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Substituent effects on the 13C NMR spectra of 4-aryl-2,6-diphenylpyrylium and l-methyl-4-aryl-2,6- 
diphenylpyridinium perchlorates and 4-aryl-2,6-diphenylpyridines were investigated. The dual substituent 
parameter approach indicates that the resonance contribution to the carbon chemical shifts in the para position 
to the substituent in the 4-aryl moiety is comparable to that for 4-R-biphenyls. Although heterocyclic moieties 
jointed at the para position with respect to the substituent in the 4-aryl group differ in their deactivating power, 
they diminish the resonance term to the same extent in each series. This may result in conformational variations 
of the compounds studied. AM1 calculations were used to explain the chemical shifts observed. 


INTRODUCTION 


Although 1 ,Cdisubstituted benzenes have been widely 
discussed based on structure-reactivity relationships, 
those carrying bulky electron-accepting groups have 
received considerably less attention. Recently, we 
presented a comparative multinuclear magnetic 
resonance study on 2,4,6-triarylpyrylium and l-methyl- 
2,4,6-triarylpyridinium perchlorates and related 
pyridines3 which formally can be treated as 1 ,Cdisubsti- 
tuted benzenes. 


The I3C NMR spectra of some 1-substituted 2,4,6- 
triarylpyridinium salts4- ’ and 2,6-diarylpyrylium 
cations’ have been discussed. However, no attention has 
been paid to the transmission of substituent effects. 
Because of the great importance of 4- (4-R-phenyl)-2,6- 
diphenylpyrylium and l-methyl-4-(4-R-phenyl)-2,6- 
diphenylpyridinium salts and 4-(4-R-phenyl)-2,6- 
diphenylpyridines from syntheticg and physicochemical 
points of view,lO-” it seems worth analysing the substi- 
tuent effect on the basis of 13C NMR spectroscopy. 
Consequently, 35 compounds were chosen as suitable 


* Author to whom correspondence should be addressed. 


models to investigate this problem. Simultaneously, an 
AM1 study was undertaken in order to explain the 
variations in the carbon chemical shifts. 


EXPERIMENTAL 
The I3C NMR spectra of approximately 0.12 M solu- 
tions in DMSO-d, were recorded at 20°C on a Varian 
Gemini 200 spectrometer in the Fourier transform mode 
at 50 MHz. DMSO-d6 was used as an internal lock, and 
chemical shifts (6, ppm) refer to its central peak 
(39.50 pprn). The spectral width was 10 000 Hz with 
32K data points giving a digital resolution of 0.6 Hz per 
point. The pulse width of 3.3 ps (90”) was used with a 
0.970 s acquisition time. The precision of the carbon 
chemical shifts was estimated to be ltO.015 ppm. 
Proton broadband (BBP) and DEFT spectra” spectra 
were recorded. 


All compounds studied were grepared and purified 
according to literature procedures. ,lo 


The AM1 semi-empirical calculations were per- 
formed according to Dewar et aZ.I4 using the AMPAC 
Program Package (Version 3.01) with complete 
geometry optimization. 
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RESULTS AND DISCUSSION 
The selected "C NMR chemical shiftsI5 of 4-(4-R- 
phenyl)-2,6-diphenylpyrylium perchlorates (series l), 
4- (4-R-phenyl)-2,6-diphenylpyridines (series 2) and 1- 
methyl-4-(4-R-phenyl)-2,6-diphenylpyridinium per- 
chlorates (series 3) are reported in Table 1. The I3C 
NMR spectra of some compounds studied have been 
measured's6 for a variety of solvents, high concentra- 
tions and temperatures with an insufficient set of 
substituents, and are therefore not appropriate for a 
quantitative evaluation of electronic interactions. These 
inadequacies were avoided in the present work. 


series 1 
R 
14 5q: 6 


x = o+ao,- 


series 2 


X = N  


In the pyrylium , pyridinium and pyridine moleties , 
unlike the benzene ring, the heteroatom acts as a func- 
tional centre and being an electron-withdrawing group 
polarizes the ring towards itself, both inductively and 
mesomerically. Since pyrylium and pyridinium cations 
and also pyridine itself are isoelectronic with benzene, 
an interesting comparison can be made between the 13C 
NMR chemical shifts of the series studied and those of 
mono- and 1,4-disubstituted benzenes. 


Reasonably good correlations were obtained for the 
ring B carbon chemical shifts of the compounds studied 
and those of monosubstituted benzene~'~*'' (Table 2). The 
influence of 2,4,6-triphenylpyrylium and -pyridinium and 
pyridine moleties on the chemical shifts of C-1 is shown 
in Figure 1, where they are plotted against those of the 
corresponding monosubstituted benzenes. As seen, the 
cross-correlation obtained for 4-R-biphenyl derivatives '' 
differs from those for series 1-3. 


We therefore attempted to group the chemical shift 
values for series 1-3 into two sets: the first including 
electron donors and hydrogen and the second including 
electron acceptors and hydrogen. This indicates that the 
ability of electron-donating substituents in the systems 
studied to influence the chemical shifts under considera- 
tion is more important than that for electron-withdrawing 
groups. For biphenyls (all substituents included) the 
correlation parameters are as follows: slope, A = 1.98 
(*0.58); intercept, C = 112.7 (k3.3); correlation 
coefficient, R = 0.999; standard deviation, s = 0.310; 
number of points, n = 11. The slope reflects the larger 
electronic interaction of the substituent occurring in 
biphenyls than in the compounds investigated. 


The chemical shifts of C-1 (ring B) depend linearly on 
the oP+ parameters. The results are as follows: A = 7.88 
(*0.66), C=131.1 (*0.4), r=0.970, s =  1.489, n =  11 
(series 1); A = 10.60 (+1.62), C =  136.6 (*0.6), 
r=0.942, s =  1.979, n = 13 (series 2); and A = 8.19 
(*0.5), C =  132.3 (*0.4), r=0.983, s =  1.173, n =  11 
(series 3). The fairly comparable slopes of the correla- 
tions for series 1 and 3 and those for monosubstituted 
benzenes ( A  = 8.47, n = 14)'.2r16 and biphenyls ( A  = 9.59, 
n =  12)" suggest similar substituent effects in all the 
series considered. 


Table 1. "C NMR chemical shifts (6, ppm) of heteroaromatic ring A and benzene ring B (series 1-3) 
~~ ~~ ~ 


Series 1 Series 2 Series 3 


Compound Carbon A B A B A B N + -Me 


169.99 
115.09 
165.10 


169.58 
114.25 
164.63 


165.04 
112.90 
158.92 


133.33 
129.77 
129.59 
134.88 


129.37 
129.87 
130.23 
146.77 
2 1.07 


118.13 
133.21 
109.43 
155.88 
39.78 


156.43 
116.42 
149.46 


156.44 
116.18 
149.34 


155.98 
114.67 
149.07 


137.63 
127.16 
129.01 
128.54 


134.69 
127.10 
129.63 
138.92 
20.77 


124.02 
127.52 
111.94 
150.79 
39.05 


156.31 
124.44 
154.04 


156.24 
12444 
153.89 


155.23 
121.48 
153.26 


133.21 
128.28 
130.01 
131.85 


130.31 
128.30 
130.01 
142.56 
20.78 


118.53 
129.81 
111.90 
152.97 
39.03 


45.19 


45.16 


44.03 


(continued) 
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Table 1. Continued 


Series 1 Series 2 Series 3 


Compound Carbon A B A B A B "-Me 


(d) NMe; 


(e) OMe 


( f )  SMe 


(9) CF3 


(h) F 


(i)  CI 


c i )  Br 


(k) C0,Me 


(I) CONH, 


(m) NO, 


No compound 


168.67 
113.02 
163.48 
55.88 


169.11 
113.58 
163.57 
13.76 


170.66 
116.28 
163.71 
123-37 


169.89 
114.83 
163.74 


170.00 
115.10 
163.70 


170.09 
115.01 
163.82 


170.39 
115.78 
165.99 
164.05 
52.08 


56.51 
124.11 
132.68 
115.29 
165.70 


127.71 
130.12 
125.58 
150.18 


136.34 
130.34 
127.63 
133.42 


128.33 
132.93 
116.76 
166.19 
129.90 
131.80 
131.50 
131.50 
131.17 
131.45 
132.55 
128.34 
135.66 
129.59 
128.39 
135.92 


No compound 


138.13 
170.80 131-00 
116.46 123.98 
163.20 15044 


157.02 
116.95 
148-04 


156.33 
115.77 
148.94 
55.20 


156.51 
116.04 
148.80 
14.42 


156.62 
116.72 
147.95 
124.08 


156.41 
116.25 
148.28 


156.50 
116.25 
148.06 


156.55 
116.26 
148.18 


156.65 
116.71 
148.23 
165.91 
52.29 


156.55 
116.51 
148.33 
166.75 


156.67 
116.74 
147.14 


139.47 
129.56 
121.41 
147-72 


129.73 
128.46 
114.36 
160.25 


133.86 
127.65 
126.03 
140.06 


141.71 
128.17 
125.65 
129.78 


134.01 
129.13 
115.67 
167.78 


136.37 
128.83 
129.05 
134.05 


136.78 
129.14 
131.83 
123.79 
142.15 
127.44 
129.74 
130.04 


141.63 
127.33 
129.71 
131.23 


143.96 
128.57 
123.79 
147.74 


No compound 


156.03 
123.72 
153.43 
55.54 


156-33 
124.22 
153.33 
13.97 


156.57 
125.73 
152.46 
123.54 


156.29 
124.83 
152.85 


156.46 
125.06 
152.72 


156.49 
125.02 
152.84 


156.53 
125.56 
152.70 
165.31 
52.16 


125.15 
130.38 
114.93 
162.73 


129.06 
128.87 
125.80 
144.80 


137.28 
129.22 
125.84 
131.41 


129.71 
131.06 
116.28 
164.38 
132.12 
130.28 
129.37 
137.17 


132.50 
130.41 
132.34 
126.14 
137.45 
128.72 
129.67 
132.18 


No compound 


139,28 
156.64 129.85 
125.98 123.85 
151.71 149.14 


44.98 


44.64 


45.38 


45.45 


45.46 


45.48 


45.44 


45.52 
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Table 2. Correlations* between the I3C NMR chemical shifts of the benzene ring B for series 1-3 and those for monosubstituted 
benzenesI6 


Series Carbon A (*a) Exptl. Calcd n r S 


1 C-lb 
C-2(6) 
C-3(5) 
c-4 


2 C-lb 
c-I '  
C-2(6) 
C-3(5) 
c-4 


3 C-lb 
C-2(6) 
C-3(5) 
c-4 


1.26 (k0.07) 
1.49 (i0.47) 
1.08 (k0.08) 
0.95 (k0.07) 


1.17 (rt0-06) 
1.04 (k0.12) 
0.93 (k0.12) 
1.04 (i0.03) 
1.07 (k0.03) 


1.26 (k0.08) 


1.11 (i0.03) 
0.97 (i0.04) 


1.35 (kO.01) 


133.33 
129.77 
129.59 
134.88 


137.63 
137.63 
127.16 
129.01 
128.45 


133.21 
128.28 
129.19 
131.85 


133.28 
123.72 
127.38 
134.79 


137.75 
137.52 
127.39 
128.81 
127.80 


133.29 
128.57 
128.81 
131.55 


8 
11 
11 
11 


8 
6 


13 
13 
13 


8 
11 
11 
11 


0.991 0.707 
0.923 0.976 
0.974 1.796 
0.978 2.852 


0.993 0.559 
0.975 0.554 
0.921 0.339 
0.996 0.718 
0.995 1.467 


0.987 0.839 
0.938 0.343 
0.996 0.707 
0.992 1.754 


A ,  slope; a, error of the slope; n ,  number of points; r, correlation coefficient; s, standard deviation. 
Electron-donating substituents and hydrogen were included. 
Electron-withdrawing groups and hydrogen were included. 


160 


150 


140 


130 


120 


110 


110 120 130 140 


Figure 1. Relationship of the carbon chemical shifts (6, ppm) 
of C-1 (ring B) for series 1-3 and 4-R-biphenyls vs those for 
monosubstituted benzenes where +, 0, A and refer to points 


for series 1, 2, 3 and 4-R-biphenyls, respectively 


The dual substituent parameter (DSP)20*21 treatment 
allows the estimation of both inductive and resonance 
contributions to the chemical shifts of C-l (ring B) for 
series 1-3 and 4-R-biphenyls. Correlations were 
carried out using various and no significant 
differences were noted in the values of regression 
parameters, i.e. p, and p R  as well as the goodness of 


The set of nI and oR constants were used and 
data are collected in Table 3. This model explains more 
than 97% of the observed variations in the chemical 
shifts. The results in Table 3 show that the substituent 
chemical shifts are more sensitive to the resonance 
effect than to an inductive influence, and resonance 
contributions are almost most twice as large as inductive 
contributions. However, the increase in both p, and pR 
values in the case of 4-R-biphenyls indicates that the 
carbon chemical shifts are more sensitive to the substitu- 
ent electronic effect than those in the series 1-3. In both 
mono- and 1,4-disubstituted benzenes carrying electron- 
withdrawing groups, the ratio of susceptibility parame- 
ters, 1 = pR/pr, reflects a strong increase in the 
relevance of resonance interactions. Thus, for monosub- 
stituted benzenes (PhR) 1=4 .7 ,  and for 1,4- 
disubstituted benzenes it varies between 3.5 and 8.0, 
being exceptionally high for nitro derivatives ( 17.1).2 
The mean value of 1, calculated from the data in Ref. 2, 
is 5.4 (NO, excluded) or 6.1 (NO, included). Hence 
one would suggest that in the series under study the 
electronic effect of the variable group is suppressed by 
the heterocyclic moiety and the 4-R substituent is not a 
strongly cross-interacting one. 
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Table 3. DSP correlations" of the "C NMR chemical shifts of C-1 (ring B) in series 1-3 and in 4-R-biphenyls (4-BPh)" 


Series PI (*a) PR (*8) c (*c) 1 r S F n 


1 7.94 (kl.27) 15.52 (k0.78) 132.11 (*0.20) 1.95 0.991 0.860 223 11 


3 9.17 (rtO.91) 15.73 (k0.56) 132.75 (rt0.14) 1.72 0.996 0.618 457 11 
4-BPh 15.05 (rt2.89) 27.47 (*1.78) 140.55 (i0.45) 1.85 0.986 1.050 138 11 


2 6.95 (rt1.06) 15.57 (k0.82) 138.01 (k0.19) 2.24 0.988 0.937 205 13 


u,and uR were used as the substituent constants and were taken from Ref. 19. pI and pn are the correlation parameters, C is the intercept; u, b and c 


As seen, the variations of the chemical shifts in series 
1-3 are much less important than those observed in the 
case of 4-R-substituted biphenyls. This is undoubtedly 
due to the electron-withdrawing character of the heter- 
oaryl moiety in the para position to the variable 4-R 
group: Competitive interactions between electron- 
donating substituent and acceptors, such as both charged 
oxygen and nitrogen and the aza atom, result in a 
decrease in the overall substituent chemical shifts 
(SCSs). The true dependence between the electronic 
character and the chemical shift observed seems to be a 
complex relationship involving the type of heteroatom 
and conformational variations [see x-ray results"*I2 and 
AM1 calculations (this work)]. 


The ability of different substituents to delocalize 
the positive charge from the electron-deficient centre 
has been discussed by Farcasiu and Sharma.8 More- 
over, it is well documented that the electron-donating 
property of the group is determined by the electron 
demand from the deficient centre.' In the case of 1,4- 
disubstituted benzenes, the n-electron donation 
increases and n-electron withdrawal decreases when 
the group in the para position becomes increasingly 
z-electron withdrawing.'.I6 The positive charge in 
positions 2(6) and 4 (ring A )  in the series studied 
should increase in the same manner the electron- 
donating property of the substituent. Here, however, 
this may be attributed to the nature of the heteroatom: 
the effect of charge delocalization in the pyrylium 
cation is more evident than in the pyridinium cation. 
Moreover, it seems that anisotropic effects of the 
benzene rings in positions 2(6) contribute to the 
chemical shifts in a way independent of the electronic 
properties of the substituent.' 


In general, quaternization of the pyridine ring nitro- 
gen atom deshields signals of C-3(5) and C-4 more 
strongly than 2(6) signals.16 The relative chemical shift 
differences (CSD) Cor series 2 and 3 can be obtained 
from the data in Table 1.  Thus, the CSDs for C-4 (ring 
A) are almost constant (4.6 ppm) except for R = NMe, 
(4.1 ppm). The corresponding effect is 11.1 p m for 
pyridine itself and I-methylpyridinium cation.86 The 
largest CSD is observed for C-3(5) varying from 
6.8 ppm (R = NMe,) to 9.3 ppm (R = NO,). In case of 
C-2(6) the effect is almost vanishing. Calculations of the 


C-N bond order changes indicate the increase in the 
charge density variations and decrease in the total n- 
bond order change on going from pyridine to phenyl- 
pyridine. This reinforces the decrease in the low- 
frequency shift of C-2(6) and indicates that 4-R-phenyl 
groups modify the sensitivity of the ips0 carbon chemi- 
cal shift to the substituent effect similarly in a charged 
system such as series 3. 


A comparison of the I3C NMR chemical shifts for the 
parent compounds, la-3a (Table l ) ,  with those of 
unsubstituted pyrylium and N-methylpyridinium cations 
and pyridine,16 respectively, indicates that in the case 
studied the signals of C-4 and C-2(6) are in a downfield 
position except those for C-2(6) in 3a; nonetheless, it is 
well established that the electron deficiency is the 
highest for unsubstituted compounds.2*8.18 The corre- 
sponding downfield shifts for C-4 are 4, 14 and 20 ppm 
for la, 2a and 3a, respectively. This seems to reflect 
variations in the twist angle of the benzene rings in 
positions 4 and 2(6). 


Experimental chemical shifts are frequently related to 
the calculated changes in electron den~ity. '~ In our 
study, the calculations allow a better insight into the 
extent of the substituent effect in the case of the parent 
compounds l a  and 2a as well as l-methy1-4-aryl-2,6- 
diphenylpyridinium cations (series 3). For this purpose 
the AM1 formalismI4 was employed in the present 
work. Bond lengths and valence angles were fully 
optimized. Table 4 gives selected results of those 
calculations. 


Palmer et ~ l . * ~  found that the valence electron distri- 
bution in the pyrylium cation indicates a slight negative 
charge at the oxygen and a higher positive charge at C-2(6) 
than C-4. The major part of the positive charge is localized 
on hydrogen atoms. Calculations performed here support 
this and show that the coplanar structure of la is about 
1.5-2.0 kcalmol-l higher in energy than the twisted 
structure. Thus, the resonance structures based on the 
polarization of the n-electrons alone provide an inadequate 
picture of the pyrylium moiety. It should be mentioned 
that Fromberz and HeilemannZ found from MNDO 
calculations that both rings in l-methyl-4-(4'- 
dimethylaminopheny1)pyridinium tetrahoroborate are 
twisted by 49" and 84% of the positive charge is in the 
pyridinium moiety. Inspection of the carbon chemical shifts 
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Table 4. The AM1 calculation results for 2,4,6-triphenylpyrylium perchlorate (la), 2,4,6-triphenylpyridine (2a) and l-methyl-4- 
aryl-2,6-diphenylpyridinium perchlorates, series 3 


Net charge (a.u.) 


Ring A Ring B 


No. c-3 c-4 o +/N/N “-Meb c- 1 c-4 ac Bd d‘ 
~ 


l a  
2a 
3a 
3b 
3c 
3e 
3f 
3g 
3h 
3i 
3k 
3m 


0.2374 
0.1654 
0.1596 
0.1620 
0.1822 
0.1683 
0.1637 
0.1535 
0.1613 
0.1589 
0.1543 
0.1662 


-0.1808 
-0.0038 
-0.1 179 
-0.127 1 
-0.1527 
-0.1330 
-0.1242 
-0.1019 
-0.1189 
-0.1149 
-0.1055 
-0.1 110 


0.0735 
0.1237 
0.0437 
0.0451 
0.0607 
0.0497 
0.0464 
0.0374 
0.0392 
0.0376 
0.0345 
0.0772 


- 
- 


0.1262 
0.1258 
0.1242 
0.1247 
0.1257 
0.1282 
0.1307 
0.1311 
0.1322 
0.1325 


0.1314 
0.0503 
0.1178 
0.1289 
0.2039 
0.1672 
0.1366 
0.0847 
0.1364 
0.1183 
0.0870 
0.0723 


0.0630 
0.1208 
0.0758 
0.0046 


-0.1934 
-0.1557 


0.1535 
0.1186 


-0.1555 
0.0093 
0.061 1 
0.0934 


34.1 19-2 
40.7 43.9 
34.8 61.4 
33.2 61.6 
24.1 62.1 
30.7 62.2 
32.1 61.6 
37.5 61.3 
34.0 61.3 
34,7 61.2 
36.9 61.2 
38.9 59.2 


1.447 
1.451 
1.452 
1.450 
1.434 
1.445 
I448 
1.455 
1.450 
1.452 
1.455 
1.457 


a Means net charge for 0 +, N and N + atoms for pyrylium cation, pyridine and pyridinium cations, respectively. 
’The same for the carbon of the N + -Me group. 
‘Twist angle between rings A and B. 
‘Twist angle between rings A and C. 
‘(2-4 (ring A)-C-I (ring B) distance. 


indicates that there is more positive charge in the heteroaryl 
moiety of la-3a than in the benzene ring in position 4. 


Calculated net charges (Table 4) explain the variations 
in the chemical shift values. Thus, for position 4 (ring A) 
the positive charge changes in order la>3a>2a that 
follows the chemical shift variations.’ Moreover, since 
AM1 calculations show in fact a slight excess charge 
density at position 4 (ring B) and a high positive charge 
at position 4 (ring A) for series 3, this means that the 
transmission of the substituent effect in the charged 
system cannot be overestimated in the solution. 


In case of the parent compounds la-3a, a downfield 
shift for C-4 (rings A and B) and an upfield shift for C-1 
(ring B) is observed as compared with that for 4-R- 
biphenyls.I8 Thus, the largest downfield effect means the 
strongest localization of the positive charge in case of 
the pyrylium cation, la,  according to the AM1 calcula- 
tions. For 2,4,6-triphenylpyridine C-4 resonates at 
129.2 ppm, this value being the nearest to biphenyl 
(128 ppm).16 However, the magnitudes of net charge for 
the parent molecules for heteroatom: N + < 0 + < N may 
result in an orientation of the 4-R-substituted and 2(6) 
benzene rings against the heteroaryl moiety. The two 
angles are not equal, and are different for the particular 
series studied. Small torsional angles between the 
benzene rings in positions 2(6) and the pyrylium ring 
were confirmed to appear in the molecule on the basis of 
x-ray measurements in case of series 1.” Hence one 
would suggest that the chemical shifts studied reflect the 
complex effects involving both the heteroatom influence 
and conformational variations. 


The experimental chemical shifts of C-1 for series 3 
(ring B) have been related to the calculated net charges. 
Thus, there is a linear relation of the I3C NMR data for 
carbons in that position, covering a range of 28 ppm and 
a total representation of substituents required for the 
description of the substituent effect by means of the 
similarity model” vs net charge values (Aqc)  for those 
carbon atoms. The correlation results are r=0.998, 
s = 0.440, n = 10. The slope is equal to 156.65 (k3.71) 
ppm per electron. The correlation results for the carbon 
chemical shifts of C-3(5) (ring A) are worse and only 
75% of the observed variations in chemical shifts may be 
verified by use of the net charge data When the most 
deviating point, i.e. R = NO,, is excluded the results are 
A =  147.29 (*5.11), r=0.996, s=0-125, n = 9 .  Hence 
the chemical shifts considered appear to be a quantitative 
indicator of the charge distribution in the system studied. 


A comparison of C-4 chemical shifts (ring A, series 
3) and charge densities clearly shows that the extent of 
conjugative interaction is a function of the relative 
orientation of the benzene ring considered and the 
electron-deficient centre.8 This must be taken into 
account for the evaluation of the electronic effect of 
phenyl and 4-aryl groups. The deviation from the 
coplanarity decreases the conjugation in biphenyls‘’ and 
influences the solvolysis rates of some 4-substituted aryl 
halidesz6 In this study, the differentiation of the 
electron-donating ability is clear for pyrylium cations 
(Ad =6.18 ppm) and much less clear for series 2 
(2-32 ppm) and series 3 (2.33 ppm) and also biphenyls 
(2.40 pprn).’ 
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It seems that the electron-donating or -accepting 
ability of the 4-aryl group quantified in terms of their 
13C chemical shifts is due to changes in the total electron 
density induced in the heterocyclic ring as a site probe. 


The calculated twist angles, a, and bond distances, d ,  
(see Table 4) between 4-aryl and pyridinium moieties 
(series 3) follow the electronic character of substituent. 
Thus, smaller angles were found for electron donors and 
larger angles for electron acceptors. On the other hand, 
both the C-4 (ring A)-C-1 (ring B) bond distance and 
twist angle increase, resulting in a downfield shift on 
going from NMe, to NO,. The magnitude of the twist 
angle indicates the decrease in the electronic competi- 
tions in the case of electron-withdrawing groups. 


Conformational preferences of both the aromatic and 
heteroaryl rings in the series studied could be explained 
by the available experimental gas-phase data for 
biphenyl derivatives without ortho sub~tituents.~' Thus, 
gas-phase electron diffraction results show that the 
sensitivity of the twist angle to the substituent effect is 


The average torsion angle about the central 
C-C bond is 44" whereas in the solid state it is close to 
0". Small variations of the calculated twist angle for the 
compounds studied seem to be in a fairly good agree- 
ment with the results given above. Moreover, it was 
stated that in series 1 both 2(5)-phenyl and 4-aryl 
groups interact sterically with 3 (5)-hydrogens (ring 
A)." Based on the x-ray data such an interaction is less 
important for series 2 and 3 because of the deviation of 
their molecules from planarity.', 


Owing to the electron-donating character of the 
phenyl group itself, there is an effective interaction 
between the 4-aryl and 1 -methylpyridinium moieties 
(series 3). Hence the observed relative displacement of 
the I3C SCSs of the 1-methyl function can be attributed 
to the long-range transmission of the electronic effect. 
The trend is quite quantitative as seen by the fit of the 
correlation between the chemical shifts and up+ parame- 
ters ( r  = 0.927)." Thus, NMe, produces the maximum 
upfield and NO, the maximum downfield shift as 
compared with the unsubstituted parent compound 3a. 
The difference in electron density is as large as 0.00735 
electrons and corresponds to a difference of 1.5 ppm 
following the model [for C-1 (ring B) 0.0095 
electrons]. Unfortunately, the charges calculated for the 
nitrogen atom of the "-Me group do not reflect the 
variations in the chemical shifts of the methyl function. 
This may be due to the steric effect of the methyl 
group.'* 


Generally, the AM1 calculations indicate that the 
geometry of the l-methyl-2,4,6-triphenylpyridium cation 
is not appreciably modified by para substituents (ring B), 
even for strong electron-withdrawing or donating groups. 
This is attributed to weak conjugation between the substitu- 
ent and heteroaromatic ring, at least in the ground state. 
The substituent resonance effects are mainly localized 
within the 4-substituted benzene ring, although a shortened 


C-4 (ring A)-C-1 (ring B) bond length could suggest a 
strong resonance interaction between the two rings. How- 
ever, the correlations of the SCSs of the compounds 
studied vs those of monosubstituted benzenes can provide 
useful information on the through-resonance interaction. 
The analysis in terms of the DSP approach shows that 
resonance contributions in the series studied are much less 
significant owing to the twist of two ring planes as stated 
for mone and 1,4-disubstituted benzenes. 


In conclusion, the chemical shifts in the series studied 
reflect the substituent influence modified by geometry 
changes rather than the variations in charge distribution. 
It seems that the results of this work provide a new 
insight into the quantitative nature of electronic interac- 
tions of 1,4-disubstituted benzenes having bulky 
conformationally flexible electron-withdrawing groups. 
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EFFECT OF PRESSURE ON PROCESSES MODELLING THE 
MAILLARD REACTION 


NEIL s. ISAACS* AND MARK COULSON 
Department of Chemistry, University of Reading, P.O.B. 224, Reading RG6 6AD, UK 


The Maillard reaction between tryptophan and glucose or xylose was studied as a function of pressure. Using 
model reactions, volumes of activation for the formation of the intermediate imine and the Amadori 
rearrangement and for the decomposition of the aminoketose were measured as -14, 8 and 17 cm'mol-', 
respectively. Pressure therefore accelerates the initial reactions but retards the formation of the final 
heterocyclic products and melanoidins. Oxygen was found to accelerate the latter reaction. 


INTRODUCTION 


Food processing using high pressures (up to about 
6 kbar) is becoming increasingly a commercial 
possibility' and it is therefore important to understand 
how aspects of food chemistry may change under these 
extreme conditions. The Maillard reaction is a complex 
sequence of events beginning with reactions between 
proteins and carbohydrates at temperatures of ca 100 "C 
and above, leading ultimately to a range of products, 
some volatile and others highly complex, which impart 
flavour and colour to cooked foodstuffs.' 


Despite its complexity, the Maillard reaction has been 
studied in some detail in the form of model reactions 
between simple carbohydrates and amino acids and an 
overall scheme due to Hodge and co-workers3 is still 
regarded as the basis of the process. The mechanisms of 
the initial stages are also understood as occumng 
according to Scheme 1. Thus, tryptophan and glucose, 
for example, in water at ca 100°C condense initially to 
form an imine, 1, which rapidly undergoes the Amadori 
rearrangement to the aminoketose 2, existing in various 
tautomeric forms.4 This in turn is degraded to a variety 
of small molecules which are important for flavour 
production. Among these, 5-hydroxymethylfurfural, 
norharman and maltol have been recognized as promi- 
nent while some tryptophan is recovered, although the 
formation of pyrroles, pyrazines and other nitrogen 
heterocyclics account for the loss of some of the amino 
acids. The appearance of a brown colour also signals the 
formation of more complex, possibly polymeric pro- 


* Author to whom correspondence should be addressed. 


ducts ('melanoidins'). Other pathways involving 
intermediates reacting with further carbohydrates or 
proteins, although implicated in cooking of real food 
systems, are probably of only minor importance in such 
a model reaction. 


It has been reported5 that the browning reaction is 
suppressed by pressure but, since there are numerous 
stages involved in the reaction before coloured products 
are formed, few conclusions can be drawn as to the 
reasons for this and accordingly we have examined the 
effect of pressure on the rates of several of the early 
stages in addition to this overall sequence using the 
model reaction between tryptophan and glucose. The 
advantage of using this amino acid is that the indole 
nucleus has a characteristic UV absorption and therefore 
it is easy to identify indole fragments in any of the 
degradation products, many of which have already been 
structurally assigned. 


EXPERIMENTAL 


Preparation of tryptophan methyl ester. ~-Tryp-  
tophan (2-5 g, 12.2 mmol) was added to a solution of 
thionyl chloride (1.1 ml, 15 mmol) in methanol (35 ml) 
and the resulting solution was heated under reflux for 
18 h. After cooling and evaporation of the solvent, a 
white crystalline residue of the ester hydrochloride was 
obtained. This was neutralized in sodium hydroxide 
solution [ 200 ml, 10%) and the ester was extracted with 
chloroform (2 x 50 ml). After drying and rotary evapor- 
ation, a yellow oil remained which crystallised on 
cooling and was recrystallized from diethyl ether, m.p. 
89 "C (lit. 89.5 0C).6 
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Reaction of tryptophan methyl ester with 3-hydroxy- 
benzaldehyde Tryptophan methyl ester (1.0 g, 5 mmol) 
was dissolved in THF (5 ml) and 3-hydroxybenzalde- 
hyde (0.61 g, 5 mmol) was added. The solution was 
allowed to stand overnight and the solvent was evapor- 
ated under vacuum to leave a yellowish oil, which 
resisted attempts at crystallization. The formation and 
identity of the anil, however, were revealed by the mass 
spectrum (chemical ionization), which had a prominent 
peak at m / z  323.1395 which corresponds to MH' 
(theoretical for C19Hl,N,03 = 323.1395). 


Preparation of I - (N-L-tryptophany1)-1 -deoxy-o-fruc- 
tose7 D-Glucose (10.0 g, 55.6 mmol) and L-tryptophan 
(1.2 g, 5.9 mmol) were dissolved in methanol (250 ml) 
and the solution was heated under reflux with stirring 
for 4.5 h. The resulting brown solution was concen- 
trated by rotary evaporation to 50 ml and diluted with 
water (8 ml). This solution was applied to a preparative 
column (340 x 44 mm i.d.) packed with Merck Avicel 
microcrystalline cellulose and the product was eluted 
with water saturated with n-butanol. Aliquots (25 ml) 
were collected and cooled to O"C, from which solid 
product was filtered and recrystallized from methanol, 
m.p. >140"C (decomp.). This probably contained 
several tautomers, as shown by Yaylayan and F ~ r a g e . ~  
The mass spectrum (chemical ionization) showed a 
molecular ion at m / z  367.1509 (MH') (theoretical for 
C17H23N,07 = 367.1505). 


ANALYTICAL METHODS 
High-performance liquid chromatography (HPLC) was 
used to follow reactions and to estimate quantities of 
products, as follows: Varian Star system fitted with a 
multi-diode array detector (200-400 nm), monitoring 
at 278 nm; automatic sampling; and column, 25 cm 
Nucleosil 120 GA 7 pm NH, at 35 "C. In all cases, 
response factors were determined using solutions of 
known concentration of pure substances. Solvent system 
1 was acetonitrile- 1.36 g dm - 3  aqueous KH,PO, 
(80:20) at a flow rate of 0.7 mlmin" and solvent 
system 2 was methanol-water-1.36 gdm-3 aqueous 
KH,PO, (78 : 28 : 1) at a flow rate of 1.5 mlmin-I. The 
retention times with solvent 1 were tryptophan 12.5 and 
phenylalanine 14.1 min and with solvent 2 tryptophan 
4.5 and Amadori compound 3.7 min. 


High-pressure sampling apparatus 
This consisted of a stainless-steel vessel (300 mm 
long x 60 mm 0.d. x 25 mm i.d.) fitted with a flanged top 
sealed by two O-rings, to which was attached a high- 
pressure valve (Nova Swiss miniature 4 kbar valve) on 
the outside and connecting with a KelF cylinder fitted 
with a piston sealed by two O-rings on the inside. The 
whole was thermostated by a heating coil controlled by a 


proportional controller. At the bottom of the cylinder was 
connected a high-pressure hand pump containing a 1 : 1 
mixture of paraffin oil and light petroleum (b.p. 120°C) 
as pressure-transmitting fluid. The reaction mixture was 
placed in the inner KelF cylinder and pressure was 
applied. Samples were then withdrawn through the valve 
at appropriate time intervals and analysed by HPLC, 
pressure being restored immediately to the cylinder by 
means of the hand pump. Specific rate constants were 
calculated from concentration vs time data using the 
program KINFIT (supplied by Olis Kinfit, On Line 
Instrument Systems, Olis, GA, USA) and were averaged 
over several runs . Volumes of activation were adjusted to 
a standard median temperature (50°C) for comparison 
usingavalueof -dAV'/dT=0.16.* 


Reaction between tryptophan and 3- 
hydroxybenzaldehyde 
A methanolic solution of tryptophan (0.01 M) and 3- 
hydroxybenzaldehyde (0.1 M) was prepared and reaction 
proceeded at 70 "C and at pressures up to 800 bar. Samples 
were taken periodically and analysed by HPLC (solvent 
system l), measuring the disappearance of the tryptophan 
and the appearance of the imine, 3, to obtain pseudo-first- 
order rate constants and a volume of activation according 
to the relationship7 AV* = RTd(ln k)/dp. 


Reaction between tryptophan methyl ester and 3- 
hydroxybenzaldehyde 
In an analogous manner, rates of imine formation 
between the methyl ester of tryptophan and 3-hydrox- 
ybenzaldehyde were measured at pressures up to 
600 bar by sampling and HPLC analysis (solvent 
system 1) . The ester proved more reactive than tryp- 
tophan itself since no zwitterion formation is possible 
and rates were measured at 20 "C. 


Reaction between L-tryptophan and D-glucose 
L-Tryptophan (0.0128 g, 0.063 mmol) and D-glucose 
(0- 1126 g, 0-63 mmol) were dissolved in methanol 
(40 ml) and maintained at 70°C and pressures up to 
600 bar. Samples were removed periodically for HPLC 
analysis (solvent system 2), by which both tryptophan 
and the Amadori rearrangement product could be 
estimated. Pseudo-first-order rate constants were esti- 
mated as usual and the volume of activation evaluated. 


Thermal degradation of 1-{N-L-tryptophany1)-1- 
deoxy-D-fructose 
Solutions of 1 - (N-L-tryptophany1)- 1 -deoxy-D-fructose 
(0.0092 g, 0.02 mmol) were dissolved in water (10 ml) 
and placed in the high-pressure sampling apparatus at 
80°C and at pressures ranging from 1 to 600 bar. 
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Samples were removed at intervals and analysed by 
HPLC for the starting material and tryptophan, per- 
mitting rate constants and the volume of activation to be 
determined. Minor products also appeared, some of 
which could be identified. 


RESULTS AND DISCUSSION 
The data obtained for the various reactions are given in 
Tables 1-4. 


Table 1.  Reaction between 3-hydroxybenzaldehyde (co=O.l M)  
and L-tryptophan (co = 0.01 M) at 70°C in water 


P (bar) 10Sk (min-I) Ln k,, 


1 6.92 i 0.05 0 
200 7.15 0.032 
400 7.57 0.090 
600 8.39 0.192 
800 9.13 0.277 


AV* = - 1 0 c m 3 m o l ~ ' ; A V ' ( 5 0 ) =  -7 cm'mol-'. 


Table 2. Reaction between 3-hydroxybenzaldehyde (co = 0.1 M) 
and tryptophan methyl ester (co = 0.01 M)  at 20 "C in water 


P (bar) lo4 k (min-I) Ln k,, 


1 2 .16i0.05 0 
200 2.59 0-181 
400 2.87 0.284 
600 3.26 0.4 12 


Table 3. Reaction between glucose (co = 0.025 M)  and 
tryptophan ( c ~ ,  = 0.0025 M)  at 70°C in water to form the 


Amadori rearrangement product 


1 4.53 i 0.07 0 
100 4.79 0.056 
200 5.12 0.122 
600 6.43 0.350 


AV' = - 17 cm' mol-'; A V  (50) = - 14 cm3 mol-'. 


Table 4. Thermal decomposition of 1- (N-L-tryptophany1)-1- 
deoxy-D-fructose at 95 "c 


1 3.283 i 0.05 0 
100 3.13 -0.05 
200 2.62 -0,22 
600 2.35 -0.33 


~~ ~ 


AV' = + 17 cm' mol-'; AV* (50) = 20 cm' mol 


The initial step in the Maillard reaction must be the 
condensation of the amino acid in its neutral form with 
the sugar, presumably as the free aldehyde, to form an 
imine. Since all stages of this reaction cannot be 
directly observed, volume changes were estimated 
from model reactions. The discussion below relates to 
volumes of reaction estimated at 50°C. Thus, the 
volume of activation for ring opening of the pyranoside 
(1-2) may be taken as that measured for the 
mutarotation of glucose, A V *  = -15 ~ m ~ m o l - ' . ~  
Condensation between an aldehyde and an amine is an 
associative reaction, a polar carbonyl addition process 
followed by fast elimination, and consequently would 
be expected to show a negative volume of activation 
such as has been observed for oxime formation for 
which a value A V *  = - 1 6 ~ m ~ m o l - l  has been 
recorded." For this stage of the Maillard reaction, the 
volume of activation was estimated using as a model 
system the condensation between 3-hydroxybenzalde- 
hyde and tryptophan methyl ester, for which 
AV' = -21 cm3mol-'. This may be compared with 
the less negative volume of activation for the reaction 
of 3-hydroxybenzaldehyde with tryptophan, A V  * = 
-7 cm3 mol-I, the difference (+ 14 cm3 mol -') being 


attributable to the internal proton transfer of the zwit- 
terionic form of the amino acid, a value which accords 
with charge neutralization". 


The formation of the Amadori product, 4, from 
tryptophan and glucose was directly observed and gave 
an apparent A V *  = -14 cm3mol-'. This is a much 
slower reaction than either ring opening of glucose or 
proton transfer within the amino acid and therefore these 
two steps may be treated as pre-equilibria and, using 
volume changes quoted above, it may be inferred that the 
rearrangement step, the conversion of imine to aminoke- 
tose (3-4), is characterised by a small positive 
activation volume, A V *  = 8 cm3 mol-I. Although there is 
considerable uncertainty in this value owing to the 
approximations used in its assessment, it is reasonable 
that the volume change should be very small for such a 
rearrangement. Overall, therefore, pressure favours the 
formation of the Amadori product. The rates of this 
reaction are sensitive to pH, especially at lower tempera- 
tures, but in our system the initial and final values of pH 
remained close to 7.0. In contrast, the decomposition of 
the preformed aminoketose in water at 100°C was found 
to be retarded by pressure, AV' = 17 cm3mol-' at 95 "C 
(it is not clear which temperature coefficient would be 
appropriate for this reaction). This is a complex process 
and must represent a mean value for several decomposi- 
tion modes. However, whether the decomposition of the 
Amadori compound leads to the formation of 5-hydrox- 
ymethylfurfural, maltole or norharman (4-5,6, etc.) in 
addition to some tryptophan, similar volume changes 
would be predicted since all are fragmentation reactions. 
A comparison might be made with the fragmentation of 
2-methy1-3-bromob~t-2-enoate,~* A V *  = 18 cm'mol-'. 
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Figure 1. (a) Meloidin formation from trytophan and xylose at 8OoC and (m) 800 and (El) 50 bar. (b) Melanoidin formation from 
trytophan and xylose at 80 OC and 1 bar under (m) oxygen and (El) argon atmospheres 


As regards the formation of the melanoidins, we 
have confirmed that pressure retards the development 
of the brown colour measured by absorption around 
400 nm in the reaction between tryptophan and xylose, 
a more reactive sugar than glucose. However, oxygen 
provides a complication. We observe that the develop- 
ment of brown colour is greatly accelerated by the 
presence of oxygen, presumably due to radical oxida- 
tions promoted in the presence of air. When carried out 
in carefully degassed solutions under an argon atmos- 
phere, browning is much slower (Figure 1). 
Nevertheless, further retardation is brought about by 
high pressure. Previous workerst3 had ascribed rate 
constants to these processes and also a volume of 
activation. We find, however, under either oxygen-free 
or oxygenated conditions, that the rate of reaction 
increases with time and leads eventually to precipita- 
tion of dark-coloured solids and therefore no specific 
rate coefficient can be attached to this process and no 
volume of activation other than to affirm that it must be 
positive. It is not unrealistic to consider anaerobic 
processes in relation to food processing since, if high- 
pressure conditions were to be used, it is likely that 
access to oxygen would be very restricted in compari- 
son with normal thermal processing 


In conclusion, the retarding effect of pressure on the 
Maillard reaction as estimated by the formation of the 
brown colour appears to stem from a retardation of the 
decomposition of the Amadori rearrangement product 


whose production is actually facilitated and which 
should therefore tend to accumulate. The volume profile 
of the sequence of reactions is as shown in Scheme 1. 


Further work is in progress to determine the kinetic 
effect of pressure on the individual low molecular 
weight products which determine flavour. 
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THERMAL [2 + 21 CYCLOADDITION OF (2)- [6]PmACYCLOPH-3-ENE 
WITH TETRACYANOETHYLENE 
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TADAHIRO SORORI, KAZUYA KOBIRO,? KIYOMI KAKIUCHI AND YOSHINOBU ODAIFU 
Department of Applied Fine Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565, Japan 


Reaction of (Z)-[6]paracycloph-3-ene (2) with tetracyanoethylene (TCNE) gave a [2 + 21 cycloadduct (4, 
which represents the first example of thermal [ 2 + 2 ]  cycloaddition of a benzene derivative under mild 
conditions. The structure of 4 was confirmed by x-ray crystallographic analysis. Semi-empirical PM3 
calculations and the measurement of the He I photoelectron spectrum of 2 indicated that the ionization 
potential of 2 is considerably lower than that of [6]paracyclophane ( I ) ,  which gave a [4 + 21 cycloadduct (3) 
with TCNE. The unusual pericyclic selectivity and regioselectivity are discussed on the basis of PM3 
calculations. The regioselectivity is ascribed to the higher x bond order of  the bridgehead aromatic bond of 2, 
which is on the same side of the bridge double bond, than that o f  the bond on the opposite side of the bridge 
double bond. 


INTRODUCTION 


[n]Cyclophanes continue to attract much interest from 
the viewpoint of strain and aromaticity relationships. I 
It has been well documented that they exhibit remark- 
ably enhanced reactivity and sometimes undergo 
unusual reactions in electrophilic reactions. I Thermal 
[4 + 21 cycloaddition to electron-deficient olefins and 
acetylenes is one of such reaction studied in detail. 
[6]Paracyclophane (1)’ and [5]metacy~lophane,~ the 
smallest representatives in the para and tneta series 
that are stable at room temperature, and their deriva- 
tives undergo [4 + 21 cycloaddtion with dienophiles 
such as tetracyanoethylene (TCNE), dicyanoacetylene 
(DCNA), and dimethyl acetylenedi~arboxylate.~~~ 
On the other hand, Boekelheide and co-workers6 
reported that, under extremely forcing conditions, 
[26] (1,2,3,4,5,6)cyclophane (‘superphane’) and 
[2,] (1,4)cyclophane ([2.2]paracyclophane) gave 
cycloaddition products with DCNA which were pre- 
sumably derived by initial [2 + 21 cycloaddition. In 
contrast, we described in a preliminary report that 


(Z)-[6]paracycloph-3-ene (2)’ readily underwent 
[2 + 21 cycloaddition under mild conditions.* More- 
over, the reaction took place in a regioselective 
manner, giving the adduct 4 whose cyclobutane ring is 
located on the same side of the unsaturated bridge. We 
report here the structural confirmation of 4 by means 
of x-ray crystallographic analysis and discuss the 
pericyclic and regiochemical selectivity on the basis of 
the semi-empirical molecular orbital calculations. 


RESULTS AND DISCUSSION 


When [6]paracyclophane (1) was mixed with TCNE in 
dichloromethane at room temperature, a blue colour (A,,,, 
590 nm) due to the charge-transfer complex developed. 
The colour gradually disappeared in a few hours to give 
the [4 + 21 cycloadduct 3 as a single product. In contrast, 
although blue colour could be discerned in the reaction of 
cyclophene 2 with TCNE, it disappeared immediately 
(within 1 s). The reaction was completed within 1 min to 
yield [2 + 21 cycloadduct 4 as a sole product. The struc- 
ture of 4 was elucidated on the basis of the ‘H and I3C 
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NMR spectra. The "C NMR spectrum indicates the 
presence of one trisubstituted sp2 (C-10) and five disub- 
stituted (C-3, C-4, C-9, C-11, C-12) sp2 carbons and one 
trisubstituted sp3 (C-8) and three tetrasubstituted (C-7, C- 
13, C-14) sp3 carbons. These data are consistent with 
either [2 + 21 cycloadduct 4 or 5. The structure was first 
deduced to be 4 from the 'H NMR chemical shift.' 
Support for this assignment was obtained from the NOE 
experiments; on irradiation of the signals of H-8 and H- 
9, NOE enhancement was observed for the signals of H- 
4 and H-3, respectively. It should be pointed out that this 
reaction represents the first example of thermal [2 + 21 
cycloaddition of a benzene derivative under such mild 
conditions. Moreover, the reaction took place in a 
regioselective manner, giving 4 whose cyclobutane ring 
is located on the same side of the unsaturated bridge. 


The structure of 4 was further confirmed by x-ray 
crystallographic analysis. The molecular structure is 
shown in Figure 1. The non-bonded distances between 
the bzidge and the sixmeombered ring (C-3-C-9= 
3.10 A, C-4-C-8 = 3.45 A) are longer than that of 
cyclophene 2 (3.03 The dihedral angle between 
the planes C-2-C-3-C-4-C-5 and C-8-C-9-C- 
11-C-12 is 26.50", which is larger than the corre- 
sponding dihedral angle of 2 (17.70°j.7' These 
geometrical differences between 2 and 4 are ascribed to 
the pyramidalization of C-7 due to the rehybridization 
from sp2 to sp'. Considerably long bond distances are 
observed arqund the cyclobutane ri2g (C-7-C- 


14 = 1.596 A), indicating that strain is concentrated 
around the cyclobutane ring. The torsion angle of the 


13 = 1.606 oA, C-8-C-14= 1.592 A, C-13-C- 


1 2 


CN 
NC 12 


CN 


NC CN CN 


3 4 5 


Figure 1. ORTEP drawings of [ 2 +  21 cycloadduct 4. (a) Side view. (b) Top view. 
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cyclobutane ring, however, is normal; the dihedral angle 
between the planes C-7-C-8-C-14 and C-7-C- 
13-C-14 is 29.40". 


The 'H NMR spectrum of 4 did not show a tempera- 
ture dependence (-80 to 100 "C), nor was isomeriz- 
ation observed when a solution of 4 was heated in 
toluene-d, at 100 "C for 5 h. Prolonged heating or 
higher temperatures resulted in substantial decomposi- 
tion of 4. The experimentally determined barrier for 
the conformational inversion of bridge in 2 is 
A@ = 24.6 kcal mol-'.7b,c Intuitively, it seems unlikely 
that the barrier of the flipping of 4 is larger than that of 
2, because one of the bridgehead sp2 carbons of 2 
rehybridized to an sp3 centre. Although we do not fully 
understand the discrepancy, one possibility lies in the 
difference is the isomerization mechanism; cyclophane 2 
is capable of isomarizing through C-C bond cleavage 
and subsequent recombination of the benzyl/allyl 
diradical intermediate in analogy with the isomerization 
of [2.2]paracyclophane system,' while such isomeriz- 
ation mechanism of 4 is less likely. These results 
indicate that the barrier for the conformational change 
(syn-ariti isomerization) in this system is high and, 
therefore, the predominant formation of 4 is a result of 
kinetic control. Indeed, the heats of formation 
estimated by MM2 calculations for the model hydro- 
carbons 6 [62.8 kcal mol - '  (1 kcal = 4.184 kJ)] and 7 
(62.6 kcal mol-I), which correspond to the respective 
[2 + 2 ]  adducts 4 and 5 ,  are almost identical. [ 4 + 2 ]  
Cycloaddition, if it took place, should be ther- 
modynamically favoured since the calculated heat of 
formation of the [4 + 21-type hydrocarbon 8 
(51.2 kcal mol-I) is much less than those of 6 and 7. 


In order to obtain insight into the unusual reactivity 
of 2, i.e. the mode of cycloaddition ([2 + 21) and 
regioselectivity (syn to the bridge), semi-empirical 
molecular orbital calculations (PM3)'" were undertaken. 
The geometries and energies of 2 and those of 1 
previously reported4' are given in Table 1. As can be 
seen, the calculated deformation angles ( a  and p )  of 2 
are larger than those of 1 in accord with the experimen- 
tal results obtained from the x-ray analyses of their 
derivatives. l e  The calculated ionization potential of 2 is 
lower than that of 1 by 0.12 eV, probably owing to the 
larger distortion in the aromatic ring of 2. There seems 
to be no significant interaction between the aromatic 
ring and the bridge double bond. To confirm these 


6 7 8 


Table 1. PM3-calculated geometries, heats of formation and 
orbital energies and observed ionization potentials of 


cyclophanes 1 and 2 


Parameter 1 2 


bending angle a ,  (") 23.2" 25.4 
bending angle /? (") 16.8a 19.3 
AH; (kcal mol-I) 30.9a 60.6 
Orbital energies (eV): 


E l  8.11a 8.65 
E 2  9.51" 9.52 
E3 - 9.92 


I",' 8.Wh 1.16 
I,,,, 8.80h 8.58 
I , , , ,  - 9.32 


Ref. 4b. 
Ref. 12. 


Ionization potentials (eV): 


predictions, we recorded the He I photoelectron (PE) 
spectrum of 2. The PE spectrum of 2 (Figure 2) shows 
three bands in the low-energy region. To assign these 
bands to individual transitions, we compared them with 
related species and made use of Koopman's theorem, 
which allows one to correlate the measured vertical 
ionization energies, Zv,j,  with the calculated orbital 
energies. The proper PE data for comparison are those 
of cyclohexene (9.12 eV)" for the olefinic double bond 
and [6]paracyclophane (1) (8.00, 8.80 eV) for the 
aromatic bonds.'* This comparison suggests the assign- 
ment of the first two bands to ionization from the 
benzene unit and the third band to the ionization from 
the double bond. In line with this interpretation are the 
results of  SCF calculations using the PM3 method 
(Table 1). 


It has been well documented that thermal [ 2 + 2 ]  
cycloaddition of olefins with electron-deficient olefins 
takes place through zwitterion intermediates which are 
formed by coupling of radical ion pairs generated by 
initial one-electron transfer." In view of the low 
ionization potential of 2, we assume first that the 
[2 + 21 cycloaddition of 2 with TCNE proceeds through 
a zwitterion intermediate 9. If this were the case, it 
might be possible to explain the regioselectivity of the 
cycloaddition in terms of the charge distribution in 9. In 
this context, we estimated by PM3 calculations the net 
charge distribution of the model benzenonium ions 10 
and 11 which are to be formed by protonation of the 
bridgehead carbon of 1 and 2, respectively (Table 2). In 
the cation 11, the net charge of C-8 and C-9, whizh are 
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Figure 2. Photoelectron spectrum of 2. 


on the same side of the bridge, is same as those of C-11 
and C-12, which are on the opposite side of the bridge. 
Moreover, the charge distribution of 11 is almost the 
same as that of 10, indicating little interaction between 
the benzenonium ion part and the bridge double bond of 
11. This is probably due to the unfavourable geometry 
for the two x systems to interact because of the 
pyramidalization of the bridgehead carbon (C-7), as 
suggested from the structure of the [2 + 21 cycloadduct 
4. The above results indicate that the regioselectivity 
should be determined during an earlier stage of the 
reaction. 


Table 3 lists PM3-calculated bond lengths and n 
bond orders of the aromatic ring of 1, 2, and 
[5]paracyclophane (l2)I4 The reported geometries of 


7 


10 
9 


> 
11 


Table 2 PM3-calculated net charge distributions of 
benzenonium ions 10 and 11 


Net charge 


Compound C-7 C-8 C-9 C-10 C-11 C-12 


10 -0.09 0.13 -0.17 0.28 -0.17 0.13 
11 -0.08 0.13 -0.17 0.28 -0.17 0.13 


l I 5  and 1215b.'6 calculated by the ab iriitio methods are 
also listed. Inspection of these data shows that the bond 
lengths of the [rz]cyclophanes are closely related to the 
symmetry of the molecular framework. Namely, in the 
case of 2 and 12 having C, symmetry, the bond lengths 


Table 3. PM3-calculated bond distances and n bond orders of 
the aromatic rings of cyclophanes 1 ,  2, and 12 


Aromatic bond 


Compound a b C d e f 


Bond length (A) 
1" 1.401 
l h  1.398 
2 1.401 
12 1.404 
12' 1.392 


1" 0.424 
2 0.430 
12 0.426 


n Bond order 


1.388 
1.392 
1.389 
1.390 
1.401 


0.498 
0.497 
0.505 


1.402 1.401 
1.399 1.398 
1.401 1.405 
1.404 1.409 
1.392 1,409 


0.422 0.424 
0.430 0.403 
0.426 0.386 


1.388 1.402 
1.392 1.399 
1.384 1.405 
1.383 1.409 
1.384 1.409 


0.498 0.422 
0,525 0.403 
0.552 0.385 


Ref. 4b. 
Ab iriirio calculations using double-zeta basis set.'5J 


' Ab iriirio calculations using double-zeta basis set.'6h 
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of the bridgehead aromatic bonds (a and c) on the left 
side of the molecule are shorter than those of bonds d 
and f on the right side, although the difference is 
relatively small. On the other hand, in the case of 1 with 
C 2  symmetry, the bond lengths of the bridgehead 
aromatic bonds are almost identical. This trend is also 
found in the geometries of l I 5  and 12i5b.16 obtained by 
ah initio calculations. We noticed that the in balance 
between the left and right sides of the molecule is 
greater for the n bond orders of the bridgehead 
aromatic bonds of 2 and 12, i.e. the n bond orders of 
bonds a and c of 2 are larger than those of bonds d and 
f. Since the imbalance in the n bond orders of 
[5]paracyclophane (12) is greater than that in 2, we 
ascribed it to the symmetry of the molecular framework 
rather than the interaction between the n orbitals of the 
aromatic ring and the bridge double bond. Thus the 
formation of the charge-transfer complex between 
the electron-deficient olefin (TCNE) with 2 would be 
kinetically more favoured when TCNE approaches the 
bridgehead bonds with stronger double bond character. 
Consequently, we deduce that the regioselectivity 
observed in the cycloaddition of 2 with TCNE is due to 
the kinetically favoured geometry of the n complex 
formed during an early stage of the reaction. 


EXPERIMENTAL 


Reaction of [6]paracyclophane ( I  ) with TCNE. To 
a solution of 120 mg (0.94 mmol) of TCNE in 12 ml 
of dichloromethane was added a solution of 1 (50 mg, 
0.31 mmol) in 0.3 ml of the same solvent under 
nitrogen. The solution turned blue immediately after 
addition of 1, and the blue colour then gradually 
disappeared. The solution was stirred at room tempera- 
ture for 3.5 h and the solvent was evaporated. 
Recrystallization of the residue from diethyl 
ether-dichloromethane gave 54 mg of the adduct 3. An 
additional amount of 3 was obtained from the mother 
liquor by preparative TLC to furnish a total of 71 mg 
(80%) of 3, m.p. 196-198 "C (decomposition). 'H 
NMR (CDCI,), 6 6.25 (d, J = 6  Hz, 2H), 4.09 (dd, 
J = 6 ,  2 Hz, 2H), 2.38 (dt, J =  11, 2 Hz, 2H), 2.2-1.6 


(DMSO-d6), 6 154.4 (s), 124.9 (d), 113.4 (s), 113.3 
(s), 49.5 (d), 44.3 (s), 35.6 (t), 29.1 (t), 25.6 (t); IR 


(m, 6H), 1.2-0.7 (m, 2H), 0.2-0.2 (m, 2H); I3C NMR 


(KBr) 2250, 895, 850, 685 cm-'; MS, m / z  (relative 
intensity, %) 288 (M+, lo), 160 (26), 104 (100). 
Analysis calculated for ClxH16N4, C 74.97, H 5.59, N 
19.43; found, C 74.89, H 5.60, N 19.41%. 


Reaction of [6]parucycloph-3-ene (2) with 
TCNE. To a solution of 77.2 mg (0.60 mmol) of 
TCNE in 8 ml of dichloromethane was added a solution 
of 2 (30.3 mg, 0.19 mmol) in 0.3 ml of the same 
solvent under nitrogen. A blue colour appeared, but it 


immediately disappeared. The solution was stirred at 
room temperature for 30 min and the solvent was 
evaporated. Recrystallization of the residue from 
diethyl ether-dichloromethane gave 40 mg (73%) of 
the adduct 4, m.p. 183-185 "C (decomposition). 
Attempted chromatography resulted in partial decom- 
position of 4. IH NMR (CDCI,), 6 6.46 (d, J = 9.9 Hz, 
lH), 5.84 (dd, J=9.9,  1.5 Hz, lH), 5.66-5.60 (m, 
lH),  5.17-5.10 (m, lH),  4.89 (d, J = 7 . 0  Hz, lH), 
3.73 (dd, 5=7.3,  1.8 Hz, lH), 2.57-2.53 (m, lH),  
2.3-2.0 (m, 6H), 1.86-1.81 (m, 1H); I3C NMR 
(CDCI,) 6 143.1 (s), 136.7 (d), 133.4 (d), 128.9 (d), 
124.9 (d), 112.6 (d), 110.6 (s), 109.5 (s), 109.2 (s), 
108.2 (s), 51.9 (s), 48.9 (t), 45.6 (s), 39.2 (s), 37.8 
(t), 346 (t), 26.5 (t), 23.6 (t); IR (KBr), 2230, 855, 
780, 705 crn-'; MS, m / z  (relative intensity, %) 286 
(M+, 13), 158 (22), 104 (100). Analysis calculated for 
ClxH14N4, C 75.50, H 4.93, N 19.57; found, C 75.29, 
H 4.94, N 19.29%. 


X-ray crystal structure analysis of 4. Crystal data: 
CixH14N4, M,? 286.34, triclinic,o space group P J ,  
a=9.722(3) A, h= 11.691(3) A, c=7.445(2) A, 
a=95.14(2)o,o p =  109.99(2)", y=85.35(2)", 
V=790.9(4) A,, D c =  1.202 gcm-3, Z = 2 .  Diffraction 
intensities were measured using a collodion-coated 
crystal (0.13 x 0.13 x 0.25 mm) on a Rigaku AFC5R 
diffractometer with graphite monochromated Mo Kcc 
radiation. A total of 2967 reflections were collected up 
to 20=50.00°, among which 2788 were unique. The 
structure was solved and refined using the program 
package TEXSANi7 to the R index of 0.067 
(R ,  = 0.035). 


SUPPLEMENTARY MATERIAL 


Tables of bond distances, angles, fractional atomic 
coordinates, and anisotropic thermal parameters for 
nonhydrogen atoms for 4. These material will be 
available on request to the author. 
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STRUCTURE-VISIBLE ABSORPTION RELATIONSHIP IN THE 
PHOTOCHROMIC SPIRO [INDOLINE-NAPHTHOXAZINE] SERIES. 
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Laboratoire de Chimie et Matiriaux Organiques Modklisation, ERS 158 CNRS, Facultt des Sciences de Luminy, Case 901,13288 


Marseille Cedex 9,  France 


From a set of photochromic spiro[indoline-naphthoxazinesl substituted on the oxazine part, a correlation 
between the electronic charge of the 2'-carbon atom and the absorption wavenumbers of the corresponding 
coloured forms was found. This relationship is of particular interest to predict the colour developed by this class 
of photochromic compounds. 


INTRODUCTION 
Organic photochromic compounds are of particular 
interest for a wide range of applications related to 
optical materials, non-linear optics, optical memories 
etc.Ie2 For this purpose either the reversible colour 
change or the reversible change in physical properties 
(polarity, conductivity, etc.) occumng during the 
photochromic process is used. In the field of materials 
able to undergo variable optical transmission, 
spiro[indoline-naphthoxazines] have undergone con- 
siderable de~e lopmen t~ ,~  owing to their good 
photochromic properties and their high fatigue resist- 
ance.' It is well established that the uncoloured form A 
absorbs UV radiation to lead, after cleavage of the 
C-0 bond, to the coloured form B (Scheme 1). The 
reverse reaction is thermally induced. 


Isomers B absorb generally from 18 200 to 
16 700 cm-' (about 550 to 600 nm). For the design of 
photochromic lenses it is necessary to have the best 
coverage of the visible range and then in commercially 
available materials spirooxazines need to be associated 
with other photochromic compounds such as chrom- 
e n e ~ . ~  However, compounds of both series often show 
different temperature dependences and different fatigue 
resistances and it would be preferable to use only one 
family of photochromic pigments. 


For this purpose, we have prepared a series6.' of 
substituted spiro[indoline-naphthoxazines] in order to 
acquire a better understanding of the relationship 


*Author to whom correspondence should be addressed. 


A: uncolored form 8: wbred form 
(spirohelerocyclic structure) (photomerocyenine) 


1: R - H  8:  R ~ = C N  u: R ~ = O C H ,  
2 : R "=OH 9 :  R 9 - Q  14: R ~ - ; S O ~ C ~ H ,  


I: R ~ = C H O  


1 :  R ~ . S C ~ H ,  12: R*=OCH, 


3 :  R ~ - C H P H  S: R'=N& 
1: RS=C02CH3 1p: Rs-& 


p : Re*--Nzo 11: R '- O C h  


Scheme 1. Photochromic equilibrium in the 
spiro [indoline-naphthoxazine] series 


between the electronic absorption of the coloured form 
and the nature and position of substituents which have 
been selected for their electronic properties. We 
describe here interesting correlations for 
spiro[indolinenaphthoxazines] substituted on the 
naphthalene ring of the oxazine moiety. 


RESULTS AND DISCUSSION 


Rickwood et aL8 have recently shown that electron- 
donating substituents placed in the 6'-position could 
lead to hypsochromic shifts. We extended the substitu- 
tion on this particular position, but also on the 5'-, 8'- 
and 9'-positions. The absorption Y,, of the coloured 
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species B were observed in the spectra obtained in 
toluene solution after flash photolysis. 


Our different attempts to correlate Y,, values with 
Hammett constants characterizing the electronic effect 
of substituents were unsuccessful. 


Surprisingly we found that for compounds monosub- 
stituted at the 6'-, 8'- or 9'-position (1 and 6-12), a 
linear relationship (correlation coefficient 0.97) between 
the v,, of the coloured form B and the 613C shift of the 
2'-carbon atom of the closed form A (Figure 1) is 
obtained. If substituents at the 5'-position are also taken 
into account, the correlation coefficient is poor (0.86), 
but the general trend is maintained. In this case, not only 
the electronic effect is involved, but also the non- 
bonded interactions between the 5'-substituent and the 
oxygen atom in the ortho position (especially on the 
open forms B). 


Since the I3C shift depends partly on the electronic 
charge (e,) of the carbon atom, a similar correlation 
occurs between the electronic charge of C-2' of the 
spiro compound determined by semi-empirical quantum 
chemistry calculations (the PM3 methodg was used). 
The linear correlation obtained was 


v (cm-') = 65 470e, + 6 550 


(correlation coefficient 0.90) for substituents at the 6'-, 
8'- and 9'-positions (Figure 2). This is an interesting 
result, allowing for a reasonable evaluation of the effect 
of a given substituent on the electronic absorption of the 
photomerocyanine. For instance, from the calculated 
electronic charge on C-2' in 13 (6'-OCH,), 14 (6'- 
SO,C,H,) and 15 (8'-NO2), the calculated electronic 
transitions are Y,, = 17 811 cm-' (A,,, = 561 nm), 


15ooo ! I 
148 150 152 154 158 


C-2 shin (ppm) 


Figure 1 .  Correlation ( r  = 0.97) between the 6°C shift (ppm) 
of the C-2' of the closed forms A and Y,,, (cm- ) of 
absorption of the open forms B (toluene as solvent) for 
spiro[indoline-naphthoxazines] substituted at the 6'-, 8'- or 


9'-position 


0.13 0.14  0.15 0 .18  0 . 1 7  0.18 


C-2' electronic charge (-e) 


Figure 2. Correlation ( r  = 0.90) between the electronic charge 
( - e )  of C-2' of the closed forms A and Y,,, (cm-I) of 
absorption (toluene as solvent) of the open forms B for 
spiro[indoline-naphthoxazines] substituted at the 6'-, 8'- or 


9 '-position 


15 362 cm-' (A,, = 651 nm) and 16 154 cm-' 
(A,, = 619 nm)m respectively. These values are very 
close to those measured experimentally, i.e. 
Y,, = 18 050 cm-' 15 528 cm-' 
(A,,, = 644 nm) and 16 313 cm-' (A,,, = 613 nm). 


At this stage of the work, one cannot explain the 
reason for the occurrence of a relationship between a 
characteristic of the ground state of a closed form 
(electronic charge of C-2') and a characteristic of an 
excited state of an open form B (electronic transition). 
If the electronic transitions were related to the variation 
of the electronic distribution on the naphthoxazine part, 
one could expect the same kind of relationship with the 
electronic charge of C-2' of the B form. We have 
verified the lack of such a correlation by different semi- 
empirical calculations. Nevertheless, it is necessary to 
point out the weak reliability of semi-empirical calcula- 
tions to describe electronic properties of photomerocy- 
anines of spirooxazines.I0." Work is in progress to 
extend the discovered correlation to new substituents 
and also to bi-substituted compounds which are able to 
undergo large wavelength shifts. 


(A,,, = 554 nm), 


EXPERIMENTAL, 
The substituted spiro[indoline-naphthoxazines] were 
synthesized recently in our lab~ratory.~.' 


The I3C chemical shifts were measured in CDCl, as 
solvent on a Bruker BM250 spectrometer. 


The coloured isomers B were obtained by flash 
photolysis (xenon lamp, 250 W) of toluene solutions 
(about lom4 mol-I) of the spirooxazine compounds 
A. The visible spectra were immediately recorded on a 
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diode-array spectrophotometer (Beckman DU 7000) to 
measure the A,, of absorption of the B forms. 


The electronic charges of the C-2' were calculated 
using the semi-empirical PM3 pr~gram.~ The geome- 
tries of the molecules were optimized by the same 
method. 


For each compound, we give here successively the 
values of 6I3C of C-2' (ppm vs TMS, CDCl, as solv- 
ent) of isomer A, the calculated electronic charge (-e) 
of C-2' and Y,, (cm-') and I,, (nm) of the open form 
B: 1, 150.7, 0.1570, 16 835, 594; 2, 151.4, 0.1463, 
16949, 590; 3, 150.5, 0.1549, 16556, 604; 4, 151.1, 
0.1501, 16 286, 614; 5, 151.8, 0.1545, 15 847, 631; 6, 
148.6, 0.1707, 17 667, 566; 7, 150.3, 0.1439, 17 007, 
588; 8, 154-6, 0.1395, 15 601, 641; 9, 152-8, 0.1565, 
16 363,610; 10, 151*3,0*1524, 16 722,598; 11, 151.4, 
0.1539, 16 807, 595; 12, 150.4, 0.1608, 17 241, 580; 
13, 147.3, 0.1720, 18050, 554; 14, 154.6, 0.1346, 
15 528,644; 15,152*0,0*1467,16 313,613. 
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PHOTOCHEMICAL BEHAVIOR OF MICELLIZED 
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Poland 


New photochromic surfactants, l-alkyl-4-(4'-alkylstyryl)Ipyridinium halides (C,StzRX; n = 0, 4, 6, 8; R = Me, 
Et, CH,CH,OH, n-Bu, n-C,H,,; X = Br, I), were synthesized and the photochemical behavior of their micellar 
aggregates in water was characterized in relation to non-micellizing 1-methyl-4-stilbazolium ions. Reversible 
trans-cis isomerization through a photothermal cycle was observed for the micellized C,StzRX. Furthermore, 
photoreactions upon prolonged irradiation of C,StzRX micelles resulted in a 3-31 % formation of 
thermodynamically least stable syn-head-to-head and ca. 3% of anti- head-to-head dimers. These findings 
indicate that the self aggregation process of C,StzRX may provide some topologically organized 
microenvironment affecting the steric and like-charge repulsions of the aggregate components. 


INTRODUCTION 


The photochemical behavior of amphiphilic photo- 
chromic compounds in solution,' in the solid 
solubilized in micelles'" and vesicles2 and embedded in 
monolayer revealed that the microen- 
vironment can play a major role in determining 
photoreactivity. The hydrophilic-hydrophobic nature of 
these molecules may modify their reactivity relative to 
non-surfactant ana10gs.~ The ability of microhetero- 
geneous media5 to provide a restricted volume of 
hydrophobic space in an aqueous environment or to 
offer an interface between the aqueous exterior and a 
hydrocarbon-like interior, wherein the reactants can be 
aligned, suggests an opportunity to control or at least 
obtain some selectivity in photoinduced processes6 such 
as trans-cis isomerization, dimerization or cyclization. 


Derivatives of ~ t i lbene ,~  azobenzene,' diphenyla- 
zomethine, *' cinnamic acidg and 2-indenecarboxylic 
acidga have been examined in surfactant systems but 
none of the cited reports deals with the photoreactions in 
the micellar aggregates containing exclusively 
molecules of the photochromic surfactants. In the 
literature there are also examples of photochemical 
studies of N-methyl and protonated stilbazolium salts in 
homogeneous solution, 'OJ' reversed Aerosol OT 
micelles'O.''b and clays."*'* The photochemistry and 
photophysics of amphiphilic N-octadecylstilbazolium 
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salts were examined in homogeneous solution, 'a.c 


micelles of hexadecyltrimethylammonium bromide," 
crystals'",' and monolayer assemblies. IbSc It was found 
that in the solid state and in the monolayer assemblies 


n R X 


0 n - c9Hl9 Br 


4 Me Br 


6 Me Br 


6 CH2CH20H Br 


6 Et Br 


6 n-Bu Br 


8 Me Br 


6 Me I 
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excimer fluoresce and cyclodimerization are the domi- 
nant photoprocesses. IC In addition, non-reversible 
trans- cis isomerization occurs in monolayers. In 
contrast, for both micellar, and acetonitrile or chloro- 
form solutions, reversible trans-cis photoisomerization 
and monomer fluorescence were the only observed 
photoreactions even at the solubility limits of surfactant 
octadecyl-4-stilbazole salts in the solvents. IC 


In this present work, a new series of l-alkyl-4-(4'- 
akylstyry1)pyridinium halides (C,StzRX) were designed 
and synthesized. The photochemical properties of their 
micellar aggregates in water are characterized in relation to 
the lengths of the flexible alkyl chain CJIfncl and the 
character of the nitrogen substituent R. For the purpose of 
comparison, similar non-micellizing compounds, 1 -methyl- 
4stryrylpyridinium bromide and iodide, were also prepared. 


RESULTS AND DISCUSSION 


Amphiphilic trans- 1-alkyl-4- (4'-alkylstyryl)pyridinum 
halides (C,StzRX) were prepared in 25-55% yield from 


Table 1. Products distribution 


alkylbenzenes via formylation, coupling with 4-methyl- 
pyridine and quaternization. The products were identified 
on the basis of their 'H, I3C NMR and IR spectra. 


The aqueous solutions of C,StzRX are clear and non- 
viscoelastic at room temperature, exhibiting a long- 
wavelength absorption maximum at 350 nm with log 
E = 4.2-4.5. The critical micelle (aggregate) concen- 
tration (cmc) values (Table 1) were extracted from 
electric conductivity measurements. 


Dynamic light scattering studies revealed that trans- 
parent solutions of CnStzRX at concentrations of 10 mM 
or lower but higher than the cmc value include molecu- 
lar aggregates with a hydrodynamic radius (Rh) ranging 
from 38 to 50 x lo-'' m (the values of R ,  for C,StzRX 
are included in Table 1). According to the literature, 
simple micelles are characteristically spherical in shape 
with a diameter of (20-100) x lo-'' m,I3 hence it is 
reasonably assumed that the micellar aggregates of 
C,StzRX may be spherical. For dilute solutions, i.e. at 
concentrations ca. five times lower than the cmc, 
premicellar aggregation has not been detected. 


in the photolysis" of C,StzRX 


Compoundb Cmc (m) 10'" R ,  (m) 


Micellar aggregates 
C,Stzn-C,H ,,Br 
C,StzMeBr 
C,StzMeBr 


C,StzEtBr 
C,StzCH,CH,OHBr 
C,Stzn-BuBr 
C,StzMeBr 
C,StzMeI 


Homogeneous media 
C,S tzMeBr 


C,Stzn-C,H,,Br 
C,S tzMeBr 
C,S tzMeBr 
CiStzEtBr 
C,StzCH,CH,OHBr 
C,Stzn-BuBr 
CiStzMeBr 
C,StzMeI 


C,StzMel 


0.26 
3.20 
0.88 


0.87 
0.83 
0.54 
0.42 
0.32 


50.0 
38.2 
42.0 


42.5 
42.8 
40.3 
47.5 
43.2 


Composition of products (%) 


Alkene Cyclobutanes' 
Concentration 


(mM) trans cis syn-HH syn-HT anti-HH 


10 
10 
2 


10 
10 
10 
10 
10 
2 


10 


0.1 
10 


100 
0.05 
0.64 
0.17 
0.17 
0.16 
0.1 
0.08 
0.2 


10 
100 


0.08 


29 59 9 
63 25 9 
62 25 10 
61 25 11 
57 31 9 
46 18 31 
46 49 3 
57 23 17 
73 23 2 
72 22 3 


20 80 nd 
22 13 nd 
15 9 nd 
12 88 nd 
36 64 nd 
36 64 nd 
32 68 nd 
33 67 nd 
27 73 nd 
39 61 nd 
15 85 nd 
23 13 nd 
17 9 nd 
21 79 nd 


nd' 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 


nd 
65 
76 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
64 
74 
nd 


3 
3 
3 
3 
3 
5 
2 
3 
2 
3 


nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 


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


A Irradiation (366 nm) for 16 h at 25 f 0- 1 "C Composition of products determined by means of 300 MHz 'H NMR spectroscopy 
' Abbreviatlons according to Scheme 2. 
' Not detected. 
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Micellar and homogeneous solutions of C,StzRX 
were submitted to the UV treatment as described in the 
Experimental section. The details of irradiation condi- 
tions and products formed are summarized in Table 1. 
Photolysis of C,StzRX in a micellar assembly resulted 
in trans- cis isomerization and a photostationary state 
of a mixture of trans and cis isomers was attained 
within 2-2.5 h. Also for homogeneous solutions of 
surfactants C ,StzRX and their non-micellizing analogs 
C,StzMeX in water, the latter at concentrations of 
0.2 mM or lower, direct irradiation resulted exclusively 
in photoisomerization with establishment of the photo- 
stationary state within 0.5-1 h. As shown in Scheme 1 
this change can undergo a reversible process by heating 
at 40°C for 6-8 h in the case of CnStzRX micelles or 
for 2-3 h in homogeneous solutions. The NMR spectra 
showed that the trans isomer was recovered. A slight 
difference (ca 5%) between spectra of the starting 
material and the recovered trans-stilbazolium salt was 
observed in the first cycle. However, in the next four 
irradiation-thermal reversion cycles, the changes in the 
spectra were completely reproducible. 


On successive irradiation for 16 h, the formation of 
three out of four possible structures (as depicted in 
Scheme 2) was detected in micellar C,StzRX and 
concentrated non-surfactant analogs. The composition 
of the products was determined from the 300 MHz 'H 
NMR spectra of the following protons: trans-olefinic 
(pair of doublets at 67.7, 7.4; J =  16 Hz), cis-olefinic 
(pair of slightly broadened doublets at 66.95, 6-75; 
J = 9 Hz), cyclobutane ringI4 [broad doublets at 65.2, 
4.8; J = 6 Hz were assigned to syn-head-to-head (syn- 
HH), a quartet at 64.2; J = 6.8 Hz to anti-head-to-head 


A 


t rons-C,StzRX c is -  C,St zR X 


Scheme 1 


(anti-HH) and doublets at 65.17, 4.48; J = 5.8 Hz to 
syn-head-to-tail (syn-HT) photodimers]. Additionally, 
triplets at 62.8-2.4 were assigned to the benzylic 
protons. 


The results obtained indicate that an increase in the 
nitrogen substituent alters the stereochemistry to the cis- 
olefin, which is the major product from the reaction of 
monomeric molecules. For the aggregated entities the 
cisltrans ratio was 0.41, 0.54 and 1.06, and in homo- 
geneous solution 1-78, 2-13 and 2-70 for R=Me,  Et 
and n-Bu, respectively, in C,StzRX. The introduction of 
a long substituent at the 4'-position of the 4-stilbazolium 
ion had little effect on the cisltrans ratio, which was 
0-40, 0.41, 0.40 in C,StzRX micelles and 1.78, 1.78, 
1.56 in homogeneous solutions for n = 4 ,  6 and 8 
respectively. Additionally, as shown in Table 1 ,  the 
formation of the thermodynamically least stable syn-HH 
dimers was achieved in aqueous micelles of CnStzRX, 
especially ca 31% from C,StzCH,CH,OHBr and 17% 
from C,StzMeBr. The ease of the anti-HH alignment 
was also detected in ca 3%. On the other hand, the non- 
surfactant C,StzMeX derivatives in concentrated 
aqueous (10 and 1 0 0  mM) solutions predominantly give 
rise to about 64-76% of the syn-HT photodimer 
products. 


The dimerization of quaternary stilbazole salts in the 
solid state has been reported to yield almost exclusively 
head-to-head structures.1c For the C,Stz 'Cl,H3, sur- 
factant in crystals, the apparent favoring of a syn-HH 
alignment occurs, IC indicating that the electrical repul- 
sion is overcome in these highly ordered systems. 
Efficient and selective formation of the syn-HH pho- 
todimer has also been found from irradiation of non- 
substituted 4-stilbazolium ions in reversed micelles, 
formed from hexane or heptane-Aerosol-water and 
characterized by low water-pool compositions. lo The 
large change in the yield of dimers in the case of the 2- 
hydroxyethyl substituent is probably related to the tight 
packing of C,StzCH,CH,OHBr molecules at the Stem 
layer of the micelle enhanced by the intermolecular 
hydrogen bonding. This effect is also shown by the cis/ 


\ 
R R CnH2n.1 R 


s y n - H H  syn-HT an ti- H H  anti-HT 


Scheme 2 
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trans alkene ratio, which is the smallest among all the 
cases studied. The largest amount of syn-HH dimer for 
the C,StzMeBr micelles in comparison with other 4'- 
alkyl-substituted 4-stilbazolium homologous surfactants 
proves that the aggregation process increases the local 
concentration of the photochromic group and enhances 
the photodimerization. The organized photodimerization 
in C.StzMeBr ( n = 4 ,  6, 8) micelles in relation to 
C,StzC,H,,Br indicates that the former surfactants 
create a more rigid microenvironment than that of the 1- 
nonyl-substituted derivative. On the other hand, this 
microenvironment may become more loosened as the 
bulk of the surfactant head group [the C,StzRBr 
(R = Me, Et, n-Bu) series] increases. The nature of the 
counterion (X=Br, I )  introduces to the C,StzMeX 
series photobehavior further coulombically unfavorable 
interactions as a consequence of an increased fraction of 
micelle surface covered by bromide in comparison with 
iodide ions. 


The studied l-alkyl-4-(4'-alkylstyryl)pyridinium 
bromides and iodides possessing distinct regions of 
hydrophilic-hydrophobic character may provide to 
some extent a topologically organized microenviron- 
ment of variable order and properties intermediate 
between those of a solid and solution. Their semi-rigid 
photochromic 4-stilbazolium segment has a small cross- 
sectional area, I c  resides in both amphipatic zones of the 
molecule and is suggestive of a parallel alignment in the 
micellar self-assembly. Because of its cationic charge, 
which is responsible for intermolecular repulsion, the 
C,StzRX amphiphiles in homogeneous aqueons solution 
are good candidates only for trans- cis photoisomeriz- 
ation. In this case, their photochemistry is similar in 
nature to that observed for low-concentration mobile 
non-micellizing C,Stz +Me ions. In the micellar state, 
the preferential association of the hydrophobic moiety 
may be important enough to offset unfavorable like- 
charge interactions in the hydrophilic microenvironment 
and may provide a successful interaction of an excited 
C,Stz 'R with neighbouring C,Stz 'R in the aggregate 
to induce also the syn-head-to-head and small amounts 
of anti-head-to-head alignments. 


EXPERIMENTAL 


Materials. Water used for all experiments was 
deionized, doubly glass distilled and degassed before 
measurements. Analytical-grade chloroform was 
distilled from P,05 before use. Reagent-grade 2,6-di- 
rert-butyl-4-methylphenol (BHT) and benzaldehyde 
were not purified before use. 


2- (4-Alkylpheny1)- 1,3-dioxolanes were prepared by 
the procedure given below." A stirred solution of 
alkylbenzene (0.36 mol) in CHCl, (200 ml) was treated 
dropwise with TiCI, (0.54 mol) at -22 "C, followed by 
the addition of CH,OCHCl, (0.3 mol) at the same 


temperature over 20 min. The resulting mixture was 
stirred at the same temperature for 60 min and then 
poured into crushed ice. BHT (0.2 g) was added to the 
organic phase, which was separated, washed three times 
with water, dried over MgSO,, evaporated in vucuo and 
crystallized three times from hexane at -40°C. The 
resultant crude mixture of substrate, 2-alkylbenzalde- 
hyde and 4-alkylbenzaldehyde (ca 21:4:75, GC control) 
was acetalized in boiling toluene (150 ml) with ethylene 
glycol (0.35 mol) and TsOH (0.5 g) for 12 h. Distilla- 
tion at reduced pressure gave pure dioxolanes. 
2-(4'-Butylphenyl)-l,3-dioxolane: yield 5 1%; b.p. 


115-119"C/0.8 Tom; I3C NMR (CDCl,), 6 141-5, 
140.7, 128.3 126.9, 114.3, 65.2, 36.5, 33.5, 22.1, 
15.2; IR (neat), 3090-3030, 2960-2930, 2856, 1865, 
1750, 1604, 1496, 1414, 1108, 825 cm-I; MS, m/z  
(relative intensity, %) 207 (M + 1, 3), 206 (M+, 22), 
205 (loo), 161 (16), 149 (66), 119 (13), 91 (69), 73 
(25); anal. calcd for CI3Hl8O2, C 75.69, H 8.79, found, 


2-(4'-Hexylphenyl)-l,3-dioxolane: yield 55%; b.p. 
C 75.90, H 8.9%. 


139-143"C/l TOIT; I3C NMR (CDCl,) 6139-9, 139.5, 
128.5., 127.2, 114.2, 65.4, 37.2, 32.4, 31.8, 24.0, 
20.0, 14.8; IR (neat), 3085-3030, 2960-2930, 2855, 
1865, 1745, 1604, 1496, 1410, 1100, 830cm-I; MS, 
m/z  (relative intensity, %) 235 (M+ 1, 3), 234 (M+, 
21), 233 (loo), 189 (16), 149 (70), 119 (13), 91 (68), 
73 (25); anal. calcd for C,,H,,O,, C 76.88, H 9.46; 
found, C 77.05, H 9.72%. 


2-(4'-Octylphenyl)-l,3-dioxolane: yield 46%; b.p. 
148-153"C/l TOIT; I3C NMR (CDCI,) 6 141.0, 140.6, 
128.0, 126.1, 113.8, 66.2, 39.0, 32.7, 32.3, 30.4, 


2960-2930, 2856, 1868, 1744, 1604, 1500, 1409, 
29.7, 29.1, 20-5, 14.2; IR (neat), 3090-3030, 


1108, 830 c,- ' ;  MS, m/z  (relative intensity, %) 263 
(M+ 1,4), 262 (M+, 21), 261 (loo), 217 (15), 149 
(69), 119 (15), 91 (loo), 73 (23); anal. calcd for 
C,,H,,O,, C 77.82, H 9.99; found C 77.99, H 10.24%. 


4-Alkylbenzaldehydes were obtained from the 
hydrolysis reaction of the corresponding dioxolanes. A 
mixture of dioxolane (0.15 mol), water (100 ml) and 
TsOH (1 g) was stirred under nitrogen for 4 h at 45 "C. 
After cooling to an ambient temperature the reaction 
mixture was extracted with diethyl ether. The organic 
fractions were washed three times with water, dried 
over MgSO, and evaporated in vucuo to afford alkyl- 
benzaldehydes. The NMR and MS data were consistent 
with the structures. 


4- (4' -Alkylstyryl)pyridines were synthesized on the 
0.06 mol scale and worked up according to the Horwitz 
procedure. l 6  


4-Styrylpyridine: yield 46%; 'H NMR (CDCI,), 
6 8.54 (d, J =  5.4 Hz, 2H), 7.8-6.9 (m, 9H); anal. 
calcd for C,,H,,N, C 86.15, H 6.12, N 7.73; found, C 


4-(4'-Butylstyry1)pyridine: yield 44%; 'H NMR 
(CDCI,), 6 8.54 (d, J = 5.4 Hz, 2H), 7.8-6.9 (m, 8H), 


88.32, H 6-40, N 7.85%. 
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2.75 (t, J = 8 . 5  Hz, 2H), 1.45-1.0 (m, 4H), 0.9 (t, 
J =  5.5 Hz, 3H); anal. calcd for Cl7H1p,  C 86.03, H, 
8.07, N 5.90; found, C 86-30, H 7-91, N 6.01%. 


4- (4'-Hexylstyryl)pyridine: yield 40%; 'H NMR 
(CDCI,), 6 8.57 (d, J =  5.4 Hz, 2H), 7.8-6.9 (m, 
8H), 2.67 (t, J = 8 . 5  Hz, 2H), 1.65-0.85 (m, 11H); 
anal. calcd for CI9H,,N, C 85.99, H 8.73, N 5.28; 
found, C 86.11 H 9.05, N 5.33%. 
4-(4'-Octylstyryl)pyridine: yield 46%; 'H NMR 


(CDCI,) 6 8.5 (d, J = 5 . 2  Hz, 2H), 7.8-6.9 (m, 8H), 
2.7 (t, J = 8 . 5  Hz, 2H), 1-65-0.75 (m, 15H); anal. 
calcd for C,,H,,N, C 85.95, H 9.27, N 4-77; found, C 


bromides 
were prepared by the following procedure. A mixture of 
4- (4'-alkylstyry1)pyridine (0.05 mol), methyl bromide 
(0.1 mol) and diethyl ether (50 ml) was placed in a 
stainless-steel vessel and heated for 10 h at 60 "C. After 
cooling to -30 "C, the diethyl ether was filtered off and 
the solid residue was dissolved in methanol (15 ml), 
precipitated with diethyl ether (150 ml), allowed to 
stand at -30°C for 3 h, then the precipitate was filtered 
off at the same temperature. This procedure was rep- 
eated several times to afford pure compounds. 


1-Methyl-4-styrylpyndinium bromide: yield 55%; 'H 
NMR [D,O-acetone-d, (lO:l)], 6 9.18 (d, J = 6 . 5  Hz, 
2H), 8.5 (d, J = 6 . 5  Hz, 2H), 7.9-7.15 (m, 7H), 2-96 
(s, 3H); I3CNMR [water-dioxane-d, (lO:l)], 6 158.5, 


124.4, 40.3; IR (KBr), 3028, 2958, 2860, 1642, 1622, 
1604, 1588, 1502, 1465, 1452, 1181, 1052, 883, 750, 
700 cm-'; UW (water), 1,,350 nm (log E 4.35); anal. 
calcd for C,,H,,BrN, C 60.89, H 5.11, N 5.07; found, 


bromide: 
yield 54%; 'H NMR [D&kXXtOne-d, (10:1)], 6 9.18 


86.09, H 9.40, N 4.93%. 
4- (4' -Alkylstyryl)- 1 -methylpyridinium 


146.7, 135-4, 129.5, 129.0, 127.4, 127.0, 124.5, 


C 60.85, H 5.36, N 5.22%. 
4- (4' -Butylstyryl)- 1 -methylpyridinium 


(d, J =  6.5 Hz, 2H), 8.5 (d, J = 6.5 Hz, 2H), 7.88 (d, 
J =  8.5 Hz, 2H), 7.7 (d, J =  16.5 Hz, lH), 7.42 (d, 
J =  16.5 Hz, lH), 7.15 (d, J =  8.5 Hz, 2H), 2-96 ( s ,  
3H), 2.7 (t, J =  8 Hz, 2H), 1-55-1.0 (m, 4H), 0.93 (t, 
3H); I3C NMR [water-dioxane-d, (lO:l), 6 158-5, 


124.4, 40.3, 36.7, 33.5, 22.0, 15.1; IR (KBr), 3024, 
2955, 2857, 1642, 1622, 1604, 1567, 1518, 1465, 
1420, 1181, 1052, 883, 837 cm-'; W (water), A,,, 
352 nm (log E 4.30); anal. calcd for CI8Hz2BrN, C, 
65.06, H, 6.67, N 4-22; found,C, 65.27, H 6.81, N 


4-(4'-Hexylstyryl)-l-methylpyridinium bromide: 
yield 51%; 'H NMR [D,O-acetone-d, (lO:l)], 6 9-22 


146.7, 140.7, 133.2, 129.5, 128.0, 126.7, 124.5, 


4.32%. 


(d, J =  6.4 Hz, 2H), 8.47 (d, J =  6.4 Hz, 2H), 7.85 (d, 
J = 8 . 5  Hz, 2H), 7.71 (d, J =  16 Hz, lH), 7.4 (d, 
J =  16.0 Hz, lH), 7.17 (d, J z 8 . 3  Hz, 2H), 3.1 ( s ,  
3H), 2 73 (t, J =  8 Hz, 2H), 1.75-0.85 (m, 11H); I3C 
NMR [water-dioxane-d, (lO:l)], 6 161-0, 146.9, 


38.0, 32.0, 31.9, 23-7, 20.1, 12.5; IR (KBr), 3030, 
140.3, 133.1, 129.5, 128.4, 128.0, 124.6, 124.4, 41.0, 


2952, 2855, 1640, 1623, 1604, 1570, 1520, 1465, 
1420, 1184, 1052, 1018, 875, 840 cm-I; W (water), 
A,, 352.5 nm (log E 4.27); anal. calcd for C,& BrN C 
66.67, H 7.27, N 3.89; found, C 66.90, H 7-45, N 


1 -Methyl-4- (4'-octylstyryl)pyridinium bromide: yield 
51%; 'H NMR [D,O-acetone-d, (lO:l)], 69.15 (d, 


4.01%. 


J = 6 . 6  Hz, 2H), 8.5 (d, J = 6 - 6  Hz, 2H), 7.89 (d, 
J = 8 . 5  Hz, 2H), 7.69 (d, J =  16 Hz, IH), 7-39 (d, 
J =  16.0 Hz, lH), 7-2 (d, J =  8.0 Hz, 2H), 3.03 ( s ,  
3H), 2.68 (t, J = 8  Hz, 2H), 1-75-0435 (m, 15H); I3C 
NMR [water-dioxane-d, (lO:l)], 6 159.0, 146.5, 


38.1, 32.0, 31.8, 29.4, 29.2, 20.1, 14.2; IR (KBr), 
3028, 2957, 2857, 1641, 1622, 1604, 1572, 1515, 
1466, 1422, 1180, 1050, 1018, 873, 840cm-'; UV 
(water), I,, 352.5 nm (log E 4.28); anal. calcd for 
C,,H,,BrN, C 68.04, H 7.79, N 3.61; found, C 68.31, 


4- (4' -Hexylstyryl)- 1 - (2-hydroxyethy1)pyridinium bro- 
mide was prepared as follows. To a stirred solution of 4- 
(4'-hexylstyry1)pyridine (0.05 mol) in diethyl ether 
(100 ml), 2-bromoethanol (0.053 mol) was added at 
room temperature and the mixture was allowed to stand 
for 72 h at the same temperature. Subsequent isolation 
was performed as described for C,StzMeBr to afford 
C6StzCH2CH2,HBr: yield 42%; 'H NMR 
[D,O-acetone-d, (lO:l)], 6 9.2 (d, J = 6 . 6  Hz, 2H), 


140.4, 133.1, 127.9, 127-1, 126.8, 124.5, 124.4, 39.9, 


H 8.09, N 3.75%. 


8.55 (d, J =  6.6 Hz, 2H), 7.68 (d, J =  8.5 Hz, 2H), 
7.68 (d, J =  16.5 Hz, lH), 7.41 (d, J =  16.0 Hz, lH), 
7.19 (d, 5 ~ 8 . 5  Hz, 2H), 3.91 (t, 2H), 3.65 (t, 2H), 
2.75 (t, J =  8 Hz, 2H), 1-7-04 (m, 11H); I3C NMR 
[water-ioxane-d, (lO:l)], 6 158.9, 146.8, 141.7, 


38.2, 32.2, 30.3, 23.7, 14.5; IR (KBr), 3045, 2926, 
2853, 1640, 1624, 1604, 1567, 1505, 1465, 1419, 
1337, 1181, 1089, 1050, 1018, 875, 824cm-'  UV 
(water), AmU 347 nm (log E 4.45); anal. calcd for 
C2,H,,BrN0 C 64.61, H 7.23 N 3.59; found, C 64.85, 


1-Ethyl-4- (4'-hexylstyryl)pyridinium, 1 -butyl-4- (4'- 
hexylstyly1)pyridinium and 1 -nonyl-4-styrylpyridinium 
bromides were prepared as follows. To a stirred solution 
of 4- (4' -hexylstyryl)pyridine or 4-styrylpyridine 
(0.05 mol) in diethyl ether-methanol (1:l) (100 ml), 
the corresponding bromoalkane (0.053 mol) was added 
at room temperature. The resulting mixture was heated 
at 34-5 "C for 72 h, cooled to ambient temperature and 
diluted with diethyl ether (200 ml). Subsequent iso- 
lation was performed by means of the procedure for 
C,S tzMeBr. 


l-Ethyl-4-(4'-hexylstyryl)pyridinium bromide: yield 
30%; 'H NMR [D,O-acetone-d, (lO:l)], 6 9.26 


133.2, 128.5, 128.3, 127.8, 124.5, 124.4, 62.7, 44.1, 


H 7.40, N 3.78%. 


(d,J=6-5Hz, 2H), 8.58 (d, J = 6.5 Hz, 2H), 7.78 (d, 
J = 8 - 1  Hz, 2H), 7.70 (d, J =  16.2 Hz, lH), 7.39 (d, 
J =  16.2 Hz, lH), 7.13 (d, J = 8 . 1  Hz, 2H), 3.43 (q, 
2H), 2.65 (t, J =  8.5 Hz, 2H), 1.85-0.8 (m, 14H); I3C 
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NMR [water-dioxane-d, (lO:l)] 6 157.7, 150.0, 141.0, 


32-1, 31.8, 23.5, 20.2, 15.8, 12.6; 1R (KBr), 3045, 
2930, 2855, 1642, 1622, 1604, 1567, 1502, 1465, 
1420, 1337, 1181, 1090, 1050, 1028, 870, 820cm-'; 
W (water), I,,352 nm (log E 4.30); anal. calcd for 
C2,H,,BrN, C 67.38, H, 7.54, N 3.74; Found: C 67.40, 


l-Butyl-4-(4'-hexylstyryl)pyridinium bromide: yield 
28%; 'H NMR [D,O-acetone-d, (lO:l)], 69.24 (d, 


132.8, 128.3, 128.0,,126.9, 124.2, 124.1, 41.5, 38.2, 


H 7.59, N 3.70%. 


