental evidence. Resonance is 
generally discussed in terms of energy resonance and 
dipole moment. However, we feel that these parameters 
are not the most appropriate means of quantifying the 
resonance phenomenon. For a number of years we have 
been engaged in establishing a parameter via quantum 
mechanical calculations - 4  and empirical correlations 
based on infrared spectral data,5 in order to evolve a 
universal model for the quantification of resonance in 
various resonating systems. This paper is an attempt (i) 
to quantify the resonance in thioamides from infrared 
spectral data and (ii) to  correlate the results thus ob- 
tained with these for amides. 


In thioamides, the two resonating structures are 


-s, + /  s,, C-N'++ ,C=N 
/ \  \ 


(1) (11) 


Depending on the substitutents in the structure, the 
resonance between the CN and CS frequencies will be 
affected owing to steric, inductive, mesomeric and 
hyperconjugation effects. In view of this, the following 
assumptions have been made for the resonance scale: (i) 
the mode of mixing has not been taken into consider- 
ation and the CN and CS stretching frequencies have 
been assumed t o  be localized; (ii) various properties 
such as inductive and steric effects also contribute to  the 
CO and CS stretching frequencies; and (iii) the 
resonating behaviour is linear. 


The resonance structures I and I1 reveal that the CS 
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and CN double bond characters vary inversely with the 
CN and CS double bond characters, respectively. 
Therefore, as the C-N and C-S bond distances 
decrease, those of C-S and C-N increase correspond- 
ingly. Hence, if we plot a graph between r(CX) and 
v(CX), where X = S or N, the two lines will interesect 
at some point where the CS and CN stretching frequen- 
cies are equal, whereas the bond distances will be dif- 
ferent. However, this hypothetical point cannot be 
achieved experimentally and if a resonating system 
exists in an energy state for a limited time 6 t ,  then the 
energy of the state will be uncertain to an extent 6E, 
where 6E, 6t 2 h/2a. This point is defined as the point 
of 100% resonance. At this point the electrons will be 
completely delocalized and the resonating structure will 
correspond to  a minimum energy state. Any departure 
from this point is a measure of  the extent of delocaliz- 
ation of electrons. The experimentally determined struc- 
tural parameters6 employed in the plot of bond 
distances versus frequencies are r ( C - N )  = 1 *4$ 
r(C=N) = 1.27,  r(C-S) = 1.78 and r (C=S)  = 1.52 A 
and v(C-N) = 1020, v(C=N) = 1630, v(C-S) = 500 
and v(C=S) = 1570 cm-'. The plot is shown in Figure 
1. The point R corresponding to  100% resonance 
(Figure 1) is characterized by the parameters compared 
with the amide model in Table 1 .  The percentage 
resonance is predicted from the relationship 


Vo resonance = 100 (1) 


where Av = { v(CN) - v(CS)) cm-' and Om,, is a limit- 
ing maximum parameter whose value depends on the 
difference between the CS single bond and CN double 
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Double Bond-l-+Double Bond 
Choracter Choracter 
Decreases I ncreoses 


0.8 2 .o 
155 6 5 5  855 1055 1255 1455 1655 1855 2055  2 2 5 5  2 6 5 5  2 6 5 5  


U ( c  --x ),cm-1 


Figure 1 .  Plot of v(C-X) versus r(C-X), where X = S or N 


bond frequencies. Hence for thioamides the value of 
Onlah should be 1130 cm-l, as u(C=N) = 1630 cm-' for 
a pure CN double bond and v(C-S)  = 500 c m - '  for a 


Table 1 .  Comparison of characteristic parameters for 
thioamides and amides 


~ ~~ 


System 
Parameters for point R" Amides Thioamides 


~~ ~ 


- r (C-0)  (A) 1.273 
r(C....N) (A) 1.327 1.277 
r(C....S) (A) - 1.511 
I< N 11.37 10.51 
Ic 0 
I C  s - 19.89 


v(CS=CN) (cm-') - 1605 


11.13 - 


v(CO=CN) (cm-l) 1480 - 


'IcN. C O  and c s  are the moment of inertia (in atomic units) of the CN, 
CO and CS bonds, respectively. 


pure CS single bond. The percentage resonances so 
calculated are given in Table 2. 


It is observed from Table 2 that isotopic substitution 
has an almost negligible effect on the percentage 
resonance, being of the order of 2%. For comparison of 
the percentage resonances in amides and thioamides, the 
values for amides were re-evaluated for Omax = 650 in- 
stead of 580 cm-', '  and the results are given in Table 2. 
This was done in order to  achieve consistency in calcu- 
lations and to  obtain more realistic values of the 
parameters. 


The percentage resonances for thioamides calculated 
from equation ( l ) ,  together with their basicities, l 3  


dipole moments l 3  and resonance energies, l 3  are given in 
Table 3, and for reference the aforementioned 
prameters of the respective amides are also listed. ',I3 


Table 3 shows that the percentage resonance in amides 
is greater than that in thioamides, except for formamide 
and N-methylformamide, which agrees with the 
expected trend on the basis of electronegativitity. 


Table 2. Values of various parameters for thioamides and related compounds 


Systems Reference v(CS)(cm-l) v(CN)(cm-') Av(cm-') Resonance (To) r(CS)(A) r(CN)(A) 


HCSNHz 
HCSNHCHi 
HCSN(CH3)z 
CHiCSNHz 
"CHiCSNHz 


CHlCS "NHz 
CH3CSONHz 
13CH3CSONH2 
CHI "CSONHz 
CHaCSO I5NHz 
CH3CSNHCH3 
CHICSN(CH~)Z 


CHI  liCSNHz 


7 
8 
9 


10, 11 
I I  
1 1  
I 1  
11 
11 
11 
11 
8 


12 


843 
868 
975 
719 
710 
715 
714 
703 
700 
700 
700 
684 


1010 


1443 
1537 
1560 
1479 
1478 
1464 
1475 
1482 
1481 
1462 
1479 
1547 
1510 


600 
669 
585 
760 
768 
749 
76 1 
779 
78 1 
762 
779 
863 
500 


46.9 
40.7 
48.2 
32.7 
32.0 
33.7 
32.6 
31.0 
30.8 
32.5 
31.0 
23.6 
55.7 


1.696 
1.690 
1.664 
1-726 
1.728 
1.727 
1.727 
1.730 
1.730 
1.730 
1.730 
1.734 
1.655 


1.333 
1.301 
1.293 
1.321 
1.321 
1.326 
1.322 
1.320 
1.320 
1.327 
1.321 
1.297 
1.310 
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Table 3. Percentage resonance, resonance energy, dipole moment and basicity of (I) amides and (11) thioamides 


Resonance energy 
Resonance (To) Dipole moment (D) Basicity ( -  pKa) ( -  /3 units) 


System" 1 I 1  1 11 HOAc I HzO I 1  I 11 


HCXNH2 25.0 46.9 - 3.70 2.18 - 
HCXNHCH, 34.3 40.7 3.82 4.53 1.74 - 
HCXN(CH3)2 55.3 48.2 3.86 4.74 1.71 3.43 0.562' 1.06' 
CHxCXNHz 58.1 32.7 3.70 4.77 1.59 - 


CHiCXNHCHi 62.7 23.6 3.55 4.64 0.90 - 


CH,CXN(CH3)2 75.3 55.7 3.74 4.74 - 2.22 


" X = O  or s. 
hAmide unit. 
' Thioamide unit. 
(3 = 66.88 kJrnol-' 


However, this tend is contrary to  those of the cor- 
responding dipole moment and resonance energy. 
Further, it is interesting that, as expected, the trend of 
percentage resonance in amides follows inversely the 
order of their basicities values, i.e. CH3CON(CH3)2 > 


HCONHCH3 > HCONH2. Owing to a lack of sufficient 
data on the basicities of thioamides, we are not in a 
position to give a similar trend for thioamides. 
However, from the percentage resonance we expect 
the trend of the basicities of these thioamides to 
be CHKSN(CH3)z < HCSN(CH3)z < HCSNHz < 
HCSNHCH3 < CH3CSNH2 < CH3CSNHCH3. The 
first two positions are in agreement with literature 
values (Table 3). 


In view of this direct correspondence between percen- 
tage resonance and electronegativity, and contrary to  
resonance energy, basicity and dipole moment, we are 
of the opinion that the percentage resonance is a true 
measure of the extent of delocalization in molecular 
systems. Therefore, based on the relationship between 
infrared stretching frequencies and electron delocaliza- 
tion in amides and thioamides, at least we now have a 
tool for quantitative modelling for predicting 
delocalization which will be helpful in solving chemical 
and biological problems. 


For specific series of compounds, viz. a m i d e ~ , ~  thiol 
esters and related compounds and compounds with con- 
jugated CC single and double bonds14 a linear 
behaviour has been observed between bond length and 
frequency, so the CN (I) and CS (11) bond distances 
were therefore calculated by fitting the corresponding 
lines in Figure 1 to  equations of the type 


(2) 
r(CS) = 1.901 - 0.2429 x 10-3v(CS) (3) 


This procedure was preferred over directly reading the 
bond distances from Figure 1 owing to  to  lower uncer- 
tainty. The values of the CN and CS bond distances 


CH3CONHCH3 > CH3CONHz > HCON(CH3)z > 


r(CN) = 1 a830 - 0.344 x 1 0 - 3 ~ ( C N )  


Table 4. Comparison of theoretical bond lengths with the 
observed data 


Bond distance" 


System r(cs)(A) r(C"A) 
~ ~ ~~ ~~ 


CH3CSNHz 1.726( 1 .7 13)' I .321( 1 . 324)b 
CH~CSONHZ 1.730( 1.659)' 1.320(1.308)c 


"The  valves in parentheses are the observed value5 
bRef .  15 (X-ray analysis). 


Ref. 16 (X-ray analysis). 


calculated with equations (2) and (3) are recorded in 
Table 2. 


In Table 4, the calculated bond distances in of 
C H ~ C S N H Z  and CH3CSONH2 are compared with the 
literature values. There is good agreement between the 
two sets of value. The maximum uncertainty between 
the observed and calculated CN and CS bond distances 
being of the order of 2 1 and ? 4 % ,  respectively. 
Hence, in the absence of  spectroscopic data, this model 
could also be employed to obtain information about 
bond lengths. 
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NEGLIGIBLE KINETIC SOLVENT INTERACTIONS FOR THE 
RATE OF PHOTOBROMINATION OF TOLUENES WHERE THE 


BROMINE ATOM IS A PRINCIPAL CHAIN CARRIER* 


SUNG SO0 KIM,? CHANG SO0 LEE, CHONG CHAN KIM AND HEE JIN KIM 
Department of Chemistry, Inha University, Incheon 402-751, South Korea 


The bromine atom is a major chain carrier in the photobromination of toluenes by N-bromosuccinimide. Only an 
uncomplexed bromine atom can abstract hydrogen atoms from toluenes. The nature of the polar transition state is 
entirely different from that of solvolytic reactions and the solvent polarity therefore cannot influence the rates of the 
bromination. 


INTRODUCTION 


The bromine atom has generally been regarded as a 
major chain carrier for the bromination of toluenes by 
N-bromosuccinimide (NBS). 2-6 Recently, we6 and 
others' have recognized the entropy control of reac- 
tivities for these brominations, where p+ can be 
variable, becoming less negative at lower temperatures, 
thus approaching an isokinetic point,' a phenomenon 
indicating the importance of entropy with regard to the 
rates. We should also point out that conjugation9 of 
aromatic a-electrons on the phenyl ring with the inci- 
pient p-orbital of the atom transferring hydrogen can 
be another" factor affecting the polarization of the 
transition state (TS). The dispersion of positive charge 
into the phenyl ring cannot occur with hydrogen 
abstraction from aliphatic hydrocarbons, which can 
reduce the role of activation energy with a correspond- 
ing increase in the entropic contribution to the reaction 
rates. Interestingly, we have observed that the bromina- 
tion of toluenes6 shows a negative a =  -1.30 for 
A M '  = a ( A A H )  + P , l 2  which we may term an 'anti- 
Evans-Polanyi relationship'. l3 Another peculiarity, as 
mentioned by Walling, is the decrease in selectivity with 
reduction in temperature, which has been thoroughly 
addressed also by Giese. l4 We can fortunately observe 
the same trends for p+ and the selectivities in hydrogen 
abstraction from phenols by tert-butoxy radicals, l5 


* Dedicated to Professor Ikchoon Lee on the occasion of his 
60th birthday. Preliminary results of this work have been 
presented earlier. ' 
t Author for correspondence. 
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where p f  can ,be calculated from Table 3 in Ref. 15 to 
be -0.82 (22 C), -0.68 (OOC), -0.62 (-30°C) and 
- 0-48 (- 60 "C). The meaning of selectivity changes 
with variation in temperature may be different between 
enthalpy- and entropy-dominating reactions. 6 , 7 s 1 4 9 1 5  


We report here our findings on the role of the solvent 
during bromination. 


RESULTS AND DISCUSSION 


Photobromination by BrZ-KzCO:, or NBS in various 
solvents 


With Br2-KzCO3 as the brominating agent under irra- 
diation, the bromine atom must abstract benzylic 
hydrogen and then K2C03 neutralizes HBr to prevent 
the reverse of the abstraction. Comparison of bromina- 
tions by NBS and Brz-KzCO, with respect to tempera- 
ture and solvent may clarify previous findings regarding 
the bromine atom being the chain carrier derived from 
NBS.2-6 Pairs of toluenes, that is, substituted 
toluene-toluene, were photobrominated by Br2-K2CO3 
or NBS in numerous media to observe the effect of the 
solvent on the reaction rates, which were determined as 
described previously6 and are given in the Table 1. 
Although the rates ( k y / k ~ )  at 40, 60, and 80 C with 
Br2-K2C03 (entries 2-4, 6 and 8 in Table 1) are 
sometimes slightly lower than those with NBS, both the 
rates and p+ seem to be generally unaffected by changes 
in the solvents and brominating agents. The almost 
identical kinetic data for brominations with Br2-KzCO3 
and NBS strongly suggest the bromine atom as the main 
chain carrier in these reactions. 2-6 
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Validity of reversible hydrogen abstraction in the 
cage l6 


PhCH2-H + B r ' e  (PhCH; + H-Br),age 
PhCHrBr + Br' 


A benzyl radical may abstract hydrogen from H-Br 
(bond dissociation energy, BDE 87 kcal mol-')I7 in the 
cage or diffuse out of it to  react with Br-Br (BDE 
46 kcal mol-I), l 7  the latter reaction involving almost 
zero activation energy, E,. '* The activation energy for 


PhCH; + PhS-H (BDE 83 kcalmol-')''-+ 
PhCH2-H (BDE 88 kcalmol-')I7 + PhS' 


has been reported to be E, = 3.8 kcalmol-'.I9 Since 
the H-Br bond is 4 kcalmol-' stronger than the 
PhS-H bond and the benzylic radical is fairly 
resonance stabilized, the activation energy should be 
E, S 3.8 kcalmol-' (Ref. 18) for 


P h C H i  + H-Br --t PhCH2-H + Br' 


Such an energy barrier can render the out-of-cage 
bromine abstraction dominant over the geminal hydro- 


gen transfer. Cage reactions are well established for 
radical recombinations with Ea = 0, 2o but not for the 
reactions requiring substantial activation energies. 
Another complication with in situ bromination of 
toluenes with Br2, viz. reactions in sealed degassed 
ampoules,I6 can be due to equilibration, 
Br' + BrzeBr;, with the formation of another hydro- 
gen abstractor.2' To avoid such duality in our bromina- 
tions, we added dilute (0.05-0.1 M) Br2-CC14 
solutions slowly to  toluenes using a syringe pump. The 
previous b r o m i n a t i ~ n s ~ , ~  were devised effectively to  
minimize out-of-cage reversal and the reverse reaction 
could thus have occurred only in the cage, which can be 
controlled by the v i ~ c o s i t y ' ~  of the solvents, i.e. 
0.329 CP for CsHs2 and 0.468 CP for CQ4 at 80 "C. 
The virtual invariance of p +  for the brominationsZs4 
with change in solvents with different viscosities may 
indicate that the cage reversal may not occur at all or 
be too modest to affect the kinetics offering such 
excellent Hammett correlations. This trend becomes 
conspicuous in the present brominations, where p +  is a 
function of temperature only (see Table 1). 


T a b l e  1. Relative reactivities of subs t i tu ted  to luenes  t o w a r d  b r o m i n e  a t o m  and H a m m e t t  cor re la t ions  


ku 
YC&CH3+ Br'-YC&CH + HBr (1) 


CsHsCH3 + Br'-C&5CHi+ HBr (2) 
kti 


ku/ks  a 


Brominat ing  Temperature P + =  
No. Solvent agent  (OC) p-OCH3 p-CH3 rn-CH3 p-F H b  p-CI rn-F rn-CI 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 


CC14d 
CHjCN 
CS2 
CCL 
cc14 
cc14 
CCl4 
cc14 
C H ~ C N '  
CHzC12d.' 
CC14d 
c c 1 4 g  


cs2 
C6H6 


NBS 
Brz-KzCO3 
Brz-KZCO3 
Brz-KzCO3 


NBS 
Brz-KzCO, 


NBS 
BrZ-KzCO3 


NBS 
NBS 
NBS 
NBS 
NBS 
NBS 


10 
40 
40 
40 
40 
60 
60 
80 
80 
80 
80 
80 
80 
80 


9.00' 
8.68 
8.68 
8-75 
9.78 
9-32 
10.60 
9-92 
11.78 
11.78 
11.78 
11.70 
12.40 
11.50 


1.82 
2.01 
2.01 
2.00 
2.15 
2.26 
2.31 
2-33 
2.55 
2.55 
2.57 
2.56 
2.62 
2.58 


0.93 
0 ~ 9 8 ~  
0.9gd 
0.9gd 
0.98 
1.07d 
1.07 
1.12d 
1.18 
1.21 
1.12 
1.52 
- 
- 


0.88 1 0.55 0.46 0.33 -1.17 
0.82 1 0.62 0.3Se 0.27' -1.24 
0.82 1 0.63 0.35e 0.27e -1.24 
0.82 1 0.63 0.35 0.27 -1.24 
0.91 1 0.62 0.40 0.28 -1.26 
0.95 1 0.66 0.31 0.24 -1.32 
0.95 1 0.65 0.36 0.26 -1.33 
0.84 1 0.70 0.23 0.22d -1.41 


0.97 1 0.72 0.33 0-22 -1.41 
0.99 1 0.72 0.33 0.22 -1.41 


- 1.38 0.58 1 0.80 - 
- 1.46 1 0.72 - 


0.98 1 0.71 0.32 0.23 -1.40 


0.96 1 0.77 0.29 0.22 -1.43 


- 
- - 


"Error limits are less than 3%, being average deviations of more than three runs. 
'Standard. 
'The Hammett correlations are always better with u+ taken from ref. 22. 
dTaken from Ref. 6 .  


Values taken from the brominations in CCL, i.e. entry 4. 
Reactions without light showed no disappearance of p-methylanisole and p-xylene, thus excluding ionic ring brominations. 


gTaken from Ref. 4. 
hTaken from Ref. 2. 
'The brominations with Brz-KZCO, show lower selectivities than those with NBS, which are even conspicuous with p-OCH3 and p-CH3. The trend 
of the selectivities with temperature change can be valid only with the same brominating agent. The selectivity with Br2-KzCO3 at 10 "C should then 
show a lower value than 8.68. 
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Complexation of bromine atom with a corresponding 
decrease in reactivity 
Although the bromine atom is less electrophilic than 
chlorine, both can form charge-transfer complexes 23s24 


with benzene to  reduce their reactivities. Such a solvent 
effect by electron-rich molecules, including CS2 was ori- 
ginally reported by Russell25 for the chlorination of 2,3- 
dimethylbutane and confirmed later Walling2’ and 
Mayahi and Walling. z6 Recently, Bunce et al. 28 pro- 
posed the equilibration C1‘ + solvent* (Cl...solvent)‘, 
where both species more or less competitively abstract 
hydrogens from the butane. Similar studies on the 
halogenation of toluenes appear to be inconclusive 
with regard to  the role of the solvent.z9 In the 
present brominations, a bromine atom, like chlorine, 
may undergo solvationZ4 and equilibration, Br‘ + 
solvents  (Br...solvent)‘, where the complexed atom, 
however, can no longer abstract hydrogen from 
toluenes, thus leaving the ‘free’ bromine atom as the 
sole abstractor. The solvation of the halogen atoms 
may lead to r e a c t i v i t i e ~ ~ ~ ~ ~ ~  in the order C1‘ > 
complexed chlorine atom >> Br’ >>> complexed 
bromine atom. We may thus understand the invariable 
relative rate constants with change in solvent from CCL 
to C6H6 and cs2 (see Table 1). 


Comparatively small polar solvent effect on reaction 
rates 
The effect of polar solvents on reaction rates is well 
understood in terms of nucleophilic substitutions. 3 1  


S N ~  3 1  and reactions may proceed via polar TS, 
each of which can assume mechanistically distinct 
features as follows: 


6 6 +  66-  6 +  6 -  
SNI: RJ C - X --* [R3C...X] * + 


1 
R3C+ (solvated) + X- (solvated) (3) 


6 +  
S H ~ :  PhCH2-H + Br’+ [PhCHr...H...&I * -+ 


2 
PhCH; + H-Br (4) 


Solvents can provoke ‘stepwise’ interactions for forma- 
tion of the carbocation. The ionizing power may 
first begin to  ionize a ‘polar covalent’ C-X bond via 
electron-pair-donor/electron-pair-acceptor (EPD/EPA) 
 interaction^^^ to give 1, which can then be subject to 
dipolar alignment with dipoles of solvent molecules, the 
former dominantly controlling the rates. 33 Hydrogen 
abstraction from toluenes by a bromine atom, on the 
other hand, may proceed through activation of a ‘cova- 
lent’ C-H bond with intervention of 2, whose polarity 
cannot be attained a t  all by the action of  solvents as in 
solvolysis, but rather by complex interactions of 
various factors related with the abstractions. The only 


plausible polar interactions of 2 with its surroundings 
might be dipole-dipole interactions which were only a 
minor source of stabilization for 1. The ‘dipolar 
lifetime’ of 2 can be even shorter than that of 1 judging 
from the polarities of the products derived therefrom 
[see equations (3) and (4)]. The lifetime of 2 could be 
too short for solvent molecules to  orient with it for sta- 
bilization. It is therefore not surprising that hardly any 
variations in the rates and p +  are observed on changing 
polarity from CC4 to CHzClz and CH3CN (see Table 
1). The ambiguous effect of the solvents on the rates 
can be distinguished from the substituent effect leading 
to  the Hammett relationship, and the difference may lie 
between the inter- and intra-molecular interactions, the 
former being definitely much less effective. 


CONCLUSION 


Entropy control of reactivities can exhibit peculiar 
behaviour, e.g. negative (Y for the Evans-Polanyi 
relationship l2  and lower selectivity with decrease in 
temperatures. The cage reversalI6 can be too modest to  
influence the present brominations. The rates of the 
brominations should be immune t o  solvent properties 
such as basicity (or nucleophilicity) and polarity, while 
the bromine atom remains as a major chain carrier. 


EXPERIMENTAL 


Materials. These were essentially the same as those in 
previous work6 unless indicated otherwise. 1,2- 
Epoxybutane (purity > 99%) was of Gold Label grade 
from Aldrich. 


Photobromination. by NBS. The experimental 
details were the same as in previous work.6 


Photobromination by Br2-K2CO3. A 50-ml, three- 
necked flask with a water-jacket was equipped with a 
dry-ice-acetone-cooled condenser, a 125-ml Hershberg 
dropping funnel wrapped with aluminium foil and a 
nitrogen inlet tube that extended to  just over the solu- 
tion. Nitrogen was not bubbled into the solution so as 
not to  entrain toluenes, thus giving false substrate con- 
centrations. Reaction temperatures were monitored 
by passing water through the jacket from a constant- 
temperature bath. In the flask were placed toluene 
(2-6 mmol), substituted toluene (2-3 mmol), internal 
standard (chlorobenzene, 2 mmol) and K2CO3 (5-fold 
excess of Br2 added), which were diluted with the 
appropriate solvent (CC4, etc.) to  make a total volume 
of 10ml. Dry-ice and acetone were placed in the 
condenser and Brz(l.2 mmol)-CCl~(12 ml) in the 
dropping funnel. While passing water at the desired 
temperature through the jacket and irradiating with a 
sun-lamp, 0- 1-0.05 M bromine solution was added 
using a syringe pump over a period of ca. 1-2 h under 
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a nitrogen atmosphere. The irradiation was normally 
completed when the starch-potassium iodide test 
showed no coloration. Chlorotoluene-toluene pairs 
have been brominated by others’ using 1,2- 
epoxybutane as an HBr scavenger. We tried this 
method but could not obtain consistent results, espe- 
cially with the reactions of the p-xylene-toluene pair, 
i.e. p-xylene showed much less reactivity than expected, 
for some unknown reason. 


Analytical procedure. The photolysed solutions were 
analysed on 13 ft. x 1/8 in. stainless-steel column 
packed with 10% diisodecyl phthalate on Chromosorb 
W with Varian Vista 4600 with a thermal conductivity 
detector and a CDS 401 data system. 


Relative rates were calculated using the equation6 


where Y and H indicate molar concentrations of substi- 
tuted toluene and toluene, respectively, and the 
subscripts f and i represent final and initial concentra- 
tion, respectively. 
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THEORETICAL STUDIES ON THE GAS-PHASE PYROLYSIS OF 
ACETIC ANHYDRIDE AND DIACETYL SULPHIDE" 


IKCHOON LEE,t OK JA CHA AND BON-SU LEE 
Department of Chemistry, Inha University, Inchon, 402-751, Korea 


The gas-phase thermal decomposition of diacetyl compounds, (CH3CO)zX with X = 0 and S, was investigated 
theoretically using the semiempirical MO methods MNDO and AM1. The initial decomposition of the diacetyl 
compounds proceeded through a six-membered ring transition state involving the keto form with a slightly lower 
activation enthalpy for diacetyl sulphide (X = S); the process via an enolic form of the transition state was kinetically 
unfavourable. In  the initial decomposition of the diacetyl compounds and in the subsequent pyrolysis of acetic and 
thioacetic acid, ketene formation was found to be the most preferred path, where the ease of C,-X bond cleavage 
is relatively more important than nucleophilic attack on the &hydrogen in determining the overall reactivity. In  the 
methane formation process, the reactivity was entirely dependent on the X-H bond strength in CHJCOXH where 
X=S,  NH and 0. 


INTRODUCTION 


Acetic anhydride (1, X = 0) and diacetyl sulphide 
(1, X = S) are known to undergo thermal decomposition 
into ketene and acetic (or thioacetic) acid,' followed by 
further elimination into various products: 


0 


'C - CH, 


/- t\ 
x. 2 H -+ O=C=CHz + CHJCOXH or 


\ /  c = o  CHJCXOH + products (1) 


CH 3 


1 


The initial gas-phase decomposition of diacetyl com- 
pounds, 1, into ketene and acetic (or thioacetic) acid has 
been experimentally investigated by Blake and Speis4 
and Taylor. These two groups agreed that the transi- 
tion state (TS) is a six-membered ring type for both 
compounds (X = 0 and S), but they differed in the rela- 
tive order of the activation energy, which was in the 


reverse order from 32-2 (X = 0) and 31 - 3  kcal mol-' 
(X = S) in the former4 to 34.8 (X = 0) and 38.0 kcal 
mol-' (X = S) in the latter group.3 This means that the 
rate of decomposition is faster with diacetyl sulphide 
than with acetic anhydride in the former, but is faster 
with acetic anhydride in the latter group, albeit the 
experimental temperature was higher in the latter work. 
Taylor' suggested that the faster rate of acetic anhy- 
dride decomposition, despite the greater bond strength 
of C,-0 bond than that of C,-S, may be due to the 
involvement of an enolic TS, 2, and the enhanced 
nucleophilicity of the carbonyl group toward p- 
hydrogen by resonance with the ethereal oxygen, 3. 


CHz 


*Determination of Reactivity by MO Theory, Part 61. For Part 60, see Ref. 1. 
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n 0 - 


C -  CHI C - CH3 
\\ 


c) 0' 


CHI 


\ 
7- O- 


CH3 
3 


On the other hand, the products detected from the 
subsequent thermal decomposition of acetic6 and 
thioacetic3 acids were ketene, water, methane, carbon 
dioxide, and some of their thio analogues, e.g. HzS and 
COS. In the thioacetic acid elimination, methanethiol 
was also found but no thioketene was d e t e ~ t e d . ~  
Thioacetic acid had two forms, thiono- ( C H G O H )  
and thiolo- (CH&OSH), and was much less stable than 
acetic acid. ' 


Recently, Dewar' introduced an effective semi- 
empirical MO procedure, AM1, which has a built-in 
allowance for electron correlation sufficient to deal with 
the changes that occur in most TS formation at far less 
cost than the comparable ab initio methods. The AM1 
method is not as good as the 'state-of-the-art' ab initio 
method but it has the compensating advantage of being 
applicable to much larger molecules for which 
experimental data are available. 


In this work, we investigated theoretically the gas- 
phase thermal pyrolysis mechanisms of acetic anhydride 
and diacetyl sulphide using the semiempirical MO 
methods AM1 and MNDO. lo 


CALCULATIONS 


The computations were carried out using the MNDO" 
and AM1 methods. All geometries were optimized 
without any assumptions. TSs were located by the reac- 
tion coordinate method, I '  refined by the gradient norm 
minimization and characterized by confirming only 
one negative eigenvalue in the Hessian matrix. l 3  


RESULTS AND DISCUSSION 


Initial decomposition of acetic anhydride and diacetyl 
sulphide 


Two major modes are conceivable for the pyrolysis of 
these diacetyl compounds: (i) elimination through the 
six-membered ring TS of the keto form, 1, and (ii) that 
of the enol form, 2, for which two more rotamer vari- 
eties, 4 and 5, are possible. However, prior to the 
occurrence of these enolic TSs, transformation of the 
thermodynamically stable keto form into its enolic 


/ 
HO 


4 


0 


\\ 


\ 
- /" - CH3 


X 


/= O 
CH3 


CHz 


\\ 


xs- \ r  
H 


7 co\ 


HO 


\ 


\ 
/"= CH2 


7- O 


X 


CH3 


form [equation (2)] must precede; here a methyl hydro- 
gen migrates in a 1,3-hydrogen rearrangement through 
a four-membered TS, 6 .  Thus, all subsequent TSs 
involving the enol form, 2, 4 and 5, in the pyrolysis of 
the diacetyl compounds should depend on the activation 
barrier to this H-shift preceding them if they are to have 
any significance as a rate-determining step. We have 
compared the barrier heights (heats of activation, 
AH*) for the two processes through TSs 1 and 6 in 
Table 1. Three points of interest are apparent from this 
comparison: (i) both MNDO and AM1 predict that TS 
1 is far more favourable than TS 6 ,  indicating that the 
pyrolysis of diacetyl compounds is unlikely to occur 
through the enolic TSs such as 2, 4, and 5; (ii) diacetyl 
sulphide (X = S) has a lower barrier than acetyl anhy- 
dride (X = 0) in all cases, i.e. the barrier is lower with 
X = S for TS 1 with both MNDO and AMI, which is in 
agreement with the trend reported by Blake and Speis4 
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Table 1. Heats of formation of ground (GS) and transition 
states (TS) in kcal mol- ' for the pyrolysis of (CH&O)zX with 


X = 0 and S. 


Method X GS TS 1 TS 6 


MNDO 0 AHr 
AH3 


S AHr 
AHf 


AM 1 0 AHr 
AHt 


S AHi 
AH* 


- 132.62 -59.02 
73.60 


71.91 


52.02 


51.22 


- 82.07 - 10.16 


-131.69 -79.67 


-65.08 - 13.86 


- 32.84 
99.78 
16.01 
98 * 08 


86.52 
17.80 
82.88 


-45.17 


but conflicts with that by Tay10r;~ however, we must 
recognize that the differences in the theoretical barrier 
heights are very small indeed ( A M f  = 0 .8  kcal mol-' 
by AM l) ,  suggesting that the experimental activation 
energies may depend on the reaction conditions, e.g. 
temperature and surface ca ta ly~is ;~  and (iii) the calcu- 
lated activation enthalpies are greater by ca 20 kcal 
mol-' than the experimental values, and the MNDO 
barriers are uniformly higher than those of the AM1 
values. These could result from underestimation of the 
hydrogen-bond energies in these semiempirical TS cal- 
culations; this is supported by the even higher barrier 
obtained with MNDO, since in this method the 


hydrogen-bond energies are not accounted for lo owing 
to an overestimation of repulsive interactions for species 
containing long bonds. Our recent work on water 
dimers and protonated water dimers indicated that the 
AM1 method also underestimates the hydrogen-bond 
energies. l4 The importance of hydrogen bonding in the 
TS is evident by large increases in positive charge at the 
P-hydrogen ( A q  > 0) and in the Cp-H bond length 
(Ad > 0) in the activation process as shown in Table 2. 
It can be seen that the extension of Cp-H bond (C- 
5-H-6) during the activation process is larger by 
approximately a factor of two than that of the cleaving 
C,-X bond (C-4-0-3 or C-4-S-3), especially with 
X = O ,  and accumulations of negative charge on Cp 
(C-5) and that of positive charge on P-hydrogen (H-6) 
far exceed those on 0 - 3  and C-4. Hence it appears that 
the nucleophilic attack of the carbonyl group on the 
@-hydrogen is more advanced than the cleavage of the 
C,-X bond in the TS, suggesting the importance of 
resonance 3, especially for X = 0. The order of barrier 
height, X = S < X = 0 reflects, however, the ease of 
C,-X bond breaking, since C,-X bond breaking in 
the TS, Ad(C-4-X), is greater for X = S than for 
X = 0, in agreement with the weaker bond energy for 
the C-S than C-0 bond. The experimental rate order 
of the diacetyl compounds with varying X has been 
reported by Taylor3 to be 0 > NH > S > CH2, which is 
not in the order of increasing C,-X bond strength, 


Table 2. Formal charges (electronic units) and bond lengths (A) in ground (GS) and transition 
states (TS) in the pyrolysis of (CH$Z0)2X through TS 1 by AM1 


0 H H  


\\ \I 


\ 
i -  c\ H*S, 


OW 


/""I= O"' 
CH, 


Charge Bond length 


X Atom GS TS Bond GS TS Ada 


0 0-1 -0.294 -0.324 -0.030 0-3-C-4 1.385 1.594 0.209 
c-2 0-325 0.367 0.042 C-5-H-6 1.118 1.610 0.492 
0-3 -0.331 -0-321 0-010 C-4-H-5 1.488 1.385 -0.103 
c-4 0.326 0.384 0.058 0-3-4-2 1.385 1.296 -0.089 
C-5 -0.221 -0.625 -0.404 0-1-C-2 1.225 1.305 0.080 
H-6 0.120 0.350 0.230 


S 0-1 -0.246 -0.274 -0.028 S-3-C-4 1.721 1.998 0.277 
c-2 0.124 0.081 -0.043 C-5-H-6 1.118 1.605 0.487 
s-3 0.058 0.015 -0.043 C-4-C-5 1.491 1.378 -0.113 
c-4 0.124 0.296 0.172 S-3-C-2 1.721 1.619 -0.102 
C-5 -0.246 -0.624 -0.378 0-1-4-2 1.229 1.312 0.083 
H-6 0-115 0.340 0.225 


a A q  and Ad are the changes in charge and bond length, respectively, in the activation process 
through TS 1. 
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Table 3. Heats of formation, A H ( ,  of ground states (GS), intermediates (IM) and transition states (TS), and activation enthalpies 
( A H * )  in kcalmol-l 


Method Reactant Parameter GS TS (tautom.) TS A TS B TS C TS D 1M TS DI TS D2 


MNDO HSCCH3 AHr -41.40 22.49 54,79 48.97 86.97 55.52 -32.45 56.93 38.10 
It  
0 A H *  63.89 96.19 90.37 128.37 96.92 98.33 79.50 


HOCCHi AHr -37.32 22.49 78'73 63.18 108.97 36.31 -32.45 38.10 56.93 
I1 
S A H i  59.81 116.05 100.50 146.29 73.63 75.42 94.25 


AM1 HSCCH3 AHr - 34.47 14.97 59.17 33.75 73.65 47.42 -23.18 41.47 32.24 
II 
0 A H *  49-44 93.64 68-22 108.12 81.89 75.94 66-71 


II 
S A H *  40.00 101.88 79.55 88.90 60.81 57.27 66.50 


II 
0 A H i  50.92 96.27 82.20 119.12 85.82 79.23 79.23 


HOCCHz AHr - 25.03 14.97 76.85 54.52 63.87 35'78 -23.18 32.24 41.47 


HOCCHi AHr - 103.02 -52.10 -6.75 -20.22 16.10 -17.20 -83.02 -23'77 -23.77 


C-N < C-S < C-0 c C-C (standard bond ener- 
gies are" C-C 83.2, C-0 81, C-S 71, C-N 
69.7 kcal mol-'), but shows that the overall reactivity 
is determined by the ease of both C,-X bond cleavage 
and nucleophilic attack on the 0-hydrogen. 


Pyrolysis of acetic and thioacetic acids 
Acetic and thioacetic acids are by-products of the ther- 
mal decomposition of acetic anhydride and diacetyl 
sulphide, respectively. These undergo further elimina- 
tion to various products. Experimentally it has been 
shown that the initial form of thioacetic acid is the 
thiono- form, which rapidly equilibrates to the more 
stable thiolo- form at high temperature. 


The results in Table 3 show that both MNDO and 
AM1 predict the thiolo- form to be the more stable 
tautomer, and the AM1 barrier height to the 
tautomerization is 49.4 kcal mol-', the MNDO barrier 
being even higher, A H *  = 63-9 kcalmol-'. 


Four modes of pyrolysis are possible for acetic and 
thioacetic acid (Scheme 1): (A) alcohol formation, (B) 
ketene formation, (C) methane formation and (D) diol 
formation, followed by further elimination to ketene. 
Heats of formation of the products are given in Table 4, 
and those of equilibrium species and activation barriers 
( A H * )  involved in each modes of pyrolysis are sum- 
marized in Table 3. For acetic acid, tautomerization 
requires a higher activation enthalpy than for thioacetic 
acid, and ketene formation (B) provides the lowest 
barrier path. The initial step in process (D) is a 1,3- 
hydrogen shift, which has a slightly (ca 3 kcalmol-') 
higher barrier than process (B). Two subsequent pro- 
cesses of ketene formation, (DI) and (D2), in this case 
(X = Y = 0), are indistinguishable. Both processes (A) 
and (C) have a higher activation enthalpy than (B), so 
that methane formation is unfavourable compared with 


HX CH? 


(X,  Y = 0 or S) 


__+ (A) CHiXH +CY 


& 
CHz=C=Y + HzX 


CH4 + CXY 


CHz=C-XH + IDI)  CHz=C=Y + HzX ' k CH2=C=X + HzY YH 


Scheme 1 


Table4. Heats of formation of 
products in kcalmol-' 


Product MNDO AM 1 


HzS 
CHzCO 
CH4 
cos 
CH3SH 
co 
CH3OH 
Hz0 
CHrCS 
cs 
coz 


3.83 
-6.80 
- 11.95 
- 22.89 
- 7.28 
-5.92 


-57.35 
- 60.94 


48-54 
104.56 


-75.08 


3.99 
-5.66 
-8.78 
- 13.71 


-3.35 
-5.68 


-57'03 
- 59.24 


54-23 
99.86 


-79.83 







THEORETICAL STUDIES ON THE GAS-PYROLYSIS OF ACETIC ANHYDRIDE AND DIACETYL SULPHIDE 283 


the ketene formation, which is in accord with the 
experimental results. 


For the thioacetic acid decomposition, we considered 
all four processes, (A)-(D), from both the thiono- and 
thiolo- forms. In the decomposition of the more stable 
thiolo- form, the ketene formation (B) again provides 
the lowest reaction path, other processes having 
substantially higher activation barriers. In the case of 
the thiono- form, elimination through (D) is the most 
favoured. However, both MNDO and AM1 predict that 
once the intermediate diol 7 is formed, the ketene for- 
mation is always preferred to the thioketene formation 
both kinetically and thermodynamically [equation (3)] : 


rH ~ CHz=C=O + HzS 


r 


CHz=C (3) 


CHz=C=S + H20 
\ 


0- H 


7 


This is in apparent contradiction to the experimental 
results that thioketenesI6 are not found. However this 
process starting from the unstable thiono- form may not 
occur under the experimental conditions. 


When R is varied in 8 the experimental reactivity of 
the ketene formation (B) was in the order 
SH > NH2 > OH." This order of reactivity, which is 
reproduced with AM1 but not with MNDO as shown in 
Table 5 ,  can be readily rationalized: breaking of the 
C,-X bond is the most important step of the reaction 
for R = S H ,  9, whereas for R = O H  this factor is 
relatively unimportant compared with the nucleophilic 
attack on the @-hydrogen, 10, which may also be 


H H H 


C C C 


0 
8 


0 
9 


0 
10 


enhanced by resonance similar to 3. This rationalization 
of the reactivity order is supported by the changes in 
electron density and bond length accompanied by the 
activation process shown in Table 6. Examination 
of Table6 reveals that the extent of bond cleavage, 
A d  (C-2-H-3), and positive charge development on 
@-hydrogen, Aq(H-3), is the greatest with X = 0 and the 
least with X = S ,  whereas the C,-X bond cleavage, 
Ad(C-1-X-4), is the greatest with X = S and the least 


Tables. Heats of formation, AHr, of ground (GS) and 
transition states (TS) and activation enthalpies ( A H * )  in 
kcal mol-' for the pyrolysis of RCOCHJ with R = SH, NH2 and 


OH through paths (B) and (C) 


Method SH NHz OH 


- 41 -41 
48.97 
90.38 


- 34.47 
33.75 
68.22 
73.65 


108.12 


-46'81 
36.22 
83.03 


- 50.69 
26.11 
76.80 
67.02 


117.71 


-101-11 
- 1 . 7 1  
99.40 


- 103.02 
-20.22 


82.80 
16.10 


119.12 


with X = O .  This clearly indicates that although the 
overall reactivity is determined by a balance of the two 
factors, the ease of C,-X bond cleavage is relatively 
more important than nucleophilic attack on the 
&hydrogen, which is consistent with the trend found 
above in the initial decomposition of diacetyl series with 
X = 0 and S. It is interesting that the reactivity order 
for methane formation (C) is same as that for ketene 
formation (B). This order of reactivity for process (C) 
is, however, dependent on an entirely different factor, 
viz. the order of the X-H bond energy, which is 
0-H > N-H > S-H (Standard bond energies are15 
0-H 111.8, N-H 93.4, S-H 87-8  kcalmol-I); In 
this process, the difference in the X-H bond energy 
should be the only factor in determining the ease of the 
four-centre TS formation with X = 0, NH and S, 11. 


0 
I 1  


We therefore conclude that the ketene formation con- 
stitutes the major process in the initial decomposition of 
diacetyl compounds, 1, and also in the subsequent 
pyrolysis of acetic and thioacetic acids, and in these 
pyrolysis both the ease of C,-X bond breaking (for 
X = S) and nucleophilic attack on the @-hydrogen (for 
X = 0) are important in determining the overall relative 
reactivity. In the methane formation process, however, 
the reactivity order is entirely dependent on the bond 
strength of the X-H bond for X = 0, NH and S. Both 
AM1 and MNDO tend to overestimate the activation 
barriers, probably because they do  not take proper 
account of hydrogen bonding energies in the TS, espe- 
cially in the latter method. 
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Table 6. Formal charges (electronic units) and bond lengths (A) in ground (GS) and transition states 
(TS) for the pyrolysis of RCOCH3 (R = SH, NHz or OH) through the ketene formation path, (B), by 


AM 1 


0 


Charge Bond length 


R Atom GS TS Aqa Bond GS TS Ad' 


SH C-1 
c -2  
H-3 
s-4 


NHz C-1 
c -2  
H-3 
N-4 


OH C-l 
c -2  
H-3 
0 -4  


0.115 


0.116 
0.032 
0.300 


0.118 


0.306 


0.117 


-0.253 


-0.242 


-0.443 


-0.217 


-0.321 


0.419 
- 0.546 


0.286 
-0.415 


0.344 
-0.664 


0.311 


0.398 


0.311 


-0.303 


- 0.556 


-0.384 


0.304 


0.170 


0.044 


0.193 
0.140 
0.092 


-0.339 
0.194 


- 0.063 


-0.293 


- 0.447 


- 0.422 


C-1-S-4 
C-2-H-3 
c- 1 -c-2 
H-3-S-4 
C-1-N-4 
C-2-H-3 
c-1-c-2 
H-3-N-4 
C-1-0-4 
C-2-H-3 
c-1-c-2 
H-3-0-4 


1 -703 
1-118 
1 -489 
2.913 
1.375 
1-117 
1.508 
2.793 
1.364 
1.117 
1.486 
2.675 


2.266 0,563 
1.471 0.353 
1,384 -0.105 
1.548 -1.365 
1.528 0.153 
1.636 0.519 
1.433 -0.075 
1,214 -1.579 
1.492 0.128 
1.709 0.592 
1.412 -0.074 
1.142 -1.533 


a A q  and Ad are the changes involved in charge and bond length, respectively, during the activation 
process through path (B). 
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MECHANISMS OF AROMATIC NUCLEOPHILIC SUBSTITUTION 
REACTIONS IN ETHYL ACETATE AND TETRAHYDROFURAN 


ELIZABETH T. AKINYELE AND IKENNA ONYIDO* 
Department of Chemistry, University of Ibadan, Ibadan, Nigeria 


AND 


J. HIRST* 
Department of Chemistry, Queen's University, Kingston, Ontario, Canada K7L 3N6 


The kinetics of the reactions of 1-chloro-, 1-fluoro- and I-phenoxy-2,4-dinitrobenzene with piperidine, n-butylamine 
and benzylamine, and in lhe case of the ether, morpholine were studied as  functions of nucleophile, DABCO and 
pyridine concentrations in tetrahydrofuran and ethyl acetate. The reactions of the ether with n-butylamine and 
benzylamine in benzene were also studied as  functions of nucleophile, DABCO and pyridine concentrations. A 
comparison with results in the literature indicated that the reactions in tetrahydrofuran and ethyl acetate resemble those 
in dipolar aprotic solvents when primary amines are the nucleophiles and those in aprotic solvents when the nucleophile 
is a secondary amine. An explanation is suggested for  the observation that whereas the reactions of 
l-phenoxy-2,4-dinitrobenzene with piperidine and morpholine in both tetrahydrofuran and ethyl acetate are strongly 
catalysed by the nucleophiles, they are not catalysed by pyridine and there is either extremely weak or no catalysis by 
DABCO. 


INTRODUCTION 


The general mechanism of aromatic nucleophilic 
substitution reactions when either primary or secondary 
amines are the nucleophiles is shown in equation (1) .  In 
dipolar aprotic solvents of high dielectric constant such 
as dimethyl sulphoxide, the detailed mechanism of the 
base-catalysed decomposition to products of the in- 
termediate (I) is believed to be that given in equation (2), 
and when secondary amines are the nucleophiles the un- 
catalysed path is thought to proceed unimolecularly 
through an internally hydrogen-bonded intermediate as 
in structure 1.  


I 
In aprotic solvents such as benzene and cyclohexane, 


Capon and Rees ' proposed that the base-catalysed 
decomposition of the intermediate I takes place via a 
cyclic intermediate (2). It is only fairly recently' that 


*Authors for correspondence. 
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2 
I 


2 
( 2 )  


experimental evidence for a difference in mechanism for 
these reactions in the two types of solvent has been ob- 
tained, and the mechanism of the reactions in aprotic 
solvents is still under investigation. 3*4 


H 
,' \+ 


X' 


GRio2 
N 


o'+'o_ - 
1 


N 


- 0 
2 
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The effect of solvent basicity on the mechanism of 
aromatic nucleophilic substitution reactions in dipolar 
aprotic solvents of high dielectric constant has been 
investigated, but there are a group of solvents such as 
ethyl acetate and tetrahydrofuran, which have ap- 
preciable basicity but low dielectric constants, in which 
the mechanisms of these reactions have not been 
systematically investigated. A study has been made of 
several typical aromatic nucleophilic substitution re- 
actions in tetrahydrofuran and ethyl acetate in an at- 
tempt to  assess the effect of dielectric constant on their 
mechanisms by comparing the results in these solvents 
with those in acetonitrile and dimethyl sulphoxide and, 
where possible, benzene. As the pK, of ethyl acetate is 
- 6.56  and that of tetrahydrofuran is - 2-047 but their 
dielectric constants are similar (E25: THF 7.58, EtOAc 
6.02), it was hoped that information could be obtained 
on the effect of solvent basicity in solvents of low dielec- 
tric constant. 


RESULTS AND DISCUSSION 


The results are given in Tables 1-3. 


equation (1) gives 
Application of the steady-state hypothesis to I in 


(3) 


where k4  is the observed second-order rate constant and 
B is either an added base or a second molecule of the 
nucleophile. I f  k - I  e k2 + k3 [B] , then equation (3) 
reduces to kA = k l ,  the formation of the intermediate is 
rate determining and the reaction is not base catalysed. 
If either (a) k-1 >> kz+ k3[B] when equation (3) 
reduces to the form kA = k '  + k" [ B] or (b) no simplify- 
ing assumptions can be made, then base catalysis is 
observed and the decomposition of the intermediate is 
rate limiting. Condition (a), however, requires further 
amplification. In many aromatic bimolecular 
nucleophilic substitution reactions, small linear in- 
creases in the second-order rate constant with increasing 
amine (or, more generally, added base) concentration 
are observed. The values of the ratio k"/k '  are small 
( < 5 )  and the accelerating effect of the bases bears no 
relationship to  their base strength. According to  
Bunnett and Garst,' this does not represent true base 
catalysis, but rather the formation of the intermediate is 
rate determining in these reactions and the small in- 
creases are due to some unspecified effect. In other re- 
actions an increase in base concentration has a powerful 
accelerating effect, the value of k" /k '  is high (>50) and 
the catalytic effect increases with increase in strength of 
the base. These reactions are regarded as base catalysed 
and the decomposition of the intermediate is rate 
limiting. Although we are in general agreement with 
these conclusions, we believe that in solvents of low 
dielectric constant the criterion of the magnitude of the 


k" /k '  ratio should be applied cautiously, as relatively 
low values of the ratio may still indicate base catalysis. 


The reactions of 1 -chloro-2,4-dinitrobenzene with 
piperidine, n-butylamine, morpholine lo , "  and benzyl- 
amine in tetrahydrofuran and ethyl acetate are not base 
catalysed, nor are the reactions of n-butylamine and 
benzylamine with 1 -fluoro- and I-phenoxy-2,4-dinitro- 
benzene. The slight linear increases in kA with increasing 
nucleophile concentration observed for the reaction of 
l-chloro-2,4-dinitrobenzene with benzylamine in ethyl 
acetate ( k " / k '  = 2.13) and n-butylamine with the 
phenoxy substrate in the same solvent ( k " / k '  = 4.58) 
have very low values of k"/k' and are not regarded as 
being due to  base catalysis. In all these reactions the 
addition of 1,4-diazabicyclo [2.2.2. ]octane (DABCO) 
and pyridine has no effect on the rate. In this respect the 
two solvents are similar to  dimethyl sulphoxide and 
acetonitrile, but differ from the present results in 
benzene in which reactions of the phenoxy substrate 
with both n-butylamine and benzylamine are base 
catalysed and the reactions of the fluoro substrate with 
1 hese two nucleophiles are already known Iz*I' to be 
catalysed in this solvent. 


When the reactions are not base catalysed, kA = kl 
and the effect of solvent variation on the rate constant 
for the formation of the intermediate I can be obtained. 
We have already shown'4 that the value of k l  in 
dimethyl sulphoxide is much greater than that in aceto- 
nitrile. Comparison of the present results in tetrahydro- 
furan with those in acetonitrile I 5 , l 6  shows that the 
values in the two solvents are approximately the same, 
and those in tetrahydrofuran are slightly greater than in 
ethyl acetate by factors ranging from 1 . 5  to 3. 


In contrast, the fluoro substrate with piperidine 
exhibits a strong linear dependence on the piperidine 
concentration in both solvents [k" /k '  = 2-24 x lo3  
(THF) and 1 a55 x lo3 (ethyl acetate); Nudelman et al. I' 


give k"/k' = 426 for this reaction in ethyl acetate and 
698 in T H F  at 15 "C] . This behaviour is similar to that 
observed in benzene18 but differs from that in 
acetonitrile, where the reaction is not base 
catalysed. ".I7 Bamkole et al. ' I  have shown that for the 
reaction of this substrate with morpholine in the two 
solvents kA has a strong linear dependence on the con- 
centration of the nucleophile. Again this is similar to the 
behaviour in but differs from that in 
dimethyl sulphoxide, where the reaction is not base 
catalysed, and acetonitrile, where a curvilinear 
dependence on the morpholine concentration has been 
observed. I s  The reaction between the fluoro substrate 
and piperidine is strongly catalysed by DABCO in both 
solvents [ k " / k '  = 74.3 (THF) and 138 (ethyl acetate)] 
and shows a linear dependence on pyridine concentra- 
tion [k" /k '  = 9 . 0  (THF) and 7.0 (ethyl acetate)]. 
Although the k"/k '  values for pyridine are small, 
similar accelerations are not observed when the 
substrate is l-chloro-2,4-dinitrobenzene, hence they are 
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Table I .  Nucleophilic substitutions on dinitrophenyl substrates ArX in T H F  at 30' C 


Substrate/nucleophile Base varied [Bl  (MI kA ( I  m o l - ' s - ' )  


X=Cla/piperidine 


X=Cld/n-BuNH2 


X=Cld/benzylamine 


X = F 'In-BuNHZ 


X=F'/benzylamine 


X=F'/piperidine 


X=OPh k/n-BuHN2 


X=OPh k/benzylamine 


X-OPh k/piperidine 


Piperidineb 
Pyridine' 
DABCO' 
n-BuNHz 
Pyridine' 
DABCOe 
Benzylamine 
Pyridine' 
DABCO' 


n-BuNH! 
Pyridine 


Benzylamineg 
Pyridine' 


Piperidineg 


Pyridine' 


DABCO 


DABCO' 


D A B C O ~  


n-BuNH: 
Pyridine" 
DABCO"' 
Benzylamine' 
Pyridine" 
DABCO" 
Piperidine' 


Pyridine' 
DABCO" 
Morpholine 


Pyridine' 
DABCO' 


1.01- 5.05 x 10-3 
1.0 - 5.0 x 
2.0 - 5.0 x 10-3 
1.12- 6.50 x lo-' 
5.0 -20.0 x 10-2 
0.50- 2.0 x 
1.02- 5.08 x lo-' 
5.0 -30.0 x lo-' 
0.50- 2.0 x 10-2 


4.0-12.0 X lo-' 
5.0-20 x lo-' 
2.0-30.0 x 
4.0-14.0 x lo-' 
5.0-20.0 x lo-' 
5.0-30.0 x lo-' 
104[B]:  4.0 
kA : 1.92 
1 0 z [ B ] :  0.5 
k \: 2.50 
1 0 3 [ B ] :  0.4 
k A :  2.58 


2.0-10.0 x 
1.0- 3.0 x lo-' 
2.0- 5.0 x 
1.0- 4.25 X lo-' 
1.0- 3.0 x lo-' 
102[B] :  3.34 


5.0-20.0 x lo-' 
3.5- 9.8 x lo-' 
10[B] :  1.0 
104k,,: 1.30 
5.0-20.0 x lo-' 
10ZIB]:  0 
10'kA: 1.30 


2.0- 8.0 x 10-2 


103kA: 1.94 


6.0 
2.36 
2.0 
2.90 
1.0 
2.63 


5.04 
2.62 


2.0 
2.62 


3.5 
1.45 


3.68 x lo-' 
3.80 x 10-1 
3.67 x lo-' 
1.02 x 
1.24 x lo-' 
1.18x 10-2 
3.56 x 
3.54 x 10-3 
3.43 x 


9.41 
10.2 
10.2 
2.88 
3.10 
3.13 


8.0 10.0 12.0 14.0 16.0 
2.94 3.30 3.68 4.24 4.67 
3.0 5.0 
3.23 3.48 
2.0 3.0 
2.93 3.02 


5.27 x lo-' 
5.37 x 
5.26 x lo-' 
1.47 x I O - ~  
1.49x 
1.47 x 1 0 - ~  
6.0 7.06 8.0  10.0 
3.48 3.73 4.10 5.30 
2.64 x 
2.76 x 1 0 - ~  
3.0 4.0 
3.58 4.71 
1.31 x lo-' 
8.0 
1.62 


" [ S u b s r r a t e ] ~ =  1.31 x l O - ' v .  'At 28.2'C. "'[n-BuNHZ1 = 4.0 x l o - '  11. 


"[n-BuNHz] = 4.0 X 10-4 \~ .  "[Benzylamine] = 1 . 0 ~  10 '\I. 
'[benzylamine] = 8 x 1 0 - 4 ~ ~ ,  "[Piperidinel =5.Ox 10-221. 


bAt 28.2'C. 
' [Piperidinel = 3.03 x 1 0 ~ ' ~ .  
d [ S u b s t r a t e ] ~ = 5 ~ 0 1 - 5 . 0 3  x l O - ' k i .  ' [ Piperidinel = 6.0 x hi, p[Substrate],, = 5.4 x 10-Jzl. 
'[Nucleophile] =3,Ox 1 0 - 2 ~ .  k[Subs t ra te ]u= 1.2-1.5 x 1 0 - 5 ~ ~ .  qAt 32.0°C.  
' [ S u b w a t e l o  = 1.0-1.30 x l O - ' v .  'At 28.2OC. 'IMorpholine] = 1 . 0 ~  l O - ' v .  


tentatively ascribed to  base catalysis. If this is so, the 
behaviour of this reaction in tetrahydrofuran and ethyl 
acetate resembles that in benzene rather than 
acetonitrile. * 


The reaction between l-phenoxy-2,4-dinitrobenzene 
and piperidine is strongly catalysed by piperidine in 
both tetrahydrofuran and ethyl acetate. In both solvents 
a plot of kA against piperidine concentration is linear 
and passes through the origin, that is, the reactions are 
third order, as was observed by Pietra" when the re- 
action was carried out in benzene. Values of 461 and 542 
have been recorded16 for k"/k' for the reactions in 
dimethyl sulphoxide and acetonitrile, respectively. The 


observations of Ayediran et al. lo  on the reactions of 
morpholine with this substrate in the two solvents have 
been confirmed. A plot of k~ against morpholine con- 
centration is linear and passes through the origin in 
ethyl acetate, but in tetrahydrofuran there is a small in- 
tercept, giving a k"/k' value of 43.4* at 32°C. The 
values" of k"/k' for this reaction in dimethyl sulph- 
oxide and acetonitrile are 86 and 185 and in benzene a 
plot of kA against nucleophile concentration has an 
upward curvature and passes through the origin. ' 
* A  value of 274 was mistakenly given for k"/k' at 30.5 'C in 
Ref. 10. The correct value is 31.6. 
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Table 2. Nucleophilic substitutions on dinitrophenyl substrates ArX in ethyl acetate at 30 'C 


Substrate/nucleophile Base varied [ Bl ( h l )  k\  (1 mo1-Is-I) 


X=Cl"/n-BuNHz 


X=Cl"/piperidine 


X=Cl"/benzylamine 


X=Fd/n-BuNH2 


X =  Fd/benzylamine 


X =  F'/piperidine 


X = OPh "/nBuNH2 


X=OPh h/benzylainine 
X=OPh"/piperidine 


X = OPh "/rnorpholine 


n-BuNH2 
Pyridineb 


Piperidine 
Pyridine' 
DABCO' 
Benzylamine 


n-BuNHx 
PyridineC 
DABCO' 
Benzylamine 
Pyridine' 


Piperidine 


Pyridinc' 


DABCOg 


D A B C O ~  


DABCO' 


n-BuNHz 


DABCO' 
Benzylamine 
Piperidine 


Pyridine' 
DABCO' 


Morpholine 


Pyridinek 
DABCO 


2 .0  - 8.0 x lo-' 
5.03-20.0 x lo-' 
5.15-20.6 x lo-' 
3.12- 9.0 x lo-' 
1.0 - 5.0 x lo-' 


lO ' IB] :  2.0 


3.02- 8.67 x lo-' 
0.5 - 5.0 x 10-l 
0 .5  - 5.0 x lo-' 
3 .2  - 8.85 X 
5.0 -30.0 x lo-' 
0.5 - 3.0  x lo-' 
IOJIB]: 3.08 
k4: 3.60 
10Z[13]: 0 .5  
k,\: 3.67 
1 0 ' [ ~ 1 :  0 .5  
k,\: 3.73 


IO*[B]: 2 .0  
103k.\: 2.27 
1.0- 8 . 0  X lo-' 
0.6- 3 .0  x l o - '  


10'k%: 0.39 
0.5-3.0 x 10 ' 
102[B] :  1 .0  
1o3k,%: 1.39 
10[B] :  1.0 
1 04kkn: 1.52 
5.0-20 x lo-'  
1.0- 8.0 x lo - '  


1 .0  - 5 . 0  x 10-3 


10 ' k a :  1.20 


10ZIBl :  1.0 


4 . 0  
1.23 


5.01 
4.35 
1.0 
3.86 
1.0 
4.22 


4 . 0  
2.60 


2 .0  
0.96 


3 .0  
1.48 
2 . 0  
3.13 


4.47 x lo-' 
4.37 x lo-' 
4.41 X lo-' 
2.45 x lo- '  
2.60 X 10- ' 
2.50 x 10-l 
6 . 0  8 . 0  
1.30 1.34 


5.06 
5.01 
5.01 
1.87 
1.89 
1.92 
6.00 8.10 10.0 
4.87 5.44 6.46 
3 .0  5 .0  
4.35 4.81 
3 .0  5.0 
5.05 6.07 


6 . 0  8 .0  
2.72 2.88 


4.83 x lo-' 
3 .0  4.0 5 .0  
1.54 2.27 2.66 
I .47 x lo - '  
5 .0  8 . 0  
1.54 1.67 
3 .0  4 . 0  
4.52 5.83 
1.51 X lo-'' 
1 5 2 X  10 


1.YY x lo-' 


12.3 
7-07 


6 . 0  8 . 0  
2.87 4.31 


"[SubstratejI1- 3.05-50.3 x 10-'\1. 
hln-HuNHll - 4 . 0 ~  10 '\I, 


'[Piperidine] 5 3 . 1 2 ~  10-'\1.  
" [ S ~ b \ t r a t e ] ~ ~  = 3.03-3.39 x 10- ' \1.  
' [n -BuNH2]  = 3 . 0 2 x  10 '21.  


' 1  Benrylamine] = 5.20 x 10-'\1. 


r[Piperidine] = 3.08 x 10-'v. 
i ' [Subct ra te ]o=S.Ox I0 'hi. 


' [n-BuNHzj = 2 , 0 x  1 0 - 2 ~ ~ .  
'[Piperidinel = 3 . 0 x  10-'\1. 
k(Morphol ine]  = 1 . 0 ~  l O - ' \ i .  


The effects of pyridine and DABCO on the reactions 
of the phenoxy substrate are surprising. The reactions 
with piperidine and morpholine are not catalysed by 
pyridine in either solvent. The reaction of piperdine 
in  tetrahydrofuran is not catalysed by DABCO and 
in ethyl acetate k " / k '  for this additive is only 2.9. 
DABCO does not catalyse the reaction with morpholine 
in ethyl acetate and in tetrahydrofuran its k " / k '  ratio 
has the low value of 3.1. The lack of catalysis by 
DABCO cannot be due to a change of condition in 
equation (3) to kl < k l +  k3[B] giving kA = k l ,  as the 
value of k.4 in the presence of the catalyst would be the 
maximum value possible, which is not the case. It 
cannot be due to  the operation of adverse steric effects, 


as both the substrate-piperidine and substrate- 
morpholine systems are strongly catalysed in aceto- 
nitrile. The relative values of the base strengths of the 
nucleophiles and catalysts in tetrahydrofuran and ethyl 
acetate are not known but the lack of catalysis cannot 
be due to  the relative base strengths of DABCO and 
nucleophile2 as the reaction between I-fluoro-2,4- 
dinitrobenzene and piperidene is strongly catalysed by 
DABCO in both solvents. 


In the past 2,4,'0 we have emphasized the importance 
of internuclear forces and hydrogen bonding on reac- 
tions taking place in solvents of low dielectric constant. 
Of the nucleophiles and catalysts used in this investiga- 
tion, only the nucleophiles are capable of acting as 
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Table 3. Nucleophilic substitutions on 2,4-dinitrophenyl phenyl ether“ in benzene at 30 OC 


Nucleophile Base varied [ B ]  (M) and kA (1 rnol-ls-’) 


n-BuNHl n-BuNH2 102[B] :  2 .0  


Pyridineh 102[B]:  5 .0  


D A B C O ~  IOZIB]: 1.0 


Benzylamine Benzylamine 102[B] :  5 .0  


Pyridine‘ I 0 2 [ B ] :  5 .0  


DABCO‘ 10ZIB] :  1 . 0  


104kA: 0.625 


1 04kA 1.82 


1 04kA: 1.62 


loSkA: 1.97 


10’kA: 4.76 


105kA: 4.19 


4 . 0  6 . 0  
1.16 1.52 


10.0 20.0 
2.22 3.15 
3.0 5.0 
2.25 2.53 


10.0 20.0 
4.06 7.10 


10.0 20.0 
5.69 7.51 
3 .0  5 .0  
5.84 6.49 


8 .0  18.0 30.0 
1.96 3.30 4.37 


30.0 
3.95 
8 . 0  
2.80 


30.0 
8.63 


30.0 
9.89 
8 . 0  
7.02 


“[Substratelo = 5.0 X Io-‘hi.  
h [ n - B u N H z ]  = 4 . 0 x  I O - ’ \ i .  


[Benzylamine] = ] . O x  10-’ \1 .  


hydrogen-bond donors. In solvents of low dielectric 
constant a molecule of the nucleophile can become 
strongly hydrogen bonded to  the ethereal oxygen of the 
intermediate I formed in these reactions when an ether 
is the substrate. When the substrate contains an ortho- 
nitro group, hydrogen bonding occurs in the in- 
termediate I between the amino hydrogen atoms of the 
complex and the oxygen atoms of the nitro group. 
When secondary amines are the nucleophiles, this is 
the only amino hydrogen atom present and must be re- 
moved in the base-catalysed pathway. Proton transfer 
in hydrogen-bonded species is believed to occur in two 
stages: ” first the hydrogen bond is broken, followed by 
proton abstraction by base. If this process occurs in the 
Meisenheimer complex, then a second molecule of the 
nucleophile, anchored on the leaving group, is most 
favourably situated for proton abstraction, possibly to  
the exclusion of all other catalysts. This effect should 
not occur when the substrates are fluorides as organic 
fluorides do not form hydrogen bonds.2z It should be 
observed for similar aromatic nucleophilic substitution 
reactions with secondary amines in all solvents of low 
dielectric constant. The rate constant for the reaction of 
l-phenoxy-2,4-dinitrobenzene with morpholine in 
benzene increases linearly with the concentration of 
DABCO;’ the value of k ” / k ’  is only 6.7, however, 
Spinelli et a/ .  23 concluded that they could not safely say 
that DABCO catalyses the reaction of piperidine with 
2,4-dinitrophenyl4-nitrophenyl ether in benzene. Their 
results indicate a value of kf ’ /k ’  of approximately 1.5. 
The rate constants for the reactions of 
2-methoxy-3-nitrothiophene with perhydroazepine, pyr- 
rolidine and piperidine in benzene increase linearly with 
increasing DABCO concentration. 24 The k ” / k ’  values 
for this catalyst are 7 .7  (perhydroazepine), 4.4 (pyr- 
rolidine) and 7.5 (piperidine). 


If the uncatalysed decomposition of the intermediate 
I takes place unimolecularly as in structure 1, then 
hydrogen bonding of the nucleophile to the leaving 
group should enhance k3 at the expense of kz,  giving rise 
to large values of k3/kz (=,”I,‘ when the base is the 
nucleophile). Generally, this is observed. Plots of k A  


against nucleophile concentrations pass through the 
origin in the following reactions: 2,4-dinitrophenyl 
cyclohexyl ether with piperidine in benzene; 2 5  


2-phenoxy-l,3,5-triazene with piperidine in isooctane; 26 


2-methoxy-3-nitrothiophene with piperidhe*’ and per- 
h y d r ~ a z e p i n e ~ ~  in benzene; l-phenoxy-2,4,6-trinitro- 
benzene with morpholine in benzene; 1,3-dinitro-2- 
phenoxybenzene with piperidine and morpholine in 
benzene;29 3,5-dinitro-2-phenoxypridine with morph- 
oline in benzene; 29 1 -methyl-3,5-dinitro-2-phenoxy- 
benzene with piperidine and morpholine in benzene; 29 
and 2,4,6,4’ -tetranitrodiphenyl ether with N-methyl- 
aniline in benzene.29 Consiglio et al. 24 give kz/k-  I = 0 
and k3/k- = 0.70 1 mol- for the reaction of pyr- 
rolidine with 2-methoxy-3-nitrothiophene in benzene, 
and k ” / k ’  = 579 for the reaction of l-phenoxy-2,4,6- 
trinitrobenzene with piperidine in benzene. 28 Compara- 
tively low values of the ratio are known. Apart from the 
value of 43.9 recorded above for the reaction of 
l-phenoxy-2,4-dinitrobenzene with morpholine in tetro- 
hydrofuran, the value for the reaction of 2,4-dinitro- 
phenyl4-nitrophenyl ether with piperidine in benzene is 
given as 44.23 


The above arguments apply to  secondary amines but 
may not have the same force when the nucleophile is a 
primary amine. In secondary amines, as there is only 
one amino hydrogen atom available which is hydrogen 
bonded to  the ortho-nitro group, :his must necessarily 
be the one which is eliminated. With primary amines a 
second amino hydrogen atom is available and it is pos- 
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sible that the requirements of amino group-ortho-nitro 
group hydrogen bonding result in conformers in which 
this second hydrogen atom is poorly placed for attack 
by a molecule of the nucleophile attached to  the oxygen 
atom of the leaving group and thus is available for 
elimination by tertiary (and other) bases. For secondary 
amines the proposal gives a plausible mechanism for the 
formation of the cyclic transition state that is often 
postulated for the base-catalysed path of aromatic 
nucleophilic substitution reactions in aprotic solvents. 


The comparisons of the kinetic forms of the reactions 
in tetrahydrofuran and ethyl acetate with those in 
dipolar aprotic and aprotic solvents indicate that these 
solvents resemble dipolar aprotic solvents when primary 
amines are the nucleophiles and aprotic solvents when 
the reagent is a secondary amine. We have presented 
evidencei4 that in dipolar aprotic solvents, when 
primary amines are the nucleophiles, the mechanism of 
the uncatalysed decomposition of the intermediate I to  
products is similar to that given in equation (2), with 
a molecule of solvent replacing that of base. 
Tetrahydrofuran and ethyl acetate are probably suffi- 
ciently basic to overcome the effect of decreasing dielec- 
tric constant and allow this mechanism to operate, with 
the condition k-  I * k2 + k3 [ B I .  


The results for secondary amines can be accom- 
modated by assuming that the value of kz/k- 1 decreases 
with decreasing dielectric constant. If, for these amines, 
the uncatalysed decomposition of the intermediate I 
takes place via the cyclic transition state given in struc- 
ture 1, k2 would be relatively insensitive to  changes in 
solvent compared with k-1 which refers to a process in 
which an appreciable decrease in charge has taken place 
in the transition state and will be accelerated by decrease 
in dielectric constant. 


were at least ten times those of the substrates and the 
reactions were followed to 60-70%. The first-order rate 
constants so obtained had a standard error not greater 
than 2%.  


EXPERIMENTAL 


Tetrahydrofuran was treated successively with sodium 
sulphite, sodium hydroxide and sodium wire and then 
distilled, the fraction with b.p. 64 "C being collected. 
Ethyl acetate was washed with 5 %  sodium carbonate, 
then saturated with sodium chloride solution and dried 
initially over potassium carbonate followed by 
phosphorus pentoxide. Distillation from phosphorus 
pentoxide gave a fraction with b.p. 77'C, which was 
collected. The purification of all other materials has 
been described previously. 4 q i 6  


The kinetics of the slower reactions were investigated 
using a pipette technique,30 in which aliquots of the 
reaction mixture were pipetted into calibrated flasks 
containing methanol 1.0 M in sulphuric acid. The 
volume was made up to  the mark and the absorbance 
measured at the appropriate wavelength. Faster re- 
actions were followed in the thermostated cell compart- 
ment of either an SP 30 or SP-8-400 spectrophotorneter. 
The concentrations of the nucleophiles in all instances 
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The kinetics of the acylation of 2,3-dihydrobenzoxazoI-2-one with dodecanoic acid in polyphosphoric acid were 
investigated. Two competitive reactions occurred at the 3- and 6-positions. The acylation reactions in polyphosphoric 
acid of 2,3-dihydrobenzoxazoI-2-one and 2H-1,4-benzoxazin-3(4H)-one give 6- and 7-acyl derivatives. 4-Acetyl-2H- 
1,4-benzoxazin-3(4H)-one rearranged in polyphosphorie acid exclusively to the 7-acetyl derivative. Two mechanisms 
are proposed to explain the different reaction sites for the acylation of ZH-1,4-benzoxazin-3(4H)-one. 


INTRODUCTION 


Recently, 7-acyl-2H-1,4-benzoxazin-3(4H)-ones (4) 
were found to  exhibit interesting normolipaemic 
properties. These derivatives were prepared from 
6-acyI-2,3-dihydrobenzoxazol-2-ones (2) in a two-step 
procedure which gave high yields (Scheme 1). Unfor- 
tunately, it was not always possible to obtain com- 
pounds 2 satisfactorily, the yield of the acylation with 
carboxylic acid or acyl halides in polyphosphoric acid 
(PPA)536 depending on the nature of the acyl group and 
the substitution on the heterocyclic N atom. The yield 


of the acylation of 3-methyl-2,3-dihydrobenzoxazol-2- 
one is generally higher and the reaction conditions 
milder than those with 2,3-dihydrobenzoxazoI-2-one 


The benzoyl migration observed in PPA for benz- 
anilide and N-benzoyltoluidide’ similarly to the 
photochemically induced rearrangement of 
3-acyl-2,3-dihydrobenzoxazol-2-ones’ prompted us 
to  investigate the mechanism of the acylation of 
2,3-dihydrobenzoxazol-2-one and to compare it with 
the acylation of 2H-1,4-benzoxazin-3(4H)-one. 


In this paper, we report the kinetics and mechanistic 


(1 1. 
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0 


4 
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studies of the reaction of acylation of 2,3- 
dihydrobenzoxazol-2-one and 2H- 1,4-benzoxazin- 
3(4H)-one. 


RESULTS AND DISCUSSION 


Acylation of 2,3-dihydrobenzoxazoI-2-one 
In order to  simplify the kinetic investigations, the 
acylation reaction was carried Fut with dodecanoic acid 
in polyphosphoric acid at  120 C. Dodecanoic acid was 
chosen because it is similarly insoluble in aqueous acidic 
medium as the two products of the reaction, i.e. the 6- 
and 3-acyl derivatives, and so they are easily obtained 
as a mixture by filtration after hydrolysis. Moreover, 
the 6- and 3-dodecanoyl derivatives are unreactive in 
aqueous acidic medium whereas the 3-acyl derivatives, 
with a shorter alkyl chain, are easily hydrolysed at  room 
temperature to  carboxylic acid and compound 1 
(Table 1). The reaction temperature was fixed at 120 C 
because then the 3,6-didodecanoyl derivative 5 was not 
detected (in the 'H NMR spectrum there were no 
signals a t  8-17, 7.92 and 3 . 1 5  ppm; see Experimental) 
even after 2 h of reaction (Table 2). The resulting 
mixture was analysed in 'H NMR in CDzCl2 by 


20 


15 


0)  


E 


- 
g 10 


5 


0 


Table 1. Hydrolysis of 3 (3 --* 1) in ethanol or water with 
hydrochloric acid 


R a  Temperature ('C) Solvent Time (min) Yield of 1 ('70) 


CHI  25 Water 60 100 
25 Ethanol 10 100 


C4Hs 25 Water 60 80 
25 Ethanol 10 40 
80 Ethanol 30 100 


C I  1H23 25 Water 60 0 
25 Ethanol 10 0 
80 Ethanol 30 20 
80 Ethanol 180 100 


'See Scheme 2. 


Table 2. Reaction of 1 with dodecanoic acid in PPA 


Yield (070)  


Entry Temperature ('C) Time (min) 2 3 5 


1 120 120 17.5 48.5 0 
2 120 360 16 52 17 
3 150 120 26 26 15 
4 150 360 29 36 25 


20 40 60 80 100 120 
Time (min) 


Figure 1. Reaction of 1 with dodecanoic acid at 120°C in PPA: composition of the mixture at different times. (*) Dodecanoic acid; 
(+) compound 2; (*) compound 3 
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Table 3. Kinetics of reaction of 1 with dodecanoic acid at 
1 2 0 " ~  in PPA 


Time (min) 0 15 30 60 90 120 
Dodecanoic acid (mmol) 20 17.2 15.4 11.6 9.1 6.6 
2 (mmol) 0 0.4 0.7 1.6 2.1 3-5  
3 (mmol) 0 2.4 4.0 6.8 8 -7  9.7 


integration of the triplets of COCHz which appeared 
at 2.30, 2.96 and 3.10ppm for dodecanoic acid and 
the 6-dodecanoyl and 3-dodecanoyl compounds, 
respectively [verification of these integrations were 
obtained from the other signals (aromatic and 
aliphatic)]. The validity of this method was tested by 
three consecutive assays. 


The results (Figure 1, Table 3) indicated that the 
reaction followed a pseudo-first-order law (compound 
1 )  was in substantial excess) and at 120°C gave rate 
constants for two competitive reactions (Scheme 2)  
of kl  = 1.1 x 10-4s-1 and k2 = 4 - 0  x s - ' .  
Compound 3 did not rearrange into 2 under these 
conditions, as established by heating a solution of 3 in 
PPA at 120 "C for 2 h, when 3 was recovered in 97% 
yield. However, we have shown that 3-acyl-2,3- 
dihydro benzoxazol-2-ones rearranged into 6-acyl 
derivatives with good yields' (higher than those from 
the direct acylation of 1). The general mechanism of the 
acylation can be described as a competitive acylation (in 
the 3- or 6-position) plus a rearrangement of the acyl 
group from the 3- to the 6-position (Scheme2). The 
lower yields encountered in the direct acylation are 
explained by the formation of 3-acyl compounds, which 
gave 1 after hydrolysis. This was verified by analysing 
the crude product of the acylation of 1 with butanoic 


RCO 
I 


Scheme 2 


acid, when we found 6-butanoy1, 3-butanoyl and 3-6- 
dibutanoyl derivatives [83, 9 and 8% respectively, 
calculated from 'H NMR spectrum of the crude 
product (56% yield)]. 


Rearrangement of 4-acetyl-2H-1,4-benzoxazin-3(4H)- 
one 


In order to compare the reactivities of 1 and 
2H-1,4-benzoxazin-3(4H)-one(6), we prepared 4- 
acetyl-2H- 1,4-benzoxazin-3(4H)-one from acetic 
anhydride and 6. The 4-acetyl derivative rearranged in 
PPA exclusively but in low yield (40%) into the 7-acetyl 
derivative (50% of 6 was recovered). The acylation of 
6 with acetic acid in PPA gave 6- and 7-acetyl 
derivatives (85 and 15%, respectively) in good yield 
(79%) whereas in dichloromethane with aluminium 
chloride and acetyl chloride, the 6-acetyl derivative was 
obtained selectively. lo Because the method of structure 
determination in the cited patent l o  was inadequately 
unambiguous and the physical data (melting point) 
were nearly the same for the 6- and 7-acetyl derivatives, 
we investigated the 'H NMR data of these compounds. 
To confirm the position of the acetyl group, we 
irradiated the 4-methyl signal of the 6-acetyl-4-methyl- 
2H- I ,4-benzo~azin-3(4H)-one'~ and observed an 
Overhauser effect only on H-5 (26%). On a 400-MHz 
NMR spectrometer, we were able to differentiate the 
signals of 6- and 7-acetyl derivatives (Table 4) and 
calculate the relative proportion of each isomer. 


The predominant formation of the 6-acetyl 
derivative, which appears to result from a direct 
acylation, can be explained by an increased reactivity at 
this position owing to the oxygen donor effect, whereas 
the 7-acetyl derivative probably comes from an 
N-acylation followed by a Chattaway migration 
[the 7-acetyl derivative is the sole product of the 
rearrangement of 4-acetyl-2H- 1,4-benzoxazin-3(4H)- 
one in PPA (Scheme 3)]. 


We performed INDO calculations to confirm the 
regioselective attack of 1 and 6 by electrophiles. The 
calculations were carried out on HOMO electron 
density. The results are given in Table 5 .  


The calculations indicate that the order of the 
HOMO electron density of the ring carbons of 1 is 
6 > 7a > 4 > 5 > 7 > 3a, whereas for 6 the order is 


Table 4. 'H NMR data for 6-acetyl- and 7-acetyl-2H-l,4-benzoxazin-3(4H)-ones (CDCI3, TMS) 


Chemical shifts (ppm) Coupling constants (Hz) 


H-2 H-4 H-5 H-6 H-7 H-8 CH3 3 J ~ . 5 . ~ . 6  4 J ~ . 5 , ~ . 7  4 J ~ . 6 , ~ . ~  3 J ~ . 7 , ~ . ~  


6-Acetyl 4.66 10.75 7.63 - 7.50 7.01 2-49 - 2.00 - 8.30 
7-Acetyl 4.63 10.96 6-99 7.50 - 7.64 2.50 8.20 - 1.70 - 
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Scheme 3 


Table 5 .  Positional reactivities estimated by INDO calculations of 1 and 6 


H 


Position HOMO electron density of 1 Position HOMO electron density of 6 


4 
3a 
7a 
7 
6 
5 


0.1341 
0.0046 
0.1576 
0.0187 
0.1579 
0.0522 


5 
4a 
8a 
8 
7 
6 


0.1144 
0.0445 
0.0021 
0.0456 
0.0315 
0.2160 


6 > 5 > 8 > 4a > 7 > 8a. This is consistent with the 
observed results. 


CONCLUSION 


These reinvestigations on the acylation of 1 in PPA give 
a new view on the mechanism of the reaction and the 
reactivity of 1. Comparison with 6 indicates a selective 
rearrangement of 4-acetyl-2H- 1,4-benzoxazin-3(4H)- 
one which gives an alternative synthetic route to 7-acyl- 
2H- 1,4-benzoxazin-3(4H)-ones. 


EXPERIMENTAL 


Melting points were obtained on a Buchi 510 capillary 
apparatus and are uncorrected. Elemental analysis were 
performed by CNRS (Vernaison) and were within 0.4% 
of the theoretical value. Infrared spectra were obtained 
on a Perkin-Elmer 297 spectrometer on KBr paths. 
NMR spectra were recorded on WP80 and AM400WB 
Bruker spectrometers in an appropriate deuterated 
solvent with tetramethylsilane as internal reference. 
Thin-layer chromatography (TLC) was performed on 
3 x 10 cm plastic sheets precoated with a 0.2 mm layer 
of silica gel 60F254 (Merck), using ethyl acetate-hexane 
(2: 3) as the solvent system. 


Kinetics. In a three-necked flask, 27 g (200 mmol) 
of 2,3-dihydrobenzoxazoI-2-one, 4 g (20 mmol) of 
dodecanoic acid and 100 g of polyphosphoric acid were 
heated at 120 C for various periods. The mixture was 
poured into 1000 ml of ice-water with vigorous stir- 
ring. The precipitate was filtered, washed with water 
until neutral (pH7) and dried. A powder containing 6- 
dodecanoyl- and 3-dodecanoyl-2,3-dihydrobenzoxazol- 
2-ones and unreacted acid was analysed by 'H NMR in 
CDzCl2. A pure sample of 3-dodecanoyl derivative was 
prepared by a known method.' 6-Dodecanoyl and 3,6- 
didodecanoyl derivatives were isolated from the crude 
product of direct acylation (Table 2, entry 4) by frac- 
tional crystallization from acetone. 
6-Dodecanoyl-2,3-dihydrobenzoxazol-2-one, m.p. 


166-168 'C: 'H NMR (DMSO-&), lO*OO(NH), 
7.83(dd, HS), 7-79(d, H7), 7.16(d, H4), 
2*96(t, COCHz), 1.60(m, COCHZCH~), 
1.24[m, C O ( C H Z ) ~ ( C H ~ ) ~ ] ,  0.85(t, CH3); IR,  
3340-3100 cm-' (NH), 1740 cm-' (C=O ring), 
1675 cm-* (C=O). Analysis calculated for C19H~7N03. 
C 71.89, H 8.56, N 4.41; found, C 71.90, H 8-51, N 
4.38 "70. 


m.p. 126-127 OC: 'H NMR (CDCI,), 8.17(d, H4), 
3,6-Didodecanoyl-2,3-dihydrobenzoxazol-2-one, 


7*92(dd, H5), 7.84(d, H7), 3.15(t, NCOCHz), 
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2.98(t, COCHz), 1.80(quint, NCOCHzCHz), 1.76(- 
quint, COCH~CHZ), 1 -29 [m, NCO(CH~)Z(CHZ)S an4 
CO(CHz)2(CH2)8], 0*90(t, 2CH3); IR, 1830 cm- 
(C=O ring), 1725 cm-' (NC=O), 1675 cm-' (C=O). 
Analysis: calculated for C31H~N04, C 74.51, H 9-88, 
N 2-80; found, C 74.17, H 9.83, N 2.77%. 


Reaction of 3-dodecanoyl-2,3-dihydrobenzoxazol-2- 
one. A 3.2 g (10 mmol) amount of 3-dodecanoyl-2,3- 
dihydrobenzoxazol-2-011: and 50 g of polyphosphoric 
acid were heated at 120 C for 2 h and the mixture was 
poured into 500 ml of ice-water. The precipitate was 
filtered, washed with water until neutral (pH 7) and 
dried. The product was identical with the starting 
material.' 


The acylation of 1 in polyphosphoric acid (1 10 "C, 90 
min) with butanoic acid gave 6-butanoyl, 3-butanoyl 
and 3,6-dibutanoyl derivatives (83, 9 and 8%, respect- 
ively) with a yield of crude product of 56%. 6-Butanoyl 
and 3-butanoyl derivatives were prepared as described 
previously. 


3,6-Dibutanoyl-2,3-dihydrobenzoxazol-2-one. 
A 1 *02 g ( 5  mmol) amount of 6-butanoyl-2,3- 
dihydrobenzoxazol-2-one was refluxed in 10 ml of 
butanoic anhydride for 3 h. 3,6-Dibutanoyl-2,3- 
dihydrobenzoxazol-2-one precipitated on cooling and 
was filtered. Crystallization from ethanol gave a pure 
sample (1.10 g, 80%), m.p. 141-142 "C: 'H NMR 
(CDCI3), 8.04(d, H4), 7-93(dd, H5), 7*91(d, H7), 
3.02(t, NCOCH2), 3*00(t, COCHz), 


0.97 [t, NCO(CHz)2CH3], 0.92 [t, CO(CHz)2CH3] ; IR, 
1.68(m, NCOCHzCHz), 1*63(m, COCHZCHZ), 


1810 cm-' (C=O ring), 1720 cm-' (NC=O), 
1665 cm-' (C=O). Analysis calculated for Cl~H17N04, 
C 65.44, H 6.22, N 5.09; found, C 65.37, H 6-04, 
N 5.06%. 


4-Acety~-2H-l,4-benzoxazin-3(4H)-one. A 1 -49 g 
(10 mmol) amount of 2H-1 ,4-benzoxazin-3(4H)-oneI2 
was refluxed in 20 ml of acetic anhydride for 3 h. The 
solution was cooled and poured into 200ml of 
ice-water. The aqueous solution was extracted with 
diethyl ether (3 x 50 ml). The organic solution was 
dried (MgS04) and evaporated. The product was 
crystallized from cyclohexane (1 a 0 5  g, 54%), 
m.p. 150-151 'C: 'H NMR (CDCh), 8*05(dd,H5), 
7.25-7.10(m, H6,H7,H8), 4*60(s, H2), 
2-51(s,COCH3); IR, 1725 cm-' (C=O ring), 
1700 cm-I (C=O). Analysis calculated for C I ~ H ~ N O ~ ,  
C 62.82, H4.75, N 7.33; found, C 62-49, H 4.72, 
N 7.35%. 


Rearrangement of I-acetyl-ZH-l,4-benzoxazin- 
3(4H)-one. A 1 a91 g (10-mmol) amount of 4-acetyl- 
2H-1,4-benzoxazin-3(4H)-one and 50 g of poly- 
phosphoric acid were heated at 110 C for 1 . 5  h and 


the mixture was poured into 500 ml of ice-water. The 
precipitate was filtered, washed with water until neutral 
(pH 7) and dried. The crude product (40% yield) was 
analysed by 'H NMR in CDCl3 and its spectrum was 
compared with those of 6-acetyl- and 7-acetyl-2H- 1,4- 
benzoxazin-3(4H)-ones [prepared as described pre- 
viously (Refs 10 and 13, respectively)]. The product was 
identical with the 7-acetyl derivative. 


Acylation of 2H-l,4-benzoxazin-3(4H)-one. In a 
three-necked flask, 1.49 g (10 mmol) of 2H-1,4- 
benzoxazin-3(4H)-one, 0.90 g (15 mmol) of acetic acid 
and 50 g of polyphosphoric acid were heated at 110 "C 
for 1.5 h. The mixture was poured into 500 ml of 
ice-water with vigorous stirring. The precipitate was 
filtered, washed with water until neutral (pH 7) and 
dried. The crude product was analysed by 'H NMR in 
CDC13. 6-Acetyl (85%) and 7-acetyl (1 5 % )  derivatives 
were obtained with a yield of 79%. 


ZNDO calculations. The INDO calculations on 1 and 
6 were performed by using the CNDOlINDO program 
of Dobosh. I4 
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MECHANISM OF a-SUBSTITUTION REACTIONS OF ACRYLIC 
DERIVATIVES 


JON s. HILL AND NEIL s. ISAACS* 
Department of Chemistry, University of Reading, Whiteknights, PO Box 224, Reading, Berkshire RG6 2AD, UK 


Reactions between acrylic esters, nitriles and similar compounds on the one hand and aldehydes and ketones on the 
other, catalysed by tertiary amines, lead to a-(hydroxyalky1)acrylic compounds. Evidence on the basis of kinetics, 
volumes of activation and of reaction, and kinetic isotope effects is presented to deduce a mechanism in which amine 
first undergoes Michael addition, the resulting enolate ion adds to the carbonyl compound in a rate-determining step 
and finally base is eliminated. An analysis of the solvent effect on rates is also presented. 


INTRODUCTION 


a-Substitutions of acrylic compounds (sometimes refer- 
red to as the Bayliss-Hillman reaction ’) are a fairly 
widespread family of reactions whose scope has been 
recently reviewed by Drewes and Roos’ and which is of 
considerable synthetic utility in giving easy access to 
some highly functionalized products, 1. We present here 
evidence for the mechanism of a representative case 
from a detailed study particularly of one example, the 
reaction between acrylonitrile and acetaldehyde cata- 
lysed by 1,4-diazabicyclo [2.2.2] octane (DABCO): 


CHz=CHCN 
+ RCHO S C H ~  = C(CN)CH(OH)R 


1 


This is one of the most facile reactions of the type; when 
acrylonitrile and acetaldehyde are allowed to stand in 
the presence of a tertiary amine catalyst for several 
days, a good yield of 2-cyanobut-1-en-3-01 (1, R = Me) 
is obtained. 394 The reaction has now been subjected to 
a kinetic investigation, the volume profile delineated 
and a kinetic isotope effect measured. The unusual pat- 
tern of solvent activity has also been studied. 


EXPERIMENTAL 


Acrylonjtrile was purified by drying over yolecular 
sieve (3A) and distillation, collecting at 77-78 C. Ace- 
taldehyde was distilled, collecting at 21 O F .  DABCO 
was recrystallized from pentane, m.p. 160 C. [2-’H]- 


* Author for correspondence. 


0894-3230/90/050285-04$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


Acrylonitrile was prepared according to the method of 
Stephenson et al.’ by the reduction of 2-chloroacrylo- 
nitrile using the zinc-copper couple in DzO. 


Kinetic measurements were made by dissolving 
appropriate amounts of acrylonitrile, acetaldehyde and 
DABCO in the appropriate solvent (each at a final con- 
centration of 0.1-0.5 M) and a small amount of a 
reference compound (chlorobenzene) maintaining the 
temperature constant at 25-0 f 0.1 C and then with- 
drawing samples periodically. These were then analysed 
by gas-liquid $hromatography using a Carbowax 20M 
column at 120 C and the amount of product estimated 
relative to the chlorobenzene peak. The initial concen- 
trations of the reagents were systematically varied to 
obtain the order of the reaction with respect to each. 
High-pressure reactions were carried out in the sam- 
pling apparatus described previously6 and performed in 
duplicate. Except where reactions were carried out 
under pseudo-first-order conditions, progress of reac- 
tion curves were fitted by computer to the equation 


d/dt [product] = A + B exp(Ct) (1) 


and relative rates obtained by comparison of initial 
slopes, BC. This proved a satisfactory and reproducible 
procedure, since reactions times were typically several 
hours to several days. Plots of In krel against pressure 
were slightly curved but fitted a simple quadratic 
expression: 


(2) 
from which the volume of activation was calculated 
from the equation 


In k = A + BP + CP‘ 


d(ln k) /dp ,+o=B= - A V * / R T  (3) 
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Table 1. Rate of reaction as a function of pressure for a-addition 
between acrylonitrile and acetaldehyde 


Pressure/ bar Initial slope/1o3 min-' Relative rate (&I) 


1 1.28 1 .o 
360 3.74 2.9 
600 6.95 5.4 
740 10.22 8.0 


Projected rates: 
1000 15 
5000 1.1 x 106 


The results are summarized in Table 1. The volume of 
reaction was obtained by algebraic summation of the 
separate partial molar volumes of reagents and product. 
The latter were obtained from densities of solutions of 
each measured by means of a high-precision densi- 
tometer (Anton Paar). 


RESULTS AND DISCUSSION 


The reaction between acetaldehyde and acrylonitrile was 
followed as described above and relative rate constants 
were obtained while varying separately the concentra- 
tions of acetaldehyde, acrylonitrile and DABCO. In 
each case the rates depended linearly on the first power 
of each concentration, confirming the empirical rate 
expression 


rate = k3 [MeCHOl [ ACN] [ DABCO] (4) 


The three molecular species must therefore be present in 
the activated complex of the slow step of the reaction. 
It may be assumed that the base initially coordinates 
with the &carbon of acrylonitrile and then the resulting 
enolate ion in turn to the carbonyl compound 
(Scheme 1). The final product would then be obtained 
by a &elimination of the ammonium ion from the 
intermediate 2. The kinetic results point to step 2 being 
rate determining because, if step 1 were slow, the reac- 
tion would be zero order in aldehyde, whereas if the 
elimination, step 3, was rate-limiting, presumably the 
reaction would need to be second-order in base. 


Further evidence corroborates this inference. a- [2H] 
Acrylonitrile was prepared and its rate of reaction com- 
pared with that of the 'H analogue. The kinetic 
isotope effect was found to be k ~ / k ~  = I -03 2 0.1, con- 
firming that fission of the a-proton, which must occur 
at some stage, does not occur in a rate-determining step. 
The volume profile is also confirmatory. Rates of reac- 
tion were measured by a sampling technique at pressures 
up to 740 bar. An extraordinarily large pressure effect 
on the rates was observed, possibly as large as any reac- 
tion hitherto examined. The volume of activation was 
calculated as - 79 f 5 cm3 mol- I ,  corresponding to a 
15-fold increase at only loo0 bar. It is this property that 
makes synthesis using a-substitutions so amenable to 
high pressure. 3,4 


Scheme 1 


The magnitude of this value is far too large to be 
accounted for by bond formation aIone. The volume of 
activation for a Diels-Alder reaction, for example, is 
only of the order - 35 cm3 mol-'. ' Solvation must also 
play a prominent role in creating such a volume reduc- 
tion by electrostriction. A typical dipole-creating pro- 
cess such as a Menshutkin reaction is associated with ca 
- 30 to - 50 cm3 mol-I, depending on the nature of the 
solvent and also on steric hindrance.' However, a value 
of the observed magnitude for the reaction under 
investigation could credibly be associated with a process 
in which two successive bond formations occurred in 
conjunction with the creation of full charges, as pro- 
posed in Scheme 1. 


It must be assumed that step 1 is reversible in order 
for step 2 to be rate determining and, in step 1, the 
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necessary full ionic charges are formed. Step 2 therefore 
consists in bond formation and an increase in dipole 
moment by further separating the charge centres, both 
features of which are associated with a reduction in 
volume: 


(5 )  


the components terms being, respectively, the volume of 
reaction, bond formation only, of reaction 1, the 
volume of electrostriction of reaction 1 and the volume 
of activation for reaction 2, each of these being 
negative. Plausible values of the individual contribu- 
tions could be around - 15, - 35 and - 30 cm3 mol-I, 
respectively. * The overall volume of reaction, on the 
other hand was found to be only - 20 cm3 mol-', which 
is in agreement with the neutralization of charges in the 
final product and in the fission of the DABCO molecule. 


The role of the solvent is seen to be important in 
accounting by electrostriction for the volume of activa- 
tion. We surveyed the effects of 18 solvents on the reac- 
tion rate (Table 2) and conclude that the interplay of 
several facets of solvent behaviour must be taken into 
account. Through the range of solvents used there is a 
rough increase in rate with solvent polarity, a factor of 
some 400-fold between the extremes, alcohols being 
prominent in promoting rapid reaction. Surprisingly, 
1 ,2-diols are more effective than simple alcohols and the 
slowest solvents were ethers and esters rather than 
hydrocarbons or chlorocarbons. The results were sub- 
jected to multi-correlation analysis according to Kamlet 
and Taft's procedure using the three solvent property 


A Vobs = A Vl(b) + A Vl(e) + A V2* 


descriptors x* (polarity and polarizability), a (hydrogen 
bond donor acidity) and /3 (hydrogen bond acceptor 
basicity). The resulting correlation [equation (6)] , sig- 
nificant although with some scatter (Fig. l), gave the 
coefficient values as follows; 


log k = -0.512 + 0 .834~*  + 0.7750 + 0.4748 (6) 


All three terms appear to be of importance. suggesting 
a solvation pattern along the lines of 2a. Two-parameter 
correlation using the Swain et af. lo solvation constants 
A (anion-solvating) and B (cation solvating) led to the 
regression 


(7) 


from which it appears that anion solvation is more 
important, as would be predicted for a transition state 
such as 2. 


The special activation of the reaction by vicinal diols 
as solvents deserves further comment. The addition of 
ethanediol to the neat reaction mixture was found to 
accelerate the rate of reaction by a factor of about four 
at an equimolar concentration ratio, despite the con- 
comitant dilution effect which would cause a reduction 
of (1 -5 ) ' .  The catalytic effect of the diol therefore is to 
cause an increase of an order of magnitude. We spec- 
ulate that this may be indicative of a specific solvation 
effect, a result of hydrogen bonding by both hydroxyl 
groups. If only the developing oxide ion was sta- 
bilized in this way, one would expect all carbonyl addi- 
tions to be catalysed by diols, which does not seem to 
be the case. Perhaps, therefore, the nitrile group also is 


log k =  -0*29+  1.631A +0*319B 


-0.5 0.0 0.5 1 .o 1.5 


k(calc) 
2.0 2.5 


Figure 1. Correlations of the solvent effect on the rate of reaction between acetaldehyde and acrylonitrile catalysed by DABCO (see 
Table 2). The line is the least-squares fit between experimental values of rate coefficient and values calculated from equation (6) 
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Table 2. Effect of solvents on the rate of formation of 3-hydroxy-2- 
met hylenebutanenitrile 


Solvent log krCi Solvent log krei 


Ethane-] ,2-diol 
Propan-2-01 
Ethanol 
Trifluoroethanol 
Dimethylformamide 
Dimethylacetamide 
Acetonitrile 
Methanol 


2.25 
1.05 
0.90 
0.86 
0.83 
0.80 
0.70 
0.66 


Bromobenzene 
Chloroforn, 
o-Dichlorobenzene 
Acetone 
Benzene 
Hexane 
Dichloroethene 
1,4-Dioxane 
Ethyl acetate 
Tetrahydrofuran 


0.25 
0.24 
0.21 
0.089 
0.043 
0.0. 


- 0.056 
- 0.27 
- 0.36 
- 0.40 


H-bonding s o l v e n t  


@ d i p o l a r  s o l v e n t  


2 


simultaneously involved in hydrogen bonding t o  the 
diol. 


The final elimination to form the product occurs pre- 
sumably by an E2 mechanism, although the present 
experiments d o  not permit its stereochemistry to  be 
ascertained. We assume, as did Hoffmann and Rabe, 
that this will be anti, although syn elimination of 
ammonium ions in particular has been shown often to  
make an important contribution. '* 
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PROBING OF TRANSIENT PHOTOENOL FORMATION FROM 
ORTHO-METHYL-SUBSTITUTED PHENYL KETONES BY 


HYDROGEN-TRITIUM EXCHANGE 


JERZY GEBICKI, WLADYSLAW REJMSCHUSSEL AND BEATA ZURAWINSKA 
Institute of Applied Radiation Chemistry, Technical Universiiy, 90-924 Lddz, Poland 


Studies on the photochemically induced hydrogen-tritium exchange in o-methyl-substituted phenyl ketones are 
reported. It is shown that the tritium exchange can be beneficial for probing transient photoenol formation, particularly 
when photochemical side-reactions are occurring. 


