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MECHANISM OF REACTION OF AZOBENZENE FORMATION FROM 
ANILINE AND NITROSOBENZENE IN BASIC CONDITIONS. GENERAL BASE 


CATALYSIS BY HYDROXYIDE ION 


JACIR DALMAGRO AND ROSENDO A. YUNES* 
Departamento de Quimica, Universidade Federal de Santa Catarina, 88040-970 Florianopolis-SC, Brazil 


AND 
EDESIO LUIZ SIMIONATTO 


Departamento de Quimica, Fundaciio Universidade Regional de Blumenau, 89012-900 Blumenau-SC, Brazil 


The reaction of nitrosobenzene with aniline, to give azobenzene, in basic conditions was studied. It was shown that 
the reaction exhibits general base catalysis by different buffers giving a Brensted coe5cient B = 0.318. As in previous 
studies, a two-step process with a first step of attack of aniline on nitrosobenzene to give an addition intermediate 
and a second step of dehydration of this intermediate is proposed to interpret the mechanism of the reaction. The 
analysis of the Bransted relationship and of the intermediate of the reaction led to the suggestion that hydoxide ion 
catalyses the reaction by a mechanism of general base catalysis in the dehydration step. 


INTRODUCTION 


Nitrosobenzene can be formed in biological systems 
and under physiological conditions can react with 
various nucleophiles. It therefore seems of interest to 
investigate the mechanism of the reactions of nitro- 
sobenzene as models. 


The mechanism of the reaction with aniline, to give 
azobenzene, in acidic media has been well studied. 
The same condensation in alkaline media has also been 
reported. 5 - 7  However, the mechanism of azobenzene 
formation in alkaline media is controversial. Brown 
and Kipp,6 using pyridine-water (80:20, v/v), in the 
presence of tetramethylammonium hydroxide (0.01 M), 
observed that the rate of azobenzene formation is 
increased by electron-donating substituents and 
decreased by electon-attracting substituents of aniline. 
In both cases the rate of the reaction satisfies the 
Hammett equation. They also showed that a linear 
relationship exists between the pseudo-second-order 
rate constant and the tetramethylammonium hydroxide 
concentration, postulating a mechanism in which the 
rate-determining step is the attack of the negatively 
charged nitrogen of the anilide ion, formed in a rapid 
pre-equilibrium between aniline and hydroxide ion, on 
the nitrogen of nitrosobenzene. We have interpreted4 
that the substituent effects observed by Brown and 
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Kipp6 are more consistent with a rate-determining step 
of dehydration of an addition intermediate formed 
between aniline and nitrosobenzene. 


We carried out this study in order to elucidate the 
mechanism of this reaction in alkaline conditions and 
the mechanism of catalysis by hydroxide ion. 


RESULTS AND DISCUSSION 


The reactions were carried out in water-ethanol (97 : 3, 
v/v), where it is possible to obtain a homogeneous 
reaction mixture of aniline and nitrosobenzene giving 
principally azobenzene as the product. The concen- 
tration of aniline was in the required excess in order to 
obtain pseudo-first-order reaction conditions. The 
reaction was studied in the pH range 10-13. 


The dependence of kobs (pseudo-first-order rate con- 
stant) on pH is shown in Figure 1. All points have been 
extrapolated to zero buffer concentration. Equation (1) 
is consistent with the experimental results including 
terms for a pH-independent (ko) and a base catalysis 
( k o ~ )  pathway: 


kobs=(ko[PhNHz] + koH[PhNhz] [OH-] )  
X ([H+l/  [H+l + K a d )  (1) 


The factor [H+]/ [H+]  + Kad was introduced con- 
sidering the equilibria of formation of an adduct (Kad) 
between the hydroxide ion and nitrosobenzene.' This 
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Figure 1. pH dependence of first-order rate constants for 
azobenzene formation in water-ethanol (97 : 3, v/v) at 25 "C 
and ionic strength 1.0 M (KCI). The solid line was computed 
from equation (1) utilizing individual rate constants given in 


Table 1 


equation should tend to a plateau, which is not 
observed experimentally because K a d  = 13 8. 


It is important to note that between pH 12 and 13.5 
nitrosobenzene undergoes an irreversible first-order 
reaction' in the absence of aniline. This reaction is also 
of first order with respect to the hydroxide ion concen- 
tration, but above pH of 13.5 this dependence is larger, 
as can be observed in Figure 2. 


All the values of the observed rate constants for azo- 
benzene formation were corrected for the values of the 
rate constants for the reaction of nitrosobenzene under- 
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going adduct formation with the hydroxide ion,* con- 
sidering that they are first-order parallel reactions. 
Working with different concentrations of aniline and 
extrapolating to zero aniline concentration on the plot 
of observed pseudo-first-order rate constants vs aniline 
concentration, the intercept gives the rate constant of 
the reaction of nitrosobenzene with hydroxide ion and 
the slope gives the second-order rate constant for azo- 
benzene formation. 


The second-order rate constant is sensitive to the 
nature and concentration of the buffers used. Measure- 
ments of the catalytic effect as a function of the molar 
fraction of the base and acid components of carbonic 
acid-carbonate buffers of different concentrations 
established that the catalysis is of general base type. 


The catalytic constants of general base catalysis 
(Table 1) follow the Bransted relationship giving a 
Bransted coefficient ,B = 0.318 (r  = 0.990) (Figure 3). 
The value of catalytic rate constant for the hydroxide 
ion corresponds to that expected from the Bransted 


Table 1. Rate constants for general-base catalysed azobenzene 
formation from aniline and nitrosobenzene" 


OH- 15.74 0.180OO -0.744 
CF3CH20- 12.37b 0-01960 -1.707 
HPO? 10.92' 0.00834 - 2.078 
N(CH3)3 9.80d 0.00302 -2.520 
HCOl  9.00e 0.00 103 -2.990 
H20 - 1.44 8.427 x -5 '070 


*In water-ethanol (97 : 3, /v)  at 25 ' C  and ionic strength I .O (KCI). 
hRef .  10. 
'Ref. 11. 
d R e f .  12. 
'Ref .  13. 
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Figure 2. pH dependence of rate constants for nitrosobenzene 
decomposition in water at 25 'C and ionic strength 1 .O M 
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Figure 3. Brmsted plot for general base catalysis for reaction 
of azobenzene formation in water-ethanol (97 : 3, v/v) at 


25 "C and ionic strength 1 .O M (KCI) 
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line, suggesting that the hydroxide ion participates in 
the reaction as a general base catalyst. 


The reaction is of first order in aniline, nitro- 
sobenzene and hydroxide ion. The kinetic equation con- 
sistent with the experimental results is 


u = k o ~  [ PhNHz] [ PhNO] [OH- I (2) 
If the mechanism were that proposed by Brown and 


Kipp: 


PhNH2 + OH- PhNH- + H20 (3) 
PhNH- + PhNO + PhNHN(0-)Ph (4) 


PhNHN(0-)Ph + PhN=NPh +OH- ( 5 )  


the rate law would be 
u = k2 [ PhNH-]  [ PhNO] (6) 


and considering the acid dissociation of aniline, 
equation (6) leads to 


v=kJ(a[PhNH2] [PhNO] [OH-]/Kw (7) 


where Ka is the acid dissociation constant of aniline 
(K, = l4 


From equation (7), k2 can be calculated as 


k2 = k0HKw/Ka = 1 - 8  x 10l2 1 mo1-’ s-’  


(koH = 0 0  180, K~ = 10-27)14. 
This value is larger than the diffusion-controlled 


limit,15 indicating that the anilide ion is not an inter- 
mediate along the reaction pathway under the con- 
ditions used in this work. 


It has been suggested4 that the reaction between 
aniline and nitrosobenzene in ethanol-water 50 : 50, 
v/v) shows a change in the rate-determining step from 
attack of aniline on nitrosobenzene to the dehydration 
of  a n  addition intermediate formed between aniline and 
nitrosobenzene as the p H  becomes more basic. The 
change occurs between approximately p H  6 and 8. 


The pH of the experiments and the Brnnsted 
equation results suggest that in this case the hydroxide 
ion catalysis should occur in the dehydration step: 


PhN(0H)NHPh + OH- 2 PhN=NPh + H20 (9) 
In order to  provide other evidence for this 


mechanism and to  eliminate the possibility of the 
kinetically indistinguishible mechanism of specific 
base-general acid catalysis, we must consider the pKa 
of the intermediate that would be formed in the first 
step of this mechanism: 


PhNO + PhNHz S PhN(0H)NHPh (8) 


PhNHN(0H)Ph + OH- * 
PhN-N(0H)Ph + H20 (10) 


It can be calculated from the pKa of the anilide ion (ca 
27) considering the base-weakening effect of the 
-PhNHOH group. This group can be considered to  be 


formed by the -NHOH and P h  groups, which have (T* 


valuesI6 of 0.30 and 0-75,  rzspectively. Applying the 
equation p K a = 0 * 2 8 + 0 * 8 7 a  , we obtain -0 .54 for 
the -NHOH group and -0.93 for the Ph group. 
However, as the -NHOH group is directly bonded to  
the nitrogen, accepting a normal behaviour in this pos- 
ition, the value will be -0 .54/0.4= -1.35. Then the 
pKa of the negatively charged intermediate would be 
27 - 2-28 = 24.72. According to  Palmer and Jencks,” 
‘specific base or acid catalysis must exist and contribute 
to  the observed rate whenever estable intermediate 
exists with a pKa in the range -1.7 to  +15*7,’ hence 
the mechanism of specific base catalysis must not con- 
tribute t o  the observed rate of this reaction. 


As we have i n d i ~ a t e d , ~  the substituents effects 
studied by Brown and Kipp6 in pyridine 80-water 
(80 : 20 v/v) are more consistent with the dehydration of 
the addition intermediate proposed in equation (9) as 
the rate-determining step. Hence it is possible to  con- 
clude that the same mechanism should exist in 
water-ethanol (97 : 3,  v/v), i.e. the conditions of this 
study, and in pyridine-water (80 : 20, v/v). 


EXPERIMENTAL 


Materials. Nitrosobenzene was synthesized and 
purified by sublimation. Commercial aniline was 
purified by vacuum distilation. 


Kineticprocedure. The reactions were followed spec- 
trophotometrically at 25 “C by monitoring the for- 
mation of azobenzene at 400 nm. The solvent used was 
water-ethanol (97 : 3,  v/v) with ionic strength 1.0 M 
(KCl). The initial concentrations were 1-0  x M for 
nitrosobenzene and 0.5-1 -0 M for aniline. Reactions 
were followed for three half-times under these pseudo- 
first-order conditions. 


Reactions of nitrosobenzene under the above con- 
ditions, but in the absence of aniline, were followed at  
290 nm. Working in solutions degassed with nitrogen, 
to  eliminate the oxygen, the value of the first-order rate 
constant did not change. 


The yield of azobenzene, determined by high- 
performance liquid chromatography was 90%. 


First-order rate constants were calculated with a com- 
puter and second-order rate constants were calculated 
by dividing the first-order rate constants kobs by the 
concentration of aniline as free base. 


1. 


2. 


3.  
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ANIONIC PRODUCTS OF THE TWO-ELECTRON REDUCTION OF 
AROMATIC NITRILES IN LIQUID AMMONIA* 
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ANDREJ P. TANANAKIN, VICTOR I. MAMATYUK AND VITALIJ D. SHTEINGARTSS 
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Russia 


The reduction of Bcyanonnthracene by two equivalents of potassium in liquid ammonia was shown to yield the 9- 
cyanoanthracene dianion, whereas 1-naphtho- and benzonitrile gave the cyanodihydroaryl anions corresponding to the 
protonation of nitrile dianions at a position para to the cyano group. The 9-cyanoanthracene dianion underwent the 
same transformation in the presence of a stronger protonating agent, methanol. According to I3C NMR spectral data 
of the generated species, the cyano group extracts the negative charge from the *-electronic system: ca 0.20:0*25 e 
in the case of the 9-cyanoanthracene dianion and ca 0-140.17 e in the case of cyanodihydroaryl anions. These 
estimations and the general NMR pattern of r-charge distribution in all the anionic species under investigation are 
in accordance with data from quantum molecular orbital calculations at the PM3 and INDO levels, being reflected 
by the fairly good linear relationships between the changes of ring carbon chemical shifts on going to the anionic 
species from the respective neutral precursors on the one hand and the calculated nsharges on the other. The 
para-orienting effect of the cyano group in the protonation of nitrile dinnions is discussed in terms of the r-charge 
distribution in the starting dianion and the tendency to form a most stable cyanodihydroaryl anion isomer. 


INTRODUCTION 


The reduction of arenes by alkali metals in liquid 
ammonia followed by the protonation or alkylation of 
the reduced anionic form of an arene is a general 
method for the preparation of dihydro- and 
alkyldihydroaromatic compounds. 3-5 For long time the 
aromatic nitriles were not involved in these reactions, 
probably because they were thought to be inclined to 
react at the cyano group rather than the aromatic ring. 
However, recently it has been shown independently by 
two groupsss6 that in fact the products of the two- 
electron reduction of aromatic nitriles in liquid 
ammonia are alkylated in the ring, providing results of 
synthetic value. The potential use of reductive nitrile 
activation towards electrophilic attack demands a 
knowledge of the nature of the anionic species pro- 
duced by the reduction of substrates with alkali metals 
in liquid ammonia and the regularities governing the 
interaction of these anionic intermediates with 
alkylating reagents. In turn, this makes it necessary to 
study their electronic structures. 


Depending on degree of charge delocalization and the 
nature of the counter ion or substituents, the dianions 


formed due to two-electron reduction of arenes in 
liquid ammonia are known to be stable in this medium 
or, being basic, to undergo protonation by ammonia to 
form cyclohexadienyl (dihydroaryl) anions. The latter 
in turn may be converted into dihydroarenes. Usually, 
the conclusions about the nature of anionic precursors 
of the final products rely on indirect evidence. Direct 
NMR and ESR observations of the formation of the 
anionic products as a result of substrate reduction in 
liquid ammonia have been performed only for a few 
polynuclear aromatic hydrocarbons. 


In this connection, we now report the results of a I3C 
NMR study of 9-cyanoanthracene (l), I-naphthonitrile 
(2) and benzonitrile (3) reduction products by two 
equivalents of potassium metal in liquid ammonia. The 
choice of potassium was dictated by the better chance 
of avoiding protonation of the dianions formed than 
with other alkali metals.’ 


RESULTS 
The reduction was performed just before recording 
NMR spectra by adding two equivalents of potassium 


‘Part5 of the series ‘Reductive Alkylation of Arenes.’ For Parts 1-4, see Refs 1 and 2. 
t Present address: Faculty of Agriculture, Hebrew University of Jerusalem, P.O. Box 12, Rehovot 76-100, Israel. 
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metal to a solution or suspension of substrate in liguid 
ammonia under an argon atmosphere at -65 C. 
13C NMR measurements were carried out by pulse 
recording with subsequent Fourier transfomation. 
To facilitate signal assigment, the spectra of "C and 
'H monoresonances, 13C- 'H double resonance with 
broadband decoupling and proton off-resonance satu- 
ration were recorded. The spectral data are presented in 
Table 1. 


The solutions of the reduction products of nitriles 1 
and 2 are fairly stable and do not visibly change during 
the NMR recording time. However, the solution 
obtained as a result of the reduction of nitrile 3 was 
unstable, as indicated by the colour change and precipi- 
tation. According to these observations, the resonance 
assignments in NMR spectra of the reduction products 
of 1 and 2 are unequivocal, whereas with 3 the spectrum 
confirms the complexity of the transformations. 


Two sets of signals were observed in the spectrum of 
an ammonia solution of the reduction products of 1 
owing to their very different intensities. The more 
intense signals were assigned to the dianion (12-) 
based on the chemical shifts and splittings in the off- 
resonance spectra in comparison with the analogous 
characteristics of the anthracene dianion (42 - )8 (see 
Table 1; cf. Ref. 11). On this basis, the doublet at 6c 
77.2 ppm was assigned to C-10 and two most downfield 
signals were assigned to C-11,14 and C-12,13. The 
assignment of the absorption at 141-6ppm to the 
former pair of nodal carbons is justified by the fact that 
this signal shows one doublet splitting with J& 
(trans) = 7 Hz more than the signal at 148.9 ppm. It is 
reasonable to ascribe the group of doublets in the range 
105-122 ppm to the carbons of lateral benzene rings. 
Similarly to the dianion 42 - , two low-field resonances 
of this group are assigned to &carbons and two high- 
field resonances to a-carbons of the anthracene frame- 
work. The assumptions about the more distinct 
assignment of these signals could be made by con- 
sidering the chemical shift changes on passing from the 
precursors to the corresponding anionic species (A 6 
values; see below). The singlet at 55-8 ppm was 
assigned to C-9 since its upfield shift on going from 42 - 
to 12- is an expected result of hydrogen substitution 
by the cyano group at C-9, as indicated by the com- 
parison of I3C NMR data for anthracene and 1 (see 
Table 1). The singlet at 6c 136.5 ppm was ascribed to a 
carbon of this group as it has no counterpart in the 
spectrum of 42- .  


Taking into account the location of the remaining 
signals of lower intensity observed in the spectrum 
along with the resonances attributed to 12- ,  they 
could be ascribed tentatively to the 9-cyano-9, 10- 
dihydro-9-anthryl anion (1-H- ) possibly resulting in a 
small amount from the interaction of 12- with 
residual moisture absorbed when the NMR ampoule is 
being filled. To confirm this suggestion, 1 was reduced 
in the presence of methanol as a protonating reagent. 


The 13C NMR spectrum of the resulting solution 
appeared to show all the signals mentioned above as 
attributed presumably to 1-H - being entirely similar 
to the spectrum of the 9,10-dihydro-9-anthryl anion 
(4-H-)798 (see Table 1). Based on this similarity, the 
triplet in the highest field was assigned to the sp3- 
hybridized C-10. The singlet at 6c 55.4 was ascribed to 
C-9 bearing the cyano group for the same reasons as 
considered above for 12- .  The doublets in the range 
116-127 ppm were assigned to the carbons of lateral 
rings, with those at higher field being attributed to 
C-3,6 and C-l,8. The JCH values in the off-resonance 
spectrum were also taken into account. In contrast, the 
discrimination between signals of C-2,7,4,5 was imposs- 
ible. Finally, for the same reasons as considered below 
for 4-H-, the singlets at 6c 123.9 and 141.2 ppm were 
assigned to C-12,13 and C-11,14, respectively, and the 
singlet at 6c 132.7 ppm, analogously to the interpreta- 
tion of the 12- spectrum, was ascribed to the cyano 
carbon. 


Hence the data considered above allow us to con- 
clude that the two-electron reduction of 1 yields its 
dianion 12- , which is fairly stable in liquid ammonia 
but is protonated in the presence of stronger acids of 
the ROH type (water, alcohols) to form the dihydroaryl 
anion 1-H - . 


In contrast to the results for the reduction of 1, treat- 
ment of 2 with two equivalents of potassium metal in 
liqud ammonia leads, as revealed by 13C NMR spec- 
trum of the resulting solution (see Table l), only to the 
formation of the protonation product of dianion 22- , 
i.e. the l-cyano-1,4-dihydro-l-naphthyl anion 2-H - . 
To facilitate the rationalization of 13C NMR spectra 
and elucidate the effect of the cyano group on the 
charge distribution in the framework, the 1 ,Cdihydro- 
1-naphthyl anion 5-H- was generated by treatment of 
naphthalene (5) under the same conditions. Anal- 
ogously to the interpretation of the spectrum of 1-H- 
(see above), the triplet at 6c 35.2 ppm was assigned to 
the sp3-hybridized C-4 and the singlets at 6~ 117.4 and 
145.6 ppm to C-10 and C-9, respectively. The assign- 
ment of the remaining doublets was confirmed by com- 
parison of the experimental 6c values with the estimated 
values using the spectral data for 5 and 1,4- 
dihydronaphthalene (5-Hz)'' and taking into account 
the chemical shift changes on going from 4 or 9,lO- 
dihydronathracene (4-H2)12 to the anion 4-H - , from 
toluene14 to the benzyl anion (6)13 and from benzene 
and cyclohexa-l,4- and -1 ,3-dieneI4 to the cyclohexa- 
dienyl anion (7) (see Table l), with respect to the 6c 
values of ally1 and 1-phenylallyl anions. l 3  Further, the 
signal assignment in the spectrum of 5-H - corresponds 
to the expected pattern of negative charge distribution 
in this anion (see below). 


Based on this assignment, the spectrum of 2-H- was 
rationalized taking into account the expected change in 
SC values due to hydrogen replacement by the cyano 
group, as revealed on passing from 6 to the a-cyano- 
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benzyl anion @)I5 and corresponding to the transfer of 
some portion of negative charge from the framework to 
the cyano group. However, this approach does not 
allow us to discriminate reliably the C-6 and C-8 from 
C-5 and C-7 signals. 


Judging from the 13C NMR spectrum of the product 
mixture obtained in the reduction of 3, the result of this 
reaction was not as pronounced as for those of 1 and 
2. This agrees with the visual observations cited above. 
A set of signals was recognized as belonging to the 1- 
cyanocyclohexa-2,5-dien-l-yl anion (3-H - ), according 
to their location, chemical shift changes accompanying 
insertion of the cyano group in the anion 7 and the 
splitting pattern in the monoresonance spectrum (see 
Table 1). However, along with these signals, doublets 
of approximately the same intensity were present at 6~ 
29.9, 87-2 and 129.7 ppm, which were tentatively 
assigned to some other cyclohexadienyl anion, and 
absorptions of lower intensity at 6~ 126.5, 127.1 and 
128.5 ppm, possibly arising from the interaction of 
3-H - with some of the cyclohexadiene products of its 
protonation. 


Hence the results presented above show that the two- 
electron reduction of nitriles 1-3 by two equivalents of 
potassium metal in liquid ammonia forms the corre- 
sponding dianions 12--32-, followed in the cases of 
22- and 32- by protonation by ammonia at a position 
para to the cyano group and the formation of the 
anions 2-H- and 3-H- , respectively. In contrast, the 
protonation of dianion l2 - occurs only on treatment 
with protonating reagents stronger than ammonia, such 
as water or an alcohol (see Scheme 1). 


DISCUSSION 
The I3C NMR spectroscopy of charged *-systems is 
widely used as an efficient method for the investigation 
of the relationships between structure and charge distri- 
bution on sp2-hybridized carbons, since the corre- 
sponding SC values are directly related to the ?r-electron 


densities on these atoms. It seems reasonable to con- 
sider the variation of 6c values (A SC) on passing to 
anions from their structurally related neutral com- 
pounds (precursors), rather than the 6c values them- 
selves. Hence the contributions of the factors other 
than the character of ?r-electron charge distribution are 
minimized. For instance, such contributions apparently 
dominate in the change in the 6c value of the &so- 
carbon resulting from substitution of the cyano group 
for hydrogen. All the 6c and A 6c values under con- 
sideration are presented in Table 1. 


9-Cyanoanthracene dianion (12 - ) 
The effective attraction of the negative charge by CN 
in 12- is probably reflected by the value 
A 6c = +19*4 ppm for the carbon of this group, which 
is close to the analogous values for cyclohexadienyl 
anions. In addition, the 6c values themselves are close 
to those for the cyano groups of dianion 12- and the 
latter ions, as well as anion 8. l5 Taking into account the 
absence of any significant charge on the carbon of the 
cyano group, the downfield shift of its signal on passing 
from 1 to 12- is akin to the same signal shift of nodal 
carbons and the carbons of dihydroaryl anions not par- 
ticipating efficiently in negative charge delocalization 
(see below). Moreover, this charge delocalization on to 
the cyano group changes the acetylenic character of its 
carbon to an allenic character (see the resonance struc- 
tures A and B), which may be one of the reasons for the 
signal downfield shifts under discussion (cf. typical SC 
values for the corresponding carbons in alkynes and 
aIIenesI6). 


A B 
The correlations of 6c or A 6~ values for certain 


carbons in dianions 12- and 42- are similar to each 
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other, demonstrating that the extraction of some 
portion of negative charge by the cyano group from the 
framework does not alter significantly the electron 
density distribution among the ring carbons. Judging 
from the relationships of both the 6~ and A 6~ values in 
the dianions under consideration, this distribution is in 
accord with the sequence C-10 2 C-9 > C-4,s 2 
C-1,8 > C-2,7 > C-3,6. At the same time, the passage 
from 42- to 12- gives rise to asymmetry of charge dis- 
tribution among two sets of carbons of the anthracene 
framework: the charge densities on C-1,3,6,8,9 conju- 
gated to the cyano group decrease, whereas those on 
C-2,4,5,7,10 even increased. Accordingly, the sum of 
A 6~ values (C A 6 ~ )  for C-2,4,5,7,10,11,14 is 
-112.4 ppm, whereas for C-1,3,6,8,9,12,13 this sum is 
only - 59.6 ppm. The former C A 6~ value is greater 
and the latter value is smaller than the C A 642 value 
for 42- . These correlations reflect the polarization of 
the s-electronic system of the anthracene dianion 
arising from the cyano group implacement and resul- 
ting in its splitting into two subsystems. The first con- 
sists of carbons not conjugated with the cyano group 
over which nearly unit or larger negative charge is dis- 
tributed. The second, consisting of carbons conjugated 
with the cyano group, contains significantly less charge, 
which is apparently due to both the electron-accepting 
effect of the cyano group and the polarization of the 
s-system mentioned above. Thus, on going from 42- 
to l2 - the *-electron density distribution is altered, 
approaching the state represented by the set of struc- 
tures C-E with increasing contributions in the sequence 
C e D e E .  


The C A 6~ value corresponding to the formation of 
22- from 2 is -171*6ppm, which is significantly 
smaller than the expected value of - 270 to - 320 ppm, 
in accordance with the well known relationships 
between chemical shift and ?r-charge, 8~10~13*17 on 
passing from the neutral to dianionic s-system. In this 
regard, the dianion 12- is similar to 42- ,  the C A 6c 
value of which is -159.6ppm for the lithium salt in 
THF* (according to Ref. 11, C A 6c for 42- is 
-170.4 pprn). As can be seen from the data for 42- in 
Table 1, the passage from this system to the solution in 
liquid ammonia brings about an average upfield shift of 


- 
N 


C 
il 


- 
N 


C 
11 


individual signals in the I3C NMR spectrum of cu 
1 ppm. Taking this into account, a C A 6c value of 
-173.6 ppm was accepted for 42- .  


Such a difference between the experimental C A 6~ 
value and the value predicted by the aforementioned 
relationships suggests the coincidence of two effects 
accompanying the passage from 4 to 42 - : increased 
*-electron density and the exchange of the diatropic 
anisotropy in 4 for the paratropic anisotropy in 4 2 - .  
The latter effect may be quantitatively considered' by 
using the ring current approximation. '' In this connec- 
tion, it is worth noting that the absolute C A 6~ value 
for 42- is at least not less than that for 12-. At the 
same time, if one assumes that the cyano group partici- 
pates efficiently in charge delocalization, the absolute 
C A 6c value for 42- is expected to be less than that 
for 12-. Hence one may suggest that the electron- 
withdrawing effect of the cyano group manifests itself 
in a decreased paratropic influence of ring current due 
to the decreased electron density in the framework ?r- 


system on going from 42- to 12- . The similar 
decrease in paratropicity due to the electron- 
withdrawing effect of structure fragments has been 
observed for dianions of certain nitrogen 
heterocycles. l9 


In view of the above considerations, the corrections 
were assessed analogo~sly'~ to the observed A 6c values 
of 12- making use of the Coulomb and resonance par- 
ameters for the cyano group recommended in Ref. 20. 
These corrections were found to be + 0.4 ppm for a- 
and 0-carbons, - 3 - 1 ppm for meso-carbons and 
- 2.7 ppm for the nodal carbons of the anthracenic 
framework. Thus, in accordance with the above expec- 
tation, the C A 6~ value of -42.6 ppm observed for 
42- (Ref. 8) changes to -13.8 ppm on going to 12-. 
In contrast, close values of the total anisotropic correc- 
tions have been found for ring carbons of the precur- 
sors of these dianions, i.e. 4 (+85.8 ppm') and 1 
(+82.4 ppm). Hence the aggregation of all the aniso- 
tropic corrections leads to a change of 34 ppm for the 
c A 6c value on going from 42- to 12- . If one accepts 
a C A 6c value of -145 ppm as equivalent to the 
appearance of unit negative charge in the *-electronic 
system, * this change corresponds to the location of 


- 
N 


C 
11 
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0.23 e on the cyano group (q&) in 12- .  In view of the 
considerable amount of corrections, a range of 
0.20-0.25 e should be accepted for this q& value. 


9-Cyano-9,10-dihydro-9-anthryl anion (1-H - ) 


By analogy with the above consideration of the cyano 
group effect in 12- , let us compare the values of A SC 
and C A SC for the anions 1-H- and 4-H- . Attention 
should be paid to the closeness of A 6c values for the 
latter and the diphenylmethyl anion. l 3  On the other 
hand, considering 4-H as bring of the dibenzocyclo- 
hexadienyl type, the similarity between the A SC values 
for the lateral rings induced by passing to this anion 
from both 4 and 4-Hz seems meaningful. According to 
Ref. 8, only C-9 in the anion 4-H- retains a small 
residual paratropic shift (+1.3 ppm, whereas the other 
sp2-carbons reveal diatropic shifts which are close to 
those in 4. We believe on this basis that in this case and 
the cases to follow, anisotropic effects can be neglected. 


The C A SC value of -45 ppm observed for carbons 
C-9,11,12,13,14 corresponds to ca0-3 e negative charge 
dispersed among carbons in the cyclohexadienyl frag- 
ment of 4-H-. The effect of cyano group insertion at 
C-9 on going from 4-H- to 1-H- is displayed in the 
22.6 ppm decrease in the absolute C A SC value for 
carbons of the framework. This quantity is equivalent 
to the extraction of q c N  = 0.16 e by the cyano group. 
However, it is easily seen that charge redistribution 
really involves only lateral benzene rings whereas the 
total charge density in the cyclohexadienyl ring remains 
unchanged. 


l-Cyano-1,4-dihydro-l-naphthyl anion (2-H - ) 


Similarly to the findings from the comparison of SC 
values for anion 1-H- and the related neutral com- 
pounds, the SC values of 5-H - are close to those of the 
1-phenylallyi anion. l3  Further, the A SC values are 
almost equal on going to 5-H- from both 5 and 
5-Hz. l2 Of the C A & value of -127 ppm observed for 
this anion, the portion of approximately -96ppm 
belongs to C-l,2,3,9,10 displaying the location in the 
cyclohexadienyl fragment of 0 66 unit negative charge. 
Thus, on passing from 4-H- to 5-H-, the charge 
from the eliminated benzene ring is almost entirely 
transferred into the cyclohexadienyl fragment. The 
change in the C A SC value concomitant with insertion 
of a cyano group into the C-1 position on going from 
5-H- to 2-H- corresponds to the total framework 
charge decreased by q& = 0.17 e. However, unlike the 
dihydroaryl anions considered above, in this case the 
total charge is extracted in nearly equal portions from 
both benzene and cyclohexadienyl moieties. Further- 
more, polarization of the cyclohexadienyl *-system 
takes place, consisting in the shift of electron density 
from C-3,lO to C-1. As a result, whereas the negative 


charges on C-1 and C-3 in 5-H- are almost identical, 
C-1 in 2-H- carries approximately twice as large a 
negative charge as C-3. 


l-Cyanocyclohexa-2,5-dien-l-yl anion (3-H - ) 
Judging from the A 6c values of anions 7 and 3-H - , 
the insertion of a cyano group brings about a change in 
the correlation of charge densities on C-1 and C-3,5 
which is analogous to that considered above for the 
passage from 5-H- to 2-H-. The C A SC value for 
anion 7 is -149 ppm, which is close to the -145 ppm 
equivalent of the unit negative r-charge.* For 3-H-, 
the C A SC value is -130 ppm, being 19 ppm smaller in 
absolute value and corresponding to the absorbance of 
qcN = 0.14 e by the cyano group. It seems that this esti- 
mation, being anisotropically affected to a smaller 
extent among the cases under consideration, was close 
to the values obtained for the anions 1-H - and 2-H - . 
This finding supports the possibility of neglecting aniso- 
tropic effects for all the cyclohexadienyl anionic systems 
in the framework of the analysis performed. 


Thus, from all the above results, it can be concluded 
that the involvement of the cyano group in the *-charge 
delocalization in the anionic systems under consider- 
ation brings about the absorbance of 4 6 ~  densities of 
0.20-0-25 e in dianion 12- and 0.14-0.17 e in anions 
1-H - , 2-H - and 3-H - (Table 2). However, it is note- 
worthy that these quantities comprise the ion associ- 
ation effect, which is capable of strengthening the 
electron-withdrawing influence of the cyano group if 
tight counter-ion association with the nitrogen anionic 
centre takes place. Evaluating the portion of negative 
charge located on nitrogen, the polarization within the 
cyano group itself must be taken into account. 


Table 2. r-Electron charges (4) on the cyano 
group in the two-electron reduction products of 


aromatic nitriles 


Ion Methoda 4 r  qN q C N  


I*- a 
b 


I-H- a 
b 


2-H- a 
b 


3-H- a 
b 


C 


C 


C 


C 


+0.12 
+ O . l l  
+0.13 
+O.ll  
+ O s l o  
+O.l l  
+0.12 
+0.11 
+0.13 
+ 0.12 
+ O . l l  
+0.14 


-0.35 
-0.32 
-0.36 
-0.25 
-0.24 
-0.27 
-0.26 
-0.25 
-0.30 
-0.29 
-0.27 
-0.28 


-0.23 
-0.21 
-0.23 
-0.13 
- 0.14 
- 0.16 
- 0.14 
-0.15 
-0.17 
-0.17 
- 0.16 
-0.14 


(a) From PM3 calculations; (b) from INDO calcu- 
lations; (c) from "C NMR data (A kll45.0). 
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Assuming that the downfield shift of cu 20ppm 
observed for the cyano group carbon on passing from 
precursors to anions is a measure of the electron defi- 
ciency induced at this site and ascribing equivalent eiec- 
tron density to nitrogen, it is concluded that the latter 
carries the negative charge of 0.3 e. However, this obvi- 
ously overestimated quantity is not sufficient to con- 
sider nitrogen as the most preferred site for the location 
of the counter ion, since in all anionic species under 
consideration, judging from their A 6c values, even 
larger negative charges are located on ipso-carbons and, 
in 12- ,  on C-10. Further, according to Ref. 22, in 
liquid ammonia ion association is unlikely to make a 
significant contribution to charge delocalization in the 
anionic species under consideration. 


The value found of negative charge absorption by the 
cyano group in anions I -H- ,  2-H- and 3-H- 
( q 6 N  = 0.15 e) is in line with the finding by Olah and 
Mayer lo that three ortho-para-located nitro groups in 
the anionic cyclohexadienyl system absorb cu 0.6 e. 
Assuming one third of this quantity to be the average 
measure of negative charge absorbed by a single 
nitro group (qNOz = 0.2 e), one obtains the ratio 
qGoz/q& = 1.3, which almost coincides with the ratio 
of u- constants of these substituents (1.27 for NO2 and 
1.00 for CN”). Further, it is worth emphasizing that 
the ratio q - / f  = 0.15 for these two substituents can 
turn out to be universal for a wider range of substitu- 
ents. However, it cannot be ruled out that qNOz = 0.2 
is an underestimated value because of the possible satu- 
ration of the single nitro group effect in the trinitro- 
cyclohexadienyl system. If so, one should expect the 
real q&/q& ratio to approximate the ratio 
m- (NOz)/m- (CN) = 1 8. 23 Disregarding this uncer- 
tainty, the value q& = 1 * 15 e seems reliable. 


We believed it important to test the pattern of T- 


charge distribution in the anionic species derived above 


by means of molecular orbital calculations. In the 
initial step, geometry optimization was performed using 
the versionz4 of the valence approximation PM3. All 
the T-electronic systems were assumed to be planar with 
4 h  symmetry for the dianion 42- ,  CZV for the dianion 
12- and the anions 1-H- and 3-H- and CS for the 
anion 2-H- . Thereafter, the optimized geometric 
structures were applied to perform two procedures of 
calculating T-charge distribution: the first in the PM3 
and the other in the INDO approximation. The results 
are presented in Table 3. It is easily seen that fairly 
good agreement is observed, which is supported by the 
fairly good linear correlations expressed by equations 
(1) and (2) for the dianions 12- and 42- and 
equations (3) and (4) for the anions 1-H - , 2-H - and 
3-H-: 


A 6& = 117-7 qf (PM3) - 5.0 (r=0.98) (1) 


A 66 = 121 - 6  qf (INDO) - 4.1 (2) 
A 6& = 120.9 qf (PM3) - 1.7 (r=0.97) (3) 


(r = 0.99) 


A & =  131.9qs (IND0)- 1.8 (r=0.96) (4) 


These relationships appeared to be close to those 
derived previously for the dianion 42- ,  the anion 
4-H- and their cationic counterparts on the basis of 
CNDO/2 calculations. Further, the closeness of the 
experimentally estimated qc values located on the cyano 
carbon to the calculated values, and also the corre- 
sponding charge distributions within the cyano group 
(Table 2), is noteworthy. 


The pattern of negative charge distribution revealed 
in the anionic reduction products of aromatic nitriles in 
liquid ammonia allows one to establish how the cyano 
group affects the relative basicity and protonation 
regioselectivity of nitrile dianions. It seems obvious that 
the insertion of the cyano group renders all the anionic 


Table 3. Calculated ?r-electron charges (-4) in the two-electron reduction products of aromatic nitriles by (a) PM3 and (b) INDO 
methods 


Ion Method C-1 C-2 C-3 C-4 c-5 C-6 C-7 C-8 C-9 C-10 C-11,14 C-12,13 


12- a 
b 


2’- a 
b 


3’- a 
b 


4l- a 
b 


1-H- a 
b 


2 4 -  a 
b 


3-H- a 
b 


0.153 
0.163 
0.432 
0-428 
0.407 
0.455 
0.254 
0.242 
0.093 
0-103 
0.431 
0.390 
0.440 
0.379 


0.151 0.087 
0.132 0.069 
0.106 0.103 
0.119 0.094 
0.190 0.048 
0.206 0.031 
0.132 0.132 
0.110 0.110 
0.006 0.129 


-0.011 0.120 - 
-0.064 0.237 
-0.067 0.241 
-0.059 0.243 
-0.057 0.234 


0.227 
0-218 
0 * 407 
0.424 
0.552 
0.581 
0.254 
0.242 
0.012 


-0.010 


0-227 
0.218 
0.343 
0.344 
0.048 
0-031 
0.254 
0.242 
0.012 


-0.010 
0.015 


-0.010 
0-243 
0.234 


0.087 
0.069 
0,054 
0.039 
0.190 
0.206 
0.132 
0.110 
0-129 
0.120 
0.143 
0.125 


-0.059 
- 0.057 


0.151 
0.132 
0.218 
0.196 


0.132 
0.110 
0.006 


-0.01 1 
0.009 


- 0.009 


0.153 
0.163 
0.197 
0.227 


0.254 
0.242 
0.093 
0-103 
0.108 
0.108 


0.443 
0.432 


- 0.064 
-0.047 


0.417 
0-436 
0.427 
0.399 


-0.111 
-0.085 


0.409 -0.061 -0.099 
0.432 -0.039 -0.078 
0.113 
0.093 


0.417 -0.095 -0.095 
0.436 -0.070 -0.070 


-0.106 -0.090 
-0.088 0.099 


0-082 
0.093 
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systems in question more stable. The fact that the 
dianion 1’ - , unlike 4’ - , is not protonated by liquid 
ammonia suggests more effective stabilization by the 
cyano group substituted in the C-9 position for the 
anthracene dianionic system compared with the mono- 
anionic 9,1O-dihydro-9-anthryl system. This difference 
could be attributed to the dramatic decrease in acidity 
on going from 1-H - to 4-H - . ” A similar conclusion 
can be inferred for the difference in the benzoannela- 
tion stabilizing effect on the dianionic systems 2’- and 
3’- on the one hand, and the cyclohexadienyl anion 
systems 2-H- and 3-H- on the other since, unlike 
1 2 - ,  the dianions 2’- and 3’- are protonated in 
liquid ammonia, whose pKa value is ca 34.26 


It seems obvious that when discussing the origins of 
the protonation regioselectivity of 1’- , 2’- and 3’- , 
one should first consider the relative stabilities of 
isomeric cyanodihydroaryl anions resulting from the 
protonation of the dianions in question and the charge 
distribution in the starting dianions. Assuming that the 
greater stabilizing effect is associated with the cyano 
group substitution in those sites of 4-H- and 5-H- 
which carry a larger negative charge, the formation of 
1-H- and 2-H- containing the cyano group in the 
cyclohexadienyl ring as a result of protonation of 1’- 
and 2’- seems to be understandable. However, this 
argument cannot justify the preferred protonation just 
at the position para to the cyano group, but this 
regioselectivity is in line with the calculated relative sta- 
bilities of isomeric cyanocyclohexadienyl anions. ” At 
the same time, the protonation regioselectivity of 1’- 
can be considered to correspond also to the *-charge 
distribution in this dianion since, according to the cor- 
relation of the A 6c values (see Table l), the larger 
charge density is located on C-10. However, the latter 
conclusion is not clearly supported by the calculation of 
the electron density distribution in 1’- (Table 3), with 
INDO results being closer to the correlation of C-9 and 
C-10 *-charge densities as reflected by the corre- 
sponding A 6c values than PM3 results. Taking this 
into account, one should assume the principal *-charge 
density to be located at a position para to the cyano 
group in dianions 2’ - and 3’ - , which is clearly sup- 
ported by the calculated pattern of charge distribution 
in 3’-. Hence the regioselectivity of the protonation 
of aromatic nitrile dianions can be recognized to corre- 
spond with both the concept of kinetic control in carba- 
nion reactions with electrophiles 11*’* and the relative 
stabilities of the resulting isomeric cyclohexadienyl 
anions. 27 


EXPERIMENTAL 


Materials. All the materials were commercially 
available. Tetrahydrofuran was purified according to a 
previously reported procedure ’’ and redistilled from 


disodium benzophenone solution under atmospheric 
pressure immediately into the reaction flask. Liquid 
ammonia was purified by dissolving sodium metal suc- 
cessive redistillation under an argon atmosphere into 
the reaction flask at -70°C. Argon was purified by 
passing it through two flasks containing THF solution 
of disodium benzophenone. Benzonitrile was purified 
as described. 30 I-Naphthonitrile and 9-cyano- 
anthracene were prepared according to previously 
reported procedures. 3’*32 


Preparation of carbanions. Potassium metal 
( I  a2 mmol) was added to a solution or suspension of an 
arene (0.6 mmol) in NH3 (1.2 ml) in an NMR ampoule 
under an argon atmosphere immediately before 
recording the NMR spectrum. 


Nuclear magnetic resonance spectra. ”C and ‘ H  
NMR spectra of precursor solutions in (CD3)zCO or 
CDC13 (5% by weight) were obtained with internal 
Me& as reference using a Bruker AC-200 or Bruker 
WP-200 SY spectrometer. I3C and ‘H NMR spectra of 
the products of the tyo-electron reduction of arenes 
were obtained at -65 C using a Bruker WP-200 SY 
spectrometer equipped with a broadband decoupler and 
Fourier transform accessory. A mixture of (CD3)zCO 
and Me& (l: l ,  v/v) was used as an external (capillary) 
reference. 
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HYDROGEN BONDING. 38. EFFECT OF SOLUTE STRUCTURE AND 
MOBILE PHASE COMPOSITION ON REVERSED-PHASE 


HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC CAPACITY 
FACTORS 
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AND 


 MART^ ROSES 
Department de Quimica Analitica, Universitat de Barcelona, Avda. Diagonal 647,08028 Barcelona, Spain 


Reversed-phase HPLC capacity factors, as log k', have been correlated through the LFER equation: 
log k' = c + rR, + sz? + axa? + bX/3: + VV, 


where k' is the capacity factor for a series of solutes in a given stationary phase-mobile phase system, and the 
explanatory variables are the solute descriptors: R, an excess molar refraction, z? the dipolarity/polarizability, 
Ca? the overall hydrogen-bond acidity, E.ff the overall hydrogen-bond basicity and V,  the McGowan volume. 
This equation was applied to various C18 stationary phases with methanol-water, acetonitrile-water and 
tetrahydrofuran-water buffered mobile phases. The solute and mobile phase factors that influence log k' values 
are set out, and a comparison is made between log k' values and water-octanol partition coefficients. 


INTRODUCTION 


There are a number of physical and chemical factors 
that influence retention in reversed-phase high-perfor- 
mance liquid chromatography (HPLC). Of the chemical 
factors, the most important are the nature of the solute, 
the composition of the mobile phase and the nature of 
the stationary phase itself.' In this paper we consider the 
first two factors, and will examine the effect of the 
stationary phase subsequently. 


Apart from methods based on linear free energy 
relationships (LFERs), there have been few attempts to 
set up schemes that can be used for the prediction of 
retention data of solutes in a fixed mobile 
phase-stationary phase system, at least for a varied 
set of solutes. Smith and Burr' have devised a 
group contribution scheme for the prediction of 
retention indices, but extension from simple aliphatic 
and aromatic solutes to disubstituted aromatic com- 
pounds required the incorporation of terms related to 
interaction between the s~bstituents.~ As Smith and 
Burr3 noted, the more complicated the solute structure, 
the more involved becomes any group contribution 
scheme. 


A more general method for the analysis of HPLC 
capacity factors, k ' ,  or HPLC retention indices is the 
LFER pioneered by Kamlet et aL4 These workers, and 
others including Carr and co-workers, have s h o ~ n ~ - ' ~  
that it is possible to construct LFERs that include 
various solute descriptors and which yield excellent 
correlations of log k' values for a series of solutes in a 
given HPLC system. The one difficulty with the system 
of Kamlet et aL4 is that there is no general protocol for 
the determination of several of the descriptors. Hickey 
and Pa~sino-Readerl~ have attempted to remedy this by 
setting out estimation rules, but it is significant that the 
most recent work in this area" includes only solute 
descriptors dating from 1988. We do not detail the 
LFERs based on the Kamlet system, because in prin- 
ciple the methodology is the same as that which we use 
for our own LFERs. 


The effect of the mobile phase on HPLC capacity 
factors has also been examined by Kamlet eta/.,'' albeit 
for a restricted set of 27 aromatic solutes, Nevertheless, 
such an analysis provides a more fundamental approach 
than do solvent selectivity  scheme^,'^ even though 
the latter are very useful as a practical aid to 
chromatographers. l5 
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Our LFER is based on the general solvation equation 


log SP = c + rR, + snr + u&z,” + bCBf + VV, (1) 
where SP is some property of a series of solutes in a 
given system and the explanatory variables, or de- 
scriptors, are solute properties as  follow^.'^^'^ R, is an 
excess molar refraction that can be determined simply 
from a knowledge of the compound refractive index, 
or easily estimated. Since R, is almost an additive 
property, it is straightforward to deduce values of 
compounds from molecular structure. n,” is the solute 
dipolarity/polarizability, it being impossible to devise 
descriptors for these properties separately. This descrip- 
tor was first obtained experimentally from gas-liquid 
chromatographic (GLC) data, but can now be obtained 
through use of water-solvent partition coefficients.” 
xu,” is the solute overall or effective hydrogen-bond 
acidity. For mono-acids, this descriptor was  rigi in ally'^ 
based on the a,” parameter, obtained from 1 : 1 
hydrogen-bond complexation constants. Now that the 
acid scale is established, further values of Ca,” can be 
obtained from water-solvent partition coefficients.“ x,Br is the solute overall or effective hydrogen-bond 
basicity. For mono-bases, this was also first obtained 
from 1 : 1 hydrogen-bond complexation constants,20 as ,Br, and subsequently modified and developed through 
water-solvent partition coefficients as the ED,” scale.I8 
Leahy et a1.21 examined partitioning in four water- 
solvent systems using an LFER equation that resembles 
equation (l), but with different descriptors. They 
showed that for a number of solutes it was not possible 
to assign a constant hydrogen-bond basicity. In other 
words, for these solutes, the relative hydrogen-bond 
basicity varies with the solvent system. AbrahamL8 later 
showed that this was also the case for the LFER 
equation (1). For a number of solutes, including anilines 
and alkylpyridines, an alternative descriptor xBi had to 
be used in partitions between water and solvents that 
were fairly miscible with water. It must be noted that 
this alternative descriptor is used only for specific 
solutes; for all the other solutes, CS,” can be used in all 
the water-solvent partitions. V ,  is the McGowan 
characteristic volume that can be calculated for any 
solute simply from molecular structure, using a table of 
atomic constants.22 


The coefficients, or constants, in equation (1) are 
found by the method of multiple linear regression 
analysis (MLRA) and serve to characterize the phase in 
question as follows. The r constant is a measure of the 
propensity of the phase to interact with solute n- and n- 
electron pairs, the s constant measures the phase 
dipolarity/polarizability, the a constant is a measure of 
the phase hydrogen-bond basicity (because an acidic 
solute will interact with a basic phase) and the b 
constant is a measure of the phase acidity. The 21 con- 
stant is a measure of the phase hydrophobicity. Of 
course, if equation (1) is applied to distribution between 


two phases, the constants will then refer to differences 
between the phases concerned. 


Thus water-octanol partition coefficients, as logP,,, 
were shown to follow equation (2); in this equation, 
only solutes with a constant hydrogen-bond basicity 
descriptor (CBr) were included: 


log P, = 0.088 + 0.562R2 - 1.054n; + 0.034Caf 


- 3.460&3,” + 3.814Vx (2) 
n=613, ~ ~ 0 . 9 9 7 4 ,  s.d.=0.116, F = 2 3  161.6 


where n is the number of data points, p is the correla- 
tion coefficient, s.d. is the regression standard deviation 
and F is the Fisher F-statistic. The characteristic 
constants in equation (2) show that the main 
factorsinfluencing water-octanol partitioning are solute 
excess molar refraction (weakly) and solute volume 
(strongly), which favour octanol, and solute dipolarity 
and hydrogen-bond basicity (strongly), which favour 
water. Conversely, it can be deduced that water is more 
dipolar and more acidic than octanol, but is less polariz- 
able and much less hydrophobic than octanol. 
Interestingly, equation (2) shows that water and octanol 
(more correctly, wet octanol) have the same hydrogen- 
bond basicity, since solute hydrogen-bond acidity plays 
no part.23 


Equation (1) has already been applied to HPLC log k‘ 
values by Miller and Poolex and by ourselves,25 
although with a limited number of solutes in each 
case. The aim of this work was to apply equation (1) to 
the ver-wide range of solutes studied by Smith and 
~ ~ ~ 2 . 3 ,  6 29 and by Smith and Wang3’ using the same 
Spherisorb ODs-2 stationary phase, and various 
methanol-water, acetonitrile-water, and tetrahydro- 
furan (THF)-water mobile phases buffered at pH 7 in 
all cases. This work of Smith and co-workers represents 
by far the most extensive set of solutes and mobile 
phases studied with the same stationary phase, and 
hence allows the effects of variations of solute and 
mobile phase on log k’ values to be investigated in some 
detail. 


RESULTS AND DISCUSSION 


The solutes studied by Smith and c o - w ~ r k e r s ~ - ~ , ~ ~ - ~ ~  are 
listed in Table 1, together with their descriptors, as in 
equation (1). Most of the descri tors were taken from 
our previous  compilation^,'^^'^^^^^^ and the rest were 
obtained as we have described.’* Of course, not all the 
solutes were examined with all the mobile phases, but 
even so the list of solutes shows how comprehensive is 
the work of Smith and co-workers. The only compounds 
for which ZBr and CS,” differ are the anilines. We 
found that the use of the alternative descriptor XB; for 
the anilines resulted in slightly better regression 
equations, and so we used the following amended 







Table 1. Solutes and their descriptors used in the regression equations 


Solute R2 nz” C a: CS2H ZS,” vx 
Benzene 
Toluene 
Ethylbenzene 
o-Xylene 
m-Xylene 
p-Xylene 
n-Propy lbenzene 
Isopropylbenzene 
n-Butylbenzene 
Isobutylbenzene 
s-Butylbenzene 
1-Butylbenzene 
trans-S-Methylstyrene 
Allylbenzene 
Biphenyl 
2-Methylbiphenyl 
3-Methylbiphenyl 
4-Methylbiphenyl 
Naphthalene 
Fluorobenzene 
Chlorobenzene 
2-Chlorotoluene 
3-Chlorotoluene 
4-Chlorotoluene 
Benzyl chloride 
2-Chloroethylbenzene 
1 -Chloro-3-phenylpropane 
Bromobenzene 
2-Bromotoluene 
3-Bromotoluene 
4-Bromotoluene 
Benzyl bromide 
2-Bromo-1-phenylethane 
1 -Bromo-3-phenylpropane 
Methyl phenyl ether 
2-Methylanisole 
3-Methylanisole 
Benzaldehyde 
2-Methylbenzaldehyde 
3-Methylbenzaldehyde 
4-Methylbenzaldehyde 
Acetophenone 
3-Methylacetophenone 
4-Methylacetophenone 
Ethylphenylketone 
n-Propyl phenyl ketone 
n-Butyl phenyl ketone 
n-Pentyl phenyl ketone 
n-Hexyl phenyl ketone 
Methyl benzoate 
Ethyl benzoate 
Methyl 2-methylbenzoate 
Methyl 3-methylbenzoate 
Methyl 4-methylbenzoate 
Phenyl acetate 
Benzyl acetate 
Methyl phenylacetate 
Ethyl phenylacetate 
MethyI 3-phenylpropanoate 
Ethyl 3-phenylpropanoate 
Methyl 4-phenylbutanoate 
Dimethyl phthalate 
Benzonitrile 
2-Methylbenzonitrile 
3-Methylbenzonitrile 
4-Methylbenzonitrile 
Phenylacetonittile 
3-Phenylpropanonitrile 
4-Phenylbutanonitrile 
Aniline 
o-Toluidine 
m-Toludine 


0.610 
0.601 
0.613 
0.663 
0.623 
0.613 
0.604 
0.602 
0.600 
0,580 
0.603 
0.619 
0.913 
0.717 
1,360 
1.33 1 
1.371 
1,380 
1.340 
0.477 
0.718 
0.762 
0.736 
0.705 
0.821 
0.801 
0.794 
0.882 
0.923 
0.896 
0.879 
1.014 
0.974 
1,078 
0.708 
0.725 
0.709 
0.820 
0.870 
0.840 
0.862 
0.818 
0.806 
0.842 
0.804 
0.797 
0.795 
0.719 
0.720 
0.733 
0.689 
0.772 
0.754 
0.730 
0.661 
0.798 
0.703 
0.660 
0.687 
0.654 
0.693 
0.780 
0.742 
0.780 
0.762 
0.740 
0.751 
0.771 
0.759 
0.955 
0.966 
0.946 


0.52 
0.52 
0.51 
0.56 
0.52 
0.52 
0.50 
0.49 
0.51 
0.47 
0.48 
0.49 
0.72 
0.60 
0.99 
0.88 
0.95 
0.98 
0.92 
0.57 
0.65 
0.65 
0.67 
0.67 
0.82 
0.90 
0.90 
0.73 
0.72 
0.75 
0.74 
0.98 
0.94 
1 .oo 
0.75 
0.75 
0.78 
1 .oo 
0.96 
0.97 
1 .oo 
1.01 
1 .oo 
1 .oo 
0.95 
0.95 
0.95 
0.95 
0.95 
0.85 
0.85 
0.87 
0.88 
0.88 
1.13 
1.06 
1.13 
1.01 
1.21 
1.20 
1.29 
1.41 
1.11 
1.06 
1.08 
1.10 
1.15 
1.35 
1.38 
0.96 
0.92 
0.95 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.26 
0.23 
0.23 


0.14 
0.14 
0.15 
0.16 
0.16 
0.16 
0.15 
0.16 
0.15 
0.15 
0.16 
0.16 
0.18 
0.22 
0.22 
0.23 
0.23 
0.23 
0.20 
0.10 
0.07 
0.07 
0.07 
0.07 
0.33 
0.25 
0.24 
0.09 
0.09 
0.09 
0.09 
0.20 
0.30 
0.27 
0.29 
0.30 
0.30 
0.39 
0.40 
0.42 
0.42 
0.48 
0.49 
0.51 
0.51 
0.50 
0.50 
0.50 
0.50 
0.46 
0.46 
0.43 
0.47 
0.47 
0.54 
0.65 
0.58 
0.57 
0.59 
0.62 
0.59 
0.88 
0.33 
0.31 
0.34 
0.34 
0.45 
0.51 
0.51 
0.41 
0.45 
0.45 


0.14 
0.14 
0.15 
0.16 
0.16 
0.16 
0.15 
0.16 
0.15 
0.15 
0.16 
0.16 
0.18 
0.22 
0.22 
0.23 
0.23 
0.23 
0.20 
0.10 
0.07 
0.07 
0.07 
0.07 
0.33 
0.25 
0.24 
0.09 
0.09 
0.09 
0.09 
0.20 
0.30 
0.27 
0.29 
0.30 
0.30 
0.39 
0.40 
0.42 
0.42 
0.48 
0.49 
0.51 
0.51 
0.50 
0.50 
0.50 
0.50 
0.46 
0 4 6  
0.43 
0.47 
0.47 
0.54 
0.65 
0.58 
0.57 
0.59 
0.62 
0.59 
0.88 
0.33 
0.31 
0.34 
0.34 
0.45 
0.51 
0.51 
0.50 
0.59 
0.55 


0.7164 
0.8573 
0.9982 
0.9982 
0.9982 
0.9982 
1.1391 
1.1391 
1.2800 
1.2800 
1.2800 
1.2800 
1.0961 
1.0961 
1.3242 
1.4650 
1.4650 
1.4650 
1,0854 
0.7341 
0.8388 
0.9797 
0,9797 
0.9797 
0.9797 
1.1206 
1.2615 
0.8914 
1.0320 
1.0320 
1.0320 
1.0320 
1.1732 
1.3030 
0.9160 
1.0569 
1.0569 
0.8730 
1.0140 
1.0140 
1.0140 
1.0139 
1.1550 
1.1550 
1.1550 
1.2960 
1.4370 
1.5780 
1,7190 
1.0726 
1.2135 
1.2135 
1.2135 
1.2135 
1.0730 
1.2135 
1.2135 
1.3544 
1.3544 
1.4953 
1.4953 
1.4288 
0.8711 
1.0120 
1.0120 
1.0120 
1.0120 
1.1529 
1.2938 
0.8162 
0.9570 
0.9570 


continued 







Table 1. continued 


p-Toludine 
2-Bromoaniline 
3-Bromoaniline 
2-Nitroaniline 
3-Nitroaniline 
4-Nitroaniline 
N-Ethylaniline 
Nitrobenzene 
2-Nitrotoluene 
3-Nitrotoluene 
4-Nitrotoluene 
Benzamide 
3-Methylbenzamide 
N-Methy lbenzamide 
N,N-Dimethylbenzamide 
Phenylacetamide 
3-Phenylpropanamide 
Acetanilide 
Phenol 
0-Cresol 
m-Cresol 
p-Cresol 
2,4-Dimethylphenol 
2,5-Dimethylphenol 
4- t-Butylphenol 
2-Isopropyl-5-methylphenol 
2-Phenylphenol 
3-Phenylphenol 
4-Pheny lphenol 
2-Chlorophenol 
3-Chlorophenol 
4-Chlorophenol 
2-Bromophenol 
3-Bromophenol 
4-Bromophenol 
2-Bromo-4-methylphenol 
2-Methoxyphenol 
3-Methox yphenol 
4-Methoxyphenol 
2-Hydroxybenzaldehyde 
3-Hydroxybenzaldehyde 
4-Hydroxybenzaldehyde 
2-Cyanophenol 
3-Cyanophenol 
4-Cyanophenol 
2-hinophenol 
3-Aminophenol 
4-hinophenol 
2-Nitrophenol 
3-Nitrophenol 
4-Nitrophenol 
Catechol 
Resorcinol 
Hy droquinone 
Methylparaben 
n-Propylparaben 
Methyl 3-hydroxybenzoate 
2-Hydroxybenzamide 
Benzyl alcohol 
3-Nitrobenzyl alcohol 
4-Nitrobenzyl alcohol 
2-Phenylethanol 
3-Phenylpropanol 
2-Pheny lpropan-2-01 
4-Phenylbutanol 
5-Phenylpentanol 
1-Phenylpropan- 1-01 
2-Phenylpropan-1-01 
1 -Phenylpropan-2-01 
Benzenesulphonamide 


0.923 
1.070 
1.128 
1-180 
1.200 
1.220 
0.945 
0.871 
0.866 
0.874 
0.870 
0.990 
0.990 
0.950 
0.950 
0.950 
0.940 
0.870 
0.805 
0.840 
0.822 
0.820 
0.843 
0.840 
0,810 
0,822 
1.550 
1.560 
1.560 
0.853 
0.909 
0.915 
1.037 
1,060 
1.080 
1.040 
0.837 
0.879 
0.900 
0,962 
0.990 
1.010 
0.920 
0.930 
0.940 
1.110 
1.130 
1.150 
1.015 
1.050 
1.070 
0.970 
0.980 
1.000 
0.900 
0.860 
0.905 
1.140 
0.803 
1.064 
1.064 
0.811 
0.821 
0.848 
0.811 
0.804 
0.775 
0.810 
0,787 
1.130 


0.95 
0.98 
1.19 
1.37 
1.71 
1.91 
0.85 
1.11 
1.11 
1.10 
1.11 
1.50 
1 .so 
1 44 
1.40 
1.60 
1.65 
1.40 
0.89 
0.86 
0.88 
0.87 
0.80 
0.79 
0.89 
0.79 
1.40 
1.41 
1.41 
0.88 
1.06 
1.08 
0.90 
1.15 
1.17 
0.90 
0.91 
1.17 
1.17 
1.15 
1.38 
1.01 
1.33 
1.55 
1.63 
1.10 
1.15 
1.20 
1.05 
1.57 
1.72 
1.07 
1 .oo 
1 .oo 
1.37 
1.35 
1.40 
1 .50 
0.87 
1.35 
1.39 
0.91 
0.90 
0.85 
0.90 
0.90 
0.83 
0.90 
0.90 
1.55 


0.23 
0.31 
0.31 
0.30 
0.40 
0.42 
0.17 
0.00 
0.00 
0.00 
0.00 
0.49 
0.49 
0.35 
0.00 
0.52 
0.52 
0.50 
0.60 
0.52 
0.57 
0.57 
0.53 
0.54 
0.56 
0.52 
0.56 
0.59 
0.59 
0.32 
0.69 
0.67 
0.35 
0.70 
0.67 
0.35 
0.22 
0.59 
0.57 
0.11 
0.74 
0.77 
0.14 
0.77 
0.79 
0.60 
0.65 
0.65 
0.05 
0.79 
0.82 
0.85 
1.10 
1.16 
0.69 
0.69 
0.66 
0.59 
0.33 
0.44 
0.44 
0.30 
0.30 
0.32 
0.33 
0.33 
0.30 
0.30 
0.30 
0.55 


0.45 
0.31 
0.30 
0.36 
0.35 
0.38 
0.43 
0.28 
0.27 
0.25 
0.28 
0.67 
0.63 
0.73 
0.98 
0.79 
0.80 
0.67 
0.30 
0.30 
0.34 
0.31 
0.39 
0.37 
0.41 
0.44 
0.49 
0.45 
0.45 
0.31 
0.15 
0.20 
0.31 
0.16 
0.20 
0.3 1 
0.52 
0.39 
0.48 
0.31 
0.40 
0.44 
0.33 
0.28 
0.29 
0.66 
0.79 
0.83 
0.37 
0.23 
0.26 
0.52 
0.58 
0.60 
0.45 
0.45 
0.45 
0.52 
0.56 
0.64 
0.62 
0.64 
0.67 
0.65 
0.70 
0.72 
0.66 
0.64 
0.72 
0.80 


0.52 
0.39 
0.34 
0.36 
0.35 
0.38 
0.51 
0.28 
0.27 
0.25 
0.28 
0.67 
0.63 
0.73 
0.98 
0.79 
0.80 
0.67 
0.30 
0.30 
0.34 
0.31 
0.39 
0.37 
0.41 
0.44 
0.49 
0.45 
0.45 
0.31 
0.15 
0.20 
0.31 
0.16 
0.20 
0.31 
0.52 
0.39 
0.48 
0.31 
0.40 
0.44 
0.33 
0.28 
0.29 
0.66 
0.79 
0.83 
0.37 
0.23 
0.26 
0.52 
0.58 
0.60 
0.45 
0.45 
0.45 
0.52 
0.56 
0.64 
0.62 
0.64 
0.67 
0.65 
0.70 
0.72 
0.66 
0.64 
0.72 
0.80 


0.9570 
0.9910 
0,9910 
0.9910 
0.9910 
0.9910 
1,0980 
0.8910 
1.0320 
1.0320 
1.0320 
0.9728 
1.1137 
1.1137 
1.2546 
1.1137 
1.2546 
1.1133 
0.7751 
0.9160 
0.9160 
0.9160 
1.0569 
1.0569 
1.3387 
1.3387 
1.3829 
1.3829 
1.3829 
0.8975 
0.8975 
0.8975 
0.9501 
0.9501 
0.9501 
1.0910 
0.9747 
0,9747 
0.9747 
0.9317 
0.9317 
0.9317 
0.9298 
0.9298 
0.9298 
0.8749 
0.8749 
0.8749 
0.9493 
0.9493 
0.9493 
0.8340 
0.8340 
0.8340 
1.1313 
1.4131 
1.1313 
1.0315 
0.9160 
1.0902 
1.0902 
1.0569 
1.1978 
1.1978 
1.3387 
1.4796 
1.1978 
1.1978 
1.1978 
1.0971 
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equation throughout: 


log SP = c + 'R' + sn,H + aCaF + bCP," + vv"" (3) 
A summary of the regression equations obtained for the 
log k' values with methanol-water, acetonitrile-water 
and THF-water mobile phases is given in Table 2. The 
percentage of organic cosolvent is given in v/v before 
mixing. For the first two systems the number of solutes 
is around 120 in most cases, but for the THF-water 
system, the equations refer to only 30 solutes, except 
for 20% THE;, where 17 solutes were studied. 


The regression equations obtained are all good, with 
the correlation coefficient ranging from 0.997 to 0.985 
for all the mobile phases except that for 90% acetoni- 
trile, where the k' values are too small for accurate 
results. Standard deviations in log k' average about 0.06 
log units. That for 60% methanol, 0.072 may be com- 
pared with the results of the detailed study by Smith and 
Burr," who showed that the reproducibility of log k' 
values on three columns was 0.03 for a solute of 
average retention (pentanophenone), and that errors in 
the calculated void volume could amount to another 
0.03 log units. If the average reproducibility in log k' 
for different columns of Spherisorb ODs-2 at different 
times is perhaps 0.04 log units, then our s.d. values of 
0.06 log units are not far from the average experimental 
error. It is not possible to compare our regression 
equations as predictors of further log k' values with the 
group contribution scheme of Smith and Burr,2 other 
than by use of a test set of compounds that have not 
been used to set up the predictive schemes. Since we 
used all the available data, including the test set of 
Smith and Burr,' a comparative analysis is not possible. 


One advantage of the LFER method over any group 
contribution scheme is that the LFER equations can be 
used to estimate log k' values for compounds with 
groups that have not been examined by HF'LC. Thus 
Smith and Burr2 recorded no logk' values for any 
sulphone, sulphoxide or sulphonamide derivative so that 
these groups do not appear in the group contribution 
scheme. However, descriptors in equation (3) are 
availablei6." for such derivatives, and can be used to 
estimate log k' values, as shown in Table 3 for 70% 
methanol as an exam le. * 


Ros& and Bosch' have also set out a scheme for 
the prediction of log k' values for phenols using an 
LFER approach that is, in principle, similar to ours, but 
based on the old Kamlet4 solute descriptors. Again, 
comparison with the present scheme is difficult, because 
we deal with a much wider range of solutes. 


* R. M. Smith and Y. Wang (personal communication from 
Dr Smith) have recently obtained capacity factors for benzen- 
sulphonamide. Their measured logk'  value in buffered 70% 
methanol is -0.64, compared with our predicted value of 
-0.70 (Table 3). 


- m o m m w  W b w N l - b  b w r n - w  m m m ~ ~ m  ~ ~ N N N N ~  m r - w m b  
?44000 0 4 0 4 4 4 4  44444 
3 0 0 0 0 0  0 0 0 0 0 0 0  0 0 0 0 0  


w m m m w b  o ~ m w - m m  m r - m m m  
\ p ? v ? t t " N  4---9 


3 0 0 0 0 0  0 0 0 0 0 0 0  0 0 0 0 0  
I I I I I I  I I I I I I I  I I I I I  


$ q g f $ $  m b N m m w O  w - w m m  


0 0 0 0 0 0  0 0 0 0 0 0 0  0 0 0 0 0  b v r w t . m m  m b m w r - w m  m m b m w  
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Table 3. Descriptors for some compounds not studied by Smith and co-workers 
and estimates of log k‘ values in 70% methanol 


Solute R,  n; Caf  C g t  V,  Log k’(ca1c.)” 


Phenyl methyl sulphone 1.080 1.85 0.00 0.76 1.1382 -0.54 
Phenyl methyl sulphoxide 1,104 1.80 0.00 0.75b 1.0795 -0.57 
Benzenesulphonamide 1.130 1.55 0.55 0.80 1.0971 -0.70‘ 


a Using equation (3) with the coefficients in Table 2. 
bZB?= 0.91. 
A recently measured value by R. M. Smith and Y. Wang (personal communication from Dr 


R.  M. Smith) is -0.64 units. 


The equations summarized in Table 2 show exactly 
the solute factors that influence log k’ values. For most 
of the mobile phases used, the r coefficient is positive, 
so that the solute excess molar refraction leads to an 
increase in log k ’ ,  i.e. the stationary phase is favoured. 
The dipolarity/polarizability s coefficient is always 
negative so that solute dipolaxity favours the mobile 
phase and leads to a decrease in log k’ .  The influence of 
solute hydrogen-bond acidity is not very large, but the a 
coefficient is always negative so that an increase in 
acidity leads to a decrease in log k‘ .  Solute hydrogen- 
bond basicity favours the mobile phase very greatly, 
again leading to a decrease in log k‘ , whereas solute size 
has a large, and opposite, effect. 


However, in order to assess the relative effect of the 
various solute properties, it is not enough merely to 
examine the coefficients in the LFER equations, because 
the descriptors themselves cover different ranges of 
values. A term-by-term analysis of log k‘ values with 
70% methanol mobile phase is given in Table 4 as an 
illustration. Although the s coefficient is much smaller 
than the b coefficient in this case (-0.58 as against 
-1.23), the sxFterm often contributes more than the 
bCB,” term, because for many solutes n? is much larger 
than CP;. Thus, even for the fairly strong hydrogen- 
bond base benzamide, the s ~ $  term is larger than the 
bCj3,” term (Table 4), because n: is over twice as large 
as ED,” (1.50 as against 0.67). Similar analyses can be 
carried out for any set of solutes in any of the systems 
listed in Table 2. 


As set out in the Introduction, the coefficients in the 
LSER equation (3), when applied to HF’LC log k’ 
values, reflect the difference in properties of the mobile 


phase and the stationary phase. Of course, it must be 
recognized that the stationary phase will be saturated 
with the mobile phase, possibly preferentially with one 
or other component, so that the stationary phase proper- 
ties are not constant along a set of different mobile 
phases. With this in mind, we can still interpret the 
LFER coefficients as follows. The generally positive r 
coefficient and the negative s coefficient indicate that the 
stationary phase is more polarizable but less dipolar than 
the mobile phases. The negative a,  coefficient shows 
that the mobile phases are more basic in the hydrogen- 
bond sense than the stationary phase, and the large 
negative b coefficient indicates that the mobile phases 
are much more acidic than the stationary phase. Finally, 
the positive coefficient shows that the stationary phase 
is much more hydrophobic than the mobile phases. All 
this seems reasonable in terms of the chemical nature of 
the mobile and stationary phases. 


The variation of the LFER coefficients (Table 2) with 
mobile phase composition is of interest, and plots of the 
coefficients against mobile phase composition are in 
Figures 1-5. Reasonably smooth curves are obtained in 
all cases. Since the coefficients should reflect to some 
extent the mobile phase properties, we give in Table 5 
the Kamlet-Taft solvatochromic solvent properties34335 
sz:, a, and /?, and the Hildebrand cohesive energy 
density” d;. We note that the original34 B ,  value of 
0.18 for water seems far too low, and a value of over 
0.40 is more r ea~onab le .~~  


Not much can be deduced from the plots of the r 
coefficient against percentage of organic solvent, except 
that the three curves could all reach the same value at 
0% organic solvent, as required. The plots of the s 


Table 4. Effect of solute properties on log k‘ values with 70% methanol mobile phase 


Solute C ‘R, SJ1;  nCa,H bCBt vV, Calc. Obs. 


Toluene -0.36 0.17 -0.30 0.00 -0.17 1.16 0.50 0.53 
Butylbenzene -0.36 0.17 -0.30 0.00 -0.18 1.73 1.07 1.13 
Phenol -0.36 0.22 -0.52 -0.27 -0.37 1.04 -0.26 -0.31 
Benzamide -0.36 0.58 -0.87 -0.22 -0.82 1.31 -0.38 -0.48 
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Figure 1.  Plots of the r coefficients vs mobile phase composition for the equations in Table 2. 
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Figure 2. Plots of the s coefficients vs mobile phase composition for the equations in Table 2. 
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Figure 3.  Plots of the a coefficients vs mobile phase composition for the equations in Table 2. 
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Figure 4. Plots of the b coefficients vs mobile phase composition for the equations in Table 2. 
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Figure 5. Plots of the v coefficients vs mobile phase composition for the equations in Table 2. 


Table 5. Kamlet-Taft solvatochromic parameters and cohsive 
energy densities for some solvents' 


Solute a,* 011 PI a:, R b  


Water 1.09 1.17 0.43" 549 0.000 
Methanol 0.60 0.93 0.62 205 0.278 
Acetonitrile 0.75 0.19 0.37 138 0.237 


Hexadecane 0.08 0.00 0.00 64 0.000 
Tetrahydrofuran 0.58 0.00 0.55 86 0.289 


'Refs 34 and 35. 


'Ref. 36, using 4-nitroaniline as the indicator. 
Excess molar refraction.I6 
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coefficients (Figure 2) are more informative. Again, all 
three plots could intersect at 0% organic solvent, and all 
could reach nearly the same value at 100% organic 
solvent, again reasonable, since all three organic 
components have similar n: values. The a coefficients 
shown in Figure 3 reflect the difference in hydrogen- 
bond basicity of the mobile and stationary phase. Since 
B, for water is about 0-43, and the water-saturated 
mobile phase probably has some basicity, all three 
curves might be expected to intersect at 0% organic 
solvent with a small negative a coefficient. To 
reach this, the a coefficients for the methanol-water 
and acetonitrile-water mixtures will have to alter 
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appreciably in the 0-30% region. Towards the 100% 
region, where the basicities of methanol and THF are 
about the same, the methanol and THF curves should 
nearly intersect, with the u coefficient for acetonitrile 
being less negative; this indeed might be the case, as 
can be seen from the results given in Table 8. The b 
coefficients in Figure 4 must reflect changes in mobile 
phase hydrogen-bond acidity and should all reach a 
large negative value at 0% organic phase. A limit of 
-5.0 for the b coefficient at 0% organic solvent can 
be set from water-alkane par t i t i~ning ."~~~ Since the 
stationary phase at 0% organic solvent might have some 
acidity due to absorbed water, in practice the limiting 
value of the b coefficient will not be as negative as -5.0 
units. At 100% organic solvent there should be a divi- 
sion between methanol ( a, = 0.93) and acetonitrile and 
THF ( a ,  =0.19 and O.OO), with the b coefficient still 
being considerably negative for methanol and nearly 
zero for acetonitrile and THF. Finally, the coefficients 
(see Figure 5 )  must all approach a limiting value at 0% 
organic solvent that must not be more than 4.5 (the 
value of the 2, coefficient for water-alkane partition- 
i r ~ g ) . ' " ~ ~  This could probably be the case. At the other 
composition end, the 2, coefficient should become small; 
judging from the cohesive energy densities, those for 
methanol and acetonitrile are expected to be similar, 
with that for THF being smaller. 


By and large, the signs and magnitudes of the mobile 
phase coefficients make reasonable chemical sense. We 
have not presented plots of, e g ,  the variation of 
coefficients with solvatochromic parameters as a func- 
tion of mobile phase composition, partly because of 
difficulties in assigning the solvatochromic parameters, 
and partly because of the inherent problem of selective 
solvation of the stationary phase by the mobile phase. 


RESULTS FROM OTHER C1, COLUMNS 


We shall examine the variation of log k' values with 
stationary phase in detail in a subsequent publication, 
but thought it useful to compare a few other C,, 
columns with that of Smith and co-workers. In Table 6 
are given details of C,, columns in cases where mobile 
phase compositions have been varied. Application of the 


LFER, equation (3) to the results of Smith and Finn,37 
Kaibara et and Hafken~he id~~  with methanol-water 
mobile phases are given in Table 7, together with details 
of the equations of Miller and P ~ o l e , ' ~  also based on 
equation (3). The general trend in coefficients with 
methanol percentage is the same in all five sets of 
equations, but there is some difference in the coefficients 
of the sets. In part this will be due to the very vaned 
solute sets used, especially as the number of solutes in 
the regression equations is often small, but in part this 
also reflects differences in the columns used. 


A similar result is found for acetonitrile mobile 
phases, from log k' values recorded by Smith and 


and by Hanai and Hubert.40t41 Details are given in 
Table 8. Again, the general trend of constants with 
percentage of organic solvent is similar to that between 
data sets, but there are also differences in the absolute 
values of the coefficients. 


The results in Tables 7 and 8 show, as expected, that 
data on different C,, columns with the same mobile 
phase cannot be combined (note that the temperature 
often varies from one system to another). However, the 
general trends in the variations of coefficients with 
percentage of organic solvent are similar from one C,, 
column to another, and the absolute magnitudes of the 
coefficients do not vary greatly from one C,, column to 
another. Hence the general conclusions as to the effect 
of solute structure and mobile phase compositions on 
log k' values reached by examination of log k' values on 
one particular C1, column will still be valid for other C,, 
columns. 


COMPARISON WITH WATER-OCTANOL 
PARTITION COEFFICIENTS 


The relationship between log Po, and log k' for HPLC 
measurements using a C1, stationary phase and 
methanol-water mobile phases has been examined by 
Kamlet et a/.'" and Abraham et albeit using a 
limited data set in each case ( n = 2 7  and 43, respec- 
tively). Both sets of workers concluded that correlations 
between log P, and log k' in a given system would be 
valid only within a restricted (similar) set of solutes. 


For a plot of log P, against logk' to hold over a 


Table 6. Various C,, columns used in HPLC work 


Authors Column Length x i.d. Ref. 


Smith and co-workers (SMI) Spherisorb ODS-2 100 x 5.0 2,3,26-29 
Smith and Finn (SF) Hypersil ODS 100 x 5.0 37 
Kaibara et al. (KHN) Nucleosil 5-C,, 150 x 4.6 38 


Hanai and Hubert (HH1) ERC-1000 (ODS) 150 x 6.0 40 
Hanai and Hubert (HH3) Unisil C,, 150 x 4.1 41 
Miller and Poole (MP) Bakerbond C,, 250 x 4.6 24 


Hafiensheid (HAF) Hypersil ODS 100 x 3.0 39 
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Table 9. Adjusted LFER coefficients for the log k' regression equations in Table 2 


Solvent Concentration (%) r' S'  U' b V'  


MeOH 40 
50 
60 
70 
80 
90 


MeCN 30 
40 
50 
60 
70 
80 
90 
20 
30 
40 
50 
60 


Log p ,  


THF 


0.52 -1.17 
0.45 -1.24 
0.54 -1.40 
0.78 -1.65 
1.03 -2.04 
1.03 -2.11 
0.65 -1.05 
0.65 -1.17 
0.64 -1.26 
0.61 -1.38 
0.65 -1.58 
0.58 -1.63 
1.12 -1.72 
0.34 -0.75 


-0.14 -0.64 
-0.29 -0.72 
-0.42 -0.81 
-0.49 -1 .11  


0.56 -1.05 


-0.69 
-0.83 
-0.92 
-1.25 
- 1.48 
-2.04 
-1.06 
-1.20 
-1.50 
-1.58 
-1.84 
-1.78 
-1.16 
-0.10 
-0.23 
-0.52 
-0.79 
-1.41 
0.03 


-2.92 
-3.28 
-3.29 
-3.48 
-3.34 
-4.13 
-3.53 
-3.66 
-3.84 
-3.78 
-3.73 
-3.71 
-2.67 
-4.39 
-4.64 
-4.88 
-5.14 
-5.45 
-3.46 


3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 


wide series of solutes, it is not necessary for the 
coefficients in the log P, equation (2)  to match those 
for the log k' regression equation. All that is required is 
that the relative magnitude of the coefficients should be 
the same in the log P, and the log k' equations. We 
can proceed by multiplying the coefficients in any given 
log k' regression equation by a factor so as to make the 
ZJ coefficient correspond to that for the log P, equa- 
tion, i.e. 3.814 units. Then the magnitude of the other 
coefficients (after multiplication by the factor) can be 
compared with the logPo, coefficients. Results are 
given in Table 9, using the regression equations 
summarized in Table 2.  There is no log k' equation that 
exactly matches the logP,, equation, even when 
adjusted as above. The nearest equations are those for 
70% methanol and 30% acetonitrile mobile phases. The 
former matches the logP, equation in the terms 
bCBi and vV,, but has too negative an adjusted s 
coefficient and a much too negative adjusted a 
coefficient. Hence if 70% methanol is used as the 
mobile phase for the HPLC determination of log Po,, 
great care must be taken to ensure that the solutes in the 
training set and in the test set all have about the same 
hydrogen-bond acidity. Even then, large variations in 
solute dipolarity/polarizability will lead to incorrect 
estimations of log P,. The equation for 30% acetoni- 
trile mobile phase is interesting, in that the adjusted 
coefficients are very well matched to the log Po, 
equation, with the single exception of the a coefficient. 
Hence for solutes that have no hydrogen-bond acidity, 
or for which zcz; is the same, we suggest that the 
HPLC method with 30% acetonitrile will lead to good 
estimates of log P,. Of course, this only applies to the 


HPLC system of Smith and co-workers. We have 
already seen that different Cls columns with the same 
mobile phase give rise to a different set of coefficients in 
the LFER equation (3), and so an adjusted set will also 
be different. Thus, for the data of Hanai and Hubert4' 
using a C18 Unisil column with 30% acetonitrile [see 
Table 8 (HH3)], adjusted coefficients of r' = 0.38, 
s' = -0.53, a' = -0.55, b' = -2.12 and v' = 3.81 are 
different to those for log P, (compare Table 9). Each 
C,,-mobile phase system must therefore be treated 
individually. Because Smith and co-workers' Cl8-3O% 
acetonitrile system seems to be useful for the estimation 
of log P, values, this does not mean that any other 
Cl8-3O% acetonitrile system will be equally useful. 
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0-r AND n-?r STABILIZATION ENERGIES IN VINYL AND 
PHENYL COMPOUNDS 


YU-RAN LUO AND JOHN L. HOLMES 
Department of Chemistry, University of Ottawa, Ottawa, Ontario, KIN 6N5, Canada 


A means for determining the Stabilization energies, Ec(X), resulting from u-.r and n-.r interactions in vinyl and 
phenyl compounds is described. It is based on extensions of the additivity principle for thermochemical data for 
organic compounds. The results also provide a method for predicting heats of formation of unsaturated compounds 
from those of (known) saturated analogues. It is shown that there is a linear relationship between the stabilization 
energies Ec(X) and the Hammett substituent constants o;(X). The new results have been used to predict the heats of 
formation of a number of saturated and unsaturated Si-, Ge-, Sn-, P-, As-, Se-, Zn-, Cd- and Hg-containing species. 


INTRODUCTION 


The interactions between the substituent X in vinyl-X 
and phenyl-X compounds and the double bond and the 
benzene ring, respectively, I are identified as 'stabil- 
izing' when the enthalpy change for the isodesmic 
reaction 


C2H4 (or C6H6) + Alkyl-X + 


CzH3X (or C&X) + Alkyl-H (1) 


is negative. The double-bond stabilization energy of the 
hydroxyl group has recently been estimated la to be 
- 8 . 1  +0*6kcalmol- '  (1 kcal=4*184kJ) by con- 
sidering data from seven gas-phase experiments. 


There are few experimental values for the heats of 
formation of vinyl compounds' and so any method for 
predicting their heats of formation is a useful addition 
to organic thermochemistry. Recently, a simple 
relationship between the heats of formation for 37 pairs 
of vinyl and phenyl derivatives has been described: 


AfHo(C2H3X) = Afff(C6HsX) - 7*1(+  1.5) kcal mol-I 
(2) 


In the present work, this result will be used to esti- 
mate the stabilization energies arising from u--A and 
n--A interactions in vinyl-X and phenyl-X compounds. 
The ensuing relationship can be used to predict the 
heats of formation of many unsaturated organic and 
organometallic compounds The term 'u-T conjugative 
interaction' is preferred over 'hyperconjugation,' an 
old term in the chemistry literature. I b  Other -A--A and 


d--A conjugative interactions in unsaturated species, 
containing groups such as C=C-C=C, Ph-C=C 
and C=C-CH2-CO, will be not discussed in this 
paper. 


RESULTS AND DISCUSSION 
In a series of papers, a new scale of ele~tronegativity~ 
or the covalent potential, V,, has been used to correlate, 
analyze and predict the homolytic and heterolytic bond 
dissociation energies (BDEs) of X-C bonds in satu- 
rated and unsaturated organic compounds, the heats of 
formation of organic neutral and ionized species and 
molecular energetics. 4 -  I '  A good linear relationship 
between the differences of AfHO(CH3X) and 
AfH0(C2H5X) and vx was found.5a However, there is 
not a similar linear correlation3 between the differences 
of AfH"(CH3X) and AfHo(C2H3X) versus V,. There are 
two major anomalies, for CH3 and OH groups, as 
shown in Figure 1 in Ref. 3. Conventionally, the two 
anomalies may be explained as resulting from a strong, 
characteristic interaction between the T systems and the 
adjacent substituent X. '3'z This interaction for the CH3 
group arises from u--A conjugative interaction, I d  that 
is, the overlap between the u orbital of the C-H bonds 
in the CHs group and the T orbital of the adjacent 
C=C double bond, while that of the OH group is due 
to n-T conjugative interaction, i.e. the overlap between 
the n orbital of the lone-pair electrons in the OH group 
and the 7r orbital of the adjacent C=C double bond. 
The same explanation applies to the phenyl group. 
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Stabilization energies in substituted vinyl and phenyl 
compounds 
For saturated compounds, such as C Z H ~ X ,  the above- 
mentioned conjugative interaction does not exist. The 
heat! of formation of many ethyl derivatives, 
A f H  (CZH~X), are particularly reliably known. 2,'3 It is 
proposed that the enthalpy change of the following 
isodesmic reactions (3) and (4), which produce vinyl-X 
and phenyl-X, may be used to determine the stabiliz- 
ation energies, arising from u-ir and n-ir conjugative 
interactions, E,, in vinyl and phenyl compounds: 


Ethyl-X + Vinyl-H -+ Ethyl-H + Vinyl-X (3) 


Ethyl-X + Phenyl-H --+ Ethyl-H + Phenyl-X (4) 


where 


AAC&(C~H~X/C~H~X)  = AfH"(C2H3X) 
- AfffO(C2HsX) (7) 


AAcHo(CaHsX/C2HsX) = AfHo(C6HsX) 
- ArH"(C2HsX) (8) 


Using equation (2), we can write 
E,(vinyl-X) = E,(phenyl-X) = &(X) (9) 


Equation (9) states that the stabilization energies in 
vinyl and phenyl compounds are transferable par- 
ameters which depend only on the nature of the substi- 
tuent X. Hence the thermochemical data for phenyl 
compounds available in Refs 2 and 13 can be used to 
estimate the stabilization energies &(vinyl-X), and vice 
versa. 


It should be emphasized that the stabilization energy, 
E,(X), is a relative energy, as described in Ref. la. 
&(X) consists of two parts, one arising from the 
enthalpy change accompanying replacement of H by X 
in the standard or reference species (here, ethyl deriva- 
tives). This general approach involving isodemic substi- 
tutions has been discussed previously for saturated 
compounds. The second are the corresponding 
enthalpy changes in the vinyl and phenyl derivatives. 
The E,(X) values derived from equations (5 )  and (6) are 
ascribed to the u--a and n-ir interactions in the 
unsaturated compounds. 


Using equations ( 5 )  and (6)  and the experimental data 


Table 1. Values for AArHo(CzH3X/CzHsX) and Ec(vinyl-X) (kcal mol-I) 


X A rFf(CzHCQa 


( I )  Alkyl with Q--T interaction 
CH3 4.8 f 0.2 
CzHs 0 f 0.3 
n-Pr -5.1 f 0 . 3  
i-Pr -6.6 f 0.2 
n-Bu - 10.4 f 0.4 
S-BU - 11.8 2 0.4 
i-Bu - 12.3 f 0.5 
t-Bu - 14.5 f 0.4 


Ec(vinyl-X) 


-25.0f  0.1 
- 30.0 f 0.2 
-35.1 f 0.3 
-36.7 f 0.3 
- 39.9 f 0.2 
-41.1 f 0.3 
-41.8 f 0.3 
-44 .5  f 0.3 


29.8 f 0.3 
30 .0 f  0-4 
30.0 f 0.4 
30-1 f 0.4 
29.5 f 0.5 
29.3 f 0-5 
29.5 f 0.6 
30.0 f 0.5 


-2.7 f 0.5 
-2.5 5 0.6 
-2.5 2 0.6 
- 2.4 f 0.6 
-3.0 f 0.7 
-3.2 f 0.7 
-3.0 f 0.8 
-2.5 f 0.7 


(2) C-centered groups with Q--T interaction 
CHzOH -29.7 f 0.5 -60.9 f 0.2 
CHzCI - 1.3 f 0.6 -31.6 f 0.1 
CHzBr 10.8 f 1.1 - 20.2 f 0.1 


(3) 0-centered groups with n - r  interaction 
OH - 30 56-3 f 0.1 
OMe -25.5 -51.7 
OEt -33.7 f 0.3 -60.1 f 0.1 
0-s-Pr - 4 2 f  1 - 69.2 
OCsH5 5.4 f 0.5 -24.3 2 0.1 
CH3C(O)O -75.3 f 0.2 - 106.1 2 0.1 


31.2 f 0.6 
30-3 f 0-7 
31.0 f 1.2 


26.3 f 1.2 
26.2 
26.4 f 0.4 
27.2 
29.7 f 0.6 
30.8 f 0.3 


- 1.3 f 0.8 
-2.2 f 0.8 
- 1 . 5 f  1.3 


-6.2 f 1.3 
-6.4 f 2 
-6.1 f 0.6 
-5.3 f 2 
-2.8 f 0.8' 
- 1.7 2 0.5' 


'Experimental values from Refs 2 and 13, or see Ref. 3, unless indicated. 
bExperimental values from Refs 2 and 13. 
See discussion in text. 
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for AfHo(C2H3X), A@(CaHsX) and Ad-Io(C2H5X) 
from Refs 2 and 13, the values of E,(vinyl-X) and 
E,(phenyl-X) have been estimated and are listed in 
Tables 1 and 2, respectively. In this work, an error of 
f 1 kcal mol-' is used for heats of formation for which 
no error limits have been reported. In Table 2, the 
values of &(vinyl-X) and E,(phenyl-X) are compared. 
The following results should be emphasized. 


(1) The values of Ec(vinyl-X) and Ec(phenyl) are 
either negative or near zero, i.e. reactions (3) and (4) are 


exo- or neutrothermic, showing that o--K and n--K 
effects in vinyl-X and phenyl-X compounds may ther- 
modynamically stabilize these polyatomic systems. 


(2) The values of E,(vinyl-X) and E,(phenyl) in 
Tables 1 and 2 are almost equal, within the exper- 
imental uncertainty, showing the reliability of equation 
(9). 


(3) For X = alkyl, the u--K stabilization energies, 
E,(vinyl-X) and E,(phenyl), are a constant, 
-2.7 5 0.5 kcal mol-', within the experimental uncer- 


Table 2. Values for AAtIf(C6HsX/CzHsX), E,(phenyl-X) and E,(X) (kcal mol-') 


( I )  AIkyl with o--a interaction 
CH3 12.0 f 0.2 -25.0 f 0.1 
C2H5 7.1 f 0.3 - 30.0 f 0.2 
n-Pr 1.9 f 0.2 -35.1 f 0.3 
i-Pr 1.0 f 0.3 -36.1 f 0.3 
n-Bu -3.1 f 0.3 -39.9 f 0.2 
S-BU -4.2 f 0.4 -41.1 f 0.3 
i-Bu - 5 . 1  f 0.4 -41.8 f 0.3 
1-Bu - 5 . 4  f 0.4 -44.5 f 0.3 
c-C3H5 36.2 f 0-2 - 1  
BZ 33 f 0.7 1.9 f 0-2 


(2) C-centered groups with 0-u interaction 
CH2OH -24.0 f 0.4 -60.9 5 0.2 
CHzCl 4.5 f 0.7 -31.6 f 0.1 
CHzBr 16 f 0.5 -20.2 f 0.1 
CH2SH 22 f 0.7 - 16.2 f 0.1 
CHzNHz 20 f 0.7 - 1 6 . 8 f 0 . 1  
CH2SCH3 19.0 f 0.7 - 19.6 f 0.2 
CHzOCHs -23.6 f 0.8 -61.9 f 0.2 


(3) O-centered groups with n-u interaction 
OH -23.0 f 0.3 -56.3 f 0.1 
OMe - 16.2 f 0.3 -51.7 f 0.1 
OEt -24.3 f 0.2 -60 .1  f 0.1 
0-s -Pr  -69.2 
OC6Hs 12.4 f 0-4 -24.3 2 0.1 
CH&(O)O -66.8 f 0.6 - 106.1 k 0.1 


(4) S-centered groups with n--a interaction 
SH 26.9 f 0.3  -11.1 f 0.2 
SCHp 23.4 f 0.3 - 14.2 f 0.3 
SC2Hs 18.4 f 0-6 -20.0 f 0.2 
SC6& 55 f 0.1 18.4 f 0.6 


(5) N-centered groups with n--a interaction 
NH2 20.8 f 0.3 -11.3fO.2 
NHCH3 20 
NHCzHs 13 f 1 - 17.4 f 0.5 
N(Et)z 9.5 -22.1 f 0.1 
NHCsHs 52 2 0 . 7  13 k 1 


37.0 f 0.3 
37.1 f 0.4 
37.0 2 0.4 
31.7 f 0.5 
36-8 f 0.4 
36.9 f 0.5 
36.7 f 0.5 
39.1 f 0.5 


37 2 1 
34.9 f 0.8 


36.9 2 0.5 
36.1 f 0.8 
36.2 f 0.6 
38.2 f 0.8 
36.8 f 0-8 
38.6 f 0.8 
38.3 f 0.4 


33.3 f 0-4 
35.5 2 0.4 
35.8 f 0.3 


36.1 f 0.5 
39.3 2 0.5 


38.0 2 0.4 
37.6 f 0.7 
38.4 f 0.7 
36.6 f 1.0 


32.1 f 0.4 
(31 f 1.0)' 
30-4 f 1.2 
31.6 f 1.0 
39 2 1-3 


-2.7 f 0.5 
-2.6 f 0.6 
-2.7 f 0.6 
-2.0 f 0.7 
-2.9 f 0.6 
-2.8 f 0.7 
-3.0 f 0.7 
-0.6 f 0.8' 
- 2 . 7 2  1 
-4.8 5 1.0 


-2.8 f 0.7 
-3.6 f 1.0 
-3.5 f 0.8 
-1.5 f 0.9 
-2.9 2 0.9 
-1.1 f 1.1 
- 1.4 f 0.4 


-6.4 f 0.6 
-4.2 f 0.6' 
-3.9 f 0.5' 


-3.0 f 0.7' 
-0.4 f 0.8' 


- 1.7 f 0.6 
-2.1 f 0.9 
- 1.3 f 0.9 
-3.1 2 1.2 


-7.6 f 0.6 
-8.7 f 1.0 
-9.3 f 1.3 
-8.1 f 1.2 
-0.7 f 1.4' 


-2.7 f 0.5 
-2.5 f 0.6 
-2.5 f 0.6 
-2.4 f 0.6 
- 3.0 f 0.7 
-3.2 f. 0.7 
- 3.0 k 0.8 
- 2 . 5  f 0.7 


- 1.3 rt 0.8 
-2.2 f 0.8 
-1.5 f 1.3 


-6.2 f 1.3 
-6.4 f 2 
-6.1 ? 0.6 
-5.3 
-2.8 f 0.8' 
- 1.7 f 0.5' 


'Experimental values from Refs 2 and 13, or see Ref. 3, unless indicated. 
bExperimental values from Refs 2 and 13. 
'see discussion in text. 
dsee Table 1. 
'Calculated using A&'(EtNHMe).,, = -11 1 0 . 5  kcal mol-' in Ref. 13. 
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tainty, and largely independent of the number of C-H 
bonds at the /3-position, relative to the double bond. 


(4) When X is a carbon-centered group containing a 
heteroatom, the ~7-n stabilization energies E,(vinyl-X) 
and E,(phenyl-X) are about -2  f 1 kcal mol-', 
slightly less than that for (3) above. 


( 5 )  When X represents an oxygen-centered group, the 
n-n stabilization energies lie within the range - 4 . 2  to 
- 6 - 4  kcal mol-' and the average value is 
- 5 . 8  5 1 . 5  kcalmol-I. 


(6) When X is a nitrogen-centered group, the n-n sta- 
bilization energies are significantly more negative and 
are about -8  2 1 kcal mol-I. 


There are five exceptions. The first four (X = t-Bu, 
OC&, OC6Hs and NHC&) arise from the steric 
repulsion effect for branched species. The suggestion of 
steric repulsion in C ~ H ~ O C Z H ~  seems not to be in 
accord with conventional wisdom, but molecular 
mechanics calculations (see below) indicate that such a 
repulsion is realistic. 


The fifth exception of CH3C(O)O-vinyl and 
CH3C(O)O-phenyl arises from the interaction between 
the lone-pair electrons of the oxygen atom and the 
neighboring vinyl (or phenyl) group being overridden 
by the stronger conjugative effect of the neighboring 
carbonyl-n bond, which leads to a greater stabilization. 


Halides 
I t  is known that the C-X bo9d lengths of vinyl and 
phenyl halides are about 0 . 0 4 A  shorter than those of 
alkyl-X bonds I6 and the corresponding dipole moments 
are also smaller than those of the saturated 
compounds. These have been explained as arising 
from the effect of n-n interactions."12 How large is 
this energy? 


The recommended heats of formation for ethyl, 


phenyl and vinyl halides generally have similar uncer- 
tainties,2"3 but the reliability of some of the values for 
the unsaturated compounds is open to question. The 
equation (2) differences for the fluorides, -5.5 f 
0.6 kcal mol-I, and bromides, -6 .3  f 1.2 kcal mol-I, 
are in adequate agreement with the mean value 
( -7 .1  f 1.5 kcal mol-I), but that for the chlorides is 
significantly different, - 3.5 f 0.5 kcal mol-I. 


The corresponding E, values for vinyl chloride and 
bromide are 3.2  2 0.5 and 1.2 f 0 - 7  kcal mol-I, 
whereas for the phenyl analogues the values are 
-0.5 f 0.5 and 0 . 3  5 1.3 kcal mol-I, respectively. 
Positive E, values are incompatible with stabilization 
and so further discussion of the available data is 
warranted. 


For CZH~CI, the AfHo proposed by BensonI4 is 
echoed in Ref. 13, namely 5 f 1 kcal mol-'. This is 
consistent with equation (2) ( -7 .4  5 1 kcal mol-') and 
gives E, = - 0 . 7  f 1 kcal mol-'. 


The heat of formation of vinyl iodide has only been 
measured indirectly, I s  but has been discussed in a 
few  publication^^^'^^'^ and a selected value of 
31 - 5  5 1 kcal mol-' is reasonable. The equation (2) 
result for the iodides is -7 .9  5 1.8 kcal mol-' and the 
derived E, values for CzHJ and C6H5I are 0 . 8  5 1 and 
1 5 f 1 * 5 kcal mol - I ,  respectively. 


Finally, there is no experimental value for 
AfHo(C2H5F); this has been estimated5a to be 
- 66.3 f 0.5 kcal mol-I; this leads to Ec values of 
0.6 k 1 and -1  1 f 1 kcal mol-' for vinyl and phenyl 
fluoride, respectively. As can be see in Table 3,  the 
overall effect of halogen lies close to 0 kcal mol-'. 


Nitriles and nitro derivatives 


CN and NO2 are considered to be stronger electron- 
withdrawing groups than halogen, but the C-X bond 


Table 3 .  Values for E,(phenyl-X) and Ec(X) (kcal mol-') for X = halogen, NO2 and CN 


( I )  X = halogen 
F -33.2 k 0 .4  -27.7 k 0 .4  (-66.3 f 0*5)b (0.6 f 1) (-1.1 f 1) 
c1 8.9 t 0.3 12.4 f 0.3 -26.8 f 0.3 3.2 k 0.5 -0.5 f 0.5 


(5 t 1)f (-0.7 k I)d 
Br 18.9 f 0.5 25.2 f 1.0 - 14.8 f 0 .4  1.2 f 0.7 0-3 f 1.3 
I (31-5 f 39.4 f 1.4 - 1 . 8 f 0 . 4  (0.8 f ( 1 . 5  2 1.5)d 


(2) X = CN and NOz, electron-withdrawing groups 
CN 43.2 2 0.5 51.6 f 0.5 12.3 f 0.1 - 1 . 6 f  1 - 0 . 4 k  0.5 
NO2 9 2 2  16.1 k 0 .2  -24.5 f 0.1 0.9 f 2 0 -9  f 0.5 


'From refs 2 and 13, unless indicated. The values in parentheses are all estimated, see text. 
bEstimated, see Ref. 5a. 
'Refs 13 and 14. 


See discussion in text. 
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lengths and the dipole moments of the vinyl and phenyl 
species, relative to the saturated compounds, are almost 
unchanged. 1Za*16 Hence it has been assumed that there 
is almost no stabilization effect, as in the halides. IZa  For 
nitriles (see Table 3), E,(CN) is negative, supporting 
the presence of a stabilization effect. The effect of the 
nitrile function in ionic and radical species has been dis- 
cussed elsewhere. " Table 3 gives small positive values 
for E,(NOz) in keeping with virtually no stabilization 
within nitrobenzene. It is worth noting that for alkyl- 
substituted aromatic molecules the E,(NOz) values 
remain close to zero, e.g. using data from Ref. 2, the E, 
values for toluene and 2- and 4-ethylbenzene are 
- 0 . 2 2  1.3, 0.05 1.6 and - 1 . O k  1-6kcalmol-' ,  
respectively. Any effect for the nitro group must arise 
from u-T interactions, there being neither lone-pair 
electrons nor sigma electrons at the N atom. The same 
reasoning may explain the absence of a u--?r or n-u 
interaction in nitriles. The A-u conjugative interactions 
in nitrobenzene, nitriles, buta-l,3-diene and similar 
species are beyond the scope of this paper. 


Sequence of the u-x and n-x interaction energies 


From the E, values in Tables 1, 2 and 3, the trends of 
the u-u and n-r stabilization in vinyl-X and phenyl-X 
species can readily be seen. 


(1) For n-r stabilization across the Periodic Table, 
the sequence is N-centered > 0-centered + halogens, 
showing that the Ec values depend on the number of 
lone-pair electrons in X. The n-u stabilization is 
greatest, -7 to -9  kcal mol-', when X is an N- 
centered group. It is about zero for X = halogen and 0- 
centered groups lie between them. Hence this 
stabilization follows the sequence one lone pair > two 
lone pairs + three lone pairs. 


(2) For n-u stabilization of 0- and S-centered 
groups, we have 0-centered > S-centered. 


Note that the above trends are the same as those for 
the Hammett substituent constants. There is a linear 
relationship between the constants UP' (X) and the 
E,(X) values for 29 substituents X, for species which do 
not contain any steric effect, in Tables 1, 2 and 3, as 


-2.50 -2.00 -1.50 -1.00 -0.50 -0.00 0.50 1.00 


0,' 
Figure 1. Relationship between the Hammett constant UP' and the stabilization energy Ec (kcal mol-') 
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shown in Figure 1. This straight line can be expressed as 


E,(X) = 3-84(+0.30)u:(X) 
-1.59(+0.23) kcal mol-' (10) 


Here the up'(X) values are all from Ref. 18. The 
average and standard deviations of the fit are 0.8 and 
1 .O kcal mol-I, respectively, and the correlation coeffi- 
cient is 0.924. Considering the uncertainties of the 
Hammett correlation and the thermochemical data, the 
relationship appears to  be sound. 


The u:(X) values of more than 200 substituents X 
are available. Equations (9, (6) and (lo), therefore, 
provide an opportunity to estimate the heats of for- 
mation of a large number of vinyl, phenyl and other 
unsaturated compounds. 


Relationships between heats of formation for 
important organic species 


Although more than six million organic compounds 
have been characterized, heats of formation have been 
reliably experimentally measured for less than 
4000.2,I3,19 A b  initio molecular orbital theory calcu- 
lations, density function theory, a variety of semi- 
empirical methods and molecular mechanics all are 
available, but the empirical group additivity rule devel- 
oped by BensonI4 and co-workers over the last 30 years 
provides the simplest and most useful method for 
obtaining heats of formation for a very wide range of 
organic and organometallic compounds. 2o Although 


ea.11 


many group additivity terms have been established, 
there is always room for more and the relationships 
described in Refs 3 and 5a and in this work provide 
useful supplements. Recent work is represented in 
Figure 2, which interrelates equations (2), ( 5 )  and (6)  in 
this work and earlier equations ( l l , S a  12asd and l2bSd) 
which respectively relate heats of formation for satu- 
rated compounds to  the reliably known AfHO(CH3-X) 
values4 and relate heats of formation for saturated 
compounds to  unsaturated compounds: 


AfHo  [C(CH3)mH3-,,,-X] = AfH"(CH3-X) 


(11) 
V X  


0.67 + 0.21m 
+ [0.9- 1*5m(rn- l)] - m  


where in is the degree of methyl substitution and in = 1, 
2 and 3 for primary, secondary and tertiary carbons 
atoms, respectively, 


AfH"(ally1-X) = AfH"(ethy1-X) 


and 


AfH'(benzy1-X) = AfH"(ethy1-X) 


+25.2(+0.5) kcal mol-' (12a) 


+ 32.0( 5 1.0) kcal mol-l (12b) 


Note that AfHO(CH3-X) is the essential reference point 
and errors in this value will be carried forward into the 
scheme. 


ea.11 
AftP (i-PrX) e===== A,H"(methyl-X) ==== 3 A,H0(t-BuX) 


h 


eq. 1 1  I 
eq. 12a eq. 12b 


ArHo (dllyl-X) c====== A,Ho (e thyl -X)  ==== =3 A,H"(benzyl-X) 


Figure 2. Relationship between equations involving heats of formation for important organic species 
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Prediction of heats of formation of organometallic 
compounds 


By combining data from Figure 2 with Benson's group 
additivity data, heats of formation for a large number 
of organic and organometallic compounds can easily be 
predicted. Some examples are listed in Table 4. Their 
uncertainties are of the order of 22-3 kcal mol-'. 


As an example, based on the observed heat of for- 
mation of CH3SiH3, - 7 . 0  ? 1.0 kcal mol-'," and 
equation (1 l), we can predict 


AfHo(CH3CH2-SiH3),,I = -10-0 ? 1.5 kcal mol-' 


Using equation (10, the E,(Si-centered group) is about 
-1 kcal mol-', and from equation (6)  we can further 
predict 


AfHo(CsH~-SiH3)e,I = 28-7 ? 2 kcal mol-' 


This estimated value agrees with that predicted indepen- 
dently (27 kcal mol-I) in Ref. 13. 


Similarly, predicted heats of formation of many Si-, 


Ge-, Sn-, P-, As-, Se-, Zn-, Cd- and Hg-containing 
organometallic compounds are listed in Tables 4 and 5 .  
Based on equation (lo), the E, values of SiH3, SiF3, 
SIC13 and SiHC12 are estimated to  be about - 1, 1, 0 and 
0 ? 1 kcal mol-', respectively. The new AfH" estimates 
are compared with those reported in Refs 13 and 19. 
Note that most of the present estimated values in Table 
4 agree with those in Refs 13 and 19, but two excep- 
tions, ethyl-SiH3 and vinyl-SiH3, deserve mention. The 
two values recommended in Ref. 13 are incompatible, 
because in going from methyl-SiH3 to  ethyl-SiH3 the 
heats of formation would be expected to  decrease by a 
few kcal mol-I, owing to  the insertion of a CH2 group. 
Using the group increment recommended by Walsh, 
the value estimated for AfHO(ethyl-SiH3) becomes 
-1 1-0 kcal mol-', consistent with that in this work (see 
Table 4). In addition, it is unreasonable that 
AfHO(ethyl-SiH3) 27 kcal mol-' in Ref. 13, is more 
positive than AfHo(vinyl-SiH3), which in Ref. 13 is only 
1 kcal mol - I .  


To examine further the predictive power of the 


Table 4. Estimated ArHo of Si-, Ge-, Sn-, P-, As-, Se-, Zn-, Cd- and Hg-containing species (kcal mol-') 


X CH3-Xa Ethyl-X Vinyl-X Phenyl-X A 11 y 1 - X Benzyl-X 


SiH3 


SiF3 


Sic13 


SiHClz 
GeH3 
SnH, 
PHzC 


 ASH^ 


SeH 


ZnCH3' 
CdCH3' 
HgCv3' 
HgCl 


HgBr 


HgI' 


- 7 . 0 2  l b  


- 296' 


- 131' 


-96?  2' 
4.6 t 2.0 


18.6 f 2-0  
- 4 . 6 2  1.5 


8.1 2 1.5 


5.3 t 1.0 


(-4)d 


(1 


13.1 2 2g 
25.8' 
22.3 2 l g  


- 12.3 2 0.7' 


-4.4 2 0.7' 


5.2 f 0.4' 


- 10.0 
(27 2 3)e 


- 299 


- 134 
(-126 ? 6)e 
- 99 


1.8 
16.3 
- 8.9 


4.2 


0.4 


12.2 
25.2 
21.6 


- 13.0 
(-15.5 2 1)' 


-5.1 


4.5 
(-7.4 2 1)' 


(3.3 * 1)8 


21.5 
(1 t 3)' 


- 268 


- 102 
(-109)d 
- 67 


34.3 
48.8 
22 


36.7 


33.9 


45 
58 
54 
20 


27 
( W d  
37 


28.7 
(27Id 


- 258 
(- 261)d 
- 94 


- 59 
(- 95)d 


41.5 
56.0 
29 


(31)d 
43.9 


41.1 


52 
65 
61 
27 


(29.7)' 
35 


( W d  
44 


(39)d 


15.2 


- 274 


- 109 


- 74 
27.0 
41.5 
16 


29.4 


25.6 


37 
50 
47 
12 


20 


30 


22-0 


- 267 


- 102 


- 67 
33.8 
48.3 
23 


36.2 


32.4 


44 
57 
54 
19 


27 


37 


The values estimated in Ref. 6a, unless indicated. 


'Assuming the E, value of PHI is about - 2  kcal mol-I, based on equation (10). 
dThe values estimated in Ref. 13. 
'Observed in Ref. 13. 
'Assuming that E,(Zn-, Cd-, Hg- and Se-centered groups) is 0 kcal mol-I. 
81n Ref. 19. 


An experimental value from Ref. 21. 
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Table 5.  Estimated values of A d f  of RMR, where M = Zn, Cd, Hg and Se (kcal mol-') 


Metal atoma 


R Zn Cd Hg Se 


Methyl - 4b 
(13.1 f 2.0)' (25.8 t 0-3)' (22.3 t 1.0)' 


Ethyl 11.3 24-6 20.9 
(13 .6k  1.7) (25.5 t 0.7) (17.8 f 0.8) (-14 f 1)' 


n-Propyl 1.3 14.6 10.9 - 24 


Isopropyl 3.0 16.6 12-9 - 27 
(-2.9 f 5.7) (8.2 f 1.4) 


(9.7 f 1.1) 
n-Butyl -8.7 4.6 0.9 - 34 


S-Butyl -7.0 6.6 2.9 - 37 
Isobutyl - 12.7 0.6 -3.1 - 38 


r-Butyl - 10.5 3.4 -0 .3  - 44 


(-11.9 f 5.8) (-7.8 f 1.8?) 


(-9.2 f 1*8?) 


Vinyl 76 90 86 51 
Phenyl 91 104 100 66 


Ally1 62 75 71 36 
Benzyl 75 89 85 50 


*The values in parentheses are from Ref. 19. 
bEstimated by the relationship in Figure 2. 


Reference points derived from Figure 2. 


(93.8 f 1*5?) (68.4 f 1.2) 


scheme described in Figure 2, some estimated heats of 
formation of organometallic compounds RMR, where 
M represents zinc, cadmium, mercury and selenium, are 
compared with experimental values from Ref. 19 (see 
Table 5 ) .  The few points with deviations > 3 kcal mol- ' 
are those which are probably associated with incorrect 
thermochemical data; for example, it is not possible 
that the heat of formation of (In-Pr)zHg, 
8 .2  kcal mol-', falls to -7.8 kcal mol- for (n- 
Bu)zHg. 


Steric effect 


As has been emphasized many times,4 Benson's group 
additivity rule fails for highly branched compounds 
owing to  non-bonded steric repulsions. Equations (2), 
(9, (6), (1 1) and (12) will fail also when the non-bonded 
steric effect is significant. In Table 2, phenyl-t-Bu, 
phenyl-0-methyl, phenyl-0-ethyl, vinyl-0-phenyl, 
phenyl-0-phenyl and phenyl-NH-phenyl provide 
examples. Let us consider two examples. In the com- 
pounds C6HsOCH3 and C&OCzHs, the closest dis- 
tance between the ortho-H atom on the benzene ring 
and the H atom on the alkyd group is only 2 * 4 5 A ,  
according to  calculations from the MM2 program. 
Hence the steric repulsion in C C ~ H ~ O C H ~  and 
CsHsOCzHs is not negligible and may be estimated to  
be about 2 kcal mol-I. The steric repulsion energies 


could be 2-3 kcal mol-' for the first five compounds, 
whereas for phenyl-NH-phenyl it could be as much as 
8 kcal mol-I. 


We now return to the stabilization energy for vinyl- 
OH in the Introduction, - 8 - 1  ? 0-6  kcal mol-'.Ia 
This stabilization energy was derived from the average 
for seven substituted vinyl-OH compounds, four of 
which were branched or highly branched. For these, a 
stabilization energy from - 8 . 5  to  - 9.8  kcal mol-I 
was reported. For the other three less substituted 
species, the range is from - 5 - 3  to - 7 - 0  kcal mol-', 
which is very close to  those in Tables 1 and 2. The 
lengths of the C = C  doublebond and C-C single bond 
are about 1 .4  and 1.54A in vinyl-)< and ethyl-)<, 
respectively. The smaller interatomic distance in vinyl 
compounds should result in larger non-bonded steric 
repulsions than in saturated compounds. According to  
the Scheme in Ref. la, the stabilization energy of highly 
branched vinyl compounds should be larger than that 
for unbranched analogues; hence the quoted Ec values 
must include the contribution from n-a interaction and 
from the steric effect (about 2-3 kcal mol-I). 


We suggest that a single Ec value for such stabiliz- 
ation should be used but in conjunction with appro- 
priate corrections for steric effects. As can be seen in 
Tables 1 and 2, the average Ec(OH) value of 
- 5 . 8  f 1.5 kcal mol-' agrees with those from Ref. l a  
for all the least substituted vinyl alcohols. 
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CONCLUSION 


A means to determine the stabilization energies, E,(X),  
arising from n--A and u--A interactions can be estab- 
lished, based on extensions of the additivity principle 
for organic thermochemistry. There is a linear relation- 
ship between the stabilization energies and the 
Hammett substituent constants UP’ (X). Equation (5) or 
(6) provides a bridge from the known heats of for- 
mation of saturated compounds to unknown heats of 
formation of unsaturated compounds, and can be used 
to predict the heats of formation of a number of satu- 
rated and unsaturated Si-, Ge-, Sn-, P-, As-, Se-, Zn-, 
Cd- and Hg-containing species. 
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TOPOLOGICAL ANALYSIS OF ELECTRONIC CHARGE DENSITIES AS 
A TOOL TO STUDY PROTONATION EFFECTS ON THIOCARBONYL 


COMPOUNDS 


0. MO M. YA%Z* and M. ESSEFFARt 
Departarnento de Quirnica, C-9, Universidad Autdnorna de Madrid, Cantoblanco, 28049-Madrid, Spain 


AND 


J.-L. M .  ABBOUD 
Instituto Rocasolano, CSIC. Serrano 119,28006-Madrid, Spain 


The substituent effects on the intrinsic basicity of a wide variety of thiocarbonyl compounds were investigated 
by means of a topological analysis of the electronic charge densities and their Laplacians for the neutral and the 
protonated species, and also by means of their harmonic vibrational frequencies. For the sake of comparison, a 
similar analysis was carried out for a reduced set of carbonyl compounds with similar substituents. The results 
show that the behaviour of the thiocarbonyl group with regard to the protonation process is similar to that 
predicted for the carbonyl group, in the sense that both groups are not much affected by protonation. The 
charge transferred to the proton results basically in a polarization and, in some cases, in a depopulation of the 
bonds in which the thiocarbonyl carbon atom participates. Accordingly, the intrinsic basicities of these kinds of 
compounds depend strongly on the ability of the substituents to be polarized. This conclusion seems to be 
ratified also by the shiftings undergone by the C =S stretching frequencies on protonation. 


INTRODUCTION 


We have recently carried out a systematic study of the 
gas-phase basicity of a large set of thiocarbonyl com- 
pounds, from both the experimental and the theoretical 
points of view:' 


R,R,C=S+H' +R,R,C=SH' 


Their basicities were compared with those of the 
carbonyl analogues in an effort to investigate similarities 
and differences between the intrinsic properties of 
compounds which present, as active centres, first- and 
second-row atoms belonging to the same group. We 
have also shown' that substituent effects on the intrinsic 
basicities of thiocarbonyl derivatives can be rationalized 
in terms of field, resonance and polarizability effects 
using the Taft-Topsom' model. In this paper, we shall 
show that this model is consistent with the topological 


characteristics of the electron densities of these kinds of 
compounds. 


Since the set chosen (containing 27 different neutral 
species) covers a wide energy range [about 50kcal 
mol-' (1 kcal=4.184kJ)] of the basicity scale, it 
constitutes a suitable bench-mark to investigate the 
capability of the topological analysis of the electronic 
charge densities of the neutral species to provide infor- 
mation on their intrinsic basicities. Actually, it has been 
postulated that the value of the Laplacian of the charge 
density at the non-bonding charge concentrations of a 
given atom should be a measure of its intrinsic basi- 
~ i t y . ~ , ~  We have found indeed that such a correlation is 
satisfied for species which present centres with different 
hybridization In this way, it has been poss- 
ible to rationalize cyclization effects on gas-phase 
basicities, which appear when the basicities of aliphatic 
amides or aliphatic esters are compared with those of 
the lactams' or lactones6 of similar size. 
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Table 1. Calculated proton affinities (PA) (kcal mol-‘) of the thiocarbonyl compounds 
included in this study” 


~~ ~~ ~ ~~~~~ ~~~~ ~ ~~~~~ 


Compound R, R, PA Compound R, R, PA 


1 H H 181.5 14 c1 c1 176.7 
2 CH3 H 190.6 15 CH, NH, 209.6 
3 NH, H 202.9 16 CH, OH 192.5 
4 OH H 184.6 17 CH, F 180.8 
5 F H 168.9 18 CH3 0 180.7 
6 c1 H 177.8 19 a 3  N(CH,)z 220.0 
7 C,H5 H 193.1 20 CH, OCH, 198.0 
8 N(CH,), H 214.9 21 CH3 OCzH5 201.3 
9 OCH, H 192.6 22 CZH, OCH, 200.1 


10 CH, CH, 197.8 23 NHCH, NHCH, 220.9 
11 NH, NH, 212.6 24 NH(CH,) NH(CHz) 216.8 


13 F F 162.0 26 N(CH,), OCH, 213.7 
27 N(CH3), N(CH,), 225.2 


12 OH OH 189.4 25 OCH, SCH, 202.1 


“Values taken from Ref. 1 


The set of thiocarbonyl derivatives considered in this 
work contains (see Table 1), on the contrary, com- 
pounds which do not present significant differences in 
the hybridization pattern of the basic centre, which is 
always a thiocarbonyl group. Hence the aim of this 
paper is to investigate whether the aforementioned 
correlations are also fulfilled in this case, and whether 
the information obtainable through a topological anal- 
ysis of electronic charge densities and their Laplacians 
leads to a rationalization of the basicity trends found. 


Since gas-phase protonation produces significant 
redistributions of the electronic charge density of the 
base, it leads also to sizeable shiftings of the stretching 
frequencies of the bonds in which the basic centre 
participates. For this reason we considered it of interest 
to evaluate also the harmonic vibrational frequencies of 
both the neutral and the protonated species. 


COMPUTATIONAL DETAILS 


Substituent effects and bond activations were studied 
taking advantage of the topological analysis of the 
electronic charge density and its Lapla~ian .~  This 
analysis is performed by locating the critical points 
[Vp(r) = 01 of the one-electron density distribution 
p(r). These critical points can be classified in terms of 
their rank (number of non-zero eigenvalues) and 
signature (algebraic sum of their signs) of the Hessian 
matrix of p(r). Then a (3, -3) critical point will corre- 
spond to a maximum of p(r) associated with an atomic 
nucleus, while a (3, -1) critical point is a saddle point 
with two negative curvatures (A, ,  A,) and a positive 
curvature ( A3). The (3, - 1) critical points are of particu- 
lar relevance, since they are associated with the concept 
of chemical bonding. A bonding interaction between 
two atoms is characterized by a line, usually called bond 


path, linking the nuclei, [i.e. linking two (3, -3) critical 
points of p(r)], along which the charge density is a 
maximum with respect to any lateral displacement 
(points with two negative eigenvalues). The point at 
which the charge density attains the minimum value 
along the bond path will be a (3, -1) critical point, 
usually called a bond critical point (bcp). It has been 
proved by Bader3 that the local properties of p(r) at the 
bond critical points characterize the type of atomic 
interactions occurring between bonded atoms. 


The Laplacian of the electronic density [V2p(r)] 
offers complementary information to that obtained from 
the electron density itself, since it identifies regions of 
space wherein p(r) is locally concentration (V’p < 0) or 
depleted (V2p>O).  Therefore, a negative value of 
V2p(r) in the internuclear region of two interacting 
atoms implies the formation of a typical covalent bond, 
since electron density is built up in that region. In 
contrast, positive values of the Laplacian are character- 
istic of the interaction between closed-shell systems 
where the charge is depleted from the internuclear 
region and concentrated on the corresponding atomic 
basins. 


It is important to note, however, that the information 
provided by V’p(r) needs to be complemented with that 
obtained from a topological analysis of p(r). For 
instance, the formation of a chemical bond does not 
always imply concentration of charge in the internuclear 
region. This is usually the base for the bonding between 
two strongly electronegative atoms as fluorine. In that 
case V’p(r) > 0 in the internuclear region as for interac- 
tions between closed shell systems (ionic bonds, 
hydrogen bonds, van der Waals complexes). However, 
the value of the charge density at the corresponding 
bcp is several times larger for the former than for the 
latter. Furthermore, whereas for interactions between 
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closed shell systems the Laplacian distribution is 
minimum at the bcp, for typical share interactions it is 
maximum. 


A topological analysis of the Laplacian in terms of 
maxima and minima also provides other interesting 
information. It has been shown that the Laplacian in the 
valence shell of atoms and molecules has features 
which correspond to chemical concepts such as lone 
pairs, or sites of electrophilic and nucleophilic attack. 
Since, as mentioned above, the charge is concentrated 
where V2p(r)<0, a local maximum [l (3, -3) critical 
point] in -V’p(r) corresponds to a maximum in the 
concentration of electronic charge. Hence, the (3, -3) 
critical points of -V’p(r) will identify bonded and non- 
bonded charge concentrations. The former correspond to 
points which lie on a bond path linking two atoms, 
while the latter are located on the valence shell of a 
given atom and characterize the electron lone pairs. In 
this respect it should be mentioned that it has been 
~ h o w n ~ - ~  that the non-bonded charge concentrations 
associated with lone-pair electrons of a chemical base 
bear a direct relationship with its intrinsic basicity, since 
the greater the charge density associated with the lone- 
pair the easier is the charge transfer from the base to the 
incoming bare proton. 


Similarly, a topological analysis of the Laplacian 
brings out some interesting aspects of the electronic 
redistributionundergone upon protonation. As mentioned 
above, a charge concentration is associated with nega- 
tive values of VZp(r) and, vice versa, charge depletion 
is associated with positive values of V’p(r). Accord- 
ingly, if V’p(r) in a given interatomic region becomes 
less negative, the chemical bond becomes activated, in 
the sense that the decrease in the electron density should 
be reflected in a smaller force constant of the bond and 
in a smaller dissociation energy. In contrast, if V’p(r) 
becomes more negative, more charge is concentrated in 
the interatomic region and the bond becomes reinforced. 
This bond reinforcement would be mirrored in a blue 
shift of the corresponding stretching frequency and in a 
greater dissociation energy. 


For the 27 neutral species considered in this work and 
for their 27 protonated forms these analyses were 
carried out on HF/6-31G* wavefunctions obtained by 
using the optimized structures reported previously. The 
corresponding protonation energies [calculated at the 
h4P2/6-31 +G(d,p)//6-31G* level] were taken from 
the same reference and are summarized in Table 1. 
Since one of our goals is to investigate bond activation 
processes on protonation:-’ we also evaluated, at the 
HF/6-3 lG* level, the corresponding harmonic vibra- 
tional frequencies, for protonated and neutral species, 
using analytical second-derivatives techniques. It must 
be mentioned that most of the neutral and protonated 
molecules investigated present several local minima. 
However, the analyses presented in this paper were 
carried out on the global minima exclusively. 


Ab initio calculations were carried out with the 
Gaussian-90 series of programs” and the topological 
analysis of the charge densities and their Laplacians 
were performed with the PROAIM program of Bader 
and coworkers. 


RESULTS AND DISCUSSION 


Topological analysis of electronic charge densities 
The charge densities and their Laplacians evaluated at 
the sulphur atom lone pairs and at the different bond 
critical points are summarized in Table 2. Although for 
dissymmetrically substituted derivatives the two sulphur 
lone pairs are not identical, the differences between their 
electron charge densities are not significant. In all cases 
the value reported in Table 2 corresponds systematically 
to the lone pair which presents the larger charge density, 
which should be the one involved in the protonation 
process. 


The first conspicuous fact in Table 2 is that the 
intrinsic characteristics of the sulphur lone pairs, and 
also those of the C=S bonds, are fairly insensitive to the 
substituents. Note, for instance, that compounds such as 
13 and 27, whose proton affinities differ by more than 
60 kcal mol-’, present similar charge densities at the 
sulphur lone pairs. This is a surprising result, since it 
indicates that the basicity trends along the series are not 
reflected in parallel changes of the charge densities at 
the lone pairs of the basic centre, in contrast with our 
previous findings when studying the basicities of amides 
and lactams’ and of esters and lactones6 This leads us 
to conclude that only when there are significant 
hybridization changes at the basic centre, does the lone- 
pair charge change appreciably. In thiocarbonyl com- 
pounds, the hybridization at sulphur is not significantly 
affected by substitution and the lone pairs remain 
unaltered. The fact that the carbonyl bond is hard to 
perturb was already pointed out by Bader3 Our results 
indicate that this conclusion is also applicable to the 
C=S bond. As for C=O bonds, the bcp of the C=S 
linkage is very close to the carbon core. This explains 
why Vzp(r) is positive at this point. Actually, the 
principal curvature of the density along the bond path is 
very large and the density rises very steeply on either 
side of the bcp. Consequently, substituents do not alter 
the bcp position significantly. Furthermore, the elec- 
tronic charge densities at the sulphur lone pair do not 
decrease significantly on protonation, which indicates 
that although there is a considerable charge transfer 
from the neutral molecule to the incoming proton, the 
charge depletion undergone initially by the sulphur lone 
pairs is compensated by the polarization of the bonds of 
the system. In this respect, it is interesting that for all 
the thioamides considered, this charge density is even 
slightly greater in the protonated than in the neutral 
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species, which reflects the ability of NR, groups to 
conjugate with the n-thiocarbonyl system. 


As we shall show in the next section, the shift of the 
C=S stretching frequencies are consistent with these 
topological results. 


It is also apparent that although the charge densities at 
the C=S bond critical points do not change appreciably 


on protonation, the corresponding Laplacians become 
much smaller (even negative). In other words, the 
positive curvature of the electronic charge density ( A , )  
decreases considerably and the bond critical point 
moves away from sulphur. This implies that the charge 
transfer from the sulphur atom to the incoming bare 
proton leads to a strong polarization of the C=S bond, 


I 
c l  


Figure 1 .  Contour maps of the Laplacian of the charge density of species: (a) formamide; (b) protonated formamide; (c) 
thioformamide (3); (d) protonated thioformamide. Positive values of V z p  are denoted by solid lines and negative values by dashed 


lines. Contour values in a x .  are 0.05, 0.25, 0.50, 0.75 and 0.95 
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which results in a decrease of charge around the thiocar- 
bony1 carbon atom. The carbon atom recovers part of 
this charge by polarizing the other bonds in which it 
participates. This situation is clearly mirrored in the 
increase of the charge densities at the bond critical 
points of these bonds. Table 2 also indicates that similar 
effects, although slightly greater, are observed for 
carbonyl derivatives. This indicates that, at least from 
the point of view of the electronic density, a carbonyl 
group is slightly more sensitive than a thiocarbonyl 
group to substituent effects. This result is consistent with 
the experimental evidence' which shows that the behav- 
iour of carbonyl and thiocarbonyl compounds with 
regard to protonation in the gas phase is qualitatively 
similar; however, the intrinsic basicities of the former 
are found to be more sensitive than those of the latter to 
substituent effects. 


These charge redistributions are easy to detect by 
looking at the corresponding Laplacian maps. In Figure 
l(a)-(d), the Laplacian of the charge densities of 
formamide, thioformamide and their protonated species 
are compared. It can be seen that in both systems, 
protonation implies a polarization of the C=O or C=S 
bonds toward the oxygen and the sulphuratom, respec- 
tively, and also a reinforcement of the C-N bond, 
owing to the enhancement of the n-interactions men- 
tioned above. This set of figures also illustrates the close 
similarity between carbonyl and thiocarbonyl species on 
protonation. 


Figure 2 presents the Laplacian of methoxy-N,N- 
dimethylthioformamide (26) and its protonated form to 


illustrate that the above-mentioned effects are trans- 
mitted along the chain of bonds of the substituents. As 
for the previous systems, the C=S bond is polarized 
toward the sulphur atom on protonation. The charge 
depletion at the thiocarbonyl carbon produces a con- 
comitant polarization of both the C-N and the C-0  
bonds which become slightly reinforced. However, as 
both nitrogen and oxygen are more electronegative than 
carbon and they have been polarized towards the thio- 
carbonyl carbon, they recover the charge lost by 
depopulating the N-CH, and the O-CH3 bonds, 
respectively, which accordingly became considerably 
activated with respect to the neutral system. 


In summary, a topological analysis of the electronic 
charge densities indicates that the electronic environ- 
ment of the basic centre does not change significantly 
on substitution, while the most important changes on 
protonation affect the bonds in which the thiocarbonyl 
carbon participates. This result is consistent with the 
fact shown previously' that the observed substituent 
effects on the gas-phase basicity of thiocarbonyl com- 
pounds is very well reproduced by the Taft-Topsom 
model in terms of field, resonance and polarizability 
effects, where the last two terms are clearly dominant. 


Harmonic vibrational frequencies 
The C=S stretching frequencies of the neutral and 
protonated thiocarbonyl derivatives under investigation 
and the S-N stretching frequencies of the latter are 
summarized in Table 3. 


Figure 2. Contour maps of the Laplacian of the charge density of (a) methoxy-N,N-dimethylthioformamide (26) and (b) its 
protonated form. Same conventions as in Fig. 1 
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Table 3. HF/6-31G* harmonic C=S and S-H stretching frequencies" (cm-') of 
neutral and protonated thiocarbonyl compounds 


c=s 
Compound R, R2 Neutral F'rotonated S-H 


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 


H 
H 
H 
H 
H 
H 
H 
H 
H 


CH3 
NHZ 
OH 
F 
c1 


NHZ 
OH 
F 
c1 


OCH, 


OCH, 
NHCH, 


SCH, 
OCH, 


(CH3 )2 


OCZH5 


NWCHZ ) 


N(CH3 12 


1050 


829 
913 
1194 
1073 


940- 11 10 
950 
1000 


992-1265 
707 
772 


779-1229 
1120 


695-931 
698 


699-1 272 
1212 


625-1 112 
668-924 
693-972 
639-950 
698- 101 5 
887-1033 
613-935 
625-885 
597-943 


797-1 113 
972 2600 


738 2625 
783 2598 
1019 2586 
98 1 2595 


862 2628 


768-1006 2607 


913-1017 2609 


797-863 2605 
951-1209 2613 


672 2630 
721 2619 


1005 2611 


656 2613 


1122 2609 


762-1364 2603 


644-902 2629 


660-1185 2600 


594-1007 2652 
661-858 2614 
681-785 2616 
615-923 2617 
686-989 2641 
874-946 2627 
540-906 2617 
591-821 2671 
580-905 2641 


"Values scaled by the empirical factor 0.89. 


Since the C=S group does not give rise to as charac- 
teristic a band as the C=O group, often the vibrations of 
this group are obscured'* by strong coupling with other 
vibrations, which makes an unequivocally assignment 
of the different bands difficult. Therefore, in many cases 
we have reported two frequencies corresponding to 
those modes where the contributions of the C=S stretch- 
ing displacements are greatest. 


For the discussion which follows it is convenient to 
distinguish four sets of compounds: thioaldehydes, 
thioamides, thioacid derivatives and thiones. 


The parent compound of the series  present^'^ the 
C=S stretching vibration at 1059 cm-', which is in good 
accord with our theoretical estimation of 1050 cm-I. 
For thioacetaldehyde and thiopropaldehyde this band is 
shifted to still higher values, although in the latter the 
C=S stretching contaminates also the C-C stretching 
predicted at 940 cm-'. In general, we can conclude that 
for these systems the C=S stretching band appears 
around 1100 cm-'. 


Thioformamide  present^'^ the C=S stretching at 
843 cm-I, which is well reproduced by our theoretical 


calculations (829cm-I). Our results also show that in 
general tertiary thioamides present the C=S stretching 
shifted to higher frequency values. It may be observed, 
for instance, that our calculated value for N , N -  
dimethylthioformamide is 950 cm-'. This value is even 
larger for N,N-dimethylthioacetamide, which presents 
this band at 1112cm-'. 


In general, thiono esters present marked coupling of 
the C=S stretching mode to other vibrations of the 
molecule. For the compounds studied we have only 
found reported in the literature the C=S stretching 
frequency of methylthi~nformiate'~ (1003 cm-'), 
which is in good agreement with our predicted value 
(1000 cm-'). For the other systems of this series it may 
be observed that this band always appears very close to 
the 1000 cm-' region. 


We have not found any experimental value for the 
particular case of thioacetone, but it must be noted that 
our calculated values (993-1265 cm-I) are not far from 
that reported for t-Bu,C=S thione (1115 cm-').I6 


In all cases gas-phase protonation implies a sizeable 
red shift of the C=S stretching frequencies. However, 
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more interestingly, it may be observed that this red 
shifting is particularly large for derivatives which 
present high-electronegative substituents which cannot 
be easily polarized. For instance, while the red shifting 
of FHC=S ( 5 )  derivative is 175cm-', for tetra- 
methylthiourea (27) it is ten times smaller. This result is 
clearly consistent with the topological analysis pre- 
sented in the previous section. When the substituent 
cannot be easily polarized, the charge transfer from the 
sulphur atom to the proton affects the C=S bond more 
than when the substituents present a high polarizability, 
because in the latter case the charge depletion is easily 
transferred to the bonds in which the thiocarbonyl group 
participates and, accordingly, the C=S bond is less 
perturbed. 


The S-H stretching frequencies of the protonated 
species vary within narrow limits (2595-2671 cm-'). 
However, it may be observed that, although they are not 
linearly correlated with the intrinsic basicities of the 
corresponding neutral species, they roughly reflect their 
basicities. It may be seen that the less basic compounds 
lead to S-H bonds with smaller force constants and 
present their S-H stretching frequencies in the 
2600cm-' region, while the more basic systems have 
slightly greater S-H force constants and exhibit their 
S-H stretching displacements in the 2650 cm-' region. 


Within the set of compounds considered in this work 
we have found detailed experimental information on 
their infrared s ctra only for thiof~rmarnide, '~~'~ 
thioacetamide, '*," thiourea,,' thioformaldehyde, '3*21 


thiocarb~nylchloride,~~~~~ thiocarbonyl and 
N,N-dimethylthiof~rmamide,~~ which is compared with 
our theoretical estimations in Table 4. For thiofor- 
mamide the agreement between the theoretical and 
experimental values is fairly good, being the greatest 
discrepancies (ca 200 cm-') those affecting the N-H 
stretching vibrations. It must be noted, however, that 
our theoretical calculations indicate that the band 
observed at 670 cm-' corresponds to the NH, twisting 
rather than to the NH, wagging, as has been assigned by 
Judge et u I . ' ~  For thioacetamide, the agreement is also 
very good, and again the greatest differences between 
the experimental and the theoretical values correspond 
to the N-H stretching displacements. We have found, 
however, some discrepancies in the assignments of 
other transitions. First, in our calculations, in agreement 
with the experimental spectrum of Walter and Kuber- 
sky,25 the band at 2620 cm-' reported by Suzuki'* does 
not appear, while an additional one is obtained at 
1436 cm-' which is not observed experimentally in the 
infrared, but which has been found as a weak transition 
in the corresponding Raman spectrum.26 Second, the 
band at 1393 cm-', which is assigned experimentally to 
the C-N stretching, we have found to be a C-C stretch- 
ing, while the C-N stretching appears at 1364cm-'. 
The other significant difference is that affecting the band 
at 718 cm-'. Our calculations indicate that this transition 


arises almost exclusively from a pure C-S stretching, 
with only a slight contribution from the C-C stretching. 
Furthermore, we have found the C-S stretching con- 
taminations of the bands at 975 and 1306cm-' to be 
almost negligible, in reasonable agreement with the 
latest assignments of Ray and Sathyanarayana.26 
Finally, our assignment for the twisting and wagging of 
the NH, group reaffirms the conclusions of Anthoni et 
~ 1 . ' ~  in the interpretation of the polarized IR spectra of 
oriented thioacetamide single crystals. 


For thiourea both the harmonic frequencies and the 
assignments are in very good agreement with the 
experimental values.20 It should be noted that the lowest 
frequency band (not observed experimentally) again 
corresponds to the NH, wagging, while the NH, twist- 
ing should be observed around 470-570 cm-'. 


The frequencies calculated for thioformaldehyde are 
in a remarkably good agreement with the experimental 
values observed both in the gas phaseI3 and in argon and 
nitrogen mat rice^.'^ However, our assignment is at 
variance with that of Jacox and Milligan2' in the sense 
that according to our calculations the band centred at 
1447 cm-' corresponds to a CH, bending rather than to 
CH, wagging, which should correspond to the band 
observed at 991 cm-'. It must be also noted that the CH, 
rocking and the CH, wagging, which experimentally 
appear almost degenerate and coupled, at the theoretical 
level are well separated, the rocking being that of 
lowest frequency. 


For both thiocarbonyl chloride and thiocarbonyl 
fluoride, our harmonic vibrational frequencies and 
assignments coincide well with those reported by 
Hopper et ~ 1 . ' ~  (see Table 4). 


In Table 4 we have also compared our theoretical 
estimations for N,N-dimethylthioformamide with its 
experimental IR spectrum in the 400-1800 cm-' region 
published by Durgaprasad et a1.% It can be seen that the 
lowest frequencies, not recorded in the experimental 
spectrum, correspond to the methyl rotation displace- 
ments, to a C-S bending and to CN, rocking. The 
transitions beyond 1800 cm-', also not included in the 
experimental exploration, correspond essentially to 
C-H stretching modes of the methyl groups. The bands 
predicted in the 400-1800cm-' region are in good 
agreement with the experimental values and our assign- 
ments are generally coincident with those of 
Durgaprasad et It must be noted, however, that 
according to our calculations the transition observed at 
975cm-' is probably the result of the overlap of two 
transitions (those predicted theoretically at 941 and 
950 cm-', respectively, which have small but similar 
intensities). 


In the 1100 cm-' region, the theoretical spectra shows 
three bands (at 1095, 1113 and 1137 cm-') but only one 
(that at 1113 cm-') has a strong intensity, in agreement 
with the fact that the experimental spectrum shows only 
one band (at 1140 cm-') in the same region. Finally, the 
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Table 4. Harmonic vibrational frequencies" (cm-I) of some thiocarbonyl derivatives 


Thiofomamide 


Calc.  EX^.^ Assignment 


Thiourea 


Calc. Exp." Assignment 


403 393 NH, wag. 
418 439 NCS def. 
602 670 NH, t. 
829 843 CS strt. + NH, rock. 
97 6 985 CH bend. 
1115 1125 NH, rock. 
1265 1325 CN strt. 
1436 1443 CH bend. 
1619 1612 NH, bend. 
2967 2905 CH strt. 
3398 3165 NH, strt.(s) 
3514 3287 NH, strt.(a) 


Thioacetamide" 
353 375-377 Frame def. 
400 460-460 NH, wag. 
425 471-471 NCS def. 
496 517-512 C pyramid. 
633 109-709 NH, t. 
695 718-719 CS + CC strt. 
93 1 972 CH, rock. + CC strt. 
1007 975-1025 CH, + NH, rock. 
1028 1030-1130 CH, rock. 
1299 1306-1303 NH, rock. 
1347 1364-1362 CN strt. 
1389 1393-1390 cc strt. 
1436 1432' CH, rock. 
1458 1478-1479 CH, def. 
1622 1648-1648 NH, bend. 
- 2620 
2866 2670 CH, strt.(s) 
2936 2860-2945 CH, strt.(a) 
2953 2945-2971 CH, strt. 


3516 3290-3295 NH, strt.(a) 
3401 3165-3080 NH, strt.(s) 


~ 


209 - NH, wag.(a) 
323 - NH, wag.(s) 
382 - CN, bend.(a) 
443 409 CN, bend.(s) 
47 1 - NH, t. 
578 - NH, t. 
632 487 Skel. def. 
707 729 cs strt. 
1034 1084 NH, rock. 
1035 1114 NH, rock. 
1371 1414 CN, strt.(s) 
1400 1473 CN, strt.(a) 
1606 1615 NH, bend 
1630 1615 NH, bend. 
3401 3200 NH, strt.(s) 
3408 3200 NH, strt.(s) 
3521 3365 NH, strt.(a) 
3522 3365 NH, strt.(a) 


977 990 CH, rock. 
1030 99 1 CH, wag. 
1050 1059 (1063) CS strt. 
1475 1447 (1437) CH, bend. 
2939 2971 (2970) CH, strt.(s) 
3019 3025 (3028) CH, strt.(a) 


408 417 CF, bend. 
SO8 526 Skel. def. 
624 622 C pyramid. 
779 787 CF strt. (s) 
1273 1189 CF strt.(a) 
1329 1368 cs strt. 


Thiof ormaldehyde 


Thiocarbonyl fluoride8 


N,N-Dimethylthiofomamide 


Calc.  EX^.^ Assignment 


45 - CH, rot. 
139 - CH, rot. 
207 - CS bend. 
247 - CN, rock. 
346 - Skel. def. 
389 405 NC, bend. 
501 521 SCN + NC, bend. 
793 828 NC, + CS strt. 
94 1 C pyramid. 
950 97.5 CS + NC, bend. + CN strt. 
1046 1058 NC, strt.(a) + CH, rock. 
1095 - NC, + CH, t. 
1113 1140 CNstrt. + CH, bend. 
1137 - NC, pyramid. 
1217 1212 NC, strt.(s) + CH bend. 
1386 - HCN bend. 
1414 1405 CN strt. + CH bend. 
1424 1410 CH, umbr. 
1448 1450 CH, t. 
1455 1472 CH, t. 
1459 - CH, umbr. 
1479 - CH, bend. 
1520 1560 CH bend. + CN strt. 
2862 - CH(met.) strt. 
2881 - CH(met.) strt. 
2917 - CH(met.) SM. 
2948 - CH(met.) strt. 
2952 - CH(met.) strt. 
2958 - CH(met.) strt. 
2970 - CH(met.) strt. 


Thiocarbonyl chlorideg 
289 220 CCI, bend. 
301 294 Skel. def. 
477 473 C pyramid. 
495 505 CCl Strt. (s) 
833 816 CCl strt.(a) 
1120 1137 cs Strt. 


'Theoretical values were obtained at the HF/6-31G* level and scaled by the empirical factor 0.89. 
bTaken from Ref. 13. 
'Taken from Refs. 17 and 18. 


Observed in the Raman spectrum, see Ref. 25. 
Taken from Ref. 19. 


'Taken from Ref. 12. 
gTaken from Ref. 21. 
Taken from Ref. 23. 


band at 1405cm-' might contain two different com- 
ponents (those predicted at 1386 and 1414cm-', 
respectively, whose intensities are fairly large). 


Our theoretical vibrational spectra for thioamides are 
in good accord with the general assignments proposed 
by Jensen and Nielsen" for the infrared spectra of 
thioamides and selenoamides. In particular, our results 
confirm the existence of an A band in the 1600- 


1650cm-' region which originates from NH, defor- 
mation vibrations, a B band in the 1400-1600cm-' 
region which corresponds to C-N stretching, a C band 
in the 1200-1400cm-' region associated with NH, 
rocking, a D band in the 1000-1200cm-' region 
involving CNS vibrations and an E band in the 
800-900 cm-' region associated with NH, bending- 
type modes. Regarding the last band, these authors" 
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suggested it to be associated with a wagging movement, 
whereas our calculations indicate it to correspond to an 
NH, twisting, the wagging being responsible for a much 
lower frequency transition (that observed around 
400 cm-'). Finally, there is a G band corresponding to 
the C-S stretching around 600-800 cm-I. 


CONCLUSIONS 


Our results show, in contrast with previous  finding^,^-^ 
that the basicity of thiocarbonyl compounds is not 
reflected in parallel changes of the charge densities at 
the lone pairs of the basic centre. This seems to imply 
that when substitution does not produce significant 
hybridization changes at the basic centre, its lone pairs 
change very little. As a consequence, the thiocarbonyl 
group, similarly to the carbonyl group, behaves as a 
group hard to perturb. 


The charge redistribution observed in thiocarbonyl 
compounds on protonation affects essentially the bonds 
between the thiocarbonyl group and the substituents and 
the bonds within each substituent. In other words, their 
intrinsic basicities depend strongly on the ability of the 
substituents to be polarized. This finding is in agreement 
with the description provided by the Taft-Topsom 
model,* which indicates that the resonant and polariz- 
ability effects are dominant in the stabilization of 
protonated thiocarbonyl compounds. 


These charge redistributions on gas-phase protonation 
are also mirrored in the shift of the C=S stretching 
frequencies. Although, in general, these shifts are not 
very significant but sizeable, they are the greater the 
smaller is the polarizability of the substituent. There is 
also a rough relationship between the S-H stretching 
frequencies and the intrinsic basicity of these 
compounds. 
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COMPETITION BETWEEN INTER- AND INTRAMOLECULAR 
HYDROGEN BONDING IN MOLECULES WITH DONOR AND 


ACCEPTOR GROUPS. SOLVATOCHROMIC AND 
THERMOCHROMIC EVIDENCE IN 


N-(NITR0PHENYL)ALKY LENEDIAMINES 
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M. HEDRERA, A. SALERNO AND I. PERILLO 
Departamento de Quimica Organica, Facultad de Farmacia y Bioquimica. Universidad de Buenos Aires, Junin 1 113, Buenos 


Aires, Argentina 


Solvent effects on the absorption spectra of N-@-nitrophenyl)dimethylenediamine (la), N-(p-nitropheny1)- 
trimethylenediamine (Ib), N-@-nitrophenyl)tetramethylenediamine (Ic), N-methyl-N-@-nitropheny1)tetra- 
methylenediamine (111, N-butyl-p-nitroaniline (111) and N-(o-nitropheny1)trimethylenediamine (IV) were studied at 
different temperatures. Whereas 11, Ill and 1V do not show any variation in their spectra characteristics with changes 
in temperature, I shows a hypsochromic shift with a hypochromic effect when the temperature is increased. The 
Kamlet and Taft solvatochromic comparison method was applied. A strong effect of the fl  parameter on I and 111 
was interpreted as being due to the hydrogen bond donor ability of the H atom in the aromatic amino groups. In I, 
the fl  inEuence increases with increase in temperature. These facts are explained by proposing the formation of 
intramolecular hydrogen bonds between amine groups in all compounds I, besides the intermolecular interactions 
between compounds I and the solvent. On the other hand, the values of vor s and b for Ib are smaller than the 
corresponding values for Ia and Ic. Since in Ib a six-membered ring may be formed, a more stable bond is expected. 
Comparative 'H NMR of the aniline hydrogen for I and IV (in non-hydrogen bond acceptor solvents) shows a 
particular downfield chemical shift for I which suggests hydrogen bond formation. Since this effect is independent of 
concentration, the hydrogen bond is assumed to be intramolecular, in agreement with solvatochromic and 
thermochromic studies. These conclusions were corroborated by IR spectroscopy in the solid state and in chloroform 
solutions. 


INTRODUCTION 


mulation of the fundamental relationships between 
structures and properties was essentially stimulated by 
advances in all spectroscopic techniques. When 
absorption spectra are obtained in solvents of different 
polarity, it is found that the position, intensity and 


these solvents. These changes are the result of physical 
intermolecular solute-solvent interactions, which can 
be classified into non-specific and specific. Although it 


* Authors to whom correspondence should be addressed. 


has been recognized that when specific interactions are 
present they tend to dominate the total effect,2 the 


predominating solvent 
To unravel this problem, empirical parameters are 


commonly used.z,3 One of the 
approaches is the solvatochromic comparison method 
(SCM) of Kamlet and Taft.4 This method allows spe- 


po lar i ty~polar~zab~l~~y effects. The usefulness of the 
empirical parameters T *  (dipolarity-polarizability), a 
(hydrogen bonding acidity) and (hydrogen bonding 
basicity) for the quantitative analysis of solvent effects 
on chemical reactivity, solubility, spectroscopic proper- 


The Of geometrical structures and the for- greatest difficulty is usually to determine which is the 


shape Of the absorption bands are usually modified by cific interactions to be quantified and separated from 
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ties, chromatographic data and biological properties is 
widely recognized. 


These solvatochromic parameters are used in linear 
solvation energy relationships4 of the general form 


XYZ .= XYZo + sn* + aa + bfl (1) 


where XYZ is the property to be correlated and s, a 
and b measure the relative susceptibilities of XYZ to 
the indicated solvent property scales. 


The hydrogen bond is one of the most interesting spe- 
cific intermolecular interactions. Owing to its strong 
orientation and to a binding energy which may be of a 
magnitude comparable to that of covalent bonds, it 
often confers unusual properties on the chemical system 
in which it occurs.6 


The donor-acceptor properties of hydrogen-bonded 
molecules are determined by their electronic structure. 
The formation of complexes is accompanied by the 
rearrangement of electron density not only in the region 
of the active group within the hydrogen bond but also 
in the other groups of molecules as well. 


The intramolecular hydrogen bond has been observed 
to have an influence on the extent and effects of inter- 
molecular interactions. '-I2 A set of hydrogen bond 
rules from crystal chemistry and crystallographic data 
have recently been developed for organic compounds. 
This is valid for solids and solutions. l 3  However, it is 
emphasized that the expected or typical hydrogen bonds 
may not occur for several reasons, including the pres- 
ence of multiple competitive hydrogen bond sites, steric 
overcrowding or competing bipolar or ionic forces. 


On the other hand, it is known that solute-solvent 
interactions lead to either modified substituent interac- 
tions or modified transmission of the substituent effect, 
or both. I4* l5  In recent studies we have shown a sym- 
metrical dependence of the alkyl substituent and solvent 
effects on the shifts of the absorption spectra of 
N-alkyl-o-nitroanilines. l6 


There are also a number of compounds which 
undergo a noticeable change in shape or intensity of 
their absorption spectrum over a small temperature 
range. l7 This process, called thermochromism, is 
usually based on changes in the positions of 
equilibria. l 8  


On the other hand, thermochromic shifts can be 
induced by temperature-dependent solvent polarity 
functions, such as ( f ( D )  - f ( n 2 ) )  and f ( n 2 ) ,  where 
f ( D )  = (D - l ) / ( D  - 2), which is a measure of solvent 
polarity, and f ( n 2 )  = (nZ - 1)/(2n2 + l ) ,  which rep- 
resents solvent polarizability, l9 thus inducing changes 
in the solvation of the ground and excited 
This phenomenom is known as thermo- 
solvatochromism. 


For o-nitroaniline and N-alkyl-o-nitroanilines, it has 
been shown, by UV-visible spectrophotometry, 16*22 


that the intramolecular hydrogen bond does not break 


to form intermolecular hydrogen bonds even in solvents 
as basic as N-methylpyrrolidin-2-one. From NMR and 
IR studies,23 it has been inferred that m- and p-nitro- 
anilines form dimers in carbon tetrachloride and 
chloroform by hydrogen bonding between the hydrogen 
of one molecule of amine and the nitro group of the 
other. This is not observed for o-nitroaniline, where the 
intramolecular hydrogen bond reduces the possibility of 
intermolecular interaction. The intermolecular interac- 
tion in p-nitroaniline was not detected by UV-visible 
spectrophotometry . 22*24 


In this paper, we report solvatochromic and thermo- 
chromic studies on N-( p-nitropheny1)alkylenediamines 
(I), N-methyl-N-(p-nitropheny1)tetramethylenediamine 
(11) N-butyl-p-nitroaniline (111) and N-(0-nitropheny1)- 
trimethylenediamine) (IV). A comparative study of 
these compounds was performed to confirm the struc- 
tural properties of compounds of type I. 


I 
N 4  


I I 1  111 IV 


In addition to solute-solvent interactions, there are 
several possibilities of intra- or intermolecular 
solute-solute interactions for compounds I. Thus, the 
interaction can be (a) intramolecular n-n-type charge 
transfer between the n electrons of the aliphatic amine 
nitrogen and the aromatic ring, as was detected for 1- 
(pnitropheny1)alkanes bearing a dimethylamino group 
on the last carbon; 25 (b) intramolecular hydrogen 
bonding between the hydrogen of the aniline and the 
nitrogen of the aliphatic amine; (c) intermolecular 
hydrogen bonding between the hydrogen of the aniline 
of one molecule and the nitro group of the other; (d) 
intermolecular hydrogen bonding between the hydrogen 
of the aniline of one molecule and the nitrogen of the 
aliphatic amine of the other molecule. 


None of these types of interactions is possible for I1 
and 111. Compound IV can form an intramolecular 
hydrogen bond between the hydrogen of the aniline 
group and the oxygen of the nitro group, in addition to 
the interactions described. 


These studies were aimed, through the analysis of 
solute-solvent interactions, at yielding further insight 
into the structure of those compounds which, having 
inherently large second-order polarizabilities, are good 
candidates for nonlinear optical materials owing to the 
strong intramolecular charge transfer present in their 
excited states. 26 
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'H NMR spectra were determined on a Bruker 
AM-400 spectrometer using TMS as a reference stan- 
dard. IR spectra were determined on a Bruker IFS 25 
Fourier transform IR spectrometer. 


EXPERIMENTAL 


Compounds I were synthesized and purified followpg 
the method alrefdy reported: Ia,27a m.p.=142 C; 
Ib,27b m.p. = 11 1 C; and IC,~'' m.p. = 106 "C. 


Compound I1 was prepared from Ic as reported 
elsewere. 28 The purity was determined by thin-layer 
chromatography (TLC) [silica gel F254 with 
methanol-chloroform (2 : l)] . 


Compound 111 was synthesized from p-  
dinitrobenzene by a similar method to that reported 
previously for the preparation of o-nitroalkyl- 
a n i l i n e ~ ; ~ ~ ~ "  m.p. 145 "C. 


Compound IV was obtained from its chloro hydrate 
(synthesized as reported e l~ewere '~~)  by treatment with 
50% sodium hydroxide solution and then extracted 
with diethyl ether. Compound IV is an orange oil; its 
purity was determined by TLC [silica gel F254 with 
toluene-light petroleum (3 : 7)l .  


The solvents used were hexane (Hx), benzene (Bz), 
toluene (Tl), dichloromethane (DCM), dichloroethane 
(DCE), chloroform (Chl), dimethylformamide (DMF), 
acetone (Ac), acetonitrile (ACN), ethyl acetate (EtAc), 
diethyl ether (EE), methanol (MeOH), ethanol (EtOH) 
and propan-2-01 (2-PrOH). They were purified to spec- 
troscopic quality by standard methods. 31 The UV 
cut-off point against air in a 10 mm UV cell was used 
as a purity criterion. 


Spectroscopic measurements were performed using a 
Cary 17 spectrophotometer. Concentrations were about 
10-5 M. 


The value of vmax was measured by taking the mid- 
point between the two positions of the spectrum where 
the absorbance is equal to 0.09Ama,.3a Hence the 
uncertainties in vmax are ca 100 cm-'. 


RESULTS AND DISCUSSION 


UV-visible spectrophotometric studies 


The behaviours of I-IV were compared by measuring 
the position of the maximum of the longest wavelength 
absorption band in several" pure solvents at two tem- 
peratures, TI  = 19.0 k 0.1 C and T2 = 41.0 ? 0.1 "C. 
This band, corresponding to a transition polarized 
along the z-axis, has a strong charge-transfer character 
and, consequently, it is greatly influenced by polar 


Whereas 11-IV do not show variations in their spec- 
tral characteristics with changes in temperature, I shows 
a hypsochromic shift with a hypochromic effect when 
the temperature is increased. 


Spectra obtained for Ib in DCE at four different 
temperatures are shown in Figure 1. The lack of an 
isoabsorption point may indicate that the observed tem- 
perature dependence is not due to solute-solvent or 
solute-solute intermolecular interactions. A similar 
behaviour has been observed for several systems where 
intramolecular equilibrium was detected. 20*35 


The correlations obtained by Kamlet and Taft's SCM 
[equation (l)] are given in Table 2. 


The temperature dependence of the spectral proper- 
ties for compounds I (not observed for the other com- 
pounds) and the trends in regression coefficients in 
Table 2 can be understood by considering that com- 


The results are given on Table 1. 


Table 1.  Maximum of the longest wavelength absorption bands vmax in kK for compounds I-IVa 


la Ib Ic 


Solvent Ti T2 TI 7'2 TI T2 I Ib  I I I b  IVb 


Hx 
TI 
Bz 
DCE 
DCM 
Chl 
EE 
EtAc 
Ac 
DMF 
2-PrOH 
EtOH 
MeOH 
ACN 


29.32 
27.35 


26.47 
26.53 


29.47 
27.63 


26.69 
26.67 


28.38 
26.83 
26.74 
26.16 
26.11 


28.80 
27.25 
26.93 
26.64 
26-54 


28.73 
26.96 


26.47 
26.22 


28.94 
27.25 


27.03 
26-62 


27.67 31.52 


29-03 


24.39 
23.54 
23.46 
23.29 
23.15 


25.65 
25.04 28.47 


28.67 
28.40 


27.30 


26.49 


26.77 
26.03 


26.18 
26.22 
26.72 
26-14 


26.92 
26.51 


26.28 
26.32 
26.50 
26.27 


26.83 
25.98 


26.73 
26.23 


26.69 
26.05 


25.95 
25.75 
26.20 
26-10 


26.88 
26.24 


26.32 
25.28 


26.60 
23.29 
26.33 
23.60 
23.64 
23-68 
23.21 


26 * 03 
26.25 
25.91 
25-93 


26.11 
26.46 
26.27 
25-93 


26.11 
26.26 
26.22 
26.22 


25.54 
25.50 
25.67 
25-41 


27.06 
27.56 


a T ~  = 19.0 t 0.1 ' C ;  7-2 = 4 1 , 0 t  0.1 'C, 
bIdentical values of vmax at TI and 7'2. 
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Table 2. Terms of the solvatochromic comparison method4 for compounds I-1VaSb 


Compound Temperature YO --s -b - a  r n 
~~~ ~ 


Ia TI 29.11 2 0.11 3.192 0.16 1.53 20.12 0 0.9948 10 
Ia T2 29.27 2 0.13 3.06 20.17 1.57 20.14 0 0.9926 10 
Ib TI 28.23 2 0.09 2.53 20-13 1*00+0*10 0 0.9915 I 1  
Ib T2 28.66 5 0.09 2.52 20.14 1.31 20.11 0 0.9928 11 
Ic TI 28.53 2 0.09 2.66 20.15 1.21 20.11 0 0.9927 10 
IC T2 28.77 2 0.10 2.52 20.16 1.52 20.12 0 0.9917 10 
I1 TI or TZ 27-50? 0.17 2-54 20.26 0 0.72 20.20 0.9878 10 
111 TI or TZ 30.98 2 0.21 3.17 20.33 3.09 20.28 0 0.9877 10 


0 0 0.9878 10 1V TI or TZ 24.302 0.08 1.28 20.13 


'Confidence level of every correlation was greater than 99'99%. according to the t-test. 
T I  = 19.0k 0.1 ' C ;  T2=41.0 2 0.1 'C. 


0.7 


0.5 


ui 
m 
a 0.3 


0.1 


a 


320 360 400 440 


h lml 


Figure 1. Absorption spectra of Ib in DCE (2.87 x lo-' M). 
Temperature: (a) 18.0_+0*1; (b)25.020.1;  (c) 37.050.1;  


(d) 45.0 2 0.1 "C 


pounds of type I may establish an equilibrium as given 
in equation (2). 


I I' 


Then, the absorption band obtained for compounds 
I results from the sum of the spectra of both com- 
pounds. The relative populations of the two conforma- 
tions, one involving an intramolecular hydrogen bond 
and the other, capable of forming an intermolecular 
hydrogen bond with hydrogen bond acceptor solvents, 
is temperature dependent. 


As can be observed from the b values in Table2, 
there is a strong effect of the p parameter on I and 111. 
This effect can be interpreted as being due to the 
hydrogen bond donor ability of the H in the aromatic 
amino group, which seems to be large for 111. In I, the 
sensitivity to the parameter is temperature dependent. 
The higher the temperature, the larger is the sensitivity, 
thus implying a greater availability of aniline hydrogen 
at higher temperatures. 


In contrast, there is no effect of f l  on IV. The values 
of b are lower than their standard deviation, with a sig- 
nificance level of about 50%, according to Student's 
t-test. This indicates that the H of the aromatic amino 
group is engaged with the o-nitro group in an intra- 
molecular hydrogen bond. This bond is fairly stable, as 
observed in several N-alkyl-o-nitroanilines. l6 As 
expected, no effect of 


The values of s are high and negative, as expected, 
considering the important increase in the dipole 
moment on excitation for these solutes. 36 Compounds 
I show practically no variation of s when the tempera- 
ture is changed. 


On the other hand, the values of YO for I increase with 
increase in temperature, which may indicate an excited- 
state stabilization at lower temperatures. In addition, 
the values of YO, s and b for Ib (Table 2) are lower than 
the corresponding values for Ia and Ic, which may 
indicate a more negative value of AH for the equilibria 
of Ib. This seems to be reasonable, considering that the 
intramolecular hydrogen bond in Ib' involves a six- 
membered ring. l3  The intramolecular hydrogen bond 
stabilizes the excited state owing to the dispersion of 
positive charge of the aniline nitrogen; then, a smaller 
value of YO is observed. The lower value of s can also 
be explained by the stabilization of the excited state of 
this solute making it less sensitive to the solvent 
polarity.16 The lower value of b is due to the fact the 
aniline hydrogen is less available than the 
corresponding values for Ia or Ic. 


was found in 11. 
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'H NMR studies 


Proton chemical shifts are extremely sensitive to 
hydrogen bonding. In almost all cases, formation of a 
hydrogen bond causes the resonance of the bonded 
proton to move downfield. When the hydrogen bonding 
is intermolecular, the chemical shifts vary with concen- 
tration. Increasing dilution in inert solvents normally 
produces shifts to high field as the proportion of free 
monomer increases. When intramolecular hydrogen 
bonding occurs, the concentration dependence of 
chemical shifts is, of course, reduced, as the hydrogen 
bonding persists in dilute solution. 37 


In general, there is a rough correlation between the 
NMR shift, and the strength of the bond as measured 
by the enthalpy of its formation.37 


In carbon tetrachloride as solvent, the chemical shift 
6 of the amine hydrogen for p-nitroaniline is 
3.53 ppm38 and for o-nitroaniline, where the formation 
of a very stable intramolecular hydrogen bond is 
known, '622*23 the chemical shift 6 is 6 ppm. 38 


The chemical shifts of the aniline hydrogen measured 
for compounds type I and 111 are reported in Table 3. 
The downfield chemical shifts for I suggest intramole- 
cular hydrogen bond formation. 


The 'H NMR spectra for Ic in chloroform-d (non- 
hydrogen bond acceptor solvent) at different concen- 
trations are given in Table 3. It can be observed there 
is no change in the chemical shift for the aniline 


Table 3. 'H NMR spectral data 


Compound Concentration M) 6" 


la 
Ib 
Ic 
le 
Ic 
I11 


1 
1 
1 
8 


50 
1 


5 .05 
5.68 
5 . 0 4  
5 . 0 4  
5 . 0 4  
3 - 5 3  


'Chemical shifts for the NH protons in chloroform-d in ppm from 
TMS as internal standard. 


hydrogen, indicating that the hydrogen bond is 
intramolecular. On the other hand, the chemical shift 
for Ib is at a lower field than that corresponding to Ia 
and Ic (Table 3). 


The observed chemical shift, 6 for compounds of 
type I is given by39 


6 = PI61 + P262 (3) 
where pl and pz are the fractional populations for I' 
and I [equation (2)], respectively, and 61 and 62 are 
their respective chemical shifts. If we assume that 61 
and 62 are similar for the three compounds I, then 
p1 :pz is higher for Ib than for Ia or Ic. These findings 
seem to offer strong corroborative evidence for the con- 
clusions drawn from the UV-visible studies. 


IR studies 
Primary and secondary amines can be identified in the 
infrared spectrum by the vibrations of NH2 and NH 
groups. In the NH stretching region (3050-3500 cm-I), 
primary amines show two bands (symmetric and asym- 
metric) whereas secondary amines show a single 
band. 40 


Intermolecular and/or intramolecular hydrogen 
bonding effects are shown by most amines under suit- 
able conditions. In the condensed phase, hydrogen 
bonding occurs with amines and causes a small decrease 
in the absorption frequency, which is usually less than 


The intramolecular hydrogen bond between adjacent 
NH2 and NO2 groups in nitronaphthylamine results 
in characteristic frequency shifts compared with 
1-naphthylamine or 2-nitr0-8-aminonaphthalene.~~ 
Similar results have been observed for 0- and p-nitro- 
a n i l i n e ~ . ~ ~  


The infrared frequencies of the aliphatic V N H  and 
aromatic v(A,)NH stretching band for I-IV in chloro- 
form solution are given in Table4. Comparing the 
values of v(A,)NH, compounds I and IV appear at lower 
frequencies, as expected from the ability of these com- 
pound to form intramolecular hydrogen bonds. On 


100 (3111-1.41 


Table 4. Infrared frequencies (cm-') of the aliphatic VNH (symmetric 
and asymmetric) and aromatic v A ~ )  NH stretching bands for compounds 5 I-IV in 6 x 10- M chloroform solution 


In 3390 3444 3420 24 
Ib 3266 3434 3390 44 
Ic 3386 3440 3400 40 
I1 - 3504 3412 32 
Ill 3436 
IV 3384 3504 3412 32 


a uNH(asym) - uNH(sym). 


- - - 
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Table 5 .  Infrared frequencies (cm-') of the aromatic u(+.,)NH 
stretching bands for compounds I in the solid state 


arate them. The optimum number is three (Ib), since in 
this case a more stable six-membered ring is formed. 


lo 
Ib 
Ic 


3229 
3238 
3294 


161 
28 
92 


a vcA,,NH(solution) - qA,,NH(solid state). 


comparing the u(A~)NH values among compounds I, Ib 
appears at a lower frequency, with the highest propor- 
tion of intramolecular hydrogen bonding. 


In the same way, compounds I show values of YNH 


lower than the corresponding values for I1 and IV in 
which the aliphatic NH2 has no possibility of forming 
a hydrogen bond. 


When the values of (AV)NH = Vasym - usym are com- 
pared, the corresponding value for Ib is the highest. 
This indicates a stronger intramolecular hydrogen 
bond. For example, it is known43 that the (AV)NH value 
of o-nitroaniline (125 cm-I) is larger than that for 
p-nitroaniline (98 cm- '), both in carbon tetrachloride, 
indicating the presence of a sufficiently strong intra- 
molecular hydrogen bond in o-nitroaniline. 


Table 5 gives the infrared frequencies of the NH 
stretching band of compounds I in the solid state. 


With the frequency values determined in the solid 
state it is not possible to predict intramolecular 
hydrogen bonds because nitroanilines in the solid state 
form polar hydrogen-bonded chain structures, 13*26a and 
both inter- and intramolecular hydrogen bonds showed 
lower Y N H  values. 


The comparison of frequencies in the solid state with 
those in solution Au(so1ution - solid), shows some 
shifts due to solid-state hydrogen bond interactions. 26a 


The AY(A,)NH values (solution-solid) are depicted in 
Table 5 .  


The lowest value of AqA,)NH(sohtion - solid) for Ib 
may be due to its higher proportion of the structure Ib', 
which decreases the possibilities of forming an inter- 
molecular hydrogen bond. 


In summary, we have shown by different spectro- 
scopic techniques (UV-visible, 'H NMR and IR) that 
N-( p-nitropheny1)alkylenediamines (compounds type I) 
form intramolecular hydrogen bonds between the H of 
the aromatic amino group and the N of the aliphatic 
amino group. Although the bond energy of these 
hydrogen bonds could not be determined, the variation 
of the UV-visible spectra with temperature indicates 
that they are weaker than the intramolecular hydrogen 
bond between the nitro group and hydrogen of the aro- 
matic amine group in the orrho isomer (IV). Hence no 
intramolecular hydrogen bond between amine groups 
has been detected in IV. The strength of the bond 
depends on the number of methylene groups which sep- 
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SALT AND SOLVENT EFFECTS ON ALKALINE HYDROLYSIS OF 
N-HYDROXYPHTHALIMIDE. 


KINETIC EVIDENCE FOR ION-PAIR FORMATION 


M. NIYAZ KHAN* 
Department of Chemistry, Bayero University, P.M.B. 3011, Kano, Nigeria 


The effects of the concentrations of LiCI, NaCI, KCI, CsCI, NazC03 and BaClz on the rates of reactions of hydroxide 
ion with ionized N-hydroxyphthalimide (NHP-) at 30 OC and in H20-MeCN solvents containing 10, 50, 60, 66, 70, 
76 and 80% (v/v) MeCN reveal the formation of ion- air complexes between cations of the salts, which probably exist 
in solvent-separated loose ion-pair forms (M"+...X'-) and NHP-. An increase in MeCN content from 2 to 76% 
(v/v) causes an increase in the association constants ( K )  by factors of 40, 21 and 9 for LiCI, NaCl and KCI, 
respectively, while the respective increase in the rate constants (kdi) for the collapse of the ion-pair complexes to 
product is ca two-fold. The values of k:1 remain almost unchanged whereas the values of K increase 7-5-fold with 
an increase in MeCN content from 2 to 70% (v/v) for CsCI. Ion-pair complex formation was not detected in the 
presence of Me4NCI at 70% (v/v) MeCN. The observed pseudo-first-order rate constants are highly sensitive to the 
valence state of cations and almost insensitive to the valence state of the anions of the salts. 


INTRODUCTION 


The observed pseudo-first-order rate constants for alka- 
line hydrolysis of phthalimide, maleimide, methyl, 
ethyl4 and phenyl salicylates, dimethyl phthalate6 and 
methyl 4-hydroxybenzoate' were found to decrease 
with increase in the contents of organic cosolvents (up 
to 265070, v/v) in mixed aqueous-organic solvents. 
These results could be attributed to the consequence of 
several effects such as solvation, dielectric constant and 
concentration effects and perhaps some other effects. 
Recently, we observed' that the pseudo-first-order rate 
constants for the reaction of OH- with ionized N -  
hydroxyphthalimide (NHP- ) decreased with increase in 
the contents of MeOH, EtOH and MeCN up to ca 
8070, 75% and 40% (v/v), respectively. The rate con- 
stants increased sharply with increase in MeCN content 
at 2 50% (v/v) in mixed aqueous-organic solvents. ' 
These results were explained in terms of ion-pair for- 
mation and a specific solvation effect. The proposed 
ion-pair formation in this reaction was further investi- 
gated by studying the effects of salts of cations and 
anions of different valence states and characteristics in 
a predominantly aqueous solvent. It is well known that 
ion-pair formation becomes much more stronger in 


aprotic organic solvents than in water. Therefore, in 
order to confirm the proposed occurrence of ion-pair 
formation in these reactions, we carried out the present 
study, which included salts of different characteristics 
and mixed H20-MeCN solvents. 


EXPERIMENTAL 


Materials 


N-Hydroxyphthalimide (NHPH), LiOH H20, NaOH, 
KOH, Me4NC1, LiCI, NaCI, KCI, CsCI, Na2C03, BaCh 
and MeCN were of reagent grade and were obtained 
from Aldrich or BDH. Stock solutions of NHPH were 
prepared in MeCN and were always stored at low tem- 
perature whenever they were not in use. Stock solutions 
of organic and inorganic salts were freshly prepared in 
glass-distilled water. 


Kinetic measurements 


The reaction rates were studied spectrophotometrically 
by monitoring the disappearance of ionized N- 
hydroxyphthalimide (NHP-) as a function of time at 
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410 nm and 30 "C . The details of the experimental pro- 
cedure and data analysis are described elsewhere. l o  


RESULTS AND DISCUSSION 


Effect of [MkXn] at different contents of MeCN 


A series of kinetic runs were carried out at 0.01 M and 
at different concentrations of a salt (M,X,) in mixed 
H20-MeCN solvents. The observed data for salts such 
as LiCl, NaCI, KCI, CsCI, MedNCl, NazCO3 and BaClz 
at different MeCN contents in mixed aqueous solvents 
are shown in Figures 1-4. It is evident from these 
results that the observed rate constants, kobs, increased 
sharply with increase in [MkXn] at low [MkXn] 
followed by a slow increase at high [MkXn]. A similar 
dependence of kobs on [MkXn] was obtained when 
the reactions were carried out in the alkaline 
aqueous solvents containing 2% (v/v) MeCN.' The 
most plausible explanation of these results may be given 
in terms of the ion-pair formation mechanism as shown 
in Scheme 1, where C1 and Cz represent the respective 
ion-pair complexes formed between anionic substrate 
and cations of salts and alkali which, presumably, exist 
in the solvent-separated loose ion-pair forms 
(M"+.-.Xk- and M+.-.OH-) in mixed aqueous aceto- 
nitrile solvents. KA and Kk represent the association 
constants for the formation of the ion-pair complexes 
(CI and C2) and k,o, k,z, ksl and koH are the respective 
rate constants for uncatalysed and hydroxide ion- 
catalysed conversion of CZ, C1 and NHP- to product. 


NHP- + M+ ...OH- ko'r b 


o-Carboxybenzohydroxamic acid 
kw 


c2 - 
o-Carboxybenzohydroxamic acid 


Cz + M+ ...OH- 
o-Carboxybenzohydroxamic acid 


k,i C1+ M+...OH-- 
o-Carboxybenzohydroxamic acid 


Scheme 1 


In terms of Scheme 1, the general rate law for the 
alkaline hydrolysis of N-hydroxyphthalimide in the 


presence of a salt may be given as 


rate = k,o[Czl + ( k o ~ [ N H p - ]  + ksl [CI] 
+ ksz[Cz])[M+**.OH - 1  (1) 


The observed rate law (rate = kobs [Sub] T, where 
[Sub] T = [NHP-] + [CI] + [Cz] and [NHPH] = 0) and 
equation (1) can lead to the the equation 


(2) 
kbH + klKXMOH]+ kliKA [ MkXJ 


1 + Kd,[MOH] + KA [ MkX,] 
kobs = 


where k b ~  = koH [ MOH], k l  = kso + ks2 [ MOH] and 
kil = kSl [ MOH]. Equation (2) may be rearranged to 
give 


(3) 


where ko = (k&H + k/KL[MOH])/(l + Kd,[MOH]) and 
K =  KA/(~+ Kd,[MOH]). 


In the data treatment with equation (3), the rate 
constant ko was obtained experimentally at [MkXn] = 0. 
The non-linear least-squares technique was used to 
calculate the unknown parameters, kll and K from 


ko + ks'lK[MkXnI 
1 + K[MkXnI 


kobs = 


0 . 0 5  0 . 1 0  0.15 


l l l L C l  1 0 4  


Figure 1. Dependence of observed rate constants, /robr, for 
alkaline hydrolysis of NHP- on total salt concentration, 
[LiCI], in H20-MeCN solvents containing (0 60%, (A), 66% 
(8) 70% and ( 0 )  76% (v/v) MeCN. The solid lines are drawn 
through the least-squares-calculated points using equation (3) 


and kinetic parameters listed in Table 1 
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0 0 . 0 5  0.10 0.13 


[ha:: I ,* 


Figure 2. Observed rate constants, kobr, versus total salt 
concentration [NaCI], for alkaline hydrolysis of NHP-  in 
mixed aqueous solvents (H20-MeCN) containing (0 60%, 
(A) 66%, (8) 70% and ( 0 )  76% (v/v) MeCN. The solid lines 
are drawn through the least-squares-calculated points using 


equation (3) and kinetic parameters listed in Table 1 


equation (3). The results obtained for different salts at 
varying contents of MeCN in mixed aqueous solvents 
are summarized in Table 1. The fit of the observed data 
to equation (3) is evident from the standard deviations 
associated with the calculated parameters (Table 1) and 
from the calculated values of rate constants shown 
graphically in Figures 1-4. It should be noted that the 
reasonably good fit of the observed data to equation (3) 
indicates the insignificance of ion-pair formation 
between solvated cations (Mk+ and M + )  and NHP- 
and the reactions of CI and C2 with hydrated OH-. 


When the same cation exists in both alkali and salt, 
such as NaCl + NaOH, KCl + KOH and LiCl + LiOH, 
it can be assumed that KA = Kkbecause it has been dem- 
onstrated in related studies9*" that the nature of the 
anion of the salt does not affect the association con- 
stants. Under such conditions, the rate of reaction may 
be considered to be governed by Scheme 2, where C- 
represents the counter ion (both OH- and X - ) .  The 
observed rate law and Scheme 2 yielded the equation 


(4) 


l i  


8 


1 0 ~ ~ ~ ~ . 1 . 4  


4 


0 
0 0 . 0 5  0 . I U  0 . 1 5  


I K C l I / P I  


Figure 3. Dependence of observed rate constants, kobs, for 
alkaline hydrolysis of NHP-  on total salt concentration, 
[KCI], in H20-MeCN solvents containing (0 60%, (A) 70%, 
(8) 76% and ( 0 )  80% (v/v) MeCN. The solid lines are drawn 
through the least-squares-calculated points using equation (3) 


and kinetic parameters listed in Table 1 


where [M+]T is the total concentration of cations, 
k& = koH [ MOH] kh = kso + ks2 [MOH]. 
Equation (4) was used to calculate kbH, k& and KAZ 
using the non-linear least-squares technique. The calcu- 
lated values of these parameters are summarized in 
Table 2. 


and 


NHP- + M +  ...OH- KOH 
o-Carboxybenzohydroxamic acid 


k w  
c2 ' 


o-Carboxybenzohydroxamic acid 


k,z  
C2 + M+...OH- 


o-Carboxybenzohydroxamic acid 


Scheme 2 
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0' I 
0 0.05 0.10 -0, n ,v  
I I 
0 0.008 0.016 - D  


I % * n J / n  


Figure 4. Dependence of observed rate constants, kobS. for 
alkaline hydrolysis of NHP- on total salt concentration, 
[MkXn], at [NaOH] = 0.01 M and H20-MeCN solvents 
containing (0 60% and (A) 70% (v/v) MeCN for 
MkX, = CsCl, (0) 10% (v/v) MeCN for MkX, = BaC12 and (v) 
50% (v/v) MeCN for MkX, = NaZCO3. The solid lines are 
drawn through the least-squares-calculated points using 
equation (3) and kinetic parameters listed in the text and 


Table 1 


Equation (4) was derived based on the assumption 
that KA = Kk= KAZ. Since K = K A / ( ~  + KXMOH]), then 
KAZ = K/(1 - K[MOH]). This relationship was used to 
calculate KAZ at different MeCN contents for LiCI, 
NaCl and KCI. These values of KAZ, given in paren- 
theses in Table 2, are comparable to the corresponding 
values obtained from equation (4). 


The rate constant koH (= k&/ [OH-]) represents the 
second-order rate constant for the reaction between 
NHP- and OH-. According to simple electrostatic 
theory," koH or k& at a constant [OH-] should 
decrease with decrease in the dielectric constant of the 
reaction medium. However, the calculated values of 
k6H do not appear to be influenced significantly by the 
increase in the MeCN contents from 2 to 76% (v/v). 
There could be many reasons for these results 
including, the following. 


(i) Electrostatic theory portrays the medium effect in 
terms of the dielectric constant of the bulk medium. 


However, in mixed aqueous-organic solvent such as 
H20-MeCN, highly hydrophilic ions (M"' and Xk- ) of 
relatively high charge density are preferentially solvated 
by water molecules whereas NHP- ions with a large 
hydrophobic area are preferentially solvated by MeCN 
molecules. Hence the local dielectric constant, i.e. the 
dielectric constant in the neighbourhood of these ions, 
is expected to be different from that in the bulk solvent. 
The rate data obtained in the mixed solvents where local 
dielectric constants are effective are therefore not 
expected to fit to an equation derived on the basis of 
simple electrostatic theory. I2  (ii) As the MeCN content 
increases in H20-MeCN solvents, the relative contribu- 
tion of k& compared with ~ ~ Z K A Z  [ M'] T decreases, 
which in turn decreases the statistical reliability of the 
calculated values of k&. 


In a detailed kinetic study of the alkaline hydrolysis 
of N-hydroxyphthalimide, we have shown that the 
hydroxide ion attack at the carbonyl carbon of NHP- 
to form a transient intermediate (T) is the rate- 
determining step. l 3  The product of alkaline hydrolysis 
of NHP- has been shown to be o-carboxy- 
benzohydroxamic acid within a [KOH] range of 
0.004-0*022 M. l 3  


The rate constant k,'l or k& represents the sum of the 
rate constants kso and k,l or k,2, where k,o is the 
first-order rate constant for the cleavage of the ion-pair 
complex. The rate constant, k , ~ ,  may be expected to be 
effective only if the unimolecular cleavage of the ion- 
pair complex involves the occurrence of intramolecular 
general base catalysis through a transition state (TS). 


0 


II 


T 


0 


TS 
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Table 1. Calculated kinetic parameters, k:l and K ,  from equation (3)" 


MeCN 1o4k8 103k:, K [MkXn] range No. of 
M ~ X ,  M O H ~  (YO, V/V) (S-I) (s- ' )  (1 mol-I)  (M) runs 


~~ 


LiCl LiOH 60 32.9 f 0 0 3 ~  14.5 f 0.4d 16.5 f l.ld 0-01-0.18 11 
66 53.3 f 0.3 22.4 f 1.5 11.Of 1.4 0.01-0.14 10 
70 6 6 . 0 f  0.3 27.2 f 1.7 13.9 f 1.6 0 ~ 0 1 - 0 ~ 1 0  8 
76 95.8 f 0.2 31.2' 49.1' 0.01 -0.02 3 


NaCl NaOH 60 34.3 f 0.4 15.4 f 0.8 6.6 f 0.6 0.01-0.18 11 
66 44.3 f 0-2 21.5 f 2.6 6.9 f 1.3 0.01-0.14 10 
70 61.5 f 0.5 27.0 f 2.4 8.1 f 1.1 0-01-0.10 9 
76 80.0 f 0.3 30.1' 21.3' 0.0 1-0.02 3 


KC1 KOH 60 25.2 f 0.2 9.1 f 0.6 8.4 f 1.1 0.02-0.18 9 
70 36.6 f 0.4 16.1 f 1.3 8.3 f 1-0 0~01-0~10  10 
76 54.1 f 0.3 19.8 ? 2.1 14.8 f 2.7 0.01-0.07 8 
80 77.3 f 0.3 15.93 67-8' 0.02-0.04 3 


CsCl NaOH 60 34.3 2 0.4 11.5 f 0.9 9.2 f 1.4 0.01-0.18 8 
70 61.5 f 0.5 15.6 f 1.3 14.2 f 2.0 7 


BaC12 NaOH 10 31' 55.9 4 7.0 36.7 f 7 - 1  0~002-0*022 9 


'[NHPHIo = 12 x 
b[MOH] = 0.01 M. 
'Obtained at 0.01 M MOH in the absence of MxX.. 


eCalculated from two data points using the linearized form of equation (3), (kobr - ko)-' = ( k : ~  - 
'Obtained from the interpolation of the plot of kobr versus % (v/v) MeCN. 


M ,  temperature = 30 'C and X = 410 nm. 


Error limits are standard deviations. 
+ ((k;l - ~o)K[M*X,IT) -I. 


Table 2. Calculated kinetic parameters, k&, k& and KAZ from equation (4)= 


~~ 


LiCl LiOH 60 14.2 f 3.gd 14.7 f 0.4d 18.0 4 2.4d 


11.3 k 3.0 


15.1 f 3.6 


(19.8)" 


(12.4) 


(16.1) 
- 


6.8 f 1.1 


6.9 f 2.9 


8.4 f 2.0 


(7.1) 


(8.8) 


(8.8) - 
8.5 f 2.1 


9.2 f 2.1 
(9.1) 
17.9 k 6.5 


(9.2) 


(17.4) 
- 
- 
- 
- 


0.88 13.41 


66 


70 


35.4 f 6.6 


35.9 2 7.8 


22.9 f 1.9 


27.7 4 2.1 


1-36 


1-66 


1.90 
0-97 


1.35 


8.94 


11.30 


39.9 
6.60 


6.90 


8.10 


76 
NaCl NaOH 60 


- 
26.9 f 1.9 


33.3 f 5.9 


- 


15.7 4 1.0 


22.2 f 3.9 66 


70 


76 
KCI KOH 60 


41.8 f 4.2 28.2 f 2.8 1.70 


1.89 
0.88 


21.30 
5.25 


- 
20.2 f 2.0 


- 
9.2 f 0.7 


70 


76 


80 
CsCl NaOH 60 


70 
BaClt NaOH - 


25.2 4 2.6 


28.1 f 8.1 


16.1 f 1.5 


19.7 f 2.3 


1.59 


1.92 


1.54 
0.90 
1.22 
0.94 


5.19 


9.25 


42.38 
4.84 
7.47 
1.75 


~ 


a [NHPHIo = 12 x 
b R  = k:l/k;1,28(v/v)McCN. where the rate constants [k&2%(v/v)MeCN] at 2% (v/v) MeCN were obtained from Ref. 9. 
' Y = K/&@(v/v)M&N. where the association constants [k2%(v/v)M&N] at 2% (v/v) MeCN were obtained from Ref. 9. 


M ,  [MOH] = 0.01 M and X = 410 nm. 


Error limits are standard deviations. 
' K A ~  = K/(1  - K[MOH]). 
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However, a significant contribution of k,o compared 
with ksl or k,2 may be ruled out for the following 
qualitative reasons. (i) It is evident from Tables 1 and 
2 that k:1 = k12 under identical conditions and Schemes 
1 and 2 indicate that ksl = k,2. This implies that 
kll = kQ2 (=  kso + kS2 [MOH]), which in turn necessitates 
that kso 4 ks2[MOH]. (ii) I f ,  on the other hand, it is 
assumed that k,o s ks2 [MOH], then k:l = kso. The effi- 
ciency of an intramolecular reaction over an intermole- 
cular counterpart is generally expressed in terms of 
effective molarity, which is the ratio of the first-order 
rate constant for intramolecular reaction to  the second- 
order rate constant for analogous intermolecular 
reaction. The second-order rate constants ( k m )  for 
OH--catalysed cleavage of N-substituted phthalimides 
including NHPH and NHP- in 95% (v/v) water lie on 
the same Taft plotI3 and the value of koH for NHP- is 
0.9 1 mol-' sC1 . A change in MeCN content from 2 to 
80% (V/v) is expected to decrease koH 
(=0 .9  I mol - '  s f 1  ) by cu 75-fold. [The rate of alkaline 
hydrolysis of NHP- in mixed aqueous-organic sol- 
vents containing different contents of MeOH and EtOH 
did not reveal the occurrence of ion-pair complexes. 
The observed rate constants were reduced by ca 75- and 
%fold due to the increase in the respective contents of 
MeOH and EtOH from 5 to  80% and 5 to  70% P / v ) . ~  
The reported dielectric constants are 37.0 (25 C),I4 
3 7 3  (2OoC)l5 for MeCN, 30.7 (35OC),I4 32.6 
(25 "C)16 for MeOH and 22-8 (35 OC),I4 24.3 (25 OC)I6 
for EtOH. It must be noted that a 75-fold decrease in 
ko" is based on the change in the solvent polarity only. 
However, the change in koH due to a change in the 
mixed aqueous organic solvents is caused by several 
factors including solvent polarity and preferential 
solvation effects on the reactant and transition states. 
Hence the 75-fold decrease in koH must be considered 
as the upper limit.] Thus the expected value of kOH is 
20.01 1 mol-'  s - '  at <80% (v/v) MeCN. The effective 
molarity for the intramolecular general base catalysis 
(TS) is equal to  k s l / k o ~ ,  which is < 3  M. An intra- 
molecular reaction with effective molarity of such a low 
value is considered to  be unimportant compared with 
the intermolcular counterpart. 


The effects of [CsCl] and [BaClz] were studied at a 
constant [NaOH] of 0.01 M. The observed rate con- 
stants at different salt concentrations were found to  fit 
to  equation (3). The calculated values of kll and K are 
given in Table 1. The fit of the observed data to 
equation (3) was good, as is evident from the plots in 
Figure 4, where solid lines are drawn through the least- 
squares-generated points. 


The effect of [NazC03] in the range of 
0.007-0.057 M on kobs was studied at 0.01 M NaOH 
and 50% (v/v) MeCN. The observed rate constants 
(/robs), as shown graphically in Figure 4, revealed a 
linear relationship with [Na2C03]. This result could be 
explained if it is assumed that I 2 K[NazCO,]. Under 


such conditions, equation (3) reduced to  


kobs = ko + kllK[NazC03] 


with [MkX,] changed to  [Na2CO3I. The 
squares-calculated values of ko and 


(5) 
linear least- 
kl1K are 


(jl.4 2 0.8) x s - '  and (45.8 k 2 . 5 )  x 
1 mol-I s-' ,  respectively. The use of the apparent 
concentration of Na+ ions gave the value 
kllK = (22.9 2 1.3) x 1 mo1-I s- ' .  If we consider 
kll = 15 x s - '  
was obtained at  60% (v/v) MeCN in the presence of 
NaCl, Table I], then the value of K turns out to  be 
1.5  1 mol-' (based on the apparent "a+] which is 
twice the stoichiometric concentration of Na2CO3), 
which is nearly 4 and 1-4 times smaller than K at  60% 
and 2% (v/v) MeCN, respectively. 


The effects of [Me4NCl] on the rates of alkaline 
hydrolysis of NHPH were studied at 60% and 70% 
(v/v) MeCN and constant [NaOH] = 0.01 M. The 
observed rate constants (/cob5) at different [MedNCl] are 
summarised in Table 3. The observed rate constants are 
almost independent of [M%NCl] at 70% (v/v) MeCN, 
whereas there is a nearly 25% increase in kobs with 
increase in [Me4NC1] from 0.01 to  0.18 M at 60% 
(v/v) MeCN. These results merely indicate the absence 
of ion-pair complex formation, i.e. K = O .  


The Values Of k:i/k;1,2% (v/v)MeCN [k;1,2% (v/v)MeCN 
represents the value of k:l at 2% (v/v) MeCN] changed 
from ca 0-9  to 2.0 with change in MeCN content from 
60% to 76% (v/v) for LiCl, NaCl and KCl. Similarly, 
the values of K / K 2 q o ( v / v ) ~ e ~ ~  [K2%(v/v)MeCN rep- 
resents the apparent association constant a t  2% (v/v) 
MeCN] increased from 1 to 40 for LiCl, 21 for NaCl 
and 42 for KC1 with increase in MeCN content from 2 
to  76% (v/v) for LiCl and NaCl and from 2 to 80% 


s- '  [the value of kl1 = 15.4 x 


Table 3.  Observed pseudo-first-order rate constants for the 
cleavage of NHP- in the presence of Me4NCI' 


60% (v/v) MeCN 70% (v/v) MeCN 


0.1 
0.02 
0.03 
0.04 
0-05 
0.06 
0.07 
0.08 
0.10 
0.14 
0.18 


37.9 ? 0.4" 


41.4 C 0.4 


41.2 C 0.3 


41.5 C 0.4 - 


43.3 2 0.4 - 


49.1 2 0.5 - 
48.0 2 0.4 - 


69.2 2 0.4b 
- 65.5 2 0 . 5  


64.5 2 0 . 7  
- 64.7 2 0 . 6  


67.8 C 0.7 
- 61.7 C 0.4  


~ 67.4 2 0.7 


[ N H P H l o =  12 x 10." M ,  


Error limits are standard deviations. 


[NaOH] = 0.01 M ,  temperature = 30°C 
and X = 410 nm. 
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(v/v) for KCI. The nearly two-fold kinetic effects of 
these salts indicate the differential stabilization of the 
transition state and ground state of the reacting system 
in the rate-determining step. It has been concluded else- 
where' that the rate-determining step in the alkaline 
hydrolysis of NHPH involves hydroxide ion attack on 
the carbonyl carbon of ionized NHPH. The rate con- 
stant, k:[ ,  represents the pseudo-first-order rate con- 
stant for hydroxide ion attack on the carbonyl carbon 
of the ion-pair complex formed between cations of the 
salts which presumably exist in solvent-separated loose 
ion-pair forms and anionic substrate (NHP-). As the 
MeCN content increased in the mixed H20-MeCN sol- 
vents, the magnitudes of the association constants ( K )  
also increased, which in turn increased the electrophil- 
icity of the carbonyl carbon of complex C1 (Scheme 1). 
This effect is, partially offset however, by the decrease 
in the nucleophilicity of the hydroxide ion due to  the 
increase in the magnitudes of the association constants 
of solvent-separated loose ion-pair formation between 
O H -  and M'. These two opposing effects could be 
responsible for the observed ca two-fold kinetic effect 
due to  the increase in MeCN content from 2 to  76% 
(v/v) in H20-MeCN solvents. 


The value of K (= 1 3 1 mol-') obtained in the pres- 
ence of Na2CO3 at 50% (v/v) MeCN does not appear to  
be significantly different from K obtained in the pres- 
ence of NaCl under similar conditions. This shows that 
the magnitude of K is not dependent on  the valence of 
anions of the salts. The value of k& remained essentially 
unchanged whereas the value of K increased ca two- 
fold with change in MeCN content from 2 to 10% (v/v) 
in the presence of BaCl2 (Table 2). Both kll and K are 
many times larger than the corresponding values 
obtained in the presence of univalent cationic salts with 
identical solvent systems. The high sensitivity of both 
kll and K to  the valence state of cations strengthens the 
proposed ion-pair formation mechanism. 


The absence or extremely weak ion-pair formation in 
the presence of Me4NC1 is probably a consequence of 
the positive charge on nitrogen in Me4N' being con- 
siderably shielded from NHP-  and solvent molecules 
by the methyl substituents. 


Effect of [MeCN] at a constant [MOH] and 
[ M k X n l =  0 
The effects of mixed H20-MeCN solvents were studied 
at  30°C and 0.01 M MOH (M = Li and K). The 
observed pseudo-first-order rate constants, kobs, versus 
070 (v/v) MeCN are shown in Figure 5 .  The values of 
kobs were found to  decrease with increase in MeCN 
content up to ca 40% (v/v). These results may be 
explained in terms of electrostatic theory, which pre- 
dicts that kobs should decrease with decrease in the 
dielectric constant of the reaction medium. The rate 
constants, kobs, do not show significant variation with 


i - 


,CI.CYI t i \ ,  I 


Figure 5 .  Dependence of observed rate constants, kobs, for 
alkaline hydrolysis of NHP-  on content of MeCN cosolvent 
for reaction mixtures containing (El) 0.01 M LiOH, (0 
0.01 M KOH and (A) 0.01 M NaOH. The data at 0.01 M 
NaOH were obtained from Ref. 8 for comparison purposes 


change from LiOH to NaOH or KOH at a constant 
MeCN content and [MOH] within the MeCN content 
range from 2 to  ca 40% (V/V). 


The rate constants, kobs, increased sharply with 
increase in MeCN content a t  260% (v/v) MeCN 
(Figure 5) .  Similar observations have been reported in 
a number of related  reaction^.^"'"^ Above MeCN con- 
tents of 260% (v/v), the effects of [MOH] on kobs at 
a constant [MeCN] vary in the order 
LiOH > NaOH > KOH. Although several reasons 
have been given to  explain such observations, I 7  we con- 
sider ion-pair formation and a specific solvation effect 
as the two most important explanations. 
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STUDY OF THE ASSOCIATION OF 2-OXOINDOLINES IN 
CARBON TETRACHLORIDE SOLUTIONS BY IR SPECTRA, 


DIPOLE MOMENTS AND AVERAGE MOLECULAR WEIGHT 
MEASUREMENTS 


ALEKSANDER KOLL* AND MARIA ROSPENK 
Institute of Chemistry, University of Wroctaw, F. Joliot-Curie 14, 50-383 Wrociaw, Poland 


LECH STEFANIAK 
Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44, 01-224 Warsaw, Poland 


AND 


JACEK WdJCIK 
Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Rakowiecka 36, 02-532 Warsaw, Poland 


Dipole moments, average molecular weights and IR spectra of 2-oxoindoline (I), 24x0-3-methylindoline (11) and 2- 
oxo-3,3-dimenthylindoline (111) and their N-methyl-substituted analogues were studied in CC4 solutions at various 
concentrations. It was shown that the molecules with an N-H bond associate exclusively to cyclic dimers. The values 
of the association constants (K)  were determined by IR spectrometry. Other methods gave too broad intervals of 
possible K values. The spectroscopic association constants of compounds 1-111 are very similar, 380, 350 and 
370 dm3 mol-I, respectively. The d N H )  band shift on association is 275 cm-I. 


INTRODUCTION 


The hydrogen bonding between C=O and H-N bonds 
of amide groups is responsible for the structure and 
activity of many biologically important compounds 
such as peptides and nucleic acids. The interactions 
in solutions between small amides and related com- 
pounds have been studied as model systems of these 
compounds of biological interest. When C=O and 
N-H bonds are in a cis configuration, the cyclic forms 
of associates predominate. For molecules with a trans 
arrangement of these bonds the chain associates 
prevaiL4 The steric effects and concentration may 
however, influence the form of aggregates in individual 
cases. '-' The structure of aggregates, including cyclic 
ones, is a controversial problem. 5 g 6  


Previously we have reported I3C and ''N NMR 
spectra in solution for a series of 2-0xoindolines~*'~ and 
solid-state I3C and "N CP MAS NMR data for these 
compounds. Recently, we have determined the crystal 


* Author for correspondence. 


CCC 0894-3230/94/04017 1-07 
0 1994 by John Wiley & Sons, Ltd. 


structures of 2-oxoindoline (I), 2-0x0-3-methylindoline 
(11) and 2-oxo-3,3-dimethylindoline (111). The results 
show that two different types of associates are present 
in the crystal state of the compounds studied, depend- 
ing on the steric hindrance. The 2-oxoindoline mol- 
ecules form cyclic dimers, whereas those with one or 
two methyl groups form hydrogen-bonded chains. 


The aim of this study was to trace the association of 
2-oxoindolines in non-polar solution and compare the 
structures of aggregates in solution with the solid-state 
structures. The dipole moments, IR spectra and average 
molecular weights of six derivatives of 2-oxoindoline 
(see Scheme 1) were studied at various concentrations in 
CCL solutions. 


Our systems resemble 2-pyrrolidinone, the self- 
association of which was studied in cyclohexane and 
CCh by Walmsley et a1.' It was also of interest to 
establish the role in association of the phenyl ring con- 
densed with 2-pyrrolidinone. 


The concentration dependence of dipole moments, 
IR spectra and average molecular weight of compounds 
1-111 should allow the construction of an association 
model. The molecular characteristics of monomers 
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IV 


H 


111 
C"3 


VI 
Scheme 1 


derived from this model by extrapolation to very low 
concentration should coincide with the respective 
characteristics of analogous N-methyl-substituted com- 
pounds IV-VI. The characteristics studied in this work 
belong to two different groups: average molecular 
weight and effective dipole moment describe some 
collective properties of associating systems, while IR 
spectra in the v,(NH) region allow the amount of non- 
associated forms to be determined. Such a combination 
of methods can give a reliable model of association. l3  


Dipole moments additionally allow discussion of the 
structure of aggregates. 


EXPERIMENTAL 
The 2-0x0-indolines were prepared using published 
procedures. 9 ~ 1 0  


Dipole moments were determined in CCL solutions at 
concentrations 1 x 10-3-50 x mol dm-3. Electric 
permittivity was measured using the heterodyne beat 
method at 2 MHz on a DMOl (WTW) iipolmeter. 
Measurements were performed at 25 and 50 C. Density 
was determined by the pycnometric method with a 
precision of f 2 x 1 0 - ~  g ~ m - ~ .  Calculations were per- 
formed by the Hedestrand method. I4 Refractive indices 
were determined using an AbbC refractometer with a 
precision of +O.ooOOS. RD was assumed to be the sum 
of electron and atom polarizations. It was calculated 
either as a sum of standard atom polarizations or from 


measured refractive indices. Differences in calculated 
values of dipole moments obtained using both pro- 
cedures were lower than the experimental uncertainty. 


The average molecular weights were determined using 
a Perkin-Elmer VPO apparatus in the cfncentration 
range 1 x 10-3-70 x 


The IR spectra in the v,(NH) region were measured 
at 25 f 1 "C on a Nicolet Model 205 Fourier transform 
IR spectrophotometer at 2 cm-' resolution in quartz 
cells, with typical Specord UV-visible cell holders 
thermostated by a water-bath. Other details concerning 
the IR spectra are given later. 


m ~ l d m - ~  at 40 C. 


RESULTS AND DISCUSSION 


Dipole moments 


A dependence of the measured dipole moments of com- 
pounds 1-111 on concentration is observe! at both tem- 
peratures (Figure 1). The v$ues at 50 C are higher 
than those determined at 25 C for corresponding con- 
centrations. No influence of concentration on dipole 
moments was observed for the N-methylated derivatives 
IV-VI. 


1 8  I 


Figure 1. Dependence of the square of the apparent dipole 
moment on the total concentration at (a) 25 "C and (b) 50 "C 


for the compounds I, 11 and Il l  


t 2 3 L 5 6 f2*1@ 
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Table 1. Comparison of estimated values of monomer dipole moments for compounds 1-111 and 
experimentally determined values for compounds IV-VI 


Compounds with N-H group Compounds with N-CH3 
(compound number) group 


Substituent (compound number): 
in position 3 I( (D), 25 "C c (D), 50°C ~r (D), 25 "C 


H 2.64 f 0.18 (I) 2.71 ? 0.16 (1) 2.79 2 0.01 (IV) 
CH3 2.45 f 0.21 (11) 2.65 f 0.18 (11) 2-75 ? 0.01 (V) 
(CH3)Z 2.41 f 0.20 (111) 2.65 f 0.15 (111) 2.69 ? 0.01 (VI) 


On the basis of the results obtained, one can conclude 
that for compounds 1-111 the associationo leads mainly 
to cyclic forms. Higher values of p at 50 C are caused 
by a stronger dissociation of aggregates to more polar 
monomers. In order to obtain dipole moments of 
monomers (pM), an extrapolation of apparent pz values 
to infinite dilution was performed. The dipole moments 
of monomers for compounds 1-111 (cf. Figure 1) are 
compared with experimentally determined average 
dipole moments of compounds IV-VI in Table 1. 


Average molecular weight 


In order to verify the assumption of assogation, we 
measured the average molecular weights (M) of com- 
pounds 1-111 in CCL in the same concentration range 
as in dipole moments measurements. The results 
obtained are given in Figure 2. 


A distinct increase in molecular weight with 
increasing concentration was found for all these com- 
pounds. However, in the range of concentrations 
applied the apparent molecular weights did not exceed 
twice the molecular wight of the monomer. This may 
indicate that in the concentration range studied aggre- 
gates higher than dimers are not formed in significant 
amounts. 


Figure 2. Dependence of @M, on molar fraction of solute 
for compounds I, 11 and 111. Symbols, experimental data; solid 
line, results of calculations based on spectroscopic association 


constant K = 370 dm mol- ' 


IR spectra 
The IR spectra in the region of vs(NH) vibrations were 
measured in the same solvent and concentration range. 
The spectra were recorded at a constant product of cell 
thickness (I) and total concentration ( c )  and spectra for 
111 at different concentrations are shown in Figure 3. 


The absorption band at 3450 cm-' may be assigned 
to the free vs(NH) vibrations. The relative intensity of 
this band (at constant cI) increases on dilution whereas 
the intensity of the group of bands within the frequency 
range 2800-3100 cm-' decreases. The spectrum of the 
N-methylated derivative V I  is shown for comparison. It 
is seen that the 3100-3400cm-' spectral range is not 
overlapped by the CH absorption. The absorption in 
this region and changes with concentration in the region 
of vs(CH) bands (2800-3100 cm-') is attributed to 
bonded NH groups, with the maximum absorption 
located at 3175 cm-'. The relatively large v,(NH) shift 
on dimerization, 275 cm-' (compare, e.g., Ref. 3), sug- 
gests a strong interaction between molecules in the 
dimer. The band ascribed to the associated NH group 
is broad and affected by the Fermi resonance. The 
v(CH) band at 296Ocm-' belongs to the ring- 
substituted CH3 groups. The evolution of the IR spec- 
trum shown in Figure 3 for I11 is typical of all 
compounds 1-111. 


The spectra in Figure 3 show that the bonded and 
free v,(NH) bands are well separated and there is no 
overlapping of bands at 3450 and 3175 cm-'. The 
absorptivity at 3450 cm-', E(3450), was applied to 
determine the amount of free species. The molar 
absorption coefficient, ~(3450), determined at very 
low concentrations are 237 5 15, 186 It 8 and 
184 f 10 dm3mol-' cm-' for I, I1 and I11 respectively. 
Owing to the complete separation of bonded and 'free' 
v,(NH) bands, one can verify these values when 
assuming that the aggregation leads only to dimers. 
Then, 


CO= [E(3450)/~(3450) + 2E(3175)/~(3175)]/1 (1) 


where co is the formal concentration of the solute. 
Simultaneous solution of a set of such equations for 


different co gave ~(3450) values which agreed with 
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Figure 3 .  IR spectra of 2-oxo-3,3-dimethylindoline (111) as function of concentration: (1) 0-05, (2) 0.01, (3) 0-005, (4) 0.0025 and 
(5) 0.001 mol dm-3. Dotted line: IR spectrum of N-methyl-2-0~0-3,3-dimethylindoline (VI) 


directly determined values, within the limits of exper- 
imental reproducibility of ~(3450) .  


Association model 
On the basis of dipole moment measurements, the 
cyclic forms of aggregates can be predicted. The values 
of the average molecular weights indicate that in the 
concentration range studied the amount of aggregates 
larger than dimers is negligibly small. For these reasons 
the proposed model of association takes into account 
the cyclic dimers only. 


A + A + A 2  


K =  [Azl/[A12 (2) 
The association constants can be evaluated from the 
total concentration of solute and from the iR spectra. 
Experimental results and the results of calculations are 
given in Table 2. 


The amount of monomers was determined from the 
intensity of the free vs(NH) band. The average 
calculated K values are 380 f 16, 350 f 19 and 
370 & 24 dm3mol-' for I, I1 and 111, respectively. 


Association constants can be determined indepen- 
dently from the dipole moment values measured as a 
function of concentration. Generally, the simultaneous 
determination of the dipole moments of monomer ( p ~ )  
and dimer ( p ~ )  and the K value is possible. However, 
it was demonstrated by Exner " J ~  that such a procedure 


gives a high uncertainty of K determination and often 
unrealistic values of p ~ .  Following Exner's 
reasoning, 15v16 we tried to reproduce the function 
p:pp = f ( c o ,  K, p ~ ,  p ~ ) .  Our apparent values of dipole 
moments were determined by the Hedestrand method 
so we optimized equation (3), which is a rearranged 
version of equation (17) from Ref. 16: 


pap;(XM+ 2xD)/(xM+xD)=pD2 +xM(pM2-pD2) (3) 


where XM = CM/(CM + CD) and XD = 1 - XM. 
The results of calculations of association constant on 


the basis of dipole moment measurements are given in 
Table 3. We give a detailed discussion of the rtsults 
only for the case of compound I measured at 25 C. 


Assuming the association constant, one can calculate 
XM and fit a linear dependence of papp2 (XM + 2x1)) on 
XM [equation (3)]. The slope gives p~~ - p~~ and the 
interce t gives p ~ ~ .  From the best fitting Is2= 


select the optimum K value. For I at 25 C the best 
fitting gives K=311 dm'mol-', p ~ =  1.31 D and 
p~ = 2-95 D. The values obtained seem to be reason- 
able in comparison with K = 370 dm3 mol-' (from IR 
spectra) and p~ = 2.64 D from pap: extrapolation to 
co = 0 and 2.79 D found for IV. According to Exner," 
the estimation of the confidence interval of K and p~ 
and p~ determination can be found from the points 
where s2 is equal to double its minimum value 
(Figure 4). 


Ci [(pi 4 - f ( C o i ,  K , ~ M ,  UD)]' is a minimu?), one can 
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Table 2. Association constants (K) of the compounds 1-111 from IR spectrometric 
measurements in CCL at 25 "C (cell thickness = 0.5 cm) 


Compound COX lo3 (mol dm-') E(3450) CM x lo' (mol dm-') K(dm ' mol-') 


1 37.12 0-738 6.228 398 
25 * 80 0.624 5.266 370 
16-08 0.466 3.933 393 
7.26 0.304 2,565 357 
7-11 0.288 2.430 3% 
3.73 0.198 1.671 368 


11 36.04 0.615 6.613 336 
15.63 0.387 4.161 33 1 
10.72 0.295 3.172 375 
6.13 0.222 2.387 328 
5.02 0.187 2.01 1 372 
3.78 0.158 1.699 360 


50.15 0.675 7.337 398 
17.82 0.405 4.402 346 
9.70 0.285 3.098 344 
7.64 0.233 2.533 398 
5-16 0.192 2.087 352 
4.88 0.164 1.783 387 


I11 


Table 3. Association constant (K) from dipole moment measurements 


Results with p~ 
fitting 


I 


25 "C 50 'C 


K(dm'/mol) 
P?J(DZ) 
P L W )  
K limits 
(dm'mol-') 
PM limits (D) 


311 103 
1.72 ? 0.22 
8-69 & 0.62 


2.29 ? 0.45 
7.53 2 1.23 


37; 3; 
> lo00 > lo00 


2.56; 3.54 5.10; 3-66 


I1 111 


25 OC 50 "C 25 'C 50 OC 


665 67 198 40 
1.52 ? 0.42 1.86 ? 0.53 0.98 & 0.31 -3.46 2 0.72 


11-30? 2.71 6.64 ? 0.85 6*30?  1.22 11.08 2 2-53 
21; 11; 27; 3; 


> lo00 544 > lo00 675 
2.51; 3.63 2-77; 3.30 2.41; 3.18 7-10; 3.79 


Results with 
assumed CD = 0 


K(dm'mo1-') 71 35 60 25 78 104 
PL(DZ) 6.34 ? 0.13 6.50 ? 0.20 5.64 ? 0.08 5.81 ? 0.10 5.24 ? 0.11 8.69 ? 0-28 
K limits (dm' mol-') 31; 158 11; 106 27; 155 13; 48 33; 187 31; 315 
p a  limits (D') 5.38; 8-22 5.72; 9.52 4.48; 7.83 5.01; 6-93 4.12; 6.99 6.26; 13.61 


Such an estimation gives for the lower limit of K a 
value of 37dm3mol-' with p ~ = 2 * 5 6 D ,  but p h  
appears to be unreasonable (-0.964 D2). The higher 
limit of K exceeds 5000. One can perform a fitting with 
the assumption that p~ = 0. l6 This gives K = 71 dm3 
mol-' within limits of 158 and 31 dm'mol-'. Dipole 
moments of the monomer are 2.52, 2.87 and 2.32 D 
for these K values, respectively. K values obtained for 
the same set of experimental results are different for 
different assumptions. The interval of possible values is 
very broad. In a search for the reasons for such wide 
limits of K determinations we fitted the experimental 
dependence of on concentration by a polynomial 


and generated from this polynomial three times more 
'idealized' points within the same concentration limits. 
However, such a smoothing procedure and an increase 
in the number of points within the same concentration 
limits did not give any improvement in K estimation 
limits. It appears that a necessary condition for this is 
an extension of the concentration limits, particularly in 
the direction of low concentrations where dimerization 
is the determining step in aggregation. For these 
reasons, the determination of the association constants 
from IR spectra is much more precise. These conclu- 
sions are valid for other results in Table 3. 


Association constants determined from the values of 







176 A. KOLL, M. ROSPENK, L. STEFANIAK AND J. WdJCIK 


0.4 5 a501 0.40 \ 
030l I I I 


0 100 2W 300 4W 500 600 700 6W 9CO 1WO 
K [ drn 3/md 1 


Figure 4. Dependence of the square of the standard deviation, 
s2, on K for compound I at 25 'C 


the average molecular weight: 


K =  (Co-  [CO(~D-~I?)/M])/~[CO(MD-R)/M]~ (4) 


are 393 f 37, 520 k 68 and 237 2 20 dm3 mol-' for I, 
I1 and 111, respectively. As can be seen, the 
reproducibility of K determination for a given com- 
pound is much better than that from dipole moments. 
Nevertheless, the precision is much worse than for K 
calculated from IR measurements. The estimated 
average K value is 374 2 110 dm'mol-' and is of the 
same order as the spectroscopic values, but the differ- 
ences between particular compounds are much larger 
and they change irregularly with the number of CH3 
groups. 


Comparing all three methods, one can state that the 
best K values are obtained from the spectroscopic 
measurements. For spectroscopic K values the 
differences between compounds I, I1 and I11 are not 
significant in comparison with the uncertainty of deter- 
mination. The best average association constant for 
1-111 is 370 k 20 dm3mol-'. It is possible to show that 
this value satisfactorily describes the results of dipole 
moment and average molecular weight measurements. 
From the dependence of the square of the apparent 
dipole moment [equation (3)] on the molar fraction of 
monomer, XM, the dipole moments of the monomer 
and dimer can be determined. The values of PM and PD 
found in this way are shown in Figure 5 .  


As can be seen, the dipole moments of monomers are 
close to those obtained earlier (Table 1) fro? the extra- 
polation of pz  to zero concentration at 50 C and the 
values for IV-VI. Some increase in the dipole moments 
of dimers from the expected value PD = 0 could result 
from the deformation of dimers, enhanced atomic 
polarizability or the presence of some amount of non- 
cyclic forms. 4*5 


The best spectroscopic K value can be also used for 
reproduction of the concentrational dependence of 


Y .  


O L  I '  " ' " " 
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 XH 


Figure5. Dependence of the square of the apparent dipole 
moment on the molar fraction of monomer for Z-oxo- 


indolines I, I1 and I11 [equation (3)] 


average molecular weight. The results of such calcu- 
lations are shown on the plot and compared with exper- 
imental data (Figure 2). The qualitative agreement is 
fairly good. The character of the dependence is the 
same for the results obtained from calculations based 
on spectroscopic values of K and experimental values. 


CONCLUSIONS 


The dipole moments, IR spectra in the region of v,(NH) 
vibrations and average molecular weights of three 
2-oxoindolines in CCh solutions show strong 
dependences on concentration. On the basis of the 
strong decrease in apparent dipole moments with 
increase in concentration and the fact that the average 
molecular weight approaches the mass of dimers, we 
conclude that the observed dependences result from the 
association proceeding mainly to cyclic dimers. The 
equilibrium constants of this process appear to be inde- 
pendent of the number of methyl groups attached at 
position 3 in the five-membered ring. It is clear from the 
most probable structure of a dimer shown in Scheme 2 
that no steric influence of methyl groups or phenyl rings 
on association can be expected from such a model 
structure. 


An increasing number of methyl groups could 
strengthen the basicity of the C=O group but simul- 
taneously decrease the acidic properties of NH groups. 
The mutual compensation of these effects explains why 
also electronic interaction of methyl groups does not 
influence the association constant. 


Drastic differences found in the solid-state struc- 
tureI2 of 1-111 are probably due to the steric influence 
of the methyl groups on the crystal packing forces. 


In comparison with 2-pyrrolidinone, 2-oxoindolines 
show stronger intermolecular hydrogen bonding; the 
Avs(NH) value is 20 cm- higher in the latter case and 
tFe dimerization constant is three times higher. The 
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H li 


I 


Scheme 2 


difference results from the strengthening of the acidic 
properties of the NH group when the phenyl ring is con- 
densed to the 2-pyrrolidinone ring. This fact and the 
lower concentration limits explain why we did not 
detect any trimers as observed for 2-pyrrolidinone by 
Walmsely el al.' The IR spectra show a strong inter- 
action between two molecules; the vs(NH) band shift on 
association is about 275 cm-'. The bonded band is 
broad, amplifying the intensity of v,(CH) bands in the 
region of 31OO-28OO cm-'. The properties of 2- 
oxoindolines studied by three independent methods at 
various concentrations are internally consistent. The 
results for the N-methylated derivatives IV-VI corre- 
late with those for the monomers of I, I1 and 111. 


The dimerization constants r e p ~ r t e d * ~ ' ~ - ' ~  for sec- 
ondary amides with a cis configuration are generally 
much smaller. Using 'H NMR spectrometry, Purcell 
et al. l9 calculated the association constant of S- 
valerolactam in CC4 and CDCI3 solutions. They repro- 
duced the concentration dependence of the NH proton 
chemical shifts by fitting the association constant and 
chemical shifts for the monomer and dimer. Variation 
of the chemical shift of the monomer within the range 
of possible values led to a tenfold change in the K 
values obtained. Wagner et aLzo applied three different 
methods (IR spectrometry, dielectric measurements and 
average molecular weight determination by ebul- 
liometry) to determine the association constants of y- 
butyroiactam, 6-valerolactam and e-caprolactam in 
CCL, benzene and cyclohexane solutions. The average 
values differed between the methods much more than 
the precision stated for each particular method. Litera- 
ture data and our results show that among the different 
techniques used, only IR spectrometry is sufficiently 
precise for the determination of association constants. 
This allows for the direct determination of the concen- 
tration of one of the species being in equilibrium. Other 


methods for measuring the collective properties of the 
system are not sensitive enough to changes in concen- 
tration of particular species, especially in the low con- 
centration range. Our results demonstrate that the IR 
association constant properly describes these collective 
properties of the system. 


Direct results of dipole moment measurements 
(dependence of dipole moments of I-VI on concen- 
tration at 25 and 50°C; three tables) and the 
dependence of the average molecular weight of 1-111 on 
concentration (one table) are available from the authors 
on request. 
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LINEAR SOLVATION ENERGY RELATIONSHIPS BETWEEN 
ELECTROLYTE pK VALUES AND SOLVENT PROPERTIES FOR 
SEVERAL 2-METHYLPROPAN-2-OL-COSOLVENT MIXTURES 


ELISABETH BOSCH, * FERNANDO RIVED AND  MART^ ROSES* 
Departament de Quimica Analitica, Universitat de Barcelona, Avda. Diagonal 647, 08028-Barcelona, Spain 


The dissociation pK values of picric acid, tetrabutylammonium picrate, bromide and hydroxide and 
tetramethylammonium hydroxide in some 2-methylpropan-2-01-cosolvent mixtures were determined and 
correlated with the Taft and Kamlet solvatochromic parameters z*, 6, a and /3. The results show the most 
important solvent properties that affect electrolyte dissociation are polarity, polarizability and hydrogen bond 
acidity. These results were confirmed by analysis of published literature data. 


INTRODUCTION 


The study of solute-solvent and solvent-solvent inter- 
actions in mixed solvents has been gaining significance 
in the recent years,' because of the increasing appli- 
cations of these solvents. In previous disso- 
ciation pK values of electrolytes were determined in 
binary solvents of low permittivity, with 2-methyl- 
propan-2-01 or propan-2-01 as the main solvents. Equa- 
tions which relate the pK values with the solvent 
composition were derived and tested. The equationszt3 
were restricted to a limited range of main solvent- 
cosolvent mixtures, but the inclusion of a preferential 
solvation term extended the range of appli~ability.~ The 
parameter describing preferential solvation depends on 
the specific solute-main solvent and solute-cosolvent 
interactions, and therefore it is different for each 
electrolyte and cosolvent. 


One attempt to generalize the proposed equations3 
was made relating the pK values with the ET(30) 
Dimroth-Reichardt solvatochromic parameter,' which 
is a measure of the polarity of the medium. However, 
the correlations were limited to a restricted range of 
cosolvent and they deviated from the theoretical predic- 
tions depending on the particular cosolvent added. 
Deviations were attributed to specific interactions 
between the cosolvent and ET dye (which is sensitive to 
the solvent polarity and hydrogen bond acidity) or 
between the cosolvent and the electrolyte (which 


* Author for correspondence. 


depend on the polarity but also on the hydrogen bond 
capabilities of the electrolyte and cosolvent). A better 
result should be obtained if the pK values were corre- 
lated with all the independent parameters which 
measure the significant solute-solvent interactions. The 
purpose of this paper is the correlation of dissociation 
pK values of electrolytes in 2-methylpropan-2-01- 
cosolvent mixtures with the most significant solvent 
properties (polarity and hydrogen bond properties) in 
order to determine the influence of each property on the 
dissociation process. The ApK values previously deter- 
mined for picnc acid, tetrabutylammonium bromide, 
picrate and hydroxide and tetramethylammonium 
hydroxide in mixtures of 2-methylpropan-2-01 with 
propan-2-01, ethanol and methanol4 have been used. 
However, addition of the previously studied cosolvents 
produces variation of pK values in the same way 
(decrease of pK) and the study was extended with the 
determination of the variation of pK values with addi- 
tion of the aprotic cosolvents n-hexane and benzene, 
which increase the pK value. The inclusion of the two 
new cosolvents also produces a wider variation of the 
solvent properties. 


Solvent properties have been measured by means of 
the n*, a and B Taft and Kamlet solvatochromic 
parameters.6-8 These parameters can be easily deter- 
mined from the shift of the maximum of the absorption 
spectrum of indicator probes, and they have been 
successfully related with many solute properties. In this 
work, the ApK values of the electrolytes studied were 
correlated with variation of solvatochromic parameters. 
The good correlations obtained over the whole range of 
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solvent composition studied allow an easy interpretation 
of the influence of any solvent property on the electro- 
lyte dissociation. 


DISSOCIATION CONSTANTS AND SOLVENT 
PROPERTIES 


In an extensive series of papers, Taft, Kamlet and co- 
workers proposed the use of solvatochromic parameters 
in order to evaluate solute-solvent interactions for 
many Gibbs free energy-related properties through 
correlation analysis [linear solvation energy relation- 
ships (LSER)]. In 1985, the number of properties 
correlated exceeded 300,9 including the formation 
constants of acid-base pairs in CCl,, cyclohexane and 
o-dichlorobenzene6." and dissociation constants of 
protonated bases in However, application of 
the method to dissociation of the same electrolyte in 
different solvents or solvent mixtures was not investi- 
gated. Recently, Casassas and c o - ~ o r k e r s ' ~ ~ ' ~  used 
factor analysis for the correlation of solvatochromic 
parameters with dissociation constants of acids in 1,4- 
dioxane-water mixtures. 


The number of terms in the equation used to correlate 
the studied property depends on the significance of the 
solute-solvent interactions. When the property studied 
refers to a single solute in multi le solvents, the general 


XYZ= XYZ, + h d i  + s (n*  + dd) + aa + b/3 (1) 


where XYZ is the free energy-related property, 6, is the 
Hildebrand solubility parameter, which accounts for the 
cavity term, n* measures the solvent dipolarityl 
polarizability, 6 is a polarizability correction term (6 = 1 
for aromatic, 0.5 for polychlorinated and 0 for other 
organic compounds), a measures the solvent hydrogen 
bond donor capability, /3 measures the solvent hydrogen 
bond acceptor capability and XYZ,, h ,  s, d,  a and b are 
the intercept and coefficients of the correlation. 


When the property correlated does not involve 
significant changes in the cavity volumes, the term 6; 
drops out of equation (l).9 This occurs for binary 
solvents when the structure of the main solvent is 
retained because the amount of cosolvent added is not 
very large, as in this work. Therefore, an appropriate 
form of equation (1) applied to dissociation pK values 
of electrolytes in binary solvents rich in one solvent 
component should be: 


equation is usually expressed as !P 


pK=pK, + s (n"+ d6)+ aa  + b/3 (2) 
This equation was used by Casassas et al.I4 for 1,4- 
dioxane-water, although the final results led to statisti- 
cally non-significant a and b coefficients. 


In our previous work4 we used ApK instead of pK 
when we related the change in pK with the addition of a 
cosolvent to a solution of the electrolyte in a pure 


solvent. If this variation in pK (ApK) is related to the 
variation of solvent properties by the addition of a co- 
solvent (An*, Ad, A a  and AP), equation (2) becomes 


ApK = a, + s(An* + dAd) + aAa + bA/3 (3) 
where ApK, An*, Ad, A a  and A/3 use as reference one 
solvent (2-methylpropan-2-01 in our case), a, is the 
intercept of the correlation, which should equal zero, 
and the correlation coefficients s, d, a ,  and b measure 
the susceptibility of the change in pK to changing 
solvent polarity, polarizability, hydrogen bond acidity 
and hydrogen bond basicity, respectively. 


EXPERIMENTAL 


Apparatus. A Beckman DU-7 spectrophotometer, 
with 10 mm cells, connected to a microcomputer via a 
serial port was used for acquisition and numerical 
treatment of absorbance data. Density, viscosity and 
conductivity were measured with the apparatus 
described 


Sohatochromic indicators. The dyes used for determi- 
nation of solvatochromic parameters were 2,6-diphenyl- 
4-(2,4,6-triphenyl-l -pyridinium)- 1 -phenolate 
(Dimroth- Reichardt betaine dye; >95%, Aldrich), 4- 
nitroanisole (Merck) purified with active carbon and 
recrystallized from acetone-water and 4-nitroaniline 
(RPE, >99%, Car10 Erba). 


Solvents. The main solvent (2-methylpropan-2-01) 
and the cosolvents (propan-2-01, ethanol, methanol, n- 
hexane, benzene and triply distilled water) were the 
same as used in earlier 


Electrolytes. The electrolytes were the same as used 
previ~usly.~ 


Procedure. For the spectrophotometric measure- 
ments, measured volumes of each cosolvent were added 
to 50 ml of 1 0 - 4 ~  (for Dimroth-Reichardt's betaine 
dye and 4-nitroanisole) or 5 x lo-' M (for 4-nitroani- 
line) indicator dye solution in pure 2-methylpropan-2- 
01. The spectrum of the indicator dye was recorded in 
the ranges 500-800 nm (Dimroth-Reichardt's dye), 
275-325 nm (4-nitroanisole) and 340-400 nm (4- 
nitroaniline). The absorbance data was acquired using 
the DUMOD program." For conductivity measurements 
the method described previously was used., A closed 
vessel with exterior thermostating at 30 f 0.2 "C with a 
water flow was used. 


Calculation of solvatochrornic parameters. The 
wavelengths of maximum absorption of the Dimroth- 
Reichardt betaine dye, 4-nitroanisole and 4-nitroaniline 
spectra in each solvent mixture were obtained after 
numerical smoothing of the absorbance data. The 
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Taft-Kamlet solvatochromic parameters (n*, p and a )  
were calculated using the following  equation^:^*'^*'^ 


* 34.12-5, 
n =  (4) 2.343 


31.10-3 .14~~*-C~ 


2-79 (5 )  B =  


a=0.198V3 -2.091 -0.899(n*-0.2116)-0.148p 


(6) 
where V (in kK = 1000 cm-') is the wavenumber of the 
absorbance maximum; the subscripts 1, 2 and 3 refer to 
4-nitroanisole, 4-nitroaniline and Dimroth-Reichardt 
betaine solvatochromic indicators, respectively. In fact, 
equations (4)-(6) were developed for pure solvents, but 
following Marcus and Migron's work in different 
solvent we assume here that they can be 
applied to solvent mixtures. 


Calculation of pK. The pK values of the electrolytes 
in 2-methylpropan-2-01-hexane and 2-methylpropan-2- 
01-benzene mixtures were calculated using the 
Shedlovsky equation according to the procedure 
described earlier.4 


RESULTS AND DISCUSSION 


The n*, a and p values of the pure solvents used to 
prepare the binary solvents were determined and are 
presented in Table 1, together with the accepted litera- 
ture values at 25 O C . 1 7  n-Hexane is a non-polar, non- 
hydrogen bond donor and non-hydrogen bond acceptor 
solvent. Benzene has also no hydrogen bonding proper- 
ties, but its polarity is similar to that of 2-methylpropan- 
2-01. Propan-2-01 has polarity and hydrogen bond accep- 
tor capabilities very similar to those of 2-methylpropan- 
2-01, but it is a stronger hydrogen bond donor. Ethanol 
and methanol are stronger hydrogen bond donors and 
weaker hydrogen bond acceptors than 2-methylpropan- 
2-01. The polarities of ethanol and methanol are similar 


to that of 2-methylpropan-2-01. Therefore, addition of 
these cosolvents to 2-methylpropan-2-01 should change 
all the solvent properties. 


The n*, p and a values for the solvent mixtures 
studied were calculated using equations (4)- (6). How- 
ever, in calculating a by means of equation (6), it is not 
clear which 6 value should be used for the 2- 
methylpropan-2-01-benzene mixtures. For this reason, 
in the first instance a values were calculated only for 
the other solvent mixtures, for which 6 = 0. The varia- 
tions in n*, p and a values (An*, AD and A a ,  given in 
Table 2) with respect to the value in pure 2- 
methylpropan-2-01 were correlated with the ApK values 
given elsewhere4 for methanol, ethanol and propan-2-01 
cosolvents, and with the ApK values obtained here for 
n-hexane cosolvent (Table 3). The correlation obtained 
is presented in Table 4, and a graphical example is given 
in Figure 1 for picric acid. The hypothetical ApK values 
for picric acid which should be obtained for benzene 
mixtures if these mixtures were not susceptible to 
polarizability effects have also been included in Figure 
1. These ApK values were calculated from the correla- 
tion obtained for the other mixtures and the An*, A p  
and a hypothetical ha value for benzene mixtures, the 
latter parameter calculated from equation (6) assuming 
6 = 0. Figures similar to Figure 1 were obtained for the 
other electrolytes. In all these figures, the calculated 
ApK values for benzene mixtures deviate from the 
correlation line. Figure 2 presents the deviations 
obtained [ApK (experimental) - ApK (calculated)] as a 
function of the mole fraction of benzene in the mixture. 
For all the electrolytes studied the deviation is propor- 
tional to the mole fraction of benzene. Therefore, we 
conclude that for a non-polarizable main solvent 
polarizability effects can be considered to be propor- 
tional to the mole fraction of polarizable cosolvent: 


dmixtwc = Xmain solvent 6,- solvent 


+ xcosolvcnt ~cosol"c"r = Xcosolvent ~cosolvcnt (7) 


The a values of 2-methylpropan-2-01-benzene were 
calculated with equation (6) using these 6 mixture 
values. The results are presented in Table 2. 


Table 1. Solvatochromic parameters of pure solvents 


Literature values at 25 'C'' This work at 30 "C 


Solvent n* a B 6 n* a B 6 


Methanol 0.60 0.98 0.66 0.00 0.610 1.051 0.776 0.00 
Ethanol 0.54 0.86 0.75 0.00 0.555 0.853 0.877 0.00 
propan-2-01 0.48 0.76 0.84 0.00 0.495 0.633 1.050 0.00 
2-Methylpropan-2-01 0.41 0.42 0.93 0.00 0.504 0.303 1.064 0.00 
Benzene 0.59 0.00 0.10 1.00 0.601 -0.069 0.081 1.00 
n-Hexane 0.00 0.00 0.00 0.00 -0,064 0.095 0.011 0.00 
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Table 2. Variation in x * ,  a and B solvatochromic parameters in 2-methylpropan-2-01 by addition of cosolvents 


Cosolvent V. XU AX* Aa AB A 6  


Benzene 


Propan-2-01 


Ethanol 


Methanol 


n-Hexane 0~00200 
0.00398 
0.00794 
0.01961 
0.03846 
0.05660 
0.09091 
0.1 228 1 
0.13793 
0.16667 
0~00200 
0.00398 
0.00794 
0.01961 
0.03846 
0.05660 
0.09091 
0.12281 
0.13793 
0.16667 
0~00200 
0.00398 
0.00794 
0.01961 
0.03846 
0.05660 
0.09091 
0.12281 
0.13793 
0.16667 
0~00200 
0.00398 
0.00794 
0.01961 
0.03846 
0.05660 
0.09091 
0.12281 
0.13793 
0.16667 
0~00200 
0.00398 
0.00794 
0.01961 
0.03846 
0.05660 
0.09091 
0.12281 
0.13793 
0.16667 


0.00146 
0.00292 
0.00581 
0.01441 
0.02841 
0.04202 
0.06812 
0.09284 
0.10472 
0.12755 
0.002 14 
0.00427 
0.00851 
0~02100 
0.04113 
0.06046 
0.09686 
0.1 3054 
0.14646 
0-17661 
0.00249 
0.00496 
0.00987 
0.02432 
0.04748 
0.06957 
0.11 081 
0.14854 
0.16624 
0.19950 
0.00326 
0.00649 
0.01290 
0.03164 
0.06133 
0.08926 
0.14041 
0.1861 2 
0.20720 
0.24625 
0.00469 
0.00933 
0.01849 
0.04498 
0.08609 
0.12381 
0.19061 
0.24795 
0.27368 
0.32019 


0.000 
0.000 


-0.005 
-0.009 
-0.014 
-0.023 
-0.037 
-0.051 
-0.060 
-0.074 


0.000 
0.000 
0.000 
0.005 
0.005 
0.009 
0.009 
0.014 
0-019 
0.023 
0.000 
0.000 
0.000 
0.005 
0.005 
0.005 
0-005 
0.009 
0.009 
0.009 
0.000 
0.000 
0.000 
0.000 
0.005 
0.005 
0.005 
0.005 
0.009 
0.009 
0.000 
0.000 
0.000 
0.000 
0.000 
0.005 
0.005 
0.009 
0.009 
0.009 


-0.001 
-0.001 


0.001 
0.000 


-0.003 
-0.002 
-0.003 
-0.002 


0.000 
0.003 
0.000 
0.000 
0.000 


-0.004 
-0.005 
-0.009 
-0.012 
-0.018 
-0.023 
-0.030 


0.002 
0.004 
0.007 
0.014 
0.029 
0.042 
0.065 
0.080 
0.088 
0.103 
0.007 
0.012 
0.023 
0.050 
0.084 
0.115 
0.163 
0.200 
0.211 
0.236 
0.020 
0.036 
0.063 
0.120 
0.183 
0.225 
0.292 
0.337 
0.358 
0.393 


-0.003 
-0.003 


0.000 
-0.002 
-0.007 
-0.007 
-0.012 
-0.014 
-0.014 
-0.019 
-0.003 
-0.005 
-0.010 
-0.031 
-0.051 
-0.077 
-0,110 
-0.144 
-0.162 
-0.190 


0.000 
0.000 
0.000 


-0.003 
0.000 
0.002 
0.005 
0.002 
0.005 
0.007 


-0.013 
-0.015 
-0.020 
-0.023 
-0.028 
-0.028 
-0.028 
-0.031 
-0.036 
-0.036 


0.000 
-0.003 
-0.003 
-0.008 
-0.015 
-0.028 
-0.041 
-0.059 
-0.064 
-0.074 


0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.002 
0.004 
0.009 
0.021 
0.041 
0.060 
0.097 
0.131 
0.146 
0.177 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 


v = Volume fraction of cosolvent; x = mole fraction of cosolvent. 
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Table 3. Variation of pK values of electrolytes in 2-methylpropan-2-01 on addition of benzene and n-hexane 


Cosolvent 1) a X a  7 (P)” d (gml-I)” HPi Bu,NPi Bu,NBr Bu,NOH Me,NOH 


Benzene 0~00200 
0.00398 
0.00794 
0.0 1961 
0.03846 
0,05660 
0.09091 
0.12281 
0.13793 
0.16667 


n-Hexane 0.00200 
0.00398 
0.00794 
0.01961 
0,03846 
0.05660 
0.09091 
0.12281 
0.1 3793 
0.16667 


0.00214 
0.00427 
0,00851 
0~02100 
0.04113 
0.06046 
0.09686 
0.13054 
0.14646 
0.17661 
0.00146 
0.00292 
0.00581 
0.01441 
0.02841 
0.04202 
0.06812 
0.09284 
0.10472 
0.12755 


0.0330 
0.0326 
0.0318 
0.0296 
0.0265 
0.0239 
0.0200 
0.0173 
0,0162 
0.0147 
0.0330 
0.0326 
0.0319 
0.0299 
0.0270 
0.0242 
0.0204 
0.0175 
0,0163 
0.0145 


0.7776 
0.7778 
0.7782 
0.7794 
0,7813 
0.7831 
0.7866 
0.7898 
0.7914 
0.7943 
0.7772 
0.7769 
0,7765 
0.775 1 
0,7729 
0.7708 
0.7668 
0.7630 
0.7612 
0.7579 


0.02 0.01 
0.04 0.03 
0.08 0.06 
0.21 0.16 
0.41 0.32 
0.61 0.49 
0.99 0.78 


1.83 1.44 
0.01 0.01 
0.03 0.03 
0.06 0.06 
0.15 0.16 
0.31 0.32 
0.47 0.47 
0.78 0.77 


1.54 1.45 


0.02 
0.03 
0.06 
0.16 
0.31 
0.46 
0.74 
1.01 
1.13 
1.36 
0.01 
0.03 
0.06 
0.15 
0.29 
0.44 
0.72 
0.98 
1.10 
1.34 


0.01 
0.03 
0.07 
0.18 
0.34 
0.49 
0.79 


1.46 
0.03 
0.05 
0.09 
0.19 
0.34 
0.50 
0.80 


1.51 


0.02 
0.04 
0.08 
0.19 
0.37 
0.55 
0.90 
1.23 
1.39 
1.70 
0.02 
0.04 
0.07 
0.18 
0.36 
0.54 
0.88 
1.22 
1.39 
1.71 


a 7 =Viscosity; d = density; u and x as in Table 2. 
HPi = picric acid; Bu,NPi = tetrabutylammonium picrate; Bu,NBr = tetrabutylammonium bromide; Bu,NOH = tetrabutylammonium hydroxide; 


Me,NOH = tetramethylammonium hydroxide. pK values in pure 2-methylpropa1-2-ol are 5.33 (HPi), 4.45 (Bu,NF’i), 5.07 (Bu,NBr), 4.89 
@u,NOH) and 5.03 (Me,NOH). 


In a second correlation, the variation of K was 
correlated with the variation of the a ,  ,l3, n’ and 6 
parameters for all the electrolytes and mixtures studied 
(including benzene mixtures). The results obtained for 
this correlation are presented in Table 4. 


The independent term is statistically not different 
from zero, which means that the properties of the 
solvent expressed by the solvatochromic parameters can 
describe well the variations in the dissociation of 
electrolytes to modifying the composition of the solv- 
ent. Therefore, as expected, equation (3) can be 
simplified to 


(8) 
The s coefficients are negative in all instances, which 


means that an increase in the polarity of the mixed 
solvent decreases the pK value. Thus an increase in the 
polarity increases the solvation of the ions, and there- 
fore dissociation. The effect of polarity is similar in all 
the electrolytes studied, but slightly higher for picric 
acid and tetramethylammonium hydroxide, which have 
the smallest size and therefore the ions with the highest 
charge density. 


The negative sign of the d coefficients means that the 
polarizability of the solvent has an opposite effect to the 
polarity, that is, an increase in the polarizability 
increases the pK value. This increase is attributed to 


ApK = s(An* + dA6) + aAa+bA,l3 


solvation of the non-dissociated ion pair of the electro- 
lyte by the polarizable cosolvent. The n electrons of a 
benzene molecule surrounding an ion pair are repelled 
by the negative anion, but attracted by the positive 
cation. Hence a charge distribution is induced in the 
benzene molecule, which solvates specifically the ion 
pair. Therefore, solvation of the ion pair by polarizabil- 
ity of benzene is stronger than solvation of the 
dissociated ions and dissociation of the ion pair is 
disfavoured. This effect is similar in all the electrolytes 
studied since the d coefficients are very similar. 


The a coefficients are negative for all the electrolytes 
because an increase in the hydrogen bond donor capabil- 
ity of the solvent increases the solvation of the anion by 
hydrogen bond donation from the solvent to the anion, 
and therefore it increases electrolyte dissociation and 
decreases pK. The absolute values of a are lower than 
those of s because solvation by hydrogen bond donation 
from the solvent affects only the anion, whereas solva- 
tion by polarity affects both anion and cation. The ratio 
s/a,  included in Table 4, shows that solvation by 
polarity is about four times more important than solva- 
tion by hydrogen bond donation, except for picric acid, 
for which it is about seven times larger, probably 
because of the small size of the hydrogen ion. 


The b coefficient is not significant in most cases. 
Application of Student’s t-test shows that it is 
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Figure 1. ApK (calculated) vs ApK (experimental) for picric acid in 2-methylpropan-2-01-cosolvent mixtures according to the 
results of correlation 1 inTable 4. Cosolvents: 0, 2-propanol; +, ethanol; 0, methanol; A ,  n-hexane; x ,  benzene 


significantly different from zero at the 95% confidence 
level only for tetrabutylammonium bromide and 
hydroxide. For the latter, it is significant only at the 96% 
confidence level. Therefore, equation (8) probably can 
be simplified to 


ApK= s(An* + dAd) + aAa (9) 
Application of Ehrenson's criterion" shows that there 


are no significant differences between the fits of equa- 
tions (8) and (9) for picric acid, tetrabutylammonium 
picrate and tetramethylammonium hydroxide at the 90% 
confidence level. For tetrabutylammonium bromide the 
confidence level is 96% and for tetrabutylammonium 
hydroxide it is 99.9%. Anyway, the contribution of the 
bAD term is much smaller than those of the others, and 
since this contribution accounts for hydrogen bond 
donation from the solute to the solvent, which is not 
feasible for the tetraalkylammonium electrolytes and 
clearly not significant for picric acid, the preferred 
correlation equation for the studied electrolytes in the 
mixed solvents should be equation (9). The applicability 
of this equation was confirmed by the good fits obtained 
(Table 4 and Figure 3). 


A similar equation was applied by Taft et to 
Gibbs free energies of transfer (AG;) of tetraalkylam- 
monium halide pairs and dissociated ions between pure 
solvents. 


AG," = (AG?), + sn* + aa  + h d i  (10) 
Their results showed that the main factors that affect the 
transfer are polarity/polarizability (n*), hydrogen bond 
acidity ( a )  and the solubility parameter (d i ) .  The last 
term is needed because of the large differences in the 
structures of the pure solvents involved. Inclusion of a 
bD term produces no improvement in the statistical 
goodness of fit. The inclusion of a dd term was not 
necessary because none of the correlated solvents was 
polarizable. 


From the correlation of AG," of the ions and ion pairs 
studied," the correlation of ApK values for ion-pair 
dissociation was calculated. The coefficients of the 
equation obtained: 


ApK= SAX* + aAa + hA& (11) 
for each electrolyte are given in Table 5 and they are in 


good agreement with those in Table 4, confirming that 
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Figure 2. Differences between ApK (experimental) and ApK (calculated) vs mole fraction of benzene for different electrolytes. 
x, Picric acid; 0, tetrabutylammonium hydroxide; + , tetramethylammonium hydroxide; A ,  tetrabutylammonium picrate; 


0, tetrabutylammonium bromide 
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Figure 3. ApK (calculated) vs ApK (experimental) for picric acid in 2-methylpropan-2-01-cosolvent mixtures according to the 
results of correlation 3 in Table 4. Symbols as in Figure 1 
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Table 5. Correlations of variation of pK values of 
tetraalkylammonium halides in pure solvents calculated from 


Ref. 20 


Halide a s h x  100 


Tetramethylammonium iodide -7.5 -19.3 +3.0 
Tetramethylammonium bromide -7.5 -18.8 +2.9 
Tetramethylammonium chloride -7.8 -18.7 +2.9 


Tetraethylammonium bromide -6.7 -17.5 +2.6 
Tetraethylammonium chloride -7.0 - 17.5 +2.7 


Tetraethylammonium iodide -7.0 -17.9 +2.9 


the order of importance of the main solvent properties 
which affect dissociation of electrolytes is polarity % 
polarizability >hydrogen bond acidity > structure of the 
medium % hydrogen bond basicity. 


The results obtained in this work demonstrate the 
applicability of the LSER approach to dissociation of 
electrolytes in binary solvents of low permittivity as an 
appropriate method for quantification of the main 
solute-solvent interactions which affect dissociation 
processes. 
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MOLECULAR MECHANICS CALCULATIONS (MM3) ON ALKYL 
IODIDES 
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The MM3 force field has been extended to cover alkyl iodides. Structures, vibrational spectra and heats of formation 
have been well fitted to available experimental data. The experimental and ub initio conformational relationships are 
also satisfactorily reproduced 


INTRODUCTION 


There have been various force fields proposed for the 
treatment of organic halides. 1-3 Most of the early force 
fields were not based on adequate hydrocarbon force 
fields and were used only in connection with a small 
number of molecules or molecular types. Systematic 
studies of mono- and polyhalides within the framework 
of the MM2 force fieldzp3 were reported more than 10 
years ago. The derived MM2 force field reproduced the 
known structural and energetic relationships fairly well 
for fluoro-, chloro- and bromo-substituted alkanes. 
Over the past decade, new experimental results emerged 
and reliable ab initio results on structures and energies 


Table 1. Parameter set for alkyl iodidesasb 


Stretching parameters: 


Bond Ks 10 


1-14 2.15 2.166 


Bending parameters: 


Angle Kb eo 


1-1-14 0.65 106.0 (type 1) 
1-1-14 0.65 107.2 (type 2) 
1-1-14 0.65 107.0 (type 3) 
5-1-14 0.62 102.8 [types 1 and 2 (-CR2- and 


5-1-14 0.62 107.8 [type 3 (-CHz-)] 
-CRH-)I 


2-1-14 0.695 109.3 


* Author for correspondence. 


ccc 0894-3230/94/080420- 1 1 
0 1994 by John Wiley & Sons, Ltd. 


Torsional parameters: 


Dihedral angle VI vz v3 


1-1-1-14 -1.309 0.440 0.597 
5-1-1-14 O.Oo0 O.Oo0 0.333 


14- 1-2-5 0.000 0.160 0.090 


Electronegativity parameters: 


14-1-2-2 -0.700 -1.400 -1.400 


Bonds A lo 


5-1-1-14 - 0.005 
1-14-1-5 - 0.009 
1- 14- 1-2 0.009 


Bohlmann effect parameter: 


Bond Parameter 


1-14 +0.001 


a All distances are in angstroms, angles are in degrees, frequencies are 
in cm-' (wavenumbers) and energies are in kcalmol-' 
( I  kcal = 4.184 kJ),  unless stated otherwise. Abbreviations used in all 
tables: str., stretch; def., deformation; sym, symmetric; asym, 
antisymmetric. 
bAtom types: 1, saturated carbon; 2, alkene carbon; 5 ,  hydrogen; 14, 
iodine. 


of the smaller alkyl halides became available. These 
developments now permit a new parameterization of 
the halides force field so that not only the structural and 
energetic relationships, but also the vibrational spectra 
can be satisfactorily fitted at the same time. 


The MM3 force field has been described for alkanes4 
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and other compounds, and is more accurate and useful are presented in Table 1. Using these parameters, the 
than MM2 and other early force fields. This work is calculated vibrational frequencies (Tables 2-8), 
concerned with extending the MM3 force field to cover molecular structures (Table 9), conformational energies 
alkyl iodides. It should be pointed out that in some (Tables 10 and l l ) ,  and heats of formation (Table 12) 
ways it is more difficult to parameterize the force field are compared with available experimental data. 
for iodides than for the other classes of organic halides. 
This is because there are fewer experimental data 
available on iodides and, unlike the other halides, RESULTS AND DISCUSSION 


Vibrational spectra owing to the large number- of electrons in iodine, there 
have been revorted onlv a few ab initio calculations on 
these compounds. Thus one has very limited informa- 
tion available. We have derived an MM3 parameter set 
for alkyl iodides in this work, and it seems that this set 
of parameters reproduced the available structural and 
vibrational data successfully to within the usual limita- 
tions of the MM3 force field. The parameters derived 


The vibrational spectra of a few alkyl iodides have been 
studied experimentally. Complete assignments of all the 
normal modes are available in the literature for methyl 
iodide, ethyl iodide, ' isopropyl iodide, 8 s 9  gauche-l- 
propyl iodide, lo*ll trans-1 -propyl iodide, lo*ll tert-butyl 
iodideI2 and 3-iod0propene.'~ As there have been 


Table 2. Vibrational spectra of methyl 


Symmetry Mode MM3 Experimental' Difference Assignment 


E 1 3027 3049 - 22 C-H str. 
2 1404 1425 - 21 HCH bend 
3 910 891 19 HCI bend 


5 1269 1241 28 HCH bend 
6 525 523 2 C-1 str. 


C-H str. A1 4 2918 2941 - 23 


'See footnote a, Table I .  


22 cm-' and the average deviation is - 5 cm-I. 
'Ref. 6. 


The root-mean-square deviation (RMS) between the calculated and observed frequencies is 


Table 3. Vibrational spectra of ethyl iodideasb 


Symmetry Mode MM3 Experimental' Difference Assignment 


A'  1 
2 


A " 


3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 


2988 
2939 
2894 
1454 
1434 
1370 
1253 
1004 
968 
513 
248 


3000 
2988 
1467 
1150 
1004 
742 
237 


2974 
2974 
2919 
1450 
1435 
1377 
1203 
1049 
950 
498 
262 


3014 
2974 
1450 
1203 
998 
743 
223 


14 
- 35 
- 25 


4 
-1 
-7  
50 


- 45 
18 
15 


-14 
-14 


14 
17 


- 53 
6 


-1  
14 


CH3 asym str. 
CHI sym str. 
CH3 sym str. 
CHI asym def. and CH2 bend 
CH2 bend and CH3 asym def. 
CH3 sym def. and C-C str. 
CHI wag. 
CH3 rock and CC str. 
CC str. and CHI rock 
C-1 str. and CCI bend 
CCI bend and C-I str. 
CH2 asym str. 
CH3 asym str. 
CHI asym def. 
CHI twist and CH3 rock 
CH2 twist and CHI rock 
CH2 rock and CH3 rock 
CH3 torsion 


a See footnote a, Table 1. 
bThe root-mean-square deviation (RMS) between the calculated and observed frequencies is 25 cm-' and the 
average deviation is -3  cm-I. 
'Ref. 7. 
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Table 4. Vibrational spectra of isopropyl iodideavb 
~ ~~~ 


Symmetry Mode MM3 Experimental' Difference Assignment 


A '  1 
2 


A " 


3 
4 
5 
6 
7 
8 
9 


10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 


299 1 
2989 
298 1 
2896 
1475 
1460 
1416 
1261 
1070 
1031 
866 
508 
393 
251 
240 


2989 
2981 
2896 
1469 
1459 
1438 
1316 
1068 
961 
943 
254 
231 


2918 
296 1 
2925 
2882 
1468 
1458 
1389 
1210 
1153 
1020 
819 
499 
398 
269 
192 


2991 
2934 
2890 
1468 
1459 
1389 
1321 
1113  
937 
925 
269 
217 


13 
28 
56 
14 
1 
2 


21 
51 


- 83 
1 1  


-13 
9 


- 5  
-12 


48 
- 8  
53 
6 
1 
0 


49 
- 5  
- 45 


30 
18 


-15 
20 


Sym CHI str. 
Sym CH3 str. 
CH str. 
Sym CH3 str. 
Asym CH3 bend 
Asym CH3 bend 
Sym CHI bend 
Methine HCC bend 
CH3 rock/CC str./CCC and CCI bend 
CH3 rock/methine HCC bend 
CC str./CH3 rock 
CCC and CCI bend/C-I str. 
CCC and CCI bend 
C-I str./CCC and CCI bend 
CH3 torsion 
Asym CH3 str. 
Asym CH3 str. 
Asym CH3 str. 
Asym CHI bend 
Asym CH3 bend 
Sym CH3 bend 
Methine HCC bend/CC str. 
CC str./methine HCC bend 
CH3 rock/CC str. 
CH3 rock/methine HCC bend 
CCC and CCI bend 
CH3 torsion 


'See footnote a, Table 1. 
bThe root-mean-square deviation (RMS) between the calculated and observed frequencies is 32 cm-' and the average 
deviation is 10 cm-' 


Ref. 9. 


almost no complete experimental structural data 
reported, except for methyl iodide, ethyl iodide and 
3-iodopropene, the available vibrational frequencies are 
important criteria in our parameterization. The 
parameterization was started with the MM3 hydro- 
carbon parameters, and the iodide parameters of the 
MM2 force field were added as an initial approxima- 
tion. Needed parameters absent from the MM2 force 
field were first estimated with the parameter-estimation 
routineL4 in MM3. The various parameters were then 
adjusted to fit the available data insofar as possible. 
Tables 2-8 compare the calculated frequencies with the 
experimental assignments. 


The root-mean-square (RMS) error between the 
calculated and experimental frequencies of methyl 
iodide (Table 2) is 22 cm-'. When the electronegativity 
effect was not taken into account, the RMS error was 
45 cm-'. This difference is mainly due to the fact that 
the C-H stretching frequencies were systematically 
underestimated when the electronegativity and 
Bohlmann effectsI5 were not considered. The modes 
that involve the C-I moiety are all very well repro- 


duced. With the present parameters, the average error 
is - 5 cm-', which indicates little systematic error. 


For ethyl iodide, the RMS error between the calcu- 
lated and experimental frequencies is 25 cm-', com- 
pared with the value of 35 cm-I obtained without 
taking into account the electronegativity and Bohlmann 
effects. I' The average error is now - 3 cm-'. 


The RMS errors between the calculated and available 
experimental frequencies of isopropyl iodide, gauche-l- 
propyl iodide, trans- 1 -propyl iodide and tert-butyl 
iodide are slightly larger than those of methyl and ethyl 
iodides. However, they are comparable to the results of 
most other classes of saturated molecules studied with 
MM3 (ca 35 cm- I ) .  Additionally, the experimental 
assignments for the larger molecules tend to be less reli- 
able. Thus the spectra of methyl and ethyl iodides were 
given higher weight in our assignment of the force field 
parameters. 


The complete assignment of the normal modes of 
gauche-34odopropene was published recently. l 3  The 
RMS error between the frequencies calculated by the 
MM3 force field and the experimental assignments is 
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Table 5. Vibrational spectra of gauche-1-propyl iodidea*b 


Symmetry Mode MM3 Experimental' Difference Assignment 


A 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 


2997 
2978 
2968 
294 1 
2937 
2893 
2877 
1480 
1468 
1462 
1447 
1403 
1375 
1282 
1229 
1170 
1051 
1022 
993 
875 
837 
736 
513 
385 
252 
188 
111 


3000 
2967 
2967 
2967 
2938 
2876 
2846 
1458 
1458 
1435 
1427 
1382 
1340 
1276 
1194 
1148 
1076 
1020 
1012 
880 
816 
764 
505 
355 
20 1 
- 
- 


- 3  
11 


1 
- 26 


-1 
17 
31 
22 
10 
27 
20 
21 
35 
6 


35 
22 


- 25 
2 


-19 
-5  
21 


- 28 
8 


30 
51 
- 
- 


Asym CH str. (C-CHZ-I) 
Sym CH str. (C-CHZ-I) 
Asym C-H str. (CH3) 
Asym C-H str. (CH3) 
Asym CH str. (C-CHZ-C) 
Sym CH str. (CH3) 
Sym CH str. (C-CHZ-C) 
Asym CH3 bend/CHz bend 
Asym CHI bend 
Asym CH3 bend/CH2 bend 
CHI bend (C-CHZ-I) 
CH3 sym bend/CC str. 
CHz wag. (C-CHz-C)/CC str. 
CHI twist (C-CHZ-C) 
CH2 twist (C-CHZ-I) 
CHZ wag (C-CH2-I) 
CC str./C-I str. 
CH3 rock/CHZ wag./CHZ twist 
CH2 twist/CHz wag. 
CC str./CH3 rock 
CHz rock/CH3 rock 
CH2 rock/CH3 rock 
C-I str./CCC and CCI bend 
CCC bend/C-I str. 
CCI bend/C-I str./CCC bend 
Torsion 
Torsion 


'See footnote a, Table 1. 
bThe root-mean-square deviation (RMS) between the calculated and observed frequencies is 23 cm-l and the average 
deviation is 11 cm-I. 
'Ref. 11. 


32 cm-I. To calculate the vibrational frequencies of 
this molecule, the MM3 parameters derived from fitting 
the available data for the alkyl iodides were not altered. 
Additions were parameters for the bond angle 2-1-14 
and for the torsion angles 14-1-2-2 and 14-1-2-5 
(the numbers are the atom types used in MM3; see 
footnote b, Table 1). The latter were determined by 
fitting the ab initio torsional curves (see later). Also, an 
electronegativity parameter for the effect of a type 2 
carbon (sp2) on a C-I bond was needed to  fit the 
observed moments of inertia for this molecule. We 
believe the present parameters are satisfactory. 


For isopropyl iodide, it should be noted that the dif- 
ferences between the MM3 and experimental values of 
the two methyl torsional frequencies are 48 cm-' 
(A' mode) and 20cm-' (A" mode). These deviations 
are somewhat high because we need to  compromise 
to  fit the barrier of internal rotation of ethyl 
iodide. The latter is calculated too low by about 
0 .4  kcalmol-' (MM3 3.10 kcalmol-', experiment 
3.22-3.66 kcalmol-I). The ab initio result is 
3.6 kcalmol-' (see Table 10). 


In order to have a better fit to  the C-H frequencies, 


we introduced not only an electronegativity effect but 
also a Bohlmann effect to  the calculations, as was 
earlier found desirable when lone pairs were present. I 5  
The electronegativity effect changes the bond lengths of 
both the a- and P-C-H bonds (the latter 40% as much 
as the former). The Bohlmann effect changes only the 
bond length of the a-H.  These bond length changes lead 
in turn t o  frequency changes. '' The electronegativity 
effect and Bohlmann effect parameters were fixed at 
- 0.005 and 0.001, respectively. These values minimize 
the differences between the experimental and MM3 
C-H stretching frequencies. The negative value of the 
former indicates that the iodine is moderately elec- 
tronegative, and the small value of the latter indicates 
very little delocalization of the lone pairs on iodine into 
the C-H antibonding orbitals, as expected because of 
the poor overlap. 


Structures and moments of inertia 


Complete experimental molecular structural parameters 
were reported for methyl iodide, l 6  ethyl iodide and 
gauche-3-iodopropene. ",I9 Microwave studies of 
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Table 6. Vibrational spectra of trans-1-propyl 


Symmetry Mode MM3 Experimental' Difference Assignment 


A '  1 
2 
3 


A " 


4 
5 
6 
7 
8 
9 


10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 


2968 
2939 
2893 
2874 
1477 
1454 
1438 
1389 
1362 
1239 
1052 
989 
89 1 
602 
278 
196 


3000 
2970 
2943 
1456 
1234 
1161 
1023 
85 1 
734 
229 
109 


2967 
2967 
2876 
2846 
1458 
1435 
1435 
1380 
1325 
1185 
1090 
1020 
896 
594 
287 
201 


3000 
2961 
2938 
1458 
1278 
1185 
1012 
819 
728 
- 
- 


1 
- 28 


17 
28 
19 
19 
3 
9 


37 
54 


- 38 
- 31 
-5 


8 
- 9  
-5 


0 
3 
5 


-2  
- 44 
- 24 


10 
32 
6 


- 
- 


C-H sym str. (C-CHz-I) 
C-H asym str. (CHj) 
C-H sym str. (CH,) 
C-H sym str. (C-CH2-C) 
CHj asym bend/CHl bend 
CHZ bend(CCC)/CHz bend 
CH2 bend (CCI) 
CH3 sym bend/CC str. 
CH2 wag. (CCC)/CC str. 
CHZ wag. (CCI) 
CC str./CH3 and CH2 rock 
CC str./CH2 wag/CHz rock 
CC str./CH3 rock 
C-I str./CCC and CCI bend 
CCC bend/CHz bend (CCC) 
CCI bend/C-I str. 
C-H asym str. (C-CHZ-I) 
C-H asym str. (CHz) 
C-H asym str. (C-CH2-C) 
CH3 asym bend 
CH2 twist 
CHI twist/CHz and CH3 rock 
CHZ twistlCH2 rock 
CH3 rock/CHz rock 
CHz rock 
Torsion 
Torsion 


"See footnote a, Table 1. 
hThe root-mean-yquare deviation (RMS) between the calculated and observed frequencies is 24 cm-  ' and the 
average deviation IS 3 cm ~' 
'Ref.  11. 


several other molecules including isopropyl iodide, 2o 


gauche-1-propyl iodide, 2 1 ~ 2 2  trans-1-propyl iodide2'*22 
and tert-butyl iodide23 were also reported, but because 
of the large number of independent geometrical para- 
meters in these molecules, complete structural 
determinations were not carried out. Some of the struc- 
tural parameters of the C-I moiety were derived from 
the microwave spectra by assuming values for various 
geometrical parameters. So derived structural para- 
meters are, of course, less reliable. The structural para- 
meters calculated by the MM3 force field are compared 
with the available 'experimental' results and ab initio 
results in Table 9, including the moments of inertia. A b  
initio calculations were performed using the TX90 pro- 
gram.24 The energy minima with respect to  nuclear 
coordinates were calculated by the simultaneous relaxa- 
tion of all the geometric parameters using the gradient 
technique25 with the geometry DIIS algorithm. 26 The 
basis set used was the 3-21G basis set for carbon and 
hydrogen atoms, and a Gaussian basis set consisting of 
15 s-type, 11 p-type and 6 d-type functions for the 
iodine atom. This basis set was designed specifically for 
fourth-row main group elements. 27 It should be pointed 


out that owing to  the large number of electrons in 
iodine, ab initio calculation at  this level should not be 
considered as reliable as for hydrocarbon compounds. 
However, comparing the available experimental and ab 
initio structural parameters, it seems that structural fea- 
tures are reproduced adequately at this level of theory. 


As is shown in Table 9, the structures of methyl 
iodide and ethyl iodide are well reproduced by the MM3 
force field. The moments of inertia are also in good 
agreement with the experimental data. The largest devi- 
ation between the calculated and experimental moments 
of inertia was found for gauche-1-propyl iodide. The 
reason for these larger deviations is that we d o  not 
include the torsion-bend interaction in MM3, and it is 
expected to  have some effect here. We believe that this 
set of CCCI (type 1-1-1-14) torsional parameters is 
reasonable, because it also fits the experimental axial- 
equatorial free energy difference for cyclohexyl iodide 
(see Table 11). 


Conformational energies 


Molecular conformational energies calculated by MM2 







MOLECULAR MECHANICS CALCULATIONS ON ALKYL IODIDES 425 


Table 7. Vibrational spectra of ferf-butyl iodideasb 


Symmetry Mode MM3 Experimental' Difference Assignment 


E 1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 


A2 
20 
21 
22 
23 
24 


2991 
2989 
2897 
1480 
1461 
1431 
1192 
917 
92 1 
378 
272 
244 


2990 
2897 
1473 
1420 
1130 
806 
514 
245 


2988 
1470 
969 
245 


2970 
2970 
2890 
1456 
1456 
1370 
1230 
1029 
928 
386 
259 
227 


2970 
2890 
1456 
1370 
1139 
804 
490 
259 
- 
- 
- 
- 


21 
19 
7 


24 
5 


61 
- 38 
- 52 
-7  
-8  
13 
17 
20 
7 


17 
50 


- 9  
2 


24 
-14 
- 
- 
- 
- 


CH3 asym str. 
CHI asym str. 
CHs sym str. 
CHs asym def. 
CH3 asym def. 
CH3 sym def. 
C-C str. 
CH3 wag. 
CH3 wag. 
Skeletal def. 
CHI torsion 
Skeletal def. 
CH3 asym str. 
CH3 sym str. 
CH3 asym def. 
CHI sym def. 
C-C str. 
CH3 wag. 
C-I str. 
Skeletal def. 
C-H str. 
CH3 sym def. 
CH3 wag. 
CH3 torsion 


a See footnote a, Table I .  


28 cm-' and the average deviation is 7 cm-'. 
'Ref. 12. 


The root-mean-square deviation (RMS) between the calculated and observed frequencies is 


Table 8. Vibrational spectra of 3-i0dopropene~*~ 


Symmetry Mode MM3 Experimental' Difference Assignment 
~ ~~ ~ 


A 1 3017 3100 7 =CH2 asym str. 
2 3041 3033 8 -CH2 asym str. 
3 3010 3020 -10 =CH str. 
4 3004 2990 14 =CHI sym str. 
5 2944 2976 - 32 CH2 sym str. 
6 1675 1643 32 C=C str. 
7 1480 1450 30 CHZ def. 
8 1375 1404 - 29 =CH2 def. 
9 1260 1298 - 38 =CH bend 


10 1223 1197 26 CH2 twist 
1 1  1147 1157 - 10 CH2 wag. 
12 1100 1059 41 =CH2 wag. 
13 1071 993 78 CH bend 
14 973 938 35 =CHI rock 
15 952 925 27 C-C str. 
16 755 821 - 66 CH2 rock 
17 665 672 - 7  =CH2 twist 
18 512 502 10 C-I str. 
19 382 384 -2 CCC bend 
20 235 232 3 CCI bend 
21 106 95 11 Asym torsion 


a See footnote a, Table 1. 
bThe mean deviation (RMS) between the calculated and observed frequencies is 32 cm-' and the 
average deviation is 6 cm-I. 
'Ref. 13. 
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Table 9. Molecular structures and moments of inertia of alkyl iodides" 
~~~ 


Methyl iodide Experimental (MW) MM3 Ab initio 


c--I 2-1358 2.1446 2-  1956 
C-H 1 *084 1.1075 1.0759 
HCI 107.47 109.53 107.56 
Dipole moment 1.66 1.74 
Moments of inertia 


l a  3.25859 3.2947 (1.10%) 3.1816 
Ibt  Ic 67.3743 68.1337 (1 . 1 1 Yo) 70.5 169 


Ethyl iodide Experimental (MW)d MM3 Ab initio 


c--I 
c-c 
c-c-I 
CHz 


C-H 
H-C--I 
H-C-C 


CH3 
CHs 
CHa 
CCH, 
CCHa 
HsCHa 
HaCHa 


Dipole moment 
Moments of inertia' 


I a  
I b  
I, 


2.151 
1.521 


111.62 


1.086 
104.83 
109.85 


1-093 
1-093 


108.6 
110-8 
109.32 
107.93 


1-98 


17.3571 
169.6 140 
180.7205 


2.1517 
1.5239 


112.02 


1.1118 
105.00 
112.69 


1.1131 
1.1131 


111.05 
111.85 
107.12 
107.65 


1.74 


17.5075 (0.86%) 
170.3126 (0.41%) 
181.3025 (0.32%) 


2.2068 
1.5296 


112.13 


1.0768 
105.16 
112.09 


1.0861 
1.0817 


108-96 
111.11 
108.48 
108-62 


17.2839 
176-7520 
187-7954 


Isopropyl iodide Experimental (MW)'.' MM3 Ab initio 


c--I 2.144-2.223 2.1704 2.2190 
c-c 1.538-1 *498 1.5288 1.5309 
c-c-c 11 1 *5-116.1 112.27 112.18 
c-c-I 109.82 
Dipole moment 1.97 1 *70 
Moments of inertia' 


I ,  63.0002 63.5886 (0.93 Vo) 62 * 8672 
231.0732 232.9343 (0.37 YO) 240.8540 


I ,  278.0465 280.0336 (0.71 "70) 287.6650 


gauche-1-Propyl iodide Experimental (MW)'*8 MM3 Ab initio 


Ib 


c-I 
CCI 
CCCI 
Dipole moment 
Moments of inertia' 


1, 


I, 
I b  


2.196 2.1531 
114.08 114.06 
63.73 65.6 


1.64 1-74 


2.2100 
113.49 
68.74 


47-6975 47-7899 (0.19%) 47.4125 
283.653 1 287.5245 (1.35%) 297.464 
3 13.08 14 316-9256 (1.21%) 326- 1450 


(Continued) 
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Table 9 Continued 


trns-1-Propyl iodide Experimental (MW)f,g MM3 A b  initio 
~ 


c-I 2.206 2.1524 2.2059 
CCI 110.5 112.21 112.47 
CCCI 180 180.0 180.0 
Dipole moment 1.70 1.74 
Moments of inertia' 


1, 20.4517 20.6377 (0.90%) 20.2709 
z b  387.2015 390.205 1 (0.77%) 400.1940 
I,  398.1334 401.0984 (0.74%) 41 1.1260 


3-lodopropene Experimental (MW)h Experimental (ED)' MM3 A b  initio 


C(1)-C(2) 
c(1)-~(3) 
c (  1)-~(4) 
~ (2 ) - -~ (5 )  
C(2)--H(6) 
C(3)--H(7) 
C(3)--I(8) 
C(3)--H(9) 
C(2)-C( 1)-c(3) 
C(2)-C( 1)-H(4) 
C( 1)-C(2)-H(5) 
C( l)-C(2)-H(6) 
H(5)-C(2)-H(6) 
C( l)-C(3)-H(7) 
C( l)-C(3)-1(8) 
C( 1)-C(3)-H(9) 
H(7)-C(3)-1(8) 
H(7)-C(3)--H(9) 
1(8)-C(3)-H(9) 
C(2)-C( l)-C(3)-1(8) 
Dipole moment 
Moments of inertia' 
L3 


z c  


z b  


1.348 
1.493 
1-080 
1.080 
1.080 
1.095 
2.189 
1.095 


121.6 
120.0 
120.0 
120.0 
120.0 
107.0 
107.6 
107.0 
112.0 
111.0 
112.0 
119.4 


1.60 


1.348 
1.478 
1.081 
1.081 
1.081 
1.081 
2-186 
1.081 


123.0 
120.0 
120.0 
120.0 
120.0 
110.6 
111.7 
110.6 
107.2 
109-5 
107-2 
111.0 


1-3389 
1.5010 
1.1040 
1.1022 
1.1018 
1.1071 
2.1661 
1.1071 


123-98 
119.11 
120.75 
121.21 
118.04 
112.44 
111.78 
113.43 
105.21 
108-76 
104.61 
112.6 


1.74 


1.3167 
1.4920 
1.0740 
1.0725 
1.0740 
1-0771 
2.221 1 
1.0765 


123.62 
120.49 
121.46 
122.05 
116-49 
112-47 
111.65 
112.66 
103.81 
110.27 
105.40 
113.04 


28.6576 
318.4480 
328.8074 


28.9920 (1.15%) 
322.2456 (1.18%) 
332.3295 (1.18%) 


28.5285 
328.3820 
338.6180 


tert-Butyl iodide Experimental (MW)'.' MM3 Ab  initio 
~~ ~ ~~ ~~ 


c-I 2 190(5) 2-1918 (0.0018) 2.2297 
Dipole moment 1.89 1.74 
Moments of inertia 


La - 1 12.6432 11 1.1859 
zb, zc 323.8351 326.9680 (0.97%) 334.7089 


a See footnote a, Table I .  
bRef. 16. 
'Numbers in parentheses are differences between the MM3 and experimental results, expressed as a percentage. Since the 
MM3 values have r, bond lengths and the experimental values are r,, the former moments of inertia should be larger than 
the latter by about 0.5-1.0%. 
dRef. 17. 
'Ref. 20. 
'Structural parameters not listed in the table were hxed in the experimental work. 
'Ref. 21. 
hRef. 18. 
'Ref. 19. 
'Ref. 23. 
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and MM3 are closely related to  the torsional par- 
ameters. For monoiodoalkanes, there are only two 
kinds of torsional angles associated with the iodine 
(atom type 14): 1-1-1-14 and 5-1-1-14. In order to  
carry out calculations on gauche-3-iodopropene, tor- 
sional parameters for the 14-1-2-2 and 14-1-2-5 
were also required. All of these torsional parameters 


were determined by fitting the MM3 calculations to ab 
initio torsional energy curves. The latter were calculated 
by fixing the torsional angles a t  15" increments, while 
optimizing geometries with respect to the rest of the 
degrees of freedom. These calculations were carried out 
a t  the SCF level using the same basis set as for geometry 
optimizations. Although the basis set and ab initio level 


Figure 1. Relative energies as a function of torsional angle (C-C-C-I) of I-propyl iodide 
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are perhaps not really adequate for a good description 
of alkyl iodides, owing to error cancellations, the calcu- 
lated torsional energy curve should be reasonably 
reliable. Comparisons between the ab initio torsional 
energy curves and those obtained from the MM3 calcu- 
lations are given in Figures 1 and 2. As can be seen, the 
MM3 force field satisfactorily reproduces the ab initio 
conformational energy relationships for these mol- 
ecules, indicating that the MM3 torsional parameters 
are adequate. 


There have been some experimental studies on the 
barrier to internal rotation in ethyl iodide. The result 
from our MM3 calculations is 3.10 kcalmol-I, which is 
in good agreement with the ab initio value and the 
experimental results derived from Raman studies 
(Table 10). 


We also calculated the energy difference between the 
axial and equatorial conformers of cyclohexyl iodide 
(Table 11). The experimental axial-equatorial free 
energy differences range from 0.43 to 0.47 kcalmol-' 
(in solution). Our calculated result is 0.48 kcalmol-', 
in agreement with the experimental results. 


Heats of formation 


The heats of formation of alkyl iodides were calculated 
using the usual bond energy scheme. 32 The parameters 
to  be fitted were the 1-14 bond energy and structural 
parameters for methyl iodide and secondary and ter- 
tiary iodides. The structural parameter for primary 
iodide is redundant and therefore was set equal to  zero. 
Hence there are four parameters to  be fitted. The gas- 
phase heats of formation for six alkyl monoiodides 
were available. The input and output data of the least- 
squares fitting of the heat parameters are given in 
Table 12. As there are few experimental data available, 
they are fitted very well, but the small RMS value is 
fortuitous. 


Table 10. Barriers to internal rotation in ethyl iodide 


Experimentala MM3 A b  initio 


Energy (kcalmol-') 3.22-3.66 3.10 3.60 


aRef.  28 


Table 12. Heats of formation for alkyl iodidesa*b 


Hr (0) 
Difference 


Compound Calc. Exptl (Calc. - Exptl) 


Methyl iodide 3.29 3.29 0.00 


Isopropyl iodide -9.45 -10*00 0.55 
n-Propyl iodide -7.24 -7.30 0.06 
tert-Rutyl iodide -17.60 -17.60 0.00 


Ethyl iodide -2.06 -2.00 - 0.06 


Cyclohexyl iodide -12.76 -12.20 -0.56 


C--I (1-14)= 13.290 MET. = 1.180 
SEC. = -2.825 TER.= -7.010 


~ ~~~~ 


aThe standard deviation is 0.32 based on six equations. 
bThe parameters used in fitting the heats of formation are as follows 
(see Ref. 32 for details). The sum of heats is -13.77 kcalmol-I for 
methyl iodide, -19.46 kcalmol-I for ethyl iodide, -25.15 kcalmol-I 
for isopropyl iodide, -26.19 kcalmol-I for I-propyl iodide, 
30'83 kcalmol-' for tert-butyl iodide and -35.81 kcalmol-I for 
cyclohexyl iodide. The steric energy is 0.19 kcalmol-I for methyl 
iodide; 1.71 kcalmol-' for ethyl iodide, 2.84 kcalmol-I for isopropyl 
iodide, 2.73 kcalmol-I for 1-propyl iodide, 4.55 kcalmol-I for fert- 
butyl iodide and 8.79 kcalrnol-' for cyclohexyl iodide. The POP and 
TORS contributions are zero for methyl iodide, ethyl iodide, isopropyl 
iodide and terf-butyl iodide, 0.1 I and 0.42 for I-propyl iodide and 
0.14 and 1.26 for cyclohexyl iodide. 
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Table 11. Axial-equatorial free energy differences for cyclohexyl iodide 


Experimentala Experimentalb Experimental' Calculated 


Energy (kcal mol-') 0.43 0.47 0.46 0.48 


'Best values, 1967; see Ref. 29. 
b P M R  in CS2 experiment; see Ref. 30. 
'Carbon-13 NMR data; see Ref. 31. 
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THE VOLUME PROFILE FOR A CHELETROPIC REACTION 
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The volumes of activation and of reaction were measured for the reaction between sulphur dioxide and 2,3- 
dimethylbuta-1,3-diene to form 3,4-dimethylsulpholene. Values of AV and AV* are -33 and -35 cm3 mol-’, 
respectively in accordance with a concerted reaction having a very product-lie transition state. 


INTRODUCTION 


The volume profile for a reaction, the change in partial 
molar volumes for both activation and reaction, gives 
useful information concerning the nature of the tran- 
sition state and its relationship with reagents and pro- 
ducts. ’,* Although a large number of volume profiles 
for Diels-Alder reactions have been reported, those for 
chelotropic reactions, cycloadditions between dienes 
and a single atom 27r component, have not. Accord- 
ingly, we report here data for the best known reaction 
of this type, that between a 1,3-diene (2,3-dimethylbuta- 
1,3-diene) and sulphur dioxide, which leads quantitat- 
ively to the sulpholene, 13. 2,3-Dimethylbuta-l,3-diene 
is fairly reactive towards SO2 since it prefers a cisoid 
diene conformation. The disrotatory course of this 
reaction has previously been demonstrated and the peri- 
cyclic nature justified theoretically by Woodward and 
Hoffmann,’ so that prior expectations for the volume 
profile would be for large, negative values for both A V 
and A V*, parallel to those for Diels-Alder reactions 
(around - 35 cm3 mol-’). These volumes of activation 
are frequently even more negative than are the corre- 
sponding volumes of reaction, which is usually attrib- 
uted to non-bonding interactions between the diene and 
substituents such as carbonyl groups on the dienophile 
in the transition state. Since it is difficult to see how 
such ‘secondary orbital interactions’ could be possible 
in a chelotropic reaction for steric reasons, the present 
measurements were undertaken in part to test the 
hypothesis. 


t Author for correspondence. 


EXPERIMENTAL AND RESULTS 


A 1 cm path length spectrophotometer cell (Spectrocil) 
was filled with redistilled dimethylbutadiene and 
sulphur dioxide was passed in slowly through a capil- 
lary until the absorbance at 320 nm rose to around 1.5.  
A stopper having an open top connecting the cell by a 
capillary (Figure 1) was then inserted, filled to above the 
capillary with dimethylbutadiene-SO2 and a quantity of 
mercury inserted in the top. In this way, pressure could 
be transmitted without damage to the cell while the 
reacting solution remained isolated from the sur- 
rounding medium. The apparatus was then placed 
inside a thermostated pressure vessel fitted with sap- 
phire windows which was mounted inside the spec- 
trometer. The vessel was filled with hexane as 
pressure-transmitting medium. After attaching the 
threaded closure, the apparatus was raised to the 
desired pressure by a hand pump. Progress of reaction 
was then monitored at 320 nm and first-order rate con- 
stants were obtained using the Guggenheim procedure. 


The volume of activation was obtained from 
equation (1) and a plot of In k against p was found to 
be linear over the experimental range (Figure 2). 


A V* = - RT d(ln k)/dp (1) 


The volume of reaction, V, was determined by 
measurement of separate partial molar volumes for the 
reactants and product in hexane solution at concen- 
trations, c, between 0.02 and 0.05 M. A Paar high- 
precision densitometer was used to measure densities of 
solutions ( p )  and solvent ( P O ) ,  obtaining values of V 
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from the equation 


1 o w P O  - P )  + g V =  


The results are given in Table 1 .  
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Figure2. Plot of In (relative rate) for the reaction between 
2,3-dimethylbuta-l,3-diene and sulphur dioxide versus 


pressure 


Table 1. Reaction rates as a func- 
tion of pressure 


p (bar) 10Skl (s-') In k , ~  


1 3.46 0.0 
320 5.60 0.481 
500 6-96 0.742 
600 7-49 0-824 
800 10.3 1.090 


lo00 13.5 1.365 
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The linear least-squares gradient was 
(1 -347 f 0.02) x lo-' with a correlation coefficient of 
0.9988. The volume of activation was 
-35.0 2 0.2 cm3 mol-I. Partial molar volumes were 
as follows: dimethylbutadiene, 117 cm3 mol-'; 
dimethylsulpholene, 122 cm mol- '; and sulphur 
dioxide, 38 cm3 mol-I. The volume of reaction was 
- 33 cm3 mol-'. 


DISCUSSION 
The results show that the transition state for this 
reaction is very close in volume to that of the product 
sulpholene. The almost negligible effect of solvent 
polarity on the rate of the reverse reaction, the thermal 
decomposition of the sulpholene,' shows that there is 
no significant polar character in the transition state and 
hence it must lie very close in structure to the product 
and with bond reorganization almost complete. Values 
are both within the range common to Diels-Alder 
reactions. * This can best be accommodated by a chelo- 
tropic mechanism. Further, similarly to observations on 
the Diels-Alder reaction, the volume of activation 
appears to be slightly more negative than the volume of 
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reaction with 8 = 1.06, where 8 = AV*/AV. A value of 
> 1 is frequently observed for Diels-Alder reactions' 
and is interpreted as being due to 'secondary orbital 
interactions,' lo attractive forces between the diene 
structure and endo substituent components in the 
dienophile. The magnitude of 8 can reach values as high 
as 1.6 and in general increases with electron donor 
substituents on the diene and solvents of low polarity. 
The chelotropic addition of sulphur dioxide, however, 
would appear to be unsuited to interactions of this type 
since only a four-atom relationship exists between an 
oxygen and C-2 of the diene. If the measurements do 
indicate the presence of such intra-molecular attractive 
forces, they must operate over a considerable range of 
distance. 


Alternatively, the rigidity and loss of freedom and 
the preference for an endo configuration of the tran- 
sition state might originate elsewhere. In considering 


\ / 


/ 


E. = 54 


the mechanism of this reaction, one cannot rule out a 
(4 + 2) cycloaddition at the S=O bond as the slow step, 
with rapid rearrangement of the resultant sulpheno- 
lactone, 11. This has been demonstrated for a very few 
examples with I1 isolable and thermally convertable to 
I". The present measurements could not distinguish a 
process of this type but similar steric constraints on a 
value of 8 > 1 would seem to be present. One can say 
with confidence, however, that the reaction being 
observed is kinetically controlled since the activation 
energies for the forward and back reactions are 54 and 
132 kJ mol-' re~pectively,~'' but it is possible that the 
rate-determining step is the formation of I1 which 
subsequently undergoes rearrangement. 
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CARBONYL OXYGEN AS A HYDROGEN-BOND SUPER-BASE: THE 
AMIDATES 
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An infrared spectroscopic study of the 1 : 1 hydrogen-bond association of amidates with both methanol and 4- 
fluorophenol showed that the site of complexation is the oxygen of the amidate function. However the 
formamidate HCON,Me, forms a second 1 : 1 complex on the nitrogen of the amidate. The formation constants 
of the hydrogen-bond complexes of the amidates with the reference hydrogen-bond donor 4-FC6H,OH indicate 
that the amidates are stronger hydrogen-bond bases than are amides and amide vinylogues. As such, the 
amidates constitute the strongest carbonyl bases hitherto investigated on the hydrogen-bond basicity scale. 


INTRODUCTION 


Since the pioneering work of Taft's group,1s2 the scale 
of hydrogen-bond basicity pK, has been found 
especially useful in solution chemistry. This scale is 
based on the formation of hydrogen-bonded complexes 
of a base B with a hydrogen-bond reference donor; for 
technical reasons this is 4-fluorophenol in carbon 
tetrachloride at 25 "C: 


CC1,,25T 
B + 4 - F C 6 H 4 0 H d 4 - F C 6 H 4 0 H . . . B  
Km = [4-FC6 H4 OH...B ] / [ B ] [4-FC6 H4 OH ] 


pK, = log K, 


The scale embraced by pK, ranges from cu -1.1 
for bases with little inclination to form hydrogen bonds 
to cu +4 for those that form the most stable hydrogen- 
bonded complexes. Values of pKHB can be transformed 
to give a parameter /?; = (pKHB + 1.1)/4.636, which 
now ranges from 0 (no basicity) to 1 (basicity of 
HMPA), and which is capable of further extension.' 
This parameter is useful in linear solvation energy 
relationships4 and for the prediction of the stability of 
many hydrogen-bonded complexe~.~ 


Currently we are developing and extending the 
pK, scale and are studying structure-hydrogen- 
bonding basicity relationships for a wide variety of 
organic functionalities including amidines,6 alcohols,' 
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nitriles' and amides.' In the case of nitriles we have 
demonstrated how the synergy of various structural 
factors enables nitriles that are super-basic (with regard 
to hydrogen bonding) to be realized." 


Within the family of carbonyl compounds, amides 
and ureas are among the most basic.' This is exemplified 
by the pKHB values of methyl acetate, 1.00, acetone, 
1.18, and dimethylacetamide, 2.44; the corresponding 
values of BF are 0.45, 0.49 and 0.76. Taft et ul." have 
shown that amide vinylogues are still more basic than 
dimethylacetamide on the GB scale of Bronsted basicity 
in the gas phase and on the -AHBF, Lewis basicity 
scale. They also proposed values of BF that were equal 
to, or even greater than, that of HMPA for these com- 
pounds. These values, however, are only based on 
relationships between the and some other basicity 
scales; until they receive experimental confirmation 
these derived values must be regarded as tentative. 
Abraham's groupI2 has also emphasized the importance 
of vinylogy as a strategy to increase hydrogen-bonding 
basicity. 


Since Gal and Moms" have shown that the 
Lewis basicity of N-ammoniobenzamidates 
XC,H,CON-N+Me, is higher than that of the corre- 
sponding N ,  N-dimethylbenzamides, we felt it relevant 
to determine for the first time the hydrogen-bonding 
basicity of a series of amidates 2-11 with the aim of 
discovering carbonyl hydrogen-bonding bases that are 
stronger than amides and ureas (the highest pKHB and 
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R-C 
/ 


N-NMe, 
0 0  


( 1 4  
(2) R= H 
(3) R=Me 
(4) R=Et 
(5) R =Nonyl 
(6) R = W  
(7) R=Bd 


f- 


N--NMe3 
0 


(1b) 


(8) R=l-Adamantyl 
(9) R=p-MeOC6H4 


(10) R=p-MeC,H4 
(11) R=p-F,CC,c,H, 


B: hitherto measured are 2.79 and 0.84 for N , N -  
dimethyl-N,N’ -trimethylenurea’). 


To achieve our aim we require (i) an important 
contibution of resonance form l b  and (ii) an oxygen 
rather than the amidate nitrogen being the donor site for 
hydrogen bonding. The first condition seems well 
established since the carbonyl frequency v(C=O) is 
particularly the bonds C=O and C-N- (the 
designation of bonds here and elsewhere is taken from 
structure la) are respectively longer and shorter 
than those of similar compounds without charge 
delocalization’6 and the mesomeric moment of the 
group -N-C=O is enhan~ed.’~ The second has not, to 
our knowledge, been investigated, and studies of the 
site of bonding of other acids to amidates does not 
allow the prediction of the site of hydrogen bonding in 
the present series. Liler and Moms18 showed that in 
aqueous solution the initial protonation took place on 
nitrogen for compounds 3 and 9, and the second pro- 
tonation occurred on the carbonyl oxygen in the case of 
methoxyformamidate. Additionally, BF3 bonds to 
carbonyl oxygen of the benzamidates 9-11 according to 
Gal and Morris” and PdC1, and PtCl, bond to the 
nitrogen of N-trimethylammoniopicolinamidate.’9 It 
therefore appeared necessary at the outset to ascertain 
the site of fixation of the hydrogen bond. 


EXPERIMENTAL 
Materials. Alkyl and substituted benzamidates were 


synthesized by a modification of the method of Smith et 
al.” Yields were consistently higher with the aromatic 
series. Whereas the substituted benzamidates and larger 
alkylamidates were well defined solids, the lower 
alkylamidates were hygroscopic. 


Most of the compounds have been reported 
previously: 3,’* 4,” 5,” 6,23 7,” 8,24 and 9-11.15 


Formamidate 2 was synthesized by the above 
method” to give a hygroscopic solid for which accurate 
microanalytical data were difficult to obtain. Sublimed 
material obtained from a dry sample of 2 was analysed 


by accurate mass determination with an upgraded 
Kratos MS 902s spectrometer linked to a Kratos DS 90 
data system. Found, m/z 102-0806; C,H,,,N,O requires 


The other amidates were carefully dried and purified 
by sublimation under reduced pressure. Carbon 
tetrachloride, dichloromethane and methanol were of 
spectroscopic grade from Merck and were dried over 
molecular sieves. 4-Fluorophenol was purified by sub- 
limation. All solutions were prepared in a dry glove-box. 


Spectra. DR spectra were determined on a Bruker IFS 
48 Fourier transform R spectrometer with a resolution 
of 1 or 2cm-I in 1 or 4cm Infrasil quartz cells for the 
study of the v(0H) region, and in 1 mm KBr cells for 
study of the v(C=O) and v(C--N-) regions. The 
spectra were treated with Opus software, which enables 
complex bands to be broken down mathematically into 
their gausso-lorenzian components. 


UV spectra were determined on a Perkin-Elmer 
Model 554 spectrometer at a resolution of 2nm in 
Suprasil quartz cells of 1 cm length. 


M 102.0793. 


Equilibrium constants. In CH,Cl, the equilibrium 
constants were determined by IR spectroscopy on the 
v(0H) vibration of 4-fluorophenol according to known 
 method^.^ In CCl, the equilibrium constants are higher 
and it was necessary to lower the concentrations of both 
4-fluorophenol and the amidate in order not to displace 
the equilibrium too significantly. Accordingly, we used 
UV spectrometry because the molar extinction 
coefficient of the first n+ JC* transition of the 4- 
fluorophenol is ca ten times higher than that of the 
v(0H) infrared band. As a consequence of hydrogen 
bonding, this transition undergoes a bathochromic shift 
ofca 6nm. The UV abso tions were treated by the 
method of Rose and Drago? Only compounds 6-8 are 
sufficiently soluble in CC1, for their equilibrium con- 
stants to be determined in this solvent. The other 
equilibrium constants were determined in CH2C12. Lack 
of solubility of formamidate 2 in CC1, and CH2C1, 
prevented the determination of the equilibrium constant 
for this compound. On account of the low solubility, 
and their hygroscopic nature, reproductibilities of pK, 
varied between f0.05 and f0.10. The temperature of 
the cells was maintained constant at 25 “C by a Peltier 
effect. 


RESULTS AND DISCUSSION 


Site(s) of fixation of hydrogen-bond donors 


These were studied by vibrational spectroscopy. When 
a hydrogen-bond donor, such as methanol or 4- 
fluorophenol, bonds to an amidate of the present series 
in CCl, or CH,Cl,, the vibrators that are most sensitive 
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to complexation are v(OH), v(C=O) and v(C-N-). 
The number of 0 - H  stretching bands created by 
association reflects the number of sites of fixation of the 
OH group, whereas the displacement Av(0H) gives an 
indication of the strength of the hydrogen bond. The 
direction of the displacement of the v(C=O) bands 
around 1600cm-' and those of v(C-N-) around 
1350 cm-' enables a distinction to be made between 0- 
and N-fixation on the following basis. 


(i) An 0-complexation indicates a preponderant 
contribution of resonance form lb  and is associated 
with a diminution of the v(C=O) value, in keeping with 
an enhanced single-bond character for this bond in 
accord with this, the v(C-N-) value increases as the 
C-N- bond assumes more double-bond character. 
Comparable behaviour is exhibited by amides.26 Thus, 
for N,N-dimethylacetamide v(C=O) diminishes by 
25 cm-' and the band at 1409 cm-', which presents the 
greatest v(C-N) character, increases by 6cm-' as a 
consequence of hydrogen-bond formation between 
carbonyl oxygen and 4-fluorophenoLg Still greater 
enhancements of v(C-N-) are brought about by 
coordination of BF, at carbonyl oxygen.I3 


(ii) N-complexation would inhibit delocalization of 
nitrogen lone pairs toward carbonyl oxygen; this would 
favour enhancement of the v(C=O) and diminution of 
the v(C-N-) values.% These are the observations 
brought about by N-coordination of PdCl, and PtCl, 
with both urea26 and N-trimethylammoniopico- 
linarnidate.lg 


Alkylamidates 3-8 


The v ( 0 H )  vibration of methanol is lowered by ca 
300cm-'; a single v ( 0 H )  band of the complex is 
observed, probably due to a single complexation site. 
The evolution of the form of this band, illustrated in 
Figure 1 along the series R=Me,  Et, F'r', Bu' and 1- 
adamantyl, is characteristic of an association that 
involves carbonyl oxygenz7 via a mainly angular 
complex" 13a for the sterically undemanding methyl, 
to a predominantly linear counterpart 13b for the bulky 
tert-butyl (shown) and 1-adamantyl." 


Formation of the hydrogen bond at carbonyl oxygen 
is confirmed b diminution of the v(C=O) frequency 
by 12-21 cm- , and a corresponding increase of the 
v(C-N-) band by 4-10 cm-' after the addition of 4- 
fluorophenol to solutions of amidates 3-8 in CH,Cl,. 


r 


/ 


\ o  
/c=o 


O N  


Me 


I / 


I 1 I 


3590 3m 3mo 3300 3200 
Uavenunber cm-' 


Figure 1. v(0H) region of methanol-alkylamidates 
complexes in CCI,. A unique band appears whose shape 
evolves regularly from the least hindered (methyl) to the most 
hindered (1-adamantyl). The apparent maximum is determined 
either by the low-frequency component band of the angular 
complex 13a (Me) or by high-frequency component band of 
the linear complex 13b (I-adamantyl, Bu', Pr'), as for the 


methanol-alkylamides complexes" 


The equilibrium of 0-complexation, 


\ \ 
/ / 


C=O (free) === C=O 


(hydrogen-bonded to 4-FC6H,0H), is demonstrated in 
Figure 2, which shows disappearance of the free 
carbonyl band, at 1582cm-' for EtCON-N'Me,, and 
concomitant increase in the carbonyl band of the 
complex at 1564cm-' on progressive addition of 4- 
fluorophenol. 


Alkylamidates 3-8 are thus seen to behave 
like carbonyl bases toward hydrogen-bond donors, 


-8- 


1582 d 


1630 1600 1575 1550 1525 
Uavenunber CI-' 


Figure 2. v(C=O) region of the 4-FC6H,0H-EtCON-N'Me3 
complex in CH,CI,: (a) 6 x M EtCON-N+Me3; 
(b) 6 x  1 0 - 3 ~  EtCON-N+Me, + 6 x  lO-'M 4-FC6H,OH 
(53%complex); (c)6x10-'MEtCON-N+Me3 + 1 3 ~ 1 0 - ~ M  


4-FC6H4OH (77% complex) 
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irrespective of the steric or electronic effects of the alkyl 
group. 


Benzamidates 9-11 
In the presence of methanol these compounds show a 
single band v(0H) of the complex; this again signifies a 
single site of complexation. Observed complexation- 
induced displacements of v(0H) range from 239 cm-' 
for the electron-attractive p-CF, substituent to 278 cm-' 
for the conjugative electron-donor p-OMe. The smaller 
values observed for the benzamidates indicate a lower 
basicity than for the alkylamidates; in similar vein 
benzamides are less basic than alkylamides.' 


In the presence of 4-fluorophenol, the v(C=O) bands 
near 1560 cm-' are shifted only slightly, from 5 cm-' 
for p-CF, to 8cm-' for p-OMe. These smaller 
Av(C=O) values, compared with the alkylamidates, are 
explained by a combination of (i) a lower basicity of 
the aromatic amidates and (ii) a coupling with the vSb 
vibration at ca 1600cm-' of the aromatic ring. This 
band moves towards the low frequencies jointly with 
the v(C=O) band, which indicates that the perturbation 
introduced by complexation is shared by the vibration 
modes at 1560 and 1600cm-I; in other words, the 
modes must be coupled. This coupling has already been 
proposed in a previous study.15 


In contrast, the v(C-N-) bands of benzamidates 
increase by 10cm-I on complexation with 4- 
fluorophenol. The equilibrium of 0-complexation, 


- N a  (free) +-N-(1;=0 
I I 


(hydrogen-bonded to 4-FC6H,OH) is demonstrated in 
Figure 3 by the disappearance of the free v(C-N-) 


band at 1338 cm-I of N-trimethylammonio-p-methyl- 
benzamidate and the corresponding appearance of a 
band v(C-N-) of the complex at 1348cm-' on pro- 
gressive addition of 4-fluorophenol. 


Whatever the electronic effect of the substituent, the 
benzamidates investigated here are hydrogen-bonding 
bases via oxygen. 


Formamidate 2 


On account of the low solubility of compound 2 in 
CCl,, the v(0H) region of the methanol-formamidate 
complex was not studied. 


Figure 4 shows that in the presence of increasing 
quantities of 4-fluorophenol the v(C=O) band of the 
formamidate 2 at 1607 cm-' diminishes and is progres- 
sively replaced by two new bands, one at 1593cm-' 
(Av = - 14 cm-I) attributable to 0-fixation of the 
hydrogen bond and the other at 1617cm-' 
( A v  = +10 cm-') on account of a second complex, this 
time on amidate nitrogen. The appearance of two 
complexes simultaneously while formamidate 2 is in 
molar excess over 4-fluorophenol suggests strongly that 
there exist two 1 : 1 complexes, rather than a 1 : 1 
complex plus a 1 : 2 complex. 


The v(C-N-) band at 1360cm-' confirms the 
presence of two complexes, one on oxygen which leads 
to a new band at a higher frequency (1 366 cm-') and 
the other on amidate nitrogen which gives a second new 
band at a lower frequency (1354 cm-I). 