J = 6 . 5  Hz, 2H), 8.51 (d, J z 6 . 5  Hz, 2H), 7.75 (d, 
J = 8 . 2  Hz, 2H), 7.68 (d, J =  16.0 Hz, lH), 7.41 (d, 
J =  16.0 Hz, lH), 7.18 (d, J =  8.2 Hz, 2H), 3.41 (t, 
2H), 2.69 (t, J =  8.5 Hz, 2H), 1435-0.8 (m, 18H); I3C 
NMR [water-dioxane-d, (lO:l)], 6 158.6, 149.6, 
140.9, 133.1, 128.1, 127.9, 126.8, 124.6, 124.4, 42.5, 
39.0, 33.2, 32.3, 32.1, 30.8, 28.7, 24.1, 15.2, 13.5; IR 
(KBr), 3045, 2926, 2853, 1640, 1624, 1604, 1567, 
1505, 1465, 1419, 1337, 1181, 1089, 1050, 1018, 875, 
824 cm-' (water), I,, 351.5 nm (log E 4.25); anal. 
calcd for C23H,,BrN, C 68.65, H 8-02, N 3.48; found: C 


1 -Nonyl-4-styrylpyridinium bromide: yield 30%; 'H 
NMR [D,O-acetone-d, (lO:l)], 6 9.27 (d, J = 6 . 5  Hz, 
2H), 8.55 (d,J=6.5 Hz, 2H), 7.8-7.1 (m, 7H), 3-35 
(t, 2H), 1.85-0.8 (m, 17H); "CNMR [water-dioxane- 


68.81, H 8.17; N, 3.09%. 


d, 10:1)], 6 158.6, 149.6, 136.1, 129.2, 128.3, 127.9, 
126.8, 124.6, 124.4, 41.5, 30.3, 30-1, 30.0, 28.2, 
25.6, 23.2, 14.7; IR (KBr) 3020, 2963, 2858, 1642, 
1622, 1603, 1585, 1500, 1464, 1452, 1181, 1052, 883, 
752, 697 cm-'; UV (water), I,, 351.5 nm (log E 


4.22); anal. calcd for C,,H,,BrN C 68.03, H 7.79, N 
3.61; Found, C 68.25, H 8.11, N 3.72%. 


Syntheses and isolation of the l-alkyl-4-(4'-alkylsty- 
ry1)pyridinium iodides C,StzRI were performed as for 
C,StzCH,CH,OHBr. 


1 -Methyl-4-styrylpyridinium iodide: yield 50%; 'H 
NMR [D,O-acetone-d, (lO:l)], 6 9.22 (d, J = 6 . 4  Hz, 
2H), 8.47 (d, J = 6 . 4  Hz, 2H), 7.85-7.1 (m, 7H), 3.1 
( s ,  3H); 13C NMR [water-dioxane-d, (lO:l)], 6 159.4, 


124.2, 41.0; IR (KBr), 3025, 2958, 2860, 1642, 1622, 
1602, 1588, 1497, 1465, 1452, 1180, 1052, 886, 740, 
702 cm-'; UV (water), I,, 350.5 nm (log E 4-25); 
anal. calcd for C,,H,,IN, C 52.03, H 4.37, N 4.34; 
found C 52.30, H 4-58, N 4.39%. 


4-(4'-Hexylstyryl)-l-rnethylpyridinium iodide: yield 
48%; 'H NMR [D,O-acetone-d, (lO:l)], 6 9.22 (d, 


146.3, 136.0, 129.5, 129.0, 127.5, 126.9, 124.5, 


J z 6 . 4  Hz, 2H), 8.47 (d, J x 6 . 4  Hz, 2H), 7.85 (d, 
J-8.5 Hz, 2H), 7.71 (d, J =  16 Hz, lH), 7.4 (d, 
J =  16.0 Hz, lH), 7.17 (d, J =  8.5 Hz, 2H), 3.1 (s, 3H), 
2.73 (t, J =  8 Hz, 2H), 1.75-0.85 (m, 11H); ',C NMR 
[water-dioxaned-d, (lO:l)] 6 161.0, 146.9, 140.3, 


32.0, 31.9, 23-7, 20.1, 12.5; 1R (KBr), 3030, 2952, 
2855, 1640, 1623, 1604, 1570, 1520, 1465, 1420, 1184, 
1052, 1018, 875, 840cm-'; UV(water), I,, 351 nm 


133.1, 129.5, 128.4, 127.5, 124.6, 124.4, 41.0, 38.0, 


(log E 4.27); anal. calcd for C,J€,IN, C 58.97, H 6.43, 
N 3-44; found, C 59.11, H 6.68, N 3.53%. 


Equipment. 'H NMR spectra were recorded at 300 
MHz on a Bruker DRX-300 spectrometer and I3C NMR 
spectra at 25-14 MHz on a Tesla BS-567A spectrome- 
ter. 'H chemical shifts are referenced in acetone-d, and 
CDCl, to residual protons of acetone-d, (2.05 ppm) and 
CDCl,, (7.27 pprn). ,,C NMR spectra are referenced to 
the solvent [CDCl,, 76.9 ppm; water-dioxane-d, 
(lO:l), 67.4 ppm]. GC-MS analyses were carried out 
using a Hewlett-Packard Model 5971A electron impact 
(70eV) mass spectrometer with an HP5890A gas 
chromatograph, equipped with a 25 m x 0.2 mm id HP- 
1 column. IR spectra were recorded on a Perkin-Elmer 
System 2000 FTIR spectrometer. UV-visible spectra 
were taken on a Varian Cary 3E double-beam spectro- 
photometer. Elemental analyses was performed on a 
Perkin-Elmer CHN Analyser. The critical micelle 
concentrations (cmcs) of stilbazolium salts (C,StzRX) 
were determined by electric conductivity measurements 
on a Tesla bridge voltmeter connected to a thermostated 
cell capable of regulating the sample temperature at 
25 f 0.05 "C. The conductivity was plotted against the 
surfactant concentration and the cmcs were determined 
from the break point of the plots. Dynamic light scatter- 
ing was performed using a Carl Zeiss Jena light- 
scattering apparatus operating at 488 nm with an 
output power of 0.8 W, Thorn EM1 9130 B03100 
photomultiplier, ALV/PM-PD preamplifier/discrimi- 
nator (ALV, Germany) and multi-tau ALVSOO 
digital correlator (ALV) at 25 f 0.2 "C. Micellar 
solutions of studied surfactants containing a fixed 
0.02 M concentration of NaBr or NaI were filtered 
through 0.2 pm Millpore membranes directly into the 
dust-free scattering cells. 


Irradiation procedure and analysis of photopro- 
ducts. Degassed water solutions of CnStzRX were 
irradiated by stirring at 25 f 0.1 "C for 16 h in 200 ml 
immersion-type quartz vessel (Photochemical Reactors) 
equipped with a 80 W medium-pressure mercury lamp 
and 366 nm liquid filter. After irradiation, 0.2-10 ml 
aliquots were taken, water was azeotropically removed 
with butan-2-one at 32"C/30 Torr, traces of the solv- 
ents were purged at high vacuum, then the dry samples 
were dissolved in acetone-d,-D,O (3:2). The number of 
FID accumulations was 128 and the resolution was 
0.2 Hz. 


Thermal reisomerization. Irradiation was stopped 
after reaching the photostationary state and the sample 
was moved to a temperature-controlled sample holder. 
Solutions of C,StzRX were stirred in the dark at 
40 f 0.1 "C and 0.2- 10 ml aliquots were taken at ever 
0.5 h up to 8 h, worked up and analysed as described 
above. 
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SPECTROSCOPIC AND ELECTROCHEMICAL PROPERTIES OF 
1,3-D1KETONATOBORON DERIVATIVES 
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A series of tetracoordinated boron complexes derived from various 1,j-diketones and bidentate ligands 
(oxalato, malonato, catecholato and difluoro) were prepared. Their absorption, fluorescence and 
phosphorescence spectra, a t  ambient temperature and 77 K, and cyclic voltammmetry in acetonitrile were 
studied. The boron complexes exhibited high molar absorptivity and fluorescence intensities as compared with 
the parent diketones; the phenomena are in agreement with the lowest singlet excited state possessing the z, z,* 
configuration with a rigid chelate structure. The redox potential differences correlate linearly with the lowest 
singlet (E,) as well as the triplet (ET) excited state energy with slopes lower than unity. These linear correlations 
re-state that the electron exchange and Coulombic integral also vary proportionally to the potential differences. 
From these correlations, it is possible to determine E ,  and E ,  of those boron complexes that do not give 
fluorescence and phosphorescence. 


INTRODUCTION 


Tetracoordinated borates derived from a molecule of 
1,3-diketones and contributing bidentate anionic por- 
tions derive their stability from the extensive resonance 
of alternating dative and covalent bonds of diketones. ’ 
The structures 1-4 are the borates prepared and studied 
in this work; the diketones are derived mainly from 
acetylactone (AAH), benzoylacetone (BAH), dibenzo- 
ylmethane (DBMH) and its substituted derivative 
(MBDH). The bidentate group of the 1,3,2-dioxaborole 
moiety is derived from oxalic acid, malonic acid and 
catechol. The corresponding difluoro derivatives possess 
relatively unreactive B-F bonds and have been investi- 
gated infrequently since 1905.* 


We have recently discovered that BF, complexes (2, 
3 and 4) exhibit synthetically useful 2 + 2 photocycload- 
dition and photoinduced electron transfer (i.e. radical 
ion) reactions and also, mechanistically, exhibiting 
fluorescent excimer and exciplex phenomena.’ As 
interest in the photochemistry and photophysics of 
boron complexes is mounting, it became pertinent to 
clarify their spectroscopic and redox properties as a 
basis for understanding their reactions and phenomena. 
This paper deals with the spectroscopic (absorption and 
emission) and electrochemical (redox potentials) 
properties of the boron complexes 1-4. 


RESULTS 


Emission studies 
The borates 1 derived from fluoride, oxalate and cate- 
chol have been prepared previously 3,4 and their 
absorption properties been reported under a variety of 


Using similar preparative conditions, 
borates 1 derived from malonic acid and naphthalene- 
2,3-diol were also prepared, the latter primarily for 
another study.5 


The principal absorption band and intensity of these 
boron complexes are summarized in Table 1, in which 
the corresponding 1,3-diketone cis-enol tautomer data 
are also given. For the latter, whenever possible, their 
observed molar absorptivity was corrected for the 
percentage of the cis tautomer in ~ o l u t i o n ; ~  the cor- 
rected values are given in parentheses. All of the boron 
complexes showed significant enhancement in E , , , , ~  


along with bathochomic shifts in the range 10-40 nm 
relative to their corresponding parent diketones. The 
bathochromic shifts were larger with increasing conju- 
gation, i.e. AA < BA < DBM < MBD in each series. The 
bidentate counter ligand did not affect the absorption 
maxima significantly. The large molar absorptivities in 
comparison with those of their parent diketones and 
also, in some cases, spectral vibrational structure 
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1 


R’,R2 \ 
CH3, CH3 AABF, AABO AABM AABC AABN 


C&5, CH3 0ABF2 BABO BABM BABC BABN 


CGH,, CeH, DBMBF, DBMBO DBMBM DBMBC DBMBN 


P-CH~O-C~H,, MBDBF, MBDBO MBDBM MBDBC MBDBN 


p-t-BUtyI-C6H5 


2 3 4 


support the assignment of the principal absorption as 
the JC-n” transition of the diketonate ligand. This is 
further supported by the observation that substitution of 
the olefinic hydrogen with an alkyl group showed a 
large bathochromic shift (as in 3 and 4), but that of the 
methyl hydrogen (as in 2) caused no change. 


One noteworthy phenomenon was the deeper color of 
catecholatoboron derivatives in comparison with the 
other complexes. For example, AABF,-MBDBF, (and 
the oxalato and malonato series) ranged from colourless 
to pale yellow solids, whereas the color of AABC, 
BABC, DBMBC, and MBDBC grew progressively 
deeper, namely ranging from yellow, orange, reddish 
orange to dark red. An examination of the UV-visible 
absorption spectra of the catecholatoboron derivatives 


reveals weak and broad band beyond the principal 
absorption band, which is assigned as a charge-transfer 
band (CT). The spectra of DBMBF, and DBMBC are 
shown in Figure 1, where the latter clearly reveals the 
CT band. Such CT absorption bands were studied in 
separate work’ dealing with similar borates derived 
from naphthalene-2,3-diol as the bidentate ligand (the 
BN series) and will not be repeated here. 


There are scattered reports on the fluorescence spectra 
of BF, and oxalatoboron complexes.6 From the necessity 
for mechanistic studies related to their photochemistry, 
the fluorescence properties of DBMBF, and AABF? 
were also studied in depth Fluorescence 
(emission and excitation) and phosphorescence spectra 
of boron complexes were studied mainly in acetonitrile 
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Table 1. Principal absorption bands of 1,3-diketonatoboron complexes and the corresponding 
parent 1,3-diketones in UV-visible spectra 


A n n  Log Ern,, I,,, Log Ern,, 
Compound (nm) (corr.)4 Compound (nm) (corr. )" 


DBMBF2 363 4.61 BABO 334" 4.25 
364h 4.55 AABO 288" 4.09 
359' 4.53 DBMBM 370 4.57 


MBDBF, 400 4.82 MBDBM 410 4.82 
401 4.78 BABM 332 4.43 
392' 4.72 AABM 288 4.15 


BABF, 328 4.43 DBMBC 368 4.62 
AABF, 283 4.13 MBDBC 40 1 4.72 


285" 4.24 BABC 334 4.28 
ACHBF, 304h 4.15 AABC 287 4.13 
D-t-BBF, 284 4.09 DBMBN 363' 4.60 
Me- AABF, 3.02 4.20 MBDBN 406 4.66 
DBMBO 37 1 4.60 BABN 33 1 4.35 
MBDBO 414 4.80 AABN 282 4.19 
DBMH 342 4.38 AAH 273 3.83 


(4.44) (4.1 1) 
338' 4.39 275" 3.93 


(4.40) (4.01) 
MBDH 356 4.51' 273' 4.03 


350' 4.51' (4.04) 
BAH 310 4.14 ACHH 284 3.91' 


(4.21) 


(4.27) 
305' 4.26 


' Data in parentheses are corrected for the percentage of cis-enol tautomer' by dividing the experimental E,,, 


by this percentage. 


' In dichlorornethane. 
Unless stated otherwise, spectra were recorded in acetonitrile. 


In cyclohexane. 
In 1,2-dichloroethane. 
Percentage in acetonitrile of cis-enol tautomer unknown. 


and in methylcyclohexane glass at 77 K. As the cate- 
cholatoboron complexes showed complex fluorescence 
patterns that are excitation wavelength dependent, they 
were studied ~eparately.~ The normalization of the 
fluorescence emission and excitation spectra were used to 
determine the 0-0 band and, in turn, the spectroscopic 
singlet excited state energy (Figure 2). The spectroscopic 
triplet excited-state energy was calculated from the 
phosphorescence onset. These data are summarized in 
Table 2. The fluorescence quantum yield was determined 
by the optically dilute method using anthracene as a 
fluorescence standard.' The fluorescence lifetime was 
determined by time-correlated single photon counting 
using the PTI LS-1 (see Experimental). 


For the BF2, oxalatoboron and malonatoboron complex 
series, the fluorescence intensities (at room temperature) 
increased in the order AA < BA < DBM < MBD. The 
complexes with the AA ligand gave either no (for AABF, 
and AABO) or very weak (for AABM) fluorescence. 
Total emission in methylcyclohexane glass at 77 K was 
also acquired; for DBMBF,, in spite of a low 
fluorescence quantum yield of QF = 0.045 in cyclohexane 


at room temperature, it exhibited a strong and structured 
fluorescence (aF = 0.9)' in glassy solution at 77 K with a 
weak phosphorescence signal (Figure 3). MBDBF, 
showed a similar total emission spectrum to Figure 3. In 
contrast, BABF, showed both fluorescence and phosphor- 
escence emissions with about equal intensity, but AABF, 
showed no luminescence. For their parent diketones, 
DBMH and MBDH showed weak fluorescence whereas 
AAH and BAH showed no detectable fluorescence at 
77 K, all of them showed phosphorescence emission. 


Electrochemical studies 
Because redox potentials are important parameters to 
evaluate the extent of electron donor-acceptor interac- 
tions, these boron complexes were investigated by 
cyclic voltammetry (CV) in acetontrile with respect to 
an SCE reference electrode (see Experimental). At a 
scan rate of 100 m V s - '  the oxidation CV curves were 
all irreversible. The reduction CV curves were mostly 
irreversible except for those marked with an asterisk, 
which were quasi-reversible, that is, the difference in 
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Figure 1. Absorption spectra in CH,CN: (1) DBMBF, at (a) 2.9 x lo-' M and (b) 2.9 x (2) DBMBC at (a) 2.5 x M and 
( h l 3 . 4  Y l W 4  hi 


Epa and Epc was scan rate dependent and greater than 
60 mV.9 The complexes with a 2,3-dihydroxynaphth- 
alene ligand (the BN series) were also available from 
another study5 and were also included in the redox 
study. It is known that for AABF, and DBMBF2, in 
monogylme, the reduction involves the transfer of one 
electron so that DBMBF, forms a stable anion radical."' 


With respect to their parent diketones, the boron 
complexes (BF2, oxalato and malonato derivatives) 
were more difficult to oxidize at 0.6-0.8 V but more 


series (e.g. compare the E,, change for the BF2 com- 
plex series). It was concluded that for these complexes 
the first reduction occurred in the diketonate ligand. 
AABO appeared to be an exception, showing two 
reduction peaks at -0.89 and -1.10 V vs SCE. The 
former appears to arise from the reduction of the 
oxalato ligand and the latter from the diketonate ligand 
(see below). A weak second wave at -0.95 V was also 
observed for BABO, but the other oxalatoboron com- 
plexes did not show a second reduction peak under the 


easily reduced at 0.3-0.5 V. In addition, the variation experimental conditions. 
in reduction potentials systematically followed the Both catecholatoboron and naphthalenediolatoboron 
extent of diketonate ligand conjugation within the same complexes, as a group, exhibit a similar trend in 
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reduction potentials as the BF2, oxalato and malonato 
derivatives. However, catecholatoboron and naphthal- 
enediolatoboron complexes show oxidation potentials 
that were less positive and did not significantly vary 
from one complex to another, irrespective of the 
diketonate ligand. For example, the naphthalenediola- 
toboron complexes gave similar oxidation potentials, 
within experimental error, that were similar to that of 
the methyl ether of naphthalene-2,3-diol (Table 3) but 
significantly lower than those of the diketonate ligands 
(e.g. the lowest diketonate ligand oxidation was ca. 
1.97 V for the MBD ligand). Similar observations could 
be made for catecholatoboron complexes. It was clear 
that in these complexes the catecholate or naphthal- 
enediolate ligand was the common entity participating 
in electron donation and more easily oxidized. To test 


500 300 400 


Wavelength (nm) 
this proposal, the oxidation range was extended beyond 
the first oxidation for DBMBN up to +2.8 v, which 
gave two other oxidation peaks at 1.39 and 2.45 V vs 
SCE. The latter clearly correlated with E,, =2-4.5 V 
observed for the DBM complexes with the BF,, oxala- 
toboron and malonatoboron. 


Figure 2. Normalized fluorescence emission and excitation 
spectra (corrected) of DBMBO (4 x lo-' M) in oxygen-free 


CH,CN 


Table 2. Excited-state parameters from fluorescence (in acetonitrile) and phosphorescence (in methylcyclohexane at 77 K) 


AABF, 
Me-MBF, 


ACHBF, 
BABF, 
DBMBF, 
MBDBF, 
AABO 
BABO 
DBMBO 
MBDBO 
AABM 
BABM 
DBMBM 
MBDBM 
AABC 
BABC 
DBMBC 
MBDBC 
DBMBAc, 
AAH 
BAH 
DBMH 
MBDH 


D- t -B B F, - 
326 
350 
383';389 
416 


358 
399 
435 


357 
396 
435 


- 


- 


- 
-390' 


317 
372 
409 
392 


4.18"(4.12) 
3.73'(3.70) 
4.13,(4.10) 
3.80 
3.54 
3.24';3.19 
2.98 
3.88 ' (4.04) 
3.46 
3.1 1 
2.85 
3.91h(4.04) 
3.47 
3.13 
2.85 
4.14 '(4. 13) 


3.30 h(  3.1 8) 
2.98'(2.92) 


3.90 '(4.25) 


3.03',3.23 
3.16 


3.55h(3 54) 


-3.18' 


3.33ty3.54) 


- 
- 
- 


<0.01 
0.007 
O@l5',0.092 
0.43 


<lo- '  
0.41 


d 


4 0 - 3  


0.32 
d 
- 
- 


<0.01 
<0.01 


0.8' 


<0.01 


<0.01 
- 
- 


<0.3 
<0.3 


0.23',0.28 
2.01 
- 
- 


1.35 
1.78 


- 
0.86 
2.14 


- 


390 
429 
444 
46 1 
508 


454 


519 
38 1 
459 
473 
539 


- 


- 


- 
- 


1.5' 476' 
383 
470 
480 
482 


3.21 
2.92' 
3.18 
2.89 
2.79 
2.69 
2.44 
3.01 
2.73 
2.52h 
2.39 
3.25 
2.70 
2.62 
2.30 
3.18' 
2.81 
2.63h 
2.43' 
2.60' 
3.24 
2.64 
2.58 
2.57 


a Where no data are given, unless stated otherwise, the compounds give no detectable luminescence under conventional conditions: the data in 
garentheses are calculated from the absorption onset. 


' Measured incyclohexane. 


' Dibenzoylmethanatoboron diacetate; the data are cited from Ref. 6a. 


Calculated from equations obtained from regression analysis of Figure 5; E, =0.54 + 0,84(EOy - Ewd); E,  = 0.89 + 0,53(E,, - Ecd) .  


Fluorescenceyields notmeasured. 
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Figure 3. Total emission spectra (uncorrected) of (a) BABFz (2.8 x M) and (b) DBMBFz (9.6 x lo-' M) in  
methylcyclohexane glass at 77 K. The peak at 355 nm for (a) is the Rayleigh band 


The observed irreversible redox potentials for boron working electrode surface was detected. Although 
complexes in this study were believed to be due to a irreversible CV renders the redox potentials in Table 3 
rapid irreversible chemical reaction'" that depleted the less reliable, every series show systematic variations 
concentration of the ion radical species at the electrode along structural changes. These data can therefore be 
surface before reverse electron transfer could occur, i.e. used in correlative studies (see below). In the reduction 
an electron transfer-chemical reaction mechanism of boron complexes, the anion radicals could be more 
(EC).9 However, no film or deposit on the platinum stable by virtue of either conjugation or the absence of 
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Table 3. Redox potentials of some boron complexes in acetonitrile" 


Compound E", (V) - E w d  (V) Compound E,, (V) - E d  (V) 


DBMBF, 
BABF? 
MBDBF, 
AABF, 
Me-AABF, 
ACHBF, 
D-t-BBF, 
DBMBO 
BABO 
AABO 
MBDBO 
DBMBC 
BABC 
AABC 
MBDBC 


2.45 
2.53 
1.96 
2.88 
2.34 
2.30 
2.80 
2.43 
2.60 
2.90 
1.97 
1.05 
1.07 
1.10 
1.10 


0.91 
1.13 
1.01' 
1.48 
1.48 
1.50 
1.50 
0.64 
0.80(0.95)" 
0.89,1.10 
0.78 
0.85' 
1.06 
1.42 
0.94 


DBMBN 
BABN 
AABN 
MBDBN 
DBMBM 
BABM 
AABM 
MBDBM 
DBMH 
BAH 
AAH 


2,3-DMN 
o-DMB 


~ 


1.18,1.39,2.45 
1.20 
1.20 
1.11 
2.43 
2.50 
2.81 
1.98 
1.60d 
130d 
2.25 


1.39 
1.45 


~ 


041h 
1.01 
1.36 
0.91 
0.70 
0.88 
1.23 
0.83 
1.38' 
1.54' 
1.78 


' Obtained at ambient temperature under nitrogen with 0.1 M TEAP vs the SCE reference electrode; scan rate 100 mV s- ' ,  Errors i0.05 V. 


' Possible second wave. 
Quasi-reversible cyclic voltammograms. 


Calculated from equation (1) in which unknowns are estimated to be 0.22 V. 
Ref. lob 


a-hydrogens, that is, the reverse scan peak is obser- 
vable. The fact that D-t-BBF, (2) showed a quasi- 
reversible reduction undoubtedly reflected the absence 
of a-hydrogens coupled with inherent steric hindrance 
to protect from an attacking species on the anion 
radical. 


DISCUSSION 


Both the emission and absorption spectra of boron 
complexes show the expected bathochromic progression 
as the conjugation is extended as shown in the structure. 
Various observations reported above indicate that these 
boron complexes possess a n-nx transition as the 
lowest excited state; the observations are, for example, 
(i) fluorescence and absorption bathochromic shift with 
increasing solvent polarity, (ii) large E,,,, and (iii) large 
single triplet e n e p y  gaps (AEST) as shown in Tables 2 
and 3. The n,n' configuration for the lowest singlet 
excited state can be rationalized on the basis of chela- 
tion effects. 


Chelation has been used extensively in the analysis 
of metal ion concentrations by either absorption or 
emission spectroscopy." For fluorimetry , an ideal case 
is that while a chelating agent is non- or weakly 
fluorescent, its metal complex is strongly fluorescent. 
The chelative complex formation in borates utilizes the 
non-bonding electrons on the carbonyl oxygen in 
coordination with the boron vacant p-orbital. and results 
in a resonance-stabilized ring where the n-electrons are 
lowered considerably and the highest energy n-orbital 
becomes the HOMO. Supporting evidence for the 
chelate formation in BF, complexes has been discussed 


on the basis of  x-ray crystallography and IR'",'I and 
NMR spectroscopic data in previous papers3 It is 
certain that the AAH and BAH series follow this 
pattern, where the parent compounds have the n ,nX 
c~nf igura t ion '~  as the lowest singlet excited state, but 
the corresponding boron complexes have the n, n" 
configuration. However, evidence suggests that the 
DBMH'4b and MBDH diketones have the n,n" 
configuration for the lowest singlet excited state, which 
is known to undergo a large ampitude twisting motion15 
that degrades the excitation energy into thermoenergy , 
whence the lack of fluorescence at room temperature. 
This twisting motion can be inhibited in rigid methyl- 
cyclohexane glass, which allows fluorescence from 
DBMH and MBDH to be easily detected. The rigidty of 
the chelated structure and increased conjugation prevent 
this twisting motion and thus the fluorescence can be 
observed. 


The variation in luminescence yields (or relative 
intensities) for the BF, series in a glassy matrix at 77 K 
(Figure 3) are probably related to rates of the non- 
radiative processes. The lack of emission in AABF, has 
been suggested to be due to a fast internal conversion of 
the singlet excited state even under frozen  condition^.^ 
As seen in Figure 3, the increased relative phosphoresc- 
ence intensity of BABF,, as compared with that of 
DBMBF,, is noteworthy and must arise from an 
increased intersystem crossing rate for BABF,. This 
may be brought about by the lowering of the singlet 
excited state energy close to the second triplet state (T, 
or n, n') wherein the probability of the intersystem 
crossing is enhanced by virtue of a small AEsT follow- 
ing the S,-+T2+T, path. In DBMBF2, increased 
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conjugation brings the lowest singlet energy level below 
the T, level; this naturally eliminates the above advan- 
tage. In general, a slow intersystem crossing rate can 
result in a high fluorescence intensity by a competing 
fluorescence rate. 


The coordination of the non-bonded electrons on the 
diketonate oxygens to form a tetracoordinated borate 
results in a diketonate ligand with a local C,L, symmetry. 
This is demonstrated by identical C-0, C-C and 
B-0 bond lengths" even for the unsymmetrical 
complexes containing the BA ligand.Izb On the basis of 
the C2,,  symmetry, the diketonate ring has been studied 
by the Huckel LCAO-MO treatment and the n-electron 
coefficients, energy levels and electron densities have 
been calculated (Figure 4).16 This calculation shows an 
noteworthy feature that the methine position coefficient 
is zero in the LUMO but large in the HOMO. There- 
fore, substitution at the methine position does not 
electronically affect the LUMO energy but should affect 
the HOMO energy. This is exactly what is observed in 
the reduction potentials of Me-AABFz, D-t-BBFz, 
ACHBF, and AABF, (Table 3): methyl substitution at 
the methine position results in a lowering of the oxida- 
tion potential but the corresponding reduction potential 
remains the same within experimental error. 


The primary objective of this investigation is to 
develop an interrelationship between the spectroscopic 
and electrochemical characteristics of these boron 
complexes. The energy levels of the lowest excited 
states (singlet and triplet) have been theoretically 
interrelated to the HOMO and LUMO energy levels, 
that are, in turn, correlated to the redox potentials. The 
singlet and triplet state energies, E, and E T ,  can be 
expressed in terms of the difference in redox potentials 
as foIIows: 


(1) 
(2) 
(3) 


where K and J are the exchange integral and the 
Coulombic integral, respectively, and AAG,,,, is the 
difference in solvation free energies of the radical 
anion and cation. These equations have been used to 


Es = E,, - E,, + AAG,ul,, - J + 2K 
E, = E,, - E,, + AAGs,lv - J 


Es -E, = 2 K  = A E g  


HOMO LUMO 


Figure 4. Huckel LCAO-MO description of the acetylacetone 
1,3-diketonatoboron moiety. The size of the orbital indicates 


the relative magnitude of the orbital coefficient 


determine K [equation ( 3 ) ]  and to estimate J from the 
relevant data of structurally related compounds with 
some success.'Rd The success is due, in part, to a rela- 
tively constant AAG,,,, term, which does not vary 
beyond 0.2 eV." Figure 5 shows the plots according to 
equations (1) and (2), using the experimental data in 
Tables 2 and 3. 


The triplet energies, E,, show a good linear relation- 
ship with the redox potential difference with a slope of 
0.53 and a y-intercept of 0.89. The singlet energies, E,, 
show a more scattered linear trend with a slope of 0.84 
and a y-intercept of 0.54. The slope of less than 
unity suggests that the Coulombic integral decreases 
systematically concurrent with decreasing potential 
differences. This should be expected since an increase in 
conjugation causes a decrease in potential difference and 
also in the J and K integrals in a systematic manner; for 
the present purpose, the J and K terms are set as linear 
functions of the redox potentials difference: Ixa 


J =  u + h(E,, - Ered) (4a) 
2 K =  c + d(E,, - E K d )  (4b) 


Equations (4a) and (4b) are incorporated into equations 
(1) and ( 2 )  to give equations (5) and (6), respectively: 


E ,  = (1 - h + d)(E,, - EreJ +constant (5) 
E,  = (1 - h)(E,, - ERd) +constant (6) 


As shown in Figure 5, the energy gap AEsT narrows, 
that is, the K integral becomes smaller as required by 
equation (3) as the redox potentiai difference becomes 
smaller. The K integral is a relative measure of how an 
electron in the HOMO and an electron in the LUMO 
come in contact with each other.," As increasing conju- 
gation increases the redox potential difference that, in 
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Figure 5. Correlation of the lowest singlet and triplet excited- 
state energy levels vs redox potential differences. The 
regression analysis gives E,  = 0.54 + 044(E,, - Emd) and 


E, = 0.89 + 033(E,, - Emd) 
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turn, reduces the extent of the type of contact, the 
smaller value of E,,-EEd reduces the K integral. 


AABO possess two reduction potentials at -0.89 and 
-1.10 V. The latter is shown to be correlated better 
with the singlet and triplet energies in Figure 5 ,  that is, 
the -1.10 V value gives a better agreement for Es and 
E, correlations according to equations (1) and (2). On 
the basis of these correlations, the AABO reduction 
potential at -1.10 V is assigned to electron addition to 
the AA diketonatoboron moiety. It follows that the 
potential at -0.89 V may arise from the reduction of 
the oxalatoboron moiety. The weak wave of 
BABO = -0.95 V should therefore be the reduction 
potential of the BO moiety. We are not able to rational- 
ize why a second wave was not observed for other BO 
complexes. 


The correlation plots in Figure 5 can be used to 
estimate the singlet and triplet energy levels of boron 
complexes when their emission is lacking. For those 
borates that show no fluorescence and/or phosphor- 
escence, their singlet and triplet energies were read 
from Figure 5 and are shown in Table 2; Es obtained in 
this way compared well with the data estimated from 
the onset of the absorption spectra. 


EXPERIMENTAL 


Materials. Boron complexes were prepared and 
recrystallized according to published p r o c e d ~ r e s . ~ . ~  
Solvents were of spectrograde quality and were used 
without further purification: acetonitrile, carbon tetra- 
chloride (BDH), chloroform (Fisher), dichloromethane, 
cyclohexane (Mallicrodkt) and methylcyclohexane 
(BDH). 


Irzstrurnentation. Fluorescence emission and excita- 
tion spectra were recorded at ambient temperature 
(23+ 1 “C) on a PTI LS-100 fluorimeter (corrected). 
Solutions (1 x 10-6-3 x M for DBMBX and 
MBDBX compounds, 1 x 10-4-5 x M for BABX 
and AABX compounds) were purged with argon for 
several minutes in a 1 cm path-length cell sealed with a 
rubber septum before measurement. Phosphorescence 
spectra were recorded on a Perkin-Elmer MPF-44B 
fluorimeter (uncorrected) with a Hitachi phosphoresc- 
ence unit; low-temperature fluorescence (77 K)  was 
performed with the same apparatus without the chopper. 
Lifetime data were obtained on a PTI LS-1, the pro- 
cedure of which has been described previously.” 


Cyclic voltarnrnetry. Cyclic voltammetry was per- 
formed using a three-electrode arrangement with an 
SCE reference electrode (Fisher), a stationary Pt 
working electrode (surface area 0.018 cm2) and a Pt 
counter electrode. The electronics included a Princeton 
Applied Research (PAR) Model 173 programmer, a 


PAR Model 178 electrometer and a PAR Model 173 
potentiostat/galvanostat equipped with a PAR Model 
179 digital coulometer that provided feedback compen- 
sation for the ohmic drop between the working and 
reference electrodes. Cyclic voltammograms were 
recorded on a Allen recorder. The electrochemical cell 
was based on the design of Kissinger and Heineman,” 
but adapted with a Luggin-Haber tube to reduce the 
ohmic drop. Acetonitrile was refluxed and distilled over 
CaH, under argon. The concentration of the electro- 
active species was 2-3 mM. The electrolyte was 
tetraethylammonium perchlorate (GFS Chemicals, 
support electrolyte grade; 0.1 M). The reported redox 
potentials were calibrated with respect to the 
ferrocene-ferrocenium couple. The experimental range 
of the apparatus was determined, in the absence of an 
electroactive species, to be. -2 to + 3  v (100 mvs- ’ ) .  
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BASICITY OF 3- AMINOPROPIONAMIDINE DERIVATIVES IN WATER 
AND DIMETHYL SULPHOXIDE. IMPLICATION FOR A PIVOTAL STEP 


IN THE SYNTHESIS OF DISTAMYCIN A ANALOGUES 


ILMAR KOPPEL, JUTA KOPPEL AND IVO LEITO 
Institute of Chemical Physics, Tartu University, 2 Jakobi Str., EE 2400 Tartu, Estonia 


AND 
LEIF GREHN 


Department of Biochemistry, University of Uppsala, Biomedical Center, P.O. Box 576, S-75123 Uppsala, Sweden 


The acid-base properties of eight 3-aminopropionamidine derivatives R,R,N(CH,),C (=NH)NR,R, (1, 
R,=R,=R,=R,=H; 2, R1=R,=R,=H, R,=Me; 3, R,=R,=R,=H, R,=Me; 4, R,=R,=H, R,=R,=Me; 
5, R, = Tos, R2 = R, = R, = H; 6, RI = Tos, R, = Me R, = R, = H; 7, R, = Tos, R, = R, = H, R, = Me; 8, R, = Tos, 
R, = H, R, = R, = Me; Tos = 4toluenesulphonyl) related to the antiviral natural product distamycin A were 
investigated in water and dimethyl sulphoxide (DMSO). The measured pK, values for the ammonium function 
in 1-4 in water ranged between 7.48 and 7-73, whereas the corresponding values in DMSO were 9.4 f 0.3. The 
amidinium moiety of these compounds displayed pK, values in the range 11.4-12.0 and 13-4-13.6 in water and 
DMSO, respectively. The tosylamide group in compounds 5-8 was deprotonated in the expected pH region and 
exhibited pK, values between 9.49 and 10.02 in water, but was considerably less acidic in DMSO 
(14.5 c pK, s 15.7). The behaviour of the amidinium cation of 5-8 in water and DMSO resembled that of 1-4. 
The measured pK, values are discussed and the solvent-induced pK, shifts are explained in terms of solvent and 
substituent effects. The observed pK, differences between the ammonium and the amidinium functions in 1-4 
render these compounds suitable intermediates in an alternative synthesis of distamycin A. 


INTRODUCTION 
Distamycin A (DA) (Figure 1) is a basic polyamide 
with a wide range of antibiotic properties.' The chem- 
istry of this naturally occurring compound has received 
considerable interest since its discovery three decades 
ago. As a consequence, several synthetic routes to the 
parent compound and to a huge number of analogues 
have been devised. Some years ago, an alternative 
synthetic strategy to DA in which the preformed unpro- 
tected aliphatic amidine side-chain was attached to a 
trimeric pyrrolecarboxylic acid precursor as the final 
step was designed.2 The yield in this coupling ranged 
between 40 and 80%, but was later increased to 
80-90% by careful monitoring of the r ea~ t ion .~ .~  In 
practice, this coupling was achieved by treatment of the 
corresponding succinimidyl ester with a considerable 
excess of 3-aminopropionamidine dihydrobromide in 
aqueous dioxane under essentially neutral conditions 
(PH cs 6-7). 


CCC 0894-3230/96/050265 - 04 
Q 1996 by John Wiley & Sons, Ltd. 


In order to simplify the procedure and to optimize the 
reaction conditions further, we explored miscellaneous 
alternative condensation agents, such as dicyclohexyl- 
carbodiimide (DCC) and carbonyldiimidazole in this 
respect. Although various reaction conditions were 
tried, the crude reaction product always contained side 
products and only a modest quantity of DA could be 
isolated after a laborious workup. We have recently 
found that the yield of the desired product improved 
significantly when 2-(1H-benzotriazol-l-yl)-l,l,3,3- 
tetramethyluronium tetrafluoroborate (TBTU) was used 
as a dehydrating agent in an aprotic polar solvent under 
anhydrous conditions.' This direct approach also 
exploits the fact that the amidine function generally is 
significantly more basic than the amino group, thus 
allowing selective acylation of the amine in the presence 
of an unprotected amidine moiety. However, it is well 
known that acylation of the amidine nitrogens, and also 
hydrolysis of the amidine function, might occur under 
the influence of strong With the aim of 
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Figure 1. Distamycin A (hydrobromide), R = Me; compound 9 (hydrobromide), R = H (see Table 1) 


elucidating this crucial step in the synthesis of DA and 
to gain further insight into the properties of these 
versatile precursors, we have now determined the pKa 
values in water and DMSO of a small series of relevant 
3-aminopropionamidine derivatives. 


DA exerts its principal action by binding preferen- 
tially to AT-rich regions of the minor groove in helical 
DNA.8s9 It is reasonable to assume that several proper- 
ties of DA, such as its acid-base behaviour and its 
ability to interact via hydrogen bonds, contribute to its 
binding efficiency to DNA. The protolysis of DA is 
primarily governed by its amidine functions. Therefore, 
the goal of this study was to measure the acid-base 
properties (pKa) of DA and the related 3-aminopropion- 
amidine derivatives in order to gain further insight into 
the mechanism of action of DA. 


RESULTS AND DISCUSSION 
The pKa values of a wide range of substituted amidine 
analogues have been amply reviewed recently." Con- 
tinued interest in this class of substances is further 
reflected in miscellaneous contemporary reports dealing 
with related aspects of their acid-base chemistry. ' l ~  


The results of our pKa measurements (in aqueous 
solution and in DMSO) of selected salts of 3-aminopro- 
pionamidine derivatives R,R,N(CH,),C(=NH)NR,R, 
related to DA are compiled in Table 1. All of the com- 
pounds 1-8 have three non-equivalent nitrogen atoms 
which may serve as sites for protonation or deprotona- 
tion. The R,R,N group behaves as a normal amine 
function and is attached to a (CH,),C fragment. 
Depending on the pH, it can act either as a basicity 
centre (for protonation on N) or as an acidity centre (for 
deprotonation of the R,R,N moiety of R, and/or 
R2 = H). The imino (=NH) group and the remaining 
NR,R, function can also display this dualistic behav- 
iour, depending on the nature of the substituents and the 
pH of the surrounding medium. For the uncharged 
amidine molecule, the strong basicity is primarily 
governed by protonation of the =NH site to yield t:he 
very stable amidinium cation." With few exceptions, 
the acidity of the =NH group is low (the pKa in DMSO 
is usually in the range 16-31 pKa unitsI3-l5). 


The NR,R, group behaves as an amine function, the 
basicity of which is generally lower than that of the 
=NH g r o ~ p . ' ~ ~ ' ~  Unless R,-R, are not strongly elec- 
tronegative substituents (e.g. CF,SO,, NO,, CN and 


Table 1. Acidity of R,R2N(CH,),C(--NH)NR3R4. aHX in water and DMSO 


No. R,  Rz R3 R4 aHX R,R,N' C(=NH)NR3R,' R,R,N' C(=NH)NR,R,' 


1 H H H H 2HBr 7.50 11.6 9.7 13.6 
2 H ME H H 2HBr 7.73 11.4 9.2 13.6 
3 H H Me H 2HBr 1.53 11.9 9.4 13.4 
4 H H Me Me 2HBr 7-48 12.0 9.7 13.4 
5 Tosd H H H HCl 9.49' 10.8 15.7" 13.3 
6 Tos Me H H HCI - 11.5 - 13.3 
7 Tos H Me H HCl 10~02' 11.9 14.5' 13.3 


14.7' 13.0 
12.8 9 -8 H H H HBr - 11.2 - 


8 


' k0.03 pK, units for pK,,, i0.2 pK, units for pK,,. 
i0.2 pK, units. 
' Rotonation or deprotonation centre. 
ItToluenesulphonyl. 


'Refers to neutral tosylamide. 
'Not determined. 
gTripymolecarboxamide residue lacking a methyl substituent on the second pyrrole fragment (see Figure 1). 


r f 
Tos H Me Me HCl 9-84' 11.4 
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PhSO,), the NH acidity of the R,R,N and NR,R, 
groups is extremely l0w.I3-l7 This is evidently not 
the case for 5-8, which contain the TosNH fra ment. 
By analogy with PhSO,NH,[pK,(H,O) = 10-3! pK, 
(DMSO) = 16.0'3.'6] or PhS0,NHMe [pK, (H,O) 
= 11.6''], one might expect the acidity of 5-8 to be at 
least comparable to, or even higher than, those of these 
two sulphonamides. 


In most of the potentiometric titration experiments 
with the salts given in Table 1, in DMSO two definite 
equivalence points were monitored corresponding to 
consecutive deprotonations of those compounds. In 
water, 1-4 gave one well defined equivalence point. For 
5,7 and 8 the equivalence point was very weak, almost 
non-existent. Compound 6 did not give an equivalence 
point at all. The reason for the absence of the second (or 
even the first) equivalence point on the titration curves 
is definitely the high values of the corresponding pKa. 


The DA analogue 9 (see Figure 1) has four carbox- 
amide moieties, one pyrrole NH fragment and one 
protonated amidine group. The potentiometric titration 
curve for this compound also shows only one stoichiome- 
tric point in DMSO (none in water), which, by analogy 
with 6, refers to protonation of the amidine function. 


Assignment of the protonation centres for 1-4 seems 
to be straightforward. In these compounds, the 
R,R,N(CH,), fragment can be considered to be an 
amine function attached to the electron-withdrawing 
C(=NH;)NR,R, group. The pK, (H,O) for EtNHf is 
10.7,'' whereas in DMSO the corresponding value is in 
the range 10.6- 10.9.'3*'8 The replacement of an H in 
the methyl group of EtNHf by the positively charged 
C(=NHf )NR,R, group should theoretically reduce the 
basicity of the RIR2N fragment, as, is borne out in 
practice [7.5 d pK,(H,O) d 7.8; 9-2 c pK, (DMSO) 
d9.7 ] (see Table 1). 


The second pKa value for 1-4 evidently corresponds 
to the deprotonation of the amidinium fragment, thus 
closely resembling the pK, pattern for simple amidines 
[pK, (H,O) is usually in the range 11 - 12'' whereas pK, 
(DMSO) is normally around 13-15'3.'8-2']. 


Compound 6, owing to the absence of an NH bond in 
the R,R2N fragment, cannot be de rotonated at that site. 
In agreement with the literat~re'~*''~'~ and the above 
discussion, the measured pK, value corresponds to the 
deprotonation of the amidinium fragment. 


The behaviour of the three remaining Tos-substituted 
3-aminopropionamidines, 5, 7 and 8, is more compli- 
cated. These compounds could be considered as 
analogues of simple sulphonamides [pK, (H,O) for 4- 
MePhS0,NHMe is 11.7;15 for further examples, see 
Refs 10-151 which carry the neutral or charged 
amidine function C(=NH)NR,R,. The latter should 
make these compounds (i.e. 5,  7 and 8) more acidic 
than the above-mentioned reference compound. Table 1 
shows that this is indeed the case in aqueous solution, 
although this effect never exceeds 1 pK, unit (see 7). At 


the same time, the TosNH and TosNMe fragments 
decrease moderately the basicity of the amidine function 
in 5-8. 


However, the behaviour of compounds 5, 7 and 8 in 
DMSO seems to be different from that in aqueous 
solution. The lower pK, values (13.0-13.3) for these 
compounds seem to be associated with deprotonation of 
the amidine function (cf. also 6), which is slightly 
affected by the remote neutral TosNH (or TosNMe) 
group. Consequently, the higher pK, values for com- 
pounds 5, 7 and 8 seem to reflect the deprotonation of 
the NH fragment of the sulphonamide function. Obvi- 
ously, the acidifying effect [compared with the 
reference compound PhSO,NH, (pK, in DMSO 
= 16.0)'3,'6] of the deprotonated neutral amidine func- 
tion [C( "NH)NR,R,] is not very significant. The 
solvent-induced reversal of the order of deprotonation of 
the TosNH group and the amidine function in 5,7  and 8 
is evidently due to solvent effects of different intensity 
in this process when water is replaced by DMSO. As 
judged from Table 1, the solvent effects upon going 
from H,O to DMSO on the R,R,N function in 1-4 or 
on the amidine function of all compounds studied 
amounts to as much as 2 pK, units. At the same time, 
the solvent effects for 5, 7 and 8, associated with the 
acidic dissociation of the TosNH function, range from 
4.9 (8) to 6.2 (5) pKa units. These findings are further 
supported by literature data," which show that the 
transfer of cationic acids from water to DMSO is 
relatively insensitive to solvent effects, whereas the 
acidity of neutral NH acids is much more solvent 
dependent. 17,22*23 


The acidifying effect of an adjacent CO group in 9 is, 
as expected, considerably less pronounced than that of 
the Tos f~nc t ion . '~ - '~  Under aqueous conditions, acidic 
dissociation of the neutral carboxamide moiety (CONH) 
does not occur, and the measured pK, value in Table 1 
in both solvents refers to deprotonation of the 
amidinium function, which, in turn, should exercise a 
moderate acidifying effect on the remote aliphatic 2- 
pyrrolecarboxamide fragment. Therefore, one can 
conclude that the 3-aminopropionamidine derivatives 
and 9 behave similarly. 


CONCLUSION 
The observed differences between the pK, values of the 
amidinium and ammonium groups in 1-4 are 
sufficiently large to permit selective deprotonation of 
the latter, which, in turn, facilitates its acylation by a 
suitable DA carboxylic acid precursor. Such coupling 
reactions require meticulous monitoring of the pH in 
order to avoid excess base. In an aqueous environment 
it is important to suppress undesired hydrolysis of the 
amidine group, which often occurs under alkaline 
conditions. Our recent experience prompted us to focus 
on the use of anhydrous conditions to achieve this 
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crucial step and, owing mainly to its favorable solubil- 
ity properties, DMF is the preferred solvent in this 
context. We measured the pKa values in DMSO to 
facilitate meaningful comparison with data available 
previously. 


The present results therefore provide a firm experi- 
mental basis for application of the 3-aminopropion- 
amidine derivatives 1-4 for the final direct attachment 
of the unprotected aliphatic side-chain to the trimeric 
pyrrole-carboxylic acid. By choosing a suitable pH in 
aqueous solutions or by employing otherwise carefully 
controlled reaction conditions in anhydrous media in 
this crucial last step in our synthetic scheme, it is 
possible to acylate selectively the amino group in the 
presence of the unblocked protonated amidinium 
function in satisfactory yield with a minimum of side 
products. 


EXPERIMENTAL. 
Compounds 1-8 were prepared by standard methods as 
described previo~sly.~ The DA analogue 9 originated 
from the same work.3 


DMSO was purified as described earlier. 16-" 
The procedures for the determination of the pKa 


values in water and DMSO were similar to those 
described earlier.16-19*24 Potentiometric titration at 
298 K with a glass electrode was used in both solvents; 
0.1 M KOH was used as a titrant in water and a 0.01 M 
molar solution of Bu4NOH in propan-2-01-benzene 
(1 :4, v/v) in DMSO. In water the glass electrode was 
calibrated using standard buffers, in DMSO benzoic 
acid served as reference compound. 


The calculation method used was different from that 
used previously. Most of the acids studied in this work 
are diprotic and the two pKa values are close to each 
other. Hence, the titration of the second acidic group 
begins before that of the first group has finished. This 
means that three different forms of the compound are 
present in the solution simultaneously: AH:', AH+ and 
A in the case of 1-4 and AH;, AH and A- in the case 
of 5,7 and 8. Therefore, a more complex data treatment 
was necessary. The calculation method used takes into 
account the presence of all three forms of a compound 
in solution and is described in Ref. 25. 
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The inductive effects and polarizability of a series of 17 alkyl substituents were evaluated in theoretical terms 
from ab initio calculations for acid- base processes involving the corresponding alkanols. The effects allow one 
to account for general acid-base processes, both in the gas phase and in solution. Also, the classical inductive 
effect accounts for the acidity of dissolved alkanols and hence provides a straightforward explanation for the 
well known acidity inversion in alkanols from the gas phase to a solution. The applicability of the derived Z and 
P values for the alkyl groups to the protonation of amines, nitriles, ethers and thiols is shown. 


INTRODUCTION 
Establishing relationships between structure and reactiv- 
ity continues to be a central goal of physical organic 
chemistry and probably the best approach to developing 
models for rationalizing compound properties. The 
information most frequently used for this purpose is 
usually related to acid or base properties of the struc- 
tures considered, mostly because of the success 
achieved ca 50 years ago with the Hammett,' 
Branch-Calvin* [l 1, and Ingold-Taft3 techniques as 
applied to structural effects. 


Let us concentrate on the analysis of the acid proper- 
ties of unsubstituted alkanols. The fact that the acidity 
of these compounds in aqueous solutions decreases 
with increasing size and branching of their alkyl 
chain [pK,(MeOH) < pK,(EtOH) < pK,(PrOH) < pK,(i- 
PrOH) < pK,( t-BuOH)] has traditionally been ascribed 
to the increase in the electron-releasing ability of an 
alkyl group with increase in its size and degree of 
branching. However, experiments on gas-phase alkanols 
conducted by Brauman and Blair4*5 showed that the 
situation was inverted: contrary to the expectations, the 
larger and more branched the alkanol, the greater was its 
acidity. This finding was elegantly accounted for by 
these authors, who ascribed it to a polarizability effect. 


*Author to whom correspondence should be addressed. 


The stabilizing effect involved can be expressed in 
mathematical terms as 


E =  a q 2 / 3 ~ r 4  


where a denotes the polarizability, E the dielectric 
constant, q the charge and r the distance between the 
polarizable group and the charge site. According to Taft 
et the situation in solution is different: the above- 
described polarizability effect is insignificant because 
the charge on the oxygen atom of the dkoxy anion 
disperses in the solvent via hydrogen bonds. 


While specific solvation of charged forms in other 
compound families plays a prominent role in explana- 
tions for the changes in acid-base properties from the 
gas phase to s o l ~ t i o n s , ~ ~ ~  the effect in alkanols is not 
strong enough to account by itself for the above-men- 
tioned acidity inversion from the gas phase to aqueous 
solution. 


More recently, Tuiion et a/.' carried out a theoretical 
study of the acidity inversion by using four alkanols 
(MeOH, EtOH; i-F'rOH and t-BuOH). They developed 
a model based on the assumption that the charges 
obtained from a Mulliken population analysis for the 
CO group of alkoxy anions in these compounds 
decrease gradually with increasing size and branching of 
the alkyl chain. If the charge lost by the C-0  group is 
delocalized throughout the rest of the ally1 group, then 
the alkoxy anion will be stabilized to an extent increas- 
ing with increasing amount of delocalized charge and 
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hence with the size and degree of branching of the alkyl 
group. The opposite situation must prevail in solution 
since the more charge is delocalized over the alkyl 
group, the less charge will be localized in the CO group 
and hence the less solvatable will be the compound. As 
a result, the stabilizing effect on alkoxy anions of 
interactions with the solvent will be much smaller. 
Based on the previous reasoning, Tuiion et aL9 sug- 
gested that, because both terms are related to molecular 
size, their explanation could be generalized. Let us 
consider the following equilibrium to illustrate this 
point: 


AH * A- + H ' 
In vacuo, because the molecular size of the com- 


pound is increased with each methyl group introduced, 
the equilibrium will be displaced to the right on each 
addition. In solution, the electrostatic stabilization 
decreases with increasing size, thereby favouring a 
displacement to the left. A balance between these two 
opposing trends determines the final acidity (or basicity) 
sequence in solution. 


The above-described model does not seem appro- 
priate here, since (a) it uses the solvated CO group as 
the active site given an unusual role to the carbon atom, 
(b) it ignores the polarizability effects of alkyl groups, 
which has proved vital for justifying a number of 
chemical facts related to acid-base properties in both the 
gas phase and solution, and (c) the generalization is 
somewhat dangerous since, for example, the 
equilibrium 


should be displaced to the right to an extent proportional 
to the molecular volume (i.e. in the R sequence n- 
butyl> n-pentyl > n-hexyl, etc.). 


It should be noted that the above-mentioned inversion 
of alkanol acidity from the gas phase to an aqueous 
solution also takes place in switching to i-PrOH" and 
DMSO solutions." 


In this work, we aimed to provide a sound explana- 
tion not only for the acidity inversion in alkanols from 
the gas phase to solution, but also for the general 
acid-base properties of this type of compound. For this 
purpose, we started from an idea originally put forward 
by Taft et aL6 and used alkyl substituents giving no 
solvated active sites but resulting in major changes in 
the acid-base properties of the corresponding alkanol. 
In this respect, alkyl groups bearing halogen substitu- 
ents was the best choices. This paper analyses 
theoretically 17 alcohols encompassing an acidity range 
of 11 pK, units in an aqueous solution, 21.5 pK, units 
in DMSO solution and 44 kcal mol in the gas phase. It 
also establishes theoretically the intrinsic inductive 
effects and polarizability of the different alkyl groups 
considered . 


THEORETICAL CALCULATIONS 


All computations were carried out by using a standard 
version of the program Gaussian 92" at the 
Hartree-Fock level with the 6-31G** polarization 
basis set. Neither diffuse functions nor electronic 
correlation effects were taken into account in these 
calculations. Geometries were fully optimized using 
Berny's algorithmI3 (an extended geometry was adopted 
for n-alkanols in order to avoid potential cyclization and 
coiling effects14). From the optimized geometries, the 
zero-point vibrational energy (ZPVE), the thermal 
energy (H - Ho) and entropy contributions were calcu- 
lated by using vibrational frequencies scaled by a factor 


Table 1 gives the total energies, ZPVE, H - H" and S 
values for the 17 alcohols, alkoxy anions and alkoxy 
cations studied. The geometries derived for the molecular 
structures can be obtained from the authors on request. 


of 0.89.'' 


RESULTS AND DISCUSSION 


Table 2 shows the theoretical basicity (I) and acidity 
(11) AH" and AGO values of alkanols calculated from 
the data in Table 1 and their experimental counterparts 
in the gas phase and in aqueous and DMSO solution. 


ROH,' =ROH + H' (1) 


(11) ROH = RO - + H + 


The theoretical data on AG and AH for processes (I) 
and (11) as a function of their corresponding experimen- 
tal data in gas phase are shown is Figures 1-4. The 
agreement between this set of experimental and theoreti- 
cal data is sufficiently good for supporting the reliability 
of the calculated values [AG(I) (n = 11, r = 0.984 and 
s.d.=2.6 kcalmol-I), AH(1) ( n =  11, r=0.978 and 
s.d. = 32.4 kcalmol-'), AG(I1) (n = 14, r=0.995 
ands.d.= 1.7 kcalmolK')andAH(II) (n=14,  r=0.995 
and s.d. = 1.8 kcal mol - I ) .  


Figures 5 and 6 show the theoretical AG (11) values 
for the isolated molecules (i .e.  the gas-phase acidity) as 
a function of the AG values for the acidity in aqueous 
and DMSO solutions, respectively. As can be clearly 
seen in both figures, there is a linear correlation between 
the data for the gas phase and solution; also, the trend is 
inverted for unsubstituted alkanols. 


Alcohols are among the compound families that lend 
themselves readily to the evaluation of the inductive and 
polarizabilit effects of an alkyl group. According to 
Taft et a[., the free energy for a basic (111) and acid 
equilibrium (IV): 


ROH(,,+CH,OH,(,,+=ROH,(,,' + CH,OH(,, (111) 


reflect the fact that the polarizability effect ( P )  for R 
relative to CH, arises from the greater charge-induced 


P 


ROH,,,+CH,O,,,--RO(,, +CH,OH,,, (IV 1 
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Table 1. Energies (ET) ,  zero-point vibrational energies (ZPVE), thermal correction ( H  - H O )  and 
entropy contributions (S) for the neutral, protonated and deprotonated forms of alcohols studied 


ET ZPVE H - H "  5 
Alcohol (kcal mol-l) (kcal mol-I) @caI mol -I ) (cal mol-' K-') 


MeOH 
MeOH, + 


Me0 - 
EtOH 
EtOHz + 


EtO- 
n-PrOH 


n-PrO- 
n-BuOH 
n-BuOH, 
n-BuO- 
n-PentOH 
n-PentOH, + 


n-Pent0 
n-HexOH 
n-HexOH, + 


n-HexO- 
n-HeptOH 
n-HeptOH, + 


n-HeptU- 
i-PrOH 
i-PrOH, + 


i-Pro- 


n-PrOH, + 


t-BuOH 
t-BuOH, + 


t-BuO- 
2FEtOH 
2FEtOH, + 


2FEtO - 
2CIEtOH 
2ClEtOH, + 


2ClEtO 
2.2FEtOH 
2,2FEtOH,+ 
2,2FEt0 - 
2,2ClEtOH 
2,2C1EtOH2 + 


2,2ClEt0 - 
2,2,2FEtOH 
2,2,2FEtOH, + 


2,2,2FEt0 - 
2,2,2ClEtOH 
2,2,2C1EtOH2 + 


2,2,2,ClEtO - 
(CF,),CHOH 
(CF,),CHOH, + 


(CF,),CHO- 
(CF,),COH 
(CF,)WHz' 
(CF,),CO- 


-72 193.0 
-72386.9 
-71780.6 
-96693.0 
-96892.9 
-96283.7 


-121189.7 
-121391,O 
-120781.4 
- 145686.2 
- 145888.4 
-145278.2 
-170182.8 
- 170385.4 
- 169775.0 
- 194679.4 
- 194882.2 
-194271.7 
-219175.9 
-219378.9 
-218768.3 
- 121 192.9 
-121396.8 
-120785.5 
- 145691.6 
- 145899.8 
- 145285.7 
-158718.3 
- 158916.0 
- 158317.0 
-384655.8 
-384850.7 
- 384259.8 
-220756.7 
- 220944.6 
-220363.9 
-672616.2 
-672802.8 
-672230.6 
-282801.9 
-282981.3 
- 2824 12.7 
-960570.2 
-96075 1.5 
-960189.5 
-493402.2 
-493572.4 
-493032.6 
-703996.5 
-704 157.8 
-703642.8 


34.6 
41-8 
23.9 
53.8 
61.8 
43.3 
72.9 
81.0 
62.3 
91.9 


100.1 
81.3 


111.0 
119.1 
100.3 
130.0 
138.2 
119.3 
149.0 
157.2 
138-3 
72.5 
80.2 
62.0 
90.9 
98.2 
80.5 
49.5 
58.1 
39.1 
48.4 
56.8 
38.1 
44.7 
53.1 
34.7 
42.6 
50.5 
32.3 
39.5 
47.4 
29.4 
35.9 
43.7 
25.7 
43.1 
51.2 
33.6 
46.5 
54.3 
37.1 


36.6 
44.2 
25.7 
56.3 
64.7 
45.6 
76.2 
84.7 
65.4 
96.0 


104.5 
85.2 


115.9 
124.4 
105.0 
135.7 
144.2 
124.8 
155.5 
164.0 
144.6 
75.7 
83.9 
65.1 
94.9 


102.8 
84.3 
52.4 
61.0 
41.7 
51.4 
59.9 
40.8 
47.9 
56.4 
37.6 
46.1 
54.2 
35.7 
42.9 
51.2 
32.6 
40.0 
48.1 
29.7 
48.5 
56.8 
38.7 
53.8 
61.9 
44.3 


56.6 
59.7 
54.8 
63.8 
65.9 
62.0 
71.2 
73-4 
69.6 
78.5 
80.8 
77.0 
85.8 
88.1 
84.3 
93.1 
95.4 
91.6 


100.4 
102.8 
98.9 
70.1 
72.9 
68.6 
75.6 
79.5 
74.5 
68.8 
68.7 
67.0 
71.2 
71.6 
69.9 
72.9 
73.2 
70.9 
76.9 
78.5 
76.5 
75.4 
77.2 
74.0 
82.3 
84.4 
82.1 
93.1 
94.3 
92.0 


107.2 
109.2 
106.6 
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Table 2. AH(I), AG(I), AH(I1) and AG(I1) (calculated)' and experimental phase-gasb and AGexP~~-i(II) and AGeXP@~w) 
(experimental) for processes I (basic) and 11 (acid) of the alcohols studied (all values in kcal mol-') 


ROH,+ =-OH + MH' ROH-RO-+H' 


MeOH 
EtOH 
n-PrOH 
n-BuOH 
n-PentOH 
n-HexOH 
n-HepOH 
i-PrOH 
t-BuOH 
2FEtOH 
2CIEtOH 
2,2FEtOH 
2,2ClEtOH 
tFEtOH 
ClEtOH 
hFiPrOH 
pFrBuOH 
H*O 


186.4 
191.5 
192.8 
193.8 
194-1 
194.3 
194.5 
195.7 
200.3 
189.1 
185.6 
179.4 
178.5 
171.1 
173.2 
161.9 
153.2 


179.5 
184.4 
185.7 
186.8 
187.0 
187.2 
187.5 
188.8 
193.7 
181.3 
178.0 
171.7 
171.2 
163.9 
166.1 
154.5 
146.0 
165.5' 


181.9 
188.3 
190.8 
191.1 


191.2 
193.7 


176.2 


169.0 
177.4 
165.0 
163.1 


174.1 
180.2 
183.0 
183.3 


183.4 
185.9 


168.4 


161.2 
169.6 
157.2 
155.3 


401.4 
398.7 
397.5 
397.1 
396.9 
396.8 
396.7 
396.8 
395.3 
390.6 
385.4 
382.5 
375.2 
378.9 
370.4 
359.8 
344.2 


394.2 
391.5 
390.2 
389.8 
389.6 
389.5 
389.4 
389.4 
387.8 
383.4 
378.0 
375.3 
376.6 
371.6 
362.7 
352.4 
336.6 
403.3' 


380.5 
377.4 
375.9 
375.5 
373.8 
373.1 
372.6 
375.4 
374.5 
370.0 


366.4 


361.8 


344.9 
33 1.7 


374.0 
370.7 
369.5 
368.4 
367.3 
366.4 
365.9 
368.8 
368.0 
363.5 


359.2 


354.2 


338.2 
324.1 


20.84' -20.82 
21.71' -22.33 
22.06d 
22.06d 


22.58' -23.02 
22.66' -26.44 


19.59' 
18.2' 
17.66' 
16.99d -9.18 
16.67" 
12.74' 
7.12' 13.29 


'The AG'""' evaluation included the entropy term for a free proton from the Sakur-Tetrode equation. 
Values taken from Ref 16. 


'Values taken from Ref. 17. 
Values taken from Ref 18. 


'Value taken from Ref. 19. 
Values taken from Ref. 20. 


eValues taken from Ref. 21. 
Values taken from Ref. 1 1 .  
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Figure 1. Plot of the theoretical free energy of acid dissociation 
of the protonated form against its gas-phase counterpart 


Figure 2. Plot of the theoretical enthalpy of acid dissociation 
of the protonated form against its gas phase counterpart 
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Figure 3. Plot of the theoretical free energy of acid dissociation 
against its gas phase counter part 
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Figure 4. Plot of the theoretical enthalpy of acid dissociation 
against its gas phase counterpart 


dipole stabilization of either the cation or the anion (i.e. 
ROH,’ relative to CH,OH,+ and RO- relative to 
CH,O-). An inductive electron-releasing effect of R (I) 
will stabilize ROH, + relative to CH,OH, +, but will 
destabilize RO- relative to CH,O-. Therefore, one can 
initially write -AG(III) = I  + P and -AG(IV) = -I + P. 
Consequently, I can be evaluated from 
[ -AG(III) + AG(IV)]/2, and then P can be calculated 
from the free energies of process (111) or (IV). 
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Figure 6. Plot of the theoretical free energy of acid 
dissociation against its DMSO solution counterpart. 


(m) Haloalkanols; (0) alkanols 


Table 3 gives the inductive effects ( I )  and polarizabil- 
ity effects ( P )  for the 17 alkyl groups studied. As can be 
seen, the unsubstituted alkyl compounds studied have 
positive inductive effects (typical of electron-releasing 
groups), whereas the halogen-containing alkyl com- 
pounds possess negative inductive effects (typical of 
electron-withdrawing groups). The results allow one to 
draw three additional interesting conclusions; 


(a) Both I and P increase with increasing length of the 
alkyl chain in n-alkyl compounds; the effect, 
however, decreases with more than five carbon 
atoms in the chain. Both I and P are strongly 
correlated in the unsubstituted compounds studied, 
which may allow the substituent effect to be 
described in terms of a single parameter. 
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Table 3. Inductive ( I )  and polarizability (P) 
effects referred to methyl group (all values in 


kcal mol-I) 


Me 0.0 0.0 
Et 1 . 1  3.8 
n-Pr 1 . 1  5.1 
n-Bu 1.4 5.8 
n-Pent 1.4 6.1 
n-Hex 1.5 6.2 
n-Hep 1.6 6.4 
i-Pr 2.2 7.1 
t-Bu 3.9 10.3 
2FEt -4.5 6.3 
2ClEt -8.9 7.3 
2,2FEt -13.3 5.6 
2,2ClEt - 17.5 9.2 
tFEt -19.1 3.5 
ClEt -22.4 9.1 
hFiR -33-2 8.2 
pFtBu -45.5 12.1 


Branching increases I and P to a greater extent than 
does increasing chain length. Thus, I(Pr) = 1.1 
whereas I(i-Pr) = 2.2, and P(Pr )  = 5.1 whereas 
P(i -Pr)  = 7.1; also, I(Bu) = 1 . 4  whereas I ( t -  
Bu) = 3.9 and P(Bu) = 5.8 whereas P(t-Bu) = 10.3 
(all values in kcal mol-I). 
Replacing hydrogen atoms at C-2 in the ethyl 
group by halogen atoms increases the inductive effect 
of the aUcyl chain. Obviously, the increase is 
larger for chlorine atoms than for fluorine 
atoms: I(Cl,CH,) - I(CH,CH,) = 21 kcalmol-' and 
I(CF,CH,) - I(CH,CH,) = 18 kcalmol-I). The effect 
is also greater for branched chains relative to straight 
chains: I[(CF,),CH] - I[(CH,),CH] = 31 kcalmol-I 
and I [  (CF,),C] - I [  (CH,),C] = 42 kcal mol - I .  


Figure 7 shows the acidity values for the alcohols in 
the aqueous solution as a function of the inductive effect 
of the substituents. As can be seen, the two parameters 
are proportional (even for the unsubstituted alkanols), 
so the above-mentioned acidity inversion can only arise 
from the gas-phase polarizability of these compounds. 
This polarizability effect is lost on going to an aqueous 
solution. 


Figure 8 shows the acidity values for the alcohols in 
DMSO as a function of the inductive effects of the substitu- 
ents. Again, the two parameters are fully proportional. In 
principle, the fact that the inductive effect is such a faithful 
reflection of the acidity of the alcohols studied in DMSO is 
surprising since it must involve a mechanism by which the 
charge of alkoxy anions is dispersed in a solvent con- 
sidered non-protic such as DMSO. Measurements recently 
recorded in our laboratory show that DMSO behaves like a 
slightly acidic solvent." 
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Figure 7. Plot of the inductive effect of the substituent against 
the free energy of acid dissociation of the alcohols in aqueous 


solution. (m) Haloalkanols; (0) alkanols 
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Figure 8. Plot of the inductive effect of the substituent against 
the free energy of acid dissociation of the alcohols in DMSO 


solution. (m) Haloalkanols; (0) alkanols 


Table 4 gives the charges of the most relevant atoms 
for the molecular structures used as examples to illus- 
trate the effects of alkyl groups in these compounds. The 
charge on the hydroxyl hydrogen atom tends to be 
slightly less positive as the + I  effect of the substituent 
increases and its - I  effect decreases. The charge on the 
acid hydrogen in the protonated forms of the alkanols 
studied also reflects the influence of the inductive effect 
of the substituent. It should be noted that, while the 
charges on the CO group of the four compounds pre- 
viously studied by Tuiion et aL9 are consistent with the 
above-described trends, the real significance of this 
finding is that the solvated active site in these corn- 
pounds (i.e. the oxygen atom) is also influenced by the 
inductive effect of the substituent, also, the charge 
provides no explanation for the acidity inversion. 
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Table 4. Charges on the most relevent atomic sites in the 
molecular forms studied as determined from Mulliken analysis 


Alcohol 


MeOH 
EtOH 
n-PrOH 
n-BuOH 
n-PentOH 
n-HexOH 
n-HepOH 
i-PrOH 


2FEtOH 
2ClEtOH 
2,2FEtOH 
2,2ClEtOH 
fFEtOH 
KlEtOH 


(CF,),3COH 


Z-BUOH 


(CF,),CHOH 


Neutral form 


qH 40 


0.33 -0.63 
0.33 -0.64 
0.33 -0.65 
0.33 -0.65 
0.33 -0.65 
0.33 -0.65 
0.33 -0.65 
0.33 -0.64 
0.33 -0.65 
0.33 -0.63 
0.34 -0.62 
0.34 -0.63 
0.35 -0.62 
0.35 -0.63 
0.36 -0.62 
0.37 -0.62 
0.38 -0.62 


Cation 
Anion form form 


4c 40 qH'  


0.23 -0.91 0.46 
0.32 -0.91 0.44 
0.33 -0.92 0.45 
0.33 -0.92 0.44 
0.33 -0.92 0.44 
0.33 -0.92 0.44 
0.33 -0.92 0.44 
0.39 -0.92 0.44 
0.45 -0.93 0.43 
0.21 -0.90 0.46 
0.31 -0.88 0.45 
0.22 -0.91 0.46 
0.31 -0.87 0.46 
0.20 -0.89 0.46 
0.33 -0.83 0.46 
0.14 -0.88 0.41 
0.03 -0.87 0.48 


In summary, the acidity inversion in alkanols found 
on going from the gas phase to solution is caused by 
the following fact: in gas phase, the size and branching 
of the alkylated chain produced a net increase in 
acidity, because its polarizability clearly overcomes 
the decrease in acidity produced by the inductive 
effect. However, in solution some mechanism of 
charge dispersion makes the contribution of the 
polarizability become negligible, and the acidity of 
alkanols decreases because of the inductive effect of 
the alkyl group. 


In view of the results, it seemed logical to examine 
the potential use of I and P data for alkyl groups with 
compound families other than alcohols. To this end, 
however, it is preferable to refer the effects to the 
hydrogen atom (usually considered the null substituent) 
rather than to the methyl group as before. 


Because the computational level previously used, 
6-31G**, was inappropriate for describing the anion 
resulting from the deprotonation of water, we thought 
it more correct to derive the protonation and deproton:; 
tion AG values that would correspond to 6-31G 
calculations from linear relationships between the 
6-31G** data for processes (I) and (11) and their 
experimental counterparts for the gas phase for n- 
a lkan~ l s . ' ~ ,*~  In this way, we obtained 165.5 and 
403.3 kcalmol-l for water, so the inductive effects 
relative to H would be 2.5 kcalmol-' greater than 
those relative to the methyl group and the polarizability 
values would be 11-6 kcalmol-I greater than those 
relative to Me. 


Let us analyse the data for a gas-phase protonation 
equilibrium such as that of a primary amine, 


RNH2+H+-RNH3+ (V) 
where R denotes H, Me, Et, Pr, Bu, Pent, Hept, i-Pr, t- 
Bu, FCH,CH,, F,CHCH,, F,CCH, or (CF,),C. The 
substituents cause a basicity change of 30 kcalmol" in 
the primary amine.I6 These data are accurately described 
by I and P effects through the following equation: 
AG = (0.644 f 0-02O)I + (0.644 f 0.049)P + 196.0 (1) 
with n = 13, r = 0.995 and s.d. = 0.9 kcalmol-'. 


a nitrile, 
Similarly, in the gas-phase protonation equilibrium of 


RCN + H' =RCNH' (W 
where R denotes H, Me, Et, Pr, Bu, i-F'r, t-Bu or 
ClCH,CH,, the substituents cause a basicity change of 
14 kcalmol-' in the cyan0 groupI6 that is accurately 
described by I and P through the following equation: 
AG = (0.604 f 0.2031 + (0.988 f 0.119)P + 165.5 (2) 
with n = 8, r = 0.974 and s.d. = 2.0 kcal mol '. 


Also, for symmetric ethers, 


R20 + H' =R,OH' (VW 
where R denotes H, Me, Et, Pr, Bu, Pent, i-Pr or 
CF3CH,, the substituents induce a change of 
39 kcalmol-' in the ether basicity that, again, can be 
expressed through I and P: 
A G =  (1.492k0.041)1+ (1.791 *0.048)P+ 159.2 (3) 
with n = 8, r = 0.999 and s.d. = 0.77 kcal mol - I .  


Finally, for thiols, 
RSH =RS - + H + 


where R denotes H, Me, Et, Pr, i-Pr and t-Bu, the 
substituents studied induce a change of 26 kcal mol I in 
the thiol acidity I' that is accurately described by 


(VIII) 


A G =  (-1.296*0.750)1+ (1-570+0*211)P+ 163.1 (4) 
with n = 6, r = 0.998 and s.d. = 0.85 kcalmol - I .  


In the four processes above, the independent term of 
the fitting accurately reproduces the acid or basic 
behaviour of the parent compound, viz. ammonia 
(AG = 195.6 kcalmol-I), hydrogen cyanide (AG = 
163 kcal mol - I ) ,  water (AG = 159.0 kcal rnol I )  and 


SH2 (AG = 1624 kcalmol-I). 
One alternative treatment of alcohol acidity was 


recently developed by Taft et aL2' on the basis of their 
model for intrinsic effects (polarizability , field/induc- 
tive and resonance) of the substituent. Although the 
treatment is good, it is inappropriate for analysing the 
acidity inversion in alkanols because the fieldlinductive 
effects of alkyl groups are assumed to be zero in this 
methodology. It was obviously of interest to compare 
our I and P effects with the uF and ua values for alkyl 
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0.0 - 


groups. Figure 9 shows a plot of the intrinsic effect u, 
against our P values for the alkyl groups. As can be 
seen, the two data sets are acceptably correlated by the 
following equation 


U, = (-0.0308 * 0.0023)P + 0-0015 ( 5 )  
(n = 15, r = 0.966 and s.d. = 0.04 in u, units) since the 
substituents studied encompass 75% of the ua, polariz- 
ability scale. 


Figure 10 shows a plot of the intrinsic effect uF 
against our I values. As can be seen, the two data sets 
are well correlated taking into account the zero uF value 
assumed for unsubstituted alkyl groups: 


OF= (-0~0124~0~0005)1+ 0.046 (6)  
with n = 15, r = 0.988 and s.d. = 0.03 in uF units. 


S 


I 


-1.0 ! 1 
0 10 20 30 


P I kcal.mol-l 


Figure 9. Plot of the intrinsic polarizability effect (u,) against 
the polarizability effect ( P )  


. .I. 
l , . , . , . , . , . , *  


-40 -30 -20 -10 0 10 


I I kcalmol-' 


Figure 10. Plot of the intrinsic field/inductive effect (uF) 
against the inductive effect (I) 


CONCLUSIONS 
The proposed treatment allows one not only to account 
for the acidity of alcohols and other compound families 
(based on conventional chemical properties such as 
inductive and polarizability effects of substituents), but 
also to evaluate I and P theoretically for any substituent 
by use of an affordable computational procedure. Our I 
and P values can also be used to estimate intrinsic 
polarizability (a,) and field/inductive ( uF) effects with 
a precision better than 0.05 units, thereby providing an 
alternative method for their determination. 
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It is shown by MP2(fc)/6-31G**//HF/6-31G* calculations on model systems that benzenes fused to 
carbocycles and possessing a /3-hydroxy substituent exhibit a characteristic electrophilic regioselectivity, which 
is a linear function of the size of the annelated ring. This directive property, which determines the susceptibility 
of various positions within the aromatic fragment towards electrophilic substitution, is rationalized in terms of 
the degree of matching of two n-electron localization patterns, one occurring in the ground state of the molecule 
and the other in the transition structure (Wheland a-complex formed by protonation). The overwhelming 
influence, however, is exerted by the OH group, which substantially activates its odzo positions. The role of 
hyperconjugation seems to be small but not negligible. The relevance of the present result in interpreting the 
Mills-Nixon effect is briefly discussed. 


INTRODUCTION 
Structural effects of small rings annelated to an aromatic 
fragment have recently been extensively discussed.' 
Although there seems to be clear evidence for double- 
bond localization in the benzene fragment of benzocy- 
~ l o b u t e n e , ~ - ~  biphenylene,'-' etc., supporting what is 
known as the Mills-Nixon effect,' some doubt has also 
been expressed as to whether the structural effects are 
large enough to be of ~ignificance.~ In fact, experimen- 
tal results were interpreted such as to conclude that the 
Mills-Nixon effect cannot be proved even in high1 
strained systems such as a, b and c (Scheme 
despite the am le the~retical~*~*~~'*'~-'" and experimental 


systems. 
evidence2.s.10.1 ' -18 f or double-bond fixation in such 


No matter how significant the extent of double-bond 
fixation corresponding to the preference of one KekulC 
structure of benzene over the other is, what has to be 
accounted for is the fact that the j3-position in 5-hydroxy- 
indane is much more susceptible than the a site to 
electrophilic sub~titution.'*~ The original explanation for 
this phenomenon was based on ground-state structural 
changes due to small-ring annelation: it was assumed 
that diazo coupling and bromination occurs at the ortho 
position joined to the hydroxylated carbon by a double 


a b C 
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bond, indicating that I is the more stable one of the two 
Kekule' structures I and 11. 


' a  
1 


However, it is not the ground-state structure but 
rather the transition structure which mainly affects 
reactivity. It is therefore important also to consider the 
transition structure in order to explain the interrelation 
between structure and reactivity and to account for the 
selectivity that is observed even for systems with minor 
structural effects such as indanelg or benzocyclobu- 
tene." As a first step towards this goal in a previous 
study we analysed the electrophilic substitution of 
benzocycloalkanes,21a using protonation as model 
reaction and mimicking the strain induced by annelating 
rings by bending two vicinal CH bonds in benzene 
towards each other. This model reproduces the salient 
features of the real molecular systems in a transparent 
and satisfactory As, in fact, Mills and 
Nixon' examined the electrophilic substitution of B- 
hydroxyindane, we have now extended this model study 
to include explicitly the OH group in a series of 
deformed phenols as depicted in Scheme 2. The num- 
bering of atoms in all systems is that in phenol. These 
model systems have the distinct advantage that they are 
planar except for the protonated species, where an 
approximately sp3-hybridized centre is introduced. 
Hence perturbation takes place in the plane of the 
molecule, thus being free of contamination by external 
conjugation or hyperconjugation. This approach gives 


1 2 20 2m 


7 


Hp Hp ns 
'H 


7a 7P 7a' 


Scheme 2 


an opportunity to investigate separately the effects of (i) 
the OH substituent, (ii) the ring strain induced by fused 
(cycloalkane) rings and (iii) hyperconjugation with the 
methylene group of the annelated carbocycle. The last 
aspect will be considered only qualitatively in a later 
stage. In this way we hope to shed some additional light 
on the Mills-Nixon hypothesis and, in particular, to 
obtain some insight into the interrelation of structural 
and energetic changes due to OH substitution and 
annelation. 


THEORETICAL PROCEDURE 
The applied method should be practical enough to allow 
full geometry optimization of the studied systems and 
yet it should be rigorous enough to provide reliable 
results. Extensive calculations have shown that*he SCF 
level of theory utilizing a basis set of 6-31/G quality 
yields reasonable structural parameters." Since the 
energetic properties are crucial in the present study, the 
electron correlation should be explicitly taken into 
account. This can be achieved by single-point Mp2(fc) 
calculations, where (fc) denotes frozen inner-core 
electrons in the course of computation of the correlation 
energy. The second order M0ller-Plesset perturbation 
theory recovers most of the correlation energy. Possible 
imperfections of the adopted models are remedied to a 
large extent by the fact that the relative stability of 
Wheland CJ  intermediate^^^ for a- and B-protonation 
sites implies cancellation of errors to a hi h de ee. Two 


and MP2(fc)/6-31G**//HF/6-31G*. The latter 
wavefunctions performed very well in describing 
protonation processes in aromatics.24 All computations 
were carried out by employing the Gaussian 92 program 
package25 and all minima were verified by vibrational 
analysis. 


models are employed: MP2(fc)/6-31G X F g r  //HF/6-31G* 


RESULTS AND DISCUSSION 


Structural properties 
Annelated hydroxy compounds are modelled by bending 
two vicinal CH bonds in phenol toward each other. The 
CCH angles w in the distorted phenols 3-6 are chosen 
such as to simulate four- ( w  = 94O), five- ( w  = 1 1 1 O )  
and seven- membered carbocycles ( w  = 124O), and 
w =  130" was chosen to describe even larger fused 
rings. In order to discuss structural changes imposed on 
the phenylene framework by protonation and annela- 
tion, the relevant HF/6-3 lG* structural parameters of 
phenol (2),  its ortho- and mefa-protonated forms (20) 
and (2rn), and of the model compounds 3-6 are col- 
lected in Table 1. Bond-length changes with respect to 
phenol are denoted by Apro, and ABnn, depending on 
whether they are induced by protonation (20 and 2m) or 
by annelation (3- 6). 
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Table 1. Structural parameters and bond-distance changes Ann" and Apmf caused by annelation and 
protonation, respectively, for phenol (2), 0- and rn-potonated phenol (4 and 2m) and for distorted 


phenol 3-6, as calculated by the HF/6-31G model (distances in A, angles in degrees) 


Molecule Bond Distance A m  Apmt Bond angles 


2 


20 


2m 


3 


2 


6 


1.386 
1.387 
1.383 
1.389 
1.382 
1.388 
1.353 
0.947 
1.390 
1.373 
1.436 
1.336 
1.488 
1.486 
1 *287 
1.090 
0.955 
1.422 
1.398 
1.359 
1.47 1 
1.479 
1.348 
1.337 
1 .094 
0.950 
1.404 
1.364 
1.441 
1.366 
1.399 
1.387 
1.355 
0.947 
1.391 
1.379 
1.392 
1 *38 1 
1.387 
1.389 
1 *354 
0.947 
1.387 
1.385 
1.387 
1.386 
1.385 
1.385 
1.287 
0.947 
1.384 
1.391 
1.385 
1.392 
1.382 
1.384 
1.352 
0.947 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
0.018 


-0.023 
0.058 


-0.023 
0.017 


-0.001 
- 
- 
0.005 


-0.008 
0.009 


-0.008 
0.005 
0.001 


- 
0.001 


-0.002 
0.004 
-0.003 


0.003 
-0.003 
- 
- 
-0.002 


0.004 
0.002 
0.003 
0.0 


-0.004 
- 
- 


C(l)-C(2)-C(3) 
c (2) -c (3)-C (4) 
c (3)-c (4)-C (5)  
C(4)-C(5)-C(6) 
C(S)-C(6)-C( 1) 
C(6)-C( 1)-C(2) 
C(1)-0-H 
C(6)-C(1)-0 
C(l)--C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(S)-C (6) 
C(5)-C(6)-C(1) 
C(6)-C( 1)-C(2) 
C(1)-0-H 
C(6)-C(1)-0 
H-C(6)-H 
C(l)--C(2)-C(3) 
c (2)-c (3)-C (4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C( 1) 
C(6)-C( 1)-C(2) 
C(6)-C( 1)-0 
C(1)-0-H 
H-C(5)-H 


C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(1) 
C(6)-C( 1)-C(2) 
C(6)-C(1)-0 
C( l)-O-H 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C(6)-C( 1)-C(2) 
C(6)-C( 1)-0 
C( 1)-0-H 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C( 1) 
C(6)-C( 1)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C( 1) 
C(6)-C( 1)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 


119.7 
120.6 
119.1 
120.6 
120.9 
119.5 
110.6 
122.5 
118.1 
124.1 
119.0 
121.9 
115.1 
121.7 
114.6 
114.0 
104.8 
123.9 
118.5 
121.4 
116.4 
121.4 
118.4 
127.2 
1134 
103.3 
115.5 
122.6 
120.9 
116.6 
122.0 
122.3 
116.6 
110.7 
117.9 
121.6 
120.1 
119.6 
120-5 
120.9 
117.0 
110.7 
120-4 
120.3 
118.7 
121.4 
119.3 
119.8 
122-6 
110.6 
121-7 
119.5 
118-0 
122-8 
118.7 
119.3 
122.9 
110.6 
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Table 2. Structural parameters and bond-distance changes A, and A,(add) relative to phenol (2) of 
protonated distorted phenols nu, n 8  and na: ( n  =3-6) as calculated by the HF/6-31G* model 


(distances in A, angles in degrees) 


Molecule Bond distance A, A, (add ) Bond anales 


4a 


5a 


6 a  


38 


48  


I .426 
1-381 
1-410 
1 *454 
1.487 
1-360 
1.340 
1-094 


1.428 
1.388 
1.368 
1 *464 
1 a484 
1.349 
1.337 
1494 


1 -420 
1.401 
1-358 
1.475 
1.477 
1.348 
1.336 
1.094 


1.417 
1 *408 
1.356 
1.48 1 
1.474 
1.347 
1.336 
1.094 


1.404 
1.353 
1.501 
1 *320 
1.501 
1 *502 
1.284 
1 *089 


1 a394 
1.367 
1.445 
1.331 
1.492 
1.491 
1-286 
1 4390 


0.040 0.054 
-0.006 -0.012 


0.027 0.034 
0.065 0.059 
0-105 0,114 


-0.028 -0.041 


0.042 0.041 
0401 0-003 


-0.015 -0.015 
0.075 0.074 
0.102 0.102 


-0.039 -0.039 


0.034 0.037 
0.014 0.009 


-0.025 -0.020 
0.086 0.079 
0.095 0.100 


-0.040 -0.043 
- - 


0.031 0.034 
0.021 0.015 


-0.027 -0.022 
0-092 0.085 
0.092 0.097 


-0.041 -0.044 


0.018 0.022 
-0.034 -0.037 


0.118 0.111 
-0.069 -0.076 


0.119 0.123 
0.114 0.097 
- - 


0.008 0.009 
-0.020 -0.024 


0-062 0.062 
-0.058 -0.061 


0.110 0.111 
0.103 0.099 


C( 1) -C( 2)-c (3) 
C( 2) -c (3) -C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(I) 
C(6)-C(I)-C(2) 
C(6)-C(1)-0 
C( 1)-0-H 
H-C(5)-H 
C(I)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C (6) - C ( 1) - C (2) 
C(6)-C(1)-0 
C(1)-0-H 
H - C (5) - H 
C(l)-C(2)-C(3) 
c (2)-c(3) -C(4) 
C(3)--C(4)-C(5) 
C (4) -C (5)-C (6) 
C(5)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(5)-H 
C(l)-C(2)-C(3) 
c (2)-c(3)-c(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C( l)-O-H 
H-C(S)-H 
C( l)-C(2)-c(3) 
c (2)--C (3)-C (4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(6)-H 
C(l)-C(2)-C(3) 
C(2) -C(3) -C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(1) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(6)-H 


119.1 
121-3 
122.9 
112.0 
124.3 
120.4 
117.9 
114.3 
103.7 
121-7 
119.8 
122.4 
114.4 
122.4 
119.3 
126.8 
113.5 
103.6 
124.5 
118.3 
121.0 
117.0 
121.2 
118.1 
127.3 
113.5 
103.2 
125.9 
117.5 
120.3 
118.3 
120.6 
117.5 
127.6 
113.5 
103.1 
113.5 
126.3 
121.2 
117.4 
117.3 
124.3 
123.1 
11443 
104.8 
116.6 
1244 
120.0 
120.2 
115.8 
122.5 
113.6 
114.7 
104.8 


continued 
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Table 2 (conr.) 


1.387 
1.378 
1 *433 
1.340 
1.486 
1.482 
1.287 
1.090 


1.385 
1.384 
1.431 
1.344 
1.483 
1.478 
1.287 
1.090 


1.501 
1 *470 
1.384 
1.414 
1.382 
1 *396 
1.289 
1 a90 


1.492 
1.480 
1.344 
1.426 
1.376 
1.393 
1.288 
1 *090 


1.485 
1.491 
1.335 
1,438 
1.372 
1.389 
1.287 
1.091 


1.481 
1.498 
1.334 
1.445 
1.370 
1.387 
1.286 
1.094 


0401 0.005 
-0.009 -0.016 


0.050 0.057 
-0.049 -0.056 


0.104 0.109 
0.094 0.095 
- - 


-0~001 0.002 
-0.003 -0.010 


0.048 0.055 
-0.045 -0.050 


0.101 0.106 
0.090 0.094 


0.115 0.116 
0.083 0.083 
0.001 0.005 
0.025 0.030 
0.0 0.003 
0408 0.003 
- - 


0.106 0.103 
0.093 0.098 


-0.039 -0.044 
0-037 0.045 
-0a06 -0.009 


0.005 0.005 
- - 


0.099 0.099 
0.104 0.104 


-0.048 -0.049 
0.049 0.050 


-0.010 -0.011 
0.001 0.001 
- - 


0.095 0.096 
0.111 0.110 


-0.049 -0.051 
0.056 0.056 


-0.012 -0.014 
-0.001 0.0 


C(l)--C(2)-C(3) 
C(2)-C(3)-C (4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(6)-H 
C( 1)-c(2)-c(3) 
C(2)-C(3)-C (4) 
C(3)-C(4)--C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(6)-H 
c ( 1)-c (2)-c(3) 
C(2)- C(3)-C(4) 
C( 3) -C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(2)-H 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4) -C(5)-C(6) 
C(5)-C(6)-C(1) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(2)-H 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(S)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(2)-H 
c ( 1) -c (2) - c (3) 
c (2) -c (3) -c (4) 
c (3)-C(4) -c (5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(1) 
C(6)-C(l)-C(2) 
C(6)-C(1)-0 
C(1)-0-H 
H-C(2)-H 


- 
119.5 
123.1 
118.4 
123.1 
114.6 
121.2 
114.4 
114-6 
104-8 
121.0 
122.2 
117.6 
124.6 
114.0 
119.3 
120.6 
114.5 
104.9 
110.6 
124.0 
121.4 
119-2 
120.7 
124.1 
123.1 
114.7 
105.5 
113.1 
122.9 
120.3 
121.9 
119.1 
122.7 
123-7 
114.6 
105.1 
115.7 
121.5 
118.8 
124.6 
117.9 
121.5 
124.4 
114.6 
104.7 
117-0 
120-8 
118.0 
126.0 
117.3 
120.9 
124.7 
114.6 
104.5 - 
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The data in Table 1 reveal that larger bond alternation 
is induced by protonation than by the angular defor- 
mation. This is not surprising since much higher 
energies are involved in protonations of the benzene 
fragment [ca 200 kcal/mol-' (1 kcal=4.184 kJ)]= 
than in angular deformations of the phenol CH bonds 
(see below) and since the creation of an sp3 centre by 
protonation obviously perturbs the n-bond localization 
pattern.21 Bond alternation induced by fusion of four- 
and five-membered rings as modelled by the CCH 
angles w of 94" and ill", however, is also significant 
and far from being negligible. Owing to rehybridiz- 
ation, fusion with a small ring produces a lengthening 
of the i so bond and a shortening of the ortho 
bonds.3s6s It is also interesting that the model systems 
conclusively show that the in-plane angular strain can 
produce bond fixation within the aromatic unit. 
Stanger" argued that in true fused molecular systems 
bond alternation should be negligibly small owing to the 
appearance of bent bonds within the annelated carbocy- 
cle. However, a careful high-level ab initio analysis of 
bent bonds in highly strained polyannelated benzenes 
has shown that the main conclusions derived from 
studies of the model systems hold generally." Finally, 
annelation of smaller carbocycles produces a significant 
sharpening of the apical C(l)-C(2)--C(3) and 
C(4)-C(S)--C(6) bond angles, which in 3 assume 
values of 115.5" and 116.6', respectively. This finding 
indicates a spillover of the angular strain from the small 
ring to the aromatic fragment. Obviously, the aromatic 


4 


moiety undergoes significant changes upon fusion, 
which in turn have important chemical consequences. 


As a model for the transition structure in electrophilic 
substitution we use the Wheland complex of proton 
attack nu, n/3 and no'.  Although being an intermediate 
corresponding to a minimum on the potential energy 
surface, this should be an appropriate substitute for the 
transition structure which for a gas-phase protonation 
may be unrealistic and difficult to locate. Geometric 
parameters of these protonated species where n = 3, 4, 
5, 6 are given in Table 2. Total bond-length changes A, 
relative to phenol (2) are compared with the sums 
A,(add) of bond-length changes Amn and Apmt caused by 
fusion and protonation. Full agreement between At and 
A,(add) would imply that the two events protonation and 
annelation are completely independent. Deviations from 
additivity, on the other hand, indicate interference 
between these two effects. The largest differences 
between At and A,(add) are found in 3a and 38, which 
is certainly caused by the significant angular strain of 
the four-membered ring. One concludes by extrapola- 
tion that the deviation from additivity would be even 
larger for an annelated three-membered ring. It is also 
interesting that the sum of absolute deviations 
I At - 4,(add) I is higher in 3a than in 38 (0.055 vs 
0.042A), while the sum of deviations of the C-C-C 
benzene ring angles from the ideal 120" value is smaller 
in 3a than in 38 (17.8" vs 23.6"). These observations 
bear some relevance for the interpretation of directive 
properties in electrophilic reactions of fused small rings. 


Table 3. Total molecular energies E (in a.u.) of benzene (l), phenol (2) and deformed phenols 3-6 and 
of their protonated forms calculated by different models 


~ ~~ ~~ 


Molecule HF/6-31G* MP2(fc)/6-3lG*//HF/6-31G* MP2(fc)/6-31G**//HF/6-31G* 


1 
1P 
2 
20 
2m 
3 
4 
5 
6 
3a 
4a 
Sa 
6a 
38 
48 
58 
68 
3 a' 
4a' 
5 a' 
6a' 


- 230.703 14 
- 23 1.0 1469 
- 305.55806 
- 305.89 172 
- 305.86343 
-305.49870 
-305.55 134 
- 305.55695 
-305.55080 
-305.79426 
-3054551 1 
-305.86284 
-305.85768 
-305.83732 
-305.88727 
- 30548936 
-305.88161 
-305.82421 
- 305.88286 
- 305.89 127 
-305.88641 


-231.45648 
- 23 1.748 14 
- 306.48890 
-306.80230 
-306.77979 
- 306.43543 
-306.48271 
- 306.4877 1 
- 306.48220 
-306.7 1989 
-306.77222 
- 306.77929 
- 306.77459 
- 306.75304 
- 306.79773 
-30640044 
-306.79369 
-306.74304 
-306.79469 
- 3064301 82 
-306.79719 


-231.50459 
-23 1.80103 
-306.54051 
-306.85929 
-306.83668 
-306.48875 
-306.53332 
-306.53954 
-306.5341 1 
- 306.77855 
-306.82925 
-306.83622 
-306.83 161 
-306.81 121 
-306.85482 
-306.85750 
- 30645085 
-306.80199 
-306.85 188 
-306.85884 
- 306.85428 
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Intuitive conclusion that the protonated form 3p is less 
stable than 38 would be erroneous, however (see 
below 1. 