The photochemistry of o-methyl-substituted phenyl 
ketones has been extensively studied and a number of 
comprehensive reviews have been published. The 
evidence for transient photoenol formation is substan- 
tial and includes UV, visible and I R  absorption 
spectra, 5.6  deuterium exchange,' oxygenation*-" and 
trapping experiments with dienophiles. l4 


Studies of the hydrogen-deuterium exchange were 
aimed at the preparation of deuterium-labelled com- 
pounds to obtain evidence for the presence of transient 
photoenols. Such efforts were often unsuccessful owing 
to  the occurrence of photochemical side-reactions 
leading to  substantial consumption of the reacting 
material. Quantum yields of isotope exchange reactions 
have not yet been measured. 


In this paper we report studies on the photochemi- 
cally induced hydrogen-tritium exchange in o-methyl- 
substituted phenyl ketones. The use of tritium instead 
deuterium provided an opportunity to monitor the 
isotope exchange reaction after short irradiation times. 
On the other hand, quantum yields of isotope exchange 
reactions can be evaluated with fairly high precision. In 
spite of  the difficulties concerning the monitoring of 
positional reactivities without chemical degradation of 
the reacting molecules, it seems that the application of 
tritium labelling is beneficial. 


Deoxygenated solutions of ketones (0.3 M) in 
methanol labelled with tritium in the hydroxy group 
(0 .5 GBqmol-I) were irradiated in a Rayonet merry- 
go-round photochemical reactor equipped with eight 
lamps emitting at 300nm ( 1 . 2 ~  10" quanta 
ml- I min- I ) .  After irradiation, the ketones were 
separated by thin-layer chromatography (TLC) and 
their radioactivities were measured by liquid 
scintillation counting. Using the same experimental 
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conditions, test experiments were run in methanol 
labelled with deuterium in the hydroxy group (isotopic 
purity 99.5%) and positional reactivity was monitored 
by mass spectrometry. 


The radioactivity of tritium incorporated in a ketone 
was always proportional to  the irradiation time. Short 
irradiation times (15-120 min) did not allow for the 
formation of noticeable amounts of side-products. 
Further, the reverse [equation (l)] 


ketone-CH, + CH3OT ,L 
kFX 


k;' 


ketone-CHzT + CH3OH (1 )  


(kZx) leading to a transfer of tritium (T) from labelled 
ketones to methanol can be ignored under the 
experimental conditions used. As reaction in the dark 
has not been observed in the system studied, the quan- 
tum yield of the isotope exchange, @Tx, can be defined 
as a ratio of the number of ketone molecules exchanging 
hydrogen to  the number of light photons absorbed in 
the solution. This definition leads to equation (2), which 
was applied for the calculation of a&. 


(2) 
Ck Nak @ZX = - 
a:& 


where a k  = molar tritium radioactivity of ketone, 
a: = initial molar tritium radioactivity of methanol, 
ck = molar concentration of ketone, N = Avogadro's 
number, I =  light intensity and t = irradiation time. 


The value of &/t  was obtained from the slope of the 
linear relationship between the specific radioactivity, a k ,  


incorporated in the ketone and the irradiation time. All 
other values in equation (2) were constant. The error of 
the quantum yield determination estimated from the 
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standard deviation of the slope determined by the least 
squares method did not exceed 5 % .  


The values of the quantum yields of the 
hydrogen-tritium exchange are summarized in Table 1. 
Introducing a methyl substituent in the ortho position 
of 1 substantially increased +&. In 1 the exchange re- 
action involved the ring hydrogens and the value of +& 
obtained is typical. As was stated before,’ the 
deuterium labelling in 2 proceeded via a transient photo- 
enol and the deuterium was incorporated into the 
o-methyl group. Our deuterium labelling experiments 
on 2 confirmed the incorporation of deuterium into the 
o-methyl group only. As our tritium and deuterium 
labelling experiments were carried out under identical 
experimental conditions, the assumption that tritium 
labelling also occurs in the o-methyl group seems to be 
justified. Labelling experiments with the model ketone 
1 without an o-methyl substituent support this view. 


In principle, the two enols can participate in the 
exchange, i.e. the short-lived (Z)-enol or the long-lived 
(E)-enol.5 In order to verify which photoenol par- 
ticipates in the isotope exchange, we used 
5,8-dimethyl-l-tetralone (4), which can only form the 
enol in a Z-configuration. We could not detect any 
substantial exchange in 4 and we conclude that the (Z)-  
enols are too short-lived to  exchange hydrogen for 


t=’ CHz OH 
&CHz , 3 & H 2  @ 


(Z)-enol (2) (E)-enol ( 2 )  (Z)-enol (4) 


HO CH3 CH3 OH 


CH3 


Table 1. Quantum yields of photoinduced hydrogen-tritium 
exchange between o-methyl-substituted phenyl ketone and 


tritium-labelled methanol 


Ketone Structure lo%:, 


Acetophenone (1) 


CH3, / /O 
C 


2-Methylacetophenone ( 2 )  dCH3 6.03 


CH3, 40 
C 


CH3 


CH3 0 


CHzT 


(E)-enol 


Scheme 1 
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tritium. A similar conclusion has been already drawn 
from the deuterium labelling experiments, The value of @zx for 2 (6.03%) is smaller than +.,", estimated for 
deuterium labelling (15%). Both +.,", and +& are lower 
than the total triplet yield (52%), l6 indicating that only 
a fraction of the enol exchanges hydrogen for deuterium 
or tritium. The value of = 2 - 5  may include 
both kinetic and solvent isotope effects. Further 
experiments are needed to  find the value of the primary 
kinetic isotope effect. The mechanism proposed is 
shown in the Scheme 1. 


Deuterium labelling experiments with 3 have not been 
fully explained. 1,17,1g Efficient formation of benzo- 
cyclobutenol (5) was observed in that case. It was 
suggested that the exchange could occur a t  the benzo- 
cyclobutenol stage, followed by a photosensitized ring 
opening reaction t o  give the triplet diradical, which col- 
lapses back to the starting ketone. An alternative 
explanation might involve participation of the (E)-enol 
despite the fact that the ground-state enol has not been 
trapped by dienophiles. ' , I 9  Our experiments seem to 
clarify this matter. We have detected hydrogen-tritium 
exchange under experimental conditions where the for- 
mation of 5 was practically zero (not seen on the TLC 
plate). Hence the route involving secondary 
photochemistry to form a labelled ketone is very 
unlikely. The hydrogen-tritium exchange in the case of 
3 took place at the photoenol stage and it was not sur- 
prising that the quantum yield was lower than that with 
2, simply because a non-planar ground-state conforma- 
tion did not favour a photoenolization process. 


5 
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SHORT COMMUNICATION 


RADICAL MECHANISM OF NUCLEOPHILIC SUBSTITUTION ON 
HALOCYCLOHEXANE SYSTEMS 


SARA M. PALACIOS AND ROBERTO A. ROSSI* 
Departamento de Quimica Organica, Facultad de Ciencias Quimicas, Universidad Nacional de Cordoba, SUC. 16, C.C.61, 5016 


Cordoba, Argentina 


Chlorocyclohexane does not react in the dark with diphenylphosphide ions in liquid ammonia, but it reacts under 
irradiation to give the substitution product. Bromocyclohexane reacts slowly in the dark, but this reaction is strongly 
accelerated by light, and inhibited by p-dinitrobenzene. 3-Bromo-2-tetrahydropyranyl ally1 ether (used as a radical 
probe) reacts with diphenylphosphide ions under irradiation to give both the straightforward and the cyclized 
substitution products. This photostimulated reaction is also inhibited by p-dinitrobenzene. It is suggested that the 
chloro- and bromocyclohexanes and related compounds react under irradiation by the S R N ~  mechanism of 
nucleophilic Substitution. 


Nucleophilic substitution reactions of cycloalkyl halides 
have been studied and interesting results were obtained. 
For example, cyclopropyl and cyclobutyl halides react 
with nucleophiles with ring opening whereas com- 
pounds with five-, six and seven-membered rings react 
with nucleophiles by an sN2 mechanism without 
rearrangement. On the other hand, five-membered- 
ring compounds are about 14 times more reactive than 
cyclohexyl derivatives and cyclobutyl derivatives are 1 1  
times more reactive than cyclohexyl derivatives. 
Radical processes also show the same tendency. 


In addition to  the classical reaction mechanisms for 
aliphatic nucleophilic substitution, such as the S N ~  and 
S N ~  mechanisms, it has been found that several alkyl 
halides react by the radical mechanism of nucleophilic 
substitution, or S R N ~  . 4  This radical nucleophilic substi- 
tution is a chain process which involves radical and 
radical anions as intermediates. The main steps of this 
mechanism are shown in Scheme l . 5  


[RX] - ' -+ R' + X- 


R. + Nu- + [RNu] - '  


[RNu] - .  + RX --t RNu + [RX] - '  


(1) 


(2) 


(3) 


Scheme 1 


*Author for correspondence. 
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Cyclopropyl chlorides and bromides react by the 
S R ~ l  and we were interested in estab- 
lishing whether cyclohexyl halides, which have a 
relatively low reactivity toward polar nucleophilic 
substitution, could react through the radical 
mechanism of nucleophilic substitution. (It has been 
reported7 that chlorocyclohexane reacts with 
trimethylstannyl sodium in tetrahydrofuran, and 37% 
sN2 substitution and 31% electron transfer was pro- 
posed, whereas bromocyclohexane reacts with 94% 
electron transfer and 4% halogen metal exchange.) 


Cyclohexyl chloride (la) did not react with 
diphenylphosphide ions (2) in liquid ammonia in the 
dark during 180 min, but under irradiation, in a reactor 
equipped with four 250-W UV lamps emitting max- 
imally at 350 nm (Philips Model HPT,  water refriger- 
ated), it gave 33% yield of the substitution product 3, 
isolated as cyclohexyldiphenylphosphine oxide (4) 
[equations (4) and (5)] (experiments and 2, Table 1). 
Compound 4: solid, m.p. 166-168 C (recrystallized 
from hexane-dichloromethane, 8 : 2) (lit.: 
168-169°C;8 165 'C9); 'H NMR (6), 1.26-2.43 ( 1 1  H 
broad peaks), 7-28-7.80 (10 H,m);  I3C NMR (6), 
37.14 ('Jcp = 72.94, C I ) ,  24.70 ( 2  Jcp = 2.82, Cz), 
26.00 (3Jcp=24.18,C3), 25.66 (C4), 131.89 
(IJcp=94*70,Ci), 131.00 (2Jcp=9*27,Co), 128.42 
( 3 J ~ ~ =  11-28, C,,,), 131.30 (4J~p=2.80,Cp);  mass 
spectrum, m/z (relative intensity) 284 (M', 25), 283 
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(30), 229 (28), 202 (IOO), 183 (8), 155 (17), 135 (12), 125 
(1 I), 77 (60). Cyclohexane and/or cyclohexene are com- 
pletely lost when liquid ammonia is allowed to evap- 
orate. We quantified only the substitution product. 


hv X + Ph2P- _c__) 


2 - 


(t 
1 


a: x=c1 
b: X=Br 


- 


photostimulated reaction was partially inhibited by 
p-DNB (experiment 8), but it has no effect in the dark 
reaction (experiment 9). 


We synthesized the cyclizable radical probe 5 in order 
to demonstrate the cyclohexyl radicals are formed 
under these conditions (for reviews, see Refs. 10 and 
1 1 .  Compound 5 was prepared according to Torii 
et al. "). The photostimulated reaction of 5 (5  min) 
gave, after oxidation with hydrogen peroxide, l 3  20% of 
the substitution product 6 and a 69% yield of the 
cyclized substitution product 7 [equation (6)] (experi- 
ment 3,  Table 2). Compound 6: viscous liquid, isolated 
by preparative radial thin-layer chromatography (TLC) 
on silica gel, eluted with diethyl ether; 'H NMR (6), 
1-45-2.74 (5 H,  m), 3.32-4.22 (4 H,m), 4.58-4.81 
(2H,m), 4-94(1 H,d, J =  1.2  Hz), 5-21-5.68 
(1 H,m), 7.48-7.90 (10H,m) I3C NMR (A), 21-71 
('JcP = 3,  C4), 24.4 (3Jcp = 9, C5), 40.3 
('JCP=7O~c3), 64.4 (c6), 69.2 (CS), 99.5 (C2), 
116.28 (CIO), 133.44 (Cg), 133.28 ('Jcp=68*5,Ci), 
130.52 (*JcP = 3,C,), 127.75 ( 3 J ~ p  = 8.6, C ,  and 
Ch), 131.1 ( 4 J ~ ~ = 3 . 4 , C p  and C;), 133.86 


+ Ph2P- 
P [OI 


p-Dinitrobenzene (p-DNB) has been used as an 
inhibitor of SRNI reactions.' When 20mol-% of 
p-DNB were added to the photostimulated reaction, it 
was completely inhibited (experiment 3, Table 1). The 
facts that l a  does not react in the dark, but does so 
under irradiation. and that this photostimulated 


2 - 5 - 


reaction is inhibited by p-DNB, suggest that la  reacts 
with 2 by the SRNl mechanism of nucleophilic substitu- 
tion. 


Cyclohexyl bromide (lb) reacts in the dark with 2 
(4% and 21% yield of 4 in 10 and 30 min, respectively; 
experiments 4 and 6, Table 1). However, under irradia- 
tion it gives higher yields of 4 (30% and 93% in 10 and 