Formamidate 2 therefore behaves as both a carbonyl 
base and a nitrogen base. From a mathematical break- 
down of the spectra in Figure 4, the complex to oxygen 
is estimated to have an absorbance about twice that of 


1370 1360 1350 1340 1330 1320 
Uavenumber cm-' 


Figure 3. v(C-N-) region of the 4-FC,H,OH-p- 
MeC,H,CON-"Me, complex in CH,Cl,: (a) lo-' M 
benzamidate; (b) lO-'M benzamidate + lO-'M 4-FC6H,OH 
(38% complex); (c) 10-'M benzamidate + 2 x  1 0 - * M  4- 


FC,H,OH (59% complex) 


1640 1625 1600 1575 1550 
Uavenunbw un-' 


Figure 4. v(C=O) region of the 4-FC,H,0H-HCON-N'Me3 
complex in CH,CI,: - 6 x  ~ O - ' M  HCON-"Me, + 4- 
FC,H,OH at (a) 0, (b) 6 x (c) 15 x lo-' and 
(d) 56 x lo-' M. The free peak in the centre of the band is 
surrounded by the oxygenated complex peak at low frequency 


and by that of nitrogen complex at high frequency 
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Tablel. Spectroscopic dataa on the complexes between amidates RCON-N+Me,with 
methanol and 4-fluorophenol 


R v ( C = O ) ~  Av(C=O)".~ v(C-N-) Av(C-N-)'.~ AV(OH)',~ 
_ _ _ ~  ~ 


H 
Me 
Et 
Nonyl 
pr' 
Bu' 
1-Adamantyl 
p-MeOC,H, 
p-MeC,H, 
P-F3CC,H, 


1607' 
1583' 
1582 (560) 
1580 (511) 
1588 (522) 
1569 (628) 
1563 (517) 
1559 (293) 
1555 (321) 
1565 (555) 


-10, +14 
+17 
+18 
+18 
+21 
+17 
+12 
+8 
+6 
+5 


1360' - 
1363' 
1355 (105) 
1360( 100) 
1358 (110) 
1357 (117) 


1339 (446) 
1338 (507) 
1340h 


g 


6, +6 
-10 335' 
-7 311' 
-7 
-5 291"' 
-4 285 


g 289 
-10 278 
-10 269 


239 


I 


h 


~~~ ~ ~ 


'cm-'. 
In CH,CI,; molar extmction coefficients in 1 mol cm-' are given in parentheses. 
A V =  V f r e  - vcompkx. 


Complexes of 4-fluorophenol for solutions in CH,CI,. 
Complexes o f  4-fluorophenol for solutions in CCl,. 
Saturated solutions. 
Several intense bands in the region 1360 cm-' make assignment uncertain. 
Overlao with an intense band at 1322 cm-' due to the CF, substituent. 


1 Insolubie in CCI,. 
Dissymmetric band, apparent maximum determined principally by the angular complex 13a. 
' Apparent flattened maximum. 
' Not studied. 


Dissymmetric band, apparent maximum determined principally by the linear complex 13b. 


the complex to nitrogen. With the proviso that the molar 
extinction coefficient of the v(C=O) bands of the 
complexes to oxygen and to nitrogen are not too 
different, it can be concluded that the formation 
constant of the complex to oxygen is about twice that of 
its counterpart to nitrogen. 


Summary of spectroscopic data of the hydrogen-bonded 
complexes of amidates 2-11 with methanol and 
4-jluorophenol 


Displacements of the v(OH) bands of the 
methanol-amidate complexes in CCI, and of the 
v(C=O) and v(C-N-) bands of the 4- 
fluorophenol-amidate complexes in CH,Cl, are pre- 
sented in Table 1. The band at ca 1600cm-' of the 
amidates evolves in a similar manner to that of the 
v(C=O) band of the corresponding amides, which 
confirms its v(C=O) character in the former. The 
correlation between the carbonyl frequencies in the two 
series is given by 


Y (C =O)XCON -N 'Me, 
= ~ ~ O ~ [ Y ( C = O ) X C O N M ~ , ]  - 90.2 


n=8 (X=p-MeOC,H,, C6H,, H, Me, Et, Pri, 1- 
adamantyl, OMe*), r = 0.962, s = 8 cm-' ( n  =number 


*The frequencies of the v(C=O) bands of MeOCON-"Me, 
and MeOCONMe, are 1643cm-' (in CH,Cl,) and 
1711.5 cm-' (in CCI,), respectively. 


of data points; r =correlation coefficient; s = standard 
deviation) 


Hydrogen-bond super-basicity of amidates 
Table 2 presents the log K ,  values of the amidates in 
CH,Cl, in the main, and also pKHB in CCl, when 
solubility permits. It also gives for comparison values 
of log Km and pK, for amides, a lactam, a vinylogous 
amide and HMPA. 


Figure 5 (A) shows the hydrogen-bonding basicity 
scale log K ,  in CH,Cl, for the amidates, dimethylfor- 
mamide and HMPA. It is apparent that the alkylamidates 
are ca 0.5pK unit more basic than the benzamidates, 
which is in accord with the greater electron-donor 
character of alkyl groups. Further, the amidates are 
considerably more basic than tertiary amides (more than 
one pK unit for the alkylamidates). Alkylamidates 
appear to be even slightly more basic in CH,Cl, than 
HMPA, which hitherto had been one of the strongest 
known hydrogen-bonding bases. 


These results are essentially reproduced in CCl,. The 
pK, scale in this solvent is shown in Figure 5(B) for 
the three alkylamidates whose complexation constant 
with 4-fluorophenol was capable of determination in 
CCI,, and is compared with other carbonyl bases and 
with HMPA. Not only do the amidates have pKm values 
higher than the most basic amide, lactam and urea 
presently known, but their pK, exceeds by ca 0.5 pK 
(ca  O.lj?," unit) that of the vinylogous amide described 
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Table 2. Hydrogen-bonding basicity of amidates RCON-N +Meg and, for comparison, other compounds in 
CH,CI, and/or CCl, 


Compound Log KHB Compound PKHB B2" 


Amidates in CH2C12 Amidates in CCl, 
R = M e  2.45" R=Pr '  3.32" 0.95 
Et 2.59" Bu' 3.25" 0.94 
Nonyl 2.39" 1 -Adamantyl 3.56" 1.01 
Pr' 2.51" 


1-Adamantyl 2.43" N,N-Dimethyl formamide 2.10b 0.69 
p-MeOC,H, 2.09" N,N-Diethylacetamide 2.47'' 0.77 
p-F3 CC6H4 1.78" 1 -Methyl-2-piperidone 2.60b 0.80 


N , N  -Dimethyl-N,N' -trimethyleneurea 2.79b 0.84 


N,N-Dimethylformamide 1.18" HMPA 3.56' 1.00 
Bu'CON (C6H,, 1.31" 
HMPA 2.37d 


Bu' 2.39" Other compounds in CCI, 


Other compounds in CH,C12 3-Dimethylamino-5,5-dimethylcyclohexenone 2.92" 0.87 


"This work. 
bRef. 9. 
'Ref. 1. 
dRef.  28. 


DMF RENZAhllDATES H M P A  ALKYLAMIDATES 


0 '  ' I Docxm \ * 
I .o 1.5 2.0 2.5 log K,, 


DMF DEA DMPU VA ALKYLAMIDATES H M p A  


8 " I1 I I 1  b0tX-x.M' * 
PKHB 2.0 2.5 3.0 3.5 


Figure 5. Climbing the hydrogen-bond basicity ladder from 
amides (DMF, DEA) to amidates via a urea (DMPU) and 
a vinylogous amide (VA), in (A)CH,Cl, and (B)CCl,. 


Alkylamidates appear of comparable basicity to HMPA 


in the literature as the strongest hydrogen-bonding base. 
Actually the value ,8: = 1.04 calculated by Taft et al. 
for this compound is only 0.87, a value experimentally 
determined by us here in order to compare vinylogous 
amides with amidates. 


In summary, this work leads to the order of 
hydrogen-bonding basicity alkylamidates r. HMPA > 
vinylogous amide = benzamidates > amides, and 
alkylamidates are currently both the strongest known 
hydrogen-bonding carbonyl bases and, in attaining 
comparable basicity to HMPA, the strongest known 
oxygenated hydrogen-bonding bases. 
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HYDROGEN BONDING. 39. THE PARTITION OF SOLUTES BETWEEN 
WATER AND VARIOUS ALCOHOLS 


MICHAEL H. ABRAHAM, HARPREET S. CHADHA AND JULIAN P. DIXON 
Department of Chemistry, University College London, 20 Gordon Street, London WCIH OAJ, UK 


AND 


ALBERT J. LEO 
Medicinal Chemistry Project, Pomona College, Claremont, California 91 711, USA 


The general solvation equation 


log SP = c + rR, + sz; + uZar  + bZJ37 + VV, 


was applied to the partition of solutes between water and isobutanol, pentanol, hexanol, octanol, decanol and 
oleyl alcohol. It is shown that the two main factors that influence partitioning are solute hydrogen-bond basicity 
ZJ3F and solute volume V,. The b coefficient becomes steadily more negative along the above series of alcohols, 
showing that the alcoholic phases, which are all less acidic than water, become less and less acidic as the chain 
length increases, and the water content of the alcoholic phase decreases. The v coefficient, on the other hand, 
becomes gradually more positive, indicating that as the chain length increases and the water content decreases, 
the alcoholic phase becomes more and more hydrophobic. Of great significance is that for all six alcohols, the u 
coefficient is effectively zero, so that all alcoholic phases have the same basicity as bulk water, no matter what 
their water content is. It is suggested that, contrary to results of solvatochromic measurements, the alcohols 
have similar hydrogen-bond basicity to water. 


INTRODUCTION 


Recently,’s2 we have constructed the general solvation 
equation 


log SP = c + rR, + sn? + aZa? + bZpF + VV, (1) 


that has found considerable use in the correlation and 
understanding of physico-chemical and biochemical 
phenomena. These include solvent-water partition 
 coefficient^,^'^ HPLC capacity  factor^^-^ and the distri- 
bution of solutes between blood and brain.’ In equation 
(1) the dependent variable is log SP, where SP is some 
property of a series of solutes in a given solvent system. 
The independent variables are solute properties or 
descriptors as R, is an excess molar refrac- 
tion that can be determined simply from a knowledge of 
the compound refractive index or can easily be esti- 
mated; nr is the solute dipolarity/polarizability, it being 
impossible to devise descriptors for these separately; 
C a! is the solute overall or effective hydrogen-bond 
acidity; Cg,” is the solute overall or effective hydrogen- 
bond basicity; and V, is the McGowan characteristic 
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volume, calculated from molecular structure. For 
certain particular classes of solute such as sulfoxides, 
anilines and alkylpyridines, the relative basicity appears 
to alter with the solvent system, and the basicity para- 
meter Cp,” is replaced by the alternative descriptor Cp; 
for partitions between water and organic solvents in 
which water is fairly ~ o l u b l e . ~  These solvents include 
butyl acetate, diethyl ether, isobutanol and octanol. 


One of the first applications of equation (1) was to 
hexadecane-water and octanol-water partition coeffi- 
c i e n t ~ , ~  P(hex) and P(octanol), respectively. For the 
former we found 


log P(hex) = 0.087 + 0.667R2, - 1.617~: 
- 3.587%~; -4.869CpF +4.433Vx (2) 


n = 370, p = 0.9982, s.d. = 0.124, F = 20 235.5 


where n is the number of data points (solutes), p is the 
correlation coefficient, s.d. is the standard deviation and 
F is the Fisher F-statistic. The coefficients in equation 
(1) are characteristic of the solvent system, and so we 
could deduce that hexadecane is more polarizable than 
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water(r=0.667), isless dipolar than water(s= -1.617), 
is much less basic than water ( a  = -3.587) and is much 
less acidic than water ( b =  -4.869). These differences 
between water and hexadecane are all qualitatively 
as expected from the known properties of the two 
solvents, such as the refractive index 7, and the 
Kamlet-Taft solvatochromic parameters xf ,  a ,  and f i ,  
(see Table 1). As mentioned above, it has proved 
impossible to devise separate descriptors for solute 
polarizability and solute dipolarity that can be used 
successfully in LFER equations such as equation (1). 
The best we have been able to do is to remove part of 
the polarizability as the R, descriptor, but this still 
leaves the X :  descriptor as a blend of polarizability and 
dipolarity. Unless a solute set is specifically chosen, this 
usually results in R, and np being somewhat cross- 
correlated; for the hexadecane-water system the cross- 
correlation coefficient is 0.687 (p2 = 0.472). The large 
positive ZJ coefficient (v=4.433) is partly due to the 
greater difficulty of forming a cavity in the highly 
associated solvent water, as shown by the Hildebrand 
cohesive energy density (CDE) &, and partly due to 
the increased solute-solvent general dispersion interac- 
tions in the hexadecane phase. In the case of 
octanol-water partition coefficients, a somewhat 
different equation was obtained: 


log P(octano1) = 0.088 + 0.562R2 - 1.054~: 
+ 0.034CaP - 3.460CB,H + 3.814Vx (3) 


n=613, p=O.9974, s.d.=0.116, F = 2 3  161.6 


Note that in equation (3) the CBp descriptor is retained, 
because the solute data set did not include any of the 


'variable basicity' compounds. Interpretation of the 
coefficients in equation (3) follows that for equation 
(2), except in the case of the a constant, which is 
statistically not significant. This implies that water and 
octanol have the same solvent hydrogen-bond basicity, 
or more correctly that octanol-saturated water and 
water-saturated octanol have the same ba~icity.~ There is 
a dilemma here, because the original Kamlet-Taft f i ,  
value for water (0.18) is considerably less than those 
for primary  alcohol^.^-^' More recent results have led to 
higher values for water, mostly in the range 0.4-0.6 


(see Table 1), but these are still much less than 
the fil values for octanol (0.86-0.96) or for water- 
saturated octanol (0.79-0.95) obtained by Dallas and 
C a r l 4  


Dallas and C a d 4  also measured the solubility of 
octanol in water as 9.3 x mole fraction, confirming 
the earlier careful measurement of Dearden and 
Bresnen'' as 6.6 x mol dm-3, and showing that the 
solubility is so small as to hardly affect the solubility 
properties of water. On the other hand, the solubility of 
water in octanol is fairly high, 0.27 mole fraction or 
2.36mol dm-3,'5 and so water-saturated octanol may 
well have different properties to ure octanol. Both 
Dallas and C a d 4  and Cabani et al. have noted small 
but significant values for the Gibbs free energy of 
transfer of solutes from octanol to water-saturated 
octanol, and water-saturated octanol is known to be 
more structured than is octanol i t~e1f.l~ 


It is therefore possible that the presence of 2.36 rnol 
dm-3 water in octanol modifies its solubility properties 
so that wet octanol is less basic than octanol (and hence 
of the same basicity as water), in spite of the solvato- 


P6 


Table 1. Some solvent parametersa 


Methanol 
Ethanol 
Propanol 
Butanol 
Isobutanol 
Pentanol 
Hexanol 
Heptanol 
Octanol 
Wet octanol 
Decanol 
Oleyl alcohol 
Water, Ref. 9 
Water, Ref. 10 
Water, Ref. 12 
Water, Ref. 13 
Hexadecane 


1.3288 
1.3611 
1.3850 
1.3993 
1.3955 
1.4101 
1.4178 
1.4249 
1.4295 


1.4578 
1.4606 
1.3333 


1.4345 


0.60 
0.55 
0.53 
0.54 
0.50 
0.50 


0.50 
0.54 


1.13 
0.08 


1.09 
0.88 
0.79 
0.74 
0.71 
0.73 


0.70 
0.7 1 


1.16 
0.00 


0.79 
0.89 
0.95 
0.94 
1.05 
0.97 


0.86 
0.79 


0.14 
0.18 
0.42 
0.43 
0.00 


0.66 
0.7 1 
0.75 
0.75 
0.78 
0.80 


0.96 
0.95 


0.47 


0.57 
0.58 
0.00 


205.2 
162.1 
143.2 
129.5 
124.3 
119.7 
113.1 
108.5 
103.3 


98.6 
65.9 
549.0 


64.1 


- 


__ 
9.53 
7.49 
3.36 
3.32 
2.45 
2.36 


1.65 
0.71 


0.002 


'Solvatochromic parameters for alcohols from Ref. 13, except for octanol and wet octanol from Ref. 14. 
bThe first column shows values with 4-nitroaniline and the second column shows values with 4-nitrophenol as indicators 
Molar solubility of water in the alcohol. 
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chromic parameters given in Table 1. Alternatively, it is 
possible that water is just as basic as alcohols, and that 
the solvatochromic parameters do not reflect this. One 
approach is to obtain solvation equations on the lines of 
equation (3) for partitions in a series of water-alcohol 
systems, where the water content in the alcoholic phase 
varies widely. Examination of the a constant in the 
resulting equations will show whether or not the varied 
water content affects the alcohol basicity. To this end, 
we have set out equations for partitioning between 
water and alcohols where the latter range from 
isobutanol to decanol and to oleyl alcohol. 


RESULTS AND DISCUSSION 


For octanol-water partitions, the regression equation 
(3) was taken, all the log P values used to derive the 
equation have been given b e f ~ r e . ~  In all other cases, the 
required log P values were from the MedChem data 
base.” A summary of the regression equations obtained 
is given in Table 2. The isobutanol-water equation, with 
37 data points, is almost identical with the previously 
published equation with 35 data points. For the lower 
alcohols, which dissolve appreciable quantities of 
water, the alternative Zp,” descriptor was used. As 
mentioned above, the octanol-water equation was set 
up without any ‘variable basicity’ solutes, and by 
chance the equation for decanol-water contains no such 
solutes either. In these cases, the equation in Ep,“ is 
identical with that in Cgp. Since oleyl alcohol dissolves 
very little water, we used the Cg,” descriptor, but the use 
of Cg,” results in an almost identical equation. 


The regression equations summarized in Table 2 are 


all reasonably good, with correlation coefficients 
ranging from 0.9854 to 0.9974 and standard deviations 
from 0.109 to 0.167 log units. For the five new 
systems, the number of data points ranges from 37 to 
74, so that the regression equations can be regarded as 
reasonably general. 


Because the descriptors in the solvation equation (1) 
are chemically based, the coefficients in the regression 
equations will reflect the complementary properties of 
the system. In the case of partitions from water to 
organic phases, the coefficients will refer to the differ- 
ence in the complementary properties of water and the 
phases. We can discuss the coefficients given in Table 2 
on these lines. 


Except for oleyl alcohol, the r coefficient is roughly 
constant along the series, indicating that the organic 
phases are more polarizable than water. The s coefficient 
becomes more negative from isobutanol to hexanol, and 
then levels off at about -1.00 unit (except, again, for 
oleyl alcohol). This indicates that the organic phases are 
less dipolar/polarizable than water, and since they are 
more polarizable, they must all be markedly less dipolar 
than water. The water content of the organic phase may 
play a part here, because as it decreases, so the dipolar- 
ity of the organic phase becomes less (from isobutanol 
to hexanol). Note that for the water-alcohol systems, 
the cross-correlation between R, and n,” for the differ- 
ent solute data sets is around p = 0-80 ( p 2  = 0.64). From 
isobutanol to oleyl alcohol, the b coefficient steadily 
becomes more negative, showing that the organic 
phases become less and less acidic than water. The oleyl 
alcohol phase is the least acidic of all the alcohol 
phases, but even this C18 alcohol is still a hydrogen- 


Table 2. Regression equations for alcohol-water partitions 


Alcohol C r S U b” V 
~ ~~ ~~ 


Isobutanol 0.227 0.514 -0.693 0.020 -2.258 2.776 
Pentanol 0.175 0.575 -0.787 0.020 -2.837 3.249 
Hexanol 0.143 0.718 -0.980 0.145 -3.214 3.403 
Octanol 0.088 0.562 -1.054 0.034 -3.460 3.814 
Decanol 0.008 0.485 -0.974 0.015 -3,798 3.945 
Oleyl alcohol -0.359 -0.270 -0.528 -0.035 -4.042 4.204 
Hexadecane 0.087 0.667 -1.617 -3.587 -4.869 4.433 


n P s.d. F 


Isobutanol 
Pentanol 
Hexanol 
Octanol 
Decanol 
Oleyl alcohol 
Hexadecane 


37 
40 
49 


613 
51 
74 


370 


0.99 1 1 
0.9899 
0.9854 
0.9974 
0.9929 
0.9929 
0.9982 


0.119 
0.154 
0.167 
0.116 
0.124 
0.109 
0.124 


344.5 
332.9 
288.9 


23 16 1.6 
629.9 
944.9 


20235.5 


‘The b constant is for the Zg; descriptor, except for octanol and decanol, where no ‘variable basicity’ solutes were included, and oleyl alcohol and 
hexadecane, where the Zg,” descriptor was used. 
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bond acid, as shown by the b coefficient of -4.04 
compared with -4.87 for the non-acidic hexadecane 
phase (see Table 2). 


coefficient becomes larger as 
the alcohol becomes larger and the aqueous content 
becomes smaller. Indeed, the v coefficients begin to 
approach that for the hexadecane-water system (4.43), 
which is close to the maximum value yet found,3 4-66, 
for the chlorobenzene-water system. The variation of v 
coefficients with the alcohol is as expected. As the chain 
length increases, the Hildebrand CED decreases and the 
easier it is to make a cavity in the solvent; in addition, 
the refractive index increases and the greater are the 
solute-solvent general dispersion interactions. Leahy et 
a1.” have noted that the methylene increment to log P 
for transfer from water to water-saturated alcohols 
increases as the water content of the organic phase 
decreases (expressed as mol dm-7. The same is true for 
the v coefficient: 


In a similar vein, the 


=4.22 - 0.210[H20] 
(4) 


n = 6, p = 0.9486, s.d. = 0.185, F = 35.9 


However, the difficulty here is that the variables such 
as [H20],  the refractive index function and the CED are 
related, so that reasonable correlations of the v 
coefficient against the refractive index function or the 
CED are also obtained. In any case, we can conclude 
that as the alcohol becomes larger, and the organic 
phase contains less water, so the phase becomes more 
hydrophobic. 


We now consider the aCaF term that was the main 
focus of the Introduction. For all the alcohol-water 
systems shown in Table 2, the a coefficient is statisti- 
cally not significant, so that the hydrogen-bond basicity 
of water and the various phases must be the same. 
However, the water content of the alcoholic phase 
varies from 7.49 mol dm-3 in the case of isobutanol 
down to 1.65 for decanol and to 0.71 mol dm-3 for 
oleyl alcohol, but it should be noted that the variation in 
terms of mole fraction is much less, from 0.46 for 
isobutanol to 0-25 for decanol and 0.22 for oleyl 
alcohol. Even so, if the hydrogen-bond basicity of the 
organic phase was significantly influenced by the 
amount of water present, then the basicity would be 
expected to vary along the series of phases from water- 
saturated isobutanol to water-saturated oleyl alcohol. 
From the partition results, it seems clear that the 
alcohols themselves must have almost the same 
hydrogen-bond basicity as water. This is not the case 
with the solvatochromic measurements (Table 1). The 
original low  value^^*'^ of 0.14 or 0.18 for B1 for water 
now seem incorrect, but even the most recent  value^'^*'^ 
are not as high as those for the alcohols or for wet 
octanol; there is a large spread of results for the 
alcohols, but from butanol onwards the PI values lie 
between 0.7 and 1.0, partly depending on the indicator 


used in the determination. There is therefore a discre- 
pancy between the partition results given in Table 2 and 
results of solvatochromic measurements. 


Leahy et af.*’ have suggested that the anomaly of 
water having a lower solvatochromic B1 value than 
alcohols, and yet having the same basicity as judged by 
partition equations, is due to a ‘mass law’ effect. They 
point out that the concentration of hydrogen-bond basic 
grou s is 55.5 rnol dm-3 in water, but only 7.9 mol 


basic groups varies from 14 mol dm-3 in wet isobutanol 
down to only 4 mol dm-3 in wet oleyl alcohol, so that if 
this were a factor influencing the partitioning process, 
the a constant would be expected to vary from 
water-isobutanol to water-oleyl alcohol. Further, since 
the concentration of basic groups in the dry alcohols 
varies from 24.6mol dm-3 in methanol and 17.0mol 
dm-3 in ethanol down to 6.3 mol dm-3 in octanol, 
whereas the solvatochromic PI value varies randomly 
along the homologous series of alkan-1-ols, the ‘mass 
law’ effect cannot be a factor here, either. 


The ‘mass law’ effect therefore does not explain the 
anomaly between the solvatochromic measurements and 
the partition equations. We feel that it is the solvato- 
chromic results that present the difficulty rather than the 
results from the partition equations. There certainly 
seems to be considerable experimental error in the 
determination of p1 for water by the solvatochromic 
method, and values of for the alcohols are clearly 
dependent on the indicator used, l 3  as shown in Table 1. 


dm- ? in wet octanol. However, the concentration of 
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CRYPTATE ACIDITY SCALES. SOLVENT POLARITY EFFECT ON 
ION-PAIR AND FREE ION ACIDITY OF ORGANIC COMPOUNDS 


IGOR S.  ANTIPIN,* ROUSTAM F. GAREYEV, ANDREY N. VEDERNIKOV AND 
ALEXANDER I. KONOVALOV 


Department of Chemistry, Kazan State University, Kazan. 420008, Russia 


[ 2.1.1 ICryptated lithium salts of a wide range of CH-acids were studied spectrophotometrically and 
conductimetrically in solvents of low polarity. Such salts exist in media of different dielectric constants in the form 
of cryptand-separated ion pairs which are identical in their spectral and conductance properties with common solvent- 
separated ion pairs. No formation of higher ionic clusters was observed for the studied ions at concentrations below 


mol-' even in the benzene. The relative equilibrium acidities in benzene, N-methylmorpholine and 
tetrahydrofuran for a number of CH-acids are reported. Solvent polarity does not influence the cryptate ion-pair 
acidity of the investigated compounds. The relative free ion acidities were calculated for some of the studied acids 
in different solvents by combination of the ion-pair acidity values with the conductimetric data on dissociation 
constants of the cryptate ion pairs. A linear relationship between the free ion acidity and the reciprocal of the dielectric 
constant was found. An extrapolation method is suggested for the calculation of gas-phase acidity from the data 
obtained in solution. 


INTRODUCTION 
Since the pioneering work of Hammett until the mid- 
1960s, acidity measurements on organic compounds 
were limited to relatively strong acids in aqueous or 
mixed media. The direct measurement of the Brensted 
equilibria constant gives the acidity value: 


K, 
HA H + + A -  


Such systems have been widely and rigorously 
studied.' However, the wide use of non-aqueous sol- 
vents and carbanionic reactions in synthesis soon 
demanded the study of weak acids in low dielectric con- 
stant solvents. In such media, direct measurements of 
the equilibrium (1) constants is impossible so only the 
relative acidity values may be obtained by the indicator 
method: 


AJ!. HAi+M'Ar  - M + A i + H A z  
ApKa= -log AKa (2) 


The alkali metals were usually used as M in this 
reaction. The first steps made by McEven3 and Conant 


* Author for correspondence. 
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and Wheland4 to the establishment of a quantitative 
scale of carbon acidity in non-polar solvents were both 
decisive and discouraging. They indicated that not only 
electronic effects influence the acidity, but also the 
nature of the acid, cation, and solvent. 


Existing acidity scales in different solvents are un- 
suitable for quantitative analysis of the influence of the 
medium on acidity. The main causes are the 
inconstancy of the type of ionic particles in solution and 
specific intermolecular interactions. 


It is well known that alkali metal salts of organic 
compounds exist in non-aqueous solvents as species of 
different tightness. ' With decrease in solvating ability 
of the media they pass through in the order free ions, 
solvent-separated ion pairs (SSIP), contact ion pairs 
(CIP), ion triplets and finally clusters of ions and ion 
pairs of indefinite size. The type of species may change 
not only from solvent to solvent but even in a single 
solvent for different anions or for one anion with 
different cations. Such changes dramatically influence 
the acidity values and make any quantitative compar- 
isons speculative. On another hand, the specific inter- 
actions of cations with acid anions or the interactions of 
the solvent with the particles present in the solution may 
also seriously hinder the determination of the real value 
of the acidity. 
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a) b) 
Figure 1 .  (a) (2.1.llCryptand and (b) cryptated ion pair 


Two approaches are usually used to bypass this hin- 
drance. Some researchers adhere mainly to a single sol- 
vent,6 others decrease the range of acids studied to 
make them more uniform,' but in both cases no wide 
comparison of scales can be made. The gas-phase 
values of 'intrinsic' acidity commonly also correlate 
very poorly with the scales in most solvents. 


We have suggested another solution to the problem,' 
namely the replacement of the traditionally used alkali 
metal cations in reaction(2) with the large 'organic 
skin'-coated lithium [2.1. llcryptate ion. The interac- 
tion of the lithium salts of the organic compounds with 
[2.1 .l]cryptand, a macrobicyclic ligand [Figure l(a)] , 
leads to the formation of the cryptated ion pair 
[Figure l(b)] . Such ion pairs possess unique properties. 
First, the large size of the cryptate cation (R = 0.5 nm)9 
diminishes its electrostatic interactions with the anion. 
In addition, the cryptand fully coordinates the lithium 
cation and the cryptate does not interact specifically 
with either the anion or the solvent. 


Taking into account the extremely high stability of 
the inclusion complex of the lithium cation and 
[2.l.l]cryptand (the formation constant is up to lo'', 
depending on the solvent"), one may consider the 
cryptated ion pair in two ways. On the one hand, such 
an ion pair may be regarded as the contact ion pair of 
the acid anion and the huge complex cation. One may 
also consider it as the ion pair of the lithium cation and 
the acid anion separated by cryptand molecule in a 


similar manner to solvent molecules in the common 
SSIP. To avoid terminological uncertainty, we shall 
henceforth call such ion pairs the cryptand-separated 
ion pairs or the cryptate ion pairs (CrIP), and the 
acidity measured using such salts will be called the cryp- 
tate acidity. 


RESULTS AND DISCUSSION 
Spectrophotometric investigation of the cryptated ion 
pairs of the carbanions in solvents of different dielectric 
constant showed that their electronic spectra are similar 
to those of the corresponding SSIPs. As an example, in 
Table 1 the spectra of fluorenyllithium and t2.1. llcryp- 
tated fluorenyllithium in the different solvents are 
presented. The spectral characteristics of the fluorenyl- 
lithium ion pairs have been thoroughly s t ~ d i e d . ~  In 
non-polar solvents it forms CIPs with an absorption 
maximum at 346nm. In intermediate polarity media 
such as THF the CIPs are neighbouring the SSIPs, 
which have an absorption maximum at 373 nm and 
three additional waves in the range 450-520nm. In 
polar solvents the CIPs and the corresponding maxima 
disappear. The spectra of the free anions are similar to 
those of the SSIPs. The spectroscopic data for the cryp- 
tated fluorenyl lithium salt presented on the right in 
Table 1 indicate that even in the least polar solvents no 
CIPs form, i.e. the cryptand effectively separates the 
lithium cation and anion. Similar behaviour is also 
characteristic of other carbanions. In Figure 2 the 
absorption maximum wavelengths of a wide range of 
cryptated carbanion salts in the least polar solvent 
studied, benzene, are plotted against the corresponding 
values for the lithium salts in DMSO, where they are 
believed to dissociate into free ions. Figure 2 suggests 
that the spectral characteristics of the anions are 
identical in both solvents. The same picture is also 
observed with the cryptates in N-methylmorpholine and 
THF as solvents. 


Table 1. Dependence of spectral behaviour of 9-fluoryyl carbanion on 
the counter ion and solvent nature (25 C) 


Xrnax(nm)' 


Solvent Lithium salt [Li+ c 2.1.11 salt 


Hexane 
Benzene 
N-Methylmorpholine 
Cyclohexylamine 
Terahydrofuran 
Morpholine 
Ethylenediamine 
Dimethyl sulphoxide 


346 315 
346 315, 456, 484, 511 
350 315, 456, 486, 521 
361 314, 451, 486, 521 
349, 313, 455, 484, 516 314, 456, 486, 521 
368, 454, 419, 511 313, 456, 485, 519 
314, 458, 486, 521 314, 458, 487, 520 
373, 456, 486, 516 313, 458, 486, 518 
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Figure 2. Plot of maximum light absorbance wavelengths of 
cryptated carbanion salts in benzene vs corresponding values 
for lithium salts in DMSO. Numbers of compounds corre- 


spond to those in Table 4 


We also studied the cryptated lithium salts conduc- 
timetrically in non-aqueous solvents of low dielectric 
constant, i.e. benzene, N-methylmorpholine (NMM) 
and tetrahydrofuran (THF). Since the dissociation con- 
stant depends strongly on the solvent polarity, different 
approaches were used for the data treatment. In THF 
the dissociation constant of the cryptated ion pairs were 
calculated according to the Fuoss-Kraus equation: ’’ 


where F ( z )  = Fuoss function, c = salt concentration 
and f* = activity coefficient of ions determined 
according to the Debye-Huckel equation. First, from 
the dependence of A on c1/2 the approximate value of 
the electroconductance at infinite dilution (&) was 
determined and for each experimental point the correc- 
tion factor F ( z )  was evaluated. Then, from equation 
(3) corrected A0 and dissociation constant Kd values 
were determined. Using the corrected Ao, the procedure 
was repeated until consecutive values differed by less 
than 0.1 Q-’cm-’. 


In less polar solvents, N-methylmorpholine and 
benzene, the equivalent conductance of the cryptated 
salts is too low for equation (3) to be used, so the 
Ostwald dilution law equation” was used in this case: 


(4) 


The slope of the plot of l / A  vs Ac gives l/Kd& values. 
A0 in N-methylmorpholine and benzene was calculated 
from the experimental A0 values in THF according to 
the Walden rule, A07 = constant (7 = solvent viscosity). 
This rule was proved to be true for the electrolytes 
which do not interact with the solvent specifically. l3  


The absence of linearity of the above plot indicates, 
according to Fuoss and Accacina, ’’ the formation of 
ionic triplets. In this case the ion-pairs dissociation 


l /A = ( l /Ao)  + (Ac/K&) 


constants were calculated from the Ac”’ vs c 
dependence: ‘ I  


Acl/= = Add’’ + AbKd/’K~,c ( 5 )  
(A: and K:, = equivalent conductance at infinite 
dilution and association constant of ion triplets, 
respectively), or from the minimum of the A vs c plot 
according to the equation: 


Kd = ~minA&in/rlA$ (6) 
where cmin and Amin are the concentration and the 
equivalent electroconductance at the minimum point, 
respectively. 


to 
mol I-’) allows the evaluation of the association 


constant of the ion pairs in ion triplets (assuming 
symmetric triplets) according to the equation 
KLS = 3/c,,,in. Since Kd of the studied ion pairs is below 


moll-’ and K &  ranges from lo4 to lo5 1 mol-’, 
the relative share of the ion triplets is no more than 


of the overall salt concentration. Hence the 
monomeric ion pairs are the main type of particles at 
working concentrations even for the anions most likely 
to undergo aggregation and even in benzene. 


The conductimetric data obtained are summarized in 
Table 2. The AGd values for the cryptates calculated as 
AGd = -RTln Kd correlate well with the reciprocal of 
the dielectric constant of the solvent, (Figure 3) 
according to the Fuoss electrostatic model of ion 
pairs: l4 


Kd = 3000eb/4sNa3 
(7) b =  -e2/aeKT 


The value of a in this equation is the effective interionic 
distance of direct contact of the ions in the ion pair. 
This value may be calculated from the slope (0) of the 
correlations presented in Figure 3: 


a = Ne2//3 (8) 
The calculated values of the interionic distance for 


the ion pairs of some cryptates are presented in Table 3. 
One can see that the interionic distances change 
remarkably little and are nearly equal to the sum of the 
ionic radii of the carbanion (0.2-0.3 nm) and the 
cryptated lithium cation (0.5 nm). This indicates the 
existence of the cryptated lithium organic salts in 
cryptand-separated form. In addition, the linear 
dependence of the dissociation free energies (AGd) on 
.c-l confirms the constancy of the type of ion pairs in 
studied solvents. 


It was found that the Kd values are independent of 
the relative excess of the cryptand (2-100-fold). In 
addition, linearity of log Kd vs 1/T plots over a wide 
range of temperatures (-20 to 40°C) was observed. 
These results indicate the absence of ion pairs other 
than cryptand separated ion pairs (e.g. those externally 
solvated by cryptand). 


The value of Cmin (which usually ranges from 
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Table 2. Ion pair dissociation constants, Kd (f 20%, mol 1 - I ,  25 "C) of cryptated lithium 
salts of carbon acids in three solvents 


THF N-methylmorpholine Benzene 
Acid (Kd X lo6) (Kd x 10") (& x loi5)  


Fluoradene 5 . 1  - 76 


3,3 - diphenylprop-I-ene 
- - 1 , 1-(0-Bipheny1ene)- 2.0 


9-Phenylfluorene 2 -0  - 
1 1-Phenylbenzo [a] fluorene 7.8  - 
Diphenylacetonitrile 1.3 
2-Phenylindene 3.7 


- 
- 


- - 
- - 


Cyclopentadiene 0.89 6 . 0  0.18 
lndene 1.9 8.2 0.6 
9-Benzylfluorene 1.0 30 23 
Fluorene 2.3 85 8.0 


2-(N, N-Dimethy1amino)fluorene 2.5 


azaprop-1-ene 
lI1,3-Triphenylprop-l-ene 3.8 - 150 
9-P henylxanthene 1 -4  


Xanthene 2.3 


P henylacetonitrile 5 . 5  120 22 


1,1,3-Triphenyl-2- 2.0 
- - 
- - 


- - 
- p-Biphenyl yldiphenylmethane 3.4 - 


9.1 0-Dihydroanthracene 1.0 
Triphenylmethane 4.0 170 53 


- - 
- - 


Diphenylmethane 2.0 - 15 


0.2 0.3 0.4 0.5 


Figure 3. Plot of dissociation free energies of some cryptate 
ion pairs in different solvents vs reciprocal of dielectric con- 


stant of the solvent 


Hence the conductimetric and spectrophotometric 
study suggests that the [2.1. llcryptated lithium salts of 
the studied CH-acids exist in media of different polarity 
as monomeric cryptand-separated ion pairs. No for- 
mation of higher ionic clusters is observed for most of 
the anions studied at concentrations below lo-' mol I- '  
even in the least polar solvent, benzene. These ion pairs 


Table 3. Effective distances of 
maximum approach of ions in the ion 
pairs of [2.l.l]cryptated lithium salts 


of some carbon acids 


Acid a(nm) 


Triphenylmethane 9.8 2 0.3 
Cyclopentadiene 7 . 7  2 0.3 


8 .0  2 0.5 Indene 
Fluorene 8.9 2 0.3 


Phenylacetonitrile 9.0 2 0.4 
Benzylfluorene 9.9 2 0.1 


are identical in their spectral and conductance proper- 
ties with the common SSIPs. Such uniformity allows us 
to establish acidity scales which may be used for the 
study of the solvent effect on acidity. 


The analysis of the influence of the media on the ion- 
pair acidity may be carried out using the following 
Born-Haber cycle: 
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energies of the acids HA1 and HA2 and AG?*Ai'S 
and AGY A'/S the solvation free energies of their 
salts' ion pairs in the solvent S. 


Hence the relative ion-pair acidity, 6 AGip(s), in the 
solvent S may be expressed by the following equation: 
6 AGjP(s) = 6 AGip(g) - (AGFA' - AGFAz) + 


( A G Y + ~ ~  - A G ? + ~ ? )  (9) 


where 6 AGip(g) is the relative ion-pair acidity of the 
compounds HA1 and HA2 in the gas phase. The two 
terms in parentheses represent the difference in the 
solvation energies of the acids and their salts' ion pairs. 
They will determine solvent effects on the relative 
acidity. 


The solvation free energy of a compound Ai in the 
solvent S may be considered as the sum of the energies 
of dispersion, electrostatic and specific interactions of 
the solute with the solvent: 


AGf"' = AGf'/s(disp) + AGk('(e1ect.) 
+ AGk,;/S(spec.) (10) 


Hence for the prediction of the influence of the media 
on the ion-pair acidity it is necessary to evaluate the 
contribution of each of these interactions in the thermo- 
dynamics of reaction (2), i.e. the change in the disper- 
sion solvation energy: 
6 AG,(disp.) = [AG?+A'(disp.) - AG?+Ai(disp.)l 


- [AGFA'(disp.) - AGFA2(disp.)] (11) 


the electrostatic interactions of the reacting particles 
with the solvent: 
6 AG,(elect.) = [AGk!t;iA'(elect.) - AG%+A'(elect.)l 


- [AGE?'(elect.) - AGE$(elect.)] (12) 


and their specific interactions with the solvent: 
6 AG,(spec.) = [AG%+A'(spec.) - AG%+Ai(spec.)l 


- [A&?'(spec.) - AGk%pec.)l (13) 


As shown earlier, '',16 the non-specific dispersion 
solvation energy of the organic compounds depends lin- 
early on their molecular refraction. For reaction (2) the 
sums of the molecular refractions of the compounds in 
the left- and right-hand parts do not differ significantly, 
so the following equation must be true: 
A GYA'/' (disp.) + A G?+Ai/S(disp .) = 


AGYA2/S(disp.) + '"(disp.) (14) 


The combination of equations (14) and (1 1) results in 
6 AG(disp.) = 0, i.e. the dispersion interactions do not 
influence the relative ion-pair acidity. 


Another type of solvation interactions are the electro- 
static interactions. For the study of their influence on 
the relative acidities three solvents were chosen: 
benzene ( E  = 2.2), N-methylmorpholine (E  = 4.3) and 
THF ( E  = 7-4). According to theoretical concepts, the 


energy of the solute-solvent electrostatic interactions is 
proportional to the reciprocal of the dielectric constant 
( & - I ) ,  to the Kirkwood function ( E -  1 / 2 ~ +  1) or to a 
similar function. It is remarkable that the values of 
such functions change most significantly in solvents of 
low dielectric constant (E  = 2-10). In addition, these 
solvents are aprotic so in most cases they do not interact 
specifically either with the acids or with their anions. 


The relative acidities were determined in these three 
solvents according to the equilibrium 


HA] + Crt'A2 '% Crt'Ai + HA2 
ApKa= -1OgAKa (15) 


where Crt' is the lithium [2.1 .l]cryptate cation. 
Absolute acidity values are assigned on the basis of a 
reference pKa value for 9-phenylfluorene taken as 
17.9.6 The data obtained are summarized in Table 4. 


Comparison of the relative cryptate ion-pair acidity 
scales in benzene, N-methylmorpholine and THF shows 
the remarkably well fitting correlations with a slope of 
unity and a zero intercept. The correlation equations 
are as follows: 
ApK,(N-methylmorpholine) = (1 .OO f 0.01) 


ApKa(THF) - (0.22 f 0.17) 
n = 20, u = 0.14, r = 0.999 


(n = number of points; u = standard deviation; 


ApKa(benzene) = (1.01 ? 0.01) 
r = correlation coefficient); 


ApKa(THF) - (0.23 k 0.13) 
n=29,  u=0-19 ,  r=0.999 


The unit slope of the correlations indicates the 
absence of an influence of the solvent's dielectric con- 
stant on the relative acidity values. Hence solute-sol- 
vent electrostatic interactions have a negligible effect on 
the ion-pair acidity. 


Such correlations were found earlier by Streitwieser 
and co-workers" for the caesium acidity scales in THF, 
cyclohexylamine and 1,2-dimethoxyethane. However, 
they were correct only for the few hydrocarbon acids 
that form highly delocalized carbanions. The state of 
the other acids' salts in these solvents varies strongly 
and no correlation is observed. 


It is also interesting to compare the cryptate scales 
with known scales in other solvents. The plot of the 
cryptate relative acidity values in THF and Bordwell's 
acidities in DMSO (see Table 4) reveals a good correla- 
tion for most compounds (Figure 4). The correlation 
equation is 
ApKa(DMSO) = (1 -02 2 0-02) 


ApKa(THF) - (0.52 f 0.53) 
n=27 ,  u=0.36, r=0.998 


However, some CH-acids exhibit anomalous behav- 
iour, being more acidic in DMSO than would be 
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Table 4. Equilibrium cryptate ion-pair acidities of some CH-acids in non-aqueous solvents and free ion 
acidities in DMSO and THF ( k O *  1 pKa, 25 "C) 


No. CH-acid THF NMMa Benzene DMSOb THFC 


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 
29 
30 
31 
32 
33 
34 


Fluoradene 
1,1,3,3-Bis(o-biphenyIene)propene 
Dicyanomethane 
4-Nitrophenylacetonitrile 
1,2,3,4-Tetraphenylcyclopentadiene 
Ethyl cyanoacetate 
2,4-Dinitrotoluene 
Ethyl 4-nitrophenylacetate 
9-(4-Methylphenylthio)fluorene 
Diethyl malonate 
Nitromethane 
1.1-(o-Bipheny1ene)- 
3,3-diphenylprop-l-ene 
9-Phenylfl~orene~ 
1 I-Phenylbenzo [a] fluorene 
Diphenylacetonitrile 
2-Phenylindene 
Cyclopentadiene 
lndene 
9-Benzylfluorene 
Fluorene 
P henylacetonitrile 
Ethyl phenylacetate 
2-(N,N-Dimethylamino)fluorene 
1,1,3-Triphenyl-2-azaprop-I-ene 
1,1,3-Triphenylprop-l-ene 
Benzhydryl phenylsulphide 
9-P henylxanthene 
p-Biphenylyldiphenylmethane 
Phenyl methylsulphone 
Xanthene 
9,lO-Dihydroanthracene 
Triphenylmethane 
Phenylacetylene 
Diphenylrnethane 


10.6 
11.7 
12.0 
13.0 
14.2 
14.8 
15.5 
15.6 
15.9 
16.5 
17.0 


17.7 
17.9 
18.0 
18.2 
19.6 
20.7 
21.1 
21.4 
22.3 
22.6 
23.5 
23.9 
24.4 
25.8 
26.9 
27.7 
29.3 
29.4 
29.7 
29.8 
30.8 
31.1 
32.4 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


17.5 
17.9 
17.8 
17.9 
19.5 
20-6 
20-8 
21.0 
22.4 
22-5 
23.4 
23.8 
24.3 
25.6 
26.8 
27.7 
29.4 
- 
- 


29.6 
30.8 


32.0 
- 


10.7 
11.6 
10-8 
12.6 
14.2 
13.7 
15.4 
15.6 
15.9 
- 
- 


17.7 
17.9 
18.1 
18.1 
20.0 
20-7 
21.1 
21-3 
22.1 
22.3 
23.5 
23.8 
24.4 
26.0 
27.1 
28.0 
29.6 


29.7 
29.8 
31.4 
31-0 
32.4 


- 


10.5 


11.1 
12.5 
13.7 
13-1 
15.6 
14.5 
15.9 
16.4 
17.2 


- 


- 
17.9 
17.9 
17.5 
19-4 
18-0 
20.1 
21.4 
22.6 
21.9 
22.7 
24.2 
24.3 
25.9 
26.7 
27.7 
29.4 
29.0 
30.0 
30- 1 
30-6 
28.7 
32.3 


10.2 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


17.1 
17.9 (17.6) 
17-4 
18.4 
19-3 
21.0 
21.1 
21.7 (21.3) 
22.2 (22.9) 
22-2 


23.8 
24.5 
25.5 


27.9 
29.1 


29.6 
30- 1 
30.5 (30.4) 


32.4 


- 


- 


- 


- 


aN-Methylmorpholine. 


'Free ion acidities in THF calculated according to equation (16); values in parentheses are from Ref. 22. 
Bordwells free ion acidity. 


Reference acid. 


expected from the common correlation. These are 
hydrocarbons that form highly localized carbanions 
(cyclopentadiene, phenylacetylene, indene) and CH- 
acids that form ambident anions susceptible to chela- 
tion. We propose that it may be ascribed to ion pairing 
of potassium cation and such anions in DMSO. 


For the latter group the ion association is not so 
unexpected, since for the P-di- and 0-tricarbonyl 
carbon acids such pairing in DMSO is well known l9 and 
the Bordwell's acidities for such compounds are cor- 
rected to account for its acidifying effect. These cor- 
rected values (e.g. for diethylmalonate) do not deviate 
from the correlation in Figure 4. It is obvious that for 
some reason the ion pairing of potassium with anions of 


such compounds as CH2(CN)2 and NCCHzCOOEt in 
DMSO was not detected by previous investigators, so 
the acidity values were left uncorrected, i.e. 
exaggerated. 


However, more unexpected is the deviation from the 
correlation line of hydrocarbons such as cyclopenta- 
diene and phenylacetylene. The ion pairing of anions of 
P-dicarbonyl compounds is attributed to strong chela- 
tion of the potassium cation. In the case of the above 
hydrocarbons, the specific interactions are negligible 
and the association may be due to the electrostatic inter- 
action between the cation and anion. The cyclopenta- 
dienyl anion has a small ring and hence the charge 
density is relatively high, whereas in phenylacetylide 
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30 


20 13 14 
\ \16 


15 20 25 30 


Figure4. Plot of free ion Bordwell's acidities in DMSO vs 
cryptate acidities in THF. Numbers of compounds correspond 


to those in Table 4 


anion the charge is almost completely localized on the 
terminal carbon atom. The high charge density causes 
very strong electrostatic interactions with the cation. 


To confirm the suggestion about the ion pairing of 
cyclopentadienyf and phenylacetylide anions with pot- 
assium cations in DMSO, the acidity values of their 
conjugated acids in the same solvent using the cryptate 
cation instead of potassium ion were determined. These 
values (20-5 for cyclopentadiene and 30.7 for phenyla- 
cetylene) obey exactly the correlation in Figure 4 
(shown by the open symbols), i.e. the deviations are 
actually due to the association in ion pairs, while the 
use of the cryptate ions precludes their formation and 
gives the correct acidity values. Hence the comparison 
with cryptate acidity provides a simple semi- 
quantitative method of testing for ion association. 


The case of phenylacetylene, the anion of which is 
known to be likely to associate and aggregate with 
cations, is worth special discussion. The conductimetric 
study of the [2.1. llcryptated lithium salt of phenylace- 
tylene was impossible owing to its instability at low con- 
centrations. However, indirect evidence for the mainly 
monomeric state of its ion pairs in the concentration 
range used can be obtained from the acidity data. The 
differences between the Bordwell's and cryptate aci- 
dities are fairly close for cyclopentadiene and phenyla- 
cetylene, 2.7 and 2-3  pK. units, respectively. Hence the 
tendency of their anions to undergo association does 
not differ much in DMSO and obviously in other sol- 
vents. As was shown above for the cyclopentadienyl 
anion, the share of the ion triplets in the studied sol- 
vents is negligible. Hence the same may be assumed for 
phenylacetylide also. Another piece of evidence for the 
absence of aggregation with [2.1. llcryptated lithium 
phenylacetylide is the good adherence of the phenylace- 
tylene acidity to the correlations between cryptate 


acidity scales in solvents of different polarity. In the 
opposite case the extent of aggregation and hence the 
acidity values would vary from solvent to solvent. The 
influence of ion aggregation on the relative acidity in 
THF was shown earlier.20 


A logically following step in our investigation was the 
study of the influence of the solvent on ionic acidities. 
As mentioned above, the most significant changes in the 
electrostatic solvation interactions energy must be 
observed in solvents of low dielectric constant. How- 
ever, in such solvents the direct measurement of the free 
ion acidity is impossible. 


By combining the ion pair acidity values with the dis- 
sociation constants of the corresponding ion pairs, it is 
possible to calculate the relative free ion acidities 
according to the equation 


ApK,f'(s) = ApKiP(s) 
- [lOg&(M+AI) - log &(M+AI)] (16) 


where ApKZ(s) and ApKAp(s) are the free ion and the 
ion pair relative acidities of the compounds HA1 and 
HA2, respectively. 


The conductimetric Kd measurements of salts with 
cations other than lithium cryptate in media of low 
dielectric constant are complicated owing to strong ion 
aggregation. Therefore, the free ion acidity values are 
available only for solvents which have relatively high 
dielectric constants (1,2-dimethoxyethane, 21 THF, 22 


We established a scale of relative free ion acidities in 
THF using the Kd data for cryptated ion pairs in THF 
and the cryptate ion-pair acidities of corresponding 
CH-acids. The values of free ion acidities in THF are 
presented in the last column of Table 4. These are fairly 
close to corresponding values obtained by Streitwieser 
and co-workers22 (given in parentheses, relative to 
fluorene pK, taken as 22.9). The free ion acidities in 
THF do not differ significantly from the ion-pair 
values. This is not unexpected since the range of dis- 
sociation constants for the studied cryptate ion pairs is 
remarkably small (see Table 2), especially taking into 
account the considerable structural and size variations 
of the anions. 


We also determined relative free ion acidities for 
some compounds in benzene and N-methylmorpholine 
in order to examinate the influence of solvent dielectric 
constant on ionic acidity. Free ion acidities in solvents 
of different dielectric constant are compared in Table 5 ,  
and also their gas-phase acidities. 23 The acidity values 
are expressed relative to cyclopentadiene as the refer- 
ence acid. In contrast to the ion-pair acidities, the free 
ion acidities depend significantly on the dielectric con- 
stant of the media. Moreover, the anion electrostatic 
solvation was found to reverse the order of free ion 
acidity. For example, 9-benzylfluorene, fluorene and 
phenylacetonitrile are less acidic than cyclopentadiene 


DMSO~). 
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Table 5.  Relative equilibrium free ion acidities of some CH-acids in non-aqueous solvents and in the gas 
phase (f 0.1 pK., 25 "C) 


Acid 


Fluoradene 
CycIopentadiened*' 
Indene' 
9-Benzylfluorene 
Fluorene 
Phenylacetonitrile' 
1,1,3 - Triphenylprop-1-ene 
Triphenylmethane 
Diphenylmethane 


Medium ( E Z S )  


DMSO' THF NMM Benzene G.P.b Extrapolated 
(46.6) (7.39) (4.03) (2.27) (1) G.P.' 


-10.0 -10.8 - -12.2 -16.6 - 15.1 
0 0 0 0 0 0 
0 - 6  0.1 0.1 0.1 - -0 .6  
0.9 0.7 -0 .2  -0.5 - -4 .8  
2.1 1.2 0.7 -0 .2  -3 .2  - 3 . 3  
2 .2  1.2 0 -7  -0 .3  -2 .6  -3 .6  


- 1 . 3  5-4 4.4 - 2.5 - 
10.1 9.5 8 . 8  8.4 - 6.0 
11.8 11.4 - 10.3 6.7 8.3 


'Based on Ref. 6. 
Gas-phase acidities. 23 
Gas-phase acidities extrapolated according to correlation equations ApK:'(s) = ue-' + b. 
Reference acid. 
Values in DMSO, this work. 


and indene in DMSO and THF. In N- 
methylmorpholine the difference is levelled and in 
benzene indene and cyclopentadiene become less acidic 
than the first three acids. 


The free ion acidities correlate linearly with the 
reciprocal of the dielectric constants of the solvents. It 
is important that the gas-phase acidity values also obey 
these correlations well. Correlation equations for some 
of the acids studied are as follows: 


Fluoradene: 
ApK$(s) = -6.68c-I - 9.73 
n=4, 0=0.39, r=0.994 


Fluorene: 
ApK:(s) = - 5 - 2 7 ~ - ' +  2.07 


n = 5 ,  a=0*13,  r=0-998 
Phenylacetonitrile: 


ApK:(s) = - 4 * 7 0 ~ - '  + 1.98 
n = 5 ,  a=0.25, r =  0.993 


Diphenylmethane: 
ApK$(s) = -5.25t-I + 12.15 
n = 4, a = 0.40, r = 0.990 


These correlations suggest that the influence of the 
media on the free ion acidity is due mainly to the 
ion-dipole solvation interactions. 


The linear relationship between ApK$ and c-' (from 
the highly polar solvents to the gas phase) may be used 
for the prediction of ionic acidity in any non-hydrogen- 
bonding media. Most remarkable is the possibility of 
evaluation of the gas-phase acidity from solution 


acidity data by extrapolation of the ApK$ vs c-l 
dependence to the gas phase (c-' = 1). The extrapolated 
values are presented in the last column of Table 5 .  They 
are fairly close to the experimental values. Not less 
significant is also the interpolation of the ionic acidity 
values in solvents with known dielectric constants in 
cases when the direct experimental measurement is 
complicated. 


EXPERIMENTAL 


Some CH-acids were commercially available and the 
others were synthesized according to known methods. * 
The liquid compounds were distilled twice over calcium 
hydride. The purity was monitored by gas-phase chro- 
matography (GPC) on a CHROM-5 chromatograph. 
For all compounds the content of the main substance 
was above 99%. The solid substances were recrystal- 
lized twice from a suitable solvent and then sublimed 
under vacuum. The purity was monitored by GPC for 
sufficiently volatile substances. The melting points of 
the solids agreed with the literature values. 


[2.1.1]Cryptand was partially synthesized according 
to the slightly modified Lehn methodz4 and was par- 
tially a commercial product from Merck. No difference 
was observed in parallel experiments using the commer- 
cial and synthesized cryptand. The cryptand was dis- 
tilled under vacuum (b.p. 120°C at lo-' Torr). The 
distilled cryptand unexpectedly pioved to be a solid 
substance with m.p. 31.6 -+ 0.2 C (the commercial 
compound was a viscous oil). 


Halide-free butyllithium was synthesized according 
to a special method" in an evacuated apparatus in 
benzene solution. 
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All the samples of acids, cryptand and butyllithium 
were sealed in thin spherical glass ampoules (ca 15 mm 
diameter) after evacuating to a residual pressure below 


Torr. The solid acids and cryptand were placed 
in the preweighed ampoules, evacuated, degassed by 
heating to 100 O C  and sealed. The volatile liquid acids 
were degassed under vacuum, dried over the calcium 
hydride and distilled via a special manifold into the pre- 
weighed ampoules. The contents were then frozen by 
liquid nitrogen and the ampoules were sealed. Butyl- 
lithium was dropped into the ampoules via a special 
evacuated glassware manifold system to avoid contact 
with the air, and the solvent was removed under 
vacuum to a liquid nitrogen trap. The weights of the 
samples were corrected to take account of the weight of 
evacuated air. The samples of acids and cryptand 
ranged from 10 to 50 mg and of butyllithium from 2 to 
10 mg. 


The reservoirs for conductance and acidity measure- 
ments consisted of several (2-4) vertical glass tubes (cu 
2 cm diameter and 25 cm long) connected at their upper 
parts by horizontal tubes. One of the tubes was gradu- 
ated for volume measurement. No joints, stoppers or 
stopcocks were used. All the connections and closures 
were one-piece, all-glass. A quartz spectroscopic cuvette 
(optical length 0.2 or 1.6 cm) and, if necessary, a con- 
ductimetric cell were attached. The coaxial cylindric 
platinum electrodes of the conductimetric cells were 
welded to the molybdenum wires which extended 
through the reservoir's wall. The outlet of the reservoir 
was supplied with a standard joint for connection to the 
vacuum line and was also sealed after all preparation 
procedures had been completed. A piece of thin glass 
rod (for breaking the ampoules) and several ampoules 
containing the samples were placed in one of the tubes 
of the reservoir. For the conductimetric measurements 
samples of the acid, cryptand and, if necessary, butyl- 
lithium (one of each) were taken. For acidity measure- 
ments samples of two acids (3-4 of each), the sample 
of cryptand and, if necessary, butyllithium were taken. 


The solvents were prepurified by refluxing over pot- 
assium for several days and distillation. Final solvent 
purification and the preparation of the initial cryptate 
solution were slightly different for THF and for N- 
methylmorpholine and benzene. For solvent purifica- 
tion a special manifold of two connected vertical tubes 
was attached to the vacuum line and the measurement 
reservoir was attached via a joint to the manifold. Into 
one tube of the manifold the solvent was poured 
(10-15 ml) and both contained a piece of potassium 
(100-200 mg) and indicator compound (50-100 mg) 
(anthracene for THF or triphenylmethane for N- 
methylmorpholine and benzene). The solvent was 
frozen by liquid nitrogen, the glassware system evacu- 
ated and the solvent repeatedly degassed by melt- 
ing-freezing-evacuation cycles. After final evacuation, 
the piece of potassium was heated until sublimation 


with the formation of a mirror. The solvent was melted 
and isothermally distilled on the mirror. The attainment 
of required solvent purity was indicated by a stable 
colour of the indicator anion: a violet colour of di- 
hydroanthracene dianion in THF or a red colour of 
trityl anion in N-methylmorpholine and benzene. If 
necessary, the sublimation of potassium and redistilla- 
tion of the solvent were repeated in the second tube of 
the manifold. The purified solvent was isothermally dis- 
tilled into the measurement reservoir and frozen by 
liquid nitrogen. After sealing of the reservoir and 
melting of solvent, the volume of the latter was 
measured in the graduated tube of the reservoir. 


In the case of THF, a piece of lithium (10-20 mg) 
and naphthalene (20-50 mg) were placed in advance in 
the measurement reservoir (a butyllithium sample was 
not needed in this case). After distilling the solvent and 
sealing the reservoir, the reaction between lithium and 
naphthalene began with the formation of green di- 
hydronaphthalene lithium salt. After several hours the 
solution became dark green. The reservoir was washed 
with this solution and an excess of dihydronaphtha- 
lenyllithium together with a piece of lithium was sealed 
off. The ampoule with the sample of indicator acid was 
then broken by knocking the ampoule with the glass 
rod. The reaction of dihydronaphthalenyllithium with 
an excess of indicator acid yielded the lithium salt. 
Dihydronaphthalene is much less acidic than the 
weakest acid studied. Subsequently the sample of cryp- 
tand was introduced in the same manner and the spec- 
trum of the cryptated salt was recorded. The molar 
absorptivity was Calculated assuming that of lithium 
naphthalenide to be 2200 1 mol-' cm-' at 810 nm.26 
The concentration of salt was chosen so that resulting 
optical absorbance at Amax would be in the range 
0.8-1 - 5  to allow accurate measurements. 


In the case of benzene and N-methylmorpholine the 
ampoules of indicator acid and butyllithium were 
broken after sealing the reservoir with solvent. The acid 
was always in excess over butyllithium. The excess of 
salt was sealed off from the reservoir in a tube. Intro- 
duction of cryptand yielded the starting cryptate 
solution for measurements. Knowing the amount of 
butyllithium, the molar absorptivities were calculated. 


The starting solution was used for conductimetric or 
relative acidity measurements. The conductimetric 
study consisted in the determination of the concen- 
tration and temperature dependence of the salt's 
equivalent electroconductance. The starting solution 
was consequently diluted by pouring part of it (usually 
half) from the conductimetric cell into the reservoir 
itself, with further isothermal distillation of solvent into 
the cell. The concentration was monitored at each point 
spectrophotometrically. The resistance values were 
measured by a conductimeter at 1 kHz. The conduc- 
timeter was a standard Wien bridge.27 The equivalent 
conductance was calculated according to the equation 
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Table 6. Concentration dependence of the 
equivalent electroconductance of [2.1. llcryptated 
fluorenyllithium solution in THF (25 "C,  1 kHz, 


cell constant 1.2 x lo-' cm-') 


Point c x 105(mol I - ' )  A(cm2 R- '  mol-I) 


1 117 3.89 
2 58.4 5-12 
3 29 6-83 
4 
5 
6 


14 9.13 
7 . 0  12.1 
3.7 16.0 


Table 7. Concentration dependence of the equivalent 
electroconductance of [2.1. llcryptated cyclopenta- 
dienyllithium solution in N-methylmorpholine (25 OC, 


1 kHz, cell constant 1 .2  x lo-' cm-') 


Point c x 106(mol I - ' )  A x  10'(cm2 i 2 - l  mol-') 
~~ ~~ 


1 100 
2 50 
3 25 
4 13 
5 6 . 0  


9.36 
11.0 
14- 1 
17.3 
25.1 


Table 8.  Concentration dependence of the equivalent 
electroconductance of [2.1. Ilcryptated indenyllithium 
solution in benzene (25'C, 1 kHz, cell constant 


1 .2  x lo-' cm-') 


Point c x 10S(mol l - I )  A x 104(cm2 R- '  mol-') 


1 40 
2 23 
3 12 
4 6 . 2  
5 3.7 


13-4 
10.5 
11.1 
9.86 
8.82 


A = 1000k/Rc (k = cell constant, R = resistance of the 
solution, c = concentration). The cell constant was 
determined using tetramethylammonium iodide sol- 
ution in DMS028 to be 1-2 x lo-' cm-'. Typical runs 
are presented in Tables 6-8. Equations for data treat- 
ment in different cases were discussed above [equations 
(3)-(6)1. 


The acidity measurements consisted in equilibration 
of the starting cryptated salt of the indicator acid with 
another acid. Samples of each acid were alternately 
introduced one by one and the concentrations of anions 
were determined spectrophotometrically at each point. 
Generally equilibrium was reached immediately after 


dissolving the acid in all the solvents studied. The 
attainment of equilibrium was checked by repeated 
measurement of the absorbance for 30-60 min after 
introduction of the acid sample. p-Biphenylyl- 
diphenylmethane was the only acid for which slow 
establishment of equilibrium was observed. The equi- 
librium constants were calculated at each point, using 
the simplifying assumption that the ratio of activity for 
HA1 and HA2 and for their respective ion pairs is unity: 


This assumption seems to be correct in view of the low 
concentrations employed. From the equilibrium con- 
stant and known pKa of one of the acids, the pK, of the 
other acid was calculated. The several pKa values 
obtained within a run usually varied by less than 0.05 
unit, which was additional evidence for the establish- 
ment of equilibrium. The reproducibility between runs 
was generally better than 0.1 pK, unit. The concen- 
trations of acids varied from to moll- '  and 
of salts from 1 0 - ~  to 1 0 - ~  mol I-'. 


The pairs of acids were chosen so that they were 
within 2 pKa units to allow accurate equilibrium 
measurements. In many cases both acids had coloured 
anions (double indicator measurement). The concen- 
tration ratio of the anions can be calculated for such 
systems as 


[AT]/ [A11 
= EI(DA;  - k l D ~ ; ) / e z ( D ~ ;  - k z D ~ y )  ( 1 8 )  


where E I  and ~2 here are the molar absorptivities of 
anions A; and A 2  at their Amax, klel and k2e2 are the 
molar absorptivity of A; at the A,,, of AT and that of 
A 2  at the Amax of A;, respectively, and D A ~  and DAY 
are the absorbances at the A,,, of A; and AT, 
respectively. 


In other cases the anion of the second acid was 
colourless (single indicator measurement). In this case 
the calculation of the above ratio is much simpler: 


[AT]/ [AT1 = D/(& - D )  (19) 


where DO here is the initial absorbance of the starting 
solution at the indicator anion's A,,, and D is the actual 
absorbance in the presence of HAI.  


The double indicator method is more complicated 
because the overlap of the spectra of the indicators 
must be accounted for, but more accurate as the con- 
centrations of both anions can be controlled. The com- 
pounds with colourless anions were linked with not less 
than two other indicator acids. The reproducibility of 
the equilibrium constants within a run evidenced the 
absence of decomposition of the anions by impurities in 
single indicator measurements. Examples of runs for 
both double and single indicator measurements are 
presented in Tables 9 and 10, respectively. 
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Table 9. Relative equilibrium cryptate acidity of 4-phen~ltriphenylmethane 
(HA,) and 9,10-dihydroanthracene (HA2) in THF 25 C, cuvette optical 


length 0.2 cm) 


Point 0 4 6 2  0 6 1 0  [A21/[Alla [HAiI/[HA21 APK, 


- 0-98Ib 0.00 - - - 
1 0-745 0.673 1.87 0.171 -0.49 
2 0.733 0.374 3.53 0.0763 -0.57 
3 0.750 0.241 5.78 0.0493 -0.54 
4 0.585 0.426 2.39 0.118 -0 .55 
5 0.528 0.528 1 -66 0.178 -0.53 


Table 10. Relative equilibrium cryptate acidity of 
phenylmethyl sulphone and 9,lO-dihydroanthracene in THF 


(25 'C, cuvette optical length 0.2 cm) 


- - - - 1.61" 
1 1.05 1.88 0-228 -0.37 
2 0.752 0.877 0-483 -0.37 
3 0-892 1 *24 0.355 -0.36 
4 0.664 0.704 0.588 -0.38 
5 0.750 0.870 0-472 -0.39 


Starting solution. 
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KINETICS AND MECHANISM OF THE IMIDAZOLE-CATALYSED 
HYDROLYSIS OF SUBSTITUTED N-BENZOYLIMIDAZOLES 


OMAR A. EL SEOUD,* PAULO MENEGHELI, PAULO A. R. PIRES AND NIL0 Z. KIYAN 
Instituto de Quimica, Universidade de Sio Paulo, C.P. 20,780, 01498-970. SCo Paulo, S.P., Brazil 


Imidazole (1mz)-catalysed hydrolysis of benzoate esters proceeds via the intermediate formation of N- 
benzoylimidazoles. This paper considers the second step of this reaction, viz., Imz-catalysed hydrolysis of N44-X- 
benzoyl)imidazoles, X = CH3, H, CI, CN and N02, and N-(disubstituted benzoyl)imidazoles, 2-chloro-4-nitr0, 
2,4-dinitro and 3,5-dinitro, in water-acetonitrile mixtures (10% or 14%, v/v, in organic solvent). On the basis of 
catalytic rate constants and the kinetic solvent isotope effect, it is shown that catalysis by Imz is of the general-base 
type. Unexpectedly, the hydrolysis of N-(2,4-dinitrobenzoyI)imidazole was found to be slower than that of N44- 
nitrobenzoy1)imidazole. It is shown that this reactivity order is due to a combination of a steric effect and stabilization 
of the reactant state due to a donor-acceptor interaction between the Imz moiety and the 2,Cdinitrophenyl ring. 


INTRODUCTION 


Knowledge of the mechanistic details of a reaction in a 
reference solvent, e.g. an aqueous organic mixture, is a 
prerequisite for studying the same reaction in the pres- 
ence of a surfactant aggregate. In the latter case, 
micellar catalysis can be rationalized in terms of the 
transfer of the reaction from a bulk reference solvent to 
the micellar pseudo-phase. We are interested in the 
mechanism of catalysis by detergent aggregates in 
organic solvents, i.e. by reversed micelles and water-in- 
oil microemulsions. As reaction ‘media’ these aggreg- 
ates have some peculiar and interesting properties, a 
fact that has been exploited in several novel 
applications. 


As a first step toward an understanding of the 
mechanism of reversed micelle-mediated acyl-transfer 
reactions, we have recently studied details of the imi- 
dazole (1mz)-catalysed hydrolyses of the following 
benzoate esters: 


(Y = CH,, H ,  C1, CN, NO:) 


02i (X = CHOz, H, C1, CN, NOz)  


* Author for correspondence. 
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\ 
N2O ( Y  = CHS, 3, C l ,  CN, NOZ) 


Proof was given to show that catalysis by Imz is 
nucleophilic, i.e. the reaction proceeds via the inter- 
mediate formation of N-acylimidazoles, by way of two 
consecutive irreversible reactions: ’ 


We now report on the step given by the rate constant 
(kz), i.e. Imz-catalysed hydrolysis of the intermediate 
N-acylimidazoles (series V )  which form during the 
reaction of ester series I, I1 and 111, respectively. Com- 
pound VIa is that formed during the reaction of ester 
series IV. The remaining members of series VI will be 
used to corroborate a certain mechanistic conclusion. 


The results of this study are relevant not only to 
micellar catalysis, but also to the more complex enzy- 
matic counterpart. In the latter case, acylenzyme inter- 
mediates are formed (esterified at serine in the case of 
serine proteases) and the reaction is completed by the 
hydrolysis of the acylenzyme, probably via a general 
base-catalysed route by an imidazole group. 


Rate constants, activation parameters, kinetic solvent 
isotope effects and the Hammet constant ( p )  were 
determined for series V and used to probe certain 
mechanistic aspects. Unexpectedly, compound VIa was 
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V ( a - e )  xec0-aN 


(X CH,, H, C1, CN, NO*) 


V I ( a - c )  N-(disubstitutedbenzoy1)imidazoles 


Id-e) N-(substitutedbenzoy1)-N-methylimidazolium chloride 


+ F H 3  + F H 3  


d= 02N+CO-NaN C1-; e= 


significantly less reactive toward hydrolysis than Ve. 
We show that this effect of structure on reactivity is due 
to a combination of a steric inhibition of resonance 
between the carbonyl group and the aromatic moiety 
and a stabilization of the reactant state by a donor- 
acceptor interaction between Imz and the 2,4- 
dinitrophenyl ring. 'H NMR data showed that part of 
this interaction is due to the presence of the nitro group 
in an ortho position. 


EXPERIMENTAL 


All reagents for synthesis (Aldrich and Merck) were 
purified by standard procedures. N-Deuterated imida- 
zole (required for the determination of kinetic solvent 
deuterium isotope effect) was prepared by exchange 
with D20, as given elsewhere.' Acyl chlorides were pre- 
pared by reacting the appropriate carboxylic acid with 
excess thionyl chloride, followed by removal of the 
latter. lo N-Acylimidazoles were prepared by the 
reaction of the appropriate acyl chloride with two 
equivalents of Imz in benzene," or in CHC13,12 and 
were purified by crystallization from light petro- 
leum-cyclohexane. The products gave satisfactory 
melting  point^,^*"*'^ and showed the expected 'H NMR 
(Bruker AC-200, 200MHz, solvent CD3CN) and IR 
spectra (Perkin-Elmer FT-1750, KBr). The following 
are the analytical data for N-(2-chloro-4- 
nitrobenzoy1)imidazole (VIc): m.p. 100-102 'C; ana- 
lysis, calculated for C I O H ~ C I N ~ O ~ ,  C 47.73, H 2.40, N 
16.70; found C 47-50, H 2.45, N 16.55%; IR 
1732 cm-' ( Y C O ) .  Compounds VId and VIe were pre- 
pared from the pure, dry reagents under a nitrogen 
atmosphere (AtomsBag, Aldrich), as follows: to a solu- 
tion of 1.30 mmol of the appropriate acid chloride 
in 15 ml of THF was added 1.6 mmol of N- 
methylimidazole. A white precipitate was formed 
immediately. The mixture was stirred at room 
temperature for further 15 min, then filtered by using 
Schlenk-type glassware (Aldrich). After washing the 
white solid twice with 10ml portions of THF, it was 


VI-e 


dried under vacuum and used immediately. The 
following are the analytical data for these compounds. 
VId: m.p. 155-157 "C; IR, 1718 cm-' ( V C O ) ;  'H NMR 
(CD3CN), 3.85 (s, CH3), 7.34 (d, H5, 
J H ~ - H ~  = 1.2 Hz), 7-39 (d, H4), 8.19 (d, Ha, Ha ' ,  
J H a - H b  = 8.9  Hz), 08-28 (d, Hb, Hb'), 8.56 (S, H2). 
VIe: m.p. 107-109 C; IR, 1731 cm-' ( Y C O ) ;  'H NMR 


J H 4 - H 5 =  1.2Hz), 7.71 (d, H4), 7.99 (d, Ha, 


8.65  (d, Hc), 9.21 (s, H2). 
Slow hydrolysis reactions were studied in aqueous 


solutions containing 10% (v/v) acetonitrile. Fast 
reactions (i.e. those requiring the use of a stopped-flow 
spectrophotometer) were studied in 14% (v/v) aceto- 
nitrile in water. The pH of the buffers [borate, 
2,4,6-trimethylpyridine (hereafter collidine), Imz and 
N-MeImz] were calculated as given elsewhere, l 3  and 
their final values were checked with an Orion 701-A pH 
meter. The following conditions were used: buffer con- 
centration range, ionic strength (KCI) and pH range: 
[borate] = 0-02-0.10 M, 0.20, 8.20-9.70; [collidine] 
= 0.01-0.05 M, 0*07,7.0;  [Imz] = 0.02-0.2 M, 0.07, 
7.0-7-85; and N-[MeImz] =0.1-0.5 M, 1-0,  7.02. 
The spontaneous hydrolysis of VId and VIe was studied 
in 0.001 M HCI at an ionic strength of 0.1 (NaCI). 


(DMSO-&), 3.89 (s, CH,), 7.61 (d, H5, 


J H a - H b  = 8.4 HZ), 8.51 (dd, Hb, J H b - H c  = 2.2 HZ), 
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Kinetic runs were carried out with the aid of 
microcomputer-controlled Zeiss PM6KS and Beckman 
DU-70 spectrophotometers and Applied Photophysics 
MV 17F stopped-flow apparatus, as given elsewhere.' 
The decrease in the absorption of the carbonyl group of 
series V compounds was followed as a function of time 
at wavelengths of 253, 245, 252, 250 and 255 nm for 
X = CH,, H ,  C1, CN and NO2, respectively. The cor- 
responding wavelengths used to  follow the reaction of 
the other substrates were 242, 239, 250, 294, 258, 298 
and 315 nm for VIa, VIb, VIc, VId, VIe, 4- 
nitrobenzoyl chloride and 2,4-dinitrobenzoyl chloride, 
respectively. Reactions were carried out under pseudo- 
first-order conditions with all reagents, except the acyl- 
imidazole, in excess. Slow reactions were initiated by 
injecting 3-5 pl of an acetonitrile solution of the latter 
compound into the thermally equilibrated buffer solu- 
tion. For fast reactions the reagents were introduced in 
the mixing chamber with the aid of Accudil syringes 
(Hamilton) of unequal volumes (0 -  1 and 2 ml, respect- 
ively). The final substrate concentration was in the 
range 1 x 10-'-3 x M. Use of acylimidazole 
concentration higher than 5 x M resulted in irre- 
producible rate constants owing to  limited substrate 
solubility in the solvent mixture. All runs were carried 
out in triplicate. The log (absorbance) vs time plots 
were rigorously linear over more than five half-lives. 
Observed first-order rate constants (k&) were deter- 
mined from the slopes of the above plots and were 
reproducible to within 2 0.5%. Second-order (cata- 
lytic) rate constants, k,, were obtained from plots of 
kobs versus [catalyst]. The relative standard deviations 
in k,, i.e. (standard deviationlk,) x 100, were < 2 % .  


RESULTS AND DISCUSSION 


The dependence of the observed rate constants for the 
hydrolysis of series V on the concentration of Imz 
present as a free base was strictly linear, the slopes of 
these plots giving the catalytic rate constants (k,) shown 
in Table 1. The corresponding results for compound 
VIa, the intermediate for ester series IV, are given in 
Table2. Because of the limited p H  range used, no 
attempt was made to  determine rate constants for the 
spontaneous and OH--catalysed hydrolyses from the 
intercepts of these plots. 


Regarding Imz-catalysed hydrolyses of the present 
acylimidazoles and the data in Tables 1 and 2, the 
following aspects are important: 


(a) Catalysis by the buffer is of the general base type 
because the catalyst and the leaving group are the same, 
viz. Imz. Accordingly, the reaction is expected to  be 
associated with a relatively large kinetic solvent isotope 
effect,' in agreement with the ratios of k, (H20)/ 
k,(DzO), which we determined for series V at 25 'C, of 
2.94, 2.67, 2.53 and 2.43 for compounds Vb, Vc, Vd 
and Ve, respectively. Our value for Ve agrees with that 


Table 1. Catalytic rate constants (k,) for the imidazole- 
catalysed hydrolysis of N-4-X-benzoylimidazoles (X = CHj, 


H ,  CI, CN, 


Va Vb v c  Vd Ve 
T('C) CH3 H CI CN NOz 


25 
30 
35 
40 
45 
50 
AH* 


AG* 
AS* - 


1.21 
1 -68 
2.18 
2.88 
3.88 
5.20 


10.4 


21.4 
-36.9 - 


1.76 
2.32 
3.14 
4.23 
5.37 
6.85 
9.9 


21.2 
-37.8 - 


3.53 
4.68 
6.05 
7.88 


10.22 
12.95 
9.4 


.38.3 - 
20.8 


15.62 
19.45 
24.87 
31.33 
40.06 
49.15 


8.3 


19.9 
39.0 - 


20.60 
25.36 
31.43 
39.83 
50.42 
60.92 


7.9 
40.0 
19.8 


~ 


'Conditions: 10% (v/v) acetonitrile in water; ionic strength = 0.07 M 
(KCI). Activation parameters are given in kcalmol-' (AH* and AG') 
and cal k-'mol-' (AS*) (1 kcal= 4.184 kJ). The errors are 
f0.1 kcalmol-' (AH* and AG*)  and 0.5 e.u. (AS*). 


Table 2. Catalytic rate constants (k,) for the hydrolysis of 
acylimidazoles" 


VIa VIb Vlc Vfd 


15 
20 
25 
30 
35 
40 
45 
50 
AH* 
AS* 
AG* 


- 
- 
0.08 
0.12 
0.18 
0.26 
0.31 
0.50 


13.5 


21.7 
-27.2 


- 
- 
13.60 
16.40 
19.00 
21.88 
26.60 
30.37 
5.5 


-43.9 
18.6 


- 
- 
0.51 
0.71 
0.99 
1.32 
1.81 
2.45 


11.4 
- 30.9 


20.6 


1.20 
1.65 
2.26 
2.96 
4.10 
- 


- 
- 
10.1 


-32.1 
19.1 


Vle 


6.93 
9.12 


12.08 
15.65 
20.36 
- 
- 
- 


8.9 
-32.8 


18.7 


"Conditions: in acetonitrile-water mixtures, 10% (v/v) for Vla-Vlc 
and 14% (v/v) for Vld  and VIe; ionic strength, 0.07 M (KCI or NaCI). 
The reaction of Vla-VIc is Imz-catalysed hydrolysis, whereas that for 
Vld  and VIe is a spontaneous hydrolysis. For an estimation of errors 
in the activation parameters, see footnote to Table 1. 


reported for general base-catalysed hydrolysis of both 
Ve (2.38)14a and N-acetylImz (2.6). lSa It is interesting 
t o  note the decrease in the magnitude of the isotope 
effect as a function of increasing reactivity of the acyl- 
imidazole, probably owing to  a variation in the struc- 
ture of the transition state (which becomes more 
reagent like) in the same direction. 


(b) Catalytic rate constants, k,, that were obtained 
by following either the disappearance of reactants or 
the appearance of products were in excellent agreement. 
For example, the values of l o 2  k, (1 mol- 's- ' )  for VIa 
at  40 "C and for VIb and VIc at 35 " C  measured by 
following reactant disappearance were 0.255, 19.00 
and 0.993, respectively, and the corresponding values 
measured by following product appearance were 0.256, 
19.09 and 0.975, respectively. Additionally, sharp 
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isosbestic points were observed at 275, 268, 256 and 
270 nm during the hydrolyses of Ve, VIa, VIb and VIc, 
respectively. Both results indicate that no species 
accumulate between reactants and products. Based on 
this, and on literature data on hydrolyses of acylimida- 
zoles under a variety of conditions, "-" we suggest the 
following structure for the reaction transition state: 


w 


without taking a position as to whether a metastable 
tetrahedral addition intermediate is formed along the 
reaction path. Note that the ease of the C-N bond 
breaking is likely to be enhanced by hydrogen bonding 
of water to N-3 of Imz.15b315cs16as17b 


(c) The Hammett p value for series V was found to 
be 1.25 2 0-02, which is in excellent agreement with 
the value obtained for the same reaction in water 
(1 *24 k 0-03). 14a 


(d) The difference in reactivity on going from Va to 
Ve is due to a decrease in the enthalpy of activation, not 
compensated for by a decrease in the T A S *  term. To 
our knowledge, the only other activation parameters 
reported in the literature refer to acid-catalysed hydro- 
lysis of benzoylimidazole14b and imidazole buffer- 
catalysed hydrolyses of aliphatic acylimidazoles. 


Tables 1 and 2 show that Ve reacts between 25.8 to 
12.2 times faster that VIa. This behaviour is not res- 
tricted, however, to the Imz-mediated reaction, but was 
also observed in hydrolyses catalysed by other bases. 
Thus, at 25 'C, we obtained ratios for k, (Ve)/k, (VIa) 
of 18-8, 25-7 and 19-1 for catalyses by borate buffer, 
collidine buffer and OH- ion, respectively. 


What are the possible reasons for this unexpected 
effect of structure on reactivity? First, we consider 
steric factors. The presence of the nitro group in the 
ortho position of Via can, in principle, decrease reac- 
tivity toward hydrolysis by two mechanisms: hindrance 
to the attack of the water-Imz complexI6 and steric 
inhibition of resonance between the CO group and the 
2,4-dinitrophenyl ring. Both effects originate from 
steric crowding at the reaction centre which forces both 
the o-nitro and the CO groups out of plane of the 
benzene ring. We are unaware of x-ray diffraction 
studies on ortho-substituted benzoylimidazoles, but the 
results for the precursor 2,4-dinitrobenzoic acid shoowed 
that the o-nitro and the carboxyl group are 54.7 and 
23.4 , respectively, out of plane with the benzene 
ring. l9 Additionally, physico-chemical properties and 
spectroscopic data of solutions of acylimidazoles also 


indicate a lack of coplanarity. Thus, measurements of 
dipole moments,20a 'H and I3C NMR chemical 


and IR stretching vibrations of the C=O 
and C-N bonds,20d indicate a lack of coplanarity 
between the CO group and the Imz ring in aliphatic 
acylimidazoles and between the former group and the 
benzene ring in aromatic acylimidazoles. 


The effect of steric factors on reactivity agrees with 
the results reported in Table 2 for N-(3,5- 
dinitrobenzoy1)imidazole (VIb) and N-(2-chloro-4- 
nitrobenzoy1)imidazole (VIc). The former compound, 
which carries no substituent in the ortho position of the 
benzene ring, reacts between 170 and 61 times faster 
than VIa. Based only on Taft's (T* constants for C1 and 
NO2 in ortho positions (0.2 and 0.8, respectively)," 
one would expect VIa to react faster than VIc. The 
contrary was observed, however, probably because of 
less crowding in the latter compound, in agreement with 
x-ray diffraction results of the precursor o-chloro- 
benzoic acid which showed that the angle between the 
plane of the carboxyl group and that of the benzene 
ring is 13.7°.22 


The preceding discussion raises the question of 
whether steric factors are the only ones responsible for 
the observed order of reactivity. The following shows 
that this is not the case. Additionally, we present evid- 
ence to demonstrate that stabilization of the reactant 
state by an intramolecular electron donor-acceptor 
interaction between the diazole ring and the electron- 
deficient aromatic ring (including the o-nitro group) 
also plays a role. 


(a) Considering only steric factors, other compounds 
having a carbon skeleton similar to the above- 
mentioned acylimidazoles are expected to show the 
same order of reactivity. However the following rate 
constants show that collidine-catalysed hydrolysis of 
2,4-dinitrobenzoyl chloride is slightly faster than the 
corresponding reaction of 4-nitrobenzoyl chloride: k, 
(1 mol-' s- ' )  for 2,4-dinitrobenzoyl chloride = 68-6, 
81.9, 100.3, 125.8 and 148.1 and k, (lmol-'s-') for 
4-nitrobenzoyl chloride = 62.1, 74-4, 92-2, 113.3 and 
131.1 for the reaction at 16, 20, 25, 30 and 35"C, 
respectively. Benzoate esters also behave differently 
from the present N-benzoylimidazoles. Thus the cata- 
lytic rate constants for the Imz-catalysed hydrolysis of 
ester series I1 (precursor of Ve) and IV (precursor of 
VIa) have comparable values. ' Additionally, the rate 
constant for the hydroxide ion-catalysed hydrolysis of 
methyl 2,4-dinitrobenzoate is 1 -86 times larger than the 
corresponding value for methyl 4-nitrobenzoate. 23 


(b) Introduction of alkyl groups in the a-position of 
aliphatic N-acylimidazoles (which induces steric 
crowding) either does not affect or slightly enhances the 
rate of hydrolysis of these compounds. I 6 * I 7  


The higher AH* value for VIa may be due to stabi- 
lization of the reactant state, destabilization of the 
transition state or both. Regarding stabilization of the 


shifts 2Ob,c,d 
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former state, one can envisage an intramolecular elec- 
tron donor-acceptor interaction between the hetero- 
cycle (donor) and the electron-deficient aromatic ring 
(acceptor). The strength of this interaction is expected 
to decrease in the order VIa > VIb > VIc > Ve; for VIa 
the o-nitro group is also probably involved. Such intra- 
molecular interaction is similar to that between the 
o-nitro group of one ring and the opposite aromatic 
ring in diphenyl ethers, diphenyl thioethers, benzo- 
phenones, benzanilides and diphenyl sulphoxides. 24 


Additionally, the formation of intermolecular com- 
plexes between Imz and aromatic substrates, e.g. pyri- 
d ~ x a l ~ ~ ~  and methyl trans-cinnamate, 25b has been 
shown. In the case of the latter compound, the complex 
formation resulted in a small but real decrease in the 
reaction rate. 


Regarding N-acylimidazoles, theoretical calculations 
indicated that the heterocycle is a *-electron donor, and 
that there exists an intramolecular donor-acceptor 
interaction between imidazole and electron- 
withdrawing acyl groups. 26a Both conclusions are in 
agreement with observed UV-visible spectra of solu- 
tions of acetylimidazole in presence of *-electron accep- 
tors, e.g. iodine and iodine bromide,26b and those of 
N-4-substituted benzoylimidazoles. 26c 


We sought experimental evidence for formation of 
these intramolecular electron donor-acceptor com- 
plexes. Theoretical calculations26a and IR and 'H NMR 
spectra20d showed that H-2 of imidazole is most 
affected by electron donation by the heterocycle. There- 
fore, we measured 'H NMR chemical shift differences 
(As) between the protons of Ve and those of VIa, VIb 
and VIc under the same conditions (0.05 M in dry 
CD3CN). On going from Ve to VIa, the heterocycle H-2 
showed the largest downfield shift, 20.2 Hz. The cor- 
responding (downfield) A6 values for H-4 and H-5 were 
14.1 and 12.0 Hz, respectively. A similar trend was 
observed for VIb and VIc, with smaller A6 values of 
11.2, 8.3 and 3 -5Hz  for VIb and 8.0, 6.2 and 
1 .O Hz for VIc for the heterocycle H-2, H-4 and H-5, 
respectively. The downfield shift of the diazole discrete 
protons indicates electron donation to the aromatic 
ring, the strength of which depends on the nature and 
position of the substituent, decreasing in the order 
VIa > VIb > VIc > Ve. The A6 results for the first two 
compounds (both are dinitrobenzoylimidazoles) point 
to a specific interaction between imidazole and the 
o-nitro group. 


Regarding the transition state (see above), it is safe to 
conclude that the importance of such an interaction is 
much less than that in the reactant state This may be 
due to a combination of (a) an increase in the distance 
between the imidazole and the aromatic ring because of 
partial dissociation of the C-N bond and (b) an 
attenuation of the electron density of the leaving group 
because of its hydrogen bonding with water. '5b9'5c,'7b 
In summary, the observed relative reactivities of Ve and 


VIa are due to a combination of steric crowding at the 
reaction centre and intramolecular stabilization of the 
reactant state. 


The activation parameters obtained for Ve and VIa 
can now be readily explained. For VIa the higher AH* 
value is due to a decreased interaction between the CO 
group and the 2,4-dinitrobenzene ring (owing to lack of 
coplanarity) and an extra stabilization of the reactant 
state, imposed by an intramo!ci.;!sr donor-acceptor 
interaction. For the same compound, the higher AS* 
is a consequence of smaller loss of degrees of freedom 
on going from the (more structured) reactant state to 
the transition state. 


The preceding rationale can be tested by examining 
the effect of inhibition of electron donor-acceptor 
interactions on relative reactivities, i.e. by examining 
hydrolyses of compounds VId (derived from Ve) and 
VIe (derived from VIa) in which the heterocycle is 
positively charged. At the outset, any change in 
molecular geometry which may result from quaterniza- 
tion of the N-3 atom of imidazole is expected to be 
similar for VId and VIe. Using the Hyper-Chem 
program package (Autodesk), we calculated the effect 
of quaternization of Ve and VIa on the geometries of 
the products as follows: dihedral angles, 3, between the 
planes of the different groups of the molecule were 
taken from solution data for acylimidazoles or from 
x-ray data for the precursor benzoic acids. The 
following 9 values were used: 32, betweenothe CO 
group and the aromatic ring, 3.3 and 23.4 for Ve 
and VIa, respectively; 32 betwetn the NO2 group and 
the aromatic ring, 54.7 and 0 for 0- and p-nitro, 
respectively; and 9 3 ,  between the Imz ring and the CO 
group, 21 .o". 19,20a2Ob,22 The geometry of each 
molecule was first optimized by the MM2 molecular 
mechanics program by using the above-mentioned dihe- 
dral angles as starting values, but without imposing 
them as constraints. The 'best' geometry based on the 
MM2 program was further refined with the AM1 semi- 
empirical program. On going from Ve to VId there was 
a decrease in 9 1  from 38.6 to 26-2" and an increase 
in 9 3  from 9.1" to 30.0". The same behaviour was 
observed on going from VIa to VIe, with 31 decrea2ing 
fr0m~55.9" to 47.5" and 9 3  increasing from 7 -8  to 
25.8 . Interestingly, the vtlue of 9 2  remained virtually 
constant (39.1 and 42.8 for VIa and VIe, respect- 
ively). The results of these calculations indicate that- 
quaternization of the N-3 atom of Imz produces par- 
allel changes in the geometry of VId (relative to Ve) and 
VIe (relative to VIa). Therefore, quaternization of the 
heterocycle should only increase the values of k, for 
both compounds, but should not change their order of 
reactivity, i.e. one would expect k,(VId) to continue to 
be greater than k,(VIe). Our results, however, show 
that this is not the case (see below), in agreement with 
the idea of donor-acceptor interaction. 


We attempted to determine the values of kc for 
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MeImz-catalysed hydrolyses of VId and VIe (hydrolysis 
in Imz buffer would result in nucleophilic catalysis). lSd 
At a constant pH of 7.02, the observed rate constants 
were rather insensitive to  [MeImz] in the concentration 
range 0.04-0.16 M. The use of concentrated buffer 
solutions (0-1-0.5 M, ionic strength 1.0) resulted in 
plots of kobs vs [MeImz] which were visibly curved. 
Although no reliable k, values could be determined, all 
kobs values for VIe were greater than the corresponding 
values for VId, indicating that quaternization produced 
an inversion of reactivity. 


We determined the pH-rate profiles for spontaneous 
(i.e. water catalysed) hydrolyses for VId and VIe and 
the values of kobs were found to  be independent of the 
solution p H  in the range 1.6-4.0, in agreement with 
the results for water-catalysed hydrolysis of acetyl- 
imidazole. I5,l6 The values of k, reported in Table 2 
were obtained by dividing kobs by water concentration 
(47'3M). These results show that VIe is more reactive 
than its 4-nitro counterpart, VId. This inversion of 
reactivity (relative to Ve and VIa) is due to  the absence 
of intramolecular electron donor-acceptor interactions 
because of quaternization. Activation parameters for 
the reaction of VId and VIe corroborate the preceding 
discussion. Whereas Ve is more reactive than VIa, 
essentially owing to the lower enthalpy of activation, 
the reverse is true for VId and VIe because donor-ac- 
ceptor interactions play no role in hydrolyses of N-acyl- 
N'-methylimidazolium chlorides. The small difference 
between the A S *  values of VId and VIe also agrees 
with our discussion (see above) on the relative import- 
ance of steric orrho effects. 
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SECONDARY a-DEUTERIUM ISOTOPE EFFECT ON THE 
HYDRATION OF p-NITROBENZALDEHYDE 


J O S ~  RICARDO PIRES, ANTONIA SONIA STACHISSINI AND LUCIANO DO AMARAL* 
Instituto de Quimica da Universidade de Sio Paulo, C.P. 20780, 01498-970 Sio Paulo, SP, Brazil 


The secondary adeuterium isotope effect on the equilibrium constant for the hydration of p- 
nitrobenzaldehyde is 1.39 2 0.05. The kinetic secondary a-deuterium isotope effect (kD/kH) for the addition of water 
top-nitrobenzaldehyde is 1.18 f 0.07. This result demonstrates that there is extensive carbon-oxygen bond formation 
in the transition state for addition of water to the carbonyl group of p-nitrobenzaldehyde. 


INTRODUCTION 


One of the central questions in physical organic 
chemistry is the relationship between substrate structure 
and transition-state structure. This subject has been 
treated theoretically' - 5  and investigated by a number 
of experimental approaches, including the use of linear 
free energy relationships and isotope effects. In par- 
ticular, secondary a-deuterium isotope effects have 
proved to be useful indicators of transition-state struc- 
ture in several cases. Thus, for example, secondary a- 
deuterium isotope effects for the addition of amines to 
carbonyl compounds revealed that changes in the 
substrate structure and catalysis induce marked changes 
in the degree of carbon-nitrogen bond formation in the 
transition state, clarifying structure-reactivity relation- 
ships for this reaction. '** 


Studies of the addition of water to aldehydes and 
ketones by Bell and Cl~nie, '* '~ Cohn and Urey" and 
Wilson and Davidson" have shown that the degree of 
hydration is a function of the structure of the carbonyl 
compound and that the reaction is catalysed by 
hydronium and hydroxide ions and is also subject to 
general acid and general base catalysis. 


Sayer" reported the determination of the hydration 
constant of p-nitrobenzaldehyde by three methods and 
found a value of KH(HzO) = 0.25 2 0.1. 


In this paper, we report the results of the determi- 
nation of a-deuterium isotope effects on the equi- 
librium constant and rate of hydration of 
p-nitrobenzaldehyde and p-nitrobenzaldehyde-a-dl. 


*Author for correspondence. 
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EXPERIMENTAL 
Materials. Analytical-grade inorganic salts, acetic 


acid, sodium acetate, and acetonitrile were used as 
received. Glass-distilled water was used throughout. 
p-Nitrobenzaldehyde and semicarbazide hydrochloride 
were recrystallized. pnitrobenzaldehyde-a-dl was pre- 
pared as described previously. l4 


Equilibrium constants and hydration kinetics. Equi- 
librium constants for the hydration of p-nitrobenz- 
aldehyde, KH(H~O), and hydration of 
p-nitrobenzaldehyde-a-dl, KD(HzO), were determined 
by two methods, as described by Sayer.I3 In the first, 
kineticsoof the hydration of the aldehyde were followed 
at 25.0 C and ionic strength 1 -0, maintained with pot- 
assium chloride. Formation of the hydrated aldehydes 
was followed at 268 nm using a Beckman DU 70 spec- 
trophotometer with ten measurements per second for 
60 s; an aliquot of 20 p1 of a 5 X M solution of the 
aldehyde in acetonitrile was added to 2 -5  ml 0.2 M 
aqueous acetic acid-sodium acetate buffer solution (pH 
4.8). The reaction followed pseudo-first-order kinetics 
and the absorbance change due to hydration of the 
aldehyde was analysed to obtain the values of A0 and 
A,. The absorbance expected for the fully hydrated 
aldehyde was estimated using the sulphite addition 
product as a model. After completion of the hydration 
reaction, 12 81 of NazSO3-NaHSO3 ( I  : 1) aqueous 
solution (1 M in SO:- plus HSOI)  were added to the 
reaction mixture and the absorbance was measured. A 
correction of approximately 4% was applied for the 
absorbance of the sulphite-hydrogen sulphite solution 
alone. 
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Table 1. Values of KH(HzO) for the hydration of p-nitrobenzaldehyde and of KD(HzO) for the 
hydration of pnitrobenzaldehyde-a-dl obtained from the method of direct hydration 


Run 
________ ~~~~ 


1 392 2.4142 2.5327 1.7435 15.04 0.1770 
2 381 2.4728 2.4943 1-7842 15.00 0.1765 
3 43 1 2.4185 2-5422 1.7518 15.90 0.1890 
4 532 2-4136 2.5342 1.7422 15.23 0.1792 
Mean 0.180 
Standard deviation 0.003 


1 46 1 2-4802 2.6149 1.8977 18-78 0.2312 
2 494 2.4842 2.6207 1-9310 19-79 0.2467 
3 419 2.4569 2.6056 1.8696 20.20 0.2534 
4 456 2.4856 2.6300 1.8986 19.74 0.2459 
Mean 0.244 
Standard deviation 0.005 


Ahyd for complete hydration of the aldehyde was 
taken as Ao-Aso:- ,  where A0 is the extrapolated 
value of the absorbance at zero time and Aso:- is the 
absorbance of the sulphite addition product. The frac- 
tion of aldehyde converted into the hydrate, a, is then 
given by &s/Ahyd, where Aobs is the observed net 
absorbance change. The equilibrium constant KH (HzO) 
for hydration is a/(l - a). (Table 1). 


In the second method, the time dependence of dehy- 


dration of the hydrated aldehyde was followed by 
measurement of the change in absorbance of 320 nm on 
addition of 30 pl of a 2 .5  x lo-’ M aqueous solution of 
the aldehyde to 2.5 ml of a 0.5 M aqueous solttion of 
semicarbazide hydrochloride (pH 2.8, 25.0 C and 
ionic strength 1.0). The total absorbance change Atot 
for semicarbazone formation from hydrate plus unhy- 
drated aldehyde was obtained by correction of the final 
absorbance value for the small absorbance of the alde- 


Table2. Values of KH(H~O) for the hydration of p-nitrobenzaldehyde and of 
KzD(H20) for the hydration of p-nitrobenzaldehyde-a-dl obtained by the method 


of semicarbazone formation 


Run Points A, Ao a(%) KH(HzO) 


1 333 1.3100 1.2440 15.74 0.1868 
2 397 1.3225 1.1263 16.49 0.1973 
3 442 1.0353 1.1244 15.40 0.1820 
4 507 1.3490 1.1622 15.31 0.1808 
5 328 1.3073 1.1201 15.91 0.1892 
6 255 1.3059 1.1100 16.67 0.2000 
Mean 0.189 
Standard deviation 0.003 


1 
2 
3 
4 
5 
6 
Mean 
Standard deviation 


452 1.2686 1.0325 20.68 0.2607 
370 1-2689 1.0999 21.80 0.2788 
300 1-2642 1.0259 20.94 0.2649 
276 1.2685 1.0255 21.28 0.2704 
362 1.2724 1.0269 21.44 0.2729 
411 1-2732 1.0332 20.94 0.2649 


0.269 
0.003 
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hyde at 320 nm. Kinetic measurements were performed 
using a Beckman DU 70 spectrophotometer (ten 
measurements per second for 60 s). The observed time- 
dependence change, A&, due to slow conversion of the 
hydrate into the aldehyde, was determined from the 
intercept at time zero (Afinal - Ao). The fraction, a, of 
aldehyde present as the hydrate in the initial solution is 
then given by Aobs/Ato,. The time-dependent absor- 
bance change observed on mixing an acetonitrile sol- 
ution of the aldehyde with the semicarbazide buffer was 
negligible, the final absorbance value being reached at 
a rate too rapid to measure under our conditions, as 
expected for a solution containing some hydrated 
aldehyde at time zero (Table 2). 


RESULTS AND DISCUSSION 
The hydration constants of p-nitrobenzaldehyde and 
p-nitrobenzaldehyde-a-dl were determined by two 
methods. The first method, direct hydration of the alde- 
hydes, gave KD(H~O) = 0.244 5 0.005 for the 
deuterated compound and KH(H~O) = 0.180 2 0.003 
for the protio compound, corresponding to a secondary 
isotope effect of KD/KH = 1 .365  0.04. The second 
method, formation of the semicarbazone, gave for the 
deuterated compound KD(HZO) = 0.269 2 0.003 and 
for the protio compound KH(HzO) = 0.189 2 0-003, 
corresponding to a secondary isotope effect of 
KD/KH = 1-42 2 0.03. The mean of the two methods is 
KD/KH = 1-39 f 0.05 for the secondary isotope effect 
on the hydration of p-nitrobenzaldehyde. 


The rate constants for hydration of p-nitrobenz- 
aldehyde and p-nitrobenzaldehyde-a-dl ere also deter- 
mined at 25.0 "C in 0.2 M acetate buffer (pH 4.8 and 
ionic strength 1.0). For the deuterated compound 
k?bs = 0.088 k 0.002 sK1 and for the protio aldehyde 
k k  = 0.096 2 0.004 s-l  (Table 3). 


The observed rate constants themselves cannot be 
employed for the calculation of the secondary kinetic 
isotopic effect as both the forward and reverse reactions 


contribute to the observed rate constants. The rate of 
the forward reaction was therefore calculated from the 
observed rate constants using the values of the equi- 
librium constants: 


These values were then employed to calculate the value 
of the kinetic isotopic effect, 


kD/kH = (1.73 f 0.06) 
X 10-'/(1*46 2 0.07) x lo-' = 1-18 2 0.07. 


Estimation of transition-state geometry from sec- 
ondary deuterium isotope effects for hydration requires 
that the limiting value for complete rehybridization 
from sp2 to sp' be known. The reaction in acidic sol- 
ution proceeds via the following two steps: '' 


\ 
HzO + 


I 
OH 


I 
H.70 + CEO + H+ -C-OH -C-OH + H+ 


/ ' I  Z I  


where (KD/KH)I x (KD/KH)z = (K~/K~)overdi = 1-39 5 
0-05. The value of (KD/KH)~ can be estimated to be 
1.06 on the basis of the influence of single deuterium 
atoms on the acidity or basicity of formic acid,I6 
methylamine '' and trimethylamine, Is as described by 
Bilkadi et d.'* The limiting value of the kinetic 
secondary isotope effect for addition of water to 
p-nitrobenzaldehyde should therefore be 1.39/ 1 -06 = 
1 - 3 1 .  Considering the observed isotope effect (1 * 18), 
the extent of carbonyl-nucleophile bond formation can 
be calculated by using the equation 


The isotopic effect values correspond to B = 0.58. This 
value suggests that the transition state for the hydration 
of p-nitobenzaldehyde must be nearer tetrahedral than 
planar. 


Table 3. Values of kobs for the hydration of p-nitrobenzaldehyde and for the 
hydration of p-nitrobenzaldehyde-a-dl 


p-Nitrobenzaldehyde p-Nitrobenzaldehye-a-dl 


Run kobs(S- ' Run kobs (S - I ) 


1 9.11 x 10-2 1 8.67 x lo-' 
2 8.73 x 2 8.43 x lo-' 
3 9-85 x lo-' 3 9 .33 x 
4 1.07 X lo-' 4 8.86 x lo-' 
Mean 0.096 Mean 0.088 
Standard deviation 0.004 Standard deviation 0.002 
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The conclusion that the bond between carbonyl 
carbon and the nucleophile is formed in the transition 
state is in accord with data concerning addition of 
nitrogen nucleophiles, ' ,I9 and cyanide ion2' to 
aldehydes. 
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RECHECKING OF THE EQUILIBRIUM GAS-PHASE BASICITY SCALE 
FOR LOW-BASICITY COMPOUNDS USING FOURIER TRANSFORM 


ION CYCLOTRON RESONANCE SPECTROMETRY 


ILMAR A. KOPPEL 
Institute of Chemical Physics, Tartu University, EE-2400 Tartu, Estonia 


AND 


FREDERICK ANVIA AND ROBERT W. TAFT 
Department of Chemistry, University of California at Irvine, Irvine, California 9271 7 ,  USA 


Fourier transform ion cyclotron resonance (FT-ICR) spectrometry was used to study and recheck the proton 
transfer equilibria for a large number of low-basicity compounds, particularly those which are less basic than 
H,O. The data obtained were used for the construction of a continuous scale of the relative gas-phase basicities 
between H,S and SO,F,. The present results are compared with the results obtained by McMahon and co- 
workers using ICR spectrometry and high-pressure mass spectrometric (HPMS) techniques. Satisfactory 
agreement is found with the existing ICR spectrometric data. The results, however, show unexplained variances 
with earlier and recent HPMS results that are also not internally self-consistent. The substituent effects for some 
families of low-basicity compounds (nitriles, carbonyl compounds, ethers and some others) are discussed. 


INTRODUCTION 


The gas-phase proton affinities for neutral bases have 
been determined for more than 800 compounds B i  over 
a wide interval between 41 kcal mol-' (He atom) and 
318.2 kcal mol-' (K,0)'-6 (1 kcal=4.184k.I). Most of 
the data were derived from the equilibrium constants by 
low-pressure ion cyclotron resonance (ICR), high 
pressure mass spectrometric (HPMS) or flowing after- 
glow techniques for the following gas-phase proton 
transfer equilibria: 


-6AG" = RT In K (1) 


where Bo refers to the reference base (ammonia, 
isobutene, CO,, etc.). 


Predominantly the attention of investigators has been 
centered on the measurement of the basicity of com- 
pounds which are usually significantly more basic than 
water [proton affinity (PA = 166.5 kcal m01-'].'*~ The 
basicity ladders'-' covering the basicity range from H,O 
to and from the latter to diamines,'.* 
substituted guanidines and amidines2-" have been 
established, rechecked and sometimes critically re- 
evaluated.'~*~' In particular, the value of the proton 


B,H' + B, + Bi + B,H+ 


CCC 0894-3230/94/120717-08 
0 1994 by John Wiley & Sons, Ltd. 


affinity for ammonia has been intensively dis- 
cussed. 12s7-10 Values usually ranging from 202 to 
208 kcal mol-' have been suggested. Mautner and 
Sieck'" have recently proposed a 4 kcal mol-' upward 
adjustment of the value of PA(NH,) = 204.0 kcal mol-' 
that has been accepted in the gas-phase thermochemistry 
database.' Their suggested value (208.3 kcal mol-') 
was claimed to be supported by the HPMS experiments 
of Szuleijko and McMahon.8b Later, however, the same 
authors'" reversed their arguments in favor of the 
previously accepted value of PA(NH,) = 204 kcal 
mol-'. In the same paper,'" these authors voiced their 
belief that 'after two decades of equilibrium proton 
transfer measurements, it would appear that a reliable, 
absolute affinity scale is close at hand.' 


However, based on the results of our present ICR 
spectrometric experiments and on a literature analysis, 
we can hardly agree with such an optimistic conclusion. 
Specifically, the doubts concern the basicity range for 
the compounds less basic than or comparable to water. 
Owing to the experimental difficulties, the study of this 
particular basicity region has so far received only very 
modest attention. 


First, the basicity area between CO and CH, was 


Received 3 October 1993 
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studiedI2*l3 by the flowing afterglow technique. Later, in 
three separate papers by McMahon and co -~orke r s , ' ~ - '~  
the basicity of some compounds, mostly less basic than 
water, was studied by the ICR technique at ambient 
temperature. In the overlapping region of basicities 
(from C,H, to CF,COF), the agreement between the 
results from the different studies can be considered 
reasonable. 


HPMS was used by McMahon and Kebarle17 for the 
investigation at 400K of the wide basicity range 
between H,S, CF,CH,OH or H,O and CH,. The latter 
study also involved the selection of compounds which 
mostly overlap with the collection of bases used in 
earlier ICR ~ t u d i e s ' ~ - ' ~  of relatively weak basicity (the 
range from H,S and CF,CH,OH to CF,COF and 
SO,F,). The comparison of the relative basicities 6AG" 
given in Refs 14-16 with those in Ref. 17 for 
CF,CH,OH and CF,COCF, (8.2 and 15.9 kcal mol-', 
respectively) and for the transfer from CF,CH20H to 
SO,F, (6AG values derived by using ICR and HPMS 
techniques are 9.4 and 15.4 kcal mol-I, respectively) 
shows that for the first pair the ratio 
6AG,,,HPMS/GAG,981CR = 1.94, whereas for the second 
pair of compounds this ratio is 1.80. 


This means that a very significant inconsistency exists 
between all series of the ICRI4-l6 and the HF'MSL7 
experiments. This disagreement does not vanish even 
after taking into account the actual ratio, i.e. 
400/298 = 1.34, of the experimental temperatures and 
reducing the 6AG" values to the same temperature. No 
explanation of these findings was suggested.I7 


Serious disagreements also exist in the low-basicity 
region for the 400 K HPMS basicity scale of McMahon 
and KebarleI7 and the new HPMS basicity scale of 
Szuleijko and McMahon." Whereas the PA values for 
H,S, H,O, CS, and C,H, are virtually identical in both 
studies, values for several other bases (CF,CN, SO,, 
COS, SO,F,, C,H6, CO, N,O and CH,) are revised 
downwardBC by 4-5 kcal mol-I. This has led to a 
significant expansion of the basicity scale from that in 
Ref. 17. Also, in Ref. 8c for some weak bases (CS,, 
CF,CN, SO,, COS, (CF,),CO) the relative basicity 
order has been found to be different from that given in 
Ref. 17. No explanation of the revision of the relative 
basicity order of those compounds was suggested. 


The major goal of this work was to re-check the gas- 
phase basicity ladder spanning from CF,CH,OH to 
SO,F, using an FT-ICR spectroscopic technique. 


The equilibrium gas-phase basicity scale for com- 
pounds which are slightly or even moderately stronger 
than water is also not sufficiently abundant or well 
enough represented by the derivatives of bases belong- 
ing to the various families of compounds. Therefore, 
the second goal of this work was to investigate bases 
(mostly fluoro-organic compounds) whose basicity, as a 
rule, does not exceed that of water by more than 
5-15 kcal mol-I. 


No attempt was made to tackle the problem of 
absolute values of gas-phase basicities or proton 
affinities of NH,, H,O and some other frequently used 
reference compounds. 


EXPERIMENTAL 


Procedure. Gas-phase basicity measurements were 
performed at 373K using a pulsed FT-ICR mass 
spectrometer from IonSpec (Irvine, CA, USA). The 
major details of the experimental technique used for the 
measurement of equilibrium constants K of the revers- 
ible proton transfer [reaction ( l ) ]  are mostly the same 
as described previously. 


Only some specific features of the experiments 
performed will be given in this section. For a typical 
gas-phase basicity measurement, the pairs of compar- 
able weak bases involved in the particular experiment 
were leaked into the FT-ICR instrument's vacuum 
system [the usual partial pressures of the components 
were in the range 10-7-10-8T0rr (1 Torr= 133.3Pa)l 
through the Varian leakvalves. Temperatures in the 
spectrometer inlet system, analyzer cell and its com- 
partment ('can') were measured separately using a 
thermocouple. Temperatures in the corresponding 
regions of the spectrometer were controlled to within 
2-3 C. In cases where the bases themselves contained 
no hydrogen, ultra-hi h urit methane (Matheson) was 
also leaked ( p =  10- Torr) into the ICR spectrometer 
system. Because of the presence of small but persistent 
water impurities in the samples of very weak bases and 
also in the methane gas, an adapter tube filled with high- 
quality anhydrous P,O,, was installed in the region 
between the sample and CH, bulbs and the spectrome- 
ter's inlet system. In all cases the use of the P.,O,, filter 
eliminated completely the presence of hydroxonium ion 
(m/ z  19) or its hydrates in the time plots of the mass 
spectrum due to switch-off of the channel of side- 
reactions between the 'strong' base H,O and a much 
weaker base B,: 


g - p  Y 


H,O+BiH++ H,O'+B, (2) 
With hydrogen-containing bases, parallel control 


experiments in the presence of the methane gas were 
always performed. As a rule, the equilibrium constants 
measured in this way coincided within their experi- 
mental uncertainties with those measured without the 
presence of the methane reagent gas. 


The equilibrium constants K were calculated accord- 
ing to the equation 


Ki = P (B,)I(B,H')/P(B,)I(B,H') (3) 
where P ( B , )  and P (B,) are the partial pressures of the 
given and the reference bases and I(B,H') and I(B,H+) 
are the mass-spectral integrated peak intensities corre- 
sponding to the protonated forms of B, and Bi,  
respectively. A Bayard-Alpert-type ionization gauge 
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H2S I 4 


CF,COOH I 


CF,SSCF, 


0.9 


0.3 


1.5 
CF, COOCH,CF, 4 i 0.7 


0.6 
(CF3CHz)zO I 1.2 


719 


I 33.9' 


33.8' 


2.0 34.1 


- 34.2 


3.7 34.8 


Table 1.  Directly measured relative basicities 6AG" and the basicity relative to ammonia, 6AG" (NH,)a.b 


Directly measured 6AG" BAG"(NH, ) 


CF,CH,OH t 1 v t 0.7 
2.0 I 


I 2.1 
(FzCH )2 CO 


35.4' 


36.1 


t 1.7 37.5' 


39.1 


39.9 


40.1 


40.3 


40.5' 


40.5' 


41.2 


41.7 


42.2 


42.5 


43.0 


43.0' 


43.4 


43.7 


45.0 


45.2 


46.0 


* All quantities are. given in kcal mol-'. 
~AG~(NH,)=AG"(NH,)-~G @a=). 
See also Ref. 2. 
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was used to measure the pressures of the reagents with 
the appropriate correction factors being applied to 
correct the gauge readings for the different ionization 
cross-sections of the various compounds. '8819 


Each equilibrium was examined several times with 
mixture ratios of B, and B, which typically varied by a 
factor of 10. 


Gibbs free energy changes 6AG" for each individual 
equilibrium are summarized in the ladder in Table 1. 
The uncertainty of the given values does not exceed 
0.1-0.2 kcal mol-'. Some additional proton transfer 
data are listed in Table 2. In both tables the 6AGo(NH,) 


Table 2. Standard free energies (kcal mol-') of proton 
transfer reactions for some additional relatively weak bases 


Rase Reference base 6AG"" GAGo(NH,)b 
~ ~~ 


ClCN ASH, 1.4 28.6' 


FCH,CN 
BrCN 
CF,SO,NH, 


CF,COCH, 
HCOOCH,CF, 
CNCCH 


(CF, CO),NH 


CF,CH,OCH, 


ASH, 
ASH, 
FCH,CN 
CF,COCH, 
ASH, 
ASH, 
FCH,CN 
CF, COOCH, 
FCH,CN 
CF, CH, CH, 


CICH,CN 
(CF3C0)2CH2 


0.5 26.1 
-0.5 25.1 


1 .o 27.0 
1.1 
0.6 26.1 


-0.5 25.1 
-0.6 25.4 


-2.4 23.1 
1.5 


0.8 
1.5 


-0.2 21.8 
(&,CO),CH; CF,CH,OCH, 0.2 21.6 


CF,COOC,H, 1.5 
(CF,),CSC,H5 CF;COOC;H; 


(CF,),CCOOC,H, CF,COOC,H, 
( a 3  ),CCOOC,H, 


(CF,),CSC,Hs 


CF,CH,OC,H, CF,COOC,HS 


(CH,),SiCN C,H,CHO 
CF,CONH, C,H,CHO 
FCH,COCH, C,H,CHO 
CF,COCH,COCH, 1,4-Dioxane 


f CH, LCO 


CH,CHO 


CH,CHO 


CF,CH,OCH=CH, (CH; );CO 
AcOCH, 


-0.1 19.7 


-1.6 18.4 
1.1 


1.1 
0.6 


-1.7 18.1 
0.1 
0.2 14.7 


-0.1 14.5 
0.3 12.5 


-1.5 8.9 
1.1 


-1.0 6.8 
0.4 


(CH,),CCO,C,H, (i-C3H7 ),O 0.5 -1.5 
(CH, ),NCN -0.5 


(CH3 )zNCN (i-C;H, ),o 1.3 -0.9 
C,H,OCH=CH, (C, H, ),S -0.8 -4.8 


(C,H9),S 0.1 
CH,OCON(CH, )* 0.6 


CH,OSi(CH,), 2-CH3-THF -0.5 0.8 


a Directly measured for the proton transfer equilibrium between a given 
and standard base. The positive sign of 6AC" means that the given base 
is weaker than the reference base. 


'See also Ref. 2 .  
See Table 1. 


values of gas-phase basicities relative to the ammonia 
are also given. For water the 6AGo(NH,) value of 
37.5 kcal rnol-, was used. 


Chemicals. The following commercial samples of 
weak bases were used: CF,CH,OH, (CF,),CHOH, 


CF,CO,C,H,, COS, SO,, CF,COCl and CF,CO,CH, 
were from Aldrich; CF,CN, (CF,),COH, CF,COCl, 
F,CO, (CF,),CO, CF,OCF,, CF,CCH, CF3COF, 
SO,FCl, SO,F,, CF,SSCF, were from PCR; F,NH was 
synthesized before each experiment from Ph,CNF, 
(PCR) by treatment with concentrated H,SO,; CF3CH0 
was liberated from its hydrate (PCR) by treatment with 
P,O,,; (CF,CO),CH, and (CF,CO),NH were from 
Fluka; CF,S02NH, was from Parish; CF,COOCH,CF, 
(b.p. 55.0"C) was prepared from (CF,CO),O and 
CF,CH,OH; HCOOCH,CF, (b.p. 60 "C) was prepared 
from HCOOH and CF,CH,OH according to a reported 
procedure;,' (CF,),CCOOC,H, and (CF, ),CSC,H, 
were obtained from Professor L. German (Institute of 
Organoelement Compounds, Moscow); CF,CH,OCH, 


were prepared by reacting CF,CH,ONa or 
(CF,),CHONa with CH,I according to a reported 
procedure;'l CF,CH,OC,H, (b.p. 50.0 "C) was prep- 
ared by reacting CF,CH,ONa with C,H,Br; (CH,F),CO 
was obtained from K & K, (F,CH),CO was obtained 
from ICN Pharmaceuticals; ClCN was prepared by 
reaction', of NaCN with Cl,; FCH,CN (b.p. 80 "C) was 
prepared from reacting a mixture of HCONH,, KF, and 
ClCH,CN as described in Ref. 23; CNCCH was 
donated by Dr S. Ueji; FCN was synthesized and 
donated by D. D. DesMarteau (Clemson University); 
and (CN), was synthesized by reaction of a concen- 
trated aqueous solution of KCN with a warm aqueous 
solution of CuS04. Ultra-high-quality methane 
(Matheson) was used. 


(CN)zC=C(CN),, CF,CO,H, (CF3CH2)20, 


(b.p. 31.0 "C) and (CF,),CHOCH, (b.p. 54-55 "C) 


RESULTS AND DISCUSSION 


Comparison of the different low-pressure ICR 
basicity scales for compounds less basic than or 
comparable to water 
The FTICR gas-phase basicity scale for the weak bases 
constructed in the present work (see Table 1) could be 
compared with the combined ICR results of McMahon 
group. In order to compare the present results (at 373 K) 
with those in Refs 14-16 (at 298 K), a correction factor 
(1.26) for the ratio of the experimental temperatures 
was taken into account (i.e. the 6AG values obtained in 
this work should roughly be 1.26 times larger than those 
of McMahon and co-~orkers '~- '~) .  The straightforward 
comparison of these ICR basicity scales of different 
origins can be performed for either the basicity range 
from SO,F, to CF,CH,OH or from SO,F, to H,S. From 
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Table 1, it is seen that in this work the overall span of 
the gas-phase basicity range between first two com- 
pounds is 11.6 kcal mol-', whereas McMahon and co- 
workers reported for the combined interval of 9.5 kcal 
mol-', which corresponds to a temperature ratio of 
1.20, i.e. less than 4% or 0.5 kcal mol-' different from 
the expected value. Therefore, it could be concluded 
that despite the differences in the instrumentation, 
temperatures of the experiment and experimental 
techniques for the elimination of the effect of traces of 
water, etc., the results of our group and those of 
McMahon and co-worker~ '~- '~  are virtually identical. In 
even better agreement are the parallel basicity ladders 
between SO,F, and (CF,),COH [6AG:7, =4.3 kcal 
mol-' and 6AG& = 3.5 kcal mol-' (ratio 1.23)] and 
between SO,F, and CF,CN [dACy7, =6.9 and 5.4 kcal 
mol-' (ratio 1.24)]. Finally, less strictly, the basicity 
gap between SO,F, and H,S as measured in this work 
(12.1 kcal mol-') and by McMahon and co-workers 
(10.2 kcal mol-I) can also be compared. One can see 
that the ratio of these two estimates (1.19) is close to 
the ratio of the temperatures at which the ICR experi- 
ments were performed in our laboratories and those of 
McMahon and co-workers. 


FT-ICR vs high-pressure mass spectrometric gas- 
phase proton transfer equilibria measurements for 
weak bases from H,S to SO,F, 


The HPMS gas-phase basicity (at 400 K) between H,S 
and SO,F, covers17 19.7kcal mol-', which exceeds 
significantly the above-mentioned difference in their 
basicities as determined by the ICR  technique^'^-'^ (see 
above). Also, the expected ratios, as calculated from 
the differences in the corresponding experimental 
temperatures are, respectively, 400/373 = 1.07 and 
400/298= 1.34, i.e. roughly 1.4-1.5 times lower. 
This means that in that range of basicities the two 
parallel gas-phase basicity ladders between H,S and 
SO,F, differ from each other significantly even after 
taking into account the reported differences in the 
temperatures of the experiments. An even larger differ- 
ence (23.9 kcal mol-' or a ca 20% increase as 
compared with Ref. 17) was reported for this pair of 
bases in Ref. 8c. The major contributions to this dis- 
crepancy stem from the following proton transfer 
equilibria: 


(a) From the direct (one-step) HF'MS exper- 
iments, 6AG0=7.4 kcal mol-' was reportedL7 for the 
equilibrium 


(CF,),CO + (CF,COCl)H+ 
G= (CF,),COH+ + CF,COCl (4) 


whereas combining the 6AG" values for the ICR 
basicity ladder from the present work leads 
to BAG" = 3.6 kcal mol-'. In our low-pressure 


experiments, extensive fragmentation occurred in the 
case of CF,COCl. Along with the ions BH' and CF; 
(m/z  69), COCl' (m/ z  63 and 65) ions are observed. 


(b) The direct HPMS results give 6AG" =5.5 kcal 
mol-' for the equilibrium 


SO,H+ + CF,COCl += SO, + (CF,COCl)H' (5) 
whereas our FT-ICR value obtained from summing 
6AG" values is 2.9 kcal mol-I. It should be mentioned 
that the formation of COCl' fragments with m/z 65, 
identical with the m/z for protonated SO,, might cause 
some complications in the direct measurements of that 
equilibrium. 


(c) In a direct HF'MS experiment, BAG"= 
5.2 kcal mol-' for the following proton transfer 
equilibrium: 


SO,F, + COSH' += (SO,F,)H' + COS (6) 
was reported. The results of this work (combined 6AG" 
value = 2.6 kcal mol-I) and the earlier ICR experiments 
of McMahon and c o - ~ o r k e r s ' ~ - ' ~  (combined 
BAG"= 1.5 kcal mol-') are at variance with those 
findings. 


CF,CN + (CF,),COH+ == CF,CNH+ + (CF,),CO (7) 
based on the direct HPMS experiment 6AG"= 10.3 kcal 
mol-' was rep~r ted . '~  In Ref. 8c this gap was revised 
upward by 0.9 kcal mol-I. Combining the 6AG" values 
for stair-stepping overlaps measured by the ICR techni- 
que in this work and in earlier work by McMahon and 
co -~orke r s '~ - '~  leads correspondingly to 6AG" = 5.1 
and 5.0 kcal mol-' instead of expected values 9.6 and 
7.7 kcal mol-' based on the differences in experimental 
temperatures. 


We cannot provide any reasonable explanation for 
this disagreement between ICR and HPMS results. The 
origin of the discrepancy between the results of their 
earlier ICR workI4-l6 and those obtained by HF'MS8','7 
was never discussed by McMahon and co-workers. 
However, we note that the above-cited HPMS17 results 
would be in reasonable agreement with the ICR 
spectroscopic results from this work and from earlier 
works of McMahon and c o - ~ o r k e r s ' ~ - ' ~  if the experi- 
mental temperature in the HPMS experiments" was 
about 1.4-1.5 times higher than reported. 


Evidently, future additional experiments will be 
needed to resolve this dilemma. 


(d) For the equilibrium 


F-substituted carbonyl compounds (acetones, 
aldehydes, acid halides, esters, acids) 
For the F-substituted acetones, there is reasonably good 
agreement between the results from this work and 
the ICR results of McMahon and c o - ~ o r k e r s ' ~ - ' ~  (see 
Table 3). Usually the difference between the two series 
of measurements does not exceed 1 kcal mol-I. 
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Table 3. Comparison of relative basicities BAG" (kcal mol-', relative to acetone) of F-substituted acetones measured by the ICR 
technique in this work and literature values 


Source ((3% h C 0  FCH2COCH3 (FCH,),CO cH3cocF3 (F2  CH 12 CO (CF3 )KO 


This work 0 4.6 11.5 19.0 27.6 35.2 
LiteratureI4-I6 0 3.9 10.4 16.8 28.0 34.6 


The agreement between the results from those two 
independent series of ICR experiments for F,CO, COS, 
CF,CHO, and also for SO, and S0,F2, is also excellent. 
With exception of CF,COOH, no more F-substituted 
carboxylic acids and/or their esters were involved in 
McMahon and co-workers' low-basicity scale.I6 There- 
fore, no further direct comparisons with the present 
results are possible. TWO features for the compounds in 
these classes should be mentioned. First, the findings 
that the substitution of F atom(s) in F,CO by CF, 
groups results in a very modest increase in the basicity 
of the carbonyl compound (e.g. on going from F2C0 to 
(CF,),CO BAG" = 1.3 kcal mol-I, and between F2C0  
and CF,COF BAG" = 0.2 kcal mol-').I6 This feature is 
also found for the corresponding esters: between 
FCOOC,H, and CF,COOC,H, BAG" = 0.4 kcal mol-I. 


Also, a very slight increase of the basicity takes place 
(dAG" = 1.6 kcal mol-I) when the CF, group in 
CF,COOC,H, is replaced by the more polar and 
more polarizable (CF,),C group { a,(CF,) = 0.44, 


-0.68).x However, the present results show that a more 
significant basicity increase (ca 5 kcal mol-') accom- 
panies the change of a CH, group for a (CH,),C group 
(i.e. roughly the same increase in the polarizability of 
the substituent takes placex with fixed field/inductive 
effects) on going from CH3COOC2H5 to 
(CH,),CCOOC,H, (Table 2). 


The corresponding F-substituted derivatives of the 
acetylacetone family, owing to the extra stabilization of 
their protonated forms through an intramolecular H- 
bond, e.g. 


a,[(CF3)3C]=0.61, u,(CF,)= -0.25, u,[CF,),C] = 


i 


,: i !! 


are significantly more basic than the corresponding F- 
substituted monoketones. In a very rough approxima- 
tion, one can assume that the basicity difference 
between a monoketone (e.g. acetone) and its acyl 
derivative (e.g. acetylacetone) can serve as a measure of 
the H-bonding chelation stabilization. For Me2C0 and 
acetylacetone the difference in their gas-phase basicities 
is 11.4 kcal mol-' and for CF3COCF, and 
CF,COCH,COCF, 22.1 kcal mol-I. Also, the same 


effect must be characteristic of (CF,CO),NH: 


H 
for which also intramolecular stabilization of the 
protonated form is possible. The gas-phase basicity of 
the diimide (CF,CO),NH is only slightly weaker (by 
1.5 kcal mol-I) than (CF,CO),CH, and their gas-phase 
acidities" are also similar. 


F-substituted methyl and ethyl ethers 
The gas-phase basicity of these compounds was not 
studied earlier. As a literature2 survey showed, the 
dialkyl ethers are usually by 1.5-4.0 kcal mol-I less 
basic than the Corresponding dialkylketones. Thus, 
(CH,),O is 4 kcal mol-' less basic than (CH,),CO, 
(CZH5)zO is 1.7 kcal mol-' less basic than (C,H,),CO, 
etc. The same rule seems to hold also for their 
perfluoromethyl analogs for which, according to the 
present results, CF,COCF, is 1.5 kcal mol-' more basic 
than CF,OCF,. Unfortunately, the analogous com- 
parison is not available for the other representatives 
of fluorine substituted ethers, (CF,CH,),O, 
CF,CH,OC,H, and (CF,),CHOCH,. Rough additivity 
holds, however, for the consecutive substitution of 
ethyl group for CF3CH, group(s) in (C,H,),O or in 
C,H,OCH, which decreases the basicity of the corre- 
sponding ethyl ether by approximately 15 kcal mol-' 
per one such substitution. 


The substitution of a vinyl group for one of the ethyl 
groups in (C2H5),0 (Table 2) results in a 9.1 kcal mol-' 
increase in basicity. The analogous substitution of the 
vinyl group for the ethyl group in C,H,OCH,CF, also 
led to a very significant increase (11.3 kcal mol-I) in 
the basicity. 


Nitriles 
The gas-phase basicity for a representative series of 
substituted nitriles XCN [X = CNZ5, CF,, 
(CN),C=C(CN), C1, Br, F, G C H ,  FCH,, (CH3),N, 
(CH,),Si] was measured or re-checked in this work. 
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The only common base with McMahon and co-workers' 
ICR basicity scalex6 is CF,CN, for which the agreement 
with the present work is excellent. The effect of substi- 
tution of the F atom in FCN by a CF, group is very 
similar to that for the substitution of the F atoms of 
fluorophosgene by CF, groups and leads also to a 
moderate increase (2.1 kcal mol-I) in basicity. On the 
other hand, the basicity of FCN is roughly equal to that 
of a cyanogen molecule (CN),, whereas tetracyano- 
ethylene is slightly more basic than CF,CN but has 
virtually the same basicity as H,O. 


A three-parameter equation which includes the 
field/inductive, resonance and polarizability effects of 
the substituents attached to the CN group describes 
reasonably well the basicities of 25 different nitriles 
whose basicity relative to that of HCN covers more than 
41 kcal mol-': 


6,AG0=(-3~0f1~0)+(38~1f1~6)~~ 
+ (25.0 rt 1.5)0,, + (34.0 f 2 . 4 ) ~ ~  (8) 


n = 25; R = 0.992; s.d. = 1.7 kcal mol-I; 6AGo = 
41.4 kcal mol-I. Two major deviations were omitted 
in obtaining this regression equation, namely malono- 
nitrile (-4.9 kcal mol-' deviation) and (CH,),SiCN 
(-5.0 kcal mol-' deviation). 


The relative contributions of F ,  P and R effects v 
over a very wide range. As it was indicated earlier,5 
for alkyl substituents the change of the 6,AGO values is 
mostly due to the P effects. For electron acceptor 
groups, &AGO values are determined by the interplay 
of F and P effects. For example, for CCl, group the P 
and F effects are roughly equal and have opposite signs, 
resulting in a negligible gross substituent effect (com- 
pared with the reference compound, HCN). For the 
(CH,),C group the net effect is mostly due to the P 
effects. In the case of C1 and Br substituents, all 
three contributions are important. For FCN, the 
field/inductive effect is dominant (ca 16.4 kcal mol-I) 
and the opposed (-8.8 kcal mol-I) resonance effect is 
significant. The R effects (ca -18 and -23 kcal mol-I, 
respectively) give major contributions to the increase in 
the basicity of H,NCN and (CH,),NCN. 


Y 


Calculations 


The basicity of difluoroammonia, F,NH, appears to be 
close to those as for SO, and COS, i.e. roughly 43 kcal 
mol-' weaker than that for ammonia. Ab initio quantum 
chemical calculations [Gaussian 92, HF/6-311G** 
basis set, fully optimized geometry, zero-point vibra- 
tional energy (ZPV) differences included] predict that 
PA,,,(NH,)=208.3 kcal mol-I (see Refs 7 and 8 for 
discussion) and PA,,,(F,NH) = 159.4 kcal mol-I. The 
difference, ca 49 kcal mol-I, is larger than the experi- 
mentally observed value [APA(NH,) = 43.0 kcal 
mol -'I. 


Calculations on the same level of theory (ZPV 
corrections were introduced) predict PAcalc (FNH,) = 
184.3 kcal mol-' (i.e. the decrease in basicity relative 
to ammonia is ca 24kcal mol-I). Experimentally 
(CF,),CNH, is less basic than NH, by ca 17 kcal mo1-' 
(ca 7 kcal mol-' more basic than that predicted for 
FNH,)., It appears that basicity in the XNH, series 
differs from that of carbonyl compounds (see above) 
where the replacement of an F atom for a (CF,),C 
group has little effect. The replacement of one hydrogen 
atom in NH, for a CF,SO, group reduces its basicity 
much more significantly (by 27 kcal mol-I). 


As mentioned in the Experimental section, in this 
work the experimental proton affinity difference 
between water and ammonia was taken as equal to 
37.5 kcal mol-I. 


At different times and different levels of MO theory, 
various calculated values of that gap have been 
suggested. Thus, Ref. 7 gives 'the best values' (large 
basis set, correlation and ZPV energy corrections) for 
the PA values of ammonia and water as 205.6 and 
168.0 or 168.6 kcal mol-I, respectively (APA = 37.0 or 
37.6 kcal mol-I). The calculations of Defrees and 
McLean" led to the similar results [PA(NH,) = 204.0 
and PA(H,O)=165.1 kcal mol-'; the difference is 
38.9 kcal mol-I], whereas Pople and co-workers'28 G1 
and G2 theory levels predict practically the same gap 
between basicities of ammonia and water, i.e. 39.4 kcal 
mol-I. 


Similar results could be obtained also by using a 
much lower (6-311G** basis set and ZPV energy 
corrections included) level of HF theory (this work). 
Thus, for the calculated gap between the PAS of 
ammonia (208.3 kcal mol-I) and water (170.2 kcal 
mol-') a value of 38.1 kcal mol-' could be obtained. 
{Similar calculations (6-311G**, ZPVE included) 
show that the effect of successive introduction of 
fluorine atoms into H,O [PA,,,(FOH) = 135.0, 
PA,,(F,O) = 105.6 kcal mol-I, oxygen protonation is 
favored] is predicted to deviate from additivity only by 
8%.) Keeping in mind the significant uncertainties (up 
to 3-4 kcal mol-I) of the experimental PA values of 
water and ammonia,1*2.6-10 and the still ongoing discus- 
sion on that matter, all these theoretical estimates of the 
basicity gap between these two compounds should be 
considered virtually indistinguishable from each other. 
Therefore, further refinements of experimental 
measurements and/or theoretical calculations are 
needed. 
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MICELLAR CATALYSIS OF ORGANIC REACTIONS. PART 35. 
KINETIC DETERMINATION OF THE CRITICAL MICELLE 


CONCENTRATION OF CATIONIC MICELLES IN THE PRESENCE 
OF ADDITIVES 


TREVOR J .  BROXTON, JOHN R. CHRISTIE AND ANTHONY J .  DOLE 
School of Chemistry, La Trobe University, Bundoora, Victoria, 3083, Australia 


The critical micelle concentration of solutions of cetyltrimethylammonium bromide and of tetradecyltrimethyl- 
ammonium bromides were determined by a kinetic method. This involved the determination of the rates of the 
hydroxydehalogenation of some activated aromatic substrates over a wide range of detergent concentrations. 
Measurements were made in solutions containing significant quantities of added hydroxyl ion and substrates which 
were themselves amphiphilic. Conventional methods cannot be applied with confidence to such systems. The effects 
of changing hydroxyl ion concentrations, added sodium bromide, changing the nature of the aromatic substrate 
(whether neutral or charged), the identity of the micellar counterion and the temperature were investigated. It was 
wound that added bromide or hydroxyl ions resulted in a lower CMC whereas increased temperature led to an increase 
in the CMC. The nature of the micellar counterion (Br, F, OH, so4) had little effect on the CMC. The presence of 
a charged aromatic substrate led to a considerable lowering of the CMC, whereas the neutral aromatic substrate used 
showed very little effect. 


INTRODUCTION 


The concentration at which micelles begin to form is 
known as the critical micelle concentration (CMC). 
Many methods exist to determine this concentration, 
the most commonly used being conductance, viscosity 
and surface tension measurements.' A plot of any of 
these values against the detergent concentration shows 
a marked change in gradient at the onset of micelle for- 
mation. These techniques are most useful to determine 
the CMC of pure micellar solutions and such values are 
available in the literature. However, the application of 
such CMC values to real reaction situations is highly 
questionable. It has long been known that for cationic 
detergents there is a strong dependence of CMC on the 
ionic strength. In particular, Bunton and Robinson' 
have shown that the CMC of the cationic detergent 
cetyltrimethylammonium bromide (CTAB) is decreased 
from 0.9 mM in pure water to 0.32 mM in the presence 
of 0.05 M hydroxide ion. This would correspond to a 
typical added hydroxide concentration used in kinetic 
studies of hydroxydehalogenation reactions. Simu- 
lations of the observed rate of reaction as a function of 
the detergent concentration by means of the pseudo- 
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phase ion-exchange model (PPIE) of micellar catalysis 
depend on the input of an accurate CMC appropriate to 
the actual reaction conditions. In recent investigations 
of several nucleophilic aromatic substitution reactions 
&AT) of hydroxyl ion, better correlations between 
experimental and calculated rates have been obtained 
when CMC values lower than those determined in the 
absence of any additives were used in the simulation. 


A kinetic method for determination of the CMC has 
recently been suggested. Rate constants for a reaction 
are determined at a range of concentrations both above 
and below the accepted CMC. For example, in the case 
of CTAB, plots of rate versus CTAB concentration are 
obtained which show a sudden change of gradient at 
about 0.3 mM. Linear sections of the plot at concen- 
trations below and just above this value are extended to 
produce a point of intersection which is taken as the 
CMC value. The value obtained by this method is one 
directly applicable to reaction conditions (in terms of 
temperature and the presence of substrate and 
nucleophile). We now report the application of this 
method to determine the effects of various changes to 
the solutions in the neighbourhood of these reaction 
conditions. 
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RESULTS AND DISCUSSION 3.5-dinitrobenzoate (3) are given in Tables 1-4. The 


Second-order rate constants for the hydroxydehalo- 
genation of I-chloro-2,4-dinitrobenzene (l), sodium 
4-chloro-3,5-dinitrobenzoate (2) and sodium 2-chloro- 


Table 1. Second-order rate constants [lo3 x kz (1 mol-' s-i)] 
for the hydroxydehalogenation of substrate 1 at 30.7 C 


(40 mM hydroxide) 


[CTAB] (KIM) k2 (Br) [CTAF] (mM) k2 (F) 


0 
0.1 
0.2 
0 -3  
0 .4  
0.5 
0.6 
0.7 
0.8 
0.9 
1 
2 
4 


10 
12 
Calculated CMC (mM) 


0.255 
0.298 
0.36 
0.59 
1.19 
2.25 
3.10 
4.15 
4.99 
6.20 
7 


14.0 
21.6 
26.4 
24.9 
0.32 


0 
0.191 
0-334 
0.381 
0.477 
0.596 
0.667 
0.715 
0.953 
1.191 


0-255 
0.344 
0.744 
1.10 
1.69 
3.11 
3.99 
4.53 
7.57 


10.6 


0.38 


derived CMC values. are also included in these tables 
and the values obtained are summarized in Table 5 .  


Effects of added NaOH and NaBr 
From the reactions of substrate 2, it can be seen in 
Table 2 that the CMC of CTAB is 0.14 mM in the 
presence of this substrate and 2 0 m ~  hydroxide ion 
and that it falls to 0 -  12 mM if the hydroxide concen- 
tration is increased to 40 mM. These values should be 
compared with the accepted literature value of 0.9 mM 
in the absence of substrate and hydroxide ion. 


A corresponding, although smaller, effect was also 
observed for tetradecyltrimethylammonium bromide 
(TTAB) where the CMC for a pure solution of 3.5 mM 
falls to 1.15 mM in the presence of substrate and 
40 mM hydroxide ion and 0.95 mM when 5 mM added 
bromide is also present. 


These effects can be rationalized in terms of increased 
counterion population in the Stern layer of the micelles 
arising from the higher ionic concentrations generally. 
This leads to reduced repulsions between micellar head 
groups, resulting In greater micelle stability, and hence 
lower CMC values. Bromide ion, which is much more 
strongly adsorbed than hydroxide ion in the Stern layer, 
has a correspondingly greater effect. The increased /3 


Table 2. Second order rate constants [lo3 x kz (1 mol-l s-l)] for the hydroxydehalogenation of substrate 2 at 30.7 'C 


CTAB TTAB 


40 r n ~  OH-, 40 mM OH-, 
5 mM Br- 40 mM OH- 20 m M  OH- 40 mM OH- 5 mM Br- 


0 
0.05 
0.1 
0.15 
0 .2  
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1 
1.2 
1.4 
1.5 
2 
2 .5  
3 
3.5 
4 
Calc. CMC (mM) 


1.13 
1.14 
1.12 
2.44 
5.44 


14.2 
18.9 
31.6 
35.1 
42.5 
45.1 
47.8 


0.14 


1.13 
1.24 
1.23 
2.95 
5.82 


13.0 
19.3 
23.4 
29.1 
30.5 
32-9 
33.1 


0.12 


1.15 
1-29 
1.44 
3.55 
5.30 
9.66 


11.9 
15.1 
15.5 
15.9 
17.0 
17.6 


0.08 


1.13 


1.12 


1.14 
1.18 
2.22 
4.15 
5.71 


13.4 
18.7 
23.4 
23.4 
23.6 


1.15 


1.15 


1.12 


1.13 
1.9 
4.03 
7-01 
8.03 


14.1 
14.9 
15.5 
16 
16.5 
0.95 
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Table 3. Second-order rate constants [lo' x k2 (1 mol-l s- l ) ]  for the hydroxydehalogenation of 
substrate 2 at 30.7 "C in micelles with various counterions 


0 
0.024 
0.048 
0.083 
0.119 
0.143 
0.191 
0.238 
0.286 
0.334 
0.381 
0.477 
0.596 
0.667 
0.715 
0.953 
1.191 
Calc.CMC (mM) 


1.13 
1.29 
1 .13  
1.17 
1.40 
2.63 
5.72 
8.57 


11.6 
16.5 
18.8 
24.9 
32.9 
35.9 
39.2 
43.0 
- 


0.13 


0 
0.022 
0-043 
0.054 
0.086 
0.108 
0.129 
0.151 
0.216 
0.27 
0.302 
0.345 
0.431 
0.518 
0.604 
0.647 
0.669 


1.13 
1.27 
1-34 
1.19 
1.44 
2.87 
4.86 
6.07 


13.4 
19.6 
23.7 
28.8 
40.8 
48.8 
52.9 
59.4 
67.2 
0.12 


0 
0.04 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.24 
0.30 
0.36 
0.40 
0.60 
0.80 
1.0 
1.20 


1.13 
1.15 
1.27 
1.20 
1.40 
1.78 
3.13 
3.80 
5.29 
7.76 


12.6 
17.1 
18.8 
29.4 
34.3 
35.7 
35 
0.14 


Table 4. Second-order rate constants [lo3 x kZ (1 mol-l s-I)] 
for the hydroxydehalogenation of substrate 3 as a function of 


temperature 


[CTAB] (mM) 30.7"C 56.5 "C 


0 
0.04 
0.05 
0.08 
0.1 
0.12 
0.15 
0.16 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 
Calc. CMC (mM) 


0.027 


0.055 


0.055 


0.082 


0.118 
0.44 
1.105 
1.58 
2.12 
2.47 
2.66 


3.04 
0.24 


- 


- 


- 


- 


- 


0.42 
0.45 


0.51 


0.48 


0.46 
0.70 
1 *01 
2.5 
5.18 
8.71 


- 


- 


- 


13.5 
13.7 
18.2 
18.9 
0.38 


value that arises in situations where added ions are 
present in the reaction solution needs t o  be taken into 
account in any simulation ( p  refers to the fraction of 
micellar head groups paired with a counterion in the 
Stern layer). 


Effect of temperature 


In Table 4, the results of studies of substrate 3 at two 
different temperatures are shown. The CMC is higher at 
the higher temperature. This result is not surprising 
since the micellization process involves an ordering of 
detergent molecules and would therefore be expected to  
involve a negative entropy change. An increase in tem- 
perature might therefore be expected to  shift the equi- 
librium in favour of breaking up micelles. The 
prediction of entropy changes is, however, often com- 
plicated by solvation effects and the effect of tempera- 
ture on  CMC may not always be in this direction. 


Effect of micellar counterion 


The effect of the micellar counterion (F, Br, OH and 
so4) on the measured CMC in the reaction conditions 
studied was very small, barely outside experimental 
error for either of substrates 1 and 2. This is not sur- 
prising in view of the fact that at concentrations around 
the observed CMC detergent counterions will exchange 
with swamping concentrations of hydroxide ions. 
Regardless of the nominal detergent counterion, the 
micelles are effectively micelles of CTA hydroxide at  
concentrations around the CMC in reaction conditions. 


Effect of the aromatic substrate 


The CMC value of 0.32 mM for CTAB in the presence 
of 40 mM hydroxide ion and neutral substrate 1 can be 
compared with Bunton and Robinson's value' of 
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Table 5. Comparison of CMC values (mM) at 30.7 "C obtained by different 
methods 


Detergent Conditions Conductance Kinetics 


CTAF 
0.9 


CTAB Water 0.9 
40 mM OH- 
Subst. 1 
Subst. 2 
Subst. 3 
Subst. 3 at 56.5 'C 
40 mM OH- + 5 mM Br- 
Subst. 2 
20 mM OH- 
Subst. 2 
40 mM OH- 
Water 
Subst. 1 
Subst. 2 


Water 


Subst. 2 
Water 
40 mM OH- 
Subst. 2 


Subst. 2 


Total OH- = 40 mM 


40 mM OH- 


40 mM OH- + 5 mM Br- 


CTAOH 
CTAS 


TTAB 


0 .6  


3.5 


0.32 
0.12 
0.24 
0.38 


0.08 


0.14 


0.38 
0.13 
0.116 


0.14 


1.15 


0.95 


0.32 mM for CTAB in the presence of 50mM 
hydroxide ion at a slightly different temperature. This 
is an indication that this substrate itself has little or no 
effect on the CMC value. The only reservation is that 
Bunton and Robinson's result depends on a dye incor- 
poration method and the dye itself may have an effect 
which is not negligible, and similar to  that of the 
substrate. 


With the presence of charged substrates, however, 
much lower values of CMC were observed. There is a 
strong indication that these anionic species are seeding 
the formation of micelles at very low concentrations. 
Substrates 2 and 3 have a geometry which allows for a 
close association of the anionic part of the substrate 
with the cationic quaternary ammonium of the CTA 
ion at the same time as the hydrophobic nitro groups of 
the substrate are associated with the hydrophobic cetyl 
section of the CTA ion. 


For CTAB in the presence of 40 mM hydroxide ion, 
the CMC falls from 0-32 mM with substrate 1 to  
0.24 mM with substrate 3 and 0.12 mM with substrate 
2. Similar effects are observed with CTAF. With 
substrate 2 a closer electrostatic interaction is possible 
than with substrate 3 because of the absence of the 
bulky chlorine atom ortho to  the benzoate anion. 


EXPERIMENTAL 


Materials. Substrates 1-3 were available from pre- 
vious ~ t u d i e s . ~  CTAB was purified by the method of 


Mukerjee and Mysels.' TTAB was purified by 
recrystallization from ethanol as described by Nauman 
and Venable.6 CTAF,' CTAS' and CTAOH' were 
prepared as described previously. Distilled water was 
further purified with a Millipore Milli-Q system to 
achieve a resistivity of 16 MQ cm. 


Kinetics. Stock solutions of the substrates (0-01 M 
in AR acetonitrile), detergents in water, and sodium 
hydroxide in water were prepared. 


CTAF was stored in plastic equipment. Sodium 
hydroxide was standardized by titration against hydro- 
chloric acid with bromocresol green as indicator. The 
required amount of detergent solution and sodium 
hydroxide were pipetted into a cuvette and the solution 
was allowed to reach thermal equilibrium in the sample 
compartment of the spectrophotometer. The substrate 
(18 pl) was then added by microsyringe, the mixture was 
stirred vigorously and product formation was moni- 
tored at  358 nm (l), 442 nm (2) and 373 nm (3) on a 
Varian DMS 7 0  LJV-visible spectrophotometer. The 
reactions were followed for 10 half-lives where practical 
to obtain an experimental infinity measurement. For 
slow reactions data were collected over a t  least two half 
lives. A computer program designed to  give the best 
straight-line fit was used to  provide an infinity value by 
curve fitting. 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 spectro- 
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photometer.The temperature within the cell was deter- 
mined with a Jenco Thermistor thermometer. Rate 
constants were obtained in duplicate and mean values 
are reported in the tables. 


Critical micelle concentrations. (a) Conductivi- 
ty. The CMC was determined in neutral solution at 
30.0 O C ,  using a jacketed beaker containing purified 
water (30 ml) and a platinum electrode attached to an 
Activon PTI-10 conductivity meter. Aliquots (0.5 ml) 
of detergent solution (0.01 M) were added and the con- 
ductivity was measured as a function of detergent 
concentration. 


(b) Kinetics. In the case of CTA-based systems, rates 
were measured for a series of detergent concentrations 
between 0 and 1 mM. In each case, a plot of rate con- 
stant versus detergent concentration showed two dis- 
tinct linear sections: a low gradient linear section at  very 
low concentration and a much steeper section at inter- 
mediate to high concentration. The CMC for the system 
was taken as being the concentration corresponding to  
the point of intersection between the two linear sections 


of the plot. A similar method was used for TTA-based 
systems, except that the concentration range was 
higher, detergent concentrations up to  4 mM being 
used. 
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SUPERBASES IN THE GAS PHASE. PART 11. FURTHER EXTENSION 
OF THE BASICITY SCALE USING ACYCLIC AND CYCLIC 


GUANIDINES 
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AND 


P.-C. MARIA, J.-F. GAL* AND M. DECOUZON 
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The superbase gas-phase scale has been further extended up to proton affinities of cu 1080 kJ mol-' by use of 
cyclic and acyciic guanidines and vinamidines. Structural features such as Y-conjugation, vinylogy and 
intramolecular ionic hydrogen bonding leading to their superbasic behaviour are analysed. Solvation effects by 
water and acetonitrile on basicity are discussed. From a correlation pKJacetonitrile) vs gas-phase basicity, 
proton affinity values in the range 1070-1410 kJ mol-' are predicted for Schwesinger phosphazene compounds. 


INTRODUCTION 


Chemists have always been attracted by compounds 
with properties, such as strain energy, acidity and 
basicity, that exhibit extreme values. The aim of such 
studies is mainly to investigate possible applications, 
although fundamental interest in non-classical structures 
or even aesthetic reasons is often involved. 


The design and study of very strong organic bases has 
long attracted interest. In particular, the guanidine 
moiety, which may be included in acyclic and in cyclic 
systems, is present in the skeleton of numerous natural 
(arginine, guanine) and synthetic compounds exhibiting 
biological activities.'32 Many guanidines and biguanides 
find wide applications in chemotherapy. They display a 
wide range of biological properties, from antibacterial 
(sulphaguanidine) to hypertensive (clonidine, 
guanethidine). They have also been tested as oral 
antidiabetics (synthalin A, synthalin B, phenformin, 
bu formin, met f ormin) . 


The strength 
of unsubstituted guanidine and of its alkyl derivatives in 
solution (in water pKa > 13.53-6) is comparable to that 
of sodium hydroxide. 1,1,3,3-Tetramethylguanidine 
(TMG) and its 2-substituted derivatives, 1,5,7- 
triazabicyclo[4.4.0]dec-5-ene (TBD) and its 7-alkyl 


Guanidines are strong organic 


(methyl, ethyl and isopropyl) derivatives (MTBD, 
ETBD and ITBD, respectively), 1,5-diazabicyclo- 
[4.3.0]non-S-ene (DBN), 1,5-diazabicyclo[4.4.0]dec-6- 
end (DBD) 1,s -diazabicyclo[fi .4.O]undec-7-ene (DBU), 
3,3,6,9,9-pentamethyl-2,l0-diazabicyclo-[4.4.O]dec-l- 
ene (PMDBD) (Scheme l), exhibit hi h basicity and, 
in some cases, low nu~leophilicity.!-~ They have 
been recognized as useful for different synthetic 


Me,N, TED (R = H )  


Me," C=NR cl> MTBD (R = Me) 


I ETBD (R = Et) 
TMG (R z H) 


ITBD (R = i-Pr) 
Th1G.R (R = alkyl, aryl) 
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applications (dehydrohalogenation, Michael addition, 
aldol condensation). 


Although some of these bases and many other 
guanidines are commercially available, measurement of 
their gas-phase basicity (GB) was not possible because 
of the lack of suitable reference bases able to exchange 
a proton with the conjugate guanidinium (or amidinium) 
cation." Before we started our studies on superbasicity 
in the gas phase, the proton affinity (PA) for tetra- 
methylguanidine (1015 kJ mol-')" was the highest PA 
for a monofunctional base reported in the basicity scale 
compiled by Lias and co-workers." Our investigations 
of substituent effects on the GB of N'JI-dimethyl- 
for ma mi dine^,'^ Me,NCH=NR (FDM*R, R = alkyl), 
have shown that the GB values of some amidines 
are close to or higher than that of tetramethylguanidine 
and opened the way for the extension of Lias and co- 
workers' basicity scale." Recently, we have studied', a 
series of N',N'-dimethylacetamidines, Me,NC(Me)= 
NR (ADM*R, R = alkyl), -propionamidines, 
Me,NC(Et)=NR (PDM*R, R = alkyl), -benzamidines, 
Me,NC(aryl)=NMe, and an N',N'-diethylacetamidine, 
EGNC(Me)="r", which allowed us to extend the gas- 
phase basicity scale" for organic compounds up to 
PA = 1050 kJ mol-I. 


In this work, we used the amidines studied previously 
as reference bases for carrying out gas-phase basicity 
measurements on guanidines. A series of acyclic 2- 
(substituted phenyl or alkyl)-l,1,3,3-tetramethyl- 
guanidines (TMG*R, R =4-C1C6H,, 4-FC,H4, Ph, 4- 
MeC,H,, 4-MeOC6H4, Me, Et, Pr' and Bu'), bicyclic 
guanidines ETBD and ITBD, and diaminovinamidines 
TTT and MTTT (Scheme 1) were chosen as potentially 
superbasic candidates. We report also the revised 
basicities for the bicyclic guanidines TBD and MTBD, 
for Me,NCH=N(CH,),NMe,, and Me,NC(Me)= 
N(CH,),NMe, and the basicity for the bicyclic amidine 
DBD. 


We discuss here (i) the origin of the strong basicity 
of guanidines, (ii) the gas-phase substituent effects, (iii) 
an 'internal solvation' for polyfunctional compounds 
with flexible chains and (iv) the bulk ('external') 
solvation based on the correlation of the pK, vs GB 
values. These studies allow us to propose the structures 
that are the best candidates for a further extension of the 
gas-phase basicity scale and to estimate their GB values. 


EXPERIMENTAL 


Alkyl- and aryltetramethylguanidines (TMG *Rs) were 
synthesized using the method of Bredereck and 
Bredereck."-I7 They were obtained by reaction of 
1,1,3,3-tetramethylurea with a primary amine in the 
presence of POCl,. The aryl and alkyl derivatives were 
purified by vacuum distillation and preparative GC, 
respectively. Structures of the substituted tetramethyl- 
guanidines (TMG*R) were confirmed by 70eV mass 


Table 1. Gas-phase basicities of superbases (in kl mol"): 
amidines and guanidines with GB values close to, or higher 


than that of tetramethylguanidine (TMG) 


Superbase GB" PAb Ref. 


(Me,N),C=N(4-C1C6H4) 
TMG 
MqNCH=N(CH,),NMe, 
(Me,N),C=N(4-FC6H4) 
Me,NC (Me) =NEt 
Me,NC(Me)=NPr" 
Me,NC(Me) =mi 
Me,NC(Me)=N(n-C,H,,) 
Me,NC (ph) =NMe 
Me,NCH=N( 1-adamantyl) 
Me,NC(Me) =N(n-C, HI I ) 
Me,NC(Me)=N(CH,),OMe 
(Me,N),C=NPh 
Me,NC(Et)="r' 
Me,NC(Et)=N(n-C,HII ) 
Et,NC(Me)="r" 
MqNC (4-MeC6&) =NMe 
MqNC(Me)=NBu' 
DBN 
Arginine 
PMDBD 
MqNCH=N(CH,),NMe, 
(Me,N),C=N (4-MeC6H,) 
MqNC(Et)=NBu' 
DBD 
(Me2N),C=N(4-Me0C,H4) 
(Me,N),C=NMe 
DBU 
Me,NC(Me) =N (CH,),NMe, 
(Me,N),C=NEt 
MqNC(Me) =N( 1-adamantyl) 
TBD 
(Me,N),C="r' 
MqNC(Me)=N(CH,),NMe, 
(Me,N),C=NBu' 
MTBD 
ETBD 
ITBD 
m 
m 


981.1 1013.8 This work 
982.8' 1017.0 1 4 ~  


(982.8)d (1031)' 13b, 1 4 ~  
983.2 1015.9 This work 
984.1 1016.6 1 4 ~  
985.3 1017.8 1 4 ~  
986.6 1019.0 14c 
988.3 1020.7 1 4 ~  
988.3 1020.7 1 4 ~  
988.3 1020.7 13b, 1 4 ~  
989.5 1022.0 1 4 ~  


(991.2)d (1039)' 1 4 ~  


992.0 1024.5 14c 
992.9 1025.3 1 4 ~  
992.9 1025.3 1 4 ~  
992.9 1025.3 1 4 ~  
993.9 1025.7 14c 
993.9 1025.7 1 4 ~  


1025.9*2 19 
994.3' 1028.5 14c 


991.6 1024.2 This work 


(997.0)d (1048)' This work 
997.5 1030.1 This work 


999.6f 2 1032 This work 
1000.8 1033.4 This work 
1000.8 1033.4 This work 


998.3 1030.8 14c 


1002.9 1035.4 1 4 ~  
(1003.5)' (1052)' 1 4 ~  


1005.8 1038.3 1 4 ~  
1004.6 1037.2 This work 


1008.3' 1042.5 This work 
1008.8 1041.4 This work 


(1014.2)d (1064)' This work 
1015.0 1047.7 This work 
1015.5 1048.1 This work 
1021.4 1053.9 This work 
1024.8 1057.3 This work 


>lo34 >I068 This work 
>lo45 >I078 Thiswork 


' Gas-phase basicity (Gibbs energy scale) obtained from relative 
basicities measured at 338 K: no correction required to 298 K, except 
when entropy changes are. associated with proton exchange (see 
footnotes c and d). Relative GBs are. believed to be accurate to 1.5 ki 
mol-'. 
Proton affinity at 298 K using appropriate TAS term. 
Corrected using AS,* = R In 2. 


dThe 338K experimental value is given. No temperature correction 
was made because of the lack of entropy data. 
'Cyclization entropy obtained from data on diaminoalkanes was 
applied. 
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spectrometry. Bicyclic guanidines (ETBD, ITBD, 
DBD) and vinamidines (TTT, and MTTT) were 
kindly supplied by Dr R. Schwe~inger.~. '~ Most of the 
compounds studied were stable and sufficiently volatile 
to be studied by Fourier transform in cyclotron 
resonance (FT-ICR) mass spectrometry. TTT and, to a 
less extent, MT?T have very low vapour pressures at 
the maximum practical temperature of our inlet system 
(ca 140 "C), and necessitated long stabilization periods 
to read their pressure and long pumping-down times 
(48-72h). The procedure for the gas-phase basicity 
measurements was the same as that described previ- 
~ u s l y . ' ~ ~ ' ~  The GB values for Pr",N and Bu",N were the 
starting points on our gas-phase basicity scale.'" 


RESULTS 


The GB values of the guanidines and diaminovin- 
amidines studied are listed in Table 1 together with the 
GB values of amidines studied previously and used as 
reference bases. 


Proton affinities (PA = GB + TAS) were obtained 
from the experimental GB and estimated AS values. In 
general, only the contributions from changes in sym- 
metry on protonation were considered." For compounds 
displaying no change in symmetry on protonation, only 
the translational entropy for the proton was considered 
(AS= 108.9 J mol-' K-').,' Protonation of TMG, 
PMDBD, TBD and TTT produces ions with symmetry 
number u = 2 leading to a ASmt = R In 2 correction. For 
the six compounds Me,NC(Y)=N(CH,),X (X = OMe, 
NMe,; n = 2, 3), for which internal hydrogen bonding is 
expected (see the Discussion), the cyclization entropy 
was taken as -46.4 and -61.9 J mol-' K-' for n = 2  
and 3, respectively.'2b All acyclic and cyclic derivatives 
of guanidines have PA > 1000 kJ mo1-I. The PA values 


are close to, or higher than, that of TMG, which was the 
strongest monofunctional organic base in Lias and co- 
workers' gas-phase basicity scale." The PA values of 
the diaminovinamidines lTT  and MTTT are higher than 
1068 and 1078kJ mol-', respectively, and cannot be 
measured with good precision because of the lack of 
reference bases. 


In Table 1 the gas-phase basicity of arginine reported 
recently by Wu and Fen~elau'~" is also given. Arginine, 
which contains the guanidine function, has been found 
to be the most basic mammalian amino acid." Its PA 
value, close to that of DBN, is about 60 kJ mo1-I higher 
than that of histidine containing the amidine group in 
the imidazole ring. 


DISCUSSION 


Superbasicity of guanidines and vinamidines 
The strong basicity of guanidines originates from the 
stability of the guanidinium cation induced by the so- 
called 'cross-conjugation' or 'Y-delocalization' of the 
six non-u electrons of the guanidinium sy~ te rn .~ ,~ '  The 
guanidinium cation is formed by protonation of the 
imino nitrogen atom (Scheme 2). 


Comparison of the PA values obtained for guanidines 
with those recently reported for simple imines2, 
confirms that the origin of the very high basicity of 
guanidines arises from the strong electron-donor effect 
of the amino groups. For example, the PA value for 
TMG is higher by 164 kJ mol-' than that for H,C=NH. 
The same behaviour is observed in s o l ~ t i o n . ~ ~ ~ * ~ ~ ' ~ - ' ~ ~ * ~  
In water, the pK, value of TMG is higher by 6.8 pK, 
units than that for Ph,C=NH.23 


Superbasicity of the diaminovinamidines 'ITT and 
MITT in the gas phase is the result of the reinforce- 


Scheme 2 


Scheme 3 
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ment of the basicity of the amidine function (in the 
imidazoline ring) by substitution with the diaminovinyl 
group on the amidine carbon atom (Scheme 3). In 
acetonitrile, the pK, values for TTT and MTTT are 
higher by 2.9 an i  3.7 pK, units, respectively, than that 
for TMG.3 


Gas-phase substituent effects 
Effects of substitution in the para position of the phenyl 
ring attached to the imino nitrogen in the TMG family 
(relative to unsubstituted phenyl), 6,GB = GB(4- 
XC6H4) - GB(Ph), appear to be very close to those in 
the FDM series (Table 2). The same behaviour is 
observed for alkyl derivatives. Alkyl substituent effects 


Table 2. Gas-phase aryl substituent effects: 6,GB = GB(4- 
CbH,) - GB(Ph) in the formamidine (FDM*4-XC6H,) and 
tetramethylguanidine (TMG*4-XC,H4) series (in kl mol-') 


X FDM*4-XC,H," TMG *4-XC6H,b 


OMe 12.6 9.2 
Me 7.5 5.9 
H 0 0 
F -7.1 -8.4 
cl -10.9 -10.5 


"Data from Refs 13a and 24. 
Data from Table 1. 


Table 3. Gas-phase alkyl substituent effects: 6,GB = GB(R) - 
GB(Me) in the substituted formamidine (FDM*R), 
acetamidine (ADM*R) and tetramethylguanidine (TMG*R) 


series (in kl mol-') 


R FDM*R ADM*Ra TMG*R" 


0 
5.4b 
3.3b 
8.2b 
9.4b 
17.8b 
14.6b 
13.2b 
31.0" 
13.8b 
25.5" 
39.7" 


-18.0 
0 0 


5.9 3.8 
0.9 
7.1 
8.4 8.0 
15.1 14.2 
11.3 
10.1 
27.6 
13.0 
25.3 
36.0 


a Data from Table 1. 
bData from Refs 13b and c; small differences from the original values 
are due to the use of Pr",N and Bu",N as anchoring points in our 
basicity scale of superbases.'" 


(relative to methyl), 6,GB = GB(R) - GB(Me) in the 
tetramethylguanidine series are similar to those in the 
formamidine and acetamidine series (Table 3), within 
experimental error (2 kT mol-'). 


For alkyl substituents, a more quantitative com ari 
son may be based on the Taft and Topsom analysis. We 
have shown p re~ ious ly '~~~ '  that alkyl substituents at the 
imino nitrogen atom in the FDM series act principally 
by the polarizability (P) effect. The relative basicities 
obey the equation 


ZP - 


&GB = paua + c 


where pa is the reaction constant for the P effect and 0, 
is the directional polarizability parameter of Taft and 
c o - ~ o r k e r s . ' ~ - ~ ~  


Similar effects are observed in the TMG and ADM 
series. Correlations performed for the four substituents 
(Me, Et, Pr' and Bu') common to the three series, and 
separately for all substituents in the TMG series (n = 5 ) ,  
and for the six substituents (Me, Et, Pr", Pr', Bur and 1- 
adamantyl) common to the FDM and ADM series are 
given in Table 4. Cyclopropyl, n-amyl and n-hexyl are 
excluded; in the FDM and ADM series, these points 
deviate from the 6,GB vs u, correlation. For the 
cyclopropyl group an electron-withdrawing effect is 
observed. Deviations of the long-chain alkyl substitu- 
ents may be explained by a coiling effect, which 
culminates for the n-amyl substituent. 


When the alkyl substituent (CH,),X contains an 
electron-withdrawing group X, the gas-phase basicities 
depend on a combination of the P and electrostatic field 
( F )  effects. Additionally, for the aryl substituents a 
combination of the P, F and resonance ( R )  effects 
should be considered. In this work, (CH,),X and four 
4-XC,H4 substituents in the ADM and TMG series, 
respectively, were studied. Considering the small 
number of substituents, the Taft and Topsom analysis25 
cannot be carried out. However, there is a good correla- 
tion between the GB values of the TMG and FDM 
series [equation (2)], as was already observed for the 
GB values of the ADM and FDM series [equation (3)]. 


GB(TMG*R) = 109.7 + (0.929f O.O35)GB(FDM*R) 


n = 9, r = 0.995, s.d. = 1.2k.J mol-' 


n = 12, r = 0.994, s.d. = 1.3 kJ mol-' 


(2) 


GB(ADM*R) = 88.1 + (0.929* O.O33)GB(FDM*R) 


(3) 


Substituent effects operating in these series are the 
following: P effect for simple alkyl groups, allowance 
being made for an additional coiling effect for long- 
chain alkyl groups and for an additional F effect for the 
cyclopropyl group; P and F effects for (CH,),X groups, 
with an additional internal hydrogen bonding in the 
protonated form for X = OMe, NMe, with n = 2, and 3 
(see below); and P, F and R effects for 4-XC6H, 
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Table 4. Parameters for the regressions 6,GBs for substituted formamidines (FDM*R), 
acetamidines (ADM*R) and tetramethylguanidines (TMG*R) from Table 3 vs. uoa [equation (l)Ib 


Correlation Standard No. of 
No. Series Intercept (c) Slope ( p a )  coefficient deviation data points 


la FDM*R -15.7 -43.1 f 5.0 0.987 1.5 4' 
l b  ADM*R -12.5 -35.9f4.1 0.987 1.2 4' 
I C  TMG*R -12.9 -35.1 f 3.3 0.991 1 .o 4' 
Id FDM*R -19.8 -51.5 f 4 . 1  0.987 1.9 6d 
le ADM*R -17.0 -44.8f4.1 0.984 1.9 6' 
i f  TMG*R -16.9 -41.9 f 2.7 0.994 1.6 5' 


a uo values from Ref. 21. 


'For Me, Et, Pr' and Bu'. 
dFor Me, Et, Pr", Pr', Bu'an! 1-adamantyl. 


kl mol-'. 


For H, Me, Et, Pr' and Bu' 


groups. The almost unit slopes indicate that similar 
substituent effects operate with the same intensity in 
guanidines and amidines. Our studies dealing with 
substituent effects on the basicity of compounds incor- 
porating the 


group show that the higher basicities originate in (i) the 
presence of an additional amino group at the functional 
carbon atom (guanidines) or (ii) the presence of a 
(CH,),NMe, group at the imino nitrogen atom. Estima- 
tions carried out for TMG*(CH,),Me, accordingto 
equation (2) give GB values of 1023 and 1036 kJ mol-' 
for n = 2  and 3, respectively. The latter GB value is 
higher than that for ITBD. In the series of 1,1,3,3- 
tetraethylguanidines, (EbN),C=NR, the estimated GB 
values are higher by about 10 kJ mol-' than those for 
the corresponding tetramethylguanidines series. These 
derivatives could permit the extension of the gas-phase 
basicity scale up to PA = 1080 kJ mol-' and the determi- 
nation of the PA values for vinamidines with better 
precision. Vinylogues and iminologues of amidines and 
guanidines2* are the next candidates for extending the 
gas-phase basicity scale. 


'Internal solvation' of amidinium (guanidinium) 
cation 


An intramolecular stabilization of protonated polyfunc- 
tional groups, also called 'internal solvation,' has long 
been invoked for compounds of general formula 
Y(CH,),X (X,Y=OR, NR,; R = H  or alkyl; n 2), for 
which an enhancement of gas-phase basicity has been 
o b ~ e r v e d . ~ ~ * ' ~  This effect is due to cyclization by internal 
hydrogen bonding between the protonated functional 


group (Y) and an hydrogen-bond donor group (X): 


We observed a similar effect for amidines 
Me,NC(Z)=N(CH,),X (Z=H,  Me). For n = 2  and 3, 
the &GB values of the corresponding compounds can 
be compared with those of ethyl and n-propyl deriva- 
tives, respectively. If we consider the electron- 
withdrawing effect of X, a lowered basicity should be 
observed. In fact, we found a strong increase in the 
dRGB values (Table 3). In the FDM series the stabiliz- 
ation by internal ionic hydrogen bonding was fully 
analysed and estimated to 23, 21 and 31 kJ mol-' for 
(CH,),OMe, (CH,),NMe, and (CH,),NMe,, respec- 
ti~ely. '~' Since the same substituent effects operate in the 
ADM and TMG series [equations (2) and (3)], we 
expect for them a stabilization by 'internal solvation' of 
the same order of magnitude. 


Histamine, an important biogenic molecule, also 
bears two potential basic sites: the pseudo-amidine 
(imidazole) and amino functions, separated by three 
carbon atoms, two of which are part of an alkyl chain. 
Therefore, a stable six-membered cyclic structure may 
be formed in the protonated form: 


NJ 
H' 


In the gas p h a ~ e , ' ~ ' , ~ '  the imidazole 'sp" nitrogen 
atom, as the site of protonation, should be preferred to 
the amino chain, as shown by comparison of the GB 
values for hi~tamine'~" (949kJ mol-') and 4- 







730 E. D. RACZY&KA 


methylimidazole (915 kJ mol-’)32 and PhCH2CH2NH2 
(895W mol-’),’2” taken as model compounds. In 
aqueous solution,PhCH,CH,NH, is more basic than 4- 
methylimidazole by 2.3 pK, units (13 kJ mol-’ in Gibbs 
energy).23 This reversal is due to a better solvation of 
the -NH,’ cation compared with =NH+-. By contrast, 
in the gas phase, the energetically preferred imidazole 
nitrogen protonation (like the imino nitrogen protona- 
tion in amidines) is further favoured by ‘internal 
solvation.’ This change in histamine cation structure on 
going from aqueous media to the gas phase has only 
recently been considered in theoretical ~tudies.~’ Struc- 
tures which are less stabilized by interactions with 
dipolar or hydrogen-bonding solvents may play a role in 
the histamine behaviour in non-aqueous (lipidic) 
environments. The a-amino acid histidine may be 
considered as a carboxy derivative of histamine. The 
GB value for histidine (938 kJ mol-’)’2” is 23 kJ mol-’ 
higher than that of the model compound 4-methylimida- 
zole, but 11 kJ mol-’ lower than that for histamine. The 
weaker basicity of histidine may be due to an electron- 
withdrawing effect of the COOH group. Although this 
interpretation seems sound, a recent semiempirical 
ca l c~ la t ion~~  gives the structure with an intramolecular 
H-bond C=O-H-N(1m) as the most stable conforma- 
tion of protonated histidine. Therefore, we suggest that 
the problem of histidine should be further investigated 
both theoretically and experimentally. 


Arginine is the next example of an a-amino acid for 
which guanidine (preferred by the proton) and amine 
functions are separated by a chain of four carbon atoms. 
We suggest that, similarly to other examples discussed 
in this paper, the strong gas-phase basicity of arginine 
may be due to the ‘internal solvation’ of the 
guanidinium cation: 


The increase in the PA value measured for arginine 
(PA = 1026 kJ mol-’)”” is 31 kJ mol-‘, compared with 
that calculated by the ab initio method at the 
Mp2/6-3 1G(d) level for the unsubstituted guanidine 
(PA = 995 W mol-’) as a model 


The problem of internal solvation in important 
polyfunctional biogenic molecules with a flexible chain 
is still an experimental and theoretical challenge. 
Currently, GB measurements carried out by different 
techniques, chosen for usually unstable biogenic 
molecules of low volatility, are not always in good 
agreement with each other. l9 Molecular orbital calcula- 
tions may help to solve the difficult experimental 
problems, but theoretical studies should take into 
account the potential sites of protonation with possible 
internal solvation, and also conformational isomerisms 
and the prototropic tautomerism of the amidine or 


guanidine -NHC(Z)=N- moieties. The proton 
affinities deduced from the experimental GB values 
should be based on accurate estimations of the ‘entropy 
of cyclization. ’ 


Bulk (‘external’) solvation of amidinium and 
guanidinium cations 
Studies of substituent effects on the basicity of amidines 
and guanidines in s o l ~ t i o n ~ - ~ ~ ’ ~ - ’ ~ ~ ~  have shown that the 
amino nitrogen atom is the preferred site of protonation 
in solution, similarly as in the gas Thus, the 
pK, values can be directly compared with the GB 
values. 


A first comparison of basicities in solution 
(Water6,17,23,35,36 and a c e t ~ n i t r i l e ~ ~ ’ ~ ~ ~ ’ ~ )  with those in the 
gas phase 12-142432.37 (Table 1) for amidines (FDM*Ph, 
DBN, DBD, DBU), vinamidines (TTT, MlTT), 
guanidines (TMG*R, TBD, MTBD, ETBD, ITBD) and 
pseudo-amidines (imidazole, N-methylimidazole, 
benzimidazole, N-methylbenzimidazole, 2- and 4- 
dimethylaminopyridines) is shown in Figure 1. 


Two kinds of behaviour can be distinguished, one for 
alkyl systems, which act only by the P effect, and the 
other for aromatic systems, for which a combination of 
P ,  F and R effects should be considered. This means 
that in both solvents the ‘external’ solvation is not 
identical for alkyl and aromatic derivatives. Moreover, 
the bulk solvation by water is different from that by 
acetonitrile. For acetonitrile, almost parallel regression 
lines, pK, vs GB, may be drawn for alkyl and aryl 
substituents (slopes 0.057 and 0.069, respectively). In 
water the slope of the regression line (0.017) for alkyl 
groups is much smaller than that for aromatic systems 
(0.074). For a discussion of the solvation effect on the 
basicity of organic compounds it is more convenient to 
use the direct comparison of basicity properties 
in solution and in the gas phase expressed in the 
same quantity and unit, e.g. AG(aq) or AG(AN)= 
5.708OpKa, which represent the Gibbs free energies of 
deprotonation of the corresponding cation in water or in 
acetonitrile, and GB (both in W mol-I). The slope of 
the correlation line GB vs AG(aq) or AG(AN) was 
defined as the solvent attenuation factor (SAF).38 For 
the TMG*R compounds in aqueous solution, higher 
solvation effect is observed for alkyl (SAF= 10) than 
for aryl derivatives (SAF = 4). 


For alkyl substituents acting only by the P effect, the 
SAF value represents only the polarizability attenuation 
factor (PAF). Higher PAF values than those for field 
(FAF) and resonance (RAF) attenuation factors have 
previously been observed for the FDM series13c and 
other nitrogen bases (amines and p y r i d i n e ~ ) ~ ~ * ~ ~ ! ~ ~  in 
aqueous solutions. However, in acetonitrile we found 
similar attenuation ( S A F =  3) for alkyl and aryl deriva- 
tives. The higher SAF value for water than for 
acetonitrile, 10 vs 3, may be due to a specific solvation, 
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Figure 1. Comparison of the pK, values in (a) water and (b) 
acetonitrile with the GB values for pseudo-arnidines, 
amidines, guanidines and vinamidines: imidazoie (1). N- 
methylimidazole (2), benzimidazole (3), N-methyl- 
benzimidazole (4), 2-(N,N-dimethylarnino)pyridine (3, 
FDM*Ph (6), 4-(N,N-dimethylamino)pyridine (7), TMG*4- 
ClC,H, (8), TMG*Ph (9), TMG*4-MeC,H4 (lo),  TMG*4- 
MeOC,H, ( l l ) ,  TMG (12), DBN (13), DBD (14), DBU (15), 
TMG*Me (16), TMG*Et (17), TMG*Pr' (18), TMG*Bu' 
(19), TBD (ZO), MTBD (21), ETBD (22), ITBD (23), 'I?T 


(24) and MlTT (25) 


varying with the basicity of the superbases (pK, > 13.5) 
by water, which is a stronger hydrogen bond donor 
solvent than a~etonitrile.~' It should be mentioned that 
pK,s in water for superbases are subject to large uncer- 
tainties, and that their re-examination, leading to a 
homogeneous set of data, would be useful. 


An extrapolation of the correlation line pK,(AN) vs 
GB obtained for alkyl superbases [Figure l(b)] 
presented in this paper can be used to consider what the 
GB values for 'hyperbasic' phosphazenes studied by 
S~hwesinger~"*'~ in acetonitrile could be. If we assume a 
similar behaviour for the carbon 


\ I  
( N-C-N-) 
/ 


and phosphorus 


\ I  
/ I  


( N-P-N-) 


superbases, we predict GB values in the range 
1038-1379 kJ mol-' (PA = 1070-1410 kJ mol-I), 
corresponding to pK,(AN) = 26-46. Similar estimates 
have been given by other  worker^.^' 


The GB values estimated for tert-butyl derivatives 
[1250-1379 kJ mol-I, corresponding to pK,(AN) = 
39-46], which in fact represent the gas-phase acidity 
of the cationic form of phosphazenes (BH' -+B+H') ,  
are comparable with the gas-phase acidity of superacids 
(AH + A- + H'), reported recently by Koppel et uZ.42.43 
Therefore, a spontaneous proton-transfer reaction 
between neutral organic superacids and superbases 
could be achieved in the gas phase:42 


AH + B  + A -  + BH' (4) 
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MICELLAR CATALYSIS OF ORGANIC REACTIONS. PART 36. 
NUCLEOPHILIC AROMATIC SUBSTITUTION REACTIONS IN 


HYDROXY FUNCTIONALIZED MICELLES WITH BULKY HEAD 
GROUPS 


TREVOR J .  BROXTON AND MATHEW LUCAS 
Department of Chemistry, La Trobe University, Bundoora, Victoria, 3083, Australia 


The reaction of several nitro activated aromatic halides with hydroxide ions was studied in the presence of hydroxy 
functionalized micelles containing bulky head groups, e.g. Cl6H33N+R2CH2CH20H Br-, where R = Me, Et, Bu. In 
a biphasic reaction, the aryl halide is first converted into an aryl mincellar ether which subsequently reacts with 
hydroxide ions to form the phenolic product. Despite the increased nucleophilicity of hydroxide ions as water is 
squeezed away from the micelle surface by the bulky head groups, no direct reaction of the aromatic substrate with 
hydroxide ion is detectable. In  the second phase of reaction, the breakdown of the aryl micellar ether to form the 
phenolic product, the order of reactivity in the different micelles is dependent on the steric interactions between 
substituents ortho to the reaction centre and the head group of the micelle. For compounds having one substituent 
ortho to the reaction centre, the order of reactivity is Bu > Me > Et, whereas for 2-chloro-1,3-dinitrobenzene, which 
has two substituents ortho to the reaction centre, the order is Me > Et > Bu. 


INTRODUCTION 


The effects of cationic micelles containing bulky head 
groups on the hydroxydehalogenation of some acti- 
vated aromatic substrates has been reported.' For 1- 
chloro-2,4-dinitrobenzene (l), a neutral substrate, it 
was found that the magnitude of catalysis by micelles of 
cetyltrialkylammonium bromide increased as the size of 
the alkyl groups in the micellar head group was 
increased from methyl to ethyl, propyl and butyl. 
However, for ionic substrates, e.g. sodium 2-chloro- 
3,5-dinitrobenzoate (2) and sodium 4-chloro-3,5- 
dinitrobenzoate (3), the magnitude of catalysis 
decreased as the size of the micellar head group was 
increased. This was explained by the decrease in 
polarity at the micelle surface, as water is squeezed 
away as a result of the increase in size of the head 
groups. 


It is now of interest to determine the effect of 
increasing the size of the head group on the rate of 
reaction in the presence of a series of hydroxy func- 
tionalized micelles. Previous studies' have shown that 
such SNAr reactions in the presence of hydroxy func- 
tionalized micelles proceed by a biphasic mechanism 
(Scheme 1). In the first phase, the aromatic substrate is 
partitioned between direct reaction with hydroxide ions 
to give the corresponding phenolic product (ArOH) and 
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C ~ ~ H ~ ~ N + ( R ) ~ C H Z C H ~ O H  + OH- + ArHal + ArOH 


1 phase I 


J. 
ArOMicelle 


phase 2 I O H -  
$. 


ArOH 


Scheme 1. R = Me, Et, Bu and Hal = C1 for compounds 1-4 
or F for compounds la ,  4a, 5 and 6 


reaction with the micellar alkoxide ion to form an aryl 
micellar ether (ArOMicelle). In the second phase, the 
micellar ether is converted into the phenolic product by 
reaction with hydroxide ions. It is of interest to deter- 
mine the effect of increasing head group size, first on 
the partitioning in phase 1 and second on the rate of 
decomposition of the micellar ether in phase 2. 


Specifically, it was of interest to determine the effect 
of increasing the size of the micellar head group the 
rates of both phases of reaction and on the percentage 


Received 4 February 1994 
Revised 30 March 1994 







MICELLAR CATALYSIS OF ORGANIC REACTIONS - 36 443 


of trapping, i.e. the amount of aryl micellar ether 
produced in the first phase of reaction. In addition to 
substrate 1 above, we studied the reactions of 2-chloro- 
1,3-dinitrobenzene (4), sodium 2-fluoro-5- 
nitrobenzoate (5) and 4-fluoronitrobenzene (6). 


RESULTS AND DISCUSSION 


Observed first-order rate constants for the phase 1 
reaction of compounds 1, 4 and 5, are given in Table 1 
and those for the phase 2 reactions of 1-fluoro-2-4- 
dinitrobenzene (la), 2-fluoro-l,3-dinitrobenzene (4a) 
and 5 in Table 2. 


In biphasic reactions, it is important to ensure that 
the rates of each phase are obtained without inter- 
ference from the other phase. For the chloro com- 
pounds (1 and 4), this was achieved in the case of phase 
1 (formation of the aryl micellar ether) by using the 
isosbestic point of the phase 2 reaction as an analytical 
wavelength. In this way, any contribution of the phase 
2 reaction was eliminated, since no change in absor- 
bance occurs at this wavelength in the phase 2 reaction. 
Thus, any change in absorbance detected at this wave- 
length must be due only to the first phase of reaction. 


Table 1. Observed pseudo-first-order rate 


For compound 5, a fluoro compound, the analytical 
wavelength used, 300-305 nm (depending on the deter- 
gent), corresponded to the A,,, of the micellar ether. 
Since this compound had a fluoride leaving group, the 
phase 1 reaction was fast in comparison with the phase 
2 reaction, which had an alkoxide ion as the leaving 
group.3 Consequently, the phase 2 reaction of the 
fluoro substrates did not interfere with the observation 
of the phase 1 reaction. The phase l/phase 2 rate ratio 
varied from 28 for R = Bu to 54 for R = Me and 64 for 
R = Et. 


For the measurement of the rates of the phase 2 
reaction, fluoro compounds were again used. In this 
way, the fast phase 1 reaction was complete before the 
phase 2 reaction became significant. Then the spectral 
changes of the phase 2 reaction, including the isosbestic 
points, could be measured without any contribution by 
the phase 1 reaction. 


Formation of the aryl micellar ether-phase 1 


For each substrate, in all micelles, the trapping, i.e. for- 
mation of the aryl micellar ether, was quantitative. The 


constants [ lo3  x k ,  (s-')I for the first phase of 
reaction, i.e. formation of the micellar ether 


~~~ ________________ 


Substrate [Detergent] (mM) Me Et Bu 


1 at 30.6 "C, 5 mM hydroxide 1 


4 
8 


13.3 
16 
18 
20 


Analytical wavelength (nm) 
4 at 30.6"C. 5 mM hydroxide 


Analytical wavelength (nm) 


5 at 60.7 OC, 5 mM hydroxide 


1 
2 
4 
8 


13.3 
16 
18 
20 


1 
2 
4 
8 


13.3 
16 
18 
20 


Analytical wavelength (nm) 


3.91 
9.37 


13.4 
15.9 
16.7 
16.9 
17.2 
15.4 


323 


0.61 
1.36 
2.02 
2.28 
2.40 
2.43 
2.34 
1.90 


275 


0.43 
0.91 
1.04 
0.93 
0.77 
0.71 
0.66 
0-64 


300 


6.51 
13.1 
19.3 
20.3 
21.3 
22.2 
23.4 
19.8 


324 


1.00 
I .65 
2.5 
2.87 
2.48 
2.20 
2.18 
1.98 


278 


0.59 
0.97 
1.33 
1.28 
0.86 
0.84 
0.82 
0-72 


300 


7-45 
14.4 
19.8 
24.6 
25-6 
26.2 
24.6 
22.5 


325.5 


1.03 
1.61 
2.01 
1 3 9  
1.36 
1.31 
1.22 
1.08 


278 


0.88 
0.96 
1.17 
0.95 
0.83 
0.68 
0.66 
0.63 


305 
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Table 2. Observed pseudo-first-order rate constants [lo3 x k~ (SKI)] for the second phase of 
reaction, i.e. decomposition of the micellar ether 


Substrate [Detergent] (mM) Me Et Bu 


4a at 30.6’C, 5 miv hydroxide, 442 nm 


5 at 60.7 “C, 5 mM hydroxide, 414 nm 


l a  at 30°C, 5 mM hydroxide, 358 nm 0.5 
0.53 
0.56 
0.58 
0.60 
0.9 
0.95 
1 
1.1 
1.25 
1.5 
2 
4 
8 


13.3 
16 
18 
20 


0.5 
0.56 
0.6 
0.9 
0.97 
1.0 
1.1 
2 
4 
8 


13.3 
16 
20 


0.50 
0.56 
0.80 
0.91 
1 
1.5 
2 
4 
8 


13.3 


2.85 
2.87 
2.64 
2.58 
2.42 
1.86 
1.35 
1 .oo 
0.87 
0.77 
0.70 


1.86 
1.89 
1.68 
1.19 
0.84 
0.61 
0.46 
0.43 


0.0108 
0.0151 
0.0147 
0.0137 
0.0128 
0.0095 
0.0075 


3.04 
3.25 
3.22 


3.04 
2.68 
1.99 
1.13 
0.95 
0.87 
0.80 


1.68 
1.84 
1.65 


1.55 
1.28 
1.02 
0.52 


0.39 


0.0092 
0.010 
0.014 
0.0092 
0.006 


4.31 
4.50 
4.81 
4.53 
4.42 


4.11 


4.02 
3.06 
1.86 
1.39 
1.25 
1.11 
1.06 


1.67 
1.71 
1.69 


1.61 


1.24 
1.08 
0.69 
0.47 


0.0222 
0.0203 
0.0177 


0.0164 


0.0138 
0.0124 


observed rates of the phase 1 reaction, were therefore 
rates of micellar ether formation. From Table 1, it can 
be seen that in all cases the rate increased as the deter- 
gent concentration was increased up to a maximum 
rate, which presumably corresponds to the concen- 
tration at which all of the substrate is solubilized by the 
micelles. Above this concentration the rate decreased, 
as a result of dilution of the reactants in the micellar 
pseudo-phase. 


Because the alkoxide nucleophile in a hydroxy func- 
tionalized micelle is bound to individual detergent mol- 


ecules, the pseudo-phase ion-exchange (PPIE) kinetic 
model is not appropriate for the treatment of rate data 
obtained in such micelles. We therefore report values of 
the observed rate of reaction in the presence of micelles. 
However, some conclusions can be drawn from con- 
sideration of the raw rate data obtained. 


Solubilization of the substrates 


The detergent concentration at which the optimum rate 
is observed gives an indication of how well the substrate 
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is solubilized by the micelle. The lower the concen- 
tration at which the optimum rate is observed, the 
better the substrate is solubilized by the micelle. The 
ionic substrate 5 is therefore solubilized more efficiently 
than the neutral substrates 1 and 4. Further, for the 
ionic substrate the optimum rate is at 4 mM in all 
micelles. The driving force for the solubilization of this 
substrate is presumably an electrostatic attraction 
between the cationic micelle and the negative charge on 
the substrate. It appears that this electrostatic attraction 
is not affected by the size of the head group on the 
micelle, since the optimum rate is obtained at  the same 
concentration in all of the micelles. 


The neutral substrates 1 and 4 have optimum rates a t  
higher detergent concentrations than for substrate 5 
and are thus less well solubilized by these micelles. Solu- 
bilization of substrates 1 and 4 by the butyl micelle is 
marginally better than by either the methyl or ethyl 
micelle. Solubilization of these neutral substrates is pre- 
sumably a result of hydrophobic interactions between 
the substrates and the micelles. Hence the hydrophobic 
interaction is apparently favoured by the larger head 
groups. 


Magnitude of catalysis 


Optimum rates of each reaction in each micelle are 
compared with rates in the presence of 1 mM detergent, 
because in the complete absence of detergent no 
micellar ether is formed and hence the rate of reaction 
in that case refers to  the alternative direct reaction with 
hydroxide ion producing the phenolic product. 


The magnitude of  catalysis (i.e. koptimumlkl mM detergent 
for the reaction of the neutral substrates is slightly 
larger than for the reaction of the ionic substrate. The 
methyl micelle shows the greatest catalysis for the 
reactions of all compounds studied. However, for 
substrate 1 ,  which has only one ortho substituent 
group, the variation of catalysis by the different 
micelles is small (4.4-3.9, i.e. a decrease of 20% from 
the Me to the Bu micelle. 


For substrate 4, which has two ortho substituent 
groups, the variation of catalysis by the different 
micelles is larger (decreasing from 4 - 0  for Me to  1 * 9  for 
Bu, i.e. a decrease of 52%).  It is possible that this larger 
decrease in the observed catalysis is a result of increased 
steric problems between a substrate having two ortho 
substituent groups and a nucleophile, the micellar 
alkoxide ion, which becomes bulkier as the size of the 
head group is increased. 


For the ionic substrate 5, the catalysis decreased by 
46% from 2.4 for the Me micelle, down to 1.3 for the 
Bu micelle. Two explanations are possible for this 
decrease. First, although there is only one ortho substi- 
tuent group in substrate 5, it is the ionic carboxylate 
group which probably has considerable water of solva- 
tion about it, making it fairly large. Second, for this 


reaction an anionic intermediate is produced and this 
may be more sensitive to  the polarity of its surround- 
ings than the formally neutral intermediates, formed 
from the neutral substrates. The smaller catalysis is 
therefore consistent with a report that water is squeezed 
away from the micelle surface as the size of the head 
group is i n c r e a ~ e d . ~  


A surprising feature of these reactions is that despite 
the increased nucleophilicity of hydroxide ions as water 
is squeezed away from the micelle surface, quantitative 
formation of the micellar ether occurs in the first phase 
of reaction, for all substrates and all detergents used. 
Hence the increase in the steric bulk of the micellar 
head group does not seem to retard the formation of 
the aryl micellar ether sufficiently to  allow the direct 
reaction with hydroxide ion to compete effectively. Two 
possible reasons for this effect are first that the positive 
charge on the detergent molecule interacts favourably 
with an electron-rich substituent ortho to  the reaction 
centre and second that the positive charge on the deter- 
gent molecule interacts favourably with the a-electron 
cloud of the benzene ring. We favour the latter expla- 
nation, since a high percentage of trapping was 
observed even for reactions with 4-fluoronitrobenze (6), 
which does not have any substituent ortho to the 
reaction centre. 


Decomposition of the micellar ether - phase 2 


For the decomposition of the aryl micellar ethers, the 
optimum rate is observed at the exact detergent concen- 
tration determined to  be the critical micelle concen- 
tration (CMC) in neutral solution. This may be a 
coincidence, as it has been shown’ that the CMC 
usually decreases when hydroxide ion is added to  
micellar solutions. However, it is consistent with the 
very effective solubilization of all of the aryl micellar 
ethers, the substrates for this phase of reaction, by the 
micelle. We therefore conclude that variation of the 
magnitude of catalysis is due t o  variation of the rate of 
reaction in the micellar pseudo-phase, rather than to  
differences in the binding constants of the various 
micellar ethers. 


For the decomposition of the cationic micellar ether 
derived from substrate l a ,  the rate order is 
Bu > Et > Me. In this case, a neutral intermediate con- 
taining only one ortho substituent is produced. Charge 
is destroyed in the rate-determining step. In terms of the 
Hughes-Ingold solvent theory, the reaction is 
favoured by a less polar solvent. The reaction is 
favoured by the micelle with the largest head groups, 
i.e. Bu, and this is consistent with water being squeezed 
out from the micelle surface as the size of the head 
group is increased. This results in a drier and hence a 
less polar Stern region for the micelle with the largest 
head group. 
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For the decomposition of the cationic micellar ether 
derived from substrate 4a, the rate order is 
Me > Et > Bu. In this case, a neutral intermediate is 
again formed and charge is being destroyed in the rate- 
determining step. However, the intermediate has two 
ortho substituents. The reversal of this order of reac- 
tivity possibly reflects the greater steric hindrance in the 
reactions of substrate 4a as the size of the micellar head 
group is increased. 


For the decomposition of the formally neutral 
micellar ether, derived from substrate 5, the rate order 
is Bu > Me > Et. In this case, an anionic intermediate 
with only one ortho substituent is formed. Charge is 
being dispersed in the rate-determining step and the 
reaction is favoured by the less polar environment of 
the butyl micelle, as it was for the reaction of substrate 
la .  It therefore appears that the variable steric interac- 
tion of substituents ortho to  the reaction centre and the 
bulky head groups of the micelles are the major cause 
of the variations in the order of catalytic effects by the 
different micelles. 


EXPERIMENTAL 


Materials. l-Chloro-2,4-dinitrobenzene, 1 -fluoro- 
2,4-dinitrobenzene, 2-chloro-1,3-dinitrobenzene and 
4-fluoronitrobenzene were commercially available. 2- 
Fluoro-5-nitrobenzoic acid was available from previous 
work. ' 2-Fluoro-l,3-dinitrobenzene was prepared from 
the corresponding chloro compound by the halide 
exchange method of Finger and Kruse' using nitro- 
benzene as solvent. 2-Chloro-l,3-dinitrobenzene (3.4 g, 
0.017 mol) and potassium fluoride (2.57 g) were dried 
by azeotropic distillation with benzene and then freshly 
distilled nitrobenzene (25 g) was added and the mixture 
was heated at reflux for 10 h. After cooling to room 
temperature, the mixture was washed with hot toluene 
(200 ml) and filtered. The combined filtrate was concen- 
trated on a Rotovap at water pump pressure 
(16 mmHg) (1 mmHg = 133.3 Pa) to remove toluene 
and nitrobenzene was removed by distillation under 
high vacuum (1 nmHg).The residue was cooled with ice 
and the precipitate was recrystallized, first from ethanol 
at low temperature (- 96 "C) and second from kenzene, 
to affor: 2-fluoro-1,3-dinitrobenzene, m.p. 58 C (lit. 
m.p. 60 C). 


The detergents were all prepared by the quaterniz- 
ation of the appropriate N,N-dialkylethanolamine with 
cetyl bromide in propan-1-01 at reflux for 2 days 
(R =methyl) or 9 days (R=ethyl  or butyl). The 
reaction mixture was then cooled to room temperature 
and the propanol was removed by evaporation under 
reduced pressure (16mmHg). The residue was then 
recrystallized from ethanol and washed with dry diethyl 
ether to produce a white solid, m.p. 203-204 OC, lit. lo 


m . p  194-204°C (R = Me); m.p. 79-80°C, lit." m.p. 
80 C (R = Et); m.p. 54-55 "C (R = Bu). C26H56NOBr 


requires C 65-3  H 11.7, N 2.9, Br 16.7; found C 65.1, 
H 11.5, N 3.0, Br 16.4% (R = Bu). The identity of 
each of the detergents was further confirmed by 
electrospray mass spectral analysis. The electrospray 
mass spectra of these compounds were recorded on a 
VG Bio-Q triple quadrupole mass spectrometer (VG 
Bio Tech, Altringham, Cheshire, UK) using a mobile 
phase of 50% aqueous methanol containing 1% acetic 
acid. Principal ions at  m/z  314.2 (R=Me) ,  342.1 
(R = Et) and 398.1 (R = Bu) were observed. In each 
case the absence of the protonated N,N- 
dialkylethanolamine, the product of a possible com- 
peting elimination reaction, was also confirmed. 


Distilled water was further purified using a Millipore 
Milli-Q system to achieve a resistivity of 18 MQ cm. 


Kinetics. Stock solutions (0-01 M) of the substrates 
were prepared in HPLC-grade acetonitrile. Stock sol- 
utions of NaOH (0.015 M) and the detergents (20 mM) 
were prepared in purified water. Rate measurements 
were carried out at the temperatures indicated in the 
tables in a cuvette kept at constant temperature in the 
cell compartment of a Varian Model 634 UV-visible 
spectrophotometer. Micellar solutions (2 ml) of the 
required concentrations were pipetted into a quartz 
cuvette. The substrate (18 pl) was added by micro- 
syringe, the cuvette was shaken, allowed 15 min to  reach 
temperature equilibrium in the jacketed cell compart- 
ment of a Varian Model 634 UV-visible spectro- 
photometer and the reaction was initiated by the 
addition of sodium hydroxide solution (1 ml) which had 
also been temperature equilibrated in the water-bath. 
The solution was again shaken and the absorbance was 
monitored at the analytical wavelength indicated in the 
tables by means of a National VP 6511 A X-T 
recorder. The temperature within the cuvette was 
measured with a Jenco Thermistor thermometer. 
Reactions were followed to  infinity (ten half-lives) 
where possible, or alternatively for very slow reactions, 
and for consecutive reactions, an infinity value was cal- 
culated by using a computer program designed to  give 
the best straight-line fit to data collected over at least 
two half-lives. Good agreement was obtained between 
rate constants and infinity measurements obtained by 
the two methods. Rate constants were all obtained in 
duplicate and average results (within k 2 % )  are pre- 
sented in the tables. 


Critical micelle concentrations. The critical micelle 
concentrations were determined in neutral solution at 
30.0"C using a platinum electrode and an Activon 
PT-301 conductivity meter. Aliquots of known deter- 
gent concentration (0.01 M) were added to  purified 
water (30 ml) and the conductivity was measured as a 
function of detergent concentration. 
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Percentage of trapping. The percentage of micellar 
ether formation (trapping) was determined spectro- 
photometrically. The absorbance at  the wavelength of 
maximum absorbance of the phenolic product was 
determined for the fluoro substrates initially when the 
fast phase 1 reaction was complete ( A o )  and again when 
the phase 2 reaction was complete (A,). The percentage 
trapping was then determined as (A, - Ao) x 100/A,. 
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QUANTITATIVE DESCRIPTION OF STRUCTURAL EFFECTS ON 
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Structural effects on the melting points of substituted alkanes, both branched and unbranched, ranging in length from 
1 to 19 carbon atoms, were successfully correlated with a variant of the intermolecular force equation which included 
a variable capable of accounting for the packing energy contribution of the alkyl group. The 5nal data set had 366 
data points. The regression equation obtained accounted for 91.85% of the variance of the data with a standard error 
of 17.9 K. Twenty-nine data points could not be included in the correlation; nine of these are carboxamides. The 
contributions of the polar variables are slightly larger than those of the nonpolar variables while the contribution of 
structural variation in the substituent is greater than that in the alkyl group. It will be necessary to determine 
appropriate values of the packing parameter if compounds with chains longer than 20 carbon atoms are to be included 
in the model. 


INTRODUCTION 
There are many properties which are a function of the 
difference in intermolecular forces (imf) between 
substrates in an initial (i) and a final (f) phase. The 
change in the free energy associated with the property 
is given by the expression 


AG =f(imff - imfi) =f(A imf) (1) 
We are interested in the quantitative description of 


the variation of the property with structure. A relation- 
ship which is capable of this is termed a structure-pro- 
perty quantitative relationship (SPQR). 


In order to model the effect of structure on the prop- 
erty of interest, we must parameterize the intermol- 
ecular forces involved. They include hydrogen bonding 
(hb), van der Waals [dipole-dipole (dd), dipole- 
induced dipole (di) and induced dipole-induced dipole 
(ii)] interactions, charge-transfer (ct) interactions and 
ion-neutral [ion-dipole (Id) and ion-induced dipole 
(Ii)] interactions. Our best present model of these is the 
intermolecular force (imf) equation.'-6 This can be 
written in its most general form as 


QX = LUIX + D U ~ X  + R U ~ X  + AUX + HlnHx 
+ H2nnx + IiX + B D x n D x  + BAxnm + sh + Bo 


(2) 


where the paramaterizations of the imf are shown in 
Table 1. The term S$, also present in equation (2), is 
there to account for steric effects; $ is an appropriate 
steric effect parameterization. It may be rnonopara- 
metric using the u steric parameters, polyparametric, 
using the simple branching model: 


(3) S$ = Blnl + B2n2 + B3n3 + *.- 
the expanded branching model: 


S$ = Bl ln l l+  B12n12 + Bl3nl3 + B 2 m 1  
+ 8221122 + B23n23 + B31n31+ ... (4) 


the segmental model: 


S$ = S l U l  + s2u2 + s3u3 + *.- ( 5 )  


or a composite model using a combination of the u par- 
ameter and the branching model. It may or may not 
include the n b  parameter, which is a measure of group 
length. The imf model has been applied to the mode- 
ling of transport parameters, l -4  including partition 
coefficients chromatographic properties and amino acid 
hydrophobicities, of amino acid peptide and protein 
bioa~tivities,~ of protein conformational  parameter^,^ 
of substrate binding to abiotic polymers' and of solvent 
effects on enzyme reactivity. 
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Table 1 .  Parameterization of intermolecular forces 


Imf type Parameterization 


hb nH: equal to the number of OH and/or NH and/or CsP-H bonds' 
nn: equal to the number of 0 and/or N lone pairs and/or CEC bonds" 
m: localized (field and/or inductive) electrical effect parameterb 
Ud: delocalized (resonance) electrical effect arameterb 


p :  bond moment of the Csp'-X bond or the Csp*-X bond, depending on the substrate structure.' Also ul, Ud, ue 
p ,  a, Ud, u, and a: polarizability parameters defined from group molar refractivites' 
nD: equals 1 where X is capable of acting as a charge transfer acceptor, otherwise 0' 
nA:  equals 1 when X is capable of acting as a charge transfer donor, otherwise 0' 
Also UI, (id, ae, nn 
i: equals 1 for ionic X, otherwise 0' 


ue: electronic demand sensitivity parameter ! 
dd 
di 
ct 


Id 


Ii 1, a 
Also P,  Ul, Od, Ue 


'Ref  4. 
bRef: 7. 
' R e f  8. 


The melting point, T m ,  is a property of some environ- 
mental significance. We have previously studied melting 
point variation with structure by applying the irnf 
model lo to data sets with certain constraints. Dearden 
has correlated melting points of substituted anilines 
with a QSAR model. The two basic assumptions made 
in the application of the imf model to the structural 
dependence of melting points were that T m  obeys 
equation (l), that is, depends on the difference in imf 
between the solid and liquid states, and that it is also 
dependent on the way in which the substrate packs in 
the crystal lattice. Other attempts to estimate T, have 
been made by Yalkowsky and co-workers. 


As the melting point represents the temperature at 
which solid and liquid phases are in equilibrium, it 
follows that 


AGm = AH, - T m  AS, (6) 


T m  = A H m /  ASm (7) 
As AGm must equal zero: 


There are two possibilities: (1) A& is variable and pro- 
portional to AH,, or (2) ASm is approximately con- 
stant, in which case 


T m  = a AHm (8) 
Evidence has been reported which shows that the first 
case actually obtains. l4 


In order to establish the validity of the imf model for 
melting points, we have considered substrates of the 
type XG, where either X or G or both may vary in 
structure. Both X and G will contribute to the inter- 
molecular forces in the two phases. With regard to the 
effects of packing however there are three possible 
cases: (1) the packing is determined largely or entirely 
by G with X making a negligible contribution; (2) the 
packing is determined largely or entirely by X with G 


making a negligible contribution; or (3) both X and G 
make major contributions to the packing. 


We have previously shown that if we restrict the 
study to compounds for which G is alkyl (Ak), we can 
derive from the imf equation linear structure-enthalpy 
relationships of the form 


T m , M k  = aiTm,mko + Uo (9) 
In applying equation (9) the reference alkyl group, 


Ako and the alkyl group of interest, Ak, are held con- 
stant and X is varied. By choosing long unbranched 
alkyl groups for both Ak and Ak', the packing energy 
was held approximately constant. Sets with G equal to 
Ar were also successfully correlated with equation (9). 
Sets with constant X and G equal to unbranched Ak 
with two or more C atoms were successfully correlated 
with an equation of the form 


(10) 
where nc is the number of C atoms in the Ak group and 
nev is a parameter which accounts for the difference in 
packing between unbranched Ak groups with odd or 
even numbers of C atoms, taking the value 1 when the 
number is even. Data sets in which X was held constant 
and Ak allowed to vary in both length and branching 
were successfully correlated with an equation of the 
form 


T m  = Bcnc + Bsymnsym + Blnl+ B2n2 + B3n3 (11) 


where nsym is a parameter which accounts for the sym- 
metry of the Ak group. 


In all of the previous work the nature of the variation 
of T m  with changing structure of X was not considered. 
Here we commence a study of this problem. For this 
purpose, we have begun by considering three types of 
data set: (1) G is even-numbered unbranched alkyl with 
nc not less than 4 (set 1); (2) G is odd-numbered 


T m  = Bcnc + Bevnev + Bo 







Table 2. T,,, values used in the correlationsanb 


Me 


Et 


Pr 


iPr 


Bu 


iBu 


t Bu 


Pe 


neoPe 
Hx 


HP 


o c  


No 


Dc 


Udc 


Ddc 


Trd 


Ted 
Pdc 


Hxd 


HPd 


Ocd 


Nde 


F, 131.15; C1, 175.45; Br, 189.15; I, 206.65; SH, 150.15; COzEt, 189.55; COZMe, 175-05; CN, 229.35; CzH, 170.35; 
Ac, 177.80; CHO, 149.65; OAc, 175.05; OH, 179.25; NHz, 179.65; Ph, 178.15; OMe, 134.65; SMe, 174.85; SEt, 
167-25; COC1, 160.25; Me, 89.85; Et, 85-45; Vi, 87.95; NOz, 256.15; CONHz, 353.25; COzH, 289-78; CHzOH, 
158.65 
H, 89.85; F, 129.95; C1, 136.15; Br, 154.55; I, 162.25; SH, 125.25; COzEt, 199.25; COZMe, 185.15; CN, 180.35; 
CzH, 147.45; Ac, 186.45; Me, 85.45; Et, 134.75; CHO, 192.15; OAc, 189.15; COzH, 252.35; OH, 158.65; NHz, 
192.15; Ph, 178.15; OEt, 156.85; SMe, 167.25; COCl, 179.15; NOz, 183.15; Vi, 87.85; Bz, 291.75; CONHz, 352.15; 


H, 85.45; Me, 134.75; Et, 143.45; F, 114.15; C1, 150.35; Br, 163.05; I, 172.15; SH, 160.05; COzEt, 175.15; C02Me, 
188.35; CN, 161.25; CzH, 141.25; Vi, 107.95; Ac, 195.35; CHO, 176.75; OAc, 181.15; OH, 146.65; CHzOH, 
184.55; NHz 190.15; Ph, 173.55; SMe, 160.15; COCI, 184.15; N02, 181.85; CONHz, 389.15; COzH, 268-15 
H, 85-45; Me, 113.75; C1, 155.95; Br, 184.15; I, 183.05; SH, 142.65; COZMe, 188.45; CN, 201.65; CzH, 183.45; 
Vi, 104.65; Ac, 181.15; OAc, 199.75; COzH, 243.85; OH, 183-65; NHz, 177.95; CONHz, 401.15; Ph, 249.95; NOz, 
180-15 
H, 134.75; Me, 143.45; Et, 177.75; F, 139.15; CI, 150.05; Br, 160.75; I, 169.65; SH, 157-45; COzEt, 181.85; CN, 
176.35; CzH, 167.45; Vi, 133-35; Ac, 216.25; CHO, 181.15; COzH, 239.45; OH, 184.55; CHzOH, 194.25; NHz, 
190.15; Ph, 173.55; COCI, 163.15; OAc, 199.65, OMe, 157.65; OEt, 170.15; NOz, 191.85; CONHz, 387.15 
H, 113,75, Cl, 142.85; Br, 155.75; CN, 172.35; COZEt, 183.65; CHO, 222.15; Ac, 188.45; CzH, 168.05; Vi, 119.55; 
CONHz, 410.15; OAC, 174.57; SCN, 214.15 
H, 113.75; Me, 256-65; C1, 247.75; Br, 256.95; I, 234.95; SH, 274.26; COzEt, 183.65; CN, 288.65; CzH, 191.95; 
Vi, 157-95; Ac, 223.35; COzH, 308.15; OH, 247.65; NHz, 205.65; CHO, 279.15; OMe, 164.15; OEt, 179.15; SEt, 
182.15; SMe, 175.35; SCN, 283.65; Ph, 215.35 
H, 143.45; Me, 177.75; Et, 182.55; C1, 174.15; Br, 185-15; I, 187.15; SH, 197.45; COzEt, 206.15; COzMe. 202-15; 
CN, 192.85; CzH, 192.15; Vi, 154.25; Ac, 238.15; CHO, 217.15; COzH, 269.15; OH, 194.25; CHzOH, 221.55; 


CHzOH, 146.65 


NHz, 218.15; Ph, 194.85; OAC, 202.35; COCI, 186.15; CONHz, 389.15 
H, 256.65; C1, 253.15; CzH, 197.45; CONHz, 407.15; OH, 325.65 
H, 177.75; Me, 182.55; Et, 216.35; Br, 188.15; SH, 192.65; COZEt, 207.15; CzH, 193.85; Vi, 171-45; Ac, 257.15; 
CHO, 230.15; COzH, 265.65; OH, 221.55; CHzOH, 238.55; NHz, 250.15; OAC 192.25 
H, 182.55; Me, 216.35; Et, 219.65; C1, 204.15; Br, 215-15; I, 224-95; SH, 229.95; COzEt, 226.15; COzMe; 233.15; 
CN, 227.55; CzH, 223.15; Vi, 191.75; Ac, 265.65; COzH, 289.75; OH, 238.55; CH20H, 258-15; NHz, 250-15; OAc, 


H, 216.35; Me, 219.65; Et, 243.45; C1, 212.15; Br, 218.15; I, 227.25; SH, 223.95; CN, 238.95; Vi, 206.85; COzH, 


H, 219.65; Me, 243.45; Et, 247.55; CI, 233.75; COZEt, 253.15; COzMe, 255.15; CN, 255.25; CZH, 248.15; Vi, 


222.95; COC1, 210.15; CONH2, 381.15 


285-65; OH, 258.15; CHIOH, 267-15; NHz, 270.15; OAC, 258.10; COCI, 212.65 


223.95; Ac, 284.65; CHO, 268.15; COzH, 304.55; OH, 267.65; CHzOH, 280.05; NH2, 272.15; COC1, 238.65; 
CONHz, 381.15 
H, 243.45; Me, 247.56; Et, 263.55; Pr, 267.65; F, 238.15; C1, 241.85; Br, 243.95; I, 257-85; SH, 247.15; COzEt, 
258.15; CzH, 254.15; Vi, 237-92; Ac, 294.15; CHO, 269.15; COzH, 301.75; OH, 280.15; CHzOH, 289-15; NHz, 


H, 247-95; Me, 263-55; Et, 267.75; COZEt, 271.35; COzMr, 278.35; CN, 277.15; Vi, 250.05; Ac, 303.65; COzH, 


H, 263.55; Me, 267.75; Et, 279.05; C1, 263.85; Br, 263.65; I, 273-45; COZMe, 279.65; CN, 282.85; C2H, 279-65; 
Vi, 260.25; COzH, 317.65; OH, 296.95; CHzOH, 305.65; NHz, 301.45; CONHz, 373.15 
H, 267.75; Me, 279.05; Et, 283.05; C1, 279.35; CN, 292.35; CzH, 283.15; Vi, 278.15; Ac, 312.65; COzH, 331.65; 
OH, 305.65; CHzOH, 310.95; NHz 300.55; COZEt, 285.45; COZMe, 292.15; CONHz, 379-15; COCl, 272.15; CHO, 
303.15 
H, 279.05; Me, 283-05; Et, 291.35; C1, 278.75; CZH, 288.15; Vi, 277.25; OH, 310.95; NHz, 314.15 
H, 283.05; Me, 291.35; Et, 295.15; Br, 292.15; CN, 304.15; Vi, 284.35; Ac, 321.15; COzH, 336.65; CHzOH, 
323.15; NHz 310.45; COZEt, 297.15; COZMe, 303.15; CONH2, 380.15; COCl, 285.15; CHO, 307.15 
H, 291.32; Me, 295-15; Et, 301.33; F, 291-15; CI, 291.05; Br, 291.15; I, 297.85, SH, 292.15; C02Et, 301.15; 
COZMe, 303.15; CN, 307.15; CIH, 300.15; Vi, 290.65; Ac, 297.35; CHO, 309.15; CHZBr, 305.15; COZH, 334.35; 


H, 295.15; Me, 301.35; Et, 305.05; C1,305-15; CN, 314.15; Vi, 310.65; Ac, 330.15; COIH, 344.35; CHzOH, 331.05; 
NHz, 322.15; COZEt, 305.15; COZMe, 312.15; CONHz 381.65; COCI, 296.15 
H, 301-33; Me, 305.05; Et, 309.95; C1, 301.75; Br, 301.35; 1, 307-15; SH, 301.15; CN, 316.15; CZH, 309.15; Vi, 
301.65; Ac, 331.15; COzH, 342.55; OH, 332.75; CHzOH, 335.65; NH2, 326.01; OAc, 307.65; NMez, 296.04 
H, 305-05; Me, 309.55; COZH, 350.15; COZEt, 323.15; COzMe, 327.65; OH, 335.65 


288.15; CHzCN, 277.15; OAC, 258.10 


317.75; OH, 289.05; CHzOH. 296.95; NH2, 290.15; CONHz 383.15; COCl, 256.15 


OH, 322.42; CHzOH, 327.15; NHz, 319.92; CONHz, 381.35; Ph, 289.25 


'Non-standard abbreviations: Hx, hexyl; Hp, heptyl; Oc, octyl; No, nonyl; Dc, decyl; Udc, undecyl; Ddc, dodecyl; Trd, tridecyl; Ted, tetradecyi; 
Pdc, pentadecyl; Hxd, hexadecyl; Hpd, heptadecyl; Ocd, octadecyl; Ndc, nonadecyl; Vi, vinyl. 
bSets studied: 1, even-numbered unbranched alkyl groups with nc equal to 4-18; 2, odd-numbered unbranched alkyl groups with nc equal to 5-19; 
3, Me, Et, Pr, iPr, iBu, tBu, iPe, tPe, neoPe; 11, unbranched alkyl groups with nc equal to 4-19; 21, set I1 + Et, Pr; 22, unbranched alkyl groups 
with nc equal to 1-19; 23, set 22 + iPr, tBu; 24, set 23 + iBu, neoPe. 
'Melting points (T.) were taken from Refs 15 and 16. 
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unbranched alkyl with nc not less than 5 (set 2); and (3) 
G is branched or unbranched alkyl with nc not more 
than 5 for the former or 3 for the latter (set 3). 


the regression equation. This quantity is given by 


(12) 
c. -2 100a. 


5 aixi 
I -  


1 


where ai is the regression coefficient of the ith indepen- 
dent variable and xi is its value for some reference 
group. We have defined a hypothetical reference group 
for which UI = Ud = p = nH = n, = u 1  = uz = u3 = nev = 1, 
u e = 0 * l , c u = 0 ~ 2 , n c = 1 0 a n d p A k = 1 .  TheCivalues 
are particularly useful in comparing the relative import- 
ance of the contribution of the different independent 


METHOD 
The data sets studied are presented in Table 2. They 
were correlated with equations derived from equation 
(2) by means of multiple linear regression analysis. The 
parameter values used are reported in Table 3. 


It is helpful in discussing our results to use Cis the 
percentage contribution of each independent variable in 


Table 3. Parameter values used in the correlationsa 


H 0 
Me -0.01 
Et -0.01 
Pr -0.01 
CHzBr 0.20 
CH2CN 0.20 
CH20H 0.11 
CF3 0.40 
ccI3 0.36 
Vi 0.11 
Ph 0.12 
CzH 0.29 
F 0.54 
c1 0.47 
Br 0-47 
I 0-40 
CHO 0.30 
Ac 0.30 
COCl 0.44 
C02H 0.30 
C02Me 0.32 
COzEt 0.30 
CONH2 0.28 
BZ 0.30 
CN 0.57 
OH 0.35 
OMe 0.30 
OEt 0-28 
OAc 0.38 
SH 0.27 
SMe 0.30 
SEt 0.26 
SCN 0.56 
SPh 0.31 
SSMe 0.41 
NH2 0-17 
NMez 0.17 
NHNHi 0.11 
NO2 0.67 


0 
-0.14 
-0.12 
-0.15 
-0.08 
-0.01 
-0.10 


0.13 
0.10 


- 0.08 
-0.12 
-0.02 
-0.48 
-0.28 
-0.27 
-0.20 


0.27 
0.25 
0.31 
0-17 
0.16 
0.18 
0.12 
0.22 
0-12 


- 0.57 
- 0.55 
-0.55 
-0.24 
- 0.40 
-0.38 
- 0.39 
-0.15 
- 0.34 
-0.45 
-0.68 
-0.66 
-0.64 


0-18 


0 
- 0.030 
- 0.036 
- 0.036 
- 0.026 
-0.011 
-0.025 
- 0.026 
-0.018 
-0.12 
-0.12 
-0.10 


0.41 
- 0.01 1 
-0.018 
- 0.057 
- 0.10 
- 0.095 
-0.060 
- 0.051 
- 0.070 
- 0.064 
-0.055 
-0.11 
-0.055 
-0.044 
-0.064 
-0.070 
-0.005 
- 0.098 
-0.13 
-0.12 
- 0.040 
-0.17 
-0.17 
-0.13 
- 0.24 
-0.11 
- 0.077 


0 
0 
0 
0 
2-069 
3-53 
1-58 
2.321 
1-755 
0.364 
0.37 
0.75 
1.8549 - 
1.895 
1.84 
1.618 
2.69 
2.89 
2.71 
1-70 
1.706 
1.84 
3.72 
2.96 
3-9185 
1.77 
1.31 
1.22 
1.706 
I a52 
I a 0 6  
1-06 
4 .  I3 
1.50 
1-985 
1.296 
0.612 
1.75 
3.56 


0 
0.046 
0-093 
0.139 
0.124 
0-099 
0.062 
0.040 
0-191 
0.100 
0.243 
0.085 


- 0.001 
0.050 
0.079 
0.129 
0.059 
0.114 
0.116 
0.059 
0.118 
0.164 
0.088 
0.293 
0-053 
0.018 
0-068 
0.114 
0.114 
0.082 
0.128 
0.174 
0.124 
0.333 
0.210 
0.044 
0.145 
0.074 
0.063 


0 0 0 
0 0 0.52 
0 0 0.52 
0 0 0.52 
0 0 0.52 
0 1 0-52 
1 2 0.52 
0 0 0-90 
0 0 1.38 
0 0 0.57 
0 0 0.57 
1 1 0.58 
0 0 0.27 
0 0 0.55 
0 0 0.65 
0 0 0.78 
0 2 0.50 
0 2 0.50 
0 2 0.50 
1 4 0.50 
0 4 0.50 
0 4 0.50 
2 3 0.50 
0 2 0.50 
0 1 0-40 
1 2 0.32 
0 2 0.32 
0 2 0.32 
0 4 0.32 
0 0 0.60 
0 0 0.60 
0 0 0.60 
0 0 0-60 
0 0 0.60 
0 0 0.60 
2 1 0.35 
0 1 0.63 
3 2 0.35 
0 4 0.35 


0 0 
0 0 
0.52 0 
0.52 0.52 
0-65 0 
0.40 0.40 
0.32 0 
0.27 0 
0.55 0 
0-57 0 
0.57 0.57 
0.58 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0.32 0 
0.32 0 
0.32 0 
0.32 0 
0.32 0 
0.32 0 
0.32 0 
0.40 0 
0 0 
0.52 0 
0.52 0.52 
0.50 0.32 
0 0 
0-52 0 
0.52 0.52 
0.40 0.40 
0.57 0.57 
0.60 0.52 
0 0 
0-52 0 
0.35 0 
0.32 0 


a Parameter values were taken from Refs 9 and 17-22, or estimated as discribed therein; estamated values of j t  given in italics. 
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variables to the regression equation both within a given 
data set and between data sets. 


RESULTS 


Unbranched alkyl groups 


The correlation equation used for sets 1 and 2 is 
TmxAk = LUIX + Dgdx + Ruex + M ~ x  + ACYX 


+ Hintix + Hznnx + siuix + &UZX 
+ &Usx + BcncAk + Bo (13) 


No term in i was considered necessary as none of the 
compounds studied should be ionized in the solid state. 
The alkyl groups require no parameterization other 
than polarizability, which in this case is represented by 
nc. The steric effects of unbranched alkyl groups with 
three or more carbon atoms are constant. The electrical 
effects of all alkyl groups are ~ o n s t a n t . ~  We have 
chosen to represent the steric effect of the X group by 
the segmental method. In set 1 the Tm value for 
BuCONH2 deviated strongly while the values for BuH, 
BuMe, BuCH=CHz, and DcAc deviated somewhat 
(abbreviations for alkyl groups are reported in the foot- 
notes to Table 2). On exclusion of the values for these 
compounds the best regression obtained was 


TmXAk= -77'6(+ 18*3)~1~+ 119(+32*9)Uex 
+12.2(?2' 1 6 ) ~ ~  + 20'0(+2*33)nHX 
+5.24(?1.06)nnx + 27.7(?9*04)~1~ 
+9*64(fO.266)nc~k + 136(+5.37) 


(14) 
with 100R2, 92.75; A100R2, 92.41; F, 226.7; S,,,, 
14.5; So, 0-278; n, 132; GI, 30.9; Cue, 4.43; C,, 4.87; 
C n ~ ,  7.98; Cnn, 2.09; Cvl. 11.0; Cnc, 38.4. The 100R2 
statistic represents the percentage of the variance of the 
data accounted for by the regression equation; the 
A100R2 statistic is the adjusted value of 100R2, and 
takes into account the number of independent variables 
in the regression equation; the F statistic is a measure 
of the significance of the correlation and its confidence 
level is given in parentheses; the S,,, statistic is the stan- 
dard error of the estimate and is useful in detecting 
outliers, but it is of no use as a measure of the goodness 
of fit of different data sets to a model if they involve 
different types of data as it depends on the nature of the 
data correlated; the So statistic may be thought of as a 
standard error of the estimate which has been corrected 
for the nature of the data and is a useful measure of the 
goodness of fit of the data to the regression equation. 


As four of the five deviant compounds in set 1 were 
butyl derivatives, correlation with equation (13) was 
repeated after the exclusion of those compounds for 
which the alkyl group was butyl (set 1.1). The best 


regression equation obtained was 


with 100R2, 91.46; A100R2, 90.97; F, 159.1; Sest, 
12.5; So, 0.303; n, 112; Col, 31.2; C,, 4.62; C,, 5.81; 


The agreement between both the coefficients and the 
Ci values obtained for sets 1 and 1.1 shows clearly that 
exclusion of the values for BuX has not altered the 
results. Further, the statistics obtained for set 1 are 
better than those for set 1.1. There is then no justifi- 
cation for the exclusion of the butyl derivatives. 


Correlation of set 2 with equation (13) also resulted 
in the deviation of five compounds, PeH, PeCH=CH2, 
PeCHzOH, PeCONHz and HpCONH2. On exclusion 
of these compounds, the best regression obtained was 


C~H, 8.92; C n n ,  1.92; C.1, 10.4; Cnc, 37.1. 


with 100RZ, 92.32; A100R2, 91.77; F, 147.0; S,,,, 
14.2; so, 0.289; n, 120; c,,], 22.9; c a d ,  5.82; c,, 3.86; 
C,, 9.30; C n ~ ,  5.68; Cnn, 1.28; C,i, 16.3; C"3, 13.9; 
Cnc, 21.0. 


Based on our previous work and our experience with 
set 1 we have assumed that pentyl derivatives belong in 
set 2. 


Although there are many similarities between 
equations (15) and (16) there are also some important 
differences. Thus, set 1 shows no dependence on ad, 01 


or u3, whereas set 2 does. Set 2 shows no dependence on 
whereas set 1 does. The dependence on u1 for set 2 


is much smaller than it is for set 1. The Ci values 
further illustrate the differences between the two sets. 
Presumably, these differences are due to a difference in 
packing between the even- and odd-numbered alkyl 
groups. 


We examined the possibility of combining sets 1 and 
2 into a single data set (set 11) by the introduction of 
the parameter pev, which is intended to account for the 
difference in packing between odd- and even-numbered 
unbranched alkyl groups; it takes the value 0 for the 
former and 1 for the latter. The best results were 
obtained on exclusion of the values for the amides with 
Ak equal to Bu, Pe, Hp and No. The best regression 
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equation was 
TmXAk= -86*4(f10*2)mx + 68*1(+29.7~.~ 


+ 15 * 6(+ 1 * 64)px - 107(+44 3)ux 
+17*8(+2*09)n~~ + 6*28(+0.914)nnx 
+ 53.0(+9*38)~lx + 29*4(+13*2)~3x 
+ 9.52(+0.21 1)nca - 5 * 76( 2 1 .97)pev 
+ 132(+4*25) (17) 


with 100Rz, 91-91; A1OORZ, 91.61; F, 280.5; Sest, 
15.4; So, 0.291; n, 258; Cui, 25.6; Cue,  2.02; C,,, 4.61; 


Cnc, 28.2; Cpv, 1.70. 
ca, 6-33; CnHl  5.28; c n n ,  1.86; cul, 15.7; cv3, 8.71; 


The fit of the data to the model for the combined set 
is not very much different from that obtained for sets 
1 and 2. i t  is interesting that many of the compounds 
which deviated from sets 1 and 2 could be included in 
set 11. Surprisingly, no major dependence on pev was 
observed. 


We next considered the possibility of including EtX 
and PrX in the data set (set 21). The best results were 
obtained on the exclusion of Tm values for AkCONHz 
with Ak equal to Et, Pr, Bu, Pe, Hp and No; EtX with 
X equal to CH=CHz, CHzOH and Bz; and PrH. The 
regression equation obtained was 


TmXAk= -69.3(+12.I)Uix + 15'8(f6'06)c~dx 
+57*2(+30*O)ucx + 15*8(+1*99)px 
- 93 *4( 244.7) czx + 22*4( 22 67)n~x 
+5.%(+1.03)nnx + 53*2(29*69)~1x 
+ 40*5(+ 13*l)v3x 
+9*91(f0.194)ncAk + 121(24.24) (18) 


with 100RZ, 92-46; A100R2, 92-23; F, 358-0; SCst, 
16.9; so, 0.280; n, 303; cui, 20.2; Cud, 4-59; CUC, 
1-67; cfi, 3-74; c m ,  5.44; CnH,  6.51; c n n ,  1.74; cvl, 
15.5; Cup, 11.8; Cnc, 28.9. 


Overall, the fit of set 21 to the model is comparable 
to that of set 11, although the standard error of the esti- 
mate is larger. The coefficients L, R, M, A, Hz, S1 and 
S3 of set 21 are not significantly different from those of 
set 11 and the differences in the coefficients Hl and EC 
are barely significant. The major differences between 
the two sets is that there is no dependence of set 21 on 
pev and no dependence of set 11 on Od. 


We next considered the possibility that unbranched 
chains longer than propyl differ significantly in packing 
from those which are shorter. To account for this 
difference we introduced the packing parameters n~~ 
and nPr, which take the value 1 when Ak is Et for the 
former or Pr for the latter and 0 otherwise. The corre- 
lation equation is then 


T m m k  = LSX + DUdX + RUCX + M ~ x  + ACYX 
+ H l n ~ x  + Hzn,x + SlUlX + SZVZX 
+ s3U3x + BcncAk + R t n E t  


+mrnpr + Bo (19) 


Correlation of set 21 with equation (19) (set 21.1) gave 
the best results on exclusion of the data points for 
AkCONHz, with Ak equal to Et, Pr, Bu, Pe, Hp and 
No; EtX with X equal to Me, CH=CHz, CHzOH and 
Bz; and PrCOzH. The groups excluded are almost the 
same as those excluded from set 21. The regression 
equation obtained was 


T m m k  = - 71 ' l(k11.8)~~ + 12.2(+5*88)Ud~ 
+53.3(+29*6)~.~ + 13*6(+1*93)p~ 
- 80*2(+43*4)c~x + 21 *3(+2*59)n~x 
+ 5.92(+0.994)nnx + 54*7(+9.32)~1~ 
+ 37-8(+12.7)~3x + 9.66(+0*200)nc~k 
-19*7(+3*82)npr + 122(+4.12) (20) 


with 100RZ, 93-12; A100R2, 92-88; F, 357.8; ScSI, 
16.4; So, 0.268; n, 303; Cul, 20.1; Cud, 3-44; Cue, 
1.50; C p ,  3.85; Ca, 4-53; C~H, 6.02; C n n ,  1.67; Cvlr 
15.4; Cu3, 10.7; Cnc, 27.3; CnPr, 5.55. 


The results are comparable to but somewhat better 
than those obtained for set 21. The values of the coeffi- 
cients in equation (20) do not differ significantly from 
those in equation (18). Although there is no dependence 
on n ~ t  there is a highly significant dependence on npr. 


We then considered the possibility of including MeX 
in the data set (set 22) by introducing the packing par- 
ameter n ~ .  into the correlation equation. Correlation 
of set 22 with a variant of equation (19) including I Z M ~  
gave the best results on exclusion of Tm values for 
AkCONHz with Ak equal to Me, Et, Pr, Bu, Pe, Hp 
and No; EtX with X equal to Me, CH=CHz, CHzOH 
and Bz; PrX with X equal to COZH and H; and MeX 
with X equal to Me, Et, CH=CHz, CHZOH, COzH 
and NOZ. The regression equation obtained was 


Tmmk= -63.5(+1*7)~1~+ 13*9(+5*72)UdX 
+85.8(+25.6)~,~+ 13*0(+1*92)p~ 
+ 23.9(+2.42)n~x + 4*45(+0*894)nnx 
+42.6(+7.02)vix + 24*4(+9*01)~3x 
+9.65(+0*203)nc~k - 17.7(+3.97)npr 
+ 13*8(+4*38)n~, + 124(+4*21) (21) 


with 100Rz, 92-93; A100R2, 92.70; F, 369.2; S.,,, 
16.7; so, 0.271; n, 321; cui, 19.7; Cud, 4.30; CUC, 
2-66; c p ,  4.03; CnH,  7.91; c n n ,  1-38; Cvl, 13.2; cv3, 
7-56, CnC, 29.9; CnMe, 4.27; Cnpr, 5.50. 


There is indeed a dependence on nMe. The results 
obtained are comparable to those for set 21.1. Again, 
the coefficients of equation (21) are generally not sig- 
nificantly different from those of equations (19) and 
(20). The major difference is that no dependence on the 
polarizability of X is observed for set 22. 


The packing parameterization we introduced for indi- 
vidual alkyl groups has the form PAk,inAk,i, where nAk,i 
is 1 when Ak is Ak,i and 0 when it is not, the value of 
p.4k.i being obtained from the regression equation. In 
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this parameterization the variation of the packing with 
alkyl group structure is accounted for by P A L .  Then, 
setting the sum of the packing terms in the regression 
equal to BpPAk, we have 


BPPAk = 2 PAk,inAk.i = nAk, i  2 PAk. i  (22) 
i = l  i = l  


As nAk,i is 1 we can conclude on equating coefficients 
that the P A k  values obtained from equation (21) can be 
used as parameters which represent the packing effect 
of individual alkyl groups while the coefficient Bp 
should have a value of 1. The correlation equation then 
becomes 


TmXAk = LSX + D U d X  + RUCX + M ~ x  + Affx 
+ H I ~ H X  + Hznnx + SIUIX + Szuzx 
+ s3v3x + BcncAk + BPPAK + Bo (23) 


Correlation of set 22 with equation (23) after excluding 
the same T m  values (set 22.1) gave as the best regression 
equation 


TmXAk = - 62' 8(f 1 1 '~)UIX -k 13 * 8( f 5  -69)Udx 
+ 87*8(f25*5)~ex + 12.9(+1.92)~~ 
+ 23 *9( f 2  * 4 1 ) n ~ x  + 4.42(+O.892)nnx 
+ 42 * 3( f 6  * 99) u IX + 24 * 2( f 8 * 99) v3x 


+ 9*64(+0* 179)ncAk 
+1*02(f0' 165)p~k -t 125(+4*07) (24) 


with 100R2, 92.95; A1OORZ, 92-74; F, 408.6; Sest, 
16.6; so, 0.270; n,  321; CUI, 21.6; c u d ,  4.75; c u e ,  


3-02; c p ,  4-45; CnH,  8.24; c n n ,  1.52; c"], 14.6; c"3, 
8.32; Cnc, 33.2; Cpur 0.352. 


Branched and short alkyl groups 
We have noted above some success in correlating T m  
values of AkX (in which Ak varies and X is constant) 
with equation (11). Set 3 was therefore initially corre- 
lated with the imf equation in the form 


TmXAk = L U I X  + DUdx + R U ~ X  + M ~ x  + ACXX 
+ H I ~ H X  + H2nnx + SIUIX + Szvzx + S ~ U J X  
+ BcncAk + B I ~ I A K  4- Bznz~k Bsns~k + Bo 


(25) 
in which steric effects of the alkyl group have been 
parameterized by the simple branching equation. The 
results were poor, accounting for only about 65% of 
the variance of the data. We considered the use of a 
symmetry parameter based on the number of planes of 
symmetry including the longest chain of the hydrogen 
suppressed alkyl group, and a shape parameter given by 


Psh  = nc/(nc - n c )  (26) 


where nc' is the number of C atoms in branches. The 
best results were obtained, however, by introducing the 


parameter pq, which takes the value 1 when a 'quasi- 
quarternary' C atom (one which is bonded to four 
atoms other than hydrogen) is present in the com- 
pound. The compounds EtCHzOH, iPrPh, tBuI, 
tBuMe, neoPeH, and neoPeCH2OH deviated sig- 
nificantly. On excluding these compounds, the 
regression equation obtained was 


with 100R2, 84.22; A100R2, 83.35; F, 84.05; Sest, 
25.8; so, 0.411; n, 135; CUI, 13.6; Cud, 16.1; c u e ,  
7.93; c,, 3-28; c,, 18.0; CnH,  16.9; cv1,  10.5; c p q ,  


23.7. 
In order to determine whether compounds with bran- 


ched alkyl groups and with unbranched alkyl groups 
can be included in the same data set, we correlated the 
compounds of set 3 which have unbranched alkyl 
groups (those with Ak equal to Me, Et or Pr) (set 3.1) 
with the imf equation. The best regression equation was 


with 100RZ, 79.95; A100R2, 78.57; F, 56.74; Sest, 
26.5; so, 0.469; n, 78; c0l, 27.6; Cud, 16.5; c u e ,  4.82; 
C,, 2.78; C,, 27.5; C ~ H ,  20.8. 


A comparison of the results for set 3 with those for 
set 3.1 shows that the coefficients of most variables are 
in rough agreement. The difference between the sets is 
that set 3 is dependent on U I  whereas set 3.1 is not. As 
the branched alkyl groups in set 3 generally exhibit a 
larger steric effect than the unbranched alkyl groups, 
the lack of dependence on U I  is not surprising. 


All alkyl groups 
In view of the mediocre results obtained for set 3, we 
considered the possibility of including XAk with 
branched alkyl groups in set 22. Unbranched alkyl 
groups were included with iPrX and tBuX in set 23 and 
this set was then correlated with a variant of equation 
(22) which included the parameters nipr and ntBu. The 
best results were obtained on the exclusion of the points 
excluded from set 22; the T, values for iPrX with X 
equal to H, Me, CH=CH2, Ph and CONH2; those for 
tBuX with X equal to H, SH and CN; and EtH. The 
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2.58; c,, 3.20; ca, 5.06; CnH, 6.35; c n n ,  1.6, c u i ,  


15.6; CUP, 11.3; CnC, 24.9; CpAkr 0.271; CntBu, 7-73. 
The results are not as good as those obtained for set 


22 although the coefficients are generally in good 
agreement. Like sets 21 and 21.1 but unlike set 22, there 
is some dependence on polarizability. No dependence 
on nipr was observed. Correlation of set 23 with 
equation (23) using PAL values of 0 and 29-7 for iPr and 
tBu, respectively [obtained from equation (29)] on 
exclusion of the same T, values as in set 23 gave the 
regression equation (set 23.1) 


TmXAk= -59.9(+12*1)~1~+ 23*7(+5.88)Udx 
+ 1 10( +29 '4) U,X + 12 * 6( f 1 96)px 
+85.6(f43.4)~ + 25*5(+2*61)n~x 
+ 4 -2 1 (+0 -990)nnx + 58 * O( +9 * 80) u IX 
+ 41.5(+11.8)~3x + 9.57(+0* 186)nc~k 
+l.O6(+0*113)p~k + 127(+4*44) (30) 


with 100R2, 91-67; A100R2, 91.43; F, 339.2; Sest, 
17.8; so, 0.294; n, 351; cu1, 17.1; Cu d r  6-78; c u e ,  
3-14; c,, 3-59; ca, 4.89; CnH, 7.27; can ,  1-20; c u l ,  


16.6; cu3, 11.9; CnC, 27.3; CpAk, 0.302. 
The results for set 23.1 are comparable to those for 


set 23. We next included the T, values for iBuX and 


neoPeX with set 23 (set 24). All of the T, values 
excluded from set 23 and the values for iBuCONH2 and 
neoPeCzH were excluded from set 24. The best 
regression equation obtained was 


TmxAk = -64.4(f12*0)Sx + 22'9(+5'85)~dx 
+106(+29*1)0ex + 13*6(+1*93)px 
- 93.9(+42*9)0rx + 25*4(+2*60)n~x 
+4*51(f0.977)nnx + 61*9(+9*63)~lx 
+ 45. I(+ 11 '6) u3x 9*57(+0.187)nc~k 
+ 1 *05( +O '1 14)~a - 22.4( +5 -60) niBu 
+96.2(+9*17)nnmpe + 124(+4.31) (31) 


17.9; so, 0.291; n, 366; cul, 13.4; cod, 4-75; c u e ,  


with 100RZ, 91.85; A100R2, 91.58; F, 305.3; SeSt, 


2-21; c p ,  2.81; ca, 3-89; CnH, 5-26; c n n  0.935; Cvlr 
12.8; cv3, 9-35; CnC, 19.8; CpAk, 0.218; CniBur 4.63; 
CnneoPe, 19.9. 


Correlation of set 24 with equation (23) after 
excluding the same T m  values excluded from set 24 gave 
the regression equation (set 24.1) 


TmXAk = -64.4(+12*0)~1~ 4- 22.9(+5'82)Udx 
+ 105( +28 * 9) uex + 13 * 6( + 1 * 92)px 
- 94.5( 242.8)~~~ + 25 ' 3(+2 ' 59)nHx 
+4*52(+0*973)nnx + 62*1(+9*59)~lx 
+45*5(+11*5)U3x + 9.57(?0.184)ncAk 
+1*02(+0*0693)p~k + 124(+4.24) 


(32) 
with 100RZ, 91.85; A1OORz, 91-62; F, 362.7; Sest, 
17.9; So, 0.290; n, 366; c-1, 17.7; Cud, 6.28; c u e ,  


17.0; cu3, 12.5; Cnc, 26.3; CpAk, 0.280. The 
correlation matrix for this equation is given in Table 4. 


It seems that all types of alkyl groups can be included 
in the correlation by determining PAk values for them. 


2.89; C p ,  3.72; Ca, 5.19; C ~ H ,  6.95; C n n ,  1.24; Cul, 


Table 4. Correlation matrix for set 24.1 


0 1  od Ue c (Y nH nn UI u2 u3 nc PAL 


1 0.071 0.106 0.788 0.056 0.127 0.255 0.198 0.082 0.026 0.187 0.009 UI 
1 0.006 0.321 0.310 0.381 0.411 0.119 0.387 0.129 0.073 0.076 Ud 


1 0.021 0.397 0.223 0.040 0.308 0.316 0.034 0.050 0.003 ue 
1 0.053 0.073 0.414 0.102 0.019 0.078 0.081 0.003 c 


1 0.318 0.204 0.558 0.552 0.493 0.108 0.021 Q 


1 0.232 0.178 0.181 0 . 1 4  0.130 0.071 nH 
1 0 .118 0.243 0.015 0.005 0.018 nn 


1 0 .183 0.029 0.198 0.038 ui 


1 0.343 0.027 0.040 ui 
1 0.170 0.050 u3 


1 0.087 nc 
1 PAk 
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DISCUSSION 


Prediction of T m  
In order to determine the predictive capability of the 
model, we calculated values of T, for 45 compounds 
which were not included in the correlations from 
equation (32). The calculated and observed values of 
Tm, the differences between calculated and observed 
values, A, and the ratio of A to the standard error of 
the estimate are presented in Table 5 .  The T, values 
examined fall into three groups: (1) those with X and 
Ak groups used to establish the regression equation; (2) 
those with X groups not included in the data sets corre- 
lated; and (3) those with Ak groups not included in the 
data sets studied. 


The unbranched compounds in the first group 
(TedCHO, TedCOzH, TedCOzMe, OcdPh, OcdAc) all 
show good agreement between calculated and observed 
T m  values. Of the compounds with branched alkyl 
groups, iPrSMe, tBuF and iBuX with X equal to I, OH, 
NHz and CO2H show good agreement, iBuSH deviates 
slightly and iBuPh deviates strongly. The neopentyl 
derivatives studied all show very large deviations. Of 
the ten neoPeX values available, four (X = H, C1, OH, 


CONHz) seem to require PAK = 96.2 and the remainder 
(X=Me, Et, Vi, CZH, CHzOH and COZH) seem to 
require PAK = -14. 


The five compounds in the second group are MeX 
with X = SSMe, NHNHz, CCls, CF3 and SPh. The first 
three compounds show good agreement between 
observed and calculated T, values, the fourth shows 
some deviation and the last deviates severely. 


The third group consists of 22 compounds with 
unbranched alkyl groups from 20 to 30 carbon atoms in 
length. The results show good agreement with the EcX, 
the quality of the fit to equation (32) decreasing with 
increasing chain length. It will be necessary to deter- 
mine p a  values for the longer chains if they are to be 
included in the model. 


Composition of the structural effects 


In interpreting our results it is important to recall that 
electrical and steric effects, bond moments and charge- 
transfer interactions of unbranched alkyl group with 
four or more carbon atoms are either constant or zero. 
We may expect to observe only polarizabilily effects for 
these groups. For the other alkyl groups any other vari- 
ation in the alkyl group is accounted for by PAk. The 


Table 5 .  Calculated and observed values of T, (K)' 


ALX Tm,obs T m . c ~ c  A NSD AkX Tm,obr T m , c a c  A NSD 


MdC13 
MeSSMe 
MeNHNH2 
iPrSMe 
iBuI 
iBuSH 
iBuNH2 
tBuF 
neoPeC02H 
neoPeEt 
neoPeMe 
TedCHO 
TedCOzMe 
OcdPh 
EcH 


UncH 
UncCOtH 
UncCOzEt 
DocH 
DocMe 
TrcH 
TecH 
HpcH 
OccH 
NocH 
TcH 


EcC02H 


240.15 
188.45 
220.75 
171.65 
179.65 
194.15 
188.55 
196.15 
279.65 
149.35 
173.25 
297.65 
292.65 
309.15 
309.55 
355.15 
313.15 
353.15 
322.15 
317.25 
320.45 
320.45 
324.15 
332.15 
334.65 
337.65 
341.15 


216.38 
161-16 
240.84 
150.6 
161.36 
152.78 
191-58 
193.20 
342.17 
287.59 
292.21 
305.44 
294.87 
316.58 
315.40 
387.59 
324-97 
397.16 
361.71 
334.54 
356.77 
344.11 
353.68 
382.39 
391.96 
401.53 
411.1 


23-77 
27.29 


- 20-09 
21.03 
18.29 
41-37 


-3.03 
2.95 


-62.52 
- 138 * 24 
-118.96 


-7.79 
- 2-22 
-7.43 
- 5.85 
- 32-44 
-11.82 
-44.01 
-39.56 
-17.29 
-36.32 
-23.66 
-29.53 
- 50.24 
-57.31 
-63.88 
- 69.95 


1.328 
1 * 525 
1.122 
1-175 
1.022 
2.311 
0.170 
0.165 
3.493 
7.723 
6.646 
0.435 
0.124 
0.415 
0.327 
1.812 
0.660 
2.459 
2.210 
0.966 
2-029 
1.322 
1.650 
2 807 
3 * 202 
3.569 
3-908 


MeCF3 
MeSPh 


iBuOH 
iBuPh 
iBuC02H 


neoPeVi 
neoPeCH2OH 


TedCOzH 


OcdAc 
EcOH 
EcMe 
UncMe 
UncCOzMe 


DocOH 


HpcCOiH 
OccOH 
NocOH 
TcC02H 


161.85 
258.15 


165-15 
221-65 
235.55 


136.65 
213.15 


326.65 


307.65 
345.65 
313.15 
317.55 
326.65 


344.15 


363.55 
356.45 
355.65 
365.15 


205.81 -43.96 
154.17 103.98 


176.80 -11.65 
159-76 61-89 
21 1 a62 23.93 


279.36 -142.71 
341.24 -128.09 


330.17 - 3.52 


330.71 -23.06 
352.77 -7.12 
337.63 -24.48 
347.20 -29.65 
361.86 -35.21 


371.91 -27.76 


454.58 -91.03 
429.33 - 72.88 
438.90 -83.25 
489.29 -118.14 


2.456 
5.809 


0.651 
3.458 
1.337 


7.972 
7.156 


0-197 


1 ~288 
0.398 
1.368 
1.656 
1.967 . 


1.551 


5.086 
4.072 
4.651 
6.600 


~ ~~ 


a Tm values are from the same sources as those in Table 2. Further abbreviations: Ec, eicosanyl; Unc, uncosanyl; Doc, docosanyl; Trc, tricosanyl; 
Tec, tetracosanyl; Hpc, heptacosanyl; Occ, octacosanyl; Noc, nonacosanyl; Tc, triacontanyl. 
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overall effect of the alkyl group, CAk, is therefore given 
by the sum of CK, c,,, and CpAk in all Sets which do 
not have terms in nAk. The values for CAk for sets 1 1 ,  
22.1, 23.1 and 24.1 are 28.9, 33-6, 21.6 and 26.6, 
respectively. It follows then that the structural effects of 
the substituent X are predominant in determining the 
value of the melting point. The effect of the alkyl group 
is due largely to its polarizability. Owing to col- 
linearities between variables it is most convenient to 
group the parameters of the imf model into two cate- 
gories: (1) polar parameters, including UI, Ud, a,, p,  n ~ ,  
n, and i; and (2) non-polar parameters, including a, u1, 


~2 and ~ 3 .  The polar and non-polar contributions, Cp 
and CNP, respectively, are given by the equations 


c p  = Cu1-k cud -k c u e  -k c p  -k CnH -k c n n  -k ci (33) 
(34) 


For sets 1 1 ,  22.1, 23.1 and 24.1 the values of CP and 
CNP are 38.5, 32.7, 43.6, 22.9; 39-1, 32.8; and 38.8, 
34.7. The contributions are roughly comparable. 


Packing in monosubstituted alkanes 
In the solid state, the molecule presumably adopts the 
conformation which maximizes intermolecular attrac- 
tions between molecules. In the liquid state, the mol- 
ecule should have a different conformation resulting in 
a different degree of intermolecular attraction. There 
are therefore two different contributions to the energy 
change resulting from the change in state: (1) the differ- 
ence in imf between the liquid and the solid states; and 
(2) the difference in energy between the conformations 
in the liquid and solid states. This is what we mean by 
packing energy. 


One of the major assumptions in this work is that the 
entropy is either constant or proportional to the 
enthalpy. This must be the case in order to fit the data 
to the imf model. The packing contribution to the 
melting point must be dependent in some manner on 
AS.  It seems reasonable then that the packing par- 
ameter P A L  should be a function of A s .  Thus we may 
separate AGm into two components, AGimf, which 
accounts for the effect of intermolecular forces, and 
AGpk, which accounts for the effect of packing: 


A Gm = A Gimf + A Gpk (35) 
If ASpk depends only on packing and is constant for a 
given type of packing while ASimf is constant, then we 
may rewrite equation (36) as equation (37). 


(36) 
AHimf A H p k  


ASimf A S p k  
T m = -  


=f(imf) -k BA@Ak (37) 
It is convenient to separate packing effects into those 


due to the alkyl group and those due to the substituent. 


AIkyl group effects. 


As the length of the alkyl group increases, both the 
magnitude of the dispersion force and the number of 
possible conformations increase. These two quantities 
should have opposite effects on the melting point. It 
seems not unreasonable, then, that a plot of melting 
point versus PA* should pass through a minimum. 
Structural features which increase the rotational barrier 
should decrease A S A k  and therefore increase PAk, resul- 
ting in an increase in melting point. Quaternary carbon 
atoms are an example of such a structural feature. 


Our results are in agreement with our assumption 
that packing effects in compounds with unbranched 
alkyl groups having four or more carbon atoms are con- 
stant, and that in such compounds the packing is deter- 
mined by the alkyl groups. It is well known that for 
many straight-chain substituted alkanes the Tm values 
when plotted against nc lie on two different curves. The 
two curves become closer as nc increases, converging on 
a constant Tm value when nc becomes very large. In the 
range of nc studied in this work, no such convergence 
was observed. For X = H, CHO and COzH the even-nc 
compounds melt higher whereas for X = C1 or Br the 
odd-n, compounds melt higher. This is understood if 
we compare the size ( u  value) and polarizability (a! 


value) of the Me, C1 and Br groups. The values of X, 
u and CY are Me, 0.52, 0.046; C1, 0.55, 0.050; and Br, 
0.65, 0.079. Hence the Me and C1 groups are compar- 
able in size and polarizability, and the Br group is not 
much different. Then, to a first approximation a 
straight-chain chloro- or bromoalkane should be 
equivalent to the even-nc alkane with one more carbon 
atom. They may therefore be expected to behave in 
packing like alkanes with even Nc. The fact that 1- 
alkanoic acids crystallize as hydrogen-bonded dimers 
should make no difference with regard to the odd-even 
alternation in melting point, as our evidence suggests 
that the alkyl group is the major factor in packing. 


We were surprised, therefore, to find that in sets con- 
taining all types of alkyl groups there is no observable 
dependence on whether the chain is odd or even in the 
number of carbon atoms. In discussing the effects of 
other types of alkyl groups we make use of the P A k  
values, for which the reference alkyl group, Ak', is 
unbranched with four or more carbon atoms. For Aka 
the value of of P A L  is 0, for other alkyl groups the 
values are Me 13.8 ,  Et 0, Pr -17.7, iPr 0, iBu -22.4, 
tBu 29.7 and neoPe 96.2 or -14. The values for Et and 
iPr, both of which have a longest chain of two carbon 
atoms, are the same. The values for the Pr and iBu 
groups, both of which have a longest chain of three 
carbon atoms, are not significantly different. The pres- 
ence of a quaternary carbon atom in tBu, which has a 
longest chain of two carbon atoms, or in some neoPe 
derivatives where the neoPe group has a longest chain 
of three seems to cause an increase in P A k  as expected. 
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Before we can generalize further it will be necessary to 
determine P A k  values for many more alkyl groups. 


Substituent eflects 


The packing of alkylamides with less than ten carbon 
atoms in the longest chain of alkyl group tends to be 
dominated by the carboxamido group. This is shown by 
the deviation of the carboxamides with Ak equal to Me, 
Et, Pr, iPr, Bu, iBu, Pe, Hp and No. While there are 
eight deviant T, values for alkanes (MeEt, EtMe, PrH, 
iPrH, MeMe, EtH, iPrMe, tBuH), only three com- 
pounds with very low melting points are involved (EtH, 
89.85; PrH, 85.45; tBuH, 113.75). If these melting 
points are reliable then the model breaks down at very 
low melting points. There may be a tendency for com- 
pounds with alkyl groups having a longest chain shorter 
than four carbon atoms and no quaternary carbon 
atom to deviate when the substituent is a planar T- 


bonded group. AkCH=CHZ, with Ak equal to Me, Et 
or iPr, MeX with X equal to COzH or NOz, EtBz, 
PrCOZH, and iPrPh show deviations from the model, 
but it should be noted that many other compounds in 
this category do not. Many more functional groups 
must be studied before conclusions can be drawn. 


CONCLUSIONS 
Our results clearly demonstrate the applicability of the 
imf equation to the quantitative description of the vari- 
ation of melting points with structure. The model we 
have developed here, although indeed useful for the 
estimation of melting point for compounds whose X 
and Ak groups have been studied, should be regarded 
as a starting point. We must determine PAL values for 
many additional alkyl groups. Once this has been 
achieved we may be able to determine the variation of 
PAL with alkyl group structure. It may also be necessary 
to determine packing parameters px  for substituents 
which dominate the packing contribution. 
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CALIBRATION OF A SEMI-EMPIRICAL PROCEDURE FOR 
PREDICTING THE GROUND-STATE SPIN MULTIPLICITIES OF 
OPEN-SHELL MOLECULES. APPLICATIONS TO NEW SYSTEMS 


ANDREW S. ICHIMURA, NOBORU KOGA AND HIIZU IWAMURA* 
Department of Chemistry, Faculty of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan 


A semi-empirical configuration interaction (CI) algorithm is presented for predicting the ground-state spin multiplicity 
of open-shell systems. The computed energy gaps AE(LS-HS) of model systems, Y-phenyl-X-phenyl-Y, where Y is 
a nitreae or nitroxide radical and X is an exchange coupling unit, are critically compared with the available 
experimental data. The current method has attenuated the deficiencies of the earlier algorithm proposed by Lahti and 
lcbimura and the predictions are qualitatively clearer, facilitating the classification of high- and low-spin topologies 
for isomeric species. The relative effectiveness of different exchange couplers can be discerned semi-quantitatively, and 
several new exchange couplers are described. The reasons for the qualitative failure of the earlier algorithm are 
discussed. 


INTRODUCTION 
In the area of high-spin molecules, theory and exper- 
iment have complemented each other in providing the 
basic understanding of the mechanisms through which 
unpaired electrons are exchange coupled via through- 
space and through-bond interactions. ' The early work 
of Mataga,' followed by formal hypotheses constructed 
by Ov~hinnikov,~ Klein4 and others' relating the ?r- 


topology of a molecule to its ground-state spin multi- 
plicity, has since motivated the synthesis of molecules 
which have very large spin quantum numbers in their 
ground states, and the characterization of single crys- 
tals of stable organic radicals' which were found to 
have ferromagnetic properties at sub-liquid helium tem- 
peratures. However, such progress is limited to a 
handful of examples, while much research is still 
focused on the building blocks which may ultimately 
lead to materials with strong magnetic properties at 
higher temperatures. 


A convenient model system for studying the effects of 
connectivity on the ground state can be designated as Y- 
phenyl-X-phenyl-Y where Y is an organic radical spin 
source and X is an exchange coupling unit. Qualitative 
theories based on valence bond3s4 (VB) and molecular 
orbital theory' have provided much insight into the 
nature of exchange coupling in such systems but will 
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only be briefly described since many good reviews of the 
subject are available. lP9 Parity-based models such as 
those of Ovchinnikov3 and Klein4 are easily applied to 
alternant systems such as those where the T atoms can 
be starred and unstarred such that no starred or 
unstarred atoms are adjacent. Then the ground-state 
spin multiplicity is simply half the difference between 
the number of atoms in each set, S=(n*-n0)/2.  
Another model for diradicals in particular (but recently 
extended to systems with several unpaired electronssb) 
distinguishes between high-spin (HS) and low-spin (LS) 
systems based on the extent of atomic overlap of the 
non-bonding molecular orbitals (NBMO). If the 
NBMOs have atoms in common then the exchange 
interaction will favour the HS state and the molecule is 
said to be non-disjoint, while the disjoint system does 
not have atoms in common and therefore will have 
nearly degenerate electronic states and may be LS. For 
the model systems described in this paper, the two 
qualitative theories generally produce the same predic- 
tion of the ground-state spin multiplicity, but some- 
times give conflicting predictions, as will be mentioned 
briefly below. 


As part of the overall effort to design molecular mag- 
netic materials, semi-empirical configuration inter- 
action (CI) calculations have proved useful in exploring 
the relationship between ground-state spin multiplicity 
and structure, and for com aring the effectiveness of 


of experimental work has been published on dimeric 
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various exchange couplers.' t I'  Recently, a large body 
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systems intended to serve as models for larger oligo- 
meric and ultimately polymeric materials. Comparing 
the experimentally determined ground states with pre- 
vious semi-empirical predictions showed that the latter 
incorrectly favoured high-spin states of disjoint dira- 
dicals. These systems were experimentally found to 
favour low-spin ground states by a small energetic 
margin. Such qualitative errors were discouraging, 
especially since there are few ways to predict reliably the 
behaviour of novel systems which are not amenable to 
qualitative theoretical analysis (an alternative compu- 
tational procedure which also yields semi-quantitative 
predictions of the ground state uses a method based on 
approximately projected spin-unrestricted ab initio 
wave functions"). 


In this paper, the qualitative and quantitative predic- 
tions of the ground-state multiplicity made by a semi- 
empirical CI method are critically compared with the 
available experimental data, and predictions for novel 
systems are made. The success and applicability of the 
method are assessed in order to provide calibrated data 
against which future predictions can be compared. The 
questions which this paper attempts to address are 
whether the limitations of the method are due to effects 
secondary to connectivity such as rotation, inherent 
procedural or program restrictions, or the approxi- 
mations upon which the semi-empirical method is 
based. A reliable method is presented which can be 
easily and inexpensively applied to different systems 
and produces results of sufficient qualitative accuracy to 
be useful in guiding and corroborating the results of 
experiment. 


COMPUTATIONAL METHODOLOGY 
The basic procedure used previously by Lahti and 
Ichimura" was adhered to in this study. Nitrenes and 
nitroxides have been used extensively as radical sources 
to test and compare the efficacy of exchange coupling 
between different isomers, therefore, these radicals 
were similarly used in computations. For a given isomer 
or conformer, the geometry of the state of highest spin 
multiplicity with maximum KekulC bondedness was 
optimized subject to a planar constraint. The latter 
approximation is somewhat artificial, since twisting 
about various bonds could be expected in some cases. 
Experiments on decidedly non-planar compounds have 
revealed that planarity is not a necessary condition for 
exchange coupling to take place, l3 but this restriction is 
computationally convenient which allows for the effects 
of rotation to be tested separately. Computing the 
geometry of other spin manifolds, although necessary 
when more precise energy differences are required as in 
ab initio studies, was found to have only a minor effect 
on the state energy differences for most species both in 
the previous study and in trial cases in the present one. 


The advantages of using an unrestricted 


Hartree-Fock (UHF) versus a restricted open-shell 
Hartree-Fock (ROHF) wave function for optimizing 
the high-spin state of diradicals are well known. l4 How- 
ever, a comparison of the geometries of m-phenylene- 
substituted diradicals computed by semi-empirical UHF 
and ROHF procedures showed these two geometries to 
be nearly identical, contradicting the results of more 
sophisticated ab initio calcuations. l5 It is important to 
note that geometries obtained by ROHF or UHF 
methods give slightly different (but not qualitatively 
conflicting) values of A E  as long as either method for 
geometry optimization is used for all molecules in a 
given study, the results may be meaningfully compared. 
However, because the UHF wave functions for many of 
these extensively *-conjugated molecules were often 
contaminated by states of higher multiplicity, all 
geometry optmizations were based on ROHF wave 
functions. 


In experiments involving nitroxide free radicals, rerr- 
butyl nitroxides are often employed. Previous ab initio 
calculations have found that the largest change of the 
spin density in the nitroxide moiety occurs when first 
one and then both of the hydrogens of the simplest 
nitroxide, ONHI, are replaced by methyl groups. I6 
Further substitution by bulkier alkyl groups had only a 
mildly perturbing effect. Therefore, other than the dif- 
ference in steric bulk, the substitution of a methyl for 
a tert-butyl group retains the primary electronic effects 
and hence seems to be a reasonable approximation. The 
AM1 hamiltonian was used extensively in the previous 
study",'* (in Ref. 18, the qualitative results of a semi- 
empirical AMl/CI method are reported, using a similar 
algorithm). The PM3 hamiltonian, l9 however, was 
slightly better at calculating nitroxide bonding par- 
ameters by comparison with experiment and so was 
used for all computations in this study.15 The state 
energy differences were calculated at the high-spin 
geometry for all states of interest [the OPEN(N,N) 
keyword was used where N = 4 and 2 for dinitrenes and 
dinitroxides, respectively, regardless of whether the 
system was predicted to be a closed singlet based on 
qualitative arguments; it should be mentioned that the 
AM1 hamiltonian tended to favour the high-spin state 
by a slightly larger amount than the PM3 hamiltonian 
in certain test cases]. A six-electron and five-orbital 
active space was used for small CI calculations for both 
dinitrenes and dinitroxides and represents only a minor 
change from the previous method which used a six- 
electron and six- or seven-orbital active space. 


All semi-empirical calculations described in this 
paper used MOPAC version 6.01 as modified to run on 
the University of Tokyo's Hitachi M880 computer.*' 


RESULTS AND DISCUSSION 
In Table 1 are reported the computed low-spin to high- 
spin (LS-HS) energy gaps ( A E )  for model systems of 
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Table 1. Singlet-quintet and singlet-triplet energy differences (cal mol-') for 
phenylnitrenes and phenylnitroxides, respectively, Y, connected by various exchange 


coupling units X, with experimental values in parentheses 


X No. Y P9' m,m' 


l a  # lb 


2a 
2b 


- - 


3a 


4a 
4b 


3c 
3d 


4c 
4d 


K 3b 


N: 
Me-NO' 


N: 
Me-NO' 


N: 
Me-NO' 


N: 
Me-NO' 


N: 
Me-NO' 


N: 
Me-NO' 


- 910 


- 833 


800' 
1150 (30)' 


250 
360 


90 
12 


38 
4 


890a 
590' 


700d 
630 


6 (-110)' 
-116 


80 
50 


7 
- 5  


10 
1 


-0.2 (-242)b 
-330 (-37)' 


1 (-69)d 
- 330 


3 -(76)' 
100 ( - 5 ) C  


0 (-48)a 
10 


8 
5 


5 
< I  


'Ref. 21. 
bRef.  22. 
'Ref. 23. 
dRef .  24, 25. 
'Ref. 26. 


phenylnitrenes and phenylnitroxides connected by 
various T-conjugated exchange couplers. Experimental 
values are reported where such data are available. It is 
stated at the outset that the numbers reported in Table 
1 are smaller than one would ordinarily consider 
definitive in the ab initio sense without the use of large 
basis sets and extensive electron correlation. The 
method was judged by the ability to reproduce and 
predict experimental results and not by comparison 
with higher levels of theory. 


Dinitrenes 
The series of dinitrene isomers la ,  2a, 3a and 4a show 
a number of interesting trends. When an HS ground 
state is predicted for a given isomer by VB theory and 
can also be considered non-disjoint, that is, compounds 
la-p,m' 2a-p,m', 3a-p,p' and 4a-p,p', the ground 
state is computed to be a quintet, in agreement with 
experiment. The magnitude of this preference for the 
planarized compounds is predicted to be rather small, 
usually less than 1 kcalmol-' (1 kcal= 4 -  184 kJ). The 
previous AMI/CI method using a CI matrix of the same 
dimension, but selecting a subset of the configurations 
generated from a slightly larger active space, predicted 
AE(sing1et-quintet) of 4-0, 2.7, 8 . 5 ,  and 0.4 kcal 
mol-' for la-p,m', 2a-p,m', 3a-p,p' and 4a-p,p', 


respectively. lo While the qualitative results are the same 
as in this work, these values are considerably larger 
than those reported in Table 1, and the size of A E was 
different for these topologically related species. Unfor- 
tunately, it is not possible to compare computed and 
experimental energy differences for these HS isomers 
because of difficulties in obtaining these values exper- 
imentally. For this set of molecules in particular, the 
experimental evidence indicates that the quintet ground 
state lies below the excited triplet and singlet states by 
an energetic margin that prevents significant thermal 
population of the excited states at the temperatures 
used for these experiments. Because experiment can 
only estimate a lower limit above which A E is likely to 
lie, it is not possible to choose a computed value which 
best represents the actual absolute energy difference. 
For comparison, m-phenylenedinitrene (5) (Scheme 1) 


5 6 7 


Scheme 1 
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was predicted by the current method to have a A ESQ of 
13.9 kcal mol-' [ab initio value at the ROHF geometry 
is 10.7 kcalmol-' (Ref. 27)]. The exchange coupling in 
la-p,m' may be three times [4.0 kcalmol-' (Ref. lo)] 
less effective than 5 or may be more than an order of 
magnitude weaker (cu 0.9 kcalmol-'). The latter pre- 
diction is not unreasonable considering the separation 
between radical centres, but these values are only an 
estimate which future experimental and theoretical 
work must verify. 


Computationally, the m,m '-isomers of dinitrenes l a ,  
2a, 3a and 4a, and the p,m' isomers of 3a and 4a are 
all predicted to have very small singlet-quintet energy 
gaps. Taken literally, these values would suggest that 
4a-m,m' has a small preference (A ESQ = 81 cal mol-') 
for a quintet ground state, whereas the other molecules 
have nearly degenerate singlet, triplet and quintet states 
(-0.2 < AESQ < 6 calmol-I). These compounds were 
all found to be ground-state singlets experimentally, in 
qualitative disagreement with most of the computed 
results. It is apparent that this method is not sensitive 
enough to distinguish between different degrees of anti- 
ferromagnetic coupling for these dinitrenes. However, 
the magnitude of the calculated AESQ is clearly much 
smaller for these disjoint connectivities than for the 
non-disjoint cases, and hence serves to distinguish 
between a-topologies which are ferromagnetically 
coupled and those which are nearly degenerate or anti- 
ferromagnetically exchange coupled. For comparison, 
A E(sing1et-quintet) for la-m,m', Za-m,m', 3a-p,m', 
3a-m,m', 4a-p,m' and 4a-m,m' computed by the pre- 
vious method were 0.8, 1.2, 2-4,  2.7, 0-7, 
0.5 kcalmol-', respectively. '' A quintet ground state 
was predicted by a relatively large margin by the earlier 
method, contrasting with the results listed in Table 1, 
which are qualitatively closer to experiment and predic- 
tions made by Borden and Davidson'sBa disjoint model. 
Nevertheless, the preference of the HS state for dini- 
trenes still seems to be overestimated by the current 
method for connectivities which are formally con- 
sidered to be disjoint. 


Dinitroxides 


The computational results for the dinitroxides l b ,  2b, 
3b, and 4b generally follow the trends observed for the 
various dinitrene isomers. The qualitative predictions 
for the through-bond couplers vinylene and ethynylene 
were found to agree with experiment, but quantitatively 
the computed magnitude of A EST for the m,m'-isomers 
of l b  and 2b was found to be larger than experiment. 
The exact reason for the overestimation of AEST may 
be partially accounted for by twisting about one or both 
of the phenyl and nitroxide groups, as will be discussed 
in more detail below. No experimental values of A EST 
are available for lb-p,p'  and Zb-p,p', but the large 
antiferromagnetic coupling most likely results from the 


energetic stabilization by closed shell Kekult resonance 
structures similar to those found for l a  and Za-p,p' 
dinitrene (see below). Hence, if the closed shell singlet 
form of these molecules were optimized, AEST would 
probably be fairly large. There are several closed-shell 
configurations in the singlet CI wave functions of 
lb-p,p' and Zb-p,p' which are important energetically, 
supporting this notion. By contrast, the singlet CI wave 
functions for other dinitroxides which could not form 
KekulC structures were dominated primarily by open- 
shell configurations, as would be expected for two loca- 
lized nitroxide radicals. 


The computed A EST for dinitroxides exchange 
coupled through the cross-conjugated vinylidene spacer 
do not strictly follow the experimental trends. PM3/CI 
calculations overestimate the stability of the triplet and 
singlet states of 3b-p,p' and 3b-p,m' respectively, while 
predicting that 3b-m,m ' should be a ground-state triplet 
by about 99 cal mol- '. Experiment contradicts the 
latter predictions, finding AEsr to be small and nega- 
tive at - 5.2 ca lm~l - ' .~ '  Geometric torsion reduces 
A EST, bringing some of the computed results closer to 
experiment. However, ub initio CI calculations" using 
polarized basis sets found a triplet ground state for con- 
nectivity related pentamethylenepropane derivatives, 6 
and 7 (Scheme l), so future experiments must decide 
whether a planarized version of 3a-m,m', 3b-m,m' and 
4a-m,m' remain low-spin.*' 


The carbonyl spacer is r-isoelectronic with vinylidene 
and was predicted at the ub initio level of theory to be 
a weaker exchange ~oupler . '~  The first experimental 
support of this prediction is evidenced by comparison 
of dinitrenes 4a-m,m' and 3a-m,m', where 
A ESQ = - 48 and - 76 cal mol- ', respectively (the 
qualitative models described in the Introduction yield 
conflicting predictions for the ground state spin of the 
isomers of 3 and 4;  for detailed theoretical and exper- 
imental discussions on the carbonyl and vinylidene spa- 
cers, see Refs 21 and 26). While the carbonyl spacer 
appears to be weaker at the semi-empirical level for 
dinitroxides 3b-p,p' and 4b-p,p' and dinitrenes 3a-p,p' 
and 4a-p,pf,  the predictions vary from this pattern 
especially for the p ,m '-isomers. Possible reasons for 
this discrepancy are described below, but the important 
distinction between topologies of different exchange 
coupling ability can still be made. Although no exper- 
imental data are available for compounds 4b, it is likely 
that the exchange coupling through this spacer is 
slightly weaker than the 1,l-ethenediyl-linked nitrox- 
ides. This would make experimental determination of 
the energy differences difficult since AEST for 3b are 
already very small. 


Computationally, dinitroxides are predicted to have 
nearly the same energy differences as the dinitrenes. 
However, the experimental results in Table 1 show that 
the dinitroxides are much more weakly exchange 
coupled than the comparable dinitrene derivatives. The 
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smaller magnitude of the experimental A EST of dini- 
troxides compared with dinitrenes most likely reflects 
the inherently weaker ability of a localized nitroxide 
radical to polarize neighbouring electron spins. This 
must be in part due to the sterically bulky terf-butyl 
groups which cause torsion about the nitroxide-phenyl 
bond, thereby decreasing the overlap of the p-orbital of 
the nitrogen atom with the r-system. X-ray crystal 
structures of single crystals of a variety of phenylnitrox- 
ides have shown that the tert-butylnitroxide groups are 
rotated out of t,he plane of the phenyl ring anywhere 
from 29 to 37 when no substituent ortho to the 
nitroxide group is present, while the dihedral angle is 
much larger for ortho-substituted nitroxides. 3 0 s 3 1  At 
cryogenic temperatures in rigid media typically used 
during experimental studies, it is likely that the tert- 
butylnitroxide groups also adopt such a conformation. 
As a result, the phenol r-electrons are polarized to a 
lesser extent, thus reducing the effectiveness of the 
through-bond interaction leading to smaller 
singlet-triplet gaps. This effect has been observed 
experimentally in compounds 8 and 9 (Scheme 2), 
where the former is a ground-state triplet experimen- 
tally but the larger torsional angle of the latter actually 
results in a ground-state singlet. 31 


P P 9 


CH, 
8 9 


Scheme 2 


Geometry optimization of species lb ,  2b, 3b and 4b 
results in a planar nitroxide group which lies in the 
plane of the carbon framework. Hence, the overestima- 
tion of the computed AEST may be due in part to the 
favourable overlap which the planar conformation pro- 
vides. When the effect of twisting of the nitroxide and 
phenyl groups is taken into account computationally, 
A EST was found to decrease in a regular fashion as the 
twist angle became larger. For example, the effect of 
twisti!g one phenyl ring of the cross conjugated species 
by 90 is presented in Table 1 as species 3c. 3d, 4c and 
4d. The energy differences are greatly reduced and, in 
the case of the dinitroxides, the AEST are in much 
better agreement with experiment. As a further 
example, when both the phenyl and nitroxide groups of 
l b  were arbitrarily twisted by 60' and 20°, respectively, 
AEST was -360, 340 and -60 calmol-' for the lb- 
p,p', lb-p,m', and lb-m,m' isomers, respectively. The 
last value compares favourably with experiment 
[AEsT = - 37 calmol-' (Ref. 23)] for lb-m,m'. How- 
ever, torsion about one or both of the phenyl rings does 


not change the prediction of nearly degenerate states 
for the disjoint dinitrenes la-m,m' and 2a-m,m I ,  while 
AESQ decreases in a regular fashion to very small but 
positive values of A ESQ for the non-disjoint dinitrenes 
la-p,m' and Za-p,m'. Therefore, while rotation at the 
computational level generally reduces A EST, increasing 
the agreement with experiment in the dinitroxide cases, 
not all of the discrepancies between theory and exper- 
iment in Table 1 are removed by this explanation. 


If the magnitudes of the computed A EST for the non- 
disjoint dinitrenes are used to order the efficiency of 
through-bond exchange coupling, the order would be 
from most effective to least effective: vinylene > 
vinylidene > ethynylene > carbonyl. This differs from 
the experimental ordering obtained from the results on 
disjoint dinitrenes: vinylene > ethynylene > vinylidene > 
carbonyl. Further, the r-topolgy of 3a and 4a-p,m' 
couples the unpaired electrons more effectively than 
compounds 3a and 4a-m,m', in agreement with the 
qualitative argument that the latter are 'doubly dis- 
jointed'. 26 As mentioned above, the semi-empirical 
method is not able to distinguish correctly between 
these topologies. However, the computational results 
for the HS non-disjoint dinitrenes roughly corresponds 
to the experimental ordering. 


Localized dinitrenes 
The energy differences between the singlet and triplet 
states of the p,p'-isomers of the dinitrene series of com- 
pounds are presented separately in Table 2 because they 
are different electronically from the other non-KekulC 
dinitrenes as evidenced by their EPR spectra. 32 
Although these compounds are not new from an exper- 
imental standpoint, they are interesting because the 
compounds that have been studied exhibit triplet EPR 
signals with zero-field splitting parameters that do not 
scale with the distance between radical centres. 33 That 
is, if the interelectron distance is taken to be the dis- 
tance between nitrogen atoms, then the D value would 
be predicted to be considerably smaller than what was 
observed. From parity-based arguments, these com- 
pounds should all be ground-state singlets, but it was 
only recently that the first experimental value was 
reported for p,p' -biphenyldinitrene. 33 The quinoidal 
form of p-phenylenedinitrene was confirmed by IR 
experiments 34 and supported by vibrational analysis at 
the ab initio level using a polarized basis set.27 A b  
initio CI calculations showed the singlet-triplet energy 
separation to be very small (60 calmol-') with the two 
unpaired electrons essentially localized to nitrogen 
p-orbitals. 


The series of diradicals in Table 2 have decreasing 
A EST as the distance between radicals increases and are 
all predicted to be ground-state singlets (13 excluded). 
Recent experimental data on compounds 10, 11 and 12 
support these qualitative predictions. 35 While the result 
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Table 2. Energy differences between the singlet and triplet states of 
a series of localized dinitrenes 


Formula 


aRef. 34. 


for species 10 contradicts ab initio results and no litera- 
ture value exists for this compound, the related 
diphenyldicarbene 14 (Scheme 3) was found to have a 
singlet GS by ca 590 (Ref. 36) to 850 calmol-' (Ref. 
37), and it is likely that A EST for 10 is similar in magni- 
tude to the predicted value of -388 calmol-'. p.p'- 
Biphenyldinitrene was computed to be a ground-state 
singlet by -115 calmol-'. While this value is quali- 
tatively correct, 11 was found experimentally to favour 
the singlet state by -583 k 120 calmol-', an energetic 
margin larger than predicted. 33 An experimental study 
on the analogous p,p' -biphenyldiphenylcarbene system 
15 (Scheme 3) found that the observed triplet state was 
energetically above the singlet ground state. 38 p,p' - 
Stilbenedinitrene, la-p,p', was also reported to be a 
ground-state singlet experimentally, 3s although compu- 
tationally, the small preference for a singlet state by 
- 34 cal mol-' may be underestimated by comparison 
with the data for 10 and 11. Nevertheless, singlet coup- 
ling may be expected for species 2a-p,p' and 1239 


Scheme 3 


10 - 390 


11 -120 (-583)" 


2a-p,p' - 90 


12 - 50 


la-P,P' - 34 


13 I 


because of the similar electronic nature of these species 
and the trends displayed in Table 2. Species 13 in Table 
2, which may be formed after photolysis of 16, is pre- 
dicted to have a triplet GS by a very small amount, 
7 cal mol-'. Although this compound was constrained 
to have D2d symmetry during optimization, the small 
preference for a triplet GS may result more from an HS 
connectivity than from the symmetry-enforced 
degeneracy of the non-bonding molecular orbitals. The 
ground state and the mechanism by which the unpaired 
electrons are exchange coupled in 13 must be deter- 
mined by experiment. Overall, the agreement between 
theory and experiment seems fairly good for these mol- 
ecules, considering that the triplet state was optimized 
and used in calculations of the energy differences while 
these species were generally found to be ground-state 
singlets. 


2,6-Dimethyleneanthracenediyl-3,6-dioxy (17) and 
3,6-dimethyleneanthracenediyl-l,7-dioxy (18) 


As a final test of the semi-empirical procedure, it was 
decided to predict the GS spin multiplicity of 17 (Figure 
l), since this species was found to be a triplet ground 
state experimentally4' but is predicted by valence bond 
arguments to be a GS singlet. Just for comparison pur- 
poses, the geometry was optimized for each state 
separately. The differences in the singlet and triplet 
geometries were minimal, but the quintet geometry was 
no longer quinoidal in form and had longer 0-C bond 
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0 


18 


Electronic State 
Q T S 


Q 11.9 0.54 0 


Geometry T 22.9 0 0.03 


s 19.1 0.07 0 


Figure 1. Comparison of geometry and LS-HS energy differ- 
ences in kcalmol-' for diradical 17. All energy differences are 


relative to the state of lowest energy at each geometry 


lengths. At the triplet geometry the triplet state was pre- 
dicted to be the ground state by a small energetic 
margin, 30 calmol-I, in agreement with experiment. At 
both the quintet and singlet geometries, however, the 
singlet was predicted to be the ground state by 540 and 
70 cal mol-', respectively, in agreement with parity- 
based arguments. It is encouraging that the semi- 
empirical method made the correct prediction of the GS 
at the triplet geometry, since if only one state were to 
be optimized, as is suggested in this paper, it would be 
the triplet state with maximum KekulC bondedness. The 
quintet state of 17 was predicted to lie above the singlet 
and triplet states by a large energetic margin, while 18 
(Figure 1) was predicted to be a GS quintet by an almost 
equally large gap of 8.0 kcalmol-I, in qualitative 
agreement with e~periment.~' These results are encour- 
aging but should be taken as estimates of A E  and not 
literal quantitative values. Rather, the data suggest that 
the triplet and singlet states of 17 are very close in 
energy while the quintet state can be considered to be a 
high-lying excited state. 


Procedure and program limitations 


While the general experimental trends within a series of 
isomers for both dinitrenes and dinitroxides are quali- 
tatively reproduced by the present method, torsion 
alone cannot be wholly responsible for the overesti- 
mation of A E  in certain cases, and the discrepancies 
among isoelectronic or connectivity-related molecules 
in others. Perhaps the best way to improve the fit to the 
experimental data would be to use a larger active space 
in performing the CI. However, because of the present 
program limitations inherent to MOPAC, choosing a 
larger active space does not improve the qualitative 


accuracy. In the previous work, a six-electron, in six- 
orbital (6,6) active space was typically used for com- 
puting all state energies. For diradical species, this 
included two closed-shell orbitals, two half-occupied 
and two virtual orbitals in the CI, whereas for dini- 
trenes, one doubly occupied, four half-filled and one 
virtual orbital were used. This generated a total of 400, 
225 and 36 configurations for the singlet, triplet and 
quintet (for dinitrenes) states, respectively. Unfor- 
tunately, the CI in MOPAC is limited to a matrix of 
dimension 100 and therefore only a subset of the con- 
figurations are kept. Since more singlet configurations 
are generated than quintet or triplet configurations for 
an active space of a given size, truncating the number 
of configurations to 100 results in an unequal treatment 
of each state by MOPAC. In fact, the resulting elec- 
tronic states were not always pure spin states, as evi- 
denced by the non-integer expectation values of the Sz 
operator, suggesting that some crucial configurations 
had been omitted. Therefore, the previous algorithm 
using the larger (6 ,6)  active space had a tendency to 
overestimate the stability of the high-spin states. 


The present study employed a (6 ,5)  active space, 
which generates 100, 50 and 5 configurations for the 
singlet, triplet and quintet states, respectively, which is 
sufficient to provide a proper description of each elec- 
tronic state for both dinitrenes and dinitroxides. How- 
ever, dinitrenes no longer have a r-antibonding MO to 
accept excitations in the CI whereas dinitroxides do. 
This may result in the qualitative inaccuracy observed 
for the disjoint dinitrenes and lead to energy gaps which 
are underestimated for non-disjoint dinitrenes, since it 
was noted that smaller active spaces often led to smaller 
energy differences in a number of test cases. However, 
there is usually a large enough difference in AESQ 
between topologies that are HS and those that are LS 
to allow distinction between them. Therefore, despite 
the smaller number of configurations, the qualitative 
predictions are arguably clearer and closer to exper- 
iment with the smaller (6 ,5)  active space. An upper 
limit for the number of open shells is thus limited to 
four and possibly five, if qualititatively correct results 
are desired. 


In addition, the similarity of UHF and ROHF 
geometries at the semi-empirical level suggests funda- 
mental problems which may be more difficult to over- 
come." It was noted, for example, that nitrene and 
carbene bond lengths were considerably shortened by 
comparison with high-level ab initio calculations, and 
were almost identical for both UHF and ROHF wave- 
functions. While geometries may be improved by a set 
of parameters specific for these hypovalent species, the 
change in the qualitative predictiom of the ground state 
are not likely to differ significantly. The modified 
neglect of diatomic differential overlap approximation 
on which the semi-empirical program is based syste- 
matically neglects all three- and four-centred inte- 
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g r a l ~ . ~ ~  This approximation may be more severe for 
open-shell diradical systems which often exhibit long- 
range intramolecular spin-spin coupling, but it is 
difficult to pinpoint specific effects which directly 
pertain to A E. While it is clear from Tables 1 and 2 that 
the semi-empirical CI method is fairly successful in 
qualitatively distinguishing between LS and HS topolo- 
gies in most of the above examples, particularly after 
the identification of the best active space for the CI, 
caution is advised when making specific quantitative 
predictions about the magnitude of the energy differ- 
ences for individual molecules. 


Having thus identified problem areas and defined the 
range of applicability, the discussion will now turn to a 
few novel exchange couplers which may prove to be 
useful in the design of high-spin molecules. The results 
for these new systems are presented in Table 3. 


Amide bond 
The amide bond is a synthetically attractive spacer 
which has the potential to form hydrogen bonds with 
adjacent molecules and also one-dimensional polypep- 
tide chains. If the amide bond was able to couple 
unpaired electrons effectively, its introduction into an 
oligomer or polymer may eventually help realize not 
only one-dimensional spin alignment but also the inter- 
molecular interactions necessary for bulk magnetism by 


providing a cohesive force through hydrogen bonds. 
Other functional groups pendant to a phenyl ring with 
hydrogen bonding potential could also be used for this 
purpose. However, as a first step, the effectiveness of 
the amide bond as an exchange coupler will be evalu- 
ated by the current procedure. 


It is typical to think of the amide bond as existing in 
two resonance forms, both of which may conceivably 
operate to intramolecularly couple distant unpaired 
electrons. Resonance structure A (Scheme 4) might be 


A B 


Scheme 4 


thought of as a three *-electron coupler where the lone 
pair on the nitrogen would act as a superexchange 
centre, and thus qualitatively, the p,p'- and rn,rn'- 
isomers would be expected to be high-spin whereas the 
p,m'- and rn,p'-isomers would be low spin. On the 
other hand, resonance structure B is obviously similar 
to vinylene and therefore the regioselectivity should be 
identical with that for the stilbene derivatives 1. The 


Table 3. Singlet-quintet and singlet-triplet energy differences (cal mol-') for phenylnitrenes, and 
phenylnitroxides, Y, connected by various exchange coupling units, X, with experimental values in parentheses 


X No. Y PSP ' p,m' m,p ' m,m' 


H 


Me Me 
-Si-Si- 


I I  
Me Me 


/ 
N'N 


19a N: 
19b Me-NO' 
1 9 ~  CHj 


20a N: 
20b Me-NO' 


2la N: 
2lb Me-NO' 


22 N: 


-170 (< -180)a 169 70 3 (- 39)a 
-7 74 70 - 30 


- 270 200 150 -90 


- 320 (- 300)b 70 (>O)b < 1  (-1.2<AE<O)b 
- 50 0 - 20 


290 0 
- 910 590 - 390 


1440 150 2 


5400 2340 140 


aRef. 43. 
bRef. 44. 
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energy differences for 19a in Table 3 indicate that the 
latter mechanism may be operative. In the case of 
the amide bond, the qualitative results are clear in that 
the p,m'- and m,p'-isomers are predicted to have high- 
spin ground states, the p,p'-isomer is a ground-state 
singlet, and the m,m '-isomer has nearly degenerate 
triplet and singlet states or may be low spin. The dini- 
troxide (19b) and dibenzyl (19c) species follow the 
identical trend except for the m,m' case, which was pre- 
dicted to be low spin coupled by a small amount. 
Species 19c is u-isoelectronic with 19a so that it is not 
so surprising that the magnitude of A ESQ is nearly the 
same for these compounds. The magnitude of the pre- 
ference for the HS state is predicted to be less than the 
fully a-conjugated species 1-4, but the difference is 
large enough so that oligomeric and polymeric systems 
may still remain high spin. The amide bond is therefore 
regarded as being worthy of experimental investigation 
in order to confirm its effectiveness as an exchange 


Disilanes 
Disilanes [Y-Si(CH3)2Si(CH3)2-Y] (20), where Y is a 
phenyl group carrying a nitrene or nitroxide substi- 
tuent, are of interest as novel exchange couplers 
because the possibility for u-u interaction exists with 
the proper conformation. While full computational and 
experimental details on the dinitrene-substituted com- 
pounds are reported together in a separate publi- 
cation,44 the inclusion in this paper of the principal 
results seems justified to show the diverse systems to 
which the semi-empirical method is applicable. The 
p,p '-isomer was computationally found to be a ground- 
state singlet by - 323 cal mol-' for the dinitrene case, 
in very good agreement with experiment 
(-300 calmol-'). The closeness of the results in this 
case must be considered fortuitous based on the above 
discussion, but it is nevertheless an encouraging result. 
The data for the p,m'- and m,m'-isomers also compare 
favourably with experiment, suggesting that the 
observed ground-state spin multiplicities of the disilanes 
may be qualitatively explained by a parity-based model. 
The ground state was influenced by conformation at the 
computational however, and as the u-a overlap 
decreased with rotation, so did the efficiency of 
exchange coupling. The p,p'- and m,m'-isomers of the 
dinitroxides 20b are weakly antiferromagnetically 
coupled by - 50 and - 20 cal mol- ', respectively, while 
the p,m'-isomer was predicted to have degenerate 
triplet and singlet states. The energy differences are 
smaller than for 2Oa, as would be expected for a 
nitroxide as the radical source, but the disilane spacer 
appears to be much weaker than the a-conjugated 
spacers or even the amide bond for coupling unpaired 
electron spin. 


Azobis(ary1nitrene) 
Species 21 is a-isoelectronic with trans-stilbene and, 
unsurprisingly, has A E values which are very similar to 
those for l a  and lb .  The largest difference is in the pre- 
diction for 2la-p,m I ,  the non-disjoint dinitrene isomer, 
where A E  is approximately one third of the value for 
la-p,m'. This is not a serious deficiency, and was 
mostly likely due to the replacement of a a-bonding 
orbital by a nitrogen lone-pair orbital in the CI. This 
did not occur for the m,m'-isomer and was case spe- 
cific. The best remedy would be to increase the dimen- 
sion of the CI matrix so that more orbitals could be 
included, thus decreasing the importance of a slight 
mixing of a-bonding and non-bonding MOs. 


Dicyano-vinylidene and protonated carbonyl 
It is interesting to consider whether chemical modifi- 
cation of a basic coupling unit could lead to different 
ground-state properties. The dicyano (22) and pro- 
tonated carbonyl (23) groups are examples of such 
alterations which act in a similar manner by with- 
drawing charge from the double bond. For 22, the 
ground-state predictions closely follow those for the 
unsubstituted vinylidene group. The A ESQ energy 
difference for 22-p,pf was predicted to be twice as large 
as that for 3a-p,p', while the m,m'-isomer remains dis- 
joint and the p,m'-isomer is predicted to have a quintet 
ground state by a smaller amount compared with the 
p,p'-isomer. Inspection of the ethene C=C bond 
length shows that it is longer than the unsubstituted 
species and the phenyl-ethene bonds are correspond- 
ingly shorter. This suggests that having electron- 
withdrawing groups at one terminus weakens the 
central bond and permits greater delocalization through 
the vinylidene spacer, thus increasing the exchange 
coupling efficiency. This effect should manifest itself 
for the other two isomers in making them more strongly 
singlet coupled, contrasting with the results in Table 3. 
Based on the theoretical and experimental data for 3a, 
it is likely that the results for 22-p,m' and 22-m,m' are 
qualitatively incorrect and would be found to be GS 
singlets experimentally. However, the vinylidene spacer 
has proved troublesome for the semi-empirical 
method l 1  and so the results in Table 3 can still be inter- 
preted to imply that the p,p'-isomer will have an HS 
ground state and the p,m'- and m,m'-isomers will be 
LS or have nearly degenerate electronic states, 
respectively. 


The situation is remarkably different for 23, which 
suddenly behaves like a biphenyl-type connectivity. 34 


The proton withdraws more charge from the carbonyl 
bond than the dicyano substituents did from vinylidene 
at the computational level, leaving the carbonyl carbon 
atom with a large positive charge. The absence of a 
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ir-electron at this atom implies that this atom should be 
skipped when applying a parity-type rule to this system, 
so that the p,p’-connectivity becomes LS, the p,m I -  


isomer becomes HS, and the m,m’-isomer continues to 
behave as if it had nearly degenerate states by com- 
parison with the other much larger values of AEsQ. 
However, this calculation was somewhat artificial since 
the total charge was not balanced as it would be in sol- 
ution or under matrix conditions, and this may cause a 
spurious change in the computed geometry and thus the 
ground-state predictions. Nevertheless, the possibility 
for enhancing or changing the nature of certain 
exchange couplers by appropriate substituents or 
doping remains an interesting area for future exper- 
imental research. 


CONCLUSIONS 
A minor modification of the previous semi-empirical CI 
procedure has removed the ambiguity in the prediction 
of the ground-state spin multiplicity for dimeric model 
systems. Topological differences between isomers are 
generally clearer and the computed values for the high- 
spin species allow for a semi-quantitative ordering of 
the various exchange couplers from most to least 
effective which differs only slightly from experiment. In 
favourable cases, the computed energy gap comes 
reasonably close to the measured value of AE. Geo- 
metric torsion was found to decrease the energy gaps in 
a regular manner for most of the diradicals studied, and 
brought the computed AEST more in line with exper- 
iment for the dinitroxides in particular. Specific 
problems still occur, particularly for disjoint dinitrenes 
predicted to be HS by a small amount, but which have 
been found to be LS experimentally. Torsion has little 
effect on these molecules and modification of the 
program to increase the size of the CI matrix may be 
necessary before qualitative accuracy is achieved for 
these species. The extent to which the NDO approxi- 
mation affects the predictions, in terms of both the 
computed geometries and the size and sign of A E ,  is 
still not well understood. The method is expected to be 
most useful for compounds where the ground state is 
not easily predicted by simple theoretical models. 
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DISTINGUISHABILITY OF LIQUID ENVIRONMENTS IN THE 
PRESENCE OF BROWNIAN NOISE 


ERNEST GRUNWALD AND COLIN STEEL 
Department of Chemistry, Brandeis University, Waltham, Massachusetts 02254, USA 


This paper extends previous work on the dynamic averaging of distinct liquid environments by cage exchange to 
include potential energy fluctuations at the cage centers due to Brownian motions of molecules in the cage walls. 
After a brief review of the effect of cage exchange on the Schrodinger wave train associated with the electronic 
ground state of the caged molecule, typical magnitudes and time-scales for the Brownian potential energy 
fluctuations are estimated. Then a zig-zag model for the resulting noise in the wave trains is developed, and 
applied to analyze distinguishability in the presence of noisy cage exchange. When distinguishability survives the 
noise, the distinct caged species are fully fledged environmental isomers. Applications of these concepts are 
discussed. 


INTRODUCTION 


Solution chemists use models in which the liquid is 
treated as a polarizable dielectric continuum, and also 
models in which it is a collection of discrete molecules. 
The continuum models include the classic theories of 
Born, Debye, Onsager and others on ionic solvation, 
interionic effects and polarization by dipolar 
molecules.'-6 The subject molecule exists in a spherical 
'cavity' and interacts with a single entity, the surround- 
ing continuum. In physical organic chemistry, the 
'cavity' becomes the interior of a liquid 'cage,' but the 
essential feature, that the complex many-body interac- 
tions are reduced to two-body interactions of each 
molecule with its surrounding cage, is the same. In 
effect, the cage is part of the molecule, and also, 
because the cage is inseparable from its molecule, the 
interaction energy of the cage with its molecule is part 
of the energy of the molecular species, just as in hydro- 
gen cyanide the C-H bond energy is part of the energy 
of the HCN species. Thus, while recognizing that 
molecules in liquids do interact, the cage model fits in 
with the requirement, implied by the laws of dilute 
solutions, that molecules in liquids act as independent 
entities. 


The models in which liquids are collections of 
discrete molecules employ extensive computer-aided 
sampling to arrive at valid statistical-thermodynamic 


Some models borrow elements from both 
approaches."-'6 For instance, Oster and K i r k ~ o o d ' ~  
deduced intermolecular structure in water and the 
alcohols while retaining elements of the continuum 


approach. In the linear free energy approach of Taft and 
 other^'^-'^ to the prediction of free energies of solva- 
tion, the polarity/polarizability parameter n* is 
essentially a continuum property, similar to Onsager's 
molar polarization, while the hydrogen bond donating 
and accepting parameters retain elements of the 
discrete-molecule approach. 


In this paper we shall extend the concept of environ- 
mental isomers" to include the situation in which the 
cage is subject to Brownian noise. We shall see that 
these concepts afford a method of judging at which 
distance from a given molecule the surrounding fluid 
may be regarded as a continuum and at which shorter 
distance the discrete-molecule approach becomes 
preferable. 


PREVIOUS WORK 


Our aim17 has been to obtain criteria for the distinguish- 
ability of nominally different liquid environments. Since 
Schrodinger mechanics is part of general wave 
mechanics, our rudimentary model is a wave train in 
which the frequency switches stochastically between 
two distinct values, v, and vb. The connection to liquid 
environments will emerge soon. In Figure 1, the ampli- 
tude is constant, the transit times between frequencies 
are short and the residence times at v, and vb follow 
exponential distributions whose means, t, and tb. are 
equal. Fourier transformation of long wave trains of this 
sort yield power spectra in the frequency domain, as 
shown in Figure 2. These spectra are precise replicas 
of Nh4R lines when there is exchange between two 
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Figure 1. Short sections of the type of wave trains subjected to 
fast Fourier transformation. As can be seen from Figure 2, the 
upper train will yield two well resolved lines whereas the 
lower train, in which switching is more rapid, yields a single 


collapsed line 


I) NMR (b) FFr' 
lcircularly polarized 


4.94 


-247 1 /v\ 2.47 


-1- 1.41 


I I 
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frequency (Hz) 


Figure 2. (a) Steady-state solutions of the McConnell-Bloch 
equations in NMR with v, and vb =40 and 50 Hz and 1/T, = 0. 
(b) Fast Fourier transform power spectra of circularly 
polarized wave trains with stochastic frequency switching 


corresponding to exponential lifetime distributions 


chemical shifts, as shown by the solutions of the 
McConnell-Bloch equations" plotted alongside the 
Fourier transforms of the wave trains. In both cases, the 
line shape depends on a single parameter, the distin- 
guishability index E ,  defined as 


t =  2x1 v, - Vbl z (1) 
where z=  z,zb/(z, + zb). When 5 is large, the spectrum 
shows separate sharp bands, proving distinguishability. 
As 6 decreases, these bands first broaden and approach 
each other. They coalesce when t=a, and then col- 
lapse into a single sharp line, with loss of distinguish- 
ability, as 5 approaches zero. 


To establish the connection to Schrodinger waves Y, 
we begin with the stationary-state equation 


Y(x, t )  = @(x)exp[-2xi (~~/h) t ]  (2) 
where @ is the local spatial amplitude and 
exp(-2nni[e0/h]t) is the time dependence. The latter 
represents a circularly polarized wave with frequency 
vo = Eo/h. 


It is convenient to let E~ denote the energy of the 
electronic ground state of the isolated molecule, and 
assume energy additivity for electronic, internal vibra- 
tional and other modes. On that basis, the liquid cage 
effect may be treated as a perturbation of the electronic 
energy c0. This is shown for the simplest case of a one- 
dimensional cage in Figure 3. The interaction here 
involves the central molecule (1) and two neighbors, (2) 
and (3), one on each side. The cage potential is the sum 
of the pairwise potential energies, with r12 increasing to 
the right and rI3 to the left. Figure 3(a) shows the 
symmetric situation when 2 = 3 so that the (1,2) and 
(1,3) pairwise potentials are identical, and Figure 3(b) 
depicts the situation when 2 # 3. The two cages thus 
generate the perturbed electronic energies E, = E~ + V, 


Let \it denote the 'a' cage environment and \b the 'b' 
environment. That is, the central molecule is either (l)\a 
or (l)\b. As the cage configuration switches between \a 
and \b, the central molecule exchanges between the 
subspecies (l)\it and (l)\b, and the electronic ground 
state energy of (1) switches between E, and E ~ .  If we 
identify v, with E,/h and vb with Eb/h, the switch in 
energy is tantamount to a frequency switch. To show 
that an analogy exists between frequency switching in 
Schrodinger wave trains and in physical wave trains 
(such as Figure l), one must show (i) that the residence 
times at v, and v b  are long compared with transit times 
between v, and v b  and (ii) that the frequency switching 
follows the Ehrenfest adiabatic pr in~ip le , '~  that is, the 
stationary wave equation (2) applies throughout. As for 
(i), the central molecule in the cage and any one of its 
neighbors form an encounter pair whose mean lifetime, 
as modeled by a2/6D,  is of the order 3 x lo-" s, where 
(I is the encounter diameter (cage radius) and D is the 
diffusion coefficient.20 Since the cage expires when the 


and &b = &o + v b .  
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Figure 3. Cage potential for a central molecule (1) with two molecules 2, 3) in its ‘solvent’ cage. The cage potential is given \y 
V,, = VI,,(rl2)+ V ( 2 ) ( r 1 3 ) ,  where V,,, is the pair potential, and I r I2  I + f rI3 I = dlc,. For (a) and (b), do, = 12.60 and 12.42A, 
respectively. The painvise energies are given by V12)(rt,) = 4 ~ ~ ( ~ ,  ,)[(aul8, J3/r ,J)12 - (aul,, ,))/r,,l61. For Fage 
(a) uulI, 2) = uUcl 3) = 5.15 A, 2) = E ~ ~ ~ ,  3) =4.63 kJ mol-I. For cage (b) uu(l, 3) and EUll ,  3) arc as for (a) and uU(]. ,) = 5.0 A and 


eUII, ,) = 5.0 kl mo1-I 


encounter pair breaks up, 3 x lo-’’ s is also the order of 
the cage lifetime (7). On the other hand, the transit time 
between the \a and\b states is of order s, the time- 
scale of atomic displacements or vibrations. Thus 
condition (i) is satisfied. As for (ii), even the shorter of 
the time-scales in (i) is long compared with the s 
time-scale for electronic motions, so that condition (ii) 
is also satisfied. We may conclude, therefore, that the 
Schrodinger wave of the electronic ground state of a 
cage-switching molecule in a liquid shows exchange 
averaging just like the physical waves in Figure 1. The 
line shape depends on the value of 6.  Equation (1) is 
transformed to equation (3) by letting Y = E/hN,: 


(3) 


where E denotes energy per mole and N A  is Avogadro’s 
number. When E is given in J mol-‘ and z in s, equation 
(3) becomes 6 = 1.575 x 10’ol E, - Eb I z. In applying 
equation (3), we shall use the convention that two cage 
environments are clearly distinguishable when 6 2 5, 
and are exchange averaged when E <  1. In the 
intermediate range the distinguishability is borderline. 


SOME REPRESENTATIVE NUMBERS 


On introducing 3 x lo-” s for z and >5 for 6 ,  equation 
3) states that distinguishability exists when 1 E, - Eb 12 10 J mol-’. Compared with absolute solva- 


tion energies, 10 J mol-’ is small, but Figure 3 shows, 
schematically, that the differences between solvation 
energies might be expected to be small. 


To obtain quasi-empirical estimates, we shall use 
Hildebrand’s regular-solution model” to predict 


AknzEa,b for the process benzeneb + benzene\b. Here \a 
is a cage consisting of all-benzene neighbors and \b is a 
cage consisting of one B neighbor and the rest benzene 
neighbors. The calculation consists of two steps. (i) The 
energy of transfer per mole of benzene from pure 
benzene to a dilute solution of benzene in liquid B is 
AEB = Vk,,,(6, - Bknr)*,  where V is the molar volume 
and 6 is Hildebrand’s solubility parameter, 
6 = (AEvaJV)”. (ii) In step (i), a benzene molecule 
transfers from an all-benzene environment to an all-B 
environment. If the benzene molecule has s B neighbors 
in the latter, then the energy AknzEa,b for introducing 
one B neighbor is of the order of A E B / s .  In the follow- 
ing, we shall use s = 10. 


Results for some ‘regular’ neighbors are given in 
Table 1. One out of the 12 cases is exchange-averaged, 
one case is marginal and all others are distinguishable. 


In ideal solutions, heats of mixing are zero by 
hypothesis and environmental isomerism is out.*’ In 
regular solutions, heats of mixing are far from large, 
yet the above discussion indicates that environmental 
isomerism should be fairly common. However, this 
isomerism is generally masked because of the potential 
energy fluctuations arising from Brownian motion of 
molecules in the cage wall, and it is this problem that 
we now address. 


Amplitude of potential energy noise 
We shall use two model liquids: (a) idealized benzene, 
i.e. benzene with a spherically symmetrical cage poten- 
tial based on Lennard-Jones 6-12 pairwise potentials 
whose parameters reproduce the properties of dilute 
benzene gas; (b) idealized water, i.e. water with a cage 
potential based on Lennard-Jones painvise interactions 
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Table 1. Estimates of AbbemEs,b based on Hildebrand's solubility Finally, we calculate u&, = sat,, the variance in the 
parameters and the regular-solution model" potential of the primary molecule at its cage center, 


where s is the number of neighbors in the cage wall. 
B AknzEa.b 5" Commentb Since the overall noise results from the convolution of s 
____~ ~ 


17.6 13 6 D 
(CH3 14Si 12.7 330 160 D 
ca4 


CHZI, 24.1 250 120 D 
CI,C=CClz 19.0 0.4 0.2 A 
CS, 20.5 26 12 D 
(C, F, I3  N 12.1 400 190 D 
(C*HSIZO 15.1 120 60 D 


Cyclohexane 16.6 43 20 D 
C6F14 12.1 400 190 D 


Naphthalene 20.3 20 10 D 


n-Hexane 14.9 140 60 D 


Toluene 18.2 3 1.5 M 


'Ref. 21. Energy values in J mol-'. 6 Values in JIn C X I - ~ ~ .  


V,,=89cm3 mol-'; &,=18.8; r = 3 x l O - " s ;  s=10; 
E =  0.47AhE,,,. 
A = exchange-averaged; D = distinguishable; M = marginal. 


to which has been added a molecule dipole-cage dipole 
interaction inferred from the dielectric constant.22 The 
cages will be spherical, and the molecules are moving 
independently. The noise is measured by u ( ~ ) ,  the 
standard deviation of the fluctuating cage potential at 
the cage center. 


(a) The primary molecule is treated as stationary at 
the cage center. The first step is to obtain the mean 
amplitude of libration of one of the cage molecules in 
its own cage (Figure 4). The libration is in all possible 
directions, but only the motion along the line of centers 
to the substrate molecule is relevant to our calculation. 
We first find qwr, the amplitude of libration normal to 
the cage wall when the mechanical energy (potential + 
kinetic) equals the mean thermal energy RT. We then 
calculate the variance, u ; ~ ) ,  in the pair potential V(2) due 
to the Brownian motion between +qRT and -qRT. 


independent pairwise noise distributions, the shape of 
the overall distribution is nearly Gaussian, regardless of 
the shapes of the pairwise distributions. The near- 
Gaussian shape follows from the central limit 
theorem.23 The theorem predicts a strictly Gaussian 
shape in the limit as s goes to infinity. In practice, 
Gaussian-like envelopes are produced when s is as small 
as 5.23 


For benzene the Lennard-Jo;es parameters are 
E,, = 4.63 kJ mol -' and u,, 5.15 A.24 For s = 10 these 
parameters yield qRT = 0.87 A and the standard deviation 
of the fluctuating cage potential u ( ~ )  = 2.6 kJ mol-' 
(kilojoules, not joules!). 


(b) In the two-state model of water, one state 
has s=4, the other s=5.22 In the model used, the 
dipole axis of the caged water molecule defines the z- 
axis of the Cartesian coordinate system. The s water 
molecules in the cage wall are placed so that s/6 
interact with the central water molecule from any of 
the six Cartesian directions. Thus, from any direction, 
we have s/6 Lennard-Jones pairwise interactions with 
E~ = 6.0 kJ mol-' and u,, = 2.72 A. In the z-direction 
we have an additional water dipole-cage interaction, 
given22 for s = 4 by v d d  = -240.7/(3.>5 + q,)3 - 
240.7/(3.15 - ~7, )~  kJ mol-', where qz is in A. For s =  5 
the expression becomes22 Vd, = -109.0/(3.15 + qz)3  - 
109.0/(3.15 - q,)3.  ~ 


For s = 4 ,  qRT=p.18Aand ~(~-=1~24kJmol-~along 
z ,  and qRT = 0.28 A and u ( ~ , . =  0.90 kJ mol-' along x an$ 
y .  For s = 5, the corresponding mean values are 0.26 A 
and 0.97 kJ mol-'. In the fgllowing we shall actually 
use the values of qRT = 0.25 A and u ( ~ )  = 1.05 kJ mol-' 
for both the s-states. 


SCHRODINGER WAVE TRAINS WITH BROWNIAN 
FREQUENCY NOISE 


According to our calculations (Table 1), cage-energy 
differences I Eb - E, I in regular solutions tend to be 
small compared with the standard deviations u ( ~ )  of the 
noise in the cage potential. As a result, we must deal 
with issues that are not part of the daily ration of a 
solution chemist: (i) the time-scale and possible 
exchange-averaging of the fluctuations, (ii) the impact 
(if any) on the validity of the Ehrenfest adiabatic 
principle and (iii) distinguishability in the presence of 
noise. These issues will now be considered. As a first 
step, we shall propose a suitable model for the Brown- 
ian fluctuations. 


Figure. 4. Molecule 1 surrounded by its cage, which is shown 
as a full circle. The cage of one of the molecules (2) 
comprising the cage wall of 1 is shown as the dashed circle. 
Brownian motion of 2 in its cage affects the potential of 1 


through the varying 1,2-painvise interaction. 


Zig-zag model 
A Schrodinger wave whose potential energy fluctuates 
about a mean value E ,  with a standard deviation u ( ~ )  







738 E. GRUNWALD AND C. STEEL 


mimics an FM wave whose carrier frequency v 1  equals 
c l / h ,  and whose frequency modulation is random 
frequency noise with a standard deviation of u'cc,/h. As 
discussed above, the distribution function for the 
potential energy (and hence for the random modulation 
frequencies) is virtually Gaussian. Figure 5 shows a 
short segment of a wave train with a single carrier 
frequency v1 and (exaggerated) frequency modulation. 
We are assuming here that the frequency follows the 
zig-zag model for Brownian frequency noise pictured in 
Figure 6. This model is inspired by the fact that the 
Brownian paths of micron-size particles suspended in 
liquids, when observed under a microscope, appear to 
be zigzags. Apparently, most of the time the net force 
from the environment is relatively ineffective, but 
occasionally a force lies far out in a wing of a distri- 
bution function and then is strong enough to kick the 
particle towards a random new position in the Gaussian 
frequency distribution. A reader familiar with gas-phase 
kinetics will recognize that the zig-zag model is the 
Brownian analog of the strong-collision model of 
kinetic the01-y.'~ Note that the noise generated in Figure 
6 has the typical spiky appearance of real noise. The 
mean time between the sharp changes of slope is 
identified with the Brownian correlation time, which 
will now be discussed. 


Correlation time 
The time-scale for noisy fluctuations is given by the 
correlation time T,,.~~ For random noise due to Brown- 
ian motion we may think of z,,, as a dynamical memory 
time. In the absence of Brownian forces the dynamic 


t i 


Time 


Figure 5. A short segment of a wave train in which the 
frequency vanes based on the zig-zag model of Brownian 
frequency modulation. The observation time is of order 2t,,, 
where t,,, is the mean of the individual correlation times (fi). 
The frequency first increases linearly for f,, then changes to a 
new rate for t, + both chosen stochastically. The modulation 
is exaggerated; on a realistic scale the modulation would be 


nearly invisible 


I '  ' I  L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A 
. . . . . . . .  
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Time (arbitrary units) 


Figure 6. Zig-zag model of Brownian frequency noise. 
(a) Plot of Y vs time for about 1 0 0 ~ ~ .  (b) A segment of (a) 


expanded by a factor of 5 


path of a molecule can be predicted from the boundary 
conditions at t = O ,  but the continual Brownian barrage 
induces statistical deviations from the predicted path 
and, after a mean time q,,, destroys its memory. The 
mean time between the sharp changes of slope equals 
z,,, while the individual times follow an exponential 
distribution about this mean. 


To obtain numerical values for z,, for potential- 
energy fluctuations in a liquid cage, we shall refer to 
chemical kinetics. According to the principle of 
dynamic balance, the rate laws and rate constants for 
the forward and reverse reactions in a kinetic system on 
its way to equilibrium remain valid at dynamic equili- 
brium. This principle has been well tested, by 
comparing rates of relaxation to equilibrium with rates 
of exchange at equ i l ib r i~m.~~  In the statistical theory of 
Brownian motion, the fluctuation-dissipation theorem 
plays an analogous role,26 by connecting the relaxation 
of Brownian ensembles to equilibrium with the turnover 
dynamics at equilibrium. For example, rate constants 
for dielectric relaxation to rotational equilibrium in 
liquids may be identified with I/zc,,, for the redistribu- 
tion of molecules among the rotational energy values at 
equilibrium.28 


In the present case, the Fokker-Planck equation has 
been solvedz6 for the relaxation to equilibrium of 
Brownian ensembles in quadratic potential wells of the 
form, V=RT(q/q,,)'.  The relaxation time for the 
ensemble average of q2, (q'), and hence for (V), is 
given by qiT14D, where D is the coefficient of linear 
diffusion for the given liquid.z6 Although the potential 
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wells in our problem are not strictly quadratic, the 
model is close enough. We shall therefore evaluate t,,, 
via the equation 


(4) 
For benzene at 298K, D = 2 , 3 ~ 1 O - ~ c m ~  s-1,29 and 
qRT = 8.7 x cm (see above), hence t,,, = 8 x 


s. For water at 298 K, D = 2.25 x lo-' cm2 s- ' ,~ '  
and qRT = 2.5 x cm, hence z,,, =: 0.7 x s. 
Note that the order of l/zco, (1012-1013 s-I) agrees with 
that of the hard-sphere collision frequency per molecule 
predicted for common liquids. 


For our purpose, the key point is that z,, is long 
enough for the Ehrenfest adiabatic principle to hold. 
That is, the electronic ground state of the caged mol- 
ecule is a stationary state, although its energy is noise- 
broadened. We also learn that z,, is about 100 times 
shorter than the cage-exchange time z. This implies a 
barrier of order RT ln(100) between the cages. 


Noisy wave train 
As is well known to users of Fourier transform spectro- 
meters, data in the time domain and their transforms in 
the frequency domain express the same reality. For 
wave trains it is natural to start in the time domain, but 
when the wave incorporates stochastic frequency 
fluctuations it is convenient to transform to the fre- 
quency domain, for the infinity of fluctuations then 
becomes compressed into a single power spectrum 
which can be understood at a glance. We shall begin, 
therefore, with Schrodinger wave trains in the time 
domain and end up with their power spectra. 


In this section we examine the effect of the Brownian 
correlation time on the spectral band width. There is 
some kinship between this and the natural 'line' width 


in magnetic resonance spectra, except of course that our 
width relates to an electronic ground state rather than to 
a spectral transition. As is well known, natural line 
widths in magnetic resonance" are fairly sensitive to 
z,,,, and we might expect some sensitivity here because 
potential-energy fluctuations themselves are a kind of 
exchange process prone to exchange averaging. 


In our computer simulations we used the zig-zag 
model for Brownian frequency noise, and parameters 
corresponding to E,, = -40 W mol-I, B ( ~ )  = 1.0 kJ mol-' 
and z,,, either 0.7 x s 
(as for benzene). The resulting Fourier transforms are 
shown in Figure 7. The shorter z,, produces the nar- 
rower band, but the two half-widths are within a factor 
of two even though z,, varies by more than tenfold, 
and the broader width is just less than ( T ( ~ ) .  We conclude 
that in contrast to NMR, in the present problem the band 
widths are rather insensitive to rm,. 


s (as for water) or 8 x 


Inclusion of cage exchange 
In Figure 6 we considered wave trains with Brownian 
frequency modulation and a single carrier frequency. In 
Figure 8 we consider similarly noisy wave trains in 
which the carrier frequency switches stochastically 
between two frequencies, v, and vb, characteristic of 
two discrete cages. Each line shows one cycle of 
exchange b + \ b + b ) ,  with the \b segment always 
occumng in the middle half. Magnitudes of the ratio 
(= (Eb - E , ) / C T ( ~ )  vary from 0.35 to 5.0. The dis- 
sonance of the Brownian frequency noise tends to 
obscure the switching points. Cage switching is clear 
when (=5 .0 ,  marginally visible when 5=2.0 and 
essentially invisible when c <  1.5. The mean cage 
exchange time z in these plots is about 40 times longer 
than tco,. 


u(~) = 1 .O kJ/rnol 


Figure 7. Effect of the correlation time for the Brownian noise on the band width in the frequency domain. Noisy wave trains in the 
time domain were simulated using the zig-zag model described in the text 
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Time (arbitrary units) 


Figure. 8. Brownian frequency noise with cage exchange. Each 
segment is labelled by its value of 5 [= 1 E,  - E. I /ole,], and 
shows one cycle of exchange (b -+\b -+b) with the b section 
always occumng in the middle half. Only when I (I > 5 is 


exchange clear, otherwise it is masked by noise 


Power spectra resulting from Fourier transforms of 
long, noisy, frequency-switching wave trains are 
clearer, as shown in Figures 9 and 10. Values of 5 
[equation (3)] are 40 throughout, so that in the absence 
of Brownian noise each power spectrum would consist 
of two narrow bands, suggested by the 'sticks' in the 
figures. The parameters adopted in Figure 9 are intended 
to resemble those for benzene at room temperature. The 
figure assumes equal cage populations. The smallest 


value of I E , - E , I ,  0.9H mo1-l [0.35a(,,l, was 
chosen as a real possibility for benzene because it fits 
the predicted energy difference for the two lowest 
pairwise potential minima.32 The power spectrum here is 
a symmetrical band whose b : \b components overlap so 
strongly that practical distinguishability is out. The other 
values for 1 Eb - E, I exceed realistic possibilities and 
are purely instructive. There are two recognizable peaks 
in both. These peaks coalesce (not shown) when 


The parameters adopted in Figure 10, including the 
relative cage populations of 0.7/0.3 and 
I Eb - E, I = 10 kT mol-', as shown in (d), are intended 
to fit the two-state model for water.*' The smaller values 
for I Eb - E, 1 are instructive only. Distinguishability is 
strong when I Eb - E,I = 10 kT mol-' [9.5a(,,], and it is 
clear that the two states of water could easily be 
environmental isomers. Distinguishability in the form 
of distinct peaks or a shoulder persists down to 


E b - E ,  = 1 kT mol-' (la(c), not shown). When I I  Eb - E, = 0.35a,,,, the peaks overlap so strongly that 
a single, seemingly symmetrical band results. 


decreases, it is tempting to 
identify the loss of distinguishability with coalescence 
of the separate bands in the power spectrum, which 
(depending on z/z,,, and relative peak height) occurs in 
the range 1 < ( < 2. Considerations based on informa- 
tion theory (not described here) indicate, however, that 
this criterion is conservative, and that with careful 
design, 5 might be reduced to nearly half of the preced- 
ing estimate. 


IEb-E,I % 1.50(,). 


As (= I Eb - E, I 


IEb-Eol = 0.9 
cr(c) = 2.6 kJ/rnol 


( = 0.35 


JEb-EJ = 5.2 


25 30 35 40 45 50 


Energy (kJ/mol) 


Figure 9. Model power spectra for liquids having benzene-like values for ole), z,,, and z. Units for I E, - E, I are kJ mol-'. When 
1 Eb -E.I =0.9kJ mol-', 5 =400 
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u(c) = 1.05 kJ/mol IE,-EaI = 0.37 


T = 0 . 6 ~ 1 0  sec  


IE,-EaI 9 10 


-= 9.5 1 
26 20 30 32 34 36 30 40 42 44 


Energy (kJ/mol) 


Figure 10. Model power spectra for liquids having water-like values for utC), z,,, and z. Units for I E, - E, I are kJ mol-I. The cage 
populations are in the ratio 0.7/0.3. When 1 E, - E,  1 = 10.0 kJ mol-’, 5 = 1000 


DISCUSSION 


Chemists usually deal with the spatial part of the 
Schrodinger wave function, on the assumption that the 
system is in a stationary state. This may not be true 
however, because real-life systems are subject to 
external perturbations. Retaining the time-dependent 
part of the wave function then gives a more complete 
picture of the system. Of course, in spectroscopy we 
only observe the Schrodinger wave indirectly, since the 
spectral frequency equals the difference between the 
frequencies of the Schrodinger waves associated with 
the initial and final states in the transition. However, this 
does not lessen the importance of the underlying state 
wave functions, neither the spatial nor the time depen- 
dent parts. 


One prediction which emerges clearly from the 
present work is that there are two kinds of distinguish- 
ability in liquids, which will be called ‘ideal’ and ‘real.’ 
Ideal distinguishability is based on cage exchange in the 
absence of Brownian potential energy noise and only 
requires the absence of cage-exchange averaging. As a 
corollary, the distinguishability index 6, defined in 
equation (3) ,  must be >x ,  where x is of the order of 
1-5. 


Real distinguishability requires not only the absence 
of cage-exchange averagin , but also that the cage- 
energy difference I E, - E, 7 be sufficiently great to 
stand out over the Brownian noise so that 
5 = I Eb - E, I / o ( ~ )  2 y, where y is of the order of 1-2. 
This is practical or operational distinguishability, so that 
the molecules occupying the different cages are genuine 


isomers (environmental isomers) by orthodox chemical 
standards. As stated in previous papers,I7 a likely 
example are the two ‘states’ of liquid water. The two- 
state model for water has had trouble being accepted, in 
spite of good experimental evidence,33 because without 
environmental isomers the nature of the two states is 
hard to rationalize. The HOH molecule has just one 
stable structure, not two. Also, if hydrogen-bonded 
complexes were forming, one would expect to find 
numerous complexes, not two. On the other hand, 
Figure 10 shows that the two states of water would be 
distinguishable if they were environmental isomers. 
Evidence concerning the nature of two water cages was 
discussed b Grunwald22 some years ago, and Benson 
and Siebert have shown how the thermodynamics of 
water can most readily be understood in terms of a two- 
state model. Further, as will be shown in a future 
paper,35 the concept of environmental isomers provides 
a simple explanation for the remarkable 
enthalpy-entropy compensation that has been observed 
in certain association e q ~ i l i b r i a . ~ ~  


The above discussion has been in terms of a molecule 
and its first solvation shell (primary cage) (Figure 4). 
There will also be a second shell at a greater distance. 
Since pairwise interaction energies vary strongly with 
distance, approximately as l / r6 ,  a change in the 
configuration of the second shell will result in a much 
smaller value for I E, - Eb I compared with the value for 
the first shell, roughly 1/64 [= (1/2)6]. In terms of 
equation (3) and typical values such as are given in 
Table 1, this indicates that beyond the second shell 


< 1, and here exchange averaging will be the norm. At 


z 
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such distances the liquid becomes a genuine continuum. 
For example, the ion clouds visualized by the 
Debye-Huckel theory2 as forming around ions in highly 
dilute solutions may now be seen to be genuine con- 
tinua. It is interesting that such distances correspond to 
the distance at which structure associated with the pair 
distribution function becomes strongly damped.” 