Energetic properties 
Total molecular energies of the molecules depicted in 
Scheme 2 as calculated by the HF/6-31G*, MP2(fc)/ 
6-3 lG*//HF/6-3 lG* and MP2 (fc)/6-3 lG**//HF/ 
6-31G" models. denoted by M(I.), M(II.) and M(III.), 
respectively, are given in Table 3. The results show 
that as in undistorted phenol, where due to the 0-, 
p-directing property of the OH group [ E ( 2 0 )  is lower 
than E ( 2 m ) l .  protonation of the distorted phenols 
3-6 is more favourable in /I than in a positions with 
two notable exceptions: E ( n a ' )  is lower than 
E ( n @  for n = 5 ,  6. This findings deserve a closer 
examination. Plots of the energy differences 
E ( n a )  - E(nS)  and E ( n a ' )  - E ( n g )  estimated by 
model M a . )  against the CCH angle w are shown in 
Figure 1. Two parallel straight lines are obtained, which 
can be expressed by 


E(m) -E(n/3)  = C ( a )  - 0 . 2 2 ~  (in kcal mol-') (1) 
where u stands for a or a' and the additive constants 
assume the values C(a )  = 43.5 and C ( a ' )  = 26.4 kcal 
mol-I. The correlation coefficients in both cases are 
r = 0-99. These results will be interpreted on the basis of 
homodesmic  reaction^,^'*^' which previously proved 
useful in interpreting the selectivity in electrophilic 
substitution reactions in fused aromatics.21 Consider, for 
instance, the protonated species na . From the corre- 
sponding set of the homodesmic reactions we obtain the 
relationship 


E ( n a )  + E ( 2 )  = E(2rn) + E ( n )  + E,,,.(na) (2) 
where n = 3-6 and Eimf,(na) denotes the interference 


-6 I I I I I I 1 I I 
90 96 100 106 110 116 120 126 130 


W ( 0 )  


Figure 1. Energy differences E ( n a )  - E ( n g )  and 
E ( n a ' )  - E ( n g )  for a, a' and /3 proton attack in phenol (2) 
and distorted phenols 3-6 as a function of the CCH angle w ,  
as calculated by the ME(fc)/6-31G**//HF/6-31G* model 


between annelation and protonation, i.e. the deviation 
from strict additivity of these two almost independent 
events. Introducing the proton affinity 
PA(2) ,  = E ( 2 )  - E(2m) of the metu position of phenol 
and the strain energy E , ( n )  = E ( n )  - E(2) of the 
distorted phenol, equation (2) can be written as 


E ( n a )  - E(2)  = -PA(2) ,  + E,(n)  + Ei, , (na)  (3) 
Hence the energy of the a-protonated and distorted 
phenol nu relative to that of phenol is given by the 
corresponding PA plus the sum of E,(n)  and Eintf.(na), 
which together describe the effect of annelation. E , ( n )  
embodies the angular strain, the aromaticity defect 
caused by bond fixation and the increased H...H repul- 
sion of the C-H bonds involved in the bending 
deformation. This repulsion energy is certainly an 
undesirable feature of the model systems since it does 
not occur in the true fused molecules. However, the 
strain energy E,( n) disappears when the relative stabili- 
ties of the a and /? positions are considered in the 
protonation process. Thus, for protonated forms nB the 
relationship analogous to equation (3) reads 


Therefore, 
E ( n S )  - E ( 2 )  = -PA(2)0 + E , ( n )  + Eintf.(nS) (4) 


E(na)  - E ( n S )  = Eintf.(na) - Eintf.(nS) 
+ [ P A ( 2 ) ,  -PA(2),1 (5 )  


follows, where the term in brackets is a constant, being 
14.1 and 14.2 kcalmol-' for the M(II.) and M(III.) 
model, respectively. Similarly, for the difference 
between E ( n a ' )  and E ( n S )  energies, one has 


Here, the term corresponding to the last term in equation 
(5) has disappeared since PA is related to the ortho 
position in both cases. The form of equations (5) and 
(6) immediately explains the difference in the additive 
term in the straight lines shown in Figure 1, which is 
given by the difference in PAS related to the ortho and 
meta sites in phenol. Since this difference is as high as 
cu 14 kcalmol-I, it follows that the OH substituent 
considerably amplifies the discrimination between a and 
/I sites in electrophilic reactions relative to the parent 
fused hydrocarbon.21a 


In connection with the' selectivity observed for 
electrophilic substitution in /?-hydroxyindane the 
difference, E(na' )  - E ( n S )  is of particular interest. 
According to equation (6), this difference is given by 
the difference in the corresponding interference ener- 
gies. According to the definition of Eintf, in equation (2), 
a negative sign signifies a cooperative interaction 
between annelation and protonation, whereas a positive 
sign is indicative of an antagonism between the two 
different events taking place in the same molecule. From 
the data in Table 4, it is seen that Eintf(na) and 
Eintf,(na') are positive for w <  120" and negative for 


E ( n a ' )  - E ( n S )  = Eintf.(na') - Eintf.(nS) (6) 
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Table4. Interference energies Eintf,(na) (in kcal mol-') for a and proton attack in 
distorted phenols 3-6 as calculated by models M(II.) and M(JII)" 


Eintr. (nu)  Eint f. ( nS)  Eintf.(na' 1 


CCH angle o ( n )  M(II.) M(III.) M(II.) M(III.) M(II.) M(III.) 


94 5.8 3.6 -2.6 -2.3 3.7 3.4 
111 0.8 0-2 -1.0 -1.8 0.9 0.1 
124 -0.5 -0.3 0.5 0.5 -0.4 -0.4 
130 -1.0 -0.8 1.2 1.2 -1.0 -0.9 


"M(I1.) = MP2(fc)/6-31G*//HF/6-31G*; M(II1.) = MP2(fc)/6-31G**//HF/6-31G* 


w>120", whereas the opposite is true for EinIf,(nfl). 
This is consistent with the interpretation of the MN 
effect based on the compatibility of two n-electron 
localization patterns, one triggered by protonation and 
the other caused by changes in the 0 framework induced 
by annelation. For to w < 120" the negative sign of 
EiMf,(nfl) and the positive signs of EinIf,(na') and 
EiMf,(na) correspond to compatibility in the case of /I 
protonation and to counteraction of ground-state (anne- 
lation) and transition-structure (Wheland intermediate) 
n-localization patterns in the case of a protonation. 
Thus, interference between annelation and protonation 
favours /? protonation for w < 120", as is seen from the 
relative stabilities E , , ( n a ' )  - EinIf.(nfl) of the a' and 
/? protonation products plotted in Figure 1. For large 
annelated rings ( w >  120°), however, the a' position 
should exhibit a higher reactivity towards electrophilic 
substitution, provided that other intramolecular interac- 
tions, such as hyperconjugation, do not change the 
picture. It is very important to realize that the strain 
energy enters into consideration only indirectly, through 
the n-bond fixation in the ground state. This is obvious 
from the fact that E, disappeared in equations (5 )  and 
(6). 


The finding that the sum of the CCC angle deviations 
from 120" is larger in the benzene ring of 38 than in 3a 


could imply a higher angular strain in 38 and a lower 
reactivity towards electrophilic substitution, i.e. a higher 
value for E(3fl)  than for E(3a).  However, from Figure 
1, it is seen that E ( n a )  - E(nf l )  is always positive and 
from equations (5) and (6) it is seen that this is mainly 
due to the effect of the OH substituent, which activates 
the ortho position relative to benzene, whereas the meta 
position remains virtually unchanged." As pointed out 
before, the difference between the a and a' positions is 
due to the difference in PA values of the ortho and meta 
positions of phenol (2). Finally, the fact that the inter- 
ference energies Eintf,(na) and Eintf,(na') are nearly 
identical explains why the two straight lines in Figure 1 
are parallel, and the negative slope of these lines is 
easily understood from the fact that E , , , ( n a )  and 
Eintf.(na') decrease with increasing o, whereas 
EinI, ( n  f l )  increases. 


These results are based on the assumption that annela- 
tion can be modelled by bending two vicinal CH bonds 
towards each other. We therefore include in Table 5 
some results for the real annelated system /?-hydroxy- 
benzocyclobutane (7) and its protonated forms 7a, 78  
and a'. The bond-distance changes AI relative to phenol 
(2), for which we use the same numbering of atoms as 
for 2 (Scheme 2) for the sake of comparison, are in very 
good agreement with the data for the corresponding 


Table 5.  Total molecular energies E (in ax.) of beonzocyclobutane (7) and its 
protonated forms and bond-distance changes A, (in A) relative to phenol (2)' 


Parameter 7 7 a  7 8  7a' 


-382.41911 
-383.61828 


0409 
-0.013 
O.Oo0 


-0-014 
0.013 
0.004 


-382.13538 
-383.98349 


0.057 
-0.012 
-0.016 


0.075 
0.112 


-0.043 


-382.76622 
-384.00836 


0.004 
-0.021 


0.058 
-0.064 


0.120 
0.116 


-382.75960 
-384*00400 


0.112 
0.092 


-0.045 
0.028 
0.004 
0.001 


'Numbering of atoms as in phenol (2). 
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model systems 3, 3a, f l  and a',  except for the anne- 
lakd bond C(l)-C(6) in 7 and its protonated forms, 
which is, as expected, less susceptible to bond-distance 
changes than the corresponding bond in 3. From the 
total energies E in Table 5 ,  the differences between the 
energies of the u complexes for a and fi protonation 
and for a' and /? protonation, respectively, are calculated 
as A E ( a  - /?) = 15.6 kcalmol-' and AE(a' - /?) = 2.8 
kcal mol - I .  Although smaller than the corresponding 
values AE(a - /?) = 20.5 kcal mol-I and E(a' - /?) = 
5.8 kcalmol-' for the model systems, they reflect 
exactly the same ordering of reactivity towards substitu- 
tion for the various ring carbons. Thus we may conclude 
that the model is well suited for the problem at hand, 
and that the conclusions drawn from the result are 
reliable. 


The present results are also supported by the existing 
chemical experience. Lloyd and Ongley found that 
nitration, Friedel-Crafts acylation and hydrobromina- 
tion of benzocyclobutene gave substitutions pre- 
dominantly at the /?-position. It was also shown that 
products of bromination3* and the reactivity toward 
protodesilylation and also protodetritiation strongly 
favour the /? site in indane, whereas there was virtually 
no such discrimination in tetralin.', Some more evi- 
dence can be found in a recent book.34 Hence, the higher 
yields of /? products in benzenes fused with small rings 
are in accordance with expectation based on the compa- 
bility of ground-state and transition-structure R- 
localization patterns. A word of caution is necessary, 
however. In fused molecules a certain amount of 
hyperconjugation takes place between CH, groups of 
the carbocycle and the aromatic system. The effect of 
hyperconjugation can be qualitatively taken into account 
by considering the activation of a and /? positions in 0- 
xylene. Here, CH, groups are simulated by CH, groups. 
It appears that the /? position is more favourable than 
the a position in o-xylene by only 0.7 kcalmol as 
estimated by both models M@.) and M@I.). Since 
hyperconjugation is not suspected to vary with the size 
of the fused carbocycle, these values should be simply 
added to the energies E ( n a ) ,  E ( n a ' )  and E ( n g ) ,  
assuming that additivity holds. As in energy differences 
this additive term disappears again, one concludes that 
hyperconjuation will change the 8: a yield ratio very 
little. It should be kept in mind, however, that all our 
conjectures are valid strictly for protonation and that 
other electrophilic groups may behave somewhat 
differently, depending on their own electronic structure. 
The proton, on the other hand, defines a useful baseline 
in gauging electrophilic substitutions. 


CONCLUSIONS 
The present results and earlier evidence show persua- 
sively that the orientation in electrophilic reactions of 
aromatics is affected by the annelated carbocycles much 


in the sense predicted by Mills and Nixon.' It appears 
that the discriminating property reflected in the energy 
difference E ( n a ) - E ( n g )  is a linear function (with 
negative slope) of the annelated ring size and is deter- 
mined solely by the compatibility of ground-state and 
transition-structure effects, whereas the ring strain has 
only an indirect effect. We are confident that higher 
levels of theory may perhaps change some numbers 
slightly, but not the main conclusions. Support for this 
statement is provided by the fact that the M a . )  and 
M(III.) models give very similar results. It follows as a 
corollary that annelation of small rings to aromatic 
fragments has important chemical consequences. 
Concomitantly, if what has been observed is called 
'effect,' it is a serious misrepresentation to say that the 
Mills-Nixon effect does not exist, regardless of the fact 
that in the original work the now outdated idea of fast 
kinetic equilibrium between the two KekulC structures 
of benzene was used.3s In addition, it is certainly true 
that the 'bicyclic ring strain effect"Ob involves a large 
portion of the angular Baeyer strain which was orig- 
inally used by Mills and Nixon as the main argument in 
rationalizing the electrophilic regioselectivity in 
indane.'.' To summarize, one can safely state that 
instead of the non-existent Mills-Nixon theory, there is 
an existing Mills-Nixon effect which embodies all 
changes in the physical and chemical behaviour of the 
aromatic fragment when annelated to small rings. 
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MECHANISM OF CHELETROPIC REACTIONS OF 1,3-DIENES WITH 
SULFUR DIOXIDE 
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Spain 


In a recent paper [N.S. lsaacs and A. Laila, J.  Phys. Org. Chem. 7, 178 (1994)2] the volume profile for the 
cheletropic addition of sulphur dioxide to a 1,3-diene (2,3-dimethylbuta-l,3-diene) indicated that a two-step 
mechanism for this reaction, with a (4 + 2) cycloaddition at the S=O bond as the slow step followed by a rapid 
rearrangement of the resultant sulpheno-lactone, cannot be ruled out. However, ab initio calculations, at the 
MP2(FC)/6-31G*//RHF/6-31G* level, show that such a mechanism can be conclusively discarded. 


Experimental work' has shown that a Diels-Alder 
adduct is the kinetic product of reactions of sulphur 
dioxide with 1,3-dienes, but is thermally unstable and 
readily undergoes a retro-Diels-Alder reaction to the 
1,3-diene and sulphur dioxide. A thermodynamically 
more favourable addition (cheletropic reaction) then 
ensues, producing a stable five-membered ring adduct 
(see Scheme 1). 


In a series of recent papers,2 ab iizitio methodologies 
and configurational analysis 3 were used to rationalize 
the reactivity, regioselectivity and stereoselectivity of 
both thermal and Lewis acid-catalysed Diels-Alder 
reactions between 1,3-dienes and sulfur dioxide. In 
particular, a comparative analysis of the mechanism of 
cheletropic and Diels-Alder reactions of 1,3-dienes and 
sulphur dioxide was carried The results were 
shown to be in full agreement with the above-mentioned 
experimental facts regarding kinetic and thermodynamic 
control. 


As a result of new experimental work, based on 
measurements of the volume profile for the cheletropic 
reaction between 2,3-dimethylbuta-l,3-diene and 
sulphur dioxide, Isaacs and Laila' concluded that a 
mechanism for the formation of sulpholenes from the 
corresponding sultines involving a rapid rearrangement 
cannot be ruled out (see Scheme 2). In this paper, we 
present the results of an ah initio study to analyse the 
plausibility of a mechanism such as that presented in 
Scheme 2. 


MF2(FC)/6-3 1GX//RHF/6-3 1G" calculations were 
carried out to study the Diels-Alder and cheletropic 


* Author to whom correspondence should be addressed. 


reactions of buta- 1,3-diene and sulphur dioxide using 
the Gaussian 926 package of programs, as this level of 
theory has proved appropriate to provide reliable 
information on this type of rea~tion.' .~ [Previous 
MP2(FC)/6-31G"//RHF/3-21Gv calculations on 2,3- 
dimethyl-buta-l,3-diene showed that its behaviour is 
similar to that exhibited by buta-l,3-diene in Diels-Alder 
and cheletropic reactions with sulphur dioxide (see Refs 
2 and 4), namely, while the Diels-Alder adduct is the 
kinetic product [M$(Diels-Alder) = 10.7 kcal mol-I, 
AH$(cheletropic) = 15.1 kcal mol (1 kcal = 4.184 kJ); 
the latter value is in reasonable agreement with the 
experimental value mentioned in Ref. 5, 
12.9 kcal mol-', the cheletropic reaction gives rise to a 
thermodynamically more stable five-membered 
ring adduct [AH,,(Diels-Alder) = -7.7 kcal mol-', 
AH,,(cheletropic) = - 12.4 kcal mol-' 1. Buta-l,3-diene 
is less reactive [AH$(Diels-Alder) = 14.6 kcal mol-' ,  
AH$(cheletropic) = 17.5 kcal mol-') and the corre- 
sponding sultine and sulpholene are less stable 
AH,,(Diels-Alder) =-6.5 kcal mol-I, AH," (chelet- 
ropic) = -8.4 kcal mol-'I. Therefore, the simpler buta- 
1,3-diene was chosen to carry out the present 
MP2(FC)/6-31Gv//RHF/31Gv study. ] Structures 
were fully optimized (at the RHF/6-3lG" level), 
followed by vibrational frequency calculations which 
confirmed that the reactants and transition structures 
(located by means of Schlegel's algorithm)' have zero 
and one imaginary freluency , respectively. Figure 1 
depicts the RHF/6-31G ' structures of the two sultine 
conformers: axial (Pl, COSO angle = 43.5") and 
equatorial (P2, COSO angle = 180.3"), the transition 
structure connecting such conformers (TS1, COSO 
angle = 131.2'), the corresponding sulpholene (P3), 
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'/ 
h 0  


I + " N o  - e TS4,TSS I 


Sultines P1,PZ 
1 2 


TS3 t 1 


Sulfolene 


P3 


I 2 


and the transition structure (TS2) connecting the sulpholene (P3) is 
equatorial sultine and the Ylpholene (an extensive 
search on the RHF/6-31G ' potential hypersurface 
showed that a transition structure connecting the axial 
sultine and the sulpholene does not exist). The transition 
structures of the one-step cheletropic (TS3) and 
Diels-Alder (TS4, TSS) reactions2t4 have also been 
included in Figure 1 for completeness. Table 1 owes the 
relative energies for all the structures considered. 


According to experimental data, ' the axial sultine 
(Pl) is the most stable Diels-Alder cycloadduct and the 


TS4,TSS 


Sultines PI,PZ 


I P1 (axial) -* PZ (equatorial) 


TSl 
I 


Fast 1 TS2 


Sulfone 


P3 


more stable than both sultines (Pl, 
e l ~ e w h e r e , ~  correlation effects are P2j, As reported 


important to predict theoretically such a behaviour (see 
results for P3 in Table 1). On the other hand, Table 1 
clearly shows that the one-step mechanism (see Scheme 
1) is definitely much more favourable than the two-step 
mechanism shown in Scheme 2. In fact, the assumed 
'rapid rearrangement' from the sultine to the sulpholene 
suggested by Isaacs and Laila' really involves a transi- 
tion structure (TS2) much higher in energy than the 
transition structure involved in the one-step mechanism 


Table 1. Relative energiesa (kcalmol-') of the structures considered in this work (see 
Figure 1)  for the reaction between buta-l,3-diene (1) and sulphur dioxide(2) 


Structure RHF/6-31G"' MP2(FC)/6-31G*d 


Sultine (axial) 
Sultine (equatorial) 
Sulfolene 
P1 *P2 
P2 f P3 
1 + 2  L- P3 
1 + 2  * P1 
1 + 2  * P2 


P1 
P2 
P3 
TS1 
TS2 
TD3' 
TS4' 
TSSh 


0.0 
3.3 
2.0 
7.3 


83.6 
48.6 
42.5 
44.1 


0.0 
3.3 


-1.8 
1.2 


73.3 
24.1 
23.6 
23.7 


The RHF/6-31G* total energies (au) for structures P1, P2, P3, TSl, TS2, TS3, TS4 and TS5 are: 


-702.037148 and -702.034388, respectively, and the corresponding MP2(FC)/6-3lG*//RHF/ 
6-31G* total energies (au) are -703.106159, -703.100832, -703.109082, -703,094736, 
-702.989332, -703,066796, -703.068503 and -703.068424, respectively. 


See Ref. 4. 
' Including zero-point energy correction. 
MF2(FC)/6-3lG*//RHF/6-3IG*, 


-702.108831, -702.103306, -702.105565, -702.096240, -701.971347, -702.027171, 







CHELETROPIC REACTIONS OF 1.3-DIENES WITH SULFUR DIOXIDE 19 


Pl 


P3 


n 


1453 


Figure 1. RHF/6-31G" structures of the two sultine conformers (axial, P1; and equatorial, P2), the transition structure connecting 
such conformers (TSl), the corresponding sulfolene (P3), the transition structure connecting the equatorial sultine and the 
sulpholene (TS2), and the transition structures of the one-step cheletropic (TS3) and Diels-Alder (TS4, TS5) reactions between 


buta- 1,3-diene and sulphur dioxide 
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(TS3). Therefore, when 1,3-dienes react with sulphur 
dioxide, MP2(FC)/6-31Gv//RHF/6-31Gv calcula- 
tions predict the formation of a sultine which undergoes 
a fast cycloreversion to give finally a thermodynami- 
cally more stable sulpholene. While a two-step 
mechanism involving the formation of a sultine fol- 
lowed by a rapid rearrangement to give a sulpholene 
cannot be excluded in the light of experimental data on 
the volume profile for this type of reaction, ah irzitio 
calculations show that such a mechanism can be 4. 
conclusively ruled out. 


5. 


3. 


REFERENCES 


F. Jung, M. Molin, R. Van Den Elzen and T. Durst, J. Am. 
Chem. SOC. 96, 935 (1974); R. F. Heldeweg and H. 
Hogeveen, J. Am. Chem. SOC. 98, 2341 (1976); T. Durst 
and L. Tktreault-Ryan, Tetrahedron Lett. 2353 (1978); B. 
Deguin and P. Vogel, J. Am. Chem. SOC. 114, 9210 
(1992). 
D. Suirez, J. Gonzrilez, T. L. Sordo and J. A. Sordo, J. 
Am. Chem. SOC. 116, 763 (1994); D. Surirez, X. Assfeld, 


6. 


7. 


J. Gonzilez, M. F. Ruiz-Ldpez, T. L. Sordo and J. A. 
Sordo, J. Cheni. SOC. Chem. Commun. 1683 (1994); D. 
Sua'rez, J. Gonzrilez, T. L. Sordo and J. A. Sordo, J. Org. 
Chem. 59, 8058 (1994); D. SuBrez, R. Ldpez, J. Gonzrilez, 
T. L. Sordo and J. A. Sordo, Int. J. Quantum Chem. in 
press. 
M. I. Menkndez, J. A. Sordo and T. L. Sordo, J. Phys. 
Chem. 96, 1185 (1992); M. I. MenCndez, R. Ldpez, D. 
Surirez, T. L. Sordo and J. A. Sordo, Coniput. Phys. 
Commun. 76,235 (1993). 
D. Sua'rez, T. L. Sordo and J. A. Sordo, J. Org. Chem. 60, 
2848 (1995). 
N. S .  Isaacs and A. Laila, J. Phys. Org. Chem. 7, 178 
(1994); see also N. S .  Isaacs and A. Laila, J. Chem. Soc., 
Perkin Trans. 2 1470 (1976); N. S .  Isaacs and A. Laila, 
Tetrahedron Lett. 9, 715 (1976). 
M. J. Fnsch, G. W. Trucks, M. Head-Gordon, P. M. W. 
Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H. B. 
Schlegel, M. A. Robb, E. SD. Replogle, R. Gomperts, J. 
L. Andres, K. Raghavachan, J. S .  Binkley, C. Gonzalez, 
R. L. Martin, D. J. Fox, D. J. DeFrees, J. Baker, J. J. P. 
Stewart and J. A. Pople, Gaussian 92, Revision C. Gaus- 
sian, Pittsburgh, PA (1992). 
H.B. Schlegel, J. Conqmt. Chem. 3, 211 (1982). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9,661-671 (1996) 


REVIEW COMMENTARY 


ISOKINETIC BEHAVIORS IN THE ADDITION REACTIONS OF ANILINE 
NUCLEOPHILES WITH BENZYLIC CARBOCATIONS 


IKCHOON LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


In the addition reactions of aniline nucleophiles with a benzylic carbocation, isokinetic behavior is often 
observed: px (pnuc) vanishes and the rate becomes constant irrespective of the substituent, X, in the nucleophile 
when a and Y substituents on the benzylic carbon and on the ring, respectively, are kept constant (aa and 8,). 
This means that there is a region (au <&,)where thermodynamically more stable derivatives (h, > 0) are 
kinetically more labile (6 log k,, > 0) so that px is positive, i.e. an inverse thermodynamic stability-reactivity 
relationship holds. The observable isokinetic point at &, is rationalized by the compensation effect of the intrinsic 
barrier, AG;, and thermodynamic driving force, AGO, for the specified a and Y substituents. Moreover, the two 
substituents, a and Y, that satisfy the condition of vanishing px are found to be related in a compensating 
manner to preserve the condition of nearly complete cancellation between the two energy terms for the vanishing 
p,. The cancellation of the two energy terms is made possible by an imbalance or non-synchronization of the 
expression of destabilizing polar and stabilizing resonance interactions in the transition state. 


INTRODUCTION 
There has been considerable interest in the reactions of 
the benzylic carbocation intermediate I with 
nucleophiles. Depending on the stability or lifetime of 
the carbocation intermediate, solvent or added 
nucleophiles react with the contact ion pair, solvent- 
separated ion pair or free ion intermediate.’ The ther- 
modynamic stability of the intermediate has been shown 
to bd strongly dependent on the a-substituent, R’ and/or 
R2 in I.1f32 


An interesting aspect of the carbocation-nucleophile 
addition reactions is the isokinetic behaviors observed. 
The reactivity of I (for Y = MeO) with methanol3 or 
with a solvent of 50 : 50 (v/v) trifluoroethanol-water at 
25 O C 2  was found to be nearly independent of very wide 
variations in the thermodynamic stability of I caused by 
a wide range of a-substituents. 


More interestingly, in the reactions of aniline 
nucleophiles with benzyl carbocations I with various a- 
substituents, the isokinetic behaviors have been 


observed with a constant reactivity irrespective of the 
substituent, X, in the nucleophile, leading to a vanishing 
px (pnJ at a substituent Y in the ring of I,  8y.4*5 The 
isokinetic point, 8,, at which p x  vanishes, falls within 
the observable range of py depending on the a-substitu- 
ents. The isokinetic point is observable only when there 
is an observable region (ay<8,) where the ther- 
modynamically more stable derivatives (a less basic 
aniline with a more electron-withdrawing substituent, 
dux > 0, is thermodynamically more stable) are kineti- 
cally more reactive (log k,>O) so that px is positive. 
In such a region, an inverse thermodynamic 
stability -reactivity relationship holds. 


It has been shown that at the isokinetic point there is a 
compensatory relationship between the thermodynamic 
driving force and intrinsic barrier as the substituent, X, 
is varied. The compensation is established between the 
thermodynamic driving force, AGO, which is largely 
determined by the polar effect of a-substituents, R’ and 
R2 in I, and the intrinsic barrier, AGG, which is domi- 
nantly influenced by resonance effect of substituent Y in 
the 


The observable isokinetic point provides important 
mechanistic information for carbocation-nucleophile 
addition reactions. Moreover, it must be taken as a 
caveat against the failure of the Hammett coefficient, p, 
as a measure of nucleophile selectivity, since at 6,, p x  
changes sign and in the uy ranges above and below this 
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isokinetic point the selectivities of the nucleophile 
become inverted. 


In this review, the isokinetic behaviors observed in 
the benzylic carbocation-nucleophile addition reactions 
are discussed in the light of the cancellation effect 
between thermodynamic driving force, AGO, and the 
intrinsic barrier, AG;. 


THEORY 


The rate constant, k, is a function of structural and environ- 
mental factors such as u, pK,, Y ,  N ,  T and P ,  where u, 
pK,, Y ,  etc., have the usual meanings of Hammett substitu- 
ent constant, basicity, ionizing power, etc. Let us assume 
that k is dependent only on the two of these rate variables, 
m and n, with all the rest being kept constant. 


A Taylor series expansion of log k around rn = n = 0 
with the assumption of negligible pure second-order and 
higher order terms leads to a simple second-order 
expression [equation (1)].6 Let k =  k(m, n )  and k, = k 
( m  = n = 0), where m,  n = ui,  uj,  ..., pKi, pKj, ..., 
Y ,  T ,  P ,  etc. Then, 


log(k/k,) = M i r n  + N:n + Qmnmn (1) 
where 


a log k a log k 


,N=O 


provided 


Qm = Qm = Qrmn . . . % 0 
We can now define an arbitrary constant, ni, for one 


of the two rate variables, at which the cross term, Qmn, 


vanishes, and the two variables become no longer 
interactive, i.e. non-interactive.' Moreover, the reactiv- 
ity becomes constant at this point and the reaction is 
therefore isokinetic. Since at ni the members of the other 
variables, n,,n,, ..., nn, do not cause any reactivity 
change and all have the same value, it can be termed 
isoparametric. 


log(k/k,) = M i  m + N:n + Qmnrnn 


= M i m  + (N:  + Q,,rn)n 
= M i m  + N,n 
= M i n i  


where 


N ,  = N f  + Qmnm 


and 


M II, 
Q ,,," 


M , , = O  at ti=-- 


As a special case, if the two variables rn and n are the 
substituent constants in the two reactants, we obtain an 
isokinetic substituent or reactant, 8, for which the 
reactant does not cause reactivity change and isokinetic 
condition is attained. For example, at G i  p j  = 0 and all uj 
values, ujl ,  ujz,.  . . ,uj?, . . . , have the same effect on the 
reactivity, ie. isokinetic and isoparametric. 


where 
0 


p J = 0  at b , = - f i  (3c) 
P 1I 


Since at 8,, pI=O and pl changes sign, the mechan- 
istic interpretation of the magnitude of p J ,  as a measure 
of the extent of bond making or breaking becomes 
difficult; an exactly opposite trend will be obtained in 
the regions above and below the non-interactive point, 
8,. 


Likewise, if, rn, n = u and T ,  we obtain an isokinetic 
temperature, T ,  at which p vanishes. This is fairly yell- 
known in physical organic chemistry.' Since at T ,  p 
changes sign, the mechanistic interpreqtion of p 
becomes exactly opposite above and below T .  


In a similar manlner, it is possible to define %n 
isokinetic pressure P ,  medium or ionizing power Y ,  
etc. 


For m, n = u, T ,  


log(k/k,) = p0a + N:T + QnTuT 


p = 0 at f, isokinetic temperature 
Likewise, 


p = 0 at P ,  isokinetic pressure 


p = 0 at P, isokinetic medium, or solvent, etc. 


APPLICATIONS 
Let us now consider nucleophilic substitution reactions 
of benzyl chlorides with anilines in m e t h a n ~ l : ~ * ~ * ' ~  
2XC6H,NHz + YC6H4CR'R2C1+ 


XC6H4NHCR'RZC6H4Y + XC6H4NH,' + C1- (4) 
If this reaction were to proceed by a normal S,2 
mechanism, px (pnuc) should be negative and & (pnuc) 







ADDITION REACTIONS OF ANILINE NUCLEOPHILES WITH BENZYLIC CARBOCATIONS 663 


should be positive for all substituent Y. In contrast, if 
the reaction were of a limiting SN1 type, p, and fix 
should all vanish since nucleoDhiles do not DarticiDate in 


(iii) By fixing u, (G,), the following equations are 
obtained: 


the transition state., 
However, it was found that for this type of reaction 


the isokinetic or isoparametric phenomena are observed 
at 6,+, where px vanishes and changes sign from 
negative at u, + > 6,. to positive at u, + < 6,+. These 
kinds of isokinetic phenomena are observable only 
through cancellation effects of changes in the ther- 
modynamic driving force, dAG", and intrinsic barrier, 
dAG',, in the reactions of benzylic carbocations, 
YC6H,CR'R2 + (I) with nucleophiles, aniline [equation 
(5)]. The reactions are believed to proceed through ion- 
pair mechanism (Scheme 1) so that the observed 


px = 0 at constant u, (6, and 6,) 


p, = 0 at constant ux (6 ,  and 6,) 
(1 Oa) 


(lob) 


We note that equations (8a) and (10a) are identical, 
and so are equations (8b) and (9b) and equations (9a) 
and (lob). The conditions pa = 0 [equations (9a) and 
(lob)] indicate that for fixed substituents X in the 
nucleophile and Y in the ring the rate constant k, in 
equation (5 )  does not change and stays constant as we 
vary substituent a ,  R' and/or R2. Examples of this type 
of reaction were reported by Richard and co-worker~.~.~ 


second-order rate constant, k,, is a complex quantity: 
k, = (kI/k-,)kN = Kk,. 
YC6H,CR'R2 + + 2XC6H4NH,- 


Examples 
Fixing the nucleophile (X) as MeOH3 or to 50 : 50 (v/v) 
CF,CH,OH-H,02 and Y as 4-Me0, the microscopic 
rate constants corresponding to k, in Scheme 1 were 


despite the widely varying stability of the carbocation I 
depending on the a substituent. 


What we are really interested in in this work is the 


case, variations of ux with fixed a and Y substituents to 
8, and 8, do not cause rate changes, and the observed 


YC,H,CR~R~NHC,H,X + XC,H,NH, + (5) 


On c,)* (On the nucleophile) and (at the para 
position of the ring). The three rate variables, u,, ux 
and u,, can be independently varied, and hence the rate 


There are three kinds of substituents, a (R' and/or R2 found to be approximately constant at (2-6) x lo7, 


constant* kij$ is given by equation (6), where two case when px=O [equations (8a) and (I&)]. In this and j can be any two 
or Y, keeping the third constant. 


the three, a, 


kjj = k(U,, ox, 0,) (6) 
We have three choices for application of equation 
(3). 


(i) Let us choose ux and uy as independent variables 
[i.e. i, j = X, Y in equation (3a)l and u, a constant (3,). 
We then have the following equation: 


(7) log(kx,/k,,) = d b x  + &Y + P x , , ~ , ~ ,  
This leads to either 


p, = 0 at constant uy (6, and 8,) 
or 


p, = 0 at constant ux (6, and 8,) 


pa = 0 at constant u, (6, and 8,) 


py = 0 at constant u, (6, and 6,) 


(8b) 


(9a) 
(9b) 


(ii) By fixing u, (8,) we arrive at similar equations: 


k, values-are the macroscopic rate constants which are 
complex quantities given by k, = Kk, in Scheme 1. The 
rates are constant irrespective of X when a and Y are 
kept constant. Such combinations of 6,  and 6, leading 
to p, = 0 are experimentally observed for the reactions 
of benzylic carbocations with anilines in methanol 
[equation (31. 


(i) Keeping a constant to (R'  = H and RZ = CH, 1, p, 
vanishes and changes sign at 6,. = -0.23 in methanol; 
p , = 0 a t u , + = - 0 ~ 2 3 , w h i l e p , ~ 0 a t u , + < - 0 ~ 2 3 a n d  
px<O at uy+ > -0.23. The constant k,, (k,) value was 
estimatedtobe6x 10-41mol - '~ - '  at35.0°C.4 


(ii) Similarly, fixing a to (R '  = H and R2 = C,H, 1, 
p, = 0 at 8,. = 0-22 in methanol with the rate constant 
k,, (= k , )=9x  10-51mol-'s- '  at 35.OoC? 


(iii) For fixed a to (R'  = R2 = CH,], px = 0 at the 
estimated [using equation (3c)l 6,. of 0.72 in methanol 
with k,, (= k, )=2x 10-61mol-'s-' at 35.OoC.'O For 
this system, the px values were all positive, ranging 


Scheme 1 
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from +0.51 (Y = p - P h )  to +0.28 (Y =m-Cl) ;  
corresponding BX values varied from -0-17 to -0.07. 


(iv) For fixed a to (R '  = R 2 = H ) ,  extrapolation of 
the kinetic results led to p x  = O  at 8,. = -2.15 in 
methanol with k,, (= k 2 ) =  1 x lmol-ls- '  at 
35.0 "C.l' For this system, no positive p x  or negative Bx 
were actually observed. 


In general, px (pnuc) is negative [or Bx (pnuc) is 
positive] in the nucleophilic substitution reactions6 at a 
neutral carbon center and hence the observation of 
positive p x  (or negative Bx) is highly unusual. One may 
cast doubt about the reality of such a positive p x  based 
on the following two arguments. 


First, the positive px (or negative 8,) is the results of 
desolvation effect. Such unusual negative fix (pnUc) 
values that can be ascribable to the desolvation of 
nucleophile have indeed been observed.', 


It can be shown, however, that this argument is false 
and is not applicable. The solvent, MeOH, has a higher 
solute hydrogen bond basicity (&'= 0.47) than the 
aniline nucleophiles used (Br= 0.30-0.45)(except p -  
MeO-aniline, j?r= 0.65), so that the H-bonds between 
MeOH molecules are stronger than those between 
MeOH and the aniline nucleophile. Moreover, excellent 
linearities found for the plots of log k2 versus ux sug- 
gest that the desolvation of any aniline nucleophile 
before or during the rate-determining step cannot affect 
the rate constant, k,. This is also supported by the 
similar trends observed for px in MeOH and in MeCN, 
since solvation of the aniline nucleophile should be 
negligible in MeCN.'Zds'4 For example,' 


px = 0.95 (px = -0.32) in MeOH 


px = 0.92 (Bx = -0.23) in MeCN 
at 35.0 "C for p-Me-benzhydryl cation; 


at 65-0 "C for p-Me-bezhydryl cation. 
In this exam le, the negative px (pnuc) values exceed 


tion for nucleophiles of much higher basicity, 
pK,(RNH, ') > 8, than the aniline nucleophiles used in 
our work (pK, = 3.5-5.3). The lower values of px and 
px in MeCN are undoubtedly due partly to the higher 
temperature in MeCN, since the numerical values of all 
first derivative susceptibility parameters are known to 
decrease with a rise in the reaction temperature." 


Second, the positive p x  (and negative px) values are 
obtained because macroscopic rate constants, k, ,  are 
used instead of microscopic rate constants, k,, in the 
determination; in other words, it is due to neglect of K 
in k,=  Kk,. This argument can also be shown to be 
untenable: 


(a) Although there is evidence that the nucleophilic 
assistance by nucleophiles to ionization, k,,, in Scheme 
2, is insignificant,I6 let us nevertheless assume that there 
is such an assistance (Scheme 2). A stronger, or more 


the Bx = -0.2 R suggested for the equilibrium desolva- 


basic, nucleophile (dux < 0) will form a more stabilized 
encounter complex between a nucleophile and an ion 
pair (C-IP), leading to an increase in K .  As a result, 
p x ( K )  will become negative: 


The negative px(K)  will in turn result in a more nega- 
tive px(k2)  than px(k,)  i.e. px(k, )<px(k, ) .  This 
means that the positive value observed, p,(k,) > 0, is in 
fact less positive than the true microscopic px(k,) if we 
assume that K is not independent of ux [equation (12)]. 


(12) px(k2) = px(K)  + Px(k , )  (= (-)+ ( + I )  
It is therefore concluded that the positive px (and 
negative px) values observed are not due to the neglect 
of the effect of nucleophile on K. 


(b) Since the concentration or amount of the encoun- 
ter complex, [C-IP], will be greater (6 log K>O) for 
the more stabilized cation with a stronger donor Y, 
6u,<O, and with a stronger donor X, drrx<O, p,,(K) 
should be positive [equation (13a)I. This means that 
p,(K) [and hence p,(k,)] will become more negative 
[6px(K) < 01 as a result of the shift of the equilibrium to 
the right for a stronger donor Y (du,<O), 6 p x ( K ) < 0  
[equation (13b)]--+ dp,(k,) < 0. This is the opposite 
trend to what we observe, i.e. a more positive px(k, )  is 
obtained for a stronger donor Y. 


(c) The observed pxy(k,) should be a small negative 
quantity assuming nucleophilic assistance by 
nucleophile to ionization, since p,, ( K )  is positive 
[equations (13)]: 


P X Y ( k 2 )  = px,(K) + PXY(k,) [= (+ I  + (-)I 
= small negative. 


However, this expectation is not fulfilled, since we 
obtain a relatively large negative pxy(k,)  value. For 
normal SN2 processes, the pxy values are smaller with 


p x y ( k , )  = -2.47 in MeCN at 65.0"C 


p x y ( k , )  = -1.46 in MeOH at 35.0"C 


pxy = -0.6 to -0-8.6 


for benzhydryl cation;' 


for benzhydryl cation.' 


We conclude that the effect of ux on K is insignificant 
and hence the macroscopic px [p,(k,)] is equal to the 
microscopic px [p , (k , ) ]  and the observed positive px(k,)  
values are not due to neglect of the effect of ux on K.  
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Further support for the ion-pair mechanism (Scheme 
1) is provided by the trends in the plots of log k2 against 
uy+.  Scheme 1 omits the differentiation of initially 
formed ion pairs and solvent-separated ion pairs, since 
our data do not directly elucidate the respective roles of 
the two types of ion pairs. Moreover, there is evidence 
that nucleophilic additions to a free carbocation and its 
ion pair occur with similar rate  constant^.'^," 


The observed macroscopic py(k2 )  can be expressed 
as a sum of the two-component py terms: 


PY ( k 2 )  = P Y  (K) PY (kN) (14) 
The signs of each pu can be determined: 


(a) A more resonance stabilized carbocation by a 
stronger electron donor Y, 6uy<0, will result in a 
greater equilibrium constant, 6 log K > 0, leading to a 
negative p y ( K ) ,  py(K)  = 6 log K / d a y  [=  (+)/(-)I <O. 
Experimentally, in and in the gas phase," 
large negative py(K) values are indeed observed rang- 
ing from -10 to -14. 


(b) A more positive benzylic carbon, C,, by a 
stronger electron acceptor Y, 6uy>0, will induce a 
more facile cation-nucleophile combination, 
6 log k ,  > 0,leading to a positive py(k , ) ,  


positive p y ( k N )  values are observed experi- 
mentally.'2d*'9 


(c) The observed p Y ( k 2 )  value is given by the sum of 
the two-component terms; a negative value is expected 
since p y ( K )  is large negative but py(k,) is moderately 
positive. This means that the macroscopic py [py(k2)] 
is not the same as the microscopic py [py(kN)], 


p , (k , )=  6 log k , / 6 U y  [= (+)/(+)]>O. Again, 


p Y ( k Z ) *  pY(kN): 
P Y ( k 2 ) = P Y ( K ) + P Y ( k N )  [= (-)+ 


I pY(K)l >pY(kN)l 


The observed slopes of the lots of log k ,  versus uy, 
py(k,) ,  were all -3.5 to -5 .5,  -2.3 to 
-4.5 (non-linear) and -4.8 to -5.3 for 1-phenylethyl, 
benzhydryl and cumyl systems, respectively. However, 
the negative slopes tend to be lower for a stronger donor 
X, e.g. X = p -MeO, and steeper for a stronger acceptor 
X, e.g. X = rn-NO,. This is in line with the ion-pair 
mechanism shown in Scheme 1: a stronger nucleophile 
with a stronger donor X, dux < 0, and a stronger accep- 
tor Y, day > 0, will stabilize the TS more, 6 log kN > 0, 
and hence p x y ( k , )  will be negative [equation (15a)l. 
This means that for a stronger donor X, dux < 0, p y ( k , )  
will be more positive, 6py(kN) > O  [equation (15b)l. 


Since K is independent of ux, i.e. there is no 
nucleophilic assistance by the nucleophile to ionization, 
6 p y ( K )  will be zero (see above). Thus, 


6pY(k2) = 6pY(K) + 6pY(kN) [=  0 + ( + ) I  >0 
This means that py(k2)  becomes less negative (or more 
positive) for a stronger nucleophile so that the negative 
slope will be less steep, as observed experimentally. 
Conversely, a weak nucleophile with a strong acceptor 
X, 6ax>0, will lead to a less positive py(k,), 6py. 
(k , )  < 0 [equation (Fib)], so that the observed negative 
slope will become steeper, 6 p y ( k , ) < 0 ,  as observed 


Again, p y ( K )  is independent of ux, and hence the 
overall, observed p x y ( k , )  is also negative, as found 
e~perimentally.~*'.'' 


Thus, 
PXY ( k 2 )  = P X Y ( K )  + P X Y ( k N )  [=  0 + (-11 <o 


P X Y ( k N ) = P X Y ( k 2 ) < 0 ,  since P X Y ( K ) = o  


In conclusion, the trends found in the plots of log k, 
versus uy and the signs predicted and observed for 
p,,(k,) are consistent with the proposed mechanism 
involving rate-limiting attack by the nucleophile, 
aniline, on a preformed ion-pair, in Scheme 1. 


We have attempted a rough estimate of the second- 
order rate constants, k,, for the reactions of l-phenylet- 
hyl carbocations using the literature data and compared 
with our experimental results: 


k ,  (H,O) = 104k2 (MeOH) at 25-50 "C2' 
k ,  (H,O) = 30k, (50% TFE) at 25 "C.Ia 


k ,  (50% TFE) = 330k, (MeOH) 


k, (MeOH, 65 "C) = 102k, (MeOH, 25 "C),' 


k, (50% TFE, 25 "C) = 3k,  (MeOH, 65 "C) (16) 


These relationships lead to 


On the other hand, 


Thus, 
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The data in Table 1 reveal that the agreements 
between the observed k,(MeOH, 65 "C) and about three 
times [equation (16)] the estimated k, values based on 
the ion-pair mechanism, i.e k, = Kk, (50% TFE, 25 "C), 
are reasonable. We also note that the agreements are fair 
for the reactions of other carbocations. The k, values 
observed for the reactions with aniline are in general 
greater than the corresponding values with MeOH 
owing to a greater nucleophilicity of aniline. Better 
agreement is noted, however, for k, with MeOH for 
cumyl cation: 5 x 10 -4 1 mo1-l s -' at 25 "C by k, = KkNla 
and 6.1 x lrnolK's-' observed at 35°C." The k, 
value for the reaction of benzhydryl cation with 
CF,CH,NH, (pK, = 5.7) at 25 "C in 50% TFE is in fair 
agreement with the observed k, value with C6H,NH2 
(pK, = 4.6) at 35 "C in MeOH. One notable disagree- 


ment in Table 1 is the reaction of benzyl system: 
k, = Kk, at 25 "C in 50% TFE is cu whereas k, 
observed with MeOH at 65°C is cu The large 
difference of cu 10' results most probably from the 
assumption of the ion-pair mechanism; benzyl chloride 
is not likely to react with MeOH by the ion- air 
mechanism. There is also a large difference of cu 10 for 
the reaction of the p-nitro-1-phenylethyl system with 
aniline, which suggests that aniline reacts by the S,2 
mechanism with the neutral p-nitro-1 -phenylethyl 
chloride. le 


In summary, the analyses shown in Table 1 provide 
additional support for the ion-pair mechanism proposed 
in Scheme 1 for the 1-phenylethyl, cumyl and bezhydryl 
carbocations in methanol reacting with nucleophiles, 
anilines and MeOH. 


P 


Table 1. Comparison of observed and estimated ( k 2 =  Kk,) rate constants for the reactions of benzylic 
carbocations with nucleophiles 


Cation K,, (25 oC)a k, = K,k, (25 T)' 


4-CH,C,H,CH(CH,) + 6.5 x 1.3 x loK 8 x 
3.6 x 


(7.0 x lo-?') 
(65 "C) 


9.3 x 10-o 


(65 "C) 


3.5 x lo -y  
4-NO,C,H,CH(CH,) + 1 x 10-20 4 x 10'' 5 x lo-y (2.0 x 10-5) 


(65 "C) 


C6H5CH(CH3) + 1 x 1044 3 x lo9 3 x 10-5 (3.8 x 


5 x 1 0 8 b  
(3 x 10')d 5 x 10-"b 


C6HsCH2' s2 x 10-19 3 1 x 10'0 


7.3 x 10-3 
(5  x 1 0 - ~ ) d  


4.9 x 1 0 - ~  
(1  x 10-2)' 


s 2  x 10-9 


6.1 x 


(35 "C) 
1.1 x 
(2.0 x 10'2) 


(35 "C) 
2 x 10-6 '  
(65 "C) 


(6.6 x 


a Keq = kH/kHLoc for ROH + H + 


Rothenberg and W. P. Jencks, J. Am. Chem SOC. 106, 1361 (1984). 
hT. L. Amyls, J. P. Richard and M. Novak, J. Am. Chem. SOC. 114,8032 (1992). 
'k , , ,  values (Imol-'s- ') obtained by combining the azide solvent selectivity values with an estimated value of 
5 x -lo9 I mol-' s - I  for the diffusional reaction of azide." 
'Second-order rate constant (IrnolV's-') with MeOH at 25°C in 50: 50 TFE-H,O solution. J. P. Richard, J .  Org. Chem. 59, 
25 (1994). 
'Second-order rate constant (Imol-'s-') for the reaction of (C,H,),CH+ with CF,CH,NH, (pK,=5-7) in H,O (20°C) 
estimated from data in MeCN. R. A. McClelland, V. M. Kanagasabapathy, N. S. Banait and S. Steenken. J .  Am. Chem. SOC. 
)14, 1816 (1992). 


'The second-order rate constants (Imol-'s- ') for the reactions with MeOH and with aniline at the respective temperatures. 
The data for 1-phenylethyl cations are from I. Lee, W. H. Lee and H. W. Lee, J .  Phys. Org. Chem. 6,  361 (1993) and I. Lee, 
W. H. Lee and H. W. Lee and T. W. Bentley, J.  Chem. SOC., Perkin Trans 2 141 (1993). 


' S. Chang, H. J. Koh, B. S.  Lee and I. Lee, J .  Org. Chem. 60,7760 (1995). 
'Estimated from the methanolysis rate constant. I. Lee, H. J. Koh, Y. S .  Park and H. W. Lee, J .  Chem. Soc., Perkin Trans. 2 
1575 (1993). 


R + H,O in 50: 50 (v/v) TFE-H,O at 25.0"C with I = 0.5 (NaCIO,). J. P. Richard, M. E. 


Estimated by the relation k, = K,k, at 25 "C. 


I. Lee, H. J. Koh, S.  N. Hong and B. S. Lee, Gazz. Chim. Iral. 125,347 (1995). 
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DISCUSSION 


How can we rationalize this phenomenon of isokinetic or 
isoparametric behavior for the benzylic carbo- 
cation-nucleophile combination reactions? In order for the 
rate to be invariant, the energy compensation is required.' 


The stabilities of the cabocations can be calculated using 
the AM1 method as the enthalpies of formation, AH" in 
kcd mol -', from the neutral compounds with Y = MeO? 


MeOC,H4CR'R2C1-+MeOC,H4CR'R2 + + C1- (17) 


The data calculated reveal that as the electron-withdraw- 
ing power of the a-substituents increases (6uu>0) 
carbocations become unstable ( M H "  > 0) so that the 
thermodynamic driving force should increase accordingly 
(6AG" < 0). In contrast, the increment of positive charge 
when the carbocation is formed [equation (17)] decreases 
(6Aq (C (1 +)  < 0), reflecting an increase in the resonance 
delocalization of electrons from substituent Y (= MeO) 
with the increase in the electron-withdrawing power of 
the a-substituents; this should in turn result in an increase 
in the intrinsic barrier (dAG', > 0). Thus there is an energy 
compensation between 6AG" and 6AG, reducing the 
effects of a-substituents on the rate. The nearly complete 
cancellation of the activation barrier (6AG' = 0) in the 
simplified Marcus equation22 [equation (18a)l by negle- 
cting the second-order term should lead to an isokinetic 
condition of constant reactivity irrespective of the a- 
substituent, i.e. pu = 0, at d, and 8, corresponding to the 
nucleophiles of MeOH and 50% TFE solution. 


6AG' = 6AG" + 6AG; ( 18a) 
6AGo(a)= -6AG',(a) (18b) 


In the nucleophilic addition of an aniline with a stronger 
electron-donor at the para position, e.g. X = p-OMe, to the 
carbocation I, the N atom of the aniline will experience a 
stronger repulsive electronic interaction as it approaches the 
fully developed n-orbital charge of the benzylic carbon 
atom, II. This will cause an elevation of the intrinsic 
barrier, 6AG,(X)>O, and the rate will be depressed 
accordingly, i.e., the overall activation barrier is raised, 
dAG'(X)>O. On the other hand, however, a stronger 
electron-donating X substituent will raise the basicity of the 
aniline. This will increase the thermodynamic driving 
force, 6AG" (X) < 0, leading to an increase in the rate, i.e. 
to a decrease in the overall activation barrier, 6AG'(X) < 0. 


,X 


These two factors, the increasing intrinsic barrier and 
thermodynamic driving force, are mutually canceling 
and reduce substituent effects on the rate. When u, is 
relatively large negative, e.g. Y = p-MeO, resonance 
delocalization of Y toward the carbocationic center will 
be large so that the intrinsic effect may become domi- 
nant. The net result becomes a lower rate (6 log k,, < 0) 
for the aniline with a stronger electron-donating X 
substituent (du,<O), leading to a positive px. This 
means that in the region where u, is more negative than 
8, a thermodynamically more stable derivative with a 
more electron-withdrawing X substituent (a less basic 
aniline, 6ux > 0, is thermodynamically more stable) 
leads to a greater kinetic reactivity, 
6 log kxy > 0- px > 0; thus an inverse thermodynamic 
stability-reactivity relationship holds in this region. 
This sort of situation will be favored when the substitu- 
ent in the ring, Y, is a fairly strong electron donor in the 
carbocation (day < 0) so that the cationic center is rich 
in n-electrons, effectively repeling the initial approach 
of the nucleophile, and in the subsequent disruption of 
the n-system there is a large energy requirement for 
electronic reorganization on going from the ground to 
transition state. In contrast, when Y is a weak electron 
donor or electron acceptor, the approaching nucleophile 
will not experience enough repulsion; in this case, the 
changes in the intrinsic barrier as the nucleophile is 
varied will be small and the changes in the ther- 
modynamic driving force will become dominant. An 
aniline with a stronger electron-donating X substituent 
(dux < 0) will lead to a greater rate (6 log k,, > 0), and 
a negative p, is obtained as in the normal S,2 reactions. 
In this region of u,, u, > By,  a thermodynamically more 
stable derivative leads to a lower reactivity and a normal 
thermodynamic stability -reactivity relationship holds. 


In between the two extreme cases, at an intermediate 
u,, By,  there is a balancing point at which the change in 
the intrinsic barrier is effectively compensated for nearly 
completely by the change in the thermodynamic driving 
force resulting in the isokinetic relation, p x = O  
[6AG*(X) = 01, as we change the substituent X in the 
nucleophile. 


For the isokinetic condition, the two component 
energy terms in the Marcus equation [equation (18a)l 
are approximately equal as X is varied: 


6AGo(X) = - dAG',(X) ( 1 8 ~ )  
Thus the effect of the intrinsic barrier on the rate is 
dominant for the more electron-donating Y, whereas the 
effect of the thermodynamic driving force on the rate is 
dominant for the less electron-donating Y than 3,, at 
which the two effects cancel out. 


The invariant rate constants for the addition of 
substituted anilines to a benzylic carbocation with a 
vanishing px can therefore be ascribed to the cancella- 
tion of the two effects. However, the stabilizing 
equilibrium resonance effect, SAG; < 0, of electron 
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delocalization from substituent Y in the ring toward the 
cationic center, C,, which increases the intrinsic barrier, 
6AGG > 0, is in general small compared with the desta- 
bilizing e uilibrium polar effect of substituent a, 
6AG; > 0,' which increases the thermodynamic driving 
force, 6AG0<0. This is why we observe the normal 
thermodynamic stability -reactivity relationship with a 
lower kinetic reactivity for a thermodynamically more 
stable derivative more often than the inverse relation- 
ship. In order to rationalize the nearly complete 
cancellation of the two effects, the concept of an 
imbalance in the expression of the destabilizing induc- 
tive and stabilizing resonance interactions in the 
transition state' may be invoked: the fractional expres- 
sion, or selectivity, of the small resonance effect, pR, is 
larger than that of the large polar effect, pp, and this 
imbalance in the expression of the two opposing polar 
and resonance effects leads to the nearly complete 
cancellation;2 in other words, cancellation of the two 
energy terms [equation (18c)l occurs due to the larger 
pR than pp (pR>pP) despite the smaller equilibrium 
resonance effect, 6AGi < SAGO, [equations (19)]. 


9 ' .  


6AG" = pp dAGO, (19a) 


SAG', = pR 6 A G i  (19b) 


This concept of non-synchronization in the develop- 
ment of polar and resonance interactions' is therefore 
useful for the interpretation of the cancellation of the 
two opposing effects [equation (18c)], which in turn 
provides a qualitative explanation for the isokinetic 
behaviors observed in the benzylic 
carbocation-nucleophile addition reactions. 


It should be noted that in the normal SN2 reactions at 
a neutral carbon center the positive charge develops at 
C, only partially in the TS. Developing resonance 
structure lags behind this developing positive charge 
(pR < pp) so that only a minor fraction of n charge is 
present at C,; repulsive interaction between N and C, is 
therefore minimal and the intrinsic barrier is negligible 
relative to the thermodynamic driving force, 
6AG',*6AGo. Thus the normal SN2 reactions are 
controlled mostly by the thermodynamic driving force 
so that px is always negative, and hence isokinetic 
behavior is not observed. 


The addition of an alcohol or water (ROH) [or any 
weak nucleophile with mobile proton(s)] to a carbo- 
cationic center requires the removal of a proton before, 
during or after the addition step; it is well known, 
however, that deprotonation before or during the reac- 
tion, i.e. base catalysis, becomes more significant as 
ROH becomes more acidic and/or the carbocationic 
center becomes less reactive as a result of a stronger 
resonance stabilization by a stronger electron-donating 
Y substituent. I b  


In the intrinsic barrier dominated region, i.e. in the 
region where px is positive, a large repulsive electronic 


interaction is expected and the aniline nucleophile 
requires base catalysis as has been known for the 
nucleophilic addition to a resonance stabilized carbo- 
cation  enter.'^ In this catalysis, partial deprotonation of 
aniline occurs, which should elevate the HOMO level of 
the nucleophile, aniline, to enhance the FMO orbital 
 interaction^.^^ There is a small primary kinetic isotope 
effect for the attacking nucleophile, as observed 
experimentally 5,25 and theoretically predicted. 27s28 


The results of experimental studies on the kinetic 
solvent isotope effects, k,,,/k,,,, reveal that the values 
are normal, k,,,/k,,,> 1.0, in the region where carbo- 
cation is resonance stabilized (0, < 6,) due to partial 
deprotonation occuring in the base catalysis. In contrast, 
however, when oy is electron withdrawing no base 
catalysis occurs and the values become inverted, 
k,,,k,,,< 1.0, owing to an increase in the vibrational 
frequencies associated with desolvation of the 
nucleophile.26 


Similarly, a-deuterium kinetic isotope effects involv- 
ing deuterated nucleophiles are normal, k,/k, > 1.0, 
due to partial deprotonation in the base catalysis when a 
nucleophile with a single mobile proton is used.5 When, 
however, a nucleophile with two mobile protons (ani- 
lines) is used, the values become inverted since bending 
vibrational frequencies of the other, non-cleaving, N-H 
bond are increased owing to an increase in the steric 
crowding in the nucleophilic attack on the cationic 
center. In this case, the secondary kinetic isotope effect 
resulting in the inverted value of k,/k, (<1.0) is domi- 
nant over the normal (k,/k,> 1.0) primary effect due to 
base catalysis.5310 This is supported by the relatively 
large normal k,/k, (>1 .O) values for the 1-phenylethyl 
system for which the steric effect should be relatively 
small.4 


The trends of change in the k,/k, values are consist- 
ent with this interpretation: for reactions involving an 
electron-donor Y, i.e. with a resonance-stabilized 
cationic center, and/or an electron acceptor X, i.e. with 
a nucleophile having an acidic proton, the k,/k, values 
are greater, regardless of whether they are greater or less 
than one. This is because the deprotonation process 
before or during the reactions involving such substitu- 
ents are facilitatedIb and the contribution of the normal- 
effect fraction increases. 


Theoretically, ab initio self-consistent reaction-field 
(SCRF) MO  result^'^ predicted the partial deprotona- 
tion required for a benzylic type carbocation with an 
electron donor Y, and in contrast a simple desolvation 
is required for the cation with no substituent (or with 
an electron acceptor Y)." If, on the other hand, the 
reaction were of the normal SN2 type occurring at a 
neutral compound, YC6H,CR1R2Cl, instead of the 
carbocation-nucleophile combination at I,  an inverse 
effect, k,/k,<1.0, would have been observed in all 
cases includin the value for the nucleophile with one 
mobile proton. $8 
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The balancing point, 6,, is also dependent on 6, 


(20) 


according to equations (8a) and (10a). Thus, 


px = f(6,, 6,) = 0 
The two variables in equation (20) cannot be mutually 
independent since the two must vary, satisfying the 
condition of vanishing px. Thus 6, and 6, are function- 
ally dependent to maintain the compensating relation 
between 6AG" and SAG: [equation (18d)], leading to 
the vanishing p,. 


dAG"(a ,Y)=  -6AGE(a,Y) (18d) 
Since the effects of a substituents, R' and/or R2, are 
polar and hence thermodynamic in nature, using ther- 
modynamic stability of carbocations, AH", instead of 
6,, we may test the compensating relation between the 
two. Since an increase in AH" by changing it to a more 
electron-withdrawing a substituent, i.e. by decreasing 
the stability of benzylic carbocation, [ 6AH" (a) > 01, 
will lead to an increase in the thermodynamic driving 
force of the carbocation [ 6AH" ( a )  > 0- 6AG" ( a )  < 01 
and an increase in 8,. (60, + > 0) should lead to a lower 
degree of resonance delocalization of the positive 
charge away from C,, i.e. lowers the intrinsic barrier 
[68,+ > 0- 6AG: <O], the slope, A in equation (21) is 
expected to be negative in order to preserve the compen- 
sation between 6AG" and 6AG: [equation (18b)l. 


6AH" = Ad&,+ (21) 
The plot of AHo versus 6,' using the relevant data in 


Table 2 indeed gave a negative slope, A = -6-7, with a 
correlation coefficient r = 0.986." This means that an 
increased stabilizing polar effect of the electron-donat- 
ing a substituent [da, < 0- 6AH" < 0- 6AG" > 01 is 
compensated for nearly completely by a decreased 
resonance delocalization effect of electron-withdrawing 
Y substituent [ 66,. > 0- 6AG: < 01, leading to no rate 
change, 6AG'( a ,  Y )  = 0,as we move down from benzyl 
to cumyl in Table 2. 


We note in Table 2 that the constant rate, k,,, 
decreases as we move down the column because the 
isokinetic point, a,+, lies successively in a lower rate 
region, i.e. log(k,,/k,,) changes to a lower value, from 
positive to negative, down the column. This is again a 
result of compensating relation between the intrinsic 


barrier and thermodynamic driving force; the compensa- 
tion of a greater stabilizing polar effect of the electron- 
donating a substituent (6a,<0) requires a lower 
stabilizing resonance effect of a weaker electron donat- 
ing or electron-withdrawing Y substituent (66 ,  + > 0). 
Since 6,. becomes successively more positive, the rate 
at 8,+, kxy ,  becomes successively lowered, as the rate 
decreases in general with a more positive oy+ [since 
p y ( k , )  is negative] for the addition reactions of carbo- 
cation with n u c l e ~ p h i l e s . ~ ~ ~ " ~  


In the above discussion, we neglected steric effects of 
the a-substituents on the observed rate constants, 
k ,  = Kk,. There will be increasing differences in 
ground-state strain in substrates with a-substituents of 
different bulk, which favors ionization for the substrate 
with large a-substituents owing to the larger relief of 
strain energy in the TS for departure of the nucleofuge. 
The rate increase expected from the increase in K will 
be partially offset, however, by a similar steric rate 
retarding effect on the k ,  step. Thus, any steric effect on 
K will have a similar but opposite effect on k ,  and 
hence the two cancel out so that the steric effect on the 
observed rate constant, k, is expected to be small. 


Moreover, steric effects in the TS (on k,) for the 
carbocation-nucleophile combination reactions are 
found to be small or negligible.29 Since steric effects are 
certain to be present in the addition products, this 
implies that the nucleophile and the carbocation are 
separated by large distances at the TS,29 i.e. the TS is 
formed at a relatively early stage in the reaction. 


This implification is contradicted, however, by the 
observation of fairly large magnitude of p,,, which 
suggests that the TS is rather tight with a relatively 
strong nucleophile-carbocation interaction. This 
discrepancy can be rationalized by the concept of 
imbalance in the transition-state expression of the 
equilibrium polar and resonance substituent effects. For 
example, addition of water to p-MeO- 1 -phenylethyl 
carbocation indicated ca 36% bond formation based on 
the change in inductive interaction. In contrast, the 
fractional expression of the resonance substituent effect 
was close to 53% of the equilibrium value.30 This 
example reveals that although the TS is actually earlier 
(ca 36%), the loss of resonance interaction corresponds 
to the value for a later TS with 53% bond formation. 


Table 2. Relevant data for estimation of and observed isokinetic points, aY. 


Benzyl chlorides [H,H] -1.61 -0.63 -0.75 (-2.15) 1 x 1 0 - 3  166.7 
1-Phenylethyl chlorides [H, CH,] -0.47 -4.19 -2.05 -0.23 6 x 156.6 
Benzhydryl chlorides [H, C,H,] 0.32 -2.78 -1.46 +0.22 9 x 10-5 150.4 
Cumyl chlorides [CH,,CH,] 0.39 -4.87 -0.54 (+0.72) 2 x lo', 147.5 


'Isokinetic rate constant at 35.0"C ( k x y  = kz = Kk,). 
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Conversely, in the carbocation formation from the 
neutral substrate, a similar but exactly opposite effect is 
observed since the resonance interaction develops 
slowly compared with the polar interaction when the TS 
is approached from the neutral substrate; thee develop- 
ment of resonance structure lags behind the expression 
of a polar effect in the TS for carbocation formation 
from the neutral substrate. This means that steric effects 
in the TS for the carbocation formation step should also 
be small. 


The difference in the fractional expression of 
equilibrium polar and resonance substituent effects on 
the rate constants will become greater as the 
resonance stabilization is greater in the benzylic 
carbocation. This is reflected in the decreasing magni- 
tude of pxy with the increasing stabilizing polar 
effects of the a-substituents or alternatively with the 
decreasing resonance delocalization from the Y- 
substituted bezene ring; the magnitude of pxu 
decreases successively from -2.05, through - 1-46 to 
-0.54 for 1 -phenylethyl, benzhydryl and cumyl 
cations, respectively. This change is consistent with 
the decreasing trend in the intrinsic barrier at the 
isokinetic point, B y + ,  -0.23, +0.22 and +0.72, 
respectively. This means that when the cation is 
stabilized by an electron-donor a-substituent, 
resonance electron delocalization from the Y-substi- 
tuted benzene ring is small, which should lead to a 
lesser extent of the TS imbalance. When the 
resonance delocalization is sufficiently small, the TS 
imbalance may become so small that the fractional 
expression of the polar and resonance effects may 
become nearly identical. This could be the reason why 
the magnitude of pxu for the cumyl cation-aniline 
combination is smaller (-0.54) than that for the 
benzyl chloride reactions with anilines (-0.75), 
which is believed to occur by a normal SN2 process. 
Thus the TS for the cumyl cation-aniline combina- 
tion could be looser than the SN2 TS for the benzyl 
chloride reactions with anilines. The greater magni- 
tude of pxu for the 1-phenylethyl cation is an 
indication of rather greater TS imbalance resulting 
from a strong resonance electron delocalization to the 
cationic center from the Y-substituted ring. 


CONCLUSION 
The isokinetic behaviors observed in the benzylic 
carbocation-nucleophile addition reactions are the 
results of cancellation effect between thermodynamic 
driving force and intrinsic barrier as one rate variable, 
e.g. substituent X in the nucleophile, is varied while the 
other two, a (on C,) and Y (on the ring) substituents, 
are kept constant. However, in order to satisfy the 
compensation requirement, the two constant variables 
must also be themselves mutually related in a compen- 
sating manner. 
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OXIDATION OF SUBSTITUTED PHENETHYL ALCOHOLS BY 
SODIUM N-CHLOROBENZENESULPHONAMIDE: A KINETIC STUDY 


H. RAMACHANDRA,* K. S. RANGAPPA AND D. S. MAHADEVAPPAt 
Department of Studies in Chemistry, University of Mysore, Manasagangotri, Mysore 570 006, India 


The kinetics of the oxidation of six substituted phenethyl alcohols by sodium N-chlorobenzenesulphonamide or 
chloramine-B (CAB) in the presence of HCI was studied at 35 "C. The rate shows a first order dependence on 
[CABIo and [H'] and is of fractional order in [PEA], and [Cl-1. Ionic strength variations, addition of the 
reaction product of benzenesulphonamide and variation of the dielectric constant of the medium have no effect 
on the rate. The solvent isotope effect k&,/k&,=O.78. Proton inventory studies were made in H,O-D,O 
mixtures. The rates correlate satisfactorily with Hammett's LFER. The reaction constant p was -3-5 for 
electron-releasing substituents and -0-30 for electron withdrawing groups at 35 OC. Activation parameters AH*, 
AS*, AG* and log A were computed for the reaction. An isokinetic relationship is observed with 8 = 3 3 8  K, 
indicating enthalpy as a controlling factor. 


INTRODUCTION 
Considerable attention has centred around the chemistry 
of N-metallo-N-arylhalosulphonamides generally 
known as organic haloamines, because of their versatil- 
ity in behaving as mild oxidants, halogenating agents 
and N-anions, which act as both bases and nucleophiles. 
The important chlorine compound chloramine-T 
(CAT), which is a byproduct during saccharin manufac- 
ture, is well known as an analytical reagent for the 
determination of diverse substrates. Mechanistic aspects 
of many of these reactions have been do~umented.'-~ 
The benzene analogue sodium N-chlorobenzenesulpho- 
namide or chloramine-B (C,H,SO,NClNa- 1-5H 0) or 
(CAB) is becoming important as a mild oxidan& and 
the compound can be easily prepared from benzenesul- 
phonamide and chlorine. 


Mild oxidation of alcohols to carbonyl compounds is 
a very important synthetic operation in organic syn- 


Although a considerable amount of work has 
been done on mechanistic studies involvin oxidations 
of alcohols by transition metal ion3 such as 
chromium(VI), vanadium(V), cobalt(DI), man- 
ganese(W) and cerium(IV) in acidic medium, 
copper@)' and ruthenium tetraoxide in alkaline 
medium and fer"te(VI)'o*'' ion, not much information 
is available in the literature concerning the oxidation of 


different alcohols by organic haloamines in acidic 
media. After examining several oxidizing reagents, we 
found CAB to be an excellent oxidant for the controlled 
oxidation of alcohols to carbonyl compounds and this 
system is adaptable to large-scale operations. To shed 
some light on the mechanism of CAB oxidation of 
alcohols, we studied the reactions of six substituted 
phenethyl alcohols (PEA) with this oxidant. Optimum 
conditions for the formation of phenacetaldehyde, 
which is an important constituent of perfumes and acts 
as an intermediate in many organic syntheses, were 
established. The Hammett free energy relationship was 
deduced together with other thermodynamic parameters. 


EXPERIMENTAL 


Chloramine-B (CAB) was prepared as reported pre- 
v i o ~ s l y . ~ ~ ' ~  An aqueous solution of the compound was 
prepared, standardized iodimetrically and stored in 
brown bottles to prevent its photochemical degradation. 
Phenethyl alcohols (Aldrich) were of accepted grades 
of purity and were used without further purification. 
Solutions of the compounds were prepared in water. All 
other reagents were of analytical grade. Doubly distilled 
water was employed in the preparation of aqueous 
solutions. The ionic strength of the system was main- 
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tained at a constant high value using a concentrated 
solution of NaC10,. Solvent isotope studies were made 
with D,O (99.4%) supplied by the Bhabha Atomic 
Research Centre (Bombay). Regression analysis of 
experimental data was carried out on an EC-72 
Statistical Calculator. 


Kinetic measurements 
The reaction was carried out in glass-stoppered Pyrex 
boiling tubes whose outer surface was coated black to 
eliminate photochemical effects. Solutions containing 
appropriate amounts of PEA, HCl and water (to keep 
the total volume constant for all runs) were placed in the 
tube and thermostated at 35 OC. A measured amount of 
CAB solution, also thermostated at the same tempera- 
ture, was rapidly added to the mixture. The progress of 
the reaction was monitored by withdrawing aliquots 
from the reaction mixtures at regular time intervals and 
determining the unreacted CAB iodimetricall y. The 
course of reaction was studied up to two half-lives. The 
calculated pseudo-first-order rate constants, k' , were 
reproducible to within *3%. 


Stoichiometry 
Various ratios of CAB to PEA were equilibrated in the 
presence of 0.1 mol dm -3  HCl for 24 h. The determina- 
tion of unconsumed CAB in the reaction mixture 
showed that 1 mol of PEA consumed 1 mol of CAB: 


XC,H,CH,CH,OH + RNClNa + 
XC6H4CH2CH0 + RNH, + Na + + C1- (1) 


where X = H ,  C1, Br, CH,, OCH, and NO, and 
R = C~HSSO,. 


Product analysis 
The reaction products were subjected to column 
chromatography on silica gel (60-200 mesh) using 
gradient elution (dichloromethane to chloroform). After 
initial separation, the products were further purified by 
recrystallization. Materials were identified by compari- 
son with commercially available samples. 


Phenacetaldehyde 


Phenacetaldehyde was recrystallized from 
dichloromethane-light petroleum [m.p. = 32-33 "C; 
known m.p. = 33-34 "C (Merck Index 11, 7236)l. 
Phenacetaldehyde was further identified as its 2,4- 
dinitrophenylhydrazone (2,4-DNP) derivative. It was 
recrystallized from ethanol (recovery 66.6%) and was 
found to be identical with a DNP derivative of an 
authentic sample. 


Benzenesulphonamide 
Benzenesulphonamide (PhSO,NH,) (BSA) was 
detected by thin-layer chromatography using light 
petroleum-chloroform-butan-1-01 (2 : 2 : 1 V/V/V) as 
the solvent and iodine for detection ( R ,  = 0-88). 


RESULTS 


Effect of reactants 
With the substrate in excess, at constant [HCl] and 
[PEA],, plots of log[CAB] vs time are linear 
( r  >0-998), indicating a first-order dependence of rate 
on [CAB],. Values of the pseudo-first-order rate 
constants (k') are given in Table 1. 


The rate increases initially with increase in [PEA],. A 
plot of log k' vs log[PEA], was linear (r=0.997; 
Table 1) and Michaelis-Menten kinetics were obeyed. 


Effect of [HCI] 
The rate increases with increase in [HCl] and a plot of 
log k' vs log[HCl] was linear ( r  = 0.999; Table 2) with 
a slope of 1.60. 


Effect of [H + ] 
At constant [Cl-]= 0.4 moldm-,, maintained by 
adding NaCl, the rate increased with increase in [H'], 
which was varied by adding HCl, and a plot of log k' 
vs log[H+] was linear (r=0.998; Table 2) with unit 
slope. 


Effect of halide ions 
At constant [H+] = O - 1  moldm-', the rate increased 
with the addition of NaCl and a plot of log k' vs 


Table 1. Effect of varying reactant concentrations on the rate' 


[CAB],, x lo4 [PEA], x lo' 
(mol dm-3) (mol dm-') kl x lo4 (s-1) 


2.0 
5 .o 
8-0 


10.0 
15.0 
20.0 
5 -0 
5.0 
5.0 
5 *O 
5 a0 
5 -0 
5 *o 


10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
5.0 
8.0 


10.0 
20.0 
30.0 
40.0 
50.0 


3.68 
3.68 
3.61 
3-71 
3.70 
3.68 
2.20 
3.15 
3.68 
6.02 
8-12 
9.38 


11-50 


' [HCl] = 0.1 mol dm"; p = 0.5 mol dm-'; T = 308 K. 
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Table 2. Effect of varying HCl, H’ and C1- concentrations on the rate’ 


[HCl] x 10’ [H+Ibx 10’ [C1IC x 102 
(mol dm-3) kl x lo4 (s-l) (mol dm-3) kl x lo4 (s-’) (mol dm-3) kl x lo4 (s-I) 


8.0 2.55 10.0 8.18 20.0 6.32 
10.0 3.68 15.0 12.01 25 .O 7-70 
15.0 6.52 20.0 15.50 30.0 8.70 
20.0 10.70 25.0 18.50 35.0 9.30 
30.0 19.19 30.0 24.31 40.0 10.50 
40.0 30.70 35.0 27.22 50.0 12.00 
- - 40.0 30.70 - - 


*[CAB],=S x 
bVariation at constant [Cl-] =0.4 moldm-’. 
‘Variation at constant [H + I = 0.1 mol dm -’. 


moldm-’; [PEA],= lox lo-’ m01dm-~;p=0.5 moldm-’; T = 3 0 8  K. 


log[Cl-] was linear (r=0.998, Table 2) with a frac- 
tional slope (0.63). Addition of Br - ions in the form of 
NaBr (5 x lo-, - 20 x mol dm-3) had a negligible 
effect on the rate. 


Effect of benzenesulphonamide (BSA) 
Addition of the reaction product BSA (5 x - 20 x 


m ~ l d m - ~ )  had a negligible effect on the rate, 
indicating that it is not involved in a pre-equilibrium to 
the rate-limiting step. 


Effect of ionic strength 
Variation of the ionic strength of the medium by 
adding NaClO, (0.2-1.0 m ~ l d m - ~ )  had no effect on 
the rate. 


Effect of varying dielectric constant of medium 
The dielectric constant of the medium was varied by 
adding methanol (0-40%, v/v) to the reaction mixture, 
but the rates were not significantly altered. Blank 
experiments with methanol indicated that oxidation of 


methanol was negligible during the period of the 
experiment. 


Solvent isotope studies 
Studies of the rate in D20 medium for PEA revealed that 
whereas khz0 = 3-68 x s-’, k40 =4.72 x s-I. 
The solvent isotope effect k,!,,o/kRo, was found to 
be 0.78. Proton inventory studies were made by 
carrying out the reaction in H20-D,O mixtures with 
various atom fractions n of deuterium (Figure 1, 
Table 3). 


Table 3. Proton inventory studies for PEA in H,O-D,O 
mixtures at 308 K’ 


~~ ~ 


Atom fraction of deuterium (n) k i x  lo4 (s-’) 


O.Oo0 
0.250 
0.500 
0.753 
0.947 


3.68 
3.95 
4.27 
4.52 
4.72 


‘[CAB],=S x 
[HCl] = 0.1 rnol dm -’; p = 0.5 mol dm -’; T = 308 K. 


moldm-’; [PEA],= l o x  lo-’ moldm-’; 


Table 4. Temperature dependence of the oxidation of 4- 
substituted PEA by CAB” 


~ 


ki x lo4 (S - l )  


Substrate 
4-X-PEA: X =  303K 308 K 313K 318K 


NO2 1.23 1.74 2-23 2.63 
c1 1.55 2.30 3.09 4.00 
Br 2.09 2-60 4.07 5.37 
H 2-69 3-68 5.62 8.32 


8-99 13-18 2147 3348 
15.84 29-50 44.66 74-13 


CH, 
OCH, 


Figure 1. Proton inventory plot of k: vs the deuterium atom 
fraction n in H,O-D,O mixtures 


a[CAB],=5 x moldm-’; [4-X-PEA],= l o x  lo-’ moldm-’; 
[HCl]=O.l moldm-’;p=@S moldm-’; [MeOH]=5% (v/v). 
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Tables. Kinetic and thermodynamic parameters for the oxidation of 4-substituted phenethyl 
alcohols by CAB' 


Substrate E. AH* AS* AC* 
4-X-PEA: X = (kl mol-') (kl mol-I) (J K-' mol-I) (kJ mol-I) Log A 


34.6 32.0 -213.2 98.2 5.2 
39.4 364 -195.2 97.4 6.1 


NO, 
c1 
Br 48.7 46.1 -163.1 96.7 7.8 
H 59.8 57.2 - 124.5 95.9 9.8 


68.0 65.4 - 88 *O 92-4 11.8 
74.4 73.7 -60.6 90.6 13.2 


CH, 
OCH, 


*[CAB],=5 x 10-4moldm-'; [CX-PEA],= l o x  
[MeOH] = 5% (v/v). 


moldm-'; [HCI]=O.I moldm-'; p=O.5 m ~ l d m - ~ ;  


Effect of temperature on the rate 


The reaction was studied at different temperatures 
(308-318 K) and from the Arrhenius plots of log k' vs 
1/T values of the activation parameters for the com- 
posite reaction were calculated. (Tables 4 and 5) .  


Test for free radicals 


Addition of the reaction mixtures to acrylamide did not 
initiate polymerization, showing the absence of free 
radical species. 


DISCUSSION 


Chloramine-B acts as an oxidizing agent in both acidic 
and alkaline media. In general CAB undergoes a two- 
electron change in its reactions. The reduction potential 
of CAB-RNH, is pH dependent and decreases with 
increase in the pH of the medium (values are 1.14 V at 
pH 0.65 and 0.5 V at pH 12 for CAT). Depending on 
the pH of the medium, CAB furnishes different types 
of reactive species in solution [equations (2)- (31, 
such as RNHCl, RNCl,, HOCl and possibly H,OCl+ in 
acidic  solution^.^*'^*'^ 


RNClNa- RNCl- + Na' (2) 


(3) 


(4) 


RNHCl + H,O*RNH2 + HOCl (5 )  


If RNClz were to be the reactive species, then the rate 
law predicts a second-order dependence of rate on 
[CAB lo, which is contrary to the experimental observa- 
tions. If HOCl is primarily involved, a first-order 
retardation of rate by the added benzenesulphonamide 
(BSA) is expected. Since no such effect is seen, HOCl 
can be ruled out as the oxidizing species. Hence RNHCl 
is responsible for the oxidation of phenethyl alcohols. 


RNCl- + HZO * RNHCl + OH- 


RNHCl + RNHCl 2 RNCl, + RNH, 


In view of these facts, Scheme 1 can be proposed for 
the oxidation of PEA by CAB. 


RNHCl + H' + C1- RN'H2Cl ..- C1- (i) fast 


X ~ + P E A  a Y (ii) fast 


Y products (iii) rds 
rds = rate - determining step 


Scheme I 


Scheme 1 assumes the formation of tight ion pair" 
(X'), which is an intermediate and at the same time 
indicates simultaneous catalysis by H' and C1- ions. 
The latter reacts with PEA through an equilibrium step 
to form a PEA-CAB complex (Y), which decomposes 
in a rate-limiting step to the products. The 
Michaelis-Menten kinetics obeyed by the substrate 
indicates a pre-equilibrium step (ii) in Scheme 1. 
Assuming [CAB], = [RNHCll+ [X'] + [Y], rate law (6) 
can be derived for the oxidation of phenethyl alcohols 
by CAB: 


--= d[CABl k3K&[CABIt[H'l lC1-1 [PEA] (6) 
dt 1 + Ki[H'][Cl-](l + K2[PEA]) 


Equation (6) can be transformed into 


_ -  1 - 1 ( +I)+; (7) 
K kXz[PEA] Ki[H+][Cl-] 


From the double reciprocal plots of k' vs [PEA] and 
k' vs [HCl]', since [H'] = [Cl-] = [HCl], (Figures 2 
and 3) values of k3. K, and K, can be evaluated. Using 
the k3 values (1.34 x 1.67 x 2.86 x and 
5 . 0 0 ~  s-' at 303, 308, 313 and 318 K respect- 
ively) obtained by varying [PEA], at each temperature 
(Figure 2), activation parameters were determined for 
the rate-limiting step as follows: E,  = 66.9 kJ mol-I, 
AHt = 64.4 kJmol-I, AS$ = -87.8 JK-Imol-', 
AG*=91.6kJmol-', logA=11.7, K,=3-5 drn6mol-' 
and K, = 890 dm3 mol-I. 
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Figure 2. Double reciprocal plots of k' vs [PEA] 
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Figure 3. Double reciprocal plot of k' vs [Ha]* at 308 K 


A detailed scheme of the oxidation of phenethyl 
alcohols by CAI3 and the structure of the intermediates 
are shown in Scheme 2. 


It is interesting that the rate only slightly increased in 
D,O medium. Since D,O+ ion is a stronger acid than 
H,O+ ion by a factor of 2-3, a solvent isotope effect 
of this magnitude is to be expected. However, the slight 
increase in D,O medium probably shows that since the 
protonation step is followed by hydrolysis involving the 
0-H bond scisson, the normal kinetic isotope effect 
kH/ kD > 1 could counterbalance the solvent isotope 
effect. Proton inventory studies in H,0-D20 mixtures 
could throw light on the nature of the transition state. 
The dependence of the rate constant (k!,) on n, the atom 
fraction of deuterium in a solvent mixture of D,O and 
H,O, in by a form of Gross-Butler equation: 


(8) 
k:b nTs( 1 - n + n$j) -= 
k",bs nRS( 1 - n + n$j) 


K 
SOZNHCl + H+ + Cl-$ 


X O , - C H O  + H30+ + 


Scheme 2 


where $i and G j  are the isotopic fractionation factors 
for isotopically exchangeable hydrogen sites in the 
transition states (TS) and reactant site (RS), respect- 
ively. Equation (8) allows the calculation of the 
fractionation factor of TS if the reactant fractionation 
factors are known. However, the curvature of the 
proton inventory plot could reflect the number of 
exchangeable protons in the reaction." A plot of k!, 
versus the deuterium atom fraction n (Figure 1, Table 
3) in the present case is more or less a straight line with 
the least curvature. Comparison with the standard 
curves18 clearly indicates the involvement of a single 
proton or H-D exchange during the reaction sequence. 
Hence the participation of H+ ion in the formation of 
transition state is inferred. 


The moderate values of the enthalpy of activation, a 
large negative entropy of activation and the fairly high 
AGt values support the mechanism. The near constancy 
of AGt values indicates a solvated state and operation 
of a similar mechanism for the oxidation of all 
alcohols. 


The effect of varying solvent composition on the rate 
of reaction has been described in detail in various 
rnon~graphs .~~-~~  For the limiting case of zero angle of 
approach between two dipoles or an ion-dipole system, 
A r n i ~ ~ ~  has shown that a plot of log kob vs l / D ,  where 
D is the dielectric constant of the medium, gives a 
straight line with a negative slope for a reaction between 
a negative ion and a dipole or between two dipoles, 
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whereas a positive slope results for a positive 
ion-dipole interaction. The total absence of the effect 
of varying dielectric constant on rate in the present 
work cannot be explained by the Amis theory.23 Apply- 
ing the Bornz5 equation, Laidler and co-workersm 
derived the following equation for a dipole-dipole 
reaction: 


where ko is the rate constant in a medium of infinite 
dielectric constant, ,u represents the dipole moment and 
r refers to the radii of the reactants and activated 
complex. It is seen that the rate should be greater in a 
medium of lower dielectric constant, when r:> ri + ri. 
On the other hand, r:= ri + ri implies the absence of a 
dielectric effect of solvent on the rate, as was observed 
in the present investigations, signifying that the transi- 
tion state is not very different from the reactants. 


Structure-reactivity correlations 
Structure-reactivity correlations were made by attempt- 
ing to fit the Hammett equation. The Hammett plot 
shows two distinct lines (Figure 4, Table 6) for each of 
which there is good correlation between the substituent 
constants and the logarithm of the rate constants, 
particularly when up, the Okamoto-Brown ~onstant, '~ 
is used for the electron-releasing substituents. Of these, 
one has a much larger p of -3-5 and the other relatively 


1. 


0.9 


N 


0 
d 
4. N 


n 


0. 


n : 4-N02 - PEA. 
x:  4-CI - PEA. 
* :  4-BC - PEA. 
0 :  4-H-PEA 


: 6-CH3 - PEA. 
A : 4-OCHJ - PEA. 


\ 
-0.4 0:o 0 . ;  0 .'s 


T 


Figure 4. Plot of log k2 vs up for six substituted phenethyl 
alcohols at 35 "C 


Table 6. Second order rate constants for the oxidation of 4- 
substituted phenethyl alcohols by CAB' 


Substrate k2 x 10' = k1/[4-X-PEA] 
4-X-PEA: X = (dm'mol-l s-')  UP 


NO2 1-74 0.78 
C1 2.30 0.23 
Br 2.60 0.23 
H 3.68 0.00 
CH3 13.18 -0.17 
OCH, 29.50 -0.27 


a[CAB]o=5 x lO-'moldm-'; [CX-PEA]'= l o x  lo-' moldm-'; 
[HCI] = 0.1 mol dm -'; p = 0.5 mol dm -'; T = 308 K [MeOHl = 5% 
(v/v). 


low p of -0.30 at 35 "C. The break in the Hammett plot 
could suggest a concerted mechanism, the degree of 
concertedness depending on whether the hydride trans- 
fer from the C-H bond to the oxidant is synchronous 
with the removal of a proton from the OH group by a 
water molecule. In earlier work on the oxidation of 
primary alcohols by organic haloamines,26 it was noted 
that electron donating groups increase the rate. This 
indicates that the rupture of the C-H bond occurs 
ahead of 0-H bond cleavage, creating a carborium 
ion centre which is stabilized by the electron donating 
groups. In the present case, the decrease in rate with 
electron-withdrawing groups is in agreement with this 
observation. The biphasic Hammett plot could probably 
indicate a change in mechanism as a result of a change 
in the nature of the substituents. Alternatively, the 
measured rate constant k' = k,, could be a composite 
quantity like k ,  = Kk. The Michaelis-Menten character 
of the substrate dependence points towards a substrate- 
independent mechanism such as 


RNHCl + H,O + RNH, + HOCl rds 


HOCl + PEA +products fast 


The above mechanism with a stronger electrophile 
such as HOCl may be operative along with that where 
simultaneous catalysis by H +  and C1- ions is taking 
place (Scheme 1). 


Isokinetic relationship 
The enthalpy of activation is low for the oxidation of 
phenethyl alcohols by CAB. The values of a AHt and 
ASt for the oxidation of phenethyl alcohols are linearly 
related (Table 5) and the isokinetic temperature 
B = 338 K. The genuine nature of the isokinetic rela- 
tionship was verified by the Exner" criterion by plotting 
log k' (318 K) vs log k' (303 K). The value of /3 was 
calculated from the equation 
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Figure 5. (a) Isokinetic plot of AHt vs AS' for the oxidation of six substituted phenethyl alcohols by CAB. (b) Exner plot of log k' 
(318 K) vs log k' (303 K) 


where q is the slope of Exner plot and T,>T, .  The 
value of j3 is 340 K, which is higher than the experi- 
mental temperature (308 K) indicating enthalpy control 
on the reactions. (Figure 5).  
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MOLECULAR COMPLEXES IN SOLUTION CONTAINING 
BENZENE-SUBSTITUTED CROWN ETHERS AND TROPYLIUM IONS 


MARKKU LAMSA AND TOIVO KUOKKANEN 
Department of Chemistry, University of O h ,  FIN-90571 O h ,  Finland 


The interaction of benzo-15-crown-5, benzo-18-crown-6, dibenzo-18-crown-6, dibenzo-24-crown-8, and 
dibenzo-30-crown-10 with tropylium tetrafluoroborate in 1,2-dichloroethane was studied by spectroscopic 
methods. The stoichiometries of the complexes in the gas phase were investigated by fast atom bombardment 
mass spectrometry. The crown ethers formed 1 : 1 molecular complexes with the acceptors, apparently by a 
charge-transfer mechanism. The stability constant K and the molar absorptivity of the complex cc were 
determined by the method of Rose and Drago. The magnitudes of the thermodynamic parameters of 
complexation were calculated. A discussion of the thermodynamic parameters is included. 


INTRODUCTION 


Macrocyclic polyethers, or crown ethers, have unique 
chemical properties associated with their ability to form 
complexes with metal cations and other species. Com- 
plexation has been demonsmated with ammonium (NH;), 
diazonium (N;), hydronium (H,O+), acylium (C=O+), 
hydrazinium (N2Hi), and many other species.’ In all 
these cases, stabilization takes place with a dipolar 
interaction with cationic species which may also involve 
direct hydrogen bonding. Much less attention has been 
paid to carbonium ions, which are singly charged organic 
cations containing even numbers of electrons. 


Vaskuri and Virtanen2 have studied stable carbonium 
ions in solution. Cycloheptatrienylium (tropylium) ions 
are stable aromatic carbonium ions, whose chemistry 
has been extensively developed since Doering and 
Knox prepared tropylium bromide salt over 40 years 
ago. Dauben and Honnen4 were thefirst to discover that, 
under appropriate conditions, tropylium cation can form 
cycloheptatriene - metal sandwich compounds (where 
the metal is molybdenum, chromium or tungsten). In 
these compounds, the seven ring carbons are symmetri- 
cally bonded to metal by means of the six n-electrons. 
Feldman and Winstein’ found that tropylium ion forms 
1 :  1 charge-transfer complexes with a variety of 
aromatic hydrocarbons. Several groups have developed 
model chemical systems for the study of the 
intramolecular charge-transfer interaction, in which the 
positively charged tropylium ring is incorporated in a 
system such as cyclophane~.~~’  The ring expansion of 


* Author to whom correspondence should be addressed. 


toluene and related aromatic compounds to form 
tropylium ions is a much studied reaction in mass 
spectrometry .’ 


The relative stability of an aromatic tropylium ion is 
due to the resonance resulting from the presence of six 
n-electrons in the conjugated unsaturated seven-mem- 
bered ring.’ The symmetrical nature of the tropylium 
ion has been established beyond doubt: it exists as a 
planar regular heptagon with D,, symmetry. The cation 
is an effective n-acceptor with full positive charge, and 
since donor capacity is usually dependent on electron 
density, and acceptor capacity on electron deficiency, 
tropylium ions together with polyethers offer a model 
system for the study of the complexation of stable 
organic cations. 


The complexation khaviour of crown ethers and 
metal cations in solution has most often been investi- 
gated by calorimetry, potentiometry and absorption 
spectroscopy. However, the stoichiometry of a complex 
must be known before the definition and evaluation of 
equilibrium constants. Fast atom bombardment mass 
spectrometry (FAB-MS) offers a unique and rapid 
method for examining the complexation in the gas 
phase between crown ethers and alkaline metal 


or aromatic diazonium ionsL3 and, as 
recently shown, between polyethers and tropylium 
ions.I4 The advantage of this technique for the explor- 
ation of complexation is that the complexes tend to 
retain their integrity in the gas phase and can thus be 
observed directly. Maleknia and Brodbelt” have found 
that the trends observed in the gas phase between crown 
ethers and alkali metal ions closely parallel those seen in 
non-polar solvent environments. 
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Recently, we r e p ~ r t e d ' ~  tLe weak complexation of 
polyethers with tropylium ions in the gas phase, in the 
absence of the complicating effect of solvation. We 
have also studied widely by kinetic and spectroscopic 
methods the host-guest complexation of cyclic and 
acyclic polyethers with aryldiazonium ions, an import- 
ant class of stable organic cations. I 6  Continuing our 
studies on the interaction between polyethers and stable 
organic cations in solution, we report here the complex- 
ation of benzene-substituted crown ethers with 
tropylium tetrafluoroborate in 1,2-dichIoroethane 
(DCE). The benzene-substituted crown ethers are an 
obvious choice, not only because of the wealth of 
information on them and related molecules, but also 
because they contain aromatic moieties. These ethers 
provide both n- and n-donor sites for interaction with 
n-acceptors. 


EXPERIMENTAL 


Materials. The benzene-substituted crown ethers 
(Figure 1) benzo-15-crown-5 (1) (Fluka), benzo-18- 
crown-6 (2) (Fluka), dibenzo-18-crown-6 ( 3 )  (Fluka), 
and dibenzo-30-crown-10 ( 5 )  (Aldrich-Chemie) were 
used without further purification. Dibenzo-24-crown-8 
(4) (Fluka) was purified by dissolving it in DCE, 
shaking the solution with a mixture of methanol and 
water and separating the organic layer. The solvent was 
evaporated under vacuum and the solid residue was 
dissolved in methanol. The mixture was cooled and 
dibenzo-24-crown-8 was precipitated by addition of 
water. The fine white crystals were dried (m.p. 104 "C). 
Tropylium tetrafluoroborate (EGA-Chemie) was 
purified by dissolving it in a minimum amount of 
acetonitrile, followed by precipation with the addition 


of ethyl acetate. 1,2-DichIoroethane (Fluka) was 
purified, dried, distilled'' and used as the solvent in all 
measurements. 3-Nitrobenzyl alcohol (Aldrich-Chemie) 
was used without further purification. 


Apparatus. The complexes of the benzene-substi- 
tuted crown ethers with tropylium ion in the gas phase 
were identified by FAB-MS with a DART data system. 
Argon was used as the bombarding gas with an atom 
gun energy of 8 keV. The stainless-steel probe was 
coated with a thin layer of 3-nitrobenzyl alcohol matrix 
solution, and samples of crown ether and tropylium salt 
([crown ether] = [Tr' 1) dissolved in 1,2-dichIoroethane 
were deposited on the probe tip for insertion. The 
spectrum was recorded immediately after the sample 
had been inserted. 


Spectral measurements were carried out with a 
Phillips PU 8740 spectrophotometer and matched glass 
or quartz cells of 10 mm path length. The cell contain- 
ing the solution was maintained at a temperature set to 
within ~k0.05 "C by circulating water from a thermo- 
stated bath through a double-walled cell insert. The 
temperature inside the cell was monitored with a digital 
thermometer. 


Small amounts of the tropylium salt were accurately 
weighed with a Perkin-Elmer AD-2 autobalance. The 
melting temperature of the solid compounds was 
determined using a Thermopan microscope (Reichert, 
Vienna). 


Procedure. A 2.0 x M stock solution of 
tropylium tetrafluoroborate was prepared by dissolving 
an appropriate quantity of tropylium salt in a 25 ml 
volumetric flask and diluting to volume with dried 1,2- 
dichloroethane at 20 "C. Solutions containing a constant 


Figure 1. Structural formulae of benzene-substituted crown ethers 
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amount (2.0 x or 4.0 x M )  of tropylium salt 
and different amounts of crown ether ([Cr],/ 
[Tr'], = 5-150, see below) in 1,2-dichloroethane were 
prepared in a 10 ml volumetric flask. The spectrum was 
recorded in the region 330-600 nm. The benzene- 
substituted crown ethers and tropylium tetrafluoroborate 
in 1,2-dichIoroethane have negligible absorbance in the 
visible region. The equilibrium constant of the molecu- 
lar complex was determined from the absorbance value 
of the new band having maximum absorbance. 


RESULTS AND DISCUSSION 


Theoretical equations for evaluation of parameters 
The equilibrium reaction between a benzene-substituted 
crown ether and tropylium ion can be represented as 
follows: 


Crown ether + Tropylium ion 
- tropylium] (1) 


The equilibrium constant K for 1 : 1 association between 
the crown ether and tropylium ion is given by 


[Crown ether 


(2) 
[CI 


([Crlo - [Cl)([Trlo - [Cl) 
K =  


where [C] =concentration of the complex [crown 
ether - Tr '1 at equilibrium, [Crl0 = initial concentra- 
tion of the crown ether and [Trill = initial concentration 
of tropylium ion. Rearrangement of equation (2) gives 


[CI = 


K 


2 


(3) 


When the crown ether does not absorb at the selected 
wavelength, the total absorbance, A ,  for the 10 mm cell 
is given by 


A = EJC] + E ~ J T ~ ]  (4) 


where E~ =molar absorptivity for the complex, 
E~~ = molar absorptivity for the tropylium salt and 
[Tr] = concentration of the uncomplexed tropylium ion 
at equilibrium. We assume that all species obey the 
Beer-Lambert law. When only one complex is formed, 
the concentration of the tropylium ion obeys the 
equation 


Combining these equations with equation (3) gives 


This is called the Rose - Drago equation" and can be 
employed in cases where the crown ether can be 
assumed to have essentially zero molar absorptivity in 
the region of the measurement. 


By assuming the simplification [(A - A")/ ( cC - E ~ ~ ) ]  - 
VrI, 6 ([CrIOIJ'rIo(~c - ETr)l/A - A,) - [CrI,, equation 
(6) reduces to the form of the Ketelaar equation:" 


+- (7)  
1 1 1 


A - A0 K(EC - ETJ [Crl,) (EC - ETJ 
-- - [Trl, 


When A,, and E~~ are zero and the terms [Tr], 
can be neglected, equation (7) reduces to a form of the 
Benesi-Hildebrand equation:2" 


(8) 
[Trl, 1 1 1 


A KEC [Crl~) FC 


Heller et a1." have described a method for evaluating K 
and E~ for a weak complex. Their treatment is useful 
when deviation from linearity in plots of the donor vs 
acceptor is slight or when the equilibrium constants are 
small. The first differential of equation (4) with respect 
to [Cr], gives 


+ -  -- - 


(a) = K[TrIn (9) 
d[Cr10 , 1 + KiTr10 


The slope of the plot of A vs [Cr]l, is related to K and 
E~ as expressed in the equation 


It must be noted that measurements of the slopes of 
(dA/d[Cr],),, from the plots of A vs [Cr],, will not be 
reliable if the deviations from linearity are prominent. 
In the case of weak complexation, a careful choice of 
method is essential. 