7 - 6 30 min, respectively; experiments 5 and 7). The - 


Table 1. Reactions of halocyclohexanes with diphenylphosphide ions (2) in liquid ammonia" 
~~~~~~~~~~~~~~~ 


Experiment No.  X in c -C~HIIX Conditions Yield of c-CsH1IP(O)Phz (VO)~ 


1 CI Dark, 180 min 2 
2 CI hv, 180 min 33 
3 c  c1 hv, 180 min 60.1 
4 Br Dark, 10 min 4 
5 Br hv, 10 min 30 
6 Br Dark, 30 min 21 
7 Br hv, 30 min 93 
8' Br hv, 30 min 25 
9c Br Dark, 30 min 20 


'Concentration of substrates and nucleophile 3 x 10-3 M .  
bQuantified by gas-liquid chromatography using the internal standard method, compared with an authentic 
sample. 
' p-DNB (20 mol-To) was added. 
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Table 2. Reactions of substrate 5 with diphenylphosphide ions (2) in liquid ammonia 
~~ ~ 


Substitution products 
Experiment 
No. 5 mM 2 mM Conditions" 6 7 


1 3 .3  3 . 3  Dark 6 6 
2 0 .6  0 .6  hv 5 93 
3 2 .4  2.3 hv 20 69 
4 19.9 18.8 hv 61 39 
5 c  2.0 1 . 9  hu 12 24 


"Reaction time 5 min. 
'Quantified by gas-liquid chromatography using the internal standard method, compared with 
authentic samples. 
' p-DNB (20 mol-%) was added. 


( 'Jcp=72,C,') ,  128.34 ( 3 J ~ p = 8 - 5 , C ~ ) ;  mass spec- 
trum, mlz (relative intensity) 342 (M+ ,2) ,  301 (29), 256 
(47), 201 (IOO), 141 (33), 77 (26); high-resolution mass 
spectrum, m / z  343.1469 ([M + HI + calculated 
343.1463). Compound 7: solid, isolated by preparative 
radial 'CfLC on silica gel, eluted with diethyl ether; m.p. 
94-95 C (recrystallized from light petroleum- 
dichloromethane, 8 : 2); 'H  NMR (6) 1.47-3.0 
(8 H,m),  3.52-3.97 (4 H,m) ,  5-19  (1 H, d ,  J =  3 . 9 ,  
7-48-7.9 (10H,m);  I3C NMR ( 6 ) ,  19.1 (C4), 22-5 
(C5), 27.5 ( L J c ~ = 7 0 . 5 , C ~ o ) ,  34.3 ( 2 J c ~ = 3 , C 9 ) ,  36.8 
(3Jcp =9,  C3), 60.2 (C6),  69.6 (3Jcp = 9,Ce), 100.9 
(Cz), 132.4 ('JcP = 95, C,), 130.15 (2Jcp = 10, Co), 
128.25 ( 3 J ~ p =  10, C,,,), 131.4 (Cp); mass spectrum, 
m/z (relative intensity) 342 (2), 258 ( l l ) ,  215 (41), 202 
(IOO), 183 (13), 155 (12), 77 (18); high-resolution mass 
spectrum, m/z 343.1461 ( [ M +  HI + calculated 
343.1463). The high-resolution mass spectra were 
measured in the Chemical Instrumentation Center a t  
Yale University. 


In the dark (5 min) 6% of 6 and 6% of 7 were 
obtained (experiment 1, Table 2) and the photo- 
stimulated reaction was inhibited by p D N B  (experi- 
ment 5) .  These results can be explained by an S R N ~  
reaction according to  Scheme 2. 


The photostimulated reaction between 5 and Ph2P- 
ions gives the radical 8 and Br- ions [equation (7)l. 
Radical 8 either is trapped by the double bond to give 
the rearranged radical 9 [equation (8)], or reacts with 
Ph2P- ions to  give the radical anion l o - '  
[equation (9)J. Radical 9 also reacts with the 
nucleophile to  give the radical anion of the rearranged 
substitution product 11-.  [equation (l0)J. There is evi- 
dence to indicate the radicals will react intramolecularly 
with a suitably situated C = C  bond in competition with 
reaction with a nucleophile. l4*I5 Both radical anions 
10- ' and 11-.  transfer their extra electron to  substrate 
5 to  give radical 8 and products 10 and 11, respectively 
[equations (1 1) and (12)] , which are oxidized to  pro- 
ducts 6 and 7 after work-up [equations (13) and (14)l. 


(9) 


Scheme 2. (Confinued) 
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Scheme 2 shows that radical 8 has two competitive 
reactions, the intramolecular reaction with the double 
bond [equation (S) ]  and the intermolecular reaction 
with the nucleophile 2 [equation (9)], but only the latter 
depends on the concentration of nucleophile 2. We 
studied the same reaction in more dilute solution in 
order to decrease the rate of equation (9) and found 
that there was a considerable increase in the cyclized 
product 7 (93% yield) and a decrease in the straightfor- 
ward substitution product 6 (5% yield) (experiment 2, 
Table 2). On the other hand, in more concentrated sol- 
ution there was an increase in the amount of product 6 
(experiment 4, Table 2). 


On the basis of these results, we suggest that l a  reacts 
with 2 under irradiation by the S R N ~  mechanism, and 
l b  and 5 also react with 2 by this mechanism to the 
extent of more than 90%. The reaction of these 
substrates in the dark suggests that some ionic 
mechanism is also taking place. 


On the other hand, the competition between the 
reaction of the secondary radical 8 with the nucleophile 
and the reaction with the double bond suggests that the 
secondary radical 8 is more reactive than the tertiary 
radicals, where this type of competition did not 
occur. l4 


The scope and limitation of these reactions, together 
with the reactions of other halocycloalkanes, are under 
investigation and will be reported with mechanistic 
details in a subsequent paper. 
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INFLUENCE OF STRUCTURE ON THE ISOMERIZATION OF 
DIALKYLAMINOALKYLBENZOTRIAZOLES 


ALAN R. KATRITZKY,~ ANDRZEJ JOZWIAK, t FRANCISZEK SACZEWSKI t AND KONSTANTINA 
YANNAKOPOULOU 


Department of Chemistry, University of Florida, Gainesville, Florida 3261 I ,  USA 


The N-1 to N-2 substituent isomerization in a series of 4-methyl and 4,7-dimethyl-N-(a-morpholinoalkyl)benzo- 
triazoles and in l,S-bis(morpholinomethyl)benzo [1,2-d:4,5-d'] bistriazole was studied and the influence of the 
structure on this process was evaluated. 


INTRODUCTION 


The spontaneous interconversion of benzotriazole 
adducts of type 1 (R1 = H, aryl or alkyl) between forms 
a and b (Scheme 1) is well know. ',' The electronic and 
steric effects of the substituents R'-R4 and the effects 
of the solvent polarity on this isomerization have been 
studied extensively in our laboratory, with results fully 
consistent with the proposed ionic intermolecular 
mechanism (Scheme 1). 


In most of the cases studied, the 1-substituted benzo- 


triazoles l a  are the predominant components in the 
equilibrium mixtures. However, bulky R '  and/or R 4  
substituents and non-polar solvents favor the 2-isomers 
lb, and in extreme cases l b  can become the lowest 
energy species. With the specific objective of studying 
the effects of substitution in the benzene ring at the posi- 
tions adjacent to the nitrogen atoms, we have now 
extended our studies to such Mannich adducts 
substituted in the 4 and in the 4,7-positions of the 
benzotriazole ring and to those from benzobistriazoles. 


R' 
l a  


Scheme 1 
l b  


RESULTS AND DISCUSSION 


Preparation and characterization of the adducts 


The benzotriazole adducts 4-7, 9 and 10 were prepared 
by a known method' from morpholine, the appropriate 
aldehyde and 4-methyl- (2), 4,7-dimethyl- (3) or S,6- 
dimethylbenzotriazole (Schemes 2 and 3). Preparative 
details and elemental analyses for the products are 


presented in Table 1. The assignments of the 'H NMR 
spectra (Table 2) and the 13C NMR spectra (Table;) are 
based on our previous work on similar adducts. 


4-Methylbenzotriazole (2), whiCh has been described 
previously4 but not adequately characterized, was 
prepared in two steps. Commercially available 2- 
methyl-6-nitroaniline was reduced to 2,3-diamino- 
toluene, which was then converted to 2 using the stand- 
ard literature procedure for the preparation of a 
benzotriazole. '  the synthesis of 4,7-dimethylbenzo- 
triazole (3) was more laborious: 2,s-dimethylaniline 
was converted to 3,6-dimethylbenzene- 1 ,2-diamine in 
four steps, using a method reported for similar 
compounds,6 and then cyclized7 to 3. 
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2 R2=Me. R3=H 


3 R2=R3=Me 


4 R1=H, R2=Me, R3=H 


5 R1 = i-h, R2 = Me, R3 = H 


6 R 1 = H ,  R2=Me, R3=Me 


7 R1 = i-Pr, R2= Me, R3 = Me 
Scheme 2 


b 


Scheme 3 


Table 1. Preparation of compounds 4-7 and 9-11 


Found ('Yo) Required ('Yo) 
M.p. Yield Molecular 


Compound R' R2 R 3  (OC) ('Yo) C H N formula C H N 
___ ~ ~ ~~ ~ ~ 


4 H Me H Oil 93 M f  232.1310 CizH 16N40 M +  232.1324 
5 i-Pr Me H 90-94 62 M+ 274-1801 CisH22N40 M +  274.1793 
6 H Me Me 110-114 72 63.56 7.40 22.90 ClaH1aN40 63.39 7.37 22.75 
7 i-Pr Me Me 84-90 36 66.15 8.39 19.66 c 1 6 H ~ N 4 0  66.63 8.39 19.43 
9 H Me Me 144-146 71 63.04 7.31 22.95 C13HlaN40 63.39 7-37 22.75 


10 i-Pr Me Me 120-124 72 66.29 8.42 19.54 C16Hz4N40 66.64 8.39 19.43 
11 - _ -  214-218 92 53 .38  6.20 - C16H22NaOz 53.62 6.19 - 


Benzo [ I  ,2-d4,5-d] bistriazole was prepared 1 , 3 ' -  ( l l c )  isomers (Scheme 4). The assignment of the 
according to the literature methodso9 and was reacted spectra was made according to data previously 
with morpholine and formaldehyde in methanol to published for the three individually characterized 
afford adduct 11 in good yield. According to the 'H and isomeric compounds 1,7-, 1,6- and 1,5-diaminobenzo 
13C NMR spectra, 11 exists in solution as a mixture of [1,2-&4,5-d'] bistriazole.' 
the three interconverting 1, l ' -  ( l la ) ,  1,2'- ( l l b )  and 
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Table 2. 'H NMR spectra (300 MHz, CDCI3, TMS) of adducts 4-7, 9 and 10 


Compound R' R2 R3  CH Morpholine Benzotriazole ring 


1-Isomers: 
4 - 2.80" - 5-40 3*69,b 2*75b 7.75-7.12b 
5 3*05,b 1*23,d 0*63d 2.82" - 4-95' 3*71,b 2*64b 7.72-7.11' 
6 - 2.62' 2-62' 5.33' 3.70,b 2*74b 7.10' 
7 
9 2.43' 2-41a 5.35' 3*69,b 2 ~ 7 0 ~  7.79,' 7.34' 


10 3*04,b 1.18,d 0.6Sd 2.43' 2.41' 4.95' 3.66,b 2.61b 7*81,a 7.29= 


4 - 2.78' - 5.53 3.69, 2.65 7.75-7 * 12 
5 2.95,b 1.19,d 0*67d 2-68' - 5.09' 3-71,b 2*59b 7.72-7.11' 
6 - 2*62a 2.62' 5*54a 3-71,b 2.74b 7-03' 
7 2.93,b 1.18,d 0.67d 2-62' 2-62' 5.09' 3.69,' 2.63b 7-01' 
9 - 2.41' 2-41' 5-47' 3.69,b 2*63b 7-61' 


10 2.87,b 1.22,d 0.62d 2.41a 2 0 4 1 ~  5.01' 3*66,b 2*61b 7*62a 


a Singlet. 


'd. J =  10Hz. 
dd ,  J = 7 H z ,  Me. 
'Four muptiplets. 
'd, I =  6 Hz. 


- - - - - - 


2-Isomers: 


Multiplet. 


Table 3. I3C NMR spectra (300 MHz, CDCI3, TMS) of adducts 4-7, 9 and 10 


Compound R' R2 R' CH Morpholine Benzotriazole ring 


1-Isomers: 
4 
5 
6 
7 
9 


10 
2-Isomers: 
4 
5 
6 
7 
9 


10 


- 
28-6, 19-2," 19.1' 


- 


- 
28.6, 19.3' 19.0' 


- 
28.5, 19-3,a 19.9' 


28.6, 19.3, 19.2 


28.5, 19.9,' 19.1' 


- 
- 


16.6 - 69.2 
16.7 - 85.6 
16-9 16.9 70.4 


21-0 20.4 69.1 
21.0 20-2 85-3 


- - - 


16.8 - 76.8 
17.2 - 92-3 
17-0 17.0 76.8 
17.0 17.0 92.1 
20.1 20.1 - c  


20.8 20.8 92.0 


66.5, 50-4 
66.9, 49.0 
66.6, 50.5 


66-6, 50.5 
66.9, 48-5 


66.7, 50.0 
67.0, 48-5 
66.8. 50.1 
67-1. 48.5 
66-8, 50.1 
66.8, 48.9 


- 


146.0. 134.0,' 127.5, 126.6,' 123.7, 107.0 
144-0,'*b 134.3,' 127-2, 123.5, 107.0 
125-8, 123.9b 


145.1, 137.9, 133.7, 132.9, 119.0, 109.2 
144.5, 137.5, 133.7, 133.4, 118.9, 109.1 


144.0, 130.3,' 128*3,b 125.5," 115.4b 
143-7,' 130.5,' 129.0, 126-2, 1 15-4b 
144.6. 128-7, 125.6 
143.9. 125.8, 125.1 
143.7, 137.0, 116-7 
142.8, 136.5, 116.6 


- 


a Assignments between corresponding peaks of the two isomers are interchangable. 
Some quaternary C-atom signals not detected. 
Overlaps with CDCh signals. 


Calculation of equilibrium constant (K) and free 
energies (A Go) for the isomerization 


The isomeric compositions of the compounds were 
measured by integrating the NCH(R I)-  proton signals 
in bromoform-d and toluene-ds. Our previous 
experience for most N-(waminoalky1)benzotriazoles is 
that they exist solely as the 1-isomer in the solid state, 
but that on dissolution in a solvent equilibrium is 
rapidly achieved between the 1- and the 2-isomers. 
Interestingly, we now find that for adducts 9 and 10 the 
formation of the 2-isomer is noticeably slow. To ensure 


that equilibrium had been established, the solutions 
were allowed to stand at ambient temperature for 
10-48 h (or until the 'H NMR integration ratios were 
constant) before final measurements were carried out. 
The resulting eoquilibrium constants and the 
corresponding AG values are given in Table 4. 


Our results demonstrate that the presence of a methyl 
group at the C-4 and/or C-7 positions strongly disfavors 
substitution on the adjacent nitrogen atoms(s). Thus, 
the 'H and 13C NMR spectra of the dimethyl derivative 
7 in four different solvents (CDCl3, CDBr3, toluene-ds 
and CDsCN) showed no 1-isomer 7a (detection limit 
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estimated as 2070), whereas for its less hindered analog 
6 the equilibrium was strongly skewed in favor ofo6b 
(percentage ratio 6a : 6b = 7:86, i.e. AGO = 


N 1 . 5  kcalmol-' in CDBr3; ratio 6:88,  AG = 
1.55 kcalmol-' in toluene-ds) (the degeneracy of the 1- 
and 3-positions in the symmetrically substituted adducts 
is taken into account in these ratio values). 


The 4-methyl derivative 4 now has three possible 
isomers with the 1- and 3-positions being different. The 
amount of the 2-isomer is 25% in CDBr3 and 30% in 
toluene. From the results for 6 fliscussed above, we infer 
the amount of the 3H-isomer to  be 7% in CDBr3 and 
6% in toluene-ds, although no signals arising from this 
isomer were detected (presumably they overlapped with 
those of the I-isomer, as observed3 for similarly 
substituted adducts). In 4, the relatively unhindered 
form 4a predominates. 


The magnitude of the steric interaction between the 4- 
(7-)methyl and the I-morpholinomethyl group can be 
estimated by comparing the thermodynamic parameters 
of 6 and 9 in toluene-ds and in CDBr3. Thus, the energy 
conkribution of the 4-methyl and 7-methyl groups, 
AGsteric should be the sum of the values of the individual 
AGO values calculatzd for 6 and 9. Hence we predict 
that in CDBr3 AGsteiic = 1 * 5 + 0-3  = 1 - 8  kcal mol- ', 
whereas in toluene-ds AGPterlc = 1.75 kcalmol- '. 


The interaction between the 4-(7-)methyl and the 1- 
[morpholino(isopropy1)methyl] groups in 7 (no 1- or 3- 
isomers detected) can be estimated only indirectly. From 
the AGO value for 10 and the theoretical energy value'" 
for an equilibrium too one-sided to measure by 'H 
NMR (2-3 kcal m,ol- ' for 98% isomeric composition), 
it is a t  least A G , t e , , c = 2 ~ 3 - O ~ 5 0 = 1 ~ 8 k c a l m o l - '  in 
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Scheme 4 


Table 4. Thermodynamic and kinetica parameters 


Kb AGo(kcal mol- I ) '  


Compound R '  RZ R3 CDBr, Toluene-& CDBr3 Toluene-& 


A G *  
(kcal mol-I)' 


(CDBr3) 


4' 
5' 
6' 
1' 
8 9  


99 
10' 
l l h  


H Me 
i-Pr Me 
H Me 


i-Pr Me 
H H 
H Me 


i-Pr Me 


H 2.72 
H 0.65 


Me 0.08 
Me 
H 1.80 


Me 1.70 
Me 0.40 


1.90' 
15-30' 


- 


2.15 
0.35 
0.07 


- 
1.40 
0.25 
- 


-0 .6  -0.45 
+0.25 + 0 .6  
+ 1 . 5  + 1 . 5 5  


-0.35 - 
- 0 . 3  - 0 . 2  
+ 0 . 5  +0 .8  
- 0.35 
- 1.6 


- - 


- 
- 


138 
110 
145 


86 
120 
115 
128 


- 


20.8 
19.5 
22.0 


18 .3  
20.0 
20.2 
20.0 


- 


'Measured in CDBr,. 
Measured at 22 OC; K 7 P I /  Pz (Pi = population of the i-isomer). 
f0.05; a negative A G  value indicates predominant I-isomer. 
f 3; in CDBrl. 


'Indicates 2- to I-isomer conversion; error = f 0 . 3  kcalmol-I. 
Refers to Scheme 2. 


'Refers to Scheme 3.  
Refers to Scheme 4. 


'Refers to K =  [ ~ , 3 ' ] / [ 1 ' 1 ' 1 .  
jK' = [ 1 , 3 ' ] / [ 1 , 2 ' ~ .  
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CDBr3. A direct measurement cannot be made since 
only the b form of 7 can be detected. 


For the benzobistriazole adduct, the 1,3'-isomer l l c  
(two degenerate species) predominates in the mixture 
over the (possibly more hindered by buttressing) 1, l ' -  
isomer l l a  (two degenerate species); the 1,2'-isomer 
l l b  (four degenerate species) is much less favored. The 
percentage ratio of the isomers l l a  (1,l ' ) :  l l b  
(1,2'):11c (1,3') is 33:4:63 in CDBr3. This is an 
unexpected isomeric distribution, as based on the 
results for simple benzotria~oles~ a considerably larger 
amount of l l b  would have been expected. 


Variable-temperature 'H NMR study: calculation of 
the energies of activation (AG * ) 
The temperatures at which the signals of the NCHzN 
and NCH(R')N protons due to forms a and b coalesced 
were measured in CDBr3 and the approximate energies 
of activation calculated as reported before. The values 
so obtained are given in Table 4 and they all refer to a 
2- to 1-isomer conversion. Appropriate corrections were 
made for 5-6 and 10 for which AGO is positive. The 
values are considerably higher than those of the 
unsubstituted compound 8. This reflects the 
destabilizing effect of the electron-releasing methyl 
substituents on the intermediate benzotriazolate anion 
(Scheme 1). On the other hand, the steric effect of the 
methyl groups in 5-7 renders the 1-isomers 
thermodynamically less favored than the 2-isomers, and 
this adds to the apparent energy of activation for a 2- 
to l-isomer conversion. Regarding the benzobistri- 
azole adduct 11, the isomerization should involve more 
than two ionic intermediates, and therefore the 
interconversion mechanism is less clear than that of the 
other adducts. 


In summary, the substituent isomerization in N-(a- 
aminoalky1)benzotriazoles is a general process; the 
relative amounts of the isomeric species in the solution 
are severely affected not only by increased solvent 
polarity (favoring the l-isomer3) but also by ring- 
substituent steric interactions (favoring the 2-isomer). 


EXPERIMENTAL 


General. The 'H and 13C NMR spectra were carried 
out using a Varian VXR-300 spectrometer. 
Tetramethylsilane was the internal reference for 'H 
NMR spectra whereas the CDCl3 peak at 77.00 was 
used for the I3C NMR spectra. Deuterated bromoform 
was purchased either from Aldrich or from Cambridg? 
Isotopes and was allowed to stand over K2C03 and 3A 
molecular sieves for 2 days. VT-NMR spectra and 
coalescence temperatures were measured twice using 
0.1 M solutions in CDBr3 as reported before.3 Energy 
of activation values that did not agree within 


0 - 3  kcalmol-' were rejected. 5,6- 
Dimethylbenzotriazole was purchased from Aldrich. 


4(7)-Methylbenzotriazole 2. 2-Methyl-6-nitroaniline 
(15.2 g, 0.1 mol) was reduced with concentrated HCI 
(50 ml) and granulated tin (25 g). The mixture was 
adjusted to a pH 10 and the product was extracted with 
diethyl ether. The crude o-diamineJobtained in 86% 
yield, m.p. 56-59 "C; lit. ' I  m.p. 60 C) was diazotized 
with NaNOz in glacial acetic acid according to the 
literature procedure for the synthesis of benzotriazole, 
and the crude 2 was recrystallized from benzene (67V0, 
m.p. 145-148°C; lit." m.p. 150°C). 'H NMR 
(DMSO-db): 6 2.6 ( ~ , 3  H,CH3), 7.2 
(d, J =  7 Hz, 1 H), 7.3 (dd, J =  7,8  Hz, 1 H), 7.7 
( d , J = 8  H z , ~  H). 13C NMR (DMSO-d6): 6 16.8, 
112.0, 124.7, 125.3, 125.2, 138.6, 139.1. 


4,7-Dimethylbenzotriazole 3. 2,SDimethylaniline 
was successively acetylated, nitrated and reduced to 3,6- 
dimethylbenzene-l,2-diamine according to a known 
procedure.' The diamine was then cyclized to 3 
according to the procedure described for ben~otriazole~ 
(yield over five steps 13%; m.p. 278-280°C; lit.' m.p. 


(s, 2 H). I3C NMR (DMSO-&): 6 16.6, 125.0 (broad). 
276-278 "C). 'H NMR (DMSO-d6): S 2.6 (s, 6 H), 7.1 


Preparation of adducts 4-7, 9 and 10. Equimolar 
amounts (0.003 mol) of the appropriate substituted 
benzotriazole, the aldehyde and morpholine were stirred 
in methanol (15 ml) for 18 h. After evaporation of the 
solvent, the residue was purified differently in each case: 
4 was obtained as an oil; 5 was also an oil which, on 
standing under vacuum at room temperature for 3 days, 
crystallized and was washed with cold diethyl ether and 
dried; 6 was a solid which was recrystallized from 
hexane; the crude solid 7 was dissolved in boiling 
hexane, the insoluble residue discarded, the solution 
decolorized with charcoal and the pure product finally 
obtained; 9 was recrystallized from diethyl ether; solid 
10 (prepared in refluxing methanol) was washed with 
cold diethyl ether. The properties of the compounds are 
listed in Table 1. 


Preparation of 1,5-(dimorpholinemethyl)benzo [1,2- 
d: 4,5-d ] bistriazole 
11. 1,5-Dihydrobenzo[l,2-d:4,5-d'] bistriazole (1.6 g, 
0.01 m ~ l ) ~ ' ~  and morpholine (0-022 mol) in methanol 
(10 ml) were treated with paraformaldehyde 
(0-025 moll and the mixture was refluxed for 24 h. 
After cooling to room temperature, the precipitate 
formed was collected and washed with methanol and 
dried (92qo). The NMR spectra indicated a mixture of 
interconverting isomers: 'H NMR (CDCI3, 1,3 '-isomer: 
S 2.70 (m, NCHZCH~O), 3.71 (m, NCHZCH~O), 5.53 
(s,NCHzN), 8.28 (s,2 H, ring); 1,l'-isomer: 6 2.70 
(m, NCH2CHzO). 3.71 (m, NCHzCHzO), 5-47 
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(s,NCHzN), 7.66 (d, J =  1 Hz, 1 H), 8.82 
(d, J =  1 Hz, 1 H); 1.2’-isomer: 6 2-78 
(m,NCHzCH20), 3.71 (m,NCHZCH20), 5.66 
(s, NCHzN), 8.04 (d, J =  1 Hz, 1 H), 8.70 
(d, J =  1 Hz, 1 H). ‘’C NMR (CDCl3), 1,3‘-isomer: 6 
50.6, 66.6, 69.9 (NCHzN), 98.2, 132.2, 146.4; 1,l’-  
isomer: 6 50.7, 66.6, 69.8, 87.0, 110.4, 134.1, 144.7; 
1,2’-isomer: 6 50.1, 66.8, 78.3, 94.7, 107-9 (owing to 
the low concentration of this isomer in the mixture, the 
remaining quaternary carbon atoms were not observed). 
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THE KINETIC DEUTERIUM ISOTOPE EFFECT OF 
PROTON-TRANSFER REACTIONS IN SOLUTION. COMPARISON 


OF THE MARCUS AND THE QUANTUM-STATISTICAL 
MECHANICAL MODELS 


JURGEN SUHNEL* 
Central Institute of Microbiology and Experimental Therapy, Academy of Sciences of the GDR, DDR-6900 Jena, GDR 


The free energy dependence of the kinetic deuterium isotope effect of proton-transfer reactions in solution is usuall) 
analysed in terms of the Marcus model. By means of modern computer techniques, the more general quantum- 
statistical mechanical model is also amenable to routine application. The differences in the basic assumptions of the 
two approaches concerning the kinetic isotope effect are discussed. Reaction series for which both the Brensted relation 
and the freeenergy dependence of (he kinetic isotope effect are available are analysed by means of the two models using 
one set of parameters for both free-energy relations. 


INTRODUCTION 


The free-energy dependence of the kinetic deuterium 
isotope effect (KIE) of proton-transfer reactions in solu- 
tion is usually analysed in terms of the Marcus 
model. By means of modern computer techniques, 
the quantum-statistical mechanical model is also 
amenable to routine application. '*' Although both 
treatments start with different assumptions on the origin 
of the KIE, they yield qualitatively analogous results on 
the shape of the free-energy relation of the KIE. The 
objective of this paper is to discuss the differences 
between these two models with respect to the KIE and 
to compare the results quantitatively. Further, the 
theoretical results are related to experimental data for 
which both the Br~ns ted  relation and the free-energy 
dependence of the KIE are known. 


MARCUS MODEL 


Within the Marcus model the rate constant kl of a 
bimolecular proton-transfer reaction is given by 


kL = B exp( -AGZ/ksT)  (L = H, D) ( 1 )  


AGE= wr t- (XL + AG6)* /4k~  


AG6 = wp -- wr + AGO 
(2 )  


(3) 


*Most of this work was done when the author was at the 
Department of Chemistry of the Friedrich Schiller University, 
Jena, GDR. 
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where B is a pre-exponential factor, AG; the free energy 
of activation, k~ the Boltzmann constant, T the 
absolute temperature, AGO the free energy of reaction, 
XL can be viewed as a reorganization energy (Ar/4 = in- 
trinsic barrier) and wp and wr are the work terms.' In 
the case of proton transfer, equation (2) is valid only 
within the region - XI < AG; < AL;  outside this region 
equations (4) and (5) hold. 


AG,'= (AG6.< - X L )  (4) 


AG:= AGO + wp (AG6 > XI ) ( 5 )  


According to Marcus, the reorganization energy con- 
sists of an intramolecular part, A,,  and a medium part, 
A,, where for the moment the index indicating the 
isotope is omitted. l o  


(6) x = A, + A, 


The quantity X, is given by 


Xi = (1/2) C fk(Adk12 


f k  = 2fkfk"/(f f  + f k B )  


(7) 


(8) 


where ff and fk" represent the force constants in the 
initial (A) and final state (B) of  the reaction and Adk is 
the change in bond length. The reorganization energy 
originating from the medium can be calculated accord- 
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ing to 


X, = (Ae)’[ (l/cop) - (l/c,)l (1/2a1) + (1/2a2) - (I/r)l 
(9) 


Equation (9) refers to  spherical ions with radii a1 and a2 
and Y is the distance between the centres of the reac- 
tants. The change in charge is represented by Ae, and 
.cop and cr are the optical and static dielectric constants 
of the solvent, respectively. If one assumes that XL is the 
only isotope-dependent quantity in equations (1)-(3), 
the KIE is given by 


The free-energy dependence of the KIE is thus 
represented by a bell-shaped curve with its maximum at 
AGd. = 0. The maximum isotope effect a t  a given 
temperature is determined by the difference X D  - XH. 
According to equation (lo), the relationship between 
this difference and ( k ~ / k ~ ) ~ ~ ~  is given by 


( k ~ / k ~ ) m a ~ = e x P (  (I/keT)[(XD- X H ) / ~ ] )  ( 1 1 )  


which implies that AD is generally larger than XH. The 
parameters of the Marcus model can be obtained from 
the experimental data by performing a least-squares fit 
of the Brmnsted relation to a parabola: 


log kH = a + b(Apl() + C(ApK)2 (12) 


The relationships between the coefficients a, b and c and 
the model parameters are given by equations (13)-(15). 


u = log B - [ 1/(2.3ksT)] 
x [ w r  + (XH/4) + (wp - wr)/2 + ( w p  - wr)2/4XH1 (13) 


b = - [ (1/2) + (wp - Wr)/2XHI 
C = - 2-  3ke T /~XH 


(14) 


(15) 


The theory described so far can be viewed as classical. 
Especially in the field of electron-transfer reactions, 
several attempts have been made to  take into account 
quantum-mechanical aspects (for a review, see Ref. 11). 
All these approaches are guided by the quantum- 
mechanical theory and are therefore often called semi- 
classical treatments, although the term ‘semi-classical’ 
may have very different meanings. For proton-transfer 
reactions, modifications of the classical Marcus model 
have also been proposed. Hupe and Pohl’ suggested 
consideration of zero-point energy changes on deutera- 
tion within the reactants and the products (AER, AEP) .  
Their final equation is 


kH/kD=eXp((1 /4k~T)[X~( l  +(AGI?+AER 
- A E P ) / ~ D ) ~ ]  - [ X H ( ~  +(AGG~H/XH))~I) (16) 


where it is assumed that wp = wr holds and AG,“ 
represents the reaction free energy of the proton- 
transfer reaction. The relationship between XD and XH 


is given by 


X D / ~  = [ 4 p  + ( 1 6 ~ ’  - 4b2)”’] /8 (17) 
where 


P = (XH/4) + (1/2)(1 - C)(AER + AEP) (18) 
and 


b = ACR - AEp (19) 
C is an adjustable parameter. 


Kresge proposed combining the Melander-West- 
heimer principleI2 with the Marcus model.’ According 
to  this proposal, the KIE is given by 


kH/kD = exP( (I/kBT)[6(ZPE)r%in 
- 6(ZPE)isI [1 - (AGO/X)~]I  (20) 


where 6(ZPE)&i, and 6(ZPE)ls are the zero-point energy 
changes on deuteration in a symmetrical transition state 
and in the initial state, respectively. Again, it is assumed 
that wp = wr holds. Of course, both equations (16) and 
(20) can be easily generalized to the case wp # w,. 
Equations (20) and (10) are formally identical, but 
according to the Kresge approach the maximum isotope 
effect is given by ~(ZPE)&,-G(ZPE)IS and not by 
(XU - XH )/4. Moreover, X is assumed to be independent 
of the isotope. 


QUANTUM-STATISTICAL MECHANICAL 
MODEL 


According to the quantum-statistical mechanical model, 
the bimolecular rate constant k~ for proton transfer in 
a linear complex can be written as 


m 


k~ = 45~ 5 dRR2 exp[ - U,(R)/keT] W:(R) (21) 


where R is the intermolecular distance and U ,  the inter- 
molecular interaction potential in the initial state of the 
reaction. The monomolecular rate constant, W:, is 
given by 


R m i n  


W; ( R )  = c P h W ! i i ( R )  (22) 
in 


n I n - 1  


WbPi(R) = (werf/2*) c te!in(R)exp[ - 2 2 5 T y ~ r ( R )  


x e x p (  - [ E s + A E +  Uf(R) 
- Ul(R) + Ef, - Ekll 2/4EskBTI (23) 


(24) 


ykn(R) = [ V , Z S ~ ~ ( R ) I / [ ~ ~ W ~ ~ ( ~ B T E ~ / ~ ~ ) ” ~ ~ ~ T I  ( 2 3  
The symbols have the following meaning: W,, = state- 
specific monomolecular rate constant, plm = Boltzmann 
population, we5 = effective medium frequency, 
YP,, = transmission coefficient, ymn = Landau-Zener 


.Wfitn(R) = { 1 - exp[ -27rykn(R)1 I 
/ { 1 - (1/2)exp [ - 25~yLn(R))] ) 
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parameter, E, = reorganization energy, A E  = free 
energy of reaction, Ef, and El,, = energies of the proton 
stretching vibrational states in the final and initial state 
of the reaction, V, = electron resonance integral and 
S,,,, = Franck-Condon factor. A computer program 
PROTO was written, which calculates rate constants 
and the KIE according to equation (21) using a 
Lennard-Jones potential [equation (26)] for U, and Uf:  


(26) 
The description of the interaction of two large 
molecules in a solvent by means of the Lennard-Jones 
potential can only be of a very approximate nature. The 
Lennard-Jones parameters P and u should thus be view- 
ed as effective quantities. The Franck-Condon factor 
S,,,, for the harmonic proton stretching vibration is 
obtained by the method of Manneback. l 3  Equation 
(21) can be solved either by numerical integration or by 
replacing the integral by the value of the integrand 
at its maximum. The corresponding intermolecular 
distance is called the transfer distance, R,,,,. By means 
of PROTO, the quantum-statistical mechanical model is 
amenable to  routine application. Avoiding integration 
in equation (21) and neglecting summation in equations 
(22) and (23) results in the following simple expression: 


k~ = 2 w , ~ [ R k ~ l  *ARJfko(Rh)exp[ - U,(Rbo) /k~Tl  
x exp( - [ E s  + A E  + U t ( R h )  - U,(Rko)] '/4E,keTJ 


This is analogous to the Marcus equation, provided that 
X is identified with E, and the work terms are related to 
the intermolecular interaction potentials in the initial 
and final states of the reaction. However, it is important 
to note that the pre-exponential factor in equation (27) 
is, mainly via the transmission coefficient, dependent on 
the transfer distance, the temperature and the isotope. 
The Marcus model can thus be viewed as a classical ap- 
proximation to  the quantum-statistical mechanical ap- 
proach. In other words, if only the transition between 
the vibrational ground states of the initial and final 
states of the reaction is dominant and the pre- 
exponential factor can be assumed to  be constant, the 
quantum-statistical mechanical and the Marcus models 
should give similar results. This is true for the B r ~ n s t e d  
relation in the vicinity of AGO = 0, but does not hold for 
the free-energy relation of the KIE. Nevertheless, the 
quantum-statistical mechanical model also yields a bell- 
shaped curve for this relation. 


U ( R )  = 4c[ (u/R)'2 - 


(27) 


ISOTOPE DEPENDENCE O F  MODEL 
PARAMETERS 


The isotope dependence of the rate constants and hence 
of the KIE originates from the isotope dependence of 
the model parameters. Within the Marcus model it is 
assumed that the pre-exponential factor and the work 


terms are independent of the isotope and that the 
isotope dependence of the reaction free energy can be 
neglected. In the classical version, the isotope effect is 
thus due to XL. According to equation (lo), (X r i  - A H )  
has a numerical value of 1906 cm- '  (23 kJmol- I )  for 
298 K and ( k ~ l k ~ ) , , , ~ ~  = 10. On the other hand, accord- 
ing to equations (6)-(9), X should be only slightly 
dependent on the isotope. The bond length changes and 
force constants in equation (7) are quantities which can 
be assumed to  be independent of the isotope. However, 
one should be aware of the fact that the reorganization 
energy must be viewed as a free energy. In this case, 
summations over excited vibrational states would have 
to be performed and this would result in an isotope 
effect. Its value should be comparable to  the isotope 
effect o f  the reaction free energy, which is neglected in 
equation (10). It therefore seems thus to be justified to 
neglect the small isotope dependence of Xi also. Replac- 
ing H by D in one of  the reactants should hardly affect 
the medium properties. On the other hand, it was shown 
within the quantum-statistical mechanical model that 
the transfer distances for H and D may be different and 
that the corresponding distance for H is generally larger 
than that for D. Provided that this effect is significant, 
XH should be larger than Xu. Hence, the isotope 
dependence of the reorganization energy required by the 
classical Marcus model is not in accordance with the 
physical nature of this quantity. 


Within the approach of Hupe and Pohl, '  equation 
(16), the KIE is due exclusively to the zero-point energy 
changes on deuteration. For A C R  = A C P  = 0 it follows 
XU = AH and hence k ~ / k ~  = 1. Both the maximum value 
of the KIE and its position are affected by the values of 
AFR and Aep. For A C R  = Acp # 0, the maximum of the 
isotope effect is at AG# = 0 and its value i s  


( k ~ / k ~ ) ~ =  = exp[( l /keT)( l  - C )  A ~ K I  (28) 


A typical value of the empirical parameter C used by 
Hupe and Pohl is 0.5. In this case for ( k & , / k ~ ) , , , ~ ~  = 10 
and 298K, A ~ ~ = 9 5 3 c m - '  is required. This cor- 
responds to  the difference in the wavenumbers for an H 
and D vibration. One should realize, however, that the 
Ae quantities are zero-point energy changes, thus cor- 
responding to  half of these wavenumbers. For C =  0, 
however, A&R would probably have the correct order of 
magnitude. Hupe and Pohl'  used the wavenumber 
differences and not the zero-point energies. It is likely 
that adopting the correct values for A c  would require C 
values near zero. 


Within the approach of Kresge,' the KIE is also due 
to the zero-point energy changes, whereas X is assumed 
to be independent of the isotope. The resulting 
expression for ( k ~ / k ~ ) " , ~ ~  is given by 


( k ~ / k ~ ) , ~ ,  = exp( [(l/ksT)[6(ZPE)&,, - G(ZPE)lsI I (29) 


This is very similar to  equation (28). The quantity 
G(ZPE)&in has an effect analogous to  that of (1 - C ) .  
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Assuming 6(ZPE)Z,, = 0, the maximum isotope effect is 
determined by 6(ZPE),s, which is identical with equa- 
tion (28) for C = 0. 


These semi-classical versions of the Marcus approach 
thus provide a mainly correct interpretation of the KIE 
as its origin is not due to  X but to different activation 
energies for H and D stemming from different zero- 
point energies of the H and D vibrations. 


Within the quantum-statistical mechanical model, the 
KIE arises from the isotope dependence of both the 
wavefunction and of the energies of the proton- 
stretching vibration. In Ref. 14 it was shown that the 
assumption of equal transfer distances for H and D is 
not justified. Adopting equation (27), (kH/kD)max  is thus 
given by 


provided the shapes of Ui and Uf and the frequencies of 
the proton-stretching vibration in the initial and final 
states are equal. Equation (30) is a very good approx- 
imation to  the more correct expression which would be 
obtained by applying equation (21) directly. Contrary to  
the approaches discussed so far, the maxirnum isotope 
effect is mainly governed by the transmission coefficient. 
As already noted, this quantity is dependent on the 
isotope, the transfer distance and the temperature. The 
decreasing value of the KIE with an increasing absolute 
value of the reaction free energy and thus the shape of 
the free-energy relation is governed by the different 
thermal excitations of H and D vibrations. Therefore, 
even though the KIE is also attributed to  the isotope 
dependence of properties of the proton-stretching vibra- 
tion, this is done in a completely different manner to the 
Marcus model. 


RELATION TO EXPERIMENTAL DATA 


It would be interesting to know if there were 
experimental data for which the semi-classical Marcus 
model and the quantum-statistical mechanical model 
yield contradictory results. This is obviously not the 
case for the free-energy dependence of the KIE. 
However, it is felt that the dependence of the KIE on a 
varying intermolecular interaction may be one example. 
There is ample experimental evidence that increasing 
steric hindrance between the reactants increases the 
KIE, provided the other parameters affecting the 
isotope effect are kept fixed. For a summary of the cor- 
responding experimental data, see Ref. 14. Within the 
quantum-statistical mechanical model, increasing steric 
hindrance can be simply modelled by increasing the 
Lennard-Jones-parameter u. This results in larger 
values of the KIE (see Fig. 4 in Ref. 15). Equation (30) 
provides a simple explanation for this fact. The domi- 
nant term is the ratio of transmission coefficients. These 
coefficients decrease with increasing transfer distance, 


but the decrease is more pronounced for D than for H 
and this in turn produces larger values of the KIE. 


For the semi-classical Marcus approach, equation 
(28) or (29) has to  be invoked. In order to  reproduce the 
experimental facts, increasing steric hindrance has to  be 
accompanied by increasing values of the zero-point 
energy change on deuteration. This is unlikely, 
however. The wavenumbers of the proton or deuteron 
stretching vibrations are usually only slightly affected by 
the introduction of bulky alkyl substituents in positions 
adjacent to  the reaction centre. For example, Hupe and 
Pohl ' used in their calculations the same values of AcP 
for the bases pyridine and 2,6-lutidine. For these com- 
pounds, considerable experimental data on the influence 
of steric hindrance on the KIE have been reported. l4 It 
is therefore felt that the semi-classical Marcus approach 
does not yield a satisfactory description of the 
dependence of the KIE on varying intermolecular in- 
teractions. This drawback could probably be removed 
by introducing a pre-exponential factor into the Marcus 
model which is dependent on the transfer distance and 
on the isotope. 


On the other hand, it is well known that the Marcus 
model can satisfactorily reproduce the free-energy 
dependence of the KIE. It remains to  show, however, 
that the quantum-statistical mechanical model also pro- 
vides a reasonable description of these experimental 
data. This has already been demonstrated in a few 
papers. '*I6 The calculation procedures used previously 
are basically similar to  the algorithm of PROTO, 
although the intermolecular interaction potential was 
usually not explicitly taken into account. To arrive at  a 
more consistent picture of free-energy relationships, it 
was tested if both the Br~lnsted relation and the free- 
energy relation of the KIE can be described by one set 
of parameters. To this end the Marcus parameters XH 
and wp - w, were determined by a least-squares fit of the 
Br~lnsted plot to a parabola [equations (12)-(15)l. 
These parameters were then used to calculate the free- 
energy relationships of the KIE, which were in turn 
compared with the corresponding experimental data. 
Within the quantum-statistical mechanical model the 
calculations were performed by numerical intergration 
and assuming A H  = E, and in a first step Uf = Ui. The 
curve obtained in this manner was then shifted horizon- 
tally by wp - w ,  = Uf - Ui, where Ui - Ui was regarded 
as a parameter. The maximum isotope effect was used 
to  determine the difference XD - X H  in the Marcus 
model and the Lennard-Jones parameters E and u in the 
quantum-statistical mechanical model. 


In Table 1, the values of the Marcus parameters for 
the series studied are shown. They are only slightly dif- 
ferent from the data given in Ref. 17. In Figures 1-3 the 
theoretical free-energy relationships calculated by 
means of the Marcus and the quantum-statistical 
mechanical models are compared with the correspond- 
ing experimental data. It turns out that according to  the 
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Table I .  Marcus parameters obtained by a least-squares fit of Bransted relations to a parabola" 


Reaction Coefficients AH/crn-' w,, - w,/cm-' Ref. 


Ethyl nitroacetate-bases a =  1.8711 4380 843 20, 21 


Phenylnitromethane-bases a =  -1.8655 826 1 778 22 


b= -0.59619 
C =  -0.027306 


b = - 0.54708 
c = - 0.014476 


Diaioacetate-acids a =  1.465 1726 30 6 
b = -0.50893 
c = -0.069289 


Aromatic compounds-HIO' U =  - 1.0455 15389 531 23 
b =  -0'51727 
c = - 0'007772 


4-(4-Nitrophenoxy)butan-2-one-bases a = 0.9219 2782 - 2782 1 
b = 0.0 
c = - 0.042968 
a = 2.2378 7998 - 1272 Ih  
b = -0.42049 
C =  -0.014953 


~~-~ ~ _ _ _ _ _ _ ~ ~ ~ ~ -  ~~ 


,'The experimental data were statistically corrected. 
"Data for the deproronation of ethyl nitroacetate with hydroxide and phenolate2" were taken into account. 
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usual criteria, both models can reproduce the data. The 
agreement between experiment and theory is, however, 
generally not very good. In Fig. l a  for the deprotona- 
tion of ethyl nitroacetate the quantum-statistical 
mechanical model gives the better result, whereas in 
Fig. 1 b for the deprotonation of phenylnitromethane 
the Marcus result is the better one. For very low values 
of E, the quantum-statistical mechanical model yields 
oscillations for the free-energy relation (Fig. 2b). This 
reflects one of the basic features of the theoretical ap- 
proach, which in an analogous version is also ap- 
propriate for the description of optical transitions. The 
oscillations are thus conceptually related to  the vibra- 


12 tional structure of electronic spectra. However, for 
chemical reactions in solution and at room temperature, 
many mechanisms are probably operating which pre- 
vent the experimental observation of this phenomenon. 
A further result is that the quantum-statistical 
mechanical model gives generally less curved relation- 
ships; see also Ref. 18. It is important to note that the 
curvature in this model is also affected by quantities 
other than E,. For example, a higher value of the elec- 
tron resonance integral V, results in a less curved rela- 
tionship. The same phenomenon is observed if the 
anharmonicity of the proton-stretching vibration is 


(3 


- 
A ~ K '  


(9 


I taken into account. Nevertheless, the main effect is due 
-12 -8 -4  0 4 8 1'2 to  variations, in E,. Let us now focus on the data shown 


A ~ K '  


Figure 1 .  Comparison of experimental and theoretical free- f =  30 cm-l ,  u=:  305 pm, V ,  = lOcm-' ,  T =  300 K ,  
energy relationships of the KIE. (a) Ethyl nitroacetate-bases. aeff= 5 cm-I, 514 := 3000 cm-I). (b) Phenylnitromethane- 
From (Ref. 20; solid line, quantum-statistical mechanical bases. From Ref. 22; AD = 10170 cm-I; E = 30 cm ~ ', 
model; dashed line, Marcus model; the prime in ApK'  in- u =  308.5 pm; here and in the following figures other data are 
dicates statistically corrected values; AD = 6129 cm-l; the same as in Fig. l a  







THEORY OF T H E  KINETIC DEUTERIUM ISOTOPE EFFECT 


2-. 


kH'kOf 


L 


-12 -8 -i 0 & 6 12 16 20 
A P K '  


Figure 2. Comparison of experimental and theoretical free- 
energy relationships of the KIE. (a) Aromatic 
compounds-H30+. From Ref. 23; A D =  17211 cm- ' ;  
c = 30 cm-I, u = 307 pm. (b) Diazoacetate-acids. From Ref. 


6; XU = 4438 cm-l ;  f = 30 cm- ', u = 302 pm 


in Fig. 3, referring to  the deprotonation of 
4-(4-nitrophenoxy)butan-2-one. I In the same way as 
described above, Hupe and Pohl determined for this 
reaction the Marcus parameters from the Brernsted rela- 
tion, calculated the free-energy relationship of the KIE, 
compared it with the experimental data, observed a 
discrepancy and thus proposed the modified Marcus 
model mentioned earlier. On closer examination, it 
turned out that the authors had considered two addi- 
tional reactions for the free-energy relationship of the 
KIE, namely deprotonation of ethyl nitroacetate by 
hydroxide and phenolate, without taking them into ac- 
count in the Brernsted relation. The parameter estima- 
tion was thus repeated both with and without these reac- 
tions. The corresponding parameters and free-energy 
relationships are shown in Table 1 and Fig. 3. In both 
cases, the experimental data are reproduced. Hupe and 
Pohl, I however, compared the experimental data shown 
in Fig. 3b with the Marcus curve in Fig. 3a. Hence, the 
argument presented by Hupe and Pohl in favour of a 
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modification of  the Marcus model is the result of incon- 
sistent reasoning. 


There is, however, a reaction series, namely the pro- 
tonation of a monoprotonated cryptand by acetic and 
benzoic acids, for which the Brernsted and the free- 
energy relationships of the KIE cannot be described by 
one set of parameters. l9 To date no explanation of this 
fact can be be given. 


CONCLUSlONS 


Within the semi-classical Marcus model, the kinetic 
isotope effect is due to different zero-point energies of 
the H and D stretching vibrations. Although the 
quantum-statistical mechanical model also attributes 
the isotope effect to the isotope dependence of the 
proton-stretching vibration, this is done in a completely 
different manner. The shape of the free-energy relation- 
ship of the KIE is governed by the different thermal 
excitations of the H and D vibrations, owing to their 
different wavenumbers. On the other hand, the max- 
imum isotope effect is mainly determined by the ratio of 
the transmission coefficients. Although both models 
yield qualitatively analogous results for the shape of the 
free-energy relationship of the KIE, the results for the 
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influence of varying intermolecular interactions on the 
KIE are different. 


9. (a) K .  A. Marcus, J .  Phys. Chem. 72, 891 (1968); (b) A.  0. 
Cohen and R. A. Marcus, J .  Phys. Chetn. 72, 4249 (1968). 


10. P .  Siders and R. A. Marcus, J .  Am. Chem. SOC. 103, 741, 
748 (1981). 


1 1 .  R .  A. Marcus and N. Sutin, Biochim Biophys. Acta 811, 
265 (1985). Stimulating discussions with Professors K .  Gustav 12,  1,, Melander, Ejfecls o,, pp. 


and R.  L.  Schowen and comments from the referees are 24-32, Ronald Press, New York (1969); F.  H .  
gratefully acknowledged. 
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[4] PARACYCLOPHANE: MNDO AND STO-3G MOLECULAR 
STRUCTURE AND STRAIN ENERGY* 


LEONARDUS W. JENNESKENS,t,$ JAAP N. LOUWEN,$ WILLEM H. DE WOLF AND FRIEDRICH 
BICKELHAUPT 


Scheikundig Laboratorium, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands 


The molecular structure of [4] paracyclophane was optimized at the semiempirical MNDO and the ab initio STO-3G 
level. A comparison of the results showed that the benzene ring is much less bent at the STO-3G level. Although some 
bond alternation is predicted at both levels of theory, the aromatic carbon-carbon bond lengths are still in the range 
typical of highly delocalized compounds. The calculated strain energy [SE(tot.)] of [4] paracyclophane is larger for 
the STO-3G structure. Nevertheless, the distributions of SE(tot.) over the bent benzene ring [SE(bb.)] and the 
oligomethylene bridge [SE(br.)J are the same for the MNDO and STO-3G structures. 


INTRODUCTION 


The synthesis of [nlparacyclophanes with n c 7 has 
presented a particular challenge to experimental 
chemistry. 'J [6] Paracyclo hane is isolable and stable 
at ambient temperature. 4-gX-ray structure determina- 
tions of crystalline derivatives'- have confirmed the 
theoretically predicted boat shape of the bent benzene 
ring. [5] Paracyclophane, in contrast, is not 
isolable and only stable in solution below 273 K. l6 It has 
been characterized by 'H NMR and UV spectroscopy. 
Recently, the intermediacy of the next lower hom- 
ologue, [4] paracyclophane, was invoked on the basis of 
trapping experiments. [4] Paracyclophane itself has 
only been identified tentatively by its UV spectrum at 
77 K. In line with intuition, the characterization of 
[4] paracyclophane is thwarted by the increase in strain 
with decreasing n in the series n = 6 , 5  and 4. This is sup- 
ported by theoretical calculations at different levels of 
theory for [6] - and [5]paracyclophane. 'o-15*19 We are 
not aware of any previous theoretical investigation of 
the elusive [4] paracyclophane. We report here the 
results of semiempirical MNDOZo and ab initio calcula- 
tions with the STO-3G basis setZ1 for [4]para- 
cyclophane. 


*Taken in part from Ref. 1. 
t Author for correspondence. 
$ Present address: Akzo Research Laboratories Arnhem, 
Corporate Research, PO Box 9300, 6800 SB Arnhem, The 
Netherlands. 


COMPUTATIONAL PROCEDURES 


All calculations on [4] paracyclophane were executed at 
the self-consistent-field (SCF) level of theory. MNDOZo 
as implemented in MOPAC" was used for the semiem- 
pirical calculations. The molecular structure of [4] para- 
cyclophane was optimized without any geometric 
constraints. For the ab initio calculations the STO-3G 
minimal basis set" as implemented in GAUSSIAN 8023 
was used with the optimized MNDO structure of 
[4] paracyclophane as input geometry. Again, no 
geometric constraints were imposed during the 
optimization; all gradients were smaller than 1 x 
hartree bohr-'. Note that STO-3G performed well with 
[51-, [61-, [71- and [S] paracyclophane'4s159'9 and with 
hydrocarbons in general. z4 Since for the higher hom- 
ologues both MNDO" and STO-3G14*'5s19 data are 
available, we would expect a theoretical investigation of 
[4]paracyclophane at similar levels of theory to be of 
interest for comparison within the series. 


RESULTS AND DISCUSSION 


Molecular structure of [4] paracyclophane 


With both MNDO and STO-3G a genuine minimum 
could be located for [4] paracyclophane; all force 
constants were positive. '' Pertinent results of 
the calculated geometries are shown in Tables 1 and 2. 
The projected angles a, 0 and y and the numbering of 
the carbon atoms are defined in Figures I and 2. 
[4] Paracyclophane is predicted to possess Ci symmetry 
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Table 1. Calculated projected angles a, and y of [4] para- 
cyclophanea 


Angle(.) MNDO STO-3G 


011, (YZ ( ( ~ a " . ) ~  39.0, 38.3 (38.7) 29.3, 27.3 (28.3) 
P 29.3 39.5 
Y 7-8  10.9 


For a definition of a, B and y. see Figure 1. 
bSee text; a, = r(C-6,C-7,C-9,C-E), az = r(C-10, C-9,C-7,C-8) and 
Oav. = (a, + az ) /2 .  


both at the MNDO and STO-3G levels of theory. This 
is in agreement with e~per imenta l~* ' -~  and 
theoretical l o -  I' data obtained for higher homologues in 
the [n] paracyclophane series with n even. Owing to the 
CZ symmetry, the projected angle a, which indicates the 
bending of the 'bow' of the boat from the original 
benzene plane and thus is a measure of the deviation 
from planarity of the bent benzene ring, is not 
unambiguously defined; formally, C-6, C-7, C-9 and 
C-10 do not have to lie in the same plane. However, in 
both the MNDO and STO-3G molecular structures 
of [4] paracyclophane the deviation is very small; 
the torsional angles a1 = T(C-6, C-7, C-9, C-8)" and 
012 =:(C-lO, C-9, (2-7, C-8) takeovalues of 39.0 and 
38.3 in the MNDO and 29.3 and 27.3" in the 
STO-3G molecular structures of [4] paracyclophane 
(Figures 1 and 2 and Table 1). For comparison we have 
also included the average values of a(aav.) in Table 1 .  
A survey of the calculated values of a reveals that the 
benzene ring of [4] paracyclophane is much less bent in 
the STO-3G structure. In contrast, the projected angle 
p, which has only a single value in [4] paracyclophane, 
is calculated to be considerably larger at the STO-3G 


\ I 
I 


I 
I 


I 
I 
I 


I 


Figure 1. Theoretical molecular structure of [4] paracyclo- 
phane based on the STO-3G calculation; side view (projected 


on a plane perpendicular to C-7-C-9) 


level [Figure 1 and Table 1:  P = 39.S0 (STO-3G) and 
29.3" (MNDO)] . Since for [6]paracyclophane STO- 
3G, in contrast to MNDO, predicted values of a and P 
that were close to those found in the x-ray structure 
determinations of crystalline derivatives, we anticipate 
that for [4] paracyclophane also the STO-3G results will 
be more reliable. 14*'' 


In agreement with the available e~per imenta l~* ' -~  
and theoretical lo- evidence for higher homologues, 
all substituents of the benzene ring are predicted to 
deflect towards the concave side; they are all located on 
the same side as the oligomethylene bridge (Figure 1 and 
Table 1; a, P and 7 ) .  Apparently, the observed direction 


Table 2. Selected structural parameters of [4] paracyclophane and p-xylenea 


[4] Paracyclophane p-Xylene 


Parameter MNDO STO-3G MNDO STO-3G 


Bond lengths (A): 
C-5-C-6 1.434 1.404 1.411 1.391 
C-6-C-7 1.400 1.377 1 *405 1.385 
C - 7 - C - 8 1.431 1.403 1.411 1.390 
C-1-C-8 1.500 1.530 1.506 1.527 
c-1-c-2 1.585 1.603 - - 
C-2-C-3 1.547 1.592 - - 
Valence angles ( 0 ) :  


C-6-C-5-C- I0 116.4 116.6 118-0 118.2 
C-5-C-6-C-7 114.7 117.1 121.0 121 .o 
C-6-C-7-C-8 113.5 118.0 121.0 121 .o 
C-8-C- 1 -C-2 107.4 105.9 - - 
c- 1-c-2-c-3 125.7 123.3 - - 


a For numbering, see Figure 2. For convenience, the same numbering is used for p-xylene. 
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Figure 2. Theoretical molecular structure of [4] paracyclo- 
phane based on the STO-3G calculation; top view (projected 


on the plane defined by C-6, C-7 and C-9) 


of deflection is a consequence of the optimization of p- 
orbital alignment in the bent benzene ring, which can be 
accomplished by rehybridization. 26 This is corroborated 
by an inspection of the sum of valence angles [Figure 2: 
sum of valence angles STOJG (MNDO); C-5 


C = 344.5' (351.9'2, C-6 C = 355.3" (358.8") and C-10 
C = 356-3" (358-9 )I. Especially for the bridge-head 
carbon atoms C-5 and C-8 substantial rehybridization 
(pyrimidalization) is found. Note that it is more 
pronounced in the ab initio than in the semiempirical 
structure of [4] paracyclophane. 


The calculated carbon-carbon bond lengths of the 
bent benzene ring of [4]paracyclophane vary in the 
range 1.400-1.434 A (MNDO) and 1.378-1.404 A 
(STO-3G, Figure 2 and Table 2). In comparison, values 
of 1.405-1.411 A and 1.385-1-391 A, respectively, 
are calculated for the unstrained reference compound 
p-xylene (Table 2). 


Intriguingly, the variation in the aromatic 
carbon-carbon bond lengths of [4] paracyclophane at 
the STO-3G level is smaller than- that of 
[5]paracyclophane (STO-3G: 1.365-1.412 A). l 9  More- 
over, a different tendency towards localization in the 
bent benzene ring of both compounds is predicted by 
STO-3G. For [5] paracyclophane some bond fixation is 
calculated towards a cyclohexa-1,3,5-triene-like 
structure 19, whereas for [4] paracyclophane a trend is 
observed towards a Dewar benzene-like structure (cf. 
Table 2). A comparison of the available STO-3G 
structural data for the bent benzene rings in [8] -, [7] -, 
[6] -, [5] - and [4] paracyclophane suggests that the 
observed sequence of bond length alternation in the 
STO-3G molecular structures of the highly strained 
representatives (n < 7) is related to the symmetry of the 
[nlparacyclophane, i.e. C2 symmetry (n is even) 
imposes a Dewar benzene-type geometry, where C, 
symmetry (n is odd) favours a more cyclohexa-1,3,5- 
triene-type geometry (Table 3). From [6] - to 
[4] paracyclophane an increasing distortion of the bent 


Table 3. STO-3G and MNDO calculated aromatic carbon-carbon bond lengths (A) of [8]-, [7]-, [6]-, 
[5] - and I41 paracyclophanea 


[n] - and symmetry 


C-5-C-6 STO-3G 
MNDO 


MNDO 


MNDO 


MNDO 


MNDO 


MNDO 


C-6-C-7 STO-3G 


C-7-C-8 STO-3G 


C-8-C-9 STO-3G 


C-9-C-10 STO-3G 


C-5-C- 10 STO-3G 


Ref. 


1.391 
1-415 
1.384 
1.403 
1.391 
1.417 
1.391 
1.415 
1.384 
1.403 
1.391 
1.417 


15,27 


1.390 
1-418 
1.382 
1.401 
1.390 
1.418 
1.393 
1.418 
1.384 
1.401 
1.393 
1.418 


11.15 


1.394 
1-421 
1.382 
1.401 
1.393 
1.421 
1.394 
1.421 
1.382 
1.401 
1.393 
1.421 


11,14 


1 -382 
1,423 
1.396 
1.403 
1.382 
1.423 
1.412 
1.428 
1.365 
1.398 
1.412 
1 *428 


11,19 


1.404 
1-434 
1.377 
1.400 
1.403 
1.431 
1.404 
1.434 
1.377 
1.400 
1.403 
1.431 


This work 


"For convenience the numbering shown in Figure 2 is used. 







298 L. W. JENNESKENS ET A L .  


benzene ring is found. As expected, the less strained 
[7] - and [8] paracyclophane possess aromatic carbon- 
carbon bond lengths in the range expected for ordinary 
1,4-dialkylbenzene derivatives (cf. Tables 2 and 3). 
However, we feel that one should be careful in 
interpreting these differences. Note that the symmetry 
dependence of the sequence of bond length alternation 
is hardly discernible at the MNDO level of theory for 
the highly strained representatives '(n < 7). In all cases, 
a Dewar benzene-like distortion is calculated (Table 3). 
Further, it has been shown that for [5]paracyclophane 
the bond length alternation decreases at higher levels of 
theory (DZ-SCF: 1.384-1 a409 A). l9 Nevertheless, the 
calculated aromatic carbon-carbon bond lengths for 
[4] paracyclophane still fall in the range for highly 
delocalized compounds." The valence angles of the 
bent benzene ring are found to deviate less in the STO- 
3G structure than in the MNDO structure from the 
reference values obtained for p-xylene (Table 2). 
Apparently, the oligomethylene bridge exerts a larger 
compression effect on the benzene ring at the MNDO 
level of theory. This is supported by the calculated 
structural parameters of the oligomethylene bridge. 


As expected, the less rigid sp '-hybridized carbon 
atoms of the bridge are more capable of responding to 
strain by variation in bond length and valence angle 
from their reference values (bond lengths: Csp*-Csp* 
1.5OA, Csp3-Csp' 1.54A and valence angle 
109.5°).29 A survey of the calculated bond lengths for 
the bridge shows that, especially in the STO-3G 
structure, large deviations are predicted (Figure 2 and 
Table 2). For example, the carbon-carbon ~ bond 
lengths C-1-C-2e(1.603 A), C-2-C-3 (1.592 A) and 
C--C' (1.530A) of the STO-3G structure are 
considerably longer than in the MNDO structure 
(1.585, 1.547 and 1.500 A, respectively). On the other 
hand, the valence angles C-8-C-1-C-2 and C-l-C- 
2-C-3 have nearly the same value in both structures. 
Consequently, the oligomethylene bridge appears to be 
a more rigid clamp by the MNDO calculations; the 


benzene ring responds with more pronounced deviations 
at the MNDO level of theory (see above). 


Strain energy of [4] paracyclophane 


An estimate of the strain energy [SE(tot.)] of 
[4] paracyclophane can be obtained by applying 
the following homodesmotic reaction for which 


141 paracyclophane + 5C2H6 --* p-xylene + 4C3H7 


From the results presented in Table 4, 
SE(tot.) = 88.5 and 125-95 kcalmol-' are calculated at 
the MNDO and STO-3G levels, respectively, for 
[4]paracyclophane. To gain an insight into the 
distribution of SE(tot.) over the bent benzene ring 
[SE(bb.)] and the oligomethylene bridge [SE(br.)] , 
which are related by 


SEftot.) = SE(bb.) + SE(br.) 


we performed a single-point calculation on benzene 
frozen in the conformation present in [4] paracyclo- 
phane. The additional hydrogen atoms were placed at a 
typical ~ aromatic carbon- hydrogen distance (STO-3G 
1.083 A, MNDO 1 *086 A) in the same direction as C-1 
and C-4, respectively, of the bridge. Values of 
SE(bb.) = 7 7 - 0  and 111 -83 kcalmol-' were calculated 
with MNDO and STO-3G, respectively. 


A referee suggested that p-xylene frozen in the 
conformation present in [4] paracyclophane would be a 
better reference compound for the evaluation of 
SE(bb.), since part of the bond length changes in the 
aromatic moiety are a consequence of alkyl substitution 
already present in the equilibrium structure of p-xylene 
compared with benzene. However, with MNDO a value 
of SE(bb.) = 78.6 kcalmol-' is calculated with p-  
xylene as the reference compound, which is nearly the 
same as the SE(bb.) = 77.0 kcalmol-' obtained with 
benzene (cf. Ref. 31 for a similar analysis of SE(bb.) in 


SE(t0t.) = - A E  30 


Table 4.  MNDO heats of formation ( A H ; ) ,  STO-3G total energies ( E )  and strain energies ( S E )  of [4] paracyclophane and related 
compounds 


STO-3G: MNDO SE(tot.)(kcal mol- ') SE(bb.)(kcal mol- I )  SE(br.)(kcal mol-') 
E A H :  


Compound (hartree)a (kcal mol-l) STO-30 MNDO STO-3G MNDO STO-3G MNDO 


[4] Paracyclophane - 380.874025 93.0 125.95 88.5 111.83 77.0 14.12 1 1 . 5  
p-Xylene -305.059912 5 . 6  - - 
Bent benzene -227.713171 98.2 111.83 77.0 111.83 77 .0  - - 
Benzene -227.891361' 21*2d - - - - 


Propane - 116.886422' -24.9d - - - - 
Ethane - 78.306180' -19.7d - - - - 


- - - - 


- - 
- - 
- - 


1 hartree = 627-50 kcalmol-' 
bSee text. 
'Taken from Ref. 19. 
dTaken from Ref. 20. 
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[n] metacyclophanes 1. ' Moreover, bent benzenes are 
commonly used for the determination of SE(bb.) in 
[n] cyclophanes. 14,15*19 The STO-3G values of SE(tot.), 
SE(bb.) and SE(br.) for [4] paracyclophane are 
consistently larger than the corresponding MNDO 
values (Table 4). Similar results were found with 
[ 5 ]  - and [6] paracyclophane. For [5] - and [6] paracyclo- 
phane, values of %(tot.) of 63.2 kcalmol-' (MNDO) 
and 85.93 kcalmol-' (STO-3G) and 54.0 kcalmol-' 
(MNDO) and 56.62 kcal mol- ' (STO-3G), respectively, 
were calculated according to the abovementioned 
procedure. I4*l9 Nevertheless, the ratios 
SE(bb.) : (SE(tot.) and SE(br.) : SE(tot.) for [4] para- 
cyclophane are almost the same at both levels of theory 
[SE(bb.) :%(tot.) = 0.89 (STO-3G) and 0.87 (MNDO)] . 
This indicates that, despite the difference in absolute 
values, the distribution of %(tot.) is similar in the 
MNDO and STO-3G structures of [4] paracyclophane. 


As expected, the major proportion of SE(tot.) is due 
to the non-planarity of the benzene ring. Intriguingly, 
SE(bb.) far exceeds the resonance energy of benzene 
(20-30 kcal mol- I ) .  28*29 Although this is sometimes 
taken as evidence for rejecting the aromatic character of 
[4] paracyclophane, our calculations indicate that the 
aromatic carbon-carbon bond lengths still fall in the 
range of highly delocalized compounds. 28 As discussed 
in the preceding section, substantial rehybridization of 
the aromatic carbon atoms of the bent benzene ring 
is calculated; this facilitates favourable p-orbital 
interactions despite the severe bending. 26 Until recently, 
the extraordinary chemical reactivity of small 
In] cyclophanes was rationalized by invoking bond 
fixation of the bent benzene ring towards a cyclohexa- 
1,3,5-triene-like structure. However, an MNDO 
calculation on [4] paracyclophane, in which the bent 
benzene ring is artificially distorted to a localized 
cyclohexa-1,3,5-triene (with Csp2-Csp2 = 1.483 A and 
Csp2 = Csp2 = 1-337 A3') shows that its heat of 
formation (AH?)  is calculated to be 10.6 kcalmol-I 
less then that of [4]paracyclophane proper. It is 
remarkable that the same difference in stability of 
10 2 1 kcalmol-I was found for [4]- and [Slmeta- 
cyclophane and for benzene itself. 31*32 In other words, 
even extreme bending of the benzene ring does not 
increase its tendency to localize towards a KekulC-type 
structure. 


CONCLUSIONS 
The molecular structure of [4] paracyclophane was 
calculated at the semiempirical MNDO and ab initio 
STO-3G levels of theory; genuine minima were located. 
The bent benzene ring deviates less from planarity in the 
STO-3G then MNDO structure (Table 1). Despite its 
severe bending and the occurrence of some bond length 
alternation, the aromatic carbon-carbon bond lengths 
still fall in the range for highly delocalized compounds. 


Although the total strain energy [SE(tot.)] of [4] para- 
cyclophane is larger at the STO-3G than MNDO level 
of theory, the distribution of SE(tot.) over the bent 
benzene ring [ SE(bb.)] and the oligomethylene bridge 
[SE(br.)] is nearly the same; SE(bb.) comprises the 
largest part (nearly 90%) of SE(tot.). The predicted 
increase in SE(tot.) on going from [ 5 ] -  to [4]para- 
cyclophane parallels the difficulties encountered in the 
synthesis of the latter {ASE(tot.) = SE(tot., [4] para- 
cyclophane) - SE(tot., [5] paracyclophane); STO-3G 
40.02 kcalmol-I, MNDO 25.3 k~almol- ') . ' ' - '~ 
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Strong ‘H and I3C nuclear polarizations are observed when aqueous solutions of synthetic water-soluble porphyrins 
are irradiated in the presence of tyrosine and some of its derivatives. These polarizations are strongly pH dependent. 
Evidence is also shown for the formation, in the dark, of a complex between the reactants. The association constants 
are evaluated from the NMR chemical shifts on the aromatic tyrosine protons induced by the presence of the por- 
phyrins. The nature of the intermediate radical pair generating the CIDNP effects is discussed. An electron-transfer 
reaction from tyrosine to the excited triplet state of the porphyrin, or within the porphyrin-tyrosine excited complex, 
is expected to be the primary step in the reaction. It is followed by subsequent proton transfer within the initial ion 
radical pair. The spin polarizations arise principally from the back-transfer step, as the reactants are the only products 
which are polarized. 


INTRODUCTION 


The interactions between light, chemicals and living 
systems has generated a sudden burst of publications 
in recent years. Increasing interest has grown, for 
example, in the photochemical behaviour of drugs with 
photosensitizing properties. These properties can induce 
deleterious effects (phototoxicity, photoallergy, car- 
cinogenicity, etc.) but the appropriate combination of 
light and chemicals has also resulted in therapeutic 
applications. ’ The mechanisms by which such a type of 
action is produced are generally poorly understood. 


* Present address: ENSC Mulhouse, Universite de Haute- 
Alsace, 3 rue A. Werner, F-68093 Mulhouse Ckdex, France. 
t Author for correspondence. 
$ Abbreviations: TMPyPH2, meso-tetra(4- N-methylpyridy1)- 
porphyrin (chloride or tosylate); TAPPHI,  meso-tetra(4-N, 
N’ , N”-trimethylaminopheny1)porphyrin (chloride); TPPSH2, 
meso-tetra(4-su1phonatophenyl)porphyrin (sodium salt); A ,  
enhanced absorption; CIDNP, chemically induced dynamic 
nuclear polarization; E,  emission; ET, electron transfer; hfcc, 
hyperfine coupling constant; RPM, radical pair mechanism; 
PheOH, N-acetyltyrosine. 


They can be further complicated by the fact that the 
chromophore responsible for the photobiological effect 
may itself be a metabolite or a photoproduct. Hence a 
knowledge of the primary processes involved in these 
photoreactions is essential. 


Photosensitized reactions are generally classified into 
two main groups: reactions due to radicals (type I )  and 
reactions due to singlet oxygen (type I t ) .  Several 
physico-chemical techniques allow a deeper insight in 
that direction. Among them, photochemically induced 
dynamic nuclear polarization (photo-CIDNP) is well 
suited for type I reaction studies. It can give informa- 
tion about the short-lived radical intermediates and 
the reaction mechanisms. Thus the photochemical 
behaviour of the drug can be investigated in the 
absence’ o r  presence3z4 of some constituents of the 
biological substrates which are among their main targets 
in the living organisms: the pyrimidine and purine 
nucleobases (DNA, RNA) or the amino acids (proteins). 


We report here the photo-CIDNP contribution to  the 
photochemistry of porphyrins some derivatives of 
which are used in the treatment of solid tumours by por- 
phyrin photodynamic therapy.5 We studied their in- 
teraction with tyrosine as protein damage had been 
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established at the cellular membrane level. Tyrosine 
was also the model previously chosen for testing the 
photoactivity of furocoumarin drugs. 


MATERIALS AND METHODS 


The water-soluble porphyrins were synthesized accord- 
ing to published procedures. ' N-Acetyltyrosine 
(PheOH) and the other tyrosine derivatives were pur- 
chased from Sigma (St. Louis, MO, USA). Deuterium 
oxide (99.8%) was from SpectromCtrie Spin et Tech- 
nique (Paris, France). All commercially available 
products were used without further purification. 


Unless specified otherwise, the porphyrin and 
tyrosine concentrations were 2 x M. The pH of the 
solutions was adjusted by adding small aliquots of DC1 
or NaOD (SpectromCtrie Spin et Technique). It was 
measured directly inside the NMR tube. All values were 
uncorrected for the deuterium isotope effect. 


The NMR spectra were run on a Bruker WP-80 spec- 
trometer. The irradiation device has been described 
previously.2 A CS 0.52 glass filter (Corning Glass 
Works, New York, USA) was added to cut off 
wavelengths under 330 nm, above which PheOH do not 
absorb the incident light. 


'H  chemical shifts were calculated from 2,2-dimethyl- 
2-silapentane-5-sulphonate [ DSS, 6(TMS) = 0.015 ppm] . 
The probe temperature was regulated at 318 K for 
routine experiments. 


The "C NMR data (20.150 MHz) were obtained by 
utilizing FT/quadrature phase detection mode with a 
10 mm probe; 2000 transients were required during light 
irraodiation in 8K ol' memory with a pulse width of 3 ps 


(25 flip angle), a pulse delay of 1 s and broad-band 
proton decoupling. The 6024 Hz spectral width used 
resulting in an acquisition time of 0.68 s and a digital 
resolution of 1.47 Hz. Chemical shifts were from TMS 
by setting internal dioxane at 6 = 67-86 ppm. 


RESULTS 


'H CIDNP 


When irradiated in aqueous solutions, porphyrins 
induce strong polarizations on N-acetyltyrosine. These 
polarizations depend on the nature of the porphyrin and 
on the pH of the solution. A typical CIDNP pattern of 
PheOH is shown in Figure 1 and has the following 
features: strong emission ( E )  on the H ~ , s  aromatic ring 
protons (6 = 6.78 ppm; doublet) with a weak multiplet 
effect (AE) superimposed; enhanced absorption ( A  ) on 
the P-CHl protons (6 = 2.75 ppm; multiplet); and a 
multiplet effect ( A E )  + a weak net effect (A?)  on the 
H2.6 aromatic ring protons (6 = 7.05 ppm; doublet). 


Simultaneoudy, the cationic porphyrins, TMPyPH2 
and TAPPH2, were also strongly polarized, as can be 
seen, for example, in Figures 1 and 2, respectively, for 
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Figure 2. ' H  CIDNP spectrum: TAPPH2-PheOH-DzO at pH5. (a) Before irradiation; (b) during irradiation 


each derivative: (i) for the porphine ring protons, A for 
the P-pyrroles, which is the largest polarization (protons 
p); (ii) for the rneso-substituent protons, A and a 
rnultiplet effect which is difficult to characterize for the 
meta-aromatics (protons b), E + A E  effect for the 
ortho-aromatics (protons c) and E for the N-methyl 
protons of TMPyPHz (protons a ,  Figure 1). On the 
other hand, only line broadening was observed on the 
anionic porphyrin TPPSH2. 


Increasing the pH led to cancellation of the porphyrin 
polarizations (the signals were progressively broad- 
ened). Those on PheOH remained, but their intensities 
decreased accordingly. The same phenomena were still 
observed on the porphyrins when the latter were 


irradiated in aqueous solutions in the absence of any 
substrate or in the presence of guanine.' 


I3C CIDNP 


We also observed strongly polarized I3C CIDNP 
spectra. The polarizations are reported in Table 1 for 
TMPyPH2. 


Two important indications can be obtained from 
these spectra: the alternating polarizations on neigh- 
bouring carbon atoms of both the aromatic rings of 
PheOH and of the porphyrin pyridinium substituent 
indicate alternating hyperfine coupling constant (hfcc) 
signs in the radical intermediates from each reactant 
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Table I .  Spin polarizations of TMPyPHz and PheOH carbon 
atoms in aqueous solutions (pH 3)” 


~~ 


N-Acetyltyrosine TMPyPHz 


Atom 6 (ppm) Polarization Atom 6 (ppm) Polarization 


- - C,, 116.97 ,!?(strong) 
C, 128.79 A(weak) Cd 158.79 A(strong) 
C Z , ~  130.76 E(weak) C, 130.76 E(weak) 
Cl ,< 115.88 A(strong) c h  145.27 A(weak) 
C4 155.08 E(weak)  - - 


“The  different signals were attributed according to the published data 
by Surprenarir rr u / . ~ ’  for PheOH and by GotT and Morgan” for 
TMPyPk12. 


(alternant radical); and the strong polarizations on both 
carbon atoms which bind the substituent to the 
porphine ring, i.e. the meso atom (C,) and the para- 
pyridine atom (Cd). They can be related to  high values 
of the hfcc on these positions. Hence we can assume 
that the ring charge should be largely delocalized 
towards the pyridinium substituents. 


Complexation phenomena 


We noticed during our experiments that the PheOH 
aromatic pattern was considerably modified according 
to the ratio ( p )  of the PheOH concentration versus the 
porphyrin concentration. The chemical shifts (ca 6 and 
7 ppm) of the H3.5 and H2.6 protons were affected by 
this ratio. This phenomenon is described in Figure 3 and 
may be ascribed to an association between both 
reactants. The corresponding ClDNP patterns are also 
shown under the NMR spectra in the dark. A complete 
study concerning the complexation between different 
amino acids and porphyrins will be published in detail 
elsewhere. We report here the preliminary results 
obtained with our CIDNP experimental conditions. 


The method described by Bouquant and Chuche 
allows the description of the geometry of the complex. 
It is based on the analysis of the chemical shifts induced 
by the addition of porphyrin to aqueous solutions of‘ 
PheOH. They are related to the reaction 


where T represents PheOH, P the porphyrin and T\P., 


p : O  4 p-1 3 


Figure 3.  Intluence of the concentration ratio ( p )  between PheOH and the porphyrin (here TMPyPH2) (a) on  the NMR spectrum 
in the dark and (b) on the ClDNP spectrum at 313 K (aromatic part of both reactants) 
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the complex. When the stoichiometry of  the complex is 
assumed to be 1 : 1 ( x  = y = 1) and when considering 
equal initial concentrations of T and P (TO = PO = CO), 
the following relationship could be written: 


Table 2. Typical constants obtained from the plot of A; vs 
(A;/Cn)”2 in the PheOH-TMPyPH2 complex at different 


temperatures; i = H2.3.5.6 


T (K) r K (1moI-l) A ~ P  (ppm) 


- 0’9970 9 2 . 9 ?  1.7 1.53  ? 0.40 
-0.9915 73.7 ? 7.5 1.55 ? 0.50 
-0.9980 66.0 ? 5.4 1.52 ? 0.40 
- 0‘9957 62.5 ? 8.4 1.46 ? 0.60 
- 0.9945 45.5 ? 4.8 1.52 ? 0.60 


‘2) 308 
313 
318 
323 
328 


4; = - (4:p/K)1/Z(4~/Co)’/z + 4 $ p  


where A t  is the induced chemical shift of the ith proton 
of T ,  A ~ P  is the chemical shift of the same proton in the 
complex TP and K is the equilibrium const.ant for 
formation of the complex. A plot of At vs (A+/CO)”~ 
is then linear with a slope of -(4i.p/K)”Z and an 
intercept of 4 f p .  


Such a typical plot is given in Figure 4 for the 
aromatic protons (H2,3,5,6) of T at different 
temperatures. In the range of the studied Co 


A S 0 =  -49.1 2 1.2 J rnol - ’K-’  as we have the 


concentrations (i.e. from 1 -2  x 10-1 to  3 .3  x MI, 
the p H  of the solutions was between 4 and 5 .  The 
chemical shifts of the T protons were not affected in this 
range of  p H  values when T was dissolved in solution in 
the absence of the porphyrin. 


The 4 % ~  and K values and the corresponding 
correlation coefficients ( r )  are given in Table 2 as an 
example for the PheOH aromatic protons. We did not 
take into account the activity coefficients in these 
calculations. The errors are also minimized since the 
saturation factor s = 4 + / 4 + ~  lies in the range 0.2-0.8, 
where the method proves to  be suitable. l o  


From Table 2 it can be seen that the K values regularly 
decreased when the temperature was increased whereas 
A i p  are not affected. This suggests that the complex 
geometry is independent of temperature. 


From a plot of log K vs T - ‘  we determine that for the 
T-P association A H ”  = - 2 6 - 7  2 0.4 kJ mo1-I and 


(3) log K =  - 4 H o / R T + A S o / R  


Other PheOH derivatives 


Similar results were obtained when N-acetyltyrosine 
was replaced with tyrosine ethyl ester or by L-Dopa. 


On the other hand, CIDNP effects were no longer 
available with 4-methoxyphenylalanine (PheOMe) or 
phenylalanine (Phe). For the temperature and pH 
conditions under which the CIDNP experiments were 
performed, no evidence was found for association of 
the porphyrins with these last two derivatives. 
Nevertheless, it was established that, at room 
temperature and in alkaline media, complexes were also 
formed with Phe, although the equilibrium constants 
were half those measured with PheOH under the same 
conditions.’ 


DISCUSSION 


Complexation phenomena 


Porphyrins are known to complex in the ground state 
with several electron-donating agents. ”,” The type of 
interaction depends on the nature of both interacting 
partners; 1 : 1 or 1 : 2 molecular complexes can be 
formed. l 3  Pasternack et al. l4 reported a - - ~  complexes 
between monomeric cationic porphyrins and nucleic 
acids. On the other hand, Heathcote et al. l 5  have shown 
that haematoporphyrin and tryptophan interacted 
through hydrogen bond formation. 0.4 


The photochemical behaviour of such systems 
0.2 interacting in the ground state should be drastically 


influenced by the nature of the complex. A strong 
0.0 - 1 interaction could prevent any photoreactions. On the 


2 4 6 8 l o  other hand, a moderate association putting the two 
partners in close proximity to each other can favour 
charge-transfer reactions. These considerations should 
be of great interest and Play a comprehensive role in the 


versus (A;/Cn)”2 at different temperatures; i = H2,3,5,6 study of the interactions between porphyrins and 


0 308 K 
* 313 K 


323 K 
J I B  K . 328 K 


( A; /C 0 ) ’ /z  


Figure 4. lnduced chemical shift (A;) of PheOH protons 
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proteins in biological systems. Hence, as an example, 
the porphyrins are in contact with proteins in the cells 
and they will preferentially interact with the aromatic 
residues, e.g. tyrosine and tryptophan. 


We have found low values of the stability constants 
(e.g. K = 6 6 . 0 ?  5.41mol- '  for the aromatic protons 
of PheOH at 318 K). Moreover, the &CH2 proton 
chemical shift [Akp  (mean value) = 2-22 2 0.60 ppm] 
is influenced more by the complexation than the 
aromatic protons [ Akp (mean value) = I -52  ? 
0.50 ppm].  This indicates that the former group is 
included in the complexation site. For each PheOH 
proton we also calculated a correlation coefficient close 
to 1 between A; and (A;/Co)1'2 (see Table 2 as an 
example for the aromatic protons). Hence the complex 
stoichiometry should be 1 : 1 ,  as assumed in the 
calculations. The complexation therefore probably 
involves an overlap of the 7r-systems of each species, 
with a moderate association. The geometry of the 
complex and the ring-current effect by the porphyrin 
ring will then cause an upfield shift of the tyrosine 
aromatic protons. 


Similar results were obtained for TAPPH2 and 
TPPSH2, but we did not make systematic calculations 
with these compounds. They are more critical to 
interpret in the case of TPPSH2, which is likely to  be 
non-monomeric in the solutions that we used. 


CIDNP effects 


The analysis of the PheOH CIDNP pattern indicates 
that, in the intermediate radical species from which the 
polarizations are originated, the highest hfccs will be 
located on H3,s and P-CHz and they will be of opposite 
signs. The H2,6 hfcc will be far smaller than and have 
the same sign as the P-CH2 hfcc. This could agree with 
the spin distribution of both a neutral PheO' radical 
or a cationic PheOH" radical. The magnetic para- 
meters for PheO' are well known: '' g = 2.0046; 
aH1<= -6 .15G;  aH:,,= + 1 . 5 G a n d  a p - C H I =  + 7 . 7 G .  
The cation radical was not described, but in analogy 
with p-cresol l 8  its parameters could be estimated as 
g=2.0031;  aH1%= -4.5 G and a w h =  +0.05 G. 


From a mechanistic point of view, generally two types 
of reactions are observed when derivatives possessing a 
phenol group are irradiated in the presence of 
photosensitizers: ' 9 -21  electron transfer [ ET, equation 
(4)] or direct hydrogen abstraction [equation (5)]. Such 
reactions should lead in our case to the following radical 
pairs according to the primary steps occurring: 


*PH2 + PheOH -+ PH; PheOH'' fair I (4) 
*PHz + PheOH + PHjPheO' fair I I  ( 5 )  


where PHI represents the porphyrin derivative. The 
PheOH cation radical can easily deprotonate as pK 
(PheOH +/PheO' )  is negative.2z Hence from pair I the 


following pairs can also be formed: 


PHi-PheOH" + PHi-PheO'  + H +  Pair IIZ (6) 
or PHi-PheOH'+ + PHjPheO' Pair I I  ( 7 )  


Reaction (7)  will be favoured in slightly basic (pH < 9), 
neutral or acidic media, as Neta e ta / .  23 have shown that 
the radical derived from the tetracarboxy derivative of  
tetraphenylporphin is mostly in the anionic form at 
p H  > 9-7 .  


Now, as polarizations on PheOH are also observed in 
media for which the pH is higher than 11 ,  where PheOH 
is in its anionic form [ p K  (PheOH/PheO-) = 10.41 , 24  


the hydrogen abstraction reaction is no longer available 
and ET will then be the only feasible process according 
to  the equation: 


*PH2 + PheO- -+ PHi-PheO'  fair  III  (8) 
Consequently, three pairs can be formed from such 


charge-transfer interactions between the porphyrin and 
the amino acid. According to the cyclic scheme depicted 
by Hore and Kaptein," the spin polarization from each 
pair should arise from the reverse step leading back to 
the reactants, as no signals other than those from the 
reactants are observed on the spectra. In such types of 
reactions CIDNP is preferentially detected from the 
geminate recombination as the opposite spin 
polarization of the escape pathway is attenuated by 
relaxation during the lifetime of the escaping radicals. 


Let us now consider the multiplet effect observed on 
the H2,6 protons. This effect is invariank when the 
spectrum is recorded with a flip angle of 90 or when i t  
has a lower value. According to Schaubli! et al.," the 
multiplet effect should collapse for 90 flip angles. 
However, Boelens et a/ .  26 reported multiplet effects 
even for such values. They attributed this phenomenon 
to magnetic field inhomogeneity. 


The application of the second Kaptein rule2' to this 
multiplet effect observed on the H2.h protons of PheOH 
( A E  effect, rmHi,6 < 0) allows the determination of the 
spin multiplicity of the correlated radical pair. All the 
parameters will be the same for each pair: I ,  I1 or 111 as 
the hfccs ( U H ~ , ~  and a H , % )  have the same signs in the 
anion or neutral radical of PheOH. Thus, cage 
recombination ( E  > 0), a positive nuclear spin-spin 
coupling ( J ~ . , ~ - t i ,  ~ > 0), and a positive position 
parameter (u > 0, the nuclei are on the same radical) 
lead to  a triplet precursor ( F  > 0). 


Now, the net effect on the H z , ~  protons is more 
difficult to assign from the 'H CIDNP spectrum (see 
Figure 1 or 2), but it can be deduced from the carbon 
atom polarizations (Table 1). As generally the hfcc signs 
are opposite for the carbon atom and the hydrogen 
atom directly attached to it, the net effect will thus be 
opposite for each atom. E is observed for C Z , ~ ,  hence 
the net effect for H2,6 should be A ( rnHL,6 > 0). The 
signs of the parameters p,  E and aH2,,, remain the same 
as those used in the multiplet effect (see above), and the 
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first Kaptein rule2' leads t o  a g-factor difference which 
should be positive [Ag = g(Phe0 '  = 2.0046 or 
FheOH' + = 2.0031) - g(porphyrin-derived radical) > 
01. This is established for PH;- (g = 2.0027) and 
should be very likely8 for P H j  with both PheOH- 
derived radicals. In the case of the neutral radical 
PheO' (pair I1 or III), A g  will be larger than for the 
cation radical PheOH.+ (pair I). The net effect should 
then dominate according to the RPM theory of 
C1DNP.28 It is really the case for the more strongly 
coupled protons H ~ J .  Their interaction with the more 
weakly coupled protons H z , ~  can explain the multiplet 
effect observed on the latter, despite a large g-factor 
difference in the radical pair. 


As could be seen from equations ( 5 )  and (7), E T  and 
direct hydrogen abstraction will give the same neutral 
radical pair (pair 11). Moreover, the photochemical 
hydrogen abstraction reaction takes place, frequently 
subsequent to the mechanism of charge transfer 
followed by proton transfer.29 This may also be the case 
here as the protonation of the anion radical P H Y  is 
expected to be easier than that of the parent molecule.23 


The absence of polarizations on PheOCH3 is related 
to the fact that neither ET4 nor hydrogen abstraction is 
feasible with this derivative. Further no evidence was 
found for association of the latter with the porphyrins 
under our experimental conditions. 


On the other hand, the free-energy change in the 
formation of pair I [equation (4)] should become 
endergonic' in acidic media (pH < 4-8)  as the one- 
electron oxidation potential of PheOH increases from 
basic to acidic media. 30 The spin polarizations on 
PheOH are very strong in such media, however. Hence 
the charge transfer will then occur within the 
porphyrin-tyrosine complex, confirming that a 
moderate association should enhance the photochemical 
reactivity of the system. 


These different considerations lead us to propose that 
pair I1  should be the central intermediate when the pH 
does not exceed 10.4. It can be formed according to ET 
from PheOH to a porphyrin excited triplet state 
[equation (4)], or within a porphyrin-tyrosine complex 
(see above) followed by proton transfer within the initial 
correlated ion radical pair I [equation (7)]. Neverthe- 
less, we cannot completely exclude hydrogen atom 
transfer [equation (S)] which leads t o  the same radical 
pair. The spin polarizations will then arise from the 
back-transfer steps: 


'PH jPheO' + PHI + PheOH' 
3PHjPheO' + P H j  + PheO' 


P H j  + PheO' + PHI + PheOHt 


(9) 
(10) 
(1 1) 


where the recombination step [equation (9)] will be 
preponderant over the escape pathway [equations (10) 
and ( l l ) ]  in the CIDNP effects (see above). A dagger 
( t )  denotes nuclear spin polarization. 


For p H  > 10.4, neither proton transfer nor hydrogen 
abstraction is feasible. Hence ET should be the only 
process accounting for the observed polarizations. Pair 
Ill is formed in this case [equation (8)]. Reverse ET 
within the latter will then lead to  P H I  and PheO-'. 
The disappearance of CIDNP due to  PH2 in basic media 
could thus be attributed to  extensive electron exchange 
broadening3' between PH;- and the parent molecule. 


Further the progressive decrease in the polarizations 
on PheOH, which is observed with increasing pH, can 
be related to  less efficient proton or hydrogen atom 
transfer when the solution becomes more alkaline. 
Nevertheless, CIDNP effects on PheOH never totally 
collapse, even in very basic media. This confirms that in 
slightly basic media (pH < 10.4) CIDNP does not 
proceed exclusively through an ET mechanism. The 
latter should be followed by proton transfer or 
hydrogen abstraction should occur simultaneously, 
both processes leading to an increase in the 
polarizations. 


In conclusion, the pH drastically influences the 
charge-transfer reaction between tyrosine and the 
porphyrins. Further, the aggregation phenomena or the 
possibility of complexation with some substrates make 
the study of such interacting systems very critical. 
Hence the latter could not be used as a model for 
establishing a simple test to study the photoactivity 
index of the different porphyrins as too many 
parameters remain to  be controlled. 
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DESTABILIZED CARBENIUM IONS: 
CX-CARBAMOYL-CX,CY-DIMETHYLMETHYL CATIONS 


RAINER WOLF AND HANS-FRIEDRICH GRUTZMACHER* 
Fakultat fur Chemie der Univerisitat Bielefeld, Postfach 8640, Universitatsstrasse, 0-4800 Bielefeld, FRG 


The formation and unimolecular reactions of the especially electron-deficient a-carbamoyl carbenium ions 
[(CHI)ZCCONHZ] + (al) and [(CHJ)ZCCON(CH~)Z] + (82)  have been studied by mass spectrometric techniques. The 
ions a are formed by electron impact-induced dissociation from the relevant isobutyric amides a-substituted by I, Br 
and CI, respectively, but the carbonyl protonated methacrylamides bl and bl are cogenerated. A similar mixture of 
ions a and b is obtained by CI(CH4) of the corresponding methacyrlamides. The metastable ions decompose by the 
loss of CO exhibiting in particular a large kinetic energy release (KER) and by the elimination of NHJ and HN(CH3)z, 
respectively. It is shown that isomeric ions of structures a and b interconvert prior to decomposition and that the energy 
barrier separating the isomeric ions is small. Hence the kinetic stability of the tertiary a-carbamoyl-a,a-dimethyl- 
methylcations is reduced compared with other types of a-acyl carbenium ions. This effect can be attributed to the 
increased proton affinity of the amide group. 


INTRODUCTION 
Recently, destabilized carbenium ions carrying an 
electron-withdrawing substituent at the positive centre 
have been the object of many experimental and theoret- 
ical studies. ’ In particular, the subgroup of the a-acyl 
carbenium ions +CRzCOY(Y = H, H3C, HO, RO, R2N) 
has found much interest,2 and there is an ongoing 
debate about the importance of the *-conjugative elec- 
tron donation of these acyl substituents as opposed to 
their u-withdrawing effect and about the carbonyl 
oxygen participation during solvolysis. In this connec- 
tion, the investigation of destabilized carbenium ions in 
the gas phase by mass spectrometric techniques can give 
valuable additional information about the properties of 
these species in the absence of any stabilizing effects by 
solvation. We have shown in a systematic study of the 
properties of a-acyl carbenium ions that tertiary a-acyl 
carbenium ions3 (R = CH3) and benzylic a-acyl 
carbenium ions4 (R = C&) with keto and ester groups, 
respectively, (Y = H3CC0, C6H5C0, H3COCO) as the 
destabilizing substituent are kinetically stable species in 
the gas phase, in contrast to the behaviour of the a- 
formyl methyl cation’ and of primary a-acyl carbenium 
ions. 3a 


The a-acyl carbenium ions a were formed mass 
spectrometrically most conveniently by an electron 
impact-induced dissociation of a suitable a-substituent 
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of the precursor molecule (Scheme 1) and were iden- 
tified with tandem mass spectrometry6 by their unique 
mass spectra obtained after collisional activation (CA 
spectra). The typical unimolecular reaction of these 
a-acetyl-, a-benzoyl and a-carbomethoxy carbenium 
ions corresponds to a 1,Zshift of Y and conconmitant 
loss of a CO molecule to form stable ‘CR2Y ions. This 
reaction is accompanied by a very large and non- 
statistical kinetic energy release (KER) reflecting the 
gain in potential energy of the system by the increased 
stability of the product ions. A second reaction 
observed for the a-acyl carbenium ions with a CH3 
substituent at the carbenium centre is a rearrangement 


+ - 


1,4-H I 1.4-H I 
X Y  R Y 


CH, To- 
H’ 


D+. b 


Scheme 1 
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by a 1,4-proton shift to the thermodynamically much 
more stable isomer b with the structure of a protonated 
a, @-unsaturated carbonyl compound (Scheme 1). Both 
spontaneous reactions of the gaseous a-acyl carbenium 
ions exhibit some analogies to the solution chemistry of 
these species, although the main reaction is usually the 
trapping of the ions by the nucleophilic solvent.' 
Nonetheless, rearrangements (1 ,Zshifts in a) and 
eliminations (deprotonation of b) are observed during 
the solvolysis in non-nucleophilic solvents. 2d.h 


However, in the mass spectrometer the stable frag- 
ment ion b may be formed directly from the molecular 
ion M + '  if a 1,Chydrogen shift precedes the loss of the 
a-substituent; a reaction which was observed for some 
carbonyl compounds' and which is explained by the 
exceptional stability of the intermediary ion D+ ' repre- 
senting a distonic ion' in which the charge and the 
radical site are localized separately in different parts 
of the species. The competition between fragmentation 
of the molecular ions M + '  straight into the a-acyl 
carbenium ion a and via the distonic ion D+ '  into the 
more stable ion b depends crucially on the relationship 
between the dissociation energy of the a-substituent and 
the activation energy of the 1,4-H shift to the distonic 
ion D+'. The latter energy will be expected to decrease 
with an increasing basicity (or proton affinity, PA) of 
the COY group which is the terminus of the hydrogen 
migration. The activation energy of the 1 ,Cproton shift 
a -+ b is similarly affected by the PA of the group COY. 
Hence the tendency of formation of the a-acyl 
carbenium ions a and their kinetic stability in the gas 
phase is a function of the capability of COY to accept 
a proton and therefore should decrease in the series 


Recently we have shown that tertiary a-carbamoyl ben- 
zyl cations are still stable species in the gas phase,' in 
spite of the increased PA of the amide group. This may 
be due to the extraordinary stability of benzyl cations 
outweighing the destabilizing effect of the carbamoyl 
substituents. Here we report on the formation and on 


YCO = RCO > CH30CO > H2NCO > (CH3)zNCO. 


?3 /p 
x-,c-c 


\ 


w3 NH, 
x I a a a i ,  + 


the unimolecular reactions of tertiary a-carbamoyl- 
a,a-dimethylmethyl cations (R = H3C, Y = H2N and 
( H Q N ,  respectively) lacking the benzylic stabiliza- 
tion. In the first part the formation of the relevant ions 
in the mass spectrometer and their structure(s) as deter- 
mined by the CA spectra will be discussed, followed by 
the results of an investigation of the interconversion 
a k b by deuterium labelling. 


RESULTS AND DISCUSSION 


Structures of isomeric [C3HsCONH2] + and 
[C~H~CON(CH~)ZI + 


Ions of the expected structure a1 (Scheme 1, R = CH3, 
Y = CONH2) and a2 [R = CH3, Y = CON(CH3)2], will 
conceivably arise from the molecular ions of the 
a-substituted primary amides 1-4 and of the tertiary 
amides 7-10 (Scheme 2), respectively. [C3H&ONH2] + 


ions bi and CI isomeric with a1 can be independently 
generated from methacrylamide 5 and crotonamide 6 
by protonation in a chemical ionization (CI) experi- 
ment. Similarly, the ions b2 and c2 arise from the 
corresponding N,N-dimethylamides 11 and 12 under 
these conditions. These isomeric ions of type b and c 
would arise from the corresponding a-substituted 
amides by a preceding 1,4-H shift and by a 1,4-H shift 
followed by a skeletal rearrangement,' respectively. 


The partial mass spectra shown in Table 1 reveal that 
the loss of the a-substituent gives rise to the base peak 
in the spectra of the primary amides 1 (X = 1) and 2 
X = Br) and is still an important fragmentation in the 
case of the chloroamide 3, whereas the loss of an a- 
methyl group is only a minor process in the 70-eV mass 
spectrum of 4. This shows conclusively the effect of 
an increasing activation energy for the loss of the 
a-substituent due to an increasing dissociation energy of 
the C-X bond. Note however, that this influence of the 
dissociation energy has to be expected for a direct 
dissociation to a (Scheme 1) as well as for the formation 


CH,-CH 0 913 /? 
,\ // I3 -,c - C\ ai - C\ 


CD3 w 
NH, 


6 5-4 


n 12 s-9 


Scheme 2 
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Table 1. Partial EI-mass spectra (70 eV) of the amides 1-4 and 7-10 (relative intensity as % of base peak) 


Compound M + '  [M-XI+  [M - X - CO] + (CH3 )zC +X RzNCO + [C~HSI + 


(CH3)zC(X)CONHz: 
1, X = I  
2, x=c1 
3, X = Br 
4, X = CH3 


7, X = l  
8, X = Br 
9, X=CI 


10, X = CH3 


(CHJ)ZC(X)CON(CH~)Z: 


1.5 
5.5 
2.5 


18 


2.5 
5.0 
7.0 


29 


100 
100 
49 
6 


92 
8 
8 
7 


32 
12 
10 
7 


60 
5 
5 
5 


2 
31 
51 
14 


9 
5 
4 


62 


37 
80 


100 
100 


78 
100 
100 
100 


49 
15 
54 
50 


100 
16 
2 


24 


of b if in the latter case the 1,Cshift is not rate 
determining as In the case of the N,N- 
dimethylamides 7-10 an intense peak due to the loss of 
the a-substituent is only observed in the 70-eV mass 
spectrum of the iodide 7 and the main process in all 
spectra is the formation of +CON(CH3)2 ions, m/z 72, 
by the usual a-cleavage. Nevertheless, the more 
selectively reacting metastable molecular ions of 1-3 
and 7-9 investigated by mass analysed ion kinetic 
energy (MIKE) spectroscopy lo.ll decompose exclusively 
by loss of the a-substituent. Thus, under low-energy 
conditions, this is the energetically most favourable 
reaction path of the molecular ions of the halogenated 
amides. 


The structural information about these fragment ions 
is obtained by comparing their CA spectra with those of 
the protonated unsaturated amides 5, 6, 11 and 12, 
respectively. The CA spectra of the [C3H&ONH2] + 


ions are summarized in Figure 1. The spectra of the ions 
derived from the a-substituted amides 1-4 are similar 
with the exception of an additional signal of ions C3H: 
at m/z 43 in the spectrum of the bromo derivative 3. It 
is not known where the propyl cations come from, but 
they do not interfere with the structure elucidation of 
the other ions (the CA spectrum of [CsH&ONH2] + 


ions formed from protonated 2 (same batch!) by HBr 
loss during C1 is lacking these ions of mfz 43 but 
otherwise identical with that in Figure 11. The 
characteristic features of these CA spectra are a peak at 
m/z 85 (loss of H) and m/z 69 (loss of NH3) and a broad 
dish-topped peak m/z 58 (loss of CO). However, the 
intensities of these signals differ in the individual 
spectra, in particular the relative intensity of the peak at 
m/z 69 is increasing and that at mlz 58 is decreasing in 
the sequence 1-4, i.e. with an increasing activation 
energy for a direct loss of the a-substituent. Exceptional 
within this series is also the maximum of the peak 
intensity at m/z 85 in the spectrum of the ions derived 
from the chloro derivative 3. These intensity differences 
in the CA spectra of the [C3H&ONH2] + ions derived 
from 1-4 give evidence unequivocally that these spectra 
are due to at least three structurally different ions and 


that these isomeric ions are formed in very different 
amounts from the individual precursors. 


A comparison with the CA spectra (Figure 1) of the 
protonated methacrylamide 5H+ and crotonamide 
6Hi,  respectively, shows that the ions cI do not lose CO 
but primarily NH3 on collisional activation. Hence the 
large signal at m/z 69 and the small signal at m/z 58 in 
the CA spectrum of the ions generated by loss of CH3 
for 4" are suggestive of a preponderance of ions c1 
also in this case. This would be expected if the 
[C&CONH2] ' ions arise from the molecular ions by 
a 1,4-H shift and subsequent skeletal rearrangement.' 
Obviously, the activation energy for the loss of CH3 and 
the formation of the destabilized ion a1 is too large to 
compete with the rearrangement pathway resulting 
eventually in a very stable fragment ion (Scheme 3). 


Surprisingly, the CA spectrum of 5H+ is inter- 
changeable with that of the [CpH&ONH2] + ions from 
3 and very similar to the spectrum obtained from 2 (for 
m/z 43, see above), although protonation of 5 should 
give rise only to ions bl. All spectra, however, exhibit a 
broad and dished peak of moderate intensity for the loss 
of CO which is expected for the destabilized a-acyl 
carbenium ions 81. Hence these CA spectra represent 
not exclusively ions bl but also an admixture of ions a l .  
In line with this is the increased intensity for the CO loss 
in the CA spectra of the iodo derivative 1; the facile loss 
of the a-iodo substituent from 1+'  increases the 
concentration of al within the mixture of isomeric 


The same results with respect to the generation and 
structures- of the ions 82, b2 and c2 are deduced from 
the CA spectra of the [C3H&ON(CH3)2] + ions formed 
from 7-12 (Figure 2). Again, the characteristic features 
of the CA spectrum of ions c2 generated by protonation 
of 12, i.e. a large peak due to the loss of (CH3)2NH), 
an additional peak at m/z 46 and the absence of a signal 
for the loss of H, are found in the CA spectrum of the 
ions derived from lo+' .  This confirms excessive 
rearrangements accompanying the elimination of the a -  
methyl substituent. ' The relatively small intensity of the 
broad peak for the loss of CO indicates the admixture 


[Cd&COCH2] + ions. 







304 R. WOLF AND H.-F. GRUTZMACHER 


Figure 1. CA spectra of the [ C ~ H ~ C O N H Z ]  + ions obtained by El (70 eV) from 1-4 and by CI (CH4) from 5 and 6 


CH3- y ,m2 R = H ; CH3 
CH-C. + & '  


C 2h-i X = CH,! 


Scheme 3 


of only a small amount of ions az. The CA spectra of 
the [C~H&O(NCH,)Z+ ions obtained from 8, 9 and 11 
are superimposable, obviously representing identical 
mixtures of the ions a2 and b2. The CA spectrum of 
ions generated by the facile loss of I '  from 7" exhibits 


a decreased intensity for the peak due to the loss of H, 
while the broad and dish-topped signal for the 
elimination of CO is now the base peak and the peaks 
at m/z 70 and 42, buried by the adjoining signals in the 
other other CA spectra, become clearly visible. This can 
be assigned again to an increased amount of the 
destabilized carbenium ions a2 in this mixture. 


Hence a very consistent picture of the formation of 
ions a, b and c arises from these results. Firstly, the 
large activation energy necessary for a direct loss of an 
a-methyl group obstructs the formation of the a- 
carbamoyl carbenium ion a and favours the formation 
of the stable isomer c by an initial 1,4-H shift followed 
by a skeletal rearrangement (Scheme 3). Secondly, and 
in contrast, the small dissociation energy of the C-I 
bond opens the reaction path for a direct generation of 
ion a for 1" and 7 + ' ,  respectively, and this can be 
detected by a characteristic elimination of CO from the 
fragment ions. However, ions of structure b are 
cogenerated, and obviously their contribution increases 
with the activation energy for the loss of the a- 
substituent in the series 1, 2 and 3 and 7, 8 and 9, 
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41 I 


I . 
I 169 
I I x = CI 41 


1 -  11 H' 


Figure 2. CA spectra of the [C3H&ON(CH3)2] + ions obtained by EI (70 eV) from 7-10 and by C1 (CH4) from 11 and 12 


respectively. Hence there is a close analogy between the 
formation of the a-carbamoyl-a, a-dimethylmethyl 
cations from the appropriate precursors and of the 
corresponding a-carbamoylbenzyl cations' and even of 
the tertiary a-carbomethoxy carbenium ions. 3c 


Table 2. MIKE spectra of [C+I&oNHz] + ions (relative 
intensity as 'To of base peak) 


Pre- m/z  69 mlz 58 TSO mlz 43 
cursor Ionization -NH3 -CO (kJ mol+')  


Unimolecular reactions of [C3H&ONH2] + and 
[C3H6CON(CH3)21+ 
By definition, a kinetically stable species is separated 
from its isomers and the products of its spontaneous 
fragmentations by energy barriers corresponding to the 
activation energies of the reactions. For gaseous ions the 
energetically most favourable spontaneous decom- 
positions determining the kinetic stability can be most 
conveniently explored by MIKE spectrometry. ' I  The 
[C3H6CONH2]+ (Table 2) and [ C J H ~ C O N ( C H ~ ) ~ ]  + 


(Table 3) ions fragment metastably by loss of CO and 
elimination of NH3 and HN(CH3)2, respectively. 


The CO loss occurs by 1,Zshift of the NH2 and 
N(CH3)2, respectively, and is associated with an 
extraordinary large KER, exceeding even that observed 


~ _____ ~~ 


3 1 El, 70eV 100 30 1090 
20 990a 335 2 El, 70eV 100 
28 1025 2 3 El, 70eV 100 


5 CI (CH4) 100 23 1085 - 


6 C1 (CH4) 100 - - - 


'Composite peak due to an additional sharp signal at m/z  59. 


for the same fragmentation of a-carbamoylbenzyl 
cations. Undoubtedly, the energy released reflects the 
large gain in potential energy by the formation of 
the very stable tertiary immonium ion by this 
rearrangement reaction of ions a1 and a2 (Scheme 4), 
but the non-statistical distribution identified by the 
broad and strongly dish-topped peak shape (see Figures 
1 and 2) proves the existence of an extra energy barrier l2 
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Table 3 .  MIKE spectra of [C3HsCON(CH,)2] + ions (relative 
intensity as % of base peak) 


Pre- mlz 86 TSO mlz 69 mfz 46 
cursor Ionization -CO (kJ mol-’) --HN(CHn)z 
~~ ~ 


7 El, 70eV 56 910 100 - 
8 El, 70 eV 28 1010 100 - 
9 El, 70eV 27 lo00 100 - 


11 CI (CH4) 31 990 100 - 


12 CI (CH4) - - 100 69 


’Additional signals at m/z 39 (2%). 41 (6%) and 70 (4%). 


I -a 
t 


C=W, 


CH3 


Scheme 4 


I 
+ 


c-c: 
‘ I  0 


CH2 


and of a tight transition state in accord with the 
a-lactam structure depicted in Scheme 4. Hence there is 
no doubt that the ground-state ions a1 and a2 are 
kinetically stable with respect to the rearrangement 
and the loss of CO, in line with the behaviour of 
a-carbamoylbenzyl cations’ and of other a-acyl 
carbenium ions. 3 s 4  


However, the situation is less clear for the second 
process in the MIKE spectra, i.e. the elimination of NH3 
and HN(CH3). The elimination requires a hydrogen 
migration, and a priori one would expect protonated 
amide structures similar to bl and b2 as precursors. The 
[ C ~ H ~ C O N H Z ]  + and [c&CON(CH3)2] + ions 
generated by electron impact-induced dissociation of 
1-3 and 7-9 are mixtures of a1 and bl and of a2 and 
b2, respectively, which may arise either by a preceding 
rearrangement of the molecular ions or by a subsequent 
1,4-H shift within the fragment ions (see Scheme 1).  
Although the former cannot be excluded entirely, the 
latter is conclusively shown by the identical or very 
similar ion mixtures obtained via a protonation of the 
a ,  &unsaturated amides 5 and 11. Then, the variation in 
the compositions of the ion mixtures are attributed to a 


variation of the internal energy of equilibrating ions a1 
and bl or a2 and b2 with the dissociation energy of the 
a-substituent of the molecular ions making an energy 
barrier between these ions questionable. Thus, in spite 
of the fact that the total amine elimination reaction of 
the metastable ions must possess an activation energy 
similar to that of the competing CO loss, l 3  the aliphatic 
a-carbamoyl carbenium ions a may not be kinetically 
stable in the gas phase because of easy isomerization 
into the stable isomers b prior to their spontaneous 
reactions observed in the MIKE spectra. Clearly, this 
would be an effect of the increased PA of the amide 
group. 


The interconversion between ions of structure a and 
b has been further examined using the deuterated 
bromides 2-d3 and 8 4  (Scheme 2), and by the 
deuteronation of the unsaturated amides 5 and 11 in the 
gas phase by CI(CD4). The results are given in Table 4. 


In all cases, the interconversion between ions a and b 
results in the elimination of NH3 and NH2D and 
HN(CH3)z and DN(CH~)Z, respectively. Note that no 
elimination of NHDz is observed for 2-d3, so at least the 
H/D migration onto the N atom of the CONHz group 
is not reversible. The direct deuteriation of the amide 
group at the N atom l 3  would also explain the increased 
loss of NHzD and DN(CH3)2, respectively, in the 
CI(CD4) experiment with 5 and 11 (saturated amides” 
and (Y, @-unsaturated amides l4 are protonated in the gas 
phase preferentially at the carbonyl 0 atom. However, 
the high gas-phase acidity of CHf  (CDf) allows 
also at least some N-protonation). In the case of 
the a-carbomethoxy carbenium ions 3cp4b and the 
a-carbamoylbenzyl cations, the energy barrier of the 
isomerization has been detected by isotope effects 
operating on the elimination reaction in the deuterated 
ions and increasing the relative intensity of the CO loss 
in the MIKE spectra. A similar effect is seen in the 
MIKE spectrum of 2-d3 (Table 4) exhibiting an increase 
of the relative intensity of the CO loss from 20 to 28% 
(note that there is also an isotope effect on the 


Table 4. Comparison of the MIKE spectra of some deuterated 
and undeuterated ions a and b 


Precursor Ionization - CO - NH3 - NHzD 


80 - 
43 19 
77 - 
34 40 


El, 70eV 20 
El, 70eV 38 


2 
2-d3 
5 
5 


CI (CH4) 23 
CI(CD4) 26 


- CO - NH(CH3)z - DN(CH3)z 


- 8 El, 70eV 28 72 
8-d3 EI, 70eV 29 41 30 
11 CI (CH4) 31 69 
11 CI (CD4) 32 21 47 


- 
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I 


reaction coord’mte 


: R =  N-12 ------- R = CH, 


Figure 3. Schematic reaction energy profile of the unimolecular reactions of the [C3HsCONH2] + and [CIH&ON(CH~)~+ ions 


elimination of ammonia and dimethylamine, respect- 
ively, in the MIKE spectra of 2-d3 and 8 4 3 .  
k ~ / k ~  = 2 . 2  and 1.35 are calculated assuming 
irreversible N-protonation). This is distinctly less than 
the effect observed for the a-carbamoylbenzyl cation. 
Moreover, no increase in the relative intensity for the 
CO loss is noticed in the MIKE spectrum of 8 - 4  
(Table4). Consequently, and in contrast with the a- 
carbamoylbenzyl cations, the energy barrier separating 
the isomeric ions a and b is distinctly below the 
activation energies of the spontaneous fragmentations 
of ions a1 and of no importance for the ions 82. This 
result demonstrates unequivocally the decreased kinetic 
stability of the tertiary aliphatic a-carbamoyl carbenium 
ions vs the corresponding benzyl cations and the effect 
of an increasing PA of the amide group on the barrier 
of the 1,4-H shift converting the destabilized a- 
carbamoyl carbenium ions into the stable protonated 
a, @-unsaturated amides b. 


The experimental results of the study of the fragmen- 
tations and isomerizations of the [C&.CONH2] + and 
[C3H&ON(CH3)2] + ions, respectively, of structures a 
and b have been supported by a MNDO ’’ calculation of 
the AHf of the relevant ions. The results are shown in 
the schematic reaction energy profile of Figure 3, in 
which the AHf’s have been normalized to the AHr of 
the most stable isomer bl and bz, respectively 
(AHf(b1) = 527 kJmol-’ and AHf(b2) = 541 kJmol-’ 
by MNDO). The experimental AHr  of 5 and 11 are not 


known. ‘Semi-experimental’ values of 509 and 
514 kJmol-’ for bl and b2, respectively, have been 
obtained from the PA (5, 878 kJmol-’, 11, 
907 kJmol-’, ref. 13) and the AHf values (5, 
- 134 kJmol-’; 11, - 106 kJmol-’, both by MNDO). 
The exothermic fragmentation of a by loss of CO is 
expected, but by MNDO the a-lactam structure d is 
more stable than a. This is very likely an artefact of 
MNDO which gives too small AHr values for cyclic 
structuresI6 and which is not seen for the corresponding 
benzyl cations.’ Another unique feature is an 
exothermic elimination of NH3 and HN(CH3)2 from a1 
and 82, respectively, again not observed in the case of 
the a-carbamoylbenzyl cations’ and for the 
corresponding reactions of other a-acyl carbenium 
ions. 3*4 The activation energies for the unimolecular 
fragmentations cannot be obtained reliably by MNDO, 
but the low AHf values of d and in particular of b and 
e and the exothermic amine elimination indicate that the 
energy barriers surrounding the potential energy well of 
a1 and a2 cannot be high. 


EXPERIMENTAL 
Materials. The primary amides 1-6 were prepared by 


the reaction of the corresponding carboxylic acid 
chlorides with aqueous ammonia (25%) at - 10 C.” 
The reaction of a solution of these acid chlorides in 
dichloroethane with HN(CHs)z.HCI in aqueous NaOH 
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(20%) at  - 10 "C yielded the tertiary amides 7-12. l 8  2- 
Iodoisobutyric acid was obtained by a direct iodination 
of isobutyric acid in the presence of SOC12.'9 2- 
Bromoisobutyric acid was synthesized by the reaction of 
isobutyric acid with P-Br2 and 2-chloroisobutyric acid 
was obtained by the treatment of isobutyric acid with 
S02Clz as described." The other acid chlorides were 
prepared by standard techniques of organic chemistry. 


All amides were purified by column chromatography 
and their structures were verified by 'H NMR, 
spectroscopy. 


Mass spectrometry. The EI mass spectra were 
obtained with a MAT 311A mass spectrometer 
combined with a SS200 data system under the following 
conditions: electron energy 70 eV, electron emission 
2 m A ,  accelerating voltage 3 kV and ion source 
temperature ca 200 "C. Solid samples were introduced 
by the direct inlet p5obe and liquid samples by the HTE- 
leak system at 180 C. 


The MIKE and CA spectra were measured on a VG 
ZAB 2F mass spectrometer using either EI or  CI. EI was 
performed at an electron energy of 70 eV, an electron 
trap current of 100 pA an acceleration voltag: of 6 kV 
and an ion source temperature of ca200 C. Solid 
samples were introduced by the direct heated inlet probe 
and samples of a sufficiently high vapour pressure b j  a 
direct heated inlet system with a variable leak at  120 C. 
The CI experiments were performed by introducing 
CH4 or  CD4 until a pressure of ca lo-' Torr was 
attained, measured at the ionization gauge at the pump 
exit of the ion source housing, and by using 100-eV 
electrons for primary ionization and an accelerating 
voltage of 6 kV. For the measurement of the MIKE and 
CA spectra the relevant ions were magnetically focused 
into the first field-free region and the reaction products 
were analysed by scanning the deflecting voltage of the 
electrostatic analyser. Collisional activation was 
achieved by the introduction of He into the collision cell 
of the first field-free region a t  a rate such that the 
intensity of the main beam had dropped to  about 30%. 
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MAXIMALLY INHIBITED ELIMINATION OF KINETICS OF 


IN THE GAS PHASE. ANCHIMERIC ASSISTANCE OF THE 
PHENYL GROUP 


(2-BROM0ETHYL)BENZENE AND 1 -BROMO-3-PHENYLPROPANE 


GABRIEL CHUCHANI AND IGNACIO MARTIN 
Centro de Quimica, Instituto Venezoluno de Investigctciones Cientrjkas, Apartado 21827, Carucus 1020-A, Venezuela 


The gas-phase elimination kinetics of (2-bromoethyl)benzene a!d I-bromo-3-phenylpropane were studied in a static 
system and seasoned vessels over the temperature range 390-450 C and the pressure range 32-104 Torr. The reactions, 
under maximum inhibition of 4-fold pressure of the free-radical suppressor cyclohexene and/or propene, are 
homogeneous, unimolecular and obey a first-order rate law. The rate coefficients are given by the following Arrhenius 
equations: for (2-bromoethyl)benzene, log kl (s- ' )  = (13.04 2 0.10) - (210.8 2 1.3) kJmol- '  (2 .303RIY1,  and for 
l-bromo-3-phenylpropane, log kl (s- ' )  = (14.09 f 0.27) - (227.7 2 3.6) kJ mol-' (2.303RT)-I. The phenyl group of 
(2-bromoethyl)benzene appears to provide anchimeric assistance in the HBr elimination of this compound. However, 
neighbouring C6Hs participation at the 3-position in I-bromo-3-phenylpropane for a C-4 conformation is apparently 
absent. The mechanisms of these reactions are discussed. 


INTRODUCTION 


The first-order specific rate of the unimolecular gas- 
phase elimination of (2-bromoethy1)benzene has been 
determined at only one temperature, and was found to  
be 0.85(+0.07)~ SKI at 385.5'C.I In a later 
study,2 the pyrolysis of this compound in a flow reactor 
gave a frequency factor and activation energy of 
13-189 000/2.3RT2. In comparing the rate coefficient 
calculated from this equation with that at a single 
temperature, the reaction rate was found to be faster by 
a factor of about 120. Such a large difference in rate was 
believed to  arise not only from the unimolecular 
elimination but probably also from some heterogeneous 
effect of the surface of the reactor. 


The presence of a phenyl group at the 2-position of 
ethyl chloride, i.e. (2-chloroethyl)benzene, has been 
found to provide anchimeric assistance in the 
dehydrochlorination process. The rate coefficient was 
higher by a factor of 8.8 with respect to  the k value of 
ethyl chloride. However, when the single k value of 
(2-bromoethy1)benzene of 0.85 x s - '  at 385.5 " C  
is compared with the estimated rate for the correspond- 
ing unsubstituted ethyl b r ~ m i d e , ~  the increase by a fac- 
tor of 3.8 may also suggest participation of  the 
neighbouring phenyl group. An interesting observation 
is that the rate ratio of (2-bromoethy1)benzene to  ethyl 
bromide was found to  be lower than that of  


(2-chloroethy1)benzene to  ethyl chloride. This dif- 
ference was not rationalized, because the pyrolysis of  
(2-bromoethy1)benzene was determined at  only one 
temperature. In view of the above facts, in this work we 
sought to  establish if it was possible to  examine the com- 
plete pyrolysis kinetics of (2-bromoethyl)benzene and 
the effect of a phenyl group remote to the reaction cen- 
tre by interposition of a methylene group, that is, in 
1-bromo-3-phenylpropane. 


RESULTS AND DISCUSSION 


The stoichiometries described by the reactions 


C&CHzCHzCHzBr -t C6H&HzCH = CHZ 
C ~ H ~ C H Z C H ~ B ~  -+ C6HsCH = CH2 + HBr (1) 


(2) 
cis, trans 


in seasoned vessels and under maximum inhibition of 
cyclohexene, require that the final pressure, Pf, should 
be twice the initial pressure, PO. The average 
experimental Pf/ PO values a t  four different tempera- 
tures and ten half-lives were 1-98 for (2-bromoethy1)- 
benzene and 1 -81 for 1-bromo-3-phenylpropane (Table 
1). The departure of Pf = 2Po from equation (2) is due 
to a small extent of polymerization of the olefinic pro- 
ducts. To verify the stoichiometry of equation (1) up to  
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Table I .  Ratio of final ( P r )  to initial pressure (Po)= 


Temperature 
Compound (OC) Po Pr Pr/Po 


(2-Bromoethy1)benzene 410 45 88 1.96 
420 50 99.5 1.99 
430 59.5 118.5 1.99 
440 42 83 1.98 


1-Bromo-3-phenylpropane 400 65.8 109 1.66 
410 65.5 115.5 1.76 
430 75.5 142 1.88 
440 72.5 137.5 1.90 


" In  the presence of cyclohexene andfor propene. 


70% reaction and that of equation (2) up to 55% reac- 
tion, the percentage decomposition of the bromide 
substrate obtained from pressure measurements was 
examined and was found to be in good agreement with 
that calculated from hydrogen bromide titration with a 
solution of 0.05 M NaOH (Table 2) .  


At any working temperature, (2-bromoethyl)benzene, 
up to 70% decomposition, yielded styrene and HBr gas 
[equation (l)] whereas l-bromo-3-phenylpropane, up 
to  5 5 %  reaction, gave 33% 3-phenyl-l-propene, 9.5% 
cis-1-phenyl-I-propene and 57.2% frans-1 -phenyl-I- 
propene [equation (2)] . The primary product 
3-phenyl-I-propene [equation (2)], when heated at a 
given temperature in the presence of HBr and under 
maximum inhibition of cyclohexene, isomerized to 


about the same olefinic distribution obtained in reaction 
(2), i.e. 30.4% 3-phenyl-l-propene, 10. 1% cis-l-phenyl- 
1-propene and 59-470 trans-I-phenyl-I-propene. The 
latter result suggests that the primary olefin product 
3-phenyl-1-propene from the pyrolysis of 3-bromo-l- 
phenylpropane [equation (2)] appears to  isomerize in 
the presence of HBr gas until an equilibrium is reached. 


The homogeneity of these eliminations was examined 
with the inhibitor cyclohexene and in a vessel with a 
surface-to-volume ratio of six times greater than that of 
the normal vessel, which is equal to 1 (Table 3). The 
packed and unpacked clean Pyrex vessels had a marked 
effect on the rates. However, when the packed and un- 
packed vessels were seasoned with ally1 bromide, no 
significant effect on the rate was obtained. The kinetic 
determination of these bromides, in seasoned vessels, 
had to be carried out in the presence of at least a 4-fold 
pressure of cyclohexene to inhibit any possible free- 
radical chain processes of the reactant and/or products 
(Table 4). The rate coefficients are reproduducible with 
a standard deviation not greater than 5% at a given 
temperature. 


The rate coefficients were invariant with changes in 
the initial pressure of the substrate (Table 5 )  and the 
first-order plots are satisfactorily linear to 55-70% 
decomposition. The variation of the rate coefficient with 
temperature is shown in Table 6. 


Table 7 gives the Arrhenius parameters for the 
bromides calculated by a linear least-squares procedure. 
Errors are 95% confidence limits. 


Table 2 .  Pressure measurements versus titration" 


Temperature 
Compound ( O C )  Parameter Values 


(2-Bromoet hy1)benzene 420 Time (min) 2.5 5 10 15 
Reaction (%)(pressure) 23.0 37.3 56.0 75.6 
HBr (%)(titration) 24.0 37.2 56.1 71.9 


1 -Bromo-3-phenylpropane 410 Time (min) 2.5 5 10 15 20 25 30 
Reaction (%)(pressure) 8 .8  14-2 27.4 37.2 46.5 48.0 57.8 
HBr (%)(titration) 8 . 9  14.8 27.3 37.2 45.4 48.0 54.7 


~~ 


a In the presence of at leabt a 4-fold pressure of cyclohexene. 


Table 3. Homogeneity of the reactiona 


Compound 


(2-Bromoethy1)benzene 420 1 14.18 101.43" 
6 14.20 18 1 .30" 


1 -Bromo-3-phenylpropane 410 1 5.15 104.73 * 
6 5.54 127.5Id 


'In the presence of a 4-fold presture of cyclohexene inhibitor. 


'Clean Pyrex. 
dAverage k value. 


Ally1 bromide seasoned. 
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Table 4. Effect of cyclohexene inhibitor on rates at 410'C 


Compound Po a 


(2-Bromoethy1)benzene 101.5 
120.5 
103 
89.5 
74 
79 


1 -Bromo-3-phenylpropane 78.5 
193.5 
103.6 
69 
62.7 
63.5 


- - 


208 1.7 
269 2 .6  
333 3 .7  
356.5 4 - 8  
431.5 5.5 


168 0.9 
250 2.4 
280 4.1 
292 4 - 7  
383 6 .0  


- - 


202.9b 
10.99 
10.03 
9.93 
8.44 
8.34 


16.20b 
6.75 
4.92 
4.90 
4-46 
4.40 


PO = pressure of the aromatic halide; P, = pressure of the cyclohexene inhibitor 
Average k value. 


Table 5. Invariability of the rate coefficient with initial pressurea 


Compound 
Temperature 


("C) Parameter Values 


81.5 101.5 (2-Bromoethyl)benzene 420 Po(Torr) 50.5 58.5 64.0 73.5 


1 -Bromo-3-phenylpropane 410 Po(Torr) 32.0 62.7 69.0 82.5 103.6 
104kl ( s - ' )  14.68 14.55 14.45 14.22 14.84 14.72 


104kl (s- ' )  4.40 4.56 4.90 4.89 4.92 


" I n  the presence of at least a 4-fold pressure of cyclohexene inhibitor. 


Table 6. Temperature dependence of rate coefficient 


Compound Parameter Values 


(2-Bromoethy1)benzene Temperature ('C) 400 410 420 430 440 


3-Bromo-I-phenylpropane Temperature ('C) 390 400 410.2 420.1 430.1 440 450 
104kl ( s - ~ )  4.72 8.34 14.18 23.87 39.98 


104kl (s-l)  1.41 2.66 4.64 8.69 15.55 26.26 42.36 


Table 7. Arrhenius parameters of phenylalkyl 
bromides 


Compound Log A ( s - I )  E, (kJmo1-I) 


C ~ H ~ C H Z C H Z B ~  13.04 2 0.18 210.8 ? 2 . 4  
C6HKH2CH.KH2Br 14.09 2 0-46 222.7 2 6 .  I 


The rate of dehydrobromination of (2-bromoethyl) 
benzene is significantly higher than that of the corre- 
sponding unsubstituted ethyl bromide (Table 8). This 
result appears to confirm that the neighbouring phenyl 
group is providing anchimeric assistance to  the elimina- 
tion in a similar way to  that found in the pyrolyses of 


(2-chloroethyl)benzene3 and w-phenylalkyl chlorides. 
A possible objection to  this interpretation in the sense 
that the conjugative stabilization by the phenyl group 
causes a faster rate may be refuted as bef01-e.~ The 
present finding obviates the uncertainties arising from 
the argument derived in the pyrolysis of 
(2-bromoethy1)benzene. 1 3 3  In addition to this considera- 
tion, when the position of the phenyl substituent 
(a* = 0.60)' is projected on the recently reported Taft 
correlation of the log krel. of  polar 2-substituted ethyl 
bromides, i.e. ZCHzCHzBr against n* values,' the plot 
of C6Hs position is far above the slope of the line. 
Therefore, participation of the CsH5 group at the 
2-position of ethyl bromide for a C-3 conformation is 
favoured. However, the plot of C&CHz as Z 
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Table 8. Comparative parameters at 420'C 


Relative 
rate 


Compound 104k, (SKI )  per H E, (kJ mol- ' )  Log A (s-I) Ref. 


CHKHzBr  1.82 1.0 224.6 13.19 5 
This work C6HsCHZCHzBr 14.16 11.6 210.8 ? 2.4 13.04? 0.18 


CH 3CHzCHzBr 8.18 6.7 212.1 12.90 6 
C6HsCH2CH2CH2Br 8.46 6.9 227.7 f 6.1  14.09 5 0.46 This work 


(n* = 0.215) in ZCHZCHzBr, i.e. 3-bromo-1-phenyl- 
propane, falls very close to the slope of the line for polar 
substituted ethyl bromide pyrolyses. * This means that 
participation of the CsHs at the 3-position of n-propyl 
bromide for a C-4 conformation in neighbouring group 
participation is apparently absent. 


The mechanism for phenyl participation may be 
explained, as already a d ~ a n c e d , ~ . ~ . "  in terms of an 
intimate ion pair by intramolecular solvation of the 
leaving bromide ion: 


1 H  i 
(3) 


With regard to the mechanism of the gas-phase 
elimination of 3-bromo-l -phenylpropane, the reaction 
appears to proceed through the normal four-membered 
cyclic transition state: 


~ H = C H C Y  
cis, trms 


(4) 


EXPERIMENTAI 


(2-Brornoethyl)benzene. The fraction of 99.5% puri- 
ty  of this substrate (Aldrich)(GLC: diisodecyl phthalate 


5%-Chromosorb G AW DMCS, 60-80 mesh, or 10% 
Down Corning 200/100-Chromosorb W AW DMCS, 
80-100 mesh) was used. Styrene was analysed in the 
Down Corning column. 


I-Bromo-3-phenylpropane. This compound 
(Aldrich) was used when 98.6% pure after distillation 
(GLC: 10% OV-101 Gas-Chromosorb QII ,  80-100 
mesh). 3-Phenyl-1-propene and cis- and 
trans-1-phenyl-1-propene were analysed in the same 
OV-101 column. 


The pyrolysis experiments were carried out in a static 
system, with a vessel seasoned with ally1 bromide and in 
the presence of at least a %fold pressure of the inhibitor 
cyclohexene. The kinetics were followed mpornetrical- 
ly and the temperature kept within 5 0 . 2  C by means 
of a calibrated platinum-platinum- 13% rhodium ther- 
mocouple. No temperature gradient was found along 
the reaction vessel. 
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The antioxidant activity of 2-hydroxyestradiol was measured quantitatively and compared with those of other estrogens 