In between there are regions of borderline distin- 
guishability, both real and ideal. Onsager’s theory of the 
dielectric constant3 has the caged polarizable dipole 
interact with a polarizable dielectric continuum. The 
liquids treated successfully in this way tend to fit 
regular-solution models and, judging by Table 1, ideal 
distinguishability mostly exists. On the other hand, the 
magnitudes of [ = 1 Eb - E, I /acc, are well below unity, 
and real distinguishability is mostly out. We infer, 
therefore, that for dielectric purposes, low values of [, 
even though coupled with ideal distinguishability 
( l >  l), may be sufficient to produce continua. 
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BIMOLECULAR NUCLEOPHILIC SUBSTITUTION AT A 
RESONANCE-STABILIZED CARBENIUM ION: ELEVATED VALUE 


OF CROSS-INTERACTION CONSTANT, IMBALANCED 
TRANSITION STATE AND THE NON-INTERACTIVE 


PHENOMENON 


IKCHOON LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


A characteristic feature in the bimolecular nucleophilic substitution reactions at a resonance-stabilized carbenium ion 
has been shown to be an imbalanced transition state resulting in an elevated value of the cross-interaction constant, 
which in turn leads to a non-interactive phenomenon. Examples of the reactions of ring-substituted phenylethyl and 
benzhydryl cations are given. 


INTRODUCTION 


There has been continuing interest in nucleophilic 
substitution reactions involving a highly resonance- 
stabilized carbenium ion centre. Tidwell and co- 
workers' have shown that a strong electron- 
withdrawing a-substitutuent, e.g. CF3, on the benzylic 
carbon induces a strong resonance demand leading to  a 
large negative p +  value in solvolysis. Similarly, the 
resonance demand parameter, r in equation ( l ) ,  is 
found to increase with the electron-withdrawing power, 
Cu*, of the a-substituents and there exists an approxi- 
mate linearity between r and Xu.' 


(1) log(k/ko) = p [ao + r ( u +  - uO)l 


On the other hand, Amyes et al.3 have shown that 
replacement of the 01-CH3 group with an a-CF3 in a 4- 
methoxybenzyl cation, I,  with Y = CH30, R '  = H and 
R 2 = C H 3  or CF3, has a large thermodynamic 
destabilizing polar effect, which is however offset by 
increased resonance electron donation from the 4- 
methoxybenzyl ring to the benzylic carbon. The 


I 


electron-withdrawing polar effect of the a-substituent, 
R '  and/or R2,  has been postulated to force the positive 
charge away from the benzylic carbon on to  the oxygen 
of the 4-methoxy group. Theoretically it has been 
shown4 that there is a good linear correlation between 
the increment of positive charge, A q  = q(cation) - 
qreactant), on C-cr and on  the oxygen of the 4-methoxy 
group with the electron-withdrawing power of the 
a-substituents, ED*. 


In this work, we show that the bimolecular 
nucleophlic substitution reactions at such a resonance- 
stabilized carbenium ion centre ( S N ~ C '  mechanism) is 
characterized by a strong interaction between the 
nucleophile and the carbenium ion with an elevated 
value of the cross-interaction constant, pxy, in the 
equation 


log(kXY/kHH) =PXUX f PYoY + PXY'JX'JY (2) 
where X and Y denote the substituents in the 
nucleophile and substrate, respectively. This is result of 
an imbalanced transition state (TS)' obtained in such a 
reaction. A closely related phenomenon to this type of 
process is a manifestation of the sign reversal of p x  
( ~ N U C )  to  px > 0 from the normal px < 0 . 6  Since the 
origin of this sign reversal of px is the TS imbalance 
which is related to  the resonance structure of the 
carbenium ion, an increase in the electron demand by a 
stronger electron-withdrawing a-substituent, R I and/or 
R2, is expected to strengthen such an effect. 
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TS IMBALANCE AND ELEVATED pxy 


Mitchell et a(.' have shown MO theoretically that the 
energy required to  bend an H-C-X (or R-C-X) 
angle of the sp3-hybridized carbon centre, 11, to form 
an sp2 carbon centre, 111, is substantial, 


R- X 
I1 


R 
I11 


30-70 kcal mol.. ' (1 kcal = 4.184 kJ) for reactions 
X- + CH3X + XCH3 + X -  with X = H ,  F, C1, etc., and 
forms a part of deformation energy needed to reach the 
TS in the sN2 reaction. The deformation energy has 
been shown to be correlated linearly with the intrinsic 
barrier, A E Z ,  which is the activation barrier for an 
identity SN2 reaction. According to  the Marcus 
equation: 


(3) 
( A E O ) ~  


A E + = A E , ~ + + A E ~ + -  
16 AE,' 


the energy barrier, A E * ,  for this type of reaction, is 
the intrinsic barrier, A E Z ,  since an identity sN2 
reaction is thermoneutral, i.e. the thermodynamic bar- 
rier, A E O ,  is zero. 


Thus the bending deformation from I1 to I11 is an 
intrinsically endoergic process. However, this energy is 
lowered by the stretch of the C-X bond, which pro- 
ceeds concertedly with the angular deformation in the 
SN2 process.' If the R group in 11 and 111 is a a-system, 
the sp2 form, 111, will be stabilized by resonance inter- 
action between the C-X bond and the a-orbitals of R; 
hence form I11 becomes thermodynamically more stable 
than 11. In effect, the transformation from I1 to I11 is 
an intrinsically slow but thermodynamically more 
favourable process, curves A in Figure 1. The reverse 
process, 111 --t 11, is in contrast intrinsically fast but 
thermodynamically unfavourable, curves B in Figure 1. 
These two cases can be illustrated schematically as in 
Figure 1. 


This kind of situation is indeed encountered in the so- 
called nitroalkane anomaly9 and in the S N ~  solvolytic 
processes of benzyl derivatives. l o  It is well known that 
resonance development of type V in the partially depro- 
tonated TS for the deprotonation of nitromethane is so 
slow that actually form IV may exist as a possible inter- 
mediate.' Similarly in the SNI solvolytic processes of 
the benzylic derivatives, in which the resonance- 
stabilized carbenium ion I is formed, the resonance 
development is an intrinsically very slow process so that 
the intrinsic rate is greatly lowered. I" 


In the reverse direction, 111 + I1 (or V + IV), the loss 
of resonance as the TS is reached for the attack of 
nucleophile on the carbenium ion (or attack of proton 
on the carbanion) is intrinsically exoergic and hence 
is fast, but thermodynamically the process is 
unfavourable. This means that there is an imbalance in 


[Products1 


E Reaction Coordinate 


E 


(B) 
(A) 


I Reaction Coordinate 


(a) (b) 


Figure 1. Schematic presentation of intrinsic and thermodynamic barriers involved in I1 I11 
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the expression of polar and resonance substituent 
effects; this imbalance will lead to a relatively larger 
expression of the resonance effect in the initial stages of 
bond making compared with the expression of the polar 
effect for the nucleophilic attack on the carbenium ion 
and a relatively smaller expression in the final stages of 
the reaction after the TS has been reached. For 
example, on reacting a triarylmethyl cation with water, 
73% of the resonance interaction between the substi- 
tuent and the charge has disappeared at the TS but only 
33% of the polar interaction has disappeared. Simi- 
larly in the reaction of the 1-arylethyl cation, 56% of 
the resonance interaction but 36% of the polar inter- 
action have been shown to have lost in the TS. '' 


Partial bond formation of the carbenium ion to the 
nucleophile in the TS, N...C-a+, leads to a localized 
(sp3) fractional positive charge on the central carbon, 
increasing the ionic character of the TS and attenuating 
the resonance interaction more t.han the polar interac- 
tion. I' The resonance-stabilized carbenium ions are less 
electrophilic owing to a lower, delocalized, positive 
charge on the reaction centre carbon and a higher H* 
LUMO, e.g. the 4-methoxy-1-phenylethyl carbenium 
ion has a nearly 1 eV higher T* LUMO than the 4-nitro 
compound (-6.2808 vs -7 .2786 eV by AM1 1 3 ) ;  this 
means that they can react only with a u,, HOMO of the 
nucleophile which is elevated to a higher level by depro- 
tonation and also by progressing further along the 
reaction coordinate, i.e. by a very close approach to  the 
u,, orbital of the nucleophile (extensive bond making). l4 
It is well known that in the reactions of stable 
carbenium ions with water, a second water molecule 
acts as a general base which deprotonates the 
nucleophile, water, partially in the TS.15 The more 
resonance stabilized is the carbenium ion, the less elec- 
trophilic it becomes and requires a greater degree of 
nucleophile deprotonation. 


Extensive bond making and an increased ionic 
character in the imbalanced TS for the reactions of 
stable carbenium ions with nucleophiles lead invariably 
to a stronger interaction between the carbenium ion and 
the nucleophile. This results in an elevated value of the 
cross-interaction constants, PXY, between substituents Y 
in the carbenium (substrate) ion and X in the 
nucleophile [equation (2)] ; in the normal &2 reactions 
the magnitude of ~ X Y  is a measure of the degree of bond 
making in the TS. l 6  On the other hand, proton transfer 
is a fast process (in most cases diffusion limited)," 
whereas N-C-a bond making is a relatively slow 
process (activation limited) so that positive charge 
development can be small or negative charge can 
develop on the nucleophile; the negative charge left 
behind on N by a fast proton transfer from N can 
exceed the amount of electronic charge transferred 
from N to C-a in the N-C-CY bond formation. 


As a result, an elevated, i.e. a large, I pxy 1 together 
with a small px can lead to an observation of the non- 


interactive point,6 CY, at which px = 0 and px changes 
sign; px is positive for u y  < 6y and px is negative for 
UY > CY. Equation (2) can be transformed into an 
isokinetic expression at 6 ~ :  


log(kXY/kHH) =PY'JY + (PX -k PXYuY)uX 


- PXPY 
- py& = - ~ = constant (4) 


P X Y  


where 


( 5 )  G y =  -- 


Equation ( 5 )  shows that 6~ can be observable or 
realizable only when I pxy I is large and I px I is relatively 
small so that the C?Y value falls within the observable 
range of substituent constants (I, i.e. -1.0 to +1.0, 
which are normally used in the studies of organic 
reaction mechanisms. 6 * 1 7  


Hence on reacting a resonance-stabilized cation with 
a nucleophile, the loss of the resonance interaction is 
more than that of the polar interaction in the TS in 
which a greater degree of bond making between the 
cation and nucleophile has progressed with a larger 
degree of nucleophile deprotonation than those 
expected from a hypothetical TS where no such imbal- 
ance occurs. As a result, an elevated I pxy I is obtained 
and a non-interactive point, Cy, becomes observable or 
realizable. 


P X  


P X Y  


REACTIONS OF 1-PHENYLETHYL CHLORIDES 
IN METHANOL 


This reaction has been shown to proceed by an ion-pair 
( S N ~ C ' )  mechanism: 


In the reaction with methanol, the carbenium ion of 
the tight ion pair, I.P., reacts with MeOH in the 
rate-limiting step. The solvent isotope effects, 


electron-donating Y substituents but they are less than 
unity for the electron-withdrawing Y substituents. This 
is in line with the fact that the resonance-stabilized 
carbenium ion requires general base catalysis, i.e. 
partial deprotonation of the nucleophile, CHsOH, by a 
second molecule of CH3OH. This general base catalysis 
is, however, not needed for the localized cation formed 
with an electron-withdrawing Y substituent; in this case 
only the desolvation of the nucleophile, CHjOH, is 
required. The deprotonation of CH3OH leads to a 


~ C H , O H / ~ C H , ~ D ,  17a are greater than unity for the 
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primary kinetic isotope effect, kcH,OH/+oD > 1 -0, 
whereas the desolvation process results in an inverse 
secondary kinetic isotope effect, k c H 3 0 H / k c H 3 0 D  < 1 .o. 
We have shown these two types of solvent effects by 
MO calculations using an ally1 system, VI, as a model 
for the 1-phenylethyl system. Gas phase studies on such 
a process as in Scheme 1 fail since such a system merely 
leads to a simple addition of water to VI. We therefore 
simulated the solution-phase process by applying the 
self-consistent reaction field (SCRF) method with a 
dielectric constant of 78.54 for water. 


The SCRF method has been shown to be very useful 
in simulating a solution-phase process by applying a 
constant dielectric continuum around the gas-phase 
TS. l9 The results of our RHF/3-21G2O calculations are 
given in Table 1. In this computation, all geometries 
were fully optimized and the TSs were characterized by 
confirming only one negative eigenvalue in the Hessian 
matrix. We note that a strong electron-donating 
substituent, Y = NH2, requires general base catalysis, 
i.e. partial deprotonation (Adz > 0 and A d3 < 0) of the 
water nucleaphile, whereas when there is no substi- 
tuent, Y = H, only the desolvation (Ad3 > 0) of the 
water nucleophile is required. In the former a later TS 
with a greater degree of C-0 bond making is obtained; 
the C-0 distance is cu 0.6 A shorter in the TS with the 
resonance-stabilized cation (Y = NH2). The deprotona- 
tion with an advanced degree of bond making in the 
resonance-stabilized carbenium ion reaction supports 
the interpretation of the results of the solvent isotope 
effect studies above. 


The reaction of 1-phenylethyl cation with the aniline 
nucleophile exhibits a similar behaviour. L7b In this case, 


the kinetic isotope effects, kxlko, with deuterated ani- 
lines are all greater than unity, indicating that general 
base catalysis, i.e. partial deprotonation of aniline, also 
takes place. According to our AM1 computations, the 
deprotonation energies are 360.04, 333.45 and 
313.78 kcalmol-' for HzO, CH3OH and CsH4NH2, 
respectively, so that the deprotonation should be a feas- 
ible process for the aniline molecule as for methanol. 


In this reaction of 1-phenylethyl chlorides with ani- 
lines [equation (6)] , the p x y  values observed are - 2.05 
and -1 a34 for the electron-donating and -withdrawing 
Y substituents, respectively. 17b The difference in the 
magnitude of the two p x y  values should certainly reflect 
the elevated nature of the resonance-stabilized 
carbenium ion reaction (for Y = electron-donating sub- 
stituents). Thus the difference, -2 .05 - (-1.34) = 
- 0.71, represents the fractional loss of resonance 
interaction in excess of the fractional loss of polar inter- 
action in the TS, which is given by (~XY)EWS = -1.34. 
Therefore, the exalted fractional loss of resonance 
interaction is approximately half of the fractional loss 
of polar interaction (0.71/1*34 = 0-53), in almost for- 
tuitous agreement with the amount proposed by 
Kresge. 9a Owing to this large magnitude of ~ X Y  


observed for the electron-donating Y substituents, at 
&Y = - (- 0.471 - 2.05) = - 0-23 [equation (S)] the 
Hammett reaction constant for the aniline nucleophile, 
p x ,  becomes zero, and for substituents with BY below 
this value of -0-23 p x  is now positive whereas for 
substituents with IJY higher than this value (- 0.23) p x  
is negative. Since in an SN2 TS the nucleophile trans- 
fers electronic charge towards the substrate reaction 
centre, C-cy+, normally a negative p x  is expected as 
observed for UY > Gy, and hence it is highly unusual to 
obtain the positive p x  for IJY < GY. At the non- 
interactive point of 6~ = - 0-23, cross-interaction 
between the nucleophile and the substrate cation disap- 
pears, i.e. non-interactive, and the reactivity becomes 
constant i.e. isokinetic [equation (4)], with p x  = 0. 


This is clearly not a result of the desolvation effect of 
the aniline nucleophile. According to Abraham," the 
solute hydrogen bond basicity of the aniline 
nucleophiles (most of them used in the study) is smaller 
than that of the solvent methanol, so that any desolva- 
tion that takes place in the reaction should be an 


Table 1 .  SCRF RHF/3-21G calculations with f = 7 8 . 5 4  for the system shown in Scheme 1 


Y = NH2 Y = H  


di d2 d3 di d2 d3 
~ 


Reactant cation 3-2414 0.9788 1.7860 2.8764 0.9846 1.6889 
TS 2.0698 0.9906 1.6506 2.6983 0.9842 1.6936 
Ad* (A) -1.1716 +0.0118 - 0.1354 - 0.1782 - 0 0004 +0.0047 
AE* (kcalmol-') 8.34 2.24 
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exoergic process, i.e. the desolvation of the nucleophile 
will be a barrierless process and hence it will have no 
effect on the rate of reaction. 


The appearance of the non-interactive point, 
Gy = -0.23, at  which px changes sign, is a true reflec- 
tion of charge reversal at the N atom of the aniline. 
This can be interpreted as follows. Since in the 
nucleophilic substitution reaction of a resonance- 
stabilized carbenium ion an imbalanced TS is obtained 
with an elevated degree of nucleophile deprotonation 
and of bond making, negative charge accumulates on 
the N atom leading to  a positive px. This type of 
phenomenon will not be manifested unless the 
carbenium ion is resonance stabilized and the TS is 
imbalanced, in which the diffusion-controlled proton 
transfer in the deprotonation of the nucleophile 
precedes or exceeds the electronic charge transferred 
from the nucleophile to C-a in the N-C-a bond 
formation. 


The non-interactive phenomenon ( p x  = 0) may there- 
fore be ascribed to  the TS imbalance which arises in the 
process of bond making at the resonance-stabilized 
cation centre. The TS imbalance provides a necessary 
condition for the appearance of the non-interactive 
phenomenon, even though it may not be a sufficient 
condition. The high resonance demand of the 
carbenium ion, which requires base catalysis involving 
deprotonation of the nucleophile, is therefore an essen- 
tial factor conducive to  the manifestation of the sign 
reversal of px .  


REACTIONS OF BENZHYDRYL CHLORIDES IN 
ACETONITRILE 


If resonance delocalization of positive charge on C-a 
decreases owing to a weaker electron-withdrawing 
power of the a-substituent, R '  and/or RZ in I, then C-a  
becomes more positively charged because electron 
demand of C-a from the Y-ring is weaker. On the other 
hand, even if resonance demand of C-a with strong 
electron-withdrawing a-substituents is strong, C-a will 


be more positive when there is no Y substituent which 
is strongly electron donating so that positive charge can 
be driven away from C-a effectively. Hence a strong 
resonance demand can only be accommodated effec- 
tively by reducing the positive charge of C-a by a strong 
electron donor Y. This interplay between the two (a  and 
Y) substituents can be understood more clearly by 
changing Y to a weaker electron donor (Y = H )  and 
measuring changes in the positive charge increment 
from that for a strong Y donor (Y = OCH3), 6 Aqc-ol+ 


tive charge increment, 6 Aqc-ol, for Y = H should reflect 
the role of Y as an electron donor in accommodating 
the resonance demand acquired by a strong electron- 
withdrawing a-substituent. 


The decrease in resonance delocalization as expressed 
by an increase in 6 A q ( c + )  (>O) when substituent Y is 
varied to  a less electron-donating or a more electron- 
withdrawing (6uy > 0) type is dependent on the 
electron-withdrawing power, Cu , of the a- 
substituents, R '  and/or R 2  (Table 2). Examination of 
Figure 2 indicates that the slope of the plot of 6 A q ( c + )  
vs u* is positive, i.e. G[Aq(c+)/au* > 0, so that for a 
more electron-withdrawing a-substituent (e.g. CF3) the 
loss or decrease in the resonance delocalization is 
greater (6 A q ( c + )  = 0.06-0.08) when the Y-substituent 
in the ring is changed to  a less electron-donating type 
(e.g. Y = H). However, when a phenyl group is a- 
substituted, e.g. for benzhydryl with R ' =  H and 
R 2  = C6H5, the loss of resonance delocalization is 
abnormally small (6 Aqc-a = 0.03); for the benzhydryl 
compound, a weak electron-donating or a weak 
electron-withdrawing Y substituent does not lose much 
of the strong resonance electron delocalization that was 
observed for a strong electron-donating Y substituent 
(Y = CH3O). This means that when benzhydryl 
carbenium ion is involved in the S N ~  attack, the TS 
imbalance phenomenon can still be observed with a 
much less electron-donating or even with a somewhat 
electron-withdrawing Y substituent. This is due to  a 
variable resonance electron delocalization of the phenyl 


- - A q q Y  = H) - A q q y  = O C H ~ ) .  This change in the posi- 


Table 2. AM1 positive charge increments, A q  = Aqcation - Aqreaclanl, for 
YC6H5CHR'Cl- YC6H5C+HR1 + C1- with Y = CH,O and Y = H 


1-Bu 0.152 0.216 0.064 - 0.30 
CH3 0,146 0.210 0.064 0.0 
H 0.129 0.200 0.071 0.49 
C6H5 0.152 0.186 0.034 0.60 
CF3 0.046 0.123 0.077 2.61 


a Electronic charge unit. 
Taft's polar substituent constant. 
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group depending on the electron-withdrawing power of 
C-a; for a strong electron-withdrawing C-a  (i.e. with an 
electron-withdrawing Y), the phenyl group donates 
electron by resonance delocalization, whereas for a 
weak electron-withdrawing (or an electron-donating) 
C-a,  (i.e. with an electron-donating Y), it accepts elec- 
trons by a polar effect. However, the phenyl group is a 
weak resonance electron donor when it is attached to  a 
cation centre, C-a. 


This type of variable resonance delocalization is not 
possible for other a-substituents, however strong its 
electron-withdrawing power may be (e.g. R '  = CF,); 
the resonance delocalization becomes depressed rapidly 
as the electron-donating power of the Y substituent 
decreases when the a-substituent is strongly electron 
withdrawing. 


In the benzhydryl system, the two benzene rings, a- 
and Y-rings, can interchange the role they play in 
accommodating resonance demand. Thus, if the a-ring 
has a strong electron-withdrawing substituent the 
Y-ring supplies electrons, whereas if the Y-ring has a 
strong electron-withdrawing substituent now the a-ring 
can supply electrons to C-a. Hence when only one of 
the two rings is substituted, the unsubstituted ring can 
play the role of an a-ring when Y is a strong electron 
donor, whereas it plays the role of a Y-ring when the 
substituent is a strong electron-withdrawer, which in 


turn forms an wring. This means that for the rnono- 
substituted benzhydryl carbenium ion, the unsubsti- 
tuted phenyl ring (c* = + 0-60) forms a lower limit to  
both the electron-donating (Y-ring) (when the substi- 
tuent is an electron withdrawer) and electron- 
withdrawing (wring) power (when the substituent is an 
electron donor). 


Amyes et al. have shown that there is a greater frac- 
tional loss of resonance than of polar interactions when 
capture of 4-MeOC6H4C+R'R2 by a nucleophile pro- 
gresses from the ground state to the TS. Such 'irnbal- 
ance' or 'non-perfect synchronization' between the loss 
of resonance and polar interactions becomes greater 
with a stronger electron-withdrawing a-substituent. 


In the benzhydryl carbenium ion, the resonance 
demand remains high even with a weak electron- 
donating Y substituent. Since a high resonance demand 
causes a greater imbalance between the loss of 
resonance and polar interactions, the benzhydryl 
carbenium ion will exhibit substantial imbalance with a 
relatively weak electron-donating Y substituent. More- 
over, when Y is an electron-withdrawing substituent the 
unsubstituted ( a )  ring plays the role of an electron 
donor so that there is a possibility that for the benz- 
hydryl system the TS imbalance can be high even with 
an electron-withdrawing Y substituent. 


Since the non-interactive phenomenon ( p x  = 0) 
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becomes observable when there is imbalance between 
the loss of resonance and polar interactions in the TS, 
leading to  a strong cross-interaction, i.e. a large magni- 
tude of p X y ,  the non-interactive point, dy, at which p x  
changes sign can be observed at a positive UY value in 
the capture of the benzhydryl carbenium ion by the 
nucleophile. 


In the reactions of monosubstituted benzhydryl 
chlorides with anilines in acetonitrile 


I. P. 


a non-interactive point ( p x  = 0) has been observed at 
the much more electron-withdrawing side of the Y 
substituent, 3y  = 0.17,23 with a large cross-interaction 
between substituents in the nucleophile (X) and 
substrate (Y), P X Y  = -1 -96. 


At the non-interactive point observed, dy = 0.17, p x  
becomes zero and the reactivity becomes isokinetic. For 
6y  < 0.17, px is positive and the N atom becomes more 
negatively charged in the TS. The non-interactive point 
of 3y  = 0.17 is a shift of +0-40 u unit compared with 
6y = - 0.23 for the 1-phenylethyl carbenium ion 
reaction. This large shift must result from an exchange 
of the role played by the two rings, i.e. the ring with an 
electron-withdrawing Y substituent plays the role of an 
a-substituent (acceptor) and the unsubstituted ring 
plays the role of a resonance electron donor. 
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MODEL SOLVENT SYSTEMS FOR QSAR. PART IV. THE HYDROGEN 
BOND ACCEPTOR BEHAVIOUR OF HETEROCYCLES 
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An LSER analysis based on the partitioning of 15 proton acceptor heterocycles has succeeded in extracting Z/3 
values, but only at the cost of demonstrating solvent dependence for some of them. As noted by Abraham, the 
division lies between protic and aprotic organic phases. His observation that pyridine and quinoline are less 
effective acceptors when surrounded by solvent than in 1 : 1 association was confirmed, and possible reasons for 
this are discussed. Two other such cases are N-methylimidazole and pyridazine, both of which give lower Z/? 
values in octanol than in PGDP. For both, Z/3 in PGDP is what would be expected on the basis of log K,. The 
value for pyridazine in octanol suggests that, here, the ‘a-effect’ is no longer operative; it is possible that this 
result can be generalized to other such heterocycles. Elsewhere, the most remarkable finding is that, where there 
are two proton acceptor sites in one heterocyclic ring, L/3 is the simple unattenuated sum of the separate /?r 
values. If this result is general, it leads to a very simple way of estimating Z/3 for heterocycles by calculation 
where data are unavailable. Evidence was also found, in certain cases, for hydrogen bonding to the ndonor 
heteroatom or the aromatic ring. The QSAR implications of these results are discussed. 


INTRODUCTION 


The creation of hydrogen bonding scales, which allow 
for the first time quantitative Comparison of all or nearly 
all proton donors or acceptors with one another, is a 
surprisingly recent a~hievement.’-~ The most compre- 
hensive such scales are due to Abraham and co- 
workers,’,’ who for solvent tetrachloromethane have 
derived a general equation: ’ 


log K = 7.354a;BF - 1.094 (1) 
where a; and BF represent scaled proton donor and 
acceptor values that relate to the defining equilibrium 
constants as in the equations 


a; = (log Kz + 1.1)/4.636 (2) 


/?; = (log + 1.1)/4.636 (3) 
Equation (1) is based on 1312 data points and allows the 
accurate calculation (s.d. = 0.09) of thousands more. 
Raevsky et aL4 have independently derived an equation 
of similar form to equation (1). 


A major driving force behind this work has been the 
need for solute proton donor and acceptor scales for use 
in drug For this purpose, it is not self- 
evident that the very non-polar tetrachloromethane 
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should be a good model solvent; the t pe of biological 
process in which we are interested6J probably takes 
place in regions of considerably higher polar it^.^ In 
deriving our log K, and log K, scales, therefore, we 
employed as solvent 1 , l  , 1-trichloroethane, about the 
most polar solvent devoid of proton donor or acceptor 
properties that it is possible to obtain. We find, in fact, 
certain significant changes in ranking order, e.g. for 
sulphoxides, as between these two  solvent^.^ In addi- 
tion, the very low solubility in tetrachloromethane of 
many polar molecules of biological interest limits the 
utility of that solvent in the present context. 


For a molecule with multiple hydrogen bonding sites, 
the individual equilibrium constants K,j relate to Kabs as 
in the equation 


(4) 
Provided that K, %- K 2 ,  then log Kobr = log K, and there 
is no ambiguity; in the special case that K, = K 2 ,  statisti- 
cal correction is in principle required (but may not 
always be appropriate’). Equation (4) is for 1 : 1 
association. If, however, the solute is immersed in a 
great excess of solvent, it is possible that each of these 
sites will be fully utilized. In that case, equation (4) 
ceases to apply and the expected relation is multipli- 
cative; that is, the (logarithmic) a- and B-values of 
equations (1)-(3) become additive. For multiply substi- 
tuted drug molecules in which the functional groups are 
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Kobs = K ,  + K2 +. . . 
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well separated, this additivity assumption has success- 
fully been used in quantitative structure-activity 
relationships (QSARs).’’ The same assumption under- 
pins additivity rules for log P.” 


It is also possible for a single functional group, such 
as carbonyl, to contain multiple binding sites; this 
contrasts, e.g., with amines which do not. Recently, 
therefore, there have been attempts to redetermine 
solute a and /? values under the ‘real-life” conditions 
of excess solvent, and to compare the resulting C a  and 
Cg  values with their The methodology 
involves back-calculation based on liquid-liquid or 
GLC partitioning. It turns out that the differences are 
much more significant for C/? than C a ,  not only 
through multiplicity of lone pairs, but also because 
certain aromatic moieties allow bonding to the n- 


Abraham, l2 basing his results on calculations 
for 16 partitioning systems, has published C a r  and Cg,” 
values for a large number of solutes; these have been 
used successfully in a range of biological and other 
correlation equations. l3 


Our parallel investigations7-’ have concerned not only 
the strength of hydrogen bonding but also its direction- 
ality, in the sense that we wished to know, e.g. for 
carbonyl, whether the second lone pair is active, and if 
so, how its strength should compare with the first. We 
found,’ inter alia, that while both lone pairs are in 
general available for uncrowded aliphatic carbonyl 
groups, peri-interactions in aromatic compounds can 
effectively shield one lone pair, and the same is true for 
eclipsing OH or NH, e.g. in C02H and CONH, (but not 
in CONHR with its trans alignment). We found that the 
presence or absence of a second (or subsequent) lone 
pair could be handled by a new quantity, n P f ,  where n 
is the number of available lone pairs after the first, and 
Bf is the functional group /?-value, a quantity in general 
closely related to log K, .  For a given solvent system the 
coefficient of nDf is variable but, for those examined, 
lies in the range 18-38% of Bf itself, a chemically 
reasonable result in that charge transfer from the first 
lone pair is likely to reduce charge density on the 
second. We also found evidence that, for certain types 
of carbonyl, bond formation is probably constrained 
along the bond axis, with appreciable loss in strength. 
All these considerations, and others,’ are highly relevant 
in the context of receptor binding, which was and 
remains our chief preocc~pat ion .~~~ 


Heterocycles, a subject of great importance to the 
medicinal chemist, were conspicuous by their absence 
from this analysis.’ These may be seen as a special type 
of large and rather rigid functional group, containing an 
aromatic core which, in many cases, links one highly 
directional binding site with another. As such, unusual 
complications might well be anticipated. Abraham12 has 
already discovered that pyridine and the alkypyridines 
behave abnormally; suitably warned, we have kept away 
from this subject until now. We now demonstrate that 


heterocycles as acceptors immersed in a solvent do 
indeed show several types of unexpected behaviour, but 
that some kind of rationale is possible nevertheless. 


RESULTS 
Our previous investigation’ was aimed at covering the 
largest possible number of functional groups with the 
smallest possible number of compounds, since we 
judged this approach to be that of most value to the 
medicinal chemist. We have employed the same appro- 
ach here, in that only parent heterocycles have been 
considered (where N-methyl derivatives, e.g. of imida- 
zole, count as parents). We have been further 
constrained by the discovery’” that calculated permittivi- 
ties are in general unreliable and lead to highly 
inconsistent results, so that we have considered only 
heterocycles for which ,LA has been measured (on the 
evidence’” that p is scarcely affected by N-methylation, 
we have stretched a point in that respect). We have 
confined our main analysis to proton acceptors so as to 
avoid having to estimate a and /? simultaneously. Later 
we present a tentative analysis of NH-containing 
heterocycles. 


This leaves only 15 heterocycles, which, however, 
cover most important classes. For this reason, we felt it 
imperative to expand the database by including certain 
compounds from our previous analysis:’ benzene, 
naphthalene, the halobenzenes, and certain other com- 
pounds PhR, where R is some symmetrical and 
conformationally rigid substituent. There are ten of 
these, bringing the total number of compounds to 25. It 
seemed to us possible that symmetrical and very rigid 
compounds, as are all heteroaromatics, might form a 
sub-set with significantly different coefficients to some 
or all of the parameters used in the analysis; we have 
indeed found evidence for this (see below). 


log P = c +  mV, + sp2+ bC/?+ dnPf ( 5 )  
Leaving aside terms concerned with proton donors, 


our previous analysis’” employed equation (5). Our 
back-calculation procedure assumed that V,  and p are 
certainly known, and then optimized Cg and nBf 
iteratively across four solvent systems in such a way as 
to constrain the summed residuals for any one com- 
pound as closely as possible to zero. These solvent 
systems were the ‘critical quartet’*.’ of amphiprotic, 
inert, donor and acceptor which we consider sufficiently 
to delineate the range of biological possibilities. We 
have employed the same procedure here, with two 
important exceptions. Since so few logP values exist 
for parent heterocycles in chloroform and ‘alkane’ 
correlation analysis is confined perforce to octanol and 
PGDP. Second, the use of nBf seems inappropriate. This 
term was introduced to handle multiple lone pairs on the 
same heteroatom, not simply in the same molecule; 
where more than one potential site for hydrogen 
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bonding exists, we have in this case to leave their 
relative importance to the results of the analysis. 


For the first 10 compounds in Table 1, all parameters 
were fixed at their former va l~es .~"  As a first attempt at 
Cg for those heterocycles containing a single nitrogen 
atom we employed log K ,  + 0.3, this allowing for the 
apparent scale zero of log K = -0.3 in water,'" and then 
back-calculated C g  for the remainder from the resulting 
regression equation. It quickly became apparent that 
PGDP was much easier to fit than octanol; while the 
octanol equations satisfied most statistical criteria, the 
intercept term c was unacceptably large. We eventually 
discovered that this problem could be overcome if four 
compounds were omitted: pyridine, quinoline, 
pyridazine and N-methylimidazole. As we formerly 
foundga for S=O and P=O, C p  in these cases appears to 
depend on the solvent system, being lower for octanol 
than for PGDP. AbrahamI2 made similar observations 
for all the above except pyridazine (not examined). 


Our final list of parameter values appears in Table 1; 
Cg(1) and CP(2) refer to the optimum values for 


octanol and PGDP, respectively. As previously,'" we did 
not consider it justifiable to attempt a precision of better 
than 0.1. Table 2 sets out the correlation equations. Both 
sets of values have been used to analyse both sets 
of data, and in addition we include for comparison 
those derived from the first 10 compounds, the non- 
heterocycles. We have also extended this analysis to 
such data as exist for chloroform and 'alkane;"4 it will 
be noted that the PGDP Cg values fit both very much 
better than those for octanol. This again is consistent 
with Abraham's observations,'* although the possibility 
remains open that some other set would fit even better. 
Discussion below considers only the optimum equa- 
tions: set (1) for octanol and set (2) elsewhere. 


We recognize that the restriction of this analysis to 
two solvent systems, in place of our original four,' is a 
considerable drawback that poses a potential threat to its 
validity. In particular, as pointed out by a referee, it 
would require no great error in log P to invalidate some 
of our Cg values. We have attempted to counter this 
threat by using only well attested data. In particular, all 


Table 1. Log P and parameter valuesa 
~~ 


Log P Wb 
Compound Oct PGDP CHCl, Alkane v, P2 1 2 


Benzene 2.13 2.36 2.80 2.24 0.495 0.00 0.3 0.3 
Naphthalene 3.30 3.73 3.39 0.766 0.00 0.4 0.4 
PhMe 2.73 2.89 3.41 2.89 0.593 0.13 0.3 0.3 
PhCF, 3.01 3.26 0.670 6.81 0.0 0.0 
PhF 2.27 2.50 2.85 2.46 0.523 2.04 0.3 0.3 
PhCl 2.84 3.08 3.46 2.93 0,586 2.56 0.0 0.0 
PhBr 2.99 3.27 3.61 3.10 0.628 2.40 0.0 0.0 
PhI 3.25 3.48 3.33 0.670 1.85 0.0 0.0 
PhCN 1.56 1.66 2.71 0.96 0.604 16.65 1.3 1.3 
PhNO, 1.85 2.16 2.93 1.44 0.615 19.36 0.8 0.8 
Pyridine 0.65 0.08 1.32 -0.31' 0.470 4.93 2.0 2.5 
Quinoline 2.03 1.62 1.26" 0.737 5.52 2.0 2.5 
Pyrazine -0.23 -0.61 0.447 0.44 3.1 3.1 
Pyrimidine -0.40 -0.80 0.447 5.43 3.3 3.3 
Pyridazine -0.65 - 1.60 0.447 18.23 3.3 3.9 
Isoxazole 0.08 0.17 0.362 9.06 1.8 1.8 
Oxazole 0.12 -0.20 0.363 2.25 2.3 2.3 
Thiazole 0.44 0.24 0.420 2.96 2.2 2.2 
N-Methylpyrazole 0.23d -0.16 0.488 5.48 2.8 2.8 
N-Methylimidazole -0.03 - 1.40 -2.16",' 0.488 14.44 2.8 4.0 
1 -Methyl-s-triazole -1.08 -1.83 0.462 12.25 4.2 4.2 
Furan 1.34 1.56 0.389 0.52 0.6 0.6 
Thiophene 1.81 2.09 1 .89'.' 0.442 0.29 0.3 0.3 
N-Methylpyrrole 1.21 1.39 0.512 4.12 1.5 1.5 
N-Methylindole 2.72 3.01 0.777 5.66' 1.2 1.2 


'Log P values from Ref. 9b or 15 unless stated otherwise; V,  in units of lo-' dm3 mol-I; p is permittivity in debye.26 
bFirst column, 'octanol set;' second column, 'PGDP set' (see text). 
'Ref. 14. 
A. J. Leo, personal communication. 
In cyclohexane. 
'In hexadecane. 
Assumed as for indole. 
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Table 2. Regression equations for the four solvent systems' 


Solvent C m S b n r2 s.e. F 


0.20 
(0.18) 


-0.09 
(0.09) 


-0.34 
(0.23) 
0.08 


(0.16) 
0.21 


(0.30) 
0.04 


(0.09) 
-0.06 
(0.34) 
0.02 


(0.60) 
0.02 


(0.37) 
0.53 


(0.22) 
-0.22 
(0.37) 


-0.14 
(0.22) 


4.52 
(0.29) 
4.95 


(0.14) 
5.27 


(0.38) 
5.14 


(0.25) 
5.09 


(0.49) 
5.29 


(0.15) 
5.99 


(0.59) 
5.88 


(1.06) 
5.86 


(0.66) 
4.31 


(0.36) 
5.65 


(0.60) 
5.37 


(0.36) 


Regression equations for functional groups:b 
Oct 0.21 4.42 


(0.05) (0.08) 
PGDP 0.03 5.42 


(0.05) (0.08) 
CHCI, 0.43 5.07 


(0.11) (0.20) 
' Alk' 0.20 4.95 


(0.08) (0.13) 


-0.025 
(0.005) 
-0.025 
(0.003) 


-0,019 
(0.008) 


-0.025 
(0.004) 


-0.035 
(0.0 10) 


-0.021 
(0.003) 


-0.019 
(0.006) 


-0.005 
(0.009) 


-0.012 
(0.005) 


-0.047 
(0.006) 


(0.011) 
-0.050 
(0.006) 


-0.040 


-0.023 
(0.001) 


-0.021 
(0.001) 


-0.0006 
(0.0027) 
-0.055 
(0.003) 


-0.77 
(0.08) 


-0.71 
(0.01) 


-0.63 
(0.04) 


-0.82 
(0.07) 


-0.99 
(0.05) 


-0.93 
(0.02) 


-0.42 
(0.10) 


-0.69 
(0.09) 


-0.55 
(0.05) 


-1.06 
(0.11) 


-1.34 
(0.08) 


-0.97 
(0.03) 


-0.77 
(0.01) 


-1.09 
(0.01) 


-0.60 
(0.03) 
-1.10 
(0.02) 


10 


25 


25 


10 


25 


25 


7 


8 


8 


9 


13 


13 


78 


83 


33 


46 


0.992 


0.998 


0.982 


0.995 


0.982 


0.998 


0.988 


0.988 


0.995 


0.994 


0.988 


0.996 


0.990 


0.995 


0.993 


0.996 


0.07 


0.07 


0.20 


0.06 


0.25 


0.08 


0.06 


0.10 


0.06 


0.08 


0.21 


0.12 


0.10 


0.10 


0.11 


0.12 


25 1 


2812 


375 


379 


384 


3718 


83 


113 


289 


300 


237 


673 


1406 


2961 


610 


1725 


a P  = Preliminary regression, on the first 10 compounds in Table 1; (1) using Zg(1) in Table 1; (2)  using Zg(2) in Table 1. 
bFrom Ref. 9a, omitting the term in nbf and all terms involving a. 


log P values for PGDP and some for octanol come from 
a single laboratory (our own),15 with replicates agreeing 
to within 0.02, while the remaining octanol values 
derive from Leo's 'Starlist,"6 to which similar 
standards apply. The same cannot be claimed for the 
chloroform or 'alkane' values, hence our much more 
tentative use of them. 


DISCUSSION 
By comparison with our original regression equations" 
as also set out in Table 2, it will be seen that, while the 


molecules in which the aromatic moiety, if present, was 
incidental. If so, it may help to explain why a prelimi- 
nary analysis in which we used the original correlation 
equations to obtain estimates for Cg was wildly unsuc- 
cessful. It seems likely, therefore, that the use of 
correlation equations to extract chemically meaningful 
information as is our present intention must be based on 
compounds of similar structural type. 


There is a rough relationship between I;B (for PGDP) 
and Abraham's Zj3? as given by the equation 


Zp," = 0.176(0.005)Cg + 0~085(0~010) (6) 
coefficients of p2 are little changed, and (as previously) (n = 23, r2 = 0.978, s= 0.036, F = 928) 
changes in the intercept term tend to cancel against 
those of V, ,  the coefficients of Zg are significantly Its most significant feature is its intercept of 0.085; that 
lower, by 10-15%. The origin of this may lie in an is, the effective zero for Cg is higher. As noted pre- 
entropic constraint, precisely the result of the very rigid v io~s ly ,~"  this means that most benzenes substituted 
structure that all these compounds have in common; with electron-withdrawing non-bonding functionalities 
most of those examined previously were flexible possess Xj3 = 0, whereas their proton acceptor ability is 
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still perceptible on the Cb,” scale. While Xj? is tuned to 
water, it may be that Cg,” from its mode of derivation is 
tuned to the organic phase. 


Heterocycles of constant ZP 
These may contain one nitrogen acceptor or two. The 
former class consists of oxazole, isoxazole, thiazole and 
N-methylpyrazole. Only thiazole possesses exactly the 
Bf value expected (Table 3); the rest are too positive by 
AD = 0.2-0.4. This extra contribution may be due to the 
n-donor heteroatom or be caused by hydrogen bonding 
to the n-cloud. The former possibility is suggested by 
the zero AP value for thiazole. The sulphur atom even 
of thiophene probably possesses no proton acceptor 
ability; we find a C g  value for thiophene identical with 
that for benzene (hardly a surprise). Hence no per- 
ceptible bonding to the sulphur atom of thiazole is 
expected. Oxygen is a better n-donor than sulphur,I7 so 
the larger C/?  value for furan than for thiophene is as 
expected; possibly the n-cloud of oxazole accounts for 
AB=O.2 in that case. On the other hand, oxygen is 
rnutatis mutandis a better proton acceptor than sul- 
p h ~ r , * . ~  so fractional bonding to oxygen is also 
plausible. For isoxazole, a still weaker base, the appre- 
ciable value of A/?=O.4 ma argue for some 
contribution from the ‘ a-effect”’ in addition to pos- 
sibly, some binding to the n-cloud. The former is also 
suggested by a comparison of the C g  values for furan, 
thiophene and N-methylpyrrole (Table 2). These show 
the expected n-donor order N.O>S,  as we have 
found previously” in our analysis of the log P values 
for substituted n-donor heterocycles. In view of this, 
the lesser value of AP=O.3 for N-methylpyrazole, 
almost certainly due to bonding to the n-cloud, suggests 


Table 3. Comparison between Bf and CB for nitrogen JC- 
acceptor heterocycles 


zg. Br“ 


Compound 


Pyridine 
Quinoline 
F‘yrazine 
Pyrimidine 
Pyridazine 
Isoxazole 
Oxazole 
Thiazole 
N-Methy lpyrazole 
N-Methylimidazole 
1 -Methyl-s-triazole 


1 2 Obs.‘ Calc.d Notes 


2.0 2.5 2.82 
2.0 2.5 2.80 
3.1 3.1 1.46‘ 
3.3 3.3 1.67‘ 
3.3 3.9 2.53‘ 
1.8 1.8  1.36 
2.3 2.3 1.97 
2.2 2.2 2.20 
2.8 2.8 2.52 
2.8 4.0 3.98 
4.2 4.2 2.68 


2.81 


1.60‘ 
1.99’ 
2.58’ 
1.40 
2.21 
2.10 
2.51 
3.99 
2.93(4) 
1.31(2) 


See text 
See text 
zj3 = 28, 
z,!? = 2Br 
See text 
Aj3 E 0.4 
A,!? I+ 0.2 
A,!? F+. 0.0 
A,!? = 0.3 
See text 
z,!? = Bf(4 + 


‘SeeTable 1 forthe significance of Zg(1) andZB(2) 


‘Ref. 3. 
dRef.21. 
’Statistically corrected. 


fit = log K p  + 0.3. 


some other source for at least part of the extra bonding 
experienced by isoxazole. 


Regular heterocycles with two nitrogen acceptors 
comprise pyrazine, pyrimidine and l-methyl-1,2,4- 
triazole. It is intriguing that, in all three cases, C g  is a 
simple summation of gr, without any of the attenuation 
present, e.g. in carbonyl, and which might have been 
expected here also. Perhaps this comes about since the 
degree of proton transfer in hydrogen bonding is in fact 
small2’ and the aromatic core of these heterocycles acts 
as a buffer of a type not available in simpler cases. For 
the triazole, we used Kenny’s recent calculated values2’ 
of log K, with appropriate zero correction (Table 3) and 
obtained a C g  value identical with that found. This 
contrasts with the case of 1 : 1 association [equation 
(4)], where the less basic site (the 2-position) con- 
tributes almost nothing to the observed logK,. Such 
examples of the contrast between partitioning Gibbs 
energy on the one hand, and the very different binding 
energies potentially available for different topological 
arrangements at the receptor site, are of special 
relevance to the medicinal chemist. 


Heterocycles of variable Z/3 


AbrahamI2 has previously reported that pyridine and the 
akylpyridines show considerably lower Cg,” values 
than would have been expected on the basis of B,” itself, 
and has tentatively explained this as due to a kind of 
‘solvent sorting’ by which pyridine in the octanol phase 
is preferentially solvated by its aqueous component. The 
same effect is found for two other organic phases, 
isobutanol and n-butyl acetate, which also possess a 
high water content; these give an average Cg,” = 0.45, 
contrasting with an average Cg,” = 0.52 elsewhere.12 
This is echoed by Table 3, where octanol and PGDP 
give apparent Cj3 values of 2.0 and 2.5, respectively. 


However, even the latter value falls short of the 
expected &=2.82, and indeed Abraham et al.2 had 
previously reported P,” = 0.62 for pyridine. So, while 
Abraham’s explanation may contribute, it cannot be the 
whole story. Our suggested supplementary explanation 
starts from the fact that benzene itself possesses a B, 
(= aromatic ,8)’” value, but one only just above the 
threshold level. An aromatic ring with 8, just below this 
threshold would contribute nothing to Cg, yet might 
still be capable of back-polarization by bulk water with 
some loss of electron density on nitrogen. This effect 
would still operate, e.g. in alkane-water and PGDP- 
water systems, so accounting for the failure of C g  to 
attain the expected value even there. Further electrone- 
gative substitution might then reduce n-density to the 
point that back-polarization can no longer occur, so 
accounting for the regular behaviour of deactivated 
pyridines,I2 and of the three diazaheterocycles above. 
It is possible that back-polarization also operates in 
some electronegatively substituted benzenes; we have 
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previously notedga that, in terms of CCg, PhNO, is 
apoorer proton acceptor than might have been expected. 


N-Methylimidazole also appears in Abraham’s list of 
deviant compounds, though he does not comment on it. 
We noted3 that this compound behaves in 1,1,1 -trichlor- 
oethane (TCE) as if considerably polarized in the sense 
of RN+=CH-N-, resulting in an unexpectedly high 
log K ,  value; it is one of the few compounds for which 
our correlation equation for log K ,  vs log gives 
seriously inaccurate results. PGDP is a solvent of 
similar polarity to TCE and it might be expected that the 
PGDP-water solvent system would therefore match Bf 
fairly exactly, as it does. The consequence for S=O and 
P=O of polarization in the above sense is to generate a 
repulsion with aprotic solvents (and CHC1,) which 
increases as the dipolarity of the solvent falls, since 
X+-O-  is favoured in media of low polarity.’” Since 
the opposite trend is expected for RN’=CH-N-, the 
origin of this superficially similar phenomenon is not 
understood. We shall only note that it resembles that for 
pyridine, although much exaggerated. 


Pyridazine is our last case, and the only example in 
this set of a genuine ‘a-effect heterocycle’ (though we 
have log K ,  values for others3). Our Bf value of 2.53 
(Table 3) is that obtained by statistical correction, 
although it is not clear what such an operation means in 
the present case, since it is uncertain whether bonding 
involves a single lone pair. (Hydrogen bonding by the 
isolated molecule appears to take place as if along the 
line of one lone pair, somewhat distorted towards the 
other22). Unsurprisingly, both CCg values are much 
greater than this, and by much more than the statistical 
factor. In water, and perhaps hydroxylic solvents 
generally, the ‘ a-effect’ is presumably at a minimum; it 
is known from kinetic studies that pyridazine addition 
does not show the ‘a-effect’ in water,23 though it can 
elsewhere.% It may be significant, therefore, that 
CCg(1)=3.3 is very much the same value as for the 
other diazines, which may indicate an intrinsic acceptor 
ability per nitrogen atom of much the same order. In that 
case, Cb(2) = 3.9 presumably indicates a specific 
repulsion by the proton acceptor solvent PGDP, which 
could be greater or less in another aprotic solvent. It is 
possible, therefore, that CCg for heterocycles that 
contain adjacent sp2-hybridized nitrogen atoms will 
show an unusual degree of solvent sensitivity. It is also 
possible, for different reasons, that the same will be 
true for N-methylimidazole and any analogous very 
polarizable heterocycles that may exist. One such 
class might be ‘push-pull’ conjugated systems such as 
the aminoenones, e.g. 4-pyridone, which we have 
noted previously3 to be exceptional proton acceptors. 
Table 4 sets out octanol and PGDP log P values for a 
number of proton acceptor heterocycles, and lists the 
difference Alog P. For the first set, which are known or 
expected to show ‘regular’ behaviour, Alog P is never 
more negative than -0.4. The second set is for potential 


Table 4. Alog P for some proton acceptor 


Compound Log P(oct) Log PPGDP) Alog P 


Pyrazine 
Quinoxaline 
Pyrimidine 
Quinazoline 
Oxazole 
Thiazole 


Pyridazine 
Cinnoline 
Phthalazine 
l-Methyl-l,2,3-triazole 
1 -Methylbenzotriazole 


Pyridine 
1 -Methylimidazole 
1 -Methylquinol-2-one 
1 -Methylquinol-4-one 
1 -Methylquinoxalin-2-one 
3 -Methylquinazolin-4-one 
3-Methylbenzotriazin-4-one 


~ 


-0.23 
1.32 


-0.40 
1.01 
0.12 
0.44 


-0.65 
0.93 
0.57 


- 1  20 
1.13 


0.65 
-0.03 


1.45 
0.44 
0.79 
0.69 
0.84 


~ 


-0.61 
1.20 


-0.80 
0.70 


-0.20 
0.24 


-1.60 
0.29 


-0.46 
-1.58 


0.86 


0.08 
- 1.40 


0.94 
-1.92 


0.68 
0.35 
1.13 


~ ~~ 


-0.38 
-0.12 
-0.40 
-0.31 
-0.32 
-0.20 
-0.95 
-0.64 
- 1.03 
-0.38 
-0.27 


-0.57 
- 1.37 
-0.51 
-2.36 
-0.11 
-0.34 
+0.27 


Alog P = log P(oct)  - log P(PGDP) 
Data from Ref. 15. 


‘a-effect’ heterocycles, and these are very variable, 
with three (including pyridazine) showing large nega- 
tive values. The third is a miscellany that includes 1- 
methylimidazole, Alog P = -1.37, and also the most 
extreme example of this type, l-methylquinol-4-one, 
Alog P = -2.36, that we have yet en~ountered.‘~ In the 
absence of more specific criteria, it is possible that this 
difference in log P value provides the best guide we 
have at present as to the likelihood of ‘regular’ or 
‘irregular’ behaviour. Unfortunately, data for solvents 
other than octanol and PGDP still scarcely exist for 
oxoheterocycles, as indeed is the case for heterocycles 
generally. 


Extension to heterocycles containing NH 
Data exist for five of these (Table 5) .  If we are to 
attempt to extract C a  values, some estimate for CCg is 


Table 5.  Calculations for NH-containing heterocycles” 
~ 


Log P b  Alog p“ 


Compound PGDP Alkane V ,  p* Zgd PGDP Alkane 


Pyrrole 0.72 0.411 4.37 1.3 -0.19 
Indole 2.38 0.79” 0.675 5.66 1.0 -0.19 -1.44 
Pyrazole -0.69 -2.91‘ 0.385 5.43 2.6 -0.23 -2.04 


-4.46 -1.89 
Imidazole -2.17 -3.70‘ 0.385 16.16 3.8 -0.37 -1.13 


1,2,4-Triazole -2.5‘ 0,350 10.82 4.0 -0.44 
~ ~~ 


a For parameter value units, see Table 1. 
bRef. 15. 
Residual from use of equation (5) .  
CB(2) in Table 1 with 0.2 subtracted (see text) 
In cyclohexane (Ref. 14). 


‘Approximate value. 
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first necessary. We noted previously9“ an average rise in 
C g  of ca 0.2 on methylation of an amine or amide, so 
as a first approximation the Zg values in Table 5 were 
obtained by subtracting 0.2 from the appropriate values 
in Table 1. Use of the correlation equations from Table 
2 then leads to a set of residuals (the last two columns 
of Table 5 )  from which we may attempt to calculate Z a .  
Octanol with its very low sensitivity to Za9a”4 is useless 
for this purpose, and there is only one available datum 
for chloroform, so this analysis is confined in practice 
to ‘alkane’ and PGDP. 


The two sets of residuals possess very different 
magnitudes. One reason for this lies in the different 
slopes of the a-term, which we found in our previous 
analysis’” to be -1.07 and -0.61 for ‘alkane’ and 
PGDP, respectively. Another, very significant reason lies 
in the different scale zeroes which we have found’” to 
apply to Ca: this lies at log K ,  = -0.4 for ‘alkane’ but 
+0.1 for PGDP. Taken together, these factors would 
lead, in the case of indole, for example, to apparent 
logK, values of 0.4 or 0.9 for PGDP and ‘alkane,’ 
respectively. The measured value is 1.15. For imidazole, 
the PGDP-derived value is 0.7 and that from ‘alkane’ is 
0.7 or 1.4, where the measured value is log K ,  1.20. A 
lower value of the coefficient to C a ,  as found for Cg, 
would of course lead to higher values for Z a itself, but 
the difference between the two sets of calculated values 
would then increase. 


We are unable at present to resolve this problem. We 
note that in our previous treatment’= we found aliphatic 
amines to be anomalous, with PGDP leading to higher 
estimates for Zcz than other solvent systems: the 
opposite trend to that found here. We also note that 
Abraham’* found ZB; for anilines to be as anomalous 
as those for pyridines, but in the opposite sense, while 
indole behaves like an aniline. There is no mention of 
anomalous Z a r  values, however. It is possible that 
cooperative effects are present, with a tendency for a- 
and g-values to move in compensating directions, in 
such a way that the overall effect, e.g. on log P ,  is more 
stable than would be predicted on the basis of either 
term separately. We have previously noted3 that amine 
K, and K ,  values display a variety of anomalies, 
relative to those of other compounds, which may be 
connected with the constraints imposed by the amine 
inversion process, and which show themselves, for 
different classes of amine, in different sorts of com- 
pensating behaviour.’” It is equally possible, however, 
that these apparent phenomena are simply unreal, the 
result of trying to partition an overall hydrogen bonding 
effect between C a  and C g  on the basis of insufficient 
data. More experimental evidence is badly needed. 


CONCLUSION 


The results of this work, while necessarily tentative, 
suggest a number of generalizations concerning 


heterocycles that should if valid be of special value to 
the medicinal chemist: 


(a) Hydrogen bonding to nitrogen acceptor sites is 
additive in terms of gf: there is no attenuation. (This 
seems to echo Leo’s principle‘6*2’ in log P calculation 
that ‘nitrogen never ages: ’ aza-nitrogen exerts its 
maximum electronic ‘pull’ regardless of the number of 
donors.) If relative acceptor strength can be calculated, 
therefore, it should be possible to estimate Zg for fairly 
complex heterocycles, and use the results in interpreting 
either log P or receptor binding. Kenny’s paper” 
contains several further calculations of his sort. Their 
extension, e.g. to oxazole, will help to quantify the 
possible role of n-donor heteroatoms as minor but 
potentially useful binding sites. 


(b) We have noted previously3 that ‘ a-effect’ hetero- 
cycles may be of particular value in contexts where one 
requires the maximum degree of proton acceptor ability 
for the minimum degree of full proton transfer (i.e. 
basicity). We now have direct evidence that the extent 
of this enhancement varies with context, being effec- 
tively zero in water and (probably) other hydroxylic 
solvents, but very considerable in (at least some) aprotic 
surroundings. For lack of evidence, we have to leave 
open the question as to whether this enhancement is 
due to intramolecular destabilization alone, or involves 
actual repulsion of other proton acceptors. In the first, 
Cg towards ‘alkane’ will be similar to that for PGDP; if 
the second, it should be less. This again could be a 
relevant consideration in the context of receptor 
binding. 


(c) It is intriguing to discover that some aromatic 
rings are effective proton acceptors; for example, 
pyrrole apparently is little weaker than isoxazole. 
However, in terms of short-range forces, this does not 
compare like with like. Whereas isoxazole in water can 
probably form no more than two hydrogen bonds (the 
nature of the second being not fully defined), pyrrole 
may form several of varying strength, both sides of the 
n-cloud being available. This last does not reflect the 
situation likely to obtain at the biological receptor, 
where more than one bond is probably unrealistic. 
However, that bond will not be subject to strong direc- 
tional constraints, so there may be contexts in which it 
is important. The order N B 0 > S is clearly indicated as 
the effect of the donor atom on the likely strength of 
binding to the n-cloud. 


(d) We have had to leave open the question of 
how important the NH donor is in heterocycles that 
contain it, while adding to the impre~s ion’~~*’~’~  that its 
importance is generally not great. Tetrazole may be an 
e~cep t ion ,~  but the required data do not yet exist. 


(e) We also have evidence, the origin of which is not 
well understood, for anomalous behaviour by ‘push- 
pull’ systems that certainly include N-methylimidazole 
and may extend to the class of oxoheterocycle and 
related compounds3 for which resonance of the type 
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X-CH=CH-C=Y HX’=CH-CH=C-Y- can be 
written. All such compounds are exceptionally strong 
proton acceptors and the evidence is suggestive that 
their Cg values are likely to show the same type of 
dependence on solvent system as attaches to the ‘a- 
effect’ heterocycles. Both classes may be as discriminat- 
ing biologically for their inability to bind in very non- 
polar surroundings as for the strong hydrogen bonding 
of which they should be capable with a suitable proton 
donor. 
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SOLVOLYSES OF 4-METHYLENE-2ax- AND -2q-ADAMANTYL 
p-TOLUENESULPHONATES: INTERMEDIACY OF CLASSICAL 


CARBOCATION IN THE AXIAL AND T-BRIDGED 
CARBOCATION IN THE EQUATORIAL 


p-TOLUENESULPHONATE SOLVOLYSES 


KENWHI TAKEUCHI,* YUMIKO KURIHARA, TAKAO OKAZAKI, TOSHIKAZU KITAGAWA AND 
TOMOMI KINOSHITA 


Division of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01, 
Japan 


The rates and products of solvolyses of 4-methylene-2,,- and -2,q-adamantyl p-toluenesulphonates (tosylates) (4a-OTs 
and 4e-OTs, respectively) were studied. Compound 4a-OTs solvolysed more slowly than 2-adamantyl tosylate (1) in 
methanol and 2,2,2-triluoroethanoI (TFE) by factors of 2.3 and 2.5, respectively, at 25'C. However, by taking the 
inductive decelerating effect of a 8-methylene substituent into account, the rates were revealed to be enhanced by 
u-participation by a factor of 50. The products of solvolyses of 4a-OTs in methanol, 80% acetone and TFE at 100 "C 
were 2,,- and 2,,-alkoxy(or hydroxy)-4-methyleneadamantanes (4a-OR and 4e-OR, respectively), exo-4-alkoxy(or 
hydroxy)-5-methyleneprotoadamantane (em-5-OR) and 5- [alkoxy(or hydroxy)methyl]-4-protoadamantene (6-OR) 
with adamantyl to protoadamantyl product ratios of 39: 61 (in methanol), 56 : 44 (in 80% acetone) and 71 : 29 (in 
TFE). Despite the nearly symmetric nature of the intermediate cation, the 4a-OR: 4e-OR product ratio was essentially 
constant with 83: 17 (in methanol), 85: 15 (in 80% acetone) and 82: 18 (in TFE). The formation of considerable 
amounts of 4e-OR was interpreted as showing the intermediacy of a pair of rapidly equilibrating classical ions. The 
rates of 4e-OTs were 2300-4300 times faster than those expected from inductive electron-withdrawing effect of a 
8-methylene substituent. The major product (84.5% in methanolysis and 98.7% in trifluoroethanolysis) was 
4e-OR accompanied by small amounts of 2-alkoxy-2,4-methanoadamantane (9-OR) and 2-(alkoxymethyl)-2,4- 
didehydroadamantane (10-OR), no formation of 4a-OR having been observed. These results suggested that 4e-OTs 
solvolyses via a *-bridged intermediate cation. 


INTRODUCTION 


2-Adamantyl tosylate (1) has been proposed as a typical 
secondary compound which undergoes limiting SN 1 
( k , )  solvolyses. ' However, it is still controversial 
whether the carbocation intermediate is @-bridged (non- 
classical) or unbridged (classical). 2,3 In most previous 
studies, experimental results have been interpreted in 
terms of the bridged cation. Major retention of 
configuration of the 2-adamantyl product (2) with 
64-84% (stereoselectivity estimated from solvolyses 
of 5-methyl-2-adamantyl or 2,,-adamantyl-4,,-d 
s u b ~ t r a t e s ) , ~ ~ ~  formation of a small amount (0.5%) of 
4-protoadamantyl product (3)6*7 and a high exolendo 
reactivity ratio of the order of lo4 in 4-protoadamantyl 


* Author for correspondence. 
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solvolyses7 have been taken as evidence for the for- 
mation of a highly unsymmetrical, weakly bridged 
intermediate cation. 


Should the intermediate cation be bridged, the extent 
of bridging may be increased by introducing an 
electron-donating substituent such as a methyl group to 
the 1-position of 2-adamantyl substrates. Studies along 
this line have been extensively done, and the increased 
formation of 4-methyl-4-protoadamantanol with a 2- 
adamantyl to 4-protoadamantyl product ratio of 7 : 3, 
the increased rate by a factor of 24-38 on introduction 
of a methyl group to the l-position,8 the methyl-d3 
kinetic isotope effect (1.05) in the solvolysis of 1- 
(methyl-&)-2-adamantyl tosylate' and the absence 
(c 3%) of both of inverted 1-methyl-2-adamantanol 
and 4-methyl-endo-4-protoadamantanol in hydrolysis 
have been interpreted as showing increased bridging in 
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both the transition state and the intermediate. How- 
ever, the increased rate on introducing the l-methyl 
substituent was also explicable on the basis of steric and 
inductive effects. lo 


On the other hand, recent a b  initio calculations 
(6-3 1G*) indicated a possibility that the 2-adamantyl 
cation may be neither u-bridged nor planar, and better 
described by a rapid equilibrium between two slightly 
deformed, hyperconjugatively stabilized 2-adamantyl 
cations which are distinguished by an energy barrier of 
2.8 kcal mol-'.2a It was suggested that the predomi- 
nant retention of configuration might be ascribed to  the 
'memory' of the ground-state configuration in the inter- 
mediate cation.*, If this is the case, the barrier should 
be increased by introducing a methyl substituent in the 
1-position because of the increased torsional effect 
between the methyl group and the hydrogen atom at the 
2-position. The increased barrier is expected to increase 
the amount of the retention product, not because of the 
increased a-bridging but the extended lifetime of the 
first-formed cation in solvolysis. However, the signifi- 
cant retention of configuration in the solvolysis of 1- 
methyl-2-adamantyl tosylate has been ascribed to 
increased bridging in the intermediate cation. 


With such a background, we wished to design a 
system which would permit nearly symmetric u-bridging 
in the intermediate cation (if it were non-classical) 
without any substituent on the bridgehead carbon 
adjacent to the cationic centre. As a candidate we 
examined the solvolyses of 4-methylene-2,,- and -2eq- 
adamantyl tosylates (4a-OTs and 4e-OTs, respectively). 
The experimental results with respect to  4a-OTs have 
been most reasonably interpreted in terms of a pair of 
rapidly equilibrating classical cations. '' On the other 
hand, 4e-OTs solvolysed by a completely different 
mechanism, and its solvolytic behaviour was explained 
on the basis of the formation of a a-bridged cation. 


4a-OTs 4e-OTs 


RESULTS 


Syntheses 
4-Methylene-2-adamantanols (4a-OH and 4e-OH) were 
conveniently prepared in a manner different from a 
reported method. l 2  The Wittig methylenation of the 
tert-butyldimethylsilyl ethers of 4-0x0-2ax- and -2-eq- 
adamantanols l3  followed by desilylation of the pro- 
duced 4-methylene products afforded the corresponding 
4-methylene-2-adamantanols (4a-OH and 4e-OH). The 
alcohols were converted into the tosylates in the usual 
manner. 


Solvolysis rates 


The rates of solvolyses were determined titrimetrically 
in methanol and 2,2,2-trifluoroethnol (TFE) in the pres- 
ence of 2,6-lutidine: the results are given in Table 1. All 
the rate runs followed satisfactory first-order kinetics 
(r > 0.999). 


Solvolysis products from 4-methylene-2,,-adamantyl 
tosylate (4a-OTs) 


The solvolyses of 4a-OTs (0.04 M) were conducted in 
MeOH, 80% acetone and TFE at 100 "C in the presence 
of excess 2,6-lutidine (0.05 M). In order to minimize 
possible isomerization and further reactions of kinetic 
control products, the solvolysis was interrupted at 3.5 
half-lives in hydrolysis in 80% acetone and at 5 half- 
lives in methanolysis and trifluoroethanolysis. In all 
the solvents, four products, 2ax- and 2,,-alkoxy(or 
hydroxy)-4-methyleneadamantanes (4a-OR and 4e-OR, 
respectively), exo-4-alkoxy (or hydroxy)-5-methylene- 
protoadamantane (exo-5-OR) and 5-(alkoxy(or hydroxy) 
methyl)-4-protoadamantene (6-OR), were formed as 
kinetic control products (Figure 1). The product distri- 
butions were determined by GLC and 13C NMR of 
crude products. 


Each component in the crude products was separated 
or concentrated by medium-pressure liquid chromatog- 
raphy on silica gel and identified by 13C and 'H NMR 
spectroscopy. Compounds 4a-OMe and 4e-OMe were 
also prepared by methylation of corresponding alcohols 
4a-OH and 4e-OH and used for identification of 
methanolysis products. The stereochemistry of 
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Table 1. Titrimetric rates of solvolyses of 1-adamantyl tosylate (1) and 4-methylene-2ax- and -2,,-adamantyl tosylates 
(4a-OTs and 4e-OTs, respectively) 


~~~ 


Relative rates at 
25 "C 


Temperature AHS A S S  
Compound Solvent ( O C )  ki ( s - ' ) ~  MeOH TFE (kcal mol-l) (e.u.) 


1 MeOH 25 2.90 x 1 0 - ~  1.0 
TFE 25 1.51 X 1.0 


4a-OTs MeOHC 25 1.27 x 0.44 29.5 -0.4 
75 1.86 x 


100 3.42 x 1 0 - ~  


50 1.06 x 1 0 - ~  


75 4.46 x 10-5 


40 2.50 x 1 0 - ~  


TFE ' 25 6.13 x lo-' 0.41 21.1 -16.0 
35 2.28 x 


4e-OTs MeOH 25 4 . 6 4 ~  16 27.1 0.9 
50 1.88 x 


TFE 25 4.59 x 1 0 - ~  30 20.4 -10.0 


"Determined in a single run. In all cases the correlation coefficient for the first-order plot was greater than 0.999 within an experimental 
error of f 2%. 
bSee Ref. lb.  
'The concentrations of substrate and 2.6-lutidine were 2.5 x lo-' and 5 x lo-' M,  respectively. 


Extrapolated from data at higher temperatures. 


4a-OTs 4a-OR 4e-OR exo-5-OR 6-OR 


In MeOH, R=Me 32.5 6.6 49.8 11.1 


In 80% acetone, R=H 47.0 8.6 41.7 2.7 


In TFE, R=CF3CH2 58.0 13.0 28.3 0.7 


Figure 1. Product distributions (To) in the solvolyses of 4a-OTs 


exod-OH was verified by 'H NMR NOE difference by LiAIH4 reduction of 5-methylene-4- 
experiments (see Experimental). The essential absence protoadamantanone (7) (Scheme 1). exo-5-OMe and 
(< O.lo /o)  of endo-5-OH in the solvolysis product was exod-OTFE were identified on the basis of marked 
shown by comparing the 'H NMR spectrum of the similarities of their NMR spectra to  that of exo-5-OH. 
product with that of endo-5-OH that was unambi- Assignment of the structure of 6-OMe rests on 'H 
guously prepared as major product (endo : ex0 = 96 : 4) NMR (270 MHz) signals of two nonequivalent methy- 


exo-5-OH 7 endo-5-OH exo-5-OH 


Scheme 1 
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Table 2. Selected "C NMR (CDCI3) chemical shift data of adamantyl (4). protoadamantyl (5) and 2,4-methano- 
adamantyl ( 9 )  products 


Compound Olefinic Methine Methylene Others 


4a-OHasb 105.5, 153.2 26.6, 34.2, 38.0, 45.8, 74.9 33.4, 35.7, 37.7, 38.6 
4a-OMeC 103.6, 154.0 27.3, 33.2, 38.2, 42.5, 84.4 31.0, 36-0, 38.2, 39.3 55.2 (OCH3) 
4e-OHasb 103.0, 155.4 27.3, 34.0, 37.5, 45.3, 74.3 30.4, 32.5, 36.5, 39.0 
4e-OMeaVC 103.0, 155.5 27.3, 31.3, 38.0, 42.2, 83.3 30.9, 33.0, 36.5, 39.1 55'4 (OCH3) 
4e-OTFE' 103.7, 154.8 27.2, 31.6, 37.8, 42.6, 83.6 30.8, 32.9, 36.4, 39.0 65.7 (q, J =  34 Hz), 


124.2 (q, J =  278 Hz) 
exo-5-OHC 114.0, 155.9 31.4, 35.3, 37.2, 39.4, 74.5 32.2, 36.0, 40.5, 42.5 


9-OMea.' 25.6, 28.4, 29.6, 34.7, 42.4 30.7, 31.5, 32.3, 34.5, 34.6 50.5 (OCH3), 
79.0 (quart C) 


exo-5-OMe' 115.2, 149.9 31.4, 35-3, 37.0, 37.9, 83.4 31.8, 35.4, 41.1, 42.3 55.5 (OCH3) 


'Agreed well with data in Ref. 12. 
bRccorded at 22.5 MHz. 
'Recorded at 67.8 MHz. 


Table 3. Selected 'H NMR (CDC13) chemical shift data of adamantyl (4,8),  protoadamantyl ( 5 ) ,  protoadamantenyl 
(6), 2,4-methanoadamantyl (9) and 2,4-didehydroadamantyl (10) products 


Compound Olefinic proton Other protons 


4a-OHa*b 


4a-OMeC 


4.77 (d, lH,  J = 2 . 3  Hz) 
4.67 (d, lH,  J = 2 * 3  Hz) 
4.65 (d, lH,  J = 2 . 2  Hz) 


4.58 (d, lH,  J = 2 . 2  Hz) 
4.67 (d, lH,  J = 2 . 2  Hz) 
4.58 (d, lH,  J = 2 . 2  Hz) 


4a-OTFECld 


4e-OH a,b 4.60 (s, 2H) 
4e-OMeC 4.59 (s, 2H) 


4e-OTFE' 4.61 (s, 2H) 


exo-5-OHc 5.03 (s, lH), 5.00 ( s ,  1H) 


exo-5-OMeCsd 5.10 (br s, 1H) 
4.92 (br s, 1H) 


exo-5-OTFEC*d 5.17 (s, lH), 4.94 (s, 1H) 
6-OH'*d 
6-OMeCsd 


6-OTFEC*d 


6.08 (d, lH ,  J =  8 Hz) 
6.10 (d, lH,  J = 6 . 8  Hz) 


6.17 (d, lH ,  J =  7.2 Hz) 
8' 


9-OMe b*c 


10-OMec9d 


1.3-2.2 (m, 11H), 2.44 (br s, 2H), 3.88 (br s, 1H) 


1.3-2.3 (m. lOH), 2.42 (br s, lH), 2.62 (br s, lH),  3.33 
(s, 3H), 3-43 (br s, 1H) 


3.69 (br s, 1H) 


1.4-2.7 (m, 13H). 3.84 (br s, 1H) 
1.50 (m, 2H), 1.61 (m, lH), 1.70-1.86 (m, 3H), 1.90 (m, lH), 
2.03-2.20 (m, 3H), 2.42 (br s, IH), 2.63 (br s, lH), 
3.28 (br s, lH), 3.35 (s, 3H) 
1.48-1.66 (m, 3H), 1.70-1.88 (m, 3H), 1.92 (m, lH), 
2.04-2.25 (m, 3H), 2.43 (br s, lH), 2.62 (br s, lH), 
3.52 (br s, lH),  3.84 (q, 2H, J =  8.8 Hz) 
1.18 (m, lH), 1.40 (m, lH), 1.46-1.56 (m, 2H), 
1.63-1.90 (m, 4H), 2.07-2.19 (m, 2H), 
2.31 (br q, lH ,  J = 6 - 1  Hz), 2.54 (m, lH), 2.59 (br s, lH), 


1.2-2.8 (m, 12H), 3.28 (s, 3H), 3.72 (d, lH ,  J =  3.8 Hz) 
4.33 (d, lH ,  J =  3.6 Hz) 


3.99 (d, lH ,  J =  3.9 Hz) 
4.05 (br s, 2H) 
1.2-2.8 (m, 12H), 3.29 (s, 3H), 3.81 (dd, lH ,  J =  12.0, 
1.2 Hz), 3.85 (dd, lH ,  J =  12.0, 1.2 Hz) 


1.3-2.3 (m, 12H), 1.38 (s, 3H), 3.17 (s, 3H), 3.32 (s, 3H), 
3.48 (br s, 1H) 
1.2-2.3 (m, 15H), 3.15 (s, 3H) 
3.27 (s, 3H) 


"Recorded at 89.55 MHz. 
bAgreed well with data in Ref. 12. 
'Recorded at 270.05 MHz. 


Determined for a product mixture from solvolysis. 
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H H  


4a-OMe 8 


Scheme 2 


lene protons of the MeOCH2 group at  6 3.81 (dd, 
J =  12.0, 1 .2Hz)  and 3.85 (dd, J =  12.0, 1 .2  Hz) and 
a n  olefinic proton at  6 6.10 (d, J =  6.8 Hz). Pertinent 
NMR data are summarized in Tables 2 and 3. 


Although the products of solvolysis in 80% acetone 
and TFE were stable under the reaction conditions, 
only in methanolysis did the once-formed 4a-OMe 
slowly undergo acid-catalysed addition of methanol to  
the double bond to  give a dimethoxy compound, most 
probably 2,,,4,,-dimethoxy-2-methyladamantane (8), 
even in the presence of 2,6-lutidine, presumably assisted 
by methoxy participation as shown in Scheme 2. There- 
fore, the yield of 4a-OMe given in Figure 1 includes the 
yield (2.9%) of 8. In addition, a small amount (0.2%) 
of 2-methoxy-2,4-methanoadamantane (9-OMe) was 
formed, presumably from once-formed 4e-OMe (see 
below). 


Solvolysis products from 4-methylene-2eq-adamantyl 
tosylate (4e-OTs) 


Solvolyses of 4e-OTs (0.04 M) were conducted at 75 "C 
in MeOH and TFE in the presence of excess 2,6-lutidine 
(0.05 M), and the product distributions were deter- 
mined by GLC and 13C NMR spectroscopy. 
The product was composed of only three components, 
2,,-alkoxy-4-methyleneadamantane (4e-OR), 2-alkoxy- 
2,4-methanoadamantane (9-OR) and 2-(alkoxymethy1)- 


H2C\ 


2.6-lutidine 


2,4-didehydroadamantane (10-OR). The identification 
of 9-OR and 10-OR rests upon agreement of the NMR 
data with those for 9-OMe and 10-OMe reported by 
Majerski and Majerski. I' Pertinent NMR data are sum- 
marized in Tables 2 and 3. The formation of 2,,-alkoxy- 
4-methyleneadamantane (4a-OR) was not observed to  
the limit of detection (0.3%). Although !hs ;?roduct 
distribution in trifluoroethanolysis was essentially con- 
stant during solvolysis, that in methanolysis slightly 
changed in the course of solvolysis: 4e-OMe slowly 
isomerized to  9-OMe. Therefore, the product distri- 
bution at t = 0 was estimated by extrapolating those at 
3.1, 4 - 8  and 11 - 2  half-lives. The results are given in 
Figure 2. 


DISCUSSION 


Structure of intermediate cation in the solvolyses of 
4a-OTs 


The rates of solvolyses of 4a-OTs were slower than 
those of 2-adamantyl tosylate (1) by factors of 2.3 and 
2.5 in methanol and TFE, respectively, a t  25 "C. These 
decelerations would be attributed to the electron- 
withdrawing effect of the methylene substituent. 
However, the decelerating effect is small compared with 
that of the methylene substituent of 3-methylene- 
bicyclo [2.2.2]oct-l-y1 triflate: the rate of 3-methylene- 


Y J 
4e-OTs 4e-OR 10-OR 


In MeOH, R=Me (t = o 84.5 


3.1 half-lives 83.1 


4.8 half-lives 82.1 


11.2 half-lives 79.4 


15.0 0.5)a 


16.4 0.5 


17.3 0.6 


20.2 0.4 


In TFE. R=CF3CH2 10 half-lives 98.7 0.8 0.5 


Figure 2. Product distributions (Vo) in the solvolyses of 4e-OTs. aExtrapolated values 
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4a-OTs 


4a-C(2)+ 


Scheme 3 


bicyclo [2.2.2]0ct-l-yl triflate is 142 times slower than 
that ol' parent bicyclo [2.2.2]oct-l-yl triflate in 80% 
ethanol at 25 " C .  l4 Therefore, it would be sound to 
conclude that the rate of solvolysis of 4a-OTs is 
approximately 50 times faster than that predicted on the 
basis of the electron-withdrawing effect of the methy- 
lene substituent. The net acceleration suggests 
the delocalization of the developing positive charge in 
the transition state to C-3 and further to  the methylene 
substituent through allylic conjugation. However, the 
charge delocalization in the transition state does not 
necessarily indicate the intermediacy of a a-bridged 
cation as depicted by 11. As discussed below, the 
product study rather suggested the intermediacy of a 
pair of rapidly equilibrating classical cations 4a-C(2) + 


and 4a-C(3)+ (Scheme 3). 
The ratios between the products with adamantyl 


structure and those with protoadamantyl structure are 
39:61 in methanolysis, 56:44 in hydrolysis in 80% 
acetone and 71 : 29 in trifluoroethanolysis. Therefore, 
should the intermediate cation be bridged, the extent of 
a-bridging would be nearly symmetric, leading to  pre- 
dominant formation of retention products. In reality, 
however, considerable amounts of equatorial (rear-side 
attack) product were formed with essentially constant 
axial t 3  equatorial ratios in the adamantyl product, i.e. 
83 : 17 (in MeOH), 85 : 15 (in 80% acetone) and 82: 18 
(in TFE). The similar axial to equatorial product ratios 
between methanolysis and trifluoroethanolysis indicate 
that a k, process is unimportant. The equatorial stereo- 
selectivity of 15-18Vo despite the advanced symmetric 
nature of the intermediate cation would be more 
reasonably explained in terms of a classical ion 4a- 
C(2)+ than assuming a non-classical ion 11. 


It might be argued that the non-classical ion as shown 
by 11 should not exist since delocalization of positive 
charge to  the methylene substituent permits the exist- 
ence of an allylic cation 4a-C(3)+ (Scheme 3). However, 
such an argument favouring the existence of 4a-C(3)+ 
on the one hand results in the support of intermediacy 
of a classical ion 4a-C(2)+ on the other. Nevertheless, 


the present conclusion should not generally be applied 
to  all 2-adamantyl cations. At least, the results obtained 
in the solvolyses of 4a-OTs suggest a possibility that a 
stabilizing substituent on the C-1 bridgehead position 
allows the I-substituted 2-adamantyl cation to  exist as 
a classical ion, as pointed out by FBrcaSiu. 


Structure of intermediate cation in the solvolyses of 
4e-OTs 


The solvolytic behaviour of 4-methylene-2,,-adamantyl 
tosylate (4e-OTs) was markedly different from that of 
4a-OTs with respect to  both the rates and products. The 
rate of 4e-OTs was faster than parent 2-adamantyl 
tosylate (1) in both of MeOH and TFE by factors of 16 
and 30 respectively, (Table 1). If we employ 1/142 as the 
inductive decelerating effect of a 6-methylene group, l4 
the observed rates are evaluated to  be enhanced by a 
factor of 2300 or 4300. In addition to the enhanced 
rates, 4e-OTs showed product distributions which were 
markedly different from those of 4a-OTs. For example, 
in methanolysis, 4a-OTs gave la-OMe (32*5%), 
4e-OMe (6*6%), exo-5-OMe (49.8%) and 6-OMe 
(1 1 * lCro), whereas 4e-OTs afforded 4e-OMe (84*5%), 
9-OMe (1 5 0%) and 10-OMe (0.5%) (see Figures 1 and 
2). It is noted that 4e-OTs gave only the retention 
product 4e-OMe, no inversion product 4a-OMe having 
been detected. These results from rate and product 
studies are reasonably explained in terms of x- 
participation by the methylene group in ionization and 
the formation of a x-bridged cation as depicted by 12. 
The attack of a solvent molecule on the C-2, C-4 or 
C-11 of 12 can explain the formation of retention 
product 4e-OR, a 2,4-methanoadamantane 9-OR or a 
2,4-didehydroadamantane 10-OR, respectively. 


These products have been observed to form in the 
reaction of 2,4-methano-2,4-didehydroadamantane 
(13) with AcOH, MeOH, and HCl in benzene via the 
same *-bridged intermediate as proposed in this work 
(Scheme 4). l 2  







SOLVOLY SES OF 4-METHYLENE-2-ADAMANTYL TOLUENESULPHONATES 46 1 


Nu 
12 


Compound 4e-OTs is structurally similar to 3-0- 
cholesteryl tosylate (14), which showed a relative rate 
with respect to cyclohexyl tosylate of 100 in actolysis at 
50°C and gave a product with complete retention of 
configuration via a homoallylic cation (15) (Scheme 
5). Is However, T bridging in the intermediate cation 12 
from 4e-OTs appears to be more advanced than in 15 
for geometric reasons. Advanced x bridging in 15 
would cause severe strain of the ring containing c, = c6 
because the spatial distance between C, and c6 has to 
be shortened. This notion is supported by the formation 
of the four-membered ring product 9-OR from 4e-OTs, 
which was not the case in the solvolysis of 14. 


Absence of interconversion between 4a-OTs and 
4e-OTs and between their ion-pair intermediates 
The rate ratio 4e-OTs/4a-OTs was 37 (in MeOH) or 75 
(in TFE) at 25 "C. Moreover, both 4a-OTs and 4e-OTs 
showed good first-order kinetics. If there had been 
interconversion between the two isomeric tosylates, a 
curved first-order plot would have been obtained. In 
addition, the pattern of the product distribution was 
characteristic of the substrate: 4a-OR, 5-OR and 6-OR 


were solely formed from 4a-OTs, and 9-OR was only 
formed from 4e-OTs. These results suggest that the 
equilibrating pair of ion-pair intermediates [4a- 
C(2) + F 4a-C(3)+] OTs- (Scheme 3) is not 
transformed into the r-bridged ion 12, and vice versa. 
The absence of interconversion at the intermediate 
stage also suggests that the ionization does not proceed 
to free-ion stage even in TFE. 


EXPERIMENTAL 


Melting points are uncorrected. IR spectra were rec- 
orded on a Perkin-Elmer Model 1640 spectro- 
photometer. 'H and I3C NMR spectra were recorded 
on a JEOL JNM-FX90A (89.55 MHz) or a JEOL 
GSX-270 (270.05 MHz) spectrometer with TMS as 
internal standard. GLC analyses were conducted on a 
Hitachi 163 gas chromatograph equipped with a flame 
ionization detector and a Hitachi D-2500 integrator. 
Medium-pressure liquid chromatography (MPLC) was 
carried out on Merck silica gel (230-400 mesh). TFE 
was stored over 5 A molecular sieves and distilled. 
Methanol was distilled from sodium methoxide. The 
other solvents used for syntheses were dried by standard 
methods. Elemental analyses were performed by the 
Microanalytical Centre, Kyoto University. 


4-Methylene-2,,adamantanol(4a-OH). To a mixture 
of 4,,-hydroxy-2-adamantanoneL3 (2.95 g, 17.7 mmol) 
and 2,6-lutidine (4.2 ml, 36 mmol) in anhydrous 
CHzClz (18 ml) was added tert-butyldimethylsilyl 
triflate ( 5  1 ml, 22 mmol) at room temperature. After 
stirring for 90 min, the reaction mixture was washed at 
0 "C with H20, 10% HCl, saturated NaHCO3 and 10% 
NaCl solutions and dried (MgS04). Evaporation of the 
solvent gave the tert-butyldimethylsilyl ether as yellow 
crystals (4.62 g, 93%), which was shown by "C NMR 
to be contaminated by 8% of the equatorial isomer. 


A CH9A 


13 


Scheme 4. HA = HOAc, HCI or HOMe 


Tso+I 2 1 AcoH_ AcO 


a P 
15 


6 
14 


Scheme 5 
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The silyl ether mixture (4.60 g, 16.4 mmol) was treated 
at 70°C for 35 min with Ph3PCH2 generated from 
Ph3PCH3Br (17*8g, 49.8mmol) and NaH in 
DMSO." The reaction mixture was poured into 
ice-water and extracted with diethyl ether. The ether 
extract was washed with saturated NaCl and dried 
(MgS04). Evaporation of the ether followed by MPLC 
(SiOz) gave the tert-butyldimethylsilyl ether of 4a-OH 
(4a-OTBMS) contaminated by 8% of 4e-OTBMS; 
3.77 g, yield 83%. The silyl ether mixture (3.77 g, 
13. S mmol) was heated in 1 M Bu4NF solution in THF 
(27 rnl) at 50°C for 21 h. The reaction mixture was 
mixed with 5% NH4CI (80 ml) with vigorous stirring, 
extracted with diethyl ether and the ether extract was 
washed with HzO, 20% NH4C1, 10% NaCl and dried 
(MgS04). The ether was evaporated and the crude 
product was purified by MPLC [si02-7% AgNO3, 
hexane-diethyl ether (7 : 3)] to give 4a-OH (1.46 g, 
66%), m.p. 189.5-190.0 "C (from hexane) (lit. 
162-165 OC). All the spectral data agreed with reported 
data. I *  


4-Methylene-2e -adamantanol(4ee-0H). 4,,-Hydroxyl- 
2-adamantan0ne'~~ was converted into 4e-OH similarly 
to the preparation of 4a-OH in an overall yield of 64%, 
m.p. 174-0-174.5"C (from hexane) (lit.I2 
168-171 'C). All the spectra data agreed with reported 
data. IZ 


4-Methylene-2,,-adamantyl tosylate (4a-OTs). To a 
solution of 4a-OH (2.98 g, 18.1 mmol) in pyridine 
(33 ml) was added p-toluenesuLphony1 chloride (6.95 g, 
36.5 mmol) over 10 minoat 0 C and the mixture was 
stored for 10 days at 10 C. The reaction mixture was 
poured into ice and extracted with diethyl ether. The 
ether extract was washed with 5% HC1 and HzO and 
dried (MgS04). Evaporation of the solvent followed by 
recrystallization of the residue afforded 4a-OTs ,as 
colourless crystals (4*70g, 81.30/0), m.p. 74.0-74 - 5  C 
(from hexane). IR (CCL): 2924, 2857,1663, 1600, 1496, 
1451, 1371, 1178cm-I. 'H NMR (89-55MHz, 
CDCl3): 6 1-4-2.2 (m, 10 H), 2.42 (s, 3 H,  CH3), 2-49 
(br s, 2 H), 4.43 (d, 1 H,  J =  2.0 Hz), 4-64 (d, 1 H,  
J = 2 * 0 H z ) ,  4-75 (br s, 1 H), 7.31 (d, 2 H ,  
J = 8 . 5  Hz), 7.78 (d, 2 H ,  J = 8 * 5 H z ) .  I3C NMR 
(22.5 MHz, CDCl3): 6 150.7 (C=CHz); 105.3 
(C=CH2); 21.2, 127.1, 129.3, 134.7, 144.0 
(CH3C6H4); 26.3, 32.5, 37.3, 42.9, 86.0 (CH); 32.6, 
35-7, 37.9, 38.5 (CH2). Analysis: calculated for 
C1&203S, C 67.89, H 6.96; found, C 67-83, H 
7.08%. 


4-Methylene-2,,-adarnantyl tosylate (4e-OTs). The 
method used for the preparation of 4a-OTs was 
employed except that the reaction mixture was allowed 
to stand for 4 weeks at 10°C. Since 4e-OTs did not 
crystallize at room temperature, the crude tosylate was 


purified by MPLC [SiOZ, hexane-diethyl ether (9 : l)] 
to afford a colourless liquid; yield 90%. IR (CCL): 
2930, 2862, 1657, 1600, 1496, 1450, 1373, 1179cm-'. 
'H NMR (89.55 MHz, CDCl3): 6 0.8-2.6 (m, 12 H), 
2-42 (s, 3 H, CH3), 4.5-4-7 (3 H, =CHz and H-2 
overlapped), 7.32 (d, 2 H,  J =  8.1 Hz), 7.80 (d, 2 H, 
J =  8.1 Hz). I3C NMR (22.5 MHz, CDCl3): 6 152.7 
(CzCH2); 104.8 (C=CH2); 21.2, 127.1, 129.4, 
134.4, 144.1 (CH3C6H4); 26.5, 32.1, 36.8, 43.1, 84.7 
(CH); 30.3, 32.6, 36.0, 38-3 (CH2). Analysis: calcu- 
lated for C I S H Z ~ O ~ S ,  C 67.89, H 6.96; found, C 67-96, 
H 6.93%. 


Products of methanolysis; typical procedure. A 
methanol solution (25 a 0  ml) containing 4a-OTs 
(318 mg, 1-00 mmol) and 2,6-lutidine (0.0500 M) was 
divide: into five 5 ml portions in ampoules and heated 
at 100 C. At intervals the solution in an ampoule was 
transferred into a flask and most of the methanol evap- 
orated. To the residue was added CHzClz (24 ml) and 
the solution was washed at 0 "C with water (10 ml), 
10% HCl (2 x 10 ml), 10% NaCl (10 ml) and saturated 
NaHCO3 solution (10ml) and dried (MgS04). The 
solvent was evaporated and the residual colourless oil 
was subjected to GLC (PEQ 20M, 2 m x 3  mm i.d. 
column, programmed at 2 C min-' from 150 to 
200°C) and NMR ( 'H 270.05 MHz; I3C 67.8 MHz) 
analyses. The GLC peaks were assigned by comparing 
the percentage compositions with I3C NMR signal 
intensities. The results are summarized in Figures 1 
and 2. 


2@,- and 2,,-methoxy-4-methyleneadamantanes (4a- 
OMe and 4e-OMe) by methylation of 4a-OH and 4e- 
OH. A mixture containing 4a-OH and 4e-OH in a ratio 
of 10: 1 (107 mg, 0.651 mmol) and iodomethane 
(0.16 ml, 2.6 mmol) were dissolved in DMSO. To this 
solution was added KOH (0.15 g, 2.7 mmol) and the 
mixture was stirred at room temperature for 1 h. The 
reaction mixture was poured into water (30 ml) and 
extracted with pentane (3 x 10 ml). The combined 
extract was washed with water (3 x 10 ml) and dried 
(MgS04). Evaporation of the solvent afforded a colour- 
less liquid (105 mg), which was found by 'H NMR to 
contain 4a-OMe, 4e-OMe, 4a-OH and 4e-OH in a 
molar ratio of 61*4:8*3:29-0 :  1.3. On GLC (PEG 
20M) analysis, 4e-OMe and 4a-OMe eluted in that 
sequence. 


Identijication of 2-methoxy-2,4-methanoadamantane 
(9-0Me) and 2-(methoxymethyl)-2,4-didehydroadam- 
antane (20-OMe). A product mixture in the methano- 
lysis of 4e-OTs was chromatographed by MPLC (SiOz) 
to afford two fractions, the first fraction containing 
4e-OMe and the second consisting of 4e-OMe (4.4070), 
10-OMe (12.3%) and 9-OMe (83.3%). The latter frac- 
tion was subjected to I3C NMR (67.8 MHz) and 
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4e-OMe and 9-OMe were identified by comparing the 
I3C NMR 6 values with reported data. I' 


Products of hydrolysis; typical procedure. Com- 
pound 4a-OTs (500 mg, 1-57 mmol) was dissolved in 
80% acetone (39-3 ml) containing 0.050 M 2,6-lutidine 
and the resulting solution :as heated in ampoules for 
28 h (3.5 half-lives) a t  100 C. From the reaction sol- 
ution was evaporated the acetone and the residue was 
extracted with CH2C12. By the usual procedure, the 
product mixture was obtained as a colourless semi-solid 
(330 mg), which was subjected to GLC (PFG 20M, 
2 m x 3 mm i.db column, programmed at 2 C min-' 
from 150 t o  200 C) and NMR analyses for composition 
determinations. 


Isolation of 5-methylene-exo-4-protoadamantanol 
(exo-5-OH). From the hydrolysis product of 4a-OTs 
was isolated exo-5-OH by MPLC [SiO2-7% AgNq3, 
hexane-diethyl ether (95 : 5)], m.p. 176.5-177.5 C 
(from hexane). I3C and 'H NMR data are shown in 
Tables 1 and 2. Analysis: calculated for CllH160, C 
80-44, H 9.82; found C 80-48, H 10.11%. 3 3 -  
Dinitrobenzoate, m.p. 149.5-150.5 "C. IR (CC14): 
3103, 2941, 2870, 1731, 1629, 1549, 1457, 1343, 1273, 
1163, 922cm-'. 'H NMR (89-55MHz, CDC13): 6 
1-0-2-9 (m, 12 H), 5-22 (s, 1 H), 5.33 (s, 1 H), 5.83 
(d, 1 H,  J = 3 - 7 H z ) ,  9-9.5 (m, 3 H). I3C NMR 
(22.5 MHz, CDCI3): 6 161.9 (C=CHz); 118.3 
(=CHz); 122.0, 129.2, 134.7, 148.5, 149.5 
[ - O C O C ~ H ~ ( N ~ ~ ) Z ] ;  31.7, 35.3, 36.8, 37.6, 78.3 
(CH); 32.4, 35-7, 40.3, 42-2 (CH2). Analysis: calcu- 
lated for Cl&IlgN&, C 60.33, H 5.06; found, C 
60.12, H 5.12%. The ex0 configuration of exo-5-OH 
was determined by 'H NMR NOE difference exper- 
iments. When endo-2-H was irradiated, the 4-H signal 
was enhanced by 5.9% and when 4-H was irradiated, 
the endo-2-H signal was enhanced by 6.6%. 


5-Methylene-4-protoadamantanone (7). To  a sus- 
pension of pyridinium chlorochromate (1 13 mg, 
0,524 mmol) in CHzClz (0.6 ml) was added a solution 
of exo-5-OH (52 mg, 0-32 mmol) in CHzClz (0.6 ml), 
and the mixture stirred under Nz at  room temperature 
for 4 h. Diethyl ether (1 ml) was added and the solution 
was passed through a column of Florisil (1.0 g). The 
tarry residue was extracted with diethyl ether (4 x 1 ml), 
and the extracts were worked up similarly. The solvent 
was evaporated and the residual oil was purified by 
MPLC [SiOz, hexane-diethyl ether (9: l)] to  give 5-  
methylene-4-protoadamantanone (7) as a colourless oil. 
IR (liquid film): 2928, 1701, 1629, 1294, 1017 cm-I. 'H 
NMR (270MHz, CDC13): 6 1-58-1-82 (m, 6H), 
1.95-2.09 (m, 2H), 2.39 (m, lH), 2.65 (m, lH), 
2.79-2.91 (m, 2H), 5.14 (d, lH ,  J =  1.8 Hz), 5.91 (d, 


150.3, 204.4 (C), 36.6, 37.2, 38.3, 49.2 (CH), 34.4, 
lH,  J y 1 . 8 H ~ ) .  I3C NMR (67.8 MHz, CDCl3): 6 


38.6, 38.8, 41.5, 117.5 (CH2). Analysis: calculated for 
C I ~ H ~ 4 0 ,  C 81.44, H 8-70; found, C 81.17, H 8.75%. 


Reduction of 5-methylene-4protoadamantanone (7) 
with LiAIH4. 5-Methylene-4-protoadamantanone (7) 
(14 mg, 0.088 mmol) was treated with LiAIH4 (5.1 mg, 
0-13 mmol) in dry diethyl ether (0.5 ml). The usual 
work-up of the reaction mixture gave 14mg of a 
colourless oil, which was shown by 'H NMR to consist 
of two products in a ratio of 96 : 4, the minor one being 
exod-OH. The major component was identified as 
5-methylene-endo-4-protoadamantanol (endo-5-OH) 
from NMR data. 'H NMR (270MHz, CDCI3): 6 
1-36-1.75 (m, 8H), 1.83 (m, lH), 2.16 (br s, IH), 
2-41 (m, 2H), 2.65 (br s, lH), 4.43 (br d ,  IH, 
J = 4 * 6 H z ) ,  4.98 (m, lH), 5.13 (t, lH ,  J =  1.1 Hz). 
I3C NMR (67*8MHz, CDCI3): 6 156.0 (C), 34.7, 
35.4, 38.5,  40.7, 70.5 (CH), 31.2, 32.7, 41-0, 41.6, 
108.5 (CH2). 


Products of trifluoroethanolysis; typical proce- 
dure. To a 5.00ml of a solution of 0 . 0 5 0 0 ~  2,6- 
lutidine in TFE which had been heated to 75.0 "C in a 
constant-temperature bath was added 4e-OTs 
(63.7 mg, 0-200 mmol), and the solution kept a t  
7 5 ~ 0 ° C  for 20 min (12.9 half-lives). Most of the TFE 
was rotary evaporated, the residue was dissolved in 
CHzC12 and the solution was worked up in the usual 
manner to  give a colourless oil (36.4mg), which was 
subjected to  GLC (PEG 20M, 2 m x 3 mm i.d. column, 
programmed at 2 C min-' from 150 to 200°C) and 
NMR analyses. 


Kinetic method. The titration method has been 
described previously. " All the rates at 25 "C were 
determined by the pipetting out m$thod, whereas those 
of methanolysis at 50, 75 and 100 C were measured by 
using ampoules. The ampoule method caused 
significant titration errors in trifluoroethanolysis, prob- 
ably because of the formation of HF on sealing the 
ampoules. Therefore, the reaction was conducted in a 
50ml  long-necked flask equipped with a septum cap, 
and a sample was withdrawn by means of a syringe. 
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MECHANISM OF THE HYDRIDE TRANSFER REACTION OF 
LEUCO CRYSTAL VIOLET WITH CYANOMETHYLENE 


ACCEPTORS 


NOR10 NISHIMURA,* KHAN M. ZAMAN AND SHUNZO YAMAMOTO 
Department of Chemistry, Faculty of Science, Okayama University, Okayama 700, Japan 


In the hydride transfer reaction of Leuco Crystal Violet to form the Crystal Violet cation, the role of cyanomethylene 
acceptors was found to be essentially different from that of p-benzoquinones, both previously believed to act as 
r-acceptors in the same manner. 


The mechanism of hydrides transfer reactions of N- 
benzyl- 1,4-dihydronicotinamide with various kinds of 
a-acceptors has attracted much interest. In the early 
stages of work, direct hydride transfer was believed to 
occur. However, Steffens and Chipman4 cast doubts 
on this and suggested the formation of a charge- 
transfer (CT) complex as an intermediate. Ohno and 
Kito5 demonstrated by ESR that the reaction actually 
proceeds via a CT intermediate. During the last decade, 
Fukuzumi and co-workers 6 -  lo have investigated in 
detail and revealed the mechanism of hydrides transfer 
reactions for a variety of electron donor-acceptor 
systems. 


Similar hydride transfer reactions of Leuco Crystal 
Violet (CVH) l1 - l4 and N-methylacridans with various 
kinds of *-acceptors I 5 - l 8  have also been reported. 
These studies seem to have established that the apparent 
hydride transfer reactions involve first electron transfer 
via a CT complex, followed by successive proton and 
electron transfers (Scheme 1). 


Previously, we noted that in the reaction between 
CVH and chloranil (CA), the rate of formation of 


DH + A S  (DH .+ A) * (DH+'A+*) 
(D'AH') S (D'AH-) 


(D+AH-) + A .+ D' + A-' + AH' 
2AH' .+ AH2 + A 


Scheme 1. Multi-step mechanism generally accepted so far. 
DH denotes a hydride donor and A its acceptor. The pairs of 


species in parentheses are in solvent cages 


* Author for correspondence. 
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Crystal Violet cations (CV') agreed with that of 
CA- * .  13.14 Recently, similar results have been obtained 
for the reaction between Leuco Bindschedler's Green 
and CA, l9 although not stated explicitly. These findings 
are in harmony with the above-mentioned mechanism. 
However, during studies along this line we noticed the 
important point that the reaction proceeds in different 
ways, depending on the nature of the n-acceptors. In 
this paper we report our new findings. 


When an acetone or acetonitrile solution of 7,7,8,8- 
tetracyano-p-quinodimethane (TCNQ) was mixed with 
that of CVH, a characteristic absorption band of 
TCNQ anion radicals, TCNQ-' extending over the 
range 650-900 nm with a vibrational structure, 
appeared immediately (Figure 1). On cooling the sol- 
ution with liquid nitrogen, the colour changed from yel- 
lowish green to light brown, but the original colour 
returned on warming, indicating the formation of a CT 
complex at low temperatures. The rate of initial rise of 
TCNQ-' was so rapid at ambient temperature that we 
were unable to measure the rate even by means of the 
stopped-flow technique. Although the formation of a 
small amount of TCN was observed when TCNQ was 
dissolved in CH3CNF the absorbance of TCNQ-' 
extrapolated to zero time was found to depend on both 
the initial concentrations of TCNQ and CVH, 
indicating that a rapid (pseudo) equilibrium between 
the reactants and the pair of radical ions 
(CVH+'TCNQ-') was attained before CV' began to 
form. From the structural point of view, the electronic 
spectrum due to CVH+' may be similar to that of the 
cation radical of dimethylaniline. When the acetonitrile 
solutions of dimethylaniline and TCNQ were mixed, 
only the electronic spectrum of TCNQ-' appeared in 
the visible region. Judging from its localized electronic 
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Figure 1. Spectral change as a function of time (10 min 
intervals) for the reaction of CVH with TCNQ in aceto- 
nitrile at 25 "C. [CVHIo = 2 x moldm-'; [TCNQlo = 


4~ 1 0 - ~ m 0 1 d m - ~  


structure, it is not unexpected that no spectrum due to 
CVH" appeared in the visible region. 


Under the conditions [TCNQlo %- [CVHIo, the equi- 
librium constant was calculated using the following 
equation: 


where x denotes the concentration of TCNQ-' co- 
existing with CVH" in a solvent cage, and it was esti- 
mated from the absorbance at X,,,=843 nm 
(E  = 43 300 dm3 mol-'crn-') due to TCNQ-'. With 
variations of [TCNQlo and [CVHIo, the average value 
of K obtained at 25 "C was 37.9 2 0-9  dm3mol-'. 
After the pre-equilibration, the absorbance increased 
gradually, and simultaneously the intensity of the band 
at Amax = 589 nm due to CV+ ( E =  117000 dm3 mol-' 
cm-') also increased (Figure 1). With an excess of 
TCNQ over CVH, it was found that the rate of for- 
mation of CV' followed first-order kinetics with 
respect to [CVH] and that the rate was also pro- 
portional to [TCNQlo. On the basis of Figure 1, the 
time dependences of [TCNQ-'1 and [CV' J were 
plotted as shown in Figure 2. It can be seen that the rate 
of formation of TCNQ-' is nearly twice as great as 
that of CV+. The rate ratio continued for a long time, 
indicating that the reaction proceeds with 2 : 1 stoichi- 
ometry. A plausible reaction scheme which accommo- 
dates the above findings may be as shown in Scheme 2. 


The overall stoichiometry is given by 


2CVH + ZTCNQ = CV+ + CVH; + 2TCNQ-' 


where CVH; denotes protonated CVH. Assuming a 
steady state for [CVH'.] and [CV'], the initial rate of 
formation of CV+ after the pre-equilibration could be 


8 -  


cv+ 


0 


219 


Figure 2. Time dependences of [CV'] and [TCNQ-'I 


given by 
R = Kkl [ TCNQlc [ CVH], (2) 


where K = K I K ~ .  Since at the pre-equilibrium about 3% 
of CVH was found to be converted into CVH", this 
expression could be approximated as follows: 


(3) 
This expression is consistent wit! the observation stated 
above. The Kkl value at 25 C is estimated to be 
7 . 2 0 ~  dm3rnol-'s-', which leads to 
k ,  = 1.9 x 10-4s-1. This extraordinarily small value 
means that the pair of radical ions are stabilized by the 
coulombic force. Therefore, the diffusive process to 
form CVH" and TCNQ-' from the ion pair is 
inferred to be extremely slow. 


When an acetone or acetonitrile solution of tetra- 
cyanoethylene (TCNE) was mixed with that of CVH, an 
absorption band extending over the range 350-460 nm 
with a vibrational structure appeared immediately, fol- 
lowed by slow formation of CV'. Therefore, the role 
of TCNE in the hydride-equivalent transfer is con- 
sidered to be the same as that of TCNQ. Unfortunately, 
the molar absorptivity of this band assigned to 
TCNE-'2' is much smaller than that of TCNQ-', 
which made its kinetic measurement difficult. Hence no 


R = Kki [ TCNQlo [ CVHlo 


(CVH + TCNQ) KI CVH+TCNQ 
Kz - . (CVH + 'TCNQ - .) 


(CVH+'TCNQ-') kl CVH+' + TCNQ-* 
k 


CVH" + CVH ---L.-+ CV' + CVHJ (fast) 


cv- + TCNQ k, cv+ + TCNQ-* (fast) 
Scheme 2. Proposed multi-step mechanism for CVH-TCNQ 


system 
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further quantitative measurements were done for 
TCNE. 


It is worth noting that in this mechanism, TCNQ acts 
as an electron acceptor, but not as a hydride acceptor 
or a hydrogen acceptor, although species such as 
TCNQH- (TCNEH-) and TCNQH' (TCNEH') have 
been assumed. 7*15-18 On the other hand, it is well 
known that the oxidation-reduction reaction between 
quinones and the corresponding hydroquinones 
involves multi-step processes. Therefore, it is reason- 
able that p-benzoquinones such as CA can accept an 
electron followed successively by a proton and an elec- 
tron from a *-donor (Scheme 1). In this case, the 
proton transfer step is rate determining, as evidenced by 
the remarkable kinetic isotope  effect^.^'"^'^ The species 
TCNQH' might be formed by the reaction 


CVH" + TCNQ --t CV+ + TCNQH' 


The neutral radical TCNQH' is known to be formed as 
an intermediate of the reaction of TCNQ-' with strong 
mineral acids and it disproportionates to form TCNQ 
and p-phenylenedimalononitrile. 20322 However, the rate 
equation derived on this assumption leads to the same 
rate of formation of CV+ as that of TCNQ-' and 
hence to 1 : 1 stoichiometry, which is inconsistent with 
our observation. Meanwhile, CVH not only behaves as 
a successive electron-proton-electron donor to give net 
CV', but also acts as a base to accept protons. In fact, 
during the reaction, a new peak appeared at A,,,= 
222 nm. This band can be assigned to CVH2+, since the 
same band appeared on adding a small amount of HCl 
to the acetonitrile solution of CVH. 


Fukuzumi et a1.' found that added pyridine accel- 
erates the rate of a hydride transfer reaction. Indeed, 
the rate of formation of CVf increased proportionately 
to the added triethylamine (TEA). If their view is taken 
into account, the rate of formation of CV' may be 
aided by the reaction 


(CVH+'TCNQ-') + TEA --* CV' + TEAH' + TCNQ 


Under the conditions of excess of CVH over TCNQ, 
second-order kinetics such that 
(CVH+-TCNQ-') + CVH -+ CV' + CVH: + TCNQ-' 


cannot be neglected. Although no contribution of this 
term was found under our experimental conditions, we 
have found recently in another system that such a term 
plays a considerable role. 


In conclusion, it has been clarified that in the hydride 
transfer reaction of CVH, the behaviour of 
cyanomethylene acceptors is essentially different from 
that of p-benzoquinones. The difference arises from the 
reasonable assumption that p-benzoquinones can 
accept both electrons and protons, whereas cyano- 
methylenes can accept only electrons. Previously, only 
one of the species formed during the hydride transfer 


reactions has been followed spectrophotometric- 
and no distinction has been made 


between p-benzoquinones and cyanomethylenes. Hence 
some speculations were required to infer the 
mechanism. In this study, we followed the formation of 
two products at the same time, and this made the 
mechanism clearer. Details of the difference in the roles 
of p-benzoquinones and cyanomethylenes in the 
hydride transfer reactions will be discussed elsewhere. 


ally, 6 -  10,15 - 18 
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In constrast with recent molecular orbital calculations on the decarboxylation of 0-protonated 2-oxetanone, this 
experimental work indicates that no decarboxylation of this cation occurs in sulphuric acid solution up to 150 OC, but 
instead a clean isomerization to protonated acrylic acid takes place. Parallel theoretical work shows that the gas-phase 
model is too crude to account successfully for the experimental facts obtained in acidic media. However, the latter 
are well reproduced when the effect of the solvent is taken into account. The present findings do not necessarily 
invalidate the reaction mechanism currently accepted to explain the rate enhancement and change of stereochemistry 
accompanying the decarboxylation of 3,4-disubstituted 2-oxetanones under acid catalysis. 


INTRODUCTION yielding carbon dioxide and the corresponding olefins. 


In spite of the fact that the thermal decarboxylation of 
2-oxetanones is already a classical well established 
method for the stereospecific synthesis of substituted 
olefins, ' there being several kinetic studies on this type 
of process, the first theoretical investigation on the 
reaction mechanism appeared only relatively recently. 
This was based on the study of the potential energy 
hypersurface of 26 different substituted 2-oxetanones 


* Author for correspondence. 


In all the cases studied, thermal decarboxylation is pre- 
dicted to be a concerted process going through a planar 
zwitterionic transition state. Thus, the involvement of 
radicals is ruled out and the stereospecific character of 
the synthesis is explained through 1,4-interactions. 


A very interesting experimental fact in the framework 
of these reactions is the role of acidic catalysts. It has 
been reported that when the latter are present in the 
medium the stereochemistry of decarboxylation in the 
case of cis-4-aryl-3-tert-butyl-2-oxetanones involves 
total inversion of configuration, instead of stereoreten- 
tion as in non-catalytic media. Further, it has been 
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shown that the reaction rate is markedly enhanced in a 
simultaneous way.4 In the above theoretical work3 the 
decarboxylation of 2-oxetanone protonated at the car- 
bony1 oxygen (1) was also studied as a model for the 
acid-catalysed reaction (see Figure 1 for structures 
1-8). According to  this approach, the mechanism 
changes dramatically in the presence of acids, taking 
place through two well defined intermediates, 3 and 4, 
instead of being a concerted process. The almost free 
rotation around the C-3-C-4 bond of the first inter- 
mediate 3 explains the stereochemical outcome of the 
process in the presence of acidic catalysts. On the other 
hand, the observed increase in the reaction rate under 
these conditions is explained as a result of the lower 
energy barrier associate with the new reaction path. 


In this paper, we present experimental evidence 
showing that, against expectations, 2-oxetanone is not 
converted into ethylene and protonated carbon dioxide 
under strongly acidic conditions $96070 sulphuric acid) in 
the temperature range 30-150 C.' Instead, an equi- 
librium is reached between 0-protonated 2-oxetanone 
(1) and 0-protonated acrylic acid (8). However, 
cleavage of 1 giving protonated carbon dioxide was 
observed by chemical ionization mass spectrometry 
(CIMS), indicating that this process takes place in the 
gas phase and requires much more energy than that pro- 
vided by simple heating of the substrate in strongly 
acidic solution. This prompted us to perform more 
refined theoretical calculations, trying to  overcome the 
apparent contradiction between facts and theory. We 
show that, using the same kind of methodology as 
described in a previous report, inclusion of the solvent 
effect in the model allows a satisfactory qualitative 
explanation of all the experimental results obtained in 
solution. 


EXPERIMENTAL 


Proton spectra were recorded at 60 MHz with a Hitachi 
Perkin-Elmer Model R-24 B NMR spectrometer. I3C 
NMR spectra were recorded with a Bruker W P  80 SY 
NMR spectrometer using dioxane as external standard 
(capilar). 'H and I3C chemical shifts (6) are reported in 
ppm relative to  TMS. CIMS was carried out with a 
Hewlett-Packard Model 5930 A mass spectrometer, 
using methane as reactant gas; m/z  values and relative 
intensities (Yo) of the peaks are presented. 


Neutral substrates were purchased from Aldrich and 
used without further purification. Ions were prepared 
by slow addition, with efficient stirring, of the cooled 
substrate to the mineral acid in an ice-water bath to  
give ca 1 M solutions. These solutions were heated in 
tightly closed NMR sample tubes by using a ther- 
mostated bath at the temperatures indicated. 


Spectral data found for ion 8 were in agreement with 
those reported previously.6 Ion 1 exhibited the fol- 
lowing I3C NMR parameters: 6 (96% HzS04, 20 


MHz) = 187.5 (s), 67.3 (t), 34-1 (t). The 'H NMR spec- 
trum of 1 was in agreement with literature data.' CIMS 
of 2-oxetanone gave the following peaks: 
m/z(olo) = 73(100), 5 5 ( 5 ) ,  45(5), 43(21). 


CALCULATIONS AND MODELS 


Semi-empirical PM3' and AM 1 molecular orbital cal- 
culations were carried out with the MOPAC package of 
programs. lo We used the AM1 hamiltonian comparison 
with previous theoretical results. Further, the PM3 
hamiltonian was used because it is more suitable for 
describing hypervalent interactions' which are present 
in our model of solvated molecules. In general, both 
methods give similar results and appear to  be the best 
available semi-impirical approaches to  the study of 
chemical reactions. The type of strategies used here 
(location and characterization of the stationary points, 
building up of the minimum reaction path, etc.) are 
analogous to  those used previously3 and therefore no 
detailed description is provided here. 


We studied decarboxylation versus isomerization of 
0-protonated 2-oxetanone (1) in both the gas phase and 
in solution. The gas-phase study included construction 
of the minimum energy reaction paths corresponding to 
the two alternative processes, location and characteriz- 
ation of the stationary points and all the pertinent ana- 
lyses. Our model of solvated reaction consists in adding 
water molecules to  the structures of the above critical 
points according to  the following procedure: we add the 
first water molecule in several possible sites and allow 
the system to relax until it reaches the most stable 
arrangement. Among the different monohydrated struc- 
tures, the most favourable in terms of energy content is 
chosen. Then its geometry is starred and a second water 
molecule is added. Again, different sites are considered 
and the system is allowed to  relax until stable geome- 
tries are reached. The two water molecules are allowed 
to  relax once more and the most stable among the 
different final structures is chosen. 


It should be stressed that when two water molecules 
are present it may happen that some of the dihydrated 
structures show inter-water hydrogen bonds. Obvi- 
ously, the extra stability provided by these bonds con- 
cerns the quasi-crystalline structure of liquid water but 
not the solvent-solute interaction. Hence these struc- 
tures were not taken into account and the most stable 
among the remaining optimized structures have been 
chosen. 


We proceeded in the same way, adding up to  four 
water molecules, realizing that this involves starting 
building the quasi-crystalline liquid water structure in 
such a way that the situation of the different critical 
points of the energy hypersurface becomes not com- 
pletely comparable. Further, since the model behaves 
consistently when the number of water molecules is 
increased from one to four (if one excludes the struc- 
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tures containing inter-water hydrogen bonds), all the 
meaningful chemical conclusions can be drawn at this 
model level. 


RESULTS AND DISCUSSION 


Experimental observations on ion 1 in solution and 
in the gas phase 


0-Protonated 2-oxetanone (1) was obtained as a stable 
ion when its neutral precursor was dissolved in concen- 
trated sulphuric acid, at room temperature. This spe2ies 
was studied over the temperature range 30-150 C ,  
using ‘H NMR spectrometry to monitor the progress of 
the reaction at regular time intervals for up to several 
hours. It was expected that, according to previous pre- 
dictions,3 ion 1 would undergo fragmentation to give 
ethylene and protonated carbon dioxide. In concen- 
trated sulphuric acid, ethylene would have been quanti- 
tatively trapped as ethyl sulphate or, after prolonged 
heating, as isethionic acid. Surprisingly, formation of 
ethylene could not be detected under the experimental 
conditions used. Instead, 0-protonated 2-oxetanone (1) 
was progressively transformed into 0-protonated 
acrylic acid (8),6 which was identified by comparison of 
its ‘H and I3C NMR spectral data with those of auth- 
entic 8 generated directly by protonation of a commer- 
cial sample of acrylic acid in concentrated sulphuric 
acid. The conversion of 1 into 8 was clean and, in spite 
of the drastic condition: of the treatment (heating for 
several hours up to 150 C), no polymers were formed. 
This was assessed by adding a known amount of 
methanesulphonic acid as an internal standard to deter- 
mine the composition of the reaction mixtures by ‘H 
NMR integration. 


Since the available theoretical calculations had been 
performed for the species 1 in the gas phase, we decided 
to record the mass spectrum of 2-oxetanone under con- 
ditions of chemical ionization (CIMS), using methane 
as reactant gas. It is known that this technique is useful 
for generating protonated molecules, whose fragmen- 
tation patterns are highly relevant in terms of gas-phase 
ion chemistry.” In the CI mass spectrum of 2- 
oxetanone, the (M + 1) peak with m/z 73 was the most 
intense. Since 0-protonated 2-oxetanone (1) and 0- 
protonated acrylic acid (8) are isomeric ions, it is 
difficult to determine whether the peaks at m/z 73 is due 
to a single ion or to the contributions of 1 and 8. How- 
ever, the fact that a fragment of m/z 55 was clearly 
observable in the CI mass spectrum of 2-oxetanone 
(relative intensity 5 070) suggests that isomerization of 1 
actually takes place in the gas phase, to give 8. Dehy- 
dration of the latter to the corresponding acyl cation 
would account for the peak with mlz  5 5 .  


Concerning the feasibility of the predicted fragmen- 
tation of 0-protonated 2-oxetanone (1) into ethylene 


and protonated carbon dioxide (5 and 6 ) ,  it is 
interesting that in the CI mass spectrum of 2-oxetanone 
a small peak at m/z  45 ( ~ T O ) ,  assignable to protonated 
carbon dioxide, was clearly distinguished, indicating 
that such a transformation can indeed take place under 
the highly energetic conditions associated with mass 
spectrometry. However, this still continues to be a 
minor reaction pathway, as evidenced by the presence 
of a significant peak at m/z  43 (21Vo), probably arising 
from the alternative (formal) [2 + 21 cycloreversion of 
1 to formaldehyde and protonated ketene. This frag- 
mentation was detected in solution through the for- 
mation of trace amounts of acetic acid, the trapping 
product of protonated ketene (or its tautomer, the 
acetyl cation) by water. 


Theoretical calculations on the gas-phase reactivity 


The located stationary points and the calculated PM3 
energy profiles for the decarboxylation of 0-protonated 
2-oxetanone (1) and for its isomerization to 0- 
protonated acrylic acid (8) are presented in Figure 1. 
When the AM1 hamiltonian is used instead of the PM3 
hamiltonian and the profiles in Figure 1 are rebuilt, the 
same trends are observed. Both alternative processes 
have in common the first step: ring opening of 1 to the 
intermediate 3. Hence, we shall consider hereafter inter- 
mediate 3 as the starting point for our study and focus 
our attention on the further steps. It is worth 
mentioning that the minimum energy reaction path for 
decarboxylation reaches the dissociation products 
(ethylene and protonated carbon dioxide, 5 and 6) after 
an almost continuous energy rise, although the path 
crosses a flat shoulder where a stationary *-complex has 
been located. Structure 4 in Figure 1 corresponds to the 
PM3 transition state found in this flat area. 


Table 1 shows the most important geometric par- 
ameters, bond indexes and enthalpies of formation for 
the stationary points in the studied reaction paths. As 
we have just mentioned, the same main trends are 
observed and similar conclusions can be reached 
regardless of the hamiltonian employed (PM3 or AM1). 
The main difference is that the PM3 energy hypersur- 
face is more ‘flat’, which means that the PM3 energy 
barriers are predicted to be lower. 


A key point is that, without overemphasizing the vali- 
dity of quantitative estimations of enthalpy values, 
Table 1 show that decarboxylation is a clearly 
endothermic process, while isomerization is very 
exothermic. In addition, the enthalpy of formation of 
the transition state 7 corresponding to the isomerization 
pathway is of the same order as the added enthalpies of 
formation of the decarboxylation products (see Figure 
1). Hence both processes can be reached in parallel, 
their relative importances depending on the reaction 
conditions. This could be in agreement with the exper- 
imental data on gas-phase chemistry (CI mass spec- 
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Figure 1. Calculated PM3 energy profiles for the thermal decarboxylation of 0-protonated 2-oxetanone and for its isomerization 
yielding 0-protonated acrylic acid 


Table 1. Relevant parameters of the reaction paths for decarboxylation and isomerization of ion 1" 


Structure Hamiltonian r i - 2  r2 -3  r3 -4  r l - 8  


1.21 1-52 1-42 3-20 
1.23 1.51 1.42 3.20 
1.17 2.17 1-36 2.90 
1-18 2.17 1-36 2.82 
1.26 1.50 1.36 1.56 
1.27 1.48 1.36 1.59 
1.31 1.44 1.35 0.95 
1.33 1.43 1.35 0.98 


r3 -8  6 6 - 4 - 3 - 2  68 -3 -2 -5  A Hi 


1.13 0.00 55.40 
1.15 0.00 54.50 
1.09 93.03 -146.9 
1.10 90.90 -150'7 
1.48 2.93 -178.1 
1.50 1.70 -178.9 
2.61 0.00 180-0 
2.60 0.00 180.0 


1.84 0.90 1.24 0-01 0.85 
1-82 0.90 1.24 0.01 0.82 
2.14 0.24 1.58 0.00 0.96 
2.11 0.25 1.59 0.00 0.94 
1.59 0.94 1.60 0.35 0.35 
1-59 0.93 1.59 0.29 0.35 
1.26 1.09 1.78 0.89 0.00 
1.26 1.07 1.76 0.87 0.00 


140.8 
133.9 
154.5 
155.4 
159.7 
164.5 
101.4 
95.9 


"The atom numbering is defined in Scheme 1; r are in A and 4 in degrees; B are bond indexes and AHr are enthalpies of formation (kcalmol-') 
at 298 K. 


1 


8 


Scheme 1 
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Table 2. Relevant net atomic charges for structures 4, 5 and 7 


Structure 0- 1 c-2 c-3 c - 4  0 - 5  H-6 H-7 H-8 H-9 H-10 


4 -0.082 0.489 -0.020 -0,016 -0.016 0.125 0.125 0'125 0.126 0.293 
5 0.114 0.591 -0'030 0.326 
7 -0.311 0.437 -0.370 0.292 -0.164 0.108 0.112 0.408 0.206 0.279 


trum), although it fails to explain the behaviour of 
2-oxetanone in sulphuric acid solutions. 


The most significant net atomic charges of the 
stationary points 4, 5 and 7 are collected in Table 2. It 
is very interesting that the transition state 7 for 
isomerization (H-8 jump from C-3 to 0-1) contains a 
hydrogen atom (H-8) with a highly positive net charge 
(0.41 e). Even the hydrogen of protonated carbon 
dioxide has a much lower net charge (0.33 e). Table 2 
shows that some carbon or oxygen atoms possess 
charges of the same order, but we focused on the 
hydrogen atoms because their charge density is much 
higher. Hence, interaction of the 'more spread' charge 
of heavier atoms with a nucleophilic solvent is expected 
to be less important than interaction between the 'more 
concentrated' charge of hydrogen and the solvent. 


The above reasoning might be the key to explain the 
reactivity of protonated 2-oxetanone (1) in acidic sol- 
ution. In the next section we check this hypothesis on 
the influence of the solvent, as suggested by the atomic 
net charge analysis. 


Theoretical calculations on the reactivity in acid 
solution 


The simplest model of a solvated reaction is a single 
water molecule interacting with the reactive solute. We 
have taken this model (i.e. water interaction with the 
different ionic structures corresponding to stationary 
points in the energy hypersurface) as the first step in our 
study on the reactivity of 2-oxetanone in acidic 
solutions. 


As indicated in the sections Calculations and Models, 
several monohydrated structures were found for each 
stationary point of the gas phase profiles. The most 
stable among them was always taken as a model. 


The enthalpies of formation for the different mono- 
hydrated complexes relative to that of the mono- 
hydrated ionic intermediate 3 are given in Table 3. 
According to these data, the highest stabilizations cor- 
respond to structures 5 and 7, which is consistent with 
the net atomic charge analysis performed in the pre- 
vious section. The hydration site in both cases is the 
highly positive hydrogen atom of the structures. 
Hydration produces a differential stabilization of the 
different ions, with an inversion of the relative stabi- 
lities of 4 and 7. Since these are the transition states for 
decarboxylation and isomerization, respectively, an 


Table 3. Enthalpies of formation of the monohydrated 
complexes for decarboxylation and isomerization of ion la 


Hamiltonian 4 * H20 (5  + 6).Hz0 7 .  HzO 8 .  HzO 


AM 1 14.41 17.30 9.05 -40.12 
PM3 6.70 3.24 4.16 -44.23 


aValues are in kcal mol-' relative to monohydrated 3. 


important conclusion is that the solvent is expected to 
produce a significant increase in the isomerization-to- 
decarboxylation ratio. 


In order to confirm the reliability of this simple 
model and the conclusions derived therefrom, we pro- 
ceeded to a better simulation of the solvent by 
increasing the number of water molecules as detailed in 
the section Calculations and Models. 


Table 4 summarizes the PM3 'corrected' enthalpies 
of formation of the different n-hydrated ions which are 
stationary points of the energy profiles for isomeriza- 
tion and decarboxylation. Here, 'corrected' means that 
we have subtracted n times the enthalpy of formation 


Table 4. Enthalpies for formation of the n-hydrated 
complexes for decarboxylation and isomerization for ion 1 a 


AH"'(4) AH"'(5 + 6)  AH"'(7) AHg'(8)  
n AH;"(4) A H k ( 5  + 6 )  AHj"(7) AH;1"(8) A 


0 13.67 
- 


1 6.70 
-15.74 


2 12.17 
- 8.79 


3 18.25 
- 7.08 


4 22.25 
-6.32 


15.23 18.87 -39.45 5.20 
- - - 


3.24 4.16 -44.23 
-20.76 -23.48 -13.87 -2'54 


5.21 7.55 -43.84 -4.62 
-12.29 -10.87 -13.55 


9.10 10.65 -36.68 -7.60 
-9.27 -10.06 -12.00 


12.74 14.47 -30.94 -7.78 
- 6-69 -6.51 -4.59 


kcal mol-' at 298 K. AH;' are values relative to 3.nHrO.  AH;'' 
are differences between the values for n and n - 1 water molecules. A 
are differences between 7 .  nHzO and 4 ' nH10. 
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calculated for the water molecule: 


A H f -  = AH;- n AH&o) 
Table 4 also shows the ‘corrected’ enthalpies of for- 


mation of the different n-hydrates relative to the n- 
hydrated intermediate 3. The last column in the table 
shows the relative stabilities of the transition states for 
isomerization and decarboxylation. 


The results obtained with AM1 are not very different 
(energetically) from those obtained with PM3 and dis- 
played in Table 4. They show the same main trends, 
although the distribution of the water molecules in the 
complexes is not always completely free from inter- 
water interactions. This constitutes a difficulty in 
making a reliable comparison of the amount of stabi- 
lization due to solvent-solute interaction. The higher 
performance of PM3 was not unexpected, since it is 
known that this hamiltonian is better suitable than the 
AM1 (and, of course, than MNDO, MIND0/3, etc.) 
for description of hypervalent compounds. 


Without overemphasizing the validity of quantitative 
estimations of numerical values, several conclusions can 
be drawn from Table 4: (a) the hydration model 
employed behaves well with an increasing number of 
water molecules, (b) the most important interactions, 
and the qualitative changes of the energy profiles, occur 
after addition of the first water molecule, (c) additional 
water molecules enhance the effects already produced 
by the first water molecule, (d) structure 4 becomes less 
stable than the decarboxylation products on interaction 
with water molecules and (e) isomerization of 0- 
protonated 2-oxetanone in solution is definitely a much 
easier process than decarboxylation. 


The above points, especially the last one, are in good 
agreement with the experimental facts on the reactivity 
of 2-oxetanone in acidic solution. Nevertheless, none of 
these results invalidate the overall description of the less 
favourable (in this case) decarboxylation process. 
Hence, the use of 0-protonated 2-oxetanone (1) as a 
model for the decarboxylation of substituted @-lactones 
might be valid, in spite of the fact that, in the case of 
the parent molecule, an alternative reaction (isomeriz- 
ation) is more favourable than decarboxylation, 
especially in acidic media. 


CONCLUSIONS 
We have shown that the only significant process under- 
gone by 0-protonated 2-oxetanone (1) in concentrated 
sulphuric acid solution is isomerization to 0-protonated 
acrylic acid (8). Under these conditions, fragmentation 
of 1 to give ethylene and protonated carbon dioxide is 
not observed. The latter process constitutes a minor 
reaction pathway in the gas phase (CIMS). 


Our theoretical study shows that the transition state 
for isomerization contains a highly positive hydrogen 


atom. Such a charged hydrogen atom is not present in 
the transition state for decarboxylation. The decarb- 
oxylation rate is determined in the gas phase by the sta- 
bility of the products, whereas in solution it depends on 
the stability of the transition state 4. The transition 
state for isomerization (7) is highly stabilized in sol- 
ution, through interaction with a water molecule. This 
explains the fact that isomerization is the only process 
experimentally observed in acidic solutions. 
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SINDOl STUDY OF THE PHOTOCHEMICAL SYNTHESIS OF 
AZACYCLOBUTADIENE FROM 1,4-0XAZIN-2-ONE 


FRANK NEUMANN AND KARL JUG 
Theoretische Chemie, Universitat, Hannover, A m  Kleinen Felde 30, 0-30167 Hannover, Germany 


The mechanism of the photochemical decomposition of 1,4-oxazin-2-one to azacyclobutadiene and carbon dioxide was 
investigated by the semi-empirical MO method SINDOl. The relevant singlet and low-lying triplet potential energy 
hypersurfaces were studied and intermediates and transition structures were optimized with limited configuration 
interaction. The first step transforms 1,4-oxazin3-one into a bicyclic lactone via internal cyclization. Then a stepwise 
bond breaking mechanism on the first excited triplet state yields azacyclobutadiene and COz, whereas a reaction on 
the first excited singlet state is not common. It is shown that a simultaneous bond-breaking mechanism on the first 
excited singlet or on the first excited triplet is possible. 


INTRODUCTION 


Azacyclobutadienes were initially stablized by conden- 
sation with aromatic systems' or by donor groups.' 
Maier and Schafer 334 have photochemically prepared 
unsubstituted azacyclobutadiene from 1,3-oxazin-6- 
ones, called azapyrones in a matrix. Irradiation with 
light of wavelength 288 nm (4.3 eV) transformed 1,3- 
oxazin-done in an argon matrix at 8 K into the bicyclic 
azalactone bicyclo [2.2.0]-3-aza-5-oxahex2-en-6-one, 
called azadewarpyrone (Figure 1). Prolonged irradi- 
ation at the same wavelength led to photoelimination of 
C02. Azacyclobutadiene could not be detected by IR 
spectroscopy. Only the fragmentation products HCN 
and acetylene were found in the matrix. Experiments 
with substituted 1 ,3-oxazind-ones resulted in differ- 
ently substituted acetylenes and nitriles. From these 
facts, it was concluded that azacyclobutadiene occurs 
temporarily in the process. No mechanism was pro- 
posed. Semi-empirical calculations showed that during 
the photofragmentation of COz (Figure 1) the 
C( 1)-C(2) bond breaks first, then the C(5)-0(6) 
bond. A simultaneous mechanism could be excluded. 
Similar results with respect to the mechanism were 


4 4 in 


Figure 1. Experimental reaction scheme for 1.3-oxazin-6-one 
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Figure 2. Reaction scheme for 1,4-oxazin-2-one 


obtained in the quantum chemical investigation of the 
photoreaction of a-pyrone. * 


Analogous to 1,3-0xazin-6-one, a cyclization can 
convert 1,4-oxazin-2-one into a bicyclo [2.2.0]-5-aza-2- 
oxahex-5-en-3-one, called i-azadewarpyron in the 
following. Similarly to azadewarpyrone, i-azadewar- 
pyrone represents a good photoprecursor of azacyclo- 
butadiene. Figure 2 illustrates these reactions. Although 
the preparation of 1,4-oxazin-2-one has not yet been 
achieved, an investigation of the photoreaction is 
interesting, since the reaction mechanism can be com- 
pared with those of 1,3-oxazine-6-one and of a-pyrone. 
All three substances are isoelectronic and therefore 
should show similar mechanisms for the photoreaction. 
In 1 ,4-oxazin-2-one, the C(l)-C(2) bond is polarized 
by the vicinal nitrogen N(3), which leads to a further 
weakening of this bond. Therefore, 1,4-oxazin-2-one 
should be a better photoprecursor than 1,3-oxazin-6- 
one for the formation of azacyclobutadiene. 


METHODS OF CALCULATION 


The calculations were performed with the semi- 
empirical MO method SINDO1 with an extension to 
second- and third-row elements. This method had 
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already been successfully applied to the photo- 
isomerization of three- and five-membered rings, e.g. 
substituted diazirines, cyclopentanone, 2- 
methylfuran,' 2- and 3-cyanopyrrole, lo thiophene, ' I  


tetrahydrothiophene and tetramethylene 
sulphoxide. l3  


In the following, we denote the ground state by RO 
and the vertically excited singlet states by RI,  R2 ,etc. 
Intermediates on the lowest singlet surface are denoted 
by 1 1  and I [  and intermediates on the lowest triplet 
surface by 'I i .  Minima including intermediates are 
characterized by exclusively positive roots of the force 
constant matrix, whereas transition structures have one 
negative root. Ground and excited equilibrium struc- 
tures were optimized by a Newton-Raphson procedure. 
Bond lengths were optimized withinol% and bond 
angles and dihedral angles within 1 . Excited-state 
structures were optimized on their respective configur- 
ation interaction (CI) surfaces. Further details of the 
optimization procedure can be found in the furan 
treatment. ' The size of configuration interaction was 
adjusted to guarantee an unambiguous qualitative 
explanation of the mechanism. Thus optimized points 
and vertical excitation energies were calculated with a 
278 x 278 CI, including single excitations from the eight 
highest OMOs to all 13 UMOs plus double excitations 
from HOMO/HOMO to UMOl/UM02 (UMOl stands 
for the three lowest UMOs and UM02 for all 13 
UMOs). Valences were calculated with the valence cri- 
terion of Gopinathan and Jug. l 4 ? l 5  


3. RESULTS AND DISCUSSION 


Cyclization of 1,4-oxazin-2-one 


From the calculated oscillator strengths in Table 1 it 
can be seen that the cyclization of 1,4-oxazin-Zone can 
occur via an excitation to the S2 or S 3  state. The calcu- 
lated bond valences (Table 2) of the excited states RI,  
R2 and R3 and the intermediates 1 1 ,  I2 13 and 3 1 1  show 
a significant decrease of valence v 1 6  similarly to 1,3- 
oxazin-6-one. The breaking of the C(1)-0(6) bond 


Table 1. Oscillator strengths and vertical excitation energies 
of 1,4-oxazin-6-one 


Oscillator 
Transition Energy (eV) strength 


Ro -+ RI 
Ro -+ R2 


Ro -+ R4 


Ro -+ R5 


RO -+ R3 


] .ox 10-3 3.95 
4.73 1.8 x lo-' 


2.2 x 10-2 4.83 
5.02 5.0 x 1 0 - ~  
5.36 1.7 x 10-2 


leads to a ring opening. Then the generated W- 
azaketenal (Figure 2) can then react back to 1 ,Coxazin- 
2-one in a thermally allowed fashion. In this way there 
is an analogy to 1,3-0xazin-6-one~*~ (Figure 1) and a- 
pyrone. 16*17 This pathway was not studied since it does 
not lead to azacyclobutadiene. The geometries of the 
stationary points involved in the cyclization are given in 
Table 3. 


The reaction scheme of the cyclization is presented in 
Figure 3 and the potential energy curves in Figure 4. 
After excitation to the S2 or S 3  state the transition to SI 
occurs via IC and subsequently relaxation to 11. In the 
SI  state cyclization to i-azadewarpyrone can take place. 
Starting from 11 the bond length 1-25 is shortened step- 
wise in the calculation under optimization of all other 
coordinates. At r25 = 2.1 A, IC to the ground state 
occurs in the region of an avoided crossing. The barrier 
on the SI surface is 1.03 eV. The cyclization can there- 
fore take place only if the molecule can use its vibra- 
tional energy from the vertical excitation to overcome 
the barrier. The shape of the S1 potential curve is 
similar to those for the cyclization of a-pyrone18 and 
1,3-oxazind-one. l9  Therefore, it can be concluded that 
the cyclization should be successful under similar exper- 
imental conditions, i.e. in an argon matrix under pro- 
longed irradiation. A reaction in the TI  state is not very 
likely. Although the barrier of 1-24 eV is only slightly 
higher (Figure 5 )  than that on the SI  surface, the vibra- 
tional energy of the molecule would be dissipated to the 
environment in a matrix at low temperatures after ISC 


Table 2. Valences of reactant, intermediates and product of the cyclization of 1,4-oxazin-2-one 


State VI 2 Visa VI 7 v2 3 v25 v34 v45 v56 


Ro, C, 0.964 
RI, Cs 0.918 
Rz, C, 0.900 
R3, C, 0.842 
11 0.936 
12 0.830 
1 3  0.992 
'lI 1,016 
Po 0.895 


0.966 
0.856 
0.827 
0-764 
0.884 
0.801 
0.711 
0.861 
0-949 


1 *854 
1 *605 
1 a742 
1.779 
1.587 
1.567 
1.786 
1 * 859 
1.900 


1.853 
1.543 
1 ~767 
1.615 
1.498 
1.649 
1.320 
1.108 
0.956 


0.075 
0.033 
0.033 
0-007 
0.035 
0.057 
0.025 
0.026 
0.975 


1.068 
0.971 
1.101 
1.123 
0.984 
1.034 
1.113 
1.486 
1.944 


1.777 
1.787 
1.332 
1.378 
1.794 
1.689 
1 ~480 
1.220 
0.963 


1.055 
1.036 
1 *053 
1.065 
1.025 
1.094 
1.190 
1.085 
0.965 


a relevant decreased values in italics 
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Table 3. Bond lengths r (A), angles 01 (') and dihedral angles 4 (') of reactant, intermediates and product of the cyclization of 
1,4-0xazin-2-one 


Ro, Cs 1.543 1.408 1.223 1.277 2.748 1.428 1.367 1.379 
11 1.522 1.398 1.240 1.299 2.728 1.423 1.362 1.389 
I 2  1.575 1.423 1.219 1.291 2.735 1.388 1.409 1.329 
13 1.520 1.502 1.210 1.335 2.752 1.364 1.431 1.277 
'il 1.527 1.422 1.210 1.408 2.700 1.339 1.431 1.341 
Po 1.585 1.409 1.212 1.501 1.585 1.270 1.559 1.444 


01123 01234 0134s 01456 01561 01217 


Ro, Cs 124.0 118.0 121.4 122.4 119.8 128.7 
II 122.7 118.6 120.1 124.3 117.4 122.1 
12 122.1 119.3 120.4 123.4 120.1 121.0 
1 3  124.0 118.4 121.7 122.6 121.5 131.3 
3 1 1  125.2 111.2 126.3 124.3 116.3 125.9 
Po 116.9 91.7 100.1 117.3 92.3 139.0 


6 1 2 3 4  4 2 3 4 5  6 2 1 5 6  6 5 6 1 7  


Ro, Cs 0.0 0.0 180.0 180.0 
II -0.1 -0.3 179.4 -179.9 
I 2  -7.5 -4.4 167.7 -166.1 
1 3  0.9 0.1 179.3 -176'9 
311  0.0 -1.1 179.6 -179.8 
Po 79.5 0.0 180.0 180.0 


RO(O.W) R3(4.83) 11 (3.87) (TSK4.90) Po (2.24) 


Figure 3. Reaction scheme for the cyclization of 1,4-oxazin-2-one in the S1 state 
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Figure 4. Potential curve for the cyclization of 1,4-oxazin-2-one in the S 1  state, with optimized points of geometry in circles 
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I i  


Ro(O.M)) R3(4.83) 11(3.87) 31,(2.08) (3TS)(3.32) Po(2.24: 


Figure 5. Reaction scheme for the cyclization of 1,4-oxazin-2- 
one in the TI state 


and a transition of the barrier would be impossible. 
This should not hold for a fast reaction in the S1 state, 
since the time-scale for IC is shorter than that for ISC. 


Stepwise bond breaking 


The photoelimination of C02 can start by excitation to 
the S3, S4 or Ss state. The calculated oscillator strengths 
and excitation energies are given in Table 4. The geome- 
tries of the stationary points involved in the reaction are 
presented in Table 5.  Of the intermediates 11, IZ and 13 
in the Franck-Condon zone, only 1 3  shows a significant 
decrease of valence V l 2  (Table 6). V l 2  is equally large 
for I1 as for Ro. The breaking of the C(l)-C(2) bond 
should therefore show a relatively high barrier. The 
valence V56 also shows no significant decrease. There- 
fore, breaking of the C(5)-0(6) bond is not to be 
expected. Figure6 shows the reaction scheme of the 


Table 4. Oscillator strengths and vertical excitation energies 
of i-azadewarpyrone 


Oscillator 
Transition Energy (eV) strength 


So R I  
Ro -+ R2 


Ro -+ R3 
Ro -+ R4 
Ro -+ Rs 


4.37 4.0 x lo-' 
4.72 2.0 x lo-' 
5.43 8.0 x 10-3 
5.79 2.3 x lo-' 
6.07 1 .o x 


photofragmentation of i-azadewarpyrone starting in the 
SI state and Figure 7 the corresponding potential 
curves. The reaction coordinate is the distance r12 until 
I;,  then the distance 06. All coordinates except the 
reaction coordinate were optimized. The stationary 
points were fully optimized. 


In order to break the C(l)-C(2) bond, a barrier of 
0.71 eV must be overcome on the S1 state surface. 
From r12 = 2.5 A until 1; (r12 = 2.998 A), IC to the 
ground state can occur favoured by an avoided 
crossing. Here the C(5)-0(6) bond breaks without bar- 
rier. In the TI state there is no minimum in the 
Franck-Condon zone. Figure 8 shows the reaction 
scheme and Figure 9 the course of the fragmentation of 


Table 5 .  Bond lengths r (A), angles a ( O )  and dihedral angles 6 (') of reactant, intermediates and product of the photofragmentation 
of i-azadewarpyrone 


Ro 1.585 1.409 1.212 1-501 1.995 1.588 1.270 1.559 1.444 


I 2  1.595 1 -402 1.227 1.546 2.064 1.557 1.257 1-568 1.441 
1 3  1.604 1-470 1.201 1 -489 2.050 1.612 1.278 1.544 1.391 
I i  2.998 1.251 1.176 1-400 1.918 1.539 1.293 1.537 1.519 


i 2.872 1.355 1.183 1.391 1 852 1.531 1.290 1.547 1.428 
Po 


II 1.589 1.403 1.206 1 *459 2.295 1.594 1.349 1.553 1.435 


- 1.190 1.190 1.521 1.880 1.340 1.266 1.553 - 


01123 a234 a345 a456 a561 a217 


Ro 116.9 91.7 100.1 117.3 92.3 139.0 
I1 115.3 109.6 80.5 120.8 94.0 137.5 
I2 116.3 94.3 96.7 116.2 93.0 132.6 
1 3  118.5 95.3 97.3 118.9 95.7 142.8 
l i  116.4 90.7 98.3 116.5 124.6 105-3 
3~ i 65.0 87-3 100.5 117.6 115.9 158.9 
Po - 84.3 98.3 - - - 


61234 62345 62156 65617 


Ro 19.5 0.0 180.0 180.0 
II 78.1 - 5.0 177.0 175.1 
I 2  80.4 -1.5 176-4 -163.6 
1s 78.6 1.0 -179.4 178.1 
I i  52.6 -0.3 165.1 -9.5 
3~ i 65.1 -9.5 176.5 -164.5 
Po - 0.0 - - 
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Table 6. Valences of reactant, intermediates and product of photofragmentation of i-azadewarpyrone 


State v12 v16 v17 v2 3 v24 v25 v34 v45 VS 6 


Ro 0.895 0.949 1.900 0.956 0.024 0.975 1.944 0.963 0.965 
RI 0.782 0.844 1.449 0.943 0.025 0.962 1.924 0.962 0.964 
R2 0.890 0.938 1.880 0.729 0.054 0.950 1.327 0.794 0.945 
R3 0.609 0.764 1.764 0.843 0.028 0.933 1.782 0.901 0.905 
11 0.894 0.951 1.889 0.842 0.033 0.814 1.157 0,859 0.944 
12 0.893 0.953 1.858 0.700 0.046 0.956 1.332 0.791 0.941 
I3 0.580 0.678 1.891 0-824 0.025 0.785 1.800 0.922 0.973 
l i  0.021 1 ~476  2.090 1.110 0.150 0.903 1 a672 0.970 0.546 
3~ i 0.006 0.890 1.995 1.121 0.061 0.966 1.756 0.948 0.941 
Po - 1.872 1 * 872 0,921 0.055 1.919 1.915 0.947 - 


i-azadewarpyrone in the TI  state. After excitation to an 
excited singlet state, e.g. the S3 state, the transition to 
the TI  state takes place via IC and ISC. Here the 
breaking of the C(l)-C(2) bond occurs without bar- 
rier. At 'I ! the molecule passes to the ground state via 
ISC. In the SO state the C(5)-0(6) bond can be broken 
by overcoming a barrier of 0.38 eV. 


Calculations where the C(5)-0(6) bond is broken 


RO(0.W) 830.433 ll(3.39) (TS)(4.I0) li(Z.89) Po(0.17) 


Figure 6. Reaction scheme for the C(l)-C(2) bond cleavage 
in the SI state; reaction to azacyclobutadiene via I i 


Ro(O.W) R3(5.43) l1(3.39) 31i(0.87) US)(l.Z) po(0.1') 


Figure 8. Reaction scheme for the C(l)-C(2) bond cleavage 
in the TI  state; reaction to azacyclobutadiene via 'I 


first resulted in barriers of more than 3 eV in both the 
SI  and T1 states. Therefore, a primary breaking of the 
C(5)-0(6) bond can be excluded. 


Simultaneous bond breaking 


A simultaneous photoelimination of C02 is not very 
likely, because the valences 1/12 and v56 (Table 6) of the 


i-Azadewarpyrone->Azacyclobutadiene + COz 
I 


--.. 


As$ \ 
Ro 'I 'i Po 


r,2 1.59 1.75 2.00 2.20 2.50 3.00 3.22 3.63 3.72 4.09 


1.45 1.52 1.60 1.80 2.00 2.50 66 
Figure 7. Potential curve of C(l)-C(2) bond cleavage in the SI state; reaction to azacyclobutadiene via I i ,  optimized points of 


geometry in circles 
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i-Azadewarpyrone->Azacyclobutadiene + C 0 2  


O V , ,  , , , 


Ro '1 "i PO 
4.19 


2.50 
1.59 1.75 2.00 2.20 2.50 2.87 3.22 3.63 3.72 


l& 1.45 1.43 1.60 1.80 2.00 
'1 2 


Figure 9. Potential curve for the C(l)-C(2) bond cleavage in the TI state; reaction to azacyclobutadiene via 'I i ,  optimized points 
of geometry in circles 


Rn(OOO) R3(5 .43)  1,(3.39) (TSX4.71) Po(0.17) 


Figure 10. Reaction scheme for the simultaneous C(l)-C(2) and C(5)-O(6) bond cleavages in the SI  state 


W " " '  ' ' 


Ro 'I 
2.70 3.30 


2.55 3.15 
r,2 1.585 1.70 1.80 1.90 2.00 2.15 2.40 


rS6 1.449 1.55 1.65 1.75 1.85 2.00 2.25 


Figure 11. Potential curves for the simultaneous C(l)-C(2) and C(5)-0(6) bond cleavages in the S1 state; optimized points of 
geometry in circles 
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excited states deviate very little from those of the 
ground state. As can be seen from Figure 10, the barrier 
for a reaction in the SI state is 1 .32 eV. Figure 11 shows 
the potential energy course of the reaction in the SI 
state. After excitation to the S3 state, subsequent IC to 
the S1 state and relaxation to 11, the system oveI;comes 
the barrier at r12 = 1-9  f i  and t-56 = 1.75 A. At 
r12 = 2.15 A and t-56 = 2-6  A IC to the ground state in 
the region of an avoided crossing takes place. In the SO 
state the system relaxes to PO. The reaction coordinates 
are the distances r12 and r56. Starting from Ro a linear 
interpolation to the two separated molecules COO, and 
azacyclobufadiene at distances r12 = 3-30 A and 
r56 = 3 -  15 A was performed. Subsequently these points 
were optimized except for the reaction coordinates r12 


and r56. The simultaneous photoelimination in the TI 
state shows a similarly high barrier (Figures 12 and 13). 
The reaction coordinate in Figure 12 is the same as that 
in Figure 10. Since both reactions show barriers of 
more than 1 eV, a simultaneous bond breaking is not 
possible. 


Ro[O.M)) R j  (5.43) (3T.W.68) P0(0.17) 


Figure 12. Reaction scheme for the simultaneous C(l)-C(2) 
and C(5)-0(6) bond cleavages in the TI state 


i-Azadew 


CONCLUSION 


The results indicate that i-azadewarpyrone yields aza- 
cyclobutadiene via a stepwise mechanism, whereas the 
simultaneous fragmentation in the SI  and T I  states can 
be excluded because of the high barriers. For the step- 
wise mechanism the reaction in the T I  state is favoured, 
because there is no barrier with respect to C( 1)-C(2) 
bond breaking. The subsequent small barrier of 
0.38 eV on the ground-state surface should be over- 
come in a matrix even at temperatures below 100 K. A 
reaction in the S1 state is unlikely because of the 
relatively high barrier of 0-71 eV. Compared with 1,3- 
oxazin-6-one, l9 1,4-0xazin-2-one, represents a better 
photoprecursor to azacyclobutadiene, because the 
breaking of the C(l)-C(2) bond takes place without 
barrier in this case. This should increase the quantum 
yield substantially, which makes a prolonged irradi- 
ation unnecessary. This should reduce or prevent sec- 
ondary photofragmentation of azacyclobutadiene and 
allow a spectroscopic measurement of this compound. 
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,arpyrone->Azacyclobutadiene + C02 


\ 


1.585 1.70 1.80 1.90 2.00 2.15 2.40 2.70 3.30 


rS6 1.449 1.55 1.65 1.75 1.85 2.00 2.25 2.55 3.15 
rl 2 


Figure 13. Potential curves for the simultaneous C(I)-C(2) and C(5)-0(6) bond cleavages in the TI state; optimized points of 
geometry in circles 
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EQUILIBRIUM ACIDITIES AND HOMOLYTIC BOND DISSOCIATION 


MALONATES AND RELATED COMPOUNDS 
ENTHALPIES OF THE ACIDIC C -H BONDS IN DIALKYL 


XIAN-MAN ZHANG AND FREDERICK G. BORDWLL 
Department of Chemistry, Northwestern University. 2145 Sheridan Road, Evanston, Illinois 60208-3113, USA 


The equilibrium acidities, pKm, of 18 dialkyl malonates, five alkyl 2-cyanoacetates and nine malononitriles and 
the oxidation potentials of their conjugate anions, Eox(A- ) ,  were measured in dimethyl sulfoxide solution. The 
homolytic bond dissociation enthalpies (BDEs) of their acidic C-H were estimated by combining their pKHa 
and E,,(A-)  values. The pKm values of the dialkyl malonates were found to increase from 15.9 to 16.4 to 18.4 
as the dialkyl groups were changed from dimethyl to diethyl to di-ferf-butyl, but the BDEs of the acidic C-H 
bonds remained constant [95.3 k 0.3 kcal mol-I) (1 kcal = 4.184 kJ). Introduction of methyl, ethyl, isopropyl 
and ferf-butyl groups into the 2-position of diethyl malonate caused the equilibrium acidities to increase by 2.0, 
2.4, 3.8 and 8.0 pKm units, respectively, and the BDE values to decrease by 4.4, 3.7, 2.5 and 0.8 kcal mol-', 
respectively. Introduction of a phenyl group into the 2-position of diethyl malonate had no effect on the acidity, 
but weakened the acidic C-H bond by 10 kcal mol-'. The effects on acidity and BDE of introducing 3,4,5- 
(MeO),C,H,CO, CF,, Me,", c-C,H,,N, p-MeC,H,, p-NO,C,H,, PhO, F and c-C,H,N+ groups into the 2- 
position of diethyl malonate were also examined. 


INTRODUCTION 


Homolytic bond dissociation enthalpies (BDEs) of the 
H-A bonds in weak organic acids obtained primarily 
from gas-phase measurements have long been con- 
sidered to provide the most reliable quantitative 
information about stabilization energies of the corre- 
sponding radicals A. formed by homolytic dissociation:' 


H-A + H. +A.  (1) 


However, direct experimental measurements of the 
BDE values for H-A bonds, especially those in large 
organic molecules, are often difficult, if not impossible, 
to carry out owing to the high reactivity of the radicals 
formed. During the past 6 years we have developed a 
simple method to estimate BDE values for the acidic 
H-A bonds (0-H, S-H, N-H and C-H) in several 
hundred weak acids by the combination of equilibrium 
acidities (pK,) with the oxidation potentials of the 
corresponding conjugate anions, E,, (A-), both 
measured in dimethyl sulfoxide (DMSO) 
Even though most of the oxidation potentials of the 
conjugate anions determined by conventional cyclic 
voltammetry are irreversible, and the constant C in the 
equation 


BDE= l-37pKHA+23-1EoX(A-)+C (2) 


CCC 0894-3230/94/12075 1-06 
0 1994 by John Wiley & Sons, Ltd. 


is empirical, the BDE values obtained by equation (2) 
for a variety of acids have been shown to be in remark- 
ably good agreement [2 kcal mol-' (1 kcal=4.184k.T)] 
with the best available gas-phase values3 (henceforth, 
kcal mol-' will be abbreviated as kcal). The empirical 
constant C, which is the sum of the free energy and 
entropy of the hydrogen atom, is equal to 73.3 kcal 
when the oxidation potentials of the conjugate anions 
are referenced to the ferrocenium-ferrocene (Fc '-Fc) 
couple. 


In this work we extended these studies to obtain 
acidities and BDEs of a number of malononitriles, 2- 
substituted dialkyl malonates and related compounds. 


RESULTS AND DISCUSSION 


Effects on acidities and BDEs of structural changes 
on malononitrile, acetonitrile, ethyl acetate and ethyl 
a-cyanoacetate 


The effects of the structural changes to be considered 
are summarized in Table 1. The data show that substitu- 
tion of a phenyl group at the acidic site of malononitrile 
increases the acidity by 7.1 pKHA units (9.7 kcal), and 
lowers the BDE by about 13kcal. By comparison, 
phenyl substitution into acetonitrile increases the acidity 
by 9.6pKH, units (13.1 kcal) and also lowers the BDE 
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Table 1. Equilibrium acidities in DMSO and BDEs of malononitriles, acetonitriles and related carboxylic esters 


Acid PKHAd E,, (A - )* BDE8 ABDE 


CHz(CN12 
C&CH(m)z 
C&CH (a )z 
m-ClC,H,CH(CN), 
p-CIC6H,CH(CN), 
p-MeC, H, CH (CN ), 
p-MeOC,H,CH(CN), 


C6H5CH2CN" 
CH3C0,Etb .. 


C6H,CH,C0,Et' 
CNCH,CO,Et 
CNCH(C6H5 )CO,Et 


cH,CN' 


CHz (COzEt), 


11.0 
4.23 
4.23 
2.66 
3.14 
4.85 
5.7 


31.3 
21.9 


-29 
16.4 
22.6 
13.1 
8.0 


0.063 
-0.083 
-0.083 
-0.086 
-0.014 
-0.154 
-0.259 
-0.960 
-0.909 


-0,022 
-0.879 


0.034 
-0.186 


90 
77.1 
77.1 
78.0 
77.3 
76.5 
75.1 
94 
81.1 


- 95 
95 
84 
92 
80 


'Ref. 4. 


'Data of J. A. Hamelson, Jr. 
dUsually measured against two or more indicators by the overlapping indicator method." 
" pK,,(parent) - pK,(derivative), statistically corrected for the number of acidic hydrogen atoms. 
'Referenced to the Fc-Fc' couple (0.875 V on our instrument3). 
'In kcal mol-I, estimated by equation (2). 


Estimated; Ref. 12. 


by 13kcal. Substitution of m-C1 and p-C1 into the 
benzene ring of phenylmalononitrile increases the 
acidity by 1.6 and 1.1 pKm units, respectively, whereas 
p-Me and p-Me0 groups decrease the acidity by 0.6 
and 1.5pKm units, respectively. These effects are 
similar to those observed for comparable substitutions 
into the benzene ring of phenyla~etonitrile,~ but only 
about half as large, owing to the (expected) levelling 
effect in the stronger acid. The m-C1 and p-C1 substitu- 
ents cause small increases in BDEs for the malono- 
nitriles, and the p-Me and p-Me0 donors cause small 
BDE decreases. Similar effects are observed for these 
substituents in phenylacetonitrile~.~ 


The effect of introducing a phenyl group at the acidic 
site of ethyl acetate is to increase the pKm by ca 
6.6 pKm units (9.0 kcal), an effect smaller by 4.1 kcal 
than that for PhCH,CN. The difference can be attributed 
to steric inhibition of solvation in the anion derived 
from ethyl phenylacetate. The effect of phenyl sub- 
stitution into ethyl a-cyanoacetate is also smaller 
(ApKH,=5.4), partly owing to a leveling effect, but 
steric inhibition of solvation in the anion is also pro- 
bably a factor. Note also that the effect on the acidity of 
introducing a second C0,Et moiety into ethyl acetate is 
only 12.8 pKm units compared with 20.5 pKm units on 
introducing a second CN group into acetonitrile. On the 
other hand, in the corresponding radicals solvation is 
not a factor in determining their stabilities and the 
effects of introducing a phenyl group are remarkably 
constant for CH2(CN),, CH,CN, CNCH,CO,Et and 
CH,CO,Et, i.e. 12 f 1 kcal (Table 1). 


Conformational effects must also be considered in 


analyzing the acidities of esters. For the anion derived 
from methyl acetate theoretical calculations indicate 
that the Z conformer is more stable than the E confor- 
mer by about 9kca15 (Scheme 1). The E conformer, 
wherein the dipoles complement one another, is less 
stable but more acidic as a consequence. Conforma- 
tional effects in dialkyl malonate ions play a key role in 
deciding the effects of structural changes on their 
acidities, as will be brought out in the next section. 


Conformational and alkyl effects on stabilities of 
dialkyl malonate ions and radicals 
The S, W and U conformers of dialkyl malonate anions 
are shown in Scheme 2. Each of these conformers can 
exist in E,Z ,  E,E or Z,Z forms (the Z form is that where 
the R group is on the side of the C=O moiety rather 
than the CH, moiety). When deprotonation of the 
dialkyl malonate is effected in DMSO solution using the 
CH,S(=O)CH;K+ base, the dialkyl malonate ions are 
usually in the Z , Z ( U )  conformation because they are 
chelated by the K +  ion, as shown in Scheme 2 


En, 
X C 4 O  


E Z Z 


Scheme 1 
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Scheme 2 


(log K,, = 2.316). Note that in the Z,Z( V )  conformation 
the R-0  dipoles are oriented so as to oppose the C=O 
dipoles, a stabilizing factor. Changing R from Me to Et 
in the ester functions causes no appreciable change in 
log Kas,7 but in the present study we have found that a 
change in R to t-Bu eliminates ion pairing, even with 
Li +, probably because steric repulsions between the 
tert-butyl groups and the oxygen atoms destabilize the 
chelate structure. The pKHA values increase progres- 
sively as R is changed from Me (15.9) to Et (16.37) to 
t-Bu (18.4) (Table 2), at least partly because of progres- 
sive increases in the steric hindrance to solvation of the 
anion. Chelation is absent in the corresponding radicals, 
of course,and they, and the parent dialkyl malonates, 
are free to adopt the most stable conformation available. 
As a consequence, the BDEs remain constant as R is 
changed from Me to Et to t-Bu (95.4f0.2kcal) 
(Table 2). 


Introducing a methyl group into the 2-position of 
dimethyl malonate causes a 1.8pKHA unit (2.5 kcal) 
decrease in acidity, statistically corrected, and a compar- 
able decrease occurs on introducing a 2-methyl group 
into diethyl malonate (Table 2). The log K,, values 
decrease only slightly for these structural changes.' 
These effects, which are similar to the effects of 2- 


methyl substitutions into CH,(CN), (1.9 kcal) or 
CH,(SO,Et), (2.7 kcal), are probably caused by 
increased steric hindrance to solvation in the corre- 
sponding anions. There is a sharp increase in ApKm to 
4.2pKm units (5.7kcal) as the 2-alkyl group is 
changed from i-Pr to t-Bu (Table 2). This sudden large 
increase as essentially all access to solvation is cut off is 
typical of a steric effect. 


The effects of changing the 2-alkyl group in 
RCH(CO,Et), on ABDEs differs from that on anions, as 
expected, since the corresponding radicals are not 
chelated. Methyl substitution decreases the BDE by 
about 4.5 kcal for MeCH(CO,Et), vs CH,(CO,Et), or 
MeCH(CO,Me), vs CH,(CO,Me),. a-Methyl substi- 
tution on carbon-centered radicals derived from hydro- 
carbons,1d ketones' or nitroalkanesg have similar effects, 
and the BDE of MeCH(CN)CO,-t-Bu is 5.2 kcal lower 
than that of CH,(CN)CO,-t-Bu (Table 2). In the series 
RCH(CO,Et), the ABDEs decrease progressively in 
the order R = Me (4,4)>Et (3.7) > i-Pr (2.7) > t-Bu 
(0.8) kcal, which is , consistent with a progressive 
decrease in H-CR,C(CO,Et), -H.CR,= C(CO,Et), 
type hyperconjugation. 


Conformational and 2-substituent effects on acidities 
and BDEs of GCH(C0,Et)2 malonates 
The acidities and BDEs for a variety of 2-substituted 
diethyl malonates are compared with the acidity of 
CH,(CO,Et), and the BDE of its acidic C-H bond in 
Table 3. 


Since the structural changes from CH,CN to 
CH, (CN), , CH,CN to CH, (CN)CO,Et and CH,CO,Et 
to CH,(CO,Et), lead to large decreases in pKm, but 
small increases or decreases in BDEs, we would expect 


Table 2. Conformational and alkyl effects on the acidities and BDEs of dialkyl malonates and alkyl cyanoacetates 


No. Acid. PK," APKHA E,, (A - Y B D E ~  ABDE 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 


CHz(C0zMe)z 
CHz(C0zEt)z 
CH, (COZ-t-Bu), 
MeCH(CO,Me), 
MeCH(CO,Et), 
EtCH (CO,Et), 
i-PrCH (C0,Et ), 
t-BuCH(COzEt), 
CNCHZCOZ-t-Bu 
CNCH (Me)CO,- t-Bu 


15.9b 
16.37' 
18.4' 
18.04b 
18.7' 
19.1' 
20.52' 
24.66' 
14.1 
14.5 


0.010' 
-0.0229 
-0.124' 
-0,324' 
-0.352' 
-0.346' 
-0.387' 
-0.550' 
-0.024 
-0.273 


95.3 
95.2 
95.6 
90.5 
90.8 
91.5 
92.5 
94.4 
92.1 
86.9 


'Measured in DMSO solution by the overlapping indicator method as described previously," unless indicated otherwise 
bRef. I. 
'Ref. 17. 


pK,,(derivative) - pK,, (parent), statistically corrected for the number of acidic hydrogen atoms. 
Measured in DMSO solution by conventional cyclic voltammetry as described previo~sly,~ unless indicated otherwise. 


'Measured by J. A. Harrelson, Jr. 
6Ref. 12. 
In kcal mol-', estimated using equation (2) with C = 73.3 kcal mol-I. 
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Table 3. Acidities and BDEs of GCH(CO,Et), malonates and 
GCH(CN)z 


G pKnAd ApKnAC EOx(A-)' BDEg ABDE 
~~ ~ 


HCH (C0,Et ), 
ArCO" 
( 3 3  
Me3N +NOTb 
t-Bu 
C,H,ON 
Me 
p - MeC6H, 
CfJ& 
PhO 
F 
P-NO,C,H, 
c-C,H,N 'CIO; 
HzC(CN)z 
r-BuCH (CN), 
H,NCH(CN),' 
Me,NCH(CN)," 


16.37 (0.0) 
10.7 6.0 
10.8 5.1 
11.8 4.9 
24.7 -8.0 
19.37 -2.7 
18.7 -2.0 
16.5 0.7 
16.3 0.37 
15.1 1.6 
14.5 2.2 
11.7 5.0 
5.6 11 


11.0 (0.0) 
13.2 -2.5 
13.7 -2.4 
12.2 -1.2 


-0.022 
-0.249 


0.449 
0.401 


-0.550 
-0.793 
-0.352 
-0.471 
-0.444 
-0.245 


0.648 
-0.134 


0.638 
0.063 


-0.199 
-0.787 
-0.695 


95.2 (0.0) 
93.7 1.5 
98.5 -3.3 
98.7 -3.5 
94.4 0.8 
81.5 14 
90.8 4.4 
85.0 10 
85.4 9.8 
88.3 6.9 
90.7 4.5 
86.2 5.0 
95.6 -0.40 
89.8 (0.0) 
86.8 3.0 
73.9 16 
74.0 16 


3.43- (MeO),C,H, CO. 
[2-Me3NCH(CO,Et),]+ NO;. 


~~ 


'Ref. 18. 


titration." 


number of acidic hydrogen atoms. 


Usually measured against two indicators by the overlapping indicator 


pKHA (parent) - pKm (derivative), statistically corrected for the 


Referenced to the Fc-Fc' couple (0.875 V on our instrument). 
In kcal mol-', estimated by equation (2) 


similar, but smaller (because of leveling) effects on 
introducing an electron-withdrawing group into the 2- 
position of diethyl malonates. This expectation was 
realized for 2-(3,4,5-(Me0)3C6H,)co, 2-CF3 and 2- 
Me," acceptor groups, for which the ApKW values, 
relative to CH,(CO,Et),, are 6.0, 5.9 and 4.9pKW 
units (statistically corrected), respectively, and the 
ABDE values are 1.5, -3.2 and -3.5 kcal, respectively 
(Table 3). 


On the other hand, we would expect the introduction 
of donor groups into the 2-position of CH,(CO,Et), to 
lead to relatively small increases or decreases in pKHA 
values, but (usually) decreases in BDEs that will vary 
from small to large, depending on the nature of donor 
and its ability to achieve effective overlap with the 
orbital at C-2 bearing the odd electron. The acidifying 
effects (ApKm values) were found to be c-C,H,,N 
(-2.7) < p-MeC6H, (0.2) < C,H, (0.4) < PhO (1.6) < 
F (2.2) < p-N0,C6H, (4.4) < c-C,H,N+ (11) in pKW 
units (Table 3). The decrease in acidity caused by the 
piperidino group, c-C,H,,N, is not surprising since 
four-electron repulsions exist between the carbanion site 
and the lone pair on nitrogen in the anion and the steric 
inhibition of solvation by the piperidino group may also 
be a factor. The failure of the 2-C6H, or 2-p-Mec6H4 
groups to increase the acidity is at first sight surprising, 
however, particularly in view of the 6.6pKW unit 


(9 kcal) increase in acidity caused by the substitution 
of a phenyl group at the acidic site of ethyl acetate 
(Table 1). Clearly the Z,Z(U) confirmation of the 
-C(CO,Et), moiety in the diethyl phenylmalonate anion 
must restrict the orientation of the phenyl group to a 
position orthogonal to the carbanion p-orbital (Scheme 
3). This must be true also for the diethyl p-methyl- 
phenylmalonate anion, where the ApKHA is also near 
zero, and for the diethyl p-nitrophenylmalonate ion, 
where ApKW is 5.0. In the latter the field/inductive 
effect of the p-nitro group is responsible for the increase 
in acidity. (The acidifying effect in p-nitrophenylaceto- 
nitrile, where the resonance effect of the p-nitro group 
and also the field/inductive effect are operative, is 
ApKm = 9.6 pKW  unit^.^) 


An examination of scalar molecular models of 
diethyl phenylmalonate anions shows that there is steric 
repulsion between the ortho-hydrogen atoms of the 
benzene ring and the oxygen atoms of the alkoxyl 
groups in the Z,Z( U) conformer, and that the repulsive 
steric interactions become progressively worse in the 
E,Z(U) and E , E ( U )  conformations. 


The rationalization of the failure of a-phenyl or a-p-  
methylphenyl groups to increase the acidity of diethyl 
malonate just given requires that the corresponding 
malonate anions be chelated by K' ion. The effect of 
ion pairing with potassium ion was therefore checked 
in pKW measurements using 9-phenylthiofluorene as 
the indicator. For diethyl 2-phenylmalonate the 
pKm uncorrected for ion pairing was found to be 
16.42 and the pKHA corrected for ion pairing was found 
to be 16.64. The calculated Kas =6.07 f 1 . 2 ~  10' or 
log K,, = 2.78 compared with log K,, = 2.31 reported for 
the diethyl malonate ion.6 For diethyl 2-p-methyl- 
phenylmalonate ion, log K,, with K' ion was found by a 
similar experiment to be 2.42. 


The 11 ApKm unit increase in acidity caused by the 
2-pyridinium group contrasts sharply with the negligible 
acidifying effect of the 2-phenyl group. The positive 
charge on the pyridinium group on nitrogen counteracts 
the adjacent negative charge in the anion, and appar- 
ently negates chelation. The ylide is therefore free to 
adopt a conformation where overlap is feasible, such as 
the E,Z(W) or the Z,Z(W) conformation (Scheme 4). 
The 11 pKHA unit (15 kcal) increase in acidity is 3 pKW 


E,En'l Z.Z(u) E,ZrV) 


Scheme 3 
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E,Z(W) z,zcui 
Scheme 4 


units less than observed for PhCOCH;NC,H,Br-," and 
5pKm units greater than that for the Me," group 
in [Me,NCH(CO,Et),] 'NO; (Table 3). The greater 
acidifying effect of the pyridinium group than the 
Me," group is due to the delocalizing effect of the 
aromatic ring" (Scheme 4). 


The ABDEs for diethyl 2-substituted malonates were 
found to be c-C,H,,N (14) > p-MeC,H, (10) > C6H5 
(9.8) > p-N02C6H4 (9) > PhO (6.9) > F (4.5) > Me 


C,H,N+ (-0.4) > CF, (-3.3) > Me," (-3.5 kcal). 
The substantial weakening of the acidic C-H bond by 
the piperidino group is expected since extensive 
weakening of acidic C-H bonds by a-amino groups 
has been observed in other instances. For example, the 
BDE of the acidic C-H bond in PhCOCH,NMe, is 
21 kcal lower than that in PhCOCH3." The 10kcal 
weakening of acidic C-H bonds in 2-C6H,- and 2-p- 
MeC6H4CH(C0,Et), results because the n-orbitals of 
the phenyl ring can achieve coplanarity with the p- 
orbital holding the odd electron in the corresponding 
radical by using a conformation such as the Z , Z ( W )  
conformation shown in Scheme 4. The 6.9 kcal bond- 
weakening effect of PhO is normal, but the 4.5 kcal 
bond-weakening effect for a fluorine atom is unexpect- 
edly large compared with 3kcal for fluorine in 
H-cH,F.'~ The presence of an a-CF, group generally 
strengthens acidic C-H bonds," as observed for 
the 3.3kcal effect in CF,CH(CO,Et),. The 1.5kcal 
stabilizing effect of the 3,4,5-(MeO),C,H,CO group 
is consistent with the small effects observed for 
introducing a second a-carbonyl group adjacent to a 
O=C-C-type radical.', The failure of the C,H,N' 
group to exert a bond-weakening effect is contrary to its 
behavior in PhCOCH;NC,H,, C5H,N+CH,CN and 
C,H,N+CH,CO,Et substrates, where 5.9, 5.4 and 
5.0 kcal bond-weakening effects were observed, respec- 
tively." This result suggests that delocalization of the 
odd electron in the radical cannot be very important, 
despite the evidence for delocalization of the negative 
charge in the C5H5N+-C(CO2Et), anion (Scheme 4). 
This behavior is not unprecedented, however, since 
there is evidence to indicate that solvation forces on 
anions can enforce conformational changes in con- 
gested systems that will permit stabilization by 
delocalization, whereas radicals cannot. For example, 


(4.4) > 3,4,5-(MeO),C,H,CO (1.5) > H (0.0) > C- 


the p-NO, group in p-N02C6H,CHPh, increases 
the acidity by 19kcal apparently by stabilizing the 
corresponding carbanion, but has little or no effect on 
the BDE.', Also, the Ph,P+ group when present in 
Ph,P+CH,CO,Et and similar substrates exerts an 
enormous acidifying effect (by polarizability) but has 
little or no effect on the BDE.I4 Note that the C,H,N+ 
group does not strengthen the acidic C-H bond in 
diethyl malonate, as does the Me," group (Table 3), 
which suggests that it does have a small delocalizing 
effect on the radical. 


CONCLUSIONS 


The effects on acidities and BDEs of the acidic C-H 
bonds of introducing a variety of groups into the 2- 
position of diethyl malonate have been examined. The 
most intriguing results were (a) the 11 kcal acid- 
weakening effect of the 2-tert-butyl group, attibuted to 
steric hindrance to anion solvation, which was accom- 
panied by only a 0.8 kcal homolytic bond-weakening 
effect, (b) a meager 0.5 kcal acid-strengthening effect of 
a 2-phenyl group, attributed to a chelating effect of K +  
on the anion, which confines the phenyl group to an 
orthogonal position relative to the chelate ion plane; this 
was accompanied by a 9.8kcal homolytic bond- 
weakening effect, the unchelated radical being able to 
adopt a conformation favorable for delocalization of the 
odd electron, and (c) a 15 kcal acid-strengthening effect 
of a 2-pyridinium group attributed to negating the 
chelating effect and enforcing a favorable conformation 
for overlap in the ylide, accompanied by a homolytic 
bond-weakening effect only large enough to offset the 
bond-strengthening effect of the positive charge. 


EXPERIMENTAL 


The dialkyl malonates, malononitiles and alkyl 
cyanoacetates, except for those for which the prep- 
arations are described below, were commercial samples 
or gifts from other laboratories. 


Diethyl2-phenoxymalonate was prepared following a 
literature m.p. 53-54 "C; lit. m.p. 53-54 "C; 


(s, 1H) and 6.95 (m, 5H). 
Diethyl 2-piperidinomalonate was prepared as fol- 


lows. To 3.41 g (0.04mol) of piperidine (Aldrich) in 
25 ml of dry diethyl ether was added dropwise 4.78 g 
of diethyl 2-bromomalonate (Aldrich) in 10 ml of dry 
diethyl ether and the mixture was stirred at room tem- 
perature for 24 h. The white precipitate (piperidinium 
bromide, ca 3 g) was removed by filtration. The residual 
crude product was purified by flash chromatography 
with a mixture of hexane and ethyl acetate (10 : 1, vv) 
as eluent. The pure compound was a light-yellow liquid. 


'H NMR (CDCl,), 6 1.21 (t, 6H), 4.18 (q, 4H), 5.05 
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'H NMR (CDCI,), 6 1.30 (t, 6H), 1.4-3.0 (m, lOH), 
4.0 ( s ,  1H) and 4.18 (q, 4H). Analysis: calculated for 
CI2H2,NO,, C 59.20, H 8.78, N 5.76; found, C 59.41, 
H8.77, N5.53%. MS: m/z  243 (M", 25%); 170 


Diethyl 2-(p-nitrophenyl)malonate was prepared 
following the literature method to synthesize ethyl 2- 
cyan0-2-(p-nitrophenyl)acetate.'~ To 4.49 g (0.04 mol) 
of potassium tert-butoxide suspended in 100 ml of dry 
DMSO was added dropwise 6.41 g (0.04mol) of 
diethyl malonate (Aldrich) in 15 ml of dry DMSO and 
the mixture was stirred at room temperature for 10 min. 
Then 4.04 g (0.02 mol) of p-nitrobromobenzene in 
15ml of DMSO was added dropwise to the resulting 
solution and the mixture was heated in the range 
70-80 "C for 4 h. The cooled mixture was diluted with 
2~ HCl solution and extracted with diethyl ether. The 
organic layer was dried with MgSO, overnight. 
Removal of the ether and diethyl malonate under 
reduced pressure gave a solid. Recrystallization from 
ethanol and hexane gave pure crystals, m.p. 56-57 "C. 
'H NMR (CDCI,), 6 1.2-1.4 (m, 6H), 4.15-4.30 
(m, 4H), 4.72 ( s ,  1H),7.62 (d, 2H) and 8.25 (d, 2H). 


The equilibrium acidities of the weak acids in DMSO 
were measured by the overlap ing indicator titration 
method as described previously. The log K,, constants 
for ion pairing with potassium ion were determined as 
described previously.6 The oxidation potentials of the 
conjugate anions were measured by conventional cyclic 
voltammetry as described previ~usly.~ The working 
electrode consisted of a 1.5 mm diameter platinum disc 
embedded in a cobalt glass seal. It was polished with a 
0.05 pm Fisher polishing aluminum or cleaned with an 
ultrasonic instrument and rinsed with ethanol before 
each run. The counter electrode was platinum wire 
(BAS). The reference electrode was Ag/AgI, but the 
reported oxidation potentials were all referenced to the 
ferrocenium-ferrocene couple (El,* = 0.875 V vs the 
Ag/AgI couple in our instrument3). 


(100%). 
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PROBING ONIUM IONS AND CARBOCATIONS BY 
DESORPTION/IONIZATION MASS SPECTROMETRY: CROSSING THE 


THRESHOLD BETWEEN FRAGILE SALTS AND GASEOUS INTACT 


CLUSTER CHEMISTRY 
CATIONS AND SUBSEQUENT GUEST-HOST AND CATION-MOLECULE 


KENNETH K. LAALI 
Department of Chemistry, Kent State University, Kent, Ohio 44242, U.S. A. 


The utility of desorption/ionization mass spectrometric (DI/MS) techniques in dealing with physical organic problems 
involving fragile onium salts and carbocation salts has been explored. The efficacy of these methods, especially when 
coupled to tandem mass spectrometry, goes much beyond the analytical aspects dealing with identitylpurity 
determinations. For example, insight can be gained regarding the role of the counterion in subsequent cation 
decomposition pathways. Guest-host chemistry of onium ions and various hosts (crowns, calixarenes) can be probed. 
The decomposition chemistry of the resulting ion-molecule clusters can be studied. Examples of onium salts and 
carbocation salts that have been studied are few, probably because research in this area has been mainly a domain 
for analytical chemists. This paper calls attention to the possibilities for dealing with topical physical organic 
problems. 


INTRODUCTION 


The intention here is to demonstrate to those interested 
in preparing and characterizing organic cation salts the 
potential that desorption/ionization mass spectrometry 
(DI/MS), fast atom bombardment (FAB), field desorp- 
tion (FD), secondary ion mass spectrometry (SIMS), 
californium plasma desorption ( 252Cf-PDMS) and laser 
desorption (LDMS) can offer in studies of onium ions 
and carbocation salts. 


A second goal is to highlight the efficacy of the tech- 
niques in probing the guest-host chemistry of onium 
ions in the gas phase. In such instances, parallel sol- 
ution and gas-phase studies can yield useful clues as to 
the role of solvation. 


A discussion of DI/MS methods is beyond the scope 
of this paper. There has been an overwhelming amount 
of research in this area, and numerous lead reviews and 
monographs exist. 


Many carbocations and onium (or enium) ions can be 
cleanly generated in the mass spectrometer by 
ion-molecule reactions and used as electrophiles in a 
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subsequent reaction whose products can be identified by 
tandem mass spectrometry.3 However, FAB and FD 
allow cation salts synthesized in the laboratory to be 
transferred into the gas phase (usually from a liquid 
matrix) for direct study. This approach can have several 
advantages: 


(1) The methods provide a complementary analytical 
technique for the determination of the molecular mass 
and purity of numerous cation salts. Many onium salts, 
and especially carbocation salts, are very hygroscopic, 
and microanalysis is not always feasible. This often 
leaves NMR spectrometry as the only identification 
tool. The higher sensitivity of MS compared with NMR 
can be advantageous, pointing to the power of the 
desorption/ionization method as a complementary tool 
in preparative ion chemistry. 


(2) The influence of the counterion (its structure and 
nucleophilicity) on the cation reactivity can be assessed 
by using DI/MS techniques such as FAB and FD, in 
which two cationlone anion cluster ions are usually 
formed. Also, the counterions can be examined more 
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closely by negative ion mass spectrometry. NMR data 
often do not contain this type of information, although 
a slight counterion dependence of NMR chemical shifts 
can be seen in various classes of onium ions.4 


(3) Once in the gas phase, the chemistry of the 
ion-molecule cluster can be probed by collisional acti- 
vation decomposition (CAD), using a tandem mass 
spectrometer. 


(4) The approach provides a means to study the 
guest-host chemistry of the desorbed cation (with 
crown ethers, azacrowns, lariat ethers, suitable calix- 
arenes and cyclodextrins) for comparison with solution 
studies in which guest-host interactions are usually 
probed by NMR titration and kinetic studies. Whereas 
solid-state structures of a number of ammonium, 
phosphonium, hydronium and diazonium cations com- 
plexed to 18-crown-6 have been determined, parallel 
gas-phase complexation studies probing guest-host 
interactions are only beginning to emerge. 


( 5 )  The guest-host chemistry of fragment ions derived 
from the original onium ion or carbocation salts can 
also be examined. 


(6) Recent synthetic design of perfluorinated crowns 
and cryptands for binding negative  ion^^'^ creates 
opportunities to explore the complexation of low 
nucleophilicity gegenions (triflate, nonaflate, fluoro- 
sulfate) with such hosts in the negative ion mode. Gas- 
phase complexation of F- and 0 2  with perfluorinated 
cryptands has already been shown. Such a reduction 
in counterion interaction with the onium ion or car- 
bocation by complexation may increase the cation elec- 
trophilic power, just as the nucleophilicity of F- is 
dramatically increased by complexation of its cation 
with crown ethers. Counterion effects on solution com- 
plexation of ammonium salts with simple crowns have 
been shown by Doxsee;8b 2 : 1 complexes have been 
observed in solution. 


(7) Gas-phase studies of guest-host cluster ions 
provide a means of probing higher order clusters (e.g. 
two guestlone host or two hostlone guest clusters). 
CAD experiments allow the decomposition chemistry of 
higher order clusters to be probed and compared with 
the 1 : 1 cation-molecule clusters. 


(8) It is possible to measure binding selectivities in 
competitive experiments where two onium ions may 
compete for a given host or where two hosts are allowed 
to complex an onium ion. 


The section below provides highlights of the range of 
synthetically accessible onium(enium) and carbocation 
salts which are, in principle, amenable to DI/MS studies 
[In cases where the salt is very hygroscopic, a dilute sol- 
ution (in acetonitrile or methylene chloride) can be pre- 
pared under nitrogen and a drop transferred quickly on 
to the probe tip; if a matrix is to be used, it should be 
anhydrous]. The subsequent section explores the 
characteristic features of few classes of such cation 
salts. 


SYNTHETICALLY ACCESSIBLE ONIUM 
(ENIUM), CARBOCATION AND DICATION 


SALTS FOR DI/MS STUDIES 


Onium (and enium) salts 


Meerwein's early studies' provided the means for the 
preparation, isolation and characterization of a large 
number of onium cation salts (Meerwein salts). With 
the development of superacid methodology by Olah 
and co-workers since the 1960s, the scope of 
preparative onium ion and carbocation chemistry has 
been greatly enhanced, allowing the synthesis and char- 
acterization of more fragile, highly reactive salts. The 
work of numerous other contributors has further 
advanced the boundaries of preparative onium (enium) 
and carbocation chemistry. 


In the area of stable onium ion salts, much activity 
has centred around onium ions of chalcogen centers 
(oxonium, sulfonium, selenonium and telluronium 
salts.) l 2 - I 7  


Acyclic and cyclic halonium ions have also received 
considerable attention. Diaryliodonium salts were the 
earliest class of stable iodonium salts to be isolated. l 8  


Synthetic methods developed by Olah and co-workers 
allow the isolation of much less stable halonium salts 
such as MeZBr+ and tetramethylene bromonium 
salts. 'Ic  


Recent studies of Stang, Zefirov and co-workers have 
led to synthesis of useful alkynyl- and vinyliodonium 
salts. The bis(pheny1iodonium)diyne and 
diiodonium ether salts with low nucleophilicity anions 
have also been synthesized. 19c-e The preparation of the 
macrocyclic tetraaryltetraiodonium salt (a paraquat 
analogue) has been reported. 19f 


Among azonium salts, the ammonium cations are the 
oldest members. There is a great deal of current activity 
utilizing ammonium cations in guest-host chemistry in 
solution and in the gas phase.20 


The hydrogen-bonded model shown in Figure 1 best 


bll 


Figure 1 .  Hydrogen-bonded model for anilinium 
cation-crown ether interactions 
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describes the anilinium cation-crown ether interaction 
in solution.21 


Cationic water-soluble calixarenes having trialkyl- 
ammonium cation at the upper rim have been synthe- 
sized by Shinkai et al.;" these can serve as hosts for 
cations or neutral species (Figure 2). 


Mono- and bis(DABC0-based)-di- and tetra- 
ammonium cationic carriers have been utilized by Li 
et af. 23 for nucleotide transport across organic mem- 
branes (Figure 3). 


The tetracationic cyclophane cyclobis(paraquat-p- 
phenylene) (Figure 4) is a popular building block for 
[zlcatananes. 24 


A number of stable azaallenium salts are known and 
their cyclization to 1,4-dihydroisoquinoliniurn salts has 
been demonstrated. " 


Synthesis of nitronium and nitrosonium salts with 
various anions was first achieved by Hughes and Ingold 


Figure 2. Trialkylammonium-substituted calixarenes as hosts 


Figure 3 .  Mono- and bis(DABC0-based)-di- and- 
tetraammonium cationic carriers 


onono, *N+ ono 


o u o b o ~ "  


Q 868 
w 


Figure 4. Tetracationic cyclophane cyclobis(paraquat-p- 
phenylene) 


in the course of their classical studies of nitration 
mechanism. Their preparative aspects were much 
extended later by Olah et al.26 


A wide variety of ArN; salts with different gegenions 
and various substituents are readily accessible. Solution 
complexation of ArN; with hosts and the nature of 
interaction have been a recent area of activity in 
guest-host chemistry, 27 and complementary gas-phase 
studies have also been (see below). A 
modified insertion complex model, involving crown 
puckering and u-base-*-acid interactions, has been 
proposed in solution (Figure 5 ) .  30 


The dediazoniation (loss of Nz) mechanism for 
crown-complexed diazonium cations has been studied 
by Nakazumi et al. 31 


The history of phosphonium salts is extremely rich, 
owing in part to the importance of phosphonium ylides. 
A great variety of aryl(alky1)phosphonium salts and 
their halo and hydroxy derivatives have been prepared 
and isolated. 32,33  The most recent examples include 
stable phosphonium salts of tetraphosphacubane 
(Figure 6 ) .  34 


Figure 5 .  The insertion complex model for ArNZ-crown 
guest-host cluster 


t Bu 


fBU 


t B u  


R :  H 
R = Me 


Figure 6 .  Phosphonium salts of tetra-tert- 
butyltetraphosphacubane. The numbers 1 and 2 represent 


different types of cage carbons 
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M e 2 N  N M e ,  


Me,N 20Tt *NMe, ' 3 x -  20Tf. 


Figure 7. Examples of stable carbocation, carbodications and dication ether salts 


Arsonium salts are also widely prepared and utilized 
synthetically as precursors to arsonium ylides. Their 
preparative aspects have been reviewed. 35s36  


Stable carbocation, carbodication and dication ether 
salts 
Notable examples include the adamantyl-, lo trityl- 37 
and azulene analogues of trityl cation,38 aryl-, alkyl-, 
cyclopropyl-substituted tropylium, 39a acetylium, 
chloro- and bromoacetylium cations, ' I e  


cyclopropenium lo and t-Bu+ salts. ' la Macrocycles con- 
taining a tropylium ion unit have also been prepared. 39b 


Examples for stable di- and trications are ditropylium- 


Me,N , NMe, \ +  
/ \ NMe, 


M ~ , N - P / o + ~ ,  


20Tf ~ Me,N 20T f '  NMe, 


Figure 8. Stable diphosphonium ether salts 


and tritropylium-substituted benzene, lo numerous dica- 
tion ether salts40a and a recently prepared triply-bridged 
triphenylmethyl dication (Figure 7).40b 


The Tf20-Ph3P, Tf2O-HMPA and TfiO-urea 
systems studied by Aaberg et aL4' provide easy access 
to a range of diphosphonium ether salts (Figure 8). 


Extension of ketone-Tf2O to enaminones as shown 
by Maas and co-workers gives delocalized iminium 
salts. 42 Nucleophilic misplacement by nitrogen hetero- 
cycles on 


\ / \ I /  
c + -0-c + gives C+-N+ 


/ \ / I  


dications (Figure 9).43 


Alkenediazonium salts 


A number of stable alkenediazonium salts are accessible 
using methods developed by B ~ t t . ~ ~  Structural studies 
on alkenedizonium salts are a topic of current 
interest. 45 


Me& - 
Figure 9. Examples of stable delocalized dication salts 
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CHARACTERISTIC FEATURES OF DI MASS 
SPECTRA OF ONIUM (ENIUM) IONS: WHAT 


CAN WE EXPECT? 


Ammonium salts 
Because of their higher stability relative to other onium 
ions, a number of investigations have dealt with their 
DI/MS and gas-phase guest-host studies. 


Veith46 showed that FDMS is highly suitable for 
&N+X- salts. Apart from abundant &N+ ions, 
cation-molecule clusters &N+.(&N+X-), (n = 1-5 
depending on R and X) are formed. There are also 
cations of the type [n&N+X - 11 in their spectra 
(Figure 10). 


Experiments with Et4N'Br- ' (CABr)-(nBu)4N+I- 
(CBI) mixture (1 : 1) shows that gegenion exchange is 
possible (Figure 11). 


m l r  
Figure 10. FD mass spectrum of [Me~N(nBu)z] + I -  (C = ca- 


tion; M = molecule) 


I ~ O  zia zj, i G o  i i 5 ~  j, 


m l r  


8% 980 


550 600 6.50 7W 850 900 950 1000 


m t z  


Figure 1 1 .  FD mass spectrum of EhN'Br- and (n-Bu)aN+I- 
( 1  : 1 mixture) 


Larger ion-molecule clusters are observed at lower 
desorption temperatures. 


The ion-molecule clusters observed with alkyl- 
ammonium nitrate and thiocyanate in FABMS are of 
the type [(M)C]+, and [(M).AH,]+ (C = cation; A = 
anion; M = C'A-; n = 0-6; x =  O-2).47 In the latter 
type of cluster ions the gegenion is protonated. 


The Et4N+-per(3,6-anhydro)-/3-cyclodextrin cluster 
cation (Figure 12) has been observed by FABMS (m/z  
966). 'Od 


Whereas low-energy CAD of ammonium-crown 
ether clusters leads to decomplexation and loss of 
ethylene oxide, high-energy CAD leads to intramole- 
cular ring opening, forming odd-electron acyclic 
product ions. 'Ob 


Competitive binding experiments (using two different 
crowns) with the ammonium cation show its higher 
affinity for larger crowns. 'OC 


Bates et al.48a have shown that an inclusion complex 
is formed between peroctylated-0-CD and NMeZ in sol- 
ution. Gas-phase complexation could be demonstrated 
by electrospray mass spectrometry.48b 


The most recent guest-host studies between modified 
carbohydrates and enantiomeric ammonium cations 
indicate that enantioselective complexation can be seen 
in FABMS.'Oa 


Diazonium salts 


FABMS and FDMS are ideal techniques for studying 
diazonium ions.28s49 With PhN; the intact cation is 
abundantly present. Cation-molecule clusters of the 
type PhNi-PhNiX-  and doubly solvated ions 
[2PhNzX--ArN;] are also seen, depending on the 
substituents on the ring. Ar+ is a major fragment ion 
(Figure 13). 


We have studied ArN; -crown molecular complexes 
by FABMS and FDMS and by FAB-CAD- 
MS/MS.28,29 In solution, steric crowding at the 
diazonium ions significantly retards or eliminates com- 
plexation; in contrast, steric effects are less stringent in 


Et,N+ / 
Figure 12. Et3N+-modified P-cyclodextrin cluster ion 
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tM+ArNI 
534 


Y - 
400 450 500 550 


m l z  
Figure 13. FAB mass spectrum of p-aminobenzenediazonium hexafluorophosphate 


Figure 14. FD mass spectrum of benzenediazonium-18-crown-6 showing the intact ArN;, the 1 : 1 complex and a 1 : 2 complex. 
The tiny peak at m / z  96 is the Schiemann product (PhF) 
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the gas phase. Higher order complexes such as 
ArNz   crown)^ and ArNz (crown)3 ions can be detected 
in some cases (Figure 14). The solution charge transfer 
model (a-base-?r-acid interactions) and diazonium ion 
encapsulation (Figure 15) provide adequate models for 
the observed higher order clusters. 


The FAB-CAD-MS/MS experiments on 
ArNz-crown cluster ions (Table 1) shows acid-base 
chemistry within the cluster. 29 Depending on the substi- 
tuent, either (crown - H)+ or (crown + H)' is pro- 
duced in CAD spectra. With electron-withdrawing 
substitutents, hydride abstraction by N-fi, or heterolytic 
dediazoniation, followed by hydride abstraction by the 
aryl cation, have been postulated. With activating 
substituents such as p-methoxy, heterolytic dediazonia- 
tion and crown protonation via expulsion of an aryne 
were suggested (Figure 16 and Schemes 1-3). 


Figure 15. Hypothetical representation of an encapsulated 
ArNz 


Other azonium (azenium) salts 
Despite their sensitivity to moisture and high reactivity, 
both NO'BFh and NOzBFT have been analysed by 
FABMS. Apart from the cations, their ion-molecule 
clusters [(N0)2BF4] + (m/z  147) and [(NOz)zBF4] + 


(m/z 163)] are also detectable. 
The FABMS and FDMS methods are also applicable 


to the analysis of various pyrazolinium, pyrylium, 
thiopyrylium, pyridinium, pyrazolium and halopyrazo- 
lium salts.51-54 


Hydrazinium salts have been examined by 252Cf- 
PDMS where ion-molecule clusters are also detected. 55 


With pyrazolinium salts isomeric structures can be 
differentiated by FABMS. 51 


Halonium ions 
There are two detailed studies by Busch ad co- 
w o r k e r ~ , ~ ~ , "  showing that both FABMS and SIMS are 
ideal for diaryliodonium salts. Intact iodonium cations 
are observed in abundance in every case (usually the 
base peak) and there is also an interesting rearrange- 
ment involving loss of neutral I2 and formation of 
biphenyls. 


Calculations show that a bent Ar-I+-Ar' (or R) 
contributes to this process. Reduction of the aryl frag- 
ments is also observed in some cases. For example, 
FABMS of Ar-I+-Ar' gives, apart from the mol- 
ecular cation (C+), ArI', [Ar-Ar]" and ArH". 
Since there is no reduction in the daughter ions gener- 
ated by CAD of C', the reduction is not intramolecular 


Table 1. FAB-CAD-MS/MS data on ArN2+BF6-18-crown-6 


Mass-selected m/z Products 
Substituent (base peak intensity) [ m / z  (relative abundance, Vo)]" 


o-Me 383 ArNi  (crown) 
(17.96) 


PNOZ 414 ArNz (crown) 


P-NOZ 387 (ArNz)zBF? 


p-c1 403 ArNz (crown) 


(9 * 47) 


(0.82) 


(1.05) 


p-OMe 399 ArNz(crown) 
(0.71) 


ArNz 
Ar+ 
Ar+ (crown) 
(crown + H) + 


ArN 2' 
Ar+ 
(crown - H) + 


ArNt 
Ar' 
(Ar+) 
(Ar+ ) 
Arf (crown) 
Ar' (crown) 
Arf (crown) 
(ArNt ) 
(Ar+) 
Arfcrown) 


a Tenfold sensitivity enhancement applied. 
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CAD 


He 
-ArN2@+ Ar @ + Ar @ (Crown) + (Crown'H) @ + Aryne 


Scheme 1. Collisionally activated dissociation of a 1 : 1 complex (heterolytic dediazoniation and crown protonation via an aryne) 


Q Crown 0 ArN2' ___* Ar ArH + [Crown-HI - Nz - Ho' 
Scheme 2 Collisionally induced heterolytic dediazoniation and hydride abstraction from crown by Art 


R-)-N&$ roa .o H __+ CAD ArN2@+ ArQ+ Ar@(Crown) + (Crown-HI' 
He 


0 + Ar-N=N-H 


Scheme 3 Collisionally activated dissociation of a 1 : 1 complex (hydride abstraction by N-0 and formation of a (crown - H)' ion) 


and the matrix is the source of hydrogen. The SIMS of 
iodonium salt 1 (Figure 17) contains fragment ions for 
which reduction is observed. 


Onium ions of group 16 


The utility of DI/MS for analysis of various oxonium, 
sulfonium, selenonium and telluronium salts has been 
shown by our previous An extensive list of 
examples on telluronium salts was also provided by Fu 
et al? We used FDMS, FABMS and PDMS to 


examine R3O+, R3S+, R3Se+, and R3Te' salts with 
OTf -, BF;, SbCla and I-  anions.50 


The intact cations, two cation-one anion clusters and 
some fragment ions are produced. Pyrolytic decompo- 
sition products arising from apparent reaction of the 
anion with the cation, such as MeCl formation from 
Me3O+SbC1<, were seen only in FDMS. Reduction in 
nucleophilicity of the gegenion discourages the for- 
mation of such pyrolytic products. Thus, alkyl triflates 
are not detected with triflate salts under the conditions 
where RI and RCI are formed from halides. 
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Figure 17. Secondary ion mass spectrum of iodonium salt 1 


Recently we have studied the guest-host chemistry of 
alkoxycalix [nlarenes with Meerwein salts. Complex- 
ation of EtsS'BF; and Et3O'SbCl; with methoxy- 
calix [6]arene and methoxycalix [Ilarene gave 1 : 1 
guest-host clusters (Figure 18). The calixarenes and the 
onium ion salts are premixed and then subjected to 
FABMS. 


Phosphonium salts 


A number of phosphonium salts have been studied by 


100 ' 


80 


60 


40 


20 


various DI/MS methods. 5y*60 FAB and SIMS provide 
reliable methods for detection of abundant intact 
cations (Figures 19 and 20). In the FAB mass spectra 
two cation-one anion clusters and diagnostic fragment 
ions are also produced. 


In a recent study, we examined the P-methylated 
tetraphosphacubane (as triflate salt) by FDMS and 
FABMS. 59b The intact monophosphonium ion (m/z  
415) was observed in abundance. Complexation of the 
monophosphonium ion with dicyciohexano-24-crown-8 
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Figure 19. Secondary ion mass spectrum Ph,P+MeI- 
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Figure 18. FAB mass spectrum of methoxycalix (81arene-EtsS'BFh mixture 
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Figure 20. FAB mass spectrum of [PhCHzPPh3] 'C1- 


was also detected (m/z  875) (Figure 21). MS/MS exper- 
iments on the m/z  415 ion (Figure 22) gave m / z  115 and 
169 ions, assigned to C-methylated tBuCP and 
phosphirenylium cation, respectively. These fragment 
ions are also produced in the normal FD and FAB mass 
spectra of p-methylated tetra-tert-butyltetraphospha- 
cubane and form adducts with dicyclohexano-24- 
crown-8. Other P-alkylated (alkynylated) phosphonium 
salts of tetraphosphacubane have also been studied by 
FABMS. The phosphirenylium cation ( m / z  169) is an 
important common daughter ion which is produced by 
decomposition (FAB-CAD-MS/MS) of the intact 
phosphonium cations. 59b Hence DI/MS methods are 
very promising in the area of novel phosphonium ions 
and their guest-host chemistry. 


Pyridinium salts 


N-Alkylpyridinium salts have been extensively studied 
by Katritzky and co-workers6' using LDMS as the 
primary desorption technique. CAD of the intact 
cations led to pyridine and the corresponding carbo- 
cation. Pyridinium cations were also investigated by 
other groups using FABMS or FDMS.62 There is no 
doubt that these methods are suitable for driving the 
cation into the gas phase and for subsequent ion-mole- 
cule reactions involving Py+ . We are not aware of any 
gas-phase guest-host studies with pyridinium-crown 
systems. 


Figure 21 P-Methylated tetraphosphacubane and its crown 
complexation 
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Figure 22 CAD mass spectrum of m/z 415 cation 
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CARBOCATIONS base Deak (mlz 426) and a two cation-one anion cluster 


Relatively few carbonation salts have been studied and 
much remains to be done. Tropylium BFI  and 
(EtO)3C+BF; were studied by FDMS by Veith.46 
Ion-molecule clusters were detected in both cases. With 
tropylium, a doubly solvated tropylium cation (one 
cation-two molecule) was also seen. We have shown63 
that FABMS and FDMS can both be utilized for studies 
of carbonation salts (depending on their relative stabi- 
lities). The trityl, tropylium, acetyl and adamantyl 
cation salts were studied. The intact cations are observ- 
able in every case but are not always the base peak. 


For trifloxypropeniminium triflate salt 63 (Figure 23) 
the FD mass spectrum exhibits the intact cation as the 


Figure 23 Trifloxypropeniminium triflate salt 


(m/z- lOOl).' The' FAB mass spectrum shows, in 
addition, fragment ions due to Ph', morpholino cation 
and loss of TfOH. The latter also occurs in solution on 
heating of the salt in MeCN to give an alkyne salt. The 
PDMS data closely resemble the FAB mass spectrum. 


Doubly- and multiply-charged onium salts and 
carbocation salts 


The main problem in the detection of doubly charged 
cations by FABMS (or SIMS) is competing one-electron 
reduction, which leads, in many instances, to the detec- 
tion of intact singly-charged cations. It is believed that 
reduction is mediated by electrons produced in the 
matrix.a965 When the charges are well separated 
(reduced columbic repulsion) the probability of dication 
detection increases. " Another process by which a 
doubly-charged dication can produce a singly-charged 
species is the loss of a charged fragment such as proton. 
FDMS appears to be more suitable than FABMS for 
dication detection.66 It has been noted that LDMS is 
not the method of choice for dication detection. '' 
Intact dications have been observed for a number of 
bisphosphonium ions in FAB using m-nitrobenzyl 


Table 2. Examples of dication salts studied by DI/MS 


Dication Studied Method Source 


FDMS Ref 66 


2Br' 


Me 


Ref 63 FDMS 


Ref 63 PDMS 


Dication Studied Method 


+ +  FDMS Ph3P(CH&PPh3 2Br' 


P ~ $ C H ~ - C B H ~ - C H $ P ~ ~  2Br' FDMS 


CH$Ph3 J3- FABMS 


x 0-pentyl. 0-hexyl. 0-heptyl 


Ph$-CH, 
X = H. Me, OMe. 0-propyl. 0-isobutyl. 


O C H 2 P ' P h 3  FABMS 
PhaP'CHZ . -  


2CI. 
FABMS 


Ph,P*CH, oCHzP'Ph3 


CH,P*Ph, WCI. FABMS 


CHZP*Ph3 


Source 


Ref 68 


Ref 65 


Ref 60 


Ref 60 


Ref 60 


Ref 60 


Ref 60 
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alcohol (m-NBA) as matrix.60’68 Table 2 lists some 
diammonium, dipyridium and diphosphonium salts for 
which intact doubly charged cations have been 
observed. 


With Stoddard’s [2]catanane, loss of PFC gegenions 
is observed from a singly-charged intact [2]catanane 
assembly in FABMS. 24 


For Vogtle’s triply-bridged dication, FABMS (with 
m-NBA matrix) has shown [M + HIf and a cluster a t  
m/z 956 for [M + m02N(C6H4)CH20]+.40b 


Onium ion binding selectivities in competitive 
experiments 


Recent studies by Chu et al. 69 using Fourier transform 
ion cyclotron resonance spectrometry focused on 
intrinsic cation affinities and complexation of alkali 
metal ions with crown ethers and glymes. Work by 
Takahashi et al. ’O using FABMS demonstrated that for 
crown ethers and lariat ethers gas-phase cation affinities 
and solution titration methods are closely parallel. No 
such competitive studies have yet been reported for the 
onium ions A r N i  and NO;. 


we found that competitive 
binding with 18-crown-6 can be measured for 
ArN;-Ar’N; (1 : 1) by preforming the complexes in 
the matrix and then desorbing by FABMS. Alterna- 
tively, it should be possible to  explore competition 
between two structurally different hosts and a given 
onium ion guest. 


In preliminary studies 


CONCLUSIONS 


It has been shown that desorption/ionization mass spec- 
trometry (especially the FAB and FD variants) offers 
great promise for studying fragile onium (enium) salts 
and carbonation salts. There is also some potential for 
dealing with doubly charged cations; this area needs to  
be explored further. The utility of DI/MS is not only 
from an analyst’s standpoint (for purity and identity 
determinations), but also because it allows the desorbed 
cations and their fragments to  be used as guests for 
complexation studies with crowns and calixarenes. In 
combination with tandem mass spectrometry, much can 
be learned from CAD studies which allow the chemistry 
of the resulting cluster ions to be explored. The higher 
order clusters and the forces that hold them together are 
fascinating subjects in guest-host chemistry. A natural 
progression of this line of work will be the development 
of more selective (complexed) electrophiles. On the 
other hand, the notion that gegenion interactions may 
be reduced by complexation with fluorinated crowns 
and analogues offers the potential to enhance the elec- 
trophilic reactivity of onium ions and carbonations as 
well. 
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ENOLIMINE AND GEMINALDIAMINE FORMS IN THE 
REACTION OF PYRIDOXAL PHOSPHATE WITH 


ETHYLENEDIAMINE. AN ELECTROCHEMICAL AND 
SPECTROSCOPIC CONTRIBUTION 


CARMEN HIDALGO, JOSE M. SEVILLA, TERESA PINEDA AND MANUEL BLAZQUEZ* 
Departamento de Quimica Fisica y Termodinamica Aplicada, Facultad de Ciencias, Universidad de Cdrdoba, 


E-I4004 Cdrdoba, Spain 


The enol-keto tautomerism of the Schiff bases formed by pyridoxal 5'-phosphate (PLP) with ethylenediamine (Etd) 
and ethylamine (Et) was studied by electrochemical and spectrophotometric methods. The spectroscopic results 
revealed differences between the two reactions, i.e. the enolimine/ketoenamine ratio observed in PLP-Etd mixture 
is higher than that of PLP-Et. The differences observed in the electroreduction mechanism and stability of the Schiff 
bases formed provide additional evidence for an unusually high concentration of enolimine in PLP-Etd in buffered 
aqueous solutions. 


The results are consistent with a cyclic structure such as that previously proposed by Robitaille et al. [J. Am. Chem. 
SOC. 111,3034-3047 (1989)] on the basis of spectroscopic data. Protonation of the terminal amino group of the Etd 
moiety in the Schiff base involves the formation of the cyclic species. The low basicity of ethylenediamine favours 
the formation of similar concentrations of the enol and keto tautomers of the Schiff base at neutral pH. This 
behaviour, also observed in the Schiff base formed by PLP and polylysine, may be involved in coenzyme-protein 
linkages. 


INTRODUCTION 


Conversion of internal to external aldimines in pyri- 
doxal 5 '-phosphate (PLP)-dependent enzymes is 
believed to occur through a concerted mechanism 
known as the transimination reaction. Elucidation of 
the intermediates involved has so far been focused on 
model reactions of PLP with diamines. 


Abbot and Martell' reported the occurrence of a car- 
binolamine intermediate, whereas Tobias and Kallen' 
suggested the formation of a geminaldiamine following 
that of a Schiff base. 


Metzler et al. reported a geminaldiamine to occur in 
the reaction of pyridoxal (PL) with ethylenediamine in 
a basic medium. More recently, Robitaille et d4 con- 
firmed the presence of a geminaldiamine in the reaction 
of PLP with diamines in a strongly basic medium on 
the basis of 'H NMR and UV-visible data, but sug- 
gested the occurrence of an enolimine form at lower pH 


The assumption that an enol form is favoured over a 
geminaldiamine in buffered aqueous solutions requires 
checking by other methods since enolimines are gen- 
erally not observed for PLP Schiff bases in polar 
solvents. 's6 


Recent studies in our laboratory on the electroreduc- 
tion mechanism for PLP and some of its Schiff bases 
with simple amines or amino acids7-' revealed a 
relationship between the stability and basicity of the 
amine residue. Therefore, electrochemical character- 
ization of the PLP-diamine equilibrium, yet unre- 
ported, might provide new information not available 
from bases formed by PLP and diamines. 


This paper presents an electrochemical and spec- 
trophotometric study of the reactions of PLP with 
ethylamine (Et) and ethylenediamine (Etd). Some infor- 
mation on the enol-keto equilibrium and stability of 
the Schiff bases obtained is reported. 


values. 
EXPERIMENTAL 
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used were of p.a. grade from Merck and used without 
further purification. The Schiff bases were obtained 
in dissolved form by adding known amounts of 
ethylamine or ethylenediamine to  P L P  solutions of 
known concentrations. These measurements were made 
after reaction equilibrium had been reached. 


For the electrochemical experiments, buffered sol- 
utions of 0.02 M acetic acid and 0.02 M phosphoric 
acid for pH < 8.5 and 0.02 M phosphoric acid and 
0.02 M K2C03 for p H  > 8 . 5  were used as supporting 
electrolytes. The p H  was adjusted with KOH and the 
ionic strength was adjusted to  0.5  M with KNO3 when 
necessary. 


Spectrophotometric measurements were made on a 
Perkin-Elmer Lambda 3B UV-visible spectro- 
photometer furnished with 1 cm quartz cuvettes at 
25 ? 0 - 1  "C. 


DC and D P  polarograms were recorded automatic- 
ally on a Metrohm Model 626 polarograph. A saturated 
calomel electrode (SCE) was used as the reference elec- 
trode. PFlarographic measurements were made at  
25 2 0.1 C by using thermostated Amel 494 and 
Metrohm cells in a nitrogen atmosphere. 


Absorption spectra were deconvoluted into indi- 
vidual components by using a log-normal distribution, 
which has been shown to ensure precise resolution of 
the shape of absorption bands. 


The following function describes the molar absorp- 
tivity, c,  in terms of four selectable parameters, viz, XO, 
coo, w y  and P ,  


where w y  = vu - vL and k is a constant of proportiona- 
lity between the chosen wavenumber unit, v, and the 
wavelength, X, i.e. if v and X are expressed in kilokayser 
(1 kK = lo3  cm-l)  and nanometers, respectively, k is 


The wavelengths a t  which E falls to  E O / ~  are 
denoted by XU and XL (upper and lower values). There- 
fore, the wavenumber and wavelength are related by 
vU = 104/X~ and V L  = 104/Xu, and p = ( V U  - V O ) /  


(VO - V L )  (a band asymmetry index). 
Hence p is greater than 1 for curves skewed higher 


wavenumbers. As p approaches 1, the log-normal curve 
approaches a symmetric Gaussian shape. 


Spectra were fitted to  log-normal curves by using pre- 
viously reported methods based on non-linear least- 
squares regression. I 3 , l 4  


RESULTS 


Spectroscopic properties of PLP-amine mixtures 


P L P  reacts with primary amines to yield Schiff bases in 
a reversible reaction; on the other hand, its reaction 
with diamines can proceed to  a geminaldiamine in a 
second, reversible step. 


The UV-visible spectrum of the Schiff base formed 
by P L P  and ethylamine (PLP-Et) shows two bands 
centred at about 410 and 274 nm, the absorbance and 
maximum wavelength of which remained constant over 
the p H  range 7-10 [Figure l(a)]. Under these con- 
ditions, the Schiff base is monoprotonated at the imine 
group (SH). 


An analysis of the whole p H  range studied gave the 
results listed in Table 1. The unprotonated species (S-) 
shows a single band at  345nm and the changes 
observed in an acidic medium are partly due to overlap 
with P L P  absorption bands. 


These features are almost invariably observed with 
other P L P  Schiff bases obtained from amines and 
amino acids and can be assigned to  ketoenamine forms 
that prevail in polar An analysis of the 
spectra for the PLP-ethylenediamine mixture revealed 
major differences [Figure l(b), Table 11. Ketoenamine 
bands are red shifted at  p H  7 and an intermediate value 
of pK, = 8 - 2  for the terminal amino group of the 
ethylenediamine moiety is obtained from the variation 
with pH. In addition, the spectrum shows a new band 
centred at  about 336 nm that is also sensitive to pKa 
[Figure l(b)] . 


These results are consistent with the terminal amino 
group resulting in differences in the stability of the 
Schiff base (the lower the pH,  the lower is the concen- 
tration of the ketoenamine over the pH range 7-10). 


The absorption band at 313 nm (Table 1) is assigned 
to  a cyclic geminaldiamine in equilibrium with the 
unprotonated Schiff b a ~ e . ~ . ~  This is believed to  hold 
even under conditions where some monoprotonated 
Schiff base  exist^.^ 


The results of our experiments suggest that this 
assignment is correct a t  p H  values above the pKa (8.2).  
Below pKa, protonation of the amino group prevents a 
nucleophilic attack on the imine bond. The assignment 
is also supported by the similarity with the spectro- 
scopic features of some vitamin B6 derivatives bearing 
a C'-4 carbon with sp3 hybridization (Table 2). 


According to Table 2, it is unlikely that the 336 nm 
band for PLP-Etd may correspond to  a geminal- 
diamine (a C ' -4 sp derivative) as originally assigned. * 
This absorption, which has lately been proposed for a 
cyclic form,4 is consistent with absorption features of 
the Schiff bases of P L P  in low-polarity solvents, where 
the single band obtained, centred at  335 nm, is ascribed 
to  an enolimine tautomer. 5 , 6  Thus, the enol/keto ratio 
is known to be a function of the solvent polarity. This 
is illustrated for PLP-hexylamine in Figure 2. 
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Figure 1 .  Absorption spectra for the PLP-Schiff bases studied. (a) PLP-Et, (- - -) pH 8 . 5  and (-) pH 4; (b) PLP-Etd, 
(...) pH 10, (---) pH 7 and (-) pH 4. Inset: variation of the maximum wavelength and molar absorptivity with pH. (a) 


PLP-Et; (b) PLP-Etd 







230 C. HIDALGO, J. M. SEVILLA, T. PINEDA AND M. BLAZQUEZ 


Table 1. Spectroscopic properties of the mixtures of PLP (20 p ~ )  with ethylamine (200 
mM) and PLP (100 PM) with ethylenediamine (500 mM) in buffered aqueous solutions 


at 25 OC, and acid-base constants for the Schiff bases formed 


Sample Species W n m  group PKa 


PLP-Et SH; 279 402 Ring-+NH 
SH 275 412 Imine- +NH 
S- 345 


PLP-Etd SH$+ 279 418 336 Ring-+NH 
SHzf 279 418 334 End-+NHs 
SH 276 413 313 Imine-+NH 
S- 344 312 


Ethylamine (Et) 
Ethylenediamine (Etd) 


6.2 
11.7 


5.3 
8.2 


11.7 


10.5 
7.5 


10.5 


Table 2. Absorption wavelengths (nm) for some vitamin 
B6 derivatives 


Compound Dipolar species Anion Ref. 


Pyridoxal 316 301 11 
(hemiacetal) 
Deoxypyridoxal 320 300 11 
(hydrate) 
Pyridoxamine 326 308 12 
Pyridoxamine 327 308 12, 15 
5'-phosphate 


7.5 t 


300 LOO h/nm 500 


Figure2. Variation of absorption spectrum for the PLP- 
hexylamine Schiff base as a function of the solvent composi- 
tion: (a) water; (b) 60: 40 (v/v) water-dioxane; (c) methanol; 
(d) ethanol; (e) methyl acetate. A decrease in the solvent 
polarity led to an increase in the enolimine tautomer fraction 


(absorption band at 335 nm) 


Based on the above results, a significant concen- 
tration of an enolimine-like form should occur in buff- 
ered aqueous solutions of the PLP-Etd mixture 
(compare the absorption at 335 nm in Figure 1). 


The protonation of the ring nitrogen in PLP Schiff 
bases (the keto tautomer) occurs at ca pH 6.0. This 
causes a decrease in the Schiff base concentration. At 
pH 4.0, for instance, a shift from 410 to 390 nm (the 
absorption wavelength for PLP) and a simultaneous 
decrease in the 274 nm band are observed [Figure l(a)] . 
However, the bands at 335 and 420 nm for the 
PLP-Etd mixture are preserved at this pH. Accord- 
ingly, appreciable concentrations of the enol and keto 
tautomer must be present [Figure I(b)] . 


These results can be explained by comparing the 
basicity of ethylenediamine and ethylamine (Table 1). 
The lower is the basicity of the amine the lower the pH 
at which the Schiff base is formed." 


Electrochemical properties of PLP-amine mixtures 


The Schiff bases of PLP have been shown to be reduced 
at a mercury electrode899 via a two-electron, two- or 
three-proton transfer. Because the limiting current is 
diffusion controlled, information on the PLP-Schiff 
base equilibrium can readily be obtained by using 
polarographic methods and the equation. 


where cA is the initial amine concentration (provided 
that the amine is in excess over PLP), ZL (=ir/iD) is the 
normalized limiting current and iL and i D  are the 
limiting currents corresponding for the first (Schiff base 
formation) and overall process, respectively. The 
apparent formation constants for the adducts obtained 
from these reaction mixtures are shown in Figure 3. 


The curve for PLP-Et exhibits the typical variation 
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Figure 3. Apparent formation constant ( K p ~ )  for the 
PLP-Schiff bases: (0) PLP-Et; (*) PLP-Etd. K P ~  was calcu- 
lated from the limiting current of the polarographic waves 


using equation (2) 


E/mV 


Figure 4. Differential-pulse polarograms for (a) PLP-Et and 
(b) PLP-Etd at identical concentrations of amine (10 mM) 


and PLP (0.1 mM) in buffered aqueous solutions at pH 7 


for the Schiff bases of PLP. A stability maximum is 
observed near the pKa for ethylamine, as is usually the 
case with amino acids and amines. l o  It should be noted 
that the shape is an indication of the apparent stability 
of the ketoenamine tautomer. 


PLP-Etd gives rise to a dramatic shift of the overall 
curve relative to the PLP-Et curve and a small, bell- 
shaped curve on the top of the first one. 


Judging from these variations, the stability of 
PLP-Etd is mostly determined by the first pKa for ethy- 
lenediamine. Also, K p ~  increases between the first and 
second pKa for PLP-Etd. The polarograms for the 
PLP-Et and PLP-Etd reaction mixtures clearly show 
PLP-Etd to be the more stable (Figure 4). These results 
strongly suggest that K P ~  at neutral pH is determined 
by the formation of a cyclic enolimine (Scheme 1). 


57% il 43% 


4 4% 56% 


Scheme 1 


SH; 


In view of the spectroscopic results, the cyclic 
geminaldiamine appears at pH > pKa2 for PLP-Etd. 
However, the PLP-Etd curve is similar to that for 
PLP-Et within experimental errors. Since conversion 
of the geminaldiamine into a Schiff base is very fast, it 
furnishes the electrode with Schiff base to be reduced. 


The electroreduction mechanism for most PLP Schiff 
bases at pH > pKal involves ring nitrogen protonation 
(see Table 1). Since the rate constant for this reaction 
is a function of the Hf  concentration, a polarographic 
pK' is reached at cu 2-4 pH units above PKa, which 
depends on the proton donors present in solution. 
Usually, the conjugate acid of the amine acts as the 
main donor. 8,9 


In fact, PLP-Et behaves in this way (Table 3). At 
pKa, < pH < pK', SH species in solution undergo fast 
protonation to SH;, which is readily reduced at the 
electrode. However, at pH > pK' (pK' = 9-2), direct 
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Table 3 .  Reaction order with respect to H+ as calculated by polarographic methods 


Species 


Sample Range H+ order Bulk solution Electroactive 


PLP-Et pKat < pH < pK' = 9.2  2 .9  SH SH 2' 
pH > pK' 2.1 SH SH 


PLP-Etd pKa, < pH < pK' = 9 2 .2  SH 2' SH 2' 
pH > pK' 2 .9  SH SH 2' 


electroreduction of SH is feasible. This is reflected in a 
change in the H+ reaction order from 3 to  2. 


In clear contrast, PLP-Etd exhibits a change in the 
reaction order from 2 to  3 (Table 3) that is consistent 
with enolimine reduction. 


The cyclic enolimine in Scheme 1 seemingly meets the 
requirements. The pKa for the ring nitrogen in eno- 
limine forms l6 is cu 3,  and such a low basicity, together 
with the charge on the amine group, prevents protona- 
tion of the heterocycle. In addition, the cyclic structure 
provides the conjugate acid (at the electroactive group), 


250 300 LOO A/nm 500 
Figure 5 .  Log-normal deconvolution of the absorption spectra 
for the (a) PLP-Et and (b) PLP-Etd Schiff base at pH 7 in 
buffered aqueous solutions. Major individual contributions of 
the ketoenamine and enolimine tautomers are denoted by 
dotted curves. Circles represent experimental points and the 
solid lines correspond to theoretical profiles calculated from 
equation (1). The spectrum for PLP-Et was fitted to two 
major bands at 410 nm and 274 nm (ketoenamine) of width 
4.1 and 4 .2  kK and skewness 1.46 and 1.31, respectively. The 
spectrum for PLP-Etd was fitted to three major bands at 418, 
278 (ketoenamine) and 335 nm (enolimine), of width 4.2,  4 .1  
and 4 .9  kK and skewness 1.52, 1.49 and 1.49, respectively. 
From deconvolution of the spectra, estimates of 13% and 56% 
for the enolimine tautomer of PLP-Et and PLP-Etd, respect- 
ively, are obtained. 


which is more readily reduced under most experimental 
conditions. 


The change in the reaction order above the pKa, for 
PLP-Etd suggests that the conjugate acid of ethylene- 
diamine acting as the proton donor yields the SH; 
species. This is logical in view of the higher basicity of 
the amino group relative to the ring nitrogen. 


Deconvolution of spectra 


Log-normal fitting has proved useful for analysing 
complex absorption spectra. 1 1 -  l 3  A combination of 
spectroscopic and electrochemical approaches has 
been applied to the Schiff base of P L P  and 
n-hexylamine. 1 4 * 1 8  


In view of the preceding results, it was thought of 
interest to  resolve the absorption spectra for the 
PLP-Et and PLP-Etd mixtures. Figure 5 shows 
typical deconvoluted spectra for the Schiff bases. As 
expected, the results shows that the ketoenamine (cu 
90'70) predominates over the enolimine in PLP-Et at 
p H  7.  However, the proportion of both tautomers of 
PLP-Etd remains fairly constant and similar over the 
pH range 4-7, where a high concentration of Schiff 
base is still present. On the other hand, the enolimine 
predominates over the ketoenamine at p H  7 (Scheme 1). 


These results may account for the difference in the 
ring nitrogen pKa between the two mixtures (Table 1). 
Whereas in PLP-Etd the observed value represents 
almost an average of both forms, in PLP-Et it is 
mainly determined by the ketoenamine tautomer. 


DISCUSSION 


This work was aimed at determining whether any 
enolimine is formed from the PLP-Etd Schiff base in 
buffered aqueous solutions. 


A comparative study of the PLP-Et and PLP-Etd 
Schiff bases revealed that (a) protonation of the amino 
group of the ethylenediamine moiety of PLP-Etd 
modifies the tautomer concentration ratio and (b) the 
low basicity of ethylenediamine favours formation of 
the Schiff base in neutral and acidic media. 


The enolimine concentration in aqueous solutions is 
low for most P L P  Schiff  base^,^-^ their concentration 
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ranges from 5 to 15% at pH 7 .  In fact, the PLP-Et 
enolimine concentration lies in this range. 


In clear contrast, a high enolimine concentration was 
observed for PLP-Etd in aqueous buffered solutions at 
this pH. Therefore, one interesting finding of this study 
is that the enolimine and ketoenamine tautomers occur 
at similar concentrations at a neutral pH. 


The effect of the amine basicity on the formation of 
the Schiff base can be quantitatively analysed at a 
neutral pH. 


At a pH below the pKa for the amine, the reaction 
proceeds according to 


PLP + HAm S SB + H +  


The apparent formation constant, K p ~ ,  is given by the 
equations 


(3) 


K ~ H  = K L d a  (4) 


( 5 )  


If the tautomer ratio, KT, and the ketoenamine 
formation constant, K i p ,  are defined by the equations 


(6) 


(7) 


K ~ H  = ISBl/( [PLPI [Am]) 


KT = [enol]/ [ keto] 


K t P  = [keto]/( [PLPI [Am]) 


K ~ H  can be expressed by 


For two PLP Schiff bases derived from two amines 
having acid-base constants Ka, and Kal. The relation- 
ship between their stability constants is expressed by 


By using KFAd = 6200 Imol-' (the PLP-Etd formation 
constant), K:A = 60.7 1 mol-' (the PLP-Et formation 
constant), Kr(Etd) = 2.1,  KT(Et) = 0.15, PKa(Etd) = 
8.2 and pKa(Et)= 10.8, and pH = 7, a logarithmic 
ratio log[KpH(Etd)/Kp(pH(Et)] = 3 is obtained. 


Since only the first acid-base dissociation of ethy- 
lenediamine is considered in this approach, this is con- 
sistent with the experimental results. Within 
experimental error, KFAd is 100 times higher than KFA. 
These results suggest that the low basicity of the reac- 
tive amine stabilizes PLP-Etd at low pH values. 


One interesting finding of this work is the existence of 
different electroreduction mechanisms for the 
tautomers that are consistent with the presence of sig- 
nificant concentrations of enolimine and the structure 
proposed in Scheme 1 .  


The conclusions arrived at in this work are of interest 
for understanding protein properties. Enolimine for- 
mation is widely accepted to indicate that the coenzyme 
PLP is embedded in a hydrophobic pocket.536 


The above results show that the tautomer is actually 
formed in aqueous solution of model Schiff bases. A 
similar behaviour was observed in the reaction of PLP 
with polylysine. l9 


Even though the situation may be different in protein 
matrix environments, the presence of a lysine residue 
acting as a proton donor at the catalytic site should 
reasonably favour the formation of the enolimine 
tautomer in proteins. 
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The gas-phase acidity and basicity of thioacetamide and the basicity of N,N-dimethylthioformamide were measured 
by Fourier transform ion cyclotron resonance (IT-ICR) mass sectrometry under conditions which minimized the 
extent of their decomposition. Thiocarboxamides are both much stronger acids and stronger bases than carhoxamides. 
The relative stabilities of individual neutral and ionic species were assessed in terms of isodesmic reactions, using the 
published or estimated enthalpies of formation. The neutral molecules of carhoxamides and thiocarboxamides are 
stabilized by interaction between the C=X and NH2 functional groups. This interaction is of a similar magnitude in 
the corresponding protonated forms but it is of greater strength in the deprotonated forms. With regard to the 
difference between thiocarboxamides and carhoxamides, the most significant factor is probably the lone pair-lone pair 
repulsion operating in the anions. 


INTRODUCTION 


The importance of thiocarboxamides in pharmacology 
has prompted us233 and others4-' to investigate their 
physical properties. In addition, thiocarboxamides have 
been included in some more general usually 
in comparison with carboxamides. Our attention was 
first focused on the substituent properties of the 
thiocarboxamide group,' which can be expressed in 
terms of various constants but these constants in 
turn depend on the intrinsic characteristics of the func- 
tional group itself. Of particular interest are the acidic 
and basic properties, determining the form in which the 
molecule is present under a given set of conditions. 
Thiocarboxamides are both weak acids and weak bases, 
and have only been investigated in special cases. Their 
acidity was measured in dimethyl sulphoxide' (DMSO) 
or in 90% aqueous DMS0.6C The basicity properties 
were observed, seldom directly, ' more often indirectly, 
from the 'H NMR shifts,6d the formation of complexes 
with Lewis acids, lo and hydrogen bonding with 
phenols. I '  


In this paper we report on the acidity and basicity of 
thiocarboxamides in the gas phase, determined by 
Fourier transorm ion cyclotron resonance (FT-ICR) 
mass spectrometry. The few previous measurements 
of their acidity met with difficulties. In the case of 
thioacetamide the problem was the low volatility at 
room temperature and decomposition at higher 
temperatures. In the case of N,N-dimethylthiofor- 
mamide the site of acidity remained unknown.IZb By 
optimizing the experimental conditions, we were able to 
obtain quantitative results for the simplest compounds: 
the acidity and basicity of thioacetamide and basicity of 
N,N-dimethylthioformamide. 


EXPERIMENTAL AND RESULTS 


The compounds were commercial samples and were 
used without further purification. 


Proton transfer equilibria were monitored by FT-ICR 
mass spectrometry at a cell temperature of 338 K as 
described previously for gas-phase acidity and basicity 
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measurements. l 3  


according to the 
The gauge readings were corrected 


equation 14a 


sr = 0.36aahc + 0.30 


where sr is the sensitivity relative to  nitrogen and a a h c  
is the polarizability calculated using atomic hybrid 
components. 14b 


In a previous study, fairly extensive decomposition of 
thioacetamide was observed, IZa which was probably 


due to there being too high a temperature in the inlet 
and vacuum chamber of the ICR system. In this work, 
the decomposition product was identified as acetonitrile 
by exact mass measurements of the parent and frag- 
ment ions and by comparison of the mass spectrum 
with electron impact ionization with the standard. 
Using temperatures of 50, 70 and 65°C for the inlet 
system, the vacuum chamber and the ICR system, 
respectively, the partial pressure of acetonitrile was 


Table 1. Gas-phase acidity of CH~CSNHZ in kJrnol-' according to 


RefH A&,d(RefH) GAG:cida AG:cid(CH3CSNH2)b A H ~ I ( C H ~ C S N H ~ )  


CH3CSNH2 + Ref * CH3CSNH- + RefH (298 K) 


CH3COOH 1428.8' - 7 . 3  1421.5 
1429.7 
1427.2 
1428.8 


1424.2 


1415.9d 
1415.4f 


CzHsCOOH 1423.8' - 5 . 5  1418.7 


HCOOH 1415.0' 5 .0  1420.4 


Mean: 1420.2g 1452.6 


aMeasured at 338 K .  If we consider only rotational entropy changes, the correction to  298 K is only 0.2  kJmol-I and 
not significant. 


'Ref. 15. 
dRef.  16. 
'Ref. 17. 
'Ref. 18. 


Calculated choosing AGz',d(RefH) values from the reference in footnote f .  


Preliminary measurements gave A&,d = 1424 kJ mo1-l. I' The too high value was due to  thermal decomposition. 


Table 2. Gas-phase basicities of HCSN(CH3)r and CH3CSNH2 with some reference compounds 
according to  BH' + Ref B + RefH' (kJmol-' ,  298 K) 


B Ref GB(Ref)a GGBb G B ( B ) ~ B ~  PA 


c - C ~ H S N H ~  CH3NH2 (860.6)' 5 . 8  866.4 (865.3) 
CzHsNHz c - C ~ H ~ N H ~  866.4d 5 . 9  872.3 (871.1) 
Thiazole c-CIHSNHZ 866.4* 0.0 866.4 (859.4) 


HCSN(CH3)z CHiNHz (860.6)' 11.4 872.0 
c - C ~ H ~ N H ~  866.4d 5 . 4  871.8 
Thiazole 866.4 4 . 9  871.3 
CzHsNH2 872.3 - 2 . 8  869.5 


Mean: 871.2 903.6 


CHiCSNHz CH3NH2 (860 ' 6)' - 9 . 3  851.3 
HC=CCHzNHz (849.4) - 1 . 8  847.6 
(c-C3Hs)zCO (848 ' 5) 6 .3'  854.ge 


Mean: 849.4 881.8 


a Selected literature data l 9  in parentheses. 
bThis work unless stated otherwise. 
'Chosen as the anchor point for determining the basicity of all other compounds. 


Indirect measurement: Ref. 20, entry 9 in Table I: C - C ~ H S N H ~  was found to  be a stronger base than CHINHZ by 
1 . 3 8  kcalmol-l (in entry 7 of the same Table the data for cyclopropylamine should be read - 2 . 2  instead of 
-0.22 kcalmol-'). 
'This value was not taken into account because of side-reactions. 
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kept below 20%. The ion gauge readings were then cor- 
rected according to the partial pressure determined 
approximately from the mass spectral data. Owing to  
the uncertainty in this correction, an uncertainty of 
roughly f 1 kJmol-'  arises in the relative value of 
6AG" for the proton transfer. 


Table 1 gives the relative acidity of CH3CSNH2, 
6AG&, measured against three reference acids. No 
temperature correction (from 338 to  298 I$) was applied 
(see footnote a). Absolute values, AGacid, given in 
Table 1 are based on a selected set of consistent data for 
the reference acids, taken from the same source (see 
footnote c). Other data available in the literature are 
also given to  indicate t,he possible error bar associated 
with the absolute AGacid values. However, the three 
consistent values, preferred by us, lie within the range 
expected from the combined experimental errors. Note 
that these problems concern onlyothe absolute values, 
AG&; the relative values, 6AGacid, are much more 
reliable. 


Relative basicities, 6GB, of CH3CSNH2 and 
HCSN(CH3)z are given in Table 2. Four reference 
bases were used for the latter compound but poor 
agreement was obtained. Therefore, we redetermined 
GB's for these reference comounds, ethylamine, cyclo- 
propylamine and thiazole, using the GB value for 
methylamine as the anchor point (Table 2, lines 1-3). 
With the corrected values the agreement was much 
better (Table 2, middle part, last column). When 
measuring the basicity of CH3CSNH2, one of the refer- 
ences used, dicyclopropyl ketone, gave a fast secondary 
reaction leading to an uncertain 6GB. This value was 
eliminated (see Table 2, footnote e). Nevertheless, the 
uncertainty of GB(CH3CSNH2) is larger than in 
common measurements, say 5 2 kJ mol-I. 


DISCUSSION 


In the gas phase, thiocarboxamides are both moderately 
strong acids and bases. In either case they are situated 
near to the middle of the respective scale'9s21 of measur- 
able values. Compared with carboxamides (Table 3) 
they are much stronger acids (by 65 kJmol-I)  and 
stronger bases (by 19 kJmol-I), the latter value being 
equal when determined for thioacetamide or N,N- 
dimethylthioformamide. A more detailed discussion 
may proceed either in terms of enthalpies or Gibbs ener- 
gies, but the results are equivalent as far as a com- 
parison with carboxamidoes is concerned. For practical 
reasons we shall use A T  when comparing to  solution 
measurements, and A H  when constructing isodesmjc 
reactions based on the enthalpies of formation, A H f  . 


A comparison between the measurements taken in 
the gas phase and in solution is presented in Table 3. 
The highly endothermic dissociation process observed 
in the gas phase is greatly facilitated by solvation and 
its enthalpy is dramatically reduced. In the case of 
thioacetamide it is lowered by 1300 kJ mol-'  in DMSO 
and still further in 90% DMSO. Qualitatively the same 
behaviour is observed for carboxamides. Nevertheless, 
in terms of Gibbs energy the difference between the two 
classes (Table 3, last column) is reduced in solution to  
just two thirds of its original value. When the acidities 
of various comounds in the gas phase and in DMSO 
were systematically compared, a group of acids 
emeorged with alyost  equal relative values: in a plot of 
AGDMSO vs AGg these acids were situated near the 
straight line of unit slope.24a These acids are 
characterized by being large aromatic molecules, giving 
rise to  highly delocalized anions which are poorly 
solvated. For most other acids, the anions bear a more 


Table 3.  Acidity and basicity of simple thiocarboxamides and carboxamides at different conditions 
(AG in kJmol-' ,  298 K) 


x = s  x = o  A (thio - 0x0) 
~~ 


Acidity: 
CH~CXNHZ proton transfer (gas) 1420.2 1485.3 a -65 .2  
CH~CXNHZ proton transfer (DMS0)8 105.5 145.5 -40 .0  
C6H5CXNH2 proton transfer (DMSO)' 96.4 133.2 -36 .8  
C6H5CXNH2 proton transfer (90% DMSO)'" 89.1 > 95 


Basicity: 
HCXN(CH3)z proton transfer (gas) -871.2 -851*9b - 19.3 
CH3CXNH2 proton transfer (gas) - 849'4 - 830.1 - 19.3 
(thio)caprolactame proton transfer (water)' 2 . 9  - 7.4  10.2 


C6H&XN(CH3)2 H-bonding (CC4)d - 6 . 3  -11.6 5.3 
CH3CXN(CH3)2 H-bonding (CC14)d - 6 . 7  - 13.0 6 . 3  


a Ref. 22. 
bRef. 19. 


Ref. 7, 23. 
With 4-FC6H40H, values statistically averaged by means of an empirical equation. I '  
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localized charge and are more solvated: in the above- 
mentioned plot they deviate from the line towards 
relatively stronger acids in the If we plot 
data or acetamide and thioacetamide on such a plot, we 
observe that the former deviates by a greater amount 
than the latter. The charge is evidently more delocalized 
in the case of deprotonated thiocarboxamide, which 
may be simply due to its larger volume and unrelated to 
the relative contributions of the resonance formulae 1 
and 2. However, when this concept is extended to other 
structures, it does not explain why the carboxylate ion 
should be more solvated and less delocalized than the 
carboxamide anion. 24a In our opinion the explanation 
in terms of charge delocalization and s ~ l v a t i o n ~ ~  is gen- 
erally valid but its application to small differences may 
not be completely satisfactory in all cases. 


Few data are available concerning the solution 
basicity of thiocarboxamides. One example in Table 3 
is not a typical structure, but thiocarboxamide is less 
basic than carboxamide, an opposite trend as observed 
in the gas phase. Also as hydrogen bond acceptors 
thiocarboxamides are less efficient than carboxamides 
(Table 3). Evidently the protonated form of the latter is 
better solvated in water, probably through the 
hydrogen bonds to oxygen. 


x X0 x 
@ e j  - c 4  4+ - c  -C 
WH* '1% %TH \ 


/ 


1 2 3 


Any previous discussion of the acidity of thiocarbox- 
amides has relied upon using carboxamides as an 
obvious reference, and apart from a few exceptions was 
based on the resonance formulae 1 - 2 for the anion 
and 3 ++ 4 for the neutral molecule. Bordwell and co- 
workers considered two explanations for the stronger 
acidity of thiocarboxamides,' later extended to three 
with a somewhat modified terminology: 24b (a) the larger 
S atom is better at accommodating a negative charge, ' 
in other words for reducing the lone pair-lone pair 
repulsionz4" (polarizability (b) the weak 
C=S bond' can reduce the weight for structure 1 (or 3) 
in favour of 2 (or 4) (resonance effect24b); (c) the 
greater dipole moment of the C=S bond (compared 
with the C=O bond) acts by a field effect.24b To our 
knowledge, there is no similar discussion to date con- 
cerning the basicity of thiocarboxamides. 


The weakness of the above reasoning and generally 
of the discussions in terms of inductive (field), 
resonance and polarizability effectsz5 is connected with 
the fact that they do not clearly separate the energy 


effects in the acid molecule and in the anion. Another 
drawback may be traced to the interference of indi- 
vidual effects. Thus, effect (a) concerns clearly the 
anion with the prevailing form 2. However, effect (b) 
would be operating both in 3 and 1 with partial com- 
pensation. Effect (c) is not easily understandable: in the 
acid molecule 3 the dipole moment C=X does not 
interact with any appreciable charge, in the anion 
(structure near to 2) there is a charge but no longer the 
dipole C=X. Note that an alternative theory exists, dis- 
puting strongly the importance of resonance in 
amides, z6 but saying nothing about their deprotonated 
or protonated forms. A similar theory for carboxylic 
acids it also highly controversial. '' 


In our opinion, the definitions of and 
of other effects are ambiguous. Attention should first 
be focused on the separation of these effects into those 
operating in the anion and those operating in the 
neutral acid molecule. This task can be tackled fairly 
objectively. The isodesmic reaction (1) (Scheme 1, 
X=O) was constructed in the same way as 
previouslyz7b for carboxylic acids. The reaction 
enthalpy was calculated from the tabulated enthalpies 
of formation, 29 and should represent the interaction 
between the C=O and NHz moieties, whatever its 


XII 


2 NH 
4 5 6 


origin may be. Equations (2) and (3) were then con- 
structed by means of thermodynamic cycles, intro- 
ducing the gas-phase acidities and basicities. We 
conclude that even if the neutral molecule of acetamide 
is stabilized, its anion is more highly stabilized. A 
similar conclusion was drawn in the case of carboxylic 
acids.z7b For the CH3CONH- anion the stabilization 
energy is so large [equation (2)] that it must be attrib- 
uted mainly to the resonance 1 ++ 2 which is predomi- 
nated by form 2. On the other hand, the stabilization 
energy of neutral acetamide, equation ( l ) ,  may be only 
partly due to the resonance 3 ++ 4 when the real struc- 
ture is close to 3. The rest of the stabilization energy 
may be explained by a change of hybridization26 and by 
the common interaction of electron-attracting groups as 
for instance in a c e t a l ~ . ~ ' ~  It seems merely fortuitous 
that an almost equal value to that produced by equation 
(1) was obtained from a Hiickel calculation of the 
'resonance energy' of acetamide. Concerning the pro- 
tonated form, its stabilization energy is much less than 
that of the anion [equation (3)]. The same trend was 
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XH@ 
CH G4 + CH3CH, 


' C H 3  


&OH S H  g o  CH3C + CR C 0 7, CH CQ 8 + CB3C, 
cH3 


cH3 3 \NH* 3 \m2 


AH" kJ  


x = o  
-71.9 


-215.8 


-111.6 


mo1-1 a 


-3gb (1) 


x = s  


-2Wb ( 2 )  


-73c ( 3 )  


3gb ( 4 )  


Scheme 1 .  "Calculated from the tabulated values of AH," (Ref. 29; for thioacetamide, Ref. 4) and from gas-phase acidities and 
basicities (Refs 19 and 21 and this work), uncertainty estimated to 3 kJmol-'. bValues derived using the estimated AH," of 
thioacetone of - 2  kJmol-' (see text); uncertainty may be 6 kJmol-I. 'Values derived using the estimate in note b; in addition 


the estimated PA of thioacetone= 848 kJmol-' (see text); uncertainty of the final value is 10 kJmol-' (estimated) 


observed for the protonated carboxylic acid and car- 
boxylate anion. 27b In our opinion, the explanation need 
not be in terms of resonance but simply in terms of elec- 
trostatic interaction in structures 2 and 6: in 2 the C=N 
dipole is orientated with the positive end towards the 
negative charge and in 6 the C-0 dipole is orientated 
with its positive end towards the positive charge. 


When the above reasoning is extended toothiocarbox- 
amides, it is first necessary to estimate A H f  of thioace- 
tone. The most reliable estimate (- 7 kJ mol-I), y e d  in 
Scheme 1, was obtained from A H f  of 
thioformaldehyde, 30 formaldehyde and acetone, 29 


using a simple additive scheme. In a more sophisticated 
version of an additive calculation from atom 
increments3' a value for = S  or C=S was lacking. A 


system of bond increments3' is still more sophisticated 
and its application need not always be unambiguous: 
we obtained - 7 kJ mol-' while - 9 kJ mol-' was cal- 
culated in Ref. 32. From several ab initio  calculation^^^ 
we selected a single paper which contained data for all 
the required and obtained a value of 
- 2  kJmol-'. The degree of scattering of all these 
values gives some idea about their reliability. For 
equation (3) it was further necessary to estimate the 
proton affinity of thioacetone. This quantity is not 
additive but is affected by polarizability effects: one 
must always compare molecules of similar size. 27a,b The 
most promising estimate was based on the compounds 
CH3COCH3 and CH3COOCH3, which possess similar 
proton affinity values. l9 With reference to 
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CH3CSOCH3, we obtained PA(CHKSCH3) = 848 kJ 
mol-’. In any case this value contains the greatest 
amount of uncertainty of the whole of Scheme 1. 


Summarizing the results of Scheme 1, the conclusion 
is in any case valid that neutral thiocarboxamides are 
less stabilized than neutral carboxamides, but the 
opposite is true for their respective deprotonated forms. 
The difference in acidity between these two classes of 
compounds is thus given equally by the structure of 
their anions and by the structure of their acids. In terms 
of isodesmic reactions this difference is expressed by 
equations (4) and (9, which are obtained from 
equations ( 1 )  and (2), respectively, by subtracting the 
values for X = S and X = 0. The negative enthalpy of 
equation ( 5 )  is explained unambiguously by the lone 
pair-lone pair repulsion 8,24a in the carboxamide anion, 
formula 2, which is reduced in thiocarboxamide by the 
larger size of the sulphur atom. This effect seems to  be 
of primary importance when considering the difference 
between S and 0 compounds. On the other hand, an 
explanation of the positive enthalpy of equation (4) is 
not evident. The resonance energysvz4 would predict the 
opposite and an explanation by C = X  bond 
moments24b is not straightforward. The greater dipole 
moment of C=S is due mainly to the longer bond and 
not necessarily to a greater charge on the carbon atom: 
a simple electrostatic calculation would not be reliable. 
(Note that simple quantum chemical calculations 
yielded a smaller resonance energy for thioacetamide4 
than for acetamide. 34) 


Concerning the protonated formo of thiocarbox- 
amides, the negative value for a A H  in equation (3) 
has the same origin as in the case of carboxamides. A 
comparison of the two classes of compounds is not 
straightforward since by subtracting equation (3) for 
X = O  from that for X = S  we obtain equation (6) ,  
which involves different reference compounds to those 
in equation (4) or ( 5 ) .  Its high positive enthalpy is partly 
due to the lower stability of the protonated form of 
acetone. More significant is probably equation (7), 
which is obtained from both equation (4) and from the 
gas-phase basicities of acetamide and thioacetamide. Its 
positive enthalpy indicates that the greater basicity of 
thiocarboxamides is produced by the lower stability of 
the neutral molecules, which is only insufficiently com- 
pensated for by the lower stability of the protonated 
forms. A theoretical explanation of this positive 
enthalpy brings the same problems as in the case of 
equation (3). Note also that this value has only twice the 
estimated uncertainty. 


We conclude that our approach is capable of separ- 
ating the observed relative acidities and basicities into 
those effects operating in the ions and those effects 
operating in neutral molecules, although some assump- 
tions were fairly crude and led to imprecise values 
(Scheme 1 ) .  On the other hand, any explanation in 
terms of particular effects (inductive, resonance) would 


be only tentative. These effects have been defined for 
special model molecules but can hardly describe the 
effects between adjoining atoms.” In the case of 
thiocarboxamides and carboxamides it is particularly 
difficult to  formulate any rule capable of predicting the 
observable quantities, with the possible exception of the 
above-mentioned principle of lone pair-lone pair 
repulsion. 


As a final note, since the submission of this manu- 
script a more comprehensive study appeared concerning 
the basicity of thiocarbonyl compounds generally. 36 


Some of the experimental data on thioamides agree 
reasonably with ours; the interpretation in terms of 
isodesmic reactions is based on ethylene derivatives as 
an alternative to  our approach. 
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STUDY OF THE HYDROGEN BOND DONOR ACIDITY OF BINARY 


LIQUID CHROMATOGRAPHY 
AQUEOUS MIXTURES AND THEIR ROLE IN REVERSED-PHASE 


JUNG HAG PARK*, ANDREW J. DALLAS?, PHOEBE CHAU AND PETER W. CARRS 
Department of Chemistry. University of Minnesota, 207 Pleasant St. S.E. ,  Minneapolis, Minnesota 55455, USA 


The solvatochromic hydrogen bond donor (HBD) acidity parameter (ahx) of aqueous mixtures of methanol, 
acetonitrile, propan-2-01 and tetrahydrofuran were determined spectrophotometrically. The study was carried 
out at 25 “C as a function of composition. The indicators used were 2,6-diphenyl-4-(2,4,6-triphenyl-N- 
pyridino)phenolate, 2,6-dichloro-4-(2,4,6-triphenyl-N-pyridino)phenolate and Fe(LL), (CN), (LL = N-(2- 
pyridylbenzylidene)-3,4-dimethylaniline). The HBD acidity of the aqueous organic mixtures was related to 
retention in reversed-phase liquid chromatography. 


INTRODUCTION 


Aqueous mixtures of organic solvents are very complex 
systems which undergo drastic changes in their chemical 
and physical properties as the composition of the 
mixture is varied. Examples of such changes include the 
effect of composition on dielectric constant, ‘9’ surface 
t e n ~ i o n , ~  d ip~lar i ty ,~  hydrogen bond donor (HBD) 
acidity’s6 and hydrogen bond acceptor (HBA) basi~ity.’,~ 
The strength of the interactions between the dissolved 
solutes and the solvent system changes significantly 
throughout the entire composition 


Aqueous-organic mixtures are used in many fields. 
For example, in reversed-phase liquid chromatography 
(RPLC) the solutes of interest are present at infinite 
dilution in aqueous-organic mobile phases. A solute’s 
chromatographic retention can vary by several orders of 
magnitude as the mobile phase composition is altered. 
Changes in elution order with changes in mobile phase 
are common. Spectroscopic studies have shown that 
large changes in both dipolar and hydrogen bonding 
interactions between the mobile phase and the solute 
occur as the mobile phase composition is ~ a r i e d . ~ - ~ . ~ - ”  


In this work, we used the Kamlet-Taft solvato- 
chromic approach to study the HBD acidity of the 
most common aqueous mixtures used in RPLC, namely, 


methanol, acetonitrile, propan-2-01 and tetrahydro furan. 
Three solvatochromic indicators were used: 2,6- 
diphenyl-4- (2,4,6-triphenyl-N-pyridino)phenolate 
[denoted ET(30)l and 2,6-dichloro-4-(2,4,6-triphenyl- 
N-pyridin0)phenolate [denoted ET(33)], which are 
chemically similar as shown in structures I and 11, and 
Fe(LL), (CN), (LL = N-(2-pyridylbenzylidene)-3,4- 
dimethylaniline) [denoted ET(Fe)], which is chemically 
different from ET(30) and ET(33) (see structure 111). 
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111 


The energy of transition (ET) at the wavelength of 


(1) 


maximum absorbance is given by 


ET (kcal mol-') = 28 590/;1,, (nm) 


(1 kcal=4.184k.J). The ET values for the three indi- 
cators [ET(30), ET(33) and ET(Fe)] in a wide variety 
of pure solvents can be related to the Kamlet-Taft a ,  j?, 
n* and 6 solvatochromic solvent strength parameters by 
means of regression equations (2)-(5) discussed below. 
The above set of Kamlet-Taft parameters represent the 
ability of a solvent to stabilize by virtue of the solvent's 
dipolarity/polarizability (n*), hydrogen bond donor 
acidity ( a )  and hydrogen bond acceptor basicity (j?). 
The term d represents a polarizability correction factor, 
usually minor, that takes values 0.0, 0.5 and 1.0 for 
aliphatic, polyhalogenated and aromatic solvents, 
respectively. In general, Kamlet and Taft use the follow- 
ing correlation equation for spectroscopic linear 
solvation energy relationships: 


(2) E,  = ET.0 + sn* + dd + aa + bj? 


For ET(30), equation (3) proved to be the best correla- 
tion equation for 100 pure organic solvents: 


ET(30) (kcal mol-') 
= 30.8 + 13.68(*0,56)n* - 3.54(*0.34)6 


+ 14.51(*0.36)a (3) 
n = 100, s.d. = 1.35, r = 0.984 


Note that a / s =  1.06 [the coefficients s, d ,  a and b are 
defined implicitly in equation (2)]. For ET(33) we 
found equation (4) to be the best correlation equation: 


ET(33) (kcal mol-') 
= 39.09 + 14.47(*1.19)~* - 3.18(1t0.52)6 


+ 14.41 (f0.57)a (4) 
n = 49, s.d. = 1.45, r = 0.977 


The a / s  ratio (0.996) for ET(33) is close to the value 


for ET(30). For ET(Fe), equation (5) proved to be the 
best correlation equation: 


FT(Fe) (kcal mol-I) 
= 39.71 + 3.31(*0.33)n* +4,50(*0,16)a (5) 


n = 16, s.d. = 0.28, r =  0.992 


Note the a / s  ratio is 1.36 and is still not very different 
from the other indicators. 


The above pure solvent regressions are important in 
this work. They are used as the basis for calculating 
values of a for mixed solvents by measuring n* of the 
mixtures based on the use of indicators which are only 
sensitive to solvent dipolarity/polarizability. 


The HBD acidity of aqueous-organic mixtures, as 
measured by the Kamlet-Taft HBD acidity solvato- 
chromic parameter, a ,  has been reported recently by 
several  researcher^.**^^'^.'^ Whereas a has been well 
established for a large number of neat solvents, this is 
not the case for binary solvent mixtures. It is far from 
proven that solvatochromic measures of solvent strength 
appropriate for pure solvents are valid for solvent 
mixtures. Preferential solvation effects and microhetero- 
geneity (see below) in such systems greatly complicate 
the use of solvatochromic indicators to act as stand-ins 
for 'generalized' solutes relative to the case of a single 
(pure) s01vent.I~ We attempt to address this question in 
this work. Additionally, we attempt to clarify the 
question of whether Kamlet-Taft a indicators probe 
bulk properties of the aqueous-organic mixtures.I3 


Recently, Marcus and M i g r ~ n ' ~ - ' ~  reported on the 
extent of 'preferential solvation' and the degree of 
'microheterogeneity ' that exist in aqueous-organic 
mixtures. In their view, preferential solvation takes 
place when the local composition around a solute differs 
from the average bulk mixture. In essence, preferential 
solvation takes place only when a solute acts to establish 
its own microenvironment by preferentially extracting 
one component of the mixture from the bulk solvent. 
Preferential solvation is equivalent to solute-induced 
solvent sorting. In contrast, microheterogeneity takes 
place when a constituent of the mixed solvent prefers a 
molecule of the same type. The preference can be so 
strong that it extends over several concentric shells 
around a given type of molecule. 


For aqueous-organic mobile phases used in RPLC, 
it is evident that 'microheterogeneous' environments 
exist in all mixtures except ~ater-rnethanol. '~-'~ 
Water-methanol mixtures are nearly ideal (random) 
mixtures. Using the Kamlet-Taft solvatochromic 
approach, in conjunction with methods for the determi- 
nation of the local composition around each type of 
solvent molecule, Marcus and M i g r ~ n l ~ . ' ~  reported that 
the Kamlet-Taft n*, j? and a indicators are able to 
sense the actual bulk solvent environment in 
aqueous-organic mixtures without significantly perturb- 
ing this environment. That is, there is no preferential 
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solvation in these systems. Many earlier reports dispute 
this claim and have effectively shown that these indi- 
cators are preferentially solvated by one of the solvent 
components through dielectric enrichment (typically 
observed in non-aqueous mixtures), 17*19-2' hydrogen 
bonding21,22 and/or hydrophobic  interaction^.^^." We 
investigate this issue in detail as it pertains to the 
Kamlet-Taft scale of HBD acidity strength. 


The issue of preferential solvation in mixed solvents 
is complex, with very important consequences. A 
number of studies on the dipolarity/polarizability of 
solvent mixtures including aqueous-organic mixtures 
have concluded that preferential solvation is a real 
p h e n o m e n ~ n . ~ * ~ - ~ *  However, it must be admitted that in 
previous work in this laboratory we did not consider the 
possible consequences of microheterogeneity. The 
phenomenon of preferential solvation is intrinsic to a 
number of important models of solution including the 
UNIQUAC and NRTL m ~ d e l s . ~ ~ - ~ l  


If preferential solvation does occur, it makes it 
impossible to define a probe-independent scale of 
solvent properties; it becomes meaningless to speak of 
the dipolarity or HBD acidity of a solvent mixture 
without specifying the probe. 


The existence of preferential solvation has very 
important implications as to the validity of linear 
solvation energy relationships (LSERs) in mixed 
solvents. LSERs for liquid-liquid transfer processes 
such as RPLC and octanol-water partition coefficients 
are often given in the form 


SP = SP, + mV,,, + sn: + aa2 + bB2 (6)  


The subscript 2 denotes a solute property; SP is a free 
energy-related solubility property of the solute species, 
VX,* is a characteristic volume of the solute and nt, a2 
and P2 are measures of solute dipolarity/polarizability, 
HB donor and acceptor strength, respectively. 


Equations of the same form as equation (6) have 
been applied to RPLC.32-35 The specific contributions to 
a solute's retention made by the mobile and stationary 
phases have been rationalized through the use of linear 
solvation energy relationships (LSERs) using the 
Kamlet-Taft multi-parameter  scale^:^'-^^ 


log k' =log kb + M(6:- S;)V,,, + S(nP - 2J.t 
+ B ( a ,  - a m > B z  + A(B, - B,>a2 (7) 


where the subscripts s and m denote the stationary and 
mobile phases, respectively, and k' is the capacity 
factor. The log kb term includes the volume phase ratio 
and dipolar/polarizability interactions between the 
solute and the chromatographic phases when n* is zero. 
When a system with a fixed pair of mobile and station- 
ary phases is considered, the above equation can be 
reduced to the form of equation (6): 


log k' =log kb + mVx,2 + sn? + bBz + aa, (8) 


Table 1. LSER b coefficients in mobile phases of various 
organic composition" 


Organic 
content 
(%, v/v) Methanol Acetonitrile Tetrahydrofuran 


50 - 1.77(0.10) - 1.71 (0.07) - 1.50(0.10) 
40 - 1.93(0.13) -2.09(0.08) -1.96(0.13) 
30 -1.98(0.13) -2.50(0.09) -2.64(0.12) 
20 -1.94(0.16) -2.68(0.11) -3.35(0.21) 
10 -1.80(0.19) N A ~  N A ~  


"The b coefficients were obtained by regressing log k' values for 87 
solutes of widely varying physic-chemical properties on an ODS 
column using mobile phases of various organic modifier compsi- 
ti on^.^' In parentheses are 95% confidence intervals for the coefficient. 


Data are not available. 


The LSERs for log k' values in RPLC invariably 
show that the most significant solute-solvent interac- 
tions are solute size, which is determined by the 
cohesivity of the mobile phase, and the solute HBA 
basicity, which is determined by the mobile phases 
HBD a~idity.~,-~' The solute HBD acidity and/or the 
mobile phase HBA basicity play a minor, almost 
insignificant, role. 


Implicit in this equation is the concept that the phase 
(solvent)-dependent coefficients (rn, s, b and a)  are 
independent of the solute. If we consider that the solute 
establishes its own environment in a mixed solvent it 
follows that the coefficients will not be solute indepen- 
dent. It follows that if preferential solvation were to 
take place in RPLC, then very basic solutes would not 
be well fitted. On increasing the water content of the 
mobile phase, it is observed that the dependence on 
solute B2 increases, i.e. the absolute magnitudes of the 
coefficient b in equation (8) increase as shown in 
Table 1. 


Another goal in this work was to develop an under- 
standing of the role of the mobile phase HBD strength 
in RPLC retention. Previous solvatochromic studies of 
retention in RPLC have stressed the importance of the 
solute HBA basicity (8,) in establishing the solute 
capacity factor ( k ' ) .  Large amounts of organic cosolv- 
ent and water are sorbed into a bonded stationary 


As the mobile phase becomes highly aqueous, 
less modifier and water are found in the bonded phase, 
which results in a lower HBD acidity of the bonded 
phase. The mobile phase HBD acidity increases as the 
mobile phase becomes more We therefore 
expect that the coefficient b will be directly related to 
amix for mobile phases of different organic composition. 


EXPERIMENTAL 
All solvents were HPLC grade and were used without 
further purification. The solvent mixtures were prepared 
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by mixing known volumes of each liquid. ET(33) was 
prepared and purified using a procedure given in the 
literature.38 All spectroscopic measurements were made 
using a Varian DMS 200 spectrophotometer using a slit 
width of 0.2 nm, 20 nm min-’ scan rate, a smoothing 
constant of 5 s and 1 cm pathlength quartz cells. The 
wavelength of the spectrophotometer was calibrated 
daily using a holmium oxide filter and the stability of 
the instrument throughout this experiment is indicated 
by no poorer than a 0.10 nm variation in any of the six 
holmium oxide bands monitored. All samples were 
thermostated at 25fO.2”C for 15min before scans 
were made. Each of the samples were gently rocked 
after sitting for 10min in order to ensure temperature 
equilibrium throughout the sample. Peak maxima were 
determined using the ‘9/10’ method in order to minim- 
ize the effect of changes in band shape with ~olvent.~’ 
Triplicate measurements of peak maxima agreed with 
one another to better than 0.5 nm. The indicator concen- 
tration was adjusted so as to give an absorbance in the 
range 0.5-0.8. At this concentration it was confirmed 
that the peak maxima are independent of solute 
concentration. 


RESULTS AND DISCUSSION 


Relationship between ET(30) and ET(33) 
Because the structures of ET(33) and ET(30) are so 
similar, we felt that ET(33) would sense the same 
intermolecular interactions as ET(30). Consequently, we 
expected that the absorption energy of ET(33) would be 
linearly related to that of ET(30) as the volume fraction 
of organic modifier was varied. Figure 1 shows the 
normalized ET values for ET(33), E:(33), plotted 
against the corresponding ETN(30) values for ET(30). 
The error bars indicate the magnitude of the random 
experimental error. 


Surprisingly, for all four types of mixtures all the 
data lie below the 1 : 1 line. There are two potential 
simple explanations for the lack of linearity in these 
plots. First, as discussed above, ET responds to changes 
in both a solvent’s x* and a. If both x*,,, and amlx were 
linear functions of composition or if they were colinear 
with one another, then ET(30) and ET(33) would have to 
be linearly related. This is required mathematically. 
However, we know from previous work4s5 that neither 
n;,, nor amlx is a linear function of compositions. In 
general they are not the same function of composition 
(see below). Even under this general condition, a plot of 
ET(30) versus ET(33) would still be linear if both 
indicators had the same a/s ratio, that is, the same blend 
of sensitivities to the solvent x* and a. 


As shown in equations (3) and (4), the a/s  ratios for 
ET(30) and ET(33) are 1.06f0.062 and 0.996f0.12, 
respectively. These ratios are so similar that they cannot 
explain the non-linearity in the plots of EF(30) versus 
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Figure 1. Plot of ETN(33) versus EF(30) for aqueous mixtures 
of methanol, acetonitrile, propan-2-01 and tetrahydrofuran. E,” 
values were calculated with the equation E,” = [&(water) - 


ET( +o)]/[& (water) - .&(pure 0rganic)l 


ETN(33) (see Figure 1) by any model that assumes a 
constant a /s  ratio as the composition is varied. This is 
shown strikingly in Figure 2. To generate Figure 2 we 
used equations (3) and (4) to calculate theoretical values 
of E:(30) and ETN(33) using previously measured values 
of x;,, and the average amu values estimated below. 
Thus we conclude that the non-linearity of the data in 
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Figure 2. Plot of calculated E,”(33) versus E,”(30) 
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Figure 1 can only be explained if either preferential 
solvation or microheterogeneity takes place so as to 
differentiate between these two structurally similar 
indicators. The non-linearity cannot be due to any 
intrinsic non-linearity in the dependences of ET(30) or 
ET(33) on composition or of a non-linear dependence of 
nzix or a,& on composition. 


It is possible that the cybotactic region around ET(30) 
and ET(33) could differ. It seems reasonable, given that 
a chloro group is both a better electron acceptor and is 
less hydrophobic than a phenyl group, that the relative 
amount ofwater in the solvent adjacent to the dyes could 
differ. 


We note that the two systems which show the 
greatest degree of microheterogeneity, tetrahydrofuran- 
water and acetonitrile-water, actually lie considerably 
closer to the 1 : 1 line in Figure 1 than does the nearly 
ideal mixture, methanol-water. This suggests that the 
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lack of linearity is not due to microheterogeneity. 
However, plots of amix versus n*,, are more nearly 
colinear for the tetrahydrofuran-water ( r2  = 0.7657) 
and acetonitrile-water mixtures ( r 2  = 0.6164) than for 
the methanol-water (r2 = 0.0119) and propan-2- 
01-water mixtures ( r 2 =  0.5114), and this might explain 
why the data in Figure 1 for the tetrahydrofuran-water 
and acetonitrile-water mixtures lie closer to the 1 : 1 
line. 


Excess ET 
The differential behavior of probes which are sensitive 
to a solvent's HB donor strength has been extensively 
documented for the aqueous mixtures studied here.23.24 
Differences in the interaction of one indicator molecule 
with one component of the solvent mixture are better 
examined in terms of excess ET (AE-,.) values than by 
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Figure 3. Plot of A d  versus organic volume fraction (d,) 
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examination of plots of amix. The data are examined 
first from the perspective of AET because AE, does not 
entail the complications of needing a pure solvent 
correlation. AET values are calculated by equation (9) 
using the volume fraction approach of Davis and 
Douheret' rather than the mole fraction approach taken 
by Kolling:'* 


A& = &(mix) - ET.0 $ 0  - ET,w (1 - $ 0 )  (9) 
The subscripts o and w indicate the organic component 
and water, respectively. Because the magnitude of AET 
values depends on the difference between ET,o and ET,w, 
comparison of the plots of AE, versus fi0 in different 
solvents can be misleading. To eliminate this depen- 
dence the AET values were normalized by dividing them 
by the difference between ET and ET,w to obtain AE:. 


A positive value of AE$ indicates that the probe 
indicator acts as if it were surrounded more by water 
than by the organic component of the mixture. When the 
solvents form a random mixture, i.e. they show no 
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preference for one another, and when the probe solute 
interacts with both solvents equally, a plot of ET versus 
$o will be a straight line and the AE; will be zero at all 
compositions. 


When the probe solute extracts one solvent preferen- 
tially from the bulk mixture then AE: would be finite. 
Alternatively non-zero AE: values can be explained 
based on microheterogeneity. The solute simply moves 
into the 'microphase' which it prefers. The finite excess 
ET results from a non-linear variation in the amount of 
the microphases as the bulk composition is changed. 


The AE: values for the three indicators are plotted 
against volume fraction in Figure 3. The error bars 
indicate the magnitude of the random experimental 
error. Clearly, the AET values are non-zero. While the 
data shown in Figure 3 display several distinct patterns, 
the results can be summarized briefly as follows. First, 
relative to the two alcohol-water systems there is little 
differential behavior of the three indicators evident 
in the acetonitrile-water and tetrahydrofuran-water 
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Figure 4. Plot of calculated AE," versus organic volume fraction (+,,) 
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mixtures. All three indicators behave very similarly in 
the two non-alcohol solvent systems. The positive AE,” 
values in both of these systems show that the three 
indicators are better solvated by water than by the 
organic component. This could be due either to 
indicator-independent preferential solvation effects or to 
microheterogeneity. However, microheterogeneity is 
more plausibly indicator independent than is indicator- 
independent preferential solvation. Second, the three 
indicators behave differentially in the two alcohol-water 
systems but the pattern of solvation is complex. Only 
ET(30) consistently interacts more strongly with the 
organic component whereas ET(33) and ET(Fe) show 
different preferences in methanol-water and propan-2- 
01-water. 


As shown in Figure 4, the average n*,, and average 
amix values when used in conjunction with equations (3) 
and (4) reproduce the AE: values for acetonitrile-water 
and tetrahydrofuran-water systems very well. However, 
for the alcohol-water mixtures, especially for the 
methanol-water mixtures, the AE,” values are not well 
reproduced. The above observations lead us to believe 
that while differential indicator behavior is minor in the 
tetrahydrofuran-water and acetonitrile-water mixtures, 
there is considerable microheterogeneity as demon- 
strated by the deviation from random mixing, that 
is, the AE, values are large. In contrast, in the 
alcohol-water mixtures there is considerable differential 
behavior among the three indicators, which we attribute 
to the preferential solvation and not microheterogeneity. 
This is especially true for the methanol-water system 
since this mixture is nearly ideal. 


Hydrogen bond donor acidity 
The solvatochromic characteristics of the five pure 
solvents used in this work are summarized in Table 2. It 
is evident that these liquids span a wide range in proper- 
ties. We therefore expect that mixtures with water, 
particularly of tetrahydrofuran and acetonitrile, will 
show large changes in a as the composition is varied. 


Determination of the a values for aqueous organic 
mixtures was carried out by the use of a method 
reported in previous papers on the properties of 
aqueous-organic  mixture^.^,^ The correlation between 
the observed transition energy of maximum absorption 


Table 2. Solvatochromic properties of pure solvents 


Solvent a B n* 


Water 1.17 0.47 1.09 
Methanol 0.98 0.66 0.60 
Propan-2-01 0.76 0.84 0.48 
Acetonitrile 0.19 0.40 0.75 
Tetrahydro furan 0-00 0.55 0.58 


of an indicator (E , )  and the solvatochromic properties 
in a wide variety of pure solvents was used as a calibra- 
tion line [see equations (3)-(5)]. Once a solvent’s n* 
parameter is established, one can back-calculate the 
solvent’s a value. In order to minimize potential errors 
due to self-association of strong HB donor solvents and 
errors in the n* values, Kamlet et ~ 2 1 . ~ ’  suggested that 
properties which meet the following criteria be chosen 
for formulating an a scale: (a) the properties should 
involve sufficiently strong HB acceptors that competi- 
tive solvent self-association should not materially 
influence the enhanced solvatochromic effects due to 
hydrogen bonding; and (b) the a/s ratio should not be 
too low (preferably >1.0) so that uncertainties in the x* 
values, which are necessarily less reliable for HB donor 
than for non-HB donor solvents, should not introduce 
unacceptable uncertainties in the a values. The three 
indicators chosen in this work meet the second require- 
ment but it is not clear that they satisfy the first, given 
the strength of water as an HB donor and acceptor. 


Marcus4’ also noted that a four-parameter regression 
equation including the solvents’ B parameter gave a 
slightly improved fit over that given in equation (3). 
However, the improvement was only marginal and the 
structure of ET(30) indicates there are no HBD sites in 
the molecule. We therefore used equation (3) as the 
calibration line. Assuming that the correlations for pure 
solvents also hold for solvent mixtures, the a values for 
mixtures (amu) are calculated as follows: 


amix = [ET(30) - 30.8 - 13.68n*,,]/14.51 (10) 


The dd term drops out since 6 is zero for all the 
aqueous-organic mixtures studied here. Similarly, a,, 
values were calculated with the indicators ET(33) and 
ET(Fe) as follows: 


amix = [ET(33) - 39.09 - 14~47n*,,,]/14~41 (11) 


The amlx were calculated using the n*,, values given 
by Cheong and Cam4 (see Table 3). 


The use of equations (10)-(12) was validated to 
some extent by principal component analysis. We 
performed principal component analysis on a matrix of 
ET values for the three indicators used here and also the 
I3C NMR chemical shifts of dialkylbenzamides used 
by Schneider et aL6 in methanol-, acetonitrile- and 
tetrahydrofuran-water mixtures at eleven volume 
fraction compositions. The data were mean centered and 
the range normalized prior to analysis. We found that 
only two factors are needed to explain slightly more 
than 99% of the total variance. We presume that these 
factors are related to n*,, and amlx. 


The amu values given in Table 3 are plotted versus 
the volume fraction of organic solvent (Go) in Figure 5. 
The standard deviations of the measurements at each 
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Table 3 .  aml values for aqeuous-organic mixtures" 
~ 


Methanol hopan-2-01 Acetorutnle 


@nb ET(30) ET(33) ET(Fe) Av ET(30) ET(33) ET(Fe) Av ET(30) ET(33) ET(Fe) Av. 


Tetrahydrofuran 


ET(30) ET(33) ET(Fe) Av. 


0.0 1.12 0.97 1.24 1.11 1.12 0.97 1.24 1.11 1.12 0.97 1.24 1.11 
0.1 1.07 0.95 1.20 1.07 0.95 0.93 1.16 1.01 1.03 0.92 1.16 1.03 
0.2 0.99 0.92 1.17 1.03 0.79 0.80 1.02 0.87 0.94 0.87 1.08 0.96 
0.3 0.9.5 0.91 1.1.5 1.00 0.72 0.77 0.90 0.80 0.90 0.86 1.01 0.92 
0.4 0.94 0.90 1.10 0.98 0.69 0.74 0.88 0.77 0.90 0.87 0.95 0.91 
0.5 0.92 0.89 1.07 0.96 0.72 0.77 0.89 0.79 0.90 0.86 0.90 0.88 
0.6 0.91 0.90 1.04 0.95 0.72 0.79 0.89 0.80 0.89 0.87 0.90 0.89 
0.7 0.94 0.95 1.02 0.97 0.73 0.79 0.88 0.79 0.91 0.89 0.88 0.89 
0.8 0.99 1.01 1.02 1.01 0.73 0.78 0.86 0.79 0.88 0.86 0.82 0.8.5 
0.9 1.03 1.05 1.02 1.03 0.72 0.75 0.81 0.76 0.83 0.81 0.71 0.78 
1.0 1.14 1.15 1.02 1.10 0.73 0.69 0.78 0.73 0.34 0.36 0.32 0.34 


1.12 0.97 1.24 1.11 
0.98 0.86 1.11 0.99 
0.83 0.72 0.98 0.84 
0.71 0.67 0.90 0.76 
0.69 0.66 0.86 0.74 
0.66 0.64 0.83 0.71 
0.64 0.63 0.78 0.68 
0.63 0.60 0.74 0.66 
0.58 0.57 0.68 0.61 
0.52 0.49 0.58 0.53 
0.01 -0.23 0.04 -0.06 


'The urn" values were calculated based on equations (10). ( 1 1 )  and (12) 
Volume fraction of organic component in the mixture 
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Figure 5. Variation of amix with organic volume fraction ( $o) 
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composition are smaller than the size of the symbols 
and therefore the error bars are not given for these 
data. 


Inspection of Figure 5 shows that the HB donor 
acidities of all the aqueous mixtures increase in a non- 
linear fashion as water is added to the organic solvent. 
For aqueous mixtures of acetonitrile and tetrahydro- 
furan, amix increases very dramatically on addition of 
even a small amount of water to the neat solvent; it then 
reaches a plateau and finally rises slowly to the HB 
acidity of pure water. In contrast, the amix for the 
mixtures of methanol and propan-2-01, which are acidic, 
increase only slightly as the first small amount of water 
is added and then increase more rapidly as the composi- 
tion approaches pure water. In methanol-water mixtures 
there is a strong sign of a local minimum in a,,,. 


Differential behavior of the indicators 


Inspection of Figure 5 strongly suggests that the differ- 
ent indicators behave differently. Before examining the 
differences in detail, we first ask whether they are. real or 
simply a consequence of how we measure them. 


We must point out that the differences in amix values 
shown in Figure 5 do not provide incontrovertible 
evidence for differential behavior of the different 
indicators in mixed solvents due to either preferential 
solvation or microheterogeneity. The experimental error 
of measurement, that is, the precision, is far smaller 
than the spread between the three indicators. This seems 
to validate the idea that the three indicators behave 
differentially. However, we point out that the spread 
between the three indicators is greatest in pure water, 
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Figure 6. Variation of amix with organic volume fraction (&). The amir values were calculated by forcing exact agreement in the a 
values in both water and pure organic solvent 
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and this cannot be due to either preferential solvation or 
microheterogeneity. We conclude that simple compari- 
sons such as shown in Figure 5 here or figures presented 
by Schneider et a1.6 cannot be used as evidence for 
differential behavior of different indicators. 


The differences among the three indicators in pure 
water result from the lack of fit in the pure solvent 
correlations [see equations (3)-(5)] in fitting the 
behavior of the three indicators in water. We can force 
agreement in water by using the ET values in pure water 
as the basis for computing the a coefficient for the three 
indicators. When we did this the curves became discre- 
pant at the pure organic end of the plot. We decided to 
develop a method that forced exact agreement in both 
water and the pure organic solvent. This can be done by 
using the pure solvent correlations [equations (3)-(5)] 
to derive an intercept and then for each indicator solve 
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two simultaneous equations inputing the n* and a 
values for water and the organic solvent to establish 
both the a and s coefficients. The results of calculating 
adx in this way are shown in Figure 6. All curves shown 
in both Figures 5 and 6 are plotted on the same scale to 
facilitate comparison. The symbols used are about 
0.035 units in size and we are confident that a values 
can be reproduced to better than 0.02 from day to day. 
Hence the differences are real. However, it is clear from 
comparing Figures 5 and 6 that the method of convert- 
ing a measured transition energy into an a value has a 
tremendous effect on the value of a obtained and on the 
trend observed as a function of composition. This is 
strikingly evident in the results obtained for 
acetonitrile-water mixtures where in Figure 5 we see a 
monotonic dependence on @ o  whereas in Figure 6 a 
distinct local maxima is seen with all three indicators. 


MeCN-water 
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Figure 7. Plot of average a,,(ind) from the three indicators and a,,(nmr) from the band of the highest a/s ratio versus organic 
volume fraction (q5.J 
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0.7 


Since the method of converting the raw transition 
energies into a values is arbitrary, we see no point in 
discussing in any greater detail the differential behavior 
of the three indicators. It is best to consider only the 
average amix of the solvents as shown in Figure 7, 
where we have also plotted the amh values obtained by 
NMR spectrosco One of the NMR bands studied by 
Schneider et al. was found to be very weakly depen- 
dent on solvent R*. Its u/s ratio is 4.68. We therefore 
used this band to estimate amh as shown in Figure 7. 


I? 


Relationship between hydrogen bond donor acidity 
and RPLC retention 
As shown above, there are large changes in a as the 
composition is varied. Consequently, the retention of 
strong HB acceptor solutes in RPLC should experience 
these large changes in the mobile phase HB donor 


acidity. Equation (7) shows that the LSER b coefficient 
is determined by the difference between the HB donor 
acidity of the stationary and mobile phases (a, - a,,,). 
This difference manifests itself as a negative contribu- 
tion to retention. This can only result when the mobile 
phase is a significantly better HB donor acid than is the 
stationary phase. From the work of Yonker et u1.36*37 and 
many other  group^,^*-^ it is evident that a large amount 
of organic cosolvent and water are sorbed into the 
bonded stationary phase. As the mobile phase becomes 
more aqueous, less modifier and water are found in the 
bonded phase. This ought to result in a decrease in the 
HBD acidity of the bonded phase. Since mobile phase 
HBD acidity increases as the mobile phase becomes 
more water-like, it follows that the mobile phase HBD 
acidity ought to be inversely related to that of the 
bonded phase. This is in agreement with reports by Carr 
and Harris47 and Jones and R~tan .~ '  We therefore expect 
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that the magnitude of the b coefficient will be monotoni- 
cally related to a,, of the mobile phase. 


Figure 8 shows the variation in -6 ,  average a,,(ind) 
based on the three indicators and amix(nmr) from the 
band of the highest a/s ratio versus q50 for methanol- 
water, acetonitrile-water and tetrahydrofuran-water 
mixtures. As can be seen, in the case of acetonitrile- 
water and tetrahydrofuran-water mobile phases the - b 
coefficient, amix (ind) and amix (nmr) decreases monot- 
onically with r$o. However, in methanol-water mobile 
phases a maximum is observed in the plot of - b versus 
9,. Inspection of Table 1 indicates that within the range 
of organic composition where the b coefficients were 
obtained, the amix values measured by all three indi- 
cators increase monotonically as the mixtures become 
more water-like. However, the magnitude of b first 
increases as more water is added to the 50% methanol 
mobile phase, and then seems to decrease at a methanol 
volume fraction of 20%. Considering the magnitude of 
errors associated with the b coefficients, the curvature in 
the plot may not be significant. We also note that the 
magnitude of b in the case of methanol-water mobile 
phases is in general small compared with those for the 
acetonitrile-water and tetrahydrofuran-water phases. 
This may be due to the fact that methanol is a much 
stronger HBD acid than acetonitrile and tetrahydro- 
furan, and hence bonded phases modified by sorption of 
methanol have greater HBD acidities than do those 
modified by the weak HBD acid acetonitrile or non- 
HBD acid tetrahydrofuran. This in turn will yield a 
smaller differential HBD acidity between the mobile and 
stationary phases and hence a decreased dependence of 
solute retention on solute HBA basicity and a smaller 
magnitude of b result. 


Recently, Helbum et ~ 1 . ~ ~  reported measurements of 
the HBD acidities of solvated ODS bonded stationary 
phases. They observed that the HBD acidities of the 
stationary phases modified by sorption in acetonitrile- 
water and methanol-water mobile phases are actually 
greater than those of the bulk aqueous-organic mixtures 
in equilibrium with them. We believe that their measure- 
ments are in error. If the HBD acidity of the modified 
stationary phase is greater than that of the bulk mobile 
phase, the differential term (a, - a,,,) will be positive. 
This in tum will result in a positive b coefficient. 
However, as shown in Table 1, the signs of the b 
coefficients for RPLC retention measured in the mobile 
phases of the same volume fractions as studied by 
Helbum et al. are all negative. Helbum et al. noted the 
possibility that their values for the solvated stationary 
phases were overestimated owing to the very different 
hydrophobicities of the indicator dyes used. This causes 
the dyes to sorb into very different active sites on the 
stationary phase and thus sense differently the environ- 
ment in the stationary phase. It is also possible that 
silanol group interactions strongly influence the 
behavior of the indicators. 


CONCLUSION 


For acetonitrile-water and tetrahydrofuran-water 
mixtures, which are known to be microheterogeneous, 
the three indicators of sufficiently different structures 
behave very similarly in terms of AET. In both of these 
systems the three indicators are better solvated by water 
than by the organic component. This happens when 
polar and HB accepting indicators move into the water- 
rich ‘microphase.’ The indicators sense the bulk prop- 
erty of these mixtures which are intrinsically 
microheterogeneous and thus can be used as stand-ins 
for the ‘general solute.’ However, for methanol-water 
and propan-2-01-water mixtures, which are not 
microheterogeneous, the three indicators behave differ- 
ently. In the methanol-water system, which is known to 
be a random mixture, ET(30) is preferentially solvated 
by methanol molecules whereas ET(Fe) is preferentially 
solvated by water molecules. The indicators are no 
longer able to probe bulk properties of this random 
mixtures due to preferential solvation. If preferential 
solvation occurs, it makes it impossible to define a 
probe-independent scale of solvent properties; it 
becomes meaningless to speak of the dipolarity or HBD 
acidity of a solvent mixture without specifying the 
probe. These indicators cannot be used as stand-ins for 
the ‘general solute’ in these alcohol-water systems. 


The LSER b coefficients are always negative in sign 
and vary monotonically with amix of the aqueous- 
organic mixtures over the composition range studied. 
This indicates that the RPLC stationary phase is less HB 
acidic than the mobile phase. This is opposite to the 
observation made by Helbum et ~ 1 . ~ ~  However, we 
believe that their results are in error for reasons dis- 
cussed in the previous section. 
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DETERMINATION OF COMPLEX STABILITIES WITH NEARLY 
INSOLUBLE HOST MOLECULES. 


PART I. SPECTROPHOTOMETRIC DETECTION 


HANS-JURGEN BUSCHMANN*, ERNST CLEVE, ULRIKE DENTER AND ECKHARD SCHOLLMEYER 
Deutsches Textilforschungszentrum Nord- West eV, Frankenring 2, 0-47798 Krefeld, Germany 


The determination of stability constants by measuring the increase in solubility of a nearly insoluble host molecule 
due to complex formation with a soluble guest is discussed. If the host molecule absorbs in the UV-visible region, 
spectrophotometric measurements are easily performed to obtain the stability constants. The solubilities of the crown 
ether dibenzo-18-crown4 and of the cryptand (222BB) in aqueous solutions and the molar absorptivities of these 
ligands and their complexes with alkali and alkaline earth metal cations were determined. The increase in solubility 
of these ligands due to complex formation with cations was used to calculate the stabilities of the complexes formed. 
Even under the assumption that neither the molar absorptivities nor the solubilities are known, the calculated stability 
constants agree very well with those obtained using the measured values of the molar absorptivities and solubilities. 
The accuracy of the stability constants even increases with decreasing solubility of the ligands. 


INTRODUCTION 


Many experimental techniques are used to study the 
reactions between host and guest molecules in solution. 
All these techniques have already been described in the 
literature in detail. Most commonly potentiometric, l S 2  


conductimetric, s p e c t r o p h o t ~ m e t r i c ~ * ~  and calori- 
metric6*' titrations are used. However, any other exper- 
imental technique which allows the determination of 
the concentration of at least one species in solution or 
the change of one parameter due to  the complex for- 
mation is suitable. 


Most of the synthetic host molecules, such as calix- 
arenes and other cyclophanes, are only soluble in some 
organic solvents. Their ability to  form complexes with 
different salts not soluble in these solvents can be 
measured by extraction of the salts from an aqueous 
phase to the organic phase due t o  complex for- 
mation. 8,9 A calculation of the complex stability in the 
organic solvent is not possible without the knowledge of 
the solubilities of the host and guest molecules in both 
solvents, the partition coefficients between both sol- 
vents of all species and the formation constants for ion 
pairs of the salt in the organic solvent. 


Further possibilities concerning the determination of 
complex stabilities from the increase in the solubility 


* Author for correspondence. 


CCC 0894-3230/94/090479-06 
0 1994 by John Wiley & Sons, Ltd. 


due to complex formation of insoluble guest molecules 
in aqueous solutions have been reported in the litera- 
ture. lo*ll However, this 'opposite' reaction, e.g. the 
increase in solubility of a nearly insoluble host molecule 
due to  complex formation, has been reported in only 
few cases. 1 2 - 1 4  This method shows some important 
advantages which have not been realized up to now. 
Owing to  their low solubility, the host molecules are 
needed in only very small amounts to  study complex- 
ation reactions. If the host molecules absorb in the 
UV-visible range the changes in the extinction due to 
the formation of complexes can be measured easily. 


From the spectral data the stability constant of the 
complex can only be calculated if all molar absorp- 
tivities and the solubility of the host are known. How- 
ever, even if these conditions are not fulfilled, it seems 
to  be possible to  calculate the stability constant from 
the experimental data using some assumptions. To 
prove the validity of these assumptions, it is necessary 
to  study the complex formation of some ligands that are 
hardly soluble in a given solvent. On the other hand, 
the ligands should be soluble enough that stability con- 
stants have already been determined using different 
experimental techniques. A few stability constants for 
the reactions of the macrocyclic ligand dibenzo-18- 
crown-6 and the macrobicyclic cryptand (222BB) with 
cations in aqueous solutions have already been 
reported. ",16 
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EXPERIMENTAL 


The crown ether dibenzo-18-crown-6 (DB18C6) 
(Merck) and the cryptand (222BB) (Merck) were used as 
purchased (see Figure 1). 


The salts NaC1, KCl, RbCl, CsCl, CaC12, SrC12 and 
BaClz were of the highest purity commercially 
available. Doubly distilled water was used as the 
solvent. 


To solutions of the salts (2 x 10-3-2 x lo-' moll- ' )  
the solid ligand was added. The amount of the ligand 
was so high that all solutions examined contained the 
solid ligand. The time for dissolution of the ligands was 
varied between 2 and 4 weeks in the case of the ligand 
DB18C6 and between 4 and 1 0 h  for the cryptand 
(222BB) to ensure the complete dissolution of the 
ligands. Before extinction measurements the saturated 
solutions were passed through a membrane filter 
(polycarbonate, 0-4 pm). Owing to the high solubility 
of the cryptand (222BB), the solutions were diluted 
prior to  the omeasurement. All solutions were thermo- 
stated at 25 C. An example of these measurements is 
given in Figure 2. 


The molar absorptivities of the pure ligands were 
obtained from solutions with known concentrations. To  
these, salts were added in a higher concentration than 
the ligand to ensure complete complex formation in 
order to  obtain the molar absorptivities of the 
complexes. 


The solubilities of the ligands were calculated from 
the extinctions of solutions saturated with the ligands 
using the estimated molar absorptivities. 


All spectrophotometric measurements were made 
with a Varian Cary 5E spectrophotometer. 


RESULTS AND DISCUSSION 


Mathematical models for the treatment of the 
experimental data 


The formation of a 1 : 1 complex between a guest G and 
a host molecule H can be described using the equation 


G + H e G H  (1) 
The corresponding stability constant K is given by 


The total concentration of the host, CH, and of the 


0.16 o'21 


T 
260 280 300 320 


7. Inml 


Figure 2. UV spectra of saturated solutions of the ligand 
DB18C6 in the presence of different concentrations of KCI in 
aqueous solution at 25 "C: (a) 2 x (b) 8 X lo-? (c) 


2 X lo-*; (d) 3.2 X lo-' M 


DB18C6 ( 222 BB 1 
Figure 1 .  Structures of the ligands dibenzo-18-crown-6 (DB18C6) and cryptand (222BB) 
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guest molecule, &, are given by the material balances 


(3) CH = [HI + [GH] 


CG= [GI + [GH] (4) 


Thus, plotting (E/Eo) - 1 as a function of the total con- 
centration of the guest CG, one expects a straight line 
with slope b. From this slope the stability constant of 
the complex formed in solution can be calculated: 


If the solid host molecules are always in contact with 
the solution containing dissolved host molecules and 
the guest molecules, the actual concentrations of the 
host molecules [HI in equations (2) and (3) can be sub- 
stituted by the solubility [H],I, which is a constant for 
a given host. 


If only the host molecule and the complex formed 
absorb at a given wavelength the experimentally 
measured extinction E for a constant optical path 
length d is given by 


(5 )  
with €1 is the molar absorptivity of the host molecule 
and €2 that of the complex. Using equations (2) and (4), 
equation (5 )  can be transformed into 


E/d= €1 [Hlso~ + €2[GHI 


Since the first term in equation (6) is constant, it can be 
substituted by 


and also the ratio n of the two molar absorptivities, 
n = &/&I, can be used to rewrite equation (6): 


EO = €1 [ H1so1 


Equation (7) can be transformed into 


If the unknown parameters, i.e. the two molar absorp- 
tivities and the solubility of the host molecule, can be 
determined from independent experiments, the stability 
constant is obtained without any problems. However, 
using almost insoluble host molecules these measure- 
ments are not possible or cannot be executed with 
reasonable accuracy. In this case it is possible to use 
equation (9) to calculate stability constants if the fol- 
lowing assumptions are valid: (a) the molar absorp- 
tivities of the host molecule, €1, and the complex 
formed, e2, are nearly identical and (b) the term b [HI =I 
is smaller than 1. In this case the slope b is identical 
with the stability constant K. However, even if both 
assumptions are incorrect, b does not deviate from K to 
a large extent. In Figure 3 the influence of varying the 
ratio of the molar absorptivities and the product of the 
solubility and slope for a given value of b on the stabi- 
lity constant is demonstrated. 


Variation of the ratio r2/&1 from 0.5 up to 2 changes 
the value of the stability constant by less than 10070. 
Also, an increase in the value of b[H],l from 0.5 has 
no large influence on the value of the calculated stabi- 
lity constant. Only under extreme conditions such as 
&2/&1=0*5 and b[I-IlmI=0.5 with both terms nearly 
equal does the slope b differ considerably from the sta- 
bility constant. 


Since the value of b [HI =I has to be smaller than 1 and 
8 


Figure 3. Influence of the variation of the ratio of the molar absorptivities rJcl and of the product b[H]=l on the calculated 
stability constant K using equation (9) for a given value of b = 10 00 1 mol-' 
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the soluability of the host molecule cannot be influ- 
enced, an upper limit for the slope b exists. 


Table 1. Molar absorptivities c (1 mol-' cm-')  at 274 nm of 
the ligands DB18C6 and (222BB) and of the salt complexes in 


aqueous solutions at 25 'C 


Treatment of experimental data 


The solubility of the crown ether DB18C6 was deter- 
mined as (1.7 t 0.1) x lo-' rnol I - '  and that of the 
cryptand (222BB) as (8.2 2 0.1) x mol I- ' .  These 
results are in good agreement with published data for 
DB18C6 (2 x lo-' and 1.28 x lo-' rnol and 
the cryptand (222BB) (6.22 x 


In Figure 4, the extinctions of solutions saturated 
with the ligand DB18C6 as a function of the salt con- 
centration are shown. Owing to the complex formation, 
the concentration of the ligand in solution increases. By 
extrapolation to zero salt concentration, the value of EO 
can be calculated. EO is also directly obtained from the 
extinction of a saturated solution of the pure ligand. It 
is possible that the two methods give different values of 
Eo. Two explanations are possible. The aqueous sol- 
utions of the salts behave differently in the solvation of 
the ligands compared with the pure solvent or other 
reactions are possible such as protonation of the ligand. 
Owing to the interactions of the ligand with protons, 
the solubility also increases. In the presence of salt con- 
centrations that are relatively high compared with the 
concentration of the protons, the interactions with the 
protons have no significant influence on the solubility 
of the ligands. In both cases the value of EO obtained 
by extrapolation should be used for further 
calculations. 


For both ligands and the corresponding complexes 
with salts the molar absorptivities are summarized in 
Table 1. For the ligand DBl8C6 no significant differ- 
ences between the molar absorptivities of the ligand and 
the complexes are observed with the exception of the 
complex with Bazf .  Only the complexes of the cryp- 


rnol ] - ' ) . I 3  


0.2- 


0.16. 


w 


"'"1 
0 1 2 3 4 5 


c s *  10" mot .I-'] 


01 


Figure 4. Changes in the extinction E at 274 nm of saturated 
solutions of the ligand DB18C6 as a function of the salt con- 
centration C S  in aqueous solutions at 20 "c. Salt: ( A ) KCI; (*) 


CSCl 


Cation DB18C6 (222BB) 


- 
Na+ 
K +  
Rb + 


cs + 


Ca*+ 
Sr'+ 
Ba" 


46822 68 
4780 2 276 
4760 t 308 
4961 2 241 
4980 2 197 
4795 f 232 
4578 2 235 
4232 2 156 


50462 14 
4759 2 40 
4912 ? 16 
5056 2 34 
5026? 8 
4877 f 85 
3877 f 71 
4084 2 42 


tand (222BB) with Sr2+ and Ba2+ possess lower molar 
absorptivities when compared with other complexes and 
the free ligand. 


Since the molar absorptivities of the ligand DBl8C6, 
Q, and of all complexes formed, EZ, and the solubility 
of this ligand are known, it is possible to calculate the 
stability constants of the complexes straightforwardly 
from the measured extinctions of the solutions satu- 
rated with the ligand using the material balances. 


Another possibility for the calculation of the stability 
constants is to use equation (8): by plotting (E/Eo) - 1 
as a function of the total salt concentration CC, one 
obtains a straight line with slope b. The stability of the 
complex formed is then given by equation (9). Now it 
is possible to discuss the proposed method for the 
reactions of the ligand DB18C6 under the assumption 
of unknown molar absorptivities of the ligand and the 
complexes formed and the solubility of the ligand. 


The stability constants for the complexation reactions 
of the crown ether DB18C6 with alkali and alkaline 
earth metal cations in aqueous solutions calculated in 
different ways are summarized in Table 2. Even without 
the use of the known molar absorptivities and the solu- 
bility of the ligand, correct values of the stability con- 
stants are calculated using equations (8) and (9). The 
agreement with already published stability constants is 
very good. 


Since the solubility of the cryptand (222BB) is more 
than one order of magnitude higher when compared 
with the crown ether DB18C6, more values of the stabi- 
lity constants with this ligand are available in the 
literature. 18-20 In Figure 5 ,  the extinctions of solutions 
saturated with the cryptand (222BB) as a function of 
the salt concentration are shown. All results are given 
in Table 3. From the increase in solubility of the cryp- 
tand (222BB) due to complex formation, the stability 
constants of the complexes formed can be calculated 
directly since all molar absorptivities and the solubility 
of the ligand have been determined. These values are in 
most cases in accordance with the published stability 
constants. However, using equations (8) and (9) only in 
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Table 2. Stability constants, log[K(1 mol-I)], for complex 
formation of the crown ether DB18C6 with different cations 
in aqueous solutions at 25°C calculated using different 


assumptions 


Table 3. Stability constants log [K (I mo1-l) for complex for- 
mation of the cryptand (222BB) with different cations in 
aqueous solutions at 25 'C calculated using different assump- 


tions 
~ ~ 


Cation LogKa Log K b  Log K' Log Kd Log K 
~ ~ ~~ 


Cation Log Ka Log K b  Log K 


Na' 1 * 0 9 2 0 . 0 5  1.09 1-07 1.09 1.16' 


K +  1 .5820.03  1-78 1.56 1.60 1.67e 


Rb' 1 .0620 .10  1.02 0.99 0.89 1.08' 
Cs' 0.81 2 0.07 0.88 0.85 0.74 0.83' 
CaZ+ 0.53 2 0.28 - - 0.47 < l e  
SrZ+ 0.78 2 0 . 1 3  0-73 0.70 0.75 0.99' 
Ba2+ 1 .7420 .06  - 1.76 1.75 1.96' 


1.1' 


1.6' 


a Calculated using the estimated values of the molar absorptivities of 
the ligand, EI, and of the complexes formed, EZ. and the solubility of 
the ligand. 
bCalculated using equation (8) under the assumptions that E; EI and EO 
are known. 


Calculated using equation (8) under the assumptions that cl and EZ are 
unknown and Ec, is known. 
dCalculated using equation (8) under the assumptions that cl ,  EZ and 
EO are unknown. 
'From Ref. 17. 
'From Ref. 13. 


some cases can reliable stability constants be obtained. 
Thus the assumptions made for calculating the stability 
constants are not valid. 


Using the molar absorptivities of the ligands and 
complexes, the ratio of both values can easily be calcu- 
lated. For both ligands the stability constants of the 
complexes formed can be obtained directly from the 
measurement of the extinction of salt solutions satu- 
rated with the corresponding ligands. Hence the 
product K[H],,1 can be calculated exactly. The results 
for both ligands are given in Table 4. 


'0°1 I A 


2ol / * 
0 0.5 1 1.5 2 2.5 


OY 
c s  - 10 2 [  mo~ * I '11 


Figure 5 .  Changes in the extinction E at 274 nm of saturated 
solutions of the cryptand (222BB) as a function of the salt con- 
centration CS in aqueous solutions at 25 OC. Salt: ( A ) KC1; (*) 


CSCl 


Na' 4-13 -+ 0-23 2.97 3.44' 
K +  5.01 t 0.29 3.07 4.35< 


4.62' 
Rb+ 2.60 2 0.10 2.40 
c s +  1.08 -+ 0.13 0.96 
Ca2+ 3.23 2 0.19 2.52 3.45d 


2.66' 
3.07' 


SrZ+ 4.76 t 0.43 3.03 6.38* 
5.7e 


Ba2+ > 5  5.65' 
5.65* 
5.4e 


a Calculated using the estimated values of the molar absorptivities of 
the ligand, E I ,  and of the complexes formed, €2. and the solubility of 
the ligand. 


EZ and EO 
are unknown. 
'From Ref. 13. 
dFrom Ref. 18. 
'From Ref. 19. 
'From Ref. 20. 


Calculated using equation (8) under the assumptions that 


Table 4. Ratio of the molar absorptivities of the complexes, 
4, with the ligands DB18C6 and (222BB) to that of the pure 
ligands, €1, and the product of the stability constant, K, with 
the solubility of the ligand [HSol] in aqueous solutions at 25 "C 


DB18C6 (222BB) 


Cation E Z / C I  K[Hso11 EZ/L'I K[H,,II 
~ 


Na' 1.02 2.1 x 1 0 - ~  0.94 11.1 
K +  1.02 6 . 5 ~  0.97 83.9 
Rb' 1.06 2 . 0 ~ 1 0 - ~  1.00 0.33 
c s  + 1.06 1.1 x ~ o - ~  1.00 0.0099 
Ca2+ 1.02 5 . 8 ~ 1 0 - ~  0.97 1.4  
SrZ+ 0.98 1 .o x 1 0 - ~  0.77 47.2 
Ba2+ 0.90 9 . 3 x  1 0 - ~  0.81 > 80 


For both ligands the ratio of the molar absorptivities 
of the complexes c2 and of the ligands EI varies between 
1 *06 and 0-77 .  Such variations do not influence the cal- 
culated stability constants, as already demonstrated. 
For the ligand DB18C6 all values of K[H,,1] are much 
smaller than 1 for all complexes. Owing to the higher 
values of the stability constants of the complexes 
formed with the ligand (222BB) and the higher solubi- 
lity of this ligand compared with the ligand DB18C6, 
the values of K[H,,I] are greater than 1 with the excep- 
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tion of Rb' and Cs'. Only in the case of these two 
cations do stability constants calculated using equations 
(8) and (9) give valid values. 


CONCLUSION 


These results confirm the possibility of determining sta- 
bility constants with nearly insoluble host molecules. 
Hence it becomes possible to examine the complexation 
behaviour of these ligands quantitatively. Host mol- 
ecules may be, for example, uncharged ligands such as 
crown ethers, cryptands or other ligands, and the guest 
molecules may be cations or uncharged molecules. The 
advantage of this method is that only small amounts of 
the host molecules are needed for the determination of 
the stability constants of the complexes formed. 


The validity of the discussed assumptions was verified 
by studying the complexation reactions of dibenzo-18- 
crown-6 and the cryptand (222BB) in aqueous sol- 
utions. If the solubilities of the ligands are low, the 
stability constants can easily be calculated from 
spectrophotometric measurements of saturated ligand 
solutions in the presence of salts, even without knowing 
the molar absorptivities of the ligand and the corre- 
sponding complexes. This new technique offers the 
opportunity to study complexation reactions inac- 
cessible with potentiometric, conductimetric or other 
common techniques normally used. 
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SOLVOLYSIS OF 3-SUBSTITUTED 4-HOMOADAMANTYL 
METHANESULPHONATES. CAN THE P-SUBSTITUENT EFFECT 


DISTINGUISH BETWEEN CLASSICAL AND NON-CLASSICAL ION 
INTERMEDIATES? 


TAKA0 OKAZAKI, TOSHIKAZU KITAGAWA AND KEN’ICHI TAKEUCHI* 
Division of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01, 


Japan 


The rates of the solvolysis of 3-R-4-homoadamantyl methyesulphonates (mesylates) (3) were determined in 80% 
aqueous ethanol. The relative first-order rate constants at 25 C were 1.0 (R = H), 2.29 (R = Ph), 3-26 (R =p-anisyl), 
73.6 (R = Me) and 209 (R = Et). The methanolysis of 3 gave rearranged methyl ethers and rearranged olefins as major 
products together with small amounts (0.9-3.4Vo) of unrearranged products. The order of the accelerating effect 
suggests that the transition states involve significant u-participation, despite the fact that 3 (R = H) solvolyses via a 
classical ion intermediate. The logarithms of the solvolysis rate constants of 3 showed linear correlations with those 
of 1-R-2-adamantyl tosylates (1) and 1-R-em-2-norbornyl tosylates (2), indicating that the linear free-energy 
relationship between the P-substituent effects on the solvolysis rate is not a definite measure to distinguish between 
classical and non-classical intermediates. 


INTRODUCTION 


For many years from Winstein’s suggestion’ on the 
intermediacy of the bridged 2-norbornyl cation in 
solvolysis, various approaches have been taken to 
examine the validity of a number of bridged, so-called 
‘non-classical’ ions. Among them the 2-norbornyl 
cation has been most extensively studied.* At the 
present stage the non-classical structure is strongly sup- 
ported for this cation in non-nucleophilic media and in 
the solid state. However, it is still controversial whether 
the 2-norbornyl cation as a solvolysis intermediate is 
bridged or not: a pair of rapidly equilibrating classical 
ions has been suggested as an alternative to the non- 
classical ion. 


Similarly to the case of the 2-norbornyl cation, the 
structure of the 2-adamantyl cation in solvolysis has 
been controversial. Lenoir4 studied the solvolysis of 1- 
substituted 2-adamantyl tosylates (1) (Scheme 1) and 
found a linear free energy relationship between the rates 
of the solvolysis of 1 and those of 1-substituted ex0-2- 
norbornyl tosylates (2). He concluded that the classical 
and non-classical ions can be distinguished from each 
other by the P-substituent effect on the assumption that 


both the 1-substituted 2-norbornyl cation and the 1- 
substituted 2-adamantyl cation intermediates were non- 
c la~s ica l .~  However, it seemed to us that the method of 
characterizing the intermediate by the 0-substituent 
effect should be used with caution, since no rate data 
are available with respect to the 0-substituent effect in 
the solvolysis of a system which was unambiguously 
proved to solvolyse via a pair of rapidly equilibrating 
classical ions. In this context, FBrca~iu’ analysed the 
solvolysis rates of 1-alkyl-2-adamantyl sulphonates 
from a viewpoint of steric strain and pointed out that 
the experimental data can be explained without 
assuming the intervention of u-bridged ions as 
intermediates. 


The 4-homoadamantyl cation can be degenerate with 
respect to the Wagner-Meerwein rearrangement and 
5,4-hydride shift.6 Therefore, if bridged, it would be 
symmetrical like the bridged 2-norbornyl cation. Pre- 
viously, Nordlander and co-workers’ concluded from 


1 2 3 e : R = E t  


Scheme 1 
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involving a classical ion intermediate. In order to 
examine whether the P-substituent effect on solvolysis 
rates provides evidence for the intermediacy of a non- 
classical ion, we carried out the solvolysis of a series of 
3-substituted 4-homoadamantyl mesylates (3) and com- 
pared the rate data with those for 1 and 2.  


&&H MsCl-J&hk Et3N 
4 5 3 


Scheme 2 


the solvolysis study on 2H-labelled 4-homoadamantyl 
tosylate that the ionization of this compound takes 
place without neighbouring carbon or hydrogen partici- 
pation to form a localized tight ion pair. Recently, we Synthesis 
confirmed their results by using the "C-labelled Lithium aluminium hydride reduction of 3-substituted 
substrate. Therefore, the 4-homoadamantyl system 4-homoadamantanones (4) (Scheme 2), which were syn- 
would be an appropriate model for thesized by the previously reported m e t h ~ d , ~  gave a 
the study of the P-substituent effect in solvolysis series of 3-substituted 4-homoadamantanols (5). Since 


RESULTS 


Table 1. Rate constants for the solvolysis of 3 


Temperature k AH' AS' 
Mesylate Solventa ("C) ( s - l )b  (kcal mol-I) (cal K-' 


mo1-l) 


3a 80% EtOH 


MeOH 
3b 80% EtOH 


MeOH 
3c 80% EtOH 


MeOH 
36 80% EtOH 


MeOH 
3e 80% EtOH 


MeOH 


25.0 
40.0 
25-0 
25.0 
40.0 
25.0 
25.0 
40.0 
25.0 
25.0 
40.0 
25-0 
25.0 
40-0 
25.0 


5.37 x 1 0 - ~  22.9 - 1 . 1  
3-60 x 
6-52 X lo-& 
1.23 x 10-4 21.8 - 3.0 
7.54 x 1 0 - 4  
2-54 x 10-j' 


I -10 x 10-3 
4-45 x 10-5 


2.02 x 10-2 
6-93 x 
1.12 x 10-2 18.8 -4.5 


1-75 x 22.1 -1.6 


3.95 x 1 0 - ~  19.6 -3.8 


5.36 x 
2.47 x lo-' 


aBuffered with 0.025 M 2.6-lutidine. 
Determined conductimetrically within an experimental error f 2%. Average of two runs. 
Determined titrimetrically within an experimental error f 2% by a single run. 


Table 2. Rate constants for the solvolysis of 1-3 ( k ~ / k ~  in parentheses) 


R UI a l b  2c 3b 


a H  0.00 2.41 X lo-' 2-33 x 1 0 - ~  (1) 5.37 x (1) 
b Ph 0.12 2.22X lo-' (9.21) 9-55 X lo-' (4.10) 1.23 x (2.29) 
c p-An 0.11 4 . 4 4 ~ 1 0 - ~ ( 1 8 . 4 )  1.88 x (8.07) 1.75 X (3.26) 
d Me -0.01 8.35 x ( 3 4 ~ 6 ) ~ "  1.25 x lo-' (53.6) 3.95 x (73.6) 
e Et -0.01 2.73X (113)d3' 1.90X lo-' (81.5) 1 . 1 2 ~  lo-* (209) 


'From Ref. 15. 
80% EtOH at 25.OoC. 


'In AcOH at 25.OoC, Ref. 12. 
Calculated from data at higher temperatures. 


'Ref. 11. 
Ref. 4. 







SOLVOLYSIS OF 4-HOMOADAMANTYL METHANESULPHONATES 487 


Table 3. Rate constants for the solvolysis of l b  and l c  in 80% EtOH buffered with 2,6-lutidine 


Substrate Temperature (OC) k ( s - ' ) ~  A P  (kcal mol-I) AS* (cal K - '  mol-I) 
- 


Ib 


l c  


25.0 2.22 x 1 0 - ~  25.1 
50-0 6.37 X 
25.0 4.44 x lo-' 25.2 
50.0 1.28 x 


-4.7 


-3 .3  


~ ~~ 


a Determined titrimetrically within an experimental error f 2%. 


Table 4. Products of the methanolysis of 3 at 25 O C a  


Unrearranged Rearranged products 
products (V'O)~ (%Ib 


Substrate 6 7 8 9 10 11 


3a: R = HCsd 61 7 , 8  
3b: R = Phe 0.9 2-5 77 19 
3c: R=p-And 0.3 1-7 13 65 
3d: R=Med  0.7  0.5 48 16 4.4 
3e: R = Et' 0.1 0.8 29 19 27 


'Buffered with 0.050 M 2,6-lutidine. 
bAbsolute yields determined by 'H NMR peak intensity. Reaction 
time: 10-16 half-lives. 


euo-2-Methoxyhomoadamanae (1.5%) and 2,4-dehydrohomo- 
adamantane (1 .'I%) were also formed. 


Internal standard: 9-phenylfluorene (H-9). 
Relative yields. 


'Internal standard: fluorene (H-9). 


some tosylates were too unstable to be isolated, the 
alcohols 5a-e were converted into the corresponding 
mesylates (3) by the procedure of Crossland and 
Servis. lo Compounds 3b-e were unstable above room 
temperature and rapidly underwent elimination. How- 
ever, they were obtained in excellently pure forms by 
recrystallization from hexane in the presence of 
2,6-lutidine. 


Kinetics 


The rates of the solvolysis of 3 were determined conduc- 
timetrically or titrimetrically in 80? EtOH and MeOH 
buffered with 2,6-lutidine at 25 C. Good first-order 
behaviour (r > 0.9993) was observed over 68-90'70 
reactions. The rate constants and activation parameters 
are collected in Table 1. 


The rate constants of the solvolysis of 14," and 3 in 
80% EtOH and those of 2" in AcOH at 25 "C are sum- 
marized in Table 2. The rate: of the solvolysis of l b  and 
l c  were also measured at 25 C, since the reported rates 
had been obtained at high temperatures (61-91 "C). l 3  


The rate constants and activation parameters are sum- 
marized in Table 3. 


Methanolysis products 


For product studies, mesylates 3a-e were solvolydjed in 
methanol containing 0.050 M 2,6-lutidine at 25 C for 
10 half-lives or longer. Gas chromatographic (GC) 
analysis of the products was not successful owing to 
decomposition of the methyl ethers under the GC c y -  
ditions. After evaporation of the methanol at 0 C 
under vacuum, the residue was dissolved in CDCI3 
containing a known amount of fluorene or 9- 
phenylfluorene as an internal standard and analysed by 
'H NMR (270 MHz) at - 20 "C to room temperature to 
determine the absolute yields of products. The results 
are summarized in Table 4. From 3b-e were obtained 
rearranged methyl ethers 8 and olefins 9 and small 
amounts of unrearranged products 6 and 7 (Scheme 3). 


10 R = H  
11 R ' = M e  


Scheme 3 
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In addition, 3d and 3e yielded exo-olefins 10 and 11, 
respectively, as rearranged products. 


Identification of the products rests on the chemical 
shifts and coupling patterns of their methoxy or olefinic 
proton signals. The signals of 6a,' 7a8 and 7dI4 agreed 
with those reported in the literature. The signals of 
6b-e, 8d, 9b, 9c, 10, 2,4-dehydr~homoadamantane~ 
and exo-2-methoxyhomoadamantane6 were compared 
with those of unambiguously synthesized authentic 
samples (see Experimental). Part of 9c might have been 
formed by the elimination of MeOH from 8c during the 
NMR sample preparation. Actually, although 13% of 
8c was detected by 'H NMR at -2O"C, it rapidly 
changed to  9c at 0°C. The total yields of 6-11 were 
considerably lower than 100% (65-80%), presumably 
because of partial loss of products due to sublimation 
during the solvent evaporation. 


involvement of a-participation in the transition state of 
ionization. The order of the accelerating effect, 
Et > Me > p-anisyl > phenyl > H, was the same as 
that found in the solvolysis of 1 -R-exo-2-norbornyl 
tosylates (2). A logarithmic plot for solvolysis rates 
showed a fairly good linear relationship between 2 and 
3 (Figure 2). 


These results, however, do not necessarily mean that 
the intermediate 3-R-4-homoadamantyl cation has a a- 
bridged structure. The relief of skeletal strain by ioniz- 
ation and the orbital overlap in the bridged structure, 
both of which are considered major driving forces for 
the a-bridging of the 2-norbornyl cation, do not seem to 
be sufficiently large to  induce the bridging of the 4- 
homoadamantyl cation. In fact, we8 and Nordlander' 
have shown by the isotope labelling technique that the 
solvolysis of unsubstituted 4-homoadamantyl tosylate 
proceeds via a classical ion intermediate which under- 
goes rapid Wagner-Meerwein rearrangement. 


DISCUSSION 


Substituent effect on solvolysis rates 


The 3-ethyl and 3-methyl groups accelerated the solvo- 
lysis of 4-homoadamantyl mesylate by factors of 209 
and 74, respectively, whereas the 3-phenyl and 3-p- 
anisyl groups accelerated this reaction only moderately 


-1 


-2 


( k ~ / k ~  = 2.3 and 3.3, respectively). A plot of c) 


logarithms of the rate constants against the polar b - -3 
m 
0 


substituent constants a1 l5 (Table 2) showed a poor cor- 
relation (Figure 1). As in the solvolysis of 3-substituted 
1-adamantyl tosylates, l6 a good linear correlation 


important. 


- 
would be expected if only the inductive effect were -4 


0 Et 
0 Me 


P-An oo 
Ph 


O H  


I i n  general, an aryl group at the &position of a centre 
of developing positive charge has a destabilizing induc- 
tive effect, whereas it strongly stabilizes the transition 
state by the benzylic resonance when attached at an a- 
position. 4917 The observed small rate enhancements by 
the 6-aryl substituents can be rationalized by the Figure 1. Plot of log k for 3 in 80% EtOH at 25 "C against U, 


-5 
-0.05 000 0.05 0.10 0.15 


01 


-8 -7 -6 -5 -4 -3 -2 
log kfor 1 or 3 


Figure 2. Plot of log k for 2 in AcOH against log k for 1 and 3 in 80% EtOH at 25 'C. (*)1 vs 2; (0) 3 vs 2 
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Despite such an apparent discrepancy between the 
degrees of a-bridging in the 2-norbornyl and the 4- 
homoadamantyl cation intermediates, the solvolysis 
rates showed very similar P-substituent effects in both 
the systems. Lenoir4 studied the 6-substituent effect in 
the solvolysis of 1-R-2-adamantyl tosylate (1) and 
found a linear free-energy relationship between 
logarithms of the rate constants for 1 and 2 (Figure 2). 
He suggested that this linearity would be general for 
a-bridged ions on the assumption that both the 
1-substituted exo-2-norbornyl cations and the 1- 
substituted 2-adamantyl cations are bridged. However, 
the observation of a similar substituent effect in the 
solvolysis of 3 indicates that this correlation is not 
characteristic of a-bridged ions. 


The two lines in Figure 2 have slopes close to  1, sug- 
gesting that the degrees of a-participation in the tran- 
sition states are not very different among the three 
systems. The somewhat smaller slope of the plot of 3 vs 
2 than that of 1 vs 2 may be partly due to  the steric 
effect. Thick substituents such as methyl and ethyl 
groups may cause steric repulsion (front strain) toward 
the adjacent mesylate group, resulting in acceleration of 
solvolysis. This effcct is expected to  be most significant 
in 3, in which the substituent R and the leaving group 
are arranged on a seven-membered ring (attempts to  
estimate the front strain in 3 by molecular mechanics 
calculations [MM2(87)] were not successful because of 
high flexibility of the ethylene bridge of the homo- 
adamantane skeleton "). 


Product distribution 


Based on the fact that the 3-substituted 4- 
homoadamantyl cations have a classical nature, a 
mechanistic model for kinetic treatment can be illus- 
trated as in Scheme 4, where P3 and P4 represent the 
unrearranged and rearranged products, respectively. 
Rate constants ki, k-i, kp and k,  correspond to  ioniz- 
ation, ion-pair return, product formation processes and 
Wagner-Meerwein rearrangement, respectively. Arnett 
ef al. l9 reported that the heat of ionization of 2-propyl 
chloride is greater than those of ferf-butyl chloride and 
2-phenyl-2-propyl chloride by 10- 1 and 15.0 kcal 


C k w  


Scheme 4 


mol-' (1 kcal =4.184 kJ) in SOZCIF-SbF5, respect- 
ively. Similarly, reverse Wagner-Meerwein rearrange- 
ment from the tertiary 4-R-4-homoadamantyl cations 
(R = Ph, p-An, Me, Et) to  the corresponding secondary 
3-R-4-homoadamantyl cations must be energetically 
unfavourable and was therefore neglected in Scheme 4. 


Although 3b-e gave mostly the rearranged products, 
small amounts (0.9-3 *4%) of the unrearranged pro- 
ducts (6 and 7) were detected. In this context, unsubsti- 
tuted 4-homoadamantyl tosyiate has been shown to 
solvolyse without nucleophilic solvent assistance. ',' 
Hence the formation of unrearranged products implies 
that the initially formed carbeniurn ion is subject to  
solvent attack before the Wagner-Meerwein 
rearrangement. 


Steady-state treatment with respect to the 3- and 4- 
substituted 4-homoadamantyl cations gives the fol- 
lowing rate expressions for the consumption of 
mesylate 3 and the product formation: 


kp  + kw + k-i (1) 


(3) 


where CO is the initial concentration of 3. 
Equations (2) and (3) afford the expression for the 


rate of Wagner-Meerwein rearrangement relative to  
product formation: kw/kp = [P4] ,=-/ [P3],=,. From the 
fractions of the unrearranged and rearranged products 
(Table 4), the ratios kw/kp for 3b-e were calculated to 
be 28 (3b), 39 (3c), 61 (3d) and 80 (3e). Despite the 
much higher stabilizing ability of a-aryl substituents 
than those of a-alkyl substituents, no marked change in 
the ratio kw/kp was observed for 3b-e, indicating that 
the rearrangement of 3-R-4-homoadamantyl cations to 
the corresponding tertiary ions is not sensitive to  the 
nature of the P-substituents. This result further sup- 
ports the absence of a-bridging in the initially formed 
3-R-4-homoadamantyl cations. 


CONCLUSION 


The P-substituent effect on the rates of solvolysis of 
3-R-4-homoadamantyl mesylates (3) was found to  be 
very similar to  that on the rates of solvolyses of 1-R- 
exo-2-norbornyl tosylates (2) and 1-R-2-adamantyl 
tosylates (1). The order of the accelerating effect of five 
substituents suggests that the transition states involve 
significant a-participation in the three systems. Lenoir4 
interpreted the linear free-energy relationship between 
the rates of the solvolysis of 1 and those of 2 as evidence 
for the non-classical nature of 2-adamantyl cation on 







490 T. OKAZAKI, T. KITAGAWA AND K. TAKEUCHI 


the assumption that the 2-norbornyl cation was non- 
classical. Since the solvolysis of 3 (R = H) is known to 
solvolyse via a classical ion, 7 v 8  the present results 
indicate that the linear free-energy relationship between 
the P-substituent effects on the solvolysis rate is not a 
definite measure to distinguish between classical and 
non-classical intermediates. 


EXPERIMENTAL 


Melting points were obtained by using capillary tubes 
(sealed just above the sample in the case of sublimable 
compounds) and are uncorrected. IR spectra were 
recorded on a Perkin-Elmer Model 1600 spectro- 
photometer. 'H NMR spectra were recorded on a 
JEOL GSX270 (270 MHz) spectrometer. "C NMR 
spectra were obtained with a JEOL GSX270 
(67.8 MHzj or a JEOL FX90A (22-5 MHz) spec- 
trometer. All chemical shifts are reported in ppm (6) 
from TMS. Quantitative elemental analyses were per- 
formed by the Microanalytical Centre, Kyoto Univer- 
sity. Absolute ethanol as a solvolysis solvent was 
refluxed with magnesium ethoxide and distilled. 
Absolute methanol as a solvolysis solvent was refluxed 
with sodium methoxide and distilled. DMSO was dried 
over molecular sieves 4A. Other anhydrous solvents 
used for synthesis were purified by standard pro- 
cedures. 1-Phenyl- and 1-p-anisyl-2-adamantyl 
tosylates (Ib and lc, respectively) were synthesized by 
treating the corresponding alcohols 13320 with p- 
toluenesulphonyl chloride in pyridine: l b ,  m.p. 
181-182.5 "C (1it.l3 198-5-200°C); lc,  m.p. 
150-151 "C (lit. l3 161-162 "C). 


3-Substituted 4-homoadamantanols (5b-e). 3- 
Substituted 4-homoadamantanones (4b-e)9 were 
reduced with 0.5 moles of LiAlH4 in dry diettyl ether. 


5b: Colourless crystals, 99T0, m.p. 61.5-62 C (from 
hexane). IR (KBr): 3544, 3448, 2919, 1595, 1494, 
1020 cm-'. 'H NMR (CDC13): 6 7-42-7.17 (m, 5H), 
3.87 (dd, l H , J =  9 .3 ,4 .4  Hz), 2.56 (m, lH), 2.45 (m, 
lH), 2-24-2-01 (m, 4H), 1.99-1.87 (m, 4H), 
1.80-1.67 (m, 2H), 1.66-1.47 (m, 3H), 1.04 (s, lH,  
OH). I3C NMR (22 .5MH~,  CDCl3): 6 150.5 (C), 
127.8 (2CH), 125.7 (2CH), 125.6 (CH), 79.2 (CH), 
45.0 (C), 42.9 (CHz), 41.8 (CH2), 38.5 (CH2), 36.6 
(CHI), 35.6 (CH2), 34.3 (CH2), 29.7 (CH), 27.9 
(CH), 27.5 (CH). Analysis: calculated for C17H220, C 
84.25, H 9-15; found, C 84-23, H 9.28%. 


5c: Colourless crystals, 99-8%, m.p. 61-62 "C (from 
hexane). IR (KBr): 3425, 1610, 1513, 1040cm-'. 'H 


2H, J = 7 . 1  Hz), 3.81 (m, lH ,  H-4), 3.79 (s, 3H, 
OCH3), 2.51 (m, lH), 2.43 (m, lH), 2.18-1.98 (m, 
4H), 1.97-1.81 (m, 4H), 1.77-1.65 (m, 2H), 
1.64-1.45 (m, 3H), 1.22 (s, lH ,  OH). 13C NMR 


NMR (CDCI3): 6 7.29 (d, 2H, J = 7 . 1  Hz), 6.86 (d, 


(67*8MI-l~,  CDCl3): 6 157.6 (C), 142.7 (C), 127.0 


(2CH), 113.6 (2CH), 79.6 (CH), 55.2 (CH3), 44.9 (C), 
42.9 (CH2), 42.5 (CH2), 39.0 (CH2), 36.6 (CH2), 35.9 
(CHz), 34.7 (CHz), 29.9 (CH), 28.0 (CH), 27.7 (CH). 
Analysis: calculated for C18H2402, C 79-37, H 8-88; 
found, C 79.26, H 9.05%. 


5d: Colourless crystals, 92%, m.p. 171-171.5 "C 
(from hexane). IR (KBr): 3448, 2900, 1448, 1022 cm-'. 
'H NMR (CDC13): 6 3.58 (m, lH,  H-4), 2.39 (m, lH), 
2-07-1-75 (m, 6H), 1-67-1.39 (m, 7H), 1.50 (s, lH, 
OH), 1.28 (m, lH), 0.96 (s, 3H, CH3). 13C NMR 
(22.5 MHz, CDCl3): 6 79.1 (CH), 44.8 (CH2), 43.7 
(CH2), 38.4 (CH2), 38.2 (C), 36.8 (CHz), 36.6 (CH2), 
36.2 (CH2), 31.7 (CH3), 29.8 (CH), 27.8 (CH), 27.5 
(CH). Analytical data were unsatisfactory, presumably 
because of the hygroscopic nature. Analysis: calculated 
for C12H200, C 79.94, H 11.18; found, C 79.43, H 
11.26%. However, the p-nitrobenzoate gave satisfac- 
tory analytical data (see below). 


5e: Colourless crystals, 98%, m.p. 42-5-45 "C (from 
hexane). IR (KBr): 3419, 2902, 1447, 1013 cm-'. 'H 
NMR (CDCI3): 6 3.77 (m, lH,  H-4), 2.42 (m, lH), 
2.02 (m, lH), 1.95-1.75 (m, 5H), 1.68-1-35 (m, 8H), 
1*37(s, lH,OH),  1.24(m, lH), 1-10(m, lH),0*84(t ,  
3H, J = 7 * 4 H z ) .  13C NMR (22*5MHz, CDCl3): 6 
74.9 (CH), 44.8 (CH2), 39.8 (C), 39.6 (CHz), 38.3 
(CHz), 37.0 (CHz), 36.7 (CHz), 36.2 (CH2), 36.1 
(CHz), 29.9 (CH), 27.5 (2CH), 7.7 (CH3). Analysis: 
calculated for C13H220, C 80-35, H 11.41; found, C 
80.17, H 11.66%. 


3-Methyl-4-homoadamantyl p-nitrobenzoate. To a 
solution of 5d (89mg, 0-49mmol) in dry THF 
(0.75 ml) was added a solution of 1.6$ M n-BuLi 
(0.30 ml, 0.49 mmol) in texane at - 30 C, and the 
mixture was stirred at - 30 C for 30 min. A solution of 
p-nitrobenzoyl chloride (freshly recrystallize? from 
hexane, 92 mg, 0.50 mmol) wfs added at - 30 C, and 
stirring was continued at - 30 C for 1.2 h and at room 
temperature for 3 h. After removal of the solvent, the 
residue was dissolved in diethyl ether (15 ml) and the 
insoluble material was removed by filtration. Evapor- 
ation of the ether from the filtrate gave a pale yellow 
solid. Recrystallization from hexane gave 5! as pale 
yellow crystals (17 mg, llvo), m.p. 96-5-97 C (from 
hexane). IR (KBr): 2900, 1710, 1528, 1349, 1286 cm-'. 


2H, J = 9 . 1  Hz), 5-06 (m, lH,  H-4), 2.55 (m, lH), 
2.19 (m, lH), 2.08 (m, lH), 2.03-1-83 (m, 4H), 
1.79-1.43 (m, 8H), 0.95 (s, 3H, CH3). 13C NMR 
( 6 7 . 8 M H ~ ,  CDC13): 6 164.1 (C), 150.5 (C), 136.5 
(C), 130-6 (2CH), 123.5 (2CH), 83.3 (CH), 43.2 
(CH2), 42.4 (CH2), 38.9 (CHz), 38.1 (C), 37.9 (CHz), 
37.3 (CH2), 36.1 (CH2), 31.9 (CH3), 30.1 (CH), 27.8 


'H NMR (CDCl3): 6 8.30 (d, 2H, J =  9.1 Hz), 8.22 (d, 


(CH), 27 -7  (CH). Analysis: calculated for C19H23N04: 
C 69.28, H 7.04; found, C 69.26, H 7.18%. 


4-Homoadamantyl mesylate (3a). To a solution of 
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Sag (99 mg, 0.59 mmol) and triethylamine (90 mg, 
0.89mmol) in CH2Cl2 (3.Oml) was added methane- 
sulphonyl chloride (76 mg, 0.66 mmol) dropwise at 
-10 "C. The mixture was stirred for 25 min and the sol- 
ution was poured into cold water (20 ml) and extracted 
with CH2C12 (20 ml). The extract was washed with cold 
10% HCI (20 ml) and cold 10% NaCl(20 ml) and dried 
(MgS04). Removal of the solvent followed by recrystal- 
lization from hexane gaKe 3a (90 mg, 62%) as colour- 
less plates, m.p. 55-56 C (from hexane). IR (KBr): 
2906, 2849, 1447, 1344, 1167, 905 cm-'. ' H NMR 
(CDCl3): 6 4.97 (m, lH,  H-4), 2.98 (s, 3H, MsO), 2.55 
(m, lH), 2-37 (m, lH), 2.06 (m, lH), 1-99-1-69 (m, 
8H), 1.62-1.39 (m, 5H). I3C NMR (67.8MHz, 
CDCl3): 6 87.9 (CH), 41.8 (CH2), 39.6 (CH2), 38.5 
(CHs), 38.1 (CH), 35.8 (CH2), 35.4 (CHz), 34.9 
(CHz), 29.8 (CH2), 29.1 (CH), 26.7 (CH), 26.6 (CH). 
Analysis: calculated for C I ~ H ~ O O ~ S ,  C 58.98, H 8.25; 
found, C 58.71, H 8.31%. 


3-Substituted 4-homoadamantyl mesylates 
(3b-e). A typical procedure is as follows. To a sol- 
ution of 5e (1 16 mg, 0.60 mmol) and triethylamine 
(121 mg, 1.2mmol) in CH2C12 (3.Oml) was added 
methanesulphonyl chloride (76 mg, 0.66 mmol) drop- 
wise at -10°C. After 10 min, the solution was 
transferred to a separating funnel with CH2Cl2 (25 ml) 
and washed with cold water (25 ml), cold 5% NaHCO3 
(25 ml) and cold 10% NaCl (25 ml). The extracts were 
mixed with 2,dlutidine (128 mg, 1.2 mmol) !nd dried 
(MgS04). The solvent was evaporated at 0 C under 
vacuum and the residual oil was dissolved in dry 
benzene (4 ml). The insoluble material was removed by 
filtration through a 0.5 pm membrane filter. Most of 
the benzene was evaporated to give a semi-zolid, which 
was recrystallized from dry hexane at - 20 C to afford 
75 mg of 3e. The samples of 3b-e were stored at 


3b: Recrystallized at roop  temperature, yield 17%, 
colourless needles, m.p. 73 C (decomposed to 9b). IR 
(KBr): 2916, 1496, 1445, 1336, 1172, 887 cm-'. 'H 
NMR (CDCI,): 7-41 (m, 2H), 7.31 (m, 2H), 7-18 (m, 
lH), 4.79 (m, lK,  H-4), 2.69-2.55 (m, 2H), 
2.32-1.47 (m, 13H), 1.82 (s, 3H, MsO). I3C NMR 


-78 C. 


(67.8 MHz, CDCl3): 6 150.9 (C), 128.1 (2CH), 126.3 
(CH), 126.2 (2CH), 92.5 (CH), 44.4 (C), 44.0 (CH2), 
41.3 (CH2), 37.7 (CHz), 37.1 (CHz), 36.2 (CH3), 35.9 
(CH2), 35.4 (CHz), 30.1 (CH), 27.9 (CH), 27.5 (CH). 
Analysis: calculated for C M H ~ ~ O ~ S ,  C 67.47, H 7-55; 
found, C 67.45, H 7.74%. 


3c: Recrystallized at room temperature, yield 27%, 
colourless crystals, purity 97% (by 'H NMR), m.p. 
73 "C (decomposed to 9c). IR (KBr): 2931, 1515, 1342, 
1171 cm-'. 'H NMR (CDCl3): 6 7.34 (d, 2H, 
J =  9.1 Hz), 6.87 (d, 2H, J =  9.1 Hz), 4.72 (dd, lH,  
5=9 .3 ,  1.6 Hz, H-4), 3.80 (s, 3H, OCH3), 2'68-2.53 
(m, 2H), 2.29-1-70 (m, lOH), 1.87 (s, 3H, MsO), 


1.66-1 a45 (m, 3H). I3C NMR (67.8 MHz, CDC13): 6 
157.5 (C), 143.0 (C), 127.2 (2CH), 113.0 (2CH), 92.8 
(CH), 55.3 (CH3), 43.8 (CH2), 43.6 (C), 41.0 (CHz), 
37.6 (CH2), 36.7 (CHz), 35.93 (CH2), 35.89 (CH3), 
35.1 (CH2), 29.8 (CH), 27.5 (CH), 27.1 (CH). 


crystals, decomposed to, olefins at room temperature. 
'H NMR (CDCI3, -20 C): 6 4-62 (m, lH ,  H-4), 3.03 
(s, 3H, MsO), 2.51 (m, lH), 2.12-1-32 (m, 14H), 1-04 


3d: Recrystallized at - 20 "C, yield 80%, colourless ' 


( s ,  3H). 13C NMR (67.8 MHz, CDCl3, -20 "C): 6 91 - 3  
(CH), 42.8 (CHz), 42.5 (CHz), 38.6 (CH3), 38.2 (C), 
37.68 (CH2), 37.66 (CHz), 36.5 (CH2), 35.5 (CHz) 
32.2 (CH3), 29.5 (CH), 27.2 (CH), 27.0 (CH). 


3e: Recrystallized at - 20 "C, yield 46%, colourless 
crystals, purity 299% (by 'H NMR), decomposed to 
olefin: at room temperature. 'H NMR (CDCI,, 
-20 C): 6 4.87 (m, lH), 3.04 (s, 3H, MsO), 2.48 (m, 
lH), 2.17-2-03 (m, 2H), 1.99-1.77 (m, 5H), 
1-74-1.29 (m, 8H), 1-17 (m, lH), 0.87 (t, 3H, 
J =  7.6 Hz, CH3). I3C NMR (67.8 MHz, CDCl3, 
-2OOC): 6 87.5 (CH), 42.4 (CH2) 40.1 (C), 39.1 
(CH3), 37.9 (CH2), 37.50 (CHz), 37.46 (CH2), 36.9 
(CH2), 35.8 (CHz), 35-6 (CHz), 29.7 (CH), 27.1 
(CH), 26.9 (CH), 7.4 (CH3). 


3-Substituted 4-methoxyhomoadamantanes (6b-e). 
A typical procedure is as follows. To a solution of 5b 
(107 mg, 0.44 mmol) in DSMO (1.32 ml) were added 
CH3I (250 mg, 1 -8  mmol) and finely divided KOH 
(114 mg, 2.0 mmol), and the mixture was stirred for 
2.5 h. The solution was poured into water (1 1 ml) and 
extracted with diethyl ether (3 x 6 ml). The combined 
extracts were washed with water (3 x 25 ml) and dried 
(MgSO4). Preparative TLC [SiOz, hexane-diethyl 
ether (19: l)] gave 69 mg of 6b. 


6b: Yield 61%, colourless crystals, m.p. 26-27 "C. 
IR (KBr): 2902, 1496, 1444, 1098, 751, 698 cm-'. 'H 
NMR (CDCl3): 6 7.38 (m, 2H), 7.26 (m, 2H), 7-13 (m, 
lH), 3.28 (m, lH,  H-4), 2.77 (s, 3H, OCH3), 2.67 (m, 
lH), 2.32-1.70 (m, l lH) ,  1.62-1-45 (m, 3H). 13C 
NMR (67.8 MHz, CDCl3): 6 152.7 (C), 127.3 (2CH), 
125.9 (2CH), 125.0 (CH), 89.5 (CH), 57.7 (CH3), 
44.6 (C), 41.3 (CH2), 41.2 (CHz), 39.1 (CHz), 36.5 
(CH2), 36.01 (CH2), 36.00 (CH2), 30.5 (CH), 28.4 
(CH), 28.0 (CH). Analysis: calculated for C18H240, C 
84.32, H 9-44; found, C 84.10, H 9.70%. 


6c: Yield 28%, colourless crystals, m.p. 66.5-67 "C 
(from hexane). IR (KBr): 2899, 1609, 1513, 1252, 1094, 
827cm-'. 'H NMR (CDC13): 6 7.29 (d, 2H, 


OCH3), 3.23 (m, lH, H-4), 2-79 (s, 3H, OCH3), 2-63 
(m, lH), 2.23 (m, lH), 2.17-1.98 (m, 4H), 1.97-1.83 
(m, 4H), 1.82-1.69 (m, 2H), 1.68-1.44 (m, 3H). 13C 


J =  8.9 Hz), 6.80 (d, 2H, J =  8.9  Hz), 3.78 (s, 3H, 


NMR (67-8MHz, CDCI3): 6 156.9 (C), 145.1 (C), 
126.8 (2CH), 112.5 (2CH), 89.6 (CH), 57.8 (CH3), 
55.1 (CH3), 44.1 (C), 41 - 5  (CHz), 41 - 2  (CHz), 39.1 
(CHz), 36.5 (CHz), 36.3 (CH2), 36.1 (CH2), 30.5 
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(CH), 28.4 (CH), 28.0 (CH). Analysis: calculated for 
C19H2602, C 79.68, H 9.15; found, C 79.41, H 
9 * 42%. 


6d: Yield 26%, colourless oil. IR (liquid film): 2899, 
1447, 1099, 1083 cm-I. 'H NMR (CDCl3): 6 3-30 (s, 
3H, OCH3), 2.94 (m, lH ,  H-4), 2.17 (m, lH), 
2.08-1.94 (m, 2H), 1.92-1.75 (rn, SH), 1.65-1.36 
(m, 6H), 1.23 (m, lH), 0.96 (s, 3H, CH3). 13C NMR 
( 6 7 . 8 M H ~ ,  CDCl3): 6 88.9 (CH), 57.5 (CH3), 43.5 
(CHz), 41.0 (CHz), 38.7 (C), 38.2 (2CHz), 37.3 
(CH2), 36.5 (CH2), 32.3 (CH3), 30.4 (CH), 28.2 
(CH), 27-9 (CH). Analysis: calculated for C13H220, C 
80.5, H 11.41; found, C 80.51, H 11.60%. 


6e: Yield 39%, colourless oil. IR (liquid film): 2902, 
2846, 1446, 1372, 1098, 1083 cm-I. 'H NMR (CDCl3): 
6 3.28 (s, 3H, OCH,), 3.14 (m, lH,  H-4), 2.20 (m, 
lH), 2.05 (m, lH), 1-96-1.35 (m, 13H), 1 a21 (m, lH), 
1.05 (m, lH), 0.78 (t, 3H, J =  7 - 4  Hz, CH3). 13C 
NMR (67.8 MHz, CDCI3): 6 84.3 (CH), 56.7 (CH3), 
40.6 (CH2), 40.4 (C), 39.7 (CHz), 38.3 (CHz), 37.9 
(CHz), 37.5 (CHz), 36.7 (CHz), 36.4 (CH2), 30.4 
(CH), 27.83 (CH), 27.78 (CH), 8.0 (CH3). Analysis: 
calculated for C14H240, C 80.71, H 11.61; found, C 
80.82, H 11.66%. 


4-Methoxy-4-methylhomoadamantane (8d). A sol- 
ution of 4-homoadamantanone 4a8 (105 mg, 
0-64mmol) in THF (2.0ml) was added dropwise to 
1.01 M CHjLi" in diethyl ether (0-90 ml, 0.91 mmol) 
under N2, and the mixture was refluxed for 1 h. CH3I 
(180 mg 1.3 mmol) was added dropwise at room tem- 
perature, and the solution was refluxed for 2 days. 
Evaporation of the solvent gave a yellow oil. Water 
(2ml) was added and the mixture was extracted with 
diethyl ether ( 5  x 2 ml). The combined extracts were 
dried over MgS04. The solvent was evaporated to give 
a pale yellow oil, which was purified by MPLC [SiOz, 
hexane-diethyl ether (9 : l)] to afford 8d as a colourless 
oil (57mg, 46%). IR (liquid film): 2898, 1447, 1363, 
1117, 1073cm-I. 'H NMR (CDCI3): 3.13 (s, 3H, 
OCH3), 2.15-1.93 (m, 4H), 1.91-1.64 (m, 8H), 
1.58-1.45 (m, 4H), 1.27 (s, 3H, CH3). 13C NMR 
(67*8MHz, CDCl3): 6 81.5 (C), 49.3 (CHz), 48.7 
(CH3), 39.4 (CH), 38.2 (CHz), 37.3 (CH2), 36.9 
(CHz), 32.4 (CH2), 30.8 (CHz), 30.7 (CH), 27.9 
(CH), 27.7 (CH), 26-9 (CH3). Analysis: calculated for 
C13H220, C 80.35, H 11.41; found, C 80-42, H 
11.64%. 


4-Phenyl-4-homoadamantene (9b). Mesylate 3b, 
synthesized from 234rng of 5b (0.97mmol) as 
described above, was refluxed in hexane (28 ml) for 
0.1 h. The hexane was evaporated and the residue was 
dissolved in CHzClz (30 ml), washed with 2% NaHC03 
(30ml) and 10% NaCl (20ml) and dried (MgS04). 
Evaporation of the solvent followed by MPLC (Si02, 
hexane) gave 9b (160 mg, 74%) as a colourless oil. IR 


(liquid film): 2908, 2841, 1645, 1443, 954, 766, 750, 
697cm-'. 'H NMR (CDCl3): 6 7.32-7.13 (m, 5H), 
6.20 (dd, lH ,  3 = 8 - 8 ,  1 * 7 H z ,  H-5), 2.82 (m, lH,  
H-3), 2.44 (m, lH,  H-6), 2-15 (m, 2H, H-1 and H-8), 
1.99-1-73 (m, 10H). 13C NMR (67.8 MHz, CDCI3): 6 
150.2 (C), 144.8 (C), 135.2 (CH), 128.1 (2CH), 126.2 
(CH), 125.5 (2CH), 37.3 (CH), 36.6 (CHz), 34.1 
(2CH2), 34.0 (2CH2), 32-2 (CH), 29.5 (2CH). Analy- 
sis: calculated for C17H20, C 91.01, H 8.99; found, C 
91.05, H 9.14%. 


4-p-Anisyl-4-homoadamantene (9c). Mesylate 3c 
(189 mg) was refluxed in hexane-diethyl ether (20 ml, 
1 : 1) for 2 h. The solution was filtered through SiOz 
(0.5 g) and evaporated to give a pale yellow solid. The 
crude product was recrystallized from hexane to afford 
9c (36 mg, 26%) as colourless crystals, m.p. 
105-106 "C (from hexane). IR (KBr): 2902, 1643, 1511, 
1289, 1244, 1182, 1035 cm-'. 'H NMR (CDCl3): 6 7.23 
(d, 2H, J = 8 . 9 H z ) ,  6.82 (d, 2H, J = 8 * 9 H z ) ,  6.13 


2-78 (m, lH), 2.42 (m, lH), 2.15 (m, 2H), 1-96-1.74 
(m, 10H). 13C NMR (67.8 MHz, CDC13): 6 158-2 (C), 
149.6 (C), 137-3 (C), 133.7 (CH), 126.6 (2CH), 113.5 
(2CH), 55.3  (CH3), 37.3 (CH), 36.7 (CH), 34.2 
(2CH2), 33.9 (2CH2), 32.1 (CH), 29.5 (2CH). Analy- 
sis: calculated for C18HZ20, C 84.99, H 8.72; found, C 
84.86, H 8.92%. 


(dd, IH, J = 8 . 9 ,  1.8 Hz, H-5), 3.79 ( s ,  3H, OCH3), 


4-Methylenehomoadamantane (10). To a stirred sus- 
pension of methyltriphenylphosphonium bromide 
(1 - 26 g, 3 * 54 mmol) in diethyl ether (8 * 8 ml) was added 
a 2.05 M solution of n-butyllithium in hexane 
(1.72 ml) dropwise under a Nz atmosphere. The 
mixture was stirred for 30min and 4- 
homoadamantanone 4a8 (194 mg, 1.18 mmol) in 
diethyl ether (3 5 ml) was added dropwise at room tem- 
perature. The reaction mixture was refluxed overnight 
and subsequently quenched with water (10 ml). The 
precipitated phosphonium salt was filtered and washed 
with diethyl ether (10 ml). The filtrate was washed with 
water (4 x 5 ml) and dried (MgS04). Evaporation of 
the solvent followed by medium-pressure liquid chro- 
matography (Si02, hexane) gave 10 (129 mg, 67%) as a 
colourless oil. IR (liquid film): 3066, 2896, 1627, 1443, 
1100, 891, 874cm-'. (lit.22 3050, 2930, 1615, 1430, 
1110, 890, 875 cm-'). 'H NMR (CDCl3): 6 4.74 (q, 
lH ,  J =  2.2 Hz), 4-55 (q, lH,  J =  2.2 Hz), 2.68 (rn, 
lH), 2.57 (m, 2H), 2.04 (m, lH), 1.98-1.85 (m, 6H), 
1-60-1-46 (m, 6H). 13C NMR (67.8 MHz, CDC13): 6 
157.3 (C), 108.7 (CHz), 42.4 (CH2), 42.1 (CH), 37.9 
(2CHz), 37.7 (2CH2), 36.0 (CHz), 29.9 (CH), 27.4 
(2CH). Analysis: calculated for C1~H18, C 88.82, H 
11.18; found, C 88-73, H 11.40%. 


Products of methanolysis of 4-homoadamantyl 
mesylate (3a). A solution of 3a (51 rng, 0-21 mmol) in 
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methanol ( 5 . 5  ml) containing 0.050 M 2,6;lutidine was 
heated in a constant-temperature bath (25 C) for 305 h 
(10 half-lives). After the solvent had been removed on 
an ice-water bath under vacuum, 9-phenylfluorene 
[35.1 mg, 0.145 mmol, 6 5.03 (H-9)] was added as an 
internal standard. The mixture was dissolved in CDCI3 
(1 ml) and subjected to 'H NMR analysis (room tem- 
perature, pulse interval 20 s). The yields of products 
were determined by integrating the following signals: 
6a, 6 3.27 (s, 3H, OCH3, lit.23 6 3.20); 7a, 6 6.03 (dd, 
2H, J =  3.5, 5.9 Hz, H-4 and 5 ,  lit.6b 6 6.10); ex0-2- 
methoxyhomoadamantane, 6 3.31 (s, 3H, OCH3, lit.' 
6 3.31); 2,4-dehydrohomoadamantane, 6 0-73 (m, 2H, 
H-3 and 4). 


Products of methanolysis of 3-phenyl-4- 
homoadamantyl mesylate (3b). A solution of 3b 
(47 mg, 0.15 mmol) in MeOH (20 ml) containing 0.050 
M 2,6-lutidine was heated in a constant-temperature 
bath (25 "C) for 124 h (16 half-lives). After the solvent 
had been evaporated, diethyl ether (50 ml) was added to 
the resulting oil. The mixture was washed with 10% 
NaCl(20 ml), cold 5% HCI (20 ml), 10% NaCl(20 ml), 
5% NaHC03 (20 ml) and saturated NaCl (20 ml) and 
dried (MgS04). The solvent was evaporated, and the 
residue was dissolved in CDCI3 and subjected to 'H 
NMR analysis (room temperature, pulse interval 20 s). 
The yields of products were determined by integrating 
the following signals: 6b, 6 3-24 (m, lH, H-4), 2.78 (s, 
3H, OCH3); 7b, 6 6.02 (dd, lH, J = 8 * 7 ,  10.6Hz, 
H-5), 5.85 (d, lH,  J =  10.6 Hz, H-4); 8b, 6 2.89 (s, 
OCH3); 9b, 6 6.20 (dd, lH ,  J =  1.7, 8.8 Hz, H-5). 


Products of methanolysis of 3-p-anisyl-4- 
homoadamantyl mesylate (3c). A solution of 3c 
(27 mg, 0.076 mmol) in MeOH (1.9 ml) containing 
0.050 M 2,6-lutidine was heated in a constant- 
temperature bath (25 "C) for 71.2 h (16 half-lives). 
After the solvent had been removed on an ice-water 
bath under vacuum, the residue was dissolved in CDCl3 
(0.8 ml) containing 9-phenylfluorene [13-4 mg, 
0.0554 mmol, 6 5-06 (H-9)] as an intepal standard and 
subjected to 'H NMR analysis (-20 C, pulse interval 
10 s). The yields of products were determined by inte- 
grating the following signals: 6c, 6 2.79 (s, 3H, OCH3; 
7c, 6-00 (dd, lH,  J =  8.6, 10.7 Hz, H-5), 5.80 (d, lH, 
J =  10.7 Hz, H-4); 8c, 6 2.90 (s, 3H, OCH3); 9c, 6 6.14 
(dd, lH,  J =  1.6, 8.8 Hz, H-5). 


Products of methanolysis of 3-methyl-4- 
homoadamantyl mesylate (3d). A solution of 3d 
(97 mg, 0.38 mmol) in MeOH (12 ml) containing 0.050 
M 2,6-lutidine was heated in a constant-temperature 
bath (25 "C) for 3.25 h (12 half-lives). After the solvent 
had been removed on an ice-water bath under vacuum, 
the residue was dissolved in CDCI3 (1 -0 ml) containing 
9-phenylfluorene [35.5 mg, 0.46 mmol, 6 5.05 (H-9)] 


as an intern$ standard and subjected to 'H NMR 
analysis (-10 C, pulse interval 20 s). The yields of pro- 
ducts were determined by integrating the following sig- 
nals: 6d, 6 3.30 (s, 3H, OCH3); 7d, 6 5.94 (dd, lH,  


[lit. l4 6.6-6-0 (m, 2H)] ; 8d, 6 3.13 (s, 3H, OCH3); 9d, 
6 5.70 (m, lH, J = 8 . 6 ,  1.6 Hz, H-5); 10, 6 4.74 (q, 


= CH). 


J =  8.5, 10.5 Hz, H-5), 5.57 (d, lH, J =  10.5 Hz, H-4) 


lH, J = ~ . O H Z , = C H ) ,  4.55 (9, lH,  J = 2 * 0 H z ,  


Products of methanolysis of 3-ethyl-4-homoadam- 
antyl mesylate (3e). A solution of 3e (75 mg, 
0-28mmol) in MeOH (13.5ml) containing 0.050 M 
2,6-luidine was heated in a constant-temperature bath 
(25 "C) for 65 min (14 half-lives). After the solvent had 
been removed on an ice-water bath under vacuum, the 
residue was dissolved in CDCI3 (1 . O  ml) containing 
fluorene [23.8 mg, 0.143 mmol, 6 3.90 (H-9)] as an 
internal standard and subjected to 'H NMR analysis 
(-2OoC, pulse interval 20 s). The yields of products 
were determined by integrating the following signals: 
6e, 6 3.29 (s, 3H, OCH3); 7e, 6 6.01 (dd, lH ,  J =  8.4, 
10.8 Hz, H-5); 8e, 6 3-06 (s, 3H, OCH3); 9e, 6 5.66 
(dd, lH, J =  8-7, 1.4 Hz, H-5); 11 (Eand Z-isomers), 
6 5-26 (q, lH ,  J = 6 * 7 H z ,  =CH), 6 5-09 (q, lH ,  
J =  6.8 Hz, =CH). 


Kinetic procedure. The preparation of 80% ethanol 
and the kinetic methods were described previously. 24 


All measurements were conducted in the presence of 
0.025 M 2,6-lutidine with 0.02 M or (1-2) x 1 0 - 4 M  
substrate concentrations for titrimetric or conducti- 
metric measurements, respectively. The first-order rate 
constants were calculated by the least-squares method. 
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NUMBER AND STRUCTURE OF SOLVOLYSIS INTERMEDIATES. 
PART 3.*  S N ~  SOLVOLYSIS OF 


2,2-DIMETHYL- 1 -( p-METH0XYPHENYL)PROPYL 
P-NITROBENZOATE: MECHANISM OF THE COMMON ION SALT 
EFFECTS ARISING AT THE STAGE OF THE SECOND ION-PAIR 


INTERMEDIATE 


TOMOMI KINOSHITA, t MASAAKI ITOH, KOICHI SHIBAYAMA AND KEN’ICHI TAKEUCHI t 
Division of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01, 


Japan 


2,2-Dimethyl-l-(p-methoxyphenyl)propyl p-nitrobenzoate (ROPNB) was subjected to solvolysis in phenol in the 
presence of tetrabutylammonium [carboxy-’’C] -p-nitrobenzoate, in which the ‘common ion rate depression’ was 
confirmed to arise at the stage of the second ion-pair intermediate (Int-2). The unchanged substrate recovered at 46% 
reaction contained the isotopically labelled leaving group, indicating the occurrence of common ion exchange to the 
extent of 4146%.  In the solvolysis of the optically active substrate under identical conditions, the unchanged 
substrate was recovered with 51.4% racemization and ROPh was produced with slightly (1 -56%) retained 
configuration, similarly to the solvolysis in the absence of the common ion salt. These isotope-tracer and 
stereochemical outcomes indicate that the common ion exchange in this solvolysis system should be attributable to 
the retentive nucleophilic attack on Int-2 by the common ion salt via a quadrupole (four-centre ion pair) transition 
state, accompanying the common ion rate depression, and they suggest that the special salt effect also should proceed 
by an analogous anion-exchange mechanism to that for the common ion effects. 


INTRODUCTION 


The most direct method for demonstrating the presence 
of reactive intermediates with a very short life and char- 
acterizing the intermediates in SNI solvolysis reactions 
is the trapping of the intermediates, which appears as 
the special salt effect2-’ and the common ion rate 
depression. 1 , 6 p 8 - 1 2  Although such salt effects have been 
generally and effectively utilized for the investigation of 
solvolysis reaction mechanisms, ‘ - I 2  all the mechanisms 
of the salt effects themselves, including common ion 
salt effects, have not so far been thoroughly substan- 
tiated. As for the common ion salt effects, it was 
explained in the Winstein ion-pair mechanism for 
sequential i o n i z a t i ~ n ~ ~ ~  involving two kinds of ion-pair 
intermediate (Int- 1 and Int-2)2s3*13 - ’’ that the rate 
depression might be caused by the acceleration of ‘ex- 
ternal ion return’.2-6’8~’0~1’ Accordingly, the obser- 


*For Part 2, see Ref. 1. 
f Authors for correspondence. 
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vation of the ‘common ion rate depression (mass law 
effect)’ was assumed to give strong evidence for the 
occurrence of the dissociated (free) carbocation inter- 
mediate in the sN1 solvolysis reaction. 2-6’8’10’11 


However, we recently found that, in the solvolysis 
of 2,2-dimethyl-l-(p-methoxyphenyl)propyl p-nitro- 
benzoate (ROPNB) in phenol,I3 the common ion rate 
depression arises at the stage of the second ion-pair 
intermediate, and not at the stage of the dissociated car- 
bocation intermediate. ’ This novel example demon- 
strates that the common ion rate depression cannot 
necessarily give evidence for the intermediacy of the dis- 
sociated carbocation intermediate, but is an indicator 
for the stability of solvolysis intermediates including the 
ion-pair intermediate in the &I solvolysis. However, 
the mechanism was not examined in detail for the 
common ion rate depression in this solvolysis system. 


We therefore decided to investigate the mechanism 
for the novel example of the common ion rate depres- 
sion by the use of a salt with an isotopically labelled 
anion group common to the leaving group of the 
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substrate. In this paper, we report the mechanism of the 
common ion rate depression in connection with the 
common ion-exchange reaction and also that for the 
special salt effect by perchlorate, a non-product- 
forming non-common-ion salt, in the solvolysis of 
ROPNB. 


RESULTS AND DISCUSSION 


Synthesis of tetrabutylammonium [carbox~-'~CI -p- 
nitrobenzoate 


p-Bromoaniline was converted into tetrabutyl- 
ammonium [carboxy- '3C]-p-nitrobenzoate by the four 
reaction steps shown in Scheme 1. After the protection 
of the amino group by two trimethylsilyl groups, l6 the 
bromine atom of the protected p-bromoaniline was 
lithiated, carbonylated with 13C02 (generated by 
addition of aqueous hydrogen chloride to 99% I3C- 
enriched barium carbonate), and then the protecting 
groups were liberated to  afford [carboxy- 13C]-p- 
aminobenzoic acid. Although the direct oxidation of 
aromatic amines to nitro compounds is usually carried 
out under much more vigorous conditions, I' the oxida- 
tion of the '3C-labelled aminobenzoic acid by 
CF3COOH-30% aqueous H202 produced [carboxy- 
'3C]-p-nitrobenzoic acid, which was treated with 
an equivalent amount of tetrabutylammonium 
hydroxide '* to give tetrabutylammonium [carboxy- 
L3C]-p-nitrobenzoate ( 13C content 99 atom% excess) in 
an overall yield of 13.6%. A mixture (BuN+OPNB*-;  
13C content 29.0 atom% excess) of the isotopically 
labelled quaternary ammonium salt and the unlabelled 
ammonium salt was used for the tracer study of the 
solvolysis reaction. 


Solvolysis in the presence of the '3C-labelled 
common ion salt 


2,2-Dimethyl-l-(p-methoxyphenyl)propyl p-nitro- 
benzoate (ROPNB) was solvolysed in phenol in the 
presence of the '3C-labelled common ion salt, tetra- 


1) nBuLilTHF 


butylammonium [carboxy- '3C]-p-nitrobenzo$te ( 13C 
content 29-0 atom% excess, 0.200 M), at 75 C under 
conditions identical with those employed in previous 
work. ' * I 3  The solvolysis was interrupted at  46.4% 
reaction (reaction time 100 min) and the usual solvolysis 
products (ROPh, o-RCaH40H and p-RC&OH) and 
the unchanged substrate were separated by MPLC 
(medium-pressure liquid chromatography) and 
preparative TLC (silica gel). The distribution 


determined by GLPC) of the solvolysis products in the 
presence of the common ion salt is almost identical 
with that (ROPh : o-RC6H40H :p-RC6H40H = 
96.6: 1 a 1  : 2.3) in the absence of the added common 
ion salt, within experimental error. The recovered 
substrate contained in part the isotopically labelled 
anion group and the I3C content was determined by I3C 
NMR spectroscopy to be 8.0 atom% excess (Table I), 
indicating that the common anion exchange occurred to 
the extent of 41% in the course of the solvolysis. In the 
solvolysis in the presence of 0.300 M isotope-labelled 
quaternary ammonium salt, the substrate was recovered 
with a I3C content of 10.0 atom% excess a t  45.6% 
reaction, from which the extent of exchange was calcu- 
lated to  be 46%. It is demonstrated, as expected for the 
S N ~  solvolysis, that the extent of the anion exchange 
increases with increase in the concentration of the 
added common ion salt. The anion exchange including 
the common anion exchange had been observed in 
several solvolysis systems. 2 , 1 0 3 1 4 a 3 1 9  


(ROPh: O-RC6H4OH zp-RC6H4OH = 98.7 : 0 . 4 :  0.9, 


Solvolysis of the optically active substrate in the 
presence of the common ion salt 


Optically active ROPNB was solvolysed in the presence 
of the unlabelled common ion salt (BudN'OPNB-; 
0.200 M) under conditions identical with those men- 
tioned above. ',13 At 51 - 7 %  reaction, the solvolysis was 
discontinued and the products and the unchanged 
ROPNB were separated by MPLC. The solvolysis pro- 
duced ROPh with partially (1 -56%) retained configura- 
tion and trace amounts of 0- and p-RC&OH, and 


1) Li / El20 
2) '3ca 


CF3COOH I +- 
Bu4N OH I MeOH 


30% aq. H 2 Q  c O 2 N O 3 C O O H  - O ~ N  013~~0 h., 
83.4 %yield 02.4 96 yield 


Scheme 1 
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the unchanged substrate was recovered with 51 -4% 
racemization. The stereochemical results are summar- 


Correspondence between the common ion exchange 
and the common ion rate depression 


ized in Table 2. 
The extent (51 -4%) of racemization for the recovered 


substrate is slightly (2.9%) larger in the presence of 
0.200 M added salt than that (48.5%) in the absence of 
the salt, within experimental error. However, such a 
tendency could not be found for the ROPh which is 
produced with overwhelming (98 *4%) racemization. 


In the presence of the "C-labelled common ion salt, the 
unreacted substrate which was recovered at 46% con- 
version contained the 13C-labelled leaving group, indi- 
cating the occurrence of the common ion exchange 
(Table 1). Under identical conditions, the phenomenon 
of common ion rate depression has been observed and 
found to arise at the stage of the second ion-pair inter- 
mediate (Int-2). ' In the solvolysis of ROPNB in phenol, 
in addition, it has been confirmed that no dissociated 
(free) carbocation intermediate intervenes, 2o all the pro- 
ducts are formed at the stage of Int-2, '*13 and therefore 
the first ion pair intermediate (Int-1) is not nucleo- 
philically attacked. Accordingly, the common ion- 
exchange reaction and the common ion rate depression 


Reaction mechanism of the common ion salt effects 


The results of the isotope-tracer and stereochemical 
experiments can be used to elucidate the mechanism of 
the common ion rate depression in this system, com- 
pared with those for the related salt effects, as follows. 


Table 1. I3C content for the substrate recovered in the course of the solvolysis of 2,2-dimethyl-l-(p- 
methoxypheny1)propyl p-nitrobenzoate (ROPNB) in the presence of tetrabutylammonium [carbonyl- I3C]-p- 


nitrobenzoate (Bu4N'OPNB - )  in phenol at 75 'Ca 


Bu4N+OPNB*- Reaction ROPNB recovered 


"c contenta ROPNB Time Recovery "C contenta Exchange 
(atom-% excess) M (MI (min) yob (Yo) (atom-% excess) (070) 


29 0.200 0.100 100 46.4 41.1 8.0' 41 
29 0.300 0.100 113 45-6 42.4 10d 46 


a Determined by "C NMR spectroscopy. 
Determined by titration. 


'Equilibrium value= 19.4%. 
Equilibrium value = 21.8%. 


Table 2. Stereochemical courses for the 0-alkylation of the solvolysis of 2,2-dimethyl-l-(p-methoxyphenyl)propyl~-nitrobenzoate 
(ROPNB) in the presence of tetrabutylammonium p-nitrobenzoate (BudN'OPNB-) in phenol at 75 Ca 


ROPh 


Net stereochemical 
ROPNB recovered 


Bu~N'OPNB- Reaction Yieldd course (%)a Recoveryd Racemizatip (070)  
ROPNB 


(MI ( [ a I D ( ' ) I b  M (070)' (a) ( [a ]  D(')) (070) ( [ f f l D (  )Ib 
0.200 (+77.04le 0.100 51.7 37.8 1 .56( k 0.05)ret. 44.9 51 *4( -I- 0.1) 


0.000 (+99.31)' 0.100 50.0 40.6 1 .58( k 0.07)ret. 44.4 48*5( -I- 0.1) 
(k0.12) (+0.340(k0.010)) (+37.43(?0*10)) 


(2  0.02) [ + 5 1 .13( k 0.07) ) [ + 0.362( k 0.01 5)) 
- 0.1008 0.100 100 58.5 0 * 85( k 0.09)ret. 0 


"Calculated on the basis of the absolute configuration and the optical purity of the starting ROH from which ROPNB was synthesized and the ROPh 
produced; -44.83', +161.4' and +45.0° for ROH, ROPNB and ROPh with S-configuration, respectively (from Ref. 13a). 


benzene, c =  0.81-1.94 and 8.04-15.95 for ROPNB and ROPh, respectively. 
Determined by titration. 
isolated value. 


'Synthesized from (S)-ROH, [[a] 'd ' - 21.72 & 0.04" (benzene)). 
'Synthesized from (S)-ROH, [[a] %'- 22.80 2 0.02' (benzene)]. 
From Ref. 1 .  
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take place simultaneously at the same stage of Int-2 in 
this solvolysis system in the presence of the common ion 
salt in phenol. 


The common ion exchange accompanies the rate 
depression also in the acetolyses of cholesteryl and 2- 
(2,4-dimethoxyphenyl)propyl systems, whereas the 
exchange reaction does not cause rate depression in the 
acetolyses of threo-2-(p-anisyl)-l-methylpropy12a~4~z1 
and 1-(p-anisy1)methylethyl systems, 10a92Z and neither 
of the salt effects could be detected in the acetolysis of 
exo-2-norbornyl brosylate (Table 3). Consequently, 
it could be concluded that the common ion rate depres- 
sion is accompanied by the anion exchange but the 
latter is not always accompanied by the former. 


Comparison of the common ion salt effects and the 
special salt effect 


A comparison of the common ion salt effects with the 
special salt effect, i.e. a non-common ion salt effect, 
could make each mechanism clearer. 


Correspondence of the common ion salt effects and 
the special salt eflect. In the solvolysis of ROPNB in 
PhOH, the common ion salt effects (the common ion 
rate depression and the common anion exchange) and 
the special salt effect arise at the same stage of Int-2, as 
mentioned above. Both the added common ion salt and 
the non-common ion salt capture Int-2 to result in the 
respective salt effect. 


In several solvolysis systems in which both salt effects 
have been examined, 1*2a*3-5*10 there is an exact corre- 
spondence between the special salt effect and the anion- 
exchange reaction (Table 3). However, the special salt 
effect does not always correspond to the common ion 
rate depression; both the special salt effect and the 
common ion rate depression are observed in the 
solvolyses of l-(p-anisyl)-2,2-dimethylpropyl, l2 
cholesteryl and 2-(2,4-dimethoxyphenyl)ethyl systems 
in acetic acid, Sas10 p-anisylmethyl bromide 6b and benzal 
chloride& in aqueous dioxane, and l-(p-anisyl)-2,2,2- 
trifluoroethyl bromide in aqueous trifluoroethanol*" 
and water.8b Neither of the salt effects occurs in the 
acetolysis of exo-2-norbornyl b r o ~ y l a t e ~ ~ ~ "  whereas the 


Table 3 .  Correspondence of the common ion rate depression, the anion exchange and the special salt 
effect in S N ~  solvolysesa 


Substrate 


Common 
ion rate Anion Special kp-kt 


Solvent depression exchange salt effect patterna 


AnCH(t-Bu)OPNB PhOH Yes Yes A 
CHjCHAnCHXCH3d AcOH No Yes Yes A 
(threo-; X = OTs, OBs) 
AnCHzCH(OTs)CH3 AcOH No Yes' yesglh A-B' 
exo-2-NorbOBs AcOH No No No' C 
Cholesteryl-X AcOH Yese Yese Yes' A or B 
(X = OTs, OBS) 
2,4-(CH30)2C$I3CH2CH2OBS AcOH Yese Yese Yes' A or B 
AnCH(t-Bu)Cl AcOH Yes - Yes A or B 
AnCH2Br' Aq. dioxane Yes - Yes A or B 
AnCHClz"' Aq. dioxane Yes - Yes A or B 
AnCHCF3Br Aq. TFE" Yes - Yes A or B 


H20° Yes - Yes A or B 


'Ref. 7a. 
bRef.  1. 
'Ref. 24. 
*Ref.  3 .  
'Ref. 10a. 
'Ref. 5b. 
KRef .  22. 
hRef.  lob.  
'Although the pattern B was previously reported for this system (Ref. 7), re-examination o f  the pattern has clarified 
that it follows a complex pattern of A and B. 
'Ref. Sa. 
'Ref. 12. 
'Ref. 6b. 
'"Ref. 6c. 
"Ref.  8a. 
"Ref. 8b. 
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special salt effect alone is detected in the acetolyses of 
threo-2-( p-anisy1)-1-methylpropy14 and I-( p-ani- 
sy1)methylethyl systems (Table 3). 


Action of an added salt as a nucleophilic anion (or its 
ion pair) or as an electrophilic ion pair. There were two 
possibilities for the behaviour of the added perchlorate 
salt towards Int-2 in the special salt effect (Scheme 2). l 3  


(i) A nucleophilic anion exchange of Int-2 might occur 
directly with C10; to form Int-2'a (a carbocation ion 
pair), in a way similar to the reaction pathway pre- 
sented by Winstein and co -~orke r s ,~~ ' '  and it may be 
essentially identical with the anion-exchange 
mechanism of Hughes et [(i) in Scheme 21. (ii) 
Alternatively, an ion pair Bu4N'CIOT may exchange 
electrophilically, pulling the phenol molecule of Int-2 to 
give Int-2'b (a quadruplet ion pair) in the same way as 
Pocker's and Topsom's 15d pathways [(ii) in Scheme 
21. Corresponding to these two possibilities for the 
behaviour of perchlorate, two types of reaction 
mechanisms were formulated as depicted in Scheme 
2. l 3  In the case of the latter, a common ion salt such as 
Bu4N'OPNB- could have exhibited a special salt effect 
similarly to B&N+ClOT with a common cation block. 
However, the common ion salt BuN+OPNB- exerts 
the common ion effect (the common ion rate depression 
and the common ion exchange) and no special salt 
effect in this system. This difference between the two 
kinds of quaternary ammonium ion salt demonstrates 
the significant role of the anion side of the added salt 
as a nucleophile. 


Product-forming and non-product-forming non- 
common ion salts. Further support for the important 
function of the anionic part of salt in the special salt 
effect is that a non-product-forming non-common ion 
salt such as Bu4N+ClOT exerts the special salt effect 
similarly to a product-forming non-common ion salt 
such as NaOPh which could attack nucleophilically a 
solvolysis intermediate to give rise to the phenolysis 
products directly. L3324 


Consequently, it can be concluded that the anion side 
of the added salt plays an essential role as a nucleophile 
in both the common ion salt effects and the special salt 
effect. The quaternary ammonium ion salts are present 
as ion pairs or their aggregates from to M, 
and even at M a few parts per million of the salt 
are dissociated to the simple (free) ions in benzene.25 
Even in phenol with a small dielectric constant (10-73 
at 50°C26), which is larger than that (2-2727) for 
benzene, a salt such as LiC104 and NaOPh could be cal- 
culated to exist as ion pairs or their aggregates to the 
extent of 99.3% and 98*0%, respectively, at 0.1 M 
from their dissociation constants. 28 Accordingly, the 
added common ion salt will for the most part be present 
as ion pairs or their aggregates in the phenol solvent. 


Nucleophilicity of an added salt 


It has been confirmed that the common ion effects due 
to an added common ion salt and the special salt effect 
due to perchlorate salts in this system are exerted by 
nucleophilic attack of the respective salts themselves on 


OH 


Bu4NX or pMw 


(for lnt-2'a) (for lnt-2b) 
I 


(R)-&A*CIoi*HOPh - Products ( i ) 
(R)-  Int-Ta 


or 


(4- & R+X' Bu~N'CIO, - Products ( ii ) 
(R)-  Int-2b 


Scheme 2 
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Int-2. The common ion salt is much more nucleophilic 
than a solvent phenol molecule because the salt exer- 
cises distinct effects on the solvolyses in spite of a very 
small amount (0-9-4 mol% in the solvolysis media), 
similarly to the non-common ion salts. l S 7  On the other 
hand, the common ion salt and perchlorate are gener- 
ally considered to be very weak as either a nucleophile 
or a base. However, the low basicity is based on its 
behaviour in more polar solvents and the relative 
basicities are strongly dependent on the solvent 
polarity. 29 Examples of n~c leoph i l i c~~  and basic30a 
intervention by perchlorate in solvents such as 
benzene, 30a diethyl ether, 30b9c dichloromethane, 30b 


ethyl acetate30b and acetic acid30d are well documented. 
From the collision theory of kinetics, the ion-pair 


intermediate and the added salt (ion pair or its aggre- 
gate) have a respective electrostatic force range, a colli- 
sion radius, which is of the order of the spacings of 
their neighbours (the salt) at the practical salt concen- 
trations (of the order of 0.1 M ) . ~ ~  In addition, the high 
capturing efficiency of the salts in the solvolysis media 
could be ascribed also to the local increase in the salt 
concentration in the neighbourhood (the solvation 
shell) of the solvolysis intermediate owing to the 
electrostatic attraction force. 


The stage of solvolysis intermediate attacked by an 
added salt 


The common ion rate depression and the common ion 
exchange occur at the stage of Int-2, not at the stage of 
the dissociated carbocation intermediate in the solvo- 
lysis of ROPNB in phenol as described above,' 
although the former and the latter were generally 
assumed to arise at the stage of the dissociated (free) 
carbocation intermediate and Int-2, respectively, in the 
sN1  reaction. 2 -6,8,10,11,18 However, the stage of the 
solvolysis intermediate where the common ion effects 
generate have not been confirmed in the solvolysis 
systems except for the phenolysis of ROPNB in this 
work and the acetolyses of threo-2-(p-anisyl)-l- 
methylpropy14 and 1 -( p-anisy1)methylethyl 
systems. In both acetolyses, the anion-exchange 
reaction was recognized to take place at the stage of 
Int-2 because the added perchlorate ion attacked Int-2 
and no common ion rate depression was observed 
(Table 4).4,'0a*22 


The special salt effect also arises at the stage of Int-2 
in this phenolysis system. ' Nevertheless, the special salt 
effect does not occur only at the stage of Int-2 (A 
pattern in the kp-kt profile; Table 4) but also at the 
stage of Int-1 (B pattern in the kp-kt profile; Table 4) 


Table 4. The number of solvolysis intermediate (Int.) stages via which the 
solvolysis proceeds and the special salt effect and the common ion salt 


effects arisea 


Number of 
Int. stage 


Product-forming 
Int. 


k,-kt pattern' 
Special salt effectc"" 


Common ion rate 
depression'.' 
Anion exchangee.' 


1 


Int-1 
(Ion pair) - 


D C B 
No No Yes 
(+ No +) 


(+ No +) 


(+ No +) 


Nod No8 ? 


Nod Nog ? 


2 


Int-2 
(Ion pair) 


A 
Yes 


(Yes) 
Noh- Yes 


(No) 
Yes 


(Yes) 


R+ 
(free ion) 


Ad 
Yesd 


(Yes?) 
Yes? 
(Yest 
Yes? 
(Yes?) 


a In italics: in the phenolysis of 2,2-d;methyl-l-(p-methoxyphenyl)propyl p-nitro- 
benzoate (this work). 


Int-I, the first ion-pair intermediate; 1111-2, the second ion-pair intermediate; R', the 
dissociated carbocation intermediate (see text). 
' S e e  Ref. 7 for each profile. 
dNo example with an experimental confirmation has been found. 
'Yes, arises; No, does not arise. 
'In parentheses: assumed in Refs 2-6, 8, 10, 1 1  and 18. 
'In the acetolysis of exo-2-norbornyl brosylate (Refs 5a and 10a). 


tosylate and 1-(p-anisy1)rnethylethyl tosylate (see text; Refs 4 and Sb, respectively). 
In the acetolyses of fhreo-24 p-methoxypheny1)-I-methylpropyl brosylate and 
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in the other &1 solvolyses.7 Table 4 indicates that the 
common ion effects could provide an indicator for the 
stability of solvolysis intermediates in addition to the 
special salt effect in S N ~  solvolysis. 


Mechanism of the common ion salt effects and the 
special salt effect 


Since the common ion exchange, the common ion rate 
depression and the special salt effect have all been 
found to result from nucleophilic attack at the same 
stage of Int-2 by the ion pair of the respective added salt 
in this system, all the salt effects could be considered to 
be exerted via a quadrupole (four-centre ion pair) tran- 
sition state'493' in a way similar to the reaction pathway 
originally proposed by Winstein and c o - w ~ r k e r s , ~ ~ ' ~  
and it may be essentially identical with the anion- 
exchange mechanism of Hughes et aI.23 (Scheme 3). 
This could provide an explanation for each salt effect 
that, on collapse of the quadrupole arrangement at the 
transition state in Scheme 3,  a predominant pathway 
should be a return to Int-1 resulting in external ion-pair 
return [(a) in Scheme 31 and a return to Int-2 and Int-1 
leading to the common ion exchange [(b) and (a) in 
Scheme 31 in the case of the common ion salt, for- 
mation of Int-2' which might be rapidly consumed by 
a phenol molecule to give the final products (ROPh, o- 
and p-RC6H40H) in the case of the perchlorate salts 
[(c) in Scheme 31 and direct production of the final pro- 
ducts in the case of the phenoxide salts [(d) in Scheme 
31. The collapse pathway would be dependent most 
probably on the nucleophilicity of the anion part of the 
added salt in the solvolysis medium. 


The total expressions for kp and k,, which can be 


derived by application of the stationary-state treatment 
to Scheme 3,  have been proved to be compatible with 
all the kinetic results for the common ion rate 
depression' and the special salt effectI3 in this pheno- 
lysis system. 


An analogous reaction mechanism to that via a qua- 
drupole transition state illustrated in Scheme 3 might be 
applied to the solvolysis systems in solvents other than 
phenol, in which the solvolysis would proceed via ion- 
pair intermediates with a different s t r ~ c t u r e ~ ~ ~ * ' ~ ~ ' ~  
from the rear-side shielded ion-pair intermediate l3 
for Int-2 in phenol. By the use of the analogous 
mechanism, also, a reasonable explanation might be 
given for the changes in the kinetic a-deuterium isotope 
effects observed along with the common ion depression 
and the special salt effect in the solvolysis of p -  
anisylmethyl bromide, and the increase and decrease in 
a-deuterium isotope effects with increasing perchlorate 
ion concentration and with increasing concentration of 
common ion salt, respectively. 6b 


In a case such as this system, nucleophilic attack by 
the common ion salt not only gives rise to anion 
exchange but also accelerates the external ion-pair 
return to result in a rate depression, whereas in systems 
such as the acetolyses of threo-2-(p-anisyl)-l- 
methylpropyl and 1-(p-anisy1)methylethyl compounds 
the common ion attack causes only anion 
exchange. 4*5s10322 The difference in the apparent 
phenomena for the common ion effects on both systems 
can probably be attributed to the difference in the stabi- 
lity of the solvolysis intermediate (Int-2). Consequently, 
the common ion salt effects could be affected by the sta- 
bility of solvolysis intermediates similarly to the special 
salt effect (Table 4). 


(a) : for the common ion rate depression 
(b) and (a) : for the common ion exchange 
(c) : for the special salt effect by perchlorate 
(d) : for the special salt effect by phenoxide 


- $  lnt-2 


X - WX (Y = OPh-) (d) 
* Products 


Scheme 3 
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Stereochemistry of the common ion salt effects 
In spite of the occurrence of the common ion exchange 
to a significant extent in the course of the solvolysis of 
ROPNB in phenol in the presence of a common ion 
salt, the unchanged substrate is recovered with almost 
the same extent of racemization compared with that in 
the absence of the added salt. The racemization of 
ROPNB under these conditions could be ascribed to (a) 
the self-racemization of the ion pair intermediate (Int-I) 
and (b) the cancellation of the front-side and the rear- 
side nucleophilic attack on the ion-pair intermediate 
(Int-2)' by the added common ion salt. Although solvo- 
lysis mechanisms containing racemizable Int-2 have 
been proposed, 32 our previous results of systematic 
studies for the salt effect on the stereochemical courses 
could not be explained in terms of such a 
mechanism. ' * I 3  The stereochemical outcome mentioned 
above indicates that the nucleophilic attack by the 
common ion salt should occur predominantly from the 
front side of Int-2, presumably since Int-2 in this system 
has a structure of a rear-side shielded ion pair. l3  


In conclusion, the common ion rate depression in this 
solvolysis system is attributable to the retentive 
nucleophilic attack on Int-2 by the added common ion 
salt (ion pair) via a quadrupole transition state, accom- 
panying the common anion exchange, and the special 
salt effect probably proceeds by an analogous anion- 
exchange mechanism to that for the common ion salt 
effects. 


EXPERIMENTAL 


13C and 'H NMR spectra were measured with JEOL 
Model GSX270 270MHz and JEOL Model JNM 
FX-90Q 90 MHz Fourier transform instruments with a 
13C and 'H dual probe. IR spectra were recorded with 
a Hitachi Model 215 spectrophotometer. Optical 
rotations were measured with a JASCO Model DIP-SL 
polarimeter. GLPC was performed with Hitachi Model 
163 instrument. Medium-pressure liquid chromatog- 
raphy (MPLC) was carried out with a Chemco chroma- 
tograph system composed of an FMI Model RP-SY-2 
pump and a Merck silica gel 60 column. Melting points 
were measured on a Yamato Model MP-21 apparatus. 
Solvolysis products were identified by comparison of 
their IR and 13C and 'H NMR spectra and chromato- 
graphic data with those of authentic samples. l 3  


Materials. Isotopically unlabelled tetrabutylam- 
monium p-nitrobenzoate was prepared by a known 
method. '* 2,2-Dimethyl-l-(p-methoxyphenyl)propanol 
was synthesized and resolved in the manner reported 
previously. 1*13 Optically active and racemic 2,2- 
dimethyl-I-(pmethoxypheny1)propyl p-nitrobenzoates 
were prepared by the usual method. 1913 All the other 
organic reagents were of analytical grade and were 
dried, and fractionated prior to use. 


p-Bromo-N,N-bis(trimethy1silyl)aniline. The litera- 
ture methodI6 was adopted. To a solution of p- 
bromoaniline (20-4 g, 0.119 mol) in dry THF (100 ml), 
n-butyllithium-hexane solution (1 a76 M~ 135 ml, 0.237 
mol) was added dropwise at 1.0-9.5 C over 1.5 h. 
After stirring at ambient temperature for 80 min, 
trimethylsilyl chloride (32.0 ml, 0.295 mol) was added 
to the orange solution at 5-20°C over 20 min. The 
dark-yellow suspension was stirred at room temperature 
overnight to give a mixture of an orange supernatant 
solution and a white precipitate. After filtration, the 
filtrate was distilled in vacuo to afford the protected 
p-bromoaniline (17.8 g, yield 52.2%; b.p. 97.0- 
101.OoC/1 mmHg). 


[Carboxy- '3C] -p-aminobenzoic acid. The known 
procedure'6 was applied. A mixture of p-bromo-N,N- 
bis(trimethylsily1)aniline (2.46 g, 0.00850 mol) and 
lithium powder (0.354 g, 0.0510 mol) in diethyl ether 
(10 ml) was refluxed for 30 min and filtered through a 
glass filter under a nitrogen atmosphere. Into the filtrate 
cooled with a dry-ice-methanol bath, I3CO2 gas, which 
was generated from 99% 13C-enriched barium car- 
bonate (3*12g, 0.0160 mol) and 10% HCI, was 
continuously bubbled using a circulating pump 
(lOmlmin-') and a gas stock bag for 3h. After 
addition of cold water to the ether solution, the 
aqueous solution was extracted with diethyl ether, 
keeping the pH at about 3, to give the labelled amino- 
benzoic acid as slightly yellow needles [408 mg, yield 
38.0%; I3C NMR (CD3OD), 6c=o 168.0 ppml. 


[ Carboxy-"C] -p-nitrobenzoic acid. To a mixture of 
trifluoroacetic acid (19-5 g, 0.171 mol), 35% H202 
(2-67 g, 0.0270 mol) and concentrated HzS04 
(0.21 ml), [carboxy- '3C]-p-aminobenzoic acid 
(392 mg, 0.00290 mol) was added with trifluoroacetic 
acid (1 ml) at ambient temperatur:. The brownish 
yellow solution was heated at 73-76 C. After 2 and 6 
h, trifluoroacetic acid (10 and 5 ml) and 35% H202 (1 a 6  
and 1 a6 ml) were added, respectively. After heating for 
an additional 2 h, the yellow solution was treated with 
water to give the labelled nitrobenzoic acid as slightly 
yellow crystals [370 mg, yield 83.4%; 13C NMR 
(CD3OD), 6c=o 167.6 ppml. 


Tetrabutylammonium [~arboxy-'~C] -p-nitro- 
benzoate. The method for the preparation of the 
unlabelled salt was employed. A mixture 
of [carboxy- '3C]-p-nitrobenzoic acid (370 mg, 
2.20 mmol) and 10% tetrabutylammonium 
hydroxide-methanol solution (5.70 g, 2.20 mrnol) was 
evaporated and dried over PZOS in vacuo for 5 days to 
give yellow crystals, which were recrystallized from 
benzene to afford the labelled ammonium salt as yel- 
lowish orange crystals [803 mg, yield 82.4%; 13C NMR 
(CD3OD), 6c=o 167.9 ppml. 
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Isolation of solvolysis products. The previous 
procedures4 were followed. As an example, the iso- 
lation of products in the solvolysis of ROPNB in the 
presence of tetrabutylammonium [~arboxy- '~C]-p-  
nitrobenzoate (0.300 M) is described below. ROPNB 
(105 mg, 0-306 mmol) was solvolysed in phenol in the 
presence of Bu4N+OPNB*- (362 mg, 0.885 mmol; ':C 
content 29.0 atom-% excess; 0.300 M) at 75-0 f 0.1 c 
for 113 min. The percentage reaction was determined 
by titration' (45.6%). After the usual work-up, the 
unchanged substrate and the products were separated 
by preparative TLC and MPLC (silica gel) to afford 
ROPNB (44.5 mg; I3C content 10 atom-% excess, 
determined by 13C NMR), ROPh (48.7 mg) and 0- and 
p-RC6H40H (4.5 mg). 


All the isotopic and the stereochemical details are 
summarized in Tables 1 and 2 ,  respectively. 


Product distribution analysis. The product distri- 
bution for the solvolysis was analysed by GLPC in a 
similar manner to  that reported earlier. 33 
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KINETIC STUDIES OF THE REACTIONS OF PHTHALIMIDE 
WITH AMMONIA AND PYRROLIDINE 


M. NIYAZ KHAN* AND J. E. OHAYAGHA 
Department of Chemistry, Bayero University, P.M. B. 301 I ,  Kano, Nigeria 


The kinetics of the nucleophilic cleavage of phthalimide (PTH) in buffer solutions of ammonia and pyrrolidine were 
determined. The reaction rates for ammonolysis of PTH revealed a buffer-catalysed second-order term in the rate law, 
but the reaction rates for pyrrolidinolysis of PTH showed buffer-catalysed second- and third-order terms in the rate 
law. Both ammonia and pyrrolidine revealed nucleophilic reactivity towards ionized PTH (S-) only within the pH 
range of the present study. This is attributed to the occurrence of intramolecular general base-acid catalysis. General 
base catalysis is detected in the reactions of pyrrolidine with both non-ionized PTH (SH) and S- .  The general base- 
catalysed third-order rate constant for pyrrolidinolysis of SH is nearly 28 times larger than that of s-. 


INTRODUCTION 


Kinetic studies on the reactions of amines (primary, sec- 
ondary and tertiary) with esters, aldehydes, ketones and 
amides have been carried out in great detail. The fine 
details of the mechanisms of most of these reactions 
have been also worked out, but why in a particular 
reaction certain amines display either general base (GB) 
or general acid (GA) catalysis while other amines of the 
same class do not show such catalysis still remains a 
great puzzle. We observed GA catalysis in the reactions 
of maleimide with a few tertiary amines’ but the same 
amines did not reveal such catalysis with phthalimide. 
Several secondary amines including piperidine and pyr- 
rolidine4 showed GA-GB catalysis whereas several 
primary amines5 did not snow such catalysis in their 
reactions with maleimide. Bunett and co-workers have 
demonstrated a spectacular difference between the 
behaviour of pyrrolidine and piperidine towards the 
reaction with 2,4-dinitro-l-naphthyl ethyl ether6 and 
2,4-dinitro-6-methylphenyl phenyl ether. ’ They also 
observed the presence and absence of specific base cata- 
lysis in the reactions of 2,4-dinitrophenyl phenyl ether 
with piperidine’ and pyrrolidine,’ respectively. These 
two cyclic amines are very similar in structure, pK. 
values lo and electron delocalization between pyrroli- 
din0 or piperidino groups and unsaturated systems to 
which they are attached, I ’  so why they should behave 
so differently is curious. The differing behaviour of 


pyrrolidine and piperidine as nucleophiles in these 
addition-elimination reactions prompted us to study 
the reaction of pyrrolidine with phthalimide. 


Ammonia does not belong to the general class of 
primary amines and hence it may be expected to show 
different reactivity compared with primary amines 
toward a substrate. However, in many addi- 
tion-elimination reactions at carbonyl carbon, 1 2 - ”  


sulphonic acid sultone sulphur and phosphonate 
phosphorus, l9 the reactivity of ammonia did not 
display any significant deviation from Bransted plots 
derived from the reactivity of primary and secondary 
amines. Significant negative deviations from Bransted 
plots of primary amines were obtained for ammonia in 
its reactions with ionized and non-ionized maleimide5 
and ionized phenyl salicylate. *O In order to see whether 
or not ammonia shows unusual reactivity toward 
phthalimide, we carried out a few kinetic runs on the 
ammonolysis of phthalimide. The results are described 
and discussed in this paper. 


EXPERIMENTAL 


Materials. Reagent-grade ammonia and pyrrolidine 
were obtained from BDH and Aldrich, respectively. All 
other chemicals were also of reagent grade. Glass- 
distilled water was used throughout and the stock sol- 
utions of buffers were freshly prepared just before the 
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start of the kinetic runs. Stock solutions of PTH were 
prepared in acetonitrile. 


RESULTS 


Ammonolysis of phthalimide (PTH) 
Kinetic measurements. The rates of reactions of 


PTH with ammonia and pyrrolidine were studied spec- The rates of ammonolysis of PTH were studied at dif- 
trophotometrically by monitoring the disappearance of ferent pH in buffer solutions of ammonia where 
PTH as a function of time at 300 nm and 30 "C.  The ammonia acted both as the reactant and the buffer con- 
details of the kinetic procedure and data analysis are currently. The observed pseudo-first-order rate con- 
described elsewhere. 2o stants (/cobs) obtained at a constant pH were found to 


8 .O 


6 . .  0 
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LBuf J T / m o l  d m V 3  


Figure I .  Effects of the total buffer concentration of ammonia ( [ B u f ] ~ )  on the observed pseudo-first-order rate constants (kobr) for 
the cleavage of PTH at pH ( m  ) 10-41, (0) 10.33, (9 ) 10.02, ( A ) 9.89, ( 0 )  9.70 and ( F' ) 9.53 
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Table 1. Apparent first-, second- and third-order rate constants for the reactions of PTH with ammonia and pyrrolidine" 


103ko 103k, 1O2kb IBufl% 
Amine PH ( S - ' )  (dm3mol- ' s - ' )  (dm6mol-2s- ' )  C ('70)~ (moldm-') 


Ammonia 9.53 f O.Old 0.35 t 0.05d3e 2.55 t 0.08dse - 0.1-0.9 
9.70 f 0.00 0.52 f 0.04 2.68 f 0.07 - 0.1-0.9 
9.89 t 0.01 0.61 f 0.05 4.56 f 0.09 - 0.1-0.9 


10.02 f 0.01 0.66 t 0.09 5.10 t 0.15 - 0.1-0.9 
10.33 f 0.01 0.52 t 0.20 7-54 t 0.31 - 0.1-0.9 
10.41 f 0.01 0.69 t 0.08 9.02 t 0.13 - 0.1-0.9 


Pyrrolidine 10.94 f 0.06 (1.21)f 188 f 20f-g 251 f 23f*g 21-57 0.02-0.1 
11.10 f 0.08 (1.23) 280 t 62 284 t 73 17-50 0.02-0.1 
11.27 f 0.06 (1.23) 349 t 31 465 f 37 21-57 0.02-0.1 
11.62 2 0.05 (1.25) 522 t 92 766 f 211 23-54 0.02-0.08 


moldm-', 30°C, ionic strength 1.0 moldm-', X =  300 nm, 1.6% (v/v) acetonitrile added to aqueous reaction aConditions: [PTH]o= 3 . 2  x 
mixture for each kinetic run. 
b C  (%)= 1OOk~[Buf]~/(k.[Buflr+k~[Bufl~) 
'Total amine buffer concentration range. 


CCalculated from equation ( I )  as described in the text. 
'Calculated from the relationship kn = k o ~ K , / ( a ~  + K:) as described in the text. 
'Calculated from equation (2) as described in the text. 


Error limits are standard deviations. 
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Figure 2. Plots showing the dependence of kobr - ko on the total buffer concentration of pyrrolidine ( [ B u f ] ~ )  at 30 'C and at pH 
(0) 11.62, ( A  ) 11.20, ( ) 11.0 and ( 'V ) 10-94 
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fit the equation 


kobs = ko + kn [Bufl T (1) 


where [Buf] T represents the total ammonia buffer con- 
centration, i.e. [ B u f ] ~ =  [Am] + [AmH'] with [Am] 
and [AmH'] representing the concentrations of free 
and protonated amine, respectively. The linear least- 
squares technique was used to calculate buffer- 
independent first-order and buffer-dependent 
second-order rate constants, ko and k,, respectively. 
These results, at different pH, are summarized in 
Table 1. The fitting of the observed data to equation (1) 
is evident from the plots in Figure 1, where the solid 
lines are drawn through the least-squares calculated 
points. 


Pyrrolidinolysis of PTH 


The cleavage of P T H  was studied at different total pyr- 
rolidine buffer concentrations, [Buf] T ,  (where pyrroli- 
dine acted both as the reactant and the buffer 
conprrently) at a constant p H  and temperature 
(30 C). The observed pseudo-first-order rate constants, 
kobs, were treated with the equation 


kobs = ko + k, [Buf] T + kb [Buf 17' (2) 


where ko, k, and kb represent buffer-independent first- 
order, buffer-dependent second- and third-order rate 
constants, respectively. The calculated values of ko, k, 
and kb revealed an insignificant contribution of the ko 
term compared with kn[BUf] T + kb [Buf] terms in 
equation (2) under the experimental conditions 
imposed. Hence a relatively more appropriate treatment 
of  the kinetic data with equation (2) was considered 
with k, and kb as the only unknown parameters. The 
values of ko at different pH were calculated from the 
relationship ko = koHKw/(aH + K:)* where the 


* The equation 


ko = koHK,/(aH + KL) (i) 


may be derived as follows. The observed pseudo-first-order rate 
constant, k,, for water-catalysed cleavage of PTH has been 
reported to be 9.0 x s - '  at 100 OC." Similarly, the value 
of k, for  the hydrolysis of p-nitrophenyl acetate is 
5.5 x lo-' s - '  at 25 'C. l 6  The buffer-independent observed 
pseudo-first-order rate constants, ko, obtained within the pH 
range 7.29-11.03 showed a good fit to the equation (i). This 
shows that k, [SH] is negligible compared with koH [OH-] [ SH] 
even at pH 7.29 and 30'C where k 0 = 7 . 6 ~  10-6s-'  
(ko = 0.0208 s - '  at 100 "C). Hence, within the pH range 9-12, 
the buffer-independent rate of cleavage of PTH may be given as 


rate =  OH [OH-] [ SH] 
= koHKw[SLlb]T/(a~ -f Ka') (ii) 


where  sub]^ = [SH] + [S-1. Comparison of the observed rate 
law, rate = ko[Sub]~ ,  with equation (ii) gives equation (i). 


hydroxide ion-catalysed second-order rate constant for 
hydrolysis of non-ionized phthalimide (SH), kOH, the 
ionization constant of SH, KL, and the ionic product of 
water, Kw, were taken as 26.3 d m 3 m o l - L ~ - I  
3.05 x 10-'0moldm-3 and 1 . 4 4 9 ~  molzdm-6: 
respectively. " The observed rate constants, kobs, with 
known values of ko were used to calculate k, and kb 
from equation (2) using the least-squares method. 
These calculated values of k, and kb at different pH 
values are summarized in Tab!c !. The fitting of the 
observed data to  equation (2) is evident from the plots 
in Figure 2 and the standard deviations associated with 
the calculated parameters, k, and kb, as shown in 
Table 1. 


DISCUSSION 


Cleavage of PTH in buffer solutions of ammonia 


Both non-ionized (SH) and ionized (S-) ~ G I ~ I I S  of PTH 
are known to be reactive towards amine nucleophiles 
with hydrogen attached to  nitrogen. Thus, the general 
reaction scheme for the cleavage of PTH in the buffer 
solutions of ammonia may be given as shown in 
Scheme 1. 


Based on Scheme 1, the rate law for the cleavage of 
P T H  may be given as 


rate = koH [OH-] [SHI + kl [Am] [ SHI 
+ k2IAml [S-I (3) 


where [Am] is the concentration of free amine 
nucleophile. The observed rate law (rate = kobs [Sub] T 
where [Sub] T = [SH] + [S-1) and equation (3) yield 


where K, represents the ionization constant of proton- 
ated amine, AmH+,  and ko = koHKw/(UH + KL). 
Equation (4) is similar to equation (1) with 


k,QaH = k2KaK,'aH + klK,a& ( 5 )  


where Q = (aH + Ki)(aH + Ka). The plot of k,QaH 
versus aH turned out to be linear within the pH range 
of the study (9.53-10.41) and the linearity of such a 
plot indicates the insignificant contribution of the 
kl [SH] [Am] term compared with the k2[S-] [Am] 
term in equation (3). It is essential to  note that 


Scheme 1 
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k2 [S-] [Am] term is kinetically indistinguishable from 
ki[SH] [Am] [OH-]. However, the presence of 
kj[SH] [Am] [OH-] may be ruled out because in 
several related reactions if a term similar to 
k i  [SH] [Am] [OH-] appeared in the rate law, then 
another term similar to kl [SH] [Am] also appeared in 
the same rate law 12*23-25 and the latter term could not 
be detected in the observed rate law. 


The least-squares method was used to calculate 
k2KaKL from equation (5) by neglecting klKaah com- 
pared with k2K,K:a~ and the calculated value of 
k2KaK; of (!-54 ? 0.31) x lo--'' m ~ l d m - ~ s - '  yielded 
k2 as summarized in Table 2 with PKa =9.21. An 
attempt to fit the observed data to the equation 
k,QaH = a: + @aH resulted in values of cx and p of 
(1.65 2 1 . 9 9 ) ~  10-32m012dm-6~-' and (1.26k0.12) 
x m ~ l d m - ~  s - ' ,  respectively. The calculated 
value of a with a relative standard deviation of more 
than 100Vo indicates that it is not statistically different 
from zero. 


The reactivity of ammonia is expected to show a 
negative deviation from the Brernsted plot of the reac- 
tivities of primary amines. This is merely due to the 
larger solvation shell for ammonia than for primary 
amines. However, in many addition-elimination 
reactions at carbonyl carbon, 1 2 - 1 7  sultone sulphur 
and phosphonate phosphorus, l9 ammonia did not 
reveal an unusually low reactivity compared with 
primary amines of similar pKa. However, in most of 
these reactions, the nucleophilic reactivity of both 
primary and secondary amines constituted a single 
Brsnsted plot. In the aminolysis of both non-ionized 
and ionized maleimide' and ionized phenyl salicylate, 2o 


primary and secondary amines were found to form 
Brransted plots of different slopes. In these reactions, 
the nucleophilic reactivity of ammonia showed signifi- 
cant negative deviations from the Br~rnsted plots of 
nucleophilic reactivity of primary amines. 


dm3mol-'s- ') may be The qtalue of k2 (8.08 x 


Table 2. Rate constants for the cleavage of PTH in buffer sol- 
utions of ammonia and pyrrolidine 


Buffer-catalysed and uncatalysed 
Nucleophile pKaa rate constantsb 


Ammonia 9.21 ki 


Pyrrolidine 11.32 klc  
103k2=8.08 t 1.65dm3mol- ' s - '  


k2 < 0.742 2 0.055 dm'mol-I s- '  
k3 = 393 5 122 dm6mol-2s-1 
k4= 13.6 f 3.0dm6mol-2s-1  


apK, values of the conjugate acids of amines were obtained from 
Refs 4 and 5 .  
bError limits are standard deviations. 
'This term did not reveal a detectable contribution to the rate within 
the limits of the experimental conditions imposed. 


compared with the corresponding value of k2 


(6 .7  x dm3 mol-Is- ') for ammonolysis of ionized 
maleimide. ' Although the rate constant, kl, could not 
be detected in the ammonolysis of PTH under the 
experimental conditions imposed, the value of kl for 
ammonolysis of maleimide turned out to be 
1.4 x dm3 mol-I s - ' ,  which is nearly 50 times 
smaller than k2. If we assume that the ratio k2/k1 is 
nearly 50 for the reaction of ammonia with PTH, then 
the value of klKaah/k2KaKLa~ ranges from 0.02 to 
0.003 because the ratio aH/Ka varies from 1 to 0.13 
within the pH range 9.53-10.43. This shows that 
kzK:K,a~ > 50klKaa; within the limits of the exper- 
imental conditions imposed. It appears from earlier and 
the present studies on addition-elimination reactions 
that a significantly low nucleophilic reactivity of 
ammonia compared with other primary amines occurs 
in those reactions where primary and secondary amines 
constitute Brransted plots of different slopes. 


Cleavage of PTH in buffer solutions of pyrrolidine 


The cleavage of PTH in buffer solutions of pyrrolidine 
revealed the occurrence of both uncatalysed and general 
base-catalysed terms in the rate law. Hence the general 
reaction scheme for such reactions may be given as 
shown in Scheme 2. 


Based on Scheme 2, the rate law for the reaction may 
be given as 


rate = koH [OH-] [SHI + (kl [SHI + k2 [S-I) [Am] 


The additional terms, k j  [S-] [Am] [AmH+] and 
k4[S-] [Am] [AmH'] [OH-], which are kinetically 
indistinguishable from the k3 [SH] [Am]' and 
k4 [S-] [Am]' terms, respectively, may be ignored for 
the qualitative reasons described elsewhere for related 
reactions. 22 


The observed rate law (rate = kobs [Sub] T )  and 
equation (6) give 


+ (k3 [SHI + k4 [S-I) [Am]' (6) 


Scheme 2 
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Comparison of equations (2) and (7) gives 


knQaH = kzK,K:aH + kiKaab 


kbQl = k4K:Kz + k 3 K z a ~  
(8) 


(9) 


where QI = (aH + K:)(aH + K:). 
The plot of k,QaH versus aH was found to be linear, 


which implies that klK,ab < kzKaK,'aH. A similar 
observation was made in the cleavage of PTH in buffer 
solutions of piperidine. " The observed nucleophilic 
second-order rate constants, k,, were used to calculate 
k2KaK: from equation (8) by neglecting klK,a& com- 
pared with k&K:aH. The least-squares calculated value 
of k&K: is (10.83 k 0-80) x lo-'' m ~ l d m - ~ s - ' .  This 
value of k2KaK: was used to calculate k2 with known 
values of K, (pKa = 11 -32) and K: and such a calcu- 
lated value of k2 is shown in Table 2. A crude value of 
kl  can be estimated from the extrapolation of the 
Brcansted plot for kl derived for only four data points 
as shown in Ref. 22. Such a value of kl is nearly 
1 dm3 mo1-l s-'. Thus, the ratio kl/kz is nearly 1-5  for 
the reaction of pyrrolidine with PTH. If we consider the 
value of kl/k2 = 1.5, the values of klK,ak/k2K,KAa~ 
vary from 0.06 to 0.012 within the pH range 
10-94-11-62 (the values of aH/K: vary from 0-04 to 
0.008 within this pH range). This analysis shows that 
k&K:aH > 16klKaah within the experimental con- 
ditions of the present study. 


The observed buffer-catalysed third-order rate con- 
stants, kb, at different pH were found to obey equation 
(9). The least-squares calculated values of k4K;K: and 
k3K: are (9.50 & 2.12) x m ~ l d m - ~ s - '  and 
(9.00 2 2-81) x s-I, respectively. The rate con- 
stants k3 and k4 were calculated from the values of 
k3K: and k&:K: and are summarized in Table 2. The 
value of k3 (393 dm6 mol-2 s- ')  is nearly 20% smaller 
than the corresponding rate constant 2z obtained for 
dimethylaminolysis of PTH under essentially similar 
experimental conditions. 


The absence of kl [SH] [Am] term in the rate law 
[equation (6)] shows that ki[SH] [Am] [OH-] may be 
neglected compared with kz [S-] [Am]. However, the 
presence of the k3 [SH] [Am]' term implies the probable 
occurrence of the ki[SH] [Am] [OH-] term. If we 
assume that k2 [S-] [Am] is negligible compared with 
k i  [SH] [Am] [OH-], then the calculated value of the 
slope (10.83 k 0.80) x m ~ l d m - ~ s - l )  of the plot 
of k,QaH versus aH [equation (8) where kzKaK:aH is 
replaced with k iKaKwa~]  will give k i  = 
1.5 x lo4 drn6mol-'s-', which is nearly 38 times 
larger than k3. Thus, it is apparent that ki/k3 < 38 
because the k2 [S-] [Am] term cannot be considered to 
be negligible in the pH range of the study. The ratio 
ki/k3 was found to be 88 for propylaminolysis of 
benzylpenicillin. 24 Similarly, the reported values of 
ki/k3 for the aminolysis of phenyl acetate are 32,13 6025 
for methylamine and 18013 and 9125 for ethylamine. 


These results reveal that the anticipated value of 
ki/k3 < 38 is probably not an unreasonable one 
because pyrrolidine is a stronger base than methylamine 
by nearly 0.5 pK unit. This shows that the value of k2 
is less than 0.742 dm3 rnol-ls-'. 


The respective absence and presence of nucleophilic 
reactivity of both ammonia and pyrrolidine towards 
non-ionized PTH (SH) and ionized PTH (S- )  indicate 
the occurrence of either intramolecular general 
base-acid catalysis* involving intermediate T1 or 
solvent-mediated intramolecular general base-acid 
catalysis involving intermediate T2 in a preassociation 
stepwise mechanism (a mechanism suggested and sup- 
ported for the reactions of S- with a few secondary 
amines2'). The values of the second-order rate constant 
(kz) for the reactions of S-  with pyrrolidine 
(kz < 0.742 dm3mol-'s-'), dimethylamine (k2 = 0.316 
dm3 mol-'s-') and piperidine (kz = 0.173 dm3 mol-' 
s-  I )  indicate that these reactions probably follow the 
same reaction mechanism. 


It is interesting that the rate constant k4 could not be 
detected in the reaction of PTH with dimethylamine. 22 


However, the rate constants, k4, obtained in the 
reactions of PTH with morpholine, piperazine and N- 
methylpiperazine appeared to be weakly dependent on 
the basicity of the general base catalysts. 22 The value of 
k4 (13.6 dm6 mol-2 s-I) obtained in the pyrrolidinolysis 
of PTH is nearly 75 and 50-times larger than k4 for the 
reactions of PTH with monoprotonated piperazine and 
morpholine, respectively. 22 These results are consistent 
with the occurrence of a preassociation stepwise 
mechanism where the association complex is T3. 


Pyrrolidine and piperidine have very similar pKa 
values. lo The occurrence of general base catalysis in the 
reaction of PTH with pyrrolidine and the absence of 
such catalysis in the piperidinolysis of PTH is therefore 
difficult to explain in terms of polar effects. Such a 
differing behaviour of pyrrolidine and piperidine as 
nucleophiles toward maleimide was not ~ b s e r v e d . ~  How- 
ever, Bunnett and co-workers 6*7 observed a differing 
behaviour of these alicyclic amines as nucleophiles 
toward a few aromatic nucleophilic substitution 
reactions. Pyrrolidine and piperidine showed almost 
similar reactivity towards amine-catalysed elimination 
from a P-acetoxy ketone, 26 nucleophilic displacement on 
the arene oxides of ~ h e n a n t h r e n e ~ ~  and the reactions of 
amines with cyanic acid." A nearly 100 times larger 
reactivity of pyrrolidine compared with piperidine 


*The usage of intramolecular general base-acid catalysis in the 
present system (TI, Tz or T3) is peculiar in the sense that the 
leaving group (anionic nitrogen of S- )  acts as the intrarnole- 
cular general base catalyst to facilitate the nucleophilic attack by 
the amine nucleophile and in the process the attacking amine 
nucleophile acts as the intramolecular general acid catalyst to 
increase the leaving ability of the leaving group (anionic 
nitrogen of S-). 
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towards amine catalysis of P-ketol dehydration has been 
reported by Hupe et al.28 It is interesting that the 
nucleophilic second-order rate constant, k2, 
for the reaction of ionized PTH with piperidine 
(k2 = 0.173 dm3mol-1s-1)22 is not unusually different 
from that with pyrrolidine (k2 < 0.742 dm3mol-'  s-I) .  
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INTRAMOLECULAR EXCHANGE COUPLING OF 
ARYLNITRENES BY OXYGEN 


MASAKI MINATO AND PAUL M. LAHTI* 
Department of Chemistry, University of Massachusetts, Amherst, Massachusetts 01003, U. S.  A .  


A series of rn,n'-diazidodiphenyl ethers (rn 6 n, rn = 3,4; n = 3,4) was photolyzed at  77 K in frozen, glassy 2- 
methyltetrahydrofuran matrices to generate the corresponding diphenyl ether m,n '-dinitrenes for study by electron 
spin resonance (ESR) spectroscopy. 3,4'-Diazidodiphenyl ether gave an ESR spectrum dominated by a mononitrene 
peak with I D/hc I = 0.972 cm-', and also showed a weak dinitrene quintet spectrum with 1 D/hc I = 0.162 cm-' 
having ESR spectral intensity vs temperature dependence (Curie law) consistent with either a high-spin ground state 
or a very small singlet-quintet gap. Di(3-azidophenyl) ether gave a strong mononitrene peak with I D/hc I = 0.996 cm-' 
and a quintet dinitrene ESR spectrum ( 1  D/hc 1 = 0.162 cm-') which exhibited non-linear Curie law intensity behavior 
consistent with the quintet being a thermally populated excited state 40 cal mol-' above a singlet ground state. 
Di(Cazidopheny1) ether gave a strong mononitrene peak with I D/hc I = 0-961 cm-I, but no observable spectrum 
related to a high-spin open-shell dinitrene. The results are consistent with oxygen being a weak exchange coupling 
linker in pi-conjugated open-shell molecules. The observed ground-state spin multiplicities are in accord with 
qualitative superexchange and connectivity models, despite any perturbations due to resonance effects between the 
oxygen linker and p-nitrene sites. 


INTRODUCTION 


The study of intramolecular exchange by using spin- 
carrying groups linked by various exchange coupling 
linker groups (Scheme 1 j has been pursued by a number 
of groups, as part of recent efforts to  understand 
exchange in organic molecules and to  design organic 
and organometallic materials with novel bulk magnetic 
properties. We1-5 as well as  other^^-'.^ have pursued 
the study of bis(arylnitrenesj, in which the spin-carrying 
group of Scheme 1 is an aryl mononitrene and the 
linker -X- is varied. As part of this study, we report 
here experiments aimed at generation and electron spin 


resonance (ESR) spectroscopic examination of the 
oxygen-linked bis(ary1nitrenesj 1-3 (Figure l) ,  via 
cryogenic photolysis of the appropriate diazide precur- 
sors 4-6. (As this work was being finalized, we became 
aware that Yabe and co-workers were independently 
working on the related dinitrenes linked by two- 
electron, one center -X- moieties, including the 3,4'- 
and 4,4'-dinitrenes linked by oxygen. lo Their results at 
77 K described in the abstract were very similar to those 
obtained by us up to  that time, and those described by 
us in this paper for 1 and 3. These workers have also 
investigated the diphenylsulfide dinitrenes, for which 
results are in some aspects interestingly different from 
those obtained for the diphenyl ethers. I ' )  


EXCHANGE 
LINKER 
Scheme 1 


*Author for correspondence. 
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EXPERIMENTAL 


General. All chemicals were obtained from Aldrich 
Chemical unless stated otherwise. 2-Methyltetra- 
hydrofuran was distilled from lithium aluminum 
hydride and tetrahydrofuran from potassium-benzo- 
phenone, both under argon. 


Ultraviolet-visible spectra were obtained on a 
Shimadzu UV-260 double-beam spectrometer, and 
tetrahydrofuran was used as a solvent in all measure- 
ments. Infrared spectra were obtained on a Perkin- 
Elmer 1420 spectrophotometer, and were referenced 
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4 1 


5 2 


6 3 
Figure 1. Synthesis of diazide precursors 4-6. a, Aq conc. HCI/NaN02, then NaN3; b, 77 K photolysis at 300-400 nm in 2-MeTHF; 


c ,  conc. H2SO4/NaN02, then HOAclabs. EtOH/CuO; d, SnC12.2HzO/abs. EtOH/70 "C 


against polystyrene at 1601 cm-I. 'H 'NMR spectra 
were obtained on an IBM Instruments AC-80A Fourier 
transform spectrometer, and were referenced against 
internal tetramethylsilane on the 6 scale in ppm. 
Chemical analyses were performed by the University of 
Massachusetts Microanalytic Laboratory. Melting 
points are uncorrected. 


3,4 '-Diazidodiphenyl ether (4). In a 50 ml round- 
bottomed flask were placed 4.0 ml of distilled water, 
2.3 ml of concentrated hydrochloric acid and 1 . 0  g 
(5.0 mmol) of powdered 3,4'-diaminodighenyl ether 
(Chriskev). The mixture was heated to 70 C in an oil- 
bath to dissolve all solids, then cooled in an ice-bath. 
The mixture was treated dropwise with a solution of 
0.73 g (1 1 mmol) of sodium nitrite in 2 -  5 ml of distilled 
water while stirring, then stirred for an additional 1 h in 
the ice-bath. The mixture was next treated with a sol- 
ution of 0.65 g (10 mmol) of sodium a i d e  in 2.5 ml of 
distilled water. The mixture was then stirred for an 
additional 20 min. The product was extracted with 
diethyl ether, then the combined ether solution was 
treated with decolorizing charcoal and dried over mag- 


nesium sulfate. The solvent was evaporated to give 
0.57 g (45%) of light-brown liquid. Further purifica- 
tion was not carried out owing to significant instability 
of the material. Analysis: calculate for C12HsN60, c 
57.15, H 3.20, N 33.31; found, C 56-29, H 3.19, N 
33.50%. 'H NMR (200 MHz, acetone-d6): 6 6.68 
(1 H,  pseudo t, J = 2 . 1  Hz), 6.79 (1 H, ddd, 
J =  8.2 Hz, J '  = 2.3 Hz, J" = 0.9 Hz), 6.87 (1 H,  
ddd, J = 8 . 2 H z ,  J ' = 2 * 3 H z ,  J "=0*9Hz) ,  7.14 (br 
s, 4H) ,  7.42 (1 H, pseudo t ,  J = 8 * 1  Hz). IR (neat; 
cm-I): 2130 (s, -N=N=N), 1225 (s, C-0).  
UV-visible (A,,, [ E ] ;  nm [lmol-L~m-'l) :  253 [25 2001, 
257 [25 0001. 


3,3-Dinitrodiphenyl ether (7). In a 50-ml Erlenmeyer 
flask were placed 10ml of concentrated sulfuric acid 
and 1.02 g (14.8 mmol) of sodium nitrite. The flask 
was heated to 70°C in an oil-bath to dissolve solids, 
then cooled in an ice-bath. The temperature was kept at 
10 "C and 2.0 g (6.9 mmol) of 4,4'-diamino-3,3'- 
dinitrodiphenyl ether (Polyscience) were added to the 
flask and stirred for 1 h. The solution was treated with 
10.2 ml of acetic acid and the mixture was further 
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stirred for 15 min. Then 68.2 ml of absolute ethanol 
were added, followed by 0.52 g of copper(I1) oxide (gas 
evolution was observed). The mixture was stirred for 
1 h and 63.9 ml of distilled water were added. The 
resultant precipitate was collected by filtration and 
dried and the residue was dissolved in chloroform and 
dried over magnesium sulfate. The solvent was evapor- 
ated to give 1.31 g (73%) of yellow solid with m.p. 
122-125 "C. This material was of sufficient purity to 
use in the next step. 'H NMR (200 MHz, acetone-d6): 


J" = 1.2 Hz), 7.77 (2 H, pseudo t, J =  8 - 2  Hz), 7-93 
(2H,  pseudo t ,  J = 2 . 3 H z ) ,  8.11 (2H,  ddd, 
J = 8 . 2 H z ,  J ' = 2 . 3 H z ,  J " = 1 - 2 H z ) .  IR (KBr; 
cm-I): 1520 (s, NOz), 1240 (s, C-0). 


6 7.60 (2H,  ddd, J = 8 - 2 H z ,  J ' = 2 * 3 H z ,  


3,3 '-Diarninodiphenyl ether (8). In a 50-ml round- 
bottomed flask were placed 20 ml of absolute ethanol 
and 11 - 2  g (49.6 mmol) of tin (11) chloride dihydrate. 
The flask was purged with nitrogen and 1.31 g 
(5.03 mmol) of 7 were ad!ed. The mixture was placed 
in an oil-bath set at 70 C and stirred for 30 mins, 
cooled to room temperature and poured over crushed 
ice. The pH of the mixture was adjusted to 7-8 by the 
addition of 5070 sodium hydrogencarbonate solution, 
and the product was extracted with ethyl acetate. The 
organic solution was washed with brine, treated with 
decolorizing charcoal and dried over sodium sulfate. 
The solvent was evaporated to give 00.91 g (90Vo) of 
brown, chunky solid with m.p. 76-78 C This material 
was used as soon as possible in the next step. 'H NMR 
(80MHz, DMSO-d6): 6 3 -2  (br s, NH2 protons), 
6.0-6.5 (m, Ar-H, 6 H), 6.95 (pseudo t, J =  7.1 Hz, 
2 H). IR (KBr; cm-'): 3410 and 3330 (s, NH2), 1285 
(s, c-0). 


3,3 '-Diazidodiphenyl ether (5). In a 25-ml round- 
bottomed flask were placed 3.7 ml of distilled water 
and 2.1 ml, of concentrated hydrochloric acid, fol- 
lowed by 0.91 g (4.5 mmol) of 8. The mixture was 
placed in an ice-bath and treated dropwise with a sol- 
ution of 0.66 g (9.6 mmol) of sodium nitrite in 2.4 ml 
of distilled water. The mixture was stirred in the ice- 
bath for 1 h, then treated with a solution of 0 - 5 8  g 
(8.9 mmol) of sodium azide in 2-4  ml of distilled water. 
The mixture was stirred for additional 15 min and 
extracted with methylene chloride. The organic layer 
was dried over magnesium sulfate. The solvent was 
evaporated to give 0.40 g (35%) of dark-brown liquid. 
Further purification was not carried out owing to sig- 
nificant instability of the material. Analysis: calculated 
for C12HsN60, c 57.15, H 3.20, N 33.31; found, c 
56-05, H 3.11, N 32.88%. 'H NMR (200MHz, 


(2 H, ddd, J =  8 Hz, J '  = 2 Hz, J" = 1 Hz), 6.91 (2 H, 
ddd, J = 8 H z ,  J ' = 2 H z ,  J" = 1 Hz), 7.44 (2H,  


acetone-dg): 6 6.74 (2 H, pseudo t ,  J =  2 Hz), 6.83 


pseudo t, J =  8 Hz). IR (neat; cm-I): 2130 (s, 


-N=N=N), 1270(s, C-0). UV-visible (X,,, [c]; nm 
[1mol-'cm-']): 236 [24 5001, 319 [58001, 352 [2500]. 


4,4 '-Diazidodiphenyl ether (6). 4,4 ' -Diamino- 
diphenyl ether was purified by sublimation at 180°C 
(m.p. 191-193 "C). In a 50-ml round-bottomed flask 
were placed 1-5  g (7.5 mmol) of the ether, 3.6 ml of 
distilled water and 2.1 ml of concentrated HCl. The 
mixture was heated with stirring to 80 "C on an oil-bath 
to dissolve solids, then cooled in an ice-bath and treated 
dropwise while stirring with a solution of 1.1 g 
(16 mmol) of sodium nitrite in 2.3 ml of distilled water. 
The solution turned orange and was stirred for 1 h, 
filtered to removed undissolved material, replaced in 
the ice-bath and treated with a solution of 1.0 g 
(15 mmol) of sodium azide in 2 -3  ml of distilled water. 
The reaction mixture was stirred for 30 min in the ice- 
bath. The resultant precipitate was collected by filtra- 
tion, then washed with 20ml of 10% sodium 
hydrogencarbonate solution and distilled water. The 
solid product was dissolved in diethyl ether and dried 
over anhydrous magnesium sulfate. Removal of the 
ether solvent gave 1.39 g (74%) of light-yellow solid 
with m.p. 71.5-73-0 "C. Analysis: calculated for 
C12HsN60, C 57.15, H 3.20, N 33.31; found, C 57-00, 
H 3.16, N 32.78%. 'H NMR (80 MHz, acetone-d6): 
6 7-09 (br s, Ar-H). IR (KBr; cm-'): 2130 
(s, -N=N=N). UV-visible (X,,, (c); nm [lmol-' 
cm-'1): 263 [18 8001. 


Spectroscopic work. ESR studies were carried out by 
photolysis for 3-5 min with a 1000 W xenon arc lamp 
(Pyrex or Oriel 51810 filter at 300-400 nm) of a 
degassed 2-methyltetrahydrofuran solution of the 
appropriate diazide, frozen at 77 K or below in a 
Suprasil ESR sample Dewar vessel. Spectra were 
obtained on a Bruker ESP-300 X-band system at 
9-58 GHz at <500pW microwave power, 100 kHz 
field modulation frequency and 5-6 G modulation 
amplitude. We previously established that such con- 
ditions minimize the possibility of signal saturation in 
the ESR spectrum for these molecules. For variable- 
temperature studies, diazides were photolyzed at 77 K 
and quickly placed in a precooled (< 60 K) ESR X-band 
cavity equipped with an Air Products Helitran LT-300- 
10 liquid helium cryostat. The temperature at the 
sample position was monitored using a Scientific Instru- 
ments Model CG07FC-4 iron-doped gold-chrome1 
thermocouple. All spectra produced under these con- 
ditions remained qualitatively unchanged up to the 
softening temperature of the solvent matrix. 


RESULTS 


Figure 2 shows typical ESR spectra at 9-58 GHz for 
photolyses of 4-6 under the conditions described in the 
Experimental section. All the spectra are dominated by 
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Figure 2. ESR spectra from photolyses of diazides (a) 4, (b) 5 
and (c) 6.  All spectra in 2-methyltetrahydrofuran at the tem- 
peratures shown (YO = 9.58 GHz). R = radical impurity peak; 


N = mononitrene triplet peak; Q = quintet dinitrene peak 


aryl mononitrene resonances that are due to incomplete 
photolysis of the diazides. The spectra also contain 
varying intensity radical impurity peaks in the g = 2  
region, which are typically produced in photolysis of 
bis(ary1 azides). The spectrum from 4 shows a single 
broadened mononitrene resonance at 6850 G [corre- 
sponding to a zero field splitting (zfs) of 
I D/hcI = 0.963 cm-ll even though peaks due to  both 
the the m- and p-nitreno moieties might be expected; 
presumably the two expected peaks overlap to  produce 
the observed broad resonance. The spectra from 5 and 
6 show aryl mononitrene peaks at  6920 and 6840G, 
corresponding to  zfs of 0.989 and 0-961 cm-’, respect- 
ively. The smaller zfs of the mononitrene from 6 in 
comparison with that of 5 shows the effect of resonance 
interactions between the para-oxygen and the nitrene 
moiety in 6, which is not possible in meta-substituted 5.  


The remaining ESR resonances shown in Figure 2 are 
assignable to the high-spin state dinitrenes, and are dis- 
cussed further below. 


DISCUSSION 


The ESR spectrum from diazide 4 shows a very broad 
resonance in the region of 2700-2800 G (containing 
sharper peaks at 2790 and 3080 G) and a weak peak at 
8620 G that is characteristic of the quintet state. The 
latter peak corresponds to a quintet zfs of about 
0.162 cm-1.6 Owing to  the weakness of this spectrum, 
the temperature dependence of its spectral intensity was 
difficult to  monitor, but we found the intensity of the 
2790 G peak to  be nearly inversely proportional to  tem- 
perature over the range 12-45 K. This implies that dini- 
trene 1 is either a ground-state quintet or has very 
nearly degenerate states. [Strictly, the observation of a 
linear Curie-type variation for spectral intensity as a 
function of reciprocal absolute temperature is depen- 
dent upon the assumption that rapid equilibrium 
between ground and thermally excited states of dif- 
ferent multiplicity is maintained. ‘’*I3 Presumably this 
criterion is readily met in dinitrenes, owing to the 
enhancement of intersystem crossing from spin-orbit 
coupling moments of the heteroatoms which are present 
in these molecules. More pernicious is the fact that 
linear Curie law behavior may be observed for systems 
with extremely small (degenerate) gaps between ground 
and excited states, as well as for systems with substan- 
tial gaps. The inherent limitations of interpreting Curie 
experiments are well described by Berson. 14] We have 
no clear evidence for states of other multiplicity, 
although it is possible that the broad resonance at 
2700-2800 G contains peaks from such states. It is also 
possible that this broad resonance is due to  a distri- 
bution of different rotational isomers of 1 with slightly 
different resonant peak positions. Whichever of these 
possibilities is true, the spectral weakness suggests that 
oxygen is not a very robust exchange coupling group in 
1. Previous work has shown that the connectivity 
pattern in 1 should lead to  ferromagnetic coupling 
(high-spin ground state) by a superexchange 
mechanism, based both upon experimental work on the 
related dicarbene 9 (Scheme2)” and upon compu- 
tational modeling. 16*17 (In Table I in Ref. 17, the 


9 mlp’ 
10 m,m’ 
11 p.p’ 
Scheme 2 
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3,4'-system 
high spin 


3.3-system 
low spin 


Scheme 3 


results of planar versus non-planar high-spin to low- 
spin energy gaps are incorrectly interchanged for the 
two dinitrene structures numbered 63 and 64. Planar 
structures actually favor a singlet ground state, whereas 
non-planarity selectively lowers the quintet state energy 
and results in near degeneracy of states.) The compu- 
tational work suggests only a modest exchange coupling 
strength, consistent with the desire of oxygen to  avoid 
delocalizing its electron pairs into the n-system of 1. A 
pictorial manner of representing the superexchange type 
coupling in 1 and 2 is shown in Scheme 3, with alter- 
nating up and down arrows representing a- and &spin 
electrons in the p-n orbital system, and the two dark 
dots representing the remaining, localized unpaired 
electrons on the nitrene sites. 


The ESR spectrum from the photolysis of diazide 5 
has peaks at 890, 1580, 2460, 3100, 6300 and 8610G 
(extremely weak), in addition to  the mononitrene and 
radical resonances. The highest field peak corresponds 
to  a quintet zfs of 1 D/hc I = 0.162 cm-l. This spectrum 
shows a markedly curved intensity dependence as a 
function of the inverse of absolute temperature, with an 


intensity maximum at about 15 K (Figure 3). The inten- 
sity variation is reversible as the sample is warmed and 
then recooled at temperatures below 60 K; at tempera- 
tures significantly higher than 77 K ,  irreversible signal 
decay begin to occur, presumably owing to  matrix 
annealing. The 3,3'-connectivity pattern for 2 is 
expected to lead to a low-spin ground state with low- 
lying excited states, based upon previously described 
models. 15,'' If we assume an energetic state ordering of 
singlet < triplet < quintet (S < T < Q, Figure 3) by the 
usual for a weakly exchange-coupled pair of 
aryl mononitrenes, we expect that A E(S -+ T) = 2 J and 
A E(S -+ Q )  = 6 J ,  where J is the exchange coupling con- 
stant from the Bleany-Bowers19 type of model used to 
model the temperature dependence of ESR signal inten- 
sity in dinitrenes. The equation 


I =  ( C / T ) ( [ 5  exp(-6J/RT)]/[5 exp(-6J/RT) 


(1) 
was used by us to  fit the spectral intensity I ,  where J is 
the exchange coupling constant, R is the Boltzmann 
constant, T is the absolute temperature and C is an 
arbitrary constant chosen to  fit the observed spectral 
intensities. A non-linear least-squares fit to  our data 
yields J =  - 6 . 6 +  l.Ocalrnol-' (1 ca l=4 .184J)  (PS- 
PLOT, Polysoft, Salt Lake City, UT, U.S.A.; 95% 
confidence), giving A E(S -+ Q) = - 40 cal mol-I for 2, 
with the negative sign signifying a singlet ground state. 
This is a modest antiferromagnetic exchange, and it 
may be compared with the value of 
AE(S-+Q) = -2Ocalmol-' ( 2 J =  - 3 c m - ' )  esti- 
mated l5 for the analogous, antiferromagnetically 
coupled dicarbene system 10. AMI-CI computations 
predict a near degeneracy of states for 2, as is observed 
here. 


+ 3 exp(- 2J/RT) + 11) 


0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 


1 / T  


Figure 3 .  Curie plot for intensity of the peak at 2460 G from diazide 5 (Figure 2). The fitted curve was obtained by non-linear least 
squares with J =  - 6 - 6  calmol-I, as described in the text. The inset shows the qualitative spacing of states for an 


antiferromagnetically exchange coupled pair of triplet spins 
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Photolysis of diazide 6 yields the usual radical 
impurity peak, and a strong aryl mononitrene peak with 
a zfs of I D/hc I = 0.961 cm-I. The zfs of the mono- 
nitrene shows that the oxygen linker has a modest 
resonance interaction with the nitrene site, by com- 
parison to that of phenylnitrene itself *’ with a zfs of 
I D/hc)  = 0.998 cm-’. We observed none of the ESR 
peaks typical of a triplet biradical species or a quintet 
high-spin state. The lack of other major ESR spectral 
features suggests that either the aryl mononitrene units 
of 3 are isolated by the oxygen linker, or the dinitrene 
3 is an ESR-inactive singlet-state molecule whose ESR- 
active excited states are not thermally populated up to  
77 K. In a similar fashion, 3,3 ’-biphen~ldinitrene~ 
gives no observable quintet spectrum at  77 K in 2- 
methyltetrahydrofuran, despite the possibility that an 
excited-state quintet state should exist for this system. 
Semi-empirical molecular orbital computations’7 have 
predicted a singlet ground-state preference for 3, in 
accord with our not having observed a high-spin state 
for 3. 


Our result for 3 can be compared with that for the 
dicarbene analogue 11, for which the exchange coupling 
constant in a benzophenone crystalline matrix was esti- 
mated by Itoh et al. l5 as 25= -15 cm-’, equivalent to  
AE(S --t Q) = -130 calmol-’. The thermally popu- 
lated exchange-coupled quintet state was observable for 
11, despite the singlet ground-state nature of this 
dicarbene. This is probably due in part to  the fact that 
Itoh et al.’s work was carried out in a crystalline matrix 
which may allow for a higher stability of reactive 
species by comparison with results in frozen matrices. 


Resonance effects in structures where the phenyl rings 
are both able to  achieve overlap with the oxygen atom 
lone pair will favor a structure for 3 (Scheme 4) that has 
antiferromagnetically (AFM) exchange-paired nitrene 
pi-electrons, and nearly isolated single electrons in 
nitrogen lone-pair type non-bonding orbitals. The 
‘extra’ single electrons are expected to  be spin-paired in 
the ground state, using valence bonding arguments, 15* ’8  


leading to the expectation of a singlet ground state. For 


highly twisted geometries of 3, the degree of exchange 
interaction is computationally predicted to  become 
much smaller l7  than in planar geometries, and could 
lead to  the isolation of the individual phenylnitrene 
units (a dinitrene structure). These computations 
suggest that geometric and con formational effects can 
substantially effect the exchange coupling induced by 
oxygen between the spin-bearing units. 


Qualitative models describing the spin density distri- 
butions in 1 and 2 have been described previously. 
Basically, oxygen acts as a weakly interacting, superex- 
change ‘bridge’ between the two phenylnitrene units in 
these systems, with the ferromagnetic or antiferro- 
magnetic nature of the final dinitrene being determined 
by the connectivity. 15917  Using PM3-optimized geome- 
tries, we carried out ab initio UHF 6-31G* quintet-state 
spin density computations on 1 and 2 using SPARTAN 
(Wavefunction, Irvine, CA, USA) on a Silicon 
Graphics Indigo R-4000 computer. (The structures of 1 
and 2 were optimized without constraint using PM3 
quintet wavefunctions, and the structure of 3 was 
optimized without constraint using a PM3 triplet wave- 
function. These geometries were then fixed to obtain the 
UHF 6-31G* spin density diagrams shown in Figure 4, 
using default settings in SPARTAN for generating the 
surfaces.) Quantitatively, the results of such computa- 
tions are arguable, since the spin density magnitudes at 
each atom are of unclear precision at an uncorrelated, 
Hartree-Fock level of theory. However, the qualitative 
results confirm those obtained” at a lower, semi- 
empirical level of computational methodology. Spin- 
density maps generated by SPARTAN are shown in 
Figure 4. They demonstrate that the oxygen 
bears no substantial spin density in systems 1 and 2. 
The 3,4‘-system 1 has a connectivity conducive to a 
quintet ground state, with the oxygen bridging sites that 
have paired (a  para to one nitrene, p meta to the other) 
spin densities. The 3,3’-system 2 is connected by the 
oxygen linker across two meta sites of very small, nega- 
tive ( 0 )  spin density, resulting in a spin node across the 
aryl-0-aryl linkage that destabilizes the quintet state. 


3 


DINITRENE 


electrons 


LOCALIZED BIRADICAL 


Scheme 4 
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Spin density plots for 1 and 2 taken from 6-31GX quintet UHF computations using SPARTAN. The spin density plot 
for 3 is taken from a 6-31G* triplet UHF computation 
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Thus, computational predictions agree with theoretical 
concepts in describing 1 as a system with a weakly but 
ferromagnetically coupled, high-spin state, whereas 2 
should be a very weakly coupled system with nearly 
degenerate states arising from exchange of the spins in 
the mononitrene spin-bearing units. 


While we did not observe a high spin state ESR for 
3, we carried out a 6-31G* UHF triplet-state spin 
density computation upon the PM3 triplet optimized 
geometry of this system, to  obtain the spin density 
diagram shown in Figure 4. [The geometry obtained 
using SPARTAN (see above) has a non-planar align- 
ment of phenyl rings. As described in Ref. 17, the 
geometry of the diphenyl ether dinitrenes strongly 
affects the relative energies of the quintet, triplet and 
singlet states. Planar constrained geometries favor the 
singlet, but experimentally more realistic geometries 
where the phenyl rings are not coplanar tend to  have 
much small energy gaps between states, and a signifi- 
cant decrease in the quintet state energy relative to the 
singlet, owing to  the loss of resonance interactions that 
include both phenyl rings simultaneously.] The mol- 
ecular geometry computed at this level of theory does 
not have the benzene rings coplanar with the C-0-C 
angle, hence direct resonance interactions between the 
nitrene nitrogens are reduced accordingly. At this level 
of theory, the system essentially is made up of isolated 
phenylnitrene units with alternating sites of a-spin den- 
sity, consistent with experimental observation of 
mononitrene ESR resonances only. 


CONCLUSION 


Overall, oxygen is found not to  be a strongly exchange 
coupling group in high-spin molecules. The qualitative 
nature of the exchange interaction in systems 1-3 is the 
same as is observed in the analogous dicarbenes 9-11. 
Some differences are expected between connectivity- 
analogous dinitrenes and dicarbenes, since favorable 
a-zwitterionic resonance structures are available to  the 
dinitrenes that are not available to the dicarbenes. The 
lack of an observable high-spin state spectrum from 
photolysis of 6 is possibly attributable to this 
resonance-based factor. However, the similarities 
between dinitrenes and dicarbenes are substantial, 
reinforcing notions that connectivity-based factors 
dominate the nature of exchange coupling in open-shell 
systems, with other factors typically being smaller 
perturbations. Two electron/one center pi-exchange 
coupling linkers such as oxygen thus experimentally 
seem to act in a weak exchange-coupling manner, and 
d o  not seem to be appropriate linker units for creating 
a ferromagnetically coupled chain of polyradicals or 
other open-shell spin sites. 
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LINEAR FREE ENERGY RELATIONSHIPS IN RADICAL 
REACTIONS. II.* HYDROGEN ABSTRACTION FROM 


SUBSTITUTED TOLUENES BY TERT-BUTYL, TERT-BUTOXYL 
AND TERT-BUTYLPEROXYL RADICALS 
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Central Research Institute for Chemistry of the Hungarian Academy of Sciences, P.O. Box 17, H-1525 Budapest, Hungary 


and Physikalisch-Chemisches Institut der Universitat Zurich, Winterthurerstr. 190, CH-8057 Zurich, Switzerland 


Calculations were carried out to study the validity of o-scales for hydrogen abstraction from substituted toluenes by 
tert-butyl, tert-butoxyl and tert-butylperoxyl radicals. Rate constants were compiled and evaluated from the literature 
for rneta- and/or para-substituted toluenes. The substituents were characterized by factored ionic sigmas (UI, UR, &), 
ionic scales ((I, o f )  and various radical sigmas (o’). The dependence of log k values on these substituent descriptors 
was investigated using ‘stepwise linear regression’ and ‘all possible regression’ methods. The following predictive 
equations can be recommended: 


for tert-butyl radicals, at 321 K: 
log kl = 1.024 + 0-776q + 0.653oi: ( R  = 0.8137) 


for tert-butoxyl radicals, at 313 K: 


log kz = 5.529 - 0.623~~ ( R  = 0.9376) 


and for tert-butylperoxyl radicals, at 303 K: 
log k3 = -1.410 - 0.8100 + 0.33706 ( R  = 0.9628) 


The results suggest that there is no universal radical scale for hydrogen abstraction reactions, that the rate is primarily 
influenced by polar factors (inductive, resonance) and that only two radical scales (at and u;) are appropriate, 
showing a small, yet significant, role of radical stabilization. 


INTRODUCTION 


There has been continuing interest in the mechanism of 
the title reactions in recent decades. Although many 
Hammett-type correlations have been reported, ’- l4 
even the suitability of the Hammett equation for radical 
reactions is still questionable, and the scale to be used 
for radical reactions is still a matter of controversy. 
Pryor et al. allowed (Brown-Okamoto) u+ to be ‘mar- 
ginally’ better empirically, emphasizing, however, that 
‘there is no reason to assume that the extra resonance 
for radical reaction is accurately measured by the u+ 
scale.’ According to Jones et al . ,  l5 ‘It is generally found 
that the use of u+ gives a substantially better correlation 
for radical reactions.’ Hansch and LeoI6 proposed to 


use ionic u-s according to empirical experience. l6 
Although several ‘radical sigma’ = u’ (sigma dot) scales 
have already been defined, ”-*’ none of them has 
found general use and there are still tremendous efforts 
to be made to establish a proper one. (The present 
author is well aware of the existence of other u* scales, 
but the small number of substituents limits their use.) 
Finally, statistically significant correlations can be 
found using factored (ionic) sigmas (a], UR, at) for 
hydrogen abstraction reactions by peroxyl radicals [21]. 


Therefore, the aim of this work was (i) to evaluate 
rate constants for the title reactions, (ii) to classify the 
radicals and/or reactions, (iii) to prove the usefulness of 
factored sigmas in radical reactions and (iv) to compare 
the various scales and determine the best possible one. 


* For Part I ,  see Ref. 21. This paper was presented at the 6th International Symposium on Organic Free Radicals, Nordwijkerhout, 
The Netherlands, 23-28 August 1992. 
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Our earlier investigations on substituted benzyl 
radicals” make it probable that there is no ‘universal’ 
radical sigma ( u . )  scale at all, but sigma scale@) still 
might be applied for a definite class of reactions, such 
as hydrogen transfer. Consequently, this study is 
limited to hydrogen abstraction reactions, being one of 
the best known, well characterized reaction classes. 
However, it is difficult to find data sufficient for a 
detailed statistical analysis. Several papers give 
Hammett relationships for relative rate constants only, 
and complications are caused by systematic errors and 
the fact that the measurements were performed at 
different temperatures. Therefore, evaluated rate con- 
stant values are needed first. Another interesting ques- 
tion is whether the Hammett relationships published so 
far remain valid after careful analysis. As is well 
known, the average number of points (substituents) in 
Hammett correlations is as small as 6 f 2 (!),9 which 
enhances the possibility of finding correlation by 
chance. 


It should be mentioned that after this analysis poorer 
correlations can be expected because of (i) systematic 
errors (interlaboratory reproducibility) and (ii) suspect 
data correction or outlier rejection in individual deter- 
minations. Moreover weaker correlations are expected 
for radical than for ionic reactions. Because of the 
smaller effects, the slopes, i.e. the reaction constants 
( p )  are close to zero. This problem can be overcome 
only by including a large number of compounds (substi- 
tuents) in the study. If sufficient degrees of freedom are 
ensured, justified answers to the problems outlined 
seem possible. 


EVALUATION OF RATE CONSTANTS AND 
METHOD OF CALCULATION 


Rate constants were collected from the literature for the 
following reactions: 


CII, 
I 


X X 
I I - - 3  1 


where (1) Y = tert-butyl = 1,l-dimethylethyl (1605-73- 
8), (2) Y = tert-butoxyl = 1,l-dimethylethoxyl(3141-58- 
0) and (3) Y = tert-butylperoxyl = 1,l-dimethyl 
ethyldioxyl (3395-62-8) radicals. 


All values available were taken into account. Relative 
values were converted into absolute values using 
reliable reference values 12,23-25 The rate constants were 
transformed to the same temperature, either using the 


reference value directly measured by Miinger 2 5  for tert- 
butyl or applying an average activation energy of 
Ea= 13.11 k 5.45 kJ mol-’ (n = 17)26 for tert-butoxyl 
radical. For the same elementary steps, all the rate con- 
stant values (belonging to different literature sources, 
various systems, solvents, etc.) were averaged without 
outlier rejection. Thus the standard errors of the rate 
constants were different, depending on the quality of 
data and the number of values averaged. The mean 
standard error was 38 f. 19% (15 k 8.5% for tert-butyl 
and 31 -+ 8.2% for the oxygen-centred radicals). The 
sigma constants (TI, UR and a;  were those of C h a r t ~ n . ’ ~  
They represent a separation (factorization) of the orig- 
inal Hammett u and the Brown-Okamoto u+ into 
inductive and resonance (or rather localized and deloca- 
lized) terms. Values of u and u+ were taken from the 
monograph of Hansch and Leo, l6 defined on the basis 
of the reactivity for para-substituted benzoic acid in 
water and of the solvolysis of cumyl chloride in 90% 
acetone, whereas u.  scales are from Refs 17-20. Note 
that u’ values often vary considerably with the litera- 
ture source. Throughout this study average u+ values 
listed in Ref. 16 were used. Only scales having at least 
nine substituents were taken into account. It must be 
kept in mind that the different u sets are correlated, and 
have an either-or relationship with each other. That is, 
either u or u+ or factored sigmas (UI, UR, a 2  ) should be 
used in the model separately, even if they provided a 
better description together. Evaluated rate constants 
and sigma values are summarizd in Table 1. 


Table 1 includes all of the data in the literature; If 
there are omissions the author would appreciate being 
informed. At the moment, filling of the empty positions 
of the data matrix is not possible. The question marks 
indicate the urgent need to measure rate constants and 
sigmas. The relationship between log ki (i = 1,2,3) and 
UI, UR, ..., UD (see Table 1) was investigated in the form 
of 


log ki = po + ~ I U I  + ~ R U R  + * * *  + pc& + * - .  + P D U ~  (4) 
using ‘stepwise linear regression’ and ‘all possible 
regression’ analysis. 35 The calculations were carried out 
using the DrugIdea program package36 developed for 
quantitative structure - activity relationship studies on 
an IBM PC XT/AT. A double 5% significance level 
(include/remove variables in/from the model) was 
accepted. Searching solutions as linear functions for 
log k involves the assumption of constant proportional 
error in k.  Although this was not examined (lack of 
repeated data), this assumption is generally accepted. 
During the calculations the largest data set was applied, 
including gradually more scales and ignoring the rate 
constants for which no sigma values exist. This, how- 
ever, may lead to different conclusions according to the 
number of points involved in the analysis, and therefore 
only the unambigous conclusions are reported here. 
Assigning zeros for meta substituents in the ‘para’ 







Ta
bl


e 
1.


 E
va


lu
at


ed
 ra


te
 co


ns
ta


nt
s 


fo
r 


hy
dr


og
en


 a
bs


tr
ac


tio
n 


re
ac


tio
ns


 fr
om


 m
et


u-
X


l, 
-X


Z a
nd


/o
r 


pa
ra


 X
-s


ub
st


itu
te


d 
to


lu
en


es
 b


y 
te


rt
-b


ut
yl


 (k
l)
, t


er
t-b


ut
ox


yl
 (
k2


) a
nd


 
re


rt
-b


ut
yl


pe
ro


xy
l (


k3
) r


ad
ic


al
s 


at
 4
8,
 40
 a


nd
 2
0 


'C
, 


re
sp


ec
tiv


el
y,


 t
og


et
he


r 
w


ith
 s


ig
m


a 
va


lu
es


 o
f 


su
bs


tit
ue


nt
s 


Su
bs


tit
ue


nt
s 


R
at


e 
co


ns
ta


nt
s 


(I 
m


ol
-' 


s-
l)


 
Si


gm
a 


sc
al


es
 


a&
 


0
2
 


N
O


. 
X


I 
Xz


 
X


 
kl


 
k


zx
 10


-~
 


k
3


x
 lo
2 


al
a 


O
R
 a 


0
;"


 
ob
 


U
+
b
 


0
, 


O
C


 .d
 


D
ie


 


1
H


 
2


H
 


3
H


 
4'


 
C


H
3 


5
H


 
6


H
 


7
H


 
8


H
 


9
H


 
10


 
H


 
11


 
H


 
12


 
H


 
13


 
H


 
14


 
H


 
15


 
H


 
16


 
H


 
17


 
H


 
18


 
H


 
19


' 
H


 
20


 
H


 
21


 
H


 
22


 
H


 


H
 


H
 


H
 


C
H


3 
C


H
3 


H
 


H
 


H
 


H
 


H
 


H
 


F c1 B
r 


H
 


H
 


C
N


 
c1 H


 
N


O
z 


H
 


C
H


3O
 


C
H


3O
 


t-
B


u 
C


H
3 


H
 


H
 


Ph
O


 
H


 
F Ph


 
H


 c1 B
r 


H
 


H
 


H
 


C
02


M
e 


A
c 


H
 c1 C
N


 
H


 
N


O
z 


28
.0
h 


12
.4
k 


10
.3
: 


11
.5
 


10
.5


' 
52
.4
h 


10
.1


' 
17
.4
z 


? 
28
.9
h 


22
.1
l 


34
.9
z 


17
.5
ab
 


15
.6
aC
 


31
.8
' 


52
.9
h 


? 
2
3
~
2
~
 


25
.7
aC
 


48
.2
ai
 


71
.3
L 


? 


9.
14
' 


5.
41
 rn 


3.
89
p 


4.
59
' 


5.
32
' 


3.
23
" ? 


6.
95
" 


? 
3.
09
y 


2.
29
aa
 


? 
2*
34
ad
 


? ? ? 
2.
14
a'
 


? 
1.
52
ag
 


0.
93
7a
h 


0.
80
8a
h 


? 
8.
3'
 


? 
5.


02
" 


? 
3.
5'
 


6.
6'
 


5.
97
' 


? ? 
2.
7'
 


3.
0'
 


? ? 
1 .
85
J 


? 
2.
9 


0.
8j
 


1.
1'


 
? 


1.
4'
 


1 .
05


' 
1-
45
' 


0.
3 


- 
0.
01
 


-0
.0


1
 


-
 0.
02
 


-0
.0


1 
0.
40
 


0 0.
54
 


0.
12
 


0.
30
 


0.
47
 


0.
47
 


0.
54
 


0.
47
 


0.
47
 


0.
32
 


0.
30
 


0.
63
 


0.
94
 


0.
63
 


0.
67
 


0.
67
 


-
 0.
58
 


-0
.1
8 


-0
.1
6 


-0
.3
2 


-0
.1
6 


-
 0.
48
 


0 - 0
.4
8 


-0
.1
1 


-0
.5
8 


-0
.2
5 


-0
.2
5 


-
 0.
48
 


- 
0.
25
 


-0
.2
5 


0.
11
 


0.
20
 


0.
08
 


-
 0.


50
 


0.
08
 


0.
10
 


0.
10
 


-0
.6
6 


-0
.1
3 


-0
.1
6 


-0
.3
2 


-0
.1
6 


-
 0.
48
 


0 
-0
.3
7 


-0
.1
7 


-
 0.
58
 


-0
.2
1 


-
 0.
19
 


-0
.3
7 


0.
21
 


-
 0.
19
 


0.
11
 


0.
06
 


0.
08
 


-0
.3
8 


0.
08
 


0.
10


 
0.


10
 


-
 0.
27
 


-
 0.
20
 


-
 0.
27
 


-0
.1
4 


-
 0.
07
 


-
 0.
03
 


0 0.
06
 


0
.1


 
0.
12
 


0.
23
 


0.
23
 


0.
34
 


0.
37
 


0.
39
 


0.
45
 


0.
50
 


0.
56
 


0.
60
 


0.
66
 


0.
71
 


0.
78
 


-0
.7
8 


-0
.2


9 
-0
.3
1 


-0
.1
6 


-
 0.
08
 


-0
.5
1 


0 
-
 0.
01
 1 


-0
.2
1 


0.
07
 


0-
12
 


0.
16
 


0.
37
 


0.
40
 


0.
39
 


0.
49
 


? 0.
56
 


0.
52
 


0.
67
 


0.
69
 


0.
70
 


0.
01
8 


0.
00
8 


0.
01


5 
? 


-0
.0
02
 


0.
01
8 


0 
-
 0.
08
 


? 
-0


.0
01


 
0.
01
 1 


? 
- 
0.
00
9 


-
 0.
00
7 


? 
0.
04
3 


0.
06
0 


? 
0.
04
0 


? ? 


-0
.0
26
 


0-
24
 


0.
13
 


0.
11
 


0.
07
 


0-
03
 


? 
0 0.
12
 


0.
46
 


-
 0.
02
 


0.
12
 


0.
13
 


-
 0.


05
 


-0
.0
4 


? 
0.
35
 


? 
-0
.1
2 


? 
0.
46
 


-0
.1
1 


0.
57
 


0.
43
 
-0
.1
2 


-0
.2
9 


? 
? 


? 
0.
39
 
-0
.0
2 


-0
.1
0 


? 
? 


? 
? 


? 
? 


? 
? 


? 
0 


0 
0 


-0
.2
5 


-0
.2
4 


-0
.0
8 


0.
42
 


0.
12
 


0.
07
 


? 
? 


? 
0.
18
 


0.
08
 


0.
08
 


0.
20


 
0.
17
 


0.
20
 


? 
? 


? 
? 


? 
? 


? 
? 


? 
? 


? 
? 


? ? 
? 


? 
? 


? 
? 


0.
41
 


0.
34
 


0.
46
 


? 
? 


? 
0.
76
 


0.
27
 


0.
43
 


0.
53
 


0.
61
 


"F
ac


to
re


d 
si


gm
as


 fr
om


 R
ef


. 
27


. 
bH


am
m


et
t 


an
d 


B
ro


w
n-


O
ka


m
ot


o 
u


+
 s


ca
le


 f
ro


m
 R


ef
. 


16
. 


' A
rn


ol
d-


D
us


t-
W


ay
ne


r 
sc


al
e 


fr
om


 R
ef


. 
20


. 
dC


re
ar


y 
sc


al
e 


fr
om


 R
ef


. 
19


. 
' A


gi
rb


as
-D


in
ct


ur
k-


Ja
ck


so
n-


T
ow


so
n 


sc
al


e 
fo


r 
pa


ra
 s


ub
st


itu
en


ts
 o


nl
y,


 f
ro


m
 R


ef
. 


18
. 


r
.


 


"F
ro


m
 R


ef
. 


29
. 


'R
ef


s 
3 


an
d 


5.
 


'R
ef


. 
7.


 
'R


ef
s 


12
, 


13
, 2


3 
an


d 
25


. 
'R


ef
s 


10
, 


12
, 


13
, 2


4 
an


d 
28


. 
"'R


ef
s 


2-
5 


an
d 


30
. 


"S
ta


tis
tic


al
ly


 c
or


re
ct


ed
 f


or
 o


ne
 m


et
hy


l 
gr


ou
p,


 f
ro


m
 R


ef
s 


7 
an


d 
31


. 
O


Fo
r 


di
su


bs
tit


ut
ed


 t
ol


ue
ne


s 
th


e 
su


m
 o


f 
th


e 
re


sp
ec


tiv
e 


si
gm


as
 a


re
 li


st
ed


 a
nd


 u
se


d.
 


PC
or


re
ct


ed
 fo


r 
on


e 
m


et
hy


l 
gr


ou
p,


 R
ef


. 
24


. 
'R


ef
s 


2-
5,


 
30


 a
nd


 3
2.


 


Fi
sh


er
-M


ei
er


ho
fe


r 
u


' 
sc


al
e 


fo
r 


pa
ra


 s
ub


st
it


ue
nt


s o
nl


y,
 f


ro
m


 R
ef


. 
17


. 
R


ef
. 


28
: 


D
re


sh
em


 r
em


ea
su


re
d 


an
d 


re
ca


lc
ul


at
ed


 t
he


 o
ri


gi
na


l F
is


he
r-


M
ei


er
ho


fe
r 


u
' 


va
lu


es
. 


'R
ef


s 
2-


4.
 


'R
ef


s 
12


, 2
3 


an
d 


24
. 


"R
ef


. 
24


. 
"R


ef
s 
7,
 33


 a
nd


 3
4.


 
'u


si
ng


 a
s 


ba
si


s 
kl


 (
t-


B
uO


: 
+ e


th
yl


be
nz


en
e 


an
d 


cu
m


en
e 


al
so


), 
R


ef
s 


1 
an


d 
2.


 
Y


U
si


ng
 as


 b
as


ic
 k


z(
r-


B
uO


 
+ e


th
yl


be
nz


en
e 


an
d 


cu
m


en
e 


al
so


), 
R


ef
s 


1-
4 


an
d 


30
. 


'U
su


al
ly


 R
ef


. 
10


; 
fo


r 
pa


ra
-f


lu
or


o c
om


po
un


d 
(8


) R
ef


s 
10


, 1
2 


an
d 


14
. 


'=
R


ef
. 


2.
 


"b
R


ef
s 


12
 a


nd
 2


5.
 


aC
R


ef
s 1


2,
 1


3,
 2


3 
an


d 
25


. 


a'
R


ef
. 


5.
 


"'R
ef


s 
10


, 
12


, 2
3 


an
d 


25
. 


a
g


 R
ef


s 
2-


5.
 


ah
R


ef
. 3


. 


us
in


g 
as


 b
as


is
 k


z 
(1


-B
uO


 + 
et


hy
lb


en
ze


ne
 a


nd
 c


um
en


e 
al


so
), 


R
ef


s 
1-


5 
an


d 
30


. 
ad


 







HYDROGEN ABSTRACTION FROM TOLUENES 247 


scales (uj, U;M, ub) is an alternative possibility, which 
makes manipulation of large data sets feasible, but, in 
fact, it does not increase the degrees of of freedom. 


RESULTS AND DISCUSSION 


Hydrogen abstraction by tert-butyl radical from 
toluenes 


A simple linear equation with any of the independent 
variables (sigmas from Table 1) provides a poor 
description, and only the inductive (and Hammett) 
sigma passes the significance limit: 


log k1(48 "c )  = 1 * 14 + 0.59701 ( 5 )  
n = 19; R = 0.6250; F =  10.90; 


p < 0.421%; s = 0.213 


where n is the number of points (rate constants) 
involved, R is the (multiple) correlation coefficient, F i s  
the overall Fisher statistic, p is the significance of F and 
s is the standard error of the estimate. By including a 
second variable into the model, more equations can be 
obtained which meet the criterion of 5% significance. 
The stepwise linear regression technique has selected 
double linear relationship for u and u', which is hard 
to justify theoretically. While holding similar infor- 
mation, p and p + .  have opposite signs, indicating 
nucleophilic and electrophilic character simultaneously! 
This contradictory behaviour is understandable, since 
subtracting the resonance part from sigma leaves the 
inductive contribution [see equation ( 5 ) ] .  Because of 
the intercorrelation of u and u', the following equation 
is recommended for prediction purposes: 


log k1(48 "C) = 1 a024 + 0.776~1 + 0.653~6 (6) 
n = 16; R = 0.8137; F =  12.73; 


p < 0.093%; s = 0.169 


For para substituents alone, this combination (UI, u;) is 
even better. One more combination of variables (U I ,  u;)  
has passed the significance limit: 


log k1(48 "C) = 1.08 + 0.760~1+ 3.74~; (7) 
n = 14; R = 0.7849; F =  8.83; 


p < 0.53'70; s = 0.257 


Further combinations were found to be inappro- 
priate. As tert-butyl is a prototype of nucleophilic 
radicals, for hydrogen abstraction reactions by such 
radicals a reasonable description can be expected from 
the inductive scale together with Creary's u' scale (or 
perhaps UI with u;). Although all the above statistics 
are significant even at the 0.5% level (and these are the 
best possible fits using these rate constants evaluated), 
Figure 1 shows that the fit is poor. Clustering of the 
points increases the probability of correlation by 


I / *  


I / * -  


1 1. L 1.8 2.2 


Figure 1. Measured (evaluated) vs calculated [by equation (6)] 
rate constants for hydrogen abstraction by tert-butyl radicals 


from substituted toluenes at 321 K 


chance. The present error level (interlaboratory repro- 
ducibility) does not allow one to achieve a better 
description. According to some early literature 
sources, 6 ~ 3 7  the positive p for hydrogen abstraction 
from toluenes by tert-butyl radical is not due to the 
'polar effect' at all, being rather an artefact ( p  reflects 
differences in the bond dissociation energy of substi- 
tuted toluenes, i.e. it cannot be positive,6 and the yield 
of hydrogen abstraction product is directly controlled 
by the viscosity of the solvent37). Recent investi- 
gations 12.25338 undoubtedly prove the strong 
nucleophilic character of tert-butyl radical. Therefore, 
a positive correlation (Figure 1) is expected and thus the 
weak correlation observed has not only statistical but 
also physical significance. 


Hydrogen abstraction by tert-butoxyl radical from 
toluenes 


Unlike tert-butyl, tert-butoxyl radicals yield much 
better correlations with a simple linear equation. Three 
radical scales (u;, ue, uj) ,  however, do not reach the 
significance level. The best description can be 
accomplished by u': 


(8) log k2(40 "C) = 5.53 - 0.622~' 


n = 14; R = 0.9376; F =  87.31; 
p < 0.00015%; ~ = 0 - 1 1 2  


and a not significantly worse one by using u. 


Fisher-Meierhofer) scale provides a reasonable fit: 
For para substituents alone even title Dreshem (or 


log k2(40°C)=5*63- 1 * 2 4 ~ b  (9) 
n = 8; R = 0.9030; F = 26.49; 


p < 0.24%; s = 0.162 
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Inclusion of a second variable in the model does not 
really worsen the significance of the correlations. Rig- 
orous treatment of the stepwise linear regression pro- 
cedure, however, removes any second variable, keeping 
u+ only. The best candidate for a second variable is u;, 
but its inclusion in the equation is significant only at  the 
20% level. In contrast, factored sigmas yield true 
double linear relationships, of which the best one is 


log kz(40 "C) = 5.54 - 0.56401 - 0 * 8 2 8 ~ $  
n = 14; R = 0.9113; F =  26-93; 


p < 0.0077%; s = 0.139 


Other combinations, however, d o  not increase the 
quality of description, and radical scales yield a poorer 
correlation. To gain a deeper insight into the 
mechanism of the reaction, equation (10) is recom- 
mended, whereas equation (8) gives a better descrip- 
tion. The quality of fit can be seen in Figure 2. 


Jones et al." reported weak correlations with one 
variable (a, u', a;, u; or u; alone) for tert-butoxyl 
radical additions to  substituted styrenes and excellent 
correlations with two variables (one ionic u and one 
radical u'), in contrast to  the observations in this work. 
Jones et al. correlated relative rate constants, hence the 
constant term (the intercept) has no real physical sig- 
nificance in their equations, although it improves the 
fit. Moreover, the small number of data involved in 
their study (n = 4-5 for rnetn, 7 for para and 10-13 for 
all substituents, with omission of the p-nitro point) 
implies a risk of finding accidental relationships. Re- 


(10) 


log k :,: I 


\. 
- 6  0 .6 1.2 


Figure 2. Measured (evaluated) rate constants vs Brown-Oka- 
moto u' for hydrogen abstraction by tert-butoxyl radicals 
from substituted toluenes at 313 K.  The line is defined by 


equation (8) 


evaluation of the data of Jones et al. with all scales used 
in this study gives a three-variable relationship without 
a constant term, which cannot be interpreted, however, 
because of the strong intercorrelation of the variables. 
Although it might happen that the substituent scales 
behave oppositely according to the reaction class being 
addition or hydrogen abstraction, this seems to be 
improbable with the present state of knowledge. 


Hydrogen abstraction by tert-butylperoxyl radicals 
from toluenes 


As in the case of tert-butoxyl radicals, a simple linear 
equation yields a satisfactory description. Again, the 
three-radical scales (u:, uc, a;) are exceptions. For para 
substituents the Fisher-Meierhofer or Dreshem scale 
seems to be the best variable, and for the entire set u' 
is superior; 


( 1  1)  log k3(30 "C) = -1.470 - 0.586~'  


n =  13; R=0.9312; F=79.46; 
p < 0.00043%; s=0.110 


The Hammett u is slightly more inaccurate and factored 
sigmas are even worse, but still significant: 


log k3(30 "C) = -1.453 - 0.642~1- 0 . 6 9 4 ~ ~  (12) 


n = 14; R = 0-8406; F =  13.24; 
p < 0.18%; s = 0.191 


Of the bilinear equations, the stepwise linear regression 
algorithm has selected 


log k3(3OoC) = - 1 * 4 1 0 - 0 * 8 1 0 ~ + 0 . 3 3 7 ~ t  (13) 


n = 12; R = 0.9628; F =  57-19; 
p < 0*0017%; s = 0.0873 


as the most appropriate, which is recommended for 
prediction purposes. Figure 3 shows the scatter of 
measured and calculated rate constants. The negative 
regression coefficients suggest an electrophilic 
mechanism. The absolute values of these coefficients are 
similar to  those of tert-butoxyl radical, not showing sig- 
nificantly more expressed electrophilic character. This is 
in sharp contrast to  the observations of the hydrogen 
abstraction reactions from phenols, for which large 
negative reaction constants ( p )  have indicated a 
definitely polar transition state. If this similarity is not 
radical but substrate specific, large negative reaction 
constants can be predicted for tert-butoxyl + phenol 
reactions. 


UFM (or ub) never appears as a second variable in the 
equations but always alone as an alternative to  polar 
scales. Consequently, these scales carry the same infor- 
mation as does u or u+, despite their definition. In fact, 
u' and &M scales correlate well (R = 0.925, n = 8) with 
each other. 
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Figure 3. Measured (evaluated) vs calculated [by equation 
(13)] rate constants for hydrogen abstraction by tert- 


butylperoxyl radicals from substituted toluenes at 303 K 


The general nature of these statements can be seen in 
a comprehensive study on the reaction 


ROi + p-XCaH4OH --* ROOH + p-XC6H4O * (14) 


(here no distinction was made among peroxyl radicals 
and the effect of the o-di-tert-butyl group was neglected 
on the basis of earlier results2'). For hydrogen abstrac- 
tions from phenols by peroxyl radicals similar conclu- 
sions can be drawn as for that from toluenes. 
Fisher-Meierhofer and Dreshem scales or for the 
overall set o+ have to be used to achieve a better 
description. Factored sigmas are poorer, but still signifi- 
cant. Of the radical scales, however, a; seems to be 
more suitable than o;, but its involvement in the model 
is significant at a 29% level only. Nevertheless, the 
degrees of freedom were appreciably smaller (n = 5-12) 
in the case of hydrogen abstraction reactions by 
phenols. 


Evaluation of scales for radical reactions 
Perhaps the most important conclusion is that there is 
no 'universal' radical scale even for a definite class of 
reactions, such as hydrogen transfer. The best possible 
scale should be determined separately, e.g. for each 
radical (type) and each substrate class. For tert-butyl 
radical inductive sigma (at) whereas for oxygen-centred 
radicals the Brown-Okamoto (o+) scale is an accept- 
able choice. Radical sigma (a') scales alone and in any 
self-combination are poor, except for the Fisher- 
Meierhofer and Dreshem scales, which are statistically 
indistinguishable from one another and carry similar 
information to 'polar' ionic sigmas. Considering the 
availability of U.fM or of, compared with u or o+ , the use 
of the former radical scales should be avoided. 


The Agirbas-Dincturk-Jackson -Towson (uj)" 
scale is similarly inappropriate. It is not only the small 
number of substituents that limits its use but also 
experience. In the present work o; does not appear in 
descriptive equations even as a second variable, hence it 
cannot express the radical stabilization in hydrogen 
abstraction reactions properly. It is possible, however, 
that the uj obtained from kinetic data on substituted 
dibenzylmercury compounds will give a good descrip- 
tion for other reaction classes (e.g. decomposition, 
bond cleavage, isomerization, addition). The useful 
radical scales, o; and preferably o;, have minor import- 
ance; the radical stabilization effect, if any, contributes 
at most 20-30% to the whole issue. Polar effects are 
much more important, not to mention the strength of 
the breaking bond. These radical sigmas as second vari- 
ables in the model can successfully improve the fit. For 
the nucleophilic tert-butyl radical, the inductive effect 
measured by UI is of crucial importance and for oxygen- 
centred radicals primarily polar factors determine the 
rate constant. 


Factored sigmas (UI, f f R u t )  are always among the 
acceptable representations, providing a deeper insight 
into the mechanism of a given process. The superiority 
of o+ in every radical reaction (see Refs 9 and 15 in the 
Introduction) cannot be justified. Regarding the inter- 
laboratory reproducibility (e.g. Refs 12 and 23), the 
equations recommended predict the rate constants 
much better than the individual determinations. 


CONCLUSIONS 


In spite of the diverse data sets (originating from dif- 
ferent laboratories) and assumptions used (e.g. solvent 
effects were neglected), significant correlations were 
obtained. The rates of hydrogen abstractions from sub- 
stituted toluenes are determined by polar factors and 
radical stabilization plays only a minor role. 


There is no general radical substituent scale (o*)  for 
hydrogen abstraction reactions, either. o; defined by 
Arnold and co-workers*' and o; suggested by Creary 
and co-w~rkers '~  can improve the description by ionic 
sigmas and indicate the role of radical stabilization. 
Other radical scales, however, are not recommended. 
Factored sigmas can be more suitable than unfactored 
ionic sigmas (e.g. or for tert-butyl), but not necessarily. 
They give a more detailed insight into the mechanism, 
although they do not always achieve the best possible 
description. 
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KINETICS AND MECHANISM OF THE INTERACTION OF 
AMINES WITH ARYL P-HALOETHYL SULPHONES 


VIKTOR N. MATVIENKO, IGOR F. PEREPICHKA,* ANATOLY F. POPOV AND 
ZHANNA P. PISKUNOVA 


Institute of Physical Organic and Coal Chemistry, Ukrainian Academy of Sciences, R .  Luxemburg Street 70, Donetsk 3401 14, 
Ukraine 


The influence of a number of factors, i.e. amine basicity, substrate structure, temperature and deuterium isotope 
effect, on the rate of phenyl B-bromoethyl sulphone and aryl 8-chloroethyl sulphone 1,2-elimination by reaction with 
amines in acetonitrile was investigated. On the basis of a comparative analysis of the po, 6, kH/ko, AH* and ASf5 
values obtained with those for the reaction of 8-halopropiophenone 1,2-elimination, the conclusion was drawn that 
the n mechanism with an anion-like transition state occurs for the given substrates under the conditions studied. 


INTRODUCTION of carbanion 3 takes place and the reaction rate is deter- 
mined by the proton abstraction step, i.e. kobs = kt,  Current views on 1,2-elimination reactions induced by (El cB)I mechanism; 


(ii) when kz 6 k-  1 [ BH'], the reversible formation of bases to yield alkenes involve consideration of two 
alternative reaction mechanisms, i.e. concerted E2 and carbanion occurs and the reaction rate is limited 


by the leaving group expulsion step, i.e. stepwise ElcB mechanisms (Scheme 1). ' - lo  


kobs = klkz[B]/k-l [BH+], (E1cB)R The concerted E2 mechanism is usually realized for 
The above applies to steady-state conditions. When non-activated compounds (Z = H, Alk, Ar). laS3 In the 


kl s k-1, kz the carbanion 3 is generated in a concen- case of electron-withdrawing substituents Z the stability 


Of the carbanion increases and the may tration greater than the steady-state concentration and 
an ElcB anionic mechanism is r e a l i ~ e d . ~  proceed via a stepwise ElcB mechanism. 1b~c ,4 -9  


In some cases the reaction intermediate exists in the Application of the steady-state hypothesis to the step- 
wise ElcB process gives the following expression for form of an ion pair of type 4, (ElcB)i, mechanism.8,9 the observed first-order rate constant: 


kobs = kik2IBl/(k-i [BH'] + k2) (1) 
In the framework of the ElcB mechanism, two 


(i) when kz S= k-1 [BH'], the irreversible formation 
limiting cases are possible: 


Z 


BH'..-C-C-X 
+ I I  


I 1  
4 , [*...H&l+x] Z * , 


E2 


Z 
z, / BH+ + ,c=c + x- I I  


B: + H-C-C-X 
\ 


I I  
E l c B  


( 3 )  
Scheme 1 
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It should be noted that the presence of an electron- 
withdrawing substituent by itself in molecule 1 does not 
guarantee that the reaction proceeds through the El CB 
mechanism. The lifetime of the carbanion intermediate 
is also very important. 3a,6b For example, if X is a good 
leaving group, the reaction can also proceed through 
the E2 mechanism. 537e 


It was shown earlier" that the interaction of 6- 
halopropiophenones (5, X=C1,  Br, I) with amines 
resulting in aryl vinyl ketones (6) proceeds through the 
E2 mechanism via an anion-like transition state: 


ArCOCHzCHzX + R1R2R3N ---t 
5 


ArCOCH=CHZ + R'RZR3N+H + X- (2) 


When proton-containing amines are used, the sub- 
sequent reaction of amine addition to  an aryl vinyl 
ketone proceeds, resulting in 6-aminopro- 
piophenones. I '  


It is that the interaction of aryl 6- 
haloethyl sulphones (7) with tertiary amines results in 
the formation of aryl vinyl sulphones (8) [equation 
(3)]. Aryl vinyl sulphones, similarly to  aryl vinyl 
ketones, may interact with proton-containing amines 
giving aryl 0-aminoethyl sulphones (9) [equation (4)] . 
ArS02CH2CH2X + R'R2R3N -+ 


6 


(7 1 
ArS02CH=CHz + R1RZR3N+HX- (3) 


(8 1 
ArSOzCH=CH2 + R1R2NH + 


(8 1 
ArSOzCHzCHzNR 'R2 (4) 


The mechanism of the addition of proton-containing 
amines to  aryl vinyl sulphones [equation (4)] has been 
reported in literature and discussed by several 
workers. l3  Aryl vinyl sulphone formation reactions 
with 1,2-elimination of aryl 6-X-ethyl sulphones were 
investigated under the action of a number of charged 
bases, e.g. MeO-,5as7a EtO-,7 t-BuO- and PhO-.14 
From neutral bases only the tertiary amines were 
studied, 5 3 9  probably owing to  experimental difficulties 
and the intention to  simplify the process concerned. 
The kinetic, stereochemical and other data show that a 
variety of mechanisms [E2, ( E l c l ? ) ~ ,  (ElcB)i,,  
(Elcl?)~]  can be realized in the 1,2-elimination reaction 
of sulphonyl-activated ethanes depending on the nature 
of the leaving group base, solvent and other fac- 
tors. 5 * 7 3 9  


The aim of this work was to investigate the kinetic 
relationships and the mechanism of aryl vinyl sulphone 
formation in the reaction of aryl 0-haloethyl sulphones 
with the several groups (primary, secondary, tertiary) 
of  amines and to  compare the data obtained with those 


(9 1 


for the previously studied reaction of P-halopropio- 
phenones with amines [equation (2)]. 


RESULTS AND DISCUSSION 


Kinetics 
Reaction (3) of aryl 6-haloethyl sulphones (7, X = C1, 
Br) with amines was studied in acetonitrile with the 
amine in large excess. In all cases the rate of reaction (3) 
was described by a second-order (first order in each of 
the reactants) rate equation, which was testified by the 
invariability of the observed rate constants ( k o b s ,  s- ' )  in 
the course of the reaction (Table 1) and by the linear 
dependence of k o b s  on the amine concentration 
(Figure 1). 


Deuterium isotope effect 


We studied the elimination of HBr and DBr from 
phenyl 0-bromoethyl sulphone and its a,a-dideuterated 
analogue (Table 2). The observed deuterium isotope 
effect, k H / k D  = 3.2-4-3, shows a slight dependence on 
the amine's pKa (in the range 12-33-18.75). The values 
of this effect are lower than the maximum possible and 
the largest value (for isobutylamine) is lower than 
that for the reaction of 6-halobpropiophenones 
( k ~ / k ~  = 7-10'0c). Nevertheless, the effect can be iden- 
tified as a primary kinetic isotope effect (cleavage of the 
C,-H bond in the rate-limiting step). 


This can be possible when a reaction proceeds 
through an E2 or (Elcl?)~ mechanism (kl is the rate- 
limiting step in Scheme 1). However, a large 'element 
effect' (see below) in the transition from X = Br to  
X = C 1  rules out the possibility of the reaction pro- 
ceeding through the ( E l c l ? ) ~  mechanism. 


The calculated values for k H / k D  include also a sec- 
ondary deuterium isotope effect, since we used a,a- 
dideutero derivatives. In the reaction of diastereomeric 
phenyl 0-fluoro-P-phenylthio-a-deuteroethyl sulphones 
(10) havingoa similar structure with triethylamine in 
benzene (50 C), for which the (ElcB)i, mechanism has 
been postulated, an inverse thermodynamic deuterium 
isotope effect, k H / k D  = 0.8 ,  is observed in the case of 
sulphone 10a (syn-elimination of DF); for sulphone 10b 
(syn-elimination of HF) the secondary deuterium 
isotope effect was k H / k D  = 1 1. 


s o p  
I 


s o p  
I Hq: D 
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Table 1. Observed first-order rate constants, kobr, and second-order rate constants, k, for the reaction of phenyl 
P-haloethyl sulphones with amines in acetonitrile 


~ 


Reaction 


~ ~~~ 


Reaction Conversion kobs x lo3 k x  lo3  
time (s) R (TO) (S-I) (1 mo1-l s-I) 


PhS02CHzCH2CI + PhCHzNH2, 25 OC, 0 
25 
76 


120 
222 
330 
407 
507 
648 
856 


1200 
1890 


[PhCH2NH2] = 0.207 mol I - '  


PhSO2CHzCHzBr + EtjN, 35 'C, 
[Et,N] = 0.093 mol I - '  


0 
7.5 


16 
22 
38 
49 
65 
77 
93 


121 
185 


220 
200 
170 
150 
120 
100 
90 
80 
70 
60 
50 
40 
28.8 


300 
200 
150 
130 
100 
90 
80 
75 
70 
65 
60 
57.5 


1.5 
4.4 
7 .0  


12.5 
18.1 
21.7 
26.4 
32.3 
40.3 
51.2 
67.8 


11.9 
23.7 
31.0 
47.4 
55.3 
65.2 
71.1 
77.9 
85.7 
94.8 


0.609 2.94 
0.596 2.88 
0.609 2.94 
0.604 2.92 
0.604 2.92 
0.604 2.92 
0.604 2.92 
0.602 2.91 
0.600 2.90 
0.600 2.90 
0.600 2.90 


Av.: 2.92 2 0.02 


0.0168 0.181 
0.0169 0.182 
0.0169 0.181 
0.0169 0.182 
0.0164 0.177 
0.0162 0.175 
0.0161 0.174 
0.0162 0.175 
0.0160 0.173 
0.0160 0.172 


Av.: 0.177 ? 0.003 


r 


r 
I 
m 


z 
X 


U 0.1 0 . 2  0.3 


[EhN],  mol I - '  


Figure 1. Plot of kobs versus amine concentration for the 
reaction between phenyl 0-chloroethyl sulphone and 


triethylamine in acetonitrile at 25 'C 


Therefore, we rule out the possibility of an (E1CB)R 
mechanism and the observed values of k ~ / k ~  as a result 
of the high values of both the thermodynamic and sec- 
ondary isotope effects in the reaction. Such an assump- 
tion also contradicts to the fact that H-D exchange 
does not occur when proton-containing amines are 
used. 


It has also been noted that for an ( E l c l 3 ) ~  
mechanism the accumulation of ammonium salt during 
the reaction should decrease kobs with time, since 
kobs = klkz [B]/k-l [BH']; however, we failed to 
observe this (Table 1). 


'Element effects' 


In all cases, the change from Br to Cl in the sulphone 
7 decreases the reaction rate substantially (by factors of 
7.5-13 .5)  (Tables 2-4). It is indicative of the fact that 
a cleavage of the Ca-X bond in sulphone 7 (and also 
cleavage of the C,-H bond) takes place in the rate- 
limiting step. The earlier studied reactions of aryl 0- 
haloethyl sulphone elimination, for which an I2 
mechanism was proposed, also display high values of 
the k ~ d k ~ l  ratio (7,5a 4-365b). 
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Table 2. Rate constants for the reactions of phenyl 6-bromoethyl sulphone (kH, C ~ H ~ S O ~ C H ~ C H Z B ~ )  and 
phenyl a,a-dideutero-6-bromoethyl sulphone (ko,  C~H&OZCDZCH~B~) with amines in acetonitrile at 25 'C 


Amine 


Pyridine 
N-Methylimidazole 
Benzylamine 
Isobutylamine 
Triethylamine 
Diethylamine 


12.33 
14.99b 
16.76 
17.92 
18.46 
18.75 


(5.0 f 0.3) X 
0.092 f 0.003 
2.37 t 0.08 
12.0 f 0.7 
76 t 5' 
126 t 9 


(1.22 2 0.10) x 10-3 
0.0247 2 0.0022 
0.750 f 0.042 
2.77 f 0.29 
20.5 f 1.7 
36.0 2 2.3 


4.1 _C 0.6 
3.7 f 0.5 
3.2 f 0.3 
4.3 f 0.7 
3.7 f 0.6' 
3.5 t 0.5 


a Data from Ref. 15. 
bThe value of pK, is taken as equal to the pK, of imidazole.'6 
'The valuer k~ = 0.681 I mo1-l s - '  (UV spectrophotometry) and k ~ / k ~  = 3.6 have been reported.5b 


As follows from the data in Table 4, an approxi- 
mately similar sensitivity to  the leaving group nature is 
observed for reaction (2) of 0-halopropiophenones (5) 
with amines for which a concerted E2 mechanism has 
been established. lo  


On the basis of the foregoing, one may conclude that 
the hydrogen halide elimination in the sulphone 7 
(X = Br, C1) proceeds via an E2 mechanism. 


Bransted correlations 


The rate of reaction of phenyl P-bromoethyl sulphone 
with the analysed amines (Table 2) depends substan- 
tially on the amine basicity. Thus, for instance, the 
transition from diethylamine (pKa = 18-75) to  pyridine 
(pKa = 12.33) is accompanied by a 25 200-fold decrease 
in reaction rate. Quantitatively the dependence of rate 
constants for the reaction of phenyl 0-bromoethyl 
sulphone with amines is well described by the Brernsted 
equation: 


log k = log ko + @pKa (5) 
which gives the following equations for non-deuterated 
and deuterated substrates,* respectively: 


log kH = -(13.0 f 0.9) + (0.69 2 0.05)pKa (6) 
s = 0.28, n = 6, r = 0.989 


log kD = - (13.7 2 0.9) + (0.69 2 0.05)pKa (7) 
s = 0.29, n = 6, r = 0.989 


A few higher Brernsted coefficients @ are observed for 
aryl 0-chloroethyl sulphones (Table 3), 


We failed to  measure the rate of reaction of aryl 0- 
chloroethyl sulphones with pyridine owing to the very 
low reaction rate (for the method used). The calculation 
using Brernsted dependences may also yield erroneous 
rate constants since the constant for the reaction of 
phenyl 0-bromoethyl sulphone with pyridine has a posi- 
tive deviation from a straight line. Accordingly, we 
determined the ratio kBr/kcl for the reaction of phenyl 
@-haloethyl sulphones with pyridine by extrapolation of 
the dependence of log (kBr/kcl) on amine pKa (Figure 
2). On the basis of the value obtained (kBr/kcl = 14), 
the rate constant for the reaction of phenyl 0- 
chloroethyl sulphone with pyridine was estimated 
(Table 4). As is seen from the data in Table 4 (columns 
5 and 8) and Figure 2, the nature of the relationships 
between log (kBr/kC1) and amine pK, for the sulphones 
7 and the ketones 5 is, in general, of a similar type (in- 
creasing ratio kBr/kcl with decrease in the amine 
basicity). 


High coefficients @ for reaction (3) prove substantial 
proton transfer in the transition state of the reaction 
under consideration. l 7  


For reaction (2) of P-halopropiophenones ( 5 )  with 
amines we obtained similar values of the Brmsted 
coefficients: @cl= 0.83 ? 0.05 lob and 


It should also be noted that all the amines studied 
(i.e. primary, secondary and tertiary) are subordinated 
to  the common correlation relationship (5) that corrob- 
orates the unity of mechanism of their interaction with 
the sulphones 7. 


@ B ~  = 0.74 ? 0.05. loa 


*Deleting the point for pyridine (the most deviant value) gives 
the following relationships: 
log kH = - (15.4 f 0.9) 


+ (0.82 f 0.05)pKa, s = 0.17, r = 0.993; 


+(0.82 iz 0.07)pKa, ~=0.21, r=0.990. 
log kD= -(15.9 2 1.2) 


Hammett-Taft correlations 


To establish the charge sign on the a-carbon atom in 
transition state 2 of the reaction under study, the influ- 
ence of substituents in the substrate benzene ring on the 
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Figure2. Plots of log(kBr/kcl) versus pKa of amines in 
acetonitrile for the (0) phenyl P-haloethyl sulphone and ( 0 )  


0-halopropiophenone reactions at 25 "C 


reaction rate was analysed. This effect (Table 3) is well 
described by the Hammett-Taft equation: 


(8 )  


High positive values of p o  (Table 3) allow the con- 
clusion that cleavage of both the C,-H and CB-X 
bonds in transition state 2 is asynchronous (with the 
cleavage of C,-H bond predominating, i.e. 
AnC,-H > AncB-x, where A n  is the change in the cor- 
responding bond order). In other words, the reaction 
under investigation occurs by an E2 mechanism via an 
anion-like transition state of type 11. 


log k = log ko + p0ao 


+!* 
11 


As is seen from Table 3, the @ values in equation ( 5 )  
are not sensitive to the introduction of substituents into 
the substrate benzene ring and the po values display 
very little (not more than the standard deviation) 


increase with increase in amine basicity. This corrobor- 
ates the stability (or at least insufficient variation) of the 
transition state in the reaction under examination 
within the interval of changing the base and the 
substrate structure examined. The same conclusion can 
be drawn from the data on deuterium isotope effects for 
various amines (Table 2). 


Activation parameters for reactions (2) and (3) 


We investigated the rate dependences of the reactions of 
phenyl @-bromoethyl sulphone and @-bromopro- 
piophenone with isobutylamine and triethylamine on 
temperature and carried out a comparative analysis of 
their activation parameters. The results are summarized 
in Table 5 .  For the same amines the activation par- 
ameters for phenyl @-bromoethyl sulphone and 
@-bromopropiophenone are very close, which corrobor- 
ates the above conclusion on the identity of the 
mechanisms for the given processes (E2 mechanism 
with an anion-like transition state). 


Mechanism. Comparison with &halopropiophenones 


In the above conclusion about Co-X bond cleavage in 
the rate-limiting step of reaction (3), which is based on 
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Figure 3. Plots of log(kcO/kso,) versus pK, of amines in 
acetonitrile for the reactions of 0-halopropioghenones and 


phenyl P-haloethyl sulphones at 25 C. 
0, LOg(kPhCOCHEH1BrlkPhSOICH2CH2Br); 


0 ,  log(kPhCOCHfZH,CI/kPhSO?CH2CH2Cl) 
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Table 5. Rate constants, k x 10' (I mol-' s-I), at various temperatures and activation parameters for 
the reactions of phenyl P-bromoethyl sulphone and 6-bromopropiophenone with amines in acetonitrile 


PhSOzCHzCHzBr P hCOCH2CHzBr 


Parameter 'BuNH2 EtjN 'BuNH~ EtiN 


10 OC 
12OC 


35 OC 
45 OC 
55 "c 


15'C 
25 "C 


Log A 
EA (kJ mol-') 


S 


AH' (kJ mol-') 


A& (J mol-' K - ' )  


- 
5.63 t 0.09 


12.0 5 0.7 
16.8 t 0.8 


27 t 3 
42 t 4 


5.27 f 0.23 
35.6 t 1 . 3  


- 


0.025 
-0.998 


3 3 . 1  5 1.2 


- 152 5 7 


- 
41 f. 3 


76 f 5" 
116 5 9" 
178 f. 3 
258 f. 10 


5 .71  f 0.03 
33 .3  t 0.2 


31.8'  
34.7d 
0.0037 


-0.9999 
30.8 ? 0.2 


29.3' 
32.2d 


- 


-1445 1 
-15lCse 
-160dBe 


- 
- 


7 . 8 3  f 0.09 
12.9 t 0 .2b  
16.7 f. 0 . 2  
32.5 t 0.6 
41.2 5 0.5 


4.94 f 0.46 
33.4 t 2.7 


0.047 
-0.990 


30.9 t 2.5 


-159 t 15 


44.1 5 0.7 


57.2 f. 4.0 
74.4 5 0.8b 


151 f 4 
233 f 6 
310 f. 2 


- 


6.04 5 0.37 
34.8 t 2.2 


0.048 
-0.992 


32.3 t 2.0 


-138 2 9 


aThe values kzs = 0.681 1 mol-' s - '  and kls = 1.06 I mol-'  s - '  have been reported.sb 
bData from Ref. 10a. 
'Data from Ref. 5b. 
dData from Ref. 5b for the reaction between PhSOzCH2CHzCI and Et3N. Yano and OaeSa have reported values of 
AH' = 39.3 kJ mol-' and AS& = 92.1 J mol-' K - '  for this reaction; but using their data Fiandanese et al.5h 
obtained a value of A d o  = 141 J mol-' K- ' .  
'At 50°C 


high values of the rate ratio ksr/kc1 (Table 4), there is 
one aspect which requires an individual discussion. If 
on changing the leaving group in the sulphones 7 from 
X = B r  to C1 the mechanism is changed from E2 to 
(Elcl?)~, we may also have high values of ker/kc1. 
Thus, Stirling and co-workers 7b*e showed that sulphone 
7 1,2-elimination induced by sodium ethylate in ethanol 
proceeds through an E2 mechanism for X =  I and, 
possibly, for X =  Br, and through an (ElcB)1 
mechanism for X=C1, OAc, OTs and OMes. They 
drew such a conclusion on the basis of the correlation 
relationship between logarithms of the reaction rate 
constants and Taft constants u* for groups CH2X (as a 
measure of CH-acids ionization7') with X = F, OAc, 
OTs, OMes and C1 and positive deviations from this 
relationship for X = I, Br. It should be noted that the 
value for X = C1 has some positive deviation from the 
relationship log k vs u*(CH2X) and the deuterium 
isotope effect kH/kD for X = I ( 5 - 6 ) ,  Br (5.0) and C1 
(3-6) differs substantially from that for X = F (2*0), 
OAc (1.9) and OTs (2-0).10b*e. Moreover, in earlier 
papers Yano and Oae5a and Fiandanese et al.5b pro- 
posed the E2 mechanism for sulphone 7 1,2-elimination 
under the action of tertiary amines. Hence for 


sulphones 7 with X = C1 complementary arguments in 
favour of either mechanism would be of use. 


We think that in this respect it would be useful to 
compare the rates for 1,2-elimination reactions of 
haloethanes activated by phenacyl and phenylsulphonyl 
groups (kco/kso,) for chloro and bromo derivatives. If  
one considers acetophenone and methyl phenyl 
sulphone, one should expect that for the stepwise 
carbanionic (Elcl?)~ process ketones 5 will react far 
faster than sulphones 7 (kco/kso2 % l), as ace- 
tophenone is approximately a 4-5 orders of magnitude 
stronger CH-acid than methyl phenyl sulphone (in 
DMSO): pK,(PhSOzMe) = 2 9 ~ 0 4 , ~ '  27,2' 26-75,22 
29.0;23 pK,(PhCOMe) = 24.7,20 22.5,22 24-6,23 
2 4 ~ 4 , ' ~  21-5.25 In fact it is not observed and 
kco/ksoz = 1 for chloro and bromo derivatives 
(Table 4). 


However, the analogy with acetophenone and methyl 
phenyl sulphone may be considered fairly successful. 
As Stirling and c o - w ~ r k e r s ~ ~  showed, the sensitivity of 
the ionization rate for sulphonyl-activated CH-acids 
(PhS02CH2CH2X, p* = 4.9) to a change in the CH2X 
group structure (Taft constants u* were used) is 
higher than that for phenacyl-activated acids 
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(PhCOCH2CH2X, p* = 3-2). The crossing point for 
these relationships is at u* (CH2X) = 1-05, which 
approximately coincides with the u* value for the 
CHzCl group. Rate constants for the chloroethane 5 
and 7 1,2-elimination under the action of sodium 
ethylate are close (kco = 761 1 mol-' s-I ,  kS02 = 
798 1 mol-' s-I ,  kco/kso2 = 1) and on the basis of this 
it was concluded7' that during transition from ketones 
to sulphones the mechanism of reaction is not changed 
and the reaction proceeds as and (ElcB)1 process. 


As shown above for phenyl P-bromoethyl sulphone 
and earlier for 6-halopropiophenones, lo the reaction 
with tertiary amines proceeds via an €2 mechanism. If 
phenyl /3-chloroethyl sulphone reacts by an (ElcB), 
mechanism, it should result in anomalous kco/kso2 
ratios for X = C1. In fact, as is seen from Table 4 and 
Figure 3, the kco/kso2 ratios for X = C1 and X = Br are 
close in general and they are reduced with decrease in 
the amine basicity. It is interesting that the nature of the 
kco/kso2 dependence for bromo derivatives on amine 
pK, (Figure 3) reproduces well the dependence of kH/kD 
on amine pK, for P-bromopropiophenone IoC (bell-like 
dependence predicted by theory"). 


EXPERIMENTAL 


'H NMR spectra were recorded on a Gemini-200 spec- 
trometer operating at 200 MHz, using TMS as internal 
standard and acetone-& as solvent. Melting points were 
measured in a Koefler hot-stage apparatus and are 
uncorrected. 


A laboratory-made conductimeter for kinetic 
measurements was assembled according to the differen- 
tial-transformator scheme from commercial 
instruments; 26 platinum electrodes were used. 


Materials. Acetonitrile, 27 benzylamine, 27 


isobutylamine, 27 diethylamine, 27 triethylamine, 27 


pyridineZ8 and N-metylimida~ole~~ were purified by the 
usual methods. P-Bromopropiophenone was obtained 
and purified as described earlier.7e Phenyl 0- 
chloroethyl sulphone was obtained by the earlier 
described 12b method and yas twice recrystallize! from 
ethanol; m.p. 53.5-54.0 C; lit." m.p. 53-54 C. 


3-Nitrophenyl P-chloroethyl sulphone. Phenyl 0- 
chloroethyl sulphone (1 .OO g) was added slowly with 
stirring to a mixture of fuming nitric acid (10 ml, 
d =  1.51 g ml-I) and 60% oleum (10 ml). The mixture 
was heated at 80 +. 5°C for 2 h and poured into 
ice-water (150 ml). The solid was collected by filtra- 
tion, washed with water and dried to yield the sulphone 
(1.06 g, 87%b, m.p. 83-84 "C (from ethanol); lit. l2  


m.p 84-84.5 C. Found: C, 38.8; H, 3.5; C1, 14-4; N, 
5.6; S, 13.0. Calculated for C&CIN04S: C, 38.5; H, 
3.2; C1, 14.2; N, 5.6; S, 12.85%. 'H NMR, 6: 8-73 


( lH ,  dd, 5 2 , 4  = 2.3 Hz, J2.6 = 1 a75 Hz, H-2), 8.63 (lH, 
ddd, J 4 , 5  = 8.2 Hz, J 4 , 6 =  1.05 Hz, H-4), 8.41 (lH, 
ddd, 56.5 = 7.85 Hz, H-6), 8.03 ( lH,  dd, H-5), 3.91 
(4H, m, CH2CH2). 


3,5-Dinitrophenyl 0-chloroethyl sulphone. Phenyl 
P-chloroethyl sulphone (1 .OO g) was added with stirring 
to a mixture of fuming nitric acid (15 ml, 
d = 1 * 5 1  g ml-') and 60% oleum (20 ml). The mixture 
was boiled under reflux for 4 h and poured into 
ice-water (250 ml). The solid was collected by filtra- 
tion, washed with water and dried to yield the sulphone 
(0.58 g, 40%), m.p. 124.5-125.5 'C (from ethanol). 
Found C, 32.5. H, 2.4; CI, 11.8; N, 9 - 5 ,  S, 10.7. Cal- 
culated for C8H7ClN206S: C, 32-6; H, 2.4; C1, 12.0; 
N, 9.5; S, 10.9%. 'H NMR, 6: 9.26 [ lH,  t, 


(2H, m, SO~CHZ-, A2B2), 3.97 (2H, m, -CH2Cl, 
A2B2). 


J4,2(4,6) = 2.05 Hz, H-41, 9.11 (2H, d, H-2, H-6), 4.10 


Phenyl P-bromoethyl sulphone. A saturated solution 
of HBr in acetic acid was prepared by adding acetyl 
bromide (15.8 ml) to water (4 ml). Phenyl vinyl 
sulphoneIzb (0.50 g) was added to this solution and the 
mixture was sealed into a thick-walled ampoule and 
heated at 100 "C for 7 days. The mixture was evapor- 
ated under reduced pressure and the residue was crystal- 
lized from hexane (50 ml) to yield the sulphone (0.62 g, 
77%); after recrystallization from hexane m.p. 
7 9 4 0 ° C .  Found: C, 38.5; H, 3-6; Br, 32.0; S, 12.8. 
Calculated for CsH9Br02S: C,  38.6; H, 3.6; Br, 32-1, 
S, 12.9%. 'H NMR, 6: 7.95 (2H, rn, H-2, H-6), 7.75 
(3H, m, H-3, H-4, H-5), 3.80 (2H, m, S02CH2--, 
A2B2), 3.58 (2H, m, -CH2Br, A2B2). 


Phenyl a,a-dideutero- P-bromoethyl sulphone. A 
saturated solution of DBr in CH3COOD was prepared 
by adding acetyl bromide (31 -1  ml) to D20 (8-7 ml). 
Phenyl vinyl sulphone (1.0g) was added to this sol- 
ution and the reaction was carried out as described 
above for phenyl /3-bromoethyl sulphone. The phenyl 
a-deutero-/3-bromoethyl sulphone (1 * 2 g) obtained was 
added to a solution of triethylamine (0.86 ml, 1 *1  
equiv.) in diethyl ether (40 ml). After standing at room 
temperature for 2 h, triethylamine hydrobromide was 
removed by filtration and the filtrate evaporated to give 
the partly deuterated phenyl vinyl sulphone, which was 
recrystallized from hexane. A saturated solution (30 ml) 
of DBr in CHsCOOD was added to this product and the 
above procedure was carried out once more. After three 
stages of H-D exchange, the sulphone (0.10-0.15 g) 
with a degree of deuteration >90% was obtained, m.p. 
79-80 "C (from hexane). 


Kinetics. Kinetic measurements were carried out 
under pseudo-first-order reaction conditions (excess of 
amine) with up to 70-90% substrate conversion. 
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Reactions were followed conductimetrically by the 
appearance of ammonium salts. 


The observed first-order rate constants (kobs,  s- ') 
were calculated by the equation 


where Ro, R, and R, are the initial, present and final 
resistances of the solution; i- is the time from the start 
of the reaction. 


The second-order rate constants ( k ,  1 mol-' s - ' )  were 
calculated as k = kobs/ [ R'R2R3N]. 


Between 10 and 30 measurement of R, were made 
during the reaction and rate constants were evaluated as 
the arithmetic mean of all the measurements. When 
6,6-dideutero-P-bromoethyl sulphone was used in 
kinetic experiments, slightly increased value of kobs 
were observed at  the beginning of the reaction owing t o  
impurities of non-deuterated and partly deuterated 
sulphones. These points were ignored when the mean 
value of kobs were calculated. 


The estimation of the accuracy of the results obtained 
and calculations of correlation parameters were made 
by mathematical statistical methods (the root-mean- 
square deviations are given). 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


REFERENCES 


(a) W. H. Saunders, Jr ,  and A. F. Cockerill, Mechanisms 
of Elimination Reactions. Wiley, New York (1973); (b) 
D. V. Banthorpe, Elimination Reactions, Chapt. 4. 
Elsevier, New York (1963); (c) D. J .  McLennan, Q. Rev. 
Chem. SOC. 21, 490-506 (1967). 
F. G. Bordwell, Acc. Chem. Res. 3 ,  281-290 (1970); 5, 


(a) J. R. Gandler and W. P. Jencks, J.  Am.  Chem. SOC. 
104, 1937 (1982); (b) J .  R. Keefe and W. P. Jencks, 
J.  Am.  Chem SOC. 105, 265-279 (1983). 
F. G. Bordwell, M. M. Vestling and K. C. Yee, J.  Am. 
Chem. SOC. 92, 5950-5955 (1970). 
(a) Y. Yano and S. Oae, Tetrahedron 26, 27-35 (1970); (b) 
V. Fiandanese, G. Marchese and F. Naso, J. Chem. SOC., 
Perkin Trans. 2 1538-1542 (1973). 
(a) J .  C. Fishbein and W. P .  Jencks, J.  Am. Chem. SOC. 
110, 5075-5086 (1988); (b) J .  C .  Fishbein and W. P. 
Jencks, J.  Am.  Chem. SOC. 110, 5087-5095 (1988). 
(a) M. J. Van Der Sluijs and C.  J .  M. Stirling, J.  Chem. 
SOC.,  Perkin Tran. 2 1268-1274 (1974); (b) P .  J. Thomas 
and C. J. M. Stirling, J.  Chem. SOC., Chem. Cornmun. 
829-830 (1976); (c) D. R. Marshall, P. J .  Thomas and 
C.  J .  M. Stirling, J.  Chem. SOC. , Perkin Trans. 2 
1898-1909 (1977); (d) P. J. Thomas and C. J .  M. Stirling, 
J.  Chem. SOC., Perkin Trans. 2 1909-1914 (1977); ( f )  P .  
J .  Thomas and C. J. M. Stirling, J.  Chem. SOC., Perkin 
Trans. 2 1130-1134 (1978); (e) D. R. Marshall, P .  J .  
Thomas and C.  J. M. Stirling, J.  Chem. SOC., Perkin 
Trans. 2 1914-1919 (1977); (g) R. P. Redrnan, P. J .  
Thomas and C. J. M. Stirling, J.  Chem. SOC., Perkin 
Trans. 2 1135-1144 (1978). 


374-381 (1972). 


8. 


9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18 


19 


20. 


21. 


22. 


23. 


24. 


25. 


26. 
27. 


28. 


29. 


(a) W. P .  Jencks, Acc. Chem. Res. 13, 161-169 (1980); 
(b) A.  Thibblin, S. Bengtsson and P.  Ahlberg, J .  Chem. 
SOC., Perkin Trans. 2 1569-1577 (1977); (c) W. K. Kwok, 
W. G. Lee and S. I. Miller, J.  Am. Chem. SOC. 91, 


V. Fiandanese, G. Marchese and F. Naso, J .  Chern. SOC., 
Chem. Commun. 250-251 (1972). 
(a) A.  F. Popov, Zh. P .  Piskunova and V. N. Matvienko, 
Zh. Org. Khim. 22, 1442-1446 (1986); (b) A. F. Popov, 
Zh. P .  Piskunova and V. N. Matvienko, Zh. Org. Khim. 
22,2138-2142 (1986); (c) A.  F. Popov, Zh. P .  Piskunova, 
V. N. Matvienko and N. M. Olejnik, Zh. Org. Khim. 22, 
2142-2146 (1986); (d) A.  F. Popov, V. N. Matvienko and 
Zh. P. Piskunova, Org. React. (USSR) 26, 61-70 (1989). 
L. I.  Kostenko, A. F. Popov, V. V. Kravchenko and I. F. 
Perepichka, Zh. Org. Khim. 22, 245-249 (1986). 
(a) L. I. Smith and H.  R. Davis, J.  Org. Chem. 15 
824-831 (1950); (b) T. Kitao, N. Kuroki and K. Konishi, 
J.  Chem. SOC. Jpn, Ind. Chem. Sect. 62, 825-828 (1959). 
(a) S. T. McDowell and C.  J. M. Stirling, J.  Chem. SOC. 
B 343-348, 348-350, 351-353 (1967); (b) W.  G. Davies, 
E. W. Hardisty, T. P .  Nevell and R. H. Peters, J.  Chem. 


V. Fiandanese, G. Marchese, F. Naso, and 0. Sciacivelli, 
J.  Chem. SOC., Perkin Trans. 2 1336-1339 (1973). 
V. A. Palm (Ed.), Tables of Rate and Equilibrium 
Consfanfs of Heterolyfic Organic Reactions, Vol. 2(1), 
VINITI, Moscow (1976). 
V. I. Minkin, V. A. Bren, A. D. Garnovsky and R. I. 
Nikitina, Khim. Geterofsikl. Soedin. 552-557 (1972). 
L. M. Litvinenko and N. M. Olejnik, Organic Catalysfs 
and Homogenous Catalysis, p. 47. Naukova Dumka, Kiev 
(1 98 1). 
A .  S. Dneprovsky and T.  I. Temnikova, Theoretical 
Fundamentals of Organic Chemistry Khimiya, Leningrad 
(1979). 
L. Melander and W. H. Saunders, Jr ,  Reaction Rates of 
Isotopic Molecules, Wiley, New York (1980). 
F. G. Bordwell, N. R. Vanier, N. S. Matthews, J .  B. 
Hendrickson and P. L. Skipper, J.  Am. Chem. SOC. 97, 


F. G. Bordwell, R. H. Imes and E. C. Steiner, J .  Am. 
Chem. SOC. 89, 3905-3906 (1967). 
F. G. Bordwell and N. S. Matthews, J .  Am.  Chem. SOC. 


F. G. Bordwell, M .  Van Der Puy and N. R. Vanier, 
J. Org. Chem. 41, 1883-1885 (1976). 
W. S. Matthews, J. E. Bares, J. E. Bartmess, F. G. 
Bordwell, F. J. Cornforth, G. Drucker, 2 .  Margolin, 
R. J .  McCollum, G. J. McCollum and N. R. Vanier, 
J.  Am.  Chem. SOC. 97, 7006-7014 (1975). 
D. W. Earls, J .  R. Jones, and T. G. Rumney, J.  Chem. 
SOC., Perkin Trans. 2 878 (1975). 
E. B. Eron'ko, Elektrokhimiya 9, 1504-1505 (1973). 
I. F. Perepichka, Dissertation, Instute of Physical Organic 
and Coal Chemistry, Donetsk (1986). 
A. J .  Gordon and R. A. Ford, The Chemist's Companion: 
A Handbook of Practical Data, Techniques and 
References. Wiley, New York (1972). 
A. A. Potekhin (Ed.), Properties of Organic Compounds, 
Khimiya, Leningrad (1984). 


468-476 (1969). 


SOC. B 1004-1007 (1970). 


7160-7162 (1975). 


96, 1216-1217 (1974). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 7, 1-8 (1994) 


SEMI-EMPIRICAL CALCULATIONS ON 
HETEROCUMULENE-HETERODIENE CYCLOADDITION 


REACTIONS: KETENE + 1-AZABUTADIENE 


WALTER M. F. FABIAN AND GERT KOLLENZ 
Institut fur Organische Chemie, Karl-Franzens Universitat Graz, Heinrichstra 28, A-8010 Graz, Austria 


Semi-empirical (AM) calculations on the 12 isomeric products and the corresponding transition states of ketene-l- 
azabutadiene [4+2] and [2+2] cycloaddition reactions as a model system for the reaction of ketenes with 4- 
iminobenzylfuran-2,3diones are presented. A [4 + 21 type of reaction of the ketene C=C double bond leading to a 
six-membered lactam compound is found to be highly favoured both thermodynamically and kinetically. [2 + 21 
Cycloadducts generally have significantly higher activation energies. Reactions involving the formation of a 
carbon-nitrogen bond proceed in most cases via attack of the nitrogen lone pair leading to a zwitterionic intermediate. 
Depending on the respective cycloadduct, both two-step and concerted, albeit asynchronous, processes were obtained. 
Based on the structures of the various transition states, some predictions with respect to substituent effects are made. 
Similarities to and differences from the analogous reaction of ketenimines with oxa-l,3dienes are discussed. 


INTRODUCTION 


The cycloaddition chemistry of heterocumulenes is 
largely dominated by [2 + 21 reactions. ' In a few cases, 
especially with electron-deficient dienes, e.g. azabuta- 
dienes, [4 + 21 cycloaddition products could be 
observed. 2 - 6  This type of reaction product may also be 
obtained by cation radical-initiated Diels-Alder or 
vinylcyclobutanone rearrangement reactions. ' Finally, 
vinylheterocumulenes and a-0x0 ketenes can be used as 
heterodienes in [4 + 21 reactions.'-'' Theoretical work 
concerning heterocumulene cycloadditions so far has 
been almost exclusively devoted to those of the [2 + 21 
type, e.g. dimerization of ketene"-I3 or 
carbodiimides, l4 cycloadditions to alkenes, "-" car- 
bony1 compounds'9s20 (in this case an [8 + 21 process 
also has been considered") and especially Schiff 


In contrast, calculations dealing with 
[4 + 21 cycloadditions of heterocumulenes are 
scarce. 6*26-2' Experimentally, the heterodiene subunit 
of 4-benzoyl-substituted heterocyclic 2,3-diones (furan- 
diones and pyrrolediones) has been found to add a 
variety of heterocumulenes yielding bicyclic hetero- 
cyclic molecules. 29-33 For example, Schiff bases of 4- 
benzoylfuran-2,3-diones (1 in Scheme 1) readily react 
with diphenylketene (R1 = R2 = phenyl in Scheme 1) to 
furo [3,2-c] pyridines (2)32 in agreement with other 
reactions of ketenes and aza-l,3-dienes. 2-6s34-3' In 


bases. 19.22-25 
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striking contrast, the parent carbonyl compound 3 (see 
Scheme 1) adds diphenylketene in a [2 + 21 reaction at 
the 3-carbonyl group to give after decarboxylation 
3-diphenylmethylen-2(3H)-furanone (5). 33 The same 
product 5 is also obtained in photochemical reactions of 
3 with ke t en imine~~~  (R' = R2 = aryl in Scheme l) ,  
whereas in thermal reactions 2 is formed. 32 As corrob- 
orated by isotopic labelling experiments, 39 the latter 
reaction most probably proceeds via a [4 + 21 cycload- 
dition of the C=N double bond of the ketenimine with 
3 to give the primary cycloadduct 6, followed by a 
rearrangement sequence 6 -+ 7 -+ 2. Further evidence 
for this mechanism stems from the fact that in a single 
case (R' = CH3) the intermediate 7 could be isolated. 
Obviously, the outcome of these reactions strongly 
depends on the nature of both the heterocumulene and 
the heterocyclic dione. 


To obtain some insight into this intriguing behaviour, 
we have performed theoretical calculations on some 
simple model In this paper the main 
focus is on the reaction of ketenes with 4- 
iminobenzylfuran-2,3-diones (1) with special emphasis 
on the peri-, site-, and regiochemistry of these cycload- 
ditions. For this purpose, as the simplest model system 
possible, the reaction between ketene and 1- 
azabutadiene was chosen. This should make it possible 
to delineate both similarities to and differences from the 
analogous reactions of ketenimines with acrolein 
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Scheme 1. 


studied previously as a model system for the reaction 
3 -+ 2.26-28 


Erlangen-Niirnberg, Germany). Geometries were com- 
pletely optimized (keyword PRECISE). Transition 
states were approximately located by the reaction coor- 
dinate method, refined by gradient norm minimization 
(NSOlA routine in VAMP) and characterized by force CALCULATIONS 


All calculations were done by the semi-empirical AM1 constant calculations. In addition, starting from transi- 
method4’ using either the MOPAC41 or VAMP4’ tion states, downhill optimizations along both direc- 
program packages (a copy of a Stardent version of the tions of the normal mode corresponding to the negative 
VAMP program was kindly provided by Dr T. Clark, eigenvalue of the force constant matrix were 
Institut fur Organische Chemie, Universitat performed. 
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RESULTS 


The possible reaction products of ketene-l- 
azabutadiene cycloadditions are shown in Scheme 2. 
Whereas for [4 + 21 reactions (structures 8-11 in 
Scheme 2) an s-cis conformation of the heterodiene is 
required, for [2 + 21 processes (12-19 in Scheme 2) no 
such restriction exists. Consequently, in the latter cases 
the calculations were done for both s-cis and s-trans 
conformations of 1-azabutadiene. 


The results of the calculations [heats of reaction 
AHR, activation energies A H *  (kJ mol-I), dipole 


H 
I g 
8 


H 
I 


11 


+* 
NH 


14 


H 
I Go 


moments p (debye) for products and transition states, 
imaginary frequency P (cm-') and distances rl and r2 
(pm) of the two forming bonds (for definitions see 
Scheme 2 are given in Table 1. 


Several points are worth mentioning. For some of 
these model reactions a concerted mechanism, albeit 
with rather asynchronous transition states (11, 13, 14, 
15,17,18,19) are found whereas other compounds (10, 
12,16) are predicted to be formed in a two-step process 
via an intermediate. For 8 both a concerted [8(a)] and 
a two-step process [8(b)] with significantly lower 
activation energies are obtained by the calculations. For 


9 10 


12 13 


a0 
\NH 


15 


)+pQ=( NH 


17 18 
Scheme 2. 


H 


16 
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Table 1. Calculated heats of reaction AHR', activation energies AH* (kJ mol-I), dipole 
moments p (D). imaginary frequencies i (cm-') and distances rl and rz (pm) of the two forming 


bonds 


Compound AHR AH* Cb CC P rl r2 


8(n) 


9 
10 


11 
12 


13 


14 


15 


16 


17 


18' 
Wa)  


Wb)  


-256.5 


56.9' 


- 86.6 
-118.4 


55.2' 


26.8 
- 74.0 


(-69.4) 
50.6' 


(50.2)' 


-46.9 
(-45.2) 
-128.4 


(-1 17.2) 
-130.1 


(-128.9) 
43-1 


(54.4) 
55.2' 


(59.8)' 


187.4 
(1 87.0) 
-12.4 
-11.7 


(-10.5) 


124.3 
76*6d 


79.5' 
175.5 
73*2d 


79.9' 
239-7 
7 1 ~ 5 ~  


( 7 1 ~ 5 ) ~  


123.8' 
(123 -4)' 
295.8 


(295.8) 
143.5 


(170.1) 
171.5 


(173.2) 
73*2d 


(82 * O)d 


195.0' 
(204.6)' 
441.8 


(441.8) 
227.6 
253.1 


(257.3) 
256.1 


(266 * 1) 


3.05 


7.28 


2-65 
2.16 
6.94 


2.62 
3-59 


(3.68) 
8.37 


(8.77) 


1.94 
(1.74) 
1.86 


(1.84) 
1-85 


(3 * 69) 
1.68 


(2.08) 
6.83 


(7.64) 


2.60 
(2.74) 
1.30 
2.65 


(1.66) 


4.19 
5.15 


6.06 
2.20 
4.78 


5.23 
4.27 
5.88 


(6 * 22) 


5.89 
(6 07) 
1.97 


(1.79) 
4.41 


(6.50) 
4.83 


(4.48) 
4.79 


(5 * 27) 


5.51 


3-23 
(3-21) 
3-62 
4.26 


(4.45) 
2.24 


(3-72) 


(6.04) 


464 
472 


57 1 
882 
468 


507 
592 
448 
(446) 


485 
(488) 
765 


(805) 
553 


(627) 
535 


468 
(478) 


(521) 


756 
(733) 
1450 


(1 452) 
820 


1009 
(1 026) 


973 
(1201) 


279.9 
184.5 
152.8 
152.2 
187.1 
185.0 
154.0 
148.3 
205.8 
185-6 


(185.3) 
152.4 


(1 52.2) 
144.5 


(144.6) 
237.1 


(235.8) 
265.5 


(261 * 1) 
165-3 


(164.8) 
184.8 


(185 -7) 
152.7 


(1 52 * 4) 
144.9 


(144.7) 
201-8 


(201 '6) 
227.5 
224.2 


(223 '4) 
157.5 


(162.1) 


171.9 
311.1 
303.3 
242.4 
232.4 
315.3 
302.6 
214.7 
165.6 
311.2 


(310.6) 
294.8 


(295 * 5) 
234.8 


(234.5) 
165-4 


(166.5) 
161.6 


(163.5) 
263.5 


(263 * 3) 
247.4 


(304.8) 
295.8 


(286.4) 
206.7 


(204 * 8) 
160-3 


(160.7) 
157.2 
164.3 


(162.8) 
225.9 


(223.7) 
~~~~ ~ ~ 