Measurement of stability constants 
In earlier work, we used FAB-MS to screen the 
stoichiometry of stable polyether-tropylium complexes 
in the gas phase." The results showed the 1 : 1 complex 
to predominate under FAB conditions. In the same 
connection, we discovered that, in 1,2-dichIoroethane 
solution, dibenzo- 18-crown-6 forms a coloured complex 
with tropylium ion. In order to obtain reliable values for 
the equilibrium constant of complexations of this type, 
we tested the four different treatments described in 
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equations (6)-( 10). Tropylium tetrafluoroborate in DCE 
exhibits a maximum absorption at 279 nm and the 
benzene-substituted crown ethers have no absorptions at 
wavelengths over 290 nm in the UV and visible regions. 
Addition of a benzene-substituted crown ether to DCE 
solutions containing tropylium salt resulted in the 
appearance of a new absorption band around 430 nm, 
indicating the formation of a molecular complex 
between the tropylium ion and the crown ether. It can be 
seen in Figure 2 that the spectrum of 2B-18-crown-6- 
tropylium salt is a charge-transfer spectrum with batho- 
chromic shift absorption. The occurrence of a good or at 
least satisfactory isosbestic point in all plots implies that 
only one association complex is significant under the 
conditions used. Figure 3(a) shows a typical double- 
reciprocal plot for the 2B-18-crown-6-tropylium ion 
complex. A linear relationship was obtained for the 
entire range of concentrations tested, indicating that the 
stoichiometry of the complex in solution is 1 : 1. These 
results were expected after the observations in FAB-MS 


experiments in the gas phase (Table 1). The method of 
continuous variations, or Job’s method,’* was used to 
confirm the composition of the complex. Where the 
complex was weak, however, a very curved absorbance 
vs mole fraction plot resulted and the stoichiometry of 
the complex could not be determined by this method 
alone. The values of the stability constant K and the 
molar absorptivities of the complex tC calculated by 
four different methods for 2B-18-crown-6 and tropylium 
ion are collected in Table 2. Ketelaar and Rose-Drago 
plots are presented in Figure 3(b) and (c) and Heller 
et al. plots in Figure 3(d). 


In all these studies, the benzene-substituted crown 
ethers were found to have essentially zero molar 
absorptivity in the region of  the measurement. The 
concentrations of crown ethers were maintained at a 
level at least five times as high as the concentration of 
tropylium ion. Changes in concentration of the 
tropylium ion did not influence the values of the 
stability constants. The differences between the values 


+ + + + + 


+ + + + 


+ 


350 400 450 500 550 600 
b (nm) 


Figure 2. Visible absorption spectra of tropylium tetrafluoroborate (2.0 x mol dm-’) in  1,2-dichloroethane solutions at 25.0 “C 
in the presence of increasing amounts of dibenzo-18-crown-6: (1)  0, ( 2 )  0.005, ( 3 )  0.010, (4) 0.020, ( 5 )  0.030, (6 )  0.040 and (7) 


0.050 mol dm-3 
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Figure 3. Plots obtained in experiments camed out for evaluation of the stability constants in  the complexation of dibenzo-18- 
crown-6 with tropylium tetrafluoroboraten 1,2-dichloroethane solutions at 25.0 "C: (a) Benesi-Hildebrand plot; (b) Ketelaar plot; 
(c) Rose-Drago plot; (d) Heller et al. plots with four curves (0) calculated with K values of 100, 125, 150, and 200 mol dm-3. The 


concentration of tropylium ion was 4 . 0 ~  moldm-3 


of K and ec were within experimental error, based on 
the maximum and minimum values obtained. In this 
work, the plots of absorbance vs concentration of the 
crown ether deviated considerably from linearity. Also, 
if two assumptions can be made, i.e. that the molar 
absorptivity is independent of temperature and the 
absorbance is directly proportional to the concentration 
of the complex, the method of Rose and Drago is the 
most suitable for the benzene-substituted crown 
ethers-tropylium ion systems. 


The Rose-Drago equation contains two unknown 
constants, K and E ~ ,  which were evaluated by an 
iteration method with a personal computer implement- 
ing a SigmaPlot program.23 The program relies on a 
least-squares procedure with the Marquardt-Levenberg 
algorithm. For each solution, initial guesses are made 
for K and e,, from which new values of K and E, are 
obtained. For crown ethers, the enthalpies of associa- 
tion A H o ,  were evaluated by means of a least-squares fit 
of In K vs 1 /T  to give AHo and the corresponding 
standard deviation (the small temperature dependence 
of the density of the solvent has been ignored). The 


values of K ,  cc and AHo together with the values of  
ASo are given in Table 3. 


Examination of the data in Table 3 shows that the K 
values increase with increasing ring size of the 
benzene-substituted crown ether. The effect on the 
cooperative interaction of oxygen atoms with tropylium 
ion is clearly seen in Fig. 4, where the magnitude of K 
varies linearly with the number of oxygen atoms in the 
polyether. A study of 1B-18-crown-6 and 2B-18-crown- 
6 allows a comparison of two molecules of similar ring 
size and ion binding properties but with different struc- 
tural properties. The presence of the second benzene 
ring enhances the K value, and this adds to the strength 
of complexing by 42 mol dm-3, indicating the partici- 
pation of the aromatic ring in the electron donation to 
tropylium ion. Thus, both n-n and n--n interactions 
(lone electron pairs from oxygen atoms and n-electrons 
from benzene rings, respectively) contribute to the 
values of K .  


Now the question arises of whether unsubstituted 
crown ethers, such as 18-crown-6, form complexes with 
tropylium ion. Our FAB-MS studies have shown that 
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Table 1. Partial oositive ion FAB mass sDectra of troDvlium ions in the mesence of benzene-substituted crown ethersa 


Crown ether 


1B-15-crown-5 


Ion (nz/:) with relative abundance (%) in parentheses 


91 ( loo.( ,  T r+ ,  154(5.7) [NBA+H]+,268 (45.3) [lB-l5C5]+, 
269 (25.2) (Tr+)2BF;, 359 (1.9) [lB-l5C5-Tr]+ 


91 (lOO.O)Tr+, 154 (9.0) [NBA+H]', 312 (11.2) [lB-l8C6]+, 
313 (7.1) [lB-l8C6+H]+, 335 (0.7) [lB-l8C6-Na]+, 403 (1.1) [lB-l8C6-Tr]+ 


77 (100.0)C6Hl, 91 (94,3)Tr+, 154 (23.0) [NBA+H]', 269 
(1.3) (Tr+),BF;, 360 (6.2) [2B-l8C6]', 383 (1.2) [2B-18C6-Na]', 451 (0.9) [2B-lSC6-Tr]+ 


91 (100.0) Tr', 154 (3.0) [NBA + HI', 269 (3.4) (Tr+)2BF;, 
448 (2.1) [2B-24C8]', 449 (0.8) [2B-24C8+H]', 471 (0.4) [2B-24CS-Na]+, 539 (0.2) 
[2B-24C8-Tr] + 


91 (lOO.O)Tr+, 154 (3.0) [NBA+H]+, 269 (1.9) (Tr+)*BF;, 
536 (1.9) [2B-3OClO + HI +, 627 (0.4) [2B-3OClO-Tr] + 


1B- 18-crown-6 


2B- 18-crown-6 


2B-24-crown-8 


2B-30-crown- 10 


a B = benzo; Tr' = tropylium ion; NBA = 3-nitrobenzyl alcohol. 


Table 2. Stability constants and molar absorptivities for the 1 : 1 complex 
of dibenzo-18-crown-6 and tropylium ion at 25 "C, calculated by four 


different methods 


Method K (dm'mol-') E ,  (dm'mol-l cm-')  


Benesi-Hildebrand 124.3 * 2.5 
Ketelaar 124.1 k3.8 
Rose-Drago 128.5 k4.2 
Heller et al. 127.2" 


1574 f 14 
1582k 13 
1575 It 13 
1354a 


' Standard deviations were not calculated. 


Table 3. Stability constants, molar absorptivities and thermodynamic parameters for the interaction of benzo-substituted crown 
ethers with tropylium ion in 1,2-dichloroethane solution at different temperatures* 


T L*, K Ec - AHo -AS" 
Crown ether ("C) (nm) (dm' mol-I) (dm'mol-' c m - ' )  (kT moi-') (J mo1-l K - I )  


1B- 15-crown-5 25.00 432 
35.00 
45.00 


1B-18-crown-6 25.00 420 
35.00 
45.00 


2B-18-crown-6 25.00 435 
35.00 
45.00 


2B-24-crown-8 25.00 425 
35.00 
45.00 


2B-30-crown-10 25.00 419 
35.00 
45.00 


24.2 * 3.9 
18.3 f 3.5 
14.3 * 2.9 


86.3 2 6.2 
67.4 f 5.6 
45.6 k4.9 


128.5 + 4.1 
98.6 k 3.9 
80.1 * 4.3 


273.5 * 13.8 
194.6 29.9 
138.6k7.5 


417.6* 18.4 
292.0 i 10.9 
210.3 f 8.3 


553.6 f 47 20.8 ~t 0.4 43.2 * 2-7 
626.6 f 69 
731.8 f 93 


557.7 * 13 25.1 * 2.1 47.22 9.8 
542.0k 16 
588.2 f 27 


21.0+ 4.2 1574.5 rt 14 18.3+ 1.2 
1399.8* 16 
1 194.8 * 21 


1060.1 +. 13 26.8 f 0.5 43.21t2.0 
997.1 f 14 
942.4 * 17 


914.5 *9 27.1 * 1.6 40.6 f 5.8 
825.2 * 8 
743.4 k 8 


* Values were calculated from the absorbance at selected wavelength by method of Rose and Drago. 
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Figure 4. Plots of the values of stability constants vs the number of oxygen atoms in the crown ethers: (0) dibenzo-substituted 
crown ethers and (B) monobenzo-substituted crown ethers 


complexes between crown ethers containing no benzene 
substituents and tropylium or substituted tropylium ions 
were formed in the gas phase.I4 The interaction between 
crown ethers without a benzene ring and tropylium ions 
depends mainly on oxygen donor atoms and the ring 
size of the ligand. The values of K in these systems 
cannot be ascertained by the described approach since 
no absorption of the complexes is found in the visible 
region. However, the complex formation results in a 
decrease in the absorption band of the tropylium ion in 
the UV region at 279 nm. Preliminary investigations of 
the complexation of 18-crown-6 with substituted 
tropylium in DCE likewise showed that the character- 
istic absorption of 3-methoxyphenyltropylium ion in the 
visible region at 459 nm decreases with increase in 
crown ether concentration. Evaluation of a double- 
reciprocal plot from the Benesi-Hildebrand equation 
(8) gave a value of about 45 mol dm-3 for the stability 
constant, which is about one third of the corresponding 
value for 2B-18-crown-6. To obviate the difficulty of 
determining K values in similar cases, Antonov and 
MateevaZ4 proposed a spectrophotometric method based 
on the use of chromoionophore-substituted macrocycles. 


A number of other conclusions can be drawn from 
the thermodynamic results. From the AH" and TAS" 
contributions to the AGO value, it can be deduced that 
the complexes are enthalpy stabilized in DCE. The 
enthalpy stabilization is explained by the expenditure of 
less energy in the cation desolvation step in a solvent of 
low dielectric constant. 1,2-Dichloroethane has low 
dielectric permittivity ( e r =  10.37), but it is strong 
enough to dissolve small amounts of tropylium salt. In 
DCE the overall ASo is negative, as expected for a 
complexation process. Besides the entropy change 
occurring when two components are brought together, 


two other contributions are responsible for the AS" of 
complexation: the desolvation of the components prior 
to complexation and the conformational change of the 
crown ether before complexation. Since the desolvation 
of tropylium ion will be the same in the formation of 
all the complexes, the favourable TAS" contribution for 
the 2B-18-crown-6-tropylium complex must be due to 
the conformational change of the crown ether prior to 
complexation. Evidently the ether ring with six oxygen 
atoms and two structure-stabilized benzene rings allows 
an effortless match of the tropylium ion. 


Our study demonstrates the difficulty of showing 
quantitatively the individual contributions of the ring size 
and the donor sites to complexation. In general, the ion 
whose ionic radius best matches the radius of the cavity 
in the crown ether ring will form the most stable com- 
plex. Interaction of all macrocycle donor atoms with the 
complexed cation can be expected to give maximum 
stability to the resulting complex. The hole size of the 
crown ethers increases from 0.17 nm (15C5) to 0.34 nm 
(21C7)25 and to 0.56 nm (30C10) if the ring diameter 
increases linearly increasing number of ethoxy units in 
the cyclic ether. Since the molecular diameter of the 
tropylium ion is a 0.79 nm,26 clearly no insertion com- 
plexes are formed with this acceptor. 2B-30-crown-10 
should be representative of large cyclic ethers, which 
would be expected to be more flexible and have greater 
ion adaptability upon formation of a complex. In fact, 
2B-30-crown-10 has the largest stability constant of the 
ethers listed in Table 3. The cavities of the crown ethers 
do not have the same significance in complexation with 
tropylium ion as in the complexation with metallic cations 
or diazonium ions. Clearly, the effects of the phenyl rings 
need to be considered. Many investigations have demon- 
strated an intramolecular charge-transfer interaction 
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between incorporated tropylium ring and benzene rings in 
an inflexible molecular f r a m e ~ o r k . ~ , '  In the electronic 
spectra of the complexes there is a broad absorption at 
300-550 nm which is not found in the spectra of either 
tropylium tetrafluoroborate or crown ethers, and this 
serves as further evidence of the interaction between the 
tropylium ion and the benzene rings in the complexes. 
The full nature of the complexation remains to be studied 
by NMR spech-oscopy , x-ray crystallographic analysis 
and other methods. 


CONCLUSIONS 


The carbonium ions are singly charged organic cations 
containing even numbers of electrons on carbon atoms. 
Their abilities to form complexes with macrocyclic 
molecules have been little studied, and our investigation is 
the first to have explored the complexation of tropylium 
ion in solution. The method of Rose and Drago was found 
to be the most useful for calculating the stability constants 
in complexation. The interaction between tropylium ion 
and the benzene-substituted crown ethers was essentially 
of the same type, charge-transfer, in all cases studied. 
From the AH" and TAS" contributions to AGO, it can be 
deduced that the complexes are enthalpy stabilized in 1,2- 
dichloroethane. The magnitude of the stability constant 
varied linearly with the number of oxygen atoms in the 
ethers, and 2B-30-crown-10 exhibited the largest value, 
K = 418 mol dm-3. The presence of a second benzene ring 
enhances the value of the stability constant, adding to the 
strength of complexing by 42 mol dm-3, and indicating the 
participation of the aromatic ring in the electron donation 
to the tropylium ion. 
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Quantitative structure-enantioselectivity relationships were studied for the reduction of a set of 73 carbonyl 
compounds with bakers yeast. The established model, using a neural network, allowed the prediction of the 
reduction selectivity (% S enantiomer) with success. The correlation coefficient between the observed and 
calculated %S was 0.99. The model was also used to predict the enantioselectivity of the reduction of a- 
diketones using bakers yeast and different microorganisms. 


INTRODUCTION 


Baker’s yeast is cheap and easily available and is often 
used as reagent in the conversion of carbonyl compounds 
to the corresponding alcohols. The reduction with baker’s 
yeast does not always afford alcohols with the desired 
configuration in satisfactory enantiomeric excess. For 
example, the reduction of ethyl 3-oxobutanoate and ethyl 
3-oxopentanoate under the same conditions leads to very 
different results: the former gives a good enantiomeric 
excess (70-97%)’ whereas the latter gives unsatisfactory 
results (40% enantiomeric excess).’ Hence methods for 
controlling the stereochemical course in yeast reduction 
are required. It seemed of interest to elaborate structure- 
enantioselec tivity relationships. 


In previous work,3 we studied the effect of structural 
parameters on enantioselectivity control in the reduction 
of 41 carbonyl compounds by baker’s yeast under 
relatively similar conditions (e.g. amounts of yeast and 
glucose, reaction time). In the present work, we 
attempted to extend the approach to a more important 
set of carbonyls, in order to establish quantitative 
structure-enantioselectivity relationships. The best 
model obtained was tested in the prediction of the 
stereochemistry of alcohols resulting from bioconver- 
sion of carbonyls. 


* Author for correspondence. 


EXPERIMENTAL 


Data set and structure coding 
A set of 73 carbonyl compounds was taken from differ- 
ent literature sources (Table 1). Bioconversions of these 
compounds were carried out under the following condi- 
tions: no cofactors such as halo ester^,^' allylic 
alcohols33 a, B-ethyienic ketonesM were added; solvent: 
water; 10-20% glucose in the solvent; amounts of 
substrate 0.1 -0.5 mmol/g of baker’s yeast; tempera- 
ture: ca room temperature; reaction time: 12-72 h. 
Only the structural parameters were taken into account 
in the enantioselectivity modelling. 


As all the compounds studied have a common C=O 
group, the description of the molecules was simplified, 
and each was described by a set of variables coding 
radicals linked to the C=O group. In order to obtain a 
homogeneous description for all the molecules studied, 
R, was considered as the group which had priority 
according to the Cahn-Ingold-Prelog rules (CIP). In 
addition to this hypothesis, substituents were assigned 
both R, and R, for each molecule. The generated set of 
molecules was treated. 


In order to take into account all aspects of the mol- 
ecule, parameters related to steric effects (Vi, Van der 
Wads volume of Ri)3s and lipophilicity (Lip,, estimated 
according to Rekker’s method36) were selected. 
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Table 1. Compounds studied 


No. Structurea 


1 CH,COCH,COCH, (99.5; 99.5), 
2 CH,COCH,COCH,CH, (99.5; 99.9), 
3 CH,COCH,CO(CHz),CH=CH2 (99.5; 99), 
4 CH,COCH(CH,)COCH, (97.5; 99.3), 
5 CH,COCH(CH,)CN (91; 94.6)' 
6 CH3COCH(C2Hs)CN (99; 99.8)' 
7 CH,COCH(C,H,)CN (99; 99.9)' 
8 CH,COCH(C,H,)CN (99; 99.9)' 
9 CH3COCH2COOC2HS (97.5; 99.9)' 


10 CH,COCH,CH,CN (99; 96.4)7 
11 CH,CH,COCH2CH2CN (73; 71.7)7 
12 CH,COCHzCH,CH,CN (98.5; 99.8)7 
13 C,HIlCOCH2CH,CN (14; 15.9)7 
14 NCCH2CH2COC6Hs (92.5; 97.8)7 
15 CH,COCH,COOH (93; 98)' 
16 C2H,COCH,COOH (1; 14)' 
17 n-C,H,COCH,COOH (1 ; 2)' 
18 ~-CsHllCOCH2COOH (1; 0.8)' 
19 n-C,H17COCHzCOOH (1; 0.5)' 
20 p-(CO,H)C,H,COCF, (10; 11.7)' 
21 p-(CH,OOC)C,H,COCF3 (10; 7.3)' 
22 CH,COCH(Cl)COOC2H, (98; 99.9)" 
23 C6HSCOCH20H (4; 0.4)" 
24 C,H=,COCH,OCOC2H, (97; 95.8)" 
25 CH,COCH20CHzC6H5 (95; 99.9)" 
26 C2HSOCOCH2COCF3 (27.5; 21.2)'' 
27 CH3CHzCOCH,COOCH, (94.5; 92.6)13 


29 C2HSCOOCHzCOC,Hs (100; 99.8)" 


31 CH,COC,Hs (84.5; 99.9)17 


33 n-C4HyCOCOOCzH, (75; 72.9)'' 
34 n-CSH~~COCOOC~H~ (65; 66.7)'' 
35 CH3COCH2COO(CH2),CH, (98; 99.9)'' 
36 CH,COCH,COOCH, (93; 98.7)'" 
37 CH30COCH2COCF3 (26; 29.5)20 


28 CH,CH,COCH~COO-~-C,H,, (99; 100)14 


30 CH,COCH,CH,CH=C(CH3)2 (97; 


32 p-(CH,CO)C,H,I (98; lOO)I7 


No. Structurea 


38 CH~OCOCHZCOCH~CI (77.5; 85)'" 
39 C2H5OCOCH2COCH2Cl (75; 77.9)'" 
40 n-C,H7OCOCH2COCHzC1 (60; 99.8)'" 
41 n-C,HyOCOCHzCOCH2Cl (60; 45.6)2" 
42 n-C~HllOCOCH2COCH2Cl(5; 19)20 
43 n-C,Hl,OCOCH2COCH$l (2.5; 05)'" 
44 n-C7H~~OCOCH2COCH~Cl (1.5; 1.5)2" 
45 n-C,Hl7OCOCH2COCH,CI (1; 0.7)2') 
46 CH,COCH,CSSCH, (98; 99.5)2' 
47 CH3COCH2CSSC2Hs (98; 99.9)" 
48 CH,COCH(CH,)CSSCH, (98; 99.9)" 
49 CH,COCH,COSC2H, (98; 99.9)2' 
50 CH,COCH(CH,)COSC,H, (98; 99.9)" 
51 N,CH2COCH,OCOCH, (87.9; 87.3)22 


53 N,CH,COCH2OCOC(CH3)3 (95; 96.9)22 
54 CH,CO(CHZ),NO, (99; 99.8)23 
55 C2H,COCH2CH2CH3 (83.5; 99.8)*, 


57 n-C,HyCOCH,COOH (0; 1.2)' 
58 n-C3H7COCH2CO2CzHs (98; 99.8)2' 


60 C,H,CH,0(CH,)2COCH,C0,C,H13 (98; 96.2)26 
61 CH3COCHzOH (04.5; 12.6)27 
62 CH,CH2CH2COCH20H (0; 0.8)27 
63 C4HyCOCHzOH (0; 0.3)27 
64 CH3COCOOC2Hs (95.5; 99)'' 
65 CH3CH2COCOOC2HS (87.5; 92.5)'' 
66 C,HSCOCOOCH, (0; 0.8)'' 
67 C,HsCOCONHz (0; 0.4)15 
68 ~ - F u I ~ ~ - C O C O O C H ~ ( ~ ;  2.3)2' 
69 CH,COCHb (98; 99.9)'' 


52 N,CH2COCH20COC6Hs (89; 88)22 


56 C,H,OCOCH,COCH,Br(99; 9.5)', 


59 C6HsCHzOCHzCH2COCH2C02-i-C,H, (98; 92.7)26 


70 C,H,COCHb (98; 99.6)2y 
71 CH,OCH,COCH~ (97.5; 99.913" 
72 CH3COCHzSOOCnH5 (97.5; 99.9),' 
73 CH,COCH,SCH, (97.5; 99.6),' 


"In parentheses: %So, and %S,,,, using neural network [equation (7)]. 
hAldehyde protected by HS(CH,),SH. 


Structure-enantioselectivity relationships were estab- 
lished using regression analysis and the neural network 
approach. the following transfer function. 


propagation algorithm. Each neuron of a given layer 
(except the input one) takes a value Y calculated using 


Neural network 
The neural network3'z3* used has a configuration with 
three layers and complete connections between neurons 
(Figure 1). The input layer (layer I)  is constituted by the 
descriptors used, the hidden layer (layer H) has five 
neurons (determined after several trials) and the 
output layer (layer 0) is constituted by one neuron and 
represents the calculated %S (indicating the 
enantioselectivity ). 


Estimation of the weights was made using the back 


Yj = value of neuron j in the input layer I; Y, = value 
of neuron k in the hidden layer H; Y,=value of the 
output neuron 0; yk= weight of the connection 
between neuron j in layer I and neuron k in layer H; 
W,, = weight of the connection between neuron k in 
layer H and the output neuron 0. 


After several attempts, b was taken equal to 1 and c 
equal to 0. The network was trained and weights 
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100- 
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W 
LAYER H 


LRYER I 


Figure 1. Configuration of neural network used. Y, = value of 
neuron j in the input layer I; Y ,  = value of neuron k in the hidden 
layer H; Yo = value of the output neuron 0; W,, = weight of the 
connection between neuron j in layer I and neuron k in layer H; 
W,, = weight of the connection between neuron k in layer H and 


the output neuron 0 


e o  O 


o o  0 


0 0  


P0ogOO 


modified until minimizing the cost C defined as: 


n = number of compounds (2) 
Contribution of each descriptor was calculated using the 
following relation: 39 


(3)  


(4) 


RESULTS AND DISCUSSION 
The two methods of description were tested and that 
based on the CIP rules was found the most adequate. 


Regression analysis 
Data set subjected to regression analysis, in order to 
establish a linear model between the percentage of the S 
enantiomer and the descriptors used, leads to the follow- 
ing model. 
(%s),,, = (-20.21 * 2 * 4 5 ) v , / v ,  


+ (14.84 f %7O)Lip, + 84.65 (6)  
n = 73; r = 0.82; s = 23.76; 


V ,  and V,  are the Van der Waals volumes of R ,  and R ,  
respectively. Lip, is the estimated contribution of R ,  to 
log P. Correlation coefficient between V, /V2  and Lip, is 
equal to -0.30. 


The Coefficients associated with descriptors were 
statistically significant at more than 99%. The calculated 
contribution for descriptors (V , /V ,  and Lip,) were 64% 
and 36% respectively. 


Table 2. Weight matrix for the connections between neurons' 


H, H2 H, H4 HS 


I, -0.19 -3.40 0.65 0.98 -2.22 
4 -1.38 1.17 -1.05 4.08 0.27 
I, -2.96 1.81 -3.37 -1.69 5.05 
0 5.62 5.71 5.85 6.44 -5.84 


'Il, I, and I,: input neurons representing descriptors (Lip,, Lip, and 
V , / V ,  respectively); HI -H5, hidden neurons; 0, output neuron. 
Number of cycles = 6000. 


1 2 O f T t  


-2 ,f 
-20 0 20 40 60 80 100 120 


%Scalc 


Figure 2. Correlation between %Sob, and %S,,,, using neural 
network (equation 7) 


Considering the correlation coefficient, equation (6 )  
is not of good quality, then regression analysis is not 
appropriate for enantioselectivity modelling for the 
studied sample. This is due to the nonlinearity of the 
phenomenon vs the structural features of R ,  and R ,  
groups. To overcome this problem, we used the neural 
network approach recently known as a promising 
technique. Lip,, Lip, and V , / V ,  were considered as 
inputs. The correlation coefficient between Lip, and 
V I / V 2  is 0.41 and that between Lip, and Lip, is -0.13. 


Neural network (NN) 
Data were subjected as a training set to the NN having a 
3-5-1 configuration in order to determine the weights of 
the connections between all the neurons (Table 2). The 
best connection's weights are summarized in Table 2. 


As shown in Table 1 ( or Figure 2) ,  the calculated %S 
using the neural network is generally in good agreement 
with that observed. 


The correlation coefficient between observed and 
calculated %S is 0.99: 


(7) 
%Sob,, = (0.98 * 0.O2)%Sc,,, - 0.70 
n = 73; r = 0.99; s = 6.29 
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Table 3. Correlation coefficient and contribution of each 
variable for all trials 


$1 
0 0 00  


0 0 0 


0 
L o o  00 0 


Trial 


~~~ ~ 


No. of 
of compounds 


Contribution (%)" 


r' VJV, Lip, Lip, 


65 
65 
65 
65 
65 
65 
6s  
65 
64 


0.988 
0.982 
0.984 
0.980 
0.994 
0.982 
0.985 
0.983 
0.984 


64 25 11 
55 27 18 
44 34 22 
50 38 12 
48 34 18 
43 39 18 
47 38 15 
67 30 13 
60 28 12 


~~~~ ~~ ~~ 


'Correlation coefficient. 


The quality of equation (7) showed that the NN appro- 
ach is more efficient than regression analysis in the 
enantioselectivity modelling. Any clouds of points corre- 
sponding to particular experimental parts were observed. 


Prediction ability of the model 
To test the prediction ability of the model, we elaborated 
a series of new models on the basis of 65 compounds 
only. Each time, the remaining compounds were used as a 
test. The compounds tested were chosen with respect to 
the composition of the basic sample (e.g. two compounds 
leading to R mainly and six leading to S mainly). 


The procedure was repeated nine different times in 
order to predict the enantioselectivity for all compounds 
of the basic training set (see Table 3). 


The correlation coefficient between the calculated 
(using the models established on the basis of sets of 
65 compounds) and observed %S is relatively similar 
than that observed in equation (7) [equation (8), 
Figure 31 


(8) 
%Sobs, = (0.94 f 0.03)%SCd,, + 0.89 
n = 73; r = 0.97; s = 10.67 


The correlation coefficients observed for all trials 
(Table 3) showed that the models established were in 


- 2 0 1  
-20 0 20 40 60 80 100 120 


%Scalc. 


Figure 3. Correlation between %Soh, and %S,,,, using neural 
network (equation 8) 


good agreement with the global model. Descriptors were 
classified, according to their contributions for all trials, 
as follow: V , / V ,  > Lip, >Lip,. All these results revealed 
good stability of the studied structure-enantioselectivity 
relationships, and confirm the fact that enantioselectiv- 
ity depends essentially on the structural features of the 
molecule. 


Prediction of the enantioselectivity of the 
bioconversion of other type of compound 


Recently, Be1 RhlidW achieved the bioconversion of a- 
diketones using different microorganisms, including 
baker's yeast (B.Y.), such as Beauveria sulfurescens 
(B.S.), Geotrichum candidum (G.C.), Rhodotorula 
rubra (R.R.) and Dipodascopsis uninucleutu (D.U.). 
We attempted to predict the enantioselectivity of the 
bioconversions that he carried out using the NN model. 
Table 4 shows a comparison between the observed 
configuration and predicted %S. All the predicted results 
were in good agreement with the observed values except 
for compound 78, which was predicted to be near a 
racemic mixture. 


In conclusion, we have shown that the enantioselec- 
tivity of the bioconversion of carbonyl compounds by 
baker's yeast can be quantitatively estimated using a 
neural network model. Reaction conditions are certainly 


Table 4. Observed configuration and predicted %S for C=O group bioconversion 


Compound B.S. B.Y. G.C. R.R. D.U. %S" 


74: H,CCOCOCH, 2s 2s  2s  2s  2s  78.5 (S) 


76: H,CCOCOC,H,, 2 s  2 s  2 s  2s  3 s  99.9 (S) 
77: H,CCOCOC,H, 2 s  2 s  2 s  2 s  - 99.9 (S) 


79: H,C2COCO(CH,),CH=CH2 3 s  3 s  3 s  - - 99.4 (S )  


75: H,CCOCOC,H, 2 s  2 s  - - 3 s  93.1 (S) 


78: H,C,COCOC,H, 3 s  3 s  3 s  - - 52.2 (S) 


a %S calculated using the NN model [Table 2). 
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important features; however, we demonstrated that the 
enantioselectivity was essentially due to the structural 
features of the molecule. The obtained model was tested 
with success in the prediction of the enantioselectivity 
for the studied compounds and also for other type of 
molecules. 
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STEREOSELECTIVES AND REACTION RATES IN DIELS-ALDER 


THEIR AQUEOUS MIXTURES: CORRELATIONS WITH 
REACTIONS PROMOTED BY NON-AQUEOUS SOLVENTS AND 


NON-ADJUSTABLE PARAMETERS* 


ANILKUMAR 
Physical Chemistry Division, National Chemical Laboratory, Pune 41 I 008, India 


Stereoselectivities and rates of Diels- Alder reactions in different solvents were correlated with a parameter, Q, 
defined based on internal pressure, which is normalized with respect to a polarity scale. The polarity scale or 
index, although purely empirical in nature, can be calculated from the refractive index of the solvent. These 
correlations were linear for both stereoselectivities and reaction rates. Using expressions derived in this study, it 
is possible to represent the kinetic profiles of several Diels-Alder reactions in about 75 pure and mixed solvent 
media. The activation volume of a reaction can be directly estimated from the regression of data on rates and Q 
in various solvents using the proposed correlations. 


1. INTRODUCTION 
The Pioneering work of Breslow and Rideout' on the 
acceleration of Diels-Alder (D-A) reactions in 
aqueous solvent media has generated an upsurge in 
interest in examining the role of solvent media on the 
kinetic profiles of these reactions.* As part of our 
attempts to quantify the origin of possible forces 
responsible for the rate enhancement noted in these 
reactions, we recently correlated the reaction rates with 
a measurable property of solvent media, called the 
internal pressure (Pi )  for various D-A reactions under 
different conditions in aqueous and non-aqueous ionic 
media.3 We noted that internal pressure coupled with 
the activation volume of a reaction, AV, can describe 
the rate enhancement in such reactions, suggesting that 
the internal pressure induced by the ion-containing 
solvent media may act as a substitute for external 
pressure. 


In literature, the free energy relationship4 has been 
used for several years to describe the kinetic profiles 
of the D-A reactions in a variety of pure and mixed 
solvent media. Advanced developments, however, 
have centred around the building and testing of regres- 
sion models involving four or five parameters.'-' 


* NCL Communication No. 6334. 


Since the concept of internal pressure in correlating 
the rates of the D-A reactions in salt-solvent media 
was noted to be successful, it was thought useful to 
quantify the role of pure and mixed solvents (without 
any ionic species) in the kinetic parameters of these 
reactions. 


In the present investigation, we therefore attempted 
to correlate the stereoselectivities and rate data with a 
solvent parameter, defined on the basis of internal 
pressure and polarity of the reaction medium. The 
solvent property used in this approach can be 
calculated independently from the available basic 
properties of solvent molecules. It is also shown that 
the activation volume of a reaction can be easily 
estimated from the proposed correlations. Several 
D-A reactions in about 75 solvents were examined in 
this work. 


DEVELOPMENT OF OPERATIONAL EQUATIONS 
Let us consider a D-A reaction between a diene, A, and 
a dienophile, B, in a solvent, S, to produce a cycload- 
duct via a transition state, TS. The apparent rate 
constant, k, can be defined as 


k = k 0 Y A Y B / Y T S  (1) 
where ko is the rate constant for an ideal reference 
system and y is the activity coefficient of the relevant 
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species. The activity coefficient of any species i in 
solution can be defined in terms of its molar volume and 
internal pressure, when normalized to a parameter 
expressing a relative polarity index of the medium. 
Thus, 


where Bi accounts for the difference in the internal 
pressure terms of any species (A, B or TS) with respect 
to that of the solvent or solvent mixture: 


( 3 )  
and R and T are the universal gas constant and absolute 
temperature, respectively. 


In fact, Pi is the internal pressure of a solvent or a 
solvent mixture and nr is a parameter indicating the 
polarity of the medium. the significance of the nr 
parameter, specific to a medium, will be discussed later 
during the analysis of experimental data. 


For a D-A reaction involving reactants (i) and 
TSU), one can write 


lny, = viOi/RT ( 2 )  


ei = [(Pi/nr>!/' - ( ~ i / n r ) ' l ' ] '  


Equation (4) can be explored for different cases, as 
follows. 


(a) For the rate of reaction resulting in endo and ex0 
stereoisomers via two separate transition states. 


In such a case, both A and B are common in both 
transition states, so terms involving A and B or i are 
dropped. The transition states yielding endo and ex0 
forms only appear in the expression which can be 
written with the help of equation (3)  for the relative rate 
constant ratio, In(kN/kX),l defined with respect to that in 
the ideal transition state as 


In(kN/kX)rci = ( v m , x ~ n , x  - vTs.N%.N)/RT (5 )  
Expansion of above equation with the help of equation 
(3)  written individually for transition states N and X 
yields 


In(kN/kx)mi = { vTs.x[(Pi/nr)Ts.x 
-2 ( ~ i / n r )  g,x ( ~ i / n r )  
+ (Pi/nr>I - vTs,"(Pi/nr)m,N 
- 2 (Pi /  nr $,N (P i /  nr) '1' 
+ ( P i / n r ] ) / R T  (6) 


Simplifying the above equation and also setting 
v ~ ~ , ~  = vTS,N, as X and N are isomers, gives 


In (kN/kiJrel= ( v T S , N I  [(pi/nr)$,N 
- 2 ( ~ i / n r )  $,x]2 (Pi/nr)'/' 1 
+ ( v T S , N [ ( P i / n r ) T S , X  - ( p i / n r ) T S , N l  1)/RT (7) 


log(kN/kX), ,  = 1/2*303RT(Inf.  + SLQ) (8) 


where 
SI. = vm,N[(Pi/nr)yi,N - 2 ( ~ i / n r ) q i , ~  


- 2 ( ~ i / n r ) g , ~ ]  ( 9 4  


Q = 2 (Pi /  nr) 


Inr. = V T S , N [ ( ~ ~ / ~ ~ ) T S , X  - ( p i / n r ) m , ~ l  (9b) 
and 


(9c) 
Hence it is possible to evaluate the values of Int. and 


S1. from an analysis of the experimental rate data for a 
reaction. Equation (8) is an operational expression 
yielding a linear plot between log(kN/kx)  and Q for a 
given reaction in different solvents. 


(b) For ratios of endo and ex0 stereoisomers. 
Since endo and ex0 ratios are directly proportional to 


kN/kx, One Can Write 
log(N/X) = ( l / a  x 2*303RT)(Int. + Sl.)Q (10) 


where a is a roportionality constant. A linear plot 
between log(N/X) and Q can be obtained as described 
above. 


(c) For a reaction of A and B in a solvent medium 
with a single TS. 


Equation (4), written for expressing In k,, with 
respect to Q in the above case, can be solved as 
hl k,, = l /RT[VA(Pi/nr)A + VB(Pi/nr)B 


- vTS(Pi/nr)Ts + O*25Q2(V~ + V B  - v p )  
+ Q(V,(Pi/nr)TS'" - vA(Pi/nr)A'12 
- ~ ~ ( ~ i / n r ) ~ ' / ' ]  ( 1  1 )  


Dropping the first three terms of right-hand side of 
equation ( 1  1 )  as a result of a thermodynamic cycles gives 


log k,JQ = 1/2*303RT( [v,(Pi/nr)TS"' 
- vA(Pi/nr)A'/2 - v B ( ~ i / n r ) , ' 1 2 ]  
+ 0*25Q(vA + V B  - ~ m ) )  (12) 


A plot of logk,/Q (denoted by Y for convenience) 
versus Q for a reaction yields a straight line with a slope 


and intercept 


Inr. = [v,(Pi/nr),'/' - v,(Pi/nr),'/' - ~ ~ ( ~ i / n r ) ~ ] ' / '  


(13b) 
Although the slope is obtained as an adjustable para- 
meter from a least-squares fitting between reaction rates 
and Q data, one can extract the approximate value of 
AVS, which is an important activation parameter of the 
reaction. This activation parameter, called the activation 
volume of a reaction, is a useful tool for describing the 
pressure dependence of the reaction rates.' Employing 
the definition AVS = vm - vA - vB in the expression for 
the slope, one can obtain the value of AVS as 


Sl.  = 0.25 ( V A  + V B  - vTS) (13a) 


AVS = 2*303Sl.RT/O.25 (14) 
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Simple expressions can also be developed in a similar 
fashion for the reactions, where either A or B is com- 
mon in two reactions. It is therefore possible to treat the 
kinetic data on the reaction rates and stereoselectivities. 


In the above set of equations, two quantities, Pi and 
nr, are used in both pure and mixed solvent media. As 
discussed earlier, Pi is a result of intermolecular forces 
in the liquid state," which has also received support 
from the equation of state." Calculations of p i  for a 
solvent are straightforward using the relationship 


Pi = aT/B (15) 
where a and B are the thermal expansion coefficient and 
isothermal compressibility, respectively, of a solvent at 
temperature T. Alternatively, the Tammann-Tait- 
Gibson (TTG) model can be used to calculate the Pi 
values with confidence.12 


In the case of mixed solvents, a and B can be calcu- 
lated from experimental volumetric and compressibil- 
ity data. In the absence of experimental data, use can 
be made of the scaled particle theory (SFT) for gener- 
ating a and /I values in  mixture^.'^.'^ The agreement 
between Pi values obtained by SPT and experimental 
data is excellent (within 3%) in several cases.3 The 
mixing rule used in calculations of Pi for the mixed 
solvents is reasonably accurate, as evidenced by many 
studies. Is 


The polarity of a solvent, in general, plays a 
significant role in influencing the kinetics of a reaction. 
Several measures to denote the polarity of a solvent 
medium are available in the literature; a different 
method, however, was adopted in the current investiga- 
tion. A relative polarity parameter, nr, of a solvent can 
be defined as the refractive index, n,, of a solvent 
divided by n, of n-hexane. We chose n-hexane, a non- 
polar solvent, as a reference solvent. Thus, nr = nD of a 
solvent in question/n, of n-hexane. This choice of 
definition is purely empirical in nature and has been 
observed to be more suitable in the present case over 
some other combinations of refractive index and dielec- 
tric constant.I6 In the case of mixed solvents, a linear 
mixing over mole fractions xi  given by 


As seen earlier, the values of Q for any solvent 
medium can be calculated from a knowledge of experi- 
mental data. It is possible, however, to estimate these 
values by the following expression obtained from the 
regression of available data on 100 solvents: 


RESULTS AND DISCUSSION 
We examined the validity of our approach to several 
Diels-Alder reactions in a variety of solvents. 


Equations (8), (10) and (12), representing log(kN/k,), 
log(N/X) and log k,,, respectively, were tested against 
reactions with the corresponding experimental data. In 
Table 1 are recorded the values of Int. and Sl. as 
obtained from the least-squares fitting of rate (k) and 
stereoselectivity (N/X) data versus Q. Also given in 
Table 1 are the number of solvents, N, correlation 
coefficients, r,  standard deviation, u, of fits and source 
of data. The names of substrates indicated by R and the 
solvents employed are also included in Table 1. Molecu- 
lar size data of solvents and their refractive indices were 
taken from elsewhere.16 


Reactions between R1+ R2 i.e. cyclopentadiene and 
methyl acrylate, is a commonly studied D-A reaction. 
The reaction rates fitted for this system are shown in 
Figure 1, where the Y term and Q correlate in a linear 
fashion with y = 0.965. Two systematic and consistent 
data sets from independent S O U ~ C ~ S ~ ~ . ~  on N/X ratios 
for the same reaction were investigated. The results of 
such an exercise are demonstrated in Figure 2, where 
the calculated log(N/X) values are plotted against those 
obtained from the experimental work. The analysis of 
log(N X) data both from Berson et and Cativiela 
et a14 offered intercepts and slopes to within a differ- 
ence of 0.003 and 0-05 x lo-*, respectively. A 
combined data fit was also carried with a total number 
of 28 solvents. Slightly larger deviations between the 
observed and calculated (N/X) values in 
methanol-water (30%) and dioxane were noted, but the 
overall results remained almost unaltered without these 
two solvents. 


Application of the present approach to the log(kN/k,) 
data of this reaction against the Q values for 18 solvents 
yielded a good linear relationship with u=0.060 
(Figure 1). The solvents used for the reaction included 
aqueous mixtures of methanol, acetone and dioxane in 
several compositions, in addition to many pure solvents. 
For the reaction of R1 with methyl vinyl ketone (R3), 
the log(N/X) versus Q plot is shown in Figure 1. In 
this case, the maximum deviation from the linearity 
was observed at higher Q values by two solvents. A 
linear relationship is obtained with r = 0.989 and 0.065 
with log(N/X) for this reaction in 16 solvents, except 
trifluoroethanol and hexafluoropropan-2-01. With all 18 
solvents r=0.980 and 0.045 are obtained for the 
reaction. A linear relationship is obtained for log(N/X) 
data as a function of Q for the reactions of cyclopent- 
adiene with methyl methacrylate (R4) and 
transcrotonate (R5) in ten solvents for each reaction." 
The calculated and experimental log(N/X) values fall 
close to or at an angle of 45", showing the quality of 
fits. Reactions of R1 with R2 , R4 and R5 are noted to 
show pro-, anti- and borderline cases of the Alder rule. 
The slopes obtained in our studies indicate that their 
values increase on going from pro- , borderline to anti- 
Alder rules. Since Q is essentially a pressure parame- 
ter, it is possible to compute the ratios of the volumes 
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Table 1. Summary of analysis of Diels-Alder reactions by applications of equations (a), (1 1) and (12)' 


No. of Sl .  
(log) solvents Int. x 10' r 0 Ref. 
ROPertY 


R1+ R2 
N/X 
N/X 
k,l 
ktilkx 


N/X 


N/X 


NIX 


R1 +R3 


R1 +R4 


R1+R5 


R1 +R6 


i$X 


a x  
i$X 


R1+ R7 


R8 + R9 
k,l 


k,l 


k,l 


k ,  


k,l 


k,l 


k l  


k,, 


k,l 


R1+ R19 
N/X 


R8 + R10 


R8+R11 


R8 + R12 


R8 + R13 


R14 + R17 


R15 + R17 


R16 


R1+ R18 


18 
10 
18 
10 


18 


10 


10 


17 
17 


6b 
6b 
6' 
6' 


26 


26 


16 


10 


10 


27 


27 


21 


13 


7 


2.0405 
2.0379 


-0.0352 
2.0367 


2.5597 


1.0033 


1.2210 


-0.0539 
-2.6144 


0.025 1 
0.7644 
0.0207 
0.7647 


-0.0426 


-0.0388 


-0.0468 


-0.0387 


-0.0428 


-0.0468 


-0.0530 


-0.0458 


-0.0201 


2.7293 


- 107.7 
-105.5 


-105.4 
1 a203 


-143.3 


-78.20 


-87.28 


1.5415 
143.8 


-4.0473 


-3.1672 
-52.71 


-49.98 


1.4377 


1.5653 


1.3209 


1.0951 


1-1589 


1 a57 1 


1.3490 


0.8481 


3.5176 


124.2 


0.990 
0.987 
0.965 
0.984 


0.980 


0.989 


0.981 


0.971 
0.900 


0.969 
0.970 
0.961 
0.979 


0.948 


0.979 


0.972 


0.920 


0.919 


0-963 


0.946 


0.944 


0.952 


0.966 


0-025 
0.042 
0.060 
0.080 


0-045 


0.048 


0.041 


0.085 
0.026 


0.053 
0.052 
0.058 
0.050 


0.091 


0.056 


0.077 


0.129 


0.147 


0.064 


0.090 


0.103 


0.083 


0.065 


6d 
4b 
6b 
4b 


6d 


4b 


4b 


6c 
6c 


6a 
6a 
6a 
6a 


7e 


7e 


7a 


7d 


7d 


7b 


7b 


7c 


5a 


5b 


(continued) 
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Table 1. Continued 


No. of Sl. 
solvents Int. x lo4 r (I Ref. 


property 
(log) 


~ ~~~ 


R20 + R21 
krel 15 -0-0261 1.6671 0.948 0.090 18 


R1+ R22 
t 15 -0.0558 1.5415 0.949 0.088 19 


R1+ R23 
k ,  10 -0.0588 1.3990 0.940 0.105 19 


R1 +R24 
kmi 10 -0.05 10 1.0491 0.955 0.065 19 


29 1 


' r = Correlation coefficient; u = standard deviation. Substrates: R1= cyclopentadiene; R2 = methyl acrylate; R3 = methyl vinyl 
keton; R4 =methyl methacrylate; R5 =methyl txanmotonate; R6 = (-)-menthy1 acrylate; R7 = methyl (E)-acynanocinnamate; 
R8 = 2,3dimethylbutadiene; R9 = diethyl azcdicarboxylate; R10 = 4-bromonitrosobenzene; R11= 1 ,Cnaphthoquinone; R12 = 5- 
hydroxy-1.4-naphthcquinone; R14 = 4 4  p-nitro)benzylidene- I-phenylpyrazol-S-one; 
R IS = 4-( o-methoxy)benzylidene-l-phenylpyrazol-5-one; R16 = l-phenyl-4-2-(3-methyl-2-butenyloxy)benzylidenepyrazolone; 
R17 = isobutyl vinyl ether, Rl8 = diethyl fumarate; R19 = monoethyl maleate; RU) = anthracene; R21= tetracyanoethylene; 
R22 = acrolein: R23 = cmtonaldehyde, R24 = methscrolein. Solvents: acetic acid; acetone; acetone-water (lo-%); acetonitrile; 
rerr-amyl alcohol; benzene; benzonitrile; benzyl alcohol; benzyl chloride, bromobenzene; isobutanol; sec-butanol; rerr-butanol; 
chloroform; chlorobenzene; cyclohexane; cyclohexanone; cyclohexanol: 1,2-dichloroethane; diethyl ether; diglyme; 1.2- 
dichloromethane; dioxane; dioxane-water (10-9046); D W ,  DMSO, 1 ,Zdimethoxyethane; ethanol; ethyl acetate; ethylene 
dichloride, fluombenzene; formamide, hexane; hexafluoropropan-2-ol; mesitylene; methanol; methanol-water (lo-%); methyl 
acetate; nitrobenzene; nitromethane; rerf-pentyl alcohol; n-pmpanol; propen-2-ol; pmprionitrile; propylene carbonate; pyridine; 
sulpholane; toluene; triethylamine; trifluoroethanol; water, pxylene. 
bAcetone-water mixture. 
' Dioxane-water mixture. 


R13 = 5-methoxy- 1 ,S-naphthcquinone; 


for endo and ex0 forms from the kinetic data.sb As 
expected, these volume ratios fall approximately in the 
order >1, 1 and 4 for pro-, borderline and anti-Alder 
types of reactions, respectively. Appropriate different- 
iation" of log ( k N / k x )  with respect to Q yielded vN/vX 
ratios of 1.19, 0.88 and 0.98 for pro-, anti- and 
borderline cases for R1 +R2, R1 +R4 and R1 +R5, 
respectively. 


Cativiela et a1.@ studied the rates and N/X selectivity 
of the D-A reaction of R1 with R7 in six aqueous 
mixtures of acetone and dioxane. For the sake of illus- 
tration, in Figure 1 are shown both the rates and 
selectivities as a function of Q in one type of solvent 
medium for each kinetic property. As can be seen from 
these curves and the results given in Table 1, both the 
reaction rates and N/X ratios vary linearly with respect 


1.2 ;; 
X 1 


0.8 5 


t -lo 
ml -20 
0 


e 
a -30 


- 40 0.4 


I I 0 -50 
80 90 100 no 120 130 140 150 
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Figure 1. Plots of Y (logk,/Q) against Q for reaction 
R1+ R2 (A) Ref. 6b; reaction R1+ R7 (acetone-water) (0) 
Ref. 6a; log(N/X) versus Q for reactions of Rl+R7 
(dioxane-water) (0) Ref. 6a; log(N/X) versus Q for R1+ R3 


(V) Ref. 6d 


-0.0- 
-0.8 -0.4 0 04 0 8  


log (N/X)  sxp 
2 


Figure2. Plots of log(N/X),,, obtained from the present 
work against the experimental data for reaction of R1 +R2 
((0) Ref. 4b; (0) Ref. 6d; reaction of R1 +R4 (r) Ref. 4b; 


reaction of R1+ R5 (V) Ref. 4b 







292 A. KUMAR 


to Q with an average u.0.050. Although the values of 
log(N/X) plotted against Q do not vary significantly, it 
should be noted that the correlation can be considered 
acceptable for such cases in view of its success in 
describing the large variations in log(N/X) in several 
systems. 


Solvent effects were also observed in asymmetric 
D-A reactions. For such a reaction of R l  with R6 in a 
variety of solvent media, of both ure and mixed, the 
plots of log w/x) and bg(kNPk,) against Q are 
depicted in Figure 3. Both the kinetic parameters yield 
straight lines, involving all 17 solvents, either pure or as 
aqueous mixtures. 


Schneider and Sangwan' reported reaction rates and 
N/X ratios for the reactions of R1 with R18 and R19 
and correlated them successfully using a multiple 
regression model. The solvents they chose were aqueous 
mixtures of methanol and dioxane in addition to pure 
solvents. In our study, as seen in Figure 3, the correla- 
tions for log(N/X) and Y are noted to be successful. For 
reactions of R1 with R18 and R19, the proposed equa- 
tions can account for rates and stereoselectivities with 
u = 0-083 and 0.065, respectively. 


Several reactions were conducted in a variety of 
solvents, where a diene has been chosen as a common 
reactant. Such reactions involve, e.g., isobutyl vinyl 
ether (R7), cyclopentadiene (Rl) and 2,3-dimethyl- 
butadiene (R8) as the diene. The performance of our 
equations is demonstrated in Figures 3 and 4, where Y 
values are plotted against Q for R17 with R14 and R8 
with R9, R10 and R11. These reactions, chosen for the 
purpose of illustration, all yield excellent linear rela- 
tionships. In Figure 3, both the reactions, i.e. 
R14+R17 and R15+R17, can be fitted by the pro- 
posed equations yielding u = 0.064 and 0.090, 
respectively. Similar results are shown in the form of Y 


01 12 


6 
- 1  ", 


'b -20 
x 
x 
-30 
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Figure 3. Plots of Y and log(k,/kX) or log(N/X) against Q 
for reactions of R1+  R18 (0) Ref. 5a; R14 + R17 (0) Ref. 7b; 
R15 + R17 (A) Ref. 7b; and log(N/X) as a function of Q 
RI+R19  (0) Ref. 5b; R l + R 6  (V) Ref. 6c; log(kN/k,) 


against Q for R1+  R6 ( * ) Ref. 6c 


b -20 - 
x 
z.. - 30 


-40 


- 5 0 e ~  90 too no 120 130 140 150 
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Figure 4. Plots of experimental Y values against Q for 
reactions of R8+R9 (A) Ref. 7e; R8+R10 (A) Ref. 7e; 
R8 + R11 (0) Ref. 7a; R1+  R22 (0) Ref. 19; R1+ R23 @) 


Ref. 19; R20 + R21 ((3) Ref. 19. 


versus Q plots in Figure 4 for several reactions. The 
reactions of R8 with R9, R10 and R11 can be easily 
represented in terms of our equations. For these three 
reactions, the (7 values vary between 0.056 to 0.091. 
For the R8 + R12 reactions, however, a slightly greater 
scatter of the experimental data points was noted, 
yielding u = 0.129. A similar situation was noted for the 
R8 + R13 reaction. 


From plots given for several reactions, maximum 
random scattering was noted in the cases of cyclopent- 
adiene with acrolein (R20) and crotonaldehyde (R23). 
The values of r and u in these reactions, however, 
suggest the ability of our equations to analyse experi- 
mental data. Good correlations are also noted for the 
reaction of R20 with R21 in as many as 15 solvents. 


The linear correlations between rate or endo/exo 
quantities and Q parameters of various solvents show 
that our equations are applicable not only to pure non- 
electrolytic solvent media, but also to their aqueous 
mixtures used frequently in synthetic work. This also 
implies that the linear mixing rule employed for calcu- 
lating nr and Pi in aqueous solvent mixtures holds good. 
Hence this implication simplifies the procedure for the 
calculation of the Q parameters. 


As discussed earlier, several modifications of multi- 
ple linear regression methods using solvent properties 
have been reported for describing kinetic parameters. 
In this paper, it was not our intention to present a 
detailed comparative performance of our method with 
those already existing. It should be mentioned how- 
ever, that the modification of equations involving two 
to four solvent parameters offers better fits of the 
kinetic data. 


Recently, the Abboud-Abraham-Kamlet-Taft 
(AAKT) model has been appliedM for fitting the N/X 
ratios of the reactions of R1 with R2 and R3. This model 
employs parameters indicating hydrogen bond-donating 







DIELS-ALDER REACTIONS PROMOTED BY NON-AQUEOUS SOLVENTS 


Table 2. Activation volumes, AV& obtained with the present method for several Diels-Alder 
reactions 


Reactions -AV$ (cm' mol-I) Reactions -AV$ (cm' mol-I) 


R1 +R2 
R1 +R7 
(acetone-water) 
R8 + R9 
R8+R11 
R8 + R13 
R15 + R17 
R1+ R18 
R1+ R22 
R1+ R24 


27.54 
91.5 


33.35 
35.70 
31.34 
31.91 
79.9 
41.68 
28.29 


R1 +R6 
R1 +R7 
(dioxane-water) 
R8 + R10 
R8 + R12 
R14 + R17 
R16 
R20 + R21 
R 1 +  R23 


35.79 
72.3 


36.29 
29.58 
37.16 
20.96 
38.71 
37.82 
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and -accenting abilities together with dipolarity of the 
reaction media. The use of these three parameters gives 
accurate fits of log(N/X) data. The calculated values of 
log(N/X) obtained by our method are in excellent 
agreement with those obtained by the use of the AKKT 
model. For example, in the case of a reaction involving 
R1 and R2, our values of r=0.990 and u=O.O19 are 
comparable to those obtained by the AKKT model, as 
r = 0-997 and u = 0.019, obtained using four adjustable 
parameters. Such an agreement between the values of 
the rate constants is also seen for other reactions. In 
general, the predictions of the kinetic profiles of the 
D-A reactions by other models are based on the multi- 
parameter treatment, whereas comparable predictions 
can be obtained by using a single solvent property. 


The correlations presented here are primarily based 
on the concept of internal pressure of solvents. Treat- 
ment of reaction rate data using equation (12) can also 
give the activation volume, AVf, of a reaction. The 
mechanism to facilitate the D-A reaction in terms of 
AV$ was given by Van Eldik and Le Noble.' In Table 2 
are listed the AVf values for these reactions as estimated 
from equation (14). The D-A reactions are accom- 
panied by negative activation volumes,' as also 
confirmed by the AV$ values listed in Table 2. These 
negative AVf values are due to the compact transition 
states found in such reactions. The kinetic behaviour in 
these reactions can thus be thought to be related to the 
combined effects of AVf and internal pressure. The 
magnitudes of AVf for several reactions obtained from 
this work seems to be in an acceptable range when 
compared with the literature values.' For instance, the 
experimental AV$ values for the reaction of anthracene- 
9-methanol with N-ethylmaleimide have been reported 
as -36.0, -31.4 and -28.4cm3mol-', in water, n- 
butanol and heptane, respectively. *' The reaction was 
conducted at 45 "C and external pressures ranging from 
1 to 900 bar. The analysis of these data by the present 
method yields AV$ values of -34.0, -29.9 and 
-27-4 cm3 mol-', respectively. The solvent parameter 


Q under the reaction conditions was computed from the 
volumetric information reported elsewhere.I6 


The close agreement between the calculated and 
experimental values reaffirms two aspects: (a) reliable 
estimates of the volume of activation for a reaction can 
be obtained by the proposed correlation and (b) the 
internal pressure of a solvent system and the external 
pressure play the identical roles in the reaction kinetics 
of D-A reactions. The role of internal pressure assumes 
significance in its correlation with the reaction rates, 
when AV$ is negative. 


CONCLUSION 
We have attempted to correlate the rate and stereoselec- 
tivity data of several Diels-Alder reactions in a variety 
of non-aqueous solvents and their aqueous mixtures. 
Important features of this study can be summarized as 
follows: 
1. No adjustable parameter is required to describe the 


kinetic profiles of the D-A reactions. 
2. The internal pressure for a solvent system can be 


accurately calculated a priori. The polarity is incor- 
porated in the internal pressure by a relative polarity 
index, defined by treating the refractive index of n- 
hexane as a reference solvent. The choice of the 
reference solvent is purely empirical in nature. 


3. The solvent property, a combination of internal 
Pressure and relative polarity index, although 
measurable by experiments, can also be estimated by 
a linear relationship evaluated from the regression of 
about 100 solvents. 
Our current objective is to gain insight into the role of 


multicomponent solvent media, including ions and 
melts, in the kinetic profiles of these reactions. The 
correlations presented here are part of our attempts in 
this direction. The results obtained from our ongoing 
studies on complex solvent media are interesting and 
will be published in the near future. 







294 A. KUMAR 


REFERENCES 


1. R. Breslow and D. Rideout, J. Am. Chem. SOC. 102, 7816 
(1980). 


2. E.g. (a) R. Breslow, Acc. Chem. Res. 24, 159 (1991); (b) 
P. A. Grieco, Aldrichim. Acta, 24, 59 (1991); (c) P. A. 
Grieco, J. J. Nunes and M. D. Gaul, J. Am. Chem. SOC. 
112, 4595 (1990); (d) for a recent review, see A. 
Lubineau, J. Auge and Y. Queneau, Synthesis 741 (1994). 


3.  (a) A. Kumar, J. Org Chem. 59, 230 (1994); (b) A. 
Kumar, J .  Org. Chem. 59,4612 (1994). 


4. (a) For an review see N. S. Chapman and J. Shorter, 
Advances in LFER Plenum Press, London (1972); (b) J. 
A. Berson, Z. Hamlet and W. A. Mueller, J. Am. Chem. 
SOC. 84,297 (1962). 


5. (a) H. J. Schneider and N. K. Sangwan, J .  Chem. SOC. 
Chem. Comm. 1787 (1986); (b) H. J. Schneider and N. 
K. Sangwan, Angew. Chem., Int. Ed. Engl. 26, 896 
(1987). 


6. (a) C. Cativiela, J. A. Mayoral, A. Avenoza, J. M. 
Peregrina and M.A . Roy, J. Phys. Org. Chem. 3, 414 
(1990); (b) C. Cativiela, J. I. Garcia, J. A. Mayoral, A. 
Avenoza, J. M. Peregrina and M. A. Roy, J. Phys. Org. 
Chem. 4, 48 (1991); (c) C. Cativiela, J. I. Garcia, A. J. 
Royo, L. Salvatella, Y. Assefeld and M. F. Urz-Lopez, J .  
Phys. Org. Chem. 5 ,  230 (1992); (d) C. Cativiela, J. I. 
Garcia, J. A. Mayoral and L. Salvatella, J. Chem. SOC., 
Perkin Trans 2,847 (1994). 


7. (a) A. Corsico-Coda, G. Desimoni, E. Ferrari, P. P. 
Righetti and G. Tacconi, Tetrahedron 40, 1611 (1984); 
(b) M. Burdisso, G. Desimoni, G. Faita, P. Righetti and 


G. Tacconi, J. Chem. Soc.. Perkin Trans 2 ,  845 (1989); 
(c) P. P. Righetti and G. Tacconi, Tetrahedron 45, 775 
(1989) (d) G. Desimoni, G. Faita, P. P. Righetti, N. 
Tomaletti and M. Visigalli, J .  Chem. SOC., Perkin Trans 2 
437 (1989); (e) G. Desimoni, G. Faita, P. P. Righetti and 
L. Toma, Tetrahedron 46,7951 (1990). 


8. H. G. Harris and J. M. Prausnitz, Ind. Eng. Chem. 
Fundam. 8, 180 (1969). 


9. A. Van Eldik and W.J. Le Noble, Chem. Rev. 89, 549 
(1989). 


10. J. H. Hildebrand and R. L. Scott, Regular Solutions. 
Prentice Hall, Englewood Cliffs, N J  (1962). 


11. R. J. Quellette and S. H. Williams, J. Am. Chem. SOC. 93, 
466 (1971). 


12. J. V. Levendekkers, J. Chem. SOC., Faraday Trans. I ,  78, 
357 (1982). 


13. J. L. Lebowitz, E. Helfand and E. Praestgaard, J.  Chem. 
Phys. 43,774 (1965). 


14. A. Kumar, J .  Am. Chem. SOC. 115,9243 (1993). 
15. H. Reiss, J. Phys. Chem. 96,4736 (1992). 
16. Y . Marcus, Ion Solvation. Wiley, New York (1986). 
17. C-M. Backman, S .  Claesson and M. Szwarz, J. Chem. SOC, 


Faraday Trans. I 66,3061 (1970). 
18. P. Brown and R. C. Cookson, Tetrahedron 21, 1977 


(1965). 
19. B. Blankenburg, H. Fieder, M. Hampel. H. G. Hanthal, G. 


Just, K. Kahlert, K. Kom, K. H. Muller, W. Pritzkow, Y. 
Reinhold. M. Rolling, E. Sauer, D. Schnurpfeil and G. 
Zimmermann, J .  Prakt. Chem. 316,804 (1974). 


20. N. S. Isaacs, L. Maksimovic and A. Laila, J .  Chem. SOC., 
Perkin Trans. 2 495 (1994) 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9,29-34 (1996) 


RELATIVE RATES, RELATIVE ACTIVATION PARAMETERS AND 


REACTIONS 
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The relative reactivity of heteroatomic compounds (PhM; M = SeR, SnR3, TeR, I)  towards BuLi was estimated 
by competitive experiments. The rates of exchange reactions in THF increase in the order I > Te >> Sn >> Se with a 
ratio of 1000:300:15: 1 at -70 "C when R =Bu. Me,SnPh underwent exchange much faster than Bu,SnPh, 
suggesting that the exchange reaction was largely affected by steric hindrance. The evidence that Bu,SnPh and 
BuTePh react with BuLi a t  almost the same rate in the presence of HMPA and that the relative exchange rates 
of Li-Te/Li-Sn increase in less polar solvents such as Et10 and hexane indicates that coordination of solvents 
towards lithium plays an important role in exchange reactions. Relative activation parameters obtained from 
competitive reactions of PhTeBu and PhSnBu, with BuLi showed that Li-Te exchange was favored over Li-Sn 
exchange by an enthalpy factor. Hammett treatment of Li-Te exchange of ArTeBu with BuLi in THF showed a 
substantially large positive reaction constant (p)  of 3.4, indicating that the anion charge was largely distributed 
on the leaving group in the transition state. 


INTRODUCTION 


Organic compounds containing a carbon-metal(1oid) 
(Hg, As, Se, Sn, Sb, Te, I, Bi) bond afford correspond- 
ing organolithium compounds with the aid of 
lithium-metal (loid) (hereafter referred to as Li-M) 
exchange reactions.',' Among these, Li-Sn and Li-Te 
exchange reactions are especially useful in synthetic 
reactions when Li-X (X = halogen) exchange cannot be 
e m p l ~ y e d . ~ . ~  Several mechanisms for the exchange 
reactions have been proposed, such as a single electron 
transfer (SET),5 an S,2 process' or via ate com lex 


Reich and c o - ~ o r k e r s ~ ' ~ ~  have succeeded in detecting 
Sn, Te and I ate complexes by low-temperature NMR 
and also suggested that exchange proceeds more rapidly 
on the heavier and more electronegative elements. 
Furukawa and co-workers' have examined triaryltel- 
lurium ate complexes by NMR and reported that the 


intermediates,, and four- or three-center process. E,,,,, 


Author to whom correspondence should be addressed. 


stabilities of triaryl chalcogen ate complexes increase in 
the order T e > S e > S .  Rogers and HoukZe and Winkler 
and WinklerK have reported the rates of Li-Br exchange 
reactions. We report here relative rates of Li-M 
exchange reactions of aryl-substituted selenium, tin, 
tellurium and iodine compounds with BuLi along with 
the effects of solvents and the leaving group on the rate 
of exchange reactions which proceed via ate complexes 
[equation (i)]., 


ArM + BuLi -+ [Ar-M-BuI- Li + +ArLi +BUM (1) 
(M = SnR,, TeR, SeR, I) 


RESULTS AND DISCUSSION 


Selectivity and reversibility of exchange reactions 


In order to examine the selectivity of exchange reactions 
of aryl-substituted metalloids, a limited amount of BuLi 
(0.2 mmol) was added to a THF solution of 1 2 -  
C,H,,TePh (HexTePh; 1.0 mmol) and PhCHO 
(3.0 mmol) at -70 "C. The products obtained were 
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Table 1. Reactions of PhM with BuLi in the presence of PhCHO" 


GLC yields based on BuLi (%) 


Run PhM BUM Ph,CHOH PhRCHOH PhBuCHOH 


1 PhTeHex 12 13 Oh 
2 PhSeHex 2 2 Oh 
3 PhSnMq 8 7 0.7' 


87 
96 
92 


'BBuLi (0.2 rnmol), PhM (1 mrnol), PhCHO (3 mmoi), THF (10mi).  -70 "C. 
'R=Hex. 
' R = M e .  


PhBuCHOH and Ph,CHOH (87% and 13%, respectively, 
based on BuLi used, run 1 in Table 1). No formation of 
Ph(Hex)CHOH, which can be formed by trapping of 
HexLi with PhCHO, indicates that HexLi was not gener- 
ated. Selective generation of PhLi from PhSeBu and 
from PhSnBu, was confirmed also under identical 
conditions (see run 2 for PhSeBu). A similar reaction of 
PhSnMe, afforded Ph,CHOH and PhMeCHOH in 7% 
and 0.7% yields, respectively, suggesting that generation 
of PhLi competed with that of MeLi, probably owing to 
the high thermodynamic stability of MeLi in comparison 
with alkyllithiums (run 3). 


The reverse process to generate alkyllithiums by the 
attack of PhLi was found to be negligible, being 
supported by the following evidence. When PhLi was 
added to an equimolar mixture of Bu,Te and Hex,Te in 
THF at -78 "C, disproportionation of the tellurides was 
not observed, resulting in the recovery of tellurides 
unchanged after quenching with MeOH. A similar 
reaction of a mixture of Bu,Sn (0.5 mmol) and Me4Sn 
(0.5 mmol) with PhLi (0.5 mmol) in THF at -78 "C 
for 1 min followed by quenching with MeOH afforded 
only PhSnMe, in 10% yield, without the formation of 
PhSnBu, and BuSnMe,. These results indicate that aryl- 
substituted metalloids afford only aryllithiums exclu- 
sively by the reaction with BuLi and that the reverse 
reaction is negligible except the case of methyl-substi- 
tuted compounds. 


A possibility suggested by a referee that ate com- 


(a) With [PhSnBu,] = 0.1 M (constant) 


(a) 
40 1.1-..-." 


I= 0.995 m 10 


0 
0 0.2 0.6 1 .o 1.4 


[PhTaBu / PhSnBu,] 


plexes, generated as intermediates of exchange reac- 
tions, directly react with trapping reagents can be ruled 
out because ate complexes are much less reactive than 
generated aryllithiums which react exclusively with 
ele~trophiles.~" However, this may not be the case when 
HMPA is present, where ate complex can do react with 
electrophiles (see 


Estimation of relative rates of Li-M exchange 
reactions 


To examine the rate order of exchange reactions with 
respect to metalloids, competitive reactions of two 
kinds of metalloids were carried out using different 
ratios of mixtures and maintaining the concentration of 
one of the metalloids at 0.1 M. For example, BuLi 
(0.2 mmol) was added to a mixture of PhSnBu, 
(1 mmol) and a certain amount of PhTeBu in the 
presence of PhCHO (3 mmol) at -70 "C in THF 
(10 ml). The plots of the product ratio [Bu,Te/Bu,Sn] 
against the ratio of the substrates used [PhTeBu / 
PhSnBu,] gave a straight line [Figure l(a)]. Similar 
linear correlations were obtained when [PhTeBu] was 
held constant [Figure l ( b ) ]  and also when other mix- 
tures (PhTeBu/PhI and PhTeBu/PhSeBu) were used. 
These results indicate that the exchange reaction is 
pseudo-first-order in each metalloidal compound. 


Results of competitive reactions of PhTeBu and PhM 
are summarized in Table 2 [equation (2 ) ] .  Since Li-Se 


(b) With [PhTeBu] =O.l M (constant) 


I (b) 40 


r= 0.992 
10 l l M  0 0 0.2 0.6 1 .o 1.4 


[PhTeBu / PhSnBu,] 


Figure 1. Competitive reactions of PhTeBu and PhSnBu, at different concentrations at -70 "C in THF 
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Table 2. Competitive exchange reactions of PhM (M SeBu, SnBu,, .%Me3, TeBu, I) and PhTeBu with BuLi at 
-70 OC" 


GLC yields based on BuLi(%) ratio 
PhM: 


Run M Bu,Te BUM Ph,CHOH PhBuCHOH Bu,Te/BuM 


1 
2 
3 
4 
5 
6 
7 
8 
9' 


I 
TeBu 
SnBu! 
SnBub, 
SnBu, 
SnBu: 
SnMe, 
SeBu 
SeBu 


7 
13 
5 


10 
13 
3 
9 


12 
7' 


21 
13 


Trace 
0.1 
0.6 
2 
8 


Trace 
0.5 


35 
28 
5 


10 
13 
5 


18 
13 
8 


66 
14 
73 
85 
87 
89 
80 
86 
82 


0.3 
1 .o 


-300 
99 
22 


1.4 
1.1 


15g 
-300 


Reaction conditions: PhTeBu (1 mmol), PhM (1 mmol), BuLi (0.2 mmol), THF (10 ml). -70.0 "C, 15 min; NHCI,. 
Hexane (10 ml) instead of THF. 


In the presence of HMPA (0.8 mmol). 
Competitive reaction of PhSnBu, and PhSeBu. 
Yield of Bu4Sn. 
Bu,Sn/Bu,Se ratio. 


' Et,O (10 ml) instead of THF. 


exchange was too slow in comparison with Li-Te 
exchange (run 8), competitive reaction of Li-Sn and 
Li-Se exchanges was performed in order to obtain a 
reliable relative rate as shown in run 9, which indicated 
that Li-Sn exchange was 15 times faster than Li-Se 
exchange. From these results, the exchange rates in THF 
were found to increase in the order Se << Sn << Te < I  with a 
ratio of 1 : 15 : 300 : 1000. This is in accord with qualita- 
tive results reported by Reich et a/.' 


BuLi (0.2 mmol) 
PhCHO (3 mmol) 


> Bu2Te PhTeBu+ PhM 
mmol mmol -70 "C, solvent (10 mi) 


+BUM + PhzCHPH + PhBuCHOH (2) 


M = SeBu, SnBu3, SnMe,, TeBu, I 


As for the effect of solvents, comparison of the data 
for runs 3-5 shows that the relative rate of Li-Te/ 
Li-Sn increases in less polar solvents such as Et,O and 
hexane. 


Table 3, which lists the results of Li-Te and Li-Sn 
exchange performed separately under different condi- 
tions, indicates that both Li-Te and Li-Sn exchanges 
become slower in diethyl ether than in THF and that the 
latter reaction is much more drastically affected than the 
former by solvents. This may be rationalized by postu- 
lating that a strongly coordinating solvent accelerates 
exchange reactions but with different sensitivities. One 
may point out a discrepancy between these results with 
the fact that addition of HMPA lowers the conversion 
of metalloids (run 6 in Table 2). This effect of HMPA 
can be explained by hypotheses that HMPA accelerates 
the addition of BuLi to benzaldehyde and/or that 


Table 3. Li-Te and Li-Sn exchange reactions 


Products (%),)" 
PhM: 
M Solvent Time (min) PhH BUM 


TeBu THF 10 98 99 
SnBu, THF 10 91  99 
TeBu THF 1 92 96 
SnBu, THF 1 68 12 
TeBu Et,O 10 93 95 
SnBu, Et,O 10 5 5 
TeBu Et,O 1 64 66 
SnBu, Et,O 1 <1 <1 


GLC yield based on PhM used. 
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HMPA retards the generation of PhLi from ate com- 
plexes stabilized by coordination of HMPA to lithium. 
In fact, it has been reported that HMPA shifts the 
equilibrium between PhJLi and PhI + PhLi to the left, 
resulting in a lowering of the reactivity toward elec- 
t r~phi les . '~  The very small relative rate of 1.4 observed 
in run 6 indicates that tellurides and stannanes react with 
BuLi at almost the same rate in the presence of HMPA, 
since this process is irreversible in the present case (see 
above). 


Relative activation parameters of Li-Te and Li-Sn 
exchange 
Reich et al." have determined equilibrium constants 
and changes in enthalpy and entropy (AH and AS) for 
ate complex formation from Ph,Hg, Ph,Te, and PhI 
with PhLi.7e We attempted to estimate rate constants and 
activation parameters of exchange reactions, but it was 
unsuccessful for the following reasons: (i) exchange 
reactions, especially in the cases of tellurides and 
iodides, are too rapid even at low temperatures to obtain 
reliable data using conventional procedures (see Table 
3); and (ii) the concentration of active species of BuLi 
is ambiguous (butyllithium exists in THF as an equili- 
brium mixture of dimer and tetramer;'" Reich et a2." 
have reported that PhI and Ph,Te react only with 
momomeric PhLi which is in equilibrium with its dimer 
in THF at low temperatures). Therefore, we calculated 
relative values of activation parameters by a least- 
squares treatment using equation (3) from the relative 


3 I 
r= 0.999 


r= 0.996 


- 


r= 0.999 
r\ n n 


0 " " 
r 


4.9 5.1 5.3 5.5 
l r r X l O ~ [ K ' ]  


Figure 2. Eyring plots of competitive reactions of PhTeBu 
and PhSnBu, 


5 0.5 
0, 
E 2 0.0 
e 
!2 'L, 4 . 5  
I, 
P 
8 -1.0 - 


p= 3.367 
r= 0.999 


4-Me0 


1 


-0.2 0.0 0.2 
a 


Figure 3. Hammett correlation of Li-Te exchange of 
RC,H,TeBu (R = 4-Me0, 4-Me, H, 4-F, 4-CI) with BuLi at 


-70 "C in THF 


rates of Li-Te and Li-Sn exchange at different temper- 
atures. Figure 2 shows the excellent fit to straight lines 
and the values obtained are listed in Table 4, which 
indicates that Li-Te exchange is favored over Li-Sn 
exchange by an enthalpy factor. 


where 


Hammett plots of Li-Te exchange using ArTeBu 
In order to examine the electronic effect of the leaving 
group (RC,H,Li) on the Li-Te exchange reaction 
[equation (4)], the Hammett correlation was studied 
using RC,H,TeBu (R=4-MeO, 4-Me, H, 4-C1, 4-F). 
When logarithms of the ratios of addition products 
were plotted against 0,'' a straight line was obtained as 
shown in Figure 3, with a good correlation coefficient 
( r )  of 0.999. The large positive reaction constant (p )  
of 3.37 indicates that negative charge is substantially 
distributed on the leaving group in the transition state of 
the exchange process. This is in accord with the evi- 
dence that thermodynamically the most stable 


Table 4. Relative activation parameters of Li-Te vs Li-Sn exchange at-70 "C 


Solvent AAHic.sn (kJ mol-'I AAS:,_5, (J K - '  mol- ' )  AAGic-sn (kJ mol - ' )  


THF -9.27 + 0.32 -19.9k 1.67 -5.23 i 0.66 
THF-HMPA - 1.08 * 0.04 -2.71 i0 .22 -0.53 kO.10 
Et,O -13.8k0.20 -29.9 * 1.04 -7.77 * 0.41 
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f Bubbler 


Mechanical 
Stirrer 


Magnetic Stirrer 


Figure 4. Reaction apparatus for competitive experiments 


carbanions are selectively liberated from tellurium ate 
c o m p l e x e ~ . ~  A similar study using ArBr and BuLi in 
hexane gave a much smaller p value of ca 2.2e 


BuLi (0.2 mmol) 
PhCHO (3 mmol) 


PhTeBu + 4-RC6H,TeBu > 


Bu2Te + PhBuCHOH + 4-RC,H4PhCHOH 


-70 "C THF (10 ML) 


+Ph*CHOH (4) 


EXPERIMENTAL 


Solverits arid reagents. THF and diethyl ether were 
distilled from sodium benzophenone ketyl. BuLi in 
hexane ( ca  1.6 M ) ,  purchased from Kanto Chemical 
was used after titration.I2 Tellurium and selenium were 
provided by Mitsubishi Material. Aryl alkyl tellurides 
and Bu,Te were prepared from the corresponding 
tellurolates and alkyl iodides.13." PhSeBu and Bu,Se 
were obtained in a similar manner.".15 Other chemicals 
were commercially available and were used after 
purification based on literature procedures. I' All reac- 
tions were carried out under an argon atmosphere. 


Apparatus. All reactions were performed by using 
a glass vessel as depicted in Figure 4 and a Neslab 
Cryobath (CB-80) equipped with a Cryotrol. GLC 
analyses were performed using a Shimadzu G-8A gas 
chromatograph with a capillary column (silicone OV-1) 
and a Hitachi model 263-30 gas chromatograph with a 
stainless steel column packed with silicone OV-17. 
Product yields were determined based on the limiting 


standards, which were added immediately after the 
reaction. 


Typical procedure of competitive experi- 
ments. Competitive reaction of PhTeBu and PhSnBu, 
with BuLi. Into one part of the dried and cooled 
(-70 "C) vessel depicted in Fig. 4 was placed a THF 
solution (5 mL) of BuTePh (1 mmol), PhM (1 mmol) 
and PhCHO (3 mmol). A 5 ml volume of THF was 
injected with a syringe into the other part of the 
apparatus, into which BuLi (0.20 mmol in hexane) was 
placed after a few minutes. After stirring for 15 min, 
the two solutions were quickly mixed and stirred for 
15 min under the same conditions. The reaction was 
quenched by addition of a saturated aqueous solution 
(1 ml) of NH4CI and the resulting mixture was ana- 
lyzed by GLC. 
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SURFACE PHOTOREACTIONS OF 2-BENZOYLCYCLOPENTANONES: 
SILICA GEL SURFACE AS A POSSIBLE FIELD BRINGING OUT THE 


LATENT REACTIVITY OF DISPERSED MOLECULES 


TADASHI HASEGAWA,* YOSHIHIRO IMASE AND MANABU IMADA 
Department of Chemistry, Tokyo Gakugei University, Nukuikitamachi, Koganei, Tokyo 184, Japan 


AND 
KAZUSHIGE KUMAKURA AND MICHIKAZU YOSHIOKA 


Department of Chemistry, Saitama University, Shimo-okubo, Urawa, Saitama 338. Japan 


Irradiation of 2-benzoyl- and 2-(p-methylbenzoyl)cyclopentanone (la and lb), which have the lowest n,z* 
excited states and showed no photoreactivities in inert solvents, neat or in the solid state, gave two types of 
products on a silica gel surface; one arose from the cleavage of the C-C bond a to the benzoyl group and the 
other arose from the cyclopentanone C-1-C-2 bond cleavage. Analysis of Langmuir adsorption isotherm of l a  
by a non-linear least-squares method revealed that 7 . 9 ~  mol of la  was spread as a monomolecular layer 
over 1 g of silica gel. The photoreactivity of la  on the surface was very sensitive to the coverage; the efficiency of 
disappearance of l a  decreased monotonically from 100% at  low coverages to zero at  nearly 100% coverage. 
Close packing of molecules of 1 on the surface diminished the photoreactivity. A silica gel surface provided a 
possible dispersion field for bringing out the latent photoreactivity of 1. 


INTRODUCTION same as those seen in solution,6 although large differ- 
Selectivity in organic reactions is of considerable 
importance in synthetic and industrial chemistry, and 
any general technique by which the course of a reaction 
may be modified is worthy of attention. Photoreactions 
of organic compounds on solid supports, such as silica 
gel and alumina, have received much attention because 
a non-reactive solid surface can provide an ordered 
two-dimensional environment for effecting and con- 
trolling photochemical processes.'-3 Recently, we have 
observed that 2-(N, N-dialky1amino)ethyl 3-benzoylac- 
rylates underwent E - Z  photoisomerization, competing 
with other possible photoreactions mainly through 
remote hydrogen transfer to ketone carbonyl oxygen in 
solution4 and only E - Z  photoisomerization on a silica 
gel surface, and suggested that photochemical pro- 
cesses requiring comparatively much more 
conformational mobility are suppressed on the surface 
since the mobility of the molecules is greatly restricted 
in the adsorbed state.' However, the types of photore- 
actions observed on the surface are fundamentally the 


*Author to whom correspondence should be addressed. 
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ences in the product distributions have-been lobserved 
in some There are various examples of pho- 
toreactions which take place only on the surface.8 In 
the photochemistry of 2-benzoylcyclohexanones on 
silica gel we have found that the compounds showed a 
different photochemical behavior from that observed in 
solution; the Type I reaction, the products from which 
could not be expected in the normal reaction course, 
and the Type I1 reaction occurred on the s ~ r f a c e , ~  
although exclusively the Type I1 reaction occurred in 
solution.'0*" The Type I reaction may be general in the 
photochemistry of 2-benzoylcycloalkanones on the 
surface. When organic molecules are adsorbed on the 
surface at a low coverage, the molecules may be free 
from mutual interactions and are expected to show 
latent photoreactivities. We have studied the pho- 
tochemical behavior of 2-benzoylcyclopentanones, 
which do not show any photoreactivity in inert solv- 
ents, on a silica gel surface. We report here on the 
novel surface photoreaction of the cyclopentanones via 
the Type I reaction from the upper excited state and on 
possible use of the surface as a new reaction field for 
dispersed organic molecules. 


Received 27 February 1996 
Revised 28 May 1996 







678 T. HASEGAWA ETAL. 


EXPERIMENTAL 


Silica gel (Merck Kieselgel 60, Art. 7734) was used as 
received. IR spectra were recorded with a JASCO IR 
Report-100 or JASCO FT-IR-7000 spectrometer and the 
UV spectra with a JASCO UVIDEC-505 spectrometer. 
The a 'H and I3C NMR spectra were measured with a 
JEOL FX90Q or a Bruker AM400 spectrometer using 
tetramethylsilane as an internal standard. GLC analysis 
was performed with a Shimadzu GC-8A gas chromato- 
graph. A Taika 100 W or Ushio 450 W high-pressure 
mercury lamp was used as an irradiation source. The 2- 
benzoylcyclopentanones la-c were repared according 
to the method given in the literature. I P  


General procedure for preparative photolysis of 1 on 
a dry silica gel surface. Compound 1 (cu 2.5 mmol) in 
5 cm3 of dichloromethane was added to 5 g of silica gel 
in a 50 cm3 round-bottomed flask. The mixture was 
sonicated for 5 min and the solvent was evaporated 
under reduced pressure. The coated silica gel was 
divided into six nearly equal portions and then the 
portions were placed in Pyrex tubes (18 x 180 mm). 
The tubes were rotated and irradiated for 48 h with a 
100 W high-pressure mercury lamp. The irradiated 
silica gel was collected in a 100 cm3 beaker. Acetone 
(20 cm3) was added for extraction of organic compo- 
nents. The mixture was sonicated for 10 min. The silica 
gel was separated by filtration and washed with 10 cm3 
of acetone. The filtrate and washings were combined 
and then the solvent was removed under reduced pres- 
sure. More than 95% of organic materials based on the 
weight of starting ketone used was recovered by this 
method. Benzene (20 cm3) was added to the residue. 
The mixture was sonicated for 5 min and then allowed 
to stand for another 5 min. Undissolved material was 
collected and recrystallized from acetone-hexane to 
give glutaric acid (3). The filtrate was concentrated 
under reduced pressure and the residue was chromato- 
graphed on silica gel. Elution with acetone-hexane 
(1 : 6) gave the unreacted starting ketone 1 and photo- 
products 2 and 4. The yields are summarized in Table 1. 


The structures of photoproducts 2a, 2b, and 3 were 
determined by direct comparison with commercially 
available materials. Purification of the 4 could not be 


Table 1. Product yields in photoreaction of 1 on silica gel 


Yield" (%) 
Conversionb 


Compound R 2 3 4 o f l ( % )  


l a  H 32 35 23 36 
l b  Me 26 25 19 42 
lc  OMe 0 0 0 2 


'Based on starting cyclohexanone 1 consumed. 
Based on 1 recovered. 


achieved because it changed gradually into 5. Com- 
pounds 5a and 5b were purified by recrystallization 
from dichloromethane-hexane. The peaks of carboxyl 
protons in the 'H NMR spectra of 5a and 5b could not 
be observed because of highly probable strong line 
broadening. 


5-Benzoyl-5-pentunolide (4a): colorless viscous 
liquid; IR (neat), 1700 and 1750 cm-'; 'H NMR 
(CDCI,), 6 1.8-2.3 (4H, m, 3-H, and 4-H,), 2.60 (2H, 


7.3-8.0 (5H, m, aromatic); "C NMR (CDCI,), 6 17.2 


(d, 2C), 133.8 (s), 134.0 (d, 2C), 169.8 (s) and 195.2 
(s). 
5-Hydroxy-5-benzoylpentanoic acid (5a): m.p. 


117-118°C; IR (KBr), 1700, 1720, 3080 and 
3450 cm-'; 'H NMR (CDCI,), 6 1.6-2.0 (4H, m, 3-H, 
and 4-H,), 2.39 (2H, t, J = 7 . 2  Hz, 2-H,), 3.63 (lH, 
bs, OH), 5.10 (lH, dd, J = 5 . 1  and 11.3 Hz, 5-H) and 
7-5-74 (5H, m, aromatic); 13C NMR (CDC1,) 6 20.4 


t, J = 6 . 9  Hz, 2-H,), 5.90 (lH, t, J -5 .3  Hz, 5-H) and 


(t), 24.5 (t), 29.5 (t), 79.2 (d), 128.7 (d), 129.0 


(t), 33.2 (t), 34.9 (t), 72.7 (d), 128.6 (d), 128.9 (d, 
2C), 133.4 (s), 134.1 (d, 2C), 178..0 (s), and 201.7 
(s); MS m / z  222 (M+); Found, C 64.73, H 6.08; 
calculated for C,,H,,O,, C 64.85, H 6.35%. 


5-(p-Methylbenzoyl)-5-pentunolide (4b): colorless 
viscous liquid; IR (neat), 1700 and 1750 cm-I; 'H 
NMR (CDCI,),G 1-8-2.4 (4H, m, 3-H, and 4-H,), 
2.42 (3H, s, Me), 2.61 (2H, t, J = 7.1 Hz, 2-H,), 5.86 
(lH, t, J = 5 . 3  Hz, 5-H) and 7.2-7.9 (4H, m, 
aromatic); I3C NMR (CDCI,), 6 17.3 (t), 21.6 (q), 
24.7 (t), 29.6 (t), 79.3 (d), 128.9 (d, 2C), 129.7 (d, 
2C), 131.6 (s), 145.0 (s), 169-6 (s) and 194.7 (s). 


5-Hydroxy-5-(p-methylbenzoyl)pentunoic acid (5b): 
m.p. 78-78.5"C; IR (KBr), 1700, 1720, 3080 and 
3450 cm-I; 'H NMR (CDCI,), 6 1.5-2-1 (4H, m, 3-H, 


Me), 3.78 (lH, bs, OH), 5.06 (lH, dd, J = 5 - 7  and 
12.5 Hz, 5-H) and 7.2-7.8 (4H, m, aromatic); I3C 


and 4-H,), 2.37 (2H, t, J = 6 . 2  Hz, 2-H,), 2.42 (3H, S ,  


NMR (CDCl,), 6 20.6 (t), 21.6 (9). 33.4 (t), 35.1 (t), 
72.7 (d), 128.7 (d, 2C), 129.5 (d, 2C), 131.4 (s), 
144.8 (s), 178.0 (s) and 201.2 (s); found, C 65.94, H 
6.86; calculated for C,,H,,O,, C 66.09, H 6.83%. 


Photolysis of l a  on silica gel at different cover- 
ages. One gram of silica gel and 5 cm3 of dichlor- 
omethane containing appropriate amounts of l a  were 
placed in a 50 cm3 round-bottomed flask. The mixture 
was sonicated for 5 rnin and then the solvent was 
evaporated under reduced pressure. The coated silica gel 
was placed in a Pyrex tube (18 x 180 mm). The tubes 
were rotated and irradiated for 48 h with a 100 W high- 
pressure mercury lamp. After irradiation, 5 cm3 of 
acetone containing a known amount of n-pentadecane 
(ca 0.2 mmol) as a calibrant for GLC analysis was 
added. The mixture was sonicated for 10 min. The 
supernatant solutions were analysed to determine the 
amount of the unreacted ketone with a gas 
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chromatograph equipped with flame ionization detector 
using a 2 m column packed with 3% SE30. The results 
are shown in Figure 1. 


Lmgmuir adsorption isotherm of la. Solutions of 
hexane-benzene (30 : 1, 5 cm') containing appropriate 
amounts of la  were placed in Pyrex tubes 
(15 x 150 mm) and 0.1 g of silica gel was added to each 


Surface coverage /% 
Oualdc b u d  on Langmuir adsarplion isaherm , m i d e  bared on ,paw lilling model, 


100 200 300 


Figure 1. Dependence of extent of disappearance (a) and 
conversion percentage (b) of the starting material on loaded 
amounts in the surface photoreaction of la. A 1 g amount of 


silica gel was used in all runs 


4 * O F  


0 10 20 30 40 50 60 


Concentration of la in equilibrium solulion /lo-' mol . dni3 


0 1  ' ' . ' ' ' ' " ' ' 


Figure 2. Langmuir adsorption isotherm of la. A 0.1 g 
amount of silica gel was used for all runs. Line (a) y = 35x/  
(1 +0.3~), y s y , ;  (b) y = 3 . 1 ( ~ - - ~ ~ , ) / [ 1  + O . O ~ ( X - X J ] + ~ ~ , , ,  


X I ,  = 9.7, y L yl,; (c) y = y o  = 79 


tube. The tubes were sonicated for 5 min and then 
allowed to stand for 24 h in the dark. The supernatant 
solutions were analysed with a UV spectrometer to 
determine the amounts of la  not adsorbed on the silica 
gel. The results are shown in Figure 2. 


RESULTS AND DISCUSSION 


Irradiation of 2-benzoylcyclopentanone (la) on dry 
silica gel with a 100 W high-pressure mercury lamp 
gave benzoic acid (2a), glutaric acid (3) and 5-benzoyl- 
5-pentanolide (4a) in 32, 35 and 23% yields, respect- 
ively. The IR spectrum of 4a showed peaks due to 
lactone and ketone carbonyls at 1750 and 1700 cm-' ,  
respectively. Complete purification of 4a could not be 
achieved because it was a viscous liquid and not very 
stable, changing gradually into the open-chain com- 
pound 5a. The structure of 5a was determined on the 
basis of spectral data and elemental analysis. The IR 
spectrum of 5a showed two strong peaks attributable to 
acid and ketone carbonyls at 1720 and 1700 cm-', 
respectively, a sharp peak due to a secondary alcohol at 
3450 cm -' and a wide peak characteristic of a carbox- 
ylic acid centered at 3080 cm-'. The mass spectrum 
showed the weak parent peak at a mass number of 222. 
Formation of 5a can be reasonably explained in terms of 
lactone ring opening of 4a by addition of water. Forma- 
tion of benzoic acid (2a) and glutaric acid (3) can be 
explained in terms of the a-cleavage as in the surface 
photoreaction of 2-benzoylcyclohexanone.9 In the 
surface photoreaction of the cyclohexanone, no lactone 
corresponding to 4a was detected. The lactone 4a is the 
characteristic product of the surface photoreaction of the 
cyclopentanone la. It is worth noting that the silica gel 
surface provided a new reaction environment for la  
because l a  did not show any photoreactivity in inert 
solvents, neat or in the solid state. Formation of 4a can 
be reasonably explained in terms of the reaction via the 
oxacarbene produced from the a-cleavage of the 
cyclopentanone C- 1 -C-2 bond. This a-cleavage should 
occur from the upper cyclopentanone carbonyl excited 
state, although the a-cleavage producing 2a and 3 
should take place from the lowest benzoyl carbonyl 
excited state. Thus, the two types of a-cleavage 
occurred in the photoreaction of l a  on the surface. The 
photoreaction from an equilibrating upper triplet state 
has been reported in ketones having energetically 
proximate excited states.I3 However, the exthothermic 
energy transfer should proceed much faster than chemi- 
cal reactions. l4 Then, photochemical reactions generally 
take place from the lowest excited states. The fast 
exthothermic energy transfer could be possible in 
benzoylcyclopentanone (la) because the energy differ- 
ence between triplet excited state of cyclopentanone 
(ET = 80 kcal mol -')I5 and that of acetophenone 
(ET = 74 kcal mol -')I6 is fairly large. The competition 
of the normal C-C cleavage a to the benzoyl group 
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with the abnormal cyclopentanone C-1-C-2 bond 
cleavage is, therefore, a rare event. The restriction of 
molecular motion on silica gel is known to cause an 
increase in the triplet lifetimes of some aryl alkyl 
ketones." The restriction of molecular motion might 
also decrease the rate of interconversion of the excited 
state energy across two carbonyl groups in la  and 
makes it possible that photoreactions occur from two 
different excited states, that*is, the benzoyl and the 
cyclopentanone carbonyl n,  n states. 


Similarly, irradiation of 2-( pmethylbenzoy1)cyclo- 
pentanone (lb) on the surface gave 2b, 3 and the 
lactone 4b in 26, 25 and 19% yields, respectively. 
However, when 2- ( p-methoxybenzoy1)cyclopentanone 
(lc) was irradiated under the same conditions, no 
photoproduct could be obtained. The lowest excited 
state of lc,  as for p-methoxyacetophenone and p -  
methoxy~alerophenone,'~ is probably the n, n* state. 
Therefore, the photoreactions of l a  and l b  on the silica 
gel surface producing 2a and 2b, respectively, and 3 
proceed from their n, n* state. Lack of the photoreac- 
tion from the upper state probably due to the larger 
extinction coefficient at >300 nm and the lower E,  
energy of the anisoyl group than the benzoyl group." 


Reaction schemes are shown in Schemes 1 and 2. 
The 'H NMR spectra of l a  and l b  in CDCl, showed 


that cu 60% of molecules of these compounds exist in 
enol forms. The lack of photoreactivity of these 


2 3 4 


5 


Scheme 1 


CHO 
0 


R 


r- 


Scheme 2 


compounds in solution is probably due to the strong 
internal filter effect by the enol forms.",'* The photore- 
actions of l a  and l b  must occur from their keto forms. 
The silica gel surface possessing silanol OH groups' 
should provide a polar reaction environment and 
enhance the keto contents- of l a  and lb. Indeed, the 
R - I R  spectrum of l a  adsorbed on the silica gel surface 
[50 mg of la  on 1 g of SiO,; 34% coverage (see discus- 
sion below)] showed evidence for an increase in the 
keto form; the peaks at 1605 and 1630 cm-I, which are 
very strong in the neat form and attributable to the enol 
chromophore, became weak and the peaks at 1675 and 
1740 cm-', which are relatively weak in the neat form 
and attributable to the keto chromophore, became very 
strong. The increase in the keto contents should enhance 
the photoreactivity of l a  and lb. However, this seems 
to be a minor factor for the observed photoreactions of 
la  and lb  because 90% of the starting material was 
recovered after 48 h of irradiation of la  in methanol and 
no evidence for the production of 2a, 3, or 4a could be 
obtained from the analysis of the irradiated solution. 


The internal filter effect should be trivial in surface 
photochemistry when all loaded molecules are in the 
monomolecular layer. The coverage of the molecules on 
the surface must be an important factor for surface 
photoreactions because the character of the reaction 
environment changes at 100% coverage. The effect of 
surface coverage on the photoreaction of la  was studied 
using samples loading different amounts of la  on 1 g of 
silica gel. Line (a) in Figure 1 shows the relationship 
between the amount of l a  loaded on the silica gel and 
the amount of l a  that disappeared under the same 
irradiation conditions. The amount of la that disap- 
peared increased initially with an increase in the loaded 
amount, reached a maximum and then decreased. These 
results suggest that the surface coverage influenced on 
the photoreactivity of la. Therefore, we studied the 
nature of la  adsorbed on silica gel. 


The monolayer coverage can be determined from the 
Langmuir adsorption i ~ o t h e r m ~ ~ * ~ ~ * ~ , ' ~  or by calculation 
based on the surface area of 1 g of silica gel and the 
area occupied by one molecule of l a  determined from 
space-filling m ~ d e l s . ~ , ~ ~ , ~ , ~  In the analysis of the Lang- 
muir adso tion isotherm, graphical methods have often 
been used. The amount of an adsorbate at the cross- 
ing point of two lines, which are obtained from the 
linear relationship between the amount of the adsorbate 
and concentration of equilibrium solution in low and 
high concentration regions,7c or at the y-intercept of the 
extrapolated line in the high concentration region, 7a is 
just required to make the monomolecular layer on silica 
gel. The values estimated from the isotherm and by 
calculation using s ace filling models sometimes show 
good However, drawing of lines in the 
graphical methods may give an intentional result 
because the slopes of the lines, especially in the low 
concentration region, depend on the number of data 


Y.8 
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used. We therefore devised a non-linear least-squares 
method to estimate the amount of the adsorbate required 
for the formation of a monolayer by using a simple 
adsorption model. 