in oxidations of methyl linoleate in homogeneous solution and in aqueous dispersions, oxidations of soybean 
phosphatidylcholine liposomal membranes and oxidative haemolysis of rabbit erythrocytes, all induced by free radicals 
generated from a radical initiator. Similar antioxidant activities of estrogens were observed, irrespective of the 
oxidation system, 2-Hydroxyestradiol was found to be a potent radical scavenger and its antioxidant activity was close 
to  that of  a-tocopherol, the strongest natural antioxidant. Other phenolic estrogens such as estrone, estriol and 
8-estradiol showed a modest antioxidant activity and testosterone did not act as an antioxidant. 


INTRODUCTION 


There is increasing evidence to suggest the involvement 
of free radical-mediated oxidations of lipids, mem- 
branes and tissues in biological systems in a variety of 
pathological events such as arteriosclerosis, rheumatoid 
arthritis, post-ischaemic injury, cancer and even the 
degenerative processes associated with ageing, and 
many reviews, books and proceedings have been pub- 
lished (e.g. Ref. I) .  Aerobic organisms are protected by 
an array of defence systems against oxygen toxicity and 
free radical attack on various membranes and 
tissues. 2-4 Preventive antioxidants suppress the genera- 
tion of free radicals by deactivating the active species 
and possible precursors of free radicals; for example, 
catalase and glutathione peroxidase decompose 
(without generation of free radicals) hydrogen peroxide, 
which is a precursor of the hydroxyl radical. Chain- 
breaking antioxidants such as vitamins E and C scav- 
enge the oxygen radicals rapidly and terminate the 
free-radical chain reactions. There have also been a 
number of reports on the protective action of superox- 
ide dismutase (SOD), which specifically and efficiently 
catalyses the dismutation of superoxide to hydrogen 
peroxide and oxygen. 5 9 6  


* Author for correspondence. 
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Recently, it has been found q~al i ta t ive ly~- '~  that 
estrogens, especially catechol estrogens, can function as 
radical scavengers and suppress peroxidation both in vi- 
tro and in vivo. This study was undertaken to measure 
quantitatively the antioxidant activity of 2- 
hydroxyestradiol and other estrogens in the oxidations 
of lipids and membranes. 


EXPERIMENTAL 


Methyl linoleate was chosen as a representative of 
polyunsaturated fatty acids, since its oxidation 
mechanism is well known to give four conjugated diene 
hydroperoxides quantitatively. ' I  - l6 Commercial 
methyl linoleate obtained from Tokyo Kasei Kogyo 
(Tokyo, Japan) was purified on a silica gel column. Soy- 
bean phosphatidylcholine (PC) was purchased from 
Daigo Chemical (Osaka, Japan) and purified on silica 
gel and alumina columns before use. Fresh, heparinized 
rabbit blood was centrifuged and plasma and buffy coat 
were removed to obtain erythrocytes, l7 which were 
washed three times with physiological saline. 


2-Hydroxyestradiol, estrone, estriol, P-estradiol and 
testosterone were purchased from Sigma (St Louis, MO, 
USA) and used as received. (R, R,R)-a-tocopherol was 
kindly supplied by Eisai (Tokyo, Japan). Both water- 
soluble and lipid-soluble azo compounds [2,2 ' -azobis 
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(2-amidinopropane dihydrochloride (AAPH) and 
2,2 ' -azobis(2,4-dimethylvaleronitrile (AMVN), respect- 
ively] were used as radical initiators to generate free 
radicals at a constant rate and at a specific site as pre- 
viously.18*19 AAPH and AMVN were obtained from 
Wako (Osaka, Japan) and used without further purifi- 
cation. Other chemicals were of analytical-reagent grade. 


OH . t l  


2 - H y d r o x y e s t r a d i o l  


OH 


E s t r o n e  


OH 


E s t r i o l  


OH 


6 - E s t r a d i o l  


Testosterone 


FH3 FH3 
HC 1 NH=$-$-N=N -C -C =NHHCl 


I ,  


pHN CH3 3HC N H p  


AAPH 


$5 4% 
CH3-CH-CH2-C-N=N-C-CH2-CH-CH3 


CH3 CN hN hi3 


AMVN 


Methyl linoleate was oxidized either in an organic sol- 
vent or in aqueous dispersions. Methanol was used as a 
solvent. Methyl linoleate emulsions were prepared by 
mixing appropriate amounts of methyl linoleate and 
10 mM Triton X-lW aqueous solution containing, 
when necessary, water-soluble additives with a vortex 
mixer for 2 min. Soybean PC liposomes were prepared 
as described previously. 19v20 Soybean PC liposomes was 
composed of about 70% linoleic acid with small 
amounts of linolenic acid and saturated fatty acids. PC 
and lipid-soluble additives, when necessary, were dis- 
solved in chloroform and placed in a pear-shaped flask. 
Chloroform was removed at reduced pressure to obtain 
a thin film on the glass wall. An appropriate amount of 
0- 1 M sodium chloride solution was added and the PC 
film was slowly peeled off by shaking to obtain white, 
milky liposome suspensions. When required, it was then 


sonicated with a Branson Model 185 Sonifier to obtain 
unilamellar liposomal membranes. 


The oxidation was carried out aerobically and unoder 
constant shaking in a water-bath maintained at 37 C. 
The rate of oxygen uptake was measured with either a 
pressure transducer as described previ~us ly '~  or an 
oxygen electrode, Biological Oxygen Monitor, Model 
YSI 53 and Model 5300 (Yellow Springs Instrument 
Co., Yellow Springs, OH, USA). As mentioned above, 
the rate of oxidation of methyl linoleate and soybean 
PC can be measured quantitatively by following the rate 
of formation of conjugated diene hydroperoxides from 
the increase in absorption at 234nm by using high- 
performance liquid chromatography (HPLC). For this 
analysis, an aliquot of the sample was injected directly 
into the HPLC system. A JASCO LC-18 column was 
used and methanol-water (90 : 10 v/v) was used as the 
eluent at 1-20 ml min-'. 


The erythrocytes were also oxidized at 37°C under 
air. The incubation mixture consisted of suspensions of 
rabbit erythrocytes and soybean PC liposomes contain- 
ing appropriate amount of lipid-soluble additives in 
physiological saline (pH 7.4). Samples were withdrawn 
from the incubation mixture at specific time intervals to 
follow the time course of a haemolysis spectrometrically 
as reported previously. '' 


The ESR spectra of galvinoxyl radical and phenoxyl 
radicals from estrogens were recorded in methanol on a 
JEOL FElX X-band spectrometer. Estrogen taken into 
the side-arm of the quartz ESR tube was mixed under 
vacuum with galvinoxyl dissolved in methanol. In sev- 
eral experiments, either magnesium(I1) acetylacetonate 
or zinc(I1) acetylacetonate was also dissolved in 
methanol. 


RESULTS 


Interaction of 2-hydroxyestradiol with galvinoxyl 


The reactivity of a chain-breaking antioxidant (IH) 
towards oxygen radicals can be easily and qualitatively 
estimated by measuring the interaction with galvinoxyl, 
a stable free radical [reaction (l)]  . A strong antioxidant 
such as a-tocopherol reacts with galvinoxyl instantane- 
ously. 21 The consumption of galvinoxyl can be observed 
by the disappearance of its ESR spectrum 
or its absorption at 428 nm. It was found that 2- 
hydroxyestradiol reacted with galvinoxyl very rapidly 
when they were mixed in an equimolar ratio (data not 
shown). On the other hand, P-estradiol and testosterone 
did not react at an appreciable rate even in the presence 
of excess estrogens. Figure 1 shows the ESR spectrum 
observed when 2-hydroxyestradiol was added to the 
solution of galvinoxyl in methanol. Figure 2 shows the 
ESR spectra of 2-hydroxyestradiol in the presence of 
magnesium(I1) or zinc(I1) acetylacetonate. 
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(a) 


I '  + 


I 
1.0 mT 


Figure 1 .  ESR spectra observed when 1.16 mM 2- 
hydroxyestradiol was added to 1.19 mM galvinoxyl in 
methanol. (a) ESR spectrum of galvinoxyl in methanol; (b) 
ESR spectrum observed immediately after the addition of 2- 
hydroxyestradiol to galvinoxyl in methanol. The ESR spectra 
were recorded under vacuum at 13 'C; modulation, 0.05 mT; 


amplitude, (a) 25 and (b) lo4 
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Figure 2. ESR spectra observed when 1.2 mM 2-hydroxy- 
estradiol was mixed with 1-2 mM galvinoxyl in methanol 
containing (a) magnesium (11) acetylacetonate or (b) zinc(I1) 
acetylacetonate.The ESR spectra were recorded under vacuum 
at 37 OC; modulation, (a) 0.02 mT and (b) 0.1 mT; amplitude, 


(a) 7.9 x lo3 and (b) 2.5 x lo3 


Inhibition of oxidation of methyl linoleate in solution 


The antioxidant activity of estrogens was first studied in 
the oxidation of methyl linoleate in a simple homoge- 
neous solution of methanol.oThe spontaneous oxidation 
of methyl linoleate at 37 C was small, but it was 
oxidized at a constant rate in the presence of a radical 
initiator. Figure 3 shows the accumulation of conju- 
gated diene hydroperoxides during the AMVN-initiated 
oxidation of methyl linoleate in the absence and pres- 
ence of antioxidant. Similar antioxidant effects were 
observed when the rate of oxidation was measured by 
following the oxygen uptake using a pressure transducer 
(data not shown). As shown in Figure 3, the addition of 
2-hydroxyestradiol suppressed the oxidation markedly 
and produced a clear inhibition period, after which the 
oxidation proceeded at a similar rate to  that without 
antioxidant. P-Estradiol retarded the oxidation and 
acted as a modest antioxidant. Estrone and estriol were 
weak antioxidants, whereas testosterone did not retard 
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Figure 3. Rate of accumulation of conjugated diene 
hydroperoxides in the oxidation of 435 mM methyl linoleate 
in methanol at 37'C under air induced by 0.2rnM AMVN 
in the absence ( a )  and presence ( 0 ,  5 . 0 ~ ~ ;  0, 4 0 ~ ~ )  of 


2-hydroxyestradiol 


the oxidation appreciably. As shown in Figure 4, the 
length of the inhibition period produced by 2- 
hydroxyestradiol was proportional to its concentration 
and 2-hydroxyestradiol and a-tocopherol gave similar 
inhibition periods. 


Inhibition of oxidation of methyl linoleate emulsions 
in aqueous dispersions. 


Antioxidant activities of estrogens were then studied in 
the oxidation of methyl linoleate emulsions in 10 mM 
Triton X-100 aqueous dispersions. Methyl linoleate 
emulsjons were not oxidized appreciably by themselves 
at 37 C ,  but the addition of a water-soluble radical ini- 
tiator, AAPH, to  the aqueous phase induced the oxida- 
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Figure 4. Plot of inhibition period as a function of antioxidant 
concentration observed in the oxidation of 0.30 M metjyl 
linoleate in methanol induced by 15 mM AMVN at 37 C. 


0 ,  2-Hydroxyestradiol; 0, a-tocopherol 


tion without any induction peroid and a constant rate of 
oxygen uptake was observed. The lipid-soluble AMVN 
incorporated into methyl linoleate emulsions also 
induced chain oxidation. Similar results were obtained 
for the antioxidant activities of estrogens in the oxida- 
tion of methyl linoleate emulsions in aqueous disper- 
sions t o  those for the oxidation of methyl linoleate in 
methanol. 2-Hydroxyestradiol functioned as a potent 
antioxidant, whereas estrone, estriol and /.?-estradiol 
showed only modest antioxidant activities and 
testosterone did not show any activity (data not shown). 
The pertinent results are summarized in Table 1. 


Table 1. Inhibition by 2-hydroxyestradiol (IH) of oxidation of methyl linoleate emulsions in 10 mM Triton X-100 aqueous 
dispersions induced by AAPH or AMVN in air 37 "C 


72.9 
72.9 
72.9 
72.9 


211 
21 1 
211 
21 1 


2.02 
2.02 
2.02 
2.02 


1.01 
0.99 
0.99 
1 a01 


0 
3.03 
4.03 
5.02 
2.04 
3-15 
4.08 
5.03 


0 
1220 2.28 
1700 2.11 
2170 1.66 
1420 5.41 
1480 5-92 
2240 4.07 
2890 2.81 


7.26 
5.34 2.62 
4.65 2.04 
2,87 2.02 
7.90 2.74 
8.16 2.40 
5.28 2.31 
5.21 2.60 


a Inhibition period. 
bRate of oxidation during the inhibition period. 
'Rate of oxidation without antioxidant or after the inhibition period. 


See Discussion. 
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Figure 5 .  Inhibition by 2-hydroxyestradiol of haemolysis of rabbit erythrocytes induced by the addition of 1.61 mM soybean PC 
liposomes containing 0.25 mM AMVN at 37 "C in 10 mM phosphate buffer (pH 7.4) in air. The experiments were carried out as 
described under Experimental. The concentrations of 2-hydroxyestradiol were (0) 0, ( 0 )  5, ( A )  10 and ( A )  20 p~ 


Inhibition of oxidation of soybean PC liposornes 


The soybean PC liposomal membranes were also 
oxidized by a free-radical chain mechanism in the pres- 
ence of a radical initiator. Estrogens were incorporated 
into soybean PC liposomal membranes and their anti- 
oxidant activities were studied. AMVN was used as a 
radical initiator and it was also incorporated into soy- 
bean PC liposomes simultaneously. 0-Estradiol, estriol 
and testosterone were poor antioxidants and P-estradiol 
retarded the oxidation appreciably only at high concen- 
tations. 2-Hydroxyestradiol suppressed the oxidations 
and, as shown in Table 2, the inhibition period 


Table 2. Inhibition by 2-hydroxyestradiol of oxidation of 
10.3 mM soybean PC liposomes induced by 2.00 mM AMVN 


at 3 7 " ~  in air 


[IHI a 108Rinhc kinhlkpd 
(PM) (S) (mol 1-ls-I) 


1.00 2330 2.25 196 
1.01 2400 1 *77 242 
1.53 3140 1.37 239 
2.00 51 10 1.21 167 
~- ~ 


a Concentration of 2-hydroxyestradiol. 


'Rate of oxidation during the inhibition period. 
Inhibition period. 


See Discussion. 


increased and the rate of oxidation during the inhibition 
period decreased with an increase in 2-hydroxyestradiol 
concentration. 


Inhibition of oxidative haemolysis of rabbit erythro- 
cytes 


Erythrocyte membranes are also attacked by free 
radicals and both lipids and proteins are oxidized, even- 
tually causing haemolysis. 17~22-25 F or example, it has 
been found that the addition of AAPH to aqueous sus- 
pensions of rabbit erythrocytes induces the oxidation of 
membrane lipids and proteins and causes haemolysis, 
and that it can be suppressed by radical scavengers such 
as a-tocopherol, ascorbic acid and uric acid. 1 7 * 2 3 7 2 5  As 
Figure 5 shows, the addition of soybean PC liposomes 
containing AMVN also induced haemolyis and 2- 
hydroxyestradiol incorporated simultaneously with 
AMVN into the soybean PC liposomes suppressed the 
haemolysis in a dose-dependent manner. 


DISCUSSION 


The results show clearly that, as observed previously, * 
2-hydroxyestradiol acts as a potent radical scavenger 
and can suppress the free radical-mediated peroxida- 
tions of lipids and membranes. Yoshino et a/. lo also 
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observed that the intraperitoneal administration of 
2-hydroxyestradiol brought about a decrease in liver 
lipid peroxide levels in both male and female mice. 
Estrone, estriol and 0-estradiol acted only as weak 
antioxidants, and testosterone did not act as an antioxi- 
dant. Obviously the phenolic hydrogens at the 2- and 3- 
positions in estrogens are important in scavenging the 
oxygen radicals. The results of interactions of estrogens 
with galvinoxyl suggest that the phenoxyl radicals 
derived from estrone, estriol and /3-estradiol are less 
stable than galvinoxyl radical. The phenoxyl radical 
derived from 2-hydroxyestradiol may be more 
resonance-stabilized than galvinoxyl. The ESR signal 
intensity in Figure 1 shows that only a small fraction of 
2-hydroxyestradiol that reacted with galvinoxyl is 
observed as a radical by ESR. Probably the semi- 
quinone radical reacts with another galvinoxyl radical to 
give a stable quinone. As reported by Kalyanaraman 
et al., 26 the semiquinone radical is stabilized by mag- 
nesium(I1) and zinc(I1) ions, as shown in Figure 2. 


The oxidation of methyl linoleate (LH) in homoge- 
neous solution induced by an azo radical initiator pro- 
ceeds by the well known free radical-mediated chain 
mechanism. 15,16,27-30 Under these conditions, the rate 
of oxidation in the absence of an antioxidant (R,) is 
given by 


Rp = kp [LH](R,/2kt)"' (2) 


where Ri is the rate of chain initiation and k, and kt are 
the rate constants for the chain propagation and termi- 
nation reactions, respectively. 


In the presence of a chain-breaking antioxidant (IH), 
the chain termination proceeds by reactions (3) and (4) 
instead of the bimolecular interaction of peroxyl 
radicals: 


klrlh 
LOz' + IH -LOOH+ I '  (3) 


(n  - 1)LOz * + I ' - stable products (4) 


where LO2 * is lipid peroxyl radical, kinh is the rate con- 
stant for scavenging of peroxyl radical by an antioxidant 
and n is the stoichiometric number of peroxyl radicals 
trapped by each antioxidant. 


The rate of inhibited oxidation (Rinh) in the presence 
of antioxidant is given by the equation (5) .  and the 
length of the inhibition period (finh) is given by equation 
(6).27-30 Figure 4 shows that, as expected from equation 
(6), the length of inhibition period is proportional to the 
antioxidant concentration. 27-30 


The antioxidant activity is determined by the competi- 
tion between the inhibition reaction (3) and the chain 


propagation reaction (7). The faster the antioxidant 
scavenges the peroxyl radical before the peroxyl radical 
attacks the lipid, the higher is the antioxidant activity. 
The ratio of the rates of reactions (3) and (7) is given by 
equation (8). 


L02' + LH - LOOH + L (7) 
Rate (3) kinh[LO2'1 [IHI kinh[IHl (8) 
Rate (7) - k,  [LO2 * I [ LHI 


Thus, the ratio kinh/kp is important in determining 
antioxidant activity and gives its quantitative measure. 
Equations ( 5 )  and (6) give 


(9) 


The length of the inhibition period and the rate of 
oxidation during the inhibition period can be measured 
experimentally. Since the concentration of the substrate 
is known, the ratio kinh/k, can be calculated from equa- 
tion (9). 


Obviously, for the measurement of kinh/kp it is 
required that equations ( 5 )  and (6) hold, the rate of 
chain initiation is constant throughout the experiment 
and the kinetic chain length is long even during the inhi- 
bition period. The data in Tables 1 and 2 and in Figure 
4 and also those reported in the l i t e ra t~re~ ' -~ '  show 
that equations (5 )  and (6) hold. One of the advantages 
of using an azo compound as a radical initiator is that 
the rate of chain initiation is constant and can be 
measured from eqyation (6). The half-lives of AAPH 
and AMVN at 37 C are about 1 week and hence the 
consumption of these initiators in the first few hours is 
negligibly small and the rate of chain initiation is 
substantially constant. Admittedly, these azo initiators 
are not biologically relevant, but the experiment using 
these compounds can be a model for biological oxida- 
tions and a useful tool for their elucidation. It may be 
worth noting that the kinetic chain length, and the 
importance of the chain reaction, can be estimated only 
when the rate of chain initiation is known and also that 
the rate and products of oxidation of lipids after the 
chain initiation are not dependent on the nature of the 
initial attacking species. 


The data in Figure 3 give tinh= 5.1 x 103s and 
Rinh= 7 . 7 5  x lo-* moll- '  s - '  and since [LH] = 
453 mM, kinh/kp is obtained as 1 .1  x lo3 for 2- 
hydroxyestradiol at 37 "C. Tables 1 and 2 show that the 
ratio kinh k, for 2-hydroxyestradiol was 1.9 x lo3 and 
2.1 x 10 for methyl linoleate in aqueous dispersions 
and liposomal membranes, respectively. These values 
are close to those for a-tocopherol under similar con- 
d i t i o n ~ . ~ '  It has bee shown that the high reactivity of 
a-tocopherol toward peroxyl radical is due to stereoelec- 
tronic effects, that is, a-tocopherol has a structure such 
that the a-tocopheroxyl radical is highly resonance sta- 
bilized. 32 The high reactivity of 2-hydroxyestradiol, 
much higher than that of 0-estradiol, must stem from 


=- ~- 
k,  [LHI 


kinh [LHI _-  - 
kp Rinhtinh 


4 
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the polar effect of the hydroxyl group at the 2-position 
and the stabilization of the phenoxyl radical derived 
from it. As observed for a-tocopherol,” kinh/kp in lipo- 
soma1 membranes is smaller than that in homogeneous 
solution or in aqueous emulsions. 


The above results and discussion show that 2- 
hydroxyestradiol is a strong radical scavenger and can 
function as a potent antioxidant. However, this does 
not mean that 2-hydroxyestradiol and other phenolic 
estrogens do in fact act as antioxidants in vivo. The real 
biological systems are heterogeneous in nature and the 
site of radical generation and the location of antioxidant 
as well as the inherent reactivity and total concentration 
of the antioxidant are important in determining the 
efficacy of antioxidants. Relatively high concentrations 
of catechol estrogens have been found in pituitary, 
hypothalamus and cerebral ~ o r t e x , ~ ’ ” ~  but it is not 
known if the estrogens or catechol estrogens really func- 
tion as antioxidants in vivo, nor is it certain whether 
estrogens, which are female hormones, have any effect 
on the longer average life span of women than men. 
It may be also worth noting that the free radicals 
from 2-hydroxyestradiol have been implicated in their 
toxicity.35 - 37 


In any event, it may be concluded that 2-hydroxy- 
estradiol, a major metabolite of 17 P-estradiol, is a 
strong antioxidant having a similar reactivity to 
a-tocopherol, that is, similar n and kinh. 
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MNDOC-CI CALCULATIONS FOR ORGANIC PHOTOREACTIONS. 
I. THE CY-CLEAVAGE REACTION OF CARBONYL COMPOUNDS 


MANFRED REINSCH AND MARTIN KLESSINGERt 
Organisch-Chemisches Insfitut der Universifaf, 0-4400 Munster, FRG 


MNDOC-CI results are reported for the photochemical a-cleavage reaction of carbonyl compounds. Potential energy 
surfaces for some excited singlet and triplet states and cross-sections along the bitopic reaction path show that the ac- 
tivation energy of the a-cleavage reaction is determined by the relative energetic position of the lowest two triplet states. 
The reactivity of aliphatic ketones depends only on the degree of branching at the a-carbon, because the triplet barrier 
is due to an (avoided) crossing of two surfaces corresponding to an n** and T** excitation respectively, which 
correlates with the stability of the leaving alkyl radical. For conjugated carbonyl compounds, on the other hand, the 
position of the crossing point is independent of the 3 n ~ *  excitation energy, but if the ' T X *  surface is below the 'nX* 
surface all the way along the reaction coordinate, the reaction is determined by the barrier on the 'TT* surface and 
any additional stabilization of the 37rx* state increases the barrier. 


INTRODUCTION 


Semi-empirical methods have been very successful in 
calculating ground-state properties and reactivities of 
organic molecules. ' Even ab initio results for transition- 
state geometries and energies could be reproduced very 
well by using suitably adapted semi-empirical methods. ' 
On the other hand, applications to excited-state proper- 
ties and photoreactions have been scarce up to  
the reasons being fairly obvious: the discussion of 
photoreactions requires a knowledge of more than one 
potential energy surface, each of which has to be 
calculated over large regions, as the spectroscopic and 
reactive minima may be located in different parts of 
these surfaces. Most important, even the spectroscopic 
minima close to  the ground-state equilibrium geometry 
cannot be described properly without taking into ac- 
count the configuration interaction, which may be even 
more important for the barriers and the reactive minima 
further away from these geometries. However, as the 
parametrization of semi-empirical methods refers to the 
SCF level and takes into account correlation effects, CI 
would result in taking into account some of the correla- 
tion effects twice. 


Some years ago, Thiel' gave a parametrization of the 
MNDO method designed to  take into account correla- 
tion effects explicitly. Based on this MNDOC method of 
Thiel' and the DZDO program of Downing et al.,' we 
developed the MNDOC-CI program system 3 3 9  for 


t Author for correspondence 


semi-empirical calculations of excited-state properties. 
One of the main features of this program is the flexi- 
bility in selecting configurations in order to limit the CI 
problem to dimensions which are reasonable in connec- 
tion with a semi-empirical method of calculation. 
After having shown that it is possible to select the con- 
figurations in such a way that all states of interest are 
being described with sufficient and equal accuracy 
without undue computational efforts,' we now present 
a first application of the method to  photoreactions in 
order to discuss the structural dependence of 
mechanism and reactivity. For this first application we 
choose the photochemical a-cleavage reaction of car- 
bony1 compounds, which has been studied 
experimentally very thoroughly"-" and for which 
several ab initio c a ~ c u ~ a t i o n s ~ ~ - ~ '  and some semiem- 
pirical calculations6a-c have been published. Thus 
detailed comparisons make it possible to assess the 
quality of our results. 


METHOD O F  COMPUTATION 


The SCF part of the MNDOC-CI program is identical 
with the MNDOC program of Thiel' (cf. QCPE 438), 
whereas for the CI calculations the DZDO program,' 
which is based on the formalism of Harris3" for 
evaluating the matrix elements, was extended to  include 
various criteria for selecting configurations, of which 
the excitation indices3' and the active space are of par- 
ticular importance. The P C  version of the program can 
handle up to 90 configurations, whereas an extended 
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version is designed for up to  500 configurations, which 
can be selected from all configurations singly and 
doubly excited with respect to one or more (up to six) 
reference configurations. Most results described in this 
paper were obtained from 200 configurations with dif- 
ferent reference configurations for each state built up 
from the closed-shell ground-state MOs and from half- 
electron triplet M O S , ~ ’  respectively. The CI space is 
truncated by means of the excitation indices for which 
a value of 4/8, referring to the maximal differences of 
orbital indicec for single and double excitations, 
respectively,’ was chosen for most of the molecules 
considered. 


RESULTS 


Some representative results for the ground-state (SO) 
energy at the standard geometry and the vertical 
excitation energies ( A E )  to  the lowest singlet state, 
S,, and the lowest two triplet states, T, and T,, of 
formaldehyde ( I ) ,  acetaldehyde (Z), acetone (3), 
di-tert-butyl ketone (4), acrolein (5) and benzaldehyde 
(6) are collected in Table 1 together with some experi- 
mental data and ab initio results. The MNDOC results 
in Table 1 were obtained for planar systems and the 
subscripts indicate the symmetry behaviour with respect 
to reflection OR this plane. In the ground-state 
equilibrium geometry the T, state corresponds to mr* 
and the T, and S, states to ng* excitation. 


1 2 3 


4 5 6 


In Figure 2 the energies of the ground state So and of 
the excited states T,, T, and S, of planar acetaldehyde 
(2) and benzaldehyde (6) are plotted against the 
distance RCH between the leaving H atom and the car- 
bony1 carbon and the angle L OCC (cf. Figure 1 for the 
definition of the geometry variables). From this diagram 
it  is seen that for the symmetric states SO and T, the bent 
geometry of the acyl radical is more stable, so that the 
reaction on these surfaces follows a ditopic reaction 
path.” For the antisymmetric states T, and S, the 
preferred acyl radical geometry is linear for sufficiently 
large RCH, and all four states (So,S,,T, and T,) are 
degenerate, as is to be expected for a tritopic r e a ~ t i o n . ~ ’  


A cross-section through the potential energy surfaces 
along the ditopic reaction path is shown for 
acetaldehyde (2),  acroleine (5) and benzaldehyde (6) in 


Figure 3 .  In the case of acetaldehyde (2) ,  the a-cleavage 
reaction will start from an nr* excited species on the T, 
surface and will end up at the geometry of the bent acyl 
radical on the T, surface (cf. Figure 2a), which at large 
distances is dominated by an no* configuration. Owing 
to the early crossing of the two triplet states at 
RCH = 160 pm and L RCO = 135’, the a-cleavage 
reaction can be well described as proceeding along the 
bitopic path. In the singlet state, on the other hand, the 
nr* excited species will stay on the S, surface and the 
reaction will follow the tritopic path. This reaction is 
expected to be much less efficient than the triplet reac- 
tion, because there is no (avoided) crossing which could 
reduce the barrier on the S, surface and because there 
is no barrier for the back-reaction between the singlet 
biradical and the educt ground state. 


The cross-sections for the a-cleavage reaction of 
acrolein and benzaldehyde (Figures 3b and c) show the 
influence of conjugation on the barrier height of the 
a-cleavage reaction. Whereas at the equilibrium 
geometry the T, state is considerably stabilized by coti- 
jugation for both compounds, the energetic position of  
the T, barrier is not affected, as is to be expected from 
the fact that this barrier is due to an avoided crossing of 
the mr* and the no* 


Consequently, the crossing between the T, and Ts 
surfaces occurs for acetaldehyde and acrolein at similar 
distances and energies, because the energy of the T, 
state at the crossing point is determined primarily by the 
top of the barrier and not by the energy at equilibrium 
geometry. For benzaldehyde the calculated T, surface 
remains below the T, surface all the way along the cross- 
section and the triplet barrier height is given by the cor- 
responding T, barrier. The fact that there is no avoided 
crossing of the T, and T, surfaces which could reduce 
the barrier in the lowest triplet state gives an explanation 
for the lower reactivity of conjugated compounds which 
has been observed experimentally. 2 1 , 2 2  The MNDOC-CI 
results for p-methoxy- and p-phenylbenzaldehyde show 
that further stabilization of the T, state even increases 
the T, barrier by 27 and 40 k J  mol-I, respectively. 


Table 2 shows the dissociation energies ( E D )  for the 
ground state and the energy barriers ( E B )  for [he 
a-cleavage reaction in the excited states S,, T, and T,, 
which are determined by the difference of the maximum 
energy value along the reaction coordinate and the 
energy at the educt equilibrium geometry for each state, 
respectively (cf. Figure 3a). The barrier heights for the 
T, and S, states are very similar for all molecules, 
whereas the barrier in the T, state is small except for 
acrolein and benzaldehyde. The energy ECP at the cross- 
ing point (CP) of the T, and T, surfaces gives an upper 
limit for the activation energy E:, in the lowest triplet 
state, whereas for benzaldehyde there is no crossing 
point and the triplet activation energy can be estimated 
by the corresponding EB(T,) value (cf. Figures 2b and 
3c). 
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Table 1. Ground-state CI energies, Eo, and vertical excitation energies, A E ,  for S,, T, and 
T, of carbonyl compounds with planar geometries 


Ground-state 
energy, 


Excitation energy (kJ mol- I )  


Compound EO (a.u.) A E  6,) A E  (Ta) AL? U s )  


Formaldehyde (1) 


Exp. 
Acetaldehyde (2) 


Exp. 
Acetone (3) 
Di-tert-butyl ketone (4) 
Acrolein ( 5 )  
Benzaldehyde (6) 


- 17.4707 275 
28Za 
374' 
337' 


- 23.2025 305 


- 28.9410 215 
- 63 3 185 192 
- 21.8247 256 
- 47.5870 270 


241 
247 a 


332b 
301' 
277 


166-32Zd 
367e 
191 
I65 
253 
26 1 


425 


554b 


485 


613' 
390 
350 
306 
235 


560-600 


"Ref .  23. 
hRef .  24. 
'Ref. 33. 
dRef .  26a 
eRef .  34. 


Figure 1. Definition of geometry parameters for the descrip- 
tion of the or-cleavage reaction 


From an analysis of the wavefunction of for- 
maldehyde for various points along the reaction path 
shown in Table 3, it is seen that the antisymmetric states 
are described reasonably well by a single configuration 
(nr* )  up to R ~ H  = 150 pm. One u MO rises with in- 
creasing R C H  until it is degenerate with the IF orbital, 
whereas the corresponding u* orbital is stablilized such 
that for distances greater than 150 pm it is below the 
a*MO.  This MO interchange leads to an increased 
importance of those two singly excited configurations 
which have a singly occupied o* or u MO, respectively. 
For the symmetric triplet state T, the *a* reference con- 
figuration is replaced by an nu* configuration at this 
distance. With increasing distance the energy of the 
closed shell reference configuration for the SO state 
increases in energy corresponding to  an ionic structure 
H -  + HCO' and at  biradicaloid geometries 
(RCH = 300 pm) SO is predominantly described by an 
open-shell configuration, which therefore has been 
chosen as reference at these geometries. For all states, 
configurations which are doubly excited with respect to 


the reference configuration are of negligible importance 
except for the SO closed-shell reference at great 
distances, i.e. 160-250 pm. 


If the non-planarity of the reaction system is taken in- 
to account, the symmetry labelling of states is no longer 
possible. The lowest triplet state, which is of particular 
interest for the reaction, is now called T I .  In order to 
obtain some idea of the geometry changes during the 
reaction, the geometry of this TI state was optimized at  
the SCF level using half-electron orbitals. Some of the 
results for formaldehyde are shown in Fig. 4. It is seen 
that the T I  state is pyramidal at the equilibrium 
geometry (p = L H,COHb - 180" = 40°). With increas- 
ing distance, this effect is even more pronounced and in 
the transition-state geometry the leaving Ha is in a posi- 
tion almost perpendicular to  the COHb plane. Along the 
reaction coordinate L C O H ~  changes from 118" to 
135", while the CO bond length is reduced from 127.9 
to 116.9 pm owing to  its triple bond character in the 
acyl radical. As is to  be expected, the value of 
129 kJ mol-I for E, is smaller than the energy of the T, 
and T, crossing point (ECP = 145 kJ mol-I, cf. Table 2). 
The vertical and adiabatic excitation energies for the SI 
and TI  states and the SO and SI equilibrium geometries 
are also shown in Figure 4. 


Similar data for acetaldehyde are collected in Table 4. 
The optimized MNDOC geometries are in good agree- 
ment with ab initio results.26 At its equilibrium 
geometry the TI state is calculated to be non-planar and 
the leaving group is almost perpendicular to  the plane of 
the acyl fragment in the transition-state geometry. The 
changes in the CO bond length and the bond angle in the 
acyl fragment are similar to those of formaldehyde (cf. 
Tables 4 and 5 ) .  If the methyl group is the leaving 
group, it is almost planar in the transition-state 
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Figure 2. Potential energy surfaces of the ground state SO and 
of the excited states T,, T, and S, of (a) planar acetaldehyde 
and (b) benzaldehyde plotted against the distance RCH and the 
angle L OCC. (For steric reasons the acyl radical can be linear 


only at distances RCH larger than those shown) 


geometry, and in contrast to the SO state it prefers a 
staggered conformation ( T  = L H,,,CCO = 60"). The 
activation energies calculated for the optimized triplet 
geometries (Table 5)  for the cleavage of the methyl 
group (153 kJmol-I)  and the hydrogen atom 
(138 kJmol- I )  show a greater deviation from the 
energy E c . ~  of the crossing point of the T, and T, sur- 
faces (Table 2) than in the case of formaldehyde; this is 
due to  the greater importance of relaxation effects for 
the methyl group in the transition state geometry (cf. 
AEopt in Table 5 ) .  The energy of the SCF configuration 
is lowered by 5 kJmol- '  by CI at the equilibrium 
geometry and changes considerably along the optimized 
TI reaction path (Table 5). However, CI leads to a 
negligible decrease in the activation energy (ca 
7 kJmol-I) ,  because the lowering of energy is com- 
parable in the equilibrium and the transition-state 


110 150 2 00 2 50 300 
R,, lpml 


bl E 
[kiimole] 


500 


LOO 


300 


200 


100 


0 


'1 E 
[kJImole] 


500 


LOO 


300 


200 


100 


7--- 1 - 
110 150 200 250 300 


RCH $ml 


110 150 200 250 300 
R,, ipml 


Figure 3 .  Cross-section through the potential energy surfaces 
of (a) acetaldehyde, (b) acrolein and (c) benzaldehydc along the 
ditopic reaction path for the planar a-cleavage reaction o f  the 
H atom. The definition of dissociation energy E D ,  excitation 
energies A E ,  excited state barriers EB and the energy Ec.p of the 


T,-T, crossing point is indicated in (a) 
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Table 2. Dissociation energy, E D ,  excited-state barriers, E B ,  and energy, ECP (in 
kJ mol- ' )  at the crossing point of the T, and T, surfaces 


Compound ED EB (S,) EB (Ta) Ee (T,) ECP 


Formaldehyde (1) 


Acetaldehyde (2)  
C-H cleavage 


C-CH3 cleavage 


Acetone (3) 
Di-rert-butyl ketone (4) 
Acrolein ( 5 )  
Benzaldehyde (6) 


347 
454" 


373 


374 


285 
95 


373 
402 


180 
171b 


235 


273 


219 
180 
222 
246 


190 
I41 
218" 


253 
65 


245' 
286 


5 1 d  
245' 
246 
195 
225 
244 


21 145 
161 
121' 


34 186 


63 210 


87 225 
15 132 


124 189 
219 


"Ref .  24. 
hRef .  23. 
'Ref .  25. 
d R e f .  26.  
'Ref .  2 7 .  


Table 3. Contributions (To) of reference (REF), singly (SC) and doubly (DC) excited configurations to ground- and excited-state 
wavefunctions of planar formaldehyde along the bitopic reaction path 


100 110 120 140 150 160 170 180 200 250 300 


So REF 91.4 91.6 91.8 91.3 90.0 90.0 88-9 87.0 80.7 47.2 81.8 
SC 5.5 5 .2  4 .8  3.7 4.7 2.7 2 .0  1.4 0.0 29.5 14.4 
DC 1.5 1.5 1.5 1.4 1 .3  4.3 6 . 3  8.9 15.7 21.2 0.0 


S,, REF 96.5 96.3 95.8 94.1 92.8 78.4 75.0 72.0 69.0 78.6 90.0 
sc 1.1 1.2 1.2 1.2 2 .9  16.4 19.3 21.2 24.5 14.4 4 .3  
DC 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 1.7 2 . 1  


T,, REF 96.9 96.6 96.2 94.6 93.5 79.8 76.6 72.7 67.7 77.2 89.7 
SC 1 .3  1.4 1.5 2.5 3.4 17.5 18.3 20.9 25.0 16.7 4 . 2  
DC 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 1 . 1  1.6 2.1 


T, REF 98.5 98.3 91.9 91.1 90.5 94.8 95.0 95.1 95.4 95.6 95.6 
sc 0.0  0.0 1 .8  3.3 4 .4  0.0 0.0 0.0 0.0 0.0  0.0 
DC 0.0 0.0 0.0 0.0 0.0 0 .0  1.0 1 . 1  1 . 1  1.2 1 .3  


geometry. In contrast to  ab initio results,26327 the 
activation energies for both a-cleavage reactions differ 
from each other, with the calculated barrier for the 
cleavage of the methyl group being higher. This is sup- 
ported by at least some of the experimental data. 1 6 . "  


SINDOl 6a and MIND0/3 calculations6bsc also yield a 
higher barrier for the methyl cleavage, although the 
calculated values are much smaller because in these 
calculations the T, state is calculated to be of n D *  
character all along the reaction coordinate. This is in 
contrast to other theoretical results and experimental 
expectations, 2 5 s 3 8  according to  which the 3 ~ ~ *  state 
should be below the 'nu* state in the equilibrium 


geometry, so that the T, state is of T T *  nature in this 
geometry and becomes nu* in nature only after the 
avoided crossing which is responsible for the barrier in 
T, (see above). 


In order to investigate the structural dependence of 
the a-cleavage reaction of saturated ketones, we 
extended the calculations to  alkyl methyl ketones with 
the alkyl group varying from methyl in acetone (3) to 
tert-butyl. The results are shown in Figure 5 and in- 
dicate that the activation energy of the a-cleavage reac- 
tion depends only on the number of alkyl substituents 
at the a-carbon. With increasing degree of branching at 
the a-carbon, the TI barrier occurs earlier along the 
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H 


+ H  


261 1 1 2 L 3  


Figure 4. Optimized So, SI and T I  equilibrium and T I  transi- 
tion state and product geometries for the a-cleavage reaction 
of formaldehyde, and vertical and adiabatic excitation energies 


and activation energies on the T I  surface 


reaction coordinate and the activation energy decreases 
by ca 25 kJ mol-'  for each alkyl substituent. The nature 
of the remaining alkyl substituent and branching in 
@-position of the leaving alkyl group have no influence 
on the activation energy, in very good agreement with 
experimental results. '9 ,20 


DISCUSSION 


The comparison of the MNDOC-CI results with 


experimental data and with the a6 initio results for 
acetaldehyde has shown that this method is well suited 
for a study of the mechanism of the photochemical 
a-cleavage reaction. From the potential energy surfaces 
in Figure 2a, it is seen that the photoreaction is expected 
to  proceed in TI  along the ditopic reaction path, and 
that an activation energy is required which stems from 
the barrier due to  surface crossing which is avoided for 
non-planar geometries. This is in very good agreement 
with expectations from Salem correlation diagrams. '' 
The existence of an activation barrier could even be 
predicted simply from the fact that the excitation is into 
the n a *  configuration, whereas a uu* configuration is 
responsible for the bond breaking. 3y  Hence simple cor- 
relations diagrams may be very useful, although they 
neglect the non-planarity of the system. According to 
the geometry optimization at the SCF level, the n r *  
excited states of ketones are calculated to be planar 
(p < 4" for all molecules investigated), in contrast to the 
na* states of aldehydes. During the reaction, the leaving 
group moves out of the carbonyl plane nearly at right- 
angles for both types of carbonyl compounds. The sur- 
face crossing is therefore avoided for all compounds 
considered. As the non-planarity is comparable for all 
reactions, the calculated barrier heights and positions 
are to  a very good approximation proportional to the 
corresponding data obtained from the crossing point of 
the T, and T, surfaces for planar systems. This again 
emphasizes the usefulness of the correlation diagrams. 
Hence the fact that the barrier height and position are 
determined essentially by the degree of branching at  the 
a-carbon of the bond which is going to be broken can 
be explained by assuming that the biradicaloid state B,, 
is stabilized if  the alkyl radical is more stable, so that the 
crossing of correlation lines is shifted t o  shorter 
distances and thus corresponds to lower energies. This 
is exemplified by the calculated cross-sections for 
acetone (3) and di-tert-butyl ketone (4) show in Figure 
6. 


In unsaturated and aromatic ketones, on the other 
hand, the as* state is stabilized by conjugation, which 


Table 4. MNDOC results for bond distances (in pm) and angles (in degrees) of acetaldehyde in the equilibrium geometry (EQ) of 
SO and T I  and i n  the T I  transition-state geometries (TS) for H and CH3 cleavage (ab  initio values" in parentheses) 


Parameter 


P 
T 


So (EQ) 


120.5 (120.9) 
151.5 ( 150.7) 
111.6 (108.7) 
110.3 ( 1  08.4) 
125.4 (124.8) 
121.6 ( 120.9) 
110.8 (109.9) 


0.0 (0.0) 
0.0 (0 .0)  


128.7 
148.6 
109.8 
110.4 
122.4 
122.5 
115.7 


12.1 
49.6 


( I  30.2) 
(150.8) 
(107 ' 6 )  
(108.4) 
( I  1 5 .  1) 
( I  12.2) 
(110.5) 


(53.2) 
(41.2) 


118.0 
207.6 
111.2 
108.8 
122.8 
131.0 
102.8 
67.1 


-1 .0  


( I  22.4) 
(2 I3 '4) 
(1 09.2) 
( 107.4) 
(104.5) 
(125.0) 
( I  10.7) 


(76.7) 
(58.5) 


118.1 
149.9 
167.5 
110.3 
137.2 
99.6 


110. I 
60.3 
0 . o  


( I  22 .O)  
(152.9) 
(173.8) 
(108.4) 
(127.5) 


(98.8) 
(109.6) 


(12 ' 2) 
(38.4) 
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fl b) 
CHj *C-R 


...... 0 .... .... .... 0 ...- o - - - - -  - -.- 
55 - 


Table 5. Geometries (angles in degrees) and energy changes (in kJmol- I )  along the T I  minimum energy path for the a-cleavage 
reaction of acetaldehyde 


AR (pm) 


LO 


Cleavage Parameter 0 10 30 50 58 90 190 


-.- - 
P 


CH3-C* *ClCH,), 


H cleavage (ARCH ) L occ 125.4 123.7 129.8 135.9 137.2 
12.2 25.0 46.2 60.3 60.3 
- 12.6 84.8 125.8 131.0 


A E ~ ~ ~ ~  - 17.1 89.9 137.1 138.3 


CH, cleavage (ARK) L O C H  121.6 117.0 122.6 130.1 131.0 
9a 12.2 25.7 46.3 65.5 67.1 
AE' ,~  - 14.1 88.5 140.5 146.8 
A E ~  - 18.9 103.2 149.6 152.5 


'Pa 
A E ~ ~ ~  


A A E o p t b , C  - - 1.3 17.6 30.5 - 


A A E ~ ~ ~ ~ . ~  - - 3.3 7.9 52.3 - 


' p =  L O C R X -  180°, where L O C R X  is the dihedral angle between the leaving group X and the acyl fragment. 


'&.I&,,, = AE\< 
Energies relative to  the energy at equilibrium geometry. 


(not opt,)  - A& (opt.) gives a n  estimate of the  influence of geometry optimization on  SCF energies. 


at first sight should again shift the crossing point 
towards an earlier and therefore smaller activation bar- 
rier. However, our results show that, in agreement 
with experimental data, the activation energy E, is more 
or less constant or even higher if the T system is as large 
as in, e.g., p-phenylbenzaldehyde. Figure 2 shows that 
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130.8 93.6 
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500 - 
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Figure 6. Cross-section through the potential energy surfaces 
of (a) acetone and (b) di-krt-butyl ketone along the ditopic 


reaction path for the planar a-cleavage reaction 
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this is due to the fact that there is a barrier in the T, 
state, the origin of which can be explained by the 
natural correlation of both the 's7r* state of the educt 
and the 3B,, state of the product with high lying excited 
states. Hence the crossing point between the T, and T, 
states is not determined primarily by the energy of T, at 
the educt geometry, but rather by the energy and the 
position of this barrier in T,. If T, is stabilized to such 
an extent that it is below T, all the way along the reac- 
tion coordinate, the activation energy is determined by 
this T, barrier and may therefore become larger than in 
the case where i t  is determined by the crossing between 
T, and T,. The barrier in T, also explains why a change 
of reference configuration occurs along the reaction 
coordinate (cf. Table 3), which is not to be expected 
from a Salem correlation diagram. 


In conclusion, we may say that for a discussion of 
photochemical reactions correlation diagrams and 
quantum chemical calculations are complementary in- 
sofar as correlation diagrams cannot be drawn properly 
without the information about state energies and barrier 
positions which can be obtained only from calculations, 
whereas quantum chemical calculations can be perform- 
ed much more effectively if correlation diagrams are 
used in order to establish where to look for interesting 
parts of the potential energy surfaces. 
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CONFIGURATIONS AND DIPOLE MOMENTS OF 


STEREOELECTRONIC EFFECTS IN THE GROUND STATE OF 
OXIMINO COMPOUNDS 


0-SUBSTITUTED HYDROXIMOYL CYANIDES. 
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The dipole moments of the 2 and E isomers of 0-methylbenzohydroximoyl cyanides [ ArC(CN)=NOCH3, Ar = C6H5 
and 4-N02C6H4], the 2 isomers of benzohydroximoyl cyanides [ArC(CN)=NOH, AR = CsH5 and 4-NOzCsH4] and 
the 2 isomers of 0-benzoylbenzohydroximoyl cyanides [ ArC(CN)=NOCOC6HS, Ar = C6H5 and 4-NO2C6H4] were 
measured. An analysis of these dipole moments indicates that anti delocalization from the OCH3 (OH) group has a 
small but significant effect on the overall direction and magnitude of the dipole moment. Semi-empirical molecular 
orbital calculations at the MNDO level support this proposal. The x-ray crystal structure of (2)-O-methyl- 
p-nitrobenzohydroximoyl cyanide was carried out to confirm the configuration of the compound. 


INTRODUCTION 


It appears to be generally accepted that the interaction 
of non-bonded electrons with adjacent bonds can affect 
stabilities and bond reactivities of organic molecules 
and reaction intermediates. The notion that the orienta- 
tion of non-bonded electrons in space can also influence 
stabilities and bond reactivities is of more recent origin 
and has its beginnings as a possible explanation for the 
anomeric effect. 


Deslongchamps elaborated on a hypothesis that the 
orientation of non-bonded electrons in tetrahedral 
intermediates can determine how the tetrahedral inter- 
mediate breaks down. According to Deslongchamps’ 
hypothesis, cleavage of a tetrahedral intermediate with 
stereoelectronic control occurs when two heteroatoms 
each have one non-bonded electron pair antiperiplanar 
to the breaking bond (the antiperiplanar lone pair 
hypothesis, ALPH). Although ALPH has been general- 
ly accepted, some serious objections have been raised 
concerning the hypothesis. 2 p 3  Perrin and Nunez3 and 
others4 questioned the experimental evidence for 
ALPH, while Sinnott4 argued that the hypothesis is a 
special case of the principle of least nuclear motion. 


* Author for correspondence. 


Our interest in ALPH stems from investigations into 
the mechanisms of nucleophilic substitution at the 
carbon-nitrogen double bond. ’-’ Some reactions that 
we have studied extensively are substitution reactions by 
a variety of nucleophiles on O-methylbenzohydro- 
ximoyl chlorides (1Z and 1E). Our original incorrect 


of the configurations in these com- 
pounds was based on dipole moment measurements. 
Recently, we re-evaluated the dipole moments in these 
compounds in order to determine the reason for this 
misassignment. We concluded that stereoelectronic 
effects in the ground states of these molecules are 
important enough to change the magnitude and the 
direction of the dipole moments. 
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Scheme I 


We now report a dipole moment study on the Z and 
E isomers of 0-methylbenzohydroximoyl cyanides (4Za 
and 4Zb; 4Ea and 4Eb), the Z isomers of the benzo- 
hydroximoyl cyanides 3Za and 3Zb and the Z isomers 
of the 0-benzoylbenzohydroximoyl cyanides 5Za and 
5Zb (Scheme 1). The (2)-hydroximoyl cyanides (3Za 
and 3Zb) were prepared from the corresponding 
phenylacetonitriles, ' '*12 and their methylation gave the 
( Z )-0-methylbenzohydroxyimoyl cyanides 4Za and 
4Zb. Irradiation at 254 nm of a solution of 4Za 
(benzene) or 4Zb (acetonitrile) gave a mixture of the 2 
and E isomers, which were separated by preparative 
GLC (4Za and 4Ea) or by dry column chromatography 
(4Zb and 4Eb). An unexpected byproduct, 
(Z),( Z)-2,2'-azinodi-2-ethanenitrile (6), l3  isolated 
from the photolysis of 4Za, was probably formed by 
dimerization of an imidoyl cyanide radical, 
PhC(CN)=N, produced by homolytic cleavage of the 
N-0 bond in 4Za (or 4Ea). 


Ph 
CN 


\ 
,C=N\ / 


NC N=C 
\ 
Ph 


6 


In an alternative procedure, the (Z)-0-methyl- 
hydroximoyl cyanides (4Za and 4Zb) were prepared by 
reaction of the hydroximoyl chlorides 1Za and 1Zb with 
copper(1) cyanide in the presence of 18-crown-6. The 0- 
benzoyl derivatives 5Za and 5Zb were prepared by reac- 
tion of the hydroximoyl cyanides 3Za and 3Zb with ben- 
zoyl chloride. 


Since the chemical shift difference between the 


methoxy protons in the 'H NMR spectra of 4Za and 
4Ea (and 4Zb and 4Eb) is less than 0.1 ppm, it is not 
possible to make an unambiguous assignment of the 
configurations of these compounds based on their 'H 
NMR spectra. In order to ensure that the configura- 
tional assignments for these isomers are correct, x-ray 
crystallographic analyses of 4Zb and 4Eb were carried 
out. The x-ray structure of 4Eb has been reported 
elsewhere, l4 and the structure of 4Zb is included in this 
work (see Figure 1 for the ORTEP drawing of 4Zb). 
The one outstanding feature of the x-ray structures of 
4Zb and 4Eb is that both molecules are nearly com- 
pletely planar. The torsion angle between the p-nitro- 
phenyl group and theo 0-methylhydroximoyl tyanide 
functional group is 9.1 in the Z isomer and 4-7 in the 
E isomer. In contrast, the torsion angles from x-ray 
crystallographic analyses of the (Z)- and (E)-p-nitro- 
hydroximoyl chlorides are 17" ( Z ) "  and 50" (E).6 


mN3 


9 


W 
Figure 1. ORTEP view of the molecular structure of 4Zb 
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Table 1. Dipole moment data for hydroximoyl cyanides in 
benzene at 25 OC 


Experimental Experimental 
dipole moment dipole moment 


Compound (D) Compound (D) 


4Za 3.39 f 0.05 3Za 3-83 2 0.02" 
4Zb 3-91 5 0.05 3Zb 4.46 f 0.04a 
4Ea 4-22 f 0.04 SZa 1.25 f 0.03 
4Eb 4-01 f 0.04 SZb 3.88 f 0-02 


a Dioxane, 20 OC, 


The experimentally determined dipole moments for 
3-5 are given in Table 1. An analysis of the dipole 
moments was carried out as described previously6 in 
terms of bond moments and contributions from con- 
jugation. The latter include both interaction within the 
functional group and conjugation with the benzene 
nucleus. 


A large body of evidenceI6 gathered in the gas and 
solid states and also in solution has shown that simple 
0-alkyloximes exist in the s-trans conformation with 
respect to rotation about the N-0 bond. Although the 
preference for the s-truns conformation can be reversed 
when intramolecular hydrogen bonding favours the 
s-cis conformation, l6 it is noteworthy that the s-trans 
conformation is preferred in amidoximes where 
intramolecular hydrogen bonding could be important. 
Because of the previous work in solution on O-alkyl- 
oximes and the fact that the x-ray structures of 4Zb and 
4Eb demonstrate that both the Z and E isomers of an 
0-methylhydroximoyl cyanide exists in the s-trans con- 
formation in the solid state, we carried out our calcula- 
tions assuming the s-trans conformation is predominant 
in solution. 


In the first step in our calculations, the direction of 
the experimental dipole moment was determined from 
the values for the unsubstituted compound and its 
p-nitro derivative and from the value6 of 4 . 3  D for the 
conjugated nitro group (construction of a triangle). 
With only two compounds, the unsubstituted com- 
pound and its p-nitro derivative, the results are less 
precise than in our previous study,6 where we had 
several para-substituted (Z)-hydroximoyl chlorides (1). 
In Figure 2, the experimental dipole moments of 4Za 
and 4Ea are shown as vectors directed from the origin 
of coordinates toward the shadowed circles, the latter 
representing approximately the estimated uncertainty of 
the entire procedure. In the next step, the theoretical 
dipole moments were calculated, based on the classical 
structure, as the vector sum of standard bond 
moments" (light arrows). The directions of the bond 
moments were determined from the x-ray structures of 
4Zb and 4Eb. The vector difference between the 
experimental and calculated dipole moments (heavy 


// -i 


Figure 2. Vector analysis of dipole moments of ( Z ) -  and (E)- 
0-methylbenzohydroximoyl cyanide (4Za and 4Ea), ( Z ) -  and 
(E)-0-methylbenzohydroximoyl chloride (1Za and 1Ea) and 
( Z ) -  and (E)-0-methyloximes. Mesomeric mom'ents: heavy 
solid arrows, 4Za and 4Ea; broken arrows, 1Za and 1Ea; dot- 


ted arrows, ( Z ) -  and (E)-0-methyloximes 


solid arrows) is interpreted as being due to electron 
delocalization with respect to the classical structure. 
Although these vectors are sensitive to errors in both 
experiment and theory, the differences between the 
stereoisomers and among various derivatives seem to 
be real. The results obtained from the hydroximoyl 
cyanides are similar to the results that we obtained in the 
0-methylhydroximoyl chlorides6 (1Za and IEa), which 
are shown in Figure 2 for comparison (broken arrows). 
Also included in Figure 2 for comparison are the results 
obtained for simple 0-methyloximes (dotted arrows, 
related to the direction of C=N bond). 


We interpret the results of these dipole moment 
calculations in terms of stereoelectronic effects, i.e. 
delocalization from the non-bonded electron pairs on 
the oxygen in the methoxy group are most important 
when the electrons are anti to the u-bonds in the cyano 
group or the benzene nucleus. Thus, we suggest that 
canonical structure A makes a greater contribution in 
the (Z)-cyanides (4Za and 4Zb) than in the E isomers 
(4Ea and 4Eb) and that canonical structure B makes a 
greater contribution in the (E)-cycanides (4Ea and 4Eb) 
than in the Z isomers (4Za and 4Zb). 
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6 A 


\‘o-CH3 a -+ 


The present results lend support to our original con- 
clusions concerning hydroximoyl chlorides (1Z and 1E) 
and are also in agreement with the work of Baldwin and 
Norris, l9 who proposed that in 1,bbenzoquinone 
4-(0)-methyloximes (7), canonical structure 7A makes 
a greater contribution than 7B. 


N 
‘&H 


N 
‘OCH3 


N 
%H3 


7 A  7 7B 


When the dipole moments of the Z isomers of the 
benzohydroximoyl cyanides 3Za and 3Zb are treated 
(Figure 3) in the same way as their O-methyl derivatives, 
a qualitatively similar result is obtained (in Figure 3 
the same geometry was used as in Figure 2, except the 
N-0-H angle was 105”). The resulting mesomeric 
contribution (heavy solid arrow) can be interpreted as 
being due to a greater contribution from canonical 
structure A. The direction of the mesomeric contribu- 
tion is similar to that found for (Z)-benzohydroximoyl 
chloride6 (lZc, broken arrow) and benzophenone 
oxime” (dotted arrow, related to the direction of the 
C=N bond). Figure 3 also reveals clearly that dipole 
moments cannot be used to determine the configura- 
tions of 4Za and 4Zb since the two calculated points for 
the E and Z isomers are almost the same distance from 
the experimental point. 


The dipole moment analysis was also carried out on 
the (Z)-0-benzoylbenzohydroximoyl cyanides 5Za and 
5Zb. The bond angles used for the oxime moiety were 
the same as those used for compounds 3-5 and in the 
ester moiety the standard geometry2’ was used. There 
are two possible directions for the experimental dipole 
moment since the construction of a triangle always has 
two solutions. In the preceding cases (hydroximoyl 
cyanides 3-5), the correct possibility could be selected 
according to the most important component, the CEN 
bond moment. In the present case the decision is more 
difficult (the two circles in Figure 4) since there are two 
important components, the CEN bond moment and the 
C=O moment, which results in a relatively small 
experimental moment. If we choose the lower of the two 
circles, we obtain a mesomeric component (heavy ar- 
row) which points away from the carbon atom of the 


Figure 3. Vector analysis of dipole moments of (Z)- 
benzohydroximoyl cyanide (3Za), (Z)-benzohydroximoyl 
chloride (lfi) and benzophenone oxime. Mesomeric moments: 
heavy solid arrow, 3Za; broken arrow, 1Zc; dotted arrow, 


benzophenone oxime 


IN 
C 


/ 


Figure4. Vector analysis of the dipole moment of (Z)-0- 
benzoylbenzohydroximoyl cyanide (5Za) 
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C=O bond in 5Z. This suggests that delocalization of 
the oximino oxygen non-bonded pairs into the benzoyl 
group makes these electrons less available for 
delocalization into the hydroximoyl functional group. 
Thus, in 5Za and 5Zb, canonical structure C seems to 
be more important than in simple esters. In this 
exceptional case, the configurations of 5Za and 5Zb can 
be determined safely from their dipole moments, since 
the difference in the calculated values is large (points E 
and Z in Figure 3). 


C 


In order to place our proposal concerning stereoelec- 
tronic effects on firmer ground, we carried out some 
semiempirical molecular orbital calculations at the 
MNDO level (QCPE 353). The MNDO optimized 
geometries of the molecules studied are shown in 
Figure 5. We first examined the 0-methylhydroximoyl 


H T o r s i o n  


H 


AHf = 5 1 . 1  kca l /mol  


(11) i~ = 2 . 7 1  D 


(10) ( 9 )  


4 Za 


cyanides 4Za and 4Ea. The dipole moments calculated 
by the MNDO method for these isomers are 2.71 D 
(4Za) and 3 . 1 3  D (4Ea). These values are approxi- 
mately 30% higher than the experimentally determined 
values, but deviations of this magnitude are observed 
commonly in semiempirical calculations. *' More impor- 
tant, the relative magnitudes of the MNDO calculated 
values and the experimental values are of the same 
order, i.e. the dipole moment of the (2)-cyanide (4Za) 
is lower than that of the (E)-cyanide (4Ea). 


An examination of the net charge distribution of 4Za 
and 4Ea (Table 2) shows that there is a higher negative 
charge on the cyano nitrogen in the E isomer (4Ea). In 
addition, the magnitude of the negative charge in the 
ortho and para positions is higher in the Z isomer. 
Although both of these observations are in agreement 
with our interpretation of the dipole moments for these 
compounds, there is one major difference between the 
MNDO calculations and our observations. Unlike the 
x-ray crystal structures of 4Zb and 4Eb, the MNDO 
optimized geometries for 4Za and 4Ea have a substan- 
tial torsion angle between the phenyl group and the 
hydroximoyl cyanide functional group. This indeed may 


a n g l e s  : 


, ( 3 ) .  ( 4 )  = 1 8 3 . 4  


, ( 4 ) ,  ( 3 )  = - 7 4 . 4  


H 


(1 


( 6 )  N T o r s i o n  a n g l e s :  


( l ) ,  ( 2 ) ,  ( 3 ) ,  ( 4 )  = 1 8 2 . 6  


( E ) ,  (7), ( 4 ) ,  ( 3 )  = 7 7 . 7  
\ 
(S)C 


\y ( 3 )  


H 


0-  


( 1 0 )  ( 9 )  
H 


AHf = 5 1 . 9  kca l /mol  


P = 3 . 1 3  D 
4Ea 


T o r s i o n  angle: 


( 4 )  I ( 7 ) .  ( a ) ,  ( 9 )  = 3 . 4  


(6) 


T o r s i o n  a n g l e :  


( I ) ,  ( 2 ) ,  ( 3 ) .  ( 4 )  = 1 7 8 . 7  


8 9 


Figure 5. Optimized geometries for 4Za, 4En, 8 and 9; angles in degrees 
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Table 2. Net charge distribution calculated by the MNDO 
method for 4Za, 4Ea, 8 and 9 


Net charge 


Atom No. 4Za 4Ea 8 9 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 


0.207 
- 0.225 
-0.051 


0.116 
- 0.066 
- 0.054 
- 0.063 
-0.015 
-0.068 
- 0.037 
-0.066 
-0.022 


0.203 
- 0.220 
-0.056 


0.116 
-0.050 
-0.062 
- 0.080 
-0.013 
- 0.067 
- 0.035 
- 0.067 
-0.017 


0.049 
-0.088 
-0.047 


0.037 
- 0.067 
-0.075 
- 0.094 
-0.231 
-0.211 
- 
- 
- 


0.202 
-0.212 
-0.019 


0.167 
- 0.075 
- 0.023 
- 0.059 
-0.031 
- 
- 
- 
- 


be the case in solution, which would result in decreased 
delocalization into the aromatic ring from the hydrox- 
imoyl cyanide moiety. Nevertheless, the effect on charge 
densities in the MNDO calculations should be about the 
same in 4Za and 4Ea since the torsion angle is almost 
the same for the two isomers (74.7" for 4Za and 77.7" 
for 4Ea). It should be noted, however, that there is a 
general reference for twisted r-systems in the MNDO 
methodE and the twisted phenyl in the calculated 
geometries for 4Za and 4Ea may be due to the calcula- 
tion method rather than a real effect. 


The MNDO optimized geometries for 4Za and 4Ea do 
not agree with the experimental geometries of 4Zb and 
4Eb in all details, but one important fact is reproduced 
well: the N=C-Ar )ond angle in 4Za (experimental 
angle in 4Zb = 119.4 , Table 5 )  is considerably smaller 
than the corresponding angle in t t e  E isomer 4Ea 
(experimental angle in 4Eb = 113.6 ). l4 The calcula- 
tions also predict a small difference in the relative 
stabilities [ A H f ( E )  - AHf(2) = 0.8 kcalmol-'I of 
4Za and 4Ea. which is in agreement with the fact that 
4Ea isomerizes to 4Za (> 95%) in sodium methoxide 
solution. 23 The relatively small difference in stabilities 
predicted by MNDO calculations may be enhanced by 
solvent effects on the equilibrium. One would expect a 
higher degree of solvation for 4Ea because of its higher 
dipole moment and the resulting unfavourable entropic 
factor would shift the equilibrium toward 4Za. 


We next carried out calculations on two simpler 
systems (8 and 9 )  modeled after 0-methyloximes. In the 
0-methyloxime 8, carbon atom 2 of the anti C(2)-C(3) 


r-bond has a higher electron density (Table 2) than car- 
bon atom 6 of the syn C(6)-C(5) u-bond [charge 
C(6)-charge C(2) = 0.0311. In the dicyano derivative 
9,  the MNDO calculation gives the nitrogen atom of the 
anti cyano group a higher electron density than the 
nitrogen atom of the cyano group syn to the methoxy 
group [charge N(6) - charge N(8) = 0.008] ,  


It is noteworthy that in the MNDO optimized 
geometries for 5Za. SEa, 8 and 9, the methoxy groups 
are in the s-trans conformation. This is in agreement 
with the x-ray structures of the 0-methyloxime 
derivatives that we have investigated. 6*14*15 


The stereoelectronic effects observed by Baldwin and 
Norris" in the 0-methyloxime 7 were explained in 
terms of interactions of the nitrogen non-bonded elec- 
trons with the antibonding orbital of the antiperiplanar 
(app) a-bond. They argued that this app n-a* interac- 
tion would give some antibonding character to the app 
a-bond, resulting in lengthening of the bond. The 
lengthening of the app a-bond would result in a decrease 
in the interaction of the non-bonded electrons on ox- 
ygen with the carbon-carbon double bond on the side 
of the conjugated system with a longer a-bond (the app 
a-bond). The x-ray structures of 4Zb and 4Eb tend 
to suppprt this notion. The C(7)-C(8) bond in 4Zb 
(1.462 4) is longer than the corresponding bond in 4Eb 
(1 a448 A), whereas the C(4)-(2(7) bond is longer in 
4Eb (A -47 A) than in 4Zb (1 *468 A). Unfortunate)y, the 
standard errors for the bond lengths from the x-ray 
structure determinations are larger than the differences 
in the bond lengths between 4Zb and 4Eb, so the com- 
parisons we have made can only show a possible trend 
which awaits more accurate x-ray data for 
confirmation. 


On the other hand, our MNDO calculations do not 
show the app n-u* effect on bond lengths. In fact, the 
calculations (Table 3) on 4Za and 3Ea and the model 
compounds 8 and 9 invariably give the app bond a 
shorter length than the bond which is syn to the imine 
nitrogen non-bonded pair. For example, in SZa the 
MNDO calculated value for the C(4)-C(5) bond 
(1 -4339 A) is shorter than the calplated value for the 
C(4)-C(5) bond in 4Ea (1 -4360 A). 


Table 3. Selected bond lengths (A) calculated by 
the MNDO method for 4Za, 4Ea, 8 and 9 


Compound Bond Bond length (A) 
4Za 
4za 
4Ea 
4En 


8 
9 
9 


a 


I .4339 
1.4914 
1.4360 
1.4877 
1.4816 
1.4848 
I *4308 
1.4329 


8 
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It appears that stereoelectronic effects on the ground 
states of oximino compounds make small but significant 
contributions to their dipole moments. We are currently 
seeking quantitative experimental data on reactions with 
early transition states where this ground-state effect may 
influence regioselectivity . 


EXPERIMENTAL 


Melting points were determined on a Thomas-Hoover 
Unimelt capillary melting point apparatus and are un- 
corrected. Infrared spectra were determined with a Pye 
Unicam SP-I 100 spectrophotometer. 'H NMR spectra 
were determined in CDCI3 solutions on a Varian 
EM-390 spectrometer, and the chemical shifts are 
expressed as 6 values in parts per million from Me& as 
an internal standard. GLC (analytical and preparative) 
was carried out with a column (30 ft x 0.375 in i.d.) of 
20% silicone gum rubber (SE-30) on 45-60-mesh 
Chromosorb W. The silica gel (MN-Kieselgel 60) used 
for column chromatography was purchased from 
Brinkmann Instruments. Ultraviolet irradiations were 
carried out in quartz test-tubes placed in a 'merry-go- 
round' apparatus in a Rayonet RPR-100 reactor 
(Southern New England Ultraviolet) fitted with RPR 
2537A lamps. The dipole moments were measured 
using a procedure described previously. lo 


Microanalyses were carried out at Atlantic Microlab 
(Atlanta, GA, USA). 


X-ray structural determination of (Z)-0-methyl-p- 
nitrobenzohydroximoyI chloride (4Zb). Data were 
measured on a Philips PW1100/20 four-circle com- 
puter-controlled diffractometer. Mo Ka(X = 0-71069 A) 
radiation with a graphite crystal monochromator in the 
incident beam was used. The unit cell dimensions were 
obtained by a least-squares fit of 24 centered reflections 
in the range of 9 < B < 13. Intensity data were co!ected 
using the o - 28 technique to a maximum 2! of 45 . The 
scan width, Am, for each reflection was 1 - 2  with a scan 
time of 24 s. Background measurements were made for 
other 24 s at both limits of each scan. Three standard 
reflections were monitored every 60 min. No systematic 
variations in intensities were found. 


Intensities were corrected for Lorentz and polariza- 
tion effects. All non-hydrogen atoms were found by 
using the results of the Multan Direct Method 
Analysis. 24 After several cycles of refinements,* the 
positions of the hydrogen atoms were calculated and 
added with a constant isotropic temperature factor of 
0 . 5 A  to the refinement process. Refinement pro- 
ceeded to convergence by minimizing the function 
Cw (1 FO I - 1 F, where the weights, w, are u(F,)-'. 


Table 4. Crystal and experimental data for 4Zb 


Chemical formula C9H~N303 
Formula weight 205.2 


Unit-cell dimensions 
Space group P211c 


a = 3.990(1) A. 
b =  11.214(2)A 
c = 22.362(6) A 
/3 = 90.78(4)' 
V =  1000.5(7) A' 


No. of molecules per cell 4 
Density (calculated) 1.36 g cm-3 
X-radiation used for data collection p (Mo K a )  = 0.67 cm 
No. of unique reflections 1244 
No. of reflections with I >  2u (I) 779 
R factors on observed reflections R = 0.082 


R ,  = 0.089 


' 


Table 5 .  Bond lengths and bond angles in 4Zb, with standard 
deviations in parentheses 


Bond Bond 
length length 


Bond (A) Bond (A) 


1.22(1) C(I)-C(6) 1 *356(9) 
1.20(1) C(2)-C(3) 1.397(9) 
1 *387(7) C(3)-C(4) 1.389(8) 
1.42(1) C(4)-C(5) 1.399(8) 
1.48(1) C(4)-C(7) 1 '468(8) 
I .266(8) C(5)-C(6) 1.399(9) 
1.136(9) C(7)-C(8) 1.462(9) 
1.358(9) 


~ ~~ 


Bond Bond 
angle angle 


Bonds (") Bonds (7 


N(2)-0(3)-C(9) 
O( 1)-N( 1)-0(2) 
O( l)-N(2)-C( 1) 
O(2)-N( 1)-C( I )  
0(3)-N(2)-C(7) 
N( I)-C( 1)-C(2) 
N(2)-C(2)-C(6) 
C(2)-C( l)-C(6) 
C( l)-C(2)-C(3) 
C(2)-C(3)--C(4) 


108*2(6) 
124.2(8) 
1 17.5(7) 
118.3(8) 
1 I 1 .6(5) 
1 18.8(7) 
117.5(6) 
123.7(7) 
11 8.3(6) 
119.8(6) 


120.3(6) 
120.4(5) 
119-3(5) 
11 8.8(6) 
119.0(6) 
1 19.4(6) 
121.4(6) 
119.2(6) 
178.1(7) 


A final difference Fouqer synthesis map showed several 
peaks less than 0.3 eA-3  scattered about the unit cell 
without a significant feature. 


The R factors on observed reflections, R =  


Cw I FO I 2]  I" are presented with other pertinent crystal- 
lographic data in Table 4. Bond lengths and bond angles 
are listed in Table 5 .  


E I1 FO I - I Fc llP I FO I and Rw = [ E w(l FO I - I FCll2/ 


* All crystallographic computing was done on a Cyber 74 com- 
puter at the Hebrew University of Jerusalem, using the SHELX 
1977 structure determination package. 


(2)-0-Methylbenzohydroximoyl cyanide (4Za). 
Method A. (Z)-0-Methylbenzohydroximoyl chloride lo 
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(10.0 g), copper cyanide (13.3 g) and 18-crown-6 
(4-Og) were placed in a 50-ml round-bottomed flask. 
The flask was loosely stoppered, immersed in an oil- 
bath at 170 "C and stirred with a magnetic stirring bar 
for 24 h. TLC of the reaction mixture then indicated no 
trace of the starting material. Cold ammonia solution 
(400 ml) and benzene (400 ml) were added and the mix- 
ture was stirred for 2 h. The benzene layer was 
separated, washed with cold water (4 x 50 ml) and dried 
over anhydrous magnesium sulfate. Evaporation of the 
benzene at aspirator pressure gave a colored residue 
which was passed through a short column of silica gel 
using methylene chloride-hexane (50 : 50) as the eluent. 
Evaporation of the solvent gave an oil which was fac- 
tionally distilled to give 4Za (6-50 g, 68%), b.p. 
82 "C/O. 1 Torr. NMR, 6 4.23 (s, 3H), 7.43-6-56 
(m,3B), 7.82-7.98 (m,2H); IR (neat), 1600, 1615, 
2260 cm-'. Analysis: calculated for CgHsN20, C 67.49, 
H 5.03, N 17.49; found, C 67-62, H 5.09, N 17.46%. 


(Z)-0-Methylbenzohydroximoyl cyanide (4Za). Method 
B. (Z)-Benzohydroximoyl (1 -01 g) was 
dissolved in methanol (10 ml) containing sodium 
methoxide (0.82 g). Methyl iodide (2.63 g) wasoadded 
and the solution was stirred and heated at 45 C for 
24 h. The solution was then stirred at room temperature 
for 48 h. The methanol was evaporated at aspirator 
pressure. Water (35 ml) was added to the residue and 
the solution was extracted with diethyl ether 
(3 x 15 rnl). The ether extracts were dried over anhy- 
drous magnesium sulfate and evaporated to give a 
brown oil which was distilled under vacuum (0.1 Torr) 
in a short-path distillation apparatus (Kontes K- 
548250). The distillate was further purified by 
preparative GLC to give 4Za as a colorless oil (0.06 g, 
5 vo) . 


(E)-0-Methylbenzohydroximoyl cyanide (4Ea) and 
2,2-Azinodi-2-ethanenitrile (6). Photoisomerization of 
4Za. A benzene (200 ml) solution of 4Za (10.0 g) was 
irradiated for 8 h. The benzene solution was shaken 
with solid, anhydrous sodium carbonate and the 
benzene was evaporated at aspirator pressure. The 
residue was a mixture of an oil and a yellow solid. The 
yellow solid was removed by filtration and recrystallized 
from 95% ethanol to give 6 [ 0 - 7 5 ~ ,  5%.  m.p. 
208-210°C (reported" m.p., 205-206 C].  NMR, 6 
7.45-7.81 (m,6H), 8.22-8.42 (m,4H); IR (KBr), 
1580, 1610, 2260 cm-'. The x-ray crystal structure of 6 
has been reported. l4 Analysis: calculated for Ci6H10N4, 
C 74.41, H 3-90, N 21.69; found, C 74-08, H 4.04, N 
21 -64%. 


The oily filtrate was passed through a short column of 
silica gel using methylene chloride-hexane (50 : 50) as 
the eluent. Evaporation of the solvent gave an oil which 
contained a mixture of 4Za and 4Ea (61 : 39 from the 'H 
NMR spectrum). The two isomers were separated by 
preparative GLC to give 4Ea as a colorless oil (3 * 12 g, 


31%). NMR, 6 4-22 (s,3H), 7.46-7.70 (m,3H), 
7-98-8-21 (m,2H); IR (neat), 1560, 1590, 1610, 
2240 cm-'. Analysis: calculated for CgHsN20, C 67.49, 
H 5.03, N 17.49; found, C67-55, H 5.05, N 17.46%. 


(Z)-p-Nitrobenzohydroximoyl cyanide (3Zb). A solu- 
tion of p-nitrophenylacetonitrile (16.2 g) and n-butyl 
nitrite (10.3 g) in absolute ethanol (200 ml) was added 
dropwise to a cold, stirred solution of sodium ethoxide 
(from 2.30 g of sodium) in ethanol (200 ml). During the 
addition the solution became deep red, which gradually 
changed to green. The solution was stirred at room 
temperature for 3 h, then the volume of the ethanol 
solution was reduced by rotary evaporation (aspirator 
pressure) to 30 ml. Diethyl ether (30 ml) was added and 
the sodium salt of 3Zb was removed by filtration. The 
sodium salt was suspended in water and acidified to give 
3Zb. Recrystallization of 3Zb from diethyl ether- 
hexane gave an orange crystalline solid ( 8 -  10 g, 42%), 
m.p. 165-167 "C (reported26 m.p., 163-165 "C). NMR, 
6 8.05-8.15 (d,2H), 8.34-8.45 (d, 2H); IR (Nujol), 
1605, 2250, 3260 cm-'. 


(Z)-0-Methyl-p-nitrobenzohydroximoyl cyanide 
(4Zb). Using the procedure described above for the 
preparation of 4Za (Method A), 4Zb was obtained 73% 
yield) as a light yellow solid from 95% ethanol, 
m.p. 133-134 C. NMR, 6 4.35 (s,3H), 8-03-8.50 
(AA'BB'quartet); IR (KBr), 1600, 2220 cm-'. 
Analysis: calculated for CgH~N303, C 52.64, H 3.44, 
N 20.48; found, C 52.72, H 3.48, N 20.48%. 


(E)-0-Methyl-p-nitrobenzohydroximoyl cyanide 
(4Eb). An acetonitrile (200 ml) solution of 4Zb (10.0 g) 
was irradiated for 8 h. Evaporation of the acetronitrile 
at aspirator pressure gave a residue that was passed 
through a short silica gel column using methylene 
chloride-hexane (50 : 50) as the eluent. Evaporation of 
the solvent gave a mixture (8.9 g) of 4Zb and 4Eb 
(60 : 40 as determined by 'H NMR). A small amount 
of pure 4Eb (>99%) was obtained by separation of 
the mixture of 4Zb and 4Eb using dry column 
chromatography. A 120 x 4 cm i.d. nylon column was 
filled with MN-Kieselgel 60 silica gel which contained 
0.2% zinc silicate as a fluorescent indicator. The silica 
gel was sieved through an 80-mesh screen and activated 
at 110°C for 4 h. Hexane-chloroform (75:25) was 
used as the eluent. The progress of the chromatography 
was followed by illuminating the column with a hand- 
held ultraviolet lamp. The (E)-hydroximoyl cyanide 
4Eb, which had a lower Rf value than the Z isomer 45b, 
was obtained as a light yellow solid, m.p. 132-134 C. 
NMR, 6 4.28 (s, 3H), 8.16-8.48 (AA'BB' quartet); 
IR (KBr), 1610, 2250 cm-'. Analysis: calculated for 
CgH7N303, C 52.69, H 3.44, N 20.48; found, C 52-56, 
H 3.45, N 20.44%. 
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(Z)-0-Benzoylbenzohydroxirnoyl cyanide (5Za). A 
solution of (Z)-benzohydroximoyl cyanide 11,12 (3Za, 
1-34 g) and freshly distilled triethylamine (0.75 g) in 
anhydrous diethyl ether (20 ml) was placed in a three- 
necked round-bottomed flask fitted with a condenser, 
calcium chloride dryiFg tube and dropping funnel. The 
flask was cooled at 5 C in an ice-salt bath and benzoyl 
chloride (1 a07 g) in anhydrous diethyl ether (20 ml) was 
added slowly with stirring. The solution was then stirred 
for 4 h at room temperature. The mixture was added to 
water (50 ml) and additional diethyl ether was added. 
The ether layer was separated and washed first with 
10% aqueous potassium hydroxide solution (20 ml) and 
then with water (20 ml). The ether layer was dried over 
anhydrous magnesium sulfate and evaporated to give 
5Za (2.09 g, 91Vo), m.p. 135-137 "C. Recrystallization 
from diethyl ether-hexane gave colorless crystals, m.p. 
140-140-5 "C. NMR, 6 7-38-7-80 (m,6H), 7.92-8.20 
(m,2H), 8.23-8.42 (m,2H); IR (Nujol), 1580,1625, 
1805, 2290 (w). Analysis: calculated for CI~HIONZOZ, 
C71.99, H 4.03, N 11.19; found C 71.84, H 4.05, 
N 11.13%. 


(Z)-0-Benzoyl-p-nitrobenzohydroximoyl cyanide (5Zb). 
This was prepared as described above for 5Za, except 
that benzene was used as the extraction solvent, to give 
a light yellow crystalline solid (72Vo), from 95% 
ethanol, m.p. 155-156 "C. NMR, 6 7-50-7.87 (m, 3H), 
8.24-8.60 m, 6H); IR (Nujol), 1530, 1565, 1600, 1610, 
1785, 2240. Analysis: calculated for C I ~ H ~ N ~ O ~ ,  C 
61.02, H 3.07, N 14.23; found, C 61-07, H 3.10, N 
14.23%. 
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HYDRATION OF 2,2-DICHLORO-l-ARYLETHANONES IN WATER 
AND TETRAHYDROFURAN-WATER MIXTURES. 
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The hydration of 2,2-dichloro-l-arylethanones was studied in water and tetrahydrofuran (THF)-water mixtures and 
the equilibrium constants in water were estimated for four ethanones. The process is  subject to specific acid and to 
general base catalysis. The proton inventory technique was applied to the study of the reaction in L 2 0  and THF-LzO 
solutions (L = H or D). In pure water and water-rich mixtures, a very large number of protons participate in the open 
transition state, this number decreasing gradually with increasing water content in the mixture, until the minimum value 
of 2 is reached, corresponding to a cyclic, closed transition-state structure. 


INTRODUCTION 


Nucleophiles are known to add to the carbonyl group of 
aldehydes and ketones to  form tetrahedral species. 
When the nucleophile is water, hydrates are obtained 
which are stable in solution and in many cases can be 
isolated. 


Although equilibrium constants of hydration for 
various halogenoketones have been determined by 
several methods, detailed mechanistic studies of the 
hydration of this class of compounds are scarce. Among 
gem-polyhalogenoketones, the hydration of tri- 
fluoroethanones has attracted the attention of different 
groups. Studies on the hydration of 2,2,2-trifluoro-l- 
arylethanones have been and the hydration 
of 1, I ,  1-trifluoroacetone has been compared with that 
of acetone. 6 3 7  


Studies on the hydration of chloroketones have been 
restricted to a few propanone derivatives, including 
1 -chloropropanone, * 1, I-dichloropropanone’ and 1,3- 
dichloropropanone. lo -  l 3  The mechanism of hydration 
of the last compound has been investigated in detail in 
a series of now classical papers by Bell and co- 
workers. l o -  n More recently, the influence of surfact- 
ants on the hydration of the same substrate has also 
been investigated. I 4 s L 5  


We have been concerned for some time with the 
chemistry of gem-polychloroarylethanones. The reac- 
tion of 2,2,2-trichloro-l-arylethanones with amines and 
alcohols has been studied in our laboratories from both 
the preparative and mechanistic points of view. 1 6 , ”  The 


* Authors  for correspondence. 
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mechanism of the basic hydrolysis of these ethanones 
was also investigated. In all cases tetrahedral inter- 
mediates were postulated, which are formed by an 
initial nucleophilic attack at the carbonyl group. 


In continuation of our interest in this topic, we 
decided to examine the mechanism of hydration of this 
class of compounds, as this is a reversible process in 
neutral or acidic solutions, uncomplicated by further 
decomposition of the hydrate formed. This paper deals 
with the hydration of 2,2-dichloro-l-arylethanones (1) 
in water and tetrahydrofuran (THF)-water mixtures. 


RESULTS AND DISCUSSION 


The observed rate constants for the hydration of the 
dichloroethanones (1) in water to  form the correspond- 
ing hydrates ( 2 )  at 25 “ C  are given in Table 1. 


KI, 0 
I/ ki, 


kil 
X-C6H4--C--CHCI2 + H2O .;~ 


OH 
I 


I 
O H  
(2 


X-C~HJ-C-CHCI~ 
(1 
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Table 1. Equilibrium and rate constants for the hydration of 
2,2-dichloro-l-arylethanones (1) in water at 25 'C 


10' kob5 lo3  kt, 10' kd 
Ketone W')  ( s - ' )  ( S - ' )  Ktt 


l a  6.64 16.4 5.00 0.33 
l b  6.74 9.8 5.76 0.17 
l c  9.25 36.0 5.65 0.64 
Id 29.34 24.10 5.24 4.60 


The rate constants of hydration (kh)  and dehydration 
(kd)  may be obtained with the aid of the following 
equations: 


kob3 = kh + kd (1) 


Kh = kh/kd (2) 
where KI, is the equilibrium constant between the 
hydrate (2) and the ketone (1).  


Combination of equations (1) and (2) yields kd and kl, 


(3) 


(4) 


( 5 )  
where the molar absorptivities and 
a$"". refer to the ketone ( I ) ,  the hydrate (2) and the 
equilibrium mixture, respectively. 


Values for aErone could be obtained by extrapolation 
of the absorbance values of 1 in water to reaction time 
zero. Once the equilibrium had been attained, the absor- 
bance reading at the same wavelength yielded the cor- 
responding a$"".. Unfortunately, the values 
could not be determined with the same precision, 
because species 2 could not be isolated from the aqueous 
solution. This difficulty was overcome by taking 
the molar absorptivities of the corresponding 2,2,2- 
trichloro-1-arylethanols (3) l9 as good approximations 
of the molar absorptivities of the hydrates 2, following 
a procedure employed previously. The values of 


were then 400, 570, 350 and 4930 for the species 
2a, 2b, 2c and 2d, respectively. 


With these approximations, values of Kh, kh and k d  


were estimated for all substrates 1 in water. These values 
are also given in Table 1. 


The equilibrium constant of hydration for l a  (0.33) is 
seen to be approximately ten times smaller than the cor- 
responding value for the 2,2-dichloropropanone (2.9), 
determined by Bell and McDougall. This decrease in 
the ease of hydration when a methyl is substituted by a 
phenyl group may be a result of both the increased steric 
protection of the carbonyl group in l a  and the decreased 
electrophilicity of this group when conjugated with an 
aromatic system. This second effect is particularly im- 


as functions Of kobs and Kh; 


k d  = k"bs/(Kh + 1) 


kh = kobrKh/(Kti + 1) 


The Kh values may be calculated from the equation 
k, = (a;;lonr - a$iiil. )/(ae#il. - a g d r a l e )  


portant, as shown by the comparison of the Kh values 
of hydration of 2,2-dichloropropanone (2.9) and 
of 2,2-dichloro-l-(3-nitrophenyl)ethanone (Id) (4.6). 
Conjugation with the more electron-withdrawing 
3-nitrophenyl substituent increases the electrophilicity 
of the carbonyl group, thus rendering this dichloro- 
arylethanone (Id) even more susceptible to hydration 
than the analogous 2,2-dichloropropanone. 


The values of kh, kdand Kh allow the determination of 
the Hammett p values for the hydration and dehydra- 
tion processes. The corresponding Hammett plots (not 
shown) yield p values of 1.59, - 0.03 and 1.62 for the 
hydration and dehydration steps, and for the equilibrium 
constants, respectively. As expected, the forward hydra- 
tion step is fairly dependent on the nature of the substi- 
tuent, being facilitated by electron-withdrawing groups, 
whereas the reverse dehydration step is almost indepen- 
dent of the nature of the phenyl substituent. Our values 
are very close to those reported by McClelland and 
Coe2' for the hydration of benzaldehydes. They ob- 
tained a p value of 1.7 for the hydration step and a 
p value near zero in the dehydration direction. 


We next turned our attention to  the investigation of 
acid or base catalysis in the hydration process. The in- 
fluence of the pH of the medium on the observed rate 
constant of hydration of l a  was investigated in aqueous 
HCI solutions. The kobs values obtained are given in 
Table 2. As can be seen, the hydration does not depend 
on the hydronium concentration in the pH range 7-1. 
In more acidic solutions, a linear dependence of the 
observed rate constant on the acid concentration was 
observed. This points to the existence of a spontaneous 
hydration constant ko = 0.066s-' ,  and a specific acid- 
catalysed rate contant kH = 0.3961mol-1s-l. 


Isotopic effects on the acid-catalysed hydration of 
2,2-dichloro-l-(4-bromophenylethanone) (Ic)  and 
2,2-dichloro-l-(3-nitrophenyl)ethanone (Id) were 
studied in LCl-L20 solutions (L = H or D), in the acid 
concentration range 0.2-1 .O  M.  The kH/kD ratios for 
substrates l c  and Id were 1.96 and 2.24, respectively. 
These small values are in agreement with the existence 
of specific acid catalysis in the process, indicating that 


Table2. Observed rate constants for the  hydration o f  
2,2-dichloro-l-plienylethanone ( l a )  in aqueous HCI solutions 


at 25'C 
~- 


[HCI] (h l )  10' kub,  ( 5 - l )  [HCI] (\I) lo' kilh ( j  ' )  


.I 6 . 6  0 . 2  9 .7  
6.5 0 .4  20.6 


0.001 6 . 6  0 .6  24.1 
0.01 6 - 7  0.8 34.6 
0.1 6 .8  1.0 42.6 


'pH 7.0,  phosphate buffer. 
"pH 5.0, phthalate buffer. 


h 
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protonation of the carbonyl oxygen occurs before the 
attack by a water molecule. 


The specific base catalysis was not studied because at  
basic pH 2,2-dichloro- I-arylethanones decompose to  
mandelic acid derivatives. 21 


The existence of general acid or base catalysis in the 
pH range 1-7 was next checked using the equation 


( k o b s -  ~ o ) / [ H B I T = ~ H B ( ~  - f ) + f k e  (6)  
where ~ H B  and k~ are the catalytic rate constants for the 
general acid and base [HB]  and [ B ] ,  respectively, 
[ HB] T is the total concentration of the acid-conjugate 
base pair, [ HB ] T  = [ HB] + [ Bj , and f is the fraction 
of conjugate base at a given pH.  A plot of 
( k o b s  - ko)/ [ HB] T vs fallows the determination of ~ H B  
and k~ for a given general acid or base catalyst as the 
intercepts on the ordinate at f = 0 and I ,  respectively. 
This procedure yielded negligible ~ H B  values for all 
acids utilized in this range, an indication that the pro- 
cess exhibits almost no acid catalysis. On the other 
hand, general base catalysis was observed in the hydra- 
tion of la  in the pH range 1-7. The k~ values obtained 
for seven bases are given in Table 3. A B r ~ n s t e d  plot of 
these data yielded a p value of 0.47, which is again very 
close to  the p value of 0 - 4  reported for the hydration of 
benzaldehydes. ” 


In order to  gain more insight into the structure of the 
transition state for the hydration of the 2,2-dichloro- 
1 -arylethanones ( I ) ,  we applied the proton inventory 
technique to  the study of the process in water and in 
THF-water mixtures. 


As discussed above, the rate constants for the 
hydration (kh) and dehydration (kd) steps, and the 
equilibrium constants K h ,  derived from the kobc  values 
with aid of equations (3), (4) and (9, are only 
approximate, since they rely on values which 
cannot be measured directly. 


Although this approximation might seem at first sight 
to invalidate all subsequent data treatment, it was found 
that the exact determination of these constants in all sol- 
vent mixtures was not essential for the rigorous applica- 
tion of the proton inventory technique. 


Table 3. Catalytic rate constants, /re, for the base-catalysed 
hydration of 2,2-dichloro-l-phenylethanone ( l a )  in water in 


the pH range 1-7 


Base 


ClzCHCOY 12.52 0.014 
NCCHCOY 11.55 0.028 
ClCHzCO? 11.15 0.057 
HCOT 10.25 0.155 
CHjCOr 9.24 0.285 
HCO? 7.63 3.090 
HPO%- 6.79 5.880 


In fact, the position of maximum absorbance, A,,,, 
in HzO-DzO mixtures for the ketones under study was 
found to be constant, within 0.1 nm, over the whole 
composition range. As shown by Bell and Critchlow, 
this observation implies that the molar absorptivities of 
the ketone and of the hydrate are not affected by the 
atom fraction of deuterium in the solvent mixture. Fur- 
ther, when the absorbances of the equilibrium mixture 
in all solvent mixtures listed in Tables 4 and 5 were 
measured, we found that, within a precision of 0.002 
absorbance unit, for a final reading of about 0.700, no 
change was observed on changing the atom fraction 
of deuterium from 0 to 1. Accordingly, since the ab- 
sorptivities in equation ( 5 )  do not depend on the atom 
fraction of deuterium for all HlO-DzO and 
H20-D20-THF mixtures, it follows that the value of 
K b ,  whatever it may be, is constant over the whole 
H20-D20 composition range. We may then simply 


Table4. Observed rate constants for the hydration of 
2,2-dichloro-l-arylethanones (1 ) in H20-Dz0 mixtures at 


25 “c 


10ZkP ( s - l )  


n l a  l b  l c  Id 


0 
0 .1  
0 .2  
0 .3  
0.4 
0.5 
0.6 
0 .7  
0.8 
0.9 
1 .0  


6.65 
5.75 
5.30 
4.93 
4.22 
3.84 
3.42 
2.99 
2.80 
2.51 
2.38 


6.74 
5.88 
5.23 
4.66 
4.10 
3.83 
3.17 
2.81 
2.56 
2.21 
1.74 


9.21 
7.94 
7.49 
7.20 
6.12 
5.78 
5.14 
4.80 
4.56 
4.20 
3.97 


29.4 
26.6 
24.1 
21.9 
20.2 
17.3 
16.2 
13.8 
12.5 
11.2 
10.6 


Table5. Observed rate constants for the hydration of 
2,2-trichloro-l-(3-nitrophenyl)ethanone in THF-120 with 


different deuterium molar fractions n 


0 2.36 5.77 12.4 
0.1 2.16 5.21 11.3 
0 .2  1.97 4.12 10.0 
0 .3  1.80 4.28 9 .2  
0.4 1.60 3.97 8.1 
0 .5  1.40 3.70 7.6 
0.6 1.23 3.28 6.7 
0 .7  1.08 3.02 5.9 
0 .8  0.95 2.78 5.3 
0.9 0.78 2.52 4-9  
1 .0  0.67 2.30 4.5 







92 R.  WENDHAUSEN, J R ,  ET A t .  


write the equality K,, = K O ,  where the subscripts n and 0 
refer to the equilibrium constant in H20-D20 mixtures, 
with atom fractions of deuterium equal to n and 0 
respectively. 


The proton inventory technique is based on the 
analysis of the variations of rate/equilibrium constants 
in HzO-DzO mixtures, as the atom fraction of 
deuterium n is varied.12 Relationships (7 )  and (8), 
known as the Gross-Butler equations, show the 
dependence of the equilibrium K,, and rate constants k, 
in HzO-D20 mixtures on the value of n: 


where @,(J is the fractionation factor for every proton 
which exchanges with the solvent during the process 
under study and the superscripts R, P, and T refer to 
reagents, products and transition state, respectively. 


For the hydration of ketones ( I ) ,  the denominator of 
equation (7 )  equals unity because our reagent does not 
have any hydrogen atoms which exchange with the sol- 
vent during the hydration process. Since K,, = K O ,  the 
numerator of equation ( 7 )  must also be unity, a conclu- 
sion which implies that the fractionation factor for the 
hydroxyl protons on the product hydrate is unity. This 
value is in complete agreement with tabulated values for 
fractionation factors of C-0-L groups. 22  


We may now simplify equation (8), in our particular 
case, to equations (9) and (lo), which apply to the 
hydration and dehydration rate constants, kj: and k:, 
respectively: 


in H20-DzO mixtures are given for substrates la-Id in 
Table 4. Table 5 lists the observed rate constants for the 
hydration of 2,2-trichloro-l-(3-nitrophenyl)ethanone 
in aqueous THF mixtures with variable L 2 0  molar 
concentrations. 


In Figure 1 the data in Table 4 for substrate la are 
plotted and compared with theoretical curves for the 
Gross-Butler equation (12), calculated for various 
values of n. It is readily seen that our data fit best a 
theoretical curve which predicts a very large (‘infinite’) 
number of protons participating in the transition state 
of hydration. If all the protons contribute to a small and 
approximately equal extent to the overall isotopic 
effect, equation (12) may be written in the form22 


In kzh5 = In k ib \  ~ n [ m ( ~  - 6.’ 11 (13) 
Accordingly, In k t b 5  is expected to show a linear 
dependence on the molar fraction n, as the number of 
protons, m, involved is very large. Linearity tests for the 
data in Table 4, according to equation (13), yielded 
in all cases straight lines with correlation coefficients 
greater than 0.99. 


Different results were obtained when the data in 
Table 5 were treated according to equation (12). As seen 
in Figure 2, the degrees of curvature obtained when kgh’ 
values are plotted against n are different in the three 
aqueous T H F  solutions. Indeed, the data for solutions 
with 10, 20 and 30 M L 2 0  concentrations are consistent 
with 2, 8 and an infinite number of protons, respective- 
ly, participating in the transition state of the hydration 
reaction. A linearity test is provided by equation (14) for 
the case of two protons being involved in the transition 
state.22 


Since the transition state for both processes, accord- 
ing to the principle of microscopic reversibility, is the 
same, we may combine the t w o  equations to obtain 


k ! :+k : , ‘= (k l t+k : )  n ( 1  - n + n f $ , ’ )  ( 1 1 )  


which may be written as equation (12), the observed rate 
constant kib’ being equal to k!; t k,d: 


kzb’=kKh* n ( I - n + n f $ , ‘ )  (12) 
I 


I t  is now clear that we do not need to determine kl, 
and k d  values in various H20-D20 mixtures in order to 
obtain direct information regarding the number of pro- 
tons involved in the transition state. It suffices to 
analyse the variation of kib’  in such mixtures with the 
molar fraction of deuterium oxide, n .  


Values of these observed rate constants as n is varied 


’I 
0.0 0.5 UJ 


n 


Figure 1. Hydration of 2,2-dichloro-i-phcnylethanone ( l a )  in 
HzO-DzO mixtures. Variation of the observed rate constant 
with the deuterium molar fraction, n .  Theoretical curves drawn 
according to equation (12) for one, two and an infinite number 


of protons ( v )  involved in the transition state 
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I 
0.0 0.5 1D 


n 


Figure 2. Hydration of 2,2-dichloro-l-(3-nitrophenyl)ethanone 
( Id )  in THF-L20 mixtures. Variations of the observed rate 
constants with the deuterium molar fraction, n, for LzO = 10, 
20 and 30 M .  Theoretical Gross-Butler curves correspond to 
( A ) two, ( m  ) eight and (*) an infinite number of protons ( u )  


intervening in the transition state 


Here again a straight line is obtained when 
(kfbs/k6'bs)1'2 is plotted against n (figure not shown). 
The data for the 3 0 ~  aqueous solution were tested 
according to equation (13) and the straight line 
obtained, with a correlation coefficient greater than 
0.99, confirmed the assignment of an infinite number of 
protons in this case. 


The analysis of the data in THF-water solutions 
clearly indicates that the number of protons par- 
ticipating in the transition state for the hydration reac- 
tion of compounds 1 depends on the composition of the 
solvent. 


We might then expect the same conclusion from the 
determination of the order of reaction in water as the 
solvent composition is changed. Unfortunately, in our 
case, this method is not as rigorous and reliable as the 
proton inventory technique, because the individual rate 
constants kh and k d  cannot be determined precisely for 
each solvent mixture. Nevertheless, the plot shown in 
Figure 3 ,  of log kobs vs log [HzO] in THF-water 
mixtures, shows a strong curvature, a result which 
points in the same direction as the proton inventory 
experiments. 


The variation of the transition state structure for the 
hydration of 1 with the solvent composition may be 
interpreted as reflecting changes in the structure of the 
solvent mixture. While the activity of water remains 
approximately constant for THF solutions with 10, 20 
and 30 M ~ a t e r , ~ ' " ~  the excess thermodynamic prop- 
erties of the system change dramatically in the same 
range.25i26 A plot of  the excess enthalpy of the system 
vs the molar fraction of water in the mixture exhibits an 
S-shaped curve with a negative minimum value at a 
molar fraction of water of 0.8 and a maximum at a 
molar fraction of 0.1 . 25326  Between these two points the 


I 


Figure3 Plot of log /cobr vs log[HzO] for the hydration of 
( * )  2,2-dichloro-l-(3-nitrophenyl)ethanone (Id)  and ( rn ) 
2,2-dichloro-1-(4-bromophenyl)ethanone ( l c )  in HzO-THF 


mixtures 


excess enthalpy increases almost linearly with the 
increase in the molar fraction of T H F  in the mixture. 
This linear increase has been explained by Clew and co- 
workers in terms of the gradual replacement of 
H20-HzO by H20-THF hydrogen bonds,26 an 
explanation that has been supported by NMR 
experiments. 26 -'* 


Clew and co-workers' rationalization, applied to the 
same range of water concentration in which we carried 
out our experiments, is entirely consistent with our find- 
ings. In pure water, or in water-rich solvent mixtures, 
water-to-water hydrogen bonds predominate and a very 
large number of protons participate in the transition 
state of hydration, represented by the open structure I. 
As this homogeneous, infinite structure is disrupted by 
the addition of the organic co-solvent, the number of 
protons participating in the transition state gradually 
decreases, until it reaches the minimum value of 2, 
which corresponds to  the cyclic structure 11. 


r 1 


I 1 1  


Hence our results show that hydration reactions in 
mixed solvents have a variable transition-state rtructure, 
in which the number of intervening protons is a function 
of the structure of the solvent system. 


This statement probably applies to other gem- 
polyhalogenoketones, such as 2,2,2-trichloro-l- 
arylethanones, the hydration of which is currently being 
investigated. 
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EXPERIMENTAL 


Melting points were obtained with a Koffler hot-stage 
apparatus and were not corrected. Chromatographic 
analyses were carried out with a CG-370 instrument. 


The following compounds were prepared by methods 
described previously: 2,2-dichloro-l-phenylethanone 
( l a ) ,  b.p. 134-136OC (10 mmHg), lit.29 b.p. 
138-140 "C (13 mmHg); 2,2-dichl~ro-1-(4-methyl- 
pheny1)ethanone ( lb ) ,  m.p. 54-55 C, lit.3" m.p. 
54.5-55.3 'C; 2,2-djchloro- 1-(4-bromophenyI)ethanone 
( lc ) ,  m.p. 61-62 C, lit.30 m.p. 61.6-62°C; 2,2- 
dichloro-l-(3-nitrophenyl)ethanone (Id),  m.p. 56-57 "C 
lit3' m.p. 57-58 "C. 


Aqueous solutions were prepared from deionized, 
doubly distilled water. Deuterium oxide with a 
minimum isotopic purity of 99.96 atom-% of 
deuterium was purchased from Aldrich. The concentra- 
tion of HCI and DCI solutions were determined by titra- 
tion. Molar fractions of deuterium were determined by 
neutron activation analysis. 


The observed reaction rates were determined spec- 
troscopically with a Shimadzu UV-210A spectro- 
photometer equipped with thermostated (?  0.1 "C) 
water-jacketed cell compartments. In a typical run, 
15 pl of a M stock solution of the substrate in dry 
T H F  were added to 3 ml of water or the aqueous solvent 
mixture in the cell, and the absorbance ( A )  decay was 
recorded simultaneously at 254,264,267 and 247 nm for 
l a ,  lb ,  l c  and Id, respectively. The linear plots 
( r  > 0.99) of In(A, - A,) vs time yielded pseudo-first- 
order rate constants with errors smaller than 3%. 


The reversibility of all reactions was established by 
chromatographic analysis of the products. After the 
equilibrium between the ketone and its hydrate had been 
attained, the samples were injected into the gas 
chromatograph. In every case only one peak was 
detected, corresponding to the original 2,2-dichloro-l- 
arylethanone (1) .  
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BRQNSTED COEFFICIENTS AND THE THEORY OF ACID-BASE 
CATALYSIS OF PROTON TRANSFERS FROM CARBON ACIDS 


LUIS G. ARNAUT AND SEBASTIAO J .  FORMOSINHO 
Departamento de Quimica, Universidade de Coimbra, 3049 Coimbra Codex, Portugal 


The intersecting-state model previously used to interpret proton transfers in ground and excited states and enzyme 
catalysis was applied to the general acid-base catalysis of carbon acids. The results are consistent with the predictions 
published for these systems and provide a new physical meaning for the Brensted coefficients. It is shown that in addi- 
tion to the linear free energy effect, the Brensted coefficients are also influenced by the tightness of the transition states 
and by electronic effects. The model suggests that the increased reactivity of carbon acids towards proton transfer in 
non-hydrogen-bonding solvents is caused by an added electronic effect on the thermodynamics of the reactions. The 
curvatures of the Brensted plots are interpreted in terms of an entropic contribution to the position of the transition 
state. 


INTRODUCTION 


Acid-base catalysis has been extensively studied both 
theoretically and experimentally. Within this field, the 
catalysis of reactions of carbon acids by oxygen or 
nitrogen bases has been the focus of much attention. 
The systems involved can be represented by the equation 


RCHXY + BZ S RCXY- + B H Z + ‘  


where the rate constant for the activated carbon acid 
deprotonation is k B  and the rate constant for the reverse 
protonation is kBH. The interest in this type of catalysis 
comes from both its importance as a tool in synthetic 
organic chemistry and its theoretical simplicity. 


Carbon acid catalysis has attracted so much interest 
because it is directly relevant to the understanding of 
some of the most important processes in organic 
chemistry, which may occur concertedly or in steps, 
such as the following: 


1. The addition of weakly basic nucleophiles to car- 
bony1 compounds: l S 2  


2. Nucleophilic additions to activated olefins: 


r r X  
PhCH=CXY + NUz* PhCH-C - 


Nu‘” 


where X and/or Y are activating groups such as CN-,  
COT or NO;; 


0894-3230/90/020095- 15$07.50 
0 1990 by John WiIey & Sons, Ltd. 


3. Addition of  water or alcohols to electrophilic 
centres: ‘ v 4  


4. Ketonization of enols:5 


HA + \C=C’OHd A-+ \C-CYoH --t HA + \C-C /O ’ ‘Ph ’ \H \Ph ’ ‘H ‘Ph 


The theoretical simplicity of acid-base catalysis led 
many workers to use it as a testing ground for reactivity 
models and linear free energy relationships. These reac- 
tions whose rate determining step is a direct proton 
transfer, are, next to the electron-transfer reactions, the 
simplest processes that it is possible to  find in chemistry. 
The most popular theoretical framework to rationalize 
these processes has been the relationship proposed by 
Brernsted and Pederson over 60 years ago.6 This rela- 
tionship establishes the dependence of the catalytic rate 
constant for acid catalysis, and the equilibrium constant 
of the catalyst, K,: 


kHB = G a C  (1)  
where G is a constant dependent only on temperature, 
pressure, medium and substrate and a ,  which is in- 
dependent of the nature of the substrate, has a constant 
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value between 0 and 1 for acids of the same type. A 
similar equation may be written for the reverse base 
catalysis, k B  = Gd(;’, and 01 + /3 = 1. I t  was only 30 
years after the formulation of the Brensted catalysis law 
that a physical meaning for a (and /3) was found: 
according to  Lemer’s postulate,’ the slope of a rate- 
equilibrium logarithmic relationship measures the posi- 
tion of the transition state along the reaction coordinate. 
A corollary of this postulate is that the coefficients a 
and p can be used as reaction progress variables. 


Together with the Bransted relationship, the Marcus 
rate theory’ has also been applied to acid-base 
catalysis. According to Marcus, the free energy of 
activation, AC’, and the standard free energy change, 
AGO, of a proton transfer reaction are related by the 
expression 


A C ’  = A G & ( I  + A C 0 / 4 A G ~ ) 2  (2) 


where A C &  is the ‘intrinsic’ barrier or value of AG’ 
when A C ”  is zero; this ‘intrinsic’ barrier is associated 
with an ‘intrinsic’ rate constant, ko. This theory predicts 
a curved logarithmic relationship between rate and 
equilibrium constants. The commonly observed linear 
relationship, on which Brmsted based his law, is 
explained on the basis of the experimental use of narrow 
pK,  ranges. 


The existence of a downward curvature in Brensted 
plots has been subject to controversy. Such a curvature 
would be evidence for the validity of the Hammond 
postulate l o  and Leffler’s interpretation of Brensted 
plots, because it would reflect a change in transition 
state structure from product-like in endergonic reac- 
tions (a --t 1)  to reactant-like in exergonic reactions 
(cu -+ 0). Although there is evidence of such curvatures 
in series of closely related catalysts, as within the family 
of carboxylate ions,’ this has been attributed to increased 
solvation of the anionic bases with increasing basicity. 
Actually, the fact that the Bransted plots for primary 
amines covering a similar pK, range as the carboxylate 
ions were linear was taken as evidence against a 
Hammond-Leffler effect. 


Further evidence against this effect comes from the 
observation that 01 (or p )  does not change with the 
reaction energy as predicted by the Marcus theory. 
According to  Koeppl and Kresge, ‘ I  the slopes of the 
nearly linear portions of the Bransted plots are 
considerably greater than predicted by Marcus; for 
example, in base catalysis when the energy of the 
catalysed reaction is 439 kJ mol- I ,  the discrepancy 
between the calculated and experimental slope within 
the range CY = 0.2-0.8 may amount to  a factor of 2. 


Another difficulty with the previously mentioned 
theories comes from the inequality sometimes observed 
between the Br~ns ted  PB values (variation of base) and 
the Bransted O ~ C H  values (variation of carbon acid). This 
phenomenon, which is greatest in  hydroxylic solvents, is 
referred to as ‘imbalance’. Bernasconi et al. I’ attemp- 


ted to explain the observation of imbalances through the 
principle of imperfect synchronization: a factor such as 
hydrogen bonding, resonance, solvation, electrostatic 
and steric effects, which stabilizes reactants will 
decrease ko if it is lost early and increase ko i f  i t  is lost 
late. The terms ‘early’ and ‘late’ are defined in relation 
to the proton transfer step, or the transfer of the 
negative charge from the base to the carbon acid. 
Again, in this theory the measurement of the progress 
of charge transfer in the transition state relies on the 
experimentally determined values of / 3 ~  (or ~ B H ) .  


All these theoretical studies circle around the physical 
meaning of the slopes of Brensted plots first postulated 
by Leffler. However, this meaning has been seriously 
questioned theoretically l 3  and numerous experimental 
‘anomalies’ have been observed. I‘ Therefore, in order 
to understand and predict the mechanisms and kinetic5 
of acid-base catalysis, it is very important to assess 
quantitatively, using a molecular viewpoint, the meaning 
and the limitations of Brensted coefficients. 


The intersecting-state model recently developed to 
estimate activation energy barriers of  chemical 
reactions15 has already been used to predict the condi- 
tions under which Brensted coefficients may represent 
the extent of proton transfer. l 6  Now we shall test such 
predictions systematically and show how this model can 
be used to rationalize both the curvature of Brensted 
plots and its physical meaning. This model can provide 
valuable information about transition-state structures, 
namely on the causes of  the observed imbalances, sol- 
vent effects and synchronism of proton transfers to and 
from carbon. 


INTERSECTING-STATE MODEL 


The intersecting-state model (ISM) now used to explain 
acid-base catalysis has been discussed in detail 
elsewhere. I5. l7 This model has already been applied to 
proton transfers both in ground 1 6 * 1 8  and excited 
states. l 9  Further, the same theoretical model was also 
used to interpret a particular type of catalysis, namely 
enzyme catalysis.20 Details of the formulation of the 
model can be found in these and applications 
of ISM to chemical kinetics. Therefore, here we shall 
only state the major features of ISM. 


We represent the transfer of a proton between a car- 
bon acid and a catalyst in terms of independent bond- 
breaking and bond-forming processes along a one- 
dimensional coordinate. This coordinate is given by the 
sum of the equilibrium bond lengths of reactant and 
product: 


d=q( l r+I , )  (3) 


(4) 
a’ is a constant (a ’  = 0.156), nf is the bond order of 


where 9 is a reduced bond distension: 


1) = ( a ‘  In 2 / n f )  + ( a ’ / 2 ) ( A C ” / A ) 2  







L. G. ARNAUT AND S. J .  FORMOSINHO 97 


the transition state defined by counting the electrons 
and X is an energy associated with the ‘mixing or con- 
figuration entropy’ proposed by Agmon and Levine. 24 


The vertical axis associated with bond-breaking and 
bond-forming processes is assumed to be, as usual, a 
free-energy coordinate. The changes in this coordinate 
are determined by the force constants of the bond that 
is broken, f r ,  and that which is formed, f p ,  both treated 
as harmonic oscillators (Figure 1). 


From the intersection of the potential (free-energy) 
curves corresponding to reactants and products, we can 
calculate A C # .  Now, making use of the Arrhenius-type 
expression 


( 5 )  


we can obtain the rate constant for a given reaction. For 
the reverse reaction rate constant the same equation 
is applied, but the activation free energy becomes 
AGZ,, = AG’ ~ AGO. 


In our calculations we optimiLe one parameter, d ,  to  
reproduce each statistically corrected rate constant for 
carbon acid deprotonation in base catalysis, kB,  or the 
reverse rate constant for protonation in acid catalysis, 
k H H .  All the other data necessary for the kinetic calcula- 
tions (force constants, bond lengths, reaction free 
energies, temperatures, statistical corrections) can be 
obtained from tables of thermodynamic and structural 
experimental determinations. The optimization of d for 
each reaction corresponds to the empirical determina- 
tion of n t  and A for each reaction. If the application 
of ISM to acid-base catalysis is physically meaningful, 
structurally related catalysts and carbon acids will have 
common values of n# and/or X, otherwise the model 
will yield scattered results and will be of no practical 


k = (kBT/h)exp( - A G ’ / R T )  


- 
d 


I w 
reaction coordinate 


Figure 1. Harmonic potential energy curves representing 
C-H and H-B bonds in general acid-base catalysis of 
proton transfers from/to carbon. The force constants for these 
bonds are f r  and f,,; AGO = reaction free energy; AG’ = 
activation free energy; x = reactant bond distension; 


d = total bond distension of reactant and product 


The previous work with ISM has shown that the 
Brernsted relationship, as a linear free-energy relation- 
ship, will hold just as long as n# is constant. l 7  Further, 
meaningful Brernsted coefficients can only be extracted 
from reaction series with high X values ( X  > 90 kJ 
mol-’).I6 The present applications of ISM provide a 
critical test of these predictions. 


THEORETICAL RESULTS AND DISCUSSION 


First, we applied ISM to the catalysis of eight carbon 
acids by series of oxygen and nitrogen bases 
(Tables 1-4). The results obtained are in agreement 
with the predictions previously published for these 
systems: l 6  each series of structurally related base 
catalysts is characterized by a common n* and a large 
A,  i.e. a common intercept and slope for the plots of 7 
versus (AGO)’ (Figures 2 and 3) .  These series lead to the 
well known straight lines in In k vs pK, plots, which 
define the ‘Brernsted families.’ The only relevant 
exception, in terms of both ISM and Br~ns ted  plots, is 
the catalysis by 2,6-dimethylpyridine, which shows 
significantly larger 7 values than the catalysis by other 
pyridines; this increase in 1) can be assigned to steric ef- 
fects. The results for H20 and OH- are also peculiar. 
Some workers have interpreted the catalysis by OH-  
together with that by carboxylate ions and the catalysis 
by H2O together with a m i n e ~ . ~ ~  Our model does not 
support such a grouping of the catalysts, because they 
d o  not seem to have common n and A values. In the 
present calculations, we used the acidity constants of 
water and hydroxide ions considering the concentration 
of water on the molar scale. l 4  This method of calcula- 
tion leads to acidity constants consistent with those for 
the other catalysts and does not account for the 
possibility of proton transfer through the Grotthuss 
chain mechanism, as we have considered previously, “ . I 9  


because carbon acids d o  not form hydrogen bonds to 
water. We shall postpone further discussion on this 
subject until we study solvent effects. 


A deeper analysis of the data in Tables 1-4 can be 
made according to  two guidelines: the discussion of the 
differences among each series of catalysts for a given 
carbon acid and of the differences among the several 
carbon acids for the same catalyst. 


Substitution in the oxygen/nitrogen catalyst 


The comparison between the several types of catalysts 
allows us to establish the following hierarchy of n f  


(Table 5 ) .  The magnitude of the n# values for the 
secondary, primary and aromatic amines seems to be 
related to their degree of solvation, because the degree 
of hydrogen bonding with the solvent seems to depend 
on the number of hydrogen atoms in the cation. 26 This 


values: nlfNH2 < n & N H  == ntC00 < nrf$O n l f , N  
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Table 1. Bond distensions for base catalysis of carbon acids, R3CH + B + R'C + HB, in MezSO-water(1 : I ) ,  at 293 K "  


Benzylidene-1 ,3-indandioned 
(pKaCH = 5.87) Acetyalcetoneb (pK,"' = 9.12) 1,3-1ndandionec (pKZH = 6.35) 


Catalyst d/pm dlpm d/pm 
and AGO and and AGO and and AGO and and 
pKfH kB/l mol- ' s - '  AG*/kJ rnol-' 10011 k"/l rnolK'sC' A G * / k J  rnol-' 100s k"/l rnol.-'s - '  A G " k J  mol- '  10011 


RCOO-: 
ClzCH 4.0 X lo-' 


NCCHz 2.2 x lo - '  


ClCHz 4.3 x lo- '  


2.15 


3.29 


3.71 


4.56 


5.20 


5.78 


MeOCH2 1.3 


ClCHzCHz 2.9 


CH3 5.2 


RNHz: 
NCCHz 2.1 


5.39 


7.83 


8.28 


9.63 


10.68 


EtOOCCH, 2.8 x 10' 


HzNCOCHz 3.5 x 10' 


MeO(CH2)2 1 . 5  x 10' 


n-Bu 4 .9  x 102 


Morpholine 2.5 x lo2  


Piperidine 2.4 x 10' 


PhO-: 


8.70 


11.05 


4-CN 
8-69 


3,S-CIz 
8.87 


3-CI 
10.12 


4 4  
10.51 
H 
11.40 
3 , j - M ~  
11.66 


H 2 0  2.1 x 
- 1.44 


OH-  3.1 X 10' 
17.34 


42.5 
79.5 
36.1 
75.4 
33.7 
73.9 
29.0 
71.1 
25.4 
69.2 
22.1 
67,6 


19.9 
70.0 


6 .2  
63.5 


3.7 
63.0 
- 3.8  
59.5 
- 9.7 
56.5 


2.4 
58.3 


- 10.8 
52.7 


58.3 
92.2 


46.6 
-46.1 


36.7 
181 
36.5 
180 
36.4 
179 
36.3 
179 
36.3 
179 
36.3 
179 


38.2 
183 
38.3 
184 
38.5 
185 
38.5 
185 
38.4 
184 


37.2 
179 
37.4 
179 


37.9 
187 
38.9 
192 


1.3 x 10' 


2.5 x 10' 


35.9 x 10' 


2.4 x 10' 


8 .4  x 10' 


I .3 x 10' 


1 . 1  x 10' 


4.9  x 10' 


1 . 7 ~  104 


9 .0  x 10) 


7.9  x lo4 


2.6 x lo4 


5.9 x 104 


I .2 x 105 


1 . 4 ~  10' 


2 .1  x 10' 


3.7 x 10' 


1 . 1  x 


3.4 x 10' 


20.5 
65.5 
18.2 
63.8 
13.4 
61.9 


6.6 
58-5 


4 .4  
60.8 
- 9.3 
54.2 


-11.8 
54.9 


- 19.4 
51.1 


-25.3 
47.9 


- 13.2 
49.4 


-26.4 
44.1 


- 11.4 
47.0 


44.8 


43.1 


43.0 


42.0 


40.5 


34.6 
82.7 


48.7 


- 12.4 


- 1 9 4  


-21.7 


- 26.6 


-28.1 


- 53.6 


35.9 
177 
35.7 
176 
35.8 
177 


35.8 
177 


37.7 
181 
37.6 
181 
38.2 
183 
38.0 
183 
37.8 
181 


36.6 
176 
36.7 
I76 


34.7 
171 
34.1 
168 
34.5 
170 
34.8 
171 
35.1 
173 
34.8 
172 


39.0 
192 
40.4 
199 


1.6 22.6 
70.6 


1.4 x 10' 13.8 
65.5 


1 . 5  x lo2 2.2 
59.4 


3 .9  x lo1 ~ 30.8 
46.0 


4 .6  x lo4 -31.0 
45.5 


1.8 X 38.3 
81.5 


41.0 
2.8 x 10' -66.0 


37.2 
183 


36.9 
182 


36.8 
181 


37.9 
182 


36.8 
181 


38.1 
188 
39.4 
194 


'fr= 290 J m o l - '  pm-'; f, = 420 J ~ n o l - ' p m - ~  (f,= 380 J m o l - l p m - '  for amines); / , + I ,  = 202.8 pm ( / r +  I , =  208.3 pm for amines)." 
hRef. 9. 
'Ref. 25. 
"Ref. 37. 
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Table 2. Bond distensions for base catalysis of carbon acids, R,CH + B -t RsC + HB, in Me>SO-water(l : l), at 298 K" 


2,2' ,4,4'-Tetranitrodiphenylmethane 
(pKZ" = 10.90) 


2,4,4' -trinitrodiphenylmethane 
(pK,CH = 12.19) 


Catalyst d/pm d/pm 
and AGO and and AGO and and 
PK:" kB/l moI I s I AG#/kJ mol- '  I007 k " / ~  m o l - l s - '  AG'/kJ mol- '  1007 


RCOO-: 
ClCHz 
3.71 
H 
4.45 
MeOCH2 
4.65 
CH3 
5.78 
2-CI-CsHA 
4.20 
CsHs 
5.13 


RNHz: 


9.11 
n-Bu 
9.99 


3.73 
Morpholine 
8.23 
Piperidine 


10.38 


MeO(CH2h 


C6H5 


R-pyridine: 
H 
3.89 
4-CH3 
4.75 
3,5-(CH3 )z 
5.01 
2,6-(C H 3 12 


5.40 


4.2 X lo-' 


1 . o x  


1.3  x lo-' 


4 .4  x lo-' 


2.2 x lo-A 


4.7 x 10-4 


2.3  x lo-' 


8 . 3  x lo-' 


1.2 x 


3.5  x lo-> 


3 .6  x l o - '  


6 . 6  x 


2.7 x lo-' 


4.7 x 


7 . 9  x 


PhO-: 


7-97 
2-CN 1 . 1  x l o - '  


44.5 
98.0 
40.2 
95-8 
39.1 
95.3 
32.7 
92.0 
41.7 
93.8 
36.4 
92.0 


9.2 
82.4 
4.2 


79.1 
39.9 
95.3 
15.2 
81.2 
3.0 


75.6 


41.7 
96.8 
36.8 
93.3 
35.3 
92.0 
33. I 
96.3 


42.0 
207 
42.0 
207 
42.0 
207 
42.0 
207 
41.2 
203 
41.5 
204 


43.5 
209 
43.2 
207 
42.7 
205 
42.3 
203 
42.4 
203 


42.9 
206 
42.6 
205 
42.5 
204 
44.0 
21 1 


2.0 x 


5.5 x 


5.7 x 


2.3 X 


1.ox 


2.1 x 10-5 


1 . 8 ~ 1 0 - 3  


5 . 5  x 10-3 


8 . 5  X lo-' 


2.7 x 10-3 


2.7 X 


4.8  X 


2.0 x 10-5 


3 . 9  x 


1.1 x 


51.8 
105.5 
47.6 


103.0 
46.5 


102.8 
40.0 
99.4 
49.0 


101.3 
43.7 
99.5 


16.6 
88.6 
11.5 
85.8 
47.3 


102.0 
22.6 
87.6 
10.3 
81.9 


49.1 
103.4 
44.2 
99.6 
42.7 
98- 1 
40.5 


101.2 


43.0 
212 
42.9 
212 
43.0 
212 
43.0 
212 
42.2 
208 
42.5 
210 


44.2 
212 
44.1 
212 
43.5 
209 
43.1 
207 
43.2 
207 


43.6 
209 
43.3 
208 
43. I 
207 
44.3 
213 


18.4 40.2 6 . 0  x 10-3 25.8 41.2 
78-6 198 85.6 203 


4-CN 8 .7  x lo-' 15.7 40.7 6 .0  x 10-3 23.1 41.6 
8.45 79.0 20 1 85.7 205 
2-Br 6.2 x lo - '  9 .6  40.2 3.4 x 10-2 17.0 41.2 
9.52 74.2 198 81.3 203 
4-CI 1 .1  5.8 40.3 5.1 x lo-' 13.2 41.4 


10.18 72.8 199 80.3 204 
H 3 . 0  -0.1 40.3 1.7 X lo- '  7.3 41.4 
11.21 70.1 199 77.4 204 
4-CH30 5 . 5  -1 .5  40. I 2.5 X l o - '  5 . 8  41.3 
11.47 68.8 198 76.3 204 
HzO 4 .0  x 1 0 - ~  69.4 44.5 2.7 x lo-" 76.8 45.2 
- 1.44 121.0 220 127.5 223 


17.34 65.2 213 72.9 219 
O H -  2.3 x lo- '  - 36.7 43.2 1 .1  - 29.4 44.5 


"For force constants and bond lengths, see Table L .  Thermodynamic and kinetic data from ref. 38. 
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Table 3 .  Bond distensions for base catalysis of carbon acids, R K H  + B --* R,C + HB, in MerSO-water(l : I ) ,  ar 293 K "  


(2,4-Dinitrophenyl)acetonitrile (4-Nitropheny1)acetonitrile 
( P K : ~  = 8.06) (pKh : 12.62) 


__ 


Cataly5r dlpm dlpn1 


pk'.!" k " / l  in01 ~ I s ~ I AG*/kJ mol - I  100q k B / l r n o l - ' s . - '  AG#/kJ  rnol-. '  1007) 
and AC" and and A C "  and and 


RCOO . : 
ClCHr 


H 


CH 1 


KNH?: 


3.71 


4.46 


5.78 


MeO(CH2)z 
9.63 


fl-RLI 


10.68 
Rlorpholinr 
8 .70  
Piperidine 
11.05 
Me?A,O'- 
7.50 


H ? O  
- 1.44 
O H  
17.34 


3.8 x 10-1 


9 .8  x 10-1 


6 . 0  


5 . 7 x  10: 


2 .6  x 10' 


8 .5  x 10' 


1.2 x 10' 


2 . 0 X  lo2 


6 . 8  x lo- '  


1 . 8 x  10' 


27.8 
74.2 
23.6 
71.8 
16.2 
67.5 


9 . 8  
56.1 
15.7 
52.6 
- 3 . 6  
55.2 


- 16.8 
48.7 


6 . 5  
58.9 
52.3 
95.1 


- 52.1 
42.1 


37.5 
185 
37.4 
184 
37 .2  
I83 


38.3 
I84 
38.0 
182 
37.1 
178 
36.9 
171 
35.9 
177 
39 .9  
I97 
38.2 
188 


9 . 4  1 5 . 8  
66.2 


62 .2  
6 .1  22.0 


67.3 


57.7 


4 . 8  x 10' 9 . 9  


3 . 1  X 10' 8 . 8  


1 . 3 ~  10' - 2 6 . 5  
48.7 


37.7 
181 
37 .3  
179 
37.0 
178 
36 .0  
I73 


37.2 
184 


"I  or I o t c c  ~ o i i < t i i i i t \  and bond I ? n ~ t I i $ .  w e  Table 1 .  Thermodynarnii: and kinclic dais r r o r r i  rcr. 30 


Table 4. Bond distensions for base catalysis of PhCHzCH(COMe)C'OrEi ( p K , :  I' = 1 1  . X I )  
i n  aqueous solutions at 298 K "  


52.8 38 .2  24.9 
89 .9  
52.2 38.3 24.9 
89.8 
46.3 38.4 24.5 
86.9 
45.1 38.5 24.4 
86.5 
42.0 3 8 . 6  24.2 
85.3 


<'H 4CHr 7 . 9  x 10- ' 41.3 38.7 24.2 
4.87 85.1 
test 2 .1  x lo-' 36.2 38.7 23.9 
5 . 7 5  82.6 


'%For forcc conriatiis arid bond lcrigrhr, scc 'Table 1 .  I'lierrnodynamic and kineiic dais l rom re f .  39. 
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decrease in solvation leads to  an increase in the avail- 
ability of the non-bonding electron pairs to  participate 
in the reaction coordinate and, consequently, in n # . 2 3  
The n’ values for all the reactions in Tables 1-4 range 
from 0.504 to 0.64 (Table 5 ) .  This means that the tran- 
sition state bond order is strongly dominated by the 
carbon acid bond order, because previous applications 
of ISM to proton transfer reactions have shown that for 
oxygen and nitrogen acids n’ = 0.84 whereas for 
carbon acids n f  = 0 . 5 5 .  Consequently, we may say 
that in general acid-base catalysis, the catalysts will 
only slightly perturb the electronic distribution of the 


r7 
0.20 


0.19 


0.18 


0.1 7 


0.19 


0.1 8 


0.17 


A 
h 


transition state. Their most significant effect will be an 
energetic stabilization of the transition state. These are 
precisely the reasons that lead to the apparent success of 
Bransted correlations, i.e. changes in reactivity are 
dominated by changes in reaction energy.” I f  structural 
substitutions along a catalyst series were to change n f ,  
the corresponding changes in k would be difficult to 
rationalize solely in terms of Brernsted correlations. 


Substitution in the carbon acid 


Given the fact that nt is dominated by the nature of the 


A 


A A  A A A  
A 


- m  ’ 


4 


0 0 


.I. I I 1 


0 1500 3000 4500 


Figure 2. Reduced bond distension, 7. as a function of for proton transfers from acetylacetone (open points), 
1,3-indandione (filled points) or benzylidene-l,3-indandione (half-filled points), to  (a) oxygen bases or (b) nitrogen bases. 0, R$O-; 


A, RCOO-;  0, R2NH; > k ,  RNHz. Calculated data in Table 1 
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Figure 3.  7 as a function of (AG”)2  for proton transfers from 2,2’ ,4,4’-tetranitrodiphenylmethane (open points) or 
2,4,4’-trinitrodiphenylmethane (filled points) to (a) oxygen bases or (b) nitrogen bases. C, R@O-; A, RCOO-; 0 ,  RzN; 0, RzNH; 


-,r, RNH2. Calculated data in Table 2 


carbon acid, a number of important consequences can 
be expected. The most striking one is that a substitution 
in the carbon acid may lead to a more significant change 
in nf  than in the linear dependence on (AG)’, because 
X is high and the pKa range involved is narrow. 


A clear analysis of the electronic effects associated 
with substitution in the carbon acid can be made using 
a larger series of substituted carbon acids for a common 
base. The results of this type of calclilations are 
presented in Table 6. The n f  range involved in these 
reactions is limited and therefore it is difficult to  
establish the exact type of dependence between n z  and 
a parameter that may translate the variation of the elec- 
tronic configuration of the transition state. According 
to  the configuration mixing model,” fast proton 


transfers involving oxygen or nitrogen acids can be 
rationalized with only two configurations, 
{ B,: -  H-B2 ] and { BI-H :BF 1 ,  one for the products 
and another for the reagents. However, for the carbon 
acids a third configuration, { B , Y  H +  :Bz 1, is needed 
because the predominant product configuration is a 
doubly excited one owing to the required electronic 
reorganization. We can expect the extra configuration 
present in carbon acids to exert a specific influence on 
the transition state bond order, not observed for fast 
acid catalysis. It is important to  keep in mind that the 
reference configurations for slow and fast proton 
transfers are different, because each must include 
specific non-bonded interactions. 


The simplest effect that an extra configuration may 
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Table 5 .  Transition state bond orders for base catalysis reactionsa 


Carbon acid RCOO- RNH2 RzNH R W  


Acetylacetone 
1,3-Indandione 


Benzylidene-l,3-indandione 


2.2' ,4,4'Tetranitrodiphenylmethane 
2,4,4 ' -Trinitrodiphenylmethane 
2,4-Dinitrophenylacetonitrile 


4-Nitrophenylacetonitrile 
PhCHzCH(C0Me)COzEt 


0.60 
0.61 


0 3 9 6  
(140) 
0.52 
0.51 
0.593 
( 165) 
0.61 
0.55  


0.586 0.60 
0.593 0.614 0.64 


( -  120) 


-0.52 0.53 0.545 
0.51 0.52 0.53 


0.61 


0.63 


"The values of X are in general >200 kJ mol-'; for some reactions the experimental data of versus (A Go)' (at least 3 points) 
allows the estimation of X values, shown in parentheses (X/k.l mol- ') .  