 AH^ and AH* relative to reactants ketene + 1-azabutadiene; results for [2 + 21 cycloaddition 
groducts of s-trans-1-azabutadiene are given in parentheses. 


Dipole moments of products and intermediates. 
Dipole moments of transition states. 
First transition state. 
Intermediate. 


'Second transition state. 
%Despite several attempts, only a transition state for [2 + 21 reaction with s-trans-I- 
azabutadiene could be found. 


19 two transition states of nearly the same energy but 
differing in their structures [19(a), rl > rz; 19(b); 
rl < r2] are found. Except for 18 where only a tran- 
sition state for the reaction with s-trans-1-azabutadiene 
could be located, [2 + 21 cycloadducts formed from 
either the s-cis or the s-trans conformation of the 
heterodiene show only small differences in AHR and 
AH.* In all cases reaction of the s-cis-diene should be 
slightly favoured. Formation of the [4 + 21 cycloadduct 
8, which corresponds t o  the experimentally observed 


product 2, is calculated to  be considerably more feasible 
than any of the [2+2] products 12-19 both under 
kinetic and thermodynamic control of the reaction. 
Interestingly, for the isomeric [2 + 21 cycloadduct 12, 
which also contains a lactam structure, the first tran- 
sition state and the intermediate are slightly lower in 
energy than those of 8. However, the activation energy 
for conversion of the intermediate to  the [4+2]  
product is much lower than that to the [2 + 21 product. 
This second transition state, therefore, is decisive for 
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the outcome of the reaction. [2 + 21 Cycloadditions 
involving the ketene C=O double bond (16-19) 
generally are disfavoured as compared with reactions of 
the ketene C=C double bond (12-15). In contrast, 
under kinetic control the [4+2] cycloaddition of the 
ketene C=O double bond leading to 10 should prevail 
even over [2+2] processes yielding the thermo- 
dynamically more stable products 14 or 15. Compounds 
involving the N-0  bond (11, 17) are highly dis- 
favoured since formation of both molecules is predicted 
to be an endothermic process and the activation ener- 
gies are much higher than for any other reaction 
considered. 


For 10 both the first transition state and the interme- 
diate are slightly lower in energy than those for 8 
(probably because of their trans- as opposed to the cis- 
amidic structure 8). In both reactions the second transi- 
tion states differ only marginally in their energies. 
Under kinetic control formation of the thermo- 
dynamically less stable molecule 10 therefore might 
compete with that of 8. This result resembles that 
obtained for the analogous reaction between ketenimine 
and acrolein. 27*28 However, there are significant 
differences in transition-state structures: in the two 
ketenimine-acrolein [4 + 21 cycloadducts correspon- 
ding to 8 and 10 (with NH and 0 interchanged) rl was 
calculated to be much longer than r2.27228 Therefore, it 
was proposed that substituents would stabilize the 
sterically less demanding transition state for reaction of 
the C=N as opposed to the C=C double bond.27928 In 
contrast, for 8 and 10 (see Figures 1 and 2) r1 is sig- 
nificantly shorter than r2, rendering the transition state 
leading to 10 more prone to steric crowding. Hence 
substituents should additionally favour the formation 
of 8, in complete agreement with the experimental 
findings. 


The lactam structure of 8 apparently represents a 
unique feature which largely favours this compound. 
Despite some superficial similarities to ketenimine- 
acrolein cycloadditions, the lack of such a structure in 
products obtained in this latter reactions results in a less 
pronounced differentiation between the various 
cycloadducts. Generally, in reactions leading to pro- 
ducts with a carbon-nitrogen bond, in the respective 
transition states the formation of this bond is consid- 
erably more advanced than formation of either a 
carbon-carbon or carbon-oxygen bond, thus leading 
to a highly dipolar or zwitterionic intermediate, as can 
be inferred from the high dipole moments of these 
structures (see Table 1). The only exception to this 
generalization is 13, where rl > r2. An alternative tran- 
sition structure with rl < r2 also found here, however, 
does not lead to 13 but rather to elimination of carbon 
monoxide. Further, from structures of the transition 
states an attack of the nitrogen lone pair rather than the 
C=N *-orbital can be inferred [e.g.ofor 8 a torsional 
angle r (C-6-N-1-C-2-C-3) = 6.9 implies interac- 


r(CS - C6 - N1- CZ) = 52.5- r(C6 - NI - C2 - C3) = -60.4' 


t(NI-CZ-C3-C4)- -6.2O r(C2 - C3 - C4 - CS) = S4.F 


r(C3 - C4 - CS - 07) - 132.6O 


r(NI - C6 - CS - 07) = 177.4' 


r(('3 - C4 - ('5 - C6) -48.2' 


z(C4-CS-C6-NI)- 4 . 6 O  


Figure 3. Calculated transition state for compound 9 
(distances in pm, angles in degrees) 


tion in the C=N plane rather than perpendicular to it; 
for numbering see Figure 11. Previous theoretica122-25 
and investigations of [2 + 21 cycload- 
ditions between ketenes and Schiff bases led to a similar 
conclusion. The transition state leading to 9 is unique 
since it resembles more closely a structure expected for 
a Diels-Alder reaction (see Figure 3 and the values of 
rl and 1-2 given in Table 1). 


CONCLUSIONS 


The results of the semi-empirical calculations presented 
here provide a basis for a rationalization of the intri- 
guing dependence on the structure of both the heterocu- 
mulene and the heterodiene in cycloadditions of 
(heteroanalogous) 4-carbonyl-substituted heterocyclic 
2,3-diones. Based on the calculated activation energies 
the formation of the [4+2] cycloadducts 8 and 10 
should be highly favoured over all other possible 
isomers. The greater stability of 8 than 10 is expected 
additionally to favour 8. From the structures of the 
various transition states one might infer this to be even 
more so in substituted derivatives (e.g. reaction 1 + 2 in 
Scheme 1) .  This is in striking contrast to the analogous 
ketenimine-acrolein cycloaddition, where substituents 
are predicted to favour reaction of the ketenimine 
C=N instead of the C=C double bond (e.g. reaction 
3 + 6 in Scheme 1) .  
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ELECTRONIC STRUCTURE OF THE DISILENYL RADICAL 
ANION* 


WOLFGANG W. SCHOELLERt AND THILO BUSCH 
Fakultat fur Chemie der Universitat, Postfach I0 OI 31, 35501 Bielefeld, Germany 


According to quantum chemical calculations, the anion radical of disilene adopts a syn- or anti-pyramidal geometry. 
The former is not a stable entity on the electronic hypersurface and it decreases further in energy by rotation of the 
Si-Si bond. Energy optimization of various structural alternatives reveals for the anion radical an Si-Si bond slightly 
longer than a single bond. The anti geometry prefers a CU, geometry whereas the syn geometry resembles a silylene 
coupled with a silylene radical anion. The fragmentation of disilene into two silylene units is less exothermic for the 
neutral species than for the anion (radical), as examined by the ab initio calculations. 


INTRODUCTION 


The formation of radical anions in polysilanes is now 
well established, owing to the pioneering work of 
West.' In comparison, the reduction of disilene and 
investigations of its ESR spectroscopic properties have 
been reported only recently,' 


In this work, we investigated the electronic hyper- 
surface of the disilene anion radical, 1: 


[SizH4] - ' 


1 


We considered in detail the evaluation of the rota- 
tional barrier in 1 and computation of the electron 
affinity of disilene. These aspects yield valuable infor- 
mation of the thermodynamic stability of the anion 
radical formed. 


METHODOLOGY 


All quantum chemical calculations were performed with 
the set of Gaussian 92 programs. 3a For the closed-shell 
species the RHF approximation and for the doublets 
the UHF approximation4 was used. The 6-31 + g(d, p) 
basis set' was employed throughout. Electron correla- 
tion corrections were calculated by the MP4SDTQ 
approximation6 (here abbreviated to MP4 approxi- 
mation), utilizing the frozen core approximation. The 
reliability of the UHF results was checked by com- 


puting the expectation values of (Sz> from the UHF 
calculations. For all doublets under investigation the 
values of (9') are in the range of 0.75-0.77, which 
indicates a very low spin contamination (for further 
discussion on this aspect, see also Ref. 3b). 


RESULTS AND DISCUSSION 


Qualitative considerations 


It is useful to start the discussion from planar disilene. 
Its frontier orbital system' co:sists* of a r and x* 
orbital with corresponding u(u+ , u- ) below (above) 
them. Within DZh symmetry they refer to bl,(r) ,  
b q ( r * ) ,  as(u, c r : )  and b3"(a*) irreducible represen- 
t a t i o n ~ ~  [Figure 11. For the discussion of anti- 
pyramidalization, only the a: and a_* orbitals are of 
relevance. Hence the u orbital is omitted in Figure 1. 


Let us consider how 'A and a* of planar 1 mix with 
the u: and u* orbitals during the planar to anti distor- 
tion. In the anti structure, the overlap between r and 
uf (both are of b, symmetry) and that between 'A* and 
u+ (both are of a,.symmetry) are non-zero. Conse- 
quently, orbital mixing occurs between and r and a* 
and between r* and a: on bending. Owing to this 
orbital mixing, the r and r* levels are lowered upon the 
planar to anti distortion (the quantum chemical calcu- 
lations on disilene are numerous; for a survey, see Ref. 
8a, and for later work see Ref. 8b; a general valence 
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diagram for anti- 


pyramidalization in disilene 


bond analysis of trans-bending at double bonds has 
been given by Trinquier and Malrieu''). In the case at 
hand, one can differentiate between two cases: (a) in the 
(neutral) disilene, Si2H4 ( h ) ,  the u and a level is 
doubly occupied (I ui?a?i > ), giving rise to a weak 
second-order Jahn-Teller interaction between the a 
and a* orbitals, by lowering to c 2 h  symmetry; (b) 
additional occupation of the a* orbital in the anion 
(I cri??r?ia* > ) causes an additional distortional force, 


by mutual interaction of a* with u* orbitals. Conse- 
quently, anti-pyramidalization of the silylene units is 
exerted more strongly in the anion (radical) than in the 
neutral compound. 


Fragmentation processes and electron affinities 


The absolute energies [in atomic units (au)] of the 
investigated species are given in Table 1. Relative ener- 
gies, which yield valuable information on the various 
fragmentation processes, are listed in Table 2.  


The stability of disilene and its radical anion towards 
fragmentation into silylene units is estimated by the 
energy balances for reactions (1)-(4): 


2SiH2(Czu) -+ Si2H4(C2h) (1 )  
SiH2(Czu) + SiH2- '(CzU) -+ Si2H4 (C2h) ( 2 )  


SiHz(&) + e- -+ SiHF '(&) (4) 
The stability of disilene is determined by reaction ( 1 )  
and that for its corresponding anion by reaction (2). 
The reaction processes (3) and (4) result in the stabilities 
for formation of the corresponding anion radicals from 
the neutral species. In other words, they refer to the 
electron affinity of the parent disilene [reaction (3) ]  or 
the silylene [reaction (4)]. Negative values in Tables 1 
and 2 correspond to an exothermic reaction balance. 
The values at the RHF level parallel those at the elec- 
tron correlation level (MP4). Additional contributions 
by zero-point vibrational energies alter the results only 
to a minor extent. 


There is another aspect which should be discussed 
here. The energy balances, reactions (1)-(4), were 
determined by a comparison of the results for closed- 
shell and open-shell species (doublets). The former were 
calculated by the RHF and the latter by the UHF 
approximation. The wavefunction resulting from the 
latter procedure may suffer from spin contamination. 3b 


We examined this aspect by analysis of the expected 


Table 1. Absolute energies (au) and lowest energy vibrations (cm- ') 


Structure Symmetrya RHF (UHF)b MP4' ZPEd Y (cm-') 


Si2H4 D2h -580.084213 -580.315642 0.033080 -87, UE 


Si2H 4 D 2 h  -580.066371 - 580'301787 0.029242 -927, b," 


SiHz c 2 u  -290.003734 -290.109156 0.012543 1121, ai 
SiHy c2u -290.023700 - 290.134637 0.01 1442 1059, 


CZh -580.084233 -580.316062 0.033254 99, ag 


CZh -580.113209 -580'344438 0'030431 214, au 


a Orientation of structures according to the standard orientation conventions. ' 
RHF/6-3 1 + g(d, p) for closed shell and UHF/6-31 + g(d, p) for doublet species. 


Zero point vibrational energy contribution. 
MP4SDTQ/6-31 + g(d, p)//RHF(UHF)/6-3 1 + g(d, p). 
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Table 2. Reaction energies (kcalmol- l )  


Reaction RHF (UHF)a MP4b ZPE/MP4' 


(1) -48.2 -61.4 - 56.3 
(2) -53.9 -63.3 - 59.2 
(3) -18.2 -17.8 -19.6 
(4) -12.5 -16.0 -16.7 


a RHF (UHF)/6-31 + g(d, p). 
MP4SDTQ/6-31 + g(d, p)//RHF(UHF)/6-31 + g(d, p). 
Level (b) plus zero point vibrational energy contribution. 


values of (sz> resultingJrom the UHF calculations. In 
all cases the values of (S2) are in the range 0.75-0-77. 
On this basis, 3b spin contamination in the doublet 
species is nearly zero. 


Interestingly, the dimerization reaction (2) is slightly 
more exothermic than reaction (1). At first glance it 
seems surprising that the anion of disilene is more stable 
towards dissociation of the Si-Si bond than the neutral 
disilene. A rationale for this effect is given later. 
Reactions (3) and (4) are sizably exothermic, at all levels 
of sophistication. They reveal a strong electron affinity 
of the species SiHz and Si2H4. Our results on the elec- 
tron affinities of disilene are in accord with recent theor- 
etical investigations. 


Rotational barrier 


Of particular interest is the rotational barrier in 1. From 
an experimental viewpoint, detailed information on 
this aspect is not possible. We examined it by detailed 
quantum chemical investigations. Relative energies for 
the various rotational conformers are given in Table 3. 
A corresponding list of the structural parameters result- 
ing from energy optimization is presented in Table 4. 


The conformer of 1 lowest in energy is the anti- 
pyramidalized structure. In other words, 1 strongly 
prefers a C2h geometry. The preference for deviation 
from planarity is fairly large. At the best computational 
level (ZPE/MP4) it results in -26.1 kcalmol-' 
(1 kcal = 4.184 kJ) in favour of the anti-pyramidal 
conformation. For comparison, the corresponding 
energy difference for the parent disilene is only 
-0- 12 kcal mol-'. Here the operation of only a small 
anti-pyramidalization force has been established by 
MCSCF calculations. lo 


The Si-Si tistance in the anion radical (CZ~ ,  
Si-Si = 2.365 A )  is IFnger than in the parent disilene 
( C Z h ,  Si-Si = 2.131 A) .  The strong pyramidalization 
force is also witnessed in the strongly diminished tilting 
angle a. Rotation of one silyleneznit (determined b,y 
the angle 0) from the anti (I9 = 180 ) to the syn (I9 = 0 ) 
conformer causes a stretching of the Si-Si bond. How- 
ever, most noticeable is the fact that 011 and a2 adopt 
sizably different values. It is most strongly pronouncoed 
in the syn conformation (a1 =97*6", az= 144.6 ). 
Here the Si-Si bond is abso longer than a corre- 
sponding single bond (2.36 A, estimated from covalent 
bond radii"). 


On this basis, one may describe this conformer as a 
donor-acceptor (a-b) complex of a silylene, a, with a 


- a 


Table 3. Rotational barrier in 1 (kcalmol-l) 


0 (') Symmetry UHFa MP4b ZPE/MP4' Y (cm-l) 


0 
0 


30 
60 
82.8 
90 


120 
150 
180 


C2" 13.0 12.6 
c1 6.0 8 .5  
c1 5.3 7.9 
c1 4.3 6.9 
CI 4.1 6.7 
CI 4.1 6.7 
CI 3.6 5.3 
CI 1.1 1.0 
CZ h 0.0 0.0 


12.1 
8.3 
7.6 
7.0 
6.7 
6.6 
5.2 
0.9 
0.0 


-1013, bz 
- 206 
- 88 
157 
109 
43.4 


- 209 
144 
214, a,, 


aUHF/6-31 +g(d,p). Values of ( s 2 )  are in the range 0.75-0.77. 


'Level (b) plus zero point vibrational energy contribution. 
bMP4SDTQ/6-31 + g(d, p)//UHF/6-31 + g(d, p). 
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Table 4. Relevant geometric parameters (bond lengths in A, 
bond angles in degrees) of the disilene anion radical . 


0 
30 
60 
82.8 
90 


120 
150 


SizH4 (C2h) 


180 (C2h) 


Si-Si 


2.417 
2.41 1 
2.403 
2.406 
2.407 
2.405 
2.370 
2.365 
2.131 


Crl 


97.6 
97.4 
98.1 
99.1 
99.3 


100.8 
115-9 
116.5 
170. 


a2 


144.6 
144.6 
144.7 
144.9 
144.7 
135.6 
116.4 
116.5 
170. 


P I  


97.0 
96.9 
96.7 
96.5 
96.4 
96.8 
99.8 


100.1 
115.1 


6 2  


103.4 
103.2 
102.9 
102.5 
102.4 
101.4 
99.9 


100.1 
115.1 


- 


silylene anion, b, as shown. This view is in accord with 
an analysis of the Mulliken population, indicated as 
follows. 


-0.233 
-0.233 


E -0.394 2 -0.605 


The strongly flattened silylene unit possesses more 
negative charge than the strongly pyramidalized silylene 
unit. In contrast, in the anti conformation the charge is 
equally distributed over all equivalent atoms. In the 
structure shown, the values in parentheses are corre- 


-0.226 
(0.116) 


4.048 
(0.231) 


Y H z  


,216 
,. , -.116) 


sponding values for (neutral) disilene. A comparison of 
both sets of values indicates distribution of negative 
charge over both the silicon and the hydrogen atoms. 
All hydrogen (silicon atoms) are equivalent within CZh 
symmetry. Hence they bear equal charges. 


On this basis, it is plausible that the syn conforma- 
tion (Cl) is [at the best computational level 
(ZPE/MP4)] 8.3 kcalmol-I less stable than the CZh 
symmetrical anti conformer ( 8 =  180 ). The C2" sym- 
metrical syn conformer is even 12.1 kcalmol-I higher 
in energy. Another stable rotational isomer appears for 
8 = 82.8". According to the vibrational analysis it refers 
to an energy minimum on the electronic hypersurface 
and is 6 . 7  kcalmol-' less stable than the anti con- 
former. The geometric parameters (Table 4) reveoal a 
geometry intermediate between 8 = 0 and 0 = 180 . 


The charge distribution analysis also makes it 
apparent why the formation of the anion from two sily- 
lene units [reaction (2)] is slightly more exothermic 
than reaction (1). The negative charge can be equally 
distributed over the hydrogens. Concomitantly, the 
Si-H bonds afe elongated in 1 ( C 2 h  symmetry, 
Si-H = 1.513 A) as compared with the parent CZh 
symmetrical Siz& (Si-H = 1 a467 A ). 
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The bisporphyrin N,N’-bis [4”-(rneso-triphenylporphyrinyl)benzyl] -4,13-diaza-l8-crown-6 and its mono- and dizinc 
derivatives were synthesized in 66%, 46% and 53% yields, respectively, from 5-(4‘-bromomethylphenyl)-lO,l5,20- 
triphenylporpbyrin or its zinc derivative and 4,13-diaza-lS-crown-6. The zinc-containing bisporphyrins form dimers 
in solution at low temperature or at high concentration. The unsymmetrical bisporphyrin; monozinc N,N’-bis [4”- 
(meso-triphenylporphyrinyl)benzyl]-4,13-diaza-18-crown-6 shows singlet-singlet energy transfer from the zinc 
porphyrin moiety to the free base moiety in both the monomeric and the dimeric form. The energy transfer rates were 
determined using time-resolved fluorescence spectroscopy and were found to be 1.26 x lo9 and 2.29 x lo9 s - ’  for the 
monomeric and dimeric form, respectively. The difference in energy transfer rates between the two forms can be 
rationalized by the difference in overlap between the donor fluorescence spectrum and acceptor absorption spectrum, 
donor-acceptor distance and donor-acceptor orientation. 


INTRODUCTION 


The theory of radiationless energy transfer was devel- 
oped by Forster, ’ who introduced a dipole-dipole 
interaction mechanism for energy transfer referred to as 
a ‘Forster, resonance or Coulomb-type’ mechanism, 
This theory was later extended by Dexter to include 
higher order multipole interactions and exchange inter- 
actions. Energy transfer through exchange interactions 
is referred to  as ‘Dexter-type’ energy transfer. The 
Forster mechanism operates via Coulombic interactions 
between transition moments and does not require 
physical contact between the donor and acceptor and 
is, therefore, a long-range mechanism. The Dexter 
mechanism, on the other hand, operates via electron 
exchange and thus requires orbital overlap and physical 
contact between the donor and acceptor and is, there- 
fore, a short-range mechanism. Depending on which 
mechanism is in operation, the theories predict how the 
energy transfer rate depends on a variety of parameters, 


*Author for correspondence. 


such as distance, relative orientation and energetics 
within the donor-acceptor system. 


In order to  confirm these theories and to  mimic bio- 
logical processes in which energy transfer plays a crucial 
role, a large number of donor-acceptor systems have 
been prepared and studied. Studies of these 
donor-acceptor systems have to  a large extent con- 
firmed the distance and orientation4 dependence and 
also the dependence of energetics5 and spectral overlap 
between donor fluorescence and acceptor absorption. 


The above theories are intended for the general case 
of a pair of molecules, a donor and an acceptor, in sol- 
ution, but are also applicable to the case where the 
donor and acceptor are held together by electrostatic 
interactions or intermolecular forces. They are, how- 
ever, not directly applicable to  the case where the donor 
and acceptor are covalently linked to each other. 
Recently, energy transfer was shown to be mediated by 
a-bonds over much larger distances than predicted by 
the simplest form of Dexter theory, and to  be depen- 
dent on the conformation of the chain connecting the 
donor and acceptor, long-range Dexter.6 How the 
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energy transfer rate depends on the electronic structure 
of the intervening media (solvents, proteins and con- 
necting bridges) is not easily predicted. 


In this paper we present the synthesis of and spectro- 
scopic data for a model compound that we hope will 
enable us to study energy transfer and how it is depen- 
dent on the electronic structure of the intervening 
medium between donor and acceptor. In this model 
system different groups should be incorporated between 
donor and acceptor by host-guest complexation. This 
has the advantage that it makes it possible to  study a 
large number of different groups with a minimum of 
synthetic work. The model compound is a bisporphyrin 
consisting of a diaza-crown ether substituted at each 
nitrogen with a porphyrin unit. The porphyrins may be 
either identical or different (Figure 1 ,  1-3). The diaza- 
crown ethers bind a primary alkylammonium salt and 
by varying the alkyl group in this salt it should be poss- 
ible to study how the rate of the energy transfer 
depends on the physical and chemical properties of the 
medium between the porphyrins. 


In the course of this study a paper was published 
which presents a system that makes use of the same 
principle in electron transfer studies. ' Different cations 
were complexed into a donor-acceptor system and the 
effect on the photo-induced electron transfer rate 
between the donor and the acceptor was studied. 


Both at  high concentrations and in dilute solutions at 
low temperature compounds 2 and 3 form dimers held 
together by nitrogen to zinc coordination. In this 


1. M = m = 2 H .  
2. M = m = Z n .  
3. M=Zn,m=2H 


R-N cono7 N-R' 


L o  OJ 
W 8 


4. R = R ' = X .  P. R = H .  M = 2 H .  
5. RtH,R'=CH2P.  ZnP. R = H ,  M = Z n  


6. R=Br. M=2H.  
7. R=CHO. M = 1 H .  


9. R = CH2Br. M = ZH. 
10. R=CH2Br. M = h .  


8. R=CH:OH. M = ~ H .  


Figure 1. Compounds prepared and used in this study 


ensemble of four porphyrins the mutual distance and 
orientation and the spectral overlap are drastically 
changed in comparison with the monomeric form. 
Photophysical properties of these dimers will also be 
presented. 


RESULTS 


Synthesis of bisporphyrins 1-3 


Porphyrin 6 (Scheme 1) was obtained as the major 
component in a mixture of six porphyrins with zero to 
four bromo substituents by condensation of pyrrole 
with a 3 : 1 molar ratio of benzaldehyde and 4-bromo- 
benzaldehyde according to  the Adler-Longo 
procedure. The porphyrin mixture was treated with 
butyllithium (BuLi) followed by N,N-dimethyl- 
formamide (DMF) and hydrolysis to  yield the formy- 
lated porphyrin 7, contaminated with a small amount 
of the corresponding chlorin, in 6% yield after chroma- 
tography based on the amount of pyrrole used in the 
condensation step. The chlorin was converted into por- 
phyrin by treatment with 2,3-dichloro-5,6-dicyano-l,4- 
benzoquinone (DDQ). lo Aldehyde 7 was then reduced 
to alcohol 8 with sodium borohydride in 97% yield, 
which was subsequently converted into bromide 9 in 
99% yield by treatment with hydrobromic acid in acetic 
acid. The bromomethylporphyrin 9 was converted into 
the corresponding zinc porphyrin in 99% yield by treat- 
ment with zinc acetate dehydrate according to  the usual 
metallation procedure. I '  Bisporphyrins 1 and 2 were 
prepared by N,N'-dialkylation of 4,13-diaza-l8-crown- 
6 (4) with the appropriate porphyrin 9 or 10 in the pres- 
ence of sodium hydroxide in 66% and 53% yield, 
respectively. The unsymmetrical bisporphyrin 3 was 


k 


4. NaOH / 
Zn(OAcj2-2H>O 4. NaOH 


- 1 0  - 2 HBrMOAc 
8 - 9  


10. NaOH 
5 - 3  


Scheme 1 .  Synthetic routes to bisporphyrins 1-3 
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prepared in a two-step N-alkylation of diaza-crown 
ether 4.  In the first step porphyrin 9 was treated with a 
large excess of diaza-crown ether 4 in 
the presence of sodium hydroxide to yield the 
monoalkylated diaza-crown ether 5 in 65% yield based 
on the amount of 9 used. In the second step bispor- 
phyrin 3 was obtained in 46% yield from 5 by treatment 
with zinc porphyrin 10 in the presence of sodium 
hydroxide. 


Photophysical properties of the monomeric 
bisporphyrins 1-3 


The ground-state absorption spectra, at 298 K, of the 
bisporphyrins 1-3 in the Q-band can be adequately 
described using a simple sum of the spectra of the indi- 
vidual chromophores, but those in the B-band show 
some small broadening, indicating very small or no 
interaction in the S1 states but some small excitonic 
interaction in the SZ states between the two 
porphyrins. lZ This shows that there is a large centre-to- 
centre distance between the porphyrins consistent with 
an extended conformation of the bisporphyrins. 


The steady-state fluorescence emission spectra were 
obtained by excitation at 548 nm, which corresponds to 
the Q,(O,O)-band and Q(0,l)-band of  the free base por- 
phyrin (P) and the zinc porphyrin (ZnP), respectively. 
At this excitation wavelength 73% of the light is 
absorbed by the ZnP moiety in bisporphyrin 3 and also 
in a 1 : 1 molar mixture of P and ZnP, and the 
remaining 27"io of the light is absorbed by the P. The 
symmetrical bisporphyrins 1 and 2 gave emission 
spectra identical with that of P (A,,, = 654 and 720 nm) 
and ZnP (A,,, = 598 and 646 nm), respectively. For the 
unsymmetrical bisporphyrin 3, the emission spectrum 
shows three peaks, a small peak at 598 nm and two 
larger peaks at 652 and 720nm. This emission spec- 
trum, in contrast to the absorption spectrum of 3, is not 
equivalent to the sum of the emission spectra of the 
individual chromophores. The fluorescence intensity of 
the ZnP moiety is decreased and that of the free base 
P moiety is increased, compared with the fluorescence 
spectrum of a 1 : 1 molar mixture of ZnP and P [Figure 
2(a)]. This is consistent with singlet excitation energy 
transfer from the ZnP moiety to the P moiety in bispor- 
phyrin 3. This is also shown by the excitation spectrum 
where the fluorescence intensity at 720 nm, which is due 
only to  the P moiety, is monitored as a function of the 
excitation wavelength. This spectrum resembles the 
absorption spectrum, which means that excitation of 
the ZnP moiety leads to  emission from the P moiety or, 
in other words the ZnP moiety, the donor, transfers its 
excitation energy to the P moiety, the acceptor. 


For excitation at 548 nm of oxygen-free 
dichloromethane solutions at 298 K, the total fluores- 
cence quantum yields, @y, were found to  be 0.100, 
0.027,0.050,0.098 and 0-083 for P, ZnP, a 1 : 1 molar 


a 


Wavelength (nin) 


Wavelength (nm) 


Figure 2.  Corrected emission spectra of 3 and a 1 : 1 molar 
mixture of ZnP and P.  (a) solid line, 3; dashed line, 1 : 1 molar 
mixture of ZnP and P in CH2Clz at 298 K .  (b) Solid line, 3; 
dotted line, 1 : 1 molar mixture of ZnP and P in CH2C12; 
dashed line, 1 : 1 molar mixture of ZnP and P in 0.07 M 


pyridine-CH2Ch at 190 K 


mixture of P and ZnP,  1 and 3, respectively. At the 
concentration of porphyrin used in these measurements 
(< 8 x lo-' M) there will be negligible intermolecular 
energy transfer since the average separation distance is 
>27 nm. 


Emission and non-radiative decay from the singlet 
excited state of the ZnP moiety in 3 will compete with 
the intramolecular singlet energy transfer. If one 
assumes that the rates for the two first processes are the 
same as in ZnP, the quantum yield of the energy 
transfer, (@E,,T, can be determined from the fluores- 
cence spectra by using the equation l 3  


(1) 


where I3(598) = fluorescence intensity at 598 nm for 3 


13 (598) 


IZnP(598) 
@EnT = 1 - ~ 
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Table 1. Fluorescence lifetimes of ZnP, 1 and 3 in CH2C12 at 
two different temperatures according to time-resolved fluores- 


cence measurements 


ZnP 1.80 2.04 
1 8.90 8.80 
3 0 .55  8.82 0.36 8.87 


and Zznp(598) = fluorescence intensity at 598 nm for ZnP 
in the 1 : 1 molar mixture of ZnP and P. This gives the 
quantum yield for singlet energy transfer in 3 as 0.66. 


The results of fluorescence decay measurements are 
summarized in Table 1. ZnP and 1 show monoexponen- 
tial fluorescence decays, whereas 3 shows biexponential 
fluorescence decay. 


If one assumes that the shortening of the lifetime (at 
298 K) of the ZnP moiety first excited singlet state in 3 
is due only to energy transfer, then the rate of the intra- 
molecular singlet energy transfer, kEnT, can be calcu- 
lated to  be 1.26 x lo9 s-’ from these data according to  
the equation 


(2) 


where T S I Z ~ P ( ~ )  = fluorescence lifetime of the ZnP 
moiety in bisporphyrin 3 and n 1 Z n P  = fluorescence life- 
time of ZnP. The quantum yield, + E ~ T ,  of the energy 
transfer is given by the equation 


1 1 
kEnT = ~ - - 


TSlZnP(3)  T S l Z n P  


+En1 = TSlZnP(3)kEnT (3) 
and equals 0-69, which is close to  the value calculated 
from equation (1) (0-66). 


Photophysical properties of the dimers of 
bisporphyrins 2 and 3 
The ground-state absorption spectra at 190K, of the 
dimer of bisporphyrin 3 can be adequately described by 
a simple sum of the spectra, at the corresponding 
temperature, of P and nitrogen (pyridine)-coordinated 
ZnP. No further broadening of the absorption bands 
due to  the dimerization can be observed, in comparison 
with the bisporphyrins 2 and 3, which indicates a very 
small excitonic interaction between the porphyrins in 
the dimer as in the monomers. 


The steady-state fluorescence emission spectra were 
obtained by excitation at  548 nm. For the dimer of the 
unsymmetrical bisporphyrin 3, the emission spectrum 
shows three peaks, a small peak at 610 nm, even smaller 
than for the bisporphyrin 3 at 298 K, and two larger 
peaks at  650 and 717 nm. The fluorescence intensity of 
the ZnP moiety is decreased and that of the free base 


P moiety is increased compared with the fluorescence 
spectrum of the bisporphyrin 3 (Figure 2). 


Biexponential fluorescence decay was observed at 
190K. The rate of the intramolecular singlet energy 
transfer in the dimer of the bisporphyrin 3 is calculated 
from the fluorescence lifetimes at 190 K given in Table 
1 to be 2-29  x lo9 s-’  according to equation (2). The 
quantum yield of the energy transfer, given by equation 
(3), equals 0.82. 


DISCUSSION 


Theoretical aspects of the energy transfer rate in the 
monomeric bisporphyrin 3 


The three-dimensional structure of the bisporphyrin 3 
in solution is most likely a rather extended conforma- 
tion (Figure 3), similar to the solid-state structure found 
for N,N’-bis(benzyl)-4,13-diaza-l8-crown-6. l4 This 
assumption is consistent with the observed shifts of the 
resonance peaks of the crown ether protons in NMR 
and that no or very small exciton coupling is seen in the 
UV-visible spectra of 3. 


The distance between the centre of mass of the donor 
and acceptor in the structure shown in Figure 3 was esti- 
mated from molecular models and by molecular 
mechanic calculations (MM2) to  be 27A. The most 
probable mechanism for energy transfer over such a 
large distance is the dipole-dipole Forster mechanism. 
The energy transfer rate can according to  the Forster 
theory be calculated from the equation 


where +fznp and T S ~ Z , , ~  are the fluorescence quantum 
yield and the fluorescence lifetime (in seconds) of the 
isolated donor, respectively, N is Avogadro’s number, 
n is the solvent refractive index, RDA is the distance (in 
cm) between the centre of masses of the donor and 
acceptor, JForster is the so-called overlap integral and 
x’ is an orientation factor. 


The overlap integral, JFijrster, depends on the spec- 
tral overlap between the donor fluorescence and the 
acceptor absorption according to  the equation 


F D ( v ) & . ~ ( v ) v - ~  dv 
JForster = ( 5 )  


where FD(v)  and a ( v )  are the fluorescence intensity of 
the donor and the molar absorptivity (in Imol-’ cm-I)  
of the acceptor as functions of the wavenumber, v 
(in cm- I ) ,  respectively. JFbrster was calculated from 
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Figure 3. An extended conformer of bisporphyrin 3 derived from the solid-state structure of N,Nf-bis(benzyl)-4,l3-diaza-18- 
crown-6 


our experimental data [Figure 4(a)] to be 3.5 x lo-” 
cm6 mol-’, which is in good agreement with calcu- 
lations of JFijrster for related systems found in the 
l i t e r a t~ re .~”~”’  


The orientation factor, x 2 ,  can be calculated 
according to the equation 


(6) 


where (Y and 0 are the angles between the transition 
dipole moments, in the donor and acceptor, and the 
vector adjoining the centre of mass of the donor and 
acceptor, respectively, and y is the angle between the 
transition dipole moments. Since there are fast confor- 
mational changes, compared with the energy transfer 
time-scale, in this non-rigid molecule, the measured 
lifetime of the singlet excited state of ZnP moiety in 3 
should be considered as an averaged lifetime of a large 
number of slightly different donor-acceptor systems 
with respect to the molecular conformation. The energy 
transfer rate, calculated from the experimental data, 
should then be taken as an averaged rate for energy 
transfer in several possible conformers. This also 
implies that x 2  and RDA, used when calculating the 
theoretical energy transfer rate, should be averaged 
values of all possible orientation factors and donor-ac- 
ceptor distances, respectively. 


The orientation factor is usually assumed to be con- 
stant in the wavelength interval where the donor fluor- 
escence and acceptor absorption overlap, i.e. the 
orientation of the transition dipole moment is indepen- 
dent of which vibrational states are involved in the tran- 
sitions. This is not fully correct, however, for the 
system Further, in ZnP the Qx and Qy 
transitions are degenerate and the system should be 
treated as a planar oscillator.16 No corrections are 
made for the wavelength dependence but the 


x 2  = (cos y - 3 cos (Y cos PI2 


degeneracy of the Qx and Qy transitions in ZnP is taken 
into account when calculating x 2 .  


An averaged value of all possible orientation factors 
is not easily obtained. However, an estimation of in 
which range X ’  can be found was obtained from mol- 
ecular models and molecular mechanics. In order to 
simplify the estimations of x 2  for the bisporphyrin 3, it 
was assumed that the diaza-crown ether is a rigid 
segment and that there is free rotation between this 
segment and the porphyrins. From this model x 2  was 
estimated to be in the range 0-8-1-0. RDA is the same 
for all conformations in this simple model. 


Insertion of the obtained values for JForster and the 
limits for X *  into equation (4) gave the theoretical 
energy transfer rate to be in the range 
(0.23-0.29) x lo9 s-I ,  which is considerably smaller 
than the experimental value for energy transfer rate in 
the bisporphyrin 3. This implies that the simple model 
of the bisporphyrin used for the calculations of x 2  is 
too conformationally restricted and that the average 
donor-acceptor distance should be shorter than 21 A. 
The fact that the donor should be looked at as a planar 
oscillator implies that even moderate conformational 
changes during the excited donor lifetime will give a 
dynamic average x 2  that can be fairly accurately 
approximated with the isotropic dynamic average value 
of 2/3. The isotropic dynamic average value applies to 
a system where the donor and acceptor transition 
dipoles sample all orientations several times during the 
donor lifetime. If x 2  is taken to be 213 then the exper- 
imental energy transfer rate cotresponds to an average 
donor-acceptor distance of 20 A. The bisporphyrin has 
to be much more flexible than the simple model used 
above to be able to achieve this average donor-acceptor 
distance. This is also supported by MM2 calculations 
on N,N’-bis(benzyl)-4,13-diaza-l8-crown-6, which 
show that various conformers have similar energy. 
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Figure 4.  (a) Spectral overlap between ZnP fluorescence (dashed line) and P absorption (solid line) at 298 K in CHzC12. (b) Spectral 
overlap between fluorescence from pyridine-coordinated ZnP in 0.07 M pyridine-CHzClz (dashed line) and P absorption 


(solid line) in CHzClz at 190 K 


Theoretical aspects of the energy transfer rate in the 
dimer of bisporphyrin 3 


The suggested structure of the dimer of the porphyrin 
is shown in Figure 5 .  In this ensemble of four por- 
phyrins there are two possible energy transfer path- 
ways. The shorter one is the intermolecular pathway 


from the donor in one of the two bisporphyrins forming 
the dimer to the acceptor in the other bisporphyrin. 
This donor-acceptor distance is 12A. The longer 
pathway is $tramolecular and the donor-acceptor dis- 
tance is 21 A. Estimations of the orientation factors for 
the two pathways were made. In the model used for 
these estimations it is assumed that the segment con- 


Figure 5 .  Tentative structure, with a centre of inversion, of the dimer of bisporphyrin 3 
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taining the two ZnP and the two diaza-crown ethers is 
rigid and that there is free rotation between this 
segment and the free base P. x 2  was then found to  be 
in the range 0.04-0.4 and 0.01-1.4 for the shorter and 
longer distance, respectively. 


Not only are the distance and the relative orientation 
between donor and acceptor changed relative to  the 
monomeric bisporphyrin 3, but also the spectral 
overlap between donor fluorescence and acceptor 
absorption. The spectral overlap is changed owing to 
the red shift of ZnP fluorescence when coordinating 
with a nitrogen ligand. &iirster was approximated with 
the overlap between the fluorescence of pyridine- 
coordinated ZnP and free base P absorption and found 
to be 1.40 x lo-" cm6 mol-'. 


Calculations gave the energy transfer rates for the 
shorter and the longer path way to  be in the range 
(0.53-5.3) x lo9 and (0-005-0.65) x lo9 s-' ,  respect- 
ively. The experimental energy transfer rate, 
2.29 x lo9 s - I ,  falls well into the interval calculated for 
the intermolecular pathway. This is an additional 
support for the suggested StJucture of the dimer. At 
such a short distance as 12 A (seven bonds, including 
the zinc-to-nitrogen coordination bond, between the 
donor and acceptor) an additional channel for energy 
transfer may be opened by the (long-range) Dexter 
exchange mechanism, or higher order multipole inter- 
actions. From the experimental data obtained it is not 
possible to tell whether these mechanisms contribute to 
the observed energy transfer rate. 


CONCLUSION 


A donor-acceptor system showing energy transfer 
properties and having the ability to complex cations has 
been synthesized. The energy transfer efficiency in this 
system was found to  be 0.7. This is well suited for our 
intention to  use the system in a study of how the energy 
transfer depends on the electronic structure of the inter- 
vening medium between donor and acceptor, since both 
an increase and decrease in energy transfer efficiency 
should be detectable. 


We found that in order to  obtain agreement between 
the experimental energy transfer rate and the rate pre- 
dicted by the Forster theory, it was necessary to  assume 
a fairly large flexibility in the monomeric form of the 
donor-acceptor system. However, the system should be 
structurally more well defined when binding a guest by 
the diaza-crown ether unit. 


As already reported, ' the donor-acceptor system 
forms a well-ordered ensemble of four porphyrins on 
dimerization at high concentration or at low tempera- 
ture. This energy transfer study has given additional 
support for the formation of a dimer and the suggested 
structure of the porphyrin ensemble. The energy 
transfer efficiency in this system was found to  be 0.8. 
The difference in energy transfer efficiency between the 


monomer and dimer was explained by the difference 
in overlap between the donor fluorescence spectrum 
and acceptor absorption spectrum, donor-acceptor dis- 
tance and donor-acceptor orientation. 


Further studies of this donor-acceptor system and 
the influence on the energy transfer on incorporation of 
different hydrocarbon groups between the donor and 
acceptor by complexation are in progress. 


EXPERIMENTAL 


Materials. All solvents, except chloroform and 
propionic acid, were distilled prior to  use. Diethyl ether 
and tetrahydrofuran were dried by distillation over 
sodium-benzophenone ketyl and N,N-dimethyl- 
formamide was dried by distillation over calcium 
hydride. The dry solvents were used immediately after 
distillation. Unless stated otherwise, all commercially 
available reagents were used without further purifica- 
tion. Silica gel 60 (230-400 mesh) and activated neutral 
aluminium oxide (Brockmann I, 150 mesh) were used 
for column chromatography. Thin-layer chromatog- 
raphy (TLC) was performed on commercially prepared 
silica gel plates coated with silica gel 60 F254 and alu- 
minium oxide plates coated with neutral aluminium 
oxide 60 F254 type E. meso-Tetraphenylporphyrin (P) 
was prepared according to  the Adler-Longo 
procedureg and purified to  remove meso- 
tetraphenylchlorin according to  the dry column chro- 
matographic method described by Adler et al. 10b,'7 


The zinc complex of meso-tetraphenylporphyrin (ZnP) 
was prepared by adding zinc acetate dihydrate in 
methanol to a boiling solution of meso- 
tetraphenylporphyrin in dichloromethane according to 
the usual metallation procedure. ' I  


Methods. 'H and I3C NMR spectra were recorded at 
293 K, unless stated otherwise, in CDCls with 
tetramethylsilane as internal standard using a Varian 
VXR-5000 400 MHz NMR spectrometer. Mass spectra 
of the porphyrins were recorded using a Finnigan Mat 
1020B instrument [electron impact mass spectrometry 
(EI-MS)] , a VG ZAB/HF analytical instrument 
[positive-ion fast atom bombardment (FAB) MS with 
3-mercaptopropane-1 ,2-diol as matrix] or a VG 
AutoSpecQ instrument [positive field desorption (FD) 
MS]. Owing to  decomposition of the compounds, no 
melting points could be obtained. Spectroscopic-grade 
dichloromethane was used for all photophysical 
measurements. Absorption and fluorescence spectra 
were recorded using a Varian Cary 210 spectro- 
photometer and a fully corrected Aminco spf 500 
spectrofluorimeter. Fluorescence quantum yields are 
based on that of Rhodamine B in absolute ethanol 
(+pf = 0.97''). The solutions used for fluorescence 
measurements were deoxygenated by purging with 
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argon. Fluorescence lifetimes were determined with 
single-photon counting (SPC) equipment as described 
previously. l 9  The data were deconvoluted in a global 
analysis with subsequent calculation of the species- 
associated spectra. '' An excitation wavelength 420 nm 
was used in all the time-resolved fluorescence measure- 
ments and the fluorescence decays were measured at 
587, 601, 632 and 656nm. A liquid-nitrogen cryostat 
(Oxford Instruments DN 1704 with DTC2 temperature 
controller) was used for measurements at low 
temperatures. 


Condensation of pyrrole with a 3: 1 molar ratio of 
benzaldehyde and 4-bromobenzaldehyde. 4-Bromo- 
benzaldehyde (15 46 g, 83 mmol) and freshly distilled 
benzaldehyde (25.5 ml, 0-25 mol) were added to 
boiling propionic acid (1.25 1, reagent grade). After 
5 min, freshly distilled pyrrole (23 ml, 0.333 mol) was 
slowly added and the reaction mixture was refluxed for 
30 min. Almost all the propionic acid was then removed 
through evaporation at reduced pressure and the black 
oily residue was dissolved in dichloromethane (250 ml). 
The resulting solution was washed with two portions of 
aqueous sodium hydroxide solution (2 x 100 ml, 0.1 M) 
and two portions of water (2 x 100 ml), dried over an 
hydrous magnesium sulphate and filtered through a 
short silica gel column to remove polymeric materials. 
The solution was concentrated to 150 ml and methanol 
(200 ml) was slowly added. The crystalline material 
obtained was filtered off and washed with methanol 
(200 ml). This gave 9.91 g (17%) of a nearly statistical 
mixture of six tetraphenylporphyrins, with about 40% 
contents of the desired 5-(4-bromophenyl)-lO,l5,20- 
triphenylporphyrin ( 6 ) ,  and a small amount of 
the corresponding chlorins with zero to four 
bromo substituents: 'H NMR (400 MHz, CDC&), 
6 8.80-8.88 (8H, m, pyrrole-H), 8.18-8.24 (6H, m, 
Ar2-H), 8.05-8.10 [2H, m, (several overlapping 
doublets, J = 8.7 Hz), p-BrAr2-H], 7.86-7.91 
[2H, m, (several overlapping doublets, J = 8.7 Hz), 
p-BrAr3-H], 7.71-7.81 (9H, m, Ar3-H and 4-H), 
- 2.86 to - 2-75 [2H, br m, (several overlapping broad 
singlets) pyrrole-NH]; I3C NMR (100 MHz, CDC13), 6 
142.37, 142.26, 141.36, 136-08, 134.77, 131 (vbr), 
130.14, 130.10, 128.04, 127.99, 127.92, 126-93, 
126.89, 122 * 5- 123 ' 0 ,  120- 121. 


5-(4-Formylphenyl)-l0,15,20-triphenylporphyrin (7). 
The above mixture of bromo-substituted porphyrins 
(2.08 g, 3.0 mmol) was dissolved in dry diethyl ether 
(100 ml) and the solution was cooled to 0 "C. Butyl- 
lithium (1 a6 M solution in hexane, 8.0 ml, 12 mmol) 
was added dropwise under argon and the reaction 
mixture was then stirred under argon at 0 ° C  for 2 h. 
Dry N,N-dimethylformamide (8.0 ml, 12 mmol) was 
added and after stirring for 30min at 0°C and an 
additional 30 min at ambient temperature, the reaction 


mixture was hydrolysed with 2 M hydrochloric acid. 
After neutralisation with sodium hydroxide the reaction 
mixture was extracted several times with dichloro- 
methane and the combined organic extracts were 
washed with water and dried over anhydrous mag- 
nesium sulphate. After evaporation of the solvent the 
residue was purified by column chromatography on 
silica gel with dichloromethane as eluent to give 0-67 g 
(35%) of 7 contaminated with a few per cent of the 
corresponding chlorine. TLC (silica gel, CH2C12), 


s, SArCHO), 8-88 (2H, d, J = 4 . 8  Hz, pyrrole-H), 
8.86 (4H, s, pyrrole-H), 8-78 (2H, d, J = 4 - 8  Hz, 
pyrrole-H), 8.40 (2H, d ,  J =  8.2 Hz, 5Ar2-H), 8.26 
(2H, d, J = 8 - 2 H z  5Ar3-H), 8.18-8.24 (4H, m, 
10,15,20Ar2- H ) ,  7 * 70-7 * 8 1 (9H, m, 10,15,20Ar3-H 
and 4-H), -2-77 (2H, br s, pyrrole-NH); I3C NMR 


135.78, 135.40, 134.75, 131.5 (vbr), 128.23, 128.03, 
127.00, 120.90, 120.70, 118-22; EI-MS, m/z (relative 
intensity, 070) 642 (M', 71), 614 (19), 321 (M2+,  48), 
307 (100). 


The formylated product (2.20 g, 3.4 mmol) prepared 
as described above was dissolved in toluene (1000 ml) 
and the mixture was heated to reflux. 2,3-Dichloro-5,6- 
dicyano-1,4-benzoquinone (0.5 g, 2.2 mmol) was 
added and the reaction mixture was refluxed for 30 min. 
The reaction mixture was cooled to room temperature 
and extracted with aqueous sodium hydroxide solution 
(1 1, 1 'To) containing sodium dithionite (1 g,  5.7 mmol). 
The organic layer was separated and washed with two 
portions of brine (2 x 300 ml) and three portions of 
water (3 x 300 ml) and dried over anhydrous sodium 
sulphate. Evaporation of the solvent gave 1 *95 g (89%) 
of chlorin-free 5-(4-formylphenyl)-l0,15,20-triphenyl- 
porphyrin: UV-visible absorption (CHlClz), A,,, (nm) 
419, 515, 550, 590, 648. 


Rf= 0.46; 'H NMR (400 MHz, CDCl3), 6 10.37 ( lH,  


(100 MHz, CDCl3), 6 192.58, 148.91, 142.20, 142.18, 


5-(4-Hydroxymethylphenyl)-lO, 15,20- 
triphenylporphyrin ( 8 ) .  5-(4-Formylphenyl)-lO, 15,20- 
triphenylporphyrin (1-93 g, 3.0 mmol) was dissolved in 
dry tetrahydrofuran (150 ml) and sodium borohydride 
(0.54 g, 12.0 mmol) was added. The reaction mixture 
was then refluxed for 1 h. After the reaction mixture 
had cooled to room temperature, water (75 ml) and 
aqueous sodium hydroxide solution (25 ml, 1 M) were 
added. The mixture was extracted with three portions 
of dichloromethane (3 x 75ml). The combined organic 
extracts were washed with two portions of brine 
(2 x 150 ml) and once with water (150 ml) and dried 
over anhydrous magnesium sulphate. Evaporation of 
the solvent gave 1.89 g (97%) of porphyrin 8:  'H NMR 
(400MHz, CDCh), 6 8.85 (8H, br s, pyrrole-If), 
8.18-8.26 (8H, m, 5,10,15,20Ar2-H), 7.69-7.81 
( l l H ,  m, 5,10,15,20Ar3-H, and 10,15,20Ar4-H), 5-04 
(2H, br s, 5ArCHzOH), -2.78 (2H, br s, pyrrole- 
NH);  13C NMR (100 MHz, CDCl3), 6 142.36, 141.75, 
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140.44, 134.95, 134-77, 131.5 (vbr), 127-93, 126.90, 
125.52, 120.37, 119.96, 65.61; EI-MS, m/z  (relative 
intensity, 070) 644 (M', 78), 628 (22), 614 (18), 322 
(M2+, 52), 314 (40), 307 (100). 


S-(4-Bromomethylphenyl)- 10, IS, 20- 
triphenylporphyrin (9). 5-(4-Hydroxymethylphenyl)- 
10,15,20-triphenylporphyrin (1 -87 g, 2 - 9  mmol) was 
suspended in hydrobromic acid (150 ml, 30% in glacial 
acetic acid) and refluxed for 2 h. After the reaction 
mixture had cooled to room temperature it was poured 
into ice-water (150 g). The mixture was neutralized 
with sodium hydroxide solution (4501111, 5 M) and 
extracted with three portions of dichloromethane 
(3 x 150 ml). The combined organic layers was washed 
with water (200ml) and dried over magnesium sul- 
phate. Evaporation of the solvent gave 2.0 g (99vo) of 
porphyrin 9: 'H NMR (400 MHz, CDCh), 6 8.81-8.87 
(8H, m, pyrrole-H), 8- 19-8-25 (6H, m, 10,15,20Ar2- 
H) ,  8-18 (2H, d, J = 8 * 0 H z ,  5Ar2-H) 7-70-7.79 
( I lH,  m, 5,10,15,20Ar3-H and 10,15,20Ar4-H), 4.82 
(2H, s, 5ArCHzBr) -2.78 (2H, br s, pyrrole-NH); 13C 


135.12, 134.77, 131.2 (vbr), 127.95, 127.63, 126.91, 
120.54, 120.45, 119-37, 33-76; EI-MS, m/z  (relative 
intensity, Yo) 706 (M+, l), 628 (9), 614 (4), 314 (15), 307 
(8), 82 (88), 81 (50), 80 (loo), 79 (85). 


NMR (100MHz, CDCI3), 6 142.58, 142.31, 137.45, 


Zinc S-(4-bromomethylphenyl)-IO,15,20-triphenyl- 
porphyrin (10). 5-(4-Bromomethylphenyl)-lO,l5,20- 
triphenylporphyrin (0.78 g, 1 . l  mmol) was dissolved in 
dichloromethane (150 ml). Zinc acetate dihydrate 
(0.37 g, 1-68 mmol) dissolved in methanol (20 ml) was 
added and the mixture was refluxed under argon for 
30 min. The reaction mixture was cooled to room tem- 
perature and washed with three portions of water 
(3 x200ml) and the organic layer was dried over 
sodium sulphate. Evaporation of the solvent gave 
0.84g (99%) of zinc porphyrin 10: 'H NMR 
(400 MHz, CDCh), 6 8-92-8.97 (8H, m, pyrrole-H), 
8.18-8.24 (8H, m, 5,10,15,20Ar2-H), 7-71-7.80 
( l l H ,  m, 5,10,15,20Ar3-H and 10,15,20Ar4-H), 4-85 
(2H, s, 5ArCH2Br); I3C NMR (100MHz, CDCh), 6 
150.49, 150.46, 150-43, 150.20, 143.24, 142-94, 
137.23, 134.98, 134.63, 132.35, 132.30, 132.04, 
127.75, 127-52, 126.79, 121.54, 121.46, 110.41, 
33.89. 


Compound 1. 4,13-Diaza-18-crown-6 (4) (0.052 g, 
0.2 mmol) and finely powdered sodium hydroxide 
(0.090 g, 2.25 mmol) were dissolved in water (1 ml). 
5-(4-Bromomethylphenyl)- 10,15,20-triphenylporhyrin 
(0-290 g, 0.41 mmol) was dissolved in chloroform 
(2 ml) and added dropwise with vigorous stirring. The 
reaction mixture was kept in the dark with vigorous stir- 
ring for 16 h. The organic layer was separated, diluted 
with chloroform (25 ml) and washed with three por- 


tions of water (3 x 15 ml). The organic layer was dried 
over sodium sulphate and evaporated on a rotary evap- 
orator. The crude product was dissolved in a small 
amount of chloroform and loaded on to an aluminium 
oxide column. The product was eluted with chloroform 
(stabilized with 0.6% w/w ethanol) to give 0 -  199 g 
(66%) of compound 1. TLC [aluminium oxide, CHCI3 
(stabilized with 0.6% w/w ethanol)], R j =  0.30; 'H 
NMR (400MHz, CDCI3), 6 8.79-8.89 (16H, m, 
pyrrole-H), 8.17-8-24 (12H, m, 10,15,20Ar2-H), 
8.14 (4H, d, J =  8.0 Hz, 5Ar2-H), 7.65-7.78 (22H, 
m, 5,10,15,20Ar3-Hand 10,15,20Ar4-H), 4.05 (4H, s, 
SArCHzN), 3.86 (8H, t,  J =  11.2 Hz, NCH~CHZO), 
3.78 (8H, s, OCHZCHZO), 3.12 (8H, br t,  J =  11.2 Hz, 
NCH2CH20), -2.77 (4H, s, pyrrole-NH); I3C NMR 


131-5 (vbr), 128-34, 127.85, 127-35, 127.33, 120.88, 


m/z  (relative intensity, Yo) 1520 ([M + 5]+, 8), 1519 
( [M+4]+ ,  17), 1518 ( [ M + 3 ] + ,  31), 1517 ([M+21+, 
43), 1516 ( [M+ 1]+, 46), 1515 (M+, l l ) ,  1514 (9), 
group of peaks with the most intense peak at 889 (16), 
group of peaks with the most intense peak at 627 (100); 
UV-visible absorption (CHzCIz), X,,, (nm) 417, 514, 
549, 590, 647; fluorescence emission (Aex = 548 nm, 
CHZCI~),  A,,, (nm) 654, 720. 


(100 MHz, CDCl3), 6 142.83, 141.33, 139.91, 135.22, 


120.77, 120.72, 71.59, 70.94, 60.70, 54-82; FAB-MS, 


Compound 2. 4,13-Diaza-l8-crown-6 (4) (0-052 g, 
0.2 mmol) and finely powdered sodium hydroxide 
(0.090 g, 2.25 mmol) were dissolved in water (1 ml). 
Zinc porphyrin 10 (0.339 g, 0.44 mmol) dissolved in 
chloroform (3.5 ml) was added dropwise with vigorous 
stirring. The reaction mixture was kept in the dark at 
ambient temperature with vigorous stirring for 40 h. 
Chloroform (10 ml) and water (10 ml) were added to 
the reaction mixture. The organic layer was separated 
and washed with five portions of water ( 5  x 10 ml) and 
dried over sodium sulphate. The solvent was evapor- 
ated on a rotary evaporator and the crude product was 
dissolved in a small amount of dichloromethane and 
loaded on to an aluminium oxide column prepared in 
dichloromethane. Two bands were eluted with 0.5% 
CH3OH, 1 Yo pyridine-CHzClz. The substance from the 
second band was further purified by column chroma- 
tography on an aluminium oxide column. The product 
was eluted as the first band with chloroform (stabilized 
with 0.6% w/w ethanol). In this way 0.175 g (53%) of 
2 was obtained: 'H NMR (400MHz, CDCI3, cu 
1 x lo-' M, 328 K), 6 8.87-8.93 (16H, m, pyrrole-H), 
8.16-8-22 (12H, m, 10,15,20Ar2-H), 8.09 (4H, d, 
J =  8 Hz, 5Ar2-H), 7-65-7-76 (18H, m, 10,15,20Ar3- 
H and 4-H), 7.61 (4H, d, J =  8 Hz, 5Ar3-H), 3.89 
(4H, br s, SArCHzN), 3-56 (8H, br t,  J = 6  Hz, 
NCHZCH~O), 3.44 (8H, br s, OCH~CHZO), 2.86 (8H, 
br t ,  J =  6 Hz, NCH2CH20); I3C NMR (100 MHz, 


141-66, 138.5 (br), 134.76, 134.59, 132.13, 132.01, 
CDC13, C a  1 X M), 6 150.36, 150.28, 143.37, 
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127.49, 126-92, 126.66, 122.31, 121.16, 121.00, 
120.93, 69.5 (br), 69.0 (br), 59-0 (br), 53.33, 29.93; 
FD-MS, m/z (relative intensity, 070) 1649 ([M + lo]+, 
9), 1648 ([M + 91+, 18), 1647 ([M + 8]+ ,  32), 1646 
([M + 7l+ ,  491, 1645 ([M + 6]+, 72), 1644 ([M + 5 ] + ,  
921, 1643 ( [M+41+,  loo), 1642 ( [M+3]+ ,  89), 1641 
([M + 2]+, 90), 1640 ([M + l]', 59), 1639 (M', 50), 
group of peaks with the most intense peak at 951 (18), 
824 ( [M+ 1012+, 3), 824 ([M+912+, 7), 823 
( [M+8J2+ ,  131, 823 ([M+712+, 17), 822 ([M+612+, 
221, 822 ([M + 512+, 28), 821 ([M +412+, 3 9 ,  821 
([M+312+, 31), 820 ( [M+2J2+ ,  29), 820 ( [M+ l Jz+ ,  
20), 819 (M2+, 18), group of peaks with the most 
intense peak at 690 (10); UV-visible absorption 
(CHZCIZ), A,,, (nm) 419, 547, 584; fluorescence emis- 
sion (Aex = 548 nm, CH2C12), Amax (nm) 598, 646 


Compound 5 .  4,13-Diaza-lS-crown-6 (4) (0-708 g, 
2 7 mmol) and finely powdered sodium hydroxide 
(0.486 g, 12.1 mmol) were dissolved in wafer 
(13.5 ml). Porphyrin 9 (0.405 g, 0-57 mmol) dissolved 
in chloroform (45 ml) was added with vigorous stirring 
and the reaction mixture was kept in the dark with vig- 
orous stirring for 40 h. The organic layer was separated 
and washed with three portions of dilute hydrochloric 
acid (3 x 15 ml, 0 - 1  M) and four portions of water 
(4 x 25 ml) and dried over sodium sulphate. The solvent 
was removed under reduced pressure and the crude 
product was dissolved in a small amount of 
dichloromethane and loaded on to an aluminium oxide 
column prepared in dichloromethane. Three bands were 
eluted with 0 .5% CH3OH, 1% pyridine-CH2Cl2 and a 
fourth band, the product, was eluted with 5% 
CH3OH-CH2C12. The product was further purified by 
column chromatography on a freshly prepared 
Sephadex LH-20 column using pyridine as eluent. The 
main body of the first band was collected. In this way 
0.310 g (65%) of 5 was obtained: 'H NMR (400 MHz, 
CDCh), 6 8.82-8.88 (8H, m, pyrrole-H), 8.18-8.24 
(6H, m, 10,15,20Ar2-H), 8-15 (2H, d, J = 7 * 6 H z ,  
5Ar2-H), 7.66-7.80 ( l l H ,  m, 5,10,15,20Ar3-H and 
10,15,20Ar4-H), 4.05 (2H, br s, SArCHzN), 3,82 (4H, 
br t ,  J = 5 - 6  Hz, NCH2CH20), 3-62-3.73 (12H, m, 
OCH~CHZOCH~CH~NH) ,  3.07 (4H, br t,  J =  5.6 Hz, 
NCHZCH~O), 2.83 (4H, br t,  J = 4 * 6 H z ,  
OCHZCH~NH), 2.10 ( lH,  vbr s, NH) ,  -2.78 (4H, br 
s, pyrrole-NH); I3C NMR (100 MHz, CDCls), 6 
142.39, 142.37, 140.78, 139.56, 134-77, 134.73, 131 
(vbr), 127.90, 127.37, 126.88, 120-49, 120.30, 120.25, 
71.19, 70.59, 70.53, 70.40, 59.93, 54.16, 49.60. 


Compound 3 .  A solution of compounds 5 (0.310 g, 
0.35 mmol) and 10 (0.296 g, 0.38 mmol) dissolved in 
chloroform (7.0 ml) was added to a vigorously stirred 
solution of sodium hydroxide (0.088 g, 2-20 mmol) in 
water (1.5 ml). The reaction mixture was kept in dark 
with vigorous stirring for 40 h. Chloroform (15 ml) and 


water (15 ml) were added to the reaction mixture. The 
organic layer was separated, washed with five portions 
of water (5 x 15 ml) and dried over sodium sulphate. 
The solvent was removed on a rotary evaporator and 
the crude product was dissolved in a small amount of 
dichloromethane and loaded on to an aluminium oxide 
column. One small band was first eluted with 
dichloromethane and then a second strong band was 
eluted with 0 .5% CH3OH, 1% pyridine-CHzClz. The 
substance from the second band was then further 
purified on a freshly prepared Sephadex LH-20 column 
using pyridine as eluent. Three bands were obtained, 
one very strong, thick, purple band followed by two 
pale, thin bands. The substance from the first band was 
again purified by column chromatography on an 
aluminium oxide column. Two pale, thin bands were 
eluted with chloroform (stabilized with 0.6% w/w 
ethanol) and a third strong band was eluted with 0.25% 
C~HSOH-CHCI~ (stabilized with 0.6% w/w ethanol) to 
give 0.254 g (46%) of 3: 'H NMR (400 MHz, CDC13, 
ca 1 x M, 323 K), 6 8.87-8.92 (8H, m, pyrrole- 
H[Zn]), 8.78-8.83 (8H, m, pyrrole-H), 8.15-8.22 
(12H, m, 10,15,20Ar2-H and 10,15,20Ar [Zn]2-H), 
8.12 (2H, d, J = 8  Hz, 5Ar[Zn]2-H), 8.11 (2H, d, 
J =  8 Hz, 5Ar2-H), 7.63-7-77 (22H, m, 
5,10,15,20Ar3-H, 5,10,15,20Ar [Zn]3-H, 10,15,20Ar4- 
H a n d  10,15,20Ar[Zn]4-H), 3.98 (4H, br s, 5ArCH2N 
and 5Ar[Zn]CH2N), 3.73 (8H, br t ,  J = 5  Hz, 


(8H, br m, NCHzCHzO), -2.72 (2H, br s, pyrrole- 


323 K), 6 150.58, 150.49, 143.42, 142.56, 141.00, 
134.80, 134-75, 132.07 (br), 131.3 (vbr), 127.91, 
127.60, 127.37, 127.20, 126-88, 126.67, 121.30, 
121-19, 121.15, 120.50, 120.35, 120.31, 71-18, 70.60, 
60.44, 60.39, 54.63; FAB-MS, m / z  (relative intensity, 
070) 1585 ([M+8]',  8), 1584 ([M+7]',  18), 1583 
( [ M + 6 ] + ,  30), 1582 ( [ M + 5 ] + ,  43), 1581 ([M+4]' ,  
48), 1580 ( [ M + 3 ] + ,  57), 1579 ([M+2]',  56), 1578 
([M + l]', 65), group of peaks with the most intense 
peak at 889 (18), group of peaks with the most intense 
peak at 689 (86), group of peaks with the most intense 
peak at 628 (100); UV-visible absorption (CHZCI~), 
A,,, (nm) 419, 515, 549, 589, 647; fluorescence emission 
(Aex = 548 nm, CH2C12), A,,, (nm) 598, 652, 720. 


NCH2CH20), 3.64 (8H, S, OCHZCH~O), 2.96-3.04 


NH) ,  I3C NMR (100MH2, CDCI3, CCI 1 x lO-'M 
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RELATIVE THERMODYNAMIC STABILITIES OF THE ISOMERIC 
PROPENYLBENZENES 


ESKO TASKINEN* AND NINA LINDHOLM 
Department of Chemistry, University of Turku, FIN-20500 Turku. Finland 


The relative thermodynamic stabilities of 2-propenylbenzene (allglbenzene), and the E and Z forms of 1- 
propenylbenzene were determined over the temperature range 50-170 C by chemical equilibration in DMSO solution 
with t-BuOK as catalyst. The values of the thermodynamic parameters A@, A P  and A P  at 298.15 K for each 
isomerization reaction between the title compounds were evaluated. 


INTRODUCTION 


During the last six decades, a large number of thermo- 
chemical data have become available for a variety of 
both simple and less simple organic compounds, but 
adequate experimental thermochemical data are still 
lacking for many relatively simple molecules, such as 
the three isomeric propenylbenzenes 1, 2 and 3. Appar- 
ently, the only usable experimental thermochemical 
data for these compounds are the enthalpy hydrogen- 
ation of 1, which has been determined in both cyclo- 
hexane and acetic acid solutions,* and the derived 
enthalpy of formation. I Owing to the many interesting 
aspects (H-H conjugation, steric strain, twist angle of  
the P h  group about the Ph-vinyl bond) in the struc- 
tures and energies of these molecules, determination of 
the relative thermodynamic stabilities of 1-3 was con- 
sidered desirable. Hence the relative equilibrium con- 
centrations of the title compounds were determined at 
several temperatures in DMSO solution with t-BuOK as 
catalyst, and the values of the thermodynamic par- 
ameters A c e ,  AH" and A P  at  298.15 K for each of 


1 2 3 
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the three isomerization reactions involved were 
evaluated from the equilibration data, using the van't 
Hoff equation. 


RESULTS AND DISCUSSION 


The relative equilibrium concentrations of 1-3 at 
various temperatures, together with the values of the 
thermodynamic parameters of isomerization at 
298.15 K, are given in Table 1 .  Expectedly, the trans 
form (3) of the 1-propenylbenzenes is the dominating 
species, and the non-conjugating allylbenzene (1) the 
minor component in the equilibrium mixtures. In the 
following, the thermodynamics of reactions 1 + 3 and 
2 --t 3 are considered in detail. 


The value of A H "  for 1'3, -23.3 2 0.5 k J  
mol-' in DMSO solution, is (in absolute value) higher 
than might be expected on the basis of available 
thermochemical data. Considering the nature and 
number of substituents attached to  the C = C  systems of 
these compounds, it is seen that each C = C  moiety 
carries an alkyl group (or, in 1, a Ph-substituted alkyl 
group). Since the double bond stabilizing ability of an 
alkyl group is essentially independent of the nature of 
the group in q ~ e s t i o n , ~  the value of A H "  for 1 + 3  
might be expected to  be determined by the double bond 
stabilizing effect of the Ph group in 3. This effect, ca 
-18 kJ mol-' from the difference between the gas- 
phase enthalpies of hydrogenation of the C = C  bonds 
of ethene4 and the Ph-substituted ethene, styrene,s is ca 
5 kJ mol- ' less negative than the experimental reaction 
enthalpy for 1 + 3 in DMSO solution. Clearly, at least 
part of this difference may be ascribed to the different 
phases involved. An approximate correction of the 
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Table 1. Values of the mean percentage composition of the equilibrium mixtures of 1-3 at various temperatures in 
DMSO solution, together with the values of the thermodynamic parameters of isomerization at 298- 15 K 


t/'C c( l ) /% c(2)/% C(3)/vo Reaction AG'/kJ mol-Ia AH'/kJ mol-la AS*/J K - '  mol-la 


50 0.085 2.82 97.10 1 - 2  -9.66 4 0.13 -12.3 4 0.6 - 8 . 9 4  1 .5  
-13.6 4 1.2 75 0.157 3.81 96.03 1 - 3  -19.25 4 0.11 -23.3 4 0.5 


100 0.261 4.88 94.87 2 - 3  -9.60 4 0.07 -11.0 f 0.3 -4 .7 4 0.8 
125 0.434 5.97 93.60 
150 0.627 7.02 92.35 
170 0.825 8.11 91.06 


aThe errors are twice the standard errors. 


experimental A@ value for 1 -+ 3 to  the gas phase 
may be made by estimation of the enthalpies of 
vaporization (at 298.15 K) of the two compounds from 
their normal boiling temperatures. A survey of the 
boiling-point data given in the Beilstein Handbook 
(Hauptwerk and the first three Supplements) shows that 
the normzil boiling points of 1, 2 and 3 are ca 156, 167 
and 176 C,  respectively. The difference, 20°C, in the 
boiling points of 3 and 1 suggests6 that the enthalpy of 
vaporization of 3 at 298.15 K is ca 3.2 kJ mol-' higher 
than that of 1. Hence the gas-phase enthalpy of 
isomerization of 1 to 3 is calculated to be about 
- 20.1 kJ mol-', not far from the stabilizing effect of 
the Ph group in styrene. On the other hand, the marked 
decrease in entropy for 1 + 3 ,  -13.6 2 1 - 2  J K - '  
mol-' in DMSO solution, is in excellent agreement with 
the gas-phase value, -13.8 J K - '  mol-I, calculable by 
means of the group parameters of Benson et a[.' 


In DMSO solution, the trans form of 1- 
propenylbenzene is (on an enthalpy basis) 
11 -0 2 0.3  kJ mol-' more stable than the cis form (2). 
Proceeding as shown above, the corresponding gas- 
phase value may be estimated to  be ca 9.4 kJ mol-' by 
means of the difference, 10°C, in the normal boiling 
points of 3 and 2. This value, 9 - 4  kJ mol-', is in con- 
siderable disagreement with the API value, 4 .2  kJ 
mol-', * but in good agreement with theoretical calcu- 
lations which suggest an enthalpy difference of 11 kJ 
mo1-'.9 The higher enthalpy of the cis form is, of 
course, a result of the proximity of the Me and Ph 
groups in this compound, which forces the P h  group to 
rotate out of the plane of the olefinic system, thus dis- 
turbing the stabilizing conjugative interaction between 
the two unsaturated moieties. According to recent mol- 
ecular mechanics calculations on 2, lo  the twist angle in 
question is either 38.5" (MMP2) or 45.7" (MM2'), 
both of which are considerably larger than the angle 
(16-28") suggested by photoelectron spectroscopy. '' 
For comparison, calculations by th: COSMIC force 
field'* lead to  a twist angle of 41.4 for 2, and to an 
enthalpy difference of 9.7 k J  mol-'  between 2 and 3, in 
good agreement with the estimated gas-phase value 
given above. The COSMIC force field, in addition to  


the other force fields mentioned above, suggests a 
planar structure for the trans isomer 3, in agreement 
with photoelectron spectroscopic studies. ' ' v ' ~  


Previously, we have determined the relative stabilities 
of the isomeric vinyl ethers 4-6,14 which are structur- 
ally related to  the compounds in the present study. For 
4 - 5 ,  the value of A P ,  - 9 . O f 0 * 5 k J m o l - '  in 
cyclohexane solution, is ca 3 kJ mol-' less than that for 
the corresponding olefins, 1 -+ 2. This shows that the 
double bond stabilizing ability of a P h  group is smaller 
in vinyl ethers than in olefins, a finding which agrees 
with previous results for similar effects of alkyl 
groups. l5 The structural change in 4 + 5 corresponds to 
that in 1 + 2, suggesting similar values of AS" for 
these reactions; this indeed is the case, cf. the respective 
AS" values of - 8 - 4 f  1.2 and -8 .9  2 1 - 5  J K - '  
mol-'. On the other hand, for the other reactions, 
4 + 6 and 5 -+ 6, the values of the thermodynamic par- 
ameters are essentially different from those for the 
related reactions 1 - 3  and 2-3 .  For example, the 
values of A@ and AS' are 6.5 kJ mol-' and 
6.6 J K - '  mol-' for 5 - 6  but -11.0 kJ mol-' and 
- 4 - 7  J K - '  mol-' for 2 -+ 3. The differences, about 
17.5 kJ mol-' in the enthalpy values and 11.3 J K - '  
mol-' in the entropy values for the seemingly identical 
structural changes, arise mainly from changes (s-cis to 
gauche) in the steric orientation of the M e 0  group in 
the reaction 5 + 6. ''*15 


4 5 6 


EXPERIMENTAL 


The equilibration experiments were carried out in 
DMSO solution (25 vo1.-To in substrate), with t-BuOK 
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(cu 1007’0, m/v) as catalyst. l6 To facilitate attainment of 
the thermodynamic equilibrium, the substrate for the 
equilibrations was a mixture of isomers with composi- 
tion not far from those of the final equilibrated 
samples. The mixture was obtained by treatment of 
commercial 1 with t-BuOK in DMSO followed by distil- 
lation. Prior to GLC analysis of the equilibrated 
samples using a 50 m capillary column of type Silar 9 C, 
the catalyst was destroyed by addition of boric acid in 
dioxane. At each temperature, the values of the mean 
isomer composition given in Table 1 are based on 5-7 
samples. 
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N-ALKYLATION AND N-ARYLATION OF ANILINES STARTING 
FROM A MILD N-Mg REAGENT: ITS ACTIVATION CAUSING 


THE ‘N-C’ COUPLING TO EXTEND THE UNIFIED 
STRUCTURE-REACTIVITY RELATIONSHIP* 


KOJI MATSUO, YOSHIAKI SHICHIDA, HIROSHI NISHIDA, SATSUKI NAKATA AND MASAO OKUBO t 
Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi, Saga 840, Japan 


New N-alkylation and N-arylation procedures starting from anilinomagnesium (ArNHMgBr) are reported. For 
N-alkylation with alkyl bromides, addition of hexamethylphosphoramide to an ArNHMgBr solution in 
tetrahydrofuran (THF) is effective. After heating at  55 ‘C, N-monoalkylation product was obtained in 60-90% yield, 
slight dialkylation taking place. The combined use of aryliminodimagnesium [ArN(MgBr)z] with a,o-dibro- 
moalkanes led to N-arylazacycloalkanes. For N-arylation with iodobenzene, replacement of THF with pyridine and 
additional use of copper(1) iodide are effective. After heating at 115 OC with iodobenzene, mono- and diarylation 
products were obtained, the former being predominant. The combined use of ArNHMgBr and N,N,N’,N‘-tetra- 
methylethylenediamine as the ligand of copper species is effective for elimination of diarylation and other undesired 
products, and leads to diarylamines in excellent yield. The method i s  of advantage over the conventional Ullmann and 
Chapman methods. The polar solvents and copper salt are effective additives for inducing ‘inert combinations’ of 
ArNHMgBr or ArN(MgBr)z with alkyl and aryl halides into N-C coupling, to extend the unified view proposed for 
the reactivity of magnesium reagents. The difference in the roles of N-Mg and N-Cu species is discussed. 


INTRODUCTION 
This paper deals with N-alkylation and N-arylation of 
anilines starting from N-Mg reagents [ArN(MgBr)z 
(IDMg); ArNHMgBr (AnMg)] by use of bromoalkanes 
and iodobenzenes, respectively [see equations (1) and 
(2)]. The present procedure provides ‘N-C cross- 
coupling’ in addition to reported condensation, 
addition and replacement modes of N-Mg reagents in 
tetrahydrofuran (THF): 1-4 


ArNHz + EtMgBr -+ ArNHMgBr + EtHt 
ArNHz + 2EtMgBr -+ ArN(MgBr)z + 2EtHt 


ArN(MgBr)z + RBr -+ ArNHR + ArNR2 (1) 
1 2 


ArN(MgBr)z + Ar’I -* ArNHAr’ + ArNAr: (2) 
4 5 


Studies of the reactions of IDMg with carbonyl, ‘ s 4  


nitro’ and cyano3 substrates in our laboratory led to 
the proposal of a unified structure-reactivity relation- 
ship based on the relative efficiency of single electron 
transfer (SET).’ The efficiency is evaluated by the 
difference between oxidation and reduction potentials 
of the reactants (AE=E,,-Ered) .6  In view of the 
classification of reactions based on AE,  the present 
combinations of reactants have large values causing no 
SET: the halides are weak electron acceptors and the 
reagent is a weaker electron donor than RMgBr, both 
being unchanged. The N-alkylation in equation (1) is 
facilitated by the addition of strongly coordinating 
hexamethylphosphoramide (HMPA) in a calculated 
small molar amount based on the magnesium metal 
used, and the N-arylation in equation (2) is facilitated 
by the additional use of a copper salt. The selectivities 
in monoalkylation and -arylation are described and the 
activation of the mild reagent is discussed from the 
unified view of magnesium reagents. 


* Aryliminodimagnesium Reagents, Part XXIV. For Part XXIII, see Ref. 3b. 
t Author for correspondence. 
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RESULTS AND 


N-Alkylation [equation (l)] 
A clue to the N-alkylation 
covered during a study of 


DISCUSSION 


in equation (1) was dis- 
IDMg condensation with 


nitrobenzene (Ar "02) giving azoxybenzene: ' 
ArN(MgBr)z + Ar 'NO2 -, 


ArN=N(O)Ar' + ArN=NAr' + ArN=NAr 


Considering that the Mg atom in RMgBr is coor- 
dinated by two molecules of EtzO,' a two molar 
amount of HMPA based on the amount of Mg used 
was added. As a result, the yield of the azoxy product 
is improved, and N-ethylaniline is concurrently formed 
in 15-20% yield (not formed in the absence of 
HMPA). 2c The latter yield resembles the excess amount 
of ethyl bromide (EtBr) used for complete conversion 
of magnesium into EtMgBr. The N-ethylation is inter- 
preted in terms of activation of IDMg, due to elevation 
of its HOMO level by coordination of HMPA (donor 
number DN= 38.8),* allowing SET to EtBr (weak 
acceptor). This interpretation is analogous to the result 
of MO calculations9 indicating that the HOMO level of 
a (free) Grignard reagent is greatly elevated by coordi- 
nation of two ether molecules. The concurrent for- 
mation of symmetrical azobenzene (by oxidative 
coupling via SET from IDMg) is also reduced by 
addition of HMPA, and an additional possibility that 
HMPA provides the reagent with 3d orbitals feasible 
for SET and/or migration of intermediate radicals is 
suggested. 3b 


From this understanding, the excess amount of EtBr 
is distilled off under nitrogen after IDMg preparation in 
THF (DN=20*0) ,  and then a two molar amount of 
HMPA (based on the amount of Mg used) is added to 
the IDMg solution. After evolution of heat has ceased, 
alkyl bromide is added. The anilinomagnesium (AnMg) 
is similarly prepared and activated, and allowed to react 
with alkyl bromides. 


The yields of N-monoalkyl- and N,N-dialkylanilines 
(1 and 2) obtained by use of IDMg and AnMg are given 
in Tables 1 and 2, respectively. Heating at 55 C is 
needed for N-alkylation similarly for the reactions with 
other substrates. Monoalkylation predominates even 
with the use of IDMg, and is slightly favoured by the 
use of AnMg. 


The yield of 1 is improved by the use of excess 
reagent and/or by a longer time of heating the mixture, 
although some attempts at further improving the yield 
were unsuccessful. N-Alkylation is accelerated slightly 
by addition of 2,4,6-trimethylnitrobenzene (Mes-NO2 
having a small &d) (8.0 molVo) to the 1 : 1 reaction 
mixture (see Figure l), although the final yield is unim- 
proved. Similarly to acceleration observed in Claisen- 
like self-condensation of N,N-dimethylacetamide 
(DMA) by IDMg, 3b MesNOz has access to the ligand 


Table 1. Yields of 1 and 2 in reaction (1) using IDMg' 


Yield (Yo) 
Run Molar Reaction 
No. RBr:R= ratio time (h) 1 2 


l a  n-Pr 1 . 0  3 0 0 
2 n-Pr 1 .0  3 75 16 
3 i-Pr 1.0 3 58 0 
4 n-Hex 1 . 0  3 19 5 
5 n-Pr 1.0 24 76 4 
6 n-Pr 5.0 3 78 0 
7 n-Pr 0.5 3 52 8 


a IDMg : HMPA = 1 : 4; reaction temperature = 55 O C .  


Without addition of HMPA. 


Table 2. Yields of 1 and 2 in reaction (1) using AnMg' 


Yield (Yo) 
Run Molar Reaction 
No. RBr:R= ratio time (h) 1 2 


1 n-Pr 1.0 3 60 0 
2b n-Pr 1.0 3 38 0 
3' n-Pr 1 .0  3 69 3 
4 n-Pr 1 *o 24 76 3 
5 n-Pr 5.0 3 93 0 
6 n-Hex 1.0 3 64 0 
7 n-Hex 1.0 24 68 4 
8 n-Hex 5 - 0  3 89 0 


a IDMg : HMPA = 1 : 2; reaction temperature = 55 'C .  
bAnMg: HMPA = 1 : 1 .  
' HMPA was used as solvent. 


8ol 


1 r I I I 


0 1 2 3 
Reaction Time / h 


Figure 1. Time dependence of overall yield 61 and 2) in 
reaction (1) of AnMg with hexyl bromide (20 C) in the (0) 


absence and ( 0 )  presence of MesN02 
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Table 3. Yields of 3 in reaction ( l ' )a  
~ ~~ 


Run Reaction Yield of 3 
No. Br(CHz).Br : n = time (h) (%o) 


1 2 3 >O 
2 3 3 44 
3 b  3 24 60 
4 4 3 55 
5 b  4 24 85 
6 5 3 81 
7 6 3 39 
8b 6 24 89 
9b 9 48 69 


' IDMg : HMPA : dibromide = 1 : 4 : 1. Reaction temperature = 55 O C .  
bTwice the amount of THF was used. 


sphere of the a-complex formed from the reagent and 
bromide (RBr-. .Mg-N<) and mediates implicit SET 
inside the complex. Products due to radical dimeriza- 
tion and/or hydrogen abstraction are absent in accord 
with features of large A E  reactions of mild N-Mg 
reagents. 


Some a,o-dibromoalkanes react with IDMg to give 
N-arylazacycloalkanes (3) in 50-90% yields [equation 
(1') and Table 31. 


ArN(MgBr)2 + Br(CHz),Br - HMPA 


ArN(CH2).-1CHz (1') 
(n = 3-9) 3 


Except for three-membered aziridine, larger than 
four-membered compounds 3 are prepared in satisfac- 
tory yields by this procedure using twice the volume of 
THF and a longer time of heating. By comparison of 
the results in Table 3 with those in Tables 1 and 2 and 
from the absence of an N-(o-bromo)alkylated aniline, 
its precursor containing MgBr, if it is formed as inter- 
mediate, is assumed to be rapidly cyclized. 


In this study, SN1-inactive alkyl bromides were used 
and SN1-active ally1 and benzyl bromides (capable of 
directly alkylating anilines) were excluded. The yield of 
1 is not completely satisfactory, but N-monoalkylation 
according to equation (1) is of advantage over conven- 
tional methods requiring some controlled conditions. 
Efficient cyclization according to equation (1 ') without 
extreme dilution is not as effective as expected but is 
usable in practice. 


Physical aspects 
In all the reactions of C-Mg and N-Mg reagents 
including that of 1, the A E  value is simply related to the 
final distribution of products. A 'closed environment' 
for the later stages of reaction was proposed from the 
need for an aggregate excess of reagent (composing an 
assembly with radical intermediates) for product for- 


mation irrespective of small and large A E   value^,^ pro- 
viding a clue to the validity of the simple relationship 
(see above). 


The unified view in terms of A E  implies an essential 
role of HOMO-LUMO interactions of the reactants, 
and 'activation of the reagent' implies elevation of rea- 
gent's HOMO level. By the novel use of HMPA in a 
calculated small amount, the reaction between compo- 
nents with fairly large A E  values is modified. The 
N-alkylation in equation (1) could be recognized as pro- 
motion of an 'inert class D combination' into 'class C' 
involving o-complexation and inner-sphere SET. 5b The 
effect of the addition of HMPA and/or pyridine (Py) on 
the product yields in IDMg reactions with Ar'NOz 
(class B) and Ar 'CN (class C) reflects the relative values 
of AE, DN and also the temperature (0 and 55 oC).3b 
Hence the lack of alkylation caused by addition of Py 
is reasonable because its smaller DN (33 * l ) ,  implying 
weaker coordinating ability, is insufficient to allow SET 
to RBr having a larger Ered than that of A I - ' C N . ~ ~  


N-Arylation [equation (2)] 


For the N-arylation according to equation (2), addition 
of HMPA is insufficient and the combined use of 
HMPA or Py with a copper salt is needed. The reaction 
in equation (2) is really that of N-Cu (see below), but 
is recognized as a further extension of N-Mg reactions. 
The difference between the roles of the two metallic rea- 
gents for the initiation of reactions must be as follows. 
In contrast with N-Mg species usually undergoing SET 
to substrates (incapable towards Ar 'I) to generate a 
pair of cation and anion radicals, the N-Cu(1) species 
undergoes 'oxidative addition' to Ar 'I (recognized as 
'masked' SET). The possible mechanism is given later. 


The present method for the preparation of 
diarylamines (4) is advantageous over the conventional 
methods owing to the better yields obtained byo the 
one-pot method at lower temperatures (110-120 C). 
The Ullmann procedures, lo using N-acyl and/or 
o-carboxyl groups 0: the reaction components, require 
heating above 200 C with a catalytic amount of 
metallic copper followed by removal of the extraneous 
groups. The Chapman procedures, '' using aryl 
N-arylbenzimidate, require heating above 250-300 "C 
and removal of the resulting benzoyl group. 


First, the possibility of N-arylation was explored by 
use of HMPA and copper(1) chloride. Toluene was 
added to IDMg and/or AnMg solution, THF was com- 
pletely distilled off, HMPA, CuCl and Ar'I were suc- 
cessively added and the mixture was refluxed. The 
amounts of reactant and additives used, reaction time 
and types and yields of products are summarized in 
Table4  By use of AnMg and/or excess aniline, for- 
mation of 4 predominates over 5. However, the latter is 
formed in a considerable amount and undesired 
oxidative and reductive coupling due to the SET 
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Table 4. Effects of various conditions on product distribution in reaction (2) of AnMg and IDMg with Ar 'I 


Yield (Yo) 
Run Molar Reflux Recovery 
No. Ra R la Additive Solventb ratio' time (h) 4 5 6 7 (YO)* 


I 
2 
3 
4 
5 
6 
I 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 


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


1 -Np 
Me0 
Me0 
Me0 
Me 
Me 


Me0 
Me 
Me 
c1 
Me 


Me0 
Me 
CI 


MeO 
Me 
c1 


Me0 
Me 
c1 


1-Np 
Me0 
Me 
C1 
H 
H 


CuCl, HMPA 
CuCI, HMPA 
CuCI, HMPA 
CuCI, HMPA 


CUI 
CUI 
CUI 
CUI 
CUI 
CUI 
CUI 
CUI 
CUI 
CUI 
Cul 


CuCl, HMPA 
CuCl, HMPA 
CuCl, HMPA 


CuI, bipy 
CuClz-bipy 


complex 


To1 
To1 
To1 
To1 
PY 
PY 
PY 
PY 
PY 
PY 
PY 
PY 
PY 
PY 
PY 
To1 
To1 
To1 
PY 
PY 


A 
A 
B 
A 
C 
D 
D 
D 
D 
D 
D 
D 
D 
D 
E 
F 
F 
F 
G 
G 


5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
3 
5 
5 
5 
24 
24 


63 24 15 0 
73 12 15 > O  
93 5 1 1  0 
I0  18 12 6 
61 26 12 0 
64 13 10 0 
62 17 38 0 
57 38 20 0 
19 8 10 0 
68 17 13 0 
63 31 I 0 
55 18 9 0 
66 25 5 0 
55 36 6 0 
69 0 > O  0 
26 31 6 0 
28 30 8 0 
23 53 8 5 
73 14 4 0 
69 13 7 0 


7 
< O  
0 
0 
3 


10 
I 
0 
7 
6 
0 
7 
6 
0 
8 
28 
22 
4 


> O  
> O  


'Np = naphthyl. 
b T ~ l =  toluene (b.p. 110OC); Py= pyridine (b.p. 115.5OC) 


(C) AnMg : CuI :Ar'I = 5 : 2.5 : 1; (D) AnMg : CuI: Ar'I = 5 : 2 .5  : 1, EtMgBr : ArNHz = 1 :2; (E) AnMg :CuI :Ar'I = 5 : 1 : 1; 
(F) 1DMg:CuCl: HMPA :Ar'I = 1 : 1 : 6 :  1; (G) AnMg:additive:Ar'I = 5 :0-05: 1. 
dAmount of recovered Ar'I fluctuates owing to variations in its volatility. 


(A) AnMg : CuCl : HMPA : Ar 'I = 5 : 2 - 5  : 15 : 1; (B) AnMg : CuCl : HMPA : Ar'I = 5 : 2.5 : 15 : 1, EtMgBr : ArNH2 = 1 : 2; 


involved, leading to symmetrical azoarene [ArN=NAr 110 "C or in refluxing Py (115 "C); the results are given 
(6) from IDMg] and biaryl [Ar: (7) from Ar'I], are in Table 5.  Although the formation of 5 is not 
also notable. The need for the preparation of N-Mg, excluded, the condition of run 8 [successive addition of 
implying metal exchange (N-Mg + N-Cu), is noted. CuI (catalytic amount), 2,2'-bipyridine (Bipy) and 


Second, the effects of CuCl and CuI and those of Ar'I] seems best for monoarylation because adequate 
HMPA and Py on the combined yields of 4 and 5 were results arise from the combined use of less expensive Py 
compared. The reaction was carried out in HMPA at and a small amount of copper salt. The formation of 7 


Table 5. Effects of CuCl and CuI and solvents on reaction (2) of p-RAnMg with p-R1C6H41 


Yield (Yo) 
Run Reaction Reaction Recovery 
No. R R' Additive Solvent AnMg:additive:Ar'I temperature ("C) time (h) 4 5 6 7 (Yo)" 


Me0 
Me0 
Me0 
Me0 
Me0 
Me0 
Me0 
Me 


Me 
Me 
Me 
Me 
Me 
Me 
Me 
H 


CuCl 
CUI 
c u r  
CuCl 
CUI 
CUI 
CUI 
CUI, 
BiPY 


HMPA 
PY 
PY 
PY 


HMPA 
PY 


HMPA 
PY 


5:2-5:1 
5:2*5:1 
3: 1.5:  l b  
5 :2*5: l b  
5:2*5:1 
5 : 0.25 : 1 
5:0-25:1 
5:0*05:1 


110 
Reflux 
Reflux 
Reflux 


110 
Reflux 


110 
Reflux 


5 17 7 
5 61 26 
5 18 4 
5 62 11 
5 71 20 
24 47 27 
24 61 18 
24 13 14 


I 10 0 
0 12 3 
0 1  49 
0 38 1 
6 13 2 
0 21 I 


> O  14 > O  
0 4 >o 


'Amount of recovered Ar 'I fluctuates owing to variations in its volatility, 
EtMgBr : ArNH2 = 1 : 2. 
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is eliminated by the use of a catalytic amount of 
CuC12-Bipy complex (run 17), although a longer time 
of reaction is needed. This, implying reduction of 
Cu(I1) to Cu(1) by AnMg, is expected from the known 
oxidation of IDMg with CuC12 and/or CuBr2, l2 and the 
slight formation of 6 is therefore reasonable. 


A condition for the selective preparation of pura- 
substituted 4 was revealed. By considering the role of 
Py in facilitating the 'oxidative addition and reductive 
elimination' processes of transition metal-mediated 
reactions (see below), Py and Bipy were replaced with 
N,N,N',N'-tetramethylethylenediamine (TMEDA). By 
refluxing in toluene as a co-solvent, the formation of 5 
and 6 is almost completely suppressed (Table 6). The 
results of the reaction of AnMg with the catalytic and 
stoichiometric use of CuI are shown in Tables 7 and 8, 
respectively; the amount of CuI could be reduced to 5% 
of the Ar'I used by prolonging the time of reaction 
(Table 7). Reactions using p-C1-AnMg, giving a low 
yield of 4 (Table 7, runs 7-9; Table 8, runs 9-11), are 
promoted by addition of Py, but the formation of 5 
becomes notable (Table 8, runs 15-20). For preparative 
purposes, inverse combinations using p-ClC&I are 
recommended. The more precise role of Py is discussed 
later. 


Effects of steric hindrance appear in experiments with 
the formation of 1 , l '  -dinaphthylamine and 2-methyl- 
and 2,4,6-trimethyl-diphenylamines, as shown by com- 
parison of the results in Tables 4, 6 and 8: poor yield in 


Table 6. Effects of CuI-Bipy complex on reaction (2) of 
AnMg with Ar'I in Pya 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
l l C  
12 
13 
14 
15 
16 


4-Me0 
4-Me0 
4-Me0 
4-Me 
4-Me 
4-Me 
4-Me 
4-Me 
4-Me 
4-Me 
4-Me 
4-C1 
4-C1 


2-Me 
2 , 4 , 6 - M ~  


4-C1 


4-Me0 
4-Me 
4-C1 


4-Me0 
4-Me 


H 
4-C1 


4-OH 
2-Me 


2,4,6-Me3 
2,4,6-Me3 


4-Me0 
4-Me 


4-Me 
4-Me 


4-C1 


46 23 8 5 
69 14 5 7 
59 27 10 3 
72 14 10 9 
70 19 11 >O 
69 13 7 > O  
55 42 8 2 
0 0 6  43 


71 0 10 14 
37 0 9 54 
53 0 13 34 
59 27 5 8 
50 25 5 19 
52 40 7 2 
66 9 3 17 
56 10 3 19 


'Ar'I was added at once at room temperature and the mixture in pyri- 
dine was reflexed for 24 h. 
bAmount of recovered Ar'I fluctuates owing to variations in its 
volatility. 
' Refluxed for 48 h. 


Table 7. Effects of Cu(1) (catalytic)-TMEDA on reaction (2) 
of AnMg with Ar'I in toluenea 


Yield (Vo) 
Run Recovery 
No. Ar=RC& Ar'=RLC6H4 4 5 6 (VO)~ 


1 
2 
3 
4 
5 
6 
I 
8 
9 


10 


4-Me0 
4-Me0 
4-Me0 
4-Me 
4-Me 
4-Me 
4-c1 
4-C1 
4-C1 
2-Me 


4-Me0 
4-Me 


4-Me0 
4-Me 


4-Me0 
4-Me 


4-Me 


4-Cl 


4-C1 


4-C1 


81 > O  3 17 
90 > O  16 9 
94 >O 8 5 
85 > O  7 15 
76 3 5 14 
86 6 26 8 
35 >O 4 50 
58 3 6 35 
58 >O 5 40 
55  0 > O  30 


'Reagent: ArlI : CuI : TMEDA = 5 : 1 : 0.05 : 5.  ArlI was added at 
once at room temperature and the mixture in toluene was refluxed for 
24 h. 
bAmount of recovered Ar'I fluctuates owing to variations in its 
volatility. 


Table 8. Effects of CuI (stoichiometric)-TMEDA on reaction 
(2) of AnMg with ArlI in toluenea 


Yield (Yo) 
Run Ar = RC& Ar ' = R'CsH4 Recovery 
No. or R3C& or R:C& 4 5 6 (Yo)b 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15d 
16d 
17d 
18' 
19' 
20' 
21d 
22d 
23 


4-Me0 
4-Me0 
4-Me0 
4-Me 
4-Me 
4-Me 
4-Me 
4-Me 
4-C1 
4-C1 
4-C1 
2-Me 
2-Me 
l-Npc 
4-C1 
4-C1 
4-C1 
4-C1 
4-C1 
4-C1 
2-Me 
2-Me 


2,4,6-Me3 


4-Me0 
4-Me 
4-C1 


4-Me0 
4-Me 


2-Me 
2,4,6-Me3 


4-Me0 
4-Me 


4-Me 
2-Me 


4-Me0 
4-Me 


4-Me0 
4-Me 


4-Me 
2-Me 
4-Me 


4-C1 


4-C1 


l-Npc 


4-C1 


4-C1 


60 >O >O 9 
98 >O > O  0 
84 >O > O  0 
83 >O > O  11 
76 > O  > O  11 
86 > O  > O  19 
48 0 4 40 
17 0 > O  79 
34 > O  >O 66 
44 >O PO 19 
26 >O >O 29 
12 0 >O 23 
9 0 >O 72 
9 0 >O 78 


52 9 5 32 
66 27 7 2 
65 26 5 6 
45 30 3 9 
66 30 5 > O  
66 30 4 >O 
86 8 >O 5 
62 5 >O 19 
93 6 >O 0 


Reagent: Ar 'I : CuI : TMEDA = 5 : 1 : I : 6 .  Ar 'I  was added at once at 
room temperature and the mixture in toluene was refluxed for 3 h. 
bAmount of recovered Ar'I fluctuates owing to variations in its 
volatility. 
' Np = naphthyl. 


Py (5 ml) was added. 
'Py (10 ml) was added. 
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run 14 (Table 8) with a fair yield in run 15 (Table 4); 
poor yields in runs 12 and 13 with good yields in runs 
21 and 22 (Table 8) and also in runs 9 and 15 (Table 6); 
poor yield in run 8 with an excellent yield in run 23 
(Table 8) and with fair yields in runs 10, 11 and 16 
(Table 6). 


The 8-hydrogen on I-naphthyl and 2-methyl on the 
phenyl groups of the reactants hinder diarylation but 
are advantageous for monoarylation, especially when 
Py is added to combined CuI-TMEDA. The yield of 4 
is seriously decreased with combined CuI-TMEDA- 
toluene, and slightly so with CuI-Py and/or 
CuC12-Bipy in Py. 


Although the use of CuI-TMEDA-toluene is recom- 
mended for unhindered monoarylation, the catalysis 
caused by CuI-Bipy-Py is of interest from the general 
mechanistic viewpoint of transition metal-mediated 
reactions. l3  Possible sequences of steps for mono- and 
diarylation are depicted in Figure 2. 


The sequence is initiated from N-Cu(1) species gener- 
ated by metal exchange (and reduction). As cycle A 
indicates, the resultant Cu(II1) species, probably stabil- 
ized by coordination of Py and Ar 'I, 'reductively elim- 
inates' a molecule of 4 to regenerate the N-Cu(1) 
species. Cycle B for diarylation may be initiated by 
migration of an Ar group from Cu(II1) to the N atom, 
generating new N-Cu(1) species; further oxidative 
addition and reductive elimination lead to 5. Concer- 
ning the formation of 5 via catalysis (CuClz-Bipy) in 
the reaction of p-Me-AnMg with p-CIC&I, the possi- 
bility of exchange of an H atom of 4 (eliminated from 


1 


ArNlIMgBr (5) ( U )  Ar' Ar )NCULL 


Ar' 
Ar >N-Ar' 


H 
ArNCu'*L 


+MgBrI 


I 


Figure 2. Possible pathway of reaction (2) 


cycle A) with MgBr of AnMg is excluded since added 
p-Me-p'-MeO(C&I4)2NH (20 mol%) was completely 
recovered without incorporation into products. 


The effect of Py (5 or 10ml; footnotes b and d in 
Table 8) in improving the overall yields of 4 and 5, 
especially the latter, was studied using pyridines having 
4-Me, 2-Me, 2,4-Mez and 2,6-Me2 substituents. In the 
reaction starting from p-C1-AnMg and p-MeOC6H4I 
using CuI-TMEDA-toluene, 4-Me-Py gave yields 
resembling those obtained with the use of Py, while 
2-Me-Py reduced especially the yield of 5. The roles of 
Py must be (i) stabilization of the first Cu(II1) species 
(cycle A) and/or (ii) acceleration of Ar' migration 
(transfer into cycle B). Role (i) seems dominant over 
(ii), and competition of Py and TMEDA as the ligand 
is suggested. 


Organocopper reagents are used for regio- and 
stereoselective syntheses, l4 and inorganic copper salts 
in combination with Py have been widely used for aro- 
matic syntheses." The use of N-Mg and CuI over- 
comes the &-inactive nature of iodoarenes. It should 
be noted that extraneous organic moieties needed for 
the Chapman and even for revised Ullmann pro- 
cedureslSc are made useless for the first time by the 
procedures according to equation (2). 


REMARKS 


Reaction (2) was first examined by use of toluene and 
a calculated amount of HMPA instead of THF for the 
purpose of, carrying out the reaction at temperatures 
above 100 C. The use of Py instead of toluene plus 
HMPA is of advantage in view of the easy purification 
and safe handling. It should be noted that incomplete 
removal of THF causes a serious decrease in yield, and 
that hydroxy-substituted Ar 'I is not utilized (Table 6, 
run 8), probably owing to decomposition of N-Mg 
and/or N-Cu species. In preliminary experiments, 
NiClz gave a much lower yield of 4 even if higher tem- 
peratures were applied, and PdClz led to no reaction. 


With the use of CuI(stoichiometric)-Py, competition 
experiments starting from two para-substituted IDMgs 
were carried out, the relative yields of 4 and 5 being 
depicted in Figure 3. The results show (i) no clear effect 
of substituents of IDMg and two clear effects of those 
of Ar'I, (ii) a lower overall yield from a p-Me0 group 
than from p-Me and p-C1 groups and (iii) similar pat- 
terns in product distribution from p-Me0 and p-CI 
groups distinct from that of a p-Me group. Consistent 
with the above discussion, feature (i) may arise from 
reaction (2) starting after an ArNCu species is formed, 
feature (ii) implies a weaker accepting ability (larger 
Ered) due to a p-Me0 group common to all types of 
substrates6 and feature (iii) suggests that the lone pair 
electrons of Me0 and CO participate in complexation 
with copper species. 
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R~-(=J-N(M~B~) + RO - CUI .'*-@ + R ~ ~ N H ~  
4 a2 in Pyridine 


Run R' R 
No. R2 


Me0 
Me 
Me0 
Cl 
Me 
c1 


Me0  
Me 
Me0 
c1 
Me 
c1 


Me0 
Me 
Me0 
c1 
Me 
c1 


Me0 


Me0 


Me0 


Me 


Me 


Me 


c1 
c1 
c1 


I 1 Yo 
Yield 5? / % l?(' : 


I - 
n I 


I 


11 


26 


19 


0 


2 


2 


0 


13 


0 


Ar'IDMg : Ar21DMg : ArI : CuI = 1 : 1 : 1 : 1 
Reaction mixture was refluxed for 3 h. 


Figure 3. Product distribution in competitive reaction (2) starting from two IDMg reagents using combined CuI-Py 
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Table 9. Melting points and 'H NMR data for diphenylamines, ArNHAr' (Ar = RCsH4 or 1-naphthyl; Arl = RICgH4, R$s& or 
1-naphthyl) 


R R 1  M.p. ("C) 1H NMR: 6 in CDCI3 (ppm) 


p-Me0 
p-Me0 
p-Me0 


p-Me 
p-Me 
p-Me 


p-Me 
p-Me 


p-c1 
o-Me 
1-Npa 


p-Me0 
p-Me 
p-CI 


p-Me 
H 


p-CI 


o-Me 
2,4,6-Me3 


p-c1 
o-Me 
1 -Np a 


96'1-96.3 
79'0-80'3 
78.0-78.6 


75.8-76'2 
86.0-86.5 
78.3-78.8 


Oil 
Oil 


72.8-73 '0 
Oil 


1 10.0- 1 10.5 


6.93 and 6.84 (8H, Abq, J =  8.8 Hz), 5.27 (IH, s), 3.78 (3H, s) 
7.04-6.83 (8H, m), 5.38 ( lH,  s), 3.79 (3H, s), 2.28 (3H, s) 
7.12 and 6.81 (4H, ABq, J = 8 . 8  Hz), 7.03 and 6.87 (4H, ABq, 
J =  8.8 Hz), 5.45 (IH, s), 3.79 (3H, S) 


7.04 and 6.95 (8H, ABq, J =  8.6 Hz), 5.52 (IH, s), 2.29 (3H, s) 
7.28-6.85 (9H, m), 6.00 (IH, s), 2.33 (3H, s) 
7.15 and 6.98 (4H, ABq, J =  8.8 Hz), 7.07 and 6.93 (4H, ABq, 
J = 8 . 8  Hz), 5.58 ( lH,  s), 2.71 (3H, s) 
7.18-6.88 (8H, m), 5.28 (IH, s), 2-30 (3H, s) 
6.96 and 6.43 (4H, ABq, J =  8.8 Hz), 6.29 (2H, s), 5.50 ( lH,  s), 2.30 (3H, 
s), 2.23 (3H, s), 2.17 (3H, S) 
7.20 and 6.86 (8H, ABq, J =  8.8 Hz), 5.68 (IH, s) 
7.20-6.86 (8H, m). 5.08 (IH, s), 2.26 (6H, s) 
8.08 (2H, t), 7.88 (2H, t), 7.56-7.30 (8H, m), 7.03 (2H, d) 


a Np = naphthyl. 


CONCLUSION 


Because a more reactive reagent is less selective, 
manifestation of factors governing the reactions of 
highly reactive C-Mg (Grignard) reagents has been 
difficult for many years. l6 The moderate reactivity of 
N-Mg reagent and the A E value as an estimate of rela- 
tive SET efficiency are advantageous for revealing the 
so-far hidden factors for classifying and characterizing 
the reactions of magnesium reagents from the unified 
viewpoint of structure-reactivity relationships, which is 
further extended by the present methods (using HMPA 
and/or a copper salt) significant for 'modifying the 
reactivity of the N-Mg reagents to bring the inert (no 
SET) combinations into reaction.' The present work 
should contribute to a generalization of the under- 
standing of metal-mediated reactions. 


EXPERIMENTAL 


Preparation of N-Mg reagents. In a nitrogen-purged 
flask, a calculated amount of metallic Mg is placed and 
converted completely into EtMgBr with the use of EtBr 
in excess amount (15-20'70) in THF. Anilines (p-MeO-, 
p-Me-,p-Cl-), weighed in a 5% excess molar amount 
based on that of Mg, are added and the mixture is 
stirred at room temperature for 30 min and at 55 C for 
30 min to complete evolution of EtH. The excess EtBr 
in the IDMg solution is distilled off with THF under 
nitrogen. 


Reaction and product separation. The procedure 
according to equation (1) was described earlier. A 
typical procedure according to equation (2) using 
CuI-Py is as follows. After removal of excess EtBr, dry 
Py is added and all the amount of THF is distilled off. 


Copper(1) iodide is added in a 0.5 molar and/or cata- 
lytic amount, and the resulting reddish brown solution 
is stirred for 20-30min at room temperature. Iodo- 
benzenes (p-MeO-,p-Me-,p-C1-), in a 0.2 molar 
amount based on that of Mg, are added and the mixture 
is stirred at 115-120 OC for 5 or 24 h depending on the 
amount of CuI. The mixture is quenched with saturated 
NH4CI solution. To the resulting slurry, concentrated 
aqueous ammonia (10 ml) and n-hexane are added and 
the mixture is vigorously stirred to transfer copper 
species into the aqueous phase. After the hexane layer 
has been decanted, the residue is treated with hexane 
five times. The combined hexane solution is repeatedly 
washed with ~ 0 . 5  M HCl to remove pyridine and 
unreacted aniline. The hexane solution is dried over 
MgS04 and roto-evaporated, and the product mixture 
is chromatographed on silica gel (Wako Gel FC-40). All 
the products 4 are identified by 'H NMR and melting 
point determinations (see Table 9). 
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UNPRODUCTIVE SIGMA AND PI COMPLEXES IN THE 


DIMETHYL SULPHOXIDE 
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Brussels, Belgium 


The rate of the reaction of 2-chloroquinoxaline with piperidine in dimethyl sulphoxide was measured over a wide range 
of amine concentrations and at several temperatures. It was found that the order with respect to the nucleophile is 
close to 1 between 300 and 320 K,  but is definitely less at lower and higher temperatures. It is suggested that below 
300 K an unreactive charge-transfer complex is formed between the reactants which dissociates at higher temperatures, 
whereas at temperatures higher than 320 K an unproductive u complex is formed, the concentration of which increases 
with increase in temperature. 


INTRODUCTION 


The unorthodox behaviour of 2-chloro-7- 
nitroquinoxaline (2) towards piperidine has already 
been observed previously; ' the results indicated that, 
contrary to intuition but in agreement with several data 
accumulated on similar systems, * the nucleophile first 
attacks the unsubstituted carbon atom at  position 3 
rather than the chlorine-bearing carbon atom 2. 


We now report on the kinetic behaviour of 2- 
chloroquinoxaline (1) when reacted with piperidine 
(RzNH) in dimethyil sulphoxide (DMSO) solvent. 


RESULTS 


The reaction was monitored spectrophotometrically at 
379 nm, where only the product 2-piperidinoquinox- 


~~ 


*Author for correspondence. 
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0 1994 by John Wiley & Sons, Ltd. 


aline absorbs. In several cases, the whole absorption 
spectrum of the medium was recorded, and showed a 
sharp isosbestic point near 348 nm. 