The Langmuir adsorption isotherm was obtained by 
using 0.1 g of silica gel (Fig. 2) .  Adsorption of 
molecules to the molecules already adsorbed on the 
silica gel surface to make a second layer probably takes 
place after completion of the monomolecular layer if the 
interaction between molecules is weaker than that 
between molecules and the surface and multilayers 
could not be formed when the number of molecules on 
the first layer is small. If this is the case, the Langmuir 
adsorption isotherm can be analysed by the following 
equations: 


bx IG 
V = l  


wheny 6 yo (1) 


where x is the concentration of equilibrium solution, y is 
the amount of adsorbate on silica gel, xo and yo are the 
concentration and amount at completion of the first layer 
and a, b, c and d are parameters. 


Initially, the amount required for the monomolecular 
layer (yo) was tentatively estimated to be the value 
obtained from the y-intercept of the extrapolated line in 
the high concentration region. The experimentally 
obtained data were divided into two groups on the basis 
of the amount of the adsorbate on silica gel ( y) larger 
and smaller than yo. The curve fittings by using the non- 
linear least-squares method were performed separately 
for these two different data groups. Then, the yo value 
was slightly changed and the new value was used as the 
yo value. The experimental data were classified again 
into two groups as described above and the curve 
fittings were repeated. The determination of the new yo 
value and the curve fitting were repeated until the square 
of errors between the experimental and the 
calculated values was minimized. The experimentally 
obtained data in the figure fit curves with 
x0=9.7x  10-3moldm-3, y0=7.9x  mol, a= 
0-34, b=35 ,  c=0.06 and d=3.1 .  Therefore, the 
amount of la  needed to make a monomolecular layer on 
1 g of silica gel was determined to be 7.9 x mol. A 
close value (8.4 x mol) was obtained by using 
space-filling models. 


The coverage at the turning point where the photore- 
action of la  ceased was nearly 1013%. The coverage at 
the maximum of line (a) in Figure 1 is ca 40%. The 
relationship between the conversion percentage of la  
loaded on the silica gel surface and the coverage is 
shown by line (b) in Figure 1. These results suggest that 
a close approach of molecules of la  diminishes the 


photoreactivity and that the silica gel surface provides a 
dispersion field for the photoreaction of la. Prevention 
of the photoreaction by the close approach of molecules 
of la  may be due to a deactivation process resulting 
from contact of molecules. 


In conclusion, a silica gel surface provides a possible 
dispersion field for bringing out the latent photoreactiv- 
ity of organic molecules. Upon irradiation on silica gel 4 2-benzoylcyclopentanones having the lowest n, n 
excited state, which showed no photoreactivity in inert 
solvents, neat or in the solid state, underwent photoreac- 
tions in two modes of a-cleavage to give an 
arylcarboxylic acid, glutaric acid and a 5-aroyl-5- 
pentanolide when the surface coverage was less than 
100%. The restriction of molecular movement on the 
surface probably allows the photoreactions from two 
different excited states, aryl carbonyl and cyclopent- 
anone carbonyl excited states, because of the decreased 
interconversion of the excited state energy across two 
carbonyl groups. 
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The ionized (S-) and non-ionized (SH) phenyl (PSH) and methyl (MSH) salicylates exhibit strong and 
undetectable absorption at 350 nm, respectively. These molecular absorption properties were used to determine 
the binding constants of S- and SH with the micelles of sodium dodecyl sulphate in terms of the pseudophase 
model of micelles. The binding constants (K ) of S - are 4.0 f 2.0 dm' mol -' for PSH and 5.7 f 1-2 dm3 mol-' for 
MSH and those (K2) of SH are 2350 f 90 dm mol-' for PSH and 100 f 10 dm3 mol-' for MSH at 30 "C. 5 


INTRODUCTION 
The binding of phenols and phenoxide ions to micelles 
of cetyltrimethylammonium bromide have been studied 
spectrophotometrically. ' The observed data were treated 
in terms of the pseudo-phase model of micelles. The 
spectrophotometric technique has also been used in the 
study of the binding of polychlorophenols, in their 
anionic and neutral forms, with cationic micelles of 
cetyltrimethylammonium chloride or anionic micelles of 
sodium dodecyl sulphate (SDS).'v3 The concentration of 
polychlorophenols in the micellar pseudo-phase was 
determined from the measurements of the absorbance 
change versus detergent concentration.' The luminesc- 
ence quenching of tris (2,2' -bipyridine)ruthenium(II) 
dichloride has been used to measure the concentration of 
a few anionic polychlorophenols in the intermicellar 
aqueous pseudo-phase.3 The results in these 
were interpreted in terms of binding to a single class of 
independent binding sites. 


The micellar binding constant of a solute may be 
determined by various methods, including spectropho- 
tometric and kinetic methods. However. the use of these 
methods depends on the characteristic features of the 
solute. Ionized phenyl and methyl salicylates show 
strong absorption while non-ionized forms of these 
esters do not show detectable absorption at 350 nm. 
Such characteristic properties of these salicylate esters 


* Address for correspondence. 


may be easily used to determine the SDS micellar 
binding constants of ionized and non-ionized phenyl and 
methyl salicylates. Recently, we have determined the 
SDS micellar binding constants of ionized and non- 
ionized phenyl salicylate using a kinetic m e t h ~ d . ~  
However, this method could not be used to determine 
the SDS micellar binding constants of ionized and non- 
ionized methyl salicylate. The present work was 
initiated with the aim of determining SDS micellar 
binding constants of ionized and non-ionized phenyl and 
methyl salicylates using the spectrophotometric method. 
The results obtained and their probable explanations are 
described in this paper. 


EXPERIMENTAL 


Materials. Reagent-grade sodium dodecyl sulphate 
(SDS) and phenyl salicylate (PSH) were obtained from 
Aldrich and BDH. Methyl salicylate (MSH) was 
prepared from salicylic acid and methanol using a 
standard procedure. All other chemicals were of reagent 
grade. 


Initial absorbance measurements. In a typical 
measurement, an aqueous reaction mixture containing 
the desired amounts of SDS and NaOH with a total 
volume of 4.95 cm3 was allowed to equilibrate at 30°C 
for a few minutes. The reaction was then started by 
adding 0.05 cm3 (using a 50 pl syringe) of either 
0.02 m ~ l d m - ~  PSH or 0.03 m ~ l d m - ~  MSH solution 
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prepared in acetonitrile to the temperature equilibrated 
reaction mixture (4.95 cm3). The decrease in absorbance 
at 350 nm (AdsJM) was recorded as a function of time for 
a period from 30 to 4 8 0  s. The initial absorbance 


i.e. AdsJS0 at reaction time t = O ,  was obtained 
from the extrapolation of the plot of A,3M versus t. 


The pH of the reaction mixture was recorded within 
3-5 min after the addition of the desired amount of 
salicylate ester to the reaction mixture. 


RESULTS 
The values of for PSH were obtained at a constant 
[NaOH], (total concentration of NaOH) and within the 


[SDS], (total concentration of SDS) range 
0.0-0.4 mol dm-3. Similarly, the values of were 
also obtained within the [NaOH], range 
5 x 10-4-7 x lo-* m ~ l d m - ~  and at a constant [SDS],. 
Similar observations were made for MSH. The tempera- 
ture and the initial concentrations of PSH and MSH 
were kept constant at 3OoC and 2 x and 
3 x mol dm -3, respectively. The observed values of 
AO3% at different [SDS], and [NaOH], for PSH and 
MSH are summarized in Tables 1 and 2. The pH values 
of the aqueous reaction mixtures (containing 
2 x m ~ l d m - ~  PSH and 3 x m ~ l d m - ~  MSH) 
at different [SDS], and [NaOH],l are given in Tables 3 
and 4. 


Table 1. Initial absorbance (A,)”) values of PSH at different [SDS], and [N~OH]T~ 


[SDS], (moldm-3) 


[-OH], (moldm-’) 0.0 0.02 0.04 0.07 0.10 0.14 0.20 0.30 0.40 


5 x 10-4 
0.001 
0.002 
0.003 
0.004 
0.005 
0.0075 
0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 


0.850 
0.983 
1.119 
1.160 
1.146 
1.152 


1.162 


1-163 
1 * 190 


1.187 


0.347 
0.551 
0.798 
0.909 
0.933 
1.008 
1.051 
1.118 
1-119 
1.146 
1.149 
1.150 
1.171 
1.233 


0.184 
0.363 
0.619 
0.761 
0.842 
0-976 
1.022 
1.087 
1.148 
1.179 
1.239 
1.241 
1 *25 1 
1.267 


0.136 
0.257 
0.453 
0-586 
0.693 
0.768 
0.884 
0.949 
1.064 
1-117 
1.132 
1-158 
1-173 
1-186 


0.122 
0.210 
0.401 
0.516 
0-621 
0.697 
0-827 
0.919 
1.061 
1.102 
1.138 
1.166 
1.188 
1.213 


0.120 
0.173 
0.347 
0.476 
0.568 
0.650 
0.778 
0.867 
1.020 
1.080 
1.116 
1.110 
1.148 


0.120 
0.188 
0.313 
0.433 
0.546 
0.624 
0.762 
0.875 
1.061 
1.113 
1.176 
1.211 
1.256 
1.246 


0.126 
0.181 
0.339 
0.443 
0.541 
0-618 
0.761 
0-861 
1.035 
1.110 
1.157 
1.158 
1.218 


Table 2. Initial absorbance (A,’”) values of MSH at different [SDS], and [NaOH],” 


0.093 
0-155 
0.27 1 
0.360 
0.513 
0.607 
0-780 
0.940 
1.109 
1.173 
1.241 
1 *266 
1.313 


[SDS], (moldm-’) 


[-OH], (moldm-’) 0.0 0.02 0.04 0.07 0.10 0.14 0.20 0.40 


5 x 1 0 - ~  0-509 0.445 0.295 0.259 0.235 0.182 0.151 0.100 
0.001 0.803 0.670 0.529 0.435 0.387 0.302 0.250 0.165 
0.002 0.901 0.800 0.749 0.640 0.586 0.567 0.459 0.293 
0.003 0.914 0.868 0.831 0.734 0.706 0.663 0.596 0.408 
0.004 0.926 0.855 0.863 0-782 0.773 0.7 18 0.662 0.520 
0.005 0.926 0.899 0-866 0.821 0.804 0.767 0.727 0.587 
0.0075 0.948 0.913 0.902 0.865 0.833 0.827 0.806 0.704 
0.010 0.939 0.927 0.921 0.886 0.877 0.858 0.844 0.778 
0.020 0.936 0.932 0.939 0.904 0.920 0.894 0.902 0.866 
0.030 0.943 0.938 0.947 0.901 0.929 0.919 0.934 0.918 
0.040 0.941 0.91 1 0.934 0-915 0.930 0.927 
0.050 0.930 0.945 0.960 
0.060 0.952 0.933 0.942 
0-070 0.941 0.938 0.963 


‘Conditions: [MSHI0 = 3 x moldm‘’, 30°C, 1. = 350 nm, 1% (v/v) MeCN in the aqueous reaction mixture. 







BINDING CONSTANTS OF PHENYL AND METHYL SALICYLATES 297 


Table 3. pH values of reaction mixtures containing 2 x moldm-’ PSH at different [SDS], and [NaOH],’ 


[-OH], (mol dm-3) 0.0 0-02 0.04 0.07 0.10 0.14 0.20 0.300 


5 x 1 0 - ~  
0.001 
0.002 
0.003 
0.004 
0.005 
0.0075 
0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 


9.55 
9.98 


10.40 
10-63 
10.83 
11.04 
11.41 
11.38 


11-91 
12.06 


12.31 


10-26 
10-56 
10.94 
11.10 
11.20 
11.29 
11 a46 
11 *55 
11.85 
12.02 
12-15 
12.26 
12.35 
12.40 


10.24 
10.63 
10.99 
11-21 
11.30 
11.45 
11.58 
11.70 
12.02 
12.12 
12.23 
12.35 
12.42 
12-49 


10-25 
10.65 
11.00 
11.21 
11.32 
11.42 
11-60 
11.68 
11.96 
12.11 
12.22 
12.33 
12.37 
12.45 


10.32 
10.62 
10.99 
11.16 
11 -25 
11.34 
11.52 
11.60 
11.87 
12.04 
12.22 
12.25 
12.30 
12.36 


10.39 
10.60 
11.01 
11.19 
11.31 
11.36 
11.50 
11-64 
11.89 
12.06 
12.19 
12.27 
12.32 


10.35 
10.64 
10.96 
11.11 
11.20 
11.27 
11.41 
11.52 
11.79 
11.96 
12.08 
12.19 
12.29 
12-37 


10.04 
10.17 
10.54 
10.75 
10.92 
11.07 
11.26 
11.41 
11-73 
11.89 
12.03 
12.10 
12.21 


Table 4. pH values of reaction mixtures containing 3 x moldm-’ MSH at different [SDS], and [NaOH],’ 


[SDS]: (moldm-3) 


[-OH], (moldm-’) 0.0 0.02 0.04 0.07 0.10 0-14 0.20 0.40 


5 x 1 0 - ~  
0.001 
0.002 
0.003 
0.004 
0.005 
0.0075 
0.010 
0.020 
0-030 
0.040 
0.050 
0.060 
0-070 


9-65 
10.14 
10.63 
10.89 
11.03 
11.20 
11.39 
11.54 
11-85 
12.10 


10.11 
10.43 
10.85 
1 1-06 
11.19 
11.34 
11.51 
11.64 
11.92 
12-13 
12.27 
12.39 
12.48 
12.58 


10.23 
10-69 
10.99 
11.11 
11.22 
11-30 
11.53 
11.67 
11.97 
12.14 


10.19 
10.56 
10.93 
11.16 
11.29 
11.43 
11.61 
11.72 
1 1.99 
12.15 
12.20 


10.32 
10.69 
11.10 
11.31 
11.45 
11.55 
11.70 
11.81 
12.08 
12-24 
12.36 
12.45 
12-53 
12.59 


10.18 
10.49 
10.98 
11.15 
11.27 
11.38 
11.54 
11.70 
11.95 
12.12 
12.23 


10.33 
10.61 
11.04 
11.25 
11.36 
11.46 
11.60 
11.70 
11.97 
12.14 
12.26 
12.36 
12.43 
12.48 


10.13 
10.33 
10.75 
10.93 
11.06 
11.16 
11.34 
11.51 
11 -79 
11.98 
12-11 


DISCUSSION 
The values of A,’” decrease with increase in [SDS], at 
low [NaOH], (GO-02 m ~ l d m - ~ ) .  The extent of the 
decrease in A,350 with increase in [SDS], from 0.0 to 
0.4 moldm-’ decreases with increase in [NaOH], and 
the values became almost independent of [SDS], 
and at [NaOH], 2 0.03 mol dm-3. The pH values of the 
reaction mixtures appear to be independent of [SDS], at 
a constant [NaOH], (Tables 3 and 4). This shows that at 
a constant [NaOH], the decrease in [-OH] in the 
intermicellar aqueous region (i.e. aqueous pseudo- 
phase) due to micellar incorporation of -OH molecules 
is nearly counterbalanced by the increase in [-OH] due 


to the decrease in the effective volume of the intermicel- 
lar aqueous region with increase in [SDSlT. 


versus [SDS],) at a constant 
[NaOH], may be explained in terms of the pseudo- 
phase model of micelles.’ The SDS micellar binding of 
ionized (S -) and non-ionized (SH) salicylate esters may 
be represented by Scheme 1: 


The observed data 


K. 
- - I  


S,+D, = S ;  


Scheme 1 
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where D, is the micellized SDS and the subscripts W 
and M represent the aqueous pseudo-phase and micellar 
pseudo-phase, respectively. 


Since SH does not absorb whereas S- absorbs 
strongly at 350 nm, 


where E ~ -  represents the molar absorptivity coefficient 
of S-. It is assumed that E ~ -  for S i  is equal to cS- for 
S,. This assumption is substantiated by the observation 
that the values are almost the same in the absence 
and presence of 0.4 m ~ l d m - ~  SDS at 3 0.04 m ~ l d m - ~  
NaOH (Tables 1 and 2). 


The apparent SDS micellar binding constant of 
salicylate esters (Ksapp) may be defined as 


E ~ - [ S ~ ]  + eS-[S,] (1) 


where [D,] = [SDS], - cmc, with cmc representing the 
critical micellar concentration of SDS. Equations (1) 
and (2) easily lead to equation 


f$ +fgKipp[Dn] 
(3) -- - A~~~~ 


E~-[X]O 1 + K~pp[Sn] 


where [XI, is the total initial concentration of salicylate 
ester (i.e. [X,] = [S,] + [SHwl + [ S i l  + [SHMI), 
f Ws- = Ka.W/(aH,W + K a , W ) ~  f Ms- = Ka,M/(uH,M + Ka.M), 
Ka,W = [%'laH.W/(SHW], Ka.MISilaH.M/[SHMUI] and 0H.W 


and u ~ , ~  represent the proton activity in the aqueous 
pseudo-phase and micellar pseudo-phase, respectively. 


At a constant [NaOH],, the value of fws- was 
obtained from observed value of A,350 at [SDSIT=0. 
The values off  Ms- and KS"pp will remain constant if the 
pH values remain independent of [D,] at a constant 
[NaOH],. It is evident from Tables 3 and 4 that the pH 
values remain essentially constant within the [SDS 1, 
range 0.02-0.20 moldm-3 at a constant [NaOH],. The 
values of fMs- and KtpP were calculated from equation 
(3) using the non-linear least squares technique. These 
calculated values at different [NaOH], are summarized 
in Table 5 for PSH and MSH. The observed data at 
0.4 m ~ l d m - ~  SDS were not included in the calculation 
of fMs- and K;" from equation (3) because it is known 
that micelles undergo structural transformation from 
spherical to rod-shaped and then to liquid crystalline 
phase with increase in the concentration of micelle- 
forming surfactam6 


The reported value of the cmc' of 0.008 m ~ l d m - ~  
was used in the calculation of fMs- and KsTp using 
equation (3). The values of cmc at different [NaOH], 
were also calculated using an iterative technique 
described elsewhere.* The calculated values of cmc 
turned out to be independent of [NaOH], within the 
range 5 x 10-4-0-01 moldm-'. The average calculated 
value of the cmc was found to be 
(8.5 *3.7) x 
different from the literature value of 8 x moldm- . 
The fitting of the observed data to equation (3) is 
evident from the plots in Figures 1 and 2, where solid 


Y m ~ l d m - ~ ,  which is not significant1 


Table 5. Values of the parameters fMs- and KS'" calculated from equation (3) 


KsaPP b [NaOHIT KtPP ed 
Compound (mol dm-') PH' f ws- f Ms- (dm' mol-') (dm3 mol-') 


MSH 


PSH 5 x 10-4 10.36 f 0.06' 0.710 0.075 f 0.009' 178f21' 172 
99.3 0.001 10.62 f 0.03 0.830 0 ~ 1 1 0 ~ 0 ~ 0 1 0  87.3 i 7.0 


0.002 10.98 f 0.03 0.940 0.205 f 0.017 47.1 i5 .1  46-6 
0.003 11.16 f 0-05 0.970 0.284 f 0-020 34.3 f 4.0 32-3 
0.004 11.26 f 0.05 0.960 0.377 f 0.023 29.9 i 4.4 26.5 
0.005 11.36f0.07 0.970 0.404 f 0.05 1 18.8 f 5.3 21.9 
0.0075 11.52 f O . 0 9  0.980 0.553 f 0.034 19.0 f 4.8 16.4 
0.010 11 *62 f 0.07 0.980 0.639 f 0.045 14.5 f 5.3 13.9 


5 x 1 0 - ~  10.21 f0.12 0.540 0.080 f 0.040 22.8 f 6.2 24.8 
0~001 10.58 f 0.1 1 0.850 0.1 17 f 0.032 19.1 f 2.2 14.9 
0.002 10.98 f 0-09 0.950 0.303 f 0.083 11.3 f 3.2 9.6 
0.003 11.17 f 0.09 0.960 0.352 f 0.086 6.1 f 1.5 8.2 
0.004 11 *30 f 0.10 0.980 0.478 fO.155 6.6 f 3.6 7.6 
0.005 11*41f0.09 0.980 0.591 f 0.038 6.0i  1.0 7.1 
0.0075 11.58 f 0-07 0.990 0.762 f 0.035 8.5 f 2.6 6.7 
0.010 11.71 i0.06 0.990 0.779 f 0.052 4.8 f 1.9 6.4 


'Average pH value obtained within the [SDS], range 0.02-0.20 moldm-'; the pH values at different [NaOH], are considered to be a measure of 
hydronium ion activity in the aqueous pseudo-phase only. 
bCalculated from equation (4) . 
'Error limits are standard deviations. 
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Figure 1. Effects of [DJ on A,)" for phenyl salicylate at 
( 0 ) s  x 10-4, (A) 0.001, (a) 0.002, (E-) 0.003, (a) 0.004, 
(v) 0-005, (e) 0.0075 and (A) 0.010 moldm-' NaOH. The 
solid lines are drawn through the least-squares calculated points 


lines are drawn through the least-squares calculated 
points. 


Equation (4) may be easily derived from Scheme 1 
and equation (2): 


The values of Ksaw at different pH (Table 5 )  were 
used to calculate K ,  and K2 from equation (4) using the 
non-linear least-squares technique. The calculated 
respective values of K, and K ,  are 4.0k2.9 and 
2350k90 dm3mol-' for PSH and 5.7k1.2 and 
1OOk 10 dm3mol-' for MSH. The values of K, 
(4.0 dm' mol-') and K2 (2350 dm3 mol-I) at 30 "C may 
be compared with the corresponding values of K, 
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micellar head group and the phenolic hydrogen of non- 
ionized PSH. Such hydrogen bonding has been attrib- 
uted to the larger anionic micellar binding affinity of 
amines." 


The values of K, for both ionized MSH and PSH are 
smaller by nearly 25 and 500 times, respectively. The 
extremely low SDS micellar binding affinity of ionized 
PSH and MSH may be attributed to the energetically 
unfavourable electrostatic effect. The very similar 
values of K, for both PSH and MSH indicate the unim- 
portance of hydrophobicity towards SDS micellar 
incorporation of these anionic molecules. 


It is interesting that the change in [SDS], from 0.0 to 
0.4 moldm-' caused a nearly threefold decrease in 
pseudo-first-order rate constants (kobn) for hydrolysis of 
ionized PSH at 0-04 moldm-' NaOH and 370C4 
However, the k,, for hydrolysis of ionized MSH 
decreased only 1.2-fold with increase in [SDS], from 
0.0 to 0.4 moldm-' at 0.03 moldm-' NaOH and 
37 0C.4 Similarly, at 0.005 moldm-' NaOH and 35"C, 
the pseudo first-order rate constants ( kobs) decreased 
2.3-fold for PSH whereas those for MSH remained 
unchanged with change in [SDS], from 0.0 to 
0.2 moldm-'.I1 These rate data on the hydrolysis of 
ionized MSH were ascribed to either of the following 
possibilities: (i) K, = O  and (ii) kWh= kMh, where 
kWh and kMh represent pseudo-first-order rate constants 
for the hydrolysis of ionized MSH in the aqueous 
pseudo-phase and micellar pseudo-phase, respectively. 
The first possibility was ruled out and the second was 
preferred, although without any direct evidence for 
The present data clearly demonstrate that the first 
possibility (i.e. K, = 0) is not correct. 
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J. RUDZINSKI 


Nitrogen and deuterium kinetic isotope effects were measured in the Menshutkin reaction between methyl 
iodide and a series of para-substituted N,N-dimethylanilines in ethanol. The nitrogen kinetic isotope effect 
increases for the more electron-donating substituents [0.9989, 1.0032, and 1.0036 for 4-C(O)Me, H and 4-Me, 
respectively], in agreement with the Hammond postulate. The secondary deuterium isotope effect, however, 
exhibits the reverse trend (1.045,0.989,0.975 per deuterium, for the respective substituents). This discrepancy is 
rationalized in terms of solvent molecule participation in the transition state. 


INTRODUCTION well established, a condition necessary for a good 


All types of structure-reactivity relationships aim at a 
priori predictions of properties for systems not yet 
explored based on information available for systems 
already studied. Achieving this goal would be rewarding 
not only from the purely scientific point of view in 
terms of improving our knowledge, but also from the 
practical point of view, for example in drug design. It is 
thus not surprising that a lot of experimental and theor- 
etical work is being devoted to this field.' Since such 
studies directly or indirectly address the question of 
transition-state geometry and how it changes as a 
function of substituents, a logical extension of these 
studies is an attempt to find similar correlations for 
isotope effects, which most directly of all kinetic 
methods address the question of transition-state 
structures. 


The Menshutkin reaction' is one of the best targets of 
such studies for several reasons. First, its mechanism is 


"Author for correspondence. 


model. Second, a wealth of data on soivents e f f g c t ~ , ~  
substituent effects4 and isotope effects5 for many kinds 
of these reactions is readily available in the literature. 
Third, theoretical calculations on this class of reactions 
have been performed.''.6 


Heavy atom kinetic isotope effects have usually been 
studied with the isotopic label placed in a leaving group. 
Both of the factors which determine the magnitude of an 
isotope effect, the temperature-independent factor ("IF) 
and the temperature-dependent factor (TDF), are then 
larger than unity,' yielding normal isotope effects. In 
contrast, when the isotopic label is contained in the 
incoming group, the temperature-dependent factor 
becomes inverse and the magnitude of the kinetic 
isotope effect depends on the relative sizes of TIF and 
TDF. Although these effects could be very informative, 
they are usually small and thus difficult to measure. 
Nitrogen atoms are frequently nucleophilic centers in 
chemical and biochemical processes. Hence understand- 
ing incoming group nitrogen kinetic isotope effects is 
most desirable. That the problem is not straightforward 
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is illustrated by the postulated anti-Hammond depen- 
dence of nitrogen isotope effects on quaternization of 
substituted pyridines,' which was not confirmed on re- 
examination.' 


In this work, we studied nitrogen and deuterium 
kinetic isotope effects on the quaternization of para- 
substituted Nfl-dimethylanilines equation (1): 


I I 
R R 


with the hope that high-precision measurements of 
nitrogen isotope effects can reveal the actual depen- 
dence on the substituent electronic properties. The 
kinetics of this reaction have been extensively studied. 
The reaction is a single-step S,2 reaction, first order in 
each reactant. Several kinetic isotope effects have 
already been reported'@14 for these reactions. Hence this 
reaction can serve as a good model system for theoreti- 
cal calculations of kinetic isotope effects. The outcome 
of these calculations is described in the accompanying 
paper. 


EXPERIMENTAL 


Materials. Nfl-Dimethyl-p-tohidine (99%; Aldrich, 
Milwaukee, WI, USA) and Nfl-dimethyl-p-aniline 
(99.5%; Aldrich) were used without further purification. 
Ethyl alcohol (Aldrich), iodomethane-d, (99.8%; VEB 
Berlin Chemie, Berlin, Germany), and iodomethane 
(99.5%; POCh, Gliwice, Poland) were purified using 
standard procedures. 
Nfl-Dimethylamino-p-acetophenone was obtained by 


methylation of p-aminoacetophenone with dimethyl 
sulfate by modification of the method of Sekiya et 
A solution mixture containing 12 g of amine, 28 g of 
sodium hydrogencarbonate and 24 ml of dimethyl 
sulfate in 42 ml of water was heated to 50 "C, after 
which saturated KOH solution was added to hydrolyze 
unreacted dimethyl sulfate and the mixture was poured 
into 300 ml of cold water. The precipitate of ternary 
amine formed by the above treatment was washed a few 
times with water, then with heptane, dissolved in 
chloroform and dried with magnesium sulfate. Subse- 
quently chloroform was removed and the ternary amine 
was dissolved in hot heptane under reflux and filtered 
through a hot Shott funnel. After cooling, the crystal- 
lized amine was filtered, washed a few times with 
heptane and dried in a desiccator. 


Isotope effects. Both kinetic isotope effects were 
determined from the difference in isotopic composition of 
product at low and full conversion levels using dead-end 


kinetic conditions. In the case of the nitrogen isotope 
effect, the low-conversion samples were processed using 
a tenfold excess of amine ( 0 . 0 5 ~ )  over iodomethane at 
25 "C, so that only 10% of the amine reacted while the 
entire amount of iodomethane was exhausted. After 
removal of the solvent, the mixture of the amine and its 
salt was dissolved in chloroform and separated by passage 
through a silica gel column. Salt samples obtained in this 
way were subsequently subjected to mass spectrometric 
analysis. Full-conversion samples were processed under 
pseudo-first-order conditions with respect to amine by 
using a tenfold excess of iodomethane. After the comple- 
tion of reaction (tested by TLC), the excess of 
iodomethane and ethanol was evaporated under reduced 
pressure, yielding crude salt samples. These were used 
directly for isotopic analysis or recrystallized. No differ- 
ence in isotopic composition was detected for crude and 
crystallized samples. 


The salt samples obtained in the above way were 
combusted and the isotopic composition of nitrogen was 
measured. About 1 0 m g  of sample were required per 
measurement. Isotope ratio measurements were done 
using a Finnigan Delta S isotope-ratio mass spectrome- 
ter combined on-line with a Hereaus elemental analyzer. 
The natural isotopic composition of nitrogen was used 
as a standard.I3 


The experimental conditions in the case of deuter- 
ium isotope effects were identical with those 
described above. Since iodomethane in these experi- 
ments is the isotopic species, the reverse ratios were 
used. A tenfold excess of iodomethane over the amine 
was used to generate the low-conversion samples, 
while a tenfold excess of amine led to full-conversion 
samples. 


In the case of the acetophenone derivative, the 
nitrogen isotope effect for the reaction with deuterated 
iodomethane was also determined. In these experi- 
ments, the samples prepared for deuterium isotopic 
analysis were used also for the nitrogen isotope analy- 
sis as described above. However, the samples which 
constituted the low-conversion batch for the deuterium 
isotope effect were regarded as full-conversion samples 
for the nitrogen isotope effect calculations, and vice 
versa. 


The isotopic ratios of deuterated material were 
measured using an MI 1201E hybrid FAB-isotope ratio 
mass spectrometer (PO Electron, Ukraine). Samples of 
about lmg were dissolved in thioglycerol (about 15pl) 
and 1-2 pl of this solution was placed on the copper tip of 
the direct insertion probe. Xenon atoms of 5 kV hitting 
the surface of the probe at an incidence angle of 45 were 
used for ionization. The positive ions formed in this way 
were accelerated to a potential 5kV and detected in 
Faraday cup collector system. The mean value of the 
(M+3)/M isotopic ratio was obtained from up to 50 
separate determinations, each being an average of 10 
individual measurements. The total ion current under the 
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above-mentioned conditions was stable for 0.5-2h, 
allowing a precision of *0.03-007%. 


The kinetic isotope effects were calculated from the 
equation7 


where the Rs are isotopic ratios. Isotopic ratios for 
deuterium were measured directly as described above. 
For calculations of nitrogen isotope effects, the above 
equation was modified by using the equivalence 
between isotopic ratios and measured 6 values: 


RJ/R, = (1000+6J)/(1000+6~) (3) 
where 6, and 6, are relative isotopic compositions of 
product at fraction of reaction f and at full conversion, 
respectively. The B values are relative isotopic ratios, 
defined as d j =  (RJR,, - 1)1000, for product after frac- 
tion of reaction f ( i  = f )  and full conversion ( i  = -). The 
value depends on the isotopic composition of the 
standard used in the mass spectrometric measurements, 
but this value drops out in the final calculation of the 
isotope effect. 


RESULTS AND DISCUSSION 


In recent years, only a few attempts to use incoming 
group nitrogen isotope effects as an indicator of 
transition-state structure have been reported, and no 
general conclusion has been r e a ~ h e d . ' . ~ . ' ~ . ' ~ ~ ' ~  This is 
because these effects are primary in nature but exhibit 
small values, characteristic of secondary isotope effects 
due to the cancellation of factors governing the magni- 
tude of kinetic isotope effects. Measuring such small 
isotope effects is no longer experimentally demanding 
but their interpretation is still a challenge. Since nitro- 
gen atoms play an important role in many biological 
processes, a thorough understanding of nitrogen isotope 
effects on model reactions has become a necessity in the 
analysis of complex biochemical and enzymatic 
processes. 


In this paper, we report measurements of nitrogen and 
deuterium kinetic isotope effects on a series of para- 
substituted NAN-dimethylanilines. The measured nitro- 
gen and deuterium kinetic isotope effects are shown in 
Table 1. 


The nitrogen kinetic isotope effect obtained in this 
work for the toluidine derivative in ethanol is within 
the experimental error of the value reported previously 
for a methanolic ~ o l u t i o n . ' ~  The discrepancy between 
the previously reported deuterium kinetic isotope effect 
for the toluidine derivative and that measured in this 
work requires further analysis. Owing to the large 
errors, we have previously failed to recognize the 
dependence of isotope effects on the reaction progress 
as illustrated in Figure 1. We assume that this depen- 


Table 1. Experimental values of kinetic nitrogen and 
deuterium isotope effects for the reaction between methyl 


iodide and uara-substituted N.N-dirnethvlanilines at 25°C 


Substituent k14Ik15 X-CH,,/ kco, I k , / k , d  


4-Me 1~0036iO.0003 0.927+0.004 0.975 iO.001 
H 1.0032 i 0.0002 0.968 i 0,004 0.989 It 0.00 1 
4-C(O)Me 0.9989i0.0003 1.143k0.003 1~045iO~O01 


0.9985 *0.0002h 


Recalculated per hydrogen. 
Nitrogen isotope effect for the reaction with iodomethane-d,. 


dence originates from methyl group exchange between 
the reactants and the solvent methanol under previous 
experimental conditions, although no experimental 
evidence for this exchange was detected. Such an 
exchange depletes the deuterium contents of the 
product artificially, increasing the observed isotope 
effect. Extrapolation of the dependence presented in 
Figure 1, obtained from the previously reported results, 
leads to a value of the deuterium kinetic isotope effect 
of well over 0.9. This is in agreement with the value 
reported here (Table 1). The present studies carried out 
in ethanol with an excess of amine prevent any isotopic 
washout. 


Unlike the earlier calculated isotope effects of deuter- 
ium (and carbon) in similar quaternization," a bell- 
shaped dependence of isotope effects is not observed. 
Instead, on crossing over (changing values from smaller 
than unity to larger than unity, see Figure 2), a phenom- 
enon already reported5' is observed. 


The nitrogen isotope effects of 20.2% obtained 
experimentally for all substituents are very small for 
primary isotope effects. This result is not surprising, 
as we expect a cancellation between temperature- 
independent (TIF) and temperature-dependent factors 
(TDF) for processes in which bonding to the isotopic 
atom is increased. A similar magnitude of the nitrogen 
isotope effect has been reported for the quaternization 
of substituted pyridines.','6 The invariance of the 
nitrogen isotope effect with regard to isotopic com- 
position of iodomethane, demonstrated for the 4- 
C(0)Me substituent, supports a single-step mechan- 
ism. The observed dependence of the nitrogen isotope 
effect on the electronic properties of the para-substi- 
tuent is less pronounced than that of deuterium 
isotope effects, but evidently it is in the direction of 
the Hammond postulate,Ix contrary to what was 
observed earlier.' 


A change from methanol to ethanol decreases the 
dielectric constant from 32.7 to 24.6, which should 
cause the transition state to become more reactant-like, 
and consequently decrease the nitrogen isotope effect. 
The opposite is observed; k , , / k , ,  increases from 1.0019 
measured for methanolic ~ o l u t i o n ' ~  to 1.0036 for 
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0.75 I I I 


0.00 0.25 0.50 0.75 1.00 
Fraction of reaction 


Figure 1. Dependence of individual measurements of deuterium isotope effects for the 4-methyl derivative in methanol on the 
reaction progress 


ethanol. However, reactivity correlations for the 
Menshutkin reaction are frequently irregular when rate 
constants in protic solvents, such as alcohols, are 
compared. ’’ 


The case studied here is unique in that whereas the 
nitrogen isotope effects obey the Hammond postulate, 
the deuterium isotope effects do not. If only the typical 
interpretation of the transition state as being ‘earlier’ 
(more ‘reactant-like,’ therefore ‘looser’“) for the faster 
reaction is invoked, then it is easy to justify the direction 
of changes of the nitrogen isotope effects. The TDF is 
less important for the looser transition state (it is closer 
to unity since its transition-state component is smaller). 
The TIF is, therefore, more expressed in the overall 
isotope effect. The secondary deuterium isotope effects 
are believed to represent crowdedness around the central 
atom in the transition state. Hence for the looser transi- 
tion state they should be less inverse (or normal) than 
for the ‘late’ transition states, opposite to the observed 
sequence. 


Among possible explanations of this strange behav- 
ior, we favor the one that takes into account explicit 
interaction with solvent molecules. It has been 
pointed out’b that solvation can modify observed 
structure-reactivity parameters, preventing them from 
reflecting the bonding changes within a transition 


*This qualitative terminology needs to be used with care, since 
it is frequently misleading. For example, an earlier transition 
state was sometimes referred to as tighter than a ‘symmetric’ 
one.” Asynchronicity of bond-breaking and bond-making 
events may be a cause of such confusion. 


state. The more basic the amine, the stronger is the 
interaction with a solvent molecule. This can lead to a 
two-step mechanism of the type shown in equation 
(4). 


\ KD \ \ 
I I I 


-N:HOR +--+ - N: + CH3X + -N”CH3X- 


(4) 
where HOR is the solvent molecule. 


The nitrogen isotope effect on the first step of the 
mechanism in equation (4) should be larger than unity 
since a bond to nitrogen is being broken (the hydrogen 
bond between the amine and a solvent molecule). Hence 
the overall nitrogen kinetic isotope effect should 
increase for the amine, which reacts faster, strengthen- 
ing the Hammond behavior of the nitrogen isotope 
effects. Furthermore, the first step in reaction (4) should 
be insensitive to deuteration of the methyl group, thus 
bringing the observed deuterium isotope effects closer 
to unity for the amines with electron-donating 
substituents. 


However, the mechanism proposed above should lead 
to a considerable solvent isotope effect, especially for 
the amine which reacts fastest (4-Me). This is not 
observed experimentally. ’’ A reasonable mechanistic 
compromise is a single-step mechanism in which a 
solvent molecule is included in the transition-state 
structure. Its presence enlarges the Hammond-type 
response of nitrogen isotope effects to the change of the 
para-substituent. It also causes enough steric hindrance 
to reverse the response of deuterium isotope effects, and 
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Figure 2. Kinetic isotope effects of nitrogen and deuterium on the Menshutkin reaction (1) as a function of electron-donating 
properties of para-substituents. Squares correspond to deuterium and circles to nitrogen isotope effects 


yet may be loose enough not to produce any sizable 
solvent isotope effect. 
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BIMOLECULAR NUCLEOPHILIC DISPLACEMENT AT TERTIARY 
CARBON CENTERS: AMINOLYSES OF 2-CYANO-2-PROPYL AND 


1 -CYANOCYCLOOCTYL ARENESULFONATES? 
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Kinetic studies were carried out on the reactions of anilines with 2-cyano-2-propyl and 1-cyanocyclooctyl 
arenesulfonates in acetonitrile at 50.0"C. The second-order rate constants for the former are in general greater 
than those for the latter but the rates of the two become comparable for a strong nucleofuge. The cross- 
interaction constants, pxz  (and pXz), are considerably smaller (cu -0.04) than those for the primary (cu 0.33) 
and secondary (cu 0-12) compounds. The negative sign and small magnitude are consistent with a dissociative 
S,2 mechanism with a loose transition state structure. The uC initio MO theoretical results for 
CI- + RCI-CIR + Cl- at the MP2 level (MP2/6-31+ G*//MP2/6-31+ G*) confirm the Jooseness of the 
transition state for the tertiary (R) alkyl compounds. The average r&l,.,cl~ value is 4.8fiiO-03 A, which is larger 
than those for the reactions at  primary (4.68 f 0.02 A) and secondary (4.80 f 0.02 A) carbon centers. Thus a 
looser transition state with a smaller magnitude of pxz for the tertiary carbon centers has a larger theoretical 
r7c,...c,, value. 


INTRODUCTION 
In the course of our development work on the cross- 
interaction constants, pij  [equation (l)], where i , j  = X, 
Y or Z in Scheme 1, as a mechanistic tool for organic 
reactions in solution,' we have shown that the magni- 
tude of pxz is inversely to the overall tightness 
r&, of the transition state (TS) (Scheme l) ,  in bimolec- 
ular nucleophilic displacement reactions. 


log(k,j/k,")=p,a,+ pja j+p i jo ia j  (1) 
The greater is I pxz I , the tighter the TS is, i.e. the 


shorter is r$. In a recent work, we found an interesting 
and important aspect of this relationship: the magnitude 
of pxz is a relatively large constant value (ca 0.29-0.40 
in MeCN or MeOH at 45-0-65-0"C) at a primary 
carbon, whereas it is a smaller constant value 


,.----. 
(*d . 


@-@ . @--a 
I C : reaction center 


substrate 


Scheme 1 
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Table 1. pxz values for the reactions of ROSO,C,H,Z with XC6H,NH2 


R Solvent T (“C) PXZ 


Primary CH3 


C2H5 
compounds 


CH,=CHCH, 
CH,=C(CH3)CH, 
CH=CCH2 


(CH3),SiCH, 
(CHACCH2 


Secondary Isopropy 1 
compounds 2-Butyl 


2-Pent y l 
2-Hexyl 
3-Pentyl 
3-Hexyl 
Cyclobutyl 
Cy clopenty 1 
Cyclohexyl 
Cycloheptyl 


MeCN 
MeOH 
MeCN 
MeOH 
MeCN 
MeCN 
MeCN 
MeOH 
MeCN 
MeOH 


MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 


65.0 
65.0 
65.0 
65.0 
45 .O 
45.0 
45 .O 
55.0 
65.0 
65.0 


65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 


0.32 
0.30 
0.34 
0.33 
0.37 
0.40 
0.29 
0.31 
0.33 
0.31 


Av. 0.33 i 0.03 


0.10 
0.12 
0.13 
0.13 
0.12 
0.12 
0.11 
0.11 
0.11 
0.11 


Av. 0.12*0.01 
ApXZ 10.20 


Table 2. MF’2/6-31+ G* geometries and activation barriers for the reactions of C1- + RCl+ClR + C1- 


Secondary 
compounds 


Isopropyl 


2-Penty l 
2-Hexyl 
3-Pentyl 
3-Hexyl 
Cyclobutyl 
Cyclopenty 1 
Cyclohexyl 


2-Butyl 


4.63 
4.70 
4.7 1 
4.67 
4.69 
4.65 
4.66 


4.79 
4.79 
4.79 
4.79 
4.81 
4.8 1 
4.81 
4.82 
4.82 


Av. 4.80 f O.O? 
Ar’=O*10 A 


0.0 
7.7 
6.6 
6.4 
5.8 


16.5 
7.3 


11.1 
9.2 
9.2 
9.2 
9.3 
9.3 
9.4 
9.4 


16.4 


30.2 
32.3 
31.8 
30.9 
30.8 
35.2 
30.6 


35.2 
35.3 
35.2 
35.1 
35.4 
35.3 
35.5 
36.5 
38.9 


7.66 
11.15 
8.21 
6.87 
5.70 


17.96 
6.94 


14.00 
12.19 
11.54 
11.24 
10.32 
9.65 


15.21 
13.63 
14.95 


‘The values reported originally6 were in error, they are 20. 
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(cu0.10-0.13 in MeCN at 65.0"C) at a secondary 
carbon center, irrespective of the size of the group 
attached to the reaction center carbon4 (Table 1). These 
constant pxz values suggested that the TS is tight or 
loose, i.e. r& is short or long, depending on whether the 
reaction center carbon (C,) is primary or secondary, but 
the TS tightness varies very little with regard to the 
group attached to C,. 


These experimental findings have been confirmed by 
ab initio MO calculations with the 6-31 + G* basis sets 
including electron correlation effects at the second-order 
Moller-Plesset level' (MP2) on the identity exchanges 
X - + R X = X R + X -  with X = F  and C1. The MP2 
(MP2/6-31+ G*//MP2/6-31 + G*) results indicated 
that the TS tightness, r& ...,,, is relatively constant for R 
with primary [foro seven primary R groups, 
r~cl,.,cl, = 4-67 f 0-02 AI6 and secondary [for ten sec- 
ondary R groups, r~cl,,.cl, = 4.81 * 0.03 carbon 
centers, respectively, with a difference in r~cI,,,cI, 
betwep primary and secondary carbon centers of cu 
0.10 A (Table 2). 


Thus a tighter TS with a greater experimental pxz value 
(for the primary carbon centers) has a smaller theoretical 
r;X...x, value. Moreover, the TS tightness is relatively 
constant, i.e. (pxz 1 =constant and r;x...x, = constant, for 
the reactions at a particular type of carbon center, i.e. 
primary or secondary, irrespective of the size and kind of 
the group or groups attached to the reaction center carbon. 


In this work, we extended our studies to tertiary 
carbon centers. We determined the pxz values experi- 
mentally for the reactions of 2-cyano-2-propyl (CPA) 
and 1 -cyanocyclooctyl arenesulfonates (COA) with 
anilines in acetonitrile at 5O.O0C, and the r;,, ...,, values 
theoretically for the identity exchanges of 
X-+RX*XR+X-  with X=C1 and two tertiary 
carbon centers, R, at the same level of theory as we 
used previously for the primary and secondary carbon 
series (MP2/6-31+ G*l//MP2/6-31 + G*).' 


RESULTS AND DISCUSSION 


Kinetics in solution 
One might have expected the reactions of tertiary 
substrates to proceed by the limiting SN1 mechanism as 
we have found for a-tert-butylbenzyl and adamantyl 
arenesulfonates for which the nucleophile had no effect 
on the rate and the nucleophile selectivity, px or Bx, 
was zero.* 


The reactions of CPA and COA with anilines in 
acetonitrile at 50.0 "C, however, followed clean second- 
order kinetics [equation (2)] with k, = 0. This change of 
mechanism to S,2 from the normally SN1 type mechan- 
ism for the tertiary carbon centers seems to result from a 
strong electron acceptor (CN) attached directly to the 
tertiary carbon. The second-order rate constants, k,,  
obtained are summarized in Table 3. 


Table 3. Second-order rate constants, k2 ( x  lo4 1 mol s - I ) ,  for 
the reactions of Z-substituted 2-cyano-2-propyl and 1- 
cyanocyclooctyl arenesulfonates with X-substituted anilines in 


acetonitrile at 50.0 "C 


Z 


X p-CH, H pC1 p-NO2 


2-Cyano-2-propyl p-OCH, 3.07 4.92 10.1 40.8 
p-CH, 1.96 3.11 6.26 25.7 
H 1.08 1.76 3.39 14.3 
p-C1 0.435 0.674 1.39 5.54 


1-Cyanocyclooctyl p-OCH, 0.891 1.85 4.93 45.6 
p-CH, 0.575 1.17 3.18 28.4 
H 0.296 0.636 1.68 14.5 
p-C1 0.135 0.274 0.714 6.39 


kabs = k, + k,[aniline] (2) 
Table 3 reveals that rates are faster in general for 


CPA but become comparable for the two compounds 
when the leaving ability of the nucleofuge becomes 
strong, i.e. with Z = p-NO,. This could be an indication 
that there is a greater degree of leaving group departure 
for COA than for CPA with a comparable degree of 
bond making in the TS; a greater degree of bond clea- 
vage required in the TS will lead to a higher energy 
barrier for COA but a facile bond cleavage with a strong 
acceptor in the leaving group will lower the activation 
barrier sufficiently for COA so that the rates will become 
comparable to those for CPA. The effect of a strong 
acceptor in the leaving group on the rate can be greater 
for COA since the bond cleavage is more important in 
the TS. This interpretation is supported by the magni- 
tude of the Hammett and Bronsted coefficients, px 


We note that the magnitude of px (and BX) is similar 
but that of pz (and Bz) is greater for COA than for CPA, 
suggesting that the degree of bond formation is similar 
but that of bond cleavage is greater for COA in the TS. 


The rate data in Table 3 were subjected to multiple 
regression analysis using equation (1) with i , j  = X, Z, 
and the cross-interaction constants derived' are collected 
in Table 5. The sign of pxz (and B x z )  is negative; 
according to our experience, this is in line with a 
dissociative type of SN2 mechanism for which a stronger 
nucleophile (dux < 0) and a stronger nucleofuge 
(da, > 0) lead to a later TS (dp, < 0 and dp, > 0) in 
accordance with the alternative definition of P ~ : ' . ~  


(Pnuc), B x  (Bnuc), PZ (PI,) and Bz (PI,) in Table 4. 


The magnitude of pxz (and &) is unusually small, and 
interestingly the average value of 0.04 f 0.01 is approxi- 
mately one-third of the pxz value for the secondary series 
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(p,=0.12*0.01), which in turn is about one-third of 
the value for the primary series (p, = 0.33 * 0.03). The 
smallest size of p, for the bimolecular nucleophilic 
displacement reactions at the tertiary carbon centers is 
thus consistent with the loosest TS, i.e. the longest r$ 
value in Scheme 1, expected for the tertiary series. 


Ab initio MO studies 
In a previous work,6 the experimental log k, values for 
the S,2 reactions of ROS02C2H5 (for 11 primary and 
secondary Rs) with aniline in acetonitrile at 65.0 "C were 
found to correlate satisfactorily ( r  = 0.90) with the MP2 
activation barriers, A E L ,  for the gas-phase reactions of 
RCl with Cl-. This satisfactory correlation was taken to 


phase experimental results owing to the larger sizes of the 
nucleophile (C1 vs aniline) and leaving group (C1 vs 
benzenesulfonate). We therefore repeated similar theor- 
etical studies on two tertiary systems. 


Ab initio MO calculations were carried out on the 
identity exchange [equation (4)] using two tertiary 
compounds, R. The HF and MP2 geometries of the 
reactants and TSs, and activation barriers, AE', are 
summarized in Table 6. The Ar* (= r' - ro)  and %CX' 
[= 100(r*- ro) / ro]  values in all systems decrease by 
inclusion of electron correlation effect. The TS tight- 
ness, r&l,..cl), and the percentage bond stretching 
deformation, %CX *, are both within narrow ranges: the 
averages of r&,...cl) an4 %CX* for the tertiary carbon 
centers are 4.88 * 0.03 A and 35.3 * 0.4%, respectively. 


C1- + RCl= CIR + C1+ 
Admittedly, the conclusions derived based on the 


results for only two tertiary compounds are not very 


(4) indicate that the solvent and temperature effects are 
relatively small and chloride exchanges provide a satis- 
factory model for the solution-phase reactions compared, 
despite the large steric effect expected in the solution- 


Table 4. Hammet (pX and p2) and Br0nsted @, and B.) coefficients" for reactions of Z-substituted 
2-cyano-2-propyl and 1-cyanocyclooctyl arenesulfonates with X-substituted anilines at 50.0 OC 


Z Px B X  X Pz B z  


2-Cyano-2-propyl P-CH, -1.69 0.61 p-OCH, 
H -1.71 0.62 P-CH, 
p-c1 -1.71 0.62 H 
P-NQ -1.72 0.62 p-c1 


H -1.65 0.59 P-CH, 
p-c1 - 1.68 0.61 H 
P - W  -1.71 0.62 p-c1 


1-cyanocyclooctyl P-CH, -1.65 0.59 p-OCH, 


1.19 -0.32 
1.18 -0.32 
1.18 -0.32 
1.17 -0.32 


1.80 -0.49 
1.79 -0.48 
1.77 -0.48 
1.76 -0.48 


a Correlation coefficients: >0.995. 


Table 5.  Cross interaction-constants, pxz and Bxz 


PXZ' Bxz' 


2-Cyano-2-propyl -0.03 (0.999) -0.02 (0.992) 
1 -cyanocyclooctyl -0.05 (0.999) -0.02 (0.992) 


a Correlation coefficients in parentheses. 


Table 6. MP2/6-31+ G* geometries and activation barriers for the reactions of C1- + RCl- ClR + C1- (tertiary compounds) 


R r;GCl, A:* r h .  .CI) 8 %CX* AE* 
(A 1 (A) (A) (") @cal mol-') 


(CH,),CCN HF 2.63 0.82 5.25 4.0 45.4 18.6 
MP2 2.44 0.63 4.85 5.2 34.8 13.7 


(C2HXCN HF 2.72 0.91 5.41 1.5 50.2 17.5 
MP2 2.46 0.65 4.91 0.3 35.7 13.0 


Av. 4.88 f 0.03 
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convincing. However, very large reactant systems involv- 
ing tertiary reaction centers were difficult to handle in the 
kinetic experimental work owing to unstable reactants 
and products and also required excessive computation 
times (over six non-hydrogen atoms) in the MP2 calcula- 
tions. These difficulties are, no doubt, caused by the CN 
group present, which ensures that the reaction proceeds 
by an SN2 rather than an SN1 pathway. 


EXPERIMENTAL 


Materials. Acetone, cyclooctane, trimethylsilyl cyanide 
and benzenesulfonyl chlorides used in the preparation of 
substrates, 2-cyano-2-propyl and 1-cyanocyclooctyl 
arenesulfonates, were Aldrich GR grade. The solvent 
acetonitrile was Merck GR grade, which was further 
distilled over phosphorus pentoxide. Anilines were Aldrich 
GR grade and were recrystalized or redistilled before use. 


Preparation of substrates. Acetone cyanohydrin 'O 
was prepared by dissolving sodium hydrogensulfite in 
cold water and adding acetone dropwise followed by 
sodium cyanide. The product was extracted with 
methylene chloride prior to proceeding to the next step 
in the synthesis. 


1 -Cyanocyclooctanol" was prepared by adding 80 ml 
of anhydrous methylene chloride to cyclooctanone 
(1.0 equiv.) followed by a small amount of zinc iodide 
and trimethylsilyl cyanide (1.1 equiv.), and reacting the 
mixture for 12 h at 40°C. To the crude cyclooctyl 
trimethylsilyl cyanohydrin, 50 ml of 3 M hydrochloric 
acid were added and reacted at 40°C. After 2 h, this 
mixture was extracted with diethyl ether and the extract 
was washed with 1 M sodium thiosulfate and then dried 
over MgSO,. After filtration and removal of the solvent 
under reduced pressure, the product, l-cyanocy- 
clooctanol, was obtained by column chromatography. 


Benzenesulfonic anhydride" was obtained by adding 
phosphorus pentoxide to benzenesulfonic acid and heating 
at 100-150OC. The product was then extracted for the 
synthesis in the next step. Sulfonate derivatives of acetone 
cyanohydrin and 1-cyanocyclooctanol were prepared by 
mixing 40 ml of ethanol (4 mmol), pyridine (4.1 mmol) 
and benzenesulfonic anhydride (excess) and reacting at 
room temperature. After adding cold water and extraction 
with methylene chloride, the extract was washed with 
10 ml of 1 M HCl and with brine twice. The extract was 
then dried over MgSO,. After removing the solvent under 
reduced pressure, the final product was obtained by 
column chromatography. The analytical data obtained by 
NMR spectrometry (JEOL, 400 Mh) are as follows. 


2-Cyano-2-propyl benzenesulfonate : liquid, 6, 
(CDCI,) 1.88 (6H, s, XH,), 7.58 (2H, t, J =  8.06 Hz, 
meta), 7.67 (lH, t, 5=7.33 z, para), 7.98 (2H, d, 
J=7 .33  Hz, ortho); 6, 28.46,75.13, 118.06, 127.85, 
129.20, 129.26 134.27; MS, m/z 75.13, 118.06, 
127435,129.20, 129.26, 134.27; MS, m/z  225 (M+). 


2-Cyano-2-propyl tosylate: liquid, 6 ,  (CDCI,) 1.87 
(6H, s, XH,),  2.46 (3H, s, CH,), 7.37 (2H, t, 
J =  8.06 Hz, meta), 7.86 (2H, d, J =  8.06 Hz, ortho); 


134.11, 145.45; MS, m / z  239 (M+). 
6, 21.69, 28.45, 74.24, 118.14, 127.50, 129.53, 


2-Cyano-m2-propyl p-chlorobenzesulfonate: liquid, 


J =  8.06 Hz, meta), 7.92 (2H, d, J =  8.06 Hz, ortho); 


m/ z  259 (M+). 


6, (CDC1,) 1.89 (6H, S, XH,),  7.56 (2H, t, 


6c28.51, 75.47, 117.92, 129.37, 135.07, 140.84; MS, 


2-Cyano-2-propyl p-nitrobenzenesulfonate: m.p. 


d, J=8.79 Hz, meta), 8.43 (2H, d, 5=8.79 Hz, 
ortho); 6, 28.51, 76.47, 117.57, 124.50, 129.34, 
150.98; MS, m/z  270 (M+). 


I -Cyanocyclooctyl benzenesulfonate : liquid, 6, 
(CDCI,) 1.49-2.42 (14H, m, cyclooctyl), 7.57 (2H, t, 
J =  8.06 Hz, meta), 7.66 (lH, t, J =  8.06 Hz, para), 
7.92 (2H, d, J=7 .33  Hz, ortho); 6, 21-02, 24.12, 


137.42; MS, m/z 293 (M+). 
I -Cyunocyclooctyl tosylate : liquid, 6 ,  (CDCI,) 


1.51-2-43 (14H, m, cyclooctyl), 2.46 (3H, s, CH,), 
7.35 (2H, t, J=8.06 Hz, meta), 7.85 (2H, d, 
J =  8.06 Hz, ortho); 6, 21.02, 21.69, 24-12, 27.20, 


MS, m/z 307 (M+). 
I -Cyunocyclooctyl p-chlorobenzenesulfonate : liquid, 


6, 1.51-2.42 (14H, m, cyclooctyl), 7.54 (2H, t, 
J =  8.06 Hz, meta), 7.91 (2H, d, J =  8.06 Hz, ortho); 


135.84, 140.87; MS, m/z  327 (M+). 
1 -Cyanocyclooctyl p-nitrobenzenesulfonate : liquid, 


6, (CDCI,) 1.51-2.34 (14H, m, cyclooctyl), 8.13 
(2H, t, J =  8-79 Hz, meta), 8.43 (2H, d, J =  8.79 Hz, 
ortho); 6, 21-08, 24.12, 12.27, 27.20, 34.97, 83.64, 
117.41, 124.35, 129.29, 140.98, 150.93; MS, m/z  338 


85-86°C; 6, (CDC1,) 1.92 (6H, S, 2CH3), 8.18 (2H, 


27.20, 34.82, 83.15, 117.68, 127.79, 129.21, 134.05, 


34.82, 82.83, 117.95, 127.85, 129.80, 134.48, 145-46; 


6x21.05, 24.12, 27.20, 34.93, 83-58, 111.76, 129.32, 


W + ) .  


Kinetic procedure. Kinetic procedures were as 
reported previo~sly.~* '~~ 


Product analysis. The substrates were reacted with 
aniline at 5O.O0C in acetonitrile under the same reaction 
conditions as used in the kinetic runs. However, we failed 
to isolated the product, anilide, owing to its extreme 
instability. However, we followed the reaction in CD,CN 
by NMR (Jeol, 400 MHz). For the reaction of 2-cyano-2- 
propyl p-chlorobenzenesulfonate with p-methoxyaniline, 
the original peak at 1.89 ppm (methyl peak for benzene- 
sulfonate moiety) decreased while a new peak at 
1.84 ppm (CH, peak for anilide moiety) grew as the 
reaction proceeded. The shift of the peak was found to 
occur since CH, changes from a CO moiety to a CN 
moiety; the peak was weak since CH, groups are present 
beyond one C (tertiary) atom. For the reactions 
of 1-cyanocyclooctyl p-chlorobenzenesulfonate with 
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p-methoxyaniline, similar trends were found, although 
the multiple appearance of a CH, peak at 2.10-1.75 ppm 
made the identification difficult. We analyzed the reaction 
mixture by GC and NMR but found no peak correspond- 
ing to any olefins formed. We believe that there is no or 
an undetectable amount of elimination product formed so 
that the conductivity changes measured represented pure 
displacement reaction products. 


Computational method. The basis sets and computa- 
tional levels and procedures used were the same as those 
applied to the primary and secondary carbon  center^.^" 
We report two types of results: HF (HF/6-31+ G*// 
HF/6-31 + G*) and MP2 (MP2/6-31+ G*//MP2/ 
6-31 + G*).’ All calculations were carried out using the 
Gaussian 92  program^.'^ Geometries of the reactants 
and TSs were optimized and all positive eigenvalues and 
only one negative eigenvalue, respectively, in the 
Hessian matrix were identified to confirm the equili- 
brium and TSs in all the HF level  calculation^.'^ 
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EFFECTS OF Li' AND K' IONS ON THE RATE OF 


OF IONIZED PHENYL SALICYLATE IN THE ABSENCE AND 
PRESENCE OF CATIONIC MICELLES IN MIXED H20-CH3CN 


SOLVENTS 


INTRAMOLECULAR GENERAL BASE-CATALYSED METHANOLYSIS 


M. NIYAZ KHAN* AND ZAINUDIN AFUFIN 
Department of Chemistry, Universiti Malaya, 59100 Kuala Lumpur, Malaysia 


Pseudo first-order rate constants (kohl) for methanolysis of ionized phenyl salicylate (PS-) show a decrease of 
3-5-fold with increase in CH,CN content from 2 to 60 or 70% (v/v) in mixed aqueous solvents containing 0.01 
mol dm-3 LiOH and a constant content of CH30H. At 0.01 moldm-' KOH, the rate constants, kobal, reveal a 
decrease of 15-20% and an increase of 70-130% with increase in the CH,CN content from 2 to 30% (v/v) and 
from 30 to 60 or 70% (v/v) respectively. The values of AH$ and ASS are not significantly affected by the 
presence of 2,30 and 70% (v/v), CHJN in mixed aqueous solvents containing 10% (v/v) CH30H and 0.01 mol 
dm-' KOH. The presence of 0.01 mol dm-' LiOH causes the increases in AH$ and AS$ of 3.82 kcal mot-' and 
10.3 cal K-' mol-', respectively, with increase in CH,CN content from 2 to 60% (v/v) in mixed aqueous 
solvents containing 20% (v/v) CH30H. An increase in the total concentration of cetyltrimethylammonium 
bromide ([CTABr],) from 0.0 to 0.01 moldm-' decreases kohl by 3.6- and 4.0-fold in the presence of 
0-01 m ~ l d m - ~  Li' and K' ion, respectively, in mixed aqueous solvents containing 2% (v/v) CH3CN and 10% 
(v/v) CH,OH. 


1. INTRODUCTION 
Studies on, e.g., solvent, temperature and specific 
cation effects on intermolecular and intramolecular 
general base catalysis have been of considerable 
interest because these catalyses are known to be 
involved in many enzymatic catalyses.' Micelles are 
believed to provide a microheterogeneous reaction 
medium which is similar to that for enzyme-catalysed 
reactions.'b We have studied the effects of salts,' 
solvent and temperature3 on intramolecular general 
base (1GB)-catalysed hydrolysis of ionized phenyl and 
methyl salicylates. These studies were found to be 
useful in discussing the effects of micelles on these 
 reaction^.^ It is known that the structures of the mixed 
aqueous- organic solvents are markedly influenced by 
the presence of different cations and The 


*Author to whom correspondence should be addressed. 


effect of micelles on the rate of a reaction may be 
described in terms of several factors, including 
polarity, non-uniformity in the concentration distri- 
bution of the reactants and specific solvent, cation and 
anion effects. Thus, studies aimed at discovering the 
effects of these factors on rate of a reaction in the 
absence of micelles are necessary to study the effects of 
micelles on the rate of such a reaction. Specific solvent 
and cation effects have been detected in the alkaline 
hydrolysis of ionized N-hydroxyphthalimide,' but such 
effects could not be detected in the alkaline hydrolysis 
of phthalimide.' 


We started the present study with the aims of dis- 
covering (i) the effect of mixed H'O-CH,CN solvents 
in the presence of specific cations (K' and Li') and the 
absence of micelles and (ii) the effect of specific cations 
(K +, and Li +) in the presence of cationic micelles on 
the methanolysis of ionized phenyl salicylate (PS-) at 
constant concentrations of the reactants, PS- and 
CH3OH. 
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0 1996 by John Wiley & Sons, Ltd. 


Received 29 March I995 
Revised 23 January I996 







302 


-CH3OH 


M. N. KHAN AND Z. ARIFIN 


(1) k,[H*Ol 


EXPERIMENTAL 
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Materials. Reagent-grade chemicals (obtained from 
BDH, Aldrich and Fluka) were used throughout. Stock 
standard solutions of phenyl salicylate were frequently 
prepared in CH,CN. 


Kinetic measurements. The rate of methanolysis of 
PS- in mixed H,O-CH,CN solvents containing a 
constant concentration of CH,OH was studied spectro- 
photometrically by monitoring the appearance of 
product, phenolate ion, at 290 nm. A Shimadzu Model 
UV-2102/3lO/PC, UV-VIS-NIR scanning spectro- 
photometer equipped with a thennostated cell 


- 


where MS- and PhOH represent ionized methyl salicy- 
late and phenol, respectively. The ratio of the pseudo- 
first-order rate constants for pH-independent (i.e. [ -OH] 


L iOH 


\ 


I 1 I 
20 4 0  60 0‘ 


0 


CH3CN/  % ,  v/v 


Figure 1. Plots showing the dependence of kohl on the concentration of CH,CN at (0) 10, (A) 15, @) 20 and (0) 25% (v/v) 
CH,OH in mixed CH,CN-H,O solvent 
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range = 0.005-0.060 mol dm-') methanolysis and 
hydrolysis of phenyl salicylate, kobrl/kobs2, (where 
kohl = k,[CH,OH] and kOw = k,[H,O]) is larger than 10 
and, similarly, k,,/kOb,>50, where k,,, = k,[H,O]." 
Thus, under the experimental conditions of the present 
study, k, and k, may be neglected in comparison with k, 
in equation (1). The molar extinction coefficients ( E )  of 


2350, 3250 and 700-900 dm3 mol-'cm-', respectively 
at 290 nm. The significantly larger value of E for 
o - -OC6H4C02- than for PhO- and MS- indicates the 
insignificance of k, compared with k, because the 
observed data (absorbance versus time) obeyed a first- 
order rate law. All the kinetic runs were carried out for 
periods of more than seven half-lives of the reactions. 
The details of the data analysis are described elsewhere." 


PhO-, 0- -oc6H4co2-, and m- and also as Ps- are 


2-70% (v/v) in mixed aqueous solvents. Similar rate 
studies were carried out at 15, 20 and 25% (v/v) 
CH,OH. The results are shown as plots of kobsl versus % 
(v/v) of CH,CN in Figure 1. Similar observations were 
obtained in the presence of 0.01 moldm-, LiOH and 
the results are also shown in Figure 1. 


At a constant content of CH,OH and 0.01 moldm-' 
KOH, the rate constants, kobal, decreased by 15-20% with 
increase in the CH,CN content from 2 to 30% (v/v). An 
increase in CH,CN content from 30 or 40 to 60 or 70% 
(v/v) increased kobrl by cu 70, 100, 130 and 70% at 10, 
15, 20, and 25% (v/v) CH,OH, respectively. The 
increase in the content of CH,CN from 2 to 60 or 70% (v/ 
v) in mixed aqueous solvents containing 0.01 moldm-, 
LiOH produced 3.1-, 4.5-,3.0-, and 4.7-fold decreases in 
k,, at 10,15,20 and 25% (v/v) CH,OH, respectively. 


RESULTS Effect of temperature on rate of methanolysis of PS- 
A series of kinetic runs were carried out within the 


temperature range 25-45 OC in mixed aqueous solvents 
containing 0-01 moldm-, KOH. 10% (v/v) CH,OH 


Effect of mixed H,O-CH,CN solvents on kohl at a 
constant concentration of CH,OH 


. I  I 


The rate of methanolysis of PS was studied under the 
conditions of 35 "C, 0.01 moldm-' KOH, 10% (v/v) 
CH,OH and within the CH,CN concentration range 


and 2, 36and 70% (v/v) CH,CN. Similar kinetic hns 
were carried out in the presence of 0.01 moldrn-, 
LiOH. The observed pseudo-first-order rate constants, 


Table 1. Effect temperature on psuedo-first-order rate constants (kobrl) for methanolysis of PS- in the presence of 
K + and Li + ions" 


K +b Li +' 


25 2 3-41 f0.03' 3.50 6.31 f 0.03' 6.53 
30 2.72 f 0.01 2-72 - - 
60 - - 1 a85 f 0.04 1.79 
70 4.59 f 0.03 4.73 - - 


30 2 4.80 f 0.03 4.91 8.49 f 0.10 8.84 
30 3.81 f 0.02 3.88 - - 
60 - - 2.52 f 0-04 2.70 
70 6.34 f 0.03 6.71 - - 


35 2 6.92 f 0.03 6-80 12.2f0.1 11.8 
30 5.62 f 0.04 5.48 - - 
60 - - 4.01 f0-04 4.01 
70 9.46 f 0.07 9.41 - - 


40 2 9.42 f 0.08 9.34 16.2 f 0.2 15.7 
30 7.58 f 0.06 7.66 - - 
60 - - 6.08 f 0.02 5.89 
70 13.8 f0-1 13-1 


30 10.6fO-1 10.6 
60 - - 8-46 f 0.29 8.54 
70 17.6 f 0.2 18.0 


- - 
45 2 12.6 f 0.2 12.7 20.4 f 0.3 20.7 


- - 


- - 


' [Phenyl salicylate], = 2 x 
[KOH] = 0.01 mol dm 4 and CH30H = 10% (v/v). 
' [LiOH] = 0.01 moldm-' and CH,OH = 20% (v/v). 
dCalculated from the Erying equator k,, = (k,T/h)exp[-(AH*- TASt)/RT] with AH* and AS* as in Table 2. 
'Error limits are standard deviations. 


mol dm -3, 290 nm and co-solvent H,O. 
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koh,, are summarized in Table 1. The activation parame- total cetyltrimethylammonium bromide conCentration, 
ten such as AH$ and ASS were calculated from the [CTABr],, of 0-0-0.01 m ~ l d m - ~  at 0.01 moldm-' 
Eyring equation using rate constants, kds,. These KOH and 35°C in mixed aqueous solvents containing 
activation parameters are shown in Table 2. 10% (v/v) CH,OH and 2% (v/v) CH,CN. Similar 


observations were also obtained in the presence of 
0.01 moldm-, LiOH. The experimentally determined 


3. An increase in [CTABr], from 0.0 to 0.01 m ~ i d m - ~  
decreased kobsl, by ca 4.0- and 3-6-fold in the presence of 


Of CTABr On rate Of methanolysis Of pseudo-first-order rate constants, kohl shown in Table 
PS - in the presence of K + and Li + 


Several kinetic runs were carried out within a range of 


Table 2. Activation parameters (AH* and AS*) for methanolysis of PS- in the presence of K +  and Li' ions' 


K+ Li + 


[ C W N I  AH* - A S  AH* -AS* 
(Yo, v/v) (kcal mol-') (cal K-l mol-') (kcal mol-I) (cal K-I mol-I) 


2 11.52i0.Ub 31.1 iO.gb 10.26 i 0.48b 34.1 i lSb 
30 12.17i0.24 29.4 i 0.8 - - 
60 - - 14.08 i 0.53 23.8 i 1.7 
70 11.96 i 0.72 29.0 i 2.3 - - 
'Conditions as in Table 1 
bError limits are standard deviations. 


Table 3. Effect of [CTABr], on pseudo-first-order rate constants (kohl) for methanolysis of PS- in the 
presence of Li + and K + ionsn 


0.0 
1 .o 
1.5 
2.0 
2.5 
3 -0 
4.0 
5 -0 
6.0 
8.0 


15.0 
100.0 


1O4cmc 


103k, 


Ks 


6-17 i0.06' 
6.46 i 0.05 
6.51 i 0.06 
5.87i0.14 
5.75 i 0.08 
5.18 i0.12 
4.11i0.07 
3.36 i 0.04 
2.92 i 0.03 
2.38 i 0.02 
1.99 i 0.02 
1 *7 i 0.02 


- 
6.17 
5.35 
4.77 
4.00 
3.51 
3.17 
2-73 
2.09 
1.44 


1-9 m ~ l d m - ~  
(2.0 m ~ l d m - ~ ) ~  


4200 i 800 dm3 mol -' 
4500i800drn3mol-lh 


1-32iO.29 S - I  


1.34i0.25 s- lh 


6.60i0.08' 
6.74 i 0.06 
6-65 i 0.10 
6.14 i 0.08 
5-36 i 0.09 
4.90 i 0.08 
3.86 i 0.05 
3.35 i 0.03 
2.92 i 0.03 
2.44 i0.022 
1 *96 i 0.02 
1-65 i 0.04 


- 
6.17 
5.27 
4.65 
3-87 
3.37 
3.04 
2.63 
2.04 
1.45 


1.8 moldm-' 
(1.6 m ~ l d m - ' ) ~  


1.24i0.21 s - l h  
5100i400 dm'mol-' 
4300 i 500 dm'mol-' 


1.34iO-13 s-' 


' [Phenyl salicylate], = 2 x 
and 290 nm. 
bTotal concentration of CTABr. 
' [LiOH] =0.01 moldm-'. 
* [KOH] = 0.01 mol dm-'. 
'Calculated from equation (2) using cmc values obtained by iterative technique as described in the text. 


sValues in parentheses were obtained using Broxton er al.'s technique."' 
hObtained from equation (2) using cmc values determined by Broxton er d ' s  techniq~e.'~' 


moldm-'. [CH,OH] = 10% (v/v), [CH'CN] = 2% (v/v), [H,O] = 88% (v/v), 35 "C 


Error limits are standard deviations. 
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0.01 mol dm3 KOH and LiOH, respectively. 
DISCUSSION 


The presence of the 100% ionized form ( P S - )  of phenyl 
salicylate has been ascertained under the experimental 
conditions of the present study. The rate of methanolysis 
of PS - has been shown to involve PS - and CH30H as 
the reactants in the presence of 0.01 m ~ l d m - ~  HO-.3*12 
Under such conditions, the rate of methanolysis is 
greatly enhanced owing to the occumence of IGB 
catalysis." 


The suggested mechanism for methanolysis of PS- 
involves an intramolecular intimate ion-pair (T). I' This 
shows that the transition state is apparently more polar 
than the ground state. Thus, a decrease in the dielectric 
constant (i.e. the increase in the content of CH3CN in 
mixed aqueous solvents) is expected to decrease the rate 
constants, kohl. One of the referees suggested that the 
desolvation of anions in the presence of a dipolar aprotic 
solvent (such as CH3CN) results in a large catalytic 
effect on the rate of a reaction involving anionic 
reactant(s). Such an effect is expected to decrease kobol 
because the negative charge in the transition state is 
apparently more localized than in PS- and T. The 
solvation energy of monomeric methanol (CH30H) in 
water solvent is presumably higher than in CH,CN and 
therefore the increase in the content of CH3CN should 
increase kobsl. The decrease in kohl due to partial loss of 
the efficiency of IGB catalysis through ion-pair (IP) 
formation in mixed H,O-CH3CN solvents of decreasing 
dielectric constant cannot be completely ruled out. The 
observed effects of mixed H,O-CH3CN solvents on 
k,,, in the presence of K' and Li' ions (Figure l), are 
a consequence of these four effects of the mixed 
H,O-CH3CN solvents. The characteristic difference in 


- 
0 


I 
/ C  -0Ph 


0 


O = ! - O P h  0: M+ 


IP 


M + = K +  


=Li+ 


the effects of [K'] and Li'] on k,, at CH,CN con- 
tents of >40% (v/v) may be explained as follows. The 
monomeric methanol molecules and cations such as K + 


and Li + are solvated predominantly by water molecules 
in mixed aqueous-organic solvents containing low 
contents of organic co-solvent. However, as the content 
of the organic co-solvent, such as CH'CN, is increased, 
its molecules also enter into the solvation shells of 
cations K' and Li', but because of the relatively high 
charge density of lithium ion, the solvation shell of Li + 


ion is much firmer than that of K' ion. This character- 
istic, in turn, makes Li+ ion the methanol structure- 
forming agent while K' ion the methanol structure- 
breaking agent. Hence, the concentration of (CH,OH) 
in mixed CH30H-CH,CN-H,O solvents containing 
low contents of H,O is expected to increase and 
decrease in the presence of K' and Li', respectively. 
This shows that the presence of K' ions should increase 
kohl whereas that of Li' ions should decrease k,, at 
low contents of H,O in mixed CHOH-CH3CN-H,O 
solvents. 


The magnitudes of AH$ and ASS are not significantly 
affected by the presence of 2, 30 and 70% (v/v) CH3CN 
in mixed aqueous solvents containing 10% (v/v) 
CH30H and 0.01 mol dm-' KOH. However, the values 
of AH$ and ASS increased by ca 3.8 kcal mol-' and 
10.3 cal K-lmol-', respectively, with increase in the 
content of CH,CN from 2 to 60% (v/v) in mixed 
aqueous solvents containing 20% (v/v) CH,OH and 
0.01 m ~ l d m - ~  LiOH. These results may be attributed to 
(i) the relatively more stable IP formation in the pre- 
sence of Li' compared with that of K', because the 
charge density of Li' is considerably larger than that of 
K', and (ii) Li' ions are methanol structure-forming 
agents whereas K+ ions are methanol structure-breaking 
agents." Hence the reactant state is more stabilized in 
the presence of Li' than of K' at 60% (v/v) CH,CN in 
mixed aqueous solvents. 


The rate of methanolysis of non-ionized phenyl 
salicylate (PSH) is> 10'-fold slower than that of PS." 
The inhibitory effect of [CTABr], on k,,, may be 
ascribed to the possible increase in the concentration of 
PSH with increase in [CTABr],. This speculation is 
based on the fact that the micellized phenyl salicylate 
molecules exist in the micellar region where the polarity 
of the medium is considerably decreased compared with 
the polarity of the non-micellar region. The decrease in 
the polarity is expected to increase the pK, of PSH. 
However, the observed absorbance values at time t = O  
for all kinetic runs were found to be unchanged with 
change in [CTABr], from 0.0 to 0.01 mol drn-,. These 
observations rule out the possibility of the presence of 
PSH molecules in the reaction mixture under the experi- 
mental conditions imposed because the molar 
absorptivity of PSH is nearly double that of PS- at 
290 nm. 


The rate of methanolysis of PS- was found to 
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be independent of [HO-] within the range 
0.01-0-15 moldm-, in mixed aqueous solvents con- 
taining 80% (v/v) CH,OH and 0.8% (v/v) CH,CN.l2 In 
view of these results, the rate of methanolysis of PS- 
involves PS- and CH,OH as the reactants under the 
experimental conditions of present study. 


The observed inhibitory effect of [CTmr], on kobEl 
(Table 3) may be explained in terms of the pseudo- 
phase model of mi~elles. '~ Equation (2) may be easily 
derived from the reaction scheme for methanolysis 
expressed in terms of pseudo-phase model of micelles: 


(2) 


where NM and M represent the non-micellar pseudo- 
phase and micellar pseudo-phase. respectively, 
[Dn] = [CTABr], - cmc (where cmc is the critical 
micelle concentration) K, is the binding constant for 
PS - with micelles and kN, and k, are pseudo-first-order 
rate constants for methanolysis of PSNM- and PS,-, 
respectively. 


In order to calculate k, and K, from equation (2), 
the value of cmc must be known under the present 
kinetic conditions. A search of the literature revealed 
significant variations in the reported values of cmc 
(8.0 x 10-5-90.0 x m ~ l d m - ~ ) ' ~  for CTABr, 
which may be attributed to the significant dependence 
of the cmc of CTABr on ionic strength, of the polarity 
medium and the nature of the substrate. The values of 
the cmc of CTABr under the present experimental 
conditions were obtained as follows. At a presumed 
value of cmc, the values of k,, K, and the least 


being the respective observed and calculated rate 
constant, respectively, at the ith concentration of 
CTABr), were calculated from equation (2) using the 
non-linear least-squares technique. The rate constants 
kfJM were obtained experimentally by carrying out 
kinetic runs in the absence of CTABr. The calculation 
of k, and K ,  was repeated at different presumed values 
of the cmc. The best value of the cmc was considered 
to be that for which Cdi2  was a minimum. Such values 
of cmc and the calculated values of k, and K ,  in the 
presence of 0-01 moldm-, KOH and LiOH are shown 
in Table 3. An alternative method advanced by Brox- 
ton et ~ 1 . ' ~ ~  was also used to determine the values of 
cmc. These cmc values were also used to calculate k, 
and K, from equation (2) and the results obtained are 
summarized in Table 3. The cmc values obtained from 
these two alternative methods are not significantly 
different from each other. The least-s uares value 
obtained with cmc = 1.6 x lo-, moldm- was more 
than double that with cmc = 1.8 x mol dm-, in the 
presence of K'. 


The polarity of the Stem layer (where almost all the 
micellar-mediated reactions are believed to occur) is 


kNM + kMKSIDnl 
kobsl = 


1 + Ks[Dn] 


squares, Ed; (where di= kobsli - kcldi, kobsli and kcldi 


9 


considerably lower than that of aqueous pseudo-phase 
[the dielectric constant of the Stem layer is 36-49 (Ref. 
15)]. The values of k, and K,  (Table 3) ap ar to be 


0.01 moldm-, LiOH. This shows that neither K' nor Li' 
ions entered the microenvironment of low polarity where 
the micellar-mediated reactions occurred. This inference 
is based on the fact that the presence of 0.01 m ~ l d m - ~  
K +  caused an increase in kobal at 70% (v/v) CH,CN 
compared to that at 2% (v/v), CH,CN in mixed aqueous 
solvents (Figure 1). On the other hand, if we assume that 
both K' and Li' did enter the micellar region of low 
poarity where reaction occurred, then the value of k, 
must have been much smaller in the presence of Li + than 
that of K', and this is contrast to the experimental 
observations (Table 3). These results show that the 
counterions for micellized HO- and perhaps PS- are 
micellar head-groups The rate constants kobsl remained 
unchanged with change in [Bu",NI] from 0.0 to 
0.09 mol dm3 in mixed CH,CN-CH,OH-H,O 
(19.6 : 80.0 : 0.4, v/v) solvent.12 Similarly, the plot of the 
rate constants k,, versus [CH,OH], turned out to be 
linear (with essentially a zero intercept) within the 
CH,OH concentration range 15-97% (v/v) in mixed 
aqueous solvents containing 1% (v/v) CH,CN and 
0.07 rnol dm -3 Bu ",NBr. lo In view of these observations, 
the cu fourfold inhibitory effect of [CTABr], on k,, 
cannot be attributed to the low polarity of the microen- 
vironment where the micellar-mediated reactions occur. 


The ionic strength of the Stem layer is significantly 
higher than that of the aqueous pseudo-phase.I6 The cu 
fourfold inhibitory effect of [CTABr], on kobsl is 
difficult to explain in terms of an ionic strength effect 
because the presence of 0.3 rnol dm-3 Et,NBr, 
0.3 rnol dm -3 Pr",NBr and 0.24 mol dm -3 Bun4NBr 
decreased kNM only by 26, 45 and 40%, respectively, in 
mixed CH,CN-CH,OH-H,O (1 : 15 : 84, v/v) solvents 
containing 0.01 mol dm-, NaOH at 30 OC.I0 


The most plausible source of micellar inhibition of 
the methanolysis of PS- is the lower concentration of 
methanol in the micellar environment ([CH,OH,]) 
where PS,- molecules exist compared with 
[CH30H,,]. An alternative source of micellar inhibi- 
tion of methanolysis of PS- may be attributed to 
specific medium effects at the micellar surface where 
the PS,- molecule forms an ion-pair complex (similar 
to IP) with cationic head groups of the micelles. 
Although the present data are not sufficient to rule out 
this possibility completely, it appears to be the least 
conceivable possibility in view of the reported observa- 
tions on the effects of [Et4NI] and [Bun4NI] on kobsl in 
H,O-CH,CN-CH,OH (19.2: 0-8 : 80.0, v/v) and 
H,O-CH,CN-CH,OH (0.4 : 19.6 : 80-0, v/v) solvents, 
respectively. With such solvent systems, the rate con- 
stants kobsl remained unchanged with change in [Et4NI] 
from 0.0 to 0.15 moldm-, and in [Bu",NI] from 0.0 to 
0.09 rnol dm -,, at 0.01 mol dm -3 NaOH.I2 


unchanged with change from 0.01 moldm- p" KOH to 
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KINETIC ISOTOPE EFFECTS ON THE MENSHUTKIN REACTION: 
THEORY VERSUS EXPERIMENT 


E. GAWLITA, A. SZYLHABEL-GODALA AND P. PANETHX 
Institute of Applied Radiation Chemistry, Technical University of tad:, Zeromskiego 116,90-924 tad:, Poland 


Nitrogen, carbon and secondary deuterium kinetic isotope effects were calculated for the Menshutkin reaction 
between methyl iodide and para-substituted aromatic N,N-dimethylamines using quantum mechanical methods. 
Different semiempirical Hamiltonians and continuum solvent models were evaluated on the basis of comparison 
between the experimental and theoretical values of these isotope effects. 


INTRODUCTION 


Kinetic isotope effects are unique kinetic tools since 
their magnitude is directly related to the structure of the 
corresponding transition state,’ an entity which still 
evades direct analysis. Only recently has transition-state 
spectroscopy* become available but it will take some 
time before this method will reach the level of a routine 
kinetic technique. 


In a typical procedure, one measures an isotope 
effect and compares it with values predicted theoreti- 
cally for different pathways3 Isotope effects are 
generally small and for many years the only safe 
statement which could be made was whether an isotope 
effect was primary or secondary. Since the experimen- 
tal values had large errors, the predictions also might 
not be very accurate. Hence simple models were 
usually used in calculations with force fields being 
introduced parametr i~al ly .~ Regardless of the crudeness 
of this approach, a skilful chemist could make reason- 
able predictions about a transition state,5 typically 
categorized as ‘early’ (reactant-like), ‘symmetrical’ or 
‘late’ (product-like). 


Nowadays, methods for the measurement of isotope 
effects have evolved to a point where interpretation is 
limited mainly by the precision of calculations, leading 
to a need for improvements in this field. Fortunately, 
this need was paralleled by the advent of new methods 
in theoretical chemistry combined with the substantial 
increases in the power of computers. Modern SCF-MO 
calculations can produce unbiased force fields and 
geometries for both reactants and transition-states and 
should prove useful in calculations of kinetic isotope 
effects.‘ 


~~ 


”Author for correspondence. 
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The aim of the studies presented here was to calculate 
the nitrogen, carbon and deuterium kinetic isotope 
effects on the Menshutkin reaction7 (1): 


P- -RC~H~H(CH~)Z+CHJ+~-RC~H~H+(CH~)~I  (1) 


(R=H, Me, or C(O)Me), and to make a comparison with 
experimental values in order to estimate the applicabil- 
ity of the available Hamiltonians and models of solvents 
to theoretical calculations of kinetic isotope effects. The 
choice of the reaction was dictated by several factors. It 
is mechanistically a very simple S,2 reaction and a 
number of high-level theoretical studies on these reac- 
tions have been published.* Second, these reactions are 
considered as models for studies of solvation effects and 
a wealth of experimental data is also available in the 
l i t e ra t~re .~  In particular, studies on isotope effects“) of 
the reaction in equation (1) have been published, yield- 
ing a set of data which can be used for comparison with 
results of calculations. Also, the choice of isotope 
effects for calculations is not coincidental; central atom 
carbon isotope effects are well understood and well 
documented, giving a good basis for comparisons. 
Nitrogen isotope effects for similar processes, on the 
other hand, although also well documented, are not well 
understood. These are isotope effects of an incoming 
group, where factors influencing the magnitude of 
kinetic isotope effects;” the temperature-independent 
factor (TIF), connected with the mass difference of 
isotopic species, and the temperature-dependent factor 
(TDF), representing changes in bonding around the 
isotopic atom, partially cancel. The extent of this 
cancellation is not easily predictable, making calcula- 
tions of these effects especially important. Finally, 
secondary deuterium isotope effects have frequently 
been measured but the interpretation of their origin 
remains debatable. 
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The small size of the incoming group nitrogen isotope 
effects leads to misinterpretations of their behavior. For 
example, an anti-Hammett correlation with the substitu- 
ent constants was once postulated for quaternization of 
pyridines but was later proved unjustified. l 2  It was 
therefore most desirable to have a theoretical evaluation 
of such correlations and to find factors responsible for 
the predicted behavior. 


The crucial point in calculations of isotope effects is 
obtaining unbiased force fields for ground and transi- 
tion states. Within the quantum chemistry framework, 
this may be achieved at the ab iizitio or semiempirical 
level. For ah irzitio calculations, even a reaction as 
simple as that depicted in equation (1) is still prohibi- 
tively time consuming. Semiempirical calculations, on 
the other hand, can be performed on this system within 
a reasonable time limit on available computers, so this 
level of theoretical scrutiny was used throughout this 
work. 


THEORETICAL CALCULATIONS 


The programs AMPAC version 513 with the SM2 
solvation modelI4 (compiled to a DEC 3000/300X 
computer), Sibiq version 1.0.5 (for a PC platform),” 
MOPAC version 616 with the SCRF2 solvation model” 
and MOPAC93 with the COSMO solvation model” 
(compiled to an HP 9000/735 computer) were used 
throughout. Our own program ISOEFF version 6” was 
used in calculations of isotope effects. 


SCF-MO calculations were performed at the semiem- 
pirical level. These calculations included geometry 
optimization for reactants and products, followed by the 
transition-state location and subsequent force field 
analysis and calculations of isotope effects. 


The first three goals were achieved by using AMl,”  
PM3” and, in one case, MND02’ Hamiltonians and 
eigenvector follow (EF) optimizer at the highest 
precision level. Four different continuum solvent 
models were tested. Transition-state structures were 
located by a combination of NLLSQ, Sigma, TS 
optimizers and DRC/IRC routines on the basis of 
previously optimized geometries of reactants and 
products. Force field calculations were then performed 
for appropriate isotopomers of reactants and the transi- 
tion state. Isotopic frequencies of normal vibrations of 
reactants and transition state, obtained from the theor- 
etical calculations, were used with the Bigeleisen”” 
equation (2) to calculate kinetic isotope effects. Only 


*The ISOEFF version 6.0 program can be obtained on request 
from ppanethl@pleam.edu.pl. This program, written in 
FORTRAN, extracts all data necessary for calculations of 
isotope effects from outputs of quantum chemistry packages. 
MOPAC/AMPAC, AMSOL, SIBIQ, GAMESS and GAUS- 
SIAN formats are currently supported. 


isotopic frequencies larger than 30 cm’ were included 
in the calculations. 


Minimal information necessary to calculate a kinetic 
isotope effect consists of two sets of normal modes of 
vibrations related to the isotope effect by the following 
equation: ‘ l a  


where k J k ,  is the kinetic isotope effect, I I  are the 
numbers of atoms in the substrate or transition state, 
u=hv/kT,  where h and k are Planck and Boltzman 
constants, respectively, T is the absolute temperature, Y ,  
are the frequencies of normal vibrations, subscripts L 
and H correspond to light or heavy species, respectively, 
and superscripts R and $ indicate the properties of 
reactant or transition state, respectively. All data neces- 
sary to calculate the isotope effect are available from 
semiempirical calculations and were extracted from the 
appropriate output files. The isotope effects were 
calculated at temperature of 29813. Since there are three 
indistinguishable deuterium atoms per molecule of 
methyl iodide, these isotope effects were calculated for 
triply substituted reactant (which corresponds to the 
experimental conditions). 


RESULTS 


Results obtained with combinations of different Hamil- 
tonians and solvent models are summarized in Table 1 
and compared with experimental values. 


Previously reported experimental dataInb were 
obtained in methanol (~=32.7)  while measurements 
described in the accompanying paperinf were carried out 
in ethanol (&=24.6). The comparison of our calculations 
for the toluidine derivative (p-CH,) in these two solv- 
ents using the combination of the AM1 Hamiltonian 
with the COSMO solvent model revealed that such a 
change in the apparent dielectric constant does not 
perturb the calculated geometries, force fields and 
isotope effects. Therefore, we restricted out calculations 
to one value of dielectric constant, corresponding to 
methanol. 


Isotope effects can be calculated by comparing the 
force field of the transition state with individual 
reactants or optimized geometry of their electrostatic 
complex. With the example of AM1 /SCRF calculations 
for N,N-dimethylaniline, we demonstrated that this 
choice does not influence the value of the final isotope 
effect. The corresponding equilibrium isotope effects 
(between free reactants and the complex) were equal to 
unity and only minimal stabilization of this complex 
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over free reactants of 0.5 kcal mol-l (1 kcal=4.184 kJ) 
was found. 


DISCUSSION 


Two aspects of our calculations seem to be of predomi- 
nant importance. The first is determining which 
solvation model can be effectively used in the modeling 
of kinetic isotope effects, and the other is the structure 
of the transition state of the studied reaction. 


We have reported earlier our attempt to calculate the 
transition-state properties for the toluidine derivative. lob 


However, since these calculations were canied out in the 
gas phase, we failed to locate the transition state and 
therefore we had resorted to only partially optimized 
geometries at fixed N-C and C-I bond orders. Bond orders 
were chosen arbitrarily in two ways: preserving total 
bonding to the central carbon atom Cn =nNX + nc-[ = 1 in 
the so-called tight tramition state, or keeping this sum at 
0.6 as in the loose or exploded transition state. 


In the present studies, the use of continuous solvation 
models permitted optimization of the transition-state 
structures without any geometrical constraints. We 
compared two solvation models which allow one to 
change the macroscopic dielectric constant of the 
solvent. These were the self-consistent reaction field 
(SCRF) and conductor-like screening model (COSMO). 
A few calculations were carried out using two other 
solvation models: solvation model (SM2.1 and SM3) 
and Langevin dipole model2’ (LD). The first of these, 
however, i s  parametrized to reproduce properties of 
aqueous solutions only and therefore could not be 
directly applied to studies of reactions in methanol or 
ethanol. Furthermore, we failed to achieve convergence 
of the transition-state geometry using the PM3-SM3 
combination. The Langevin dipole model yielded a 
nitrogen isotope effect of 0.9754, so remote from the 
experimental value that we discontinued its usage. A 
similarly inaccurate nitrogen isotope effect of 0.9846 
was obtained using the AM1 Hamiltonian in combina- 
tion with COSMO solvent model for the p-CF, 
substituent. We therefore excluded this substituent from 
both experimental and theoretical considerations, 
introducing in its place the p-C(O)CH, moiety. 


Our main criterion for the evaluation of theoretical 
models here is the agreement between predicted and 
observed values of isotope effects. We thus only note that 
although all Hamiltonians correctly predicted the direction 
of changes of activation energy for the considered series of 
para-substituents, the PM3 Hamiltonian proved superior to 
the AM1 and MNDO Hamiltonians with regard to the 
absolute value of these barriers. Compared with calcula- 
tions in the gas phase, the S M 2  model correctly predicts a 
significant lowering in the activation banier whereas the 
SCRF method yields only a negligible lowering. 


The comparison of calculated isotope effects with 
those obtained experimentally (Table 1) indicate that all 


theoretical models yielded acceptable values of carbon 
kinetic isotope effects. The results of PM3 are closer to 
the experimental values than those obtained using the 
AM1 Hamiltonian. From the analysis of the nitrogen 
isotope effects we can conclude that results obtained 
with the COSMO model leads to qualitative agreement 
with the observed smaller effect for the p-C(0)Me 
substituent. Values obtained with the SCRF model do 
not show any dependence (PM3 calculations) or are too 
inverse (AM1 calculations). 


An even more explicit difference between experiment 
and theory is observed in the case of secondary deuter- 
ium isotope effects. These isotope effects are slightly 
inverse in the case of aniline and toluidine derivatives, 
which is best modeled by the AM1 Hamiltonian and 
SCRF solvent treatment. AMI-COSMO results are also 
acceptable although these calculations yield slightly too 
low values of this isotope effect of 0.8. The secondary 
deuterium isotope effect for the acetophenone derivative 
is normal. This is best modeled by the PM3 calculations. 
The MNDO method gave an inverse value of 0644 and 
AM1-SM2 calculations predicted an isotope effect of 
0.8. Analysis of the results obtained leads to the disturb- 
ing conclusion that neither of the studied theoretical 
treatments is adequate for predicting secondary deuter- 
ium of isotope effects for all substituents. 


The features of the transition state change with the 
theoretical model, as can be seen in Figure 1 ,  which 
shows the transition state in the case of p-C(0)Me 
calculated with three different Hamiltonians. The 


Figure 1. Structures of the transition state calculated using 
AMl, PM3 and MNDO Hamiltonian and COSMO solvent 


model for the acetophenone derivative 
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striking result is the invariance of the structure of 
transition states obtained with different Hamiltonians 
and solvation models for such different substituents as 
p-CH, and p-C(O)CH,. Virtually all geometrical 
parameters are the same with all studied substituents, as 
it is illustrated by the structures in Figure 2 and the data 
given in Table 2. A similar lack of dependence of 
nitrogen isotope effects on the para-substituent was also 
observed in the case of quaternization of py r id ine~ .~~  
Differences in the transition-state structures obtained 
using different continuum solvent models are shown in 
Figure 3 on the example of the transition state for the 
acetophenone derivative. 


In all calculations the angle of the nucleophilic attack, 
defined as an angle formed by nitrogen, carbon and 
iodine atoms, was close to 180" as expected for an S,2 
reaction. The relative position of this angle versus the 
plane of the aromatic ring is, however, different for 
AM1 and PM3 Hamiltonians. as illustrated in Figure 4. 


d 


The angle between the ring plane and the line marked by 
N-C-I atoms is close to 90" in the case of PM3 calcula- 
tions, while the AM1 model predicts a twist of 
substituents on the nitrogen atom away from C, sym- 
metry. In both cases the valence angle at nitrogen is 
close to the tetrahedral angle of 109.5. This difference 
might be a consequence of problems with calculations 
of charge distribution in nitrogen-containing molecules 
with the PM3 method. It would be interesting to see if 
the novel method of correcting this deficiency called 
CM4PZ4 would resolve this problem. 