Table 6. Bond distentions and electron affinities for base catalysis of carbon acids by acetate ion ( P K ? ~  = 8.06) in aqueous solution 
at 298 K a )  


RC~H~CH~CH(COCH,)CO~CHZCH~ RGjH4CH2CH(COCH3)2 


Substituenr kB/l rnol-ls- '  AGO and 4 P m  AGO and d/pm 
and AEA/eV and pK;" AG'/kJ mol-' and 100 7 x/pm k"/I mol-] sCi AG*/kJ mol-' and 100 7 


4-CH3O 
- 0.10 
4-CH3 
- 0.06 
3-CH3 
- 0.02 
H 


0 
4-CI 


0.25 
4-CN 


0.71 
4-NO2 


0.99 


0.99 
Test 


5 .9  x 1 0 - ~  
11.89 


11.88 


11.87 


11.81 


11.57 
1 . 9 ~  lo-* 


11.23 
2.5 x lo-* 


11.06 
3.8 x 


10.81 


6 .2  x 


7.0 x lo-'  


7.2 x 


9.9  x lo-' 


42.4 
85.8 
42.3 
85.4 
42.3 
85.4 
41.9 
85.2 
40.6 
84.5 
38.6 
82.8 
37.7 
82.0 
36.2 
81.1 


38.7 
191 
38.6 
190 
38.6 
190 
38.6 
I90 
38.6 
190 
38.4 
189 
38.3 
189 
38.3 
189 


24.3 


24.3 


24.3 


24.2 


24.1 


23.9 


23.8 


23.7 


1 . 5  X 
10,57 


1.8 x 
10.49 


2 .0  x 10-2 
10.25 


4.3 x 10-2 
9.69 


5.0 x 10-2 
9.54 


34.9 
83.5 


34.4 
82.9 
33.0 
82.5 
29.8 
80.9 
29.0 
80.4 


39.2 
193 


39.1 
193 
39.2 
193 
39.2 
193 
39.2 
193 


"For force constants and bond lengths, see Table I. Thermodynamic and kinetic data from ref. [ 3 9 ] .  Electron affinities of substituents relative to 
nilrobenzene. [ 401. 


cause is to change the height of the barrier for the reac- 
tant encounter complex. This barrier is a fraction of the 
energy gap between the intersecting configurations: 29 


(6) 
where I p  is the ionization potential of the electron donor 
(oxygen or nitrogen base), EA is the electronic affinity of 
the substrates (series of substituted carbon acids) and B 
the splitting due to the avoided crossing. Assuming a 
small dependence on (AG)', for the catalysis of a series 
of carbon acids by a common base, the activation bar- 
rier will only depend on EA. This reveals the existence of 
an electronic effect that may change n# when the car- 


AG* = f ( I p  - E A )  - B 


bon acid is changed. This electronic effect is a charge- 
transfer interaction, which increases with the electronic 
affinity of the substrate, Such an interaction must 
increase the transition state bond order, because it in- 
creases the electronic density of the reactive configura- 
tions at the transition state. Therefore, we can look for 
an empirical correlation between n #  and E,&. 


Two plots of n# as a function of EA are 
shown in Figure4 for the catalysis of the 
reactions of XC6HdCHlCH(COMe)COlEt and 
XC6H4CH2CH(COMe)2 with acetate ion. We cannot 
draw firm conclusions from Figure 4, because the range 
of values involved is limited. However, the change is in 
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the direction predicted by the model and may be rele- 
vant for the study of other carbon acids where substitu- 
tion leads to larger changes in acidity. 


The same interpretation can be used to analyse some 
of the differences among the several carbon acids for the 
same oxygen or nitrogen base in Tables 1-3. For 
example, i f  we compare acetylacetone (AA) with 
1,3-indandione (ID), we see that ID has a slightly higher 
n’ (Table 5 ) .  This can be easily understood by taking 
into consideration that the benzene ring in ID leads this 
molecule to a higher Ei compared with the effects of the 
methyl groups of AA. A direct comparison between 
these two carbon acid5 and benzylidene-I ,3-indandione 
(BID) i5 not possible because in the latter there are 
opposing electronic and steric effects. The same type 
of analysis can be extended to 2,2’ ,4,4‘-tetranitro- 
diphenylmethane (TTND) and 2,4,4’-trinitrodiphenyl- 
methane (TND): the former has a larger nf  and can be 
expected to have a higher EA. The same reasoning can 
be used to compare TTND and TND with (2,4-dinitro- 
pheny1)acetonitrile (DNA) and (4-nitropheny1)aceto- 
nitrile (NA). The differences between these two pairs of 
carbon acids can be understood considering that a 
phenyl group is replaced by a cyano group, which has 
a higher En and must lead to the observed increase in 
n’. A similar comparison between NA and DNA 
cannot be made, because the decrease in expected 
from the increased EA of DNA may be offset by the 
energetic factor due to the large ApKa between these 


carbon acids (ApKa > 4.5), or by the greater need for 
solvent reorganization of DNA. ”) 


Transition state imbalances 


The Br~ns ted  relationship probes the transition state by 
changing it. Theories based on the meaning of the 
Brernsted coefficient assume that these changes are 
small. Actually, the application of ISM to carbon 
acid catalysis indeed shows that in general the depen- 
dence of 11 on n’ and (AG)* is small. Although this 
explains the apparent linearity of the Bronsted relation- 
ship when applied to carbon acids we cannot infer that 
Brnnsted coefficients are a good guide to transition state 
structure or can even be used as a reaction progress 
variable. This difficulty with the Bransted coefficients is 
evident in the experimental observation of transition 
state ‘imbalances.’ For example, the catalysis of 
ChHsCH2CH(COMe)CO2Et by a series of carboxylate 
ions (Table 4) yields @p, = 0-44,  whereas the catalysis of 
XC6H4CH2CH(COMe)C02Et by acetate ion (Table 6) 
leads to (YCH = 0.76. As it is the same transition state 
that is being probed, we should have = CYCH. Accor- 
ding to  ISM we can define a normalized progress 
variable as x /d ,  where x is the bond extension of the 
reactant. For the above reactions the numerical result 
is x / d  = 0.62. The reasons for the disagreement among 
these values have to  be sought in their real physical 
meaning. 
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We have already shown that the meaning of changing 
the carboxylate ions as catalysts is to change the 
energetic stabilization of the transition state. Two ef- 
fects operate in this thermodynamic change: the linear 
free energy and the mixing entropy. The linear free 
energy effect is translated by the Br~ns ted  coefficient: as 
the pk$o’H of the carboxylic acid increases, AGO for 
the reaction is decreased and, assuming that 7 remains 
constant, k ”  will increase and / 3 ~  tend to zero. I f  the 
p/&o’H of the carboxylic acid decreases, then / 3 ~  tends 
to unity. However, as A is not infinity, 7 will increase 
with (AGO)’, which means that for exothermic reactions 
this increase leads to less reactant-like transition states 
and for endothermic reactions it leads to less product- 
like transition states. The overall result of these contra- 
dictory effects will be a reduced sensitivity of / 3 ~  to the 
position of the transition state and the observation of 
conservative values within the ‘normal’ limits of zero 
and unity. 


Changing the carbon acid adds an electronic effect to 
the conventional linear free energy effect. This new fac- 
tor operates systematically in the same direction: n# in- 
creases with E.,. In order to understand the influence of 
nf  on C Y C H ,  we must remember that a is often con- 
sidered to be equal to the bond order of the bond being 
formed. Although this equality has been questioned, l 3  


i t  is clear that ~ C H  and the transition state bond order 
are related.3’ Therefore, we can expect (YCH to reflect 
both the conventional linear free energy effect and the 
changes in n f .  For carbon acids with a large EA, the 
bond order at the transition state increases and we can 
expect the bond order of the bond being broken also to 
increase. Consequently, (YC H will show enhanced values 
for compounds with high EA.  This electronic effect may 
explain the exalted CYCH values observed for the 
ni t roalkanes. 


Another way to rationalize the physical meaning of 
these probes of the transition state position can be based 
on the two-dimensional diagrams proposed by More 
O’Ferrall. 32 I n  the application of these diagrams to pro- 
ton transfers involving carbon acids, the two coor- 
dinates considered are the degree of proton transfer and 
the degree of charge delocalization and solvation. IZb 
Bernasconi proposed / 3 ~  as the progress coordinate 
along the first coordinate and defined a new progress 
variable, ate?, for the second coordinate. This new 
progress variable is defined by the ratio between the 
extent of increase in k H  and the extent of increase in the 
acidity of the carbon acid caused by a stronger a- 
acceptor substituent, e.g. by changing from CN to NOl. 


Although these two interpretations of / 3 ~  and CYCH (or 
a??) may not be entirely compatible, they emphazise 
the concept that the reaction coordinate has two con- 
tributions, one of them related to  PB and the other to a 
measure of the electronic density in the carbon acid. The 
reaction coordinate defined by ISM encompasses these 
two contributions and overcomes the difficulties and 


inconsistencies of  using two progress variables separ- 
ately. Actually, the arbitrary splitting of the reaction 
path in two leads to anomalous values for each 
component. 


In order to evaluate the added effects of nf and A on 
the reaction free energy effect in the position of the 
transition state of a given reaction, we calculated the 
influence of changing the pK of the carbon acid or the 
oxygen base by one unit in the direction of decreasing 
the endothermicity of the reactions shown in Tables 4 
and 6. We extrapolated the rates of proton transfer 
from the corresponding B r ~ n s t e d  plots, and adjusted 
the d values for these hypothetical reactions in order to 
reproduce their estimated rate constants. Our results 
show that when we decrease the pK, of the carbon 
acids by one unit and keep acetate ion as the catalyst, 
the critical configuration moves in the direction of 
the reactants by 0 . 5 p m ;  however, the change to a 
carboxylic acid one pK, unit less acidic for 
CH6HsCHzCH (C0Me)COzEt as the carbon base the 
critical configuration moves in this same direction by 
just 0 .3  pm. 


According to the current interpretations of the 
Brmsted relationship, both the change in the carbon 
acid and the change in the oxygen catalyst should affect 
the transition state in the same way and lead to identical 
values of O ~ C H  and On, because they are equivalent 
energetic changes, which is in disagreement with the 
experimental observations. However, ISM does predict 
the observed behaviour, because the transition state 
localization is sensitive to  changes in the bond orders, to 
the tightness of the potential and to the asymmetry of 
the force constants. This is a general result and explains 
the ‘transition state imbalances’ commonly observed in 
carbon acid catalysis by oxygen and nitrogen bases. I’ 


This interpretation offers a simple alternative to the 
principle of imperfect synchronization, which is based 
on solvent effects and the Leffler-Hammond interpreta- 
tion of (YCH and / 3 ~ .  


Solvent effects 


The studies of solvent effects on Brernsted correlations 
by Bernasconi and c o - ~ o r k e r s ~ ~ ~ ” ’ ~  have shown that an 
increase in the Me2SO content in aqueous solutions 
leads to a curvature of the Br~ns ted  plot of carbon 
acid catalysis by carboxylic ions. In terms of the ISM, 
we must be able to assign these observations to  a 
decrease in A (Table 7). Bernasconi and co-workers also 
showed that the presence of MezSO leads to a large in- 
crease in k ” ,  part of it caused by the more favourable 
thermodynamics of the reaction and part by the 
decrease in the intrinsic barrier. According to the ISM, 
the changes in the energy barrier of a reaction indepen- 
dent from energetic changes must be understood as 
changes in n # .  
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Figiire 5 .  Solvenr effects on  the deprotonation of acetylacetone by carboxylate ions. (A) 100% H2O; (B) HzO-Me2SO (50: 50); 
(C) HzO-MezSO (10 : 90); (D) H20-MezSO (5 : 95) 
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Figure 6 .  Solvent effects on the deprotonation of 1,3-indandione by carboxylate ions. (A) HzO-Me2SO (90: 10); (B) HzO-MezSO 


(50 : 50); (C) H20-MelSO (30 : 70); (D) HzO-MezSO (10 : 90) 
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Figures 5 and 6 present the results of the application 
of ISM to the interpretation of solvent effects. 


The data for acetylacetone are very clear: when we 
change solvent from water to water-MezSO(5 : 95), X 
changes from 295 to  99 kJmol- ' ,  a three-fold reduc- 
tion! It is obvious that the quality of the Brensted plot 
resents such a change and that is why it becomes 
curved. 9 3 2 3 3 3 3  The explanation that the ISM can provide 
for this change is also straightforward: increasing the 
MezSO content leads to  poorer solvation of the car- 
bonate ion, fewer solvent molecules will surround the 
transition state, which will have fewer degrees of 
freedom, and therefore it will be more difficult to ac- 
commodate internally the energy at  the transition state 
and X is lowered. It is very important to  check the con- 
sistency of this result with the interpretations of X 
published previously. We have shown before that the 
transition state's ability to accommodate internally the 
energy of the reaction in aqueous solutions is lower in 
the excited states that in the ground state of aromatic 
molecules. l 9  This was associated with a higher rigidity 
of the excited states due to  their increased dipole mo- 
ment. For reactions in the ground state, we now 
demonstrate that the change to a non-hydrogen bonding 
solvent leads to the observation of  the same effect, an 
increase in transition state tightness, but from a dif- 
ferent cause, i.e. loss of molecules of the solvation shell 
able to accept energy of the reaction at the transition 
state. We can say that X decreases with both a decrease 
in the number of molecules and an increase in the 
tightness of their association, in the transition state. 


If the above reasoning is correct, we would expect 
Brensted plots to  be more curved for general acid-base 
catalysis in the excited states than in the ground states, 
because all the X values calculated for excited state 
reactions were lower than 90 kJ mol- '. I 9  The recent 
study by Yates and M ~ E w e n ~ ~  may substantiate this 


prediction. In their pioneer experimental work on acid- 
catalysed photohydrations of substituted styrenes and 
phenylacetylenes in aqueous buffer solutions, they 
obtained highly curved Brensted plots. We do not 
interpret straightforwardly this curvature in terms of X,  
because these reactions may not be adiabatic excited 
proton transfers and other effects may play a role. 


Figures 5 and 6 also provide information about the 
change in n f  induced by the solvent change. The rele- 
vant data are given in Table 7.  In acetylacetone catalysis 
by carboxylate ions, the increase in n * with increase 
in MelSO content in the solvent reaches 10%. Such 
an increase in the transition state bond order can 
be understood by considering that the non-bonding 
electrons of the catalyst can acquire a more significant 
bonding character in the transition state when they are 
not so strongly hydrogen bonded to  the solvent. This 
effect is significant both for the carboxylate ions and for 
the amines, although i t  is greater for the catalyst with 
more non-bonding electrons. 


The catalysis of OH-  and HzO shows an 9 value 
higher than expected from the other catalysis, and the 
discrepancy increases with increasing water content of 
the solution. Probably there is more than one cause for 
this effect. We suspect that one of the possible causes 
lies in the calculation of the pKa values for these species, 
where it was assumed that the concentration of water on 
the molar scale is 55.4. Owing to the polymeric struc- 
ture of water and to  the hydration of OH- and H3O+, 
the effective concentration of base to which the proton 
is transferred from the carbon acid may be much lower. 
This concentration reduction leads to  an increase in the 
pKa of water and a decrease in the pK, of O H - ,  both 
bringing the corresponding 9 values into better agree- 
ment with the other catalysts. However, even for a 1 M 
concentration there is still a significant deviation for the 
catalysis by OH- and HzO. Another factor that may 


Table 7. Solvent effects, in mixtures of HzO and MezSOa 


Proportion of HzO ('70) 


Parameter 100 90 50 30 10 5 


Acetylacetone: 
RCOO- n' 0.598 0.608 0.646 0.667 


x 295 223 117 99.4 
RzNH n* 0.600 0.605 0.633 0.650 
RNHz n * 0.584 0.586 0.608 0.624 


RCOO- n # 0.598 0.612 0.624 0.653 
x 699 472 149 77.0 


RzNH n' 0.609 0.616 0.624 0.643 
RNHz n* 0.590 0.595 0.599 0.610 


1,3-lndandione: 


"Kinetic and thermodynamic data from refs. 9 and 23. The low ratio of (AGo/A)2 and the limited data available for amines do not allow us to obtain 
good esimates of their A values. 
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play an important role is the transition state bond order. 
It was shown that for a concerted reaction, 
asynchronism in the bond-making and bond-breaking 
processes reduces n t . 2 2 a  The origin of the asynchrony 
of the proton transfers to O H -  and H2O that leads to 
higher q values may be related to the fact they are more 
strongly solvated than most other bases. This effect will 
operate only when the substrate itself cannot hydrogen 
bond to the solvent, like carbon acids, otherwise the 
Grotthus chain mechanism becomes possible and 
desolvation is not necessary. l 4  


CONCLUSION 


Several theoretical models of chemical reactivity take 
the view that several elementary reactions are not ade- 
quately described by the traditional free energy versus 
reaction coordinate profile3*12,32'35r"1 and two progress 
variables are considered, one for the mean progress and 
the other for the disparity progress. These kind of reac- 
tions occur when several processes (bond formation and 
breaking, solvation and desolvation, localization and 
delocalization of charge) make different progress in the 
transition state. The two-dimensional models have been 
questioned, because they bear not resemblance to poten- 
tial energy surfaces current in molecular dynamics. 42 


We have shown22" that the course of these 'imbalance 
reactions' can be described, as any other chemical reac- 
tion, by the traditional AG' versus one-dimensional 
reaction energy profile through ISM. 


If one wants to compare more closely ISM with these 
two-dimensional models, such as that of Grunwald," a 
More O'Ferrall plot as shown in Figure 7 should be con- 
sidered. It is clear from Figure 7 that the transition state 
bond order nf characterizes well the path of the reac- 
tion with respect to the intermediates: closer to 
(A.H.CR3)- if  n# is near 0.5 and closer to A-H'CRY 
i f  n f  is near 1 .  Grunwald" defined also a disparity in- 
dex in terms of the bond orders of the reactive bond 
orders of the intermediates, (r$ ~ ne)/(nP + n?). 
These values are not defined at AGO = 0 and, in contrast 


Figure 7. Two-dimensional plot for a proton transfer reaction, 
A -  + HCR3 7 AH,+ CKj , with intermediates of n' = 0.5 


(A .H.CR3)  ~ and t i *  = 1 (A-H'CR;) 


with ISM, conservation of the total bond order is always 
assumed, nP + r$ = I .  


Within ISM the reaction progress is given by x/d 
( x / d =  0 for reactants and 1 for products) which is not 
independent of n # .  When f r  = f ,  = j a n d  X + AGO, then 
x/d= (1/2) + (AG"/f) (nf/0.108 One might also 
compare the number of empirical parameters of the two 
models: extrinsic parameters, empirical parameters out- 
side the field of reaction kinetics (thermodynamic and 
spectroscopic) and intrinsic (kinetic) parameters. ISM: 
extrinsic parameters f (or fi and f p ) ,  I and AG",  and 
intrinsic parameters n f  (for many reactions it  is an ex- 
trinsic parameter) and X; Grunwald-Marcus theory: 
extrinsic AGO and AG'  (for the 'disparity reaction'), 
and intrinsic XM and p~ (reorganization energy for the 
disparity reaction). Although the two models have the 
same number of intrinsic parameters there are, 
however, two important differences between them. ISM 
incorporates easily the asymmetry of the potential 
energy curves with f ,  # fp ,  but the Grunwald-Mat-cus 
theory is a symmetric model. Secondly, the 
Grunwald-Marcus theory has a quadratic dependence 
on  AG": 


(7) 


whereas ISM, owing to the square dependence of d(q) 
on (AGO)', controlled by X, has the following 
dependence: 


A G *  = c(; + C ;  A G O  + C ; ( A G " ) ~  


even with f r  = f n ;  c; and c/ are coefficients independent 
of AG". 


The quantitative data obtained through the intcrsect- 
ing state model seem to be more scattered than those 
treated by the Bransted plots; this is more apparent than 
real, because log-log plots are insenstive to deviations. 
Although ISM is a sensitive model, the results obtained 
in this work are entirely consistent, even at a quanti- 
tative level, with those published previously. We verified 
that indeed X > 90 kJ mol- I for carbon acid catalysi5 
and that n f  is close to 0.55. 


However, this work goes far beyond the confirmation 
of predicted behaviour. The application of ISM to 
carbon acid catalysis provides a new framework for 
understanding the physical meaning of the Bransted 
coefficients frequently published in the literature. In 
fact, ISM provides a new physical meaning for j 3 ~  and 
L Y C H .  These coefficients are not just the result of linear 
free energy relationships, which tie the free energy of ac- 
tivation and the position of the transition state in a 
series of  reactions to variations in the free energies of 
the reactions along the series. P B  is also influenced by 
the capacity of the transition state to accommodate in- 
ternally the energy of reaction, which compensates for 
the conventional linear free energy effect. 0 1 ~  reflects a 
contribution from the changes in the bond orders along 
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a series of reactions, quantified by the electronic affinity 
of the carbon acids, and may show enhanced values. 
Accounting simultaneously for all these effects, ISM is 
able to provide a normalized measure of the extent of 
reaction. 


The study of solvent effects reveals that the increase 
in ‘intrinsic’ rate constants when the solvent is changed 
to have a less hydrogen bonding character is due to the 
increase in the transition state bond order. ISM sup- 
ports the existence of a curvature in Br~ns ted  plots, 
but limits the observation of such reactivity-selectivity 
effects to the situations when A is small and n# is small 
and constant. 


The systematic deviation of water and hydroxide ion 
in Bronsted plots is rationalized essentially in terms of 
an increased asynchrony of the transfers of solvated 
protons from carbon. 
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THEORETICAL STUDIES OF HYDRIDE TRANSFER REACTIONS 


SEBASTIAO J. FORMOSINHO 
Departamento de Quimica, Universidade de Coimbra, 3049 Coimbra Codex, Portugal 


The intersecting-state model (ISM) has been applied to the study of hydride transfer reactions between variously 
substituted and elaborated pyridinium ions in solution. Chemical bond order is conserved along the reaction 
coordinate, with a transition state bond order of n” = 0.5. This supports the view that these reactions have essentially 
a synchronous nature and occur by thermal activation over an energy barrier. Tunnelling of H- is negligible because 
the effective mass for the solvated species is high. Reaction energy and kinetic isotope effects are well accounted for 
by the model. For reactions in the vapour phase, ISM and the tunnel effect theory show that tunnelling becomes the 
dominant mechanism. The same is also valid for proton transfers in the vapour phase. 


INTRODUCTION 


Most commonly, hydrogen is transferred as a proton 
between atoms with available electron pairs. The alter- 
native hydride transfer is a closed shell process, because 
it can be considered as the transfer of a proton with a 
pair of electrons between electron-deficient sites: 


(1 )  A: + A ~ H ’ ~  -+ ~ ~ ~ n - 1  + A Y + ~  


Owing to the importance of the last category of reac- 
tions in organic and biological chemistry, the field has 
been reviewed frequently’-’ and a large number of theo- 
retical studies based on intersecting-state models (ISMS) 
have been addressed to this to pi^.^ In general, Marcus 
theory4 gives a reasonably accurate representation of 
the relationship between rate and equilibrium constants 
for reactions of type (1) .  Nevertheless, none of those 
studies answers the interesting question of why the 
intrinsic kinetic energy barriers, AG;,  are so high for 
hydride transfers. According to Kreevoy and Truhlar, 3d 
semiempirical rate theory cannot answer this question 
and, in fact, deliberately tries to avoid it, the answer 
being obtainable from quantum mechanical calcula- 
tions. Further, much effort has been devoted to distin- 
guishing between the concerted or stepwise character of 
reactions (1) and to assess the role of tunnelling in these 
processes. 3c 


The recently developed ISM’ appears to be more gen- 
eral than other semiempirical one-dimensional models 
of chemical reactivity; 3f in particular, it encompasses 
the theory of Marcus and the BEBO model as particular 
cases. s96 Further, it has provided a better understanding 
of proton transfer reactions in either ground’ or excited 
states3‘*’ than these other models. Owing to the 
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similarity of proton and hydride transfer reactions, it 
appears feasible to apply ISM to the study of the latter 
processes to try to answer some of the above questions. 


THE INTERSECTING-STATE MODEL 


The classical ISM of harmonic oscillators has been 
described in detail elsewhere,’-’ and only the essential 
features will be presented here. The model represents 
the potential energy curves for reactant and products by 
parabolas (of force constants, f), displaced vertically by 
the reaction energy, AGO, and horizontally by the sum 
of the bond extensions of reactant and product to the 
transition state, d .  One can then write the equality 


(1/2)frx’ = (1 /2 ) fp (d -  x)’ + AGO 


and solve for the reactant bond extension, x ,  to deter- 
mine the activation free energy: 


AG* = ( 1 / 2 ) f , ~ ~  (3) 
We have shown’ that d is proportional to the sum of the 
equilibrium bond lengths of reactant and product: 


d =  v(Ir + l p )  (4) 
where the reduced bond extension 7 is given by 


a’ln2 a‘ 
n* 2X 


v=-+z  ( A G O ) ’  


n* is the transition-state bond order, X is an energy 
parameter which measures the capacity of the transition 
state to accommodate energy and a’ is a constant found 
empirically to be a’ = 0. 156.5 The rate constants can 
now be calculated by transition state theory: 


k = (keT/h)Cd-m exp( - AG*/RT)  (6) 
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where CO is the standard concentration (CO = 1 M) and 
m is the molecularity of the reaction; in the present case, 
m = 2. 


For bond-forming-bond-breaking processes of single 
bonds, conservation of the bond order at the transition 
state leads to 


n: +n,+ = 1 (7) 
and for the thermoneutral situation 
n: = np' = n* = 0.5. In bond-forming-bond-breaking 
processes of single bonds involving electron-rich sites, 
the total bond order is not conserved at the transition 
state and n' > 112. 5p6s9 For example, we have shownla 
that for proton transfer reactions in water 
0.5 < n* < 1, n* being close to 0.5 for carbon acids 
and close to I for HF. 


Obviously, if quantum-mechanical tunnelling over- 
comes thermal activation, one expects that the empirical 
value of n* will be larger than 0.5 for cases where the 
bond order is conserved; for reactions where the total 
bond order is not conserved, n* will be higher than its 
maximum possible value, compatible with the electronic 
characteristics of the reactive sites. In contrast, the loss 
of the concerted character of the reaction will lead to 
n* < 0.5 (or the maximum value)."-I2 


RESULTS AND DISCUSSION 


Reactions in solution 


Kreevoy and Lee3b studied the hydride transfer reac- 
tions between nicotinamide adenine dinucieotide 
(NAD' ) analogues in isopropyl alcohol-water (20%) 
mixtures: 


H 


I 
C"3 


CH3 


They proposed a modification of the Marcus equation 
which attempts to take into consideration variations in 
bond order through a parameter 7 related to the charge, 
6, on the in-flight H(l - 7 = 6 for proton transfer3f and 
7 - 1 = 6) for hydride  transfer^'^ and substitution 
effects perpendicular to the reaction coordinate. The 


energy barrier is given by 


where AM is the well known reorganization parameter of 
the theory of M a r c ~ s . ~  The Bransted coefficient a is 


where x represents the degree of atom or ion transfer 
at the transition state along the diagonal of an Albery- 
Jencks-More O'Ferrall diagram. 3b These studies lead 
to a total transition state bond order 7 =  0.77.  


Although x corresponds to x / d  of our m ~ d e l , ~ '  there 
are considerable differences between Kreevoy's model 
and ISM. Whereas the former model, like other theoret- 
ical models which generalize Marcus-BEBO theories, l 3  


adds a second coordinate to the single reaction coor- 
dinate of the theory of Marcus, ISM considers only a 
single coordinate. Further, it easily incorporates the 
asymmetry of the potential energy with fr # f,, whereas 
Marcus models are essentially symmetric, fr = f,. 
Another very important difference is the dependence of 
AG* on AGO; compare equation (9) with the 
dependence implicit in the ISM model 14: 


AG* = c0 + C,AGO + c~(AGO)' 
+ C ~ ( A C O ) ~  + c ~ ( A G ' ) ~  + ... (11) 


where ci are coefficients independent of AGO. 
For the hydride transfer reactions in equation (8) the 


reactive bonds are the CH bonds (sp3). Data for the 
force constants and bond lengths were taken from Ref. 
15, giving typical values for organic compounds, 


fr = fp 7 2.9 x lo3 kJmol-' A - 2  and l = l r + l , =  
2.192 A .  The energy barriers were estimated from rate 
constant data3b through equation (6) (T= 298 K) and 
subsequently equations (3), (2) and ( 5 )  allow the estima- 
tion of x ,  d and 9 as presented in Table 1. Figure 1 illus- 
trates that for the majority of the reactions there is a 
square dependence of 9 on AGO, according to equation 
( 5 ) .  From Figure 1, the intercept leads to 
90 = 0.2195 2 0.0005 and A = 86 t 5 kJ mol-'; equa- 
tion ( 5 )  allows also the estimation of 
n* = 0.492 2 0.001. 


The transition state bond order is extremely close to 
0.5, implying, in contrast with the findings of Kreevoy 
and Lee, 3b that there is conservation of the total bond 
order. Further, such values imply that hydride transfer 
reactions of equation (8) are virtually concerted and 
synchronous processes and that H-tunnelling is negligi- 
ble. The solvation of the H*- species increases the 
effective mass and quantum mechanical tunnelling can- 
not compete with thermal activation for hydride trans- 
fers in solutions, as will be discussed later. 


Within ISM, the intrinsic energy barrier is 


AG; = (1/8)f[(a'  ln2/n*)(lr t I , ) ]  (12) 
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Table 1 .  Reduced bond extensions of hydride transfers of quinolinium ions [equation (8)] a 


0.219- 


R AG*/kJ mol-lb AGo/kJ mol-lb d/ A 7 


h 


1 


80.9 
80-6 
80.5 
80.0 
79.6 
79.5 
79.0 
79.5 
84.8 


- 6.8 
- 7.6 
- 8.1 
- 9.1 
- 9-4  
- 10.9 
- 11.7 
- 8 . 1  


2 .8  


~ ~~ 


0.4821 
0.4825 
0.4828 
0.4828 
0.4821 
0.4838 
0-4835 
0.4798 
0 - 4797 


0.2199 
0.2201 
0.2202 
0.2202 
0.2199 
0.2207 
0.2206 
0.2190 
0.2188 


“fr = fp = 2 . 9  x 1O’k.I rno1-l A-l,  I ,+ ip = 2.192 A. 
b R e f .  3b, 298 K. 


I I I I 
50 100 150 


(AGO1 kJ moi’ 


Figure 1 .  Plot of 7 versus (AGO)’ for hydride transfers of 
quinolinium ions. Legend for reactions (a-i) in Table 1 


This expression interprets the high AG: for hydride 
transfer reactions as being due to the low 
n* (n* = O-S), because H- transfer occurs essentially 
between electron-deficient sites. Notwithstanding, weak 
charge-transfer effects can be present in these reactions. 


It is interesting that some symmetry-allowed sigma- 
tropic shifts may assume hydridic character. ’ The 
application of ISM to shift reactions of hexa-l,!Gdienes 


also leads to n* = 0 - 5 ;  nevertheless, n* can be 
increased by the presence of electron-rich substi- 
tuents. lo 


The effect of substituents on n* has also been found 
in several proton transfer reactions, where n* increases 
with a decrease in the ionization energy of the reac- 
tants. l6 Charge-transfer effects present in H -  transfers 
can be responsible for some scatter in the data in Figure 
1. For symmetric hydride transfer reactions between 
aromatic molecules, with AGo=O, such effects are 
particularly notorious. The rates4 are higher for the 
larger ring systems and n* increases with a decrease in 
the ionization energy of the aromatic molecules (Table 
2). Nevertheless, the values of n* are close to 0.5 


The value of A = 86 kJmol-’ is considerably smaller 
than those found in proton transfer reactions 
(A 2 200 kJ mol-’) of comparable n*  value^.^^^^'^ 
This implies ‘tighter’ and/or less solvated transition 
states for hydride transfer. Previous studies” based on 
qualitative arguments from molecular orbital theory 
suggested that, because antibonding orbitals were not 
populated, the hydride transfer transition states are 
tighter than those of related proton transfers. 


The low A value also accounts for the relatively low 
Brensted coefficients of these reactions. With the 
above-reported n* and X values and the corresponding 


(0’5-0.47). 


Table 2. Transition-state bond orders for symmetrical hydride transfers with 
A G O  = oa 


Compound k/mol-’dm3 s - ’  AG$/kJ mol-’ n* IleV 


Acridine 4.3 x lo-’ 80.5 0-503 7.9‘ 
Quinoline 3 . 1  x 1 0 - ~  87.9 0.483 8.Sd 
Phenanthridine 1.1 x lo-’ 89.6 0.476 
Pyridine 2-3 x 1 0 - ~  99.1 0-472 9.3‘ 


~ ~ ~ ~~ 


‘ / = 2 . 9 x  lo3 kJ mol 
b R e f .  38. 
‘ R e f .  16. 
d R e f .  17. 
‘ R e f .  18. 


A-2,  1=2.192 A. 
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Table 3 .  Reduced bond extensions for hydride transfer reactions between q x a n d  0 0 (L = H or D)= 
L L  


R+ p! 


AG*/kJ mol-Ib  d/ A ll 


R X AGo/kJ mol-' H D H D H D 


a CH3 CONHz - 16.9 77.4 81.6 0.4861 0.4979 0.2218 0.2271 
b CHzC6H5 CONHz - 20.6 75.1 79.2 0.4844 0.4961 0.2201 0.2263 
C CHzC6H4pCN CONH2 - 24.7 73.7 77.8 0.4860 0.4975 0.2217 0.2270 
d CHzC6H4pCH3 CN -42.7 68.2 72.1 0.4934 0.5042 0.2251 0.2300 
e CHzC6H5 CN -43.5 68.0 71.9 0.4939 0.5048 0.2253 0.2303 
f CHzCsH4pCN CN - 46.8 67.4 71.2 0.4963 0.5069 0.2264 0.2313 


a f,= f p = 2 . 9 x  IO'kJ mol-' A-z,  /,+/,=2.192 A (see text). 
bRef.  3c, 298 K .  


f and  I data, a value of (Y between 0.39 and 0.32 is cal- 
culated for AGO = - 6 and - 10 kJ mol-', respectively; 
the experimental value is close to 0.39. If the 
experimental energy region was more extended, curved 
Brnnsted plots would be expected. 


Kreevoy ef aL3' also studied kinetic deuterium iso- 
tope (KIE) effects on hydride transfer reactions in solu- 
tion. Based on dynamic theories of tunnelling, they 
concluded that because of the large curvature of the 
reaction paths, a 'cutting the corner' tunnelling process 
could be significant. 


0.2151, I I 
0 1000 2000 


(AG'/kJmol-')* 


Figure2. Plot of  7 versus (AGO)' for hydride transfer 
reactions presented in Table 3 (a-f). 0 ,  H transfer; 0, D 


transfer 


Table 3 shows the application of ISM to the study of 
those reactions and Figure 2 illustrates the expected 
linear dependence of q on (AGO)*. These plots give the 
following set of values from the intercepts and slopes: 
qo(H) = 0.220 +- 5 X X(H)= 161 kJmol-' ,  
qo(D) = 0.225 rf: 5 X and X(D) = 171 kJ mol-'. 
These sets of data [qo(H) = 0.21972; qo(D) = 0.225251 
allow a reasonable account of the experimental KIE. As 
Figure 3 illustrates, such agreement is not possible when 
one neglects the square dependence of q on 
AGo(X 9 I AGOI). 


The value of qo(H) = 0.220 leads to n* = 0.492, 
again supporting the view that these hydride transfers in 
solution are synchronous reactions which proceed, via 
thermal activation, over an energy barrier. 


Kinetic isotope effect cannot be explained within a 
classical harmonic oscillator formalism. However, one 
can interpret, qualitatively, the different qo(H) and 
qo(D) values in terms of different effective bond lengths 
(ca 2.5% higher for CD) as being due to the more sig- 
nificant population, at room temperature, of excited 
vibrational modes ( u  > 0) for anharmonic CD modes. 
As discussed previously, ISM predicts curved Brmsted 
plots for hydride transfer reactions, as found 
experimentally. 3c The calculated a values are (Y = 0 - 4  
at AGO = 15 kJ mol-' and (Y = 0.1 at AGO = - 50 kJ 
mol-'. 


Although X is higher for reactions in Table 3 than 
those in Table 1, it reveals again reasonably tight transi- 
tion states. The parameter X is slightly higher for the 
deuterated compounds owing to a mass effect. As found 
for hydrogen-atom transfer reactions, X is small when in 
the transition state ABC* a light atom vibrates against 
two heavy atoms. ' 


Reactions in the vapour phase 


Meot-Ner (Mautner) and Field3e have studied several 
hydride transfers between carbonium ions and several 
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K I€ I 


4.5 
0 -2 5 -50 


-1 
AG’lkJ mol 


Figure 3. Calculated (solid line) kinetic isotope effects (KIE) 
for hydride transfer reactions in Table 3 as a function of AGO 
with qo(H) = 0.21972, X(H) = 161 kJ mol-’, qo(D) = 0.22525, 
X(D) = 171 kJ mol-’, and 
I ,  + /, = 2.192 A .  0, Experimental data; broken line, 


calculated KIE with X ]e I AGO 1 


hydrocarbons in the vapour phase. The reactions are 
considerably faster than in solution. Table 4 shows the 
results of the application of ISM to ’such experimental 
data, and Figure 4 presents the usual 9 versus (AGO)’ 
plot, under the hypothesis that the reactions proceed via 
thermal activation. The first conclusion that one may 
draw from the intercept (90 = 0.147) in Figure 4 is the 


J =  2-9  x 10’ kJmol-’ A-2 


n 


‘ I  


(AH’lkJ moi1)2i104 


Figure4. Plot of TJ versus ( A P ) ’  for hydride transfers 
between carbonium ions and hydrocarbons in the vapour 


phase; calculated data in Table 4 


apparently high value of n* under the present assump- 
tions, n’ = 0.74. As we have stated before, a value of 
n* > 0.5 may well suggest that such reactions proceed 
via quantum mechanical tunnelling, in the vapour 
phase. 


We have shown” that the potential energy barriers 
calculated by ISM are also adequate for assessing tun- 
nelling mechanisms, through the tunnel effect theory 
(TET), ’’ for adiabatic reactions: 


k =  AKpc exp - [(2n/h)[2MAG*lAxj (13) 


where A is a frequency factor taken typically as a CH 
frequency ( A  = l O I 4  s-’), Kpc is the constant of forma- 
tion of the precursor complex, M i s  the tunnelling mass 
and A x  the barrier width; for AGO = 0 A x =  d and for 
AGO # 0 A x =  d - y with y = (2AG0/f)”’. Table 5 
presents the calculated tunnelling rates [equation (1 3)] 
for the energy barrier: estimated w$h n* = 0.49, 
f= 2.9 x lo3 kJ mol-’ A-‘, I =  2.192 A and M =  1 g. 


Table 4. Reduced bond extensions for hydride transfer between carbonium ions and 
hydrocarbons in the vapour phase, R: + R2H -, RIH + R:“ 


A/ 
/I: 
k 
k 
A+ 


A 
C2Hf 
C2H 5’ 
CzH 5’ 


M 35.8 
A4 30-2 


29.8 
27.3 


hA 
15.6 h/ 
13.8 


A 
k 
A 9.8 
k 9.0 
M 7.5 


-5.4 
- 14.2 
- 19.7 
- 22.6 
-75.2 
-87.8 
- 167.2 
- 175.6 
- 188.1 


0.3253 
0.3194 
0-3280 
0.3226 
0.3542 
0.3623 
0.4315 
0.4355 
0.4392 


0.1486 
0.1457 
0.1496 
0.1472 
0.1616 
0.1653 
0.1969 
0.1987 
0 * 2004 


a f = 2 .9  x 10’ kJ mol-’ A-*, I =  2.192 A. 
Ref. 3e, 450 K .  
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Table 5 .  Rate constants for hydride transfer reactions in the vapour phase through quantum-mechanical 
tunnelling 


~~ ~~ ~~~~ ~ 


k/1 mo1-I s-l Relative rates 


AHo/kJ mol-'  EX^.^ Tun. Exp . Tun. KIE' 


0 
- 80 
- 170 


4 x  1 0 8  5 x lo9 1 1 85 
2 x 10" 2 x 1012 500 400 65 
8 x 10" 2 x l o L 3  2000 4000 2 . 5  


'Ref. 3e. 
bEquation (13) with K,, = 1. 
'Effect of mass and A(H)/A(D)= 1.36 


Although the calculated rates are about an order of 
magnitude higher than experiment with Kpc = 1, the 
effect of reaction energy is well accounted for by tunnel- 
ling, in agreement with the suggestion of Kreevoy el 
uI.,~' valid for tunnelling of an H-  species or tunnelling 
of an electron (pair) followed by tunnelling of an H 
(H+)  species. Owing to  the dependence of the rates of 
tunnelling on the height and width of the reaction 
energy barrier [equation ( 1  3)] , the kt,, values are more 
sensitive to  AGO than the rates for thermal activation. 
In consequence, the plot in Figure 4 is no longer linear, 
but shows a downward curvature. 


In liquid solutions, the presence of a 'solvated' ion 
such as HsO- drops the quantum mechanical tunnelling 
rate by nine orders of magnitude at  AJP' = 0 (ktun = 
5 lmol-'  s-I), such that this cannot compete with ther- 
mal activation (ktherm = 1.4 x lo3 1 mol-' s-'). 


The calculated KIEs for a tunnelling mechanism are 
considerably higher than those observed in solution, 
particularly when the reactions are not very exothermic 
(Table 5 ) .  


Table 6. Reduced bond extension for proton transfer reactions 
t-C4H9++ M -, MH' + i-C4Hs in the vapour phase' 


~~ - 


M AG*/kJ rnol-lb AGo/kJ mol-lb q 


-43.1 0.106 1 (i-C3H7)20 5 . 2  
2 (CZHJ)~CO 4 . 8  -23 .4  0.087 


-10.5 0.075 3 CHjCOOCH3 5.7 


-20.9 0.086 4 CH~COOCZHJ 5 . 3  


5 (fl-CaH7)20 5.4 -29 .3  0.095 


6 c - C ~ H ~ O  5 .7  -15 .9  0.082 


7 HCOOCsHg 9.0 1.7 0.069 


8 HCOOC3H7 9 - 8  2.5  0.071 


'h= 2.9  x lo' kJ mol-' .&-'(CHI, fp = 4.2 x lo3 kJ mol-' A-' 
(MH), I =  2.0 A. 
bRef. 23. 


0.061 I I I I 
1000 2000 


(AGO/ kJ mol-' b2 
Figure 5.  Plot of q versus (AGO)' for proton transfer reactions in the vapour phase, t-C4H9' + M -+ MH' + i-CaHs; data in Table 6 


(1-8) 
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Proton transfers in the vapour phase 


It is interesting to see if the present findings for hydride 
transfer in the vapour phase are also verified for proton 
transfer reactions. A preliminary account of such a 
study has been presented. I' Table 6 presents the ISM 
calculations and the plot in Figure 5 ,  also showing a 
downward curvature, allows one to obtain 70 = 0.069 
which corresponds to n* = 1.56, higher than the maxi- 
mum expected value of 1.0; in fact, for oxygen acids in 
water n' = 0.8. With this value, f, = 2 .9  x !03 kJ 
mol-', f, = 4 . 2  x lo3  kJ mol-' A-'and I =  2.0 the 
calculated tunnelling rate constant, at AGO = 0, is 
k = 3 x lo'* 1 mol-ls- ' ,  which again is an order of 
magnitude higher than the experimental rate of 
2 x 10" 1 mol-' s-I. A better agreement is obtained 
with Kpr = 0-07, as found also for hydride transfers. 


CONCLUSIONS 


We have shown that hydride transfer reaction in solu- 
tion proceed via thermal activation over an energy bar- 
rier interpretable within the ISM formalism, with 
conservation of the transition-state bond order. This 
supports the synchronous character of such processes. 
In the vapour phase the rates are considerably higher 
owing to quantum mechanical tunnelling of H*- 
between two electron-deficient sites. In solution tunnel- 
ling cannot compete with thermal activation, because 
the tunnelling mass is considerably higher owing to the 
solvation of the H -  species. Although proton transfer 
reactions in solution can be considerably faster than 
hydride transfers, owing to an increase in the transition- 
state bond order (n* > 0 - 5 )  from the available electron 
pairs of the reaction sites, in the vapour phase the rates 
appear also to be controlled by tunnelling through the 
reaction energy barrier. 
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GAS-PHASE NITRATION OF THIOPHENE AND 
N-METHYLPYRROLE BY PROTONATED ALKYL NITRATES 


MARINA ATTINA 
Dipartimento di Chimica e Tecnologia delle Sostanze Biologicamente Attive, Universita di Roma 'La Sapienza, 


P. le A .  Moro 5, 00185 Rome, Italy 


Gas-phase nitration of thiophene (1) and N-methylpyrrole (2) was studied by radiolytic techniques, supported by 
chemical ionization mass spectrometry. The substrate and positional selectivities of protonated alkyl nitrates 
(CH,NO,H + , CF3CH2N0,H +) were deduced from competitive reactions with benzene performed under different con- 
ditions. The apparent /calks ratios, which are independent of the pressure and unaffected by the presence of a strong 
base (NEt,), depend on the nature of the eleclrophile, passing for 1 and 2 from 7 . 2  and 6.4,  respectively, with 
CH,N03H+ to 1 . 1  and 1.0, respectively, with the more reactive fluorinated cation. Predominant (88%) 
a-substitution takes place in 1, whereas no appreciable positional discrimination is displayed by 2. The results suggest 
that the electrophilic attack can also occur at the heleroatom, and point to the same mechanism postulated for gas- 
phase nitration of aromatic substrates, the reactivity being essentially governed by electrostatic interactions within the 
'encounter pair.' 


INTRODUCTION 


A combination of mass spectrometric (MS), radiolytic 
and computational techniques has recently allowed the 
study of aromatic nitration in the gas phase and the 
evaluation of the mechanistic features, in particular 
the selectivity of the attack by (RNO3)H' cations, 
which appears to conform to solution chemistry 
trends. 


Extension of the study to heteroaromatic molecules is 
of interest, especially since examples of predominant 8- 
substitution of the latter by gaseous alkylating cations 
have been reported,' which represents a noticeable 
departure from their behaviour in solution. 


It should be noted that heteroarornatic nitration in 
condensed media is mechanistically complex, and 
strongly dependent on the reaction environment, 8 3 9  


which emphasizes the interest of a corresponding study 
in the dilute gas state, free from complicating effects 
such as solvation and ion pairing. lo 


This study was aimed at evaluating the reactivities of 
three model heteroaromatic molecules, pyrrole, 
thiophene (1) and N-methylpyrrole (2), towards 
gaseous (RN03)Hf nitrating cations. 


Pyrrole yielded only intractable tars under the 
experimental conditions employed, which restricted in- 
vestigation to 1 and 2. As a useful background, it can 
be mentioned that in solution these substrates are 
nitrated by mild reagents predominantly at the 01- 


0894-3230/90/020110-09$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


position, " - I 3  which has been rationalized by 
arguments based on a-electrons and total charge density 
for 114 and on electrostatic potentials and specific 
transition-state features for 2. I s -  " 


EXPERIMENTAL 


Materials. The gases, having a stated purity of 99.9 
mol-To, were obtained from Matheson Gas Products. 
Fluka supplied benzene, thiophene and N-methylpyr- 
role, the last compound being freshly redistilled before 
use. The chemicals used as reference standards in the 
analyses were obtained from Fluka or prepared accord- 
ing to established procedures. 


Radiolytic experiments. The gaseous samples were 
prepared by using a greaseless vacuum line, as described 
in detail elsewhere. l o  The irradiation were performed at 
3 7 - 5  O C  in a 220 Gammacell from Nuclear Canada, to 
a total dose of 1.2 x lo4 Gy at a dose rate of 6 x 10' 
Gy h- ' .  


The irradiated vessels were cooled to 77 K and a 
measured amount of a methanolic solution of the inter- 
nal standard (p-nitrotoluene) was added. They were 
allowed to come to room temperature and their walls 
were carefully washed with the solution. The dilute solu- 
tions obtained were then used for gas chromatographic 
(GC) analyses, using a Sigma 1 gas chromatograph from 
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Perkin-Elmer and a HP 5980A instrument from 
Hewlett-Packard. 


The identities of the products were established by 
comparison of their retention times with those of 
authentic samples, and verified by GC-MS using a 
Hewlett-Packard 5970B quadrupole instrument. 


The following columns were used: (i) a 
3 .3  m x 3 mm i.d. stainless-steel column, packed with 
SP-2100 (20V0, w/w) and Carbowax 1500 (1Vo) on 
100-120 mesh Supelcoport, operated at  185 'C; (ii) a 
10 m x 0.53 mm i.d. fused-silica column, coated with 
Carbowax 20M, operated from 60 to  120 "C; and (iii) a 
12 m x 0.25 mm i.d. fused-silica column coated with 
methylsilicone, operated from 70 to  140°C. The last 
column was used for the GC-MS analyses. 


Mass spectrometric measurements. Chemical ioniz- 
ation (CI) mass spectra were recorded using a Hewlett- 
Packard 5982A quadrupole instrument and CH4-RN03 
mixtures at a source temperature of 50°C and a 
pressure up to 1 Torr, as measured by a Bourdon-type 
mechanical gauge. 


Caution. Alkyl nitrates are hazardous compounds, 
and should be handled with appropriate precautions, as 
indicated previously. * 


RESULTS 


according to  the exothermic proton transfer 


RNO3 + CnH5+ - RNO3H+ + CnH4 (1) 
where R = CH3 or CF3CH2 and n = 1 o r  2. 


The CI mass spectra of mixtures containing CH4 and 
CH3N03 in the molar ratio lo3 : 1 and a trace amount 
of thiophene display three major ions, corresponding to 
the protonated nitrate, the molecular ion of 1 and its 
protonated adduct (Figure 1). The ion most significant 
t o  the present study is that at m/z 130, corresponding to 
the nitrated adduct [CdHdS * NO21 + of unknown struc- 


100 
Mass spectrometric evidence m i z  


Figure 1. CHd-CH3N03 CI mass spectrum of thiophene: 
(1)  NO^+'; (2) ( C H ~ N O ~  + H)+; (3) M + ;  (4) (M + H)+; (5) The formation of protonated alkyl nitrates has been 


demonstrated by methane CI mass spectrometry2s3 (M + O)+; (6) CH,O(NOz)zH+; (7) (M + NOz)+ 


Table 1 Gas-phase radiolytic nitration of thiophene and N-methlypyrrole in competition with benzene by protonated methly nitrate 
in CH4 at 750 Torr and 37.5 'C 


Substrates (Torr)" 
Isomeric distribution of 


nitroheteroaromatics (To) 


Benzene Thiophene N-Methylpyrrole ff P G(+M) total values kslks 


0.918 
0.419 
0.242 
0.209 
0.202 
0.184 


0.266 
0.312 
0.349 
0.360 
0.331 


0.205 
0.345 
0.281 
0.367 
0.785 
0.880 


0.308 
0.309 
0.354 
0-371 
0.389 


89 
87 
88 
89 
86 
86 


49 
52 
54 
59 
51 


Mean: 88 _+ 2 


Mean: 53 2 4 


11 
13 
12 
11 
14 
14 


12 2 2 
51 
48 
46 
41 
49 


47 % 4 


1.7 
2.1 
2.1 
1.7 
1.9 
2.3 


2 . 0  * 0.2 
1.4 
1.2 
2 .4  
1.7 
1 .2  


1 .6  % 0.5 


7.1 
7.1 
8.6 
7 .2  
5 . 6  
7.4 


7 . 2 %  1.0 
5.9 
5.1 
6.1 
7 .7  
7 .3  


6 . 4 ?  1.1 


"All  systems contained C2H4 (10 Torr), SFs (5 Torr) and C H J N O ~  (16 Torr). 
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ture formed in the reaction Torr), gives nitrated heteroaromatic products in high 


CiHiS + CH3NO3H' A [ C J H ~ S .  NO11 + 


+CH30H (2) 


No similar adduct from thiophene is observed when 
CHINO3 is replaced with CF3CH2NO3, or from the 
reaction of N-methylpyrrole with either of the pro- 
tonated nitrates. In both cases the spectra contain the 
protonated substrate and its molecular ion. 


Despite the known difficulty of extrapolating C1 
results to the much higher pressures and lower 
temperatures prevailing in radiolytic experiments, the 
maCs spectrometric observations are useful in the inter- 
pretation of the radiolytic data, in that they 
denionstratc the operation of an assuredly ionic nitra- 
tion mechanism. 


Radiolytic reaction 


Irradiation of gaseous systems containing CH4 
( 1  18-750 Torr), as the bulk component, together with 
R N 0 3  (8 -16 Torr) and the substrates 1 and 2 (0.2-0.9 


yields. 
Tables 1 and 2 illustrate the isomeric composition, the 


apparent ks/kB values (the ks/kB ratios were evaluated 
from the ratios of the yields of the products from the 
substrate S and from benzene, corrected for the relative 
concentrations of the competing species) and the yields 
of the products obtained from the reactions of I and 2 
at high pressure, and Table 3 relates to low-pressure 
systems. 


The composition of the irradiated systems deserves a 
brief comment. In addition to methane and alkyl 
nitrates, CzH4 and SF6 were used as scavengers of 
radicals and thermal electrons, respeclively. Very low 
concentrations of the substrates were used in order to 
minimize direct radiolysis. 


The absolute yields of nitrated products, measured by 
the corresponding G ( + ~ o  values, which express the 
number of molecules formed per 100 eV absorbed by 
the gas, show that nitration is a major reaction route. 
In fact, the G(+M) values measured in CHJ-CH~NO, 
systems cluster around 2, vs the 2 . 8  limit set by the 


'Iable 2 Gas-phase nilration of thiophene and N-methlypyrrole by CFiCHzNO,H+ ions in CHI  (750 Tori-) at 37.5 uC' 
~ ~~ ~~ ~ 


Isomeric distribution of 
Sub5trates (Torr)" nitroheteroarornatics (%)  


- 


Benzene Thiophene N-Merliylpyrrole 01 B G,+b4) toral valucs X\/k i< 


0. 193 0.290 
0.338 0.354 


0.377 
0.321 


87 13 
90 10 


0.398 50 50 
0.274 49 51 


1 .7  1 . 2  
0.93 0.80 


Table 3 Gas-phase radiolytic nitration at low pressure and 37.5 'C 


Isomeric distribution of 
System composition (Torr)" nitroheteroaromatics ( o h )  


G(+,l)  total baluer k\/kt< 
- 


Nitrate Benzene Thiophene N-Methylpyi role a B 


 CHINO^ 10 0.369 0.374 88 12 1 . 1  7 . 2  
0.378 0.382 89 1 1  1 . 2  7 ' 0 


CI'ICH~NOI 8 0.312 0.319 
0.266 0.392 


CHzNOi 10 0.314 
0.220 
0.428 


90 10 0.68 1.0  
91 9 0.83 0.90 


0.281 51 49 0.91 6 . 2  
0.203 57 43 1 . 3  6.7 
0.384 5 1  49 1 . 1  7 ' 0 


CFiCHzNOi 8 0.495 0.583 59 41 1 .o 0.84 


"All  a)steins contained CHI ( I  18 Torr), C ~ H I  ( 5  Torr) and SF, (3 Torr). 
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Figure 2. Absolute yields of the products from (A) N- 
methylpyrrole and (B) thiophene vs the r ratio (see text). 


The intercepts reflect the experimental uncertainties 


G(+M) values of the primary ionic reactants, i.e. the 
CnHs+ (n = 1,2) cations from the ionization of 
methane. 


Effects of additives 


The ionic character of the processes of interest was en- 
sured by using in all systems an effective radical 
scavenger, e.g. C2H4, at concentrations appreciable 
higher than those of the substrates, and confirmed by 
the sharp decrease in the nitration yields when Et3N was 
added to the systems (Table 4). 


In fact, the gaseous strong base has been found to  


depress gradually the yields of the ionic products Go, 
measured in neat CH4 by a factor r (Figure 2): 


The above relationship was deduced from a simple 
model based on  the competition of the nucleophile (B) 
with the alkyl nitrate for the protonating cations, and 
with the substrate (S) for the protonated alkyl nitrate, 
by assuming that all processes occur at the 
ion-molecule collision frequency, i.e. a t  the' same 
specific rate. l9 


DISCUSSION 


Ionic reagent 


As discussed previously, RNO3H' ions are electrophilic 
reagents of an efficient gas-phase Both in 
CI mass spectrometry and in radiolytic experiments they 
are obtained by proton transfer from CnH5+, produced 
in turn from the ionization of CH4, to the alkyl nitrates, 
according to  the exothermic reaction (1). [The reaction 
is estimated to be exothermic by 44 (n  = 1) and 13 
(n  = 2) kcal mol-'  when R = CH3, on the basis of a pro- 
ton affinity (PA) of 176 of methyl nitrate. Passing to 
fluorinated alkyl nitrate, whose PA is unknown, the en- 
dothermic character of proton transfer from C2H5+ to 
CF3CH2N03 would require the PA of the latter to be 
< 162.6 kcal mol-'1. 


+ 
+ H  OK 


R-0' R-0-N( 
'NO 0 


The most stable protonated adduct from CH3N01 
according to M I N D 0  calculations is the isomer I ,  pro- 
tonated at the ethereal oxygen,'" but the stability dif- 
ference between the isomeric structures I and 11 is 
calculated by ab inifio methods to  be very small (6.7 
kcal mol-I) and in the reverse order. 2 1  However, owing 
to  the lack of selectivity of protonation by C,,Hs+, the 
initial formation of I and I1 is very likely, and conse- 
quently both 1 and I1 can conceivably represent the 
kinelically relevant species in gas-phase nitration. In the 
radiolytic systems the charged electrophiles undergo a 
large number of unreactive collisions with the molecules 
of the bulk gas 


(RNO3H+)exc + CH4 RNOIHf + (CH4)exc 


before a reactive encounter with substrates can occur. 
Consequently, RNO3H' ions are thoroughly thermal- 
ized before reacting with benzene and heteroaromatic 
compounds. 
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Substrate and positional selectivity 


The relative reactivity of 1 and 2 measured in 
CH4-CH3N03 systems, and characterized by apparent 
ks/ke ratios of 7 .2  and 6.4,  respectively, is largely 
independent of [S] and of the experimental condi- 
tions. Nitration by the more electron-deficient 
C F ~ C H Z N O ~ H '  is less selective, being characterized by 
ks/kB values of 1.1 and 1 .O,  as would be expected from 
the lower binding energy of N02' to the ROH moiety. 


By comparing these results with those obtained under 
the same conditions in aromatic nitration, 3-6  thiophene 
and N-methylpyrrole appear to react at the same rate as 
toluene with CH3N03H'. However, their reactivity 
towards CF3CH2N03H+ is lower, from both a relative 
and an absolute standpoint. In fact, the k s / k ~  values 
drop to ca 1, while the absolute nitration yields from 1 
and 2 decrease considerably (from ca 70 to ca 50%) on 
passing from CH3NO3H' to C F ~ C H Z N O ~ H + .  


This trend can be rationalized on the consideration 
that the electrophile can attack both the T- and the n- 
type nucleophilic centres of the multidentate 
substrate, yielding in the latter case adduct V ,  
which cannot convert into a stable nitration product. 
The branching ratio between ring and Z attack depends 
on the nature of the electrophile, and could be 
rationalized by the HSAB theory,24 already invoked to  
explain analogous trends in the gas-phase alkylation of 
ani~ines . '~  


Another factor that requires careful consideration is 
the ability of RNO3H' ions to transfer a proton to  the 
substrates [ P A  (N-methylpyrrole) = 220 kcal mol-1;26 
PA (thiophene) = 195.9 kcal m ~ l - ' ; ~ '  P A  (1) = 196.5, 


PA (2) = 215, PA (C6H6) = 181.3 kcal mol-';2x PA 
(CH3N03) = 176 kcal m ~ l - ' . ~ ]  in competition with the 
nitration route: 


SNOZ+ + ROH (4) 


Proton transfer (3) from CH3NO3H+ is exothermic by 
ca 20 kcal mo1-I with respect to  thiophene and by 39 
kcal mol-' with respect to N-methylpyrrole. It has been 
shown to be the predominant reaction route to the latter 
substrate, and a major route to thiophene under CI con- 
ditions, although increasing the pressure in the ion 
source has been found to  decrease the k3/k4 branching 
ratio, and nitration can be expected to predominate at 
the much higher pressures typical of radiolytic 
experiments. Probably, reaction (3) is more significant 
in the case of heteroaromatic than aromatic substrates, 
since proton transfer between n-type centres is known to 
be particularly fast in the gas phase. The greater pro- 
tonating ability of C F ~ C H Z N O ~ H +  compared with 
CH3N03H+ could represent an additional factor to 
explain the lower nitration yields from the fluorinated 
cation. 


Given the above, the overall reactivity of 1 and 2 
towards gaseous nitrating ions is comparable to that of 
activated aromatics. Therefore, the experimental 
measured ks/kB ratios are likely to represent only lower 
limits of tlie reactivity of 1 and 2, being affected by Z 


(Z=S I NCH3 ) 
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attack and competitive protonation [reaction (3)] . 
Since, however, the extent of the latter processes cannot 
be evaluated directly, no correction of the experimental 
values has been attempted. 


Concerning positional selectivity, thiophene is 
nitrated predominantly at the a-position, whereas no 
discrimination between the C ,  and C s  sites of N- 
methylpyrrole is detected. 


In principle, the high reactivity of the a-position of 1 
and the 0-position of 2 could be traced to the tendency 
of the heteroaromatic compounds to direct the elec- 
trophile towards the site characterized by the highest net 
negative charge. However, this interpretation fails to ac- 
count for the enhanced reactivity of the a-position of 2 
towards strong nitrating agents such as RN03H’ ions. 


In order to  develop a unified picture that accounts for 
the experimental observations, one can invoke some 
kind of participation of the n-type centre. In fact, in ad- 
dition to direct heteroatom attack, followed by 
isomerization to an a-substituted product, one can en- 
visage an increased local concentration of the elec- 
trophile at the a-positions owing to the preliminary for- 
mation of a gaseous ‘chelate’, by analogy with the 
behaviour of other bidentate substrates. 25,29 


Nature of the nitration process 


The thermalized RNO3H+ ions react with hetero- 
aromatics 1 and 2 and benzene according to a process 
that can be regarded as a nucleophilic displacement of 
the corresponding alcohol: 


1 


as suggested by a recent investigation concerning 
arykilanes. Nitration of C6H6 by protonated methyl 
nitrate via reaction (6) has been shown to be energeti- 
cally allowed,s and the process is obviously more 
exothermic when the fluorinated cation is involved. ’ 
Lack of the necessary data prevents analogous calcu- 
lations for process (5), which, however, can be 
reasonably regarded as exothermic. [On the basis of 
group additivity, reaction (5) of thiophene with 
CH3N03H+ ions should be exothermic if  PA in the ips0 
position is > 153 kcal mol-’1 . The nitrated adducts 
formed with excess of internal energy, before being 


thermalized by unreactive collisions with the bath gas 


could conceivably isomerize into more stable structures. 
Isomerization seems unlikely, at least in the investigated 
pressure range, in view of the experimentally observed 
insensitivity of the isomeric composition of products to 
pressure changes. 


Eventually, the charged intermediates evolve into the 
detectable neutral products by proton transfer to  any 
base present in the systems, including the same 
substrates: 


The ks/kB ratios and the isomeric composition of pro- 
ducts are largely unaffected by the presence of a strong 
base, such as Et3N; these results show that the 
deprotonation step is not rate determining, and confirm 
that isomerization of the heteroarenium ions is not 
significant even in the absence of added bases. Hence 
the isomeric distribution of nitrated products reflects 
the kinetic attack of the nitrating agents on the 
heteroaromatics. 


I t  should be observed that the relative reactivity data 
from this work refer exclusively to the C-nitration chan- 
nel, rather to  the overall nucleophilicity of 1 and 2. 
Nevertheless, even taking into account the electrophilic 
attack to  heteroatoms, as previously discussed, the 
substrate selectivity displayed by the RN03H’ cation is 
exceedingly low by the reactivity standards of 
heteroaromatic nitration in solution. 1 ’ 3 3 ‘ ’  


In contrast to the low substrate selectivity, a signifi- 
cant positional discrimination is observed in thiophene 
nitration, suggesting that the ‘rate-determining’ and the 
‘product-controlling’ steps are kinetically distinct, as in 
gas-phase aromatic nitration. This idea is consistent 
with the observation that on passing from CH3NO3H’ 
to C F ~ C H Z N O ~ H +  ions the ks/kB ratios decrease in the 
reaction of both substrates, but no change of the 
isomeric distribution of the products is measured. 


Such a behaviour therefore represents the counterpart 
of the ‘encounter rate’ nitration occurring in solution: 
the reactants are trapped in a sort of ‘electrostatic cage’ 
(Formation of the early complex can be traced to the 
intense electrostatic forces between the free nitrating 
cation and the aromatic or heteroaromatic molecule, the 
stabilization energy of  ion-molecule electrostatic 
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complexes being of the order of 10 kcal r n ~ l - ' ) , ~ '  
kinetically, if not physically, equivalent to  the solvent 
cage envisaged in solution, and the nitration rate of the 
heteroaromatics componds is limited by the encounter 
rate of RNO3H+ ions with the substrates. 


On the other hand, the positional selectivity depends 
on the activation barriers for the formation of the u- 
isomeric complexes, and the results are in agreement 
with the current ion-polar molecule interaction 
theories. 32 However, this study confirms, in accord with 
previous conclusions obtained for gas-phase 
alkylations, 2 2 3 3 3  that other factors, related to  the struc- 
tural and electronic features of the substrate and of the 
electrophile, appreciably modify the selectivity based on 
purely electrostatic arguments. 


CONCLUSION 


Nitration of thiophene and N-methylpyrrole by gaseous 
RN03H+ ions occurs at a limiting rate, confirming that 
in the gas phase sufficiently activated compounds react 
at the 'encounter rate' with strongly charged electro- 
philes. 


Heteroaromatic nitration displays an intriguing 
analogy with aromatic nitration. The rate appears to 
be first order with respect to the heteroaromatics, as 
well as to  benzene, e.g. k l / k ~  is largely unaffected by a 
21-fold change in the [ l ] / [ B ]  ratio. 


In  conclusion, the mechanism is the same as that for 
aromatic compounds, as already envisaged from related 
reactions occuring in condensed media. 


In the dilute gaseous state, the intrinsic reactivity of 
the free R N 0 3 H +  ions towards heteroaromatics appears 
to be governed by factors strictly correlated with the in- 
teractions between the negatively charged sites of the 
substrate and the ionic reagent, as observed in gas-phase 
alkylations carried out under analogous conditions. 
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AM1 CALCULATIONS ON THE TAUTOMERISM OF FREE AND 
HYDRATED HYDROXYPYRIDINES: BARRIERS TO PROTON 


TRANSFER IN 2-HYDROXYPYRIDINE-PYRID-2( lH)-ONE AND 
EFFECT OF SOLVATION AND SELF-ASSOCIATION 


WALTER M. F. FABIAN 
Institute of Organic Chemistry, Karl-Franzens University Graz, Heinrichstr. 28, A-8010 Graz, Austria 


AM1 calculations for the tautomerism of the three isomeric hydroxypyridines are reported and compared with recent 
ub inifio results. Intrinsic stabilities of the various tautomers are predicted by AM1 with an accuracy comparable to 
or even better than the best available ub inifio calculations. Solvation is accounted for by the supermolecule approach 
and also a continuum model for solvent effects. Except for 3-hydroxypyridine, AM1 correctly accounts for the 
observed shift of the tautomeric equilibria due to hydration. Energetics of hydrogen bonding are reasonably described 
by this semiempirical method. With respect to structures, bifurcated hydrogen bonds are preferred by AM1. In 
addition, for 2-hydroxypyridine and its lactam tautomer self-association in addition to barriers to proton transfer are 
considered. With respect to tautomerization transition states, AM1 shows serious shortcomings. Compared with both 
experimental and ub inifio results, barriers to proton transfer are considerably overestimated by AM1, especially in 
the hydrated and associated species. For the dimers AM1 predicts an unsymmetrical transition state which, however, 
is only slightly lower in energy than the symmetrical structure with two negative eigenvalues of the force constant 
matrix. Despite several attempts, the transition state for proton transfer in the doubly hydrated species could not be 
located. 


INTRODUCTION 


The tautomerism of heterocyclic compounds continues 
to be a matter of intense experimental and theoretical 
research owing to  its significance t o  many chemical and 
biological reactions (for a recent review, see Ref. 1). 
Relevant topics are spontaneous mutagenesis due to  
base mispairing,' proton transfer and bifunctional 
catalysis in chemical reactions, e.g. mutarotation in 
glucose derivatives, and especially in enzymatic 
processes, ' chemical reactivity6 and controlled forma- 
tion of molecular aggregates. One of the simplest and 
most thoroughly studied system, both experiment- 
ally8-'5 and theoretically, ' 6 - 2 5  is the 2-hydroxypyridine 
(la)-pyrid-2( lH)-one ( l b )  tautomeric equilibrium. It is 
now well established that this process is strongly 
affected by solvation and the extensive self-association 
of the pyrid-2( 1H)-one tautomer in non-polar media. 
Neglect of this latter point had led to  some controversies 
concerning the preferred tautomeric species in non- 
polar solvents. 1 4 9 1 5 3 9 2 7  This dramatic solvent effect had 
prompted a number of theoretical studies to  take 
into account solvation either by the solvaton model, 28 


the supermolecule approach, 18329 Monte Carlo 


0894-3230/90/050332-07$05.00 
0 1990 by John Wiley & Sons, Ltd. 


simulations 30 and free energy perturbation methods. l 6  


In addition, the very small energy difference between 
the two tautomeric forms in the gas phase8-'* 
(0.3-0.6 kcalmol-I) provides a crucial test for the reli- 
ability of quantum chemical predictions of the intrinsic 
stability differences. 


In this investigation, the semiempirical AM 1 
method3' was chosen to study tautomeric equilibria and 
activation energies for proton transfer la - lb  in the fol- 
lowing systems: (i) free molecules, i.e. tautomerism in 
the gas phase; (ii) molecules hydrated by one water mol- 
ecule; (iii) molecules hydrated by two water molecules; 
and (iv) dimeric systems. The effect of solvation by bulk 
water on processes i-iv is taken into account by a 
continuum model of solvation. '8 ,32  Further, the 
tautomerism of 3-hydroxypyridine (2a, 2b) and 4- 
hydroxypyridine (3a, 3b) and the effect of hydration on 
it (up to  triply hydrated species) is also treated in this 
paper. Finally, comparison with previous ab initio 
results a t  various levels of sophistication will allow the 
reliability of the AM1 method both for predicting the 
intrinsic stability of the various tautomers and for 
describing hydrogen-bonded systems to be judged. 
Since its predecessor MNDO did not even recognize 
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hydrogen bonds,31a during the course of this work this 
latter point had attracted considerable interest. 
However, conflicting conclusions with respect to the 
performance of AM 1 to describe hydrogen bonds were 
obtained. 33 


CALCULATIONS 
All calculations were carried out by the AM1 method. 3' 
Except for the dimeric species which were constrained 
to be planar, geometries were optimized without any 
restrictions using the PRECISE option in AMPAC. For 
the isolated molecules calculations in C, symmetry and 
without the PRECISE option led to essentially the same 
results. Transition states for proton transfer were 
located by the SADDLE m e t h ~ d ' ~  and refined by gra- 
dient norm minimization. With the exception of triply 
hydrated species, all stationary points were 
characterized by force constant calculations. 


RESULTS 
Firstly, to assess the reliability of the AM1 method for 
the prediction of intrinsic stabilities of tautomeric com- 
pounds, a comparison of tautomerization energies 
A E  = E(1actim) - E(1actam) obtained by various quan- 
tum chemical procedures for 2-hydroxypyridine 
(la)-pyrid-2( 1H)-one ( lb)  and 4-hydroxypyridine 
(3a)-pyrid4(1H)-one (3b) is given in Table 1. For la 
the results given in Table 1 refer to the conformation 
with the hydroxy group syn to the pyridine nitrogen 
atom. The second possible conformation of l a  with the 
hydroxy group anti to the pyridine nitrogen atom is 
predicted by AM1 to be less stable than l b  by 
4.2 kcalmol-', in excellent agreement with ab initio 


calculations including zero point energy differences 
from MIND0/316 (6-31G*//3-21G, 5.8; 
6-3 1G*//6-3 1G*, 5.3; MP2/6-3 1G*//6-3 1G*, 
3 * 6 kcal mol - ' ). 


Compared with the ub initio calculations, the agree- 
ment between experimental tautomerization energies 
and AM1 results is impressive. Although no quan- 
titative gas-phase data for the 3-hydroxypyridine 
(2a)-pyrid-3( lH)-one (2b) equilibrium seem to be 
available, one might expect a considerably more 
negative tautomerization energy. I 3  Indeed, AM1 cal- 
culations yield for this quantity a value of 
- 19.3 kcalmol-I, which compares favourably with ab 
initio results (3-21G//3-21G, - 23.2 k ~ a l m o l - ' ) . ~ ~  As 
was the case for la-lb and 3a-3b (cf. Table l), MNDO 
~ a l c u l a t i o n s ~ ~  greatly overestimate the stability of the 
hydroxy tautomer (AE= -29.3 kcalmol-I). 


As mentioned in the Introduction, in the following 
the effect of hydration and self-association on both 
tautomeric equilibrium and activation energy for proton 
transfer in la-lb will be treated in some detail and 
compared with recent ab initio" (3-21G//3-21G + CI) 
calculations (Table 2). 


In addition to the completely optimized structures for 
the monohydrated species and the transition state con- 
necting them (cf. Figure 1). AM1 calculations with the 
constraint that the atoms involved in hydrogen bonding 
lie in a common plane (which seems to have been used 
in the ab initio calculations) also resulted in structures 
(cf. Figure 2) with the correct number of negative eigen- 
values of the force constant matrix. Relative energies 
for these latter species are given in parentheses in 
Table 2. 


Despite several attempts, no transition state for pro- 
ton transfer within doubly hydrated molecules could be 


Table 1 .  Comparison of tautomerization energies, A E  (kcal mol- I ) ,  for la-lb and 3a-3b obtained 
by various quantum chemical methods 


~~ 


Method AE(1a-lb) Ref. AE(3a-3b) Ref 


STO-3G//STO-3G - 15.4 23 - 18.6 23 
3-21G//3-21G 1-7  16,18.23,24 -0.7 23,24 
3-21G//3-21G + CI 3 .3  18 
6-3 lG1//3-21G 0 . 6  16,23 - 2 . 1  23 
6-31G*//3-21G + AZPEa - 0 . 2  16 - 2 . 8  23 
6-3 lG**//3-21 G - 1.0 24 - 3.6  24 
6-31G*//6-31G* 0 .1  16 - 2 * 3 b  23 
6-31G*//6-31G* + AZPEa - 0 . 6  16 - 3.0b 23 
MP2/6-3 1 G//3-21 G 2 . 9  23 0 - 7  23 
MP2/6-3 1G*//6-31G* - 1 . 6  16 - 1.7b 23 
MP2/6-31G*//6-31G* + AZPEa - 2 . 3  16 - 2 . 4 b  23 
MIND0/3 3 .8  16,17 - 4 . 0  17 
MNDO - 9 . 8  25 - 14.9 25 
AM 1 -0.5 This work - 8 . 2  This work 
Experiment -0 .3  to - 0 . 6  9,11,12 - 7 . 0  12 


- - 


' AZPE from MIND0/3 calculations. 
Estimated values. 
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located. For the dimers of l a  and l b  complete geometry 
optimization within C, symmetry led to  the presumed 
C 2 h  symmetry. However, in contrast to  the ab initio 
calculations, I s  which lead to  a C 2 h  transition state (this 
structure, however, was not characterized by force con- 
stant calculations), the transition state obtained by AM 1 
between these two C 2 h  minima has an unsymmetrical 
structure. Given the AM1 results for double proton 
transfer in azophenine3' or p ~ r p h y r i n , ' ~  this is not 
unexpected. In constrast to  this latter reaction, how- 
ever, the symmetrical structure with two imaginary fre- 
quencies (1941i cm-' and 671i cm-') is only slightly 
higher in energy (ca 1 kcalmol-I) than the true AM1 
transition state. 


Relevant conclusions (cf. Table 2) concerning the 
tautomeric equilibrium are as follows: (i) solvation by a 
single water molecule is already sufficient to  reverse the 
stability of the two tautomers l a  and lb; (ii) solvation 
by a second water molecule further shifts the equilib- 
rium towards the lactam form; (iii) self-association has 
an even more pronounced effect on stabilizing lb ,  so it 
is not surprising that even in diluted non-polar media 
the pyrid-2( IH)-one dimer is the predominant species; l4 
and (iv) the AM1 values are nearly identical with the ab 
initio results. I s  Further, the calculated tautomerization 
energy of the dihydrate corresponds closely t o  the 
experimental value for the 6-methoxy derivative in 
aqueous solution (AH' = 6.4 kcalmol-I). 37 


With respect to activation barriers for proton trans- 
fer, the following can be seen from Table 2. (i) As one 


might expect, 31a AM 1 considerably overestimates this 
quantity. (ii) Although the decrease in the activation 
energies in the order free molecules > singly hydrated 
species > dimers predicted by AM1 corresponds to  that 
found by ab initio calculations, this effect is much less 
pronounced here, probably owing to some cumulation 
of the above-mentioned overestimation of activation 
barriers in systems involving transfer of more than one 
proton. Experimentally, for the 6-methoxy derivative a 
barrier of A H  * = 11 .O kcalmol-' in aqueous solution 
was obtained. 37 (iii) As mentioned previously, no transi- 
tion state for proton transfer of the dihydrates could be 
located. 


Solvation by bulk water is taken into account by a 
continuum model for solute-solvent interactions: 1 8 s 3 2  


Polarizabilities a were obtained by the method of Miller 
and Savchik3' and cavity radii a were estimated from 
molecular dimensions. The AM1 results and the corre- 
sponding ab initio data" [dipole moments ( p )  in debye, 
AEsOlv in kcal mol-'1 are listed in Table 3. 


Since the dipole moments obtained by AM1 are close 
to  the ab initio valuesI8 (cf. Table 3), it is not surprising 
that the bulk solvation energies are also nearly identical. 
The only notable effect is found for the free molecules. 
Here, solvation by bulk water predominantly stabilizes 


Table 2. Effect of hydration and self-association on tautomeric equilibria and barriers 
to proton transfer in 2-hydroxypyridine (la)-pyrid-2(1H)-one (lb) and comparison 
with ab initio (3-21G 3 21G + CI) results" [relative ( A E )  and zero point (ZPE) 
energies in kcal mol- imaginary frequencies of the transition states TS in cm- '1 a 


A E  ZPE V 


/' - 


Compound AM1 A b  initio AM1 Ab  initio AM1 A b  initio 


l a  -0 .5  3.3 59.5 63.4 
l b  0.0 0.0 60.2 64.1 
TS 54.2 43.7 53.4 60.5 2234 2228 
l a  + H20 3.0 3.1 74.2 80.4 


l b  + Hz0 0.0 0.0 75.4 81.1 


TS + HzO 44.3 12.9 71.0 76.8 1113 1701 


l a  + 2H20 5 .6  4.3 89.0 - 
l b  + 2H20 0.0 0.0 90-6 - 
TS+2H20  - 9-8  - 
l a  dimer 7.3 8.4 119.6 - 


l b  dimer 0.0 0.0 121.2 - 
TS dimer 35.9 12.4 112.9 - 1415 - 


(2.3) (73.7) 


(74.8) 


(43.7) (68 * 9) (1758) 
b 
b 


b b 


b 
b 


b b 


- - - 


'Values in parentheses were obtained with the constraint of a common plane for the atoms 
involved in hydrogen bonds. 
bNot calculated in Ref. 18. 
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Figure 1 .  Optimized structures for monohydrates of (a) 2-hydroxypyridine (la), (b) the transition state for proton transfer and (c) 
pyrid-2(1H)-one ( lb) .  Distance of hydrogen bonds are given in pm 


the lactam tautomer. Thus, already this simple con- 
tinuum model can account for the observed shift of the 
tautomeric equilibrium in polar media. In all other cases 
only small corrections are obtained. 


Concerning the ability of AM1 to describe hydrogen 
bonds, 31a*33 the results are fairly promising. In Table 4, 
binding energies obtained by ab initio calculations I *  are 
compared with the corresponding AM1 values (since 
AMPAC does not provide ghost orbitals, these latter 
values are uncorrected for basis set superposition 
errors). 


Experimentally, the dimerization energy of pyrid- 
Z(1H)-one (lb) is found to be dependent on the solvent 
used, e.g. A H =  - 5 . 9  kcalmol-’ in C H C ~ J ’ ~  and 
- 14.8 kcalmol-‘ in CCL.” For la  a considerably 
smaller dimerization energy was assumed. l4 Hence the 
AM1 results are in reasonable agreement with both ab 


initio calculations and experiment. With respect to the 
structures of hydrogen bonded molecules, it is evident 
from Figures 1 and 2 that AM1 prefers bifurcated 
hydrogen bonds. Previous investigations led to the same 
conclusion. 33 This point is further illustrated in Figure 3 
for the dihydrates of la  and lb .  Further, lengths of 
hydrogen bonds as calculated by the AM1 method are 
significantly longer than the ab initio values (compare 
Figures 2 and 3 with Figures 2 and 3 in Ref. 18). 


The AM1 results (A&, dipole moments, solvation 
energies and final relative energies) for 3- 
hydroxypyridine (Za), pyrid-3( 1 H)-one (2b), 4- 
hydroxypyridine (3a), pyrid-4( 1H)-one (3b) and their 
trihydrates are listed in Table 5 .  For 2a two conforma- 
tions of the hydroxy group (syn and anti with respect to 
the pyridine nitrogen) were considered. 


Although inclusion of solvation effects reduces the 
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P 


Figure 2. Structures for monohydrates of (a) 2-hydroxypyridine (la), (b) the transition state for proton transfer and (c) pyrid-2(1H)- 
one (lb) with the constraint of a common plane for the atoms involved in hydrogen bonding. Distances of hydrogen bonds are given 


in pm 


Table 3. Comparison of AM dipole moments, p (D), and 
solvation energies, AEsOlv (kcal mol- I ) ,  with ob initio 


results" 


Table 4. Comparison of AM1 hydrogen 
bonding energies (kcal mol-I) with ub inilio 


results 


AM1 Ab initio 


Compound p - A E S O I "  B - AEso~v 


l a  
l b  
TS 
l a  + HzO 
l b  + Hz0 
TS + Hz0 


l b  + 2H20 
TS + 2Hz0 
l a  dimer 
l b  dimer 
TS dimer 


l a  + 2H20 


1-38 0.4 
3.93 3.0 
2-79 1.5 
2-80 0.6 
3.36 0.9 
3.53 1.0 
2.86 0.6 
1-96 0.3 


0.0" 0.0- 
0.0" o*op 
4.64 0.5 


- - 


1.36 0.5 
4.00 4.3 
3.70 3.8 
2-84 1.0 
3.21 1.2 
3.26 1.2 
2.11 0 -2  
2.01 0.2 
1-98 0.2 
o.o= o.oa 
0-op 0.0- 
0.0- o*op 


Compound AM 1 A b  initio 


l a  + H20 4.9 3.6 
l b  + Hz0 8.4 4.8 
l a  + 2H20 10.9 6.0 
Ib + 2H20 17-0 8.4 
l a  dimer 2.3 6.0 
l b  dimer 10.6 10-8 


'Zero by symmetry. 
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P 


( 0 )  


Figure 3. Optimized structures for the dihydrates of (a) 2-hydroxypyridine (la) and (b) pyrid-2(1H)-one (lb). Distances of hydrogen 
bonds are given in pm 


Table 5 .  Heats of formation, AHr, (kcal mol-I) dipole 
moments, p (D), solvation energies, AEsOlv (kcal mol-I), and 
final relative energies, AE,I (kcal mol- I ) ,  for 2a, 2b, 3a, 3b 


and their trihydrates 


Compound A Hr I( - A Eao~v A Ere1 


- 11.6 
-11.6 


7.7 
- 204.6 
-201.1 
- 190.3 
- 12.7 


-4.5 
-202.8 
- 199.6 


0.83 0.1 
2.97 1-7  
6.22 7.5 
2-59 0-7  
6.96 3.1 
7.45 3.6 
1 *98 0- 8 
6.29 7.7 
4.41 1 -2  


10. 10 6.5 


0.0 
- 1.6 
11.9 
0.0 
1.1 


11.4 
0.0 
1-3  
0.0 


-2.1 


represents a real improvement over MNDO. The 
already observed tendency of AM1 to yield bifurcated 
hydrogen bonds33 is also found here. Energy differences 
between linear and bifurcated structures are, however, 
fairly small ( 6 1 kcal mol-I) and thus might be attrib- 
uted to the flatness of the potential energy surface rather 
than errors in AM1.33i Less satisfactory are the results 
for activation barriers to proton transfer. The trends, 
however, are in reasonable agreement with both 
experimental and ab initio data. In contrast, the intrin- 
sic stabilities of the various tautomers are reproduced by 
AM1 with an accuracy comparable to or even better 
than the best available ab initio calculations. Whether 
this conclusion is generally valid is currently under 
investigation and the results will be reported in due 
course. 


energy difference between 2a and 2b by ca 7 kcal mol-I. 
this does not suffice to be in accord with experimental 
observations: in aqueous solution an equilibrium con- 
stant of KT - 1 - 1 (implying an almost equal stability of 
2a and 2b) was ~bta ined .~ '  Obviously, for a correct 
description of this special system, construction of a 
more complete hydration shell will be required. In con- 
strast, for 4-hydroxypyridine the AM1 results are in 
complete agreement with the experimental findings: for 
3a-3b in aqueous solution a tautomerization constant 
KT = 2000, corresponding to AG = 4.6 kcalmol-', has 
been reported. l2 


CONCLUSION 


From the above results, it seems clear that AM1 calcula- 
tions can provide a fairly accurate description of the lac- 
tam-lactim tautomerism in hydroxypyridines. Solvent 
effects and energetics of hydrogen bonding are also 
reasonably well described by AMl. In this respect, AM1 
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NOTE ADDED IN PROOF 
Very recent AM1 calculations in combination with self- 
consistent reaction field theory (M. M. Karelson, A. R.  
Katritzky, M. Szafran, and M. C. Zerner, J. Org. 


Chem. 54, 6030-6034 (1989)). On hydroxy- and mer- 
captopyridines also gave good quantitative agreement 
with experimental KT values in aqueous solution. 
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CONSECUTIVE RADICAL ION PAIRS IN THE CYCLOREVERSION 
OF A DIMETHYLINDENE DIMER: A CASE OF COOPERATIVE 


SPIN POLARIZATION EFFECTS 


HEINZ D. ROTH* AND RICHARD s. HUTTON 
AT&T Bell Laboratories, Murray Hill, NJ 07974, USA 


Nuclear spin polarization effects observed during the electron transfer-induced cleavage of the truns head-to-head 
dimer of 3,3-dimethylindene are incompatible with the intermediacy of a single dimer radical cation. Instead, they are 
compatible with the 'cooperative' involvement of a localized, doubly linked and a delocalized, singly linked dimer 
radical cation. The mechanistic consequences for the cycloaddition and cycloreversion of radical cations are discussed. 


INTRODUCTION 


The chemistry of organic radical cations continues to  
attract considerable attention and a variety of techni- 
ques continue to  be applied to  elucidate their structures 
and to probe their rearrangements, cycloadditions and 
cycloreversions. It is generally recognized that 
radical cation reactions have considerably lower activa- 
tion barriers than do the corresponding reactions of 
their closed-shell precursors. This observation can be 
ascribed to  the fact that the highest occupied molecular 
orbital (HOMO) of a radical cation is occupied by a 
single electron. Accordingly, the bond strength@) of one 
or more key bonds must be reduced and hence, the 
bonds are more easily decoupled. 


However, the barriers to  some radical cation rear- 
rangements appear to be even lower than might be 
expected from this simple model. We hve identified 
several systems in which the energy surfaces of radical 
cations and their diamagnetic precursors show a 
remarkable reversal of relative stabilities. 6 - 8  In par- 
ticular, some radical cation cycloaddition/cyclorever- 
sions of diolefins or their dimers proceed via distinct 
intermediates, whereas the corresponding reactions of 
the diamagnetic precursors are concerted. 9 2 1 0  We 
report here results pertinent to  a different 
cycloaddition/cycloreversion, viz. the electron transfer- 
induced dimerization of monoolefins leading to  
cyclobutanes. This reaction type is well established for 
a variety of substrates. "-I3 The selective formation of 
head-to-head dimers is compatible with a stepwise 
mechanism proceeding via a singly linked, bifunctional 
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cyclobutane 
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Scheme 1 


intermediate, stabilized by delocalization of spin and 
charge (Scheme 1). Our results, observed during the 
photoinduced electron transfer reaction of a 
dimethylindene dimer, fully support the intermediacy of 
such species, but also require the involvement of a ring- 
closed dimer radical cation. 


EXPERIMENTAL AND RESULTS 


Method 


The radical cations of electron-donor hydrocarbons can 
be generated as short-lived intermediates by electron 
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transfer to photoexcited acceptors. 4 z 1 4  In a magnetic 
field the resulting radical ion pairs undergo hyperfine 
induced singlet-triplet mixing. Diamagnetic products 
formed from these pairs in subsequent electron spin- 
dependent reactions show characteristic non- 
equilibrium populations in their nuclear spin levels. 
According to the radical pair theory, the directions and 
intensities of nuclear spin polarization (CIDNP) effects 
are determined by several parameters, including the spin 
multiplicity of the precursor, the magnetic properties 
(electron g factor and hyperfine coupling constants, hfc) 
of the radical intermediates and the type of reaction by 
which the diamagnetic, polarized product is generated 
from the paramagnetic (doublet) precursor. I s  + '' 


In many cases CIDNP effects induced in this fashion 
can be related directly to the signs and relative 
magnitudes of hyperfine coupling constants of the 
paramagnetic intermediates. The hfcs, in turn, can be 
interpreted in terms of carbon spin densities, revealing 
significant structural features of the intermediates. 
However, the interpretation of CIDNP results 
according to the radical pair theory is not without 
pit falls. 


A number of processes have been identified which 
inay distort 'first-order' effects or generate misleading 
effects. For example, the existence of an alternative 
polarization mechanism has been established. The 
triplet Overhauser mechanism is based on different 
physical principles and has been found to dominate the 
spin polarization effects in a few systems. 1 y + 2 2  Second, 
the observed polarization may be distorted as a result of 
different spin-lattice relaxation or, less 
trivially, as a result of cross-relaxation. 2 5 + 2 8  Third, 
reactions proceeding via consecutive radical pairs with 
different magnetic properties may lead to polarization 
effects which are seemingly incompatible with the 
properties of either the primary or the secondary 
pair. 29,30 


111111111111- 
3 5  3 0  2 5  


Figure 1. 'H  NMR spectra (2 .1-3.9 ppm region) observed 
during the irradiation of chloranil (0.02 v) in acetonitrile-d3 
solutions containing dimethylindene (0.02 M )  (top) and its 
trans head-to-head cyclodimer (0.02 M) (center). A dark spec- 


trum of the dimer (0.02 hi) is shown as the bottom trace 


n 


I ,  > . I I ( (  I I l . . s l . l . l ,  
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Figure 2. 'H NMR spectra (5.5-7.1 ppm region) observed 
during the irradiation of acetone-& solutions containing 
0.02 M chloranil and dimethylindene (0.02 M) (top) and its 
dimer (0.02 M) (center). A dark spectrum of the monomer 
(0.02 M) is shown as the bottom trace. The emission doublets 
near 5.4 and 4.8 ppm are due to an adduct oxetane between 


the dimethylindene C=C and the quinone C=O bonds" 


In this paper we report an analysis of CIDNP effects 
observed during the photosensitized cleavage of the 
trans head-to-head dimer of dimethylindene (1). During 
the UV irradiation of chloranil in the presence of 1 the 
benzylic ( a )  and the non-benzylic ( p )  cyclobutane 
protons of the dimer showed emission of comparable 
intensities (Figure 1). At the same time, the olefinic 
protons of the monomer showed enhanced absorption, 
also of comparable intensities for the 01 and p protons 
(Figure 2) .  


This polarization pattern, as the polarization 
observed by den Hollander, 29330 is seemingly 
incompatible with the expected intermediates. I t  
appears to suggest that the benzylic and non-benzylic 
protons of the intermediate have hyperfine coupling 
constants of identical (positive) sign and comparable 
magnitude. 


Potential intermediates 


The structure of the cyclobutane radical cation has been 
calculated by several groups. Bauld et al. 3 '  modeled the 
cycloaddition of ethene radical cation to ethene by the 
MNDO method. At this level of theory an 
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H H  We note, however, that a simulation of the FDMR =!,I spectra cannot distinguish between a species with four 
,' ,c>, \\ and eight methyl groups, especially not at the modest 


' \  signal-to-noise ratios typical for these experiments. 
'\ 8 Hence, the intermediate of type C cannot be ruled out 


unambiguously . 
:\ Compared with the parent system and the 


H H  symmetrically substituted one, the structure of the 
derivative considered here should be affected by the B ( D z n )  
substitution pattern and by the nature of the 
substituents. The substitution pattern allows 
delocalization of spin and charge only for two 
(adjacent) ring positions. Therefore, the structure type 
C ,  in which the doubly benzylic C-C bond is weakened 
(and lengthened), should be strongly favored. The 
substituents have a lower ionization potential (ZPbenrene 


9.25 eV)35 than the cyclobutane moiety (IP 10.7 eV);36 
hence, the primary ionization is expected to occur from 
one of the phenyl groups. 


Accordingly, we consider three types of species to  be 
potential key intermediates in the generation of the 
observed polarization (Scheme 3).  First, we contemplate 


t k C , '  ',C -,; H"," \ 


\ /  
\ ,  ,, 


D (CZ")  


Scheme 2 


unsymmetrical structure with one long one-electron 
C-C u-bond is of lowest energy (Scheme 2, type C). 
Bouma et a/.32 carried out ab initio molecular orbital 
calculations. They found that loss of an electron from 
one of the e,, orbitals of cyclobutane leads to  a 
Jahn-Teller unstable radical cation, which gives rise to 
distorted structures of D2h and c2" symmetry, 
respectively. Of four structures calculated, a rectangular 
structure with two weakened C-C bonds (type A) and 
a rhomboidal structure with four weakened C-C bonds 
(type B) were found to be of equal energy, 16 kJ lower 
than a Cz, structure with one weakened C-C bond. 


Ushida et a/ . '3  observed EPR spectra for x- ir- 
radiated cyclobutane in frozen CFCl3 solution. At 4 K 
these spectra showed four strongly coupled protons 
(two pairs with splittings of 49 and 14 G) and four 
weakly coupled protons ( 5  G). These findings were 
interpreted in terms of a radical cation that had 
undergone static Jahn-Teller distortion to a 
rhomboidal structure of C2, symmetry (type D). Above 
77 K the Jahn-Teller distortion is averaged out and a 
nearly isotropic nine-line spectrum is observed. 
Additional structure types compatible with the low- 
temperature ESR pattern can be envisaged and cannot 
be rigorously eliminated. A different structure was 
suggested on the basis of fluorescence detected magnetic 
resonance observed by Desrosiers and Trifunac 34 during 
the pulse radiolysis of tetramethylethene and 
anthracene-d,o in methylcyclohexane. The spectra are 
compatible with a dimer cation with eight equivalent 
methyl groups, and were interpreted as evidence for a 
radical cation with two weakened C-C bonds (type A). 


' J  
2 3 4 


Qa 6 . 5 G  f f a  - 1 6 G  Qa = -1 .4G 


0,g = 1 .5G up= 2 2 G  f fp  -9 .3G 


Scheme 3 


a radical cation, 2, in which charge and spin are localiz- 
ed in an aromatic moiety and the cyclobutane ring is 
unaffected. The singly occupied molecular orbital 
(SOMO) of this 'closed dimer' radical cation should 
resemble that of the indane radical cation. Second, we 
consider the radical cation 3, in which the doubly 
benzylic cyclobutane bond is broken (or weakened) and 
charge and spin are delocalized over the benzylic 
positions and into the aromatic moieties. Finally, in 
view of precedent for the fast fragmentation of dimer 
radical cations, we consider the dimethylindene 
(monomer) radical cation 4 as the possible origin of the 
observed polarization. 


The 'closed' (doubly linked) radical cation has not 
been characterized by EPR, but the pertinent hyperfine 
coupling constants can be assigned on the basis of the 
following considerations. An EPR spectrum has been 
observed and hyperfine coupling constants have been 
determined for the indane radical anion, 37 which should 
have a geometry not too different from that of the 
radical cation 2. Based on the coupling constants 
measured for the radical anion and, taking into account 
the fact that the proportionality factor, Q, which 
determines the hyperfine coupling constants for a given 
carbon spin density is 30-40% greater for cations than 
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for anions,’* we assign coupling constants of + 6 . 5  and 
+ 1 . 5  G ,  respectively, for the a- and &protons of 2. 


The ‘open’ radical cation 3, again has not been 
observed. Its hyperfine coupling constants depend on its 
conformation; spin and charge may be delocalized 
throughout both benzyl groups or ,  alternatively, over 
one benzyl moiety each; the following assignments are 
based on the latter case. The benzylic proton, H,, is 
assumed to  have a typical benzylic hyperfine coupling, 
a, = - 16.4 G.39 The non-benzylic proton coupling is 
assigned according to the empirical relationship4’ 


u / j = A o + A ,  cosz 8 


where the constants A0 = 2 G and A 1 = 32 G are derived 
from the 1-phenylethyl radical and 8 is assigned the 
value 38” on the basis of model considerations; hence, 


= + 22 G. Should spin and charge be delocalized 
over both benzylic groups, two a- and two P-couplings 
would result, each with half the magnitude indicated 
above. Finally, the hyperfine coupling constants of the 
dimethylindene radical cation 4 were assigned on the 
basis of calculated spin d e n ~ i t i e s , ~ ’  p u  = 0.059 and 
p g  = 0.403, and with the relationship, a = - 23 p .  
Hence, a, = - 1.4 G and ag = -9 .3  G. 


Given these hyperfine patterns (Scheme 3), the 
nuclear spin polarization effects expected for the three 
intermediates can be simulated on the basis of the 
radical pair theory. Other parameters used in the 
simulation include g factors of 2.0048 for the chloranil 
radical anion and 2.0028 for the radical cations; 
Ag=0-0020.  In view of the short lifetime of the 
quinone excited-singlet state and the moderate 
concentration of the hydrocarbon/quencher employed 
in the experiment, the initial spin multiplicity of the ion 
pairs was assumed to  be triplet. Finally, reaction 
products were assumed to be formed by reverse electron 
transfer in pairs of singlet multiplicity. The simulations 
of the pair reactions involving the chloranil radical 
anion and the closed dimer cation 2 and the open dimer 
cation 3 are shown in Figure 3b and c, respectively. 
Comparison of these simulations with the experimental 
results (Figure 3a) shows clearly that neither of the 
dimer cations can, by itself, account for the observed 
dimer polarization. Similarly, the intermediacy of the 
monomer radical cation cannot account for the 
monomer polarization observed during the cleavage of 
the dimer, although it explains satisfactorily the 
polarization observed during the photoinduced electron 
transfer reaction of the monomer (Figure 4). 


Since conventional structures fail to explain the 
observed effects, we consider two additional structures: 
a hybrid of structure 2 and 3 and the radical cation 5 ,  
in which charge and spin are nearly evenly distributed 
over the four carbon atoms of the alicyclic ring. As a 
result, the four cyclobutane protons have nearly 
equivalent hyperfine coupling constants (cf. structure 
types A and B, Scheme 2). However, this structure must 


Figure 3 .  CIDNP el‘fects observed for the cyclobutane signals 
of the dimethylindene dimer during the photoinduced electron 
transfer reaction with chloranil (a), and simulated spectra 
based on the radical pair theory and assuming a ring-opened 
(extended) dimer radical cation (b), a ring-closed (localized) 
dimer radical cation (c) and the consecutive (‘cooperative’) 


involvement of open and closed radical cations (d) 


I I I I I I I I 
6 8  6 6  6.4 6 2  6.8 6 6 6.4 6.2 


Figure 4. CIDNP effects observed for the olefinic signals of 
dimethylindene during the photoinduced electron transfer reac- 
tion with chloranil (left) and simulated spectrum based on the 
radical pair theory assuming the intermediacy of the monomer 


radical cation (right) 


be eliminated for two reaons. First, it is incompatible 
with the direction of the observed spin polarization. The 
ring protons of the cyclobutane radical cation should 
have negative hyperfine coupling constants, which 
would lead to enhanced absorption instead of the 
observed emission. Second, this radical cation fails to 
utilize any element of benzylic stabilization, in direct 
conflict with the selective formation of head-to-head 
dimers and in direct contrast to several substituted 
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cyclopropane radical cations. For these species, 
structures utilizing benzylic (e.g. 6 )  or hyperconjugative 
stabilization (e.g. 7) are favored over alternative 
structures (e.g. 8), in which spin and charge are equally 


6 7 8 


distributed over all three cyclopropane carbons. This 
assignment was based on  CIDNP  effect^^^-^^ and has 
been confirmed in one case by EPR results which, in 
addition, support the existence of a ring-opened, 
trimethylene species. 45 


The hybrid of structures 2 and 3 has to fulfill stringent 
requirements: the doubly benzylic bond must be 
weakened to allow some spin density to reach the a- 
carbons; this spin density must be large enough to  
induce a sufficiently large hfc in the @-protons, yet small 
enough to reduce (but not invert!) the positive hfc of the 
a-protons. We know of no precedent for this structure. 
Its closest analog is the radical cation of 1,2-diphenyl- 
cyclopropane, 6, which has the weakened doubly 
benzylic bond required, but strong, negative hfcs for the 
a-photons. 


The hypothetical hybrid structure also has serious 
problems in explaining the polarization observed for the 
monomer (Figure 2, center). This polarization must 
originate in the same radical ion pair(s) as the dimer 
polarization, but by a different chemical pathway. The 
most plausible mechanism involves fragmentation of 
dimer radical cations after escape from their counter 
ions. However, this pathway presents a serious 
problem: since the hypothetical hybrid implies a 
relatively high bond order between the benzylic carbons 
(in addition to the @-carbon), it cannot undergo 
fragmentation readily! 


Consecutive radical ion pairs 


Since neither conventional intermediates nor the 
unconventional structures discussed in the preceding 
section can explain the observed effects, we have 
evaluated the potential involvement of two consecutive 
ion pairs, which might manifest itself in cooperative 
effects. 


The nuclear spin polarization effects observed in 
products formed via two consecutive radical (ion) pairs 
can fall into three categories. In some cases the 
polarization is determined solely by the magnetic 
parameters of the original pair. This situation has been 
encountered in the thermal decomposition of acetyl 
peroxide; the net effects observed for ethane was 
ascribed to an acetoxy-methyl pair and a ‘memory’ 


Alternatively, the observed polarization 
could be determined by the secondary pair. This is 
observed especially in cases where the primary pair is 
relatively short-lived on the time scale necessary for the 
development of CIDNP. Examples for this situation are 
found in the electron transfer-induced cleavage of 
dimethylthymine dimer4’ or in the electron transfer- 
sensitized cleavage of adducts between indene 
derivatives and quinones. 49 The effects in these systems 
can be explained by S-TO mixing in the secondary pair 
exclusively. 


The most interesting case is that where the 
polarization is caused by singlet-triplet evolution in 
both the primary and the secondary pair. This 
possibility was first recognized by den Hollander 29,30 


when he observed toluene polarization resulting from 
the decomposition of acetyl benzoyl peroxide. This 
product is formed via a primary pair (acetoxy-phenyl), 
which has a g factor difference but negligible hyperfine 
coupling in the methyl group. Subsequent decarboxyl- 
ation leads to  a secondary pair (methyl-phenyl) with 
identical g factors and sizeable hyperfine couplings. The 
resulting net effects were explained on the basis of the 
radical pair theory as a result of a ‘cooperative effect’ 
of the singlet-triplet evolution in both the primary and 
the secondary pairs. 


The qualitative features of these effects can be 
approximated based on the combined magnetic 
parameters of the consecutive pairs. Cooperative effects 
can be expected to dominate when either the Ag or the 
hyperfine couplings of the second pair are significantly 
smaller than the corresponding parameters of the first 
pair. The relative contributions of the two pairs depend 
on  their relative lifetimes, and a formal rate of 
interconversion can be derived from a simulation of the 
experimentally observed polarization pattern. 


The conventional simulation program treats the re- 
encounter probability of a radical (ion) pair as a 
function of random diffusion and of hyperfine induced, 
nuclear spin-dependent singlet-triplet mixing. The 
modified program treats in addition the effects of 
changing hfcs and g factors as a result of chemical 
changes in the radical (ion) pair. Den Hollander’s 
formalism allows for several consecutive changes in 
both radicals. 


In our system, the dimer radical cation might undergo 
ring opening or closing (2 3), fragmentation 
(2 ,3  - 4) or deprotonation, whereas the radical anion 
may undergo protonation. In Den Hollander’s for- 
malism this is expressed as follows: 


A.-  + 1 > 
A*-  + 2 


Y A H -  + 2(-H). A*- + 3 . 
\rt A H  - + 3(-H). 
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Since the polarized products and their polarization 
patterns allow us to eliminate proton transfer between 
the radical ions and also the involvement of the 
monomer radical cation, our simulation is based on the 
involvement of the ring-opened, extended radical cation 
3 and the closed, localized species 2, each paired with 
the tetrachlorosemiquinone radical anion (A ' -  ). The 
best match is achieved when the open ion is assumed to 
precede the closed species. Under these conditions, the 
effects predicted for the benzylic doublet are very 
sensitive to the chosen rate of interconversion as long as 
kl B k2 B k3, k4. Over the range 1 x 108 < kl < 5 X 
lo ' s - '  (with kz = 3 x lo', k3, k4 = 1 x 10' s- l ) ,  the 
benzylic polarization changes from weakly enhanced 
absorption to strong emission nearly matching the 
polarization of the non-benzylic protons. The best fit to  
the experimentally observed polarization is achieved 
with a formal rate constant, k l  = 4 x 10' s - '  
(Figure 3d). In contrast, no agreement could be 
achieved with the closed species preceding the open 
species. 


The successful simulation of the experimental effects 
with consecutive radical ion pairs and the failure of any 
simulation assuming a single radical ion pair suggest 
that both dimer radical cations are involved (cf. Scheme 
1) .  Further, since regenerated dimer and newly 
generated monomer show complementary polarization, 
both must have the same chemical history, except for 
the electron spin-dependent, product-forming step. The 
dimer is regenerated by electron return, whereas 
fragmentation gives rise to the monomer radical cation. 


The interconversion of two dimer radical cations 
invoked for the dimer cleavage must be involved also in 
the complementary electron transfer-induced 
dimerization of dimethylindene, as required by the 
principle of microscopic reversibility. This conclusion is 
not in conflict with the different CIDNP effects (cf. 
Figure 1 and 2) observed during the photoinduced 
electron transfer reaction of the olefin; the differences 
are readily explained by the different conditions 
prevailing in the two experiments. During the 
dimerization reaction limited olefin concentrations are 
employed (2 x moll- ' )  in order to observe the true 
olefin polarization. Under these conditions, dimer 
radical cations are formed only after a substantial delay 
(ca 2 x s) and, the polarization is determined 
essentially by the monomer radical ion. In the dimer 
cleavage reaction, on the other hand, the radical ion 
pairs have largely diffused apart by the time the cleavage 
reaction occurs. Hence, the displayed polarization does 
not reflect the involvement of the monomer radical 
cation. 


CONCLUSION 


In view of the detailed mechanism suggested for the 
specific electron transfer-induced cycloaddition/cyclo- 


reversion discussed above, it is interesting to consider 
the generality of this mechanism. Indeed, it is tempting 
to  postulate a unifying scheme valid for all electron 
transfer-induced cyclobutadimerizations. However, 
subtle changes in the electron-donor character of the 
substitutents may profoundly affect the relative energies 
of the minima (intermediates) and/or maxima (transi- 
tion structures) on the potential energy surfaces. 
Accordingly, the lifetime(s) of the intermediate(s) or the 
location (structure) of the minima may vary greatly, 
diverting the optimal pathway between reactant and 
product radical ions. Several mechanistic variants, 
including an essentially concerted pathway, remain 
viable alternatives in the general framework of radical 
cation cycloadditions/cycloreversions. 


1 .  


2. 


3. 


4. 
5. 


6. 


7. 


8. 


9. 


10 


11  
12 


13 


14 


15 
16 
17. 
18. 


19. 


20. 


REFERENCES 


V.  E.  Bondybey and T. A.  Miller, Molecular Ions, Spec- 
troscopy, Striicfure, and Chefni.stry. North-Holland, 
Anisterdam (1983). 
T. Shida, E. Haselbach and T. Bally, Ace. Chem. RKS. 17, 


J .  L. Courtneige and A. G. Davies, Acc. Chem. Res. 20, 


H. D. Roth, Acc. Chem. Res. 20, 343-350 (1987). 
N. L. Bauld, D. J .  Bellville, B. Harirchian, K. T .  Lorenr, 
P .  A. Pabon, Jr, D. W. Reynolds, D. D. Wirth, H . 4 .  
Chiou and B. I<. Marsh, Acc. Chern. Res. 20, 371-378 
(1987). 
H .  D. Roth and M. L. M. Schilling, J .  Am. Cherri. Soc. 
107, 716-718 (1985). 
T. Miyashi, Y.  Takahashi, T. Mukai, H. D. Roth and 
M. L. M. Schilling, J. Am.  Chem. Soc. 107, 1079-1080 
(1985). 
C. J .  Abelt and H .  D. Roth, J .  A m .  Chern. Soc. 108, 


H .  D. Roth, M. L.  M. Schilling and C. J .  Abelt, J .  An?. 
Chem. Soc. 108, 6098-6099 (1986). 
H .  D. Roth, M .  L. M. Schilling and C. J .  Abelt, 
Teirahedron 42, 6157-6166 (1986). 
A. Leadwith, Acc. Chem. RKS. 5, 133-139 (1972). 
S. Farid and S. E .  Shealer, J .  Chem. Soc., Chern. Con?- 
mun. 677-678 (1973). 
S .  Kuwata, Y.  Shigemitsu and Y.  Odaira, J .  Chew. SOL.., 
D 2 (1972). 
H .  D. Roth, in Chemically Induced Magnelic Polarizalion, 
edited by L. T. Muus, P .  W. Atkins. K .  A. McLauchlan 
and J .  B. Pedersen, pp. 39-76. Reidel, Dordrecht (1977). 
G.  L .  Closs, Adv. Magn. Reson. 7, 157-229 (1974). 
R. Kaptein, Adv. Free-Radical Chem 5, 319-374 (1975). 
F. J .  Adrian, Rev. Chem. Inlermed. 3, 3-43 (1979). 
J .  H.  Freed and J .  B. Pedersen, Adv. Magn. Reson. 8, 


F. J .  Adrian, H. M. Vyas and J .  K .  S. Wan, J .  Chem. 


F.  J .  Adrian, in Chemically Induced Magnetic Polariza- 
fion, edited by L. T. Muus, P .  W. Atkins, K. A. 
McLauchlan and J .  B .  Pedersen, pp. 369-381. Reidel, 
Dordrecht (1977). 


180-186 (1984). 


90-97 (1987). 


6734-6739 (1986). 


1-84 (1976). 


Phys. 65, 1454--1461 (1976). 







COOPERATIVE SPIN POLARIZATION EFFECTS 125 


21. M. L. M. Schilling, R. S. Hutton and H.  D. Roth, J.  Am.  


22. H.  D. Roth, R. S. Hutton and M. L.  M. Schilling, Rev. 


23. S. Schaublin, A. Wokaun and R. R. Ernst, J .  Magn. 


24. R. G. Lawler and P .  F. Barbara, J.  Magn. Reson. 40, 


25. G. L. Closs and M. S. Czeropski, Chem. Phys. Lett. 45, 


26. G. L. Closs and M. S. Czeropski, Chem. Phys. Lett. 53, 


27. R .  Kaptein, Nature (London) 214, 293-294 (1978). 
28. F. J .  J .  DeKanter and R. Kaptein, Chem. Phys. Left. 62, 


29. J .  A. Den Hollander, J.  Chem. SOC., Chem. Commun. 


30. J .  A. Den Hollander, Chem. Phys. 10, 167-184 (1975). 
31. N. L. Bauld, D. J .  Bellville, R. Pabon, R. Chelsky and G. 


Green, J .  Am.  Chem. Soc. 105, 2378-2382 (1983). 
32. W. J .  Bouma, D. Poppinger and L. Radom, Isr. J .  Chern. 


33. K. Ushida, T .  Shida, M. Iwasaki, K. Toriyama and K. 
Nunome, J .  Am. Chem. SOC. 105, 5496-5497 (1983). 


34. M. F. Desrosiers and A.  D. Trifunac, J.  Phys. Chem. 90, 


35. D. W. Turner, C. Baker, A.  D. Baker and C.  R. Brundle, 
Molecular Photoelectron Spectroscopy. Wiley-Inter 
science, London ( 1  970). 


Chem. SOC. 99, 7792-7799 (1977). 


Chem. Intermed. 3 ,  169-195 (1979). 


Reson. 21, 273-302 (1977). 


135-155 (1980). 


1 1 15- 1 1 16 ( 1977). 


321-324 (1978). 


421-426 (1979). 


352-353 (1975). 


23, 21-36 (1983). 


1560-1564 (1986). 


36. P .  Bischoff, E.  Haselbach and E. Heilbronner, Angew. 
Chem. 82, 952-953 (1970). 


37. N. L. Bauld and F. R. Farr, J .  Am.  Chem. SOC. 96, 5633 
(1 974). 


38. D. Purvis and M. Karplus J. Am.  Chern. SOC. 90, 


39. P. J. Krusic and J .  K. Kochi, J.  Am.  Chem. SOC. 90, 


40. C. Heller and H. M. McConnell, J.  Chem. Phys. 32, 


41. L. Cedheim and L. Eberson, Acta Chem. Scand., Ser. B 


42. H. D. Roth and M. L.  M. Schilling, J .  A m .  Chem. SOC. 


43. H .  D. Roth and M. L. M. Schilling, Can. J .  Chem. 61, 


44. H .  D. Roth and M. L. M. Schilling, J.  Am.  Chem. SOC. 


45. X. Z. Qin, L. D. Snow and F. Williams, J.  Am.  Chem. 


46. R. Kaptein, Chem. Phys. Lett., 2, 261-263 (1968). 
47. R. Kaptein, J. Brokken-Zijp and F.  J .  J .  de Kanter, J .  


A m .  Chem. SOC. 94, 6280-6287 (1972). 
48. H. D. Roth and A. A.  Lamola, J .  Am. Chem. SOC. 94, 


49. P .  M. Rentzepis, D. W. Steyert, H .  D. Roth and C. J .  


6275-6281 (1968). 


7 15 5-7 157 (1 968). 


1535-1539 (1960). 


29, 969-974 (1975). 


102, 7956-7958 (1980). 


1027-1035 (1983). 


105, 6805-6808 (1983). 


SOC. 106, 7640-7641 (1984). 


101 3- 101 5 ( 1972). 


Abelt, 1. Phys. Chem. 89, 3955-3960 (1985). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 3, 339-345 (1990) 


CYCLOADDITIONS OF 2-DIAZOPROPANE TO 
BICYCLO [2.2.1] HEPT-2-ENES. DIRECT EXPERIMENTAL 


EVIDENCE FOR AN ASYNCHRONOUS MECHANISM 


MICHAEL W. MAJCHRZAK AND JOHN WARKENTIN* 
Department of Chemistry, McMaster University, Hamilton, Ontario, L8S 4M1, Canada 


2-Diazopropane, generated by photolysis of 2-methoxy-2,5,5-trimethyl-A '-1,3,4-oxadiazoline, was trapped in situ by 
cycloaddition to norbornene, endo- and exo-5-methylnorbornene, endo- and exo-5-phenylnorbornene, endo- and 
exo-5-methoxycarbonyl norbornene and endo- and exo-dicyclopentadiene. In all cases, only ex0 addition was 
observed. In spite of the ex0 approach of diazopropane to the norbornene double bond, endo substituents at C-5 
and/or C-6 influenced the regiochemistry of addition whereas ex0 substituents did not. The results are interpreted in 
terms of a concerted, asynchronous mechanism in which C-C bond formation runs well ahead of N-C bond 
formation, as predicted from theory. The regiochemical control exercised by apparently remote endo substituents 
provides a new experimental criterion for asynchrony or synchrony of cycloadditions that are known to be concerted. 


INTRODUCTION 


The mechanism of 1,3-dipolar cycloaddition has been 
investigated thoroughly. Most of the experimental evi- 
dence, which is based largely on substituent and solvent 
effects on rate constants and on stereochemistry points 
to a concerted, suprafacial mechanism. '-' Molecular 
orbital theory*- lo describes the concerted mechanism as 
'allowed' and predicts, from the appropriate 
HOMOILUMO coefficients, which of the newly form- 
ing a-bonds should be strongest at the transition state. 
Except for cases involving highly symmetric systems, 
the transition state is expected to have one of the new 
a-bonds of the developing five-membered ring stronger 
than the other. 


In this paper we present evidence for such non- 
synchrony in the cycloaddition reactions of 2-diazo- 
propane to bicyclo [2.2.1] hept-2-enes. The observations 
point to a potential experimental criterion for syn- 
chrony or lack of synchrony of 1,3-dipolar cycloaddi- 
tions and to a strategy for some control over the 
regiochemistry of such cycloadditions. 


RESULTS AND DISCUSSION 


2-Diazopropane (1) was generated by the photolysis of 
2-methoxy-2,5,5-trimethyl-A 3-1 ,3,4-oxadiazoIine (2) 
with 300-nm light in a Rayonet apparatus [equation 
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2 1 


(l)] . I '  The diazopropane was intercepted by the 
dipolarophile (3) also present in the solution of (2) 
[equation (2)]. Those conditions, slow photolysis of 2 
and consumption of 1 as it was formed, served to keep 
the concentration of 1 low and to suppress the forma- 
tion of acetone azine. Cycloaddition is a thermal pro- 
cess, as indicated by the fact that it becomes very slow 
when the photolysis is carried out at - 30 "C. Combined 
yields of the products 4 and 5 (enantiomers in the case 
of 4a and 5a) were 70% or greater in each case. 


Ex0 addition to the double bond of the bicyclo 
[2.2.1] heptene ring was the only mode observed, as 
expected.12 The regioisomers (4b and Sb, 4c and 5c, 
etc.) were not readily separable and their structures were 
therefore assigned by careful analysis of the NMR spec- 
tra of the mixtures obtained by separating the isomers 
from the coproducts but not from each other (see 
Experimental). The NMR analysis involved the nuclear 
Overhauser effect (noe) enhancement l3 technique, 
'H- '3C shift correlations, l4 Cosy-45 and J-modu- 
lated spin-echo pulse sequences. l6  Those techniques, 
and unequal populations of the products, led to 
relatively straightforward assignment of all the 'H 
NMR signals of, for example, the isomers 4b and 5b. 
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3 4 5 


(a, R'  = R Z =  R 3  = R4 = H; f ,  R'R4 = CHzCH=CH, RZ = R3 = H; 
g, RZR3 = CHzCH=CH, R'R4 = H; 
h, R'  = COzMe, R Z  = R3 = R4 = H; 
i, R Z  = COZMe, R '  = R 3  = R4 = H). 


b, R '  = CH3, Rz = R 3  = R4 = H; 
C, R Z  = CH3, R '  = R3 = R4 = H; 
d, R'=C6Hs,  R 2 = R 3 = R 4 = H ;  
e, R2 = CsH5, R '  = R3 = R4 = H; 


The signals from the endo-methyl groups (R') were 
easy to select for nOe experiments. Irradiation of the 
larger endo-methyl doublet at 6 0.80 caused enhance- 
ment of the intensity of a doublet at 6 4-74  whereas irra- 


diation of the smaller endo-methyl doublet at 6 0.69 did 
not increase the intensity of either the 6 4.74  doublet or 
the 6 4-35 doublet significantly. Given that the lower 
field doublets are those from the N = NCH units, it fol- 


Table 1. 'H chemical 


Compound 


Atom 3b 3c 4a 4b 5b 4c 5c 


1 
2 
6 
7 
8 endo 
8 ex0 
9 endo 
9 ex0 


10 ex0 
10 endo 
11 
12 
13 
Solvent 


2.64 
5.93 
6.11 
2.73 
1.23 
1.37 


2.06 
1.86 
0.42 


- 


- 
0.77 


CDCl3 


2.38 2.84 2.64 2.58 2.66 2.38 
5.99 4.66 4.35 4.74 4.33 4.36 
6.08 1-38 1 *36 0.96 0.89 0.87 
2.77 2.06 1.47 1.62 1.32 1.63 
1.29 1.09 - 0.75 1.08 1.04 
1.35 1.46 1.51 0.58 - 0.62 
1.45 1.32 0.75 - 1.26 1.35 
- 1 *61 0.58 1.70 0.73 - 


1.27 0.97 1.56 1.46 0.82 0.82 
1.03 0.59 0.38 0.23 0.40 0-40 
- 1.43 1.25 1.23 1.22 1.23 
- 1.15 0.97 0.94 0.93 0.92 


1.06 - 0.69 0.80 0.67 0.77 
CDCI3 CDC13 C6D6 C6D6 CsDs C6D6 


a Numbering: 


3 4 5 


bFor the 'H NMR spectrum of 3s. see Ref. 17. 
'Complete assignments of the 'H NMR spectra of 4d and 5d, 4e and 5e, 4h and 5h from spectra of the 
mixtures containing them was not possible. The relevant signals used to determine isomer ratios in those 
cases are identified in footnote e in Table 5 .  
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Table 2. "C chemical shifts" 


Compound 


Carbon 3b 3Cb 4a 4b 5b 4c 5c 


1 
2 
5 
6 
7 
8 
9 


10 
11 
12 
13 
Solvent 


43.24 
132.98 


137-03 
47.37 
33.88 
32.56 
50-22 


- 


- 
- 


19.44 
CDCI, 


42.35 
136.07 


137-13 
48-34 
34.61 
32.59 
44-85 


- 


- 
- 


21.64 
CDCI3 


37.68 
97.31 
89.79 
48.61 
37.06 
28-67 
25.36 
32-65 
20.12 
28.57 


CDCI, 
- 


39.18 
97.85 
89.86 
40-52 
42-44 
33.65 
34.76 
34.08 
20.17 
28.75 
16-37 
C6D6 


43.09 
92-38 
90.23 
49 * 26 
38.80 
34.70 
31.98 
37.67 
20.00 
28.48 
17.27 
c6D6 


38.95 
97.64 
89.97 
49.85 
44.37 
36.24 
35.65 
29-69 
20.56 
29.09 
21.86 
C6D6 


44.85 
98.32 
89.78 
48-71 
38.44 
39.25 
33.18 
29.94 
20-56 
28.89 
21.98 
c6D6 


a Numbering system as in Table 1. 
bRef. 17. 


lows that the 6 0.80 and 4.74 pair are from 5b and that 
the S 0-69 and 4.35 pair are from 4b. All of the other 
signals could then be assigned (Tables 1 and 2) by means 
of the N M k  techniques listed above. Assigments for the 
mixture obtained from 2-diazopropane and exo-methyl- 
norbornene (4c and 5c) were slightly more complicated. 
Doublets at 6 4.33 and 4-36 could be assigned readily 
to C-2-H signals of the isomers. The protons closest to 
H-2 of 4c and 5c are those labelled H-1 and H-9 endo, 
and the signals from H-9 endo were superimposed on 
other signals. Nevertheless, it was possible to carry out 
nOe difference experiments in both senses. Irradiation 
of the doublet at 6 4-33 increased the intensity of the 
signals at 6 2.66, 1.26 and 1 *08. Similarly, irradiation 
of the doublet at 6 4.36 increased the intensities of the 
multiplets at 6 2.38 and 1-35. Confirmation of the 
chemical shifts of H-9 endo were obtained by irradia- 
tion at 6 1.26 and 1-35. Those irradiations caused inten- 
sity enhancements of the 6 4.33 and 4-36 signals, 
respectively. Further confirmation of the assignments 
came from a detailed analysis of the connectivities and 
coupling constants. Noteworthy features include the 
fact that the methylene protons (H-8 of 5c and H-9 of 
4c) are differentiated in that the ex0 proton signal is at 
higher field than the endo proton signal. The signal at 
6 0.62 for H-8 ex0 of 5c is a doublet of triplets 
(J,,, = 12.4 Hz, J8-ex0.9 = 4.75 HZ and J8-ex0.7 = 
4.37 Hz) as is that at 6 0.73 for H-9exo of 4c 


protons, on the other hand, gave rise to partially 
superimposed quartets of doublets as a result of 
coupling to neighbors through two large and one small 
coupling constants. In Sc, H-8,,d0 has J,,, = 12.4 Hz, 
J8-endo.9-endo = 8.52 Hz, and J8-end0,lO-endo = 2.20 Hz. 
In 4c the vicinal coupling is smaller (J9-end0,B-endo = 


( Jgem = 12.4 Hz, JS-exo,l = J9-exo,8 = 4.50 HZ). Endo 


8 * 37 Hz) and the signal for H-9endo at 6 1 .26 is resolved 
to eight lines. 


The origins of couplings were confirmed by applying 
the decoupling technique. For example, the pseudo 
doublets at 6 2.66 (H-1 of 4c) and 6 1.63 (H-7 of 5c) 
become sharp singlets on irradiation of the multiplets at 
6 0.73 (H-gendo of 4c) and 6 0-62 (H-sendo of Sc), respec- 
tively. Similarly, the 6 1 *26 and 6 1 *04 multiplets (H- 
genrl0 of 4c and H-8,,do of Sc, respectively) were 
simplified to doublets of doublets on irradiation of the 
6 0.40 signal (H-lOendo of 4c and 5c). The chemical 
shifts of the bridgehead protons (e.g. of 3c, 4c and 5c) 
illustrate their value as a criterion of structure. 


Estimates of the isomer ratio 5c : 4c, obtained by inte- 
gration of the H-1 signals at 6 2.38 and 2-66 and from 
the intensities of the H-2 signals at 6 4-36 and 4.33, 
gave 0.88 : 1 and 0.93 : 1, respectively. 


Identification of the isomeric adducts from 2- 
diazopropane and endo dicyclopentadiene, 4f and 5f, 
was also relatively straightforward. Irradiation of the 
multiplet from the methylene protons of the cyclo- 
pentene rings (6 = 2.35) brought about an increase in 
the intensity of the larger H-2 doublet at 6 = 4.72. The 
major isomer must therefore be Sf, in which H-2 and 
one of the allylic protons of the cyclopentene ring are 
relatively close. Irradiation at 6 = 2.11 did not enhance 
the intensity of the doublet at 6 =4.54. Complete 
assignments of the 'H and I3C NMR spectra of 3f, 3g, 
4f, 4g, 5f and 5g are given in Tables 3 and 4. 


Isomer ratios (5 : 4) are collected in Table 5 ,  where 
the ex0 and endo isomers are in separate columns. It is 
striking that cycloaddition in the endo series is 
regioselective, whereas that in the ex0 series is not. The 
average isomer ratio (5:4) in the endo series is 1.45, 
which corresponds to AE, = 237 cal mol- I at 50 "C. 
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Table 3. 'H chemical shifts of dicyclopentadienes and their adducts with 2-diazopropanea 


Compound 


Hydrogen 3f 3g 4f 5f 4g 5g 


1 2-86 2.56 2.93 2.11 2.56 2.65 
2 5-98 6.07 4.54 4.72 4.75 4.72 
6 5.92 6.03 1.38 1.50 1.45 1.49 
7 2.77 2.49 1.95 2.76 1.83 1.78 
8 2.72 2.22 2.48 3.07 2.57 2.08 
9 3.20 2.66 3.17 2.69 2.36 2.78 


10 ex0 1.48 1.47 1.19 1.23 1.16 1.16 
10 endo 1.29 1.29 0.68 0.73 0.38 0.38 
11 - - 1.38 1.41 1.42 1.42 
12 - - 1.13 1.12 1.15 1.15 
13 5.49 5.72 5.68 5.69 5.52 5.40 
14 5.46 5.53 5.68 5.45 5.70 5.70 
15 ex0 2.17 2.44 2.11 2.35 2.66 2.55 
15 endo 1.62 1.86 2.11 2.35 1.99 1.85 
Solvent CDCli CDCI, CDCI, CDCI3 CDCI3 cdc13 


a Numbering system: 


12 
14 14 


13 15 
- -  


15 


3 4 5 


Table 4. "C chemical shifts of dicyclopentadienes and their adducts with 2-dia~opropane~ 


Compound 


Carbon 3fb 3gb 4f 5f 4s  5g 


1 45.15 45-58 40.88 39.94 42.34 44.57 
2 135.93 137.54 94.65 91.94 97.60 98.09 
5 - - 89.99 90.30 90.10 89.90 
6 132.29 137.68 40.47 43-41 49.19 48.85 
7 46.17 48.36 41.29 42.12 43.67 41.03 
8 54.77 54-42 41.41 53.06 55.53 43.58 
9 41.18 42.08 51.18 40.29 52.39 41.03 


10 50-29 41.62 35.35 36.06 26.34 26.35 
11 - - 19.88' 19.88' 20.19 20.19 
12 - - 28.59 28-82 28.70 28.70 
13 131.97 133.58 131.65 131.71 137.27 137.51 
14 131.91 132.52 131.12 131.30 132.48 133.27 
15 34.64 36.85 39.94 31.76 38.74 39.03 
Solvent CDCI, CDC13 CDCI3 CDCli CDCli cdc13 


*Numbering system as in Table 3. 
bRef. 18. 
'One negative singlet in the spin-sort spectrum. 
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Table 5.  Isomer ratiosa 


Isomer ratio (4 : 51b 


Substituent Endo‘ Ex0 


CH3 1 -50, (5b : 4b) 0.93, (5c : 4c) 
C6HS 1.35, (5d:4d)d 1 . 0 0 ,  (5e:4e)d 


C02CH3 1.61, (5h : 4h)‘ 0-99, (5i : 4i)‘ 
CHzCH = CHe 1.35,  (5f:4f) 1 *00, (5g : 4g) 


a Regioisomers from exo addition of  Zdiazopropane to a substituted 
norbornene [equation (2)]. 
bEstimated error ?; 0.05. 
‘Endo and exo designate the position of the substituent in the nor- 
bornene substrate. 


Ratios determined by integration of the H-2 signals only, in a com- 
posite spectrum of all four isomers obtained from a mixture of exo- 
and endo-5-phenylnorbornenes. H-2 signals (a): 4d, 4.57; Sd, 4.50; 
4e, 4.48; Se, 4.43. 


The norbornenes with this ‘substituent’ are dicyclopentadienes. 
‘H-2 signals (6): 4h, 4.71; Sh, 4.51; 4i, 4.26; Si, 4.25. 


The effect is substantial when one considers that, in 
either case, diazopropane is adding from the ex0 face of 
norbornene moiety! A direct steric interaction between 