The reactions were always strictly first order, as 
shown by applying the method of constant time inter- 
vals which gave excellent linear plots, with correlation 
coefficients a t  least 0.999. The method of constant time 
intervals is as follows: For a first order process leading 
from a reactant R to  a product P ,  such as 


R A P  


the absorbance at any time At is given by 


At = ER [ R] + Ep[P] = (ER - Ep) [ R]oeCkr + Ep [ R]o 


After a given time interval A t ,  the absorbance is given 


+ E P [ R I o  
by 


k ( r + A i )  At = ER[R] + Ep[P] = ( E R  - E p )  [Rloe- 


and the absorbance variation AA is thus 


AA = ( E R  - EP) [R]oeCk'(l - eCkAr) 


I f  the absorbance A is recorded at constant time inter- 
vals A t  the (1 - eCkA') term is constant during a run, 
and a plot of In A A  vs t gives a straight line with slope 
- k.  This method has the advantage that the rate con- 
stant k can be obtained without having to  rely on the 
measurement of the absorbance at infinite time, which 
is often unreliable or has to  be found by regression 
methods. The pseudo-monomolecular rate constants 
kobs for a wide range of temperatures and piperidine 
concentrations are collected in Table 1. 
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Table 3. Fitting of the kinetic data to equation (6) 


T(K) 293.4 298.4 303.4 308.4 313.4 318.4 328.4 338.4 
kbi (I s- l )  8.07 x 2.03 x 2.76 x to-’ 2 . 7 6 ~  1 0 - ~  4 .18  x lo-’ 4.38 x 1 0 - ~  6.40 x 1 0 - ~  7.67 x lo-’ 
(Kn + &)(kin) 0.47 (0.05) (- 0.01) (0.06) (-0.02) 0.12 0.31 0.38 
(Kn + KE)(opt) 0.53 (0.01) (0.01) (0.01) (0.01) 0.15 0.34 0.42 


The plots of log kobs vs log [QCl] give the apparent 
‘orders’ with respect to the concentration of piperidine. 
The results collected in Table 2 are, however, unex- 
pected: the slopes deviate significantly from unity at 
several temperatures. The ‘order’ is close to 1 . 0 0  
between 298 and 313 K ,  but definitely less outside this 
range. 


This means that at both low and high temperatures, 
inhibition by high concentrations of piperidine is com- 
peting with the main reaction path. We suggest that a 
fast equilibrium is established between the quinoxaline 
and piperidine, leading to an unreactive intermediate, 
and that the low temperature complex is different from 
the high-temperature complex. 


RATE EQUATION 


For reasons which will be given below, let us call these 
two complexes I’I and C respectively, and the corre- 
sponding equilibrium constants Kn and K E :  


The concentrations of the two complexes are thus given 
by 
[IT] = Kn [ QCl] [ R2NHl; [C] = K E  [ QCll[ R2NHl (2) 


Since the total amount of 2-chloroquinoxaline, CQCI, at 
any time is the sum of the concentration of free 
2-chloroquinoxaline [QCl] and that of the two 
complexes, 


(3) 
the concentration of free 2-chloroquinoxaline [QCl] is 
given by 


[QCl] + [IT] + [C] = CQCI 


(4) CQCl 


[Qcll = 1 + (Kn + K E )  [RNHzI 
Assuming a rate equation of the form 


the expression for kobs becomes 


The rate data in Table 2 were thus fitted, for every 


temperature, to the equation 


(7) 


where x stands for kbi and y for (Kn + K E ) .  The result- 
ing values for x and y are given in Table 3; the correla- 
tion coefficients were, in most cases, at least 0.9999. 
Values of (Kn + K E )  less than 0.1 are too small to be 
of significance and will be considered as being zero. 


An independent check of rate equation (6), was 
found by analysing the whole spectra recorded in 
several runs. A close examination of these spectra 
showed that the absorbances were sometimes lower 
than those calculated on the basis of the molar absorp- 
tivities of the constituents, and especially at high piperi- 
dine concentrations. 


If we assume that neither IT nor C absorbs at 320 nm, 
the Xmax of QCl, the absorbance A (per cm) is given by 


In the absence of complexation (i.e. Kn + KE = 0), the 
absorbance A‘ would be 


A’ = E Q C I ~ Q C I  (9) 
Subtracting equation (8) from equation (9) gives the 
deviation A A  from the expected absorbance: 


which allows the calculation of the optical value of 
(Kn + K E ) :  


The results are given in Table 3; the agreement between 
the (Kn + Kr)(opt) and (Kn + KE)(kin) is quite 
satisfactory and lends considerable support to rate 
equation (6), and hence to the proposed mechanism. 


The values of (Kn + K E ) ,  which are obtained 
indirectly, are, however, fairly inaccurate and cannot 
be used as such for further elaboration, such as in the 
evaluation of enthalpies. 


MECHANISM 


The value of (Kn + K E )  is nearly zero between 298 and 
313 K and rises at both ends of this range. Since the 
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temperature dependence of an equilibrium constant K is 
related to the enthalpy A H o  by 


the sign of aK/aT is that of AH', i.e. K increases a t  
higher temperatures when AH' > 0 (endothermic) and 
increases at lower temperatures when AH' < 0 
(exothermic). 


Since our K values go through a minimum, it means 
that there is a low temperature range where aK/aT is 
negative, indicative of an exothermic association, the 
corresponding (Kn + K E )  decreasing to  nearly zero 
around 303 K .  At 313 K the high-temperature range 
starts where aK/aT is positive, and an endothermic 
association is to be considered. 


The formation of T complexes between electron- 
deficient aromatic systems and electron-donor amines is 
probably an exothermic process. Hurst et aL3 have 
found that aromatic diazines form charge-transfer com- 
plexes with aromatic hydrocarbon donors and that, 
more specifically, C6D6 and pyrazine d o  associate with 
a A H  of nearly zero (Enthalpies of formation for 
charge-transfer comlexes are not frequently measured; 
for recent AH data for the Z2-substituted complexes, 
see Ref. 4 .  The A H  values for all these systems are 
negative. Many cses are known where u-adduct for- 
mations are exothermic, but they all involve highly acti- 
vated substrates such as 1,3,S-trinitrobenzene,' 
3,5-dinitr~pyridine~ or 2,4-dinitronaphthalene.' 
Several other cases were presented by Terrier.8 In all 
cases reported, the electron-withdrawing groups coop- 
erate to  activate one or more positions; in quinoxaline, 
the 2- and 3-carbon atoms are activated by only one 
nuclear nitrogen atom. For such systems the formation 
of the complex occurs with excessively low equilibrium 
constants and the corresponding A H  values are nor- 
mally positive.) Since piperidine is a better donor than 
benzene and chloroquinoxaline a better acceptor than 
pyrazine, we expect a negative value for this A H .  We 
therefore propose that the low temperature association 
corresponds to  a Il complex such as 4. 


a:ya*..- = ~ ~ ~ k f R z  K, 


4 


We cannot, of course, exclude the possibility that 
complex 4 corresponds t o  the full transfer of an elec- 
tron, and would thus be a pair of radical-ions, similar 
to those observed by Grossi' when s-deficient aro- 
matics such as 2-chloroquinoline are reacted with 
tertiary amines in tetrahydrofuran, or by Bacaloglu 
et al. '' when hydroxide ions interact with dinitrobenzo- 
nitriles. It is clear, however, that our findings show that 
this intermediate is unproductive, and dissociates faster 
than it isomerizes to  the Meisenheimer complex. 


The addition of a nucleophile to an aromatic system, 
leading to a n  adduct similar to  the Meisenheimer 
complex in nucleophilic aromatic substitution, is 
usually considered as an endothermic process since it is 
the major component of the overall activation energy; 
we therefore propose that the high-temperature associ- 
ation corresponds to  the (T complex 5. 


N 'Ta+ RzNH = ax;.? KI 
5 


Such a preferred addition of a nucleophile to  a pos- 
ition carrying no substituent has already been observed 
in several instances, and more specifically in the case of 
pyrazines " and quinoxalines. l2 Makosza et al. l 2  have 
shown in a series of  elegant experiments that 2- 
chloroquinoxaline is attacked faster a t  the unsubsti- 
tuted 3-position than at  the 2-position by nucleophiles 
such as a-chlorinated sulphone carbanions; in their 
case, however, the primary adduct undergoes further 
reactions leading to  unexpected aziridine derivatives. 


It was shown previously' that a similar adduct of 
piperidine to  the 3-position of 2-chloro-7-nitro- 
quinoxaline can undergo a proton transfer from the 
exocyclic ammonium nitrogen atom to the nuclear 
amide nitrogen atom when the reaction is run in diethyl 
ether, ultimately giving the doubly substituted product 
after air-induced oxidation. The difference between the 
two situations is probably to  be ascribed to the poor 
stability of the zwitterion in diethyl ether and its good 
stabilization in dimethyl sulphoxide. It should be 
noticed that no disubstitution product was ever detected 
in the present work. 


The major conclusion from our results is thus that 
for the present reaction, neither the a complex 4 nor the 
u complex 5 is an intermediate in the substitution 
reaction, which means that their intramolecular 
isomerization to  the u complex 6 is a very slow process, 
unable to compete with the intermolecular dissociation- 
association mechanism. 


If we now turn to  the meaning of kbi, we notice that 
this is the rate constant for the substitution reaction and 
we suggest, according to rate equation (7), that only the 
free quinoxaline undergoes the addition of piperidine in 


6 
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6 7 3 


a first reversible step, giving the short-lived u complex 
6, which then spontaneously loses its halides ion C1-, 
the loss of the proton from intermediate 7 to give the 
product 3 being fast enough to be kinetically non- 
significant. The resulting expression for kbi is thus 


(13) 
kikz kbi = - 


k - I +  kz 
A plot of In kbi vs 1 /T  is shown in Figure 1; it is 


definitely non-linear, suggesting that k-  and k2 are of 
the same order of magnitude, and that there is a change 
in the rate-determining step on going from low to high 
temperatures. The data collected so far seem insufficient 
to make a suggestion regarding the rate-determining 
step at both temperature extremes. 


-6.03 1 
f 


-6.M 


-1.00 1 
Figure 1. Plot of kbi (from Table 3) as a function of 1/T (K) 


EXPERIMENTAL 


'H NMR spectra were recorded in CDCl3 on a Bruker 
VM250 spectrometer; chemical shifts are given in ppm 
downfield from internal TMS and J values are given in 
Hz. A Bruker IFS 25 spectrophotometer was used to 
measure the IR spectra. Mass spectra were obtained 
with a VG Micromass 70-70F instrument; peaks less 
than 10% of the base peak are omitted. HPLC was 
carried out on a Waters apparatus fitted with a UV 
(254 nm) detector, on 25 cm x 4.6 mm i.d. columns 
packed with R o d ,  5 pm; the flow rate was 2 ml min-I. 
Most runs were analysed after completion, and showed 
over 95 070 conversion to piperidinoquinoxaline, 
together with small (2-5%) and highly variable 
amounts of quinoxalinone, the amount of which was 
independent of the concentration of piperidine. Melting 


points, recorded on a Reichert hot-stage microscope, 
are uncorrected. 


Piperidine and dimethyl sulphoxide were purified 
according to Perrin et al. l 3  


The kinetics were followed with a Cary 2300 spec- 
trometer in a thermostated compartment, and the faster 
runs were monitored with HP  8452 A diode-array 
spectrometer. 


2-Chloroquinoxaline. o-Phenylenediamine was con- 
densed with monochloroacetic acid according to 
Cuiban et al. l4 to give 3,4-dihydro-2-hydroxy- 
quinoxaline, which was oxidized with 30% alkaline 
hydrogen peroxide; recrystallization from propanol 
gave tan crystals of 2-hydroxyquinoxaline: m.p. 
268-269 OC, lit. l4 267-269 OC; yield 96%, lit. l4 86%. 
2-Hydroxyquinoxaline (5.00 g, 34.2 mmol) was 
refluxed for 3 h in 40 ml of freshly distilled phosphoryl 
chloride containing 10.4 g of phyphorus pentachloride. 
Excess POCI3 was then removed under reduced 
pressure, the residue poured into ice-water and the p H  
adjusted to 7. The product was then sublimed (10 C, 
0.13 Pa) rather than recrystallized. 2-Chloroquinox- 
aline: m.p. 48"C, lit." 46-48°C; 'H NMR 


8.10 (1 H,  m, Hg), 7.9 (2H,  m, H6 and H7); 
J3 ,6  = 0.3, J5 ,6  = 8.8, J 5 , 7  = 1-5; MS, m/z  164 (loo%, 
M +  '), 166(35%), 129 (100, M" - Cl.), 102 (47, 
129 - HCN,*). 


(DMSO-da), 6 8.99 (1 H, d, H3), 8.20 (1 H,  dd, Hs) 


2-Piperidinoquinoxaline. 2-Chloroquinoxaline 
(473 mg, 2.87 mmol) and piperidine (0-7 ml, 
7 - 0  mmol) were kept in dry diethyl ether at room tem- 
perature; after work-up tnd  recrystallization from light 
petroleum (b.p. 40-60 C), 477 mg (2-71 mmol) of 
pure substitution product were obtained a: yellow 
needles. 2-Piperidinoquinoxaline: m.p. 62-63 C,  lit. l4 
62-63 OC; yield 94%, lit. l4 100%; 'H NMR (CDC13), 
6 8.6 (1 H, d ,  H3), 7.9 (1 H, dd, Hs), 7.7 (1 H, dd, 
Ha), 7.5 (1 H,  ddd, H6), 7.3 (1 H,  dd, H7), 3.8 (4 H,  


./-CHz); J3,6 = 0.3, J5 ,6  = 57,s = 8.6, J s , ~  = 1.4, 


M +  ' - l), 211 (21), 184 (69, M f .  - CzHs), 169 (25), 
157 (35, 184 - HCN), 156 (26), 144 (17), 143 (14), 131 
(14, 157-26), 130 (50, M" -CsHsN), 129 (19, 
156 - HCN), 103 ( l l ) ,  102 (19), 84 (22, CsHloN+). 


m, piperidine CY-CHZ), 1 a7 (6 H,  m, piperidine 0- and 


J6,7=6.8; MS, m/z  213 (15, M"), 212 (loo%, 
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CONFORMATIONAL PROPERTIES OF DISULPHIDE BRIDGES. 
2. ROTATIONAL POTENTIALS OF DIETHYL DISULPHIDE 


CARL HENRIK GORBITZ 
Department of Chemistry, University of Oslo, P.O. Box 1033 Blindern, N-0315 Oslo 3, Norway 


The conformational properties of diethyl disulphide, a model compound for the disulphide bridges in peptides and 
proteins, were studied with ab initio methods. Stationary point structures were optimized at the HF/6-31G* level with 
consideration of electron correlation in subsequent single-point MP2 calculations. The six energy minima were also 
optimized at the MP2/6-31G* level with calculation of zero-point vibrational frequencies and thermal corrections. 
Additional single-point MP2 energy calculations employed larger basis sets up to 6-311G(2d,p). With positive 
disulphide chirality, the global energy minimum is a ‘spiral’ conformation with gauche + C-C-S-S torsion angles. 
The further stability order for energy minima deviates from previous ub initio results. In particular, the extended 
trans,trans conformer is subject to a significant relative destabilization on inclusion of electron correlation in the 
calculations and is only the fifth most stable energy minimum with estimated ab initio AH298 = 5.13 kJ mol-’. The 
results presented are relevant for the discussion of conformational properties for the structurally equivalent disulphide 
bridges in polypeptides and calculations of relative energies with molecular mechanics methods. 


INTRODUCTION 


Detailed knowledge of the conformational properties of 
disulphide bridges is essential for studies of all mol- 
ecules including this group, such as numerous extracel- 
Mar proteins and biologically active oligopeptides. 
The conformational problem can be approached 
without calculating relative energies, e.g. in the refine- 
ment of disulphides in protein structures by restrained 
least-squares programs and in procedures developed 
for assessing the stereochemical suitability of potential 
sites for introduction of disulphide bridges by site- 
directed mutagenesis, but frequently it is desirable to 
have some estimate of relative conformational energies. 
Molecular mechanics calculations4 with specially 
designed force fields (AMBER,’ CHARMM,6 CVFF’) 
have provided such fundamental information for 
peptide and protein structures. While adequate for 
most purposes, it appears, however, that in the case of 
disulphide bridges many force fields suffer from poor 
parametrizations. Accordingly, the results from calcu- 
lations on molecules containing this cross-link may be 
of questionable quality. 


In order to understand better and explain the confor- 
mational properties and preferences of disulphide 
bridges, a number of theoretical ab initio calculations 
have been carried out. The results are presented in a 
series of three papers. Part l 9  described the sterically 
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unhindered C-S rotation in ethyl hydrodisulphide 
(ESSH), CH3-S-S-H. In this paper diethyl 
disulphide (ESSE), CH~-CHZ-S-S--CH~-CH~, 
is used as a model molecule. The larger structure 
permits studies of several different C-S and S-S 
rotations which are unevenly affected by steric conflicts. 
Additionally, the relative energies of the minima, and 
hence their stability order, have been estimated at an 
unprecedented high level of theory. Part 3” will deal 
with the molecular flexibility of ESSE, with special 
regard to the incorporation of disulphides into protein 
structures. 


Terminology 


Each C-S rotation has gauche+ (G), gauche- (G’) 
and trans ( T )  minima in addition to two skew barriers 
(S and S ‘ )  and a cis barrier (C) .  An S-S rotation has 
G and G’ ‘gauche’ minima at ca f 90’ and cis (C)  and 
trans ( T )  barriers. Any rotation is identified by the 
letter x, as in GGx. In the description of molecular 
geometry r(A-B) is used for the A-B bond distance 
and a(A-B-C) is used for the A-B-C bond angle. 
The C-1-C-2-S-1-S-2, C-2-S-1-S-2-C-3 and 
S-1-S-2-C-3-C-4 torsion angles are denoted XCS, 
xss  and X S C ,  respectively. 
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EXPERIMENTAL 


All ab initio calculations were performed with the 
Gaussian 90 '' and Gaussian 92 l2 molecular orbital 
program systems, and were run on Convex and Cray 
computers. The Z-matrix used for ESSE at the HF level 
employed a single methylene C-H distance and a set of 
five parameters for methyl group geometry: three 
C-C-H bond angles, one C-H bond length and one 
S-C-C-H torsion angle (assuming C3,, torsion sym- 
metry). Although fully relaxed optimizations would 
have been feasible, the observed energy gain was so 
small (<0.01 kJ mol-I) that, for simplicity, the con- 
strained model was retained. For the time-consuming 
saddle point calculations the number of parameters was 
limited further by fixing the geometry of the two inde- 
pendent ethyl groups [except a(C-C-S) and the 
H-C-C-S torsion angle], each as obtained in the 
corresponding symmetric structure. Accordingly, the 
geometries for ethyl groups in the GGS conformation 
were taken from the optimized GGG and SGS struc- 
tures. Tests indicated that the error involved in this pro- 
cedure is <0.03 kJ mol-'. 


Simultaneous rotations around both C-S bonds and 
the S-S bond in ESSE give a large number of 
stationary points, many of which are energy maxima of 
very limited interest. A study of the conformational 
properties can be simplified by regarding C-S and 
S-S rotations independently. Rotation around the two 
C-S bonds in ESSE (retaining positive disulphide 
chirality) yields nine energy minima, which are reduced 
to six owing to the symmetric nature of the molecule. 
Similarly, there are six regular energy maxima and nine 
saddle points. These stationary points (and their sym- 
metry equivalents) can be interpreted in terms of three 
different C-S rotations GGx, TGx and G'Gx. All 
optimizations were straightforward, except for the 
G'GS' barrier. Further trials revealed that xsc in this 
point is significantly distorted from -120°, but led also 
to the discovery of an additional saddle point on the 
symmetry diagonal for a G'GT+ TGG' transition. The 
saddle point has been denoted BGB, and is 
accompanied by an energy maximum called MGM. The 
significance of these points is discussed in Figure 3. 


There are four different potentials for S-S rotation 
in ESSE (mirror images disregarded), viz. GxG, 
TxT, GxT and GxG'. As S-S rotations are well 
documented in the literature, 13,14 only the first two were 
investigated in more detail. The calculation procedures 
were identical with those taken for C-S rotation 
maxima. 


Electron correlation effects were recorded for all 
C-S and S-S rotation stationary points by perform- 
ing single-point second-order M~rller-Plesset (MP2) 
calculations" with the 6-31G* basis set, using the pre- 
viously refined HF geometries. In the text 
HF/6-3 1G*//HF/6-3 1G* and MP2/6-3 lG*/HF/ 


6-31G* levels of theory have been abbreviated HF//HF 
and MP2//HF, respectively. 


In order to have more conclusive results with respect 
to the relative energies of the minima, fully relaxed 
geometries for the six structures were obtained at the 
MP2/6-3 1G* level with calculation of zero-point vibra- 
tional frequencies. The frequencies were scaled by the 
empirical factor 0.9 and used to calculate zero-point 
vibrational energies (ZPVEs). l6 The corrected frequen- 
cies were also used to calculate thermal corrections for 
a temperature shift from 0 to 298.15 K. Additional 
single-point energy calculations employed three larger 
basis sets derived from the triple zeta valence 
6-311G(d): (a) 6-311G(d,p) with p functions on H; 
(b) 6-311G(2d) with a second set of d functions on the 
heavy atoms; and (c) 6-311G(2d,p) with both of the 
above expansions. Full electron correlation effects were 
included at the MP2 level. 


RESULTS 


The six energy minima with heavy atom bond lengths 
and bond angles are depicted in Figure 1 (the atomic 
numbering is omitted in the text and tables when redun- 
dant). Relative energies for the minima are listed in 
Table 1, which also includes ab initio values for AH0 


and AH298. Torsion angles for C-S rotation stationary 
points and relative energies for the rotational barriers 
and saddle points are given in Table 2. Geometry par- 
ameters and relative energies for S-S rotational bar- 
riers are given in Table 3. 


DISCUSSION 


Electron correlation and basis sets 
The data in Tables 1 and 2 show that gauche+ is gener- 
ally the most favourable orientation for xcs and XSC, 
but with small energy differences relative to the trans 
rotamers at the HF level. For ESSH a substantial rela- 
tive destabilization of the trans minimum on introduc- 
tion of electron correlation in the calculations was 
discovered, and similar relative trans destabilizations 
are also evident for ESSE. On the other hand, electron 
correlation serves to stabilize the usually less favourable 
gauche- rotamers, as is evident for the GGG-GGG' 
pair with AEHF//HF = 1.97 kJmol-' and A E M P ~ I H F  = 
1.49 kJ mol-I. With HF/6-31G* optimized structures 
the average MP2 trans destabilization amounts to 
1.66 kJ mol-I, while the average gauche - stabilization 
is 0.54 kJmol-I. Several other basis sets were also 
tested with similar results. Examples include a 2-30 
kJ mol-' trans destabilization with the 6-31G* basis 
set and MP2/6-31G* optimized structures, and a 2.02 
kJ mol-I destabilization with the 3-21G* basis set and 
HF/3-21G* optimized structures. 
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GGG 


5 
I 


108.92 1.821 A 
d 1.521 


GGT 


1.522 \\ 


TGT 


7 


1.519 


GGG’ 


G’GG’ 


.522 


TGG’ 
Figure I .  The six energy minimum conformations for diethyl disulphide with heavy atom numbering scheme, bond lengths and bond 


angles indicated 


A trans destabilization, albeit smaller (0.84-1 a63 k- 
J mol- depending on the basis set and optimization 
level), has also been observed for n-butane. l 7  The 
inclusion of electron correlation in the calculations was 
furthermore required to reproduce the experimental 
gauche preferences for C-S rotations in methyl ethyl 
disulphideI8 and methyl ethyl sulphide. l9  


The selection of larger basis sets for further higher 
level calculations was guided by previous calculations 
for ESSH.9 For ESSH MP2/6-311G**//MP2/6-31G* 
and MP2/6-311G(2d)//MP2/6-31G* relative energies 
for minima were similar and close to  the very high level 
MP4SDQ/6-311 + G(2d, p)//MP2/6-31G* values. As 
electron correlation beyond MP2 would have required 
excessive computer resources for ESSE, the single- 
point energies for the three symmetric ESSE minima 
were at first calculated at these two levels. 


Given the ESSH results, it was surprising to find that 
MP2/6-31 lG**//MP2/6-3lG* and MP2/6-311G(2d)// 
MP2/6-31G* relative energies for ESSE were signi- 
ficantly different. An attempt to  solve this controversy 
was made by employing the still larger basis set 
6-31 1G(2d, p), which also yielded excellent results for 
ESSH at the MP2 level, for all six minima. The result- 
ing relative energies for TGT and G’GG’ lie between 
6-311G** and 6-311G(2d) values, but closer to the 
latter for G’GG‘, and are in fact close to the 
MP2/6-31G*//MP2/6-3lG* values. The contributions 
of vibrational energies and temperature are included in 
the estimates for AH0 and AH298 in Table 1. There are 
no dramatic changes to  the relative energies, but with 
slightly higher values for AH298 energies for structures 
with trans torsion angles. 
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Table 2. Torsion angles for HF/6-31G* (roman type) and MP2/6-31G* (italic type) 
diethyl disulphide energy minima and torsion angles and relative energies (GGG = 0.00) 


for HF/6-31G* C-S rotation saddle points and maxima 
~ 


Level of theory 


xc s xss xsc HF/6-31G* MP2/6-31G* 
Conformation (") ("1 (") (kJ mol-') (kJ mol-') 


Minima 
GGG 70.53 


68.28 
TGT 177.45 


178,34 
G'GG' -73.45 


- 70.89 
GGT 70.56 


68.07 
GGG 69.77 


66.59 
TGG' 175.23 


174.62 
Saddle points 


GGC 68.89 
GGS 69.32 
GGS' 68.95 
TGC 174.31 
TGS 176.20 
TGS' 175.72 
G'GC - 72.42 
G'GS - 70.93 
G'GS' -75.06 
BGB -100.46 


Maxima 
CGC -10.88 
SGS 119.10 
S'GS' -125.78 
MGM -97.49 


88.86 
87.25 
88.28 
85.79 


112-47 
111.41 
88.68 
86.63 
98.22 
97.13 
97.83 
96.40 


92.37 
88.46 
88.51 
92.20 
88-18 
88-11 


105.10 
94.28 


103.74 
94.35 


96.45 
90.04 
90.73 
98-90 


70-53 
68 * 28 


177.45 
178.34 


-73.45 
- 70.89 
177.40 
178-25 
- 70.46 
-65.89 
-70.06 
- 65-00 


-4.21 
120.38 


- 123.23 
-4.28 
120.43 


- 123 a 5 0  
-11.35 
118.17 


-109.27 
-100.46 


-10.88 
119.10 


-125.78 
-97.49 


17-04 
6.90 
7.69 


16.87 
6.93 
7.65 


20.23 
7.52 


11.01 
11.49 


32.95 
14.23 
15-84 
11-53 


15.85 
7.82 
8.24 


17-22 
9.53 
9.95 


18.44 
7.73 


10.80 
11-45 


30-03 
16-01 
17.14 
11.51 


Table 3. Selected geometry parameters and relative energies (GGG = 0.00) for diethyl disulphide HF/6-31G8 S-S rotational 
barriers 


Level of theory 


CTC C-S S-S C-C-S C-S-S xcs/xsc x s s  HF/6-31G* MP2/6-31G* 
Conformation (A) (A) (A) ("1 (7 ("1 (") (kJ mol-') (kJ mol-') 


GCG 1.526 1.826 2.113 114.28 108.91 92.56 -8.79 57.97 59.44 
GTG 1.525 1-822 2.095 114.84 99.36 73.61 180.44 25.30 29.56 
TCT 1.528 1-823 2.110 107.90 107.04 180.00 0.00 48.20 53.50 
TTT 1.526 1.822 2.089 109.58 98.47 180.00 180.00 24.05 31-59 


Relative stability of energy minima further stability order for the minima, derived from 
either the highest level ab inifio energies, the AH0 


Independent of the choice of basis set the GGG 'spiral' values or the AH298 values, is GGG > GGG' > 
conformation is the global energy minimum for ESSE GGT > TGG' > TGT > G'GG', with an even spacing 
with positive disulphide chirality. This is in agreement of AH298 energies from 0.00 to 6.87 kJ mol-'. Is it of 
with all recent experiments and calculations. 2 0 - 2 2  The particular interest that the extended TGT minimum 
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(5.13 kJmol-I)  is just number five in this sequence, 
succeeded only by the G'GG' minimum. The only other 
complete set of energies, calculated at the 
HF/3-2 1 G*//HF/3-2 1 G* level, yielded the sequence 
GGG > GGT > TGT > GGG' > TGG' > G'GG' .22  
When discussing the conformational preferences for 
disulphide bridges in peptides, the difference between 
these two stability orders is significant. 


C-S rotational potentials and steric conflict 


The three different C-S rotational potentials are 
shown in Figure 2(a). The curve shapes obtained for 
GGx and TGx are almost identical and fairly symmetric 
at the centre, but the G'Gx potential displays significant 
asymmetry, indicating considerable steric conflict. In 
Figure 2(b) this effect was studied more comprehen- 


E (kJ mol-l) 


20 , I 


15 R 
GGx - 
TGx - b, G'Gx -----. 


I 


0 60 120 180 -120 -60 0 


xsc (") 
(a) 


E (kl rnol.') 
1 1 


0 60 120 180 -120 -60 0 


Figure 2. (a) MP2//HF energy potential curves for the three 
C-S rotations in diethyl disulphide. (b) Estimated magnitude 
for steric hindrance (same legend). The TGx and G'Gx curves 
have been adjusted to account for the permanent trans 
(1.66 kJmol- l )  and gauche- (-0.54 kJ mol-') MPZ//HF 
penalties, respectively. Note that the choice of 0-point on  the 
energy axis is necessarily arbitrary. For other details, see text 


sively by subtracting, from each of the curves in Figure 
2(a), the MP//HF potential for the sterically 
unhindered C-S rotation in ESSH.9 With the caveat 
that other factors than steric conflict could influence the 
potentials, Figure 2(b) gives an indication of the 
ethyl ... ethyl steric interactions during C-S rotation. It 
is clear that the interaction level is low for all CGx and 
TGx stationary points, except for the GGG' and TGG' 
minima which are associated with the short H ... H dis- 
tances of 2.486 and 2-467 A ,  respectively. In contrast, 
G'Gx stationary points are heavily affected by ste$ 
hindrance with r(H ... H) values smaller than 2.55 A .  
The G'GG' conformation is the most congested, 
explaining why it is the least stable energy minimum in 
Table 1. The G'GS saddle point makes an exception i n  
this potential with a minimum r(H ... H) = 2.864 A .  
Consequently, G'GS has lower energy than both GGS 
and TGS at  the MP2//HF level (Table 2), in agreement 
with the ESSH result that gauche- geometry is prefer- 
able to  gauche+ in the absence of steric hindrance. 


The skew torsional barriers average 6.5 kJ mol-' at 
the MP2//HF level, and range from 4.52 kJmol-I 
(TGG' -+ TGS) to 9-30 kJ mol-' (G'GT- G'GS'). 
The eclipsed cis barriers average 15.5 kJmol-l with 
range from 11.31 kJmol- '  (G'GG'+ G'GC) to  
16.95 kJmol- '  (G'GC -+ G'GC). These values are 
lower than the MP2//HF skew and cis barriers for 
ESSH S' = 9.68 kJ mol-', 
C =  17.20 k J m ~ l - ' ) , ~  as the comparatively most 
favourable ESSE stereochemistry occurs for the energy 
barrier structures (Figure 2). Inspection of H ... H dis- 
tances reveals that while minima always have at least 
one r(H ... H) < 2-78 A ,  the GGx andoTGx skew bar- 
riers have no such contacts <3.05 A .  Hence even 
H . . . H  distances well above the sum of the van der 
Waals radii appear to  be energetically unfavourable. 
The cis barriers remain enigmaticin this respect, how- 
ever, with one r(H ... H) < 2.56 A for both GGC and 
TGC. This may be partly explained by the more 'head- 
on' geometry for H ... H contacts in these structures, 
which thereby take advantage of the anisotropic van der 
Waals radius of hydrogen bonded to  carbon ('polar 
flattening'). 23 


With the data from Reference 9 and Tables 1 and 2, 
the stability order for the three C-S rotation minima 
at  the MP2/6-3lG*//HF/6-3lC* level can be deduced. 
It is influenced by the amount of steric conflict experi- 
enced during rotation as follows: 


Steric conflict (rotation) Stability order 
none (ESSH) G ' > G > T  
small (GGx, TGx) G > G ' > T  
large (G'Gx) C > T > G '  


(S = 8.99 kJ mol-', 


It is essential that this differentiation is made when dis- 
cussing the stability of c-S rotamers. The G > G '  > T 
stability order should also apply to  the C-S rotation in 
methyl ethyl disulphide, but deviates from the stability 
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order suggested by experimental data (G > T > G') for 
both The reason for this discrepancy is 
unclear. 


C-S rotation and molecular geometry 


The variations in bond lengths and bond angles are gen- 
erally small and follow trends similar to those observed 
for C-S rotation in ESSH.9 The only new feapre is 
r(S-S), which varies between 2-047 and 2.063 A .  The 
smaller value is observed for the doubly eclipsed CGC 
maximum, which is surprising given the large value for 
x s s  (96.4") and the known correlation between r(S-S) 
and X S S .  


The xss  torsion angle is mostly close to cu 90", but 
Figure 3 shows that for C2 symmetric structures a dra- 
matic change !ccurs when xcs and xsc are in the 
interval (-100 , -90"). Thus, the"2.97" shift for 
X C S / % S C  from - 100.46" to -97.49 brings about a 
4.55 increase for xss (Table 2). These major geometry 
modifications coincide with the curious BGB saddle 
point and MGM energy peak. The total range for xss  
in the HF refinements is substantial, from 88.11' for 
the TGS saddle point to 112.47" for the G'GG' 
minimum. 


Geometry parameters from MP2/6-3 1G* optimiz- 
ations in general deviate only slightly from the corre- 
sponding HF/6-31G* values. Changes to the torsion 
angles (Table 2) are the most evident, with the g$neral 
trends being xcs and xsc values closer to 60 for 


14b 


0 60 120 180 -120 -60 0 


xcslxsc (") 


Figure 3. MPZ//HF energy potential and xss values for simul- 
taneous rotation of xcs and xsc (keeping C2 symmetry) in 
diethyl disulphide. The MGM and BGB stationary points are 
much more prominent features on the HF/3-21G* energy 
surface (as shown by preliminary calculations) and may 
actually disappear all together with still larger basis sets than 
6-31G*. This would just leave a shoulder on the CZ symmetric 
energy curve. The geometry modifications taking place in this 
part of the X C S / X S C  conformational space are, however, very 
similar at the HF/6-31G* and HF/3-21G* levels of theory 


gauche + and - 60" for gauche -" rotamers and overall 
smaller values for X S S .  The 2.5 xss  reduction from 
88-28" to 85.79' in the TGT minimum parallels the 
reduction from 87.4" (HF/6-31G*) to 84.8" 
(MP2/6-31G**) calculated for dimethyl disulphide. 14: 
Experimental values for dimethyl disulphide are 84.7 
(microwave spectroscopy)13a and 83 *9" (electron 
diffraction). 13b The close agreement between the theor- 
etical MP2/6-3 1G** results and experimental data for 
dimethyl disulphide gives confidence also to the calcu- 
lated MP2/6-31G* geometries for ESSE. 


The modest inter-ethyl interactions means that the 
C-1-C-2-S-1 half of the molecule undergoes very 
small geometry modifications upon TGx and GGx rota- 
tions. Some effects are discernible, however, when xcs or 
xsc is gauche-, and in particular for the G'GG' mini- 
mum of the G'Gx rotation. It has a(S-2-C-3-C-4) = 
116-08" compared with 114.91" and 114.90" observed 
in the GGG' and TGG' minima, respectively 
(MP2/6-31G* values). 


S-S rotation 
The GxG and TxT potentials are shown in Figure 4. 
The TxT MP2//HF trans and cis barriers are 27.86 and 
49.77 kJ mol- , respectively (Table 3, TTT minimum is 
3.73 kJ mol-I). The corresponding HF//HF values are 
lower, 23.75 and 47*90kJmol-' ,  and close to the 
values of 23-02 and 47.18 kJmol-I reported for an 
HF/6-3 1G* refinement of dimethyl disulphide. 14a 


Replacement of trans dimethyl disulphide H atoms with 
methyl groups therefore has very little effect on the 
S-S rotation. In a previous rigid rotor study of TxT 
potential for ESSE at the HF/STO-3G level, trans and 
cis barriers were 21.3 and 81.6 kJmol-', respect- 
ively. 24 These values are different from those obtained 


TCT 


m 


0 60 120 180 -120 -60 0 


x ss ("1 


Figure 4. MPZ//HF GxC and TxT potentials for S-S 
rotation in diethyl disulphide. Stationary points have been 


indicated on the curves 
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in the present study, demonstrating the need to use 
large basis sets and flexible models for estimation of 
rotational barrier heights. 


For the GxG potential the trans barrier height is 
about the same as for the TxT potential, but inter-ethyl 
steric conflict becomes highly significant for the cis 
barrier. This is reflected by the 59.44 kJmol-' 
GGG --t GCG energy compared with 49.77 kJ mol-' 
for the TGT- TCT rotation. Still, the observed 
increase is smaller than might have been expected from 
simple model considerations. This is because extremely 
short and energetically unfavourable inter-ethyl H ... H 
contacts are efficiently avoided by opening xcs0 and xsc 
from 68-28" in the GGG minimum to 92-56 for the 
GCG barrier. Supplementary STO-3G calculations 
indicate that the two torsion angles will even exceed 
100" when x s s  is in the interval (-Ma, -25"). The 
GCG baqier has r(H-12 ... H-31) and r(H-21 H-42) 
= 2.252 A ,  the shortest H ... H distances recorded in 
this study. 


Comparison with crystal structures 


It is of interest to examine the correlation between the 
calculated stabilities for various ESSE minima and the 
frequency with which the corresponding disulphide 
bridge conformations are observed in crystal structures. 
Surveys of pep tide^^^ and proteins1326 have shown that 
the GGG conformation (P-chirality) or the mirror 
image G'G'G ' conformation (N-chirality) are very 
common and recurs in numerous disulphide bridges. In 
particular, the most populated structural family in 
proteins is the G'G'G'G'G' (xi' =gauche-, 
xf = gauche - ) 'left-handed spiral' conformation. 
Disulphides with central GGG' or G'GG combinations 
are also common. Accordingly, the experimental 
r(C" . . . C") distribution has clusters at 5 * 8 A 
(GGG/G'G'G) and 5.0 A (GGG'/G'GG),' which 
agree closely with th: calculated va!ues for r(C-1 ... C-4) 
in the qGG [5.84 A (HF), 5-70 A (MP2)] and GGG' 
[4.89 A (HF), 4.71 A (MP2)] low-energy minima, 
respectively. 


Structures with trans xcs or xsc torsions are rare and 
usually limited to immunoglobulins in association with 
large C" ... C" separations. Only two closely related 
observations have been recorded for smaller peptides. 27 


No example of an undistorted central TGT conforma- 
tion has been found. The high-energy G'GG' confor- 
mation, characterized by short C" ... C" separations, is 
uncommon in proteins, but has been observed in 
G'G'GG'G' links between anti-parallel @-strands. ' A 
similar role is played by this conformation in the model 
peptides Boc-Cys-Val-Aib-Ala-Leu-Cys-NHMe28 and 
[Boc-Cys-Ala-Cys-NHMe]2. 29 


CONCLUSION 


The theoretical ab initio calculations for diethyl di- 
sulphide presented in this paper extend our knowledge 
of C-C-S-S and C-S-S-C rotations and the 
understanding of conformational properties of dis- 
ulphide bridges in general. The estimated energy 
differences between the six minimum structures are 
small, but comparison with experimental results shows 
that nature nevertheless selectively chooses the low- 
energy conformations for the structurally equivalent 
disulphide bridges in peptides and proteins. 


SUPPLEMENTARY MATERIAL 


Tables 4 and 5 giving complete MP2/6-31G* molecular 
geometry for minima, Tables 6-9 giving complete 
HF/6-31G* molecular geometry for C-S and S-S 
rotation stationary points, Table 10 giving unscaled 
harmonic vibrational frequencies and listings of the 
archive files from all correlated ab initio calculations 
are available from the author on request, and also by 
E-mail from c.h.gorbitz@kjemi.uio.no. 
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COOPERATION OF ARYLIMINODIMAGNESIUM MOLECULES: 


BIFUNCTIONAL REAGENTS IN COMPARISON WITH THAT BY 
PHOSPHORUS(II1) REAGENTS* 


DEOXYGENATION OF AZOXYARENES BY MONO- AND 


MASAO OKUBO, t YOSHITO INATOMI, IZUMI EGUCHI, HIROSHI NISHIDA, SEIJI GOTOH 
AND KOJI MATSUO 


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


Reaction of aryliminodimagnesium [ArN(MgBr)Z, IDMg ] with nitrobenzene (Ar'NOZ) in tetrahydrofuran (THF) 
gives unsymmetrical (unsym) azoxybenzene, which is deoxygenated to give unsym-azobenzene. The reaction is utilized 
for the independent preparation of ONN and NNO isomers of unsym-azoxy compounds. The effects of the relative 
value of the difference between oxidation and reduction potentials of para-substituted reactants, special effects of 
ortho-substituents of the substrate and also effects of structure and concentration of mono- and bis-IDMg reagents 
were studied previously, and 'cooperation of their aggregate excess needed for product formation' was proposed. This 
unfamiliar concept for reactions of magnesium reagents was studied further. Supporting evidence was obtained from 
the retarding effect of trimethylene chains of nitro [3.3 ] metacyclophanes and the derived azoxy [3.3] metacyclo- 
phanes and also from the effect of the length of bis-IDMg's central a,o-polymethylenedioxy chain appropriate for 
azoxy deoxygenation. By comparison with deoxygenation by X3P reagents (X = EtO, MeZN), the general needs of 
cooperation of excess magnesium reagents were confirmed and its role in their reactions is discussed. 


INTRODUCTION 


Reactions of C-Mg (Grignard) and N-Mg (arylimino- 
dimagnesium [ArN(MgBr)z, IDMg] ) reagents are 
classified on the basis of relative efficiency of single- 
electron transfer (SET): the efficiency is evaluated by 
the difference between the oxidation and reduction 
potentials of reactants' (AE = E,, - Ered). According to 
the classification of reactions in terms of AE, the 
medium value of reactions of IDMg with Ar'N02 
[equation (l)] and of C-Mg with AriCO [equation (2)] 
is responsible for the common features (1) in relative 
yields of normal (addition and condensation) and 
abnormal (radical) products, (2) in substituent effects 
on radical generation and/or product formation and (3) 
in the need for excess of C-Mg and N-Mg reagents.2 
Feature (3) implies that an aggregate of reagent and 
radical intermediates form an assembly in which a 
radical migrates to generate the final products. 


As similar role of aggregate reagent molecules has 


also been postulated in high-AE reactions of IDMg 
[equation (3) and (4)] . 3  This feature in reactions of 
magnesium reagents is not widely accepted and, there- 
fore, further evidence has been explored. From the rela- 
tive yields of the main products (3,4 and 5)  in IDMg 
reactions of outer- and inner-nitro isomers of 
[3.3]metacyclophane ([3.3]MCP; 1 and 2), steric hin- 
drance by trimethylene chains of azoxybenzenes (3) 
retarding its deoxygenation [second stage of reaction 
(l)] was revealed. Deoxygenation of isolated ordinary 
azoxybenzene by bis-IDMg having an a,w-poly- 
methylenedioxy central chain is affected by its chain 
length. The observed effects originating from the 


QNO' SNoz 
1 2 


*Aryliminodimagnesium Reagents: Part XXV. For Part XXIV, see K. Matsuo, Y. Shichida, H. Nishida, S. Nakata and M. Okubo, 
J. Phys. Org. Chem., 7, 9-17. 
t Author for correspondence. 
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substrate side and the reagent side will be discussed in 
terms of efficiency in inter- and intramolecular cooper- 
ation of IDMg groups. 


ArN(MgBr)z + Ar'NOz + Ar-N=N(O)-Ar' 
172 3 


+ Ar-N=N-Ar * + Ar-N=N-Ar (1) 
4 5 


ArMgBr + AriCO + Ar-C(0H)Ari 
+ [AR:C(OH)-]z + Arz (2) 


ArN(MgBr)z + AriCO + ArN=CAr: + AriCHOH 


ArN(MgBr)z + Ar'CN + Ar-N=C(Ar')-NHz (4) 


(3) 


RESULTS AND DISCUSSION 


IDMg reactions with outer- and inner-nitro [3.3] MCP 


In reaction (1) with ordinary para-substituted nitro- 
benzenes, a four molar amount of IDMg is needed for 
sufficient overall yields of 3-5 without r e~overy .~  For 
reaction with 1 and 2, an 8.0 molar amount of IDMg 
was used in order to diminish unchanged substrate.4c 
Considering the barrier effect caused by the trimethy- 
lene chains of 1 and 2 on the access of reagent mol- 
ecules to the nitro group, 2,4,6-Me3CsHzNOz 
(MesNOz, 6) was also used for comparison. The yields 
of 3-5 in the reactions with 1, 2 and 6 are summarized 
in Table 1. The combined yield of 3 plus 4 implies 'total 
condensation efficiency', and the ratio of 4/(3 + 4), 
indicating 'deoxygenation efficiency,' is included in the 
table. 


Prior to discussion, the effect of transannular 
*-donation (from unsubstituted benzene rings) in 1 and 
2 on their Ered values [i.e. on A E  of reaction (l)] is esti- 
mated by comparison with those of 2,4,6-Me3-(6), 


2,4-Me2- (7) and 2,6-Me2- nitrobenzenes (8): 1, -1.538 


V. The larger ERd of 1 and 2 than those of 7 and 8, 
respectively, indicate a transannular effect. However, 
the larger Ered of 6 than that of 2 is not related to the 
respective patterns of product distributions from 2 and 
6. From Table 1, there are two anomalies due to the 
especially crowded structure of 2, as follows. 


(i) An anomaly in deoxygenation efficiency is noted. 
In runs 1-3 and 4-6 using 6 and 1, respectively, the 
efficiency decreases as E,, increases. In runs 7-9 using 
2, in contrast, the efficiency is low and unaltered by the 
E,, values. The relative yield of 3 and 4 in run 7 shows 
that product 3 is hardly deoxygenated even in the 
low-AE reaction using a strong reagent (compare with 
the higher efficiency in runs 1 and 4). 


(ii) An anomaly in the yield of sym-azobenzene 5 is 
noted. It arises from oxidative coupling of IDMg 
molecules4 in reaction (1) caused by their aggregation, 
induced by pre-interaction with Ar 'NO2 of smaller &d 
and accompanying SET; its low yield is due to (a) large 
A E  and (b) hindered aggregation of IDMg around NO2. 
Reason (a) is responsible for the low yields of 5 in runs 
3 , 6  and 9 due to the large E,, of IDMg. A good overall 
yield in run 6, in comparison with the low yield in run 
3,  is allowed by the strong positive charge on the Mg 
atom of weak IDMg, favouring a-complexation. 
Reason (b) is thus responsible for low yield of 5 in run 
8 in spite of the medium Eox. 


Anomaly (i) indicates steric hindrance against the 
second deoxygenation stage of reaction (1). According 
to the molecular model of the most probable 
'chair-chair' conformation' of MCP, the nitro group 
of 2 is surrounded by two or four benzyl protons of 
trimethylene chains and the 'inner proton' of unsubsti- 
tuted benzene ring; the resultant azoxy group of 3 is 
more hindered by ArN= group (if the original confor- 
mation holds a after the first condensation stage), and 


V; 2, - 1.619 V; 6, -1.651 V; 7, -1.484 V; 8, -1.567 


Table 1. Yields of azoxy (3) and azo (4 and 5) products in reaction (1) of 
p-RC6H4-IDMg with MesNOz (6)  and nitro[3.3]MCPs (1 and 2)" 


Yield (9'0) 
Run A E  Recovery 
No. R Substrate (V) 3 4 5 ('70) 413 + 4  


M e 0  
Me 
c1 


M e 0  
Me 
c1 
M e 0  
Me 
c1 


2.56 6 80 28 
2.59 20 41 21 
3.14 21 16 4 


2.45 14 51 29 
2.48 55 23 24 
3.02 69 18 8 


2.53 46 13 21 
2.56 60 17 7 
3.10 49 12 3 


0 
0 
29 


0 
0 
0 


0 
0 
28 


0.93 
0.67 
0.48 


0.78 
0.29 
0.21 


0.22 
0.22 
0.20 


a [IDMg]/ [substrate] = 8.0: reaction temperatures = 55 OC for 3 h. 
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allows IDMg attack only from a limited direction. The 
requirement of closer cooperation of IDMg molecules, 
suggested for the second deoxygenation stages of 
reaction (l),2b,4b is verified by the reactions with 
nitro-MCP. 


Deoxygenation of isolated azoxybenzene: 
intramolecular cooperation of terminal IDMg sites of 
bis-IDMg 


Previously, sym- and unsym- (ONN and NNO isomers 
of )  azoxybenzenes were independently prepared for the 
first time by the IDMg reaction (l), and their deoxy- 
genation was studied4b using stronger p-MeO-mono- 
IDMg [equation (5)] . The logarithmic percentage 
deox genation, inversely proportional to A,,, of the 
T-T band of azoxybenzenes, indicates attack of 
anionic nitrogen (N-) of IDMg on cationic azoxy 
nitrogen (N'); this was supported by the formation of 
a by-product due to binding of the ArN group with a 
fragyfnt of 'strong' azoxybenzenes having a small 


Y 


- 
bred.-" , p-MeOCsH4 - IDM 


ArN=N(O)Ar ArN=NAr' ( 5 )  


As previously reported, the reaction of bis-IDMg 
with Ar'NOz affords all the expected products via con- 
densation, deoxygenation and oxidative coupling 
[equation ( 5 ) ] .  When bis-IDMg having a central chain 
of eight atoms (n = 6) is used, the overall yield suffers 
no retardation by dilution with tetrahydrofuran (THF) 
(200 ml). This led to the proposal of 'cooperation' of 
terminal IDMg sites intramolecularly aggregating via an 
Mg-Br + Mg bridge to assist the condensation.2 


(-X-) [ C6H4-IDMgl2 + Ar 'NO2 -+ azoxy-amine 
+ azo-amine + bis-azoxy + azoxy-azo + bis-azo + 5 


(6) 


X = O(CHz),,O: n = 1,4,6,8,  12; Ar' =p-MeC& 


Thus, bis-1DMg's having a central chain of n = 5 ,  6 
and 7 are used for deoxygenation of isolated azoxy- 
benzene under ordinary (THF 50 ml) and diluted (THF 
200 ml) conditions [equation (7)]. The percentage deox- 
ygenation, together with those with the use of p-MeO- 
mono-IDMg for comparison, is given in Table 2. 


ArN=N(0)Ar 1 (-x-) [CsH4--IDMglz - ArN=NAr' 
(7) 


A similar cooperation appears in run 5 using bis- 
IDMg having a central chain X of seven atoms (n = 5) :  
the deoxygenation efficiency is highest at ordinary and 
lower concentrations, and the ratio of the yields 
obtained at lower versus ordinary concentrations is also 
highest when n = 5 .  As supported by the molecular 
model, N- of one IDMg site and MgC of the other site 
cooperate in an intramolecular manner via concurrent 
access to Nf and 0-,  respectively. The favour of the 
electron-attracting substituent of azoxybenzenes (runs 3 
and 4) for deoxygenation is consistent with the results 
of reaction (5 )  using p-MeO-m~no-IDMg.~~ 


The yield of 4 in reaction (1) with the use of p-MeO- 
mono-IDMg is notably higher4b than that of 4 in 
reaction ( 5 )  with isolated azoxybenzene. This is reason- 
able because the precursor of 4 formed via the first 
stage of reaction (1) has "MgBr bound with azoxy 
0-,' acting as the centre to gather excess IDMg mol- 
ecules, and favours the second stage. Also in reaction 
( S ) ,  0- must be bound with Mg' of IDMg. 


Deoxygenation of azoxybenzene by X3P reagent 
[equation (S)] 


This reaction was reported previously,' but no substi- 
tuent effect of azoxybenzene was studied because no 


Table 2. Yields of azo products in reaction (7) of bis-IDMg with isolated azoxybenzenesa 


Azoxyb 
IDMg: THF Yield (To) Recovery (%) [Azolzoo m' 


[Azolso ml No. n- R '  R2 (ml) (azo) (azoxy) 
Run 


1 
2 


3 
4 


5 
6 


7 
8 


9 
10 


H 
H 


p-Me 
p-c1 


H 
H 


H 
H 
H 
H 


H 50 25 
H 200 3 0.120 52 


97 


- p-Me0 50 34 54 
p-c1 50 68 23 


H 50 62 
H 200 22 


H 50 48 
H 200 14 


H 50 18 
H 200 4 


0.355 31 
65 


46 
85 


82 
93 


0.292 


0.222 


aIDMg, 4.2 mmol in T H E  [IDMg]/ [azoxy] = 4.2; reaction temperature = 55 'C for 3 h. 
bSubstituents R '  and R2 indicate that close to and remote from azoxy nitrogen, respectively. 
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simple method for independent preparation of ONN 
and NNO isomers was known at that time. The deoxy- 
genation of some azoxybenzenes by (EtO)3P and 
(Me2N),P was studied [reaction (S)], and the results 
were compared with previous results for reaction ( 5 )  
using p-MeO-mono-IDMg. 


ArN=N(O)Ar' + X3P + ArN=NAr' + &P=O (8) 


(X=EtO and Me2N) 


1 "V 


e A: 
0 :  2 80- 


k -  
g .: 
a" @ -  


40 - 


115 125 135 145 
Temp. I 'C 


Figure 1. Temperature effect on azoxy deoxygenation of 
reaction 7 using X3P. (R: remote from azoxy N+); A ,  0, : 


by (EtO),P; A ,  0 ,  : by (MezN),P 


100 


80 


60 
b? . 
6) 
3 40 


E; 20 
0 


0 


R2 : p-Me0 


n 


p-Me0 1)-Me 


R2 : p-C1 


60 


40 20 0 w 


Reaction (8) was carried out by heating a 4: 1 molar 
mixture of X3P and azoxybenzenes for 3 h. The deoxy- 
genation of three substituted (R on Ar) azoxybenzenes 
by (Me2N)sP at different temperatures is shown in 
Figure 1: the weaker nucleophilicity of (EtO)3P than 
that of (Me2)3P7e is indicated by three plots. With 
regard to the effect of azoxy substituent observed by 
refluxing with (EtO)3P depicted in Figure 2, the results 
of reaction (8) resemble, in spite of the different 
reaction conditions, those of reaction ( 5 )  obtained by 
heating a 5 : 1 molar mixture of p-MeO-mono-IDMg at 
55  "C in tetrahydrofuran (THF). Electron-rich azox- 
ybenzenes are sluggishly and electron-deficient azox- 
ybenzenes are easily deoxygenated (see also Figure l),  
and the substituent remote from the azoxy nitrogen 
causes a major effect. 


However, a plot of the logarithm of relative reactivity 
in reaction (8) versus the reciprocal of Xma, deviates 
considerably from the correlation line obtained in 
reaction 54b (Figure 3). To explain the deviation, the 
same trend of substituent effects on ?r-electron densities 
on the azoxy nitrogen and oxygen (revealed from the 
''N and "0 NMR chemical shifts') and also effects of 
donation and back-donation of the P(II1) atom must be 
considered, although no UV shift of azoxybenzene on 
mixing with X3P was detected at room temperature. In 
contrast to a clear push-pull cooperation of N- and 
Mg' proposed for reactions ( 5 )  and (7), the fluctuating 
strength of P-0 and P-N bonds (formed in an inter- 
mediate with two X3P molecules) by the azoxy substi- 
tuents may be reflected in the deviation in reaction (8). 


R2 : p-Me 


~LlLsd 20 0 


112 : p-I I 


100 1- 
no 
60 


4 0 


20 


0 
p-CI [R'] p-Me0  p-Me p-CI [R'] p-Me0 p-Me p-C1 [R'] 


R2 : 111-CI R2 : in -Me0 
100 100 


: (EtO),P 


40 


20 : p- h.1 eO 0,l-I .I - I D hi1 g 


80 


60 


40 


20 


0 
p-b leo  p-CI IR ' l  I 1  m-CIIR'I p-Me 111'1 


Figure 2. Percentage deoxygenation in reaction 7 using (EtO),P in comparison with that in reaction 5 using IDMg. R 2  indicates 
substituent remote from azoxy nitrogen 
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+0.4 


$+I:: 
g -0.2 


3 -0.4 


-0.6 


‘ t  
aR- 


0 
MbMe 


::I 1 : a M e M e a < 2 ~ e  , 
, I 0 .  


2.8 2.9 3 .O 3.1 ( X  10”) 


1 / A (nm) 
Figure 3. Relative reactivity in deoxygenation by (Et0)3P 
(reacton 8) and T-T* transition energy. Dotted lines indicate 
correlation in reaction 5 ,  and DOX/DOH indicates relative 
values of percentage deoxygenation based on that of unsubsti- 


tuted azoxybenzene 


CONCLUSION 
The cooperation of an aggregate excess of IDMg mol- 
ecules in the condensation reaction (1) was recently pro- 
posed,* and a similar cooperation was established in its 
later deoxygenation stage and also in IDMg treatment 
of isolated azoxybenzenes. The manifestation of this 
effect is due to the mildness of IDMg, having a larger 
E,, implying a ‘less reactive, more selective’ principle. 


The Schlenk equilibrium of Grignard reagents 
involving aggregation is well known. However, the 
role of aggregation in reaction (2) (supposed many 
years ago lo)  has attracted little attention, and was only 
recently established” by a precise study of the behav- 
iour of radical intermediates. An aggregate excess of 
reagent also cooperates in reactions (1)-(4) irrespective 
of the medium and large A E  values. This means a 
‘closed environment’ in later stages of the reactions of 
magnesium reagents distinct from that in the initial 
stage, and provides an important clue to the validity of 
the ‘simple relationship of A E (representing initial con- 
ditions) with the final distribution of products. Id In the 


Table 3. Melting points and ‘H NMR data for 1-4 


Compound M.P., 
 NO.^ 8, (“C) 


‘H NMR data in CDCl3: 
6 (PPm) 


1 
2 
1 3 ~ ~ 0  


1 3 M e  


13Cl  


23 M e 0  


2 3 M e  


2 3 c 1  


1 4 ~ ~ 0  


1 4 M e  


l q C l  


24 M ~ O  


2 4  Mc 


2 4 C l  


147.5-149.5 
123.5- 125 ‘0 
120.0-121 a0 


176.0-178.0 


106.5-107.0 


116.0-117*0 


112.5-1 13.5 


128 *0-134.0‘ 


87.5-88.5 


105 * 0- 108 -0 


88.0-89.0 


Oil 


Oil 


b - 


7.48(2H,d), 6-93(2H,d), 6.84-6*60(3H,m), 3*11(2H,m), 2.77(6H,m), 2*07(4H,m) 
7*30(1H, s), 6.83-6.58(68, m), 2-78(8H, m), 2*31(2H, m), 1*91(2H,m) 
8.22 and 6*99(4H,ABq,J= 9.3 Hz), 7.16(1H,d), 6.86(2H,s), 6.92-6.63(4H,m), 
3*86(3H,s), 2.98(2H,m), 2.74 (6H,m), 2*08(2H,m), 1.97(2H,m) 
8.03 and 7-30(4H, ABq, J =  8-3 Hz), 7.17(1H, d), 6-88(2H, d), 6.78-6.64(48, m), 
2-99(2H,m), 2-75(6H, m), 2.42 (3H, s), 2.10(2H, m), 1*98(2H, m) 
8.06 and 7-46(4H,ABq,J= 8.8 Hz), 7.15(1H,d), 6*89(2H,d), 6.91-6.64(4H,m), 
2-99(2H,m), 2*78(6H,m), 2.10(2H,m), 1.98(2H,m) 
8.33 and 7*04(4H,ABq,J= 9-3 Hz), 7-82(1H, s), 6.80(1H, t), 6.67(3H, s), 6.60(2H,d), 
3*89(3H, s), 2*85(4H, m), 2.74(4H, m), 2*36(2H, m), 1 *92(2H, m) 
8.14 and 7.35(4H,ABq,J= 8.3 Hz), 7.80(1H,s), 6.78(1H, t), 6.68(3H,s), 6.61(2H,d), 
2-90-2.71(8H,m), 2.45 (3H,s), 2.42-2.31(28, m), 1.97-1.82(2H,m) 
8.17 and 7.15(4H,ABq,J=9.3 Hz), 7*72(1H,s), 6.78(1H,t), 6-69(3H,s), 6.61(2H,d), 
2*75(8H, m), 2-36(2H, m), 1*94(2H, m) 
7.58 and 6.99 (4H,ABq,J=9.3 Hz), 7.18(1H,d), 6*91(2H,d), 6.78-6.54(4H,m), 
3-83(3H,s), 3*18(2H,m), 2.74(6H,m), 2*14(2H,m), 2*05(2H,m) 
7.77 and 7.32(4H,ABq,J= 8.3 Hz), 7-18(1H,d), 6*95(2H,d), 6.79-6.55(4H,m), 
3*21(2H, m), 2*78(6H, m), 2.44(3H, s), 2.16(4H, m) 
7.80 and 7*48(4H,ABq,J= 8.8 Hz), 7.19(1H,d), 6*96(2H,s), 6.79-6.54(4H,m), 
3*22(2H, m), 2.78(6H, m), 2.15(4H,m) 
8.00 and 7.11(4H,ABq,J= 8.8 Hz), 7.15(1H,s), 6*87(1H,m), 6*69(5H,m), 3.93(3H,s), 
3.18(2H,m), 2*72(4H,m), 2.54(2H,m), 2*21(2H,m), 1.85(2H,m) 
7.91 and 7.41(4H,ABq,J= 8.3 Hz), 7*14(1H, s), 6.84(1H, t). 6.69(3H, s), 6.68(2H3, s), 
3.20(2H, m), 2.72(4H, m), 2*54(2H, m), 2*49(3H, s), 2*21(2H, m), 1*86(2H, m) 
7.93 and 7.58(4H,ABq,J= 8.8 Hz), 7.06-6.46(7H,m), 3.22(2H, m), 2.89(4H, m), 
2*55(2H,m), 2.31(2H,m), 1.90(2H, m) 


“Superscripts indicate substrate number and IDMg substituent. 
bNot isolated. 
‘Not purified. 
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high A E  reaction (4)  involving a-complexation and mild 
SET, a higher than 3: 1 molar ratio is needed; the 
excess of IDMg is assumed to form a a-complex with 
nitrile in an n : 1 (not 1 : 1) molar ration and assist SET 
in an inner-sphere manner. 


Transition metal reagents are frequently used in a 
catalytic manner owing to their variable valencies. The 
need for excess moles of magnesium reagents is a dis- 
advantage, but factors revealed including the need for 
an excess are essential for small-sized Mgz+ having a 
strong polarizing ability and fixed valency. On this 
basis, the variety in the reaction modes of N-Mg rea- 
gents and the simple structure-reactivity relationship in 
terms of AE will contribute to the practical use of safe 
and inexpensive magnesium. 


EXPERIMENTAL 


Materials. [ 3.31MCP was obtained by reported pro- 
cedures, '' and the nitro[3.3]MCPs were prepared by 
nitration with benzoyl nitrate. l3  Treatment of MCP 
with a 1.2 molar amount of the nitrate in acetonitrile 
at room temperature for 40 min gave a mixture 
including 1 (26O10), 2 (12%), unreacted MCP (55%)  and 
no dinitro product. After chromatographic separation, 
the recovered MCP was used for repeated preparation. 
Isolated 1 and 2 were collected and purified by 
recrystallization. 


Of the X3P reagents, (EtO)3P was obtained commer- 
cially and (MezN)3P was prepared according to 
reported procedures. l4 The bis-IDMgs were prepared 
by treatment of the corresponding bis-anilines with a 
four molar amount of EtMgBr in THF. Bis-anilines 
were obtained by the zinc dust reduction of the corre- 
sponding bis-nitrophenyl compounds, which were 
prepared from p-nitrophenolate and a,w-dibromo- 
alkanes. Unsubstituted azoxybenzene was obtained 
commercially and the substituted azoxybenzenes were 
prepared according to the reported procedure of 
reaction (1). 4b The reduction potentials of nitro 
substrates were determined by cyclic voltammetry in 
THF-Bu4NC104. lb  


Procedures and products. The IDMg reactions were 
carried out according to reported p r o c e d u r e ~ , ~ ~  and the 
azoxy and azo products were separated chromato- 
graphically and identified by of 'H NMR spectrometry. 
Melting points and NMR data for the nitro[3.3]MCPs 
and the products derived from them are summarized in 
Table 3. Data for other azoxy and azo products have 
been r e p ~ r t e d . ~  
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Molecular mechanics (MM3) calculations were carried out on the title compounds. Comparison between the MM3 
results and those of semi-empirical and ab initio calculations and experiment indicates that the MM3 results are at 
least as good as results of much more expensive calculations. The MM3 calculations predict that unlike corannulene 
and cyclopentacornnnulene, the transition state of the bowl-to-bowl inversion of the related CmHI0 is non-planar, 
and the activation barrier is too high for this motion to occur. 


The discovery of the stability of buckminster- 
fullerene'*Z and the fact that it can be prepared in 
macroscopic quantities generated much interest in the 
structures and chemistry of fused polycyclic carbon 


Of particular interest are the curvature and 
flexibility of small carbon clusters. The carbon frame- 
work of corannulene (l), which can be considered to 
represent the polar cap of buckminsterfullerene, is 
surprisingly flexible. The bowl-to-bowl inversion takes 
place more than 200000 times per second at room 
temperature! 4,5 The inversion barrier of corannulenyl- 
dimethylcarbinol, which can be considered close to that 
of corannulene itself, was deduced from a temperature 
dependent NMR study to have AG' 
= 10.2 f 0.2 kcalmol-' (1 kcal=4-184 kJ); indeed, a 
recent experimental study determined the inversion 
barrier of corannulene to be 11-12 kcalmol-'.9 These 
are in agreement with the barrier of corannulene 
calculated by ab initio 3-21G (10-3 kcalmol-l),'o and 
local density functional (LDF) (1 1 SO kcal mol-')' 
methods. However, the barrier calculated by the 
ab initio 6-31G* Hartree-Fock method, 8.8 kcal/ 
mol-', lo is lower. 


It is expected that the larger members of the similar 
structures (CnH)lo (n = 3-5) will be more rigid. Both 
experiment and theoretical calculations have been pro- 
posed to investigate the structure and inversion barrier 
of C30HlO (3). I '  However, presumably owing to the size 
of the molecule and the complicated fused-ring struc- 
ture, there has been no previous report of any such 
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studies. In a recent experimental study of the rigidity 
of the corannulene carbon framework, Abdourazak 
et al. '' successfully synthesized cyclopentacorannulene 
(2), and on the basis of a dynamics study they con- 
cluded that the lower limit of the bowl-to-bowl inver- 
sion barrier of 2 is ca 26 kcal mol-', suggesting that the 
bowl-shaped geometry of corannulene is effectively 
'locked' by the additional five-membered ring, but no 
experimental structure is yet available. 


During the past 20 years, molecular mechanics has 
become a powerful method for studying molecular 
structure and energetics. l3  However, molecular 
mechanics results on these molecules and the larger 
fullerenes are often not reported but only used as 
starting points for the much more expensive a b  initio or 
semi-empirical calculations. In this paper, we present 
results of our MM3 calculations on the structures and 
energetics of the title compounds, and show that the 
MM3 method is at least as reliable as the a b  initio and 
semi-empirical methods for these molecules. 


Our calculations used the MM3(92) program* and 


* The MM3 force field is described in detail by Allinger et a/.'4 
The MM3 program is available to all users from Technical Uti- 
lization, 235 Glen Village Court, Powell, OH 43065, and to 
commercial users only from Tripos, 1699 South Hanley Road, 
St Louis, MO 63144, and to academic users only from the 
Quantum Chemistry Program Exchange, University of 
Indiana, Bloomington, IN 47405. The current version is 
available to run on most types of computers, and interested 
parties should contact one of the distributors directly. 
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the standard procedure, that is, the conjugated pi 
systems were treated by semi-empirical variable electron 
SCF (VESCF) theory, I' and the force field parameters 
were adjusted according to the calculated bond orders. 
The calculated MM3 CC distances of the equilibrium 
structures are shown in Table 1. The available exper- 
imentalI6 and ab initio" results on corannulene are 
also included for comparison. As is shown, the MM3 
CC distances for corannulene are in better agreement 
with experiment than the much more expensive ab 
initio STO-3G and 6-31G* results. The out-of-plane 
angle between the plane of the five-membered ring and 
the edge of the inner portion of the six-membered rings, 
which describes the deviation of the carbon skeleton 
from planarity, is calculated to be 25.4", in good agree- 


ment with t t e  experimentalI6 and ab initio 6-31G* 
values, 26.8 and 25.5', respectively. The same angle 
in C3oHlo is calculated to be 34.9', indicating more 
substantial curvature than in corannulene. The MM3 
heats of formation are 120-4, 126.1 and 
278 5 kcal mol- for corannulene, cyclopentacorannu- 
lene and C30Hl0, respectively. There have been no 
experimental reports of the heats of formation of these 
molecules. For corannulene itself, the heat of for- 
mation was predicted by Schulman and co-workers, '' 
using the group equivalent scheme of Ibrahim and 
Schleyer" and the ab initio STO-3G and 6-31G* ener- 
gies, to be 123.4 (STO-3G) and 116.8 (6-31G*) 
kcal mol-I. As was shown in the studies of many classes 
of compounds," this combined ab initio energy and 
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Table 1. Calculated and experimental CC bond lengths 


Length (A) 
Compound Bondb MM3 STO-3G' 6-31G" Exptld 


CzoHIo (1) a 1.421 1.423 1.413 1.413 
b 1.373 1.361 1.361 1.391 
c 1.450 1.462 1.451 1.440 
d 1.389 1.363 1.370 1.402 


CzzHlz (2) a 1.386 
b 1.449 
c 1.377 
d 1.427 
e 1.477 
f 1.386 
g 1.449 
h 1.386 
i 1.425 
j 1.424 
k 1.465 
1 1.384 


m 1.428 
n 1.367 
o 1.524 
p 1.587 


b 1.385 
c 1.442 
d 1.381 
e 1.474 
f 1.366 


C3OHlO (3) a 1.443 


"MM3 bond lengths are r,, the ab inifio bond lengths are re and the 
x-ray bond lengths are r,. 


'Ref. 10. 
dRef.  16. 


Labeling of bonds is given on the structures. 


group equivalent scheme is about as reliable as good 
experimental measurements, and the agreement 
between the MM3 heat of formation and those of 
Schulman and co-workers suggests that all are approxi- 
mately correct. The reliability of the MM3 prediction is 
also supported by a recent studyIg of the heat of for- 
mation of c60, in which the MM3 heat of formation per 
carbon atom, 9.6 kcalmol-', is in much better agree- 
ment with the measured result, 9.1 kcal mol-', than 
those of AM1 (16-2), MNDO (14.5) or ab initio 
6-31G*//STO-3G (1 1 a2 kcal mol-') calculations. 


Previous AM1 calculations have concluded that the 
planar structure of corannulene is the transition state 
for the bowl-to-bowl inversion. In agreement with the 
AM1 result, MM3 vibrational analysis of the planar 
corannulene also indicates one imaginary frequency 
(106i cm-'), corresponding to the inversion of the bowl 
structure. The MM3 energy difference between the tran- 
sition and equilibrium structures is 14-7 kcal mol- ', 
which is in fair agreement with the experimental result, 


11-12 kcalmol-'. The AM1 calculation gave a higher 
barrier of 16.9 kcalmol-'.5 


The MM3 calculations on the planar cyclopenta- 
corannulene (CZZHIZ) structure indicate that it is also 
the transition state (one imaginary frequency at 
121i cm-') for the bowl-to-bowl inversion. This is in 
agreement with the AM1 results of Abdourazak et al. l 2  


The MM3 energy barrier for the inversion is 
32.1 kcalmol-', which is lower than the AM1 value, 
39 kcal mol-'. As the AM1 calculations overestimate 
the inversion barrier of corannulene by about 
5 kcalmol-I, if a similar overestimation by AM1 for 
cyclopentacorannulene occurs, the MM3 and AM 1 
results are consistent with one another. 


For the half-bowl-shaped C30Hl0, the MM3 calcu- 
lation indicates that the planar D5h structure is not a 
transition state, as there are three imaginary frequen- 
cies, one at 179i cm-' and a doubly degenerate pair at 
53i cm-'. This is in agreement with our expectation, as 
the perimeter of the c 3 0  framework is too small and 
would invoke too high a strain to force all the carbon 
atoms to be simultaneously coplanar. The transition 
structure was located by geometry relaxation along the 
degenerate imaginary modes. It was found to be 
49- 1 kcal mol-' lower than the planar structure, and to 
have a single imaginary frequency of 147i cm-'. This 
transition structure is shown (4). If one assumes the 
perimeter of the C ~ O  framework to be roughly on a 
plane, the transition structure can be visualized as half 
of the molecule above the plane and half under it. The 
MM3 energy difference between the transition state and 
the ground state structures is 161 - 5  kcalmol-', indi- 
cating that the C3oHlo molecule is very resistant to the 
bowl-to-bow1 inversion. In fact, with such a high energy 
barrier, the carbon framework would be expected to 
break rather than pass through the transition state. 


The Cartesian coordinates of all the MM3 structures 
are given in the supplemental material. These represent 
good starting geometries for further high-level theor- 
etical studies. 


We also checked to see what MM2 would show us 
about the structure of corannulene, since it normally 
gives fairly good results with conjugated or aromatic 
hydrocarbon systems. Indeed, the structure found was 
very similar to that found by MM3. The molecule is 
bowl shaped in the ground state, and the planar form 
represents a barrier 8 kcal mol-' higher than the ground 
state. [A reviewer indicated that in his hands MM2 gave 
a planar configuration for corannulene. We checked 
this specifically with MM2(91), which is the current 
version of MM2, which is available from the Quantum 
Chemistry Program Exchange (see earlier footnote). It 
is perhaps worth a comment here because this problem 
frequently comes up, and it may occur from either of 
two reasons. First, there are many imitations of MM2 
in wide use today. Some are better than others, but 
most give inaccurate results for some calculations. We 
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can only speak for the authentic version of MM2. If 
one uses some other variant of MM2, not provided by 
us, any defects in the program must be taken up with 
the provider of that program. Second, it should also be 
noted that geometry optimizations are just that, they 
are not necessarily energy minimizations. If one begins 
the calculation with a planar structure, one is on a tran- 
sition state, and there are no forces acting to deform the 
molecule from planarity. Accordingly, one will nor- 
mally obtain a planar structure after the geometry 
optimization. If one wants to obtain a minimum energy 
structure, one must start at least slightly off the planar 
conformation, so that there will be forces acting to 
deform the system into the correct non-planar confor- 
mation. So-called ‘energy minimizations’ as commonly 
carried out in molecular mechanics are usually ‘ge- 
ometry optimizations,’ and this is usually, but not 
necessarily, the same thing. The results quoted to us by 
the reviewer are surely a result of one or the other of 
these errors; either he used a defective imitation of 
MM2 instead of the actual program, or he used too 
poor a starting geometry. The actual MM2 results are 
almost the same as the MM3 results.] 


Supplementary Tables S 1 -S6, containing the Car- 
tesian coordinates of the MM3 equilibrium and tran- 
sition structures for corannulene, 
cyclopentacorannulene and the half-ball-shaped 
C ~ O H ~ O ,  are available as supplementary material directly 
from the authors. 
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Acidities of a representative range of carbon acids were calculated by various levels of ab initio theory and by the 
semi-empirical methods AM1 and PM3 in order to ascertain what level is necessary in order to obtain consistently 
reliable results. The semi-empirical methods give good agreement with experiment in about a third of the cases, but 
are significantly, and sometimes seriously, in error for the rest. The 3-21G ab initio method consistently 
underestimates acidities by a substantial amount. The best results were obtained at the MP2/6-31+ G*//6-31+ G* 
level. Higher level Meller-Plesset corrections worsened the agreement with experiment. 


INTRODUCTION 


Gas-phase acidities constitute an ideal testing ground 
for quantum-mechanical calculations of organic equi- 
libria because there exists a large body of experimental 
data for comparison. The present investigation was 
undertaken to study a representative range of carbon 
acids. Carbon acids, especially those that yield 
resonance-stabilized anions, are of major importance in 
synthetic organic chemistry and have also been the 
subject of many mechanistic investigations. This work 
is part of a wider study of energy profiles for proton 
transfers to and from carbon acids, and it was 
important to determine whether reliable results on the 
relative energies of carbon acids and their anions could 
be obtained at a level feasible for the energy profile 
studies, where quantitative comparisons with exper- 
iment are seldom possible. 


Numerous calculations of gas-phase acidities of 
carbon acids have been reported in the recent literature 
by both ~emi-empirical’*~ and ab i r ~ i t i o ~ - ~  methods. Of 
these studies, excellent agreement with experiment was 
obtained by the G2 method.8s9 This method, however, 
is sufficiently time consuming that it would be imprac- 
tical for other than very simple acids and for nearly all 
of the projected reaction profile studies. Of the other 
approaches, results with the semi-empirical methods 
were mixed and with the lower level ab initio methods 
poor. This study was aimed at the middle ground in the 
hope of finding a way of obtaining good agreement 
with experiment at a modest cost in computer time. 


COMPUTATIONAL METHODS 


The semi-empirical calculations utilized Mopac version 
6.0” and specifically the AMI” and PM3” methods. 
The ab initio calculations utilized Gaussian 92. l3 Stan- 
dard basis sets were used in all calculations: 3-21GI4 
and 6-31 + G*. 15*16 Correlation corrections were 
applied by the Merller-Plesset method. ”-” The A H  
values reported in Table 1 for the ab initio calculations 
are corrected to constant pressure and for zero point 
energy differences from 6-31 + G*//6-31 + G* vibra- 
tional frequency calculations scaled to 0.9 to account 
for the overestimation of frequencies by Hartree-Fock 
methods. 22v23 They are further corrected to 298 K for 
the contributions of the translational, rotational and 
vibrational partition functions to AH. 24 The vibra- 
tional contribution is important only for low-lying 
frequencies (<500cm-’) and makes only a slight 
difference in most of the acidities. The semi-empirical 
heats of formation were used without correction, as 
they are parametrized to match experimental heats and 
so implicitly include the necessary corrections. That all 
species were true minima was shown by frequency and 
force calculations that gave no negative eigenvalues. 


RESULTS AND DISCUSSION 


Table 1 lists experimental acidities in the second column 
along with calculated acidities at various levels in the 
succeeding columns. No effort was made to judge the 
relative reliabilities of the experimental acidities where 
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more than one value was available for a given com- 
pound. The uncertainties could be considered as a cri- 
terion, but they bear no necessary relation to accuracy. 


The semi-empirical methods are inconsistent. They 
give good agreement [ < 3 kcal mol- error 
(1 kcal = 4.184 kJ)] with experiment in about a third of 
the cases, and very poor agreement (> 10 kcal mol-' 
error) in about a quarter. In general, they do better for 
compounds in the mid-range of acidities. The 3-21G 
ab initio results underestimate badly (> 20 kcal mol-' 
error) the acidities in all but two or three cases, and 
come close only with CH3Cl. They are superior to the 
semi-empirical results only in consistency of the direc- 
tion and approximate magnitude of error. The 
6-31 + G* results also tend to underestimate acidities, 
but by much less than 3-21G. The results on C2H2 and 
HCN are in good agreement with experiment. 


There is marked improvement when Maller-Plesset 
correlation corrections are introduced. Single-point 
MP2 corrections at the 6-31 + G* geometry give results 
that agree within 3 kcal mol-' with at least one exper- 
imental value in 13 out of 16 cases, and the errors on 
the remaining three are not excessive (3.3, 5.3 and 
5.3 kcal mol-'). Optimization at the MP2/6-31 + G* 
level requires much more CPU time but gives agreement 
within 2 kcal mol-' in eight of the nine cases studied, 
and the remaining one, HCN, is only 3-8  kcal mol-' 
off. The single-point MP2 values for these nine cases 
are not as good. Only six are within 2 kcal mol-l, but 
eight are within 3 kcal mol-'. The agreement worsens 
with higher level Merller-Plesset corrections at the 
6-31 + G* geometry. MP4SDQ gives acidities that are 
off by more than 3 kcal mol-' in 9 of 16 cases, hardly 
better than MP3. Calculations at MP4SDTQ were done 
in a few cases, and did better at the expense of a con- 
siderable increase in CPU time. Since MP2 usually 
overestimates correlation corrections, there may be a 
fortuitous but, if so, consistent cancellation of errors at 
this level. 


Figure 1 displays a plot of experimental acidities vs 
acidities calculated at the MP2/6-31 + G*//6-31 + G* 
level. Where more than one experimental value for a 
given acid was available, all the values were used. 
Although they differ in both methods employed and 
reported experimental uncertainties, there is no com- 
pletely objective way of separating poor from good 
values, and including them all should minimize the 
influence of deviant points on the correlation. The line 
through the points is calculated by the method of linear 
least squares and follows the equation 


y = 32.5368 + 0 .915014~  (1) 
where y is the experimental acidity and x is the calcu- 
lated acidity. The correlation coefficient is 0.989 and 
the standard deviation of y is 2-75.  The experimental 
acidity to be expected for a carbon acid that has not 
been measured can thus be predicted by calculation and 


340-1 . , . , . , . 
340 360 380 400 4 


MP2/6-31+G*//6-31+G' (koal lmol )  


Figure 1. Plot of experimental gas-phase acidities vs acidities 
calculated at the MP2/6-31 + G*//6-31 + G* level. The line 
through the points is calculated by the method of linear least 
squares. Where more than one experimental value is available 
for a given acid (most cases), there is a point for each value 


equation (1) with an error hardly larger than the exper- 
imental uncertainty. 


In summary, there is a good probability that single- 
point MP2 corrections on 6-31 + G* structures for 
acids and their conjugate bases will give gas-phase 
acidities that agree with experiment essentially within 
experimental uncertainty, which in most cases is no 
better than +2-3 kcal mol-I. Of the six examples that 
overlap with those studied by the G2 method,' three are 
predicted better by G2 and there is no significant differ- 
ence in agreement for the other three. While G2 can 
certainly be expected to give results closer to experiment 
over a wide range of acids, the present method requires 
only modest expenditures of CPU time and is thus 
applicable to considerably larger acids than is G2. 
Moreover, the present method has proved to be entirely 
feasible for reaction profile studies of identity-reaction 
deprotonations of acetaldehyde" and acetonitrile 
(unpublished results), and can be expected to be feasible 
for similar studies on a wide range of carbon acids. 
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EXPLORATORY PHOTOCHEMISTRY OF ALKYLBROMO- AND 
ALKYLFLUORODIAZIRINES. EXCITED-STATE HYDROGEN 


MIGRATION AND CARBENE FORMATION 


WENDY CHIDESTER*, DAVID A. MODARELLI, WALTER R. WHITE 111, DAVID E. WHITT AND 
MATTHEW S. PLATZt 


Department of Chemistry, Ohio State University, 120 W.  18th Avenue, Columbus, Ohio 43210. U.S.A. 


Laser flash photolysis of a series of alklylbromo- and alkylfluorodiazinnes in pentane at ambient temperature 
generates alkylhalocarbenes by decomposition of the diazirine excited states. The halocarbenes can be intercepted with 
pyridine to form ylides. The ylides absorb intensely between 350 and 400 nm and are fairly long lived (7 F 10 p), 
making them convenient probes of the yield and dynamics of the carbene. The yield of the ylides increases with 
increasing pyridine concentration up to 1.5 M. At pyridine concentrations > 1.5 M the yield of ylide is saturated, 
signifying that every carbene generated in a laser pulse is captured by pyridine prior to reaction with solvent or 
intramolecular rearrangement. The yield of trappable carbene generated from alkylbromodiazirines closely tracks the 
bond dissociation energy of the C-H bond adjacent to the diazirine moiety. The data indicate that the excited states 
of the alkylbromodiazirines suffer C-H migration (or C-C migration with cyclobutylbromodiazirine) and nitrogen 
extrusion in competition with carbene formation. The yield of trappable carbene derived from the alkylluorodiazirines 
is independent of the bond dissociation energy of the adjacent C-H bond. This is probably a consequence of the 
great thermodynamic stability of a-luorocarbenes. 


INTRODUCTION 


Laser flash photolysis (LFP) is now a standard tool for 
the study of arylcarbenes in solution.’ The aromatic 
chromophore facilitates UV-visible detection of the 
carbene intermediate. It is also possible to  study non- 
aromatic carbenes, despite their lack of a convenient 
(A > 320 nm) chromophore by trapping them with pyri- 
dine to form ylides.’ Pyridine ylides absorb intensely 
between 350 and 420 nm and have long lifetimes (T + 10 
hs), properties which are ideal for monitoring the yield 
and dynamics of carbenes. 


We have recently found that the yield of trappable 
alkylchlorocarbenes derived from diazirines that are 
produced in a laser pulse depends strongly on the nature 
of the alkyl group.3 We concluded that acyclic 
alkylchlorodiazirine excited states partition between 
hydrogen migration which proceeds in concert with 
nitrogen extrusion, and carbene formation (Scheme 1) .  
The greater the strength of the C-H bond adjacent to  
the diazirine moiety, the greater is the yield of trappable 
carbene. 


H 


x 2  R’ 4 ‘X 


R&H ? 
>: ____) c=c’ 


R = H, alkyl 


X = Br orF “““a X 


3 


Scheme 1 
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In this work, these studies were extended to 
alkylbromo- and alkylfluorodiazirines. The results dem- 
onstrate that whereas the efficiency of carbene for- 
mation tracks the adjacent C-H bond strength of the 
alkylbromodiazirines, it is largely independent of this 
property in the case of alkylfluorodiazirines. We agree 
with Moss and Ho4 that the well known ability of 
fluorine to stabilize carbene centers' dramatically 
improves the efficiency of carbine formation in the 
excited states of alkylfluorodiazirines. 


RESULTS 


LFP studies of alkylbromodiazirines 


LFP (XeF, 351 nm, 55 mJ) of methyl-, 
perdeuteromethyl-, ethyl-, isopropyl-, tert-butyl-, 
cyclopropyl- or cyclobutylbromodiazirine in pentane at 
25 "C fails to produce detectable (A = 300-700 nm) 
transient intermediates. However, LFP of these 
diazirines in the presence of pyridine produces intensely 
absorbing transients (Figure 1). These transients are 
attributed to pyridine ylides (e.g. 3, R = alkyl, X = Br, 
Scheme 1) because of their similarity to the transient 
ylide spectra produced by reaction of dialkylcarbenes 
and alkylchlorocarbenes with pyridine. The ylide 


""">-"3 B r -  


I I I 
350 400 450 500 550 600 650 nm 


Wavelength 
Figure 1. Transient absorption spectrum of the ylide formed 


by reaction of tert-butylbromocarbene with pyridine 


lAy f----ir 400 no ; I 
i 


-0.24 ' 1 


TIME 
Figure 2. Rate of formation of the pyridine ylide derived from 
LFP of tert-butylbromodiazirine in the presenceoof pyridine 


([pyridine] = 1.0 M) in pentane at 25 C 


[Pyridine] 


Figure 3. Optical yield (Ay)  of pyridine ylide produced 


15 


by 
LFP of ferf-butylbromodiazirine in pentane at 25 OC as a func- 


tion of pyridine concentration, (M) 


absorption increases exponentially following the laser 
pulse before reaching a maximum value (A,, Figure 2) 
about O*l-l*Ops after the laser pulse, depending on 
the nature of the alkyl group. 


The optical yield (Ay)  of ylide formed, in a single 
laser pulse measured at the absorption maximum of the 
ylide, is shown in Figure 3 as a function of pyridine 
concentration. A, increases with increasing concen- 
tration of pyridine until a critical pyridine concen- 
tration is present, after which A, is saturated (A?'). 
When [pyridine] > 0.01 M in the case of tert- 
butylbromocarbene, every alkylbromocarbene pro- 
duced in a laser pulse is captured by pyridine to form 
an ylide. The critical pyridine concentration needed to 
achieve saturation ( A y  ) varies with the nature of the 
alkyl group. 


Similar experiments were performed with the 
alkylfluorodiazirines. LFP of methyl-, ethyl-, ispropyl- 
and fert-butylfluorodiazirines in pentane fails to 
produce observable transient intermediates. However, 
LFP of the alkylfluorodiazirines in the presence of pyri- 
dine produces intensely absorbing ylides (Figure 4). It is 
interesting that A,,, of the alkylfluoro- (353-370 nm), 
alkylchloro- (365-380 nm) and alkylbromo- 
(372-400 nm) carbene-pyridine ylides are all different. 
Values of A, and A?' were determined for the 
alkylfluorocarbene-pyridine ylides as for the 
alkylbromo analogs. 


As revealed in Figure 5 ,  the value of A?' for the 
alkylbromocarbene-pyridine ylides tracks the C-H 
bond dissociation energies of the C-H bond adjacent 
to the diazirine moiety (assuming that the a-diazirine 
moiety affects the strength of a neighboring C-H bond 
as does a neighboring methyl group). When this C-H 
bond is particularly strong (cyclopropyl C-H) or 
absent (tert-butyl), the value of A? is In 
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Figure 5. Yield of ylides formed at saturated pyridine concen- 
trations (A?' 2 10% error) as a function of the C-H bond 
dissociation energy adjacent to the diazirine moiety: 637 (a) 
bromocyclobutyl-; (b) bromoisopropyl- (c) bromoethyl-; (d) 
bromomethyl-; (e) bromotrideuteromethyl-; (f) 
bromocyclopropyl-; (g) bromo-terf-butyl-; (h) fluoroisopropyl- 
; (i) ethylfluoro-; (j) fluoromethyl-; (k) fluorotrideuteromethyl- 
(1) cyclopropylfluoro-; (m) tert-butylfluorodiazirine. o , 


Alkylbromo; *, alkylfluoro. 


marked contrast, the magnitude of Ayt is independent 
of the alkyl C-H bond strength in the 
alkylfluorocarbenes. tert-Butylbromocarbene-pyridine 
ylide has a larger value of A? than the tert-butylfluoro 
analogue. This must reflect differences in extinction 
coefficients between a-brominated and a-fluorinated 
pyridine ylides or differences in the quantum yield of 
diazirine decomposition with halogen. 


DISCUSSION 


The alkylbromodiazirine data are fully consistent with 
Scheme 1 (R = alkyl, X = Br). Photolysis of diazirine 1 
produces a singlet excited state 'l*, which can either 
extrude nitrogen to form the carbene or migrate a 


hydrogen in concert with nitrogen extrusion (our data 
allow the possibility that a-hydrogen migrates first to 
nitrogen to form a vinyl azo compound, which subse- 
quently extrudes nitrogen). The low yield of ylide when 
R = isopropyl or cyclobutyl is not due to a greater speed 
of the intramolecular rearrangement of the carbene 
because sufficient pyridine has been added to saturate 
the yield of ylides derived from these carbenes. Thus the 
alkylbromodiazirine data are completely analogous to 
earlier studies of alkylchlorodiazirine excited-state 
rearrangements. 3*4,8 


There is no evidence for migration of an adjacent 
C-C bond in tert-butylbromodiazirine excited states. 
However, Moss and Ho4 have presented evidence that 
a strained C-C ring bond of cyclobutylchlorodiazirine 
migrates in the excited state. Our data do not differen- 
tiate between C-H and C-C bond migration in 
bromocyclobutyldiazirine excited states. 


At first glance it seems curious that cyclobutyl C-C 
bonds migrate but that cyclopropyl C-C bonds do not. 
However, it is important to note the differences in the 
thermodynamic driving forces in these systems. The 
rearrangement of methylcyclopropane to cyclobutene 
increases strain by 2 kcalmol-' (1 kcal = 4 -  184 kJ), but 
the rearrangement of methylcyclobutane to cyclo- 
pentene leads to a decrease in strain of 20 kcal mol-'. 6*7 


The trappable yield of carbene formed from 
alkylfluorodiazirines is independent of the nature of the 
alkyl group. This is in good agreement with the report 
of Moss and H o . ~  We agree that the dramatic ability of 
fluorine to stabilize thermodynamically a carbene 
center' accelerates the decomposition of the 
alkylfluorodiazirine excited states to form carbenes. 
This acceleration renders competitive bond migrations 
in the diazirine excited states unimportant. (Other inter- 
pretations of the data are possible. The 'non-trappable' 
intermediate can be an excited state of the carbene or a 
carbene-pyridine complex. We prefer the diazirine 
excited state interpretation because photolysis 
necessarily produces this species.) 


There is no a priori reason for a plot of A?' versus 
bond dissociation energy to resemble linearity. The 
large yield of cyclopropyl and tert-butylbromopyridine 
ylides we observe demonstrate that relative to other 
alkylbromodiazirines there is little excited-state 
rearrangement chemistry in these systems. Our data do 
not exclude the possibility that tert-butyl- and cyclo- 
propylbromdiazirines suffer some excited-state 
rearrangement chemistry. Indeed, the linear plot shown 
in Figure 5 implies that the quantum yield for carbene 
formation in these diazirines is still less than unity. 


CONCLUSIONS 
The excited states of acyclic alkylbromodiazirines suffer 
1,2-hydrogen migration in concert with nitrogen extru- 
sion in competition with carbene formation. The 
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strength of the adjacent C-H bond determines the 
importance of the hydrogen migration pathway. 
Alkylfluorodiazirine excited states decompose cleanly to 
carbenes owing to the dramatic ability of fluorine to 
thermodynamically stabilize carbene centers. 


EXPERIMENTAL 


All chemicals were obtained from Aldrich. Solvents 
were of spectroscopic grade. Pentane was purified by 
stirring repeatedly over concentrated HzS04 until no 
further discoloration was observed and then washed 
with dilute hydrogen-carbonate solution and distilled 
from PzOs. Pyridine was purified by distillation from 
KOH pellets and stored over the same. 


The alkylbromodiazirines were prepared actording to 
literature preparations’ and trapped at - 78 C in pen- 
tane. The alkylfluorodiazirines were prepared from the 
alkylbromodiazirines by the procedure of Moss et al. lo 


The alkylbromodiazirines were trapped in 
spectroscopic-grade DMSO at -78 C. The DMSO 
solution was thawed and added to 1.1 molar equivalent 
of molten tetrabutylammonium fluoride, wbich had 
been previously dehydrated by heating at 50 C under 
vacuum for at least 24 h. This mixture was stirred for 
24 hr at room temperature in a flask shielded from 
light. The alkylfluorodiazirine was isolated from this 
solution by bubbling with dry argon through a 28 cm 
tube containing KOH and indic?ting Drierite before 
being trapped in pentane at -78 C. 


Optical yield experiments were performed with all 
diazirines on the same day. The alkylfluorodiazirine 
experiments utilized solutions of diazirines with 
matching absorbance values at 351 nm 
(A351 ,,,,, = 0.095 f 0.006) and identical pyridine con- 
centrations well beyond the concentrations required to 
saturate the ylide yield ([pyridine] = 1.45 M). The 
alkylbromodiazirine experiments utilized solutions of 
the diazirines with matching absorbance values at 
351 nm (A351 ,,,,, = 0.50 2 0.04) and identical pyridine 
concentrations well beyond the concentrations required 
to saturate the ylide yield ([pyridine] = 1.75 M). The 


laser flash photolysis apparatus has been described 
elsewhere. I ’  
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NUCLEOPHILIC SUBSTITUTION REACTION OF BENZYL BROMIDE WITH 
N ,  N-DIMETHYLANILINE: SIGNIFICANCE OF EQUILIBRIUM 


CROSS-INTERACTION CONSTANT 


IKCHOON LEE, YONG KYUN PARK, CHUL HUH AND HA1 WHANG LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


Kinetic studies on the reversible reactions of benzyl bromides with N ,  A'-dimethylanilines were carried out for both 
the forward (k,) and reverse (kJ directions. The equilibrium constants, K were calculated using the ratio k f / / k ,  and 
the equilibrium cross-interaction constant, p i v  was determined. The p ' x ~  value was shown to represent a maximum 
intensity of interactions between substituents X and Y through covalent bonds within a molecule. The normalized 
values of px (pnuc) and p x ~  indicate that in the transition state the fractional development or loss of polar and 
resonance interactions in the benzyl system are imbalanced or non-perfectly synchronized. In the forward reaction the 
fractional loss of resonance interaction becomes enhanced, whereas in the reverse reaction the fractional development 
of resonance interaction lags behind the corresponding changes of polar interaction by ca 45%. 


INTRODUCTION 


When two reactants i and j interact, the effect of substi- 
tuents in the two, ui and uj ,  on the reactivity can be 
expressed as a Taylor series expansion of log k i j  around 
ui = u j  = O  (for which k i j = k o o ) .  Neglect of pure 
second-order and higher order terms, pi; = pj ,  = 
pi i j  = pi j j  = 0, leads US to a very simple second-order 
form: 


(1) 
It has been shown that the cross-interaction constant, 
p i j ,  causes the non-additivity of the two substituent 
effects' and has a highly important mechanistic 
significance as an activation parameter related to 
changes in the force constant (or changes in the inten- 
sity of interaction) of the two interacting atoms in 
species i and j from the reactant to transition state (TS). 
Thus the notation used in equation (l) ,  pi, ,  is a 
simplified version of the proper one, Ap? 


(2) 
For example, in an &2 TS (Scheme I ) ,  i and j' in 
equations (1) and (2) represent the nucleophile (X), 
substrate (Y) or leaving group (Z). When a bond is 
being formed in an sN2 process, p t y  is zero since 
initially the two, X and Y, can be considered to be at 
a distance of infinity and non-interacting; ~ X Y  
(=A&) is therefore equal to the intensity of inter- 
action at the TS, p&, which will be large at a close dis- 


0 1994 by John Wiley 8~ Sons, Ltd. 


l o g ( k i j / k o o )  = p i a i  + p j o j  + p i j o i u j  


p . . = A p % -  IJ - IJ - P i j  * - P 0 ij 
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tance, i.e. for a greater degree of bond f ~ r m a t i o n . ~  
This means that the magnitude of ~ X Y  (5 Ap& = p&) 
provides a measure of the extent of bond making in the 
TS; in the limiting case of SN 1, no bond making takes 
place in the TS so that pxy (=& = 0)  vanishes. ' 33*4  


Likewise, the magnitudes of pyz and pxz reflect the 
extent of bond breaking and the overall tightness of the 
TS, respectively. 


It is of interest, however, to see what the significances 
of the cross-interaction constants for an equilibrium 
process, p g y ,  pgz and p%z, are. In this work, we 
attempted to determine and apply such an equilibrium 
cross-interaction constant in a reversible sN2 process 
using the reactions of benzyl bromides (BB) with N,  N- 
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dimethylanilines (DMA), in acetone at 45 a 0  "C: 


X C ~ H ~ N ( C H ~ ) Z  + YGH4CHzBr @ 
k ,  


YC6H4CH&(CH3)2C6H4X + Br- (3) 


X=p-CH3,  m-CH3, H, p - B r  or m-C1 


Y=p-CH3,  m-CH3, H, p-C1 or m-C1 


RESULTS AND DISCUSSION 


In the forward reaction, a pseudo-first-order condition 
was kept throughout by reacting more than cu 500-fold 
of DMA relative to the substrate (BB) concentration. In 
order to test the effect of the DMA concentration on the 
observed pseudo-first-order rate constant, kobs,  we 
varied the [DMA] more than tenfold from 0.025 to 
0.349 M as shown in Figure 1. We note that the inter- 
cept, kl in the equation 


kobs = ki + k2 [DMA] (4) 


is not exactly zero as expected from a substrate which 
cannot solvolyse, i.e. benzyl bromide in acetone, but 
the kobs values for [DMA] Q 0.15 M drop successively 
down to the origin. The second-order rate constants, kz 
(= kky), were therefore determined using the slope of 
the plot of kobs versus [DMA] higher than 0.15 M 


0.0015 - 


0.0010 ' 


kobs 


0.0005 


k, 


I 1 I 


0.1 0.2 0.3 0.4 
PMAI 


Figure 1 .  Plot of /cobs vs [DMA] for the reactions of Benzyl 
bromide (Y = CH3) with N, N-dimethylaniline (X = H) in 


acetone at 4 5 . 0 " ~  


throughout in this work. The intercept appears to rep- 
resent a very small portion of an S N ~  process concur- 
rently proceeding with the dominant SN2 reaction. s The 
drop in the kobs values for DMA concentrations below 
cu 0.15 M could be due to ion-pair return;' the ion- 
pair intermediate formed in the SN1 process can return 
to the original substrate if its lifetime is relatively short, 
before reacting with DMA in a fast step. When insuffi- 
cient DMA molecules are available around the ion 
pair, as in the relatively dilute DMA solution 
(DMA Q 0.15 M), the ion pair return process can 
compete with the nucleophilic attack by DMA in a fast 
step leading to a lower sN1 rate constant, kl .  In the con- 
centrated DMA solution, all the ion pairs can be cap- 
tured during their lifetimes by the sufficient number of 
DMA nucleophiles in the immediate vicinity of the ion 
pair before returning to the substrate form. Notwith- 
standing this low level of S N ~  process possible, how- 
ever, in most cases the kl value obtained from the 
intercept was small enough to be well within the exper- 
imental error of the k2 determination (+3Vo) .  and 
hence was not pursued further. 


The k2 (= kiy)  values for the forward reaction are 
summarized in Table 1 together with the two respective 
p values px and pu' . In the case of the substrate substi- 
tuent (Y) effect on log k2, the use of the u+ value gave 
a better plot ( p u ' ) .  The rate is seen to be faster with a 
stronger nucleophile (6ux < 0) and with a more 
electron-donating substituent in the substrate (Say+ < 0). 
The latter trend suggests positive charge development at 
the benzylic carbon (C,) in the TS; this is supported by 
the negative sign of p ; .  The extent of bond making in 
the TS increases with a more electron-withdrawing Y 
substituent, i.e. 6px < 0 (or 6 1 px I > 0) with Sac > 0, 
and with a more electron-donating X substituent, i.e. 
6p; > 0 (or 6 I p; I < 0) with 6ax < 0. These two trends 
reflect that pxy is negative for the forward reaction 
series: ' 


The rate data in Table 1 were subjected to multiple 
regression analysis using equation (1) with i, j = X, Y, 
i.e. kky = k2, and the pxy value ( =  - 1.14) was 
determined: 


log(kky/kio) = - 0 . 9 7 ~ ~  - 1 *02au' - 1 * 14~x1~; (6) 
as -1.14 (r  = 0.999); the sign is indeed negative with a 
relatively large magnitude. 


In the reverse reaction, the kobs value (= kky) was 
found to be independent of the concentration 
of benzylphenyldimethylammonium bromide salt 
(BAB) for [BAB] = (1.00-4-20) x M with 
kobs = (1.02 f 0-03) x s-'. The kky values deter- 
mined are given in Table 2 with the px values. The plot 
of log kky versus ay exhibited a bent concave upward 
(U) curve, with a minimum rate shifting from Y = H to 
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Table 1 .  Rate constants [kf  (= k k ~ )  x lo4 dm3 mol- ' s- '1 for 
the forward reaction of benzyl bromide woith N, N-dimethyl- 


aniline in acetone at 45.0 C 


X 


Y p-CH3 m-CH3 H p-Br m-CI pxa 


p-CH3 47.6 39.8 36.9 24.9 20.9 -0.67 


H 24.9 20.0 18.1 10.4 8.32 -0.90 
p-CI 20.9 17.0 14.0 6.67 5 . 1 3  -1.19 


Pu' a -0.90 -0.95 -1.04 -1.27 -1.45 


m-CH3 28.6 22.9 20.5 13.0 10.5 -0.82 


m-Cl 1 1 . 5  8-71 7.28 3 .53  2.24 -1.32 


'Correlation coefficients were better than 0.996 in all cases. 


Y =m-CH3 as X is changed from an electron- 
donating to an electron-withdrawing group. This type 
of U-shaped Hammett plot has been attributed to a 
changing balance between the resonance and polar 
effects for different Y substituents in benzyl system; 
the upward curvature in this plot for electron- 
withdrawing substituents occurs as a result of TS stabi- 
lization by electron withdrawal through the polar effect. 
The TS with electron-donating Y substituents are stabil- 
ized by a large resonance effect between the substituent 
and the benzene ring so that the rate becomes faster (see 
below). 


The p x  values are positive, indicating that in the 
reverse reaction involving the decomposition of the 
quaternary ammonium salt (BAB), negative charge 
develops at the N atom of DMA. 


The rate data ( k k y )  in Table 2 were used to obtain 
the cross-interaction constant, p x y  (= + 0.38), for the 
reverse process: 


l o g ( k k y / k i o )  = 2.240, - 0*180Y+ + 0.380~~; (7) 
(r  = 0.992 except when Y = m - Cl). 


It should be noted that for the forward process of 


Table 2. Rate constants [k, (= kky) x lo4 s-'1 for the 
decomposition of benzylphenyldimeth~lammonium bromide 


in acetone at 45.0 C 


X 


Y p-CH3 m-CH3 H p-Br mC1 pXa 


P-CHI 0.652 1.02 1.45 4,45 8.71 2.07 
m-CH3 0.473 0-759 0.953 3.42 7.08 2-16 
H 0.428 0.708 1.02 3.55 7.59 2.29 
p-CI 0.557 0.955 1.25 4.36 8.71 2.19 
m-CI 0.692 1-12 1.48 4.79 9.33 2.11 


'Correlation coefficients were better than 0.998. 


bond making, the sign of p x y  is negative, but in con- 
trast for the reverse process of bond cleavage, p x y  is 
positive. This sign change of p x y  from negative for a 
bond-making process to positive for a bond-breaking 
process appears to be a general trend. Our previous 
results indicated that in the normal sN2 reactions, p x y  
(bond-making process) is negative whereas p y z  (bond- 
cleavage process) is positive in all cases. ' 


The equilibrium constants, K X Y ,  calculated by 
k&Y/kkY  are given in Table 3. The KXY values are 
greater with a more electron-donating X and also Y 
substituent, which is a reflection of a greater stability 
rendered to the product in the forward reaction, i.e. sta- 
bilization of the quaternary ammonium salt (BAB) by 
an electron-donating substituent in both the DMA and 
benzyl bromide. We subjected the equilibrium con- 
stants, K X Y ,  in Table 3 to multiple regression analysis 
using equation (I)  (with KXY rather than k x y )  and 
arrived at an equilibrium cross-interaction constant, 
p k y ,  of -1.48: 


l O g ( K x y / K o o )  = - 3.19~7, - 0.850Y+ - 1.48~x~Y+ (8) 


r = 0.995 excluding Y = m - C1. 
The equilibrium p values, p s ,  pc' and p k y ,  can also 


be determined using the relation KXY = k&y/k$y;  thus 
from equations (6) and (7), we obtain the derived values 
as in the equations 


(9a) 
f p k = p x - p k =  -0.97-2.24~ - 3.21 


p ' y = p $ - p $ =  - 1*02-(-0*18)= -0*84(9b) 


p s y  = p & y - p k y =  - 1*14-0*38= - 1.52 ( 9 ~ )  


The derived values in equations (9) compare well with 
those determined directly using the KXY values in 
equation (8). The values directly determined in equation 
(8) and the derived values in equations (9) may not 
agree if the rate data used are not reliable and the 


Table 3 .  Equilibrium constants [Kxy(dm3 mol-')I for the 
reaction of benzyl bromide with $, N-dimethylaniline in 


acetone at 45.0 C 


X 


Y p-CH3 m-CH3 H p-Br m-C1 p g a  


p-CH3 73.0 39.0 25.4 5.60 2.40 -2.76 


H 58.2 28.2 17.7 2.97 1.10 -3.22 
p-CI 36.2 17.8 1 1 . 1  1 . 5 3  0.589 -3.39 


m-CH3 60.5 30.2 21.5 3.80 1.48 -3.01 


m-C1 17.0 7.78 4.92 0.74 0.240 -3.44 
pyb -0.75 -0.84 -0.90 -1-42 -1.52 


a Correlation coefficients 2 0.996. 
bCorrelation coefficients 2 0.988, excluding Y = m-CI. 
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number of rate data is not sufficiently large, i.e. the cor- 
relations are not significant. This agreement lends cre- 
dence to the p x y  values determined and applied as a 
mechanistic tool for organic reactions I .  The following 
analysis shows that the equilibrium PXY value, P % Y ,  
reflects the intensity of interaction between the substi- 
tuents X ( U X )  and Y (uy) within a covalently bonded 
molecule, p$qV (not in the TS for which the ordinary 
p x y ,  an activation parameter, applies). To distinguish 
clearly an activation parameter, A&Y ( = p x y ) ,  from a 
state parameter, p &  or p$y, we shall adopt the proper 
notations: 


UOa) A&Y ( ~ P X Y ) = P X Y  - P X Y  


UOa) APYX ( = P Y X ) = P Y X  - P Y X  


AP%Y ( = P % Y )  = Ap&(f) - Ap&(r) = A P ~ Y  - AP?X 
(1 1) 


where Apxfy(r) = Ap$x(f). Since p $ y  = 0 (see above), 
poYx = ~ $ 2 '  and by the principle of microscopic rever- 
sibility,' p& = p&, substitution of equations (10) into 
equation (1 1) and simplification leads to 


AP%Y = (PXY - P $ Y )  - (P?X - P"Y) 


f O  


f + o  


f 


(12) 


This analysis shows that the p%y ( = A p % y )  value 
obtained (-1 -52) reflects the maximum intensity of 
interaction between the two substituents, X and Y,  
because p%y is the intensity of interaction within a cova- 
lently bonded molecule,* not in the TS where the bond 
between the reaction centres of the nucleophile (X) and 
substrate (Y) is partially formed or broken leading to  a 
weakening of the interaction between them. 


We can now normalize the p x  and pxy values using p 5  
and P%Y,  respectively, (PB = P X / P %  and P W Y  = PXY/P%Y) 
as listed in Table 4. 


Of course, we can also normalize the p y  values in the 
same way but the normalized p y  values have complexity 
owing to  the non-linear p y  plot found for the reverse 


0 c o v  cov  
= P Y X  = P Y X  = PXY 


Table 4. Normalized px and ~ X Y  values 


*Quantum mechanically, a covalent bond is that formed by 
sharing the electrons between atoms, and in this sense 
hydrogen molecule ion, HZ, is the simplest but the most 
important example of a molecule bound by a covalent bond. 
In contrast, an ionic bond is formed by electrostatic attraction 
between two charged atoms. 


process (see above) so that it is difficult to assess the 
proper meaning of the values. 


Since a DMA molecule reacts normally as a 
nucleophile in the present reaction series, the norma- 
lized values of p x  can be considered to reflect the frac- 
tional degree of charge development on N or the extent 
of the progress of reaction along the reaction coor- 
dinate as expressed solely by the polar interaction in the 
TS. Thus, in the forward reaction, bond formation has 
progressed ca 30% whereas in the reverse reaction the 
extent of bond cleavage is ca 70%. This is in good 
agreement with the generally accepted view of a 
relatively loose TS for such reactions8 [equation (l)] . 


We note, however, that the normalized p x y  values d o  
not agree with these extents of bond making and 
breaking in the TS based on the fractional change in 
polar interaction expressed as the normalized p x  values; 
since there can be no deprotonation or changes in the 
resonance interaction for the DMA in the TS, the nor- 
malized values of p x  reflect solely the fractional changes 
in polar interactions and hence are the true measure of 
the extent of the progress of reaction. This means that 
the magnitude of p a y  for the forward process is 
enhanced by 0.47 ( = 0 * 7 7 - 0 . 3 0 )  and that for the 
reverse process is depressed by - 0.44 
[ = - 0.70  - ( - 0.26)] ; hence the inclusion of the 
effects of Y substituents which can resonance delocalize 
in the substrate leads us to  conclude that in the forward 
and reverse processes the TS appears to  be reached ca 
45% too early and too late, respectively, along the 
reaction coordinate than the positions of the TS 
measured by the fractional changes in polar interactions 
alone. Although the difference between the solvation of 
DMA alone and that of the addition complex composed 
of the nucleophile and substrate may also contribute, 
the solvent effect will be small since the solvent used in 
this work (acetone) is relatively inert and weakly 
hydrogen bonding compared with water. 


This type of phenomenon is known to arise from an 
imbalanced TS lo owing to  a greater or  lesser fractional 
loss of resonance than of polar interactions in the acti- 
vation process for the reactions of carbenium ion with 
nucleophile (kf)  or  of carbenium ion formation (kr) .  
Since the TS is a loose type, a substantial degree of 
positive charge development is expected at C,. Also, as 
we noted in Figure 1, a possibility that an ion pair might 
be formed in a fast pre-equilibrium step and the 
nucleophilic attack on the carbenium ion of the tight 
ion-pair cannot be ruled out entirely. In such cases of 
the reactions of a well developed carbenium ion in a 
benzyl system at  the TS, there is an imbalance or non- 
perfect synchronization between the development of 
resonance and polar interactions, l 1  the lag in the 
development of resonance interactions for the for- 
mation of carbenium ion in the TS [k, in equation (3)] 
corresponds to  an early loss of resonance interactions in 
the TS for capture of carbenium ion by the nucleophile 
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[kf in equation (3)]. This sort of imbalanced TS has 
been observed for a number of reactions involving the 
formation and/or destruction of resonance-stabilized 
carbenium ions; 11*12 in our laboratory such cases have 
been noted for the reactions of 1 -phenylethyl chlorides 
with methanol and anilineI3 and also, in a more inten- 
sified form, for the reactions of benzhydryl chlorides 
with anilines. l4 In these two examples, the magnitude 
of the pxy value was large and the non-interactive 
phenomenon, in which at an observable ay value, 6 y ,  px 
becomes zero and changes was observed. 
This balance of charge at N (px = 0) is possible since the 
proton transfer (deprotonation) from N of the aniline 
molecule is diffusion limited and hence may exceed in 
quantity the electronic charge transfer from N toward 
C, in the N-C, bond formation. In this work, how- 
ever, no such non-interactive point was observable, 
since in the nucleophile DMA there is no proton to be 
transferred (or deprotonated) so that negative charge 
accumulation on N is not possible. 


CONCLUSIONS 


The reaction of benzyl bromide with DMA proceeds by 
a typical sN2 process at DMA concentrations greater 
than ca 0- 15 M; although only a very small portion of 
sN1 channel was identified, it is within the range of 
experimental error and hence is insignificant in most 
cases. The reverse decomposition reaction of quater- 
nary ammonium salt is pseudo-first order, the rate 
being independent of the salt concentration. The nor- 
malized value of px indicates that the progress of 
reaction as measured by the fractional change of polar 
interaction is ca 30% in the forward direction and ca 
70% in the reverse direction, and hence the TS is 
relatively loose. 


Comparison of the normalized px and pxy values sug- 
gests that there is an imbalance or non-perfect syn- 
chronization between the fractional loss or development 
of resonance and polar interactions in benzyl system at 
the TS. In the forward reaction the fractional loss of 
resonance interaction becomes enhanced, whereas in 
the reverse reaction the fractional development of 
resonance interaction lags behind the corresponding 
changes in polar interaction by ca 45%. 


The equilibrium cross-interaction constant, p s y ,  rep- 
resents a maximum intensity of interaction between 
substituents X and Y through covalent bonds within a 
molecule. 


EXPERIMENTAL 


Materials. Acetone was purified by the known 
method. N, N-Dimethylanilines were purified by distil- 
lation under reduced pressure or by recrystallization 
from water-acetone. Benzyl bromides from Aldrich 
(GR) were used as purchased. Benzylphenyl- 


dimethylammonium bromides were prepared by 
directly reacting benzyl bromides with N, N- 
dimethylanilines in ethanol under a nitrogen flow. After 
evaporation of ethanol, the products were recrystallized 
from ethanol-diethyl ether. The melting points and 
H'NMR (250MHz) data are as follows. 


p-CH3-benzylphenyl-piCH3-dimet hylammonium 
bromide: m.p. 145-148 C; 6 6.9-7-7 (8H, m, aro- 
matic), 5.6 (s, 2, CHI), 3.9 (s, 6, N-CH3), 2-3 (3H, s, 


p-CH3-benzylphenyl-rn~CH3-dimethylammonium 
bromide: m.p. 134-136 C; 6 6-9-7.5 (8H, m, aro- 
matic), 5.6 (2H, s, CHz), 3.9 (6H, s, N-CH3), 2.3 (3H, 


p-CH3-benzylphenyldimethylammonium bromide: 
m.p. 128-131°C; 6 6.9-7-9 (9H, m, aromatic), 


Y-p-CHs), 2.4 (3H, S, X-p-CH3). 


S, Y-P-CH~), 2.4 (3H, S ,  X-m-CH3). 


5.7 (2H, S ,  CHI), 4.0 (6H, S, N-CH3), 2.2 (3H, S ,  
Y-p-CH,). 
p-CH3-benzylphenjl-p-Br-dimethylammonium bro- 


mide: m.p. 136-138 C; 6 6.9-7.9 (8H, m, aromatic), 
5.7 (2H, S ,  CHI), 4.0 (6H, S ,  N-CH3), 2.3 (3H, S ,  
Y-p-CH3). 
p-CH3-benzylphen~l-rn-C1-dimethylammonium bro- 


mide: m.p. 138-140 C; 6 6.9-7.8 (8H, m, aromatic), 
5.7 (2H, S ,  CHz), 4.0 (6H, S, N-CHs), 2.3 (3H, S, 
Y -p-CH3). 
rn-CH~-benzylphenyl-p~CH~-dimethylammonium 


bromide: m.p. 144-146 C; 6 6.8-7.7 (8H, m, aro- 
matic), 5.6 (2H, s, CHz), 4.0 (6H, s, N-CH,), 2.2 (3H, 


rn-CH3-benzylphenyl-~-CH~-dimethylammonium 
bromide: m.p. 146-148 C; 6 6.8-7-6 (8H, m, aro- 
matic), 5.6 (2H, s, CH2), 4.0 (6H, s, N-CH3), 2-2 (3H, 


rn-CH3-benz$phenyldimethylammonium bromide: 
m.p. 149-151 C; 6 6.8-7.8 (9H, m, aromatic), 5.6 
(2H, s, CHI), 4.0 (6H, s, N-CH3), 2.2 (3H, s, Y-rn- 
(333). 
rn-CH3-benzylphenyl-p-Br-dimethylammonium bro- 


mide: m.p. 158-160°C; 6 6-8-7.8 (8H, m, aromatic), 


S, Y-vz-CH~), 2.4 (3H, S, X-p-CH3). 


S ,  Y-m-CH3), 2.4 (3H, S, X-m-CH3). 


5.7 (2H, S ,  CHz), 4.0 (6H, S, N-CH3), 2.2 (3H, S, 
Y-m-CH3). 
rn-CH~-benzylphe~yl-rn-C1-dimethylammonium bro- 


mide: m.p. 156-158 C; 6 6-8-7.6 (8H, m, aromatic), 
5.7 (2H, S, CHz), 4.0 (6H, S ,  N-CH3), 2.2 (3H, S, 


Y-m-CH3). 
Benzylphenyl-p-CH3-dimethylammonium bromide: 


m.p. 150-152°C; 6 7.0-7.7 (9H, m, aromatic), 
5.7 (2H, S ,  CHz), 4.0 (6H, S, N-CH3), 2.4 (3H, S, 
X-p-CH3). 
Benzylphenyl-rn-CH3-dimethylammonium bromide: 


m.p. 154-156°C; 6 6.8-7.6 (9H, m, aromatic), 5 .6  
(2H, s, CHI, 3.9 (6H, s, N-CH3), 2.4 (3H, s, X-m- 
CH3). 


Benzylghenyldimethylammonium bromide: m.p. 
156-158 C; 6 7.0-7.7 (lOH, m, aromatic), 5.6 (2H, s, 
CH2), 3.9 (6H, S, N-CH3). 
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BenzylphenyA-p-Br-dimethylammonium bromide: 
m.p. 164-166 C; 6 7.1-7.8 (9H, m, aromatic), 5.6 


Benzylpheny~-m-C1-dimethylammonium bromide: 
m.p. 170-172 C; 6 7.1-7.6 (9H, m, aromatic), 5.7 


p-C1-benzylphenyl-op-CH~-dimethylammonium bro- 
mide: m.p. 146-148 C; 6 7.2-7-9 (8H, m, aromatic), 


(2H, S, CH2), 3 .9  (6H, S, N-CHs). 


(2H, S ,  CHz), 4 . 0  (6H, S, N-CH,). 


5.7 (2H, S, CHI), 3 .9  (6H, S ,  N-CH,), 2 .4  (3H, S ,  
X-p-CH3). 
p-C1-benzylphenyl~m-CH~-dimethylammonium bro- 


mide: m.p. 145-147 C; 6 7.1-7.7 (8H, m, aromatic), 
5.7 (2H, S ,  CHz), 4 . 0  (6H, S ,  N-CH3), 2 .4  (3H, S ,  
X-m-CH3). 
p-C1-benzylp~enyldimethylammonium bromide: 


m.p. 147-148 C; 6 7.3-7.9 (9H, m, aromatic), 5.7  


p-C1-benzylphenyl-op-Br-dimethylammonium bro- 
mide: m.p. 150-152 C; 6 7.3-7.7 (8H, m, aromatic), 


p-C1-benzylphenyl~mm-C1-dimethylarnmonium bro- 
mide: m.p. 154-156 C; 6 7.2-7-6 (8H, m, aromatic), 


m-C1-benzylpheny~p-CH~-dimethylammonium bro- 
mide: m.p. 146-148 C; 6 7.2-7.8 (8H, m, aromatic), 


(2H, S, CH2), 4 .0  (6H, S, N-CHs). 


5 .7  (2H, S, CHz), 3.9 (6H, S ,  N-CH3). 


5.7 (2H, S ,  CH2), 4 . 0  (6H, S, N-CH3). 


5.7 (2H, S, CH2), 3 .9  (6H, S ,  N-CH3), 2 . 4  (3H, S ,  
X-p-CH3). 
m-C1-benzylphenyl~m-CH~-dimethylammonium bro- 


mide: m.p. 144-146 C; 6 7.2-7.8 (8H, m, aromatic), 
5.7  (2H, S, CHz), 3 .9  (6H, S, N-CHs), 2 .4  (3H, S, 


X-m-CH3). 
m-C1-benzylghenyldimethylammonium bromides: 


m.p. 147-150 C; 6 7.3-7.7 (9H, m, aromatic), 5.7 


m-C1-benzylpheny~p-Br-dimethylammonium bro- 
mide: m.p. 152-155 C; 6 7.3-7-7 (8H, m, aromatic), 


m-C1-benzylphenyl~m-C1-dimethylammonium bro- 
mide: m.p. 154-156 C; 6 7.3-7.7 (8H, m, aromatic), 


(2H, S, CH2), 4.0 (6H, S ,  N-CHs). 


5.7 (2H, S, CH2), 4 .0  (6H, S, N-CHs). 


5.7 (2H, S, CHz), 4 . 0  (6H, S, N-CH3). 


Kinetic methods. Rates were measured conduc- 
timetrically at 45.0 f 0-05 C in acetone. Pseudo-first- 
order rate constants, kobs, were determined by the 
Kezdy-Swinbourne method l6 with a large excess of 
DMA, more than 500-fold of the substrate concen- 
tration. Second-order rate constants, kz, were obtained 
from equation (4). The rate constant for the reverse 
reaction kobs, was independent of the quaternary 
ammonium salt concentration so that the kobs values are 
reported. 


Product analysis. In both directions of the reaction, 
after reacting at least ten half-lifes under the same 
kinetic conditions, three species, benzyl bromide, DMA 
and quaternary ammonium salt, were confirmed by 
TLC analysis. No other species was detected. 
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LOW TEMPERATURE ENOL-ENOL ASSOCIATION OF STABLE 
2,2-DIARY LETHENOLS" 


IRINA EVENTOVA, ELLA B. NADLER, JOSEPH FREY AND ZVI RAPPOPORTt 
Department of Organic Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel 


The low temperature 'H NMR spectra of 2,2-bis(3,5-dibromomesityl)ethenol in CSz-CDzClz (3 : 7) display new 
signals which indicate the presence of four enol species whose OH is hydrogen bonded. Oligomerization to 
intermolecularly hydrogen-bonded enol dimers or tetramers is suggested. 


Hydrogen-bond associations observed for stable 2,2- 
diarylethenols (for a review on hydrogen bonding of 
enols, see Ref. 2) include intramolecular *(cis- 
Ar).-.HO in a syn periplanar conformation (1) in non- 
hydrogen bond-accepting solvents, intermolecular 
with hydrogen bond-accepting solvents (S) in the unti- 
clinal conformation (2)3 or in a solid s ~ l v a t e ~ ~ . ~  and 
intermolecular enol-enol association in the solid when 
R = H.4b*cs5 We report here observations which reflect 
the hitherto unobserved enol-enol association in 
solution. 


Ar, /R  c=c, 
Ar' 0 


H '  
1 2 


The room-temperature 'H NMR spectra of 2,2- 
dimesityl-1-R- and 2,2-bis(3,5-dibromomesityl)-l-R- 
ethenols display two p-Me and one to four o-Me signals 
which are sometimes broad.6 When R = H the 
=CHOH moiety appears as coupled =CH (6 cu 6 ppm) 
and OH doublets. 6(OH) shifts from cu 4.5 in 1 to 9.2 
in 2;3a 3JHCOH changes from 14.2 Hz in 1 to 4.6 Hz in 
2. 3a At lower temperature, the diastereotopic o-Me 
signals decoalesce and a frozen propeller conformation 
is observed above 200 K. 'H NMR gave rotational bar- 
riers for the correlated rotations of the aryl rings 
around the Ar-C=C bonds. 1*6 For example, for 4 the 
barriers are 12 * 1 and 13 -0 kcal mol - ' 


*Stable Simple Enols, Part 34. For Part 33, see Ref. 1. 
t Author for correspondence. 
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(1 kcal = 4.184 kJ) for the one- and two-ring flip, 
respectively. ' 
MeszC=C(OH)R (3,5-Br2Mes) 2C = C(0H)R 
3 R = H  4 R = H  


S a R = M e ;  b R = B u '  6a R=Me;  b R=Bu '  


Mes = mesityl 


(2,4,6-Pr:C6Hz)zC=CHOH (3,5-BrzMes)2C=CHOPri 
7 8 


We now found additional changes in the 'H NMR on 
further cooling of solutions of enols 3 and 4 in a 3 : 7 
CS2-CD2Clz mixture. These are described here for the 
OH and CH regions of 4 (0.04 M at 400MHz, 
Figure 1). Splitting of the OH, CH and m-H signals of 
3 also takes place, but the decoalescence of signals is 
clearer for 4. Changes in the Me region of 4 due to aryl 
group rotations are described elsewhere. ' 


At 295K the OH and CH doublets of 4 
(J= 12.5 Hz) at 4.775 and 6.373 ppm, respectively, 
were assigned by deuteration of both the a-H and the 
OH. On cooling, the signals shift and broaden: at 240 K 
they are doublets ( J =  12 Hz), at 5.215 and 6.295 ppm, 
at 230 K they are broad at 5.34 and 6.17 ppm and at 
cu 220 K a very broad signal at cu 5.93 ppm which per- 
sists and nearly merges with the background at 208 K is 
observed. At 167 K two groups of four doublets 
appear, =CH at 3.83, 4.23, 4.32 and 4.35 ppm and 
OH at 7.90, 8.19, 8.28 and 8-31 ppm. From the 
expanded spectrum at 170 K (Figure 2), all the doublets 


and of 4-a-D corroborate the assignments of the 
doublet components. The spectrum of 4-OD at 
210-170 K displays a broad signal at cu 6.05 ppm 


d i S p l a y 3 J ~ ~ o ~  values Of  4-5 HZ. The spectra Of  4-OD 
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Figure 1 .  400 MHz spectra of 4 from 295 to 170 K 


I I I I I 
8.3 8.2 8.1 8.0 7.9 


I I I I I 
4.3 4.2 4.1 4.0 3.9 


PPm 


Figure 2. Expanded spectra of the OH (upper) and CH (lower) 
regions of 4 at 170 K 


which decreases in intensity on lowering the tempera- 
ture. The intensities of the four signals at 
3.83-4.35 ppm increase in parallel (Figure 3). The 
number of Me groups is >20 at 170 K. At 155 K all 
these signals broaden, suggesting that another dynamic 
process may take place, and two new signals appear at 
5.06  and 5.22ppm. However, since these changes 


8 7 6 5 4 
PPm 


Figure 3.  The CH signals of 4-OD at 180 K 


occur near the freezing point of the solvent, the 
broadening may be due to increased viscosity. A 
0.0033 M solution of 4 at 170 K displayed a similar 
spectrum to that of a 0 . 0 4 ~  solution with an 
additional doublet at 6.40 ppm (6 = 13 Hz) and a broad 
signal at 5 - 0  ppm, which can be ascribed to monomeric 
4. All these changes are reversible. 


Coalescence processes which were observed for the 
6.05 ppm signal with the 3.83-4.35 ppm signals in the 
spectrum of 4-OD, for the signals at 4-32 and 4.35 ppm 
with that at 3.83 ppm and for the signals at 4.32 and 
4.35ppm gave the same AG,' value of ca 
9 2 0.5 kcal mol-'. Similar barriers were measured for 
the coalescence of the CH signals of 4-a-D. 


Similar signals broadening, disappearance and 
appearance occur in CS2-CDC12F (3 : 7)7 except that 
6(CH) and 6(OH) are still broad at 1 5 S K .  In 
CD2C12-(CD3)2CO ( 1  : 1) the OH and CH are still dou- 
blets at 9.69 and 6.76 ppm at 176 K ,  but small new 
signals start to appear. Enols 5-7 and the ether 8 in 
CS2-CD2C12 (3:7) did not show similar spectral 
changes to those of 3 and 4. 


The following facts are relevant to interpretation. 
The observed four pairs of OH, CH doublets and the 
large number of Me signals at 170 K suggest the pres- 
ence of four 'different' enol species. The low-field 
6(OH) at low temperature indicates that a new type of 
hydrogen bonding replaces the intramolecular 
s(Ar)-HO present at 295 K. The 3 J H C 0 H  values 
indicate a C=C-0-H dihedral angle of 40-50° in an 
anti-clinal conformation. 3*8 The AG' (coalescence) of 
the =CH signals among themselves and with that at 6 
6.05 is ca 9 kcal mol-'. The lack of similar spectral 
changes for 5-8 suggests that a relatively sterically 
unhindered OH group is essential for observing these 
phenomena. The shifts of 6(CH) to high field and of 
6(OH) to low field on lowering the temperature suggest 
their fast exchange with the OH and CH signals of the 
species observed at 170 K ,  whose population increases 
at lower temperatures. The reappearance at 170K at 
low concentrations of 4 of signals corresponding to 
6(OH) and 6(CH) of 4 at room temperature, and their 
disappearance at high concentrations of 4, indicate a 
monomer-oligomer equilibrium. The absence of 
similar changes in CD2C12-(CD3)2CO (1 : 1) indicates 
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that the new phenomenon cannot compete effectively 
with the hydrogen bonding present in 2, Ar =Mes, 
S = Me2CO. 


All these facts are consistent with a low-temperature 
intermolecular ‘oligomerization’ of 4 via weak 
enol-enol hydrogen bonding. The two different heli- 
cities of monomeric 4 (R and S) coupled with the OH 
position above or below the C=C plane (U and D) in 
an anti conformation lead to six diastereomeric cyclic 
dimers (RU-RU; RU-RD; RD-RD; RD-SU; 
RU-SU; RU-SD) which a priori differ in their NMR 
spectra. These can display less than four OH or CH 
signals provided that an ‘up’-OH * ‘down’-OH inter- 
conversion is slow on the measurement time scale. 
However, accidental isochrony or a low population of 
certain diastereomers may reduce the number of signals 
to four. Formation of four diastereomeric tetramers 
where ‘up’-OH ‘down’-OH interconversion is fast, 
(RRRR, RRRS, RRSS, RSRS) also accounts for the 
observations. Although cyclic dimers of alcohols are 
known, steric effects and linearity of hydrogen bonds 
favour the t e t r amer~ .~  Indeed, solid 3,4b, 74‘ and 
MesC(Ph) =CHOHSa are tetrameric. Unfortunately, 
only the structure of solid 4 .  Et20 where the OH is 
associated with the ether oxygen was determined. As 
expected (see above), the monomer signals appear in 
dilute solution under conditions where only the 
oligomer is observed in more concentrated solution. 
Unfortunately, the relatively low solubility at low 
temperature prevented a quantitative concentration- 
dependent study which may distinguish a dimer from a 
tetramer. The coalescence processes probably reflect a 
monomer-oligomer equilibrium, but since its interpre- 
tation requires knowledge of the structure of the 
oligomer, at present we prefer not to analyse it. 


The significant upfield shift of 6(CH) and the low 
3 J ~ ~ ~ ~  fit a conformation in with the OH groups are 
relatively remote from the bulky groups and the 
=C-H group of one enol is in the shielding region of 
an aromatic ring of another enol in the oligomer [the 
OH signals at low temperature are at sufficiently low 6 
values to exclude an alternative process of intramole- 
cular syn-enol (1) anti(unso1vated)-en01 interconver- 
sion for the observed process] . 


Intermolecular enol-enol association only when 
R = H is consistent with the higher Kass values for the 
formation of 2 when R = H. lo Association even with a 
single solvent molecule is strongly hindered by a-alkyl 
groups, and these stringent steric demands should be 
magnified in the association of two bulky enols. The 
additional signals observed at low temperature hint at 
even more complicated processes which may involve 
several oligomers. Further studies are in progress. 
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CALORIMETRIC STUDY OF THE ANOMERIC EFFECT IN 
2-CARBOETHOXY- 1,3-DITHIANES 


LUIS ALFONSO TORRES,* AARON ROJAS, GABRIEL CUEVAS AND EUSEBIO JUARISTI* 
Departamento de Quimica, Centro de Investigacion y de Estudios Avanzados del IPN, Apdo. Postal 14-740, 07000 Mexico 


D.F., Mexico 


The enthalpic contribution to the anomeric effect in r-2-carboethoxy-fruns-4,truns-6- and r-2-carboethoxy-cis-4,cis-6- 
dimethyl-1,3-dithianes was determined by reaction-solution calorimetry. The enthalpy of solution of both isomers in 
pure p-dioxane and the enthalpy of solution and isomerization in the same solvent and in the presence of 
trifluoroacetic acid were experimentally measured. From these results the corresponding enthalpies of isomerization 
in solution were calculated, and were found to be AHax+eq = -0.16 ? 0.04 kcal mol-' (-0.67 f 0.18 kJ mol-') 
and = - 2.68 ? 0.1 cal K-' mol-' (-11.2 2 0.4 J K-' mol-I). The slightly negative AH term nevertheless 
reflects a substantial anomeric effect owing to the countervailing steric effects in the axial isomer. The significant 
entropy loss in the equatorial isomer was explained in terms of intramolecular electrostatic effects. The results 
are in agreement with those obtained from NMR studies of the conformational behaviour of 
2-carboethoxy-5-methyl-5-aza-l,3-dithiacyclohexane. 


INTRODUCTION 


The anomeric effect was discovered by Edward ' and 
then defined by Lemieux and Chii' as the tendency of 
an electronegative substituent at C-l of a pyranoid ring 
to assume an axial rather than an equatorial orienta- 
tion, in contrast to the expected behaviour from steric 
considerations alone. 


Most commonly, the thermodynamic study of this 
phenomenon has been restricted to the determination of 
equilibrium constants for the axial C equatorial process 
in various polar substituted six-membered heterocycles. 
The position of equilibrium ( K )  is usually established 
from spectroscopic analysis (mainly NMR spec- 
troscopy), and calculation of the corresponding free 
energy change is made via the Gibbs relationship AG = 
- RT In K .  Comparison with the corresponding confor- 
mational free energies in monosubstituted cyclohexanes 
( A  values) is then used to confirm or discount the 
operation of the anomeric effect. 


In this regard, Booth and Khedair4 have stressed that 
entropy differences can contribute significantly to the 
conformational equilibria of interest, and that evalua- 
tions of the anomeric effect based exclusively on 
temperature-dependent AG (rather than A H )  values 
are unsatisfactory. 


* Authors for correspondence. 


CCC 0894-3230/94/ 100561-06 
0 1994 by John Wiley & Sons, Ltd. 


A few years ago, Bailey et al.' reported the calorime- 
tric measurements of the heat of acid-catalysed 
isomerization of diastereoisomeric 2-phenyl-cis-4, cis-6- 
dimethyl-l,3-dioxanes [l, equation (l)] , which 
indicated that the conformational free energy of a 
phenyl group at C-2 in 1,3-dioxane 
(AG = - 3-  12 2 0.002 kcal mol-' = -13.05 2 0.08 kJ 
mol-') is the result of a AH= -2.01 2 0.2 kcal 
mol-I = - 8.4 2 0-8 kJ mol-') favouring equatorial 
phenyl and a large conformational entropy 
(AS= + 3 . 9 +  0*8ca lK- 'mol - '=  +16.3 2 3.3 JK- '  
mol- ') also favouring the equatorial isomer. 


Ph 


1 -axial lequatorial 


On the other hand, the existence of a substantial 
anomeric effect (axial preference) in 2-carbomethoxy- 
1,3-dithiane [2, equation (2)] was reported by Juaristi 
et af .6  but no determination of the enthalpic and 
entropic contributions to AG was described. ' 


The aim of this work was to find the enthalpic contri- 
bution to the anomeric effect in the axial equatorial 
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COzMe 
I 


2-asial 2-equatorial 


equilibrium of 2-carboethoxy-l,3-dithiane, by direct 
calorimetric measurements for the isomerization pro- 
cess between the (axial) r-2-carboethoxy-trans-4,trans-6- 
and (equatorial) r-2-carboethoxy-cis-4,cis-6-dimethyl- 
1,3-dithianes [equation (3)]. This reaction is catalysed 
by acid and the equilibrium is reached from both sides, 
that is, starting from an excess of either isomer until 
equilibrium is reached. 


3-aslal 3-equatorial 


EXPERIMENTAL 


General. Proton NMR spectra were recorded on Jeol 
GSX-270 (270 MHz) or Jeol PMX60-SI (60 MHz) 
instruments operated in the pulse Fourier transform 
mode and locked on solvent deuterium. 13C NMR 
spectra were recorded on a Jeol GSX-270 (67.8 MHz) 
spectrometer. 


r-2-Carboethoxy-trans-4, trans-6-dimethyl-1,3- 
dithiane (3-ax) and r-2-carboethoxy-cis-4,cis-6- 
dimethyl- I ,  3-dithiane (3-eq). meso-Pentane-2,4-diol 
ditosylate was converted into the corresponding meso- 
2,4-dithiol using the polysulphide-lithium aluminium 
hydride method, and then condensed with ethoxyethyl 
acetate following the general procedure described by 
Eliel et The crude product was purified by flash 
column chromatography [hexane-ethyl acetate 
(95 : 5 ) ]  . Fractional recrystallization from hexane-ethyl 
acetate (90 : 10) afforded the separated products 
(Scheme 1). 


trans-Isomer (3-ax), m.p. 40-41 "C. 'H NMR (270 
MHz, CDCI3), 6 1.12 (d, ' & - ~ = 6 . 6  Hz, 6 H, 
CH3-CH), 1.30 (t, 3JH-H=7'25, 3 H, CH~-CHZ,),  
1.32 [dd, 3Jgem=13*86 Hz, 'Junti=11.88 Hz, 1 H,  
C(5)-Hax], 2.13 [dt, J p m =  13.86 Hz, 'Jgauche= 1.32 
Hz, 1 H, C(5)-He,], 3 -5  [m, 2 H, C(4,6)-H], 4.20 (q, 
3JH-H=7.25 Hz, 2 H, CHz-O), 4.27 [s, 1 H, C(2)- 
HI. 13C NMR (67.93 MHz, CDCI3), 6 14.08 
(CHsCHz), 21.51 (CH3CH), 34.82, (CHsCH), 42.78 
(C-CH2-C), 43.45 (S-CH-S), 61-60 (CH2-0), 170.51, 
C=O). 


cis-Isomer (3-eq), m.p. 37-37-5 "C. 'H NMR (270 


MHz, CDCl3), 6 1.29 (d, 3JH-H = 6.6 Hz, 6 H, CH3- 
CH), 1-31 (t, 'JH-H = 7.26 Hz, 3 H,  CHyCH2), 1.65 
[dt, Jgem = 3 J u n r i  = 13.86 Hz, C(5)-Hax], 2.12 [dt, 
3Jgem = 13.86 Hz, 3 J g ~ ~ c h e  = 1.98 Hz, 1 H, C(5)-Heq], 
2.95 [m, 2 H, C(4,6)-H], 4.27 (q, 3 J ~ - ~  = 7.26 Hz, 2 
H,  CH2-01, 4.95 [s, 1 H,  C(2)-H]. I3C NMR (67.93 
MHz, CDCI3), 6 14.06 (CH3CH2), 21.38 (CH3CH), 
40.22 (CH3-CH), 43.38 (C-CHI-C), 51,36 (S-CH-S), 
62.49 (CH2-O), 167.54 (C=O). 


Measurements. The calorimetric measurements were 
made using 1,4-dioxane (Aldrich Chemical) as solvent, 
chosen because of its zero dipole moment and low 
dielectric constant, thus expecting an increase in the 
anomeric e f f e ~ t . ~  The solvent was dried prior to the 
calorimetric experiments by slow distillation over 
lithium aluminium hydride, in order to avoid any 
isomerization or hydrolysis during the dissolution of 
pure axial or equatorial samples. The trifluoracetic acid 
(Aldrich Chemical) used as a catalyst was not addi- 
tionally purified prior to use. 


Measurements were carried out on an LKB-8700 
precision calorimetric system with a reaction cell of 
100cm3, which was modified to introduce a quartz 
crystal probe. Samples were introduced in glass 
ampoules of 1 cm3. Time-temperature curves were 
obtained using a quartz crystal thermometer (HP 
2804A) coupled to an HP-85 computer for automatic 
data collection. The corrected temperature rise was 
calculated by the Regnault-Pfaundler method. lo The 
enthalpy changes were determined by electrical calibra- 
tion before and after the main experiments. The 
calorimeter constant was taken as the average from 
these two experiments. The instrument was tested by 
determining the dissolution enthalpy of tris(hydrox- 
ymethy1)amino methane (THAM) in aqueous NaOH. 
All the measurements were made at 298.15 K. 


Figure 1 shows the thermochemical cycle used to 
determine the enthalpy change of the anomeric effect. 
A,,IH(ax) and AS,1H(eq) are the experimentally deter- 
mined values of the enthalpy of solution of pure crystal- 
line axial and equatorial isomers in pure dioxane, 
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F? solution + solution q - - w  


Figure 1. Diagrammatic presentation of thermochemical data 


respectively. Following each experiment, the solution 
was analysed by NMR spectroscopy in order to verify 
that no isomerization had occurred. Asoi-isoH(ax) and 
Asoi-isJf(eq) are the experimentally determined values 
of the enthalpy change when pure axial or equatorial 
compounds are dissolved in dioxane, acidified with 
trifluoracetic acid and allowed to equilibrate. In these 
cases the reaction reaches the equilibrium in less than 
2 min as revealed by the calorimetric curve. The compo.- 
sition of the final calorimetric solution was determined 
by integration of appropriate signals in the NMR 
spectra in order to ascertain the molar enthalpy change. 
From these measurements the enthalpy change AisJf 
for the isomerization process in solution could be 
determined. 


RESULTS 
The results of the calorimetric measurements are given 
in Tables 1-4. The uncertainties are the standard devia- 
tion of the mean. The enthalpy of solution of the axial 
isomer in pure dioxane was determined as A,,IH(ax) = 


4.44 2 0.004 kcalmol-' (18.539 f 0.015 kJmol-') 
and As01-isJf(a~)=4*42 f 0.003 kcal mol-'(18.453 f 
0.013 kJmo1-'). From these results, the enthalpy of 
isomerization in solution, AisJf(ax), when niso (deter- 
mined from integration of appropriate 'H NMR signals 
in the equilibrium samples) of the total number of 
moles nt, of the axial isomer are transformed to the 
equatorial compound can be calculated from the 
equation 


nsol-isoAsol-isoH(ax) = ntAsolH(ax) + ni&isoH(ax) 


(4) 


leading to a value of Ai,Jf(ax) = -0.087 kcal mol-' 
(-0.363 kJ mol-'). In a similar fashion, the enthalpy 
of solution of the equatorial isomer in pure dioxane was 
determined as A,,lH(eq) = 5.447 2 0.012 kcal mol-' 
(22.768 f 0.049 kJ mol-'), and the enthalpy of 
solution and isomerization for the same compound 
was 5.559 2 0.012 kcal mol-' (23.238 * 0.049 kJ 
mol-I). From these values, the enthalpy of isomeriza- 
tion in solution of the equatorial to axial compound 


Table 1. Experimental enthalpy of solution of r-2-carboethoxy-truns-4,truns-6-dimethyl-l,3-dithiane in 1 ,Cdioxane 


Mass 


Experiment e(ca1 K - I )  g mol x lo4 AT/(K) Q ( W  AhsolH(kcal mol-I) 


1 
2 
3 


56.296 0.04229 1.9193 0.01510 0.8501 4-429 
57.024 0.04216 1.9134 0.01486 0.8474 4.429 
57.592 0.03854 1 *7491 0.01340 0-7717 4.435 


Av. 4-431 2 0.003 
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Table 2. Experimental enthalpy of solution and isomerization of r-2-carboethoxy-truns-4,truns-6-dimethyl-l,3-dithiane in acidified 
1 ,Cdioxane 


Mass 


Experiment e(ca1 K-I)  g mol X lo4 Keq lsomerization (To) AT/(K) Q(cal) Asoi-isoH(kcal mol-I) 


1 56.422 0.04395 1.9946 0.295 22 * 762 0.01558 0.8790 4.407 
2 55.928 0-04171 1.8929 0.321 24.271 0.01439 0.8048 4.41 1 


4,413 3 55.442 0.03232 1-4668 0.317 24.087 
Av. 4.410 f 0.003 


0.01148 0.6479 


Table 3. Experimental enthalpy of solution of r-2-carboethoxy-cis-4,cis-6-dimethyl-l,3-dithiane in 1 ,Cdioxane 


Mass 


AsOIH(kcal mol - I )  Experiment c(ca1 K - ' )  g mol x lo4 A T/(K) €!(call 


1 
2 


56.887 0.03543 1 * 6079 0.01538 0.8749 5.441 
56.371 0.04074 1 * 8489 0.01785 1.0062 5-442 


Av. 5.441 f 0.012 


Table 4. Experimental enthalpy of solution and isomerization of r-2-carboethoxy-cis-4,cis-6-dimethyl-l,3-dithiane in 
acidified 1 ,Cdioxane 


Mass 


Experiment c(ca1 K-' )  g mol x lo4 Keq Isomerization (%) AT/(K) Q(ca1) Asol-isoH(kcal mol-I) 


1 57.928 0-03231 1.4663 0.320 75.901 0.01408 0.8156 5.562 
2 56.392 0.03670 1.6656 0.324 75.755 0.01638 0.9237 5.546 


Av. 5.554 k 0.012 


was calculated as Ai&f(eq) = + O m  148 kcalmol-' 
(+0*620 kJmol-'). 


The direct measurement of the enthalpy of isomeriza- 
tion was then attempted. In this case the calorimetric 
cell was filled with dioxane mixed with trifluoroacetic 
acid, and the ampoule was filled with ca 300 mg of the 
axial isomer previously dissolved in dioxane. The 
evolved heat was within the detection limit of the instru- 
ment; however, this experiment showed that the process 


is effectively exothermic and the enthalpy change from 
one experiment was estimated as Ai&(=, sol)= 
-0.202 kcalmol-' (-0.846 kJmol-'). The same pro- 
cedure was applied to the equatorial isomer, leading to 
an endothermic enthalpy value determined as A;& 
(eq,sol)= +0.119 kcalmol-' (+0.497 kJmol-'), as 
estimated from three experiments. 


The equilibrium constant K of interest was deter- 
mined from the isomeric composition of the final 


Table 5 .  Summary of the experimental and derived thermodynamic parameters for the isomerization of 
r-2-carboethoxy-truns-4,trons-6-dimethyl-l,3-dithiane and r-2-carboethoxy-cis-4,cis-6-dimethyl-l,3-dithiane in 


1 '4-dioxane 


A s o ~ H  Awl-isoH A i d  AisoG AisoS 
Process (kcal mol-I) (kcal mol-I) (cal mol-I) Kcq (kcal mol-I) (cal K-'  mol-I) 


3-ax to 3-eq 4.431 4.410 - 86.7 0.31 1 0.69 -2.61 
3-eq to 3-ax 5.442 5.554 148.2 3.137 -0.68 2.77 
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calorimetric solution. The derived quantities AiSoG and 
AisoS were calculated from the relationships 
AGiso= - R T  In K and AisoG=AisoH-TAisoS. The 
results of this calculation are shown in Table 5. 


DISCUSSION 


The enthalpy of solution for both the axial and 
equatorial isomers was found to be endothermic, 
although this value is greater for the equatorial isomer. 
This might be due to a decrease in crystal lattice inter- 
molecular distances for the equatorial isomer, 
increasing the molecular interactions and therefore the 
lattice energy, which is destroyed upon solvation. 


The small but exothermic enthalpy change associated 
with the isomerization from the axial to equatorial 
carboethoxy AHaxAeq = -0.16 f 0-04 kcalmol-' 
(-0.67 2 0.18 kJmol-') can be explained in terms of 
steric repulsion between the substituent and the syn 
axial protons. Nevertheless, an enthalpy value close to 
zero suggests the existence of an enthalpic anomeric 
effect compensating the repulsion which would other- 
wise be reflected in a more substantial negative enthalpy 
value. 


On the other hand, the estimated entropy change 
AisoS(ax)= -2.59 cal K- '  mol-' (-10.81 JK- '  
mol-') for the isomerization from axial to equatorial 
(3) indicates that in the equatorial isomer there exists 
rotational restriction around the C-2-carboethoxy 
bond. The similar value of AiSoS(eq) = +2.77 cal K- '  
mol-' (+11.58 J mol-' K-')  for the isomerization 
from equatorial to axial confirms that in the latter 
isomer the rotation of the substituent is less restricted. 


A possible explanation of this entropy change may be 
related to the local dipole-dipole interactions present in 
the axial and equatorial epimersoas reported by Juaristi 
et a/." Indeed, values of A H  = -0.03 f 0.04 kcal 


mol-' (-0.12 2 0.17 kJ mol-') in CDzClz and 
-0.04 f 0.11 kcal mol-' (-0.17 2 0.46 kJ mol-') in 
acetone-& have been measured in the conformational 
study of 2-carboethoxy-S-methyl-5-aza-l,3-dithiacyclo- 
hexane" [equation (5) ]  . The corresponding entropy 
changes for these equilibria were AS' = -1-70 2 0.23 
calK-' mol-' (-7.11 f. 0.96 JK-I mol-l) and 
-1.38f 0.57 cal K-' mol-' (-5.77 f 2.38 JK- '  
mol- I ) ,  respectively. 


cqa 
I 


When the substituent is in the axial position the 
dipole of the substituent is antiparallel to the dipole of 
the ring in such a way that any of the rotamers is almost 
equally probable from an electrostatic point of view, as 
shown in Figure 2(a). In the case of the equatorial 
isomer only the rotamers where the dipole of the substi- 
tuent is pointing in the opposite direction to the dipole 
of the ring is favoured. Therefore, this configuration is 
more restricted [see Figure 2(b)] [one of the referees 
has cautioned against the advancement of any explana- 
tion for the (small) entropy change observed in this 
work]. 


At temperatures higher than 33 K the axial isomer is 
more abundant because the TAS term dominates the 
equilibrium. 
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Figure 2. Bond dipole orientations in the axial equatorial conformers of 2 
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KINETICS AND MECHANISM OF THE AMINOLYSIS OF 
BENZOIC ANHYDRIDES 


BYUNG CHOON LEE, JI HYUN YOON AND CHEAL GYU LEE 
Department of Chemistry, Choongbuk National University, Chongju 360-763, Korea 


AND 


IKCHOON LEE* 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


Nucleophilic substitution reactions of henzoic anhydrides, in which one of the rings is substituted, with anilines were 
investigated in methanol. The product-formation step coincides with the rate-limiting step so that the two rate 
constants, kxu and kxz,  for the competitive reaction pathways can be dissected. The two cross-interaction constants, 
pxv and pxz, especially an unusually large magnitude of the latter, indicate that the reaction proceeds by a frontside 
SN2 attack on either one of the caronyl carbon with a strong interaction between the nucleophile (X) and the leaving 
group (Z). The mechanism is also supposed by the trends in the activation parameters. 


Nucleophilic substitution at a carbonyl carbon is of 
great importance in chemistry and biochemistry, and its 
mechanism has been widely studied both experimentally 
and theoretically. It has been generally accepted that a 
tetrahedral species is formed in such a process and the 
formation of the tetraheal species is normally the rate- 
determining step, equation (1): ' 


Results of extensive solution-phase experimental work 
have been interpreted in favour of a two-step 
mechanism involving the tetrahedral species as an inter- 
mediate in equation (1). ',' However, recent gas-phase 
experiments and gas-phase4 and solution phase' theor- 
etical studies have predicted a concerted mechanism, 
with the tetrahedral species as a transition state (TS) 
instead of a stable intermediate, in equation (1). 


Extensive work on the reactions of aryloxide ions 
with aryl acetates by Williams, has indicated that the 


* Author for correspondence. 


reactions proceed by a concerted mechanism. Similarly 
the reactions of benzoyl fluorides with primary amines 
in aqueous solution have been shown to be consistent 
with a concerted mechanism.' 


In our recent studies of the aminolysis of S-phenyl 
thiobenzoates* [Nu = XC6H4NH2, R = YC& and 
R '  = SC6H4Z, where X, Y and Z are substituents in the 
nucleophile, substrate and leaving group (LG), respect- 
ively], we reached the conclusion that the reaction pro- 
ceeds by a concerted process with a tetrahedral TS 
based on various cross-interaction constants, pi, where 
i ,  j = X, Y or z in equation (21:~  


log(kij/kHH) = Piai + pjoj + P i j U i a j  (2) 


In order to gain further information about the 
mechanism of the nucleophilic substitution at a car- 
bony1 carbon, we investigated the aminolysis of benzoic 
anhydrides (BA), I, in which one of the two phenyl 
goup is substituted, YC,&C(O)OC(O)C&. This 
reaction system is of particular interests since the 
nucleophile, XC&NHz, can attack either of the two 
carbonyl carbons competitively, [equations (3a) and 
(3b)]. In process (3a), substituent Y is in the substrate, 
but it is in the LG in process (3b), so that it becomes Z 
in the LG. 
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EXPERIMENTAL 


Materials. Merck GR-grade methanol and Aldrich 
GR-grade anilines were used without further purifi- 
cation. The benzoic anhydrides were prepared by a well 
known method, lo by reaction of Y-benzoic acid with 
benzoyl chloride. Solid anhydrides were recrystalized 
from benzene and light petroleum. The analytical data 
for the compounds, YC6HdC(O)OC(O)C6H5, are as fol- 
lows. p-CH3OC6&COOCOC&: IR, umax(KBr), 3050 
(aromatic, CH), 2900 (CH, str.), 1750 (C=O, two 
peaks); NMR, 6 (60 MHz, CDCI3 + DMSO-da), 
7-0-8.3 (9H, ring), 3.9 (3H, p-CH3); analysis, found, 
C 70.0, H 4.6; C15H1204 requires C 70.3, H 4.7%. 


matic, CH), 2950 (CH, str.), 1730, 1760 (C=O, two 
peaks); NMR, 6 (60 MHz, CDCI3 + DMSO-da), 
7.3-8-3 (9H, ring), 2.5 (3H, p-CH3); (analysis, found, 
C 74.9, H 5.0; C15Hl203 requires C 75.0, H 5.0%. 


IR, vmax(KBr), 3060 (aromatic, CH), 1730, 1750 (C=O, 
two peaks); NMR, 6 (60 MHz, CDCI3 + DMSO-d6), 


vmax(KBr), 3050 (aromatic, CH), 1730, 1750 (C=O, 
two peaks); NMR, 6 (60 MHz, CDCI3 + DMSO-d6), 
7-5-8.3 (9H, ring); analysis, found, C, 64.2, 
H 3-4; C12H9C103 requires C 64.5, H 3.5%. 


130°C); IR, umax(KBr), 3100 (aromatic, CH), 1730, 
1760 (C=O, two peaks); NMR, 6 (60MHz, 
CDCl3 + DMSo-da), 7.4-8-5 (9H, ring). 


p-CH3C6H4COOCOC6H5: IR, v,(KBr), 3050 (aro- 


C6H5COOCOC6H5: m.p. 40 "C (lit. lob m.p. 40-42 "c); 


7.5-8.3 (10H, ring). m-CIC6H4COOCOC6H5: IR, 


p-NO2C6H4COOCOCaHs: m.p. 128 " c  (lit. lob m.p. 


Kinetic procedures. Rates were measured conduc- 
timetrically. Pseudo-first-order rate constants, kobs, 
were determined by the Guggenheim method" and 
second-order rate constants, k2, were then obtained 
from the slope of a plot of kobs versus aniline concen- 
tration with a greater than tenfold excess of aniline: 


kobs = kl + k2 [aniline] 


The substrate concentrations were kept at ca M. 
The intercepts in the plot corresponding to methano- 
lysis rate constants, kl, were normally less than one 
tenth of the k2 values, and agreed well with kl, values 
determined independently. 


(4) 


Product analysis. The analyses of reaction products 
were carried out using a Hewlett-Packard HP 5890A 
gas chromatograph, the operating conditions of which 
are given in Table 1. The product anilides were recystal- 
lized from 95% ethanol, and melting points were deter- 
mined as given in Table 2. The two anilides detected by 
GC were identified using the retention times for the 
standard compounds prepared independently. The rela- 
tive amounts of the two anilides were determined from 


Table 1. GC operating conditions 


Parameter Condition 


Column HP-I (2.65 pm) 
(5 m x 0.53 mm i.d.) 


Detector Flame ionization 350 OC 
Injector temperature 250 "C 
Column temperature: Programme 


Initial temperature 100 "C 
Rate 10 "C min-' 
Intermediate temperature 140 "C 
Rate 2 "C min-' 
Final temperature 200 OC 


Carrier gas (Nz) flow rate 20 ml min-' 


Table 2. Melting points ("C) of the anilides 
(XC6H4NHCoC6H4Y)" 


X 


Y p-CH3O p-CH3 H p-Br m-C1 


p-CH3O 184 148 168 212 128 


p-C& 166 160 146 228 118 


H 155 158 164 208 119 


m-C1 164 124 126 142 117 


IJ-NOZ 198 198 214 240 152 


(169) 


(160) (146) 


(158) (162) 


(124) 


(203) (211) 


'Values in parentheses from Ref. 12. 
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Table 3. Ratios (R) of the reaction products, anilides, for the reactions of YCsH4COOCOCsHs and XC6H4NH2 in methanol at 
25.0, 35.0 and 45.0"C (R= [YCsH4CONHCsH4X]/ [CaHsCONHC&X]) 


R 


Y = p-CH3O Y = p-CH3 Y = m-C1 Y =p-NOz 


X 25.0"C 35.0"C 45.0"C 25.0"C 35.0"C 45.0"C 25.0"C 3 5 ~ 0 ° C  45.O0C 25.0"C 3 5 ~ 0 ° C  45.0"C 


p-CH3O 0.78 0.69 0.69 1.23 1.19 1.20 1.05 1.05 1.02 
p-CH3 0.72 0.67 0.69 1.17 1.16 1.21 1.02 1.05 1.04 
H 0.72 0.70 0.71 1.22 1.20 1.22 0.97 0.95 0.93 
p-Br 0.74 0-71 0.72 1.26 1.15 1.22 0.92 0.96 0-95 0.42 0.47 0.47 
m-CI 0.75 0.73 0.68 1-21 1.21 1.23 0.86 0.95 0.95 0.43 0.49 0.50 


the relative areas of the two corresponding GC peaks, 
which were calibrated by a linear correlation between 
concentration and peak area. The product ratios 
obtained are summarized in Table 3. 


RESULTS AND DISCUSSION 


The overall second-order rate constants, k2, are sum- 
marized in Table 4. The rates are faster with a more 
electron-withdrawing substituent (EWS), Y, in the 
substrate and with a stronger nucleophile (X = 
p-CH30); the former trend suggests that negative 
charge develops at the reaction centre carbon, either 
C-1 or C-2, in the TS (I). This means that the reactivity 
of a more electron-donating substituent (EDS) Y is 
lower on account of the lower electrophilicity of both 
C-1 (due to the higher negative charge at C-1) and C-2 
(due to a lower leaving ability of the YC6&C'O'03 


(BAA I 
group). In contrast, the reactivity of a more EWS Y will 
be higher owing to the higher electrophilicity of both 
C-1 (due to the lower negative charge at C-1) and C-2 
(due to the higher leaving ability of the YC6H4C'0'03 
group). On the other hand, the potential energy sur- 
face' (or More O'Ferrall-Jencks') diagram predicts 
that a weaker nucleophile with a more EWS in the 
nucleophile (e.g. X = rn-CI) will lead to a greater degree 
of bond making and breaking. Hence the reactivity will 
be lower as a closer approach and a greater degree of 


Table 4. Second-order rate constants, k2 ( x  10' 1 mol-' s-I) for the reactions of benzoic anhydrides 
with anilines in methanol at 45.0, 35.0 and 25.0"C 


Y 


Temperature (OC) X pCH3O p-CH3 H m-C1 P-NOZ 


45.0 


35.0 


25.0 


p-CH3O 21*0* 
P-CH~ 7.96 
H 2.22 
p-Br 0.372 
m-C1 0.110 
p-CH3O 14.4a 
p-CH3 5.48 
H 1-62 
p-BR 0.244 
m-C1 0.0558 
p-CHaO 10.4' 
pCH3 3.60 
H 0.800 
p-Br 0.110 
m-C1 0.0298 


38.6 56.7 
15.9 24.8 
4.10 6.94 
0-826 1.29 
0.292 0.572 


27.0 41.0 
10.4 17.6 
3.11 5.25 
0.526 1 a04 
0.181 0.331 


16-2 27-2 
6-41 12.0 
1.45 3.09 
0.192 0.464 
0.0570 0.151 


144 
71.2 
23.3 
5.58 26.7 
2.48 12.0 


103 
49.6 
18.0 
4.14 18.5 
1.36 8.16 


70.5 
31.7 
11.0 
2.17 10.3 
0.750 4.32 


'The k2 values are averages of at least two determinations. 
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bond cleavage are both energetically unfavourable. A 
stronger nucleophile should therefore lead to a greater 
reactivity, as observed. 


An attack of C-2 by a nucleophile, when Y is an 
EDS, is favoured on account of lower negative charge 
at C-2 (relative to C-1) but is disfavoured owing to the 
lower leaving ability of the YC6H&'O'03 group (rela- 
tive to C6H5C2O2O3 group). In contrast, for Y = EWS, 
an attack of C-1 by a nucleophile is favoured (relative 
to C-2) but is disfavoured owing to the lower leaving 
ability of the C6HsCZ0203 group. 


These trends show that the effects of nucleophile on 
the selectivity, i.e. on the product ratio, are compensa- 
tory, so that unless either of the two effects, i.e. 
nucleophilic vs leaving ability, is dominant, the product 
ratio should not depend much on the nucleophile. This 
conclusion is true, of course, if the rate-limiting step 
and the product-forming step is the same. This is indeed 
borne out by the product ratio values in Table 3. 
Table 3 reveals that the selectivity, R ,  changes very 
little between nucleophiles for Y = p-CH3 and p-CH30, 
but a decreasing trend in R for Y = rn-C1 and p-NO2 is 
noted as the nucleophile becomes weaker, X =  
p-CH3O -+ X = rn-C1; this means that for Y = EWS, the 
formation of a product with substituent in the LG, i.e. 
an attack on C-2, becomes more favoured with a 
weaker nucleophile, which leads to a greater degree of 
bond making and breaking. Preference for the product 
with substituent in the LG should therefore indicate 
that in the rate-determining step the leaving ability 
(attack at C-2) becomes more important than the 
nucleophilicity (attack at C-1) when the nuceofugicity 
of the LG is stronger (Y = EWS) and the extent of bond 
cleavage is relatively greater (with X = EWS). This is 


reasonable since an increase in the amount of product 
in the kxz process with the substituent in the LG is 
expected when the bond cleavage process becomes more 
important in the rate-determining step. 


On the other hand, a strong electron-donating group, 
Y =p-CH3O, in the substrate appears to render a 
significant activation barrier for the attack on C-1 
owing to the relatively high negative charge, lowering 
the R values, i.e. yielding less amount of the product 
resulting from the C-1 attack compared with the 
product given by displacement at C-2. This is in con- 
trast to the selectivity trend of other Y-substituted 
anhydrides, for which the leaving group ability of the 
substituted benzoates with cleavage of the C-2-0-3 
bond has been shown to be more important. 


Since the product-forming step coincides with the 
rate-determing step, the product ratio can be given by 
the two competing rate ratios, [equation (5b)], and the 
rate constants for the two separate processes, kxy 
[equation (3a)l and kxz [equation (3b)], can now be 
calculated using equations (5a) and (5b), with the 
experimentally observed values of k2 (Table 4) and R 
(Table 3). 


k2 = kxy + kxz (5a) 


R = kxylkxz (5b) 


The calculated values of kxy and kxz are summarized 
in Tables 5 and 6, respectively. The simple Hammetts 
coefficients px, py and pz, were then determined using 
these rate constants, and are shown in Tables 7 and 8. 
It is notable that the px values for the process kxy differ 
very little from the corresponding values for the process 
kxz. The sign of py is positive, which is consistent with 


Table 5 .  Second-order rate constants, k x y  ( x  lo2 1 mol-' s - I )  for the reactions of benzoic anhydrides 
with anilines in methanol at 45.0, 35.0 and 25.0"C 


Y 


Temperature ("C) X p-CH3O p-CH3 H m-C1 p-NOz 


35.0 


25.0 


45.0 p-CH30 8.59 21.1 28.4 72.7 
P-CH~ 3.25 8-70 12.4 36.2 
H 0.919 2.25 3.47 11.2 
p-Br 0.156 0-454 0.645 2.72 8.54 
m-C1 0.0446 0.161 0.286 1.21 3.98 
p-CH3O 5.89 14.7 20.5 52.7 
p-CHs 2.19 5.59 8.80 25.3 
H 0.666 1.70 2.63 8.77 
p-Br 0.101 0.281 0.520 2-02 5.96 
m-C1 0.0236 0.0990 0.166 0.661 2.68 
p-CHsO 4.56 8.93 13.6 36.2 
P-CHI 1.50 3.46 6.00 16.0 
H 0.334 0.798 1 .55  5.40 
p-Br 0.0466 0.106 0.230 1.04 3.03 
m-C1 0.0128 0.0312 0.0750 0.301 1 . 3 1  
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Table 6. Second-order rate constants, ~ X Z  ( x  10' 1 mol-' s-')  for the reactions of benzoic anhydrides 
with anilines in methanol at 45.0, 35.0 and 25-0°C 


Y 


Temperature (OC) X p-CHsO p-CH3 H m-C1 p-NO2 


45.0 p-CH3O 12.4 17.5 28.4 71.3 
P-CH~ 4.71 7.20 12.4 35.0 
H 1.30 1.85 3.47 12.1 
p-BR 0.216 0.372 0-645 2.86 18.2 
m-C1 0-0654 0.131 0.286 1.27 8-02 


35.0 p-CH3O 8-51 12.3 20.5 50.3 
P-CHJ 3.29 4.81 8.80 24.3 
H 0.954 1.41 2.63 9.23 
p-Br 0.143 0.245 0.520 2.12 12.5 
m-CI 0-0322 0.0820 0-166 0.699 5.48 


P-CHJ 2-10 2.95 6.00 15.7 
H 0-466 0.652 1.55 5.60 
p-Br 0.0634 0.0842 0.230 1.13 7.27 
m-CI 0.0170 0.0258 0.0750 0.449 3-01 


25-0 p-CHsO 5-84 7.27 13.6 34.3 


the negative charge development at the action centre 
carbon in the TS. The size of pz is also considerable, 
indicating a relatively large degree of bond cleavage in 
the TS. 


The rate data in Tables 7 and 8 were then subjected 
to multiple linear regression using equation (2)9 with 
appropriate substituent notations for i and j (i.e., 
i, j =  X ,  Y or Z). The cross-interaction constants 
obtained, ~ X Y  and ~ x z , '  are given in Table 9. The mag- 
nitude of pxy is well within the range of those observed 
for typical sN2 processes, I pxy 1 = 0.5-0.8.~ However 
the large pxz values (pxz = 1.2-1.5) obtained are 
unusual; in fact, they are the largest ever observed so 


far in our series of studies. Our experience has shown 
that whenever frontside nucleophilic attack is involved 
in S N ~  reactions, the magnitude of pxz becomes excep- 
tionally large, as we have reported for sN2 reactions 
involving the frontside attack of 1-phenylethyl 
arenuesulphonates ( ~ X Z  = -0.56)" and cumyl arene- 
sulphonates ( ~ X Z  = -0.75). l4 These are in contrast to 
the smaller pxz values observed for the processes 
involving normal rearside s N 2  attack, e.g. reactions of 
benzyl arenesulphonates with anilines gave 
pxz = - 0 .  


It has been shown theoetically4 that in the TS for 
nucleophilic displacement on acyl system the 


and for an S N ~  reaction pxz = 0. l5 


Table 7. Simple Hammett pi  values from k x ~  for the reactions of benzoic anhydrides with 
anilines in methanol at 45.0, 35.0 and 25-0°C 


pxa (YC6H4COOCOC6Hs) 


Temperature ('C) Y = P-CH~O P-CH3 H m-CI p-NO2 


45.0 
35.0 
25.0 


-3.50 -3.27 -3.14 -2.78 -2.37 
-3.63 -3.35 -3.20 -2.91 -2.48 
- 3.92 -3.82 -3.53 -3.18 -2.60 


X = p-CHsO p-CH3 H p-Br m-C1 


45.0 1.01 1.17 1.31 1.39 1.49 
35.0 1.04 1.21 1.34 1 *41 1-53 
25.0 1-13 1.22 1.43 1.54 1-68 


'Correlation coefficients 20.999'  
bCorrelation coefficients 20.997. For p~ values, Y = ~ - C H J O  is excluded. 
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Table 8. Simple Hammett pi values from kxz for the reactions of benzoic anhydrides with 
anilines in methanol at 45-0, 35.0 and 25.0"C 


pxa (C6H4COOCOC6H4Z) 


Temperature ("C) Z = p-CHjO p-CH3 H m-CI p-NO2 


45.0 
35.0 
25.0 


-3.47 - 3.29 -3.14 -2.73 -2.54 
-3.58 -3.37 -3.20 -2.84 -2.56 
-3.91 -3.84 -3.53 -2.92 - 2.74 


pzb (XCsH4NH2) 


X = p-CH3O p-CH3 H p-Br m-C1 


45.0 
35.0 
25.0 


1.17 1.33 1.51 1.81 1.93 
1.19 1.34 1.53 1-82 1.96 
1 *22 1.36 1.71 1 -98 2.16 


a Correlation coefficients 20.999. 
bCorrelation coefficients 20.997. 


Table 9. Cross-interaction constants, p,,, values by multiple z 
linear regression for the reactions of benzoic anhydiides with 


anilines in methanol at 45.0, 35.0 and 25 .O C 


Parameter Temperature ("C) px py pxy r a  


kxu 45.0 -3.12 1.24 0.54 0.990 
35-0 -3.21 1.28 0.53 0.990 
25.0 -3.59 1.38 0.64 0.990 


PX P= PXZ ra  OCY is coplanar 
kxz 45.0 -3.14 1.52 1.19 0.999 L Nu-C-Y = 45-50" 


35.0 -3.23 1.54 1.25 0.998 C-Z is perpendicular to the OCY plane 
25.0 -3.54 1.64 1.46 0.999 


a Correlation coefficient. Figure 1 


Table 10. Activation parameters, A H  (kcal mol-') and ASIa (cal K-' mol-') for aminolysis of benzoic anhydrides in methanol 


Y 


p-CHsO P-CW H m-CI p-NO2 


Type X A H '  - A S '  A H  - A S '  A H '  - A S '  A H  - A S '  A H '  -AS' 


kxu p-CH3O 5.4 47 7.5 38 6.4 41 6.0 40 
P-CHI 6.7 45 8.1 38 6-2 43 7-1 38 
H 9.0 40 9-2 37 7.0 43 6.3 43 
p-Br 11.0 37 13.1 28 9.3 40 8 . 5  39 9.2 35 
m-C1 11.2 39 14.9 25 12.2 32 12.5 28 9.9 34 


kxz p-CH3O 6.5 42 7.7 38 6-4 41 6.3 40 
P-CH~ 7.0 43 7.8 39 6.2 43 7-0 39 
H 9.1 39 9.3 37 7-0 43 6.7 42 
p-Br 10.7 37 13.4 28 9.3 40 8.2 40 8.1 37 
m-CI 12.0 36 14.7 26 12.2 32 9-2 39 8.7 37 


'Calculated values at 25 .O 'C. 
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nucleophile approaches at an angle of cu 45-50' above 
the acyl plane along the carbon end of the C=O T *  


orbital (&), which is the lowest unoccupied MO 
(LUMO) (Figure 1). In this type of TS, the nucleophile 
(Nu) can come very close to the LG, unlike in the :ear- 
side attack SN2 processes; the two form cu 90 in 
Scheme 1, which should be cu 180' in the rearside 
attack. We therefore conclude that in the aminolysis of 
benzoic anhydrides a frontside nucleophilic attack is 
involved and as a result the nucleophile is situated very 
close to the LG, causing a strong interaction between 
them with a large pxz value. 


Finally, calculated activation parameters, AH* and 
AS*, are summarized in Table 10. The data that the 
A H  values are relatively low whereas the ASx values 
are large and negative, which are consistent with those 
for the SN2 reaction. l6 Close examination of Table 10 
also reveals that the reactions are in general enthaly 
controlled, except for the reactions of compounds with 
Y =p-CHsO. This is in line with our conclusion above 
that the bond cleavage (endoergic)'6b is dominant in 
general except for the reactions of compounds with 
Y =p-CH30, for which bond making (less endoergic 
but entropic)15b is important in controlling the rate and 
product ratios. 


CONCLUSIONS 


The reaction of benzoic anhydrides with anilines pro- 
ceeds by a frontside $42 attack on either one of the car- 
bony1 carbon. The frontside approach in the TS causes 
a strong interaction between the nucleophile and LG 
with an unusually large pxz value. In this reaction, the 
product-forming step coincides with the rate- 
determining step, so that the two rate constants, ~ X Y  


and kxz, for the competitive attack on C-1 and C-2 can 
be determined. The use of these two constants permits 
the determination of the cross-interaction constants p x y  


and ~ X Z .  The magnitude of these is consistent with the 
frontside attack SN2 mechanism. The activation par- 
ameters also support the proposed mechanism, and 
especially the anomalous product ratios exhibited by 
the compounds with Y =p-CH3O can be accommo- 
dated by the reversal in the trends of activation par- 


ameters from the normal enthalpy-controlled processes 
for all other compounds. 
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ANOMALOUS POLAR SUBSTITUENT EFFECT ON 15N NMR 
CHEMICAL SHIFTS OF ANILINE DERIVATIVES. ACYLANILIDES 


AND RELATED COMPOUNDS 


TOMOAKI YUZURI,* HAJIME WADA, HIROKO SUEZAWA AND MINORU HIROTA 
Department of Synthetic Chemistry, Faculty of Engineering, Yokohama National University, Hodogaya-ku, Yokohama 240, 


Japan 


The I5N chemical shifts of various rn- and p-substituted anilides and related derivatives, ZNHC6H4Y [ Z = C&CO, 
CHsCO, CFFO, CH3S02, (C6HsO)zPO and HI ,  were correlated with u- constants. With all series of anilides 
investigated, the plotted points for the rn- and p-substituted derivatives tend to be separated from each other and to 
lie on two different regression lines. Reinvestigation from this point of view revealed that similar separations occur 
generally with substituted aniline derivatives. The anomalous polar substituent effect was ascribed to the very large 
Contribution of a resonance effect. In addition, the local *-polarization effect causes a negative slope for the 
rn-substituted series in the case of carboxylic anilides. 


INTRODUCTION 


Structures of natural and synthetic amides have been 
elucidated fairly extensively by usual and temperature- 
dependent 'H, 13C and "N NMR spectroscopy'v2 and 
a large collection of chemical shift and coupling con- 
stant data have been accumulated. 394 Among a variety 
of NMR studies, 15N NMR provides useful information 
concerning the structural features of amines and amide 
derivatives. 5*6 "N NMR spectra of various amines and 
related compounds have been reviewed by Levy and 
L i ~ h t e r , ~  who pointed out the contribution of the para- 
magnetic term to the chemical shifts. The 615N values 
of amides are considerably lower than those of corre- 
sponding amines. Aromatic amides usually have 15N 
resonances at slightly lower fields than those of 
aliphatic amides.' Substituent effects on the 15N 
chemical shifts of anilines were discussed in relation to 
polar and ortho-steric effects.'" The 6I5N values of 
substituted benzamides were correlated with the 
Hammett ulo and other" substituent constants. The 
polar effect on 6I5N by the substituent on the benzoyl 
group was shown to be normal ( p  > 0). 


In previous investigations, ''-I5 the rotational bar- 
riers of variously substituted benz- and salicylamides 
were correlated with their 15N chemical shifts. We also 
reported that the 'H and 13C chemical shifts of substi- 
tuted benzanilides, XC6H4CONHC6H4Y, could be cor- 
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related well with u (6). l6 In contrast, the correlation 
between 6"N and u- of anilino substituents was only 
fair. l7 We tried to use some other substituent constants 
in an attempt to improve the correlation, but none of 
them gave a better correlation with the "N chemical 
shifts as a whole. 


In this paper, we discuss this problem further, 
focusing on the peculiar separation of the plotted points 
of p-substituted anilides from those of m-substituted 
anilides in their Hammett plot [equation (l)] and to 
interpret this finding in terms of an unusually large 
contribution of resonance effects. 


6 = pu + 60 (1) 


RESULTS AND DISCUSSION 


In a search for the reason for the large dispersion of the 
Hammett plots concerning 615N values of anilides, we 
examined further the substituent effect on the 15N 
chemical shifts (615N) of some carboxylic anilides and 
related compounds (given in Table 1) by means of a 
correlation analytical approach using the Hammett 
equation [equation (l)] . As easily suspected from 
Figure 1 ,  the plotted points for m- and p-substituted 
anilides seemed to lie on two separate straight lines. 
Hence the Hammett plots for the m- and the p- 
substituted derivatives were treated independently. The 
unsubstituted derivative (Y = H) was included in both 
plots. In order to evaluate the electronic effects due to 
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the m- and p-substituents separately and impartially, 
six each of m- and p-substituted anilides (la-c, 2 and 
3)  carrying the same substituents were chosen. The 
selected substituents on the anilino ring (Y) are 
methoxy, methyl, chloro, acetyl, cyano and nitro 
groups. [Two p-substituted derivatives (p-NMez and 
p-OH) were added to the plot after careful examination 
which showed that the added points did not affect the 
p, values significantly.] 
RCONHCaH4Y C H ~ S O ~ N H C ~ H A Y  


R = C6H5 (la) (2) 
R = CH3 ( lb)  
R = CF3 (Ic) 


Y = OMe, Me, H, C1, COMe, CN, and NOz 
(C6H@)2PONHCsH4Y 


(3 1 
C&CH=NC6&Y 
(4) 


As the anilino nitrogen can participate directly in 
the mesomeric electron donation to an electron- 
withdrawing substituent at the para-position (resonance 
contribution of 5b), the u -constant l6 should be the 
most suitable substituent constant in order to evaluate 
the electronic effect of Y properly. We therefore 
employed u- in place of u for the Hammett plots of the 
p-substituted anilide series. In fact, the best results were 
obtained when we used u- as a polar substituent 
constant. The 15N chemical shifts of these anilides and 
related compounds are given in Table 1. The chemical 
shifts of several of these anilides, mostly p-substituted, 
have been reported previously. 17*19,20 These data agreed 
with the present results in most cases. 


The Hammett plots of the 15N chemical shifts are 
illustrated in Figure 1. The dashed and solid lines are 
the regression lines for the m- and the p-substituted 
series, respectively. Without exception, the plotted 
points for p-substituted anilides are clearly separated 
from those of m-substituted anilides. The p p  values are 
positive and the pm values are negative for all series of 
carboxylic anilides la-c. The pm values for sulphonic 
and phosphoric anilides (2 and 3) are positive, but 
their magnitudes are considerably smaller than the 
corresponding p, values. This suggests that the polar 


substituent affects differently the “N chemical shifts 
depending on whether it is located at the meta- or the 
para-position. 


A very significant fact is that the 6I5N vs urn plots for 
all m-substituted acylanilides la-c have negative slopes. 
Similar trends have been observed with the carbonyl 
6I3C of substituted benzoyl*’ and substituted 
cinnamoyl 22 derivatives and 0-furylacrylamides. 22 The 
apparently reversed sign of p values for the 6% vs UI 


plots of these compounds were rationalized by 
Brownlee and Craik23 by assuming the local polariz- 
ation of the carbonyl group, which was theoretically 
interpreted by Reynolds.” The slope of the 6I5N vs u 
plots for m-subtituted anilides can be interpreted by 
taking into account the local polarization in the amide 
group in analogy with the deductions on arylcarbonyl 
compounds by Brownlee and Craik. 23 The local polar- 
ization of the carboxamide group due to the effect of 
the dipoles in anilino groups can be described by struc- 
ture 6, in which the induced charge separation is shown 
by 66 + or 66 - . With p-substituted anilides, very 
strong conjugation of the anilino nitrogen with the 
p-substituent might overcome the local polarization. 


The separation of the plotted points for m- and 
p-substituted compounds was again observed with sub- 
stituted sulphonanilides (2) and phosphoranilides (3), 
although the pm values are positive with these amides. 
The nitrogen atoms of these amides must be less tightly 
conjugated with SO2R or PO(OR)2 groups than with 
the acyl group in acylanilides, judging from their larger 
p p  values than for acylanilides and from their positive 
pm values. This is in accord with the fact that the 
N-S(P) p?r-d?r bonds in these anilides are weaker than 
the N-C p~-p?r  bonds in carboxamides. The 615N vs 
u- plot for benzylideneanilines 4 also showed a separ- 
ation of the plotted points for m- and p-substituted 
compounds similar to that for sulphur and phosphorus 
anilides. 


The separation of the plotted points for the m- and 
p-substituted aniline derivatives in the Hammett plots 
of 6”N was revealed to be general. The 6I5N vs u- plots 
for anilines and anilinium chlorides also showed 
similar separation of the plotted points for the m- and 
p-substituted compounds [Figure l(d)] , although pm 
did not become negative in any instance. Hence the fact 







282 T. YUZURl, H. WADA, H. SUEZAWA AND M. HIROTA 


that the p m  values for sulphonanilides (2), phosphorani- 
lides (3) and benzylideneanilines (4) are apparently 
smaller than the pp values for the same series is not evi- 
dence for the local polarization of the sulphonamido, 
phosphoramido and azomethine groups in these com- 
pounds. Our recent studies on 631P of m- and p-  
substituted phosphoranilides (3) showed that the ti3'P 
vs o plot has a negative slope ( p  = -1.92), indicating 
that local polarization of the phosphoric ester group 
[(CaH50)2PO] induced by the field effect due to the 
YC6HdNH group predominantly occurs. This localiza- 
tion can be described by structure 7a. Hence the 
alternative local polarization 7b of the phosphoramido 
group [(CaH50)2PONH] was doubtful. 


As indicated above, the substituent effect on 615N is 
irregular; m- and p-substituted aniline derivatives have 
considerably different p values. In previous studies on 
similar Hammett plots, the plotted points related 
mainly to p-substituted derivatives, with only a few 


,---. ----. 


m-substituted derivatives. Probably for this reason the 
different behaviour of the "N chemical shifts of m- and 
p-substituted anilides was overlooked. 


We examined further this peculiar substituent effect. 
With the aim of evaluating quantitatively the contri- 
butions of inductive and resonance effects to 6"N, the 
chemical shift values were regressed to the Taft's dual 


Table 1. "N chemical shiftsa of various m- and p-substituted anilides, ZNHC&Y, in DMSO-d,jb 


p-NMe2 


p-OH 


p-OMe 


p-Me 


m-Me 


H 


m-OMe 


p-c1 


in-C1 


m-Ac 


P-AC 


m-CN 


p-CN 


m-NO2 


p-NOz 


127.0 
(120- 7) 
129.3 


(126.0) 
132-1 


(125 * 6) 
133.4 


(128 * 6) 
134.1 


(1 29- 4) 
133.9 


(129.4) 
134-6 


(1 29.6) 
133.2 


(128.1) 
133.7 


(129.1) 
133.9 


(128.9) 
136.1 


(131.2) 
133.6 


(128.4) 
136.2 


(131.2) 
133.5 


(128 * 3) 
136.8 


(1 33.7) 


137.7 132.3 
(132.7) (127-1) 
137.8 132.3 


(132.5) (127.0) 
137.9 132-2 


(132.8) (126.8) 
139.3 133.0 


(133.8) (127.7) 
139.8 . 133-4 


(134.9) (128.2) 
140.0 133.4 


(134-8) (128.3) 
140.2 133.7 


(133.7) (128.1) 
139.1 132-5 


(133.3) (127.1) 
139-5 132.9 


(134.2) (127.2) 
139.8 133.1 


(134.3) (127.9) 
142.1 134.4 


(136.4) (128.8) 
139.4 132.5 


(133.7) (127.3) 
142.1 134.3 


(136.7) (129.2) 
139.6 132.8 


(132.7) (127.5) 
142.9 134.5 


(137.2) (129.3) 


122.4 
(117.4) 
122.6 


(1 17.7) 
123.5 


(118.1) 
125.6 


(1 20 - 7) 
126.8 


(1 22 * 0) 
127.1 


(1 22.2) 
127.8 


(1 22 * 6) 
126.6 


(121 '7) 
127-9 


(1 23 *O) 
127.5 


(122.1) 
131-2 


(125-1) 
128-1 


(123 * 3) 
132.1 


(127.5) 
128.7 


(124.2) 
133-5 


(129.2) 


74.8 
(68 4) 
75.3 


(70.7) 
76-7 


(71 * 5 )  
79-3 


(74.6) 
80.7 


(76 * 1) 
81.2 


(76.7) 
81.8 


(76.8) 
81.1 


(76.2) 
82.7 


(77.9) 
82.0 


(77.5) 
86.6 


(81.9) 
83.4 


(77.0) 
87.9 


(82.9) 
83-8 


(79.3) 
89.5 


(84.9) 


322.9 


331.4 


330.9 


332.2 


333.0 


332.9 


332-6 


336-8 


338.3 


339.5 


341 - 5  


334.9 


351.7 


a Downfield chemical shifts (ppm) from NH3 (external). 
Chemical shifts in pyridine-ds are given in parentheses. 
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Figure 1 .  6"N vs u-(Y) plots for (dashed lines) m- and (solid lines) p-substituted anilides, ZNHC6H4Y, measured in DMSO-d.5: 
(a) actanilides (Z = CH3CO) and benzanilides (Z = CeHsCO); (b) trifluoroacetanilides (Z = CF3CO) and methanesulphonanilides 
(Z = CH3S02); (c) diphenylphosporanilides [Z = (C~HJO)~PO]; (d) anilines (Z = H) and anilinium chlorides (ZNH = NH;Cl-) 
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substituent parameter (DSP) equation: 25~26 


6 = PPJI + P R ~ R  + 60 
The results are given in Table 2. As can be seen from its 
percentage contributions, the contribution of the 
resonance effect to the 15N chemical shifts is very large 
and the electronic effect on 6"N of the p-substituent Y 
originates largely from the resonance contribution, 
which can be described by the canonical formula 5b. 
Simultaneously, the correlation coefficient rc for the 
combined assembly of m- and p-substituted derivatives 
is considerably lower than r, for the partial assembly 
consisting of m- or p-derivatives. This implies that 
the separation of the plotted points is statistically 
meaningful. 


In order to compare this feature with the cases of the 
chemical shifts of other nuclei, the results of similar 
analyses of 'H and 13C chemical shifts of benzanilide, 
for example, are also given in Table 2. In general, the 
separations of the plotted points for the m- and p -  
substituted compounds are slight and barely exceed the 
limit of experimental error for the 13C chemical shifts. 
For the 'H chemical shifts, the separation becomes 
slightly larger but not so obvious as for the "N 
chemical shifts. As expected, the correlation coefficient 
for the whole assembly is nearly the same as those for 
the local m- and p-assemblies. 


(2) 


The very predominant contribution of the resonance 
effect to 6I5N was supported by the analysis using the 
Yukawa-Tsuno equation [equation (3)] ," in which r is 
a measure of the resonance demand: 


6, = pm(ai+  r A ~ R )  + 6om (3) 
In accord with the results of DSP analysis, the 
resonance demand r is fairly large for all series of 
anilides (Table 3). 


As revealed by the two DSP analyses, the contribu- 
tion of the resonance term is overwhelming in the 6 "N 
of substituted anilines and even in those of substituted 
anilinium ions. Thus, in the 615N vs u- plots, the very 
large contribution of the resonance effect must be 
responsible, at least partly, for the upward deviation of 
the plotted points for p-substituted derivatives from the 
regression line for m-substituted derivatives. 


15N chemical shifts are considered to be most sig- 
nificantly influenced by the local paramagnetic term, 
which increases when the molecule has a low-energy 
excited state which is localized considerably on the 
nitrogen atom, when the orbitals on the nitrogen are 
closer to the nucleus, and when the nitrogen atom is 
multiply bonded.' The contribution of the local para- 
magnetic term has been correlated with the electronic 
transition energies in several cases.28929 The 6 15N values 
of N-substituted anilines could also be correlated 


Table 2. Dual substituent parameter (DSP) Analysis [using equation (2)] of the polar substituent effect on the I5N NMR chemical 
shifts of various substituted anilides, RNHC6HdY 


RNH 


CsHsCONH 


CF3CONH 


CH~SOZNH 


(Ph0)zPONH 


NHz 


NHICl- 


I3C (carbonyl) CsHsCO 


'H (amide NH) CsHsCO 


All 
m 
P 


All 
m 
P 


All 
m 
P 


All 
m 
P 


All 
rn 
P 


All 
m 
P 


All 
m 
P 


All 
m 
P 


pra 


+ 1.09(2-35) 


+2.71(1.78) 
- 0.52(0*34) 


-0.31(0.83) 
- 1.04(0.37) 
+0.64(0.59) 
+4*64(2-29) 
+2.35(0-32) 
+ 6-  36(1.56) 
+ 6.73(2*76) 
+ 4.1 l(0-28) 
+ 8.02( 1 *79) 


+ 13.69(5-56) 
+7.65(0*85) 


+20.50(5.51) 
+ 1.69(1.32) 
+0.30(0.07) 
+ 2.29(0* 67) 
+ 0.61 (0-23) 
+0.57(0*13) 
+ 0.70(0* 11) 
+ 0.59(0.03) 
+0.57(0-03) 
+ 0.63(0- 11) 


~ ~ 


PRa 


+7.99 (2.72) 


+11*52 (1.92) 
+ 1.91 (0.83) 


+3.28 (0.56) 
+8.57 (2.31) 


+ 12.72 (1.48) 
+11.54 (2.79) 
+0.62 (0.37) 


+ 16.68 (1.70) 
+ 18.00 (6.45) 
+2.73 (1.20) 


+24.14 (5.94) 
+4.95 (1.68) 
+ 0.029(0*096) 
+7.36 (0.85) 
+ 1.28 (0.27) 
+0.27 (0.20) 
+1.54 (0.11) 
+0*70 (0.10) 
+0*42 (0.05) 
+0*81 (0.12) 


-1.56 (0.51) 


-0.94 (0.48) 


-0.24 (0.41) 


60 a 


134.1 (1.02) 
133.9 (0.14) 
134.1 (0.73) 
133.4 (0.69) 
133.4 (0-23) 
133.5 (0.38) 
126.9 (1.92) 
127.0 (0.20) 
127.3 (1.00) 
81.0 (2.32) 
81.0 (0.18) 
81.4 (1.15) 
65.6 (4.46) 
64.9 (0.53) 
65.6 (3.47) 
52.0 (1.01) 
52.1 (0.04) 
51.8 (0.42) 


165.63(0* 10) 
165.63(0 * 05) 
165 * 59(0*04) 
10.30(0.04) 
10.28(0.01) 
10.3 l(0.05) 


I(%) R ( % )  


12.0 88.0 
25.0 75.0 
19.0 81.0 
14.0 86.0 
52.5 47.5 
16.3 83.7 
35.1 64.9 
90.8 9.2 
33.3 66.7 
36.8 63.2 
86.9 13.1 
32.5 67.5 
43.2 56.8 
73.7 26.3 
45.9 54.1 
25.4 74.6 
91.1 8.9 
23.7 76.3 
32.3 67.7 
68.2 31.8 
31.3 68.7 
45.5 54.5 
57.8 42.2 
43.7 56.3 


0.748 
0.917 
0.958 
0.572 
0.888 
0.941 
0.833 
0.966 
0.978 
0.864 
0.992 
0.983 
0.847 
0.986 
0.955 
0.790 
0.950 
0.983 
0.914 
0-946 
0.993 
0.973 
0.997 
0.982 


a Standard deviations are given in parentheses. 
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Table 3. Analysis of the polar substituent effect on the 
chemical shifts of various substituted anilides by using the 


Yukawa-Tsuno equation [equation (3)] 


Nucleus r Prn rc 


-13.68 
1.55 


-1 1 '96 
1.50 


6.68 


3.98 
1-97 


3.57 


-0.93 
0.55 


- 0.71 
1.13 


1.86 


3 .64  
-1.35 


7.29 


0.934 
0.934 


0.904 
0.949 


0.963 


0.960 
0.948 


0.937 


roughly (r = 0.908) with the electronic transition ener- 
gies estimated from the wavelengths at the maxima of 
their ultraviolet absorption bands (Table 4). The fact 
that the I5N nuclei of the anilinium salts resonate at the 
highest fields in spite of having the lowest electron 
densities could not be rationalized merely by the 
diamagnetic electron density effect. Moreover the 
anilide bearing an electron-withdrawing p-substituent 
showed a considerably larger bathochromic shift than 
the corresponding m-substituted anilide, while the shifts 
are much the same between the anilides bearing 
electron-donating m- and p-substituents (Table 4). 
Thus the large bathochromic shifts in the ultraviolet 
bands correspond well with the large downfield shifts 


of 6 15N in anilides bearing electron-withdrawing 
p-substituents. 


All these facts suggest that the lowering of the elec- 
tronic excited-state energies should cause a downfield 
shift. The downfield shift due to the contribution of the 
excited state was also exemplified by Savitsky et al. 28 on 
some carbonyl 13C chemical shifts. This, in turn, sug- 
gests that the increase in the polarizability must be 
responsible for the low-field shift of 6 15N, even if it can 
be superficially measured by the resonance term in the 
correlation analysis. On the other hand, the upfield 
shift by an electron-donating m-substituent should be 
ascribed to the diamagnetic electron density effect. 
Hence the "N chemical shift should be interpreted 
taking into account the two competing effects of the 
paramagnetic and the diamagnetic shielding terms. The 
above-discussed effects can by no means reverse the sign 
of p for carboxylic anilides, however. Thus, the reverse 
sign of pm could be reasonably ascribed to the local 
polarization. 


EXPERIMENTAL 


All anilides used are known compounds and were pre- 
pared by the reaction of the corresponding acyl chloride 
or benzenesulphonyl chloride with substituted anilines. 
The crude anilides were purified by repeated recrystal- 
lization. The purity was checked by comparing their 
melting points with those in the literature. 


'H and 13C NMR spectra were measured using a 
JEOL EX-270 spectrometer. 15N spectra were recorded 
on a JEOL FX-90Q spectrometer using a 10mm 
diameter probe. Samples for the measurements were 


Table 4. Ultraviolet spectra of various compounds 


Compounds Substituent hmax/nm c/l mol-' cm-' 


NHZ: 
N-Substituted anilines, CsH5NHZ NH $Cl- a 


NHza 
NHS02CH3 
NHCOCH3 
N=CHCsHsa 


p-NO2 
Y: 


m- and p-substituted Acetanilides, YCsH4NHCOCH3 
m-NO2 


m-CN 
m-Cl 
p-c1 
m-OCH, 
H 
P - C H ~  
m-CH3 


p-CN 


p-OCH3 


203 
230 
235 
239 
262 


314 
24 1 
266 
248 
245 
249 
245 
242 
244 
245 
249 


7660 
8200 
9000 


10400 
17000 


23000 
12000 
13900 
10200 
7600 
7700 


10000 
1 1200 
9500 
7200 
9000 


'UV data from Ref. 30. 
In methanol solution. 
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prepared by dissolving cu 100 mg of anilide in cu 1 * 5 ml 
of solvent. The I5N NMR spectra were measured at 
9.04MHz using a repetition of 15-18ps pulses (flip 
angle 45') and 3 s delays; 2000-10000 scans were 
accumulated per spectrum under broad-band irradia- 
tion for complete proton decoupling. The 15N chemical 
shifts were given in ppm downfield from liquid NH3 
(external reference). The accuracy was rtO.7 Hz 
(0.02 ppm). 
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INTRAMOLECULAR FLUORESCENCE QUENCHING AND 
EXCIPLEX FORMATION IN W-( 1-PYRENYL)ALKYL 


PARA-SUBSTITUTED BENZOATES 


JUN KAWAKAMI AND MICHIKO IWAMURA* 
Department of Biomolecular Science, Faculty of Science, Toho University, 2-2-1 Miyama, Funabashi, Chiba 274. Japan 


Measurements of absorption and emission spectra, fluorescence quantum yields (01) and lifetimes (TI)  of 41-  
pyreny1)alkyl para-substituted benzoates PnX (X = H, CI, CF,, CN, N02, with n = 1-4) were carried out in solvents 
of various polarity. Intramolecular interaction in the ground state is not observed in any of these compounds. PnCN 
(n = 2-4) shows an intramolecular exciplex emission in solvents of low to high polarity. The broad, structureless 
emission at longer wavelength observed in ethyl acetate solution of PlCN is ascribed to an 'exciplex-type' emission 
which does not require actual overlapping of the two chromophores. PZCF, also shows an exciplex emission in 
solvents of medium to high polarity. The solvent dependence of both 01 and 7' increases as the electron-withdrawing 
ability of the para-sustituents increases. The relationship between fluorescence quenching by electron transfer and 
para-substituents of PnX is discussed by means of the free energy for electron transfer, A G T ,  obtained from the 
oxidation and reduction potentials of pyrene and methyl para-substituted benzoates in acetonitrile, respectively. PnH, 
with positive A G T ,  does not show a solvent dependence of 91, except for PlH, in which ca 40% of the fluorescence 
is quenched in acetonitrile. PnCI, with slightly negative A(;E+, shows more efficient quenching, but does not show 
exciplex emission. PnCN, PnCF3 and PnNO, have AGET values between -0.36 and -0*65eV, and their 
fluorescence is fairly efficiently quenched. The fluorescence of PnCN is concluded to be strongly quenched by 
intersystem crossing from the singlet exciplex to the locally excited pyrene, and by electron transfer from the pyrene 
part to the benzoate part. That the formation of a singlet exciplex is necessary for intersystem crossing in 
bichromophoric compounds containing pyrene is thus clearly illustrated. 


INTRODUCTION 


There have been extensive studies on intramolecular flu- 
orescence quenching and exciplex formation in bichro- 
mophoric compounds of the general structure 
D-spacer-A, where chromophores D and A are con- 
nected by a non-conjugated spacer. ' Studies on com- 
pounds with various kinds and combinations of donors, 
acceptors and spacers have revealed many factors 
necessary for intramolecular exciplex formation, such 
as the mutual distance and conformation and oxida- 
tion-reduction potential difference between donor and 
acceptor. In particular, mechanisms and structural aoiR MeOH hu 


\ /  


1 R = CH2R (R: alkyl or aryl) 
2 R = P - X C ~ H ~  


* Author for correspondence. 


0894-3230/94/OlOO31-12$11 .OO 
0 1994 by John Wiley & Sons, Ltd. 


requirements for exciplex formation and fluorescence 
quenching in pyrene - (CHz),, - amine systems have 
been well established.' Although the effects of inter- 
molecular donor-acceptor interaction on quenching 
and exciplex formation have been well surveyed, there 
have been only a few studies in which the effects of 
intramolecular interaction were systematically treated 
by subtle structural changes of the components. 


In the course of a study on photolabile and fluores- 
cent protecting groups, we found that the photolysis of 
1-pyrenylmethyl carboxylates (1 and 2) in methanol 1- 
pyrenylmethyl ether (3) and carboxylic acids as shown 
in equation 


3 
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The absence of arylalkane, a radical coupling product 
derived from homolytic cleavage followed by decar- 
boxylation, among the reaction products indicates that 
heterolytic cleavage is favoured in the photolysis of 1 
and 2. Although the aliphatic carboxylates 1 efficiently 
undergo this photolytic reaction, the benzoates 2 car- 
rying strongly electron-withdrawing para-substituents 
such as cyano are not photolysed; they are entirely 
photostable. ’ Instead, considerable fluorescence 
quenching and a decrease of the excited state lifetime 
even in non-polar solvents are observed for these photo- 
stable compounds. The relationship between photo- 
reactivity and fluorescence quenching in 1 and 2 has to 
be elucidated. Since electron transfer from a donor to 
an acceptor often results in fluorescence quenching, 
intramolecular electron transfer might be more or less 
responsible for the fluorescence quenching in 2 
(X = CN, NOz). On the other hand, for a molecule in 
which two chromophores are separated by more than 
three atoms, intramolecular exciplex formation is often 
observed as a result of strong electron transfer.6 
Whereas the pyrene (D) and the benzoate (A) moieties 
of 2 are connected by three atoms (CH2-0-CO),’ 
intramolecular exciplex formation is not observed. 
However, this might not necessarily mean that intramo- 
lecular electron transfer is insufficient to give rise to an 
exciplex formation, because the s-trans conformation 
around the ester 0-CO bond is expected to be ener- 
getically more favourable than the s-cis conformer in 
the excited state and in the ground state, so that 
rotation around the 0-CO bond for overlapping of 
the two chromophores is not possible. There is a possi- 
bility of exciplex formation in a system with more than 
one methylene chain between pyrene and the benzoate, 
where rotation around the CHz-CH2 bond makes 
overlapping of the two chromophores possible. Here we 
report the results of a detailed study on the influence of 
para-substituents of benzoates and of the length of the 
intervening methylene chains on fluorescence quenching 
and exciplex formation, and propose a mechanism for 
the fluorescence quenching in w-( 1-pyreny1)alkyl para- 
substituted benzoates PnX (n = 1-4, X = H, C1, CF3, 
CN, NOz). 


W0% Y 


PnX 
* 


RESULTS AND DISCUSSION 


Absorption spectra 
Electronic absorption data for P2X in isooctane and in 
acetonitrile are summarized in Table 1. The absorption 
spectra of PnX (n = 1,3,4) do not show any difference 
in shape and intensity from those of the corresponding 
P2X compounds. The UV absorption spectra of PnX 
are superimposable on the corresponding equimolar 
mixture of the reference compounds PnOM and BX 
(X = H, C1, CF3, CN). Figure 1 shows the spectra of 
PlCN and an equimolar mixture of PlOM and BCN as 
a typical example. The absorption spectrum of PnX 
above 300 nm is similar to that of pyrene, and no new 
absorption at longer wavelength is observed. From 
these observations, we conclude that strong interaction 
between the donor D (pyrene) and the acceptor A 
(para-substituted benzoate) is absent in the ground 
states of PnX. 


Emission spectra 


On excitation at 313 or 340 nm, the fluorescence spectra 
of PnH, PnCl, and PnNO2 (n = 1,2,4) in isooctane, 
ethyl acetate and acetonitrile at room temperature are 
almost the same as that of pyrene, although they differ 
in intensities. The absence of intramolecular exciplex 
formation in these compounds is therefore concluded. 
Fluorescence quantum yields in solvents of various 
polarity were obtained relative to that of pyrene as 
shown in Table 2. Whereas the emission of PnH was as 
strong as that of pyrene, the emission of PnN02 was 
almost completely quenched unless the spectrum was 
taken with the sample degassed by careful 
freeze-pump-thaw cycles. 


PlCN in ethyl acetate shows a slight broadening of 
the longer wavelength emission peak, but its excitation 
spectrum matches its absorption spectrum. The emis- 
sion and absorption spectra of PlCN are shown in 
Figure 2. We assume that this broadening is caused by 
sufficient intramolecular electronic interaction to give 
rise to the weak ‘exciplex-type’ emission,’ which does 
not require direct overlap of the chromophores. There- 
fore, rotation around the ester 0-CO bond of PlCN 
from the energetically more favourable s-truns to the 
less favourable s-cis conformation is not necessary. In 
isooctane and acetonitrile, the emission spectra of 
PlCN are the same as those of pyrene, indicating the 
absence or extreme weakness of the ‘exciplex-type’ 
emission. The emission from PlCF3 was also very 
weak, but broadening of the emission peak was not 
observed in any solvent used. 


For PnX with n > 2, the conformation suitable for 
an exciplex formation can be attained by rotation 
around the CHZ-CHz bond without changing the 
s-trans conformation of the ester 0-CO bond. 
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: I’ICN - _ - _ _  
- : PlOM : CNB=1:1 


J 
200 250 300 350 400 450 


Wavelength I nm 


Figure 1. UV absorption spectra of PlCN and an equi- 
molar mixture of PlOM and CNB in acetonitrile at room 


temperature 


Whereas PnX ( X = H ,  C1, N02) do not show any 
change in the emission spectra, P2CN, P3CN and 
P4CN in isooctane show broadening of the emission 
peaks at the longest wavelength, which grow into new 
broad, red-shifted bands as the polarity of the solvent 
increases. The ratio of the new emission band vs pyrene 
emission (locally excited emission) reaches a maximum 
in dichloromethane, and then decreases as the polarity 
of the solvent increases. In acetonitrile, the new bands 
are very weak in P2CN and P3CN and invisible in 
P4CN. The excitation spectra of these compounds 
observed at 377 and 500 nm are identical with the 
absorption spectra, indicating that these new longer 
wavelength emissions are due to the excited state 
complex formation, i.e. intramolecular exciplex for- 
mation. The ratio of the exciplex emission band vs the 
locally excited emission (pyrene) band is largest in 
P3CN among these three. The fluorescence spectra of 
P2CN and P4CN in several solvents at room tempera- 
ture are shown in Figures 3 and 4. P2CF3 shows an 
exciplex emission in solvents of medium to high polarity 
such as ethyl acetate and acetonitrile, but not in iso- 
octane, as shown in Figure 5 .  This exciplex emission 
and its solvatochromic shift are much smaller than 
those of P2CN. P4CF3 dose not show an exciplex emis- 
sion in either ethyl acetate or acetonitrile. 


The solvent dependence of the exciplex emission fre- 
quency ( v f )  and the dipole moment of the exciplex (a,) 
are generally expressed by equation (2): lo 


where vf(0) denotes the wavenumber of the gas-phase 
exciplex emission maximum and p the radius of a 
spherical cavity in which the molecule fits (Onsager 
model”); Af represents a measure of solvent polarity 
defined by the dielectric constant E and the optical 
refractive index n, as shown in the equation 


A f = (E - 1 ) / ( 2 ~  + 1) - (n2  - 1)/(4n2 + 2) (3) 


The dipole moments of the exciplex (p , )  can be 
obtained for the slope of a plot of v f  versus Af, using 
a properly estimated value of p,  which is usually 40% 
of the longest axis for a flexible molecule. l 2  For PnX, 
the Q value is thus calculated to be between 3.6 and 
5.2 A from the molecular models for the extended con- 
formations. However, based on the emission decay and 
precise ‘H NMR analyses, we previously reported that 
the exciplex of P2CN is formed only from its ‘folded’ 
conformer in the ground state. l 3  The molecular mo4el 
for the folded conformation of P2CN gives p = 4 A ,  
which is approximately the same as above. We there- 
fore use the values of p obtained from ‘40% of the 
longest axis’ for the calculation of the dipole moments, 
on the assumption that p values for PnCN (n = 3,4) and 
P2CF3 might be approximately the same regardless of 
the ground-state conformation giving an exciplex. 


Table 3 gives the fluorescence data in various sol- 
vents, the slopes (2p$hcp3) obtained from the plots and 
the dipole moments calculated by using the estimated p 
values. From the slope, p, of P2CF3 is calculated to be 
about 80% of of P2CN, assuming that distance 
between the chromophores ( p  value) is the same. 
Although the dipole moment values obtained contain a 
certain degree of arbitrariness owing to the ambiguity 
of p values, the dipole moment of 10-14 D indicates 
that the degree of charge separation in PnCN and 
P2CF3 is smaller than in other systems with large charge 
separations such as pyrene-(CHz),,-amine, which has 
p, between 17 and 19 D.’ 


Effects of solvent polarity on fluorescence quantum 
yields and lifetimes 


Fluorescence quantum yields (+f) relative to that of 
pyrene and lifetimes (7f) of PnX in isooctane, ethyl 
acetate and acetonitrile are given in Table 2. The life- 
times listed were monitored at 377 nm in the nano- 
second domain, so that 7f of less than 1 ns could not be 
determined. When monitored at longer wavelength, 
lifetimes of the exciplex are obtained for PnCN and 
P2CF3. The decay curve of PnCN (n > 2) in isooctane, 
monitored at 377 nm, consists of two components: fast 
(< 1 ns) and slow (> 10 ns) components. While the fast 
decay corresponds to the decay of the ‘locally excited’ 
pyrene, the slow component is assigned to the solvated 
ion pair derived from the ‘extended’ conformer. l3 


All PIX compounds studied have smaller values of 
fluorescence quantum yields (af) and lifetimes (7f) in 
acetonitrile than those in isooctane. These aryl car- 
boxylates, PIX, differ strikingly in this respect from 
1-pyrenylmethyl esters of aliphatic carboxylic acids (l), 
which do not show any solvent dependence of +f and 7f. 


These effects of solvents are therefore ascribed to a 
certain kind of intramolecular interaction between the 
pyrene part and the arylcarboxylate part, which is more 
effective in a strongly polar solvent. Taking into 
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250 300 350 400 450 500 550 600 
Wavelength 1 nm 


Figure 2. Emission and absorption spectra of PlCN in ethyl acetate at room temperature 


P2CN 


Ethyl acetate Acetonitrile, 


33 
Wavelength I nm 


Figure 3 .  Emission spectra of PZCN excited at 313 nm in 
solvents of various polarity at room temperature 


I P4CN I 


Wavelength / nm 


Figure 4. Emission spectra of P4CN excited at 313 nm in 
solvents of various polarity at room temperature 


account that large decreases in Qf of PlCF3, PlNOz 
and PlCN are observed even in isooctane, intramole- 
cular electron transfer may be one, but not the only, 
cause of this fluorescence quenching. It should be noted 
that PlCF3, PlNOz and PlCN are not photolysed in 
methanol.’ On the other hand, other P1X compounds 
are photolysed, although the photolysis proceeds more 
slowly as the electronegativity of the substituent 
increases. These results clearly show that the efficiency 
of fluorescence quenching and the decrease in fluores- 
cence lifetimes compete with the photolytic cleavage of 
the ester CO-OCO bond of PIX. 


An increase in methylene chain length decreases the 
effects of solvent polarity on both @f and 7f, although 
their correlation is not good. For instance, the differ- 
ence between @f in acetonitrile and that in isooctane is 
much larger in PlCl (0.034 and 0-51) than in P4C1 
(0.38 and 0.52). For the lifetimes, a similar tendency is 
observed in PlCl (15 and 237 ns) and P4C1 (148 and 
235 ns). The effects of the substituent X on +f and 7f are 
attenuated by the addition of methylene chains: the +f 


values of PlCF, and P4CF3 in isooctane are 0.036 and 
0.51, respectively. Any other PnX also shows similar 
effects of both solvent polarity and the length of the 
methylene chains, although they are more strongly 
dependent on the substituent X. The dependence of +f 


on the length of methylene chains indicates that 
through-bond, rather than through-space, interactions 
such as electron transfer from the pyrene part to the 
arylcarboxylate part are operative in the series of PnX 
(n = 1-4). It is noted that an exciplex formation is 
observed only for those, except for PnN02, which show 
substantial fluorescence quenching even in a non-plar 
solvent. 


Mechanism of fluorescence quenching 
It is known that electron transfer and exciplex for- 







ALKYL PARA-SUBSTITUTED BENZOATES 37 


P2CF3 


Dichlorornethane 


Acetonitrile 


,-Chloroform 


33 
Wavelength I nm 


Figure 5. Emission spectra of P2CFj excited at 313 nm in 
solvents of various polarity at room temperature 


mation are possible for a system with a negative value 
of free enthalpy of electron transfer (AGET), given by 
the Rehm-Weller equation: l4 


AGET=IPD-  EAA- Eoo-C+AGsoiv (4) 
where IPD is the ionization potential of a donor, EAA 
is the electron affinity of an acceptor, Eoo is the excita- 
tion energy of the excited molecule, and C and AGsolv 
are a Coulombic energy and solvation of the ion pairs, 
respectively. A fairly accurate value of AGET can be cal- 
culated with the equation ls 


AGET (eV) = E(D/D+) - E(A-/A) 
(5 )  


using the oxidation and reduction potentials [ E(D/D+)  
and E(A-/A)] of a donor and an acceptor separated by 
p with average individual ionic radii r f  in a solvent 
with dielectric constant E when the redox potentials of 
the donor and the acceptor were determined in acetoni- 
trile solution (E  = 36-2 D). In order to evaluate the free 
energy of electron transfer in PnX series, cyclic voltam- 
metric (CV) measurements of pyrene and methyl puru- 
substituted benzoates were carried out in acetonitrile at 
room temperature. The oxidation potential of pyrene 
[E(D/D+)] was 0.91 V vs Ag/Ag+. The reduction 
potentials [E(A-/A)] of methyl benzoates carrying p-H, 
p-C1, p-CN and p-NO2 were -2.63, -2.47, -2.11 
and -1 -97 V vs Ag/Ag", respectively. A Hammett plot 
of these reduction potentials shows a good linear cor- 
relation, from which E(A-/A) = - 2- 19 V for p-CF3 
benzoate is obtained. If we assume that the donor and 
acceptor parts of PnX in the extended conformation y e  
separated by a distance between 9 A (n = 1) and 13 A 
(n=4) obtained from the molecular model, AGET is 
calculated from equation ( 5 )  (individual ionic radii are 


-AEm- [e*/wl- t(e2/rk)(1/36-2 - I/&)] 


assumed to be 4.3 A )  using the excitation energy for 
pyrene AEOO = 3.43 eV determined from the absorption 
and fluorescence spectra. AGET for t)e folded confor- 
mation is also calculated with 4 A  (n =2)  as the 
minimum value for distance between the donor and 
acceptor. As show? in Table 4, although the distance 
between 13 and 4 A does not give a significant differ- 
ence in the values of AGET in acetonitrile, in isooctane 
the effect of the distance on AGET is large. AGET 
decreases as the electronegativity of the para- 
substituents of the acceptor benzoates increases. Com- 
bination of pyrene (D) with p-CN-, p-C1-, p-CF3- or 
p-N02-benzoates (A) gives negative A GET, indicating 
that both exciplex formation and electron transfer are 
possible in acetonitrile for these systems. 16*17 However, 
exciplex formation is rarely observed in acetonitrile, 
probably because the formation of a solvent-separated 
radical ion pair is more favourable. Hence it is noted 
that P2CN, P3CN and P2CF3 show exciplex emission 
in acetonitrile. Negative AGET values for p = 4 A in 
isooctane indicate that exciplex formation is possible if 
a molecule is taking the folded conformation. How- 
ever, exciplex formation in isooctane is observed only in 


Although HB as a acceptor gives positive AGET 
(0.07 eV), @pf of P1H in acetonitrile decreases by as 
much as 50% of that in isooctane (Table 2). No 
fluorescence quenching is observed in P2H and P4H. 
Since other P1X compounds with electron-donating 
substituents such as p-methoxy or -methyl also show a 
decrease of @f in polar solvents, ' the fluorescence 
quenching is assumed to be one of the characteristics of 
1-pyrenylmethyl esters of benzoic acids. Whereas CIB 
has only a slightly negative AGET (-0*09eV), more 
than 90% fluorescence quenching is observed in PlCl, 
and the degree of the fluorescence quenching is 
decreased as methylene chain length increases. In PlCI, 
the efficiency of quenching is attenuated for both elec- 
tron transfer and the effect mentioned above. 


Intersystem crossing to a triplet-state molecule is 
another possible route for dissipation of the singlet 
excited state. Hence nitroaromatic compounds are 
known to be mostly non-emissive, probably owing to 
efficient intersystem crossing, and the substantial flu- 
orescence quenching of PnN02 even in isooctane is 
reasonably understood. Although the heavy atom effect 
can accelerate intersystem crossing, this is not the case 
with PnCl. Whereas the efficiency of quenching via this 
process is assumed to be less dependent on solvent 
polarity than the electron transfer process, decreases in 
the fluorescence quantum yields of PnCl are only 
observed in polar solvents. 


Very small @f values of PnCN (n = 1-3), even in a 
non-polar solvent such as isooctane, cannot be 
explained by electron transfer alone, but might be prop- 
erly explained by participation of a quenching 
mechanism via efficient intersystem crossing which 


PnCN (n=2-4). 
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Table 4. Free enthalpy of electron transfer ( A G E T ) ~  between pyrene and XB (X = H, CI, CF3, CN, N02) in acetonitrile and 
isooctane 


p = 4 A  p = 9 A  p = l 3 A  


D-A UP Acetonitrile Isooctane Acetonitrile Isooctane Acetonitrile Isooctane 


Py-HB 0.00 0.01 -0.11 0.07 0.89 0.08 1 - 2  
Py-CIB 0.23 -0.15 -0.27 - 0.09 0.73 - 0.08 1.1 
Py-CF3B 0.54 - 0.43 -0.55 -0.37 0.37 - 0.36 0.71 
Py-CNB 0.66 -0.51 -0.63 -0.45 0-37 - 0.44 0.69 
Py-NOzB 0.78 -0.65 -0.77 -0.59 0.23 - 0.58 0.55 


.Calculated from equation (5 )  using oxidation potential (vs Ag/Agf) of +0.91 V for pyrene (Py) and reduction potential (vs Ag/Agf) of - 2.63, 
-2.47, -2.19, -2.11 and -1.97V for HB, ClB, CF,B, CNB and NOIB, respectively. 
Hammett u values for pru-substituents. 


dissipates most of the singlet excited state. Phos- 
phorescence emission is not observed from any one of 
them, so that a non-emmissive deactivation pathway 
has to be taken into consideration. There are some pre- 
cedents in which existence of intersystem crossing was 
proved by detection of a triplet species. For example, 
triplet pyrene has been detected by its time-resolved 
absorption spectrum in the l-pyrenyl-(CH2),-amine 
system. l9 There, the non-radiative decay of the exciplex 
proceeds through intersystem crossing to the locally 
excited state of pyrene and internal conversion to the 
ground state. Of particular interest for us is that the 
relative efficiency of this intersystem crossing process 
decreases compared with the efficiency of the internal 
conversion process to the singlet ground state as the 
solvent polarity increases. 2o Although we have not yet 
attempted the direct detection of a triplet species, it can 
be said that intersystem crossing from an exciplex 
singlet state takes place in PnX in the case when it 
forms an exciplex. Scheme 1 is a proposed overall 
mechanism for the fluorescence quenching in PnX. 
Since PnCN (n = 2 or 3) in isooctane shows exciplex 
emission and efficient fluorescence quenching, the 
extent of the intersystem crossing might be large. On 
the other hand, although P4CN shows an exciplex emis- 
sion in isooctane, the fluorescence quenching is small. 
This may be due to the comparatively large distance 


between the donor and acceptor which makes the 
orbital interaction required for intersystem crossing 
weaker. Since the fluorescence of PlCF, and PlCN in 
isooctane is strongly quenched, it is assumed that they 
form an exciplex-type species in the excited state which 
dissipates almost all of the energy by intersystem 
crossing to a triplet state. Hence this series of com- 
pounds, PnX, is one of a few examples that illustrate 
the intervention of exciplexes playing an important role 
in fluorescence decay by intersystem crossing. However, 
for the determination of the definite process of fluores- 
cence decay, precise information on the non-radiative 
decay is needed. 


CONCLUSION 


Whereas intramolecular interaction in the ground state 
is not observed in any PnX, their spectroscopic feature 
in the excited state depends strongly on the para- 
substituents of the benzoates: fluorescence quenching 
becomes more efficient as the electron-withdrawing 
ability of the para-substituents increases. The relation- 
ship between fluorescence quenching by electron 
transfer and para-substituents of PnX is discussed by 
means of AGET values obtained from the oxidation and 
reduction potentials of pyrene and methyl para- 
substituted benzoates, respectively. PnCN, with the 
corresponding AGET = -0.45 eV, shows an intramole- 
cular exciplex or 'exciplex-type' (n = 1) emission in 
solvents of low to high polarity. P2CF3, 
AGET = - 0.37 eV, also shows an exciplex emission in 
solvents of medium to high polarity. PnNO2 is 
exceptional, since the fluorescence of nitroaromatic 
compounds is always strongly quenched by efficient 
intersystem crossing. The fluorescence of PnCN is 
assumed to be strongly quenched by intersystem 
crossing from the singlet exciplex to the locally excited 
pyrene, as well as by electron transfer from the pyrene 
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part to the benzoate part. That the formation of a 
singlet exciplex is necessary for intersystem crossing in 
bichromohporic compounds containing pyrene is thus 
clearly demonstrated. 


EXPERIMENTAL 


General methods. 'H NMR spectra were recorded on a 
Jeol GSX 270 spectrometer with TMS as an internal 
standard. UV-visible absorption spectra were 
measured with a Hitachi Model 330 spectrometer. Flu- 
orescence spectra were measured on a Hitachi Model 
850 spectrofluorimeter and phosphorescence spectra 
were measured on the same instrument using a Dewer 
bottle with quartz windows. Fluorescence quantum 
yields were determined at room temperature relative to 
those of pyrene (af = 0.58 in a non-polar solvent and 
0.53 in a polar solvent)21 for solutions of matched 
absorbance (0-1) at the excitation wavelength (313 nm). 
Fluorescence lifetimes were measured with photon 
counting apparatus (Horiba NAES-1100) with a 
hydrogen arc lamp (Hamamatsu Photophysics, time 
resolution ca 1 ns). Cyclic voltammograms of pyrene 
and methyl para-substituted benzoates were obtained at 
a scan rate of 0.2 V s-' by the use of a Huso Model 
956B potentiostat, an HECS 3 17s function generator, 
WX 1100 recorder and a three-electrode cell composed 
of a glassy carbon working electrode, platinum wire 
counter electrodes and an AglAgNO3 reference elec- 
trode. All the sample solutions were ca. 0 - 5  mM in 
substrates and 0.1 in tetra-n-butylammonium per- 
chlorate as a supporting electrolyte in CH3CN. The 
peak potentials were read and calibrated with reference 
to ferrocene added as an internal standard after each 
measurement. 


Materials. Spectrograde solvents (Fluorosol, sup- 
plied by Cica-Merck) were used without further 
purification. For measurements of absorption and emis- 
sion spectra and lifetimes, all the PnX compounds were 
purified by repeated column chromatography on silica 
gel and recrystallization. Their purity was confirmed by 
HPLC with UV absorption and fluorescence emission 
detection. In cases where impurities were detected even 
after several stages of recrystallization and chromatog- 
raphy, the sample solution was collected directly from 
HPLC. The concentrations of the solutions for spec- 
troscopic studies were adjusted less than lo-' M, where 
no intermolecular interaction was found and the absor- 
bance at the excitation wavelength was less than 0.1. 
The samples were degassed by freeze-pump-thaw 
cycles on a high-vacuum line and sealed under vacuum. 


w-( I-Pyrenyl )alkanols. w-( 1 -Pyrenyl)alkanols were 
obtained by the reduction of w-( 1-pyreny1)alkanoic 
acids. 'H NMR spectra and melting points of these 


compounds were identical with literature values. 
Pyrenylacetic acid was obtained by hydrolysis of 
pyrenylacetamide, which was synthesized by a 
Willgerodt reaction2' from acetylpyrene. A description 
of the synthesis of pyrenylpropanoic acid is given in 
Ref. 23. 4-( 1-Pyreny1)butanoic acid was purchased 
from Aldrich. 


w-(I-Pyrenylalkyl) para-substituted benzoates 
(PnX).  The preparation of P2CN is typical for all PnX 
from the corresponding w-( 1-pyreny1)alkanols and 
para-substituted benzoylchloride. A solution of 2-( 1- 
pyreny1)ethanol (190 mg, 0.77 mg, 0.77 mmol), 
p-cyanobenzoyl chloride (120 mg, 0.72 mmol), 
triethylamine (0-2 cm3) and 4-dimethylaminopyridine 
(5 mg) in chloroform (10 cm3) was reflexed for 5 h with 
stirring, and then cooled to room temperature. Extrac- 
tion with dichloromethane, washing first with 5% 
hydrochloric acid and then with 5% sodium hydrogen- 
carbonate, drying over anhydrous magnesium sulphate 
and concentration under vacuum gave a crude product. 
Chromatography on silica gel with benzene as eluent 
yielded pure 2-( 1 -pyrenyl)ethyl p-cyanobenzoate 
(P2CN) (215 mg, 79%), m.p. 152-153 "C (found: C, 
83.19; H, 4-66; N, 4.03, C26H1702N requires C, 83.18; 
H, 4.56; N, 3.73%); vmax (KBr) (cm-') 2230 (CN), 


Me4Si) 3.83 (2H, t, J =  7.0, 2-H), 4.80 (2H, t, J =  7.0, 
1-H), 7.69 (2H, d, J =  8.5, Ph), 7.92-8.41 (11H, m, 
pyrene and Ph). 


1-Pyrenylmethylbenzoate (PlH): m.p. 144(145 "C 
(found: C, 85.34; H, 4.82. C24H1602 requires C, 
85.69; H, 4.79%); urnax (KBr) (cm-') 1719 (C=O), 
1270 (C-0); BH (270 MHz; CDCI3; Me&) 6.09 (2H, 
s, 1-H), 7.35-7.57 (3H, m, Ph), 8-00-8-43 ( l lH ,  m, 
pyrene and Ph). 


1-Pyrenylmethyl p-chlorobenzoate (PlCI): m.p. 
136-137°C (found: C, 77.62; H, 4-08. C24H1502CI 
requires C, 77.73; H, 4.08%); vmax (KBr) (cm-') 1727 


Me&) 6.02 (2H. s, 1-H), 7.36 (2H, d,  J =  9.0, Ph), 
7-96-8.40 ( l lH ,  m, pyrene and Ph). 


1-Pyrenylmethyl p-trifluoromethylbenzoate (P 1CF3): 
m.p. 132-134°C (found: C, 74.36 H, 3.88. 
C25Hl502F3 requires C, 74-25; H, 3.74%); urnax (KBr) 
(cm-') 1731 (C=O), 1332 (CF3), 1270 (C-0); BH 
(270 MHz; CDCl3; Me&) 6.12 (2H, s, 1-H), 7.66 (2H, 
d, J =  8.0, Ph), 8.00-8.42 ( l lH ,  m, pyrene and Ph). 


1-Pyrenylmethyl p-cyanobenzoate (P 1CN): m.p. 
172 "C (found: C, 83.05; H, 4.27; N, 3-88. C~H1502N 
requires C, 83.09; H, 4.18; H, 3.88%); vmax (KBr) 
(cm-') 2230 (CN), 1719 (C=O), 1276 (C-0); B H  
(270 MHz; CDCI3; Me4Si) 6.12 (2H, s, 1-H), 7.69 (2H, 
d, J =  8.5, Ph), 8.01-8.39 ( l lH ,  m, pyrene and Ph). 


1-Pyrenylmethyl p-nitrobenzoate (PlN02): m.p. 
157-158°C (found: C, 75.49; H, 4.02; N, 3.90. 
C24H1504N requires C, 75.58; H, 3.96; N, 3.67%); 


1721 (C=O), 1270 (C-0); BH (270MHz; CDCI3; 


(C=O), 1267 (C-0), 1091 (CI); BH (270 MHz; CDCI3; 
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vmax (KBr) (cm-') 1725 (C=O), 1531 (NOz), 1346 
(N02) 1270 (C-0); BH (270 MHz; CDCl3; Me&) 6.19 
(2H, s, 1-H), 8-00-8.40 (13H, m, pyrene and Ph). 
2-(l-Pyrenyl)ethylbenzoate (P2H): m.p. 100-101 "C 


(found: C, 8 5 . 5 ;  H, 5-38. C~~H1802 requires C, 85.69; 
H, 5.18%); vmax (KBr) (cm-') 1727 (C=O), 1270 
(C-0); 8~ (270 MHz; CDCl3; Me&) 3-84 (2H, t, 


(3H, m, Ph), 7.96-8.46 ( l lH ,  m, pyrene and Ph). 
2-(l-Pyrenyl)ethyl p-chlorobenzoate (P2C1): m.p. 


119-120°C (found: C, 78.24; H, 4.56; C1, 9.21. 
C25H1702C1 requires C, 78.02; H, 4.45; Cl, 9.21%); 
vmax (KBr) (cm-') 1711 (C=O), 1272 (C-0), 1091 
(Cl); BH (270 MHz; CDCl3; Me4Si) 3 * 82 (2H, t, J = 7 '0, 
2-H), 4.76 (2H, t, J =  7.0, 1-H), 7.38 (2H, d, J =  8 . 5 ,  
Ph), 7.90-8.44 (11H, m, pyrene and Ph). 


2-( 1 -Pyrenyl)ethyl p-trifluoromethylbenzoate 
(P2CF3): m.p. 138°C (found: C, 74-85; H, 4.21. 
C26H1702F3 requires C, 74-64; H, 4.1%); vmax (KBr) 
(cm-') 1719 (C=O), 1334 (CF3), 1272 (C-0); BH 
(270 MHz; CDCl3; Me& 3.84 (2H, t, J =  7-0, 2-H), 


7.94-8.43 ( l lH ,  m, pyrene and Ph). 
2-(l-Pyrenyl)ethyl p-nitrobenzoate (P2N02): m.p. 


157-158°C (found: C, 75.16; H, 4.49. C25H1704N 
requires C, 75.94; H, 4.33%); vmax (KBr) (cm-') 1725 


(270 MHz; CDCl3; Me4Si) 3.85 (2H, t, J =  7.0, 2-H), 
4.81 (2H, t, J =  7.0, 1-H), 7.94-8-43 (13H, m, pyrene 
and Ph). 


3-( 1 -P yreny1)propyl p-cyanobenzoate (P3CN): m. p. 
121-122°C; vmax (KBr) (cm-') 2228 (CN), 1723 
(C=O), 1278 (C-0); AH (270MHz; CDCl3; Me&) 
2.24-2.37 (2H, m, 2-H), 3.46 (2H, t, J=7 .0 ,  3-H), 


7.71-8.22 ( l lH ,  m, pyrene and Ph). 
4-(l-Pyrenyl)butylbenzoate (P4H): m.p. 113 "C 


(found: C, 85-74; H, 5.89. C27H2202 requires C, 
85.69; H, 5.86%); vmax (KBr) (cm-') 1713 (C=O), 
1280 (C-0); BH (270 MHz; CDCl3; Me4Si) 1-88-2012 
(4H, m, 2-H and 3-H), 3.44 (2H, t, J =  7*0,4H), 4.41 
(2H, t, J = 6 - 0 ,  1-H), 7.35-7.59 (3H, m, Ph), 
7-84-8.32 (11H, m, pyrene and Ph). 


4-(l-Pyrenyl)butyl p-chlorobenzoate (P4C1): m.p. 
121°C (found: C, 78-77; H, 5-19; C1, 8.51. 
C27H2102C1 requires C, 78.54; H, 5-13; C1, 8.59%); 
vmax (KBr) (cm-') 1715 (C=O), 1276 (C-0), 1091 
(CI); BH (270 HMz; CDCl3; Me4Si) 1 *88-2-10 (4H, m, 
2-H and 3-H), 3.43 (2H, t, J =  7.0, 4-H), 4.39 (2H, t, 


( l lH,  m, pyrene and Ph). 
4-( 1-Pyreny1)butyl p-trifluoromethylbenzoate 


(P4CF3): m.p. 84°C (found: C, 75.33; H, 4.74. 
CzsH2102F3 requires C, 74.58; H, 4.74%); vmax (KBr) 
cm-') 1719 (C=O), 1328 (CF3), 1278 (C-0); BH 
(270 HMz; CDCl3; Me&) 1.88-2.12 (4H, m, 2-H and 


J = 7 * 5 ,  2-H), 4.77 (2H, t, J=7.5,  1-H), 7-36-7.60 


4.80 (2H, t, J=7 .0 ,  1-H), 7.67 (2H, d, J = 8 . 0 ,  Ph), 


(C=O), 1520 (NOz), 1348 (NOz), 1267 (C-0); BH 


4.40 (2H, t, 5 ~ 6 . 0 ,  1-H), 7.42 (2H, d, J = 8 * 5 ,  Ph), 


J = 6 * 0 ,  1-H), 7.35 (2H, d, J z 9 . 0 ,  Ph), 7.84-8.30 


3-H), 3.44 (2H, t, J =  7.0, 4-H), 4.41 (2H, t, J z 6 . 0 ,  


1-H), 7.63 (2H, d,  J =  8.0, Ph), 7.84-8.30 (11H, m, 
pyrene and Ph). 


4-( 1-Pyreny1)butyl p-cyanobenzoate (P4CN): m.p. 
147 "C (found: C, 83.41; H, 5.30; N, 3.54. CzsH210zN 
requires C, 83-35; H, 5.25; N, 3.47%); vmax (KBr) 
(cm-') 2228 (CN), 1721 (C=O), 1278 (C-0); BH 
(270 MHz; CDCl3; Me4Si) 1.88-2- 12 (4H, m, 2-H and 


1-H), 7.63 (2H, d, J =  9.0, Ph), 7.84-8.30 (11H, m, 
pyrene and Ph). 


4-(l-Pyrenyl)butyl p-nitorobenzoate (P4N02): m.p. 
163-164°C (found: C, 75.72; H, 4.91; N, 3.31. 
C27H2104N requires C, 76-58; H, 5 . 0 0 ;  N, 3.31%); 
Vmax (KBr) (cm-') 1721 (C=O), 1528 (N02), 1342 
(N02), 1276 (C-0); 8~ (270MHz; CDCls; Me&) 
1.88-2-13 (4H, m, 2-H and 3-H), 3.43 (2H, t, J =  7.0, 
4-H), 4.41 (2H, t ,  J =  6.0, 1-H), 7.84-8.30 (13H, m, 
pyrene and Ph). 
a-Methoxy-I-pyrenylalkane (PnOM). The prepar- 


ation of P20M is typical for all PnOM from the corre- 
sponding o-( 1-pyreny1)alkanols and methyl iodide. A 
suspension of 2-( 1-pyreny1)ethanol (98 mg, 0.40 mmol) 
and sodium hydrides (10 mg, 0.42 mmol) in 
dimethylformamide (14 cm3) was stirred for 30 min at 
room temperature. Methyl iodide (0.025 cm3, 
40 mmol) was added to the reaction mixture. The stir- 
ring was continued for 30min at room temperature, 
then the solution was poured into cold water and the 
precipitate was filtered with suction. Chromatography 
of the precipitate on silica gel with benzene as an eluent 
yielded 2-methoxypyrenylethane (53 mg, 51 Yo), 8~ 
(270 MHz; CDCl3; Me&) 3.41 (3H, s, Me), 3.64 (2H, 


(9H, m, pyrene). 
1 -Methoxy- 1 -pyrenylmethane (P 10M): m.p. 


44-45 "C; BH (270 MHz; CDCl3; Me&) 3.51 (3H, s, 
Me), 5.19 (2H, s, 1-H), 7-90-8.40 (9H, m, pyrene). 
4-Methoxy-1-pyrenylbutane (P40M): m.p. 


44-45 "C; BH (270 MHz; CDCl3; Me&) 1-70-1 -80 
(2H, m, 2-H), 1.90-2.00 (2H, m, 3-H), 3.33 (3H, s, 
Me), 3.40 (2H, t, J =  7.5, 1-H), 3.45 (2H, t, J =  7.5, 
4-H), 7.80-8.30 (9H, m, pyrene). 


3-H), 3.34 (2H, t, J =  7.0, 4-H), 4.40 (2H, t, J =  6.0, 


t, J =  7.5, 1-H), 3.83 (2H, t ,  J =  7.5, 2-H), 7.86-8.57 


Methyl para-substituted benzoates XB (X = H, Cl, 
CF3, CN, N02) .  XB was prepared from the corre- 
sponding para-substituted benzoyl chloride and 
methanol by the same method of preparation as for 
PnX. 'H NMR spectra and melting points of these 
compounds were identical with literature values. 
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REACTIONS OF IMINODIMAGNESIUM REAGENTS WITH 


THE MODES OF REACTIONS* 
1,4-QUINONES: THEIR STRUCTURAL FACTORS GOVERNING 


KOJI MATSUO, RYUJI SHIRAKI AND MASAO OKUBOt 
Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi Saga 840, Japan 


Reactions of 
dimagnesium 
the reduction 


benzo-, naphtho- and anthraquinone derivatives (unsubstituted and substituted) with arylimino- 
[ArN(MgBr)2] and aryloxymagnesium of a weak electron-donating ability were studied. In addition to 
products (quinhydrones and hydroquinones), nuclear substitution and condensation 


(with > C = O )  


products were formed. The efficiency of single electron transfer (SET) from ArN(MgBr)2, evaluated by the relative 
values of the difference between the oxidation and reduction potentials of the reactants (AE= E,, - varies with 
the electron-accepting power of quinones. AE governs the modes of semiquinone appearance (ESR signals) and the 
relative amounts of the heat of reactions, reflecting the types and yields of the products. It is concluded that 
condensation products of both components are produced in the reactions of quinones with the lower SET efficiency 
by the presence of a fused benzene ring or Me0 substituent. The structure-reactivity relationship proposed previously 
for reactions of various magnesium reagents is extended in the reactions with a variety of quinones even in cases of 
higher SET efficiency. 


INTRODUCTION 


Some quinones have strong electron-accepting ability 
(EAA; small negative Ered value); some acting as oxi- 
dizing agents. Because of this nature, the reaction with 
Grignard reagents often leads to their quinhydrones 
and hydroquinones, recognized as typical ‘abnormal’ 
products via single electron transfer (SET) from Grig- 
nard reagents (RMgBr) depending on the individual 
electron-donating ability (EDA) of RMgBr. The weak 
EDA (large positive E,, value) of aryliminodimag- 
nesium [ArN(MgBr)z, IDMg], would be profitable for 
investigating the factors governing of IDMg reactions 
with various substrates. Thus, a structure-reactivity 
relationship for reactions of all types of magnesium rea- 
gents could be proposed by using the difference ( A E )  
between E,, and Er& of the respective reactants.’-4 
The types and relative yields of products are syste- 
matically related to A E values. 


RESULTS AND DISCUSSION 


The abbreviations of the quinones and IDMg-type rea- 
gents and the Ered and E,, values, including those pre- 
viously determined,5a are given in Scheme 1: smaller 
negative and positive values indicate stronger EAA and 
EDA, respectively. A smaller A E  leads to the hydro- 
quinones (Hq) and/or decomposition product (Dc) 
whereas a larger A E  leads to the products of nuclear 
substitution, replacement and condensation 


with >C=O.  


Smaller A E  values of all the present reactions are in a 
narrower range (1 -67-2-56 V; see Scheme 1 and Figure 
1) in comparison with that (2.17-3.14 V) of IDMg 
reactions with nitrobenzenes, 5a but are related to struc- 
tural features of individual reactants. 


*Aryliminodimagnesium Reagents. Part XXVI. For Part XXV, see M. Okubo, Y. Inatomi, I .  Eguchi, H. Nishida, 
S. Gotoh and K. Matsuo, J.  Phys. Org. Chem. 7 ,  18 (1994). 
t Present address: Grand Forme Sumaura 401, Ichinotani, Suma-ku, Kobe 654, Japan. 
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t-- class A -class B -----rl;-------class C 
1.5 2.0 2.5 3.0 3.5 4.0 A€ ' 'O 


I v '  
I I I 


- 
NQ + C-Mg 


.:. ....................... 
h N O 2  + C-Mg 


?. . .,.. ..,. .:;; .:.. ...-:::. 
h ~ C 0  + C-Mg 
.. ... ..._... ~ 


ArCN + IDMg 


Figure 1. Ranges of A E values for combinations of C-Mg and N-Mg reagents with typical substrates 


Quinones ( Ered Iv ) 


strong - EAA - weak 


6. &:: 0 @$Q 0 


0 


BQ: R=H MeNQ: R'=Me.R2=H AQ 
( -0.753 ) ( -0.935 ) ( -1 .074)  


MeBQ: R=Me MeONQ: R'=MeO, R2=H 
( -0.787 ) ( -0.957 ) 


MeOBQ: R=MeO DMeONQ: R'=R2=Me0 
( -0.784 ) ( -0.940 ) 


Ar-IDMg ( EOX / V ) 


strong = EDA - weak 


are shown in Figure 2(a) and (b), respectively, the 
spectra being simulated using the reported splitting con- 
stants. The hyperfine structures deteriorate in 
10-60min with an accompanying colour change to 
dark green, and the signals are weakened. In the case of 
AQ, the colour change was similar but with a weaker 
and poorly resolved ESR signal. In the case of BQ, 
neither the colour change nor an ESR signal was 
observable. 


By assigning the navy-blue radical to the para- 
magnetic monomer and the green radical to the 
diamagnetic dirner, the ESR results are related to A E. 
No semiquinone radical of BQ was observable because 
the Mg salt of Hq was rapidly formed. The semi- 
quinone monomer of NQ is generated at a higher rate 
than in succeeding processes. The monomeric semi- 
quinone of AQ is slowly generated and rapidly aggre- 
gates with neutral AQ. The arylaminyl radical expected 
to be generated from IDMg is not observed, probably 
owing to  transformation into a diamagnetic dimer 
similar to  the reactions of AriCO with ArMgBr' (partly 
giving Arz) and Ar 'N02 with IDMg (partly giving 
ArN=NAr)5b in cases of medium A E.  


M a  E EY Types and yields of products in IDMg reactions 


The tvDes of Droducts in reaction with excess IDMg are 
( 0.912) E 9 4 1  ) ( 1.056) ( 1.295 ) E . 4 8 5  ) 


Scheme 1 given-fn Scheme 2. A simple condensation product (1) 
is obtained in low yield in the cases of BQs and NQs 
and in fair yield in the case of AQ. A nuclear substitu- 
tion product (2) is formed from BQs and NQs, and a 
replacement product (4) is formed from MeONQ. 


Serniquinone radicals: modes of appearance related 
to AE 


The SET from IDMg to quinones was confirmed. ESR 
spectra of the navy-blue semiquinone radicals of NQ 
and MeONQ, observed just after mixing with IDMg, 


Replacement condensation products (5 and 6 )  from 
MeONQ and substitution-condensation products (3 
and 7) from MeNQ are obtained. A phenazine (7) (see 
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(a) ( W  
Figure 2. ESR spectra observed in IDMg reactons with (a) NQ and (b) MeONQ 


Table 1. Yields of products 


Yield (W) 
Molar Hq + Dc Recovery 


Run no.a Quinones IDMg ratio 1 2 3+7(7) 4 5+6(6) 9 ( q O ) k  (070) 


1 
2 
3 
4c 
5 d  


6 
7 
8 
9 


10b 
11 
1ZC 
13 
14 
15b 
16 
17 
18 
19' 
20 
21 
22' 
23 
24g*h 
25 
26g*h 
21 
28 


MeBQ 
MeBQ 
MeOBQ 
MeOBQ 
MeOBQ 
MeNQ 
MeNQ 
MeNQ 
MeNQ 
MeNQ 
MeNQ 
MeNQ 
MeNQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
AQ 
AQ 
AQ 
AQ 
AQ 
AQ 


4.0 - 
4.0 - 
4-0 5 
2.0 3 
2.0 - 
4.0 - 
4.0 - 
4.0 - 
4.0 2 
4.0 2 
8.0 3 
8.0 6 
4.0 5 
4.0 - 
1.4 2 
4.0 - 
4.0 - 
4.0 - 
4.0 - 
8.0 - 
4.0 - 
4.0 - 
4*0 8.0 41 22j 


4.0 23 
8.0 68 
4-0 Trace 
4.0 


10 
9 


10 
19 
28 
21 
16 
13 
25 
20 
23 
19 
9 
6 


10 
4 


12 - 
- 
2 
8 


21 - 
- 
- 
- 
- 


- - 
- 6 


25(13) - 
11  - 


- - 
24(10) - 
- 14 


21 
5 1  


1 20 
31 


- 44 
28 


- 50 
- 25 


- 
- 
- 
- 


- - 
No SET 


+ + +  
61 
68 
32 
41 


+ + +  
+ 


+ +  
+ 
+ 
+ 


+ +  
+ 


+ + +  
+ 
+ 
+ 
+ 
+ 
+ 


- 


- 
- 


- 
- 
42 
36 
24 
39 
26 
22 
15 
51 
42 
51 


Trace 
25 
12 
46 
11 


41 
57 
23 
66 
Yes 
91 


- 


Reaction conditions are tabulated below: a typical (omitted from the table); b-*modified. N indicates normal addition of quinones to 
IDMg solution and R indicates reverse addition of lDMg to quinone solution. 


-4OOC -2OOC ooc Room temp. 55 'C 
* -  - N, and 1 h I h  0.5  h 
h -  - R for I h. and 1 h I h  0.5 h 
c -  N ,  and I h I h l h  - 


N, and 2 h - - - - 
c -  N 3 h  


a -  N 6 h  
'' Previously reported. 
'Undetermined. 


' Definite number indicates yield of Hq, and the number of plus signs indicates relative amount of Dc. 


- - 
1 -  - N, and I h I h  - 


- - 


Quinone diimine. 


569 
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0 Experimental), an abnormal dimeric product (8) and a 
symmetrical azobenzene (9) are also obtained. 


From the yields of 1-7, 9 and Hq together with un- 
0 identified decomposition product (Dc) and the 


recovered amount of quinones (Table 1 and Figure 3), 
seven features (see below) are derived. 


ArN(MgBr), + 'OR - 
(Ar = p-XC,H,) ' 


*$ + *& + *j$iSh + +$E-Ar 
% 'i. -Ar '1. '5 


N 0 N 0 
Ar/  A r /  


1 2 3 4 


5 6 7 


(1) MeONQ gave better overall yields (runs 6-13, 
Figure 3) than those from MeNQ (runs 14-22), regard- 
less of the EDA of IDMgs. 


(2) Instead of 1, 2 (and 3 + 7) was formed from 
MeNQ (runs 6-13) and 2 and 4 (and 5 + 6 )  were formed 
from MeONQ in fair yields (runs 14-22), formation of 
4 being more favoured. 


(3) From MeONQ with use of Py and g,  the com- 
bined yield of 5 + 6 in runs 19 and 22 is lower than that 
in runs 18 and 21, respectively. Without heating, the 
condensation was depressed. 


(4) The overall and individual yields were better from 
Me than those from E, and from fi than those from 
F (Figure 3). 


9 Decomposilion 
Product 


Dc Scheme 2. 8 


80 
I 


s 
. 
j; 
60 


40 


20 


(a): MeNQ 


vigorous 


- 
(5)BQs led mainly to  Hq formation without recovery 


(runs 1-5). Condensation and replacement were negli- 
gible, while substitution from MeOBQ was appreciable. 


(6) AQ gave 1 (runs 23-28; without Hq, Dc or other 
product) sluggishly by use of 4.0 mol of MeO and &. 
The yield was improved by longer heating with large 
excess (8.0 mol) of reagent.2c 


I (b): MeONQ 


c"- -:1 mnnnnmJnrnm:4 
3rd 1 


I'.:r..::: .... : ~ : 2  m : 5 + 6  


71 : Amount of recovery 


large - mnmn;l:3+7 
Ability of o-complexation 


Figure 3. Structural effects of lDMg reagents on relative yields of 1-7 in the reaction with NQs under fixed conditions: (a) with 
MeNQ (Table 1 ,  runs 6, 7 ,  8, 9 and 13); (b) with MeONQ (Table 1 ,  runs 14, 16, 17, 18 and 21). 







REACTIONS OF IMINODIMAGNESIUM REAGENTS WITH 1,4-QUINONES 57 1 


(7) Formation of 9 was notable in reactions of 
MeOBQ and MeONQ, and was negligible in that of 
AQ- 


Structural factors governing product distribution in 
the reactions with IDMg and 0-Mg reagents 
In IDMg reactions of nitro, carbonyl and cyano 
substrates, the correlation of A E with the final distri- 
bution of products (A E-approach) has been examined 
in detail, and two common characters A and B were 


3 ~ 3 ~ 7  Character A,  indicating ‘an environmental 
vicinity of reagents in later stage’ irrespective of small 
or large A E ,  is deduced from the need for an excess 
amount of reagent which forms an assembly with inter- 
mediate radicals to assist the step of their migration- 
forming products (this character gives a clue to  the 
validity of the AE-approach). Character B is that the 
a-complexation 


(cf. > C = O * . . M g < ) .  


participating more strongly as the A E  value increases 
(Figure 4), is responsible for addition and/or condensa- 
tion reaction. As explained in the following, Characters 
A and B are also useful for understanding the above 
features (1)-(7). 


IDMg and a variety of quinones 


The role of a-complexation (Character B) is indicated 
by feature (1). Since the EAAs of MeONQ and MeNQ 
are comparable, the better yield from the former is 
attributable to a-complexation [Scheme 3(a)] favoured 
by the electron-repelling M e 0  group. Its replacement is 


Aclms Bclars c class D class 
(ViemM SET) (SET mudled) (e-annplexn controlled) (No SET) 
C-Mg + -NO, C-Mg + >C=O N-Mg + 924 N-Mg + RBr 
K M g  + Q‘ s N-Mg + -NO, N-Mg + -CN N-Mg + Art 


Figure 4. Illustration: relative degree in participation of SET 
efficiency and u-complexation for the C-Mg and N-Mg 
reactions reported previously (reagents and substrates are 


abbreviated) 


( a )  ( b )  ( c >  
Scheme 3. o-Complexation in IDMg reaction with 1,4- 
quinones: (a) simple quinone; (b) MeO-substituted quinone; 
(c) ArN(MgBr)-substituted quinone as the precursor of 2-7 


preferred by a chelate-like state [Scheme 3(b)], which is 
supported by the formation of an adduct with MgBr2 
(in Et2O) from MeONQ (not formed from MeNQ).5b 


The precedence of substitution* or M e 0  
replacement I c  over the condensation of 


>c=o 
with IDMg is indicated by features (2) and (3). Excess 
IDMg is gathered around the introduced ArN(MgBr) 
group [Scheme 3(c)] to  assist condensation with the 
neighbouring 


\ ,c=o. 
This evokes the role of  the o-OMgBr group generated 
from o-hydroxynitrobenzene I e  to  assist IDMg conden- 
sation with the neighbouring NO2, and implies the role 
of the aggregated excess IDMg (Character A). The Ered 
values of precursors [having ArN(MgBr)] of 2 and 4 
are undetermined, but the difference from those of iso- 
lated 2 and 4 (Table 2) seems not great enough to give 
an appreciable effect on the combined yields of 3 + 7 
and/or 5 + 6 (Table 1). Nuclear substitution, taking 
place on Grignard treatment of Ar’NOz (small A E ) ,  
has been r e p ~ r t e d . ~  


The structural effects of IDMgs on the yields of 1-7 
from NQs are indicated by feature (4), reflecting the 
relative EDA (e > Me and > g)  accompanied by 
the relative strength of the positive charge on the Mg 


Table 2. Ered values of 2 and 4 derived from NQs and 
difference in the values from those of parent quinones 


Parent E r e d  Difference 
quinone IDMg Product (V) (V) 


MeONQ & 4 -1.030 0.073 
Me 2 -1.100 0.165 


MeONQ Py 4 -0.966 0.009 
MeNQ PY 2 - 0.950 0-015 


MeNQ - 


MeONQ a 4 -0.890 -0.067 
MeNQ g 2 - 0.928 - 0.007 
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atom (Me0 - -  < Me and F < Cl). The charge strength is 
related to  the tightness in a-complexation (Character B 
and Figure 4) shown by the highest yield from (the 
strongest charge among five IDMgs) and by the second 
highest yield from Me. The MeO having a strong EDA 
and weakest charge is least favourable for condensation 
with electron-deficient 


>c=o. 
The abnormal nature of Py is described later. 


The distinct behaviours of BQ and AQ due to small 
and large A Es, respectively, are demonstrated by fea- 
tures ( 5 )  and (6). Feature ( 5 )  reflects the 'very efficient 
SET' due to  the small A E  without participation of u- 
complexation (Figure 4), while feature (6) implies 'mild 
SET inside a-complex' (Character B; see IDMg 
reactions of benzophenoneZd and ben~onitrile~'). Obvi- 
ously, the fused benzene ring acts as the electron supply 
favouring a-complexation to  lead to  condensation. 
Owing to  the much large A E,  AQ is inert toward weak 
- Py and C1 (runs 27 and 28). 


The rrative ease in oxidative self-coupling of IDMg 
is indicated by feature (7). As proposed previously, Lf,sc 
the reactants of smalI A E  'pre-interact to  cause 
dynamic self-aggregation of reagent molecules' 
(Character A), favouring the formation of 9.  The 
aggregation of IDMg is preferred by the adjacent 


>c=o 
and M e 0  groups of MeOBQ and MeONQ [cf. Scheme 
3(b) and (c)] . The yield of 9 is also higher in reactions 
of o-methoxy- and o-halonitrobenzenes. 


0-Mg with a BQ of strong EAA 


The ArOMgBr (0-Mg reagents) having the weakest 
EDA are incapable of SET toward most of the ketones 
and nitroarenes so far examined for IDMg reactions. 
The large positive E,, values of 0-Mgs (located at the 
outside of the potential window of the BbNC104-THF 
system; see Experimental) were undetermined, but the 
relative order of the EDA of p-RC&I.@MgBr 
(R : M e 0  > Me > C1) was determined from the relative 
velocity in the generation of the semiquinone radical of 
2,6-C12-BQ having a much stronger EAA 


In contrast to exclusive Hq (or Dc) formation on 
IDMg treatment of  the cited BQ, treatment with 
p-RCsH40MgBr having two moles of hexamethyl- 
phosphoramide [HMPA; tightly coordinating on Mg 
instead of T H F  (strong coordination of HMPA is 
expected from the largest donor numberL0)] leads to  
substitution and replacement products (10 and 11, 
Table 3). Replacement of the C1 substituent evokes the 
SNAr reaction of strongly electron-accepting 2,4- 
dinitrochlorobenzene, ' I but the highest combined yield 
from p-ClC&hOMgBr implies the role of a strong posi- 


(Ered = - 0.443 v). 5a 


Table 3.  Yields of products in reactions of 0-Mg reagents 
with BQs in the presence of HMPAa 


8 
10 11 


Yield ('70) 
Run R l  Reaction 
no. R ( E ~ ~ ~ / v )  R' temperature ("c) 10 11 


1 Me0 5 5  - 13 
2 Me0 r.t.b - 7  
3 Me CI c1 5 5  6 11 
4 Me (-0.443) r.t. 2 2  
5 CI 55 13 81 
6 CI r.t. 1 10 


a ReagentlBQ = 2.0; reaction time, 1 h. No quinones were recovered. 
Room temperature. 


tive charge on Mg atom favouring a - c ~ m p l e x a t i o n ~ ~ ~ ' ~  
(Character B). The result gives a rough estimate of A E 
of ca 3.7 V for this reaction and E,, ca 2.7 V for 
p-C1C&OMgBr, the latter being larger by more than 
1 .O V than E,, of p-CIC6H4-IDMg (Scheme 1). 


Without HMPA, the 0-Mg treatment led to  Hq in a 
small amount. The effect of HMPA promoting the 
chemical combination of components resembles the 
IDMg reaction of nitrobenzene, leading to an increase 
in azoxy yield." When the IDMg reaction in run 6 
(Table 1) is carried out in the presence of HMPA, the 
yield of 2 increases by 1507'0, accompanied by a slight 
decrease in the yield (3vo) of 3 and recovery of MeNQ. 
Probably, tightly coordinating HMPA facilitates the 
reagent with a 3d orbital electronic field feasible for the 
radical migration to  give the product. 3c.5c 


Relative amounts of heat of reaction 
The relative amounts of heat ( A H )  evolved by mixing 
the reactants in 1 : 1 molar ratio were obtained from 
temperature-time plots by means of a simple batch 
method. 5b Figure 5 shows the plots obtained by mixing 
- Py with six quinones and Me with four quinones. 
Similar plots were obtained with the use of MeO, F and 
- C1. In Table 4, the dimensionless AH values, linear to  
the highest temperature (AT,,,), and A E values are 
summarized. '' By comparing the combinations of 
weaker electron-donating PJ and with MeBQ t o  
those of stronger electron-donating MeO and Me with 
NQs, it is clear that a large A H  reflects efficient SETSb 







REACTIONS OF IMINODIMAGNESIUM REAGENTS WITH 1,4-QUINONES 573 


Figure 5 .  Temperature-time plots obtained in IDMg reaction with quinones: (a) reagent 5 with six quinones; (b) reagent with 
four quinones 


Table 4. A E ,  AT,,,,, and A H  values of individual reactions 


Quinone IDMg A E  (V) A H  AT,,, ('C) 


MeBQ 
MeBQ 
MeNQ 
MeNQ 
MeNQ 
MeNQ 
MeNQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
MeONQ 
AQ 
AQ 
AQ 
AQ 
AQ 


PY 2.08 6 . 0  
CI 2.27 6.2 
M e 0  1.85 6.3 
Me 1 88 4 .1  
F 1.99 2.5 
PY 2.23 4.2 
c1 2.42 2.3 
M e 0  1.87 6.2 
Me 1.90 6.5 
F 2.01 5 .4  
PY 2.25 2.9 
c1 2.44 4.0 
M e 0  1.99 2.5 
Me 2.02 1 .9  
F 2.13 0.9 


CI 2.56 0.7 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
PY 2.37 1.2 - 
- 


6.5 
5 . 3  
6.2 
5 .0  
1.9 
3 .0  
1.8 
6.4 
5 . 8  
5 .4  
2.2 
3 .4  
3.0 
2.6 
1.1 
0 .7  
0.7 


(small A E ) .  In the combinations of F, Py and g,  the 
slightly larger A H  from MeONQ than that from MeNQ 
reflects the participation of M e 0  oxygen (and/or 
pyridyl nitrogen; see below) for complexation. The 
results support the above discussion. The structural 
effect of diphenyl diketone (benzil), favouring chelation 
(very tight complexation; Character B) for IDMg con- 
densation, was supported by heat measurements. 5b 


CONCLUSION 


Owing to the use of IDMg and 0-Mg having mild EDA 
('less reactive, more selective'), the validity of Charac- 
ters A and B, i.e. aggregation and SET, is established 
even in the present reactions of small A E  (Figure 1). 
The common behaviours displayed in reactions of mag- 
nesium reagents are based on  the EDA order (C-Mg > 
N-Mg > 0-Mg), reflecting simple electronegativity of 
the adjacent atoms. The specific natures of the 
heteroatoms (usually recognized when they are bound 
with carbon atoms) are reduced owing to  the 'strong 
polarizing ability' Mgz+ arising from its small size and 
double charge. 


REMARKS 


Unified view of reactions of carbonyl compounds 


Structural requirements for IDMg condensation with all 
types of carbonyl substrates are illustrated in Figure 6, 
implying that the reaction mode depends on two func- 
tions: (a) electron acceptance and (b) u-complexation. 
For I ,4-quinones having two 


>c=o 
groups fixed in opposite directions, function (b) is 
usually reduced by a small A E and function (a) partici- 
pates exclusively. However, as Figure 6 illustrates, 
function (b) operates with the assistance of electron 
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AE Pmicipation of vyiDhon of 
(SET-efliciency) o-Cunplexstion Typs of Pmducls Quinones 


Hq andlor Dc Small 


U I I Nuclear Substitution 


Link 


Replacement of 
FJecrmncgativc Groups 


Figure 6. Illustration: structural requirement of quinones and 
modes of reactions. Curved arrows indicate the role of groups 


as electron supply favouring o-complexation 


supply (fused benzene ring and M e 0  group; Character 
B) and also the previously introduced ArN(MgBr) 
group (Character A). For diary ketones (weak EAAZd), 
function (b) strongly participates to  lead to condensa- 
tion. For benzils (medium EAA5b3'c), strong partici- 
pation of (b) (tight chelation with Mg atom) overcomes 
that of (a) to tend to  condensation. 


Abnormal IDMg and quinones 


The effect of the weak EDA of Py (Scheme 1) observed 
in reaction of nitrobenzene has been reported, l 3  but the 
effect on the reaction of NQs shows some anomaly in 
the relative yields of products. Condensation is 
preceded by replacement but not by substitution [cf. 
features (1)-(3)] as given in the product yields from 
MeONQ (Table 1, runs 18 and 20; cf. 14, 16, 17 and 21) 
and those from MeNQ (runs 9-12; cf. 6-8 and 13). The 
anomaly is not simply related to  the smaller E r e d  of 2 
and 4 (having an electron-deficient pyridylaminyl 
group) than those of parent NQs (Table 2), and may be 


Table 5. Melting points and 'H  NMR data of products 


Product 


Parent 
 NO.^ quinone M.p. ('C) 


MeBQ 
MeBQ 
MeOBQ 
MeOBQ 
MeNQ 


MeNQ 


MeNQ 


MeNQ 
MeNQ 


MeNQ 


MeNQ 


MeNQ 


MeNQ 


MeNQ 


MeNQ 


MeNQ 


MeNQ 


150b 
- 
- 
- 
- 


- 


177.5-178.0 


143.5- 144.5 
17 1.5- 172.0 


160b 


189.0- 19 1 '0 


- 


134.5-136.5 


272.0-273 '0 


213'3-214.1 


206.5-208.0 


225'5-227'0 


6 (ppm) 


8.21 (IH, d), 7.70 (IH, s ) ,  6.78 (IH, d), 6.75 (IH, s), 2.34 (3H, s ) ,  2.17 (3H, S )  
7.18-7.02 (7H, m), 6.52 ( lH,  s), 6.07 (lH, s) 
7.36 and 7.15 (4H, ABq, J =  8.5 Hz), 6-04 ( lH,  d), 5.84 (lH, d), 3.83 (3H, s) 
7.54 ( lH,  s), 7.36 and 7.15 (4H, ABq, J =  8.5 Hz), 5.86 ( lH,  s), 3.87 (3H, s) 
8.50-8.35 (2H, m), 8.20-8.14 ( lH,  m), 7.75-7.62 (2H, rn), 7.06 ( lH,  m), 6.96 
(IH, d), 6.86 ( lH,  s ) ,  2.42 (3H, s ) ,  2.09 (3H, S )  
8.43-8.39 ( lH,  m), 8.19-8.16 (IH, m), 7.73-7.62 (2H, m), 7.38 and 6.84 (4H, 
ABq, J =  8 . 1  Hz) 
8.12-8.04 (2H, m), 7.74-7.60 (2H, m), 7.36 (IH, s) 6.97 6 6.86 (4H, ABq, 
J = 8 . 6  Hz), 3.81 (3H, s), 1.70 (3H, s) 
8.13-8.07 (2H, m), 7.75-7.62 (2H, m), 7.37 ( lH,  s), 2.34 (3H, s), 1.74 (3H, s) 
8.17-8.07 (2H, rn), 7.78-7.62 (2H, m), 7.33 (IH, s), 7.08-6.95 (4H, m), 1.75 
(3H, s) 
8.18-8.07 (3H, m), 7.76-7.63 (2H, m), 7.57 ( lH,  s), 6.77 ( lH,  d), 6.55 ( lH,  s), 
2.33 (3H, s ) ,  1.96 (3H, S )  
8.14-8.07 (2H, m), 7.74-7.66 (2H, m), 7.32-7.26 (3H, m), 6.90 (2H, d), 1.76 
(3H, s) 
8.17-8.15 (2H, m), 7.48-7.41 (lH, t), 7.20-7.14 (2H, m), 7.00-6.82 (8H, rn), 
3.85 (3H, s ) ,  3.50 (3H, s ) ,  1.76 (3H, S) 
8.18-8.15 ( lH,  m), 7.48-7.41 ( lH,  m), 7.20-7.10 (6H, m), 6.90 (2H, d), 6.76 
(2H, d), 2.39 (3H, s ) ,  2.33 (3H, s ) ,  1.79 (3H, S )  
8.83-8.80 (IH, m), 8.33-8.26 (IH, m), 7.92-7.86 ( lH,  m), 7.76-7.65 (2H, m), 
7.46-7.37 (5H, m), 7.03-6.96 ( lH,  m), 6.52-6.48 (IH, m), 1.51 (3H, s) 
8.17 (IH, d), 8.03 ( lH,  s), 7.50 (IH, t), 7.39-77.15 (6H, m), 6.91 (2H, d), 66.82 
(2H, d), 1.81 (3H, s) 
8.91-8.88 ( lH,  m), 8.37-8.34 (IH, m), 7.83 ( lH,  d), 7.77-7.69 (2H, m). 
7.38-7.26 (5H, m), 7.12 ( lH,  d), 6.71 ( lH,  s), 2.50 (3H, s), 2.33 (3H, s), 1.54 
(3H, s) 
8.87-8.83 ( lH,  m), 8.35-8.32 ( lH,  m), 7.86 (IH, d), 7.79-7.72 (2H, m), 7.60 
and 7.38 (4H, ABq, J =  8.5 Hz), 7-28-7.24 (IH, m), 6.85 ( lH,  s), 1.55 (3H, s) 


continued 
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Table 5. (Continued) 


Product 


Parent 
 NO.^ quinone M.P. ("c) 


1 M e 0  


2 McO 


2 M '  


2' 


2 PY 


2 


3' 


4 M e 0  


4 M e  


4 F  


4 PY 


4 C '  


5 McO 


gMe 


5' 


5 PY 


gC' 


8 py 


1 M '  


1' 


1 0 M '  


I O C '  


1 1 Meo 
1 1 M '  
1 1 C '  


gMe 


1 M e 0  


M&NQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 


MeONQ 
MeONQ 


DMeONQ 
AQ 


AQ 


AQ 


CbBQ 


ClzBQ 


ChBQ 
ChBQ 
ClzBQ 


- 


- 


- 


122 '0- 123 '0 


- 130' 


- 


- 


155.5-157.0 


205.5-206.0 


248.5-249.0 


243 '0-244'0 


265.5-266.5 


165.0- 166.0 


155.0-156.0 


- 165b 


187.5- 188.5 
184.5-185 '0 


> 300 
- 


165 '0- 168.5 


- 


13 1 '5- 132.0 


153.5- 155 '0 


150.0-150.5 
160.0- 16 1 '0 
215.0-217.0 


7.95-7.90 (2H, m), 7.77-7-68 (2H, m), 7.35 and 7.02 (4H, ABq, J =  8.5 Hz), 
6.17 ( lH,  s), 3.84 (3H, s ) ,  3.73 (3H, S) 


8.10-8.02 (2H, m), 7.75-7.59 (2H, m), 7.51 ( lH,  s) 7.07 and 6.86 (4H, ABq, 
J = 9 * 2  Hz), 3.82 (3H, s), 3.44 (3H, S) 


8.11-8.03 (2H, m), 7.78-7.62 (2H, m), 7.50 ( lH,  s), 7.10 and 6.96 (4H, ABq, 
J =  8.6 Hz), 3.50 (3H, s ) ,  2.34 (3H, S) 


8.14-8.02 (2H, m), 7.80-7.61 (2H, m), 7.48 ( lH,  s), 7.20-6.98 (4H, m) 3.54 
(3H, s) 
8.17-8.06 (3H, m) 7.76-7.65 (2H, m), 7.45 (IH, s), 6.80 (IH, d), 6.63 ( IH,  s), 
3.75 (3H, s), 2.34 (3H, S) 
8.12-8.04 (2H, m), 7.76-7.62 (2H, m), 7.26 and 6.98 (4H, ABq, J =  8.6 Hz), 
7.14 (lH, s), 3.56 (3H, S )  
8.20-8.15 ( lH ,  m), 7.82 (IH, s), 7.55-7.47 (IH, m), 7.20-6.80 (lOH, m), 3.50 


8-90 (2H, d), 7.75-7.64 (2H, m), 7.46 (IH, s), 7.19 and 6.94 (4H, ABq, J = 6 . 7  
Hz), 3.83 (3H, S) 
8.14-8.09 (2H, m), 7.79-7.64 (2H, m), 7.52 ( lH,  s), 7.22 and 7.16 (4H, Abq, 
J =  8.5 Hz), 2.37 (3H, S )  


8.14-8.10 ((2H, m), 7.80-7.68 (2H, m), 7.42 ( lH,  s), 7.30-6.98 (4H, M), 6.27 
(lh,  s) 
8.26 ( lH,  d), 8.12 (2H, d), 7.99 ( lH,  s), 7.93 ( lH,  s), 7.79-7.65 (2H, m), 6.83 
(2H, s), 2.36 (3H, S) 
8.15-8.10 (2H, m), 7.81-7.65 (2H, m), 7.52 (IH, s), 7.40 and 7.25 (4H, ABq, 
J =  9.2 Hz), 6.37 (IH, S) 
8.14-8.10 (2H. m), 7.42 ( lH,  t), 7.26-7.12 (4H, m), 6.95-6.81 (6H, m), 6.11 


(3H, s) 


( lH,  s), 3.82 (3H,'s), 3.80 (3H, S) 
8.16-8.11 (2H. m). 7.44 (1H. s). 7.21-7.12 (8H, m), 6.77 (2H, d), 6.25 ( IH,  s), . . ,  
2.40 (3H, s), 2:36'(3H, S )  
8.17-8.11 (2H, m), 7.52-7.46 ( lH,  m), 7.30-7.18 (8H, m), 6.90-6.85 (2H, m), 
6.16 (IH, S) 


8.74 ( lH,  s), 8.412 ( lH,  s), 8.26 (IH, d), 8.19 (IH, d), 7.94 ( lH,  s), 7.52 ( lH,  t), 
7.22 (lH, t), 6.99 ( lH,  d), 6.97-6.79 (3H, m), 6.64 (IH, s), 2.37 (3H, s), 2.33 
(sH, s) 
8.18-8.08 (2H, m), 7.54-7.17 (9H, m), 6.85 (2H, d), 6.23 ( lH,  s) 
8.16 (2H, d), 8.02 (IH, s), 7.43 (IH, t). 7.31-7.13 (4H, m), 6.82-6.71 (7H, m), 
6.38 (2H, d), 2.39 (3H, s), 2.20 (3H, s), 2.18 (3H, S) 


9.27 (2H, d), 8.31-8-22 (4H, m), 7.82-7.68 (6H, m), 7.07 (2H, d), 2.55 (6H, s) 
8.50-8.43 ( lH,  d), 8.32-8.22 ( IH,  d), 7.80-7.60 (2H, m), 7.52 ( lH,  t), 
7.35-7.36 (3H, m), 6.90 and 6.79 (4H, ABq, J =  8.8 Hz), 3.83 (3H, s) 
8.36-8.24 (2H, m), 7.70-7.36 (6H, m), 7.16 and 6.76 (4H, ABq, J = 7 . 9  Hz), 
2.40 (3H, s) 
8.50-8.25 (3H, m), 7.76-7.50 (3H, m), 7.35-7.25 (2H, m), 7.10-7.04 (2H, m), 
6.83-6.77 (2H, m) 
7.22 and 6.99 (4H, ABq, J = 8 . 1  Hz), 7.08 and 6.86 (4H, ABq, J =  8.1 Hz), 5.66 
(2H, s), 2.37 (3H, s) 
7.43 and 7.08 (4H, ABq, J =  8.8 Hz), 7-27 and 6.91 (4H, ABq, J =  8.8 Hz), 5.68 


7.01 and 6.95 (8H, ABq, J =  8.8 Hz), 5.63 (2H, s), 3-82 (6H, s) 
7.21 and 7.00 (8H, ABq, J =  8.1 Hz), 5.64 (2H, s), 2.37 (6H, s) 
7.41 and 7.08 (8H, ABq, J =  8.8 Hz), 5.68 (2H, s) 


(IH, s) 


a Superscripts indicate IDMg. 
Decomposition. 


'Converted into 8. 
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attributed to additional aggregation and complexation 
involving the pyridyl nitrogen of the reagent. 


The natures of DMeONQ and 9,lO-phenan- 
thraquinone (PQ; 1,2-quinone) are abnormal. The 
smaller Ered of DMeONQ than that of MeONQ 
(Scheme l ) ,  even with the presence of one more M e 0  
group, may be due to  a crowded and distorted structure 
reducing the electron-repelling resonance of the M e 0  
group. While reactions with electron-donating MeO 
and lead to  unidentified Dc, the reaction with less 
electron-donating Q leads to a 20% yield of mono- 
replacement product (same with substitution product 2 
in run 20 in Table l), which is also crowded and easily 
demethanolated (by heating of its crystals) to  give 8 ('H 
NMR signals of NH and M e 0  groups absent). Its 
dimeric dihydrophenazine (not aziridine) structure was 
identified from mass spectrum. 


The reaction of P Q  having a strong EAA 
(Ered = -0.773 V, comparable to  those of BQs) with a 
two molar amount of Me (or G) led to quinhydrone in 
a trace (or 22%) amount accompanied by 9 in 10% (or 
27%) yield and recovered PQ in 70% (or 46%) yield. 
Very efficient SET may take place, but the expected 
steps to  give other product may be inhibited by the for- 
mation of dimeric quinhydrone (diamagnetic Mg 
chelate") which must be tight and inert toward IDMg. 


EXPERIMENTAL 


The Ered values given in Scheme 1 and Table 2 were 
determined in T H F  by cyclic voltammetrySa using 
bis(biphenyl)chromium(I) tetraphenylborate as internal 
standard and Bu4NC104 as supporting electrolyte. Pro- 
cedures of ESR measurements, 2d and heat measure- 
ment and treatment of the data,5b have been reported 
previously. 


Materials and procedures. MeONQ and DMeONQ 
were prepared by replacement of the C1 substituent 
according to  the reported procedures, l4 and MeOBQ 
and ClBQ were obtained by oxidation of the corre- 
sponding hydroquinones with AgzO. The other 
quinones were commercially available. The IDMgs were 
prepared in T H F  by treating the corresponding anilines 
with a two molar amount of freshly prepared 
EtMgBr. 2a4a The 0-Mgs were similarly prepared. 


The IDMg reactions were carried out using 2-3 mmol 
of reagent and calculated amounts of quinones in T H F  
(50 ml) under the conditions given in the footnotes of 
Table 1. The reaction mixtures were quenched at 0 "C 
with aqueous ammonium chloride, and the products 
were separated by column chromatography on silica gel 
(Wako Gel C-200, C-300 and FC-40). The most prob- 
able pathways for the formation of products 1-6,8 and 
9 are described in the text. The product 7 formed from 
MeNQ (runs 7 and 13) arises from substitution at 3- 
position (cf. 3) followed by intramolecular attack of a 


nitrogen radical on the ortho-position of the anilino 
moiety (the precise mechanism being obscure), and is 
recognized as a 'substitution' product. Numbers of pro- 
ducts, their melting points (uncorrected) and 'H NMR 
data are summarized in Table 5 .  
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The spontaneous hydrolysis of p-nitrobenzyl cellulose xanthate (CelXNB) with a degree of substitution (DS) in the 
range 2-9 was studied in 10% aqueous ethanol at pH 10, and was followed spectrophotometrically by the appearance 
of p-nitro-a-toluenethiol, in a continuouslow system where the reactor was shaken. CelXNB was characterized by 
solid-state "C NMR spectra. The reaction occurs through two parallel processes due to two xanthate ester groups 
with different reactivities. The fast hydrolysis was ascribed to the reaction of the C-2 + C-3 isomers, whereas the slow 
hydrolysis was due to the C-6 isomer. The percentage of the latter is much higher than C-2 + C-3. The solvent isotope 
effect of the fast hydrolysis (k&o/k&o was 2.22 ? 0.16 and the proton inventory indicated that there is only one 
proton transfer involved in the transition state, where a second water (or a neighbouring OH group) acts as a general 
base. The entropy of activation of the fast hydrolysis was only 3.3 f 0.8 e m ,  suggesting that the water molecules 
involved are highly oriented with respect to the coordinates required to reach the transition state. It is proposed that 
they form part of the three-dimensional hydrogen-bonded ice-like structure that involves the cellulose matrix. 


INTRODUCTION 


Hydrolyses of xanthate esters are characterized by 
profiles showing a pH-independent process or water- 
catalysed spontaneous hydrolysis, followed by a specific 
base-catalysed reaction at higher pH. ' The first-order 
rate constants show general base catalysis, and when 
extrapolated to zero buffer concentration, kobs is 
expressed by the equation 


kobs = ko + koH [OH] (1) 
where k~ is the spontaneous water-catalysed rate con- 
stant and k o ~  is the second-order rate constant for the 
specific base catalysis. The pH-rate profile of the 
hydrolysis of p-nitrobenzyl cellulose xanthate (2) also 
follows equation (l), with a pH-inde endent spon- 


similar to that found for analogues such as p- 
taneous hydrolysis region at pH < 10.5. P This region is 


nitrobenzyl ethylxanthate (NBEX) or methyl-a-D - 
glucopyranoside-6-(S-p-nitrobenzylxanthate). '*' For 
these simple xanthate esters, the spontaneous hydrolysis 
is a slow process, but CelXNB showed an unexpectedly 
high rate constant, about 3000 times faster than that for 
NBEX, although the reactivity with respect to external 
nucleophiles such as hydroxide ion and amines is 
similar to that of NBEX.' 


S 
II 


CelXNB 


Cel-OH + COS + HS-CH, -+% (2) 
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The interaction of carbohydrates with water through 
the hydrogen bonding of the sugar hydroxyls should be 
highly dependent on the precise spatial arrangements of 
those groups, such as the conformation of the carbo- 
hydrate, but is is not known if the structure of water 
maximizes the extent of hydrogen-bonded interactions 
of the ~ o l u t e . ~  Kinetic medium effects induced by 
carbohydrates give some insight into the specificity of 
the stereochemical interaction with water.4s5 The 
purpose of this work was to study the effect of the water 
interaction on the reactivity of a moiety covalently 
bound to a polysaccharide system, looking for a 
detailed description of a reaction occurring on the 
liquid-solid interface of cellulose. Further papers will 
compare these results with the behaviour of small ana- 
logue molecules. 


EXPERIMENTAL 


All reagents were of analytical grade and were used 
without further purification. Deuterium oxide from 
Sigma Chemical was 99.8 atom-% D. 


p-Nitrobenzyl cellulose xanthate (CelXNB). About 
3 g of cotton tissue was first washed with 1 M hydro- 
chloric acid for 2 h and then exhaustively with water 
and subsequently treated with 100 ml of 1 M sodium 
hydroxide for 5 h with shaking. A solution of 20 g of 
carbon disulphide in 100 ml of acetone was added and 
it was allowed to react for 3 h with continuous shaking. 
After filtering, the product was washed several times 
with 0-1 M sodium monohydrogenphosphate at pH 8. 
The cellulose xanthate was treated with a solution of 3 g 
of p-nitrobenzyl bromide in 100 ml of acetone and 
shaken for 14 h. The product was washed with cold 
water, ethanol and diethyl ether to eliminate any 
adsorbed impurity, followed by treatment with 0.1 M 
hydrochloric acid to decompose non-esterified xanthate 
groups, repeating the washing with cold water, ethanol 
and diethyl ether. Finally, the CelXNB was dried under 
vacuum over phosphorus pentoxide and stored in a 
freezer. It was characterized by the degree of substitu- 
tion (DS), defined as the average number of xanthate 
ester groups per 100 glucoanhydropyranose units in the 
cellulose, and determined as described previously. In 
general, the DS of CelXNB was in the range 3-4, when 
following the procedure described above, but higher 
values were obtained on increasing the concentration of 
NaOH. 


Solid-state 13C NMR spectra of CelXNB were 
obtained with a Bruker MSL-300 spectrometer, using 
CP/MAS TOSS (total side-band suppression), with a 
total acquisition time of about 12 h. The contact time 
used was 2ms  and the recycle delay between scans 
was 4 s. 


Kinetics. Experiments were carried out in a 


continuous-flow system. A 30 ml thermostated double- 
walled reactor was mechanically stirred. A peristaltic 
pump kept a constant flow through a UV cell that 
allowed continuous absorbance readings against time. 
A small overpressure of nitrogen in the reactor pro- 
duced an inert atmosphere to avoid oxidation of the p- 
nitro-a-toluenethiol (NTT) produced in the hydrolysis. 
For the same reason, all water used in the solutions was 
previously deoxygenated by boiling and cooling in inert 
atmosphere. The reaction was followed by the appear- 
ance of NTT at 280nm. Typically in a run, about 
50 mg of CelXNB were introduced into the reactor 
where 25 ml of the kinetic solution were thermally 
equilibrated. 


This continuous reading system indicated that the 
spontaneous hydrolysis absorbance vs time curves were 
not strictly first order. After a first fast increase, a 
slower rate was observed towards the theoretical infinity 
absorbance value A,, calculated from the DS. These 
two reactions produced the same product (NTT) as 
observed from the UV spectrum, and can be analysed 
kinetically according to the equation 


k '  


CelXNB -c x' *.. NTT (3) 


where k' % k" and X' and X'' are two xanthate ester 
groups with different reactivities. At any time the 
observed absorbance A is given by 


X" - 
A =A,-A6e-k"-Aiee-k"' (4) 


where A6 and A$ are the NTT absorbances pro- 
portional to the initial concentrations X6 and X$ of 
both esters. The ratio A$/& is equal to X;/Xd,. The 
term A6 exp(-k't)=A' decreases much faster than 
A$ exp(-k"t) = A " ,  and from a plot of h(A, - A )  vs 
time, k" and A$ can be obtained (Figure 1). Since the 
term A;  exp( - k" t) can be calculated for any time, a 
plot of In A' vs time produced k' from the slope and In 
Ad, from the intercept. In order to calculate A6 and A;, 
the zero time for the absorbance vs time plots was 
defined as the moment of contact of the CelXNB 
sample with the solution, although readings started 
about 1 min later. The sum of A6 and A$ is equal to 
A,, and the ratio &/A6 indicates the relative distri- 
bution of the two groups. In general, the values of k" 
were less accurate than those of k ' .  


Several experiments were made in order to find out 
whether the second reaction was an artifact or a true 
reaction. Control tests in which the cellulose was 
treated under the same conditions to obtain CelXNB, 
but without using CS2 and p-nitrobenzyl bromide, 
showed constant absorbance readings. When a sample 
of CelXNB was allowed to hydrolyse for 10 half-lives of 
the fast reaction (k ' ) ,  a fast increase in absorbance was 
observed when a solution of ethylamine was added. The 
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t ,  rnin 
Figure 1. Plot of In(A, - A )  and In A' vs time for the hydrolysis of CelXNB at 25 OC, pH 10.0, 0.10 M carbonate, p = 0 .6  (KCI), 


in 10% aqueous ethanol. The solid line was calculated from the least-squares fit 


final reading was about the same as the expected infinity 
reading considering the DS. 


The pH-rate profile of the fast hydrolysis was pre- 
viously studied and it is similar to that for other xan- 
thate esters. Since there is a close correlation between 
the DS calculated from the aminolysis of CelXNB and 
that calculated from the "C NMR spectrum (see 
below), in another set of experiments CelXNB was 
allowed to react at room temperature at pH 10.0 (0.10 
M carbonate) in 10% aqueous ethanol. Samples were 
taken at different times, washing with 50% aqueous 
ethanol, then with pure ethanol and finally with dry 
ethyl ether, and then dried under vacuum. The first 
sample was taken after 50 min, approximately 10 half- 
lives of the fast hydrolysis, and the second after 128 h, 
following the same procedure as for the first sample 
(Figure 2). After 50 min there was only partial hydro- 
lysis of the p-nitrobenzyl xanthate and only a small 
decrease of the DS to 6-30 was observed. After 128 h 
the reaction was almost complete and the DS had now 


decreased to 0.95. These results support the theory that 
there are two kinds of xanthate ester groups in 
CelXNB. 


On the other hand, the base hydrolysis is strictly 
second order. Addition of ethylamine does not produce 
a change in the experimental infinity reading, which at 
the same time agrees with that calculated from the DS 
value. 


The hydrolysis and aminolysis of CelXNF were also 
studied in 20% aqueous methanol at 35 C, p = 0.1 
(NaCl), except for the basic hydrolysis, which was run 
in 1 M N ~ O H .  


Activation parameters. The fast hydrolysis rate con- 
stants k' correspond to those previously reported in 
pure water,2 and are independent of pH at pH < 10-5. 
Hydrolyses of CelXNB were carried out in 10% 
aqueous ethanol at four temperatures. At each tem- 
perature the rate constants were obtained at three 
different concentrations of carbonate buffer (0.1, 0.2 
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Figure 2. "C CP/MAS TOSS NMR spectra of solid CelXNB, allowed to react at room temperature at pH 10.0 (0.10 M carbonate) 


in 10% aqueous ethanol. (a) Initial (DS=6.7); (b) after 50 min (DS= 6.3); (c) after 128 h (DS= 0-95) 


and 0 - 3  M) and the values reported were obtained by 
extrapolation of the buffer plot to zero buffer concen- 
tration because general base catalysis was observed for 
this reaction. 


The activation parameters were obtained by least- 
squares fitting from the Eyring equation: 


AG' = RT h(kBT/hk') (5a) 
In(k'/T) = ( -AH*/R)(l /r)  + constant (5b) 


AH# - AG# 
AS' = (54 T 


where k '  is the rate constant and kg and h are the 
Planck and Boltzmann constants, respectively. 


Solvent isotope efects. All deuterated solutions and 
pH measurements were made inside a dry-box in a 
nitrogen atmosphere. The value of pH 10.0 was not 
corrected with respect to the molar fraction of DzO 
because in that range the rate constants are independent 
of PH.~, '  The kinetic runs were carried out at 25 "C in 
10% ethanol-OD, at three different carbonate buffer 
concentrations and the rate constants were extrapolated 
to zero buffer concentration. 


RESULTS 


Activation parameters 
In the reactions of cellulose xanthate esters with low 
DS, as is the case for CelXNB, the xanthate moiety 


behaves independently of the molecular mass of the 
cellulose matrix. It was shown that under conditions of 
strong mechanical shaking the rate constants are not 
diffusion controlled and they are first order with respect 
to the xanthate moiety and independent of the amount 
of the polymer in the system.' Therefore, under those 
conditions, the number of moles of xanthate moiety per 
unit volume is an intensive property of the system, 
regardless of the fact that some groups are bound 
through the polymer chain. These results allow a com- 
parison of the reactivity of xanthate esters bound to a 
cellulose matrix or to small molecules through the acti- 
vation parameters. 


In Table 1 are given the rate constants for the fast 
(k') and slow (k") spontaneous hydrolysis of CelXNB 
at different temperatures, along with the rate constants 
for the hydroxide ion-catalysed reaction (koH). The 
average ratio A6/A6 showed that the percentage of 
isomer X" (slow) in the cellulose is much higher than 
that of isomer X' (fast). The activation parameters for 
the fast spontaneous and basic hydrolysis are given in 
Table 2. 


Solvent isotope effects 
The spontaneous hydrolysis of CelXNB was also 
studied in water-deuterium oxide mixtures at different 
buffer concentrations, and the rate constants were 
extrapolated to zero buffer concentration. The solvent 
kinetic isotope effect on k'  was kk2o/M2o= 
2.22 f 0 .16  and the proton inventory produced a 
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Table 1. Hydrolysis of CelXNB in 10% aqueous ethanol 


5-63 20-0 - 
23-0 0-64fO.07 1.3 2 0 . 2  2 4 2 9  - 
25.0 0.82fO-04 1 . 4 5 0 - 3  2 7 2 2  9.28 
28.0 1.24 f 0.11 1.9 f 0.3 26 f 5 - 
30.0 1.58 f 0-08 2.2 f 0.5 19 k 6 11.46 


- 16-51 35.0 - - 


- - 


'At pH 10.0 (carbonate buffer), p = 0.6 (KCI). The rate constants were extrapolated to 
zero buffer concentration. CelXNB (DS= 4.1). except at 25OC. where DS= 1.56. 


In 1 M NaOH and CelXNB (DS = 9.7). 


Table 2. Activation parameters for the hydrolysis of CelXNB 
in 10% aqueous ethanol 


Catalyst AH*(kcal mol-') AS*(e.u.) 


H20, fast hydrolysisa 22.6 f 0.2 3.3 f 0.8 
OH-b 11-8 f 0.7 -33.4 f 2.8 


aRate constants extrapolated to zero buffer concentration, p = 0.6 
(KCI). 


1 M NaOH. 


Table 3. Spontaneous hydrolysis of CelXNB (DS = 4-  1) in 
water-deuterium oxidea 


nDI0 [Carbonate] (M) 103k @ - I )  


0.00 
0.20 3-27 
0.10 2.19 
0.05 1.36 
0.00 0.82 f 0.04b(0*82)C 


0.20 1.95 
0.10 1.38 
0.05 0.98 
0.00 0.70 5 0*02b(0*70)c 


0.20 1.98 
0.10 1.26 
0.05 0.93 
0.00 0.57 f 0*01b(0*58)' 


0.18 1.97 
0.10 1.29 
0.05 0.80 
0.00 0.37 f 0*02b(0.37)C 


0.277 


0.544 


0.998 


a25.00C. p = 0.6 (KCI), pH = 10.0, in 10% aqueous ethanol. 


'Calculated from the Gross-Butler equation for n = 1. 
Extrapolated value. 


straight line, which according to the Gross-Butler 
equation indicates that only one proton transfer is 
involved in the transition state (Table 3). 


Characterization of CelXNB by solid-state NMR 
CelXNB with higher DS was obtained by increasing the 
concentrations of NaOH and CS2, in order to obtain 


Table 4. "C chemical shifts of CelXNBa 


Carbon Chemical shift (ppm) 


0 


c -  1 106*2b 105.5' 104*5b 
c -4  89.3b 84.3' 
c-2, -3, -5 75.3 74.7 72.9 71.8 
C-6 65-5b 63-2' 


C-a 213.6 
C-b 39.8 
c-c,  -f 147.7 
C-d 131-9 
C-e 124-9 


'CP/MAS TOSS. 
From crystalline components.' 
From non-crystalline components. 







292 E. HUMERES ET AL. 


1 ,  
I .  


a c , f  d ' a  


c1 


L 


4 


I 


1. 


:2 .3.5 


I I 1 I 1 1 I 1 I I I I 


24a z z a  200 180 168 i r e  i z a  i a a  a0 60 u za 
ppn 


Figure 3. CP/MAS TOSS I3C solid-state NMR spectrum of CelXNB (DS= 5.7) 


better NMR spectra. In Figure 3 the solid-state ''C 
CP/MAS TOSS NMR spectrum of a sample of CelXNB 
with DS=5.7  is shown. The chemical shifts of the 
individual carbons of cellulose in Table 4 were assigned 
according to Hirai et al. * for cotton. The thiocarbonyl 
carbon C-a of the xanthate ester group should have a 
chemical shift similar to that of CS' (200 ppm) or that 
of cellulose xanthate (233-232 ppm) because they were 
observed in solution.' The other assignments are 
straightforward. lo 


At this level of substitution, the solid-state NMR 
spectra do not allow any estimation of the isomer distri- 
bution on positions 2, 3 and 6 of the glucopyranose 
ring, as has been made for cellulose xanthate.' How- 
ever, integration of the signals in the 120-150 ppm 
region corresponding to the six aryl carbons, and those 
in the 90-1 10 ppm region corresponding to C-1, allows 
the calculation of DS: 


100(aryl area)/6 
(C-1 area) 


( D ~ N M R  = 


These results agree reasonably well with the DS calcu- 
lated from the aminolysis method.' The plot of DS vs 
(DS)NMR gave a straight line with slope 0.98 
(r = 0.983). 


DISCUSSION 
Hydrolysis of CelXNB occurs through two 
mechanisms. At pH < 10.5 the reaction proceeds 
through a spontaneous hydrolysis and at higher pH the 
pH-rate profile shows that base-catalysed mechanism 
predominates. ' 


According to Table 1, there are two different isomers 
in the CelXNB that hydrolyse spontaneously with rate 
constants k' and k", where the first is about 60 times 
faster than the second, at 25 "C. 


A fair estimate of the isomer distribution can be 
obtained from the A$/& ratio (Table 1). This ratio 
indicates that CelXNB contains about 96% of the 
slower isomer, although this distribution might depend 
on the preparation procedure of CelXNB. 


It is expected that the C-6 isomer predominates over 
the C-2+ C-3 isomer. The reaction of methyl-a-D- 
glucopyranoside with carbon disulphide in alkaline sol- 
ution produced 88% of the C-6 isomer." There is 
significant migration of the thiolthionocarbonyl group 
from positions 2 and 3, and the final composition 
depends on the basicity of the medium and the time of 
reaction. After ripening, only the C-6 isomer was found 
in cellulose xanthate.' One can conclude that the ratio 
&/Ad represents the relative concentration of the C-6 







HYDROLYSIS OF p-NITROBENZYL CELLULOSE 293 


isomer with respect to the sum of C-2 and C-3 isomers, 
and consequently the slowest isomer to hydrolyse spon- 
taneously is the 6-substituted isomer and the C-2 and 
C-3 isomers hydrolyse faster. 


There is no difference in the reactivity among the 
isomers for the reaction with respect to external 
nucleophiles such as hydroxide ion and amines. The 
reaction is strictly pseudo-first order with respect to 
CelXNB. The rate-determining step for the aminolysis 
of simple xanthate esters is the formation of the tetra- 
hedral intermediate, whereas for the base-catalysed 
hydrolysis it is the breakdown of the intermediate. 
Also, the reaction of CelXNB with hydroxide ion is 
slower than that of the p-nitrobenzyl 0-ethylxanthate 
analogue and the same trend is followed by the amino- 
lysis reaction (Figure 4). Therefore, it is surprising that 
only the spontaneous hydrolysis of CelXNB is faster 
than that of other analogues. It was proposed that this 
acceleration could be a consequence of the highly 
ordered cybotactic region formed by the water around 


z 
X 
a 
0 


+ 
I- 


- 


0 


0 


/ 


D 


OH- 


0 


"20 


A 16 0 4 8 12 


PKN 


Figure 4. Brernsted plot for nucleophilic reactions of CelXNB 
(0, this work) and p-nitrobenzyl ethylxanthate ( A  , Ref. 1) at 
35 "C in 20% aqueous methanol, fi  = 0.1 (NaCI). CelXNB and 
water: open circle, k'; solid circle k". EDA, ethylenediamine; 


EA, ethanolamine; BA, n-butylamine 


the cellulose, predicting that in that case the entropy of 
activation should be near zero.2 The entropy of acti- 
vation is only 3.3 2 0.8 e.u. for the fast spontaneous 
hydrolysis reaction of CelXNB. Unfortunately, the 
values of k" are not accurate enough to calculate 
reliable activation parameters. Anyhow, that value for 
the entropy of activation is unique in the literature for 
water-catalysed hydrolyses of esters and amides which 
are characterized by large negative entropies of acti- 
vation, often in the range - 30 to -40 e.u. 12-14 The 
near-zero value is strong support for the proposal that 
there is little or no solvent reorganization between the 
initial and transition state for the reaction. 


The basic hydrolysis of CelXNB, on the other hand, 
occurs with a strongly negative entropy of activation of 
- 33.2 e.u. (Table 2), as expected from a bimolecular 
mechanism, and it does not discriminate between the 
different positional isomers of CelXNE3. 


Another feature of the spontaneous hydrolysis of 
carboxylic esters and amides is the fairly substantial 
kinetic solvent isotope effect (KSIE) which arises from 
a general catalysis by water of the spontaneous hydro- 
lysis, involving proton transfer to or from water mol- 
ecules in the transition state of the rate-determining 
step. 12-14 The KSIE of the fast spontaneous hydrolysis 
of CelXNB is kfi,o/kl>,o = 2-22 Ifr 0-  16, a typical value 
for carboxylic ester hydrolysis, where water molecules 
act as general base catalysts. l2 The linear change of k' 
with the molar fraction of deuterium oxide indicates 
that there is only one proton transfer involved in the 
transition state and also signifies that there is little 
proton transfer to the water molecule acting as general 
base, or, in other words, the protons of this molecule 
have very little hydronium character and therefore their 
fractionation factor is essentially 1 *O and consequently 
no secondary isotope effect was observed.15 Only the 
protons undergoing transfer should show a change in 
fractionation factor between reagent and transition 
state. 1 6 9 1 7  


There are several probable transition states con- 
sidering only the reactant water molecules as shown by 
structures 1-111. l2 Transition state I describes a general 
base-catalysed process which involves proton removal 
from the entering water molecule. Considering the 
isomers on C-2 and C-3, it is also possible that the 
oxygen on the neighbouring OH of the anhydro- 
pyranose ring might act as a general base, instead of a 
second water molecule as shown in transition state I. 
However, aminolysis of xanthate esters are general base 
catalysed,' and the vicinal OH could also act as such 
for the same reaction of CelXNB. The fact that no 
acceleration was observed for the aminolysis of 
CelXNB is evidence that the fast spontaneous hydro- 
lysis is not due to the neighbouring group effect of OH. 
Work in progress using model compounds is expected 
to produce further evidence on this alternative. Tran- 
sition state I1 involves the general acid-catalysed 
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decomposition of the anionic tetrahedral intermediate 
and structure 111 corresponds to a general acid- 
catalysed hydration of the thiocarbonyl group. Tran- 
sition states I1 and I11 should be rejected on the grounds 
that neither general nor specific acid catalysis is 
observed in the hydrolysis of xanthate esters.' Also, 
nucleophilic attack of the xanthate esters by weak bases 
such as amines and water occurs by rate-determining 
formation of the tetrahedral intermediate, again ruling 
out structure 11. ' Therefore, hydrolysis of CelXNB 
catalysed by water proceeds through transition state I. 


Cellulose is strongly hydrated in water 3,18919 and the 
fi-D-glUCOSe unit can replace almost exactly water mol- 
ecules in a tridymite ice lattice, expanded to ambient 
temperatures. 'O Insertion of fi-D-glUCOSe into one layer 
of the lattice has no effect on the relative positions of 
the other layers (Figure 5) .  From this point of view, the 
higher reactivity with water of isomers on C-2 and C-3 
might be a consequence of the highly ordered water 
structure of the inner solvation shell of the cybotactic 


Figure 5 .  Insertion of P-o-glucopyranose into the water lat- 
tice. Open circles, oxygen atoms; solid circles, carbon atoms; 
hydrogen atoms between the oxygens are not shown. From 


Ref. 21 


region in the vicinity of the thiocarbonyl group. The 
extent of hydration of the oxygen on C-6 is not known, 
but it is also included in the cybotactic region of the 
cellulose, and that positon in CelXNB also hydrolyses 
faster than p-nitrobenzyl ethylxanthate (Figure 4). This 
is a hydrophobic molecule and in water should have a 
higher free energy than CelXNB. Therefore for the 
spontaneous hydrolysis of the latter to be faster, the 
transition state of CelXNB should be more stabilized as 
a consequence of the orientation of the water mol- 
ecules. Consistent with this analysis, changing the ethyl 
group to methyl a-D-glucopyranoside favours the spon- 
taneous hydrolysis. ' 


CONCLUSIONS 


Spontaneous hydrolysis of CelXNB occurs through two 
kind of isomeric xanthate esters. The fast hydrolysis is 
tentatively ascribed to the sum of C-2 and C-3 isomers, 
and the slower reaction to the C-6-substituted ester. 
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The transition state of the fast hydrolysis contains 
one water molecule upon which a second molecule (or 
a neighbouring OH group) acts as a general base. 


The entropy of activation of the fast process is nearly 
zero (AS* = 3 . 3  2 0.8 e.u.), showing that there is vir- 
tually no solvent reorganization between the initial and 
transition state, owing to the ice-like structure of water 
in the cybotactic region of CelXNB. 
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MAGNETIC COUPLING BETWEEN TWO PHENOXYL RADICALS 


STILBENES 
ATTACHED TO THE PHENYL RINGS OF CIS- AND TRANS- 


TERUYUKI MITSUMORI, NOBORU KOGA AND HIIZU IWAMURA* 
Department of Chemisiry, Graduate School of Science, Universiiy of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan 


Magnetic coupling between two sterically protected phenoxyl radicals through the cis- and trans-stilbene chromophores 
was studied by means of their EPR fine structures. While the zero-field splitting parameters D, which are governed 
by the magnitude of dipolar coupling, were dependent on the geometrical isomerism, the sign of exchange coupling 
was independent of it and dictated by the topology of the r-conjugated systems: ferromagnetic in o,m-isomers and 
antiferromagnetic in m,m ' -isomers. 


INTRODUCTION 


One of the promising structures leading to organic 
molecules with very high-spin ground states is a a-con- 
jugated polymer having open shell centres as pendants 
in the side-chains.' In order to predict the magnetic 
properties of such polymers, it is necessary to under- 
stand how two open shell centres would couple through 
a magnetic coupler in a model diradical possessing a 
partial structure of the polymer chain. Dimer structures 
D would serve as prototypes for judging the sign and 
magnitude of the intramolecular coupling in polyra- 
dicals P and P '. Poly(phenyleneviny1ene)s P ' 
(X-Y = CH=CH) were considered in this study as 


P 


D 


P' 


* Author for correspondence. 


versatile polymer main chains for making potentially 
high-spin organic polymers. * Sterically protected 2,6- 
di-tert-butylphenoxyl radicals were chosen as spin- 
carrying centres R, since the phenoxyl was presumed to 
be reasonably persistent and the interaction between 
the two radical centres through the a-conjugated frame- 
work was expected to be stronger than that of nitrox- 
ides. We report here regioselectivity in the exchange 
coupling between the two phenoxyl units in various 
stilbenediyl units as studied by EPR spectroscopy. 


RESULTS AND DISCUSSION 


The cis- and trans-isomers of 3-(3,5-di-tert-butyl-4- 
oxyphenyl)-2' -and 3 ' -(3,5-di-tert-butyl-4-oxyphenyl)- 
stilbenes 1 and 2 were prepared by the sequence of 
reactions summarized in Scheme 1. Isomeric stilbene 
dibromides were prepared by the Wittig reaction, which 
gave a cis-rich mixture (cis: trans = 6: 4), from which 
cis- and trans-isomers were separated and purified by 
fractional recrystallization from n-hexane. When the 
trans-isomer was desired, the cis-trans mixture was 
refluxed in nitrobenzene in the presence of iodine to 
afford trans-rich stilbene. The bromide moieties of each 
conformer were converted into 3J-di-tert-butyl-4- 
hydroxyphenyls, followed by oxidation with lead 
dioxide to give the bisphenoxyl radicals. 


The diradicals thus obtained were unstable in the 
descending order cis-1 > cis-2 > trans-2 > trans-1, even 
under a nitrogen atmosphere at room temperature, but 
reasonably stable below - 50 "C. The EPR signal inten- 
sities of trans-1 in degassed toluene solution, for 
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o,m' ; 9 o,m' ; 7 
m , m ' ; 1 0  m, m' ; 8 


o,m' ; 5 
m,m' ; 6 


o,m' ; 3 
m,m' ; 4 


i) PPh3 / benzene ii) m -komobenzaldehyde I EKxi /TIIF iii) teR-Buti I 2,6-di( tert-butyl)benzoquinone I THF 


iv) NC13 : WH,  = 3 : 1 /Et20 v) PbO /toluene 


Scheme 1 


example, decreased to one third in 3 h at room tempera- 
ture but showed no significant change at -50°C. 
Therefore, radicals were used for UV-visible and EPR 
measurements immediately after oxidation (and filtra- 
tion for UV-visible measurement) at room temperature 
without isolation. 


UV-visible spectra of both geometrical is?mers of 3, 
4, 1 and 2 in diethyl ether were taken at - 50 C. trans-3 
and -4 had absorption maxima at 269 and 315(sh) nm 
and 277 and 31qsh) nm, respectively, and the corre- 
sponding radicals after oxidation showed characteristic 
absorptions for phenoxyl radicals4 at 435 and 584 nm 
and 431 and 572 nm, resgectively. The UV-visible spec- 
trum of trans-1 at - 50 C is shown in Figure 1. While 
cis-3 and -4 had absorptions at 268 and 271 nm, respect- 
ively, no sample of cis-1 and -2 could be obtained in a 


1.10 


0.55  


0 .00  


state pure enough to take UV-visible spectra, as 
decomposition of the radicals was very fast under the 
ambient oxidation conditions. 


The oxidation of phenols 3 and 4 in toluene solution 
in the presence of lead dioxide was followed by means 
of EPR spectrometry. As the oxidation proceeded, 
sharp twelve lines due to hyperfine coupling with the 
hydrogen of the two phenyl rings appeared first and 
were replaced gradually with a broad single line with 
AH,, = 2.8 G and giso = 2-0044. The spectral change 
of trans-3 is shown in Figure 2(a), (c) and (d). The 
initial spectrum is ascribed to the formation of the 
monophenoxyl radical and the assignment was con- 
firmed by a computer simulation as shown in Figure 
2(b). The optimized parameters are g=2*0046 and 
hyperfine splitting (hfs) constants U H  = 1-74, 0.7 and 


350 450 550 650 750 850 
( n m )  


Figure 1 .  UV-visible spectrum of a solution of trans-1 in diethyl ether at - 50 'C 
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1 Figure 2. X-band (v = 9.394 GHz) EPR spectra of a solution 
of trans-3 in toluene at 20°C after being shaken with lead 
dioxide for (a) 5,  (c) 10 and (d) 15 s. (b) Simulation of EPR 
spectrum of (a) for monophenoxyl radical with U H  = 1.7, 0.7 
and 0.3 G for five, one and one proton, respectively, and 


g = 2.0046 


0.3 G for five magnetically equivalent ring protons (H3, 
H5, H29, H4,, and &'), one ring proton (Hs,), and 
one vinyl proton, respectively. Without 0.3 G for one 
vinyl proton, symmetrical pairs of six lines were 
obtained in the calculated spectrum, which is 
significantly different in appearance from the observed 
spectrum. These hfs and g values are in good agreement 
with those of analogous phenoxyl radicals reported in 
the literature.' The spectra of monoradicals observed at 
an early stage of the oxidation of 3 and 4 were very 
similar to each other, indicating that the hydroxy 


moiety at the meta position was more readily oxidized 
than that in the ortho position in 3. 


Toluene solutions of oxidised 3 and 4, which showed 
broad single lines at room temperature, were frozen at 
10 K in an EPR cavity. Characteristic fine structures 
corresponding to randomly oriented triplet species were 
observed together with half-field resonance at 167.8 
and 167.5 mT, respectively, due to Am, = 2 transitions, 
demonstrating that the expected diphenoxyl radicals 
were formed at the later stage of the oxidation. The 
EPR spectra of trans-1 and -2 thus obtained are shown 
in Figure 3. 


From both the outermost signals (-HZ and Hz) in the 
Ams = 1 transitions of the EPR spectra, zero-field split- 
ting parameters D hc were determined to be 0.0022 
and 0.0014 cm- for trans-1 and -2, respectively. Simi- 
larly, in the EPR spectra of cis-1 and -2 under similar 
conditions, triplet signals were observed with 
1 D/hc 1 = 0.0035 and 0.0036 cm-' in Am, = 1 and at 
167.3 and 167.4 mT in Ams = 2 transitions, respect- 
ively, in addition to the signal at g = 2-0046 due to 
monoradicals. Attempts to obtain E parameters by 
simulation of the observed fine structures due to the 


1 1  ' 


329 332 335 338 341 ( m T )  


Figure 3.  X-band ( v  = 9.401 GHz) EPR spectra in toluene 
glass at 10 K of (a) trans-1 and (b) trans-2 
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10- 


triplet species were unsuccessful, probably owing to the 
g anisotropy and the presence of more than one con- 
former. The observed differences in I D/hc I values in 
the four phenoxyl biradicals are explained in terms of 
a point dipole approximation: 


D(G) = 27810/r3 (1) 
from which distances r between the two radical centres 
were estimated using tpe observed D values to be 10.6, 
11.5, 9.09, and 8.99 A for trans-1, and-2 and cis-1 and 
-2, respectively. These r values correspond well with 
those between the centres of the phenyl ring of the 
phenoxyl radicals in syn conformers as depicted in 
Scheme 2, indicating that the syn rather than anti con- 
formers are predominant in these rigid glass media. 


The triplet signal intensities for trans- and cis-1 
obeyed the Curie law in the temperature range 
10-1 10 K (Figure 4), whereas those for trans- and cis-2 
deviated from the Curie law below 25 K, indicating that 
the phenoxyl radicals 1 were with triplet ground state 
and 2 were with singlet ground states having low-lying 
excited triplet states. A Bleany-Bowers-type equation: ' 


(2) 


where I and C are EPR signal intensity and propor- 
tionality constant, respectively, and the other symbols 
have their usual meanings, was applied to the observed 
temperature dependence of the signal intensities for 
trans- and cis-2. The singlet-triplet energy gaps 
( A E s - T = ~ J )  were estimated to be 0 > AEs-T > 
-35 cal mol-' (1 cal = 4 -  184 J) for both geometrical 
isomers. 


C 
T[3 + exp(- 2 J / k T ) ]  


I =  


.. 


Syn conformers Ant/ conformers 


4 -  


2 -  


trans- 2 R+R RmR 


. 
= 


R : 4-0xy-3.5-dl( teft-butyl)phenyl 


Scheme 2 


1 5 r  


5 1  .== 
I *= 


0.02 0.04 0.06 0 . y  0.10 


1/ Temperature ( K ) 


0.02 0.04 0.06 0.08 0.10 


I/ Temperature ( K") 
Figure 4. Temperature dependence of the triplet signals (a) at 
333-4 mT for trans-1 and (b) at 334.2 mT for trans-2 in EPR 


spectra 


CONCLUSIONS 
EPR spectra of isomeric cis- and trans-1 and 2 revealed 
characteristic signals due to randomly oriented triplet 
species. The zero-field D parameters were determined 
and found to depend not only on the regiochemistry but 
also on the geometrical isomerism. The magnitude was 
in harmony with the distance dependence of dipolar 
coupling of the electron spins. While the temperature 
dependence of the signal intensities due to triplet 1 fol- 
lowed the Curie law, that of 2 deviated from this law 
below 25 K. It is concluded that the two phenoxyl 
radicals interacted with each other ferro- and antiferro- 
magnetically in 1 and 2, respectively. The singlet-triplet 
energy gaps of 0 > AEs-r = 2 5  > - 35 cal mol-' for 
both the geometrical isomers are very similar to 
AEs-T = - 37 cal mol-' for trans-1,2-bis(3-(N-oxy-N- 
tert-butylamino)phenyl]ethene, indicating that the 2,6- 
di-tert-butylphenoxyl moiety is magnetically nearly 
equivalent to N-oxy-N-tert-butyl group. When two 
carbene' or two nitrene centres" are placed at the 
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m,p'-positions of a stilbene skeleton, they couple 
strongly in a ferromagnetic fashion. In the m,m'- 
isomer of the former, a preliminary result placed a 
quintet state higher in energy by 6 J =  200 cal mol-' 
than a singlet.' 


According to the current theory of spin polarization 
in non-KekulC hydrocarbons '' and their heteroatom 
analogues, those related by connectivity to trimethy- 
lenemethane on the one hand and tetramethyleneethane 
and pentamethylenepropane on the other have high- 
and low-spin ground states, respectively. '' Compounds 
1 and 2 are therefore predicted to have triplet and 
singlet ground states, respectively. The observations 
made in this study not only substantiated these theor- 
etical predictions but also showed that the signs of the, 
exchange coupling did not depend on the geometrical 
isomerism. Connectivity is more important than 
geometrical shape in controlling the spin states of the 
conjugated diradical molecules. 


Another important message of these studies is that 
polymers P' (X-Y = CH=CH) should become super- 
high-spin if all the radical centres are introduced in the 
same position of the repeating monomer units. In other 
words, ferromagnetic coupling between the neigh- 
bouring radical centres will be obtained in homo- 
polymers. Some of the efficient methods currently 
available for poly(phenyleneviny1ene)s cannot distin- 
guish between the head and tail of the monomer unit. 
It is strongly suggested that we have to employ 
polymerization/condensation reactions, e.g. Wittig 
reactions, which take place regiospecifically. 