Approximately the same C-I lengths are predicted 
by studied theoretical treatments for the reactants 
2.05 8, compared with the crystallographic length of 
2-15 8, for C(sp3)-I containing compoundsZ5 and the 
transition state (2.45 8,). AMI-SCRF calculations give 
best agreement with the experimental values (Table 2). 
The MNDO/d Hamiltonianz6 together with the LD 
solvation model yielded a C-I bond length of 2.08 8, in 


0 
0 


Figure2. Structures of transition states calculated using the AM1 Hamiltonian and COSMO solvent model for three different 
substituents in the para position of Nfl-dimethyl anilines 
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Figure 3. Structures of the transition state calculated using the AM1 Hamiltonian and different solvent models for the acetophenone 
derivative 







Table 2. Calculated properties of the structures of transition states for reaction (I)" 


'N-C TS rC-[ TS 
Method R LNCH nN-C 'N-C n c - I  'C-l AH* V' Zn 


PM3 
COSMO 
PM3 
SCRF 
AM1 
COSMO 
AM1 
SCRF 
PM3 
COSMO 
PM3 
SCRF 
AM1 
COSMO 
AM1 
SCRF 
PM3 
COSMO 
PM3 
SCRF 
AM 1 
COSMO 
AM1 
SCRF 
AM1 
LD 


AM1 
SM2 


MNDO 
COSMO 


p-Me 86.0 


88.4 


94.3 


99.4 


P-H 86.4 


88.5 


94.8 


100.0 


p-C(0)Me 86.8 


89.2 


94.6 


99.5 


108.1 


98.8 


96.5 


2.356 
0.05 
2.140 
0.11 
1.819 
0-29 
1.676 
0.46 
2.361 
0.05 
2.140 
0.1 1 
1.814 
0.30 
1.681 
0.49 
2.350 
0.06 
2-135 
0.11 
1.803 
0.3 1 
1.679 
0.45 
1.539 
0.7 1 


1.682 
0.44 


1.838 
0.29 


1.485 


1.481 


1449 
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1.44 1 
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1.47 1 
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0.24 
2.432 
0.29 
2.504 
0.22 
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0.24 
2.459 
0.24 
2.433 
0.28 
2.501 
0.22 
2.480 
0.23 
2.470 
0.23 
2.440 
0.28 
2.503 
0.22 
2.74 1 
0.09 


2.510 
0.22 


2.567 
0.16 


2.044 


2.030 


2.056 


2.05 1 


2.044 
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2.056 


2.164 


2,044 
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2.057 
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18.3 


26.3 


53.0 


61.7 


33.9 


28.7 


54.5 


63.6 


57.9 
gas 
58.1 
63.1 
gas 
76.1 
76-2 


580.3 


723.2 


789.7 


544.3 


573.8 


725.4 


793.5 


562.6 


577.1 


712.0 


794.9 


561.2 


53.0 


619.7 


722.1 


0.29 


0.35 


0.5 8 


0.68 


0.29 


0.35 


0.58 


0.72 


0.29 
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0.59 


0-67 


0.80 


0.66 


0.45 
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PM3 
Figure 4. Transition-state structures calculated using AM1 and PM3 Hamiltonians and COSMO solvent model for the aniline 
derivative overlayed to overlap aromatic rings. The structures on the left are viewed from the back of the ring. The ring plane is 
perpendicular to the surface of drawing. The structure on the right is rotated 90 showing the valence angle at nitrogen and differences 


in the center of reaction as calculated by these two methods 
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the case of methyl iodide, indicating that better results 
are obtained when d-orbitals are included in 
calculations. 


An important difference between the results obtained 
with AM1 and PM3 Hamiltonians is the length of the 
forming N-C bond. For the stable reacting amines, the 
PM3 method predicts a longer N-C bond than the AM1 
method by about 0.03A (with the AM1 value closer 
to the crystallographic value of 1.466 A obtained 
as an average from 88 compounds containing 
C(sp3),=N-C(spZ) arrangement). This difference 
increases significantly in the case of transition-state 
structures, reaching 0.55 A. It is also worth noting that 
solvent models influence this bond length; COSMO 
calculations yield N-C bonds in the transition state 
longer by about 0.2 8, than SCRF (while no difference is 
predicted for stable amines). To discuss this, it is better 
to consider the formal bond order (n )  rather than bond 
lengths (r). Bond lengths at partial bond orders can be 
calculated fromz7 


r,,=r,-O.3 In(n) (3) 
where rn is the length of a partial bond with multiplicity 
IZ and rl is the length of a single bond. The multiplicity 
of the C-I bond in the transition state is invariably 
found to be around 0.25. This means that C-I breaking 
is highly advanced in the transition state. From this 
point of view, the transition state could be categorized 


A-E 


as ‘very late’ or ‘product-like.’ The PM3 results predict 
an unrealistically low bond order of the forming N-C 
bond at the level of 0.1, pointing to an S,l-like rather 
than an SN2 mechanism, as can be seen in the More 
O’Ferall-Jencks diagram (Figure 5). It should be noted, 
however, that attempts to optimize a transition state for 
a ‘pure’ S,1 mechanism were unsuccessful. This means 
that the mechanism resulting from the PM3 calculations 
could be termed ‘nucleophile assisted S,I.’ More 
reasonable results of the AM1 calculations predict this 
bond order to be at the level of 0.3-0.4. Thus, from the 
point of view of the forming bond, the transition state 
should be called ‘early‘ or ‘reactant-like.’ The above 
discussion illustrates nicely the deficiencies of simple 
categorization of transition-state structures used so 
frequently in earlier interpretations of isotope effects. 


The total bonding to the central carbon atom is 
predicted at about 0.3 by the PM3 calculations, which 
seems to be too low. The AM1 method yields this value 
at about 0.6-0.7, as suggested earlier.lob The MNDO 
calculations give geometrical features of the transition 
state as the center of reaction similar to those obtained 
with the AM1 method. All results are therefore pointing 
to the so-called ‘loose’ or ‘exploded’ transition-state 
structure. 


The little involvement of nitrogen in the reaction 
coordinate predicted by the PM3 Hamiltonian is 
reflected in the lack of N-C contributions in the reaction 
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Figure 5 .  Calculated positions of the transition states for quatemization of para-substituted anilines on the reaction coordinate 
represented in the More O’Ferall-Jencks space. 
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coordinate in the case of COSMO calculations. Further- 
more, the N-C-H angle, averaged over all three 
hydrogens, obtained using the PM3 method is always 
less than 90. This angle changes from about 71 found in 
the reactant complex, preoriented for the nucleophilic 
attack, to about 109 found in the product. The lack of 
steric hindrance from the incoming group to the bending 
of C-H bonds because of the large N-C distance may 
thus be the reason for the secondary deuterium isotope 
effect being predicted by this method as larger than 
unity. In the case of the AM1 calculations the calculated 
angles are about 95 with the COSMO and about 100 
with the SCRF correction. Smce a 90 N-C-H angle 
would be called a ‘symmetrical’ transition state, the 
AM1 calculations predict a ‘late’ transition state 
whereas the PM3 calculations predict an ‘early’ transi- 
tion state. 


It was usually postulated that the total bonding of the 
reactant coordinate N-C-I drops to about 0.8, constitut- 
ing an ‘exploded’ transition state. Our results suggest a 
much larger decrease to about 0.6, which corresponds to 
an extremely loose transition state. The structures 
obtained also indicate a lack of synchronicity; 70% of 
the bond breaking is accompanied by only 30% of bond 
making, questioning earlier rigorous categorizations into 
‘early,’ ‘late’ or ‘symmetrical’ transition states. 


Comparison of calculated isotope effects for the 
reaction between methyl iodide and para-substituted 
NJ-dimethylanilines with the experimental results 
indicates that none of the methods tested correctly 
predicts values of isotope effects. While primary carbon 
and incoming group nitrogen kinetic isotope effects are 
predicted by most of these methods, none was able to 
reproduce the observed cross-over of the secondary 
deuterium isotope effects. Furthermore, if analysis is 
restricted to only one type of isotope effect, e.g. heavy 
atom, a different theoretical treatment leads to accep- 
table values although the calculated geometries of the 
corresponding transition state aredifferent. This ques- 
tions the applicability of such a theoretical treatment to 
the analysis of transition-state properties. Recently 
similar conclusions have been reached” on the basis of 
high-end ah iriitio calculations of isotope effects on 
elimination reactions. These stirring findings need 
closer inspection in future model studies. 


The above discussion assumes that the reaction 
studied is a single-step reaction. We have discussed in 
the accompanying paper’0f the possibility of a more 
complex scheme, which involves a dissociation of the 
solvent-amine complex preceding the reaction of the 
amine with methyl iodide. This mechanism may be 
valid particularly for the very basic amines. If this was 
the case, the results of the calculations reported here 
should be compared directly with the experimental data 
only for the most electron-withdrawing derivative, i.e. 
4-MeC(O). However, the possibility of a two-step 
mechanism does not agree with the observed absence of 


a solvent isotope effect for the 4-Me derivative. For 
such a mechanism this isotope effect should be signifi- 
cant. We have suggested that a reasonable mechanism 
might involve a solvent molecule hydrogen bonded to 
the amine. Hence it may be necessary to include expli- 
citly in the model at least one solvent molecule to 
account for the observed changes of isotope effects with 
the change of substituents. Such calculations are much 
more CPU demanding. Furthermore, accounting for 
weak intermolecular interactions such as hydrogen 
bonds is not an easy task.29 An alternative approach is to 
carry out reactions in an aprotic solvent. Both appro- 
aches are currently being explored. 
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DIRECT OBSERVATION OF THE YLIDES FORMED UPON REACTION 
OF CYCLOPENTADIENYLIDENE WITH ACETIC ANHYDRIDE, 
DIMETHYL CARBONATE, ETHYL ACETATE AND ACETONE 


MATTHEW s. PLATZ* AND DAVID R. OLSON 
Department of Chemistry, Ohio State University, 120 W. 18th Avenue, Columbus, Ohio 43210, USA 


Cyclopentadienylidene was studied by laser Rash photolysis (LFP) techniques. LFP of diazocyclopentadiene in 
acetic anhydride, acetaldehyde, acetone, dimethyl carbonate, ethyl acetate, acetonitrile, dimethyl sulfide and 
pyridine produces UV-visible active ylides. The first reports of the direct detection of carbene--anhydride, 
carbene-aldehyde, carbene-amide and carbene-carbonate ylides are presented. The spectra and the lifetimes 
of these ylides are reported. 


INTRODUCTION 
Carbonyl ylides are useful reagents in dipolar cycload- 
dition reactions and in the synthesis of heterocyclic' and 
polycyclic compounds.2 Methods of generating carbonyl 
ylides include the photolysis or thermolysis of 
~xi ranes ' .~  or o~adiazolines.~ Another method, which is 
the focus of this report, involves the reactions of car- 
benes with carbonyl compounds:5s6 


Carbonyl ylides have been detected directly for 
carbenes produced in the laser flash photolysis of diazo 
compounds in the presence of ketones.6 While evidence 
for carbonyl ylides derived from the reaction of car- 
benes with carboxylic acid derivatives has been found in 
some product s t ~ d i e s , ~  attempts to directly observe 
carbonyl ylides derived from carbenes and carbonyl 
compounds such as anhydrides, amides and carbonates 
have generally failed with the exception of some stable 
intramolecular/cyclic cases2 and the ylide formed 
between tetrakis(trifluoromethy1)cyclopentadienylidene 
and tetramethylurea.' The only previous report of 
spectroscopically detectable carbonyl ylides formed by 
reaction between an ester and a carbene is for ( p -  
nitropheny1)chlorocarbene generated in the presence of 
ethyl acetate.* 


Simple theoretical considerations suggest that cyclop- 
entadienylidene (CP) should readily form ylides to form 
an aromatic product: 


* Author for correspondence. 


CP 


Indeed, ylide formation is a consistent theme in the 
chemistry of CP.9 These considerations prompted the 
present study of CP with a variety of carbonyl func- 
tional groups. We present here the first reports of 
UV-visible-active ylides derived from the reaction of a 
carbene with an anhydride, aldehyde, carbonate and 
amide. The lifetimes of these ylides are also presented. 


RESULTS AND DISCUSSION 
Laser flash photolysis (LFP) (XeCI excimer, 308 nm, 
or XeF excimer, 351 nm) of diazocyclopentadiene 
(DCP) in solvents containing the carbonyl functionality 
in acetic anhydride, acetaldehyde, acetone, dimethyl 
carbonate and ethyl acetate produces the transient 
spectra shown in Figures 1-5. The transient UV-visible 
spectra resulting from the LFP of DCP in acetonitrile, 
dimethyl sulfide and pyridine are shown in Figures 6-8. 
Likely structures of these transients are shown in 
Scheme 1 (structures 1-8). The rates of formation of all 
of the transients in neat carbonyl compound were faster 
( ~ 2 0  ns) than the time resolution of the laser flash 
photolysis system used. The lifetimes of the proposed 
carbonyl ylides in neat ylide forming reagent range 
from 1 to 10 ps (Table 1). Lifetime values which have 
been measured previously for ketone-carbene ylides are 
also generally on the scale of microseconds.6 The ylides 
formed by reaction of CP with pyridine and acetonitrile 
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Figure 1. Transient spectrum produced by LFP of DCP in 
acetic anhydride. The spectrum was recorded 500ns after a 


308 nm laser pulse 
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Figure 2. Transient spectrum produced by LFP of DCP in 
acetaldehyde. The spectrum was recorded 500 ns after a 


308 nm laser pulse 
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Figure 3. Transient spectrum produced by LFP of DCP in 
acetone. The spectrum was recorded 500 ns after a 308 nm 


laser pulse 
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Figure 4. Transient spectrum produced by LFP of DCP in 
dmethyl carbonate. The spectrum was recorded 500 ns after a 


308 nm laser pulse 
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Figure 5 .  Transient spectrum produced by LFP of DCP in 
ethyl acetate. The spectrum was recorded 50011s after a 


308 nm laser pulse 
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Figure 6. Transient spectrum produced by LFP of DCP in 
acetonitrile. The spectrum was recorded 500 ns after a 308 nm 


laser pulse 
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Figure 7. Transient spectrum produced by LFP of DCP in 
dimethyl sulfide. The spectrum was recorded 500 ns after a 


308 nm laser pulse 
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Figure 8. Transient spectrum produced by LFP of DCP in 
pyridme. The spectrum was recorded 500 ns after a 308 nm 


laser pulse 


Table 1. Transient species observed upon laser (308 nm) flash 
photolysis of diazocyclopentadiene in various solvents 


Transient 
Carbonyl compounds 1 (nm) lifetime (ps) 


Acetaldehyde 
Acetic anhydride 
Acetone 
Dimethyl carbonate 
Ethyl acetate 
F'yridine 
Acetonitrile 
Dimethyl sulfide 


480 3.4 
500 0.9 
500 10 
360 3.4 
440 1.4 
530 Long (min-h) 
325 Long (min-h) 
420 10 


have relatively long lifetimes, on the scale of minutes to 
hours, whereas that observed with dimethyl sulfide has a 
lifetime of 10 ps. 


LFP of DCP in dimethylformamide also produces a 
UV-visible-active species. A transient spectrum 
recorded 500 ns after the laser pulse shows a transient 
absorption centered near 400 nm (Figure 9). The time 
evolution of this absorption band (Figure 10) indicates 
that it results from the absorption of at least two species, 
a contribution (ca. 30%) from a short lived (1 ps) 
transient and a larger contribution (70%) from a much 
longer lived species. Minutes after the laser flash a 
persistent increase is produced in the absorption of the 
sample at 400 nm. This suggests that a large component 
of the absorption present in Figure 9 may be due to a 
long lived (minutes) product while the smaller portion 
may be due to carbonyl ylide, 9, derived from the 
immediate carbene reaction with the amide. 


H 
9 


3 4 


7 8 


Scheme 1 
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Figure 9. Transient spectrum produced by LFP of DCP in 
N,N-dimethylformamide. The spectrum was recorded 500 ns 


after a 308 nm laser pulse 


Unlike CP, neither fluorenylidene nor tetrachloro- 
cyclopentadienylidene produce observable carbonyl 
ylides with acetaldehyde, acetic anhydride, ethyl acetate 
and dimethylformamide (DMF). Furthermore, 
tetrachlorocyclopentadienylidene forms an observable 
ylide with pyridine but not with acetone or acetonitrile. 
The fluorenyl radical (Amu = 500 nm)" produced by a 
hydrogen atom transfer reaction of triplet fluorenylidene 
was observed in ethyl acetate and DMF. 


The greater facility of ylide formation with CP relative 
to fluorenylidene and tetrachlorocyclopentadienylidene 
may be due to the superior steric accessibility of the 
carbene center in CP or to electronic effects. 
Calculations" in fact reveal that the lowest closed-shell 
singlet configuration of CP is non-planar (e.g. 10). 
Theory predicts that the empty-orbital of the carbene does 
not conjugate with the butadiene moiety and it receives 
no resonance stabilization. The lowest energy singlet state 
of CP is predicted, however, to be planar and to have an 
open-shell structure. 


l l a  I l b  1 0  


Planar, closed-shell structures such as l l a  and b of 
CP are not supported by theory. Substituted derivatives 
of CP such as fluorenylidene and tetrachlorocyclo- 
pentadienylidene may exist as planar singlet species 
which may change the predominant reactivity mode of 
these carbenes relative to the parent (CP) system. 


The lifetime of the CP-acetone ylide (10 ps) is 
approximately three times that of its fluorenylidene 
counterpart (3.4 ps). This longer lifetime is probably 


0.087 I 


O . O B 7 8  A400 A400 


Figure 10. The decay of the short-lived transient produced 
upon LFP of DCP in N,N-dimethylformamide. Transient 


decays to a long-lived species which also absorbs at 400 nm 


related to the greater thermodynamic stability of the 
cyclopentadienyl anion than the fluorenyl anion. 


There are several possible fates for carbonyl ylides, 
including closure to form oxiranes, 1,3-dipolar cycload- 
dition to alkenes or carbonyls and fragmentation to form 
a carbonyl compound and a carbene.l-6 Product studies 
have demonstrated that oxiranes are the major products 
of reaction of carbenes and  ketone^.^.^ However, for 
certain carbonyl ylides derived from aldehydes, 1,3- 
dipolar cycloaddition to another molecule of aldehyde is 
observed. 


Another mechanism/mode of reaction worth con- 
sidering is oxygen atom transfer. Calculations'* suggest 
that certain carbonyl ylides bearing strong electron- 
donating substituents will fragment exothermically. 
Formal oxygen atom transfer consistent with this 
mechanism has been observed in the chemistry of 4,4- 
diphenylcyclohexadienylidene generated by thermolysis 
in DMS0,I3, in the reaction of fluorenylidene with 
oxiranesL4 and in the reaction of anthronylidene with 
pyridine N-oxide. Is Oxygen transfer may become the 
dominant reaction of electrophilic carbenes with non- 
ketone carbonyl compounds and, if this is the case, then 
CP's facility for forming easily detected ylides may 
result, in part, from the carbonyl ylide's reluctance to 
fragment to form the unstable cyclopentadienone. 


LFP of DCP in tetramethylurea fails to produce a 
detectable ylide (e.g. 12), which is surprising because 
the structure of 12 implies unusual electronic stability. 


If this ylide is produced then either its chromophore is 
inconvenient or its lifetime is extremely short owing to 
rapid fragmentation to form a highly stabilized diamin- 
ocarbene (the authors are indebted to Professor Ned 
Jackson for bringing this possibility to their attention): 


C 


I I  
CH3 CH3 


l 2  - @I -k CH3-N / \  N-CHa 
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EXPERIMENTAL 


Materials. Solvents were purified and dried by 
distillation from calcium hydride. 


Diazocyclopentadiene (DCP). Diazocyclopentadiene 
was prepared and purified by literature procedures.'6 
Because of the highly explosive nature of diazocyclo- 
pentadiene, distillation was performed under reduced 
pressure with heating not exceeding 60 "C; the resulting 
solid was dissolved in Freon 113 and stored in a freezer. 


Tetrachlorodiaz~cyclopentadiene.~~ Activated' man- 
ganese dioxide" (3 g) was added to a solution of 
tetrachlorocyclopentadiene hydrazone17 (1.2 g) in dry 
chloroform (20 ml) and stirred for 24 h, after which 
time TLC showed complete conversion. After removal 
of manganese dioxide by filtration, subsequent 
purification was performed as described in the 
1iterature.l7 


Laser flash photolysis (LFP).  The LFP apparatus 
used has been described previo~sly. '~ LFP was per- 
formed with 308 nm laser radiation generated from a 
Lambda Physik LPX 100 excimer laser (XeCI) or 351 
nm laser radiation generated from a Lumonics TE 861 
M-T excimer laser (XeF). The absorption of all samples 
used in the kinetic studies ranged from 0.4 to 0.9 at 
308 nm or 351 nm depending on the wavelength 
employed. Laser samples were deaerated by bubbling 
with nitrogen for 2-3 min. 


Transient spectra. Transient spectra were recorded 
500 ns after a 308 nm wavelength laser pulse over a 
window of 500 ns using a EG&G Princeton Applied 
Research Model 1460 optical multichannel analyser. 


Ylide lifetimes. Time-resolved spectra were measured 
at the A,,,= of the various ylides over a window of 0.2 or 
0-5 ps. The lifetimes of the growths of the ylides were 
shorter than the time resolution of QC. 20 ns. The 
lifetimes for the decay of the ylides were measured in 
neat ylide former and calculated with the aid of the 
Marquardt algorithm to fit the exponential decay (the 
Marquardt algorithm has been described." The software 
in use at Ohio State University was written by Shamin 
Ahmed). 
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REVIEW COMMENTARY 


RUTHENIUM TETRAOXIDE MEDIATED REACTIONS: THE MECHANISMS OF 
OXIDATIONS OF HYDROCARBONS AND ETHERS 


JAN M. BAKKE* AND ASTRID E. FF@HAUG 
Organic Chemistry Laboratories, Norwegian Institute of Technology, University of Trondheim, N-7034 Trondheim, Norway 


The reaction mechanisms for the Ru0,-mediated oxidations of saturated hydrocarbons and of ethers were 
investigated. For both groups of compounds the kinetic influence of the reaction medium and of substituents 
near the reaction centre was determined together with deuterium isotope effects. The results do not support 
reaction mechanisms with carbocation intermediates. Reactions by radical pair intermediates are only possible 
if these collapse at rates faster than lO*s-'. For the oxidation of hydrocarbons the data fit a two step 
mechanism, a pre-equilibrium followed by a rate-determining concerted reaction. The results from the 
oxidation of ethers can be explained by a concerted, S,t-like type of reaction. 


INTRODUCTION 
Ruthenium tetraoxide is a powerful oxidant which 
reacts with a number of organic compounds. 
Carbon -carbon double bonds are cleaved producing 
ketones and carboxylic acids, alcohols are oxidized to 
ketones or carboxylic acids and ethers give esters, 
including lactones. Aromatic rings are usually cleaved 
to produce carboxylic acids. The use of RuO, in organic 
chemistry has been reviewed by several authors.' It is 
normally applied in catalytic amounts and a number of 
stoichiometric oxidants can be used, sodium periodate 
being the most common. For lipophilic compounds a 
two phase system consisting of CC1,-CH,CN-H,O 
(2 : 2 : 3) (Sharpless' conditions) is often applied. 
Oxidations of hydrophilic compounds are carried out in 
aqueous solutions. 


In spite of the synthetic importance of Ru0,-mediated 
oxidations, only a limited number of studies on the 
reaction mechanisms have been reported. We described 
the Ru0,-mediated derivatization of saturated hydrocar- 
bons a few years ago3 and later reported studies on the 
mechanism of this In connection with this 
work, we have also studied the oxidation of ethers to 
esters.' This Review Commentary gives a summary of 
these studies. 


Author for correspondence. 


DERIVATIZATION OF SATURATED 
HYDROCARBONS BY RuO, 


Ruthenium tetraoxide oxidizes a number of saturated 
hydrocarbons to the corresponding tertiary alcohols or 
ketones. The reaction is regioselective and, from a 
limited number of examples, appears to be 
stereospecific. The by-products from the reactions 
yielding alcohols are in most cases ketones from reac- 
tions on secondary C-H bonds. Typical results are 
given in Table 1. 


From Table 1, it is evident that the RuO, oxidation of 
saturated hydrocarbons represents an important synthetic 
reaction. The results show that tertiary C-H bonds are 
more reactive than secondary bonds (entries 1, 2 and 
4-6) except for substrates with the tertiary C-H bond 
situated at a bridgehead (Entry 3). There also appear to 
be some steric requirements of the reaction (compare the 
results of entries 4 and 5). The reaction takes place with 
retention of configuration (entries 4 and 6). No skeletal 
rearrangements take place in the oxidation of bridged 
polycyclic hydrocarbons (entry 8), except for cis- and 
trans-pinane (entries 9 and 10). 


The results presented in Table 1 may be explained by 
several reaction mechanisms (Scheme 1): (a) hydrogen 
atom abstraction to give a radical pair intermediate; (b) 
hydride ion abstraction to give a carbocation 
intermediate; or (c) a concerted reaction mechanism. It 
should be emphasized that the structure of the transition 
state in route c serves as an illustration only. 
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Table 1. Ru0,-mediated oxidations of saturated hydrocarbons 


Entry Substrate Product Yield (%) Ref. 


1 81" 3 


2 85a 3 


3 60" 3 


4 90b 5 


5 50b 5 


6 100b 5 


w 0 WR 7 50" 8 


69" 9 8 


OH 


0 


48" 10 9 


"a% 0 0 


10 26 and 29' 10 


'Isolated yields. 
Initial yields (GC). 
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[ A  RUO&l] 


\ 


Scheme 1 


For routes a and b, the stereochemical results could 
be explained by rapid reactions of the radicals or ions in 
a solvent cage. It should also be noted that nucleophiles 
were not incorporated into the products when the 
oxidations were carried out in acetone-water with e.g. 
acetate ions present,6 although 5% of 2-chloro- 
endo-tetrahydrodicyclopentadiene was formed in the 
oxidation of endo-tetrahydrodicyclopentadiene in 
CCI,-CH3CN-H,0 in the presence of chloride ions and 
a phase transfer catalyst. In reactions carried out in 
CC1,-CH,CN without chloride ions present, no chlor- 
inated products were observed., 


We have investigated the mechanism by several 
techniques and will first report the results of these 
investigations and then attempt to present a reaction 
mechanism . 


Kinetic investigations 
The oxidation of saturated hydrocarbons by RuO, showed 
second-order kinetics in both CC1,-CH,CN-H,O and 


acetone-water: 's6 


-d[substrate]/dt = k,[substrate] [RuO, 1 
The activation parameters for a representative selection 
of substrates are given in Table 2. The activation para- 
meters were very similar for the investigated substrates 
and also for the two-solvent systems, as would have 
been expected if the same mechanism were operating in 
both systems. 


From the kinetic data, it was also possible to calculate 
the reactivity of different types of tertiary and secondary 
C-H bonds in cyclohexane systems:' axial secondary 
C-H, relative rate 1; equatorial secondary C-H, 9; 
axial tertiary C-H, 47; and equatorial tertiary CH, 
444. This comparison of the rates supports the impres- 
sion from Table 1 of a steric requirement for the 
oxidation reaction. 


Solvent effects 


On oxidation of adamantane in a series of organic 
solvents with polarity varying from that of 
CC1,-CH,CN to nitrobenzene, the rate increased by 
only a factor of three. Furthermore, the oxidation of 
adamantane in acetone-water was only 40 times faster 
than that in CCl,-CH,CN.6 cis-Decalin was oxidized in 
a series of acetone-water mixtures and in two 
acetonitrile- water mixtures. The rates were correlated 
with the Grunwald-Winstein Y values (in = 0.31 ) and 
with the Reichardt's E,(30) values (gradient = 0.17) for 
the oxidations in acetone-water. Both correlations 
indicated only a small degree of charge separation in the 
transition state (TS).6.1L 


Table 2. Activation parameters for RuO, oxidation of saturated hydrocarbons in CC1,-CH,CN-H,O (2 : 1 : 2)" and 
in acetone-water (3 : I ) ~  


AH* AS* 
Substrate Solvent system Log A (kcal mol-') (cal K - '  mol-') 


CCl,-CH$N-HzO 8.3 14.8 


Acetone-water 8-9 14.0 


CCI,-CH$N-HzO 8.4 16.6 


-24.6 


- 20 


-24.2 


CCl,-CH$N-H*O 9.3 16.2 -24.3 - 
CCl,-CH$N-H,O 7.9 14.7 -26.2 


Acetone- water 7.5 12.3 -26 


* [Substrate], = 40 mM, T..mp = 30.2OC. 
[Substrate], = 25 mM, T,v,, = 324OC. 
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Substituent effects 
The effect of substituents on the rate of reaction was 
investigated by the oxidation of a series of 1-substituted 
adamantanes with RuO, in the two solvent systems 
CC1,-CH,CN and acetone-water (3: 1). The rates of 
reaction were correlated with the Taft constants u* to 
give the reaction constants p". From the reactions of 1- 
substituted adamantanes, we obtained p* = -2.1 and 
-2.5 for the reactions in acetone-water6 and 
CCl,-CH,CN," respectively. These results are compar- 
able to the values obtained for the* solvolysis of 3- 
substituted 1-adamantyl bromides ( p '  = -2.7)" and for 
3-substituted 1-adamantyl tosylates (p" = -3.1)." On 
the other hand, typical S,2 reactions, e.g. the solvolysis 
of primary tosylates, gave p* = -0.74.14 The results 
from the RuO, oxidation of 1 -substituted adamantanes 
therefore indicate a considerable development of posi- 
tive charge in the TS. 


Deuterium isotope effect 
From the rates of reaction of cis-decalin and 
perdeuterio-cis-decalin in CC1,-CH,CN, a KIE of 4.8 
was obtained. Variable-temperature measurements 
indicated that quantum-mechanical tunnelling was not a 
significant contributor to this f i g ~ r e . ~  However, in 
perdeuterio-cis-decalin, there would be five deuterium 
atoms j3 to the reacting C-9 atom. If the RuO, oxidation 
proceeded by a hydride abstraction and the formation of 
a carbocation (route b, Scheme l) ,  the observed KIE 
would consist of both a primary and a considerable /?- 
secondary KIE. The conformation of the 9-decalyl 
cation has been discussed." From this, the empty p 
orbital would be almost parallel to three C-D bonds. 
This is the most favourable configuration for a /?- 
secondary KIE and values of 1.1-1.2 per deuterium 
atom would have been expected.I6 


To obtain the primary KIE, we oxidized adamantane 
and 1,3,5,7-tetradeuterioadamantane. For this system no 
secondary KIE is possible." The observed KIEs for the 
cis-decalin and adamantane systems are given in Table 
3 for both CC1,-CH,CN and acetone-water media.'.'' 


From this, the observed KIEs are very similar for 
both the cis-decalin and the adamantane systems. We 
therefore conclude that the observed KIEs are mainly 


primary KIEs with negligible secondary KIEs. We 
observed a considerable solvent effect on the KIEs, with 
larger values in acetone-water (Table 3). No solvent 
KIE was observed on the oxidation of adamantane in 
acetone - D,O. ' ' 


Reaction mechanism 
The available evidence may be summarized as follows: 
1. The reaction is kinetically second order. 
2. The reaction shows a large primary deuterium KIE 


and no or a negligible secondary KIE. The primary 
KIEs were larger in acetone-water than in 


3. The activation parameters and substituent effects are 
very similar in polar and non-polar media. 


4. The reaction is subject to steric effects and takes 
place with retention of configuration. No foreign 
nucleophiles are incorporated into the products on 
reaction in acetone-water. 


5. The polarity of the reaction medium has only a 
moderate influence on the rate of reacfion. 


6. A large negative substituent effect p* is observed in 
both polar and non-polar reaction media. 


7. No skeletal rearrangement takes place in the oxida- 
tion of bridged polycyclic  hydrocarbon^,^ except for 
cis- and trans-pinane. lo 


8. No chlorinated products are formed from oxidations 
in CCl,-CH3CN.4 Alkylcyclopropanes are oxidized 
to the corresponding alkyl cyclopropyl ketones.' 


Point 8 shows that a hydrogen atom abstraction 
mechanism (Route a, Scheme 1) is possible only if a 
radical pair collapses in a solvent cage at a rate faster 
than lo8 s-'.'' This path is not excluded from the 
present evidence. 


Several points indicate that a reaction by hydride 
abstraction to give a carbocation intermediate (route b) 
is less plausible: if a carbocation were formed, it would 
have to be in an ion pair that collapsed before inversion 
could take place. The collapse would also have to be 
more rapid than reaction of the carbocation with a 
foreign nucleophile (point 4). However, even a reaction 
by an ion pair seems less likely from the small effect of 
solvent polarity (point 5 )  and the lack of a significant 
secondary KIE (point 2). 


CCl,-CH,CN. 


Table 3. Kinetic deuterium isotope effect (KIE) for the Ru0,-mediated oxidation 
of alkanes 


Substrates Solvent KIE 


AdH,/ AdD, CCl,-CH,CN-H,O (2 1 : 2) 44(2) 
cis-Decalin/ cis-decalin-d,, CCI,-CH,CN-H,O (2 : 1 : 2) 4.8 


AdH,/AdD4 Acetone-water ( 3  : 1) 7.8(1) 
cis-Decalin/cis-decalin-d,, Acetone-water (3 : 1) 6.8(4) 







3 14 J. M. BAKKE AND A. E. FR0HAUG 


The lack of rearranged products from the oxidations 
of bridged polycyclic hydrocarbons (point 7) points in 
the same direction. The results from the pinane 
oxidations" deserve a special comment. Although 
rearranged products were observed, the results have 
been explained without the need for carbocation 
intermediates." In that paper there was also the first 
report of an attack by RuO, on a methyl group. 
Although these and our own results seem to exclude 
carbocation intermediates, these may be important in the 
oxidations of other substrates better able to stabilize the 
carbocation formed. 


The substituent effect, p* ,  (point 6) was almost as 
large as those for SN1 solvolysis reactions. In a one-step 
concerted reaction one would not expect such a large 
effect and we therefore also consider route c in Scheme 1 
to be less likely. The sum of evidence therefore appears 
to exclude all three mechanisms in Scheme 1. 


A fourth possibility would be two competing reac- 
tions, one by a carbocation intermediate, the other a 
concerted one (routes b and c in Scheme l), the import- 
ance of each route depending on the reaction conditions.' 
However, we would have expected a larger secondary 
KIE and a larger substituent effect for the oxidations in 
the more polar medium. This was not observed and we 
therefore consider this explanation less likely." 


Consequently, the results are difficult to accommo- 
date with any of the previously proposed mechanisms. 
We have therefore suggested the two step reaction path 
presented in Scheme 2. In this model, a complex is 
formed in a pre-equilibrium from the hydrocarbon and 
RuO,. This complex then reacts in a concerted reaction 
to give the ruthenium ester, which is hydrolysed to the 
products under the reaction 


Owing to the electrophilic nature of RuO,, one would 
expect a polar transition state. However, our own data 
do not give information on its structure. Waegel and co- 
w o r k e r ~ ~ ~ ' ~  have discussed several possible structures 
for the transition state of concerted mechanisms with 
both four- and five-membered rings from a lateral 
approach of RuO,. Another possibility would be an 
oxygen insertion reaction. This has been discussed for 
other oxygenation reactions of unactivated C-H 
bonds. However, no evidence has been found for this 
mode of reaction with oxometal  system^.'^ The oxida- 
tion of saturated hydrocarbons with dioxiranes has been 
proposed to proceed by an oxygen insertion reaction,20 
but even this has been questioned lately.*' 


The evidence cited above can be explained by the two 
step reaction in Scheme 2: a reaction by this mechanism 
would show a large primary and no significant second- 
ary KIE. A polar TS would be more symmetrical in the 


Scheme 2 


polar acetone-water medium than in CC1,-CH,CN, 
resulting in a larger KIE in the more polar medium. The 
pre-equilibrium would be dependent on the electron 
density in the complex-forming CH bond, explaining 
the large substituent effect and the relative reactivity of 
the different C-H bonds. The polarity of the reaction 
medium would not be important as there would be no 
large charge separation in the TS (point 5). This model 
would also explain the steric requirements, the retention 
of configuration observed (point 4) and the lack of 
rearrangement (point 7). Hydrocarbon- transition metal 
complexes have been discussed.22 


OXIDATION OF ETHERS BY RuO, 
The RuO, oxidation of ethers gives esters, including 
lactones, in fair to good yields for methyl ethers, benzyl 
ethers and symmetric ethers. The preference for oxida- 
tion is CH2>CH.CH,.23 Schuda et aL2, carried out a 
systematic study of the products and their stability from 
RuO, oxidation of benzyl ethers. 


Lee and van den Engh25 reported the kinetics and KIE 
of the oxidation of tetrahydrofuran (THF) in aqueous 
perchloric acid by a stoichiometric concentration of 
RuO& They found the reaction to be first order in THF 
and RuO,, inversely dependent on h and dependent on 
the water concentration to the sixth power. From the 
rates of reaction of THF and perdeuterio-THF, a KIE of 
1.4 was found and interpreted as a small primary KIE. 
Propan-2-01 and THF were oxidized at comparable rates 
and with almost identical activation parameters. From 
these data, they proposed a reaction with a hydride 
abstraction as the rate-determining step.2' 


Balavoine et ~ 1 . ~ ~  reported the catalytic oxidation of 
ethers with RuC1,-OCI - under phase-transfer condi- 
tions in CH2CI,-H20. Together with the expected 
products, chlorinated compounds were obtained. 
Because of this, a one-electron transfer mechanism was 
proposed. 


We wished to compare the results from the RuO, 
oxidation of saturated hydrocarbons with those from 
oxidation of ethers. For the oxidation of ethers, carbo- 
cations appeared as more likely intermediates, as 
indicated by Lee and van den Engh's  result^.^' We 
applied the same strategy for the investigation of the 
ether oxidation as for the investigation of the oxidation 
of the saturated hydrocarbons. We chose benzyl 
methyl ether and substituted benzyl methyl ethers as 
the model substrates for the study. With these com- 
pounds, both substituent and steric effects could be 
investigated. 


Kinetic investigations and reaction products 
Benzyl methyl ether was oxidized by RuO, to methyl 
benzoate and benzoic acid in a 20 : 1 ratio. Benzoic acid 
was not formed by hydrolysis of the ester. The kinetics 
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of the reaction were first order in substrate and RuO,, as 
was observed for the oxidation of the hydrocarbons: 


- d [substrate ] / [d t ] = k ,  [ substrate ] [ RuO, ] 
The reactions were performed in both CC1,-CH,CN 
and in nearly neutral (pH = 4) aqueous media. RuO, was 
applied at cu 5 m01%.~ 


For the oxidation of benzyl methyl ether in acetone- 
water, a low activation enthalpy [AH'= -8.7 kcalmol-' 
(1 kcal=4.184 kJ)] and a large negative activation 
entropy (AS' = -45 cal mol -' K-I) were observed. The 
latter indicates a highly ordered TS. The activation 
entropy was considerably more negative than that 
obtained by Lee and van den Engh (-18 calmol-' K-I).'' 
This difference and others (see below) clearly show the 
dependence of the reaction on the applied conditions. 


On oxidation of 4-methoxybenzyl methyl ether with 
Ru0,-NaIO, in CC1,-CH,CN, no chlorinated products 
were ~ b s e r v e d , ~  in contrast to the results reported by 
Balavoine et uLZ6 from the oxidation of the same 
compound by RuC1,-OCl -. 


Solvent effects 
A change of reaction medium from the non-polar 
CC1,-CH,CN to the polar acetone-water increased the 
rate of oxidation of benzyl methyl ether by only a factor 
of five. The same lack of dependence of the polarity of 
the medium was observed on the oxidation of benzyl 
methyl ether in different acetone-water mixtures to give 
a Grunwald-Winstein m value of 0.11 and a Reichardt 
E,(30) value of 0.08.7 Both of these values indicate only 
a low-polarity TS. A reaction by a carbocation 
intermediate would be expected to be considerably more 
sensitive to the polarity of the medium than that observed. 


Substituent effects 
The rates of the RuO, oxidations of 4-substituted benzyl 
methyl ethers and of 4-substituted a-methylbenzyl methyl 
ethers were correlated with the Hammet u or u+ values to 
give the reaction constants in Table 4. The reaction 


constants obtained were small and not very dependent on 
the solvent system. 


The acid-catalysed hydrolysis of acetals is believed to 
proceed by a rate-determining formation of a 
carbocation/oxonium ion intermediate analogous to that 
expected from a RuO, hydride abstraction reaction. A 
reaction constant p =  -3.3 was obtained for the 
hydrolysis of substituted benzaldehyde acetals," 
considerably more negative than the values in Table 4. 


In acetone-water, a-methylbenzyl methyl ether reacted 
at one seventh of the rate of benzyl methyl ether.7 This is 
in accordance with the results reported by Gosh et uLa 
and by Gore". However, for a reaction via a carbocation 
intermediate, the presence of the a-methyl group in a- 
methylbenzyl methyl ether would have been expected to 
increase, not to decrease, the rate of oxidation. 


Solvent isotope effects 
Benzyl methyl ether was oxidized with RuO, in 
perdeuterioacetone-D,O. At 50% conversion, no 
deuterium was incorporated in either the substrate or 
products. From the rates of reaction in acetone-D,O and 
acetone-H,O, a solvent deuterium isotope effect, 
k(H,O)/k(D,O) = 0.86, was observed.29 As no incorpor- 
ation of deuterium in the substrate or products was 
observed, this was probably the result of different 
solvent-solute interactions in the two solvents. Swain 
and Bader3' concluded that a reaction of neutral reactants 
to give a charged intermediate, e.g. a carbocation, will 
show a normal solvent isotope effect. The observed 
inverse isotope effect was therefore not in accordance 
with a reaction via a carbocation intermediate. 


Kinetic deuterium isotope effects 
The kinetic deuterium isotope effects were calculated 
from the rates of reaction of benzyl methyl ether and its 
a-mono- and dideuteriated analogues (1,2 and 3, Scheme 
3). In Table 5 the relative rates of reaction of the three 
compounds are given.7 From these observed rates, the 
KIEs were calculated (see discussion in the next section). 


Table 4. Hammett p and p+ constants from the Ru0,-mediated oxidation of 4-substituted 
benzyl methyl ethers at 30°C in CC1,-CH,CN-H20 ( 2  : 1 : 2 )  and in acetone-water (3 : 1) 


Substrate Solvent system P P +  


CCl,-CH$N-H20 -1.3(1) -0.93(4) 


Acetone -water -1.7(3) -1.1(2) X 


- 1.1 (1) -1.0(2) 
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Table 5.  Relative rates of Ru0,-mediated oxidations of benzyl 
methyl ether and its mono- and dideuteriated isomers (1, 2, 3) 


where the subscript denotes the atom left on the 
benzvlic carbon and the suDerscriDt that removed. If 


in CCI,-CH~N-H,O ( 2  : 1 : 2)" and in acetone-water (3 : 


Substrate CC1,-CH,CN-H,O Acetone-water 


it isd assumed that identical and secondary 
KIEs are acting in the reactions of both monodeuter- 
iated (2) and dideuteriated (3) methyl benzyl ether, we 


ArCH,OCH, 
ArCHDOCH, 
ArCD,OCH, 


8.4 
4.1 
1 


obtain 40.0 
18.2 
4.9 kobs(1)/kobs(3) = KIEp,imKIEsec 


a [Substrate], = 40 mM, [RuO,] = 2.6 mM. 
[Substrate],= 25 mM, [RuO,] = 1 4 4  mM. 


We also reacted THF and perdeuterio-THF with RuO, 
in acetone-water. For this system, a KIE of 7.0 was 
ob~erved ,~  much larger than that reported by Lee and van 
den EnghZs (1-4). This again stresses the importance of 
the reaction conditions for the reaction pathway. 


Reaction mechanism 
We believed that the RuO, oxidation of ethers was more 
likely to proceed via a carbocation intermediate than the 
corresponding oxidation of saturated hydrocarbons. 
However, as in that case, no unambiguous evidence was 
~b ta ined :~  
1. The reaction is kinetically second order. 
2. The reaction shows one large and one smaller 


deuterium isotope effect. 
3. The reaction shows a small enthalpy of activation 


and a large negative entropy of activation. 
4. The rate of reaction is only moderately sensitive to 


substituents on the benzene ring. 
5. The rate of reaction is only marginally sensitive to 


the polarity of the medium. 
6. Chlorine is not abstracted from CCI, during the 


reaction. Oxidation of cyclopropylmethyl methyl 
ether gave no rearranged products. 


A hydrid abstraction reaction was proposed by Lee 
and van den Engh.25 For the oxidation of the benzyl 
ethers 1-3 we would have the route shown in Scheme 3. 
From this, we obtain 


kbs(l) = 2kE 


0- 


Ph7( X Y  t R u 0 , k -  [ Ph-t/oRuodi-] - 
X = Y = H :  1 
X = H . Y = D :  2 
X = Y = D :  3 


Scheme 3 


where KIEp,im is the primary and KIE,, the secondary 
kinetic isotope effect. These equations then give 
KIEp",,, = 6.1(4) and KIE,,, = 1.3(1) for reaction in 
acetone-water and KIEpim = 6.9(6) and 1.2(2) for 
reaction in CC1,-CH,CN. These figures represent a 
primary KIE and a rather large secondary KIE. The 
large KIE,, indicates a close to sp2-hybridized 
intermediate. However, the effects of solvent and 
substituents on the reaction rates were much smaller 
than expected for a hydride abstraction reaction to give 
a carbocation intermediate. Although the smaller KIE 
could be interpreted as an a-secondary KIE, the other 
data are not in agreement with a carbocation reaction 
(points 4 and 5). 


The results in point 6 are analogous to those from 
the oxidation of saturated hydrocarbons: a reaction by 
hydrogen atom abstraction and formation of a radical 
pair cannot be excluded. However, the radical pair 
would have to collapse at a rate faster than lo8 s-'.'' 
With this short lifetime, the radical pair would have a 
partial covalent bond and the benzylic carbon would 
not be close to sp2 hybridized. We would therefore not 
expect a large secondary KIE for such a reaction. From 
the observed isotope effect of 1.3, we find this path less 
likely. Balavoine et a1.26 proposed a one-electron 
transfer mechanism for the ether oxidation based on the 
presence of chlorinated products. However, these may 
have been caused by the use of hypochlorite as 
stoichiometric oxidant. They would therefore be 
artefacts without significance for the reaction 
mechanism.' 


Two more mechanisms will be discussed, a one-step 
concerted reaction and a two-step reaction involving a 
pre-equilibrium followed by a concerted rate-determin- 
ing step (routes d and e, Scheme 4).7 


For Route d, the attack of RuO, would have to be at 
the front of the reacting carbon atom with a TS similar 
to those of some aliphatic electrophilic substitution 
reactions (S,2). In one S,2 reaction, the acidic decom- 
position of (di-n-0ctyl)mercury , an a-secondary KIE, 
of 1.1 per deuterium atom was ~bse rved ,~ '  smaller than 
that observed by us. However, the other points would fit 
well with route d. 


The results may in principle be explained by a two- 
step reaction, a pre-equilibrium followed by a rate- 
determining concerted step (route e, Scheme 4). From 
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route in Scheme 4, we obtain 


where the superscripts denote the atom removed and the 
subscripts the rate constants in Scheme 4. From these 
equations, two deuterium isotope effects are obtained, 
6-1  and 1.3 for the oxidations in acetone-water. The 
smallest would presumably apply to the pre-equilibrium 
and the largest to the concerted step.7 After the publi- 
cation of this work, a pK, of Cp*,RuH+ of 4-3 has been 
reported.32 A high-valence poly-oxygenated species 
such as the intermediate from the pre-equilibrium in 
route e (Scheme 4) would probably be considerably 
more acidic than this. The reversible step in route e is 
therefore not likely. 


CONCLUSION 


The results of the investigation of the reaction mechan- 
ism of the RuO, mediated oxidations of saturated 
hydrocarbons can be explained by a two-step reaction 
mechanisms, a pre-equilibrium followed by a rate- 
determining concerted step (Scheme 2). For the oxida- 
tion of ethers, a concerted reaction mechanism with an 
SE2-like transition state fits the experimental results 
(Scheme 4, route d). Reactions by radical or carbo- 
cation intermediates are less likely for both types of 
reaction. 


Scheme 4 
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SUPRAMOLECULAR CRYSTALLINE CONSTRUCTION BASED ON A 
MANDELIC ACID SOURCE. HOST DESIGN, INCLUSION FORMATION 


COMPLEX AND FREE HOST STRUCTURES IN RACEMIC AND 
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A new host compound in optically resolved and racemic forms for selective crystalline inclusion formation 
derived from natural mandelic acid was synthesized. Inclusion properties of the two optical species are 
discussed, involving comparison with a lactic acid-based host analogue. Inclusion compounds with amines, 
ketones and heterocyclics and specifically with small unbranched alcohols were isolated. The crystal and 
molecular structures of the optically resolved and racemic forms of the free host a t  room temperature and the 
methanol inclusion complex of the resolved host at  255 K were determined by x-ray analysis. Two different 
binding schemes characterize the packing of these structures, in which one hydroxyl group is responsible for 
the formation of dimers and chains while in the free host the other hydroxyl group is involved in OH-phenyl 
interactions. A survey of the OH-phenyl interactions based on the Cambridge Structural Data Base (October 
1994 version) reveals that nelectron bonding occurs in a wide range of crystal structures. The approximation 
of the hydrogen appears to take place in an asymmetric way. Several calculations for the ab initio prediction of 
the crystal structures were performed. 


INTRODUCTION 


Optical resolution making use of the crystalline inclu- 
sion phenomenon (clathrate formation)' is a promising 
new approach to complement the classical methods of 
racemate solution,2 especially in the case of non-acidic 
and non-basic chiral c o m p o ~ n d s . ~  Hosts having this 
particular feature require ready availability in optically 
resolved form, e.g. arising from a natural chiral s o ~ r c e . ~  


Recently we have shown that natural lactic acid, 
when modified by addition of two bulky aromatic units, 
yields crystalline hosts that are efficient enantioselectors 
for guests of different compound classes either by 
inclusion crystallization or vapour ~ o r p t i o n . ~  The 
introduction of bulky, rigid (clathratogenic) substitu- 


' Corresponding authors 


ents tends to make the compound difficult to crystallize 
without a suitable guest, which is the essential point of 
this useful host design in addition to the clever install- 
ment of chirality.6 Although the lactic acid-derived 
compounds proved very p r ~ f i t a b l e , ~  more structural 
modifications of the host framework considering extra 
bulky substituents seem full of promise. A phenyl ring 
compared with a methyl group opens up the possibility 
of stacking interaction' and gives rise to increased host 
shielding, thus involving potentially improved stability 
and selectivity of inclusions.' Following this line, we 
became interested in natural mandelic acid as the chiral 
precursor, i.e. changing the methyl group of lactic acid 
for the phenyl group of mandelic acid. 


Here we describe preparation of a host compound 
synthesized in optically resolved (2a) and racemic 
forms (2b). We discuss the properties of crystalline 
inclusion formation relative to the lactic acid-derived 
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host analogue ( la  and b) and report x-ray structural 
studies of unsolvated host compounds 2a and b and of 
the 1:l (host:guest) methanol inclusion complex of 
optically resolved 2a. The reason for selection of this 
particular inclusion complex is that neither racemic 2b 
nor l a  or b yields an inclusion compound with 
methanol, suggesting specific modes of structure and 
supramolecular interaction for drawing conclusions. 


l a  R=CH3 (2s) 
l b  R= CH3 (2R,2S) 
2a R=Ph (2R) 
2b R= Ph (2R.2S) 


RESULTS AND DISCUSSION 


Synthesis 
Host compounds 2a and b were synthesized in a two- 
step process from (S)- and ( R ,  S)-mandelic acid, 
respectively, by conversion of the acid into the methyl 
ester followed by reaction with lithiobenzene to give the 
products in good overall yields. 


Inclusion properties 


As mentioned above, a comparative study of the 
crystalline inclusion formation involving the new 
mandelic acid derived hosts (2a and b) and the lactic 
acid derived analogues ( la  and b) is reasonable. 
The results of the present inclusion experiments, 
including previous data’ for l a  and b, are summarized 
in Table 1.  


Generally, the four host species yield stoichiometric 
crystalline complexes with many alcohols, amines and 
ketones, but also with heterocyclic compounds and 
dipolar substances such as dimethylformamide and 
dimethyl sulphoxide. Nonetheless, there are significant 
differences between the four hosts, most obvious in the 
selective inclusion of alcohols. While both optical 
forms of the lactic acid-derived host compound 1 failed 
to include acyclic  alcohol^,^ the optically resolved host 
compound 2a was successful in forming inclusion 
complexes with acyclic alcohols, but the racemic 
analogue 2b again failed doing so. On the other hand, 
hosts 2a and b are less efficient in the accommodation 
of cyclic alcohols. 


A comparison of the inclusion behaviour of the 
racemic hosts Ib and 2b, i.e. of the same optical 
category, also reveals an interesting result. The race- 
mate 2b is clearly inferior to lb.  A similar situation 


Table 1. Crystalline inclusion compounds (host:guest 
stoichiometric ratio) 


Host compound 


Guest solvent” l a  l b  2a 2b 


MeOH 


1-BuOH 


c-PentOH 
c-HexOH 
c - H e p t 0 H 
2-Me-c-HexOH 
3-Me-c-HexOH 


1-PrOH 


r-BuOH 


i-BuNH2 
2-BuNH2 
c-PentNH, 
3-Me-c-HexNH2 
2-Me-c-HexNH2 
Acetone 
Cyclopentanone 
Cyclohexanone 
3-Methy lcyclohexanone 
Cycloheptanone 
y-Valerolactone 
Dimethyl formamide 
Dimethyl sulphoxide 
Dioxane 
Morpholine 
Pipendine 
3-Methylpipendine 
Pyridine 
3-Picoline 


1:l - 
2:l - 


1:l - 
2.1 - 


1:l 1:l 1:l 1:l 
1:l 1:l - - 


1:2 1:2 1:2 1:2 
1:l 1:l 
1:l 1:l 1:l - 
2:l 2 1  2:l - 


3:l 2:l - 
1:l 1:l 1:l - 


1:l 2:3 - 1:l 
1:l 1:l 1:l - 
1:2 1:2 - 


1:l - 2: 1 - 


2:l 2:l 1:l 1:l 
2: 1 - 1:l 1:l 
2: 1 - 


- h -  1:1 - 
2:l 2:l 1:3 1.3 
1:l 1:l 1:l 1:l 
2:l 2:1 2.1 - 
1:l 2:l 1:1 2:3 
1:2 1:l 1:l - 


2:l 2.1 3:2 - 
2:l 2:l 2:l 2:l 
2:l 2:1 2.1 - 


- - 
- - 


- - 
- - 


- - 


- 


- 


- 1: 1 


‘The following solvents yielded no crystalline inclusions: EtOH, i- 
BuOH, 2-BuOH, 2-PrOH. benzaldehyde, 2-methylcyclohexanone, 4- 
methylcyclohexanone, ,%butyrolactone, propylene oxide, 
tetrahydrofuran, 2-methyltetrahydrofuran, 3-methyltetrahydrofuran, 
acetonitrile, propionitrile, butyronitrile, nitromethane, nitroethane, 
toluene and xylene. 


Not tested. 


applies for 2a and b, where optically resolved 2a is 
much more efficient. In contrast, the inclusion behaviour 
of optically resolved 2a compares well with that of la ,  
except for the acyclic alcohols. 


Aside from this basic difference in inclusion behav- 
iour, there is a more subtle distinction with regard to the 
stoichiometric ratios formed. Exceptional cases in this 
connection are the inclusion compounds of 2a and b 
with dimethylformamide showing a high host:guest 
stoichiometric ratio of 1:3. Also, the stoichiometric 
ratios formed for the alcohol inclusions of 2a are far 
from being obvious, considering the relative sizes of 
the molecules. This specific fact relating to the differ- 
ences between the two optical species 2a and b and the 
individuality of the alcohol inclusions of 2a prompted 
us to carry out an x-ray study, i.e. the free host crystals 
of 2a and b and the crystal of the 2a-MeOH (1:l) 
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inclusion compound were subjected to a structural 
determination. 


Structural studies 


In all compounds 2a, 2 b  and 2a.MeOH ( l : l ) ,  the OH 
groups are in a gauche conformation, except in mol- 
ecule 2 of 2a, which is trans [Figure l (a)] .  For all 
phenyl rings the ips0 angle [C(i2)-C(il)-C(i6); 
i = 1 , 2 ]  reflects the influence of the o-electron-with- 
drawing character of the substituent8 (Table 2). The 
almost coplanarity of the C(2) atom with the 
C ( l  l)-C(l6) phenyl ring in all compounds gives rise to 
angular distortion at C ( l )  and C(11) so that the 
C(2)-C(l)-C(ll) and C(1)-C(l1)-C(l2) angles 
present values in the ranges 112-4(3)-113%(3)' and 
123.2(2)- 124.5 (3)", respectively. 


Two different binding scher!ies, dimers and chains, 
characterize the packing of these structures. In the 
crystal structure of the chiral Fost 2a (Figure 2), the 
hydroxy groups bonded to the isymmetric carbon link 
the two independent molecules, 1 and 2, forming chains 
along the a axis, while the remaining OH groups are 
involved in O-H-.O and OH.-Ph intramolecular 
interactions. In 2b, only one of the two hydroxy groups 
(that which is not attached to the asymmetric carbon) is 
involved in O-H.-O hydrogen bonds, being responsible 
for the formation of dimers (Figure 3), leaving the 
other OH group for stabilization of dimers through 
OH.-phenyl interactions (Table 3). Compound 
2a.MeOH packs in chains parallel to the h axis (Figure 
4), so that the methanol molecule links host molecules 
acting as an acceptor of two hydrogen interactions as 
well as a donor. In all compounds, weak phenyl...phenyl 
'T-type' interactions (Table 3)join together dimers and 
chains forming sheets. The sheets are packed by the 
remaining 'hemngbone' interactions, giving rise to the 
whole crystal. 


There are substantial differences when the crystal 
packing of the host is compared with that of lactic 
acid.' The resolved molecules present completely 
different arrangements and in the racemic structures 
only the hydrogen-bonded dimers are equivalent for 
both compounds. However, the packing of the MeOH 
inclusion compound can be related to that of the 
resolved lactic acid host. The lattice has been expanded 
along the c axis to accommodate the C(31)-C(36) 
phenyl ring and the methanol moiety [cell dimeasions 
of lactic acid: 12.3277(6), 6.5165(3), 8.1958(3) A and 
108431 (3)" and same space group]. 


The OH-n hydrogen bond to an aromatic ring has 
been subject of several experimental and theoretical 
studies.") In recent years there has been increasing 
interest in the study of these interactions because of 
their importance in biological systems (interaction of 
water with aromatic moieties) or because they can be 
associated with anomalous reactivity. 


n 0 


MoI.1 


b 
(c) 


Figure 1 .  Molecular structures of (a) 2a, (b) 2b and (c) 
2a.MeOH showing the numbering system. Displacement 
ellipsoids were drawn at the 30% probability level. Dotted 


lines indicate hydrogen bonds 
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Table 2. Selected geometrical parameters (bond lengths in A, angles in degrees) 


Bonds 2a 2b 2a.MeOH 


C( 1) -c (2) 


C(l)-C(ll) 
c ( 1)-c (2 1) 
C(2)-C(31) 


c (  1)-0(4) 


c(2)-0(5) 


C(12)-C(l l)-C(16) 
C (22)-C(21)-C(26) 
C(32)-C(3 1)-C(36) 
C(2)-C( l)-C( 11) 
C(1)-C(1 l)-C(12) 
C(2)-C( 1)-C(21) 
C( l)-C(21)-C(22) 


1.550(4) 
1.424(4) 
1.536(4) 
1.533 (5) 
1.521 (4) 
1.426(4) 


118.7(3) 
119.2(3) 
118.7(3) 
1 13.5 (3) 
124.5(3) 
109.8(3) 
119.3 (3) 


1.552 (4) 
1.442 (4) 
1.538(4) 
1.521(5) 
1.530(4) 
1.407 (4) 


119.4 (3) 
119.2(4) 
1 19.4(3) 
11 3.8(3) 
123.0(3) 
110.0( 3) 
120.9 (3) 


1.557(2) 
1.430(2) 
1.535 (2) 
1.528(2) 
1.5 13 (2) 
1.434(2) 


118.6( 1) 
119.0(1) 
118.3(2) 
1 12.9 ( 1) 
124.3( 1) 
109.3( 1) 
119.7(1) 


1.542(5) 
1.432(4) 
1.537(5) 
1.530 (4) 
1.528(5) 
1.427 (4) 


118.7(3) 
118.8(3) 
1 19.0(3) 
1 12.4(3) 
124.2(3) 
109.2(3) 
1 19.8 (3) 


0(4)-C(l)-C(2)-0(5) 64.2 (3) - 174.7 (2) 65.2(1) 62.3 (3) 
C(21)-C(l)-C(2)-C(3) 60.5 (3) -58.6(3) 57.3(2) 56.7(4) 
C(1 l)-C(l)-C(2)-C(3) -178.4(3) 176.8(3) 178.1 (1) 178.0 (3) 
c~l)-c(2)-c(3l)-c(32) -88.6(4) -9 1.5 (4) - 1 11.4(2) - 107.5 (4) 
C(2)--C( 1)-C( 1 1)-C( 12) - 10.1 (5) -6.7(5) - 17.2(2) - 153 (5) 
C(2)-C( l)-C(2l)-C(22) 65.1 (4) 108.0(4) 70.7 (2) 76.0(4) 
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Figure 2. Crystal packing of 2a projected along the a axis 







54 E. WEBER ET AL. 


Figure 3. Crystal packing of 2b projected along the a axis 


d d 


Figure 4. Crystal packing of 2a.MeOH projected along the h axis 
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Table 3. Hydrogen bond interactions (bond length in A, angles in degrees)" 
~ 


Compound Parameter X-H X...Y H.,.Y X-H...Y 


2a 0 (4)-H (4)Mol. 1 ... 0 (5)MoI. 1 
0 (5)-H (5)Mol. 1 -0(4)M01.2 
O(~)-H(~)MOI.~...O(~)MOI.~ 


C (36)-H (36)MoI. l..C(31-36,M01.2), 
C (23)-H (23)Mol. 1 .-C ( 1 1 - 16,M01.2), 
C ( 15)-H ( 15)MoI. 1 .-C(2 1 -26,M01.2), 


C( 12)-H( 12)M01.2-C(11-16,M0I.l)~ 


0(4)-H (4)M01.2..C(31-36,M01.2) 


C(23)-H (23)M01.2..C( 3 1 -36,MoI. 1)s 


C( 13-H (15)M01.2...C(21-26,M0l.l)~ 


2b 


2a.MeOH 


1: 1 + x, y, -I 
4: - x , % + y ,  -: 


0 (4)-H (4)-0 (51, 
0 (5)-H (5)...C (1 1 - 16) i 
C (33)p-H (33)...C( 1 1 - 16)z 


0.79(5) 
0.93 (4) 
0.98 (5 )  
0.84(5) 
0.91(3) 
1.11(5) 
1.03 ( 5 )  
0.94(9) 
1.01(4) 
1.03(4) 


2: - l + x , y , :  
5: 1 - x , - % + y , l - :  


2.792(3) 
2.784(3) 
2.841 (3) 
3.859 (2) 
3.743(4) 
3.802(5) 
3.994(4) 
3.801 (7) 
3.995 (4) 
3.950(4) 


0.86(3) 2.921(1) 
0.79(3) 3.531(1) 
0.97(3) 3.634 (2) 


1: 1 - x , l - y , l - :  2: - x ,  -% + y, % - z 


0 (4)-H (4).-0 (6) 
0 (5)-H (5).-0(6) 1 


0 (6)-H (6).-0(5) 
C(7)-H(72)...C(3 1 -36)z 
C(23)-H (23)-C(21-26), 


0.85 (5 )  3,041 (4) 
0.85(6) 2.670 (4) 
0.96(8) 2.650(5) 
1.02 (7) 3.753(5) 
0.96(6) 3.794(4) 


1: 1 - s, Y2 + y ,  1 - : 2: 1 - x ,  -95 + y ,  1 -: 


2.43 (6) 
1.86 (4) 
1.89(4) 
3.08(5) 
2.85 (4) 
2.79(5) 
3.3 1 (4) 
2.99(9) 
3.07(4) 
3.08(4) 


109(5) 
173(4) 
165(5) 
155(6) 
169(3) 
152(3) 
126(4) 
146(5) 
147(3) 
143(3) 


3: l - s , 9 5 + y ,  -: 
6: - x , - % + Y , - :  


2.10(3) 160(3) 
2.85 (3) 145(3) 
2.92(3) 131(2) 


2.22(5) 163(5) 
1.83 (5) 171(6) 
1.77 (8) 152(6) 
3.18(5) 117(3) 
3.19(5) 123(4) 


3:  - x ,  95 + y, --I 
~~ ~~ 


'C( 11-16). C(21-26) and C(31 -16) stand for thecentroidv of the corresponding nngs 


In order to characterize geometrically the 
OH.-phenyl inter- and intramolecular interactions, a 
survey of these contacts in monosubstituted phenyl 
rings was carried out using the Cambridge Structural 
Data Base." Only structures with R <0.050 and without 
any kind of disorder were retained. Inter- and 
intramolecular contacts were present in 114 and 14 
structures, respectively. Among the former, 23 corre- 
spond to hydrates and were analysed independently. 
The total number of interactions is distributed as 
follows: 112 alcohols, 33 hydrates and 19 intramolecu- 
lar. The H-centroid distance is not significantly 
different between groups in terms of the dispersion and 
it ranges from 2.39 to 4.00 A. The interaction occurs in 
an asymmetric way, so that !he H-C-aryl distance 
ranges from 2.271 to 5.251 A, the minimum being 
loweb than the estimated van der Waals distance" of 
2.8 A. The mean OH bond value ,and the standard 
deviation of the sample is 0.91 (14) A. The histograms 
of H.-centroid distance and the 0-H-centroid angle 
are represented in Figures 5 and 6. The scatter plots of 
0-H-Ph angle vs H-centroid distance and the 
H-centroid distance vs the angle of the H-centroid and 
the normal to the phenyl plane are shown in Figures 7 


and 8. The 0-H-centroid angle distribution is bimodal 
and the most probable angle is 117", showing that these 
interactions are not linear. Figure 7 shows that the more 
linear interactions correspond to the shorter distances 
and a? almost spherical distribution for distances near 
to 4 A can also be observed. Only 11, 4 and 3 frag- 
ments corresponding to the three groups already 
mentioned, present H-C values less than the sum of 
van der Waals radii and the deviation from the per- 
pendicular to the phenyl ring is 22, 23 and 32", 
respectively. Figure 8 shows the relationship between 
the direction in which the interaction takes place and 
the H-centroid distance. The symmetry of the plot 
indicates the ambiguity between the two faces of the 
ring. There is no correlation between the H-C(pheny1) 
and the C-C distances in the phenyl ring, which present 
the expected Cz,, symmetry for the monosubstituted 
rings in terms of bond distances and angles. In conclu- 
sion, there is a large number of well refined structures 
in which the proton of the OH group is directed to the 
electronic n cloud of the phenyl ring, but just a few 
numper of them present short H-C distances, up to 
0.6 A less than the sum of the van der Waals radii. The 
interactions are, in general, not linear and there is no 
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Figure 5 .  Histogram of the H-centroid of the phenyl ring distance corresponding to the OH-phenyl interactions study 
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Figure 6 .  Histogram of the 0-H-centroid of the phenyl ring angle corresponding to the OH-phenyl interactions study 
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Figure 7. Scatter plot of the 0-H-centroid of the phenyl ring angle vs H-centroid distance corresponding to the OH-phenyl 
interactions study 
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difference if the donor correspond to an OH group or a 
water molecule. 


The location and characterization of cavities in the 
crystals were carried out using a model of interpenetrat- 
ing spheres of van der Waals radii. The resulting 
surface was smoothed by rolling a sphere of 1.4 A 
radius.13 The highest total packing coefficient 
(Cy  = (Vho\[ + Vguest)/unit cell volume = 0.69) is shown 
by 2b and therefore with efficient crystal packing and 
high molecular density (0.67 and 0.66 for the remaining 
compounds). The guest molecule in 2a.MeOH was 
located in cavities (almost channels) elongated along 
the a axis. The local packing coefficient (Ck = V,,,,,/ 
V,,,) was 0.56. The shape of the cavities and guests 
were estimated by means of the ratios (Qi) of the 
planar specific inertial moments of volume (i;) to the 
superficial ones (i,;) with respect to the eigen~ysterns , '~  
oblate spheroid for the cavity and prolate for the 
methanol molecule. 


Using the results for the molecular structure and 
according to the paper by Holden et aE.,I4 an ab initio 
study of the crystal packing was undertaken. All 
the coordination spheres available for the space groups 
P2 , /c  and P2, (compounds 2 b  and 2a.MeOH) were 
considered. The program failed for structure 2a, which 
contains two molecules in the crystallographic asym- 
metric unit. Although in all crystal structures the 
hydrogen bonds play an important role, the correct 
packing arrangements correspond to the lowest lattice 
energy. The calculated cell dimensions and the labels 
for the category o,f the coordination spheres14 are 5.795, 
16.493, 16.0?2A, 99.12" and AM; and 13.368, 
54330,11.727 A, 106.82" and AF. 


CONCLUSION 


Exchange of the methyl group of an existing lactic 
acid-derived host molecule available in two optical 
species, la (resolved) and l b  (racemic), for a phenyl 
ring to give the mandelic acid analogues 2a and b 
involves distinct alteration of the lattice inclusion 
behaviour. Compound 2a, the optically resolved 
species, yields an improvement in the formation of 
crystalline complexes relative to l a  with regard to 
acyclic alcohols as guests. With reference to the racemic 
compounds, l b  is clearly superior to 2b. Hence, 
resolved 2a and racemic 2 b  are very different in their 
host efficiency. 


In summary, the design of new and improved inclu- 
sion hosts based on an iterative structural modification 
of a given molecular framework proved useful. In this 
context, a future challenge would be the addition of  
extra substituents to the phenyl rings or the use of the 
phenyl ring of mandelic acid for coupling the two 
moieties in order to obtain asymmetric, more extended 
host structures. 


EXPERIMENTAL 


Synthesis. Melting points were taken with a Koffler 
hot-stage apparatus. 'H NMR spectra were recorded on 
a Varian TS 60 instrument, using TMS as internal 
reference. 


Compounds l a  and b were prepared as described 
p r e v i ~ u s l y . ~  


Methyl mandelates 3a and 3b:  to a solution of 
optically resolved or racemic mandelic acid (25 g,  
0.16 mol) in methanol (75 ml), concentrated sulphuric 
acid (2.5 ml) was added and the mixture was heated 
under reflux for 5 h. Work-up including addition of 
water (125 ml), neutralization with solid potassium 
carbonate, removal of the methanol under reduced 
pressure, extraction with chloroform, drying and 
evaporation of the solvent under reduced pressure 
yielded an oil, which was recrystallized from 
benzene-hexane (1:l). 3a: Colourless crystals, yield 
90%, m.p. 56°C (lit." m.p. 58°C). 3 b :  Colourless 
crystals, yield 92%, m.p. 54°C (lit.I5 m.p. 55 "C). 


3a (2R) 
3b (2R. 2s) 


Host compounds 2a and b : the organolithio reagent 
was prepared from bromobenzene (21 ml, 0.2 mol) in 
dry diethyl ether (100 ml) by dropwise addition of 
butyllithium (1.6 M in hexane; 140 ml, 0.224 mol) at 
-15°C. After stirring for about 1 h, a solution of 
methyl mandelate 3a or b (8.3 g, 0.05 mol) in dry 
diethyl ether (100 ml) was added slowly. The mixture 
was heated under reflux for another 1.5 h. Work-up 
included hydrolysis (saturated NH4CI), separation of 
the phases, extraction with diethyl ether, washing 
(water), drying (sodium sulphate), evaporation of the 
solvent under reduced pressure and recrystallization. 2a: 
Colourless crystals, on recrystallization from 
benzene-hexane ( l : l ) ,  yield 72%, m.p. 126°C (Iit.l5 
m.p. 129°C); [a]: + 169 ( c l  in CHCI,) (lit.'' 
[a]:  + 213.8 ( c l  in EtOH)]; 8, (60 MHz; CDCI,) 7.0 
(15H, m, Ar), 5.5 ( l H ,  s, CH), 3.1 ( l H ,  s, OH), 2.3 
( l H ,  s, OH). 2b:  Colourless crystals, on recrystalliz- 
ation from dichloromethane, yield 67%, m.p. 172 "C 
(MI6 m.p. 170°C); found, C 8243,  H 5.96; C,,HIxO, 
requires C 82.73, H 6.25%; 6, (60 MHz; CDCI,) 7.0 
(15H, m, Ar), 5.5 ( l H ,  s, CH), 3.1 ( l H ,  s, OH), 2.3 


140.0, 79.5 (C), 126.7-125.1 (Ar-CH), 76.5 (CH), 14 
signals. 


( l H ,  S ,  OH); 8, (62.5 MHz, CDCI,) 145.7, 145.8, 


Crystalline iriclusiori compounds. General pro- 
cedure. These were obtained by recrystallization of the 
corresponding host compound from a minimum amount 
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of the respective guest solvent. The crystals formed 
were collected by suction filtration, washed with an 
inert solvent (hexane) and dried (1 h, 15 Torr, room 
temperature). The host-guest stoichiometric ratio was 
determined by 'H NMR integration. Data for each 
compound are given in Table 1. 


Crystallography. Sample preparation. Suitable 
crystals for x-ray diffraction were prepared by slow 
cooling of a solution of the corresponding host com- 
pound in the guest solvent (methanol). Single crystals 
of the free hosts were obtained from ethanol. 


X-ray structure determination. A summary of crystal 
data, experimental details and refinement parameters is 
displayed in Table 4. All crystal structures were solved 


Table 4. Crystal analysis parameters 


by direct methods, SIR92." The refinement was per- 
formed by least-squares fitting on F .  The hydrogen 
atoms were located in the corresponding difference 
Fourier maps and were included isotropically in the last 
cycles of refinement. Most of the calculations were 
carried out with the XRAY80 System" on a Vax 6410 
computer. The atomic scattering factors were taken 
from the International Tables for X-Ray 
Crystallography." 


SUPPLEMENTARY MATERIAL 
Lists of the structure factors, atomic coordinates and 
thermal components for the non-hydrogen atoms and 
hydrogen atom parameters are available from C.F.-F. on 
request. 


Parameter 2a 2b 2a.MeOH 


Crystal data 
Formula 
Crystal habit 
Crystal size (mm) 
Symmetry 
Unit cell determination: 


Unit cell dimensions (A, ") 


Packing: V (z), 2 
D, (g/cm3), M ,  F(000) 
P (cm- ' )  
T (K) 


Experimental data 
Technique 


Scan width (") 
Scan speed (per reflection) (min) 
Number of reflections: 


Independent 
Observed 


Standard reflections 
Solution and refinement: 


Solution 
Refinement: least-squares on F ,  


Parameters: 
Number of variables 
Degrees of freedom 
Ratio of freedom 


H atoms 
Weighting scheme 
Max. thermal valueo (A2) 
Final A p  peaks (e A - 3 )  
Final R and R,? 


CmH,,02 
Colourless prism 
0.50 x 0.50 x 0.50 
Monoclinic, P2, 
Least-squares fit from 85 
reflections (0  < 45") 
a = 7.2840(3) 
b =  18.3188(18) 
c = 12.1577(9) 
90, 106.025(4), 90 
1559.2(2), 4 
1.237, 290.36, 616 
5.85 
295 


C20H1802 
Colourless prism 


Monoclinic, P2,/c 
Least-squares fit from 57 
reflections (0  <45') 
a = 5.9565(2) 


0.43 x 0.50 x 0.67 


b =  16.5149(12) 
C =  15.7004(12) 
90,99.355(5), 90 
1523.9(2), 4 
1.266.290.36, 616 
5.99 
295 


C2,H 180YCH3O 
Colourless prism 


Monoclinic, P2 I 
Least-squares fit from 57 
reflections (0 <45') 
a = 13.0398(8) 


0.20 x 0.20 x 0.40 


b = 5.8807 (2) 
c = 12.2663(6) 
90, 107.937(5), 90 
894.9(1), 2 
1.200, 322.40, 344 
5.95 
225 


Four-circle diffractometer: Philips PWl 100, bisecting geometry 
Graphite monochromator: Cu K a ,  w/20 scans 
Detector apertures 1 x 1'. B,,, = 65' 
1.6 1.6 1.5 
1 1 0.5 


2633 2537 1662 
2579 (3u(I) criterion) 2390 (3uU) criterion) 1561 (3u(I) criterion) 


~ ~, 
2 reflections every 90 minutes. No variation 


Two block 
Direct methods: SIR92 


Full matrix Full matrix 


540 27 1 304 
2039 2119 1257 
4.8 8.8 5.1 


From difference synthesis 
Empirical so as to give no trends in (uA2F) vs ( 1 F,,,, I ) and (sin 0/A) 


1133 [C(24)M01.2] =0.179(6) 1111 [C(34)] = 0@91(1) 1122 [C(7)] =0.109(4) 
k0.16 k0.37 k0.30 
0,045, 0.055 0@45,0.050 0.05 1, 0.068 
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A LONG-LIVED IMINOXYL RADICAL BY ELECTROOXIDATION 
OF 1 -NITROSO-2-NAPHTHOL* 


ANDREJ K a A N ,  DELANSON R. CRIST AND VACLAV HORAKt 
Department of Chemistry, Georgetown University, Washington, DC 20057, USA 


Cyclic voltammetry of 1-nitroso-2-naphthol in the potential region 0 to 1.0 V YS Ag/AgCI using glassy carbon 
and platinum electrodes shows a reversible redox couple. The electrode process is diffusion controlled and 
corresponds to an EC mechanism. The one-electron oxidation product, an iminoxyl radical, is characterized by 
a triplet ESR signal at g = 2.0067 further split by three ring hydrogens. This radical is unusually long-lived, 
with half-life times of 150 s in water and 3600 s in acetonitrile. 


INTRODUCTION 
Searching for stable radicals and compounds with 
potential application as spin traps, we turned our atten- 
tion to 1-nitroso-2-naphthol (NN). Nitroso compounds 
are known to give stable spin adducts and are commonly 
used as spin traps.' Electrochemical radical generation 
from aromatic nitroso spin traps was investigated by 
Cauquis et a1.' and later by Gronchi and Tordo., In the 
presence of certain oxidizing agents or under pho- 
tochemical conditions, NN itself can be converted into 
radical species. Thus oxidation of NN to iminoxyl 
radicals with silver(l1) complexes was reported by 
Jezierski: In a series of papers, Lagercrantz and co- 
workers5 reported the formation of radicals, from 1- 
nitroso-2-hydroxy compounds, including NN, by 
ammonium hexanitratocerate(1V) and under pho- 
tochemical conditions. 


Whereas cathodic reduction of o-nitrosophenols has 
been investigated by polarography,6 no voltammetric 
study of NN oxidation has been reported. In this paper, 
we report studies of NN in aqueous and acetonitrile 
media by cyclic voltammetry (CV) using solid elec- 
trodes and characterization of the anodic oxidation 
product by ESR spectroscopy. Results of ab initio 
calculations are presented and used to support the 
proposed mechanism. 


EXPERIMENTAL 
1 -Nitroso-2-naphthol (Fisher) was recrystallized from 
ligroin (b.p. 60-90 "C) (m.p. 109 "C). Solvents were of 
reagent or chromatography grade and chemicals used 
for preparation of buffers were reagent grade. Aqueous 
solutions were prepared with distilled water. Most 
measurements were performed in 0.2 M HClO,, 0.2 M 
NaHCO, and 0.01 M NaOH aqueous solutions. Other 
buffer solutions were prepared by combining the follow- 
ing sohtions:' pH 1.50 (0.2 M HCl + 0..2 M KCl), 
pH 3.50 (0.1 M potassium phthalate+O.l M HCl), 
pH 6.00 (0.1 M NaH,PO, + 0.1 M NaOH), pH 8.00 


borax+0-1 M NaOH) and pH 12.00 (0.05 M 
Na'HPO, + 0.1 M NaOH). 


(0.1 M TRIS +O.1 M HCl), pH 10.00 (0.025 M 


Instrumentation. A PC-interfaced Eco-Tribo polaro- 
graph (PolaroSensors, Prague, Czech Republic) with 
ETP software for storing and processing data was used 
in CV. The cell was equipped with a glassy carbon or Pt 
working electrode and an AgfAgCl reference electrode 
(all from BAS) for aqueous solutions and for non- 
aqueous solutions with a laboratory-prepared Agf Ag + 


electrode in acetonitrile and a platinum wire auxiliary 
electrode. ESR-electrochemical experiments utilized an 
ESC 410 potentiostatic controller, a Varian E-4 spectro- 
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meter and a 0.3 mm thick ESR cell (Wilmad 813). The 
latter was furnished with a flattened Pt wire working 
electrode in the flat part and a reference and auxiliary 
electrodes in the stem part (Figure 1). A M 270 EG&G 
potentiostat was used for chronocoulometric measure- 
ments, in a thin-layer cell (BAS) with a 0.1 mm spacer 
and a built-in glassy carbon electrode with data recorded 
on a PC. An IBM EC 219 rotating disk electrode with a 
glassy carbon electrode rotated at 1500 rpm was used 
for rotating disk electrode measurements. Infrared 
spectra were collected on a MIDAC FTIR spectrometer. 
All pH values were measured on a Beckman @-I1 pH 
meter with a Markson combined electrode. 


Cyclic voltammetry. Typically, a mixture of 5 ml of 
solvent/buffer and 100 pl of a stock solution of NN 
(5.1 x lo-’ M in acetone) was added to a small (3 ml) 
voltammetric cell and the solution was purged with 


Reference 
electrode, 


AUXiliery 


Figure 1. ESR cell with electrodes 


nitrogen for 10 min. The selected potential range was 
scanned three times and the third scan used for data 
analysis. Before each measurement, the working elec- 
trode was polished on a polishing cloth with 0.005 pm 
y-alumina (Buehler) and distilled water by rubbing in a 
circular motion for 2 min. Peak potentials of the 
recorded voltammograms were determined as the 
potential at maximum current compared with the zero 
current line. For peak current measurement the extended 
charging current line preceding the peak was used as a 
baseline. A 0.1 M Cu(OAc), solution in acetic acid was 
used for complexation. 


Chronocoulometric measurements. The number of 
electrons exchanged in the anodic oxidation of NN was 
determined using a 5 x M solution of NN in 0.2 M 
NaHC0,-ethanol (1 : 1, v/v). The solution was purged 
with nitrogen prior to being injected into the cell. The 
potential was stepped from 0 to 500 mV and the charge 
vs time curve recorded. Using the same routine the 
curves were recorded with separate solutions of buffer 
alone, 5 x M potassium hexacyanoferrate (11) and 
the NN solution. The cell was not opened for electrode 
polishing to preserve the thickness of the cell. The 
results were processed by extrapolating the linear part of 
the charge vs time curve to time zero and adjusted for 
the slight difference in charge at time zero (Q = 0 at 
t = OX8 


Rotating disk electrode (RDE) studies, A cell equip- 
ped with electrodes as in CV and containing 15 ml of 
solution was purged for 10 min with nitrogen. The 
buffer and solutions of the standard and sample were 
scanned in the same potential range (0 to 500 mV). 
Before each scan the working electrode was polished as 
described above. A sigmoidal current vs potential curve 
was obtained. The current increase was measured 
between lines extrapolated from linear portions of the 
curve before and after the change. 


ESR. Solutions for ESR measurements were prepared 
and purged with nitrogen in a separate container. 
Solutions were 1 x M NN in 0.2 M aqueous 
NaHC0,-ethanol (1 : 1, v/v) or 0.1 M TBAP in ace- 
tonitrile. The solution was inserted in an ESR cell 
equipped with the working electrode and a stream of 
nitrogen was passed over the solution. The remaining 
electrodes were inserted and the cell was sealed with 
Parafilm. When the cell was in the ESR spectrometer, 
the electrodes were connected to the potentiostat and the 
potential was applied. Spectra were recorded after a few 
minutes with the potential applied during all measure- 
ments. For half-life determinations spectra were taken 
after the current was turned off. In chemical oxidation 
experiments, excess solid lead tetraacetate was added to 
aqueous solutions of NN just prior to insertion of the 
sample in the ESR cavity. 
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Calculations. The Gaussian 929 and Gamess series of 
programs were used for ab initio molecular orbital 
calculations. The restricted Hartree-Fock method was 
used for non-radical structures and the unrestricted HF 
method for radical species. All calculations were done 
using the 6-31 G basis set. Standard bond lengths and 
angles" were used as the starting point for geometry 
optimizations of the two tautomeric forms of NN. These 
two geometries were then used as the starting point for 
all other structures investigated. Both NN tautomeric 
forms were found to be planar when no geometry 
restrictions were imposed. The same behavior was 
assumed for other structures and their ring systems were 
kept planar with constant dihedral angles. 


on the number of electrons corresponding to the NN 
oxidation. Both techniques, with hexacyanoferrate (11) 
for calibration, gave the same value of 0.94 electron per 
NN molecule. 


CV in the potential range -1.0 to +1.5 V at a scan 
rate of 200 mV s -' of NN solution in AN in the pre- 
sence of TBAP as supporting electrolyte showed a redox 
couple with peak potentials E,, and E, of 852 and 
560 mV, respectively. Similarly to the aqueous 
medium, the redox couple behavior is independent of 
redox processes in other potential regions. 


Electrooxidation of NN in an ESR cell at 1.0 V 


RESULTS 
CV scans in the potential range 0 to 1.0 V of NN solu- 
tions in aqueous buffers in the pH range 0.85-12.45 and 
in acetonitrile (AN) showed a quasi-reversible redox 
couple. Peak separations between 60 and 300 mV were 
measured for scan rates ranging from 2 to SO0 mV s - I .  


The electrochemical behavior of this couple was indepen- 
dent of electrode processes in other potential regions, 
since the potential range had no effect on the peak cur- 
rents or shapes of the curves. The peak potentials Epd and 
Epc obtained in a series of aqueous buffer-ethanol (1 : 1) 
mixtures are shown in Table 1. A plot of redox potentials 
[(Epd + E,)/2] vs pH is linear with a slope approximately 
-56 mVpH-', as expected for a one-electron, one- 
proton electrode process, up to the polarographic pK, of 
7.41 for NN, in good agreement with literature values." 
For pH values higher than the pK, value the effect on the 
peak potentials is negligible. 


Thin-layer cell chronocoulometry and RDE voltam- 
metry in a pH 8.7 buffer-ethanol mixture provided data 


Table 1. Peak potentials vs pH for 1 x M NN solutions in 
aqueous buffers 


~ ~~ ~ 


PH 
Peak 
potential 1.5 3.5 6.0 8.0 10.0 12.0 


E ,  (mV) 829 688 555 460 433 433 
ED,, (mV) 618 590 431 355 334 336 


7 


H P I  


Figure 2. ESR spectrum of electrogenerated NN radical from 
a saturated solution of NN in 0.2 M NaHC03 in D,O, with 
applied voltage of +1.0 vs Ag/AgCl. Observed (top) and 


simulated (bottom) spectra 


Table 2. ESR data obtained by electrooxidation of NN in aqueous ethanol" and acetonitrile solutions 


2.0067 29.0 f 0.1 2.91 +0.01 150* 18 3600 f 120 
1.23 kO.01 
0.88 f 0.01 


' 1 : 1 mixture of 0.2 M NaHCO, and ethanol. 
hSee text for assignments. 
Ambient probe temperature. 
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Table 3. Selected bond lengths and relative energies from ab initio calculations for NN and related radicals 


Relative energy Bond length (A) 
Compound” (kcal mol-’) C-I-N c-2-0 c-1-c-2 c-3-c-4 


” (P) 1.39 1.34 1.39 1.36 
” (9) 0.5 vs NN (p) 1.28 1.24 1.48 1.33 
N”’ (PI 1.34 1.30 1.47 1.37 
N”’ (9) 35 vs NN +‘ (p) 1.29 1.34 1.46 1.39 
NN’ 1.35 1.29 1.45 1.38 
NN - 1.36 1.25 1.44 1.34 


a (p) and (9) denote phenolic and quinonoid forms, respectively. 


provided a strong triplet with additional hydrogen 
hyperfine splitting (Figure 2). Hyperfine splitting con- 
stants for hydrogens were obtained from best-fit 
simulations.” When the circuit was, opened, the ESR 
peak intensities decayed exponentially with time, allow- 
ing calculation of half-life times. Hyperfine splitting 
constants and half-life time values for radicals in aqueous 
and acetonitrile solutions are shown in Table 2. Replacing 
water with deuterium oxide had no effect on the splitting 
pattern. A similar ESR spectrum was obtained by oxida- 
tion of NN with lead tetraacetate in aqueous solution. 


To examine the effect of complexing metal ions on the 
one-electron redox process, CV scans were made in 
aqueous NN solutions with various amounts of copper(I1) 
acetate. With increasing concentration of copper ions the 
current of the quasi-reversible couple of NN decreased, 
and the peak was absent in the presence of excess Cu(II). 


Ab initio MO calculations were carried out on both 
NN tautomers and related radicals. Results of the 
calculations, which do not include solvent interactions, 
on both tautomers, their radical cations, the iminoxyl 
radical and the anion of NN are given in Table 3. 


The data show that the nitrosophenol form has 
0.5 kcalmol-’ lower energy than the quinone mono- 
oxime form. Such a difference is not significant and both 
forms have virtually the same energy in the absence of 
solvent. Spectroscopic studies support this result, since 
an equilibrium mixture was reported for NN in various 
solvents, l 3  with the phenol favored in aprotic media and 
the quinone monooxime form in protic solvents. The 
important point resulting from these calculations is that 
there is no significant effect from aromatic stabilization, 
and any preference in the tautomeric equilibrium should 
be attributed to other interactions, especially with the 
solvent. When optimized geometries for the 
nitrosophenol and quinone monooxime were used as 
input data for NN radical calculations, the same struc- 
ture was obtained in both cases. A similar result was 
obtained in calculations on the NN anion. These results 
thus predict only one radical and one anion form. The 
NN radical cation, on the other hand, is predicted to 
exist in two tautomeric forms with the nitrosophenol 
form lower in energy by 35 kcalmol-’. 


DISCUSSION 
The reported anodic oxidation study of NN using 
solid electrodes complements previous polarographic 
reduction studies. A quasi-reversible redox couple 
was observed by CV in the potential range 0 to 1-0 V 
vs Ag/AgCl, both in a wide pH range in 
water-ethanol and in acetonitrile solutions. No film 
was formed on the electrode under any conditions. In 
aqueous medium, the pH dependence indicates an 
electrode mechanism involving a one-electron, one- 
proton process. The one-electron mechanism is 
further corroborated by results from chronocou- 
lometry and RDE voltammetry. 


The electrochemical studies and MO calculations 
suggest the following scheme for electrochemical 
oxidation of NN: 


-8 It 
II 


NO 


2 It 


‘--.O & / -- P 
Only a single resonance hybrid exists for both the NN 


anion and radical, since calculations converge on only 
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one structure regardless of whether the structure of the 
oxime or the phenol was used for the input. There is no 
evidence of the preceding tautomeric equilibrium on the 
voltammetric behavior of NN. The fast proton exchange 
preceding electron transfer is evident from the peak 
potential dependence on pH. 


The voltammetric behavior and the presence of a 
strong ESR signal and its slow decay show that a 
relatively stable radical is generated in the NN oxida- 
tion. The large nitrogen hyperfine splitting of 29 G 
indicates that the product is an iminoxyl u-radi~a1.l~ 
Generation of the radical in H,O and D,O showed 
identical ESR splitting patterns and hyperfine splitting 
constants for the radical. This observation suggests that 
no exchangeable hydrogens, such as the hydroxy or 
oxime hydrogen, are present to split the signal and that 
the radical is a neutral species. Nitrogen splitting was 
reported for radicals generated from NN by oxidation 
with silver(I1) complexes4 and by irradiation of a 
hydrogen peroxide solution. 5a 


Computer simulation produced an ESR spectrum that 
showed splitting by three different hydrogens (aH 
values 2.91, 1.23 and 0.88 G) in addition to the 
nitrogen. The hydrogen adjacent to the hydroxy group 
is most likely causing the largest hydrogen splitting 
(2.91 G), due to a W structural patternt5 with the lone 
electron localized on the nitrogen atom. Hydrogens in 
positions 4 and 8 cause the additional splitting, 
although it is uncertain which to assign to the 1.23 and 
which to the 0.88 G HFS. H-4 is most likely interacting 
through bonds, whereas H-8 interacts ‘through space’ 
as commonly seen with iminoxyl radi~a1s.I~ The 
splitting of the signal by ring hydrogens shows that 
even though the radical is classified as a a-radical, the 
unpaired electron interacts with the n-system. The 
magnitude of the present aN (29 G)  is further evidence 
for the neutral iminoxyl as the persistent radical rather 
than the cation radical. Spin densities ( p )  for these 
species were used to calculate aN by the equationI6 
a = Cp, where C is the proportionality constant specific 
for an atom.” The predicted value of 23.7 G for the 
neutral form is close to that observed, whereas that for 
the cation radical (0.5 G) is too low. Additional 
evidence for the neutral iminoxyl radical is found in the 
experimental g value of 2-0067, which is in accord 
with values reported for other iminoxyl radicals and 
higher than those of radical cations (2.0007).2 


The electrochemically generated radical was found 
to be relatively stable in aqueous media (tIl2 = 150 s), 
and its stability increased substantially in aprotic 
acetonitrile ( t , , ,  = 3600 s). The relatively long radical 
lifetimes in the present study indicate a stabilizing 
effect of a vicinal carbonyl function, since in the 
absence of this group similar radicals of aromatic 
nitroso compounds have substantially shorter life- 
t i m e ~ . ~  The stabilizing effect of the carbonyl group is 
further supported by the report of long lifetimes of 


radicals derived from 1,3-dione-2-oxime compounds. 5b 
The present results indicate that the decay of the 
electrochemically generated radical is relatively slow 
and is first order in the radical species. 


The absence of the -quasi-reversible couple in the 
presence of excess Cu(I1) ions shows that metal 
complexation” prevents the formation of a stable radical. 


CONCLUSION 
While most electrochemical studies of nitroso compounds 
have concerned their reduction, the present study has 
shown that electrooxidation of NN produces an unusually 
stable neutral iminoxyl radical. Support for this radical is 
based on a one-electron oxidation process as determined 
by chronocoulometry and RDE experiments and the pH 
dependence of peak potentials by CV. The iminoxyl 
radical was further characterized by its ESR spectrum, 
which showed a nitrogen hyperfine splitting constant of 
29.0 G, typical of iminoxyl radicals. 
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ROSSELLA FIOFUVANTI," MARIANGELA BIAVA AND GIULIO CESARE PORRETTA 


The design, synthesis and antimycotic activities of 18 (N-heteroary1)arylmethanamines are reported. The MIC 
against Cundida strains of the most active amine, 3-(p-methylbenzylamino)quinoline, is comparable to that of 
pyrrolnitrin. 


INTRODUCTION 
We have previously reported the synthesis and the 
antifungal activity of (1H-imidazol-I-ylmethyl- 1,2- 
benzenamine and (IH- 1,2,4-triazol- 1-ylmethyl) 
benzenamine derivatives'.'. 


Recently derived principal properties (PP) for both 
substituend and heteroaromatic~~ exhibit the advan- 
tages over traditional descriptors of being orthogonal 
and thus suitable for statistical design and less 
influenced by measurement errors and system specific 
variations. PP for heteroaromatics have ~ h o w n ~ . ~  their 
potential as descriptors in the study of the influence of 
heteroaromatic modifications on biological activities, an 
effect not yet widely investigated compared with other 
structural modifications (such as substituent effects) 
owing to the lack of suitable descriptors. In this paper, 
we report the design of a series of (N-heteroa- 
ry1)arylmethanamines with general formula ArCH'NH- 
Het (Table 1) as potential antimycotic agents. The 
above series, designed with simultaneous variation of 
both the C-linked aromatic ring (Ar) and the N-linked 
heteroaromatic (Het), could then be studied in relation 
to the effects of both moieties on biological activity, 
suggesting strategies for further syntheses. This appro- 
ach should have the advantage of exploring the 


* Authors to whom correspondence should be addressed. 


maximum range of Ar and Het variability in a stepwise 
procedure involving first the synthesis of a very limited 
number of compounds with maximum information and 
subsequently the synthesis of more active compounds. 


RESULTS AND DISCUSSION 


Synthesis 
The reaction sequence for the synthesis of heter- 
oaromatic secondary amines 1-18 consists in the 
condensation of aromatic aldehydes with heter- 
oaromatic amines to yield imines which can be easily 
reduced with NaBH, to give the corresponding amines. 


Imines were synthesized either in ethanol or by 
azeotropic removal of water in benzene (see Experi- 
mental). No significant formation of 
[bis(heteroarylamino)methyl]arenes7 was observed in 
the reactions examined. Consequently, it was not 
necessary to proceed to reductive amination by the 
Leuckart-Wallach reaction, in which the formation of 
polymeric products lowers the yields significantly.' 


The (p-carboxyethy1)benzyl derivative 5 ,  required by 
the design (see later), was synthesized by reaction of 
(p-carboxyethy1)benzyl bromide with 2- 
aminopyrimidine. The main spectroscopic features of 
the new compounds, characterized by IR, NMR and 
mass spectrometry, are consistent with those previously 
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‘Table 1. Structures of ArCH,NH-Het (1-18) 
~ 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
IS 


Ph 
4-PhC,H, 


4-BuOC6Hd 


4- (CO,Et)C,H, 
4-BrC,H4 


Ph 
2-Thien yl 
2-Thienyl 
3-Indoi yl 
2-Fury1 


2-Quinolyl 
2-Thien yl 
3-Indolyl 


4-MeC,H4 


4-BrC,H4 
4-BuOCbH4 


4-NO,C,H, 
4-PhC6H4 


2-Pyrimidyl 
2-Thiazolyl 
2-Benzothiazoly l 
2-Benzothiazol y l 
2-Pyrimid yl 
3-Quinol yl 
2-Thiazolyl 
2-Pyrimid yl 
2-Benzothiazoly l 
2-Benzothiazolyl 
3-Quinol yl 
3-Quinolyl 
3-Quinol yl 
3-Quinol yl 
3-Quinolyl 
3-Quinol yl 
3-Quinolyl 
3-Quinol yl 


reported for analogous heterocyclic  derivative^',^ and 
with those of N-benzylaniline9-“. 