substituents, ex0 or endo, and the approaching dipole 
cannot be involved. 


The result can be explained readily in terms of asyn- 
chronous cycloaddition, through a transition structure 
in which the C-C bond is further developed than the 
N-C bond. A simple illustration, showing partially 
formed C-C and N-C bonds to model non- 
synchronous cycloaddition, is shown in Scheme 1. 


large non-bonded 1.3-interaction smaller 1.3-interaction 


large non-bonded 1,3-interaction 
Scheme 1 


smaller 1.3-interaction 


It is clear from Scheme 1 that extensive rehybridiza- 
tion of the carbon of the dipolarophile that is becoming 
bonded to carbon of the dipole (where the large HOMO 
coefficient is located) would place the erstwhile vinyl H 
into a position that eclipses endo-R (1,3-interaction), 
for one sense of addition, and that eclipses endo-H for 
the other sense of cycloaddition (upper structures, 
circled atoms or groups). For additions to dicyclopenta- 
diene (lower structures) the two modes of addition differ 
in that one forces a 1,3-interaction between H and CH2 
whereas the other forces an analogous interaction bet- 
ween H and the planar =CH group. Corresponding 
differences between developing non-bonded interactions 
for the two possible modes of addition to the ex0 analo- 
gues (not shown in Scheme 1) do not exist. Thus, the 
picture of the cycloaddition transition state, with C-C 
bond formation better developed than C-N bond for- 
mation, can account, qualitatively, for the observa- 
tions. 


The quantitative aspect presents some diffiiculty at 
first because of the evidence that the transistion states 
for concerted (74s + 7r2s) cycloadditions come early 
along the reaction coordinate, particularly for the 
highly reactive bicyclo [2.2.1] hept-2-ene skeleton. l9 In 
an early transition state relatively little pyramidalization 
of either carbon of the 2a component would be expected 
and therefore the difference between the extents of 
pyramidalization in an unsymmetric early transition 
state might be expected to be of no consequence, espe- 
cially if both vinyl substituents moving in the endo 
direction are H atoms. The activation energy difference 
corresponding to an isomer ratio of 1.45 (0.24 kcal at 
50°C) is indeed small, but it represents about one 
quarter of the torsional 1,3-interaction between the 
endo-H atom at C-6 and the endo-CH3 group at C-2 of 
endo-5-methylnorbornene. [Calculation by Dr N. H. 
Werstiuk, using the AMPAC program (Austin Method 
1 Package, QCPE 506), Dewar Research Group, and 
Ref. 201. The alkene carbons of norbornene are already 
slightly pyramidalized in the ground state, with the vinyl 
hydrogens bent out of the C-1-Co2-C-3-C-4 
plane,” in the endo direction, by about 5 . In the tran- 
sition structure for addition, the degree of pyramid- 
alization of the atom that is attacked can be increased 
substantially, even if the new bond is weakly f ~ r m e d . ~  
Hence it is possible to reconcile the regioselectivity in 
terms of a cycloaddition transition in which both new 
a-bonds are partially developed (early transition state) 
but in which C-C bond formation is more advanced 
then N-C bond formation. As a result, the pyramida- 
lization of one olefinic carbon of the norbornene moiety 
is more advanced than that of the other. Hence the 
regiochemical preferences for ex0 cycloaddition of 1 to 
3 [equation (2)] may be largely the net result of 
minimization of the new torsional interactions that are 
developed at the transition states for the two 
regiochemistries of cycloaddition. 







344 M. W. MAJCHRZAK AND J. WARKENTIN 


There is an alternative rationale for the results. If a 
stepwise mechanism" with a diradical intermediate is 
assumed, then the first step would be endothermic and 
the transition state would resemble that diradical, with 
the C-C bond largely formed and with N-C bonding 
not developed at all. One carbon of the norbornene 
double bond would be rehybridized to essentially sp 
whereas the other would remain sp2. Although a step- 
wise mechanism must be considered,22 one might expect 
the selectivities to be larger in that case, reflecting an 
activation energy difference several times the observed 
0.24 kcal mol-', because the 1,3-non-bonded interac- 
tions for the two addition regiochemistries are almost 
fully developed in the first step of such a stepwise addi- 
tion. Moreover, there is no evidence yet of non- 
stereospecific cycloaddition of 1,3-dipoles to alkenes 
that would require a two-step mechanism. 


Two extrapolations from the present results deserve 
to be highlighted. First, the regioselectivity of ex0 
cyclization of other 1,3-dipoles to an endo-substituted 
norbornene might be used as a general probe for infer- 
ences about the degree of synchrony of those reactions. 
Second, a synthetic strategy with some generality might 
be developed for exerting control over the sense of 
cycloadditions to cyclic or bicyclic dipolarophiles. It 
would involve the placing of a bulky steering group 
judiciously into the dipolarophilic substrate and its 
subsequent removal after it has exerted its effect. 


EXPERIMENTAL 


All NMR spectra were recorded on a Bruker AM-500 
spectrometer. Proton spectra were acquired at 
500.138 MHz using a 5 mm d2al frequency 'H/ 13C 
probe. A 5.0 ps pulse width (21 flip angle) was used. 
Spectra were acquired in 8 scans over a 5.0 kHz spectral 
width in 16K data points (1 ~ 6 3 8  s acquisition time). A 
3 - 0  s relaxation delay was used. The free induction 
decay was processed using either exponential or Gaus- 
sian multiplication and zero-filled to 32K before Fourier 
transformation. 


Carbon spectra were acquired at 125.759 MHz, using 
the J-modulated spin-echo pulse sequ$nce, l6 in a dual 
frequency 5 mm 'H/I3C probe. The 90 pulse width was 
7.3 ps and the relaxation delay was 1 .O s. The free 
induction decay was processed using exponential mul- 
tiplication and was zero-filled to 32K before Fourier 
transformation. 


The COSY-45 spectra were obtained in 8 scans for 
each of the 256 FIDs which contained 1K data points in 
F2. Zero-filling in the FI dimension during 2D Fourier 
transformation produced a 512 x 512 data matrix with 
a digital resolution of 5 1 17 Hz per point in both dimen- 
sions. The 2D data were processed using the squared 
sine-bell function in both dimensions followed by sym- 
metrization of the transformed matrix. 


Proton-carbon connectivity was established using the 


'H- I3C 2D shift correlation pulse sequence with the 
addition of the BIRD pulse during the evolution period 
for 'H decoupling in the FI  dimension. l 4  The 'H 90' 
pulse width through the decoupler channel was 21 - 2  ps. 
A relaxation delay of 1 - 0  s was used. In most cases the 
data were acquired in 256 scans for each of the 128 
FIDs, which contained 4K data points in the F2 dimen- 
sion. Zero filling in the F1 dimension followed by 2D 
Fourier transformation resulted in a 2048 x 512 data 
matrix. The data were processed with the application of 
exponential multiplication in F2 of the sine-bell func- 
tion in F I .  


NOE difference spectra were obtained by subtraction 
of the off-resonance control FID from the on-resonance 
FID. The signal of interest was selectively saturated for 
5.0 s and the decoupler was gated off during acquisi- 
tion. This saturation period also served as the relaxation 
delay. Either 8 or 16 scans were acquired for each irra- 
diation with the cycle of irradiations repeated 4-10 
times. Free induction decays were processed using 
exponential multiplication (line broadening 4-5 Hz) 
before Fourier transformation. Samples were not 
degassed. 


Samples were dissolved either in chloroform-d or in 
benzene-d6. Chemical shifts are reported in ppm 
relative to TMS, by using either TMS itself or the 
residual 'H resonances of deuterated solvents as inter- 
nal standard. 


The chemical shift for residual 'H in C6D6 was taken 
to be 6 7.15 and that of 'H in CDCI3 was taken to be 
6 7.20. Corresponding carbon chemical shifts for the 
two solvents were taken to be 6 128.0 and 77.00, 
respectively. 


Chemicals 


Endo- and exo-5-norbornene-2-carboxylic acids were 
separated by the iodolactonization procedure. 23 They 
were converted to the methyl esters by treatment with 
thionyl chloride, followed by methanolysis of the acyl 
 chloride^.'^ The endo- and exo-acids served as the 
starting materials for endo- and exo-5-methyl-2- 
norbornenes, respectively. The latter were prepared 
readily by reduction of the appropriate acid with lithium 
aluminium hydride, conversion of the alcohol to the 
bromide by the reaction of the corresponding tosylate 
with lithium bromide in acetone, " followed by reduc- 
tion of the bromide by reacting the Grignard reagent 
with 2% aqueous sulfuric acid. Exo- and endo-5- 
phenyl-2-norbornenes were obtained as a 1 : 1 mixture 
by a published procedure.26 


Commercial endo-dicyclopentadiene was used as 
received. It was converted to exo-dicyclopentadiene by 
the procedure of Bartlett and Goldstein.'' 


Cycloaddition of 2-diazopropane 


2-Diazopropane was generated by photolysis of 2- 
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methoxy-2,5,5-trimethyl-A 3-1 ,3,4-oxadiazoline with 
300 nm light in a Rayonent apparatus. ' I  It was trapped 
in situ by the norbornene (3) in benzene. Initial concen- 
trations of 3 near 4 . 0 ~  were sufficient to suppress 
azine formation with 3 in 10% excess over 2. When 
more than 90% of the 2 had been consumed, the 'H 
NMR spectrum of the crude sample was taken to  estab- 
lish the product ratio. The sample was then freed from 
methyl acetate and from remaining 2 and 3 by bulb-to- 
bulb distallation at 80-100 "C and 0.02 mm Hg in order 
to  permit chemical shift assignments. Distillation did 
not alter the isomer ratio in any of the samples at the 
level of detection afforded by 'H NMR spectroscopy. 
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GAS-PHASE ACIDITIES OF ACROLEIN AND METHYL ACRYLATE 
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CHARLES H .  DEPUY AND SCOTT GRONERT 
Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0215, USA 


Gas-phase acidities of acrolein and methyl acrylate were measured by bracketing in a flowing afterglow/SlFT 
apparatus. For acrolein AGoapid = 369 k 4 kcal mol - ' and for methyl acrylate AGoncid = 373 2 4 kcal mol - I .  These 
acidities are substantially lower than those of the saturated analogs propionaldehyde and methyl acetate, respectively, 
even though hydrogens attached to sp2-hybridized carbon are intrinsically more acidic than those attached to 
sp'-hybridized carbon. Resonance stabilization of the neutral form by conjugation of the C=C double bond with the 
carbonyl group and allenic destabilization of the anionic form of the two acids can account for the relatively low 
acidities. 


The acid-base behavior of chemical species is one of the 
most fundamental properties of molecules and ions, 
whether in solution or in the gas phase. Gas-phase acid- 
ities, which are the subject of this paper, are defined as 
the Gibbs free energy change (AGLid) for the ionization 
of the acid according to  equation (l) , '  although most 
compilations of such data also report the enthalpies 
( A x c i d  of reaction 1. 


H A - + H +  + A -  (1) 
Over the past 20 years, gas-phase acidities of a large 


number of compounds have been determined. I - '  Sur- 
prisingly, the acidities of acrolein (1) and methyl 
acrylate (2), two compounds of considerable interest to  
organic chemists, have not been measured to date. We 
now report such measurements based on a bracketing 
method using the tandem flowing afterglow-selected ion 
flow tube technique (FA-SIFT). 8 9 9  


0 
II 


CH2=CH-CH=O CH2=CH-C-OCHj 


1 2 


* Author for correspondence. 
t The AG&.id values quoted in this paper are from Ref. 2 and 
the Aff&id values are calculated as AG&id + 5.8 kcalmol-' .4 
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Acrolein is readily deprotonated by HO-  or CH30- 
to  form the M - 1 ion 3 (R = H), but injection of 3 
( R = H )  into the second flow tube leads to  significant 
amounts of decarbonylation. lo However, the methanol 
cluster of 3 (R = H), on injection at high energy, yields 
a relatively pure signal of 3 (R = H). 


Deprotonation of neutral reagents was observed when 
mixing 3 (R = H) with acetaldehyde (AG&id = 359.0 
kcal mol-I, A H &  = 364.8 kcal mol- ' ) , t  acetonitrile 
(365.2, 371 *O kcal mol-I), tert-butanol (368.0, 373.8 
kcal mol-I) and propionitrile (367.4, 373-2 kcal 
mol- I ) .  Deprotonation was not observed with toluene 
(373 -7, 379.5 kcal mol-I) or cycloocta-l,3-diene 
(370.1, 375-9 kcal mol-I). Similarly, deprotonation 
was not observed when 1 was allowed to react with the 
M - 1 anions of nitromethane (349.7, 355.5 kcal 
mol-I), dimethyl sulfoxide (366.4, 372.2 kcal mol-I), 
pyrrole (350-9, 356.7 kcal mol-I), methyl vinyl ketone 
(356.5, 362.3 kcal mol-I), acetaldehyde (359.0, 364.8 
kcal mol-I), or ketene (357.8, 363.6 kcal mol-I), but 
deprotonation does occur with methoxide (374.0, 379.8 
kcal mol-I) and ethoxide ion (370.8, 376.6 kcal 
mol-I). Bracketing these results gives AGic:cid = 369 2 4 
kcal mol-' and AH:cid = 375 ? 4 kcal mol-'  as the best 
estimates for the acidity of acrolein. 


The M - 1 ion (3,R = CH3O) obtained by proton 
abstraction from methyl acrylate could not be injected 
without decomposition, even as a methanol cluster. 
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Hence, bracketing was limited to reacting neutral 
methyl acrylate with various anions. Deprotonation was 
observed when mixing methylacrylate with the M - 1 
anions of fluorobenzene (379.0,384.8 kcal mol-I), 
methanol (374~0,37908 kcal mol-I) and toluene 
(373*7,379-5 kcalmol-I). Proton transfer was not 
observed when mixing methyl acrylate with the M - 1 
anions from acetonitrile (365*2,371 .O kcalmol-'), 
cycloocta-1,3-diene (370.1,375-9 kcal mol-I) and etha- 
nol (370~8,376.6 kcalmol-I). These data indicate that 
AG& for methyl acrylate lies between 371 and 
374 kcalmol-', while A X c i d  lies between 377 and 
380 kcalmol-'. 


Our measurements do not give any information about 
the site of deprotonation. However, ICR experiments 
with deuterium-labeled acrolein and methyl acrylate ' I  


show that the acidic site is cr to the carbonyl group in 
both cases (italic hydrogens), as one would expect. 


Our AH&d value of ca 375 kcalmol-' for acrolein is 
considerably higher (the acidity considerably lower) 
than A x c , d  of ca 365 kcalmol-' estimated by Grad  
and Squires, a value close to that for propionaldehyde 
( A X c i d  = 364-5 kcal mol- I ) .  Similarly, methyl acrylate 
(AH&id = 378.5 2 4.0 kcalmol-') is less acidic than 
the saturated analog methyl acetate (AH& = 370.9 
kcal mol- I ) .  These findings are interesting because, in 
the absence of other factors, hydrogens attached to 
sp2-hybridized carbon are usually more acidic than 
those attached to sp3-hybridized carbon. l 3  For 
example, ethylene (AH& = 407.7 kcalmol-') is sub- 
stantially more acidic than ethane ( A B &  = 420 kcal 
mol-'), l4 and acrylonitrile ( A X C i d  = 373.2 kcal mol-') 
is more acidic than propionitrile (AH& = 375 .O kcal 
mol- ' ), although by only a relatively small amount. 


One factor that is likely to contribute to the lower 
acidity of acrolein and methyl acrylate compared with 
their respective saturated analogs is that the resonance 
forms of the deprotonated acrolein or methyl acrylate 
that bear the negative charge on oxygen are allenic (3b); 
this makes them significantly less stable than the enolate 
resonance forms of the deprotonated saturated ana- 
logues (4b). 


R R 
I I 


CH*=C-C=O C--, CHz=C=C-O- 


3a 3b 


R = H or CH30 


R R 
I I 


CH3-CH-C=O * CH,--CH=C-O- 


4a 4b 


An estimate of the destabilizing influence of the two 
cumulated C=C double bonds in 3 can be deduced 


from the heat of formation of penta-1,2-diene 
(AH"r= 33.6 kcalmol-'),'5 which is 8.3 kcalmol-I 
larger than that for penta-1,4-diene (AH;= 25.3 
kcalmol-'). I 5  


A second factor that would tend to lower the acidity 
of acrolein and methyl acrylate is the stabilization of 
these molecules in their neutral form by conjugation of 
the C=C double bond with the carbonyl group. For 
example, comparing the heat of formation of trans-but- 
2-enal (AH;=  -24-0 kcalmol-I)" with that of the 
unconjugated but-3-enal (AH;= - 19.4 kcal mo1-')l5 
shows a stabilization of 4.6 kcalmol-I. 


It is noteworthy that the 10-5 kcal mol-' difference in 
A X c i d  between acrolein and propionaldehyde is close to 
the sum (8.3 + 4.6 = 12.9 kcalmol-I) of the destabi- 
lization of penta-l,2-diene by the cumulated double 
bonds and the conjugative stabilization of acrolein. We 
also note ab initio (4-31G) calculations that suggest 
that AH" for the reaction MeO- + CHz=CHCH=O 
--* CHz=C=CHO- + MeOH is -4 .8  kcalmol-I. 
Combining this result with A H &  (MeOH) = 379.8 
kcal mol-', one obtains A X c i d  = 375.0 kcal mol-I for 
acrolein, in excellent agreement with our experimental 
value of 375 2 4 kcal mol-I. 


The acrylonitrile-propionitrile pair (AAKcld = - 2.1 
kcal mol-I) shows a behavior that is intermediate 
between that of the ethylene-ethane pair on the one 
hand = - 14-0 kcal mol-I), and that of the 
acrolein-propionaldehyde (AAH&id = + 10.5 kcal 
mol- I )  and methyl acrylate-methyl acetate ( A A x c i d  = 
+7.6 kcal mol-I) pairs on the other. This may be 
attributed to the fact that the cyano group stabilizes 
negative charge more by a polar and less by a resonance 
effect compared to a carbonyl group. I 6 - l 8  This would 
reduce the importance of the allenic resonance form 
(5b) and with it the destabilizing effect on the anion. 


CH'=C-C=N t--.) CH'=C=C=N- 


5a 5b 
On the other hand, comparison of the heats of forma- 


tion of trans-but-2-ene nitrile (A@= 33 - 6  kcal 
mol-')I5 with that of but-3-ene nitrile (A@= 37.7 kcal 
mol- ') l5 indicates that the stabilization of the neutral 
acrylonitrile by conjugation (4- 1 kcal mol-') is about 
the same as that for acrolein (3.9 kcal mol-'). 
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ADDITIVITY OF BOND SEPARATION ENERGIES OF 
HYDROCARBONS AND THEIR THERMOCHEMICAL DATA 


MUSTAFA R. IBRAHIM* 
Department of Chemistry, Purdue University, West Lufuyette, IN 47907, USA 


The additivity of experimental bond separation energies i s  demonstrated. This thermodynamic function can be 
reproduced by summation of group equivalents with a correction for the ‘stabilization’ energy. For this purpose, 
several group equivalents have been developed for alkanes and alkenes. The correlation between the computed and the 
experimental bond separation energies i s  good. These equivalents are then used in evaluating the stabilization 
(destabilization) energies for aromatic hydrocarbons and polyenes. The results obtained are in good agreement with 
values reported in the literature. 


INTRODUCTION 


Energies of reaction can be estimated from ab initio 
calculations. The computed results within the 
Hartree-Fock approximation generally compare well 
with experimental data for isodesmic reactions. I,’  Bond 
separation reactions (BSRs) are an important example 
of this class of reaction.2 Specifically, BSRs are pro- 
cesses in which all formal bonds between heavy atoms 
are separated into the simplest parent (two-heavy-atom) 
molecules containing the same kinds of linkages. 
Stoichiometric balance is achieved by the addition of 
one-heavy-atom hydrides to the left-hand side of the 
reaction.’ For example, the bond separation reaction 
for I-pentene is illustrated in the equation. 


H ~ C C H Z C H ~ C H = C H ~  + 3CH4 --t 3CH3CH3 + CHz=CH2 
(1) 


The enthalpy changes associated with BSRs are called 
bond separation energies (BSEs), which reflect the 
stabilization or destabilization in molecules when com- 
pared with the corresponding is2lated linkages. The 
BSE from ab initio 6-31G calculations for 
1,3-butadiene is 11.2 kcal mol- I whereas that for 
cyclopropane is - 26.2 kcal mol-I.’ The corresponding 
experimental values are 14.33 and - 19.79 kcalmol-I 
for 1,3-butadiene and cyclopropane, respectively, as 
calculated from the heats of formation reported by Cox 
and Pilcher. The positive BSE for 1,3-butadiene 
indicates stabilization due to conjugation, whereas the 
negative BSE for cyclopropane reflects destabilization 
due to  the ring strain. BSEs have been used as a measure 


*Present address: Department of Chemistry, Yarmouk Univer- 
sity, Irbid, Jordan. 
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of geminal  interaction^;^'^ however, in this paper it  is 
demonstrated that they can also provide direct measures 
of  strain, conjugation and resonance energies. 


Many thermodynamic functions are additive, which 
means that these functions could be obtained by the 
summation of group, atom or bond contributions with 
some corrections. Experimental heats of 
heats of f ~ r m a t i o n , ~  heats of atomization8 and zero- 
point energies’ are reproduced via different additivity 
schemes. BSE is calculated from the heats of formation 
of the reactants and products, which are additive. 
Therefore, it is expected that experimental BSEs must 
be reproduced via summation of group equivalents with 
corrections for stabilization (destabilization) energies 
(SEs). SE, as defined here, includes the strain energy 
and any stabilizing interactions in the molecule. Interac- 
tions between adjacent C-C bonds in alkanes (branch- 
ing effect) and the interaction between the a-bonds in 
conjugated polyenes are examples of such stabilizing in- 
teractions. Schleyer et a/. ’” developed ‘strain-free group 
increments:’ CH3, - 10.05; CHZ, -5.13; CH,  -2.16; 
C,  -0.30 kcalmol-I. These group increments can be 
used to evaluate the SE in alkanes by taking the dif- 
ference between the experimental heat of formation and 
the sum of the group increments. The corresponding 
increments of Berison et aL7 are also appropriate for 
the calculation of the SE of alkanes. Therefore, 
Schleyer et al.“ used their increments in conjunction 
with the olefinic increments of Benson et a/.’ 
( H ~ C = , 6 . 2 6 ;  HC=,8 .5 ;  C = ,  10.34 kcalmol-I) to 
evaluate the SEs for alkenes. The results obtained by 
Schleyer et al. l o  are in  good agreement with those ob- 
tained by Mann and co-workers. I ’  Hence SEs can be 
calculated with reliability for such compounds. 
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DERIVATION OF GROUP EQUIVALENTS Table 1. The group 


It is found that the experimental BSEs can be repro- 
duced via the empirical equation 


k 


BSE,,,,l = NjXj - SE(kcalmo1-') (2) 


where N, is the number of groups of type i, X,  the 
equivalent for group i, k the number of different groups 
in the molecule and SE is the stabilization (destabiliza- 
tion) energy. The group equivalents which have been 
developed in this work to  reproduce the experimental 
BSE are listed in Table 1 and the compounds that were 
used in the derivation of the equivalents are listed in 
Table 2. Compounds whose experimental heats of 
formation are reliably known were chosen for this pur- 
pose because the SE values are dependent on these 
experimental heats for formation. For each equivalent, 
averages over as large a set of molecules as possible were 
taken. Most of the experimental heats of formation of 
the compounds were taken from the compilations of 
either Cox and Pilcher3 or Pedley et a/. '' SE values for 
alkane molecules were taken directly from Ref. 10, and 
those for alkenes were calculated by Schleyer et al.'s 
method. 


I =  I  


equivalents 


Group Equivalent 


CH3 0.07 
CH2 2.75 
CH 7.42 
C 13.11 
CHz= 0.0 
CH = 5.36 


C =  11.29 


RESULTS AND DISCUSSION 


Fifty-seven molecules (Table 2) were used in the deriva- 
tion of the equivalents. The correlation between the 
experimental and calculated [via equation (2)] BSEs 
has an r.m.s. deviation for the 57 molecules of 
0.16 kcalmol-'. The reliability of the developed 
equivalents was then tested by computing the BSEs for 
an additional 49 molecules (Table 3). This set of 
molecules includes structural, functional and positional 
isomers of alkanes and alkenes. The r.m.s. deviation is 
0.22 kcalmol-'  for the 49 molecules (Table 3).  These 


Table 2. Molecules used in the derivation of the group equivalents' 


BSE 
Molecular 
formula Molecule A HP ( 9 )  SE Obsd Calc. Diff.d 


Methane 
Ethene 
Ethane 
Cyclopropene 
Propene 
Propane 
I -Methylcyclopropene 
Cyclobutene 
I-Butene 
trans-2-Bu tene 
Isobutene 
Butane 
Isobutane 
I ,2-Dimethylcyclopropene 
Cyclopentene 
I-Pentene 
rrans-2-Pentene 
2-Methyl- 1 -butene 
3-Methyl- 1 -butene 
C yclopentane 
Pentane 
Isopentane 
Neopentane 
I-Hexene 
2-Methyl-I-pentene 
3-Methyl-I -pentene 
4-Methyl- 1 -pentene 


- 17.89 
12.45 


66.6 
- 20.24 


4.88 
-24'83 


58.2 
37.5 
- 0.20 
-2.99 
- 4.26 
- 30.36 
- 32.41 


46.4 
8.56 


-5.33 
-7.93 
-8.55 
-6.61 
- 18.46 
-35.10 
- 36.85 
- 40.27 
- 9.95 
- 14.19 
-11.83 
- 12.25 


-0.14 
54.5 
0.08 
0.41 


54.5 
30.6 


0.13 
-0.07 
-0.76 


0.22 
0.17 


51.0 
6 .8  
0.13 
0.12 
0.08 
0.80 
7.19 
0.50 
0.53 
0.23 
0.64 


0.71 
0.29 


-0.43 


-40.96 
5.22 
2.24 


-34.91 
- 14.21 


7.95 
10.74 
12.01 
5.42 
7.47 


-25.46 
12.38 
10.73 
13.33 
13.95 
12.01 
6.71 
7.81 
9,56 


12.98 
13.00 
17.24 
14.88 
15.30 


-41.03 
5.35 
2.48 


-35.03 
- 14.38 


8.05 
10.93 
12.19 
5.42 
7.46 


12.17 
10.80 
13.49 
14.10 
12.12 
6.56 
7.89 
9.85 


13.16 
13.04 
17.36 
14.96 
15.38 


-25.53 


- 0.07 
0.13 
0.24 


-0.12 
-0.17 


0.10 
0.19 
0.18 
0.0 


- 0.01 
- 0.07 
-0.21 


0.07 
0.16 
0.15 
0.11 


- 0.15 
0.08 
0.29 
0.18 
0.04 
0.12 
0.08 
0.08 


(continued) 
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Table 2. Molecules used in the derivation of the group equivalents" (continued) 


Moleculai 
formula 


BSE 


Molecule SE' Obsd Calc. Di ff. " 


2-Ethyl-I-butene 
3,3-Dimethyl- 1 -butene 
Cyclohexane 
Methylcyclopentane 
Hexane 
2-Methylpentane 
3-Methylpentane 
2,2-Dimethylbutane 
Cycloheptene 
2.4-Dimethyl- 1 -pentene 
2-Ethyl-3-methyl- I -butene 
2,3,3-Trimethyl- I -butene 
Cycloheprane 
Methylcyclohexane 
I ,  I-Diniethylcyclopentane 
Heptane 
2-Methylhexane 
3-Ethylpentane 
2,2-Dimeihylpentane 
3,3-Dimethylpeiitane 
2,2,3-Trimethylbutane 
2-Methyl-3-ethyl- 1 -pentme 
2,4,4-Trimethyl-l-penteiie 
Cyclooctane 
Et hylcyclohexane 
1,l-Dimethylcyclohexane 
Octane 
2-Methylheptane 
2,4-Dimethylhexane 
2,2,3-Trimethylpentane 
2,2,4-Trirnethylpentane 
2,3,3-Trimethylpentaiie 
cis- 1,3,5-Trimethylcyclohexane 


- 13.39 
- 1 4 3 1  


- 25.27 


- 41.77 


- 44.48 


-29.50 


- 39.92 


-41.13 


-2.19 
- 20.03 
- 19.01 
- 20.43 
-28.21 
- 36.98 
- 33.04 
-44.85 
-46.52 


-- 49.20 
-48.08 


-23.97 
- 26.37 


-41.03 
-43.23 


-45.25 


-48.87 


-29.73 


-49.86 
- 51  '47 
- 52.40 
-- 52.58 
- 53.54 
-51.69 
- 50.69 


0.37 
1.09 
1.28 
7.46 
0.68 
0.93 
I .56 
1.29 
6.28 
0.81 
1.83 
3.47 
7.70 
0.88 
7.88 
0.89 
1.12 
2.38 
1.48 
2.60 
3.76 
2.00 
2.66 


1 I .31 
1.96 
2.82 
1.09 
1.35 
2.36 
5.24 
4.28 
6.12 
1.33 


16.44 
17.56 
15.40 
11.17 
10.28 
12.13 
11.49 
14.84 
18.43 
20.73 
19.71 
21.13 
11.76 
20.53 
16.59 
12.86 
14.53 
13.26 
17.21 
16.09 
16.88 
22.32 
24.72 
10.93 
22-23 
24.43 
15.52 
17.13 
18.06 
18.24 
19.20 
17.35 
29.54 


16.56 
17.59 
15.22 
11.03 
10.46 
12.20 
11.57 
14.85 
18.19 
20.86 
19.84 
21.21 
11.55 
20.36 
16.37 
13.00 
14.76 
13.50 
17.41 
16.29 
17.12 
22.33 
24.77 
10.69 
22.03 
24.18 
15.55 
17.28 
18.26 
18.39 
19.35 
17.51 
29.39 


0.12 
0.03 


-0.18 
- 0.14 


0.18 
0-07  
0.08 
0.01 


-0 .24  
0.13 
0.13 


-~ 0.21 
--0.17 
-0.22 


0.14 
0.23 
0.24 
0.20 
0.20 
0.24 
0.01 
0.05 


-0.24 
-0.20 
-0.25 


0.03 
0.15 
0.20 
0.15 
0.15 
0.16 


-0.15 


0.08 


'All energies in kcal mol ' .  
' A H : @ )  values were taken from Ref. 3 unless specified otherwire. 
' S E  values were taken either from Ref. 10 or calculated by Schleyer el d . ' s  method."' 
"Diff. = BSEC.,I,. ~ BSEOM. 
'Ref. 13. 


deviations are acceptable as they are similar to the ex- 
perimental errors. The bicicyclic molecules show larger 
deviations (0.40-0-53 kcal mol-I). 


Olefin strain, OS, is defined as the difference between 
the SE of an olefin and that of its parent hydrocarbon. I 4  


The heats of formation of many bridgehead olefins and 
their parent hydrocarbons have been calculated by 
molecular mechanics (MM1). I' The SE of a hydrocar- 
bon molecule can be calculated via the equation 


k 


SE = N,Xi - BSE,,,,I (3) 
I =  I  


which is just a rearranged form of equation (2). The 
developed equivalents were used in the calculation of 
the SEs of bridgehead molecules and their parent 
hydrocarbons and then 0s was calculated. The results 


in Table 4 show excellent agreement between the 
calculated and the reported OS values. 


Resonance energies (RE) are stabilization energies 
and, therefore, they could be calculated via equation 
(3). REs of 14 aromatic hydrocarbons were calculated 
and are listed in the last column of Table 5 .  Since RE 
values are usually reported as positive numbers, the RE 
(Table 5) is taken as the negative of SE. The calculated 
resonance energies [via equation (3)] are compared 
with Pople-Pariser-Parr (PPP) and the split p-orbital 
(SPO) valuesi6 in Table 6. The comparison shows that 
there is general agreement between the three sets of 
figures. However, the difference between the results 
is relatively large (7-8%) for naphthacene and 
3,4-benzophenanthrene. 


Resonance energies can also be estimated from heats 
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Table 3. Molecules used in testing the reliability of the equivalentsa 
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Molecule 


Cyclopropane 
Methylenecyclopropane 
Bicyclo [ I .  1 .O] butane 
cis-2-Butene 
Cyclobutane 
Bicyclo [ 2.1 .O] pentane 
2-Methyl-2-butene 
Cyclohexene 
Bicyclo [ 3.1 .O] hexane 
cis-2-Hhexene 
truns-2-Hexene 
cis-3-Hexene 
trans-3-Hexene 
2-Methyl-2-pentene 
2,3-Dimethyl-2-butene 
I-Methylcyclohexene 
Bicyclo [ 4.1 .O] heptane 
4.4-DimethyI-cis-2-pentene 
4,4-Dimethyl-truns-2-pentene 
Et hylcyclopentane 
cis-l,2-Dimethylcyclopentane 
trans- 1,2-Dimethylcyclopentane 
cis- 1,3-Dimethylcyclopentane 
fruns- 1,3-Dirnet hylcyclopentane 
3-Methylhexane 
cis-C yclooctene 
trans-Cyclooctene 
Bicyclo [ 5 .  I .O] octane 
I-Octene 
2,2,-Dimethyl-cis-3-hexene 
2,2-Dimethyl-frans-3-hexene 
n-Propylcyclopentane 
cis- I ,2-Dimethylcyclohexane 
truns-l,2-Dimethylcyclohexane 
cis- 1,3-Dimethylcyclohexane 
trans- 1,3-Dimethylcyclohexane 
cis- 1,4-Dimethylcyclohexane 
trans- 1,4-Dimethylcyclohexane 
2,2-Dimethylhexane 
2.3-Dimethylhexane 
Bicyclo [6.1 .O] nonane 
C yclononane 
Nonane 
2,2,3,3-Tetramethylpentane 
2,2,4,4-Tetramethylpentane 
2,3,3,4-Tetramethylpentane 
Adamantane 
C yclodecane 
Decane 


BSE 


SE ' Obsd Calc. 


12.74e 
48.0' 
51.9' 
- 1.86 


6.38' 
37.6e 


- 10.12 
- 0.84' 


9.07e 
- 12.51 
- 12.88 
-11.38 
- 13.01 
- 15'98 
- 16'42 
- 10.34 


0.32e 
- 17.36 
-21.22 
- 30.34 
- 30.95 
- 32.66 
- 32.48 
-31'92 
-45.73 
- 6 . 2 e  


3.1e 
-3.87' 
- 19.41 
-21'34 
-25.73 
- 35.37 
-41.13 
-42'99 
-44.13 
-42.18 
- 42'20 
- 44.10 
- 53'68 
-51'10 
-7.42' 
- 31.73 
- 54.66 
- 56.67 
- 57'80 
- 56.43 
-32.17' 
- 36.88 
- 59.64 


28.13 
41.7 
66.5 


26.9 
57.3 


1 ' 10 
2.5 


33.91 
0.67 
0.30 
1.80 
0.17 
0.37 
3.10 
1.30 


30.29 
5.96 
2.10 
7.52 
8.86 
7.15 
7.33 
7.89 
1.97 
7.40 


16.70 
31.23 


1.44 
7.11 
2.72 
7.62 
3.81 
1.95 
0.81 
2.76 
2.74 
0.84 
2.21 
3.68 


32.81 
14.44 


1.35 
9.36 
8.23 
8.49 
6.48 


14.42 
1.50 


1.06 


- 19.79 
-24.71 
-45.76 


9.61 
- 15.78 
- 33.81 


15.52 
19.43 


15.56 
15.93 
14.43 
16.06 
19.03 
19.47 
26.58 


18.06 
21.92 
13.89 
1 4 3 0  
16.21 
16.03 
15.47 
13.74 
20.09 
10.79 
0.61 


17.76 
19.69 
24.08 
16.57 
22.33 
24.19 
25.33 
23.38 
23.40 
25.3 
19.34 
16.76 
1.81 


10.58 
17.97 
19.98 
21-11 
19.74 
39.75 
13.38 
20.60 


-7.63 


- 1.23 


- 19.88 
- 24.91 
-46.16 


9.80 
- 15.90 
- 34.21 


15.76 
19.22 


15.71 
16.06 
14.56 
16.19 
19.24 
19.76 
26.42 
- 1.70 
18.15 
22.01 
13.72 
14.37 
16.08 
15.90 
15.34 
13.91 
19.82 
10.52 
0.1 I 


17.74 
19.75 
24.14 
16.37 
22.17 
24.03 
25.17 
23.22 
23.24 
25.14 
19.43 
16.94 
1.28 


10.31 
18.04 
20.03 
21.16 
19.88 
39.70 
13.08 
20.64 


- 8.07 


- 0.09 
-0.20 
-0.40 


0.19 
- 0.12 
-0.40 


0.24 
-0.21 
- 0.44 


0.15 
0.13 
0.13 
0.13 
0.21 
0.29 


-0.16 
- 0.47 


0.09 
0.09 


-0.17 
-0.13 
-0.13 
-0.13 
-0.13 


0.17 


- 0.27 
-0.50 
- 0.02 


0.06 
0.06 


- 0.20 
0.16 


- 0.16 
- 0.16 
- 0.16 


- 0.27 


- 0.16 
- 0.16 


0.09 
0.18 


-0.53 
-0.27 


0.07 
0.05 
0.05 
0.14 


- 0.05 
-0.30 


0.04 


r - d  A5 in Table 2 
'Ref .  10. 
' R e f .  12 
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BOND SEPARATlON ENERGIES OF HYDROCARBONS 


Table 5. Calculations of resonance energies for aromatic hydrocarbonsa 


Molecular 
formula Molecule 


Benzene 
Naphthalene 
Biphenyl 
Anthracene 
Phenanthrene 
Pyrene 
Nap ht hacene 
3,4-Benzphenanthrene 
1,2-Benzanthracene 
Chrysene 
Triphenylene 
Perylene 
1,3,5-TriphenyIbenzene 
9,9 -Bianthracene 


1 9 ~ 8 1 ~  
35.92 
43.57e 
55.19 
49.59 
53.94 
69.65 
70.03 
69.60 
62.80 
61.90d 


87.83 
108.58 


73.7d 


64-16 
119.57 
139.91 
171.82 
177.42 
216.60 
228.88 
228.50 
228.93 
235.73 
236.63 
268.36 
294.67 
360’98 


32.16 
65.46 
76.18 
98.76 
98.76 


121.34 
1 32.06 
132.06 
132.06 
132.06 
132.06 
154.64 
164.22 
209.38 


32.00 
54.11 
63.73 
73.06 
78.66 
95.26 
96.82 
96.44 
96.87 


103.67 
104.57 
113.72 
130.45 
151.60 


~ 


aAll energies in kcal mol- I. 
bA%(g) values f rom Ref. 12 unless specified otherwise. 
‘ Resonance energy (RE) = - SE = 2:. I N , X ,  ~ BSEob,d. 


Ref. 3. 
‘Ref. 15. 


of hydrogenation or heats of combustion’’ (REH). For 
example, the RE of benzene is the difference between 
the observed heat of hydrogenation of benzene and 
three times the heat of hydrogenation of a reference 
compound, cyclohexene. In both benzene and cyclohex- 
ene the configuration around the double bonds is cis. In 
bond separation reactions, the double and single bonds 
in benzene are isolated into ethylene and ethane 
molecules. Therefore, to compare the RE obtained via 
BSE with REH, a cis correction must be made to  the RE 
calculated via BSE. Since the destabilization of 
cis-2-butene relative to trans-2-butene is 1 kcal mol-’, 
3 kcalmol-l per benzene ring should be added to the 
RE obtained from the BSE to be compared with REH. 
Such calculations were done and the results are listed in 
Table 6; a good correspondence is found between the 
two sets of results. 


Dewar resonance energy (DRE) is usually calculated 
from heats of atomization. ’ Dewar developed param- 
eters to reproduce experimental heats of atomization 
and also reported parameters for calculating the heats 
of atomization of molecules which d o  not have alter- 
native resonance forms.’ The difference between the 
calculated atomization energies for an aromatic 
molecule by the two sets of parameters then gives the 
DRE. The DRE differs from the PPP and SPO 
resonance energies in one respect: in the former the 
single C-C bonds in Kekule structures is considered to  
be purely single, whereas in the others it is not. 
Therefore, DRE could be considered as the AH of a 
balanced reaction of the aromatic molecule with 
ethylene to produce 1,3-butadiene. For example, the 
DRE of benzene is the AH of the reaction 


131 


The observed and reported DRE for several aromatic 
hydrocarbons are listed in the last two columns of Table 
6; both sets are similar, especially in the absence of 
steric interactions of the type indicated in the formula 
shown. With the exception of benzene and naphthalene, 


there are differences between the experimental and 
the reproduced heats of atomization. Therefore, the 
reported DRE values were recalculated using the 
experimental rather than the reproduced heats of 
atomization. The DRE can also be obtained from the 
present equivalents by subtraction of the conjugation 
energy from the resonance energy. The conjugation 
energy is obtained by multiplying the number of C-C 
single bonds by 3.61, which is the stabilization energy 
of butadiene. The DREs obtained in this way are listed 
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Table 7. Calculations of stabilization (destabilization) energies of polyenes" 


BSE 
Molecular 
formula Molecule Obsd Calc. SE 


C4H4 Cyclobutadiene 102.2c - 46.22 21.44 67.66 
C4H6 1,3-Butadiene 26.11 14.33 10.72 -3.61 
CsH6 1,3-Cyclopentadiene 31.94 21.69 24.19 2.5 
CSHR I ~is-3-Pentadiene 19.13 18.96 16.15 -2.81 
CsHs 1 ,trans-3-Pentadiene 18.12 19.97 16.15 -3.81 
CIHH I ,4-Pentadiene 25.25 12.84 13.47 0.63 
CsHx 2-Methyl- 1,3-butadiene 1 8 y  20.03 16.72 -3.31 
C6H6 Fulvene 47.5 36.47 32.73 -3.74 
ChHx 1,3-Cyclohexadiene 25.38 25.90 26.94 1.04 
C6Hs 1,4-Cyclohexadiene 26.3 24.89 26.94 2.05 
C6Hiu 1,5-Hexadiene 20.11 15.63 16.22 0.59 
C6HiO 2,3-DirnethyI-l,3-butadiene 10.78 24.96 22.72 - 2.24 
C T H ~  1,3,5-Cycloheptatriene 43.90 37.72 34.91 -2.81 


CSHR Heptafulvene 57d 55 43 - 12 


C ~ H I O  1,3-Cycloheptadiene 22.56 26.37 29.69 3.32 
CXHR Cycloocta tetraene 71.13 40.83 42.88 2.05 


C&io 1,3,5-CycIooctatriene 43.7' 35.57 37.66 2.09 
CsHio Dimethylfulvene 32. I 47.17 44.16 - 3.01 
CLOHR Azulene 69.1' 86.39 65.46 - 20.93 
CixHix [ 181Annulene 124.0' 127.91 96.48 -31.43 


"Al l  energies iii  kcal rnol- ' .  
' A H P ( g )  values were taken from Ref. 3 unleTs specified otherwise. 


trorn Ref. 18. 
'Reported in Ref. 19. 


Keported in Ref. 10. 
'Re f .  12. 
!Reported in Ref. 15. 


in Table 6 and are in agreement with the other DRE 
values. 


The stabilization (destabilization) energies of 20 
polyenes were also calculated and are presented in Table 
7. The results show that cyclobutadiene has a 
destabilization energy of 67.66 kcalmol- I ,  as resulted 
from its 6-31G* (RMP2) heat of formation 
(102.2 kcalmol-I) as reported in Ref. 18. The stabiliza- 
tion of 1,3-butadiene via the heat of hydrogenation is 
reported" to be 3 . 5  kcalmol-I, which agrees with the 
calculated value of 3.61 kcalmol-I (Table 7). The 
calculations via the equivalents show that fulvene, 
dimethylfulvene and heptafulvene are stabilized, which 
reflects the resonance shown in the formulae. However, 
the stabilization energies of these systems are not as im- 
portant as those for non-benzoid aromatic hydrocar- 
bons, such as  azulene and [ 181 annulene. The difference 
between the stabilization energies of 1 ~is-3-pentadiene 
and the trans isomer is 1 kcal mol-' ,  which agrees with 
the cis correction in alkenes proposed by Benson 
et a/.'.'' 


To conclude, the developed equivalents are able to 
reproduce the stabilization, destabilization, olefin strain 
and resonance energies from experimental BSEs for a 
large number of hydrocarbons. 
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A STUDY OF A NOVEL DEGENERATE CARBOCATION 


CATION BY DYNAMIC 13C AND 'H NMR SPECTROSCOPY IN 
SUPERACID 


REARRANGEMENT OF THE 4,9-DIMETHYL-9-BARBARALYL 


CARIN ENGDAHL 
Department of Organic Chemisfry, University of Uppsula, S-751 21 Uppsalu, Sweden 


AND 


PER AHLBERG 
Department of Organic Chemistry, University of Goteborg, S-41296 Goteborg, Sweden 


The 4,9-dimethyltricyclo [3.3.1 .02-8] nona-3,6-dien-9-yl (4,9-dimethyl-9-barbaralyl) cation (3) was generated from 4,9- 
dimethyl-9-barbaralol (5 )  at - 135 "C in two different superacid mixtures [FSO~H-SO~CIF-SOZF~(~ : 6: 1) and 
FSO~H-SO~CIF-SOZF~-CHCI~ (2: 10: 10: 1 by volume)] ). Its 'H and 13CNMR spectra show a strong temperature 
dependence in the range - 150 to - 125 "C. The changes in band shapes with temperature show that the following 
exchanges take place:,4-methyl with 9-methy1, C-4 with C-9, C-1 with C-3 and C-2 with C-8. C-5, C-6 and C-7 are 
found not to exchange rapidly either with each other or with the other carbons in 3. The mechanism of this novel 
rearrangement i s  suggested to involve the bicyclic 2,7-dimethylbicyclo [3.2.2] nona-3,6,8-trienyl cation and the 
secondary barbaralyl cation 4,6-dimethyltricyclo [3.3.1.02.8] nona-3,6-dien-9-yl as intermediates rather than 7,8- 
dimethyl bicyclo [3.2.2] nona-3,6,8-trienyl cation, which does not have a methyl group on the ally1 cation moiety. 
Comparisons with rearrangement mechanisms for other barbaralyl cations were also made. The rate constant for the 
degenerate rearrangement of 3 i s  160 s - '  at - 1409C, which corresponds to AG's = 26 kJmol- '  (6.3 kcalmol-I). 
At - 125 "C ion 3 rearranges non-degenerately to the 1,4-bishomotropylium cation 1,8-dimethylbicyclo[4.3.0] nona, 
2,4,7-trienyl (4) with k = 3 x s -  I .  A mechanism for this rearrangement and the synthesis and purification of the 
ion precursor 4 are also reported. 


INTRODUCTION 


The parent barbaralyl cation (1) is the cationic counter- 
part of bullvalene but much more reactive. ' It is com- 
posed of the structural elements cyclopropylcarbinyl 
cation and two homoallylic cations superimposed on 
each other. The stereoelectronic composition of these 
elements suggests a high reactivity. The parent ion 1 and 
substituted barbaralyl cations have been shown to make 
use of several interesting pathways that are either degen- 
erate or non-degenerate in nature. For example, NMR 
studies have shown that ifn 1 undergoes fast degenerate 
rearrangements at - 125 C and also rearranges rapidly 
non-degenerately at  - 125 "C to the 1,4-bishomo- 
tropylium ion 2. Extensive mechanistic studies have 
been carried out which have revealed novel reaction 
mechanisms for the degenerate rearrangements. 


0894-3230/90/060349-09$05.00 
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In this paper we report a novel partially degenerate 
rearrangement of 4,9-dimethyltricyclo [3.3. I .02**] 
nona-3,6-dien-9-yl (4,9-dimethyl-9-barbaralyl)cation 
(3), which results in temperature-dependent band 
shapeso of the NMR bands in the range - 150 to 
- 125 C. It is shown that 3 favours structure 3a over 
3b. At about - 125 "C ion 3 rapidly and irreversibly 
transforms mainly to  the 1,4-bishomotropylium cation 
1,8-dimethylbicyclo [4-3  -01 nona-2,4,7-trienyl (4). 
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3a 3b 


3a 3a 


Scheme 1 


The degenerate rearrangement of 3 has been shown to 
involve the atom exchange indicated in Scheme 1, i.e. 
the methyl groups exchange with each other and at the 
same time C-4 exchanges with C-9, C-2 with C-8 and 
C-1 with C-3. C-5, C-6 and C-7 have not been found to  
participate in any degenerate rearrangement. Possible 
mechanisms for the rearrangements are also discussed 
and the synthesis and purification of the precursor 4,9- 
dimethyltricyclo [3.3.1 .0238] nona-3,6-dien-9-01 (5) and 
the preparation of ion 3 from 5 are also reported. 


RESULTS AND DISCUSSION 


The ion precursor 4,9-dimethyltricyclo [3.3.1 .0238] 
nona-3,6-dien-9-01 (5) and the ion were prepared as 
outlined in Scheme 2 and the procedures are reported in 
detail under Experimental. 


Ion 3 was synthesized directly from 5 in a 5 m m  NMR 
tube at about - 135 C using an ion-generation appara- 
tus and a procedure which have previously been 
described in detail.3 The ion was prepared in two dif- 
ferent solvent mixtures, FSO3H-SOzCIF-SO2F2 


MeLi 4- 0 


16 


FS03H 
fQ C H ~  'solvent -135OC 


3a 


(1 : 6 : 1) and FSO3H-SO2ClF-SO2F2-CHC12F 
(2: 10: 10: 1 by volume) and coloured the solutions pale 
yellow. With the latter solution i t  was possible to obtain 
NMR spectra at temperatures as low as ca - 15 "C. The 
concentration of ion 3 was ca 0.35 M.  


Studies of cation 3 by 'H NMR spectroscopy 


The proton NMR spectra at 100MHz of the 4,9- 
dimethyl-9-barbaralyl cation 3 show a reversible temp- 
erature dependence in the temperature range - 125 to 
- 159 "C, demonstrating the presence of degenerate 
rearrangements of cation 3.  However, only some of the 
signals display a temperature dependence, indicating 
that the rearrangement is only partially degenerate. At 
ca - 130°C theospectrum shows only five separate 
bands. At - 146 C the large band at ca 2.5 ppm has 
split into two new signals at 2.1 and 2.8 ppm, respect- 
ively. These signals derive from 4-CH3 and 9-CH3, 
respectively, which obviously exchange with each other. 
Also, the band at 6 5.1 u!dergoes changes on lowering 
the temperature to - 146 C. It splits into three signals. 
One (one proton) remains at about the shift of the orig- 
inal signal (6 5 .1)  and the other two appear at 6 4 .7  (one 
proton) and 6 5 - 6  (one proton), respectively. The last 
signal is superimposed on another two-proton band 
appearing at ca 5.7 ppm. This latter band and the 
remaining two one-proton bands at 6 6 .0  and 6 .2 ,  
respectively, remain essentially unchanged on varying 
the temperature. These results have been confirmed at 
400 MHz. Assignments of the signals were made by 
comparison with the chemical shifts of 9-methyl-9- 
barbaralyl cation (6)4 and 1,9-dimethyl-9-barbaralyl 
cation (7a)43s (cf. Table I ) .  


;"6 
6 7a 


From these results, it is clear that the degenerate re- 
arrangements results in exchange of the methyl groups 
and exchange of H-1 with H-3, respectively. However, 
the spectra do not reveal any exchange of H-5, H-6 and 
H-7 either with each other or with any of the other pro- 
tons. Whether H-2 and H-8 exchange or not could not 
be revealed, since they have closely similar resonance 
frequencies. Further insight into the dynamics of 3 is 
given by I3C NMR studies. 


Studies of 3 by 13C NMR spectroscopy 


5 19a The proton noise decoupled I3C NMR spectrum at 
25 MHz of 3 at - 144°C in a Freon-containing solvent 


H OH 


I 
CH3 


&&QJ 
OH 
17 18 


1 
CH3 OH 0 


& - H 3 =  


Scheme 2 
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250 200 150 100 50 PPMI6) 0 


Figure 1. Proton noise decoupled "C NMR spectrum of 3 in the superacid medium FSO~H-SOZF~-SO~JF-CI  ClzF (2 : 10: 10: 1 
by volume) obtained at 25 MHz at - 144 'C. The peaks marked F are due to CHClzF (6, 110.3,98.6) used as the solvent and internal 
standard reference, and peaks marked with asterisks originate from I ,4-bishomotrupylium ion 4. Inserted is part of the spectrum 


obtained at - 146 'C showing two separate signals from C-2 and C-8 


Table 1. I3C and (in parentheses) 'H chemical shifts (ppm) of 3a, 64b,5a and 7a4b,5a 


c- 1 
c -2  


c - 3  
c - 4  
c -5  
C-6 
c - 7  
c -8  


c - 9  
1-cH3 
4-CH3 
9-CH3 


3a a 


73.2 (4.71) 
85.5 (5.69) 


112.0 (5.69) 


64.5 (5.09) 
130.5 (6.18) 
117.0 (5.99) 
85.5 (5.69) 


or 85.8 


143.7 (-) 


or 85.8 
256.7 (-) 


(--) - 
20.4 (2.10) 
32.9 (2.79) 


72.5 (4.77) 
86.2 (5.80) 


116-6 (5.93) 
130.2 (6.18) 
59.2 (5.21) 


130.2 (6.18) 
116.2 (5.93) 
86.2 (5.80) 


260.0 (-) 
(--) 
(-) 


- 
- 
33.2 (2.94) 


81.2 (-) 
94.3 (5.75) 


116.6 (5.93) 
129.7 (6.15) 
59.3 (5.25) 


129.7 (6.15) 
116.6 (5.93) 
94.3 (5.75) 


252.4 (-) 
18.3 (1.89) 


31.7 (2.77) 
(--) (-) 


"At - 144.4"C in CHC12F and FS03H-S02CIF-SOzF2 
hAt - 132°C in CD2Clz and FSO~H-SOZCIF-SO~F~. 
LAt - 130°C in CD2Clz and FSO,H-SOzCIF-S02Fz. 


is displayed in Figure 1. Nine separate signals ori- 
ginating from 3 are clearly distinguished. Another car- 
bon signal is hidden in the base of the low-field 
Freon-carbon signal, which was shown using Freon-free 
solvent. Assignments of all ten peaks were made using 
comparison with I3C NMR data for other barbaralyl 
cations (6 and 7a) (cf. Table 1). The comparison also 
shows that structure 3a is the favoured isomer over 3b, 
i.e. a methyl group appears to stabilize more on the eth- 
ylene moiety than on cyclopropane. This is similar to 


what was found for 19Iza and 5 .  The signals in Figure 1 
that do not belong to  3 originate almost exclusively 
from the non-degenerate rearrangement product 4 (cf. 
Table 1). 


Of the nine clearly visible signals from 3, six are 
broader than the other three, which indicates that these 
carbons participate in exchange reactions. The broad 
signal from C-2 and C-8 splits into two new signals at 
6 85.3 and 85.8 on lowering the temperature to  
- 146'C. In contrast, an increase in temperature 
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sharpens the C-2/C-8 signal. These results clearly show 
that the C-2 and C-8 are exchanging with each other. 
This has important mechanistic implications, as dis- 
cussed below. 


The other five broad signals sharpen on lowering the 
temperature. On the other hand, an increase in tempera- 
ture results in further broadening of these signals. At 
- 130 OC only four sharp signals from ion 3 are visible 
in the spectrum. Hence at this temperature the signals 
from C-4/C-9 and C-l/C-3 disappear in the baseline 
noise owing to  medium fast exchange. The broad com- 
plex signal from 4- and 9-CH3 indicate that these groups 
now are also exchanging rapidly. 


An attempt was made to use I3C spin-transfer satura- 
tion to  study quantitatively the carbon exchange. 
Unfortunately, the rate of exchange appears to be much 
slower than the relaxation rate of exchanging carbons. 
Instead, the rate constant of exchange ( k )  was estimated 
at - 140°C from the bandwidth Awl12 of one of the 
methyl signals and the equation k = T ( A v ~ / z  - A V O ) .  
The natural bandwidths AVO was taken as the average 
value of the bandwidths of signals from C-5, C-6 and 
C-7. The k value obtained was 160 s - ' ,  which corre- 
sponds to A G f  = 26 kJmol- '  (6.3 kcalmol-I). 


Mechanisms of degenerate rearrangement of 3 


Let us first consider the mechanism shown in Scheme 3, 
which involves the bicyclic ion 8 as an intermediate. Ion 
8 has a plane of symmetry and therefore the methyl 
groups, C-1 and C-3, and C-4 and C-9 are made equiv- 
alent. Formation of a bond between C-3 and C-8 yields 
the mirror image of 3,  which is indistinguishable from 


it *& 
4 CH3 3 


H3C& 1 


8 


8 


FH3 


3 by the present NMR experiments. Since they are indis- 
tinguishable by our experiments, we use the same label 
for the two enantiomers. As a result, the methyl groups, 
C-1 and C-3, and C-4 and C-9 have exchanged posi- 
tions. So far this mechanism is consistent with the 
observations. However, C-2 and C-8 are left unex- 
changed and therefore some other mechanism must be 
in operation. The mechanism in Scheme 3 is therefore 
concluded to  be a high-barrier process. 


Instead of opening the cyclopropane ring of 3 
between C-1 and C-8, which yields ion 8, cleavage of the 
bond between C-1 and C-2 may take place. Such a pro- 
cess results in another bicyclic ion, 9, having methyl 
substitution on the allylic ion part (cf. Scheme 4). 


11 


8 


9 2 


11 


8 


I 10 ' CH3 
lo 3 


6 


9 3 8 9 


It 


5 


'I 'CH3 
8 


2 / 6  
3a 3 7 3a 


Scheme 3 Scheme 4 







ANOVEL DEGENERATE CARBOCATION REARRANGEMENT 353 


Ring closure of 9 by formation of a bond between C-2 
and C-7 yields another intermediate, the secondary 4,6- 
dimethyl-9-barbaralyl cation (lo), which has a plane of 
symmetry making not only the methyl groups, C-1 and 
C-3, and C-4 and C-9, equivalent, but also C-2 and C-8. 


Ring opening by breaking the bond between C-7 and 
C-8 to  yield 9 followed by ring closure through forma- 
tion of a bond between C-3 and C-8 results in ion 3. As 
a result, the experimentally observed exchanges have 
taken place, i.e. C-2 and C-8, the methyl groups, C-1 
and C-3, and C-4 and C-9 have exchanged with each 
other. Further, C-5, C-6 and C-7 neither exchange with 
each other nor with other carbons in 3 by this mecha- 
nism. This is also consistent with the mechanism in 
Scheme 4. 


It is interesting to compare the mechanisms in 
schemes 3 and 4 with those found to  be consistent with 
the behaviour of other barbaralyl cations. The parent 
barbaralyl cation has been shown by a combination of 
dynamic NMR and isotopic perturbation to have the 9- 
barbaralyl cation structure 1 rather than D 3 h  structure 
11, or the bicyclic ion 12. 


11 12 


Ion 1 is extremely reactive an$ is observed in 'H 
NMR as a sharp singlet at - 125 C. The total degen- 
eracy of 11 ( A G = 2 1  kJmol- ' )  is suggested to be 
achieved through the intermediacy of the bicyclic cation 
12, but a faster six-fold degenerate process (AG < 
16 kJmol-I)  has also been detected, i.e. a disvinyl- 
cyclopropylcarbinyl-divinylcyclopropylcarbinyl cationic 
rearrangement shown in Scheme 5 and /or ion 11 is an 
intermediate.* Cope rearrangements in barbaralyl 


cations have been concluded to be high-energy pro- 
cesses. 


The 9-methyl-9-barbaralyl cation 6 also shows degen- 
erate rearrangements but only partial degeneracy 
(AG+ = 32 kJ mol-I). The mechanism shown in 
Scheme 6 has been suggested. However, I3C labelling 
experiments have also revealed a much slower, more 
extensive degenerate process, in which C-2, -3, -4, -6, -7 
and -8 exchange with each other and with C-1 and C-5. 
The rearrangement has been suggested to make use of 
the bicyclic ion 13. ' Structure-reactivity studies have 


13 


favoured the mechanism in Scheme 6 over the interme- 
diacy of structure 13.6 


The 1,9-dimethy1-9-barbaralyl cation (7a) has been 
shown to be favoured over 7b in the equilibrium shown 
in Scheme 7. Nevertheless, 7a shows extensive degener- 
acy. C-2, -3, -4, -6, -7 and -8 exchange with each other 
but none of the other carbons have been shown to par- 
ticipate in any rapid exchange. The phenomenological 
mechanism shown in Scheme 8 is in operation. Each 
step in this mechanism has been proposed to  make use 
of the microscopic mechanism shown in Scheme 9. 


Mechanism of non-degenerate rearrangement of ion 3 


The product of the non-degenerate rearrangement of 3, 
i.e. the 1,4-bishomotropylium ion 4, cannot be a direct 


5 


1 1 1 7a 7b 


Scheme 5 Scheme 7 


6 6 


Scheme 6 
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5 


6 


6 L  


5 7@3 


7 6@3 


2 H 8  


8 \9 .+ Iz3 
5 


0 =Methyl group 


Scheme 8 


7 Q3 5 


8.2 


homoallylic rearrangement product of either 3a or 3b, 
since other dimethyl-substituted 1,4-bishomotropyliurn 
ions would have been formed. Instead, ion 4 is sug- 
gested to be formed from an unstable secondary bar- 
baralyl cation in equilibrium with 3a, as shown in 
Scheme 10. The 1,3-relationship between the methyl 
groups has been retained in 4. 


The rate of formation of 4 from 3 at - 125 OC is 
3 x lO-'s- ' .  The corresponding rate constants for for- 
mation of 2 and 14 from 1 and 6 are 1 .4  x and 
4 .8  x lO-'s- ' ,  respectively.'~' The products 2, 14 and 
15 are direct rearrangement products of ions 1, 6 and 7 .  
Obviously, the second methyl group in 3 compared with 
6 lowers the barrier towards non-degenerate rearrange- 
ment. 


14 15 


CH3 
T i  


CH3 


?i 
etc 


Scheme 9 


EXPERIMENTAL 


The ' H  NMR and the proton noise decoupled 13C NMR 
spectra were obtained with a JEOL-FX 100 pulse spec- 
trometer equipped with a 5 rnm variable-temperature 
'H/ I3C dual probe, external 'Li lock, quadrature phase 
detector and a multi-irradiation unit. Data autostacking 
programs FAFT 20/21/22 were used. As internal stand- 
ards CD2Cl2 (& 53.8 [& 5.351 ), CHC12F (& 98.6, 


7.201 ) and (CD3)zCO (6c 29.8, 206.0, b~ 2.051 ) were 
used (figures in square brackets represent 'H NMR 
shifts from 'H-containing species. 


110.3), CDCl3 (6c 77.0 [ 8 ~  7-21), C6D6 (6c 128.0 [ 6 ~  
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y 3  


t 


Scheme 10 


The temperature in the NMR probe was determined 
with a precalibrated chemical shift thermometer 
[CH3OH in CHC12F-CDCIF2 (1 : 1, v/v)] 4b 


Regarding the carbon NMR spectra at the lowest 
temperatures, experiments to supresos the solvent signals 
using a double-pulse sequence (180 , 7, 90°)', in which 
7 was taken as ca Tl x In 2 for the CHClrF signal, were 
unsuccessful. The large signal from the solvent was 
sufficiently suppressed, but there were no traces of C-4 
or C-9 in 3 visible, probably owing to the large T I  values 
of these quaternary carbons, comparable in magnitude 
to  the T I  value of CHClrF. The final spectra were rec- 
orded with single-pulse technique allowing 'overflow' of 
the solvent signals. 


The one bond carbon-proton coupling constants, 
JCH, were obtained from non-decoupled I3C NMR 
spectra with NOE. 


'H NMR spectra at 400 MHz and I3C NMR spectra 
at 100 HMz were obtained with a Varian XL 400 spec- 
t rometer. 


All reactions were carried out under dry nitrogen in 
glassware dried at 120°C overnight. All the purified 
solvents used were stored over molecular sieves (4 A ) .  
Analytical GLC was performed using a Perkin-Elmer 
990 gas chromatograph equipped with a 2.0 m x 1.8 in 
i.d. copper column with 5% Reoplex 400 on Chromo- 
sorb W (100-200 mesh) at a column temperature of 
150 'C. 


For distillation a Spaltrohr distillation apparatus with 
an HMS 300 column (Fischer) was used. 


Materials. Pyridine (purum) was refluxed with CaH2 
for 2 h and then distilled. The fraction collected for use 
boiled at 92-94 "C.  Triethylamine (TEA) (Mercks, 
purum) was distilled through a Vigreux column. The 
fraction collected for use boiled at 88-89 C.  
Methylene chloride (Mercks) (p.a.) was dried over 
molecular sieves for 2 days boefore being distilled. The 
fraction used boiled at 40 C. n-Heptane (Mercks, 
pract.) was dried over molecular $eves and distilled. 
The fraction used boiled at 92-94 C. 


Tropylium tetrajluoroborate. Prepared by the 
method of Conrow.' 


Cyclohepta-2,4,6-trien-l-yl acetic acid (20). Prepared 
by the method of Jurch and Taylor." The purified 
white crystalline acid 20, melted at 35-36 OC. IR (KBr) 
showed a carbonyl peak at 5.85 pm. 


' H  NMR (CaD6), 6 2.37 (m, 3H; H-1 and CH2), 5.03 


9.10 Hz, J H - ~ H - ~  = J H - ~ H - ~  = 0.9 Hz; 2H; H-2 and 


J ~ - 3 ~ - 5 = 2 ' 9 3  Hz; 2H; H-3 and H-6), 6.49 (m, 2H; 
H-4 and H-5), 12-57 (s, 1H; acidic proton). I3C NMR 


129.5 Hz; CHz), 124.6 (JCH = 160 Hz; C-2 and C-7), 
125-5 ( JCH = 153.8 Hz; C-3 and C-6), 131.2 ( JCH = 
156.3 Hz; C-4 and C-5) and 179.6 (C=O). 


(d,d JH.2H-7 = JH3.Hfj = 


H-7), 6.04 (d,t JH-3H-4=  h - 5 H - 6 ~  3.41 HZ, JH-4H-6=  


J H - l H - 2  = JH-IH-7  = 5-37 HZ, 


(C6D6), 6 35.5 ( J c H =  135.5 HZ; c - l ) ,  37.4 ( J c H =  


Cyclohepta-2,4,6-trien-l-yl acetyl chloride (21). Pre- 
pared by the method of Grutzner and Winstein. ' I  The 
acid chloride was used without any purification. IR 
(neat) showed a carbonyl peak at 5.54 pm. 


Bicyclo[3.2.2]nona-3,6,8-trien-2-one (16). Prepared 
by the method of Grutzner and Winstein" with some 
modification. Instead of n-hexane we used n-heptane as 
the solvent to speed up the reaction (higher reflux temp- 
erature); thus the acid chloride 21 was dropped slowly 
into the stirred refluxing solution over 15 h instead of 3 
days. The crude product contained 54% [3.2.2] ketone 
16 and 46% I-indanone 22 (analytical GLC). The crude 
product, a brown oil, was first flash-distilled and a frac- 
tion boiling at about 72°C at 0.5 mmHg was collected. 
This pinkish yellow viscous liquid was carefully 
redistilled on a Spaltrohr system. The first fraction, b.p. 
b.p. 93 "C/3 mmHg, was pure [3.2.2] ketone 16, and the 
next faction, b.p. 94"C/3 mmHg, was a mixture of 
[3.2.2] ketone 16 (80%) and I-indanone 22 (20%). The 
overall yield of 16 based on starting substrate acid 20 
was 27% with m.p. 40-41 "C. 


H-I), 5.00 (1H; H-3), 6.26 (2H; H-7 and H-8), 6.56 
(2H; H-6 and H-9) and 6.82 (1H; H-4). I3C NMR 
(CDC13), 6 40.9 (C-5), 58.8 (C-1), 124.0 (C-3), 128.0 
(C-7 and C-8), 137.9 (C-6 and C-9), 152.7 (C-4), 188.6 
(C-2). 


Data for 1-indanone 22: ' H  NMR [(CD3)2CO], 
6 2.60 (ni, 2H; H-2), 3-16 (m, 2H; H-3), 7.42 (m, 1H) 
and 7.63 (m, 3H), olefinic protons. 13C NMR 


and C-7), 127.9, 135.1 (C-5 and C-6), 136.7 (C-8), 
156-0 (C-9) and 206.3 (C-1). 


'H  NMR (C6D6, TMS), 6 3.60 (1H; H-S), 4.10 (1H; 


[(CD3)2CO], S26.2(C-3), 36.5 (C-2) 123.7, 127'7 (C-4 


2-Methylbicyclo [3.3.2]nona-3,6,8-frien-2-ol (17). Pre- 
pared by the method of Ahlberg5b from 4 .27g  
(3.23 x mol) of ketone 16 and diethyi ether solu- 
tion of methyllithium (0.15 mol). Evaporation of the 
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ether from the product solution yielded 4.09 g of a 
white crystalline residue of alcohol 17 (2.76 x mol, 
85%. analysed by ' H  NMR), which was not further 
purified. The mass spectrum showed a parent peak at 
in/r 148 (CloH120). 


'H NMR (CDCI3 and with a Varian XL 300, COSY- 
45 and HETCOR), 6 1.24 (s, 3H; CH,), 1.86 (s, 1H; 
OH), 3.19 (m, J H H  = 7.8, 0.73 Hz; H-5) and 3.24 (m, 
J H H  = 6-3 ,  2.32 Hz; H-I) together, relative area of 2H, 
4.75 (d,d,d J H H  = 10.7, 2.29, 0.73 Hz, 1H; H-3), 6.07 
(d,d J H H  = 10.8 Hz, 1H; H-4), 6.17 (1H; H-7), 6 .19 
(1H; H-X), 6.55 ( IH;  H-9) and 6.65 (1H; H-6); H-6 and 
H-9 may be exchanged but in such case H-8 and H-7 
must also be exchanged. 13C NMR (CDCh), 6 27.1 


(C-7 and C-8), 133.4 (C-4), 133.9 (C-3), 139.1 (C-9), 
141.4 (C-6); C-6 and C-9 must be exchanged if  the pro- 
ton H-6 and H-9 shifts are exchanged. 


(CH3), 36.8 (C-5), 49.1 (C-1), 68.3 (C-2), 129.7, 130.4 


I-MethylcycIo[3.3. l.02~8]nona-3,6-dien-9-ol (18). 2- 
Methylbicyclo [3.2.2] nona-3,6,8-trien-2-01 (17) (4.09 g,  
2.76 x mol) was dissolved in 40 ml of acetone- 
water 7:3, v/v). A 10-mol volume of 1 M H2SO4 was 
added and the mixture was stirred at room temperature 
for 5 h. The reaction was followed by ' H  NMR spec- 
troscopy. The methyl signal of 17 at 6 1.24 disappeared 
and a new signal at 6 1.83 increased. Then 15 ml of 
water were added to the reaction mixture. After extrac- 
tion with 3 x 50 ml of diethyl ether, the collected ether 
portions were washed with 2 x 25 ml of 5 %  KHCO3 and 
25 ml of saturated sodium chloride solution and dried 
over potassium carbonate. After evaporation a bright 
oil remained, which on 'H NMR showed 18 and only a 
trace of alcohol 17. The crude product was used without 
further purification. Yield 3.5 g (2.36 x mol), 
86% alcohol 18 (cf. ref. 12). 


3H; CH3), 1.95-2.70 (m, 4H; H-1, H-2, H-5, H-8), 
3.52 (m, 1H; H-9), 5.00-5.93 (m, 3H; H-3, H-6, H-7). 


4-Methyltricyclo [3.3.1. 02,'] nona-3,6-dien-9-one (19). 
Prepared by the procedure of Ratclife and Rodehorst l 3  


with the exception of stirring the product solution for a 
longer time, 45 min instead of 15 min, at room tempera- 
ture before decanting from the residue. The yield of 
crude product was 96%. Analysis by GLC revealed that 
the crude product contained 92% of the desired ketone 
19. This crude ketone was used without further purifica- 
tion in the next step of the syntheses. A small amount 
of  the crude product was purified by GLC using a 
0.75 rn x 1/4 in i.d. copper column with 10% Carbo- 
wax 20M and 10% KOH on Chromosoorb W (60-80 
mesh) at a column temperature of 120 C.  


'H NMR [(CD3)2CO] at room temperature, 6 1.83 
(d, JHH = 1.3 Hz, 3H; CH3), 2 .26 (1H; H-I), 2.86 (1H; 
H-5), 2.92 (m, 2H; H-2, H-8), 5.48 (m, J H H  = 1.3 Hz, 
IH), 5.29 (m, 1H) and 5.78 (m, 1H) (H-3, H-6, H-7). 


'H NMR (CC14, TMS), 6 1.60 (s, 1H; OH), 1.83 (t, 


I3C NMR [(CD,)2CO] at room temperature, 6 22-0 
(CH,), 27.5 (C-1), 38.8 (broad; C-2, C-8), 54.1 (C-5), 
116-5 (C-3), 122.1 (broad; C-6), 123.1 (C-7), 131.8 
(broad; C-4), 210.2 (C-9). 13C NMR at - 80 OC, 6 21.8 
( J c H =  127 Hz; CH3), 25.4 ( J C H  = 182 Hz; C-1), 30.5 
( J c H z ~ ~ O H Z ;  C-2 or C-8), 31.3 ( J c ~ = 1 7 0 H z ;  
C-8 or C-2), 55.0  ( J C H  = 143 Hz; (2-9, 115.0 
(JCH = 161 Hz; C-3), 122.7 ( J C H  = 163 Hz; C-7), 128.8 
( JCH = 170 Hz; C-6), 139.3 (C-4), 21 1.4 (C-9). Carbon 
chemical shifts of the 9-barbaralone in the same solvent 
at room temperature, 6 38.5 (C-1, C-5), 80.8 (broad; 


and at -100"C, 6 26.1 ( J c H =  182 Hz; C-1), 32.4 
C-2, C-8, C-4, C-6), 121.7 (C-3, C-7). 209.5 (C-9); 


( J c  H = 174 Hz; C-2, C-8), 49.7 ( J C H  = 143 Hz; C-S), 
1 2 1 ' 7 ( J c ~ = 1 6 2 H z ;  C-3, C-7), 128.1 ( J c ~ = 1 6 8 H 7 ;  
C-4, C-6), 210'9 (C-9). 


4,9-Dimethyltricylo [3.3.1. 02*'] nona-3,6-dien-9-01 (5). 
Prepared according to AhlbergSb from 1.65 g of the 
crude product of the methylbarbaralone 19. The crude 
product 5 was not distilled but purified by preparative 
GLC. A Varian 920 gas chromatograph was used, 
equipped with a 0 .7  m x 1/4 in i.d. copper column with 
10% Carbowax 20M and 10% KOH on Chromosorb W 
(60-80 mesh) at a column temperature of 115 'C. The 
yield was 74%. 


' H  NMR [(CD3)zCO] at room temperature, 6 1.02 
(d, 3H; 9-CH3), 1'78-1.92 (4H; 4-CH3, OH), 
2'12-2.56 (4H; H-I, H-2, H-5, H-8), 5.12-5.78 (3H; 
H-3, H-6, H-7). 13C NMR [(CD3)zCO] at room temper- 
ature, 
6 23.1 and 23.6 ( J c H =  126Hz; 4-CH3 or 9-CH3), 
24.4 and 24.6 ( J C H  = 126Hz; 9-CH3 or 4-CH3). 
31.2 (broad, J C H  = 166 Hz; C-l), 32.1 and 32.3 
( J C H  = 166Hz; C-2 or C-8), 34.7 and 35.0 
( J C H  = 166 Hz; C-8 or (2-9, 49.8 (JCH = 140 Hz; C-5), 
66.1 and 66.3 (C-9), 114.8 and 116.4 ( J C H  = 157 Hz; 
C-3*), 117.4 and 119.6 (JCH = 163 Hz; C-7*), 121.3 
and 123.3 ( J C H  = 163 Hz; C-6*), 126.4 and 128.7 
(C-4). 


The complexity of the NMR data is due to 5 being a 
mixture of diastereoisomers. The carbon atoms marked 
with asterisks may exchange. The I3C NMR spectra at 
a lower temperature ( - 80 'C) show the same chemical 
shifts as those at room temperature. The methyl groups 
prefer attachment on the olefinic carbons rather than 
the cyclopropane carbons. 2 3 ' 2  


A smaller amount of 5, used for running a spectrum 
of cation 3 at the 400 MHz was analysed and purified as 
follows. The HPLC analyses and purification of 5 were 
performed with a Varian 5000 or Varian Vista 5500 
instrument equipped with a Varian RI-3 refractive index 
detector. Data sampling and peak-area integration were 
effected with a Varian DS 654. Organic solvents used 
for elution were Fisons HPLC grade. Water was dis- 
tilled and filtered through a Millipore 0.45-pm HA 
filter. The eluent was degassed in an ultrasonic bath 
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before use. The samples were filtered through 100 mg of 
CLS or Bond-Elut silica disposable columns before injec- 
tion. 


GC analyses were performed on a Varian 3500 gas 
chromatograph equipped with a flame ionization 
detector. A J .  & W. fused-silica capillary column 
(30 m x 0.251 mm i.d.) coated with DB-5 (0.25 pm) as 
the liquid stationary phase was used with hydrogen as 
the carrier gas. The injections were made on-column. 
Chromatographic data were sampled and analysed with 
a Varian DS 654 instrument. 


For the purification of 5, a Varian MikroPak MCH- 
10 (10 pm) column 300 mm x 8 mm i.d.) was used with 
60% methanol in 0- 1% potassium phosphate buffer 
(pH 7.5) as the mobile phase. The flow-rate was 3 cm3 
min-' with a pressure of 104 atm at ambient tempera- 
ture. About 50 pl  of a 0.8 M solution of 5 in methanol 
was injected using a 2-ml loop. The fraction between 
10.2 and 13-Omin was collected and extracted with 
methylene chloride, dried over anhydrous sodium 
sulphate, filtered and evaporated. 


4,9-Dimethyltricyclo [3.3. I .  Ozs8] nona-3,6-dien-9-yl 
cation (3). Synthesized directly in a 5 m m  NMR tube 
using the ion generation apparatus described previously 
in detail.3ar4b One preparation was done from 28.5 mg 
(0.18 mmol) of 4,9-dimethylbarbaralol (5) dissolved in 
CDlCl2 and added at - 133 "C to ca 0 .4  ml of a solu- 
tion of FSO3H-SO2CIF-SO2F2 (1 : 6 : 1, v/v/v). 
Another preparation was done from 26.8 mg 
(0.17 mmol) of precursor 5 dissolved in ca 0.1 ml of 
CHCl2F and added at - 135 "C to ca 0 . 4  ml of a solu- 
tion of FSO3H-SO2CIF-SO2F2 (2: 7 : 7 : 1 by volume). 


' H  NMR (CDzC12, ref. 4 ~ C H ,  1.88) at ca 
-129'C, 6 2.5 (broad, 6H; 4-CH3, 9-CH3, 5.14 
(broad, 3H; H-1, H-3, H-5), 5.73 (2H; H-2, H-8), 6.03 
( IH;  H-7), 6.22 (1H; H-6). ' H  NMR (CHC12F S 7.15 
and 6.67) at ca -146'C, 6 2.10 (4-CH3), 2.78 (9- 
CH3), 4.71 (H-l), 5.04 (H-5),5.69 (H-3 and H-2, H-8), 
5.94 (H-7), 6.12 (H-6). 13C NMR (CD2C12) at ca 
- 135 " C ,  6 26 (very broad; 4-CH3, 9-CH3), 64.4 (C-5), 
85.5 (C-2, C-8), 117.3 (C-7), 130-8 (C-6), ca 140 (C-4) 
(a hump in the noise line). I3C NMR (CHC12F) at 


73.2 (C-1), 85.5 and 85.8 (C-2, C-8), 112 (C-3), 117.0 


Figure I).  


- 144'C, 6 20.4 (4-CH3), 32.9 (9-CH3), 64.5 (C-9 ,  


(C-7), 130.5 (C-6), 143.7 (C-4), 256.7 (C-9) (cf. 


1,8-Dimethylbicyclo[4.3.O]nona-2,4,7-trienyf cation 
(4). This 1,4-bishomotropylium ion is the non- 
degenerately rearranged product of the 4,9- 
dimethylbarbzralyl cation 3 when the temperature rises 
above - 130 C." 


I3C NMR (CD2C12) at -11O"C, 6 1 5 . 5  ( J c H =  


129 Hz; 8-CH3), 20.2 ( JCH = 128 Hz; I-CH3), 57.0 
( J ~ ~ = 1 6 0 H z ; C - 6 ) ,  59.7(C-l), 1 1 5 . 7 ( J c ~ =  172Hz; 
C-2), 117.3 (JCH = 175 Hz; C-5), 138.3 ( J ~ H  = 170 Hz) 
and 140.8 ( J C H  = 169 Hz) (C-3 and C-4), 141.3 
( J C H  = 182 Hz) and 145.2 ( J C H  = 175 Hz) (C-7 and 
C-9), 156.6 (C-8). 
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SHORT COMMUNICATION 


KINETICS AND SPECTROSCOPY OF 2-NAPHTHYLPHENYLCARBENE 


VINCENT MALONEY 
Departmeni of Chemistry, Washington University, S t .  Louis, Missouri 63130, U.S.A. 


MATTHEW S. PLATZ* 
Departmeni of Chemistry, The Ohio State University, Columbus, Ohio 43210, U.S. A .  


2-Naphthylphenylcarbene (2-NPC) was studied by low-temperature EPR spectroscopy and by solution-phase laser flash 
photolysis. 2-NPC was found to have a triplet ground state with two distinct rotomeric forms. The triplet carbene was 
found to react with methanol, l.l-diphen-vlethylene, styrene, carbon tetrachloride, isoprene, toluene and 
2-methyltetrahydrofuran. 


INTRODUCTION 


In recent years, aryl carbenes have been extensively pro- 
bed by direct physical methods such as laser flash 
photolysis (LFP) and electron paramagnetic resonance 
(EPR) spectroscopy. ' These studies demonstrated a 
large dependence of carbene reactivity on molecular 
structure. For example, both diphenylcarbene (DPC)' 
and 2-naphthylcarbene (2-NC) have triplet ground 
states, but 3DPCL,4 generally reacts 100 times more 
slowly with typical quenchers then does triplet 1- or 
2-naphthylcarbene. Further, the pattern of stable 
products formed when 2-NC is generated in alkanes sug- 
gests that most of the chemistry of this carbene 
originates through its low-lying singlet state, whereas 
the chemistry of DPC in alkanes proceeds primarily 
through the ground triplet spin state.' To elucidate fur- 
ther the effect of structure on carbene reactivity, we 
studied 2-naphthylphenylcarbene (2-NPC), a species 
which shares structural features with both DPC and 
2-NC. Our results are consistent with those recently 
reported by Fujiwara et nl.' and indicate that the 
chemistry and kinetics 2-NPC more closely resemble 
those of DPC than those of 2-NC. 


W H m  


\ / /  / /  


2-NC 2-NPC DPC 
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RESULTS 


Laser flash photolysis studies 


Laser flash photolysis of dilute solutions of 
2-naphthylphenyldiazomethane (2-NPDM) in 
deoxygenated cyclohexane produced a transient 
absorption band immediately after the flash which had 
a maximum at 385 nm. A shoulder appeared at 400 nm 
in the transient optical density spectrum 2.0 bs after the 
laser flash. At 20 ,us after the laser flash, the absorption 
maximum had shifted to 405 nm. The growth of the 
405 nm transient was concomitant with the 
disappearance of the 385 nm absorbing species. 


NPDM 2.NPC 1 


In a separate experiment, laser flash photolysis of 
2-naphthylphenylmethane (2) in di-tert-butyl peroxide 
produced a transient with X,,, = 405 nm. The nature of 
the precursor to  these transients, their order of 
appearance, EPR spectroscopy, chemical analysis and 
the absolute rate constant data (see below) suggest that 
the 385 nm transient can be assigned to triplet 
2-naphthylphenylcarbene and the 405 nm absorbing 
species can be confidently assigned to the corresponding 
radical 1. 


hv 
'BuO-OBu' - 2'BuO- 
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I 
2 


Our results are in good agreement with those of 
Fujiwara ef al.,' who recently reported that 
XI,,,, = 380 nm for '2-NPC. This value is considerably 
red shifted relative to  'DPC (X,,,, -- 314 nm)4 and 
j2-NC (A,,,,, = 362 I I ~ ) . ~  The 20 nm shift in the 
absorption maxima between 'NPC and radical 1 is 
commonly observed between carbenes and their 
corresponding radicals (e.g. DPC and benrhydryl 
radical, XI,,, = 334 nm). * 


In an oxygen-saturated cyclohexane solution, a broad 
transient absorption (A,,, = 435 nm) was observed on 
laser flash photolysis of 2-NPDM. This new species, 
assigned to the carbonyl oxide 3, arises from the 
reaction of triplet NPC with 0 2 . 4 d  


il 0-0 
11 


+ 0 2 -  (JyyJ / /  


3 


No ylids or complexes derived from 2-NPC were 
detected on LPF of 2-NPDM in acetone or acetonitrile. 
Conversely, 1- and 2-naphthylcarbene are known to 
form ylids in these solvents. 


EPR spectroscopy 


The EPR spectrum of triplet 2-NPC was produced at 
77 K in either 2-methyltetrahydrofuran (2-MTHF), 
toluene or carbon tetrachloride matrices by low- 
temperature photolysis of 2-NPDM. The spectrum in 
CC14 was particularly weak but qualitatively the same as 
that observed in either 2-MTHF or toluene. As with 1- 
and 2-NC, 32-NPC displays two sets of signals due to 
syn and anti r o t o m e r ~ : ~  


toluene matrix: 


2-MTHF matrix: 


D/hc 1 anti = 0.3889 cm I, 


E/hc I anti= 0.01958 cm I ;  


D/hc 1 syn = 0-4034 crn-l, 
E/hc I syn = 0.0169 cm I ;  


D/hcl unrl=0.3898 c m - l ,  
E/hc 1 anti = 0.0195 cm-I; 
D/hc 1 syn = 0.4044 cm- I, 
E/hc  1 syn = 0.0168 cm-I. 


Fujiwara et a/.' reported a low-temperature EPR 
spectrum of '2-NPC but they did not specifically 
address the presence of rotomeric forms, referring 
instead to average field parameters 1 D/hc 1 = 
0 . 3 5 3  cm- '  and 1 E/hc I = 0.016 cm-l. Assignment of 
zero field parameters to a specific conformer is made 
possible by simple PMO theory as detailed by Roth and 


Hutton.' The \D/hc I parameter is inversely 
proportional to  r , the distance between the two 
unpaired electrons of the carbene. One unpaired 
electron of '2-NPC is localized in a a-type orbital 
whereas the other is delocalized throughout the entire a 
system. 


SY N AN'I'I 


The major contributor to the zero field parameter in 
a carbene is the coupling between the unpaired electrons 
in the u and T orbitals centered on the carbene carbon. 
An important secondary contribution to the 1 D/hc 1 
parameter is made by the coupling between the electron 
in the u orbital and the a electron at C-l of the syn 
rotomer. In the unti rotomer it  is the interaction be- 
tween the u electron and the T electron density at C-3 
that is crucial. 


The distances between the u orbital and the 1-position 
of the syn conformer and the u orbital and the 
3-position of the anti conformer are nearly the same. 
However, according to simple PMO theory," the a 
electron density at the 1-position is twice that at the 
3-position, which leads to  a large u electron-n electron 
coupling in the syn conformer. Hence the syn 
conformer would be expected to have the larger 1 D/hc 1 
value. 


Absolute rate constants in solution 


Bimolecular quenching rate constants for the reaction 
of triplet 2-NPC with various substrates were obtained 
(Table 1). Dilute solutions of 2-NPDM M) in 


Table I .  Comparative bimolecular quenching coii5ian~s at 
ambient tcmperaturc 


Sub\tiate 


~lelhallol  
Met hanol-OD 
I ,  I-Diphenylethylenc 
Sryrcne 
Carbon rstrachloride 
Iwpl-ene 
Cyclohexa- I ,4-diene 


"thc quenching p lo~  i s  curved, tee t e \ i .  
"see Ref. 4a and h. 
' w e  R e f .  Sd. 
i i ~ c c  Ref. 7 .  
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benzene were flash photolyzed at  either 308 or 337 nm 
in the presence of suitable quenchers. A Lumonics 
TE-801 M-4 excimer laser (Xe-HCl-He, 308 nm, pulse 
width 8-10 ns; maximum pulse energy 110 mJ) and a 
Molectron UV-22 N 2  laser (337.1 nm, pulse width 
5-10 ns, maximum pulse energy 6 mJ) were used. 
Bimolecular rate constants were obtained from the slope 
of plots of the observed rate constants of decay of 
'2-NPC versus quencher concentration. In benzene the 
carbene decay could be monitored free of overlapping 
absorptions of radical 1. Diethyl fumarate, trans- 
stilbene and tetramethylethylene reacted very sluggishly 
with '2-NPC, and therefore the bimolecular quenching 
rate constants of these substrates must be less than 
lo5  Imol- ' s - ' .  These rate constants are much slower 
than those of 3DPC or '2-NC with the same quenchers. 
A curved quenching plot was observed in the reaction of 
2-NPC with methanol in a manner reminiscent of that 
observed in the reaction of phenylchlorocarbene and 
methanol. I '  This phenomenon was attributed to 
oligomerization of the alcohol. For the sake of 
comparison with other carbenes, the 'best' straight line 
fitted to the curved methanol quenching plot is reported 
in Table 1.  


In toluene and 2-MTHF it was possible to monitor the 
growth of radical 1 at  405 nm. Owing to problems 
associated with spectral overlap, it was more reliable to  
monitor the growth of radical 1 than the decay of 
32-NPC.4 However, it was only possible to obtain 
pseudo-first-order growth rate constants in neat solvents 
owing to the sluggish nature of the hydrogen atom 
transfer. The temperature dependence of the pseudo- 
first-order growth rate constants were determined and 
yielded the following activation parameters: toluene, 


(1 74-294 K); and 2-methyltetrahydrofuran, 


(165-293 K). The activation energies and A factors 
observed are comparable to those for diphenylcarbene 
and, in the case of toluene, alniost identical. 


E ,=3 .2I f :  0 . 2 k c a l m o l - ' ,  A = 107.88  50.05 s - I  


E, = 2.8 2 0.2 kcalmol-', A = 108~49?0 .11  s - I  


EPR kinetic studies 


The decay kinetics of 32-NPC were monitored by EPR 
in 2-MTHF and toluene matrices. Non-exponential 
kinetics due to site problems were observed, ",14 
which limited the kinetic analysis to the initial 10% 
of the decay. The initial pseudo-first-order rate con- 
stants of decay triplet 2-NPC in frozen 2-MTHF 
and toluene were (7-07 If: 1-42) x 10 - 4  s- '  and 
(1.65 2 0.35) x s-I ,  respectively, at 77 K.  
However, extrapolation of the Arrhenius parameters 
obtained in solution phase predicts pseudo-first-order 
rate constants of 0.167 s - '  (2-MTHF) and 
4 -  10 x I O - ' s - I  (toluene) a t  77 K. The predicted rate 
constants are several orders of magnitude larger than 
the measured values. Hence the assumption that 


solution-phase parameters are valid for low- 
temperature matrices is clearly untenable. "*"  i t  is 
apparent that the limited motion available to '2-NPC in 
a frozen glass or polycrystal retards its rate of reaction 
relative to its value in a mobile solution. The rigid phase 
may retard the rate of the classical hydrogen atom 
transfer to such an extent that another mechanism, such 
as quantum mechanical tunnelling, becomes 
operative. I' Supporting evidence for this interpretation 
comes from the observation that '2-NPC did not react 
at an appreciable rate with CC14 at 77 K ,  even though in 
solution 32-NPC reacts more rapidly with CC14 than 
with toluene or 2-MTHF. The chlorine atom is too large 
for tunnelling and no reaction is observed under these 
conditions. 


Product studies 


Product studies indicate that diphenylcarbene6 and 
2-NPC react in a similar manner with hydrocarbons. 
Photolysis of 2-NPDM in cyclohexane produced 4, 5 
and 6, products which are reasonably attributable to 
triplet processes (Scheme 1). Coinjection with authentic 
samples confirmed the presence of  these products. 
2-Naphth~fphenJ.lcyclohexylmethane (4) can in 
principle be formed either by radical 
abstraction-recombination processes or by a direct 
singlet C-H insertion reaction. The spin-state origin of 
this compound was demonstrated in an isotopic 
crossover experiment conducted in 1 : 1 (v/v) 
cyclohexane-cyclohexane-dlz. Analysis of the mass 
spectrum of 4 demonstrated that considerable amounts 
of crossover products 4d1 and 4dll were formed in the 
mixed solvent system. These compounds cannot be 
formed in a concerted singlet C-H insertion reaction, 
thereby demonstrating a triplet carbene origin of this 
reaction product. Such crossover experiments have 


NPDM I I 6 
N,= 2 Naphlhyl 
Ph= Phenyl 


4 2 


N,CH,Ph 


5 
Scheme 1 
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shown that singlet C-H insertion is the main reaction 
pathway for fluorenylidene6 and 1-naphthylcarbene in 
cyclohexane, but conversely, with diphenylcarbene,' 
the data indicate that as with '2-NPC, the carbene 
alkane adduct 4 arises via a triplet pathway. 


CONCLUSION 
The spectroscopic properties of 2-NPC resemble those 
of DPC and 2-NC. 2-NPC is a ground-state triplet 
species. It reacts in solution with hydrogen and chlorine 
atom donors and styrenes primarily through its ground 
triplet state. In this regard it resembles DPC rather than 
2-NC, which reacts primarily through its low-lying 
singlet state. 32-NPC reacts faster with methanol than 
does either 'DPC or '2-NC. The latter result implies 
that the singlet triplet energy gap in this carbene 
is smaller than that in DPC or 2-NC. ' In this regard, 
benzannelation of DPC has an effect similar to that 
observed in fluorenylidene, where benzannelation in- 
creases the reactivity of the carbene to methanol, 
presumably by reducing the singlet triplet gap. '' Despite 
the small singlet-triplett gap in 2-NPC this carbene 
reacts primarily through its ground triplet state in cyclo- 
hexane, as per diphenylcarbene. 
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DIORGANYL CHALCOGENIDES IN SOLUTIONS 


BY 'H, 1 3 C ,  77Se AND 125Te NMR* 
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IH, I3C, 77Se and Iz5Te NMR spectra were measured for  several sulphides, selenides, tellurides and their halogen 
adducts to establish the criteria for distinguishing trigonal bipyramidal (TB) adducrs from molecular complexes (MCs). 
TB formation caused large downfield shifts for methyl protons and methyl, ips0 and para carbons of methyl and 
phenyl selenides and tellurides. Large downfield shifts (> 100 ppm) were also observed for selenium and tellurium by 
the formation of TB from the parent selenides or  tellurides. The plots of the lz5Te vs 77Se chemical shifts for a set 
of corresponding compounds gave a straight line with a slope of 1.74, showing that the linear relationship holds well 
for tellurides and selenides and their TB adducts examined in this work. Upfield shifts of the ips0 carbons were 
characteristic of MC formation. The para carbon signals of MC appeared downfield relative to those of the parent 
selenides, although the shift values were not so large. The 77Se signals for MC shifted slightly downfield (< 10 ppm). 
The dissociation constants for iodine adducts of dimethyl selenide and selenoanisole were determined. The MC 
structure of bromine adducts of sulphides is well demonstrated on the basis of the criteria set out. 'H and 13C NMR 
spectra of ethylbenzene and ethers were also recorded in the presence of iodine or  bromine. However, their chemical 
shifts were the same as those in the absence of iodine or  bromine, within experimental errors. 


INTRODUCTION X 


R-Z-R' + X2 - R1..io or R R Z - - - - X 2  (1) 
R'l 


Iodine has been well established to  form charge-transfer 
(CT) complexes with a-, n- and possible a-donors;' it 


TB( xx > xz  ) MC( xx < X Z )  
Bromine and chlorine also react with aromatic com- 
pounds or ethers to give CT complexes or molecular 
complexes (MCs).6 Whereas iodine adducts of selenides (z or 0 se T~ F ~1 B~ I 


selenides to yield trigonal bipyramidal (TB) adducts. 7 , 8  


Halogen adducts of tellurides are all TBsS8*' Thus, in 
the reaction of diorganyl chalcogenides with electro- 
philes, such as halogens, TBs are formed if the electro- 
negativity" of the electrophiles (xX) is larger than that 
of the Group VIB elements (XZ) in the compounds: the 
adducts will be MC when xX is less than xz [equation 


can act as a a-acceptor with its low-lying a*-orbital. 2 - 6  
X 


are MCs, bromine, chlorine and fluorine react with 
X M  3.50 2.44 2.48 2.01 4.10 2.83 2.74 2-21 


This generalization holds well in most cases. How- 
ever, there are some exceptions. For example, although 
selenides react with bromine to  give TBs in general, the 
structure of the bromine adduct of thiophane has been 
reported to be an MC, '* contrary to expectation: the 
electronegativity of sulphur, and also that of selenium, 
is less than that of bromine. Although there are some (111. ' I  


* For a preliminary contribution, see Ref. I .  
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reports in the literature on the structure of the adducts 
studied by spectroscopic methods such as UV6 or IR, l 3  


they are inadequate to establish the criteria that distin- 
guish MCs from TBs. In this paper, we report NMR cri- 
teria for the examination of the structure of halogen 
adducts in solutions. 


RZR' :  R,R'  = Me,Me Me,Ph Ph,Ph 
Z = S e :  la  2a 3a 
Z = T e :  4a 5a 6a 


7a (Y = 0) 
8a (Y = C = 0) 


9a (Y = 0) 
10a (Y = C = 0) 


RR'ZX2: X = -  F C1 Br I X z = O  
a b c d e  f 


RESULTS AND DISCUSSION 


The 'H and I3C NMR spectra were recorded for 
dimethyl selenide (la), selenoanisole (2a), diphenyl 
selenide (3a), dimethyl telluride (4a), methyl phenyl tel- 
luride @a), diphenyl telluride (6a), dimethyl sulphide, 
diethyl sulphide, thioanisole, diphenyl sulphide and 
their fluorine, chlorine, bromine and iodine adducts 
(e.g. 6b, 6c, 6d and 6e, respectively) in chloroform-d or 
dimethyl suphoxide-d6. The chemical shifts are sum- 
marized in Tables 1-4 and the coupling constants are 
listed in Table 5 .  The 'H and I3C chemical shifts of 
iodine and bromine adducts of ethylbenzene, diethyl 
ether and diphenyl ether were also measured, but the 
data were almost the same as those of their parent com- 
pounds; the differences were within the experimental 


errors (less than 0.01 ppm for protons and less than 
0.1 ppm for carbons). 


j7Se and "'Te NMR chemical shifts of la-6a and of 
phenoxselenine (7a), selenoxanthone (Sa), phenox- 
tellurine (9a) and telluroxanthone (IOa) are given in 
Table 6 ,  together with those of halogen adducts. The 
temperature dependence of the I2'Te chemical shifts of 
6c and 6d were also measured. 


When a favourable geometry is possible, *-electrons 
of benzenes and n-electrons of diorganyl chalcogenides 
or amines are easily transferred to  a*-orbitals of halo- 
gens, since the energy levels of the a*-orbitals are 
relatively low. 2 - 6  The bromine- and chlorine-benzene 
(1 : 1 )  complexes l4 and halogen (iodochlorine, bromine 
and chlorine)-ether complexes I' have been demon- 
strated to  be C T  complexes or molecular complexes 
(MCs) in the solid. The geometry of the former has D6h 
symmetry14 and that of the latter is tetrahedral. " 


Although there is evidence in the literature for the 
formation of these complexes in s o l u t i o n ~ , ~ ~ * ' ~ ~  no sig- 
nificant differences could be detected between the 'H 
and 13C NMR chemical shifts of ethylbenzene, diethyl 
ether and diphenyl ether in the presence and absence of 
iodine or bromine in chloroform-d. These results show 
that the formation of such complexes under the condi- 
tions used (0.1 M in chloroform-d) would not be so sig- 
nificant based on NMR, although ethers yield stronger 
complexes with other hard acids. 


The following points should be considered when such 
complexes are investigated by NMR: (i) the structural 
change in the formation of complexes, (ii) the effect of 
the formation of the adducts on NMR parameters and 
(iii) the formation (dissociation) constants of the com- 
plexes in solution. 


The observed chemical shift data ( 8 )  should be the 
average of those for the free compounds (6t) and com- 


Table 1. 'H and I3C NMR chemical shifts of dimethyl selenide (la),  seleno- 
anisole (2a), diphenyl selenide (3a) and their halogen adducts (TBs)".~ 


~ ~~~~ 


Compound H-Me C-Me C-i C-o C-rn C-p 


MeSeMe ( la)  


MeSeClzMe (lc) 
MeSeBrzMe (Id) 
PhSeMe (2a) 


PhSeC12Me (Zc) 
PhSeBrzMe (2d) 
PhSePh (3a) 


PhSeClzPh (3c) 
PhSeBrzPh (3d) 


2-00 
0.00 
1.64 
1.63 
2.31 
0.00 
1.59 
1.59 


6.0 
0.0 


38.8 
36.6 


7.2 131.7 
0.0 0.0 


38.5 9.3 
36.4 6.4 


131.1 
0.0 


11.4 
7.9 


130.2 
0-0 


- 1.7 
- 1 . 1  
132.9 


0.0 
- 1.7 
-0.5 


128.8 
0.0 
1.1 
1.4 


129.2 
0.0 
0-5 
0.6 


125.9 
0.0 
5.8 
5.7 


127.2 
0.0 
4.4 
4.3 


'In CDCI,. 
bChemical shifts (ppm) are given from TMS for la ,  Za and 3a and from their parent 
compounds for the adducts. 
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Table 2. 'H and "C NMR chemical shifts of dimethyl telluride (4a), methyl 
phenyl telluride (Sa) and diphenyl telluride (6a) and their halogen adducts (TBS)".~ 


Compound H-Me C-Me C-i C-o C-m C-p  


MeTeMe (4a)' 1.85 -21.9 
0.00 0.0 


MeTeClzMe ( 4 ~ ) ~  1.32 48.9 
MeTeBrzMe (4d)d 1.45 46.8 
PhTeMe (Sa) 2.17 -16 .6  112.8 135.2 128.9 126.5 


0.00 0.0 0.0 0.0 0 . 0  0.0 
PhTeClzMe (Sc) 0.92 46.2 22.9 -2.3 0.0 4.0  
PhTeBrzMe (Sd) 1-05 43.9 19.5 - 1 . 5  0.2 4 . 0  
PhTeIzMe ( S e )  1.04 40.1 - 0.6  0 . 3  3 .8  


g -17.5 113.4 136.8 129.4 127.4 Sa ' 
- 0.0 0 . 0  0.0 0.0 0.0 
g 42.4 12.2 -1.0 0.8  4.1 Se 


PhTePh (6a) 114.7 137.3 129.4 127.6 
0 . 0  0.0 0.0 0.0  


PhTeFzPh (6b) 25.4 -6.2 -0.2 3.1 
PhTeClzPh (6c) 23.6 -3 .1  -0.4 3.0  
PhTeBrzPh (6d) 20.1 - 1 . 8  - 0 . 5  2 .9  
PhTelzPh (6e) -0.2 - 0 . 3  2.5 
6a ' 115.4 138.4 129.8 128.0 


0 . 0  0.0 0.0 0.0 
6e ' 12.9 - 0 . 4  0.4 3 .3  


a In DMSO-dn. 
'Chemical sh i f t s  (ppm) are given from TMS for 4a, 5a and 6a and from their parent 
compounds for the adducts. 


I n  C&,.  
In CDCII. 


In dioxane. 
N o t  measured. 


' N o t  observed owing t o  broadening. 


plexes ( ~ M c ) :  


K A6 
= 6MC - ___ 


K + ciI 
where A6 = ~ M C  -- 6r 


(3) 


(4) 


6 -- - K A6 cii I if  K -e CI, ( 5 )  


As the electronegativity of halogens and the donor 
ability of n-orbitals of diorganyl chalcogenides become 
higher, a larger amount of the n-electron would be 
transferred to the cr*-orbitals of halogens. In such cases, 
more stable complexes will be formed and their dissocia- 


tion constants must be smaller. Moreover, as the elec- 
tron transfer becomes much larger, the halogen can no 
longer exist as a halogen molecule. The X-X bond will 
cleave, since the electron transferred from the chalco- 
genides would reside in the antibonding orbital;6 TB 
adducts would be formed when a large amount of elec- 
tron is transferred. 1 1 2 ' 8 * 1 9  Therefore, TBs should have 
highly polar apical bonds constructed with two nega- 
tively charged halogen atoms (X) and a positively 
charged central atom (2). 18,'9 Figure 1 shows the cor- 
relation diagram in the reaction of ZHz with Xz, start- 
ing from ZH2 + 2X., which gives a TB or MC; TB will 
form in this case since AEIB -- AEhp > A E t r  + 
AE, = A E M c ,  which is derived from xx > x7 and E(p7)  
of X < E ( p z )  of Z, where the A E s  are as given in 
Figure 1. The dissociation constants of TBs are expected 
to be very small. 


'H and I3C chemical shifts of trigonal bipyramidal 
(TB) complexes 


Selenides and tellurides, in general, react with fluorine, 
chlorine and bromine to give TBS. ' -~."  Iodine also 
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Table 3. 'H  and "C NMR chemical shifts of methyl, ethyl and phenyl chalcogenides and 
their iodine adductsa,b 


Compound H-1 H-2 C-1 c-2 C-i C-o C-m C - p  


Me2S 2.12 
0.00 


MeZS+ 1 2  0.19 
EtzS 2.56 


0.00 
Et2S + l z  0-16 
PhMeS 2.48 


0.00 
PhMeS + 12 0.11 
Ph2S 


PhzS + 1 2  
l a  2.01 


0.00 
l a  + 1/31z 0.15 
l a  + 2/312 0.27 
l a +  12 0.42 
2a 2-35 


0.00 
2a + 1/21> 0.10 
2a + 12 0.27 
2a + 212 0.35 
3a 


3a + 1 / 2 l ~  
3a + 5/412 
3a + 2IZ 


18.1 
0.0 
2.1 


1.26 25.5 
0.00 0.0 
0.07 4 .2  


15.9 
0.0 
1.7 


5.9 
0.0 
2.7 
4 . 9  
7 .4  
7.2 
0.0 
2.3 
5 . 0  
7 .6  


14.7 
0.0 
1.3 


138.3 
0.0 


~ 1.9  
135.7 


0.0 
- 0.4 


131.7 
0.0 


- 0 . 9  
- 2 . 0  
- 3.0 
131.1 


0.0 
- 0 . 6  
~ 1 ' 1  
~ 1.5 


126.6 
0.0 
0 .6  


131.0 
0.0 


-0.1 


130.4 
0.0 
0.1 
0 .2  
0 .3  


132.9 
0.0 


-0 .2  
- 0 . 3  
- 0 . 4  


128.7 
0.0 
0.3 


129.1 
0.0 
0.0 


128.9 
0.0 
0.3 
0.6 
0 .8  


129.2 
0 .0  
0.2 
0.4 
0.6 


124.9 
0.0 
1.3 


126.9 
0.0 
0.3 


126.0 
0.0 
0 . 9  
1.9 
2.8 


127.2 
0.0 
0 . 6  
1.2 
1.5 


a In CDCI,. 
"Chemical shifts (ppm) are given from TMS for the chalcogenides and from [heir parent compounds foi 
the adducts 


Table 4. 'H and I3C NMR chemical shifts of ethyl sulphide, thioanisole and diphenyl sulphide and their 
bromine adductsaPh 


Compound H-1 H-2 C-1 c-2 C-i C-o c-rn C - p  T('c) 


EtzS 2-58 1.27 25.1 14.6 
0.00 0.00 0.0 0.0 


EtzS + Br2 0.53 0.23 14.2 -3 .4  
PhMeS 2.50 15.4 


0.00 0.0 
PhMeS + 1/2Brz 0.20 4.0 
PhMeS + Brz 0.40 8.1 
PhzS 


PhzS + Brz 
PhzS 


PhzS + BrZ 
Ph2S + 2Br2 


138.0 
0.0 


- 3 . 2  


135.7 
0.0 


- 0 . 8  
135.4 


0.0 
- 2.0 
- 3.0  


125.7 
0.0 
1 .1  
2.3 


131.0 
0.0 


-0.1 
130.8 


0.0 
-0.1 
-0.1 


128.7 
0.0 
0 .5  
1.0 


129.1 
0.0 
0.2 


129.1 
0.0 
0.3 
0.5 


124.6 
0.0 
2.5 
4.1 


126.9 
0 .0  
0 . 7  


126.9 
0.0 
1.4 
2.1 


- 20 


~ 20 
- 20 


- 20 
~ 20 


27 


27 
~ 10 


- 10 
- 10 


In CDCIj. 
hChernical shifts (ppm) are given from TMS for sulphides arid from their parent compounds for the adducts. 
'Not observed owing to  broadening. 


Decomposition was observed (ca 20% after 60 min). 
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Table 5. Coupling constants of some selenides, tellurides and their halogen adductsa 
~ 


Compound 'J(Se-C) 'J(Se-H) *J(Se-C) 'J(Te-C) 'J(Te-H) 'J(Te-C) 'J(C-H) 'J(C-H) Solvent 


l a b  60.4 10.1 140.6 3.8 CDCI; 
l c  60.8 10.1 148.3 2.5 CDCI; 
l e  56.2 8.4 143.7 3.5 CDCli 
Za 63.8 11.0 11.0 141-9 CDCI; 


10.9 13.2b 149.0 CDCI; 
CDCI; 


2c 61.0 
2e 9 . 0  10.7 
3a 11.0 CDCI; 
3c 11.2 CDCI; 
4a 158.7 20.8 141.6 
4c 173.7 25.8 145.5 2.1 CDCI; 
4d 159.1 25.9 146.2 2.1 CDCI; 
6a 22.0 DMSO-dh 
6b' 36.8 DMSO-d6 
6c 25.8 DMSO-d6 
6d 22.0 DMSO-d6 


E d 


2.8 C6D6 


" In Hz. 
'Ref. 3 1 .  


'I Not measured. 
Not observed owing to broadening. 


J(F-Te) = 652, 'J(F-C) = I I . 2 ,  'J(F-C) = 11.7, 4J(F-C') = 2.0 and 5J(F-C)  = 2 . 2  Hz. C I  


Table 6. 77Se and '"Te NMR chemical shifts of some selenides, 
tellurides and their halogen adducts 


Compound 6 ( 7 7 ~ e ) a  Compound 6 (  '25Te)b 


la  
l c  
Id 
2a 
3a 


3c 
3d 
3e' 
7a 
7c 


7e 
8a 


0.0 


419.8' 


582.8' 
545.4' 
424-7' 
260-6 
381.7 


263.4 
334.7 


4a 
448' 4c 
389' 4d 
202' 5a 
415' 6a 


6b 
586' 6c 


6d 
6e 
9a 
9c 
9d 
9e 


337' 10a 


0.0' 


689.3 
1142.2 
995.4 
978.1 
928 1 2' 
432.3 
628.6 
598.4 
549.1' 


471.5 


749' 
669' 
330' 
688 


981' 
980 


424' 


468 ' 
In CDCI3. 
In DMSO-d6. 
In C6D6. 


dThe adduct 3c' represents 3 a . i  1 2 ;  the estimated value for 3c ( 1  : 1) is 6428.0 
based on "C NMR. 


Half-width values (non-decoupling) are as follows: 19 Hz for 3a, 23 Hc for 
3c, 84 Hr for 3d, 101 Hz for 3 e ' ,  1508 Hz (12.0 ppm) for 6c and 275 Hz 
(2.2 ppm) for 9e. The signals of 6e and 9e are very broad. 
'Ref. 8 (Chap. 6) and references cited therein. 
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2 x  


I 


, 


TB 


Y -----..,- 0 - - -_ 


H 


H )z MC B x-x 


Figure 1 .  Correlation diagram for TBs and MCs constructed with ZHz fragment and pz-orbitals of 2X. or a o*-orbital of X2 (TB 
will form in this case, since xx > X L ,  A&,, > AEc1 + A&.). Other orbitals are omitted 


yields TBs in the reaction with  telluride^.^^^.^^ H and 
C chemical shifts of la-3a and their chlorine and bro- 


mine adducts are given in Table 1. The methyl proton 
and carbon signals of l c ,  Id, 2c and 2d appeared ca 1.6 
and 36-39ppm downfield from those of l a  and 2a, 
respectively. Large downfield shifts were also observed 
for ips0 (6.4-11.4ppm) and para carbons 
(4.3-5.8 ppm) of the phenyl groups by the formation 
of TBs from 2a and 3a. Whereas the values for ips0 car- 
bons depend both on the structure of selenides and on 
the electronegativity of halogens, those for the para 
carbons depend only on the former. 


The chemical shifts of ips0 and para carbons in sub- 
stituted benzenes are governed by the electronegativity 
and by the resonance effect of the substituents, respec- 
tively. 2o These results can be explained in the following 
way: (i) the amount of positive charge developed at the 
selenium atom is larger in chlorine adducts than in bro- 
mine adducts, (ii) the methyl group in TBs is able to 
neutralize the positive charge at the selenium atom more 
effectively than the phenyl group and (iii) the resonance 


13 
effect of the selenodibromo group is not very different 
from that of the selenodichloro group. 


Upfield shifts, although small, were observed for 
ortho carbons in TBs relative to the parent selenides, 
similar to the case of benzene derivatives bearing 
electronegative substituents. Meta carbons shifted 
downfield slightly. 


As shown in Table 2, the changes in the chemical 
shifts in tellururane formation show a very similar trend 
to that in selenurane formation. Large downfield shifts 
were also observed for the methyl protons and the 
methyl, ips0 and para carbons. The shifts of the para 
carbons for the tellurium compounds are smaller than 
those for the selenium compounds. 


TB adducts contain hypervalent bonds. I 9  The model 
of the hypervalent bond is that two ligands (X) are 
joined to the central atom Z through its pz-orbital. l 9  As 
shown in the left-hand side of Figure 1, the bond is 
formed by three centres with four electrons (3c-4e). A 
pair of electrons are in a bonding orbital ($1) and 
another pair in a nonbonding one ($2). Since the $2 
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orbital has the coefficients only on the ligands, the 
3c-4e bond is formed with the electron transfer from 
the pz-orbital of the central atom Z to  the X ligands, 
resulting in the highly polar X*--Z6+--X6- bond. l 9  


This model is in good agreement with the observed 
large downfield shifts for the methyl protons and the 
methyl and ips0 carbons in the TB complexes. 


The larger shifts of methyl and C-l carbons for tel- 
lururane formation relative to those for selenurane for- 
mation are due to the more polar hypervalent bonds in 
tellururanes compared with selenuranes. On the other 
hand, the downfield shifts of para carbons are larger in 
selenurane formation than those in tellururane forma- 
tion. Since electrons will be transferred from the para 
carbon to the selenodihalo or tellurodihalo group 
through the ips0 carbon by resonance, the resonance 
effect in selenuranes must be larger than that in tel- 
lururanes. Orbital interactions occur more effectively 
when the energy differences of the two orbitals is 
smaller and the overlap integral of the two becomes 
larger. Judging from the character of pz-orbitals of  
selenium, tellurium and carbon atoms, the pz-orbital 
of selenium may interact more effectively with 
p(a)-orbitals of benzene rings than that of tellurium, 
resulting in the larger resonance effect in selenuranes. 


Large downfield shifts of methyl protons and methyl, 
ips0 and para carbons are characteristic of TB forma- 
tion. The values for ips0 carbons depend on the elec- 
tronegativity of the halogens, but those for para 
carbons are independent of it. 


'H and I3C chemical shifts of molecular complexes 
(MCs) 
' H  and 13C NMR chemical shifts of iodine adducts of 
sulphides and selenides are given in Table 3 ,  together 
with those of the parent compounds. Methyl proton and 
carbon signals of the adduct (le, 1 : 1) of dimethyl 
selenide ( l a )  shifted 0.42 and 7 . 4  ppm downfield rela- 
tive to  those of la ,  respectively. These values were 0.27 
and 5.0 ppm, respectively, when the NMR spectra of 
selenoanisole (2a) were measured in the presence or 
absence of iodine (1 : 1). Whereas a 1 * 9  ppm downfield 
shift was observed for the para carbon of the adduct, 
the ips0 carbon signal appeared 2 . 0  ppm upfield relative 
to those of 2a. A similar trend was also observed for 
diphenyl selenide (3a): the signals of the ips0 and para 
carbons of  the iodine adduct (3e) (1 : 1.25) appeared 
ca 1.0 ppm upfield and ca 1 * O  ppm downfield, respect- 
ively relative to those of 3a. 


Similarly to the case with selenium compounds, the 
ips0 and paru carbon signals shifted upfield and 
downfield, respectively, although to  a smaller extent 
(0.3-0.65 times), when NMR spectra were recorded for 
iodine adducts of sulphides, dimethyl sulphide, diethyl 
sulphide, thioanisole and diphenyl sulphide. Whereas 
the signals of alkyl carbons adjacent to  sulphur moved 


downfield, those of the C-2 carbons of diethyl sulphide 
shifted upfield. The upfield shifts of ips0 carbons were 
also observed in the phenyl groups, which are 
characteristic of MC formation together with relatively 
small shifts. 


On the right-hand side of Figure 1 is presented mol- 
ecular orbital correlation diagram for an MC. The 
extension of n-electrons of sulphides or selenides over 
the o*-orbitals of halogens stabilizes their own n- 
orbitals. The decrease in energy ( A E c T )  in this process 
is the driving force for MC formation. An MC will form 
if xx is less than X Z ,  since AECT will be larger than 
AEhp - AE,  in such cases. 


Sulphides, in addition to selenides, are expected to 
form TBs'l in the reaction with bromine if the elec- 
tronegativity lo  of sulphur is considered ( x s  = 2.44, 
xse = 2.48, Xnr = 2.74). An MC structure for the bro- 
mine adduct of thiophane, however, has been proposed 
based on x-ray crystallography. I *  


As shown in Table 4, upfield shifts were observed for 
ips0 carbons in phenyl groups and for the C-2 carbons 
in ethyl groups, and the signals of alkyl carbons adja- 
cent to  sulphur and of para carbons in phenyl groups 
shifted downfield when the NMR spectra of the 
sulphides were recorded in the presence of bromine. 


The shifts are larger than those of the iodine adducts 
of sulphides and almost the same as those of the iodine 
adducts of selenides. They become larger as the mea- 
surement temperature decreases. The MC structure of  
bromine adducts of sulphides in solution is well estab- 
lished on the basis of these NMR parameters. 


Coupling constants 


Coupling constants between magnetic nuclei in some 
selenides, tellurides and their halogen adducts are given 
in Table 5 .  The formation of halogen adducts changes 
the structure of selenides and tellurides, which affects 
the couplings. J(Te-C), 'J(Te-C) and *J(Te-H) 
increase with the formation of adducts. The first two 
couplings depend on the electronegativity of the halo- 
gens. MC formation may decrease the 'J(Se-C) values. 
The 'J(C-H) values can be used to distinguish between 
the structures of adducts: the differences are ca 7 Hz on 
selenurane formation, compared with 3 Hz for MC for- 
mation. The difference in 'J(C-H) values are smaller 
for tellurium compounds than for selenium compounds, 
and the values depend on the electronegativity of the 
halogens, but they increase when the chlorine adduct 4c 
(3 .9  Hz) is corrected to  the bromine adduct 4d 
(4.6 Hz). Coupling constants are a useful parameter for 
the investigation of the structure of the adducts if they 
are examined carefully. 


Dissociation constants 


As seen in Tables 3 and 4, the shifts for protons and car- 
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Figure 2. Estimation of the methyl carbon chemical shifts of 
(*) ‘le’ and ( A  ) ‘2e’ at [la] or [Za] = 0 and [I21 = 


bons change monotonously but not linearly with the 
amount of iodine or bromine added. These results are 
easily explained by assuming that MCs are in equilib- 
rium with the components [equations (2)-(91. ” To 
examine the structure of MCs in more detail based on 
NMR, the dissociation constants ( K )  were determined 
for the iodine adducts l e  and 2e. 


The methyl carbon chemical shifts of ‘le’ and ‘2e’ 
[dMc(le) and dMc(2e), respectively] were estimated to 
be 15.38 and 16.32 ppm, respectively, as the intercepts 


Table 7. Equilibrium constants for some iodine adducts 


Compound K (mol-’) Solvent 


MezS. I2 1.40 X lo-’  cch a 


MezSe.12 2 . 1 2 ~  CCL a 
(4.05 2 0.27) X CDCla This workb 


PhMeSe.12 (1.67 2 0 . 1 4 ) ~  lo-’ CDCll This workb 
PhzSe.Iz 3 . 6  xlO-’ cc14 a 


“Ref.  17. 
bAt 27’C. 


on the ordinate (Figure 2), the abscissa being [I21 - I .  


Therefore, the values correspond to  the chemical shifts 
under the conditions [I21 = 00 and [ le] or [2e] = 0, 
since the plotted values had been extrapolated to [lel or 
[Ze] = 0 at certain concentrations of iodine (Figure 3). 
The K values are calculated to be 4.05 x 10- for l e  and 
1.67 x for 2e using the estimated values (Table 7) .  
The degree of dissociation, a ,  was also calculated for 
le and 2e under the conditions in Table 3 (0.1 M), 
and were 0 - 1 8  and 0 -32 ,  respectively. Thus the ratio 
of the concentrations of the two adducts is 
(1 -O.lS)/ ( l  - 0 . 3 2 ) =  1.2. The ratio of the chemical 
shifts of l e  from l a  to  2e from 2a is ca 1 - 5 .  Although 
the conditions for the chemical shift measurements in 
Table 3 are not severe, the ratio of the chemical shifts 
(1.5) is larger than that of the concentrations ( 1  *2),  
which may reflect electron transfer occurring more 
effectively in l e  than in 2e (1 .5/1*2 = 1.2). The 
difference in the amount of electron transfer between le 
and 2e could be estimated from the chemical shifts of 
‘le’ and ‘2e’ from l a  and 2a, respectively. The value is 
(15 .38-5 .9) / (16-32-7*2)= 1.1 ,  which is close to 


0 1 .o 2.0 IM1/112 


Figure 3. Estimation of the methyl carbon chemical shifts of (*) ‘le’ at [ I 4  = 4.04 x lo-’ M and ( A ) ‘2e’ at [ I 4  = 0.157 M 
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that obtained above. These results are in agreement with 
the donor ability of the methyl and phenyl groups, 
which affects the amount of electron transfer. The 
donor ability of a methyl group must be larger than that 
of a phenyl group, because the sp2  carbon is expected 
to withdraw an electron more strongly than the sp3 car- 
bon, as represented by Taft UI values of -0.05 and 
+0.10 for the methyl and phenyl groups, respectively. 


The I3C chemical shift of le  from la  is 3 .5  times 
larger than that of the iodine adduct of MeSMe from 
the parent sulphide, which could be due not only to the 
difference in the degree of dissociation but also to that 
in the amount of electron transfer. 


The chemical shifts of 'iodine adducts (MC)' from the 
parent compounds are expected to be several times 
larger than those observed in solutions, depending on 
the K values. 


Se and lZsTe chemical shifts 17 


Table 6 shows 77Se and ''%e NMR chemical shifts of  
some selenides and tellurides and their halogen adducts. 
TB formation causes large downfield shifts (over 
100 ppm). The shifts depend on the electronegativity of  
the halogens and on the structures of the selenides or tel- 
lurides. On the other hand, the 77Se signals of the iodine 
adducts of selenides appear only slightly downfield (less 
than 10 ppm) relative to those of the corresponding 
selenides. 


The temperature dependence of the '"Te chemical 
shifts was also measured for 6c and 6d. The values were 
0.17 and 0.19 ppm K -  ' (296-319 K), respectively, 
which are larger than that reported for dimethyl selenide 
(0.025 ppmK ~ and smaller than those for aryl 
diselenides (0.4 ppm K -  or selenocarbonyl com- 
pounds (0.34--0.48 ppmK- I ) . 2 4  


Plots of the '25Te chemical shifts of telldrides and 
their chlorine and bromine adducts vs the 77Se chemical 
shifts of the corresponding selenides and the halogen 
adducts, which are TBs, gave straight lines with a slope 
of 1.74 (Figure4). This value is very close to the 
reported values ( 1  g2' for mainly alkyl chalcogenides 
with a few halogen adducts and onium ions; 1.71 26 for 
alkyl chalcogenides; 1 .6027 for o-halogenated seleno- 
and telluro-phenetoles). These results show that the 
linear relationship between I2'Te and 77Se chemical 
shifts holds for a wide range of TB adducts and for 
tellurides and selenides. 


Although larger (2.3-2.428) and smaller (1.3") 
values have also been reported for heterocyclic com- 
pounds, the plots for phenoxytellurine and phenoxy- 
selenine and I heir chlorine adducts follow the straight 
line. The d o t s  for their iodine adducts and 6e and 3e' 
deviate from the line (3e' represents 3a.  4 12; the esti- 
mated value for 3e (1 : 1) is 6 428.0 based on I3C 
NMR). This finding is consistent with the structural dif- 


6 ("'Te) 


1000 


80 0 


60 0 


4 0 0  


200 


0 


0 


iSc.6~) 


I lc,4cj 


(7c, 9c) 


200 4 0  0 


Figure 4. Plots of '25Te chemical shifts vs "Se chemical 
shifts. (a) Data from this work; ( A )  data for TB/MC; ( w )  


literature values from Table 6 


ferences: i.e. the iodine adducts of the tellurides are TBs 
but those of the selenides are MCs. 


TB formation from the usual diorganyl chalcogenides 
causes large downfield shifts in the '"Te and 77Se chem- 
ical shifts, the values being very small with the forma- 
tion of MCs, although upfield shifts have been reported 
for the formation of halogen adducts from 
bis(trifluoromethyl)tellurides [6( '"Te) 1355 (R2Te), 
1187 (RlTeFz), 11 18 (RzTeC12), 1186 (RzTeBrz); 


The plot for telluroxanthone and selenoxanthone 
deviates from the straight line. This deviation, which 
must be a reflection of the electronic structure of the 
xanthones, led us to investigate the chemistry o f  the 
compounds in more detail. 


R = CF3] 30 .  


EXPERIMENTAL 


Spectral measurement. The 'H and I3C NMR 
spectra were obtained on a JEOL FX-60Q spectrometer 
operating at 60 and 15 MHz, respectively. The 77Se and 
"'Te spectra were recorded on a JNM GX-400 
spectrometer (JEOL) operated at 76 and 126 MHz, 
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respectively. Good signal-to-noise ratios were obtained 
by about 2000 accumulations with a 45" pulse and a 
pulse delay of 1.5-3.0s, with either 'H noise 
decoupling or the non-decoupling mode for ca 0.2  M 
sample solutions in a 10 mm diameter tube. T j e  
temperature of the measurement was at 22 2 3 C 
unless stated otherwise. The 77Se chemical shifts were 
referenced to external Se(CH3)z in CDCI, at 
76244280 Hz in our instrument, and were precise to 
2 0 . 1  ppm. '"Te chemical shifts were referenced to 


external Te(CH3)z in benzene-& (ca 20%, v/v) at 
126 129960 Hz. Other conditions were almost identical 
with those reported earlier. 3 1  


Approximately 50- 100 mg of sample (chalcogenides 
or their halogen adducts) were dissolved in 1 . 5  ml of 
chloroform-d or other solvents. The solutions of iodine 
adducts of ethers, sulphides or selenides were prepared 
by mixing these compounds in CDC13 (0.1 mol I - '  with 
equimolar or other molar ratio of iodine in NMR 
sample tubes. Bromine adducts of sulphides were 
prepared similarly and their spoectra were recorded at 
low temperatures ( -  10 to  - 20 C) since decomposition 
took place (possibly bromination). 


Compounds. Dimethyl selenide (la) (Tokyo Kasei), 
3a, 4a and 6a (Strem Chemicals) were used as received. 
The following compounds were prepared as described 
in the literature: 2a,' 5a,8 7a,32 8a,33 9a,34 10a3' and 
their halogen adducts together with those7*893z-35 of la, 
3a, 4a and 6a. The physical properties agreed well with 
those in the literature. 


Method f o r  calculating equilibrium constants. A 
chloroform-d solution of iodine (3.94 x M) was 
prepared using a volumetric flask. Two equivalents of a 
selenide, which was calculated based on the amount of 
iodine in 1.50 ml of the solution, were dissolved in 
1 .50ml  of the iodine solution. 'H  and I3C NMR 
spectra were measured. Then the iodine solution 
(1.50ml) was added to the selenide solution and the 
NMR spectra were recorded after each similar dilution. 
The signals of methyl protons and methyl and para 
carbons shifted downfield monotonously but not 
linearly when they were diluted. The values were plotted 
against the concentration of  the selenide and the 
extrapolated shift values at a given concentration of 
iodine was obtained graphically. The estimated shift 
values were also obtained similarly at other iodine 
concentrations (7-87 x 


As shown in Equation (9, the plots of estimated 
values against the inverse concentration of iodine gave a 
straight line for l e  and a slightly upward curvature for 
2e. These lines allow the shift value at infinite 
concentrations of iodine to be extrapolated as the 
intercepts on the ordinate. The calculated K values for 
le and 2e are 4 . 0 3 ~  and 1 . 5 0 ~  1 0 ~ 2 m o l l - ' ,  
respectively. Since the K value for 2e is not much 


0.118 and 0.157 M). 


smaller than the IZ concentration of 3.94 x M ,  the 
K value was recalculated using three other points, and 
was 1.67 x lo-' mol I -  '. These values were obtained by 
the least-squares method. 
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Nitranions of pyrrole, aromatic and heteroaromatic amines, carboxamides and pyridyl carbanions are generated by 
deprotonation either of NH or CH acids. The positive or negative displacements undergone by the I5N nucleus 
relative to the neutral precursor depend on whether a u or T charge is increased. They are associated with the symmetry 
of the nitrogen orbital in which the electron pair is either generated or that to which it is delocalized. 


INTRODUCTION 


Organic chemists have devoted considerable attention 
recently to  I5N NMR' because of its relevance in impor- 
tant chemical' and biological3 investigations. Nitran- 
ions are key intermediates in organic synthesis4 and ISN 
NMR spectroscopy is an appropriate and useful tool for 
their characterization. Nevertheless, it is only recently 
that a number of "N investigations have been 
published,'-' following the early appearance of a few 
reports on the 14N NMR of these species.' Two main 
themes have emerged. First, "N NMR investigations 
have been carried out on nitranions in nonpolar 
(hydrocarb~n) ' .~  or weakly polar (ether) solvents, 6,7 the 
favoured media of synthetic chemists. Emphasis was 
placed on the structural characterization of aggregates 
in solution,'-' and the results were correlated with 
solid-state x-ray structures' and theoretical 
investigations. Second, nitranions and also carb- 
anions, oxanions and thianions have been generated in 
the polar solvent dimethyl sulphoxide (DMSO) under 
conditions in which the organic anions are considered to  
be present as free ions or solvent-separated entities. 
Bordwell and co-workers lo evaluated the relative 
nucleophilicities of such species through Brmsted plots 
(SN2 rates vs DMSO acidities of the precursors). We 
have performed a I3C NMR investigation on charge 
delocalization in nitranions in DMSO; I '  spectra of the 
same nitranions obtained in tetrahydrofuran (THF) 
indicate that association phenomena are present. 


on substituent 
effect treatment of the acidities of a-toluene carbon 
acids (A) and N-substituted-N-phenyl nitrogen acids 


In our previous I3C investigations 


*Author for correspondence. 


0894-3230/90/030 139-04$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 


(B), and on a-substituted benzyl carbanions (A-)  and 
N-substituted-N-phenyl nitranions (B- ) we provided 
evidence that: (i) Cpara shifts of both A- and B- 
respond to substituent effect treatment; (ii) Cpara shifts 
in A -  are linearly correlated with DMSO pK,s of A; 
(iii) C,,, shifts in B- are nor correlated with p K d  of B; 
(iv) while DMSO acidities of A are dominated by the 
mesomeric component of the effect exerted by the 
substituent X, the DMSO acidities of B are dominated 


Ph-CH2-X Ph-CH--X 


A A -  


Ph-NH-X Ph-N--X 


B B 


by the polar-inductive component of the effect exerted 
by the substituent X. We concluded" that the lone pair 
developed in nitranions by deprotonation of the con- 
jugate nitrogen acid has limited chances of providing 
mesomerically an extra stabilization to the anion 
because it resides in an sp2 orbital orthogonal to the 7r 


conjugated frame of the system. In the light of this con- 
clusion, we decided to apply "N NMR spectroscopy in 
the investigation of a number of nitranions in DMSO, 
in which the nitrogen atom is present in a conjugated 
framework. We were interested in evaluating the 
influence of structural reorganization and charge 
delocalization on the shift variation between the neutral 
nitrogen acid and the nitranion. A "N shift-charge 
relationship, analogous to  that well known for 13C in its 
various modifications, I 4  would be particularly welcome 
for nitranions in view of the possibility of correlating 
charge with reactivity through the second term of the 
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Klopman-Salem equation. I s  We found that, relative to  
the neutral precursors, ionization causes upfield or 
downfield shifts of I5N depending whether a K or u 
charge is increased. 


RESULTS 


Table 1 reports the I5N shifts of the amino functionality 
and of the pyridyl nitrogen of a number of derivatives 
in both the neutral and anionic forms. It can be seen 
that the amino group of aniline, diphenylamine, 
arninopyridines and carboxamides undergoes a low-field 
I5N shift on deprotonation. Also, the I5N shift of pyr- 
role undergoes a low-field displacement on deprotona- 
tion. Deprotonation of 2- and 4-aminopyridines pro- 
motes considerable upfield displacements of the pyridyl 
nitrogens, in contrast with the already described low- 
field shifts of the amino nitrogens; in the 3-isomer the 
pyridyl "N moves only slightly, as expected on the basis 
of the limited delocalization of an electron pair on to 
a meta position. Benzylic deprotonation of 2- and 
4-benzylpyridine induces, relative to neutrals, an upfield 
shift of the pyridyl nitrogen of 58 and 96 ppm, respect- 
ively. In both nitranionic and carbanionic pyridyl 
derivatives, generation of a negative charge in the side- 


Table 1. "N chemical shifts of sodium salts of nitranions and 
their precursors" 


Compound State' hN(amine) Ahd GN(py) Ahd 


PhNHz 


PhzNH 


2 - N H z p ~  


3-NHzpy 


4-NHzpy 


PhNHCOMe 


PhNHCOPh 


2-PhCHzpy 


4-PhCHzpy 


P y r r o 1 e 


N 58.2 
A' 124.8 
N 90.0 
A 175.5 
N 72.8 
A 146.5 
N 58.6 
A 122.3 
N 67.8 
A 150.0 
N 133.0 
A' 206.4 
N 127.0 
A 201.8 
N 
A 
N 
A 
N 154.1 
A 239.0 


+ 66.6 


+ 8 5 . 5  
265.7 


+73.7  246.0 -19.7 
315.5 


+63.7  310'2 - 5 . 3  
275.0 


+82.2  234.3 -40.7 


+ 73.4 


+ 74.8 
314.5 
256'2 -58.3 
309.0 
212'4 -96.6 


+ 84.9 


" Nilrogen shielding relative to liquid NH3 (0.0 ppm), 380.23 pprn from 
neat nitromethane. 
" p y  - pyridine. 
' N = neutral. l)MSO-dh solution5 1 41 in substrate; A =anion ,  DMSO 
d u t i o i i  0.5 \I  in substrate, I 21 in bare. 
" A 6  = g(anion) ~ S(neutra1): positibc value, represent low-held 
displacemenis. 


N-enriched substrate u\ed for the anionic solution. i 1 %  


chain at position 4 has a much larger effect than that in 
position 2. 


DISCUSSION 


Inspection of the results in Table 1 indicates that there 
is a different behaviour of the aniine, pyrrolic and car- 
boxamidic nitrogen (low-field variation) relative to  the 
pyridyl nitrogen (high-field variation). The observed 
low-field displacement subsequent to  deprotonation of 
systems such as pyrrole, aromatic amines and carbox- 
amides cannot be ascribed to the rehybridization of the 
nitrogen atom (tetrahedral to trigonal). In fact, neutral 
pyrrole is flat;I6 the trigonal configuration of the 
nitrogen atom must also he maintained in the anion, as 
confirmed by recent x-ray analysis of N-lithio- 
carbazole. Of the two electron pairs belonging to the 
nitrogen atom of the pyrrole anion ( l ) ,  the first is 
already placed in the p orbital perpendicular to the 
plane of the ring, and it is delocalized within the ring to 
contribute to the aromaticity of the system. The second 
electron pair is generated in the sp2 orbital originally 
used by the nitrogen atom for bonding with the 
hydrogen atom and therefore does not have the correct 
symmetry for overlapping with the a frame of the ring. 
Because of this limitation we interpret that the sp2 elec- 
tron pair can contribute only in an indirect way to  the 
electron donation from the nitrogen atom to the ring. 
The relatively modest 13C shift variations between the 
anion and the neutral (AC-2 = 6.2 ppm, AC-3 = 
- 3 . 6  ppm in DMSO) support this reasoning. The 
indirect charge donation might be envisioned as an 
orbital repulsion effect by the sp2 electron pair on the 
other p-K electron pair of nitrogen towards the carbon 
atoms of the ring or, alternatively, as a leakage of the 
new electron pairs into the p orbital. In analogy with 
the pyrrolic nitrogen, the nitrogen atoms of acetanilide 
and benzanilide are trigonal in both the neutral and 
anionic states. ')' Also, a trigonal configuration must be 
attributed to the aromatic amine nitrogen on the basis 
of x-ray structures of p-chloroaniline, m-nitro-N, 
N-dimethylaniline,'" 4,4'-dichl0rodiphenylamine,~' 
and triphenylamine. 22 Low-field shifts associated 
with the generation of an electron pair in an sp2 
orbital are not unprecedented: (a) the ''N low- 
field shift in the pyrrole anion ( I )  relative to the 
pyrrole is analogous to that of  I3C in phenyllithium (2)  
relative to benzene (171.9 and 128 ppm, r e ~ p e c t i v e l y ; ~ ~  
(b) the low-field shift of "N in the anion of car- 
boxamides relative to the neutrals is analogous to 
that of the I3C in vinyl carbanions relative to their 
precursors; 24 (c) deprotonation of the trigonal nitrogen 
in the pyridiriium cation to pyridine induces a low- 
field shift (214.6 and 316.7 ppm, respectively, in 
DMSO referred to liquid NH,).' We can therefore 
generalize that the deprotonation of a GH group 
(G = trigonal nitrogen or carbon) that will place the lone 
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pair in an sp' orbital, orthogonal to the p orbital that 
is part of the unsaturated conjugated frame, will induce 
a low-field shift of the atom G. 


The low-field displacement for the anion of aniline in 
THF has been interpreted by Ide et as the com- 
posite result of a low-field shift due to s p 3 + s p 2  
rehybridization and a high-field shift due to the negative 
charge; our results on pyrrole conflict with this inter- 
pretation. The low-field displacement observed for the 
I5N nucleus on deprotonation of the planar N-H of 
the aromatic amines should be primarily ascribed to the 
same effects as in pyrrole and carboxamides. This con- 
clusion is important because it answers the first of the 
two prerequisites that must be fulfilled for obtaining a 
charge-shift relationship: (a) the hybridization of the 
negatively charged atom should be known; only in this 
case i t  is possible to  evaluate fully the significance of the 
shift variation between the neutral precursor and the 
anion; and (b) no shielding effect due to variable ion 
pairing and/or aggregation should contribute to the 
actual shift of the negatively charged atom under 
consideration. The choice of DMSO as a solvent for 
generating and studying nitranions again appears as the 
most appropriate answer. In the light of the above com- 
ments, the validity of the shift-charge relationship pro- 
posed by Ide et al. 7a (high-field contribution due to the 
negative charge = 900 ppm per electron) is questionable. 


In 2- and 4-aminopyridines, the observed high-field 
shift of the pyridyl nitrogen relative to pyridine itself is 
due to the T donation of the electron pair of the amine 
nitrogen. * Analogously, the high-field shifts of the 
pyridyl nitrogen of the pyridine nitranions (3) and car- 
banions (4) must be attributed to the higher T electron 
densities in the p orbital of the pyridyl nitrogen. 


Whereas in 4 the electron pair is generated in a p carbon 
orbital and hence is conjugatively delocalized on the 
pyridyl nitrogen, in 3 the electron pair is generated in an 
sp2 orbital of the amine nitrogen and therefore is not 
directly involved in the delocalization. We suggest that 
the higher a electron density of the pyridyl nitrogen in 
3 is the result of the mechanism already discussed in the 
case of the pyrrole anion 1. The high-field displacements 
presented by the pyridyl nitrogen in 3 and 4 closely 
mimic the I3C behaviour of the corresponding de-aza 
compounds: "N in the benzyl-4-pyridyl carbanion vs 
C,,, in the diphenylmethyl carbanion,I3 "N in the 
4-aminopyridine nitranion vs C,,, in the aniline 
nitranion. I '  This indicates a strict 13C(sp')- I5N(sp2) 
analogy. 


According to the present results, there is an increase 
in the nitrogen (T electron density on deprotonation of 
trigonal nitrogen acids, whereas there is an increase 
in the a electron density of the pyridyl nitrogen on 
deprotonation of side-chain nitrogen or carbon acids. 
This conclusion does not conflict with the S N ~  reactivity 
data of the carbazolide ion that Bordwell and co- 
workers interpreted as evidence that the nitrogen atom 
utilizes a p rather than an sp' orbital. In fact, although 
the electron pair generated by deprotonation of car- 
bazole is in an sp2 orbital, this has minor chances of be- 
ing more available, and thus more reactive, than the 
electron pair residing in the p-a orbital, because of its 
30% component of s character. Also, the conclusion 
does not contradict the finding of extensive charge 
delocalization in nitranions of aromatic amines Iod and 
of their N-derivatives, I '  if the orbital repulsion 
mechanism is considered. One important aspect that 
emerges is that in nitranions the I5N chemical shift and 
the nitrogen reactivity have a different dependence on u 
and a charge. Our results, moreover, fully substantiate 
the opposite shift effects predicted by Fliszar et a/." 
for u and a charge on the I5N shifts; they further 
explain why electron-withdrawing groups acting 
predominantly by mesomeric mechanisms (e.g. COzR, 
COR, aryl rings, C = C )  have a much smaller effect on 
the acidity of the NH acids than on the C H  acids. ' I  


Contrary to the case in I3C NMR, experimental 
charge-shift relationships centred on the ''N nucleus 
have been frustrated until now by the shift dichotomy 
of the charge effects, the origin of which was not fully 
recognized; it is believed that the considerations 