EXPERIMENTAL 


General methods. Infrared spectra were recorded on 
a Hitachi 1-5040 Fourier transform spectrometer. 'H 
NMR spectra were measured on a JEOL GX-270 
Fourier transform spectrometer using CDCI3 or CDzClz 
as solvent and referenced to TMS. UV-visible absorp- 
tion spectra were measured on a JASCO UVrDEC-610C 
spectrometer. EPR spectra were obtained on a Bruker 
ESP 300 X band spectrometer equipped with an Air 
Products LTD-3-110 liquid helium transfer system. 
Melting points were recorded on a MEL-TEMP. 
Elemental analyses were performed in the Analytical 
Centre of this Department. 


Materials. Unless stated otherwise, the preparative 
reactions were carried out under a dry, high-purity 
nitrogen atmosphere. Diethyl ether, benzene, toluene 
and tetrahydrofuran (THF) were distilled from sodium 
benzophenone ketyl. Ethanol was distilled over mag- 
nesium wire. Starting materials, 2-bromobenzyl 
bromide and 3-bromobenzaldehyde, were purchased 
from Tokyo Kasei. Reaction mixtures were worked up 
by diluting with diethyl ether, if necessary, washing the 


organic layer with aqueous ammonium chloride, drying 
over magnesium sulphate and evaporation of the 
solvent under reduced pressure using a rotary 
evaporator. 


(2-Bromobenzyl)triphenylphosphonium bromide (9). 
A solution of 2-bromobenzyl bromide (10.0 g, 
40.0 mmol) and triphenylphosphine (1 1.5 g, 
43.8 mmol) in benzene (100 ml) was refluxed for 16 h. 
After cooling to room temperature, the resulting preci- 
pitates were collected by filtration to give a white 
powder (20.5 g) in quantitative yield, m.p. 171-174 OC; 


J =  14.3 Hz), 7.1-7.9 (m, 19H). 
1H NMR (270 MHz, CDCls), 6 5.66 (d, 2H, 


(3-Bromobenzyl)triphenylphosphonium bromide 
(10). This was prepared in a manner similar to that 
employed for 9 by using 3-bromobenzyl bromide in 
place of the 2-bromo compound. The bromide was 
obtained in a quantitative yield, m.p. 181-185 OC; 'H 


6.97-7-05 (m, 2H), 7.28-7.37 (m, 2H), 7-59-7.68 
(m,6H), 7.73-7-85 (m, 9H). 


NMR (270 MHz, CDCl3), 6 5-57 (d, 2H, J =  14.7 Hz), 


I-(2-Bromophenyl)-2-(3-bromophenyl)ethene (trans- 
7). To (2-bromobenzyl)triphenylphosphonium bromide 
(15-0 g, 29.3 mmol) and 3-bromobenzaldehyde 
(5.42 g, 29.3 mmol) dissolved in THF (500 ml) was 
added dropwise a solution of lithium ethoxide prepared 
from lithium (0-21 g, 30.3 mmol) and ethanol (20 ml ). 
After being stirred for 15 h at room temperature, the 
solution was concentrated to less than half its volume 
on a rotary evaporator. Quenching with 1 MHCI 
(200 ml), the usual work-up and addition of n-hexane 
to the yellow oil gave a white precipitate, which was 
removed by filtration. The filtrate was concentrated to 
dryness. A trans- and cis-dibromide mixture (8.05 g) 
was obtained as a colourless oil after purification by 
chromatography on silica gel. For separating the trans- 
and cis-isomers, the mixture was chromatographed on 
silica gel with n-hexane as eluent to give trans-7 (3.6 g) 
and cis-7 (2.4 g) as a white powder and a colourless oil, 
respectively. For converting the cis into the trans form, 
a solution of the mixture in nitrobenzene was refluxed 
in the presence of a catalytic amount of iodine for 
15 min. After evaporating the solvent to dryness under 
reduced pressure, the brown oil was chromatographed 
on silica with n-hexane to afford trans-7 (1-5 g) as a 
white solid, m.p. 40-42 "C; IR (KBr), 960 c m-'; 'H 


140Hz), 7-12 (dt, lH,  J =  1.1 and 8*0Hz), 7.22 
(t, lH, J =  8.0 Hz), 7.30 (tq, lH, J = 0 . 7  and 7 -3  Hz), 
7.35-7.50 (m, 2H), 7.57 (dd, lH, J= l . l  and 
8.1 Hz), 7.62 (dd, lH, J =  1.6 and 7.7 Hz), 7.66 (t, 
lH,  J =  1.8 Hz). Analysis: calculated for C1 4H1 oB rz, 
C 49.74, H 3.14, Br 47.27; found, C 49.57, H 3.14, 
Br 47.71%. cis-7: 'H NMR (270 MHz, CDCI3), 6 6.63 


NMR (270MHz, CDCl3), 6 7.18 (dd, 2H, J =  16.1, 
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(dd, 2H, J = 2 2 - 7  and 10.1 Hz), 7.04-7.14 (m, 5H), 
7.24-7.30 (m, 2H), 737-7.63 (m, 1H). HRMS: m/z, 
found, 339.9108 (loo%), calculated for C1 4H1 OB r2, 
339.9 108. 


1,2-Bis(3-bromophenyI)ethene (8). This was pre- 
pared by using 3-bromo-10 in place of 9 in a manner 
similar to 7 .  Separation of trans and cis forms was also 
performed by chromatography on silicz gel with n- 
hexane as eluent. trans-8: m.p. 90-92 C; IR (KBr), 
970 cm-'; 'H NMR (270 MHz, CDC13), 6 7.02 (s, 2H), 
7.22 (t, 2H, J =  7.9 Hz), 7-38-7.41 (m, 4H), 7.64 (t, 
2H, J =  1-4  Hzj. Analysis: calculated for CI  4H1 OB r2, 
C 49.74, H 2.98, Br 47.27; found, C 49.74, H 3.12, 
Br 47.64%. cis-8: 'H NMR (270 MHz, CDCls), 6 6.52 
(s, 2H), 7.05 (t, 2H J =  7.7 Hz), 7.02-7.16 (m, 4H), 
7.29-7.38 (m, 4H). HRMS: m/z, found, 339.9108 
(49.6%); calculated for C14H10Brzr 339.9122. 


trans- I- [2-(3,5-Di-tert-butyl-I-hydroxy-4-oxocyclo- 
hexa-2,S-dienyl Iphenyl] -2- (3-(3,5-di-tert-butyl- 
I -hydroxy-4-oxocyclohexa-2,5-dienyl)phenyl) ethene 
(trans-5). To a solution of trans-7 (2.44 g, 7.27 mmol) 
in THF (150 ml) were added dropwise 18-7 ml 
(31 -8 mmol) of a 1 ;7 M solution of tert-butyllithium in 
n-pentane at -78 C under a nitrogen atmosphere. 
After stirring for 2 h, a solution of 3,5-di-tert-butyl-p- 
benzoquinone (3-55 g, 16.6 mmol) in THF (20 ml) was 
added dropwise and the solution was stirred for another 
3 h. The mixture was allowed to warm to room tem- 
perature by removal of the cooling bath. After the usual 
work-up, the orange oil obtained was chromatographed 
on silica gel with hexane-CH~C12 (2 : 1) as the element 
and crystallized from n-hexane to give 0.85 g (2099'0) of 
trans-5 as a white solid, m.p. (decomp.) 225 C; IR 
(KBrj, 962, 1643, 1664cm-'; 'H NMR (270 MHz, 


6-62 (s, 2H), 7-03 (dd, 2H, J =  149 and 16*2Hz), 
7.04-7.10 (m, lH), 7.20-7.40 (m, 4H), 7.47-7.52 
(m, 2H), 7.71-7.86 (m, 1H). HRMS: m/z, found, 
620-3846 (6.7070); calculated for C42H5204, 620.3866. 


trans-I, 2-Bis [3-(3,5-di-tert-butyl-l -hydroxy-4-0x0- 
cyclohexa-2,5-dienyl)phenyl] ethene (trans-6). This 
was prepared in a similar manner to trans-5 by using 
trans-8 in place of trans-7. Crystallization from 
n-hexane gave white solid trans-6 in 50% yield, m.p. 
(decomp.) 240 'C; IR (Kbr), 962, 1631, 1660 cm-'; 'H 


CD2C12), 6 1 *24 (s, 18H), 1 *15 (s, 18H), 6-58 (s, 2H), 


NMR (270 MHz, CDzClz), 6 1.25 (s, 36H), 6.59 (s, 
4H), 7 . 1 0 ( ~ ,  2H), 7.33 (t, 2H, J z 7 . 5  Hz), 7.22-7'45 
(m, 4H), 7.61-7.65 (m, 2H). Analysis: calculated for 
C42H5204, C 81-25, H 8.44; found, C 80.95, H 
8.43 To. 


cis- 1 - [2-(3,5-Di-tert-butyl-I-hydroxy-4-oxocyclo- 
hexa-2, 5-dienyl Iphenyl] -2- [3-(3,5-di-tert-butyl-l- 
hydroxy-4-oxocyclohexa-2,5-dienyl)phenyl] ethene 
(cis-5). This was prepared by using cis-8 in place of 


trans-7 in a manner similar to that for trans-5. Crystal- 
lization from n-hexane gave a white solid in 50% yield. 
IR (KBr), 1645, 1660cm-l; 'H NMR (270MHz, 


6-59 (s, 1H ), 6.51 (dd, 2H, J =  82.8 and 6.0 Hz), 
6.78-6.83 (m, lH), 7.02-7-18 (m, 7H), 7.35 (t, lH, 
J =  7.33 Hz), 7.90 (d lH, J =  8.1 Hz). HRMS: m/z, 
found, 620.3871 (9.6010); calculated for C42H5204, 
620- 3866. 


CDzClt), 6 1.14 (s, 18H), 1.20 (s, 18H), 6.41 (s, IH), 


cis- I ,  2-Bis [3-(3,5-di-tert- butyl- I -hydroxy-4-oxocyclo- 
hexa-2,5-dienyl)phenyl] ethene (cis-6). This was pre- 
pared by using cis4 in place of trans-7 in a manner 
similar to the preparation of trans-5. Crystallization 
from n-hexane gave a white solid in 70% yield, m.p. 
80-85 "C; IR (KBr), 1633, 1645, 1667 cm-'; 'H NMR 


(s, 2H), 7.14-7.20 (m, 6H), 7.47-7.50 (m, 2H). 
HRMS: m/z, found, 620.3880 (16.5%); calculated for 


(270 MHz, CD2C12), 6 1.19 (s, 36H), 6.51 (s, 4H), 6.58 


C42H5204, 620.3866. 


trans-I- [2-(3,5-Di-tert-butyl-4-hydroxyphenyl)- 
phenyl] -2- [3-(3,5-Di-tert-butyl-4-hydroxyphenyl)- 
phenyl] ethene (trans-3). To a suspension of LiAIH4 
(0.135 g) in dry diethyl ether (50 ml) was added finely 
crushed anhydrous aluminium chloride in small por- 
tions under a nitrogen atmosphere. The mixture was 
stirred and became clear after 2.5 h. A 5 ml volume of 
a diethyl ether solution of trans-5 (0-1 g) was added 
dropwise at -40°C and the reaction mixture was 
stirred at room temperature. After the usual work-up, 
the pale yellow oil obtained was chromatographed on 
silica gel with n-hexane-CH2Cl~ (9 : 1) as the eluent to 
give 0.04 g (40%) of trans-3 as a white solid, m.p. 
170-175°C; IR (KBr) 972, 3634cm-'; 'H NMR 


7.12 (dd, 2H, J=40 .7  and 16.1 Hz), 7.17 (s, 2H), 
7.31 (s, 2H), 7.26-7-37 (m, 6H), 7.45-7-49 (m, lH), 
7.70-7.76 (m, 1H). HRMS: m/z ,  found, 588.3949 
(100%); calculated for C42H5202, 588.3949. 


(270MHz, CD2C12), 6 1.37 (s, 18H), 1.43 (s, 18H), 


trans-I,Z-Bis [3-(3,5-di-tert-butyl-4-hydroxyphenyl)- 
phenyl] ethene(trans-4). This was prepared by using 
trans-6 in place of trans-5 in a manner similar to the 
synthesis of trans-3. Purification by chromatography 
on silica gel with n-hexane-CHzClz (9 : 1) as the eluent 
gave white solid trans-4 in 85% yield, m.p. 275-277 ' C ;  
IR (KBr) 960, 3638cm-'; 'H NMR (270MHz, 
CDzClz), 6 1.41 (s, 36H), 7-21 (s, 2H), 7.36-7.49 (m, 
lOH), 7.62-7.65 (m, 2H). HRMS: m/z,  found, 
588-3985 (51 *9vo); calculated for C42H5202, 588-3967. 


cis-1- [2-(3 ',5 '-Di-tert-butyl-4 '-hydroxypheny1)- 
phenyl] -2- [3-(3 ',5 '-di-tert-butyl-4 '-hydroxypheny1)- 
phenyl] ethene (cis-3). This was prepared by using 
cis-5 in place of trans-5 in a manner similar to the prep- 
aration of trans-3. Purification by chromatography on 
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silica gel with n-hexane-CH2C12 (9: 1) as the eluoent 
gave white solid cis-3 in 60% yield, m.p. 178-180 C; 
IR (KBr), 3616 cm-'; 'H NMR (270 MHz, CD2C12), 6 
1.43 (s, 18H), 1.44 (s, 18H), 6-53 (dd, 2H, J = 2 2 * 4  
and 12.1 Hz), 7.21 (s, lH), 7.31 (s, IH), 7.10-7.42 
(m, 9H), 7.49-7.51 (m, 1H). HRMS: m/z ,  found, 
588.3946 (100%); calculated for C4 2H5 202, 588.3967. 


cis-I, 2-Bis [3-(3,5-di-tert-butyl-4-hydroxyphenyl)- 
phenyl] ethene(cis-4). This was prepared by using cis-6 
in place of trans-5 in a manner similar to the synthesis 
of trans-3. Chromatography on silica gel with n- 
hexane-CH2Cl~ as the eluent gave white solid cis-4 in 
70% yield, m.p. 218-220 C, IR (KBr) 3615, 
3638 cm-'; 'H NMR (270 MHz, CD2C12), 6 1.42 (s, 
36H), 6.68 (s, 2H), 7-23 (s, 4H), 7-24-7-40 (m, 6H), 
7.48-7.50 (m, 2H). HRMS: m/z ,  found, 588-3937 
(26.9%); calculated for C42H5202, 588-  3967 


Generation of biphenoxyl radicals and EPR measure- 
ments. A 5 mm 0.d. quartz tube with a reaction vessel 
attached as a side-arm was prepared for EPR measure- 
ments. A toluene solution of 3 or 4 and lead dioxide 
powder were separately placed in a quartz tube and a 
reaction vessel, respectively, degassed by three 
freeze-thaw cycles and sealed. Oxidation was per- 
formed by transferring the toluene solution into the 
reaction vessel, shaking the mixture for 1 s and 
returning the solution back to the quartz tube by decan- 
tation. EPR spectra were measured below - 50 "C. By 
repeating this cycle, the degree of oxidation was 
controlled. 
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COMPETING SOLVOLYTIC SUBSTITUTION AND ELIMINATION 
REACTIONS VIA A COMMON IRREVERSIBLY FORMED 


ION-MOLECULE PAIR INTERMEDIATE 


HARVINDER SIDHU AND ALF THIBBLIN* 
Institute of Chemistry, University of Uppsala, P.O. Box 531, S-7.51 21 Uppsala, Sweden 


The acid-catalysed solvolysis of 9-(2-phenoxy-2-propyl)fluorene in mixtures of water with acetonitrile or methanol at 
25 OC provides 9-(2-hydroxy-2-propyl)Uuorene, 9-(2-propenyl)fluorene, and 9-(2-acetamido-2-propyl)Uuorene or 942- 
methoxy-2-propyl)fluorene, respectively. The overall kinetic deuterium isotope effects for the reactions of the 
hexadeuterated analogue 9-(1,1,1,3,3,3-*H6)-9-(2-phenOXy-2-prOpy~)~UOr~n~ in 90 vol.% acetonitrile in water were 
measured as (kp + ky)/(kE6+$') = 1.54 2 0.05, which is composed of the isotope effect = 1.4 k 0 .1  for 
formation of the substitution products and k g / k p  = 4 .0  ? 0.2 for production of 9-(2-methoxy-2-propyl)Uuorene. 
Similar isotope effects were measured in other solvent mixtures. The results strongly indicate a branched mechanism 
involving rate-limiting formation of a common carbocation-molecule pair (with a secondary isotope effect of 1 *54), 
which either undergoes nucleophilic attack by a solvent molecule (with a secondary isotope effect of cu l ) ,  or is 
dehydronated (isotope effect ca 2.8) by the leaving group or by the solvent. The ion-molecule pair shows very low 
selectivities. Thus, in 50 vol.% acetonitrile in water, an acetonitrile molecule is as efficient as a water molecule as a 
nucleophile towards the ion-molecule pair, ~ M ~ C N / ~ H O H  2 1 (ratio of second-order rate constants). The 
discrimination between methanol and water is anomalously small, ~ H ~ O H / ~ H O H  = 0-7. 


INTRODUCTION 


We are interested in the role of ion-molecule pairs as 
intermediates in solvolytic reactions. Intermediates of 
this type have also been described as ion-dipole pairs 
and encumbered carbocations. Few reports of results 
which are discussed in terms of such intermediates have 
been published.'-3 Ion-molecule pairs are formed, for 
example, by stepwise solvolysis of a substrate with a 
neutral leaving group. This type of complex has most 
often been ignored in discussions of reaction 
mechanisms, presumably because it has been assumed 
to undergo diffusional separation much faster than 
reaction (or collapse). However, the intermediacy of 
ion-molecule pairs having significant lifetimes has been 
indicated in several studies. For example, a 1,3- 
rearrangement reaction and an 'aromatization' reaction 
have been employed as ion-molecule pair probes. lash 
One recent report discusses the role of ion-molecule 
pairs in solvolytic elimination reactions. lg Gas-phase 
reactions can also proceed through ion-molecule 
complexes. 


This work was started with the intention of studying 
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the difference in reactivity of a potential, very short- 
lived, ion-molecule pair intermediate formed from 
l-OHPh+ and the analogous ion-pair intermediates 
formed from 1-X (X = Br, C1, OAc, Scheme l),  which 
have been studied previously. ' 4  The evidence for a 
branched mechanism with a common contact ion-pair 
intermediate was the measured kinetic deuterium 
isotope effects for the competing elimination and 
substitution reactions, which indicate a common 
intermediate, and the observed extremely small dis- 
crimination between added nucleophiles. The carboca- 


1-OH 


1-x 


2 


L.HW*H 
X = CI. Er u OAc 


Scheme 1 
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tionic intermediate 1+C1- was estimated to react to 
products with rate constants kel and k,, of cu 7 x 10" 
and cu 4 x 10" s-l,  respectively (Scheme l).' These 
rate constants are larger than the estimated rate cons- 
tant for diffusional separation and, accordingly, 
indicate that the intermediate is of contact ion-pair 
type. The lifetime is in fact so short that the ion pair 
1+CI- is expected to react within a pool of solvent 
molecules and nucleophiles/ bases which are present 
when the ion pair is formed. 


It has been found previously that the aforementioned 
negatively charged leaving groups abstract a hydron 
within the ion This process competes with 
elimination promoted by added general bases (Brcansted 
p = O . O 5 )  and by solvent. Does the leaving group 
PhOH, which is very weakly basic, also abstract a 
hydron within the ion-molecule pair? What is the 
lifetime of the ion-molecule pair l+OHPh? These are 
some of the issues discussed in this paper. 


In aqueous acetonitrile, nucleophilic substitution 
occurs not only with water but also with the weakly 
nucleophilic acetonitrile to give the nitrilium ion 
l-N=CMe+. This product is unstable and reacts 
rapidly with water to give the acetamide 1-NHCOMe as 
the final product. An unexpectedly large fraction of this 
product was obtained; possible reasons are discussed. 


RESULTS 


The acid-catalysed solvolysis of 9-(2-phenoxy-2- 
propy1)fluorene (1-OPh) in mixtures of water and 
acetonitrile at 25 C provides the alkene 9-(2-propenyl)- 


1-OH I-x 


L-HorZH 
X OMe or NHCOMe 


Scheme 2 


fluorene (2) in addition to the substitution products 
9-(2-hydroxy-2-propyl)fluorene (1-OH) and 9-(2- 
acetamido-2-propy1)fluorene (1-NHCOMe) (Scheme 2). 
More of the amide 1-NHCOMe is formed in solutions 
containing a greater fraction of acetonitrile. Reaction in 
methanol-water solutions provides 9-(2-methoxy-2- 
propy1)fluorene (1-OMe) instead of the amide. No trace 
of 9-isopropylidenefluorene is formed in these 
reactions. The kinetics of the reactions were studied by 
a sampling-quench high-performance liquid chroma- 
tography procedure. The measured rate constants and 
reaction conditions are shown in Table 1. 


The acid-catalysed solvolysis of the alcohol 1-OH to 
give 1-NHCOMe and 2 is slow. The acid-catalysed 
hydration of 2, which is accompanied by formation of 
1-NHCOMe in water-acetonitrile, is also slow (Table 
1). The amide 1-NHCOMe is stable under the reaction 
conditions. 


Table 1. Rate constants and rate-constant ratios for the reactions of 1-OPh" at 25 'Cb 
~~ 


106kobs/l[H'] 106ke/ IH'] 106ks/ [H'] kMecri/kHoHd or 
Substrate Solvent' (1 mol- s - I )  (I mol- SKI) (1 mo1-l s- ') kE/ks kWeoH/kHoHd 


1-OPh 50% MeCN' 1.49 0.32 1.17 0.27 2 1 . 0  
(0.94) (0 09) (0.85) 


I-OPh 90% MeCN' 34.6 5.2 29.4 0.18 30.26 


1-Br 90% MeCN' 4 20.14 
l-Brg 90% MeCN 39.38 37*2g 2.19 188 2 10.04) 
1-OH 50% MeCN' 0.006 0.003 0.002 1.5 
1-OH 90% MeCN' 0.82 0.34 0.48 0.7 
2 50% MeCN' 0.095 2 0 . 4  
2 90% MeCN' 0.89 2 0 . 4  
1-OPh 70% M&Hh 0.4 0.7 
l-Brg 70% MeOH 671' 481' 1908 2.5' 0.7' 
2 70% MeOHh -0.9 


'Substrate concentration 0.2 mM. 
bThe values in parentheses refer to reactions of ds-1-OPh. 
' By volume in water. 


(22.4) (1.3) (21.1) 


Dimensionless ratio of second-order rate constants, cf. equation (1). 
With acid, [HzS041= 2.00 M. 


'With acid, (HzS041 = 0.85 M. 
Without acid, pseudo-first-order rate constants in s - '  (Ref. 6). 


hWith acid, [HzSOd] = 2 . 1  M. 
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Table 2. Kinetic deuterium isotope effects for the reactions of I-OPh at 
25'C" 


Solvent (kg + ky ) / ( kp6  + kF6) kE/kB6 kY/kF6 


1 . 4 ?  0.1 50% MeCNC 1.59 f 0.05 3.6 f 0.2 
90% MeCNd 1.54i: 0.05 4 . 0  i: 0.2 1.4 f 0.1 


aThe rate constants are recorded in Table 1 .  
By volume in water. 
[H2S04] = 2.00 M. 


d[H2S04] =0.85 M. 


The discrimination between reaction of the carbo- 
cation intermediate with water and the other 
nucleophilic component (X) of the binary solvent 
mixture was calculated from the measured product 
ratio by using the equation 


kx/kHoH = ( [ l -x l /  [ l-OHI)( [HzOl / [XI) (1) 


The values obtained, which are ratios of second- 
order rate constants, are given in Table 1. The reported 
selectivities for reaction with acetonitrile and water are 
minimum values since reaction of the nitrilium ion 
l-N=CMe+ to amide 1-NHCOMe is not necessarily 
fast compared with its reaction to alcohol 1-OH and 
alkene 2. The product ratios [l-NHCOMe] / [ 1-OH] are 
approximately constant during the reactions. The selec- 
tivity value of k ~ ~ o ~ / k ~ 0 ~ = 0 ' 9  measured for the 
alkene 2 is approximate owing to the relatively fast 
interconversion of the two products 1-OH and 1-OMe. 


Relative to  1-OPh, the corresponding deuteriated 
analogue 9-( 1,1,1,3,3,3-2H~)-9-(2-phenoxy-2-propyl)- 
fluorene (da-l-oph) reacts more slowly and gives 
smaller fractions of elimination product 2 (Table 1). 
The measured isotope effects are given in Table 2. 


Scheme 2 can be extended t o  also include the slow 
interconversion reactions of the products in water-ace- 
tonitrile (Scheme 3, ks = kw + k ~ ) .  The reactions at  
constant p H  follow the rate laws shown in equations 
(2)-(5). 


d [1-OPh] /d t  = - ( k ~  + kw + k ~ )  [ 1-OPh] 


d 121 / d t  = k~ [ 1-OPh] + kiz [ 1-OH] - (k21 + kz3) [ 21 
(2) 


d [ 1-OH] /d  t (3) 


= kw [l-OPhl - (ki2 + ki3) [I-OH] + kzi [21 (4) 
d [l-NHCOMe]/dl 


= k ~ [ l - O P h ]  + ki3[l-OHl + kz3[2] ( 5 )  
However, the evaluation of the individual rate con- 


stants kE, kw and k~ is facilitated by the fact that the 
product ratio [l-OH] / [ 1-NHCOMe] is approximately 
constant during two to  three half-lives. Thus, Scheme 8, 
which is a good approximation of Scheme 3, has been 
used for computer simulation of the rate constants (see 
Experimental). 


Scheme 3 


DISCUSSION 


The solvolysis of 1-OPh requires acidic conditions; no 
reaction occurs without addition of strong acid. The 
acid-catalysed solvolysis in acetonitrile-water can be 
rationalized with the mechanistic scheme shown in 
Scheme 4. Accordingly, the hydronated ether undergoes 
a carbon-oxygen cleavage, which will be called ioniza- 
tion in the following, to  give an ion-molecule pair. This 
intermediate is attacked both by water and by the 
weakly nucleophilic acetonitrile. The product of the 
latter is a nitrilium ion, which in a subsequent step is 
hydrolysed to  the amide. Dehydronation of the 
ion-molecule pair intermediate yields the elimination 
product 2. 


This mechanistic scheme is analogous to what has 
been proposed for the solvolysis of the related 
substrates with negatively charged leaving groups 1-Br, 
1-CI and 1-OAc through irreversibly formed ion-pair 
intermediates (Scheme 1). 5 s 6  The measured kinetic 
deuterium isotope effects with these substrates show 


Scheme 4 
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that the ionization step is slow. Thus, the isotope effect 
for the disappearance of 1-Br is constant, 
kH/kD6 = 2.3, when the solvent composition changes 
from 70 vol.% methanol or acetonitrile in water up to 
100 vol.9’0 of the organic solvent.6 The elimination-to- 
substitution ratio varies from 2.5 to infinity (for 100% 
acetonitrile). These results strongly suggest that for- 
mation of the ion-molecule pair l+OHPh is irrevers- 
ible since this species is expected to undergo return even 
more slowly than the ion pairs owing to the relatively 
low nucleophilicity of PhOH. 


The measured isotope effects on the separate reac- 
tions k~ and ks (Scheme 2) are consistent with reaction 
branching. Let us discuss the effect of branching by 
using Scheme 5 ,  which is a simplified version of Scheme 
4. The corresponding rate constant expressions and 
isotope effect equations are given in equations (6)-(8). 


k~ = k ~ k e ~ / ( k -  I + ks, + kel) 


ks = klksu/(k- I + ksu + kel) 
(6) 


(7) 
ks + kE = k~ (ksu + ke~) / (k -  I + ksu + kel) (8) 


The competition between substitution (ks,) and elimin- 
ation (kel), which are expected to have a very small sec- 
ondary @-deuterium isotope effect close to unity and a 
primary P-deuterium isotope effect, respectively, gives 
rise to amplification and attenuation of the observed 
isotope effects (the isotope effect kg /kg6  is not a purely 
primary isotope effect; because there is more than one 
@-deuterium, k?/kg6 includes a small secondary 
isotope effect with an expected value of > 1). Thus, the 
elimination isotope effect k:/kg6 is enlarged owing to 
the competition [cf. equation (9)] and the substitution 
isotope effect kvkF6 is attenuated [equation (lo)] rela- 
tive to the large secondary isotope effect on the ioniza- 
tion step. A maximum elimination isotope effect 
k&kg6 is obtained when the fraction of substitution is 


much larger than elimination, i.e. k,, > k,l. Under 
these conditions a maximum isotope effect k$kF6 is 
measured. Competition as the cause of enlarged and 
attenuated isotope effects has been discussed in several 
reports and reviews. 1d,5*6,7 


An isotope effect on the elimination step of the inter- 
mediate of k$/kz6 = 2.8 is consistent with the 
measured isotope effects on kobs ( =  k~ + ks) ,  k~ and 
ks. An elimination isotope effect kZ/kz6  of the same 
size was estimated for the elimination of HC1 from the 
ion pair l+CI-.  Consistently, the Bransted parameter 
was found to be very small, @ = 0.05.5 


The observed isotope effect k!$,/k,Dbg ( = k p / k  p6) 
(Table 2) for the disappearance of 1-OPh contains not 
only the isotope effect on the ionization step, but also 
an isotope effect on the pre-equilibrium step. The 
complete expression is k!bs/kt;s = [ ( I / K F ) / ( ~ / K ~ I  
(kiH/kiD6) (Scheme 4). The isotope effect on the pre- 
equilibrium step should be slightly larger than unity. 
Accordingly, the ionization isotope effect k ;  H/k i D6 is 
smaller than the corresponding isotope effects for 1-CI 
and 1-Br, which were measured as 2.2 and 2.3 ,  respect- 
ively. The reason for the smaller isotope effect for 
I-OPh is not known. 


Why is the common intermediate an ion-molecule 
pair and not a free carbocation? The answer to this 
question is that the ion-molecule pair complex is 
expected to be very reactive. The reactivity should be so 
large that the diffusional separation of the complex is 
slower than or comparable to the rate of reaction to 
elimination and substitution products. Experimental 
support for this conclusion is the high reactivity of the 
ion pair 1+C1- (Scheme rate constants of 
kel = 7 x 10” s - ’  and k,, = 4 x 10” s-’ have been esti- 
mated from competition experiments with added azide 
ion (the ‘azide-clock method”) in water-acetonitrile. It 
is reasonable to assume a similar or even larger rate 
constant k,, for the ion-molecule pair. The elimination 
rate constant kcl, on the other hand, should be smaller 
for the ion-molecule pair than for the ion pair owing 
to the low basicity of PhOH. Consistently, small k ~ / k s  
values are measured for 1-OPh (Table 1). The leaving 
groups CI- and Br- are efficient in promoting elirnin- 
ation within the ion pairs. Hydron abstraction by the 
solvent is probably slow, but it is not possible to esti- 
mate the relative importance of hydron abstraction by 
the PhOH leaving group and by the solvent. 


It was pointed out recently that classical El 
reactions, defined as elimination exclusively from a free 
carbocation, are presumably not common for solvolytic 
reactions of substrates with leaving groups which are 
negatively charged or are neutral but efficient bases. 
Thus, it has been found that the leaving group of an ion 
pair is often very efficient in promoting elimination by 
abstraction of a @-hydron, even for substrates which 
form relatively stable carbonations in highly aqueous 
media. The high efficiency of the leaving group as a 
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hydron acceptor is most likely caused by a proximity 
effect as well as by its high basicity, owing to incom- 
plete solvation. 


Significant elimination-product formation from an 
ion-molecule pair prior to diffusional separation has 
been reported previously. Ig Thus, the alkene product in 
solvolysis of 1-( I-methyl-1-pheny1)pyridinium cation in 
25 vol.% acetonitrile in water was concluded to come 
primarily from the ion-molecule pair; the substitution 
product comes mainly from the free carbocation. 


It is not possible to carry out competition exper- 
iments with very efficient nucleophiles in the acid- 
catalysed solvolysis of 1-OPh owing to the high acidity 
of the medium. However, the fact that an acetonitrile 
molecule is as good as a water molecule as a nucleophile 
towards the intermediate in 50 vol. 070 acetonitrile in 
water, ~ M ~ C N / ~ H O H  2 1 (Table l), strongly supports the 
conclusion about the high reactivity of the ion-mole- 
cule pair. Consistently, an anomalously low reactivity 
of methanol, ~ M ~ O H / ~ H O H  = 0.7 ,  which is similar to 
that measured for 1-CI and 1-Br, is observed. 


An increase in solvent polarity increases k ~ / k s ;  the 
opposite is generally observed for solvolysis of 
substrates with negatively charged leaving groups. For 
example, the solvolysis of 1-Br exhibits a decrease in 
k ~ / k s  from 18 to 5.3 with a change in solvent from 90 
to 70.6 vol.% acetonitrile in water.6 This behaviour 
may, of course, reflect a change in nucleophilicity of the 
medium, but most of the effect should be due to an 
increase in the polarity of the solvent. The elimination 
is expected to occur mainly directly from the ion pair. 
The substitution reaction with the solvent presumably 
occurs at a more separated stage, i.e. through the 
solvent-separated ion pair. Thus, the transition state of 
the elimination reaction of the ion pair 1'Br- is 
expected to be less polar than the transition state of the 
substitution reaction with the solvent. An increase in 
solvent polarity is not expected to favour substantially 
the separation of an ion-molecule pair owing to the 
absence of a charge on the leaving group. Accordingly, 
the opposite effect of solvent polarity on k ~ / k s  is 
reasonable for the reaction of the ion-molecule pair 
1 + OHPh . 


Mechanism of amide formation 
The formation of a substantial amount of amide is not 
usually seen in solvolytic reactions in acetoni- 
trile-water. The bromide 1-Br in 90 vol.% acetonitrile 
yields only about 0.5 mol% of 1-NHCOMe.6 However, 
the addition of sulphuric acid leads to a tenfold increase 
in amide formation. The explanation is probably that 
the formation of the amide is acid catalysed as shown 
in Scheme 6 .  The nitrilium ion is not expected to be 
stable and it should rapidly give back carbocation 
(k-2);  the presence of an acid catalyst is required to 
make amide formation (k3) competitive with car- 


ion pair M 4 
ion-mdecule pair- I+ NZCW a I - ~ C M ~  


1-011 + 2 1-OH + 2 I-NHCOMe 


Scheme 6 


bon-nitrogen bond cleavage (k-2) .  The reasons for the 
large amount of amide product 1-NHCOMe, formed 
from 1-Br and 1-OPh in the presence of acid, are the 
very high reactivities and low selectivities of the ion pair 
and the ion-molecule pair. The experimental data 
(Table 1, entry 2) implies that the nucleophilic reactivity 
of an acetonitrile molecule is at least as high as that of 
a water molecule, ~ M ~ C N / ~ H O H  2 1, towards the 
ion-molecule intermediate in 50 vol.% acetonitrile in 
water; the equality holds if k3 9 k-2 (Scheme 6 ) .  


A more stable carbocationic intermediate is expected 
to show a much higher reactivity with water than with 
acetonitrile. Thus, stabilized diphenylmethyl carboca- 
tions have not been found to provide nitrilium ions in 
acetonitrile but react with traces of water. lo Unstabil- 
ized and destabilized diphenylmethyl cations react with 
MeCN with rate constants in the range cu 
3 x 105-4 x lo7 s-'.'' The very low selectivity for 
reaction with the ion-molecule pair 1'OHPh suggests 
that the reaction occurs within a pool of solvent mol- 
ecules which are present when the ion-molecule pair is 
formed. We suggest that the unexpectedly high reac- 
tivity of acetonitrile with the carbocationic intermediate 
reflects the high dipole moment of acetonitrile (1 1 - 8 
compared with 5 . 9  for water). Thus, charge-dipole 
interactions between the carbocation and acetonitrile 
should be of importance in stabilizing the ion-molecule 
pair. 


The preparation of N-substituted amides by reaction 
of a carbocation intermediate, generated for example 
by acid-catalysed hydronation of an alkene, with a 
nitrile is known as the Ritter reaction. The mechanism 
of hydrolysis of the nitrilium ion l-N=CMe+ should be 
in accord with Scheme 7 .  The hydrolysis of the nitrilium 
ion should be general acid catalysed, i.e. step k~ is rate 
limiting. 


Scheme 7 
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EXPERIMENTAL 


General. The 'H NMR analyses were performed 
with a Varian XL 300 spectrometer. The high- 
performance liquid chromatography (HPLC) analyses 
were carried out with a Hewlett-Packard Model 1090 
liquid chromatograph equipped with a diode-array 
detector on a Cg (5 pm, 100 x 3 mm i.d.) reversed-phase 
column. The mobile phase was a solution of acetonitrile 
in water. The reactions were studied at constant tem- 
perature in a HETO 01 PT 623 thermostat bath. Semi- 
preparative HPLC separations were carried out with a 
Hewlett-Packard Model 1084B HPLC apparatus using 
a semi-preparative Cg column (7 pm, 250 x 8 mm i.d.) 
with methanol-water as mobile phase. The IR spectra 
were recorded on a Perkin-Elmer Model 1605 Fourier 
transform (FT) apparatus. 


Materials. Acetonitrile (Riedel de Haen) and 
methanol (Baker or Merck) were of HPLC grade and 
were used without further purification. All other chemi- 
cals were of reagent grade and were used without 
further purification. 


9-(2-Phenoxy-2-propyl)jluorene (1-OPh). Phenol 
(35 g, 370mmol) was added to a solution of 
9-(2-bromo-2-propy1)fluorene' (1 g, 35 mmol) in 20 ml 
of toluene. After addition of AgzCO3 (12 g, 3.5 mmol) 
the reaction mixture was shaken by hand for 2 min and 
then quenched by dilution with 40ml of pentane, 
filtered and washed several times with water and twice 
with brine. The solution was dried over magnesium sul- 
phate and the solvent was evaporated. The product 
mixture contained three products: 53% of 1-OPh, 42% 
of alkene 2 and 5% of 1-OH. The ether was purified by 
semi-preparative HPLC. Recrystallization from : 1 
ethanol-pentane gave pure material, m.p. 105-107 C. 
'H NMR (CD3CN), 6 7.57 (m, 5 H), 7.2-6-8 (m, 8 H), 
4.2 (s, 1 H), 0.9 (s, 6 H). 


9-(I, 1,1,3,3,3- 2H6)-9-(2-Phenoxy-2-propyl)fluorene 
(ds-l-oph). This compound was prepared from 9- 
(1 ,1,1,3,3,3-2H~)-9-(2-bromo-2-propyl)fluorenes by the 
same method as for the unlabelled compound. The 
deuterium content was found to be 98.1 2 1 -0 atom%. 


9-(2-Acetamido-2-propyl)jluorene (1-NHCOMe). In 
8 ml of acetonitrile, 1-OPh (100 mg, 0.35 mmol) was 
dissolved and 2 ml of 10 M H2S04 were added. The 
reaction was quenched with a solution containing 2 M 
sodium acetate (2-5 ml), acetonitrile (2.5 ml) and water 
(4.5 ml) and extracted with tetrachloromethane. The 
tetrachloromethane solution was washed with distilled 
water several times and once with brine, dried (MgSO4) 
and the solvent was evaporated. Semi-preparative 
HPLC followed by recrystallization from a mixture of 
dichloromethane-pentane gave pure material, m.p. 


252-254°C. 'H NMR (CDCl3), 6 7.73 (d, 2 H), 7.50 
(d, 2 H), 7-36 (t, 2 H), 7.25 (t, 2 H), 5.55 (s, 1 H), 
5-05 (s, 1 H), 2.15 (s, 3 H), 1.2 (s, 6 H); I3C NMR 
(CDCl3) 6 169.8, 144.7, 142.2, 127.2, 126.4, 126.0, 
119.6, 56.5, 52.9, 25.2, 24.8; FT-IR (thin film), 3434, 
1674, 1508 cm-'. 


9-(2-Propenyl)fluorene (2). Compound 2 was iso- 
lated from a product mixture obtained from an unsuc- 
cessful synthesis of 1-OPh; use of Ag2S04 instead of 
Ag2CO3 gave 93% of 2. Pure alkene was obtained by 
recrystallization from 1 : 1 ethanol-pentane. 


Kinetics and product studies. The reaction solutions 
were prepared by mixing acetonitrileoor methanol with 
water at room temperature (ca 22 C). The reaction 
flask was a 2 ml HPLC flask, sealed with a gas-tight 
PTFE septum, which was placed in an aluminium block 
in the water thermostat bath. Fluorene was used as an 
internal standard. The reactions were initiated by fast 
addition, by means of a syringe, of a few microlitres of 
the substrate dissolved in acetonitrile. The concen- 
tration of the substrate in the reaction solution was 
usually about 0.2 mM. At appropriate intervals, quen- 
ched samples were analysed using the HPLC apparatus. 
The quenching was done by diluting 100-pl aliquots of 
the reaction solution with 950 pl of a solution compri- 
sing 2 M NaOAc (250 parts), acetonitrile (250 parts) 
and water (450 parts). The rate constants for the disap- 
pearance of the substrates were calculated from 
logarithmic plots of the ratio of the substrate peak area 
to fluorene peak area versus time by means of a linear 
least-squares regression computer program. Very good 
pseudo-first-order behaviour was seen for all of the 
reactions studied. The separate rate constants for the 
elimination ( k ~ )  and substitution (ks) reactions of 
1-OPh were evaluated by a computer simulation based 
on the product composition data, obtained from the 
peak areas and the relative response factors determined 
in separate experiments, and the rate-constant 
equations corresponding to the phenomenological 
reaction scheme shown in Scheme 8, where kBc = k12 
([l-OH]/( [l-OH] + [I-NHCOMel) and ~ C B  = k21 + k23 
(cf. Scheme 3). 


When starting from pure 1-OPh, the concentrations 
of 1-OPh, 2, and 1-OH + 1-NHCOMe are described by 
the following equations: l2  


mol% 1-OPh = 100e-(kE+kS)' 


mol% (1-OH + 1-NHCOMe) 
= 100 - mol% 1-OPh - mol% 2 
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t 
1-OPh 1-OH + 1-NHCOMe 


Scheme 8 


The reaction of deuterated 1-OPh was simulated 
using the following approximations: kgg = k&/4 and 


= k&. The results of the simulations show minor 
sensitivities to small changes in these rate constants. 


The estimated errors are considered as maximum 
errors derived from maximum systematic errors and 
random errors. 
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SHORT COMMUNICATION 


VARIATION OF px(pnuc) WITH THE EXTENT OF BOND MAKING IN &2 
TRANSITION STATES 


IKCHOON LEE AND HAN JOONG KOH 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


AND 


BYUNG CHOON LEE 
Department of Chemistry, Choongbuk National University, Chongiu 360-763, Korea 


The magnitude px(Pnue) is shown to decrease with increase in the extent of bond making estimated by the kinetic 
isotope effect for the reactions of Y-benzoyl chlorides with anilines, XC6H4NH2, in acetonitrile at 25.0 O C  


The magnitude of px(pnuc) in sN2 reactions is often 
loosely related to the extent of bond formation in the 
transition state (TS) within a series of reactions.’ For 
example, the magnitude of px increases in parallel with 
that of pxy: 


log(kXY/kHH) = PXUX + PYUY + pXYUXUY (1) 


where pxy is the cross-interaction constant’ between 
substituents (X) in the nucleophile and those (Y) in the 
substrate, as the substituent Y is varied to a more 
electron-withdrawing one for reactions of para-Y- 
substituted 1- (I)3 and 2-phenylethyl (11)4 and Y-benzyl 
(111)’ arenesulphonates with anilines, XC&tNH2. The 
magnitude of ~ X Y  is known to increase with increasing 
degree of bond formation. The parallel changes in 
I px 1 and I pxy I in fast correctly reflect that a greater 
1 px I corresponds to a lighter TS for a more electron- 
withdrawing Y substituent within the series of 
reactions. 


In this paper, we show that for an associative Sp42 


reaction series, in which negative charge develops at C, 
in the TS with py > 0, an inverse proportionality 
between lpxl and the extent of bond making is 
obtained, in contrast to a proportionality between I px I 
and the extent of bond making in the TS for a disso- 
ciative sN2 reaction series, in which positive charge 
develops at the reaction centre, C,, in the TS with 
py < 0. Hence care should be exercised in the interpre- 
tation of the magnitude of px as a measure of bond 
formation within a series of sN2 reactions. 


The secondary a-deuterium kinetic isotope effect 
(SDKIE) involving deuterated aniline nucleophile, 
XC,&NHz(Dz), kH/kD, has been shown to be useful in 
determining the relative extent of bond making in the 
sN2 As a nucleophile, X C ~ H ~ N H ~ ( D Z ) ,  attacks 
the reaction centre, C,, the two N-H(D) vibrations, 
both bending and stretching modes,’ are sterically hin- 
dered and force constants (and hence vibrational fre- 
quencies) increase in the TS. This results in an inverse 
type of SDKIE, k ~ / k ~  < 1.0,’ in all normal S~2-type 
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reactions, and the size of the inverse SDKIE values 
reflect the degree of steric hindrance and hence the 
degree of bond formation; the smaller the SDKIE 
value, the greater is the extent of bond formation. 


We have determined the SDKIE values for the 
reaction of Y-benzoyl chlorides with deuterated ani- 
lines, X C ~ H ~ N H Z ( D ~ ) ,  in acetonitrile at 25.0 C. The 
results are summarized in Tables 1 and 2. 


Table 2 reveals that the k H / k D  value becomes syste- 
matically smaller, and hence the degree of bond 
formation becomes systematically greater in the TS, 
with a weaker nucleophile (e.g. X =p-N02) and with a 
more electron-donating substituent in the substrate 
(e.g. Y = pCH3) exhibiting the smallest value 
( k ~ / k ~  = 0.82) for the reactants with X = p-NO2 and 
Y =p-CH3. These trends indicate that the extent of 
bond making is the greater the weaker is the nucleophile 
and the stronger is the electron-donating power of the 


substituent (Y) in the substrate. The former trend is 
consistent with that expected from the More O'Fer- 
rall-Jencks diagram, but the latter trend is contrary to 
the putative proportionality between I px 1 and the 
extent of bond making; I px I in fact decreases, in con- 
trast to an increase expected from the proportionality, 
as the degree of bond formation increases, i.e. the 
inverse SDKIE decreases, with increase in electron- 
donating power of substituent Y. 


The decrease in the I px I value with a more electron- 
donating Y appears to result from an accumulation of 
negative charge at C ,  in the TS" ( p y  > 0) due to a 
relatively strong electronegative, or electron-attracting, 
carbonyl oxygen atom in benzoyl chlorides. The accu- 
mulation of negative charge at the C,-0 moiety leads 
to an inefficient charge transfer from the nucleophile 
even at a closer N-C,, distance. Indeed, the inefficient 
charge transfer requires a closer approach of the 


Table 1. Second-order rate constants, k2 (dm' mol-' s -I ) ,  for the reactions of Y-benzoyl chlorides with deuterated X-anilines in 
acetonitrile at 25.0 'C 


XC&NH2(D2) + YC6H4COCl 


Y 


X P-CH~ H p-c1 m-C1 p-CN p-n02 m,m-(N02)2 


p-CHnO Ha 


Db 


p-CH3 H 


D 


H H 


D 


p-c1 H 


D 


m-CI H 


D 


m-NO2 H 


D 


p-NO2 H 


D 


23.9 
f 0 * l C  
26.4 


20 .2  
15.3 


20 .1  
17.0 


2 0 . 2  
6.03 


fO.01 
6.73 


20.01 
2.01 


f 0.01 
2-26 


f 0.02 
1.08 


f 0.01 
1.22 


fO.01 
0.204 


f 0.002 
0-244 


2 0.002 
0.150 


f 0-001 
0.183 


20.001 


65.2 
f 0.2 
71.8 


f O . 1  
38.7 
f 0.2 
42.8 


f 0 . 2  
14-0 
f 0.2 
15-6 


f O . 1  
4.28 + 0-03 
4-78 + 0.01 
2.37 


f0 .02  
2.66 


f 0.01 
0.397 
f 0.004 


0.474 
f 0.001 


0.248 
f 0.002 


0.301 
f 0.002 


186 
f l  
202 
+ 2  
110 
+ 1  
120 
f 1  
34.5 


f 0 . 2  
38.0 


20.1 
10.6 


f 0 . 2  
11.7 


20.1 
5.13 


f O . 0 1  
5-67 


fO.01 
0.706 


f0.004 
0.814 


fO.001 
0.482 


20.003 
0.572 


f 0.002 


40 1 
f 4  
432 
f 2  
233 
+ 2  
253 
f1 
63.1 


20 .3  
68.8 
f 0.2 
20.2 


k0 .3  
22.2 


f O . 1  
8.96 


f 0.03 
9.85 


f 0.01 
1.17 


f 0.01 
1-33 + 0.01 
0.789 


f 0.001 
0.914 


+0*001 


238 
f 2  
256 
2 2  
63.4 


20 .3  
68.9 


f 0 . 2  
27.4 


2 0 . 2  
30-0 


20 .1  
2.71 


f 0 . 0 3  
3.05 


fO.01 
1.73 


20.02 
1.97 


f 0.01 


386 
f 2  
408 
f 2  
107 
f 2  
114 
f 1  
42.2 


f 0 . 2  
45.6 


f 0 . 1  
4.01 


20 -03  
4.49 


20.01 
2-52 


20.02 
2.87 


20-01 


25.5 
5 0 . 3  


27-6 
f0.1 
15.4 


2 0 . 2  
17.2 


f 0 . 1  


a With XC6H4NHz. 
With XC6HdNDz. 
Standard deviation. 
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Table 2. Kinetic isotope effects ( k K / k o )  and Hammett reaction constants for the reaction of Y-benzoyl chlorides with deuterated 
X-anilines in acetonitrile at 25.0 "C 


MeCN 
X C ~ H ~ N H Z ( D Z )  + YC6H4COCI 2J,o-c ' 


Y 


X p-CH3 H p-CI m-C1 p-CN P-NOZ m,m-(NO2)2 mb 


0.905 
+0.008a 


0.900 
20.012 


0.896 
t 0.003 


0.889 
? 0.009 


0.885 
to.010 


0.833 
20.010 


0.820 
20.012 
-2.11 


(-2.07)' 


0.908 
L0.008 


0.904 
20.006 


0.897 
? 0.013 


0.895 
20.007 


0.891 
2 0.008 


0.838 
t0 .009  


0.824 
20.009 
- 2.28 


( -  2.24) 


0.921 
20.010 


0.917 
LO.011 


0.908 
t 0.008 


0.906 
2 0.010 


0.905 
k0.004 


0.867 
t 0.005 


0.843 
k0.006 
- 2.46 


(-2.43) 


0.928 
to.010 


0.921 
t0 .009  


0.917 
t 0.004 


0.910 
20.009 


0.910 
20.002 


0.880 
t 0.010 


0.863 
+0.001 
-2.57 


(-2.54) 


0.930 
to.010 


0.920 
k 0.005 


0.913 
f0 .007  


0.889 
kO.010 


0.878 
2 0.010 
- 2.77 


( -  2.74) 


0.946 
k 0.007 


0.939 
20.012 


0.925 
t 0.009 


0.893 
2 0.007 


0.878 
t 0.008 
-2.84 


( - 2.80) 


2.23 


2.16 
(2.14) 
1.89 


(1-87) 
1.81 


(1.79) 
1 -66 


( I  .64) 
0.924 1.31 


kO.011 (1.28) 
0.895 1.24 


50.012 (1.24) 


(2.21)C 


- 3.22 
( - 3 ~ 0 2 )  


aStandard error = I / k o [ ( A k ~  )z + (k~/ko)*(Ako) 'I  "*. 
bThe F values were taken from Hundbook of Organic Chemistry, McGraw-Hill, New York (1987), Table 7-1. The correlation coefficients were better 
than 0.998 in all cases. 
' p x  and PY values are for reactions with XC6H4NDZ 


nucleophile in the TS. l o  Hence the inverse proportion- 
ality between l p x l  and the extent of bond making is 
intimately related to the negative charge accumulation 
in the TS for an associative s N 2  reaction series in which 
bond formation i s  ahead of bond cleavage ( p y > O )  
with a relatively tight TS. 


The selectivity plots, log(kH/kD) vs UY, give positive 
slopes, I '  indicating that the reactions proceed via the 
s N 2  mechanism. l2 It is also interesting to note that the 
least reactive reactant pair with X = p-NO2 and 
Y =p-CH3 has the least SDKIE value, i.e. the most 
selective, in line with the reactivity-selectivity principle 
(RSP). l3  The magnitude of the first-order selectivity 
parameters, px and py, is smaller for the more reactive 
processes with XC6H4ND2 rather than with 
XC6H4NH2, which is again consistent with the RSP. 
The cross-interaction constant, ~ X Y ,  is however, ident- 
ical for the two reaction series with X C ~ H ~ N H Z  and 
XC6H4ND2 (for both series, ~ X Y  = -0.85 with 
r = 0.999), demonstrating that the TS structure, i.e. the 
degree of bond formation, is not affected by the 
isotopic substitution (-NH2 -+ -ND2). l4 Exper- 
imental procedures were as described previously. 69'5  
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GAS PHASE THERMOLYSIS OF 
N-( TER T-BUTYLTHI0)ALLYLAMINE AND 
N-( TER T-BUTYLTHI0)DIETHYLAMINE 


GONZALO MARTIN, JULIAN ASCANIO AND JESUS RODRIGUEZ 
Centro de Quimica, Instituto Venezolano de Investigaciones Cientijcas (IVIC), Apartado 21827, Caracas 1020A, Venezuela 


The title sulphenamides were pyrolysed in a stirred-flow reactor at temperatures of 310-410 OC, pressures of 
8-15 Torr and residence times of 0.4-2 s using toluene as the carrier gas. N-(tert-Butyl1hio)allylamine formed 
73 2 4% isobutene, 23 2 3% propene and N-allylthiohydroxylamine. The first-order rate coefficients for 
the formation of isobutene and propene, respectively, followed the Arrhenius equations k~4(s-') = 
10'2's2 ' 0'36 exp(-163 2 5 kJ mol-' RT)  and k c ~ ( s - ' )  = 10'O'" 0'29 exp(-151 t 4 kJ mol-' RT).  N-(tert-Butyl- 
1hio)diethylamine gave 97 f 1% isobutene, 1 a 9  2 0.4% isobutane and N,N-diethylthiohydroxylamine. The first-order 
rate coefficients for isobutene elimination followed the Arrhenius equation k(s-') = 10'3'45 ' 0'24 exp(-164 2 3 kJ 
mol-' RT).  The formation of the products is interpreted in terms of an elimination reaction with a unimolecular, 
four-centered, cyclic transition state. The reactivity of these sulphenamides was found to be much higher than that 
of previously studied alkyl or aryl tert-butyl sulphides and disulphides. 


INTRODUCTION 


Previous work reported on the pyrolysis of com- 
pounds with the structure Bu'-X-R for X = 0, S and 
NH and R =  alkyl, aryl or substituted aryl groups. 
These reactions produce isobutene and the corre- 
sponding HXR moiety by a first-order process, with 
Arrhenius parameters suggesting that four center cyclic 
transition states are involved in the mechanisms. The 
most reactive system corresponded to X = S, with acti- 
vation energies in the ran e 185 238 kJmol-' and 
frequency factors of 10"' s-< The effects of 
electron-donating and electron-attracting substituents 
in the group R on the reactivity of these molecules1s4 
support the quadrupolar transition-state model. ' In this 
respect, the X-C bond polarization in the sense 
*-X-C*+ (Me)3 should be aided by electron with- 
drawal from X by the group R, as has been observed by 
the increase in reactivity in all these systems when R is 
a group capable of stabilizing partial charges by con- 
jugative interaction, an example of this being a benzene 
ring bearing a -M substituent group. In the present 
work, N-(tert-butylthio)allylamine (BTAA) and N- 
(tert-buty1thio)diethylamine (BTEA) were chosen to 
examine the reactivity of systems with a nitrogen atom 
attached to the sulphur atom and the possible for- 
mation of S-unsubstituted thiohydroxylamines by elim- 
ination of isobutene. 


EXPERIMENTAL 


BTAA and BTEA were synthesized by a method similar 
to that reported for N-alkyl-N-alkylthioamines. * They 
were purified by several trapdto-trap vacuum fraction- 
ations and collected at - 30 C. The purity of the syn- 
thesized compounds was confirmed to be 99% or better 
by GLC as reported. The gas hydrocarbon products 
were analysed in two columns, one 2 m x 3.2 mm obd. 
packed with 60-80-mesh activated alumina at 170 C 
and the other 1 m x 3.2 mm 0.d. packed with 150-200- 
mesh Porapak Q at 100 "C. Thiol products were quan- 
tified by adding an excess of 0.1 M silver nitrate 
solution, filtering the silver mercaptide precipitate and 
titrating the filtrate using Volhard's method. The 
experimental technique, reaction order measurement 
and rate coefficient calculation have been reported in 
detail. 4*5710 The structures of reactants and products 
were confirmed by 1H NMR and mass spectrometry 
using Bruker AM300 and Kratos RFA25 GLC-MS 
instruments, respectively. The AM1 computations were 
made in a RISK 6000 Model 530 workstation. 


RESULTS 


The reaction orders for BTEA and BTAA consumption 
were 1.0 2 0.1 and 1.1 2 0.2, measured at 350 and 
390°C, with a 2-3-fold increase of reactant inflow, 
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Table 1. N-(tert-Buty1thio)diethylamine product distribution 


mol x lo4 


log(faPl1fiRT) 


Figure 1. Reaction order plots. (A) BTEA; (B) BTAA. 
fo = reactant inflow; fa = reactant outflow; Efi = total out- 
flow; P = total pressure; R = gas constant; T = absolute tem- 


perature 


respectively, for up to 30% reaction. The corre- 
sponding order plots are sh2wn in Figure 1. Over the 
temperature range 311-350 C, BTEA yielded a gas 
product mixture composed of 97 2 1% isobutene plus 
2.0 ? 0.4% isobutane; In the liquid production frac- 
tion, collected at - 78 C, a product containing the SH 
moiety was quantitatively titrated. The 'H NMR spec- 
trum of this fraction distinctively showed the signals of 
a mixture of unreacted BTEA and another compound 
having only the signals of ethyl groups and a SH 
proton. The positions of all the signals of pure BTEA 
and those of the latter mixture were concentration 
dependent. ['H NMR (300.133 MHz, CDCl3, TMS 
ext., room temperature), 5 pl of BTEA in 0.4 ml of 


3 CH3,9H), 2.90 (quad., 4 J ~ ~  = 7*08,2CH2,4H); run 
80% conversion, (CH3CH2)2NSH, 6 1 a25 (t. 


4&H = 7.23, 2CH2, 4H)]. The molar product distri- 
bution shown in Table 1 suggests that this thiol product 
and isobutene are formed in similar amounts. A small 
residue of involatile material remaining in the first cold 
trap gave a mass spectrum indicating the presence of 
free sulphur (SS) plus complex sulphur-containing pro- 
ducts (the signal of the largest m/z  ratio was 429). The 
first-order rate coefficients were evaluated from the rate 
of production of isobutene. These coefficients are listed 
in Table 2 for a representative number of runs, together 
with the experimental conditions. 


At temperatures of 368-410 'C, BTAA formed 
73 ? 4% isobutene, 23 ? 3% propene plus less than 
1% C2 hydrocarbons. As in the above case of BTEA 
pyrolysis, a thiol compound was titrated in the liquid 
products fraction in the amounts shown in Table 3. 
Table4 shows a sample of the first-order rate coeffi- 


CDCl3,6 1.01 (t, 3 5 ~ ~  = 7.08 HZ, 2CH3, 6H), 1.14 (S, 


'JHH = 7.27, 2CH3, 6H), 1.67 (bs, 1H), 2.88 (quad., 


i-C4HIO i-GHg DETHa T 


0.047 
0.039 
0.050 
0.052 
0.044 
0.046 
0.071 
0.075 
0.058 


3.03 
2.34 
2.17 
3-02 
3.02 
2.55 
2.88 
5.04 
4.44 


3.05 
2.10 
2.23 
2.96 
2.91 
2.56 
3-07 
4.75 
4.45 


311.5 
311.5 
319.8 
319.8 
320.0 
329.3 
340.3 
349-8 
351-0 


a DETH = N,N-diethylthiohydroxylamine. 


Table 2. Stirred-flow pyrolysis of N-( tert-buty1thio)- 
diethylamine 


T kx1O4 8 P f O A X  108 
("C) ( s - ' ) ~  ( s ) ~  %r(C4Hg)' (Torr) (mols-')d fc/foAe 


311.4 710 1.94 12.12 15.0 148.5 37 
311-4 689 1.95 12.16 15.3 119.4 46 
319.8 1146 1.30 13.01 14.0 140.2 54 
320.0 1136 1.26 12.55 13.6 201.6 37 
330.4 1828 1.32 19.41 14.5 104.5 73 
330.7 1943 0.80 13-48 9.5 219.2 37 
340.5 3219 0.84 21.23 9.7 152.3 51 
340-3 3052 0.91 21.70 9.5 106.2 67 
351.0 5960 0.81 32-46 9.6 121.5 65 
350.8 5932 0.78 31.74 9.6 100.6 82 
350.5 6001 0.78 31.85 9.9 243.5 36 


a Rate coefficient from isobutene measurement. 


'Percentage reaction from isobutene measurement. 


'Toluene to reactant flow ratio. 


Residence time. 


Reactant inflow. 


Table 3. N-(tert-Buty1thio)allylamine product distribution 


mol x lo4 


1 *22 
1-13 
0.98 
1.18 
1 -07 
0.78 
0.79 
1.56 
1.56 
1.59 
1.09 
1.50 
1.48 


0-067 
0- 110 
0.079 
0.128 
0.064 
0.051 
0.079 
0.093 
0.133 
0.081 
0.041 
0.035 
0-069 


4-02 
4-30 
3.24 
3.79 
3-83 
2.71 
2.54 
5.10 
5 . 0 0  
4.99 
3.61 
4.93 
5-19 


3.95 
4.65 
3.35 
3-65 
3.65 
2.65 
2.35 
4.85 
5.15 
5.10 
3.25 
4.75 
5.25 


379.8 
380.0 
380.7 
390.2 
389.6 
389.7 
389.4 
390.8 
399.9 
399.2 
399.6 
410.9 
409.0 


a ATH = N-allylthiohydroxylamine. 
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Table 4. Stirred-flow pyrolysis of N-(tert-buty1thio)allylamine 


fOA x 10' 
T ('C) k x lo4 ( s - ' ) ~  k x lo4 ( s - ' ) ~  0 ( s ) ~  Vor(GH8)' %r(C&)* P (Torr) ( r n o l ~ - ' ) ~  fc/fo~' 


~ ~ ~~~~ 


368.6 1725 429 0.73 11-16 3.03 9.81 235.0 37 
368.9 2084 536 0.67 12.20 3.45 9.63 280.0 33 
380.0 2969 783 0.76 18-47 5.64 11.76 253-2 38 
380.7 2967 773 0-77 18.69 5.65 12.41 197.1 51 
390.2 496 1 1304 0-53 20-80 6.46 10.83 260.7 49 
389.4 4786 1276 0.53 20-09 6.28 10.76 182.4 70 
390.3 5165 1359 0.46 19.36 5.94 10.54 400.8 35 
399.9 7521 1825 0.55 29-11 9.06 10.76 233.4 52 
399.6 7318 1723 0.56 29-09 8.81 11.12 170.9 72 
409.0 11955 2420 0.47 36-17 10.29 8.60 177.6 62 
409.8 11449 2719 0.43 33-04 10.45 7.80 322.7 34 


a-cSee Table 2. 
'Rate coefficient from propene measurement. 


Percentage reaction from propene measurement. 


Table 5. Kinetic parameters 


Substrate E, (kJ mol-') Log A AS' a k' Ref. k x  10' 


163 f 5 
151 f 4 
164 f 3 
238 f 4 
203 f 3 
202 f 4 
188 f 6 
214 f 6 
182 f 4 


170 
167 


12.52 f 0-36 
10.99 f 0.29 
13.45 f 0.24 
14.49 f 0.28 
13-79 f 0.24 
12.63 f 0.23 
12.03 f 0.39 
13.82 f 0.41 
13.49 f 0.31 


11-64 
11.2 


- 26 
- 50 
-2.5 
17 
4 


-18 
- 30 


5 
-2 
- 37 
- 45 


74.8 
18.8 


532 
0.01 
1-10 
0.09 
0.28 
0.16 
0.16 
2.82 
1.75 


32.3 
6.20 


0.03 
1.20 
0.10 
0.21 
0.23 
0.23 
1.43 
0.83 


235 


This work 
This work 
This work 


3 
4 
6 
5 
5 
2 


12 
12 


aJmol- lK-l  at 40O0C. 
bCalculated rate coefficient (s-I) at 400'C. 
'Calculated rate coefficient ( s - ' )  at 500'C. 


From isobutene measurement. 
From propene measurement. 


cients obtained from isobutene and propene formation, 
respectively, and the experimental conditions. The 
Arrhenius parameters derived from the respective least- 
squares fits of the rate coefficients for BTEA and BTAA 
are given in Table 5 together with other relevant data 
from the literature. The error limits correspond to the 
standard error. l 1  


DISCUSSION 


The molar product distribution for BTEA (Table 1) 
suggests the stoichiometry represented by equation (1) 
for the first-order consumption of this reactant: 


(CH~CHZ)ZNSC(CH~)~ + (CH3CHz)zNSH + i-C& 
(1) 


The Arrhenius parameters for this process (Table 5 )  are 
consistent with a four-centre cyclic transition-state uni- 
molecular elimination mechanism. Two processes, how- 
ever, seem to be involved in the pyrolysis of BTAA. 
The primary one would involve the elimination of 
isobutene by a reaction similar to reaction (1). The 
measured Arrhenius parameters (Table 5 )  again agree 
with a four-centre cyclic transition-state mechanism. A 
consecutive reaction, involving the decomposition of 
the N-allylthiohydroxylamine product, according to 
equation (2), could explain the formation of propene. 


CHz=CHCHzNHSH -+ C3Hs + NH=S (2) 
Process (2) would involve a retro-ene reaction with a 
1,s H-atom transfer similar to that reported for p-  
hydroxyolefins. l2 The Arrhenius parameters (Table 5 )  
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Table 6. Mass spectral data 


BTAA BTEA 


Relative Relative 
intensity intensity 


mlz (070) mlz (YO) 


51 100 90 100 
41 58.3 105 70.7 
89 55.1 51 44.0 
43 23.5 41 21.3 
56 19.1 161 (M') 8 .0  


145 (M') 16.9 
39 14.4 


obtained from the rate coefficients for the production 
of propene have the expected values for a six-centre 
cyclic transition-state mechanism, such as those shown 
in Table 5 for the pyrolyses of but-3-en-1-01 and but-3- 
yn-1-01. The HNS moiety can be expected to form com- 
plex, non-volatile oligomeric products. 


The above reaction scheme for BTAA implies a 
material balance in which the moles of isobutene 
formed should be equal to the moles of propene plus 
N-allylthiohydroxylamine. However, the product 
distribution shown in Table 3, indicates an excess of the 
latter product. The titration of N-allythio- 


hydroxylamine may not be quantitative owing to com- 
plexation of the Ag' cation with the allyl-NH moiety. l 3  


It was noticed that the initially white precipitate of 
silver mercaptide turns dark very quickly, indicating a 
high instability. 


In relation to the isobutene elimination mechanism 
proposed above, it is interesting to consider the most 
relevant peaks in the mass spectra of BTEA and BTAA, 
shown in Table 6. The peaks of mlz ratio which can be 
assigned to N,N-diethyl- and N-allylthio- 
hydroxylamines, 105 and 89, respectively, are promi- 
nent, suggesting as in the case of other tert-butyl 
sulphides and disulphides2, 14*15 that the same 1,3 H- 
atom transfer from the tert-butyl group to the S atom 
occurs under electron impact conditions. It was not 
possible to obtain the mass spectra of the pure thiohy- 
droxylamines because they seemed to decompose during 
the elution through the capillary column of the 
GLC-MS instrument. 


In Figure 2 are shown the net atomic charges in the 
optimized ground-state configuration of BTEA, 
obtained by the AM1 calculation procedure. 16,17 A 
similar charge distribution was obtained for BTAA. 
Table 7 shows selected parameters obtained from these 
calculations for BTEA and BTAA, and also for thio- 
hydroxylamine, diethylthiohydroxylamine and 
allylthiohydroxylamine. The values in Figure 2 indicate 
that the bonding of the more electronegative N atom to 


n 


I - 
i 


I-CaHa 


---t + 
(CHsCH2)zN S H 


Figure 2. Net atomic charges in BTEA (atomic units) and transition-state configuration 


Table 7. Selected parameters from AMl-optimized molecular geometriesa 


BTAA DETH DETS ANSH ANS H2NSH H3NS 


92-16 93.88 197.97 6.94 111.4 


Parameter BTEA 


AHf098(kJ mol-') -91.79 4.618 -4.465 
Total energy (eV) -1688.14 -1504.29 -1065.08 -1064.08 -881.20 -880.13 -442.81 -441.73 
Ionization potential (eV) 8.339 8.401 8.673 7.794 8.830 8.013 8.763 8.169 


aDETH = (CzHs)zNSH; DETS = (C2H5)zNHS; ANSH = CHz=CHCH2NSH; ANS = CH2 = CHCHzNHS. 
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the S atom causes the atomic charges in the f G H 9 S  
moiety of these molecules to be different from those 
previously reported ',' for ferf-butylarylamines, ethers, 
sulphides and disulphides. If the ground and transition 
states in BTEA and BTAA have similar charge distri- 
butions, the polarities of the latter would be different to 
those proposed' for the quadrupolar transition-state 
model. However, in the case of BTEA and BTAA, a 
charge redistribution may take place during the C-S 
bond-breaking step, so that the S atom, being elec- 
tronegative, receives electronic density from the ferf- 
butyl C atom. The transition state would then be as 
represented in Figure 2. BTEA and BTAA are much 
more reactive than the Bu'-X-R systems mentioned 
earlier, as can be seen in Table 5 for the sulphides and 
disulphides. This higher reactivity suggests that the 
Bu'-S bond-breaking step in BTEA and BTAA should 
be more facile than in those other systems. An estima- 
tion of the homolytic bond dissociation energy (BDE) 
for reactions (3)-(6) by using the 131H~98 values given in 
Tables 7 and 8 yield the values (kJ mol-') shown at the 
right-hand side of the equations. 


BDE 
( C H ~ C H ~ ) Z N S C ( C H ~ ) ~  


+ (CH3CHz)zNS' + (CH3)3C' 149 ( 3 )  


(CH3CHz) zNSC(CH3) 3 


+ ( C H ~ C H Z ) ~ N '  + (CH3)KS' 250 (4) 


CHz=CHCHzNHSC(CH3)3 
--t CH2=CHCHzNHS' + (CH3)3C' 207 (5) 


CH2=CHCHzNHSC(CH3)3 
+ CHz=CHCHzNH' + (CH3)3CS' 283 (6) 


The C-S BDE for PhS-But and MeS-Bu' have been 
estimated3.' as 247 and 290 kJmol-', respectively. The 
BDE values for reactions (4) and (6) suggest that the 
N-S bond fission should be less facile; however, the 
presence of about 2% isobutane as pyrolysis product of 
BTEA implies the formation of ferf-butyl radicals, so 
reaction (3) occurs to a small extent. 


The literature on the synthesis and properties of S- 


Table 8. Enthalpies of formation (kJ mol-') 


Species AH& Ref. 


(CH3CHz)zNS' 8" 18 
t-C4H9' 49 f 2 19 
(CH3CHz)zN' 129" 18 
t-CdH9S' 29 2 
CHz=CHCHzNHS * 163" 18 
CHz=CHCHzNH ' 258" 18 


aEstimated by using the group additivity method of Ref. 18. 


unsubstituted thiohydroxylamines is very scarce. 20-23 It 
has been that the most stable isomer of 
thiohydroxylamine is possibly H3NS. However, the 
microwave spectrum of HzNSH has been studied. 23 The 
AM1 calculations in the present work (Table 7) yield 
total energy values and enthalpies of formation for 
these thiohydroxylamines which suggest that the thiol 
isomer should be the more stable one. For the 
compound HsNS, a AH&* Q 109 kJmol-' has been 
reported, 24 in fair agreement with the value calculated 
in this work. 
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SPECTROMETRY AND REACTIVITY OF PHENALENYL ANIONS 
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Department of Chemistry, Leiden University, P.O. Box 9502, 2300 RA Leiden, The Netherlands 
HAN ZUILHOF, JOHAN LUGTENBURG AND JAN CORNELISSE* 


The aromatic odd-alternant phenalenyl anion and a number of its derivatives were prepared in order to study the 
perturbation of this conjugated anion by methyl and methoxy groups. The conjugated anions were studied by means 
of 'H and I3C NMR spectrometry, alkylation experiments and semi-empirical calculations. It was found that a 
substituent at a charged carbon atom perturbs the entire conjugated system, whereas suhstituents at inactive 
(uncharged) carbon atoms have a large effect on the positions ortho to the substituent. 


INTRODUCTION 


Many conjugated carbanions have been generated from 
polycyclic aromatic hydrocarbons under Birch 
reduction conditions ',' and they could be alkylated 
with high regioselectivity, leading to valuable novel 
polycyclic aromatic hydrocarbons4-' or intermediates 
for the preparation of natural products such as 
terpenes.8 The use of conjugated anions for synthetic 
purposes is therefore well established. The structure 
and charge distribution of a number of conjugated 
carbanions have been investigated and the regioselec- 
tivity towards electrophilic attack could be correlated 
with the distribution of the negative charge. 1-3 Little is 
known, however, about the effect of substituents on 
charge distribution and reactivity in conjugated anions. 
Substituents may have a pronounced effect on the reac- 
tivity of 1-.  This is illustrated by the 1-hydropyrenyl 
anion (Figure I), a species which is attacked by elec- 
trophiles with high regioselectivity. 9, '0  


In this paper, the influence of methyl and methoxy 
groups on the regioselectivity of electrophilic attack on 
the aromatic phenalenyl anion (1-) is discussed. To 
establish the influence of alkyl substituents, the sym- 
metrical 1,2,3-trihydropyrenyI anion (2-) and the 1- 
methylphenalenyl anion (3-) were prepared. These 
anions have alkyl groups at positions which, in the 
unsubstituted phenalenyl anion (1- ), bear negative 
charge. The symmetry of anion 2- simplifies the study 
of its charge distribution. The effect of a substituent at 
a position which in 1-, does not bear negative charge 
may be studied on the 2-methylphenalenyl anion (4-). 
Further, the 1-methoxyphenalenyl anion (5-) and the 2- 
methoxyphenalenyl anion were prepared (6- ), in order 
to determine the influence of a stronger 11,12 substituent 
on the charge distribution. 


Information on the charge distribution in these 
conjugated carbanionic systems was obtained by I3C 
NMR spectrometry '2*'3- l6 and semi-empirical calcu- 
lations "*'* and an attempt was made to correlate this 
with the results of alkylation experiments. 1,2*19*20 


2 
RESULTS 


The preparation of the phenalenyl anion (1-) has been 
described earlier.21 The synthesis of anions 2- ,  3-, 4- ,  
5- and 6- is summarized in Scheme 1. 


7 6  6 5  


I -  'H and 13C NMR spectrometry 
NMR Of phenalenyl anions in THF were pre- 


anion pared under exclusion of moisture and oxygen. 'H 
NMR spectra and proton-decoupled 13C NMR spectra 
were recorded at 253 K. Highly resolved spectra could 


Figure 1. The phenalenyl anion (1-) and the 1-hydropyrenyl 
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7 3 


9 LO I I  


7 
1 6  
s- 


13 16 


7 6  
3- 


I 2  4 4- 


6 6- 


Scheme 1 .  Schematic representation of the synthesis of anions 2-, 3-, 4-, 5- and 6- .  The numbering of 2- has been adapted for 
the sake of comparison 


be obtained at this temperature. Line broadening was 
observed at temperatures lower than 233 K, owing to 
increased viscosity, and at temperatures higher than 
273 K. ‘H NMR spectra were assigned by means of 
homonuclear decoupling and NOE experiments. The 
tertiary signals in the I3C NMR spectra of the anions 
could then be assigned by means of 2D-correlated 
‘H-13C NMR spectra. Anions 2 - ,  3- and 4- are 
soluble in THF-ds at 253 K. Anions 1- ,  5- and 6-, 
however, tend to precipitate as lithium phenalenylates, 
but their solubility could be improved by adding 
diglyme-dls. This had no noticeable effect on ‘H or 13C 
chemical shifts of the anions. 


‘H NMR chemical shifts and coupling constants are 
given in Table 1. The ‘H NMR spectrum of the phena- 
lenyl anion (1-) consists of an AzX pattern, in accor- 
dance with its high symmetry. The chemical shifts 
obtained for 1- agree well with recently published 
values.” The ‘H NMR spectrum of the 1,2,3- 


trihydropyrenyl anion ( 2 - )  displays an AX and an AzX 
pattern, and the spectra of 2-methylphenalenyl anion 
(4-) and the 2-methoxyphenalenyl anion (6-) show a 
singlet and an AXB pattern, all in accordance with the 
symmetry of these species. The spectra of the l-methyl- 
phenalenyl anion (3-) and the 1 -methoxyphenalenyl 
anion (5-) also display the expected patterns. 


13C NMR chemical shifts are given in Table 2. The 
13C NMR spectrum of the phenalenyl anion (1-) dis- 
plays the expected four signals (Figure 2). The chemical 
shifts are in excellent agreement with recently published 
values. ’* The spectrum of the 1,2,3-trihydropyrenyl 
anion ( 2 - )  shows methylene signals at 6 =  22.2 and 
32.2 ppm. The quaternary signal of C-1 is recognized 
from its chemical shift. The intense quaternary signal at 
the lowest field is attributed to the equivalent C-3a and 
C-6a. The signals at 6 = 138.6 and 139.0 ppm belong to 
C-9a and C-9b. 


The methyl group of the 1-methylphenalenyl anion 
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Table 1. 'H NMR chemical shifts, 6 (ppm), of phenalenyl 
anions 1- ,  2-, 3 - ,  4-, 5- and 6- (300 MHz, THF-d~,253 K), 
measured with respect to the THF signal at 6 = 3.58 ppm, and 


coupling constants (Hz)' 


1- 2- 3- 4- 5-  6- 


H-1 5 . 0 6  d - - 4.94 s - 4.80 s 
H-2 5.81 t 5-66 d 5.91 d - 5.84 d - 
H-3 5 . 0 6  d 5.05 d 5.23 d 4.94 s 5.13 d 4.80 s 
H-4 5 . 0 6  d 4.97 d 5.19 ddb 5.05 d 5.21 dd' 5-14 dd 


H-6 5 . 0 6  d 4.97 d 5-25 ddb 5.05 d 5.03 dd' 5-12 dd 
H-7 5 - 0 6  d 5-05 d 5-26 ddb 5.05 d 5-17 dd 5.12 dd 


H-5 5 . 8 1  t 5.73 dd 5.90 dd 5.81 dd 5.85  dd 5.87 dd 


H-8 5.81 t 5.66 d 6.05 dd 5.81 dd 5.97 dd 5.87 dd 
H-9 5 . 0 6  d - 4.87 dd 5.05 d 5.20 dd 5.14 dd 


J12 7.7 
J23 7.6 7.7 8.0 
J45 7.6 7.6 7.5 7.6 7-5 
J56 7-6 7.5 7.6 7.5 
J i a  7-6 7-6 
Js9 7.6 7.6 
546 1.2 1.2 1.2 
J19 1.2 1.2 


a2- ,  CHI 6 =  1.49ppm (qui, 6.0), benzylic CHzs 6 =  2.27 ppm (1. 
6.0): 3- ]-CHI b =  1.44 ppm; 4-, 2-CH3 6 =  1.63 ppm; 5-,  I-OCH, 
6=3.44ppm; 6- ,  2-OCH3 6=3.37ppm. 
bThese values may have to be interchanged. 


lations. 
Assignment based on results of alkylation experiments and calcu- 


(3-) resonates at 6 = 20.5 ppm. The chemical shifts of 
C-4, C-6 and C-7 may have to be interchanged. Of the 
quaternary carbon atoms, C-1 is found at 
6 = 106.1 ppm. It is assumed that C-6a and C-9b are 
influenced the least by the presence of the methyl 
group. After comparison with 1 -methylnaphthalene 
and t ~ l u e n e , ~ " ~ ~  it is expected that C-3a resonates 
upfield from C-9a. 


The methyl signal of the 2-methylphenalenyl anion 
(4-) is found at 6 = 22.5 ppm. The large quaternary 
signal at 6 = 144.7 ppm is ascribed to the equivalent 
C-3a and C-9a and the signal at 6 = 144.5 ppm to C-6a 
(Figure 3). The methoxy signal of the l-methoxy- 
phenalenyl anion (5) is found at 6 = 55.6 ppm. The 
assignment of C-4 and C-6 may have to be inter- 


1. Br-(CH2),-Br 
2. RBULI 


Table 2. I3C NMR chemical shifts, 6 (ppm), of phenalenyl 
anions 1-, 2-, 3-,  4-, 5- and 6- (100 MHz, THF-ds, 253 K), 
measured with respect to the THF-ds signal at 6 = 67.4 ppm' 


1- 2- 3- 4- 5- 6- 


c- 1 
c-2 
c-3 
c-4 
c -5  
C-6 
c-7 
C-8 
c-9 


C-3a 
C-6a 
C-9a 
C-9b 


103.3 
128.1 
103.3 
103.3 
128.1 
103.3 
103.3 
128.1 
103.3 


144.9 
144.9 
144.9 
139.5 


108.4 
126-8 
101.9 
101.5 
127.1 
101.5 
101.9 
126-8 
108.4 


143.8 
143.8 
139*Ob 
138-6b 


106.1 
129.2 
102.5 
1 0 2 0 6 ~  
127.1 


104*4b 
128.4 
99.1 


141.9 
144.4 
143.1 
138-3 


104-2b 


104.3 
135.2 
104-3 
103.1 
128.1 
103.1 
103.1 
128.1 
103-1 


144.7 
144.5 
144.7 
137.6 


138-6 
113.2 
99.3 


102.5' 
126.5 
99.5' 


102.9 
127.6 
95.0 


140.0 
144.2 
134.3 
138.5 


88.0 
161.1 
88.0 


103.4 
128.2 
103.1 
103.1 
128-2 
103.4 


145.6 
144.0 
145.6 
135.0 


'2- ,  CHzs 6 = 22.2 ppm, benzylic CHzs 6 = 32.2 ppm; 3-, I-CHJ 
6 = 20.5 ppm; 4-, 2-CH3 6 = 22.5 ppm; 5-, 1-OCH3 6 = 55.6 ppm; 
6-- ,  2-OCH3 6 = 53.8 ppm. 
bThese values may have to be interchanged. 
Assignment based on the significantly higher reactivity of C-6 than of 


C-4. This is in accordance with calculations, which predict a higher 
charge at C-6 than at C-4. 


&+ 
\ 0  


changed. The quaternary signals could be assigned by 
means of a 2D long-range 'H-13C correlated NMR 
spectrum. 


The methoxy signal of the 2-methoxyphenalenyl 
anion (6-) is found at 6 = 53.8 ppm. The signals of 
C-6a and of the equivalent C-3a and C-9a are readily 
assigned. The ips0 carbon atom C-2 resonates at low 
field (6 = 161 1 ppm) owing to the large a-effect of the 
methoxy group, whereas C-9b (6 = 135.0 ppm), being 
para to the methoxy group, is shielded 
(A6 = -4.5 ppm) compared with C-9b of the unsubsti- 
tuted 1-.  


Alkylation experiments 
The alkylation of the phenalenyl anion (1-) with the 
bifunctional electrophile 1,4-dibromobutane has been 
discussed.'l It was shown that a spirocyclopentane ring 


OW, 
I 


OCH3 
I 


+ Q:: 
6- 60 (.76) 6b ( .I2)  6 c  (.IZ)U 


Scheme 2. Alkylation of the 2-methoxyphenalenyl anion (6- ) 
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is introduced at the position of initial attack, with high 
efficiency. The resulting product cannot isomerize and 
is therefore readily identified by means of 'H NMR 
spectrometry. 


This alkylation method therefore seemed suitable for 
obtaining a picture of the reactivity of anions 2-, 3- ,  
4-,  5- and 6-. The alkylation experiments were carried 
out several times, giving highly reproducible results. 
Alkylation products (e.g. Scheme 2) were obtained in 
combined yields ranging from 75% to 95%. The pro- 
ducts resulting from each alkylation experiment were 
separated, if possible, by means of column chromatog- 
raphy and their identity was ascertained by the use of 
'H NMR homonuclear decoupling, NOE experiments 
and high-resolution mass spectrometry. The isomer 
proportions in the alkylation of anions 1-, 2-, 3- ,  4-,  
5- and 6- are shown in Figure 4. 


Semi-empirical calculations 
Charges and orbital coefficients were calculated by 
means of the semi-empirical PM3 method. For all 
anions, a pre-optimization was carried out using the 
program MODEL, which includes an MM2-derived 
optimization mode. Further reduction of the heat of 
formation was achieved with a restricted Hartree-Fock 
calculation using the standard PM3 parameters as 
implemented in the VAMP program (based on 
AMPAC 1 .O and MOPAC 4.0 and run on a CONVEX 
C-120 computer). For this purpose the Broyden- 
Fletcher-Goldfarb-Shanno algorithm was used, fol- 
lowed by Bartel's non-linear least-squares method, in 
order to achieve a further reduction of the gradients. In 
5-, the methoxy group can be directed at H-2 or at H-9 
or be at an angle with the plane of the anion. Charges 


and orbital coefficients were calculated for the structure 
in which the methoxy group is directed at H-2. If the 
methoxy group is directed at H-9, significant hindrance 
between this proton and the methoxy group occurs. 
Therefore, the latter conformation seems less likely 
than the former. The most stable conformation of the 
2-OCH3 group of 6 -  is in the plane of the anion, 
thereby making the 1- and 3-positions significantly in- 
equivalent. The average charge and orbital coefficient 
of these positions are given in Table 3. 


The negative charge in the phenalenyl anion (1-) is 
found exclusively at the expected carbon atoms C-1, 
C-3, C-4, C-6 C-7 and C-9. The introduction of alkyl 
groups on to charged positions, as in the symmetrical 
1,2,3-trihydropyrenyI anion (2-), does not seem to 
have a significant influence on charge distribution. The 
propano bridge only decreases charge at the substituted 
C-1 and C-9. The same holds true for the 1- 
methylphenalenyl anion (3- ). Less charge is calculated 
at C-1 than at the other negatively charged carbon 
atoms where almost equal charges are found. The sym- 
metrical 2-methylphenalenyl anion (4-) has somewhat 
less charge at the positions ortho to the methyl group 
than at its other charged positions. 


Methoxy groups have a larger influence on charge 
distribution in the phenalenyl system. In the 1- 
methoxyphenalenyl anion (5- ), the negative charge at 
the substituted C-1 has decreased considerably. At C-3, 
C-4, C-6 and C-7, which have no steric interaction with 
the methoxy group, significant differences in the 
charges and the HOMO coefficients are calculated. The 
highest negative charge and coefficient are fouad at 
C-6. If the methoxy group is set at an angle of 90 with 
the plane of the anion, the methoxy group does not 
seem to interact with the conjugated system. For the 2- 


I -  2- 3- 


4- 5- 6- 


Figure 4. Isomer proportions in the alkylation with 1,4-dibromobutane of anions 1-, 2-, 3-, 4-, 5- and 6 - .  The corresponding 
products are given as superscripts 
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Table 3.  Calculated charges and (in italics) HOMO coefficients in anions 1-, 2-, 3-, 4- ,  5-  and 6 -  


1- 2- 3- 4- 5-  6-  


c-1 
c - 2  
c-3 
c-4 
c-5 
C-6 
c-7 
C-8 
c -9  


C-3a 
C-6a 
C-9a 
C-9b 


-0.304 0.408 -0.278 0.414 
-0.025 0 -0.018 0.009 


-0.298 0.400 
-0.298 0.396 
-0.028 0 


0.087 0 0-083 0.004 
0.087 0 0.083 0.004 
0.087 0 0.109 0.001 


-0.065 0 -0.062 0 


-0.283 0.420 
-0.018 0.006 
-0.303 0.407 
-0.299 0.402 
-0.028 0.002 
-0.299 0.400 
-0.300 0.401 
-0.025 0.001 
-0.306 0.405 


0.085 0.004 
0.084 0.002 
0.100 0.006 


- 0.062 0 


-0.296 0.406 
-0.008 0 


-0.304 0.408 
-0.025 0 
-0'304 0.408 


0.087 0 
0-088 0 
0.087 0 


-0.065 0.003 


-0.111 0.400 
-0.090 0.039 
- 0.287 0.415 
-0.306 0.406 
-0.021 0.008 
-0.312 0.409 
-0.295 0.393 
-0.033 0.010 
-0.278 0.394 


0.075 0-022 
0.085 0 
0.072 0.017 


-0.052 0.016 


-0.353 0.411 
0.154 0.014 


-0.301 0.408 
-0,025 0.008 
-0.298 0.404 


0.108 0.015 
0.086 0.003 
0.108 0.015 


-0.080 0.007 


methoxyphenalenyl anion ( 6 - ) ,  a large positive charge 
is calculated at C-2 and a large negative charge at the 
ortho positions C-1 and C-3. 


DISCUSSION 


13C NMR spectrometry is useful for obtaining a picture 
of the charge distribution in conjugated systems. The 
signal of the equivalent carbon atoms of 1- which, 
according to calculations, bear negative charge (C- 1, 
C-3, C-4, C-6, C-7 and C-9) is found at significantly 
higher field than the signals of the carbon atoms which 
bear very little charge. Steric factors, however, must be 
taken into account in the case of substituted carb- 
anions, because they may have an effect on carbon 
chemical shift. In the 13C NMR spectrum of the 1- 
methylphenalenyl anion (3-), the signal of the peri 
carbon atom C-9 appears at the highest field as a result 
of steric i n t e r a ~ t i o n ~ ~  between H-9 and 1-CH3. Calcu- 
lations do not suggest a significantly higher charge at 
C-9. Therefore, even though its signal appears at the 
highest field, it cannot be concluded that C-9 is the most 
reactive position of 3-.  Similarly, in the "C NMR spec- 
trum of the 1-methoxyphenalenyl anion @-), the signal 
of C-9 is present at unusually high field. It may be 
expected that C-9 of 5- is a reactive position, but less 
reactive than it appears from the "C NMR spectrum. 
Steric hindrance by the substituent groups also has an 
effect on the reactivity of charged carbon atoms situ- 
ated ips0 and peri to the substituent. C-1 and C-9 of 
anions 2- ,  3- and 5- are expected to be less reactive 
compared with unhindered atoms. Indeed, no product 
resulting from attack at C-1 of anions 2-,  3- and 5- 
was observed. At C-9 of 3-,  which bears a similar 
charge as C-3, C-4, C-6 or C-7, no electrophilic attack 
was observed. 


The 13C NMR results and the PM3 calculations for 
2- and 3- suggest that an alkyl group at a position 


bearing negative charge does not cause a significant 
redistribution of charge in the conjugated system. The 
low regioselectivity of electrophilic attack on 2- and 3- 
is in agreement with this. An alkyl group at an inactive 
position, as in the 2-methylphenalenyl anion (4-), does 
have a stronger effect on the regioselectivity of elec- 
trophilic attack. The positions ortho to the methyl 
group are clearly more reactive than C-4, C-6, C-7 and 
C-9 of 4- .  This finding is not in agreement with the 13C 
NMR results and the calculations, which suggest that a 
methyl group at C-2 barely perturbs the conjugated 
system. 


As expected, a methoxy group perturbs the phenal- 
enyl system more than a methyl group does. A methoxy 
group at a position bearing negative charge has a polari- 
zing effect throughout the conjugated system, as is 
apparent from the 13C NMR spectrum of the 1- 
methoxyphenalenyl anion (55) and from the PM3 cal- 
culations. In addition to this polarization of the 
r-electron cloud, the methoxy group has an inductive 
electron-withdrawing effect at C-1. The reactivity of 5-  
correlates reasonably well with the results of the 13C 
NMR measurements and the calculations. 


In the case of the 2-methoxyphenalenyl anion ( 6 - ) ,  
both the 13C NMR measurements and the calculations 
predict an increased charge density at the positions 
ortho to the methoxy group. Compared with 1-, the 
signal of the ortho carbon atoms C-1 and C-3 is 
shielded by 15.3 ppm, whereas the signal of C-2 is 
shifted downfield by 33.0 ppm. Since the influence of 
the 2-methoxy group is observed only at C-1, C-2, C-3 
and C-9b, it may be assumed that the inductive effect 
of the methoxy group (a short-range effect) predomi- 
nates here. The reactivity of 6 -  correlates very well with 
the 13C NMR results and the calculated charge distri- 
bution. Even alternant systems with the same symmetry 
as 6 -, 2-methoxypyrene and the 2-methoxypyrene 
dianion, show identical shielding and increase in reac- 
tivity of the ortho  position^.^^^^^ 
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CONCLUSION 


Although a good correlation between 13C NMR 
chemical shifts, charge distribution or HOMO coeffi- 
cients and regioselectivity of electrophilic attack for 
alkyl-substituted phenalenyl anions could not be 
obtained, a reasonable correlation was found in the 
case of the more strongly perturbed methoxy- 
substituted phenalenyl anions. 


EXPERIMENTAL 


Details of the preparation of the anions 1-, 2- ,  3-, 4-,  
5-  and 6 -  and spectroscopic data for all the com- 
pounds are available from the authors on request. 


Preparation of NMR samples of the anions I - ,  2-, 
3-,  4- ,  5 -  and 6-. In a flexible glove-bag, under an 
atmosphere of dry argon, a solution of 1H-phenalene" 
(25 mg, 0.15 mmol) in a 1 : 1 mixture of THF-dg and 
diglyrne-d'd (total volume 0.4 ml) was transferred into 
an NMR tub;. The solution was purged with argon, 
cooled (-80 C) and methyllithium in diethyl ether 
(0.2 ml, 0.32 mmol) was added. The NMR tube was 
transferred to a vacuum line connected to the glove- 
bag, submitted to three freeze-pump-thaw cycles, 
sealed under vacuum and separated from the vacuum 
line. The 'H and "C NMR spectra were recorded at 
- 20 "C. NMR samples of anions 2-, 3-, 4-, 5- and 6 -  
were prepared analogously from 0-15 mmol of the 
appropriate phenalene derivative (1,2,3,5- and 1,2,3,6- 
tetrahydropyrene, 3, 4, 5 or 6 ) ,  THF-ds (0.4 ml) or a 
1 : 1 mixture of THF-ds and diglyme-dl4 (total volume 
0.4 ml), and methyllithium (0.2 ml). 
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POTENTIOMETRIC EVALUATION OF THE ION-SELECTIVE 
CHARACTERISTICS OF 1,4-BRIDGED CUBYL DIESTER CROWN 


ETHERS 
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AND 


CLAUDIUS D'SILVA* AND GWYN WILLIAMST 
Department of Chemistry, Manchester Metropolitan University, Faculty of Science and Engineering, John Dalton Building, 


Chester Street, Manchester MI 5GD, U.K. 


Cubane diester crown ethers were tested as ion-selective electrodes in poly(viny1 chloride) (PVC) membranes. The four ionophores 
studied proved to be good K+ neutral carriers, showing Nernstian and near-Nernstian responses to this ion, in the range 
10-4-10-' M. The fixed interferences method was used to determine relative selectivity coefficients for all the electrodes. The 
highest selectivity for potassium relative to sodium, lithium, calcium and magnesium ions using potassium tetrakise- 
chloropheny1)borate (KTpCIPB as a resistance modifier and NPOE as a plasticizer was obtained with the 1,Ccubyl diester-2J-crown- 
7 ether ionopbore. The effects of KTpClPB on membrane selectivity were assessed; its removal was found to increase the selectivity 
of the four ionophores for potassium relative to cesium, sodium, calcium and magnesium ions with minimal effects on lithium and 
ammonium ions. The compounds tested exhibited a fast Nernstian response to changes in K+ concentration which was stable to 
within < 100 pV h-'. 


INTRODUCTION 


Ionophore-impregnated polymeric membrane-based 
ion-selective electrodes are now commonly used in a 
variety of A huge amount of effort has 
been expended into the syntheses and characterization 
of these ionophores in order to improve both selectivity 
and detection limits. A large number of these com- 
pounds utilize a 1,3-xylene or 1,3- or 1,Zcatechol unit 
as a nucleus, such as the macrocyclic pol yet her^^-^ and 
polythioethers. 8 9 9  The benzene nucleus in such systems 
increases the hydrophobicity and rigidity of the 
ionophore, thus altering its partition and conforma- 
tional properties, and in addition the a-system of the 
nucleus can act as a binding site especially in systems 


where it protrudes into the cavity.6 In a continuing 
effort to identify useful macrocyclic structures for ana- 
lytical and membrane applications, we have synthesized 
for the first time a new series of macrocyclic polyether 
structures in which the benzene nucleus is replaced with 
an alicyclic 1 ,Cbridged cubyl species. The cubyl nucleus 
is an ideal lipophilic component for ionophores because 
of its concentrated hydrophobicity, lo symmetry and 
low molecular weight [the partition coefficient (log p )  
for cubane was determined using the shake-flask 
method in a water-chloroform system to be 1.57, 
which is much lower than that expected for an eight- 
carbon hydrocarbon system, reflecting the compact 
nature of the cubane structure with its very small 
solvent accessible surface area. The value for log p in an 


* Authors for correspondence. 
t Present address: University of Wales, Institute of Molecular and Biomolecular Electronics, Dean street, Bangor, Gwynedd LL57 
lUT, UK 


CCC 0894-3230/94/060303-06 
0 1994 by John Wiley & Sons, Ltd. 


Received 9 September 1993 
Revised I3 December 1993 







304 R. M. MORIARTY ET AL.  


1 2 


CI7 


DYI 


cG c20 


Figure 1. X-ray crystal structures of ionophores 1, 2 and 4 


octane-1-ol-water system was computed using the 
CLOGP program of Hansch and Leo to be 1 *26. This 
is again lower than expected for an eight-carbon 
system "1. 


The x-ray crystallographic structure of cubane diester 
crown ethers (1, 2 and 4) have been rigorously estab- 
lished" (see Figure 1). The results show the C-C, 
C-0 and C=O distances have normal values of 
1 -42- 1 - 5 5 ,  I .4-1.42 and 1.18-1 -36 A, respectively. 
Ionophores 1 and 2 posses no center of symmetry and 
the addition of the cubyl nucleus probably reduces the 
flexibility of the ring so that it adopts a typically gauche 
C-C conformation, the trans-lactone conformation 
being a common feature of all examples. Ionophore 4, 
the dinuclear example, possesses a center of symmetry 
which persists in solution and its structure is supported 
by 'H NMR studies. Its crystal packing structure is 
centrosymmetric triclinic. 'H NMR spectra show 
ionophore 1 to form stable complexes (1:  1) with 
NaSCN, which readily undergoes decomposition on 
heating in CHCls, or washing with water. Ionophore 


1 and NaSCN (1 : 1 or an excess) were heated in 
methanol over a steam-bath until a clear solution was 
obtained, then cooled and evaporated. The white solid 
remaining was dissolved in CDC13 and filtered. 'H 
NMR spectra (400 MHz) of the above-complexed com- 
pound 1 shows a single merged multiplet for all OCH2 
(12H, m) protons at 6 3.55-3.74. Heating the CDCL 
solution of the complex or washing with water results in 
decomplexation and recovery of starting material in the 
pure form which shows three multiplets for OCHl 
protons, at 6 3.57-3.6, 3.62-3.64 and 3-68-3-70. 


The cubane diester crown ethers are a group of struc- 
turally well characterized ionophores whose physical 
properties have not been fully characterized. As part of 
a continuing study to explore the physical properties of 
these ionophores we have synthesized a series of these 
compounds in which the macrocyclic ring size has been 
varied from five to eight oxygen atoms (1-4) (see Figure 
1 for structures of 1, 2 and 4)  and have studied their 
potentiometric responses and selectivities in PVC mem- 
branes to alkali and alkaline earth metal cations, in the 







ION SELECTIVE CHARACTERISTICS OF CUBANE DIESTER CROWN ETHERS 305 


presence and absence of potassium tetrakis(p- 
chloropheny1)borate (KTpClPB). 


RESULTS AND DISCUSSION 
The selectivities reported for a given ionophore vary 
depending on the membrane composition and the 
nature of solutions (e.g. ionic strength, pH) to which 
the membranes are exposed. l2 For comparison pur- 
poses, unless stated otherwise, we prepared all 
ionophores under identical conditions using the same 
PVC membranes, plasticizer and lipophilic anionic site 
(e.g. KTpClPB) to obtain relative response due to the 
ionophores. The typical resistances of the prepared 
membranes, measured in situ using a Keithley 617 elec- 
trometer in the ohmmeter mode, ranged from 0 - 6  to 
1 * 1 MQ. All compounds used were functionally active 
as ion-selective electrodes and displayed a wide vari- 
ation in electrochemical response. 


A comparison of the responses obtained due to a 
sequential series of modifications in which the ring size 
of the macrocycle was varied from five to eight oxygen 
atoms was made with ionophores 1-4. All neutral 
carrier electrodes exhibited a marked selectivity for 
alkali metal (monovalent) over alkaline earth metal 
(divalent) cations (see Figure 2). The response curves 
obtained from plots such as in Figure 2 for the different 
ionophores 1-4 with different quest ions decreased in 
the order Cs+ > K +  > NH4+ > Na+ > Ca2+ > Li+ 
> Mgz+. This pattern appeared to be essentially 
independent of ring size, indicating that the 'optimal 
spatial fit concept' (circular recognition) l3  did not 
appear to hold for these ionophores when tested under 
these conditions of measurement. Despite the 
formation of a stable complex with Na+ ions in 
methanol, ionophore 1 showed no enhanced preference 
for this ion in these studies. Similar findings have been 
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> E 100 
W' 
a 


50 
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Figure 2. Cation selectivity of an electrode based on 
ionophore 1 in 0.1 M Tris-HCI (pH 7.5). The electrode was 
exposed to the salts of cesium (l), potassium (2). ammonium 
(3), sodium (4), calcium (5), lithium (6) and magnesium (7) 


reported in a study of 1,3-xylyl crown  ether^,^ which, 
owing to the availability of supporting studies carried 
out with organic solvents, was attributed to 
domination of solvation effects in complexation 
resulting in the selectivities, reflecting the ease with 
which the ionophore could substitute water from the 
inner hydration sphere of ions. 


The responses, slopes and detection limits obtained 
for membranes prepared with KTpClPB and 
ionophores 1-4 with alkali metal cations determined 
according to Commission on Analytical Nomenclature 
rules l4 are shown in Tables 1 and 2. The slopes for the 
electrodes ranged from 59 to 39mV per decade with 
detection limits varying from 2 x lo-' to 1 x lo-' M 
depending on the nature of the cation and ionophore. 
Nernstian or near-Nernstian responses were observed 
for K+ with ionophores 1-4, Cs+ with 1, 2 and 4 and 
NH$ with 1 and 2, but not for Na'. Selectivity coeffi- 
cients for K +  with respect to other alkaline earth metal 
cations obtained in the presence of KTpClPB are sum- 
marized in Figure 3 and were obtained using the fixed 
interference method, l4 as this condition is represen- 
tative of the conditions under which these electrodes 
could be used. The optimium selectivity for sodium 
( -  1*2), lithium (-2*3), calcium (-2.3) and mag- 
nesium ( -  3 '3) was observed with ionophore 3. 


Comparison of the selectivities of the cubane diester 
crown ether membranes containing KTpClPB with 
membranes prepared without KTpClPB (see Figure 4) 
showed major differences in selectivity. For all four 
ionophores improvements in the selectivity of K +  rela- 
tive to Cs', Na', Mg2+ and Ca2+ were observed in the 


Table 1 .  Performance characteristics of electrodes based on 
ionophores 1-4 


Slope (mV per decade) 


Ionophore K +  Na' cs + NHb 


1 57 46 57 56 
2 59 46 57 51 
3 55 46 39 43 
4 59 50 56 49 


Table 2. Detection limits of electrodes based on ionophores 
1-4 


Detection limit (M) 


Ionophore K' Na' c s  + NH2 


1 6 x 1 x lo-' 6 x 2 x 


4 2 x 8 x lo-' 6 x lo-' 2 x lo-' 


2 2~ 1 0 - ~  1 x 4~ 1 x 1 0 - ~  
3 I x 1 0 - ~  4 x lo-' 2 x 1 0 - ~  4 x 1 0 - ~  
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Figure 3 .  Selectivity coefficient for K+ in PVC membrane elec- 
trodes prepared with ionophores 1-4, KTpClPB and NPOE 
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Figure 4. Selectivity coefficient for K +  in PVC membrane elec- 
trodes prepared with ionophores 1-4 and NPOE 


absence of KTpCIPB. KTpClPB is added to membranes 
to improve the membrane re~istance'~ and response 
characteristics; however, the exchanger can reduce 
monovalent vs divalent cation selectivity l6 and favour 
large cations, as observed in this study. In the absence 
of KTpClPB the optimium selectivity for sodium 
(-1.6), ammonium (-0-5), lithium (-2*3), calcium 
(- 3.1) and magnesium (- 3.4) ions was observed with 
ionophore 2. A typical response of a PVC membrane to 
a stepwise change in K+ concentration is illustrated in 
Figure 5 for ionophore 2. The trace shows a fast Nerns- 
tian response to a ten-fold increase in K+ concentration 
(54 mV) which was essentially complete within a few 
seconds. Stability measurements in an open, unstirred, 
thermostated beaker of lo-' M KCl at 25 "C showed 
the electrode to have a stability of < 100 pV h-I. 


In conclusion, it has been shown that cubane diester 
crown ethers are relatively good potassium-selective 
ionophores showing good discrimination against alka- 
line-earth metal cations with a useful detection range 
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Figure5. Response curve for a PVC membrane based on 
ionophore 2 to a change in concentration of KCl from 


1 x 10-3 to 1 x M 


between loW4 and 1 0 - l ~ .  However, given the 
availiability of more selective and sensitive naturally 
occurring ionophores for potassium (e.g. valinomycin) 
we predict that these compounds may have greater 
value if used as modified electrodes in electroanalytical 
applications. The development of disposable elec- 
trodes and a hand-held instrument l9 for environ- 
mental monitoring based on anodic stripping 
voltammetry (ASV), which can determine four heavy 
metals simultaneously, increases the need for ionophore 
coatings with a broad selectivity as replacements for the 
currently used thin mercury films. The broad selectivity 
of cubane macrocycles, concentrated hydrophobicity, 
aliphatic nature and numerous options for structural 
modification make these compounds ideal candidates 
for development as replacements for mercury films in 
the determination of heavy metals by ASV. 


EXPERIMENTAL 


Materials. Lithium chloride (BDH, Speke, Liver- 
pool, UK.) cesium fluoride and sodium chloride (Aldrich 
Chemical, Gillingham, Dorset, U.K.) were used as 
received. Cubane 1,4dicarboxylic acid was purchased 
from Fluorochem (Azusa, CA, U.S.A.). Di-, tri-, tetra- 
and pentaethylene glycols were obtained from Aldrich 
Chemical (Milwaukee, WI, U.S.A.). Potassium 
tetrakis(pchloropheny1)borate (KTpCIPB), poly(viny1 
chloride) (PVC) and 2-nitrophenyl octyl ether (NPOE) 
were purchased from Fluka (Glossop, Derbyshire, 
U.K.). Tetrahydrofuran (THF) was obtained from 
Rathburn Chemicals (Walkerburn, U.K.) and was dried 
over sodium. Tris(hydroxymethy1)aminomethane (Tris), 
potassium chloride, magnesium chloride, ammonium 
chloride and calcium chloride were purchased from 
Sigma Chemical (Poole, Dorset, U.K.). All standard sol- 
utions and buffers were prepared using water purified 
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with a Milli-Q system (Millipore). Neutral carriers were 
prepared as described below. 


Syntheses of ionophores. Ionophores 1-4 were pre- 
pared by the reaction of cubane-l,4-dicarbonyl chloride 
with the appropriate polyethylene glycol according to 
the methods of Moriarty et al. 'I the general procedure 
being as follows. In a typical experiment, a solution of 
polyethylene glycol (5 9 2 mmol) in dry dichloromethane 
(100ml) was added dropwise to a stirred solution of 
cubane-1 ,Cdicarbonyl chloride (5 2 mmol) and 
triethylamine (13 -0  mmol) in dry dichloromethane 
(400ml) at room temperature under an argon atmo- 
sphere. The reaction mixture was stirred for 20 h at 
room temperature and then poured on to a crushed 
ice-water mixture. The organic layer w a s  separated 
and the aqueous layer was extracted with 
dichloromethane (2 x 100 ml). The combined organic 
extracts were washed with water (2 x 80 ml) and brine 
(100 ml), dried (Na2S04), filtered and evaporated in 
vacuo to yield crude cubyl diester polyethers 1-4, which 
were obtained pure by flash chromatography on silica 
gel with ethyl acetate eluent. 


1,4-Cubyl diester-19-crown-5 ether (1). Yield 25%; 
m.p. 153-154"C, IR (KBr), 1727 cm-'; 'H NMR 
(400MHz, CDCI3), 6 3.57-3.6 (4H,  m, OCHz), 
3.62-3.64 (4H,  m, OCHz), 3-68-3.70 (4H,  m, 
OCHz), 4.29-4.31 (4 H, m, COOCHz), 4.30 (6 H, s, 


64.18, 68.8, 70.34, 71.4, 171.27; chemical ionization 
(CIMS), (M' + 1) m/z  351 (32Vo); high-resolution elec- 
tron impact MS, CleH2207 requires m/z  350.1366, 
found 350.1369; analysis, calculated for ClgH2207, C 
61-71, H 6-33; found, C 61-84, H 6.37%. 


CH); I3C NMR (100-6 MHz, CDCI,), 6 47.06, 56.69, 


1,l-Cubyl diester-22-crown-6 ether (2). Yield 40%; 
m.p. 89-90°C; IR (KBr), 1727 cm-I; 'NMR 
(400 MHz, CDCl3), 6 3.57-3.59 (8 H, m, OCHz), 
3-62-3.64 (8 H, m, OCHz), 4.22-4-24 (4H,  m, 
COOCHz), 4.25 (6 H, S,  CH); I3C NMR (100.6 MHz, 
CDCI,), 6 46.81, 55-89, 63.54, 68-61, 70.25, 70.56, 
70.92, 171.07; CIMS, ( M + +  1) m / z  395 (28070); 
analysis, calculated for CZOH2608, C 60.90, H 6.64; 
found, C 61.00, H 6.58%. 


1,l-Cubyl diester-25-crown-7 ether ( 3 ) .  Yield 20%; 
m.p. 5 5 4 6 ° C ;  IR (neat), 1725 cm-'; 'H NMR 
(400MHz, CDC13), 6 3.63-3.68 (20H, m, OCHz), 
4.24-4.27 (4 H, m, COOCH2), 4.25 (6 H, s, CH); "C 
NMR (100.6 MHz, CDCl3), 6 47.0, 55.85, 63.59, 
68.80, 70.38, 70-71, 70-80, 71.15, 171.33; CIMS, 
(M' + 1) m/z  439 (36%); analysis, calculated for 
C22H3o09, C 60.26, H 6.90; found, C 60.14, H 
6.87%. 


1,4-Dibridged-dicubyI diester-32-crown-8 ether 
(4). Yield 15%; m.p. 122-129°C; IR (KBr), 
1723 cm-I; 'H NMR (400 MHz, CDCI3) 6 3.56 (8 H, 
s, OCH2), 3.62-3.64 (8 H, m, OCH2), 4.14 (12 H, s, 
CH), 4.16-4-19 (8 H,  m, COOCH2); '!C NMR 


70.63, 171.01; CIMS, (M+ + 1) m/z  613 (lOOC7o); 
analysis, calculated for C32H36012, C 62-74, H 5.92; 
found, C 62.45, H 5.98%. 


(100*6MHz, CDCl3), 6 46.76, 5 5 . 5 ,  63.5, 68.98, 


Membrane and electrode fabrication. The polymeric 
membranes used were prepared as follows: PVC 
(31.2 mg), NPOE (66 mg; 263 p M), KTpClPB 
(0.4 mg; 0-81 p M) and the appropriate ionophore 
(8-6 j~ M) were dissolved in 1 ml of THF. The solution 
was poured into a flat glass ring (17 mm i.d.), and the 
solvent evaporated at room temperature overnight 2o to 
yield an elastic, translucent membrane of thickness 
0.14-0.18 mm. The resulting polymeric membranes 
were conditioned for 24 h in 1 x M KCI, then 
deposited on the end of a glass tube of 5 - 5  mm i.d. con- 
taining an internal reference solution (1 x M) and 
chloridized silver wire as an internal reference elec- 
trode. 21 The fabricated electrodes were further condi- 
tioned for 24 h in 1 x M KCl before use. All 
potentiometric measurements were performed by the 
use of the following cell: Hg, Hg2C12, KCl (sat.) 
11 sample solution I membrane I Tris (0- 1 M), KC1 
(1 x M) AgCI, Ag. 


E.m. f .  measurements. The response of the electrode 
were measured with a Thurlby Model 1503 digital mul- 
timeter and time-dependent responses were recorded 
with a Siemens Model X-T C1012 chart recorder. All 
measurements were performed in a temperature- 
controlled room at 21 "C relative to a Radiometer 
porous pin-junction calomel reference electrode. Elec- 
trodes were stored in 1 x M KCI when not in use. 
The electrodes were calibrated by syringing 2 ml 
aliquots of known concentrations of different electro- 
lyte standard solutions into a stirred beaker containing 
20-0ml of 0.1 M Tris-HCI buffer (pH 7 .9 ."  To 
obtain the calibration graphs of the ISEs, the data were 
plotted as A E (i.e. the increase in potential with respect 
to the baseline) vs the logarithm of activities of the 
cation present in the buffered solution. 


Selectivity coeficients (K&). Selectivity coefficients 
were determined by the fixed interference method." 
The background concentration of the inteferent ions 
employed were 0.1 M for LEI ,  NaCI, KCI, CaCl2 and 
MgCl2 and 0.01 M for CsF and NH4Cl. 


ACKNOWLEDGMENTS 


The authors thank the Office of Naval Research for 
support of this work under contract N00014-90-5-4106 







308 R. M. MORIARTY ET AL. 


and C. D’S thanks the SERC for support under grant 
GR/F 16424 and GRIJ61466. G.W. acknowledges the 
SERC for the award of a studentship. 


C. D’Silva, G. Williams and R. Gilardi, J. Am. Chem. 
SOC. 115, 1194 (1993). 


12. E. Metzger, D. Ammann, E. Pretsch and W. Simon, 
Chimia 38, 440 (1984). 


13. R. M. Izatt. D. J. Eatouah and J. J. Christensen, Struc- 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 


10. 


11. 


REFERENCES 


G. J. Moody, B. B. Saad and J. D. R. Thomas, Sel. Elec- 
trode Rev. 10, 71 (1988). 
M. E. Mayerhoff and W. N. Opdyche, Adv. Clin. Chem. 
25, 1 (1986). 
U. Oesch, D. Ammann and W. Simon, Clin. Chem. 32, 
1448 (1986). 
S. M. Tuladhar, G. Williams and C. D’Silva, Anal. 
Chem. 63, 2282 (1991). 
S .  M. Newcomb, S. S. Moore and D. J. Cram, J. Am. 
Chem. SOC. 99, 6405 (1977). 
S. S. Moore, T. L. Tarnowski, M. Newcomb and D. J. 
Cram, J. Am. Chem. Soc. 99, 6398 (1977). 
G. Williams, S. M. Tuladhar and C. D’Silva, J. Phys. 
Org. Chem. 5 ,  437 (1992). 
E. Weber, W. Wieder and F. Vogtle, Chem. Ber. 109, 
1002 (1976). 
E. Weber and F. Vogtle, Justus Liebigs Ann. Chem. 691, 
924 (1976). 
R. M. Moriarty, M. S. C. Rao, S. M. Tuladhar and 
W. J. Dunn, 111, preliminary results (1992). 
R. M. Moriarty, M. S. C. Rao, S. M. Tuladhar, 


ture and Bonding, Vol. 16, p. 161. Springer, Berlk(1973). 
14. Commission on Analytical Nomenclature, Pure Appl. 


Chem. 48, 129 (1975). 
15. M. Oehme and W. Simon, Anal. Chim. Acta, 86, 21 


(1976). 
16. D. Ammann, W. E. Morf, P. Anker, P. C. Meier, 


E. Pretsch and W. Simon, Ion-Sel. Electrode Rev. 5, 1 
(1983). 


17. W. E. Morf, The Principles of Ion-selective Electrodes 
and of Membrane Transport, pp. 266-267. Elsevier, 
Amsterdam (1981). 


18. C. D’Silva, paper presented at the EPMS ’93 Workshop, 
Sheffield Hallam (UK), August 31-September 3, 1993; 
Int. J. Electron. (in press). 


19. G. Williams and C. D’Silva, paper presented at  the RSC 
International Symposium on Electroanalysis in Bio- 
medical, Environmental and Industrial Sciences, 
Loughborough (U.K.), April 20-23, 1993; Analyst, 119, 
187 (1994). 


20. S. Daunert and L. G. Bachas, Anal. Chem. 62, 1428 
(1990). 


21. A. Craggs, G. J. Moody and J. D. R. Thomas, J. Chem. 
Educ. 51, 541 (1974). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 7, 55-62 (1994) 


ESTIMATION OF MARCUS X FOR p-PHENYLENEDIAMINES 
FROM THE OPTICAL SPECTRUM OF A DIMERIC DERIVATIVE 


STEPHEN F. NELSEN* AND MARIA J. R. YUNTAt 
S. M. McElvain Laboratories of Organic Chemistry, Department of Chemistry, University of Wisconsin, 1101 University 


A venue, Madison, Wisconsin 53 706-1396, U. S. A. 


The radical cation of N ,  N'-bis-(4-dimethylaminophenyl)pyridazine (3' +) has a near-IR band with a transition energy 
of 29.7 f 0.5 kcal mol-' (1 kcel= 4.184 W) in acetonitrile. This band is assigned to a Hush-type charge-transfer 
band, and the transition energy to the Marcus X value for electron transfer. Such a large X is inconsistent with previous 
estimates of X for intermolecular electron transfer between mono-p-phenylenediamines and their radical cations. It 
agrees well with estimates of X based on AM1 semi-empirical MO calculations, which gives the enthalpy contribution 
to XI. at about 21 kcal mol-' for 3'+. It is suggested that the traditional method of estimating Xi. by summing bond 
displacements weighted by force constants produces values which are significantly too low for systems such as 
phenylenediamines, where pyramidalization changes are important. The results suggest that X for tetramethyl-p- 
phenylenediamine self-electron transfer (1". +) has been significantly underestimated, and that this prototype organic 
electron transfer reaction is not as strongly diabatic as was previously concluded. 


INTRODUCTION 
Derivatives of p-phenylenediamine (PD) have played a 
premier role in radical cation chemistry. la Wurster I b  


isolated the blue N,  N ,  N ' ,  N'-tetramethyl-PD (1) salt 
and other derivatives in 1879. Weitz" may have been 
the first to recognize their true nature, designating such 
salts 'kationradikale' in 1928. Electron transfer (ET) 
between neutral 1 and its own radical cation (lo/*+ 
self-ET) was the first organic case for which the rate 
constant k,, was measured, by Weissman using NMR 
line broadening in 1954.' More recently, Grampp and 
Jaenicke (GJ) have made PD self-ET the most 
thoroughly investigated organic system by carrying out 
detailed ESR line-broadening measurements of k,, over 
a range of temperatures and solvents for lo/.+ and 
several other derivatives. 3a-d The reported activoation 
parameters for lo'.+ in acetonitri1ejb give ke,(25 C) = 


1 


1.6 x 10'Imol-Ls-' [AGt(25 "C) = 4.9 kcalmol-I 
(1 kcal = 4.184 kJ)] , approximately one order of mag- 
nitude below diffusion control. GJ have analyzed the 
solvent dependence of k,, for PD derivatives using both 
c l a ~ s i c a l ~ ~ * ~  and more contemporary3C9d ET theory, 
and their most recent conclusion is that despite the large 
k,, value and the large ?r surfaces available for overlap 
at the transition state, PD self-ET reactions are diabatic 
('non-adiabatic'), their rate constants being strongly 
limited by poor electronic interaction at the transition 
state. This conclusion is principally based on theoretical 
estimations of the barrier for vertical ET X, using 
various levels of theory to estimate both the solvent 
reorganization contribution, but, and the internal 
geometry organization term, Xin, which are added to 
give X [see equation (l)], which in combination with 
other estimated parameters was used to calculate kex. 3d 


Fawcett and Foss3, carried out a slightly different 
analysis of GJ's data using similar ET theory to that in 
Refs 3c and 3d, reaching similar conclusions. 


A = lout  + Xi. ( i p s 5  


A number of assumptions are involved in making 
theoretical estimates of A, and it would clearly be 
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2 


3 


desirable to have experimentally measured X values for 
P D  derivatives. In this work, we prepared and studied 
the bis-PD derivatives 2 and 3 in the hope of using the 
Hush method' to determine X experimentally by 
observing the charge-transfer (CT) band corresponding 
to transferring an electron from one P D  unit to  the 
other in the radical cation form of these compounds. 
Hush introduced this method for intervalence transition 
metal complexes, which are compounds having two 
metal centers connected by a bridging ligand, with the 
metals in oxidation states which differ by one charge 
unit. The CT band transition energy Eop is equated with 
X, which is widely accepted as being correct and has 
proven to  be extremely useful in understanding E T  
reactions of inorganic and organometallic s y s t e r n ~ . ~ ~ ~  


RESULTS 


Compound 2 was most usefully prepared by reductive 
bisalkylation of terephthalaldehyde (4) with N,N- 
dimethyl-p-phenylenediamine (5) and cyanoboro- 
hydride, followed by reductive bismethylation of the 
product ( 6 )  using formaldehyde and cyanoborohydride 
(Scheme l) ,  which produced higher yields in our hands 
than bisalkylating 4 with trimethyl-p-phenylenediamine 
(20% based on 5, compared with 8% based on 
trimethyl-p-phenylenediamine, which is not commer- 
cially available). 


Compound 3 was prepared by refluxing a mixture of 
5 with ethylene dibromide, followed by chromatog- 
raphy.of the product mixture. Although the yield was 
only 5%,  the simplicity of this procedure appears to  us 
to  make it more desirable than using multi-step 
sequences. 


Cyclic voltammetric (CV) results for 1-3 in CH3CN 
containing 0.1 M Bu4NC104 are summarized in 
Table 1. The CV curves for both dimeric compounds 
show reversible oxidation waves at  potentials near the 
first and second le  oxidation waves of 1,6 consistent 
with the two P D  units in 2 and 3 oxidizing nearly inde- 
pendently. Curves recorded in the presence of known 
amounts of ferrocene showed that two electrons are 
transferred at  each wave for the dimeric compounds. If 
there were no interaction between the P D  units, the 
statistical factor of two for removal of the first electron 
causes a AE difference of (2RTIF)ln 2 = 35.6 mV,' 
and if the ET were completely electrochemically revers- 
ible, the CV curve would have the 59 mV peak separ- 
ation of a monomeric P D  derivative. The presence of 
the PD'+  unit in 2'+ makes the removal of a second 
electron only slightly more difficult than the first, 
because the peak to  peak separation is oonly slightly 
larger for 2 than for 1. The difference in E for first and 
second electron removal from 3 is large enough that 
shoulders are observed on both oxidation waves. Simu- 
lations of CV curves for reversible and quasi-reversible 


Table 1. Cyclic voltammetric data for 1-3 


E r ( V )  and AE, (mV)" 


Compound First wave+) Second waves@) A E Y  (V) 


lb  0.12 (65) [ I )  0.69 (64) [ l ]  0.57 
2 0.14 (78) (2) 0.75 (70) [2] 0.61 
3 0.23 (120) (2) 0.80 (140) [2) 0.57 


a AE, values in parentheses; the values in curly brackets are the number 
of electrons transferred. 


Data taken from Ref. 6. 
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Figure 1 .  ESR spectra of 3" generated by NO'PFC oxidation in methylene chloride: (a) 200 K;  (b) 220 K; (c) 240 K; (d) 280 K 


systems show that the observed peak-to-peak separation 
for the first two oxidations of 2 (which has the closest 
charge-bearing nitrogens separated by seven u bonds) 
correspond to about a 52 mV difference in E" or 
0.4 kcal mol-' greater than the statistically imposed 
difference, whereas that for 3 (having a three u bond 
separation) corresponds to about 86mV, or a 
1 -2  kcalmol-' more difficult second electron removal 
than the first, also corrected for the statistical effect. It 
appears from these data that the radical cations from 2 
and 3 are effectively localized in one PD unit, and that 
these compounds should be candidates for a Hush-type 
treatment if CT bands can be observed. 


In contrast to l . + ,  neither dimeric PD derivative 
gives a radical cation stable enough to allow isolation. 
Drastic shortening of lifetimes for dimeric radical 
cations M'+ -Mo has been noted previously for bis- 
tetraalkylhydrazines. Two M'+ -Mo species are 
nearly isoe!ergetic with M'+-M'+ and Mo-Mo, 
because AE for the first two electron transfers is small, 
and intermolecular ET will produce these species in sol- 
ution. The short lifetime for M.+-Mo was attributed 
to endothermic intramolecular ET within M'+-M'+,  
producing M2+-Mo, which undergoes rapid intra- 
molecular proton transfer.' The species 3'+ decom- 
poses noticeably more rapidly than 2'+ in solution, 
which is not surprising because the hydrazine analogue, 
1,4-bisdimethyIaminopyridazine, is short-lived even on 
the CV time scale at 1 Vs-' scan rates. The radical 
cations of 1-3 for these studies were generated by 
reaction of the neutral compounds with one equivalent 
of NO+ PF; or (4-BrC&),N'+ SbCl;, and even 3'' 
proved sufficiently long-lived in solution to allow 
recording of spectra at room temperature. The ESR 


spectra of both 2'+ and 3'+ show complex and ill- 
resolved hyperfine structure at low temperature, which 
we have not been able to analyze to extract splitting 
constants. In contrast to the spectrum of 2 ' + ,  that of 
3'+ broadens greatly as the temperature is raised, blur- 
ring out the hyperfine structure (see Figure 1). This 
behavior is what we would expect for localization of 
charge on one PD unit of 3 ' + ,  and ET becoming rapid 
enough to exhibit dynamic broadening near room tem- 
perature, but we have not quantitatively analyzed these 
complex spectra. 


The UV-visible spectra of 1'+ ,  2'+ and 3'+ are very 
similar, as shown in Table 2 (for the optical spectrum of 
1+ C10; in another solvent, see Ref. 9). This is consis- 
tent with the charge being instantaneously localized in 
one PD unit for both bis-PD compounds. No absorp- 
tion was detected at longer wavelength for either 1" 
or 2'+.  In contrast, 3'+ shows absorption with a 
maximum in the range 945-980 nm in acetonitrile 
(see Figure 2). The results of three independent runs 
in acetonitrile at room temperature can be summarized 
as follows: (a) (4-BrCaH4)A"+ SbCl; oxi- 
dant, vmal = 10.46 kK (A,,, = 956 nm), v1/2 = 1 a 5  kK, 
&,,,in 1401mol-'cm-'; (b) NO+ PF; oxidant, 


Table 2. UV-visible spectral data for 1'+-3'+ in acetonitrile 


Compound Am., (nm) (relative intensity, 070)" 


1 ' +  614 (0*61), 566 (0.61), 328 (1.00) 
2' + 614 (0*63), 566 (0.62), 328 (1.00) 
3' + 616 (0.33), 564 (0.30), 334 (1.00) 


'In parentheses. 
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m 


m l  


Figure2. Near-IR spectrum of 3'+ obtained by NO'PF6 
oxidation in acetonitrile with an Si detector 


vmax = 10.21 kK (Amax = 980 nm), vi/z = 1 *6  kK, 
f m i n  57 1mol-'cm-'; (c) NO' PF; oxidant, 
vmax = 10.57 kK (1, = 946 nm), Y ~ / Z  = 2.4 kK, emin 
261mol-'cm-1 ( v ~ / z  is the full band width at half- 
height, and fmin is calculated assuming a 100% yield of 
3'+ based on the amount of oxidant used). Radical 
cation instability and hence low and decreasing inten- 
sity and non-linearity of the detector response in this 
region were definite problems in obtaining very repro- 
ducible data for this band. Even less stability was found 
for 3'+ in less polar solvents, and precluded studying 
the solvent effect on the near-IR absorption under our 
conditions. 


DISCUSSION 


The near-IR absorption of 3'+ is caused by the pres- 
ence of the second, unoxidized PD unit in this mol- 
ecule. We attribute the absorption maximum observed 
in the range 946-980nm to a Hush-type charge- 
transfer band corresponding to a transition energy 
Eop = X of 10.21-10.57 kK = 29-7 + 0.5 kcalmol-I. 
In retrospect, we do not find it particularly surprising 
that a corresponding band was not observed for the 
bis(PD) compound 2'+.  Hush pointed out that the 
intensity of an intramolecular CT band is proportional 
to the square root of the electronic coupling matrix 
element (called v, H a b  or J in various theoretical treat- 
m e n t ~ ) . ~  The distance between the PD units is much 
smaller for 3 '+ ,  where the closest N atoms are separ- 
ated by three u bonds, than for 2 '+ ,  where they are 
separated by seven u bonds. For examples of the sharp 
decrease in CT band intensity as the number of linking 
u bonds increases, see the work of Oevering et al. lo on 
CT bands for dimethoxynaphthalene linked to 7- 
methylenenorbornane derivatives. Further, the piperi- 


7-+ 


9.+ 


dine ring linkage of 3'+ holds the nitrogen lone pairs 
in relatively good geometry for electronic interaction 
through the u bonds, while the p-xylylene linkage of 
2'+ does not enforce favorable u bond alignment, 
which will further decrease V ,  and hence the CT band 
intensity, of 2 * + .  I '  


A A for 3'+ of about 29.7 kcalmol-I is far larger 
than GJ's theoretical analysis produced for lo/.+ and 
other PD derivatives. After extensive discussion jus- 
tifying their choices, they employed X = 19 kcalmol-' 
for intermolecular ET between 1 and 1'+ at 333 K in 
a ~ e t o n i t r i l e , ~ ~  which would correspond to an Eop of 
1500 nm. Obviously, both but and Xi, will differ for the 
intermolecular lo'.+ ET and the intramolecular 3'+ 
ET reactions, but the PD units involved are similar 
enough that the theoretical estimate of for X intermole- 
cular lo/*+ ET does not agree well with the transition 
energy observed for 3'+ .  We shall argue below that GJ 
seriously underestimated k i n  for lo'.+, and that the 
transition energy observed for 3.' is entirely consistent 
with our assignment of the near-IR band as a Hush-type 
CT band. 


Three other types of dimeric N-centered radical 
cations for which optical bands we have attributed to 
Hush-type charge transfer are now available for com- 
parison with 3'+. Charge in the bis(hydroxy1amine) 
7'+ is instantaneously localized on one hydroxylamine 
unit by the criteria of CV and low-temperature ESR, 
and it shows a near-IR band having a transition energy 
which is consistent with the barrier for ET between the 
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Table 3 .  Comparison of A values estimated from CT band maxima for dimeric 
nitrogen-centered radical cations 


29.7 k 0.5 21.1= 1'5-2.4 4.9 
7 '  + 22.9 - 1 . 8  4.3 
3' + 


8' + 23.9 16.8' 6 .8  4.4 
9' + 52.2 45.0' 6.5 8 . 3  


b 


See Table 4.  
b A M l  calculations treat amide nitrogens so poorly that we do not believe calculations of  X '  
inner for 7 ' +  have any significance. 
'From Ref. 13. 


two hydroxylamine units measured by dynamic ESR " 
[a value of intermolecular k,, is not available for the N- 
acylhydroxylamine charge-bearing system used in this 
work, and a large twist about the N-C(=O) bond in 
the neutral hydroxylamine unit accompanies electron 
loss in this system, making the ET process rather differ- 
ent than in intervalence complexes]. The bis(hydrazy1) 
radical cation 8'+ shows fast ET on the ESR time-scale 
even at low temperature and bis(hydrazine) radical 
cation 9'+ slow ET even at high temperature, and 
Hush theory analysis of their optical absorption bands 
has been shown to work well for both classes of com- 
p o u n d ~ ' ~  (but see earlier comment). The observed tran- 
sition energies for these four radical cations [labelled 
A(CH3CN)I are compared in Table 3. 


It has been traditional to use the Marcus equation: 


Aoul = 332.1 g(r, d ) ~  (2) 
to estimate Aoul. The proportionality constant given is 
that which produces X,,, in kcalmol-' when the dis- 
tance in g(r, d )  is in A; g(r ,  d )  is a distance parameter 


for which the simplest form for dimeric compounds in 
which the ET 'monomer' units of radius r are held at 
a distance d is g(r, d )  = 1/r - l / d .  The parameter y is a 
solvent polarity parameter which depends only on the 
bulk solvent properties refractive index, n,  and static 
dielectric constant, E; y = l /n2  - I / &  = 0.528 for ace- 
tonitrile at room temperature. The 'monomer' units 
connected to give 3 ' + ,  8'+ and 9'+ are not very 
different in size; 1 is a CloN2 compound, and the 2-tert- 
butyl-2,3-diazabicyclo [ 2.2.21 octane hydrazyl 'mono- 
meric' unit of 8 is also CIONZ and the methylated 
hydrazine unit of 9 is CIIN2. We would not expect sub- 
stantial differences in Xoul for compounds in this size 
range. We have discussed probable sizes of 
AoUl(CH3CN) for 8 '+ ,  9 '+  and sesquibicyclic hydra- 
zines elsewhere, I3,l4 concluding that Lul(CH3CN) 
values near 10 kcal mol- are reasonable (the bands for 
both 8'+ and 9'+ are nevertheless distinctly narrower 
than predicted for organic systems with reasonable uin 
values employing Hush's equations"*13). This is not far 
from the ca 7.1 kcalmol-' that GJ employed for lo'.+ 


Table 4. AMI-calculated structures 


Species Symmetry AHt (kcal mol-L)a Rel. A H f  (kcalmol-I) CN twist angle (') xi:, a 


1 C, 40.44b (0) 2 36.6 27.3 (27.7) 
1 CI 40.60 0 .17  - - 3 ,  -39 22.9 (23.8) 
1 (no) C2dsyn) 41.04 0.61 0, 0 18 .7  (19.6) 


3 CI 92.16 (0) +34; +36' 27.8d 
3 CI 92.55 0.35 3 3 5 ;  k3c  23.3d 


1 ' +  (c') C2h 191.65 (196.04) (0) 0, 0 


3 (no) C2h 94.54 2.38 0, 0; 0, 0' 21.ld 
3' + CI 242.07 (0) -47, 1; 2 o c  
3 ' +  (C+)  CI 244.51 2.44 0, 0; 0, 0' 


"Obtained using equation (3). The first number quoted employs UHF calculations for the radical cations, and the second uses the half-electron 
approximation. 
h A  C, structure at A H t =  40.49 kcalmol-' (CN twist angle 35.2") and a C, angle at AHl = 40.49 kcalmol-I (34.6') were also located. The relative 
direction of  twist at the two Ar-NMer bonds is calculated not to be important either for Aht or for A;,,. 
'The first pair of angles refers to the Ar-piperazine ring twist angle, and the second to the Ar-NMel twist angle. 
'Calculated using the 244.51 kcalmol-' untwisted radical cation as c +  in equation (3).  Employing the more stable 242.07 kcalmol-' 3 ' +  structure 
(twisted at the Ar-piperidinyl N of the reduced PD unit, and the lowest energy 3 ' +  structure we have found) produces a 1 . 1  kcalmol-' higher A;,, 
value. 
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ET, and we suggest that the principal reason for the 
significantly different X values for the compounds in 
Table 3 is not likely to  be Lout differences. 


We shall focus this discussion on consideration of Xi, 
values, which we believe are clearly different for the 
systems under consideration, and are the principal 
cause of the different transition energies observed. As 
discussed previously l5 calculations of the enthalpy 
portion of Xi,, which we shall call Xi:, (note that the Xi', 
q ~ o t d ~ ~ ~ ' ~  for 1 of 8 .2  kcalmol-I is not correct; the 
correct values calculated by AM1 appear here in 
Table 4), using the Dewar AM1 semi-empirical mol- 
ecular orbital method may be carried out simply from 
the calculated heats of formation for geometry relaxed 
neutral compound and radical cation (no and c+  
respectively), and their vertical E T  species, n+ and co 
respectively, using the equation 


Xi:, = [AH&+) - AHf(c+)] + [AHf(co) - AHf(no)] 


= AH,(cat) + AH,(neu) (3) 


The numbers calculated for the experimentally 
measured enthalpy of cation relaxations, 
AH,(cat) = vZP - aIP for hydrazinesI6 are reproduced 
fairly well by AM1 calculations, and the calculated 
changes in Xi:, correlate well with experimentally 
observed changes in activation energy for hydrazine 
self-ET as bicyclic rin size is changedI4 [estimates of 
AH,(cat) from 6-31G ab rnrtro calculations are about 
50% too large; AM1 calculations are unquestionably 
far superior for calculation of this quantity for hydra- 
zines]. The Xi:, calculations also correlate well with the 
differences in transition energies observed for 8'+  and 
9'+ (see Table 3). Qualitatively, the reason for the 
much higher transition energy for bis(hydrazine) radical 
cation 9'+ than for bis(hydrazy1) radical cation 8'+ is 
clearly the much larger Xi, term for the bis(hydrazine), 
which undergoes far greater internal geometry reorgan- 
ization than does the bis(hydrazy1). Calculations of Xi:, 
in by the AM1 method have been experimentally dem- 
onstrated to be useful for these hydrazines and 
hydrazyls. 


Because flattening at nitrogen for the open-shell 
hydrazyl system should be less difficult than for closed- 
shell P D  derivative nitrogens, it appears qualitatively 
reasonable that Xi, would be at least as large for P D  
derivatives as for hydrazyls. This idea has been tested 
more quantitatively by AM1 calculation of Xi, values 
for 1 and 3, which are summarized in Table 4. Calcu- 
lated values of Xi', depend significantly on the geome- 
tries employed for both no and c+, and molecules with 
many degrees of freedom such as P D  derivatives have 
complex energy surfaces which are much flatter for no 
than for c + .  Energy minimum conformations with 
nitrogen lone pair, aromati: ring carbon p-orbital twist 
angles in the range 34-39 are only slightly lower in 
energy than untwisted conformations, with this angle 


H . . .  


near 0" (see the 'CN twist angle' column in Table 4). 
Calculated Xi:, values are significantly higher for Ar,N- 
twisted conformations, principally because such 
twisting in the quinonoid radical cation is costly in 
energy. We suggest that untwisted conformations, 
which lead to lower values of Xi:, when employed as no 
are the appropriate ones to  consider despite the fact 
that they are not the global energy minima. It is not 
obvious whether it is more appropriate to use unres- 
tricted Hartree-Fock (UHF) calculations (as we have in 
our hydrazine work l 3 * I 4 )  or Dewar's half-electron for- 
malismI7 for optimizing the geometry of C' and 
obtaining the vertical cation energies (n'). We have 
examined both for 1, where use of the half-electron 
approximation leads to  slightly (2-5%) higher calcu- 
lated Xi:, for all three no geometries examined, and use 
the slightly lower Xi, values obtained by using UHF cal- 
culations for the radical cations in this discussion. The 
lowest energy 3'+ conformation is significantly twisted 
at  the reduced aryl-piperidinyl N bond, but the un- 
twisted conformation lying 2.44 kcal mol-I higher in 
AHf gives 1.1-1 .O kcal mol-I lower Xi',, values for all 
three no geometries. We employ the lower numbers in 
this discussion, although using the twisted conforma- 
tion higher Xin values would not change our conclusion 
significantly. The lowest Xi:, value obtained by AM1 cal- 
culations for 3 using equation (3) is 21-1 kcalmol-l 
(Table 4). Use of this value as Xi, predicts Eop for 3'+ 
in the range 28.1-31.1 kcalmol-I for Lout of 
7-10 kcalmol-I, so the Xi:, value estimated by AM1 fits 
the near-IR band transition energy for 3'+ 
(29.7 kcalmol-I) well if it is assumed that the band 
corresponds to  a Hush-type ET. 


The near-IR band transition energy of 3'+ is that 
expected for a Hush-type CT band, but the band 
observed is substantially narrower than Hush theory 
predicts. According to  Hush t h e ~ r y , ~  v1/2 should 
exceed u1/2(HTL) = 48-06(~, , , )~/~.  The bands 
observed for 8'+  and 9'+ ,  where the linking groups 
hold the charge-bearing systems fairly rigidly and par- 
allel to  each other, are broader than u1/2(HTL) (but see 
earlier comment), whereas while those for 3'+ and 
7 ' + ,  where the charge-bearing units are directed away 
from each other and have much more freedom to move 
relative to  each other, are significantly narrower. We d o  
not know why narrower bands are observed for these 
systems, but suspect that the effect is somehow caused 
by the substantial structural differences between the 
geometries in which in the charge-bearing units are 
held. 


Estimation of X for lo/'+ 


The greater difficulty of flattening at piperidinyl than at 
dimethylamino nitrogen will cause a smaller inner 
sphere reorganization energy for 1 than for 3. The AM1 
Xi:, for 1 which corresponds to  that used for 3 above 







MARCUS X FOR p-PHENYLENEDIAMINES 61 


[UHF for cations, syn CzO untwisted no structure; that 
is, the lowest value predicted by AM1 calculations using 
equation (3)] is 18.7 kcalmol-'. Rauhut and Clark" 
reported the same Xi:, values for 1 with the half-electron 
approximation as we obtain (Table 4). They have done 
a sophisticated computational investigation on self-ET 
for four PD derivatives including 1, in which many 
issues not considered here, such as calculations on 
dimeric transition states for intermolecular ET, 
are addressed. They concluded from HF/6-31G* ab 
initio calculations on the parent PD (1,4- 
diaminobenzene) that AM1 performs well for this par- 
ticular problem. [Indeed, AM1 probably gives better 
answers than 6-3 1G* calculations for this particular 
problem. We have shown" that for geometry- 
constrained sesquibicyclic hydrazines, AM 1 calcu- 
lations are unquestionably superior to 6-3 1G* 
calculations for calculation of AHr(cat) and of Ai'n, 
owing to unexpected fortunate cancellation of errors in 
the AM1 calculations. The 6-31G* calculations 
produce numbers which are significantly too high for 
such hydrazines, whereas AM1 gives more realistic 
results. The 6-31G* results are also significantly higher 
than the AM1 results for p-phenylenediamine.] Esti- 
mates made in an analogous fashion using ab initio cal- 
culations on the parent gave a 38% larger estimate of 
Xi:, than did AM1 (which gave hi',, = 22.7 kcalmol-') at 
UHF/6-31G*, but came closer to the AM1 estimate 
when electron correlation was included in the geometry 
optimization; UMP2/6-31G* calculations gave an esti- 
mate 19% higher than the AM1 value. Thus Rauhut 
and Clark's ab initio calculations on 1,4- 
diaminobenzene indicate that AM1 is unlikely to over- 
estimate Ai'n. [Goez" exployed the results of AM1 
calculations on lo'.+ in a completely different manner, 
estimating A/, (which he calls A;, following nomencla- 
ture used by GJ3d) at 9.27 kcalmol-'. He used a tra- 
ditional summation of bond distance changes and 
estimated force constant method. We do not know why 
his estimate of A{, is so much lower than that we and 
Clark obtain using equation (3), but suggest that this 
result reinforces our suspicion that the traditional pro- 
cedure misses an important component of the vertical 
energy gap between (no + c') and (n+ + co) which Xi, 
represents. We suggest that if a summation of bond 
deformations and force constants which is designed to 
produce the vertical energy gap in fact only produces a 
fraction of it, there must be some unanticipated 
problem in properly implementing the summations.] 


The substantial agreement of the A{, value calculated 
by AM1 with that required to fit the transition energy 
for 3'+ suggests that use of AM1 calculations with 
equation (3) provides a more useful way of estimating 
Xi, for organic compounds than the traditional 
methods, and that the 18.7 kcalmol-' estimate of Xi', 
we make for lo'*+ is likely to be far closer to the 
correct value than the lower estimates of ca 


11.7 kcalmol-' employed by GJ. Raising the A value 
used in calculating the pre-exponential factor from the 
experimental rate constant significantly changes the 
conclusion reached by GJ that lo'.+ self-ET must be 
strongly diabatic. The number estimated for V from 
the observed k,, value obviously will depend on exactly 
what theoretical expression is used for k,,, including 
how tunnelling is handled, and on the estimates made 
for the barrier crossing frequency and precursor 
complex formation constant. Because it is not clear how 
to estimate these numbers accurately, uncertainty in the 
size of V obviously remains. 


EXPERIMENTAL 


I ,  4-Bis [(4-dimethylaminophenyl )met h y 1 ] benzene (6). 
A mixture of 1.63 g (12 mmol) of N,N-dimethyl-p- 
phenylenediamine (4) 0.81 g (6 mmol) of 
terephthalaldehyde (5) and 0.19 g (3 mmol) of sodium 
cyanoborohydride in 30 ml of acetonitrile was stirred 
under a nitrogen atmosphere while adding glacial acetic 
acid in five-drop increments over a 2 h period (25 drops 
total), followed by stirring at ambient temperature for 
14 h. The mixture was cooled in an ice-bath while 10 ml 
concentrated hydrochloric acid were added dropwise, 
solvents were removed under reduced pressure, the 
residue was dissolved in 50ml of water, basified with 
KOH pellets and extracted with diethyl ether. After 
drying with magnesium sulfate and solvent removal by 
rotary evaporation, 1.98 g (89%) of 6 were obtained as 
a solid, which was crystallized from aqueous ethanol, 
m.p. 148-150 "C. 'H NMR (CDC13), 6 2.57 (s, 12H), 
3.20 (br s, 2H), 4.03 (s, 4H), 6 .52 (d, 4H, J =  8-8  Hz, 
2H), 6.69 (d, 3 = 8 - 8  Hz, 2H), 7 .20 (s, 2H). This 
material was methylated without further purification. 


I,l-Bis [2-aza-2-(4-dimethylaminophenyl)propyl] 
benzene (2). A mixture of 1.98g (10.7mmole) of 6 
and 1.75 g of 40% aqueous formaldehylde solution was 
treated as above for the preparation of 6, producing 
0.45 g (23%) of 2, which was crystallized from cyclo- 
hexane, m.p. 128-130 OC. Analysis: calculated, C 
77.75, H 8.51, N 13.92; found, C 77.64, H 8.72, N 
13.82%). The empirical formula C26H34N4 was estab- 
lished by HR-MS. 'H NMR (CbDa), 6 2.59 (s, 12H), 
2.67 (s, 6H), 4 .19 (s, 4H), 6.73 (d, J = 9 * 0 H z ,  4H), 
6.79 (d, 3 = 9 * 0 H z ,  4H), 7.17 (s, 4H). 


N,N '-Bis [4-dimethylaminophenyll piperazine (3). A 
mixture of 7.43 g (54 mmol) of N,N-dimethyl-p- 
phenylenediamine (4) and 10.15 g (54 mmol) of 1,2- 
dibromoethane in 50 ml toluene was refluxed for 6 h 
under nitrogen and the solid produced was collected by 
filtration after cooling to room temperature. This solid 
was dissolved in chloroform, washed with water, dried 
with magnesium sulfate and chromatographed on 
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alumina followed by chromatography on silica gel, 
using chloroform as eluent. Crystallization from 
chloroforom-pentane gave 0.516g (5%)  of 3, m.p. 
208-210 C. The empirical formula C ~ I J H ~ ~ N ~  was 
established by HR-MS. 'H NMR (C&), 6 2.61 (s, 
12H), 3.11 (s, 8H), 6.75 (d, J = 9 * 0 H z ,  4H), 6.97 (d, 
J = 9 * 0 H z ,  4H). I3C NMR (c~iD.5)~ 6 41.35, 41.73, 
114.26, 119-05, 144.27, 146.12. 


Instrumentation. NMR spectra were recorded on 
Bruker WP-200 or WP-270, ESR spectra on Brucker 
ESP 300E, UV-visible spectra on Hewlett-Packard 
model 8452A diode-array and near-IR spectra on 
Nicolet 740 instruments. Cyclic voltammetry employed 
a PAR Model 273 system interfaced to an IBM PC/XT 
computer. 


AM1 calculations. Our AM1 calculations20 used the 
VAMP program (version 4.4)*' modified for use on a 
Stardent 3000 computer. There is no way to ensure 
finding all minima using MO calculations, so enough 
information is included about the structures employed 
for the AM1 calculations to allow others to tell if sig- 
nificantly different structures have been obtained (see 
Table 4). 
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DIRECTIONAL HYDROGEN BONDING IN THE MM3 FORCE 
FIELD. I 
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The MM3 molecular mechanics program calculates a fair representation of hydrogen bonding interactions, but to 
improve the MM3 hydrogen bond potential, a directional term has been added to the hydrogen bonding function. The 
resulting total function was reoptimized. Comparisons of the hydrogen bonding potential functions from ab initio, 
the original MM3, the current MM3(92) force field and the reoptimized MM3 force field MM3(94) for a variety of 
C,N,O systems are described. 


INTRODUCTION 


The concept of the hydrogen bond is well established, 
and because of its important role in chemistry and 
biology, a large number of experiments and quantum 
mechanical calculations have been carried out regarding 
it.’ The strength of the hydrogen bond formed is 
believed to be best correlated with the acidity of the 
hydrogen atom and the basicity of the atom with the 
unshared electron pair (or the hydrogen acceptor),’ 
although electrostatic interactions are also important. 
Unless the acidity of the hydrogen and the basicity of 
the acceptor atom are sufficient, any hydrogen bonds 
formed are usually too weak to be of significance. Of 
course, if the hydrogen atom is too acidic and the 
acceptor atom is too basic, the hydrogen will be 
transferred as a proton to form a covalent bond with 
the acceptor atom in a simple acid-base reaction. 


In 1975, Allen3 proposed that the hydrogen bond 
energy is proportional to the difference between the 
effective first ionization potentials of the hydrogen 
acceptor atom Y and the noble gas atom in its row, A Z, 
and also proportional to the bond moment of the X-H 
bond, PX-H, and inversely proportional to the distance 
between the hydrogen and the acceptor atom, RYH,  at 
the equilibrium distance (see Figure 1): 


EHB a PX--H(AZ/RYH) 
In the MM3 force field,4s5 the hydrogen bonding energy 
was originally described as the sum of electrostatic and 


* Author for correspondence. 


an explicit hydrogen bonding potential energies, where 
the latter was of the van der Waals form (Evdw-HB), 


EHB = Eele + Evdw-HB 


where Eele is usually a dipole-dipole interaction. 
With the original force field MM3(89), the calcu- 


lation of hydrogen bonding was reasonably satisfactory 
for most but not all cases. According to the model of 
the hydrogen bond introduced by Coulson6 in 1957, the 
strength of the hydrogen bond is also proportional to 
the overlap integral (SYH) between the HOMO of the 
electron donor atom Y and the LUMO of the electron 
acceptor atom H. More precisely, the HOMO is taken 
to be a hybridized lone pair orbital of the electron 
donor atom Y and the LUMO a (T* antibonding orbital 
of the electron-pair acceptor X-H bond. ’ Therefore, 
we believed that the lack of directionality in the original 
MM3 hydrogen bonding potential, which amounts to a 
neglect of this overlap, was responsible for these 
inadequate results. A directional term was therefore 
added to the hydrogen bonding function. This function 
was included in MM3(92). More recently the 
parameters in the latter function have been 
reoptimized, and now are included in MM3(94). A 
comparison of MM3(92) and MM3(94) with the original 
MM3 is described in the following. 


HYDROGEN BONDING POTENTIAL 
FUNCTIONS 


In MM3, the hydrogen bonding energy was described as 
the sum of dipole-dipole interaction and an explicit 
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hydrogen bond potential of the van der Waals form. 
The dipole-dipole parts of the potentials for MM3 and 
MM3(92) are identical. The explicit van der Waals-type 
hydrogen bonding potentials are given below for both 
MM3 and MM3(92). Equation (2) differs from equation 
(1) by the addition of the term F(f l ,  Rx-H). Otherwise 
the two equations are the same. The equations used for 
MM3(94) are the same as those for MM3(92); only the 
parameters have been reoptimized. 


Explicit MM3 hydrogen bonding potential function 
(original): 


EHB = fHB 


x (184 000 exp[ -12*0(R~~/ r ) l  - 2 * 2 5 ( r / R ~ ~ ) ~ ) / D  
(1) 


Explicit MM3(92) hydrogen bonding potential 
function: 


E ~ ~ = f H B ( 1 8 4 0 0 0  eXp[-12’0(RyH/r)] 
- F(P, Rx-H) X ~ * ~ S ( ~ / R Y H  )6] /D (2) 


where 


EHB is hydrogen bonding energy parameter, r is equi- 
librium hydrogen bonding distance, RYH is hydrogen 
bonding distance Y.-*H, cos fl  is the cosine of angle 
H-X.-.Y, Rx-H is the bond length of bond X-H, 
R$-H is the natural bond length of bond X-H and D 
is the dielectric constant. These relationships are sum- 
marized in Figure 1. In our hydrogen bonding formu- 
lation, the magnitude of EHB is proportional to the 
difference of the first ionization potential between the 
hydrogen acceptor Y and the donor X, and also the 
bond moment of bond X-H. The cos fl  term is intro- 
duced to account for the overlap between the HOMO of 
the electron donor Y and the LUMO of the electron 
acceptor bond X-H. The linearity of the hydrogen 
bond is believed to be due mainly to the cylindrical (or 
nearly cylindrical) symmetry of the LUMO. As we 
know, the bond moment is defined as the product of 
charge separation Aqx--H and the bond length Rx-H: 


px-H = KA9x-HRx-H 
If the charge separation in the bond were approximately 
constant: 


Aqx-H = PX-H/(KRX-H) 
we could then assume the bond moment is proportional 
to the ratio Rx-H/R%-H, and thus we have reason to 


0 0 


believe that the hydrogen bonding potential is also 
proportional to the ratio Rx-I-I/R x-I-I. 


Energy contours for the explicit hydrogen bonding of 
water to water are shown. The original MM3(89) func- 
tion is shown in Figure 2(a) and the directionally depen- 
dent MM3(94) function is shown in Figure 2(b). The 
hydrogen-bondec! O...H distance shown in Figure 2 is 
optimal at 1 -82 A. If the 0-H bond is kept fixed and 
the other oxygen is moved elsewhere, the energy of the 
system is as given by the contour diagrams in Figure 2. 
In Figure 3 is shown a perspective view of the poten- 


tial surface from Figure 2(b). The energy is lowest when 
the oxygen is in the trough at the lower right. 


CALCULATIONS 
We have carried out a number of calculations, 
including for the water complex, methanol dimer, 
ethylene glycol, propane-l,3-diol, 2-methoxyethanol, 
ammonia dimer, ethylenediamine, ammonia-water 
complex, 2-aminoethanol, ethylene-water complex and 
pent-4-ene-1-01. In each case except the last, restricted 
Harlree-Fock calculations (either 6-3 1G** or 
6-31G**MP2) were carried out to give us ‘exper- 
imental’ results to fit to with the molecular mechanics 
calculation. The 6-3 lG* results of hydrogen-bonded 
complexes have been demonstrated to be internally con- 
sistent and of reasonable accuracy by Dill et a1.’ We 
believe that the polarization functions on hydrogen may 
be important for the hydrogen bondin8 geometry in 
some cases. Therefore, we chose 6-31G * as our stan- 
dard basis set, and did the calculations at the Har- 
tree-Fock level, except for those systems containing 
double bonds, where the corresponding MP2 level was 
used instead. (Double bonds have bond 
lengths calculated much too short at the Hartree-Fock 
level.) In dimer cases, the basis set superposition errors 
(BSSE) that arise from the compensation of inad- 
equacies of the basis set by diffuse functions of 
neighboring centers are corrected for by the counter- 
poise method of Boys and BernardL9 The overall 
results calculated with reoptimized parameters (shown 
in Table 1) compared with the experimental and ab 
inito results are better now [MM3(94)] than they were 
with MM3 and MM3(92). These results are shown in 
Tables 2-14. The details regarding each system will be 
discussed in turn. Additional studies on the formamide 
dimer, formamide-water complex, formate-water 
complex, ammonium ion-water complex, 
guanidinium-water complex and 4-chlorobutanol will 
be discussed in a forthcoming paper. 


DISCUSSION 


Water complexes 


There are three water dimers, three water trimers and 
an ice-like pentamer included in this study. An ab initio Figure 1. Hydrogen bonding parameters 
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Figure 3. MM3(94) directional hydrogen bonding for 
O-H...O [see Figure 2(b)] 


Table 1. MM3(94) force field for directional hydrogen 
bondinga 


(a) Hydrogen bonding parameters 


Hydrogen bond type EHB r 


=C...H(O) (2...21) 0.550 2.65 


O...H(N) (6...23) 1.300 2.38 
N...H(O) (8...21) 4.700 2.15 
N...H(N) (8...23) 2.280 2-40 


O...H(O) (6...21) 3.000 2.11 


(b) Torsional parameters 


Angle type Vl VZ v 3  


0-C-C-0 (6-1-1-6) 0.50 -2.00 1.90 
0-C-C-N (6-1-1-8) 0.00 -1.05 1.85 
0-C-C-N (8-1-1-8) 0.00 -0.90 1.70 


' E H B  is the well depth parameter in the Van der Waals equation4 in 
kcalmol-' and r is the distance between the atoms at the energy 
minimum in A. VI, Vr and V, are in kcal mol-I. 


study of the three water dimers using a 6-31G** basis 
set plus a BSSE correction and full geometry optimiza- 
tion was carried out, and our results are comparable to 
those reported by others. lo The MM3 directional 
hydrogen bonding potential for type 6-21.-.6 
(O-H-..O) was then reoptimized to fit to the ab intio 
structures and dimerization energies. Table 2 clearly 
shows that MM3(94) with the directional hydrogen 
bonding gives more reasonable results. Unlike 


MM3(89), which predicted the bifurcated dimer (3) to 
be more stable, MM3(94) now calculates the linear 
dimer (1) as the most stable, with no negative eigen- 
values for the force constant matrix. Compared with 
the ab initio results, MM3(94) still somewhat overesti- 
mates the hydrogen bonding interaction for the bifur- 
cated water dimer, although the structure and energy 
have been much improved. Further studies of the water 
trimers and the pentamer with MM3(94) also show 
reasonable results as shown in Table 3. 


Methanol dimers 


Again, ab initio calculations with a 6-31G** basis set, 
full geometry optimization and a BSSE correction have 
been carried out for the linear and cyclic methanol 
dimers. Our results appear similar to those reported 
earlier. '' The results (Table 4) indicate that the linear 
complex (8) is the most stable with no negative eigen- 
values, while the cyclic complex (9) (C2h symmetry) has 
three negative eigenvalues. Compared with the water 
dimers, the MM3 potential surface for the methanol 
dimers is more simple. All MM3 calculations predict 
that the linear dimer is the most stable. It appears that 
steric effects help to hold the linear dimer in the local 
minimum. As shown in Table 4, the energy difference 
between the two complexes has been greatly improved 
with the directional hydrogen bonding potential [from 
0.9 to 1.5 kcalmol-' (1 kcal=4.184 kJ)] In the 
MM3(94) calculation, the O...O distances are calculated 
to be 2.957 A. (ab initio 2.957 A) and 2.791 A (ab 
initio 2.804 A) for linear and cyclic dimers, 
respectively. 


Ethylene glycol 


To see how the directional hydrogen bonding will affect 
a molecule with the internal hydrogen bonding, we 
chose ethylene glycol as our first target. Four stable 
conformations and, two rotapers (with dihedral angles 
0-C-C-0 of 0 and 120 , respectively) of ethylene 
glycol were investigated. A b  initio calculations with a 
6-31G** basis set were carried out. Compared with the 
4-21G results, l2 our relative energies among the con- 
formations are about 0.2-1.6 kcal mol-' smaller. The 
original 0-C-C-0 (6- 1 - 1-6) torsional parameter 
was modified to improve the calculated energy differ- 
ence among the ethylene glycol conformations. For the 
most stable conformation tGg' (lo), the geometries are 
basically the same from MM3(94) as they were with 
MM3(89), except tha; the 0-C-C-0 dihedral angle 
increased (from 59.6 to 61.6') owing to the directional 
hydrogen bonding. The moments of inertia of the two 
isotopic species are, however, significantly improved 
(see Table 5) .  A study of Table 5 also shows that the 
dipole moments and energy differences among confor- 
mations (10-13) as calculated by MM3(94) are in 
reasonable agreement with the 6-31G** results. 
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Table 2. Dimerization energies and geometries for water dimer 
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E (dimerization) 
BSSE 
E (corrected) 
Dipole moment 
Imaginary frequency 
O...O distance 
O...H distance 
0-H bond length 
L H-O...O 
,,O...O...X 


6-31G** Exp. MM3 
~ 


MM3(92) MM3(94) 


- 5.54 
- 0.96 
-4.58 


2.667 
0 
2.981 
2.038 
0.948 
5.0 


117.9 


-5*2(1.5)16 -5.97 
2.6” 3.691 


2.976‘8 2.671 
1.723 
0.950 


0 N/A 


6(20) “ 0.0 
123(10)18 180.0 


- 5.44 
3.532 
0 
2.689 
1 * 747 
0.953 
7.0 


163.2 


- 4.77 
3.508 
0 
2.942 
2.007 
0.952 
8.9 


160.3 


6-31G** MM3 MM3(92) MM3(94) 


E (dimerization) - 5 . 0 9  
BSSE -1.82 
E (corrected) - 3.27 - 5.46 -3.13 -3.47 
Dipole moment 0.025 O.Oo0 0.001 O.Oo0 
Imaginary frequency 1 1 1 1 
O...O distance 2.887 2.395 2.633 2.832 
O...H distance 2-334 1.956 2.144 2.300 
0-H bond length 0.945 0.950 0.950 0.950 
L H-O..*O 45.8 51.1 49.6 47.5 


(111) (HzO)~ bifurcated, c,&) 
6-31G** MM3 MM3(92) MM3(94) 


E (dimerization) -4.08 
BSSE -0.83 
E (corrected) -3.25 - 7.20 -4.43 - 4.36 
Dipole moment 4.634 4.195 4.186 4.163 


O...O distance 3.012 2.360 2.532 2.146 
O..-H distance 2-535 1.895 2.057 2-266 
0-H bond length 0.944 0.947 0.948 0.948 
L H-O...O 51.5 50.0 50.1 50.6 


Imaginary frequency 1 0 1 1 
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Table 3. Binding energies and geometries for water trimers and pentamer 


E (kcal mol-') 


6-31G** 
(with BSSE correction) PM3I9 MM3(94) 
~~ ~ ~ 


Trimer 4 -13.71 -10.14 -12.25 
Trimer 5 -7,36 - 6-06 - 8.73 
Trimer -7.73 -6.76 - 8.71 
Pentamer 7a - 21 '09 -17.93 -19.30 


O-.O distance (A) 
6-31G** MM3(94) 


~~~ ~ 


Trimer 4 2.86512.86912.888 2.93412.93612.936 
Trimer 5 2.93612.974 2.95912.963 
Trimer 6a 3.01 013.010 2095912.959 
Pentamer 7a 2.89012.89012 e93212.932 2.94212.94212 * 94412.944 


a Trimer 6 and pentamer 7 have been restricted to Cz" symmetry. 


Table 4. Dimerization energies and geometries for methanol dimer 


(I) (CH3OH)z linear , CI (8) 


6-31G** MM3 MM3(92) MM3(94) 


E (dimerization) 
BSSE 
E (corrected) 
Dipole moment 
Imaginary frequency 
O...O distance 
O...H distance 
0-H bond length 


-5.42 
-0.89 
-4.52 - 


3.151 


2-957 
2.01 1 
0 * 947 


0 


5.54 - 
3.040 
0 
2.697 
1 * 748 
0.947 


.5-34 
3.063 
0 
2.707 
1.753 
0.955 


-4.87 
3.112 
0 
2.957 
2.004 
0.953 


~~~ ~ 


(11) (CH30H)z cyclic, CZh (9) 


6-31G** MM3 MM3(92) MM3(94) 


E (dimerization -4.29 
BSSE -1.02 
E (corrected) -3.28 - 4.65 - 2.97 - 3.41 
Dipole moment 0.003 O.Oo0 O.Oo0 O.Oo0 
Imaginary frequency 3 3 3 3 
O...O distance 2.804 2-419 2.612 2.791 
O...H distance 2.311 1.933 2.164 2-306 
0 - H  bond length 0.944 0.951 0.951 0.951 







DIRECTIONAL HYDROGEN BONDING 


Table 5. Energetic and geometric quantities for ethylene glycol (tGg')a 
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6-31G** E.D.*' MM3 MM3(92) MM3(94) 


E(tTt) - E(tGg') 
c 1 -c2 
C2-03 
C1-04 
03-H5 
04-H6 
Av. C-C/C-0 
Av. C-H/O-H 
Cl-C2-03 
C2-C1-04 
Av. C-C-0 
C2-03-H5 
C1-04-H6 
Av. C-0-H 
H5-03-C2-C1 
03-C2-C1-04 
C2-C1-04-H6 
Ia 
Ib 
Ic 


2.02 
1.513 
1.406 
1.396 
0.942 
0.945 
1.438 
1.040 


106.9 
111.4 
109-2 
110.5 
107.9 
109.2 


-169.9 
60.8 


-53.9 


1.90 
1.522 
1.433 
1-431 
0.948 
0.950 


1 a455 1.462 
1.066 1.058 


107.4 
108.5 


110.0 108.0 
108.2 
106-3 


99.2 107.3 


57.9 59.6 
-179.7 


- 50.5 
5.611 


14-671 
17.996 


1.41 
1.524 
1.434 
1.432 
0.948 
0.950 
1 ~463 
1.058 


108.0 
109.7 
108.9 
108.2 
106.5 
107.9 


62.6 
-179.7 


- 52.5 
5.509 


15.138 
18.275 


2.04 
1.524 
1.434 
1.432 
0.948 
0.950 
1.463 
1.058 


108-1 
109.2 
108.7 
108.2 
106.2 
107.2 
179.5 
61.6 


-50.5 
5.526 


15-121 
18.304 


Moments of inertia of OH'/ODb 


MW2' MM3 MM3(92) MM3(94) 


Ia 5.548 5.664 (2.1%) 5.555 (0.1%) 5.575 (0.5%) 
Ib 15 * 801 15.493 (-1.9%) 15.996 (1.2%) 15.959 (1.0%) 
Ic 19.020 18.860 (-0.8'70) 19.162 (0.7%) 19.180 (0.8%) 


Moments of inertia of OD'IOH' 


MW MM3 MM3(92) MM3(94) 


Ia 5.740 5.877 (2.4%) 5.774 (0.6%) 5.793 (0.9%) 


Ic 18-575 18.374 (-1.1%) 18.683 (0.60/0) 18.693 (0.6%) 
Ib 15.125 14.783 (-2.3%) 15.285 (1.1%) 15.243 (0.8%) 


Ere1 (kcal mol-')/dipole moment (D) 


6-31G** 


tGg' 0*000/2-65 
tTt (11) 2*024/0*00 
gGg' (12) 0.644/2.60 
tGt (13) 3.659/1.61 
TS1' 6.907/3.61 
TS2' 5 *794/ 1.96 


MM3 MM3(92) MM3(94) 


0.000/2-69 0*000/2*62 0.000/2*66 
1*896/0*00 1.406/0*00 2.039/0.00 
0.975/2* 66 1 *022/2*64 0.98012.62 
2- 337/ 1 * 34 2 *005/ 1 .37 2.618/ 1 * 45 
3*690/3*28 4-161/3.28 6.967/3*19 
4.1411 1.89 3 *720/ 1.88 5 * 8071 1.91 


'g and G mean guuche-(+); g' and G' mean guuche-(-); t and T mean trans; s means syn. 
We use different case letters here, such as g and G, only to improve readability. 
bOH' is the hydrogen-bonded OH group. 


OD' is the hydrogen-bonded OD group. 
dThe three dihedral angles are HI-01-C-C, 01-C-C-02 and C-C-O2-H2, 
respectively. 
'TSl: 01-C-C-02 = 0.0' (three dihedral angles are frans-Oo-OoJ. 
'TS2: 01-C-C-02 = 120.0 (three dihedral angles are truns-120 -gauche(-)). 
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Table 6. Energetic and geometric quantities for propane-1 ,3-diola 


G'gG't (14) 


E.D.22 MM3 MM3(92) MM3(94) 


Av. C-C 1.514(8) 1.530 1 .531  1-530 
Av. C-0 1 -410(6) 1.434 1.435 1-434 
Av. C-H 1.140(2) 1 . 1 1 3  1 . 1 1 3  1 - 1 1 3  
01-H6 1-04 (7) 0.950 0.953 0.952 
05-H7 0.98 (7) 0.948 0.948 0.948 
c2-c3-c4 112(1*5) 112.8 113.0 114.0 
C3-C2-01 lOg(1.5) 110.4 110.4 1 1 1 . 1  
C3-C4-05 112(1.5) 109.0 109.2 110.0 
C2-01-H6 109(3.0) 107.6 107.1 107.3 
C4-05-H7 97(3.0) 108.2 108.2 108.2 
Av. C-C-H 109 109-8 109.8 109.8 


01-c2-c3-c4 68 (3) 65.4 65.2 71.4 
H6-01-C2-C3 -46 (5) -43.1 -40.4 -44.6 


c2-c3-c4-05 -61 (5) -55.2 - 56.4 -61.4 
C3-C4-05-H7 180 -175.0 -174.9 -175.2 


E,,I (kcal mol-')/dipole(D) 


6-31G** MM3 MM3(92) MM3(94) 


G'gG't  (14)b 0.000/3*73 0*000/3.43 0.000/3.44 0.000/3.42 


TgGg' (16) 1.36212.50 3 34912.57 3 .OOO/2.47 2.20512.72 
GgG'g (15) - 0.02912' 67 0.47712' 53 0.67812' 78 0.49312' 49 


a See footnote a in Table 5.  
bThe four dihedral angles are HI-01-C-C, 01-C-C-C, C-C-C-02 and 
C-C-O2-H2 respectively. 


Propane-1,3-diol 


Our ab initio 6-31G** calculations showed that the 
most stable conformer of propane-1,3-diol is an intern- 
ally hydrogen-bonded form, which is chair-like with a 
non-bonded 0-H group in an axial-like position, 
GgG'g (15). The next most stable conformer is also an 
internally hydrogen-bonded form, but with the non- 
bonded 0-H group in an equatorial-like position, 
G 'gG' t  (14). The second conformer is higher in energy 
than the first one by only 0-03 kcal mol-'. The third 
stable conformation (16) is a boat-like form, and it 
is higher in energy than the second one by 
1.36 kcal mol-I. In contrast, all MM3 calculations 
predict the second conformer as most stable one, and 
lower in energy than the first one by about 
0 -5  kcal mol-'. Table 6 shows that the MM3 results 
agree with those of the gas-phase ED study. The direc- 
tional hydrogen bonding term in this case mainly 
reduces the energy difference between chair-like and 
boat-like conformers to nearer the ab initio value. 


2-Methoxyethanol 


Compared with ethylene glycol and other diols, the 


intramolecular hydrogen bond in this 2-substituted 
ethanol is thought to be weaker, but it appears to be the 
key factor determining the relative stability of the mol- 
ecular conformations observed in both the microwave 
and in the ab initio studies. Our 6-31G** and MM3 
calculations show that the gauche conformer, tGg ' 
(17), with an internal hydrogen bond is the most stable 
conformation. Generally, the MM3 structure of the 
tGg' conformation is in agreement with both the MW 
and ab initio results. The discrepancy between the 
MM3(94) moments of inertia and experiment suggests 
that the dihedral angle of 0-C-C-0 is calculated to 
be slightly too large in this case. The C-C-0 angle at 
the alcohol end of the molecule which does not open up 
enough may be a factor in the discrepancy. A further 
study of the C-C-0 angle opening due to the tor- 
sion-bend interaction will be discussed elsewhere. 
Table 7 shows that the MM3(94) calculations agree 
fairly well with the ab initio results in both conforma- 
tional energies and dipole moments. 


Hydrogen bonding 0-H frequency 


It has been found in infrared studies that a hydrogen- 
bonded hydroxyl absorbs at a lower frequency than 
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Table 7. Conformational energies, dipole moments and moments of inertia for 
2-methoxyethanol a 


EreI (kcal mol-')/dipole moment(D) 


6-3 1G** MM3 MM3(92) MM3(94) 


tGg' (17)b 0 * 000/2 * 55 
tTt 2.019/0.33 
tGt 3-536/1.64 
tTg 2*3O4/2- 17 
g'Gt 3-69111.77 
g'Tt 3 -866/ 1.92 
gGt 5.449/3.2 1 


0-000/2.15 0*000/2* 10 0*000/2.16 
1 *617/0*51 1.258/0* 51 1.934/0-51 
1-854/1.64 1.577/ 1.65 2.141/ 1.72 
2 * 472/2 * 01 2*119/2*01 2*803/2.01 
2 * 900/ 1 .91 2.597/ 1.91 3.470/ 1 -93 
3.377/2.14 3.022/2.14 3.74O/2 * 09 
3 * 866/2.87 3.591/2-87 4.066/2-90 


tGg' (17) 


6-31G** M.W.23 MM3 MM3(92) MM3(94) 


c-c 
Av. C-0 
Av. C-H 
0-H 
c-0-c 
c-0-O(- C) 
C-C-0(-H) 
C-0-H 
0-C-H(t) 
0-C-H(g) 
H(g)--C--H(t) 
H(g)-C-H(g) 
Av. C-C-H 
c-0-c-c 
0-c-c-0 
H-0-C-C 
Dipole moment 


1.514 
1.396 
1 -088 
0.944 


114.7 
107.3 
111.5 
107.9 
107.7 
111.4 
108.9 
108.5 
109.8 


-175.9 
60-6 


-53.8 
2.55 


1.52 
1.41 
1.09 
1.01 


111.7 
109.6 
112 
105 
107.2 
110.8 
109.6 
108.7 
111.4 
172(3) 
45(5) 


- 57(3) 
2.36 


1.523 
1.424 
1.113 
0-949 


112.0 
107.4 
108.7 
106.8 
109.3 
110.7 
108.3 
109.5 
110.5 


61.4 
-179.8 


- 52.7 
2.15 


1.524 
1.424 
1-113 
0.949 


112.0 
107.9 
109.2 
107.0 
109.3 
110.7 
108.3 
109.5 
110.5 


- 179.8 
63.9 


- 54.5 
2.10 


1.525 
1.424 
1.113 
0.950 


112.0 
108-0 
109.2 
106.7 
109.3 
110.7 
108.3 
109.5 
110.5 


62.1 
-179.8 


-51.7 
2.16 


Moments of inertia of CH~OCHZCHZOH (tGg' , 17) 


M.W. MM3 MM3(92) MM3(94) 


Ia 6 4642 6*4845( 0.3%) 6.4176(-0.7%) 6*4481(-0*2%) 
Ib 30.6004 30*5710(-0*1%) 31*0510( 1.5%) 30*9178( 1.0%) 
IC 34.0023 33.9924(-0*0%) 34.3188( 0.9%) 34.2754( 0.8'70) 


Moments of Inertia of CH~OCHZCHZOD (tGg' , 17) 


M.W. MM3 MM3(92) MM3(94) 


Ia 6.7756 6*7838( 0.1%) 6*7201(- 0.8Sr0) 6.7466(- 0.4%) 
Ib 30.7996 30.8076( 0.0@/0) 31-3094( 1.6%) 31.1617( 1.2%) 
IC 34.5152 34*5259( 0-0'70) 34.8769( 1.0%) 34*8160( 0.9010) 


'See footnote in Table 5 .  
The three dihedral angles are C-0-C-C, 0-C-C-0 and C-C-0-H, respectively. 
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does an unbonded one. The separation between the 
bonded and unbonded frequencies is larger the stronger 
the hydrogen bond. Table 8 shows that the frequency 
separation is slightly improved in the MM3(94) calcu- 
lation, but the calculated shifts are still far from the 
observed values, and especially so for those compounds 
which have eclipsed 0-C-C-0 geometries. As with 
earlier MM3 calculations, we believe that the main 
reason for this problem is that the C-C-0 angle does 
not open up enough in the eclipsed 0-C-C-0 con- 
formation. If the C-C-0 angle opened more in the 
cis-2,3-bicyclo [2.2. llheptane diols, the 0.v.H distance 
would also increase. Such a change would cause the 
hydrogen bonding distance to approach the distance 


Y 


46 


47 


[2.11 A in MM3(94)] corresponding to the minimum in 
the hydrogen bond potential, and this would increase 
the hydrogen bonding energy and widen the calculated 
frequency separation. Unfortunately, this cannot be 
improved within the constraints of the MM3 force field. 


Ammonia dimer 
In this study, we carried out the ab initio calculations 
for the linear, cyclic and staggered ammonia dimers. 
According to these calculations, the cyclic dimer (19) is 
slightly more stable than the linear one (18) at the 
uncorrected 6-31G** level, but with the BSSE correc- 
tion added, the results favor the linear dimer by 


Table 8. Separation of the bonded and unbonded hydroxy stretching frequency 


AV (Cm-’) O-..H distance (A) 
I.R.” MM3 MM3(92) MM3(94) MM3 MM3(92) MM3(94) 


Ethylene glycol 32 29 28 39 2.271 2.361 2.342 
trans-Cyclohexane- 1,2-diol 32 24 26 38 2.341 2-380 2.355 
cis-Cyclohexane- 1 ,2-diol 39 40 45 46 2.122 2-180 2.247 
cis-Cyclopentane-1 ,2-diol 61 45 56 48 2.031 2-090 2.206 
trans-Cyclopentane- 1 ,2-diol 0 0  0 0 4.300 4.301 4.306 
cis-Bicyclo [2.2.l]heptane-2,3-diol (exo) 100 22 73 32 1.811 1.836 2.017 
cis-Bicyclo [2.2.l]heptane-2,3-diol (endo) 100 33 76 40 1.846 1.874 2.045 
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Table 9. Dimerization energies and geometries for ammonia dimer 


(I) (NH3)z linear , C, (18) 


6-31G** MM3 MM3(92) MM3(94) 


E (dimerization) -3.05 
BSSE -0.57 
E (corrected) - 2.49 -2 .18  -1.69 -2 .54  
Dipole moment 2.875 2.808 2.480 2.162 


N.. .N distance 3.408 3.035 3.161 3.342 
N. . .H distance 2.411 2.113 2-156 2.324 


Imaginary frequency 1 0 0 0 


(11) (NH3)Z cyclic (19) 


6-31G** MM3 MM3(92) MM3(94) 


E (dimerization) -3 .14  
BSSE -1.05 
E (corrected) -2 .09  -1.79 -1.15 -2.19 
Dipole moment 0.008 0-OOO O*OOO 0.OOO 
Imaginary frequency 0 2 2 2 
N. . .N distance 3.276 2 * 960 3.207 3.302 
N.. .H distance 2.607 2-400 2.587 2.593 


(111) (NH3)2 bifurcated, C3, ((20) 


6-3 lG** MM3 MM3(92) MM3(94) 


E (dimerization) -1.10 
BSSE -0.48 
E (corrected) -0.62 -1.83 - 0.96 -1.35 
Dipole moment 3.915 3.099 3.067 3.091 


N. . .N distance 3.750 2-845 3.168 3.174 
N. . .H distance 3.481 . 2.614 2.926 2.925 


Imaginary frequency 2 2 2 2 


0 . 4  kcal mol-’. Again, our calculations confirm the 
results reported by others. 10b7c,13 The dimerization 
energies are calculated to be -2 .49,  -2 .09  and 
-0 .62  kcal mol-’ for linear, cyclic, and staggered 
dimer respectively. In general, MM3(94) gives better 
results for both energies and geometries than MM3. 
Unlike the ab initio results, MM3 calculated the cyclic 
dimer as a hill top instead of as a minimum (see Table 
9). Another significant error in the original MM3 calcu- 
lation is the N.. .N distance in tee staggered dimer (20). 
MM3(94) gives a value of 3.1f A which is still far from 
the abo initio value of 3.75 A, but better than MM3 
(2-61 A). 


Ethylenediamine 
Microwave studies of ethylenediamine show that there 
are two low-energy forms of this compound, the gGg’ 
(21) and tGg’ (22) forms. Both van Alsenoy et al.’s 
4-21G14 and our 6-31G** studies also show that these 
two forms are the most stable of the ten conformers 


studied. Again, here the N-C-C-N (8-1-1-8) tor- 
sional parameter was slightly modified to fit the energy 
differences among the ethylenediamine conformers. 
Table 10 shows that MM3 calculations gave a syste- 
matic error for those conformations that have close 
N...N contacts and lone pairs on the nitrogens that are 
either pointing away from hydrogens [e.g. tGt (23) and 
g‘Gg’ (24)] or toward each other [e.g. gGg (25) and 
tGg (26)l. MM3(94) overestimates the hydrogen 
bonding energy for the above cases, which suggests that 
the position of the lone pair (rather than just the 
nitrogen) plays a significant role in the hydrogen 
bonding potential, especially for the ethylenediamine 
case. The results here are not significantly improved 
from those obtained earlier. 


Ammonia-water complex 
Two ammonia-water complexes, one with an 
N...H-O and the other with an O-..H-N bridge, were 
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Table 10. Conformational energies and dipole moments for ethylenediaminea 


(kcal mol-')/dipole moment (D) 


6-31G** MM3 MM3(92) MM3(94) 


(21)b 0*000/2.03 
(22) 0*018/2*51 - 


1 *W5/0*OO 
(25) 0-560/0.30 
(23) 1 .508/0.50 


1 -201/2-45 
1 *053/0-00 


(26) 1.293/2*47 
1- 177/2*OO 


(24) 3-709/1-80 
6*285/2*55 
5.491/2.32 


O-OOO/ 1 -87 
.0.294/ 1 *88 
1 *642/0.00 
0.123/ 1 -08 
0*562/ 1 *45 
1 -649/2* 12 
1 * 348/0*OO 
0-546/2*50 
1 * 587/2.09 
1 * 359/0* 88 
5.336/2.38 
5*059/ 1 a 8 0  


O.OOO/ 1 .85 


1 *359/0*OO 
0*138/1.10 
0-676/ 1 *43 
1 - 332/2 * 12 
0*996/0*OO 


.0*613/2.50 
1 *236/2*09 
1 *288/0*92 
5*863/2* 37 
4.786/ 1 80 


- 0*220/ 1 '86 
O.OOO/ 1 * 89 


1 *058/0*OO 


0*330/ 1 *40 
1 -06q2.12 
0*742/0.00 
0*329/2.51 
0*984/ 2 * 09 
1 *639/0-89 
6*1O9/2.33 
5.109/ 1 .80 


- 0.268/ 1 *85 


- 0 086/ 1 '14 


~ ~ ~~ 


'See footnote a in Table 5 .  
bThe three dihderd angles are LP1-Nl-C-C, N1-C-C-NZ and C-C-NZ-LpZ, respectively. 
'TS1: N-C-C-N =O.Oo. 
dNS2: N-C-C-N = 120.0'. 


Table 11. Energetic and geometric parameters for ammonia-water complex 


NH3-H20 linear (N is hydrogen acceptor, 27) 


6-31G** MM3 MM3(92) MM3(94) 


E (dimerization) 
BSSE 
E (corrected) 
Dipole moment 
Imaginary frequency 
O...N distance 
N...H distance 
0-H bond length 


-6.37 
-0.63 
-5.75 - 


3.906 
0 
3.050 
2,101 
0-951 


-5.96 - 
3-460 
1 
2.599 
1.705 
0.948 


-5.40 -5 .80  
3.258 3-185 
0 0 
2.654 3.009 
1.706 2.063 
0.953 0.955 


NH3-H20 linear (0 is hydrogen acceptor, 28) 


6-31G** MM3(92) MM3(94) 


E (dimerization) 
BSSE 
E (corrected) 
Dipole moment 
Imaginary frequency 
O...N distance 
O-..H distance 
N-H bond length 


-2.86 
-0.92 
-1.94 - 


1.963 
1 
3.350 
2.347 
1 a002 


.la65 -1.92 
2.576 1.890 
1 1 
2.985 3.296 
1.885 2.279 
1.017 1.018 
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investigated. Our 6-31G** calculations with geometry 
optimization and BSSE correction show that the 
nitrogen is a good hydrogen acceptor but a poor 
hydrogen donor. The complex (27) with the N...H-0 
bridge is calculated to be the more stable by 
3.81 kcal mol-'. The N...O distances are calculated to 
be 3-05 and 3.35 A for complexes 27 and 28, respect- 
ively. Table 11 shows that the MM3(94) results agree 
fairly well with the ab initio results, and are much 
better than the earlier results. 


2-Aminoethanol 


than was found at the 4-21G level. l4 The conforma- 
tions with O...H-N internal hydrogen bonding, 
such as gGt (30), tGt, tGg and gGg, are calculated 
to be higher in energy than g'Gg' (29) by 
1.5-2.2 kcal mol-'. The MM3(94) results are in agree- 
ment with the 6-31G** results, except for the confor- 
mation tGg' (31). On examining the tGg' structure, we 
found that the lone pair on nitrogen is pointing away 
from the hydrogen which is close to the nitrogen. 
Again, MM3 overestimates the hydrogen bonding 
energy in this conformation, which points out the 
importance of the lone pair position in the hydrogen 
bonding. 


1 


The conformational energies of eleven conformations 
and two conformational transition2tates (with dihedral 
angles 0-C-C-N of O* and 120 ) of 2-aminoethanol Ethylene-water complex 
were studied. Both the ab initio and MM3 calculations 
(Table 12) showed that conformation g '  Gg' (29) with 
internal N...H-O hydrogen bonding is the most stable 
one, and is about l kcal mol-' more stable relative to 
the other conformations from our 6-31G* calculations 


The ethylene-water complex (32), with one hydrogen 
of the water molecule pointing toward the middle of the 
C=C bond, and the C=C bond lying in the water mol- 
ecule plane, is calculated to be most stable by ab initio, 
MM3(92) and MM3(94) (Table 13). In contrast, MM3, 


Table 12. Conformational energies and dipole moments for 2-aminoethanola 


g ' Gg ' (29)b 


6-31G** MM3 MM3(92) MM3(94) 


O...N 
H...N 
O...Hl 
O...H2 
CCHNl 
CCNH2 
OCCN 
HOCC 


2.819 
2.324 
3.333 
3-638 


76.9 
-163.0 


57.9 
-43.6 


2.880 
2.386 
3.327 
3.770 


66.5 


62.5 
-174.2 


-44.8 


2.908 
2.426 
3.428 
3,795 


66-3 
-174.4 


63.9 
-45.7 


2-851 
2.305 
3.270 
3.755 


66.1 
-174.6 


57.9 
- 38.3 


ETFl (kcal mol ')/dipole moment (D) 
~ ~ 


6-31G** MM3 MM3(92) MM3(94) 


(29) 0~000/3-20 
(30) 1*662/1-04 


1.89712.85 
2.1301 1 *46 
2.2 1612- 66 
2.7 171 1 . lo  
2.83611.71 
3.0421 1 -6 1 
3.03712.87 


(31) 3.127/1*76 
3.04912.89 
8.2321 1.74 
8.20613 * 18 


0.000/2.91 
0.49210.73 
0.92412.56 
1.14610.86 
1.24712.26 
3.573/ 1 -60 
3.8861 1 -53 
4.4291 1 .90 
4.15912 *97 
1.849/2.28 
4.25512.96 
7.9581 1.89 
6.183/2.79 


0*000/2.90 
0.36910.72 
0 * 84212.55 
1 * 103/0*87 
1.14912.25 
3 *27 11 1 -60 
3.5921 1.53 
4.1701 1.90 
3.88812.97 
1.831/2*30 
3.96212-96 
8.2541 1.90 
5-91012.79 


0.000/2.95 
1-487/0*79 
1 .854/2.55 
2.058l0.82 
2.23412.32 
2.5691 1.60 
2.8731 1 *54 
3.4351 1.91 
3.17112.98 
2.33612303 
3.245/2.96 
8.35511.65 
7.72912 ' 79 


a See footnote a in Table 5 .  
The three dihedral angles are Lp-N-C-C, N-C-C-0 and C-C-0-H, respectively. 


'TS1: O-C-C-N=O.Oo. 
dTS2: 0-C-C-N = 120.0°. 
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Table 13. Energetic and geometric parameters for ethylene-water complex, CzH4-Hz0, CI (32) 


6-31G** MP2 6-31G** MM3 MM3(29) MM3(94) 


E (dimerization) 
BSSE 
E (corrected) 
Dipole moment 
Imaginary frequency 
C=C...O distance 
C=C*.*H distance 
0-H bond length 


-2.14 
-0.68 
-1.46 


2.368 
0 
3.692 
2.766 
0-945 


- 2.97 
-1.27 
-1.71 - -1.898 -1.876 


2.461 - 2.050 2.052 
0 
3.475 - 3-770 3.438 
2.542 - 2.929 2.515 
0.963 - 0.949 0.949 


0 0 - 


Table 14. Conformational energies and dipole moments for pent-4-en-l-01~~~ 


ErCl (kcal mol-’)/population (Yo) 


6-3 1G** E.D.” MM3 MM3(92) MM3(94) 


0-491/ 8.9 
0.169/ 15 * 4 
0.082/ 17.8 
1.5351 1.5 
0*885/ 4.6 
1.573/ 1.4 
0.567/ 7.9 
0.000/20 * 4 


0.1951 14 * 7 
1.286/ 2-3 
0.984/ 3.9 
2.3091 0.4 
2-024/ 0.7 
4*388/ 0.0 


2*201/ - 


- 1.906/ 15 *9 
- 1 ’9051 15.8 
- 1.986/ 18.2 
-0.1511 0.8 
- 1.676/ 10.8 
-0.530/ 1.6 


0.359/ 0.3 
-/SO( 2 20) O.OOO/ 0.6 


0.284/ - 
-1.833/14.1 
-1.303/ 5.8 
-1.132/ 4.3 


-1.641/10*2 
-0.213/ 0.9 


0-029/ 0.6 


- 0.885115 -2 
- 0*705/ 11 -2 
- 0.802/ 13 ‘2 
-0.526/ 8.3 
-0.422/ 7.0 


- 1.038/ 19.7 


0*993/ - 
- 0.707/ 11 ’3 
-0.127/ 4.2 


0.9231 0.7 


o.OOo/ 3.4 


0.070/ 3.0 
0*383/ 1.8 
0.726/ 1.0 
2*847/ 0.0 


~ ~~ ~ 


0.202/ 12.5 
0.358/ 9.6 
0.266/ 1 1.2 
0.5451 7.0 
0.6011 6.4 
1.8151 0.8 
0.039/16.5 
O.OOO/ 17.6 


0.309/10.4 
l.OOS/ 3.2 
1.187/ 2.4 
1.496/ 1.4 
1.806/ 0.8 
3.6871 0.0 


1.779/ - 


Dipole moment (D) 


6-31G** MM3 MM3(92) MM3(94) 


gTtt (33) 1-711 1.917 1.922 1.922 
gTgt (34) 1 *943 1.945 1.944 1.945 
gTg‘t (35) 1.816 1.922 1.919 1.920 
gGtt (36) 1.584 1.594 1.591 1.591 
gGgt (37) 1 *678 1.618 1.616 1.617 
gGg’t (38) 2.172 1.895 1.906 1.904 
gG’tt (39) 1-383 1.587 1.548 1.548 
g G w  (40) 1.967 1.744 1.692 1.738 
gG’gt (41) 1 -660 1,804 1.836 1.837 
gG’g’t (42) 1.560 1.578 1.580 1.585 
sTtt (43) 1.917 1.939 1 a939 1.939 
sTgt (44) 1-847 1.906 1.905 1.906 
sGtt (45) 1.606 1.578 1.591 1.593 
sGgt (46) 1.281 1.617 1.550 1.553 
sGg’t (47) 1.979 1-875 1.873 1.871 


‘See footnote a in Table 5.  
The four dihedral angles are C=C-C-C, =C-C-C-C, C-C-C-0 and C-C-0-H, respectively. 
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without directional hydrogen bonding, gave the most 
stable complex with C2” symmetry (two hydrogens of 
the water molecule pointing toward the two carbons of 
ethylene). This is a good example of the importance of 
directional hydrogen bonding in a molecular mechanics 
calculation. 


By studying ethylene glycol and the ethylene-water 
complex in detail, we concluded that the energy differ- 
ence among the conformers and the geometries at the 
6-31G** and 6-31G** MP2 levels are about the same, 
except for the system with the double bond. Accord- 
ingly, the studies in this paper are at the MP2 6-31G** 
level for the one example that involves a double bond 
(ethylene-water complex) and at the corresponding 
Hartree-Fock level for all other systems. 


Pent-4-en-1-01 


The electron diffraction study of pent-4-en-1-01 showed 
that conformation gG‘gg’ (40), which has the 0 -H  
group pointing toward the C=C bond, contributes 
strongly (50 2 20%) to the conformational mixture, 
and our ab initio result (20%) shows fair agreement 
with the experiment.15 Table 14 shows that MM3 and 
MM3(92) give poor agreement (1% and 3%, respect- 
ively) with the ab initio calculated conformational 
populations. The overestimation of hydrogen bonding 
energy for conformation sGgt (46) in MM3 was 
reduced significantly in MM3(92) and MM3(94) by the 
directional hydrogen bonding. In MM3(94), the 
hydrogen bonding distance to- the alkene carbon was 
reduced from 3.00 to 2-65 A on the basis of our 
ethylene-water study, and the results greatly improved 
in terms of conformational populations. The contribu- 
tion from conformation gG’gg’ (40) is now increased 
from 3% to 18%. 


The strength of the dipole interaction can also be 
measured by distance of the hydrogen from the atom to 
which it is hydrogen bonded. One cannot compare the 
distance directly when the hydrogen is bonded to 
different atoms, because the distance also depends on 
the sum of the van der Waals’ radii. However, what one 
can compare is the sum of the van der Waals’ radii of 
the hydrogen and the atom to which it is hydrogen 
bonding (Cvdw), with the minimum energy distance for 
the hydrogen bond (HB-Dist.). If there were no 
hydrogen bond, then those distances would be equal, 
and their difference would be zero. As the hydrogen 
bond becomes stronger, the distance of approach 
becomes shorter, and the difference between those 
numbers (ADist.) becomes larger in absolute value. 
This information is summarized in Table 15. Thus we 
see that the nitrogen bonded to the alcoholic hydrogen 
is a stronger interaction than the oxygen bound to a 
similar hydrogen. Hence the hydrogen bond strength 
can be measured by either the distance of approach, or 


Table 15. MM3(94) hydrogen-bonding data 


H-acceptor H(X) Atom types .?HB Cvdw HB-Dist. ADist. 


N H(0) 8...21 4.70 3.53 2.15 1.38 
0 H(0) 6...21 3.00 3.42 2.11 1.31 
N H(N) 8...23 2.28 3.53 2.40 1.13 
0 H(N) 6...23 1.30 3.42 2.38 1.04 
=C H(0) 2...21 0.55 3.56 2.65 0.91 


by the depth of the potential well. It is of interest that 
weak hydrogen bonds (in terms of energy) still yield 
quite close approaches of the atoms involved. 


CONCLUSIONS 
Earlier versions of MM3 gave a fair account of 
hydrogen bonding between ether/alcohol oxygen and 
amino nitrogen. By adding a directional characteristic 
to the previous MM3 function, a better, but still not 
perfect, description of hydrogen bonding was obtained. 
A better model would include the orientation of the 
lone pair that is hydrogen bonded. The present model 
is judged to be fairly good, however (Tables 2-14), so 
we have decided to accept this hydrogen bonding poten- 
tial for MM3, and have extended it to many other 
classes of compounds. Those results will be described in 
a later paper. 


At this point we might ask if what we have learned 
about hydrogen bonding in this work is consistent with 
what we already know, and how we can use it to under- 
stand hydrogen bonding in other not yet studied mol- 
ecules. Indeed, much of what is found is expected. An 
alcohol forms a hydrogen bond to an amine which is 
stronger than that which it forms to another alcohol, 
which in turn is stronger than that which it forms to 
ethylene. The hydrogen bond strength should probably 
be defined, in general, as the dimerization energy in the 
case where a hydrogen bond is formed, relative to what 
the dimerization energy would have been in the absence 
of a hydrogen bond. The hydrogen bond contains, in 
our formulation, two parts: the dipole-dipole interac- 
tion and the electron transfer interaction. The latter is 
the major part of the interaction as can be seen by 
comparing the values for E in the potential with the 
dimerization energy for two molecules involving that 
interaction. The dipole-dipole interaction is relatively 
small, accounting typically for about 20-50% of the 
energy. 
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HYDRIDE TRANSFER REACTIONS OF MICHLER’S HYDRIDE 
WITH DIFFERENT T-ACCEPTORS 


KHAN. M. ZAMAN, NOR10 NISHIMURA,* SHUNZO YAMAMOTO AND YOSHIMI SUEISHI 
Department of Chemistry, Faculty of Science, Okayarna University, 3-1-1 Tsushima-naka, Okayarna 700, Japan 


The hydride transfer reactions of 4,4 ’-bis(dimethylaminophenyl)methane (Michler’s hydride) with p-benzoquinones 
were studied. The rate of formation of Michler’s Hydrol Blue was followed spectrophotometrically. The second-order 
rate constants and the activation parameters were estimated. The formation of a charge-transfer complex was observed 
at low temperatures. Stable and unstable paramagnetic species formed during the reactions were assigned by ESR 
spectroscopy. The observed kinetic behaviour and the stoichiometry were in line with those previously obtained for 
the systems involving Leuco Crystal Violet, Leuco Malachite Green and Leuco Bindschedler’s Green. Hence the 
reaction is considered to proceed according to the so-far accepted multi-step mechanism. However, when tetracyano-p- 
quinodimethane or tetracyanoethylene was used as a r-acceptor, a comparatively stable radical ion pair was formed 
as a result of a one-electron transfer, followed by the gradual formation of Michler’s Hydrol Blue. The kinetic 
behaviour and the stoichiometry of the reaction were examined, together with the enhanced kinetic effects of added 
triethylamine. A modified mechanism for these systems is proposed. The role of cyanomethylenes was found to he 
essentially different from that of p-benzoquinones, and therefore r-acceptors are divided into two groups of 
cyanomethylenes and p-benzoquinones. 


INTRODUCTION 


N-Benzyl-l,4-dihydronicotinamide (BNAH) and related 
compounds are recognized as models of important 
coenzymes for biological redox processes. Formerly, a 
mechanism of direct hydride transfer to r-acceptors in 
a single step was believed to occur in these systems. 1-4 
Steffens and Chipman’ were the first to cast doubt on 
the single-step mechanism on the basis of the kinetic 
isotope effects. Since then, the problem of whether the 
hydride transfer occurs in a single ~ t e p ~ - ~  or stepwise 
electron-proton-electron (EPE) transfers lo- l7 has 
been a subject of considerable controversy. At present 
it seems to be accepted that the hydride-equivalent 
transfer reactions of nicotinamide adenine dinucleotide 
(NADH) and related compounds with a variety of u- 
acceptors generally proceed by the EPE mechanism. 


Colter and co-workers18-21 extensively investigated 
the hydride transfer reactions between 9,lO-dihydro-10- 
substituted acridine derivatives and r-acceptors 
including p-benzoquinones (Qs) and cyanomethylenes 
(CMs). Recently, Fukuzumi and c ~ - w o r k e r s ~ ~ * ~ ~  
reported the energetic comparison of one-electron vs 
two-electron pathways for the acid-catalysed reduction 


* Author for correspondence. 


CCC 0894-3230/94/060309-07 
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of a series of p-benzoquinones by 9,10-dihydro-10- 
methylacridine and its dimer. 


Previously, we reported the hydride-equivalent 
transfer reactions of Leuco Crystal Violet (LCV), 24,25 


Leuco Malachite Green (LMQZ6 and Leuco Bind- 
schedler’s Green (BGH)27 with different Qs and con- 
cluded that the reactions can be interpreted in terms of 
the general EPE mechanism. l7 It was found that the 
hydrogen atom on the nitrogen in BGH is abstracted in 
the form of a hydride ion much more easily than that 
on the central carbon atom in LCV or LMG. We were 
interested in knowing how the reaction would proceed 
if the central nitrogen atom of BGH is replaced with 
a carbon atom as in Michler’s hydride [4,4‘- 
bis(dimethylaminophenyl)methane, MHz] . In a prelimi- 
nary paper,28 we presented a brief report that the 
reaction of MH2 with chloranil (CA) proceeds by the 
general EPE mechanism via a charge-transfer (CT) 
complex. This work includes an extensive study for the 
MHz-r-acceptor systems. 


Prior to this study, we examined the hydride-transfer 
reaction of LCV with 7,7,8,8-tetracyano-p-quino- 
dimethane (TCNQ) and 1,1,2,2-tetracyanoethylene 
(TCNE). Surprisingly, the kinetic behaviour and stoi- 
chiometry were found to be different between Qs and 
CMs, so far believed to act in the same manner. Hence 
a modified EPE mechanism for the LCV-CM system 
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has been proposed. 29 It would be interesting to examine 
whether the modified EPE mechanism is of the general 
type and also valid in the present system. 


EXPERIMENTAL 


Materials. All the chemicals were purchased com- 
mercially and were of reagent grade. MHz was 
recrystallized twice from methanol; m.p. 89-90 "C. 
Chloranil (CA), tetrabromo-p-benzoquinone (BA) and 
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) were 
recrystallized twice from benzene. TCNQ was recrystal- 
lized three times from acetonitrile (MeCN) and TCNE 
was purified by repeated sublimations. Triethylamine 
(TEA) was used as received. Solvents were dried on 
molecular sieves 4A-1/ 16, distilled and then deaerated 
by bubbling nitrogen through just before use. 


Kinetic measurements. All the runs were performed 
under pseudo-first-order conditions, i.e., [MHz] 0 = 
(1-2) x moldm-3 and [a-acceptors10 = (1-10) x 


mol dm-3. When the acetone or acetonitrile 
solutions of MH2 and p-benzoquinones were mixed, a 
characteristic band due to Michler's Hydro1 Blue 
(MH: ) appeared at A,,, = 605 nm ( E  = 147 500 dm3 
mol- c ~ - ' ) ~ O  with characteristic peaks of p-benzo- 
quinone anion radicals (e.g. Amax = 448 nm, E = 9600 
dm3 mol-' cm-' for CA-*).31 The change in the absor- 
bance at 605 nm with time was monitored with a 
Hitachi U-3200 spectrophotometer. When necessary, 
the change in the absorbance at Amax of the 
p-benzoquinones was also followed. The reaction with 
DDQ was very fast and the stopped-flow technique was 
applied for this system. Detailed procedures are given 
elsewhere. 27 When cyanomethylenes (TCNQ or TCNE) 
were used as a-acceptors, a characteristic band of 
TCNQ-' or TCNE-' appeared instantaneously. The 
intensity of the absorption band increased gradually 
with the simultaneous increase in the band due to 
MH'. The gradual formation of MH+ and TCNQ-' 
(or TCNE-') was followed spectrophotometrically at 
the same time. 


ESR measurements. Solutions of MHz and a- 
acceptors were introduced separately into an H-shaped 
tube with a side-tube for ESR measurements. After the 
solutions has been degassed by the freeze-thaw method 
under vacuum, the solutions were mixed and 
transferred to the side-tube. A JEOL JES-FE3XG 
X-band spectrometer equipped with a 100KHz field 
modulator and a TE 01 1 cavity were used. The g-value 
was estimated in the usual manner by means of a fre- 
quency counter referring to the g-value of 1 ,I-diphenyl- 
2-picrylhydrazyl. The temperature in the cavity was 
controlled at 25 "C by a JEOL variable-temperature 
regulator. 


RESULTS AND DISCUSSION 
MH2-CA, DDQ systems 


In excess of Qs, it was found that the formation of 
MH' obeys first-order kinetics. The apparent first- 
order rate constants (kobsd)  were estimated by using a 
compuLer program over the temperature range 
25-55 C in acetone and MeCN. In a preliminary 
paper," the existence of a CT complex was reported. 
The pattern and the position of the CT band were 
similar to those for the LCV-CA and LMG-CA 
systems. Ohno and Kito" and Fukuzumi and TanakaI4 
also demonstrated the formation of a CT complex as an 
intermediate in their respective hydride-transfer 
systems. The oxidations of 9,10-dihydro-10-methyl- 
acridines to the corresponding acridinium ions by a 
variety of a-acceptors were investigated by Colter 
et al. '* They also obtained spectroscopic and kinetic 
evidence for CT complexation between reactants. 


In order to detect paramagnetic species formed 
during the reaction, an ESR study was performed. The 
obtained ESR signals, a singlet (g=2-0058) for the 
MHz-CA system and a quintet (g = 2.0053) with inten- 
sity ratio 1 : 2 : 3 : 2 : 1 for the MHz-DDQ system, can 
be assigned to the corresponding anion radicals of 
quinones. However, no ESR signal of the counter 
radical cation MHz" was detected. Although the 
reason is unclear, such cases are often encountered with 
other a-donor-acceptor systems in the and 
solid states. 32s33 


Since unstable neutral radicals can be often detected 
by using the spin trapping technique, 2-methyl-2- 
nitrosopropane (MNP) was added to the system. An 
ESR signal (triplet with g = 2.0061 and u N  = 15.5 G) 
appeared for both the MH2-CA, and MH2-DDQ 
systems. The trapped radicals were assigned to QH' 
[equation (2)], since the g and aN values agreed with 
those reported recently for the BGH-CA and 
BGH-DDQ systems.27 If the radical MH' was 
trapped, a signal composed of a triplet or doublet 
should have appeared, but this was not the case. There- 
fore, a rapid electron transfer to produce the ion pair 
(MH' QH-) is considered to be taking place in the 
solvent cage [equation (l)] . All the above findings 
support the multi-step EPE mechanism, which is widely 
accepted for the hydride-equivalent transfer reactions. 
Hence the reactions in the present systems could be 
expressed as shown in Scheme 1: 


KI 
M H ~  + Q 2 ( M H ~  --* Q) 2 M H ~ + * Q - * )  


(MH+QH-) + Qf:[MH+ + Q +  ' + QH' (2) 


Scheme 1 


(3) 
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where the electronic structures of MH2 and MH+ are 


and parentheses denote solvent cages. In this 
mechanism the overall reaction stoichiometry should be 
given by 


2MH2 + 3Q = 2MH' + 24- '  + QH2 (4) 
According to this mechanism, the reactants MH2 and Q 
are in rapid equilibrium with the CT complex 
(MH2 -+ Q), which is also in a rapid equilibrium with 
the radical ion pair (MH2+'Q-'). Then proton transfer 
takes place from MH2-. to Q-', resulting in a neutral 
radical pair (MH' QH'). This step could be regarded as 
the rate determining, since we have already observed 
remarkable isotope effects for a similar system. 24 Con- 
sequently, one-electron transfer takes place rapidly to 
produce an ion pair (MH'QH-) within the solvent 
cage. The net reaction is the hydride-equivalent transfer 
from MH2 to Q. The ion pair reacts further with excess 
of Q to produce MH', Q-' and QH.. 


The above scheme can be justified further by the 
finding that the initial sudden but very small rise in the 
absorbance at 448 nm due to CA-' [see equation (l)] is 
followed by a gradual increase. In agreement with the 
above stoichiometry, the ratio [MH+]/ [CA-'1 = 1 was 
confirmed to remain constant during the reaction. This 
finding is the same as that already reported for the 
LCV-CA system.24 According to Scheme 1, one can 
understand the reason why Q-' and QH' that escaped 


from solvent cages were detected by the ESR method. 
In the absence of a radical trap, subsequent dispropor- 
tionation of the semiquinone radical QH' will take 
place. Although the dimerization of QH' was assumed 
in a previous paper2' and this possibility cannot be fully 
eliminated, the disproportionation reaction may be 
more plausible [see equation (3)] . l7 


According to the above reaction mechanism, kobsd 
can be given by 


The values of the second-order rate constants given by 


k = KiKzki (6) 


were estimated and are given in Table 1. The activation 
parameters are listed together with relevant data in 
Table 2. 


The activation energy is greater in MeCN than in 
acetone for the MH2-CA system, whereas the acti- 
vation entropy is greater in MeCN than in acetone, 
owing to which the rate constants are greater in MeCN 
than in acetone. Since the apparent activation energy 
values involve the A H  terms for the rapid equilibration 
processes, it is difficult to discuss the activation par- 
ameters in the true rate-determining step. 


Kinetic substituent effects are remarkable. The kobsd 
values for DDQ are much greater than those for CA 
and BA. Recently, we reported that the rate in the 
logarithmic zcale is closely correlated to the redox 
potential E (Q/Q-') of p-benzoquinones for the 
BGH-Q  system^.^' The present rate data show a 
similar trend and, therefore, an extraordinarily large 
value of kobsd for DDQ is not surprising. 


The rate for the MH2-CA system was found to be 
2-100 times faster than those for the LCV-CA and 
LMG-CA systems. One of the reasons may be a less 
severe steric hindrance for MH2, although electronic 
problems might also be involved. However, the rate is 
much slower and the activion energy is greater than 
those for the BGH-CA system. The reason in this case 


Table 1 
MeCN 


Rate data for the reactions betweeen MH2 and p-benzoquinones in acetone and 


T/"C 25 30 35 40 45 55 


CA in acetone 4.34 4.87 5.29 5.70 6.53 
BA in acetone 26.7 
CA in MeCN 4.73 8.42 11.7 16.2 
BA in MeCN 16.1 


DDQ in MeCN 5.0 x lo6 5.2 x lo6 5 . 5  x lo6 5 . 8  x lo6 
DDQ in acetone 7 . 1  x lo5 8 . 1  x l oSa  9 . 6  x lo5 10.2 x lo5 10.5 x los 


a 32 'C 
50 'C 
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Table 2 Activation parameters for the reactions betweeen 
MHz and p-benzoquinones 


System Solvent 


MH2-CA Acetone 


MH2-DDQ Acetone 
MeCN 


MeCN 


MeCN 
LMG-CAb MeCN 
BGH-CAC Acetone 


LCV-CAa CHCl3 


&/kJ mol-' AS& K/JK-'mol-' 


15.42 1 -228 f 4 
32.7 f 2 -168 f 6 
14.9 ? 1 -135 f 2 
3.9f 0.1 -150 f 1 
30.0 -148 
43.1 -135 
83.6 - 55 
10.2 -147 


'Data from Ref. 24. 
Data from Ref. 26. 


'Data from Ref. 27. 


may be the large difference in the electronegativity 
between the central nitrogen and carbon atoms. Hetero- 
lytic fission of the N-H bond is expected to be easier 
than that of the C-H bond in the proton-transfer step. 


DHz-TCNQ system. In this system a characteristic 
absorption band of TCNQ-' with vibrational struc- 
tures extending over the range 650-850nm 
(e=43 300dm3mol-'cm-' at X,,,=843 nm)34 
appeared immediately, followed by a gradual increase 
with a simultaneous increase in the absorbance at A,,, 
= 605 nm due to MH' (Figure 1). The same was the 
case in the LCV-TCNQ system. 29 This indicates that a 
pre-equilibration between reactants and their radical 
ion pair took place before the formation of MH+. 


When the temperature was lowered below -5O"C, 
the colour of the solution changed from green to 
brown, turning back to green at room temperature, 
indicating the reversible formation of a CT complex. 
Unfortunately, we have been unsuccessful in obtaining 
the exact CT band owing to some experimental limi- 
tations. A small amount of TCNQ-' formation was 
observed when TCNQ alone was dissolved in MeCN, 
probably due to some contamination. However, this 
was found to be negligible and did not affect the fol- 
lowing procedures. In the initial stage of reaction, the 
following (pseudo) equilibrium can be assumed: 


MH2 + TCNQ (MHf'TCNQ-') (7) 


The equilibrium constant (K3 = K1K2), under the con- 
dition [MH2]o 4 [TCNQlo, is given by 


K3 = X/  [TCNQI o ([MHzl o - X )  (8) 
where X is the concentration of the ion pair and it was 
equated to the measured concentration of [TCNQ-'1 
extrapolated to t = 0 .  The average K3 value of 
30.3 k 0.2 dm3mol-'(25 "C in MeCN) was obtained 
under various initial concentrations of MH2 and 
TCNQ. In a trial, the equilibrium constant was calcu- 
lated on the free-ion assumption, and the K3-values 
obtained were found to be considerably scattered. In a 
subsidiary experiment, N,N-dimethylaniline was chosen 
as a dummy of MH2 for which a similar electron- 
transfer reaction is expected but not the subsequent 
reactions. The average K-value obtained of 
19.4 dm3 mol-' is of a comparable order of magnitude 


0.4 


0.3 


0.2 


0.1 


0.0 
500 600 700 800 900 


I lnm 
Figure 1. Time dependence of the spectrum in the reaction between MHz and TCNQ in MeCN at 25°C. 


[MHzlo = 2 x lo-' m ~ l d m - ~ ;  [TCNQ] = 4 x m ~ l d m - ~ ;  cycle time = 10 min 
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Figure2. Change in the concentrations of (0) MH' and (0 )  TCNQf. as a function of time at 25°C MeCN. 
[MHz]o = 2 x mol dm-3; [TCNQIo = 4 x lo-' mol dm-3 


to the above value. This confirms the reliability of the 
K3 value for the MH2-TCNQ system. 


The ratio of the concentrations of MH+ and 
TCNQ-' asymptotically approached 1 : 2 with time, 
and this ratio was kept constant (Figure 2). Finally, the 
concentration of MH+ became almost half of the initial 
concentration of MHz. The above findings cannot be 
explained in terms of the general EPE mechanism as 
could be applied to the MH2-Qs systems (1 : 1 stoichi- 
ometry for MH+/ Q-'). A modified mechanism which 
is in harmony with the above findings is shown in 
Scheme 2: 


kn 
MHz + TCNQ G (MHZ -+ TCNQ) (MHz+'TCNQ-' 


(9) 


(10) (MHz+'TCNQ-') slow 2 MH2+' + TCNQ-' 


(MHz+'TCNQ-') + MHz 2 MH' + MH3+ + TCNQ-' 
(1 1) 


slow 


MHz+' + MH2 5 MH3+ + MH' (12) 


MH' + TCNQ 2 MH' + TCNQ-' (13) 


Scheme 2 


The stoichiometry for this scheme can be given by 
2MHz + 2TCNQ = 2TCNQ-' + MH+ + MH3' (14) 


If reactions (10) and (1 1) are rate determining, then the 
initial sudden rise in the spectrum due to TCNQ-' (see 
Figure l), followed by the gradual appearance of MH', 
can be explained according to this scheme [equation 
(13)]. On the steady-state assumption for MH2 + *  and 
MH', the rate of formation of MH+ in the initial state 


is given by 


R =&[TCNQIe [MHzIe (k5 +k6[MHZle) (15) 
where K6 denotes K&. Judging from the K3 value, 
about 3% of MH2 was found to be converted into 
MH2 +' at the initial pseudo-equilibrium state. Hence 
equation (15) can be approximated to 


R =&[TCNQlo [MH2lo (k5 + ks[MHzlo) (16) 
In Figures 3 and 4, the initial rates of formation of 


MH'are plotted as functions of [MHzlo and [TCNQlo, 
respectively, keeping the other constant. It is seen that 
the plots in Figure 3 are curved slightly upwards 
whereas those in Figure 4 are linear, as could be 
expected from equation (16). Equation (16) can be 
rearranged as follows: 


R/& [TCNQI o tMH2lo = k5 + k6 [MHzlo (17) 
It was found that the plot of the left-hand-side term 


105 [MH2J0/mol drn-3 


Figure 3 .  Initial rate of MH+ formation as a function of the 
initial concentrations of MH2 in MeCN at 25°C. [TCN- 


Q]o = 4 x lO-'mol dm-' 
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lo3 ~CNQl, /mol  dm-3 


Figure 4. Initial rate of MH+ formation as a function of the 
initial concentrations of TCNQ in MeCN at 25'C. 


[MH210 = 1 x moldm-' 


against [MH2Io gave straight line and from the inter- 
cept and slope, ks and k6 were estimated to be 
8.35 x s- '  and 0-184 dm3mol-'s- ' ,  respectively. 
In the present system, MH2 is behaving as a base in the 
sense that it accepts a proton. In order to ascertain the 
presence of MH3', the wavelength scan is expanded 
down to the UV region. A new peak observed at X,,, 
= 221 nm could be ascribed to MH3+, since a similar 


peak appeared at the expense of the band at 266 nm due 
to MH2 when a small amount of hydrochloric acid was 
added to the solution of MH2. 


reported that the addition of pyri- 
dine accelerates the rate of the hydride-transfer reaction 
between BNAH and TCNE. In order to examine the 
effect of added amine on the rate, excess of 
triethylamine (TEA) over MH2 was added to the 
system. Figure 5 shows the effect of TEA on the initial 
rate of MH+ formation. In this case, the following 
reaction should be added to Scheme 2: 


Fukuzumi et al. 


(MHz+'TCNQ-') + TEA ; MH' + TEAH' + TCNQ ' 
(18) 


Then, the rate equation can be modified to 


RA/Ro= 1 + k~[TEA]o/(ks + k[MHzlo) (19) 
where R A  and Ro denote the initial rate of formation of 
MH' in the presence and absence of TEA, respectively. 
Figure 6 shows that the relationship actually holds. 
From the slope, kA for TEA was evaluated to be 
1.24 dm3 mol-'s-', about seven times greater than k6. 
Indeed with the addition of TEA, the concentration of 
TCNQ-' increased immediately owing to the electron- 
transfer reaction between TCNQ and TEA 
[equation(9)]. 


According to Scheme 2, MH' radicals are expected 
to be trapped by MNP. However, no ESR signal 
appeared, probably owing to steric hindrance at the 
central carbon. However, when 1 ,I-diphenyl-2- 
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Figure 5 .  Effect of TEA on the initial rate of reaction between 
MH2 and TCNQ in MeCN at 25 "C. 10-5[TEA]o: (1) 0; (2) 1; 
(3) 5 ;  (4) 10; ( 5 )  20 moldm-' [MHz]o= 1 x moldm-'; 


[TCNQlo = 4 x lo-' moldm-' 


0 5 10 15 20 


10-5 [TEA] mol dm-3 


Figure 6 .  Relative rate of formation of MHf as a function of 
[TEAIo 


picrylhydrazyl (DPPH) or Verdazyl, both well known 
radical scavengers, was added to the system, their 
respective colours faded gradually, showing that 
unstable neutral radicals are formed during the 
reaction. It is worth noting that both MH2 and TCNQ 
were unreactive to both Verdazyl and DPPH. These 
findings could be regarded indirect evidence for the 
existence of MH' the present system. 


When TCNE was used in place of TCNQ, a band 
extending over 350-460 nm with vibrational structures 
assignable to TCNE-' appeared immediately. The ther- 
modynamic and kinetic behaviour and the stoichi- 
ometry were virtually identical with those of TCNQ. 
Unfortunately, the molar absorptivity of the band is 
much smaller than that of TCNQ-'(& = 5670 dm3 
mol-'cm-' at 457 nm),35 and therefore no further 
quantitative work was carried out. 


Comparison of Schemes 1 and 2 


It has been revealed that the hydride-equivalent transfer 
reactions between MH2 and *-acceptors such as CA 
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and TCNQ start through the initial formation of a CT 
complex, followed by one-electron transfer to form the 
corresponding radical ion pairs in a cage. Thereafter, 
these ion pairs behave differently depending on the 
nature of the *-acceptors. Benzoquinones can succes- 
sively accept an electron and a proton from MH2 within 
solvent cages, whereas cyanomethylenes can accept an 
electron but not a proton. Melby et and Yamagishi 
and S a k a m ~ t o ~ ~  examined the effects of strong mineral 
acids on the stability of TCNQ-'. They found that 
TCNQ-' reacts with H +  to produce p-phenylene- 
dimalononitrile (TCNQH2) and TCNQ with 1 : 1 
stoichiometry via the intermeditate TCNQH' as 
follows: 


2TCNQ-' + 2H' + 2TCNQH -+ TCN- 
Q + TCNQHz (20) 


In the light of such situations, TCNQ-' will be able to 
accept a proton only under extreme conditions. 
Although species such as TCNQH- (TCNEH-) and 
TCNQH' (TCNEH') have been a s s ~ m e d ' ~ , ' ~ - ~ ' , ~ ~ - ~ '  
in the hydride-transfer reactions to explain the kinetic 
behaviour of TCNQ-' (TCNE-') and the stoichi- 
ometry, we have succeeded in explaining the kinetic 
behaviour in terms of Scheme 2 without such assump- 
tions. In this work, we could follow the time 
dependence of the two products simultaneously, and 
this clarifies the difference in the role between p- 
benzoquinones and cyanomethylenes in the hydride- 
transfer reactions. From the foregoing discussion it is 
concluded that the behaviour of cyanomethylenes is 
essentially different from that of p-benzoquinones and, 
therefore, a-acceptors can be divided into two groups 
of cyanomethylenes and p-benzoquinones. 
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THE INFLUENCE OF SOLVENTS ON THE BASICITY OF 
DIPOLAR AMINES 


ALLAN D. HEADLEY* AND MIKE E. MCMURRY 
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 79409-1061, W.S.A. 


The relative basicities of six monosubstituted dipolar trimethylamines (XCH2NMe2) were determined in nine different 
solvents from potentiometric titration. Solvation effects on basicity variations were analyzed by the solvatochromic 
parameters (**, a and 8). Non-specific solvation of the substituted dimethylammonium ions is not reflected adequately 
by the solvent’s dipolarity-polarizability constant, T *. A better representation of non-specific interaction between 
solvents and the monosubstituted dipolar trimethylammonium ions is gained from the product of ?r* and the solvent 
dipole moment (p). For these ions where the dipolar substituents are separated from the reaction center by one 
methylene unit, there is an interaction between the charge of the ammonium ion and the dipolar substituent. As a 
result, solvent mole-cules must not only solvate the dipolar substituents, but must also gain access between the lines 
of force of the dipolar substituent and the charge. Bulky solvents, such as nitrobenzene, cannot access adequately the 
region between the dipolar substituents and the reaction center to accomplish similar solvation as less bulky solvents. 


INTRODUCTION 
For over a century, the effects that solvents have on 
reaction rates and equilibria have concerned chemists. ’ 
A large percentage of organic reactions are performed 
in non-aqueous media, and the prediction of the reac- 
tivities in such media requires a knowledge of possible 
interactions between solvents and solutes. Unfor- 
tunately, most analyses of the reactivity of compounds 
in different solvents are based on our knowledge of the 
effects that water, which itself is poorly understood, has 
on the reactivities of a limited range of organic com- 
pounds. Solvents play a dominant role, not only in con- 
trolling the reactivity of compounds, but also in 
modifying the effects that substituents have on their 
reactivity. For example, the acidities of dipolar pyri- 
dinium ions depend on important contributions from 
specific and non-specific solvation of both reaction 
center and substituents. Solvents affect reactions by 
any combination of (a) solvation of substituents and (b) 
solvation of reaction s enter.^ For any species involved 
in a reaction, there is the possibility of specific solva- 
tion, which involves the formation of hydrogen bonds 
between solvent and solute molecules, and/or non- 
specific solvation, which involves electrostatic interac- 
tion between a charged (or dipolar) solute and solvent 
molecules. For the acidities of phenols in an aqueous 
medium, the interaction of strong hydrogen bond 


acceptor substituents with solvents increases the 
strength of the acids, whereas interactions of strong 
hydrogen bond donor substituents with solvent mole- 
cules decrease the strengths of the acids5 The 
difference in acid strengths is caused by the 
modifications of substituent field-inductive and 
resonance effects which are brought about by solvation 
of the substituents. Similar observations have been 
made in dimethyl sulfoxide. * 


Over the years, different parameters have been deve- 
loped to quantify the interactions between solutes and 
solvents. Recently, the focus has been on the determina- 
tion of parameters which describe non-specific 
interactions.’ However, most of these parameters are 
for molecules that have one functionality and only a 
few parameters exist for difunctional molecules. 
a-Amino acids are very important difunctional mole- 
cules that have both functionalities in close proximity to 
each other and the extent of zwitterion formation and 
factors that influence its formation are of extreme 
importance to biological chemistry. Knowledge of the 
factors that affect the ionization of such compounds is 
necessary in order to interpret correctly structure- 
activity relationships such as dissolution rates of 
absorption. The tautomeric equilibrium that governs 
the formation of zwitterions of amino acids is depen- 
dent on the medium. In the gas phase, amino acids are 
known to exist as neutral molecules, lo whereas glycine 
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and other soluble amino acids exist as zwitterions in 
aqueous solution and in the solid crystalline state. l 1  For 
glycine, different solvents are known to alter the magni- 
tude of the tautomeric equilibrium. An increase in the 
mole fraction of methanol in water favors the neutral 
form of glycine. For other amino acids, similar obser- 
vations have been made for alcohol-water mixtures. l3  


Compared with amino acids, the effects that solvents 
have on the magnitude of the tautomeric equilibrium 
of a-(N,N-diethy1amino)acetic acid are more pro- 
nounced. l4 In dimethyl sulfoxide, a substantial amount 
of the neutral a-(N,N-dimethy1amino)acetic acid exists; 
the neutral to zwitterionic ratio is 31 : 69. l5 Hence the 
ability to predict quantitatively the solvation effects on 
such compounds that have dipolar groups in close prox- 
imity to each other is of extreme importance to 
chemistry. 


We shall demonstrate in this paper that a unique non- 
specific solvation mode of XCHzNMezH’ ions exists, 
and for the basicity of the conjugate base, a significant 
role is played by this solvation mode. Owing to the 
interaction of dipolar substituents with the charge of 
the ammonium ion, the solvatochromic parameter, ?r *, 
which is used to describe similar effects of akyl- 
ammonium ions, l6 does not represent adequately the 
non-specific solvation of these ions. 


EXPERIMENTAL 
Spectrophotometric-grade solvents were purchased 
from Aldrich Chemical and were stored over Molecular 
Sieves (4A) before being used. The procedure for the 
potentiometric titration for the determination of equili- 
brium constants for the basicity of amines can be found 
elsewhere. l7 


RESULTS AND DISCUSSION 


Basicity of dipolar amines 


Table 1 shows the relative free energy changes for the 


basicity of various monosubstituted dipolar 
trimethylamines [reaction (l)] in different solvents and 
the gas phase. 


XCH2N(CH3)’ + H +  5 XCH2N(CH3)*H+ (1) 
For each solvent, the values differ and to account for 
the relative basicity variations of these, and similar 
dipolar amines, it is necessary to know why the equili- 
brium position differs in different solvents. Solvent 
attenuation factors (SAF) are often used to analyze 
solvation effects on reactions. SAF for the basicity of 
amines in this study are determined from the slopes for 
plots of the relative gas-phase basicities, 6 AG(gas), and 
solution-phase basicities, 6 AG(so1). Since the concen- 
trations of solutions for the basicity determinations 
were the same and the titrations were carried out with 
the same acid, trifluoromethanesulfonic acid, basicity 
variations should arise primarily from structural differ- 
ences of the bases, and the difference in the relative 
basicity in the gas phase compared with that in solution 
should be caused mainly by solvation effects. Even 
though ion pairing is possible for the conjugate acid of 
these amines, this effect on basicity variations should be 
small since the solvents used (Table 1) are polar.” As 
a result, SAF should reflect fairly well the solvation 
effects on the relative basicity of these amines compared 
with that in the gas phase. For the basicity of the 
amines shown in Table 1, SAF are shown in Table 2 
along with the standard deviations and the correlation 
coefficients ( r )  for their determinations. Large slopes 
are observed when there is effective solvation of solutes, 
whereas slopes close to unity are obtained when there is 
minimal solvation of the equilibrium species. The cor- 
relation coefficients of SAF are close to unity for equili- 
bria in which the solvation modes of the equilibrium 
species are similar. Hence the types of specific and non- 
specific solvation modes are similar. However, for a 
particular series of solutes, the demand of solvation 
may vary depending on the solvating ability of the 
solvent and different magnitudes of SAF. On the other 
hand, as the relationship breaks down, i.e. poor stan- 


Table 1. Relative free energy changes (kcal mol- ’) for the basicity of various monosubstituted dipolar trimethylamines 
[XCHzN(CH,)2] in various solvents measured at 298 K a  


X Gasb Aq MeOH EtOH 2-PrOH EG DMSO TEP AN NB 


NC 14.3 7.5 9.0 9.2 10.5 7.0 4.0  5.4 4.7 10.0 
CCI, 8.1 5 . 5  5 . 5  6 .5 7.3 4.9  3.4 3.9 3.9 9 . 8  
C6F5 4.4 4.0 4.7 4.9 5 . 8  3 .6 2.4 3.2 2,7 4.8 
HC=C 2.1 3-4  2 .8  3.8 5.1  2.5 2 .0  3 - 1  2.3 4.2 
HzC=CH -1.9 1.3 2 .1  1 . 1  1.9 1.0 1 -4  1.1 1 .2  1.0 
C6H5 - 4 . 4  0.8 1.0 1.2 0 . 6  0.6 1.0 1.1 0 . 5  2 . 2  


”Values are relative to (CH,)3N and are within k0 .1  kcal mol-‘. Aq, water; MeOH, methanol; EtOH, ethanol; 2-PrOH, propan-2-01; EG, ethylene 
glycol; DMSO, dimethyl sulfoxide; TEP, triethyl phosphate; AN, acetonitrile; NB, nitrobenzene. 
bRef. 18. 
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Table 2. Various solvatochromic  parameter^,^ dipole moments2’ and solvent 
attenuation factors (SAF) for the basicity of dipolar substituted amines shown in 


Table 1 


Gas - -1.10 - 0.00 0.00 1.0 - 
Aq 1.84 1.09 2.01 1.10 0.47 2 .720 .2  0.996 
MeOH 2.87 0.60 1.72 0.93 0.66 2.3 2 0 . 1  0.987 
EtOH 1-66 0.54 0.90 0.83 0.75 2 . 2 f 0 . 1  0.991 
2-PrOH 1.68 0.46 0.77 0.78 0.90 1.9 _t 0.2 0.980 
EG 2.28 0.92 2.10 0.92 0.52 2.8 kO.2 0.997 
DMSO 3.90 1.00 3.90 0.00 0.76 5 .8  2 0 . 4  0.991 
TEP 3.12 0.72 2.25 0.00 0.77 4 . 0 5 0 . 4  0.980 
AN 3.56 0.75 2.67 0.19 0.40 4.3 k O . 3  0.990 
NB 3.99 1-01 4.03 0.00 0.39 - 0.931 


a Aq, water; MeOH, methanol; EtOH, ethanol; 2-PrOH, propan-2-01; EG, 
ethylene glycol; DMSO, dimethyl sulfoxide; TEP, triethyl phosphate; AN, 
acetonitrile; NB, nitrobenzene. 


dard deviations and low correlation coefficients, there is 
the possibility of different or additional solvation 
modes. Note that the standard deviations are small and 
the correlation coefficients are close to unity for the 
determination of SAF (except for nitrobenzene, which 
will be discussed later). Hence similar modes of solva- 
tion exist for the equilibrium species shown in reac- 
tion (1). 


The substituents used in this study (see Table 1) have 
no acidic or basic sites and the possibility of specific 
substituent solvation is unlikely. However, owing to the 
polar nature of these substituents, non-specific substi- 
tuent solvation will occur. The dimethylamino and the 
dimethylammonium ion functionalities [reaction (l)] 
have basic and acidic sites, respectively, and substantial 
specific and non-specific solvations exist in this region 
of these molecules. Solvation of species of this type is 
best described by type E solvation,6 which involves 
negligible specific substituent solvation but appreciable 
specific functional group and differential-substituent 
dipole solvation. 


To gain a better insight into the extent and effects 
that solvents have on reaction rates and equilibria, the 
solvatochromic parameters are often used. Equa- 
tion (2) shows the multi-linear regression (MLR) equa- 
tion of the SAF shown in Table 2 and the solvent’s 
dipolarity-polarizability (?r*), hydrogen bond acidity 
(a) and hydrogen bond basicity ( p )  constants. Nitro- 
benzene was not used for this MLR correlation 
equation. 


SAF= (2.3 2 0 * 3 ) ~ * -  (2.5 k 0.3)~ - (0.6 k 0.7)P 
+ 3.4  -+ 0.4 (2) 


n = 9; r = 0.976; s.d. = 0-4 


The importance of particular solvent properties is 
reflected by the magnitude and sign of the coefficients 
of the equation; a large negative value suggests that 
there is solvation of reactant@) whereas a small positive 
value implies minimal solvation of the product(s). From 
equation (2), the solvent’s dipolarity-polarizability and 
acidity properties have the largest coefficients and hence 
play the most important roles in the equilibrium posi- 
tion of reaction (1). To rationalize the magnitudes of 
the coefficients, the solvation of each species involved in 
reaction (1) must be considered. Solvation of the 
proton can be neglected” since its solvation is common 
to all reactions studied. Therefore, the influence of the 
solvents on the neutral dipolar amine and the charged 
dipolar dimethylammonium ion must be analyzed. The 
conjugate acid of each dipolar amine is charged and a 
strong electrostatic interaction between a polar solvent 
and the ion will exist. On the other hand, owing to the 
unshared pair of electrons on the neutral amine, the 
solvent will interact with the neutral amine via specific 
solvation. The contribution of basic solvents to basicity 
variations is of no statistical significance; the MLR cor- 
relation equation in which this parameter was omitted 
showed no improvement. Interestingly, basic solvents 
play a very important role in the prediction of the 
relative basicity of alkyl-substituted dimethylamines. ” 
The presence of alkyl substituents of dimethylamines 
provides an additional driving force for the formation 
of the dimethylammonium ion, and its solvation is 
favored by basic solvents. However, dipolar substi- 
tuents have the opposite effect on the basicity of the 
amines in this study. Owing to the electronegative 
nature of the dipolar substituents, the formation of the 
conjugate acids is not favored and this concentration 
will be relatively small in all solvents. 
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Proximity effect 


Our first indication that the distance between a polar 
substituent and a charged center of solutes plays a role 
in the type of solvation experienced by solutes comes 
from the ratio of 6AG(gas)/SAG(water) for the 
basicity of CF~(CHZ)"NH~.*~  The magnitude of this 
ratio is 1-91 for n = 1 compared with 2.78 for n = 3. 
These results indicate that the distance between the 
dipolar substituent and the charged ammonium ion end 
of the ion plays an important role in the solvation of the 
ammonium ion. As the distance decreases, so does the 
solvation of the ammonium ion. One consequence of 
dipolar group being close to a charged center is that 
there will be a mutual interaction between them and this 
interaction will influence the type and extent of solute 
solvation. The possibility of such an interaction was 
recently demonstrated: 24 for the basicity of alkanol- 
amines in water there is an interaction, by delocaliza- 
tion, between the nitrogen and oxygen atoms across one 
methylene unit. For the basicity of the substituted 
dipolar trimethylamines in this study, where the polar 
substituents are separated from the dimethylammonium 
ion by one methylene unit, a similar interaction is 
expected. 


In a previous paper, l4 importance of the molecular 
composition of the medium in the region of a solute 
which has a charge and a dipolar substituent separated 
by one methylene unit was made apparent. It was 
shown that bulk solvent properties, such as dielectric 
constant ( E )  or solvatochromic dipolarity-polarizability 
parameter (a*), do not reflect adequately the non- 
specific solute-solvent interactions of such solutes. For 
the basicity of the substituted dipolar trimethylamines 
in this study, note that the relationship between 
6 AG(gas) and 6 AG(so1) in nitrobenzene is poor (see 
Table 1). One major difference between nitrobenzene 
and the other solvents in this study is that nitrobenzene 
is a very bulky solvent. As a result, nitrobenzene cannot 
access adequately the region between the dipolar substi- 
tuent and the charged end of the ion to accomplish a 
similar solvation as the other solvents. Scheme 1 shows 
our proposed model for the non-specific solvation of 
monosubstituted dipolar trimethylammonium ions 
where the dipolar substituents are close to the 
ammonium ion. 


One major observation that can be made from equa- 
tion (2) is that the correlation coefficient has room for 
improvement. 25 A lack of an excellent correlation for 
such MLR correlation equations usually means that the 
independent variables used, here the solvatochromic 
parameters, do not describe adequately all solute-* 
solvent interactions. The solvatochromic parameter, a 
which is used to describe the non-specific solvation in 
equation (2), does not describe adequately the 
solute-solvent interactions of some very complex mole- 
cular solvent-solute interactions. 26 Since the correla- 


tion coefficient for a similar MLR equation for the 
basicity of alkyl-substituted dimethylamines, in which 
the conjugate acids have only one charged region on the 
ion, is excellent,' a *  may not reflect the non-specific 
solvation of systems where charges are very close to 
each other. From Scheme 1, one mode of solvation 
involves an intimate interaction of solvent molecules 
around the dipolar end, X-Y, of the ion. A solvent's 
dipole moment ( a )  reflects how well solvent molecules 
are oriented around a dipole, hence the dipole moment 
of the solvent should play an important role in the 
description of the solvation of the dipolar dimethyl- 
ammonium ions. However, the correlation coefficie$t 
of equation (2) is not improved if p substituted for a . 
Based on the model in Scheme 1, the ideal description 


Scheme 1 .  Non-specific solvation of a dipole, X-Y, and a 
charged ammonium ion separated by a methylene unit 


of non-specific solvation should involve a combination 
of both solvation properties. As a result, the product of 
the dipole moment and dipolarity-polarizability was 
used to describe the non-specific solvation effect on this 
system. The evaluation of solvent properties by such an 
electrostatic factor is not uncommon, an electrostatic 
factor (EF),27 the product of the dipole moment and 
dielectric constant, has been used to categorize solvents 
in terms of the various types of non-specific inter- 
actions. Equation (3) shows the correlation equation in 
which this non-specific solvation property ( p a  *), along 
with the other solvatochromic parameters, a and /3, is 
used. This equation shows improvements of the corre- 
lation coefficient and the standard deviation over 
equation (2). 


SAF= (1.1 f O-l)pa*- (0-9 f 0 . 2 ) ~ ~  
-(0*7 2 0*3 )p+  1.1 f 0.2 (3) 


n = 9; r = 0.992; s.d. = 0.2 


Unfortunately, no quantitative information regar- 
ding the various requirements from the solvents for 
reaction (1) can be gained from this improved equation, 
since the p r *  parameter used in equation (3) is not on 
the same scale as the other solvatochromic parameters. 
However, compared with equation (2), equation (3) 
describes much better the solvation effects of systems 
where a charged center and a dipolar substituent are in 
close proximity to each other and thus the prediction of 
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the basicity of such system in different media with a 
higher degree of accuracy is possible. 
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REACTIONS OF 1,3-D1HALOADAMANTANES WITH 
DIPHENYLPHOSPHIDE IONS BY THE S R N ~  MECHANISM. 


COMPETITION BETWEEN INTERMOLECULAR AND 
INTRAMOLECULAR ELECTRON TRANSFER REACTIONS 


ANDRES E. LUKACH, ANA. N. SANTIAGO AND ROBERTO A. ROSSI* 
Departamento de Quimica Organica, Facultad de Ciencias Quimicas, Universidad Nacional de Cdrdoba, SUC. 16-C. C. 61, 5016 


Cdrdoba, Argentina 


The reactivity of 1,3-dihaloadamantanes with diphenylphosphide ions (PhzP-) in liquid ammonia was studied. 
1,3-Dichloroadamantane (la), 1-hromo-3-chloroadamantane (lb) and 1,3-dibromoadamantane (lc) reacted with 
Ph2P- ions under photostimulation by the S R N ~  mechanism. Irradiation of l c  without PhZP- ions gave no reaction 
( < 5%). Three products were found: 1,3-his(diphenyphosphinyl)adamantane (2), (3-X-1-adamanty1)diphenyl- 
phosphine (X = CI, 3a; X = Br, 3h) and 1-adamantyldiphenylphosphine (4). Compounds 2 and 4 were formed by 
intramolecular electron transfer (ET) of the radical anion 3a-' (3h-'); whereas 3a (3b) were formed by inter- 
molecular ET of this radical anion to the substrates. It was observed that the product distribution depends on the 
substrate and reaction conditions. 


INTRODUCTION 


Nucleophilic substitution by the S R N ~  mechanism is a 
well known process. The main reaction steps pro- 
posed involve the fragmentation of the radical anion of 
the substrate to give a radical intermediate and the 
nucleofugal group [(equation (l)] ; the reaction of the 
radical with the nucleophile to give the radical anion of 
the substitution product [equation (2)] which by an 
electron transfer (ET) to the substrate completes the 
chain propagation cycle of the proposed mechanism 
[equation (3)] (Scheme 1). 


(RX) - . ___* R' + X - (1) 
R' +Nu--(RNu)-' (2) 


(3) 
(1,3) 


(RNu)-' + RX- RNu + (RX)-' 
(RNu)-' + RX- RNu + R' + X -  


Scheme 1 


In aliphatic systems without a low-lying K* MO such 
as bridgehead, cyclopropyl, cyclohexyl and neopentyl 
halides, the radical anion (RX)-' probably is not an 
intermediate and equations (1) and (3) occur simul- 
taneously [equation (1,3)] . 2b,d This mechanism needs 


*Author for correspondence. 


an initiation step. One of the proposed initiation 
reactions involves the ET from a suitable electron 
donor such as the nucleophile present in the reaction 
media, by a thermal (or spontaneous) or by photo- 
stimulated reactions. ',' 


We have reported the photostimulated reaction of 1- 
haloadamantanes with organometallic nucleophiles in 
liquid ammonia, and that of 1-iodoadamantane 
reacted with carbanionic nucleophiles in dimethyl 
sulphoxide under photo~timulation~ by the S R N ~  
mechanism. Taking this into account, we undertook an 
investigation of the photostimulated reactions of 
1,3-dihaloadamantanes with diphenylphosphide 
(PhzP-) ions in liquid ammonia due to the 
mechanistic and synthetic relevance of the disubstitu- 
tion products in an adamantane system. 


RESULTS AND DISCUSSION 


The photostimulated reaction during 135 min of 1,3- 
dichloroadamantane (la) with PhzP- ions in liquid 
ammonia gave mainly the disubstitution product 2, the 
monosubstitution product with retention of chlorine, 3- 
chloro-1-adamantyldiphenylphosphine (3a), and the 
monosubstitution product l-adamantyldiphenyl- 
phosphine (4) (Expt 1, Table 1) [equation (4)]. This 
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Table 1. Reactions of 1,3-dihaIoadamantanes with diphenylphosphide ions in liquid ammonia 
~~ 


Yield (9 '0 )~  
IPhzP-I Conditions, 


Expt [l]  (~O'M) ( I O ~ M )  (time, min) x- a 2b 3b 4b 
~ ~ ~~ 


1 l a  2.53 5.87 hv, 135 CI 176' 74 3a 3.0 14 
2 l a  2.53 5.33 Dark, 150 CI < 2  - 
3c l a  2.60 5-33 hv, 135 C1 76 19 3a 1.4 2.4 
4 l a  2.67 5.34 hv, 60 C1 69 21 3a < 1  4.7 
5 l b  2.67 5.93 hv, 45 Br 100 76 3a 1.3  4.2 


6 lb  2.67 5.34 Dark, 45 Br 13 3 3a 14 - 


7' l b  2.67 5.87 Dark, 45 Br 2 - 


8c l b  2.67 5.34 hv, 45 Br 83 50 3a 29 - 


9 l b  2.67 5.87 hv, 10 Br 84 71 3a 3.0 3 


loc l b  2.67 5.87 hv, 10 Br 67 33 3a 38 < 1  


11 l b  0.15 0.33 hv, 45 Br 100 80 3a 3.0  12 


12 l b  0.91 2.2 hv, 45 Br 100 17 3a 4.0  6 


65 3a 15 8 13 l b  6.67 16.96 hv, 45 - 
14 l b  2-68 2.76 hv, 5 Br 53e 35 3a 10 3 


15 l c  2-67 5.87 hv, 45 Br 184 88 3b < 2  8 
16 l c  2.53 5.87 hv, 10 Br 188 83 3b < 1  I 
17 l c  2.61 5.87 Dark, 45 Br 28 12 3b c 1  < 1  
l g c  lc 2.67 5.87 hv, 10 Br 120 53 3b - 3 
19 l c  2.50 0 hv, 10 Br <5  - 


- - 


CI 85 


c1  4 


c1 - 


C1 61 


c1 79 


c1 33 


c1 97 


C1 92 


- 3a < 2  


d 


c 1  37 


- 3b - 


a Halide ions were determined potentiometrically. 


'p-Dinitrobenzene (20 mol%) was added. 


'40% of substrate was recovered. 


Organic products, after oxidation with 30% H202 were determined by HPLC with internal standard (diphenyl disulphide). 


Not quantified. 


I 


la: X = Y = CI 
lb: X = CI; Y = Br 
lc: X = Y = Br 


PPh2 
2 


PPh2 PPh2 


3 a : X = C I  4 
3 b X = B r  


reaction did not occur in the dark, and the photosti- 
mulated reaction is inhibitied by p-dinitrobenzene 
(p-DNB), a well known inhibitor in S R N ~  reactions 
(Expts 2-3, Table 1). 


These results can be explained according to  the S R N ~  
mechanism. By a photostimulated ET from the 
nucleophile to  the substrate, which gives the radical 
intermediate 5 and chloride ion [equation ( 5 ) ] .  This 
radical couples with PhzP- ions to give the radical 
anion intermediate (3a) - ' [equation (6)] . This radical 
anion has two competing reactions, intermolecular ET 
to the substrate to  give 3a and 5 [equation (7)], or intra- 
molecular E T  to the o* MO of the C-Cl bond, which 
by fragmentation gives the radical intermediate 6 
[equation (S)], which by coupling with PhzP- ions 
leads to  the radical anion ( 2 ) - '  finally giving the dis; 
ubstitution product 2 by E T  to l a  (Scheme 2). The dis- 
tribution of products suggests that the intramolecular 
E T  of (3a ) - '  is much faster than the intermolecular 
E T  to the substrate. 


Although the photostimulated reaction of 1- 
chloroadamantane with Ph2P - ions in liquid ammonia 
is rather sluggish,5 it is possible that 2 could be formed 
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hu fi 


CI 
5 


(3a)-'+ la  --+ 3a + 5 + CI- (7) 


6 


(2)- 


Scheme 2 


by the photostimulated reaction of the intermediate 3a 
with Ph2P- ions. If this were the case, the inhibited 
reaction, or the photostimulated reaction at shorter 
time would give an increased yield of 3a. The photosti- 
mulated reaction in the presence of p-DNB and the 
photostimulated reaction (60 min) gave less than 1% 
yield of 3a suggesting that 3a is not an intermediate for 
the formation of 2 (Expts 3-4, Table l), although some 
contribution to the formation of 2 could be due to the 
reaction of 3a with any radical anion in the system to 
give radical 6 [equation (lo)], that finally yields 2 fol- 
lowing equation (9). 


(10) 3a radical anio: (3a) - . , 6 


The photostimulated reaction of l-bromo-3- 
chloroadamantane (lb), with Ph2P- ions in 45 min 
gave mainly the disubstitution product 2 (76% yield), 
together with 3a and 4 (Expt 5, Table l), and 3b was not 
found as a product, which agrees with the fact that 
bromine is a better leaving group than chlorine in S R N ~  
reactions. In dark conditions there is some debromi- 
nation, 3a being formed in 14%, but the dark reaction 
is completely inhibited by p-DNB (Expts 6-7, Table 1). 


The intermolecular ET depends on the acceptor used 
so much so that the better is the acceptor, the more pro- 


ducts are formed through an intermolecular ET. Thus, 
in Expts 5 and 6 there are higher yields of 3a than in the 
reactions with l a  as substrate. With lb,  a substrate that 
is a better electron acceptor than la ,  the rate of the 
intermolecular ET from the same radical anion inter- 
mediate (3a) - ' of both reactions to give 3a as product 
is faster than with la .  


In the presence of p-DNB, the photostimulated 
reaction gave a higher yield of 3a (Expt 8, Table 1). 
Clearly, p-DNB does not inhibit the reaction of l b  as 
effectively as the intermolecular reaction of 3a with lb,  
giving a higher yield of 3a. 


Likewise, the photostimulated reaction of l b  in only 
10 min gave 71% yield of 2, and the inhibition with 
p-DNB gave only 33% of 2, and as high as 38% yield 
of 3a under the same conditions (Expts 9-10, Table 1). 
These high yields of 3a in the reaction with p-DNB 
agree with the fact that p-DNB is a better electron 
acceptor than the substrate and that under these exper- 
imental conditions, the intermolecular ET to the 
substrate and to p-DNB is faster than the intramole- 
cular ET to the C-CI u* MO. 


The intermolecular ET of (3a)-' with the substrate 
depends on the concentration of @a)- '  and lb .  In the 
photostimulated reaction of l b  at different concen- 
trations, the yields of products 2 and 4 increase as 3a 
decreases in more diluted conditions, in agreement with 
the decrease in the intermolecular reaction at lower l b  
concentration (Expts 5,  11-13, Table 1). 


The photostimulated reaction of l b  with Ph2P- ions 
in ca 1 : 1 ratio gave 35% of 2 in 5 min with only 10% 
of 3a, whereas l b  was recovered in 40% yield, indi- 
cating that 3a is not an intermediate of these reactions 
(Expt 14, Table 1). 


The photostimulated raction of l c  with Ph2P- ions in 
45 min and also in 10 min gave high yields of the di- 
substitution product 2. Only very small amounts of 3b 
were found, which indicates a fast intramolecular ET. 
Even though the dark reaction gave only 12% of 2, but 
less than 1% of 3b, and the photostimulated reaction in 
presence of p-DNB gave only 2 and a small amount of 
4 (Expts 15-18, Table l), 3b is not an intermediate of 
these reactions. 


There is no reaction during irradiation of l c  without 
Ph2P- ions (Expt 19, Table l), indicating that no 
photolysis of l c  occurs under our experimental 
conditions. 


Although l c  is the best electron acceptor of all the 
substrates studied, the intermolecular ET from the 
intermediate 1-bromo-3-diphenylphosphinyladaman- 
tane radical anion (3b)-' to l c  [equation (12)] does 
not compete with the intramolecular ET to the u* MO 
of the C-Br bond [equation (1 l)] . 


In the photostimulated reaction of 
I-X-4-chlorobicyclo [2.2.2]octane (X = bromo, iodo) 
with Ph2P- ions in liquid ammonia, only the mono- 
substitution product 8 with retention of chlorine was 
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(3b)-' (12) 


obtained [equation (14)], which suggests that the rate 
of the ET reaction of the intermediate radical anion 
(7)-' of these reactions to the substrate is faster than 
the intramolecular ET to the u MO of the C-CI bond 
[equation (13)] . ' 


4 CI- (13) 


(PPh2)-' 


kinle, [substrate] 


PPh, 


0 (14) 


If we compare the radical anions intermediates 
(3a)- '  and (7)-' ,  we have the same radical anion 
donor (PPhZ)-' and the same type of acceptor, the 
MO o* of the C-CI bond. The distance of both reac- 
tive centres is similar (distances calculated by the MMX 
method on the neutral species), but in (3a)-' the rate 
of intramolecular ET is faster than the intermolecular 
ET to the substrates, opposite to the behaviour (7)-' .  
The main differences in both radical anion intermedi- 
ates are the number of sigma bonds [two in (3a) - ' and 
three in (7)-'],  and the greater tension energy for 
(7)- '  [the greater the tension energy, the higher is the 
reduction potential (higher LUMO) of the substrate']. 
These differences are probably responsible for the reac- 
tivity observed. 


EXPERIMENTAL 


General methods. NMR spectra were recorded on a 
Bruker FT-200 nuclear magnetic resonance spec- 
trometer. Mass spectral measurements were obtained 
with a Finnigan Model 3300 mass spectrometer. Gas 
chromatographic analyses were performed on a Shi- 
madzu GC-8A or Konik 3000 HRGC instrument with 


a flame-ionization detector and a Shimadzu CR-3A 
data system, using a column packed with 5 %  OV-17 on 
Chromosorb P (1-5 m x 3 mm i.d.). High-performance 
liquid chromatography (HPLC) was performed on an 
LKB Model 2249 instrument with a LKB Model 2122 
UV-visible detector, Spherisorb ODs-2 column ( 5  pm, 
250 x 4 mm i.d.) (methanol-water, 80 : 20) and a 
Spectra Physics SP-2400 data system. Irradiation was 
conducted in a reactor equipped with two 400 W UV 
lamps emitting maximally at 350 nm (Philips Model 
HPT, water-refrigerated). Column chromatography 
was performed on silica gel (70-270 mesh ASTM). 
Potentiometric titration on halide ions was performed 
with a pH meter (Seybold), using an Ag/Ag+ electrode 
and AgNO3 as standard. Melting points were obtained 
with a Buchi 510 apparatus and are not corrected. 


Oxidation of I-haloadamantane and halogenation of 
3-haloadamantanol. The procedures were similar 
regardless of the starting material used.' To a stirred 
solution of pulverized 1-chloroadamantane (1.7 g, 
10 mmol) (or 1-bromoadamantane) in acetic acid and 
acetic anhydride (1 : 1) was added chromic acid (3 g, 
30mmol) over 60min and stirring was continued at 
room temperature for 24 h. The residue was dissolved 
with 50 ml of cold water, and then extracted three times 
with diethyl ether (25 ml each) and three times with 
methylene chloride (25 ml each). The combined organic 
extract was washed with saturated NaHCO3 aqueous 
solution and dried with NaS04. All products were iso- 
lated as white solid after chromatography on silica gel 
and eluted with different solvents. 3- 
Chloroadamantanol eluted with light petroleum 
ether-diethyl ether (80 : 20), was then halogenated with 
thionyl chloride. 1,3-DichIoroadamantane was eluted 
with light petroleum ethoer and sublimed: m.p. 
131-132 "C (lit. lo m.p. 133 C). 3-Bromoadamantanol 
was halogenated with thionyl chloride and l-bromo-3- 
chloroadamantane was eluted with light petroleum 
ether and sublimed: m.p. 100-101°C (lit." m.p. 
101 *5-103 "C). 3-Bromoadamantanol was obtained by 
oxidation of 1-bromoadamantane and then halogenated 
with hydrobromic acid. 1,3-Dibromoadarnantane was 
eluted with light petroleum ether and sublimed: m.p. 
111-112°C (lit." m.p. 112-113 'C). 


Photostimulated reaction of I,3-dihaloadamantane 
with PhzP ions in liquid ammonia. The following pro- 
cedure is representative of all the reactions. Into a 
three-necked, 500-ml, round-bottomed flask equipped 
with a cold-finger condenser charged with dry 
ice-ethanol, a nitrogen inlet and a magnetic stirrer were 
condensed 300 ml of ammonia previously dried with Na 
metal under nitrogen. Triphenylphosphine (1 * 6  mmol) 
and Na metal (3.2 mmol) were added to form 
diphenylphosphide ions, and t-BuOH (1.6 mmol) was 
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added to neutralize the amide ions formed. To this sol- 
ution substrate l a  (0.8mmol) was added and then 
irradiated for 135 min. The reaction was quenched by 
adding ammonium nitrate in excess, and the ammonia 
was allowed to evaporate. The residue was dissolved 
with water, then twice extracted with diethyl ether 
(50 ml each) and twice with methylene chloride (50 ml 
each). The products were oxidized with H202 and then 
quantified by HPLC with the internal standard method. 


In another experiment the products were oxidized 
with H202 and 2 was isolated as a white solid after 
chromatography on silica gel, eluted with diethyl 
ether-ethanol (80 : 20) and recrystallized from light 
petroleum ether-methylene chloride: m.p. 290-291 C. 
'H NMR (CDCI3), 6 1.9 (14H, m), 7.5 (12 H, m), 7.9 
(8 H, m). 13C NMR (DCCI3 relative to TMS), 6 36-61 
( 'JCJ = 72.53 Hz, 3 J ~ , p  = 9-54 Hz, CI and C3), 35.18 
(CZ), 34.30 (C4, c8, C9 and Cm), 27.84 (,Jc,P = 10 Hz, 
cs and c7), 33-94 (c6), 129-81 ('Jc,p = 91.47 Hz, Ci), 
132.11 ('Jc,p = 7.96 Hz, Co), 132.04 (2Jc,p ~ 7 . 4 1 ,  
Co), 128.37 ('Jc,p=7*37, Co), 131.62 (C,,), 128,35 
( ' J c , ~  = 11.03, Cm). Mass spectrum, m/z (relative 
intensity, Yo): 537 (26), 536 (52), 535 (lo), 336 (50), 335 
(loo), 334 (lo), 202 (31), 194 (6), 191 (6), 185 (23), 135 
(19), 134 (31),  133 (29), 104 (28), 93 (25), 92 (23), 91 
(64), 83 (29), 81 (64)- 


Synthesis of (3-Chloro-1-adamanty1)diphenyl- 
phosphine oxide in liquid ammonia. The procedure 
was similar to that for the previous reaction, except that 
1 -bromoadamantane was used as substrate, yielding 
1 -adamantyldiphenylphosphine oxide. I3C NMR 
(DCCl,), 6 36.95 ('Jc,p=72.24 Hz, CI), 37.87 
(*Jc,p= 1 . 1 5  Hz, cz, c8, c9), 27.45 (3Jc,p= 10.31 


130.42 ( ' J C , ~  = 91.5 Hz, Ci), 132.22 ('Jc,p = 7.95 
Hz, Co), 128.17 (3Jc,p= 10.7 Hz, Cm), 131.45 


HZ, C3, CS, C7), 35.28 ( 4 J ~ , p  = 1-42 HZ, C4, c6, CIO), 


(4Jc,p = 2.53 Hz, C,,). This product was oxidized' with 
CrO3 and halogenated with thionyl chloride, and 3a 
was isolated as a white solid chromatography on silica 
gel, eluted with diethyl ether-ethanol (80 : 20) and 
recrystallized from light petroleum ether-methylene 
chloride. 'H NMR (DCCI3), 6 1.6-2.3 (14 H, m), 7 . 5  
(4 H, m), 8 .0  (6 H, m). 13C NMR (DCCl,), 6 40-90 
('Jc,p=72.73 Hz, Ci), 45.10 (C2), 67.47 (,Jc,p= 14 
Hz, C3). 46.59 (C4, Clo), 30.90 (3Jc,p= 1 1  Hz, Cs, 
c,), 34.40 (Cs), 33.69 ('Jc,p = 1 HZ, cs ,  c9), 130.99 
( 'Jc ,p=gl .S  Hz, Ci) 132.17 ('Jc,p=8 Hz, Co), 
128.47 (,Jc,p = 1 1  Hz, Cm), 131.79 (4Jc,p = 2.7 Hz, 
C,,). 


Photostimulated reaction of 1,3-dihaloadamantane 
with Ph2P- ions and p-DNB. The procedure was 
similar to that for the previous reaction, except that 
20 mol% of p-DNB were added before the substrate. 
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VINYL ETHER HYDROLYSIS. 30. EFFECT OF 0-CARBOXY AND 
0-CARBOMETHOXY SUBSTITUTION 


A. J. KRESGE* AND D. UBYSZ 
Department of Chemistry, University of Toronto, Toronto, Ontario M5S IA I ,  Canada 


Rates of hydrolysis of the vinyl ether functional groups of (a- and (0-8-methoxyacrylic acid and 0- and (h?-fl- 
methoxymethacrylic acid and their methyl esters were measured in aqueous perchloric acid solution. Additional rate 
measurements were also made for one substrate, Q-8-methoxymethacrylie acid, in buffer solutions down to pH 7, 
and a rate profde was constructed. The results show that the 8-carboxy and 8-carbometboxy substituents produce 
strong rate retardations, ranging from 2000- to 25000-fold, for both 2- and E-isomers in both the acrylic and 
methacrylic acid series. The rate profile for (a-fl-methoxymethacrylic acid indicates that ionization of this substrate 
to the carboxylate ion form raises the rate of hydrolysis by a factor of 240. It is argued that this difference in reactivity 
of ionized and non-ionized forms of the substrate is due to conjugative and inductive effects of the substituents, rather 
than 8-lactone formation as suggested in an earlier observation of the same phenomenon in a different system. 


INTRODUCTION 
The acid-catalyzed hydrolysis of vinyl ethers is a 
mechanistically well defined reaction, known to occur 
through rate-determining proton transfer from the cata- 
lyst to the &carbon atom of the substrate, followed by 
rapid hydration of the ensuing alkoxycarbocation and 
rapid decomposition of a hemiacetal intermediate, 


+ROH 
OH 


In an early study of this reaction using 2- 
ethoxycyclopentene-1-carboxylic acid (1) as the 
substrate,’ it was found that ionization of this 
substance to the carboxylate form (2) raised the rate of 
hydrolysis ca 200-fold. The hypothesis was then 


1 2 4 
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advanced that this increase might be due to catalysis 
by the carboxylate group through nucleophilic par- 
ticipation forming a @-lactone intermediate (3). 
@-Lactones, however, because of their four-membered 
ring structure, are rather strained molecules: their 
strain energy has been estimated at 23 kcal mol-I 
(1 kcal= 4.184 kJ).’ It is not clear, therefore, that 
@-lactose formation would have a catalytic effect. 


An alternative hypothesis is that this difference in 
reaction rate is due to diminished reactivity of the non- 
ionized form of the substrate produced by hydrogen 
bonding between the carboxylic acid group and the 
ether oxygen atom, as shown in 4. Such hydrogen 
bonding would withdraw electron density from the 
oxygen atom, decreasing its ability to stabilize the 
adjacent positive charge developing in the transition 
state of the hydrolysis reaction. Such hydrogen bonding 
is, of course, not possible in the carboxylate ion. 


Such hydrogen bonding is also not possible in 
systems where the carboxy and alkoxy groups are trans 
rather than cis to one another. In order to test this 
alternative hypothesis, we have therefore examined the 
hydrolysis of the cis and trans pairs ( Z ) -  and ( E ) - @ -  
methoxyacrylic (5 and 6, R = H) and ( Z ) -  and (E)-@-  
methoxymethacrylic acid (7 and 8, R =  H). We 
prepared these acids from the corresponding methyl 
esters (5-8, R = CH3), and we consequently also deter- 
mined rates of hydrolysis of these substances. 
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EXPERIMENTAL 


Materials. Methyl (Z)- and (E)-P-methoxyacrylates 
were prepared by the trimethylamine-catalyzed addition 
of methanol to methyl propiolate (Aldr i~h) .~  The 
mixture of isomers obtained ( Z  : E = 3 : 7) was separ- 
ated by chromatography on silica gel with 
CHCl3-EtOAc mixtures as eluents; the products had 
'H NMR spectra consistent with literature values. ' 


(E)-P-Methoxyacrylic acid was obtained by 
saponification of methyl (E)-P-methoxyacrylate. The 
ester (0.55 g) was added to 0.30 g of potassium 
hydroxide dissolved in 20 ml of water and the mixture 
was stirred until it became homogeneous (ca 1 h). The 
resulting solution was then extracted with diethyl ether 
and the aqueous layer was acidified to pH 2 and 
extracted with diethyl ether again. The second ether 
extract was dried with anhydrous magnesium sulfate 
and the solvent was removed, giving a white solid 
residue, which was recrystallized from hexane; 'H 
NMR (CDCls), 6 (ppm) = 7.71 (d, J =  12.4 Hz, lH), 
5.17 (d, J =  12*4Hz, lH), 3.55 (s ,  3H); HRMS, 
m/z = 102-03195 (theoretical, 102-03169). 


(Z)-0-Methoxyacrylic acid was prepared by pho- 
toisomerization of the E-isomer. A 0.01 M solution of 
(E)-6-methoxyacrylic acid in acetonitrile was irradiated 
in a Rayonet photochemical reactor operating at 
254 nm. A steady-state mixture of acids with a ratio 
Z :  E = 1 : 3 was reached in 20 min; longer exposure 
gave unwanted side-products. The isometric acids were 
separated by chromatography on silica gel using 
EtOAc-MeOH mixtures as eluents. The Z-acid soli- 
dified on standing overnight; 'H NMR (CDCls), S 
(pprn) = 6-58 (d, J =  7.6 Hz, lH), 4.94 (d, J =  7.6 Hz, 


(ppm) = 168.47 (C=O), 161.03 (C-3), 97.67 (C-2), 
63-19 (MeO). 


Methyl (E)-P-methoxymethacrylate was obtained by 
acid-catalyzed elimination of ethanol from the dimethyl 
ketal of methyl acetoacetate, itself obtained by treating 
methyl acetoacetate (Aldrich) with trimethyl orthofor- 
mate in methanol solution. The product was purified 
by distillation followed by chromatography on silica gel 
with CHC13-EtOAc as eluent. This ester was converted 
into its Z-isomer by irradiation at 254 nm in acetonitrile 
solution for 20 min. The resulting mixture of esters was 
separated by chromatography; both isomers had 'H 
NMR spectra consistent with their structures and in 
agreement with literature values. ' Methyl (Z)-P- 
methoxymethacrylate is unstable and must be protected 
from light to keep it from being converted back to the 
E-isomer. 


lH), 3.93 (s, 3H); I3C NMR (CDC13), 6 


(E)-P-Methoxymethacrylic acid was obtained by 
saponification as described above for (E)-P- 
methoxyacrylic acid; 'H NMR (CDCI3), 6 
(ppm)= 10-12 (bs, lH), 5.02 (s, lH), 3.65 (s, lH), 
2.52 (s, 3H); I3C NMR (CDCls), 6 (ppm) = 175.66, 
174.19, 91-05 (C-2), 56.03 (MeO), 19.64 (Me); 
HRMS, m/z = 116.04707 (theoretical, 116.04734). This 
acid was converted into its Z-isomer by irradiation at 
2564 nm; 'H NMR (CDCl3), 6 (ppm) = 4.98 (s, lH), 


(ppm)= 168.11, 167.83, 98.31 (C-2), 56.85 (MeO), 
18.78 (Me); HRMS, m/z = 116.04752 (theoretical, 
116.04734)). 


All other materials were of the best available com- 
mercial grades. 


3.88 (s, 3H), 2.06 (s, 3H); I3C NMR (CDCIj), 6 


Determination of acidity constant. The acid ioniz- 
ation constant of (Z)-0-methoxymethacrylic acid was 
determined spectroscopically using the difference in 
absorbance between the acid and its carboxylate anion 
at 255 nm. Measurements were made with a Cary 118 
spectrometer whose cell compartment was thermostated 
at 25.0 2 0.05 "C. 


Kinetics. Rates of vinyl ether hydrolysis were also 
determined spectroscopically by monitoring the 
decrease in absorbance of the strong vinyl ether band at 
235-250nm. Measurements were made with a Cary 
2200 spectrometer whose cell compartment was ther- 
mostated at 25.0 ? 0.05 "C. The data obtained fit the 
first-order rate expression well, and observed rate con- 
stants were obtained by least-squares fitting to an 
exponential expression. 


RESULTS 


Acidity constant 


The UV spectrum of (Z)-P-methoxyacrylic acid in 
aqueous solution containing 0.001 M HC104 consists 
of an absorption band with A,, = 250 nm. In 0-01 M 
aqueous NaOH, this band shifts to A,,, = 240 nm and 
decreases in intensity. This difference in UV spectra of 
the non-ionized and carboxylate ion forms of this acid 
was used to determine its acidity constant. Measure- 
ments were made at the point of maximum difference, 
A = 255 nm, in aqueous HC104 and NaOH solutions 
and in aqueous buffers of formic, acetic and cacodylic 
acids and hydrogenphosphate and hydrogen-tert- 
butylphosphonate anions. The ionic strength of all sol- 
utions was maintained at 0.10 M. The data are 
summarized in Ref. 8 and are displayed in Figure 1. 


Hydrogen ion concentrations of the buffer solutions 
needed for construction of the titration curve shown in 
Figure 1 were obtained by calculation, using literature 
pK, values for the buffer acids and activity coefficients 
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Figure 1. Spectrophotornetric titration curve for the ionization of (Z)-P-rnethoxymethacrylic acid in aqueous solution at 25 "C 


recommended by Bates.' The data were fitted by non- 
linear least-squares analysis to the expression 


where A is absorbance, €HA and f A  are the molar 
absorptivities of the acidic and basic forms of the 
substrate, Qa is its acidity constant and [HAIst is the 
stoichiometric substrate concentration (which was held 
constant at 1 x 1 0 - ~  M). This gave f H A  = (3 .13  k 0.02) 
x lo3 M-'crn-', = (1.41 2 0.02) x lo3 M-'  cm-' 
and Qa = (2.39 2 0.14) x M, pQa = 5.62 f 0-03. 
The line shown in Figure 1 was drawn using these par- 
ameters; it reproduces the data well. 


The acidity constant Qa is a concentration quotient 
applicable at the ionic strength of the present determi- 
nation, I.L = 0-  10 M. It may be converted into a thermo- 
dynamic acidity constant by applying appropriate 
activity coefficients. ' The result so obtained, 
pK, = 5 . 8 1 ,  is consistent with a prediction, pKa = 5.54, 
based on a u-p correlation of acidity constants for a 
series of 0-substituted methacrylic acids. lo 


Kinetics 


The hydrolysis of all eight of the vinyl ethers used in 
this study was examined in perchloric acid solutions. 
Substrates derived from methacrylic acid were suffi- 
ciently reactive to give convenient rates in dilute acid 
and rate measurements were made over the concen- 
tration range [HC104] = 0-02-0.10 M for all four 
substances of this kind, with an extension down to 
[HC104] = 0,001 M for (Z)-0-methoxymethacrylic 
acid. The ionic strength was maintained at 0.10 M and 
triplicate measurements were made at each acid concen- 
tration. The data are summarized in Ref. 8. 


In all four cases, the observed first-order rate con- 
stants were accurately proportional to acid concen- 
tration, and hydronium ion catalytic coefficients ( k ~ + )  
were therefore evaluated by linear least-squares 
analysis. The results are given in Table 1 .  


The four substrates derived from acrylic acid were 
considerably less reactive, and concentrated acid sol- 
utions had to be used to obtain conveniently 
measureable rates. Determinations were made over the 
concentration range [HC104] = 3-7 M; five different 
concentrations were used for each substrate and 
triplicate measurements were made at each concen- 
tration. These data are summarized in Ref. 8. 


Observed first-order rate constants determined in 
these concentrated acid solutions increased more 
strongly than in direct proportion to acid concen- 
tration. This is commonly the case for vinyl ether 
hydrolysis," and the situation is usually handled by 
using an acidity function to correlate the data; the 
Cox-Yates Xo function" appears to be the best scale 
currently available for this purpose. l3  The correlating 
function that applies to a rate-determining proton 
transfer such as the present reaction (A-SE2 
mechanism) is given by the equation l4 


(3) 
where kH+ is the hydronium ion catalytic coefficient 
that applies in dilute solution and m is a slope par- 
ameter. As Figure 2 illustrates, the present reactions 
conformed to this relationship well; linear least-squares 
analysis gave the catalytic coefficients listed in Table 1 .  


Rates of hydrolysis of (Z)-0-methoxymethacrylic 
acid were also measured in aqueous buffer solutions of 
formic acid, acetic acid and hydrogenphosphate ion. 
Series of solutions of constant buffer ratio and constant 
ionic strength (0-10 M) but varying buffer concen- 
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Table 1 .  Summary of hydronium-ion catalytic coefficients for 
vinyl ether hydrolysis in aqueous solution at 25 "C 


Substrate kH+/ ~ O - ~ M - ~ S - '  Rate ratioa 


0.346 


0.105 


0.226 


0.0760 


750b 


103 


13.6 


122 


1 1 . 1  


24 300 


278 OOO' 


2170 


7140 


3320 


9.870 


1.00 


2700 


20 400 


2280 


25 OOO 


11.4 


1.00 


a Ratios are relative to methyl vinyl ether for the acrylic acid series and 
relative to methyl isopropenyl ether for the methacrylic acid series. 
bRef. 15. 
'Estimated as described in text. 


-1.8 


-2.0 


-2.2 


-2.4 


-2.6 


-2.8 


-3.0 


-3.2 


tration were used; this served to hold hydronium ion 
concentrations constant within given buffer solution 
series. Five buffer concentrations, spanning a fivefold 
variation, were used to make up a series, and triplicate 
rate measurements were made at each concentration. 
The data are summarized in Ref. 8. 


Strong buffer catalysis was observed, as expected for 
a rate-determining proton transfer reaction. Observed 
rate constants within a buffer series were accurately 
proportional to buffer concentration, and the data were 
therefore fitted by linear least-squares analysis to the 
expression 


kobs = ko + kcat [buffer] (4) 


The zero buffer concentration intercepts, ko, obtained 
in this way, together with rate constants measured for 
this substrate in dilute perchloric acid solutions, are dis- 
played as the rate profile shown in Figure 3. 


This rate profile is similar to that obtained previously 
for the hydrolysis of 2-ethoxycyclopentene- 1-carboxylic 
acid,' and it can be interpreted, as was done in that 
case, in terms of hydrolysis occurring through both the 
non-ionized and ionized forms of the substrate 
[equation (S)] : 


Qa SH + S - + H '  


H +  I kH+ H +  1 kk+ 


The rate law that applies to this reaction scheme is 


0.75 1 1.25 1.5 1.75 2 2.25 2.5 


xo 


Figure 2. Cox-Yates correlation of rates of hydrolysis of  (2)-P-methoxyacrylic acid in aqueous perchloric acid solution at 25 ' 
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Figure 3. Rate profile for the hydrolysis of (Z)-P-methoxymethacrylic acid in aqueous solution at 25 'C 


and least-squares fitting of the data to this expression 
gave kH+ = (1.03 ? 0-01) x lo-' M - ' s - ' ,  kfI+ = 
(2.43 ? 0-05) x 10' M - ' S - '  and Qa = (1.94 2 0.05) 
X M, PQa = 5-71 ? 0.01. The last value is consis- 
tent with pQa = 5-62 It 0-02 determined for this acid by 
a spectroscopic method (see above) and it is also similar 
to PQa = 5 *64 for 2-ethoxycyclopentene-1-carboxylic 
acid (1) obtained from analysis of the rate profile for 
hydrolysis of that substance at a higher ionic strength 
(0-25 M) than that in the present measurements.' The 
factor by which hydrolysis of the vinyl ether in its 
carboxylate ion form exceeds that in the non-ionized 
carboxylic acid form in the present system, 
kfI+/kH+ =236, is also similar to that for the 
1-ethoxycyclopentene-1 -carboxylic acid system, 
kh+/kH+ = 209.2 


DISCUSSION 


The present results show that acid-catalyzed hydrolysis 
of the vinyl ether functional group of (Z)-p-  
methoxymethacrylic acid occurs considerably more 
rapidly when the carboxylic acid group of this substrate 
is in its ionized carboxylate form than when it is non- 
ionized. This is similar to the situation found in an 
earlier study of the hydrolysis of the vinyl ether group 
of 2-ethoxycyclopentene-1-carboxylic acid. ' It was 
speculated in that previous study that the difference 
might be due to catalysis of the hydrolysis reaction by 
the carboxylate group through nucleophilic partici- 
pation to form an intermediate P-lactone. An alterna- 
tive hypothesis is that hydrolysis of the non-ionized 
carboxylic acid form is depressed because of hydrogen 


bond formation between the carboxylic acid group and 
the ether oxygen atom of the vinyl ether function. 


Such hydrogen bonding can only occur when the 
carboxylic acid and ether groups are on the same side 
of the vinyl ether double bond, and this alternative 
hypothesis therefore requires cis vinyl ethers to be less 
reactive than their trans isomers. The data in Table 1, 
however, show that this is not the case. In the acrylic 
acid series, the cis isomer is more reactive than the trans 
isomer by a factor of 3.3, and in the methacrylic acid 
series the difference is even greater, with the cis acid 
reacting 7.6 times faster than the trans acid. This is 
clearly at variance with this alternative hypothesis, and 
that explanation must consequently be abandoned. 


It is instructive, in seeking to understand this differ- 
ence in reactivity between the ionized and non-ionized 
forms of these carboxylic acid-substituted vinyl ethers, 
to compare rates of reaction of these substances with 
those of their unsubstituted counterparts. The unsubsti- 
tuted counterpart of the acrylic acid series is methyl 
vinyl ether, and the rate constant for hydrolysis of this 
substance catalyzed by the hydronium ion is available 
from the literature: kH+ = 0.75 M-'"'.'' An accurate 
hydronium ion catalytic coefficient for hydrolysis of the 
unsubstituted counterpart of the methacrylic acid 
series, methyl isopropenyl ether, appears not to have 
determined directly, (the rate of hydrolysis of methyl 
isopropenyl ether has been measured in hydrogen- 
phosphate and hydrogen carbonate buffers, l6 but 
buffer catalysis in these solutions was very strong and 
too little reaction occurred through the hydronium ion 
to give a reliable value of the catalytic coefficient for 
this species) but a reliable value, kH+ = 278 M - l s - ' ,  
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can be estimated from k ~ +  = 579 M - ~  s-’ for ethyl 
isopropenyl ether” modified by the factor 1/0*48 by 
which ethyl vinyl ethers are more reactive than their 
methyl analogs. 


Comparisons of the substituted and unsubtituted 
vinyl ethers are made in Table 1. It can be seen that in 
both the acrylic acid and methacrylic acid series, the 
carboxylic acid-substituted vinyl ethers are considerably 
less reactive than their unsubstituted counterparts, by 
factors ranging from 2000 to 20000. This diminished 
reactivity extends even to the carboxylate group, as 
(Z)-0-methoxymethacrylic acid in its ionized carbox- 
ylate form is 11 times less reactive than the unsubsti- 
tuted vinyl ether. The same is true of the previously 
studied 2-ethoxycyclopentene-1 -carboxylic acid system. 
The comparison there can provide only lower limits of 
the rate retardations, inasmych as measurements on 
that system were made at 30 C and a rate constant is 
available for the unsubstit$ed counterpart, ethyl cyclo- 
pentenyl ether, only at 25 C. l7 These limits, however, 
show the same trend as in the acyclic systems, giving a 
rate retardation of 2060 for the non-ionized carboxylic 
acid and a retardation of 9-8  for the carboxylate ion. 
It would seem inappropriate, therefore, to regard the 
greater reactivity of these substrates in their carboxylate 
forms as a catalysis; the effect is more in the nature of 
a mitigation of strong retardation by the cartoxylic acid 
group. 


Strong rate retardations, similar in magnitude to 
those given by the non-ionized carboxylic acid groups, 
are also shown by the methyl esters (see Table 1). Both 
carboxylic acids and carboxylic acid esters are known to 
stabilize carbon-carbon double bonds, such as those in 
vinyl ethers, by conjugative interaction, and the stabi- 
lizations provided by the two groups are similar in 
magnitude. l9 Double bond stabilizations should in fact 
be especially strong in the case of vinyl ethers because 
of additional conjugation between the acceptor acid or 
ester groups and the donor alkoxy group, as shown in 
9. Such stabilizations would lower the energy of the 
initial states of vinyl ether hydrolysis reactions more 
than the energy of the transition states, for the double 
bond is being destroyed in the transition state, and that 
would produce a rate retardation. This retardation, 
moreover, would be mitigated when the carboxylic acid 
substituents became ionized, for the additional con- 
jugation shown in 9 would now put negative charge on 
to an already negatively charged group, and it would 
consequently be unfavorable. This, of course, would 
make the carboxylate ion more reactive than the 
carboxylic acid. 


In addition to this initial state stablization, carboxylic 
acid and ester groups can be expected to provide tran- 
sition state destabilization, through inductive inter- 
action of these electron-withdrawing substitents 
(a1 = 0.30, 0.32)20 with the positive charge being gener- 
ated on the substrate as it accepts a proton. This effect 
would be reversed by conversion of a carboxylic acid 
group into a carboxylate ion (a1 = -0.19),20 again 
making the ionized carboxylate form of the substrate 
the more reactive. 


In conclusion, it appears possible to explain the dif- 
ference in hydrolytic reactivity of vinyl ethers with car- 
boyxlic acid and carboxylate ion substituents in the 
@-position solely in terms of conjugative and inductive 
effects on initial state and transition state stability, 
without recourse to nucleophilic participation by the 
carboxylate group leading to strained p-lactone 
intermediates. 
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MECHANISMS OF AROMATIC NUCLEOPHILIC SUBSTITUTION 
REACTIONS BY AMINES IN SOLVENTS OF LOW RELATIVE 


PERMITTIVITY 


JACK HIRST 
Department of Chemistry, Queen's University, Kingston, ON, K7L 3N6, Canada 


The evidence for the mechanisms proposed for aromatic nucleophilic substitution reactions by primary and secondary 
amines in aprotic solvents of low relative permittivity is reviewed. 


INTRODUCTION 


The gross mechanism of aromatic nucleophilic substitu- 
tion reactions in all solvents when either primary or 
secondary amines are the nucleophiles is usually repre- 
sented by Scheme 1, although as long ago as 1954 Ross 
and Kuntz' demonstrated that the reaction of aniline 
with l-chloro-2,4-dinitrobenzene in the solvents ethanol 
and ethanol-ethyl acetate (1 : I), but not in ethyl ace- 
tate, could involve a complex between the two reac- 
tants. More recently Bacaloglu et al.,' for the closely 
related reaction of hydroxide ion with the same 
substrate in dimethyl sulphoxide (DMS0)-water mix- 
tures, have produced evidence that the formation of 
Meisenheimer complexes is preceded by the formation 
of 7r and charge-transfer complexes. Application of the 
steady state hypothesis to Scheme 1 gives 


where kA is the observed second-order rate constant and 
B is either a second molecule of the nucleophile or an 
added base. 


There is general agreement that in aprotic solvents 
such as cvclohexane and benzene. the uncatalvsed 
decomposi;ion of the intermediate to products takes 


I 
Scheme 1 


H 
,' \+ xp2 
N 


o'+': 
Figure 1 .  Hydrogen bonding in the uncatalysed decompo- 


sition of the intermediate products 


place unimolecularly via the hydrogen-bonded inter- 
mediate shown in Figure 1, and in dipolar aprotic sol- 
vents such as DMSO and acetonitrile the mechanism of 
the base-catalysed path is that proposed by Bunnett and 
Davis3 and given in Scheme 2, often referred to as the 
specific base-general acid (SB-GA) mechanism. In this 
mechanism there is a fast proton transfer between B 
and the first-formed intermediate to give its conjugate 
base, followed by the slow, electrophilically assisted 
expulsion of the leaving group. Capon and Rees4 have 
proposed that in aprotic solvents the catalysed path 


I It 


Scheme 2 
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N /+'o 0 -  
Figure 2. Cyclic intermediate for the base catalysed path in 


aprotic solvents 


proceeds via cyclic intermediates such as that shown in 
Figure 2. Ayediran et al. have discussed some difficul- 
ties associated with this proposal and suggested that 
because of the low relative permittivity of aprotic sol- 
vents and the consequent range of electrostatic forces, 
aggregates are formed within which mechanisms such 
as those proposed by Bunnett and Davies3 can operate. 


Equation (1) allows three kinetic forms. If 
k-  1 4 kz + k3 [ B], then k~ = kl, and the reaction is not 
base catalysed. If k-  1 k2 + k3 [ B], then the equation 
has the form 


k A  = k' + k" [B] (2) 


and if no simplification of the equation can be made, 
plots of k~ vs base concentration are curvilinear down- 
wards. F r e q ~ e n t l y , ~ - ' ~  however, in aprotic solvents, a 
fourth kinetic form is observed in which plots of k~ vs 
base concentration have upward curvatures. Originally 
this was explained as a solvent effect, but more recently 
mechanistic explanations have been sought, three of 
which are based on Scheme 1 .  


REACTIONS THROUGH EIGHT-MEMBERED 
CYCLIC TRANSITION STATES 


Banjoko and co-workers '3,18-20 have investigated the 
reactions of substituted anilines with picryl phenyl 
ethers in benzene as shown in Scheme 3. For Y = Z = H 
and X = H, 3- and 4-CH3, 3- and 4-OCH3 and 3- and 
4-C1 and Z = H ,  Y=2-, 3- and 4-NO2, X = H ,  the 
measured second order-rate constant k A  has a h e a r  
dependence 


Scheme 3 


do, 
Scheme 4 


on the square of the nucleophile concentration: 


k~ = kh + kM [nucleophile] (3) 
Banjoko and co-workers interpreted the third-order 


term in nucleophile concentration as being due to 
reaction through an eight-membered ring formed 
through a network of inter-hydrogen-bonding between 
two aniline molecules and the zwitterionic intermediate 
as shown in Scheme 4. 


They adduced support for the mechanism from the 
fact that the values of k A  for the reactions of substi- 
tuted anilines with picryl phenyl etheroI3 show little 
change over the temperature range 5-35 C, kh is tem- 
perature invariant and for anilines containing electron- 
releasing substituents kM has a negative activation 
energy. Hammett plots give p values of - 4.7 and - 7 - 7  
for kh and kh, respectively. The change in kinetic 
form of the reactions of aniline with ethers containing 
unsubstituted or mononitro-substituted leaving groups 
from a third-order dependence on the aniline concen- 
tration [equation (3)] to a second order dependence 
[equation (2)] for leaving groups containing 2,4-, 3,4- 
and 2,Sdinitro groups, to kA=kl for the 2,6- 
dinitrophenoxy group, was ascribed to changes in the 
transition state for the decomposition of the inter- 
mediate from eight- to six- to four-membered rings 
(containing two, one and no moles of aniline, respect- 
ively, the last as in Figure 1) brought about by increases 
in the leaving group ability of the nucleofuge. Why an 
eight-membered transition state is more effective in 
removing the nucleofuge than a six-membered tran- 
sition state was not explained. Addition of methanol to 
the reaction of aniline with picryl phenyl ether in 
benzene resulted in a continuous curvilinear increase in 
k A  over the entire range of solvent composition from 
pure benzene to pure methanol.*' The order in aniline 
changes from three in pure benzene to two in pure 
methanol. Over the range 0-0.6% methanol, the 
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- OzN? + ROH + CH30H 


Scheme 5 


NO2 


expression 


k~ = ko + kX [aniline] ’ + kfie [MeOH] (4) 
holds and the cyclic mechanism in Scheme 5 was pro- 
posed for the methanol-catalysed decomposition of the 
intermediate to products. On the basis of this 
mechanism it is surprising that no catalysis by phenol 
was observed, especially as Pietra and Vitali21 have 
shown that phenol catalyses the reaction of l-fluoro- 
2,4-dinitrobenzene with piperidine in benzene. 


The rate law of a reaction indicates the composition 
of the transition state but does not reveal the 
mechanism of assembly of the transition state. Negative 
values of the activation energy indicate the formation 
of one or more equilibria before the rate-determining 
step of the reaction, a feature common to most 
mechanisms of aromatic nucleophilic substitution 
reactions in solvents of low relative permittivity. When 
they are observed, the negative activation energies are 
accompanied by extremely low activation entropies, 
indicating that several initially kinetically independent 
species are bound together in the transition state. 
Similar sets of p values are also predicted by various 
mechanisms. Generally, neither negative activation 
energies nor p values can be used to distinguish between 
the mechanisms. Reactions of anilines as nucleophiles 
in hydrocarbon solvents are difficult to interpret. In 
cyclohexane the dimerization constant for aniline is 
more than six times greater than that of cyclohexyl- 
amine” and, as will be shown later, complexes which 
lie on the reaction path are formed between anilines and 
the substrates. Akinyele et al. 23 have also shown that, 
because of the greater acidity of the aminohydrogen 
atoms of anilines compared, say, with those of n- 
butylamine or piperidine, catalysis of the first step of 
the reaction can take place as depicted in Figure 3. Here 
Y is a base which can be the nucleophile or even 
chloride ion. 


Figure 3. Transition state for base catalysis of the formation 
of the intermediate when anilines are the nudeophiles 


‘DIMER’ MECHANISM 


It is well known that in aprotic solvents of low relative 
permittivity, amines form aggregates of various degrees 
of complexity. The dominant species is the dimer, with 
typical formation constants for aliphatic amines in the 
range 0 - 02-0 * 1. 22*24 Nudelman and PallerosZ5 
assumed that the dimer is a stronger nucleophile than 
the monomer and proposed the ‘dimer’ mechanism 
given in Scheme 6. 


In addition, attack by the free amine takes place sim- 
ultaneously and a complete kinetic treatment involving 
both monomer and dimer mechanisms has been 
given. For Scheme 6, the derived expression for k~ is 


where K =  [B.B]/[B]& 
Recently, NudelmanZ6 has reviewed the evidence in 


favour of this mechanism. The salient features are as 


RNH 


Scheme 6 







AROMATIC NUCLEOPHILIC SUBSTITUTION 71 


follows. For the condition k- I - (k2 + k3 [ B]), at high 
[B] equation ( 5 )  reduces k ~ /  [B] = klK, and hence a plot 
of kA/ [B] against [B] should give a plateau where 
k ~ / [ B l  is independent of [B]. This kinetic form has 
been observed for the reactions of 2,4-dinitroanisole 
with both n-butylamine2’ and cyclohexylamine in 
benzene and for the latter nucleophile also in cyclo- 
hexane. The inverse temperature effect observed for the 
n-butylamine reaction and for that of cyclohexylamine 
in cyclohexane was explained” by the effect of tem- 
perature on the dimer equilibrium. Catalysis by tertiary 
amines, e.g. catalysis by pyridine (P) of the reaction of 
o-anisidine with l-fluoro-2,4-dinitrobenzene (DNF) in 
benzene, and the interpretation of the kinetic form of 
the catalysis by pyridine of the reaction of morpholine 
with DNF in benzene6 as due to a second-order term in 
[PI, were ascribed to attack by the mixed dimer B - P ,  
followed by the pyridine-assisted decomposition of the 
intermediate so formed to products. l6 Similarly, the 
linear dependence of the rate of the reaction of 2,6- 
dinitroanisole with cyclohexylamine in toluene on 
DMSO concentration at low (<2%) DMSO concen- 
trations was attributed to the reaction of the substrate 
with the mixed aggregate B-DMSO. The addition of 
small amounts of methanol to the reaction of 2,6- 
dinitroanisole with cyclohexylamine in benzene causes 
large decreases in reaction rate until a minimum is 
reached when approximately 25% of methanol is pre- 
sent, after which the rate increases with increasing 
methanol content. 27 This was rationalized as being due 
to competition between dimer formation and the for- 
mation of amine-methanol aggregates, ROH-..NH2R, 
the hydrogen atom donation to the amine decreasing its 
nucleophilicity. Plots of k~ against nucleophile concen- 
tration for the reactions in toluene of 1-fluoro-2,4- 
dinitrobenzene with cyclohexylamine have an upward 
curvature whereas those for both cis- and trans-1,2- 
diaminocyclohexane show the usual linear dependence 
on nucleophile concentration. 28 The change in form 
from curvilinear upwards to a linear dependence is said 
to be due to diaxial interactions preventing self- 
association in the case of the trans-diamine and to intra- 
molecular hydrogen bonding in the cis isomer. This 
intramolecular hydrogen bonding is also responsible for 
the twofold increase in the rate for the cis over the trans 
isomer in spite of increased steric hindrance. 


Nudelman’s interpretation of the effect of methanol 
on the cyclohexylamine-dinitroanisole reaction has 
been criticized by Banjoko and Bayeroju,” who 
observed a different effect, already described when 
methanol was added to the reaction of aniline with 
picryl phenyl ether. (This criticism has recently been 
refuted by Nudelman et al.28b These authors showed 
that the cyclohexylamine-dinitroanisole reaction in 
toluene-octanol systems has a similar although smaller 
dependence on the protic solvent content to that 
observed in the toluene-methanol systems). The accel- 


erations brought about by DMSO and pyridine, 
including a dependence on the square of the pyridine 
concentration, can be given despite Nudelman’s asserta- 
tionZ6 to the contrary, and have been given,29 an 
alternative explanation in the mechanism proposed by 
Hirst. None of the other mechanisms mentioned in this 
survey, however, can account for the plateau observed 
in some of the /CAI [ B] vs [B] plots. 


HOMO-/HETEROCONJUGATE MECHANISM 
As stated previously, because of conceptual difficulties 
associated with the concept of cyclic transition states, 
Ayediran et al. have suggested that in solvents of low 
relative permittivity, reaction takes place within aggre- 
gates by SB-GA-like mechanisms. It was ~tressed,’~ 
however, that because of the range of electrostatic 
forces and the importance of hydrogen bonding in these 
solvents, several mechanisms can operate, the relative 
importance of which depends not only on the entities 
employed, but also on their concentrations. They 
explained l2 the upward-curving plots of kA against 
nucleophile concentration as due to electrophilic cata- 
lysis by the homoconjugate of the conjugate acid of the 
nucleophile as shown in Scheme 7, where I and I1 refer 
to the intermediates in Schemes 1 and 2 and N is the 
nucleophile. (Banjoko and Ezeani” have called this the 
dimer mechanism. Nudelman, although correctly 
stating that the mechanism involves electrophlic cata- 
lysis by the homoconjugate of the nucleophile, says that 
the proposal ‘would require that the dimer of the 
nucleophile acts ... in the second step’ and writes the 
mechanism as 


k3B 
S + B  + k- I [SBI & products 


Although the second step of this mechanism which 
involves two molecules of B has the same stoichiometry 
as that given in Scheme 7, it is not the dimer of B but 
its homoconjugate which participates. This misappre- 
hension leads to the erroneous that the 
mechanism cannot explain a catalytic term second order 
in pyridine ‘since it is not possible to think about a pyri- 
dine dimer in the second step.’) 


Accelerations of the rate due to an additive P are 
explained by electrophilic catalysis by the heterocon- 
jugate NH’P, while a second-order term in the concen- 
tration of P can be obtained if the relative basicities of 
N and P are such that P can compete with N for 


I + N s II + NH+ 
NH+ + N e NH+N 


I1 + NH’N -+ products 
Scheme 7 
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removal of the proton from I followed by electrophilic 
catalysis by the homoconjugate PH’P. 


Support for this mechanism has been obtained from 
the study of the effect of twelve hydrogen-bond accep- 
tors on the reactions of 1-chloro- and 1-fluoro-2,4- 
dinitrobenzene with morpholine in benzene. ’’ The 
reaction of the chloro substrate is not base catalysed 
and the additives produced no accelerations at the con- 
centrations employed. The reaction of the fluoro 
substrate is base catalysed and for ten of the additives 
there was a linear dependence of kA on either their con- 
centration (kA = k’  + k” [PI) or on the square of their 
concentration (kA = k’ + k“‘ [PI *). An approximately 
linear correlation was found between the logarithms of 
the slopes (k” , k”’ ) and the hydrogen-bonding par- 
ameter3’, ~ K H B .  The acceptors consisted of a variety of 
substances ranging from acetonitrile through nitro- 
benzene and pyridine N-oxide to hexamethylphosphoric 
triamide and covered a range of PKHB values from 0.90 
to 3.56. Anisole and dimethylaniline with the low PKHB 
values of 0.02 and 0.45 did not produce any acceler- 
ations. The lack of effect of additives on the reaction of 
the chloro substrate was taken to imply that under the 
conditions employed, i.e. low concentrations, no sig- 
nificant pre-equilibria were established which resulted 
in the formation of entities participating in the tran- 
sition state for the formation of the intermediate 
in Scheme 1, and for the homo/heteroconjugate 
mechanism of Scheme 7 kinetic equations are easily 
derived from which a linear dependence of the slopes 
k” and k“‘ on PKHB can be derived. (Regarding the 
former implication, this argument is not completely rig- 
orous. If very low concentrations exist of a complex 
formed between the nucleophile and the additive which 
does not differ appreciably in nucleophilicity from that 
of the nucleophile, then if the formation of the inter- 
mediate in Scheme 1 is rate determining, the presence of 
the complex would not be detected kinetically. If the 
second step is rate determining and participation of the 
complexes is indicated, the above constraints imply that 
the catalytic effect of the complexes is very much 
greater than that of the nucleophile. Phenomenolog- 
ically, relative catalytic powers are measured by the 
ratio of the slopes k“/kS, where kij is that of the 
nucleophile, and do not support this implication.) 


In Nudelman’s mechanism involving a cyclic inter- 
mediate given in Scheme 6, the exact role of the third 
amine molecule in the breakdown of the intermediate is 
not clear. Later, ” however, the intermediate was recast 
as in Figure 4 (similar to that depicted in Figure 3) and 
it was stated that ‘the third molecule of amine should 
form a homoconjugated acid BH’B by proton transfer 
from the intermediate and the electrophilically cata- 
lysed departure of the nucleofuge could be at least par- 
tially due to BH+B.’ On this formulation the 
mechanisms of Hirst and Nudelman are essentially the 
same and together with the transition state depicted in 


R\ /H‘ 


Figure 4. The recast intermediate in Nudelman’s mechanism 


Figure 3 reflect different parts of a spectrum of methods 
for the formation of I1 in Scheme 2. For a given 
nucleophile, dimer formation increases with increase in 
concentration, hence the relative importance of reaction 
via a dimer should increase with increasing nucleophile 
concentration. 


Although there are conceptual difficulties associated 
with cyclic intermediates in SNAr reactions, most of 
them pertain to catalyses by tertiary amines and 
reaction via these intermediates is not excluded under 
all circumstances. Akinyele et af. ” have shown that in 
the solvents tetrahydrofuran and ethyl acetate, whereas 
the reactions of l-fluoro-2,4-dinitrobenzene with sec- 
ondary amines are strongly catalysed by both the 
nucleophiles and DABCO, the corresponding reactions 
of l-phenoxy-2,4-dinitrobenzene, although strongly 
catalysed by the nucleophiles, either are not catalysed 
or show only mild catalysis by DABCO. The results 
were explained by a second molecule of the nucleophile, 
hydrogen bonded to the ethereal oxygen atom of the 
intermediate corresponding to I in Scheme 1, being 
most favourably situated for proton abstraction, poss- 
ibly to the exclusion of all other catalysts. They pointed 
out that this should occur in aromatic nucleophilic 
substitution reactions of ethers in all solvents of low 
relative permittivity and gave a plausible mechanism for 
the formation of the cyclic transition states of Capon 
and R e e ~ . ~  The concept has been developed3’ to 
rationalize reactions proceeding through cyclic tran- 
sition states containing either two or three molecules of 
amine and to distinguish these reactions from those of 
ethers taking place by the SB-GA mechanism. A 
rationale is provided for the change in kinetic form 
observed by Banjoko and Ezeani’’ when a second nitro 
group is introduced into the leaving group in the 
reactions of aniline with substituted phenylpicryl ethers, 
which can also be applied to the changes in kinetic form 
which occurs with increased leaving group ability in the 
reactions of 0-aryloximes with aliphatic primary and 
secondary amines in benzene. 33 


REACTIONS VIA COMPLEXES 


Complexes formed by the substrate 
None of the above mechanisms take into account the 
complexes that are known to be formed by the 
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substrates with the nucleophiles and catalysts in sol- 
vents of low relative permittivity. These complexes can 
be either side-reactions or intermediates on the reaction 
path. 34 With electron donor-acceptor (EDA) com- 
plexes, concordance between values of the association 
constants obtained by spectroscopic and kinetic 
methods shows that at least an appreciable fraction of 
the reaction takes place via the complex. [Colter et al. 35 


have shown that, strictly, agreement between kinetic 
and spectrophotometric association constants does not 
mean that the 1 : 1 complex (or complexes) responsible 
for the enhancement in optical density is the same 
complex (or complexes) producing the rate enhance- 
ment.] Catalysis involving the complex can be inter- 
preted in two ways. As the first possibility, either the 
substrate and the nucleophile form a complex and 
reaction takes place in the complex to give an inter- 
mediate from which an amino proton is abstracted by 
the catalyst as shown in Scheme 8. The observation of 
base catalysis still indicates that the decomposition of 
the a-complex to products is rate limiting and the only 
modification to the mechanistic interpretation of the 
kinetics of the reaction is that the normal concave- 
downward variation of kA with base concentration can 
no longer be definitely associated with the condition 
k-1 - k2+ k3[B]. In the second possibility, the 
substrate and catalyst (nucleophile or added base) form 
a complex which is then attacked by a molecule of the 
nucleophile (Scheme 9). In this scheme catalysis need no 
longer be associated with proton removal. Thus, 
Forlani and Cimarelli36 have shown that the formation 
of a Meisenheimer complex between 1,3,5- 
trinitrobenzene and 1,8 diazabicyclo [5.4.0]undec-7-ene 
in toluene takes place via an association complex and is 
second order in tertiary amine. Ryzhakov et aL3' has 
shown that the N-oxides of 4-chloropyridine and 4- 
chloroquinoline act as ?r-donors toward tetracyanoethy- 
lene and that the reactions of these substrates with 
pyridine and quinoline are strongly catalysed by the 
x-acceptor. 


Since 1982, Forlani and Tortelli 38-40 have advocated 
the model in which the catalytic phenomenon is an 


Scheme 8 


RiNH ArX + B C [ArX - B] - products 


Scheme 9 


catalyst substrate ,- molecular complex *;I [ K ,  + nucleophile + nucleophile xx]ik.l 


pathway \ / pathway 2 


Scheme 10 


VntI [Int'] 


products 


effect of the substrate-nucleophile (or substrate-cata- 
lyst) interaction in a rapidly established equilibrium 
preceding the substitution process, as in Scheme 10. 
The catalyst can be either the nucleophile or an added 
base, and [Int] is the zwitterionic intermediate. In both 
pathways 1 and 2, base catalysis may be either present 
or absent. 


In tetrahydrofuran, addition of substituted anilines to 
l-fluoro-2,4-dinitrobenzene results in the observation3' 
at zero reaction time of absorbances occurring at wave- 
lengths in the UV spectrum where the reactants do not 
absorb. These absorbances were ascribed to the for- 
mation of molecular complexes. On the assumption 
that reaction takes place via these complexes, which are 
assumed to be more reactive than the free substrate, the 
variation of the second-order rate constant kA with 
nucleophile concentration can be represented by 


where K is the association constant for the formation 
of the complex and [N] the concentration of the 
nucleophile. The high (negative) p value of -4.88 was 
deemed inappropriate for the usually accepted 
mechanism of the base-catalysed step (Scheme 1) and 
agreement within experimental error was obtained 
between the values of K obtained kinetically and spec- 
troscopically. In both benzene and chloroform mol- 
ecular complexes are also observed4' to be formed 
between both 1-fluoro- and l-chloro-2,4-dinitrobenzene 
and aniline and in the case of the fluoro substrate in 
benzene with N-methylaniline and the substituted ani- 
lines p-choroaniline, rn and p-anisidines and toluidines 
also, giving a p value for log K of 2.76. Good agree- 
ment between the values of K for the fluoro com- 
pound-aniline complex in chloroform was obtained by 
UV and 'H NMR spectroscopy. For the reactions of 
both substrates with aniline in both solvents, and for 
those of the fluoro substrate with substituted anilines 
and N-methylaniline in benzene, plots of kA against 
nucleophile concentration had an upward curvature, 
but plots of kA/ [N] against [N] were linear. The third- 
order term in nucleophile concentration was interpreted 
as arising from the decomposition of Int ' in pathway 2 
in Scheme 10 taking place at least partially by a base- 
catalysed route. 
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DABCO forms a complex with l-fluoro-2,4- 
dinitrobenzene in benzene 39 and reactions of this 
substrate with piperidine, tert-butylamine, aniline, 
p-toluidine and rn-anisidine are catalysed by DABCO, 
obeying the epuation 


k A  = ki + kfABCo X 2[DABCO] (7) 
A kinetic analysis of the results based on Scheme 10 


gives consistent values of the association constant 
KDABCo from each nucleophile which agree with the 
value obtained from spectroscopic measurements. In 
these reactions the nucleophile also acts as a catalyst 
and the following relationship between these catalytic 
constants kfmlne and kPABCo was found to hold: 


log kPABCo = 0.32 + 1 *4 log kfmine (8) 
For the aromatic amines a p value of - 2.86 was found 
to hold for kPABCo. These results were taken to imply 
that the transition state of the step catalysed by 
DABCO and the transition state of the step catalysed by 
the nucleophile have similar requirements and in both 
transition states the nucleophilic power (or basicity) of 
the nucleophiles is involved. This conclusion is not in 
accordance with the usual interpretation of the base- 
catalysed step (Scheme 1) but agrees with that given in 
Scheme 10. 


In solvents of low relative permittivity, the order with 
respect to the nucleophile for the reactions of aromatic 
amines with l-fluoro-2,4-dinitrobenzene changes from 
two in solvents of considerable donicity (tetrahydro- 
furan, dioxane) to three for those of low donicity41 
(benzene, carbon tetrachloride), and is explained as 
arising from competition between the solvent and 
amine for complex formation with the substrate. If this 
is the case then substances of low polarity but high 
donicity should decrease the order with respect to 
amine. In benzene, in the presence of a constant initial 
concentrate of triethylamine (TEA) of approximately 
the same magnitude as that of the nucleophile, the 
reactions of l-fluoro-2,4-dinitrobenzene with both 
aniline and p-chloroaniline are no longer catalysed by 
the nucleophile, while catalysis is still observed when 
the reagent is p-anisidine. The association constant 


for complex formation between 1 -fluoro-2,4- 
dinitrobenzene and TEA (0.47) is high compared with 
those of aniline (0.062) and p-chloroaniline (0.02). 
Consequently, the substrate-nucleophile complexes are 
'swamped' by that with TEA and no catalysis by the 
nucleophile is observed. The association constants of 
TEA and p-anisidine (0.67) are of the same order of 
magnitude and catalysis of the reaction by the 
nucleophile still takes place in the presence of TEA. 


Substituted 2-aminothiazoles do not form complexes 
with l-fluoro-2,4-dinitrobenzene in benzene42 and their 
reactions with this substrate are not self-catalysed, 
although the range of basicities and nucleophilicities 
encompasses that of aromatic amines whose reactions 


K T E A  


exhibit this phenomenon. The reactions are, however, 
catalysed by DABCO, 2-hydroxypyridine and 6- 
valerolactam. The values of KDABCo obtained 
kinetically agree with those obtained previously. 39 


6-Valerolactam was shown to form a hydrogen-bonded 
complex with the substrate and subsequently F ~ r l a n i ~ ~  
showed that similar complexes are formed between 2- 
hydroxypyridine and aromatic nitro derivatives. The 
magnitude of k A  increases linearly with increasing 
nucleophile concentration for the reaction of picryl flu- 
oride with 2-hydroxypyridine (Py) in chlorobenzene." 
Usually only small isotope effects are observed in &Ar 
reactions in apolar solvents, but monodeutero-2- 
hydroxypyridine gives a kF/kF value of 1.5. This is 
difficult to explain in terms of proton abstraction but 
can be accounted for by the value of 1 -75 obtained for 
the ratio K w ~ K D  for the association constants of the 
nucleophiles with the substrate. When the substrate is 
picryl chloride a slight linear increase in k~ with 
increasing nucleophile concentration is observed, which 
was interpreted in terms of Scheme 10, giving a value of 
K of 2.9 4 1, identical with that for the fluoro substrate 
(3 *O 2 1). (Although the observation of strong catalysis 
in a system reacting according to Scheme 10 depends 
not only on the value of K but also on the relative reac- 
tivities of the complexed and 'free' substrates, it seems 
difficult to understand why these should differ so much 
for the chloro and fluoro substrates, giving values of 
the slope to intercept ratios [k"/k' equation (2)] 
differing from 6.6 to 182.) 


Further evidence for reaction taking place via a 
complex can be obtained from some of Forlani's earlier 


The values of k A  for the reactions of piperidine 
with 2-bromo- and 2-chloro-6-nitrobenzothiazole in 
benzene increase with increasing piperidine concen- 
tration according to equation (2), giving k"/k' values 
of 4.6 for both substrates. According to Bunnett and 
gar st'^^^ criteria this low value of the ratio does not 
indicate base catalysis, and implies that the formation 
of the intermediate in Scheme 1 is rate limiting. In 
accordance with this interpretation, the reactions are 
not catalysed by triethylamine. An interpretation 
according to Scheme 10 would require only a small frac- 
tion of the reaction to proceed via a complex. Whatever 
the mechanism, though, the kp/k;'  ratio of ca 1 shows 
that the breaking of the carbon-halogen bond is not 
involved in the rate-determining step. The reactions are 
strongly catalysed by 2-hydroxypyridine, the catalytic 
effect again obeying equation (2), giving k g y / k ; m  ratios 
of 120 and 130 for the bromo and chloro substrates, 
respectively, where kgy and k&, refer to the catalytic 
constant of equation (2) for 2-hydroxypyridine and 
piperidine. The results are in accordance with reaction 
proceeding through a substrate-2-hydroxypyridine 
complex. 


On the basis that 1,2-dinitrobenzene forms stronger 
electron donor-acceptor (EDA) complexes with 
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aliphatic amines in hexane than 1,3- or 1,4- 
dinitr~benzene,~’ Singh and co-workers proposed that 
these complexes participate in the reactions of 1,2- 
dinitrobenzene (DNB) with aliphatic primary48 and sec- 
~ n d a r y ~ ~  amines to give N-alkyl-2-nitroanilines in this 
solvent. The observed second-order rate constant k~ for 
the reaction of DNB with piperidine in hexane has the 
normal (concave downwards) dependence on piperidine 
concentration. 49 The authors stated that the mechanism 
can be either that of Scheme 1 with the condition 
k-1 - kz + k3 [amine] or that of Scheme 8, i.e. reaction 
taking place via a complex, but the catalysis referring to 
proton abstraction. The first possibility was rejected on 
the grounds that for the corresponding reaction with n- 
butylamine the authors had shown k-1 s= k f A  (Scheme 
1) and SNAr reactions with secondary amines are more 
prone to base catalysis than analogous reactions with 
primary amines of similar pKa values. A kinetic analysis 
based on Scheme 8 gives values of the association 
complex Ks for the EDA complex between DNB and 
piperidine at various temperatures, in agreement with 
those obtained spectroscopically. When the nucleophile 
is changed to a primary aliphatic amine (n-butyl-, sec- 
butyl-, isobutyl-, n-propyl- and isopropylamine), a 
linear dependence of k A  on nucleophile concentration is 
observed at all temperatures4* [equation (2)]. With the 
exception of isopropylamine, large values of the k” /k ’  
ratio are observed (e.g. for n-butylamine the ratio is 
infinity), and this is taken as demonstrating base cata- 
lysis of the reaction. In the case of propylamine, cata- 
lysis is inferred from its reactions in the presence of 
pyridine (see below). Again, the kinetics can be inter- 
preted either in terms of Scheme 1 (k- I s= kz + k3 “I) 
or Scheme 8 (1 + KS [N]). Preference is given to Scheme 
8 based on the observation of absorbances attributed to 
EDA complexes between substrate and reactants at zero 
reaction time. The difference in kinetic form between 
piperidine and primary aliphatic amines is attrjbuted to 
the greater KS value of the former, e.g. at 27 C KS for 
piperidine is 0.55 and for isopropylamine 0.16. The 
reaction of n-butylamine is slightly inhibited by both 
triethylamine and tributylamine, the lack of catalysis 
being attributed to steric effects. The reactions of both 
n-butylamine and isobutylamine are catalysed by pyri- 
dine, k~ increasing linearly with increasing pyridine 
concentration. Although pyridine and DNB are known 
to form a complex (Ks = 0*3), the catalysis is explained 
as being due to electrophilic assistance of the leaving 
group by the heteroconjugate formed from pyridine 
and the conjugate acid of the nucleophile. 