Design 


Since biological screening is time consuming and expen- 
sive, it is desirable to select by statistical design the 
compounds to be synthesized for the preliminary screen- 
ing tests. Recently reported orthogonal PP for 
substituents3 and for heteroaromatic~~ provided a suitable 
non-random criterion for the selection of pairs of 
aromatic aldehydes and heteroaromatic amines to be 
reacted for the synthesis of a first set of compounds. 
With PP now available for 100 substituents3 and 48 
heteroaromatic m o i e t i e ~ , ~  in theory 4800 para- 
substituted-(N-heteroary1)benzylamines and 2304 ( N -  
heteroary1)heteroarylmethanamines could be synthesized 
and tested for antimycotic activity. The criteria adopted in 
the selection of compounds 1-11 for preliminary screen- 
ing tests will be briefly outlined below. Each of two sets 
of para-substituted benzaldehydes and heteroaromatic 
aldehydes has to be reacted with a set of heteroaromatic 
amines. For the selection of the para substituents in the 
benzaldehyde the first three substituents PP, standardized 
to have a variation from - 1 to + 1 similarly to the coded 
design variables in a factorial design,” place each 
substituent in one of the eight octants of the 
‘substituents’ three-dimensional factorial design cube. 
Obviously it is impossible to construct a factorial design 
with substituents in the comers of the cube, as PP exhibit 
a discrete rather than a continuous variation. Therefore, it 
would be desirable to select one substituent from each of 
the eight ‘octants’ in the design cube, where each ‘octant’ 
has one comer in common with the original design cube 
(in which each variable ranges from -1 to +1) and one 
comer in the centre (coordinates 0, 0, 0). A fractional 


factorial design implying only four substituents appropri- 
ately located in each of four selected octants was difficult 
to achieve synthetically. The ‘real’ design, in fact, has to 
account also for synthetic difficulties, especially in the 
preliminary screening, which is expected to explore the 
maximum three-dimensional PP space with the minimum 
synthetic effort. In our opinion, a reasonable compromise 
between statistical design and synthetic availability could 
be reached in the present case by selecting only five 
substituents, reported in Table 2 ,  which span five of the 
eight design cube octants. Most of the corresponding 
para-substituted benzaldehydes, used as starting reagents, 
are in fact commercially available or easily synthesizable. 
The p-carboxyethyl derivative 5 was synthesized in one 
step starting from the corresponding benzyl bromide (see 
also Experimental). 


Further efforts at the synthesis of amines with substi- 
tuents in the missing octants3 (1 -1 1, -1 1 1  and 
-1 -1 -1) could be carried out later, when more 
information is available on the effects of the N-linked 
heteroaromatic moiety. The selection of heteroaromatic 
amines was restricted to four commercially available 
compounds whose PP,4 standardized in order to have a 
variation from - 1 to + 1, placed them in four different 
octants of the ‘heteroaromatic’ design cube (cf. 
Table 2) .  


The combination of five para- substituted benzalde- 
hydes with four heteroaromatic amines implies the 
synthesis of 20 compounds. The number was further 
restricted with the selection of compounds 1-6 combin- 
ing the reagents according to the following considera- 
tions: (a) ease of synthetic conditions based on previous 
experience;’,’ (b) check of the D-efficiency of the 
design (i.e. the relative number of experiments required 
to obtain an equally good design with fully orthogonal 
variables) according to the D-optimal d e ~ i g n ; ’ ~  and (c) 
inclusion of two reactions with benzaldehyde, as 
aromatic descriptors are also available for the phenyl 
moiety and consequently the relative compounds could 
also be used in the ‘heteroaromatic’ set (see below). 


Analogous considerations led to the selection of 
seven compounds (1, 6-11) as the ‘heteroaromatic’ set 
spanning five octants of the ‘heteroaromatic’ design 
cube for aldehydes (ArCHO) and the former four 
octants for the amines (Het-NH,). The corresponding 
standardized PP, ( t i ,  t , ,  t 3 )  are reported in table 2, 
together with the relevant octants. 


Biological assays a n d  selection of amines 12-18 
The antimycotic activities against three strains of 
Candida albicans and three strains of other Candida 
specie for compounds 1-11 (the preliminary substituent 
and heteroaromatic sets) expressed as MIC (minimum 
inhibition concentrations) at pH 7.2 are recorded in 
Table 3. The data show clearly that, despite the large 
descriptor space explored both for the C-linked and the 
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Table 2. Standardized principal properties (PP for X substituents a and t for 
heteroarornatics in the design of ArCH,NH-Het (Ar = p-X-C,H, or heteroaromatic; 


Het = heteroaryl) 


H 
Ph 
OBu 
Br 
C0,Et 


Me 
NO2 


- 1 .000 0.6 12 -0.480 
0.364 0.008 0.170 
0.434 0.338 -0.346 


-0.479 -0.195 0.057 
0.095 -0534 -0.296 


-0.678 -0.746 -0.177 - 
-0.636 0.519 0.03 


- l , l ,  -1 
1 ,1 ,1  


l , l ,  -1 
-1, -1 , l  
1, -1, -1 


.1, -1, -1 
-1,1,1 


Het tl t 2  t3 


2-Pyrimidyl 0.55 -0.64 0.75 1, -1,1 
2-Thiazolyl -0.06 -0.57 0.61 -1, -1 , l  
2-Benzothiazolyl -0.37 0.89 0.67 - l , l ,  1 
3-Quinolyl 0.41 0.93 -0.36 1,1, -1 


Ar tl t2 t 3  


0.55 -0.53 -0.53 1, -1;l 
2-Thienyl -0.31 -0.47 -0.24 -1, - 1 ,  -1 
3-Indol yl 0.14 0.74 -0.28 1,1,-1 
?-Fury1 -0.90 -0.92 -0.31 -1,-I, 1 
2-Quinolyl 0.41 0.93 0.53 1,1,1 


Phenyl 


From Ref. 3 
Standardized in the interval- I, 1 from original values in Ref. 4. 


Table 3. Antimycotic activity (MIC, p g  ml-I) of amines 1-18 against three strains of Cundidu ulbicun? and three other strains of 
Cundidu speciesb at pH 7.2 


Compound I I1 111 IV V VI M.P("C) Ref. 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 


Pyrrolnitrin 


>800 
>800 
>800 
>800 
>800 


50 
>800 
>800 
>800 
>800 


75 
62.5 


150 
37.5 


>800 
>800 
>800 
>800 


6.25 


>800 
>800 
>800 
>800 
>800 


50 
>800 
>800 
S O 0  
>800 


1 5  
100 
125 
25 


>800 
>800 


500 
>800 


25 


>800 
>800 
>800 
>800 
>800 


50 
>800 
>800 
>800 
>800 


50 
100 
250 
50 


2800 
>800 


500 
>800 


25 


>800 
>800 
>800 
>800 
>800 


75 
>800 
>800 
>800 
>800 
400 


>800 
50 


>800 
>800 
>800 
9 0 0  


62.5 


3.12 


>800 
>800 
>800 
>800 
>800 


>800 
>800 
A00 
>800 


25 
100 
150 


>800 
>800 


500 
>800 


25 


62.5 


18.75 


>800 
A00  
>800 
>a00 
>800 


50 
>800 
>800 
>800 
>800 


200 
37.5 


200 
50 


>800 
>800 


200 
>800 


1.56 


79-8 1 
157-159 


197 - 200 
88-90 
96-98 
110 
95 


184-185 


180- 181 


119-121 
190- 192 


125-127 


9 1-92 


91-93 


131 - 133 


148- 149 
115-116 
193- 194 


128-129 


14 
8 
6 


8,15 
1 
7 


7,16 
7 
7 


8 


c 


8 


a I = C. ulbicuris d'Alessandro; I1 = C. ulbic LOIS Porcari; 111 = C. ulbicuris BP. 


' This work. 
IV = C. tropiculis SA 204; V = C. jilubrutu SA 199; VI = C. guillermo/idii SA258 
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N-linked moieties, only derivatives with a 3-quinolyl 
moiety linked to the amine nitrogen exhibit antimycotic 
activity. The significance of this result, which could at 
first appear trivial, lies in the fact that it has been 
achieved with very little synthetic effort spanning a 
large number of possible structures. The obvious 
consequence of the above finding is that further syn- 
thesis should be restricted to the reaction of aromatic 
aldehydes with 3-quinolineamine. 2-Thiophene and 3- 
indole aldehydes afforded compounds 12 and 13 
respectively, while 2-furaldehyde gave polymeric 
products. 


The para-substituted benzene series was extended 
with the synthesis of compounds 14-18, including 
substituents placed in seven of the eight octants of the 
substituent design cube (see Table 2). The MIC of the 
p-methyl derivative 14 is comparable to that of pyrrol- 
nitrin for two strains of Candida albicans and even 
better for Candida glabrata SA199. 


CONCLUSIONS 
Although no quantitative effect of heteroaromatic 
moieties on antimycotic activity was found in the 
present case, this work indicates the possibility of 
exploring wide variations in substituents and heter- 
oaromatics with few experiments planned by means of 
PP, and statistical design. The information derived 
from preliminary screening of the above set provided 
guidelines for the synthesis of more active 
compounds. 


EXPERIMENTAL 
Melting points are uncorrected. Pyrrolnitrin was 
obtained from Schiapparelli. IR spectra (KBr discs) 
were recorded on a Perkin-Elmer Model 684 spectro- 
photometer. NMR spectra were recorded at 200 MHz on 
a Bruker spectrometer (TMS as internal standard) using 
CDCI, as solvent, unless stated otherwise. Mass spectra 
were recorded by direct insertion into a VG-ZAB 2SE 
double-focusing mass spectrometer under the following 
conditions: ionization energy, 70 eV; source tempera- 
ture, 200 "C; trap current, 100 PA; acceleration voltage, 
8 kV; sample temperature, 30 "C; and resolution 
1500. 


Synthesis of irnines. Method A: a solution of the 
aldehyde and of the amine (equimolar amounts, 
10 mmol), was refluxed in 10 ml of dry ethanol. The 
time required varied from a few hours to 19 h, depend- 
ing on the basicity of the amine. The solvent was 
evaporated under reduced pressure and the composition 
of the residue was examined by TLC. The crude 
irnines thus obtained were crystalline and in some 
cases, owing to their low stabilities, were not purified 
before reduction. Mixtures of chloroform and light 


petroleum (b.p. 40-70 "C) were used as the crystalliz- 
ation solvent. 


Method B: 50 ml of dry benzene and two drops of 
glacial acetic acid were added to a solution of 
0.007 mol of the appropriate benzaldehyde and 
0.0066 mol of heteroarylamine in 100 ml of dry 
ethanol and the mixture was refluxed for 24 h. Water 
formed during the reaction was eliminated with a 
Dean-Stark apparatus. Evaporation of the solvent 
yielded a residue which was crystallized from dry 
ethanol. 


Reduction of irnines.. To a warm solution or 
suspension of the imine (10 mmol) in methanol (10 
ml), sodium borohydride (20 mmol) was added in small 
portions (20 min) and the mixture was heated on a 
steam-bath for 2 h with stirring. The reaction mixture 
was then cooled and treated with water. The product 
was washed with water and crystallized from ethanol. 
2-(4-Bromobenzylideneamino)benzothiazole: yield 


30%. Method B. Time 18 h. Yellow microcrystals, m.p. 


3-(2-Thienylideneamino)quinoline: yield 62%. 
Method A. Time 8 h. Yellow needles, m.p. 82-84 "C. 
3-(3-Indolideneamino)quinoline: yield 56%. 


Method A. Time 19 h. Yellow microcrystals, m.p. 


3- (4-Butoxybenzylideneamino)quinoline : yield 77%. 
Method B. Time 18 h. White prisms, m.p. 56-59 "C. 


3-(4-Bromobenzylideneamino) quinoline: yield 
59%. Method A. Time 14 h. White needles, m.p. 


3-(4-Nitrobenzylideneamino)quinoline: yield 71 %. 
Method B. Time 18 h. Yellow prisms, m.p. 


2-[ (4-Bromobenzylamino)] benzothiazole (4) : 
yield 50%. White needles, m.p. 197-200 "C. MS, m/z 
(%): 318 (M+, 87), 195 (21), 193 (23), 171 (loo), 136 
(15). IR (KBr): 3200 cm-' (NH). 'H NMR, 6: 4.6 


175-177 "C. 


223-225 "C. 


135-136 "C. 


160-163 "C. 


(CH,, 2H, d, J =  1.5 Hz), 8-5(NH, lH, b), 6.1-8.1 
(8H, m). 
2- [ (4-Carboethoxybenzylamino)]pyrimidine (5)  : 


0.01 mol of p-carboethoxybenzyl bromide, 17.'* 
0.01 mol of 2-aminopyrimidine and 0.01 mol of 
Na,CO, in 20 ml of chloroform were refluxed for 24 h. 
The precipitate was filtered, washed with water, 
extracted with chloroform and purified twice on an 
alumina column using chloroform as eluent. Yield 46%. 
White microcrystals, m.p. 88-90 "C. MS, m / z  (%): 
257 (M+,  loo), 256 (19), 258 (16), 228 (16), 212 (14), 
184 (29), 178 (24). Ir (KBr): 3240 cm-'  (NH). 'H 


(7H, m), 4.3 (2H, m), 2.3 (3H, t). 
3- [ (Thiophen-2-ylmethyl)amino]quinoline (22) : 


yield 80%. Yellow microcrystals, m.p. 91-93 "C. MS, 
m / z  (%): 240 (M+,  49), 97 (100). IR (KBr): 
3198 cm-' (NH). 'H Nmr 6: 4.59 (CH,, 2H, dd, 


NMR, 6: 4.6 (CH,, 2H, d), 5.9 (NH, lH, b), 7.2-8.3 
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J=5*66,  1.86 Hz), 3.4 (NH, IH, s ) .  I3C NMR, 6: 43 
(CH& 


3-[ (Indol-3-ylmethyl)amino]quinoline (13): yield 
87%. Yellow microcrystals, m.p. 125-127 "C. MS, m/z 
(%): 273 (M+,  15), 144 (loo), 130 (91), 129 (32), 128 
(9). IR (KBr): 3256 cm-' (NH). 'H NMR, 6: 4-6(CH,, 
2H, d,  J=5.01 Hz), 5.80 (NH, lH, b). 13C NMR: 
38.38 (CH,). 


3-(4-Butoxybenzylamino) quinoline (15) : yield 
61%. White piates, m.p. 91-92 'C. MS, m / z  (%)- 306 
(M+, 20), 247 (9), 163 (74), 143 (lo), 128 (13), 115 
(lo), 107 (100). IR (KBr): 3240 cm-' (NH). 'H NMR, 
6: 0.98 (CH,, 3H, t), 1.44-1.81 (CH,, 4H, m), 3.96 
(CH2,  2H, t), 4.34 (CH,NH; 3H, b), 6.87-8-47 (Ar, 
10 H, m). 


3-(4-Bromobenzylamino) quinoline (16): yield 
91%. White microcrystals, m.p. 115-116 "C. MS, m/z 


128 (25). Ir (KBr): 3268 cm-' (NH). 'H NMR, 6: 4.39 
(%): 314 (88), 312 (M+, 92-5), 171 (98), 169 (loo), 


(CH2, 2H, d, J=5.18 Hz), 4-43 (NH, b). NMR: 
47.25 (CH,). 


3- (Nitrobenzylamino)quinoline (1 7) : yield 42%. 
Yellow microcrystals, m.p. 148-150 "C. MS, m/z(%) 
279 (M+,  83), 157 (19), 143 (73), 128 (18), 116 (loo), 
106 (SO), 90 (33,  89 (73,  78 (20). IR (KBr): 
3220 cm-' (NH). 'H-NMR (CD,COCD,), 6: 4.67 
(CH,, 2H, d, J =  3 Hz), 6.34 (NH, b), 6.93-8.70 (Ar, 
10 H, m). 


Microbiological assays. Compounds 1-18 were 
tested for their in vitro antifungal activity against three 
strains of Candida albicans (C.  albicans d' Alessan- 
dro, C. albicans Porcari, C.  albicans BP) and three 
other strains of Candida specie (C. tropicalis, C. 
glahrata SA 199, C. guillerrnondii SA 258). Pyrrolni- 
trin was used as a positive control. The MIC (pg ml - I )  


was determined using the method of progressive 
double dilutions in solid media.I9 Data were recorded 
after 48 h of incubation at 37 "C. The substances were 
dissolved in dimethyl sulphoxide ( 5  mg ml -I) ;  further 
diluition in the test medium furnished the required 
concentration, generally in the range 0.1-800 pg  ml - I .  


The cultures were obtained on Sabouraud (BBL) after 
18 h of incubation at 37 "C. Tests were carried out 
using Sabouraud agar (BBL). Inocula were lo3 cells 
m1-I. 
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REVIEW COMMENTARY 


CARBONYLMETALLATES AND CARBANIONS IN AROMATIC AND VINYLIC 
NUCLEOPHILIC SUBSTITUTION 


I. P. BELETSKAYA,* G. A. ARTAMKINA, A. YU. MIL'CHENKO, P. K. SAZONOV AND M. M. SHTERN 
Department of Chemistry, Moscow State University, Moscow, Russia 


The kinetic data on the reactions of carbonylmetallates M'M(CO).L,, with polyfluorinated arenes and alkenes 
are reported. The behaviour of these transition metal anionic nucleophiles is compared with the reactivity of 
both carbanions, and non-transition metal centred anions. 


1. INTRODUCTION 
This paper considers the reactions of aromatic and vinylic 
nucleophilic substitution with anionic transition metal 
carbonyl complexes of the series M'M(CO),L, where 


Mo(CO),Cp, Mn(CO), and M'=K,  Na, Li. Although 
these nucleophiles have received adequate attention in 
aliphatic nucleophilic substitution, the data on their 
nucleophilic reactivity with unsaturated compounds is 
scarce or even lacking. The demand to bridge this gap is 
becoming vital, as such reactions may serve as key 
models for the study of a broad range of homogeneous 
catalytic processes of great importance both in industry 
and in laboratory-scale fine organic synthesis. Moreover, 
recent studies have shown that the products of such 
substitution, a-aryl and a-vinyl complexes of transition 
metals, possess very interesting properties which may 
allow their use as, eg., valuable additives to motor fuels 
and lubricants and as flame retardants and antioxidants. 


In our studies we have mainly used polyfluorinated 
arenes and alkenes, sometimes containing atoms of 
heavier halogens which allowed us to investigate the 
differences in the regiochemistry of substitution between 
various types of nucleophiles. In order to obtain evi- 
dence on mechanistic aspects of substitution, the 
kinetics were measured with special attention paid to the 
influence of the nature of the nucleophile, counterion 
and leaving group, and media effects. 


We discovered that general trends in the nucleophilic 
reactivity of carbonylmetallates in the reactions under 


M(CO) ,L  = Fe(CO),Cp, Re(CO),, W(CO),Cp, 


* Author to whom correspondence should be addressed. 


study are altogether different from those observed in the 
otherwise identical reactions with more traditional 
nucleophiles, e.g. carbanions. 


RESULTS AND DISCUSSION 


Reactions of carbonylmetallates and other 
nucleophiles with electron-deficient aryl halides 


Reactivity of carbonylmetallates in the reactions with 
per-uoroarenes 
Although the reactions of several carbonylmetallates 
with reactive aryl halides such as hexafluorobenzene 
and perlluoropyridine have been reported, the yields 
observed in these reactions were poor (11-60%).' In 
order to perform a meaningful kinetic study, we first 
had to optimize the conditions of these reactions to 
achieve near to quantitative yields. 


The reactivity of carbonylmetallates varies in a very 
broad range. Some of these anionic complexes resemble 
common carbanions in reactivity, whereas others are so 
highly reactive that they are often referred to as super- 
nucleophiles. Consequently, it is often impossible to 
measure experimentally the reaction rates for the whole 
range of both carbonylmetallates and substrates. For the 
most reactive pentafluoropyridine, kinetic measure- 
ments were done only for the least reactive 
KW(CO),Cp and KMn(CO), in THF at room tempera- 
ture. For more reactive NaRe(CO),, the rate of reaction 
with less reactive hexafluorobenzene can be measured at 
25 "C, whereas with supemucleophilic KFe(CO),Cp 
even the rate of reaction with hexafluorobenzene was 
measured only at -52 "C (Table l)., 
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Table 1. Rate constants for reactions of carbonylmetallates with pentafluoropyridine and hexafluorobenzene* 


Reaction Solvent Additive, mol per mole of M(CO),,L- Counterion, M’ k, (1 mol-’s-’) 
~ 


M’Mn(CO), + C5F,Nb THF 
THF 
THF 
THF 
Ether 
THF 
THF 


M‘W(CO),Cp+ C,F,Nb THF 
THF 
THF 
Ether 


THF 
THF 
THF 
Ether 
THF 


M’Fe(CO),Cp + c6F; THF 
THF 
THF 
THF 
THF 
Ether 
THF 
THF 


M‘Re(CO), + C6F6b THF 


- 
18-crown-6,2 
HMPA, 20 
- 
- 
- 
NaBPh,, 10 


HMPA, 20 
HMPA, 55 


- 


- 
- 
HMPA, 20 
Ph,AsCIO,, 1 
Ph4AsC1, 1 


NaBPh,, 10 


HMPA, 20 
18-crown-6, 1 
18-crown-6,2 
Ph,AsCIO,, 1 


- 


- 


- 
- 
HMPA, 20 


K 
K 
K 
Ph,As 
K 
Li 
Li 
K 
K 
K 
K 
Na 
Na 
Na 
Na 
Na 
Na 
K 
K 
K 
K 
K 
K 
Li 
Li 


8.8 x lo-’ 
4.ox 10-3 


1.23 x 10-3 
0.65 x 1 0 - ~  
130 x 10-3 


0.62 x 1 0 - ~  
6.4 x 10-3 


8.45 x lo-’ 
3-4 x 10-2 
3.3 x lo-, 


46-8 x lo-’ 
2.15 x 10-1 
1.25 x lo-’ 
1.03 x lo-’ 
1-12x 10-1 
10.5 x 10-1 
3.05 x lo-’ 
8.05 x 
1.75 x lo-’ 
2.47 x lo-’ 
2.16 x lo-’ 
1.53 x loT2 
480 x lo-’ 


23 x lo-’ 
1.70 x lo-’ 


a [M(CO),J-],= 1 x 10-’-6x lo-* M, [ArF],=4,2x 10-’-6x 10-l M 
At 25 ‘C. 
‘ At -52 “C. 


F@F + M’M(C0)”L --C 


F F 
f 


M(C0M = FC(COhCp, Re(C0)s 


All carbonylmetallates invariably showed a decrease 
on rate in the presence of solvating additives (HMPA or 
18-crown-6 ether). The addition of salts such as 
Ph,AsCl or Ph4AsCI0,, which as a result of the counter- 
ion exchange help to form looser ion pairs and free ions, 
also retarded the reactions. On the other hand, unexpect- 
edly, the addition of common ion salt or the use of a less 
polar ether in place of THF resulted in an increase in 
rates. 


The influence of the counterion is more complex and 
is additionally affected by the nature of the carbonylme- 
tallate. Thus, in the case of M’Mn(CO), the rate is 
lower for the lithium derivative than the potassium 
derivative, in perfect agreement with theoretical consid- 
erations, as lithium salts indeed usually prefer to form 


looser solvent-separated ion pairs or even free ions 
owing to better solvation of the smaller lithium cation 
by basic solvents, whereas the salts of the large potass- 
ium cation usually form contact ion pairs in solution. 
However, in the case of carbonylferrate derivatives, the 
effect of the counterion is the opposite, as lithium salts 
were observed to react faster than potassium salts, 
which may be explained by the*different behaviour of 
carbonylferrate salts in solution. For both LiMn(CO), 


’ The salts of carbonylmetallates exist as a mixture of solvent- 
separated and contact ion pairs in diethyl ether and similar 
soIvent~ .~-~  For the range of concentrations typically used for 
kinetic measurements (cu. lo-* M), NaMn(CO), predomi- 
nantly forms contact ion pairs and NaW(CO)3Cp or 
NaMo(CO),Cp almost exclusively form contact ion pairs. 
Data on pentacarbonylrhenates are lacking. LiMn (CO), occurs 
mostly as solvent-separated ion-pairs and free ions with less 
than 10% contact ion pairs present., In contact ion pairs of the 
aforementioned carbonylmetallates the counterion is bound to 
the oxygen atom of a carbonyl ligand.6-8 The carbonylferrates, 
however, reveal a different behaviour. Thus, for instance, 
LiFe(CO),Cp in THF solution forms contact ion pairs of two 
distinct sorts in which the cation is bound to either carbonyl 
oxygen or iron.’ In all cases the addition of solvating agents 
causes the transformation of contact ion pairs into solvent- 
separated ion pairs and further to free ions. 
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and Li Fe(CO),Cp salts the addition of HMPA leads to 
a rate decrease. 


The same trends were observed in the reactions with 
2- (4,6-difluoro-l,3,5-triazinyl)pentacarbonylmanganese 
which is readily formed by an extremely fast reaction of 
cyanuric fluoride with pentacarbonylmanganate salt.' 


F 


As a single pentacarbonylmanganese substituent 
makes this molecule less reactive, it turned out to be 
perfectly suited for kinetic measurements with the 
whole range of carbonylmetallates. All of the bimetallic 
substitution products were isolated in high yields 
(88-91%). 


M(COmL= WC0)s. WCOk, Fc(C0hCp. 
WCO)ICP, Mo(CO)3CP 


The third fluorine atom was unreactive under the 
conditions studied. Hence the measurement of reaction 
rates with this substrate (Table 2) allowed the determi- 


nation of the relative reactivities for all carbonylmetal- 
lates. The observed reactivity order was shown to be 
identical with that reported earlier for S,2 reactions of 
these nucleophiles with alkyl halides: ' o - '2M 


Fe(CO),Cp*Re(CO), (1025)> W(CO),Cp (9)> 
Mn(CO), (1.6)>Mo(CO),Cp (1) 


Reactivity trends for the reactions of carbonylmetal- 
lates with this substrate were found to be the same as 
with other aryl fluorides, since the addition of solvating 
agents such as HMPA or 18-crown-6 ether retarded the 
reactions, whereas the use of less polar solvent diethyl 
ether resulted in a rate increase. 


Thus, in the reactions of carbonylmetallates with 
perlluoroarenes, contact ion pairs turned out to be more 
reactive than solvent-separated ion pairs and free ions. 


Reactivity of carbanions in nucleophilic aromatic 
substitution 
Unusual reactivity trends observed in the reactions of 
carbonylmetallate nucleophiles obviously required a 
comparative study of more conventional nucleophiles, 
such as carbanions, in the same processes. 


Nitroaryl halides are the most extensively studied 
models for kinetic studies of nucleophilic aromatic 
substitution. Some kinetic data on the reactions of these 


Table 2. Rate constants for reactions of carbonylmetallates with 2-(4,6-difluoro-l ,3,5-mazinyl)pentacarbonylmanganesea 


M'M(CO),L Solvent Additive, mol per mole of M(CO)&- Temperature ("C) k2 x 10' (I  mol-' s-I) 


KFe (CO),Cp THF - -52 397 
THF 18-crown-6, 2 107 
THF HMPA, 20 88 
Ether - Too high 


LiFe (CO),Cp THF - 580 
THF HMPA, 20 89 


NaRe(CO), THF - - 18 820 
THF HMPA, 20 298 
THF Ph4AsC10,, 1 266 


THF 
THF - - 18 7.2 


- -12 11.8 
KW(CO)~CP 


KMn(CO), THF - - 18 1.27 
THF - -12 2.37 
THF - 0 7.23 
THF 18-crown-6,2 0 5.14 
THF HMPA, 20 0 2.41 
THF Ph,AsCIO,, 1 0 2.12 
Ether - 0 53-5 


LiMn (CO), THF - 0 1.9 
KMo (CO),Cp THF - -18 0.78 


THF - 0 2.95 


a [M(CO)k-],= 2.3 x 10-'-20.5 x lo-' M, [ArF],= 2.6 x 10-'-26.4x lo-' M. 


~~ 


* Ph,Sn (1.1 x lO*)>Fe(CO),Cp ( 7 . 0 ~  107)>PhS ( 2 . 6 ~  106)>Re(CO), (2.5 x 104)>W(C0),Cp (500)>Mn(CO), 
(77) > Mo(CO),Cp (67) > Co(CO), (l)." 
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substrates with carbanions such as alkali metal salts of 
alkyl malonate, cyanoacetate and acetoacetate are 
available from the literature. l 3 - l 8  


These reactions are believed to proceed via the 
classical two-stage Bunnett-Miller mechanism, accord- 
ing to which rate-determining addition of nucleophile is 
followed by fast elimination of the leaving g r o ~ p . ’ ~ - ~ ~  


kZ’,k.i &*ti 


Although this mechanism is well supported by many 
kinetic and other data, in the case when halogen is the 
leaving group the corresponding 1,l-a-anionic com- 
plexes have never been detected experimentally. 


As the first stage of this mechanism is slow, the 
influence of the nature of the leaving group on the net 
rate of a given substitution reaction would reflect not the 
strength of the ruptured bond, but rather such factors as 
electronegativity. Indeed, for the reactions with a 
majority of common nucleophiles, which usually have 
an element of the second period of the Periodic Table 
(C, N, 0) as the nucleophilic centre, the ease of substi- 
tution follows the order F >  CI>Br>I.  However, a 
certain, although much smaller, number of substitution 
reactions are known to obey just the opposite trend, 
I > Br > C1> F. Such a deviation is usually ascribed to 
either a change of the rate-determining ste or the 
realization of a concerted S,Zlike mechanism. g.24 


For the only example of the reaction with fluorenyl 
carbanions studied earlier, the order of the influence of 
the nature of leaving group closely resembled the 
normal trend F > C1= Br = I.25 


We have undertaken a kinetic study of the reaction of 
potassium salts of 9-methoxycarbonylfluorene and 9- 
cyanofluorene with pentafluoropyridine, and of 9- 
methoxycarbon lfluorene with p-fluoronitrobenzene in 
THF solutions. These carbanion salts at the concen- 
trations typically used for kinetic measurements 
predominantly form contact ion pairs (Table 3).= 


2.n 


f 


k0, 


As 9-methoxycarbonylfluoreny1 anion is more 
reactive than 9-cyanofluorenyl anion [in fair agreement 
with their relative acidity: pKa(9-MeOCOF1H) = 10 and 
pK,(9-NCFlH)=8829], it permits one to measure the 
kinetics of reaction of the former carbanion not only 
with pentafluoropyridine, but also with less reactive p- 
fluoronitrobenzene. Table 3 shows the second-order 
rate constants measured for these reactions, including 
the values obtained in the presence of 18-crown-6 
ether, HMPA and an excess of NaBPh, as a common 


Table 3. Rate constants for reactions of potassium salts of 9-fluorenyl anions with pentafluoropyridine 
and p-fluoronitrobenzene (THF, 20 oC)a 


Reaction Additive, mol per mole of carbanion k, x 10’ (1 mol-’ s-I) 


9-MeOCOFIK + C,F,N - 
18-crown-6,2 
18-crown-6, 1 
HMPA, 20 
NaBPh,, 10 


18-crown-6, 1 
HMPA, 20 
NaBPh,, 10 


18-crown-6,2 
HMPA, 20 
NaBPh,, 10 


9-NCFIK + C,F,N - 


9-MeOCOFIK + p-FC,H,NO, - 


1.37 
9.37 
8.8 
9.55 
1 .oo 
1 .04  
6.75 
6 7 4  
0.57 
0.088 
0.467 
0.483 
0,049 


a [R-],= 2.3 x 10-’-1.7 x 10.’ M, [ArF],= 7 . 0 ~  10-’-2.3 X M. 
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ion salt. The reaction of pentafluoropyridine with 9- 
methoxycarbonylfluorene is 1.5 times faster than the 
reaction with 9-cyanofluorene. The rate constant for the 
reaction of 9-methoxycarbonylfluorene with p -  
fluoronitrobenzene is an order of magnitude smaller 
than that for the reaction of the same carbanion 
with pentafluoropyridine. The data in Table 3 also 
show that these reactions follow the reactivity pattern, 
i.e. free anions and solvent separated ion pairs react 
faster than contact ion pairs, which is common for 
nucleophilic reactions of carbanions. Thus, the addition 
of 18-crown-6 ether or HMPA leads to an increase in 
rate, whereas the addition of NaBPh, retards the 
reaction. However, in this case the differences in 
reactivity are less pronounced than in the alkylation of 
carbanions. 30 


Reactivity of other heteroatorn nucleophiles 


In order to be able to establish whether the abnormal 
reactivity of carbonylmetallates is unique, the reaction 
of two highly reactive heteroatom nucleophiles, PhSNa 
and Me,SnM ( M = K  or Li), with both penta- 
fluoropyridine and hexafluorobenzene were 
The reactivity of thiophenolate was shown to resemble 
that of carbanions and other normal nucleophiles, with 
free ions being more reactive than ion pairs (Table 4). 


SPh 


On the other hand, the behaviour of Me,SnM, a 
species in which the nucleophilic centre is at a non- 


transition metal, is similar to that of carbonylmetal- 
lates. As the reactivity of this nucleophile is extremely 
high, the kinetics of the reaction with penta- 
fluoropyridine were studied in THF at a temperature as 
low as -52°C. 


SnMQ 


F)& + M@nM - F& + MF 


For example, the lithium salt, which is dissociated to 
a greater extent than the potassium salt owing to better 
solvation of lithium cation b basic solvents, reacts 


solvating agents resulted in retardation whereas the 
addition of the respective common ion salt accelerated 
the substitution (Table 5). 


more slowly than the latter.,” 7 .  ’ Again, the addition of 


Influence of the leaving group 


Leaving group effects are commonly used in mechan- 
istic considerations to distinguish between several 
possible mechanisms. We have studied the reactions of 
all kinds of nucleophiles used (9-XFIM, M’M(CO),L, 
PhSNa, Me,SnM) with chloropentafluorobenzene. The 
regioselectivity of the reactions with this substrate 
turned out to be entirely different for normal and abnor- 
mal nucleophiles. The carbanions and thiolate anion 
substitute the fluorine atom at the para position to 
chlorine whereas all metal-centred nucleophiles, includ- 
ing carbonylmetallates and Me3SnM, substitute 
exclusively the chlorine atom. These results agree with 
scarce literature data, as it was earlier shown that 
Mn(C0); is unreactive towards hexafl~orobenzene,~~ 
but displaces bromide ion in the reaction with C,F,Br. 


Table 4. Rate constants for reactions of PhSNa with hexafluorobenzene” 


Temperature (“C) Additive, mol per mole of PhSNa k, (1 mol-l s-’)  


-40 - 0.03 
NaBPh,, 4 0.003 


-78 - 0.001 
18-crown-6, 10 0.6 


[PhSNa],= 1 . 2 6 ~  lO-’-ll.4X lo-’ M ,  [C,$,],=4.02X 10-’-35.8~ M. 


Table 5 .  Rate constants for reactions of Me,SnM‘ with pentafluoropyridine” 


Counterion, M’ Additive, mol per mole of Me,SnM’ k, x 10’ (1 mol-’ s-I) 


K 


Li 


- 
HMPA, 20 


LiBPh., 10 
- 


93.0 
12.4 
12.4 
98.3 


a [Me,SnM’],= 1.7 x 10-’-4.6 x lo-’ M, [CT5N],= 8.2 x lO-’-I2.2 x M, -52 OC. 
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Methylate ion was shown to substitute only fluoride ion 
from para sites of C$,cI and C$,Br.34.3s 


f 
Thus the first group of nucleophiles behave exactly as 


required by classical aromatic nucleophilic substitution 
mechanism in which the nucleophile attacks preferen- 
tially the most electrophilic site at the rate-determining 
step, and therefore it is indeed fluoride ion which must 
be substituted. The second group of nucleophiles attacks 
the site with a better leaving group, which is chloride. 
Thus the leaving group effect observed for metal- 
centred nucleophiles can be regarded as extra evidence 
in favour of the realization of a non-classical substitu- 
tion mechanism, in which the coordination of the 
counterion and the leaving group plays a major role. 


Possible mechanisms of substitution 
As the classical mechanism of aromatic nucleophilic sub- 
stitution fails to explain the anomalies in the reactions of 
organometallic nucleophiles, some other scheme must be 
applied. At least three mechanisms which involve 
interaction between the leaving group and t h ~  counterion 
in the rate-limiting step may be considered. 


First we may assume only the changeover of the rate- 
limiting step in the frame of the classical mechanism. 
Possibly in this case, rupture of the C-Nu bond, i.e. the 
reverse elimination of an organometallic nucleophile 
from a a-complex, is much faster than the rupture of 
the C-X bond. Hence, the counterion may lend elec- 
trophilic assistance for cleavage of the leaving group. 


k-i',ki b s - X k i  


Another alternative is a concerted SN2-like process 
occurring with the frontal attack of nucleophile, in such 
a manner that carbon atom, leaving group, nucleophile 
and its counterion form a four-membered transition 
state. The interaction between the counterion and 
leaving group facilitates the substitution by lowering the 
energy of the transition state. 


Finally, there is a possibility of a mechanism involv- 
ing the one-electron reduction of arene by electron-rich 
organometallic anions leading to the formation of a 
transient anion radical. The coordination of the counter- 
ion and leaving group facilitates the cleavage of the 
anion radical intermediate and prevents the reverse 
electron transfer. 


Certainly, correct discrimination between these possi- 
bilities is a far more involved task and is hardly 
achievable. 


Electrochemical study of the reactivity of 
7' -cyclopentadienyldicarbonylferrate in reactions 
with per-uoroarenes 
The rates of very fast substitution reactions of 
Fe(CO),Cp- with C6F6, C6F,CI, C6F,Br and C,F,N 
were measured at room temperature in DMSO by 
applying the electrochemical method with a rotating 
ring-disk e l e ~ t r o d e . ~ ~  The reaction rates decrease in 
the order C,F,N > C6F,Br > C6F,Cl> C6F6 > C6F,H (cf. 
Table 6). 


As was shown earlier, for C6F,CI and C,F,Br the 
atoms being substituted are chlorine and bromine. The 
substitution in C6F,H is directed at the fluorine atom 
para to the hydrogen atom. It should be noted that the 
order of reactivity is different from the order of reduc- 
tion potentials, which may be regarded as an argument 
against the single electron transfer mechanism. How- 
ever, in this case the difference between the rates of 
reactions with different arenes is not high (by 5-10 
times), probably because Fe(CO),Cp- is the most 
reactive anion of the series. 


Reactions of carhonylmetallates with reactive olefins 
Perfluorinated olefins readily react with carbonylmetal- 
lates giving the substitution products in high yields. We 


Table 6. Rate constants for reactions of Fe(CO),Cp- with 
fluorinated substrates estimated by electrochemical titration at 
diffuse layer, and the reduction half-wave potentials of the 


substrates" 


'2O0C, DMSO, Pt, 0.05 M Bu4NBF,, Ag/AgCl. [Fe(CO),Cp~I,= 
2 x M, [ArFIo=4 X M. 
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have studied the reaction of perfluoro-l-methylcyclop- 
entene with several carbonylmetallates at low 
temperatures. In all cases only the vinylic atom of 
fluorine is selectively ~ubstituted.~' 


At room temperature, all carbonylmetallates under 
study, independently of their relative nucleophilicity , 
are oxidized by both perfluoro- 1 -methylc yclopentene 
and perfluoro-2-methylpent-2-ene, giving only the 
corresponding binuclear metal carbonyl complexes. For 
example, in the reaction with KFe(CO),Cp, the com- 
plex [Fe(CO),Cp], was isolated in 73% yield. The 
lower the temperature, the smaller is the contribution of 
redox-process, giving way to nucleophilic substitution. 
All substituted products were obtained and isolated in 
high yields (77-90%).37 


F&FM(COW 
+ iVfM(C0M. - 


F F  F F  


M ( C O M -  W C O ) , W C O b . F d C O h C P .  
WCO)ICP, Mo(CO)&p 


Perfluoro-tert-butylethylene reacts with carbonylme- 
tallates at -90 "C in a highly selective manner. Only the 
fluorine atom at the trans site relative to the perfluoro- 
tert-butyl group is ~ubstituted.~' 


' c F ' h ~ ~ ~  * MM(C0M. - (cF1)3:zsM(c"hL 
MM(COW = N M C O ) s . K W C O h C p  


The reaction of KFe(CO),Cp with a,B,P- 
trifluorostyrene at -75°C is also selective, as the 
product of trans substitution was isolated in 80% yield. 
However, in this case up to 1.5% of the cis isomer is 
also formed, in addition to the dimeric carbonyl com- 
plex [Fe (CO),Cp] 2' "* 


phxl F 
+ KFdCOhCp -----) phXF 


F Fc(C0Mp 


As in the case of aromatic substrates containing both 
fluorine and heavy halogens (C1, Br), the problem of 
chemoselectivity also arises for fluorinated olefins with 
vinylic chlorine or bromine atoms. These atoms are 
preferentially substituted by carbonylmetallate 


CF2=CFk + h4(CO)& - CF2=CFM(CO)nL -m 
M(C0)IIL - FWOhCp, Rc(CO)3 


For the classical addition-elimination mechanism of 
vinylic nucleophilic substitution in unsymmetrical 
olefins, the nucleophile can attack either of the two 
vinylic carbons. 


Nu++ F 3  L N U W F  
F M  F Hal 


According to the literature data, fluoride ion is 
substituted in the reaction of phenyllithium with 
trifluorochloroethylene. 


CF, = CFCl + PhLi - PhCF = CFCl 
However, both chlorine and fluorine atoms are 


substituted in the reactions of B-chloro-a,B- 
difluorostyrene with phenyllithium, alkali metal alcoho- 
lates or th i~ la tes .~ '*~* <?: FICF%F(XR) + PKF=CCYM() 


P K F X F C I  


PKF=CFPh + PhCF=CCPh 


For 1-chloroundecafluoro-2-tert-butylethylene and 
the corresponding bromide, no substitution products 
were obtained in the reaction with carbonylmetallates, 
even at low temperatures, while the binuclear carbonyl 
complexes were the only products i~olated.~' 


(cF1)lc+(; + M(C0)nL' - FyCOA&], 
F 


M ( C 0 h L  = Fc(C0hCp. RqCO), 
X - CI. Br 


Unlike the Z-isomer, the E-isomer of P-chloro-a,B- 
difluorostyrene gave a complex mixture of products in 
the reaction with KFe(CO),Cp. The relative amounts of 
different products were dependent on temperature, 


* Two possible explanations for the formation of the binuclear 
complex may be given. The first and most evident is the redox 
process leading to the formation of radicals, which may 
undergo a recombination. The second explanation, applicable 
only to the substrates bearing heavy halogens besides fluorine, 
involves the nucleophilic (often referred to as halophilic) 
attack of the electron-rich iron nucleophile not at carbon, but at 
the halogen atom, leading to the formation of Fe(CO),CpHal, 
which in turn may react with Fe(CO),Cp- to give the bi- 
nuclear complex. 


f At higher temperatures, the formation of the binuclear 
complex [Fe(CO),Cp], is also observed. For example, at mom 
temperature the ratio of substitution product to [Fe(CO),Cp], 
is 77:23. The addition of solvating agents which facilitate the 
dissociation of salts results in an increase in the yield of 
substitution product at the expense of [Fe(CO)2Cp]2, as even 
at room temperature in the presence of 18-crown-6 ether the 
yield of the substitution product becomes almost quantitative. 
On the other hand, the factors decreasing the dissociation, e.g. 
the use of the less polar ether in place of THF, result in a 
dramatic increase in unwanted dimerization. 
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which is indicative of the situation when several concur- 
rent pathways are reali~ed.~' 


PhwCl + KFc(COhCp ---c P h H W C O k ~  Ph&I 


F F F  F Fe(C0hCp 


Ph-Fe(CO)ICp + pe(COhCpI1 


Reactivity of carbonylmetallates in vinylic nucleophilic 
substitution 
Kinetic measurements were performed on three fluoro- 
olefins: perlluoromethylcyclopentene, /?,/?,a-trifluoro- 
styrene and (Z)-/?-chloro-a,/?-difluorostyrene. 


metallates even at low temperatures. The complexes of 
tungsten and manganese were the most convenient for 
this purpose, as the rates of reactions with iron and 
rhenium complexes were too high to allow for measure- 
ment. The kinetic data are gathered in Table 7. The 
observed kinetic trends were in general very close to 
those observed for aromatic substitution. Thus, the 
addition of IS-crown-6 ether or HMPA resulted in a rate 
decrease, whereas the use of diethyl ether in place of 
THF gave a significant acceleration of substitution. 37 


By analogy, it can be suggested that these reactions 


The first substrate is highly reactive towards carbonyl- 


proceed by an addition-elimination mechanism with 
slow second step at which the leaving group is eliminated. 
The assistance of a counterion facilitates the cleavage of 
the carbon-halogen bond in the intermediate. The 
possibility of a the concerted S,Zlike process with 
frontal attack of nucleophile seems much less probable. 
As in most cases the formation of binuclear complexes 
arising as a result of one-electron oxidation of nucleophile 
is not observed, the single electron transfer mechanism is 
also unlikely in these reactions. 


:+-J&m%& 


F F  


k. l>>kz  &-&!kz 


However, a,/?$-trifluorostyrene and (Z)-b-chloro- 
a ,/?-difluorostyrene showed an entirely different behav- 
iour. The addition of IS-crown-6 ether accelerated the 
reactions, whereas both common ion salt and less polar 
solvent resulted in a retardation, although the effect was 
not large. Thus, in these cases, the reactions with free 
ions are apparently faster than the reactions with ion 
pairs (Table 8). These trends are in fair agreement with 
the classical addition-elimination mechanism with the 


Table 7. Rate constants for reactions of carbonylmetallates with perffuoro-l-methylcyclopentenea 


Additive, mol per mole of 
M'M(CO),L Solvent M (CO),J- Counterion, M' k, (I  mol-ls-') 


M'W (CO),Cpb THF - K 2.86 
THF 18-crown-6,2 K 1.08 
THF HMPA, 20 K 0.80 


M'Mn(CO),' THF - K 4.90 
THF 18-crown-6,2 K 2.70 
THF HMPA, 20 K 2.15 
THF - Li 0.42 


Ether - K Too high 


Ether - K >50 


a [M(CO)J,-],=2x 10-'-8.4x M, [olefin],=2.1 x 10-l-7.5 x lW3 M. 
At -84 "C. 
At -70°C. 


Table 8. Rate constants for reactions of KFe(CO),Cp with a ,  j3. B-trifluorostyrene (1) and j3-chloro-a, j3-difluorostyrene (2 )  


Additive, mole per mole of 
Substrate Solvent We(CO),Cp ("C) k, (1 mol-' s-I) 


Temperature 


THF 
THF 
THF 
THF-ether (1 :2) 
THF 
THF 
THF 
THF-ether (1:2) 


- 
18-crown-6,2 
KBPh,, 3 
- 
- 
18-crown-6,2 
KBPh,, 3 
- 


-75 


- 25 


1.6 
9.0 
1.2 
0.15 
0.37 
3.2 
0.19 
0.065 
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first slow step, in which the nucleophile adds to a 
double bond to form the intermediate ~ a r b a n i o n . ~ ~  


phxl + KFe(C0hCp * p e M F e ( C O h C p  AphXF 
F F X  F Fe(CO)?Cp 


k.I<ckl b s - k l  X - F. CI 


The higher reactivity of a$,B-mfluorostyrene 
( k 2 =  1.6 lmol-'s- '  at -75°C) as compared to Z-B- 
chloro-a$-difluorostyrene (k, = 0-37 lmol-'s-' at 
-25 "C) provides extra evidence in favor of the classi- 
cal mechanism. The preferential elimination of chloride 
here has a simpler explanation than in the case of 
pentafluorochlorobenzene, as in the intermediate car- 
banion of vinylic substitution mechanism both halogens 
are available for elimination from the same carbon 
atom, while chloride is a far better leaving group than 
fluoride. 


It remains unclear why a change of olefin causes a 
change in mechanism in the reaction with carbonylme- 
tallates. The mechanism of substitution turned out to be 
very sensitive to the nature of the nucleophile and 
substrate, and also to the conditions. Possibly the 
different behaviour of these olefins is associated either 
with their different electrophilicity or with the different 
stability of the carbanion intermediate. Further investi- 
gations targeted at gaining more data on these complex 
phenomena are under-way. 


EXPERIMENTAL 


The salts or carbanions and carbonylmetallates were 
obtained using a standard vacuum line technique from 
the corresponding CH-acids and binuclear complexes. 
The kinetic runs were performed in a purified argon 
atmosphere. The samples of reaction mixtures were 
withdrawn and analysed after work-up on the content of 
halide ions using the respective ion-selective electrodes. 
For the reactions with carbanion salts, kinetic measure- 
ments were also performed by measuring the optical 
absorbance of the carbanion with a UV-visible spectro- 
photometer. In all cases the kinetics were treated using 
the second-order rate equation. The second-order rate 
plots were linear up to nearly quantitative conversions. 
All reaction products were preparatively isolated 
and characterized by microanalyses, IR and NMR 
spectroscopy. 


Electrochemical measurements were performed using 
an SVA-1B-M voltammetric system at stationary and 
rotating platinum and mercury film electrodes with an 
exposed surface area of 11.8 mm2 in anhydrous DMSO 
and acetonitnle at 20°C with 0.05 M n-Bu4NBF4 as a 
supporting electrolyte in an argon atmosphere. The 
geomemc parameters of the rotating ring-disk electrode 
were: disc radius r ,  = 2.57 mm2, ring inner radius 
r, = 2-65 mm2 and ring outer radius r3 = 3.68 mm'. The 
counter-electrode in all experiments was platinum the 


reference electrode was aqueous Ag/AgCl/KCl. Cyclic 
voltammograms were recorded with scan rates of 50, 
100, 200 and 500 mV s-'  and at a rotating electrode at a 
scan rate of 20 mVs-'. The electrode rotation speed 
varied from 480 to 3450 min-I. 
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STRUCTURE-REACTIVITY RELATIONSHIP OF BENZYL 
BENZENESULFONATES. PART 3. PREDICTION OF REACTION 
MECHANISM BY THE USE OF CORRELATION INTERACTION 


COEFFICIENTS 


SOO-DONG YOH* AND DUK-YOUNG CHEONG 
Department of Chemistry Education, Kyungpook National University, Taegu 702-701, Korea 


Nucleophilic substitution reactions of (Z)-benzyl (X)-benzene sulfonates with (Y)-pyridines were investigated in 
acetone at 35°C. The magnitudes of the Hammett reaction constants px, py and pz  indicate that a stronger 
nucleophile leads a lesser degree of bond breaking and a better leaving group is accompanied by a lesser degree 
of bond formation. The magnitude of interaction term, pij, can be used to determine the structure of the 
transition state (TS) for the SN reaction. In particular, the comparison of pxz with pyz and the sign of pz can 
predict that this reaction series proceed via dissociative SN2 process. This result also accords with the treatment 
of the MOFJ diagram. The sign of the product pxzpyz can predict the movement of the TS. 


INTRODUCTION 
Linear free energy relationships (LFER),'-3 notably the 
Hammett and Bransted types, have been used as an 
empirical means of characterizing transition-state (TS) 
structures. The Hammett and Bransted coefficients, p 
and p,  are first derivatives of log k, as shown in equa- 
tions (1) and (2), respectively, and reflect TS structures 
involved in a series of reactions with structural changes 
affecting the reaction center. 


p = a log k / a a  
B = a log k/apK 


(1) 
(2) 


The magnitudes of the p and p values in the 
nucleophile and leaving group can estimate the degree 
of bond formation and bond dissociation. However, it 
has occasionally been suggested that the p and B values 
cannot be used as a measure of TS structure, since the 
efficiency of charge transmission for different reactions 
series may 


we proposed that the TS struc- 
ture in nucleophilic substitution (S,) reactions can be 
predicted by the sign and absolute values of pz and 
comparison of the relative value of the correlation 
interaction coefficient pxz with pyz. 


In previous 


*Author to whom correspondence should be addressed. 


In this work, we show practical aspects of the correla- 
tion interaction terms and their application to 
characterizing TS structures. 
(Z)-C&CH20SO2C,jH,- (X) + (Y)-C,H,N+ 


(Z)-CsH,CH,-N +C,H,-N+C,H,-(Y) -OSOzC,H,-(X) 
X = 3-NO2, H, 4-CH3 
Y = H, 3,4-(CH,)2,4-NH3 
Z = 4-N02,4-C1, H, 4-CH3 


RESULTS AND DISCUSSION 


Kinetic studies 
The reaction rates were determined by monitoring the 
changes in conductance on formation of the saltg from 
the reaction of substituted (Z)-benzyl (X)-benzene- 
sulfonates with substituted (Y)-pyridines in acetone. 
The reactions, carried out with a large excess of substi- 
tuted (Y)-pyridines, follow pseudo-first-order kinetic to 
at least 85% completion. 


The rate constants, kobs, are linearly correlated with 
the nucleophile concentration, indicating that the 
reaction is second order overall and first order with 
respect to each reagent, according to the simple rate 
law 
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The second-order rate constants, k,, for this reaction 
are summarized in Table 1. The data reveal that the 
rates increase with a stronger nucleophile and with a 
better leaving group. However, the rates decrease with 
more electron-withdrawing substituents in the sub- 
strate. The Hammett plots are generally good linear 
correlations and the p values are summarized in 
Tables 2-4. 


The Hammett p., value obtained on changing the 
substituent in the nucleophile can be used to estimate 
the length of the Nu-C, bond and are presented in 
Table 2.  A large py value indicates that the charge on 
the nucleophile has changed markedly on going to the 
TS. This means that a large proportion of the electron 
density on the nucleophile has been used to form the 
Nu-C, bond. The Hammett px value obtained by 
changing the substituent in the leaving group can be 
used to estimate the degree of dissociation of the C,-L 
bond in the TS. The px values for variation of substitu- 
ent X in the leaving group are given in Table 3; a large 
px value indicates that a large proportion of the electron 


Table 1. Second-order rate constants, lo4 k, (1 m o l - k ' ) ,  for 
the reactions of (Z)-benzyl (X)-arenesulfonates with (Y)- 


pyridines in acetone at 35 "C 


z Y 3-NO2 H 4-CH3 


61.4 
179 
833 
138 
340 
981 
164 
43 1 


1050 
227 
504 


1340 


3.48 
11.0 


112 
6.83 


20.9 


10.6 
27.8 


14.4 
33.8 


160 


190 


227 


1.33 
5.02 


60.6 
3.33 


11.80 


5.02 
105 


15.5 
135 


8.37 
20.6 


150 


Table 2. Reaction constants (pya) and correlation interaction 
terms (p,,) for the reactions of (2)-benzyl (X)-benzene- 


sulfonates with substituted (Y)-pyridines in acetone at 35 "C 


PY 


z X=m-NO, X = H  X=p-CH, pxy 
~~~ 


P-NO, - 1.79 -2.43 -2.66 0.96 


H - 1.24 -2.02 -2.29 1.17 
P-CH 3 -1.21 -1.94 -2.03 0.97 
PYZ -0.64 -0.52 -0.61 


p-c1 -1.33 -2.19 -2.39 1.21 


'The ny values [H 0; 3,4-(CH,), -0.189; 4-NH3 -0.6171 were taken 
from Ref. 10 and the correlation coefficients were 3 0.995. 


Table 3. Reaction constants (pxa) and correlation interaction 
terms (p,,) for the reactions of (Z)-benzyl (X)-benzenesulfonates 


with substituted (Y)-pyridines in acetone at 35 "C 


Px 


Z Y = H Y = 3,4-(CH3), Y = 4-NH2 pxy 


p-NO, 1.85 1.75 1.27 0.96 


H 1.71 1.65 1.02 1.18 
p-CH, 1.65 1.60 1.08 0.97 
Pzx 0.21 0.15 0.24 


p-CI 1.84 1.67 1.11 1.21 


a Correlation coefficients 30.998. 


Table 4. Reaction constants (p,  ") and correlation interaction 
terms (pi,) for the reactions of (Z)-benzyl (X)-benzenesulfonates 


with substituted (Y)-pyridines in acetone at 35 "C 


PZ 


X Y = H Y = 3,4-(CH3), Y =4-NH, pyz 


m-NO, -0.59 -0.48 (-0.19) -0.64 
H -064 -0.51 -0.32 -0.52 
p-CH3 -0.81 -0.64 -0.42 -0.61 
Pzx 0.21 0.17 0.24 


'Correlation coefficients 20.993. 


density is on the leaving moiety, i.e. the C,-L bond 
must be longer in the TS. The Hammett p z  values are 
given in Table 4. The sign of pz gives information on 
the charge distribution of the reaction center of the 
substrate, a negative sign of pz indicates that the reac- 
tion center of the substrate has positive charge. 


Development of the model 
The principle of the present approach can be illustrated 
by a hypothetical nucleophilic substitution (S,) reaction 
between nucleophile (Nu) and a leaving group (L) 
proceeding through a single bridging substrate mol- 
ecule, C,-R, for a Menschutkin-type reaction. The TS 
may be represented as shown in Scheme 1, where d, (or 
dL) is the distance between Nu (or L) and C,. 


P Y  
dN dL 


Scheme 1 
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In previous papers,'.' we have shown that the correla- 
tion interaction term pv  derived from Taylor series 
expansion is log(k,J/k,) = p p ,  + pp,  + plluruJ, and 
therefore pxz (pzx) and pyz (pzy) are represented by the 
equations 


(4) 


(5) 
where X, Y and Z are the substituents of the leaving 
group, nucleophile and substrate, respectively. 


pV (pxz or pyz) is dependent on the change in dis- 
tance between the reaction centers of i and j ,  which can 
express the sensitivity of p,uI (or p p , )  i.e., pxz and pyz 
indicate the degree of C,-L bond fission and Nu-C, 
bond formation, respectively. 


In Table 5, the signs of pv are negative and the 
magnitudes of the py values are fairly large, with the 
nucleophilic nitrogen atom located in the aromatic ring. 
The size of py increases with a lower leaving ability of 
the leaving group and with a more electron-withdrawing 
substituent in the substrate, suggesting a greater degree 
of bond formation. The variation of the substituent in 
the substrate from Z=p-CH, to Z=p-NO, seems to 
cause a smaller increase in px compared with that in 


The sign of pz is negative in Table 4, indicating that 
the reaction center of the substrate has developed a 
positive charge, and thus a greater degree of bond 
breaking than bond formation, on the TS for the reaction 
series. 


The magnitudes of the px values decrease with more 
electron-donating substituents in the substrate and 
nucleophile, implying a lesser degree of bond breaking. 
Thus a stronger nucleophile is accompanied by a lesser 
degree of bond breaking and a better leaving group is 
accompanied by a lesser degree of bond formation, i.e. a 
stronger nucleophile and/or a better leaving group lead 
to the formation of an early TS. These results suggest 
that bond formation is enhanced more than bond break- 
ing by a more electron-withdrawing substituent; in the 
substrate. This is reasonable, since bond breaking has 
already progressed much further than bond formation in 
the TS, so that further increases in bond breaking will 
be small. These results will affect the p 0  values; the 


log(kxz/k,) = PxUx + PzUz + Pxzaxaz 
log(kYzlk,) = PYOY + PzUz + PYzaYaZ 


I Pu I. 


magnitude of I pyz I evaluated from the plot of py 
against uz is larger than that of I pxz 1, since the length 
of the C,-L bond in the TS stays the same or become 
slightly longer than that of the Nu-C, bond when the 
substituent of the substrate is p-CH,. As the substituent 
of the substrate is changed from Z =p-CH, to Z = p -  
NO,, the formation of the Nu-C, bond increases 
considerably, but the breaking of the C,-L bond 
increases slightly in the TS. The magnitude of pxz is 
smaller than that of pyz with a change of substituent of 
the substrate, indicating that the leaving moiety is 
already away from the reaction center of the substrate, 
so the degree of variation of the distance from the 
reaction center is small, but large in the case of pyz. 
Thus, from the sign of pz and the comparison of 
pij(l pzy I > I pxz I ) ,  this reaction can be ascribed to a 
dissociative S,2 mechanism. 


The recent method of predicting substituent effects 
was suggested by the More O'Ferrall-Jencks (MOFJ) 
diagrarm"*'* in Figure 1. The MOFJ diagram can be 
predicted from the changes that occur in the structure of 
the TS when a substituent in the substrate, nucleophile 
or leaving group is changed. The energies of the 
reactants, products and the two possible intermediates, 
the carbonium ion and the pentavalent 


\ /  
Nu-C,-L 


I 
complex, are represented at the comer of the energy 
surface. The x and y axes represent changes in the bond 
length in the Nu-C, bond and the C,-L bond, 
respectively. The energy contour shows the lowest 
energy pathway, i.e. the reaction coordinate, through the 
energy surface. The TS is designated with an asterisk 
from the data in Table 5. The effect of changing a 
substituent in one of the reactants is determined by 
considering how this change would affect the energies 
of the reactants, the products and the two possible 
intermediates. 


Changing to a more electron-withdrawing substituent 
of Z on the substrate will lead to a higher energy of the 
top left comer or a lower energy of the bottom right 
comer of energy surface. This result will cause the TS 
to move to the bottom right, a perpendicular effect 


Table 5 .  Influence of a change of substituent (Z) of the substrate on the TS of a diss-d,2 reaction 
at 35 'C  reaction at 35 "C in acetone 


Relative Nu-C, Relative C,-L 
( Z )  PY bond length c, bond length Px 


.................. ......................... -2.43 Nu C, L 1.85 
p-c1 -2.19 Nu C .L 1.84 
H -2.02 Nu C, L 1.71 
P-CH, - 1.94 Nu C, L 1.65 


..................... ...................... P-NO, 


........................ ..................... 
........................... ................... 


pyz = -0.5 P Z < O  pxz = 0.2 
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+ '  
N u - &  L 


I \  


Table 7. Bronstead /Ils" values for the reactions of substituted 
(2)-benzyl (X)-benzenesulfonates with substituted (Y)- 


pyridines in acetone at 35 "C 


I 
0 -  


4, 


cle2v.) 
(C-L Bonc 


Figure 1. MOFJ diagram based on SR coefficient for the 
reaction of (Z)-benzyl (X)-arenesulfonates with (Y)-pyridines. 
The energy contours are not shown. The transition state * 
moves towards *' with lowering of the energy of the 
intermediate when the substituent of the substrate changes 


from p-CH, to p-NOz 


(Thomton effect).', In the case of Thomton effect, the 
sign of the product pxzpyz is expressed as positive. 


Nu6' .......Ca'+.......L'- Nud' .......Cad+.......LA- 
t - c - c  


(perpendicular) (parallel) 


For the parallel vibration, changing to a more 
electron-withdrawing substituent of the substrate will 
lead to a more product-like TS, i.e. with a shorter 
Nu-C, and a longer C,-L bond in the TS (Ham- 
mond effect).14 In the case of the Hammond effect, the 
sign of the product pxzpyz becomes negative. 


The Bransted BNu and Ba values are summarized in 
Tables 6 and 7. From the comparison of BNu with PI, on 
changing the substituent in the substrate from Z = 


Table 6. Brmstead BNu values for the reactions of substituted 
(Z)-benzyl (X)-benzenesulfonates with pK$ of pyridines in 


aceton at 35 "C 


X 


2 rn-NOz H P-CH, 


p-NOZ 0.23 0.32 0.35 
p-CI 0.17 0.29 0.31 
H 0.16 0.26 0.30 
P-CH, 0.16 0.25 0.26 


" p K , s  were evaluated from 1'199pK,(water) + 5.630 ( r=0 ,986)  in 
MeCN." 


Y 


p-NOZ -0.62 -0.58 .-0.43 
p-c1 -0.62 -0.56 -0.37 
H -0.57 -0.55 -0.34 
P-CH, -0.55 -0.54 -0.36 


pK,s of  arenesulfonates were relative to benzenesulfonate in sulfnlane 
at 55 


p-CH, to Z = p-NO,, the TS movement could be moni- 
tored on the MOFJ diagram. When the substituent of the 
substrate is changed from Z = p-CH, to Z = p-NO,, the 
value of BNu showed a larger increase than that of PI,. 
Hence the formation of the Nu-C, bond increases 
more than the breaking of the C,-L bond in the TS; 
both the degree of Nu-C, bond formation and C,-L 
bond fission increase in the TS when the substituent of Z 
in the substrate changes from Z = p-CH, to Z = p-NO,, 
and therefore the TS moves to a more product-like 
(*-*'). This result indicates that the TS movement 
accords with the Hammond effect and the sign of the 
product pxzpyz is negative. 


In conclusion, the Hammett p values of the 
nucleophile, leaving group and substrate can be esti- 
mated from the structure of the TS, but the effect of the 
reactivity of the reactants themselves upon p has 
received scant consideration. 


The magnitude of p i j  can be used to determine the 
structure of TS in the S, reaction. In particular, the 
comparison of pyz with pxz and the sign of pz can 
indicate the type of S, reaction, i.e. the results pz < 0 and 
pyz> pxz indicate that this reaction series proceeds via a 
dissociative SN2 process. This result also accords with 
the treatment of the MOFJ diagram, and also predicts 
the movement of TS from the sign of the product 
pxzpyz, i.e. if the sign of the product pxzpyz is positive, 
the TS movement accords with the Thornton effect, but 
if it is negative, the TS movement obeys the Hammond 
effect. In the case of these reaction series, a negative 
sign of pxzpyz would permit the TS to move according 
to the Hammond effect. 


EXPERIMENTAL 


Materials. Materials were purchased from Wako or 
Merck. Acetone, used as the reaction solvents was 
refluxed over KMnO, for 1 day until the violet colour 
persisted, distilled, dried with anhydrous Na,CO, for 3 
days and fractionated by using a Widmer c o l ~ m n . ~ ~ "  
Liquid pyridines were distilled after drying with KOH 
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and stored in brown ampoules. Solid pyridines were 
recrystallized before use. '' The preparation of the 
substrate and the product analysis were as described 
previously.' 


Kinetic measurements. Rates were measured conduc- 
timetrically as described previously.' The pseudo-first- 
order rate constants, kobs, were determined by a least- 
squares computer program. The precision of the fit to 
pseudo-first-order kinetics was generally satisfactory, 
with correlation coefficients >0.9999 over three half- 
lives of the reaction. Second-order rate constants, k,, 
were determined by dividing kobs by the initial pyridine 
concentration. 
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A ‘H NMR conformational study of cis- and trans-4-substituted cyclohexene oxides revealed an increased 
predominance, as compared with the parent 4-substituted cyclohexenes, of the equatorial conformer for cis- 
isomers and a preference of the axial conformer for trans-isomers. These conformational shifts can be rationalized 
in terms of intramolecular dipole-dipole and/or steric interactions. However, molecular mechanics calculations 
failed to reproduce the relative stability of the axial conformer in trans-4-substituted cyclohexene oxides. 


INTRODUCTION 
Equatorial conformers of substituted six-membered 
cyclic compounds are generally more stable than axial 
conformers and violations of this rule attract special 
attention (‘conformational effects”). In particular, all 
conformational equilibria studied so far for both 
trans- and cis-4-substituted cyclohexene oxides 1 and 
2 (X=COOR, CN, NO,, SO,Ph, CH,OR) were 
biased towards an equatorial form E.2-4 Only trans-4- 
(benzy1oxy)cyclohexene oxide was considered to 
possess almost equally populated E- and A-conforma- 
ti on^.^ We report here the first example of a 
reversed conformational preference for compounds of 
type 1. 


1A 1E 


*Author to whom correspondence should be addressed. 


r! 


3A 3E 


X = C1 (a), OCD3 (b), OOCCH3 (c), CN (d) 


RESULTS AND DISCUSSION 
The conformer populations ( n A ,  nE) for epoxides 1 and 
2, and parent cyclohexenes 3 were determined by ‘H 
NMR spectroscopy (360 MHz) using Eliel’s equation 
for Hx signal widths (W=CJ,,) measured as the 
distance between the terminal peaks of this multiplet: 


(1) W = W,n, + W,n, 
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The determination of the limiting parameters W ,  and 
WE was a key problem in the method (see below). 
The results of measurements and the corresponding 
free energy differences AGE-, are summarized in 
Table 1. 


To obtain AGE-, values free of solvent effects, we 
estimated AGE _Avapur by the 'parabolic extrapolation' 
method' using the following linear relationship between 
the equilibrium free energy and a function of solvent 
dielectric con~tant:"~ 


A G = A + B [ 0 * 5 -  ( E -  1 ) / ( 2 ~ +  1)]"2 (2) 


The energy difference between conformers was also 
calculated by molecular mechanics using (a) an MM2 
force field' amplified with epoxide ring parameters from 
Ref. 8 and (b) an MMX force field (PCMODEL pro- 
gram) (Table 2). 


The parameter W for the cis-isomers 2 evidently 
includes two large trans coupling constants ,.IHH corre- 
sponding to the equatorial orientation of substituent X. 
It does not noticeably depend on solvent polarity. 
Taking into account the substantial difference in the 
dipole moments of 2A and 2E (Table 2), such indepen- 
dence on solvation energy points to a very strong 
preference for the 2E conformation (except for 2d). 


Indeed, the cis-axial form 2A should be destabilized 
both by electrostatic and steric O...X repulsion (see 
below) leading to a completely biased equilibrium. Thus 
the observed W values (Table 1) can be used as WE 
limiting parameters. The W ,  limiting parameters (and 
both WE and W ,  for ld-3d) were chosen so that (a) the 
estimated AGE-, values for 3a and d fit the previously 
reported experimental data (see Table 1) and (b) the 
variation of these parameters with a change of the X 
substituent was the same as in the cyclohexane series.' 
We used the following set of parameters for both 
epoxides 1 and 2 and cyclohexenes 3: W,/W, = 33.11 
13.0 HZ (X = Cl), 31-7/12.5 HZ (OCD,), 32.6/ 
12.5 HZ (OAC) and 33.5/14.3 HZ (CN). 


The parameter W for trans-isomers 1 is solvent 
dependent indicating a small but definite increase in the 
population of 1E with increasing of the medium 
polarity. This could be easily explained for chloroe- 
poxide l a  and cyanoepoxide Id by the larger dipole 
moment of the 1E conformer compared with 1A (Table 
2). However, this explanation is insufficient for the 
methoxy derivative l b  because of the reversed order of 
the polarity of the conformers. This regularity is not 
valid for formamide-d,, possibly owing to specific 
solvation (e.g. hydrogen bonding). 


Table 1. 'H NMR data (360 MHz) and conformational parameters for epoxides 1 and 2 and cyclohexenes 3" 


1 (trans) 2 (cis) 3 


X Solvent E BH, W nA AGE-A BH, W nA AGE-A 6H; W h  nA AGE-A 


C1 la) Vauour' 1 .oo 
2.02 
2.23 
2.64 
7 a l  


20.7 
36.2 


110 
1 .oo 
2.02 


1 .oo 
2.02 


1 .oo 
2.02 
7430 


20.7 


20.7 


20.7 


1.8' 
3.98 20.2 64 1.5 3.56 
4.08 19.9 66 1.7 3.65 
4.01 20.4 63 1.4 3.62 
4.12 20.8 61 1.1 3.78 
4.17 21.1 60 1.0 3.91 
4.17 21.2 59 0.9 3.88 
4.21 20.6 62 1.2 3.92 


3.17 17.8 72 2.4 2.96 
3.24 18.7 68 1.9 3.10 


4.78 17.9 73 2,5 4.54 
4.78 19.6 65 1.5 4.58 


2.53 24.2 48 -0.2f ' 
2.71 25.0 44 -0.6 2.50 
2.77 25.2 43 -0.7 2.66 


2.7' 


3.0' 


0.1' 


a-10 
32.9 -0 
33.0 -0 
32.9 -0 
33.2 -0 
33.2 -0 
33.0 -0 
32.6 -2.5 --9 


s-10 
31.7 -0 
31.6 -0 


32.6 -0 
32.3 -0 


8 h 


30.9 14 -4.6 
30.6 15 -4.3 


4.04 
4.13 
4.06 
4.20 
4.29 
4.32 


3.32 
3.39 


4.92 
4.92 


2.62 
2.87 
2.97 


- 1.3' 
25.2 39 -1.1 
25.0 40 -1.0'' 
25.2 39 -1.1' 
24.9 41 -0.9 
24.3 44 -0.6 
24.0 45 -0.5 


- 1.7' 
25.3 33 -1.7 
25.3 33 -1.7 


-1.3' 
24.8 39 -1.1 
24.3 41 -0.9 


-0.4' 
24.4 47 -0.3' 
24.3 48 -0.2 
23.9 50 0.0 


"The error of measurements was kO.3-0.4 Hz for W ,  the estimated error was * S %  for nA and kO.5 kJ mol-' for AG. 
hlOO MHz."'". 
'Estimated by the parabolic extrapolation method.s 
'-1.3 klmol- '  (CF,CI,, 128 K).IIh 
'-2.2 klmol-'  (CS2-CDC1,,:00 K),I2 -0.8 klmol-'  (CS,,303 K)," -l.Oklmol-' (CS2,213 K)." 
'-0.8 kJmol-' (CCI,, 303 K). 
'Overlapped. 
-3.8 kJ mol (CCI,, 303 K).' 


'-0.6 kJmol-' (CF,CI,, 128 K),Ilh -0.4 kJmol-' (CS,, 303 K ) , " O ~ O k l m o l ~ '  (CCl,, 303 K)." 







708 V. V. SAMOSHIN ETAL. 


Table 2. Energy differences (kJ mol-') and dipole moments (D) for the conformers of epoxides 1 
and 2 and cyclohexenes 3 


AEE-A P 


Compound X Method Total Dipolar P A  PE 


la  


lb  


Id 


2a 


2b 


2d 


3a 


3b 


3d 


c1 


OMe 


CN 


c1 


OMe 


CN 


c1 


OMe 


CN 


 EX^.^ 
MM2 
MMX 
Exp." 
MMX 


Exp." 
MM2 
MMX 
Exp. 
MM2 
MMX 
Exp. 
MMX 


Exp. 
MM2 
MMX 
Exp." 
MM2 
MMX 
Exp." 
MM2' 


MMX 


Exp." 
MM2' 
MMX 


1.8 
-1.9 
-3.1 


2.7 
-1-8b 


0.1 
-2.9 
-2.8 


s-10 
-6.0 
-6.4 


-3.6b 
<-lo 


- 4 i  -5  
-3.2 
-3.6 
-1.3 
-1.4 
-3.1 
-1.7 
-2.lb 


-2.1b 


-0.4 
-1.2 
-1.6 


0.2 
0.6 


1.5b 


-1.2 
-1.3 


-3.1 
-2.2 


-3.0b 


-1.1 
-1.0 


-0.4 
-0.3 


-0.3b 


0.2 


0.65 
0.5 


2.0b 
(2.1; 1.6) 


1.7 
3.0 


3.8 
3.9 


3-lb 
(2.7i2.2) 


5.2 
6.7 


2.0 
2.0 


1.7b 


1 .Ob 
(1.3; 1.6) 


3.4 
4.9 


(1.5; 0.9) 


2.1 
2.2 


1 .Ob 
(1.6; 3.0) 


3.1 
4.5 


2.6 
2.7 


2.9b 
(2.9; 1.0) 


3.7 
5.1 


1.5 
2.3 


l . l b  
(1.4; 1.1) 


1.5b 
(1.3; 1.5) 


3.0 
5.1 


a Estimated by the parabolic extrapolation method.' 
'Data for conformers with optimal torsional position of the Me0 group. 
'See Ref. lob. 


In contrast to the ' n ~ r m a l ' ~ . ~  solvent dependence of 
the conformational equilibrium for the epoxides 1, the 
parent cyclohexenes 3 (except 3b) demonstrate a weak 
'axial shift' of the equilibrium in polar solvents as first 
described in Ref. 10a (see also Refs lob, l l b  and 12). 
An analogous anomaly was observed for the 3-OR- 
methylenecyclohexanes. I '  This phenomenon did not 
correlate with a difference in dipole moments for the 
conformers 3A and 3E,'Ob so it was attributed to a 
difference in either their uadrupole moments or/and in 
their molecular volumes. I The uncertainty in calculated 
dipole moments of the cyclohexenes 3 (Table 2) should 
be mentioned: ,uA>pE according to MM2, but pE>pA 
according to MMX. This discrepancy complicates the 
interpretation of the results. 


The most interesting feature of the equilibrium 
lA=lE  is an unusual predominance of the axial 
conformer for trans-substituted epoxides la-c, 
especially in non-polar solvents and vapour. whereas for 


?l 


the corresponding cyclohexenes 3a-c the equatorial 
form predominates. This effect is more pronounced for 
more electronegative RO substituents than for C1. At the 
same time, cis-substituted epoxides 2a-c are com- 
pletely equatorial. 


In the case of trans-cyanoepoxide Id the relative 
stabilization of the axial conformer is not so strong. It 
can be detected only by extrapolation to the vapour 
phase. For the cis-isomer 2d (and also its structural 
analogues 2a-c), the equatorial conformation is much 
more preferred than for its parent 4-cyanocyclohexene 
3d. 


The greater equatorial preference of the conforma- 
tional equilibrium for cis-4-substituted cyclohexene 
oxides 2a-d compared with 3a-d can be predicted both 
by qualitative considerations, as a result of electrostatic 
and steric O...X repulsion, and by molecular mechanics 
calculations (Table 2). Intramolecular electrostatic 
(dipolar) interactions destabilize the axial conformer 
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2A, and this contribution constitutes up to 80% 
(X = OMe) of the total energy difference. Surprisingly, 
the van der Waals repulsion seems to be of little import- 
ance: even in the case of the bulky chlorine substituent 
(2a) this term is of equal value for the axial and equa- 
torial conformers ( M W ) .  To reveal the real 
importance of non-bonded interactions for the desta- 
bilization of axial conformer 2A we used a method of 
‘preoptimal structures.’ l4 In the calculated structure of 
cyclohexene oxide (MMX), the appropriate axial 
hydrogen atom was replaced by chlorine with corre- 
sponding lengthening of the C-X bond and keeping 
other geometry parameters unchanged. The energy of 
this preoptimal structure (POS) was 8.2 klmol-’ higher 
than the energy of the axial conformer of 2a with 
optimized structure (0s). Van der Waals interactions in 
this POS exceeded those in 0s by 10.4 klmol-I, thus 
proving their hidden importance for the conformational 
peculiarities of cis-substituted epoxides 2. 


Molecular mechanics calculations on trans-4-substi- 
tuted cyclohexene oxides 1 predict the same or even a 
more pronounced predominance of equatorial confor- 
mers as for cyclohexenes 3 (Table 2). This result is in 
contradiction with the experimental data. A qualitative 
consideration suggests the dipole-dipole repulsion 
between the polar C-X bond and the epoxide fragment 
in the equatorial form 1E or/and the dipole-dipole 
attraction in the axial form 1A as the main reason for 
the observed predominance of axial conformers 1A. 
However, the calculated electrostatic interactions 
account for only a small part of the axial conformer’s 
stabilization and thus support this idea also only 
qualitatively. Moreover, the calculation shows the 
resultant dipolar stabilization of the equatorial confor- 
mer for Id (Table 2). 


On the basis of a structural resemblance, it seems 
reasonable to compare the conformational effect for 
compounds 1 with a preference for the axial conformers 
of trans-l,4-disubstituted cyclohexanes9b~” or 4-substi- 
tuted cyclohexanones9‘*d bearing electronegative 
substituents. This effect was explained both by dipolar 
 interaction^^^"^ and by long-range orbital interactionsI6 
between two electronegative groups across the 
cyclohexane ring. The orbital interactions transmit an 
electron withdrawal caused by the equatorial substituent 
through a sequence of antiperiplanar 0-bonds to the 
second equatorial electronegative substituent and vice 
versa, and thus destabilize this conformation. l6 How- 
ever, the epoxide moiety cannot play the role of a 
(quasi)equatorial electron withdrawing group such as 
the carbonyl group in cyclohexanones. In both the E and 
A conformers the C-1-0 and C-2-0 bonds are rather 
(quasi)axial, and so their electronegativity cannot 
destabilize the equatorial orientation of the substituent at 
C-4 by means of orbital interactions. Thus, to explain 
the difference between the experimental and calculated 
data one should either suggest a new mechanism of the 


effect or assume that the intramolecular dipolar interac- 
tions in these structures are much stronger than those 
predicted by molecular mechanics. 


EXPERIMENTAL 


‘H NMR spectra were recorded on a Bruker WH 360 
(360 MHz) spectrometer for 0.1-0.2 M solutions at 
295 K. Owing to the good resolution of H, signals in 
the ‘H NMR spectra, separation of isomers 1 and 2 was 
not necessary. 


The epoxides 1 and 2 were obtained from the corre- 
sponding cyclohexenes 3 by standard procedures: by 
treatment with m-chloroperbenzoic acid (chlorides l a  
and 2a) or via bromohydrins ( lb- ld and 2b-2d). The 
trans-isomers 1 were predominant in both cases 
(2:l-3:l). The cyclohexenes 3a,”, 3b,I8 3cI9 and 3d2’ 
were prepared according to literature procedures. 
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AB INITIO AND MOLECULAR MECHANICS (MM3) CALCULATIONS 
ON PROPARGYL ALCOHOL AND DERIVATIVES 
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30602, USA 


Ab initio calculations at both the Hartree-Fock and M~ller-Plesset (MP2) levels of theory utilizing various 
basis sets were carried out on propargyl alcohol and its derivatives. The results of these calculations were used 
in conjunction with available experimental data in the formulation of an MM3 force field for these compounds. 
The energetic data obtained via the ab initio calculations were modeled well within the MM3 formalism, and are 
in agreement with the experimental results to within 1 kcal mol-I. For those structural parameters which were 
the focus of this study, the calculated results agreed well with existing experimental and ab initb data. The 
vibrational frequencies are also in good agreement with only small deviations in a few modes of methyl 
propargyl ether and propargyl fluoride. 


INTRODUCTION 
With the increasing knowledge of receptor-protein 
structures (provided by x-ray crystallography and 
nuclear magnetic resonance spectroscopy) and the 
availability of both fast computers and efficient algo- 
rithms, the investigation of receptor-substrate 
interactions may be camed out through the use of 
theoretical models. To facilitate useful predictions, 
establishment of a model of molecular properties is 
necessary. Since small molecules have a limited number 
of intramolecular interactions whereas biomolecules are 
affected by a plethora of them, small molecule interac- 
tions are easier to describe than large molecule 
interactions. Furthermore, for small molecules, the 
inclusion of solvent interactions in the model is not 
critical if one assumes that the molecules bind to the 
receptor in their desolvated forms. Biomolecules are 
more likely to be forced into a specific conformation 
owing to the influence of the surrounding solvent. 
Unfortunately, this influence cannot be reproduced 
adequately by many of the models available today. 


In order to investigate the binding of steriods to 
receptors, a study was undertaken to establish an MM3 
(94) force field' for these molecules. As steroids in 
general do not show rare structural features such as 
triple bonds nor contain rare atoms such as magnesium, 
silicon or transition metals, many of them could be 
described with the parameters already established in the 


' Author to whom correspondence should be addressed. 


MM3 force field. To describe the steroids bearing a 
propargyl alcohol or related group at the C-17 position, 
it was necessary to formulate parameters that allow for 
an accurate description of this functional group. In 
order to develop these parameters, model structures 
were selected which contained the functional group of 
interest, propargyl alcohol and its derivatives. Through 
both experimental data and ab initio results, an accurate 
model of these compounds was established using the 
MM3 force field. 


METHODOLOGY 
The model structures chosen consisted of propargyl 
alcohol, but-2-yn-1-01, 2-methylbut-3-yn-2-01, methyl 
propargyl ether, 2-methylbut-3-yn-2-01 acetate and 
propargyl fluoride. These structures were chosen for 
various reasons, including ease of computation, avail- 
ability of experimental data and homology to the steric 
environment of the steroids. 


The ab initio results in this study were obtained via the 
Gaussian 92 suite of programs' on an IBM RS/6000 
cluster. Optimizations were canied out at the restricted 
Hartree;;ock (HF) level of theory with the standard 
6-31G' ' basis set for all of the model compounds. For 
propargyl alcohol and propargyl fluoride, optimizations 
were also carried out with electron correlation at the 
Moller-Plesset (MP2) level with the inclusion of diffuse 
functions for carbon, oxygen and hydrogen in the 
6-3lG"" basis set (6-31++G"*). For the molecular 
mechanics calculations, the MM3 (94) force field was 
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used, and the parameters formulated in this study are 
included in this release of the program. All molecular 
mechanics calculations herein used this program and 
were carried out on a Silicon Graphics 4D/3lOGTX 
computer. 


The general strategy for the MM3 parameterization is 
as follows: (1) determine the missing MM3 parameters 
(bond stretching, angle bending, torsional, etc.) for the 
model compounds, (2) obtain the necessary data (exper- 
imental and/or ab initio) to determine these parameters 
and (3) optimize the parameters to reproduce accurately 
the ab initio or experimental data. Since experimental 
data on the rotational barriers and structures of these 
compounds are sparse, ab initio methods were under- 
taken in an attempt to supplement these missing 
experimental numbers. The final parameterization of the 
force field was carried out to fit energetic and geometri- 
cal information obtained through the experimental and 
ah initio studies. 


The ah initio study began with the determination of 
the torsional profiles about certain dihedrals within these 
compounds. To accomplish this, a reaction coordinate 
method was used in which the torsion under examin- 
ation was rotated from 0 to 180" in increments of 15". 
These resulting profiles were later used in the determi- 
nation of torsional parameters for MM3. Once these 
ab initio rotational profiles had been characterized, 
minima were located by choosing conformations near 
valleys in the potential energy surface, then any geome- 
trical constraints were released and the geometries were 
allowed to fully optimize. 


RESULTS AND DISCUSSION 


A b initio 


Energetics 
The initial torsional profile calculation focused on the 
hydroxyl group of propargyl alcohol. A reaction 
coordinate method was used as mentioned previously 
with the coordinate being the C,,-C,,,-0-H torsion. 
The result of this calculation from 0 to 180", in 15" 
increments, is shown in Figure 1. 


Hirota3 was the first to investigate this torsional 
barrier through the interpretation of microwave results 
and found that the minimum energy conformation has a 
C,,-C,,3-O-H torsion angle of 59 f 3". It should 
also be mentioned that Hirota calculated the barrier to 
this rotation to be 0.26 f 0.03 kcal (1 kcal = 4.184 kJ) 
at the 0" conformation and 1.7OkO.57 kcal at the 120" 
conformation. The results of RHF/6-31G"* and M E /  
6-31 + +G** agree well with Hirota's results, finding 
minima at 56.8 and 53.7" at the respective levels of 
theory. The estimated barriers at the appropriate level 
are somewhat different than Hirota's results. At both the 
HF and MP2 levels of theory, the barrier at 0" is ca 


1.15 kcal mol-I, about 1 kcal mol-' greater than the 
reported results by Hirota. As for the 120" conformer, 
one observes the same pattern: the HF and MP2 results 
show a barrier of ca 2.75 kcalmol-I, differing from 
Hirota's result by about 1 kcalmol-I. These results, 
nevertheless, are still in reasonable agreement with the 
experimental data since we have shown that ah initio 
barriers derived from torsional profiles tend to be in 
error by approximately 1 kcal mol 


For the purpose of comparison, the methyl propargyl 
ether rotational profile is also interesting. The results of 
the reaction coordinate method involving the 
Cs-Csp3-O-C~p3 torsion from 0 to 180°, in 15" 
increments, is illustrated in Figure 2. Marstokk 
M~llendal' published an excellent microwave study of 
this molecule in which they found the dihedral angle 
Cy-Crp3-O-Csp3 to be 68 f 2". Another study of the 
microwave spectrum of methyl propargyl ether was 
reported by Hayashi et aL6. They reported the 
Csp-Csp3-0-Csp3 dihedral to measure 67.5". The 
results of the HF calculations in this study with a 
dihedral angle of 69.0" are in excellent agreement with 
these microwave data. 


As shown in Figure 2, the barrier at the 120" confor- 
mation is of the same magnitude as the barrier observed 
in the case of propargyl alcohol (ca 2.75 kcal mol - I ) .  


At the 0" conformation, the barrier is ca 
4.50 kcal mol -', 3-4 kcal mol - I  higher than the barrier 
observed in propargyl alcohol. This barrier implies a 
significant 'steric' repulsion between the CH, group of 
the ether with the electron density associated with the 
Csp=Csp triple bond. These results could lead to two 
hypotheses: (1) a true steric energy increase of 
3.4 kcal mol-' results upon substitution of a CH, group 
for the H of propargyl alcohol, or (2) a weak hydrogen 
bond is formed between the hydrogen of the hydroxyl 
group and the electron density of the Crp=Csp triple 
bond in propargyl alcohol, causing the energy to be 
lower at the 0" conformer. The last point seems unlikely 
since the inclusion of diffuse functions and electron 
correlation show no change in this barrier. 


Torsional profiles for the remaining structures (but-2- 
yn-1-01, 2-methylbut-3-yn-2-01, and, 2-methylbut-3- 
yn-2-01 acetate) at the RHF/6-31Gxx level are illus- 
trated in Figures 3-5. The results are as expected and 
similar to the torsional profiles of propargyl alcohol and 
methyl propargyl ether. For but-2-yn- 1-01 (Figure 3), 
the profile is nearly identical to the propargyl alcohol 
barrier because these compounds are very similar 
sterically. The 2-methylbut-3-yn-2-01 profile differs 
from that of propargyl alcohol at the 120" conformation 
(Figure 4). This energy increase can be attributed to the 
steric repulsion between the hydroxyl group and the two 
methyl groups present in 2-methylbut-3-yn-2-01. 
Finally, for 2-methylbut-3-yn-2-01 acetate, one observes 
a rotational profile similar to that for methyl propargyl 
ether. The energy increase at 0" is primarily due to steric 
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Figure 3. Ah initio and MM3 (94) rotational profiles for but-2-yn-1-01 
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Figure 5 .  Ab initio and MM3 (94) rotational profiles for 2-methylbut-3-yn-2-01 Acetate 


interaction of the acetate group with the Csp"Csp triple 
bond, while an increase in the barrier at 120" is due to 
the interaction of the acetate group with the two methyl 
groups. 


Structure 
The results (unscaled) of the optimization of each of 
the structures examined are shown in Tables 1-6 at the 
corresponding levels of theory. Comparison with 
experimental values were made when these results were 
available. 


For propargyl alcohol, numerous investigations 
involving both spectra and quantum mechanical 
calculations are known. Table 1 reports the results of a 
low-level HF calculation on propargyl alcohol with the 
STO-3G basis set' and a comparison with the RHF/ 
6-31G** and MP2/6-3 1 + +G* ' results obtained in this 
study. Interestingly, there is a small difference in 
structure when higher levels of theory are used. The 
most significant difference in the geometry is observed 
in the C(4)-0(5)-H(6) bending angle, which is 
approximately 3.0" higher with the inclusion of electron 
correlation in the calculation. This result also supports 
the hypothesis that hydrogen bonding between the triple 
bond and the hydrogen of the hydroxyl group is 
insignificant. A larger repulsion is observed in the 


correlated results which should favor the formation of a 
hydrogen bond. 


Table 2 illustrates the resulting HF geometry for 
methyl propargyl ether, as compared with the microwave 
results of Marstokk and Mgllenda15 and Hayashi et aL6 
The results are in good agreement with the microwave 
data, particularly with those derived by Marstokk and 
MGllendal. The most significant disagreement appears to 
be in the 0(5)-C(4)-H(8) bending angle, which is 
calculated too small by the ab initio method. Owing to 
the asymmetry of the molecule (point group Cl), a 
difference is predicted between the 0(5)-C(4)-H(2) 
and 0(5)-C(4)-H(8) bending angles, but the deviation 
between these (4.2") is unexpected. 


Table 3 shows the results of the RHF/6-31G** 
calculation on propargyl fluoride and a comparison with 
RHF/6-31GXR, NMR' and microwave" results. As 
expected, excellent agreement is found between the 
RHF/6-31G* and RHF/6-3 lG** results since the 
addition of p-functions on hydrogen atoms should have 
little effect for this structure. Good agreement is also 
observed between these results and those obtained by 
the microwave method. The largest deviation is 
observed in the H(2)-C(4)-H(6) bending angle, 
which may be due to the influence of the fluorine over 
these light atoms. Agreement with the NMR results is 
less, but still reasonable. 
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Table 1. A b  initio and MM3 (94) geometries for propargyl alcohol" 


H6 
\ 


RHF/STO-3G7 RHF/6-31G** MP2/6-31+ +G** MM3 (94) 


Bond 
~ ( 1 ) - ~ ( 7 )  


~ ( 4 ) - ~ ( 2 )  


C(l)-C(3) 
C(3)-C(4) 


C(4)-H@) 
C(4)-0(5) 
0(5)-H(6) 


Angle 
H(7)-C(l)-C(3) 
C(l)-C(3)-C(4) 
C( 3) -C (4) -H (2) 
C(3)-C(4)-H(8) 
C( 3) -C (4) -0 ( 5 )  
C(4)-0(5)-H(6) 
H Qb,-Cf$),-Hf@, 


0(5)-C(4)-H(8) 
0(3--C(4) -H (2) 


Dihedral angle 
H(7)-C(l)-C(3)-C(4)' 
C(l)-C(3)-C(4)-0(5)' 
C(l)-C(3)-C(4)-H(2)' 
C(1)-C (3)-C(4)-H (8)' 
C(3)-C(4)--0(5)-H(6) 
H(6)-0(5)-C(4)--H(2) 
H(6)-0(5)-C(4) -H(8) 


1.065 
1.171 
1.492 
1.099 
1.099 
1.445 
0.989 


180b 
180b 
108.8 
108.8 
114.1 
104.7 


1.057 
1.187 
1.477 
1.087 
1.082 
1.396 
0.943 


179.59 
179.02 
108.71 
109.30 
113.13 
109-65 
lrl7.49 
111.39 
106.64 


168.0 
-74.3 


50.0 
167.1 
56.8 


-66.0 
177.0 


1.064 1.0836 
1.223 1.2137 
1.468 1.472 1 
1.094 1.1171 
1.088 1.1088 
1.43 1 1.4254 
0.967 0.9489 


179.02 
177.90 
109.39 
110.28 
112.72 
107.89 
mm 
110.89 
105.33 


179.709 
174.285 
110.162 
109.861 
109.792 
108.77 6 
107.792 
109.901 
109.302 


156.6 180.0 
-59.3 -68.2 


69.9 53.0 
-171.3 171.6 


53.7 55.2 
-69.4 -66.1 
173.9 175.8 


a Bond lengths are given in A and angles in degrees. 
Value was kept constant during the geometry optimization. 


' Not very meaningful (torsion angle including a triple bond). 


Tables 4-6 show the results of RHF/6-31&* 
optimizations on the remaining propargyl alcohol 
derivatives. Owing to the lack of available experimental 
or other ab initio data, comparison with these structural 
results could not be made. 


MM3 (94) 
For many of the energetic and structural features of 
these compounds, MM3 parameters for acetylene and 
its derivatives are already established, and thus those 
parameters were not variable in this investigation. The 
parameters optimized in this study are illustrated in 
Table 7 and are those parameters which optimally 


reproduce the available experimental and ah initio 
data. 


Energetics 
The construction of an MM3 force field that accurately 
models these propargyl alcohol derivatives focused 
primarily on the rotational bamers illustrated in Figures 
1-5. The torsional terms characterizing the rotational 
potential of a triple bond such as the 
Csp-Crp.-Crp3-0 (4-4-1 -6) torsion were estab- 
lished with Fourier terms of zero, yielding a barrier of 
essentially 0 kcal mol -'. These terms were selected 
since torsions involving two essentially collinear bonds 
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Table 2. Ab initio, MM3 (94) and microwave geometries for methyl propargyl ether" 


~~~ 


RHF/6-31Gx" MM3(94) Microwave' Microwave' 


Bond 


c (I)  - c (3) 
C(3)-C(4) 


C ( 4 P - H  (8) 
C(4)-0(5) 
0(5)-C(6) 


Angle 
H (7)-C( 1)-C(3) 
C(l)--C(3)-C(4) 
C(3)-C(4)-Hf2) 
C(3)-C(4)-H (8) 
C(3)-C(4)-0(5) 
C(4)- 0(5)-C(6) 
H(2)-C(4)-H(8) 
0(5)-C(4)-H(2) 
0 (5)-C(4)-H (8) 


~ ( 1 ) - ~ ( 7 )  


c ( 4 ) - ~ ( 2 )  


Dihedral angle 
H(7)-C(1)-C(3)-C(4)g 
C (I  j- C( 3)- C (4)- O( 5)g 
C ( I )  - C (3)- C (4)- H (2)g 
C ( I )  - C (3)- C(4)-H( 8)s 
C (3)-C (4) -0(5 ) -C (6) 
H(2)-C(4)-0(5)-C(6) 
H(8) -C(4) --0(5)-C(6) 
C(4\-0015)-C(6)-H(9) 


1.057 
1.187 
1.479 
1.089 
1.082 
1.390 
1.398 


179.74 
179.43 
108.70 
108.91 
113.68 
115.11 
107.80 
110.88 
106.68 


-64.4 
-178.0 
-54.0 


63.2 
69.0 


-53.8 
-171.0 


58.6 


1.0816 
1.2119 
1.4736 
1.1154 
1.1081 
1.4161 
1.4187 


179.972 
179.073 
110.148 
109.123 
11 1.383 
112.870 
107.106 
110.288 
108.677 


0.0 
-68.5 
-54.2 
171.5 
64.5 


-58.2 
-175.3 


54.2 


1.055' 1.056b 
1.205' 1.206h 
1.459b 1.459b 
1.093' 1.101d 
1.093' 1.101d 
1.410' 1.410 
1.410' 1.410 


180.0' 180dc 
180-0' laode 
109.5' 108.73d 
109.5' 108.73d 
112 112.48' 
111.8' 113.50' 


107.22d 
109.5' 109.82d 
109.5' 109.82d 


68 67-5' 


Bond lengths are given in A and angles in degrees. 
Taken from propyne. 


Taken from wurrs-ethyl methyl ether. 
Assumed. 


' Adjusted. 
Not very meaningful (torsion angle including a triple bond). 


' Taken from dimethyl ether. 


are somewhat arbitrary. The remaining torsional para- 0.5 kcal mol lower than the HF barrier. This deviation 
meters were established through a fit to the ah initio is acceptable, however, since ah initio barriers calcu- 
rotational profiles. The results of MM3 (94) torsion lated in this manner at this level of theory may be 
profile calculations with the optimized parameters in uncertain by ca 1 k ~ a l m o l - ' . ~  
Table 7 are illustrated in Figures 1-5. In all cases, the 
agreement between the ah irzitio and the MM3 (94) Structure profiles is fairly good. The only difference of any 
significance is in the case of 2-methylbut-3-yn-2-01, in The majority of the structural features of the com- 
which the barrier at the 0" conformation is ca pounds studied were established with the investigation 
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Table 3. A b  initio, MM3 (94), microwave and NMR geometries for propargyl fluoride" 


RHF/6-3 1Gk8 RHF/6-3 lG** MM3 (94) NMR9 Microwave'" 


Bond 
H ( 7 1 4 3  1 
c ( 1 ) - ~ ( 3 )  


~ ( 4 ) - - ~ ( 2 )  
c (3)--c(4) 


C(4)--H(6) 
C(4)-F(5) 


Angle 
H (7) - C ( 1 )- C ( 3 )  
c (1) -c ( 3 )  -c (4) 
C(3)-C(4)-H(2) 
C (3)- C (4) - 13 (6) 
c (3) - c (4) --F(5) 
F(S)-C(4)--H(2) 
F(5)-C(4)-H (6) 
H(2)-C(4)-H(6) 


1.057 
1.186 
1-469 
1.081 
1.081 
1.364 


179.9 
179.8 
110.2 
110.2 
110.8 


109.0 


1.057 
1.186 
1.468 
1.082 
1.082 
1.364 


179.99 
179.22 
110.10 
110.10 
110.85 
108.37 
108.37 
108.98 


1.0811 
1.2111 
1.4713 
1.1077 
1.1071 
1.3919 


179.7 18 
179-980 
109.702 
109.702 
110.925 
109.333 
109.333 
107.787 


1.045 (1) 
1.196( 1) 
1.463 (3) 
1.096 
1.096 
1.337(2) 


109.77 (2) 
109.77 (2) 
109.47 (3) 


112.01(5) 


1.056 
1.206 
1,454 
1.096 
1.096 
1.393 


179.6 
178.9 
110.6 
110.6 
111.0 


109.3 


Bond lengths are given in A and angles in degrees. 


of acetylene and its derivatives. Consequently, only a 
few features were the focus of this structural study. In 
addition to the torsional parameters previously men- 
tioned, three bending parameters, C,,-C,,3-F 
(4-1-11), C,,-C,,3-0 (4-1-6), and 
C,,-C,,3-0,,,,, (4- 1-75) were optimized to repro- 
duce the experimental and ab iizitio structures. The 
results of an MM3 (94) calculation of these model 
structures, using the optimized parameters in Table 7, 
are given in Tables 1-6. These results are compared 
with the ab iriitio results from this study and experimen- 
tal data where available. 