reported here will help in the experimental search for a 
K charge- "N relationship. 


CONCLUSION 


Generation of a negative charge in a free or solvent- 
separated nitranion induces a high- or low-field I5N 
displacement relative to the precursor. In this study we 
chose molecules in which the nitrogen atom is part of a 
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a-conjugated system to avoid its possible rehybridiza- 
tion. Deprotonation of a planar tricoordinated nitrogen 
acid places the electron pair in an sp2 orbital; we con- 
clude that such an increase in u electron density is 
associated with a "N low-field shift. The opposite 
behaviour is found when the charge can be delocalized 
into a p orbital of a trigonal dicoordinated nitrogen 
atom: an increase in H electron density is associated with 
a high-field shift. The dichotomous behaviour is thus 
ascribed to  the symmetry of the orbital in which the 
electron pair is generated or that to which it is localized. 


EXPERIMENTAL 


Most of the compounds studied were purchased from 
Aldrich and, 15N-labelled compounds, from MDS 
Isotopes. Their purities were checked by proton NMR 
before taking 15N spectra. Other compounds were 
prepared by previously published methods. Anions 
were prepared following the procedure alrea!y 
described." The ''N spectra were obtained at 23 C 
using a Varian XL-300 spectrometer operating at 
30-4 MHz. Typically, we used the gated decoupled 
experiment with a delay between pulses of 20 s and a 
pulse angle of ca 70" for 30 1s.  
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SUBSTITUENT EFFECTS IN THE SOLVOLYSIS OF BENZYL 
TOSY LATES 


MlZUE FUJIO, MUTSUO GOTO, TOSHIHIRO SUSUKI, MASAAKI MISHIMA AND YUHO TSUNO* 
Department of Chemistry, Faculty of Science, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812, Japan 


The substituent effect on the rates of solvolysis of substituted benzyl tosylates in acetic acid was analysed based on 
the Yukawa-Tsuno LArSR equation. Neither the LArSR nor simple u+ treatment was capable of providing any 
linear correlation plot for the full range of substituents. The u+ plot was not simply bilinear but widely scattered, 
giving a split pattern of parallel curves with significant gaps. Since any mechanistic transition with substituents should 
bring about a single continuous curve when plotted against an appropriate substituent constant scale, the split u c  
plot is not in line with an interpretation in terms of a mechanistic transition. On the other hand, the LArSR plots 
with r = 1.3 coalesced into a single smooth curve including the metu correlation curve. A different resonance demand 
as high as r = 1 .3  is required in order to give a smooth single-curve correlation for the entire substituent range without 
splitting. For the reactive substituents down to p-halogens, a sufficiently linear plot can be obtained against a set of 
substituent constants with r = 1-3 which can be referred to the substituent effect correlation for the k, mechanism of 
this system. An identical r value was likewise assigned for the k, mechanism of the hydrolysis for a more severely 
restricted range of activating substituents down to the 4-MeS-3-CN group. 


INTRODUCTION 


Recently we have reported a detailed analysis of the 
substituent effect on the solvolysis of benzyl tosylates in 
aqueous acetone, * on the basis of the equation’ 


(1) 


The resonance demand (r) of this solvolysis has been 
concluded to  be significantly higher than unity defined 
for  the solvolysis of ferf-cumyl (1-methyl-1-phenylethyl) 
chlorides. An r values as high as 1 a 3 0  leads us to con- 
clude that the benzyl k, substituent effect must be far 
beyond the scope of the simple Brown u+p+ treatment: 


log(k/ko) = p(uo  + rA5;) 


The analysis of the substituent effect on the solvolysis 
of benzyl tosylates so far suffers from the non-linear 
b e h a ~ i o u r ~ - ~  due to a k,-k, mechanistic transition. For 
the bisected u+ correlation with different p+ values each 
for activating and deactivating ranges of substituents, 
there has been general agreement of opinion about the 
interpretation of the curve break in terms of a 
mechanistic change from a k, mechanism for the 
former range to  a k, mechanism for the latter range of 


*Author for correspondence. 


substituents. 3b*4a9’36 The benzyl solvolysis is not 
completely limiting in the relatively less nucleophilic 
acetic acid’ and in 97% aqueous trifluoroethanol 
(TFE)6,7 and even for solvolysis in 97% hexa- 
fluoroisopropanol, a solvent of high ionizing power and 
low nucleophilicity, a curve break in the u+ plot was 
reported. 


Whereas in all these previous studies the Brown u+ 
was utilized as a suitable reference scale for describing 
the substituent effect in this system, all the arguments 
are based simply on the fact that the curved plot is not 
straightened even by application of the Brown u+ cons- 
tant. Recently, we have shown that the k, process of 
this solvolysis in 80% aqueous acetone solution has an 
r value clearly higher than unity for the tert-cumyl 
solvolysis. ’ The mechanistic transition with a substi- 
tuent is clearly evident in this solvolysis in most sol- 
vents, and there is n o  reason t o  assume a single linear 
substituent effect for the entire range of substituents. 
Since the solvent used in this study, acetic acid, differs 
considerably in nucleophilicity rather than in the ioniz- 
ing power from 80% aqueous acetone, the same k, 
mechanism controlled by the ionizing power of solvents 
can be expected for both acetolysis and hydrolysis, at 
least as far as the k, regions are concerned. The solvent 
nucleophilicity will be reflected in the k, mechansim in 
the electron-withdrawing region. 
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As nucleonhilic solvent participation may become RESULTS AND DISCUSSION 
important for e1ectronegati;e derivatives, the effect of 
nucleophilicity will be more significant in hydrolysis 
rather than in acetolysis and will be less significant even 
for a more electron-attracting derivative in acetolysis. 
The effects of sufficiently activating substituents in ace- 
tolysis should be free from the non-linearity due to a 
mechanistic shift. Previous ~ t u d i e s ~ - ~  were based on 
only a few typical substituents and involved no key 
substituents for estimating the r value of the k, process 
of this system. Accordingly, we have determined the 
rate data for some important substituents, especially 
strong para *-donors, and the effects are analysed 
based on our LArSR equation (1) in comparison with 
the Brown u+ treatment. 


Table 1 .  Acetolysis of benzyl tosylates 


Substituent Temperature ("C) 10% (s- ' )  
~ 


p-PhO 
4-Me0-3-CI 


4-MeS-3-Cl 
4-MeS-3-Br 
3,4,5-Me3 
3,4-Me2 
4-Me0-3-CN 
p-Me 
p-i-Pr 
p-t-Bu 
p-Ph 
2-Naph 
4-MeS-3-CN 
3,S-Mez 
P-F 
m-Me 
H 


p-c1 


2-F 


p-Br 
m-C1 
m-CF' 


25.0 
25.0 
25.0 
25.0 
25.0 
25 .0  
25 .O 
25.0 
25.0 
25.0 
25.0 
25.0 
25 .0  
25 .0  
25 .0  
25.0 
25.0 
25.0 


25.0 
25.0 
25 .0  
45 .0  
25.0 
25 .0  
25.0 
75.0 


115.0 
25 .0  
75 .0  


115.0 


1350a 
773,b 89ga 
555" 
87.0,  96.Sa 
looa 
1 1 1 ,  115" 
43.9,  483" 
21.8, 21.1a 
17.7, 19.6,a 21.8' 
13.3, 16.7a 
8.06, 11.7a 
6.95, 9 .76a 
4.80a 
2.656, 2 .36= 
1.26, 1 .24= 
0.813, 0.712,' 0.75"" 
0.577, 0 .872b 
0.269, 0.315,b'd 0.279,' 


0.135' 
0.0990 
0.0136,' 0.0162'3' 
0.0796C7f 
0.0069'~' 
0.0045 ',' 
0~00200".9 
0.480 
13.92 
0.00118d~h 
0.289 
8.50 


0.26Ie 


a Conductimetric (see Experimental). 
bRef. 4b. 
'Ref. 5 .  
dCalculated from rate data at other temperatures. 
eContaining 0 . 2  wt-% of acetic anhydride at 25 .05°C.8a  


' A H S = 9 2 ~ 1 ~ O k J m o l - ' ,  A S * =  - 8 3 . 4 J K - ' m o l - ' .  
' A H *  = 9 2 . 5  k.imolrl, AS*  = -86 .5  J K - ' m o l - l .  


Extrapolated from other temperatures based on literature values. 


The rates of acetolysis of a series of benzyl tosylates 
were determined by titrimetric and conductimetric 
methods in glacial acetic acid, and the kinetic data are 
summarized in Table I ,  together with the relevant 
literature data. 


Figure 1 shows the relationship for logarithmic rates 
between solvolysis in acetic acid and 80% aqueous ace- 
tone. There is no simple linear free energy relationship 
but a bilinear one for whole substituent range. The 
activating substrates ranging from a p-phenoxy to a 0- 
naphthyl group give a good partial linear relationship 
with a slope of unity over a lo3 change in reactivity and 
the deactivating substrates give another partially linear 
relationship with a significantly reduced slope. 


Figure 2 shows the substituent effect on benzyl solvo- 
lysis in acetic acid. The u+ plot does not provide a sim- 
ple bilinear pattern but a significantly split pattern with 
apparently parallel curvatures with significant gaps for 
strong x-donors, for weak x-donors such as alkyl 
groups and for non-conjugative meta substituents inclu- 
ding p-x acceptor substituents. The dispersion 
behaviour of the u' correlation is similar to that 
observed for solvolysis in aqueous acetone. 


As mentioned before, the solvolysis mechanism 
changes with substituents from the k, mechanism for 
the activated region of substrates to the k, mechanism 
for the deactivated region of substrates. The substrates 
reacting by either the k, or k,  mechanism should satisfy 
a linear substituent effect relationship characteristic of 
their own mechanism. Either correlation can be related 
linearly with an appropriate substituent constant scale, 
i.e. the scale with an appropriate r value in the LArSR 
equation (1). The p value should differ significantly for 


.- 


2 


3 , 4 , 5 - ( C H 3 ) / i  p-CH,O-m-CL 


p-CH+m-Br 
p-ciss-m-a 


Log(k/k,) In AcOH I 
I I I I I I I 


0 1 2 3 4 


Figure 1 .  Logarithmic rate plots of the solvolysis of benzyl 
tosylates in 80% aqueous acetone vs those in acetic acid 


-2 - I  
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t u ? M e O - m - C L  


p-MeS-m-Er 
p-MeS-m-Cl 


^12 
\ 


- 1  :I -2 - 1  . o  


p-MeO-m-CN 


p-Ph 
2-Naph p-MeS-m-CN 


3 I 5-Me 2 


m-Me 


P-CL 
p-Er 


o for O*V=~J  
for u withr=l.3 


3.5-( CFs 1 ; 


I I 
0.0 1 . o  
0 -5cote 


Figure 2. LArSR plots of acetolysis of benzyl tosylates: 0, 
0 ' ;  0 ,  a'; 0, 0 for r =  1.3  


activated and deactivated substituent regions, reflecting 
different mechanisms or different charge developments 
in the transition states. As the mechanistic transition 
itself should be a continuous function of substituent 
polarities, any mechanistic change should give rise to a 
single smooth-curved or a bisected correlation for the 
whole range of substituents when plotted against an 
appropriate set of substituent constants. Hence the 
simple bilinear correlation between the hydrolysis and 
acetolysis rates in Figure 1 is consistent with this inter- 
pretation in terms of mechanistic transition. Since both 
solvents differ widely in nucleophilicity but not in ioniz- 
ing power, the linear relationship with a slope of essen- 
tially unity for the activated region of substituents may 
argue for a predominantly k, mechanism for acetolysis 
and hydrolysis. The p value remains the same for the k, 
region in both solvents. On the other hand, the solvent 
nucleophilicity is reflected in the different p values for 
the k, mechanism occurring in the deactivated region. It 
should be noted that a common substituent constant 
scale can be applied to  describe the substituent effects 
of this reaction in both solvents. On the other hand, the 
significantly split nature of the u+ plot in Figure 2 con- 
flicts with the interpolation in terms of a mechanistic 
change and suggests the inadequacy of u+ scale for this 
reaction. 


0.01 I I I I I I I I I 


1.5 r 1.0 


Figure 3.  Plot of standard deviations as a function of r for the 
solvolysis of benzyl tosylates in acetic acid. The numbers refer 


to the set numbers in Table 2 


In Figure 2, the plots for r-independent substituents 
(meta substituents and p-a acceptor substituents) fall 
on a single smooth curve, which defines unequivocally 
the p correlation line, even if non-linear, in terms of a 
definite substituent constant scale. The non-linear p,,! 
correlation line represents the correlation of actual 
substituent effect reflecting precisely the mechanistic 
shift, and may be a rigid reference of the correlation 
analysis. The plot of para a-donors against an appro- 
priate 8 scale should all coalesce into a single smooth 
curlre, including the meta correlation curve. The line 
segments between cr+ and uo for p-T donors in Figure 2 
represent their A &  values. The LArSR correlation can 
be given by a straight line dividing all the resonance seg- 
ments a t  a constant external ratio corresponding to  the 
r value. A high resonance demand of r = 1.3 is required 
in order to  give a smooth single-curve correlation for 
the entire substituent range without splitting. This sim- 
ple graphical interpretation is confirmed quantitatively 
by the results of correlation analysis. Sufficient linearity 
can be observed for the reactive range of substituents 
down to the p-chloro group, over lo4 reactivity, against 
a set of substituent constants with r = 1.3. This r scale 
can be referred to  the substituent effect correlation of 
the k, mechanism of this system. In a previous study of 
the hydrolysis of benzyl tosylates, the same r value for 
the k, mechanism was obtained only for the more res- 
tricted range of substituents down to the 4-MeS-3-CN 
group. 


The results of the LArSR analysis for varying ranges 
of substituents are summarized in Table 2. The overall 
correlation (set No. 1) for all substituents is of course 
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Table 2. Results of correlation analysis in solvolysis of benzyl tosylates in acetic acid at 25 'C 
~~ 


No. Substi tuent sets Correlation na P r SD R' 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


All 


2 p-CFzd 


2 m-CI' 


2 p-Halogens'  


2 p-Cl' 


2 Hh 


2 m-Me' 


Excluding disubstituted 
strong 5-donors' 
2 m-Cl' of No. 8 


2 p-Halogen'  of No. 8 


2 p-CI' of No. 8 


2 H h  of No. 8 


LArSR 
a+ 


LArSR 
a+ 


LArSR 
a+ 


LArSR ' 


a+ 
LArSR 


a+ 
LArSR 


a+ 
LArSR 


a+ 
LArSR 


a+ 
LArSR 


U+ 
LArSR 


a+ 
LArSR 


a+ 
LArSR 


a+ 


25 
25 
23 
23 
21 
21 
20 
20 
19 
19 
18 
18 
17 
17 
20 
20 
16 
16 
15 
15 
14 
14 
13 
13 


-3.444 
-4.113 
- 4.406 
-5.132 
-4.803 
-5.562 
-5.230 
- 5.987 
-5.323 
- 6.091 
-5.408 
-6.194 
- 5.444 
- 6'036 
-3.126 
- 3.876 
- 4.580 
- 5.345 
-5'100 
-5.879 
-5.226 
-6'114 
-5.385 
- 6.458 


1.524 


1.337 


1.304 


1.279 


1.274 


1.269 


1.270 


1.947 


1.388 


1.312 


1.289 


1.261 


0.401 
0.572 
0.207 
0.405 
0.163 
0.395 
0.062 
0.377 
0.049 
0.386 
0.039 
0.396 
0.036 
0.403 
0.386 
0.534 
0.168 
0.286 
0.056 
0.223 
0.044 
0.209 
0.033 
0.181 


0.9765 
0.9492 
0.9922 
0.9681 
0.9935 
0.9589 
0.9989 
0.9548 
0.9992 
0.9474 
0.9994 
0.9368 
0.9995 
0.9257 
0.9788 
0.9566 
0.9936 
0.9798 
0.9992 
0.9853 
0.9994 
0.9859 
0.9996 
0.9881 


a Number of substituents involved. 
bStandard deviation. 
'Correlation coeficient. 
"More reactive substrates than p-CF, including p-CF3. 
"More reactive substrates than m-CI including m-CI. 
' More reactive substrates than p-halogens including p-halogens. 
More reactive substrates than p-CI including p-CI. 


"More reactive substrates than H including H. 
'More reactive substrates than m-Me including m-Me. 
'Excluding 4-Me0-343, 4-Me0-3-CN. 4-MeS-3-Br, 4-MeS-3-CI and 4-MeS-3-CN. 


poor, and the poor fit undoubtedly arises from the 
inclusion of substituents reacting by the k, mechanism. 


The LArSR correlation for the reaction having a p 
value of ca - 5  is generally considered t o  involve an 
uncertainty of the order of 0.08 [standard deviation 
(SD)] , which may be taken as a criterion for acceptable 
conformity t o  equation (1). Hence the LArSR correla- 
tion for the all-substituents set (No. 1) is obviously 
unsatisfactory with reference to  this acceptance level. 
By deleting the points for rn-halogens and more deac- 
tivating groups (set No. 4 in Table 2), the precision of 
the fit is improved to achieve a criterion of acceptable 
conformity, to arrive at  a minimum SD of ca 0.06. 
Neither p nor r changes any more with further change 
in the substituent range. Only within a restricted range 
of substituents more activating than p-halogen can an 
acceptable LArSR correlation be achieved by an r value 
of 1.3. This r value for the k,  mechanism appears to be 
completely independent of any effect of deactivated 
derivatives for which the k, mechanism would be con- 


sidered, and allows the boundary of substrates reacting 
by the k, mechanism to be defined. 


The corresponding Brown u+ correlations (in 
Table 2)  are distinctly poor by this criterion. Whereas 
the u' correlation is considerably improved by exclu- 
ding more deactivating groups than p-NOz (set No. 2), 
the precision does not appear to  exceed an SD of 0.3 ,  
much worse than the limit of acceptable conformity, 
and is not improved by further limiting the range of 
substituents. 


The interpretation in terms of a k,-k, mechanistic 
transition cannot be applied, in a strict sense, to  any 
scattered u' correlation. The basic requirement for this 
interpretation should be an adequate substituent effect 
scale to  give a single continuous plot without significant 
splitting, namely a substituent constant scale with a 
resonance demand r = 1.3  in the LArSR equation (1). 


The solvent-assisted mechanism may be reasonably 
assigned to  the electron-withdrawing region giving a 
significantly reduced p value. The curve break is sig- 
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nificant at the 4-MeS-3-CN derivative in nucleophilic 
80% aqueous acetone, and at the p-halogens in less 
nucleophilic acetic acid. The p value for the electron- 
withdrawing portion is as low as -0.92 in 80% 
aqueous acetone and - 1.50 in acetic acid, suggesting a 
k,  mechanism with a reduced central charge 
development in the transition state. In addition, the k, 
contribution has been found to  be not very significant 
even at the rn-halogen derivative in the highly ionizing 
and relatively less nucleophilic 97% TFE. 7,8b These 
results indicate that increased solvent participation is a 
mechanistic change which can cause a break in the 
LArSR plot of this solvolysis reaction. The solvolysis 
of  benzyl mesylates in 97% aqueous hexafluoro- 
isopropanol (HFIP) was reported t o  give a p+ value of 
- 11 a 6  for the electron-donor portion of the U+ plot 
and - 5 . 1  for the electron-withdrawing portion. The 
significant difference in the p values for both portions 
was attributed to a mechanistic change arising from 
nucleophilic solvent participation even in the relatively 
nonnucleophilic HFIP solvent.6 This is not in line, 
however, with the linear k, correlation with the usual p 
and r values observed for the range down to m-halogens 
in similarly less nucleophilic 97% TFE solution. 798b 


Further, the p +  value for the k, portion in HFIP is 
equivalent to  the p value for the electron-donor portion 
to  be assigned to the k, mechanism in nucleophilic 
solvents. We are doubtful about this extremely high p+ 
for the benzyl k, mechanism in HFIP,  one of the largest 
values seen to  date, or even higher than the p+ value for 
the gas-phase stability of unsolvated carbocations. The 
range of substituents on which the reported p +  value6 
was based is too narrow to draw any decisive 
conclusion. The currently available data including our 
unpublished data for p -  and m-halogen derivatives in 
97% TFE appear to indicate neither a high p+ value nor 
a significant break of the plot a t  the p-halogen 
 derivative^.^ The p value for whole range of 
substituents is not very different from that for the k ,  
correlation in nucleophilic solvents, and the apparent 
break in the u+ plot may be due to  specific 
substituent-solvent interactions which are commonly 
observed for fluorinated solvents. 8b7'0 


The involvement of the solvent is always an impor- 
tant cause of confusion in the interpretation of sub- 
stituent effects on benzylic solvolyses. The substituent 
effect on the intrinsic stability of benzyl cations has 
become available based on the gas-phase chloride- 
transfer equilibrium of benzyl chlorides, which is of 
course free from any mechanistic involvement of the 
solvent and will be directly related to  the k, ionization 
process in the solvolysis. 


The substituent effect on the benzyl cation stability 
was found to be intrinsically non-linear with respect to 
that on the cumyl cation stability, suggesting a varying 
resonance demand with the parent cation stability. The 
LArSR theory can be equally applicable to  gas-phase 


substituent effects, and the intrinsic carbocation 
stability of the benzyl cation must have an enhanced 
resonance demand compared with the CY,CY- 


dimethylbenzyl cation. Most important, the r value for 
gas-phase benzyl cation stability has been found to  be 
identical with that for the benzyl k, solvolysis of 
activated range of substituents. The charge 
delocalization in the k, transition state of solvolysis 
should be quite close to  the delocalization within the 
carbocation intermediate. As a conclusion, the 
enhanced r value of 1 - 3  for the benzyl k,  solvolysis 
must represent the intrinsic resonance demand of ben- 
zyl cation. This provides a strong basis for our conten- 
tion that the enhanced r value obtained for the present 
solvolysis is not a correlational artifact I *  arising from 
non-linearity caused by mechanistic complexity. 


Validity of r value 


As described in previous papers, 1,11,13 the significance 
of the parameter r can be examined by following the 
change in the standard deviation of statistical fitting to  
equation (1) as a function of r without constraint on the 
p value. 


In Figure 3, the solid curves refer to  the unrestricted 
substituent sets including m,p-disubstituted derivatives, 
and the dashed curves t o  the sets consisting of only 
typical substituents without disubstituted derivatives. 
The SD vs r curves for the all-substituents set (set No. 1 
in Table 2) and set No. 2 are not shown in Fig. 3 but 
have no significant minimum at the best-fit r value. In 
the solid-line series, curve 3 of set No. 3 does not attain 
a sufficient depth below the SD line of acceptable con- 
formity, indicating the inclusion of some k,  substrates 
in the set. Curve 4 for set No. 4 for the more reactive 
range than p-halogens gives an SD vs r curve as a sharp 
wedge with sufficient depth of small minimum SD. No 
significant change in the curve is observed even if the 
p-CI point is deleted. 


A significant difference in broadness between the 
solid and dashed curves can be seen. Sufficient depth of 
a small minimum SD should be the basic requirement 
for an acceptable correlation, whereas the steepness is 
a more direct measure of the reliability of the r value. 
The latter will be of particular importance for discuss- 
ing the validity of the resonance demand for the k, 
mechanism of this reaction. In the dashed-line series 
consisting only of simple para x-donors without 
disubstituted ones, set. No. 9 shows a considerably 
improved correlation with a higher r value, but fails to  
give any deep minimum. Whereas the LArSR analysis 
may give a better correlation than the corresponding u+ 
one, the higher r value obtained for these sets should be 
an artifact caused by the non-linearity due to  the k,-k, 
mechanistic change. The minimum SD points of these 
sets are all still above the precision level of acceptable 
conformity, evidently indicating that the LArSR equa- 
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tion (1) fails to describe the substituent effect in these 
sets. In order to  achieve an acceptable conformity, the 
LArSR equation must be applied to  a more severely 
limited range of substituents, such as set No. 10, which 
must be referred to the actual range reacting by a fixed 
k ,  mechanism of the benzyl system. The pattern of 
change of the SD vs. r curve with the range of substi- 
tuents appears to  be must more straightforward in ace- 
tolysis rather than in hydrolysis. A sufficiently deep 
minimum can be attained readily t o  overcome a level of 
acceptable conformity by deleting m-halogens and 
other deactivators, whereas no improvement in depth is 
observed by exclusion of further substituent points. 
There is a significant difference in broadness between 
the solid- and dashed-line series. 


The reliability of the r value may be measured from 
the width of the SD vs, r plot at an SD level of 0.08 
of acceptable conformity. Thus, the r value estimated 
for set No. 5 may be valid within an uncertainty limit 
of the order of 0.06, whereas for the corresponding 
simple n-donor set No. 11, a lower validity of the order 
of 0.10 is estimated. Of course, these reliability 
parameters could not be compared in magnitude 
directly with the ordinary precision indices in statistics. 
Nevertheless, they appear to  be appropriate for the dis- 
cussion of the validity of r values. Set No. 10 gives a 
more accurate best-fit correlation of a smaller SD value 
than set No. 4, but the latter gives a much steeper curve 
with more significant convergence than the former. 
Clearly, the steepness at the bottom, and hence the vali- 
dity of the correlation, depend appreciably on the 
substituents in the set. 


The statistical LArSR analysis basically requires non- 
linearity between uo and AC;, and especially for dif- 
ferentiating between the LArSR and Brown u+ analyses 
the basic requirement of non-linearity between u+ and 
AU$ for n-donor substituents should be considered 
closely. As far as single n-donor substituents in com- 
mon use are concerned, there is an intrinsic close 
linearity between the Brown u+ constants and AU;. la 


The stronger p-a donors are localized at the most reac- 
tive end of the u+ plot and tend to  deviate significantly 
only at that end responding to the r value of the system, 
resulting in a concave plot indiscernible from the curva- 
ture caused by mechanistic changes. Such a curve break 
may become significant or serious only if the r value of 
the reaction is different significantly from unity, even 
without involving any mechanistic transition. 


Many examples of non-linear a+ correlations have 
recently become available in the literature for solvolyses 
proceeding via highly electron-deficient benzylic car- 
bocations. 1 1 , 1 4 - 1 7  F or 1-trifluoromethyl-1-phenylethyl 
tosylates, Liu and co-workers l 5  reported an extremely 
high p +  value of - 10 for the electron-donor region but 
- 6 for the electron-acceptor region of substituents, 
whereas we obtained an excellent LArSR correlation 
with a high r value of 1-39 f o r  the whole substituent 


range. it should be emphasized that the employment of 
the Brown u+ scale will be the only cause of a curve 
break in many such systems having significantly dif- 
ferent resonance demands. " The behaviour of strong 
*-donor substituents with less negative u+ values in dis- 
turbing the u+ vs AU$ linearity should be most effective 
in distinguishing the real cause of non-linear u' plots. 
In the present study, we utilized m-chloro- and 
m-cyano-substituted strong p-T donors as such key 
substituents, and their importance in determining 
accurate r values is clearly demonstrated by the large 
difference in steepness between solid and dashed series 
of SD vs r curves. 1 . 1 1 * 1 3  


EXPERIMENTAL 


Materials. The preparation of substituted benzyl 
tosylates was described previously. I b  Acetic acid was 
purified in the standard manner as described 
elsewhere. 


Rate measurement. The rates of acetolysis were 
determined by the ordinary titrimetric method, using 
the usual ampoule technique for less reactive substi- 
tuents a t  high temperature and the batch technique for 
relatively reactive substituents. '* Acetolysis rates for 
reactive substituents were determined conductime- 
trically. Because of the relatively small change in 
conductivity in acetic acid,5z19 the rate data might be 
relatively less accurate. 
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STRUCTURAL STUDIES OF HALOGEN ADDUCTS OF SOME 
CYCLIC SELENIDES AND TELLURIDES BY 'H, 13C, 77Se AND 


'25Te NMR. EVIDENCE FOR THE FORMATION OF MOLECULAR 
COMPLEXES OF SELENOXANTHONE AND SELENANTHRENE 


WITH BROMINE* 
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Department of Chemistry, Faculty of Education, Wakayama University, Sakaedani, Wakayama 640, Jupan 


HIDEYUKI TUKADAS AND HIIZU IWAMURAf,§ 
Division of Applied Molecular Science, Institute for  Molecular Science, Myodaiji, Okazaki 444, Japan 


'H, "C, "Se and '%e NMR spectra were recorded for selenoxanthone (la), telluroxanthone (Za), selenanthrene (3a), 
related compounds and their halogen adducts to elucidate the structure o f  the adducts in solutions. Although selenides 
react with bromine to give trigonal bipyramidal (TB) hypervalent complexes in  general, l a  reacted with bromine to 
yield a molecular complex (MC). I ts chlorine adduct was found to  be a TB. The effective electronegativity of selenium 
in  l a  may be modulated by conjugation with the strongly electron-withdrawing carbonyl group. In the case of Za, its 
halogen adducts were TBs. The structure of the bromine adduct of 3a was also demonstrated to be an MC from NMR 
data. 


INTRODUCTION 


Ethers, sulphides, selenides and tellurides react with hal- 
ogens to give trigonal bipyramidal (TB) adducts or 
molecular complexes (MCS).'.~ TBs are formed, in gen- 
eral, if the electronegativity of the halogen ligands (XX) 
is larger than that of the Group VIB elements (XZ) in 
the compounds. The adducts are MCs when xx is less 
than xz  [equation (l)] . 4  


This generalization holds good in most cases, but 
there are some exceptions. Selenides react with bromine 
to give TBs, 2 , 3 c * e  but the bromine adducts of sulphides 
are well demonstrated to be MCs; 2,3b the MC structure 
of sulphide dibromides is the opposite of expectation, 
because the ele~tronegat ivi ty~.~ of bromine ( X B ~  = 2.74) 
is larger than those of sulphur (XS = 2-44) and selenium 
(xse = 2.48). 


~ 


M ( X X )  F(4.10) Cl(2.83) Br(2.74) I(2.21) 


0 (3-50) I MC M C  MC 


S (2.44) TB TB I 


I 


r--;;---i MC 
L - - - - - - - - 


L----I 


Se (2.48) TB TB TB I MC 


Te (2.01) TB TB TB TB 
L - -  - - _. 


~~ 
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Since the electronegativity of selenium is very close to  
that of sulphur4.' and the bromine adducts of sulphur 
are M C S , ~ , ~ ~  MCs of selenides with bromine should 
exist if the effective electronegativity of the selenium 
atom in a given compound is high with respect to the 
neighbouring substituents. This idea led us to  look for 
some selenides that react with bromine to  yield MCs. 


Here we report that (i) selenoxanthone ( la)  reacts 
with bromine to give an MC (Id),  although telluroxan- 
thone (2a) gives TBs with chlorine, bromine and iodine, 
and (ii) selenanthrene (3a) also yields an MC (3d) with 
bromine. 


,?rp 


6 
Id 3d 


RESULTS AND DISCUSSION 


I3C chemical shifts 


Before discussing the structures of the halogen adducts, 
i t  is instructive to extend the scope of the criteria 
obtained in the preceding paper' for distinguishing MCs 
from TBs for acyclic systems on the basis of the NMR 
data. 


I3C NMR spectra were measured for selenoxanthone 
( l a ) ,  telluroxanthone (2a), selenanthrene (3a), 
phenoxselenine (4a), phenoxtellurine (5a) and their 
chlorine, bromine and iodine adducts (e.g. l c ,  Id and 
l e ,  respectively) and selenoxanthone selenium oxide 
( I f )  and selenanthrene diselenium dioxide (3f ). "Se 
and '"Te NMR spectra were also recorded for l a ,  2a, 
4a, 5a and their halogen adducts. The results are shown 
in Tables 1-4. 


Table 2. "C NMR chemical shifts of selenanthrene (3a), its 
halogen adducts and selenanthrene diselenium dioxide (3f ) a , b  


Compound C-l c - 2  c - 3  Structure 


3a 134.4 131.1 127.9 Selenide 


3d -2 .1  -0 .2  1.9 MC 
3e -0 .5  0.1 0.3  MC 
3f 10.3 - 2 . 6  3 .3  Selenoxide 


0.0 0.0 0.0 


~ 


" I n  CDCII. 
"Chemical shifts (ppm) of 3a are given from TMS and those of the 
derivatives from 3a.  


l a  (Y=C=O) 2a (Y=C=O) If (Y=C=O) 
3a (Y=Se) 5a (Y=O) 3f (Y=Se=O) 
4a (Y=O) 


Ar2ZX2: X=-- CI Br I 
a c  d e  


As shown in Table 3, large downfield shifts were 
observed for C-4 carbons of the chlorine and bromine 
adducts (4c and 4d, respectively) of phenoxselenine (4a 
of 6.0-6.2 ppm and of chlorine, bromine and iodine 
adducts (Sc, Sd, and Se, respectively) of phenoxtellurine 
(Sa) of 4.2-4.5 ppm relative to  those of 4a and 5a, 
respectively. These results correspond with a TB 
structure of the adducts, although the downfield shifts 
of the C-1 carbons are smaller than those in diphenyl 
derivatives (by 7-9 pprn).' Such smaller shifts for the 
C-1 carbons may be due to the cyclic structure of 4a and 
5a, since a similar trend has been observed in TB 


Table 1. I3C NMR chemical shifts of selenoxanthone ( la) ,  telluroxanthone (Za), their halogen 
adducts and selenoxanthone selenium oxide (If 


Compound C-l c - 2  c - 3  c - 4  c - 5  C-6 C = O  Structure 


la  


lc 
Id 
le 
I f  
2a 


2c 
2d 
2e 


134.9 
0.0 
7.8 


-- 0.1 
7.7 


121.8 
0 .0  


16.4 
12.7 
8 .7  


128.1 
0.0 
0 .4  
0.2 
0.1 
1.4 


134.2 
0.0 


- 0 . 6  
- 0.1 


0.3  


132.0 
0.0 
2 .7  
0.1 
0 .  I 
2.0 


131.7 
0.0 
1.2 
1 .4  
2.9 


126.6 
0.0 
6 .1  
0.1 
0.1 
5 . 4  


127.4 
0.0 
4.4 
3.8 
3 .4  


131.2 
0.0 
0 .9  
0 .2  
0.1 


-0.9 
131.7 


0.0 
- 1.7 
- 1.5  


1.2 


130.8 
0.0 


-2 .1  


0 .0  
0.1 


133.6 
0.0 
0.1 
0.5 
1.0 


181.7 
0-0 


- 1.9 


0.1 
0 .3  


185.7 
0.0 
2.8 
2.4 
1 .7  


Selenide 


TB 
MC 
MC 


Selenoxide 
Telluride 


TB 
TB 
TB 


a In CDCIJ for  selenoxanthones and in I)MSO-d6 for telluroxanrhones. 
hChemical rhifts (ppm) are  given from TMS for l a  and 2a and f rom their parent compounds for the derivativer. 
'No t  observed owing to broadening. 
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Table 3. I3C NMR chemical shifts of phenoxselenine (4a), phenoxtellurine (5a) and their 
halogen adductsasb 


Compound C-1 c - 2  c -3  c -4  c -5  C-6 Structure 


4a 


4c 
4d 
4e 
5a 


5c 
5d 
5e 


116.2 
0.0 
4 .4  
0.7 


- 0.9 
103.9 


0.0 
15.3 
11.3 
5.5 


129.3 
0.0 


-0.1 
0.5 
0.1 


135.1 
0.0 


-1.3 
-0.7 


0.2 


124.9 
0.0 
0 .8  
1.1 
0.1 


125.2 
0.0 


-0.7 
- 0.5 
- 0.3  


128.1 
0.0 
6.2 
6.0 
0.5 


128.7 
0-0 
4.5 
4.5 
4.2 


118.6 
0.0 
1.3 
1.3 
0.1 


118.9 
0.0 
0.0 


-0.1 
- 0.2  


152.9 
0.0 


-5.3 
-4 .8  
-0.3 
155.2 


0.0 
-4.1 
-3.7 
-2.8 


Selenide 


TB 
TB 
MC 


Telluride 


TB 
TB 
TB 


'In CDCh for phenoxselenines and in DMSO-da for phenoxtellurines. 
bChemical shifts (ppm) are given from TMS for 4a and 5a, and from their parent compounds for the 
adducts. 


Table4. "Se and I2'Te NMR chemical shifts of la, 2a, 4a, 5a and their 
halogen adducts 


~~ ~ ~ ~~ ~~ ~ 


Compound 6("Se)" A6 Compound 6(12sTe)b A6 


la' 334.7 0.0 2a 471.5 0.0 
Id 336-7 2.0 2d 572.4 100-9 
4a ' 260.6 0.0 5a 432.3 0.0 
4c 381.7 121.1 5C 628-6 196.3 


5d 598-4 166.1 
4e ' 263.4 2 .8  5eC 549.1 116.8 


a In CDCI, (reference: MeSeMe in CDCI,). 
DMSO-d6 (reference: MeTeMe in C6D6). 


Ref. 2. 


formation from selenoxanthone ( la)  and tellur- 
oxanthone (2a), as will be described later. 


Large upfield shifts for C-6 carbons are characteristic 
of TB formation from 4a and 5a. The strong 
electronegative selenodihalo and tellurodihalo groups 
may contribute to the upfield shifts since the chemical 
shifts of ortho carbons in substituted benzenes bearing 
electronegative groups usually move upfield. The extra 
interaction between the selenodihalo or tellurodihalo 
group and the oxygen atom must also play an important 
role. 


On the other hand, chemical shifts of the iodine 
adduct (4e) are not very different from those of 4a; the 
chemical shifts for C-1 and C-4 in 4e are 0.9 ppm 
upfield and 0.5 ppm downfield respectively, relative to  
those of 4a. The chemical shift data reflect the MC 
structure of 4e. 


These results show that the criteria obtained in the 
preceding paper' for distinguishing MCs from TBs on 
the basis of NMR data are also valid for cyclic systems. 
The chemical shifts of C-4 carbons serve as good 
measures of the distinction; those of C-1 carbons are 
also useful if they are examined carefully. 


We are now ready to discuss the structure of the 
halogen adducts of la-3a. As shown in Table 1 ,  the 
signals of C-1 and C-4 in the chlorine adduct ( lc)  of 
selenoxanthone ( la)  appeared 7 - 8  and 6.1 pprn, 
respectively, downfield from those of la ,  indicating the 
TB structure of lc. The strong electron-withdrawing 
ability of the selenodichloro group in l c  becomes 
apparent if the chemical shifts of l c  are compared with 
those of the selenoxide If .  The C-1 and C-4 chemical 
shifts of If from those of l a  are 7 - 7  and 5 * 4 p p m ,  
respectively, which are very close to  those for lc ,  
although the structure of lc is planar (or TB), but If is 
tetrahedral. The structure of the iodine adduct ( le)  
must be an MC, since the chemical shifts of l e  are 
almost equal to those of la .  In particular, the chemical 
shifts of C-1 and C-4 in l e  are only 0.1 ppm upfield and 
downfield, respectively, of those of la .  Such small shift 
differences between l e  and l a  should correspond to the 
large dissociation constant for l e .  2 , 7  The electron 
transfer from the lone pair of electrons of the selenium 
atom to the a*-orbital of iodine in l e  may not be so 
effective. * 


In the case of the bromine adduct Id, the C-4 
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chemical shift is only 0.1 ppm downfield of that of l a  
and other shift values are almost equal to those of la  
and l e ,  although the signals of C-1, C-6 and carbonyl 
carbons could not be detected owing to broadening. 
These results show that the structure of the bromine 
adduct Id must be an MC. The signals of C-2, C-3, C-4 
and C-5 were also broad; the half-width valtes were 
1.6, 3.0, 3.1 and 2 - 0  Hz, respectively, at 45 C.  The 
rate of the dissociation process may not be very fast 
relative to the I3C NMR time scale. 


When two or more atoms of initially different 
electronegativity are combined chemically, the 
electronegativities will be more or less neutralized within 
the molecule.5b The effective (or adjusted) 
electronegativity of selenium in l a  becomes larger, 
because the electronegativity of oxygen (,yo = 3.50) is 
much larger than that of selenium (xse  = 2.48).5 The 
electron density of the lone pairs on the selenium atom 
in l a  is expected to be smaller and its ionization 
potential' larger, since the carbonyl group withdraws 
electron strongly by both through-bond and through- 
space mechanisms. The effective electronegativity of 
selenium in l a  may no longer be small enough to give 
a TB in the reaction with bromine. ' , l o  The MC structure 
of Id is consistent with the ineffective electron transfer 
in l e  discussed above. 


+ 6+ 


I t  is worth noting that on heating, the dark-red 
needles of Id decolorized at ca 125 C and melted at 
188-190°C. The melting point is similar to that of the 
parent, l a  (191-192 OC). The decolorized material was 
identified with l a  by NMR, IR and m.p. data. These 
results may support the MC structure of Id, and its 
behaviour is different from that of diphenyl selenide 
dibromide (TB), in which bromination of benzene rings 
occurs on heating. 


The alternative structure ( l c ' )  for l c  is very unlikely 
because the observed I3C chemical shift at 6 179.8 and 
the IR spectrum at 1662 cm- should be assigned to the 
carbonyl group of l c  (1634 cm-' for la) .  


The structure of halogen adducts of telluroxanthone 
(2a) was also examined. Large downfield shifts were 


? 


observed for C-1 (8.7-16.4ppm) and C-4 
(3.4-4.4 ppm) of the chlorine, bromine and iodine 
adducts (2c, 2d and 2e, respectively) relative to those of 
2a. These observations show that the halogen adducts, 
2c, 2d and 2e, are all TBs. The shifts of the C-1 carbons 
depend on the electronegativity of the halogens and they 
are smaller than those of diphenyl derivatives by ca 
7 ppm, which was also observed in the formation of TBs 
from 4a and 5a. 


The structure of the bromine adduct (3d) of 
selenanthrene (3a) has also been demonstrated to be an 
MC in solutions. As shown in Table 2, the signals for 
C-1 and C-3 of the iodine adduct 3e, which is an MC, 
appeared 0.5 ppm upfield and 0 . 3  ppm, downfield, 
respectively, relative to those of 3a. The chemical shift 
differences between 3d and 3a are - 2.1 and 1.9 ppm, 
respectively, which indicates an MC structure for 3d. 
The larger shift differences of 3d from 3a may be due to 
the smaller dissociation constant and the larger electron 
transfer in 3d.' 


Although I3C NMR spectra could not be recorded for 
the tetrachloride 3c since the chlorine adduct of 3a was 
very sparingly soluble in typical organic solvents (the 
chlorine adduct obtained may not be 3c), the chemical 
shifts of 3c, if it existed, could be estimated from those 
of selenanthrene diselenium dioxide (3f ). The chemical 
shifts of the ips0 and para carbons of diphenyl 
selenoxide are very close to those of diphenyl selenide 
dichloride, and must be so in compounds l c  and If 
(Table 1) .  The chemical shifts of C-1 and C-4 of 3f are 
10.3 and 3.3ppm downfield of those of 3a, i.e. 
different from the case of 3d and 3e. These results are 
well explained by assuming that the structure of the 
bromine adduct 3d is an MC, in addition to that of 3e. 


The TB structure has been demonstrated for the 
tetrachlorides, 6c, l 3  7cI4 and 8c, 15s16  respectively, of 
1 ,4-diselenane (6a), bis(phenylse1eno)methane (7a) and 
1,2-bis(phenylseleno)benzene (8a). The dibromide 
(8d')I6 of  8a is also proposed to be a TB. Since 6a 
assumes a chair conformation, the distances between 
the chlorine atoms in 6c may be long enough for the 
formation of a di-TB. The four C-Se bonds in 7a and 
8a rotate easily to  escape the steric repulsion when the 
halogen atoms approach the selenium atoms. In  the 
case of selenanthrene (3a), it cannot offer an 
appropriate conformation for a TB structure when 
halogen atoms attack the selenium atoni(s) potentially 
to  give a TB, because of its rigid boat conformation. " 


CI 
I 


aseD c 
I 


I x x  
('I 


61 
I C '  6c 7c (X = CI) 
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CI I Q71 S e P h  PhSe skyr SePh 
I 
Br 


I 
P h k  


CI 


8c 8d' 3a 


Se and '*'Te chemical shifts 77 


While the formation of TBs in the reaction of the usual 
selenides or tellurides with halogens causes large 
downfield s h i f t ~ ' ~ ~ ~ * ~  in the "Se (ca 100-450 ppm) and 
lzsTe (ca 100-750 ppm) NMR spectra, the values are 
small if the adducts are MCs (less than ca 10 pprn).' As 
shown in Table 4, the 77Se chemical shift of Id is only 
2.0 ppm larger (downfield) than that of l a ,  similarly to 
the case of the MC of 4e, the chemical shift of which is 
2.8 ppm larger than that of 4a. 


An MC structure of the bromine adduct Id is 
confirmed, again based on the "Se chemical shifts. The 
chemical shift of Id relative to  l a  is less than 10 ppm, 
in addition to the case of 4e. The 77Se and lZsTe 
chemical shifts support the conclusion that other 
halogen adducts in Table 4, 2d, 4c, 5c, 5d and Se, are 
TBs. 


It is noteworthy that the lzsTe chemical shift 
difference between the bromine adduct 2d and 2a (A6 
101 ppm) is significantly smaller than that between the 
bromine adduct 5d and 5a (A6 166 ppm). This can be 
explained by assuming that the electron transfer from 
the tellurium atom to bromine is more difficult in 2d 
than in 5d. This observation is consistent with the fact 
that the bromine adduct Id is no longer a TB but an 
MC. 


CONCLUSION 


This present work has illustrated how a subtle structural 
change controls the stability of either a TB or an MC 
over the other in solution. A study of the structures of 
bromine adducts such as Id and 3d and the chlorine 
adduct of 3a in solids is in progress. 


EXPERIMENTAL 


Spectral measurement. The IH and I3C NMR 
spectra were measured on a JEOL FX-60Q spectrometer 
operating at 60 and 15 MHz, respectively. The "Se and 
lZsTe NMR spectra were recorded on a JNM GX-400 
spectrometer (JEOL) operated at 76 and 126 MHz, 
respectively. The conditions for measurements were 
almost identical with those in the preceding paper.' IR 
spectra were recorded on a Hitachi 295 infrared 
spectrometer. 


Compounds. Selenoxanthone ( la) ,  its selenium 


oxide (If ), l 9  telluroxanthone (2a), ' O  selenanthrene 
diselenium dioxide (3f), 2 1  phenoxselenine (4a), '' 
phenoxtellurine and their halogen adducts '8320,22 


were prepared following Iiterature procedures. The 
physical properties agreed well with those in the 
literature. 


Selenoxanthone dichloride ( lc) .  Excess of chlorine 
gas was bubbled through a dichloromethane solution 
(30 ml) of la1 '  (500 mg, 1 * 9  mmol) to give a pale yellow 
precipitate. Recrystallization from 
dechloromethane-hexane yielded pale yellow prisys, 
almost quantitatively; m.p. (decomp.) 205-220 C. 
Found, C 47.07, H 2.24; calculated for C13H8C120Se, 
C 47.30, H 2.44%. ' H  NMR, G(CDC13) 7-6-8.0 
(6H,m), 8 . 5 - 8 . 8  (2H,m); 1R (KBr), 1662 cm-l 
( vc=o). 


Selenoxanthone dibromide (Id). To a 
dichloromethane solution (30 ml) of la  '' (500 mg, 
1.9 mmol) was added bromine (340 mg, 2.1 mmol) in 
carbon tetrachloride (2.5 ml), giving a dark red 
precipitate. Careful recrystallization from 
dichloromethane-hexane yielded dark red needles 
(83To), which decolorized at ca 125°C and melted at 
188-190°C (cf. m.p. of l a ,  191-192OC). Found, C 
37.31, H 1.56; calculated for C I ~ H ~ B ~ ~ O S ~ ,  C 37.27, 
H 1.92%. 'H NMR, 6(CDCl3) 7.3-7.7 (6H,m), 
8 . 5 - 8 . 8  (2H,m); IR (KBr), 1658cm-' (vc=o). The 
decolorized material was l a  and the 'H NMR spectrum 
of Id was almost identical with that of la .  


Telluroxanthone diiodide (2e). To a chloroform 
solution (10 ml) of 2aZ0 (100 mg, 0.33 mmol) was added 
iodine (99 mg, 0.39 mmol) in chloroform ( 5  ml), giving 
a reddish brown precipitate. After washing with hexane 
several times, 2e (95%) was obtained, m.p. (decomp.) 
215-216°C. Found, C 27.5, H 1.6; calculated for 
C&&OTe, C 27.8, H 1.4%. 'H NMR, 6(DMSO-d6) 
7.5-7.9 (4H,m), 8.2-8.6 (4H,m). 


Selenanthrene (3a) was prepared by an improved 
method based on the l i t e r a t ~ r e . ' ~  In the course of the 
preparation, sodium diselenide was prepared from 
selenium and sodium borohydride in ethanol2' 
containing sufficient aqueous sodium hydroxide not to 
evolve H2Se.12*2S (An adequate amount of sodium 
borohydride should be used; there is a typographical 
error in the amount reported earlier. 1 2 )  
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TOPOLOGICAL EVIDENCE FOR AN N-N BOND IN 
CIS- 1,2-DINITROSOETHENE: THE REMARKABLE STRUCTURE 
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Analysis of the topological properties of the electron density distribution of cis-1,2-dinitrosoethene (I) shows that there 
i s  a normal covalent, albeit very long, single bond between the nitrogen atoms in the molecule, which i s  in fact the 
di-N-oxide of 1,2-diazacyclobutadiene (11). Despite its extraordinary length, the N-N bond is shown to be consistent 
with the strong correlation between the electron density at the bond critical points and the calculated bond lengths of 
N-N bonds. The geometry and electronic structure exhibit a number of remarkable features. 


INTRODUCTION 


Recent ab inifio molecular orbital studies' on the cis 
and trans isomers of 1,2-dinitrosoethene indicate that 
both isomers are planar, as expected. Examination of 
the optimized geometry for the cis isomer reveals, 
however, that the N-N internuclear distance is much 
les? than expected and that the CCN angle is more than 
20 smaller than in the trans form. These observations 
suggest that cis-I ,2-dinitrosoethene (I) may, in fact, be 
a cyclic molecule, the di-N-oxide of 1,2-diazacyclo- 
butadiene (11). 


- - 
0 0 


/ 
O - N  N Y 0  \ +  N +  N 


purposes in the nucleophilic opening of annelated 
furoxans to  dinitroso compounds. 


COMPUTATIONAL METHODS 


All electronic structure calculations were carried out by 
use of the GAUSSIAN 86 series of programs3 and the 
topological properties of the electron density distribu- 
tions were computed b$ use of the AIMPAC series of 
 program^.^ The 6-31G basis set was selected for our 
calculations because the earlier calculations I showed 
that the inclusion of d-type polarization functions has a 
substantial effect on the optimized structure. Further, 
the choice of the 6-31G* basis set facilitates meaningful 
comparisons with extensive calculations on the 
topological properties of the electron density distribu- 
tions of a large number of molecules between first-row 
atoms. 


I I1 RESULTS AND DISCUSSION 


The purpose of this paper is to report topological 
evidence for the existence of an N-N bond in the di-N- 
oxide of 1,2-diazacyclobutadiene (11). For the record, it 
should be noted that there is considerable experimental 
interest' in vinyl dinitroso compounds, both as tran- 
sient species in ring isomerizations and for synthetic 


Geometries 


The 6-31G* optimized structure (Cz,) of I! is shown in 
Figure 1 .  The C-C bond length of 1 -505 A is less than 
the normalo carbon-carbon single bond length of 
1.53-1.54A, but very much greater than the normal 
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Figure 1 .  The 6-31G* optimized structure of 11 


double bond length of 1-33-1 ~ 3 4 A .  While this contrac- 
tion may be indicative of a-bonding between the carbon 
atoms, the contraction may also be due to  ring strain. 
Previous calculations' have shown that the C-C bond 
is 0 .07A shorter in the frans than in the cis isomer and, 
therefore, the amount of T-bonding between the carbon 
atoms in I1 is relatively small. With respect to the ques; 
tion of ring strain, it is interesting that the 6-31G 
optimized bond length for the C-C bond in 
cyclopropane, the classic example of ring strain, is 
1.498A, whereas the corresponding value forothe pro- 
totype C-C single bond in ethane is 1*538A.6 Ring 
strain should be less in I1 than in cyclopropane and 
therefore we conclude that the contraction of the C-C 
bond in I1 is due to a combination of a-bonding and 
ring strain. In any case, the C-C bond in 11 is not a for- 
mal double bond as in I .  Topological evidence for ring 
strain in I1 and the relationship between the length and 
order of a bond are discussed below. 


The 6-31G* optimized value of l .274A for the C-N 
bond ip I1 is slightly greater than the corresponding 
1.250A value6 for the double bond in HrC=NH, but 
much smaller than the 6-31G* value of 1.453 A for the 
single bond in methylamine (the observed' C--N bond 
length is 1.471 A). We therefore conclude that the 
lengthening of the C-N bond relative to a formal dou- 
ble bond is comparable to the contraction of the C-C 
bond relative to  a formal single bond. 


The N-N internuclear distance in I1 is even more 
remarkable than the C-C and C-N bond lengths. At 
1.608A, the N a N  internuclear distance is much longer 
than the 1 a413 A bond length calculated for HzNbNHz 
(the observed* bond length in hydrazine is 1.449A), but 
much shorter than the 2.74A predicted for I on the 
basis of model geometries.' These results, and the elec- 
tronic properties discussed in the following sections, 
provide strong evidence for the presence of an N-N 
bond in 11. 


Although this paper is less concerned witho the 
exocyclic bonds, it should be noted that at 1.197 A the 
6-31G* optimized N-0  bond in I1 is 0 - 0 2 A  longer 
than the formal N - 0  double bond in methyl nitrate 
(CHANO), but much shorter than the typical N - 0  
single bond of 1.376 A in NH3O. 


Electronic structure of 11 


Figure 2 illustrates the contours of the electron density 
in I1 in the molecular plane. The orientation of the 
molecule in Figures 2-5 is as in structure 11, with the 
C-C bond at the bottom. While the substantial elec- 
tron density between the nitrogen atoms is consistent 
with the presence of an N-N bond, more definitive 
evidence is provided by the topological properties of 
p(r). Figure 3 shows th,e trajectories (paths of steepest 
ascent or descent) at 15 intervals of the gradient vector 
field" of p(r), from which the molecular graph shown 
in Figure 4 is obtained. The molecular graph shows the 
bond path between each pair of bonded atoms and the 
interatomic surfaces which partition the molecule into 
atomic fragments. " The intersection of a bond path 
and an interatomic surface is a saddle point in p(r). At 
a bond critical point the electron density is a minimum 
with respect to motion along the bond path connecting 
two bonded atoms and a maximum with respect to a 
lateral displacement. Thus, a bond critical point has one 
positive curvature and two negative curvatures. The 
single most important feature of Figure 4 is the presence 
of a bond path, and its corresponding bond critical 
point, between the nitrogen atoms. As expected, the 
C-C bond path and the two C-N bond paths are pre- 
sent and, therefore, the topological properties indicate 
that I1 is indeed a cyclic molecule. The cyclic structure 
of I1 is confirmed by the presence of a ring critical point 


Figure 2. Contour map of the electron density p ( r )  in the 
molecular plane of 11. The orientation of the molecule cor- 
responds to that of structure 11. The contour values are 0.002, 
0.004 and 0.008 a.u., increasing in powers of 10. The positions 


of nuclei are denoted by + 
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at which the electron density is a minimum with respect 
to motion in the molecular plane but a maximum with 
respect to a displacement perpendicular to  the molecular 
plane. Thus, a ring critical point has two positive cur- 
vatures and one negative curvature. The ring critical 


Figure 3 .  Trajectories of the gradient vector field of the elec- 
tron density, p(r),  in the molecular plane of I 1  


point lies at the intersection of four  interatomic. surfaces 
and is visible in Figure 4. The two exocyclic N - 0  and 
the two exocyclic C-H bonds are denoted by their 
bond paths in Figure 4. 


Figure 4 indicates that the exocyclic bond paths are 
straight lines, whereas all bond paths within the ring 
show substantial curvature. Thus, the molecular graph 
for I1 shows directly the ring strain within the four- 
membered ring. 


Further insight into the interaction between the 
nitrogen atoms in I1 is provided by the contours of 
V2p(r) .  It has been shown” that atomic interactions 
can be classified according to two broad categories, 
closed-shell and shared interactions. The latter includes 
covalent and polar bonds in which it is observed that 
electronic charge is concentrated in the internuclear 
region, and V2p(r) < 0. Closed-shell interactions in- 
clude those found in noble gas repulsive states, in ionic 
bonds, in hydrogen bonds and in van der Waals 
molecules. In such cases the electron density is con- 
tracted toward each of the interacting nuclei, leading to 
a depletion of electron density in the internuclear 
region, and V2p(r)  > 0. Thus, in Figure 5,  the negative 
contours of V2p(r)  between the nitrogen atoms indicate 
a concentration of charge and a covalent bond between 
the atoms. Indeed, Figure 5 shows clearly a four- 
membered ring formed by C-C, C-N, N-N and 
C-N bonds. 


Recent investigations 1 3 - 1 5  of p(rc) ,  the electron den- 
sity at bond critical points of molecules, have revealed 


Figure 4. The molecular graph of 11. The bond critical points 
are denoted by a and nuclei by + . The ring critical point lies 
at the intersection of four interatomic surfaces in the middle of 


the ring 


Figure 5. Contour map of V 2 p ( r )  in the molecular plane of 11. 
Positive values are denoted by solid contours, negative values 
by dashed contours. The contour value5 are 20.002, kO.004 


and 20.008 a.u., increasing in powers of 10 







146 C. SARASOLA, S. C. CHOJ,  J.  M. UGALDE AND R. J .  BOYD 


strong correlations beteen p (rc) and the calculated bond 
lengths re.  Extensive calculations5 indicate that the 
power-law relationship, re(A-B) = a [ p ( r , ) ]  ', where 
the parameters a and b depend on the choice of 
elements A and B, provides a good fit to the data. Using 
the values of Q and b chosen to fit a large number of 
N-N bonds for which re ranges from 1.077 to 1 *451 A 
and p(r,) ranges from 0.711 to  0.303 a.u., we find that 
the computed value of 0.2299 for p(rc) leads to a predic- 
tion for r, which agrees to wighin 3% of the N-N bond 
length shown in Figure 1, despite the fact that the elec- 
tron density is 24% below that of any of the molecules 
used to establish the power-law relationship. The close 
agreement between the re(N-N) calculated at the 
6-31G* level and that predicted by the power-law rela- 
tionship provides support for the conclusion that there 
is a normal, albeit long, covalent N-N bond in 11. On 
the basis of the power-law relationship and the results 
presented in this paper, we conclude that I1 contains a 
nitrogen-nitrogen single bond which, despite its 
extraordinary length, is in every respect a normal 
covalent bond. 
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The kinetics of the gas-phase elimination of two 2-haloethyl methanesulphonates were determined in a static system 
over the temperature range 310-380 O C  and pressure range 26-174 Torr. The reactions in seasoned vessels, with the 
free-radical inhibitor propene and/or toluene always present, are homogeneous and unimolecular, and follow a first- 
order rate law. The rate coefficients are given by the Arrhenius equations: for 2-bromoethyl methanesulphonate 
log k l  (s- ') = (11.70 2 0.43) - (172.8 f 4.8) kJmol- (2.303RT)- ' and for 2-chloroethyl methanesulphonate 
log k l  (s- ') = (11-67 2 0.50) - (173-9 2 6.0) kJmol- ' (2*303RT)-'. The bromo compound was found to he more 
reactive than the chloro compound. At 34OoC, for Br k l  =9*46X 10-4s -1  and for CI k t  =7 .12X10-4s -1 .  
Apparently, electronic factors seem to be operating in these elimination reactions. 


INTRODUCTION 


The homogeneous, unimolecular gas-phase elimination 
kinetics of alkyl 2-substituted ethylmethanesulphonates 
showed good correlation lines when log k/ko was plot- 
ted against several steric parameters. ' In this respect, 
steric acceleration appeared to  be operating in these 
elimination reactions. Moreover, the primary alkyl 
methanesulphonates were found to  give faster rates of 
olefin formation in comparison with the pyrolyses of 
other primary organic esters. The mechanism of the 
reaction was rationalized in terms of a tight intimate 
ion-pair intermediate [equation ( l ) ]  


CH,SO,H + ZCH=CH,, 


Z = alkyl 


*Taken from the thesis of Jaime Alvarez G., submitted to the 
Faculty of IVIC, 1989, in partial fulfillment of the 
requirements for the Degree of Magister Scientiarum. 
t Author for correspondence. 
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Similar effects of steric acceleration was attributed to 
the branching of alkyl groups in the elimination kinetics 
of 2-substituted ethyl acetates.' In contrast to  this 
influence, polar 2-substituents in the primary acetates 
were found to  affect the rates owing to electronic 
factors.' In view of these observations, it therefore 
seemed interesting to  examine whether any other factor 
might influence the gas-phase elimination of polar 
2-substituted ethylmethanesulphonates. This work was 
aimed at studying the effect of Br and Cl in 2- 
bromoethyl and 2-chloroethyl methanesulphonates. 


RESULTS AND DISCUSSION 


The products of the gas-phase elimination of 2- 
bromoethyl and 2-chloroethyl methanesulphonates in a 
static system seasoned with ally1 bromide, and in the 
presence of the free-radical suppressor propene and/or 
toluene, are mainly the corresponding olefin and 
methanesulphonic acid [equation (2)] . 


C H ~ S O ~ C H Z C H Z X  + CH3SO3H + CH2=CHX (2) 
X = Br, C1 


The stoichiometry based on equation (2) demanded 
that, for long reaction times, the final pressure Pf 
should be twice the initial pressure PO. The average 


Received 29 June 1989 
Revised 9 October 1989 







ELECTRONIC FACTORS IN ELIMINATION KINETICS 457 


experimental Pf/ PO values at five different temperatures 
and ten half-lives were 2-04 for 2-bromoethyl and 2.05 
for 2-chloroethyl methanesulphonate. 


Additional agreement of the above stoichiometry, up 
to 80% reaction, was satisfactorily verified by compar- 
ing the percentage decomposition of the substrate 
calculated from pressure measurement with that 
obtained from the chromatographic analyses of the 
olefin products. 


The effect of the surface on the rate of elimination 
was examined by carrying out several runs in a vessel 
with a surface-to-volume ratio of 6.0 relative to that of 
the normal vessel (1.0). When the packed and 
unpacked vessels are seasoned with ally1 bromide, the 
reaction is homogeneous. However, in packed and 
unpacked clean Pyrex vessels, a dramatic decrease in 
the rates suggests a heterogeneous effect and 
polymerization of the corresponding vinyl halide. The 
pyrolysis of these methanesulphonate substrates in 
seasoned vessels was not affected by the presence of dif- 
ferent proportions of a free-radical inhibitor such as 
propene or toluene. No induction period was observed. 
The rate coefficients are reproducible with a relative 
standard deviation not greater than 5% at a given 
temperature. The methanesulphonates were always 
pyrolysed in seasoned vessels and in the presence of at 
least an equal amount of the free-radical chain inhibi- 
tor. 


The first-order rate coefficients of these methane- 
sulphonates calculated from kl = (2*303/t)log PO/ 
(2Po - P t )  were independent of their initial pressures 
(Table 1). A plot of log(2P0 - PI) against time ( t )  gave 
a good straight line up to 55-75'70 reaction. The varia- 


Table 1 .  Invariability of rate coefficient with initial pressure 


2-Bromoethyl methanesulphonate at 340.5 "C 


PO (Torr) 26 97 1 1 1  131 174 
104kl ( s - I )  9.36 9 .54  9.31 9.10 9.17 


2-Chloroethyl methanesulphonate at 350 'C 


PO (Torr) 64 79 98 123 149 
104kl ( s - I )  11.36 10.90 11.14 10.93 10.87 


tion of the rate coefficients with temperature is shown 
in Table 2. The data in Table 2 were fitted to the follow- 
ing Arrhenius equations, where 90% confidence limits 
are quoted: 


2-bromoethyl methanesulphonates: 
log ki(s- ')=(11*70 f 0.43) 


- (172.8 It 4.8)kJmol-'(2.303RT)-' 


2-chloroethyl methanesulphonate: 
log ki(SC1)=(11.67 2 0.50) 


- (173.9 k 6.0)kJmol-'(2.303RT)-' 


The data in Table 3 indicate that the halogen substi- 
tuents Z in ZCH2CH20S02CH3 do not influence the 
rate of elimination by steric acceleration as described 
for alkyl 2-substituted ethyl methanesulphonates pyro- 
lysis in the gas phase' [equation (I)] .  This considera- 
tion derives from the fact that both rates are much 
lower than for the corresponding parent compound 
with Z = H, i.e. ethyl methanesulphonate (Table 3). 
Moreover, the positions of Br and Cl on plots of the 
reported correlations of log krel. against known steric 
parameters4 (Taft's E,, Hancock's ES and Charton's y 
values5) lie far below the slopes of the lines.' Conse- 
quently, steric effects are not an important factor in the 
rate of elimination of halo 2-substituted ethyl methane- 
sulphonates. 


As described in the Introduction, steric acceleration 
was found to be responsible for the rate of pyrolyses of 
alkyl and several polar substituents interposed by at 
least three methylene groups with respect to C,-0 of 
2-substituted ethyl acetates. An approximate linear 
relationship was obtained by plotting log k/ko against 
Hancock's ES values.' However, electron-withdrawing 
polar substituents slowed the elimination rates accord- 
ing to their electronegativity differences. In this case, 


Table 3. Kinetic parameters from pyrolysis of 
ZCHzCHzOS02CH3 at 340.0 OC 


Z 104k, (s- ' )  E, (kJmol-I) Log A (s- ' )  Ref. 


Ha 35.47 1 7 1 . 7 2  1.3 1 2 . 1 8 2 0 . 1 2  1 
Br 9.46 172.8 2 4 . 8  11.70 2 0.43  This work 
c1 7.12 173.9 f 6 . 0  11.67 2 0.50 This work 


a Confidence limits 80%. 


Table 2. Temperature dependence of the rate coefficient 


2-Brornoethyl methanesulphonate 


Temperature ("C)  310.0 320.0 330.0 340.5 350.0 360.0 370.0 
104k, (cl) 1.61 3.15 5-48 9.29 15.84 26.70 48.37 


2-Chloroethyl methanesulphonate 


Temperature ('C) 319.3 330.0 340.4 350.0 360.2 369.8 380.1 
104kl ( s - ' )  2.41 3.95 6.85 11.00 19,77 35.59 64.06 
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plotting log krel. against u* and u1 resulted in good 
linear relationships. The small difference in reactivity 
between the halogen substituents (Table 3) is similar to  
those found in the gas-phase pyrolyses of esters396 and 
alkyl halides.' However, it was found that the greater 
the electronegativity of  the halogen, the slower i s  the 
pyrolysis. In association with these s t ~ d i e s , ~ , ~ , ~ ~ '  it is 
reasonable to  assume that the Br and C1 atoms at the 2- 
position of ethyl methanesulphonate influence the rates 
via electronic effects. This means that the electron- 
withdrawing effect of  the halogens tends to  reduce the 
C,-0 bond polarization (S-O6--C6') in the transi- 
tion state, which is the determining factor, and thus 
slows the rate of elimination. 


EXPERIMENTAL 


The 2-halosubstituted methanesulphonates were 
prepared by treating 2-bromoethanol (Aldrich) and 
2-chloroethanol (Aldrich) with methanesulphonyl 
chloride in diethylether as described.8 The products 2- 
bromoethyl methaneylphonate (b.p. 125 "C at 6 Torr; 
lit.' b.p. 126-128 C at 5 F r r )  and 2-chloroethyl 
methanesulphonate (b.p. 130 C at 11  Torr; lit.8 b.p. 
130 "C at 11 Torr) were distilled several times, and the 
fraction over 98.7% purity (gas-liquid chromatog- 
raphy) was used (OV-17, 50% methylsilicone-50% 
phenylsilicone, on Gas-Chrom Q, 80-100 mesh). Vinyl 
bromide (Merck) and vinyl chloride (Aldrich) were 
analysed quantitatively in a Porapak Q column. The 


identities of the reagents and products were further 
verified by mass spectrometry and by infrared and 
nuclear magnetic resonance spectroscopy. 


The kinetic experiments were carried out in a static 
system with the reaction vessel seasoned with ally1 
bromide, and in the presence of the inhibitor propene 
and/or toluene. The rate coefficients were determined 
manometricallx. The temperature was found to  be 
within +O-2 C when measured with a calibrated 
platinum-platinum-13% rhodium thermocouple. The 
reaction vessel showed no temperature gradient at 
different points. 
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STEREOCHEMISTRY AND KINETICS OF THIOPHENOXIDE ION 


PHENYLPROPIOLATE DERIVATIVES IN METHANOL. I 
ADDITION TO METHYL PARA-SUBSTITUTED 


EZZAT A. HAMED, ADEL. M. MOUSSA AND ABDEL-HAMID A. YOUSSEF* 
Department of Chemistry, Faculty of Science, Moharam Bey, Alexandria University, Alexandria, Egypt 


The reactions of a series of methyl para-substituted phenylpropiolates with thiophenoxide ion in methanol were studied 
and their rates measured. Methyl 8-thiophenyl esters were obtained as mixtures of 2 and E isomers and their 
configurations were established by 'H NMR spectroscopy. Good Hammett correlations with p values of 1.57-1 ~ 9 7  
were obtained, which suggest a carbanionic character of the transition state. A stepwise mechanism proceeding via an 
intermediate carbanion is postulated for this non-sterospecific addition reaction. 


INTRODUCTION 


Base-catalysed addition of thiols to activated acetylenes 
has been thoroughly investigated where only one isomer 
of the corresponding vinylthio compounds was obtained 
in most cases according to  the rule of trans nucleophilic 
additions, although some exceptional cases were also 


Only one study dealing with the use of 
varying electron demand, in both alkynes and thiols, 
has been reported. l 3  Moreover, the available kinetic 
data showed that both the thiolate and alkyne molecules 
are involved in the rate-determining process. l4 


It has been proved that the Z / E  ratio of the products 
obtained from nucleophilic addition to alkynes is either 
due to the isomerization under the reaction 
conditions'.'' or inherent in the addition, and not a 
result of postisomerization. "-" 


The aim of this work was to explore the stereochem- 
istry of the isomer(s) formed from the base-catalysed 
addition of thiophenol to  methyl para-substituted 
phenylpropiolates la-e in methanol as well as studying 
the kinetics of these reactions to shed some light on the 
operating mechanism. 


R a C i  C-COOCH3 


1 
a, R = H; b, R = CH3; c ,  R = CI; d, R = Br; e, R = NO2 


*Author for correspondence. 


0894-3230/90/06037S-04$05 .OO 
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RESULTS AND DISCUSSION 


The starting materials la-e were prepared as reported 
previously. I' The products obtained from the reactions 
of thiophenoxide ion with the acetylenic esters were iso- 
lated and identified as para-substituted methyl-@- 
(thiophenyl)cinnamates, 2a-e. 'H NMR data indicated 
the presence of a mixture of Z and E isomers 
(Scheme 1). 


Configuration of the products 


The configuration of the products 2a-e was assigned by 
studying their 'H NMR spectra in comparison with 
those for (Z)-methyl para-substituted @-(thiophenyl) 
cinnamates formed by the reaction of thiophenoxide ion 
with (Z)-methyl para-substituted @-chlorocinnamates. l9  


Further, the theoretical chemical shifts,* obtained by 
applying the NMR rules of the additivity principle20*21 
for ( Z ) -  and (E)-0-(thiopheny1)-cinnamate esters were 
found to be in excellent agreement with the observed 
values. The 'H NMR spectral data of compounds 2a-e 
are given in Table 1. The vinylic and carbomethoxy pro- 
tons of the E isomers were found to  appear consistently 
at higher field than that of the Z isomers. This could be 
attributed to the shielding effect of the thiophenyl and 
aryl groups which lie in the same side of the double 


*Calculated chemical shifts for the (Z)- and (E)-methyl para- 
substituted P-thiophenylcinnamates are 6.26 and 5.67 ppm, 
respectively. No NMR u values are available for substituted 
phenyls. 
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R ~ C E C - c o o c  H ~ +  C ~ H ~ S N ~  


1 a-e 


Table 1. 'H NMR chemical shifts 


A. M. MOUSSA AND A.-H. A. YOUSSEF 


R a  c R a  FOOCH3 


C6%S' COOCH3 S C S y  OCH3 C&; 
- c=c , - R o F = C = $ - O -  - C=C 


2-Intermediate E-lntermediat e I 5 6 


c=c 


2-2a-e E- 2 a-e 


Scheme 1 


Vinylic - OCH3 
protons protons 


Aromatic Z : E  
Compound R protons Z E Z E ratio 


~~ ~~ 


2a €3 7.02-7.30 6.05 5.33 3.75 3.38 73127 
Zb CH3 6.79-7.40 6.06 5.40 3.69 3.36 80:20 
zc CI 7.05-7'33 6.00 5.44 3.77 3.42 75:25 


2e NOz 6.97-7'43 6.33 5.40 3.77 3.43 50:50 
Zd Br 7.05-7.43 6.00 5.40 3.76 3.41 75125 


8.10-7'83 


bond with the vinylic and carbomethoxy protons, 
respectively, in case of the E isomer. 


Kinetic and mechanism 


The rates of reactions of la-e with thiophenoxide ion 
in methanol were measured at different temperatures. 
The reactions were found to  follow second-order kin- 


etics with 


Rate = k2[la-e] [ ~ C ~ H S ]  


measured under pseudo first-order conditions using a 
10: 1 ratio of la-e to sodium thiophenoxide (see 
Experimental), where the second-order rate constan! 
k2= k,b,/[la-e]. The rate constants (k2) and the 
derived Arrhenius parameters are given in Table 2.  The 
rates of these reactions and the ratios of the E isomer 
were found to depend on the nature of the 
para substituent, increasing with increase in the 
electron-withdrawing power of the para substituent in 
the aromatic ring. A Hammett correlation was found to  
hold well for these reactions (Figure 1) .  The p values 
range from 1.57  to 1 *97, depending on the temperature. 


The formation of isomeric mixtures of adducts 2a-e 
could be explained on the basis of a stepwise mechanism 
in which the thiophenoxide ion attacks the &carbon of 
the acetylenic ester, giving rise to  a configurationally 
stable Z carbanion intermediate 5, which may undergo 
either protonation to give a 2 adduct or isomerization 
to give the E intermediate 6 ,  which undergoes protona- 
tion to give the E adduct (Scheme 1). A higher percent- 
age of the 2 adduct is expected since the 2 intermediate 
5 should suffer less interaction between the negative 


Table 2. Specific rate constantsa and activation parameters for the reactions of la-e with 
sodium thiophenoxide in methanol 


kz (1 rno1-l s - ' )  


Compound R 30'C 40°C 50°C AH'(kca1 mol- ' )  ASfb(e.u.)  


l a  H 0.12 0.29 0.51 10.97 -25.9 
l b  CHj  0.07 0.16 0.33 13.98 - 17.6 
l C  CI 0.49 0.87 1.52 9.78 ~ 27.6 
Id Br 0.49 0.98 1.72 10.28 -25.8 
l e  NO2 4.44 5.98 8.70 5.78 - 36.6 


" k l =  k&/ [la-e] . Rate constants were calculated by the least-squares method and the correlation 
coefficient was 0.99 in most cases. b A S *  = (4.567 log k / T )  +E,/T -49.21 at 40°C. 
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0 . 5 1  I 
I 1  I I 1 I I 1 


Hammett 0' 
- 0 2  0 0  0 2  O L  0 6  0 8  


Figure 1. Plot of log k2 for the reaction of la-e with sodium 
thiophenoxide against Hammett u constant 


charge and the lone pair of electrons on the sulphur 
atom. 


Certain substituents could conceivably delocalize the 
charge on the Z carbanion intermediate 5 ,  either 
partially or completely. Consequently, the electrophilic 
attack is not expected to be a stereospecific one. This 
could be clearly observed in case of the para-nitro- 
derivative where a 50:50 Z/E mixture was obtained. 
This observation may also indicate an inherent 
isomerization rather than a post-isomerization. The 
substantial dependence of the Z ratio on the nature of 
the para substituent in the aromatic ring casts doubt on 
the validity of the concerted mechanism. 9s22 Attempts 
to  effect post-isomerization under different reaction 
conditions such as shortening the reaction time, utilizing 
different molar ratios and addition of either thiophenol 
or base to  the isolated mixture of the E and Z adducts 
gave unchanged starting materials. 


The obtained values of the entropy of activation, 
A S z ,  are comparable to those reported for stepwise 
mechanisms, 13,23  being less negative than those for con- 
certed ones. 24 Also, the p values indicate that consider- 
able anionic character is developed at the carbon atom 
adjacent to the ester group, and this might lead to the 
suggestion that a carbanion intermediate is formed. 


In conclusion, a stepwise mechanism clearly explains 
the non-specificity of the addition of sodium 
thiophenoxide to methyl para-substituted phenyl- 
propiolates la-e. Consequently, this type of reaction 
can be considered as another violation of the rule of 
trans-nucleophilic additions. ' - 5  


EXPERIMENTAL 


Infrared and ultraviolet spectra were measured on 
Unicam SP 1025 and 1805 spectrometers, respectively. 
The 'H NMR spectra were measured at  90 MHz using 
CDCI3 as solvent and TMS as internal reference. Melt- 
ing points and boiling points are uncorrected. 


Preparation of materials. The synthesis of methyl 
para-substituted phenylpropiolates la-e has been 
reported previously. 


Reaction products. The appropriate arylpropiolate 
ester (0.01 mol) was dissolved in absolute methanol and 
a solution of equivalent amounts of sodium and 
thiophenol(O.01 mol) in absolute methanol was added. 
The reaction mixoure was flushed with nitrogen, 
thermostated at  40 C and kept under a nitrogen atmos- 
phere. At the end of the reaction time (as indicated by 
thin-layer chromatography), the mixture was poured 
into a large volume of ice-cold water. The precipitate 
was filtered, washed with 5 %  sodium hydroxide solu- 
tion, then crystallized from dilute methanol. The 
IH NMR data for the products were found to be the 
same before and after crystallization (Table 1). 


All the following reaction products gave satisfactory 
elemental analyses. Attempts to separate the E and Z 
isomers from each others are in progress. (E, Z)-Methyl 
6-thiophenylcinnamoate (2a), colourless crystals, yield 
85070, m.p. 50-57 C;  (E, Z)-methyl P-thiophenyl-p- 
methylcinnamate (2b), colourless plates, yield 8O%, 
m.p. 64-66 'C; (E, Z)-methyl P-thiophenyl-p- 
chlorocinnamate (2c), colourless crystals, yield 92%, 
m.p. 73-76 "C; (E, Z)-methyl P-thiophenyl-p- 
bromocinnamoate (2d), colourless crystals, yield 92%, 
m.p. 72-77 C; and (E,  Z)-methyl P-thiophenyl-p- 
nitrocinnamate (2e), yellow prisms, yield 95%, m.p. 
90-95 OC. 


Kinetic measurements. The kinetics of the addition 
of sodium thiophenoxide to la-e were studied spec- 
trophotometrically using a Pye Unicam SP 800 double- 
beam recording spectrometer. These reactions were 
monitored at 310 nm. 


The substrate solution (1 ml dissolved in methanol) 
and sodium thiophenoxide solution (1 ml) (equimolar 
amounts of thiophenol and sodium metal), which gave 
final concentrations of 2 . 5  x M and 2.5 x M, 
respectively, were transferred into a calibrated flask and 
the volume was completed to 10 ml with methanol. The 
reaction mixture was transferred quickly into a well 
thermostated chamber containing the UV cell. In the 
reference cell, 2 m l  of substrate solution in methanol 
(2.25 x M) was placed. 


The absorbance At  at the desired wavelength was 
recorded at  several time intervals. The rate constants of 
these reactions were calculated under pseudo-first-order 
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conditions using the equation 


- kobs log(A, - A , )  = - t + log(Am - An) 
2.303 


where Ao, At and A, are the values of the absorbance 
at  zero, time t and infinity, respectively. The values of 
Am for each kinetic run were taken as the 
experimentally determined values. 
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STEREOCHEMICAL STUDIES. XXXIV. * QUANTITATIVE 
DESCRIPTION OF RING PUCKERING VIA TORSIONAL ANGLES. 


THE CASE OF SIX-MEMBERED RINGS 


N. S. ZEFIROV,j' V. A. PALYULIN AND E. E. DASHEVSKAYA 
Department of Chemistry, Moscow State University, Moscow I19899 USSR 


The quantitative description of ring puckering suggested by the authors is compared with that of Cremer and Pople. 
The applicability of both methods i s  discussed for the case of six-membered rings with the use of model calculations 
simulating various ring distortions and with the analysis and comparison of puckering parameters computed on the 
basis of x-ray data for 40 six-membered rings in different cyclic structures. The 2 N  times reduction of the field of varia- 
tion of  puckering parameters for the N-membered ring is suggested and the algorithm for the renumbering of the ring 
atoms for this purpose is  described for six-membered rings. 


INTRODUCTION 


The reliable experimental and computational methods 
accessible nowadays provide exhaustive and accurate in- 
formation on the geometries of a great number of cyclic 
molecules. In this connection a problem arises: how to 
convert the long tables of atomic coordinates into a 
clear notion and brief quantitative description of the 
rings shape in molecules. The most usual description of 
the ring shapes is based on their intuitive comparison 
with some reference forms such as chair, boat or half- 
boat. This pictorial characterization is supported by 
some metric parameters, such as deviations of the tor- 
sional angles from the standard values or displacements 
of some atoms from a particular plane. 


A number of quantitative methods are available for 
the description of the spatial forms of cyclic molecules, 
and each has its advantages and shortcomings. In this 
paper we describe the method suggested previously by 
the authors (for short communications see Refs 1 and 2)  
and compare it with the now commonly used Cremer 
and Pople (CP) m e t h ~ d . ~  


The need for a general quantitative description of ring 
forms was realized long ago and a number of attempts 
have been made with the use of different levels of 
sophistication. Kilpatrick et in their pioneering 
work in 1947, considered the conformational inter- 
conversion in the cyclopentane ring in terms of 'pseudo- 
rotation of puckering.' According to this approach, any 
conformation of cyclopentane can be described by two 


parameters: the amplitude and phase angle of pseudo- 
rotation, both obtained from the out-of-plane 
displacements of five carbon atoms. Later the descrip- 
tion of pseudo-rotation on the basis of endocyclic tor- 
sional angles was undertaken for certain types of cycles: 
f i ~ e - r n e m b e r e d , ~ - ~  six-membered8-" and seven- 
membered. ~ l 4  Attempts have also been made to use 
bond angles for the same purpose. l 5 , l 6  While all possi- 
ble conformations of the five-membered ring can be 
described in terms of pseudo-rotation, in the case of 
larger rings there are conformations which are beyond 
the scope of this description, such as the most frequent 
'chair' form of cyclohexane and all the intermediate 
forms between chair and boat, the twist-boat family. 
These forms were described by ring puckering coor- 
dinates with the use of the out-of-plane displacements 
of ring atoms, and such descriptions allowed them to be 
depicted schematically on a spherical surface with chair 
forms on the poles and pseudo-rotating boat and 
twist-boat forms on the equator. 


It should be noted that the above-mentioned studies 
did not contain accurate and general procedures for 
reducing the ring atomic Cartesian coordinates to a set 
of puckering parameters. Such a procedure was worked 
out for the first time in 1975 by Cremer and Pople, who 
introduced 'the general definition of ring puckering 
coordinates' as a generalization of previous approaches. 
According to  the C P  method, for a ring of size N ,  the 
set of N - 3 puckering coordinates (amplitudes and 
phase angles deduced from the deviations z, of the ring 


* Part XXXIII ,  1. G. Mursakulov, V.  A.  Svyatkin, V .  V. Sarnoshin, N .  S. Zefirov, Zh. Org. Khim. 22, 773-776 (1986). 
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atoms from the specially constructed ‘mean’ plane) 
leads to the description of the whole spectrum of possi- 
ble conformations. In particular for the six-membered 
rings the C P  method operates with three variable coor- 
dinates and provides a description of ring shape with the 
use of the polar coordinate system in terms of total 
puckering amplitude Q, polar angle 0”’ and phase angle 
4 2 .  The essential advantage which distinguishes the 
C P  method from the earlier treatments is the absence 
of approximations, although its applicability was 
questioned. 1 8 , 1 y  The C P  method is currently widely used 
for the analysis of puckered ring and for the 
unambiguous definition of ring substituent positions. ’’ 
Another kind of puckering parameter, as suggested by 
Altona and Sundaralingam,’ is based on the endocyclic 
torsional angles p,. The C P  puckering parameters can 
be connected, as with the values of p,, 
where the approximate relationships between p, on the 
one hand, and the C P  and Altona-Sundaralingam 
puckering parameters on the other, were derived. This 
approach was based on the Fourier transform of the 
geometrical parameters“ and appeared to be fruitful in  
the analysis of conformations of seven-membered rings 
with torsional angles as such parameters. 2y For the same 
purpose the general relationship between the torsional 
angles in a seven-membered ring was applied. ‘ O  The fact 
that the geometry of the five membered rings was 
described using the assumption of constant distances 
between the atoms and the mass centre of the ring3’ also 
should be mentioned. 


As we pointed out previously, I the C P  method leads to 
a re-definition of the notion of ‘puckering’ based on the 
angular parameters which seem to be generally accepted 
in stereochemistry.32 To elucidate the essence of the 
problem, let us consider the chair conformation of 
1,4-oxathiane3’ (shown in Figure 1 )  with the aim of 
determining which part of it is more flattened and which 
part is more puckered. The following criteria which are 
usually applied for the description of the ring forms can 


C 


Figure 1 .  Geometry of 1 ,.?-oxathiane ring: (a) general view of 
the ring; (b) torsional angles; (c) z-coordinates in the CP 


method 


be used in this case. The first criterion is based on th: 
comparison 2f the values of dihedral angles w I  = 124 
and ~2 = 133 (Figure la), and this clearly shows that 
the sulphur apex of the oxathiane ring is flattened in 
comparison with the oxygen apex. Evidently this 
criterion can be applied only to the six-membered rings 
with atoms 2, 3, 5 and 6 lying in one plane. The second 
and more general criterion is based on the comparative 
analysis of the pairs of the endocyclic torsional angles 
at each apex.32 If the absolute value of the difference 
between the torsional angles (each taken with its sign”) 
at one apex is greater than another, the former fragment 
is considered to be more puckered than the latter. 
According to this criterion, in the case of 1,4-oxathiane 
(for torsional angles see Figure Ib), the sulphur- 
containing fragment is flattened noticeably compared 
with the C-0-C fragment. Thus, both criteria used in 
stereochemistry lead to the same conclusion. 


In contrast, the C P  method leads to the opposite con- 
clusion, namely that the C P  parameters (Q = 0.62, 
0‘’ = 5 . 5 O ,  42 = 180”) correspond to flattening of the 
oxygen apex compared with the sulphur apex (for nor- 
mal deviations of atoms from the mean plane, see 
Figure Ic). A similar situation can take place in the 
metal-containing rings. In Figure 2b, ring A in the com- 
plex compound pictured in Figoure 2a35 is represented. 
The dihedral angles WI = 119 and w2 = 137” show 
significant flattening of the Cu-containing apex. Con- 
sideration of the torsional angles which are shown in 
Figure 2c leads to the same conclusion. In spite of this, 
the C P  m5thod (for yhich the parameters are Q = 0.63, 
0‘’ = 1.5 , 4 2  = 189 ) shows an almost ideal chair with 
a slightly flattened C-C-C apex. 


Another problem arises when the puckerings of two 
equilateral rings are compared, suchoas the chair forms 
of cyclohexane (bond length o1 .535 A 3 6 )  and cyclohex- 
asilane (bondo length 2.342 A ”). The dihedral angles 
W I  = w2 = 130 and the endocyclic torsional angles of 
+-55’ for cyclohexane show that its puckering is close 


C 


Figure2. (a) Complex compound containing (b) the ring A 
(C-8-C-2-N-I-Cu-N-ZA-C-5A); (c) torsional angle5 i n  


ring A 
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to  that of cyclohexasilane (wI = w2 = 127.5”; torsional 
angles of + 5 8 ” ) .  However, the total puckering C P  
amplitudes Q which characterize the degree of pucker- 
ing of the ring are 0.565 and 0.916 for cyclohexane and 
cyclohexasilane, respectively, indicating pronounced 
puckering for the latter ring in comparison with 
cyclohexane. It is also possible to envisage a situation 
where the less puckered, from the stereochemical view- 
point, equilateral ring has larger bond lengths than a 
more puckered ring. The C P  method in this case will 
give a larger value for the total puckering amplitude for 
the ring which in fact is less puckered. 


Thus the examples considered demonstrate that C P  
method can, in certain cases, give results in contradic- 
tion with the conventional definition of puckering and 
it introduces a new definition of this notion. The origin 
of the aforementioned discrepancies is rooted in the 
essence of the CP method. The C P  description of 
puckering is based on the displacements of atoms from 
the ‘mean’ plane and hence any increase in 
z-coordinates caused both by a real angular distortion 
of the ring and by non-equality of bond lengths 
automatically leads to an increase in the resulting quan- 
titative puckering characteristics. Thus, for the oxa- 
thiane cycle the difference in C-0 and C-S bond 
lengths is large enough not only to disguise the angular 
distortions but even to  overbalance them. The second 
example demonstrates that the total puckering 
amplitude Q takes into account not only the degree of 
puckering of the ring but also its space dimensions. 
Hence the comparison of the shapes of two cycles with 
different bond lengths is impossible by the direct applic- 
ation of the C P  puckering analysis exclusively. 


Attempts to supplement the C P  method with some 
additional ‘normalization’ procedure to  avoid the pro- 
nounced dependence of the C P  parameters on bond 
lengths have failed and thus the necessity for another 
approach to  the problem was recognized. 


PUCKERING PARAMETERS BASED ON 
TORSIONAL ANGLES 


In a previous paper I we suggested the use of the endo- 
cyclic torsional angles pJ as a base for the C P  calcula- 
tional procedure. Thus, instead of the normal devia- 
tions z, from the mean plane, the values of sin(pJ/2) 
were used for calculations of the puckering amplitudes 
and phase angles which we denote s,,, and $,,, (to 
distinguish them from the corresponding CP denotions 
y,,, and @,,,, respectively3). Equations (1)-(3), which 
correspond to equations (12)-(14) in Ref. 3 serve for the 
calculation of s,,, and $,,, for the N-membered ring, 
equation (3) being necessary only for even-numbered 
rings. 


s,!~ cos +,,, = - ( 2 1 ~ ) ’ ”  C sin(pJ/2)sin [,rn(2j + I ) / N ]  


( 1 )  


\ 


, = I  


N 


slrr sin $,,, = - ( 2 / ~ )  ”* C sin(p;/2)cos [ m i  (2 j  + I ) / N I  


(2) 


(3) 


;= 1 


N 


;= 1 
s,v/2 = N-”~ C sin(p;/2)cos [gu - 111 


rn = 2, ..., M; M =  ENT[ (N- 1)/2] 


where 


(4) 
As a torsional angle p1 the angle 1-2-3-4 is chosen, as 
p2 the angle 2-3-4-5, etc. 


In the case of six-membered rings, rn = 2 and any con- 
formation is described by three parameters s ~ ,  $2, s3 or, 
in terms of the polar coordinate system [equations (5) 
and (6)], by the polar and phase angles 0 and $2 and the 
total puckering amplitude S: 


( 5 )  s2 = S sin 0 


s3 = s cos 0 (6) 
If only polar and phase angles 0 and $2 are considered, 
any conformation of the six-membered ring can be 
represented by a point on the surface of the sphere 
shown in Figure 3a, similar to  the C P  sphere. Points on 
this sphere which correspond to  the symmetrical confor- 
mations coincide exactly with those on the C P  sphere, 
while other points are usually shifted. On the poles of 
both spheres (0 = 0, 180’) the chair conformations 
are located, and on the equators the boat forms 
with $ ~ = 6 0 ”  x t  and the twist-boat forms with 
$ 2  = 60 x n + 30 are located (n  = 0, 1, ..., 5 ) .  For the 
equator of the sphere, see Figure 3b. 


It should be noted that equations ( 1 )  and (2) are 
slightly different from those suggested in our previous 
work. I We have found it reasonable to modify the first 
version of our method (ZP) so that the points cor- 
responding to  the ‘canonical’ conformations (such as 
boat, or chair or twist-boat in six-membered rings) 
would be the same as on the C P  sphere. The modified 
version based on equations (1)-(4) will be referred to 
here as ZPD. The phase angles $,,, in the ZPD method 
are connected with $Zp by 


$,,, = $2’ - 3 ~ m /  N - ~ / 2  


The schematic representation of the ring forms on the 
surface of the sphere is of great use for the analysis of 
the ring distortions. Values of polar and phase angles 
for a given distorted ring reflect the distance between the 
point corresponding to this ring and the points of the 
canonical conformations (such as chair, boat or 
twist-boat) on the surface of the sphere. For example, 
some displacement of the point from tbe pole (0 = 0) in 
the direction of the boat with $2 = 0 corresponds to 
flattening of the part of the cycle adjacent to fourth 
atom with respect to  that adjacent to  the first atom and 
vice versa for the displacementoof the point in the direc- 
tion of the boat with $2 = 180 . For the points located 
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close to the equator, the distance from the adjacent boat 
form in the direction of the twist-boat describes the 
degree of twisting of the corresponding cycles. 


For the ZPD method the values of sin(p,/2) involved 
in the computation of puckering parameters satisfy 
equations (5)-(7) for z-coordinates in Ref. 3 only 
approximately and the first amplitudes SO and sI [which 
can be calculated using equations ( 1 )  and (2) with 
rn = 0, 1 1 ,  although usually very small, may be different 
from zero. Thus the total puckering amplitude S =  
(C:=, sf,,) ”’ can be slightly different from the value of 
[ X,”= I sin2(p,/2)J I ”  in some cases and torsional angles 


I 


a 


5 2  


j L Rl 


b 


Figure 3 .  (a) ZPD puckering parameters for the six-membered 
ring in a polar coordinate system; (b) the six-membered ring 


forms on the equator 


pJ can be generated from the values of N - 3 puckering 
parameters s2, $2, s3, ..., also approximately using the 
following equation: 


PjcaIc .  = 
M 


- ( 2 / ~ ) ’ / ‘  C s,?] sin[$,,1 + x m ~ j +  I)/NI 
111 = 2 


S N / 2  cos2(TN/2)cos [ T ( j  - I ) ]  (7) I + N-1/2 


The deviation of the thus calculated values of tor- 
sional angles 9,ralc. from the initial values p, can be 
estimated with the parameter U :  


For five- and six-Ilcfembered rings the u values usually do 
not exceed 2-3 and in most cases are within 
experimental error, whereas for medium-sized rings 
such consistency is not always observed. The ZPD 
method describes well the conformation and distortions 
of cyclic molecules when u does not exceed 3-5O. In the 
case of large u values, ZPD puckering parameters 
should be analysed with caution, although even here the 
ZPD method in most cases describes the puckering of 
the ring correctly. 


If one returns to the example of 1,4-oxathiane con- 
sidered above, the Z!D puckering parameters 
(S = 1.20,B = 4.6”,  $2 = 0 ) show that the oxygen apex 
is more puckered than the sulphur apex, which is in 
complete agreement with the stereochemical criteria. 
The ZPD parameters for ring A in the complex com- 
pound in Figure 2a (S = 1.19, I9 = 6 - 6 ” ,  $2 = 359.4”) 
indicate that the Cu apex is flattened, in agreement with 
conclusions obtained from consideration of dihedral 
and torsional angles. 


In these cases, a significant difference between the two 
methods in the description of puckering is observed. 
How often can such contradictions be found? To 
answer this question and, in general, to evaluate the ap- 
plicability of  each method, comparisons of the Z P D  and 
CP parameters (1) for the model cycles subjected to  
some geometrical distortions and (2) for a large number 
of the rings in cyclic molecules were made. 


MODEL CALCULATIONS 


Consideration of the model rings leads to the possibility 
of separating the geometrical factors which have an 
effect on the ring form and which are present in one 
combination or another in a real ring. For example, 
substitution of one of the carbon atoms in cyclohexane 
by a heteroatom X results in a change in the lengths of 
the two adjacent bonds and magnitudes of the bond 
angles, especially the CXC angle. The model calcula- 
tions allow the effect of such geometrical distortions on 
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the C P  and ZPD puckering parameters to be con- 
sidered. Three canonical conformations of cyclohexane 
(chair, boat and twist-boat) were taken as the base for 
model calculations, bond lengths of 1.535 A and bond 
angles of 1 1  1 *4" being ,used for the reference undis- 
torted ring. 36 The results of two versions of the model 
calculations are considered in this section. 


1. All the endocyclic torsional angles were kept con- 
stant (? 55"  forochair, 0, + 55, - 55' for boat and 
60, -30, -30 for the twist-boat form). Two 
neighbouring bonds 'C-X' were lengthened or 
shortenedsimultaneously, with the constant values 
of 1.535 A for the other ('C-C') bonds, and the 
values of the bond angles were obtained from the 
optimization procedure. Although this model is 
artificial (as the torsional angles are the most 
changeable among the inner geometrical 
parameters), it allows one to retain equal pucker- 
ing of opposite apices according to the criterion 
based on torsional angles. The ZPD parameters 
are in agreement with that criterion while the C P  
parameters Q and 0'' depicted inQFigure 4 as a 
function of A1 (AZ= fc-x - 1-535 A) are strongly 
dependent on A/. The comparison of the dihedral 
angles 612/2356 and 345/2356 shows the slow in- 
crease in their difference with the lengthening of 
the 'C-X' bonds. 


2. The model ring with the fixed dihedral angles 
612/2356 ( w I )  and 345/2356 (wz) ,  si@lar to WI and 
w2 in Figure la ,  with wI = wz = 130 , was studied. 
The coordinates of five 'carbon' atoms 2, ..., 6 
were fixed while 116 and 112 were changed 
simultaneously so that the 'heteroatom' X remain- 
ed within the same plane 612 as in a regular chair 


CHAIR 


Figure4. Dependence of Q and 0" for the chair and boat 
forms of model rings on AI at constant values of all endocyclic 


torsional angles 


300 t 


Figure 5. Dependence of the ZPD and CP polar angles 0 and 
0' on A /  for the model six-membered rings with fixed values 


of dihedral angles w ,  and WZ. 


or boat form of cyclohexane. Figure 5 represents 
the dependence of the polar angles 0'' and 8 on A l  
for the chair and boat conformations and shows 
that the CP puckering parameters are extremely 
sensitive to such types of distortions, in contradic- 
tion with the criterion based on dihedral angles W~ 


and w2. Analogous tendencies were found for total 
puckering amplitudes. 


Other versions of the model calculations lead to 
similar conclusions. 


REDUCTION O F  T H E  PUCKERING 
PARAMETERS INTO MINIMAL SUFFICIENT 


INTERVALS 


In practical applications of puckering parameters, a 
specific feature of all methods becomes evident. Let us 
consider again the oxathiane cycle (Figure la) and 
change the position of the first atom in it. In Table 1 the 
ZPD parameters for each numbering of the atoms in the 
ring are given. It can be seen that the total puckering 
amplitude S is the same, whereas the polar and phase 
angles 0 and $2 change their values from one numbering 
to  another. The same dependence also exists for the C P  


Table 1 .  Effect of choice of the first atom 
in the oxathiane ring (Fig. 1, see Ref. 33) 


on the puckering parameters 0, $2 


Atomic numbering 0 $2 


1-2-3-4-5-6 4.6 0 
2-3-4-5-6-1 175.4 120 
3-4-5-6-1-2 4.6 240 
4-5-6-1-2-3 175.4 0 
5-6-1-2-3-4 4 - 6  120 
6-1-2-3-4-5 175.4 240 
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method. Hence the puckering parameters in both 
methods depend on the atomic numbering, so for the 
single conformation there is a number (4N for an 
N-membered ring, as will be shown in this section) of 
sets of parameters, which makes i t  difficult to compare 
the conformations of different rings. 


Comparison of the puckering of numerous rings led 
to a problem of the reduction of the field of variation 
of the angular puckering parameters, i.e. phase angles 
and polar angle for even-menibered rings. As will be 
shown below, such reduction can be achieved it' the ring 
atoms are numbered in some special way unique to each 
cycle. Both the CP and ZPD methods lack a standard 
procedure for numbering of the ring atoms, and this 
ambiguity leads to the existence of 2 N  different sets of 
puckering parameters for a single N-membered ring, 
each set for a certain atomic numbering. The notion of 
atomic numbering used here includes both the choice of 
the first atom and the direction in which the numbers in- 
crease in the ring (either clockwise or counterclockwise). 
The numbering procedure proposed by Boeyens3* is 
based on accepted nomenclature rules and, although it 
avoids ambiguity, it also leads to a sparseness of the 
points on the sphere. On the other hand, when a similar 
numbering procedurej9 was applied to a special type of 
ring (pyranoid rings), i t  resulted in a concentration of 
the points in a certain part of the sphere. The problem 
is to achieve a similar concentration of points for rings 
of general structure. 


Here we describe a method for the evaluation of a 
unique atomic numbering for any N-membered ring 
which allows one to obtain the angular puckering 
parameters for both ZPD and C P  methods, $,?), $,,,, and 
in the case of even rings, 0,  O C p ,  in a minimal sufficient 
part V of their field of variation. For the case of six- 
membered rings, as will be shown below, area Vin most 
cases occupies 1/24th of the whole two-dimensional field 
of  4 2 ,  OCP(dz E [0, 2 a ] ,  e C P <  [0, a ] )  for the C P  
method or $2, 0 ( $ 2  c [0, 2 ~ 1 ,  0 E [0 ,  a] ) for the ZPD 
method. For the sake of convenience here we shall con- 
sider only ZPD puckering parameters and imply that the 
same conclusions can be drawn for the C P  method. 


Suppose that the atoms of the N-membered ring are 
numbered in some way, 1-2-3-...- N, and the pucker- 
ing parameters $!? and 0'" are obtained for this initial 
numbering. Another set of puckering parameters will 
be obtained for another atomic numbering. Each 
renumbering o f  ring atoms can be represented by 
permutation 


p =  t2 ::: : ) 1  


which means that number 1 goes to the atom initially 
numbered k l ,  number 2 to k2 etc. Obviously, only those 
permutations of  the numbers of the ring atoms which d o  
not change the succession of the atoms composing the 
ring are permissible in our case. 


It will be shown below that the permissible permuta- 
tions of the atomic numbers of the N-membered ring 
form the group which we denote P,% of the order 2N. 
The generators of the group P S  are two permutations: 


1 2 3 ... N )  and p , =  (1 2 3 ... N) 
2 3 4 ... 1 1 N N - 1  ... 2 


P,' = 


Now we consider in detail these two permutations and 
the resulting change in the puckering parameters. 


1 .  The cyclic permutation P,', i.e. shift of the atomic 


leads to a rotation of the C P  Cartesian coordinate 
system about the z-axis. With the use of equations 
(1)-(3) for the ZPD method [and equations 
(12)-(14) in Ref. 3 for the C P  method], it can be 
shown that the phase angles $!:) corresponding 
to a new atomic numbering are connected with 
the initial phase angles $,(:I by the relationships: 
$At' = $A? + 2 m ? / N  [for tn see equation (4)). 
Permutation P,! has no effect on the puckering 
amplitudes s , ) ~ ,  the only exception being for the 
amplitude s . v / ~  for even-membered rings: 
sj\!,h = -s%. A change in the sign of S.Y/Z results 
in a change in the polar angle value: 0"' = a - 0'"'. 
I t  is obvious that the recurring application of the 
permutation P,! leads to the new set of puckering 
parameters, each set being connected with the 
previous one in the same way. Hence there are N 
permutations which are the degrees of P,! and 
compose the cyclic group of order N: 


number by unity (1-2-3-.,.-N- 2-3-4-...- 1) 


{ P!.) = P;, P: )..., P: .,..., P> = E. 


The effect of P{. on the atomic numbering leads to 
new phase angles: $!/) = $!? + 27rn!j/ N. For even- 
membered rings 


0'") for even, 
T - OC0) for j odd 


",2 - ( -  1 ) ' s w ;  0"' - s ( J )  - 


In the case of a six-membered ring with /n  = 2, 
$4') = $4"' + 2.irj/3. Figure 6a illustrates the point\ 
corresponding to six possible atomic numberings 
of a six-membered ring which are obtained from 
the initial one (point 0) by application of Pi- 
permutations ( j  = 1,2, ..., 5 ) .  


2. The second generator of the group P,, i \  
permuta!ion P, corresponding to a change in the 
direction of numbering (1-2-3-...-N- I -  N 
( N -  1)-...-2) . I t  can be shown that the new 
phase angles are connected with the initial 
angles by the relationship $,;, = - $,,( + a; further, 
for even rings S<,,Z = -s. \ ,2 and 0 '  = B - 0. The 
puckering amplitudes s,,, (m # N/2) d o  not 
change. Figure 6b serves to visualix the effect o f  
P, on the position of the initial point (1) in the case 
of six-membered ring on the polar projection of 
the spherical surface. The resulting point (2) has 
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Figure 7. The minimal sufficient region V on the sphere 


b 


Figure 6. Effect of permutations (a) fi, and (b) P ,  on the 
position of the point on the polar projection of thc sphere 


the coordinates $1=  n- $2 and 8 '  = r-8. If 
multiplication of permutations is defined as the 
successive application o f  P, and Pi, then all the 
products P<.P, conlpose the right co-set of the 
cyclic subgroup { P:. with respect to permutation 
P,. It can be proved easily that (P.l.1 and its right 
co-set compose the group PN of the order 2 N  of 
permissible permutations of the atomic numbers 
for the N-membered ring. 


In the case of six-membered rings, PS contains 12 
permutations which can be used for the dissection of the 
spherical surface into I 2  equivalent regions, each of 
them being sufficient for the description of puckering of 
the whole variety of six-membered rings. 


The additional possibility of reducing these two- 
dimensional sufficient regions arises if the substance 
exists in two enantiomeric forms. Usually the 
coordinates from the x-ray data on racemic crystal 
structures are given arbitrarily for one of two 
enantiomers contained in a unit cell. Taking into 
account that the Cartesian coordinates of two 


enantiomeric forms are connected by the inversion i 
operation, we may use it in addition to the permutations 
to  obtain the extra two-fold reduction of the field of 
variation of the angular puckering parameters. 


For the C P  method, inversion i results in a change 
of  the sign of all coordinates and for the ZPD one of 
the torsional angles and thus of the parameters 
pJ = sin(cp,/2). Puckering parameters of a six-membered 
ring change in the following way: 


$i = $2 + a; 8'  = K - 8(ZPD); 4; = 42 + 7; 


(ecp 1' = - ocP(cp) .  


This means that inversion of the coordinates of the ring 
atoms leads to an inversion of the point on the sphere 
with respect to its origin. 


Hence the minimal sufficient region V for six- 
membered rings (shown by hatching in Figure 7) makes 
1/24th part of the whole field of variation of the angular 
puckering parameters i f  inversion is used. Figure 8 
shows the whole two-dimensional area of 8, $2 (ZPD) 
or O C p ,  $2  (CP) divided into 24 equivalent parts. I n  
each region the operations are presented which serve 
to transform the polar and phase angles into the 
chosen 'canonical' intervals, which are: 6 c [0, n /2] ,  


It should be mentioned that the necessity for 
inversion i to reduce the puckering parameters in the 
canonical region can serve for the distinction of rings 
with coinciding and non-coinciding chirality. 


To obtain the puckering parameters in a standard 
region, the procedure is as follows: (i) choice of an 
arbitrary atomic numbering; (ii) usual computation of 
puckering parameters according to the ZPD (CP) 
procedure; (iii) determination with the use of Figure 8 
of the operations (permutations and/or inversion) 
leading to  a required atomic numbering which provides 
the values of the phase and polar angles in a standard 
region; (iv) then there are two possibilities for obtaining 
the new values of puckering parameters which belong to 


[0, n/6] (Figure 8). 
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Figure 8. The two-dimensional area of 8,  GZ for the ZPD 
method divided into equivalent parts. In each part the shown 


operation which transforms i t  into the 'canonical' area ( E )  is 


a standard region: (a) with the use of the rules given 
above or (b) by the repeated ZPD (or C P  accordingly) 
computation for the new atomic numbering (and/or for 
the opposite directions of the axes). This algorithm can 
be easily realized with a computer program. 


Use of the puckering parameters in a canonical region 
opens wide possibilities for comparison of the 
conformations of various rings. 


APPLICATION OF THE METHOD 


The ZPD and C P  puckering parameters calculated for 
40 six-membered rings on the basis of x-ray data for 
arbitrary chosen compounds 1-2020,40-56 shown in 
Figure 9 are summarized in Table 2. The atomic 
numbering for each ring was obtained according to the 
procedure described above to provide all points in the 
canonical region for ZPD parameters. Thus the number- 
ing is such that the maximum flattening of the ring is 
always around the apex 4 and the maximum puckering 
around apex 1.  As can be seen from Table 2, the 


parameter u has satisfactory values for the rings con- 
sidered (except for 16A, which in fact consists of fused 
three- and five-membered rings). 


Let us analyse the puckering of the rings in structures 
1-20. Even a brief look at the puckering parameters in 
Table 2 allows one to evaluate the ring conformation in 
most cases. For example, the rings 10B, I lC,  17A, 17D 
and 19A are almost ideal chairs (0 from 0-  1 to  0.9"). 
The rings 3, 4, 11A, 17B, MA, l8D, 19B, 19D and 20A 
adopt a conformation close to a chair, although in these 
cases the fragment of the ring containing the fourth 
atom is slightly flattened and most of the rings arc 
twisted to some extent (for a non-twisted ring !J2 = O " ,  
whereas for a ring twisted to a maximum extent for a 
given 0 value $2 = 30"). Such flattening is more signific- 
ant for the rings 1, 9A, I lB,  16B, 18B and 19C (0 from 
7.7 to 1 6 * 7 O ) ,  and of these 9A is considerably twisted. 
The rings 2, 8 and 20B have nearly a half-chair confor- 
mation, ring 5 is close to a half-boat and rings 9B and 
10A are intermediate between half-chair and half-boat . 
The rings 7, 12, 13, 14A, 14B, lSA-D, 17C and 18C are 


1 2 


6 5 


cH3FTH3 0 


7 8 
Figure 9. Structures 1-20 (for references see Table 2) 
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2 
N 


ph$ OTs 


9 A 2-3-4-5-6-1 10 A 5-6-1-2-3-4 
B 2-1-7-8-13-3 


B 8-9-10-4-5-7 


11 A 5-6-7-8-9-10 
B 14-13-12-11-9-8 
C 5-10-1-2-3-4 


12 13 


14 A 11-6-7-8-9-10 
B 5-4-3-2-7-6 


4 e,; 2 12 


3 


15 A 2-7-6-5-4-3 16 A 3-4-5-9-1-2 
B 11-10-9-8-12-13 B 9-1-8-7-6-5 
C 11-6-7-8-12-13 
D 8-9-10-11-6-7 


,& 12 1. 


3 1.3 


A 6-1-2-3-4-5 C 8-7-17-16-11-9 
B 8-7-6-1-10-9 D 15-16-11-12-13-14 


17 A 6-5-4-3-2-1 C 8-9-11-16-17-7 
B 8-7-6-1-10-9 D 13-12-11-16-15-14 


R’ 


13 


A 2-1-6-5-4-3 
19 B 8-7-6-1-10-9 


C 8-7-17-16-11-9 
D 14-13-12-11-16-15 


20 A 2-1-10-5-4-3 
B 10-5-6-7-8-9 
C 12-11-9-8-14-13 
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Table 2. ZPD and C P  puckering parameters for six-membered 
rings in structures 1-20 


~ 


Ring S 0 $2 U" Q B c p  @I> Ref. 


lh 
2 
3 h  
4 
5 b  
6 
7 
8 h  
9Ah 
9B 
1OA 
IOB 
l l A h  
l l B  


12 
13 
14A 
14B 
15Ab 
15B 
15c  
15D 
16A 
16B" 
17Ab 
17Bh 
17Cb 
17Dh 
18A 
18Bh 
18C 
18D 
19A 
19B 
19C 
19Dh 
2OA 
2OB 


l l C h  


2OCh 


0.97 7.7 
0.82 35.2 
1.13 3 .7  
1 .17  3.7 
0.72 35.6 
0.85 29.7 
0.94 86.5 
0.68 35.2 
1.09 9 .5  
0.83 34.7 
0.92 35.5 
1.20 0.9 '  
1.09 5.7 
1.09 16.7 
1.23 0.9' 
1.13 89.7 
1.18 87.1 
0.75 89.5 
1 . 1 1  89.9 
1.10 90.0 
0.95 89.6 
1.04 89.6 
0.90 89.6 
1.21 63.3 
1.23 10.8 
1.17 0.1' 
1.18 5 . 4  
0.96 86.6 
1.23 0.5' 
1.15  1.7 
1.19 7.9 
0.92 85.2 
1.16 2 .0  
1.19 0.4' 
1.19 4 . 5  
1.12 8 . 2  
1.16 5.4 
1-15 2.4 
0.78 35.1 
0.88 84.1 


3.7 2.3 0.48 15.4 0 .1  40 
26.7 0 .3  0.51 49.7 26.2 41 
4.4 0 .5  0.55 3 .0  6 .8  20 


26.9 0 .1  0.57 4 . 4  50.2 20 
4 .4  0 .4  0.45 51.0 3.8 42 


22.8 1 .3  0.55 44.8 12.7 43 
4.5 2.7 0.81 90.5 1.3 44 


22.6 0 . 3  0.42 50.3 20.8 45 
12.0 0 .6  0.56 17.9 13.6 46 
13.3 0 . 3  0.52 50.2 13.1 46 
16.8 0 . 3  0.55 50.5 14.6 47 
9.1 0.8 0.58 2 .4  248.5 47 


29.7 2.6 0.55 10.0 18.7 48 
3.7 2.5 0.60 30.8 2.2 48 
5 . 0  0.8 0.63 1.2 147.4 48 
0.5 1 . 5  0.98 90.2 359.8 49 
6 . 9  1.0 0.99 87.8 8.4 50 
0 .7  1 .3  0.62 89.9 0.7 51 
0 .7  1 .5  0.91 90.3 0 .7  51 
0 .6  1 .5  0.90 89.9 0.8 51 
0 .6  1 .4  0.82 90.0 0 .7  51 
0 .0  0 . 3  0.91 89.9 0.1 51 
0 .4  1 .4  0.73 89.9 0.3 51 
0.5 9 . 3  1.07 78.7 0.1 52 
1.0 0 .9  0.67 21.3 0 . 6  52 
4.1 0 .6  0.58 3 . 7  3 .6  53 


11.2 0 . 4  0.60 10.6 14.8 53 
0.7 0 .6  0.79 87.6 0.9 53 


26.4 0 . 3  0.62 0.5' 241.8 53 
5 .3  0.2 0.57 4.6 7.5 54 
5 .0  0 . 3  0.61 15.5 6.2 54 
0.5 0.7  0.76 86.8 1.2 54 


27.4 0 .7  0.58 3.9 26.5 54 
0 .7  0 .5  0.60 2 . 9  235.6 55 


19.0 0.1 0.60 10.4 17.4 55 
0 .8  0 .9  0.58 15.7 3 .6  55 


16.0 1.2 0.59 11.1 19.7 55  
21.3 0.9 0.58 4 . 0  40.6 56 
22.9 0 . 9  0.52 50.1 22.2 56 
22.8 0.5 0.68 85.9 23.3 56 


"The accuracy of'the ZPD method war calculated according 10 equation 


The inversion mas used to obtain the Z P D  puckering parameter$ in the 
canonical region. 
' The m a l l  value of the polar angle 0 leads to the great dispersion of the 
phaye angle. 


p. 


close to a boat form, some of them with the flattened 
apex 4, whereas ring 20C adopts nearly a twist-form. 
Hence even this straightforward kind of analysis allows 
one to evaluate the ring conformation. 


Another application of puckering parameters relates 
to the comparison of ring conformations. For example 
rings 17C and 18C (differing in the presence of a methyl 
substituent in 17C) have approximately the same con- 
formation with greater overall flattening in 18C. The 
comparison of boat conformations 12 and 13 shows that 
13 is more twisted (which can be explained by the 
presence of five substituents in the ring). Hence the 
puckering parameters allow one to evaluate the effect of 
substituents on the ring form. 


Among the cycles analysed we shall now consider 
those for which the ZPD and C P  parameters lead to dif- 
ferent conclusions. Let us compare the ZPD and CP 
description of conformations for these rings from the 
stereochemical point of view. For rings 4 and 20A the 
ZPD parameters show that the apex 4 is the most flat- 
tened part of the ring andothe apex 1 is the most 
puckered ( $ 2  = 26.9 and 21 * 3  , respectively). Such con- 
clusions are in complete agreement with the results of 
torsional angle analysis given in Figure 10 with the use 
of the stereochemical criteria discussed above. 32 


However, the C P  parameters for the same atomiz 
numbering are out of the canonical range ($2  = 50.2 
and 40.6" for rings 4 and 20A, respectively) and lead to 
the conclusion that the greatest flattening is at apex 5 
and puckering at apex 2 (for z-coordinates, see Figure 
lo), i.e. the C P  description in these cases is in contradic- 
tion with the angular stereochemical criteria, despite the 
fact that the rings considered have approximately equal 
bond lengths (Clp1-Csp3 in compound 20A). 


One more contradiction between ZPD and C P  
descriptions is observed for the boat form 7. In terms of 
both ZPD parameters ( I 9  = 86.5') and stereochemical 
criteria, apex 4 is more flattened than apex 1, while the 
C P  parameters (0'' = 90.5") lead to the opposite con- 
clusion (see Figure 10). 


It should be mentioned that since for the chair con- 
formation (0=0)  the value of the phase angle $2 is 
indefinite, in the close vicinity of the pole the usual 
standard deviations of the initial x-ray data lead to 
meaningless values of $2 (a5 with the rings 10B, l l C ,  
17A, 17D and 19A) and hence the atomic numbering 
for such rings can be chosen arbitrarily. 


.464 I - 0 . Z I H I  


0 . 2 2 7 %  -0 2 3 9 5  


4 7 2 0  A 


Figure 10. Torsional angles and t-coordinates for rings 4,'" 7'4 and 20AC6 
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Hence the examples considered demonstrate the 
utility of ZPD puckering parameters for the analysis 
and comparison of six-membered ring forms. 


CONCLUSION 


A careful analysis of the C P  method shows that, 
although in many cases it leads to the correct 
stereochemical conclusions, it sometimes fails in the 
description of ring forms. This shortcoming can be 
explained by the dependence of the C P  puckering 
parameters on the linear geometrical characteristics of 
the ring. On the other hand, the ZPD method based on 
the endocyclic torsional angles allows one to charac- 
terize quantitatively conformations and distortions of 
rings in fairly good agreement with criteria accepted in 
stereochemistry. Such conclusions are drawn from 
model calculations simulating the ring distortions and 
from the analysis of 40 six-membered ring forms in 20 
structures. I t  has been shown here that the range of 
variation of the angular puckering parameters can be 
reduced significantly without any approximations or 
restrictions and thus for the case of six-membered rings 
only 1/24th of the puckering sphere surface needs to be 
used. Application of the narrowed region for the 
puckering parameters is of great use for the analysis and 
comparison of ring forms, its utility being evident for 
larger rings which are characterized by more than three 
puckering parameters. 
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N-CARBENIOPYRIDINIUM SALTS: CHARGE-TRANSFER 
COMPLEXES WITH THE Cs(COOMe)5 ANION; C-C BOND 


FORMATION WITH THE TCNQ RADICAL ANION 


GERHARD MAAS,* HANS MARTIN WEBER AND REINER EXNER 
Fachbereich Chemie, Universitat Kaiserslautern, Erwin-Schrodinger-Strasse, 0-6750 Kaiserslautern, FRG 


JOSEF SALBECK 
Institut fur Organische Chemie, Universitat Regensburg, Universitatsstrasse 31. 0-8400 Regensburg, FRG 


N- [2,3-Bis(dimethylamino)cyclopropenyliol- and N-(1etramethylamidinio)pyridinium salts (trifluoromethanesulphonates 
and tetrafluoroborates) form 1 : 1 and 1 : 2 charge-transfer complexes with the pentakis(methoxycarbony1)cyclo- 
pentadienide anion. The x-ray crystal structures of 1- [2,3-bis(dimethylamino)cyclopropenylio] pyridinium 
pentakis(methoxycarbonyl)cyclopentadienide tetrafluoroborate hydrate and of 1-[2,3-bis(dimethylamino)cyclo- 
propenylio] pyridinium bis [pentakis~methoxycarbonyl)cyclopentadienideJ were determined. In constrast, the tetra- 
cyano-p-quinodimethane (TCNQ) radical anion reacts with the Prst-mentioned salts by C-C bond formation to give 
novel dicationic salts. Thereby, the radical anion attacks the pyridinium y-position of the N-(1etramethylamidinio)- 
pyridinium dication, but the three-membered ring of the N- [2,3-bis(dimethylamino)cyclopropenylio] pyridinium 
system. 


INTRODUCTION 


N-Carbeniopyridinium salts such as 1 and 2 (Scheme 1) 
may react with nucleophiles at either the a- or 
y-position of the pyridinium ring or at the (CsN+)-C+ 
atom. With resonance-stabilized carbanions as 
nucleophiles, a- and C+-attack at l a , '  but a- and 7- 
attack at 2a,' are observed. It appears that these cases 
of ambifunctional reactivity cannot be interpreted 
satisfactorily by the concept of charge vs orbital con- 
trol; rather, some findings suggest that acceptor-donor 
complexes between the respective dication and the 
anionic carbon nucleophile have a decisive influence on 
the reaction pathway3 (it has been suggested that 
similar acceptor-donor complexes are on the reaction 
pathway to C-C bond formation between simple 
pyridinium ions and enolates4). 


In order to shed light on the question of which of the 
two cationic subunits in dications la  and b provides the 
more favourable interaction with an approaching 
resonance-stabilized carbanion, we decided to syn- 
thesize salts of these dications with carbanions of 
low nucleophilicity, namely pentakis(meth0xycar- 


* Author for correspondence. 


0894-32301 901070459- 1 1$05. 50 
0 1990 by John Wiley & Sons, Ltd. 


bony1)cyclopentadienide ( [ C5(COOMe)s] - )  and the 
tetracyano-p-quinodimethane (TCNQ) radical anion, 
and to examine the spectral and structural properties of 
these model systems. 
Pentakis(methoxycarbony1)cyclopentadienide has 


been the counter ion in a number of salts with organic 
cations, such as tropylium,' pyrylium,' pyridinium, 
quinolinium' and tetralkylammonium. ' The salts with 
the planar organic cations have been characterized 
spectroscopically as charge-transfer (CT) complexes. ',* 
The crystal structure of the tropylium complex is 
characterized by infinite columns of interleaved cations 
and anions with an interplanar spacing of ca 3.5 A. 
On the other hand, no close cation-anion contacts 
were observed in the crystal structure of 
Me,tN+ [CS (C0OMe)s I - . 


The TCNQ radical anion forms charge-transfer com- 
plexes with a number of onium cations, including pyri- 
dinium and quinolinium ions. lo On the other hand, the 
parent tropylium ion"*" and certain of its derivatives ' I  


undergo C-C bond formation with TCNQ-', 
whereas other substituted tropylium ions again form 
CT complexes. The reduction potentials of the tropy- 
lium ions play an important role in determining the 
reaction pathway. '' 
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RESULTS AND DISCUSSION 


Charge-transfer complexes with [C5(COOMe)s] 


When N- [2,3-bis(dimethylamino)cyclopropenylio] pyri- 
dinium ditriflate (la) is added to a suspension of 
K[C5(COOMe)5] in acetone in a 1 : 1 ratio, a yellow 
precipitate of the mixed salt 3a is formed. On the other 
hand, a 1 : 2 molar ratio of the reactants cleanly yields 
the dication dicyclopentadienide (5). Anion exchange in 
the ditriflate l a  with Bu4N+BFI provides the N- 
cyclopropenylio-pyridinium bis(tetrafluorob0rate) lb .  
In complete analogy with la ,  this salt reacts with 
K [CS (COOMe)5] to produce 3b and 5, respectively. On 
the other hand, combination of N- 


(tetramethy1amidinio)pyridinium ditriflate (2a) and 
K [C5 (COOMe)5] according to the procedure described 
above does not give access to isolable metathesis 
products 4a and 6, respectively. If, however, the BFi  
salt 2b is used instead of the ditriflate 2a, precipitates of 
4b and 6, respectively, are formed. In both cases, 
coprecipitated KBK can be removed largely, but not 
completely, by repeated recrystallization. 


Salts 3a, 3b, 4b, 5 and 6 represent CT complexes 
which also exist in solution. In the UV-visible spectra, 
a low-intensity, broad absorption, which is not present 
in the starting materials, is considered to be the CT 
band. The molar absorptivity of this absorption is 
concentration dependent; in the case of 3a, 3h and 5, 
the position of this band also varies slightly depending 
on the concentration (Table 1). The absorption appears 


1 a .b  
2 a.b 


3 a,b 
4 a,b 


5 
6 


1 - 4 a :  


1 - 4 b :  


x = C F ~ S O ~ ~  


x = B F ~ O  


E = C02Me 


Scheme 1 


Table 1 .  UV-visible spectra of CT complexes 3-6 (in acetonitrile) 


CT band 


Compound 


3a a 2 16(4.07), 25q4.36). 291 (4.06), 334( 3 .69) 3.297 
2.454 
1.648 


5 216(4. lo), 258(4.89), 291(4.49), 334(3.81) 2.785 
1 ~946  
1-392 


4b 258(4.47), 291(3.93) 6.849 
4.714 
3.425 


6 258(4* 99), 291(4.42) 5.054 
4.358 
2.527 


424 
415 
406 
426 
416 
405 
426 
426 
426 
426 
426 
426 


446 
439 
427 
483 
47 1 
447 
136 
129 
112 
154 
148 
127 


'Spectra of 38 and 3b are identical. 
k 5 nm. The band appears as a shoulder in the absorption band at Amax = 334 nm 
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at significantly longer wavelength than in N- 
methylpyridinium pentakis(methoxycarbony1)cyclo- 
pentadienide.s The CT interactions appear to be the 
same in both the 1 : 1 and 1 : 2 complexes, since the 
position of the CT band is not affected and a new 
absorption does not become visible on going from 1 : 1 
to the 1 : 2 complex. The latter argument must be used 
with care, however; such an absorption may be covered 
by the stronger short-wavelength absorptions of the 
system. In fact, it has been suggested that this is the 
case for triphenylcylopropenylium pentakis(methoxy- 
carbony1)cyclopentadienide. ' 


In the 'H NMR spectra of 3-6, small but significant 
high-field shifts with respect to the precursor salts are 
found for all signals (Table 2). That these changes are 
indeed due to the formation of 1 : 1 and 1 : 2 complexes 
is exemplified by Figure 1: addition of increasing 
amounts of [Cs(COOMe)5] - to la  results in high-field 
shifts of the cation's resonance signals, until two molar 
equivalents of the anion are present. No significant 
change is observed at higher anionlcation ratios. 


t A 8  [Hzl 


30i 


Formation of the complex salts 3b and 5 also results in 
small high-field shifts of the 13C resonances of the 
dication (except for NMe) (Table 3). It has been 
suggested that the 13C NMR changes observed on 
formation of CT complexes between aromatic donors 
and acceptors result both from charge transfer and 
from anisotropy effects, as is the case in 'H NMR 
spectroscopy. l2  


If the anionic donor is to interact with either one of 
the two cationic subunits of the acceptor part of 3 or 4, 
arrangements such as 7A and 7B seem likely, in which 
the planar rings of both the acceptor and the donor 
assume an approximately parallel orientation 
(Figure 2). The second donor molecule may coordinate 
to the same or the other cationic site, but on the 
opposite face. Further, an arrangement according to 7C 
is conceivable for the 1 : 2 complex 5. Such a structure 
is impossible for 6, since the two rings of the 
N(tetramethy1amidinio)pyridinium dication cannot be 
coplanar for steric reasons. 


The NMR data (Tables 2 and 3) do not allow one to 


0 0 0 


0 


Figure 1. High-field shifts (A6) of S(2.6-H) of l a  on addition 
of K[Cs(COOMe)5] (in CDICN, [la] =0.05 moll-') 


Table 2. 'H NMR data for 3-6 (CDSN, 6 in ppm, TMS as internal standard)' 


pyridinium 


Compound NMez 3,5-H 4-H 2,6-H COOMe 


3a 3-30, 3.36 8.16 8.66 8.80 3.60 


3b 3.23, 3-33 8.10 8-63 8.75 3-60 
(-0.08,-0.08) (-0.17) (-0.21) (-0.33) (-0.10) 


(-0-15,-0* 1 I )  (-0.23) (-0.24) (-0.38) (-0.10) 


(-0.18, -0.14) (-0.36) (-0.34) (-0.51) (-0.13) 


(-0.10, -0.11) (-0.17) ( -  0.07) 


(- 0.17, - 0.17) (- 0.25) ( - 0.05) 


5 3.20, 3.30 7.97 8.53 8.62 3.57 


4b 2.81, 3.46 8.33 8 *SO-9. lob 3.63 


6 2-80, 3.40 8.25 8.77-9.00b 3-65 


'In parentheses: A6 values with respect to the precursor salts. 
bValues for 2b: 8.83-9.27 ppm. 
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Table 3. "C NMR data for l b ,  3b and 5 (CDXN), 6 in ppm, TMS as internal standard) 
~~~ 