When the solvent is changed to benzene, 50 the 
second-order rate constants for the reactions of DNB 
with n-butylamine and sec-butylamine still have a linear 
dependence on nucleophile concentration. The values 
of the k” /k ’  ratio [equation (2)] are very much 
reduced (Bu”NH2 2.8; BuSNHz 1.5) compared with 
those in hexane, and according to Bunnett and Garst’s 


criteria46 do not indicate base catalysis. From a com- 
parison of the kinetic parameters of the two 
nucleophiles in benzene with those in hexane and other 
SNAr reactions in benzene, it was concluded, however, 
that the mild accelerations did arise from the decompo- 
sition of the intermediate in Scheme 1. Triethylamine 
has no effect on the reaction of DNB with n- 
butylamine, but 2-hydroxypyridine, DABCO, DMSO 
and pyridine all give very mild accelerations, the magni- 
tude of which qualitatively correlates with Taft’s5’ 
hydrogen-bonding acceptor parameter 0 rather than 
with their basicities. It is known that benzene forms 
molecular complexes with aromatic nitro compounds; 
thus the stability constant of the molecular complex 
of benzene with l-fluoro-2,4-dinitrobenzene in 
deuterochloroform is 0 -01 8. 40 


The authors suggested that in pure benzene DNB is 
preferentially solvated by the solvent through EDA 
complexation. Proximity effects of either additives or 
nucleophiles will be different from those in hexane and 
the preferential solvation by benzene explains the poor 
catalytic powers of added bases in these reactions. As a 
test of this hypothesis, they proposed that in hex- 
ane-benzene solvent mixtures two parallel reactions 
could take place, one through the free substrate with a 
pseudo-first-order rate constant ku and the other 
through a 1 : 1 EDA complex of benzene, D, with the 
substrate, with a pseudo-first-order rate constant k, as 
in Scheme 11. The observed rate constant, k+, is given 
by 


(9) 


or 


The reaction of DNB with n-butylamine is slower in 
benzene than in hexane and when the reaction is carried 
out in hexane-benzene mixtures the ratio k,/ k+ has the 
curvilinear, concave-downward dependence on the 
benzene concentration demanded by equation (lo), 
giving a KD value of 0.55. When the reactions of DNB 
with piperidine and n-butylamine are carried out in 
toluene, chlorobenzene and diisopropyl ether, 52 the 
observed second-order rate constant k~ increases lin- 
early with increasing amine concentration according to 


DNB + BuNHz 
+ 


DNB . D /BUNH~ 


Scheme 11 
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K ,  DNB + pip ,L [DNB * Pip] 
+ I 


KM N + P =  NP 


D 


KD I t  I 
Scheme 12 


equation (2) and in all cases the k“/k’ ratios are small, 
in the range 0.5-5 - 5 .  Mesitylene is a better EDA donor 
than benzene and k+ falls off more rapidly in hex- 
ane-donor solvent mixtures with mesitylene than 
benzene, giving a KD value for mesitylene of 0.90. DNB 
is believed to be preferentially solvated also by all the 
other solvents in the set. The reaction of piperidine 
differs from that of n-butylamine in that it is faster in 
benzene than in hexane, but slower in diisopropyl ether. 
k+ increases with increase in donor solvent concen- 
tration in hexane-donor solvent mixtures for benzene, 
but decreases for mesitylene and diisopropyl ether, the 
inhibition being greatest for diisopropyl ether. The 
difference between the two nucleophiles is explained by 
the proposal that because the association constant Ks 
for substrate-nucleophile complex formation is greater 
for piperidine than for primary amines, the formation 
of this complex is important for the reactions of piperi- 
dine but not for primary amines, and competition 
between nucleophile and donor solvent is established as 
in Scheme 12. The expression for k+ is given by 


Hence in this system inhibition will be observed only if 
KD > Ks. Equation (1 1) accurately represents the vari- 
ation of k+ with mesitylene concentration, using values 
of KS and KD obtained from other systems. 


Complexes formed by the nucleophile 


The reactions of l-fluoro-2,4-dinitrobenzene with n- 
butylamine in benzenes3 and 1 ,2-dinitrobenzene with 
piperidine in n - h e ~ a n e ~ ~  are catalysed by pyridine and 
have a curvilinear (concave-downwards) dependence on 
the pyridine concentration at constant nucleophile con- 
centration. For both systems pyridine is a better catalyst 
at low than high nucleophile concentrations and 
Cattana et have suggested that this is due to an 
association between pyridine and the nucleophile. In 
support of this, values of the second-order rate constant 
kA at constant pyridine concentration tend to zero as 
the piperidine concentration decreases. Hirst et at. s4 


have shown that for the reactions of picryl phenyl ether 
with aniline in benzene, at constant aniline concen- 
tration kA increases linearly with increasing DABCO 
concentration. Over the concentration ranges 


k S + NP - products 


Scheme 13 


0.08-0.3 M aniline and 0-001-0.02 M DABCO, the 
slopes of the plots of kA vs [DABCO] decrease with 
increasing aniline concentration. None of the reaction 
mechanisms considered so far can accommodate this. 
They require that the slopes either be independent of, or 
increase with increasing, nucleophile concentration. 


In Scheme 13, where N, P and S are the nucleophile, 
catalyst and substrate, respectively, for the condition 
[N] and [PI S [ S] and kA is the measured second-order 
rate constant, 


where [PI = [Plst/(l + KM[N]) and [PIst is the stoichio- 
metric concentration of P. For 1 %- KM[P], 


Hence, provided [N] > [PI, it is possible to obtain 
linear plots of kA against the stoichiometric concen- 
tration of the catalyst and for the slopes of the plots to 
decrease with increasing nucleophile concentration. The 
essential difference between the complexes postulated 
here and those associated with Nudelman’sI6 dimer 
mechanism is that here K M  is large enough for a signifi- 
cant proportion of the catalyst to be associated with the 
nucleophile, whereas in Nudelman’s case the approxi- 
mation [PI - [PIst can be made. In this respect the 
kinetic form of the picryl phenyl ether-ani- 
line-DABCO reaction can be regarded as an extreme 
manifestation of the dimer mechanism. 


CONCLUSIONS 
There is little doubt that in solvents at low permittivity, 
the gross mechanism of aromatic nucleophilic substitu- 
tion is that shown in Scheme 14, with the possibility of 
the formation of a complex prior to that of the inter- 
mediate I occurring. For a more detailed consideration 
of the mechanism of a particular reaction, the first 
point to be established is whether the formation or 
decomposition of the intermediate is rate limiting. Gen- 
erally this has been done by a search for catalysis, and 
if this is established it has been assumed that there is 
base catalysis and except in special circumstances is 
taken as indicating that the decomposition of the inter- 
mediate to products is rate limiting. If a complex is 
established on the reaction path prior to the formation 
of the intermediate, this assumption is not necessarily 
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true. This establishment of a complex cannot be 
achieved by solely kinetic means; other data have to 
be utilized in conjunction with those obtained from 
kinetics. 


Once complex formation and commitant catalysis 
have been established, a choice still has to be made in 
the interpretation of the data between the mechanisms 
given in Schemes 8 and 9. The observation of catalysis 
by both nucleophile and an additive, e.g. DABCO, does 
not differentiate between the two but the observation of 
catalysis by one of the entities but not the can 
help in the mechanistic determination. With amines of 
appreciably greater basicity than p-anisidine (e.g. ben- 
zylamine, morpholine, piperidine) a term third order 
in nucleopile concentration indicates a rate-limiting 
decomposition of the intermediate I, but for aromatic 
amines the possibility exists of catalysis of the for- 
mation of I as in Figure 3, only attack taking place on 
the complex, not the free substrate. 


As indicated earlier for the reactions of 2-halo-6- 
nitrobenzothiazoles with piperidine, kB'/kC' ratios can 
be used diagnostically, low values indicating that the 
carbon-halogen bond is not broken in the rate-limiting 
step. This criterion has wider applications; thus, 
Arnone et al. 55 have shown that the second-order rate 
constant kA for the reactions of 2-bromo-3,5- 
dinitrothiophene with meta- and para-substituted ani- 
lines in benzene obey equation (2). Although the k"/k' 
ratios are low (4-6-1 l), the accelerations are inter- 
preted as being due to base catalysis on the grounds that 
there is an excellent linear correlation between k" and 
k'  and both give Hammett-type relationships. Alterna- 
tive explanations can be given and kB'/kC' values could 
be used to eliminate some of the possible mechanisms. 


In solvents of low relative permittivity, whether or 
not the reaction proceeds via a complex is a function of 
the type of complex formed, the solvent and the 
nucleophile. If the putative complex is an EDA type, 
the substrate-nucleophile complex formation will 
depend on the relative electron-donating power of the 
nucleophile and the solvent. The relevant solvent prop- 
erty is its donicity, and reaction via a complex is more 
likely in solvents of low rather than high donicity. Aro- 
matic amines are better donors than aliphatic amines, 
hence whereas the reactions of aliphatic amines in 
hexane appear to take place exclusively via a complex, 
this is not the case in benzene, but aromatic amines do 
react via complex formation in aromatic solvents. If 
complex formation takes place via hydrogen bonding, 
the relevant solvent property is its ability as a hydrogen- 


Scheme 14 


bond acceptor, reaction via complexes with the 
nucleophile being more likely in poor acceptors. Again, 
as the amino hydrogen atoms of aromatic amines are 
more acidic than those of aliphatic amines, in any given 
solvent there is a greater propensity for aromatic 
amines to react via complex formation. If the 
hydrogen-bond attachment is located at the leaving 


there is little difference between this 
mechanism and that advocated by Hirst and co- 
w o r k e r ~ ~ " ~ ~  for the reaction of ethers. The essential 
difference is that in the latter, hydrogen bonding takes 
place on the intermediate formed within an aggregate 
and therefore should be less sensitive to changes in 
solvent and concentration. Irrespective of the nature of 
the complexes, reactions via complexes should be more 
prevalent at high rather than low concentrations of 
reactants and catalysts. 


Whether a reaction proceeds via either the free 
substrate or a complex, the decomposition of the first- 
formed intermediate by the base-catalysed path when 
either the nucleophiles or primary or secondary amines 
are the catalysts can take place either through a cyclic 
transition state or by the homo/heteroconjugate 
mechanism. If reaction is via a hydrogen-bonded 
complex the cyclic mechanism will be preferred. A more 
detailed discussion of the factors affecting the two has 
been given by Emokpae et a1.32 Originally, one of 
the difficulties associated with the concept of cyclic 
transition states was that in many situations 'three- 
coordinate hydrogen' has to be assumed. The existence 
of three-centred hydrogen bonds in crystals is now well 
established, 56 and if the formation of hydrogen bonds 
of weak to moderate strength is an electrostatic 
phenomenon, they should also exist in solutions of 
solutes in solvents of low relative permittivity. If the 
concept of reactions in these solvents taking place 
within aggregates is retained and three-centred 
hydrogen bonding is allowed, the distinction between 
cyclic and homo-heteroconjugate mechanisms becomes 
blurred. 


In the homo-lheteroconjugate mechanism given in 
Scheme 7, I1 and NH' are probably present as an ion 
pair rather than free kinetic entities. The formation of 
homo- or heteroconjugates does not necessarily imply 
the existence of 'free' NH+ (PH') as they can be 


Figure 5 .  Three-centred hydrogen-bond formation of homo- 
and heteroconjugates 
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Figure 6. Transition state for catalysis of the decomposition 
of the intermediate by tertiary amines taking place via a cyclic 


mechanism 


formed via the three-centred hydrogen-bonded entities 
represented in Figure 5 .  


For cyclic mechanisms, catalysis by tertiary amines 
can be represented by the bifurcated hydrogen-bonding 
structure in Figure 6. The two extreme cases of this 
structure are (i) there is little X-H bonding and the 
catalyst-H-NRz bonding is relatively strong, which 
corresponds to the ion pair of the homo-lheterocon- 
jugate mechanism; and (ii) the catalyst-H-X bonding 
is relatively strong and the H-NR2 bonding weak, cor- 
responding to electrophilic catalysis of the nucleofuge 
in the homoconjugate mechanism. Case (i) is mostly 
likely to occur with fluoro substrates as C-F-H-Y 
hydrogen bonding has been reported to be either very 
weak56 or undetectables7, and case (ii) when the leaving 
group is alkoxy. 
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THE META VERSUS PARA SUBSTITUENT EFFECT IN THE GAS 
PHASE: SEPARATION OF INDUCTIVE AND RESONANCE 
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Substitutent effects of acceptor groups were measured for the gas-phase basicities of some substituted benzonitriles, 
methyl benzoates and acetophenones, and for gas-phase acidities of some substituted benzoic acids. Substituents 
considered were NOz, CN, SOzCHj, S02F, CF3, CHzCI, COCH3 and COOCH3, always in the meta and para 
positions. By combination with the literature data, a general conclusion is drawn that the substituent effects are 
proportional in the two positions and almost equal (thepara:meta ratio is 1.06). No sign of any resonance effect was 
detected within the accuracy of the approach. The substituent effects in solution were recalculated statistically and the 
result was similar with a higher ratio, 1.09-1-19. It follows that the conjugation of acceptor groups, particularly of 
NO2 as a typical example, has been overestimated by current theories when compared with the much stronger 
conjugation of typical donors. Moreover, the inductive effect is propagated more effectively from the para than from 
the meta position. Many correlations in the literature, neglecting this situation, have been in fact controlled by the 
more complex, and more striking, behaviour of donors, which has obscured the simpler and more monotonous effect 
of acceptors, usually less represented in the sample. 


INTRODUCTION ation was given to meta and para derivatives of 
benzene. The total substituent effect may be expressed 
by equations (1), in which Taft,s dual par- 
ameters (Dsp), 3 uI and uR, are of the indue- 


constants p express the sensitivity towards these effects. 


Classical theory of substituent electronic effects distin- 
guishes two main mechanisms, ’ inductive (later with 


wise conjugative Or resonance)* a more 
detailed classification has also been advanced. Quanti- 
tative separation of these effects was pioneered by Taft 


the preferred term fie1d effect)$ and mesomeric (other- tive and effect, respectively; the reaction 


log k m  - log ko = P P U I  + p f U R  (la) 
log k p  - log ko = p f f f I +  PKf fR  (1b) and co-workers: numerous later attempts4s5 proceeded 


essentiallv alone. the same lines and brought onlv 
slightly differentresults. An important role in &e separ-- When the reactions investigated also obey the Hammett 


equation, it follows that all the 4 values must be Dro- 
portional. Expressing the total substituent effect by the 
Hammett constants up and umr we obtain t Prompted by a referee’s comment, we are obliged to stress 


here that we shall not deal with the questions which of the 
terms ‘field’ or ‘inductive’ is more appropriate or which of the 
underlying models is more efficient. We use the traditional 
term ‘inductive’ and an operational definition: it is the substi- 


There are therefore two assumptions involved in the tuent effect operative in a rigid molecule without multiple 
bonds. The different models were discussed recently. I d S e  In our 


terms of such simple in accordance with quantum their ratio in various reactions. The constant Q (0.33 or 
chemical laws; the discussion of which model is better is essen- 0.5, according to the exact definition3” of UR) is reason- 
tially useless. ably constant, excluding compounds with direct 


opinion, the nature of the effect can hardly be described in additivity of the two effects and constancy of 
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resonance between the substituent and the reaction 
centre (‘through-resonance’ as in 4-nitroaniline). Com- 
pounds with this through-resonance can be treated 
using special ~ a l ~ e ~ ~ ~ * ~ ’ ~  of ffR (a; or u < ) ,  or variable 
values3b of a, or an additional term6 in equations (1). 
Our attention will be focused on normal cases without 
through-resonance. The second constant, X, was orig- 
inally taken as unity. 


Various statistical procedures for determining u1 and 
ffR on the basis of equations (1) have been analysed’ 
concerning the combined effects of experimental uncer- 
tainty and of various presumptions. Most reliable seem 
to be calculations in which uI values are based on sep- 
arate measurements on aliphatic compounds. 3d*4a Then 
UR, p f  and p p  are obtained together by least-squares 
treatment; the meta derivatives are in this case less 
important and can be treated separately. In a less 
reliable procedure, all u and p values are obtained at 
once by a principal component analysis.4d In all statis- 
tical methods there are excessive degrees of freedom 
which must be removed by arbitrary constraints, for 
instance by giving fixed values to certain substi- 
t ~ e n t s . ~ ~ , ~ , ~ , ’  By relaxing these constraints the results 
can change dramatically. Still another kind of evalu- 
ation proceeds in terms of urn,,, and equations (2): it 
seems simple if uI are known but a problem arises with 
adjusting the two empirical constants, up and u1, to the 
same scale. 4c95,10 In particular, the adjustment reported 
by C h a r t ~ n ~ ~  is erroneous from the purely mathe- 
matical point of view (see the footnote in the Conclu- 
sions section). 


For these reasons, an attempt was made to solve the 
problem in a simpler and more convincing way.’ If it 
were possible to find (even empirically) a subset of 
substituents without resonance effect (UR = O ) ,  could 
then be obtained from a plot of up vs urn, and scaling 
of uI could be accomplished from a plot of uI vs Om. It 
is evident from any collection8 of uI and Up, values that 
the resonance effects of donors (UR negative) may be 
combined in different substituents with variable induc- 
tive effect, while acceptor groups are less variable. 
Typical acceptors have inductive and resonance compo- 
nent of the same sign (both uI and UR positive), and the 
former is dominant in most cases.” (‘Nature has 
endowed us with a variation of donors whereas the 
common acceptors form a cluster-like group with less 
discriminating abilities’ ‘ la) .  Actually we previously 
obtained a linear dependence’ (slope X = 1.14) by plot- 
ting pK values of substituted benzoic acids in mixed sol- 
vents, para vs meta. The mathematical expression is 
equation (3), or in terms of u constants, equation (4). 
The intercept c, near to zero, is added here only for the 
purpose of later mathematical discussion (see 
Appendix). 


(3) 


(4) 
It  should be stressed that equations (3) and (4) hold 


(log k,  - log k O )  = X(l0g k ,  - log k O )  + & 


up = XU, + E 


only for non-conjugated substituents; a more detailed 
enumeration will be given later. The substituents orig- 
inally used’ were both strong and weak acceptors: NO2, 
CN, SOzX, CHal3 and CHzX, and including even some 
neutral groups such as CH2C&i5 and CH20CH3. Slight 
deviations were observed for carbonyl substituents, 
COCH3, COCsHs, COOH and COOC2H5. The plots 
were later complemented by more recent data and 
similar plots were constructed. 7*12 The conclusions 
originally drawn were the following. 


(a) Many substituents on the benzene ring, practically 
all groups without a lone electron pair in the a-position, 
act essentially by a single mechanism, whatever it may 
be termed. When it was called’ provisionally an induc- 
tive effect, this term need not correspond exactly to the 
definition given in the earlier footnote. 


(b) The effect of these substituents is propagated 
through the benzene nucleus more effectively from the 
para than from the meta position. This statement does 
not depend on whether the inductive or field model is 
accepted. In this particular case, participation of T- 
electrons in the transmission was suggested and called 
the r-inductive effect. 2 s  


(c) When this definition of the inductive effect is 
retained, it follows that many popular substituents are 
much less conjugated with the benzene nucleus than 
often assumed (through-resonance excluded): for many 
experimental quantities the contribution from conjuga- 
tion may be unascertainable. ’*13  


These conclusions were not accepted by Taft, Palm, 
Charton and others, 3d34c*14 mainly with the belief that 
resonance effects must be present but they are simply 
proportional to the inductive effects. Attention was also 
drawn to the possible influence of the solvent. 3d How- 
ever, studies with various solvent systems gave the same 
result. ’,” Recently, conclusion (c) was repeatedly con- 
firmed, particularly on nitrobenzene. l6  Conclusion (b) 
also received support. l7 Principal component analysis 
showed fundamental differences between the action of 
donors and acceptors, in agreement with conclusion 
(a). In later papers, Taft and colleagues admitted that 
UR of acceptors may be effectively zero in certain cir- 
cumstances, l8 and used the modified values for gas- 
phase acidities. l9 However, the most recent analysis 
accepts only non-zero values of UR for acceptors and 
assumes again X = 1. 


In this paper, we report on gas-phase acidities and 
basicities of benzene derivatives substituted in meta and 
para positions with acceptor groups; they were 
measured by Fourier transform ion cyclotron resonance 
(FT-ICR). The gas-phase measurements are directed 
against the objection3d that the the value A > 1 is due 
only to solvent effects. They also have the merit of 
including reaction series which cannot be investigated in 
solution. The reactions chosen by us do not give any 
opportunity for through-conjugation; further, we tried 
to avoid compounds in which the site of protonation is 
uncertain. Finally, the selection of compounds was res- 
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tricted by their volatility. The authoritative review by 
Taft and Topsom” lists 15 pairs of compounds 
satisfying these conditions, and an additional pair was 
found in the literature. 2o However, these examples were 
restricted to three substituents: NO2, CN and CF3. We 
investigated here mainly some less common groups: 
S02CH3, SO2F and CHIC], and in addition also 
COCH3 and COOCH3, for which some deviation from 
equation (3) could be expected. The correlation of gas- 
phase acidities was carried out by Tatf and Topsomi9 
by regression against UI and UR, but the few acceptor 
groups often had only a small influence on the results. 
In contrast, we performed the analysis only on acceptor 
substituents and used direct comparison according to 
equation (3). 


EXPERIMENTAL 


Materials. 3-Methoxycarbonylbenzenesulphonyl flu- 
oride and 4-methoxycarbonylbenzenesulphonyl fluoride 
were described recently. ’la The remaining compounds 
are known and were characterized in previous work. 21 


Physical measurements. The general method for the 
determination of gas-phase proton transfer equilibria 
by FT-ICR has been described.22 As the aim of this 
work was the comparison of rather similar values, we 
used as far as possible the same set of reference com- 
pounds for a given pair of meta and para isomers. 
Therefore, the measured differences in acidity or 
basicity are highly significant and not loaded by scaling 
errors. 


During our measurements we found some discrepan- 
cies between our experimental data and the current 
basicity scale.23 For this reason, the GB value for 
dibutyl ether was revised. The GB value for ace- 
tophenone” was also not consistent with our data; in 
our opinion this should be corrected according to the 
data in Table 1. 


The equilibrium constants were measured at a cell 
temperature of 338 K.  If we neglect the heat capacity 
effects, the temperature correction of the Gibbs energy 
of proton transfer to 298 K can be written as 


A G ( T o ) = A G ( T i ) + ( T i -  To) AS 


The entropy change is mainly due to the change in sym- 
metry number of the species involved in the proton 
transfer (AS,,, = - R  In a) .  In most cases AS = 0. 
For bases having two identical functions AS = AS,, = 
- R  In 2, hence a correction of - 0 - 2 3  kJmol-’ was 
applied to AGB (see footnote f in Table 1). The results 
are given in Tables 1 and 2. 


RESULTS AND DISCUSSION 


Let us examine successively the three conclusions5 
(a)-(c) given in the Introduction. 


Substituent effects of acceptors 


The relative acidities and basicities of benzene meta and 
para derivatives collected in Tables 1 and 2 represent 10 
pairs. They can be combined with literature datai9320 to 
give altogether 26 pairs with eight different substituents 
in seven reaction series. All the data can be represented 
in a single plot (Figure l), since equation (3) does not 
involve any particular constant characteristic of the 
reaction series. A statistical treatment must take into 
account that each variable is loaded with an exper- 
imental error and that the point for the unsubstituted 
compound has a particular position. The necessary stat- 
istics are explained in the Appendix and the results are 
given in Table 3,  line 1. The standard deviation from 
the regression line is comparable to the assumed exper- 
imental error. Unexplained is the deviation of the point 
for CaHd(CN)2 (Figure l), but omitting this point does 
not improve the fit markedly (Table 3, line 1A). The 
salient feature is the general character of the effect of 
acceptors, irrespective of their different structures and 
also being in different series. This is in agreement with 
principal component analysis; generally the behav- 
iour of meta derivatives was simple (with a smaller 
number of terms in the correlation equation) than that 
of para derivatives, but when the substituents were res- 
tricted to acceptors, one term was sufficient for both 
series. 


Using the same statistics, we are now able to 
recalculate the solution data which were previously 
treated only graphically. 537v12315a In Table 3 attention 
was paid to selecting data comparable in both character 
and accuracy. For instance, the constants a from a 
recent review’ are of variable reliability and in a plot 
similar to Figure 1 the regularity could disappear in the 
noise. Therefore, we examined separately groups of 
substituents (Table 3, lines 7-10) and some data were 
eliminated as outliers by virtue of their deviations (see 
footnotes to Table 3). For this reason, more important 
are the results obtained on homogeneous series of 
directly measured dissociation constants (Table 3, lines 
2-6), in which no available data have been omitted. 
The series 2 in Table 3, represented also in Figure 2, is 
only a slight extension of the published plot. In gen- 
eral, the results obtained in the gas phase and in sol- 
ution are very similar, disproving the objection3d that 
the validity of equation (3) is due only to solvent effects. 


Taking together the available evidence, equation (3) 
seems to be one of the best experimentally supported 
empirical relationships in the field of common linear 
free energy relationships; it is valid for acceptors of dif- 
ferent structure under different conditions. Particular 
attention was given to substituents of the CH2X type, 
which could show at most a slight hyperconjugation, 
compared with substituents such as NO2 or CN, for 
which resonance structures are possible. When the two 
groups were treated separately (series 3 and 4 in Table 
3), the results were the same. In our opinion, these 
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Table 1. Gas-phase basicities (in kJ mol-I) of meta and para derivatives of benzene 


meta- and para- Reference compound 
substituted compound (B) (Ref.) GB(Ref.)a AGB' GE(B)* 


Benzonitriles 
3-CHzC1 


4-CHzC1 


3-CF3 


4-CF3 


3-CN 


4-CN 


3-SOzMe 


4-SO2Me 


3-NOz 


4-NO2 


Methyl benzoates: 
3-COzMe 


4-COzMe 


3-SO2Me 


4-SOzMe 


3-SOzF 


4-SO2F 


Acetophenones: 
3-COMe 


4-COMe 


c-PrCN 
PhCN 
c-PrCN 
PhCN 
EtCHO 
n-PrCHO 
EtCHO 
n-PrCHO 
MeCN 
EtCHO 
MeCN 
EtCHO 


n-PrCN 


n-PrCN 
MeCN 
EtCHO 
MeCHO 
MeCN 
EtCHO 


HCOzEt 


HCOzEt 


(n-Pr) 2 0  


c-PrC02Me 


(n-Pr) 2 0  
c-PrCOZMe 
MeCOzMe 
Cyclopentanone 


MeCOZMe 
Cyclopentanone 


EtzO 


EtzO 


Etz0 
HCOzEt 


t-BuCN 
c-PrCN 


HCOzEt 
c-PrCN 
t-BuCN 


(n-Pr) 2 0  


(n-Bu)zO 
PhCOMe 
c-PrCOtMe 
(n-Bu)zO 
PhCOMe 


784.9 
787.gb 
784-9 
787-gb 
760.7 
768.6 
760.7 
768.6 
754.gb 
760.7 
7 5 4 ~ 8 ~  
760.7 
775.3 
777.0 
775.3 
777.0 
154*gb 
760.7 
747.3b 
754.8b 
760.7 


813.8 
816*3b 
8 0 5 ~ 0 ~  
813.8 
816.3b 
795*Ob 
801 *2 
805.0b 
795*Ob 
801.2 
805-Ob 
775.3 
784.9 
786*2b 
775.3 
784.9 
786.2b 


813.8 
821.2' 
(825.9)d 
816*3b 
821.2' 
(825.9)d 


+3*7 
-0.9 
+ 5 * 1  
+ 0.8 
+ 6.4 
+ 0.7 
+ 5.0 
+1*9' 
-2.4' 
+ 2.4' 
+0.4' 
+ l a 1  


+Om5 
+0.3 
-0.3 
+1*8 
-2.1 
+ 6 - 3  
-2.3 
-6.9 


-2.5 


+ 4.9' 
+2.0' 
+11.1' 
+1.6' 
+0.5' 
+9*1 
+ 3 . 2  
0.0 


+6*1 
+ 0.4 
-2.6 
+6*0 
-2.1 
-4.9 
+2.4 
-5.5 
-8.4 


+9*6f 
+4*3'  
-5.5f 
+6*8' 
+2.3f 
-7.5' 


787.8 


789-3 


768.2 


765.9 


757.5 


759.3 


777-Oh 


776*2h 


757.6 


753.3 


818.5 


816.1 


804.5 


801-7 


781.8 


778.3 


824.5 


823.3 


a Ref. 23, unless stated otherwise. 


'Revised value; (n-Bu)*O was found here to be a stronger base than (n-Pr)lO and c-PrCOzMe by 7.0 
and 5.3 kJmol-' in GB, respectively. 


Additions and corrections to Ref. 23, personal communication, 1987. 


This value reported in Ref. 23 is not consistent with our measurements. 
Measured at 338 K and estimated to be valid at 298 K unless there is no symmetry change during proton 


A correction of - A  TR In 2 = - 0.2 kJ mol-' has been applied to equilibria involving compounds with 


Average values from the individual measurements as given in preceding columns. 
Protonation of these compounds may possibly occur on the sulphonyl group instead of the cyan0 group. 


exchange; see footnote f. 


a symmetry number of 2. 


Since this concerns both the metu and puru derivative, the conclusions would be little changed. 
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Table 2. Gas-phase acidities (in kJ mol-I) of meta- and para-substituted benzoic acids 


AH Ref .H 
(benzoic acid) (reference compound) Aac& "(Ref AAac,dG ' A '(AH) 


3-CH2C1 4-CF3-phenol 1381.3 -1.3 1380.0 


4-CHzCI 4-CF3-phenol 1381-3 -3.3 1377.9 
3-CF3-phenol 1390.8 -10.6 


3-CF3-phenol 1390.8 -12.8 


'Ref. 24. 


findings make untenable the objections 3d*14 that all 
these groups are in fact conjugated but their mesomeric 
effects are approximately proportional to their induc- 
tive effects. One must rather accept that the acceptor 
groups are simply less diversified," and their simpler 
behaviour has been obscured in most correlations by 
the more conspicuous behaviour of donors. lSb 


In conclusion to this section, one should define 


I 
0 20 40 


U G  m 


Figure 1. The meta-para plot for the Gibbs energies 
(kJ mol-I) of the gas-phase ionization of various aromatic 
compounds: (0) acidities of substituted benzoic acids; (0) 
basicities of substituted benzonitriles; (0) basicities of various 
carbonyl compounds. Substituent used were only groups: 
CHzCI, CF3, COCHa, COOCH3, CN, N02, SOzCH3 and 
S02F. Experimental data from this work and Refs 19 and 20 


exactly the substituents for which equation (3) is valid. 
Our original statement was that it is valid for groups 
without an unshared electron pair and without an elec- 
tron sextet in the a-position.' This definition can now 
be examined more closely. Certainly equation (3) holds 
even for substituents with multiple bonds if these 
groups are sufficiently strong acceptors 
"02 ,  CN, N=NC~HS,  CsHz(N02)3], even a triple 
bond itself is sufficient in CGCH or C=CC6Hs. How- 
ever, groups with a C=C double bond without further 
electron-attracting substitution act as donors and 
deviate downwards in plots such as those in Figures 1 
and 2 (CH=CHC6H5,C6Hs). Groups with an a lone 
electron pair also deviate downwards, usually very 
distinctly (OR, SR, NR2, halogens). When such substi- 
tuents bear electron-attracting atoms or groups, their 
total mesomeric effect diminishes and the points in the 
graph approach the line pertinent to the acceptors. 
In the limiting case the mesomeric effect is near to zero 
and the substituent is controlled by equation (3) 
[SCFs, SCOCH3, SOCF3, SeCF3, N(CF3)2] ; in con- 
trast, the electron-attracting power of the fluorine 
atoms in OCF3 is not sufficient to overcome the con- 
jugation. Insufficient data are available concerning 
unsubstituted alkyl groups which can possibly act as 
hyperconjugative donors in addition to their strong 
polarizability and to solvent effects. In mixed solvents, 
the point for unsubstituted methyl does not deviate' but 
in water and in the gas phase" alkyl groups behave as 
weak donors. Another question still unanswered is 
whether some substituents actually act as acceptors by 
resonance, deviating upwards in plots such as those in 
Figure 1 or 2. (The cases of through-resonance with a 
donor as reaction centre are excluded.) Such evident 
acceptors were B(OH)2' and BBr2, 16b but no further 
evidence has since been obtained. Concerning the 
carbonyl substituents (COCH3, COC6_H5, COOH, 
COOCH3), the opinion was offered that their 
resonance constants are positive and just detectable 
within the framework of the correlation analysis 
(0.03-0.05 in u units). In individual plots, their devi- 
ation may appear to be negligible or just detec- 
table. 5,12a,b,l5a Also some polyfluorinated substituents 
seem to d e ~ i a t e , ~ . ' ~ ~  but also at the limits of accuracy. 
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Table 3. Substitutent effects of acceptors at the metu and para positions, correlated by equation (3) 


b” 
Reaction Medium Quantity s6 saab ra M 


1 


1A 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


Protonation of ArCOOCHJ, ArCN, 
ArCOCH3, ArCHO, 
ArCONMe2, deprotonation of 
ArCOOH 


Series 1 without CsH4(CN)2 


Deprotonation of ArCOOHd 


Deprotonation of ArCOOH, only 
CHzX substituents from series 2 


Deprotonation of ArCOOH, only 
substituents except CHZX 


Deprotonation of ArCOOHe 


Deprotonation of nitrobenzoic acids‘ 


Constants u, non-conjugated carbon 
substituentsg.h 


Constants u; Si, Ge and Sn 
substituentsg,’ 


Constants u; sulphur substituents8” 


Constants o; phosohorus 
substituentsg,k 


Series 7-10 together 


Gas phase 


Gas phase 


50% EtOH or 80% MCS 


50% EtOH or 80% MCS 


50% EtOH or 80% MCS 


Water, aqueous and non-aqueous 
solvents 


Aqueous and non-aqueous solvents 


Various solvents and unspecified 
conditions 


Various solvents and unspecified 
conditions 


Various solvents and unspecified 
conditions 


Various solvents and unspecified 
conditions 


1.058 0.94 0.9990 
0.009 0.9985 


1.062 0.81 0.9993 
0.008 0.9989 


1.155 0.028 0.9984 
0.009 0.9991 


1.162 0.017 0.9941 
0-028 0.9984 


1.155 0.034 0.9986 
0.012 0.9970 


1.127 0.040 0.9985 
0.008 0.9966 


1.106 0.030 0.9993 
0.01 1 0.9971 


1.086 0.027 0.9936 
0.016 0.9973 


1.156 0.026 0.9937 
0.025 0.9977 


1.137 0.024 0.9992 
0.009 0.9981 


1.187 0.039 0.9957 
0.021 0.9943 


1.142 0.030 0.9965 
0.008 0.9981 


26 


25 


49 


21 


28 


59 


15 


58 


29 


28 


28 


143 


”See Appendix for the exact meaning of the statistics; the two values of r correspond to equations (A9) and (AIO), respectively. 
bStandard deviation from the regression line in kJ mol-’, pK units or u units as appropriate. 
‘The number of points corresponds to the number of substituents (without hydrogen) in lines 1-4 and 6-10, or to the number of solvents in line 5 .  
dSubstituents COX excluded; with seven points concerning these substituents the results are practically unchanged; data from Refs 5 ,  12a and 15a 
and references cited therein. 
‘Including substituents COX but not CHZX; data as in series 2 and in addition from Ref. 25.  
‘Data from Ref. 25.  
‘Data of various origins, sometimes estimated, Ref. 8. 


‘Substituents SnPhl and SiPhl excluded as outliers, s =  0.050 if included. 
’Only substituents with sulphur in a higher oxidation state, mainly SOZX, sulphoxides only with electron attracting groups; two Se analogues included; 
substituent SOKl  excluded as outlier, s = 0.042 if included. 


Only substituents with phosphorus in a higher oxidation state or with electron-attracting substituents, simple phosphines excluded; substituents 
P(0)PhTol and P(S)PhTol excluded as outliers, s=  0.017 if included. 


Without pure alkyls; substituents CHMeOH, CMez00H and CHZP(0)Phz excluded u posteriori as outliers, s = 0.037 if included. 
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Figure 2. The meta-para plot of pK values of substituted 
benzoic acids in two mixed solvents (50% ethanol and 80% 
2-methoxyethanol). (0) substituents CHZX; (0) acceptor 


substituents. Experimental data from Refs 12a and 25 


Transmission through the benzene ring 
Another result from Figures 1 and 2 and Table 3 is the 
values of slopes. For the gas phase, the slope X = 1.06 
is just significantly greater than unity; for the pK values 
in solution it is between 1 * 11 and 1 * 16. In the litera- 
ture, X was often taken as unity, either on a priori 
grounds 3d,14avb926 or as an approximate assumption 
which cannot be disproved. 4e38 Even values lower than 
unity were sometimes claimed.14' In one case,4c the 
reason was omitting the important point (0,O); this is a 
fatal mistake with few points. In other cases complex 
calculations were carried out, 3d*4e usually related to the 
principal component analysis. 4a7d3f We have shown pre- 
viously' that these calculations are never unambiguous; 
the resulting set of UI and UR can be transformed 
without affecting the condition of the best fit. For 
instance, any set of u1 and UR can be replaced by new 
values u:and uz according to equations (5 )  with an arbi- 
trary value of c. After this substitution, equations (2) 
retain their validity with an unchanged fit. However, X 
is changed from X = 1 to X = 1 + c - CYC. In this way X 
can assume any value. 


a1 = (1 - CYc)u: (54  


(5b) * *  
OR = UR + CUI 


To remove this ambiguity, some constraints were 
usually accepted. Popular was the 
uR(NMe$) = 0, which was heavily criticized. 8,9p11 We 
conclude that statistical procedures are unable to yield 
a value of X as reliable as that obtained by a direct plot 
(see Figures 1 and 2 and similar relationships in par- 
ticular cases). l7 


The value X > 1 could be interpreted in terms of a 
more effective propagation of the inductive effect from 
the para position than from the meta position if we 
were able to define exactly what the pure inductive 
effect is. In aliphatic compounds an operational defini- 
tion is evident, for instance referring to the popular 
framework of bicyclo [2,2,2]octane, but the effect 
is largely independent of the model compounds 
chosen. ' c p 4 c ~ 8  To extend the definition to aromatic 
systems one must assume that there are at least some 
substituents which cannot be conjugated (say ccl3 or 
CH2X); the two hypotheses, X > 1 and UR(CHZX) = 0, 
then support each other. 


Conjugation of the acceptor groups with the benzene 
ring 


At this point, our previous opinion' has received the 
strongest support from recent investigations. Practi- 
cally all the reasoning was centred on the negligible con- 
jugation in nitrobenzeneI6 and will not be discussed 
here. 


Interaction of a general substituent with the benzene 
ring can be also expressed by an isodesmic reaction 
[equation (6)]. Of course, this interaction can be dif- 
ferent in nature and cannot be equated with the 
resonance or conjugation terms. 


CH3X 4- C6H6 = C6HsX + CH4 (6) 


Nevertheless, A H o  values for equation (6), calculated 
for acceptors (X = NO2, CHO, COCH3, COOH), are 
lower in absolute values (-15 to - 29 kJ mol-') than 
those for typical donors (X = OH - 52.8, 
NH2 - 47.5 kJmol-I). The validity of this comparison 
is somewhat compromised by the small number of 
available enthalpies of formation27 and also by their 
relatively low accuracy. 


CONCLUSIONS 


The results in this paper give further support to the 
ideas of different behaviours of donor and acceptor 
substituents in correlation analysis, '*" and of the negli- 
gible conjugation of acceptors (at least with the benzene 
ring). These results also contribute to the problem of 
the separation of inductive and resonance effects. How- 
ever, the latter problem is very difficult and a quanti- 
tative solution can probably not be obtained with the 
desirable accuracy. In our opinion, the inductive effect 
can be estimated with some reliability from systems 
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other than benzene derivatives. The resonance effect 
obtained as a difference is not accurate and too 
variable. IC The latest scheme with four different sets of 
UR all only for benzene derivatives, is 
merely a confession that a general separation is unat- 
tainable. It appears that benzene derivatives are not 
the best model since the effects in meta and para pos- 
itions are too similar; the solution of equations (1) or 
(2) with the unknowns UI and UR is then mathematically 
unstable. Note that perfect separation of inductive and 
resonance effects in the 01 and OR values would be of 
theoretical importance, but does not affect the use of 
these constants in correlations according to equations 
(1);  any of their linear combinations would give the 
same statistical fit.* 


*This evident mathematical feature was neglected in the 
attempted separation which started with adjusting UI  and up to 
the same ~ c a l e . ~ '  This adjustment was carried out repeatedly, 
and UI were scaled successively by a systematically increasing 
factor. In each case a set of UI and UR was calculated and tested 
on several series of (insufficiently differing) data. Evidently the 
fit must be the same, independent of the value of the variable 
factor; the best value cannot be found in this way. 
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APPENDIX 


Statistical procedure 


Equation (3) requires a special kind of regression when 
the slope A is to be estimated from a set of experimental 
values: log kp,i, log k,,i and log ko.  We assume here 
that the equation is valid and the deviations are caused 
only by experimental errors in these three quantities, 
which all possess the same distribution with zero 
expected value and variance 1 3 ~ .  We consider three 
possibilities as to how the experimental data have been 
obtained: 


All values of log kp,i, log km,i and log ko are 
available from a common source with the same 
accuracy. 
All log k , i  and log km,i have the same accuracy, 
but log k was obtained by repeated measurements 
and is much more accurate. 
Always a subset of three values of log kp,i, log k,,i 
and log ko is available from the same source; this 
means that each value of log ko is used only 
together with the log k,,; and log k,,i values to 
which it belongs. 


8 


In case (3), the actual variables are (log k, - log ko)i 
and (log k,-log ko)i and the regression is forced 
through the origin: E = 0 in equation (3). In case (2), the 
regression also passes through the origin with a good 
approximation. In case (l), the experimental value of 
log ko constitutes a unique additional point with the 
coordinates (0,O) and E means the second parameter to 
be estimated. If, however, the slope A is near unity, this 
estimation would be ineffective and the regression line 
is better assumed to pass through the origin. This is 
seen from the graphical representation: when the exper- 
imental points are pictured as small circles, the point 
fo: log ko is represented by a given line at an angle of 
45 to the coordinate axes. Therefore, we used the 
regression line passing through the origin [equation 
(Al)] in all cases. The least-squares condition for equal 
experimental errors in either coordinate is equation 
(A2). In geometrical terms it means that deviations are 
minimized in the perpendicular direction to the 
regression line. 28 


1 SSR = - c (yi - bxi)' = min (A2) 1 + b 2  i 


By introducing b = tan 6 we obtain the solution in a 
convenient form [equation (A3)]. The residual sum of 
squares is given by equation (A4). The standard devi- 
ation fron the regression line [equation (AS)] represents 
an estimate of 6 in case (1) or (2) or of $6 in case (3). 


- 2 c X i Y i / ( c  x,? - c y' 2b tan 2/3=-- 
1 - b 2  i 


s2 = RSS/(n - 1) ('45) 
The statistical distribution of b was not examined here. 
Its standard deviation is given approximately by 
equation (A6) (for another approximation, see Ref. 28). 


All regressions in this paper have been calculated 
according to equations (Al)-(A6). 


A problem may arise when we want to define a 'cor- 
relation coefficient' comparable to that used in the 
literature in the case of common regression. One starts 
better from the term coefficient of determination, which 
is defined by either equation (A7) or (A8). 


r 2 =  [C vi -F)(Yi-J) ] ' / [F  (Pi-P)Z 


1 


I 


1 - r2  = C (yi - C (yi - J)' (A8) 
I / i  


In the case of common regression these two definitions 
yield the same well known expression for r .  In our case, 
the results are different. From equation (A7) we obtain 
equation (A9) whether we use equation (A7) as it is 
written or replacing y by x in it: 


With equation (A8) it is not clear what should be substi- 
tuted for the denominator; we propose a preliminary 
definition as in the equation 


1 - r2 = RSS C (xi - XI* + C (yi - y l2  (AIO) 


The correlation coefficient does not have the same 
meaning in the two definitions. In equations (A8) and 
(A10) it can be understood in terms of information 
entropy; it is the ratio of entropy (uncertainty) after the 


/[ i I 1 
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regression has been applied to the entropy before the 
regression, when only the mean values of x and y were 
known. Equations (A7) and (A9) represent the angle of 
two vectors in the polydimensional space; the angle is 


small when the correlation is close. We ho e to examine 
this mathematical problem more clo~ely.'~ In Table 3 
the values of r according to the two definitions are 
given; the differences in these examples are negligible. 
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Aromatic nitration is effectively carried out by the deliberate irradiation of the charge-transfer absorption band ( ~ V C T )  
of the transient electron donor-acceptor complex [ArH, NOzY ‘1, where NOzY+ represents common nitrating 
agents. Time-resolved spectroscopy demonstrates that the charge-transfer nitration effected in this way proceeds via 
an electron-transfer mechanism, in which the collapse of the reactive triad, [ArH+‘, NOj, Y] is critical to the 
formation of the Wheland intermediate. Comparative product analyses of toluene and anisole nitrations together with 
the ‘non-conventional’ products arising from NO+ catalysis, ips0 attack and addition/elimination show that the 
activation process leading to charge-transfer (photochemical) nitration is indistinguishable from that leading to 
electrophilic (thermal) aromatic nitration. 


1. INTRODUCTION 


Nitration is the most extensively studied of all elec- 
trophilic aromatic substitutions, and it has been the 
focus of both preparative and mechanistic studies. 
From the mechanistic point of view, the question 
centers on why the various nitrating agents, such as 
nitronium salts, nitric acid in acidic and organic sol- 
vents, oxides of nitrogen, metal nitrates and nitrites, N- 
nitramines, etc., react with typical aromatic substrates 
(toluene or benzene) to yield a limited and predictable 
collection of nitroaromatic products. The conventional 
resolution of this para do^^-^ - essentially a single 
product from diverse reagents - has invoked the agency 
of the nitronium cation, NO;, as the critical elec- 
trophile formed from all of the various nitrating 
systems. The nitration of more complex aromatic com- 
pounds, however, is accompanied by a bewildering 
variety of side-reactions such as ips0 substitution, 
biaryl coupling, adduct formation and oxidation. The 
term for such processes, ‘unconventional,’ betrays an 
uneasiness as to whether these anomalous reactions can 
be placed in the context of the usual electrophilic para- 
digm for nitration. We believe that the resolution of 
these anomalies will eventually lead to a revision of 
such conceptions about the nitration process, with the 
expansion and enrichment of the field to include the 
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‘difficult cases.’ Thus, rather than exploring the pre- 
vailing consensus on the mechanism of aromatic nitra- 
tion, which has been amply and well r e ~ i e w e d , ~ - ~ , ~  the 
intention of this survey is mainly to explore the 
mechanistic benefits of new methodology, particularly 
time-resolved spectroscopy. We inquire as to what light 
such techniques shed on the process of aromatic acti- 
vation, particularly with regard to the role of electron 
transfer in nitration. In conjunction with this objective, 
we will show how ‘unconventional’ and ‘special’ 
nitrations can be exploited in the elucidation of the 
activation process. 


2. THE THREE STAGES OF ELECTROPHILIC 
AROMATIC NITRATION 


Aromatic nitration can be considered in three discrete 
stages: step (a) the formation from precursors of the 
active nitrating electrophile, N02Y’; step (b), the rate- 
limiting reaction of the active electrophile with the aro- 
matic substrate to form the u-intermediate (the arene 
activation process); and step (c), the further reaction of 
the a-complex to yield the nitrated arene and other pro- 
ducts. These processes are schematically presented in 
Scheme 1 for the nitration of an aromatic substrate 
(ArH). 
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(a) Pre-equilibria Precursors -+ N02Y+ (1) 


H 
/ 


\ 
N0z 


o-complex 


(b) Activation NOzY’ + ArH -+ +Ar + Y (2) 


H 
1 


\ 
(c) FOIIOW-UP ‘Ar -+ ArNOz + H+ (3) 


NO2 
Scheme 1 


Step (b) is believed to be common to all electrophilic 
substitution processes, i.e. 


H 
/ 


ArH + E+ -+ +Ar 
\ 
E 


(4) 


where E+ is a generic representation of a variety of 
substituting electrophiles. 


Productive mechanistic investigations have largely 
concentrated on the precursor step (a) and the follow- 
up step (c). The seminal work of I n g ~ l d , ~ ~ * . ~  for 
example, established the identity of the active nitrating 
agent NO; in a variety of acidic nitrations with HNO3, 
a result confirmed by the isolation of nitronium salts 
and delineation of their nitrating ability. lo*ll Much 
mechanistic study, in turn, has focussed on how the o- 
complex is converted into the final nitration products. l2 


This pathway is not just a simple deprotonation, but 
may involve a plethora of different o-complexes, cyclo- 
hexadienoid intermediates, adducts, etc. In particular, 
the absence of a kinetic isotope effect in the nitration of 
arenes clearly separates the activation process [step 
(b) in Scheme 11 from the rapid, irreversible loss of a 
proton from the a-complex. This activation process is 
not easily addressed by classical physical organic 
techniques of kinetics and product studies that are 
applicable to the initial and follow-up processes (a) and 
(c). Arene activation is generally regarded mechanis- 
tically as a single and uncomplicated step. 


The need for appropriate methods to investigate the 
activation process in nitration has been made more 
acute by the revival of the electron-transfer mechanism 
for arene activation. l3 The problem stems in part from 
the demonstration by Olah and co-workers’4 of the 
necessity for an intermediate prior to the formation of 
the o-complex. Nitration of reactive arenes, such as the 
xylenes and 1,2,4-trimethylbenzene, is diffusion limited 
(and therefore unselective), yet positional selectivity is 
maintained. A two-step mechanism was postulated by 


Olah et ai.’ to explain the anomaly. In this 
formulation, NO; reacts with the arene to generate an 
intermediate, I, in a step which determines the 
intermolecular reactivity. The subsequent 
transformation of I into the a-complexes establishes the 
positional selectivity. 


H 
/ 


\ 
ArH + NO; * I .+ ‘Ar ( 5 )  


NO2 
Schofield and co-workers, ’’ using similar arguments, 
also pressed for the necessity for an intermediate in the 
activation process. The problem thus became one of 
identifying this intermediate. 


Since the formation of I in equation ( 5 )  is rate 
limiting, it must be a reactive (high-energy) inter- 
mediate. For this reason Olah et d . ’ s  formulation of 
the intermediate as a ?r-complex and Schofield and 
co-workers’ alternative formulation as an encounter 
complex are inadequate. Indeed, these complexes do 
exist (see below), but as relatively low-energy intermedi- 
ates in equilibrium with the free arene and nitrating 
agent. The problem thus stood until Perrin, l6 in a pro- 
vocative communication, suggested that the initial step 
occurs by electron transfer (ET) and that the critical 
intermediate is the [arene cation radical, NOi] pair 
(Scheme 2). 


(6) ArH+ NO; G [ArH+’, NO;] 
H 
/ 


\ 
NO2 


[ArH’’, NOj] -+ ‘Ar (7) 


Scheme 2 


Suggestive experimental evidence for the involvement 
of arene cation radicals in equation (6)  includes their 
observation under typical conditions of nitration. 
Moreover, side-chain coupling to give diarylmethanes 
and the formation of biaryls are frequently encountered 
side-reactions. 17,18 Since these products are also found 
on anodic oxidation of arenes, their presence in the 
nitration mixture points to a one-electron oxidation of 
the aromatic substrate by the nitrating agent. [The 
energetics of the electron transfer in equation (6)  are 
discussed in Section 8.1 .] The feasibility of the coupling 
reaction, [equation (7)] has also been experimentally 
tested. Isolated cation radical salts derived from naph- 
thalene, l9 phenothiazine, dibenzo-p-dioxin, pyrene 
and perylene” react with NOi and Nz04 to generate 
nitroarenes, often in high yields. [Owing to rapid and 
reversible homolytic dimerization, Nz04 and NOi are 
equivalent reagents, and considered hereafter inter- 
changeably]. Since these studies establish the possibility 
that some nitrations proceed by way of the mechanism 
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in Scheme 2, there is a call for an assessment of the 
more general possibility of ET nitration with a variety 
of nitrating agents. 


3. NITRATING AGENTS AS OXIDANTS 


The combination of kinetics and spectroscopy has 
established the intermediacy of the nitronium cation, 
NO;, in nitrations with nitric acid in concentrated 
sulfuric and perchloric acid. Its agency in these media 
is regarded as 'fully established' by Olah et af.  21 and it 
has rarely been questioned by Ridd. 22 Evidence for 
NO; as the active nitrating species in organic solvents 
is subject to more dissent, 23-26 but the isolation and 
utilization of nitronium salts have established NO; as 
a nitrating agent par excellence. Nevertheless, NO; can 
be regarded as one extremum of a continuum of 
nitrating agents, NOzY', where Y is an anionic or 
uncharged base. These were originally characterized by 
Ingold' as nitronium 'carriers' (and by Olah et ~ 1 . ~ '  as 
'transfer nitrating agents') and they can exhibit widely 
varying activity. For neutral Y, these carriers are 
exemplified by the family of N-nitropyridinium 
cations,28 XPyNOz', where the reactivity of NO; 
is modulated by the pyridine base ( X P Y ) . ~ ~  Thus, 
4-methoxy-N-nitropyridinium is inert to benzene and 
toluene at room temperature while 4-cyano-N- 
nitropyridinium nitrates these substrates in a few 
seconds. 29 Wheland intermediates and a-complexes 
such as 9-nitroanthraceni~rn~~ and nitrohexamethyl- 
benzenonium3' also fall into this category. 


For anionic nucleophiles, N02Y' describes a set of 
uncharged nitrating agents such as nitryl chloride 
(Y = C1-) and fluoride (Y = F-), nitrate esters 
(Y = OR-), nitric acid (Y = OH-), dinitrogen pen- 
toxide (Y = NOT), acyl nitrates (Y = OCOR-) such as 
benzoyl, acetyl and trifluoroacetyl nitrates, and tetrani- 
tromethane [Y = C(N02) ] . The question of whether 
these transfer nitrating agents are true nitrating agents 
in their own right or simply precursors of NO; 
frequently arises, but it can seldom be definitively 
answered. Spontaneous or Lewis acid-promoted hetero- 
lysis is always a conceivable process. 


N02Y' -+ NO$ + Y (8) 
Some transfer nitrating agents such as dinitrogen pen- 
toxide (N~OS)  or possibly nitronium perchlorate exist 
predominantly in ionic form in polar solvents (or in the 
solid state), but they are covalent species in non-polar 
solvents (or in the gas phase). 32 Since the nitronium ion 
itself has a very high energy of solvation, even 'free' 
NO; can be considered as nucleophilically solvated and 
thus an example N02Y'. [The solvation enthalpy of 
NO; is given by AG, = Eo - IP+  4.44,33 in which E o  
is the formal reduction potential of NO; and IP is the 
ionization potential of NOi.34 For NO; dissolved in 
acetonitrile AGs = - 88 kcal mol- ' (1 kcal = 4.184 kJ).] 


For neutral nitrating agents (e.g. N02CI) in solution, a 
series of electrophilic agents may exist in equilibrium: 


+c1- , 


-w ion pair 
NO; .--- NO;, C1- G 02N-CI (9) 


where the generic designation 'ion pair' represents all 
the various contact and solvent-separated ion pairs 
extant in solution. All of these species can potentially 
serve as nitrating agents, and the rigorous identification 
of the active reagent could present problems in any par- 
ticular case. Occasionally, nitration kinetics allows a 
distinction to be made. Thus the essentially second- 
order reaction kinetics (first order in arene and NOzY') 
observed for nitrations of arenes with N-nitropyri- 
dinium cations (XPyN02') rules out dissociation of 
NO; as the rate-limiting step.29 Even in this unam- 
biguous case, in which N02Yf (and not NO;) is iden- 
tified as the active nitrating species, the distribution of 
isometric nitrotoluenes (0-: m-: p -  = 61 : 6 : 39) is the 
same as that obtained from the nitration of toluene with 
N0;BFh (59:2:39). It is the singular lack of sen- 
sitivity (in the product distribution) to the identity of 
the nitrating agent which makes the identification of the 
active species diffi~ult.'~ 


Electrochemical studies indicate that NO$ is a viable 
oxidizing agent in solution. Its standard reduction 
potential shows a pronounced correlation with the 
donicity of the solvent. The lowest value of 
Eo = 1 *53 V is observed in the strongest donor solvent, 
ethyl acetate (Gutmann donor number, DN= 17 kcal 
mol-'), and the highest value of E o =  1.73 V is 
obtained in the weak donor solvent dichloromethane 
(DN= 0). 34 [All potentials are referenced to the normal 
hydrogen electrode.] Exactly the same effect is noted 
for the nitrosonium acceptor, NO', the reduction 
potential of which varies from E o  = 1-50 V in DMF 
(DN = 27 kcalmol-') to 1.72 V in CH~CIZ .~ '  The 
oxidizing power of NO; and NO' places these elec- 
trophiles in the same class as the halogens, Ag', and 
other potent one-electron oxidizing agents. The solvent 
variation in E o  highlights the importance of 
donor-acceptor interactions in modulating the ener- 
getics of electron transfer to nitronium and nitrosonium 
cations. 


Since the electron deficiency of NO; is partially com- 
pensated for by the bonded nucleophile (Y), transfer 
nitrating agents, NOzY', are weaker acceptors than the 
solvated nitronium cation. Modulation of the degree 
of electron deficiency depends on the basicity of the 
substituent Y. For example, the irreversible cyclic 
voltammetric potentials for reduction of a series of 
N-nitropyridinium nitrating agents (NOzY', with Y 
being a substituted pyridine) varies from Ep = 0.14 V 
for the cation derived from the strong base, 4-methoxy- 
pyridine (pKa for the conjugate acid = 6.58) to 0.74 for 
the corresponding N-nitro-4-cyanopyridinium cation 
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(pK, = 1.86). This variation in Ep parallels the trend in 
nitrating activity. 29 


4. ELECTRON TRANSFER AND THE EDA 
COMPLEX 


Having identified nitrating agents as viable oxidants, 
our interest now turns to the arene nucleophile. 36 Aro- 
matic compounds are quintessential electron donors, as 
reflected in their low ionization potentials and easily 
accessible anodic oxidations in solution (Table 1). 37-40 


More importantly, aromatic compounds are known to 
interact with electrophiles such as nitrating agents, 37 


halogens,43 ca rbo~a t ions ,~~  0 ~ 0 4 , ~ ’ ~ ~ ~  b ~ r a n e s , ~ ~  lead, 
mercury and thallium salts,48 diazonium cations,49 etc., 
to form a series of electron donor-acceptor (EDA) 
complexes. The various colors of the EDA complexes 
arise from an electronic transition via the overlap of the 
frontier MOs (donor HOMO and acceptor LUMO).50 
The energy of the new transition is directly proportional 
to the energy difference between the orbitals, as 
described in the Mulliken relation in equation (10): ”,’* 


h YCT = ZP - EA + constant (10) 


in which the CT band energy is expressed as the differ- 
ence between the ionization potential (ZP) of the donor 
D and the electron affinity ( E A )  of the acceptor A. In 
other words, the CT absorption band is the visible sign 
of the molecular orbital interaction that precedes the 
combination of the electrophile with the nucleophile. 


For those electrophilic substitution reactions that are 
amenable to kinetic study, such as halogenation or 
metalation with Hg(I1) and Tl(II1) electrophiles, the 
second-order rate constants correlate well with CT band 


Table 1. Arenes as electron donors: oxidation potentials in 
solution and ionization energies in the gas phase 


IP E 0  
Arene ( W “  (V) 


Benzene 
Toluene 
Mesitylene 
Durene 
Pentamethylbenzene 
Hexamethylbenzene 
Naphthalene 
Anthracene 
P henanthrene 
Anisole 
1 ,CDimethoxybenzene 


9.23 3.01 
8.82 2.64 
8.42 2.35 


7.92 1.99 (1.93)‘ 
7.80 1.86 (1.82)‘ 
8.12 - (2 * 06) 
7.38 - (1.66) 
7.85 - (2.02) 
8.39 
- - (1.54) 


8.05 2.07 (1 .99)‘ 


- - 


.,Vertical ionization potentials in electron volts from Ref. 41. 
’Standard oxidation potentials (vs NHE) of the indicated arene in 
trifluoroacetic acid from Ref. 41. Potentials in parentheses were rec- 
orded in acetonitrile (Ref. 42a). 
‘ I n  acetonitrile from Ref. 42b. 


energies ( ~ v c T ) . ’ ~  The particular advantage of using the 
CT energies as a basis for linear free energy correlations 
is that differences in HOMO-LUMO overlap owing to 
steric effects, solvation and other details of complexa- 
tion are directly reflected in the CT energies. Since the 
same considerations pertain to the nucleophilic and 
electrophilic reactivity, the CT band correlations have 
the advantage of taking into account all aspects of 
chemical reactivity. 54 


Despite the applicability of the linear free-energy 
approach as a predictive tool for electrophilic reactivi- 
ty,54a and as a stimulus to thinking,54b it has not pro- 
vided the decisive evidence to distinguish the one-step 
mechanism [equation (4)] from the two-step electron- 
transfer mechanism (Scheme 2). Another aspect of 
EDA complexes does provide the unequivocal basis for 
the electron-transfer formulation of aromatic substitu- 
tion as follows. 


Since the activation step in nitration (and all elec- 
trophilic reactions) requires direct contact (and since 
such contact is accompanied by the formation of CT 
bands), the donor and acceptor in the EDA complex 
can be considered the obligatory precursors to the elec- 
trophilic combination. In this way, arene activation is 
represented as the (first-order) collapse of the complex, 
i.e. 


H 
I 


\ 
E 


ArH + E+ F [ArH,E+] -+ ‘Ar (1 1) 


where the brackets enclose the EDA complex. For the 
prototypical nitration reaction, the active electrophile 
E+ is NO;, and the precursor complex is structurally 
identical with Olah and co-workers’ *-complex or 
Schofield and co-workers’ encounter complex. Unfor- 
tunately, the rapidity of the ensuing nitration of arene 
donors such as benzene and toluene precludes the spec- 
troscopic detection of the transient charge-transfer 
bands. Hence a milder nitrating agent is needed for 
the actual detection and photostimulation of EDA 
complexes. 


The uncertain behavior of NO; in the EDA complex 
contrasts with that involving the related nitrosonium 
(NO’ ) electrophile. Owing to its substantially reduced 
electrophilic reactivity (e.g. the rates of nitrosation are 
estimated to be ca 1OI4 times slower than those of the 
corresponding nitration), ” an extended series of EDA 
complexes of arene donors with NO+ can be observed 
in solution and isolated in the solid ~ t a t e . ’ ~ - ~ ~  These 
complexes are characterized by close non-bonded dis- 
tances between ArH and NO’. The values of the 
formation constant, KEDA in the equation 


KEDA ArH+NO’ [ArH,NO+] (12) 
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increase with increasing electron richness of the aro- 
matic donor. For the relatively electron-rich arenes such 
as mesitylene and hexamethylbenzene, IR and x-ray 
diffraction studies indicate that essentially complete 
charge transfer has occurred. This implies substantial 
contribution from resonance forms such as QII in the 
ground state of the EDA complex: 


[ArH, NO'] * [ArH'' NO'] 
QI QII 


Hence to the extent which NO' serves as a model for 
NO;, the EDA complexes of the latter are expected to 
show the strong and variable bonding characteristics of 
the [arene, NO'] complexes. 


Tetranitromethane and N-nitropyridinium salts are 
sufficiently less active (relative to NO;) to form persis- 
tent EDA complexes at convenient temperatures. 
[Tetranitromethane has been commonly used as a 
visual indicator of aromatic unsaturation owing to the 
vivid CT colors it forms when mixed with aromatic 
donors. "1 These electrophiles serve as transfer nitrating 
agents, i.e. NOzY', with Y being either C(NO2)C or 
pyridine (Py). The combination of various pyridine 
bases with NO; generates a series of nitrating agents 
(XPyNO; ) of varied electrophilic reactivity for direct 
comparison of the electrophilic and electron-transfer 
pathways. 29 The EDA complexes can be activated 
either (1) by allowing the nitration to proceed via the 
usual course of thermal activation (A)  in solution or (2) 
by the direct photostimulation (~VCT) of the charge- 
transfer bands: 


ArN02 a [ArH, NOzY'] -ArNO2 (13) 


[Note that the latter is carried out at (low) temperatures 
at which competition from the thermal process is 
unimportant.] 


Photoactivation allows the utilization of time- 
resolved spectroscopy for the direct observation of the 
intermediates demanded by the ET mechanism in 
Scheme 2. Such an approach depends on (a) a combi- 
nation of fast spectroscopic and classical chemical 
product studies to ascertain the course of the charge- 
transfer nitration and (b) a direct relationship between 
the photochemical and thermal (electrophilic) acti- 
vation processes. 


The major obstacle that impedes definitive research 
in arene activation (and prevents the resolution of the 
mechanistic dilemma) stems from the rapidity of the 
attack of NO; or N02Y' on the arene. For example, 
the rates of reaction of NO; with moderately reactive 
arenes such as toluene and mesitylene approach the 
diffusion-controlled limit. The relevant time-scales are 
thus of the order of nanoseconds. Nitration intermedi- 
ates such as aromatic cation radicals and a-complexes 
have similarly short (< 1 ps) lifetimes in common 
organic solvents. The initial activation steps, which 


occur within the EDA complex, take place even faster, 
being on the picosecond or sub-picosecond time-scales. 
Experimental techniques with time responses of this 
order are therefore required to probe arene activation. 


Classical physical organic chemistry is based on two 
primary investigative tools, neither of which will 
provide satisfactory answers to questions involving the 
process of arene activation. Reaction kinetics cannot 
distinguish the two activation processes in equation (4) 
and Scheme 2 even in the (unusual) cases in which the 
activation step is rate determining. Thus the kinetic 
form of the activation step is second order (first order 
in both arene and nitrating agent) in both cases. 
Product analysis by itself provides an uncertain guide 
owing to the plethora of intermediate steps between the 
initially formed a-complex and the final product. 
Recent mechanistic investigations have shown that the 
mechanism of nitration, and particularly the formation 
of the nitration products, is complicated by the NO' 
catalysis, ips0 attack and addition-elimination 
pathways. 


5 .  NON-CONVENTIONAL NITRATION 


5.1. NO+ catalysis 


Nitrosation resembles nitration in that the active agent 
in nitrosation (in acidic media) is NO', which is struc- 
turally analogous to NO; as an electrophile. As such, 
the reaction is presumed to proceed via a a-complex 
analogous to that of the Wheland intermediate in 
nitration: 61 


H 
/ 


\ 
NO 


ArH + NO' S +Ar -+ ArNO + H' (14) 


Although the acceptor properties of NO' and NO; (as 
assessed by electrochemical potentials 34,35) are almost 
identical, they differ in their rates of anisole substitu- 
tion by a factor of 


The nitrosonium cation has been implicated in the 
nitrite-catalyzed nitration of arenes such as mesitylene, 
p-xylene, naphthalene, anisole and various phenols. 
This nitration pathway was discovered by Ingold and 
co-workers, who referred to it as 'special' nitration, 
and it has been principally elaborated for phenols. 
Nitrosophenol can be isolated from interrupted special 
nitrations. 63 The product distribution strongly favors 
p-nitrophenol,- which suggests that this nitration 
proceeds via a nitrosation-oxidation pathway: 


" 


NO' HNO 
ArH 7 ArNO ArN02 (15) 


Such a pathway is not applicable to less electron-rich 
substrates such as mesitylene or naphthalene, since 
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they are nitrosated too slowly for equation (15) to 
apply. On the basis of kinetics and CIDNP (see below), 
Giffney and Ridd66 proposed the electron transfer 
mechanism shown in Scheme 3. 


ArH + NO+ * ArH+' + NO' (16) 


NO' + N02Y+ -+ NO' + NO; + Y (17) 
H 
/ 


ArH" + NOi Z +Ar -+ ArN02 + H +  (18) 
\ 
NO2 


Scheme 3 


Nitration of some moderately electron-rich aromatics 
(p-nitrophenol, 67 mesitylene, durene, 69 naphtha- 
leneM365) in the presence of NO+ yields essentially the 
same distribution of products as is found in nitrations 
with sodium azide or urea (added to the reaction 
mixture as NO+ traps). In the absence of such traps, 
however, it is difficult to entirely exclude the possibility 
of NO' catalysis in nitrations as they are ordinarily 
carried out. Lower oxides of nitrogen are always 
present in nitric acid that is not specially purified,70 and 
red fumes of NOi are commonly observed in 
preparative nitrations. These can serve as sources of the 
NO+ catalyst, particularly in nitrations of electron-rich 
aromatic substrates such as naphthalene and anisole. 
Indeed, Ridd22 observed that 'unless high concen- 
trations of nitrous acid traps are used, most preparative 
nitrations of such compounds probably proceed mainly 
through the nitrous acid pathway,' i.e. Scheme 3. 


Nitrations of benzene, toluene and other aromatic 
hydrocarbons by N204 in solvents such as 
dichloromethane or nitromethane also appear to be 
NO'-catalyzed nitrations. Mixtures of aromatics and 
N204 are r ed -b ro~n , "~  indicating the formation of the 
[arene, NO'] complex by a CT induced dispropor- 
tionation, 71b i.e. 


ArH + N204 [ArH, NO'INOT (19) 
The disproportionation and the follow-up nitration are 
promoted by Lewis acids that coordinate with the 
nitrate moiety. The critical step in the mechanism is the 
electron transfer in the equation 


(20) 
which can be thermally or photochemically 
promoted. 59 Nitration is effected by the subsequent 
reaction of the cation radical, ArH", with either NOi 
or nitrate, since both processes give high yields of 
nitroaromatics. 20,71b Even weak aromatic donors such 
as benzene and toluene are nitrated, so the endergoni- 
city of the electron-transfer step in equation (20) 
imposes no strong restriction on ET nitration. 


The direct autoxidation of the nitrosonium com- 


[ArH, NO'] -+ ArH" + NO' 


plexes of naphthalene, durene, toluene, etc. with diox- 
ygen in solution also yields nitration products (e.g. a- 
and 0-nitronaphthalenes, ring and side-chain nitro- 
durenes, 0- and p-nitrotoluenes) with essentially the 
same product distributions as those obtained conven- 
tionally with nitric acid. " The activation step occurs by 
electron transfer, as demonstrated by the photopromo- 
tion of the nitrations by the deliberate irradiation of the 
CT absorption band of the EDA complexes, i.e. 


[ArH, NO'] ArH+' + NO' (21) 


Although the follow-up reactions of NO' with 0 2  are 
not fully elaborated, the activation step is the same for 
both the NO+-catalyzed and autoxidative pathways. 
The latter includes aromatic donors such as toluene, 
with an even more endergonic ET activation step than 
mesitylene or naphthalene. These studies demonstrate 
the existence of an electron-transfer pathway for nitra- 
tion and, in particular, the formation of the Wheland 
intermediate via the collapse of the [ArH", NOi] 
radical pair. Oxidation of aromatic hydrocarbons by 
NO+ increases the likelihood of the corresponding 
activation by NO;, i.e. 


(22) ArH + NO; + ArH" + NO; 


since the driving forces for electron transfer to NO+ 
and NO; are essentially the same. On the other hand, 
electrophilic nitrations are usually carried out in the 
presence of adventitious nitrosonium. The significance 
of the distribution of products obtained from such 
reactions is unclear, since the possible incursion of the 
NO'-catalyzed pathway has not always been taken into 
account. Even those nitrations effected with isolated 
nitronium salts (e.g. NOlBF4)  may be catalyzed by 
NO', since these reagents are rarely prepared free of 
nitrosonium impurity. 70 


It should be noted that the first step in Ridd's 
mechanism is endergonic for arenes such as naphtha- 
lene and mesitylene (AG = +13 and +19 kcal mol- ', 
respectively). [The driving force, AGET, is calculated 
according to the equation, AGE= = - SIEo(NO') - 
Eo(arene)], in which Srepresents the Faraday constant 
of 23 *06 kcal mol-' V - '.I Such electron transfers are 
driven in part by the overall exergonicity of the 
nitration reaction, and partially by the decreased 
barrier to electron transfer that is a consequence of the 
EDA interaction. 33*72 These factors permit seemingly 
'forbidden' electron transfers to occur. 73 


5.2. Ips0 attack 
Electrophilic attack by NO; at a substituent other than 
hydrogen (ips0 attack)74 is a significant feature of many 
nitrations of appropriately substituted aromatic com- 
p o u n d ~ . ' ~  Ips0 substitution is often detected by the 
trapping of the a-intermediate by the nucleophile (often 
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the nucleophilic Y from the nitrating agent N02Y') to 
yield cyclohexadiene derivatives (&so adducts). Fischer 
and c o - w o r k e r ~ ~ ~ - ~ ~  have isolated several examples, 
including the adducts from p-xylene [equation (23)l. 
Other reactions of the ips0 a-complexes include nitro- 
dealkylation" [equation (24)l. 


Nitrodehalogenations8' and other group-loss 
processes8* have been observed. Ips0 attack para to a 
halogen, alkoxy or amine substituent yields nitro- 
dienones which subsequently rearrange to nitrophenols, 
e.g. equation (25).83 CIDNP studies indicate that the 
rearrangement proceeds through a [phenoxy radical, 
NO j] pair. 84 


OCH. OH 


The trapping and group transfer reactions, however, 
only establish a lower limit to ips0 attack, since the 
nitro group can migrate to an unsubstituted position. 
Deprotonantion of the Wheland intermediate leads to 
the nitroaromatic product [equation (26)]. 76 This 
rearrangement occurs by a 1,2-shift of the nitro group, 
as shown by an isotopic labelling experiment [equation 
(27)]. 85 


OH 0 


The nitrohexamethylbenzenonium cation undergoes 
degenerate rearrangement by a series of 1,2-shifts 
[equation (28)], 31 with low activation energy 
(16 kcal mol- I ) .  Intermolecular NO: transfer is estab- 
lished by the co-nitration of the added benzene or 
mesitylene. Side-chain nitration (and oxidation) occurs 
via the ips0 intermediate, e.g. reaction (29). 6*86-88 


Ips0 attack raises the question of whether the true 
reactivities and selectivities of arenes are at all estab- 
lished. In particular, it is doubtful whether accurate 
partial rate factors for substitution have been deter- 
mined, since ips0 complexes and their subsequent 
rearrangement to nitroarenes have not been taken into 
account quantitatively. A strong preference for ips0 
attack was demonstrated in the nitrations of 0- and 
p-xylene, durene and other methylbenzenes commonly 
utilized as substrates. As noted by Hahn and Groen, 89 


'True partial rate factors cannot be obtained without 
determination of the extent and consequences of ips0 
attack' (emphasis in original). 


Since the ips0 u-complexes can serve as nitrating 
agents, competition studies must be conducted so as to 
take this factor into account. If this is not done, the 
results of such studies can be misleading. For example, 
durene was found recently to react more slowly than 
mesitylene in various electrophilic substitution 
reactions, 90,~' although no account was taken of the 
transfer reaction [equation (30)l. 


Since at least 90% of electrophilic attack on durene 
occurs at the ips0 p ~ s i t i o n , ~  the mechanistic conclu- 
sions drawn by the authors are invalid. Clearly, a full 
re-examination of reactant selectivities that are 
obtained by the competitive method is overdue. 


5.3. Addition-elimination 
The isolation and characterization of the ips0 adducts 
points to other complications which may lead to falla- 
cious mechanistic interpretations. These ips0 adducts 
frequently undergo elimination to yield nitroaromatic 
products. Electrophilic additions of nitrating agents 
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NOzY+ to the mystems of the aromatic compound 
have been observed with anthracene and alkyl nitrate, 
RON02 [equation (31)] 92 or ethylanthracene and nitric 
acid [equation (32)] . 93 


Nitration by the addition-elimination pathway 
occurs with naphthalene when it is nitrated with 
N-nitropyridinium cations [equation (33)] . 94 


ds I trans 


4 


Photonitrations of various arenes with tetra- 
nitromethane are accompanied by nitrotrinitromethyl 
adducts. 9J-98 Adduct formation has been inferred in 
the formation of p-cresyl acetate on treatment of 
toluene with acetyl nitrate [equation (34)J. 99 


Addition can be inferred from an anomalous pattern 
of nuclear substitution, as in the nitration of toluene 
with acetyl nitrate in carbon tetrachloride [equation 
(35)]. loo The preferential para-nitration of anisole with 
this system may have a similar origin. lo' 


Since the initially formed adducts undergo further 
reaction to form nitroarenes and other products, the 
absence of adducts in the reaction mixture is not con- 
clusive evidence for their non-involvement in nitration. 


The large amount of m-nitrotoluene formed from 
AcON02-CCL is an obvious sign of the anomalous 
reactivity. loo However, addition-elimination pathways 
may affect product distribution more subtly. Obvi- 
ously, the same points can be made for other substitu- 
tion processes, and addition-elimination has also been 
implicated in aromatic chlorination and bromination 
reactions. 6 s 8 8  


The elucidation of NO+ catalysis, ips0 addition and 
addition-elimination pathways calls for the re- 
examination of many mechanistic conclusions about the 
aromatic nitration process, inasmuch as these are based 
on extrapolations from product distributions. The fact 
that these processes are not restricted to polycyclic or 
electron-rich substrates, but also include benzene and 
toluene, means that in no case can these complications 
be considered insignificant a priori. The assumption 
that the position of nitration reflects the initial position 
of electrophilic attack needs to be critically examined in 
each case, and mechanistic inferences from product 
ratios alone must be considered ambiguous. [Inter- 
preting variations in the distributions of minor products 
(particularly using major/minor product ratios) is 
particularly hazardous, since accuracy in their 
quantification is limited by experimental factors. Thus 
a difference between a 3% and a 7% yield of minor 
product (for example, P-nitronaphthalene from the 
nitration of naphthalene) implies a change in the 
major/minor product ratio from 33 to 14, yet there is 
no truly significant change in the product distribution 
of cu 955. This elementary point must be emphasized, 
since differences in product ratios of this magnitude 
have been interpreted as being of major mechanistic 
significance. 19b] 


6. REACTIVE INTERMEDIATES IN AROMATIC 
NITRATION 


6.1. Steady-state detection 


Steady-state techniques such as the observation of 
radical cations on long time-scales (seconds or longer) 
are of limited use in deciding on the validity of Scheme 
2. Since the electron transfer in equation (6) and the 
radical coupling in equation (7) are very rapid pro- 
cesses, each reaction step must be complete in (at most) 
a few microseconds. Steady-state techniques are res- 
tricted to the observation of intermediates which are 
generated and decay on the millisecond time-scale. 
These intermediates do not necessarily relate to the 
main (fast) reaction pathway. This problem was 
addressed by Morkovnik, 2o who deplored the necessity 
of using indirect methods of observation to study 
reactive cation radical intermediates in aromatic 
substitutions. 


The indiscriminate use of ESR spectroscopy is 
particularly dangerous. Unambiguous identification 
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and quantification of organic radical species are each 
difficult problems, lo' and mechanistic conclusions 
based on the observation of unknown radicals in 
unknown, and very low, concentrations are invalid. 
Interpretations of the absence of an ESR signal, or of 
relative intensities of steady-state signals are equally 
futile. [A recent publication, 103a for example, proports 
to determine the relative rate of two fast reactions of 
ArH" (radical coupling to NOi and nucleophilic 
attack by trinitromethide) by comparing the relative 
intensity of a set of uncertainly assigned ESR signals 
(ArH' '?) in the presence and absence of trifluoroacetic 
acid (TFA). Aside from the inherent problems of the 
time-scale of measurement discussed here, the 
researchers failed to take into account the dimerization 
of NOi to N204 at their low reaction temperatures'03b 
and (2 )  the special stabilization of aromatic cation 
radicals in the presence of TFA.41] 


Transient techniques, on the other hand, permit firm 
conclusions to be drawn concerning the kinetics of the 
reactions in Scheme 2 ,  because these reactions can be 
examined on the appropriate timescale. In particular, 
laser flash photolysis generates high concentrations of 
intermediates, and the separate processes of formation 
and decay can be studied. (Steady-state concentrations, 
on the other hand, represent an inseparable composite 
of formation and decay processes). Put bluntly, pico- 
second reactions are not amenable to investigation on a 
time-scale of minutes without serious oversimplifying 
assumptions. Since the intermediates in the nitration 
reaction are so short-lived, steady-state techniques are 
not useful for the study of electron-transfer 
mechanisms. 


6.2. Gas-phase studies 
Gas-phase studies, with a time resolution of 10-100 
ps, '04 are the first to evoke clear evidence of nitration 
via the electron-transfer pathway. The two steps in the 
mechanism depicted in Scheme 2 can be established 
separately. lo' Nitronium cation reacts with benzene and 
toluene by competitive charge transfer: 


(36) 


(37) 


ArH + NO; + ArH+' + NO; 


ArH +NO; -+ ArHO' +NO'  


and the atom transfer processes: 


No evidence for the direct (one-step) formation of the 
Wheland intermediate (or any protonated arene) is 
found, even at relatively high pressures [lo0 Torr (1 
Torr = 133.3 Pa)]. On the other hand, [arene-NO;] 
complexes are readily generated by combination of 
benzene and toluene radical cations with NO;: 


(38) 
Since the complex can be deprotonated by pyridine, a 
protonated nitroarene structure was indicated. A later 


ArH" + NOi -+ Ar(H)NO; 


study, that utilized MeOH(N02) + as a transfer 
nitrating agent, also yielded protonated nitrobenzene, 
i.e. 


C & j  + MeOH(N02)+ -+ C6&(H)NO: + MeOH (39) 
The structure of the product can be probed by colli- 
sionally induced dissociation spectroscopy (on a time- 
scale of lops). The structure corresponds to the 
0-protonated nitrobenzene (&), which is presumably 
formed via the isomerization of the Wheland inter- 
mediate. The formation of an intermediate prior to the 
a-complex formation is strongly suggested by a 
leveling-off of the gas-phase rate constant as the 
substrate reactivity increases from benzene to toluene to 
mesitylene. '04 Further investigation of the intermediate 
is limited by the relatively long time-scale of this 
measurement technique. Nevertheless, for NO; at 
least, the results indicate that arene activation leading 
to nitration proceeds by the two-step ET reaction 
mechanism. 


Unlike NO;, nitrosonium reacts with benzene and 
toluene by a straightforward combination, i.e. 


ArH + NO+ + Ar(H)NO' (40) 


The product complex is not deprotonated by either 
pyridine or tetrahydrofuran, which implies that it is a 
*-complex. '06 However, in view of the appreciable 
barrier for deprotonation of the nitroso-substituted 
a-complex in solution ( k ~ / k ~  is greater than 3.0 for 
nitrosation of anisole), " such a conclusion may not be 
warranted. 


6.3. Theoretical calculations 
Theoretical calculations are not bound by the time con- 
straints inherent in experimental observation, and can 
thus be used to probe very early (ps-fs) intermediates 
and transition states. For ab initio and MNDO calcu- 
lations, the modeling of solvation is difficult, and thus 
the results relate mainly to the gas phase. MNDO calcu- 
lations largely confirm the gas-phase experimental 
results, and thus indicate that the nitration of benzene 
and the alkylbenzenes with NO; proceeds through the 
radical pair,lo7 a result which coincides with earlier 
lower level calculations based on ionization poten- 
tials. 1089109 This study particularly emphasizes the facile 
recombination of NOi with ArH" to generate ipso- 
substituted u-complexes (for example, with p-xylene 
cation radical) owing to the enhanced spin density on 
the ips0 carbon atom. Theoretical analysis of the one- 
step electrophilic attack predicts no attack at the ips0 
position. This study supports earlier qualitative evi- 
dence that the substitution pattern in the nitration of 
substituted benzenes correlates well with the hyperfine 
coupling constants of the corresponding aromatic 
radical cations. 'lo 


Calculations clearly show that the a-complexes (EDA 
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complexes) discussed in Section 4 are viable intermedi- 
ates along the nitration pathway. Even for arenes and 
NO; that are restricted to their ground-state geome- 
tries, n-complex stabilization energies of 6.0 and 
7 - 5  kcalmol-' are calculated for the [benzene, NO?] 
and [toluene, N 0 f  ] complexes, respectively, with a 
degree of charge transfer from electrophile to arene cor- 
responding to 0.04 (benzene) and 0.08 (toluene). The 
geometries of the complexes, as optimized by MNDO 
methods, consist of linear 0-N-0 moieties parallel 
to the plane of the aromatic ring and aromatic 
ring-NO2 distances of 4.0-4- 1 A.  No changes in bond 
distances and angles are apparent in either arene or NOz 
fragments. Thus these r-complexes correspond 
structurally to weak EDA complexes despite their 
appreciable stabilization energies. 


Another approach to the theoretical exploration of 
aromatic nitration reaction probes the feasibility of the 
initial ET step on the basis of Marcus theory. '12 Using 
this method, Eberson and Radner 19,113 calculate the 
rate constant for outer-sphere electron transfer from 
arenes (such as naphthalene) to NO; to be substantially 
too slow (by a factor of to account for the diffu- 
sion-controlled rate of nitration. This striking result has 
been repeatedly cited as a hindrance to the reconcili- 
ation of ET mechanisms with the observed facts about 
nitration. However, the result should be accepted with 
some skepticism in light of the following observations. 
(1) The intermediacy of the [arene, NOf] n-complex, 
with stabilization energies of several kcal mol- I is 
established by gas-phase and theoretical studies, as well 
as by analogy with the corresponding isolated and 
characterized [arene, NO'] complexes. Marcus theory 
is inadequate to treat electron transfer between strongly 
coupled ( - A G E D ~  > 1 kcalmol-') redox centers. '14 (2) 
Experimental evidence from gas-phase and CIDNP 
studies indicate that electron transfer from aromatic 
systems to NO; can occur at very fast rates. Reconcili- 
ation of such calculations with experimental results 
requires the abandonment of the outer-sphere model, 
and thus the quantitative aspects of Marcus theory. 
Indeed, the inapplicability of Marcus theory to most 
organic reactions 115*116 is now fully recognized. I" 


6.4. CIDNP 
The discovery of chemically induced dynamic nuclear 
polarization (CIDNP) '" in the products of aromatic 
nitration adds a powerful technique to the study of elec- 
trophilic aromatic substitution. Because the nuclear 
spins in a radical pair modulate the rate of 
(singlet-triplet) intersystem crossing, and the prob- 
ability of reaction (combination or disproportionation) 
or cage escape, the products of these two pathways are 
formed with highly polarized, non-Boltzmann nuclear 
spin populations. The NMR spectra of such products, 
recorded during or immediately after reaction, will 


show emission (E) or enhanced absorption (A) lines. 
The characteristics of the radical-pair intermediates 
determine the sign (E or A) of these anomalous NMR 
spectral features. The recent work of Ridd22 has 
focused on the interpretation of the CIDNP spectra of 
the I5N nucleus (principally) of the products of nitra- 
tions with nitric acid. Thus, when mesitylene is nitrated 
with H 15N03, the "N NMR signal of nitromesitylene is 
observed in emission. The intensity of the polarization 
increases by a factor of 20 on addition of sodium nitrite 
to the solution, " Similar emissions from the nitroarene 
are observed when p-nitropheno16' and other 
phenols, 84 durene, '' naphthalene"' and aromatic 
amines are nitrated. These CIDNP results, combined 
with earlier kinetic studies, enabled Ridd to clarify 
the nature of nitrous acid-catalyzed nitration in the 
following way. 


The initial reaction is the oxidation of the arene by 
NO+ to yield the cation radical and NO'. Nitric oxide 
reacts with NO? or N02Y+ to regenerate NO+ and 
form NOi, which subsequently couples with the cation 
radical in the CIDNP-generating step (Scheme 4). This 
radical pair, formed by diffusive encounter of free 
radicals and giving rise to a product of cage collapse, is 
predicted 12' to form nitroaromatics (ArN02) with 
emission in the I5N NMR spectra. 


ArH + NO+ S ArH" + NO' (41) 
NO' + N02Y+ -+ NO+ + NOi + Y (42) 


H 
/ 


ArH+' + NOi * [ArH+',  NOi] + +Ar 
\ 


(43) 


NO2 
Scheme 4 


When the NO+-catalyzed nitration of durene is tem- 
porarily suppressed by the addition of sodium azide to 
the reaction mixture, the "N NMR signals of nitro- 
durene show enhanced absorption. Ridd interpreted 
this result as follows. The [ArH+',NOi] pair is 
formed via an initial electron-transfer step, i.e. 


H 
1 


ArH+NOf  * [ArH+',NOi] -+ +Ar 
\ 


(44) 


NO2 
The radical pair in this case is formed from closed-shell 
precursors (the aromatic substrate and nitronium 
cation) rather than from freely diffusing ArH+' and 
NO; [as in Scheme 4, equation (43)]. Collapse of the 
radical pair in equation (44) will yield products with the 
opposite polarization to that observed in the products 
of the NO+-catalyzed nitration. 


Enhanced absorption signals are also observed from 
a-nitronaphthalene in the course of the nitration of 
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naphthalene with HI5NO3-NaN3. However, no polar- 
ization of nitromesitylene is observed during the nitra- 
tion of mesitylene in the presence of azide. It is 
concluded that the nitrations of naphthalene and 
durene with HNO3 proceed in part through the 
[ArH+', NO;] radical pair in Scheme 2, but the nitra- 
tion of mesitylene proceeds via the classical (one-step) 
electrophilic mechanism. 


The presence of CIDNP in a reaction product is 
decisive evidence that at least part of the nitration 
occurs by way of a radical-pair intermediate. 12' Unfor- 
tunately, the phase of the polarization (E or A) merely 
imposes certain restrictions on the identity of the 
radical pair, and an unambiguous assignment is not 
always possible. Even if the radical pair is identified sat- 
isfactorily, the mechanism of its formation may still be 
ambiguous. For example, the polarization of nitro- 
durene formed by nitration of durene with HNOs in the 
presence of azide is consistent with a radical pair 
formed either by direct electron transfer [path (i), 
Scheme 51 or by homolysis of the ips0 intermediate 
[path ($1, since the same radical pair is formed in both 
cases. For these reasons, CIDNP provides us so far with 
only limited information concerning processes on the 
time-scale (ps) relative to the initial electron-transfer 
step. 


ii 
+ 


I 


Scheme 5 


A more fundamental problem with CIDNP is that the 
generation of the polarization requires that (a) some 
radical pairs undergo diffusive escape and (b) the pro- 
ducts arising from the escape and the recombination 
pathways be different [otherwise the equal and opposite 
polarizations will cancel in the final product(s)] . These 
conditions are not fulfilled for all nitrations. For 
example, mesitylene is ring nitrated in high yield in both 
the presence and absence of the nitrite catalyst. In this 
case, conventional nitration and free-radical combi- 
nation give the same nitromesitylene product, and con- 
dition (b) is violated. In addition, it is certainly possible 
that some nitrations can occur without any cage escape 
[violating condition (a)]. No CIDNP is expected under 
this condition. For these reasons, the absence of 
CIDNP cannot be regarded as strong negative evidence 
for the absence of a radical-pair pathway in any 
reaction. [This point has been noted several 
times.] 122-124 Thu s, the inference that electron transfer 


is not operative in the NO;-promoted nitrations of 
mesitylene and p-xylene is not warranted. Moreover, 
quantitative conclusions about the partitioning of 
reactions between radical and non-radical reactions 
based on the degree of polarization observed (enhance- 
ment ratios, etc.) should be treated with caution in view 
of the many factors (cage escape ratios, relaxation 
times, reaction rates, etc.) which determine the presence 
and intensity of the CIDNP. 


Two intriguing CIDNP observations remain 
incompletely understood at present. (1) The nitration of 
durene in the absence of NO+ generates a polarized 
signal attributed to dinitrodurene. 69 This signal is in 
emission, in contrast to the enhanced absorption 
observed from nitrodurene (therefore, it cannot arise 
from a simple non-radical pair nitration of durene, 
which would generate dinitrodurene with the same 
polarization as nitrodurene). The authors suggested 
that NO; escaping from the [durene", NO;] radical 
pair is reoxidized to a nitrogen(V) species, which 
nitrates nitrodurene by a non-radical process. In this 
case, however, emission polarization of the incoming 
nitro group would be expected to cancel the enhanced 
absorption of the mononitrodurene and yield no net 
CIDNP in the dinitrodurene product. (2)  A recent pub- 
lication from Ridd's group reports the results from the 
NO+-catalyzed nitration of phenols.84 In one case the 
I3C NMR signals of the starting material, 2-methyl-6- 
nitrophenol, are observed in emission. The observation 
of CIDNP in the arene substrate, ArH, implies the 
existence of a pathway leading from a radical pair 
(either [ArH", NO;] or [ArH", NO']) back to the 
starting material. It seems more likely that this pathway 
is the reverse of the initial step in Scheme 4 [oxidation 
of the phenol with NO+ in equation (41)], rather than 
reversal of all three steps (as suggested by the authors). 
The phase of the polarization, however, permits either 
interpretation. 


Despite the ambiguities associated with CIDNP 
arising from the NO+-catalyzed nitration process, the 
persistence of polarization in the absence of NO+ 
catalysis indicates that a radical-pair intermediate is 
applicable to at least part of the nitration. This evidence 
for radical-pair intermediates is particularly valuable, 
since CIDNP is observed in ordinary organic solvents 
under typical conditions of preparative nitration. 


The gas phase, theoretical and CIDNP approaches 
with the time resolutions that are relevant to the 
activation step all give support to the two-step ET 
mechanism for nitration. The logical next objective is 
the direct observation of the intermediates on the perti- 
nent (ps-ns) time-scales. 


7. CHARGE-TRANSFER NITRATION 
Newly developed short-pulse lasers and concomitant 
advances in fast spectroscopic detection techniques 
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allow our understanding of both simple and complex 
reaction networks to be vastly expanded, owing to 
access times of picoseconds and femtoseconds. 125-131 


The application of these techniques to chemical 
problems has hitherto been restricted to the examin- 
ation of simple single-step chemical reactions, such as 
electron transfer 132, bond homolysis, 133 proton 
transfer, 134 ligand dissociation and reassociation 135 and 
double-bond isomerization. 136 It should be noted, how- 
ever, that a number of complicated biochemical 
problems, such as the visual cycle, 13' photo~ynthesis"~ 
and the mitochondria1 respiratory chain, 139 have been 
successfully attacked by a combination of time-resolved 
and other spectroscopic approaches. The complexity of 
the system is no deterrent to the use of the new tech- 
niques. Thus the initiation of nitration by charge- 
transfer activation provides an opportunity to observe 
directly the relevant intermediates in the following way. 


7.1. Arene cation radicals as critical intermediates 


Owing to the enhanced electrophilic reactivity of 
nitronium salts even at low temperature, they are 
impractical as photonitrating agents. On the other 
hand, nitronium carriers (N02Y+) such as tetra- 
nitromethane and N-nitropyridinium cations are suffi- 
ciently unreactive to form persistent EDA complexes 
with a wide range of aromatic nucleophiles. Direct CT 
activation of the EDA complexes is effected by the irra- 
diation of their charge-transfer bands, which are spec- 
trally separated (red shifted) from the local bands of 
either arene or nitrating agent. As a result, local excita- 
tion of the uncomplexed donor or acceptor does not 
interfere with the CT photostimulation process. 54a 


Photoinduced electron transfer has been shown by 
picosecond and sub-picosecond spectroscopy to be the 
initial step in all charge-transfer excitations, 1323140- 142 


i.e. 


hvcr [D,A] - [D+',A-']  (45) 
EDA complex radical pair 


This transformation was first observed on irradiation of 
the charge-transfer band of the EDA complexes formed 
from various anthracene donors (AN) with the tetra- 
cyanoethylene (TCNE) acceptor. 140 Anthracene radical 
cations (AN") and the radical anion of tetra- 
cyanoethylene (TCNE- ') are both observed within the 
rise time (25 ps) of the mode-locked Nd : YAG laser. 
Since these initial results appeared, further studies 
carried out on the picosecond and sub-picosecond 
timescales 141-143 have confirmed the original Mulliken 
formulation in equation (45). 


The [AN' ', TCNE-'1 pair formed by CT irradiation 
is highly transient, and it decays to the original spectral 
baseline within 60 ps, owing to the rapid back-electron 


transfer ( k e ~ ~ )  to form the original EDA complex, i.e. 


[AN+',TCNE-'1 (46) hur 1 


ksET 


[AN,TCNE] 


The rapidity of back electron transfer in equation (46) 
effectively precludes the diffusive separation of the 
radicals or other reactions of the individual radical 
ions. In contrast, the irradiation of the corresponding 
complexes of anthracenes with tetranitromethane 
(TNM) results in the immediate (7 < 10 ps) formation 
of the trinitromethide anion (with A,,, = 350 nm) to 
indicate the fast fragmentation of the anion radical, 
C(N02) 4 ' , 141*144 i.e. 


[AN+ ' ,C(NOI)~ ' ]  + [AN+',NOi, C(N0z);l (47) 


The formation of NOi, which cannot be directly 
observed by time-resolved UV-visible measurements 
(owing to its diffuse absorption 14'), is inferred from the 
stoichiometry of the fragmentation and the observation 
of NO; in the radiolytic reductions of TNM.'46 The 
radical cation of 9-methylanthracene (MA) is also 
formed by CT activation of the [MA, nitropyridinium] 
complex, and it persists unchanged throughout the time 
of observation ( 5  ns). 14' Back electron transfer is thus 
obviated by fast fragmentation of the N-nitropyridyl 
radical, MeOPyNOi, i.e. 


[MA", MeOPyNOi] + [MA", NOi, MeOPy] (48) 


Even relatively electron-poor aromatic donors, such as 
naphthalene or benzene, are efficiently oxidized to their 
cation radicals by the process of CT activation 
(Figure 1). 


The initial CT photoinduced electron transfer from 
aromatic donors to either TNM or nitropyridinium in 
equations (47) and (48) generates a triad of potentially 
reactive intermediates consisting of the aromatic cation 
radical, NO& and pyridine or trinitromethide. Triad 
formation prevents back electron transfer, and it thus 
allows productive photonitration to take place. 


Efficient formation of arene radical cations (ArH+ .) 
by CT activation of a wide variety of aromatic donors 
(Table 2) with tetranitromethane or nitropyridinium has 
confirmed the generality of triad formation, i.e. 


[ArH, NOzY'] [ArHf', NO;, Y] (49) 


Transient quantum yields ( + . A ~ H + )  provide a quanti- 
tative measure of the efficiency of the formation of the 
triad (Table 3). The magnitudes of + A ~ H + ,  combined 
with the quantum-efficient formation of products 
(+p = 0-2-0.8), leave no doubt that photonitrations 
proceed via the triad in equation (49). lo' 
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Figure 1. Transient spectra of the cation radicals of (A) benzene and (B) naphthalene acquired at 60 ps following the application 
of a (355 nm) 30 ps laser pulse to a solution of the aromatic EDA complex with (A) N-nitropyridinium and (B) 4-methoxy-N- 


nitropyridinium in acetonitrile 


Table 2. Picosecond spectra of aromatic cation radicals gener- 
ated via CT photoactivation of aromatic EDA complexes with 


nitrating agentsa 


Arene 
Nitrating Amax 


agentb (nm) 


Benzene 
Toluene 
p-Xylene 
Mesitylene 
Durene 
Hexamethylbenzene 
Anisole 
Naphthalene 


1,4-DimethylnaphthaIe 


Anthracene 
9-Methylan thracene 


MeOPyNOf 
MeOPyNOf 
MeOPyNOf 
MeOPyNOf 
MeOPyNOf 
MeOPyNOf 
MeOPyNOf 
TNM 
MeOPyNO f 


MeOPyNOZ 


MeOPyNOf 


:ne TNMC 


T N M ~  


428 
430 
440 
455 
465 
495 
435 
690 
690 
710 
710 
710 
690 


'Observed 50 ps after photoactivation with a mode-locked Nd : YAG 
laser of the EDA complex of the arene with tetranitromethane (TNM) 
or 4-methoxy-N-nitropyridinium (MeOPyNOt as the BFI salt) in 
MeCN or CHzClz. 
bTaken from Ref. 101 except where indicated. 
'Ref. 149b. 
dRef. 141. 
'Ref. 147. 


7.2. Fate of the reactive triad 


Aromatic cation radicals generated by the CT acti- 
vation of [ArH, N02Y' J complexes persist for several 
microseconds, which is much longer than the lifetime of 
(geminate) radical or radical-ion pairs in acetonitrile 


Table 3. Quantum yields for the generation of aromatic cation 
radicals' 


L o n  E 
Aromatic donor (nm) (I moI-'cm-') +krH+b 
Anthracene 715 12500 0.72 
Naphthalene 580 3600 0.82 
Anisole 435 4800 0.80 
Hexamethylbenzene 495 1800 0.56 
Durene 465 1800 0.56 
p-Xylene 440 2050 0.25 
Toluene 435 2000 0.14 


'Generated by CT activation of the aromatic EDA complexes with 
MeOPyNOf in MeCN. Taken from Ref. 101. 
bAt 100 ns following the 10 ns laser flash. 


and dichloromethane. Since the original triad under- 
goes diffusive separation, the subsequent reactions rep- 
resent the recombination of free (transient) species. The 
contribution of geminate processes 14* is negligible. This 
conclusion is quantitatively exemplified by the second- 
order kinetics observed for cation-radical decay in polar 
solvents (MeCN or CH2Clz) in the absence of 
additives. 101v149-151 Th e latter directly indicates that the 
radical cation decays by reaction with one of the other 
triad components, either NO; via radical-pair collapse, 


H 
/ 


\ 
(50) 


kav ArH" + NO; - 'Ar 


NOz 
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or Y via nucleophilic attack on ArH+',  
H 


ArH+' 
/ 


+ Y :  -.Ar 
\ 


krr 


Y+ 
[For an anionic nucleophile, such as trinitromethide, 
equation ( 5  1) constitutes an ion-pair collapse.] The 
ambiphilic reactivity of aromatic cation radicals (as 
radicals and as electrophiles) gives rise to this 
mechanistic dichotomy. Since equation (50) duplicates 
the second step in the two-step (ET) mechanism for aro- 
matic nitration in Scheme 2, CT photoactivation pro- 
vides a means of directing the course of the reaction 
along the ET pathway. In this way thermal activation 
can be directly compared with the (enforced) ET acti- 
vation, provided that the competing reactivity with the 


cogenerated nucleophile, Y, is recognized and 
controlled. 


7.3. Radical-pair collapse: dialkoxybenzenes 
Electron-rich dialkoxybenzenes are easily photonitrated 
in high yield by CT activation of the EDA complexes 
with tetranitromethane, as indicated in Table 4. Nitra- 
tion is accompanied by one equivalent of nitroform, 
according to the stoichiometry in the equation 


hvcr 
ArH + C(N02)4 ---+ ArN02 + HC(N02)3 (52) 


Time-resolved spectroscopy shows the rapid ( c 25 ps) 
formation of the dialkoxybenzene cation radical (with 
spectral absorption between 400 and 500 nm) simul- 
taneously with trinitromethide (kmm = 350 nm). The 
subsequent decay of ArH+ ' on the millisecond time- 


Table 4. Charge-transfer nitration of dialkoxybenzenes" 


Aromatic 
donor 


Isomer distribution (%) 


Solvent 2-NO2 3-NO2 4-NO2 


1,4-Dimethoxybenzene MeCN 


1,2-dimethoxybenzene MeCN 


4-Methoxyphenoxyacetic acid MeCN 


3,5-Dimethoxyphenylacetonitrile CHzClz 
2-(4-methoxyphenoxy)ethanol MeCN 


CHzClz 


CHzC1z 


CHzClz 


100 
100 


30 
30 


100 
60 


- - 
0 100 
0 100 


70 
70 


0 
40 0 
- 


aTaken from Ref. 149b. 


Table 5 .  Second-order rate constants for the disappearance of aromatic 
cation radicalsa in CT nitration 


Aromatic Nitrating agent, kz 
donor Solvent N0zY + (I moI-'s-') 


1 ,rl-Dimethoxybenzene CH2C1ZC 
MeCNC 


4-Methylanisole MeCNd 
MeCN 
CH2C12 
CH2Clz' 


4-C hloroanisole MeCN 
MeCNd 
CHzClz 


4-Bromoanisole MeCN 
MeCN 
CHzClz 


TNM 
TNM 
MeOPyNOf 
TNM 
TNM 
TNM 
TNM 
MeOPyNOf 
TNM 
TNM 
MeOPyNOf 
TNM 


5.0 x 10' 
5.7 x 107 
1 . 6 ~  lo9 
1.3 x 109 
9.3 x 109 
1.7 x 109 
1 . 4 ~  109 
1 . 4 ~  109 


2.0 x 109 
2.0 x 109 


1.6 x 10" 


2.9 x 10'' 


"Generated by CT activation of the aromatic EDA complex with NOIY' 
bTaken from Ref. 150 except where indicated. 
'Ref. 149. 
*Ref. 101. 
Containing 0. l M tetrabutylammonium perchlorate. 
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scale occurs by second-order kinetics with a rate con- 
stant, k ~ ,  the value of which is the same in both 
acetonitrile and dichloromethane (Table 5). Moreover, 
it is unaffected by added inert salt. These results rule 
out ion-pair collapse, and the high yields of nitration 
products signify the decay process as radical-pair 
collapse, i.e. 


followed by the deprotonation of the a-complex. 149 


[The radical pair collapse in equation (53) is probably 
not simple and may involve ips0 intermediates.] 


7.4. Competing radical pair and nucleophiiic 
reactions 


7.4.1. Anisoles 


A more intricate reaction pattern pertains when the 
photonitration is extended to weaker arene donors such 
as the anisoles. For example, 4-methylanisole (Ma) is 
quantitatively nitrated on CT activation of the 
[Ma, TNM] complex in acetonitrile according to 
equation (54). 150 On the other hand, the same reaction 
carried out in dichloromethane yields the product of 
trinitromethylation [equation (55)] , which is diagnostic 


(54) 


of the incursion of the nucleophilic attack. Trinitro- 
methylation is completely replaced by nitration if an 
inert salt (tetra-n-butylammonium perchlorate, TBAP) 
is added to the reaction mixture prior to photoactiva- 
tion (entry 4 in Table 6). The solution to this 
mechanistic conundrum is revealed by kinetic investi- 
gation on the microsecond time-scale. Thus, the cation 
radical from 4-methylanisole (Ma' ') decays in 
dichloromethane by second-order kinetics with a rate 
constant k2 = 9.3 x lo9 Imol-'s-'. Addition of the 
inert salt TBAP leads to a decrease in the rate constant 
(by a factor of six) to a value essentially the same as that 
observed in acetonitrile (Table 5). The solvent effect on 
the products, combined with the rate data, points to the 
predominance of the ion-pair collapse process in 
dichloromethane, as shown in equation (56). 


(56) 


In contrast, the principal pathway for the disappear- 
ance of Ma" in the polar solvent, acetonitrile, 
involves radical-pair collapse [equation (57)] . 


+ No** - /@:: 
H 


(57) 


Added salt suppresses the ion-pair collapse in 
equation (56), and it causes the process to revert to the 
radical-pair collapse in equation (57) with a rate con- 
stant kz = lo9 lmol-'s-', which is largely insensitive to 
solvent polarity. [The effect of added salt arises from 
the reduced reactivity of the ion pairs BuN'C(N02) 1 
and ArH''C10.i compared with the free ions. 1519152] 


The key to promoting the desired nitration reaction in 
this system, and minimizing the competing ion-pair col- 
lapse, lies in the choice of a polar solvent (MeCN) and 
the addition of salt. Is' 


Nitration can also be effected by the CT activation of 
the EDA comdex of 4-methylanisole with N-nitro- 
pyridinium cation 
equation (58). 


according to the stoichiometry in 


(58) 


The rate constant for the second-order decay of the 
radical cation of 4-methylanisole is k2 = 1.6 x 
lo9 Imol-'s-', which is the same as that observed for 
Ma+' generated via CT activation of the [Ma, TNM] 
complex in acetonitrile, or in dichloromethane with 
added TBAP (Table 5, entries 3 ,4  and 6). Similarly, the 
rate constants for the decay of the haloanisole cation 
radicals in acetonitrile is the same whether tetrani- 
tromethane or XPyN02 is employed as the nitrating 
agent. In all these systems, high yields of nitroanisoles 
are obtained. Since the rate constant for cation radical 
decay is invariant, a common pathway of radical-pair 
[ArH", NOi] collapse is readily deduced for nitra- 
tions in these diverse systems. lo' 


The incursion of nucleophilic attack by pyridine 
bases (inherent to the reactive triad) is evident when 
weaker donor arenes are subjected to CT activation 
with N-nitropyridinium cations. lo' For example, the 
activation of the EDA complex of mesitylene with 
4-methoxy-N-nitropyridinium yields products from 
both pyridine attack on the cation radical and radical 
pair (MES", NO;) collapse [equation (59)]. 
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Table 6. Competition between nitration and trinitromethyla- 
tion following the CT activation of 4-methylanisole" 


~~ ~~~ 


Product distribution (To) 


Solvent Added salt Nitrationb Trinitromethylation' 


~~ ~~ ~ 


aFrom CT photolysis of the EDA complex of 4-methylanisole 
with tetranitromethane in Ref. 150. 


Yield of 2-nitro-4-methylanisole. 
Yield of 2-(trinitromethyl)-4-methylanisole. 


* Tetra-n-butylammonium perchlorate. 


The extent of pyridination is reduced by the addition 
of trifluoroacetic acid, and it is wholly eliminated by the 
use of the sterically hindered N-nitro-2,6-lutidinium 
(LutN02f) cation as the nitrating agent [equation (60)] . 


100% 


Nucleophilic attack by pyridine is manifested more 
subtly in the CT nitration of anisole with nitropyri- 
dinium cations. Anisole is converted into a mixture of 
0- and p-nitroanisoles on CT activation of the EDA 
complexes with nitropyridinium or TNM. para- 
Substitution predominates when MeOPyNOi (or any 
other unhindered nitropyridinium cation) is the 
nitrating agent (entries 1-3 in Table 7), but the 
sterically hindered LutNOZ gives a more or less statis- 
tical distribution ( 5  o = p )  of ortho/pura isomers. The 
suspicion that nucleophilic attack by pyridine on the 
cation radical influences the product distribution is con- 
firmed by direct measurement of the relevant rate con- 
stants using time-resolved techniques. Thus the anisole 


Table 7.  Photonitration of anisole in acetonitrilea 


Isomer distribution (Vo) 
Nitrating agent, A,,, 
N02Y+ (nm) ortho para ( + O / P )  


~ ~~ 


MeOPyN02f 350 31 63 0.29 
MePyNO 2' 350 51 49 0-51 
PyNO 2' 350 51 49 0.51 
TNM 425 43e 53 0.40 
LutNO; ' 400 65 35 0.93 
MeOPyNOZ dark 69 31 1.1 


aBy CT activation of the [anisole, N02Yf]  complex using light of 
wavelength longer than L,. Taken from Ref. 101. 
4-methoxy-N-nitropyridinium as the BFZ salt. 
4-Methyl-N-nitropyridinium fluoroborate. 
N-Nitropyridinium fluoroborate. 


'Meta isomer, 4%. 
f2,6-dimethyl-N-nitropyridinium. 


cation radical (An+.) generated in the presence of 
either added pyridine (lutidine) or added NO; decays 
by pseudo-first-order kinetics, to yield the second-order 
rate constants for nucleophilic collapse ( k ~ )  and 
radical-pair collapse (k~p) .  The rate constant for 
reaction of An+' with pyridine (kN = 2.5 x 
lo9 1 mol- s- ' )  is comparable to the rate of its reaction 
with NO; ( k ~ p =  1.5 x lo9 l m ~ I - ' s - ~ ) .  By contrast, 
the rate of lutidine attack is considerably diminished 
( k ~  = 0.3 x lo9 Imol-* sf ' ) .  This decrease in kN 
reflects the steric hindrance of the lutidine nucleophile 
to addition. (For alkyl-substituted arenes, deprotona- 
tion of the cation radical may become important, 
particularly with hindered bases. 73,153) 


7.4.2. Toluene and tert-butylbenzene lS2 


Photonitration of toluene with the hindered nitrating 
agent (LutNO; ) derived from 2,6-lutidine affords a 
mixture of nitrotoluenes that consists of an approxi- 
mately statistical mixture of ortho and para isomers, 
together with a small amount (cu 5 % )  of the meta 
isomer (Table 8). m-Nitrotoluene predominates when 
the CT nitration of toluene is effected by sterically 
unencumbered nitropyridinium salts or with TNM. The 
addition of NO; (as N204) leads to the restoration of 
the ortho-para isomer distribution. Since this pattern 
of substitution is found when excess NOi is added, it 
clearly derives from the radical-pair collapse in 
equation (61). 


66 / 5 / 2 8  


o / m / p  
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Table 8. Photonitration of toluene and tert-butylbenzene 
~~ 


Product distribution (070)" 
Nitrating agent, 


Arene N02Y' ortho meta para ipso' 


Toluene PyNO 2' 
MeOPyNO: 
MePyNOzf 
MeOPyNOzf 
LutNO2 


tert-Butylbenzene MeOPyNO z f  
MePyNO 2' 
PyNO 2' 
MeOPyNO: 
MeOPyN0; 
LutNO; 


24 60 16 
14 59 27 
23 54 23 
66 5 28 
70 2 28 


5 73 22 40 
4 64 32 21 
6 71 23 16 
7 15 78 17 


16 22 62 2 
6 12 82 2 


a Isomer distribution of nitrotoluenes and nitro-tert-butylbenzenes 
formed on CT activation of the [arene, N02Y'I complex. Taken from 
Ref. 101. 


In the presence of excess nitrogen dioxide. 
Yield of isomeric di-tert-butylbenzenes. 
In the presence of excess trifluoroacetic acid. 


A value of k R p  = 1.0 x lo9 Imol-'s-' is obtained 
from the pseudo-first-order decay of [toluene]" in the 
presence of added NOi. The predominant nitration at 
the meta-position probably occurs by an addi- 
tion-elimination 75 pathway analogous to the metu- 
nitration of toluene with acetyl nitrate in carbon 
tetrachloride. loo CT nitration with the hindered 
nitrating agent (LutNO; ) provides nitrotoluenes with 
the normal (electrophilic) 154 substitution pattern, which 
reflects the inefficiency with which 2,6-lutidine under- 
goes nucleophilic addition. 73 


Photonitration of tert-butylbenzene with 
MeOPyNOi, PyNOZ or MePyN0; is characterized 
by high metu content of the isomeric nitrated products 
(as in the case of toluene). Significant amounts of nitro- 
benzene and di-tert-butylbenzene are products of trans- 


Table 9. EDA complexes of arenes with nitrosonium: 


alkylation.'' If the nucleophilic activity of pyridine is 
eliminated, either by the use of LutNOz as the nitrating 
agent or the addition of trifluoroacetic acid or the use 
of excess NO;, the normal pattern of nitration is 
reinstated. lo' 


7.5. Activation of arenes with nitrosonium 
In contrast to the efficient photonitrations of arenes 
with NOzY', the CT activation of the EDA complexes 
with the nitrosonium acceptor is chemically unproduc- 
tive. 155 An investigation using time-resolved spectros- 
copy noted bimodal decays, on the picosecond and 
microsecond time-scales. The return of the photo- 
generated cation radicals to the spectral baseline is 
attributed to back electron transfer between geminate 
(ps) and freely diffusing (ps) ArH" and NO' radicals. 
Kinetic analysis indicates that the [ArH", NO'] 
radical pair is held together by bonding forces with 
-AGRP ranging from 0.5 kcalmol-' for [toluene", 
NO'] to 3 kcalmol- ' for [hexamethylbenzene+', 
NO']. Spectral features of the cation-radical absorp- 
tions that indicate a significant electronic perturbation 
of ArH" are observed during the cu 5 ns lifetime of 
the bound radical pair.155 The [ArH+', NO;] pair is 
also be expected to show progressively stronger bonding 
features on changing the donor from benzene to 
hexamethylbenzene. 


The arene cation radicals generated by the CT acti- 
vation of the [ArH, NO'] complex in Table 9 decay to 
the spectral baseline without the formation of nitroso- 
arenes or other substitution products. This result 
indicates that the a-complex is either not formed via 
[ArH", NO'] pairs or is inefficiently converted to the 
nitrosation product. Substrates such as durene or 
p-xylene are activated towards ipso-substitution, how- 
ever, and they may be unsuitable models as typical 
substrates for nitrosation such as mesitylene and ani- 
sole. The cation radicals can be trapped by photolysis 
of the corresponding N-nitrosopyridinium complexes, 
e.g. equation (62). 156 Electrophilic collapse occurs at 


first-order rate constantsa for radical-pair collapse 


Arene 
~ 


Toluene 2.64 
p-Xylene 2.35 
Durene 2.07 
Pentamethylbenzene 1.99 
Hexamethylbenzene 1.86 


26 
19 
15 
14 
12 


5 
30 


450 
5000 


31000 


2 x 1010 
I x lo9 
7 x lo9 
4 x  108 
1 x lo8 


'Taken from Ref. 155. 
bStandard potential (vs NHE) for oxidation in MeCN. 
'Driving force for radical pair collapse (back electron transfer). 
dFormation constant of the aromatic EDA complex with nitrosonium cation in acetonitrile, taken from Ref. 59. 
'Rate constant for collapse of the radical pair. 
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the ips0 positions, which are the sites of greatest charge 
and spin density. 111*157 In all likelihood, the reason for 
the disparity in rates between NO+ and NO; lies not in 
the activation steps, but in the differing rates of the 
follow-up (deprotonation) steps. 


Rate constants for combination of NO' and NOi 
with cation radicals correspond to essentially diffusion- 
controlled reactions yet the fate of the [ArH+', NO;] 
pair (nitration) is entirely different from that of the 
[ArH' ', NOi] pair (back electron transfer). Depro- 
tonation of the nitroso-substituted Wheland inter- 
mediate is associated with an appreciable barrier, and 
the o-complex can revert to the starting T-complex. This 
implies that electron transfer between ArH and NO+ is 
reversible.'5' It is interesting to note that @so nitro- 
sation does occur readily with arenes substituted by 
electropositive groups such as -Hg(OCOR), 15* 


-T1(OCOR)2159 and -SiR3, '60 which are better (elec- 
trophilic) leaving groups than hydrogen. Thus the 
photochemical stability of [arene, NO'] complexes is 
paralleled by the unreactivity of NO+ in electrophilic 
substitution, despite the efficient activation of the arene 
by electron transfer. 


7.6. Charge-transfer addition of NO2Y + 


The formal addition of nitrating agents N02Y' to aro- 
matic systems discussed in Section 5.3  can also be 
brought about in the course of CT activation. For 
example, anthracene reacts with tetranitromethane by 
addition of the elements of 02NC(N02)3 across the 
9,lO positions [equation (63)]. 96 Naphthalenes react 
with both tetranitr~methane~'~'~''~~~ and nitropyri- 
dinium cations94*'61 to yield a mixture of 1 ,.l-adducts 
and nitronaphthalenes, e.g. equation (64). 


Table 10 includes the varying distributions of 
adducts, nitronaphthalenes and side-chain nitration 
products. Since the adduces undergo rearomatization 


Table 10. Nitration and adduct formation in the C T  activation of naphthalenes with N O Z Y + ~  


Product distribution (Yo) 


Solvent NOzY + ArN0Zb Adducts' Ar'CHzNOzd Naphthalene 


1,4-Dimethylnaphthalene MeCN 
MeCN' 


MeCN 
MeCN' 
MeCNg 
MeCN 
MeCN 
MeCN' 
MeCN 
MeCN' 
MeCNg 
MeCN 


CHzCIz 


Naphthalene 


TNM 
TNM 
TNM 
MeOPyNO; 
MeOPyNO; 
MeOPyNO; 
LutNO; 
TNM 
TNM 
MeOPyNO? 
MeOPyNO; 
MeOPyNO; 
LutNO; 


10 
10 
10 
6 


95 
8 


16 
18 
78 
71 


> 99 
90 


> 99 


40 
67 
50 
61 
0 


26 
16 
82 
22 
29 


< 1  
10 


< 1  


~~ 


50 
23 
40 
33 


5 
66 
68 


~~ ~~ 


a Irradiated at 23 'C with focused light unless specified otherwise. Taken from Ref. 94. 
2-Nitro-I ,4-dimethylnaphthalene from 1.4-DMN and I -  and 2-nitronaphthalene from naphthalene. 
Isomeric mixture of ipso-adducts. 
1 -Nitromethyl-4-nitronaphthalene. 
Photolyzed at 0 'C. 


'Contains 5 vol.% trifluoroacetic acid. 
Photolysis effected with diffuse light. 
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under typical preparative (work-up) conditions to yield 
nitronaphthalenes, the adducts must be examined in 
situ by NMR techniques. Three experimental variables 
control the yield of adducts relative to nuclear nitra- 
tion: (1) addition of trifluoroacetic acid diverts the 
course of the reaction from adduct formation to 
nuclear nitration (entries 5 ,  9 and 11 in Table lo), (2) 
irradiation with diffuse light (rather than a focused 
beam) increases the yields of side-chain nitrated 1,4- 
dimethylnaphthalene (entry 6) and ring-nitrated naph- 
thalene (entry 12) at the expense of the adducts; and (3) 
the sterically hindered N-nitro-2,6-lutidinium affords 
either diminished or no yield of adducts. Facets (1) and 
(3) point to the involvement of the pyridine (or trini- 
tromethide) nucleophile in adduct formation. Accord- 
ingly, the fate of the cation radical is studied directly by 
time-resolved spectroscopy to resolve the mechanistic 
dilemma inherent to these addition-substitution 
reactions. 


When generated by the CT activation of EDA com- 
plexes with either MeOPyNOz or TNM, the decay of 
the arene cation radical follows second-order kinetics. 
The strong effect of added salt on the decay of 1,4- 
dimethylnaphthalene cation radical (DMN' ') in 
dichloromethane (Table 11, entries 5-7) establishes the 
prevailing process as ion-pair annihilation of [DMN' ' , 
trinitromethide] ion pairs, comparable to the alkylation 
process with the anisoles (see above). The decay rates of 
DMN' . in acetonitrile are considerably diminished 
(compare entries 1 and 5 )  compared with the value of 
the rate constant obtained in dichloromethane (entry 5) .  
Despite the considerable effect of added trifluoroacetic 
acid on the distribution of products, the decay of the 


cation radical is essentially unaffected (compare entries 
1 and 3 with 2 and 4). Accordingly, the decay of the 
cation radicals in acetonitrile is ascribed to radical-pair 
collapse (kRp). This assignment is confirmed by direct 
measurement of k N  and kRp. Pseudo-first-order decays 
of NAPH" in the presence of NO; yield a rate con- 
stant k~ = 4.0 x lo9 lmol-'s-', which is identical 
(within experimental error) with that observed from its 
second-order decay when generated from TNM or 
MeOPyNOz . The corresponding rate constant for 
reaction with pyridine is slower by an order of magni- 
tude. 94 Indeed, the addition of trinitromethide (as the 
tetrabutylammonium salt) left the decay of the naph- 
thalene cation radical in acetonitrile unaffected, to 
emphasize the unimportance of ion-pair collapse in this 
solvent. 94 (Picosecond studies have established that the 
geminate ion pairs of various anthracene cation radicals 
with trinitromethide undergo 100% cage escape with no 
component of ion-pair collapse in acetonitrile. 151.152) 


High yields of side-chain nitro compounds and 
adducts (up to 70%) are characteristic of the reaction of 
1,4-dimethylnaphthalene with TNM or N-nitro- 
pyridinium. 95*161 The presence of the ips0 u-inter- 
mediate is indicated, and the minor 2-nitro-l,4- 
dimethylnaphthalene product results from deprotona- 
tion of the 2-nitro-substituted (Wheland) intermediate. 
The fate of the ips0 intermediate is critically dependent 
on the role of pyridine. Nucleophilic addition of pyri- 
dine yields adducts such as those illustrated in equation 
(65). If the addition is frustrated by steric hindrance, 
deprotonation yields the sidechain nitroproduct. 
Finally, removal of both the side-chain deproto- 
nation and the nucleophilic addition pathways (by the 


Table 1 1 .  Second-order rate constants for the spectral decay of 
naphthalene cation radicals" 


k2 
Cation radical N02Y + Solvent Additive (10' Imol-' SKI) 
~~~ ~~~ 


1,4-DMN+' TNM MeCN - 3.0 
TNM MeCN TFAC 5.0 
MeOPyNO 2 MeCN - 6 .0  
MeOPyNO: MeCN TFAC 3.0 
TNM CH2C12 - 440 * 
TNM CH2C12 TBAP' 5 5 d  
TNM CH2C12 TBAPg 1 o d  


NAPH+ ' TNM MeCN - 33' 
MeOPyNO; MeCN - 30' 


'Generated by CT activation at 23 OC of  the EDA complexes derived from the 
naphthalene derivative and either tetranitromethane (TNM) or 4-methoxy-N- 
nitropyridinium (MeOPyNOI). Taken from Ref. 161 except where indicated. 


' Trifluoroacetic acid ( 5 %  v/v). 
dRef. 95. 
'Ref. 94. 
'Contains 0.005 M tetra-n-butylammonium perchlorate. 
Contains 0.02 M tetra-n-butylammonium perchlorate. 


1,4-DimethylnaphthaIene and naphthalene cation radicals. 
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q 
addition of trifluoroacetic acid) allows the (relatively 


rearrangement of the a-intermediate to the 
Wheland intermediate, which yields 2-nitro-l,4- 
dimethylnaphthalene [equation (67)] . 


The effect of light intensity operates chiefly by modu- 
lating the steady-state concentration of photogenerated 
pyridine. The high photon-flux density obtained from a 
focused beam of light generates high local concen- 
trations of pyridine. Efficient interception of pyridine 
by the a-intermediate forms the ipso-adduct [equation 
(65)]. Low light levels imply low concentrations of pyri- 
dine, which permit the incursion of the deprotonation 
[equation (66)] .  16' 


8. IMPLICATIONS OF CHARGE-TRANSFER 
ACTIVATION FOR ELECTROPHILIC 


AROMATIC NITRATION 


The foregoing experiments demonstrate that the 
mechanism of photonitration of arenes with N02Y' via 
CT activation proceeds according to the two-step 
mechanism: initial electron transfer, followed by 
radical-radical coupling of the [ArH+ ', NO;] frag- 
ments. Interference from the combination of ArH" 
with the cogenerated nucleophile has been accounted 
for, and the means for neutralizing its effect, by 
solvent, salt and steric effects, can be successfully 
employed. The absence of a kinetic isotope effect on the 
reaction of the cation radicals of a n i s ~ l e ' ~ ' ~ ' ~ ~ * ' ~ ~  and 


derivatives accords with the kinetic 
distinction of CT activation from the follow-up 
reactions of the a-complexes. In this respect photonitra- 
tion parallels the electrophilic activation process. 


When photonitrations are compared with nitrations 
effected under more usual electrophilic conditions, the 
arene substrates fall into two classes: (1) for reactive 
arenes such as the dimethoxybenzenes, the product dis- 
tributions are the same, independent of whether they 
are formed by charge transfer or electrophilic activation 
(Table 12); and (2) for less electron-rich arenes such as 
the naphthalenes, anisole, substituted anisoles, toluene, 
tert-butylbenzene, and the polymethylbenzenes in Table 
13, the product distributions are the same, provided 
that measures are taken to circumvent attack by the 
pyridine or trinitromethide nucleophile. It must be 
emphasized that this generalization applies to 'anom- 
alous' or 'non-conventional' nitration products as well 
as those involving nuclear nitration. Thus, processes 
such as the transfer halogenation of 4-bromoanisole, 
hydrolytic demethylation of 4-methylanisole, I5O alkyl- 
group transfer from tert-butylbenzene and side-chain 
reactions of durene, pentamethylbenzene and hexa- 
methylbenzene lo' are all indicative of the intermediacy 


Table 12. Electrophilic and charge-transfer nitrations of dimethoxybenzenes 


Isomer distribution (Vo) 


- - 1,4-Dimethoxybenzene CT 100 
EL 100 


1,2-Dimethoxybenzene CT - 0 100 
EL 0 100 


4-Methoxyphenoxyacetic acid CT 30 70 
EL 30 I 0  


2-(4-Methoxyphenoxy)ethanol CT 60 40 
EL 55 45 


- - 


- 
- 
- 
- 


Nitration effected by either the photoactivation of the [arene& TNM] complex in MeCN 
(CT) or treatment with HNOl in acetic acid in the dark at 25 C (EL). Taken from Ref. 
149b. 







ELECTRON TRANSFER IN AROMATIC NITRATION 345 


Table 13. Products of the electrophilic and charge-transfer nitration of aromatic 
substrates" 


Arene 
Nitrating Activation 
agent, NOzY+ modeb Product distribution Ref. 


4-Bromoanisole 


LutNOf 
PyNO 2' 
TNM 
LutNOf 
HN03 


Naphthalene 


LutNOf 
MeOPyNOf 


MeOPyNOf 
LutNOzf 
Me02CPyN02 
PyNO f 


TNM' 


HNOs' 
HNOp' 


Anisole 


LutNOf 
MeOPyNOf 
Me0z:PyNOf 
HNOs 
HNO, 
N O ~ B F B ~  


Toluene 


LutNO: 
MeOPyNO f j 
PyNOf 
NCPyNO f 
Me02CPyNO; 
ClPyNOf 
NOfBFi' 


tert-Butylbenzene 


LutNOf 
MeOPyNOf 
MeOPyNOf j 


MeOPyNOf 
Me02CPyNOf 
NCPYNO: 


HNO, 
HNO3 


Pentamethylbenzene 


PyNOf 
MeOzCPyNOf 
PyN0; 
MeOZCPyNOf 


CT 
CT 
CT 
EL 
EL 


CT 
CT 
CT 
CT 
EL 
EL 
EL 
EL 
EL 


CT 
EL 
EL 
EL 
EL 
EL 


CT 
CT 
EL 
EL 
EL 
EL 
EL 


CT 
CT 
CT 
EL 
EL 
EL 
EL 
EL 


CT 
CT 
EL 
EL 


ArNO;?' ips0 


62 38 
62 38 
55 45 
70 30 
61 39 


1 -NO;? 2-NO2 


95 5 
93 7 
95 5 
93 7 
88 12 
91 9 
93 7 
94 6 
95 5 


ortho para 


65 35 
68 32 
71 29 
70 30 
60 40 
69 31 


ortho meta para 


70 2 28 
67 5 28 
62 5 33 
63 4 33 
62 4 34 
64 4 32 
68 3 29 


ortho meta para 


6 12 82 
7 15 78 


16 22 62 
13 15 72 
12 14 74 
11 14 75 
10 10 80 
12 8 80 


Side-chain' Ring 


86 14 
8 20 


71 29 
7 30 


101 
101 
101 
101 
74 


94 
94 
94 
94 
94 
94 
94 


163 
27 


101 
101 
101 
163 
163 
163 


101 
101 
29 
29 
29 
29 


154 


101 
101 
101 
29 
29 
29 


164 
27 


101 
101 
29 
29 


continued 
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Table 13. Continued 


Nitrating Activation 
Arene agent, N02Y' modeb Product distribution Ref. 


Durene Side-chain' Ring 


P y N 0 2  CT 83 17 101 
PyNOZ El 85 15 29 


Mesitylene 
LutNOZ CT 0 100 101 
Me02CPyN02 EL 0 100 29 


Nitrations conducted in MeCN unless indicated otherwise. 
Thermal electrophilic (EL) or charge-transfer (CT) activation. 
2-Nitr0-4-bromoanisole. 
2,4-dibromoanisole with equimolar 4-nitroanisole. 


'Acetic acid solvent. 
'Acetonitrile containing 5 %  (v/v) trifluoroacetic acid. 
Acetic anhydride solvent. 
Sulfolane solvent. 


'Sulfuric acid solvent. 
' I n  the presence of excess N204. 
Ir Nitromethane solvent. 
'Total side-chain activation (dimers, side-chain nitro, alcohol, aldehydes, etc.). 


of the @so-a-complexes in both the electrophilic and the 
charge-transfer processes. The conclusion can be drawn 
that when nitration is compelled, by CT activation, to 
proceed by the electron-transfer pathway the results, as 
reflected in product distributions, are not distin- 
guishable from those obtained by following the 
electrophilic route. 


8.1. Electron-transfer step 


The first step in CT activation is the absorption of light 
of sufficient energy to effect the electron transfer. For 
electrophilic reactions, this initial electron transfer step 
appears too unfavourable thermodynamically to be 
consistent with the observed rates of nitration. For 
example, the substantial energy barrier of 
AGET = 11.5 kcal mol- does not seem compatible with 
a rate-determining ET step in the (diffusion- 
~ o n t r o l l e d ) ' ~ ~  reaction of NO; with naphthalene. Elec- 
tron transfer is even more unfavorable with the less 
electrophilic transfer nitrating agents NOzY + since their 
reduction potentials are diminished relative to that of 
the unbound Since there is substantial exper- 
imental evidence that electron transfer does occur from 
naphthalene to NO; in ~ o l u t i o n , ~ ~ ~ " ~  it is clear that 
(thermodynamic) electrode potentials do not tell the 
entire story. 


If electron transfer is a component of the nitration 
mechanism, it occurs within the EDA complex. The sig- 
nificant overlap between donor HOMO and acceptor 
LUMO implies a bonding interaction, with substantial 
reduction in the barrier to electron transfer between the 
components. Such a facilitation of electron transfer in 
an EDA complex has been demonstrated by quanti- 
tative analysis of charge-transfer band energies. 33*54972 


Indeed, inner-sphere electron transfer of this type is 
always characterized by faster rates of electron transfer 
than can be predicted from a consideration of thermo- 
dynamic driving forces alone. Since there appear to be 
no certain limits on the degree of inner-sphere facili- 
tation of electron transfer, electron transfer cannot be 
ruled out solely on the basis of exergonicity even in the 
nitrations of benzene and toluene by NO;. 


An inner-sphere mechanism for electron transfer 
from arenes to NO;, for example, constitutes a com- 
promise between the two extreme forms of 'pure' outer- 
sphere electron transfer on the one hand, i.e. 


(68) 
and (net) electron transfer effected by a bond 
formation-homolysis process on the other, i.e. 


ArH + NO; .+ ArHf '  + NOi 


H 
f 


\ 
NO2 


ArH + NO; + 'Ar + ArH" + NOi (69) 


with varying contributions from the two 'components.' 
In this respect, NO' serves as a model for electrophilic 
nitrating agents since its substantial (and variable) 
bonding interaction with arene donors and facile 
electron-transfer reactions (even endergonic ones) illus- 
trate the inner-sphere ET behavior expected of NO; 
and its carriers. 


8.2. Collapse of the radical pair 


The second factor pertinent to the charge-transfer acti- 
vation of arenes is the radical-pair collapse of the cation 
radical with NOi to generate the various a-complexes. 
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Evidence for the reaction is found in the gas-phase 
experiments and the direct interaction of cation radicals 
with NOj. CT activation of the [ArH, MeOPyNO;] 
complexes generates ArH", which in the presence of 
NO j decays by pseudo-first-order kinetics on the 
microsecond-nanosecond timescale, to provide an 
unequivocal method for obtaining rates of reaction 
(70). 


H 
i 


\ 
ArH' ' + NO; a +Ar (70) 


N0z 


A range of arene cation radicals from 9-phenyl- 
anthracene to toluene react with NOj at a uniform rate 
of 0.5 x lo9-4 x lo9 Imol-'s-' with no correlation 
with the radical cation stability (as measured by E0)'O' 
(Figure 2). In this regard, the reaction resembles a 
straightforward radical-radical combination process. 
Indeed, the uniform value of ca 2 x lo9 lmol-'s-' cor- 
responds to that for a diffusion-controlled (spin- 
limited) reaction rate constant. 148b Thus, ArH" 
behaves essentially like an ordinary free radical. 16' 


This situation can be contrasted with the coupling of 
cation radicals with added pyridine. Here the electro- 
philic reactivity, kN, is inversely correlated with stability 
(Eo)  of the cation radical."' The reactive cation 


radicals of anisole, mesitylene and toluene react elec- 
trophilically with pyridine at rates comparable to that 
of the NOi coupling reaction. On the other hand, 
cation radicals of polymethylbenzenes (durene, hexa- 
methylbenzene) anthracenes and naphthalene react 
more slowly with pyridine than with NO;. (Ion-pair 
collapse of ArH'. with trinitromethide is uniformly 
fast, with rate constants exceeding 10'O1mol-'s-l for 
arenes in dichloromethane. This reflects the efficiency 
of the ion-pair annihilation process and the enhanced 
nucleophilicity of anions in non-polar media. 16*) Thus 
arenes can be roughly divided into electron-poor, in 
which pyridine plays an important role, and electron- 
rich arenes in which radical-pair coupling occurs 
without significant competition from the nucleophilic 
reaction with pyridine. 16' 


The collapse of the radical pair to the various u- 
complexes determines the positional selectivity in nitra- 
tion (including ips0 substitution), largely according to 
the spin density at the various ring positions in the 
radical cation. It is the radical pair, then, that functions 
as Olah et d . ' s  ?r-complex intermediate to determine 
the overall arene reactivity. It should be noted that 
the original formulation is not incorrect, since 
[ArH+',NOi] is probably bound as a tight radical 
pair, analogous to the [ArHf' NO'] complex dis- 
cussed in Section 7.5. As such, the electron transfer 
mechanism in Scheme 2 constitutes the most plausible 
modification of the Ingold concepts to include the two- 
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Figure 2. Variation of the rate constants k ~ p  (0)  for radical-pair collapse of arene cation radicals with NO; and k~ (9) for attack 
of pyridine as a function of the oxidation potential of the arene donor 
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step activation process demanded by the reactivity- 
selectivity patterns in arene nitration. 


9. SUMMARY AND CONCLUSIONS 


Transfer nitrating agents, especially those derived from 
substituted pyridines (XPy) in the form of N- 
nitropyridinium cations (XPyNOz ), can be effectively 
used to gain new mechanistic insight into the activation 
process for aromatic nitration by (1) providing a graded 
series of active nitrating agents with widely varying elec- 
trophilic reactivities which can approach that of the 
nitronium ion (NO; ); (2) forming pre-equilibrium 
amounts of transient aromatic EDA complexes, [ArH, 
XPyN02 ] , that exhibit characteristic charge-transfer 
(CT) absorption bands; and (3) allowing aromatic nitra- 
tion to take place by the deliberate photo-activation of 
the EDA complex (via the CT absorption). 


Time-resolved spectroscopy in two time domains pro- 
vides unequivocal evidence that charge-transfer acti- 
vation ( ~ V C T )  of the EDA complex on the picosecond 
time-scale occurs by electron transfer to form the reac- 
tive triad, i.e. 


hvrr [ArH, XPyNO;] [ArH+',NOi,XPy] (72) 
The subsequent diffusive separation and recombination 
of the triad on the nanosecond-microsecond time-scale 
leads to the Wheland intermediate by radical-pair col- 
lapse, i.e. 


H 
/ 


\ 
ArH" + NOi --t +Ar (73) 


NO2 
Together with the side-reaction, which diverts some of 
the aromatic cation radical by nucleophilic reaction 
with XPy, this sequence constitutes the complete 
mechanistic description of charge-transfer activation. 


Charge-transfer activation of [ArH, XPyNOi] leads 
to the nitration of a wide variety of aromatic substrates, 
including toluene, anisole, mesitylene and durene, with 
high photoefficiencies. Aromatic nitrations carried out 
thermally with XPyNOZ (in the dark) follow the same 
pattern of electrophilic activation previously established 
for nitrating agents such as nitric acid, acetyl nitrate 
and nitronium salts. The direct comparison of the pro- 
ducts derived from the thermal (electrophilic) and the 
photochemical (charge-transfer) activation shows that 
the two processes are indistinguishable. This conclusion 
encompasses not only conventional (nuclear) nitration 
but it also includes side-chain substitution and ips0 
attack. The unity among the diverse array of products 
from 'non-conventional' nitrations (transalkylation, 


nitrodehalogenation, etc.) constitutes a particularly sen- 
sitive test of the essential identity of the two activation 
processes. Since the EDA complex is the common pre- 
cursor to both, we conclude from the common terminus 
(i.e. product distributions) that electrophilic and 
charge-transfer nitrations also share reactive intermedi- 
ates in common. 


From a much broader perspective, the study of nitra- 
tion as described here delineates a new approach to the 
elucidation of organic reaction mechanisms. Time- 
resolved spectroscopy is critical to the direct study of 
reactive intermediates with picosecond lifetimes that 
cannot otherwise be examined in the course of elec- 
trophilic (adiabatic) activation. (The charge-transfer 
paradigm is applicable to a wide variety of electrophilic 
reagents, including carbocations,"  halogen^,'^ 
quinones, 142,170 mercury acetate,48 thallium trifluoro- 
acetate, 48 osmium t e t r ~ x i d e , ~ ~  titanium 17' and tin 
tetrachlorides, cyanoalkenes 173 and 1. 
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AN UNUSUAL PARABOLIC DEPENDENCE OF RATE ON 
ACIDITY IN THE FISCHER INDOLE REACTION 


DAVID L. HUGHES 
Department of Process Research, Merck Research Laboratories, R80y-245, P.O. Box 2000, Rahway, New Jersey 07065, U.S.A. 


Over the HO acidity range from + 2  to -8, four different mechanistic variations occur in the Fischer indole reaction, 
leading to an unusual parabolic dependence of the rate constants on the acidity of the medium. In strongly acidic 
media kinetic isotope effects indicate that the rate-determining step is deprotonation to form the ene-hydrazine 
tautomer, whereas in weakly acidic media the tautomerization is so rapid that [3,3] -rearrangement becomes rate 
limiting. At an intermediate acidity, the deprotonation is rate determining, with the rate being strongly dependent on 
the concentration of the anionic counter ion. 


INTRODUCTION 


The Fischer indole reaction has found widespread use in 
organic synthesis over the past century and has also 
been the subject of numerous physical organic studies 
aimed at elucidating its mechanism. ' The mechanism 
generally agreed upon is that proposed by Robinson 
and Robinson in 1924, as shown in Scheme 1 for the 
indolization of the N-methylphenylhydrazone of 
heptan-4-one (1). Although the basic mechanism pro- 
posed 70 years ago has withstood the test of time, 
several aspects of the reaction have not been well 
defined or fully understood. Recently, based primarily 
on deuterium kinetic isotope effects, we demonstrated 
that the rate-determining step changed when the acidity 
of the medium was ~ a r i e d . ~  Under strong acid con- 
ditions, the tautomerization step (kl in Scheme 1) was 


CH, 


Hydrazone 


I 
CH3 


Ene-hydrazine 


found to be rate determining, whereas under weak acid 
conditions, the [3,3]-rearrangement step (or possibly a 
later step) was shown to be rate determining. Since the 
acid is playing a key role in this reaction, we undertook 
a further study of the effect of the acid strength on 
rates, and found an unusual parabolic dependence, as 
described below. 


EXPERIMENTAL AND RESULTS 


Rate constants for the indolization of the N- 
methylphenylhydrazone of 1 were measured using 
HPLC3 at 40°C in varying mixtures of MeSO3H in 
sulfolane, in HOAc and in HOAc-sulfolane mixtures. 
The acidity of the medium (Ho constants) was measured 
using the NMR technique of FBrcaSiu et aL4 Table 1 


CH, 


Scheme 1 
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Table 1. First-order rate constants at 40°C for the indo- 
lisatiion of N-methylphenylhydrazone of Heptan-4-one (1) 


(0.03 M SOhtiOn) 


Entry 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 


Acid/solvent 


Neat MeSOaH 
7 : 3 MeSO3H-sulfolane 
1 : 1 MeSO3H-sulfolane 
1 :2 MeSO3H-sulfolane 
1 : 5  MeSO3H-sulfolane 


1 : 10 MeSO3H-sulfolane 
1 : 15 MeSO3H-sulfolane 
1 :25 MeSO3H-sulfolane 
1 :45 MeSO3H-sulfolane 


MeCOOH 
1 : 10 MeCOOH-Sulfolane 


-7*48a 
-6.73 
-6.15 
-5.17 
-3.63 
-2.37 
- 1.52 


0.1 
0.4b 


k (min-') 


6.89 x 1 0 - ~  
1.97 x 10-3 


2.37 x 
1.51 x 
4.78 x 1 0 - ~  
1.13 x lo--' 
2.84 x 10-3 
4.69 x 1 0 - ~  


8.3 x 1 0 - ~  


6.42 x 


1.82 X lo-' 


"Literature values include -7.60' and -7 .86 .6  


'Reported as 0 by Milyaeva' but considered anomalous by Rochester.8 
A value of 1 can be estimated based on HO of formic and chloroacetic 
acids. 


Estimated value. 


lists the HO acidity constants and the first-order indo- 
lization rate constants measured at a hydrazone concen- 
tration of 0.03 M. Table 2 lists rate constants measured 
at differing hydrazone concentrations and with added 
salts, and also gives deuterium kinetic isotope effects 
for reactions in which both a-positions of the hydra- 
zone have been exchanged with four deuterium atoms. 


Effect of acidity on indolization rate constants 
A Brernsted plot of log k vs. HO for the indolization of 
the hydrazone 1, shown in Figure 1, demonstrates that 
the rate constants have a parabolic dependence on the 
acidity of the medium. In the strong acid region from 
HO = - 7.5 to - 6, the points define a line with a slope 
of 0.77,  indicating a strong dependence of rate on 
acidity in this reaction regime. In the region from 
HO = - 5 to - 2, there is a minimal dependence of rate 
on acidity with a change in slope, whereas in the - 2 to 
+1 region there is an unusual and strong negative 
dependence on the acidity. In a more weakly acidic 
medium above HO = +1, such as solutions of acetic acid 


Table 2. Effects of salts and hydrazone concentration on the first-order rate constants and kinetic isotope effects for the indolization 
of N-methylphenylhydrazone of heptan-4-one (1) in MeSO3H-sulfolane solution at 40 'C 


Hydrogen isotope, 
Entry Acid/solvent HO concentration Salt (concentration) k (min-') ka/ko 


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 


Neat MeS03H 
Neat MeSO3H 
Neat MeSO3H 


1 : 1 MeSO3H-sulfolane 
1 : 1 MeS03H-sulfolane 
1 :2 MeSO3H-sulfolane 
1 : 5 MeSO3H-sulfolane 


1 : 10 MeSO3H-sulfolane 
1 : 10 MeSO3H-sulfolane 
1 : 10 MeSO3H-sulfolane 
1 : 10 MeSO3H-sulfolane 
1 : 10 MeSO3H-sulfolane 
1 : 10 MeSO3H-sulfolane 
1 : 10 MeSO3H-sulfolane 
1 : 10 MeS03H-sulfolane 
1 : 10 MeSO3H-sulfolane 
1 : 15 MeS03H-sulfolane 
1 : 15 MeSO3D-sulfolane 
1 : 15 MeSO3H-sulfolane 
1 : I5  MeSO3D-sulfolane 
1 :25 MeSO3H-sulfolane 
1 :25 MeSO3D-sulfolane 
1 :25 MeSO3H-sulfolane 
1 :25 MeSO3D-sulfolane 


MeCOOH 
MeCOOH 
MeCOOD 


-7.48 


- 6.73 


-5.17 
-3.63 
- 2.37 


-1.52 


0.1 


1 


None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 


Et3NH+MeSOf(O.21 M) 
Et3NH+MeSOT(0.48 M) 


M e i N  C1-(0.21 M) 
M e i N  Cl-(0.21 M) 


None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 


n-B~4NBF4(0.20 M) 


5.62 x 5.4 
1.03 x lo-' 
6.89 x 10-3 


1.1 x 10-4 
1.96 x 1 0 - ~  


7.43 x 10-3 2.6 
2.82 x lo-' 
2.11 x 1 0 - ~  3.0 
7.08 x 1 0 - ~  


6.94 x 1 0 - ~  
1.88 x 10-2 3.3 
5.66 x 1 0 - ~  


6.49 x 1 0 - ~  


4-89 x 10-3 


1.62 x 10-3 
7 . 7 2 ~  lo-' 1.1 
6.97 x lo-' 
1.82 x 10-3 
1 . 8 0 ~  10-3 1.3 
1.39 x 10-3 


4.60 x 4.2 


5.89 x 


2.61 x 
2.50 x lo-' 


1.13 X 1.7 


7.39 x 1.5 


2.84 x 1.7 







RATE OF THE FISCHER INDOLE REACTION 


- 1  1 3 5 7 


-Ho 
Figure 1. Brensted plot of log k vs. - HO for the indolization 
of the N-methylphenylhydrazone of heptan-Cone (1) at 40 "C 
in MeSO3H-sulfolane solution at a hydrazone concetration of 


0.03 M 


in sulfolane, the rate constants once again decrease 
sharply. 


Concentration effects 


During the course of measuring rates using 1 :  10 
MeSO3H-sulfolane, we noted that the rate constants 
increased when the hydrazone concentration was 
increased. We therefore initiated an investigation of the 
effects of hydrazone concentration and salts on the 
reaction rate. As shown in Tables 1 and 2, the rate con- 
stants are fairly insensitive to hydrazone concentration 
in the strongly acidic region of HO = - 7 5 to - 5 (com- 
pare entries 1 of Table 1 and 1 of Table 2, entries 3 of 
Table 1 and 4 of Table 2 and entries 4 of Table 1 and 
6 of Table 2), are strongly sensitive in the HO = - 3 to 
-1.5 region and are insensitive again in acetic acid as 
solvent. Since the hydrazones are protonated even in 
the weak acid media, as shown by 13C NMR spectros- 
copy, this rate dependence is most likely a salt effect. 
Therefore, the reaction was carried out in the presence 
of various salts, as shown in Table 2. The data indicate 
that there is not a general salt effect, but rather a spe- 
cific salt effect. Whereas the cation appears to be unim- 
portant, the basicity of the anion plays a decisive role. 
With the non-basic anion tetrafluoroborate, only a 
small rate effect is observed. With the more basic 
anions MeSOi and C1-, which are the most basic 
anions this acidic medium can have owing to leveling 
effects, a strong rate dependence is observed. Figure 2 
shows that a plot of log k vs. log[MeSOI] (rate data 
from entry 6 of Table 1 and entries 10, 13 and 14 of 
Table 2) is linear with a slope of nearly unity, indicating 
that the reaction is essentially first order in salt 
concentration. 


Y 


ul - 


-2.0 - 
. y = - 1 9695 + 0 . ~ 6 9 4 0 ~  RAZ = 0.994 


-2.5 - 


-3.0 - 


-2 .5  -2.0 . 1 . 5  .1.0 - 0 . 5  


log [Melhanesulfonate] 
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Figure 2. Plot of log k vs. log [MeSOF] for the indolizati!n 
of the N-methylphenylhydrazone of heptan-cone (1) at 40 C 


in 1 : 10 MeSO3H-sulfolane solution 


Deuterium kinetic isotope effects 


As shown in Table 2, large kinetic isotope effects were 
measured for the indolization under the strong acid 
conditions, and decreased as the acidity of the medium 
decreased, such that at HO in the -1 .5  to +1 range, 
k ~ / k ~  is near unity. This is the same effect observed 
earlier,3 and indicates that at HO in the range - 2 to 
- 7 . 5  the initial tautomerization (kl in Scheme 1) is the 
rate-determining step. At an HO of -1 to +1, the lack 
of an isotope effect indicates that a later step, probably 
kz in Scheme 1, is now rate determining. 


Summary of mechanistic changes 


The parabolic dependence of the rate on acid strength 
(Figure 1) and the variable kinetic isotope effects (Table 
2) indicate that a change in mechanism occurs as the 
acidity is varied. The data indicate that there are 
roughly four differing regimes. 


(1) In the strong acidic medium, with HO between 
- 7 - 5  and - 5 ,  the large isotope effect leaves no doubt 
that the rate-limiting step is the deprotonation in the 
initial tautomerization step (k l ) .  The probable 
tautomerization mechanism is shown in equation (1). 
The strong dependence on acid strength in this region 
indicates that the reactive species is the diprotonated 
hydrazone (with second protonation either on the ring 
or a- nitrogen), present in a small equilibrium quantity. 
(Diprotonation is also consistent with inverse solvent 
isotope effects in this HO region, as measured pre- 
viously. 3,  The rate-determining deprotonation must 
involve a base, and since the reaction is insensitive to 
the concentration of the counter ion (MeSOi), the 
basic source is probably the solvent or a hydrogen- 
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bonded conglomerate of MeSOT and MeSO3H. 
Alternatively, a solvent-assisted intramolecular depro- 
tonation may occur. This mechanism is similar to that 
postulated for acid-catalyzed ketone enolization, where 
protonation on the ketone oxygen occurs in a pre- 
equilibrium step followed by rate-determining depro- 
tonation (for a comprehesive review of the kinetics and 
mechanism of enolization, see Ref. 9). In the enoliza- 
tion, the overall rates are strongly correlated with aci- 
dity, with rates increasing with increased acidity, again 
in analogy with the tautomerization under the strong 
acid conditions in the indolization reaction. 


(2) In the HO region of - 5 to - 2, the kH/kD values 
are lower than in the more strongly acidic media, but 
the substantial values near 3 still indicate that the 
rate-limiting step is deprotonation. This region is 
characterized by a trough in the plot of log k vs acid 
strength, with a minimum near HO = -4 (Figure l ) ,  and 
a nearly unit dependence on the concentration of the 
basic counter ion (Figure 2). This is consistent with a 
mechanistic change from diprotonation of the hydra- 
zone to monoprotonation. This is shown in equation 
(2), where the base for deprotonation is the counter ion 
MeSO: or other added counter ion such as C1-. 


(3) In the Ho region of -1 - 5  to +1 the isotope effects 
decrease to near unity, which indicates a mechanistic 
change in rate-determining step occurs in this region, 
from tautomerization at acidities stronger than 
HO = 0 - 2 to [3,3]-rearrangement at acidities weaker 
than HO = 0. The increase in rate in this region with 
decreasing acidity means that the initial tautomerization 
step is becoming increasingly more rapid as the acidity 
decreases, up to the point where it is no longer the rate- 
determining step. In agreement with this, H-D 
exchange of the deuterated hydrazone 1 in DOAc was 
very rapid, with complete exchange occurring within 
10min at ambient temperature. In contrast, in 
CF3COOH solution (Ho = - 3.0), only 15% exchange 
occurs over a 45 h period at ambient temperature. This 
negative dependence on acidity is most unusual (this 
effect is common for several Fischer indole reactions 


+ MeSOjH + MeSO; 


involving other hydrazones, and will be reported in due 
course) and can be interpreted perhaps as a decrease in 
hydrogen bonding to the MeSO: anion as the concen- 
tration of MeSO3H decreases, making it a more effec- 
tive base, and hence accelerating the tautomerization 
rate. A similar effect has been seen previously in the 
Mitsunobu reaction, where reactions of formate ion 
were strongly influenced by the amount of hydrogen 
bonding to formic acid. lo  


(4) Above HO = +1, the reaction becomes very slow, 
as shown by rates in acetic acid-sulfolane mixtures. In 
this region, no protonation of the hydrazone occurs, as 
shown by I3C NMR spectroscopy, indicating that 
monoprotonation accelerates the tautomerization step. 


In summary, over the HO acidity range + 2 to - 8, 
four different mechanistic variations occur in the 
Fischer indole reaction, leading to an unusual parabolic 
dependence of the rate constants on the acidity of the 
medium. 
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KINETIC STUDY OF THE FORMATION AND RUPTURE OF 
STABLE TETRAHEDRAL INTERMEDIATES. C-0, C-N and C-S 


BOND FORMATION 


OSWALDO N U ~ ~ E Z * ,  JOSE RODRIGUEZ AND LARRY ANGULO 
Departamento de Procesos y Sistemus, Universidud Simon Bolivar, Aptdo Postal 89000, Caracas, Venezuela 


Measured pseudo-first-order rate constants for intramolecular formation of tetrahedral intermediates from N-2- 
hydroxyethylphthalimide, N-2-aminoethylphthalimide and N-2-thioethylphthalimide at pH > 6 are reported. The 
reaction is specific and general base catalysed, with B(Bransted) values 0.44, 0.52 and 0.52 respectively. From a plot 
of log kb (general base rate constants) vs y '  [the affinities of EtXH (X = 0, NH, S) toward the carbonylic carbon], 
B,Lc values of 0.01 (with OH- as specific base), 0.25 (with imdidazole as general base) and 0.27 (with HPOI- as 
general base were obtained). The observed relationships p., = tSB:.,/ - 9pK. = - tSB(Brensted)/tPy' = 0.03 is 
supported by the predictions of an energy contour diagram, which, on extrapolation to a non-stable tetrahedral 
intermediate, predicts a late and slightly protonated transition state for the cleavage process. At pH < 3, these 
intermediates cleave to yield only the corresponding diacylimides. These reactions are general base and acid catalysed 
with > 0 .3  and a < 0-1. A fast equilibrium between the intermediate and its N-protonated (amide) form is reached. 
The general base rupture of the latter is faster than that of the corresponding non-protonated intermediate by a factor 
of ca lo9 - lO"-fold. 


INTRODUCTION 


As a direct method for studying the cleavage and for- 
mation of tetrahedral intermediates, we started a study 
of a series '*' of stable tetrahedral intermediates. The 
advantage of our approach over  other^^-^ is that direct 
measurement of the process of rupture and formation 
of these intermediates can be achieved by dynamic 
NMR, based on the equilibrium shown in equation (1). 


OD 


- 1 - 2 


la: X=O; n=6 (ring s u e )  (1) 


I b  X=NDz: n=5 (ringsize) 


The pseudo-first order rate constants kl and k-1, 
over a wide pH range, were determined by 'H NMR 
line-shape analysis of the methylene protons attached to 
X. For the rupture of la',' at 2.5 < pD < 9, both non- 


*Author for correspondence. 


catalysed and specific and general base (P=O.4)- 
catalysed processes were observed. At pD < 2.5 an 
irreversible change is detected. For lb ,  however, the 
process of rupture to yield 2b could be followed at 
p D = 2 - 5  where a specific acid catalysis occurs.* In 
order to cover other stable tetrahedral intermediates 
and in an effort to find an answer to the different 
chemistry between la and l b  at low pD, we prepared 
compounds 3a, 3b and 3c [equation (2)], 


3a: x-0 
3b: X=NH2 
3c: X=S 


0 


- 5 
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As depicted in equation (2) and in contrast to com- 
pounds l a  and lb, phthalimide derivatives 3 produce 
compounds 4 irreversibly. The tetrahedral intermediate 
4 cleaves to produce only compounds 5 at pH < 3. 
Since these reactions are not in equilibrium, NMR line- 
shape analysis was discarded as the kinetic method; 
consequently, we used a conventional UV method to 
follow the conversions. The kinetic results and the con- 
sequences of the transformations 3 -+ 4 and 4 -+ 5 are 
discussed in this paper. 


EXPERIMENTAL AND RESULTS 


Syntheses 


2-HydroxyethyIphthaIimide (3a) 


Following the method reported by Wen$er,6 3a was 
obtained in an 86% yield m.p. 128-130 C (lit.6 m.p. 


4H), 7 .8  (m, 4H). UV (Amax): 214, 240 and 300nm 
( ~ = 2 . 5 0 x  l o 3  Imol-'cm-'). 


129-131 "C). 'H NMR, CDC13: 6 2.5 (s, lH), 3 . 9  (s, 


2-Aminiumethylphthalimide (3b) 


By hydrogenation with 10% Pd-carbon at 40 psi of 2- 
ethylazide-phthalimide, previously prepared according 
to Wolfe and Hasan,' 3b was obtained in 71% yield. 
'H NMR, (D20): 6 3.3 (m, 2H), 4 - 0  (m, 2H), 7 .8  (s, 
4H). 'H NMR, DMSO-da: 6 3.1 (t, 2H), 3 .9  (t, 2H), 
7 . 9  (s, 4H), 8 - 4  (m, 3H). UV (Ama): 214, 240 and 
300 nm (E  = 1.98 x l o 3  1 mol-' cm-I). 


2-ThioethyIphthaIimide (3c) 


From phthalic anhydride (13.5 mmol) and 2- 
aminoethioethanol (40.5 mmol in benzene (20 ml) and 
pyridine (2 ml) (heated for 90 min at 100-1 10 "C) and 
separating the organic phase, 3c was obtained in 
58% yield, after recrystallization from diethyl 
ether-benzene, m.p. 68-70 "C. 'H NMR, CDCl3: 6 1.4 
(t, lH), 2 .8  (dd, 2H), 3 .9  (t, 2H), 7 .8  (s, 4H). UV 
(Amax): 214, 240 and 300 nm ( E =  1.67 x lo3 1 mol-' 
cm-'1. 


Identification of compounds 4 and 5 
When compounds 3 were treated with NaOH (pH > 6), 
tetrahedral intermediates 4 were obtained. The 'H 
NMR and UV spectra for 4a, 4b and 4c are similar. 'H 
NMR, DzO: 6 3-30-3-45 (br, t, 2H), 3.55-3.75 (br, t, 
2H), 7-30-7.60 (m, 4H). UV (Amax): 214 and 240 nm. 
Tetrahedral intermediates 4 are transformed into the 
bicyclic compounds 5 when treated with acid (pH < 3). 
As for compounds 4, the 'H NMR and UV spectra of 
5a, 5b and 5c are very similar. 'H NMR, D2O: 6 3.40 


(m, 2H), 3.60 (m, 2H), 7.80-8.00 (m, 4H). UV (Amax): 


214, 240 and 276 nm. 


Kinetics 


The kinetics were followed by UV measurements using 
an HP Model 8452A spectrophotometer. In reactions 
3 -+ 4 the disappearance of the 300 nm absorption band 
corresponding to 3 was used. In reactions 4+5 the 
appearance of the 276 nm band corresponding to 5 was 
followed. 


Reactions 3 -+ 4 
The solutions were prepared to give a final concen- 
tration of M of substrate 3, a buffer (imidazole or 
phosphate) concentration of M and maintaining 
the ionic strength constant with a solution of 1 M KCl. 
The temperature was also kept constant at 25.0 "C with 
a circulating water-bath. The pseudo-first order rate 
constants were obtained from a plot of In(At - A,) vs 
t .  The buffer-catalysed second-order rate constants 
were obtained from the slope of a plot of kobs vs [Bl 
(Figure 1; B = conjugate base of the buffer). The  OH- 
value was obtained by plotting the intercepts of the kobs 


vs [B] plots vs [OH-]. In Table 1 the second-order rate 
constants are reported. From a plot of log ks vs. PKa 
the P(Br0nsted) values were obtained (Figure 2). A plot 
of log kg vs y' (affinity toward carbonylic carbon; see 
Discussion) gave the PAu, values (Figure 3). These P 
values are reported in Table 1 .  


Reactions 4 -+ 5 


Compounds 3 M) were transformed completely 
(adjusting to pH > 6 with excess of NaOH) into 4. The 
completeness of the reaction was verified by observing 
the total disappearance of the characteristic 300 nm UV 
band of 3. The pH was reduced (<3)  to the desired 
range and kept constant with lo-' M buffer. The ionic 
strength was kept constant with 1 M KCI. The tempe!a- 
ture of the bath was maintained constant at 25.0 C 
with circulating water. The appearance of the 276 nm 
band characteristic of bicyclic compounds 5 was used to 
follow the kinetics. The pseudo-first-order rate con- 
stants were obtained from a plot of In (A, - A t )  vs t. 
From a plot of kobs vs total concentration of buffer, 
different slopes at each pH were obtained. A plot of 
these slopes vs fraction of free acid of the buffer is 
shown in Figure 4. From the intercepts of these plots at 
a! = 0 and a! = 1 the second-order rate constants for the 
general acid and base catalysis were obtained. All these 
constants are reported in Table 2. The values of 
a(Br0nsted) and P(Bronsted), obtained from a plot of 
log ~ B H ( ~ B )  vs pKa, are reported. 
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Figure 1 .  Plot of kobs. vs [buffer base] for compound 3c at pH 6 .7  and 25 'C 
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Figure 2. Plot of log k(base-catalysed second-order rate constants) vs pKa of buffers (H20, imidazole and HPOj-). Statistical cor- 
rection is included 
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Table 1. kg values, P(Brensted) and p& for reactions 3 + 4 


3s 
3b 
3c 
B:"c 


4800 f 66 
4500 f 34 
4000 -+ 54 


0.01 


0.6 f 0.2 
0.16 k 0.04 
0.09 f 0.03 


0*24b 


1.20 f 0.5 0*43a 
0.21 f 0.08 0.50a 
0.18 2 0.06 0*51a 


0.26b 


'Obtained from a plot of the log of each value of this file vs pK, (Hz0, imidazole and HzPOi).  Statistical correction is included. 
bObtained from a plot of each value of this column vs y' (3a 2.6,  3b -0.2, 3c -0.7). where y'  is the intrinsic affinity for carbonylic carbon. 
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0 B'nuc. = 0.01 
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y' (affinity for corbonylic carbon) 


Figure 3. Plot of log k (base-catalysed second-order rate constants) vs y' (affinity toward the carbonylic carbon): y' = 2-6 (X = OH, 
3a), -0.2 (X = NH2, 3b) and -0-7 (X = SH, 3c) 


Table 2. Second-order rate constants, a, p and competition ratios of reactions 4 -, 5 


k B H  (I mol-' s - ' ) ~  K B  (I mol-I s - l )  /cBH//c~- = kZ/ks- x 10- lob  


Compound H3P04 Oxalic acid ~(Brensted) H2P04 Oxalate P(Br0nsted) H3P04, HzP04 O x a k  oxalate 
~~ 


4a 0.51 0.33 0.01 0.30 0.14 0.30 1.7 2.4 
4b 0.34 0.21 0.03 0.49 0.07 0.94 0-69 3.0 
4c 0.27 0.15 0.06 0.49 0.09 0.83 0.55 1.7 


Statistical correction is included. 
b k ~ ~ / K ~  = ( k z / k i ) K K n ~ ,  where K =  lo-' I mol-' and KBH = lo-' 1 mol-'. 
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Figure 4. Plot of k (1 mol-' s - ' )  of Figure 5 vs the acid fraction of buffers for compound 4c. The k values were obtained from 
a plot of kobs vs [total buffer] at different pH values 


DISCUSSION 


X-C bond formation (reaction 3 + 4) 


In Table 1, the second-order rate constants of the 
general base catalysis for the intramolecular attack of 
the -N(CHz)'XH groups to the phthalimide car- 
bonylic carbon [equation (2), pH > 61 are reported. As 
shown, the P(Br0nsted) values are similar, with values 
around 0.5. However, these values might be uncertain, 
since one of the plot points (OH-) could be acting via 
a different mechanism to the other base catalyst. We 
discarded this alternative owing to the following evi- 
dence. Excluding the  OH- values from the calcu- 
lations, the P(Br0nsted) values obtained are in all cases 
<0-6. When they are included, the correlation coeffi- 
cient r z  > 0.9996. The P(Br0nsted) values obtained'.' 
for compounds 1, (0.4) and 2 (0.5) are also around the 
value of 0.5. Gravitz and Jencks' found 
P(Br0nsted) = 0.57 in the general base catalysis (car- 
boxylate buffers) for formation of compound 6' from 
the phthalimide 6". In these systems, the point for 
water also fits the Bransted plot, suggesting the same 
mechanism as that for the other catalyst. 


In Table 1 are also given the PAUE values. They are 
completely different, with a maximum of 0.27 for the 


reaction catalysed by HPO?-. When plotting kg vs the 
pKa of the --N(CHz)zXH groups (slope = Pnuc), there 
is not a good linear correlation. However, when plot- 
ting kg vs the affinities of the -N(CHz)zXH groups 
towards carbonylic carbon ( 7 6 ~  = 2.6, y f i ~ ~  = -0 .2  
and 7 4 ~  = - 0.7) a good correlation, the slope of which 
we have defined as PA,,,, is found. These affinities were 
obtained from the following equilibrium: * 


OH 
I 


I 
X 


R-COH+HX & R - C - H  (3) 


The parameter y, which is a measure of the ability of 
a given compound to add to the carbonyl group and, 
therefore, a measure of its affinity for carbon compared 
to hydrogen, is defined as y = IO~(KRXH/KM~NH~). 
Sander and Jencks' obtained the y values, evaluating 
the equilibrium constants of equation (3), and using 
pyridine-4-carboxaldehyde and different alcohols, 
amines and thiols as nucleophiles (HX). In our case, 
there is an intramolecular reaction [equation (2), 
pH > 61 between three different nucleophiles 
--N(CHz)'XH (X = 0, NH and S) and the phthalimide 
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Table 3 .  Affinity toward carbonyl carbon (7') 


Compound Ya PKa Y'* 


3a -2.5 15*9b 2-6 
(X = EtOH) 


(XH = EtNHz) 


(XH = HOCHzCH2SH) 


(XH = CH3NH2) 


3b -0.3 10*8b -0 .2  


3c +0.35 10.2' -0 .7  


CH3NH2 0 10.6b 0 


a y = b g ( K H X / & t c N H z )  from equilibrium RCOH + XH 
RCH(OH)(X); values from Ref. 8. 
bFrom Ref. 9. 
'From Ref. 10. 


librium basicity constants. 
d t  y = log [antilog Y(KRX-/KRNH,)] ,  where KX and KRNH, are the equi- 


carbonyl group. Therefore, we used the thermodynamic 
y values to obtain the corrected y' parameters, which 
are a measure of the intrinsic affinity for carbonylic 
carbon. Since the y values of the -N(CH2)2XH 
(X = -0,NH and S) groups have not been reported, * we 
used instead the values for ethylamine, ethanol and 
P-mercaptoethanol (Table 3). 


0.6 


0.5 


0.4 


0.3 


0.2 


0.1 


0.0 


-0.1 


The antilogarithm of y is then defined according to 


[RC(OH)(MeNHdI [XHI (4) 
In this equation, the affinity for carbon is given by the 
ratio [RC(OH)(X)]/ [RC(OH)(MeNH2)] and the 
affinity for hydrogen by the ratio [MeNHz] / [ XH]. A 
good measure of the affinity for hydrogen of an X 
group is given by its basicity equilibrium constant, 
Kx=Kw/KxH, in water. The reference used in the 
definition of y is methylamine. However, under our 
experimental pH conditions, a correction of the 
methylamine contribution to the [MeNHz] / [XH] ratio 
is required, since methylamine would be in the form of 
MeNHf and not MeNH2. This correction is given 
by the basicity equilibrium constant of MeNH2, 
K M ~ N H ~  = KW/KMeNH:, in water (Kw = moI2 
1-2). We have defined y '  as the intrinsic affinity of the 
groups XH for carbon, where a correction for their 
affinity for hydrogen has been taken into account by 
multiplying the antilogarithm of y [left-hand side of 
equation (4)] by the ratio of the equilibrium basicity 
constants, Kx/KRNH2, according to the expression 


Plots of PAuc vs pK, (buffer) and P(Br0nsted) vs y '  


KHx/KMeNH2 = [RC(OH)(X)I [MeNHzI / 


7' = 1% [antilog y (KX/KRNH2)1. 


- 


- 


- 
p'nuc. vs pKa 
p Bronsted vs y '  


- 


I I I I - 
-5 0 5 10 15 20 


PKo (Y' ) 


Figure 5. Plots of @Auc vs pKa and @(Bransted) vs y '  (affinity toward carbonylic carbon). The slope is the cross term pxy 
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0 


+ BH 


0 


+ B  
Figure 6 .  Contour diagram for reactions 4 + 5. Solid lines: top, hypothetical symmetric reaction coordinate; bottom; reaction coor- 
dinate. Top arrows: predicted changes when the basicity of B is increased. Bottom arrows: predicted changes when the affinity 


toward the carbonyl carbon (7 ‘ )  of XH groups is increased 


are shown in Figure 5 .  The average of the slopes for 
both lines is the cross-term p W =  SpL,/-t9 pKa 
= - SP(Bransted)/Sy’ and is equal to 0.03. This value 


is supported by the tendencies expected from the energy 
contour diagram of Figure 6 and the experimental 
measurements of P(Br0nsted) and PA,,,. When 
increasing the basicity of the buffer the two right 
corners are stabilized. This change introduces a move- 
ment toward the reactants on the parallel coordinate 
and towards the bottom right corner on the perpen- 
dicular coordinate, as shown by the arrows (top). The 
resultant movement is to decrease Pi,,, (bottom solid 
line in Figure 6 )  maintaining P(Br0nsted) constant, as is 
observed experimentally (Table 1). Increasing the 
affinity of X toward the carbon (y’), the top corners are 
stabilized. The resultant movement, as shown by the 
bottom arrows, is to decrease P(Br0nsted). As is shown 
experimentally (Table I), a small decreasee in 
P(Bransted) is observed (from 0.52 to 0.43), changing 
from X = N H  and X = S H  ( y ’ =  -0 .2  and -0-7, 
respectively) to X = 0 with y’ = 2.7. According to this 
mechanism, the X-C bond formation proceeds 


through a concerted mechanism with a transition in 
which the base has abstracted the proton half way, and 
the X-C bond is scarcely formed. The reverse reaction 
is the breakdown of the conjugate base of the tetra- 
hedral intermediate (top right to bottom left corner in 
Figure 6) .  This reaction is then general acid catalysed 
with ~ ( B r ~ n s t e d )  = 1 - P(Brensted). The a(Bransted) 
value for X = O  is 0.57, which is similar to the value 
obtained by Gravitz and Jencks’ [a(Bransted) = 0.431 
in the last step of the hydrolysis of phthalimidium 
cation 6 and by usz [~(Bransted) = 0.61 in the rupture 
of compound la .  For X = NH, a(Br0nsted) = 0.50 and 
we observe’ for the rupture of intermediate lb 
cr(Br0nsted) = 0-4. The mechanism of cleavage pro- 
posed by Gravitz and Jencks’ and by us2 is one in 
which a pre-equilibrium between the tetrahedral inter- 
mediate and its conjugate base (T- ) is established. 
Then the rupture occurs from T-; this last step is 
general acid catalysed and the rupture of the X-C 
bond and the protonation of the X group occur simul- 
taneously. This is also the mechanism of the reverse of 
the reaction in Figure 6 .  The fact that the a(Br0nsted) 
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6' - 6 - 


values directly measured by Gravitz and Jencks and by 
us are very similar to those obtained from the 
P(Br0nsted) values for compounds 3a and 3b reinforces 
the mechanism proposed in Figure 6. The mechanism of 
X-C formation is then general-base catalysed by direct 
abstraction of the proton by the base, in a concerted 
step with some X-C formation at the transition state. 
Further evidence in support of the concerted character 
of this mechanism the experimental observation in 
which there is a decrease in X-C formation as the 
basicity of the base decreases (Table 1, PL, values). 


C-N cleavage (4 + 5) 


General acid catarySs 


Protonation of an amide nitrogen by water is a very 
slow process with a rate constant that can be estimated 
to be kHlo = 1 mol-' s-' ,  assuming diffusion- 
controlled reaction for the reverse interaction between 
the protonated amide (pKa = - 8 for RCONHf )" and 
the hydroxide ion. However, protonation of the amide 
nitrogen by hydroxonium ion [kl in equation (6), 
B=H20]  could be estimated to be, at least, 
k ~ +  = lo4 I mol-'s-', assuming a rate constant 
k-  1 [HzO] of 10'' s-' for deprotonation of the amide 
by water (diffusion-controlled) and using the pKa value 
of - 8 estimated for primary amides, so that at pH c 2 
protonation of the amide nitrogen of compounds 4 is a 
fast process (100s-') compared with the values of 
kobs = s-' obtained for the formation of 5. A fast 
equilibrium is then established between intermediates 4 
and 4 '  followed by the general base cleavage of 4 ' .  This 
mechanism is kinetically equivalent to the direct general 
acid catalysis (k i )  of the intermediate 4 that obviously 


- 5 


" 3 x 


4' (6)  
"'J 


could be ruled out due to the fast protonation by H+ 
and the faster rupture from 4 '  compared with 4. 


According to the proposed mechanism and as it is 
shown in equation (6), a pre-equilibrium, 
4 + BH * 4' + B, is established and the cleavage occurs 
from 4 ' .  The kobs value is then given by 
kobs= [BH](~&H/K,) so that the general acid rate 
Constant iS then given by kBH = kobs/ [BH] = kZKBH/Ka 
and k2 = kBHKa/KBH. This constant k2 can be estimated 
from the observed general acid rate constant 
~ B H  = lo-' 1 md-'s-' (Table 2, BH = H3P04), the 
acidity constant for HsP04, KBH = lo-' mol I-', and 
the value of the acidity constant for the amide proton, 
Ka = lo* 1 mol-': k2 = lo-' 1 moI-'s-'/lO-* 1 mol-' 
X 1 mol-' = lo9 1 mol-'s-'. Since k - I  in 


equation (6) is diffusion controlled (10 lo 1 mol- ' s- '), 
k2 is the rate-determining step with a partition factor 
(kz/k-1) equal to ca lo-'. 


It is interesting to compare the estimated value of kz 
(second-order rate constant) of (lo9 1 mol-'s-') for the 
rupture of tetrahedral intermediate 4 '  with the esti- 
mated" first-order rate constant value (33 s- ' )  for the 
rupture of compound 7 [equation (7)]. The effective 


0 
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concentration, which is given by the ratio 
33 s-'/109 1 mol-ls-', indicates what [BH] value is 
required in the intermolecular reaction in order to have 
equal intra- and intermolecular rates. This ratio is 
3 X This low value implies that the intramolecular 
character for the process of rupture of 7 is more than 
compensated for by the additional driving force of an 
important negative charge on the oxygen developed in 
the rupture of 4 ' ,  which is promoted by the general 
base catalysis of the kz step [equation (6)]. The value 
P >  0.97 for this step, which was estimated from the 
relationship = 1 - a (a = 0.03; see Table l), re- 
inforces the latter statement. Other factors l3 such as the 
difference in leaving and staying abilities of the pro- 
tonated piperidine and an amide and the relative stabi- 
lities of the products (6 + RHHz and 5a) might also be 
influencing the relative reactivity of 7 and 4 ' .  


It has been found" that amines are lo5 better leaving 
groups than alkoxides with similar PKa values. We have 
observed that the intermediate 4 produces only com- 
pound 5 at pH < 3 [equation (2)]. Formation of com- 
pound 3 is not observed in any case (X = NH, S or 0). 
This result is predicted based on the following consider- 
ations. For X = 0, the protonation of X in the inter- 
mediate is very unfavourable at 0.5 < pH < 3 owing to 
the low pKa of the respective conjugate acid. For 
instance, the pKa of CH3CH(S+HEt)(OH) has been 
estimatedI4 to be ca - 7.91, so that in these cases the 
competition of leaving abilities is between the pro- 
tonated amide and the corresponding alkoxide or 
thioxide. It has been pointed out by Gravitz and 
Jencks" that compound 7 is a good model for testing 
leaving abilities of protonated amines and alkoxide 
anions (RO instead of RNHZ in 7), since the driving 
force is identical in both systems. Therefore, the pro- 
tonated amide must be cleaved much faster than the 
alkoxide (X = 0) or thioxide (X = S). Conversely, for 
X = NH2 in compound 4, the amine is easily protonated 
since the pKa = 10.81 - 5-1 = 5.7, as predicted from 
p i x  ui correlation, using pi = 8.5 (Ref. 15) and (Ti = 0.60 
(Ref. 6) (EtNH;). However, protonation of the 
nitrogen amide in 4 is also fast (see above). The com- 
petition for cleavage is then between both protonated 
amine and amide. The experimental result is that the 
rupture to yield compound 5 from 4 '  is faster than 
cleavage of the amine. This observation is in agreement 
with the leaving abilities of the two nitrogens, which is 
given by the pKa difference between the amide 
(PKa = - 8) and the amine (pKa = 5.7). The transition- 
state stability paralleled the product stability and since 
the protonation of the amine and amide nitrogens is 
fast, only the breakdown of the amide nitrogen is 
expected, according to the Curtin-Hammett 
principle. Apparently, an extra stabilization of the 
6-8-fused ring of 5 compared with the 6-5-fused ring 
of 3 may also be contributing. For instance, Glover et 
al. I' found greater stability in 6,10-dioxo-1,5- 


diazacyclodecane and 5,lO-dioxo- 1,6-diazacyclodecane 
than in their open forms, N(3-amino- 
propy1)glutarimide and 1-(4-aminobutyryl)one-2- 
pyrrolidin. We also detected' compounds similar to 5 at 
low pH. For instance, we observed this transformation 
for compounds l b  and l c  [X=NH2, n = 7 ,  equation 
(l)]. Atonov et ~ 1 . ' ~  also found this rupture in 
caprolactam derivatives. Griot and Frey" observed the 
formation of a large ring system from N-(0-hydroxy- 
iacy1)lactams. 


General base catalysis 
The scheme for the proposed general base catalysis is 
shown in equation (8). 


- 4 - 5 


A two-step mechanism where protonation of the 
amide nitrogen by water occurs in a slow step followed 
by the base catalysis and rupture of the C-N bond can 
be ruled out since no dependence on the concentration 
of the base will be observed. The estimated value of the 
rate constant for protonation of the amide nitrogen by 
water ( ~ H ~ o  = lO-I4,  see above), is too low to afford a 
mechanism where the first step is fast compared with 
the cleavage; therefore, the general base catalysis must 
proceed through a concerted mechanism in which the 
negative charge on the oxygen (driving force) is well 
developed at the transition state, as supported by 
P(Br0nsted) > 0.30 (Table 2). As shown in Table 2, 
the P(Br0nsted) values for cleavage of 4 decrease in the 
order NH, S and 0. This tendency is in agreement with 
the PKa of the hydroxyl proton on 4. The lower the pKa 
the lower is P(Bransted), since less abstraction of the 
proton is required. The process of proton abstraction, 
C-N bond cleavage and protonation of the amide 
nitrogen by water must then be concerted, since depar- 
ture of nitrogen requires protonation to avoid the 
highly unstable amide anion -CON-- intermediate. 


Competition between general base and general acid 
mechanisms 
The ratio kBH/kB- describes the fraction of the product 
formed via general acid and base mechanisms. kB- is 
defined in equation (8) and, since kBH=KkZKBH 
[equation (6)] where K = lo-' 1 mol-' and 
KBH = lo-' moll-' as described above, then 
kBH/kB- = kz/kB- X lo-''. From the ratio kBH/kB- in 
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Table 2, it is found that kz B= kg- by a factor of 


The kZ/kB values for oxalate buffer are greater than 
those corresponding to HzPOT for any X (4a, X = 0; 
4b, X = NH; and 4c, X = S). Since oxalic acid has a pK, 
(1.19) lower than that of phosphoric acid (2*12), the 
effective reactivity of 4 [kB, equation (8)] vs 4 '  [kz, 
equation (6)] is greater in the less basic buffer. 


It has been pointed outZo that the acid mechanism for 
rupture of tetrahedral intermediates is not clearly estab- 
lished. We are currently investigating the cleavage of 
different stable tetrahedral intermediates at low pH 
order to complete the results presented here. 


109-1010. 


CONCLUSIONS 


From the results of the X-C bond formation an extra- 
polation to less stable tetrahedral intermediates can be 
made using the contour diagram of Figure 6. A desta- 
bilization of the two top corners of Figure 6 will result 
in a movement (opposite to the bottom arrows) of the 
transition state toward the right, increasing 
P(Br0nsted). The transition state for such an inter- 
mediate will then have a P(Brensted) near 1 and small 
PAuc. For the reverse reaction (rupture of the inter- 
mediate) a small a(Br0nsted) [a = 1 - @(Brernsted)] 
and a pi' (pi' = 1 - PAuc) near 1 are then predicted as 
depicted for transition state 8'. These a and pig values 
can be estimated. Assuming a conservative destabiliza- 
tion of the non-stable tetrahedral intermediates by a 
factor of lo4 relative to the stable intermediate, and 
considering the experimental value of the obtained 
cross-term pw (0.03), a movement of P(Bransted) of 
0.2 unit is predicted. Even with this conservative value 
the p(Br0nsted) for the rupture of 8' is small, cu 0.3 
(a = 1 - 0.7), with pig near 1. Therefore, a late tran- 
sition state is predicted where the driving force of the 
electron pair on oxygen is strong enough to promote the 
well developed departure of the leaving group. The last 
statement implies that the transition state resembles the 
reaction products. Therefore, factors such as product 
stability, entropy and leaving ability are more 
important than prototropic control, that is, the basicity 
of the heteroatom being cleaved from the carbon. This 
is the case for the cleavage of most of the tetrahedral 
intermediates. 


In the basic hydrolysis of asymmetric acetamidines, it 


- 8 - 8' 


has been found that there is a preference for cleaving 
the more basic amine: secondary > primary B= am- 
monia. From this observation, it was concluded that 
basicity of the nitrogen in the intermediate 8 (proto- 
tropic control) is not relevant. Instead, it is the basicity 
of the cleaved amine itself that must be considered. The 
extrapolation that we have done to less stable tetrahe- 
dral intermediates, using Figure 6, might contribute to 
explaining the irrelevance of prototropic control. 
Having, as predicted, a late transition state, the basicity 
of the nitrogen at the intermediate 8 becomes irrelevant. 
It is the basicity of the already cleaved amine which 
counts. Ammonia having a lower basicity than primary 
and secondary amines, and consequently being less 
stable as a product, its rate of departure is lower. In this 
case and for most of the tetrahedral intermediates, 
transition-state stability is strongly paralleled by 
product stability, and other factors participating in the 
cleavage are overwhelmed by such an effect. 
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METHYL TRANSFER FROM MeCo(II1)Pc TO THIOPHENOXIDE 


WLODZIMIERZ GALEZOWSKI AND EDWARD S. LEWIS* 
Department of Chemistry, Rice University, P.O. Box 1982, Houston, Texas 77251, USA 


Transfer of the cobalt-bound methyl in MeCo(II1)Pc to thiophenoxide ion was studied (HzPc is the planar 
macrocyclic phthalocyanine; the cobalt is held in the center in this plane). In dimethylacetamide solution, the reaction 
is rapid, requiring stopped Pow for the kinetics, and yielding MeSPh and Co(1)Pc- in good yield. The kinetics are 
not simple second order, but instead approach a constant rate at high [PhS- 1 ,  attributed to the reversible 
formation of an inert complex with PhS- occupying the vacant octahedral site in MeCo(lII)Pc, on the other side of 
the phthalocyanine plane from the methyl group. The kinetics allow the estimation of the equilibrium constant, K, 
and the &2 rate constant, k, which at 25 O C  have values of ca. 9.4 X 103 I mol-' and 1.8 X lo4 I mol-', respectively. 
Although these values are rough, the ratio k / K  is 6rm at 1.91 f 0.02 s-'; this is the limit of the rate at high 
[PhS- 1 .  An alternative mechanism, which is entirely consistent with the kinetics, involves a rate-determining 


homolysis of the Co-S bond of the same complex. The mechanism is not favored because the product yields are high 
for a radical combination process and alternative chain processes are kinetically unacceptable. Further, the rate 
constant is about what would be expected from the reactivity of other nucleophiles in &2 reactions. Further 
arguments in favor of the &2 mechanism are presented. This transfer of the methyl group from Co to S is part of 
the possible analogy to the vitamin B1z-promoted methionine synthesis in nature. The other step in the biological, 
enzymatic process is the transfer of methyl from the nitrogen of N-methyltetrahydrofolate to cobalt. An attempt to 
model this with the very reactive N-methyl-2,6-dichloropyridinium ion was unsuccessful; the reaction took an entirely 
different course, presumably initiated by electron transfer, but leading to substantial loss of CI- from the pyridine. 
No more than 0.5% methyl transfer took place. This system does mimic well the complete natural enzymatic process. 


INTRODUCTION 


In an earlier study' it was shown that Co(1)Pc- (1-) 
was a good leaving group from MeCo(II1)Pc (3) [the 
notation is that in Ref. 1 in which the number corres- 
ponds to the formal oxidation state: 1- = Co(1)Pc-, 
2 = Co(II)Pc, 3 = MeCo(III)Pc] in the solvent 
dimethylacetamide (DMA) with the nucleophiles I - ,  
Br- and CN-. Cobalt complexes both as Co(1) and 
Co(1I) are leaving groups in cases in which the 
nucleophile is also a cobalt complex,273 and reactions 
with thiolate nucleophiles have often been studied with 
alkyl cobalt complexes with dimethylglyoxime and 
related complexing agents and also vitamin B12.4-6 In 
the study on 3 the susceptibility of 1- to undergo oxida- 
tion to Co(II)Pc, 2 ,  made it difficult to demonstrate that 
1-  was indeed the product in the most dilute solutions. 
In this work the nucleophile PhS- was studied. In the 
presence of excess thiophenoxide, 1- is indefinitely 
stable. This nucleophile is powerful, with a Pearson et 
a[. ' nMe1 value of 9.9, predicting a very high rate cons- 
tant. In the case of CN- a complex with 3 was formed 
rapidly and reversibly, making the equilibrium concen- 
tration of uncomplexed 3 very low. Hence the rate of 
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the overall reaction was low. It was of interest to see if 
this competition between attack at methyl and attack at 
cobalt might be general. 


In the vitamin BIZ-mediated enzymatic synthesis of 
methionine there is a transfer of the methyl group of N- 
methyltetrahydrofolic acid to the Blzs cobalt, followed 
by the transfer to the sulfur of homocysteine.' Since 
methionine (as its S-adenosylated derivative) is the 
prime source of methylating ability in all living cells, 
many successful attempts have been made to model the 
second step, methyl transfer from cobaIt to sulfur. 
Modeling the first step using various Co(1) complex 
nucleophiles and methylated amines or ammonium ions 
has not been successful. We therefore studied the 
possible methylation of 1 - by N-methyl-2,6-dichloro- 
pyridinium ion, which by extension of the work of 
Arnett and Reich9 should be a more powerful 
methylating agent than any described by them or 
studied as methyl donors to cobalt. 


EXPERIMENTAL 


Materials. Methylcobalt(ZZZ)phthalocyanine ( 3 )  and 
solutions of sodium cobalt(1)phthalocyanine (1- ) in 
DMA were prepared as described earlier. ' Dimethylace- 
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tamide (DMA) was of chromatographic grade from 
Aldrich, treated with CaH2 and vacuum distilled in an 
atmosphere of argon; this extra purification was pro- 
bably only relevant to the studies starting with 1-.  


Sodium thiophenoxide was prepared by treatment of 
commercial thiophenol with the calculated amount of 
carbonate-free NaOH, evaporating the solvent and 
drying in a Fischer pistol, during which time a small 
amount of material, apparently diphenyl disulfide, sub- 
limed from the sample. 
N-Methyl-2,6-dichloropyridinium trifluoromethane- 


sulfonate was prepared by heating commercial 
2,6-dichloropyridine (37 g, 0-25 mol) with methyl 
trifluoromethanesulfpate (23 ml, 0.20 mol) for about 
10min at about 90 C. The resulting crystalline mass 
was crushed and washed with diethyl ether, then 
recrystallized from water, again washed with diethyl 
ether and dried, giving the desired salt (46 g, 75%), 
m.p. 224-225 "C. 'H NMR (250 mHz in acetone-da), 6 
4.67 (s, 3H), 8.41 (2H, d, J =  8.27 Hz), 8-70 (lH, t, 
J = 8 29 Hz). The mother liquor from the recrystalliza- 
tion was acidic and contained chloride ion, but an 
aqueous solution of the crystals gave no perceptible pre- 
cipitate with silver nitrate. On briefly heating it, this 
aqueous solution did give C1-, produced even faster in 
ethanol. The salt could also be recrystallized from 
acetone. 


For the reaction of 3 with PhS-, sodiumthiophen- 
oxide [25 ml of a solution of 0.333 g (2.5 mmol) in 
DMA] was mixed with 3.0.2THF ( 1 1  mg, 
1.83 x mmol) and stirred for 18 h. A 1 ml sample 
of the now green solution was withdrawn through a 
septum and placed in a 0.095 mm argon-filled cell. The 
absorbance at 698 nm was 0.47, indicating a concentra- 
tion of 6.95 x M [the molar absorptivity ( E )  of 1- 
is' 7 -1  x lo4 1 mol-'cm-'] and a yield of 95%. The 
reminder of the green solution was combined with 
diethyl ether (50 ml) containing 10 pl of a 10% diethyl 
ether solution of methyl p-toly sulfide as an internal 
standard in a separating funnel. It was then shaken suc- 
cessively with 25 ml of water, twice with 25 ml portions 
of 1 M NaOH solution and three times with 10 ml por- 
tions of water. Oxidation during this process gave solid 
2, so the ether solution was filtered and analysed by gas 
chromatography (GC). The yield of methyl phenyl 
sulfide was 89%; a second run gave a yield of 87%. The 
multiple extractions could have concentrated the 
internal standard relative to the reaction product, so a 
quantitative yield cannot be excluded. 


Kinetics were measured using a Durrum stopped-flow 
instrument at 698 nm (following the formation of 1- )  
connected to a computer using an OLIS interface and 
software to establish the pseudo-first-order rate cons- 
tants for the reactions in which the concentration of 
thiophenoxide in one of the drive syringes was much 
greater than the concentration (about M) of 3 in 
the other. Several rate constant determinations were 


made at each concentration of the thiophenoxide solu- 
tion, and allowance was made for the factor of two 
dilution on mixing. Precautions were taken to minimize 
the exposure of the PhS' solutions to air and the 3 solu- 
tions to light; the photolysis of 3 during the stopped- 
flow measurements is negligible in the times involved, 
especially since the 698 nm light is not strongly 
absorbed by 3. Preliminary attempts to measure the 
reaction in a Hewlett-Packard diode-array spectro- 
photometer were not successful as the reaction is too 
fast. 


Evidence for an intermediate in the 3 i PhS- reac- 
tion. When the spectra of 3 and the product of its reac- 
tion with PhS- are superimposed, the isosbestic point 
occurs at 678 nm, but stoped-flow runs only at 686 nm 
showed no change in absorbance throughout the run. 
Hence there is a species present throughout the kinetic 
run with a longer wavelength maximum than 3, which 
is converted by the observed kinetics into 1 - .  The reac- 
tion is too fast to obtain a complete spectrum of this 
intermediate. 


Reaction of 1- with N-methyl-2,6-dichloro- 
pyridinium triflate in DMA was attempted even though 
neither reagent is stable in this solution for very long. 
A very rapid reaction took place, with oxidation of the 
1-  to 2, which precipitated in part, preventing a spec- 
trophotometric yield determination. There was also a 
precipitate of NaCl, and the yield of C1- by silver 
nitrate titration in several runs corresponded to about 
1.2 mol per mole of the pyridinium salt. The solution 
was worked up by dilution with diethyl ether, washing 
with water and then concentrating to look for 2,6- 
dichloropyridine by GC with 4-bromochlorobenzene as 
an internal standard. The yields in three experiments 
were 1070, a trace and 0.38% . The possibility that this 
was derived from unmethylated amine in the starting 
material was explored, and the largest was attributable 
to this source, but the two lower values using carefully 
recrystallized methylpyridinium salt might not be in 
error. 


RESULTS 


The following reaction was observed in the presence of 
excess PhS-: 


3 f PhS- -+ 1- + MeSPh (1) 
The yield of 1- was essentially quantitative and that of 
the thioanisole was at least 89%. There was no evidence 
of other products. However, if 2 had been a direct pro- 
duct, it would not have been observed, since it is 
reduced by excess thiophenoxide under the conditions 
of the experiment. The only other reasonable product 
from the thiophenoxide is diphenyl disulfide in not 
more than 0.1 Yo yield based on total thiophenoxide, an 
amount undetectable in the presence of that from air 
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Table 1. Pseudo-first-order rate constants, k,,,, for the reaction of 3 with excess PhS- a 


Temperature (OC) 


~~~~~ 


0.001 1.73 ? 0.02 1.72 5.48 f 0-18 
0.002 1.78 f 0.01 1.81 6.80 f 0.25 
0.003 1.82 f 0.01 1.83 6.68 f 0.05 
0.004 1.84 f 0.01 1.85 6-69 f 0.05 
0.005 1.24 k 0.002 1.86 f 0.01 1.86 2.64 f 0.04 4.17 f 0.06 6-66 f 0.01 
0-050 1.92 f 0.01 1.90 7.49 f 0-08 


aRate constant units are s-I. Errors are estimated from at least three runs. 
bThe values in this column were calculated using equation (3) with k = 1.79 x lo4 I mol-' s - '  and K = 9.4 x 10' I mol-I. 


oxidation. No effort was made to find methane in a 
yield of at most 11% from 3. The kinetic runs showed 
no deviation from pseudo-first-order behavior for the 
appearance of 1- , making any important side-reaction 
unlikely. It is therefore reasonable to assume that the 
reaction is totally represented by equation (1). 


The kinetics, although accurately pseudo-first order, 
were not those of a typical sN2 reaction; instead, the 
apparent first-order rate constants approached a cons- 
tant high value as the [PhS-] increased, as shown 
Table 1, which gives the apparent first-order rate cons- 
tants at several thiophenoxide :oncentrations and 
temperatures. Only at 25 and 40 C were data taken 
over a range of thiophenoxide concentrations, and the 
data at 25 "C are the more reliable. The data 
at [PhS-] = 0-005 M fit the Eyring equation 
well, yielding AH* = 14.6 kcal mol-' and 
AS* = - 8.4 a1 mol-' K - '  (1 cal = 4.184 J). As will be 
seen in the Discussion section, these rates are combina- 
tions of equilibrium and kinetic processes and therefore 
this temperature dependence is not meaningful. There is 
a spectral shift of the presumed 3 in solutions con- 
taining PhS-, as shown by a shift in the isosbestic point 
of the reacting mixture relative to separate solutions of 
the initial and final species, hence a transient extra 
species is indicated. 


Most quaternary ammonium salts are unreactive 
toward 1-; the reaction of 1- with N-methyl-2,6- 
dichloropyridinium triflate in DMA is an exception. A 
very fast color change gives 2, and C1- is detected in 
quantity when the reaction is worked up. There is a new 
reaction of complicated but incompletely established 
nature. There is little, if any, evidence for nitrogen to 
cobalt methyl transfer. 


DISCUSSION 


The products of this reaction are just what the simple 
S N ~  reaction, equation (l), demands. The kinetics are 
not those expected. However, a simple modification, 
the rapid and reversible formation of an unreactive 


complex, 3*SPh-, in which the SPh anion occupies the 
vacant octahedral site 3, suffices to bring the 
mechanism and kinetics together. The significant extent 
of reaction (2) leads directly to the equation (3), which 
takes into consideration the fraction of 3 made unreac- 
tive by the complexation. Here the apparent first-order 
rate constant, kapp, for the conversion of the initial 
absorbing species to 1- is expressed in terms of the rate 
constant k for reaction (1) and the equilibrium constant 
K for reaction (2). 


3 + SPh- S 3.SPh- (2) 


kapp  =k[SPh-]/(l  + K[SPh-I) (3) 


The extensive formation of the complex is supported 
by the evidence of a new isosbestic point. When the 
monochromator was set at 686 nm, there was no change 
in absorbance during a run; separate solutions of 3 and 
1 - (with thiophenoxide to suppress oxidation) had 
equal molar absorptivities at 678 nm. The shift to 
longer wavelengths is analogous to that seen when 3 is 
in the presence of CN-; the complex shows a shift of 
the maximum of 11 nm to longer wavelengths. I 


The two constants in equation (3) can be evaluated 
easily from the slope and intercept of a double reci- 
procal plot of l / k a p p  vs 1/ [ SPh-1, as as show2 in equa- 
tion (4) and in Figure l ,  which shows the 25 C data in 
Table 1. 


(4) l / k a p p  = l/k[SPh-] + K/k 


The least-squares fit of this plot gives the results 
k = 1 -79 x lo4 1 mol- ' s - '  and K = 9.4 x lo3 1 mol- I ,  


and the column headed 25 shows that equation (3) fits 
the data fairly well. Nevertheless, these values are not 
well determined. As an example, the values 
k = 1 . 5 x 1 0 4 a n d K = 7 . 7 x 1 0 3 f i t n e a r l y a s  well.T>e 
ratio k / K =  1.91 2 0.02 s-'  is firm. The data at 40 C 
fit less well to the double reciprocal plot, as is obvious 
from the fact that the values of /rap,, do not increase 
monotonically down the table. Much rougher values of 
k = 2.3 x lo4 and K = 3 x lo4 can be estimated; again, 
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Figure 1. Plot of Ilk,,,, vs 1/ [ PhS-] at 25 "C for the reaction 
of 3 with PhS- in DMA to give 1- and MeSPh. The slope is 
Ilk and the intercept is K/k. Error bars correspond to a 0.7% 


error in k 


k / K  is better determined with a value of 7.4 s- ' ;  it is not 
worthwhile to be quantitative about the temperature 
dependence of k or K; the plausible conclusion that k 
increases with increase in temperature and K falls with 
increase in temperature is barely justified. For this 
reason, there is little justification to put much emphasis 
on the temperature dependence at [PhS-] = 0.005 M, 
even though the fit of five points to the Eyring plot is 
fairly good. 


Reactions of MeB12 or methylcobaloximes with 
thiolate ion have been studied before, but in no case 
have rate constants for both methyl attack and equi- 
librium constants for cobalt attack been observed. 
Thus, in water, ionized mercaptoethanol slowly attacks 
MeBl2 with good second-order kinetics, 'O but there is 
no evidence of any displacement of the dimethylben- 
zimidazole ligand by mercaptide. In this reaction BlzI is 
not stable in the presence of excess RS-, the observed 
product is Bizr, analogous to the failure to observe 1- 
in the reactions of dilute solutions of 3 with iodide, 
bromide or cyanide. ' 


Several thiolates attack methylcobaloxime giving less 
than quantitative yields of the methyl transfer product 
at somewhat elevated temperatures. 6a The other 
observed product is the complex with a cobalt-sulfur 
bond. These results were interpreted in terms of com- 
petitive attack at methyl and at cobalt; the latter 
product was inert, A complex analogous to the parent 
methylated dimethylglyoxime complex except that the 
two hydrogen bonding protons are replaced by BF2 


groups is more reactive; the yields of the methyl 
transfer product are high. 


At room temperature the parent cobaloxime in 
ethanol is reported'' to give with various RS- only the 
product of attack on cobalt. This is compatible with 
Ref. 6a only if the activation energy for cobalt attack is 
much less than that for methyl transfer, a likely 
situation. 


Equations (1) and (2) are exactly analogous to those 
written' for the reaction of CN- with 3. The establish- 
ment of the rate and equilibrium constants is different. 
In the cyanide case of the equilibrium constant was 
measured directly; in the present case, the reaction is 
too fast. In the cyanide case the kinetics gave only the 
limiting rate k/K,  in the present case the non-linearity 
of kapp with [PhS-] gave both the rate and equilibrium 
constants. 


The comparison of rates of different nucleophiles 
with 3 in DMA is illuminating. With the nucleophiles 
CN-, I -  and pHS-, the rates are 0.0980,' 0.492' and 
1.8 x lo4. The Pearson et al. ~ M ~ I  values7 are 6.7 ,  7 . 4  
and 9-9 (in methanol). Clearly the thiophenoxide rate is 
over 100 times the rate predicted by the n values (with 
s = 1). On the other hand, in the solvent sulfolane, the 
rate constant for the reaction of iodide ion with Me1 l 2  


is 1 * 4  s- l  and the rate constant for the reaction of 
PhS- with is 5.7 x lo4, hence the relative reac- 
tivities of thiophenoxide to iodide with Me1 in sulfolane 
are 4.1 x lo4 to 1, compared with the rate constant 
ratio of 3 with thiophenoxide and iodide of 3 . 7  x lo4 in 
DMA. Therefore, when the rates in the more nearly 
comparable dipolar aprotic solvents are used, it is clear 
that there is no particular anomaly; the rate of attack 
of PhS- on 3 compared with iodide on 3 is about what 
would be expected for a normal &2 reaction. 


There is further evidence for sN2 attack on 3. Evi- 
dence based on the effect of RX on the rate of reaction 
with 1- lead to the conclusion that this was a normal 
nucleophilic displacement. ' Since the reaction of 3 with 
I-  is the reverse of the methylation of 1-  by MeI, we 
can conclude that the reaction of 3 with I-  is also 
normal and mechanistically uncomplicated. Is there 
reason to believe that there is a change of mechanism 
with RS-? Reaction of alkyl-BIz with thiols also 
follows the familiar order of alkyd  group^'^ and is 
therefore also S N ~  in nature. The extension to the reac- 
tion of 3 with PhS- is therefore entirely justified. 
Nevertheless, a radical mechanism was proposed 153 '6  


for the MeB12-RS- reaction on the basis that an oxidi- 
zing agent seemed necessary. The existence of later con- 
tradictory evidence, '' together with an explanation of 
the earlier results, makes the free radical mechanism 
much less plausible. The comparison of rates of methyl 
transfer from cobalt is interesting. Ignoring differences 
in temperature, solvent and the structure of RS-, the 
parent cobaloxime is the slowest, the BF2-modified 
cobaloxime is faster and 3 is the fastest. The rates of 
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methylation of Co(1) anions is in the opposite order, 
with 1-  the slowest and the parent Co(1) 
dimethylglyoxime the fastest. This suggests that the 
larger part of the rate differences is due to the thermo- 
dynamic term in the Marcus equation. An extremely 
high barrier for thiolate methyl transfer identity reac- 
tion l6 makes small differences in cobalt nucleophile 
identity methyl transfer reactions less influential. 


A different mechanism is entirely consistent with the 
observed kinetics, that is, a rate-determining homolysls 
of JeSPh-, MeCo(I1I)PcSPh-, equation (5) or (6), 
which have exactly the same transition state composi- 
tion as the rate-determining reaction (1). 


3.SPh- -+ MeCo(I1)Pc- + PhS' 
3,SPh- -+ Co(1I)PcPhS- + Me' 


( 5 )  
(6) 


Neither MeCo(I1)Pc- nor Co(1I)PcPhS- is expected 
to be particularly stable; the first is analogous to 
methyl-B12,, which is reported l7 to be very short-lived 
if it exists at all, and the. second should fall apart at least 
as easily to 1- and PhS or to 2 and PhS- Two possible 
routes to the products can be considered. The first is the 
combination of methyl and thiyl radicals, which cer- 
tainly would give the observed sulfide. Such a combi- 
nation can hardly be that of free radicals in solution, 
for there are too many other fates of the radicals 
available; A cage process would help, but since the two 
radicals are formed on opposite sides of the large planar 
phthalocyanine, high yield cage recombination seems 
unlikely. A second process can be written, for example 
Me' + 3 * SPh- -+ MeSPh + 1- + Me', or the less 
attractive PhS' + 3 - SPh- -, MeSPh + 1- + PhS'. 
While such a chain reaction is a better way to obtain a 
product in good yield, either one resulting in 3/2-order 
kinetics in 3. The nucleophilic substitution (1) pro- 
ceeding at a rate close to that predicted is thus the pre- 
ferred mechanism. 


The question of why the equilibrium constant for 
complex formation with PhS- is so much less than it is 
with CN-, even though PhS- is a better nucleophile 
toward carbon, is not quantitatively explained. How- 
ever, Pearson et al.'s table,' which gives PhS- a much 
greater nucleophilic character toward carbon, gives 
CN- and PhS- almost equal nucleophilic character 
towards platinum, an imperfect model for bonding to 
cobalt but surely better than the carbon nucleophilicity. 


The fast transfer of methyl from cobalt to sulfur is an 
adequate analogy to the second part of the BIZ- 
promoted natural methionine synthesis.' The first step 
of the natural enzymatic process is the transfer of 
methyl from N-methyltetrahydrofolate to Blzs and it is 
of interest to see if methyl can be transferred to the 
cobalt of 1- from any methylamine derivative. The 
work of Arnett and Reich' on rates and equilibria of 
Menschutkin reactions shows that some quaternary 
ammonium salts can react at reasonable rates with 
iodide ion, and one of the most reactive is N-methyl-2- 


chloropyridinium ion. The simplified Marcus equation 
cannot be used for these electrostatically unsymmetrical 
reactions, nor can Hammett constants deal with the 2- 
or 6-substitution. A crude estimate of the reaction with 
3 leads to the conclusion that the equilibrium should 
not be very unfavorable, but the rate would be small. 
This suggested the use of N-methyl-2,6- 
dichloropyridinium ion, which by extrapolation from 
the Arnett and Reich data should be a many times more 
powerful methylating agent than that with a single 
chlorine. Further, the extra steric effect of the 2- and 6- 
substituents should promote the reactivity, l8 and 
perhaps be a better mimic of methyltetrahydrofolate, in 
which substituents near the N-methyl group may have 
a similar effect. A search for the reaction (7) was there- 
fore made. 


(7) 
The expected electronic and steric effects of the two 
chlorines were manifested in the relatively slow reaction 
of the free pyridine with methyl triflate compared, for 
example, with the 3,5-dichloropyridine isomer, which 
reacted rapidly on mixing at room temperature. The 
result of mixing N-methyl-2,6-dichloropyridinium 
triflate with 1- was an immediate color change corre- 
sponding to oxidation of 1- to 2, possibly by an elec- 
tron transfer reaction to the pyridinium ion. Other 
processes releasing substantial chloride ion were also 
present; the nature of the overall reaction was not 
established. An effort to detect slight methyl transfer 
accompanying the major reaction by finding the 
unmethylated pyridine gave equivocal results. The yield 
of unmethylated pyridine was certainly less than 1070, 
and may have been zero; efforts to eliminate con- 
tamination of the methylated salt by the protonated salt 
seemed adequate, but a level of much less than 1% con- 
taminant would have vitiated the result. If there was a 
methyl transfer its rate would have to be less than 1% 
of that for the fast competing reaction. 


The absence of a convincingly detectable reaction (7) 
can be attributed to one or all of three factors. First, the 
natural reaction is enzymatic, and there may be fairly 
specific roles of the enzyme, not modeled by simple 
cobalt complexes. Second, reaction (7) is an anion-ca- 
tion reaction. It can be expected to be much faster in a 
much less polar medium than DMA. Thus the reaction 
of octyldimethylsulfonium ion with iodide is about 100 
times faster in chloroform than it is in acetonitrile.19 
Third, 1- is not as powerful a nucleophile as Bizs, as 
shown by the n values quoted by Eckert and Ugi," 
10.8 and 14.8 respectively, and it is probably unable to 
demethylate nitrogen even in the absence of other 
reactions. 


2,6-ClzPyMe+ + 1- -+ 2,6-Cl~Py + 3 


CONCLUSIONS 


The reaction of 3 with SPh- by reaction (1) is fairly 
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fast; the mechanism is an sN2 attack by sulfur on the 
methyl group. There is an accompanying complexation 
giving 3 - SPh- but, unlike in earlier reports, this com- 
plexation is reversible and MeSPh is produced in good 
yield. The rate constant of reaction (1) and the equi- 
librium constant for the complex formation are both 
established. This arises because 1- is a much better 
leaving group than previously studied Co(1) complexes. 
Correspondingly, 1- is not a strong enough nucleophile 
to demethylate an  amine or ammonium salt. 
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STEREOCHEMISTRY AND KINETICS OF METHOXIDE ION 
SUBSTITUTION IN (2)- AND 


(E)-0-METHYLBENZOHYDROXIMOYL CYANIDES 
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BUCK, ABDOLKARIM GHAFOURIPOUR AND WAYNE ZIMMERMAN 


Department of Chemistry and Physics, Texas Woman's University, Denton, Texas 76204, U.S.A. 


The stereochemistry and kinetics of the methoxide ion substitution reactions (Z)- and (a-methylbenzohydroximoyi 
cyanide [PhC(CN) =NOCHj] were investigated. The reaction of the (a-hydroximoyl cyanide with sodium methoxide 
in DMSO-methanol (9 : 1) solution at 44.8 'C gives a mixture of methyl (a-0-methylbenzohydroximate 
IPhC(OCH3) =NOCH3] and the 0-methyloxime of or-ketophenylacetamide [PhC(CONHz) =NOCH3). The (E)- 
hydroximoyl cyanide undergoes methoxide ion-catalyzed isomerization to the E-isomer faster than it undergoes 
nucleophilic substitution. These observations were interpreted in terms of an addition-elimination mechanism in 
which the rate-limiting step is elimination of the nucleofuge (AN + DN#). 


INTRODUCTION 


In basic or neutral solution, nucleophilic substitution at 
the carbon-nitrogen double bond I -  lo has been shown 
to proceed by pathways A and B outlined in Scheme 1. 
In pathway A, the nucleophile adds to the carbon- 
nitrogen double bond to give a tetrahedral intermediate 
which undergoes elimination of the nucleofuge 
(described by the IUPAC as A N  + DN).  The 
substitution can also proceed by a mechanism in which 
the first step involves elimination of the nucleofuge to 
give a nitrilium ion (pathway B), which then undergoes 
addition of the nucleophile to form product (DN + A N ) .  
The rate-limiting step in each of these mechanisms can 
be either the first or second step and examples of all 
four possibilities have been proposed'-'' (AN# + DN; 
A N + D N # ;  D N # + A N ;  andDN+AN#) .  


A concerted mechanism (ANDN),  pathway C in 
Scheme 1, cannot be unequivocally ruled out in certain 
substitution reactions at the carbon-nitrogen double 
bond. 1-33899 There is, however, no compelling evidence 
for an ANDN mechanism in any nucleophilic substitu- 
tion reaction at the carbon-nitrogen double bond 
studied so far, and the concerted pathway seems less 
likely than an addition-elimination mechanism or nitri- 
lium ion formation. In vinylic systems, the possibility 
of bimolecular single-step nucleophilic substitutions has 


* Author for correspondence. 


been discussed,13-'5 but it appears that most of the 
experimental and theoretical results point to an addi- 
tion-elimination mechanism. On the other hand, there 
is considerable evidence that concerted nucleophilic 
substitutions do take place in certain acyl 
substrates. 16-24 


Ta-Shma and R a p p ~ p o r t * ' ~  found what imidoyl 
chlorides [ArC(CI)=NAr '1 could react by the 
DN + A N  or the AN + DN pathway depending on the 
nature of the substituents and the solvent for the 
reaction. In benzene solution9 with electron-donating 
substituents, imidoyl chlorides reacted by the DN + A N  
mechanism, albeit through ion pairs. In these reactions 
it was proposed that the nucleophilic attack on the ion 
pair was rate-limiting ( h i n t  + A N # ) .  When imidoyl 
chlorides substituted with electron-withdrawing groups 
were reacted with secondary amines, the substitution 
reactions proceeded by the A N  + DN pathway with rate- 
limiting addition. In acetonitrile solution, * imidoyl 
chlorides reacted by rate-determining ionization to 
nitrilium ions (DN + A N )  regardless o f  the nature of 
substituents. 


Similarly, benzohydrazonyl chlorides 
[ArC(Cl) =NNHAr '1 react by the ionization 
mechanism in polar solvents and in the absence of good 
n~cleophiles.~ In solvents of low ionizing power with 
good nucleophiles, these reactions proceed by the 
AN + DN mechanism with rate limiting 


Ta-Shma and Rappoport lo also investigated 
nucleophilic substitution on imidoyl cyanides 
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Pathway A (AN + DN; addition-elimination): 


I?’. 


Pathway B (DN +AN; SNI): 


X 
\ -X 
,C=N-R2 - 


R’ k3 


t 


Pathway c (ANDN; s ~ 2 ) :  


Nu 


R’ 


X 


R’ 


\ k5 
,C=N-R~ + NU- - 


Nu 


Scheme 1 


[ArC(CN) =NAr’] with amines and alkoxides. Since 
cyanide ion is a much poorer nucleofuge than chloride 
ion, it was suggested that these substitution reactions 
proceed by an addition-elimination mechanism with 
elimination being the rate-limiting step (AN + &#). 


We have been investigating the kinetics and 
mechanisms of nucleophilic substitution reactions of 
hydroximoyl chlorides (lZa, lZb, 1Ea and lEb, 
N-methoxyimidoyl chlorides) which undergo ionization 
to nitrilium ions ( & + A N )  only under forcing 
conditions4 (120°C for 1Za and 160°C for 1Ea in 
dioxane-water solutions). The hydroximoyl chlorides 
1Za and 1Ea and their nucleophilic substitution pro- 
ducts are resistant to thermal E-Z isomerization. Thus 
it has also been possible to investigate the 
stereochemistry of nucleophilic substitution. We have 
found that hydroximoyl chlorides react with methoxide 
ion,3 pyrrolidine,’ azetidine’ and pyrrolidide ion’ by 


X 


Y d = ” O R  \ /  12 
1E 


1Za and 1Ea: XI CI; R = CH,; Y = H 
b: X = CI; R = CHI; Y NO2 


d: X = OCHZ; R = CH3; Y 3: H 
C: X = OC2H5; R = CH3; Y :: H 


e: X=CN; R=CH3; Y = H  
f: x = CN; R = CH,CH,; Y = n 
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addition-elimination mechanisms. It has been sug- 
gested that the addition step is rate determining in the 
case of reactions with methoxide and pyrrolidide ions, 
and the elimination step is rate determining in the 
reactions with pyrrolidine and azetidine. 


RESULTS AND DISCUSSION 


This report concerns the reactions of ( Z ) -  and 
(E)-0-methylbenzohydroximoyl cyanides (1Ze and 
1Ee) with methoxide ion. We have previously reported 
the synthesis and identification of the ( Z ) -  and ( E ) -  
hydroximoyl cyanides. 25326 The methoxide substitution 
reaction! were studied in 90% DMSO-10% methanol 
at 44.0 C so the kinetic results could be compared 
directly with those obtained previously3 on the 
reactions of methoxide ion with ( Z ) -  and (E)-benzo- 
hydoximoyl chlorides (1Za and 1Ea) and the Z- and E- 
isomers of ethyl 0-methylbenzohydroximate (1Zc and 
1Ec). 


The reaction of (Z)-0-methylbenzohydroximoyl 
cyanide (1Ze) with methoxide ion gave a mixture of two 
products, as shown. One of these products was methyl 
(Z)-0-methylbenzohydroximate (lZd), which resulted 
from methoxide ion attack at the carbon-nitrogen 
double bond of 1Ze. The other product, the 0- 
methyloxime of a-ketophenylacetamide (2), resulted 
from nucleophilic attack on the cyano group of 1Ze. It 
is assumed that an imidate is formed from nucleophilic 
attack on the cyano group. Hydrolysis of an imidate to 
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NaOCH. A 
90% DMSO 
10% CH,OH 


NaOCH. 
P 
90% DMSO 


10% CH,OH 


2 would be expected in working up the reaction or in 
HPLC analysis of the reaction mixture. 


The reaction products 1Zd and 2 are formed in about 
equal amounts. The kinetics of formation (T$ble 1) of 
these two products were measured at 44.8 C under 
pseudo-first-order conditions using an HPLC method. 
The second-order rate constants decreased slightly with 
decrease in concentration of methoxide ion. The rate 
constant for methoxide ion substitution at the carbon- 
nitrogen double bond in 1Ze is about 35 times smaller 
than that for nucleophilic substitution in the corre- 
sponding hydroximoyl chloride (k1za = 1.24 x lo-' 1 


Table 1 .  Second-order rate constants for the formation of 1Zd 
and 2 from the reaction of (Z)-0-methylbenzohydroximoyl 
cyanide with sodium methoxide in dimethyl sulfoxide- 


methanol (9 : 1) at 44.6 'C  


CH30 \C=N /OCH3 


104k (1 rno1-l s - ' 1  
a 1Zd 


+ 
0 rMeO-1 (M) 1Zd 2 
II 


HzN-C 0.170 5 . 5 3  7.54 
0.0588 4.34 6-65 
0.0120 4.20 5.24 
0.00612 3-50 3.56 


mol-' s - ' ) . ~  When the methoxide ion substitution 
reaction of 1Ze was followed to near completion, 
isomerization of the (Z)-hydroximate (1Zd) substitu- 
tion product to the E-isomer was observed. We have 
measured the rate of this isomerization previously3 and 
found that the second-order rate constant for the 
process is 1 *59 x 1 mol-' s-', which is about 22 


NC 


hmes smaller than the rate constant for methoxide ion 
substitution in the hydroximoyl cyanide 1Ze. 


When the (E)-hydroximoyl cyanide 1Ea was reacted 
with methoxide ion, it underwent isomerization to the 
Z-isomer 1Za faster than it underwent nucleophilic 
substitution. It is possible that this isomerization pro- 
ceeds by nucleophilic attack at the nitrogen atom 
(azophilic attack, Scheme 2) of the carbon-nitrogen 
double bond to give a carbanion intermediate (4) rather 
than nucleophilic attack at carbon (carbophilic attack) 
to give a nitrogen anion. The carbanion produced by 
azophilic attack is a viable possibility since the carba- 


N 


NC % ,0CH3 , + CH30 - 'E-N 
\ 


OCH, 


I Ee 
4 


NC ,OCH3 


+ CH,O 
\ 


GC=" IZe 


Scheme 2 
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nion produced from such an attack would be stabilized 
by both the cyano and phenyl groups. There are a few 
 example^^'-^^ of azophilic attack on the carbon- 
nitrogen double bond, although in all of these examples 
organometallic reagents were used as nucleophiles. In 
order to determine the mechanism of isomerization, 
(E)-0-ethylbenzohydroximoyl cyanide (1Ef) was 
isomerized to the Z-isomer in sodium methoxide sol- 
ution. If the isomerization proceeds by azophilic attack 
it would be expected that there would be some exchange 
of the ethoxy group on nitrogen by methoxide ion. The 
isomerization of 1Ef to 1Zf in sodium methoxide sol- 
ution was followed by HPLC and there was no evidence 


NC /OCH3 CH,O 
\ - 


c-- 
ph/C=N -CH,O- 


1 Ze 


CH,O NC 


Ph' \ C--- 


'C=N - 
OCH3 -CH,O 


1 Ee 


Table 2. Second-order rate constants for the Z- to E- 
isomerization of 0-alkylbenzohydroximoyl cyanides with 
sodium methoxide in dimethyl sulfoxide-methanol (9 : 1) at 


44.6 "C 


Compound 102[Me0-] (M) 103k (1 moi-' s- ' )  


1Ee 
1Ee 
1Ee 
1Ef 
1Ef 
1Ef 
1Ef 


0.830 
0.769 
2.03 
0.740 
0-940 
1.12 
1.25 


9.47 
8.24 
8.28 
1.61 
2.78 
2.69 
2.35 


I 


3A 


11 


-C" - CHJO 
\ 


Ph /C=N 


1 Zd 


/ 
CH3 


1 Zd 


30 


11 OCH, , 


CH,O 


1 Ed 


1 Ed / 
CH3 


3c 


k (€-cyanide - 2-cyanide) = 8.66 x I0"M"S" 


k (hydroximate formation) = 3.50 x 104M's" 


k (2-hydroximate - E-hydroximate) = 1.59 x Io5#'S~'  


Scheme 3 
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of alkoxy exchange during the isomerization, i.e. no 
1Ze or 1Ee was formed during the isomerization of 1Ef 
to 1Zf in sodium methoxide solution. 


The second-order rate constants for E- to 2- 
isomerization of 1Ee and 1Ef are given in Table 2. The 
second order E- to Z-isomerization rate constant for 
1Ee is about ten times greater than the rate constant for 
methoxide ion substitution at the carbon-nitrogen 
double bond in the 2-isomer (IZe). 


In this work, it was found that the (E)-hydroximoyl 
cyanide isomerizes to the 2-isomer under reaction con- 
ditions that eventually lead to substitution in the Z-  
isomer. This observation is consistent with an 
addition-elimination mechanism (Scheme 3) for the 
substitution in which the elimination of cyanide ion is 
rate determining (AN + h#). Rate-determining elim- 
ination of cyanide ion allows the tetrahedral inter- 
mediate to undergo stereomutation, which, in the case 
of the reaction of methoxide ion with the ( E ) -  
hydroximoyl cyanide, results in isomerization to the 
thermodynamically more stable 2-isomer. 


It seems reasonable to assume that all the conforma- 
tions of the tetrahedral intermediate (3A, 3B and 3C in 
Scheme 3 )  should be accessible during the reaction of 


the (Z)-hydroximoyl cyanide with methoxide ion. If 
this is the case, the Z/E product distribution should 
depend only on the relative energies of the transition 
states leading to the Z- and E-isomers (Curtin- 
Hammett principleg0). There are two staggered tran- 
sition states (anti-elimination from conformations 3A 
and 3C) and two eclipsed transition states (syn- 
elimination) that would have the incipient p-orbitals 
aligned properly in the transition state to form a 
x-bond. The eclipsed transition states should have a 
higher potential energy than those transition states 
derived from staggered conformations. Thus elimin- 
ation should take place from conformations 3A and 
3C. Reaction from conformation 3B would not be as 
likely, since in the transition state for elimination the p- 
orbitals would not be aligned properly for r-bond 
formation. 


In previous work, it was found that nucleophilic 
substitution on (E)-0-methylbenzohydroximoyl 
chloride (1Ea) either gives a mixture of E- and 2- 
substitution products (methoxide ion3) or predomi- 
nately the E-substitution product (azetidine ’). In these 
reactions it was suggested that the lifetime of the tetra- 
hedral intermediate was so short that conformational 


5A 


OCH, 
I 


l l  


CN- 


6Z 


I -H’ 


1 Zd 


CH30 H 
:,&; 


OCH, Ph 


6E 


1 Ed 
Scheme 4 
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equilibration of the intermediates did not take place. It 
was suggested that elimination of the nucleofuge took 
place from a transition state derived from a conforma- 
tion analogous to 3B to give an ylide intermediate. l S 3  In 
the case of the reaction of methoxide ion with the 
hydroximoyl cyanide lEe, elimination of the poor 
nucleofuge from 3B to form an ylid seems unlikely. 


It is not clear why elimination of cyanide ion from 
3A would be preferred over elimination from 3C. Since 
the initially formed substitution product 1Zd is less 
thermodynamically stable than the E-isomer, one 
cannot attribute the preference for elimination from 3A 
over 3C to differences in stability of the incipient 
double bonds in the transition states for the formation 
of 1Zd and 1Ed. In the past, we have used stereoelec- 
tronic effects to rationalize our observations. ' - 3  In this 
case there is no difference between 3A and 3C in this 
regard; both 3A and 3C have two unbounded electron 
pairs antiperiplanar to the nucleofuge. 


It is possible that the elimination of cyanide ion could 
take place from the protonated tetrahedral intermediate 
(5A and 5C in Scheme 4). The anion 3 should be 
strongly basic, so it seems likely the neutral tetrahedral 
intermediate would be present in this reaction. Elimin- 
ation of cyanide ion from 5A and 5C, without 
assistance from methoxide ion, would give the pro- 
tonated hydroximates 6 2  and 6E. It is possible that the 
protonated (2)-hydroximate (62) is more stable than 
the protonated E-isomer (6E), and as a result the 
energy of the transition state for formation of 6 2  would 
be lower than that for the transition state for formation 
of 6E. At this time, we do not have experimental data 
either to support or to refute this hypothesis. 


EXPERIMENTAL 


General methods. DMSO was obtained from 
Burdick and Jackson (distilled in glass) and was stored 
over 4A molecular sieves. Methanol was also purchased 
from Burdick and Jackson. The hydroximoyl cyanides 
1Ze and 1Ee were prepared according to published 
procedures. '' 


Melting points were measured on a Thomas-Hoover 
Unimelt capillary melting point apparatus and are 
uncorrected. 


Preparative GLC was carried out with a column 
(30 ft x 0.375 in i.d.) of silicone gum rubber (SE-30) on 
45-65-mesh Chromosorb W. 


HPLC analyses were carried out on an apparatus 
made up of a Spectra-Physics IsoChrome pump, an 
ISCO pLC- 10 variable-wavelength UV-visible detector 
(set at 265 nm) fitted with a 10 mm pathlength cell, a 
Rheodyne injector and a Spectra-Physics SP4270 
integrator. 


Elemental analyses were performed at Atlantic 
Microlab (Norcross, GA, U.S.A.). 


'H NMR spectra were determined on a Varian 


EM-390 spectrometer and infrared spectra were deter- 
mined with a Pye Unicam SP-1 I 0 0  or a Midac Fourier 
transform IR spectrophotometer. Low-resolution mass 
spectra were obtained on a Varian Saturn 3 ion-trap 
GC-mass spectrometer. 


Kinetic methods. The general procedure for prep- 
aration and thermostating the DMSO-methanol sol- 
utions has been described previously. The reaction 
solutions were analyzed at appropriate time intervals by 
removing 5 ml aliquots from a 50 ml DMSO-methanol 
(9 : 1) solution (10-3-10-4 M in hydroximoyl cyanide 
and 0*170-0.00612 M in sodium methoxide) that was 
thermostated at 44.6"C (+O-1 "C). Water (10 ml) was 
added to each aliquot and 20 pl of each solution were 
injected into either a 25 x 0-46 cm i.d. Burdick and 
Jackson OCS SG Octyl column (isomerization of 1Ee 
and 1Ef to 1Ze and 1Zf; mobile phase 55:45 aceto- 
nitrile-water) or a 25 x 0.46 cm i.d. Whatman Partisil 
5 ODs-3 column (methoxide ion substitution on 1Ze; 
mobile phase 55 : 45 acetonitrile-water). Both columns 
were protected from the strongly basic injection sol- 
ution by guard columns which were replaced fre- 
quently. Normalization factors for peak areas were 
determined by analysis of samples containing known 
amounts of reactants and products. 


Substitution product analysis. An 0.80 M solution 
of sodium methoxide in methanol (5.0 ml) was added 
to a solution of (Z)-0-methylbenzohydroximoyl 
cyanide (lZe, 4.0mmol) in DMSO (90ml) and 
methanol ( 5  ml) and the reaction was suspended in a 
constant-temperature bath at 44-6 "C. After 48 h the 
reaction solution was poured into ice-water (100 ml). 
Sodium chloride was added to the aqueous solution 
until it was saturated, and the solution was extracted 
with ether (4 X 10 ml). The ether extracts were dried 
over anhydrous magnesium sulphate, and the ether was 
evaporated at aspirator pressure to give an oily residue. 
HPLC analysis of this oil showed that it contained only 
2 and 1Zd. The oil residues from several runs were com- 
bined and, after standing at room temperature for 
several weeks, a small amount of solid crystallized from 
the oil. The crystals were separated from the oil by 
vacuum filtration and washed with hexane. Recrystal- 
lization of the crystals from methanol-yater gave the 
analytical sample of 2, m.p. 142-145 C; 'H NMR 
(CDCI3) 6 7.30-7-58 (m, 3H), 7.68-7.90 (m, 2H), 
5-9-6-6 (ZH), 4-09 (s, 3H); IR (KBr), 3490, 3340, 
3190, 1700, 1610 cm-'; MS, mIz (relative intensity, Yo) 
178 (45, M'), 134 (30), 119 (50), 104 (56), 103 (57), 77 
(36), 76 (36), 51 (42), 49 (61), 44 (100); analysis, calcu- 
lated for CgH10N202, C 60.67, H 5-.66, N 15.72; 
found, C 60.55, H 5-70, N 15.66%. 


The filtrate was distilled in a short-path distillation 
apparatus (Kontes No. 284500) and the distillate was 
identified as methyl (Z)-0-methylbenzohydroximate 







358 J. E. JOHNSON ET AL. 


(1Zd) by comparison of its 'H NMR and IR spectra 
with the spectra obtained from an authentic sample of 
1Zd. 


(2)-0-Ethylbenzohydroximoyl cyanide (1Zf). Using a 
procedure described previously (method B in Ref. 25), 
1Zf was obtained as a colourless oil after preparative 
GLC: 'H NMR (CDCh), 6 7-65-8-20 (m, 2H), 
7.25-7-65 (m, 3H), 4-44 (q, 2H, J = 6 H z ) ,  1-40 (t, 
3H, J=6Hz) ;  IR (neat), 1497 (w), 2230cm-'; MS, 
m/z  (relative intensity, Vo), 174 (99, M'), 146 (19), 116 
(loo), 89 (70), 77 (31), 51 (38); analysis, calcualted for 
CloHloN20, C 68-95, H 5-79, N 16.08; found, C 
69.10, H 5.73, N 16.13% 


(E)-0-Ethyfbenzohydroximoyl cyanide (1Ef). Irra- 
diation (254 nm) of a benzene solution of lZEf gave a 
mixture of 1Ef and 1Zf. Preparative GLC of the 
mixture gave 1Ef as a colourless oil: 'H NMR (CDCls), 
6 7.65-8.20 (m, 2H), 7.25-7.65 (m, 3H), 4.44 (q, 2H, 
J = 6  Hz), 1-38 (t, 3H, J = 6  Hz); IR (neat), 1551, 
2232 cm-'; analysis, calculated for CIOHIONSO, C 
68.95, H 5.79, N 16-08; found, C 69-06, H 5.81, N 
1 5 * 97%. 
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KINETICS AND MECHANISM OF AMINOLYSIS OF PROPARGYL 
AND 1 -METHYL-PROPARGYL ARENESULPHONATES 


HYUCK KEUN OH, IN HO CHO AND MIN JEONG JIN 
Department of Chemistry, Chonbuk National University, Chonju, 560-756, Korea 


AND 
IKCHOON LEE 


Department of Chemistry, Inha University, Inchon, 402-751, Korea 


Kinetic studies were carried out on the amholysis of propargyl and 1-methylpropargyl arenesulphonates in acetonitrile 
at 45.OoC. The cross-interaction constants, ~ X Z  and &z, are similar to, but smaller than, those for the &2 processes 
at other primary and secondary carbon centers. Compared with the ally1 series, the smaller magnitude of PXZ and &Z 


reflects a looser transition state, which in turn leads to a lower rate despite the greater Taft’s Q* value and the lower 
intrinsic ( U p )  and thermodynamic barriers CAI!?). 


The sign and magnitude of cross-interaction constants, 
pij and pij in equations (1) where i, j = X ,  Y or Z in 
Scheme 1, have proved to be useful for predicting tran- 
sition state (TS) structures and their variations with the 
substituents in the nucleophile X, substrate Y, and/or 
leaving group (LG) Z.’  A typical sN2 TS with three 
fragments, X, Y and Z, is shown in Scheme 1, where ui 
and Ri represent substituent and reaction centre i ,  
respectively. 


lOg(kij/kHH) = PiUi  + PjUj + P i j U i U j  (la) 


(1b) 


The results of our studies in the past several years 
have led us to the following generalizations. (i) The sign 


lOg(kij/kHH) = pi ApKi + pj ApKj + pij ApKi ApKj 


Substrate 


Scheme 1 


CCC 0894-3230/94/ 110629-05 
0 1994 by John Wiley 8t Sons, Ltd. 


of pxy (for bond making) is negative, whereas the sign 
of ~ Y Z  (for bond breaking) is positive in a normal sN2 
process.’ (ii) The magnitude of ~ X Y  and p y z  is a 
measure of the extent of bond making and bond 
breaking, respectively, in the sN2 transition state (TS). 
(iii) The sign of pxz determines the type of TS variation 
with changes in the substituents X and Z. ’ The defini- 
tion of PXZ: 


postulates that if ~ X Z  is negative a ‘later’ TS (6pz > 0 
and/or Apx < 0) is obtained, whereas the contrary is 
true for a positive PXZ, i.e., an ‘earlier’ TS (6pz < 0 
and/or 6px > 0) is obtained, with a stronger nucleophile 
(6ux < 0) and/or a stronger nucleofuge (i.e. a better 
LG) ( ~ U Z  > 0). ’ (iv) The magnitude of ~ X Z  provides a 
measure of the TS tightness; the greater the magnitude 
of pxz, the tighter is the TS, i.e. the shorter is the dis- 
tance d&. ’ (Scheme 1). Moreover, we found that for 
sN2 processes at a primary carbon centre pxz is a 
relatively large positive constant value with a tight TS 
whereas p m  is relatively smaller at a secondary carbon 
centre with a loose TS, irrespective of the size of the 
group attached to the reaction centre carbon. 


In this paper, we report the results of kinetic studies 
on the reactions of propargyl (2-propynyl, with a 
primary carbon centre) and 1-methylpropargyl (1- 
methyl-2-propynyl, with a secondary carbon centre) 
arenesulphonates with anilines (AN), benzylamines 
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(BA) and N,N-dimethylanilines (DMA) in acetonitrile 
at 45.0"C. 


RESULTS AND DISCUSSION 


The second-order rate constants, kz, for the aminolyses 
of propargyl and 1 -methylpropargyl arenesulphonates 
are summarized in Tables 1 and 2. In both cases, the 
rate is faster with benzylamine, a stronger nucleophile, 
than with aniline. However, for propargyl arene- 
sulphonate, the rate is cu 2-3 times lower with N,N- 
dimethylaniline reflecting steric hindrance of the 
dimethyl group in the TS. The rate ratios, ~ D M A / ~ A N ,  in 
Table 3 indicate that the steric rate retardation becomes 
enhanced as the degree of bond formation in the TS 
increases with a weaker nucleophile and/or nucleofuge; 
for this reaction p m  in equation (2) is positive (see 
below) so that a weaker nucleophile (X = p - C1) and/or 
a weaker nucleofuge ( Z  = p  - CH3) should lead to a 
greater degree of bond formation [statement (iii) in the 
Introduction]. This steric rate retardation effect of the 
N,N-dimethyl group for the reactions of the propargyl 
series is, however, seen to be somewhat greater than the 
corresponding steric effect for the reactions of the allyl 
series' (Table 3); the rate ratios, kDMA/kAN,vary from 
0.33 to 0.48 as the substituent X is changed from p-C1 
to p-CH30 for propargyl benzenesulphonates in con- 
trast to the corresponding changes from 0-48  to 0.64 
for the allyl series (the magnitude of p x z ,  px and pz 
indicates that the degree of bond formation in the TS 
is similar for the two series). 


This suggests that an acetylene group, HCGC, is 
sterically more demanding than a vinyl group, 
CH2=CH. This could be a reason why the rate con- 
stants for the propargyl series are in general cu 5 times 
lower than those for the corresponding allyl series. This 
is, however, in contrast to faster rates expected for pro- 
pargyl rather than allyl based on the greater electron- 
withdrawing power (Taft's polar substituent constants, 
o*, are 2.18 and 0.56 for CHGC and CH2=CH group 
respectively),6 the lower intrinsic barrier, A E< (our 
MP2/6-31 + G* computations on the identity chloride 
exchange reactions gave A E,f = 6-87 and 
8-21 kcalmol-' (1 kcal= 4.184 kJ) for propargyl and 
allyl, respectively)' and the exothermicity (or lower 
thermodynamic barrier, A Eo) the reaction (the 
enthalpies of reaction propargyl and allyl benzene- 
sulphonates with aniline are AH" = - 8.0  and 
- 6 . 3  kcal mol-', respectively by AM1 calculations).8 


The Hammett and Bransted coefficients, px,  Px, pz 
and Pz, are given in Tables 4 and 5. The magnitudes of 
both px (allowing for the fall-off factor of cu 2.8  for 
the intervening CHZ in BA)' and PX are greater for BA 
than for AN, reflecting a tighter TS for the BA series. 
However, the magnitudes of PX and pz suggestt that the 
TS for the DMA is looser than that for the AN series. 


Finally, the rate data in Tables 1 and 2 were subjected 


Table 1. Second-order rate constants, k2 x lo4 dm3mol-'s-', 
for the reactions of propargyl arenesulphonates with anilines 
(AN), benzylamines (BA) and N,N-dimethylanilines (DMA) in 


acetonitrile at 45 .O "C 


Nucleophile X p-CH3 H p-C1 m-NO2 


AN p-CH30 
p-CH3 


H 
p-CI 


p-CH3 
H 


p-c1 


pCH3 
H 


p-CI 


%A p-CH3O 


DMA p-CH3O 


10-4 
6-45 
3.22 
1.25 


67.8 
57.9 
43.0 
28.5 
4.78 
2.74 
1.19 
0.406 


16-1 
10.3 
5.19 
2.17 


120 
102 
75.8 
52.3 
7.73 
4-60 
2.09 
0.714 


31.1 102 
19.6 65.2 
10.5 35.7 
4.58 16.5 


263 1351 
221 1167 
175 893 
121 638 
17.6 75.5 
10.5 47.2 
4.88 21.9 
1.75 8.57 


Table 2. Second-order rate constants, k2 x lo4 dm3mol-'s-', 
for the reactions of 1-methylpropargyl arenesulphonates with 
anilines and anilines and benzylamines in acetonitrile at 


45*OoC 


Nucleophile X 


AN p-CHsO 
P-CH~ 


H 
p-c1 


P-CH~ 
H 


p-CI 


BA p-CH3O 


z 
p-CH3 H P-CI p-NOz 


1.43 2.06 3.86 16.2 
0.965 1.39 2.61 11.8 
0.556 0.827 1.63 6.97 
0.289 0.428 0.834 3.72 
4.13 6.28 10.9 40.9 
3.47 5.41 9.75 34.8 
2.72 4.16 7.53 28.7 
1.86 2.94 5.42 21.5 


Table3. Rate ratios ( ~ D M A / ~ A N )  for reactions of prFpargy1 Z- 
benzenesulphonates in acetonitrile at 45.0 C 


2 


X P-CHI Ha p-CI rn-NO2 


p-CH3O 0.45 0.48 0,57 0.74 


H 0.37 0.40 0.46 0.61 


p-c1 0.32 0.33 0.38 0.52 


(0.64) 


(0.50) 


(0.48) 


a Values in parentheses are those for reactions of allyl arenesulphonates 
under thc same reaction conditions. 
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to multiple regression analyses using equations (1) with 
i ,  j = X, Z, and the derived cross-interaction constants, 
P X Z  and P X Z ,  are summarized in Table 6. The lower pxz 
values for the BA series in Table 6 are due to the fall-off 
of cu 2.8 by an intervening CH2 group between the 
substituent (X) and the reaction centre (N) in BA. The 
magnitudes of PXZ and 0x2 for the reactions of pro- 
pargyl and I-methylpropargyl arenesulphonates with 
anilines are similar to those for other corresponding 
reactions at primary ( P X Z  = 0.30-0.33 and PXZ = 0.20 
at 65.0 0C)4a and secondary carbon centres 
( P X Z = O * I O  and P x z = 0 - 0 6  at 65.OoC, 
respectively). 4b 


The magnitude of pxz provides a measure of the TS 
tightness. The greater the I PXZ I, the tighter is the TS. 
We found an interesting, unexpected, result concerning 
the TS tightness for S N ~  processes at primary and sec- 
ondary carbon centres: the magnitude of P X Z  is a 
relatively large constant value (cu 0.29-0.40 in MeCN 
or MeOH at 45.0-65.O"C) at a primary carbon 
whereas it is smaller constant value (cu 0*10-0*11 in 
MeCN at 65.0"C) at a secondary carbon centre, 
irrespective of the size of the group attached to the 
reaction centre carbon (Table 7). These constant pxz 
values suggest that the TS is tight or loose (d& in 
Scheme 1 is short or long), depending on whether the 
reaction centre (RY) carbon is primary or secondary, 
but the TS tightness varies very little regardless 
of the group attached to Ry. These approximate 
constancies of the TS tightness have been supported 
by the results of high-level ub inilio MO calcula- 
tions on the chloride exchanges at various primary 
and secondary carbon centres.' The results of 
MP2/6-31 + G*//MP2/6-31 + G* level calculations 
have indicated that the distances between the chlorine 
nucleophile and chlorine LG areo indeed approximately 
constant at cu 4.7 and cu 4.8 A for the primary and 
secondary carbon centres, respectively. This 0.1 A 
difference in the TS tightness corresponds to a differ- 
ence in the magnitude of pxz of cu 0.2. It is therefore 
gratifying to find in this work that the magnitude of pxz 
for propargyl (primary carbon centre) and 1- 
methylpropargyl (secondary carbon centre) falls within 
the range of the respective constant value for the 
reactions with anilines in acetonitrile in Table 7. 


However if we account for the small depression of 
the magnitude accompanying a temperature rise (from 
45-0 to 65-0 "C) (a 20 "C rise in temperature resulted in 
a decrease in PXZ by 0*27), the values observed in Table 
6 are lower by approximately 10-209'0 than those for 
other corresponding reactions. This means that the TSs 
for the aminolysis reactions of propargyl and 1- 
methylpropargyl are looser than those for other corre- 
sponding sN2 reactions at the primary and secondary 
carbon centres. In a looser TS, C,-LG bond stretching 
is greater, resulting in a higher intrinsic barrier so that 
the rate becomes lower. l6 A greater degree of steric hin- 


Table 4. Hammett ( P X  and p ~ ) ~  and Br~rnsted (Px and PZ)" 
coefficients for the reactions Z-substituted propargyl benzene- 
sulphonates with X-substituted anilines, benzylamines and 


N,N-dimethylanilines in acetonitrile at 45 .O OC 


Nucleophile Z P X  P x  x PZ Pz 


AN p-CH3 
H 


p-CI 
rn-NO2 


BA p-CH3 
H 


p-CI 
rn-NO2 


DMA p-CH3 
H 


p-CI 
rn-NO2 


-1.84 0.66 p-CH3O 1.13 -0.31 
-1.75 0.63 p-CH3 1.14 -0.31 
-1.66 0.60 H 1.19 -0.32 
-1.58 0.58 p-CI 1.27 -0.34 
-0.76 0.77 pCH3O 1.48 -0.40 
-0.73 0.72 p-CH3 1.49 -0.40 
-0.68 0.66 H 1.50 -0.41 
-0.66 0.65 p-CI 1.53 -0.41 
-2.11 0.59 p-CH30 1.37 -0.37 
-2.08 0.57 p-CH3 1.41 -0.38 
-2.01 0.55 H 1.44 -0.39 
-1.90 0.52 p-CI 1.51 -0.41 


aCorrelation coefficients >0.995. 


Table 5 .  Hammett ( P X  and P Z ) "  and Br~rnsted ( f i x  and &)" 
coefficients for the reactions Z-substituted 1-methylpropargyl 
benzenesulphonates with X-substituted anilines and benzyl- 


amines in acetonitrile at 45.0 "C 


Nucleophile Z PX Px x PZ Pz 


AN p-CH3 -1.39 0.50 p-CH30 
H -1.36 0.49 p-CH3 


p-CI -1.32 0.47 H 
p-NOz -1.28 0.46 p-CI 


BA p-CH3 -0.69 0.68 p-CH3O 
H -0.67 0.66 p-CH3 


p-CI -0.62 0.63 H 
p-NO2 -0 .55 0.52 p-CI 


1.12 
1.16 
1.17 
1.18 
1 *05 
1.05 
1.08 
1.12 


-0.30 
-0.31 
- 0.32 
-0.32 
- 0.28 
- 0.28 
-0.29 
-0.30 


a Correlation coefficients >0 .995 .  


Table 6. Cross-interaction constants, PXZ and PXZ, for amino- 
lysis of propargyl and 1-methylpropargyl benzenesulphonates 


in acetonitrile at 45.0 "C 


Substrate Nucleophile PXZ a Pxz a 


Propargyl AN 0.29 (0.999) 0.17 (0.992) 
BA 0.10 (0.999) 0.21 (0.992) 
DMA 0.25 (0.999) 0.13 (0.993) 


1 -Methyl AN 0.10 (0.999) 0.06 (0.996) 
Propargyl BA 0.04 (0.999) 0.11 (0.999) 


a Correlation coefficientst are given in parentheses. 
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CH3 
Primary compounds 


(CH3)3SiCHz 


CHECCHz 
Secondary compounds (CH3)zCH 


Cyclobutyl 
Cyclopent yl 
Cyclohexyl 


MeCN 
MeOH 
MeCN 
MeOH 
MeCN 
MeCN 
MeOH 
MeCN 
MeOH 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 


65.0  0.32 10 
65.0 0.30 10 
65.0 0.34 10 
65.0 0.33 10 
45.0 0-37 5 
45.0 0.40 1 1  
55.0 0.31 4a 
65.0 0.33 12 
65.0 0.31 12 
45.0 0.29 This work 
65.0 0.10 13 
65.0 0.11 14 
65.0 0.11 14 
65.0 0.11 14 


drance seems to result in a looser TS for propargyl, 
which in turn leads to a lower rate. This is supported by 
the smaller pxz and ,&z values in Table 6, indicating a 
looser TS with a lower rate for the DMA rather than the 
AN series. 


We conclude that the cross-interaction constants for 
the reactions of propargyl and 1-methylpropargyl 
arenesulphonates are similar to, but smaller than, those 
for the S N ~  processes at other primary and secondary 
series, respectively. Compared with the ally1 series, the 
smaller magnitude of ~ X Z  and /3xz reflects a looser TS 
for the propargyl series, which in turn leads to a lower 
rate despite the greater Taft's polar constant, u*, and 
the lower intrinsic (A EC ) and thermodynamic barriers 
( A E O ) .  


EXPERIMENTAL 


Materials. Merck GR-grade acetonitrile was used 
after three distillations. The nucleophiles, aniline and 
benzylamine, were GR-grade reagents from Tokyo 
Kasei and were redistilled or recrystallized before use. 
N,N-Dimethylanilines were prepared from anilines 
using dimethylsulphate by the known method. 
Substrate propargyl arenesulphonates were prepared l 8  


from propargyl alcohol as follows. Benzenesulphonyl 
chloride dissolved in dry diethyl ether was Fixed with 
propargyl alcohol in dry diethyl ether at 0 C and the 
mixture was shaken occasionally. Aqueous potassium 
hydroxide was added dropwise to a mixture, then 
poured into 100 ml of 1N sulphuric acid. The organic 
layer was separated and washed several times with 
water and dried with anhydrous magnesium sulphate. 
After removal of the solvent, the product was con- 
firmed by (NMR analyses with a Jeol 400 MHz instru- 
ment. A similar method was used for the preparation of 


the other substrates. The NMR spectroscopic data are 
as follows. 


Propargyl benzenesulphonate: liquid; 6 7.95 (2H, d, 
ortho, J =  7.33 Hz), 7.68 (lH, t, para, J =  7.33 Hz), 
7.57 (2H, t, meta, J=8*06Hz) ,  4.73 (2H, d, CH2, 
J =  2.20 Hz), 2.47 (lH, t, CH, J =  2.220 Hz). 


Propargyl tosylate: liquid; 6 7.82 (2H, d, ortho, 
J =  8.06 Hz), 7.36 (2H, d, meta, J =  8.06 Hz), 4.07 
(2H, d, CHz, J=2*20Hz) ,  2.47 (lH, t, CH, 
J =  2.20 Hz), 2.46 (3H, S, CH3). 


Propargyl p-chlorobenzenesulphonate: liquid, 6 7 * 88 
(2H, d, ortho, J =  8.80 Hz), 7.54 (2H, d, meta, 
J=8*80Hz) ,  4-75 (2H, d, CH2, J=2-20Hz) ,  2.49 
(lH, t ,  CH, J =  2.20 Hz). 


Propargyl p-nitrobenzenesulphonate: m.p. 
62-63°C; 6 8.54 (2H, d, meta, J=8*06Hz) ,  8.29 
(2H, d, ortho, J=8*06Hz) ,  4.87 (2H, d, CH2, 


1 -methylpropargyl benzenesulphonate: liquid; 6 7 * 95 
(2H, d, ortho, J = 7 . 3 3  Hz), 7-65 (lH, t, para, 
J = 7 * 3 3  Hz), 7.55 (2H,t,meta, J = 7 . 3 3  Hz), 5.20 
(lH, q, CH, J = 6 * 6 ,  2*20Hz), 2.39 (lH, d, CH, 
J =  2.20 Hz), 1.59 (3H, d, CH3, J =  6.59 VZ). 


1-Methylpropargyl tosylate: m.p. 47-48 C; 6 7.82 
(2H, d, ortho, J =  8.06 Hz), 7.34 (2H, d, meta, 
J=8-06Hz) ,  5.16 (lH, 9, CH, J = 6 . 6 ,  2*20Hz), 
2.45 (3H, S, CH3), 2.41 (lH, d, CH, J=2.20Hz),  
1-57 (3H, d,  CH3, J =  6.59 Hz). 


J =  2-20 Hz), 2.49 (IH, t,  CH, J =  2.20 Hz). 


1 -Methylpropargyl p-chlorobenzenesulphonate: m.p. 
74-75°C; 6 7.88 (2H, d,  ortho, J=8*79Hz) ,  7.53 
(2H, d, meta, J =  8.79 Hz), 5.21 (lH, q, CH, J =  6.6, 
2.20 Hz), 2.43 (lH, d,  CH, J =  2.20 Hz), 1.61 (3H, d, 
CH3, J =  6.59 Hz). 


1-Methylpropargyl p-nitrobenzenesulphonate: m.p. 
112-113 OC; 6 8-39 (2H, d, meta, J =  8.79 Hz), 8.15 
(2H, d, ortho, J =  8.79 Hz), 5.30 (lH, q, CH, J =  6.6, 
2.20 Hz), 2.42 (lH, d,  CH, J =  2.20 Hz), 1-65 (3H, d, 
CH3, J =  6.60 Hz). 
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Kinetic procedures. Rates were measured conduc- 
timetrically and k2 values were determined with at least 
four nucleophile concentrations using the procedure 
described previously. 4*5 The k2 values were reprodu- 
cible to within 3%. 


Product analysis. Propargyl tosylate was reacted 
with $xcess aniline with stirring for more 15 half-lives at 
45.0 C in acetonitrile, and the products were isolated 
by evaporating the solvent under reduced pressure. The 
product mixture was subjected to column chromatog- 
raphy. The same method was used for the preparation 
of the other products. Analysis of the products gave the 
following results. 


CH=CCHzNHC,&; liquid; 6 6.64-7-23 (5H, m, 
aromatic), 3.95 (2H, d, CH2, J =  2.20 Hz), 3.88 (lH, 
broad, s, NH), 2.21 (lH, t, CH, J=2-20Hz) .  


CH=CCH~NHCHZC~H~;  liquid; 6 7.29-8.39 (5H, 
m, aromatic), 3-70 (2H, s, CH2, J=2*20Hz),  3-65 
(IH, broad, s, NH), 3.43 (2H, d, CH2, J=2*20Hz) ,  
2-27 (IH, t, CH, J =  2.20 Hz). 


CH=CCH(CH3)NHC&; liquid; 6 6.85-7.45 (5H, 
m, aromatic), 4.15 (IH, d, CH, J =  2.20 Hz), 3-65 
(IH, broad, s, NH), 2.35 (lH, t, CH, J=2*20Hz) ,  
1 *30 (3H, S ,  CH3). 


C&NHf - OS02C6H4CH3; m.p. 226-228 OC; 6 
7.12-7-46 (9H, m, aromatic), 2.14 (3H, s, CH3). 


C6HsCHzNHf O S O Z C ~ H ~ C H ~ ;  m.p. 202-204 OC; 
6 7.01-7.45 (9H, m, aromatic), 4*35(2H, s, CH2), 
3.45 (3H, broad, NHf) ,  2-37 (3H, s, CH3). 


m.p. 261-264 OC; 6 7-13-7.87 (9H, m, aromatic), 5-21 
C~NSNH: ( C H ~ ) Z C H Z C ~ C C H - O S O ~ C ~ H ~ C H ~ ;  


(2H, d, CH2, J =  2.20 Hz), 3.87 (6H, S, 2CH3), 2.57 
(IH, t ,  CH, J=2*20Hz) ,  2.34 (3H, S, CH3). 
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KINETIC STUDIES ON THE AMINOLYSIS OF 


IN ACETONITRILE AND METHANOL 
1-(TRIMETHYLS1LYL)ETHYL ARENESULPHONATES 


HYUCK KEUN OH AND CHUL HO SHIN 
Department of Chemistry, Chonbuk National University, Chonju, 560-756, Korea 


AND 


HYOUNG YEON PARK AND IKCHOON LEE* 
Department of Chemistry, Inha University, Inchon, 420-751, Korea 


Nucleophilic substitution reactions of 1-(trimethylsilyl)ethyl arenesulphonates with anilines and benzylamines in 
acetonitrile and methanol at 65 -0  O C  were studied. The cross-interaction constants, pxz,  between substituents in the 
nucleophile (X) and leaving group (2) are relatively small (0.10 for XQH4NH2 in MeCN) but similar to those for 
other sN2 processes at a secondary carbon atom. This provides further evidence for an approximately constant, loose 
sN2 transition state at a secondary carbon regardless of the size of the C, substituent. The transition-state variations 
with substituents X and 2 are in accord with that expected from the positive p x z  value observed: a stronger 
nucleophile and/or nucleofuge leads to an earlier transition state, i.e. a lower degree of bond making and breaking. 


INTRODUCTION 


The cross-interaction constants, pij in the equation 


log(kij/kHH) = piui + pjuj + pijuiuj (1) 


have been successfully applied to the elucidation of 
organic reaction mechanisms in solution. ' In equation 
( l ) ,  i and j represent the substituent X, Y or Z in the 
nucleophile, substrate and leaving group, respectively 
(Scheme 1). It has been shown' that if the sign of ~ X Z ,  


which can be alternatively given' as 


(2) pxz = - = - 


is positive (negative), a stronger nucleophile (6ux < 0) 
and/or nucleofuge (6uz > 0) lead to an earlier (later) 
transition state (TS) with a lower (higher) degree of 
bond making (6 1 px 1 < 0) and breaking (6pz < 0). On 
the other hand, the magnitude of ~ X Z  provides a 
measure of the tightness of the TS.' It has been 
reported that a tight TS involved in an associative S N ~  
process at a primary carbon atom shows a relatively 
large magnitude of p m ,  whereas the pxz value is small 
for a dissociative sN2 process with a loose TS at a sec- 


6PZ 6PX 


6ux 6uz 
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. . . P Z%. . . 


siilistrc~te 


Scheme 1 


ondary carbon atom.' Surprisingly, the size of ~ X Z  has 
been found to be approximately constant for the 
primary (ca 0*33)3 and secondary carbon centres (ca 
0- respectively, irrespective of the size of a group 
attached to the reaction centre carbon, C,. 


In previous work, a pxz value of 0.33 was obtained' 
for the reactions of trimethylsilylmethyl are2e- 
sulphonates (I) with anilines in acetonitrile at 65.0 C 
conforming to the value expected for a tight TS at a 
primary carbon centre despite the large trimethylsilyl 
group on the a-carbon. In this work, we extended our 
work to its a-methyl-substituted analogue (11), which 
has a secondary carbon reaction centre in contrast to I 
with a primary carbon center. 
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RESULTS AND DISCUSSION 


The second-order rate constants, kz, for the reactions 
of 1 -(trimethylsilyl)ethyl arenesulphonates (11) with ani- 
lines and benzylamines are summarized in Table 1. The 
rate is seen to increase with a stronger nucleophile 
(6ux < 0) and nucleofuge (6az > 0), as expected from a 
typical Sp~2 process. Comparison of the rates for I1 in 
Table 1 with the corresponding values for the reactions 
of I with anilines in MeCN3 indicates that the rate is 


cu3-6 -8  times faster for I than for 11, i.e. 
kz(I)/kz(II) = 3-6-8. The rate ratio becomes greater 
with a stronger nucleophile and nucleofuge; the ratio 
varies from ca 3 for X =p-Cl with Z =p-CH3 to 6 . 8  for 
X =p-CH@ with Z =p-NOz. This is consistent with a 
lower degree of steric inhibition due to a lower degree 
of bond formation in the TS for a stronger nucleophile 
and/or nucleofuge, as the decrease in the magnitude of 
the Hammett (I px 1 and pz) and Brernsted coefficients 
(fix and I 


An earlier TS with a lower degree of bond formation 
for a stronger nucleophile and nucleofuge is also consis- 
tent with the positive ~ X Z  values (Table 3) ,  which are 
determined by subjecting the rate data in Table 1 to 
multiple regression analysis using equation (1) with 
i, j = X, Z. A similar trend is found for the reactions 
of I and I1 with anilines in MeOH; in this case, how- 
ever, the ratio is greater, kl(I)/kz(II) = 5-7-5. This 
may be due to a looser TS for the reactions in MeOH 
than in MeCN. Indeed, we note in Table 3 that the 
cross-interaction constants, pxz and 0x2, are smaller in 
MeOH, albeit the difference in the magnitude is very 
small. 


The TSs for both Sp$15 and SNI processes are known 
to become tighter and less ionic with increasing solvent 
polarity. A tighter TS is therefore expected in MeCN 
( E  = 37-5 )  than in MeOH ( E  = 32.6) .  


I )  in Table 2 indicate. 


Table 1 .  Second-order rate constants, kz x lo4 dm3 mol- 's- ' ,  for reactions of I-(trimethylsi1yl)ethyl 
2-benzenesulphonates with X-anilines and X-benzylamines in MeCN and MeOH at 65.0 "C 


Nucleophile X P - C H ~  H p-c1 rn-NOz p-NOz 


Anilinea p-CHsO 


p-CH3 
H 


p-CI 


[MeOH]' 
Anilineb p-CHsO 


p-c1 


Benzylamine" p-CH30 


P-CW 
H 


p-c1 


0.837 


0.539 
0.267 
0.106 


(0.312)d 


[0.425] 
2.15 


1.43 
0.832 
0.347d 
(1.78) 


2.57 


2.21 
1.68 
1.21 


(30*4)d 


1.24 


0.797 
0.408 
0.160 


[0.656] 
3.30 


2.17 
1.23 
0.502 


4.25 


3.71 
2.76 
2.02 


2.26 


1.47 
0.754 
0.298 


r1.331 
5.16 


3.54 
2.07 
0.868 


9.28 


8.05 
6.09 
4.46 


6.80 


4.61 
2.37 
0.941 


[4.47] 
14.5 


10.2 
6.04 
2.49 


30.2 


25.9 
19.6 
14.4 


8.62 
(58.6)d 


5.74 
2.96 
1.22 


[5.70] 
20.9 


(157)d 
14.4 
8.61 
3.68 


40.0 
(839)d 


35.6 
26.8 
19.8 


a MeCN. 
bMeOH. 
'Methanolysis rate constants, kl x lo's- ' ,  at 65.0'C. 
dThe values in parentheses are those for the corresponding trimethylsilylmethylene arenesulphonates (I). 
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The rate ratio k2(I)/kz(II) (ca 20) becomes even 
greater for the reactions with benzylamines. This is 
again consistent with a much lower degree of bond for- 
mation expected from a looser TS based on the substan- 
tially lower p x z  and P X Z  values in Table 3. The 
magnitude of p x z  (and also P X Z )  is similar to that 
obtained for sN2 reactions at secondary carbon atoms. 
This is indicative of an approximately constant TS 
tightness (or looseness) for the sN2 TS at a secondary 


carbon atom (reactions E-K in Table 3), similarly with 
an approximately constant TS tightness obtained at a 
primary carbon atom (reactions A-D in Table 3). It is 
surprising that the TS tightness is similar ( p x z  = 0.10) 
for the reactions of 11, (CH3)3SiCH(CH3)--, and iso- 
propyl, CH3CH(CH3)-, series since I1 has a much 
bulkier group, Si(CH3)3, than the latter, CH3, attached 
to the reaction centre in addition to a common CH3 
group; the Taft's steric constants, ES,' are -1.74 and 


Table2. Hammett (PX and pz) and Brensted (OX and Pz) coefficients for reactions of 
1-(trimethylsily1)ethyl Z-benzenesulphonates with X-anilines and X-benzylamines 


Nucleophile Z PX' P X  X PZ P Z C  


Anilinea p-CH3 
H 


p-c1 
m-NO2 
pNOz 


Anilineb P-CH~ 
H 


p-c1 
m-NOZ 
pNO2 


Benzylamine" p-CH3 
H 


p-c1 
m-NO2 
p-NO2 


-1.81 
-1.79 
-1.77 
-1.73 
-1.71 


-1.58 
-1.57 
-1.55 
-1.53 
-1.50 


-0.66 
- 0.66 
-0.65 
-0 .55  
-0.53 


0.65 
0.64 
0.64 
0.63 
0.62 


0.57 
0.57 
0.56 
0-55 
0.54 


0.65 
0.65 
0.64 
0.63 
0.63 


p-CHnO 
P-CH~ 


H 
p-Cl 


p-CHsO 
P-CH~ 


H 
p-c1 


1.06 
1.08 
1.09 
1.10 


1.01 
1 -02 
1.04 
I .06 


1.23 
1.23 
1.24 
1.24 


-0.29 
-0.29 
-0.30 
-0.30 


-0.27 
-0.28 
-0.28 
-0.28 


-0.41 
- 0.41 
-0.41 
- 0.42 


'MeCN. 
MeOH. 


'Correlation coefficients are better than 0.994 in all cases. 


Table 3. Cross-interaction constants, pxz and PXZ, for some nucleophilic substitution reactions at 65.0 OC 


Reaction Solvent PXZ PXZ Ref. 


MeOH 
MeCN 
MeOH 
MeCN 
MeOH 
MeCN 
MeOH 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 


MeOH 


MeCN 


0.30 
0-32 
0.33 
0-34 
0.31 
0.33 
0.31 
0.10 
0.11 
0.11 
0.11 
0.11 
0.10 


0.08 


0.01 


(0.999)b 


(0.999)b 


(0.999)b 


0.18 
0.20 
0.19 
0.21 
0.18 
0.20 
0.18 
0.06 
0.06 
0.06 
0.07 
0.06 
0.06 


(0.995)b 
0.05 


(0.996)b 
0.04 


(0.999)b 


9 
9 
9 
9 
8 
8 
3 
2 
4 
4 
4 
4 


This work 


This work 


This work 


"At 55,O'C. 
Correlation coefficients at the 99% confidence level. 
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0.0 for C(CH3)3 and CH3, respectively [The E,  value 
for the trimethylsilyl group, Si(CH3)3, is not available, 
but it is expected to be even more negative than that for 
the tert-butyl group, C(CH3)3, owing to the greater size 
of Si]. 


Likewise, a similar TS tightness is obtained for the 
reactions at primary carbon centres, e.g. the PXZ values 
(ca 0.33 in MeCN) for neopentyl, (CH~)~C$HZ- ,~  
and trimethylsilylmethylene, (CH3)3SiCHz-, series 
are similar to that of ethyl, CH3CH2-,9 series 
(Table 3). 


Shaik et al." have shown that the tightness (or 
looseness) of the sN2 TS can be correlated with magni- 
tude of the intrinsic barrier, i.e. the barrier for the 
thermoneutral process, A Eof . For a non-identity sN2 
process: 


X- + RZ (X..-R...Z)- C XR + Z- (3) 


&z 
A E g  is given by the average of the two AEof values 
involving the forward, A E&, and reverse, A Ezfi, ther- 
moneutral (identity) processes: 


A E& $(A E C ~  + A ~ z f i )  (4) 
Hence the similar magnitude of pxz should be an indi- 
cation of the approximately constant AEof,  which is 
primarily a function of bond stretching (R...X and 
R-..Z) energy in the TS. The relatively constant I PXZ 1 
values obtained for the primary (pxz = 0.33) and sec- 
ondary ( ~ X Z  = 0.10) carbon centres reflect that an 
a-alkyl substituent has little effect on the overall (or 
average) intrinsic barrier, A E $ ,  and hence on the 
overall tightness of the sN2 TS, d&. The actual reac- 
tivity (AE') is affected also by the steri$ effect in 
addition to the thermodynamic barrier (AE ). 


We conclude that the overall tightness of an sN2 TS 
depends only on whether the reaction centre is a 
primary or a secondary carbon, but is almost indepen- 
dent of the size of the group attached to the reaction 
centre carbon atom. 


EXPERIMENTAL 


Materials. Reagent-grade chemicals were used. Ace- 
tonitrile (Merck) was used after three distillations and 
methanol (Merck) was used without further purifica- 
tion. The nucleophiles, aniline and benzylamine, were 
purchased from Tokyo Kasei and were redistilled or 
recrystallized before use. Substrates, 1-(trimethyl- 
sily1)ethyl arenesulphonates, were prepared by reacting 
1-(trimethylsily1)ethanol (Aldrich) with arenesulphonyl 
chlorides. ' I  


The NMR (Jeol 400 MHz) spectroscopic data are as 
follows. I-(Trimethylsi1yl)ethyl benzenesulphonate: 
liquid, 6 (CDCI3) 0.02 (9H, s, Si(CH3)3), 1.29 (3H, d, 
CH3, J z 7 . 3 3  Hz), 4.44 (IH, 9, CH, J z 7 . 3 3  Hz), 


7.51-7 a93 (SH, m, aromatic). 1-(Trimethylsily1)ethyl 
p-methylbenzenesulphonate: liquid, 6 (CDCI3) 0.01 
(9H, s, Si(CH3)3), 1.27 (3H, d, CH3, J=7*14Hz) ,  


7.32 (2H, d, J = 7 - 9 3 H z ,  meta), 7-79 (2H, d, 
J = 8-73 Hz, ortho). 1-(Trimethyl~i1yl)ethyl p-  
chlorobenzenesulphonate: m.p. 3 1-32 C, 6 (CDCl3) 
0.01 (9H, s, Si(CH3)3), 1.24 (3H, d, CH3, 


(2H, d, J =  8-80 Hz, meta), 7-84 (2H, d,  J =  8.79 Hz, 
ortho). 1 -(Trimethylsilyl)ethyl m-nitrobenzene- 
sulphonate: m.p. 63-64"C, 6 (CDC13) 0.02 (9H, s, 
Si(CH3)3), 1.35 (3H, d, CH3, J =  7.65 Hz), 4.59 (lH, 
q, CH, J=8*00Hz) ,  7-77 (lH, t, aromatic-SH, 
J =  8.01 Hz), 8.24 (lH, d, aromatic-6H, J =  8-01 Hz), 
8-49 (IH, d, aromatic-4H, J =  8-35 Hz), 8-76 (lH, s, 
aromatic-2H). 1-(Trimethylsily1)ethyl p-nitrobenzene- 
sulphonate: m.p. 72-73"C, 6 (CDCl3) 0.02 (9H, s, 
Si(CH3)3), 1.34 (3H, d, CH3, J =  7.33 Hz), 4.58 (lH, 
q, CH, J =  7-33 Hz), 8.11 (2H, d, J =  8.79 Hz, meta), 
8.38 (2H, d, J =  8-80 Hz, ortho). 


2.44 (3H. S, CH3), 4.41 (lH, 9, CH, J =  7.15 Hz), 


J =  8.07 Hz), 4.43 (lH, 9, CH, J = 7 * 3 3  Hz), 7.58 


Kinetic procedures. Rates were measured conduc- 
timetrically and k2 values were determined with at least 
four nucleophile concentrations using the procedure 
described previously. 2,43 The k2 values were reprodu- 
cible to within 3%. 


Product analysis. The analysis of final products was 
difficult owing to partial decomposition during product 
separation and purification. We therefore analysed the 
reaction mixture by NMR (Jeol 400MHz) at appro- 
priate intervals under exactly the same reaction con- 
ditions as for the kinetic measurements in CD3CN at 
65.0 "C. Initially we found a CH peak for the reactant, 
(CH~)~S~CH(CH~)OSO~C~H~CI-JI, at 4-43 ppm, which 
was gradually reduced, and a new peak for CH in 
the product, ( C H ~ ) ~ S ~ C H ( C H ~ ) N H C ~ H S ,  grew at 
2.95 ppm as the reaction proceeded. No other peaks or 
complications were found during the reaction, except 
for the two peak height changes indicating that the 
reaction proceeds with no other side-reactions. The 
reactions with benzylamine had two corresponding 
peaks at 4.43 and 2.02 ppm. 
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SINGLE-PARAMETER VERSUS DUAL-PARAMETER 
CORRELATION FOR RADICAL REACTIONS. ADDITION OF 


BROMINE ATOMS TO a-METHYLSTYRENES 
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AND 
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A rigorous procedure was developed for measuring the relative rates of addition of bromine atoms to eleven 
substituted a-methylstyrenes (l-Y, with Y = CF3, N02, F, CN, CI, Br, COzMe, Me, COMe, OMe and SMe). The 
reaction was run in tetrahydrofuran in the presence of HBr, 0 2  and dibutyl peroxyoxalate at 30 “C. All products were 
derived from the YC6H4CMeCHzBr adduct radicals, which were immediately intercepted by 0 2 .  Correlation analysis 
of all the data confirmed the proposition that in the absence of measurable steric effects, the relative rates for radical 
additions can be correlated only by a dual-parameter equation and not by a single-parameter equation. Among various 
combinations of u* and d, the (u; + Umb) combination yields the best correlation. 


INTRODUCTION 


Polar (including resonance polar) effects and spin- 
delocalization effects of substituents are independent 
of each other. This view or proposition is supported, 
for instance, by the fact that (1) both electron-pair 
acceptors and electron-pair donors can be effective 
spin-delocalizing substituents, ’ and (2) polar substitu- 
ent-constant (ux) scales’ are not correlatable with spin- 
delocalization (a*) scales (see below). We would 
expect, then, that in the absence of measurable steric 
effects, rates of radical reactions should be correlated 
by the dual-parameter equation (1) rather than by the 
single-parameter equation (2): 


if the particular transition-state (TS) structure involved 
is not perfectly symmetrical, or is not dominated by 
polar effects. One puzzling and intriguing problem in 
radical chemistry today is, therefore, why so many 
radical reactions have been claimed to be correlatable 
by the single-parameter equation (2),4 even though 
dual-parameter correlations in various forms have been 
proposed by different authors over the years.’ 


CCC 0894-3230/94/020096-09 
0 1994 by John Wiley & Sons, Ltd. 


Possible causes could be one or more of the following 
circumstances. (1) The kinetic method used might not 
be the most rigorous, e.g. insufficient measurements 
were performed over a wide range of the extent of reac- 
t i ~ n . ~ ”  (2) The reaction studied was not clean enough 
(cf. Dust and Arnold’s comment in Ref. 6 on Jackson’s 
approach). (3) The number of well distributed substi- 
tuents used was not large enough.’ (4) The polar effects 
greatly predominate over the spin-delocalization effect 
for that particular TS being studied. One possible 
example could be the hydrogen-atom abstraction reac- 
tion in which a u-bond is being broken. (5) Most of the 
previous ‘successful’ correlations by equation (2) used 
u’ (cf. Ref. 2) for ax. It is of special interest to note that 
there is a much higher degree of ‘parallelism’ between 
$3 and u+ than those between $3 and any other u’. 


scale is the most self-consistent and cross- 
checked scale of spin-delocalization substituent cons- 
tants now available. ’ **  It is based on the ”F NMR data 
of substituted a,a,P-trifluorostyrenes and the rate cons- 
tants of their thermal cycloaddition reactions. The Umb 


scale of polar substituent constants is derived from the 
above-mentioned I9F NMR data,g hence it is best suited 
for applications to systems with substituents interacting 
directly (via polar resonance and/or field effects) with a 


The 
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double bond. For instance, the Umb constants are direct 
measures of the degree of *-bond polarization of 
substituted styrenes (cf. Ref. 9 and references cited 
therein). The correlation coefficients between U?J and 
various ux are as follows: u' ,  0.419 (n = 18); u- (cf. 


(n=22); UR (polar substituent constant for the 
resonance effect, cf. Ref. 2d), 0.1 18 (n = 22); and OF 
(polar substituent constant for the field effect, cf. 
Ref. 2d), 0.015 (n = 22). 


On the basis of the above mentioned considerations 
and with the objective of addressing the single- 
parameter versus dual-parameter problem together with 
other schools of workers, we suggested the following 
requirements or conditions for performing a reliable 
correlation analysis on radical reactions or 
properties: 7b38 (i) at least 11-12 substituents with well 
distributed electronic effects should be used; (ii) the 
measured rate should be the rate of the rate-limiting 
elementary step; (iii) the reaction should be excep- 
tionally clean and, if otherwise, i.e. if several products 
are formed, then all of them should be derived from the 
same measured step; and (iv) a rigorous kinetic proce- 
dure should be followed, for example, several (e.g. 5-8)  
measurements of the relative rates [ k y / k ~  = k,(Y)] are 
performed over a reasonably wide range of the degree 
of conversion (extent of reaction), which can be 
inversely expressed in terms of p values, where p is the 
mole fraction of unreacted substrates at a particular 
reaction time. The reliability of this kinetic methodo- 
logy can be evaluated from the deviations of the inde- 
pendently measured (5-8)  k,(Y) values from the 
averaged value (either the arithmetic average or that 
obtained from the regression line, see Experimental). 
Regrettably, we are not aware of previous work which 
fulfils all the above-mentioned conditions. This work 
was carried out concurrently with parallel work which 
fulfils these conditions. 


Consideration of point (5 )  above led us to pick an 
addition reaction to para-substituted styrenes for veri- 
fying the necessity to use the dual-parameter equation 
(1) for the simple reason that the substituents are 
already in full conjugation with the ?r-bonds before they 
are homolytically cleaved by attacking radicals. In 
other words, if correlation by equation (1) did not give 
a significant improvement over that by equation (2) for 
an addition reaction, we would also be tempted to 
believe that there were no need for a u* scale. Another 
equally important reason for selecting the aforesaid 
reaction is the fact that we now possess a tailor-made ux  
scale, i.e. Umb (see above), for evaluating the polar effect 
on this radical addition reaction to styrenes. 19899 The 
problem of whether the Umb scale is better than the other 
ux scales (e.g. u' or up) for these addition reactions can 
be solved by comparing results of correlation analysis 
with a*+  Umb, u*+ u+,  a * +  up, etc. 


After much exploration, we finally succeeded in 


Ref. 27), 0.169 (n = rl); up, 0.092 (n = 22); Umb,' 0.075 


finding the desired addition reaction and in working out 
for this reaction a kinetic methodology that satisfied all 
our requirements proposed above. As shown in equa- 
tions (3) and (4): 


HBr-02-THF CH2=CMePh uepo,.30ac ' 1-H 
1-H 


OH OOH 
I I 


+ BrCHzCMePh + BrCHzCMePh (3) 
2-H 3-H 


>25OoC 
2-H and 3-H ___* 2-H + PhCOMe 


4-H 
CH2 
II 


5-H 6-H 
+ BrCH=CMePh + BrCHzCPh (4) 


the reaction is that of a-methylstyrene (1-H) with HBr 
and 0 2  in tetrahydrofuran (THF) at 30°C in the pre- 
sence of the initiator di-tert-butyl peroxyoxalate 
(DBPO), The initial crude product is composed of 1- 
bromo-2-phenyl-2-propanol (2-H) and l-bromo-2- 
phenyl-2-propanol hydroperoxide (3-H), togoether with 
unreacted 1-H. At temperatures above 250 C as used 
for gas chromatographic (GC) analysis, 3-H and part of 
2-H are converted into a mixture of acetophenone 
(4-H), 1-bromo-2-phenylpropene (5-H) and 3-bromo-2- 
phenylpropene (6-H). 


It has been shown (see below) that in the presence of 
other para-substituted a-methylstyrenes (1-Y) the total 
yields of 2-H, 4-H, 5-H and 6-H derived from reacted 
1-H were close to quantitative (97.4-100%; cf. 
Table 1). Obviously, the success of our approach 
depended on the fact that the product of the measured 
bromine-atom addition step of the radical-chain 
reaction, i.e. adduct 7-Y, was immediately trapped by 
0 2  to give another radical intermediate, the peroxy 
radical 8-Y, as shown by the equations 


C H z = C M e a Y  + Br' 


1-Y 


7-Y 02 BrCHzCMe O Y  (6)  


We believe that the interception of radical intermediates 
8-Y 
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by 0 2  (cf. Ref. 10) may turn out to be a useful tool in 
the study of structure-reactivity correlations of radical 
reactions. 


EXPERIMENTAL 


Apparatus. 'H NMR spectra were obtained at 
60 MHz on a Varian EM-360A spectrometer with TMS 
as the external standard. Mass spectrometry (MS) was 
carried out using a Finnigen-Mat 4510 GC-MS system. 
IR spectra were recorded on a Shimadzu IR-440 spec- 
trometer. GC analysis were performed on a Model 
103G gas chromatograph equipped with an HP 3390A 
integrator. An SE-30 capillary column (40 m x 0.2 mm 
i.d.) was used with a flame ionization detector and with 
nitrogen as the carrier gas. 


Reagents and substrates. THF was dried with 
LiAlH4 under a nitrogen atmosphere and distilled prior 
to use. a-Methylstyrene was purchased from Tokoi 
Kasei and used as received. As reported in Ref. 11, 
gaseous HBr was generated by reaction of Br2 with 
tetralin and the unreacted Br2 ?as removed by passage 
through a trap cooled at -70 C. DBPO was used in 
the form of a 0 . 2 ~  solution in hexane kept at 


Substituted a-methylstyrenes, 1-Y with Y = Me, 
SMe, OMe, F, C1 and Br, were prepared by previously 
reported methods. :'*I4 Compound 1-CF3 was obtaifed 
by dehydration (4 A molecular sieve as catalyst, 250 C) 
of 2-(4 ' -trifluoromethylphenyl)propen-2-ol. Compound 
1-COMe was prepared by dehydration of 254'- 
acetylphenyl)propan-2-01 (K2S207 as catalyst, 200 C). 
This propanol was obtained from the reaction of the 
ethylene glycol ketal of p-acetylphenyl magnesium 
bromide and acetone followed by hydrolysis in a 
refluxing mixture of acetone and 10% HCI. The substi- 
tuted a-methylstyrenes 1-Y with Y = COOMe, CN and 
NO2 were prepared from the corresponding isopro- 
pylbenzenes via two consecutive steps of bromination 
with N-bromosuccinimide and HBr elimination. " All 
1-Y substrates are known compounds and were further 
identified by 'H NMR and IR spectroscopy. Boiling or 
melting points of 1-Y prepared in our laboratory were 
as follows: 1-CF3, 124-126 "(2145 Torr;I6 l-NO2, 
120-125 "C/4 Torr (lit. Is 106-107 C/1.2 Torr); 1-CN, 
135-140 "C/40 Torr (lit. l4  87 "C/20 Torr); 1-Cl, 
98-1OO0C/25 Torr (lit. l4 88-89"C/15 Torr); I-F, 
98 "C/90 Torr (lit. l4 97-101 *5 "C/95 Torr); 1-Br, 
118 "C/25 Torr (lit.I4 114.5-117.5"C/24Torr); 
1-COOMe, 128-130 "C/12 Torr, m.p. 51-52 "C (lit." 
51-52 "C); 1-Me, 102-103 "C/50 Torr (lit. l3 


187 "C6760 Torr); 1-COMe, 125-126 "C/lO Torr (lit. 
65-70 C/0-4 Torr); 1-MeO, 126-128 "C/35 Torr 
(lit. l4 63-65-5 "C/O.5 Torr); I-SMe, 
138-140 "C/Zl Torr. (lit. l9 85 "C/l Torr). 


- 20 "c. lZ 


Reaction of I-H in HBr-THF-02-DBPO 
system. In a round-bottomed flask (100 ml), a mixture 
of THF (20 ml), I-H (10 mmol), internal GC standards 
(100 pl), 0.2 M DBPO solution in hexane (1 ml, 
2 molVo) were mixed. The flask was immersed in a ther- 
mostated bath (30.0 2 0.5 "C) and vigorously stirred. 
A stream of 0 2  (lOmlmin-') carrying gaseous HBr 
was passed through the solution." The approximate 
concentration of HBr in the solution was monitored by 
observing the pH of a mixture of the THF solution and 
a roughly equal amount of water. The pH value was 
maintained at 2-4 by controlling the rate of HBr 
generation. After 1 h, TLC analysis of the crude 
product indicated the presence 'of two products, the 
bromohydrin 2-H and the bromohydroperoxide 3-H. 
Both are known compounds and were identified by 'H 
NMR spectroscopy: 2-H, 6 1 *50 (3H, CH3, s), 2.6 (lH, 
OH, s), 3-50 (2H, CHZBr, s), 7.5 (5H, H on benzene 
ring, s); 3-H,15 6 1.53 (3H, CH3, s), 3.6 (2H, CHZBr, 
s), 7.2 (5H, s), 8 . 5  (1H. OOH, s). 'H NMR also 
showed that the relative amounts of 2-H and 3-H were 
roughly 3 : 2. On distillation, the ohydroperoxide 3-H 
decomposes into 4-H (bath at 120 C, at 2 Torr). This 
was indicated by the disappearance of the 'H NMR 
signals of 3-H and the appearance of the signals of 4-H 
[6 2.4 (3H, CH3, s), 7.2 (5H, m)]. 


However, when the crude reaction solution was ana- 
lysed by GC, five compounds, i.e. l-H, 2-H, 4-H, 5-H 
and 6-H, were detected. By comparison with authentic 
samples, their yields were found to be I-H 34.09'0, 2-H 
31.3%, 4-H 20-0%, 5-H 4% and 6-H 7.7% (total yield 
97%). This result indicates that the bromohydrin 2 yill 
decompose at the vaporization temperature of 350 C 
of GC analysis to yield 5-H and 6-H. This was further 
established by independent experiments on the thermal 
decomposition of authentic samples of 2-H as described 
below. 


An authentic sample of 2-H needed for GC and NMR 
analysis was prepared according to Ref. 21. GC ana- 
lysis of a pure sampl: of 2-H with a vaporization 
temperature above 300 C was found to yield a mixture 
of 2-H, 5-H and, 6-H. Preparative GC (vaporization 
temperature 350 C, 3 m x 5 mm i.d. column packed 
with 15% SE-30 on 60-80-mesh Chromosorb 102 at 
200 "C) of 2-H yielded a 4 : 1 mixture of 5-H and 6-H. 
The mixture of 5-H and 6-H could not be further 
separated by preparative GC, although they were 
separable by high-performance capillary GC. The 
mixture of 5-H and 6-H was then identified by NMR 
and MS. 'H NMR (CCL), 6 1.1 (0-6H, s), 4.2 (1*6H, 
s), 6.3 (0*2H, s), 7.3 (SH, m) ppm. GC-MS, m/z 
(relative intensity, Yo): 5-H, 198 (M+ + 2, 94), 196 


51), 196 (54), 117 (loo), 115 (99, 91 (29). 
(loo), 177 (91), 115 (87), 102 (29); 6-H, 198 (M+ + 2, 


Kinetic competition procedure. In a round-bottomed 
flask (100 ml), a solution of 1-Y (4-5 mmol), 1-H 
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( 5  mmol), internal GC standards (100 p1 each) and 
0.2 M DBPO solution in hexane (1 ml) in THF (:O ml) 
was added and vigorously stirred at 30.0 5 0.05 C. A 
stream of 0 2  (10 mlmin-') carrying gaseous HBr was 
passed through the solution. The concentration of HBr 
in the solution was controlled as described above. After 
30-60min, the degree of conversion of 1-H or 1-Y 
could reach 55% ((p = 0.45) to 98% ((p = 0.02). During 
this time, 15-20 samples (about 0.1 ml each) were 
taken at 3-5 min time intervals, and immediately 
injected into cooled tubes containing 1-2mg of 
NaHCO3 and 1-2mg of hydroquinone, which were 
then sealed and the contents subsequently analysed by 
GC." Typical GC conditions were oven temperature 
350 C, column temperature increased from 80 to 
220°C at 10°Cmin-' and carrier gas flow-rate 
3 mlmin-'. 


GC internal standards were chosen according to the 
requirements of convenient retention times and no 
interference with the integration of the substrate and 
product GC peak. The internal standards used were 
decane for 1-H and 1-F, undecane for 1-CF3 and 1-Me, 
dodecane for 1-CN, 1-Cl, 1-Br, 1-COMe and 1-OMe 
and pentadecane for 1-NO2, 1-CO2Me and 1-SMe. 


The total yields of bromo-oxygen adducts were 
almost quantitative during competitive runs when 1-H 
was mixed with different 1-Y (Y = CF3, C1, OMe, CN, 
COOMe and SMe) as indicated in Table 1. 


The fact that all products (2-H to 6-H) are formed 
from the same irreversible elementary step [equation 
(S)] ensures the applicability of equation (7): 22 


(7) 
kY log"l-Ylt/[1-Ylol log (PY k,(Y) = - = =- 
kH log { [ 1-HI t /  t I-HI 01 


in which (p is defined as the mole fraction of unreacted 
substrate, i.e. [ l]  [ 11 0,  for the calculation of relative 
rate constants k,(Y). As the GC peaks of 1-F and 1-H 
overlap with each other, k,(F) cannot be measured by 
direct competition between 1-F and 1-H. However, 
direct competition between 1-F and 1-Me is experimen- 


log 'PH 


Table 1 .  Yields of the reaction products of 1-H in the 
THF-02-HBr-DBPO system in the presence of various 1-Y a 


Yield (070) 
f 


Y (min) 1-H 2 4 5 + 6  Total 


- 60 34 31.3 20.0 11.7 97 
CF3 78 10.5 < 1  88 < 1  98.5 
CI 82 22 46.7 19.9 9.2 97.8 
OMe 82 39 34 19.4 5 97.4 
CN 30 54.3 22.4 19.8 3.9 100.0 
COOMe 66 10.6 51.0 20.2 7.7 98.7 
SMe 50 58.6 38.4 15.8 6.0 98.8 


Table 2. Relative reactivity of 1-Y with respect 1-H [k,(Y) 
values] measured in the THF-02-HBr-DBPO system at 


30 "C 


kr NO. yi/y2 n r 


1 
2 
3 


4 
5 
6 
7 
8 
9 
10 
1 1  


CF,/H 
N G / H  
F/Me 
F/H" 
CN/H 
CI/H 
Br/H 
C02Me/H 
Me/H 
COMe/H 
OMe/H 
SMe/H 


0.744 f 0.010 
0.891 f 0.009 
0.795 f 0.009 
0.916 f 0.018 
0.964 f 0.016 
1.057 f 0.014 
1.054 f 0.018 
1.072 f 0.015 
1.152 f 0.019 
1.257 f 0.026 
1.508 f 0.013 
1.789 f 0.039 


12 
7 


14 


6 
10 
1 1  
9 
8 
8 


10 
9 


0.9996 
0-9960 
0.9992 


0.9991 
0.9993 
0.9987 
0.9993 
0.9994 
0.9988 
0'9994 
0.9980 


tally feasible, hence the k,(F) value in Table 2 was 
calculated using the equation 


According to equation (7), if a set of (O values 
(1-0-0.2) were measured over a wide range of reaction 
times which correspond to a wide range of the extent of 
reaction (0-80Vo) at different conversions of 1, then a 
linear relationship of In (py (time t )  with In ( p ~  (time t )  
would be obtained if all the products were derived from 
the same rate-limiting step and if the adopted kinetic 
methodology were reliable. 


In fact, we obtained 11 excellent linear plots [see cor- 
relation coefficient ( r )  values in Table 21 on the basis of 
11 sets of In (py vs In ( p ~  plots with (p value falling 
mainly in the range 1-0-0.2. These 11 sets correspond, 
of course, to 11 pairings of 1-Y with 1-H. A typical 
example is illustrated in Figure 1 for the kinetic com- 


kF/kH = (kF/kMe) (kMe/kH) .  


a Obtained from GC analysis calibrated with authentic samples. Figure 1 .  Plot of In vcI vs In pH 
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Table 3 .  Values of the reaction of 1-C1 and 1-H in competi- 
tion for the bromine atoms at ten successive time intervals 


t (min) VH -Ln 'PH act -Ln VCI 


5 
10 
18 
26 
3,o 
34 
42 
46 
54 
58 


1.00 
0.966 
0.822 
0.712 
0.690 
0.616 
0.568 
0.527 
0.406 
0.359 


0 
0.034 
0.197 
0.331 
0.371 
0.485 
0.566 
0.640 
0.901 
1.024 


1.00 
0.975 
0.795 
0.691 
0.668 
0-610 
0.539 
0.503 
0-386 
0.338 


0 
0.025 
0.229 
0.370 
0.404 
0.495 
0.618 
0.688 
0.953 
1 *085 


Table4. Measurement of k,(Cl) values at different molar 
ratios of 1-H and 1-C1 


1-H 1-CI 
(mmol) (mmol) kr ( a )  n r 


~ 


6.04 1.27 1.04 f 0.03 9 0.991 
4.85 4.22 1.057 f 0.014 10 0.9993 
0.92 3.49 1.07 f 0.03 6 0.996 


petition between I-CI and 1-H, with the corresponding 
'p and In 'p values listed in Table 3. Table 2 shows that 
the k,(C1) value from the regression analysis is 
1.057 ? 0.014 with r = 0.9993. The k,(Y) values sum- 
marized in Table 2 are the averaged k,(Y) values 
obtained from regression analysis" of the 6-14 inde- 
pendently measured k,  values at 6-14 consecutive time 
intervals. The number of these measurements is desig- 
nated as n in Table 2 and is illustrated by the ten points 
in Figure 1. These k,(Y) values are almost the same as 
all the k,(Y) values obtained by simply averaging the n 
independently measured kr values. These results 
demonstrate that the chosen reaction fulfils our pro- 
posed requirements and that the adopted kinetic 
methods are truly reliable. 


Before systematic evaluation of the eleven k,(Y) 
values by the standard procedure described above with 
the molar ratio of the reactants I-H and 1-Y fixed at 
1 : 1, the reliability of the methodology was further 
cross-checked by measuring the k,(Cl) values at 
different molar ratios of 1-C1 and I-H. The results are 
summarized in Table4, which shows that within 
experimental uncertainty the kr(C1) values are not 
affected by either the reactant molar ratios (cf. Table 4) 
or the degree of conversion of the 1-Y substrates (cf. 
Table 3 and Figure 1). 


DISCUSSION 
The radical chain reaction paths initiated by a bromine- 
atom addition to olefins [equation (5)] in the presence 


of 02 and HBr [equations (6), (8) and (lo)] have been 
well documented2' and can be summarized by the equa- 
tions (9, (6), (8), (9) and (10): 


8-Y + HBr + BrCH2CMe ' O H G Y  + Br' (8) 


3-Y 


0' - 
2 8-Y -+ 2BrCHzCMe ' ( o z Y + O 2  (9) 
I 


9-Y 


9-Y + HBr + BrCH2CMe 'H O Y  +Br'  (10) 


2-Y 


Clearly, Br' radicals are generated from HBr by chain 
steps such as equations (8) and (lo), they then add to 
I-Y to give the intermediate radical 7-Y [equation ( 5 ) ] ,  
which is subsequently trapped by 0 2  to give the peroxy 
radical 8-Y [equation (6)]. Compound 8-Y can either 
abstract an H atom from HBr to give the peroxide 3-Y 
[equation (8)J or disproportionate into the oxy radical 
9-Y [equation (9)], which regenerates another Br' by 
abstracting an H atom from HBr to form the hydroxy- 
bromo adduct 2-Y [equation (lo)]. 


Under our experimental conditions, the concentra- 
tion of 0 2  was cu 0 . 0 2 ~  at 30°C in THF,24 if 
[I] = 0 .5  M and the HBr concentration was > M, 
and other possible side-reactions most probably could 
not compete with the main reactions [equations (9, (6), 
(8), (9) and (lo)] described above on account of the 
following considerations. 


1. Fast trapping of 7 by 0 2  (cf. Ref. 25, the trapping 
rate of tBu' by 0 2  is 5 x lo9  I m o l - ' ~ - ~  at 25 "C) would 
easily suppress the telomerization of 1-Y [equation 
( l l ) ]  (cf. Ref. 26a; e.g. the propagation rate of 
CH2=CMe2 polymerization is only 50 Imol-'s-I at 
60 "C). 


C H k M e O Y  


I 
7-Y + 1-Y + BrCHzCMe ' 0. (11) 
I 


10-Y 


2. High rate of chain-transfer between 8-Y and 
HBr [equation (8)] (cf. Ref. 27, the reaction rate of 
zFrOO' and HBr in the gas phase is calctlated to 
be of the order of 1061mol-'s-' at 30 C from 
the log A (10-8 Imol-') and Ea [6.5 kcalmol-' 
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(1 kcal = 4.184 kJ)] values) would effectively suppress 
the formation of peroxidic radicals such as 11-Y 
[equation (12) [ [cf. Ref. 26b; !or equation (12) with 
8-H, k=2.851mol-'s- '  at 30 C)]. 


00' 00CHzdlMePh 
I I 


BrCH2CMePh + 1-H + BrCHsCMePh 
8-H 11-H 


(12) 


3. The fast H-abstraction by 9-Y from HBr [cf. 
Ref. 28; the H-abstraction rate from HBr by tBuO' can 
be estimated to be of the order of 109-10'0 lmol-'s- '  
at 30°C from the estimated A lmol-'s- ') and 
E, (0-2 kcalmol-I) valuesz8] would easily suppress the 
H-abstraction by 9 from 1-Y [equation (13)] (cf. 
Ref. 26c; the H-abstraction rate of tBuO' from 
propene is l@'4 1 mol-ls-' at 30 "C). 


9-Y + 1-H + 2-Y + CH2=C ' H o Y  (13) 


12-Y 
It is known that the Br' addition to olefins is 
rever~ible,~' e.g. the equilibrium constant of Br' addi- 
tion to ethylene can be calculated to be only 10 1 mol- ' 
at 30°C [equation (14)] ( A H =  -8.8 kcalmol-I, 
AS= -24-0calmol-'K-'; cf. Ref. 30). 


CHz=CHz + Br' BrCHzdlH2 (14) 
13 


However, Br' addition to 1 will yield a relatively stable 
radical 7 because the stablization energy of 7 might be 
more than 10 kcalmol-' greater than that of 13 (the 
stablization energy of Et is -0 .5  kcalmol-' and that 
of benzyl is 11.6 kcalmol-'; cf. Ref. 31), and the 
enthalpy ( A H )  of equation (5) could thus be estimated 
to be less than -19 kcalmol-'. If the entropic terms for 
the two reactions do not differ greatly, the equilibrium 
constant of equation (5 )  could be estimated to be larger 
than 10' lmol-' at 30 C. On the other hand, the rate 
constant for the same Br' addition step [equation (5) ]  
can be roughly estimated to be of the order of 
lo6-10' lmol-'s-' (By using isobutene as an approx- 
imate model for styrene, the rate constant for the Br' 
addition step [equation (5)] can be roughly estimated to 
be of the order of lo6-10' lmol-'s-' by considering 
the following facts: (1) the rate constant of a radical 
reaction in solution can be several orders of magnitude 
slower than that of the same reaction in the gas phase, 
e.g. the rate constant of the primary H-abstraction 
from isobutane by C1' in the gas phase is 
3.2 x 10" lmol-'s-', but is only 2.2 x lo6 lmol-' s-' 
in ben~ene; '~  (2) the rate constant of the Br' addi- 
tion to ethylene is 106'96 lmol-' s- '  at 25 "C in the gas 
phase," but the rate-constant ratio of Br' addition to 
isobutene and ethylene is 384 in the gas phase, hence the 


rate constant of Br' addition to isobutene might be 
384 x 106'96 = 3.5 x lo9 lmol-'s- '  in the gas phase, 
but probably lo6-10' lmol-'s-' in the liquid phase.]. 
Thus the rate-constant for the reverse reaction of equa- 
tion (5) is very probably 0-01-1 s-l. Certainly, if this 
reaction [equation ( 5 ) ]  is intercepted by the exceedingly 
fast reaction with 0 2  [equation (6)] it will have very 
little chance of reversal. The irreversibility of the 
measured reaction [equation (S)] guaranteed that 
requirements (ii) and (iii) (cf. fourth paragraph of the 
Introduction) were fulfilled, and that a truly rigorous 
kinetic procedure could be worked out, as in require- 
ment (iv). 


As described above and summarized in Table 2, our 
methodology has provided a reliable set of k,(Y) values 
for 11 substituents. These k, values are not affected by 
the degree of conversion of the substrates. The preci- 
sion of the k, measurements is clearly reflected in the r 
value in Table 2. 


Clearly, we are now in a position to make a correla- 
tion analysis of our data. Values of u* and ux were 
taken from the following sources: u;., Ref. 1; uz, 
Ref. 4b; u t ,  Ref. 4d; u:, Ref. 33; $and RRS, Ref. 3; 
up and u' ,  Ref. 2c; and Umb, Ref. 8. Correlations of our 
data with both equations (1) and (2) are summarized in 
Table 5 ,  in which R, $, F, p x  and p *  values are listed. 


A plot of these log k, values versus ux,  i.e. up, u+ and 
Umb, is shown in Figure 2. Both the scatter of points in 
Figure2 and the R and $ values (0.760 and 0.718; 
0.646 and 0.844; 0.591 and 0.892) calculated on the 
basis of the single-parameter equation (2) indicate no 
meaningful correlation between k, and ux.  Even if we 
use dual-parameter correlations with two different 
polar ux  values, i.e., p'uX' + pzux2, the correlation 
cannot be greatly improved. For instance, the 'best 
pair,' i.e., u+ + Umb with n = 11, yields a correlation 
coefficient of only 0.899, whereas four of the R values 
of the dual-parameter correlations (cf. Table 5) are 
greater than 0.99. 