C ;  ring CsN+ ring Anion 


Compound NMe2 C-1' C-2',3' C-2,6 C-3,5 C-4 C-ring OMe C=O 
- 
l b  44.2 99.4 131.7 146.0 130.5 151.2 


3b 44.1 99.0 129.6 144.5 129.9 149.8 117.4 51.9 168.0 


5 44.2 98.9 128.8 144.3 128.9 149.3 117.8 51.8 167.9 


44.5 


44.4 


I j M t ,  NMc, 


7 A  7 8  


Figure 2. Structures of 7A-C 


FZ 


NMe2 


7c 


IE:CD,Me] 


FZ 


Figure 3. PLUTO plot of complex salt 3b-HtO; 0-1 I belongs 
to the water molecule 


Figure 3. PLUTO plot of complex salt 3b-HtO; 0-1 I belongs 
to the water molecule 


distinguish between structures such as 7A-C. Further, 
equilibration of such structures is likely to  occur on the 
NMR time scale. 


X-ray crystal structures of 3b and 5 


Suitable crystals of 3b were obtained by slow 
evaporation of a solution in acetone. Thereby, 3b 
crystallizes with one molecule of water per formula 
unit. Crystals of 5 were obtained from acetone. 


Plots of the two complexes are given in Figures 3 and 
4. Heavy-atom parameters are listed in Tables 4 and 5 
and some relevant structural data in Table 6 .  


The most important feature to  be discussed here is 
the shapes of both the dications and the anions. The 
cyclopropenylium and the pyridinium rings in the two 
dications are more or lessDclose to  coplanarity, the 
interplanar angle being 2.0 for 3b and 17.1" for 5. 
The NMez planes are only slightly tilted $gainst th,e 
plane of the three-membered ring (3b, 2.3 and 2.3 ; 
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c3 


Figure 4. ORTEP plot of complex salt 5 


Table 4. Positional parameters of heavy atoms in 3b. HzO (estimated standard deviations in parentheses) 


Atom xla Ylb 4 c Atom X I  a Ylb Z I C  


F1 0.36 12(4) 0.5204( 10) 0.8049 c 7  0.4660(3) 0.3072( 13) 0.0844(6) 
0.3215(6) F2 0-42 13(3) 0.6496( 14) 0.7367(10) C8 0.4690(3) 0.3291 (1 3) 
0.3953(6) F3 0.3688(5) 0.5 168( 13) 0.6642(5) c 9  0-4953(3) 0.29 10( 1 3) 


F4 0.3459(3) 0.7403( 10) 0*7222(8) c10 0.4752(3) 0.3296(11) 0.4758(6) 
0 1  0.2935(2) 0.2265(6) 0.3612(4) c11 0.428 l(3) 0.4077(11) 0.4808(6) 
0 2  0.2954(2) 0.0205(7) - 0.4309(4) c12 0.401 6(3) 0.4383(11) 0.4037(5) 
0 3  0.4548(2) 0.2098(7) - 0 4088(4) C13 0.3484(3) 0.0193(9) 0.3035(4) 
0 4  0.4047(2) 0.0091 (7) -0.4675(3) C14 0.3964(3) -0.0578(8) 0.3167(5) 
0 5  0.5064(2) 0.0823(6) - 0.2494(4) C15 0.4175(2) -0.0943(8) 0.2348(5) 
0 6  0.4747(2) 0.3 180(7) - 0.1896(4) C16 0.3833(2) - 0.0409(9) 0.1698(5) 
0 7  0.3458(2) 0.0685(8) -0*0305(3) C17 0.3403(2) 0.0333(8) 0.2 137(5) 
0 8  0.4307(2) 0.0920(9) -0.0395(4) C18 0.3110(3) 0.0673 (9) 0.3723(5) 
0 9  0.2514(2) 0.0429(6) 0.2053(4) C19 0*2532(4) 0.2783(11) 0.4207(7) 


0.4010(5) 
- 0,0512(15) 0.5527(6) NI 0.3094(2) 0.5793(7) 0.2058(4) c 2  1 0.4243(4) 


N2 0.4 149(2) 0.3845(9) 0.0845(4) c22 0.4680(2) -0.1805(9) 0.22 19(5) 
N3 0.4221 (2) 0*4007(7) 0.3257(4) C23 0.5554(3) -0.1627(14) 0.2591(7) 
c1 0.3948(2) 0.4339( 8) 0.2482(5) C24 0.3904(3) - 0.0693( 10) 0.076 l(5) 


c 3  0.3938(3) 0.4238(9) 0*1596(5) C26 0*2946(3) 0- 1095(9) 0.1724(5) 
c 4  0.2834(3) 0.6292(11) 0.2879(6) C27 0.2039(3) 0.1187(13) 0.1754(8) 
c 5  0.2811(3) 0.61 14( 1 1) 0.1243(6) B 0.3763(4) 0.6093(13) 0.7352(7) 
C6 0.3890(4) 0.4127(14) -0.0004(6) 0 1  1 0.321 5(2) - 0.3421 (8) 0.5006(4) 


010 0.2953(2) 0.2 199(6) 0.1177(4) c20 0.4225(2) - 0.101 6(9) 


c 2  0.3530(2) 0.4984(9) 0.2060( 5) C25 0.3484(4) - 0.0927( 14) - 0.0615(6) 


5, 9.0" and 6.7"). This arrangement seems not to be 
enforced by the packing in the crystal, since a similar 
geometry has been found in the crystal structure of la,  
which has totally different anions. ' 


None of the cyclopentadienide rings deviates 
significantly from planarity. The ester side-groups 
assume conformations with respect to the ring plane, 
for which the following seemingly irregular sequences 
of interplanar angles between O=C-0 and the C5"ring 
were found: 3b, 21.7, 66.0, 22.6, 127.4, 128.6 ; 5, 


6 .7 ,  90.6, 16-3, 36.3, 15.2" and 13-5 ,  78.6, 21.6, 
46.3, 5 5 . 8 " .  Interestingly, a similar sequence to that 
for 5, although with values differing from ours by up to 
ca 14", has been found in another crystal structure 
containing this anion. In both that structure and ours, 
specific interactions between the ester groups and the 
cation do not exist. 


In the crystal structures of 3b and 5, the rings of the 
dication and of the organic anion are in an 
approximately parallel orientation. The crystal of 
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Table 5. Positional parameters of heavy atoms in 5 (estimated standard deviations in parentheses) 


Atom Xl a Y/b Z l  c Atom XI a YI  b Z I C  


0 1  0.3459(2) 
0 2  0.3057(2) 
0 3  0.3742(2) 
0 4  0,41OO(3) 
0 5  0.5603(2) 
0 6  0.6567(2) 
0 7  0.6886(2) 
0 8  0.6540(3) 
0 9  0.5064(3) 
0 1 0  0,487 l(3) 
01 1 0.471 5(2) 
012  0.354 l(2) 
0 1 3  0.2599(2) 
014  0.2213(2) 
015  0.285 3(2) 
016  0*3398(2) 
017  0.4970(2) 
018  0.5916(2) 
019  0.601 8(2) 
0 2 0  0.5914(2) 
N1 0.2991 (2) 
N2 0.4649(2) 
N3 0.491 2(2) 


c 2  0.3722(3) 


c 4  0.2638(3) 
c 5  0.2474(3) 
C6 0.4137(3) 
c 7  0.5476(3) 
C8 0.5644(3) 
c9 0.6082(3) 


C l  0.4449(3) 


c 3  0.4377(3) 


ClO 0.5757(4) 


0.4545(2) 
0.3536(2) 
0.293 l(2) 
0.21 76(2) 
0.2508(2) 
0.2707(2) 
0.4095(2) 
0.4809(3) 
0.4900(2) 
0.5465(2) 
0.2305(2) 
0*2511(2) 
0.1322(2) 
0.1187(2) 


0.0043(2) 


0.0371(2) 
0-  1104(2) 
0.1920(2) 
0.2308(2) 
0.329 l(2) 
0.1715(2) 
0.2183(2) 
0.2389(3) 
0.2766(3) 
0.1801(3) 
0.2746( 3) 


0.3424(3) 
0.1867(3) 
0.1408(3) 
0.081 l(3) 


-0.0208(2) 


-0.0373(2) 


0.3799(3) 


0.2410 
0.2967(4) 
0.5035(3) 
0.3844(4) 
0.5158(4) 
0.4072(4) 
0.41 28(4) 
0.2928(5) 
0.1456(3) 
0.2959(3) 


- 0-2166(3) 


-0.1971(3) 
- 0.1544(3) 


-0.0309(4) 


0.1464(3) 
0.071 8(4) 
0.0462(4) 


- 0.0080(3) 


-0.1608(3) 
-0.0397(4) 


0.1275(4) 
0.043 5(4) 
0.2007(3) 
0.1489(4) 
0.1229(4) 
0.0901 (4) 
0.1971(5) 
0.0696(5) 


0.0414(5) 
0.2272(5) 
0.2813(5) 
0 .3  109(5) 


-0.0001(5) 


c11 
c12  
c 1 3  
c14  
CIS 
C16 
C17 
C18 
C19 
c 2 0  
c 2  1 
c22  
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
c 3 3  
c 3 4  
c 3 5  
C36 
c37  
C38 
c 3 9  
C40 
C4 1 
C42 


0.501 l(4) 
0.4587(3) 
0.4354(3) 
0.4634(3) 
0.5422(3) 
0.5653(3) 
0.4999(3) 
0.3568(3) 
0.2704(4) 
0.41 44(3) 
0.3227(3) 
0.5930(3) 
0.6034(4) 
0.6392(3) 
0.7621(4) 
0.4976(3) 
0- 5050(5) 
0.41 63(3) 
0.3535(3) 
0.3837(3) 
0.4665(3) 
0.4845(3) 
0.4082(3) 
0.4756(4) 
0.2726(3) 
0.1 826(4) 
0.3367(3) 
0.2245(4) 
0.5250(3) 
0.55 19(4) 
0.5635(3) 
0.682 l(3) 


0.0669(3) 
0.1127(3) 
0.3849(2) 
0.3286(2) 
0.3354(2) 
0.3972(2) 
0.4265 (2) 
0.3939(2) 
0.4699(3) 
0.2732(2) 
0.2444(3) 
0.2865(3) 
0.1983(3) 
0.4329(3) 
0.4422(4) 
0.4940(3) 
0-5525(3) 
0.1488(2) 
0.1098(2) 
0.0572(2) 
0.0634(2) 


0.2147(2) 
0.297 l(3) 
0.1208(2) 
0.1491(4) 
0.01 05(3) 


0.0221 (3) 


0,1455(2) 
0.1243(3) 


0.1201(2) 


- 0.0544(4) 


-0.0807(3) 


0.2840(5) 
0.2282(4) 
0.3212(4) 
0.3783(4) 
0.3930(4) 
0.3428(4) 
0.3013(4) 
0.2863(4) 
0'2059(6) 
0 .4  1 92( 4) 
0.5481 (5) 
0.441 6(5) 
0.5648(6) 
0.3463(5) 
0.41 80(7) 
0.2507(4) 
0.0873(5) 


- 0.1086(4) 
- 0.0722(4) 
- O'OlOl(4) 
-0.0101(4) 
- 0.0734(4) 
- 0.1619(4) 
- 0.2578(5) 
-0.0941(4) 
- 0'2265(7) 


0.05 14(5) 
0.0458(6) 
0.0368(4) 
0.1256(7) 


- 0.0882(4) 
-0.1715(6) 


3b.Hz0 consists of infinite stacks in which dications 
and cyclopentadienide rings alternate in a sandwich- 
type manner (Figure 5 ) .  The B F i  ions are between 
these columns, and the water molecule is associated 
with a C=O group and a B F i  anion by hydrogen 
bonds [0-11...0-2, 2.831(7) A; 0-ll. . .F-3, 2.98(1)A]. 
In the stacks, it is the cyclopropenylium and not the 
pyridinium ring which is flanked by the anionic C, ring 
with an intermolecular spacing of ca 3 - 39-3 -46 A (see 
Table 6). In the crystal of 5, columns consisting of 
discrete anion-cation-anion units, as depicted in the 
correct orientation in Figure 4, are found (Figure 6). 
Within the columns, neighbouring units of this type are 
related by a glide plane, and the rings are oriented 
approximately parallel to the translational component 
of this symmetry element. Thus, the walls of the 
columns consist of cyclopentadienide rings, whereas 
the channels between them are filled by dications. 
As in 3beH20, the anions are associated with the 
cyclopropenylium rather than the pyridinium ring, 
again with an intermolecular spacing of 3.44-3.51 A 


(Table 6), but the anionic rings are now shifted in the 
direction 'of the C5N ring. Such an arrangement 
approaches the situation drawn schematically as 7C 
(Figure 2). 


According to the intermolecular spacing, 3b and 5 
represent weak donor-acceptor complexes. Obviously, 
the orientation of the ester groups with respect to the C5 
ring prevents a closer approach of the latter to the 
dication. 


C-C bond formation with the TCNQ radical anion 


When equimolar amounts of la ,  or 2a, and LiTCNQ 
are combined, no isolable charge-transfer complexes 
are obtained. Rather, the novel dicationic salts 8 and 9 
are formed (Scheme 2), the constitution of which 
follows from their elemental analysis and 'H NMR data 
(see Experimental). Surprisingly, the C=N stretching 
vibration in the IR spectrum is found at 2185 cm-' for 
8 and at 2195 cm-' for 9, i.e. not different from 
TCNQ-'. 
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2 C F 3 S 0 3  0 


9 
Scheme 2 


Table 6. Selected structural features of salts 3b-HzO and 5 


Bond length (A) Bond length (A) 


Bond 3b.Hz0 5 Bond 3b.Hz0 5 


c-1-c-2 
c-1-c-3 
C - 2 - C - 3 
C-2-N-1 
C-3-N-2 
C-1-N-3 
N-3-C-8 
C-8-C-9 
C-9-C-10 
c- 10-c- 1 1 
c-11-c-12 
C- 12-N-3 


1.358(8) 
1 ' 345(8) 
1 ' 400(9) 
1 ' 299(7) 
1 ' 299(8) 
1 * 395(8) 
1.342(8) 
1.345(10) 
1 .359(11) 
1.372(10) 
1.376(9) 
1.328(8) 


1.368(6) C-13-4-14 1.399(8) 


1.424(6) C-15-C-16 1.391(8) 
1.381(6) C-14-C-15 1.386(8) 


1.282(6) C-16-C-17 1.423(8) 
1.289(5) C-17-C-13 1.380(8) 
1.394(5) C-13-C-18 1.473(8) 
1.350(6) C-14-C-20 1.486(8) 
1.371(7) C-15-C-22 1.487(7) 
1.367(7) C-16-C-24 1.450(8) 
1.370(8) C-17-C-26 1.470(8) 


1 .343(6) - 1.204(7) - 
1.367(7) C=O 1 ' 195(7) 


Interplanar angles (o)b 


1.419(6) 
1.387(6) 
1-441(6) 
1.38 l(6) 
1.415(6) 
1.447(6) 
1.485(6) 
1 .450(6) 
1.468(6) 
1.487(6) 
1 ' 193(5) 
1.211(5)a 


C, ring/CsN ring 1.9 17.1 
C, ring/Cs ring 3.0 7.2, 2.9' 
C5N ring/Cs ring 2.1 9.9, 18-3' 


Distance '(A) of some ring 
atoms of cation from CS 


ring plane of anion 


C5 ring-C-1 3.463 3.505, 3.439' 
-C-2 3.439 3.388, 3.467 
-C-3 3.394 3.563, 3.508 
-N-3 3.534 3.523, 3.395 


aRange is given for the two anions, except 0-6-C-22 [1.230(6) A]. 
ring planes within the same molecular complex are considered. 


First value, ring C-13-C-18; second value, ring C-28-C-32. 







n v  \ '  


i 
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Figure 5 .  Stereoview of the unit cell of 3b.Hz0 


4. 


C 


Figure 6.  Stereoview of the unit cell of 5 
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Salt 8 results from an addition-elimination reaction 
of TCNQ-' at the three-membered ring of la ,  whereas 
with 2a attack at the 7-position of the pyridinium ring 
occurs to form a l-carbenio-l,4-dihydropyridine 
derivative. C-C bond formation between TCNQ- ' 
and organic cations has been observed before, namely 
for certain tropylium ions which in general had a 
reduction potential Ered (vs SCE) 2 -0.2 V." Two 
possible pathways have been proposed, one in which 
the TCNQ-' attacks the cation as an anionic 
nucleophile (the missing electron for the two-fold 
reaction being transferred from a second TCNQ radical 
anion), and another which begins with electron transfer 
from TCNQ-' to the dication, followed by C-C 
coupling of the radical pair thus formed. 'OS1'  The fact 
that mainly tropylium ions with a high Ered undergo the 
chemical reaction, whereas others form CT complexes, 
favours the electron transfer pathway. Therefore, we 
became interested in the first reduction potential of 
dications 1 and 2. 


Cyclic voltammograms of Ib and 2b indicated that 
electron transfer was not reversible. Reduction of both 
dications to the radica! cations by transfer of one 
electron was followed by a fast reaction so that the true 
Efd could not be obtained. The following peak 
potentials for this step were found: 


l b  2b 
Efkscat vs ferrocene (V) -0.73 -0.90 


[corresponding to Efkscat vs SCE (V) -0.35 -0-521 
These values are markedly less negative than that of the 
N-methylpyridinium ion ( -  1 *28 V vs SCE13), a fact 
which can certainly be attributed to the presence of a 
second positive charge. Since the N-methylpyridinium 
ion forms a stable CT complex with TCNQ-',lo 
whereas l b  and 2b undergo a chemical reaction, a 
similar correlation between reduction potential and 
behaviour towards TCNQ- ' as mentioned above for 
tropylium ions seems to exist for the pyridinium salts. 
However, it must be pointed out that related cations 
with comparable or higher peak potentials than l b  and 
2b, namely N-methylacridinium ( -  0.41 V vs SCE) and 
N-methylphenazinium ( -  0.11 V vs SCE), also form 
stable CT complexes with TCNQ ' . l3  Therefore, it is 
unlikely that I and 2 react with TCNQ-' through an 
initial electron transfer to the respective dication. 
Rather, the TCNQ radical anion behaves as a simple 
nucleophile and the regioselectivity of nucleophilic 
attack fits the picture obtained with other carbon 
nucleophiles. I - '  


EXPERIMENTAL 


'H NMR spectra were recorded with Varian EM 390 
(90 MHz) and Bruker WP 200 (200 MHz) instruments 
with TMS as internal standard and "C NMR spectra 
with a Bruker WP 200 (50.28 MHz) instrument. IR 


spectra were measured with a Perkin-Elmer IR 397 and 
UV-visible spectra with a GCA/McPerson EU 700-32 
instrument. For elemental analyses a Perkin-Elmer EA 
240 apparatus was used. For x-ray diffraction measure- 
ments, an Enraf-Nonius CAD4 diffractometer with 
monochromatized Cu Ka radiation was employed. 


All syntheses were carried out in dried solvents. 
The following compounds were prepared according 
to literature procedures: la,  la 2a,' potassium 
pentakis(methoxycarbonyl)cyclopentadienide14 and 
LiTCNQ." Other syntheses were carried out as 
described below. 


I - [2,3-Bis(dimethylamino)cyclopropenylio] pyridinium 
bis(tetrafluoroborate) (lb). A solution of tetrabutylam- 
monium tetrafluoroborate (6.59 g, 20-0 mmol) and of 
l a  (2.51 g, 5.0mmol) in acetonitrile (50mmol) is 
stirred for 1 h, then the product is precipitated by addi- 
tion of diethyloether; colourless crystals (1 -60 g, 85%) ,  
m.p. 189-190 C. UV (acetonitrile): Amax 216 nm 
(log E =  4.08), 334 (3.60). IR (KBr): 1943 (s, C3 ring), 
1653 (vs), 1058-1022 cm-' (vs, br, BF4). Analysis: 
calculated for C I ~ H I ~ B ~ F ~ N ~  (MW 376.9) C 38.24, 
H 4.55, N 11.15; found, C 38.2, H 4.63, N, 10.6%. 


I-(Tetramethy/amidinio)pyridinium bis(tetrafluor0- 
borate) (2b). Prepared from 2a (2.39 g, 5 . 0  mmol) 
according to the synthesis of l b  (see above); colourless 
needles (1.63 g, 93%), m.p. 119 C. UV (acetonitrile): 
A,,, 242nm (log&= 3.95). IR (KBr): 1691 (s), 
1053-1029 cm-' (vs, br, BF4). Analysis calculated for 


found, C 33.7, H 4.90, N 11.8%. 
C I O H I ~ B ~ F ~ N ~  (MW 352*9), C 34.04, H 4.86, N 11.91; 


I - [2,3-Bis(dimethylamino)cyclopropenylio] pyridinium 
pentakis(rnethoxycarbonyl)cyclopentadienide trifluoro- 
methanesulphonate (3a). A solution of l a  (0.501 g, 
1 .O mmol) in acetone (20 ml) is added to a suspension 
of potassium pentakis(methoxycarbony1)cyclopenta- 
dienide (0.394 g, 1.0 mmol) in acetone (30 ml). After 
stirring for 1 h, the yellow solid is filtered off and 
recrystallized from acetone (2,O ml); orange crystals 
(0.631 g, 89%), m.p. 127-129 C. IR (KBr): 1938 (m, 
C3 ring), 1704 (s), 1670 (s), 1271 (s), 1220-1205 (s, br), 
1159 (s), 1029 cm-' (m). Analysis: calculated for 


5.94; found, C 47.0, H 4.64, N 5.6%. 
C Z B H ~ ~ F ~ N ~ O ~ ~ S  (MW 707*6), C 47.52, H 4.56, N 


I - [2,3-Bis(dimethylarnino)cyclopropenylio] pyridinium 
pentakis(rnethoxycarbonyl)cyclopentadienide tetra- 
Juoroborate (3b). Prepared from l b  (0.377 g, 
1 a 0  mmol) according to the synthesis given for 3a (see 
above); orange needles (0.505 g, 85%),  m.p. 
171-172°C. IR (KBr): 1942 (m, C3 ring), 1703 (vs), 
1676 (vs), 1653 (s), 1050cm-' (vs, BF4). Analysis: 
calculated for C27H32BF4N3010 (MW 645.4), C 50.25, 
H 5.00, N 6-51; found, C 50.2, H 5.02, N 6.4%. 
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I - [2,3-Bis(dimethylamino)cyclopropenylio] pyridinium 
pentakis(methoxycarbonyI)cyclopentadienide tetra- 
jluoroborate hydrate (3b-H20). Salt 3b is dissolved in 
acetone and the solvent is allo7ed to  evaporate slowly; 
orange crystals, m.p. 150-151 C. Analysis: calculated 
for C ~ ~ H ~ ~ B F ~ N ~ O L O - H Z O  (MW 663-4), C 48.88, H 
5.17, N 6.33; found C 48.7, H 4.96, N 6.3%. 


I -(Tetramethylamidinio)pyridinium pentakis- 
(methoxycarbonyl)cyclopentadienide tetrafluoroborate 
(4b). A solution of 2b (0-353 g, 1.0mmol) and 
potassium pentakis(methoxycarbony1)cyclopenta- 
dienide (0.394 g, 1 .O mmol) in acetonitrile (50 ml) is 
stirred for 1 h. After addition of diethyl ether (20 ml), 
a yellow oil separates which is isolated by decanting off 
the supernatant liquid. The oil is dissolved in acetoni- 
trile and the procedure i s  repeated three times. Drying 
the oil at 0-001 Torr/25 C yields a yellow solid (0-36 g, 
m.p. 109-1 10 "C) of 4b, which is not analytically pure, 
however (contamination with KBF4 and CH3CN). 


I- [2,3-Bis(dimethylaminocyclopropenylio] pyridinium 
bis[ pen takis(methoxycarbony1)cyclopen tadien ide] (5). 
A solution of l b  (0.377 g, 1.0 mmol) in acetone (20 ml) 
is added to a suspension of potassium pentakis (meth- 
oxycarbony1)cyclopentadienide (0 -789 g, 2.0 mmol) in 
acetone (30 ml) and the mixture is stirred for 1 h. The 
solid is filtered off and recrystallized from acetone; 
orange crystals (0.828 g, 91Vo), m.p. 152 "C. IR (KBr): 
1940 (w, C3 ring), 1706 (s), 1684 (s), 1668 (s), 1199 (vs), 
1170 cm-' (vs). Analysis: calculated for C42H47N3020 
(MW 913.8), C 55-20, H 5.18, N 4.60; found, C 55.0, 
H 5-13, N 4.6%. 


1-(Tetramethy1amidinio)pyridinium bis[pentakis- 
(methoxycarbonyl)cyclopentadienide] (6). Prepared 
from 2b (0.353g, 1.0mmol) and potassium pen- 
takis(methoxycarbony1)cyclopentadienide (0,789 g, 
2.0 mmol) according to  the procedure described for 4b. 
A yellow solid (0.477 g, m.p. 118-119°C) of 
6-0.5 KBF4 is obtained. IR (KBr): 1712 (br,vs), 1472 
(s), 1230, 1201, 1186 (all vs), 1080 (s), lOSOcm-' (br, 
m). Analysis: calculated for C40H47N3020-0-5 KBF4 
(MW 952*2), C 50-45, H 4.98, N 4.41; found, C 49.9, 
H 4.93, N 4.2%. 


I, I '-(7,7,8,8- Tetracyano-l,4-xylene-7,8-diyl)bis [2,3- 
bis(dimethylamino)cyclopropenylium] bis(trifluor0- 
methanesulphonate~ (8). A mixture of la (0.251 g, 
0.5 mmol) and LiTCNQ (0.106 g, 0.5 mmol) in ace- 
tonitrile (70 ml) is stirred until the suspension and the 
dark-green colour have disappeared (24 h). The product 
is precipitated by addition of diethyl ether as a beige 
powder (0.171 g, 91qo), m.p. 243-245 "C. IR (KBr): 
2185 (m, C=N), 1939 (s, C3 ring), 1628 (br, s) 1409 (s), 
1280-1250 (vs, br), 1140 (s), 1028 cm-' (s). 'H NMR 
(CD3CN): 6=3 .13  (s, 12H,  NMe), 3-23 (s, 12H,  


NMe), 8.03 ppm (s, 4 H). Analysis calculated for 
CzsHzsF6N806Sz (MW 750.7) c 44.80, H 3.76, N 
14.93; found, C 44-7, H 3-78, N 15.1%. 


I -(4- \ (7,7,8,8- Tetracyano-8- [ I  -(tetramethylamidinio) 
-1,4-dihydropyridin-4-yl])-I, 4-xylen- 7-yl) -I, 4-dihydro- 
pyridin-I-y1)tetramethylamidinium bis(trifluor0- 
methanesulphonate) (9). A mixture of 2a (0.239 g, 
0.50 mmol) and LiTCNQ (0.106 g, 0.5 mmol) in ace- 
tonitrile (70 ml) is stirred for 1 h, when a clear solution 
has formed. The product is precipitated by addition of 
diethyl ether as a beige powder (0.144 g, 67%), m.p. 
128-129°C. IR (KBr): 2195 (m, C=N), 1688, 1628, 
1530, 1428 (all s), 1280 (vs), 1258 (vs), 1162 (s), 
1030 cm-l (vs). 'H NMR (200 MHz, CD3CN): 6 = 2.93 
(s, 12H,  NMe), 3-09 (s, 12 H, NMe), 4.65 [m, 2 H ,  
3J(3-H,4-H) = 3J(4-H,5-H) = 3.0 Hz, 4-H, dihydro- 
pyridine], 5.42 [m, 4 H, 3J(2-H,3-H) = 'J(5-H,6-H) 
= 7.6 Hz, 3-,5-HI, 6.74 (d, 4 H,  2-,6-H), 7-72 ppm (s, 


4 H, aryl). Analysis: calculated for C34H38F6N1006S~ 
(MW 860.6), C 47.43, H 4.45, N 16.27; found, C 
46.3, H 4.23, N 16.1%. 


X-ray crystal structure analysis of 3b *H20. 
C ~ ~ H ~ Z B F ~ N ~ O I O - H ~ O ,  formula weight 663 -39, 
orthorhombic, space group Pca21, a = 25-930(5), 


Dcalc = 1.422 g ~ m - ~ .  Data collection: 2740 unique 
reflections with 4.0 < 26 < 130-0", w/26 scan, scan 
width (0.85 + 0.14 tan 6 ) " ,  scan speed 
0.85-5.03" min-'; correction for intensity changes of 
control reflections, empirical absorption correction. 
The structure was solved with MULTAN and refined by 
full-matrix least-squares methods. Hydrogen atom 
positions (except for those of HzO, which were not 
located) were calculated (staggered geometry for methyl 
groups), and the atoms were treated as riding on their 
bond neighbours). Convergence was reached at  
R = 0-066, R, = (CA2F/CF:)"* = 0.062 [2281 reflec- 
tions having I > 3a(I), 414 variables, unit weights, 
shiftlerror ratio < 0.381. Heavy-atom coordinates are 
given in Table 4.* 


b = 7*891(2), c = 15.145(3) A, z = 4 ,  


X-ray crystal structure analysis of 5. C42H47N3020, 
formula weight 913 - 8 5 ,  orthorhombic, space group 
Pnaal, a = 17.375(1), b = 19.888(2), c =  12.629(2) A,  
2 = 4, Dcalc = 1 -39 g ~ m - ~ .  Data collection: 3606 uni- 
que reflections with 4 - 0  < 26 < 124-4", w/26 scan, 
scan width (0.85 + 0.14 tan 6 ) " ,  scan speed 
0*99-5*03" s- ' ;  empirical absorption correction 


*Further details of the crystal structure investigation are 
available on request from the Fachinformationszentrum 
Energie Physik Mathematik, D-7514 Eggenstein- 
Leopoldshafen 2, FRG, on quoting the depository number 
CSD-53968, the names of the authors and the journal citation. 
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[ ~ ( c u  K a )  = 9.10 cm-’I . The structure was solved 
with the SHELX-86 program system (several efforts 
with MULTAN failed) and refined by full-matrix 
least-squares methods; hydrogen atom positions 
were calculated (staggered positions for methyl groups) 
and not refined [3497 reflections having I >  2 4 4 ,  
586 variables, unit weights, R = 0.047, R ,  = 
(CA2F/CF;)”2 = 0.047, shift/error ratio 5 0.121. 
Heavy-atom coordinates are given in Table 5 .  


Cyclicvoltammetry of Zb and 2b. The experimental 
setup has been described. The undivided cell was 
equipped with a platinum disc working electrode and a 
platinium spiral counter electrode. The Ag/AgCl quasi- 
reference electrode was calibrated with ferroceneI6 after 
each experiment. The potentials referred to  SCE are 
calculated by adding 385 mV t o  the values referred to 
ferrocene. 


The measurements were carried out in p ~ r i f i e d ’ ~  
acetonitrile containing 0.1 M tetrabutylammonium 
hexafluorophosphate as supporting electrolyte. The 
values given were obtained at  a sample concentration of 
1 . 5  x M and a scan rate of 250 mVs-I. 
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