Application of the dual-parameter equation (1) with 
various combinations of ux and u*, however, com- 
pletely changes the picture. The correlation is greatly 
improved by using the dual-parameter equation instead 
of the single-parameter equation. As summarized in 
Table 5, all possible combinations of*ux +,u* b a d p t  
tried, with ux = up, u+ and Umb, and u = UJJ, ua, UC, UF, 


and RRS. Only meaningful correlations are sum- 
marized in Table 5. Evidently, on the basis of the R, $ 
and F values, the U:J + Umb combination gives the best 
correlation (R = 0.997, $ = 0.086 and F =  739). This is 
expected because the U:J is the most self-consistent and 
cross-checked u* scale and the Umb scale is tailor-made 
for the reactivity of the double bond of substituted 
styrenes. 1*8,9 In Figure 3, experimental log k, values are 
plotted against calculated values based on this correla- 
tion. The results clearly show that within experimental 
uncertainty, all points fall on the line. 
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u. a 


0. 2 


0. 1 


Table5. Values of p x  and p* of equations (1) and (2) and corresponding values of the correlation 
coefficient R ,  YZb and F-test3' for correlation of k,(Y) values of n 1-Ys with ox and u * ~  


- 
4 S M e x  0 


- 
1 W e  0 


- *Y. m e  


~~~ 


ox or ox + o* P X  P 8  n R P F b  


log Lr 


0. 0 


~~ 


o+ - 0.152 f 0.046 11 0.743 0-74 11 
UP - 0.191 f 0.081 11 0-619 0.87 5.6 
Omb - 0.119 f 0.057 11 0.570 0.91 4.3 


OiJ o+ -0.156 f 0.009 0.347 f 0.024 11 0.992 0.15 237 
OiJ OP -0.241 f 0.014 0.419 f 0.024 11 0.992 0.15 252 
OiJ Om b - 0.168 f 0.006 0.449 f 0.014 11 0.997 0.09 740 
om o+ -0.160 f 0.011 2-87 f 0.02 9 0.992 0.16 169 
oa UP -0.251 f 0.030 3.36 f 0.04 9 0.978 0.25 66 


o+ -0.187 5 0.019 0.347 5 0.053 9 0.979 0-25 66 
UP -0.303 f 0.037 0.434 f 0.066 9 0.970 0.30 43 
Om b -0.169 f 0.028 0.415 f 0.077 9 0.960 0.34 35 
U+ -0.143 f 0.076 0.140 f 0.193 8 0.718 0.92 2.1 OF 


RRS o+ -0.175 f 0.018 0.015 f 0.002 11 0.970 0-30 58 
RRS 0, -0.280 f 0.028 0.019 f 0.002 11 0.971 0.29 60 
RRS Omb -0.159 f 0.024 0.017 f 0.003 11 0.954 0.35 40 


'When n = 11, Y = CF3, NOZ, F, CN, CI, Br, COzMe, Me, COMe, OMe and SMe. When n = 9, for oz, Y = CF3, F, CN, 
C1, COzMe, Me, COMe. OMe and SMe; for u:, Y = CF,, F, CN, CI, Br, C02Me, Me, OMe and SMe; for 0:. Y = NO2, 
F, CN, CI, Br, Me, COMe, OMe and SMe. 
bCritical Fvalues: FO ~01(1.9) = 22.9, F~.oI(I,~) = 10.6, FO.COl(2.S) = 18.5, FO.COl(2.6) = 27.0, Fo.o~(~,s) = 8 - 7 ,  FO ol(2.6) = 10.9, 


* 


om Omb -0.143 f 0.016 3.09 f 0.03 9 0.986 0.20 104 


"5 
"5 
"5 


FO W1(2,5)= 37.1, F0.01(2,5)= 13.3. 


- 


- O e l  I 


o Me 


F x  A 0  
No. 


CF. 


-0 .2 1 * I 1 


-1.0 -0. 6 0. 0 0. 6 1. 0 


Q '  


Figure 2. Plot O f  log k, VS 0': ( A ) u+;  (0) Up; ( X )  Umb 


A I gx!p* 1 ratio can be calculated from any pair of p x  
and p listed in Table 5 .  The I p ' / p ; ~  1 ratio is based on 
the arbitrary definition that p is equal to unity for the 
U?J scale, ' and therefore the absolute magnitude of the 
I p x / p ; ~  1 ratio or any l p x / p * I  ratio has no physical 
meaning, but the relative values of a series of 1 p x / p *  1 


0.2 


Au 0.1 


2 
.-I 


0.0 


-0.1 


PMe 
,'COMe / 


-0. .I 0.0 0.1 0.2 0 . 3  


-0.  168 Umb + 0 . 4 4 9  u\J 


Figure 3. Plot of experimental log k, values vs values 
calculated by -0.1680,b + 0.44961 


ratios using the same ux and u* scales have a meaning, 
i.e. a larger ( p x / p * )  value signifies a larger polar 
contribution. It is noteworthy that the I p,b/pf~ 1 ratios 
for the three accurately measured radical addition reac- 
tions are comparable in magnitude, i.e. 0-37 for the 
present work, 0.42 for trichloromethyl radical addi- 
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tion' and 0.30 for the cyclodimerization of ( r ,P,P-  
trifluorostyrenes. ' Evidently, both polar and 
spin-delocalization effects play important roles in the 
TSs of these three radical additions. Further, the p 
values in this work, i.e. - 0.168 for Pmb and 0.449 for 
p:~,  are much larger than their calculated deviations, 
i.e. 0.006 for Pmb and 0.014 for p:J. 


In conclusion, in radical addition reactions with TSs 
in which *-bonds are partially broken, the relative rate 
constants should be correlated by the dual-parameter 
equation (1) if steric effects are negligible. Various 
possible combinations of ux + u* should be compared in 
order to find out which u* scale is the most reliable. 
Both this work and parallel work' show that the 
U:J + Umb combination leads to the best correlation for 
additions to styrenes. 
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AB rmvo STUDY OF DIELS-ALDER REACTIONS OF 
1,3,4-0XADIAZOLE WITH ETHYLENE, ACRYLONITRILE, 


MALEONITRILE, FUMARONITRILE AND 


ENDOIEXO REACTIVITY 
1,l-DICYANOETHYLENE. INVERSE ORDER AND RATIO OF 


BRANKO S. JURSIC* AND ZORAN ZDRAVKOVSKIt 
Department of Chemistry, University of New Orleans, New Orleans, Louisiana 70148, U.S.A. 


Transition structures for the Diels-Alder reactions of 1,3,4-oxadiazole with ethylene, acrylonitrile, maleonitrile, 
fumaronitrile, and 1,l-dicyanoethylene were located with ab initio molecular orbital calculations with the RHF/3-21G 
theoretical model. The activation energies were calculated by single-point calculations with the RHF/6-31G* and 
MP2/6-31GX theory levels on the RHF/3-21G geometries. Geometries of two transition structures and the 
corresponding reactants were generated at the MP2/6-31G* and the energies evaluated at the MP3/6-31G* level. The 
values obtained are comparable to those generated by MP2/6-31G*//3-21G. The asynchronicity of the transition 
structures follow the same trend as the corresponding all-carbon Diels-Alder reactions with buta-1,3-diene and 
cyclopentadiene, but the activation energies are almost in opposite correlation. This behavior is explained by the 
oxadiazole nitrogen lone pair repulsion with the r-orbitals of the nitrile groups. 


INTRODUCTION 


The Diels-Alder reaction continues to be an important 
method for the preparation of a wide variety of pro- 
ducts. The usefulness of the Diels-Alder reaction in 
synthesis arises from its versatility and its high regio- 
and stereoselectivity. Numerous dienes and dienophiles 
bearing various functional groups can be used, and 
many different types of ring structures built. Not all the 
atoms involved in the ring closure need be carbon 
atoms, so that both carbocyclic and heterocyclic rings 
can be obtained by these reactions. Moreover, it is fre- 
quently found that although the reaction could conceiv- 
ably give rise to a number of structurally stereoisomeric 
products, only one isomer is formed exclusively or at 
least in a preponderant amount. ’ These synthetic 
advantages of the Diels-Alder reaction make it an 
important subject for computational studies. Signifi- 
cant progress has been made in understanding the 
nature of the transition states and the level of ab initio 
theory required to reproduce experimental kinetic 
data.’ These reactions are generally assumed to be 


concerted cycloadditions, although a stepwise radical 
mechanism has been proposed, but has been rejected 
by high level ab initio calc~lations.~ There are only a 
few examples of the synthetic application of 1,3,4- 
oxadiazolium salts as dienes in Diels-Alder reactions. 
The adducts are not stable and produce the corre- 
sponding heterocyclic compounds in a retro- 
Diels-Alder reaction. Because a wide variety of 
substituted 1,3,4-0xadiazoles can be prepared in high 
yields from simple and not expensive materials,6 they 
are excellent materials for the preparation of other 
heterocyclic compounds via Diels-Alder and 
retro-Diels-Alder reactions. We have been successful in 
transforming 1,3,4-0xazoles and activated dienes to 
corresponding furan derivatives.’ Here we report a 
computational study of 1,3,4-oxadiazole as a diene in 
Diels-Alder reactions. 


COMPUTATIONAL METHODS 
The structures of the compounds were built with the 
Chem-X8 computational package and saved as 
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MOPAC' files for PM3 semi-empirical calculations. 
The transition states l 1  were initially located with 
MOPAC and refined by Bartel's NLLSQ method. The 
geometries obtained were used as input files for the 
Gaussian system of computer programs. Structures 
were fully optimized without symmetry restrictions with 
the RHF/3-21G theoretical model, followed by vibra- 
tional frequency calculations. The energies were com- 
puted at the restricted Hartree-Fock and restricted 
second-order Moller-Plesset perturbation theory with 
the 6-31G* basis set. l3  


RESULTS AND DISCUSSION 


A concerted, but not necessarily synchronous, reaction 
mechanism was assumed. For the prototypical 
Diels-Alder reactions of butadiene with ethylene 
derivatives, semi-empirical, RHF, MP2 and MCSCF 
calculations all predict concerted transition structures 
with remarkably similar geometrie~.'~ However, the 
energy estimates indicate that semi-empirical ''*I6 and 


l a  l b  
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3 a  3 b  


5 a  5 b  
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small basis set ab initio calculations cannot predict 
the correct isomer in the cycloaddition reactions. I 6  


Although RHF/3-21G calculations generally give 
reasonable transition structures compared with higher 
level ab initio calculations, such as MP2/6-31G* and 
MCSCF, the higher levels are required to obtain 
accurate activation energy. 1 6 , 1 7  For the Diels-Alder 
reaction, MP2 overestimates the effect of electron 
correlation in the transition state structure and lowers 
the activation energy too much. For example, in the 
reaction of cyclopentadiene with ethylene at the 
MP2/6-31G*//HF/6-31G* level, l7 AE' is 
11.8 kcal mol-' (1 kcal= 4184 kJ) less than the exper- 
imental activation energy. Nevertheless, the 
MP2/6-31G* relative energies should give a reasonable 
estimation of the effect of substituents, since the magni- 
tude of the correlation energy is largely dependent on 
the number of electrons involved in bonding changes. 


In this work seven transition structures were located 
for five dienophiles, since two of the reactions have 
both endo and ex0 transition states. The concerted 
transition structures were found for all reactions. 


2 a  2 b  


I 
4 b  


9 Q 


117.9 


1.139A 


Cr 
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6 a  6 b  


Figure 1. Front (a) and side (b) views of the reactants calculated with the RHF/3-21G theoretical model 
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Geometry features of the reactants 


The RHF/3-21G structures of the reactants and the 
transition structures are shown in Figures 1 and 2, 
respectively. All reactants are planar. The nitrile groups 
and the carbon to which they are connected are linear 
and the molecules show the highest symmetry of all 
structures considered. The calculated structural par- 
ameters for ethylene and cyanoethylene are identical 
with those obtained by Houk et al. l6 and agree with 
data obtained from microwave spectroscopy for 
1,3,4-oxadiazole. l9 


Ethylene or maleonitrile as dienophiles give rise to 
fully symmetrical transition state structures (7, 11 and 
12). Compared with the butadiene reaction with the 


same dienophiles, the new forming bonds are much 
shorter. For example, the-new forming bond in tran- 
sition structure 7 is 0.114 A shorter than in the case of 
butadiene, optimized with the same model chemistry. 
On the other hand, unsymmetrical dienes give rise to 
unsymmetrical transition structures. In both the ex0 ( 8 )  
and the endo (9 )  transition state structures of acrylo- 
nitrile addition to 1,3,4-oxadiazole, the new forming 
carbon-carbon bond on the cyano side is slightly 
shorter* than the other. The asynchronicity ( A r )  is 
0.104 A for the ex0 and 0.086 A for the endo addition, 
which is considerably lower than that calculated for the 
cyclopqntadiene-acrylonitrile adduct (0 * 159 and 
0.158 A, respectively). l6 The transition-state structure 
for 1,3,4-oxadiazole-fumaronitrile (10) has a very low 


7 a  7 b  
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Figure 2 .  Front (a) and side (b) views of the transition-state structures calculated with the RHF/3-21G theoretical model 
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degree of asynchronicity (Ar = 0.022 A), with the endo 
cyanide forming bond being shorter. This is similar to 
the butadiene-fumaronitrile structural parameters. l6 


Energetics of the transition structures 


The calculated total energies for the reactants and the 
transition state structures and the activation energies 
are given in Tables 1 and 2, respectively. According to 
the calculated activation energies for all model chemis- 
tries employed, the most reactive of all dienophiles in 
the addition to 1,3,4-0xadiazole is ethylene. This result 
is different to, for example, the order of reactivity in the 
cyanoethylene additions to cyclopentadiene obtained 
experimentally and by similar ab initio calculations. l7 


In all cases of cyanoethylene additions to butadiene, the 
calculated activation energy for the endo transition 
structures is always lower than or very close to that for 
the isomer with the hydrogen in the ex0 position. l7 For 
example, the calculated RMP2/6-3 lG*//RHF/6-3 1G* 
exo-endo difference is 0.07 kcal mol- . In two cases, 
the endo isomer is preferred by all studied theoretical 
models by at least 1.5 kcal mol-'. The higher acti- 
vation energy for the endo isomer in comparison with 


the ex0 isomer can be explained as being caused by 
interactions of the oxadiazole nitrogen lone pair with 
the T-orbitals of the nitrile groups. This explanation 
can also help in understanding the order of the reac- 
tivity. The most reactive dienophile is the one without 
a nitrile group, and the energetically favored isomer is 
the one that has an ex0 cyano group. This is opposite 
to what is known to be the case in the Diels-Alder 
reaction of cyanoethylenes with both buta-l,3-diene, 
and cyclopentadiene. 16*17 Because the difference in 
these systems is the heteroatoms in the cyclopentadiene 
ring, this unusual behavior can be attributed to the 
nitrogen lone pair interactions in the transition 
structures. 


Evaluation of the reactivity with correlated methods 


In order to confirm the order of the dienophile reac- 
tivity in these cycloaddition reactions, higher levels of 
theory were employed for the ethylene and the endo 
acrylonitrile addition to 1,3,4-0xadiazole. These two 
examples were chosen because, in the Diels-Alder 
addition with normal electron demand, the activation 
energy for the acrylonitrile addition is considerably 


Table 1 .  Total energies (au) of reactants and transition-state structures for the 
Diels-Alder reaction of 1,3,4-0xadiazoles with cyanoethylenes 


Species HF/3-2 1 G HF/6-31G*//HF3-21G MP2/6-31G*//HF3-21G 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 


-259.12387 
-77.60099 
- 168.82040 
- 260.03294 
-260.03133 
-260.02773 
-336.66416 
-427.88208 
-427.87948 
-519.09074 
-519.09110 
-519.08665 
- 519.08779 


- 260.60463 
- 78 -03 1 69 


-169,76775 
-261.49537 
- 261 *49308 
- 26 1 049002 
-338.56589 
-430.29988 
- 430.29703 
-522.02327 
- 522.02321 
-522.01854 
- 522.02036 


-261.35775 
- 78 * 28410 


-170.29326 
-262.29687 
-262.29687 
-262.29528 
- 339.61648 
- 43 1 '62634 
- 43 1 a62361 
-523.62785 
-523.62818 
- 523.62383 
- 523.62492 


Table 2. Calculated activation energies ( kcal mol-') for the Diels-Alder reactions with 1,3,4-oxadiazole (rela- 
tive to the ethylene addition, in parentheses) 


Dienophile TS HF/3-21G HF/6-31Gt//HF3-21G MP2/6-31G*//HF3-21G 


Ethylene 7 38.1 (0.0) 44.2 (0.0) 
Acrylonitrile, exo 8 39.0 (0.9) 45-5 (1.3) 
Acrylonitrile, endo 9 40.7 (2.6) 47.3 (3.1) 
Fumaronitrile 10 41-4 (3.3) 48.1 (3.9) 
Maleonitrile, exo 11 40.2 (2.1) 46.8 (2.6) 
Maleonitrile, endo 12 43.0 (4.9) 49.7 (5.5) 
1,l-Dicyanoethylene 13 40.0 (1 '9) 46.6 (2.4) 


15.9 (0.0) 


17.2 (1.3) 
16.3 (0.4) 
16.6 (0.7) 
19.3 (3.4) 
17-6 (1.7) 


15.5 (-0.4) 
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lower than the activation energy for the ethylene 
addition. As demonstrated by evaluating the energies at 
the RMP2/6-31G*//RHF/3-21G level, this effect is 
opposite with 1,3,4-0xadiazole as diene. To confirm this 
finding, the transition structures 7 and 9 and their reac- 
tants (1, 2 and 3) were optimized at the correlated 
MP2/6-3 1G* theoretical level (Figure 3). As expected, 
the geometries of both the reactants and the transition 
structures differ from those calculated at RHF/3-21G. 
The bond distances are within a range of 5%, while the 
changes in the angles are below 3% 


The calculated total energies at the three different 
theory levels for these two transition structures and 
reactants involved in the reactions on MP2/6-31G* 
geometries are presented in Table 3. 


The calculated activation energies are presented in 
Table 4. It is reasonable to expect that the values for the 
activation energies will differ for the different levels of 


I 


calculation. However, it is interesting 


l a  


c5 
3a 


that the 


li 
l b  


8 
3b 


RHF/6-31G* energy evaluation on the MP2/6-31G1 
geometries (Table 4) is almost identical with that calcu- 
lated on the RHF/3-21G* geometries (Table 2). That is 
not so surprising because the geometries are only 
slightly different and RHF/6-3 lG* does not account 
for the correlation interactions. 


At the correlated levels these differences are slightly 
higher. MP2/6-31G* on the RHF/3-21G geometries 
predicts approximately 1.6 kcal mol- ' lower activation 
energies then the energies on the MP2/6-3 lG* geome- 
tries. Nevertheless, at all levels of theory, including the 
highest employed, MP3/6-31G*//MP2/6-31G*, the 
endo addition of acrylonitrile to 1,3,4oxadiazole has a 
higher activation barrier than the ethylene addition. 
This was already explained in the previous discussion as 
a result of the repulsion interactions between the 
oxazole nitrogen lone pair and ?r-orbitals of the nitrile 
groups in transition structure 9. This demonstrates that 
our initial model chemistry can be successfully applied 


1.335 p 
2a 2b 


7a 7b 


177.9 
8a 8b 


Figure 3. Top (a) and side (b) views of the the transition-state structures calculated at the MP2/6-31G* theory level. The numbering 
of the structures is the same as in Figures 1 and 2 
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Table 3. Total energies (au) of reactants and transition-state structures for ethylene and endo 
acrylonitrile cycloaddition to 1,3,4-0xadiazole 


Species HF/6-3lG*//MP2/6-3lG* MP2/6-31G* MP3/6-31G*//MP2/6-31G* 


- 260.60628 -261.36352 -261.36532 
-78.03098 -78.28503 -78.30597 
- 169.76 162 -170.298 16 - 170.30840 
- 338.56675 -339.61941 - 339.62636 
-430.29192 - 43 1.63072 -431.62448 


Table 4. Calculated activation energies (kcal mol-I) for the Diels-Alder reactions with 1,3,4-oxadiazole 


Dienophile TS HF/6-31G*//MP2/6-31G* MP2/6-3 1 G* MP3/6-3 lG*//MP2/6-31G* 


Ethylene 7 44.2 (0.0) 18.3 28.2 (0.0) 
Acrylonitrile, endo 9 47.7 (3.5) 19.4 (1.1) 30.9 (2.2) 


to these systems, especially when only the relative reac- 
tivity is considered. It is apparent that the geometries at 
the SCF level give reasonable values for the energies cal- 
culated at the correlated levels. This does not mean that 
the values obtained for the activation energies are those 
which would be expected from experimental data. For 
such purposes, the calculations need to be performed at 
levels hardly available on the present computational 
resources. 


CONCLUSION 


The transition structures for the Diels-Alder reaction 
of 1,3,4-0xadiazole with cyanoethylenes are similar to 
those reported previously by others16*" for the all- 
carbon Diels-Alder reactions (e.g. buta-l,3-diene and 
cyclopentadiene). The substitution of CH by two nitro- 
gens and CH2 by oxygen does not exert a substantial 
effect on the asynchronicity of the transition-state struc- 
tures, but does change the activation energy of the 
reactions. Consequently, the stereoselectivity of the 
Diels-Alder reactions is opposite to that of the corre- 
sponding all-carbon reactions, and the reactivity of the 
cyanoethylenes decreases with increasing number of 
cyan0 groups. Such reactivity seems to be caused by 
repulsions between the a-orbitals of the nitrile groups 
and the lone pairs of the nitrogens in the oxadiazole 
rings. 
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ORBITAL-CONTROLLED REACTIONS CATALYSED BY 
ZEOLITES: ELECTROPHILIC ALKYLATION OF AROMATICS 
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P. VIRUELA 
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The role of orbital control in product selectivity during electrophilic aromatic alkylation catalysed by zeolites was 
studied both theoretically and experimentally. In order to discuss this, the alkylation of toluene and m-xylene by 
methanol was carried out on a series of large-pore zeolites (HY). The changes in the para to ortho ratio observed on 
changing the framework Si/Al ratio of the zeolites were related to ab initio molecular orbital calculations of the 
LUMO energy of structurally alike model clusters but containing different tetrahedral cations around the active site. 
The observed correlation is discussed in terms of the HSAB principle by taking into account the influence of the 
catalyst composition on the reactivity of the electrophilic reagent. 


INTRODUCTION 


After the introduction of zeolites as acid catalysts in the 
early 1960s, it was recognized that the product 
selectivity for carbonium ion reactions was different on 
these microporous catalysts than on amorphous 
silica-alumina or liquid superacids. In order to explain 
the selectivity features of zeolites, two catalyst variables 
have been considered: one is the acid strength and the 
other is related to geometrical factors, which are 
responsible for the so-called zeolite shape selectivity. 
However, when alkylation of aromatics is carried out 
on large-pore zeolites in which there are no geometrical 
restrictions, differences in selectivity are found that 
cannot be explained on the basis of differences in acid 


In these cases one must consider, in order 
to predict the position of the electrophilic attack, not 
only the total electron density on each potential pos- 
ition, but also the frontier electron population.' This, 
in turn, implies that interactions which induce the for- 
mation of covalent bonds may play an important role 
in some types of reactions catalysed by zeolites. This 
may appear surprising in the case of zeolites which, 
intuitively, may appear to be ionic materials. However, 
molecular orbital calculations reveal a strong covalent 
character. * 


* Author for correspondence 
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It appeared of interest to study the acid sites of 
zeolites, not only from the point of view of their acid 
strength, but also their softness-hardness as stated by 
Pearson' and the parameters which control these 
properties. lo There is no doubt that in those reactions 
in which orbital control may play a significant role, the 
softness of the acid sites in zeolites will be the 
parameter responsible for selectivity changes. 


In this work, the energy of the LUMO of the zeolite 
clusters and of the electrophile adsorbed on the zeolite 
was used as a measure of acid softness. This energy was 
obtained by means of quantum-chemical calculations, 
and the influence of the chemical composition of the 
zeolite on the softness was determined. Following this, 
the paralortho ratio in the xylenes formed during the 
alkylation of toluene by methanol was predicted and 
compared with values obtained experimentally on a 
series of HY zeolites. 


METHODOLOGY 


Orbital control evaluation 


Orbital control, as defined originally by Klopman ' la  


and Salem, 'Ib is a concept which is related to the energy 
released when two fragments, a donor and an acceptor, 
react to form a covalent bond. It has been proved that 
this energy is approximately equivalent to the second- 
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order energy term of the perturbational expansion 
obtained by decomposing the Hamiltonian of the whole 
system into two terms, the first describing the system 
composed by the non-interacting reactants and the 
second the perturbation of each fragment under the 
influence of the other. By assuming the molecular 
orbital (MO) approach and some other improvements, 
such as the neglect of differential overlap between the 
interacting MO or assuming that the perturbation is 
small (I (pub 1 Q E, - Es/2 for any a,  b, r and s), l 1  the 
total interaction energy is expressed by the following 
equation: 


first order 


second order 


where a and b refer to the atomic orbital of the 
acceptor (A) and donor (B) fragments respectively, k 
and 1 to the atoms of each and r and  s to the molecular 
orbital of the same fragments but non-interacting. In 
equation ( l ) ,  qa represents the electron population on 
atomic orbital a and Qk the total charge on atom k ,  R k i  


the distance between the nuclei of atoms k and 1, f l a b  


and Sub the resonance and overlap integrals, respect- 
ively, between orbitals a and b, E, the energy level of 
MO r and Cra the component of atomic orbital a on 
MO r. 


Whereas the first-order energy term is mainly depen- 
dent on the charge distribution along the system, that 
is, on the energy attributed to the Coulombic interac- 
tion among the fragments, the second accounts fob the 
energy gain produced by the mixing of the orbital of 
each fragment to form the MOs of the whole system. In 
such cases, where the main orbital interaction (the more 
energetic) is the one in which the HOMO of the donor 
reacts with the LUMO of the acceptor, this approach 
runs parallel to the Fukui frontier orbital theory. l2  This 
feature will occur whenever the difference between 
the frontier orbital energies of both fragments, 
E f g M o  - E&o, is the smallest of the E, - Es values 
in the second-order term of equation (1). Then, 
provided the numerator of the corresponding term is 
not too small, this term dominates and the whole 
second-order part might be improved by the following: 


C H O M 0 , b  the component of b on the HOMO ,of  
fragment B. 


In the classical literature on reactivity, l 2  there is 
general agreement to attribute the para/ortho selectivity 
in electrophilic aromatic substitution to a competence 
among charge- and orbital-controlling effects. This 
implies, in terms of Klopman’s language [see equation 
(l)] , the predominance of the energy stabilization of the 
complex by either the first-order or the second-order 
terms, respectively. Then, one can expect that the more 
orbital-controlled the reaction is, the higher the 
para/ortho ratio will be during the alkylation of 
alkylaromatics by electrophiles, since the density of the 
frontier orbital is higher at a para than at an ortho 
position. 


When dealing with acid zeolites as catalysts, the elec- 
trophilic agent can be considered as a complex formed 
by the lattice and the alkylating reactant whose reac- 
tivity is highly modified by adsorption. If this is so, 
zeolite framework properties such as composition, 
topological density and Coulombic fields should influ- 
ence the type of electrophilic attack. 


The effect of the zeolite framework composition can 
be predicted, at a semi-quantitative level, by deter- 
mining the energy of the LUMO of the complexes 
formed by the alkylating reactant and zeolite clusters 
with different SilAl ratios. Indeed, from equation (2 ) ,  
it can be deduced that the lower the LUMO energy of 
the electrophilic agent, i.e. the softer the acid, in Pear- 
son’s te rmin~logy,~  the more orbital controlled will be 
the reaction and, therefore, a higher paralortho is to be 
expected in the electrophilic alkylation of aromatics 
such as toluene, anisole and aniline. 


Model cluster 
The calculations were made with the model cluster 
approximation, in which the ‘dangling’ bonds, which 
should connect the chosen fragment with the bulk, are 
saturated by hydrogen atoms. Such a model has been 
used successfully to predict most of the properties of 
the zeolitic active sites. l 3  To simulate the zeolite active 
centre and its next nearest neighbours, we performed 
the calculations using the model cluster shown in Figure 
1. This system represents a reasonable range of Si/Al 
compositions for the active site environment. Because 
of the large size of the system, all calculations were per- 
formed using a fixed geometry. The distortions which 
are frequently produced by the use of a ‘far-stable’ 
geometry were avoided by the appropriate selection of 
the geometrical parameters. In this way, the parameters 
corresponding to the proper active site were obtained by 


(2) optimizing the smaller cluster, shown in Figure 2(a). 
We assume that the geometry of the neighbourhood 


of the centre does not influence the calculations to a 
where C L U M O , ~  represents the component of atomic large extent, provided that in each calculation the same 
orbital a on the LUMO of the acceptor (A) and ‘shape’ of the fragment was used. For this reason we 


>’ 2 C L U M O , a C H O M O , b @ a b  


E#MO - E ~ A M o  
A E ( ~ )  a b  
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Figuie 1 


fixed the geometrical parameters according to the set of 
standard values listed in Table 1. 


Using the previous zeolite clusters, we also studied 
the complex methoxy-zeolite (see Figure 1). As was 
done before for the protonic clusters, a small model 
cluster of the methoxy-zeolite complex was optimized 
[see Figure 2(b)] to obtain the geometrical parameters 
of the active site. The neighbouring atoms were dis- 
posed according to the parameters listed in Table 1. 


In all the calculations C, symmetry was maintained 
and, for geometry optimizations, F T O  angles of the 
border atoms were fixed at 109.47 . 


Theoretical methodology 
All the calculations were carried out at the ab initio 
Hartree-Fock level. l4 This method, providing a 
judicious choice of the atomic basis set, gives the energy 
eigenvalues corresponding to an electron which moves 
independently in the main fields of the other electrons 
and the nuclei. Calculations were performed by means 
of Gaussian 88. 


Owing to the size of the clusters studied, which 
contain a large number of heavy atoms, CEP (compact 


Table 1. Standard geometrical parameters 


SiO distance 
A10 distance 
TOT angle (T = Si, Al, H) 
OH distance 


1.624 
1-70A 
130.0'. 
0-975 A 


effective potentials), pseudo-potentials l6 were used to 
substitute the core electrons in order to lower the com- 
putational cost. The valence electrons were treated by 
using a minimal basis set CEP-4G.16 Both pseudo- 
potentials and basis set are implemented in the 
Gaussian package. 


Optimizations of geometry were carried out with the 
Berny method17 when searching for the most stable 
conformation of the active site model cluster. 


EXPERIMENTAL 


Materials. A series of HY zeolites with different 
framework Si/Al ratios were prepared by dealumina- 
tion of a NaY zeolite (SK-40) using Sic4  at tempera- 
tures in the range 573-673 K. The samples were then 
thoroughly washed, exchanged with NH; and calcined 
at 773 K. This exchange-calcination procedure was 
carried out three times in order to bring the sodium 
content of the final zeolite below 0.20 wt%. The crystal- 
linity of the resultant samples was measured by XRK 
and calculated by comparing the peak height of the 
(5,3,3) peak in the sample with that of SK-40 taken as 
100%. The crystallinities of the HY samples studied 
were between 80 and 90%. The unit cell size of the 
dealuminated HY zeolites was determined by x-ray 
diffractometry using Cu K a  radiation and following 
ASTM procedure D-3942-80. The estimated standard 
deviation was 0.01 A. 


Reaction procedure. The alkylation of toluene by 
methanol was carried out in an electrically heated 
differential, fixed-bed, tubular glass reactor with an 
internal diameter of 15 mm. Toluene and methanol 


Figure 2. 


f 'H H' 'H 
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(4: 1 molar ratio) were fed at the top of the reactor by 
a positive displacement pump. Nitrogen was used as the 
gas carrier at a nitrogen to methanol molar ratio of 
1 : 1. 


Samples were taken at 10, 30, 60, 180 and 360 s and 
analysed by gas chromatography using a 3 m column 
packed with 16% DC-200 Me and 3% Bentone-34 on 
Chromosorb W. From the results obtained at different 
times on-stream, the conversion and yields at zero time 
on-stream were obtained. The contact time was varied 
in order to compare selectivities at the 5% conversion 
level. 


RESULTS AND DISCUSSION 


Table 2 shows the calculated variation of LUMO ener- 
gies when changing the Si/Al composition of the zeolite 
cluster supporting the acid site. It can be seen that the 
larger the Si/Al ratio of the zeolite cluster, the lower is 
the LUMO energy on the active site and, consequently, 
the softer is its acidity, assuming that the energy of the 
HOMO remains the same or at least the HOMO of a 
potential hydrocarbon molecule interacting with the 
cluster remains constant. The LUMO energy decreases 
almost linearly on removing A1 and introducing Si in 
next nearest neighbour positions of the acid site. The 
energy involved per A1 substituted is in the range 
15-20 kcal mol-' (1 kcal= 4.184 kJ). 


This trend has also been observed in two recent 
studies. In one of them, the LUMO energies were 
calculated using semi-empirical molecular orbital 
calculations on cluster models, and in the other the 
softness was determined by means of a semi-empirical 
density functional methodology using the infinite solid 
model. l9 


However, one has to take into account that, as stated 
previously, during electrophilic alkylations on zeolites 
what really becomes important from the orbital control 
point of view is not the softness of the zeolite acid site, 
but the softness of the alkylating agent. In the case of 
zeolites, and if we take for instance methanol and 
toluene as reactants, the true alkylating molecule is not 
the methanol or the protonated methanol, but a 


Table 2. LUMO energy levels on zeolites of different composi- 
tion 


Si/Al ratio R = H a  R = CHja 


7 : l  0 0 
6 : 2  0.92 0.87 
5 : 3  1-74 1.74 
4 : 4  2.53 2.48 


a See Figure 1. 


zeolite-methanol complex. This complex can be 
simulated, in a first approximation, by the ester formed 
by the acid zeolite and the methanol, that is, a methoxy- 
zeolite (see Figure l),  since recent experimental evidence 
has shown that this type of complex can be active for 
aromatic alkylations. We studied here the softness of 
methoxy-zeolite complexes (see Figure 1) as a function 
of the Si/Al composition of the zeolite cluster. 


In a first step, we investigated the variation of the 
LUMO energy with the Si/Al ratio on methoxy-zeolite 
clusters, the geometry of which remains close to the 
most stable configurations (see Table 2). 


The results in Table 2 show that the LUMO energy of 
the system is not much altered by removal of the acidic 
proton and its replacement by an alkyl group. Conse- 
quently, if one assumes that this complex is the possible 
alkylating agent, one would expect that, since the 
orbital control appears to have a significant influence 
on the selectivity of the electrophilic aromatic 
substitution, l2  the softness (or hardness) in large-pore 
zeolites will yield paralortho ratios of the same order as 
other equivalent electrophiles. From this point of view, 
and considering the above results, the higher the frame- 
work Si/Al ratio of the zeolite, the higher should be the 
selectivity for alkylation in the para position during the 
electrophilic methylation of toluene by methanol. 


However, one must consider that, when the donor 
and the acceptor fragments do interact to form a cova- 
lent bond, they will not stay in the most stable con- 
figuration but become geometrically distorted, in order 
to favour the electronic transfer among the fragments 
and consequently to favour the chemical reaction. This 
activation should produce changes in the chemical 
properties of the reactants with respect to the most 
stable configuration, and this may be determinant for 
the reaction selectivity. 


In recent works, Kazansky22 stressed that carbenium 
ions adsorbed on acid zeolites, which have been 
traditionally assumed to be intermediate species in the 
heterogeneous catalytic cracking of hydrocarbons, may 
correspond to an alkoxy-zeolite compound remaining in 
a thermally activated form. This activation would cor- 
respond to elongation of the CO distance between the 
alkyl group and the zeolite active centre. It was shown 
that the charge density and also the geometry of such 
activated alkoxy-zeolite species not only appear more 
feasible than those of a free carbenium ion, but in 
addition become energetically stabilized by the frame- 
work of the catalyst. 


Therefore, by taking this into account we would 
expect that, if the methoxy-zeolite is taken as the 
alkylating agent for toluene methylation, it will not 
react as an effective electrophile when it is in its most 
stable form, but it should be in an activated configura- 
tion in which the charge-deficient character of the 
methyl carbon atom is increased with respect to the 
stablest form in order to react efficiently with the 
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Table 3.  Lumo energy levels and atomic orbital components for several 0-C distances 
~~ 


0-c LUMO components 
distance A ELUMO 
(A) (ev) 2s0 2Po 2sc 2PC 3%) 3PSt 3sAI 3PAI  


1 . 5 3 =  0 0.791 0.267 (119)b -0.018 -0.303 -0.356 0.783 (120)b -0.189 0.397 (-112)b 
1.70 -0.65 0.776 0.261 (51)b -0.165 0.576 (3)b -0.299 0.620 (108)b -0.143 0.340 (-105)b 
1 . 8 5  -1.77 0.612 0.429 (40)b -0.256 0.780 -0.197 0.407 (97)b -0.076 0.181 (-95)b 
2 .0  -3.02 0.463 0.501 (12)b -0.252 0.856 ( l )b -0.124 0.271 (90)b -0.034 0.111 (-82)b 


Equilibrium distance. 
bThe numbers in parentheses indicates the angle (in degrees) of the p orbital with respect to the direction of the C - 0  bond 


nucleophile. We therefore studied how the softness of 
the alkylating agent changes when it is activated by 
elongation of the CO bond. 


A series of calculations were carried out on the model 
cluster given in Figure 2(b), by fixing the CO distance 
at different discrete values in the region of 2 * 0 A ,  
and the equilibrium distance. In each situation the 
remainder of the most important geometrical par- 
ameters were always optimized. 


In Table 3,  the LUMO energy and its main atomic 
orbital components are listed for the methoxy-zeolite 
complex at each CO distance. It can be seen that the 
energy of the LUMO decreases dramatically when the 
complex becomes activated, which implies that the 
hardness of the alkylating agent should decrease in the 
same way. This is not surprising since it was stated 
previously23 that destabilization of the chemical 
systems leads to a decrease in hardness. Zhou and 
Parr 23 introduced the concept of activation hardness, 
which gives the relationship between variations in hard- 
ness and activation energy for a chemical process. 


It should also be stressed that a decrease in the energy 
of the LUMO means that the specific weight of the 
second-order term in equation (1) will become more 
important the closer the system is to the transition state. 
Thus, our results explain that, despite the fact that 
LUMO energies on the acid zeolite and on the stablest 
methoxy-zeolite configuration are too high to expect the 
reaction to be orbital controlled, when the reactants 
adopt a geometry near the transition state this becomes 
more easy and the orientation induced by the frontier 
density on the toluene ring can be effective in producing 
a selective alkylation. 


From equation (2), it i s  possible to see that in 
addition to the energy of the LUMO, another factor 
which has an influence on the amount of the energy 
related to the mixing of the HOMO and LUMO orbitals 
of the reactants orbitals is the frontier density (Car) on 
each fragment. When mixing frontier orbitals in an 
orbital-controlled reaction, it would be expected that a 
large frontier density would exist in the spatial region 
where the interaction of both fragments occurs. 


In the case of the methoxy-zeolite complex, one 


expects a large LUMO component to be found on the 
carbon atom of the methyl group, especially on the 2p 
atomic orbital which is oriented parallel to the CO 
bond. The spatial direction of the carbon 2p component 
of the LUMO indicates the facility of the methyl 
transfer via an S~2-type reaction. 


The LUMO components listed in Table 3 show that 
the frontier density changes significantly when the 
methoxy-zeolite complex becomes activated. The 
general trend observed is that the LUMO density on the 
methyl carbon atom increases on increasing the 
elongation of the CO bond. Moreover, the variation of 
the LUMO during the activation is very complex. In 
Figure 3 the LUMO of the methoxy-zeolite complex at 
the equilibrium geometry and at a CO distance of 2.OA 
is presented in order to show qualitatively the changes 
in the frontier density when the complex becomes acti- 
vated. One can see that at the equilibrium distance, the 
character of the LUMO is mainly that of an antibond- 
ing 0;io MO. The components on the carbon and alu- 
minium atoms are clearly smaller than those on silicon 
and oxygen atoms. Moreover, when the complex is acti- 
vated the character of the LUMO approaches the anti- 
bonding $0 MO, because the contribution of carbon 
atomic orbitals increases at the same time as the contri- 
bution of silicon atomic orbitals decreases. Simul- 
taneously, the sp orbital of the oxygen rotates just to be 
in a direction near to that of the CO bond. The large 
LUMO component on the 2p orbital of the carbon in 
the CO direction should make the interaction with the 
?r system of the toluene easier than when dealing with 
the stable complex. This implies that a more effective 
electron transfer should occur. On the other hand the 
$0 character of the LUMO of the activated complex 
strongly suggests that the mixing of frontier orbitals of 
both fragments leads to cleavage of the CO bond, and 
simultaneously to the formation of a C-C bond 
between the methyl group and the toluene. 


Finally, we stress that, despite the fact that the acti- 
vation of the alkylating complex increases the localiza- 
tion of the LUMO on the CO bond, the facd that even 
at relatively long CO distances such as 2.OA the fron- 
tier density at Si and A1 atoms remains important 
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indicates that partial delocalization of the orbital into 
the bulk occurs and thus the influence of the zeolite 
composition continues to be substantial, even though 
transfer of the methyl group is taking place. 


We conclude that the chemical hardness of zeolites as 
acid catalysts seems to be an important factor in con- 
trolling the position in which alkylation of substituted 
aromatics will occur. 


The same trend of hardness for the zeolite in its acid 
form is observed with the methoxy-zeolite complex, 
which may be the origin of the alkylating agent. Finally, 
activation of this complex by elongation of the CO 


bond increases its electrophilicity and its softness, both 
by decreasing the LUMO energy and by increasing the 
LUMO density on the methyl group. This would 
explain the relative importance of the orbital control on 
the alkylation of toluene by methanol on zeolites, and 
in general on the alkylation of alkylaromatics by 
electrophiles on zeolite catalysts. 


Catalytic results 


While theoretical calculations are very powerful in 
visualizing reaction mechanisms, the simplification one 


Parafortho 1,2.4/1,2,3 
1.5 I 


I -  


0 '  I ' 1  
0 0.05 0.1 0.15 0.2 0.25 


Al/(AI + Si) 


Figure 4. 
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has to introduce when carrying out such calculations 
for solid-gas interactions makes experimental con- 
firmation of the conclusions desirable. In order to do 
so, we have carried out the alkylation of toluene and m- 
xylene by methanol, using a series of USY zeolites with 
different framework Si/Al ratios. We have predicted 
that in this series of zeolite samples, the softness of the 
acid sites and the softness of the methoxy-zeolite 
complex should increase on increasing the framework 
Si/Al ratio. On the other hand, if this were so, one 
would expect the contribution of the orbital control to 
be higher the larger is the framework Si/Al ratio of the 
zeolite. Thus, the higher the orbital contribution, the 
higher should be the selectivity for alkylation at the aro- 
matic ring positions at which the density of the frontier 
orbital is higher, i.e. para in toluene and C-4 in xylene. 
In other words, the paralortho and 1,2,4/1,2,3 ratios 
should change on increasing the framework Si/Al ratio 
of the zeolite. 


The results in Figure 4, clearly show that the para- to 
ortho-xylene and the 1,2,4- to 1,2,3-trimethyIbenzene 
ratios increase on increasing the framework Si/Al ratio 
in the range studied here. 


These results support the hypothesis that in electro- 
philic alkylation of aromatics on zeolite catalysts, 
orbital control plays an important role, and therefore 
for the reactions not only is the acid strength of the 
catalyst important but also the softness-hardness, i.e. 
the covalent component, should be taken into account. 
Moreover, it is possible to change the softness-hard- 
ness of the zeolite by changing the framework composi- 
tion. Finally, the importance of orbital control in these 
type of reactions is higher than one would expect a 
priori, considering that during the activation of the 
electrophile-zeolite complex the energy of the LUMO 
decreases and its density at the reaction site increase at 
the same time, producing a softer alkylating agent. 
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Protonation of tetrafluoro-2,ll-dithia [ 3.3 ]parucyclophane and tetrafluoro-2,ll-dithia [ 3.3 ] metuparacyclophane in 
high-acidity super acid media, namely FSOsH.SbF5 (1:l) ‘magic acid’-S02CIF, gave their corresponding acidic 
disulfonium ions. Additional ring protonation to give a disulfonium-monoarenium trication was not observed. With 
the non-fluorinated 2,ll-dithia [3.3 ] cyclophanes, the disulfonium ions can be ring protonated in equilibrium to give 
a dynamic disulfonium-monoarenium trication. TetraPuoro [ 2.2 ] -metaparacyclophane is monoprotonated at the 
metu ring and gives a complex mixture of conformational isomers. Multinuclear magnetic resonance data on the 
cyclophane precursors and their derived cations are compared and analysed. The energies, conformations and charge 
distributions of the isometric fluorinated and non-fluorinated [ 2.21 - and dithia [3-3] cyclophanes were calculated by 
the AM1 and PM3 methods, respectively. In all but one case the cyclophane arenium ions predicted by theory to be 
energetically most favoured are those observed in solution under stable ion conditions. In agreement with experiment, 
the instabilities of S,S,C-cyclophane trications are also theoretically predicted. 


INTRODUCTION 
Synthetic design, structure analysis, conformational 
dynamics, transannular interactions and guest-host 
chemistry of cyclophanes represent topical research 
areas of great current activity. ’** 


The concepts of intramolecular interactions in 
facially disposed fixed cyclophanes and transannular 
substituent effects in these systems were recognized 
early in the pioneering work of Cram and 
co-workers. 3*8 Filler and co-workers’ showed that in 
conformationally rigid, small cyclophanes, fluorination 


’ Author for correspondence. 
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of one deck leads to a remarkable deactivation of the 
opposite deck in typical Friedel-Crafts reactions. We 
showed previously lo  that despite such deactivation, 
under appropriate conditions tetrafluoro- (1) and 
octafluoro [2*2]paracyclophane (2) are both mono- 
protonated in superacids to give persistent arenium ions 
I -H+ and 2-H+ (Figure 1). Monoprotonation of 
[2-2]paracyclophane (3) to 3-H+ and [2*2]metapara- 
cyclophane(4) to 4-H+ had already been shown by 
Hefelfinger and Cram, ‘ I  and diarenium ion formation, 
3 + 3-HZ2. at very low temperatures was demonstrated 
by Hopf et al.I2 


The isomeric dithia [3.3]cyclophanes 5-7 (Figure 2) 
are important as precursors to a host of cyclophanes 
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1 


2 


la+ 


24+ 


J $"* 


4 - 4-H* 


Figure 1. Superacid protonations of cyclophanes 1,2,3 and 4 


formed by classical photoextrusion reactions. Their cor- 
responding disulfonium ions serve as precursors to  
cyclophane 1 ,Pdienes (by Stevens rearrangement and 
Hofmann elimination). 1 3 -  Is However, the chemistry of 
dithiacyclophanes toward superelectrophiles is rather 
obscure. It is known that disulfonium ions of methyla- 
tion (with Meerwein salts) of dithia [3 - 3]cyclophanes 
are readily formed and isolated, but NMR data on these 
systems are scarce. I 3 - I 5  It seems unclear to  what extent 
the electrophilic reactivities of the cyclophane u systems 
are perturbed in the disulfonium ions. The energies and 
conformations of the resulting supercharged ions are 
not available. Would generation of disulfonium 
monoarenium trications be possible with isomeric 
dithia [3.3]cyclophanes in superacid media? With fluor- 


I 


s s 


Q a 
Figure 2. Fluorinated and non-fluorinated [2.2]- and 


dithia [3.3]cyclophanes 


inated cyclophanes 1 and 8, introduction of a sulfur 
bridge, viz. dithia [3 * 3lcyclophanes 9 and 10, might 
diminish (or cancel) the imposed transannular deacti- 
vation. Could this in turn facilitate the formation of 
supercharged ions? 


All of the six possible isomers of dithia[3*3]- 
cyclophanes have been synthesized and their preferred 
conformations determined. l6 The parent rnetameta 
isomer 5 was shown by Anker et al. to have a syn 
conformation in the solid state and predominantly also 
in solution. Vogtle et al. showed that intraannular 
substitution can alter the synlanti conformational 
preference in [2.2] metacyclophanes. 


In this study, we explored the protonations of fluori- 
nated dithia [3*3]cyclophanes 9 and 10, their non- 
fluorinated analogs 6 and 7 and the fluorinated 
[2.2] metaparacyclophane 8 (Figure 2) under stable ion 
conditions and compared their NMR data with those of 
the arenium ions of 1-4 (Figure 1). To obtain further 
insight into the relative stabilities of disulfonium ions 
and mono- and diarenium ions of cyclophanes, their 
heats of formation, conformations and charge distri- 
bution, we also carried out semi-empirical (PM3 and 
AMl)  studies on the mono- and diprotonation of 
isomeric [2.2]cyclophanes and examined the di- and 
triprotonation of their corresponding dithia [3 -31 - 
cyclophanes. 


RESULTS AND DISCUSSION 


Comparative NMR studies of the cyclophane 
substrates (Figure 3) 
Although multinuclear magnetic resonance data on 9,  
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Figure 3. Multinuclear magnetic resonance data for the cyclophane substrates (asterisks indicate interchangeable assignments) 


10 and 8 were previously reported by Filler et 
their specific assignments in comparison with the 
non-fluorinated dithia analogs 6 and 7 and the 
fluorinated and non-fluorinated [2.2]cyclophanes 1-4 
were not addressed. Therefore, we began by comparing 
the NMR data of the cyclophane substrates. 


The aromatic protons in 9 are deshielded by 
0.27 ppm as compared with 6. The same comparison 
between 1 and 3 gives a deshielding of 0.34ppm for 
the tetrafluoro [2*2] purucyclophane. If, as suggested 
previously, this is a manifestation of transannular 
?r-electron flow into the fluorinated ring, it can be con- 
cluded that the sulfur bridge has diminished this effect 
but has not removed it. In 9, the methylene bridge 
protons bonded to the tetrafluorobenzene ring are 
slightly more shielded relative to the CH2 groups 
adjacent to the non-fluorinated deck. The positions of 
the latter are very close to the values found in 6. 


In the I3C NMR spectrum of 9, the ips0 carbons of 
the fluorinated deck are more shielded relative to those 


of the opposite deck and appear as a multiplet owing to 
fluorine coupling. The bridge carbons adjacent to the 
fluorinated deck are also shielded. These trends, which 
are also clearly observable with tetrafluoro- and 
octafluoro [2.2] purucyclophanes 1 and 2 in comparison 
with 3, may reflect the importance of resonance forms 
with fluoronium ion character. The position of the CF 
carbon doublet in 9 is close to those of 1 (and 2). The 
fluorines in 9 are cu 5 ppm more shielded relative to 
those in 1. The 13C resonances of the non-fluorinated 
deck in 9 are very close to those of 6. 


In [2.2] metuparucyclophane 4 with a stepped anti 
conformation, 2o the anisotropically shielded internal 
hydrogen is at 5.37 ppm. In the tetrafluoro [2.2] - 
metupurucyclophane 8 this hydrogen is more deshielded 
and appears at 5-78ppm. With the larger 
dithia [3 * 3]cyclophanes 7 (also with preferred stepped 
anti conformation)20 and 10, the internal hydrogen 
appears at 5.50 and 6.15 ppm, respectively. Thus the 
anisotropic shielding has diminished by 0-  13 and 
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0.38 ppm, respectively, in the non-fluoro versus the 
fluoro derivatives on introduction of the sulfur bridge. 
It might be suggested that the attractive T-T interaction 
between the fluorinated and non-fluorinated rings in 8 
may contribute to a more effective shielding, giving a 
larger Ah], when the bridge is elongated. Alternatively, 
the downfield shift of the internal hydrogen in 8 and 10 
(as compared with 4 and 7) may stem from interaction 
with the fluorines. If so, the relative orientation of the 
internal hydrogen and the inner fluorines must be more 
favourable in the [3 3lcyclophane skeleton. 


A similar shielding of the ips0 carbons of the fluori- 
nated deck and its bridging methylenes relative to  these 
carbons in the opposite deck is seen with 10, and a 
similar feature is observed for 8. In 8, a slight non- 
equivalence of the fluorines is observed whereas little 
overall difference is seen in the fluorine positions 
between 8 and 10. 


Superacid protonations (Figure 4) 


Protonation of 9 


Slow addition of a slurry of 9 in SO2 to a homogeneous 
solution of FSO,H.SbFS (1: l)-SOz at  dry-ice-acetone 
temperature gave a yellow solution on mixing, implying 
sulfur rather than ring protonation. The 'H NMR spec- 
trum (at - 68 "C) exhibited two broad singlets at 7.34 
and 7.23 ppm (1H each) for the SH' protons. The SH' 
absorptions were more deshielded as compared with 
typical dialkylsulfonium ions (5-80-6.52 ppm)." The 
ring protons appeared as a deshielded singlet a t  7.72 
(A6 = 0.57). This value is only slightly shielded relative 
to  the ortho hydrogens of the arenium ion moiety in 
1-H+ (Figure 5) Thus, under these conditions, an NMR- 
observable arenium ion (a trication) was not detected. 
Similarly to  l - H + ,  the disulfonium ion 9-Hi+ exhibited 
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Figure 4. Multinuclear magnetic resonance data for the protonated cyclophanes (asterisks indicate interchangeable assignments) 
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Figure 5 .  Comparison of the NMR data for the mono- and diprotonated 1, 2 and 3. aTaken from Ref. 12 


two fluorine absorptions in close proximity. The methy- 
lene bridge hydrogen were deshielded, as expected, 
forming a complex multiplet between 4.80 and 
5.15 ppm. Both types of the bridging methylene 
carbons were deshielded in the disulfonium ion, and 
exhibited long-range coupling to SH (5-6 Hz). Whereas 
the CF carbon resonances were almost unchanged in the 
disulfonium ion, the ips0 carbons were more shielded in 
the disulfonium ion. Quenching of the dication fur- 
nished intact 9( 'H NMR). 


Protonation of 10 
Low-temperature reaction of 10 in SO2 with 'magic 
acid'-SO2 similarly gave a yellow solution indicative of 
sulfur protonation, 10 + 10-H$+. The 'H NMR spec- 
trum exhibited the SH+ protons as non-equivalent 
multiplets at 7-25 and 7.35 ppm (2H). The diagnostic 
internal hydrogen peak moved from 6.16 ppm in the 
precursor to 6.62ppm in the disulfonium ion. The 
remaining aromatic protons were also deshielded and 
appeared as a doublet at 7.55 (2H) and a distorted 
triplet at 7.77 (1H). Clearly, ring protonation to form 
a trication was not observed. The methylene bridge 
protons were deshielded, and deshielding of the bridge 
carbons and shielding of the ips0 carbons were 
apparent in th: I3C NMR spectrum of 10-H$+ (rec- 
orded at -54 C), whereas the CF carbon peaks were 


almost unchanged. The I9F NMR spectrum (at - 60 "C) 
showed four different singlet fluorine resonances. 
Except for line narrowing due to a decrease in viscosity, 
the 'H spectrum was virtually unchanged up to 
- 35 "C. Quenching of the ion solution returned the 
structurally intact 10 ( 'H NMR). 


In an attempt to bring about ring protonation of the 
disulfonium ion, 10 was dissolved in the highest acidity 
superacid HF.SbF5 (1 : l)-S02ClF at dry-ice-acetone 
temperature. A yellow-orange solution resulted when 
the sample temperature was allowed to rise to ca 
- 68 "C with vigor2us mixing. The 'H NMR spectrum 
(recorded at -68 C) indicated only the disulfonium 
ion and not the arenium ion. 


Protonation of non-fluorinated [3 '31 cycfophanes 6 
and 7 (Figure 4) 


Low-temperature reaction of 6 in SO2 with 'magic acid' 
in the same solvent gave a red solution on mixing. The 
'H NMR spectrum (at -68°C) exhibited the SH 
protons as a broad singlet at 7.54 ppm (2H). The aro- 
matic protons gave rise to a deshielded singlet at 7.42 
(A6 = 0-54). Thus, despite the red color, a persistent 
arenium ion was not observed by NMR under these 
conditions. It seems reasonable to suggest that the dis- 
ulfonium-monoarenium trication was a contributing 
species in a rapid equilibrium. Indeed, quenching of the 
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ion solution furnished a 2:l mixture of 3 and 4 ( 'H 
NMR). Compound 4 is formed from 3 by ips0 protona- 
tion and skeletal rearrangement. The diagnostic internal 
hydrogen of 4 appeared at 5.30 ppm in the crude 
mixture resulting from ion quenching. 


Similar low-temperature protonation of 7 in 'magic 
acid'-SO2 initially gave a yellow-brown solution at 
dry-ice-acetone temperature, which on yigorous mixing 
and with a rise in temperature (ca - 60 C) irreversibly 
turned pale red. The 'H NMR spectrum of this solution 
showed the SH protons as two singlets at 7.61 and 
7.14 ppm and the bridging methylene protons as a 
deshielded complex between 4.40 and 5.0ppm. The 
originally equivalent ring hydrogens of the para ring 
became slightly non-equivalent in the disulfonium ion 
and their resonances appeared in the 7.32-7.34 region, 
considerably deshielded relative to 7. The internal 
hydrogen peak of the meta ring moved from 5.30 to 
6.20 ppm (a 7 Hz doublet). The remaining aromatic 
protons of the meta ring were also deshielded. 
Deshielding of the bridge carbons was also detectable in 
the carbon spectrum of 7-H:+. In the aromatic region, 
11 absorptions were seen between 130 and 133 ppm. 


The 'H NMR spectrum of the yellow-brown sample 
which was kept at dry-ice-acetone temperature (ca 
- 75 "C) showed it to be identical with the %ale red 
sample formed at higher temperatures (ca - 60 C) dis- 
cussed above. Thus, whereas a persistent trication was 
not observed, ring protonation apparently occurred in 
a rapid equilibrium. Similar observations were made in 
HF.SbFs (1: 1)-S02ClF. 


Protonation of 8 
The low-temperature reaction of the fluorinated 
[2.2]cyclophane 8 with 'magic acid' in SO2 solvent at 
dry-ice-acetone temperature gave a deep-red osolution 
on mixing. Its 'H NMR spectrum (at -70 C) was 
complex and was consistent with a mixture of arenium 
ions whose conformational interconversion was slow on 
the NMR time scale. Ring protonation was clearly 
evident based on the presence of broad absorptions 
between 4.75 and 5.15 ppm. In the I3C spectrum, a 
major spz(C) absorption at 48 ppm and a minor one at 
52 ppm were detectable. The aromatic region in the 'H 
NMR spectrum is widely spread between 6.60 and 
9-90 ppm. The relative integrals pointed to monopro- 
tonation at the ips0 position of the meta ring. The 'H 
NMR spectrum was unchanged down to -40 C, and 
conformational averaging (coalescence of resonances) 
did not occur. The fluorine spectrum of the monocation 
showed two slightly broad resonances which had not 
shifted noticeably relative to the precursor. 


Comparative discussion of superacid prontonations 
Protonation of the facially fluorinated and non- 


fluorinated dithia[3*3]cyclophanes 9 and 10 led in all 
cases to the formation of persistent acidic disulfonium 
ions; persistent disulfonium monoarenium ions were 
not observed, either in 'magic acid' or in HF.SbF5 (1:l) 
at dry-ice-acetone temperature. Since 1 is monopro- 
tonated under these conditions, it must be concluded 
that the SH+ bridge exerts a considerable deactivation 
on the aromatic rings. 


Comparison of the NMR data for 1-H+ (Figure 5 )  
and 9-H$+ (Figure 4) is instructive. The fluorines, the 
ips0 carbons and the CF carbons of the fluorinated 
deck in 1-H+ are more deshielded relative to these pos- 
itions in the disulfonium species, despite the proximity 
of the SH+ linkage to the fluorinated deck in the 
disulfonium ion. The deshielding of the fluorinated ring 
in 1-H+ relative to 9-H$+ taken together with shielding 
of the arenium ion protons in 1-H+ as compared with 
3-H + provide complementary evidence in support of 
transannular *-electron drain into the arenium ion by 
the proximal fluorinated deck in 1. Comparison of the 
chemical shift of the ortho hydrogens of the arenium 
ions in 3-H+ and 1-H+ (as discussed previously)" 
showed a noticeable shielding of the arenium ion of the 
fluorinated cyclophane. Diprotonation, 3-H+ -+ 3-H$+ 
(Figure 5 ) ,  on the other hand, led to substantial 
deshielding of the arenium ion protons. 


With the more reactive non-fluorinated dithia [3 '31 - 
cyclophanes 6 and 7, equilibrium ring protonation at 
low temperature can be inferred from both the distinct 
color of the ion solutions (yellow -+ red) and a consider- 
ably more deshielded inner proton in the case of 7-H+. 
With the fluorinated [3 * 3]cyclophanes, ring protona- 
tion at higher temperature may be inferred from ske- 
letal rearrangement which was observed on quenching 
of 6-H$+. 


Hefelfinger and Cram I '  demonstrated that the non- 
fluorinated 4 is monoprotonated at the ips0 carbon of 
the para ring in FS033H-SO2CIF (Figure 1). In this 
lower acidity superacid, the persistent arenium ion is 
observable only at very low temperatures (ca 
-98OC)." We ofind that the same cation can be 
observed at - 75 C in 'magic acid'-S02 (or S02ClF). 


With the less reactive 8, ring protonation at the &so 
position of the meta ring is suggested, but the NMR 
spectra are complicated owing to the presence of a 
mixture of conformationally isomeric arenium ions, 
unlike the rigid fluorinated 2 which gives a single 
arenium ion $at remains static on the NMR time scale 
even at -60 C. 


Semi-empirical calculations on isomeric 
[2.2] cyclophanes and the dithia [3.3] cyclophanes 
To provide further insight into the energetics, confor- 
mational aspects and charge distribution of [2-2]- and 
dithia [3.3]cyclophanes and for comparison with our 
solution studies in superacids, we calculated these pro- 
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Table 1. Calculated and experimental geometry of cyclophanesa 


Compound DI D2 D3 D4 D5 Db e 'P w 


[2-2] Paracyclophane Exp. 1.387 1.384 1.512 1.562 2.778 3.093 12.6 113.7 
AMls 1.394 1.403 1.491 1.555 2.608 2.946 13.6 110.7 
AM1 1.405 1.408 1.520 1.587 2.572 2.826 10.2 108.9 


[2.2] Meraparacyclophane Exp. 2.7 3.0 14.0 112.0 107.0 
AM1 1.393 1.403 1.489 1.540 2.733 2.908 15.3 113.0 109.2 


"Distances in A, angles in degrees. 


perties for [2.2]cyclophanes 3, 4, 1 and 8 by the AM1 
method and for [3.3]cyclophanes 6,  7, 9 and 10 by the 
PM3 method. 


Structurallcon formational features 


In Table 1 are compared the calculated distances (A) 
and angles of the neutral para- and metapara- 
cyclophanes with those obtained from x-ray diffraction 
studies. The x-ray data for the metaparacyclophane 
are preliminary and incomplete, but the agreement in 
both cases is reasonably good. The paracyclophane cal- 
culation was carried out twice, once with some sym- 
metry restrictions (AMls) and once without. The 
geometric variables are coded as shown in Figure 6. 


Mono- and diprotonation of these cyclophanes are 
predicted by AM1 to cause several changes in their 


U 
Figure 6. Geometrical variables examined in the calculations 


D,: 2.572A a,: 161.1" p,: 161.1O 
D,: 2.572A al: 161.1" pz: 161.1' 


Figure 7. Geometrical variables examined in the calculations 


geometries, mainly in the shape, deviation from 
planarity and separation of the two rings. We have 
chosen two distances and four angles, defined in Figures 
7 and 8, to show these changes. The changes in these 
parameters on protonation are given for the two 
cyclophanes in Table 2. The calculated ring conforma- 
tion and deviation from planarity (0) vary with the site 
of protonation as follows. 


[2 .2]  Paracyclophane. Protonation at the ips0 pos- 
ition of one ring (C-3) causes that ring to change from 
a shalloy boat with 0 = 13.6" to a shallow chair with 
0 = 12-60. The unprotonated ring remains a boat with 
0 = 12.6 . The bridging angle (0) is essentially 
unchanged at 110.3 on the unprotonated side of the 
molecule but increases to 112.5" on the protonated 
side. Little change is seen in the other dimensions also. 
The lengths of the bridge segments, 0 4 ,  are 1.546 A op 
both sides, and the lengths of segments D3 are 1: a490 A 
on the unprotonated side and 1.488 and 1.530 A on the 
protonated side. The dimensions of the unprotonated 
ring, 01 and 0 2 ,  are 1.395 and 1.406 A, respectively. 


Diprotonation at the ips0 positions in both rings (C-3 
and C-1 1) flattens both rings considerably. The value of 
8 is halved to 4-9", and the rings adopt a slightly 
twisted chair conformation. The separation of the rings 


D,: 2.733A al: 152.5' 8,: 147.5" 
D,: 2.733A 0;: 152.3' 8: 147.6' 


Figure 8. Geometrical variables examined in the calculations 
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Table 2. Changes in geometry of cyclophanes on protonation' 


Proton 
Compound location A DI AD2 Acr I A012 A0 I 4 3 2  


[2.2] Purucyclophane c-3 +Om133 + 0.010 - 11.3 +4*1  +1*3 -4.1 
c-3, c-11 +0*177 + 0.335 + 8.0 -24.1 -14.9 +4*9  


[2.2]Meruparucyclophane C-1 1 + 0.199 -0.046 + 2 * 0  -0.8 - 9.6 + 3 - 3  


c-3, c-11 +0.217 + 0.301 + 1 1 * 1  -23.2 -14.1 +2.1 


c-12 - 0.008 - 0.008 +0*7  +0 .9  -1.0 -0 .9 
c-3 0.253 - 0.062 -18.9 + 9 * 6  - 0 .6  -0.9 


a Distances in A, angles n degrees. 


also increases, though the values of D4, at 1.540 and 
1.538 A, are similar to those in the monoprotonated 
species. 


[2.2] Metupurucyclophane. The calculate: 0 in the 
para ring of the neutral compound is 15-3 . The metu 
ring is puckered only very slightly across the points of 
attachment toothe ethylene bridges but adopts a half- 
boat (0 = 6.6 ) conformation in the perpendicular 
direction, curving away from the pura ring. Protona- 
tion in !he metu ring increases 0 in the para ring by 
about 1 and increases the planarity of the metu ring, 
making it a very shallow twisted boat. Protonation in 
the ips0 position of the para ring (C-3) cautes it to 
adopt a half-boat configuration with 0 = 16.0 . 


The ring configurations in the C-3, C-1 1-diprotonated 
molecule are essentially as they were in the corre- 
sponding monoprotonated species. 


i3.31 Dithiacyclophanes. The phenyl rings in bo!h of 
the neutral dithiacyclophanes are within 3 of 
planarity. However, examination of the optimized 
geometry of the dithia[3.3]paracyclophane 6 and its 
disulfonium ion 6-H$+ (Table 3) reveals that diprotona- 
tion increases th: strain by spreading the C-S-S 
angles (6) by 6.2 . This in turn increases the deviation 
of the benzene rings from planarity by 3.4 , despite the 
fact that the CS bonds also increase in length by 
0.028A, and the ends of the opposing rings move 
further apart by 0.30 A. 


Table 3. Calculated geometries for the neutral and S,S- 
diprotonated dithia [3 * 3lcyclophane 


6 1.828 102.9 2.9 3.150 
6 H:' 1-856 1 0 9 . 1  6 .3  3.453 


a Deviation of benzene ring from planarity. 
Distance between opposing rings measured between ips0 positions. 


Energies and charges 
The A& value for @so (C-3) protonation of 
[2.2] purucyclophane, 3, is calculated to be 
174.6 kcalmol-I (181.0 kcalmol-' for PM3) 
(1 kcal= 4.184 kJ), whereas that of [2*2]metupuru- 
cyclophane, 4, is 181.6, 171-9 and 168-3 for protona- 
tion on C-11, C-12 and C-3, respectively (Figure 9). The 
predicted preference for protonation at the @so pos- 
ition of the pura ring in 4 is consistent with stable ion 
studies. I '  


As expected, tetrafluorination in one ring of the 
cyclophanes increases the energy gap between the pro- 
tonated and unprotonated forms. The difference is 
about 8 kcalmol-' when protonation is on the 
unfluorinated ring and about 9-15 kcalomol-' for pro- 
tonation on the fluorinated ring. AAHf for monopro- 
tonation of the purucyclophane 1, in the @so position 
of the unfluorinated ring (C-3) is 182.0 kcalmol-' 
(190.6 kcalmol-l for PM3). That for protonation in 
the fluorinated ring (C-11) is 189.8 kcal mol-I. Again, 
this ',s consistent with solution observations. lo  The 
AAHf values for monoprotonation on the tetrafluor- 
inated metaparacyclophane 8, at C-11, -12 and -3 are 
189.3, 180-5 and 183.7 kcalmol-', respectively. 


Not surprisingly, monoprotonation of the dithia- 
[3*3]cyclophanes 6, 7, 9 and 10 is calculated to be 
more favorable at sulfur than at the ring carbons, 
although the difference is nearly 16 kcalmol-' less for 
the metaparacyclophanes 7 and 10 than for the para 
isomers 6 and 9 [AAH~c-s) = 17.7(7) vs 33*5(6) kcal 
mol-'1 (Figure 9). 


Similarly, protonation of the monosulfonium ion is 
favored to occur on the second sulfur rather than at a 
ring carbon by 51.9 kcalmol-' for 6 and 
35.7 kcalmol-' for 7. Hence, as in the monoprotona- 
tion case, the metapurucyclophane is less resistant to C- 
protonation than the para isomer by about 
16 kcalmol-l. The difference is clearly due to an 
increase in strain caused by ring protonation at the para 
ring. because AAHf" for monoprotonation at sulfur is 
identical for the [3 * 31 metupura and [3 * 31 purupuru 
isomers, within the limits of the calculation. 


To  attempt to clarify the effect of the cyclophane 
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Figure 9. Calculated relative stabilities (PA&) for for [2.2]- and dithia[3-3lcyclophane cations 







114 K .  K .  LAALI, J .  J .  HOUSER, R. FILLER AND Z. KONG 


system on the observed energies, we carried out PM3 
calculations on the monocyclic model compounds 1,3- 
and 1,4-bis(thiomethoxyrnethyl)benzene, 11 and 12 
(Figure 10). AAHf" for S, S-diprotonation is 379.2 kcal 
mo1-l for 11 and 278.8 kcalmol-' for 12, both slightly 
less than 5 kcalmol-l than that for 6 and 7. Hence the 
ring deformation in the cyclophanes does not appear to 
play a major role in determining the ease of protonation 
on the sulfurs. 


In agreement with our solution NMR results, further 
protonation of the disulfonium dications to form the 
S , S ,  C-triprotonated cyclophanes is calculated to be 
endothermic by 333.8-362-2 kcalmol-I (Figure 9). 
Here the energy of protonation on the ips0 carbon is, 
within 2 kcalmol-I, the same for the metupuru- and 
puracyclophane. Protonation on C-14 of the metupuru 
isomer is about 10 kcalmol-l less endothermic. This 
may be attributed to the greater stability of the resulting 
cyclohexadienylic cation when the ends of the conju- 
gated system are tertiary rather than secondary. 


Tetrafluorination on one ring of the dithia[3.3] puru- 
cyclophane 9 makes mono-, di- and triprotonation 
more endothermic by about 6 kcal mol- ' per proton 
added than it is for the corresponding non-fluorinated 
systems. 


The pattern observed in the computed charges 
(Figure 11, calculated charges for fluorinated and non- 
fluorinated [2-2]- and dithia [3*3]-cyclophanes; not 
shown - supplementary material, available on request) 
is typical for calculations on unsolvated species. That 
is, charge is delocalized mainly via the polarizabilities 
of the bonds, with the attached protons bearing most of 
the positive charge, particularly in carbocations. In the 
benzenium ions, the most positive carbon is that para 
to the site of protonation; the ortho carbons are slightly 
positive and the metu carbons negative. Calculated 
charges are a particularly unreliable indicator for the 
site of protonation in the dithia [3 -3]cyclophanes. These 
compounds are diprotonated exclusively on the sulfurs 
which exhibit the least negative charges in the molecule. 


A A H :  (MH:'- M) 


379.1 ':Ti' H 'sTs' 
H H 


Figure 10. AAH," for protonation of the open models 11 and 
12 


Heats of formation calculated for the mono- and dipro- 
tonated systems definitely show the preference for S- 
over C-protonation and provide an explanation for the 
disulfonium ion's inability to protonate further. The 
calculated ring-carbon charges for the disulfonium ions 
differ little from those in the neutral molecules, except 
that the ips0 carbons are predicted to be more negative. 


In [2.2] parucyclophane, 3, both the calculated rela- 
tive energies of the monoprotonated species and the cal- 
culated total charges predict ring protonation on the 
unsubstituted position, rather than on the ips0 position 
as is observed. Visual inspection of the optimized struc- 
ture of the ortho-protonated ion, however, reveals that, 
in strong contrast to the ipso-protonated species, there 
is essentially no relaxation of the puckering of the 
phenyl ring relative to that in the neutral molecule. It is 
not clear Thy the relief of strain is not reflected in a 
lower AHt for the ipso-protonated ion, but the differ- 
ence between the two ions is only 3.1 kcalmol-', and 
specific solvation effects may well reverse their order of 
stability. 


The calculated charges in the ipso-protonated para- 
cyclophane again suggest that further protonation in 
the remaining neutral ring should not take place at an 
ips0 position. However, in agreement with the location 
of attack of the second proton observed in solution,I2 
the neutral ring's @so carbon having the most negative 
charge is that opposite the site of initial protonation. 


In the tetrafluorinated ring of 1, the ortho positions 
are positively charged, and the ips0 carbons have a 
higher negative charge than those of the non- 
fluorinated ring, but are less negative than the ortho 
positions of the non-fluorinated ring. 


EXPERIMENTAL 


The syntheses of and the analytical data for tetrafluoro- 
dithia [3 31 purucyclophane (9 )  tetrafluorodithia [3 * 31 - 
metupurucyclophane (lo), tetrafluoro [2.2] metupuru- 
cyclophane (8) and the fluorinated [2.2] pura- 
cyclophanes 1 and 2 have been reported previously by 
Filler et ul.I9 


The superacid solutions were freshly prepared from 
freshly distilled FSO3H (Linde) and SbFs (Aldrich). 
HF.SbF5 (1: 1) was purchased from Aldrich. Anhydrous 
SO2 (Linde) and S02ClF (Aldrich) were used as 
received. 


The NMR spectra were collected on a GN 300 MHz 
wide-bore instrument. For the ambient spectra, CDCh 
was used as the solvent. The spectra were referenced 
relative to internal CDCI3 for 'H and "C spectra and 
relative to external CFCl3 for the fluorine spectra. For 
the low-temperature stable-ion studies, the probe was 
cooled to cu -74°C while shimming with an 
acetone-& sample. The freshly prepared cold ion sol- 
utions in 5 mm NMR tubes were inserted into the pre- 
cooled probe. The 'H and 13C spectra were recorded 
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first; then the sample was ejected and kept at 
dry-ice-acetone temperature while the probe was 
changed after thawing to room temperature. The flu- 
orine probe was subsequently cooled while shimming 
on an acetone-da-cFC13 ( l : l ,  vv) sample which also 
served as the external reference. 


General procedure for stable ion generation. All 
operations were carried out under a dry nitrogen atmos- 
phere. Typically, ca 20 mg of the cyclophane were 
charged into a 10mm NMR tube, cooled in a 
dry-ic-acetone bath and cold SO2 or SOzClF (cu 
0.5 ml) was added to form a slurry. The super acid (ca 
1 ml) was charged into a second cooled 5 mm NMR 
tube and diluted with SO2 or SOzClF (ca 1 ml) with 
mixing. The resulting clear homogeneous sample was 
poured directly into the cold sample of cyclophane at 
dry-ice-acetone temperature with efficient vortex 
mixing. 


AM1 calculations. Semi-empirical calculations were 
carried out on the cyclophanes and dithiacyclophanes 
using MOPAC 5.0. Because this version of MOPAC 
has no sulfur parameters for AM1, PM3 was used for 
the dithia [3*3]cyclophanes, while AM1 was used for 
the [2.2]cyclophanes. For two of the cyclophanes, 3 
and 1, a PM3 calculation was performed on the neutral 
hydrocarbon and the ipso-protonated form as a com- 
parison with the AM1 calculation. Initial geometries 
were calculated using PC-MODEL (Version 4, Serena 
Software). 
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AB INITIO CALCULATIONS OF DIELS-ALDER TRANSITION 
STRUCTURES FOR HETERO-DIENOPHILE ADDITIONS TO 


CY CLOPENTADIENE 


BRANKO S. JURSIC* AND ZORAN ZDRAVKOVSKIt 
Department of Chemistry, University of New Orleans, New Orleans, Louisiana 70148, U.S.A. 


Transition states for the hetero-Diels-Alder addition of formaldehyde, formaldimine, diazene and nitrosyl hydride 
to cyclopentadiene were located with ab initio molecular orbital calculations. Asynchronous transition structures were 
located for the asymmetric hetero-dienophiles, whereas the symmetrical hetero-dienophile, cis-diazene, produced a 
synchronous transition structure. The relative reactivities are in good agreement with the LUMO energies of the 
hetero-dienophiles, and the transition states with the exo oxygen or nitrogen lone pairs have lower energies than the 
corresponding endo lone electron pair transition states. Endo/exo energy differences are much higher than in the 
addition of ethylene derivatives to cyclopentadiene. 


INTRODUCTION 


The Diels-Alder reaction is one of the most widely used 
synthetic methods for the preparation of organic 
compounds. The reaction is highly regio- and 
stereospecific and consequently very desirable inter- 
mediates can be obtained. Diels-Alder reactions that 
incorporate the formation of carbon-heteroatom 
bonds, useful as intermediates in natural product syn- 
thesis, are of special interest.3 


These reactions are generally assumed to be con- 
certed, asynchronous cycloadditions, but a stepwise 
mechanism is also possible for polar dienophiles or for 
acid-catalyzed processes. Although the all-carbon 
Diels-Alder reactions have been studied e~ tens ive ly ,~ -~  
there are only a few reports on the theoretical study of 
the hetero-Diels-Alder reactions (recently we have per- 
formed ab initio studies of hetero-dienophile additions 
to furan and 1,3-0xadiazole). '*' We have undertaken an 
extensive theoretical study of Diels-Alder reactions 
both with heteroatom-containing dienophiles and 
dienes; here we report our results on the non-aromatic 
all-carbon diene cyclopentadiene, which will be used as 
reference for a further study on some aromatic hetero- 
cyclic dienes (we have performed theoretical studies 
of the heterodienophile additions to aromatic hetero- 
cycles such as pyrrole, 9a oxazole, 9b pyrazole" and 


1,Cdioxabuta-1 ,3-dienegd). On the basis of the 
HOMO-LUMO interactions, energies of the reactants 
and the transition structures, the reactivity of the 
hetero-dienophiles towards cyclopentadiene will be 
discussed. 


METHODS 


Geometry optimization of the reactants prior to any ab 
initio calculations was performed with the PM3 lo 


method in MOPAC. The transition states (the tran- 
sition structure has to have only one imaginary fre- 
quency and that has become the major criteria for 
confirming the transition structure; for a perspective of 
the transition-state theory, see Ref. 12) were also 
located by PM3." The structures of the reactants and 
the transition states obtained were then fully optimized 
at the RHF/3-21G theoretical level with the 
GAMESS l4 ab initio program. Each transition state 
gave only one imaginary harmonic vibrational fre- 
quency, corresponding to the motion of the new C-C 
or C-X bonds.12 The activation energies were esti- 
mated by single-point MP2/6-3 1G* calculations on the 
RHF/3-21G optimized geometries. One reason for 
choosing this model chemistry was that there are 
available theoretical studies at this level for other 
Diels-Alder reactions, thus making the comparison of 
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the results possible. l5 Although the calculated acti- 
vation energies at the MP2 level are probably under- 
estimated by cu 10 kcalmol-' (1 kcal= 4.184 kJ) 
compared with MP3 and available experimental data, 
the activation energies reflect accurately the relative 
reactivities of these dienophiles. 


RESULTS AND DISCUSSION 


The transition states were located for the reactions of 
cyclopentadiene with formaldehyde, formaldimine, cis- 
and trans-diazene and nitrosyl hydride. All reactions 
studied except the reaction with formaldehyde have two 
possible stereoisomers and both the endo and ex0 
stereoisomers were considered. The transition-state 
structures are presented in Figure 1. All transition states 
are for the concerted mechanism. In the reaction of 
symmetrical dienophiles, symmetrical transition struc- 
tures were obtained, but in all other cases asynchronous 
transition-state structures were generated. Thus, the 
transition state for ethylene addition to cyclopentadiene 
is symmetrical with a new forming C-C bond length of 
2.205 A. The transition state for the formaldehyde 
addition to cyclopentadiene can be considered an exceg- 
tion, since it is practically synchronous (Ar = 0.04 A) 
with a shorter new forming C-C bond than in the eth- 
ylene addition (Figure 1). The transition state is more 
synchronous than in the case of formaldehyde addition 
to buta-1,3-diene (Ar = 0.135 A). The structural 
characteristics of transition states 2 and 3 of for- 
maldimine addition to cyclopentadiene are similar to 
that from the formaldehyde reaction. Here again the 
bond differences 0.f the new forming bonds are smaller 
(for 1 A r  = 0.175 A and for 2 Ar = 0.086 A) than in th? 
case of buta-1,3-diene (Ar = 0.435 and 0.284 A 
respectively). The same kind of pattern was observed in 
the case of the concerted transition-state structure 4 of 
trans-diazene addition to cyclopentadiene. Again, 4 is 
more synchronous (Ar = 0 -  123 A) than the corre- 
sponding transition state for the truns-diazene addition 
to buta-1,3-diene (Ar = 0.168 A).7 However, the most 
surprising differences come from the endo and ex0 
addition of cis-diazene to cyclopentadiene and buta- 
1,3-diene (for a discussion of asynchronicity of the 
transition structure of diazene addition to buta-l,3- 
diene in relation to their energy calculated by the PM3 
method, see Ref. 16). Both endo and ex0 transition- 
state structures 5 and 6 are fully symmetrical, whereas 
the corresponding transition-state structures in the 
addition tq buta-l,3-diene are unsymmetrical 
(Ar = 0.129 A for the ex0 and 0.329 A for the endo 
cis-diazene-buta-l,3-diene transition states). The two 
transition-state structures 7 and 8 for the concerted 
addition of nitrosyl hydride to cyclopentadiene are also 
more synchronous (Ar = 0-  149 and 0.038 A respect- 
ively) than the corresponding transition states with 
buta-1,3-diene (Ar = 0.209 and 0.080 A, respectively).' 


It is conceivable that the symmetry of the transition 
structure has influence on the energy. l6 


The reactivity of the hetero-Diels-Alder reactions 
can be determined by various physical properties of the 
reactants. Frontier orbital theory" can explain, to 
some degree, the reactivity of the reactants in the 
chemical reactions. The HOMO and LUMO energies 
are presented in Table 1. In terms of the frontier orbi- 
tals, the Diels-Alder reaction of cyclopentadiene 
appears to be controlled by the LUMO of the 
dienophile, hence the most reactive dienophile is the 
one with the lowest LUMO energy. In our case, the 
most reactive dienophile is nitrosyl hydride with an 
energy gap of only 0.39659 eV. The HOMO-LUMO 
energy gap cannot explain the stereoselectivity of the 
hetero-Diels-Alder addition with cyclopentadiene. 
That can be explained with the energy barrier of the 
reactions. 


The calculated total energies for the reactants, the 
transition states and the energies with respect to the 
reactants for hetero-dienophile addition to cyclopenta- 
diene are given in Tables 2 and 3. 


According to the calculated MP2/6-31G*//RHF/ 
3-21G energies, formaldehyde and formaldimine (exo- 
hydrogen addition) are less reactive than ethylene, even 
though they have lower LUMO energies. One factor 
that can explain the lower reactivity is the repulsive 
interaction of the oxygen or nitrogen lone pair with the 
filled ?r-orbital of cyclopentadiene, similar to the pro- 
posed +acetylene ?r-butadiene repulsion in the 
Diels-Alder transition state. l8 The transition states of 
formaldimine addition to cyclopentadiene 2 and 3 have 
different energies. Structure 2 with an endo N-M bond 
is predicted to have 4.6 kcal mol-' lower activation 
energy than the diastereomer 3 with an ex0 N-H 
bond. This is considerably larger than was normally 
observed in Diels-Alder reactions with substituted 
ethylenes. l9 As expected on the basis of LUMO orbital 
energies (Table l), trans-diazene is more reactive than 
acetylene, formaldehyde or formaldimine (Table 2). 
The transition state reflects the above-discussed effect 
of the nitrogen lone-pair repulsion with the ?r occupied 
orbitals of cyclopentadiene. This can also explain why, 
although the LUMO of cis-diazene is higher than of 
trans-diazene, the activation energy is lower for the 
endo hydrogen cis-diazene addition to cyclopentadiene 
than the addition of trans-diazene. Actually, the 
transition-state structure with trans-diazene 4 has 
2.2 kcal mol-I lower energy than the transition state 
with cis-diazene 5, but because trans-diazene is 
8 .5  kcal mol-' more stable (the trans form of diazene 
is actually 6-7 kcal mol-' more stablez0) than the cis 
isomer (according to MP2/6-31G* calculations), 4 has 
a 6.3 kcal mol-' higher activation barrier. Structures 5 
and 6 represent stereoisomeric transition structures for 
the cis-diazene addition to buta-l,3-diene. As men- 
tioned above, both structures are symmetrical. The ab  
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1.396 1 .a 


l a  l b  2 a  2 b  


1.395 1.402 


3a 3 b  4 a  4 b  


1.408 1 X !  


5 a  5b  6a 6b  


1.414 1 . a  


7 a  7 b  8a 8b 
Figure 1. (a) Front and (b) side views of the transition-state structures for reaction of cyclopentadiene with hetero-dienophiles 


Table 1. HOMO-LUMO energies (eV) of the reactants from 
a RHF/6-3 lG*//RHF/3-21G calculation 


Reactant HOMO LUMO A E I  A E z  


Cyclopentadiene - 0.3062 0.1449 
Formaldehyde -0.43982 0.13196 0.58472 0.46937 
Formaldimine -0.41750 0.16317 0.5624 0.46937 


trans-Diazene -0.38664 0.14689 0.53154 0.45309 
Nitrosyl hydride - 0.42710 0.09039 0.572 0-39659 


cis-Diazene -0.38110 0.14771 0.526 0.45391 


initio calculations prefer by 1 1 . 1  kcal mol-' the for- 
mation of the product with endo N-H bonds. That 
can again be explained by the repulsive interactions 
between the two occupied a molecular orbitals of cyclo- 
pentadiene with the lone pairs of the nitrogen atoms of 
cis-diazene in transition state 6. The two transition 
structures 7 and 8 of nitrosyl hydride addition to cyclo- 
pentadiene are almost synchronous and are predicted 
on the basis of LUMO energy of nitrosyl hydride to 
have lower activation barrier. The 7 . 6  kcal mol-' endo 
preference is again caused by n-a repulsion in 8. The 
energy difference is lower than in the case of cis-diazene 
because in both stereoisomers 7 and 8, oxygen n-a 
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Table 2. Total energies (au) of reactants and transition states for the Diels-Alder reaction of cyclopentadiene 
with hetero-dienophiles 


Species RHF/3-21G RHF/6-3 lG*//RHF/3-21G MP2/6-31G*//RHF/3-21G 
~~ 


Cyclopentadiene 
Formaldehyde 
Formaldimine 
trans-Diazene 
cis-Diazene 
Nitrosyl hydride 
1 
2 
3 
4 
5 
6 
7 
8 


- 191 *7 170797 
-113.2218198 
- 93.4947805 
- 109.3547665 
-109.3423988 
-129.0382903 
-30438990447 
- 285.1696252 
-285.1600599 
-301.0331997 
-301.0294523 
-301.0093517 
- 320.7365329 
- 320.7253835 


~~ 


- 192.7913754 
- 1 13 + 8623871 
-94'00256453 
-109.9924702 
- 109.978457 
- 129.7832474 
- 30605953157 
-286.7564498 
- 286.7490355 
-302.7196663 
- 302 -715683 1 
-302.6981437 
-322.5269796 
-322.5157307 


-193 ~4227822 
-1 14'1676329 
-94.3129884 


-1 10.3083725 
-110.2948632 
-130'1235817 
-307.5697376 
-287.7207100 
-287.7134614 
-303.7283985 
- 303 * 7249063 
- 303.7076965 
- 323.5541653 
-323.5420616 


Table 3. Calculated activation energies ( kcal mol- ') for the Diels-Alder reaction of cyclopentadiene with 
hetero-dienophiles 


Dienophile TS RHF/3-21G RHF/6-31Gt//RHF/3-21G MP2/6-3lG*//RHF/3-21G 


Ethylene 30.1 (0.0)' 39.2 (O.O)apd 10.6 (O*O)b*d 
Formaldehyde 1 25.0 ( -5.1) 36.7 (-2.5) 13.0 (2.4) 


Formaldimine, ex0 H 3 32-5 (2.4) 42.7 (3.5) 14.0 (3.4) 
Formaldimine, endo H 2 26.5 (- 3.5) 38.0 (-1.2) 9-4 (-1.2) 


trans-Diazene 4 24.2 (-5.9) 40.3 (1.1) 1.7 (-8.9) 
cis-Diazene, endo H 5 18.8 (-11.3) 34.0 (-5.2) -4.6 (-15.2) 
cis-Diazene, ex0 H 6 31.4 (1.3) 45.0 (5.8) 6.2 (-4.4) 
Nitrosyl hydride, endo H 7 11.8 (-18.3) 29.9 (-9.3) -4.9 (-15.5) 
Nitrosyl hydride, ex0 H 8 18.8 (-11.3) 36.9 (-2.7) 2.7 (-7.9) 


a Data for RHF/6-31Gl/RHF/3-21G. 
bData for MP2/6-31G //RHF/6-31G*. 
'Ref. 6a. 
dRef .  6b. 


repulsions are present, whereas in in structure 5 these 
repulsions do not exist. 


It should be noted that the negative activation ener- 
gies calculated by MP2/6-31G*//RHF/3-21G for the 
endo hydrogen cis-diazene and nitrosyl hydride 
additions (Table 2) do not mean that the reactions are 
activationless, but rather reflect the fact that the MP2 
transition state occurs earlier along the reaction coor- 
dinate than the RHF transition state. 


There is experimental evidence for the high 
stereoselectivity predicted by these calculations. It 
has been shown that some chiral a-chloro nitroso 
compounds add highly enantioselectively in some 
Diel-Alder reactions. 


CONCLUSION 
All levels of ab initio calculations employed have 
shown that the considered hetero-dienophiles, except 


formaldehyde, react much more readily than substi- 
tuted ethylene in Diels-Alder cyclizations with cyclo- 
pentadiene. The activation energies are lower and there 
is a large preference for the heteroatom lone pair to be 
kept away from the diene a-orbitals. This method 
should be very useful for the preparation of hetero 
bicyclic compounds with defined configuration at the 
newly formed chiral carbon centers. 
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POLYANILINE INTERCALATED INTO ZEOLITES, ZIRCONIUM 
PHOSPHATE AND ZIRCONIUM ARSENATE 
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Aniline (or aniline hydrochloride) was intercalated into zeolite, zirconium phosphate and zirconium arsenate (proton 
form and sodium form) and subsequently oxidized to polyaniline (PAN) by ammonium peroxodisulphate. The 
structure of PAN in the host was studied by electron paramagnetic resonance spectroscopy. PAN in the host gave a 
free-radical EPR signal at 2*0035-2.0037 for the hydrogen or 2.0047-2.0049 for the sodium form of the host, 
similarly to the ermeraldine salt (PAN-2s) or emeraldine base (PAN-2A) form of PAN. Saturation occurs in 
PAN-HZ and PAN-HS. In contrast, the intrachannel PAN in HY was unsaturated under the same conditions. 
Conduction in PAN-HZ and PAN-HS was predominately carried out by variable-range hopping and tunnelling 
respectively, and PAN-HY showed insulating properties. 


INTRODUCTION 


The encapsulation of conjugated polymers in a crystal- 
line microporous inorganic host has recently received 
extensive attention. Several studies have been reported 
on polyaniline (PAN), polypyrrole, polyacrylonitrile 
and polythiophene in caged zeolite’ and layered 
montmorillonite,’ a-zirconium phosphate, 
fl~orohectorite,~ FeOC15 and v~05’ for the purpose of 
controlling the molecular alignment of conducting 
polymer chains. 


Zeolites consist of an open aluminosilicate frame- 
work with pore sizes in the range 0.3-0.8nm and 
possess a capacity for cation exchange depending on 
their aluminium content. Crystalline a-zirconium 
phosphate (HZ) and a-zirconium arsenate (HS) with 
layered structures, a high preference for Brransted bases 
and a high ion-exchange capacity (6.64 meq. g-’ for 
HZ6 and 5.14 meq. g-’ for HS’) can be employed as 
the host lattice for aniline. Therefore, zeolite, HZ and 
HS offer convenient vehicles for the polymerization of 
aniline in their intrachannel or interlayer spaces. 


A granular polymeric metal model,’ with the conduc- 
tivity states of metallic particles embedded in an unpro- 
tonated insulating sea, has been proposed. In addition, 
evidence for disorder has been pointed out, and it has 
been suggested that a Fermi glass might be more 
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appropriate.’ Recently it was confined by a spin 
dynamics technique with magnetic resonance that con- 
ductivity (a) was dominated by the interchain diffusion 
rate. lo Therefore, spin dynamics enable us to study the 
conductivity on a microscopic scale. In this paper we 
report the spin dynamics and conductivity of PAN 
included inside the host system. 


EXPERIMENTAL 


A binder-free zeolite NaY (Si/Al= 2.41) was obtained 
from Strem Chemical. The ammonium form of the 
zeolite (NH4Y) was obtained by ion exchanging NaY 
(2 g) with NH4Cl (0.1 M, 4 x 200 ml) for 5 h. The 
zeolite NH4Y was heated in a stream of oxygen (1 K 
min-’, 8 h at 370 K; 4 h at 670 K) and evacuated for 2 h 
at Torr (1 Torr = 133.3 Pa) followed by cooling, 
resulting in HY (H4&ialoY, subscripts indicate cations 
per unit cell). The hydrogen form of crystalline a- 
zirconium phosphate (HZ) and a-zirconium arsenate 
(HS) were prepared by decomposition of zirconium 
fluoro complexes of phosphoric acid and arsenic acid. 
Sodium form zirconium phosphate (NaZ) and zir- 
conium arsonate (NaS) were obtained by titrating HZ 
and HS with the 0.1 M NaCl-0.1 M NaOH 


Received 20 March 1993 
Revised 25 January 1994 







372 T.-C. CHANG, S.-Y. HO AND K.-J. CHAO 


solution, I 2 , l 3  according to the equation 
H,POd/HF refluxing NaOH ZrOCl2. 8H20 HZ - NaZ (1) 


The aniline molecule was encapsulated into the 
intrachannel of HY as described. The aniline molecule 
was encapsulated into the interlayer space of HZ (or 
HS) by using the following procedure. Amounts of 2g 
each of HZ and HS were suspended in water, aniline 
was slowly added with stirring, the suspension was left 
to stand overnight and the AN-HZ and AN-HS were 
obtained. Nay, NaZ or NaS was exchanged with aniline 
hydrochloride at 25 "C with shaking for 6 h. Excess salt 
was removed by washing. The loaded aniline was subse- 
quently oxidized with aommonium peroxodisulphate to 
PAN-host, stiring at 0 C under nitrogen for 24 h. The 
green solids were isolated by centrifugation, washed 
with deionized water and dried. The reaction scheme is 
as follows: 


CbHrNHz 


(CeHsNH ;Cl- ) 
HX(NaX) - AN-HX(AN-NaX) 


(NH4)zSzOs 


(PAN-NaX) 
PAN-HX (PAN-NaX) 


ESR spectra were obtained on a Bruker ER 200D 
loll2 EPR spectrometer. The powdered samples were 
introduced into an EPR tube that was connected to a 
vacuum system. The spin concentration of PAN-hosts 
was determined by double integration of the first- 
derivative signal, using 2,2-diphenyl-l-picrylhydrazyl 
(DPPH) as a standard. The spin-lattice and spin-spin 
relaxation times, T1 and Tz, respectively, were deter- 
mined by saturation methods. l4 The electrical conduc- 
tivities were determined by a four-probe method on 
compressed pellets at temperatures between 130 and 
273 K. 


RESULTS AND DISCUSSION 


g Factor 
A free-radical peak appeared in the EPR spectra of the 
PAN-hosts. No free-radical signal was found in the 


EPR spectra of either the hosts or aniline-loaded host 
samples. The g value of the EPR signal is a function of 
the molecular motion, the paramagnetic properties and 
the symmetry of ions.I5 The g factor of an electron 
near a carbon-hydrogen bond is about 2-0031, whereas 
it is 2.0054 for an electron near a nitrogen-hydrogen 
bond.16 The g factors of PAN-HY, PAN-HZ and 
PAN-HS lie in the range 2.0035-2.0033 (Table l), 
indicating that the spins are delocalized over at least one 
ring and nitrogen repeating unit (cu 5A), since the 
value of g (2.0035-2.0037) corresponds closely to the 
arithmetic mean of the g factors of the six carbons and 
one nitrogen in the repeat unit. In contrast, g factors of 
PAN intercalated in a sodium-form host 
(2.0047-2.0049) are close to 2.0054, implying that the 
radicals are localized to nitrogen sites only. l7 


Peak-to-peak linewidth (AHpp) 


The smaller EPR peak-to-peak linewidth for PAN-HZ 
(AHpp = 0.72 G vs 2.62 G for PAN-NaZ at 293 K) 
suggests more motional narrowing and, hence, 
increased delocalization. PAN in proton-form hosts 
were shown to be mainly in the salt form according to 
the g factors. The values of A H  for PAN-HY 
(8.84 G), PAN-HZ (0.72 G) and PAN-HS (1.38 G) 
are larger than that for PAN-2S (0.4 G),18 probably 
owing to different protonation levels and intercala- 
tion effects of the hosts." In comparison with the EPR 
resonance of PAN-2A (AHpp = 8 - 5  G)," the broad 
AH,, of PAN-NaY (12.37 G) corresponds to the inter- 
calated base form of PAN. 


The EPR peak-to-peak linewidth of PAN in proton- 
form hosts decreases monotonically as the temperature 
increases from 110 to 293 K (Figure 1). This indicates 
that the linewidth is determined by motional narrowing; 
however, that of PAN-2S shows very little temperature 
dependence. l9 


Spin concentration (Ns) 
The EPR peak intensity was calculated as the product 
AHgph, where AHpp is the peak-to-peak linewidth and 


Table 1 .  EPR data and electrical conductivities, u, of different samples at 298 K a  


PAN-NaY 2.0047 12.37 6.93 - - <lo-'  - 
PAN-NaZ 2.0049 2.62 11.97 - - 3 x 10-6 - 
PAN-NaS 2.0049 2.62 10.32 - - 7 x lo-; - 
PAN-HY 2.0035 8.84 13.80 < 43 0.6 < 10- - 
PAN-HZ 2.0033 0.72 51.34 43 2.3 2~ 0-085 
PAN-HS 2.0033 1.38 23.90 167 1 . 5  9X 0.071 


'AHpp = peak-to-peak linewidth, N, = spin concentration, TI = spin-lattice relaxation time, T2 = spin-spin relaxation time and 
E, = activation energy. 
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Figure 1. Temperature dependence of the linewidth AH,,(G) of samples (A) PAN-HZ, (B) PAN-HS and (C) PAN-HY 


h is peak-to-peak height. The spin concentrations (Ns) spins-'g). 2o The spin concentrations of intercalated 
of intercalated PAN in HY, HZ and HS, calculated PAN in sodium-form hosts are smaller than those in 
from the signal intensity at 297 K by comparison with proton-form hosts (Table 1). 
DPPH under the same conditions, are 1 3 . 8  x Figure 2 shows the temperature dependence of the 
51 - 3  X 10" and 23.9 x 10'' spins g-' respectively, but relative signal intensity Z, = Z(n<)/Z(293 K), which is 
smaller than that in bulk PAN-2S (1O2'-1OZ2 proportional to the magnetic susceptibility." Zr grad- 


Figure 2. Temperature dependence of the relative signal intensity f(n<)/f(293 K) of samples (A) PAN-HZ, (B) PAN-HS and (C) 
PAN-HY 
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ually increased with decrease in temperature, similarly 
to the emeraldine salt. ’’ The I, value PAN-HY shows 
Curie behaviour ( I r  = C/ T )  throughout the temperature 
range investigated (1 10-293 K), whereas the I, values of 
PAN-HZ and PAN-HS show Curie-Weiss behaviour 
[ I ,  = C / ( T -  e)]  , where 8 corrects the temperature for 
the non-zero intercept. The value of the intercept is due 
to intermolecular interactions.” In these systems, it is 
indicated that virtually no defects are present in 
PAN-HY and a small concentration of paramagnetic 
defects are present in PAN-HZ and PAN-HS. 


Spin-lattice relaxation time (Ti) and spin-spin 
relaxation time (Tz) 
In order to determine the spin-lattice and spin-spin 
relaxation times (TI  and Tz, respectively), a series of 
EPR spectra were recorded with the power varying 
from a condition of negligible saturation to one of pro- 
nounced saturation. l4  The spin-spin relaxation time TZ 
is calculated from the linewidth below saturation (i.e. 
AH“,,) by means of the expression 


1.3131 x 
(3) T2 = 


gA.Ho,* 
and the spin-spin relaxation time TI  is calculated from 
the equation 


(4) 


where H1 is the microwave amplitude and S is the 


0.9848 x lO-’A@,[l/(s - 1)H:l 
g 


Ti = 


saturation factor. The best result is obtained when 
equation (4) is used for power levels that are only mod- 
erately above saturation. The plot of the square root of 
the microwave power P against the peak-to-peak ampli- 
tude of the derivative spectrum Y,  is shown in Figure 3. 


Heterogeneous saturation occurs in PAN-HZ and 
PAN-HS as shown in Figure 3(A) and (B). The EPR 
line arises from the overlapping of several individual 
lines. The spin-lattice and spin-spin relaxation times 
are given in Table 1. According to Mizoguchi and co- 
worker~’*~* one has TI  = TZ at high dopant levels ( y )  
and T2 % TZ for y < 0.3, so that the interlayered PAN 
has a higher dopant level in HZ than in HS. Surpris- 
ingly, the intrachannel PAN in HY is unsaturated under 
the same conditions, although PAN-HY has a broader 
linewidth of the EPR resonance than PAN-HZ and 
PAN-HS. The mos likely explanation is an intrinsic 
dipolar interaction between the PAN chains and the 
charged zeolite channel walls, that is broadened by fast 
relaxation. 


Conductivity (a) 


In previous studies, equations related to specific com- 
posites and various models for electrical conduction in 
composites have been suggested. However, the precise 
conducting mechanisms in polymer systems are not 
fully understood, since they are influenced by factors 
such as the dopant level, the morphology of the poly- 
mers, orientation of conductjng species and tempera- 
ture. The conductivities at 25 C for various conducting 


0. I 0.2 0.3 0.4 0.5 
root of mlcrovove pouar 


Figure 3. Saturation curves obtained by plotting peak-to-peak amplitude Ym against the square root of microwave power P (W1’2). 
(A) PAN-HZ; (B) PAN-HS; (C) PAN-HY 
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polymers are given in Table 1. The electrical conduc- 
tivity as a function of temperature based on the 
hopping conduction mechanism has been given by 
M ~ t t ' ~  and Greaves.24 However, Mott's equation is 
based on the assumption that the concentration of 
charge carriers has nothing to do with the temperature. 
According to Greaves, variable-range hopping (VRH) 
conduction is represented by 


u = UO( T)e~p(-BlTl /~)  (5 )  


where B is a constant. On the other hand, the electrical 
conductivity as a function of temperature is given by 
Matares' equation: " 


u =  AT"' exp(E4kT) (6) 


where A is constant and E is the height of the potential 
barrier. This equation was derived for a system 
including grain boundary barriers. Also, Zeller 26 and 
Orton and Powell2' have shown that tunnelling and 
thermionic emission conduction can be expressed by the 


following two equations, respectively; 


u = exp(-A/T'/') (7) 


u = UOT-"~ exp(-E,lkT) (8) 
Measurements of electrical conductivity were per- 


formed by a four-probe technique at temperatures from 
130 to 273 K. The temperature dependence of the con- 
ductivity of the pressed-pellet samples is shown in 
Figure 4. As can be seen, the conductivity increases 
linearly with increase in temperature, satisfying the 
Arrhenius equation, u = uo exp(-Ea/kn. Ea values for 
PAN-HZ and PAN-HS were obtained from the slope 
of the straight line in Figure 4 and were 0.085 and 
0 -070 eV, respectively. The temperature dependencies 
of the electrical conductivity of PAN-HZ and 
PAN-HS, according to equations (5)-(8) show that the 
conduction of PAN-HZ and PAN-HS is predomi- 
nately carried out by variable range hopping and tun- 
nelling respectively. At concentrations of metallic 
domains in PAN-HZ above the percolation threshold, 


-10 I I I I I I I I 


3.5 4.5 5.5 6.5 7.5 


loom 
Figure 4. Temperature dependence of electrical conductivities u of samples (A) PAN-HZ (B) PAN-HS and (C)  PAN-HY. The 


straight lines show the semiconducting relations u = uo exp(-Ea/kT) 
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the conductivity has a temperature dependence like that 
of VRH in three dimensions. 28929 In contrast, at con- 
centrations of metallic domains in PAN-HS below the 
percolation threshold, the conductivity is dominated by 
tunnelling conduction. 29 The dimensions of the HY 
zeolite intrachannels are such that only one polymeric 
chain can fit. Therefore, the polymer chains cannot 
interact with one another in the zeolite host, resulting in 
good insulating properties. 30 


CONCLUSION 


The g values of polyaniline in the hydrogen or sodium 
form of the host gave a free-radical EPR signal which 
is similar to that for the emeraldine salt or emeraldine 
base, respectively. The spins in isolated single oli- 
gomeric conjugated PAN in HY do not saturate easily, 
which is due to an intrinsic bipolar interaction, 
although almost no defects were present in PAN-HY. 
Therefore, PAN-HY shows good insulating properties. 
The encapsulated PAN in a-zirconium phosphate has 
higher dopant level than in a-zirconium arsenate from 
the peak-to-peak linewidth, spin dynamics and conduc- 
tivity. The encapsulated PAN in the galleries of layered 
hosts results in highly oriented films; high anisotropic 
structures are obtained. 
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KINETICS AND MECHANISM OF ELECTRON-TRANSFER 
REACTION OF AQUOTHALLIUM(II1) AND COORDINATED 


THALLIUM(II1). OXIDATION OF METOL WITH THALLIUM(II1) 
IN ACID PERCHLORATE MEDIUM 


SHARMILA NAHAR AND P. D. SHARMA* 
Department of Chemistry, University of Rajasthan. Jaipur 302 004, India 


The kinetics of oxidation of metol (N-methyl-p-aminophenol) by thallium(1II) have been studied in a perchlode acid 
medium. This organic compound is employed extensively in pbotographic work. The stoichiometry of the reaction is 
represented by: 


CJ&(OH)NHCH, + TI"' + C&(O)NCH3 + TI' + 2H + 


The kinetics indicate the rate law: 
K k  [metal ] 


1 + K [metol] 
k' E 


where k' is the pseudo-first-order rate constant. The rate constants and thermodynamic parameters for the rate- 
limiting step have been evaluated. 


INTRODUCTION 


Despite extensive studies' of thallium(II1) as an oxi- 
dant, much work is still required to reveal the reactivity 
pattern of this species in solution. This is all the more 
important in view of the extensive applications of the 
oxidant in synthetic organic chemistry. The inter- 
mediate thallium(I1) species is reportedly generated in 
solutions through radiolytic processes; evidence for 
this more powerful oxidant has yet to be produced in 
non-radiolytic processes. 


Thallium(II1) is known4*' to be a cumulative poison 
and is excreted from the body owing to the soft tissue 
turnover, Thallotoxicosis is a subject of medical 
importance and deals with studies of thallium- 
containing rodenticides and insecticides. These obser- 
vations prompted us to undertake studies on the redox 
chemistry of thallium(III), from two main viewpoints. 


The first aim was to determine whether N-methyl-p- 
aminophenol (metol) - an organic compound employed 
extensively in photographic work - undergoes oxida- 
tion via an intramolecular electron transfer to an inter- 
mediate complex, and whether the complex ruptures to 
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an organic free-radical species generating a thallium(I1) 
species. 


Second, preventive measures are always required to 
protect archival photographic materials, from environ- 
mental deterioration. An understanding of the interac- 
tion of inert metal ions with metol is therefore required 
to rationalize its reactivity pattern in solution. Thus 
the effect of both cations and anions on the rate of 
oxidation should provide useful information in under- 
standing the mechanistic chemistry of this photo- 
graphically useful reagent. 


EXPERIMENTAL 


Materials. Solutions of phallic perchlorate were pre- 
pared by dissolving phallic oxide (BDH) in 70% per- 
chloric acid (E. Merck); the solution was standardized 
iodometrically. Hydrogen ion concentration in sol- 
ution was determined by titrating a known aliquot of 
thallic perchlorate solution against sodium hydroxide in 
the presence of pre-added KBr, employing phenol- 
phthalein as an indicator. The addition of KBr checked 
precipitation of thallic hydroxide at the equivalence 
point. Metaol (Glaxo AR) was recrystallized from 
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alcohol and the white solid material was kept in bottles 
painted black on the outside to prevent photo- 
deterioration. However fresh solutions of metol were 
always prepared when required. Lithium perchlorate 
was prepared by neutralizing perchloric acid with 
lithium carbonate (BDH AR) to pH = 6-8. All other 
reagents were either of AnalaR or G.R. Merck quality 
and were used as received. 


Doubly distilled water was employed throughout the 
study; the second distillation was from alkaline per- 
manganate solution in an all-glass still. 


Reactions were carried out in stoppered Erlenmeyer 
flasks blackened on the outside. The flasks containing 
all reagents except thallium(II1) were immersed if a 
thermostatted water bath maintained at 45 & 0.1 C, 
unless stated otherwise. Reactions were initiated by 
adding a known aliquot sample of pre-equilibrated thal- 
lium(II1) solution into the reaction mixture, and the 
time at which the pipette was half empty was recorded. 
The kinetics were monitored by measuring thallium(II1) 
iodometrically in an aliquot sample (5 cm3) which was 
withdrawn periodically. 


Initial rates were computedg employing the plane 
mirror method. Pseudo-first-order plots were also made 
wherever reaction conditions permitted. Triplicate rate 
measurements were reproducible to within k 4%. 


Stoichiometry and product analysis. The stoichi- 
ometry of the reaction was determined by identifying 
the oxidation product of metol spectrally. Reactions 
with an excess of [metol] over [Tl"'] were allowed to 
occur in a thermostatted water bath and the product 
extracted with diethyl ether. NMR spectral analysis of 
the product was carried out on a Jeol FX90Q spec- 
trometer. The NMR spectrum exhibits two signals: one 
doublet for 'a' type protons at 6 = 7-72 and 7.66 ppm 
and another doublet for 'b' type protons at 6 = 8.45 
and 8.85  ppm in a ratio of 1 : 1. Two types of methyne 
(-CH-) are due to the vicinity of >C=O and 
-C=NfCH3 groups, and are designated by Ha and 
Hb. Two Ha protons are more deshielded as compared 
to Hb protons, which are flanked by a central 
=C=NCH3 group. 


0 


NcH3 
The IR spectrum of the product exhibits a > C=O 


absorption band in the region 1600-1620 cm-'. which 


These spectral observations clearly assign the product 
to be N-methyl quinone. Thus the stoichiometry of the 
reaction on the basis of the quinone as a product 
corresponds to the reaction represented by: 


C6&(0H)NHCH3 + TI"' + 


CaH4(0)NCH3 + TI' + 2H+ (1) 


RESULTS 


Thallium(II1) dependence 
The concentration of thallium(II1) was varied in the 
range (1-0-5.0) x lo-' m ~ l d m - ~  at different metol 
concentrations, namely 2 x lo-', 3 x lo-' and 
5 x lo-' r n ~ l d m - ~ ,  respectively, and [H+] = 0.5 mol 
dm-'. Initial rates (ki) were calculated and the plot of 
initial rate against [TI"'] yielded a straight line passing 
through the origin, indicating unit order with respect to 
the oxidant. Pseudo-first-order plots were also made 
(Figure 1) wherever reaction conditions permitted. 
Also, pseudo-first-order rate constants were found to be 
independent of the initial thallium(II1) concentrations. 
(Table 1). 


1 .a 


Figure 1. Pseudo-first-order plots. [metol] = 5 x lo-' mol 
dm-'; [H+] = 0.5 mol dm-.'; temperature = 45 O C ;  [Tl1"1 


2.5 x @ 3.5 X I v 3 ;  @ 4.5 X w3; 8 ~ m o 1 ~ m - ~ ~ = ~ 1 ~ o x 1 0 - 3 ; ~ 1 ~ 5 x 1 0 - 3 ; ~ 2 ~ 0 x  4 


5 . 0 ~  10-3 
@ 3.0~ 


can be ascribed to a cros; conjugated >C=O group. 
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Table 1 .  Pseudo-first-order rate con- 
stants. [H+] = 0.5 moldm-'; tempera- 


ture = 45 "C 


10' [TI1"] 10' [metol] 104(k') 
(mol dm-') (mol dm-') (s-') 


1.0 
1.5 
2.0 
1.0 
2.0 
3.0 
1.0 
1 - 5  
2.0 
2.5 
3.0 
3 . 5  
4-5  
5.0 


2.0 
2.0 
2.0 
3.0 
3.0 
3.0 
5.0 
5.0 
5-0 
5.0 
5.0 
5.0 
5.0 
5.0 


1.8 
1.8 
1 .7  
2.4 
2.5 
2.5 
3.7 
3 . 7  
3 .7  
3 . 8  
3.7 
3.7 
3 . 8  


Metol dependence 


Metol concentration was varied from 3.0 x to 
8 x lo-' rnol dm-3 at [TI"'] = 4-0 x rnol dm-3, 
[H+] = 0.5 rnol dm-3 and temperatures of 40, 45 and 
50 OC, respectively. There is a proportional increase in 
the rate with increasing metol concentration in the 
lower ranges; however, a limiting rate tends to be 
attained at higher concentrations of metol. Such rate 
behaviour can be attributed to a weak intermediate 
complex of thallium(II1) and metol. 


Hydrogen ion dependence 


Hydrogen ion concentration was varied, by means of 
HC104, from 0.5 to 2 * 0 m 0 l d m - ~  at 
[TI"'] = 2.0 x lo-' rnol dm-', [metol] = 2 x lo-' rnol 
dm-3 and ionic strength (1)=2.0moldm-'  ( I  was 
adjusted employing lithium perchlorate). The rate is not 
affected by hydrogen ion concentration. 


Ionic strength dependence 


Ionic strength in the reaction mixture was varied from 
0.25 to 2.0 rnol dm-' at [TI"'] = 2.0 x low3 rnol 
dm-3, [metol] = 2.0 x lo-' rnol dm-' and [H+] = 
0.5 rnol dm-3. The rate decreases with increasing ionic 
strength (Table 2). 


Table 2. Ionic strength effect. [Tl"'] = 2 x lo-' rnol dm-3; 
[metol] = 2 x lo-' rnol dm-', [H'] = 0-5 rnol dm-'; 


temperature = 45 "C 


[LiCb] (moldm-') 0.25 0.5 0.75 1.0 1-25: 1.5 1 .75 2.0 
1o4(k9 (s - I 1.6 1.4 1.3 1.1 1.0 0.9 0.8 0.7 


Effect of chloride ion 
Chloride ions are known" to coordinate thallium(II1). 
However, the chloride ion concentration was varied 
from 1 x lo-' to 1 x lo-' mol dm-' at [Tl"'] = 
2.0 x rnol dm-3, [metol] = 2.0 x lo-' rnol dm-' 
and [Hf] = 0.5 mol dm-'. The rate of the reaction is 
independent in the lower range of chloride ion concen- 
tration, [Cl-] < 5.0 x lo-' rnol dm-', and then 
decreases slightly. This corroborates our earlier results 
for the variation of metol concentration. Had the 
complex between the oxidant and substrate been strong, 
the rate of the reaction would have decreased in lower 
chloride ion concentrations in view of the known strong 
chlorothallium(II1) complexes. It appears that the rates 
of aquothallium(II1) and chlorothallium(II1) complexes 
in lower [CI-] are comparable. The slight decrease in 
the rate at higher [CI-] can be attributed to the fact that 
the chloride ion blocking of coordination sites of thal- 
lium(II1) resists incorporation of metol in the coordi- 
nation shell of the oxidant. 


DISCUSSION 


Thallium(II1) in perchloric acid undergoes hydrolysis as 
represented by: 


(2) 
K h  TI" + H20 , ' TIOHZf + H+ 


various values of Kh have been reported;" however, the 
most widely employed value" is Kh = 0.073 rnol dm-3 
in 3.0 rnol dm-3 NaClOs at 25 "C. If TIOH'' is calcu- 
lated employing this value, it decreases by about 20% 
for [H'] variation from 0.5 to 2.0 rnol drn-'. Since the 
rate is not affected by hydrogen ion concentraton, TI3+ 
appears to be a more reactive species of thailium(II1). 
This also appears to be the predominant factor that 
brings about the rate independence of hydrogen ion 
concentration. Further, the limiting rate attained at 
higher concentrations of metol is ascribed to a weak 
complexation between the oxidant and the substrate. In 
view of these observations, the most appropriate model 
of the reaction events can be envisaged by the following 
proposed mechanism: 


(2) ~ 1 3  + + H ~ O .  Kh . TI OH^+ + H+ 


(3) 


(4) 


K TI2+ + metol , L  (Tl.met01)~' 


(TI.metol)'+ - products k 


The loss of thallium(II1) leads to rate law ( 5 )  or (6): 


( 5 )  
- d[TI"'] - kK[TI"'] ~[metol]  [H+] - 


dt [H'] + Kh + K[Hf] [metoll 


(6)  
kK [metol] [H+l k' = 


[H+] + Kh + K[H+] [metoll 
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Since Kh < ([H'] + K[H+] [metol]), rate law (6) 
reduces to (7) or (8): 


(7) 


(8) 


where k' is a pseudo-first-order rate constant and 
[metol] is an equilibrium concentration of metol. 


A plot of Ilk' versus [metoll-' was made from 
equation (8) at higher concentrations of metol 
([metol] > 10 [Tl"']) and a straight line with non-zero 
intercept was obtained (Figure 2). The values of k and 
K were calculated from the intercept and the ratio of 
slope and intercept to be 1.25 x s-' and 
6-27 dm3mol-' at 40°C, 1.66 s-l and 6.0dm3mol-' 
at 4SoC, and 2.22s-' and 5.72dm3mol-' at 50°C, 
respectively. These significantly lower values of K 
indicate weak complexation of the metol by the oxi- 
dant. The energy and entropy of activation for the rate 


kK[metol] [H'] 
[H+](1 + K[metol]) 


kK [metol] 
1 + K [ metol] 


k '  = 


k '  = 


J 


r 
OD1 I I I I I I 


0 10 20 30 
[Metoll" 


Figure 2. Metol concentration dependence. [Tl"'J = 
4 x lo-' mol d ~ n - ~ ;  [H'] = 0.5 mol dm-'; *,40 OC; 0, 45 C; 


A ,  50°C 


limiting step were calculated to be 49 f 5 kJ mol-' and 
-163 f 20 J K-' mol-', respectively. The negative 
value of activation entropy signifies a more organized 
transition state in the reaction. Thallium(II1) is also 
known13 for complexation by oxygen donors, and the 
complexation, in general, is weak except for acetates. 
Also, complex formation preceded by intramolecular 
electron transfer is an established mechanism in the 
oxidation of most organic compounds by thallium(II1) 
in solutions. So far as the mode of electron transfer 
from metol to thallium(II1) is concerned, the reaction 
shown in Scheme 1 adequately accounts for all the 
observed results. 


An alternative proposal for the reaction events is also 
possible via an interaction of TIOH'' species with the 
protonated metol for. Since the protonation of metol is 
known to occur, the following reaction mechanism can 
account for such a proposal: 


(2) T13+ + H 2 0  .A, TIOH'+ + H+ Kh 


(9) 
KP metol+H+, * meto1.H' 


TIOH'+ + metol-H+ complex (10) 


(1 1) 
k i  complex - products 


The loss of thallium(II1) leads to rate law (12) or (13): 
d [TI"'] 


dt 
kiKiK&h [ Tl"'] [metol] [H+] 


Kh + [H'] + KiKhKp [metoll [Hfl 
- 


(12) 
kiKiKpKh[metol] [H'] 


Kh + [H+] + KiKhKp[meto1] [H'] 
k" = 


(13) 
- kiK" [metoll [H+] - 


Kh + [H'] + K" [metoll [H+l 
where K" = KiKah.  


M Q + ~ 1 ~ +  c 
AHCH 


+ T ~ + + H +  f- 


NCH-, 


Scheme 1 


0' 


+T12+ + H' 8 
NHC5 
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Since Kh < ([H+] + K“ [metol] [H’]), rate law (13) 
reduces to: 


klK” [metol] 
1 + K” [metol] 


k” = 


The rate law (14) is similar to the earlier derived rate 
law (8), the only difference being that kik” is substi- 
tuted for kK. However, this proposal was abandoned 
only on the premise that the rate of the reaction 
decreases with increasing ionic strength, thus the prob- 
ability of the interaction of the likely charged species is 
not consistent with this observation. 


Since the rate for ligand substitution in aquo- 
thallium(II1) (lo8 dm3 mol-’ s-’) ascribes to the 
probability of inner-sphere electron transfer, the com- 
plexation of the metal ion by metol, as indicated in the 
reaction mechanism, eliminates this substitutionally 
controlled electron transfer. The electron transfer 
within the precursor complex to successor complex is 
rate limiting, thus the title reaction can be assigned to 
be a redox-controlled reaction. 


The pre-added acrylic acid in the reaction mixture is 
not polymerized, therefore the generation of metol-free 
radicals in the reaction can be ruled out. However, the 
possibility of formation of a T12+ intermediate cannot 
be completely ruled out on this observation alone. 
There is every possibility of the formation of T12+ inter- 
mediate as one-equivalent change is the most desired 
pathway in the electron transfer reactions of thal- 
lium(II1). Since no evidence of free radicals is obtained, 
the possibility of T12+ reaction with the substrate in the 
solvent cage before diffusing out of the cage cannot be 
eliminated. Such a proposition is also strengthened by 
thermodynamic considerations, more particularly in 
view of the fact that the redox potential l4 of TIZ+/Tl+ 
couple (1 - 5  V) is more than that of the T13+/Tl+ couple 


(1.25 V). These values of the redox potentials 
adequately confirm the fact that Tl2+ is a stronger 
oxidant than T13+ in solutions. 
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EFFECT OF CYCLIC ACETAL-TYPE CATIONIC SURFACTANTS 
ON THE BASIC DEHYDROBROMINATION REACTION 


KAZIMIERA A. WILK,* ALBERT BIENIECKI AND BARBARA MATUSZEWSKA 
Institute of Organic and Polymer Technology, Technical University of Wrociaw, 50-370 Wrociaw, Poland 


The reaction of 2-@-nitrophenyl)ethyl bromide with hydroxide ion was studied at 50 and 25 OC in the presence of 
cationic chemodegradable surfactants, i.e. [2-alkyl(l,3-dioxolan-4-yl)methyl] trimethylammonium bromides Ia-c 
(alkyl: a = n-CgH19, b = n-CliH23, c = mC13H27). The kinetic data were interpreted with the pseudo-phase ion- 
exchange (PIE) formalizm at both temperatures. The results indicate that the major source of rate enhancement is 
the increased reactant concentration in the small micellar reaction volume. The surfactant stability in micellar 
conditions was probed by means of a hydrolysis reaction of the surfactant 1,3-dioxolane ring. The kinetics of acid 
hydrolysis of Ia-c micelles, as a result of specific hydronium ion concentration, is one order of magnitude smaller 
than that of unaggregated systems. 


INTRODUCTION 


In recent years, reactions that take place at charged 
surfaces of self-assembling colloids in solution (e.g 
micelles, microemulsions, vesicles) have been investi- 
gated with increasing interest. One major feature of all 
micellar systems is that they can alter the reaction rates 
of many chemical reactions. Various kinetic theories 
have been developed to analyse the catalytic and inhibi- 
tory effects of micelles on chemical reactions.’ In most 
of these approaches, reactivities are assumed to arise 
from reactions taking place in the bulk aqueous and 
micellar pseudo-phases. One of the most extensively 
explored pseudo-phase models for bimolecular 
reactions is the pseudo-phase ion exchange (PIE) 
model, which satisfactorily explains a wide range of 
experimental conditions (pH, surfactant and added 
electrolyte concentrations) from a single set of 
parameters. Part of our work on micelle-catalysed 
elimination reactions has also been addressed to the 
problem of the PIE model predictions for the dehydro- 
bromination reaction of 2-phenylethyl derivatives ‘. 


Most of studies of micellar effects on rates or pro- 
ducts of organic reactions, especially in aqueous 
micelles, have been made with very low concentrations 
of reactants,2b and this scale of work is not very 
encouraging for the synthetic chemist. However, much 
more disadvantageous is that the presence of surfac- 
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tants may complicate product separation by forming 
foams and emulsions during extraction and distillation. 
To solve this problem, the micellar systems applied as 
reaction media should be stabilized by surfactants 
which are stable during the micellar catalysis but sus- 
ceptible to chemical decomposition afterwards. 


Aqueous micelles based on chemodegradable cationic 
surfactants (for an explanation of the term, see Ref. 5a) 
containing a 1,3-dioxolane moiety as a linkage between 
the hydrophobic and hydrophilic units: 


R 0-CHz 


C I 
\ /  


/ \  + 
H O-CHCHZN(CH~)~BF 


a: R = C9H19; b: R = CllH23; c: R = CI3H2, 


(Ia-c) provide one of the best examples of such a 
chemodegradable reaction medium. Burczyk and 
c o - ~ o r k e r s ~ ~ ~ ~  first used 2-alkyl-4-hydroxymethyl-1,3- 
dioxolanes as hydrophobic intermediates in the syn- 
thesis of non-ionic chemodegradable surfactants. This 
cyclic acetal moiety was later used in synthetic appli- 
cations by Jaeger and co-workers,6 Piasecki’ and 
Yamamura et al. and also recently by us. Adsorption 
and micellization properties of ionic cyclic acetal-type 
surfactants bearing a 1,3-dioxolane ring show that the 
presence of this moiety in the surfactant molecule 
induces hydrophobic character comparable to the effect 
of more than two oxyethylene groups or approximately 
two methylene groups of the alkyl hydrophobic 
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chain. This labile 1,3-dioxolane group is susceptible 
to acid hydrolysis in which the surfactants lose their 
surface-active properties. 


In this work, we quantitatively analysed the alkaline 
dehydrobromination reaction of 2-(p-nitrophenyl)ethyl 
bromide in aqueous micelles of the studied cyclic acetal- 
type cationic surfactants Ia-c. The organic reagent was 
selected as a model compound since its dehydro- 
bromination under non-micellar conditions lo and in 
normal aqueous cationic micelles '' has been studied in 
detail. We expressed the chemodegradable reaction 
media stability in terms of the 1,3-dioxolane ring hydro- 
lysis under the micellar conditions, which may be 
important from a practical point of view. 


EXPERIMENTAL 


2-(p-Nitrophenyl)ethyl bromide was synthesized by 
nitration of commercial 2-phenylethyl bromide 
(Aldrich) by th: procedure described previously; l2 yield 
30%; m.p. 70 C. The preparation and purification of 
surfactants Ia-c has recently been described. All other 
reagents were of analytical-reagent grade or better. 


The kinetic measurements were performed at 25 and 
50 2 0.1 "C using an HP 8452 A diode-array 
UV-visible spectrophotometer. The rate constants were 
determined by following the appearance of p -  
nitrostyrene (p-NOz, 3 18 nm). Individual pseudo-first- 
order rate constants were obtained from linear plots of 
In(absorbance) vs time. All these plots showed good 
linearity up to 80% of the reaction (60% for the slower 
ones ), the correlation coefficients being greater than 
0.99. The second-order rate constants, kw, for dehy- 
drobromination reactions of p-NOzC6H4CHzCHzBr 
promoted by hydroxide ion in the absence of micelles 
are 3 . 6 1 ~  10-zlmol-'s- '  at 50°C and 2.61 x 


The hydrolysis rate constants of micellar systems 
stabilized by surfactants Ia-c were determined by 
observing carbonyl group formation at 280 nm. All 
reactions followed first-order kinetics up to approxi- 
mately 40% of reaction. We studied the micelles hydro- 
lysis towar$ hydrobromic, hydrochloric and sulphuric 
acid at 50 C by a UV technique. 


The binding constants for the organic reagent in the 
absence of hydroxide ion (Ks) were calculated from 
spectrophotometric data by a method developed by 
Bunton et al.13 The KS values for 2-(p-nitro- 
pheny1)ethyl bromide to micelles of Ia-c are, respect- 
ively, 208, 215, 2181mol-' at 50°C and 217, 219, 
225 lmol-' at 25 "C.  Absorbances were measured at 
278 nm for the studied reagent. 


The critical micelle concentration (cmc) and the 
micellar degree of dissociation (a) of surfactants Ia-c 
were determined by electric conductivity measurements, 
performed on a Tesla bridge voltmeter connected to a 
thermostated cell capable of regulating the sample 


lrnol-'s-' at 25 "C. 


temperature. Deionized, doubly glass-distilled water 
was used throughout. The cmc values for Ia-c were, 
respectively, 16 x 3.6 x and 1.2 x lo-' 1 
mol-' at 50°C and 1 5 x  3 . 4 ~  and 
1 x lmol-' at 25 "C. The values of 1 - a  were 
extracted from the conductivity data by means of the 
Evans estimate14 as 0.72 (50), 0-79 (60) and 0.83 (80) 
for surfactants Ia-c, respectively% at 50 "C and 0.72 
(55 ) ,  0.75 (65) and 0.79 (85) at 25 C, where the values 
in parentheses are the micelle aggregation numbers 
assumed according to directions given in Refs 5a and 
15. 


RESULTS AND DISCUSSION 


Dehydrobromination reaction in the presence of 
chemodegradable micelles 


Aqueous micelles of the chemodegradable surfactants 
Ia-c speed up the basic dehydrobromination reaction 
of 2-( p-nitropheny1)ethyl bromide. The dependtnce of 
the reaction rate on concentrations of Ia-c at 50 C was 
similar to the behavior observed at 25 "C (Figures 1-3). 
The maxima of the experimental pseudo-first-order rate 
constants, k+, with increasing surfactant concentration 
and at different NaOH concentrations are typical of 
micellar rate enhancements for bimolecular reactions. 
Rate enhancements (at the apparent rate maxima) are 
factors of 13.2, 34.3 and 49.5 for micelles of Ia-c, 
respectively, in relation to reaction in water. The 
rate-surfactant profiles can be analysed quantitatively 
by using the PIE formalism.2b93 


5.0 


4.0 
CI 
0 
7 


3.0 ,--. 
I 
- 
2. 2.0 


-s 
Y 


1 .c 


C . 9  


Figure 1. Reaction of 2-(pp-nitrophenyl)ethyl bromide with 
OH- in Ia at 50 C (left-hand ordinate): ( A )  
[NaOH] = 0.001; ( ) [NaOH] = 0.005; ( 0 )  


[NaOH] = 0.01 M. For comparison (*) [NaOH] = 0.01 M at 
25 OC (right-hand ordinate). Lines are predicted values 
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Figure 2. Reaction of 2-@mitrophenyl)ethyl bromide with 
OH- in Ib at 50 C (left-hand ordinate): ( A )  
[NaOH] = 0.001; ( w  ) [NaOH] = 0.005; ( 0 )  


[NaOH] = 0.01 M .  For comparison (*) [NaOH] = 0.01 M at 
25 "C (right-hand ordinate). Lines are predicted values 
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Figure 3. Reaction of 2-@mitrophenyl)ethyl bromide with 
OH- in Ic at 50 C (left-hand ordinate): ( A  ) 
[NaOH] = 0.001; ( ) [NaOH] = 0.005; ( 0 )  


[NaOH] = 0.01 M. For comparison (*) [NaOH] = 0.04 M at 
25 "C (right-hand ordinate). Lines are predicted values 


Quantitative predictions follow from Scheme 1, 
where subscripts M and W refer to the micellar and 
aqueous pseudo-phases, respectively, D, represents the 
surfactant in micellar form (so that [Dn] = [D] - cmc, 
where [D] is the bulk concentration and cmc is the 
critical micelle concentration), KS is the 
substrate-micelle association constant, and m is the 
reaction rate in water described in terms of the 
hydroxide ion concentration in water ([OHG]) and the 


(D+Bi), 


OH- + S w A P R O D U C T S  


B i  
1 


Ks 'M 
(D'OH'), + Sw ZZ= su - PRODUCTS 


Scheme 1 


rate rM corresponds to dehydrobromination promoted 
by hydroxide ion that is bound to the Stern layer 
(OHG). 


The affinities of hydroxide and bromide ions for the 
cationic micelle are expressed in terms of the ion- 
exchange parameter l v p p  based on a model similar to 
that developed for counterion binding for polyelectro- 
lytes. 3a Thus, the concentration of OH- in the micellar 
phase depends critically on the quantity of counter ion, 
Br-, in the solution, and the relative affinities of these 
two ions for the micelle surface result from the ion- 
exchange equilibrium: 


OHG + BrG e O H i  + BrG (1) 


The PIE formalism considers the fraction of neutra- 
lised micellar head groups (0 = l - a) to be a constant 
that is independent of surfactant and ion 
concentrations. 


The distribution of substrates between aqueous and 
micellar pseudo-phases can be measured (see Exper- 
imental), but that of OHG has to be calculated by 
means of ion-exchange phenomena [equation ( l ) ]  
according to the following equation: Zb73a*16 


- 


[OHf] +Kg?[Brfl 
- 1)( [Dl - cmc) 


(mOH l2 + moH 


where /3=moH+mgr and m are the mole ratios 
moH= [OHMl/([D] - cmc) for [OH?] = [OHi l  + 
[OHG] and mg, = [Brd/(  [D] - cmc) for [Brf l = 
[Bri] + [Br i ] .  The quantities in brackets are 
molarities calculated in terms of the total solution 
volume and subscript T denotes total concentration. 


The studied reactions are promoted by hydroxide ion 
uniformly distributed between aqueous and micellar 
pseudo-phases. The overall observed first-order rate 
constant, k+, with respect to S (Scheme 1) can be easily 
derived as 2b* 


where kw is the second-order rate constant for the 
reaction in aqueous phase and k M  is the rate constant 
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in the micellar pseudo-phase written in terms of OHG 
to the micellized surfactant. 


The value of kM, with units s-', which indicates the 
reactivity in the micellar phase, cannot be directly com- 
pared with kw because of the way in which it was 
defined. The true bimolecular constant for the micellar 
pseudo-phase, kz", can be expressed as 


k?=  VkM (4) 
where V,  the volume element of the reaction in micelles, 
has been assumed to be that of a Stern layer, with an 
approximate molar volume of M 0.14 1. '' 


Equations (2) and (3) can be applied to predict vari- 
ations of the observed first-order rate constant, k+, with 
concentrations of surfactant and reactive or inert ions, 
by means of simulation techniques. The parameters 
cmc, kw and 0 were fixed and kM, KS and KgP were 
adjustable. The Ks values of numerical analysis for the 
best fit were in good agreement with the experimental 
spectrophotometric data. The value of Kgp  was 
selected so as to obtain the best fit to the kinetic results. 
In fitting the data we allowed it to vary between 10 and 
40 basing on the literature data. The Kgp constant 
thus obtained is nearly the same at both temperatures 
and for the studied micelles of Ia-c, indicating that the 
factors that control the affinity of Br- and OH- ions 
for the Stern layer should be essentially the same, inde- 
pendent of the alkyl chain length. The optimized values 
of kM and Kg? are given in Table 1 together with the 
values of k? calculated from equation (4). The values 
of kM for all the surfactants Ia-c were similar, sug- 
gesting that the Stern layer of Ia-c has analogous pro- 
perties as a reaction medium. Comparing kM of the 
surfactant Ic with its hydrophobic analogue hexadecyl- 


timethylammonium bromide4 led to conclusion that the 
1,3-dioxolane ring as a portion of the surfactant does 
not introduce significant changes in the catalytic ability 
of its micelles. The similarities of the values of k p  and 
kw for the studied systems are consistent with micellar 
effects on other reactions where second-order rate con- 
stants are similar at micellar surfaces and in 
water.'*2b,'Z The magnitude of kz" indicates that the 
major source of rate enhancement is the increased reac- 
tant concentration in the small micellar reaction 
volume. 


The fitting of rate data by the PIE model has been 
extensively discussed in the literature. 2b94,16,18 The par- 
ameters that describe these distributions depend on 
arbitrary assumptions, and there is no general agree- 
ment on the best values, indicated by the global maxima 
of the fitting criteria. Additionally, the PIE model 
makes no assumptions about the shape or size of 
micelles and the fits of kinetic data for reactions of 
strongly hydrophilic ions depend on assumed values of 
counter-ion binding and aggregation parameter, since 
the Coulombic attraction for these ions is a result of the 
charge density at the micellar surface. 


The observation of similar cmc values at 50 and 25 "C 
and dilute hydroxide ion concentration applied in the 
present study lends support to the belief that the shape, 
size and number of micelles seem to remain unchanged 
under the experimental conditions. 


The k? values at 50 and 25 C given in Table 1 were 
applied to calculate thermodynamic parameters for the 
dehydrobromination reaction in Ia-c micelles in the 
form of all present micelles in the reaction medium. The 
results are summarized in Table 2. The activation par- 
ameters for the studied systems are similar, proving that 


Table 1 .  Parameters that best fit the kinetic results for ~ - N O Z C ~ H ~ C H Z C H ~ B ~  at 25 and 50'C in the presence 
of Ia-c micelles" 


Surfactant T ('C) [NaOH] (M) k~ x lo2 (s-I) Ks (1 mol-') Kg? k?' X lo3 (1 mol-' s - ' ) ~  


la 50 
50 
50 
25 


Ib 


Ic 


50 
50 
50 
25 


50 
50 
50 
25 


0.001 
0.005 
0.01 
0.01 


0.001 
0.005 
0.01 
0.01 


0.001 
0.005 
0.01 
0.01 


50.5 
50.6 
50.6 


5 . 1  


50.0 
50.2 
50.0 
5.1 


49.0 
49.5 
49.0 


5 . 1  


208 32 
208 32 
208 32 
217 30 


215 30 
215 30 
215 30 
219 29 


218 30 
218 30 
218 30 
225 30 


70.7 
70.8 
70.8 
7.1 


70.0 
70.3 
70.0 
7.1 


68.6 
69.3 
68.6 


7 . 1  
~ 


'The values of 0 were taken as 0.72, 0.79, 0.83, respectively, for Ia-c at 50°C and 0.72, 0.75, 0.79  at 25'C 
'For comparison kw=3.61  x 10-21mol-ls-l at 5 0 ° C  and 2.61 x lO-'Imol-'s-l at 25'C. 
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Table 2. Activation parameters for dehydrobromination of 
p-N02CsH4CH2CH2Br in water and in the micellar pseudo-phase of la-c 


Medium" E,(kcal mol-')b AH&(kcal mol-')b AS&(cal mol-' K-l)b 


Water 20.1 19.5 -5.0 
la 17.5 16.9 -11.6 
Ib 17.4 16-8 -11.9 
Ic 17.3 16.6 -12.5 


*The values of kw and kP are given in Table 1. 
b l c a l = 4 . 1 8 4 J .  


the reaction mechanism is the same and the surfactant 
molecules interact to the same extent with initial and 
transition states of the dehydrobromination reaction. 
The similar values of activation energies in micelles 
Ia-c and in water lend further support to the notion 
that the rate acceleration afforded by the micellar sol- 
utions is due to a concentration effect. Similar conclu- 
sions have been drawn for other micellar systems. l9 The 
rate of dehydrobromination increases in the less polar 
micellar pseudo-phase solvent, which is in accord with 
the predictions of Ingold*' that reactions which involve 
a dispersal of charge in the transition state will be faster 
in solvents of lesser solvating power. 


Stability of the reaction medium 
The stability of the chemodegradable reaction media 
can be determined in the acid-catalysed hydrolysis of 
the 1,3-dioxolane moiety present in the surfactant 
molecule which splits the surfactant molecules into 
non-surface-active aldehydes and diols. 


Recently, we have described the hydrolytic reactivity 
of the surfactants Ia-c under acidic conditions in un- 
aggregated systems. According to the literature 
findings, 6a the hydrolytic reactivities of aggregated 
ketal-based chemodegradable surfactants in acidic sol- 
utions are much smaller than those of unaggregated 
forms, which suggests that the microenvironmental 
effects of surfactant-organized structures cause electro- 
static depletion of hydronium ion and a lower polarity 
of the reaction medium. 


The rate constants of acid hydrolysis of a series of 
dioxolane ring-containing acetal type surfactants Ia-c 
in micelles, determined at 50 "C in solutions of hydro- 
chloric acid for 0.09 M surfactant solutions, are shown 
in Figure 4. Additionally, for the surfactant Ia the 
reaction was followed in solutions of hydrobromic and 
sulphuric acid. As in unaggregated form, the observed 
pseudo-first-order rate constant, k+, introduces a 
weighted average of rate constants for trans/& 
diastereoisomers in the case of acetal-type derivatives. 


The hydrolysis rates of surfactants Ia-c in micelles 


0.02 0.04 0.06 0.08 0.10 
Conce-:ra:io,n c f  ccic (M) 


Figure 4. Acid hydrolysis of 1,3-dioxolane moiety in micelles 
of Ia-c at 50 "C at a fixed surfactant concentration of 0.09 M 
and different acid concentrations: ( ) Ia, HCI; ( A ) Ia, HBr; 


( 0  ) Ia, H2S04; ( A ) Ib, HCI; ( ) Ic, HCI 


do not vary much with the length of the 2-alkyl group. 
The stabilities of surfactants Ia-c in homogeneous sol- 
ution are much lower than those in micelles. Generally, 
the surfactants hydrolyse one order of magnitude faster 
in 1 : 1 (v/v) 1,4-dioxane-water mixtures' than in aggre- 
gated systems. The kinetics of acid hydrolysis of Ia 
in the presence of hydrochloric, hydrobromic and 
sulphuric acid indicate that a specific hydronium ion 
concentration, similar for all the acids, determines the 
hydrolytic reagent reactivity under micellar conditions. 


The studied micellar systems can be applied as che- 
modegradable reaction media. The studied surfactants 
are liable to chemical degradation in both homogeneous 
and micellar systems, which makes them the most 
promising components not only of micelles but 
especially of microemulsions. Owing to acidic 
decomposition of the surfactant, which leads to non- 
surface-active compounds, we can avoid unfavourable 
processes such as foaming and emulsification. 
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CATALYTIC AND COMPUTER SIMULATION STUDIES OF 
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N-Substituted carbonimidodithioic acid dimethyl esters, when reacted with an active methylene compound such as 
nitromethane, undergo carbon-carbon bond formation followed by carbon-sulphur bond cleavage in the presence 
of zeolite catalysts to give 1-substituted amino-1-methylthio-2-nitroethenes. This carbon-sulphur bond cleavage is 
facilitated by the presence of rare earth cations in the zeolite-Y framework. The shape selectivity of the zeolite also 
plays an important role in this cleavage reaction. Force field calculations adopted for the molecules involved in the 
reaction indicate the geometry and conformational flexibility of these molecules. The computer-simulated model for 
the zeolite-Y is correlated with the conformation and shape of the reactant and product molecules to explain the 
variation in yields obtained in the conversion of substituted dimethyl esters. 


INTRODUCTION 


Synthetic zeolite-Y has the framework structure of the 
naturally, albeit rarely, occurring mineral faujasite. The 
structure of zeolite-Y is established and well described 
in the literature. Zeolite-Y is the most widely used 
catalyst in petroleum refining processes and in many 
other useful chemical processes.’ We have reported the 
efficient use of zeolite-Y catalyst in a novel condensa- 
tion reaction 3 s 4  of nitromethane with N-substituted 
carbonimido dithoates (la-i) leading to variable yields 
of nitro ketene S,N-acetals [ 1-substituted amino-l- 
methylthio-2-nitroethenes (3a-i)] with elimination of 
methanethiol by C-S bond cleavage (Scheme 1). 


The comparison of the cage dimensions with the mol- 
ecular dimensions can rationalize the yield and product 
selectivity of the reaction. The nature and location of 
cations also play a crucial role in controlling the stabi- 
lity, acidity, shape selectivity and thus the catalytic 
activity of zeolite-Y. In this work, we adopted a com- 
putational methodology to rationalize and understand 
the C-S bond cleavage reaction of N-substituted car- 
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bonimido dithioates taking place in presence of 
RE(70Vo)NaY (RE = rare earth). 


EXPERIMENTAL 


Reactions. The reactions were carried out using 
RE(70Vo)NaY (Si/AI = 4.2) as reported previously. 3*4 


The yields were determined by isolation of products 
(3a-i) in pure form. The products were characterized 
by GC, IR, NMR and mass spectral analysis. 


The typical procedure for the preparation of l-methl- 
thio-1-n-propylamino-2-nitroethene (3e) was as 
follows. To a mixture of l e  (10mmol) and 
nitromethane (50 mmol), freshly activated 
RE(70Vo)NaY (0.5 g) was added at room temperature 
and the suspension was refluxed with stirring for 24 h. 
The reaction mixture was then cooled to room 
temperature and the catalyst was filtered and washed 
with methylene chloride (2 x 30 ml). The filtrate was 
concentrated at reduced pressure. The residue was 
taken up in n-hexane and stirred for few minutes to 
solidify the product. The final purification was carried 
out by column chromatography to give pure l-methl- 
thio- 1 -n-propylamino-2-nitroethene (3e) as a colourless 
crystalline solid in 76% yield, m.p. 63-64°C. IR 
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CHCls), 3400, 1570, 1470, 1380cm-'; 'H NMR 


1.60 (m, 2H, CHz), 2.35 (s, 3H, SCH3), 3.35 (4, 2H, 
NCHz), 6.60 (s, lH), 10.60 (br, lH, NH); MS, m/z 176 
(M+); analysis calculated for C~HI~NZOZS,  C 40.90, H 
6-82, N 15.90; found, C 41.43, H 6.69, N 16.22%. 


(CDCl3 80 MHz), 6 1-00 (t, J = 6.72 Hz, 3H, CH3), 


Materials. The NaY zeolite was obtained from PQ 
Corp. (USA). It is well known that alkali metal- 
exchanged zeolite-Y has poor activity and stability 
(thermal and/or hydrothermal) compared with the rare 
earth-exchanged zeolite-Y. Hence, 70% rare earth- 
exchanged zeolite-Y was prepared starting from NaY 
zeolite by ion exchange using an aqueous solution of 
dydimium chloride as described elsewhere. ' Dydimium 
chloride of 99% purity was obtained from Indian Rare 
Earth Ltd. (India); it is a mixture of rare earth chlorides 
with the following composition (expressed as oxide): 
cerium, trace; praseodymium, 10- 12%; neodymium, 
35-40%; samarium 4-6070; lanthanum, yttrium and 
other heavier metals europium, gadolinium, terbium, 
dysprosium and holmium, 40-45%. The other starting 
materials required for the reactions were prepared by 
reported procedures. 4 * 8  


Methods. The equilibrium geometry of the molecules 
was obtained by the molecular mechanics method 


developed by Gelin and Karplus.' The total strain 
energy for the molecules is expressed by the following 
equation: 


Etotal strain = Ebond length + Ebond angle + Edihedral angle 


+ Eimproper torsion + Eelectrostatic + Evan der Waals (1) 
The corresponding equations for the calculations of the 
individual energy terms are as follows: 


Ebond length = Kb(r - ro)2 


Ebond angle = Ke (0 - 8 0 ) ~  


(2) 
where Kb = stretching force constant, r = bond length in 
the model and ro = equilibrium bond length; 


(3) 
where Ke = bond bending force constant, 0 = bond 
angle in the model and 00 = equilibrium bond angle; 


(4) 


where Kq = out-of-plane bending force constant, 
(00 = equilibrium dihedral angle, 6 = deviation of rp in 
model from rpo and n = periodicity (360/rp); 


(5 )  


where K, = torsion force constant, t = proper angle in 
model and to = equilibrium proper angle; 


Edihedral angle = Kq [ 1 + COS (avo - 61 


Eimproper torsion = Kt (t - to)* 
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where qiqj = automatic partial charges, EO = dielectric 
constant, rij = inter-atomic distance; and 


(7) 


where A and B are non-bonded parameters derived 
from effective number of outer-shell electrons and 
polarizability of interacting atoms. 


Typical parameters used for the energy calculation 
are given in Table 1. 


Table 1. Significant force field parameters used for bond 
length, bond angle and dihedral angle functions 


Bond length parameters 


Bond Kb(kca1 rnol-’A-’) ro (A) 


C=N 390.0 1.41 
c=o 640-0 1.23 
N - 0  469.0 1.21 
c=c 565.0 1.34 
c-s 237.0 1-80 


Bond angle parameters 


Bond Ke (kcal mol-’ deg-’) 8 (’) 


s-c-s 
S-C-N 
C-C-N 
s-c-c 


60.0 121.00 
60.0 120.00 
65.0 109.47 
60- 0 120.00 


Dihedral angle parameters 


Bonda K,(kcal mol-’) 4 4  n 


x-s-c-x 
x-0-c-x 
N-C-C-N 
x-c-c-x 


0.8 0.0 3 
3.0 180.0 2 
1-6 0.0 3 
1.0 0.0 3 


Partial charges of various atoms 


Atoms partial change 


sp3-c 
sp*-c 
sp-c 
Carbonyl-0 
Nitro-0 
Thioether-S 
Amine-N 
Nitro-N 
Aromatic-H 
Aliphatic-H 


-0.0903 
-0.0903 
- 0.0903 
-0.1591 
-0.1591 
- 0.0430 
- 0.2384 
- 0.2384 
-0.0045 
-0.0498 


‘X represents any bonded atom. 


The visualization and the calculations of energy were 
performed using QUANTAlCHARMm software 
packages distributed by Molecular Simulations Inc. The 
strain energy of the molecule was minimized by the 
steepest descent method to eliminate initial bad contacts 
and then later by the conjugate gradiant and Powell 
method. A thermodynamically stable conformation 
corresponds to the minimum strain energy geometry 
which is obtained according to the equation (1). 


Model. The three largest dimensions of the mol- 
ecules were determined as length, breadth and width 
( a  x b x c )  of the molecules. The hydrogen atoms at 
edges were considered as point charges and the dimen- 
sions of the molecules were determined from the nuclei 
of the hydrogen atoms. The zeolite-Y lattice was mod- 
elled from the crystal structure reported by x-ray 
crystallographic studies. lo The unit cell of faujasite 
containing 192 T sites with an Si/Al ratio of 4-2, used 
in the present study, can be described as 


~Na37Sit5sA13703841 
when it is in the 100% sodium form (Nay) and for the 
70% rare earth-exchanged form [RE(70%)NaY], the 
unit cell composition will be 


[Naii.zRE8.aSiissAl3703841 . 


RESULTS 


Model of cages and windows in zeolite-Y 
There are many distinct types of sites, three of which 
are significant for cation occupancy in faujasite-type 
zeolites described as I ,  I1 and 111 (Figure 1). I ’  The elec- 
trostatic field strength felt by the cations in each type of 
site is different and hence the catalytic activity induced 
by them will also be different. Further, the presence of 
cations in different types of sites will alter the dimen- 
sions of windows opening to the cages. Therefore, 
shape selectivity can be visualized as a function of the 
nature and location of cations. 


There are 16 type I, 32 type I1 and 48 type 111 cationic 
positions in the faujasitic structure. For NaY with an 
Si/Al ratio of 4.2, all type I sites and nearly two thirds 
of type I1 sites will be occupied by Na. It is known that 
Na in type I sites is very stable and it is difficult to pull 
it out from the small cage. Hence in RE(70%)NaY, the 
large tripositive lanthanide ions will occupy type I1 
sites. l3  


It should be noted that among the 32 type I1 sites 
available in the unit cell, only one fifth will be occupied 
by rare earth cations. This corresponds to a maximum 
of one rare earth ion per supercage. However, it is poss- 
ible that the lanthanides may also occasionally enter the 
sodalite cage and hence may not have any influence on 
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Figure 1. Zeolite-Y framework with the different possible 
cationic sites 


the shape selectivity. As shown in Figure 1, each super- 
cage has four 12-T ring windows. Among these four 
windows, one or none of them may be blocked by rare 
earth cations. However, the other 12-T windows are 
fully open for molecular traffic. The dimensions of the 
12-T window and the supercages with different cationic 
contents are given in Table 2. 


Model of reactant, intermediate and product 
molecules 


The molecular mechanic energy calculations were per- 
formed for all the reactants (la-i) and products (3a-i) 
and also the proposed intermediate molecules (2a-i) 
shown in Scheme 1. The total energy values for the mol- 
ecules in their favourable conformations are given in 
Table 3. From Scheme 1, it can be seen that in the reac- 


tant molecules, the substituent R is far from the other 
of the atoms and the conformation is little affected by 
varying R. In contrast, the substituent R is closer to  
nitro and SMe groups in the intermediate and product 
molecules, respectively, and hence the conformation is 
found to  depend on the nature of the substituent R. The 
actual conformations of the proposed intermediate 
molecules are shown in Figure 2, which clearly indicates 
the effect of R on the conformation. The three largest 
dimensions ( a  x b x c )  for the minimum energy confor- 
mation of the molecules are given in Table 3. The 
efficiency of zeolite-Y catalyst in bringing out these 
conversion reactions is shown as the percentage yield 
obtained (Table 3). 


Correlation of molecular dimensions to zeolite-Y void 
dimensions 


It was found that the efficiency of NaY was very low for 
these conversions. NaY will correspond to  case 4 as 
shown in Table 2, because only 50% occupancy in type 
I sites is possible owing to  overcrowding. Accordingly, 
the diameter of tbe void space i n  a supercage will be 
reduced t o  10-4 A from 12-4  A. More crucially, the 
diameter of 12-T windows which are the entry points to 
supercages is also reduced. Comparing the dimensions 
of the molecules given in Table 3,  it is clearly evident 
that the entry and exit of reactant and product mol- 
ecules to  the supercage through 12-T window is severely 
restricted. 


However, when there is 70% exchange of Na' by 
rare earth cations to  form RE(70Vo)NaY catalyst, the 
situation will correspond to case 3 shown in Table 2, 
since three Na' are replaced by one RE cation. When 
correlating the molecular dimensions with the zeolite 
void dimensions, it is customary to  neglect the largest 
dimension (length) of the molecule. This is because the 
molecule can and does energetically prefer to  enter the 
cages through its smaller dimensions. There are more 
detailed analyses on the effect of shape of the molecules 
in the selectivity of conversions in the literature. The 
model proposed by Choudhary and AkolekarI4 is a 


Table 2. Reduction in dimensions of the 12-T window and the supercage in zeolite-Y 
due to different cation occupancy 


Case Presence of extra Dimensions of Dimensions *of 
framework cationsa 12-T window (A) supercage (A) 


1 None 1.4 x 7.4 12.4 X 12.4 X 12.4 
2 16 cati0nslu.c. in type I site 1.4 x 1.4 12.4 X 12.4 x 12.4 
3 8 cati0nslu.c. in type I1 site 1.4 X 6.4 12.4 x 12.4 x 10.4 
4 33 cati0nslu.c. in type I1 site 1.4 X 5.4 10.4 x 10.4 x 10.4 


"Cation radii are assumed to be 1 . O k  U.C.  =unit  cell 
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Figure 2.  Energy-minimized conformations of the intermediate molecules (2a-i) 


typical example which supports the fact that the mol- 
ecules prefer to enter the pores through their smaller 
dimensions. 


DISCUSSION 
Several criteria could be assigned to the observed effi- 
cient C-S bond cleavage reaction over RE(70Vo)NaY. 
The reactant and product molecules have to be smaller 
than the 12-T member windows, because they have to 
enter or leave supercages through these windows. The 
active sites are inside the supercages since the proposed 
intermediates can be formed only inside the supercages 
owing to their large dimensions. The molecules can 
enter the cages in certain preferred orientations, which 
are graphically visualized by matching the reactants 
with the windows. 


As discussed in the previous section, the largest 
dimension of the molecule does not matter. On this 
basis, when the reactant molecule is too small, say as in 
the case of Id, then the products are formed in very low 
yield, probably because of their short residence time 
inside the cage due to free diffusion of the molecules. 
When the reactant molecule is too large, say as in the 
case of lc, then the yield also decreases. Actually the 
size of l c  (8.4 x 5.6 A) is slightly larger than the 12-T 
window and the size of Id (5.6 x 4.75 A) is slightly 
smaller than the 12-T window, but for all the other 
reactants the second largest dimension is in the range 
6.0-6.5 A. However in the case of 3a, although the 
molecule is small, the product yield is low. The low 
yield is due to the formation of a cyclic product4 by 
self-condensation of two reactant molecules (la). The 
self-condensation reaction occurs only with reactant la  


4 


2i 
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Table 3. Total strain energy and the dimensions of various molecules cal- 
culated for the equilibrium structures 


No. of Molecule Powell Dimensions (A) Yield 
atoms No. (kcal mol-') a x b x c  V O )  


22 la  -02.96 9.75 x 6.40 X 1.75 
25 l b  -07.12 9.75 x 6.25 X 3.75 
35 l c  09.74 10-10~8.4OX5.60 
31 ld  -00.93 10.60 x 5.60 x 4.75 


29 2a 02.37 8.40 x 7.40 X 4.10 
32 2b 05 * 07 7 . 6 0 ~ 6 . 1 0 ~ 4 . 5 0  
42 2c 17.48 9.10 x 8.00 X 7.50 
38 2d 09.66 9.20 x 7.10 x 6-75 


23 3a -03.97 10.60X6*40X3.50 25.00" 
26 3b - 10.65 9.80 x 7.00 X 3-60 65.00 
36 3c -01.28 8.75 x 7.75 X 5-60 45.00 
32 3d - 10.10 10.00 x 7.50 X 4.00 00.00 


22 l e  -03.26 8.50X6.4OX 1.75 
25 If -05.82 7.75 ~ 6 . 5 0 ~ 3 . 8 0  
29 1g -02.85 8.10 x 5.90 x 4.10 
26 lh  00-59 10.75 x 6.25 x 1.80 
29 l i  02.55 10.25 X 6.40 X 4.00 


29 2e 13.26 7*10X7*10X4*50  
32 2f 07.50 7.75 x 7.50 X 4.40 
36 2s  11.02 9.25 X 7-40 X 3.40 
33 2h 11.09 9.25 x 7.25 x 4.80 
36 2i 08.25 9.25 X 7.50X 5.70 


23 3e -00.88 8.30 x 7.40 x 3.25 76.00 
26 3f -04.74 8.90 X 6.20 X 3.00 82.00 
30 3g -02.86 8.75 x 6-70 x 4-25 75.00 
27 3h 00.70 9.50 x 7-25 x 3.50 80.00 
30 3i -00.50 10.30 x 8.30 x 3.75 50-00 


'A cyclic product from self-condensation of l a  was also obtained in 53% yield along 
with this compound. 


because of the presence of an active methylene group, 
with a highly acidic proton. The dimensions of the 
product molecules are close to the diameter of 12-T 
windows. The yields obtained are found to be a func- 
tion of their sizes and those with comparatively larger 
dimensions such as 3c and 3i are obtained in lower 
yields. Hence, there is a kind of molecular recognition 
mechanism by the port entries to the cages which decide 
the efficacy of the reaction. 


The cooperative acid-base catalysis that can take 
place inside the cage is unique in zeolite catalysts com- 
pared with other catalysts as shown in Scheme 2. 
Hence, the formation of the intermediate and cleavage 
of the C-S bond in this intermediate occur ideally 
inside the supercage. The dimensions of the proposed 
intermediates are such that they easily fit in the super- 
cage of RE(70Vo)NaY. The geometric strains are 
maximum in the intermediates (2a-i) as can be seen 
from the EaWle values given in Table 4. However, 
the electrostatic energy (Eelectro) is favourable for the 


intermediates and this electrostatic force will lead to 
specific orientations of these intermediates inside the 
supercages. 


In Table 4, the contributions of individual energy 
terms to the total strain energy are given. It was found 
that the dimensions of the molecules are not dependent 
on just the number of atoms but more on their confor- 
mation. The conformations themselves are controlled 
by the attractive electrostatic interaction (Ee~ectm) and 
the non-bonded van der Waals interactions (EvDw), as 
can be seen from the values given in Table 4. The inter- 
mediates were always found to have greater strain ener- 
gies than the reactants or products. There are also many 
degrees of conformational freedom for these molecules. 
The exact conformation adopted by the molecule 
may be influenced by external factors such as electronic 
interactions between the molecule and the zeolite, the 
electrostatic field inside the cages, solvents used for the 
reaction medium and the temperature of the reaction. 
In some conformations, there is a possibility of the 
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I-MaSH 


CHzN02 
SMe 1 C c C H N 0 2  


R-HN, 


MeS' 
L 


3a-i  


Scheme 2 


Table 4. Contributions of individual energy terms (kcal mol-') to the total strain energy for the 
final energy minimized molecules 


Molecule Eband length Eband angle Edihedral angle 


l a  
l b  
l c  
Id 
l e  
If 


lh  
l i  
2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
2i 
3a 
3b 
3c 
3d 
3e 
3f 


3h 
3i 


3g 


0.05 0.21 
0.07 0.29 
0.35 2.07 
0.18 1.26 
0.02 0.12 
0.02 0.22 
0.07 0.36 
0-18 0.34 
0- 19 1.09 
0.15 11.13 
0.30 14.02 
0.51 14.48 
0.45 15.58 
0.31 14.42 
0.18 11.50 
0.23 11.55 
0.30 10.94 
0.35 11.55 
0.02 0.15 
0.01 0-29 
0.27 1.41 
0.12 0-61 
0.08 0.39 
0.02 0.31 
0.05 0.42 
0.15 0.04 
0.15 0.49 


0.00 
0.30 
5.35 
4.63 
0.00 
0.21 
0.20 
0.00 
4.39 
1.21 
2.62 
2-82 
3.62 
2.86 
1.44 
1-00 
0-39 
1-66 
1.08 
0.98 
1.04 
0.60 
2.06 
0.15 
0.13 
0-58 
2.30 


Eelectrartatie 


-3.56 
-8.15 
-0.44 
-7.00 
-3.30 
-6.07 
-3.28 
-2.78 
-5.77 
- 8.23 
- 10.19 


0.37 
- 7.69 
- 2.96 
-3.63 


0.12 
- 1.56 
-6.25 
-3.70 
- 10.17 
-1.10 
-9.82 
- 2.90 
- 3.27 


-0.93 
- 5.04 


- 


EVOW 


0.33 
0-35 
2.39 


- 0.02 
- 0.09 
-0.21 
-0.21 


2.86 
2.64 


- 1.88 
- 1.69 
-0.06 
-2.46 
- 1.37 
- 1.99 
- 1.89 


1.02 
0.92 


-1.83 
-2.03 
-3.07 
- 1.64 
-1.11 
- 1.97 
-3.52 
-0.53 


1.38 


Eimpraper torsion 


0.00 
0.00 
0.02 
0.03 
0.00 
0.00 
0.00 
0.00 
0.01 
0.00 
0.00 
0.10 
0.16 
0.00 
0.00 
0.00 
0.00 
0.02 
0.32 
0.25 
0.15 
0.03 
0.60 
0.01 
0.24 
0.34 
0.23 


Etotai 


-2.96 
-7.12 


9.74 
- 0.93 
- 3.26 


5-82 


0.59 
2.55 
2.37 
5-07 


17.48 
9.66 


13.26 
7.50 


11.02 
11.09 
8.25 


- 3.97 
- 10.65 
- 1.28 
- 10.10 
- 0.88 
-4.74 
-2.86 


0.70 
0.50 


- 2.85 
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reacting group being sterically shielded, resulting in 
non-reactivity of the reactant molecules. This may be 
the reason for the absence of a 1: 1 correlation of 
molecular dimensions to the yield obtained. Electronic 
structure calculations on suitable cluster models will 
further help in understanding the reaction 
mechanism. l 5  


From the present study, the following conclusions 
can be drawn: the supercages in zeolite-Y have the 
requisite characteristics for catalysing the condensation 
of nitromethane with N-substituted carbonimido 
dithioates; the effect of the Si/Al ratio and the nature 
of extra framework cations in modifying the cage and 
window dimensions have been elucidated; and, the mol- 
ecular mechanics energy calculations predict the equi- 
librium configuration of molecules, and the shape and 
size of these molecules provide the rationalization of 
the yields obtained for the reactions involving these 
molecules. Hence computer simulation studies such as 
these are able to improve our understanding of the cata- 
lytic reaction of molecules inside the supercages of 
zeolite-Y. 
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Ionization constants for 214 dye molecules were calculated from molecular structures using the chemical reactivity 
models developed in SPARC (SPARC Performs Automated Reasoning in Chemistry). These models used fundamental 
chemical structure theory to predict chemical reactivities for a wide range of organic molecules from molecular 
structure. The energy differences between the protonated state and the unprotonated state for a molecule of interest 
are factored into mechanistic components including the electrostatic and resonance contributions and any additional 
contributions to these energy differences. The RMS deviation was found to be less than 0.62 pK. units, which is 
similar to the experimental error. 


INTRODUCTION 


In recent years, the need for physico-chemical constants 
of chemical compounds has greatly accelerated in both 
industry and government. The impetus for this is the 
high cost of laboratory measurements and the need to 
examine the behavior of large numbers of diverse com- 
pounds. Among the latter is a requirement, under the 
US Toxic Substances Control Act, for environmental 
assessment of all new chemicals that are to be manufac- 
tured or used in the USA. 


This situation has resulted in the development and 
widespread use of linear free energy relationships 
(LFER), structure-activity relationships (SAR) and 
other estimation methods particularly in the drug and 
environmental fields. Even so, mythologies and values 
are often not available for those parameters needed in 
the sophisticated mathematical models used for 
environmental exposure assessment. 


Such is the case for upwards of 10% of dyes for 
which pre-market notifications (PMN) are received for 
review by the US Environmental Protection Agency 


* Author for correspondence. 
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(EPA).’ Recently, the EPA has developed a compu- 
tational procedure that is based on the use of artificial 
intelligence techniques to combine the results of both 
fundamental and empirical approaches much as a very 
knowledgeable chemist might.’ The purpose of this 
paper is to demonstrate the utility of this procedure. 


The pKa of an organic compound is vital to environ- 
mental exposure assessment because it can be used to 
define the degree of ionization and the propensity for 
sorption to soil and sediment by cation exchange. These 
processes, in turn, can determine mobility, reaction 
kinetics, bioavailability, complexation, etc. 


Unfortunately, up to now no reliable method has 
been available for predicting pK, values over a wide 
range of molecular structures either for simple com- 
pounds or for complicated molecules such as dyes, at a 
level of accuracy that is within the experimental error. 
The object of this study was to demonstrate the appli- 
cation of SPARC (SPARC Performs Automated 
Reasoning in Chemistry)’ to the prediction of pK. 
values for complex azo dyes and related aromatic 
amines that may be of environmental significance. 


This new computer program (SPARC) will cost the 
user only a few minutes of computer time and will 
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provide greater accuracy and a broader scope than is 
possible with conventional estimation techniques. The 
user needs to know only the molecular structure of the 
compound of interest to predict its pKa. The user pro- 
vides the program with the molecular structure either by 
direct entry as SMILES (Simplified Molecular Input 
Line Entry System) notation or via the molecular editor 
that will generate the structure and translate it into 
SMILES notation. 


Dyes were chosen for this study for several reasons: 
(1) they are a severe test case; (2) a large number of new 
chemicals (PMN requests) are dyes; (3) many dyes, 
especially azo dyes, and their environmental transform- 
ation products are aromatic a m i n e ~ ~ - ~  and thus are of 
potential toxicological concern; (4) data on most new 
dyes, and also their products and precursor amines, are 
either unavailable or unmeasurable because of the solu- 
bility limitation; and ( 5 )  sufficient data are available to 
provide a comparison between measured and computed 
values. 


SPARC COMPUTATIONAL APPROACH 


SPARC is a prototype computer program being devel- 
oped to predict chemical reactivity and physical proper- 
ties for a large number of organic molecules based on 
fundamental chemical structure theory. At the present 
stage of development, SPARC predicts ionization PKa 
values, electron affinities and numerous physical prop- 
erties such as distribution coefficients, solubilities and 
vapour pressures. 


The approach of SPARC is not to do ‘first principles’ 
computation; rather, it analyzes chemical structure rela- 
tive to a specific reactivity query much as an expert 
chemist might. Hence, SPARC computation methods 
directly utilize the extensive knowledge base of organic 
chemistry. Organic chemists have established the types 
of structural groups or atomic arrays that impart 
certain types of reactivity and have described, in 
‘mechanistic’ terms, the effects on reactivity of other 
structural constituents appended to the site of reaction. 


The computational approaches in SPARC also blend 
conventional LFER, SAR and Perturbed Molecular 
Orbital (PMO) methods.’ In general, SPARC utilizes 
LFER to compute thermodynamic or thermal proper- 
ties and PMO theory to describe quantum effects such 
as delocalization energies or polarizabilities of u elec- 
trons. In reality, every chemical property involves both 
quantum and thermal contributions and necessarily 
requires the use of both perturbation methods for 
prediction. 


For any chemical property addressed in SPARC, the 
energy differences between the initial state and the final 
state are small compared with the total binding energy 
of the reactant involved. Calculating these small energy 
differences by ab initio computational methods is 
difficult, if not impossible. On the other hand, pertur- 


bation methods provide these energy differences with 
extreme accuracy and with more computational simpli- 
city and flexibility than ab inifio methods. These 
methods treat the final state as a perturbed initial state 
and the energy differences between these two energy 
states are determined by quantifying the perturbation. 
For PKa, the perturbation of the initial state, assumed 
to be the protonated form, versus the unprotonated 
final form, is factored into the mechanistic contri- 
butions of resonance and electrostatic effects plus other 
perturbations such as H-bonding, steric contributions 
or solvation. Molecular structures are broken up into 
functional units called the reaction center and the per- 
turber. The reaction center, C, is the smallest subunit 
that has the potential to ionize and lose a proton to a 
solvent. The perturber, P,  is the molecular structure 
appended to the reaction center, C. The pKa of the 
reaction center is either known from direct measure- 
ment or inferred indirectly from pKa measurements. 
The PKa of the reaction center is adjusted for the mol- 
ecule in question using the mechanistic perturbation 
models described below. 


pKa COMPUTATIONAL PROCEDURE 
SPARC computation begins by locating the reaction 
center within the molecule and the perturber. The 
perturber structure is assumed to be unchanged in the 
reaction. Like all chemical reactivity parameters 
addressed in SPARC, pKa is analyzed in terms of some 
critical equilibrium component: 


’ P-Cf P K ~  P-ci 


where C1 denotes the initial protonated state, Cf is the 
final unprotonated state of the reaction center, C, and 
P is the ‘perturber.’ The pKa for a molecule of interest 
is expressed in terms of the contributions of both P and 
C: 


where (pKa)c describes the ionization behavior of the 
reaction center and SP(pKa), is the change in ionization 
behavior brought about by the perturber structure. 
SPARC computes reactivity perturbations, S,(pKa)c, 
that are then used to ‘correct’ the ionization behavior of 
the reaction center for the compound in question in 
terms of potential ‘mechanisms’ for interaction of P 
and C as 


Sp(pKa)c = GelePKa + SrespKa + GsolpKa + ... (2) 
where 6,,pKa, GelepKa and Gs0lpKa describe the differen- 
tial resonance, electrostatic and solvation effects of P 
with the protonated and unprotonated states of C, 
respectively. Electrostatic interactions are derived from 
local dipoles or charges in P interacting with charges or 
dipoles in C. SelepKa represents the difference in the 
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electrostatic interactions of the P with the two states. 
6respKa describes the change in the delocalization of T 


electrons of the two states due to P. This delocalization 
of T electrons is assumed to be into or out of the 
reaction center. Additional perturbations include direct 
interactions of the structural elements of P that are con- 
tiguous to the reaction center such as H-bonding or 
stearic blockage of solvent access to C. 


In the ionization of aniline, NR’ is the reaction center 
(denoted C) and the phenyl group is the perturber 
(denoted P): 


ONH; - Q-NH~ + H+ 


The ionization equilibrium constant can be expressed as 


(3) 
where (pKa), is the PKa for the reaction center NR2 and 
is equal to 8.93, and 6,,pKa is the resonance contri- 
butions to PKa. 


Resonance effects models were developed and cali- 
brated using light absorption spectra,’ whereas electro- 
static effects models were developed and calibrated 
using ionization pKa values. 


PKa = (PKaIc + SresPKa 


SPARC MODELING APPROACH 
The modeling of the perturber effects for pKa relates to 
the structural representation S-iRj-C, where S-iRj 
is the perturber structure, P,  appended to the reaction 
center, C. S denotes substituent groups that ‘instigate’ 
perturbation. For electrostatic effects, S contains (or 
can induce) electric fields; for resonance, S donates/ 
receives electrons from the reaction center. R links the 
substituent and reaction center and serves as a con- 
ductor of the perturbation (‘conducts’ resonant x elec- 
trons or electric fields). The i and j denote anchor 
atoms in R for S and C, respectively. Perturbations are 
factored into three independent components for the 
structural components C, S and R: (1) substituent 
strength, which describes the potential of a particular 
substituent to ‘exert’ a given effect, (2) molecular 
network conduction, which describes the ‘conduction’ 
properties of the molecular structure R, connecting S to 
C with regard to a given effect; and (3) reaction center 
susceptibility, which rates the response of the reaction 
center to the effect in question. 


The contributions of each structural component are 
quantified (i.e. parameterized independently). For 
example, the strength of the substituent’s electrostatic 
field effect depends only on the substituent; likewise, 
the conduction of R is modeled to be independent of 
the specific identities of both the substituent and the 


quantifies the differential interaction of the initial state 
versus the final state with the electric field, but again 
this susceptibility gauges only the initial state versus the 
final state of the reaction center and is independent of 
both R and S. The rationale for the factoring is to 
remove, to the extent possible, both structural and 
reaction specificity from effects parameterization. This 
provides parameter ‘portability’ and, hence, effects- 
model portability to other structures and to other types 
of reactivity. 


ELECTROSTATIC EFFECTS MODELS 
Electrostatic effects on pKa derive from charges or elec- 
tric dipoles in the appended perturber structure, P, 
interacting through space with charges or dipole in the 
reaction center, C. Direct electrostatic interaction 
effects (field effects) are manifested by a fixed charge or 
dipole in a substituent interacting through the inter- 
vening molecular cavity with a charge or dipole in the 
reaction center. The substituent can ‘induce’ electric 
fields in the R that can interact electrostatically with C. 
This indirect interaction is called the ‘mesomeric field 
effect.’ In addition, electrostatic effects derived from 
electronegativity differences between the reaction center 
and the substituent are termed sigma induction. These 
effects are transmitted progressively through a chain of 
a-bonds between atoms. For compounds containing 
multiple substituents, electrostatic perturbations are 
computed for each singly and summed to produce the 
total effect. 


Field effects model 
The field effect is expressed as a multiple expansion. For 
a dipolar substituent, the field effect may be expressed 
as 


where qc is the change in charge on the reaction center, 
ps is the local dipole of the substituent, Bc, is the angle 
the dipole subtends to the reaction center, De is the 
effective dielectric constant for the medium and r,, is 
the distance from the substituent dipole center to the 
reaction center. If the substituent has a charge, q,, then 
the corresponding equation becomes 


Once again, in order to provide parameter ‘porta- 
bility’ and, hence, effect-model portability to other 
structures and to other types of chemical reactivity, the 
contribution of each structural component is quantified 
(i.e. parameterized) independently: 


reaction center. The susceptibility of C to the field effect &ield(PKa)c = PeieUp = PeleacsFs ( 5 )  
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where a, characterizes the field strength that the per- 
turber exerts on the reaction center; Pele is the suscepti- 
bility of a given reaction center to electric field effects 
that describe the electrostatic charge accompanying the 
reaction, and is presumed to be independent of the per- 
turber. The perturber potential, a,, is further factored 
into a field strength parameter, F (characterizing the 
magnitude of the field component, charge or dipole, on 
the substituent), and a conduction descriptor, ucsr of the 
intervening molecular network for electrostatic interac- 
tions. For molecules containing multiple substituents, 
the substituent field effects are computed for each 
substituent and summed to produce the total effect as 


The electrostatic susceptibility, pele, is a data-fitted 
parameter inferred directly from measured pKa values. 
This parameter is determined once for each reaction 
center and stored in the SPARC database. In 
parameterizing the electrostatic field effects models, the 
ionization of the carboxylic acid group is chosen to be 
the reference reaction center with an assigned pele = 1. 
For all the reaction centers addressed in SPARC, elec- 
trostatic interactions are calculated relative to a fixed 
geometric reference point that is chosen to approximate 
the center of charge for the carboxylate anion, rcj = 1 * 3  
unit, where the lengtb unit is the aromatic carbon- 
carbon length (1.40 A). The pele for other reaction 
centers reflects electric field changes for these reactions 
gauged relative to the reference reaction center. 


With regard to the substituent parameters, each 
uncharged substituent has one field strength parameter, 
F,, characterizing the dipole field strength, whereas a 
charged substituent has two, F, and F,. Fq 
characterizes the effective charge on the substituent and 
F,, describes the effective substituent dipole inclusive of 
the anchor atom i ,  which is assumed to be a carbon 
atom. If the anchor atom i is a non-carbon atom, then 
F,, is adjusted based on the electronegativity of the 
anchor atom relative to carbon. The effective dielectric 
constant D,, for the molecular cavity, any polarization 
of the anchor atom i affected by S ,  and any unit conver- 
sion factors for charges, angles, distances, etc., are 
included in the F,. 


The distance between the reaction center and the 
substituent, r,,, for both charges and dipoles is com- 
puted as a summation of the respective distance contri- 
butions of C, R and S as 


(7) 
This zero-order distance is adjusted for ring systems 


to correct for electric field interactions through space 
and those involving either S or C units. These adjust- 
ments are significant only when C and S are ortho to 
each other: 


r!, = rcj + rij + r i s  


r,, = A &  (8) 


where A is an adjustment constant and is assumed to 
depend only on bond connectivity into and out of the 
R-7r unit (e.g. points i and j). For R-?r units recog- 
nized by SPARC, A factors for each pair ( i J )  are 
empirically determined from data (or inferred from 
structural similarity to other R-?r units) as shown in 
Table 1. The distance through R (rij) is calculated by 
summation over delineated units in the shortest mol- 
ecular path from i to j. All aliphatic bonds contribute 
1.0 unit; double and triple bonds contribute 0.9 and 
0-8 units, respectively. For ring systems SPARC 
contains a template listing distances between each 
constituent atom pair as illustrated in Table 1. 


The dipole orientation factors, cos 0 i j ,  are at present 
ignored (set to 1 -0) except in those cases where S and 
C are attached to the same rigid R-7r unit. In these situ- 
ations, they are assumed to depend solely on the 
point(s) of attachment, ( i , j ) ,  and are pre-calculated and 
stored in SPARC databases. 


Mesomeric field effects 
The electric field derived from substituent-induced 
polarization of ?r electrons is termed the mesomeric 
field. This field will result in an indirect interaction 
between the induced charges in R, with charges or 
dipoles in the reaction center. 


The contribution of the mesomeric field can be esti- 
mated as a collection of discrete charges, q R  with the 
contribution of each described by equation (4). As is the 
case in modeling the direct field effects, the mesomeric 
effect components are resolved into three independent 
components, S, R, and C, and as 


(9) 
where MF is the mesomeric field effect constant that is 
characteristic of the substituent S. It describes the 
ability or strength of a given substituent to induce a 
field in R,. The term q R  describes the location and rela- 
tive charge distributions in R and pele describes the sus- 
ceptibility of a particular reaction center to electrostatic 
effects. Since the reaction center does not discriminate 
the sources of electric fields, Pele is the same as that 
described previously in discussions of the field effects. 


In modeling the mesomeric field effect, the intensity 
and the location of charges in R depend on both the 
substituent and the R, network involved. The contri- 
butions of S and R, are resolved by replacing the 
reaction center with the surrogate electron donor CHT 
as a non-bonded molecular orbital (NBMO) charge 
source. The NBMO charge distribution from this surro- 
gate donor is calculated from PMO the~ry .~ ’ ’  The 
mesomeric substituent strength parameter describes the 
7r-induction ability of a particular substituent relative to 
the CH2. The magnitude of a given MF parameter 
describes the relative field strength, whereas the sign of 
the parameter specifies the positive or negative 
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Table 1. Geometry parameterization for selected ring systems 


Position on ring Geometry parameters 


Molecule Reaction center Substituent rij Aij cos ei j  


Benzene 1 
1 
1 


1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 


Naphthalene 1 


2 
3 
4 
2 
3 
4 
5 
6 
7 
8 
1 
3 
4 
5 
6 
7 
8 


1.0 
1.7 
2.0 
1.0 
1.7 
2.0 
2.6 
3.0 
2.7 
1.7 
1.0 
1.0 
1.7 
3-0 
3-6 
3.4 
2.7 


0.25 
0.87 
1.0 
0.25 
0.87 
1.00 
0.73 
0.63 
0.64 
0.47 
0.25 
0.25 
0.81 
0.63 
0.98 
0.80 
0.64 


0 -53  
0.88 
1.0 
0.53 
0.88 
1.00 
0.81 
0.83 
0.81 
0.77 
0.53 
0.53 
0.91 
0.83 
0.96 
0.84 
0.81 


character of the induced charge in R,. For PKa, the 
mesomeric field effect for a given substituent is given by 


GMvl,(PKa)c =PCICMF 4ik (10) 
k fkc 


where q i k  is the charge inducted at atom k, with the ref- 
erence probe attached at atom i calculated from on 
PMO theory.2-7 rke is the through-space distance to the 
reaction center as described previously for direct field. 


Sigma induction effects model 
Sigma induction derives from electronegativity differ- 
ences between two atoms. The electron cloud that 
bonds any two atoms is not symmetrical except when 
the two atoms are the same and have the same substi- 
tuents; hence, the higher electronegativity atom will 
polarize the other. The effect is believed to be 
transmitted progressively between atoms. The substi- 
tuent electronegativity effect acts importantly only at 
the atom to which the substituent is attached and any 
effect beyond the second atom is negligible. 


The interaction energy of this effect depends on the 
difference in electronegativity between the reaction 
center and the substituent and on the number of substi- 
tuents bonded to the reaction center. Sigma induction 


effects are resolved into two independent structural 
component contributions of S and C: 


where pele is the susceptibility of a given reaction center 
to electric field effects. Once again, because the reaction 
center does not discriminate the source of the electric 
fields, pelc is the same as described for the field effect; 
xc is the effective electronegativity of the reaction center 
and xs is the effective electronegativity of the 
substituent . 


RESONANCE EFFECTS MODEL 
Resonance stabilization energy in SPARC is a differen- 
tial quantity, related directly to the extent of electron 
delocalization in the neutral state versus the ionizable 
state of the reaction center. The source or sink in P may 
be the substituents or R-T units contiguous to the 
reaction center. As with the case of electrostatic pertur- 
bations, structural units are classified according to 
function. Substituents that withdraw electrons from a 
reference point are designated S + while electron 
donating groups are designated S- . The R-T units 
withdraw or donate electrons, or serve as a ‘conductor’ 
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of T electrons between resonant units. Reaction centers 
are likewise classified as C + and C - , denoting with- 
drawal and donation of electrons, respectively. 


In SPARC, the resonance interactions describe the 
delocalization of an NBMO out of Ci or Cf into a conti- 
guous R-T or a conjugated S + substituent. To model 
this effect, the reaction center is replaced by a surrogate 
electron donor, C H I .  The distribution of NBMO 
charge from this surrogate donor is used to quantify the 
acceptor potential for the substituent and the molecular 
conductor. The resonance perturbation of the initial 
state versus the final state for an electron-donating 
reaction center is given by 


Sres(~Ka)c = pres(A4)c (12) 
where (Aq)c is the fractional loss of NBMO charge 
from the surrogate reaction center calculated based on 
PMO theory; pres is the susceptibility of a given reaction 
center to resonance interactions, and quantifies the 
differential 'donor' ability of the two states of the 
reaction center relative to the reference donor CHF . 


SOLVATION EFFECTS MODEL 


For acid-base ionization equilibria in aqueous sol- 
utions, Ci and Cf frequently differ substantially in 
degree of solvation, with the more highly charged 
moiety solvating more strongly. Thus steric blockage of 
the reaction center is distinguished from the steric- 
induced twisting of the reaction center incorporated in 
electron delocalization interactions. Differential solva- 
tion is a significant effect in the protonation of organic 
bases (e.g. --NHz, in-ring N, =N), but is less 
important for acidic compounds. 


To model this effect, differential solvation of the 
reaction center is incorporated in (pKa)c, pres and pele. 
If the reaction center is bonded directly to more than 
one hydrophobic group (e.g. alkane or aromatic 
systems) or if the reaction center is ortho to an aromatic 
bridge, then Ssol(pKa) must be calculated. The Ssol(pKa) 
contributions for each reaction center bonded directly 
to more than one hydrophobic group are quantified 
based on the sizes and the numbers of hydrophobic 
groups attached to the reaction center and/or to the 
number of the aromatic bridges that are ortho to the 
reaction center. 


INTRAMOLECULAR H-BONDING EFFECTS 
MODEL 


Reaction centers that are ortho or per; to substituents 
in ring systems might interact with those substituents 
through intramolecular H-bonding and thus affect the 
PKa. For each reaction center that is ortho or per; to a 
substituent, SPARC calculates the H-bonding contri- 
butions for each reaction center with each substituent 
SH-B(PKa). SH-B(PKa) describes the H-bonding differ- 


ences of the initial state versus the final state of a 
reaction center with a substituent. For reaction centers 
that might H-bond with more than one substituent, the 
H-bonding contribution for each substituent is calcu- 
lated and the stronger contributor to this effect is 
selected. 


STATISTICAL EFFECTS MODEL 


All the SPARC perturbation models presented thus far 
describe the ionization of an acid at a single site. If a 
molecule contains multiple equivalent sites, a statistical 
correction is required. For example, if a first ionization 
constant, K, is computed for a single site, but the 
molecule has n such sites, then 


Sstat(PKa)c = log(na/nb) (13) 
where a and b refer to the acid and base sites, 
respectively. 


RESULTS AND DISCUSSION 
Figure 1 shows SPARC-calculated versus observed 
values of ionization equilibrium constants in water at 
25 OC for COZH, AsOzH, POtH, BOZHZ, SeO3H, OH 
and SH as acid reaction centers and NRz, aromatic 
in-ring N and =N as base reaction centers. The pKa 
calculator was first parameterized (trained) using 
measured ionization constant for more than 775 com- 
pounds. The root mean square (RMS) deviation for the 
set was found to be equal to 0-22 PKa units (for pKa 
sample calculations and performance of the SPARC 
PKa calculator for simple molecules, see Ref. 2). The 
reaction center PKaS (pKa)c for COzH, OH, SH and 
NRz were measured values, whereas the rest of the 
reaction centers were trained values inferred directly 
from PKa measurements and stored in SPARC data- 
base. Tables 2 and 3 show substituent and reaction 
center parameters, respectively. 


3 0 J 10 I S  


Observed 


Figure 1 .  Observed versus SPARC-calculated pK. values for 
IUPAC organic compounds 
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Table 2. pK. substituent characteristic parameters' 


Species Fr F, MF E, Xs 


COzH 
COT 
POzHz 
BOzHz 
so F 
OH 
SH 
0- 
S -  
NRz 
NR*H+ 
CH3 
NOz 
C=N 
OR 
SR 
1 
Br 
c1 
F 
in-ring N 
inH+-ring N 
so2 
=N 
=NH+ 
=O 
PO 
As0 


1.524 
0.900 
1.100 
1.686 
5.037 
1.448 
5.476 
5-584 
6.482 
1.060 
6.543 
0.OOO 
8.305 
7.056 
1.897 
2.007 
3 * 924 
4.100 
4.070 
4.100 
6.468 
6-520 
7.116 
6.068 
0.600 
4.973 
3.910 
2.910 


0.OOO 
- 1.030 
0.OOO 
0-OOO 


-0.544 
0.OOO 
0.OOO 


-3.064 
-2.882 
0.OOO 
0.176 
0.OOO 
0.OOO 
0.OOO 
0.OOO 
0.OOO 
0.OOO 
0-OOO 
0-OOO 
O*OOO 
O*OOO 
3.156 
0-OOO 
0.OOO 
1.OOO 
0.OOO 
1.OOO 
O*OOO 


1 -077 
4.723 
0.700 
1.500 
3.752 


-4.712 
- 0.873 
-3.673 
- 1.418 
- 5.852 
- 1.272 
- 1.912 


1.992 
1.445 


- 2.985 
-0.830 
O*OOO 


-0.050 
-0.332 
- 0.834 


0-775 
4-200 
2-779 
2-10] 
8.800 
4.000 
0.OOO 
0-OOO 


0.073 3.21 
0.800 2.85 
0.080 2.70 
0.OOO 2.40 
2.040 3.20 


14-97 4-87 
12.00 2.76 
7.577 3.10 


10.38 3.34 
27-47 2-62 
15.00 3.80 
0.129 2.30 
2.330 2.10 
2.418 3-09 
5.637 2-99 
3.094 2-80 
4.928 3-12 
3-012 3.46 
1.498 3.64 
0.800 3.75 
2.080 - 
9-007 3-80 
3-547 3.60 
0.098 - 
4.600 - 
2.339 - 
0.800 - 
0.600 - 


'F, = dipole direct field parameter; F,, = charge direct field parameter; 
MF = mesomeric effect parameter; E, = resonance parameter; xs = electro- 
negativity parameter. 


Table 3. SPARC pKa reaction center parameters 


Reaction center 


COzH 
SOJH 
AsOzH 
POzH 
BOzHz 
SeO3H 
OH 
SH 
NRz 
in-ring N 
=N 


(PK& 


3.75 


6.99 
2.96 
8.26 
4.64 


7.34 
9.83 
5.03 
5 . 0 6  


-0.5 


14.3 


Pele 


1 *OOO 
0.890 
0.618 
0.403 
0.798 
0.714 
2.260 
2-058 
3.282 
5.548 
4.051 


Pres 


-1.100 
-3.200 
0-OOO 
0-OOO 


- 0.050 
- 0.400 
18.65 
3.769 


19.328 
-6.204 
-6.236 


x c  


2.591 


2.210 
2.792 


2.300 
2.512 
2.793 
2.422 


- 


- 


- 


- 
- 


The pKa calculator was then tested on data for ca 
3000 compounds from the International Union of Pure 
and Applied Chemistry (IUPAC).8'9 The RMS devi- 
ation for this large set of compounds was found to be 
0 . 3 5  pKa units, which was approximately the same as 


experimental error. A report on this PKa performance 
test for IUPAC-approved organic compounds is in 
preparation. lo 


SPARC was also used to estimate 358 pKas for 214 
azo dyes and a number of related aromatic amines 
(Tables 4-12). The results of this test are shown in 
Figure 2. For these compounds, the RMS deviation was 
0.62 pKa units. The experimental error in the measured 
pKas for some of these dyes can be as high as 2 PKa 
units. Consider the case of molecule 99 where the PKas 
for the first PO3H2 group are 2.5 and 7 . 3  whereas those 
for the second PO3H2 group are 1 * 5  and 5 . 5 .  This mol- 
ecule is symmetric and the PO3H2 groups are well 
removed and it is expected that the pKas for the two 
PO3H2 groups should be the same within a statistical 
term of 0 . 3 .  In addition, the pKas for the PO3H2 in 
molecule 22 are 1.9 and 7 .3 ,  which indicates that the 
second 4-chloro-2-phosphonophenylazo in molecule 99 
has no effect on the first PO3H2 group. The two PO3H2 
groups are too far away from each other to be affected 
electrostatically. Hence, the differences in the pKas are 
due to the statistical factor as shown in the calculated 
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Table 4. Observeda versus SPARC-calculated pKa values for compounds 1-26 


1 COzH 
2 OCH3 
3 
4 OH 
5 OH 
6 OH 
7 OH 
8 OH 
9 OH 


- 


- 10 
11 
12 
13 AsOaHz 
14 NO2 
15 
16 
17 - 
18 - 


20 
21 
22 
23 COzH 
24 CZO3H3 
25 
26 


- 
- 


- 
- 


19 S03H 
- 
- 


- 
- 


OH 


OH 
NHz 
NHz 


OH 
OH 


- 


- 


- 
- 
- 
- 
- 


OH 
OH 
OH 
OH 
SOaH 
OH 
OH 
OH 
OH 


OH 
OH 
OH 


- 


OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
NHz 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
NHz 
OH 
OH 
OH 


continued 
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Table 4. (Continued) 


PKa PKa PKa ' PKa ' PKa ' 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 


1 l4 
2 ' 6  


3 ' 6  


4" 
5 I '  


6 l6 
7 l2 
8 l 3  


98 
108 
118 
128 
13* 
14' 
15' 
16' 
17' 
18' 
19' 
208 
218 
228 
23' 
24' 
25' 
26' 


3.5 4 * l R t  
8.8 9-2R'0 
9.2 8.4R'0 
8-4 8- lR" 
1 - 4  l.SR" 
6.0 6 - p 1  
8.0 1-4R11 
1.6 1.4R" 
7.0 6*8R11 


10.4 10*8R" 
11.3 10-7R" 
7.8 9.4R" 
3.9 4.4AsOd1 
9.0 8.9d OH 
8-6 8.lRI0 
8-8 8.9R'0 
9.2 8 ~ 9 ~ ' ~  
9.4 Il .ORI0 
9.3 9.3R10 
8.9 8 ~ 9 ~ ' ~  
8.9 9.1R'0 
0.6 0.5d SOiH 


4.0 3-9R' 
3.0 4*2Ri 
9.5 8*4R10 
3.0 4.2R' 


10.2 9.0R'" 


11.9 l l * 7 R i  
11.6 12R1 


10.5 10.7Rf 11.9 12.6" 
9.3 l l*lRI 12-4 12.7l' 
9.2 9.6R3 


9.5 11R" 


"Observed values might have more than one value, depending on the source. 
Superscripts are reference numbers. 
Superscripts are the ionizable reaction centers. 
pK. values for two or more reaction centers are identical within 0.1 pK. unit. 
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Table 5 .  Observed' versus SPARC-calculated pKa values for compounds 27-69 


RB R7 
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Table 5.  (Continued) 


P& P K ~  pKaC pKaC 
Mol. 
No. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 


27 
28 Is 
29 l4 
30'' 
31 l6 
3216 
33 ' 6  


34" 
35" 
36" 
37 
38' 
398 
40 
41 
42' 
438 
448 
458 
46' 
478 
48' 
498 
50' 
51' 
52' 
538 
548 
5 5 8  
56' 
578 
58' 
598 
60' 
61' 
62' 
63' 
64' 
65' 
66' 
67' 
68' 
69' 


7.3 
6.0 
4.2 
7.7 
11.5 
11.5 
11.8 
12.0 
8.0 
7.0 
8.1 
7.5 
7.3 
8-2 
7.5 
7.3 
2.0 
6.6 
4.0 
4.3 
7.30 
7.2 
3.6 
7.4 
7,5 
8.0 
7.6 
11.4 
7.5 
6.6 
2-4 
11.7 
10.8 
11.4 
11.3 
11.3 
8.1 
11.6 
11-4 
11.5 
10.5 


11.6 
7.30 


13.5 
12.5 
12.2 
12.4 


11.8 
13.0 
12.4 


12.2 
13.0 
12.6 
11.9 
12-6 
12.5 
11.8 


12.5 
12.5 
4-4 


12-4 


12.1% 
12.2% 
12*7R6 
12.3& 
12-6RJ 
1208~' 
12.0% 


12.7Rs 


g .   AS OM-' 11.2 1 


See Table 4. 
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Table 6. Observed' versus SPARC-calculated pK. values for compounds 70- 101 


70 COzH 
71 COzH 
72 COzH 
73 COzH 
74 COzH 
7s COzH 
76 COzH 
77 COzH 
78 COzH 
19 COzH 
80 
81 
82 - 
83 - 
84 
85 - 
87 - 
88 
89 
90 - 
91 AsOiHz 
92 COzH 
93 COzH 
94 COzH 
95 
96 SO3H 
97 OH 
98 
99 PO& 


100 
101 AsO3Hz 


- 
- 


- 


86 SO3H 


- 
- 


- 


continued 
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Table 6. (Continued) 


PKa ' PKa PKa' P K ~  ' 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 


70: 
71 
72' 
73' 
748 
75' 
76' 
77 
78' 
79' 
80' 
818 
82' 
83 
84' 
85' 
86' 
87' 
88' 
89' 
9 0 8  
76' 
92' 
93 8 
948 
958 
96' 


978 


98' 


9 9 8  


1008 


1018 


9.0 
9.8 
9.9 
10.3 
10.4 
10.6 
11.2 
10.3 
10.3 
10.5 
8.4 
8.1 
8.5 
8.9 
10.3 
10.3 
9.9 
9.6 
9.4 
9.2 
9-4 
2.0 
10.1 
10-3 
10.0 
9-3 
0.9 
11.6 
1.3 
11.9 
0.3 
7-2 
0.6 
5.5 
0.3 
7.2 
3.3 
6-5 


14.5 
14.4 
14.5 
15-2 
14.3 
14.4 
14-2 
14.8 
14.7 
14.8 
13.7 
13.5 
13.5 
14.3 


14-7 
14-2 
14.0 
14.3 
14.6 
12.0 
14.6 
14.6 
14.6 
14.2 
1-9 
14.4 
2.5 
14.5 
0.6 
9.7 
0.8 
7.2 
1.6 
9.4 
4.0 
9.0 


14*2b 
14*2b 
14*2b 
14.2d OH 
14-3b 
14-4b 
14*5d OH 
14*2b 
14*3b 
14.1 
13*3d OH 
13.5' OH 
13.5b 
14.0d OH 


14.1 OH 
14*Od OH 
14.1 OH 
14.1' OH 
14.1d OH 
11*5b 
15*ld OH 
14*6d OH 
14*6d OH 
14.5d OH 


14.2d OH 


14-5d OH 


1.6d SOiH 


1.8d SOiH 


1.4d SOiH 
7 . 7 d  POiH-' 
1.1 d SOiH 
7.3d POiH-' 
1.5d SOiH 
7.3d P0iH-I 
4.1d COzH 
g.9d A$O,H-' 


'-dSee Table 4. 
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values. The same case applies for molecules such as 101 
and 100. The reported RMS interlaboratory deviations 
between the different observed values for azo dyes and 
related aromatic amines where more than one measure- 


the errors in our calculated values are comparable to 


The utility of such data is illustrated by the following 
analysis. 


I5 - 


ment was reported is 0.64. 8s9 We therefore believe that 
2 
2 experimental error for these complicated molecules. v) I -  


10 - 


0 -  


5 -  


.P@' 
. 6  


Table 7. Observed a versus SPARC-calculated pK, values for 


N=N 


compounds 102- -110 


102 
103 
104 
105 
106 
107 
108 
109 
110 


OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 


OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 


P K ~  P K ~  ' 
Mol. 
No. Obs. Calc. Obs. Calc. 


102'5 
10315 
104'5 
105" 


107" 
108" 


10615 


10912 
110'2 


5.7 
5.7 
9.3 
6.0 
5.8 
9-3 
6.1 
6.8 
6.2 


13.4 
13.5 
14.0 


13.7 
12.9 
13.5 
13.0 


Table 4. 
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Table 8. Observed' versus SPARC-calculated pKa values for compounds 11 1-127 


No. RI Rz R3 R4 R5 Rs R7 


111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 


- 
OH 
OH 


OH 
COzH 


- 
- 


C02H 
CO2H 
- 


OH 
- 


OH 


- 
c1 
Br 


AsO~HZ 


- 
- 


CH3 
OH 
OH 


- 
OH 
OH 
OH 
OH 
- 


~~~~ ~~ ~~ 


PKa ' P K ~  PKa 
Mol. 
No. Obs. Calc. Obs. Calc. Obs. Calc. 


11116 
112" 
113" 
114" 
115" 


1179 
1189 
1199 
1209 
121 
1229 


1 169 


1239 
1249 
125' 
1269 
1279 


8.1 
7-8 
6-6 


11-4 
6.7 


11.6 
11.5 
6.4 
7.9 


-2.5 
2.8 
2.9 
3.0 


- 1 . 3  
-1.6 


8.2 
-3.5 


11.5 l l - 4 d  OH 


12.2 11 -7R' 


11-4 11.3R' 


a - d  See Table 4. 
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ZQ 


Table 12. Observed* versus SPARC-calculated pK, 
values for compounds 198-214 


ZQ rn 


0 w+ y&t 210 21 1 


=+&+Rz@ 212 0 S W  


p&J++- 213 


\ 
C h  


214 


iy 
im 199 


pKa P K ~  ' 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. 


'-d Sec Table 4. 
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Table 11. Observeda versus SPARC- 
calculated pKa values for compounds 


194-197 


p ?  
N H 2 W  NH2 


No. R I  R2 


194 H H 
195 CH3 CH3 
196 C1 Cl 
197 OCHi OCH3 


PKa& RZ PKalNR2 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. 


1949 3.7 3.8 5.1 5.0 
19519 4.0 3.7 5.3 4.9 


2.5 - 3.9 196 - 
19719 - 3.6 - 4.9 


a.b See Table 4. 


ENVIRONMENTAL IMPLICATIONS FOR DYES 
Although sorption of inorganic ions by soil and sedi- 
ment has been studied extensively, rigorous methods 
are not available for quantitatively predicting the extent 
of such equilibria for organic ions in aquatic systems. 
It has been shown, however, that aromatic amines sorb 
in a fashion characteristic of cation exchange and that 
sorption decreases with increasing pH above the 
pKa.2'-23 Hence it usually is assumed that compounds 
will sorb strongly if they have a pKa below or near the 
pH of natural water, i.e. ca 5-7. This is, of course, in 
addition to hydrophobic sorption of the unprotonated 
species that can be predicted from the compound's 
octanol-water partition coefficient or its water 
solubility. 24 


Table 10 gives previously unavailable PKaS for a 
number of disperse azo dyes and, as might be expected, 
most of the pKas are 3 or less. Hence it is reasonable to 
expect hydrophobic effects to play an important role, or 
even dominate, sediment sorption of such compounds. 


Importantly, disperse dyes of the type shown in Table 
9 are reduced in anoxic sediments with formation of 
amine products of the types shown in Tables 10 and 
12. 3s25 Although the pK. of most of these compounds 
is not available from the literature, the SPARC pK. 
estimates are about 5-6. Hence these amines are likely 
to be sorbed strongly by cation exchange. Further, this 
conclusion would not change even if the constants are 
in error by the amount expected for SPARC. 


Similarly, the carcinogenic benzidine moiety is 
expected to result from sediment transformation of 
many direct dyes and It has been shown 
that benzidine (compound 194)2' and dichlorobenzidine 
(compound 196)23 undergo the above-mentioned pH- 
sensitive sorption by soil and sediment. Even though 
the PKa has not been measured for dichlorobenzidine, 
the estimated data in Table 11 clearly support the strong 
sorption observed experimentally. 23 


Specifically, the data show that, for dyes, many of 
the toxic amines resulting from environmental trans- 
formation, most likely in the benthic sediments, are 
also likely to be sorbed strongly to sediment or soil. 
However, it should be noted that this generalization 
cannot be applied to compounds that ionize through 
proton loss, i.e. anions. 


CONCLUSION 
The SPARC model predicts pK. values that are as 
reliable as most experimental measurements for a wide 
range of molecular structures. Further, the model 
permits the prediction of pK. values for many com- 
pounds that are not amenable to experimental 
measurement. 


Application of the model to azo dyes and their 
degradation products shows that most disperse dyes will 
probably sorb by a hydrophobic mechanism rather than 
by ion exchange. The data also suggest that the reverse 
is probably true for the aromatic amine products that 
result from reductive cleavage of the azo bonds. 
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SHORT COMMUNICATION 


AN E * 2 ISOMERIZATION OF AN ELECTROPHILIC VINYL AZIDE 
BY I5N3. A PROBE FOR INTERNAL ROTATION PROCESSES 
IN THE CARBANIONIC INTERMEDIATE OF NUCLEOPHILIC 


VINYLIC SUBSTITUTION 


JAROSLAV JONAS* AND CTIBOR MAZAL 
Department of Organic Chemistry, Masaryk University, 61 13 7 Brno, Czech Republic 


AND 


ZVI RAPPOPORT* 
Department of Organic Chemistry, The Hebrew University, Jerusalem 91904, Israel 


The label incorporation and 2 -+ E isomerization in the reaction of 3-azidomethylenedihydro-(3H)-furan-2-one with 
NaI5NN2 in 1 : 1 water-acetone were measured as a probe for internal clockwise vs anticlockwise rotation in the 
intermediate carbanion. 


Nucleophilic isomerization of electrophilic alkenes 
involves an attack of the nucleophile [Nu-] on the 
alkene to form a carbanion which undergoes internal 
rotation (krot), followed by nucleophile expulsion (kel). 
Whether isomerization will be observed when the 
double bond carries a nucleofuge (LG) depends on the 
kel/krot ratio. With good nucleofuges, e.g. Br, and mod- 
erately electrophilic alkenes, nucleofuge expulsion after 
60" rotation gives only substitution with retention and 
no isomerization. With longer lived carbanions, 
kel/krot may be low but most nucleophiles are poorer 
nucleofuges than C1 and Br, and substitution is favored 
over isomerization. For Nu # LG, electrophilic vinyl 
chlorides and bromides isomerize only when 
Nu- = NCS-.3 


For identical nucleophile and nucleofuge, 
nucleophilic isomerization, e.g., by Br-, ArS- or 
ArO- , was observed in strongly electrophilic  system^.^ 
The concurrent isomerization (isom) and incorporation 
(ex) of a labelled nucleophile allows the calculation of 
kcx/kisom ratios. In the reaction of ( E ) -  and ( Z ) - p -  
02NCsH4C(Cl) =C(CN)C02Me with ' w ,  kex/kisom = 


* Authors to whom correspondence should be addressed. 


Dedicated to Professor G. Modena on the occasion of his 70th 
birthday. 


CCC 0894-3230/94/ 110652-03 
0 1994 by John Wiley & Sons, Ltd. 


47-136, but the percentage incorporation in the 
isomerized material alone could not be determined. 


Vinylic substitution of highly electrophilic alkenes 
mostly gives E / Z  product mixtures. This could be 
visualized to occur in two ways: (a) competition 
between 60" (clockwise)6 and 120" (anticlockwise)6 
rotations in the carbanion, each followed by nucleofuge 
expulsion from a conformation with parallel sp2(C-) 
and C-X orbitals (the terms clockwise and anticlock- 
wise relate to the specific scheme written; they are 
mechanistically important only when t h 2  are compared 
with one another); or (b) exclusive 60" rotation and 
nugeofuge expulsion givkg retention, and a further 
120" rotation (overall 180") and nucleophile expulsion 
giving an isomerized product. These routes are usually 
indistinguishable but they are distinguishable when a 
labelled nucleophile, Nu-* = LG, is used. When 
kel >> krOt the 1 2 F  rotftion gives a labelled isomeric 
product, whereas 180 rotation gives isomerization 
without incorporation. Up to now the large kex/,4isom 
ratios prevented the use of this probe. We have now 
found a suitable system for applying it. 
(Z)-3-azidomethylenedihydro-(3 H)-furan-2-one, 


Z-1, isomerizes completely in 1 : 1 water-acetone con- 
taining NaN3 (but not with OH- or AcO- or thermally) 
to the more stable E-isomer E-16 [equation (l)]. E-1 
gives no Z-1 with NaN3. 
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r 3  dN3 H20-Me2C0 NaN3 


z-1 6 1  


We measured both the extent of isomerization and 
label incorporation occurring with equimolar amount 
of Na”NN2 (99%; Cambridge Isotope Laboratories, 
Switzerland) (NaNT*). Starting from Z-1 the extent of 
isomerization to E-1 at room temperature between 2 
and 36 days was determined by HPLC or ‘H NMR 
spectrometry. E-1 and Z-1 were separated by HPLC 
and the percentage label in each was determined by 
chemical ionization mass spectrometry from the inten- 
sities of the m/z 140 (non-labelled molecular and base 
peak)/ 141 (singly labelled) ratio after correction for 
natural abundance of other isotopes (mass spectra were 


determined in the Mass Spectrometry Centre at the 
Technion, Haifa, with a Finnigan TSQ-70B mass spec- 
trometer). A similar experiment was conducted for 
3-45 h at 45 “C. There was not enough E-1 at the first 
points to determine the percentage incorporation 
(Table 1). E-1 also reacted with NaNI* under the same 
conditions as in the latter experiment and the extent of 
NF* incorporation is given in the last column in 
Table 1. 


Several features emerge from the data. (a) E-1 
exchanges with retention (no Z-1 was formed) at a 
reasonable rate at 45 C giving 90% of the expected 
exchange after 35 h, but the value decreases at 46 h. (b) 
Starting from Z-1, the percentage label in E-1 exceeds 
that in Z-1 and at room temperature also exceeds the 
expected maximum 50% exchange. The statistical value 
of 50% exchange in E-1 + Z-1 is achieved after long 
reaction time. (c) NT* incorporation into both isomers 
is faster than the isomerization. 


The results are analysed in Scheme 1, where Y is the 


Table 1 .  NT* incorporation and 2- E isomerization in the reaction of E-1 and Z-1 with NF* in 
1 : 1 water-acetone-dsa 


Label (Vo) in 
Reaction Temperature 
time (h) (“C) Precursorb E-l(Vo)‘ 2-1 E-l E-l+Z-l E-ld 


3 45 z-1 2.5 8.3 9.1 
5 5 10.6‘ 39.5 12.1 12.5 
6.5 7 12-8 24.5 13.6 20.4 


23 28 40.0 
35 36 45.0 
46 52 34.2‘ 
48 r.t .f  2-1 7 . 7  10.0‘ 


216 22 23.5‘ 62.3 30-0 
504 38.8 36.3 56.0 44.0 
864 56 41.8 58.4 5 1 . 1  


a [ S l l  or [Z-11 = [Na”N,] = 0.4 M 
’Data in the first seven columns. 
Determined by HPLC at 45 ‘C and by HPLC and ’H NMR (average given) at room temperature. 
Precursor is E-1 and data are for reaction times, temperature and the percentage label as before. 
Average of two experiments. 
Room temperature. 


El 
I .  


IV 
N3 


I 


N3 
11 


Z-1. 


Scheme 1 
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-C(O)- substituent of 1. Since azide is a poor 
nucleofuge (in solvolysis of benzyl derivatives, azide is 
a ca lo9 slower nucleofuge than chloride'), 1 is moder- 
ately electrophilic and concerted vinylic substitution 
gives retention, the reaction proceeds via a carbanionic 
intermediate. The ir-nitially formed conformer I from 
Z-1 can undergo 60" rotation to I1 or 1 2 F  rotation to 
111. Loss of NT from I1 and 111 gives labelled retained 
Z - c  and isometric labelled E-1*, respectively. p t h e r ,  
120" rotation in I1 gives IV, which loses NT to give 
non-labelled E-1. E-1 incorporates NT* by the 


6oo E-1 - IV - III - E-I* route. 


The higher percentage labelling starting from E-1 than 
from Z-1 indicates that incorporation and isomerization 
are connected, i.e. E-1" is not entirely formed by 
exchange of E-1 formed during the substitution. 


If  I-IV equilibrate rapidly before NT/NT* expul- 
sion, since the transition state for elimination from 
III/IV has lower energy than that from 1/11 and 
kei (N 7 )/kei (N T *) = 1, the Curtin-Hammett principle 
predicts that the E-1 form_ed should be 50% labelled 
throughout. If, instead, 60°*and 1 2 p  rotations are fol- 
lowed by complete NT/NT expulsion without further 
rotation, only E-l* will be formed. If isomerization 
proceeds by 180" rotation/N 7 * expulsion, only E-1 will 
be obtained. Neither of these predictions is borne out 
and the non-statistical labelling :quires other expla- 
nations. Competition between 180" and 1 2 p  rotations 
with [E-l]/ [E-1*] = k:2'/k;b:' if kel /trot, incomplete 
equilibration of I-IV or isomerization only v& 
12@/N3 expulsion followed by an additional 60" 
rotation/Ny expulsion are other alternatives. 


We conclude that in spite of the relatively low 
nucleofugality of azide, N 7 expulsion precedes the 
complete equilgration of conformers I-IV. Competi- 
tion between 60" and 1 2 F  rotations is a plausible inter- 
pretation if further rotation occurs from conformers I1 
and 111. Our conclusion applies only for an exchan e 
process2ince the hyperconjugative barriers' for 1 2 8  
and 180" rotations are similar. 


Loss of some E-1 or Z-1 by hydrolysis during the 
reaction and exchange of E-1 with NT prevent accu- 
mulation of more quantitative data. However, for a 
first use of the exchange in both isomers/isomerization 
probe, even qualitative results are important. A search 
for systems capable of giving more quantitative data is 
continuing. 
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ESTIMATION OF THE OH - * *  0 INTERACTION ENERGY IN 
INTRAMOLECULAR HYDROGEN BONDS: A COMPARATIVE 


STUDY 
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S .  J. GRABOWSKI 
Institute of Chemistry, Bialystok Branch of Warsaw University, al. Pibudskiego 1114, I5 443 Biatystok, Poland 


An empirical formula relating directly H.s .0  interatomic distance to H...O interaction energy is used to estimate this 
energy in intramolecular O-H-*O hydrogen bonds calculated for systems of known precise geometry. The values 
obtained were correlated with spectroscopic characteristics of the H-bond (Au for OH bands in IR spectra and NMR 
chemical shifts, 6, for protons) and CNDO and INDO estimations of H-bond energy. The regressions obtained had 
good or very good correlation coefficients. 


INTRODUCTION 


There is a simple but fundamental difference between 
inter- and intramolecular hydrogen bonding: in the 
latter it is impossible to define the hydrogen bond 
energy uniquely. l g 2  There is always some additional 
conformational and/or electronic or steric contribution 
to the energy which changes on passing from the refer- 
ence state to the H-bound state. The experimentally 
determined enthalpy difference between a conformer 
with a free OH group and with any intramolecularly H- 
bonded OH group (OH...O) always contains some con- 
tribution of conformational energy and hence cannot 
be a reliable measure of hydrogen bond energy. Various 
theoretical approaches have been made to solve these 
problems. Several different definitions and procedures 
for calculating intramolecular H-bond energy have been 
proposed,’-’ but none of them was completely suc- 
cessful. The stretching frequency shift in IR spectra, 
Av, is widely used as a probe of H-bond strength. 
Owing to the inaccessibility of reliable experimental 
values for the intramolecular H-bond energy, the cor- 
relation between the energy and IR shift Av, known for 
several intermolecular H-bond types (the Badger-Baure 
rule), cannot be tested in this case. Another difference 
between the inter- and intramolecular H-bonds is that 
the latter are often bent. Hence the O...O interatomic 
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distance provides no reliable information about the 
strength of the H-bond. 


To overcome the above-mentioned difficulties, we 
have attempted to estimate H-bond energies for mol- 
ecular and ionic systems containing an O-H.-.O inter- 
acting system based on the experimentally determined 
H.a.0 interatomic distance. In order to do this we 
applied an extrapolation equation (4) relating the 
energy of an H.s.0 interaction directly with this inter- 
atomic distance. 


ESTIMATION OF H.a.0 INTERACTION ENERGY 
DIRECTLY FROM H.**O INTERATOMIC 


DISTANCES 
It has already been shown6 that by combining 
Pauling’s7 bond number [equation (l)] with Johnston 
and Parr’s‘ empirical equation for bond energy 
[equation (2)] we obtain an effective extrapolation 
equation [equation (3)] enabling the 0.e.H interaction 
energy to be estimated directly from the O.0-H intera- 
tomic distance: 


d(n) = d(1) - c In n (1) 


E(n) = E(1)nP (2) 


E(n) = E(l)exp(a[d(l) - d@)I I (3) 
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where d(1) is a standard 'single bond' length for which 
the bond number n = 1, d(n)  is the bond length with 
bond number equal to n, E(l) is the 'single bond' 
energy, E(n) is the energy of the bond with bond 
number n and a = p/c  and is determined empirically for 
each particular type of bond. In order to estimate a for 
O-H...O interactions, we chose (as previously6) the 
following data: d(1) is the Oe-H bond length in a water 
molecule, equal to 0.957 A ,9  whereas for d(n)  we 
took the central H...O interatomic distpce in the 
(HzO.H.OH2)' complex, lo which is 1-22 A.  The bond 
energies are E(l) = 468.9 kJ mol-' (Ref. 11) and 
E(n)  = 150.0 kJ mol-' (Ref. 12), respectively, and 
were determined for the same systems. In other words, 
d(n) and E(n) are given for the s q e  n. The estimated 
value of a for these data is 4-338 A-'. Hence for the 
0.a-H interaction equation (3) becomes 


E(n) = 468.9 exp [4*338(0*957 - m-0)l (4) 
where RH ...o is the H.e.0 interactomic distance in A ,  
i.e. d(n)  in equation (3). 


In order to test the above model we used the geome- 
tries of a set of 28 intermolecular O-H-..O systems 
determined by the neutron diffraction technique l3  and 
also applied equation (4) and, for comparison, the Lip- 
pincott and Schroeder potential for H...O interactions, 
V2,(5), 14'yith parameterization optimized for O-H...O 
systems: 


EL. - s .  = Vz = - D* exp[ - n * ( R  - r - r;)*/2(r - r)] 
( 5 )  


(the original notation from Ref. 14 is used), where D*, 
n* and r: are parameters characterizing the 06-...H6+ 
interactions and are related in a complex way to D, n 
and ro which apply to the 0-H bond in a water mol- 
ecule, r is the length of the 0-H bond and R is the 
O...O distance in a dimer. Linear regression between 
E(n)  and EL. - s. for the above data gives 
E[equation (4)] = 0.468E~. - s .  + 0.743 (in kJ mol-I) 


(6) 
with a correlation coefficient r=0.998. The above 
qualitative agreement between the well accepted model 
of Lippincott and Schroeder and the results from 
equation (4) encouraged us to use this equation to esti- 
mate intramolecular H-bond energies. 


RESULTS AND DISCUSSION 
First, we have related the energy of H...O interaction 
calculated by use of equation (4) to the energy of O...H 
interaction calculated by use of the appropriate term 
[equation (S)] in the Lippincott-Schroeder potential, 
EL. - s., l4 with the Derissen-Smit parameterization. '' 
As a sample for our study we chose 43 H-bonded 
systems with intramolecular H-bonds of the OH-0, 
OH+-0 and (OH0)- types of known precise 


E L - s  IkJ/mdel 


Figure 1.  Scatter plot for dependence between O...H interac- 
tion energies estimated by use of equation (4) and using the 
respective Lippincott-Schroeder term [equation (6)] for all 


OH,..O data 


geometry.' Figure 1 presents the relationship, which is 
evidently curved. However, if the OH...O bonds are 
separated to form two subsamples, one coasisting of 
weaker bonds for which r(O...H) > 1.3 A and the 
other consisting of stronger bonds for which 
r(0.a.H) < 1.3 A ,  then two linear regressions are 
obtained, as shown in Figure 2(a) and (b), with correla- 
tion coefficients r = 0.997 and 0.998, respectively. The 
curvilinear dependence in Fig. 1 may result from non- 
linearity of the intramolecular bonds such as is typical 
in the case of intermolecular bonds. Hence the stronger 
contributions from repulsion may contribute in the case 
of intramolecular bonds. Equation 4 is an effective 
extrapolation equation which in principle contains all 
interactions, whereas equation ( 5 )  describes only H-0-O 
interactions. 


Another test for equation (4) may be based on spec- 
tral parameters describing H-bonds. Since AVOH values 
in the infrared spectra and also 6~ values in the proton 
NMR spectra are often taken as being proportional to 
H-bonding energy, 5,16*17 we plotted directly A E  
[equation (4)] against 6~ and AVOH, as shown in Figures 
3 and 4. The data were taken from Refs 2 and 16 and 
are concerned with ortho-substituted phenols and other 
compounds with OH-..O, (O..-H+--.O) and 
O-..H-.-O) - intramolecular H-bonds for which the 
geometry was reliably determined. 


The plot of 6~ vs E[equation (4)] is exceptionally 
good with a correlation coefficient of 0.983, indicating 
reliable equivalence between these two parameters. The 
other plot (Figure 4) seems to be poorer. This is readily 
understood in view of the fact that it is difficult to esti- 
mate precisely the frequency shift in the infrared 
spectra of the enolic forms of b-diketones and of com- 
pounds with very strong intramolecular H-bonds. '*16 


Finally, we carried out CNDO/2 calculations of the 
H-bond energy, E(cis/trans), and of the change in 
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Figure 2. The same scatter plot as in Figure 1 but only for (a) 
longer H-bonds, with 0-H distance > 1 *3 A ,  and (b) shorter 


H-bonds, with O-.H distance c 1.3 A 


a" ippm) 


Figure 3. Relationship between energies of 0-.H interaction 
estimated using equation (4) and IR u(0H) band location 


v: 
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Figure 4. Relationship between energies of O...H interactions 
estimated using equation (4) and proton NMR chemical shifts, 


bH 


Table 1. Energies of intramolecular H-bonds in orfho-substituted phenol derivatives, 
E[equation (4)], Ecb,,mnr change in proton charge density, Aq ,  and O...H distances 


Compound 
~~~ 


o-H ydroxyquinone 
0-Methoxyphenol 
o-Hydroxyphenol 
Methyl salicylate (anf i )  
Salic ylamide 
Salicylic acid 
Salicylaldehyde 
o-H ydroxyacetop henone 
Methyl salicylate (syn) 


2.448 
2.086 
2.085 
1.605 
1 -432 
1.404 
1.3% 
1.385 
1.379 


~~ 


0.728 
3.500 
3.515 


28.201 
59.730 
67 * 474 
69.978 
73.239 
75.170 


11.304 
6.984 
6-86 


32-541 
64-197 
64.444 
46.594 
55.584 
67.758 


0.0024 
0.0136 
0.0144 
0.0369 
0.1079 
0.1116 
0.1051 
0.1149 
0.1185 
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Figure 5. Relationship between energies of O.0.H interactions 
estimated using equation (4) and INDO-calculated changes of 


charge at H-atom 


charge at the hydrogen atom in the bridge, Aq(H), for 
a sample of ortho-substituted phenols and compared 
them with the energies calculated using equation (4). 
The intramolecular H-bond energy, E(cis/truns), was 
calculated as the difference between the total energy of 
the conformer with (s-cis) and without (s-trans) the 
intramolecular H-bond, assuming the same geometry of 
the molecule except for the H-bond itself. Table 1 pre- 
sents all these data together with H-..O interatomic dis- 
tances. Figure 5 shows the plot of E[equation (4)] vs 
Aq(H), in which Aq may be assumed to be proportional 
to the H-bond energy,’* and Figure6 shows the 
relationship between ,??[equation (4)] and E(cis/trum). 
The correlation coefficients are 0.991 and 0.955, 
respectively. 


For almost the same sample we compared the two- 
centre, one-electron energy, EH-O, calculated by 


-t 40 / 


Figure 6. Relationship between energies of 0.s.H interactions 
estimated using equation (4) and CNDO/2-calculated energy 
for cis/trans change of conformation with H-bond formation 


in the cis state 


mr , 


pp” 


E M  “ D O )  lkJ/mdel 


Figure 7. Relationship between energies of O...H interactions 
estimated using equation (4) and two-centre, one-electron 


energies. EO .-H, calculated by INDO 


IND04 with the data obtained using equation (4). The 
results obtained are presented in Figure 7; the correla- 
tion coefficient for this plot is 0.999. 


CONCLUSIONS 
Comparison of the energy of H..-O interaction esti- 
mated directly from the experimental H--.O interatomic 
distance using equation (4) with the results obtained by 
use of other methods and models leads to the following 
conclusions: (i) equation (4) can be accepted as giving 
reliable but approximate information about the energy 
of H.a.0 interactions; (ii) in families of structurally 
similar systems there is good qualitative agreement 
between the results obtained using equation (4) and 
other data used to describe the H-bond energy; and (iii) 
owing to ready access to considerable geometrical infor- 
mation from x-ray and neutron diffraction determi- 
nations of molecular geometries, a simple extrapolation 
equation such as equation (4), is very useful, particu- 
larly in view of fundamental difficulties in estimating 
intramolecular H-bond energies. 
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SELECTIVITY OF NITRATION REACTIONS OF AROMATIC 
COMPOUNDS ON ZEOLITES H-Y AND H-ZSM-11 


SANDOR M. NAGY*, KONSTANTIN A. YAROVOY AND VYACHESLAV G .  SHUBIN* 
Institute of Organic Chemistry, Novosibirsk 630090, Russia 


AND 


LIDIYA A. VOSTRIKOVA 
Institute of Catalysis, Novosibirsk 630090, Russia 


Substrate and positional selectivity in the nitration reactions of benzene and its derivatives (halobenzenes, toluene and 
o-xylene) by nitric acid and acyl nitrates supported on zeolites H-Y and H-ZSM-11 were studied. The reaction 
mechanism and effects governing selectivity of the process are discussed. 


INTRODUCTION 


Recent years have seen an increased tendency for the 
application of zeolites in fine organic synthesis. 1*2 In 
particular, these catalysts have proved to be very effi- 
cient in electrophilic aromatic substitution reactions 
owing to the presence of acidic centres. An important 
feature of zeolites is their regular (crystalline) structure 
with channels comparable in size to organic molecules 
such as benzene. The rigid structure-imposed steric 
limitations lead to changed reaction selectivity. 


Some recent communications have reported a very 
high para selectivity in nitrations of aromatic com- 
pounds on zeolie catalysts. 3 - 6  In this work we studied 
the substrate and regioselectivity of the nitration of 
some benzene derivatives by various nitrating agents in 
the presence of zeolite catalysts of different structural 
types with the aim of investigating the peculiarities of 
the mechanism of this reaction. 


Such a study seems to be of interest not only for 
developing new, efficient nitrating systems but also for 
investigating some general problems in physical organic 
chemistry, such as the relationship between reactivity 
and selectivity and medium effects. Further, the results 
of this study may prove useful in dealing with the 
problem of the relationship between homogeneous and 
heterogeneous acid catalysis. It is generally assumed 
that the mechanisms of acid-catalysed processes are 
essentially the same under homogeneous and hetero- 


* Authors for correspondence. 
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R R 
Scheme 1 


geneous conditions '*' but there have been few exper- 
imental studies supporting this assumption (see, e.g., 
Refs 9 and 10). 


Nitration is a typical aromatic electrophilic substitu- 
tion reaction which has been extensively 
investigated. ''-I4 For the acid-catalysed reaction with 
nitric acid as nitrating agent, a mechanism was gener- 
ally adopted which involves the nitronium cation as an 
electrophilic species 1 3 * 1 4  (Scheme 1). 


A similar mechanism was suggested for the acid- 
catalysed nitration of arenes with acyl nitrates, 
although this reaction may also involve non-dissociated 
protonated acyl nitrates. ''-I9 


RESULTS AND DISCUSSION 


We used benzene and its derivatives (1-7) as aromatic 
substrates, nitric acid and acyl nitrates with various 
structures (8-11) as nitrating agents and zeolite cata- 
lysts H-Y and H-ZSM-11 (Scheme 2). 


The reactions were performed at 30 "C in hexane, by 
adding an excess of substrate to a suspension of zeolite- 
supported nitrating agent. In the absence of catalysts, 
there was little reaction (cf. Refs 5 ,  20 and 21). A 
catalytic effect was produced by the decationized zeolites 
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H-Y and H-ZSM-11 and acidic amorphous 
aluminosilicate (see also Ref. 9), apparently owing to 
the participation of Brernsted acid centres of the catalyst 
in the reaction (cf. Refs 7 and 8). The yields of nitro 
products (calculated from the nitrating agents) in the 
presence of aluminosilicates were low (usually less than 
20%), but this is not caused by any side-reactions, as 
the GLC data do not show any significant amount of 
impurites (<2%) which could be formed by these 
reactions. Mass balances of the reactions under study 
were 100%. The low yield are possibly explained by 
blockage of the catalyst channels by the molecules of 
the reaction products (by their sorption on the surface 
of the pores); as a consequence, further diffusion into 
zeolite channels becomes difficult. 


Tables 1-3 give the relative reactivities of the 
substrates obtained by the competing reactions 
method. l 1  The relative reactivity sequence of mono- 
substituted benzene derivatives 
(halobenzenes < benzene < toluene) for nitration on 
amorphous aluminosilicate and zeolites H-Y and H- 
ZSM-11 agrees with that for nitrations under homo- 
geneous conditions and is typical of electrophilic 
substitution reactions. " 


While analysing these data, it should be borne in 
mind that the reactions on zeolites may have strong 
diffusion limitations, so that the rate constant ratios 
will be due not only to electronic effects of substituents 
in substrates but also the different abilities of the reac- 
tant molecules to diffuse to reaction centres according 
to the 


where (kl/k2)obs is the experimentally observed and 
(kl/k2)i the intrinsic ratio and D1 and D 2  are diffusion 
coefficients of the substrates to reaction centres. 


In view of the same critical diameter of benzene and 
its monosubstituted derivatives (1, 2, 4-7), their 
diffusion coefficients are expected to be similar. 3 1 3 3 2  


Indeed, similar D values have been reported for the 
diffusion of benzene and toluene in zeolites Y and 
ZSM-5, 3 3 - 3 5  the latter having nearly the same structure 
and pore size as ZSM-11.36 For o-xylene, having a 
much lower diffusion coefficient than benzene and 
toluene in medium-pore  zeolite^,^^-^' we observed 
(Table 1) a decrease in the relative reactivity in 
nitrations with acetyl and benzoyl nitrates on H-ZSM- 
1 1  as compared with homogeneous conditions and amor- 


Table 1 .  Relative reactivities of aromatic compounds in nitration reactionsa 


Nitrating agent Catalyst 


HNO3 HzS04 


MeCOONO, 
H-ZSM-11 
d 


H-Y 
H-Y-NBu~ 
H-ZSM-11 
H-ZSM-1 I-NBup 


H-Y 
H-Y-NBu~ 
H-ZSM-11 
H-ZSM-1 l-NBu, 


PhCOON02 Amorphous ahminosilicate 


0*064b 
0-04 
0.033e 
0.07 
0 .1  
0.08 
0.06 
0.08 
0 . 1  
0 . 1  
0.06 
0.07 


17' 
4 


23' 
6 
9 
5 
5 
7 


1 1  
10 
7 
7 


38' 
0.1 


15 
19 
3 
0-9 


21 
23 
26 


5 
1 


'Data from this work, nitration in hexane at 30'C (25'C for HNO,). 
"From Ref. 22, 71.2% sulphuric acid, 25'C. 
'From Ref. 23, 68.3% sulphuric adcid, 25 'C. 


' From Ref. 25, acetic anhydrie, 30 'C. 


Acetic acid is present in the reaction mixture owing to its formation in the course of reaction. 
From Ref. 24, acetic anhydride, 18 'C, 
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Table 2. Nitration of toluene" 


Isomer ratio of 
nitrotoluenes ( 0 7 0 ) ~  


- ktal. paralortho 
Nitrating agent Catalyst kben. para mefa orfho ratio 


HNO3 28' 34.6' 3.4' 62.0' 0 . 6  
H-ZSM-11 4 78 1 21 3.7 


23 37' 5' 58 ' 0 - 6  
44.3 37 2 61 0 . 6  


MeCOONOz 


H-Y 6 59 2 39 1.5 
H-Y-NBu~ 9 54 5 41 1.3 
H-ZSM-11 5 66 2 32 2.1 
H-ZSM-ll-NBu, 5 88 5 7 13 


EtCOON02 33.39 32g 48 64b 0 .5  
H-ZSM-ll-NBu, 5 95 2 3 32 


f-BuCOON02 H-Y 12 63 2 35 1.8 
H-Y-NBu~ 14 66 2 32 2 .1  


PhCOONOz 30.78 31g 5' 64 0 .5  
HzS04 35.3h 34.5h 3 ~ 4 ~  62.1h 0 . 6  
Amorphous ahminosilicate 1 55 1 44 1.2 
H-Y 1 1  64 1 35 1.8 
H-Y-NBu~ 10 63 2 35 1.8 
H-ZSM-11 7 75 1 24 3.1 
H-ZSM-1 l-NBu3 7 98 < 1  2 49 


d 


d 
f 25 35 40 


d 


d 


a Data from this work, nitration in hexane at 30°C (25 'C for HNO,). 
From competitive experiments, being independent of  the reaction time. 
From Ref. 26, 30% solution of  mixed acids in sulpholane at 25 ' C .  


dCorresponding carboxylic acid is present in the reaction mixture owing to its formation in the course of reaction. 
'From Ref. 25, acetic anhydride, 30'C. 
'Data for the low degree of conversion (2% yield of  nitrotoluenes after 2 h). A significant change in selectivities later is observed, prob- 
ably owing to acetic acid formation during the process. 
'From Ref. 18, acetonitrile , 25'C. 
"From Ref. 15 ,  acetonitrile, 25'C. 


phous aluminosilicate, and also large-pore H-Y, where 
the diffusion coefficient of 3 is nearly the same as that 
of 1 and 2. 33 This obviously indicates that the nitration 
occurs to great extent in zeolite channels. 


This decrease in the relative reactivity of o-xylene 
nitration by acyl nitrates was even more pronounced 
when zeolite was treated with tributylamine (NBu3) 
(Table- 1). The kinetic molecular diameter of the latter 
(ca 8 A)38s39 inhibits penetration intp ZSM-11 channels, 
the diameter of which is ca 5.6A.l  Such treatment 
obviously leads to selective neutralization of acidic 
centres on the outer surface of the zeolite crystals. For 
the jarge-pore Y zeolite (effective pore diameter ca 
7*4A), the diffusion limitations also seem to make 
NBu3 react predominantly with surface acidic centres 
(cf. Refs 38 and 39). 


In H-ZSM-1 1-catalysed nitration by nitric acid, the 
relative reactivity of o-xylene is lower than in nitrations 
with acyl nitrates (Table l), possibly because the more 
accessible acidic centres on the catalyst surface in the 
former case are quickly deactivated by water liberated 
as a result of the reaction (Scheme 1). The carboxylic 
acids formed in nitrations by acyl nitrates obviously do 
not lead to such deactivation. 


The data given in Tables 1 and 2 indicate that zeolite 
catalysts produce an essential effect on the regioselec- 
tivity of substitution. Nitration of toluene with acetyl 
nitrate in hexane without any catalyst leads to a low 
yield of nitrotoluene mixture with a high content of the 
meta isomer. This possibly indicates the free-radical 
mechanism of the reaction proceeding in non-polar 
media in the absence of any catalyst14 (cf. Ref 20). 
With conventional nitration systems, the predominant 
paralortho orientation of substitution is characteristic 
of reactions proceeding by an electrophilic substitution 
mechanism. l4 The same orientation persists in the 
nitration of 2 with nitric acid and acyl nitrates in the 
presence of aluminosilicate catalysts (Table 2). 
Remarkably, the paralortho ratio of nitrotoluenes 
increases from amorphous aluminosilicate to wide-pore 
zeolite Y and further to medium-pore ZSM-11. An even 
higher paralortho ratio was observed when the surface 
acid centres of H-ZSM-11 were neutralized with NBu3. 


The observed effect of zeolite catalysts on the isomer 
ratio agrees, within the shape selectivity concept, with 
the occurrence of the reaction in zeolite pores.',' 
Changes in positional selectivity in ZSM-11 channels 
seem to be determined by the fact that transition states 
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Table 3. Nitration of halobenzenes PhX' 


Isomer ratio of 
halonitrobenzenes ( 0 7 0 ) ~  


- kphx paralortho 
X Nitrating agent Catalyst kphH para meta ortho ratio 


F MeCOON02 0 ~ 1 4 ~  91-3d 8 ~ 7 ~  11 
H-ZSM-I 1 0.3 93 2 5 19 
H-ZSM-1 I-NBu~ 0 -4  88 5 7 13 


H-ZSM-11 0.05 68 27 5 14 


c 


c1 HNO3 HzS04 0-064' 64' 0.94' 35' 1.8 


MeCOONOz 0.033' 69.5' 0.9' 29.6' 2.3 
31 46 23 1.4 


H-Y 0.07 86 2 12 7.2 
H-Y-NBu~ 0.1 85 3 12 7.1 
H-ZSM-I 1 0.08 79 15 6 13 
H-ZSM-I I-NBu~ 0.06 56 40 4 14 
Amorphous aluminosilicate 0.08 78 2 20 3.9 
H-Y 0.1 84 3 13 6.5 
H-Y-NBu~ 0.15 72 22 6 12 
H-ZSM- 1 1 0.06 90 5 5 18 
H-ZSM-ll-NBu3 0.07 85 13 2 43 


H-ZSM-11 0.07 94 2 4 23 
H-ZSM-II-NBu~ 0.09 69 28 3 23 


H-ZSM-11 0.3 89 2 9 10 
H-ZSM-I I-NBu~ 0 -2  86 12 2 43 


C Br MeCOON02 0.03' 62.4' 1.2' 36-5' 1 - 7  


c I MeCOONOz 0.228 59.7' 1.8' 38.3' 1-6 


PhCOONOz 


a Data from this work, nitration in hexane, 30 'C (25 'C for HNOJ). 


dFrom Ref. 27, acetic anhydride at 25 OC. 
'From Ref. 22, 71.2% sulphuric acid at 25 'C. 
'From Ref. 18, acetonitrile at 25 'C. 
8From Ref. 28, nitromethane at 25'C. 
&Data for the low degree of conversion (3% yield of chloronitronbenzes after 12 h). 


From competitive experiments, being independent of the reaction time. 
Acetic acid is present in the reaction mixture owing to its formation in the course of reaction. 


formed en route to para- and ortho-substituted pro- 
ducts and obviously having different geometries have 
different energies of interaction with the crystalline 
environment. The transition state which will be pre- 
dominantly formed in a constricted channel space is 
expected to be that where substituent R of the substrate 
can occupy a position of minimal energy of atom-atom 
interaction with zeolite channel walls. It would be 
reasonable to suggest that the contribution of 
atom-atom repulsion to this interaction will be 
minimal in para substitution when the substrate's 
substituent and the electrophilic moiety (E) are located 
roughly along the channel axis (Scheme 3). 


An alternative factor which could give rise to a pre- 
dominant formation of p-nitrotoluene might be the 
inhibited exit of 0- and rn-nitrotoluene from zeolite 
channels as compared with the para isomer having a 
smaller critical diameter, under conditions of isomer 
interconversion. Such an effect has been suggested to 
underlie the higher para selectivity of alkylation of 
alkylbenzenes on zeolites. l S 2  In our case this is unlikely 


n 


Scheme 3 


in view of the irreversible character of nitration"*13 and 
its mild conditions, under which the nitrotoluenes do 
not isomerise (cf. Ref 40). Furthermore, it should be 
noted that on complete destruction of zeolite after 
nitration no essential changes in the isomer ratio of the 
products were found. This precludes the possibility of 
changing the isomer ratio by irreversible adsorption of 
any isomer on zeolites. 


In the reaction of chlorobenzene with acetyl nitrate in 
hexane without any catalyst, there was insignificant 
nitration of the substrate, as with toluene, forming a 
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mixture of products with a high meta-isomer content 
attributable to the free-radical mechanism of the 
reaction14 (cf. Ref. 20). With a conventional acid cata- 
lyst, the meta-isomer content is insignificant because of 
the electrophilic mechanism of the substitution 
reaction. An unexpected isomer ratio was obtained in 
nitrations of halobenzenes employing zeolite catalysts 
as acids (Table 3). On the one hand, there is a tendency 
for an increased paralortho ratio on passing from sol- 
ution to zeolite H-Y and further to H-ZSM-11, with the 
maximum value observed for the latter whose surface 
was poisoned with NBu3. This is in agreement with the 
above data for toluene nitration. Conversely, as 
opposed to toluene, the meta-isomer content in the 
nitrohalobenzene mixture is anomalously high, being 
maximum in the case of H-ZSM-11 treated with NBu3, 
where the reaction seems to occur predominantly in the 
zeolite pores. 


It would be reasonable to assume that the 
mechanisms of zeolite-catalysed nitrations of toluene 
and halobenzenes are similar and involve an elec- 
trophilic attack of the substrate mystem to form a 
positively charged transition state. This is indicated by 
the character of the dependence of the reaction rate on 
the nature of the substituent in the substrate as illus- 
trated in Figure 1 for nitrations with acetyl nitrate on 
H-ZSM-11 treated with NBu3. The points proved to be 
close to the line expressing the previously established41 
correlation of logarithms of the partial rate factors of 
liquid-phase substitution vs osubstituent u+-constants 
( p - 6 . 5 ;  HNO3-HzS04, 25 C). This indicates loca- 
lization of significant positive charge on the aromatic 
ring in the limiting-stage transition state. This transition 
state can correspond in structure to the Wheland inter- 
mediate 13,1442 (Scheme 1). Judging from the absence of 
kinetic isotope effects in the nitration of 1,3,5- 
trideuterobenzene with benzoyl nitrate on H-Y and H- 
ZSM-11, the stage of proton elimination from the 
benzenium ion (Scheme 1) is not a limiting 


The isomer ratios observed in electrophilic substitu- 
tions may be explained in terms of the frontier orbital 
theory. 43-45 This theory explains the predominant para 
orientation in nitrations of toluene and halobenzenes by 
the higher coefficient values on the para- as compared 
to the meta-carbon in HOMOS of these substrates44945 
(Figure 2). Under our conditions, the orbital control of 
reactions is apparently facilitated by the fact that the 
aromatic substrates (‘soft’ bases) are nitrated by suffi- 
ciently ‘soft’ electrophiles: the undissociated pro- 
tonated acyl nitrates or the nitronium cation ‘solvated’ 
by the zeolite frame (cf. Ref. 44). 


The reason for the higher proportion of the meta 
isomer in nitrations of halobenzenes on H-ZSM-11 may 
be the changed energies of upper occupied orbitals so 
that the antisymmetric MO with the greater electron 
density on the meta-carbon as compared to the para- 
carbon becomes the highest in energy. In principle, this 


-’ 1 
-2 t 
-3‘ 
-0.4 -0.2 0 0.2 0.4 0.6 GL 


Figure 1 .  Logarithms of partial rate factor of para and meta 
substitution (log fi) for nitration reactions of compounds 2 
and 4-7 with acetyl nitrate on zeolite H-ZSN-11 treated with 
NBu3 vs substituent u+ constants. In calculating log fi values, 
the relative rates of substrate nitration corrected according to 
equation ( 1 )  with the assumption of equality of diffusion 


coefficients were used 


may be induced by the electrostatic field arising in 
zeolite whose strength has been shown to 
be fairly high.48 


In order to illustrate the validity of such an assump- 
tion, we carried out quantum-chemical MNDO calcu- 
l a t i o n ~ ~ ~  using the AMPAC program49 to simulate 
external electrostatic field effects by placing point 
charges around the molecule. The results obtained 
(Figure 2) show that the external electrostatic field can 
actually polarize the substituted benzene molecule in 
such a way that the highest occupied MO will be an 
orbital of different symmetry. Also, it should be taken 
into account that the substituted benzene molecules 
having dipole moments (oppositely directed in toluene 
and halobenzenes) will be oriented in the field in a 
definite fashion. According to calculation data on the 
heat of formation (Figure 2), the most favourable 
orientation of the chlorobenzene molecule in the model 
field will arise in the case of antisymmetric HOMO. The 
toluene molecule will have an opposite orientation in 
this field, its HOMO being symmetric. Notably, for 
fluorine as a low-polarisable substituent, the inter- 
change of the two HOMO positions demands a stronger 
external field. Experimental data (Table 3) show that it 
is fluorobezene that has the lowest content of the meta 
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Figure 2. Effect of external electrostatic field on HOMO ener- 
gies ( E )  and heats of formation ( H )  (MNDO calculations) for 


chlorobenzene, fluorobenzene and toluene 


isomer among the halobenzenes nitrated on H-ZSM-I 1. 
As Br and I are more bulky substituents than F and C1 
(Table 3), the slightly lower proportion of meta substi- 
tution is probably associated with steric effects due to 
the reaction inside the zeolite channels. 


log (fp/f ,)  


A 


A 


8 
S m Me Et Fh t-Eu 


Figure 3 .  Data on partial rate factor ratios of para and ortho 
nitration of toluene [log(f,lf)] by nitrating agents (8-11) 
(RJCOONO~; R3 =Me, Et, Ph, t-Bu) on NBul-treated zeolites 
H-Y and H-ZSM-11. In calculating the log(ftp/fo) values, we 
used the relative rates of toluene nitration corrected according 
to equation (1) with the assumption of equality of diffusion 
coefficients. 


An interesting aspect is the effect of the nature of the 
nitrating agent on the selectivity of nitration. There is 
a noteworthy tendency of increasing p-nitrotoluene 
content with increasing the size of substitutent R3 in the 
nitrating agent R3COON02 (Me < Et < Ph = t-Bu) 
observed in the presence of zeolite catalysts (Table 2, 
Figure 3). It should be noted that the value of the para- 
to ortho-substitution ratio is much more sensitive to the 
size of R3 on nitration on H-ZSM-11-NBu3 than on 
H-Y-NBu3. This seems to be a consequence of greater 
steric requirements for the process in a medium-pore vs 
large-pore zeolite. 


These data suggest that a molecule of the nitrating 
agent is involved as a whole in the transition state 
formed at the stage determining the isomer ratio of the 
products. 


The assumption that the attacking electrophiles are 
the protonated forms of acyl nitrates (structure A or B, 
Scheme 4) (cf. Ref. 22) is in agreement with the results 
of MNDO calculations in a molecular approximationSo 
simulating the active centres of the catalyst surface by 
model molecules. The calculations were performed with 
full geometry optimization with simulation of the cata- 
lytically active centres of the aluminosilicates by struc- 
ture C (Scheme 4). According to the estimate obtained, 
the formation of the common electrophile for different 
nitrating agents, the nitronium cation ‘solvated’ by the 
aluminosilicate frame (structure D), is energetically 
unfavourable (Scheme 4). 
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CONCLUSION 
The data obtained on the selectivity of the nitration of 
benzene and its derivatives by zeolite-supported 
nitrating agents indicate the similarity of reaction 
mechanisms in solution and on the surface of hetero- 
geneous catalysts. Zeolite-supported nitrations may 
lead to a changed substrate selectivity of the process 
owing to the different abilities of aromatic molecules to 
diffuse to reaction sites located inside catalyst’s chan- 
nels (‘reagent-shape selectivity’). On the other hand, the 
zeolite frame can change the regioselectivity of nitration 
by affecting the energy of transition states leading to 
different isomers (‘restricted transition state shape 
selectivity’) and by polarizing the reactant substrate 
molecule by the electrostatic field arising in zeolite 
channels. 


EXPERIMENTAL 


All the solvents and starting materials were purified by 
known methods. The characteristics of the organic 
compounds used agreed with literature data. The fol- 
lowing catalysts were used: amorphous aluminosilicate 
(Si021A1203 weight ratio = 5.6,  Na2O < 0.05 wt%, 


specific surface area S = 360 m2 g-’), zeolite Na-Y 
made by the Nizhni Novgorod pilot oil industry base 
(Si02/A1203 weight ratio = 3.5, Na20 = 7-9  wt%, 
S = 940 m2g-’), decationized using a standard pro- 
cedure” (SiOz/AlzOs weight ration = 3-5, 
Na2O = 3 . 7  wt%, S= 920 m2 g-I), and zeolite H- 
ZSM-11 made by the Special Design Office Katalizator, 
Novosibirsk (SiOz/A1203 weight ratio = 440, 
Na2O = 0.07 wt%, S = 597 m2 g-I). Immediately 
before use the catalysts were calcined for at 2 h at 
500°C in air. 


Hexane solutions of acyl nitrates were prepared 
immediately before use from the appropriate acyl chlor- 
ides and silver nitrate.” 


The nitration reactions were performed according to 
the following general procedure. To a vigorouzly stirred 
suspension of aluminosilicate in hexane at 30 C (25 “C 
for nitrations with HNO3) was added first the nitrating 
agent (aluminosilicate/nitrating agent weight 
ratio = 8-10) and then, after stirring for 5 min, the 
substrate or a tenfold molar excess of equimolar 
substrate mixture. If necessary, NBu3 was added to the 
zeolite before the addition of the acyl nitrate solution 
(zeolite/amine weight ratio = 100). Stirring was con- 
tinued for 2 h, then the catalyst was filtered off and 
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washed with 25 ml of chloroform. The reaction pro- 
ducts were analysed by GLC (flame ionisation detector, 
1 m column packed with 15% polydiethylene glycol 
phthalate on Chromosorb N-AW; special mixtures of 
products were used for calibration; as nitrobenzene 
international standard). Occasionally these data were 
confirmed by 'H nmr spectra (recorded on a Bruker 
SF-400 instrument). 


In the experiments with zeolite destruction, after 
standard treatment of the reaction mixture, the catalyst 
was treated with 0.5 M NaOH solution, then with 
HF-HC104 prepared by mixing equal volumes of 57% 
perchloric acid and 40% hydrofluorlc acid. Organic 
compounds were isolated from the resulting solutions 
by extraction with chloroform and anaiysed by GLC. 


Quantum-chemical calculations were carried out by 
the MNDO method48 using the AMPAC program.49 
For electrostatic field simulation, point charges were 
placed within the! plane of the aromatic molecule at a 
distance of 4.5 A from its symmetry axis at the level of 
the substituent and benzene ring centre (Figure 2). 
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SIMILARITY IN PHYSICAL ORGANIC CHEMISTRY SUBSTITUENT 


PYRAZOLES 
EFFECTS ON THE INTRINSIC BASICITY OF 4-SUBSTITUTED 


R. NOTARIO,” M. HERREROS, A. EL HAMMADI, H. HOMAN AND J.-L. M. ABBOUD* 
Instituto de Quimica Fisica ‘Rocasolano,‘ CSIC, cl Serrano 119, E-28006 Madrid, Spain 


AND 


I. FORFAR, R. M. CLARAMUNT AND J.  ELGUERO* 
Departamento de Quimica Orgdnica y Biologia, UNED, and Instituto de Quimica Mtfdica, CSIC, c /  Juan de la Cierva 3,  E-28006 


Madrid, Spain 


The gas-phase basicities of eight pyrazoles substituted only at  position 4 (R4 = H, NO,, F, CI, CO,C,H,, CH3, 
NH,, 1-adamantyl) were measured by Fourier transform ion cyclotron resonance. The experimental values were 
treated in two ways, first by comparing these values with the AM1-calculated proton affinities. Since the 
correlation was reasonably good [PA(calc.) = -11.3 + 1.063PA(exp.), n =8, r =  0.9841, a set of 17 further 4- 
substituted pyrazoles and their cations were calculated using the AM1 approximation and their gas-phase 
basicities were estimated. Second, both the experimental and the AM1-calculated values were considered within 
the framework of the Taft-Topsom analysis of substituent effects. Comparison of the analyses for pyrazoles and 
pyridines led to the unexpected result that, in spite of differences in ring size and number of heteroatoms, both 
systems behave remarkably alike. 


INTRODUCTION 


The empirical observation of similarities’ in substituent 
effects on reactivity (very often appearing as ‘linear free 
energy relationships’ (LFER)’ has played a key role in 
the development of physical organic chemistry. Great 
strides have been made in this field owing to new 
experimental techniques3 that allow (inter aha) the 
determination of the proton basicity of a species B in 
the gas phase, GB(B). GB(B) is defined as the standard 
Gibbs energy change for the reaction 


BH’ (g) + B(g) + H’k) AcH+(g) 
[the proton affinity of B, PA(B), is defined as 
PA (B ) = AHH + (g ) 1. 


Consider, for example, reaction (2), the proton 
exchange between pyrazole and a 4-X-substituted 
derivative: 


X X 


* Authors for correspondence. 


The link between reactions (1) and (2) is obvious. 
Physically, d,AG,+(g) is a measure of the ‘substituent 
effect’ (SE) of X on the intrinsic basicity of pyrazole. 
These SEs can be studied on a quantitative basis by 
means of quantum-mechanical methods4 or by correla- 
tion analysis techniques.’ Noteworthy among the latter 
are the Taft-Topsom’ and Tsuno and co-workers’6 
treatments. In the particular case of the Taft-Topsom 
approach, an SE, such as d,AG,+(g), is divided into 
three main components, according to the equation 


d,AG€I+(g)= PaUa + PFUF + P R + U R +  (3) 
where ua, uF and a,+ are descriptors of polarizability, 
field and resonance contributions, respectively. 


Although extensive quantitative studies of SEs on 
GBs have been carried O U ~ , ~ ~ * ~ ~ - ~  the information avail- 
able on heterocyclic substrates is fairly scarce, the main 
exceptions being pyridines’”.’ and 3 (5)-substituted 
pyrazoles.’ For the latter, we have determined’ SEs on 
their intrinsic basicities and on the position of the 
equilibrium 


3-x (g)==5-X (g) (4) 
Here we present new experimental data on the GBs of 
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4-X-substituted pyrazoles [reaction (2)]. Our interest in 
these SEs is twofold. First, we feel it necessary to 
broaden the database for heterocyclic compounds. 
Second, we wish to explore the scope of similarity 
principles and LFERs derived therefrom, the pyrazolic 
substrate being an interesting target. Thus, in the case of 
3-X (or 5-X) derivatives, we drew attention to the fact 
that the pattern of SEs on the GBs of these compounds 
was closely related to that of 2-X-substituted pyridines, 
the analogy extending up to protonation in aqueous 
solution. The present results should provide a more 
comprehensive picture. 


In parallel with the experimental work, a quantum- 
mechanical study of the energetics of reaction (2) was 
carried out using the AM1 semi-empirical method." 
This technique is particularly useful for the study of 
medium- to large-sized 


EXPERIMENTAL METHODS AND 
COMPUTATIONAL TECHNIQUES 


Materials 
With the exception of the 4-(adamant-l-y1) derivative, 
all the other pyrazoles, namely 4-~hloro-,"-'~ 4-phenyl- 
, 1 5 ~ 1 6  4-ethoxycarbonyl-,"-" 4 - a m i n 0 - ~ ~ - ~ ~  and 4-nitro- 
, were obtained according to well known pro- 
cedures. 4(Adamant-l-yl)pyrazole was obtained as 
follows:26 


A mixture of unsubstituted pyrazole (20 mmol) and 
1-bromoadamantane (10 mmol) in a high-pressure 
stainless-steel autoclave of 250 ml (maximum working 
pressure 200 atm) was heated in an oven at 230 "C for 
4 h. When the heating was completed, the reactor was 
allowed to cool to room temperature and then the 


23-25 


autoclave was opened and the crude reaction product 
was mixed with 5ml  of ethanol and 500ml of water. 
The acidic solution was neutralized with 1 hi NaOH. 
The precipitate that formed was filtered, dried and 
column chromatographed on MerckSi 60 silica gel 
(230-400 mesh) with dichloromethane-ethanol 
as eluent. The reaction yields a mixture of 1-(adamant- 
1-y1)pyrazole (relative amount 13%) and 4-(adamant-1- 
y1)pyrazole (relative amount 87%). Pure 4-(adamant-1- 
y1)pyrazole was obtained with a yield of 78%, m.p. 
200-202°C (lit.,27 198-199°C). A mixture of the 
compound thus prepared with a sample obtained accord- 
ing to the lengthier procedure of Reichardt and 
WiirthweinZ7 gave no depression of the melting point 
(melting points were determined in a capillary tube and 
are uncorrected). These materials were purified by 
repeated crystallization and their purity (always higher 
than 99%) was assessed by mass and 'H NMR spectros- 
copy, high-performance liquid chromatography and 
differential scanning calorimetry. Pyrazole and its 4- 
methyl- and 4-fluoro-derivatives have already been 
studied.' 


Gas-phase basicities 
GBs were determined from equilibrium proton-transfer 
reactions conducted in a modified Bruker CMS-47 
Fourier transform ion cyclotron resonance m - I C R )  
mass spectrometer under conditions similar to those 
already described.'.' Table 1 presents the results of 
proton-transfer equilibria (5) obtained in this study 
along with the standard bases used (Bmf). 


In this equilibrium, B is a neutral 


Table 1. Gas-phase basicities of 4-X-substituted pyrazoles obtained with reference bases" 


X Reference base 6AGH+(g) MG,+(std)b M G  MG,+(g) 


NO, (CH3 )zCO -1.15 8.3 7.1, 7.0 f 0.2 
(CHz 1 4 0  1.28 5.6 6.8, 


c1 (n-C, H9 )zS 1.72 -5.6 -3.8, -3.7 f 0.2 
(CH,CO)zCHz 0.39 -4.0 -3.6, 


C0,Et (n-C4H9 )Zs -0.90 -5.6 -6.5, -6.5 f 0.2 
2-Fluoropyridine 1.50 -7.9 -6.4, 
HC=CCH,NH2 1.79 -8.5 -6.7, 


CfY, C-C~HSNHZ -0.36 -12.0 -12.3, -12.5 f 0.1 
H,C=CHCH,NH, 0.75 -13.3 -12.5, 


NH, H,C=CHCH,NH, 0.40 -13.3 -12.8, -12.9 f 0.1 
Pyridazine 0.62 -13.6 -12.9, 


4-Methlypyrazole 0.09 -12.7 -12.83 
1 -Admmtyl HzC=CHCH,NH, -0.79 -13.3 -14.09 -14.0f 0.1 


n-C,H7NH, 1.20 -15.1 -13.9, 
Pyridazine -0.28 -13.6 -13.8, 


a All values in kcal mol-l. 
bFrom Ref. 28 and with the correction indicated in the text. 


(5) 
pyrazole. The 
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reversibility of reaction (5) was systematically con- 
firmed by means of double-resonance experiments. At 
least two reference bases were used in each case. Their 
GBs are mostly published values2' from Taft's labora- 
tory. These values were compared with those given in 
the most recent HPMS determination of GBs and PAS, 
carried out under extremely careful conditions of 
temperature monitoring.29 The correlation between GBs 
at 333 K (our nominal working temperature) obtained 
from Ref. 29 for 18 bases ranging from water to 
dimethylamine and Taft's data is exceptionally good: 
r=0.9997, s.d. =0.34kcal mol-' (1 kcal=4.184k.J). 
The slope is 1.068f0.021 at the 99% level. Taft's 
values were therefore multiplied by this factor through- 
out (for a grecedent, see, e.g., Ref. 7). The AM1 
calculations' were canied out using the MOPAC3' 
package of programs and the keyword PRECISE. The 
proton affinities obtained at this level were calculated 
taking for the heat of formation of the proton the 
experimental value (367.2 kcal m ~ l - ' ) . ~ '  No restrictions 
whatsoever were imposed in the optimization of the 
geometries of the various species. 


EXPERIMENTAL RESULTS 
The values of dAC, '(8) given in Table 1 are defined as 


dAG,+(g) = -RT In K p  (6) 
All GBs are referred to ammonia. Thus, with respect to 
this reference, GB(B) = -MG,+(g) for the reaction 


B(g)+NH,'(g)~BH'(g)+NH,(g) MGH+(g) (7) 
MG,+(g) is the average of the M G  values obtained 
through the equation 


M G  = dAG,+(g) + MG, +(std) (8) 


B,,(g)+NH,'(g)=B,,H+(g)+NH,(g) (9) 


where MG, + (std) pertains to the reaction 


Table 2. Experimental (lT-ICR) and calculated 
(AM1) proton affinities (PA) of 4-X-substituted 


pyrazoles relative to ammonia 


X PA(exp.)" PA(calc.yb 


NO, -7 .9 
F 1.8' 
c1 3.2b 
C0,Et 6.0b 
H 9.2' 
C6H5 12.0b 
CH, 12.1" 
NH, 12.4b 
1 -Admantyl 13.5b 


-19.9 
-8.9 
-5.6 
-1.2 
-1 .1  


0 .8  
0.4 
3.2 
3.1 


'All values in kcal mol-'. 
b r n s  work. 
From Ref. 9. 


The corresponding PA values relative to ammonia and 
presented in Table 2 were obtained using entropy 
changes M S  for reaction (7) estimated by means of the 
appropriate changes in symmetry numbers u involved in 
this reaction:32 


MS=Rln4+Rln[u(B)/u(BH')] (10) 


Equation (10) reflects the fact that u(NH,)=3 and 
u(NH,')= 12. Since for pyrazole and its 4-substituted 
derivatives a ( B ) = l  and a(BH+)=2,  we obtain 
TMS = 0.46 kcal mol-' at 333 K. 


COMPUTATIONAL RESULTS AND DISCUSSION 


Table 2 presents the experimental PAS relative to 
ammonia and the corresponding values calculated at the 
AM1 level (and referred to ammonia by substracting 
its experimental PA,,, 204.0 kcal mol-I). From this 
database, the following are deduced. 


(1) The correlation between the experimental and 
calculated PA values relative to ammonia is fairly 
satisfactory: 


PA(ca1c.) = -11.3 (0.7) + 1.063 (0.075)PA(exp.) (11) 


n = 9; r = 0.984; standard deviation of fit, s.d. = 1.5 kcal 
mol-'. The standard deviations for the regression 
coefficients are given in parentheses. 


The SEs described by equation (11) span 20.9 kcal 
mol-' and involve a variety of substituents covering 
a wide range of polarizability, field and resonance 
effects. This lends credence to the calculated values of 
differential structural effects on PAS to be discussed 
below. 


(2) As in previous work,' we compare SEs for 4- 
substituted pyrazoles with those for 2-, 3- and 4- 
substituted pyridines. The best correlation involves 
d,AG,+(g) values for reactions (2) and (12) (data for 
the latter are given in Table 3). 


H 


dxAGH+[g, reaction (12)] = -0.18(0.60) 
+ 0~903(0~083)d,AGH+[g,reaction(2)] (13) 


n = 8; r =  0.975; s.d. = 1.6 kcal mol-'. 
Correlations involving d,AG, "8, reaction (2)] 


and dxAGH +(g) values for 2- and 4-substituted pyridines 
are poorer (r=0.968 and 0.85, respectively). Equation 
(13) defines an essentially direct proportionality of 
effects. We believe that the origin of these results lies 
in the absence of direct conjugation between the 
basic centers and the substituents in the protonated 
forms. 
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Table 3. Differential substituent effects on the GEs of 4-X-substituted pyrazoles 
and 3-X-substituted pyridines, S,AGH+(g)" 


X 4-X-pyrazoles 3-X-pyridinesb u,' UFC a, * C  


H 0 0 0 0 0 


-1.4 -7.5 0.13 0.44 -0.25 
NO2 
F 
a -6.0 -6.6 -0.43 0.45 -0.17 
C02Et -3.2 -3.0 -0.52 0.24 0.0 
C6H5 2.8 - -0.81 0.10 -0.22 
CH, 2.9 3.1 -0.35 0.0 -0.08 


3.2 0.2 -0.16 0.14 -0.52 
4.2 6.0 -0.95 0.0 -0.06 1 -Admmtyl 


-16.7 - 14.4 -0.26 0.65 0.0 


NH2 


a All values in kcal mol-'. 
bFrom Ref. 8 and using the correction factor 1,068 as indicated in the text. 
'From Ref. 5 and personal communication from R. W. Taft. 


0 ;?' 'N 


' x  I 
H 


It is also clear that equation (13), a 'bona fide' LFER, 
is of only moderate quality, thus indicating a limited 
similarity (see below). 


(3) The analysis of structural effects on d,AGH+(g) 
for reaction (2) requires that the sets of explanatory 
variables { u - ] ,  { uF] and [ uR+] be orthogonal for the 
set of substituents. This condition is not far from being 
fulfilled, the r2 values for the correlations between the 
various sets, namely { @ a ] / { o F ] ,  { u a ) / { u R + ]  and 
{uF]/{uR+], beingequal t 0 0 ~ 1 4 , 2 x l O - ~ a n d 3 x  
respectively. The range of variation of each of these 
variables is substantial. This makes the correlation more 
'robust.' We find 


d,AG,+(g) = -3.74(0.78)~, - 24.8(1.3)aF 
- 12.9 ( 1 . 9 ) ~ ~ .  (14) 


n =  9; r = 0.991; s.d. = 1.0 kcal mol-'. 
The uR+ used in this work and in Ref. 7 are those 


defined by Taft and c o - ~ o r k e r s ~ " ~ ~  as 'uR values for 
electron-acceptor systems.' They are extremely close to 
the 0:: values defined by Bromilow et uI . ,~ '  with the 
only (and important) difference that oR + = 0 for all +R 
substituents. The correlation coefficients for the correla- 
tions involving uR+ and u i  are virtually identical. The 
correlation with u i ,  however, shows a significant 
skewness and so uR + is a more appropriate descriptor. A 
referee has rightly pointed out that in the neutral pyra- 
zoles the lone pair of the NH nitrogen and the +R 
substituents are conjugated and so, a dependence on uR- 
rather than on a,+ is to be expected. This is certainly 


true as far as substituent effects on properties of the 
neutral species are concerned. However, as indicated 
previo~sly,~ differential substituent effects on AGH +(g) 
values for the protonation of 3(5)-substituted pyrazoles 
and pyridines5" essentially reflect differences in interac- 
tions between the substituents and the positive charge 
borne by the ring. These interactions are best described 
by uR+. In our case, the correlation of the experimental 
data with uR- instead of oR+ leads to a poorer correla- 
tion coefficient (0.977 instead of 0.991) and 
substantially larger standard deviation of the fit (1.7 vs 
1.0 kcal mol-'). 


We summarize in Table 4 the coefficients pu,  pF and 
pR+ pertaining to analogous correlations for 3- and 5- 
substituted pyrazoles and for 2-, 3- and 4-substituted 
pyridines (whenever necessary, values have been 
corrected by the factor 1.068 indicated in the Experi- 
mental section). The similarity between the patterns for 
3- and 5-substituted pyrazoles and 2-substituted 
pyridines is clear and has been discussed.' 


Direct comparison has indicated important similari- 
ties between SEs on 4-substituted pyrazoles and 3- and 
to a lesser extent, 2-substituted pyridines. The data in 
Table 4 shows the origin of these similarities: the 
absolute values of pa are relatively small and of com- 
parable size. The pF values are large (in absolute value) 
and remarkably close in all cases. 


Hence analogies and differences can be traced to pR + 


values. The smallest absolute value is for 4-substituted 
pyrazoles and is appreciably lower (30%) than that for 
3-substituted pyridines. This explains why the statistical 
quality of equation (13) is only fair. This seems to 
indicate a quantitative difference in the stabilization 
through resonance effects in pyrazolium and pyridinium 
ions. Interestingly, in our previous work, the similarity 
in size of pR + values for 3- and 5-substituted pyrazoles 
and 2-substituted pyridines was rationalized in terms of 
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Table 4. Study of structural effects on the GBs of pyrazoles and 
pyridines 


Substituted pyrazoles 
3-x’ 8.9 (1.6) 26.7 (1.6) 16.5 (2.0) 
4-x  3.74 (0.78) 24.8 (1.3) 12.9 (1.9) 
5-X’ 7.3 (1.0) 26.0 (1.0) 21.0 (1.4) 


Substituted pyridinesd 
2-x 6.8 (0.8) 28.9 (2.0) 15.3 (2.0) 
3-x 4.5 (1.4) 24.4 (1.4) 17.4 (1.6) 
4-x 5.1 (2.2) 23.0 (1.2) 27.6 (1.7) 


‘All values in kcal mol-’. 


‘From Ref. 9 corrected with the factor 1.068 as indicated in the text. 
dFmm Ref. 8.  with the same correction. 


Standard deviation in parentheses. 


Table 5. Calculated (AM1) proton affinities (PA) of selected 
4-X-substituted pyrazoles relative to ammonia’sb 


WCH, 12 


C2H5 


r-C,H, 
I-C,H, 


OCH, 
OH 
Br 
COCH, 


CHO 
NO 
CN 


c02cH3 


c F 3  corn, 
t-C,F, 
s02cF3 
SOCF,(=NSO,CF,) 


3.5 
2.0 
1.4 
1 .o 


-1.6 
-4.1 
-6.1 
-1.2 
-8.0 
-8.6 


-10.3 
-11.5 
-13.4 
-15.6 
-15.8 
-244 
-30.9 


-0.44 
-0.75 
-0.62 
-0.49 
-0.17 
-0.03 
-0.59 
-0.55 
-0.49 
-0.46 
-0.25 
-0.46 
-0.25 
-0.51 
-0.68 
-0.58 


(--) 


0.10 -0.64 
0 -0.07 
0 -0.07 
0 -0.07 
0.25 -0.42 
0.30 -0.38 
0.45 -0.15 
0.26 0 
0.24 0 
0.31 0 
0.41 0 
0.60 0 
0.44 0 
0.50 0 
0.61 0 
0.84 0 
(1.17)’ (C) 


‘All values in kcal mol-’. 
This work. 
Defined in the text. 
From Ref. 5. 


‘From Ref. 35. 


repulsions between the NH’ groups and -R sub- 
stituents. While these repulsions certainly exist, we are 
now led to question whether they are the only reason 
behind the relatively small I pR + I values in the case of 
pyrazoles. We suspect that these facts are related to the 
lower aromaticity of pyrazole relative to pyridine and 
benzene” and to the fact that pyrazole and pyridine are 
n-excessive and n-deficient heterocycles, respectively, 
but more information is needed. 


(4) The satisfactory performance of the AM1 
method [see equation (ll)] has prompted us to extent 


our theoretical calculations to a large set of substituents 
for which no experimental data are available. The 
calculated PAS relative to ammonia are given in Table 5. 


A stringent test of the quality of these predictions is 
provided by the Taft-Topsom treatment. On account of 
the essentially constant value of M S  for reaction (2), 
d,AG,+(g) = 6,PA. It follows that equation (14) should 
also apply to 6,PA. This is indeed the case: for the set 
of 25 ‘usual’ substituents presented in Tables 2 and 5 
and for which u,, uF and uR + are available, we find 


&PA= -2.4 ( 1 . 0 ) ~ ~  -26.5 (1.3)~~- 13.5 ( 1 . 9 ) ~ ~ .  


(15) 
n = 25; r =  0.971; s.d. = 1.9 kcal mol-I. The coefficients 
of this regression equation agree within the limits of 
uncertainty with those of equation (14). 


Recently, a number of compounds have been synthes- 
ized (notably by Yagupolskii and co -worke r~~~)  that are 
endowed with an extremely high intrinsic protonic 
a~idity.’~ This acidity originates in unusual substituents 
such as SOCF,(=NSO,CF,). It seems reasonable to 
infer that these substituents wilI greatly reduce the 
basicity of 4-substituted pyrazoles. Indeed, for 
SOCF,(=NSO,CF,) we compute 6,PA = -29.8 kcal 
mol-I, an enormous base-weakening effect. For this +R 
substituent, a,+ = O .  We can estimate its u, at ca 
-0.58, the value for S0,Me. Then, by means of 
equation (15), we deduce uF = 1.15. The value obtained 
by means of ”% NMR3’ is 1.17.35a This value also 
accounts for the intrinsic protonic acidity of the super- 
acids containing this 
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THE KINETICS AND MECHANISM(S) OF NUCLEOPHILIC 
ATTACK BY CATECHOLATE ANION ON EPIBROMOHYDRIN-d2 


JOHN J .  CAWLEY* AND EDIZ ONAT 
Department of Chemistry, Villanova University, Villanova, Pennsylvania 19085, U. S. A. 


The reaction which forms hydroxymethylbenzodioxane from epibromohydrin and catecholate anion was examined by 
ultraviolet spectroscopy for the kinetics and by proton nuclear magnetic resonance spectroscopy to follow the fate of 
CD2 from reactant to product. Over the practical temperature range it was found that both CH2 positions in the 
epihalohydrin are attacked by catecholate anion to give product. Therefore, the difference in energy for the two 
pathways was small. The individual rate constants were obtained from the total rate constants. Further, the individual 
AH$ and AS$ values were calculated. It was found that the pathway of higher AH$ had the less negative AS$, which 
explains the subtlety of two mechanisms being operative over the available temperature range. Interestingly, it proved 
impossible to prepare epibromohydrin with two deuteriums at only one position in what appeared to be a relatively 
straightforward synthesis. 


INTRODUCTION 


In 1966, it was reported,' based solely on kinetic 
studies, that nucleophilic attack on epihalohydrins 
takes place exclusively at the ring CH2 position. At that 
time we had some very preliminary data,2 suggesting 
that nucleophilic attack took place at both the ring CH2 
and the chloro CH2 position in epichlorohydrin, with 
attack at the ring CH2 position predominating. 


In the period 1979-84, it was quantitatively 
that nucleophilic attack on such systems 


took place at both positions. One study3 also demon- 
strated that relatively more attack took place at the 
X-CH2 position as better leaving groups, X, were 
introduced. These were non-kinetic isotopic labeling 
studies; each labeling experiment was conducted at a 
single temperature. 


We then decided to concentrate our efforts on a 
single substrate, epibromohydrin, making a complete 
kinetic and isotopic labeling s t ~ d y . ~  In this way we 
hoped to discover the subtle differences between the two 
competing reactions. 


Our standard reaction, [equation (l)] has become the 
formation of hydroxymethylbenzodioxane6 because of 
the following reasons: the system lends itself well to UV 
spectroscopy for kinetics; it lends itself (in principle) to 
easy CD2 introduction at the ring CH2 position of 
epibromohydrin; since the product is a well defined 


* Author for correspondence. 
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crystalline solid, and since it has two unique methylene 
environments, it lends itself well to NMR spectroscopy 
for following the fate of the CD2 from reactant to 
product. 


This work combined a kinetic and a deuterium 
labeling study at several temperatures to find the rela- 
tive proportions of each operative mechanism at these 
temperatures. Using UV spectroscopy for the kinetics 
(see Experimental), the observed rate constant for the 
appearance of product hydroxymethylbenzodioxane 
was obtained at three temperatures. Using deuterium 
labelling experiments, individual rate constants for the 
two pathways were obtained at the same three tempera- 
tures. From these it was possible to derive the reaction 
parameters A H $  and AS$ for the competing reactions, 
leading to a more detailed understanding of the 
mechanism of each of those competing reactions. 


EXPERIMENTAL 


Kinetics. The kinetics were followed by UV spectro- 
scopy using a Varian Cary Model 219 spectro- 
photometer. The solvent system was ethanol-water 
(1 : 1). To obtain activation parameters the kinetics 
were run at constant temperatures (If: 0.1 " C )  of 25, 40 
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5874 6800 A2" 
2300 2700 A276 
3400 3500 A292 


BrCH2CHBrCHzOH (3) 


Table 1 .  Molar absorptivities (I mol-' cm-I)  


E237 c276 E292 


Catechol 5874 2300 3340 
Catecholate anion 6800 2700 3500 
2-Hydroxymethyl-1 ,4-benzodioxane 455 2390 147 


Deuterium-hydrogen analysis. Proton spectra of the 
appropriate reactant and product were obtained using a 
Varian XL-200 NMR spectrometer. In the case of 2,3- 
dibromo-1, 1-dz-propan-1-01 [equation (3)], it was easy 
to see that the material was 99% dideuterated at the 
hydroxymethyl position. 


In the case of the dideuterated epibromohydrin 
[equation (4)], the methine hydrogen was used as the 
internal standard and the integrals of the two distinct 
methylene hydrogen environments were obtained. From 
these integrals the relative amounts of the two distinct 
dideuteromethylene environments were calculated. 


Similarly, in the case of dideuterated 2-hydroxy- 
methyl-1 ,Cbenzodioxane [equation (5)] , the methine 
hydrogen was used as the internal standard and the inte- 
grals of the two distinct methylene hydrogen environ- 
ments were obtained. Then the relative amounts of the 
two distinct dideuteromethylene environments were 
calculated. 


RESULTS AND DISCUSSION 


The kinetics were studied on undeuterated material; the 
studies to obtain the relative rate constants for attack at 
individual positions were run on dideuterated material. 
No corrections were made for the possibility of sec- 
ondary isotope effects. Both theory" and experiment 
suggest that the isotope effect, kH/ko will be inverse but 
close to 1 .O in the available temperature range. 


The dideuterated epibromohydrin was found to be 
79% dideuterated at the ring CH2 position and 21% at 
the bromo-CHz position. This result has analogy in the 
Payne rearrangement l 3  of epoxycarbinols in the pres- 
ence of base. One referee suggested the intermediacy of 
the anion of 1,3 dibromopropan-2-01 in the preparation 
of the epibromohydrin, to account for the partial 
scrambling. Using the equation 


a = k(0.79) + k,(0.21 
and O < m <  1 (6)  


where k, is the relative rate constant for addition of 
catecholate anion at the ring CHI position, k, is the 
relative rate constant for substitution by catecholate 
anion at the bromo-CH2 position and a is the relative 
integral related to the hydroxy-CH2 in the product, the 
values for ka and k, were obtained at three different 
temperatures. These experimental and some calculated 
values ( f 1070) are given in Table 2. 


where k, + k, = 1 
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Table 2. Relative rate constants at different temperatures Table 4. Energies, enthalpies and entropies of activation 


0 (calc.) 0.99 0.012 82 
25 0.97 0.034 29 
40 0.94 0.058 16 
60 0.90 0.10 9.0 


146 (calc. isokinetic) 0.5 0.5 1.0 
m (calc.) 4 . 2 ~  1 0 - ~  1.0 4.2 x 1 0 - ~  


From the kinetics, the total second-order rate con- 
stants, kT, at the three temperatures were obtained. 
From these data the apparent activation energy Ea( T )  
was calculated. The value, 13 kcal mo1-I 
(1 kcal = 4.184 kJ), is not unreasonable because, it 
reflects predominant attack in base to open a three- 
membered epoxide ring for which l 3  the activation 
energy, E,, is 16.6 kcalmol-'. The attack on 
epichlorohydrin ' by oxygen anions has an activation 
energy, Ea, of 16.7 kcal mol-', which suggests that 
ring opening predominates. If the studies could have 
been carried out above the isokinetic temperature, 
where halide displacement predominates, the value for 
the activation energy Ea would be expected to be closer 
to 21.9 kcal mol-', which is typical for an sN2 
process. l4 When we carried out a calculatio! using 
total rate constants, over the range 146-00 C, we 
obtained an apparent activation energy, EA( T ) ,  of 
19 kcal mol-'. 


The calculation of individual second-order rate con- 
stants, k, and k,, from the preceding data was under- 
taken, where k, is the second-order rate constant for 
addition to the ring CH2 position and k, is that for 
substitution at the bromo-CHZ position. The values 
( 2 3%) are summarized in Table 3. 


These data confirm that attack at the ring CH2 pos- 
ition is dominant over the available temperature range. 
Further, they prove that although both rates increase 
with increasing temperature, attack at the bromo-CHz 
position increases more rapidly, indicating a larger acti- 
vation energy Ea(u) for attack at the bromo-CH2 pos- 
ition. The values (& 2%) for Eas, enthalpy, entropy and 
free energy of activation are summarized in Table 4. 


Ea Am ASS AGS 
(kcal/mol) (kcal/mol) (e.u.) (Kcal/mol) 


from k, 13 12 - 34 22 
from k, 20 19 - 18 24 


The apparent enthalpy, entropy and free energy of 
activation, based on the activation energy, E,( T ) ,  were 
not calculated because they are meaningless. Previously 
Chapman et al. Is has stated that calculating activation 
parameters based on the kinetics of base-catalyzed ring 
opening of unsymmetrical epoxides is of no value unless 
one knows the product distribution. Then one can cal- 
culate individual rate constants and, from them, indi- 
vidual activation parameters, which are meaningful. In 
the same way, when one has a bifunctional electrophile 
where different nucleophilic attacks yield identical pro- 
duct, one must sort out the individual pathways, 
obtaining individual rate constants, and then the 
reaction parameters will be meaningful. Because 
Konecny' failed to do this in the epichlorohydrin 
system, he concluded that the sigma pathway was not 
operative when, in fact, it was the minor pathway and 
the alpha pathway was predominant but not exclusive. 


In the present study, the activation parameters for 
the alpha pathway match well with those'6s17 for ring 
opening of epoxides in base; the activation parameters 
for the sigma pathway also match well with those" for 
bimolecular substitution, especially if the alkyl halide 
has a neighboring heteroatom. 


The competitive mechanisms based on the data now 
become clear. For the sigma pathway, the catecholate 
anion attacks the bromo-CH2 of epibromohydrin in the 
rate-determining step [equation (7)] , which leads 
directly to epoxide. For the alpha pathway, the 
catecholate anion attacks the ring CH2 position in the 
rate-determining step, which leads by way of the inter- 


Table 3. Total and individual rate constants 


0 (calc.) 1.3 x 10-5 1.3 x 10-5 1.6 x lo-' 


40 3.1 x 1 0 - ~  2 -9  x 1 0 - ~  1-8 x 1 0 - ~  
60 1 . o ~  10-3 9.2 x 1 0 - ~  1.0 x 1 0 - ~  


25 9.2 x 10-5 8.9 x 10-5 3.1 x 


146 (calc.) 8 . 0 ~  lo-' 4.0 X lo-' 4.0 x l o w 2  
00 (calc.) 6.2 x 10' 2.6 x lo5 6.2 x 10' 
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(9) 


mediate shown in equation (8) to  the &me epoxide. 
Then the anion of the epoxide [equation (9)] 
intramolecularly attacks the ring C H  position to give 
the alkoxy anion, which becomes product after pro- 
tonation. This intramolecular attack on the ring C H  
position of the epoxide, leading preferentially to  a six- 
rather than a seven-membered ring, is interesting 
because the attack is on the more substituted carbon. In 
intermolecular attacks on epoxides in basic solution I9 
usually the site of attack is the less substituted carbon. 


In summary, we have made a complete kinetic study 
of the reaction of epibromohydrin and catecholate 
anion; we have also carried out isotopic labeling exper- 
iments at several temperatures. We have found that 
attack at the ring CH2 position, the alpha pathway, pre- 
dominates at attainable temperatures, but that attack at 
the bromo-CHz position, the sigma pathway becomes 
more competitive at  the higher temperatures. The 
enthalpies of activation are reasonable for the indi- 
vidual mechanism offered. The entropies of activation 
are also reasonable for the individual mechanism 
offered. Since the entropy of activation for the alpha 
pathway is approximately twice as negative as that for 
the sigma pathway, the sigma pathway becomes 
important very quickly at higher teyperatures and is 
predicted to  predominate above 146 C,  the calculated 
isokinetic temperature. 
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CLEAVAGE RATES FOR RADIOLYSIS-PRODUCED RADICAL 
ANIONS OF NAPHTHYLMETHYL PHENYL ETHERS AND 


NAPHTHYL BENZYL ETHERS 
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Cleavage reactions of a- and 8-naphthylmethyl phenyl ethers and of a- and 8-naphthyl benzyl ethers were studied 
by pulse radiolysis. Transient spectra indicate that reactions occur via electron capture followed by cleavage of the 
resultant radical anions to give arylmethyl radicals and aryloxide ions. Product studies of extensively irradiated 
samples are consistent with this scheme and show patterns which are informative for radiation studies in general. The 
reactions were studied in several solvents. The behavior of transient spectra obtained in acetonitrile for these ethers 
shows clearly that radical anions of the naphthylmethyl ethers cleave more rapidly than do the radical anions of the 
naphtbyl benzyl ethers. 


INTRODUCTION 
Several years ago we reported kinetic studies which 
allowed us to suggest a general advantage in cleavage 
rate for benzylic ether radical anions with general struc- 
ture 1- * over those of structure 2- ' in cases where the 
cleavage energetics are comparable. 


-'ArCHzOAr' -+ ArCHi + -0Ar' (1) 
1-' 


Ar'CHZOAr-' +Ar 'CHi  + -0Ar  (2) 
2 - -  


a Ar = 4-NOzPH, Ar' = Ph 
b Ar = naphthyl, Ar' = Ph 


The first reactions studied were with Ar = 4-nitro- 
phenyl and Ar' = phenyl ( la and 2a). In this case the 
rate of the reaction in equation (1) could be followed 
directly, but that in equation (2) was too slow to 
compete with side reactions. A second case was studied 
wherein Ar = a- or P-naphthyl and Ar' = phenyl (lb 
and 2b).' In this instance, both ether radical anions 
underwent cleavage, but the actual cleavage reactions 
could not be studied directly. Rather, the reaction of 
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each ether with a relatively stable radical anion 
(fluoranthene radical anion) was followed. The rate 
constant for the cleavage of ether radical anions was 
calculated from the observed rate of loss of fluor- 
anthene radical anion using electrochemical data to esti- 
mate the equilibrium constant for the production of the 
ether radical anion. In this latter case, a subsequent 
study involving isotopic selectivity in the cleavage of 
deuterium-labeled compounds was interpreted in 
support of the hypothesis that radical anion cleavage 
reactions of the type exemplified by equation (1) (DN 
processes) proceeded via ?r *-like transition states 
whereas those resembling equation (2) (DR processes) 
involved o*-like transition states. 


Residual dissatisfaction with the indirect methods 
required for study of the cleavage reactions of lb-  ' and 
2b-' led us to investigate pulse radiolysis as a means 
for directly measuring the rate constants for these cases. 
In a number of different solvents, l b  and 2b were sub- 
jected to pulses of high-energy electrons in order to 
measure the kinetic behavior of the radical anions. This 
proved more difficult than expected because the 
cleavage reactions were so fast as to compete with the 
initial reaction with solvated electrons. Nevertheless, it 
was possible to demonstrate that the cleavage rates for 
lb-'-type radical anions were at least 300 times faster 
than those of the 2b-'-type, as reported below. A side 
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benefit from this study was the accumulation of infor- 
mation about products formed after cleavage in a 
variety of solvents. 


Table 1. Approximate first-order rates (s-I) for appearance of 
naphthylmethyl radical absorbance following the electron 


pulse in acetonitrile 


RESULTS AND DISCUSSION 


Kinetic measurements 


Compound a- lb  was studied in tetrahydrofuran (THF), 
dimethylformamide (DMF), DMF-water, propan-2- 
ol-water and acetonitrile. In all cases, transient absorp- 
tion after the electron pulse appeared in a broad 
envelope extending from ca 310 to 370 nm. Literature 
spectra of a-naphthylmethyl radical show a sharp peak 
at 365 nm and a broad peak at 340nm.4 The sharp 
peak was not well resolved under our detection con- 
ditions, but the broad envelope observed was identical 
in shape with that produced under similar radiolysis 
conditions from either 1-naphthylmethyl benzoate or 
I-naphthylmethyl a ~ e t a t e ’ ~  (the esters were subjected to 
radiolysis under conditions shown 5b to give benzyl 
radicals from the corresponding benzyl esters). The 
transient spectrum for this radical in acetonitrile is 
shown in Figure 1. The absorption decayed in second- 
order fashion at a relatively slow rate (first half-life 
ranging from 40 to 200 ps, concentrations estimated at 
10-’-10-~ M). Curve fitting at 340 nm gave a rate con- 
stant range of 4 x 10’-23 x lo5&. The value of the 
molar absorptivity ( E )  for the transient radical is not 
known, but assuming a reasonable value near lo4 
would suggest that the transient disappears by a diffu- 
sion-limited, second-order process wherein both reac- 
tants are present at similar, low concentrations, 
presumably generated by the pulse. A similar result was 
obtained for P-lb, with the transient absorbance at 
about 380 nm in acetonitrile (see Figure 1) corre- 
sponding approximately to literature characteristics 
reported for 6-naphthylmethyl radical in cyclohexane. 


0 z 
d 
0 


X 


.l 


300 350 400 450 500 


WAVELENQTH, nm 


Figure 1. ( 0 )  Transient spectrum in acetonitrile from a-lb;  (0) 
transient spectrum in acetonitrile from 0-lb 


Concentration (KIM) 


Ether 0.4 1 9 


0- lb  2.5 x lo7 3 . 8  x lo7 (4.0 2 1.0) x lo7 
a - l b  1.8 x lo7 6.5 X lo7 > 6 x  lo7 


The appearance of the transient absorbances for the 
naphthylmethyl radicals from a- and 0-lb was almost 
simultaneous with the pulse. However, it was possible 
to measure rise times approximately for the absorbance 
of each in acetonitrile. The results are given in Table 1. 
It is clear that with a-lb,  the rate of appearance of a- 
naphthylmethyl radical is too fast to be distinguished 
from the one-electron reduction of the ether. The rate 
increases with increasing concentration of the ether, 
also suggesting that the process being measured is elec- 
tron transfer, probably from a solvent-derived species. ’ 
With 0-lb, the rate appears to level off slightly below 
the upper limit for detection. Direct comparison of the 
rise curves for a- and 0-lb suggests that the process 
observed with the P-isomer is measurably slower. We 
therefore tentatively assign the value of 4 x lo7 s - ’  as 
the rate constant for dissociation of 0- lb- ’ .  In any 
event, the measured value constitutes a lower limit for 
this process. 


Compounds a and P-2b were also studied in several 
solvents. In isopropyl alcohol-water (70 : 30, v/v) with 
0.05 M NaOH present, a broad maximum appears 
extending from 500 past 800 nm. This absorption is due 
to the solvated electron because it appears in the 
absence of the ethers. Its disappearance is promoted by 
the ethers with the rate constant of 8-5 x lo’ s-’, 
increasing to about 4 x lo6 s-’ in the presence of 2 mM 
a- or 0-2b. In the case of a-2b, the solvated electron 
spectrum is replaced by absorbance at 335 nm corre- 
sponding to that for a-naphthoxide, measured in this 
solvent mixture. As expected, this absorption does not 
decay when the measurement is carried out in the pres- 
ence of 0.05 M NaOH. For P-Zb, the product from 
decay of the long-wavelength transient grows in at the 
approximate wavelength for P-naphthoxide, but it 
decays by a second-order process and thus seems 
unlikely to be naphthoxide. It could possibly be due to 
the radical anion but, if so, the process observed for its 
disappearance is not unimolecular. 


More directly interpretable results were obtained with 
acetonitrile. With a-2b, a broad transient absorbance 
was observed in the region between 375 and 500 nm, in 
addition to a sharper absorbance at 330nm (see 
Figure 2; the plot of the ‘short-time’ spectrum was 
obtained by subtraction of the ‘long-time’ plateau). The 
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Figure 2. ( 0 )  Transient spectrum in acetonitrile from a-2b 
after 2 ps with 90 ps  spectrum subtracted; (0) transient spec- 


trum in acetonitrile from a-2b after 90 ps 


spectral properties observed are very similar to those 
reported for chloronaphthalene radical anions in 
HMPA.' The absorbances at both longer shorter wave- 
lengths decayed by first-order processes with the same 
rate constant, 1 a 2  x lo6 s-' (Figure 2, inset). Transient 
behavior in the intermediate region from 340 to 375 nm 
was more complicated, showing an initial growth and a 
slow decay. This could possibly be due to the formation 
of naphthoxide and its protonation to give naphthol. In 
the case of &2b, the absorbance from 375 to 500 nm 
was also observed (Figure 3) and decayed at a cu ten 
times slower rate, 1.5 x lo5 s-' (Figure 3, inset). At the 
edge of the accessible spectral region, about 340 nm (at 
shorter wavelengths the ether absorbs), a slowly 
decaying transient absorption appears which may be 
naphthoxide. 


Using the appearance kinetics for naphthylmethyl 
radicals from a- and P-lb and the disappearance 


400 500 600 700 


WAVELENGTH, nm 


Figure 3.  ( 0 )  Transient spectrum in acetonitrile from P-2b 
after 10 ps with 900 ps spectrum subtracted; (0) transient spec- 


trum in acetonitrile from P-2b after 900 ps 


Table 2. Summary of rate constants for dissociation of ether 
radical anions 


Ether 
Rate constant for 


radical anion dissociation (s-I) 


P-NpOCHzPh, P-2b (1.5 f 0.5) X lo5 
a-NpOCHzPh, a-2b 
P-NpCHZOPh, P-lb 


(1.2 f 0.2) x 106 
(4.0 f 1 .o) x 10' 


a-NpCHzOPh, a - l b  >6x lo7 


kinetics for a- and &2b-' allows us to present the 
summary of results for the pulse radiolysis of these 
ethers given in Table 2. 


Product studies 


Product studies were carried out as part of the investi- 
gation to find an appropriate solvent. Available data, 
in some cases partial, are reported for a number of 
solvents in the experimental section. Cleavage was 
observed for ethers of both types 1 and 2 in THF and 
in DMF-water. In isopropyl alcohol-water, and also in 
acetonitrile, only the type 1 ethers gave detectable 
amounts of cleavage products. 


In acetonitrile, the solvent which best facilitated 
kinetic studies, the products identified were those 
shown in Table 3. In each case, analysis of solutions in 
which a measured amount of a reference material was 
added to both the pre- and post-irradiated samples 
showed that a substantial amount of ether was con- 
verted into products which were not easily quantified by 
gas chromatography. We are finding this to be a general 
problem with aromatic substrates containing two or 
more fused rings. In the case of naphthalene itself, for 
example, we have been able to detect a large number of 
products, no one of which makes up more than 1% of 
the loss but which together account for most of the 
missing material. Most of these appear by gas chroma- 
tography-mass spectrometry (GC-MS) to be derived 
from addition of one or more solvent radicals to the 
aromatic ring followed by disproportionation and other 
reactions of the resultant radicals. The large number of 
possible isomeric structures for each product type leads 
to an extremely complex mixture. With naphthyl hal- 
ides, the mixture of products derived from addition of 
solvent radicals is even more complex but, in general, 
the compounds produced retain halogen or are in other 
ways distinct from radical anion-derived products. 
Because radiolysis necessarily produces solvent radical 
cations in equal number to solvated electrons and the 
radical cations usually deprotonate to give radicals, it is 
likely that the problem documented here exists for all 
studies involving radiolysis-produced radical anions. 


Compounds a- and P-lb gave phenol along with 
naphthalenecarboxaldehyde in the former case and the 
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Table 3. Products from %o radiation of ethers (1 a 0 5  Mrad over 17 h) as assayed 
by GC and GC-MS 


Product mixture (070)' 


Recovered 
Ether EtaN Ar(')OH Ar(')CH=O Ar(')Me Other ether 


a- lb  NO 
a - l b  Yes 


0- lb  Yes 


a-2b Yes 


P-2b Yes 


P-lb NO 


~ 2 b  NO 


0-2b NO 


8.5 
6.9  


8.0 
< 0 * 5  
1-3' 
CO.5 


Traceh 


C 


4.8 
1.2 


C O . 5  
2.1 


<0*5  
<0*5  
co.5 
<o-5  


<o-5  
0.7 
0.7 
0.9 


n - d - '  
n-d-'  
ned.' 
n-d.' 


<0*5  


3 . 5 d  
l e  


co.5 


co.5 
< 0 * 5  


I 


57 
58 
67 
60 
84 
68 
83 
81 


'Yield given as ?h of possible maximum assuming flame ionization detector peak area 
proportional to weight of material. 
b T ~ o  additional GC peaks observed (< 1%). GC-MS shows ion at m/z 141. suggesting ArCHz 
group. 
'Phenol present but amount not measured. 
dGC-MS shows ion at m/r at 181, 141 and 115, suggesting coupling product of ArCHz and 
acetonitrile-derived radical. 
'GC-MS shows ion at m/z 100, suggesting EtjN-derived fragment. 


*Naphthol and 1,Zdiphenylethane were not separable, but both present. 
Not detected. Toluene would appear within solvent envelope. 


Detected in very small amount by GC-MS. 


coupling product of naphthylmethyl radical and a 
solvent radical in the latter. For Q- and /3-2b, no 
significant amounts of products were obtained in pure 
acetonitrile. When triethylamine, 0 -  14 M was added to 
the reaction mixture for radiolysis of ~ - 2 b ,  however, 
a-naphthol and 1 ,Zdiphenylethane were observed 
in small amounts. In the case of @-2b, a trace of 
/3-naphthol was detected. 


Despite the fact that in all cases considerable fraction 
of the starting ether is not accounted for by the pro- 
ducts formed, it seems fair to say that radiation- 
produced reaction is more extensive with the l b  ethers 
than with their 2b counterparts. We suggest that the 
radical anions a- and @-2b- ' , which undergo cleavage 
more slowly than a- and P-lb- ' , are subject to oxida- 
tion by species which result from persistent forms of 
oxidatively modified solvent molecules. Such species are 
possibly generated as by-products of electron pro- 
duction. In this regard, it is interesting that the 
naphthylmethyl radical from a-lb is apparently 
oxidized to naphthalenecarboxaldehyde under con- 
tinuous radiation. We therefore suggest that even 
though the radical anions are observed to undergo 
cleavage after a single pulse of radiation, continuous 
irradiation of acetonitrile solutions allow the oxidizing 
species to build to sufficiently high concentrations that 
they oxidize the slower reacting radical anions and 
prevent cleavage from occurring. In the presence of 
triethylamine, we suggest that such oxidized by- 
products or possibly radical cations which are precur- 


sors to these by-products are reduced by triethylamine 
and, therefore, do not reach high enough concen- 
trations to allow oxidation of the two radical anions to 
compete with cleavage. Under such circumstances, 
solvated electrons are used more efficiently and measur- 
able amounts of cleavage products are obtained. 


DISCUSSION 


As can be seen in Table 2, the pulse radiolysis exper- 
iments carried out in acetonitrile are consistent with our 
earlier conclusions. In our earlier study, we concluded 
that the rate for the dissociation of a-lb-'  was faster 
than that for P-lb- ' by a factor of ca 40. Similarly, the 
rate for ~ - 2 b - '  was faster than that for @-2b-' by a 
factor of 13. These ratios are within experimental error 
of those measured in the present study, considering that 
the value for the fastest reacting isomer is clearly 
beyond the range of measurement. In the previous 
study, the relative rates for the 1 isomers were estimated 
to be lo4 times faster than those for the 2 isomers. This 
is a substantially greater spread than the roughly 300 
reported in Table2. However, even the slower of the 
two fast processes is barely measurable and the value of 
300 is reasonably viewed as a minimum value. The 
kinetic studies agree with product studies in that, in the 
absence of triethylamine, the extent of formation of 
cleavage products from 6oCo irradiation is substantially 
less for the isomers labelled 2b. 


We believe that we have come as close as will be poss- 
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ible to measuring rates for the four cleavage reactions 
using pulse radiolysis methods. The rates for the faster 
reactions are slightly too fast for this technique. We 
hope, in the future, to prepare a comparable series of 
ethers in which the radical anions are slightly more 
stable, thus allowing direct measurement of cleavage 
for isomeric ether radical anions of type 1- '  and 2- '  
under the same experimental conditions. The data in 
this paper, nevertheless, clearly show that the cleavage 
reactions of l b - '  are faster than those of 2b-' .  


EXPERIMENTAL 


Solvents and reagents. Solvents were of HPLC grade 
from Aldrich Chemical and were used without purifica- 
tion, except for THF, which was distilled from sodium 
benzophenone ketyl. HPLC-grade acetonitrile proved 
superior to 'anhydrous 99%' which contained an 
impurity which interfered with transient production. 
The four ethers were prepared as described earlier. 


Pulse radiolysis experiments. The pulse radiolysis 
experiments were performed using a 10ns pulse of 
8 MeV electrons from the Notre Dame Radiation Lab- 
oratory linear accelerator. The LINAC pulse radiolysis 
apparatus has been described in detail previously. lo The 
doses used were ca 500  rad per pulse as determined by 
thiocyanate dosimetry. Solutions were flowed through a 
1 cm optical path length cylindrical Suprasil cell at a 
rate of 3-5 ml min-' from a solution reservoir con- 
nected by glass tubing. Unless stated otherwise, sol- 
utions were deoxygenated by bubbling continuously 
with high-purity nitrogen throughout the experiment. 


Product studies. For several solvents, experiments 
were carried out in which solutions of the ethers were 
subjected to multiple electron pulses or extended con- 
tinuous irradiation by a 6oCo source. The products 
obtained were consistent with ether cleavage although, 
in many cases, involved participation by solvent. In 
THF, multiple pulse irradiation of a - l b  gave as a major 
product a compound with major intensity mass spectral 
ions at m/z  212, 141 and 71, suggesting the structure 
1-(1-naphthy1methyl)tetrahydrofuran. A small amount 
of 1,2-dinaphthylethane was also observed. Phenol was 
necessarily lost in concentration of the solution for 
analysis. With a-2b, a similar solvent adduct with mass 
spectral ions at m/z  162, 91 and 71 suggested l-benzyl- 
tetrahydrofuran. In this case naphthol was also 
observed. In dimethylformamide (DMF) solution, a- lb  
gave a product with a parent ion at m/Z 213 and promi- 
nent peaks at m/z  141 and 72, suggesting combination 
of a naphthylmethyl radical with a solvent-derived 
radical. Interestingly, when the radiolysis of a-lb was 
carried out in DMF in the presence of sodium 
tetraphenylborate, the main product became 


dinaphthylethane along with some methylnaphthalene, 
producing biphenyl as a side product. As it is known 
that the BPhb ion is readily oxidized to biphenyl," it 
is our suggestion that the BPh: ion traps the radical 
cation of DMF and prevents its subsequent involvement 
in forming a solvent adduct. The solvated electrons pro- 
duced in the radiolytic separation then react with ether 
molecules to give radical anions which give the expected 
arylmethyl radicals. Similar behavior was observed in 
DMF-water mixtures. Both a- lb  and a-2b were run 
in DMF-water with methylnaphthalene, dinaphthyl- 
ethane and solvent adduct appearing as products in the 
former case and naphthol in the latter. 


The full set of ethers were run in isopropyl 
alcohol-water (70 : 30, v/v). For a- and P-lb, the major 
products were methylnaphthalenes, dinaphthylethanes, 
a compound assigned to be 2-methyl-3- 
naphthylpropan-1-01 [solvent adduct: mass spectrum, 
m/z = 200, 142, 115 and 59; 'H NMR (CDC13) 6 3.3 (s, 
2 H), 1 -3  ppm (s, 6 H)] along with a few minor 
products. Neither a- nor P-2b gave measurable 
amounts of products in this solvent. 


We subjected all four ethers at concentrations of 
5 mM in acetonitrile to radiolysis by 1.4 mR of 7- 
radiation from a 6oCo source over a period of 17 h. 
Reaction solutions were analysed before and after irra- 
diation after adding a measured amount of biphenyl to 
an aliquot prior to analysis. The results are summarized 
in Table 3. Compound a- lb  gave mainly naphthalene- 
1-carboxaldehyde as identified by its retention time and 
mass spectrum, along with phenol. Compound 0-lb 
gave, in addition to phenol, mainly a solvent (acetoni- 
trile) adduct of the naphthylmethyl radical showing 
prominent ions at m/z 181 and 141. A trace of 
methylnaphthalene was also observed. Compounds a- 
and &2b, remarkably, gave no gas chromato- 
graphically observable products after the same treat- 
ment. Detection limits suggested that the amount of 
cleavage products (specifically naphthol could be 
expected) were less than 5 %  of the amount of products 
from a- and P-lb. When the radiolysis of these ethers 
in acetonitrile was carried out in the presence of 
triethylamine, an additive selected to consume strongly 
oxidizing transients, the same products were observed 
for a- and 0-lb. However, a- and P-2b now gave naph- 
thols along with several other products. 
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STABILITIES OF SOME 2- (PARA-SUBSTITUTED-PHENYL)- 
4,4,5,5-TETRAMETHYL-1,3-DIOXOLANES RELATIVE TO THEIR 


CONJUGATE DIOXOLENIUM IONS, RADICALS AND CARBANIONS 
AS DETERMINED BY THERMODYNAMICS FOR HYDRIDE AND 


ELECTRON TRANSFER IN SOLUTION 


EDWARD M. ARNETT, * ROBERT A. FLOWERS, 11, ALISON E. MEEKHOF, ALI POURJAVADIt and 
STUART A. WALEK 


Department of Chemistry, Duke University, Box 90346, Durham, North Carolina 27708-0346, USA 


A calorimetric method is described for the determination of the hydride affinities, AHH-(R+) of seven 
dioxolenium ions from the title compounds and also tropylium, trityl and 9-phenyl xanthylium cations by 
hydride transfer to the carbocations from BHJN-. Cyclic voltammetric methods yield free energies for 
reduction of the cations to the conjugate radicals and to the carbanions. The AHH-(R+) values correlate well 
with the first reduction potentials of the cations. 


IhTRODUCTION 


The concept of ‘reactivity’ so crucial to physical- 
organic studies of structure-energy relationships is 
usually expressed in terms of kinetic or thermodynamic 
properties for bond making or breaking. Especially 
important are free energies of ionization to form reac- 
tive carbenium ions or carbanions from neutral 
precursors by transfer of a suitable anion (e.g. halide) 
or cation (usually H’) to a Lewis acid or base. The 
many important free energy structure-reactivity scales, 
such as pKR+ from the equilibration of carbenium ions 
with their carbinols in aqueous acid solutions,’** or 
pKm for proton transfer to K’DMSYL- in DMS03 
have been established this way. 


As an alternative approach to evaluating the effects of 
ring substitution on the stabilities of triphenylmethyl 
carbenium ions and carbanions, Taft and c o - ~ o r k e r s , ~ . ~  
following Conant and co-workers’ classic studies,6 
compared the energies for converting the ions into their 
conjugate radicals by electron transfer, in appropriately 
designed cells. Although the conditions for equilibrating 
the carbocations or carbanions with the radicals by 
electron transfer were different from those for deriving 
their ion stabilization energies from pKR + values and u -  


substituent parameters, the substituent effects on the 
free energy changes correlated well for the various ion 
+ neutral processes. 


In subsequent years, cyclic voltammetric methods 
have greatly broadened the study of electron transfer 
between a variety of ionic and radical species with 
methods that are relatively straightforward. Of particu- 
lar interest is the feasibility of two-electron transfer to 
or from carbenium ions or carbanions at a fast enough 
rate so that coupling of the intermediate radical can be 
overridden. In such a case the stability of the cation can 
be established relative to its conjugate anion (or vice 
versa) rather than to a neutral precursor or radical. 
Breslow’s group7 developed these techniques to esti- 
mate the pKm values of very weak acids or the pK,+ 
values of very unstable carbenium ions which were 
inaccessible by other methods, and several other 
research groups have explored two-electron redox 
potentials for a variety of cations* and anions.’ 


Such two-electron processes provide a different type 
of thermodynamic scale for comparing structural effects 
on stabilities, in terms of their influence on the car- 
benium ion versus that on the carbanion or radical rather 
than by reference to the energy required to break a bond 
to a leaving group in a neutral molecule. 
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In a recent communication," we proposed the term 
'amphihydric' as applied to compounds, such as tri- 
phenylmethane, which carry a hydrogen as the common 
leaving group that may be displaced readily as a hydride 
ion, hydrogen atom or proton to produce reasonably 
stable conjugate carbenium ions, radicals or carbanions 
by treatment with appropriate acids, radicals or bases 
and may be iterconverted readily by one- and two- 
electron transler in solution. A complete energetic 
analysis of the para-substituted-9-phenylxanthyl system 
was presented which related the cations, radicals and 
anions to each other by electroc' Omistry. Reaction 
calorimetry related the carbocations d carbanions to 
their neutral 9-arylxanthene precurso, ~y measurement 
of the heats of hydride transfer from cycloheptatriene to 
the cation and heats of proton transfer to DMSYL- 
anion, respectively. Finally, the heat of heterolysis 
(AHhe,) of dixanthyl was measured by reaction of 
xanthylium cation with xanthanide anion in sulfolane. 
This type of dimer is usually only accessible through 
radical coupling. The relevant heat of homolysis 
(AHhomo) was obtained, by combining AH,,, with redox 
potentials of the cation and anion. 


Amphihydric compounds provide a unique opportun- 
ity to compare the energetics of formation of cognate 
carbocations, radicals and carbanions using hydrogen as 
the common leaving group provided that both the 
carbenium ion and carbanion are stable enough to be 
handled in appropriate solutions. Although hydrogen 
transfer has been the standard process for comparing 
gas-phase stabilities" for carbanions (through gas-phase 
acidities), radicals (through bond dissociation energies, 
BDEs'~ and carbenium ions (through hydride affinity 
energies), only a few classes of compounds have so far 


allowed such a complete treatment in solution. In 
general, if the carbanion is stable enough for study by 
deprotonation with DMSYL-DMSO, the carbenium 
ion is too unstable to be produced and maintained 
readily in most ordinary acid solutions or vice versa. 


This paper reports some results for seven 2-para- 
substituted-phenyl)-4,4,5,5-tetramethyl- l13-dioxolanes 
in sulfolane solution as shown in Scheme 1. Although 
there is a voluminous literah~re'~ describing the proper- 
ties of dioxolenium ions as highly stabilized 
carbenium/oxonium ions, we have found no reference 
to the formation of their conjugate 1,3-dioxolanate 
anions by treatment of the parent 1,3-dioxolanes with 
strong base. Although it is reasonable that a benzylic 
C-H bond flanked by two electronegative oxygens 
might be reasonably acidic, none of the dioxolanes in 
this study could be deprotonated cleanly in 
DMSYL--DMSO. They might be acidic to stronger 
bases.I4 The analogous 2-aryl-l,3 dithianes yield stable 
carbenium ions in sulfolane, are deprotonated in 
DMSYL-DMSO and will be reported later.I5 


For the six 2-substituted-tetramethyldioxolanes we 
present here (a) hydride affinities (AH,  -R+) from 
reaction with NaBH,CN and (b) all one- and two- 
electron transfer potentials between conjugate cations, 
radicals and carbanions. 


EXPERIMENTAL 


Materials. All compounds necessary for preparing 
the 2-aryl-4,4,5,5-tetramethyl-l,3-dioxolanes and their 
derived cations were available commercially (Aldrich) 
and were purified, if necessary, until clean as shown by 
'H NMR spectroscopy. 


I 
X 


I 
X -H- I 


X 
I 
X 


Q 
X 


Scheme 1 
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The dioxolanes were prepared by the following stan- 
dard procedure.I6 A mixture of the substituted benzal- 
dehyde (50 mmol), and pinacol (5.90 g, 50 mmol) was 
dissolved in 10 ml of benzene with a trace of p-toluene- 
sulfonic acid and refluxed with water removal being 
effected by a Dean-Stark trap. After 1 day the reaction 
mixture was cooled and extracted twice with aqueous 
2~ sodium hydroxide. The benzene layer was dried 
over magnesium sulfate and, after evaporating the 
benzene, the dioxolane was obtained by vacuum distilla- 
tion and its structure and purity were confirmed by 'H 
NMR spectroscopy. 


Trityl tetrafluoroborate was prepared" by dissolving 
triphenylmethanol (13.2 g, 50 mmol) in propionic 
anhydride (150ml) and cooling the solution to 10 "C. 
After adding 48% fluoroboric acid (4.4 g, 50 mmol), 
the temperature was kept between 10 and 12 "C for a 
few minutes. The precipitate was filtered through a 
cooled frit under argon and was vacuum-dried over- 
night. The trityl tetrafluoroborate was transferred into a 


Each dioxolenium ion was prepared by adding the 
parent dioxolane (14 mmol) to a stirred solution of trityl 
tetrafluoroborate (4.6 g, 14 mmol) in CH,Cl, (70 ml) at 
room temperature under argon following Meerwein's 
procedure.'* After completion of the addition, the 
mixture was stirred for 2 h. The dioxolenium salt was 
then precipitated by adding n-heptane. After filtering 
under argon and washingseveral times with dried diethyl 
ether, the dioxolenium salt was dried under vacuum 
overnight and then was transferred into a drybox. 
Structure and purity were confirmed by 'H NMR and 
elemental analysis. 


dry-box. 


NMR and elemental analysis for dioxolenium salts. 
'H NMR NMR (CDCI,): X = F, 6 8.42-7.30 (m, 4H), 
1.90 (s, 12H); X = C1, 6 8.25-7.40 (m, 4H), 1.90 
(s, 12H); X = CH,O, 6 8.28-7.15 (m, 4H), 4.01 
(s, 3H), 1.82 (s, 12H); X=CN, 6 8.45-7.25 (m, 4H), 
1.94 (s, 12H); X = CH,, 6 7.98-7.05 (m, 4H), 2.35 
(s, 3H), 1.65 (s, 12H); X = H  8.30-7.70 (m, 5H), 
1.90 (s, 12H).I3C NMR (CDCI,): X =F ,  6 178.10, 
169.00, 137.54, 118.11, 113.67, 103.06, 22.56; 
X=C1, 6 178.63, 148.47, 135.01, 130.71, 115.71, 
103.22, 22.67; X = CH30, 6 177.46, 170.73, 137.09, 
116.37, 107.95, 101.07, 22.48; X=CN, 6 207.16, 
132.27, 130.02, 129.67, 127.93, 30.96, 25.26; 
X = CH,, 6 178.87, 154.50, 133.91, 114.09, 103.47, 
22.88, 22.54; X = H ,  6 179.29, 141.11, 133.67, 


X = F ,  C 50.35, H5.20; X=C1, C47.81, H4.93; 
X = CH,O, C 52.20, H 5.95; X = NC, C 53.02, H 5.08; 
X=CH,, C 54.93, H 5.86; X = H ,  C 53.45, H 5.86%. 


H 5.14; X =CH,O, C 52.30, H 6.06; X =NC, C 53.02, 
H5.26; X=CH,, C54.66, H5.98; X = H ,  C53.19, 
H 5.76%. 


130.24, 117.14, 103.11, 22.52. Analysis: calculated: 


Found: X = F ,  C50.03, H5.44; X=C1, C48.00, 


Equipment. A Varian XL-300 NMR spectrometer for 
'H and I3C NMR spectra, a Vacuum Atmospheres HE- 
63-P Pedatrol dry-box, a BAS-100 A electrochemical 
analyzer and a Tronac 450 solution calorimeter were 
used throughout. 


Hydride ajinities (AHH -), A H H - ( R + )  by hydride 
transfer from NaBH,CN. Techniques for obtaining this 
property directly for carbenium ions in solution have 
not been described previously. However; Turner et aI.I9 
hydrogenated tropylium bromide [ -89 kcal mol-I 
(1 kcal = 4.184 H)] and cycloheptatriene (-70 kcal 
mol - I )  to cycloheptane and hydrogen bromide. Wiberg 
and co-workers2' used lithium triethylborohydride in 
triglyme to measure the enthalpies of reduction of 
aldehydes and ketones following Davis and Carter.*' We 
have used reaction calorimetry employing a Tronac 450 
isoperibol solution calorimeter. The basic operation of 
the instrument has been described previously.22 All 
hydride transfer reactions were checked for compiete- 
ness by 'H NMR spectroscopy. 


Solutions of sodium cyanoborohydride in sulfolane 
-5% 3-methylsulfolane were prepared in the dry-box by 
dissolving an appropriate amount of the salt in 
sulfolane. This solution was transferred into the Dewar 
calorimeter vessel. A known concentration of the 2- 
aryltetramethyldioxolenium salt in sulfolane (ca 0.1 M) 
was prepared in the dry-box and transferred into a 
2.5ml Gilmont titration syringe. The syringe was 
attached to a motor-driven buret which was used to 
introduce precise amounts of the dioxolenium solution 
into a large excess of the cyanoborohydride solution 
(ca 0-9 M) at a constant rate. Each AH,- presented here 
is the average of at least seven calorimetric measure- 
ments on two independently prepared solutions. 


Several determinations using 18-crown-6 to sequester 
the sodium ion yielded only slightly more exothermic 
AHH -, suggesting the influence of ion pairing. Although 
we may explore such effects further, we believe that the 
present results represent reliable evidence for the 
quantitative differences between the stabilities of the 
carbenium ions under these conditions. Like all other 
heats of reduction or free energies of carbocations, they 
should be treated as differential values, dependent on the 
choice of conditions. 


Electrochemistry. All electrochemical measurements 
employed the BAS 100-A electrochemical analyzer 
using the methods and conditions described 


RESULTS AND DISCUSSION 


Dioxolenium ions 
Carbocations and carbanions can enjoy considerable 
intramolecular stabilization by delocalization of their 







666 E. M. ARNETT ETAL 


charges over extended unsaturated systems (e.g. trityl), 
conformity to ‘Huckel’s rules’ (e.g. tropylium cation 
and cyclopentadienyl anion) or transfer of electrons 
from an appropriately placed atom with available non- 
bonding electrons (e.g. N, 0, S) to a cationic center. As 
an example of the last effect, 2-aryl-l,3-dioxolenium 
ions are so stable, relative to other benzyl cations, 
because they are primarily oxonium ions with most of 
the positive charge residing on the 1,3-oxygens. None- 
theless, there is enough carbenium ion character to the 
2-carbon to render it highly vulnerable to attack by 
nucleophiles. Extensive mechanistic work by McClel- 
land’s groupz4 has developed especially the role of 
dioxocarbenium ions as intermediates in the hydrolysis 
of tetrahedral orthoester derivatives produced by 
nucleophilic attack on carbonyl compounds. Stopped- 
flow kinetic analysis for hydrolysis in dilute aqueous 
acid of 2-phenyl-4,4,5,5-tetramethyl-l,3-dioxolenium 
tetrafluoro borate and of its unmethylated homologue 
showed a complex three-stage processfor which all rate 
constantsxd could be extracted and a pKR+ of 1-4 for the 
tetramethyl compound determined compared with -0.6 
for the unmethylated comp~und . ’~~  An alternative ring- 
opening process to ethylene glycol monobenzoate was 
observed in 67-77% H,S04, which followed the HR 
function with an intercept at -8.6KWg We have also 
observed formation of this type of product from the 2- 
aryltetramethyldioxolenium ions in intermediate acid 
strengths where, presumably, both types of reaction are 
in equilibrium. 


Delocalization of charge over the dioxocarbenium 
triad is shown clearly by comparison of the PMR 
spectrum of the p-cyanophenyl cation with its dioxolane 
precursor and its cognate carbanion. In the cation the 
resonance for the four 4,4,5,5-methyls is a singlet at 
1.94 ppm, consistent with a plane of symmetry, whereas 
the parent dioxolane shows a doublet 1.34-1.23ppm, 
and the carbanion a doublet at 1.23-1.19ppm, J =  12.3. 


A recent x-ray studyB of four dioxolan-2-ylium 
cations, including the 2-phenyl-l,3-dioxolane-2-ylium 
cation and its p-methoxy derivative, confirmed the 
planarity of these ions and provided an extensive up-to- 
date review of the structures and charge distributions in 
such ions. In conformity with the pKR+ and ring-open- 
ing results cited above, significant charge is even 
transferred to the 3- and 4-carbons bearing the four 
methyls. In contrast to previous interpretations of NMR 
data,‘6 the p-methoxyphenyl ion showed bonding 
changes in the crystal, implying some conjugative 
interaction of the ring and methoxy group with the 
cationic center. 


Hydride affinities (AH,,  -) 


Thermodynamic properties for hydride transfer have 
been the preferred means for comparing gas-phase 
stabilities of carbocations.” In solution several kinetic 


studies of hydride transfer have been reportednsz8 and 
equilibration of systems relevant to NADH red~ction.’~ 
However, more immediately, we can find no precedents 
for measuring AH,-@+) directly in solution by reac- 
tion calorimetry other than Wiberg and co-workers’ 
reduction of carbonyl compounds.” 


Recent a rs b Parker and c o - w ~ r k e r s ~ ~  review the 
literature3 on the solution thermochemistry of car- 
benium ions for which the leaving grou has been either 
halide ions3’ in Olah-type superacids’ or H,O from 
protonated carbinols’ from which their pKR + values and 
heats of ionization were derived. Parker and co- 
w o r k e r ~ ~ ~  derived both hydride and halide affinities for 
carbocations and radical cations by combining pK, + 


values or BDEs with oxidation potentials using appro- 
priate thermodynamic cycles. We follow their conven- 
tion, and that of gas-phase workers, by referring to 
hydride affinities for the carbocations asAHH-(R’), 
although of course the conditions are completely 
different. 


An elegant, but rarely cited, study by Freedman and 
co-workers34 determined relative stabilities of a variety 
of carbenium ions by equilibration through transfer of 
hydroxy, alkoxy and halide leaving groups in acetoni- 
trile and methylene chloride. Hydride was not included 
and, when we tried to employ their method, hydride 
exchange was prohibitively slow between the present 
oxycations and dioxolanes. 


Since hydride abstraction by trityl cation is one of the 
most common techniques for preparing stable car- 
benium ions,35 and was employed to make the 
dioxolenium salts discussed here, we attempted to use 
that reaction to determine AHH-(R+) values for the 
formation of dioxolenium cations in sulfolane in the 
calorimeter. However, the rates of reaction of trityl 
cation with the tetramethyldioxolanes were too slow for 
optimum reaction calorimetry and the results obtained 
by this approach proved to be seriously misleading. On 
the supposition that steric hindrance was responsible for 
the slow rates, we turned to hydride transfer in the 
reverse direction, from NaBH,CN as a more reactive 
hydride donor to provide a direct measure of the hydride 
affinities of the cations. The results are presented in 
Table 1 for the seven dioxolenium ions and three other 
well studied carbenium ions. Reduction potentials are 
tabulated in order to compare the energies required to 
convert the various cations into their respective radicals 
and carbanions. 


Support for our approach to determining hydride 
affinities is provided by several independent sources, as 
follows. 


P p ”  


1. Figure 1 displays an excellent linear correlation 
between the AHH-(R’) values for a variety of 
carbocations and their free energies of reduction to 
their conjugate radicals AGdl in sulfolane at 25 “C. 
Both properties involve the conversion of the cation 
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Figure 1. Heats of hydride transfer from NaBH,CN, AH,  - (R+) ,  to carbocations vs their first reduction potentials in sulfolane 


into a neutral species, by transfer of either H -  or an 
electron. Several values for the putative heats of 
hydride transfer from the dioxolanes to trityl cation 
gave only scatter plots against both of these proper- 
ties, indicating that this direct approach to heats of 
hydride transfer to this cation was not viable. 


2. The standard free energy difference between trityl 
and 9-phenylxanthylium cation determined by 
Freedman and co-workersM by OH- exchange in 
methylene chloride and acetonitrile is 9.1 kcal mol-' 
compared with 6.4 f1.25 kcal mol-' for their differ- 
ence in AHH - (R +). 


3. Parker and co-workers3' calculated hydride affinities 
of the same cations from the acidities (PIC,) of 
their neutral precursors in DMSO and the two- 
electron oxidation potentials of their carbanions.Here 
the difference between their estimated AGH - (R+),  
values is 7 kcal mol-I, in excellent agreement with 
our value for the enthalpy difference. Their differ- 
ence between trityl and tropylium is 13 kcal mol-' 
compared with 10.6 kcal mol-' in Table 1. Consider- 
ing the differences between the processes and 
conditions used by the Freedman and Parker groups 
compared with our direct measurements, we believe 
that the general consensus is satisfactory. The conhi- 
bution of entropy differences between these free 


energies and our enthalpy measurements appears to 
be small. 


4. The difference in free energies of ionization in 
aqueous acid (1.37xApKR+)' between trityl and 
tropylium cations is 13 kcal mol-' compared with 
10.6 kcal mol-' in Table 1. 


Comparisons with other ionogenic process 
Physical organic chemistry has developed the use of 
extra-thermodynamic relationships as a powerful tool 
for comparing the effects of structural changes in 
different series of compounds on their reactivities in 
different processes. No one has contributed more to the 
rational analysis of this enormous collection of empiri- 
cal structure-reactivity data than has Taft.36 Although a 
free energy property ( (T) for ionization of substituted 
benzoic acids to benzoate anions (I) in water" would 
seem to be a far-fetched model for the heats of hydride 
transfer to a series of dioxolenium ions (11) in sulfolane 
a fairly good correlation ( r  = 0.974) is found between 
the two processes. In contrast, the u+ substituent 
constants, from rates of ionization of para-substituted 
cumyl chlorides (111) in 90% acetone at 25 0C,38 yields 
a poorer correlation ( r  = 0.930). If one considers the 
structures of the ionic species being compared ( I ,  I1 and 
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111), it would be tempting to attribute the better correla- 
tion coefficient with u parameters to the dioxolenium 
ions being more oxonium-like than carbenium-like so 
that relatively little demand for electrons is required 
from para substituents. However, the slopes for the two 
plots, -9.70 (a) and -7.71 ( u + ) ,  imply to us that both 
processes used as reference for u and cr+ substituent 
constants are such poor models for the heats of hydride 
transfer from BH,CN to dioxolenium ions in sulfolane 
that little structural insight is provided by either correla- 
tion (or many others in the literature, which use these 
parameters as models for drastically different processes 
and conditions than the model  reaction^).^' 
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A more relevant model is Larsen and Ewing's heats 
of ionization of a series of ally1 benzoates in HS0,F to 
produce para-substituted 2-phenyl-4,4- 1,3-dioxoleniurn 
ions.4o Here the correlation for four points is poor 
( r=0 .882)  but at least the slope (-1.23) is more 
comparable to that for hydride transfer to these ions. 
Another relevant property for the formation of non- 
hydrogen-bonded oxonium ions from a neutral precur- 
sor in a high dielectric solvent is the heats of 
methylation of some substituted pyridines by Arnett and 
Reich in ~ulfolane.~' Correlation of AHH-@+) with 
those data for four points (MeO, Me, H, CN) gives 
r = 0.993 with the slope of 0.793. 


As stated above, we consider the excellent correlation 
(r=0.994) in Figure 1 between AHH-(R+) and AG,! 
as strong support for our approach to measurement of 
hydride affinities of carbenium ions. Also interesting is 
Figure 2, where AHH-(R+) for all ten ions in Table 1 
are plotted against AGd3, the energy for converting 
each carbocation ion into its carbanion. Such a process 
is very endergonic. Reduction of these highly stable 
cations to their radicals, AGdl, which are relatively 
much less stable, has a slope of 0.85 versus AHH-(R'), 
showing it to be dominated by the stability of the ion to 
about the same degree as its hydride affinity. However, 


1 i 
4 0  6 0  8 0  100 


AGred( 3) 


Figure 2. AH,-(R+) vs AG,,3 for ions in Table 1 in sulfolane 
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reduction of the radical to the anion, AGdi, is much 
more endergonic and, in fact, is the term that is most 
responsible for the low stabilities of the anions and, 
therefore, the low acidities of their precursors. 
Whatever is the ultimate cause of the great structural 
sensitivity of the carbanion relative to the carbocation, it 
clearly is a general phenomenon for the various types of 
ions in Table 1 since they include some different struc- 
tures from the seven dioxolenium ions. We are 
exploring the generality of this correlation further for a 
variety of other carbocations and carbanions from 
amphihydric precursors. 


CONCLUSION 


We have reported the heats of reaction of a series of 2- 
aryl4,4,5,5-tetramethyl- 1,3-dioxolenium ions with 
sodium cyanoborohydride and their electrochemical 
reduction to their radicals and carbanions. The 
cyanoborohydride results are treated as hydride affinities 
of the carbocations and compared with other criteria of 
carbenium ion stabilities. 
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