The most significant difference in the bond lengths 
occurs in the calculation of the H-C,, bond. For most 
of the compounds studied, the difference in the MM3- 
calculated bond lengths and those obtained Py both 
experimental and ab irzitio methods is ca 0.025 A. Since 
the deviation is consistent throughout the results, the 
error appears to be systematic and may make necessary 
a re-evaluation of the bonding parameter involved. 


The angle bending results are also in good agreement 
with the available structural data. The C,,-C,,3-F 
(4-1-1 1) parameter was optimized to reproduce the 
structural data for propargyl fluoride, which show very 
good correspondence with the ab iizitio and microwave 
results. The Crp-Csp~-Oesrer (4- 1-75) parameter was 
also well established by modeling 2-methylbut-3-yn-2- 
01 acetate. The C,,-C,,,-0 (4-1-6) bending parame- 
ter was more difficult to model since all of the 


remaining compounds contained this particular bending 
angle. As a result, compromises in the MM3 structures 
had to be made in order to create a force field that could 
model this bending angle well. The results, however, 
are still good and show deviations of ca 1.5" on 
average. 


Vibrational frequencies 
After the structures and energies had been characterized 
in the MM3 (94) force field, the vibrational frequencies 
were fitted to the available experimental data. The 
results of these calculations with the optimized parame- 
ter set are given in Tables 8-10. The vibrational 
comparisons were only made for propargyl alcohol, 
methyl propargyl ether and propargyl fluoride, since 
these were the only complete experimental frequency 
data sets. 


The first propargyl alcohol spectrum was reported by 
Gredy I '  in 1934. The first assignment of normal modes 
to the reported frequencies was carried out by Nyquist 
and Potts" in 1960. Hirakawa and Tsuboi13 later estab- 
lished a few more normal modes through the 
examination of their spectra. The 0-H stretching 
frequency of Hirakawa and Tsuboi was later reassigned 
by Visser and van der MaasI4 in 1985. Nyquist", 
however, in 1971 made a complete normal mode 
analysis of the vibrational spectra of propargyl alcohol. 


In the MM3 (94) parameterization of these vibra- 
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Table 4. Ab initio and MM3 (94) geometries for But-2-yn-1-01” 


\ 
H6 


RHF/6-31G** MM3 (94) 


Bond 


C(I)-C(3) 
C(3)-C(4) 


C(4)--H(8) 
C(4) - -0 (5 )  
0(5)-H(6) 


Angle 
c (7 ) -C( 1 )-c (3) 
C(l)-C (3)-c (4) 
C(3)-C(4)-H(2) 
C(3)-C(4)-H(8) 
C(3)-C(4)-0(5) 
C(4)-0(5)-H(6) 
H(2)-C(4)-H(8) 
0 (5 ) - C (4) - H (2) 
0 (5 1 - C (4) - H (8) 


Dihedral angle 
H(9)-C(7)-C(l)-C(3)’ 
C(7\-C(l)-C(3)-C(4)’ 


C ( I )  -C (3) - C (4) -H (2) ’ 
C ( 1 r-C(3)-C(4)-H (8)’ 
C(3)-C(4)-0(5)-H(6) 
H(6)-0(5)-C(4)-H(2) 
H(6)-0(5)-C(4)-H(8) 


c(1)-c(7) 


c ( 4 ) - ~ ( 2 )  


C(I)-C(3)-C(4)-0(5)b 


1.468 
1.188 
1.476 
1.088 
1.082 
1.398 
0.943 


179.43 
178.97 
108.91 
109.54 
113.24 
109.41 
107.38 
111.15 
106.43 


53.8 
-176.6 
- 60.5 


63.1 
-179.1 


54.7 
-68.2 
175.2 


1.47 14 
1.21 17 
1.4717 
1.1079 
1.1165 
1.4252 
0.9480 


179.793 
179.9 16 
110.1 11 
109.895 
109.766 
108.651 
107.81 1 
109.927 
109.302 


15.2 
111.3 
- 14.0 
107.1 


-134.3 
54.0 


-67.3 
174.6 


a Bond lengths are given in A and angles in degrees. 
Not very meaningful (torsion angle including a triple bond). 


Table 5 .  Ab initio and MM3 (94) geometries for 2-methylbut- 
3-yn-2-01” 


H6 


RHF/6-31G** MM3 (94) 


Bond 


C(1)-C(3) 
C(3)-C(4) 


C (4) - C (8) 
C(4)-0(5) 
0 (5)- H (6) 


Angle 
H (7) - C ( 1)- C (3) 
C(1)-C(3)-C(4) 
c (3) - c (4) -c (2) 
C(3) - C(4)-C (8) 
C(3)-C(4)-0(5) 
0 ( 5 )  - C (4)- C (2) 
0(5)-C(4)-C(8) 
C (2) - C (4) - C (8) 
C(4)-0(5)-H(6) 


Dihedral angle 
H(7)-C(l)-C(3)-C(4)’ 


C (1) - C (3) - C (4) -C (8)’ 


C(3)-C(4)-0(5)-H (6) 
H (6) - 0 ( 5 )  - C (4) -C (2) 
H (6) -0 ( 5 )  - C (4) - C (8) 
0(5)-C(4)-C(2)-H(9) 
0(5)-C(4)-C(8)-H(12) 


w--H (7) 


c (4) -c (2) 


c (1) - c (3) -c (4)-C (2) ’ 
C(I)-C(3)-C(4)-0(5)’ 


1.057 
1.188 
1.488 
1.531 
1.527 
1.408 
0.944 


179.56 
179.05 
109.58 
110.09 
109.94 
110.07 
105.77 
111.32 
109.80 


168.9 
47.9 


107.7 
-73.2 


54.3 
-66.5 
173.2 
61.5 


-59.4 


1.0812 
1.2113 
1.4763 
1.5299 
1.5290 
1.4293 
0-9478 


179.755 
179.781 
109.814 
109.438 
109.159 
109.214 
108.102 
1 11.074 
108.896 


0.0 
42.6 


164.8 
-77.1 


48.3 
-71.8 
167.3 
60.7 


-59.4 


tional frequencies, the focus was primarily on the 
results of Nyquist in 1971, since a complete normal- 
mode analysis was camed out. The results of the MM3 
(94) calculation are given in Table 8 with the appro- 
priate experimental results. 


The methyl propargyl ether spectrum was also 
investigated, since this molecule has been the subject of 
many vibrational studies. The first spectral data (17 
Raman frequencies) were published by Gredy” in 
1934. In 1974, three studies were published. Seth-Paul 
et al. l 6  assigned vibrational frequencies to the normal 
modes. Although originally assuming C, symmetry and 
interpreting the experimental data accordingly, Seth- 
Paul et al. came to the conclusion that methyl propargyl 
ether shows C, symmetry. Charles et a1.I’ investigated 


‘Bond lengths are given in A and angles in degrees. 
Not very meaningful (torsion angle including a triple bond). 


the vibrational spectrum and calculated the height of the 
torsion barrier. Bjarseth and Gustavsen18 recorded 
infrared spectra for methyl propargyl ether in all three 
states. Furthermore, they investigated the Raman spectra 
of the liquid ether and one deuterated species and 
assigned the frequencies and calculated force constants. 
The results of the MM3 (94) calculation of the vibra- 
tional spectrum are given in Table 9 along with the 
experimental data previously described. The results 
illustrated in Table 9 are in good agreement with the 
available experimental data, with the largest deviation 
being 40 cm-’ in the CH, twisting mode. 


Two vibrational analyses of propargyl fluoride have 
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Table 6. Ab inirio and MM3 (94) geometries for 2-methylbut-3-yn-2-01 
acetatea 


Bond 
C(I)-H(7) 


C(3)-C(4) 
c (4)- c (2) 
C(4)-C(8) 
C ( 4 F  
0(5)-C(6) 


c (1) -~(3)  


C(6)-O( 15) 
C(6)-C(16) 


Angle 
H (7) - C ( 1) -C (3) 
c ( 1 )- c (3) -c (4) 
C(3)-C(4)-0(5) 
C(3)-C(4)-C (2) 
C(3)-C(4)-C(8) 
C(4)-0(5)-C(6) 
0(5)-C(4)-C(2) 
0(5)-C(4)--C(8) 
O(5)-C (6) -0 ( 1 5 )  
O( 5)-C (6) -C ( 16) 
0 ( 15) -C (6) -C ( 1 6) 


Dihedral angle 
H (7) - C ( 1) - C (3) - C (4) 
C(I)-C(3)-C(4)-0(5)b 
C(I)-C(3)-C(4)-C(2)h 
C(I)-C(3)-C(4)-C(8)b 
C(3)-C(4)-0(5)-C(6) 
C(4)-0(5)-C (6) -0 ( 15) 
C(4)--0 (5)-C (6)-C ( 16) 


RHF/6-31G** MM3 (94) 


1.057 
1.186 
1.480 
1.530 
1.529 
1.435 
1.331 
1.186 
1.505 


179.05 
177.08 
110.43 
111.32 
109.25 
122.36 
111.16 
103.55 
124.69 
110.53 
124.78 


1.0811 
1.21 12 
1.4780 
1.5299 
1.5293 
14474 
1.3607 
1.2141 
1.4920 


179.444 
179.657 
109.491 
110.447 
108.386 
119.218 
111.695 
106.483 
123.835 
111.254 
124.910 


160.8 0.0 
140.5 143.1 
-95.5 -93.1 


27.2 27.1 
60.4 59.6 


3.0 0.1 
- 177.0 -179.8 


‘Bond lengths are given in A and angles in degrees. 
Not very meaningful (torsion angle including a triple bond). 


been reported. The first was carried out by Nyquist and Comparing the vibrational frequencies reported by 
Potts’’ in 1960 in conjunction with their study of methyl Evans and Nyquist and the results of the MM3 (94) 
propargyl ether. In 1963, Evans and Nyquist” re- calculation, one finds a good agreement (deviation less 
evaluated the vibrational bands of this molecule and than 30 cm-I) for most of the invariant frequencies. 
carried out a complete normal-mode analysis. These Disagreements include CH, rocking and CCH bending. 
experimental and MM3 (94) results are given in Table 10. For CH, rocking, the experimental value of 1018 cm-’ 
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Table 7. MM3 (94) parameter set for propargyl alcohol and its derivatives 


Torsions VP V, v, 
4 1 6 21 0-150 -0.750 0.708 
4 1 6 1 0.100 -1.OOO 0.900 
4 1 75 3 -2.100 -0.100 1.800 
4 4 1 6 0.OOO 0.000 0.000 
4 4 1 11 O.Oo0 0.000 O W 0  
4 4 1 75 0.000 0.OOO 0.000 


Bond angles K @b 4 c  


4 
4 
4 


1 11 1.280 110-70 
1 6 0.900 109.00 
1 75 0.800 107.50 


a The units of the Fourier torsional tenns ( V l ,  V,, and V,) are kcal mol-'. 
K, is expressed in mdyn A rad-'. 
B0 is in degrees. 


Table 8. Experimental and MM3 (94) vibrational frequencies for propargyl alcohol".b 


Expenmental 


Ref. 13 Ref. 11 Ref. 15 Ref. 12 MM3 (94) 


3620 OH str' 


2940 


2905 
2118 


1455 
1358 


1233 
1034 CO str 1026 


91 1 C-C str 916 


552 CCO i df 558 
308 CCC o df 315 
217 CCC i df 222 


3663 OH str 
3331 CH str 
2940 CH, as str 
2930 CH, s str 


2138 C=C str 


1470 CH, bnd 
1390 CH, wag 


1289 OH bnd 
1217 CH, tw 
1046 CO str 
967 CH, rck 
907 C-C str 
648 CH bnd 
628 CH bnd 
550 CCO bnd 
305 CCC bnd 
240 CCC bnd 
192 OH tors 


3678.2 OH str 
3310.7 CH str 
2971.3CH, as str 
2875-7CH2 s str 


2124.3 C=C str 
1549.9 CH, wag 
1424.0 CH, sciss 


3316 CH str 


2120 C=C str 


1314.1 CH, tw 
1282.3 COH bnd 


1094.6 CO str 
952.5 CH, rck 


902 C-C str 
650 CH bnd 
629 CH bnd 


933.6 C-C str 
725.2 CCH bnd 
661.5 CCH bnd 
496.3 CCO bnd 
376.4 CCC bnd 
326.3 CCC bnd 
254.6 OH tors 


a Frequencies are given in wavenumbers (cm-' ) .  


df, deformation; str, stretching; tors, torsion; tw twisting; wag, wagging. 
Abbreviations: as asymmetric; s, symmetric; I, in-plane; 0, out-of-plane; bnd, bending; rck, rocking; SCISS. scissoring; 


From Ref. 14. 
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Table 9. Experimental and MM3 (94) vibrational frequencies for methyl propargyl ethePb 


Ref. 11 Ref 17 Ref. 18 Ref. 16 MM3 (94) 


3002 


295 1 


2828 
2118 


1447 


1362 
1282 


1101 


1005 
945 
894 
84 1 


572 
516 


324 
236 
178 


3331 EC-H 
3004 CH, as str 


2958 CH, as str 
2927 CH, as str 
2890 CH, s str 
2855 CH, s str 
2 1 2 7 C 4  str 


1465 CH, as df 
1458 CH, as df 
1452 CH, s df 
1449 CH, df 


1354 CH, wag 
1285 CH, tw 
1194 CH, rck 
1157 CH, rck 
1120 COC as str 


101 1 CH, rck 
938 COC s str 
900 C-C Str 


670 C 4 H  df 
641 C K H  df 
572 CCO df 


380 COC df 
317 C=CCdf 
227 C=CC df 
190 CH,O tors 
127 CH,O tors 


3329 
3003 


2958 
2927 
2890 
2829 
2125 


1460 
145 1 
1437 


1385 
1361 
1282 
1194 
1158 
1116 


1010 
938 
899 


666 


578 
517 
38 1 
318 
236 
178 
105 


3329 CH str 
3005 CH3 as str 
3005 CH, as str 
2956 CH, as str 
2931 CH, as str 


2828 CH, s str 
2116 C=C str 


1463 CH, as df 
1463 CH, bnd 
1451 CH, as df 


1384 CH, s df 
1362 CH, wag 
1282 CH, tw 
1194 CH, i rck 
1161 CH, o rck 
1118 COC a str 


1009 CH, rck 
937 COC s str 
899 C-C Str 


666 CH o bnd 
633 CH i bnd 
571 CCO i bnd 
516COCobnd 
388 COC i bnd 
317 CCC o bnd 
236 CH, tors 
178 CCC i bnd 


3325.4 CH str 
2994.4 CH, as str 


2970.2 CH, as str 
2937.4 CH, as str 
2882.5 CH, s str 


1565-2 CH, wag 


2853.2 CH, s Str 
2129.2 C 4  Str 


1492-3 CH, s df 
1467.2 CH, a~ df 


1443.9 CH, sciss 
1428.1 CH, as df 


1325.3 CH, tw 
1185.1 COC as df 


11 12.0 CH, rck 
1098.9 CH, rck 
987.3 CH, rck 
918.4 COC s str 
875.3 C-C str 


706.0 CCH bnd 
619.7 CH bnd 


5 1 3-6 COC bnd 
377-1 COC s bnd 
277-0 CCH bnd 
189.6 CH, tors 


110.2 CH,O tors 


a Frequencies are given in wavenumbers (cm - I ) .  


For abbreviations. see Table 8. 


is consistent with assignments for methyl propargyl 
ether and the MM3 result for methyl propargyl ether. 
For propargyl alcohol and methyl propargyl ether, the 
experimental CH, rocking frequency is reported at 967 
and 1010 cm-', respectively. The data are consistent 
with the MM3 calculation. The results for propargyl 
fluoride appear to be questionable. It appears that the 
CCH bending frequency is calculated to be too high 
with too much splitting. For propargyl alcohol and 
methyl propargyl ether, on the other hand, it appears 
that the frequency is calculated to be too low. The large 
splitting, however, remains unchanged. 


CONCLUSIONS 
Ah initio calculations at the Hartree-Fock and second- 
order Moller-Plesset levels of theory utilizing various 
basis sets were carried out on propargyl alcohol and its 


derivatives in order to supplement experimental data. 
The results of  these calculations and experiment were 
used in the formulation of an MM3 force field for these 
compounds. Torsional profiles, energetic differences 
between conformers, geometry and vibrational frequen- 
cies were calculated and compared with experimental 
data when possible. The energy and structure resulting 
from the ah initio calculations are in excellent agree- 
ment with many of the experimental data, particularly 
in the cases of propargyl alcohol and methyl propargyl 
ether. 


The concentration of the MM3 formulation was on 
the rotational profiles of  the C,,-CS,3-O-H (C,$) 
portions of  the molecules. The resulting parametenz- 
ation of these torsions shows excellent agreement 
with the calculated ah initio torsional profiles. MM3 
structural investigations focused principally on three 
bending angles which involved the C,,-C,,3-0 (F) 
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Table 10. Experimental and MM3 (94) vibrational 
frequencies for propargyl fluorideaeb 


Ref. 12 Ref. 19 MM3 (94) 


3322 CH str 3338 = C H  str 
2972 CH, str 
2955 CH, str 
2150 C W  str 
1465 CH, bnd 
1381 CH, wag 
1242 CH, tw 


1018 CH, rck 


2148 C E C  str 


1045 1039 CF str 


940 C-C str 


675 CH bnd 
635 CH bnd 
539 skel bnd 
3 10 skel bnd 
21 1 skel bnd 


674 W H  bnd 
636 M H  bnd 


3327.1 ==CH str 
2996.6 CH, str 
2943.0 CH, s Str 
2131.7 C W  str 
14894 CH, wag 
1414.7 CH, xiss 
1241.5 CH, tw 
1062-3 CF str 
896.0 CH, rck 
948.1 C-C str 


732.2 CCH bnd 
666.1 CCH bnd 
520.3 CCF bnd 
3 12.5 CCH bnd 
232.5 CCC bnd 


' Frequencies are given in wavenumbers (cm - I ) .  


For abbreviations, see Table 8. 


bending. Parameter optimization was carried out in an 
attempt to reproduce available structural data, both 
experimental and ab init io,  and known vibrational 
data. All of the resulting parameters were found to  
reproduce the available structural and vibrational data 
well. 
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The oxidation of organic compounds by hydrogen peroxide, catalysed by transition metal derivatives, e.g. V(V), 
Mo(V1) and W (VI) complexes, involves the formation of peroxometal complexes. These are much more efficient 
oxidants than hydrogen peroxide so that the catalysed reactions are of remarkable synthetic significance. 
Several peroxometal complexes can be isolated and used as stoichiometric oxidants. An appealing feature of 
these oxidants is their versatility, as demonstrated by the fact that they are able to oxidize substrates such as 
alkenes, alcohols, ketones, sulphur, phosphorus and nitrogen derivatives and even aromatic and aliphatic 
hydrocarbons. Either polar or radical oxidations may take place. The reactivity depends on the nature of the 
metal and especially on the nature of the ligands coordinated to the metal. Therefore, an important goal consists 
in predicting the reactivity of peroxometal complexes on the basis of their structural features. Examples 
presented demonstrate that structure-reactivity correlations may be established. However, the effect of the 
ligands appears to be complex so that care must be exercized in drawing general conclusions. 


Peroxidic compounds are widely used as stoichiometric 
oxidants of organic compounds.',' Peroxides which have 
found synthetic applications't2 include alkyl hydroper- 
oxides, organic peracids and dioxiranes, all, at least 
formally, derived from hydrogen peroxide, by substitu- 
tion of one or both hydrogen atoms. Therefore, in all 
these molecules a relatively weak (120-190 kJm01-')~ 
0-0 bond is present. In the oxidative process this 
bond is cleaved. Two main modes of can be 
envisaged. If the bond is cleaved heterolytically , polar 
oxidations will take place, whereas if the cleavage is 
homolytic, radical oxidations will be observed. In polar 
reactions, if reactivity is the only parameter taken into 
account in order to establish the oxidation power, one 
may conclude that organic peracids6 and also 
dioxiranes7 are indeed very effective reagents. They 
oxidize a variety of organic compounds under relatively 
mild conditions and with selectivities ranging from fair 
to e~ce l l en t .~ .~  There are, however, other considerations 


* Author to whom correspondence should be addressed. 


which would suggest employing hydrogen peroxide. 
Among these, perhaps the most convincing one, which 
applies in particular to large-scale preparations or to 
industrial processes, is related to the fact that hydrogen 
peroxide is by far the least environmentally demanding 
among the peroxides; in fact, water is the only by- 
product of these reactions.' Unfortunately, hydrogen 
peroxide is a rather weak oxidant. Thus, in order to 
become synthetically significant, the oxidations by 
hydrogen peroxide need to be cataly sed.' This has 
stimulated a large-research effort aimed at finding 
effective catalysts. Among the oldest, but very efficient, 
catalysts which have been discovered, the derivatives of 
some transition metal ions, i.e. V, Mo and W, in their 
highest oxidation states, are still under active investiga- 
t i~n .~" '  The general mechanism of the catalysis is well 
understood' (Scheme 1). 


The metal precursor adds hydrogen peroxide in an 
equilibrium process largely shifted to the right." No 
redox chemistry is involved in this step. In fact, the 
metal derivatives are already in their highest oxidation 
states and, on the other hand, they are not able to act as 
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""'if- LxM=o y 
1 


Scheme 1 


oxidants of hydrogen peroxide." The intermediate 1 is 
thus formed, in which n is usually 1 or 2. Evidence on 
the structure of 1 has been provided1Ib and recently 
reviewed. 


The peroxometal complex 1 is a much stronger 
oxidant than H,02 In many cases its reactivity is many 
orders of magnitude larger than that of hydrogen per- 
oxide. 1 - 3 .s .9 Therefore, 1 is the real oxidant in solution. 
Its reduced form adds hydro en peroxide again, thus 
accounting for the catalysis. Our understanding of 
the mechanism of the catalysis has been greatly facili- 
tated by the fact that species such as 1 can be, in several 
instances, isolated, fully characterized and stored. l4 
Therefore, they may be used as stoichiometric oxidants 
under the most appropriate conditions for mechanistic 
studies. Some of these stoichiometric oxidations have 
synthetic relevance. Examples of isolated peroxo 


Scheme 3. 


6 


Isolated peroxocomplexes Typical Reactions 


0-0 


p -pan 
4 ewe% 


See Refs 15,16,17 


Scheme 2 


complexes together with their most typical reactions are 
shown in Scheme 2.I5-l7 


The oxidation of alcohols by anionic peroxomolybde- 
num complexes, rendered soluble i:i organic solvents by 
the presence of the lipophilic counter cation, e.g. 
complex 3 in Scheme 2, is a very selective process 
which allows one to obtain quantitative yields of alde- 
hydes from primary alcohols. No overoxidation to 
carboxylic acids occurs even if large excesses of oxidant 
are used. Secondary alcohols are oxidized to ketones.16 


A 


Selected oxidations of orgamic compounds by peroxometal complexes (M = Ti, 
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The oxidation of the alcoholic function can be carried 
out even if other oxidizable roups, e.g. a double bond, 
are present in the molecule.' The oxidation of primary 
alcohols becomes unselective under catalytic conditions 
in the presence of hydrogen peroxidelg owing to solvol- 
ysis of the ligand followed by formation of polynuclear 
molybdenum complexes.20 These are less selective 
catalysts so that carboxylic acids are formed. By con- 
trast, both alkene epoxidation by neutral peroxomolyb- 
denum complexes (see 2 in Scheme 2)'5t20 and 
hydroxylation of benzene and substituted benzenes b 
peroxovanadium complexes (see 4 in Scheme 2)17.' 
proceed under catalytic conditions.20*2' 


The examples in Scheme 2 show that peroxometal 
complexes are versatile oxidants capable of reacting 
with very different substrates. This also suggests that 
several mechanistic pathways are accessible to such 
 oxidant^.^^^^^^^ This conclusion is corroborated by the 
information provided in Scheme 3 in which some other 


It is commonly accepted on the basis of several pieces 
of evidence that olefins epoxidation, and the oxidation 
of heteroatoms such as sulphur and nitrogen, are clean, 
polar  reaction^.^.^'.'^ The oxidation of cyclic ketones to 
lactones, an example of the Baeyer-Villiger reaction, is 
still ill-defined from a mechanistic point of  vie^.^^.^' 
The oxidation of alcohols and the hydroxylation of 
aromatic and aliphatic hydrocarbons are radical reac- 
t i o n ~ . ~ ~  In particular, the formation of phenol from 
benzene, carried out by peroxovanadium complexes, is 
a complicated radical chain process. '7b.c 


It would be very desirable to be able to predict the 
kind of reactivity of peroxometal complexes on the basis 
of some of their measurable properties. This is not yet 
possible because, as will be discussed later, the effect of 
the ligands on the oxidative behaviour of peroxometal 
complexes is a combination of several factors. Never- 
theless, a step forward in the direction of predicting the 
reactivity has been made by establishing the correlation 


selected processes are shown. shown in Figure 
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Figure 1. Plots of observed reduction peak potentials as a function of 0-0 stretching frequencies for a series of peroxo complexes 
containing either picolinic acid anion or picolinate N-oxido anion as ligands 
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In particular, the ability of peroxometal complexes to 
act as one-electron acceptors, as measured by their 
reduction peak potential, obtained by cyclic voltam- 
met~y ,~’  has been correlated with the 0-0 stretching 
frequency, i.e. with the strength of the bond, measured 
by IR spectroscopy. Peroxo complexes of different 
metals containing the same ligand have been examined. 
It may be seen that the stronger the oxygen-oxygen 
bond, the easier is the electron transfer to the complex. 
Therefore, peroxo vanadium and chromium complexes, 
in which the 0-0 stretching frequency is the largest, 
are reduced at lower potentials than molybdenum and 
tungsten derivatives. This fits with the common notion 
that radical oxidations are more frequent when peroxo 
chromium and vanadium complexes are used.’.’’ A 
correlation may also be established among peroxo 
complexes of the same metal containing different 
ligands.26 This is shown in Figure 2, in which only 
molybdenum and tungsten derivatives are considered 


-la0 


-1- 


-140 


-1bo 


-1.60 


-1.70 


-1.80 


because the number of stable peroxovanadium and 
chromium complexes is too small. 


A comparison of the slopes of the straight lines of 
Figures 1 and 2 reveals a further interesting aspect. It 
appears that the nature of the ligands plays a more 
important role than the nature of the metal in determin- 
ing the one electron acceptor ability of peroxo 
complexes. This again underlines the relevance of the 
coordination sphere of such oxidants in determining 
their behaviour. It would be hazardous however, to 
make predictions about the oxidative ability of peroxo 
complexes based only on their reduction peak potential. 
The case of peroxomolybdenum complexes is instruc- 
tive in this respect. As it may be seen in Scheme 4, the 
reduction peak potential of the four peroxomolybdenum 
complexes examined appears to be directly related to the 
electron density on the metal.28 Thus the anionic 
Mo0,PIC (6) and Mo0,PICO (3) complexes are 
reduced at more negative potentials than Mo0,DIPIC 


800 870 880 ago 


1- 


Figure 2. Plots of observed reduction peak potentials as a function of 0-0 stretching frequencies for Mo(VI) and W(V1) peroxo 
complexes containing different ligands 
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Scheme 4. Examples of isolated peroxomolybdenum complexes with corresponding reduction peak potentials 


(5)  and Mo0,HMPT (2) neutral species." On this 
basis, one might predict that in the decomposition 
reaction induced by a one electron donor, e.g. Co(acac), 
the neutral species should be more reactive than the 
anionic species. As indicated by the data in Table 1, the 
opposite behaviour is observed.** 
In fact, the presence of Co(II) induces the complete 


decomposition of Mo0,PICO in 8 h whereas in the 
same time interval only 30% of Mo0,HMPT is decom- 
posed. The rationale of these findings is based on the 
fact that the decomposition is a radical chain reaction28 
in which the initiation is the oxidation of CO(II) to 
CO(III) by the peroxo complex; 


MoO,L + Co(II) + [MoO,L] -. + Co(II1) (1) 
L = HMPT, PIC0 


Table 1. Co(I1)-catalysed decomposition of Mo(IV) peroxo 
complexes (0.012 moll-') in DCE at 40 "C 


Co(acac),, 
Complex (mol I - ' )  Time (h) (%) Peroxide consumed 


MoO,HMPT 0.0012 24 80 
MoOSHMPT 0@0036 8 30 


Mo03DIPIC 0*0012 24 20 


MoOSPIC 0'00036 8 20 
MoOsPICO 0.00036 8 100 


In order to establish the chain, the steps of equations 
(2) and (3) followed by the termination step of equation 
(4) must be considered: 


[MoO,L] -' + Mo0,L + [MoO,L] - + [MoO,L] +' (2) 
[MoO,L] +' + C o p )  + Mo0,L + 0, + Co(II) (3) 
[MoO,L] - ' + Co(II) + [MoO,L] - + C o r n )  (4) 


Based on the electrochemical data, Mo0,HMFT (2) 
should be more reactive than Mo0,PICO (3) in reaction 
(1) so that the initiation should be faster for the neutral 
than for the anionic complex. On the other hand, the 
termination step, equation (4) is probably much faster 
when the oxidant is [MoO,HMPT]-' than when it is 
[MoO,PICO] -', which is formally a dianionic species. 
As a result, in spite of the fact that Mo0,HMFT is a 
better one electron acceptor than MoO,PICO, the 
decomposition reaction of the former complex is slower 
than that of the latter because the termination of the 
chain reaction is more efficient when Mo0,HMPT is 
used. It may be mentioned, in passing, that the addition 
of Co(acac), to a solution of Mo0,PICO in dichlor- 
oethane activates the peroxo complex towards the 
oxidation of alkenes and saturated hydrocarbons 
whereas in the absence of Co(II), Mo0,PICO is com- 
pletely inert toward such substrates, (Scheme 5).28 The 
formation of molybdenum radical species, characterized 
by a peculiar oxidizing ability, has been suggested.28 
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Scheme 5. Co(JI)-induced reactivity 
dichloroethane 


N.R. 


of Mo0,PICO in 


character of the In other systems, the electronic 
ligands and the reactivity of the peroxo complexes may 
be correlated. This is the case of peroxovanadium 
complexes in aqueous solution.29 This chemistry is 
receiving increasing attention as a consequence of the 
discovery that vanadium is almost ubiquitous in plants 
and living organisms, including the human, while little 
is known on its role in biochemical p roces~es .~~ .~ '  The 
method of choice for studying the behaviour of peroxo- 
vanadium species in aqueous solution is 5'V NMR 
spectro~copy.~~ This technique makes it relatively 
simple to identify the kind of peroxo complexes formed 
in solution by adding variable excesses of hydrogen 
peroxide to a vanadium(V) precursor, NH,V03, at 
various pH values, according to the following 
equilibria.33 


where L = water or organic ligands, e.g. picolinic and 
pyrazinic acid, pyridines and anilines. 


The "V NMR chemical shifts can be well correlated 
with the electronic properties of the ligands, as shown in 
the Hammett plot in Figure 3 in the case of diperoxo- 
vanadium complexes containing variously substituted 
pyridines as l i g a n d ~ . ~ ~  In particular, the increase of the 
electron-donating character of the ligands enhances the 
magnetic shielding of the metal so that the chemical 
shifts values become more negati~e.~' 


A similar effect is observed in the case of monoper- 


6 (ppm) 


-712 


-716 


d 


Figure 3. Hammett-type plot correlating the sigma values with 
51V NMR chemical shifts for a series of dipemxovanadium 
complexes containing variously substituted pyridines as 


ligands ( r  = 0.995, p = 29.8 i 0.3) 


0x0 complexes containing bidentate ligands, as indi- 
cated by the data in Table 2.29 In this case, the reactivity 
of the peroxo complexes decreases when the negative 
charge on the metal, brought in by the ligands and 
measured by the 51V NMR chemical shifts, is increased. 
In fact, it may be observed in Figure 4 that the ability to 
decompose selected monoperoxovanadium complexes 
decreases on decreasing the electron-donating properties 
of the different l i g a n d ~ . ~ ~  


In conclusion, the information so far available on the 
role of the ligands on the oxidative ability of peroxo 
complexes may be summarized as follows: 


(i) The nature of the ligands can dramatically change 
the reactivity of peroxo complexes, which may 
shift from polar to radical oxidants even when the 
metal is the same. 


(ii) In simple oxidations, either polar or radical, an 
increase in the electron-donating character of the 
ligands causes a decrease in the reactivity. There- 
fore, the possibility of estimating the amount of 
negative charge on the metal by electrochemical or 
spectroscopic methods is of great help in making 
reactivity predictions. 


(iii) The effect of the ligands, however, may be much 


Table 2. "VNMR chemical shifts (6) from VOCI, for monoperoxovanadium complexes 
containing different carboxypicolinic acids" 


Complex 6 (PPW Complex 6 (ppm) 


V0,PIC -600.6 [VO,(PIC),I - -632.6 
VO3PIC (3-COOH) -595.1 [VO, (PIC (3-COOH))Il- -617.8 
V0,PIC (4-COOH) -596.3 [V03 (PIC(4-COOH))J - -624.0 
VO3PIC (5-COOH) -595.9 [VO, (PIC (5-COOH))Zl- -622.3 


a VOjPIC(6-COOH) -597.5 [VO,(PIC(6-COOH)),] - 
~~ ~ 


"Formation of complex [V03(PIC(6-COOH)),] was not detected. 
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Figure 4. Disappearance of the oxidant as a function of the time, measured by the decrease of the absorbance at the A,,, values, in 
the decomposition reactions of 0-005 molL-' of (V) [VO(O,)aq]' (13), (0) [VO(O,)oxal]- (14), (m) [VO(O,)pyraz] and (0) 


[VO(O,)pic] (4) in water (HCIO,, pH1) at 37 "C 


more complicated than a simple electronic effect so 
that all the predictions must be considered with 
great care until a better knowledge of the various 
processes is available. 
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GAS-PHASE (ION CYCLOTRON RESONANCE SPECTROMETRIC) 
AND SOLID-STATE (CRYSTALLOGRAPHIC) STUDIES OF HIGHLY 


SUBSTITUTED PYRAZOLES 
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The gas-phase basicities of 3,4,5-tri-tert-butylpyrazole ( I )  and 1,3,4,5-tetra-tert-butyl-pyrazole (11) were 
measured by Fourier transform ion cyclotron resonance spectrometry. The x-ray molecular structures of 1-HCI 
(a monohydrate) and I1 were determined. A clear lack of planarity is present in the pyrazole rings because of 
the steric effects of the tert-butyl substituents. The CSp3 atom bonded to N-1, 12-3, C-4 and C-5 atoms deviates 
significantly from the pyrazole plane, as expected on the basis of semi-empirical AM1 calculations. In I-HCI, the 
molecules form dimers through symmetry centres in which the chlorine atom and the water molecules play an 
important role. 


INTRODUCTION 
The structure and physico-chemical properties of 
distorted aromatic com ounds (either in-plane' or out- 
of-plane deformations) are of interest. The distortion 
is usually achieved by paracyclophane b ~ i d g i n g ~ . ~  or by 
steric congestion.s The situation is common in six- 
membered rings, such as benzenes, but much more 
infrequent in five-membered heteroaromatic rings. 
Since the hindered yrazoles I and I1 had been prepared 
in previous work,'it was decided to study their gas- 
phase basicity and their solid-state geometry. In this 
respect, we recall that experimental studies have been 
performed on the kinetics of proton exchange between 
unhindered or moderately hindered n-bases and 1,3,5- 
tri(tert-buty1)benzene or 3,5-di(tert-butyl)toluene7 and 
2,6-di( tert-b~tyl)pyridine.~ Here, attention was focused 


P 


*Authors for correspondence. 


primarily on the potential thermodynamic effects of 
steric hindrance. 


EXPERIMENTAL 


FT-ICR. The gas-phase basicity (GB) of a base B 
is defined as the standard Gibbs energy change for the 
reaction 


The proton affinity ( P A )  is defined as 


GBs were determined from equilibrium proton- 
transfer reactions conducted in a modified Bruker CMS- 
47 Fourier transform ion cyclotron resonance (FT- 
ICR)' mass spectrometer used in previous studies." Its 
high magnetic field strength (4.7 T) easily allows the 


PA (B) = AHH + (g). 
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I 
Bu' H 


I II 


monitoring of proton exchange reactions for relatively 
long periods of time. 


Table 1 presents the results of proton-transfer equili- 
bria (2) obtained in this study along with the standard 
bases used (BE,). 
B,,H + (g) + I (or II)(g) == IH + (or IIH ')(g) 


+ BIe,(g) KP, dAGH+(g) (2) 
The relevant ions, B,,H'(g), IH'(g) and IIH+(g), 


were generated by chemical ionization. Gaseous mix- 
tures of I or I1 and the corresponding reference bases 
were ionized by electron impact (nominal ionization 
energies in the range 11-13 eV). The reactive fragment 
ions thus formed acted as proton sources. For each 
equilibrium, K p  values are the average of at least six 
different measurements, carried out on mixtures having 
different total pressures. Also, the ratios of the reagents 
were varied as much as possible. Reaction times were 
generally 10-15 s. In every case, double-resonance-like 
experiments were performed. Thus, IH + (g) [or 
IIH'(g)] was isolated by ejecting all other ions by 
means of radiofrequency 'chirps' (broad-band mode) 
and proton transfer was allowed to take place. The 
signal of B,,H'(g) appeared, grew and finally levelled 
off after reaction times of 5-10 s. At these times and 
beyond, the ratio of the relevant ion intensities agreed 
well with the values obtained in standard equilibration 
runs. Similar experiments were performed in which 
B,,H' was isolated. Their outcome was the same. 


The reversibility of reaction (2) was confirmed by 
means of double-resonance experiments. The values of 
dAG,+(g) given in Table 1 are defined as 
dAG,+(g) = -RT In K p  All GBs are referred to 
ammonia (the gas-phase basicities of the reference 
compounds are published values from Taft's labora- 
tory;"" they have been anchored to the most recent high- 
pressure mass spectrometric work by Szulejko and 


H 


M+ IM+ 


McMahonlIb as indicated in Ref. lob. Thus, with 
respect to this reference, GB(B)= -MGH+(g) for the 
reaction 
I (orII)(g)+NH,+(g)+IH' (orIIH+)(g) 


MG,+(g) is the average of the M G  values obtained 
through the equation 


+ NH,(g) M G H + ( g )  (3) 


M G =  6AGH+(g) +AAG,+(std) (4) 


B,,(g) +NH,*(g)--B,,H'(g)+NH,(g) (5 )  


where MG,+(std) pertains to the reaction 


The corresponding PA values relative to ammonia 
and presented in Table 5 were obtained using entropy 
changes AAS estimated by means of the appropriate 
changes in symmetry numbers as described in Ref. 12. 


X-ray structure determination. A summary of 
crystal data and refinement parameters is given in Table 
2. The crystal of I1 was sealed in a glass capillary to 
prevent air decomposition. The structure of IH' was 
solved by Patterson and subsequent Fourier synthesis, 
while that of I1 was solved by direct methods (SIR92)I3 
in the Cc space group. Since the molecule presents an 
almost binary axis passing through the N-2 atom and the 
mid-point of C-4-C-5, the refinements were carried out 
in the Cc and C2/c space groups. The C2/c group was 
chosen because of high values of the correlation 
parameters in Cc and unreliable bond distances and 
angles. Owing to the lack of symmetry in the pyrazole, 
a statistical disorder of 50% was assumed for the 
molecule. The refinements were carried out by least- 
squares procedures using full matrix. After several 
cycles of isotropic refinement in IH', the Ap map 
showed peaks that were assigned to the methyl groups 
of two tert-butyl groups. These peaks were then refined 


Table 1. Gas-Dhase basicities of Dvrazoles I and I1 obtained with reference bases (all values in kcal mol-') 


Compound Reference base AAG,+ (std) dAG,*(g) AAG UGH+ (g) 


3,4,5-Tri-rerr-butylpyrazole ( I )  EtNMe, -26.0 - 1.60 -21.60 -27.7 kO.1 .. 
PriNH . 


1,3,4,5-Tetra- rert-butylpyrazole (11) Et,N 
Pr,W 


- 28.2 0.35 -27.85 
-31.3 -2.50 -33.80 - 34.0 * 0.2 
-33.4 -0.82 -34.22 
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with occupancy factors of 50150 and 47/53 for the 
methyl groups bonded to C-6 and C-10, respectively. In 
spite of the high thermal factors of the other tert-butyl 
group, no disorder model could be obtained. Hydrogen 
atoms were located on a difference Fourier map, except 
some of the tert-butyl groups in IH', that were intro- 
duced at the calculated positions with respect to the 
observed positions. All hydrogen atoms in I1 were 
refined isotropically while only H-1, H-2, H-181 and 
H-182 were refined in IH'. The scattering factors were 
taken from the International TabIes for X-Ray Crystal- 
10graphy.'~ Table 3 lists the final atomic coordinates and 
equivalent thermal factors for non-hydrogen atoms. The 


calculations were carried out with the XTAL,I5 
PESOSi6 and PARST" set of programs running on a 
VAX 6410 computer. 


RESULTS AND DISCUSSION 


The geometrical characteristics describing the molecular 
and crystal structures of IH' and I1 are given in Table 
4. The atom numbering follows the scheme indicated in 
Figures 1 and 2. 


The pyrazole ring is non-planar, especially in I1 
(x2=32.75 and 1794.38 for IH' and 11, respectively, 
vs the tabulated value of 5.99), owing to the steric 


Table 2. Crystal analysis parameters at 200 K 


Crystal data IH + I1 


Formula 
Crystal habit 
Crystal size (mm) 
Symmetry 
Unit cell determination 


Unit cell dimensions (A, ") 


Packing: V (A3),  Z 
D, (g ~ m - ~ ) ,  M, F(000)  
P (cm-')  


Experimental data 
Technique 


Radiation 
Scan width 
fk,, 


Number of reflections: 
Independent 
Observed 


Standard reflections 


Solution and refinement: 
Solution 
Refinement: least-squares on 


Parameters: 
Number of variables 
Degrees of freedom 
Ratio of freedom 
Final shift/error 
Secondary extinction ( /  10') 


H atoms 
Weighting scheme 
Max. thermal valueJi2) 
Final AF peaks (e A- ' )  
Final R and R.. 


C,,H,JVN;.CI - .H20 


0.47 x 0.33 x 0.10 
Colourless plate 


Monoclinic, P2,/c 
Least-squares fit from 
reflections (6 < 45" 
LI = 9.8843 (10) 
b=  16.7720(14) 
C =  11.3002(15) 
90, 112.08(1), 90 
1736.0(3), 4 
1.113, 290.88, 640 
19.21 


.CwH382 
Colourless plate 


Monoclinic, C2/c 


reflections (6  < 45") 
a = 17.8882(17) 


0.50 x 0.40 x 0.27 


49 Least-squares fi t  from 62 


b = 9.0100(6) 
c = 12.0055(9) 
90, 104.256(7), 90 
1875.4(2), 4 
1.036, 292.5 1, 656 
4.17 


Four-circle diffractometer: Philips PW 1100, bisecting geometry. 
Graphite oriented monochromator. 0 /20 scans. 


Detector apertures 1 x lo. 1 min/reflex. 
Cu K a  Cu K a  
1.5" 1.5" 
6.5" 65" 


297 1 1601 
2521 [2u(I) criterion] 
2 reflections every 90 minutes 
1.4% decay 1.5% decay 


Patterson and difference synthesis 
Full matrix 


243" 169 
2278 1181 
10.37 7.99 
0.13 0.01 


- From difference synthesis 
Empirical so as to give no trends in (wA'F) vs ( I Fob, I ) and (sin @/A) 


1350 [2n(I) criterion] 


Direct methods: Sir92 


3 ~ )  7 ~ )  


1733 [C(17)] =0.27(1) 
0.52 0.34 
0.084.0.102 0.047.0.059 


Ull  [C(ll)]  =0.082(2) 


'See Experimental 
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Table 3. Atomic coordinates and equivalent thermal factors 
~~ ~~~ ~ 


Compound Atom x Y Urn Atom X Y urn 


I1 


I CI -0*1216(1) 0.07935(6) 
N-2 0-1144(3) 0.2012(2) 
C-4 0.2678(3) 0.2889(2) 
C-6 0.0100(4) 0.3318(2) 
C-81" -0.031(1) 0.2886(6) 
C-72" -0.1321(9) 0.2775(6) 
C-92" 0.036(2) 0.376(1) 
C- l l lb  0-5121(8) 0.3687(5) 
C-131b 0.299(1) 0.3840(6) 
C- 122' 0.400(2) 0.41 90 (7) 
C14 0.4659(3) 0.1712(2) 
C-16 0.4901 ( 5 )  0-1848(5) 
0-18 0.1817(4) 0.0053(2) 
N-la 0.44471(8) 0-4562(2) 
C-3" 0-44471 (8) 0.4562(2) 
C-6 0.38686(9) 0.5464(2) 
C-8 0.3247(1) 0.6110(3) 
C-10 0.4298(1) 0.6778(3) 
C-12 0.3231(1) 0.2418(3) 


0.1124(1) 0.0701(5) N-1 
0.1129(3) 0.044(1) C-3 
0*0870(3) 0.039(1) C-5 
0-1132(6) 0.076(2) C-71* 
0-231(1) 0.078(4) C-91" 
0.071(2) 0.102(6) C-82" 
0.219(2) 0.112(8) C-10 
0.1396(8) 0.064(3) C-121b 


-0.0702(8) 0.077(4) C-112' 
0.147(1) 0.088(6) C-132' 
0@27(3) 0.048(1) C-15 


-0-0303(5) 0.101(3) C-17 
0-1479(4) 0.066(2) 
0.6878(1) 0.0390(5) N-2 
0.6878(1) 0.0390(5) C-5 
0-5984(1) 0.0445(6) C-7 
0.6518(2) 0.0641(8) C-9 
0.5621(2) 0.0649(8) C-11 
0.6974(2) 0.0610(8) C-13 


0.2282(3) 0-1600(2) 0.1075(3) 0.042(1) 
0.1327(3) 0.2787(2) 0.1025(3) 0.041(1) 
0.3263(3) 0.2109(2) 04)935(3) 0.038(1) 
0.076( 2) 0.4 100( 8) 0.196 (2) 0.080(5) 


-0.114(1) 0.3414(9) 0.006(1) O.OSS(5) 
-O.OSO(l) 0.3847(6) -0.031(1) 0.089(5) 


0.3314(5) 0.3682(2) 0.0589(5) 0.072(2) 
0.301(1) 04406(5) 0.139(1) 0.079(4) 
0.178(1) 0.4110(6) -0.058(1) 0.080(4) 
0.404(1) 0.3497(7) -0.046(1) 0.080(5) 
0.5963(4) 0.1974(6) 0.2062(5) 0.1 16(3) 
0.4536(7) 0.0818(4) 0.101(1) 0.130(5) 


0.5 0.5424(2) 0.75 00483 (7) 
0.46256(9) 0.3053(2) 0.7131(1) 0.0361(5) 
0.40 16 ( 1) 0.1 789 (2) 0.6898 (2) 0.0485 (6) 
0.3521 (1) 0.4622(3) 0.4871 (2) 0.0589(7) 
0.4 179 (2) 0.0622 (2) 0.7866 (2) 0.06 17 (8) 
0.3925(2) 0.1007(2) 0.5733(2) 0.0617(8) 


a Population parameter (pp) = 50%. 
bpp = 53%. 
pp = 47%. 


effect of contiguous terr-butyl groups. Moreover, 
angular distortions at the external angles of the aromatic 
carbon atom where the substituent is bonded are also 
observed: C-C-3-C-4 > C-C-3-N-2, and so on. The 
conformation of the pyrazole in IH' is a distorted 
envelope flapping at C-4 while I1 displays a half-chair 
conformation with C-4 and C-5 atoms lying above and 
below the plane defined by the other three. The Cremer 
and Pople parGmeters'* for both rings are q2 = 0.017(3) 
and 0.066(2) A and O2 = 113 and 126", respectively (vs 
108 and 126" for the ideal envelope and half-chair 
conformations). In addition, the Csp3-C(pyrazole) bond 


0 


d 


appears to be elongated [1.534(5)-1.555(6) A] in IH' 
and 1.554(2) in 11, with respect to the mean value 
retrieved from the Cambridge Structural Database of 
1.527(16) A.I9 The other distance of 1.529(2) A, in 11, 
corresponds to the N/C-C,,; bonds owing to the statis- 
tical disorder (see Expenmental). The Csp3 atoms 
bonded to the pyrazole ring deviate from the mean- 
square pyrazole planes (Figures 3 and 4) up to 0.134(6) 
and 0.501(2) A, respectively. The deformation 
increases with increasing number of contiguous tert- 
butyl substituents to alleviate the congestion of the 
methyl groups. When the tert-butyl groups are further 


0 


d 


Figure 1. Ortep'' view of IH' showing the atomic numbering. Ellipsoids are drawn at the 30% probability level. For clarity 
purposes, only one conformation of the disordered rerr-butyl group has been plotted 
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Table 4. Geometric parameters (A, ") 
Bond IH + I1 I (AM1) IH' (AM1) I1 (AM1) IIH' (AM1) 


N-1-N-2 
N-14-5  
N-2-C-3 
c-3-c-4 
c-4-c-5 
N-1-C-6 
C-S-C-6/C-6' 
C-4-C- 10/C-7' 
c-5-c-14/c-7 
N-1-N-2-C-3 
N-2-C-34-4 
c-3-c-4-c-5 
N-1-C-5-C-5 
N-2-N- 1 4 - 5  
C-6-N-1-C-5 
C-6-N-1-N-2 
C-6/C-6'-C-3-C-4 
C-6/C-6'-C-3-N-2 
C-lO/C-7'-C-4-C-5 
C-lO/C-7'-C-4-C-3 


c-14/c-7-c-5-c-4 
C-14/C-7-C-S-N-l 


N-1-N-2-C-3-C-4 
N-2-C-3-C-4-C-5 
C-3-C-4-C-5-N-1 
N-2-N- 1-C-54-4 
C-5-N-1-N-24-3 
C-4-C-5-N-1-C-6 
C-5-N-142-642-8 
C-5-N- 1-C-64-9 
C-5-N- 1-C-6-C- 10 
N-1-N-2-C-3-C-6/C-6' 
N-2-C-3-C-64-7 
N-2-C-34-64-8 
N-2-C-3-C-6-C-9 
N-2-C-3-C-4-C- 10/C-7' 
c-3-c-4-c-10/c7'-c-11 
C-3-C-4-C-10/C-7'-C-12 


c-3-c-4-c-5-c-14/c-7 
C-3-C-4-C-lO/C-7'-C- 13 


N-l-C-5-C-14/C-7-C-l5/C- 1 1 
N-l-C-5-C-14/C-7-C-l6/C-l2 
N-l-C-5-C-14/C-7-C-17/C-13 
C-7'-C-4-C-5-C-7 


1.340 (4) 
1.345 (4) 
1.323(4) 
1.421(5) 
1.421(4) 


1.545 (6) 
1.555 (6) 
1.534 (5) 


- 


11 1.0(3) 
107.1 (3) 
105.4 (3) 
107.0(3) 
109.5(3) 


- 
- 


137.9 (3) 
115.0(3) 
127.6 (3) 
126.8 (3) 
114.6(3) 
138.4(3) 


1.0(4) 
-1.8(4) 


1.9(3) 
-1.3(4) 


0.2 (4) 
- 
- 
- 
- 


- 177.6 (3) 
139.3 (7)/ -25.3 (7) 
40.1 (6)/- 122.6(5) 


142.4(4)/-43.5 (6) 
39.9(7)/8 1.8 (9) 


-93.4(6)/ - 138.9 (6) 
- 176.0(4) 
-115.3(4) 


1 19.4 (4) 
3.1 ( 5 )  


- 


1.333(2) 
1.41 2 (2) 
1.333(2) 
1.412(2) 
1.412(2) 
1.529 (2) 
1.529 (2) 
1.554(2) 
1.554(2) 


108.7 ( 1) 
1 10.1 (1) 
105.3 ( 1) 
105.3 (1) 
1 10.1 (1) 
137.8 (1) 
11 1.3(1) 
137.8(1) 
11 1.3(1) 
128.9( 1) 
123.7(1) 
123.7(1) 
128.9( 1) 


2.4(2) 
-6.1(2) 


7.2(2) 
-6.1 (2) 


2.4(2) 
162.6 (2) 
105.6( 2) 
-21.3(3) 


-137.7(2) 
- 
- 
- 
- 
- 
- 
- 
- 


-156.8(2) 
-141.4(4) 
- 29.0(2) 


93.7(2) 
39.2(3) 


1.316 
1-405 
1.369 
1.475 
1.428 


1.514 
1.496 
1.509 


- 


107.9 
108.8 
104.4 
105.4 
113.4 
- 
- 


134.5 
116.6 
126.9 
128.6 
118.0 
136.5 


2.4 
-4.7 


5.0 
-4.0 


1 .o 
- 
- 
- 
- 


- 174.6 
137.4 
19.2 


-97.2 
171.9 
-30.6 


91.8 
- 146.5 
- 170.8 
- 129.3 


106. I 
-12.5 
- 


1.345 
1.396 
1.397 
1449 
1 449 


1.518 
1.501 
1.518 


- 


109.9 
106.7 
105.5 
107.0 
1 10.0 
- 
- 


136.7 
116.5 
1264 
127.7 
116.8 
136.1 
10.2 
-7.5 


2.4 
3.9 


-8.9 
- 
- 
- 
- 


-168.1 
139.2 
20.9 


-96.0 
170.2 
- 30.5 


91.7 
- 146.5 
- 172.7 
- 126.4 


109.0 
-9.5 
- 


1.339 
1.436 
1.357 
1.473 
1.424 
1.497 
1.511 
1.495 
1.510 


109.7 
108.7 
104.2 
106.2 
109.9 
126.9 
1 16.5 
132.3 
118.6 
127.8 
126.6 
122.6 
127.6 


5.3 
-10.7 


11.6 
-9.2 


2.4 
140.7 
117.6 
-6.6 


- 124.8 
- 167.8 


24.4 
-94.6 
141.0 
156.6 
- 30.5 


91.7 
- 144.8 
- 147.0 
-132.1 
-18.1 
105.3 
46.0 


1.360 
1.424 
1.379 
1.449 
1.443 
1.520 
1.516 
1.500 
1.517 


112.6 
106.2 
105.2 
107.8 
106.5 
128.1 
116.6 
134.9 
118.5 
127.8 
125.8 
121.5 
127.7 


6.6 
-11.6 


12.6 
-8.8 


1.4 
136.9 
119.9 
- 3.5 


- 122.0 
- 166.8 


24.4 
-95.2 
141.1 
157.0 
-31.1 


91.0 
-145.5 
- 147.7 
- 132.7 
- 18.6 
104.7 
44.1 


X-H...Y Symmetry Compound X-H...Y X-H x-Y H...Y 


IH + N-2-H-2..CI 0.79 (6) 3.100(4) 2.35 (6) 171(6) x y  : 
1H N-1-H-1-0-18 0.92(4) 2.699(5) 1.81 (5) 166(4) xy: 
IH * 0-18-H- 182-CI 0.90( 10) 3.124(5) 2.43(8) 146(6) xy:  
IH * 0-18-H- 181-421 0.79 (4) 3.119(4) 2.93(4) 98(3) -x -y -: 
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Figure 2. Ortep” view of I1 showing the atomic numbering. 
Ellipsoids are drawn at the 30% probability level 


apart, as in 3,5-di-tert-butylpyrazole (111) and its 
hydrochloride (IIIH +), no deformation was observed in 
the solid state.20.2i In IH +, the disordered tert-butyl 
groups present approximately ‘perpendicular’ confor- 
mations (30, -90, 150°)22 which are symmetrically 
related with regard to the pyrazole plane (-30, 90, 
- 150’) (Table 4). The third group, not disordered, is in 
a ‘parallel’ conformation (0, 120, -120°),2’ the C-17 
atom being eclipsed with the N-1 atom. In 11, all groups 
display the ‘perpendicular’ conformation. 


The lack of planarity of pyrazole rings in IH + and I1 
was also supported by semi-empirical AM1 calcula- 
t i o n ~ . ~ ~  Although this method overestimates the pyrazole 
deformation, which is greater in the cations than in the 
neutral molecules (Table 4), the agreement is fairly 
good even in the description of the conformation of 
tert-butyl groups and in the external angular distortions 


Figure 4. Crystal packing of 11 down the b axis 


observed in the x-ray study. The CSp3 atoms bondFd to 
the pyrazole ring deviate up to 0.25 and to 0.74 A for 
IH’ and 11, respectively, with respect to that ring. The 
greatest discrepancies appeared in the bond distances, 
larger in the AM1 calculation. Therefore, the loss of 
planarity of these molecules can be attributed to the 
proximity of bulky substituents and not to crystal 
packing effects. 


In IH +, two water molecules centrosymmetrically 
related are hydrogen bond bridged by the chlorine 
anions and the group of (C1 - - .H20)2 acts as acceptor 
of the two N-H hydrogen bonds forming dimers (Table 
4 and Figure 1). The geometry of the CI- and H,O 
arrangement is similar to that reported previously,2i 
0-CI = 3.1?4(5), 3.119(4) A and O-CI-.O = 76.9(1)’ 
vs 3.32(7) A and 78(7)O. The crystal in IH’ consists of 
these discrete units while the molecules in I1 are sep- 
arated by van der Waals forces. There are no voids in 


Figure 3. Crystal packing of IH’ down the a axis 
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Table 5. AM1 calculation of the proton affinity of pyrazoles (all values in kcal mol-')" 


AHi 
PA calc. by 


Compound Neutral form Cation Calc. PAb EXD. PA' eauation (6) 


3,4,5-Tri- tert-butylpyrazole (I) 28.4 179.0 2 166 231.3 228.7 
1,3,4,5-Tetra-tert-butylpyrazole (11) 39.4 180.7 225.9 237.2 237.7 
3,5-Di-tert-butylpyrazole (111) 24.2 177.4 214.0 227.2d 226.2 
Pyrazole (IV) 656 229.9 202.9 213.3* 215.5 
1-tert-Butylpyrazole (V) 59.4 213.4 213.2 - 225.4 
Bent pyrazole (IVb) 826 250.1 199.7 - 212.4 


'According to equation ( 5 ) :  B,c,(g) +NH,+(g)=B,<,H'(g) + NH,(g). 
bA.N,(H +) = 367.2 kcal mol 
' PA(NH,) = 204.0 kcal mol -'. 
From Ref. 28. 


the structures, although the total packing coefficients are 
rather low, 0.646 and 0.651, respectively; this fact, 
usually associated with the presence of tert-butyl 
groups,24 is also reflected in the low density of both 
compounds. The chlorine anions and water molecules 
are located in cavities whose corresponding shape, 
characterized by the planar inertial moments of volume 
over those of surface, can be described as a torus." The 
local packing coefficient in IH + is 0.525. 


Having demonstrated that the deformations found in 
the crystal are intrinsic properties, we can return to the 
problem of the gas-phase basicities and the possible 
influence of the distortion of aromatic rings on their 
thermodynamic properties. We have reported that AM 1 
basicities are well correlated with experimental P A  
values.26 For 67 compounds the following equation 
holds: 


PA(AM1) = -20.36 + 1.036(*0.028) PA(exp) (6) 
11 = 67, r2 = 0.965 


We have gathered in Table 5 the relevant information 
necessary for the following discussion. 


The differences (APA) between I and I1 
(+9.3 kcal rnol -') and IV and V (+ 10.3 kcal rnol - '  ) 
(1 kcal = 4.184 kJ) are similar, hence the steric effect on 
the basicity does not seem to be important because the 
effects largely cancel out. If we add to the value for 
pyrazole itself (IV, PA = 202.9 kcal mol-') the effect 
of tert-butyl substituents (calculated from monosubsti- 
tuted derivatives lacking steric repulsion) from Ref. 24 
(position 3, 6.06; position 4, 3.12; position 5 ,  
4.81 kcal rnol - I )  and position 1 (9.3 kcal rnol -I), the 
resulting value is 226.2 kcal rnol - I ,  close to 
225.9 kcal mol-I, another indication of the absence of 
steric effects between neutral and protonated species. 


To approach this problem differently, we carried out a 
calculation, within the same approximation, for an 
unsubstituted pyrazole having the ring geometry of 
compounds I1 and IIH'. The result, reported in Table 5 
for 'bent pyrazole IVb' shows that the neutral molecule 


is 17.0 kcalmol-' less stable than the planar molecule, 
whereas the cation (IVbH') is 20.2 kcalmol-' less 
stable. The fact that the cation loses more energy than 
the neutral molecule is probably related to the fact that 
the former is more aromatic than the later (pyrazolium 
cations have much more regular geometries than pyra- 
zoles; see Table 4 and Refs 20  and 21). However, the 
difference (20.2 - 17.0 = 3.2 kcal rnol - ' )  is relatively 
small and, as a consequence, structural distortion only 
brings about a modest base-weakening effect. 


SUPPLEMENTARY MATERIAL 


Lists of structure factors, thermal components, hydro- 
gen parameters and bond distances and angles have been 
deposited at the Cambridge Crystallographic Data 
Centre. 
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COMPUTATIONAL INVESTIGATIONS OF CARBONYL REACTIONS: 
COMPARISON BETWEEN NUCLEOPHILIC ADDITION VERSUS 


ENOLATE FORMATION IN THE REACTION OF ACETALDEHYDE 
WITH HYDROXIDE ION 


JULIANTO PRANATA 
Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701, USA 


Reaction pathways leading to nucleophilic addition and enolate formation were investigated for the reaction 
between acetaldehyde and hydroxide anion. Ab initio calculations predict small activation barriers for both 
reactions in the gas phase. Monte Carlo simulations were performed to assess the effects of aqueous solvation. It 
was found that both reaction pathways involve significant solvent-induced activation barriers, in addition to 
effecting some structural changes in the transition state. 


INTRODUCTION 


Carbonyl compounds occupy an important position in 
organic chemistry. Many different compounds contain 
the carbonyl functionality, and their reactions are 
fundamental to many synthetically useful transforma- 
tions. Many biologically important molecules are 
carbonyl compounds, proteins being the most obvious 
example. Our group is currently involved in the com- 
putation of potential energy surfaces for the reactions of 
carbonyl compounds. Our previous work in this area 
concerned the base-promoted hydrolysis of esters and 
amides.’*2 Similar processes, namely the nucleophilic 
addition to a carbonyl group, have been examined by 
many other  worker^.^-^ We have also studied other 
aspects of carbonyl chemistry, including the basicities 
of carboxylate lone and protonation of 
amides.lO*l’ 


The primary focus of the work reported here was to 
compare the two possible pathways for the reaction 
between hydroxide ion, representing a base and/or 
nucleophile, and acetaldehyde, a prototypical carbonyl 
compound. The first involves nucleophilic addition to 
form a tetrahedral intermediate, a process similar to 
those investigated previously. The second is abstrac- 
tion of the a-proton of acetaldehyde, leading to enolate 
formation. Only a few computational investigations of 
this process have been reported.I2-l4 In the one that is 
particularly relevant to our work, l 3  the reaction pathway 
was constrained to enforce a colinear proton transfer, 
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making it difficult to evaluate the actual energetics of 
the reaction. 


In our work, we utilized ab initio calculations to 
compute, without constraints, the reaction pathways for 
both processes in the gas phase.I5-l7 Subsequently we 
performed Monte Carlo simulations to assess solvent 
effects.18 This method of combining ab initio calcula- 
tions and Monte Carlo simulations has been used several 
times in the past for a variety of chemical  reaction^.'^-^' 
Our results indicate that both reactions require very little 
activation energy in the gas phase, but transfer to the 
solution phase introduces significant solvent-induced 
activation energy barriers. 


EXPERIMENTAL 


Ab initio calculations were performed initially at the 
RHF/6-31 +G(d) level. The incorporation of diffuse 
functions (the ‘+’ in the basis set designation) is 
known to be particularly important in the calculation of 
anionic systems.22 The transition state for both the 
nucleophilic addition and enolate formation processes 
were located. The intrinsic reaction coordinate (IRC) 
method as implemented by Gonzalez and S~hlege l ’~~’’  
was used to follow the reaction pathways from each 
transition state to the reactants and products. A total of 
23 structures were computed for the nucleophilic 
addition pathway; the enolate formation pathway 
consisted of 31 structures. Additional ab initio calcula- 
tions performed include a reoptimization of the 
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stationary points at the MP2/6-31 +G(d) level, fol- 
lowed by single-point calculations using a larger 
basis set, 6-311++G(d,p), and higher levels of 
electron correlation, up to MP4(SDTQ). The stationary 
points were subjected to frequency calculations at the 
RHF/6-31 +G(d) and MP2/6-31 +G(d) level, both in 
order to confirm their character and for thermodynamic 
analysis. l5 For this purpose, appropriate scaling factors 
(0.9135 for RHF and 0.9646 for MP2)23 [strictly, these 
scale factors were developed for the 6-31G(d) basis 
set (without the diffuse functions) and only for the 
calculation of zero point energies; however, in the 
absence of more suitable alternatives we feel their use 
in the current context is appropriate] were used on the 
computed frequencies, and modes with frequencies less 
than 500 cm-’ were treated as classical rotations. The 
frequency calculations on the stationery points for the 
enolate-forming reaction were also use to calculate 
deuterium kinetic isotope effects, the results of which 
are presented elsewhere.24 


Monte Carlo simulations were performed on an 
isothermal-isobaric ensemble consisting of the reacting 
system plus 263 water molecules in a cubic box with 
dimensions ca 20 x 20 x 20 A3. Periodic boundary 
conditions were employed. The TIP4P model for water” 
and standard OPLS Lennard-Jones parameters26 for the 
solute were utilized. Partial atomic charges were 
obtained by fitting to ab initio-derived electrostatic 
potentials” for all the structures computed along the 
reaction pathways. These options have been shown to 
produce reasonably accurate free energies of hydra- 
tion. 28 A series of simulations incorporating statistical 
perturbation theory were utilized to compute the 
changes in the free energies of hydration along the 
reaction pathway. In most cases one or two simulations 
are sufficient to connect any two neighboring points 
along the pathway. Each simulation consists of the 
generation lo6 configurations for equilibration, followed 
by 2 x lo6 configurations for averaging. 


Ab inito calculations were performed using the 
Gaussian-92 program2’ on a Silicon Graphics Indigo R- 
4000 computer. Monte Carlo simulations were per- 
formed using the BOSS program3’ on a 
Hewlett-Packard Apollo Series 700 computer. 


RESULTS AND DISCUSSION 


Gas-phase reaction pathways 
Optimized structures for the reactants, transition states 
and products for both nucleophilic addition and enolate 
formation processes are displayed in Figure 1, with the 
bond distances listed in Table 1. Energy related results 
are listed in Table 2. The energy profiles are shown in 
Figures 2 and 3. It was found that following the IRC 
pathway from either transition state resulted in identical 
structures for the reactants. 


H2 


Reactant Transition States Products 


Figure 1. Structures of the reactants, transition state and 
products for the nucleophilic addition (top) and enolate 


formation (bottom) pathways 


-6 -5 -4 -3 -2 -1 n 1 z 


Figure 2. Gas-phase electronic energy profile for the nucleophilic 
addition reaction. For this and Figure 3, the RHF profile was 
explicitly calculated using IRC computations and the h4P2 and 


Mp4 profiles were interpolated from the stationary pints 


Reaction Cwrdinate 


- 2 5 :  . , . I . I . , . , 9 I . 
-6 -4 -2 0 2 4 6 


Reaction Coordinate 


Figure 3. Gas-phase electronic energy profile for the enolate 
formation reaction. See caption to Figure 2 
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Table 1. Optimized bond distances (A)a 


Nucleophilic Nucleophilic Enolate Enolate 
Bond Reactant TS product TS product 


c1-01 


C1-H1 


c 1 -c2 


C2-H2 


C2-H3 


C2-H4 


c2-02 


H2-02 


02-H5 


0 1 -H5 


1.2054 
1.2410 
1,0869 
1,1011 
1.5019 
1.4980 
1.0826 
1.0978 
1.0873 
1.0976 
1.0864 
1.0950 
2.9084 
2.8885 
2.4654 
2.1505 
0.9495 
0.9763 


1.2074 
1.2405 
1.0833 
1.0969 
1,5055 
1.5040 
1.0790 
1.0938 
1.0940 
1.1002 
1.0826 
1.0945 
2.3680 
2.4787 


0.9499 
0.9770 


1.3064 
1.3234 
1.1100 
1.1219 
1.5393 
1.5368 
1.0912 
1.0989 
1.0891 
1.0974 
1.0877 
1.0956 
1.4684 
1.5255 


0.9482 
0.9781 


1.21 18 
1.2458 
1.1011 
1.1130 
1.4507 
1.4545 
1.3014 
1.2212 
1.0885 
1.0957 
1.0863 
1.0936 


1.3521 
1.5181 
0.9500 
0.9762 


1.2613 
1.2954 
1.1016 
1.1143 
1.3688 
1.3812 


1.078 1 
1.0877 
1.0793 
1.0884 


0.9473 
0.9722 
0.9700 
1.0016 
1.8228 
1.7711 


'The two values shown for each parameter are optimized at RHF/6-31 +G(d) and MP2/6-31 +G(d), respectively. 


Table 2. Energy-related quantities from ab initio calculations" 
~~ 


Nucleophilic Nucleophilic Enolate Enolate 
Reactant TS product TS product 


RHF/6-31 +G(d) 
MP2/6-31 +G(d) 


MP2/6-311+ +G(d,p) 
MP3/6-311+ +G(d,p) 
MP4(DQ)/6-311+ +G(d,p) 
MP4(SDQ)/6-311+ +G(d,p) 
MP4(SDTQ)/6-311+ +G(d,p) 
E . 2y8[RHF/6-31 +G(d)] dbk [RHF/6-3 1 +G(d)] 
EV,,2y8 [MP2/6- 3 1 +G (d) I 
SZYR[MP2/6-31 +G(d)] 


RHF/6-311++G(d,p) 


- 228,327402 
-228.978059 
-228.392877 
-229.120736 
-229.125049 
-229.133889 
- 229.146190 
-229.176896 


42.7 
82.2 
42.7 
79.8 


2.7 
1.3 
2.7 
1.2 
1.6 
1.8 
1.3 
0.6 


42.9 
73.6 
42.6 
74.0 
2.2 


- 13.4 
- 15.0 
-11.6 
-15.0 
- 17.3 
- 15.5 
- 14.7 
- 14.7 


44.9 
68.5 
44.6 
68.8 
-9.6 


7.3 
1.2 
5.3 


-0.6 
0.6 
1.4 
1 .o 


-0.3 
39.7 
75.4 
40.3 
75.5 
-1.5 


-18.1 
-17.7 
-20.4 
-22.0 
-24.1 
-21.5 
-20.5 
-20.7 


43.3 
79.8 
43.1 
77.5 


- 19.7 


'Electronic energies of transition states and products are in kcal mol-l relative to the reactant, whose energy is shown in atomic units. Vibrational 
energies are in kcal mol-I; they include zero-point energies plus additional terms due to population of higher vibrational levels. Entropies are in 
cal mo1-I K - I .  AGzw are in kcal mol -I relative to the reactant; the values shown incorporate the MP4(SDTQ) electronic energies and MP2-derived 
vibrational energies and entropies. 


Optimizations at FWF and MP2 levels [both with the exception is the Cl-C2 distance, which is sometimes 
6-31+G(d) basis set] result in similar geometries for shorter at the MP2 level. In addition, non-bonded 
transition states and minima. As expected, in general distances in the reactant complex and the enolate product 
MP2 bond distances are somewhat l~nger .~ ' .~ '  A notable complex are shorter at the Mp2 level, suggesting tighter 
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complexes. In the transition state for enolate formation, 
comparison of the C2-H2 and H2-02 distances 
suggests an earlier transition state at the MP2 level. 


It is worth noting that transition states can actually be 
found for both processes. Many previous calculations on 
nucleophilic additions to carbonyl compounds concluded 
that there is no barrier to the formation of the tetrahedral 
intem~ediate.~.~ In contrast, we found activation free energy 
barriers for the hydrolysis of esters and amides,’.2 and 
likewise here. The electronic energy contribution to this 
barrier is small, but entropic contributions make it larger 
(Table 2). This is expected because a bond is being formed, 
the entropy is even smaller in the product where the bond is 
fully formed. In spite of all this, the free energy banier 
remains small (about 2 kcalmol-I), probably comparable 
to the limits of accuracy of the computational model. It is 
possible that this reaction has a negligible activation 
energy, but it would not be correct to say that the process is 
energetically ‘downhill all the way.’ In fact, the energy 
profile is fairly flat until just past the transition state, where 
C-0 bond formation is actually occurring. Then, and only 
then, does the energy start to decrease. 


The existence of a barrier is also ambiguous for the 
enolate formation process. A substantial barrier is found 
with RHF-level calculations, but inclusion of electron 
correlation drastically reduces the barrier height. Beyond 
the MP2 level, the barrier height remains low, at times 
disappearing altogether. Inclusion of entropic contri- 
butions decreases the barrier further. Again, this is 
expected. The process is a proton transfer, and in the 
transition state the proton is loosely bound to both the 
hydroxide ion’s oxygen and the aldehyde’s a-carbon, 
which restricts its motion and reduces the system entropy. 
The entropy then increases towards the products, which is 
a bimolecular complex. Overall, this reaction also has 
negligible activation free energy in the gas phase. How- 
ever, like nucleophilic addition, the energy does not start 
to go down until proton transfer is actually in progress. 
Once the proton has been transferred, the resulting 
enolate-water complex is not at a local minimum. 
Following the IRC pathway, a local minimum is not 
achieved until the water molecule has moved to the other 
side of the enolate to form a hydrogen bond with its 
oxygen atom (Figure 1). This product complex has a 
lower entropy than the reactants (Table 2), because it is 
held together by a relatively stronger hydrogen bond, 
whereas the reactants are at best an ion-dipole complex. 


The orientation of the product looks ideal for a 
reverse proton transfer to form the enol-hydroxide 
complex. However, numerous attempts to explore this 
additional pathway were unsuccessful. Coaxing the 
proton to transfer to the enolate oxygen while moving 
the hydroxide away resulted in a continuous energy 
increase, without any sign of a saddle point. It is likely 
that the enol-hydroxide complex is energetically much 
less favorable and does not lie in a potential energy 
well; the enol tautomer of acetaldehyde is certainly 


much less stable than the keto form. However, it should 
be re-emphasized that these calculations refer to gas- 
phase processes. Solvation will certainly have an effect. 


Solvent effects 
The gas-phase energy profiles of both reactions indicate 
substantially exothermic reactions. In aqueous solution, 
a substantial reduction or even reversal of this exother- 
micity may be expected. The reactant complex includes 
a hydroxide ion, a fairly ‘hard’ base that is expected to 
be well solvated. The products are either a tetrahedral 
intermediate or an enolate, both of which have much 
more diffuse charge distributions and thus expected to 
benefit less from solvation. It may also be expected that 
the enolate has the more diffuse charge distribution 
because of resonance delocalization. 


These expectations are generally confirmed by the 
results of the Monte Carlo simulations. In Figures 4 and 
5 ,  the relative free energy of solvation is plotted as a 


-30 


Reaction Coordinate 


Figure 4. Free energy profiles for the nucleophilic addition 
reaction 


\ --- - - -__  
- 2 0 1 .  , , I r , I 1 .  


-6 -4 -2 0 2 4 6 
Reaction Coordinate 


Figure 5. Free energy profiles for the enolate formation reaction 
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function of the reaction coordinate for both processes. 
The figures also show the gas-phase free energy profile, 
interpolated from the ab initio data, and the total free 
energy profile obtained as the sum of the gas-phase and 
hydration free energy contributions. The solvation free 
energy profiles indicate that the most significant change 
occurs over a relatively narrow range of the reaction 
coordinate, corresponding to the region where the gas- 
phase energy is also changing the most rapidly. This is 
the region where the actual bond-making and -breaking 
process takes place. 


The calculated solvent effects are summarized in 
Table 3. For both reactions the solvent effect is 
significant. Solvent-induced activation barriers are 
observed. In addition, the reactions, which are 
significantly exothermic in the gas phase, become 
endothermic, owing to the lesser stabilization of the 
products due to the solvent. 


In addition to the dramatic changes in the reaction 
energetics, solvation also causes some structural 
changes in the stationary points. The transition states of 
both reactions are slightly shifted towards the products, 
while the locations of both reactant and product com- 
plexes are shifted inward. In other words, all the 
complexes are tighter in solution. One noticeable aspect 
of the enolate-forming reaction is that one of the product 
molecules is water, and in the gas-phase pathway this 
product water molecule reorients itself until it is hydro- 
gen bonded to the carbonyl oxygen. In aqueous solution, 
this is of course unnecessary, and the free energy profile 
in Figure 5 reflects this. The total free energy profile is 
fairly flat past 1.4 on the reaction coordinate, where the 
motion is primarily the reorientation of the product 
water molecule. 


It should be noted that the computational procedure 
employed here does not include a reoptimization of the 


Table 3. Summary of solvent effects 


Reactant TS Product 


Nucleophilic addition 
Gas phase: 


Position" -5.4 0 2.7 
Relative Energy 0 2.2 -9.6 


Position" -5.1 0.8 1.9 
Aqueous phase: 


Relative free energy -0.1 8.3 3.9 
Enolate formation 
Gas phase: 


Position" -5.8 0 7.9 
Relative Energy 0 -1 .5  - 19.7 


Position" -3.3 0.5 1.4 
Relative free energy -2.5 18.9 6.7 


Aqueous phase: 


'Position along the reaction coordinate. as illustrated in Figures 4 and 5. 
In kcal mol - ' 


reacting system's geometry in the solution phase, so the 
only solvent-induced structural changes detected are 
shifts along the one-dimensional reaction coordinate. 
This methodology would underestimate the solvent 
effects, so the actual effect would be even more 
dramatic. 


Some tabulated values for the activation energies for 
proton transfer reactions in water are in the range of 
14-23 kcalmol-' with activation entropies of -16 to 
-26 cal mol-' K-1 ,33  giving free energies of activation 
in the range 21-29 kcalmol-'; these are for proton 
transfers from a variety of organic acids to water. For 
the enolate formation reaction we studied, the acceptor 
is hydroxide instead of water, but the calculated free 
energy of activation in water (21.4 kcalmol-I) is 
consistent with this range. 


In the real world, neither the enolate nor the tetra- 
hedral intermediate is a particularly stable structure, and 
the actual reaction between acetaldehyde and hydroxide 
ion would probably be an aldol condensation. Thus, 
both enolate formation and nucleophilic addition would 
be happening, although in the latter the nucleophile 
involved would be the enolate, not hydroxide. 


CONCLUSIONS 
Reaction pathways for the nucleophilic addition and 
enolate formation in acetaldehyde have been investi- 
gated using a combination of ab initio calculations and 
Monte Car10 simulations. Both reactions were found to 
be substantially exothermic and require very little 
activation energy in the gas phase. Aqueous solvation 
has the effect of reversing the exothermicity of the 
reactions, introducing significant activation energy 
barriers, and causing some structural changes in the 
reactants products and transition states for the reactions. 
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QUANTITIVE APPROACHES TO REACTION MECHANISMS AND CATALYSIS. 
SUBSTITUTION AT CARBON* 


WILLIAM P. JENCKS 
Graduate Department of Biochemistry, Brandeis University, Waltham, MA 02254-91 10, USA 


I have been interested for a long time in reaction mechan- 
isms and, particularly, in the extent to which these 
mechanisms can be diagnosed and predicted. I was 
trained as a physician, but later became interested in 
biochemistry, and then chemistry. Although medicine 
may not seem close to chemistry, my training in medicine 
has frequently been useful in dealing with problems of 
biochemistry, and even chemistry. I want to describe here 
something of what I and my co-workers have learned 
about the chemical reaction of substitution at carbon. This 
would seem to be one of the simplest reactions in chem- 
istry. It is certainly one of the most studied reactions. In 
fact, it has turned out to be one of the most complex 
reactions in chemistry, perhaps because it has been 
studied so thoroughly by so many different investigators. 


How is a medical background useful in chemistry? If 
one studies reaction mechanisms, one must first make a 
diagnosis of the various reaction mechanisms that have 
been proposed for a reaction. Next, we would like to 
know the etiology of the mechanism-why does a 
reaction follow one mechanism rather than another? 
Then we would like to be able to predict what mechan- 
ism will be followed when the structure of the reactants 
or the reaction conditions are changed. This corresponds 
to issues of public health. Finally, we have triage-one 
has to identify and define reaction mechanisms that 
make good sense and characterize the reaction effec- 
tively, and discard those that are not clearly defined. In 
fact, a certain number of the mechanisms that have been 
proposed should be treated by euthanasia. 


Korzybski wrote an extraordinary book, Science and 
Sanity, in 1958 that had a wide influence.‘ Korzybski was 
a semanticist. The theme put forth in his book basically 
says that all of the problems of this world arise through 
semantics-one group of people does not understand 
what another group is talking about and proceeds to go 
to war over the issue. This may lead to disastrous 


consequences. Korzybski emphasized that it is essential to 
have a clear-cut, unambiguous description of what one is 
talking about in order to do good science and retain 
sanity. Some of the terms that have been used to charac- 
terize reaction mechanisms do not follow this criterion. In 
addition, it is often very difficult to distinguish some of 
these proposed mechanisms from each other. 


The problem is particularly difficult for solvolysis 
reactions because it is often difficult to distinguish 
between first- and second-order reactions with the 
solvent. The concentration of solvent cannot be varied 
without changing the reaction conditions. 


Perhaps the most important distinction is to draw a 
sharp line between appearance and reality. Structure- 
reactivity correlations, solvent effects and other tech- 
niques can characterize the nature of the rate-limiting 
transition state, but they frequently do not give a clear 
diagnosis of the mechanism of the reaction. The 
semantic problem comes up in the use of terms such as a 
‘spectrum’ of mechanisms, ‘merging’ mechanisms, 
‘borderline’ mechanisms and ‘ion sandwiches.’ Terms 
of this kind do not provide a useful description of 
reaction mechanisms. A mechanism can have one step 
or two steps, but it cannot have 1.5 steps. 


Some of these terms would be meaningful if 
‘transition-state structure’ were substituted for the word 
‘mechanism.’ Quantitative structure-reactivity correla- 
tions and solvent effects provide information about the 
structure of the rate-determining transition state of a 
reaction. These include structure-reactivity correlations 
such as up, Bransted coefficients for general acid and 
base catalysis and isotope effects on the reaction rate. 
These parameters can give hints as to the reaction 
mechanism, but in general they only describe the 
appearance of the rate-limiting transition state, not the 
number, nature and sequence of the individual steps that 
define the mechanism of the reaction. 
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The Ingold nomenclature for reactions has been 
extremely useful and is widely utilized.* However, it is 
not always recognized that naming a reaction is not the 
same as describing the mechanism of a reaction. Further- 
more, additional terms are sometimes added to the 
Ingold nomenclature that are hard to interpret. For 
example, an ‘SN2 intermediate’ mechanism has been 
proposed. It is not clear whether this means that there is 
an intermediate species formed in the reaction, or 
whether the structure of the transition state is 
intermediate between that expected for a monomolecular 
and a bimolecular reaction. Ingold described the S,2 
reaction very clearly as a reaction that ‘contains only one 
stage, in which two molecules simultaneously undergo 
covalency change.’ Then we have a large collection of 
elimination reactions: E l ,  E,, E l  cB, E l  cBiQ and El  cBsSip 


However, this nomenclature can lead to confusion in 
some cases. It is clear that S,2 is a second-order 
nucleophilic substitution and is concerted, whereas SN1 
is a monomolecular nucleophilic substitution. Unfor- 
tunately, additional terms have been added to this 
nomenclature, such as ‘SN2iQ (ion pair),’ and ‘SN2 
intermediate.’ The meaning of these terms is not clear. 
If the substitution proceeds through an ion pair or some 
other intermediate, it is not concerted. 


Several years ago, IUPAC proposed a nomenclature 
that was designed specifically to describe reaction 
mechanisms. The system describes the mechanism by the 
number and sequence of steps in the reaction and provides 
a simple way of identifying the number of individual 
species along the reaction path.3 I will not describe the 
complete system here, but will give a few examples: 


A, is an association reaction in which the primary 
reactant is a nucleophilic reagent. 


D, is a dissociation in which the leaving group 
departs with its electron pair. 


A, is an association reaction that is electrophilic. 
Thus, AND, is a concerted, one-step reaction with no 


intermediate. 
DN +A, has two distinct steps. It involves dissocia- 


tion of the leaving group with its electron pair followed 
by association with a nucleophilic reagent, which may 
be the solvent with its electron pair. 


D,*A, is a two-step reaction that does not have a 
‘free’ intermediate. This usually regresents an ion pair 
and can be amplified to describe DN’ANip, and DN*ANssiQ 
for a solvent-separated ion pair. 


General usage of this IUPAC nomenclature would 
simplify and clarify the description of reaction mechan- 
isms, and might well prevent some of the confusion and 
controversies that have come about in attempts to 
characterize these reactions. 


HOW DOES A MECHANISM CHANGE? 
The mechanism of a reaction obviously depends upon 
the structure and properties of the reactants, in addition 


to the reaction conditions. When the structure or reac- 
tion conditions are changed, there may well be a change 
in the mechanism. This could come about because there 
are two co-existing mechanisms and one is faster than 
the other under a particular set of conditions. However, 
many changes in mechanism are ‘enforced’ because of 
changes in the reaction conditions or the structure of the 
reacting molecules. 


Some reaction mechanisms can be characterized 
quantitatively by measuring the lifetimes of intermediate 
species. For example, the lifetimes of carbocations can 
be determined by the ‘azide ~ l o c k ’ , ~ - ~  as shown in 
equation (1). We had developed a similar procedure 
previously, with sulfite instead of azide ion as the 
nucleophilic reagent.’ 


ROH + H’ 
If a carbocation, R’, is generated from its azide 


derivative, RN,, it will be formed with a certain rate 
constant, k,, when the azide anion departs to generate 
the carbocation; an oxocarbenium ion. The carbocation 
will then react rapidly with water. However, if the 
reaction is carried out in the presence of added azide, 
the azide ion will compete with the water and react with 
the carbocation to regenerate the starting material. When 
the azide concentration is sufficient to decrease the 
solvolysis rate by SO%, half of the carbocations are 
reacting with water and half with azide. Under these 
conditions, the first-order constant for reaction with 
water is equal to the pseudo-first-order rate constant for 
reaction with a particular concentration of azide that 
gives 50% inhibition. The reaction with azide is 
diffusion-controlled, with a rate constant close to 
5 x 10’ 1 mol-I s-l.’ When there is 50% inhibition, 
k,,, = k,[N;]. Thus, if 0.4 M azide gives 50% inhibi- 
tion, the rate constant for hydration of the carbocation is 
k,,, = 5 x 10’ 1 mo1-Is-l x 0 . 4 ~  = 2 x lo’ s - ’ .  


Some of these rate constants and lifetimes for a series 
of oxocarbenium ions are shown in Table 1. A plot of 
these rate constants against the equilibrium constants for 
formation of the carbocations has a slope of -0.4 and 
covers a range of rate constants up to ca 10” s-l.’ 


Extrapolating these rate constants, by allowing for the 
known effects of substituents on the lifetimes of oxocar- 
benium ions, gives rate constants in the range 
4 x 10”- 1 x lo’, s - ’  for hydration of the oxocarbenium 
ion of a six-carbon sugar.’ This is consistent with the 
known properties of such carbocations, which do not 
exist long enough to be trapped by azide ion or other 
nucleo-philic reagents in water, but react with alcohols 
in the solvent to give both retention and inversion of 
configuration. 


If these carbocations have a very short lifetime in 
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Table 1. Lifetimes of some oxocarbenium ions in water at 
25 "C 


Compound kHOH(s-' Lifetime (s) 


OMa 


5x10' 


2 x 1 0 ~  


1x10~  


4x10' 


2XlO'O 


1 . 4 ~  lo-' 


3 . 5 ~  lo-'' 


6.9~10-" 


1 . 7 ~ 1 0 - ' ~  


2.9x10-" 


water, they will have no lifetime if they are in contact 
with a stronger nucleophilic reagent, so that it can be 
predicted that a concerted substitution reaction will occur. 
This is observed when electron-withdrawing substituents 
are added to compounds that generate carbocations with 
lifetimes of the order of lo-'' s or less.9 


These considerations lead to a biphasic reactivity ratio 
for the reactions with water and other nucleophilic rea- 
gents of carbocations or carbocation-generating species 
when the structure of the reactants is changed. The 
lifetimes of the carbocations decrease rapidly when 
electron-withdrawing substituents are added, as measured 
by the azide trapping procedure. However, a point is 
eventually reached at which the mechanism changes, as 
electron-withdrawing substituents destabilize the carbo- 
cation. The reaction of the substrate with azide then 
proceeds through a concerted bimolecular mechanism 
because the azide-carbocation pair has no significant 
lifetime, and the azide/water reaction ratio increases with 
electron-withdrawing substituents on the substrate. 


The conclusion-or notion-is that a reaction will 
be stepwise if it can be. However, if the carbocation has 
no lifetime when it is in contact with a nucleophile, the 
reaction must be concerted and will generally show 
assistance, i.e. it becomes a simple bimolecular 
nucleophilic displacement reaction, ANDN, in the 
W A C  nomenclature. 


IMINIUM IONS AND THYMIDYLATE 
SYNTHETASE 


We were interested in the properties of iminium ions, 
which are intermediate species in the synthesis of 


thymidine. The biological reaction proceeds through an 
iminium ion derived from tetrahydrofolate. Eldin'' 
examined the properties of iminium ions derived from a 
series of anilinothioethers. The iminium ion was derived 
from an N,N-dimethylaniline with a thiol on one of the 
methyl groups, 1-SR [equation (2)] 


f 


Eldin measured the rate constants for solvolysis of 
this compound. The solvolysis occurs by expulsion of 
the thiolate leaving group to form an iminium ion, 
which in turn reacts rapidly with water. However, if the 
reaction is carried out in the presence of added thiolate 
anion, the thiolate would be expected to react with the 
iminium ion and regenerate the starting material, which 
would inhibit the solvolysis [k,, equation (2)]. 


This inhibition was observed experimentally. When 
the concentration of thiolate anion becomes large 
enough to produce 50% inhibition by regenerating the 
starting material, the (pseudo)-first-order rate constants 
for reaction of the iminium ion with water and with the 
inhibiting thiolate anion are equal. The solvolysis 
reaction has a very large dependence on the pK, of the 
leaving group, with a value of PI, = 0.93 f 0.09. This is 
consistent with complete breakage of the carbon-sulfur 
bond in the transition state, which corresponds to no 
formation of the carbon-sulfur bond in the transition 
state for reaction of the thiolate anion with the iminium 
ion in the reverse direction, as is expected for a 
diffusion-controlled reaction. Furthermore, the inhibi- 
tion by thiolate ion decreases with increasing viscosity 
of the medium with a slope of -1.0+0.1 for ( k - , /  
kfo,vcnr)/(k-I/ksolvenc)o, which is consistent with a 
diffusion-controlled reaction for the recombination of 
thiolate anion with the iminium ion. Essentially the 
same slope was obtained with glycerol and with 
methanol as the viscogen. It is not widely realized that 
on a volume to volume basis methanol is almost as 
effective a viscogen as glycerol. 'O 


The rate constants for hydration of the iminium ions 
that are formed from these methylaniline derivatives 
range from 3 x lo6 to 1 x lo8 s-' and increase with 
electron-withdrawing substituents on the benzene ring, 
with a Hammett slope of p -  = 1.5. Hence these iminium 
ions have a high selectivity for their reaction with water, 
even though their rate constants for hydration are in the 
range 106-108 s-I. The dependence of the solvolysis 
rate on structure is approximately twice as large with a 
value of p -  = 3.3, as might be expected for a transition 







340 WILLIAM P. JENCKS 


state in which bond breaking is essentially complete. 
The transition state involves diffusion-controlled 
separation of the ion pair, so that bond breaking is 
essentially complete in the transition state. There is also 
a large dependence of the solvolysis rate on the basicity 
of the aniline with a value of pdg=O-79, as might 
be expected for a late transition state involving 
diffusion-controlled separation of the products. The 
transition state for hydration of the iminium ion shows 
a much smaller dependence on substrate structure with 
a value of /? = -0-35, as might be expected for such a 
reactive intermediate. lo 


If the iminium ion has such a short lifetime in water, 
it is likely to have an even shorter lifetime, or no life- 
time, in the presence of a strong nucleophilic rea ent 
The rate constant for reaction with water is ca 10 s 
and a thiolate anion is ca lo8 more reactive than water. 
This would imply a rate constant of loL6 s-’  for the 
thiolate-iminium ion pair, which is much larger than a 
vibration frequency. Hence we can be certain that there 
is no chemical barrier for reaction of the iminium ion 
with the thiolate anion and that the trapping reaction is 
surely diffusion controlled. 


If there is no chemical barrier for reaction of a 
nucleophile with the iminium ion intermediate, then one 
might expect that a concerted bimolecular substitution 
reaction will occur when a nucleophilic reagent is added 
to the substrate. This was observed. There is a large 
increase in the rate in the presence of low concentrations 
of added nucleophilic reagents. The rates increase in the 
order bromide, iodide, azide, hydrogensulfite, aliphatic 
thiolate and p-carboxybenzenethiolate. 


These results suggest that the biological reaction that 
is catalyzed by thymidylate synthase is likely to occur 
by an analogous mechanism in which thiolate addition 
to deoxyuridylate generates an enolate anion that 
displaces the aniline group in a concerted displacement, 
as illustrated in equation (3). Furthermore, the n values 


i - i  


correlate with the rate constants for second-order 
reactions with a series of nucleophilic reagents with an s 
value of 0.4, indicating that there is a significant amount 
of bond formation in the rate-limiting transition state for 
bimolecular nucleophilic substitution. 
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The [Rh,(OAc),]-catalyzed decomposition of NsN=IPh { [N-(p-nitrobenzenesulfonyl)imino]phenyliodinane} in 
the presence of olefins affords aziridines in yields of up to 85%. The aziridination of cis-hex-2-ene and cis-p- 
methylstyrene is stereospecific, but, cis-stilbene affords a 3 : 1 mixture of cis- and trans-aziridines in low yield. 
With chiral Rh(I1) catalysts, optically active aziridines are formed having enantiomeric excesses of up to 73%. 
The NsN=IPh-[Rh,(OAc),] system is also efficient for the allylic amination of olefins and for insertion into CH 
bonds, activated by phenyl or oxygen substituents. 


1. INTRODUCTION 
Transition metal mediated reactions of carbenes have 
attracted considerable attention in recent years owing 
to the possibility of effecting asymmetric syntheses by 
means of appropriate chiral catalysts. Several efficient 
systems for a symmetric cyclopropanation have been 
designed involving decomposition of diazo com- 
pounds' or of iodonium ylides' by an appropriate 
transition metal catalyst bearing chiral ligands, mostly 
based on Cu,' Rh4 or R u . ~  In contrast, the analogous 
transition metal-catalyzed addition of nitrenes has been 
much less investigated. The first evidence of metal- 
catalyzed nitrene transfer from p-toluenesulfonyl azide 
to cyclohexene was reported in 1967.6 Subsequent 
investigations in the area were carried out in connec- 
tion with model studies on cytochrome P-450. The 
tosylamidation of cyclohexane and the intramolecular 
CH insertion of the nitrene moiety of [N-(2,5-diiso- 
propylbenzenesulfonyl)imino]phenyliodinane in the 
presence of either an Fe(III)- or Mn(III)-porphyrin or 
[Rh,(OAc),] was investigated by Breslow and Cell- 


Groves and Takahashig reported an example of 
stoichiometric nitrene transfer from an Mn (II1)- 
porphyrin to an olefin. Mansuy et a1.l' developed a 
catalytic aziridination process based on Fe @I)- 
and Mn(1II)-porphyrins using TsN=IPh( "-( p- 
toluenesulfonyl )imino lphenyliodinane 1. 


* Author for correspondence. 


The asymmetric aziridination was developed mainly 
by Evans and co-workers" and Conser and Jacobsen" 
with TsN=IPh and copper salts and bis(oxazo1ine) or 
salen ligands, respectively. The reactions proceeded 
with high yields and, in some cases, with exceptional 
enantioselectivities, producing aziridines with up to 
98% enantiomeric excess (ee). The Cu-catalyzed 
asymmetric aziridination of styrene with TsN=IPh was 
also investigated by Lowenthal and Masamune, l 3  albeit 
with less success. Other catalytic systems which have 
been investigated include CuOTf in conjunction with a 
trispyrazolylborate ligandI4 and Mn(sa1en) com- 
p l e ~ e s l ' * ~ ~  with TsN=IPh as nitrene precursor. 


In the past, we had encountered remarkable success in 
enantioselective carbenoid reactions catalyzed with Doyle 
et al.'s chiral Rh@) catalysts bearing pyrrolidone carbox- 
ylate or oxazolidinone ligands. Asymmetric inductions 
reaching the limits of detection were found in intramolec- 
ular cyclopropanations of allylic diaz~acetates,~ in 
intermolecular cyclopropenation of certain terminal 
acetylenes" and in intramolecular CH insertions of meso- 
alkyldiazoacetates." We speculated, therefore, that the 
chiral Rh(II) carboxamidates might be equally successful 
in catalytic nitrene transfer. Nitrene transfer from 
TsN=Ph to olefins in the presence of [Rh,(OAc),] has 
been investigated by Evans and co-workers" in the past, 
but was found much less satisfactory than when carried 
out in the presence of Cu catalysts. Our initial effort, 
therefore, was directed towards improvement of the 
Rh(II)-catalyzed aziridination, in order to make it compe- 
titive with the Cu-catalyzed reaction. 
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AZIRIDINATION OF OLEFINS 


Extensive experiments for optimization of the aziridina- 
tion of styrene (1) with TsN=IPh-[Rh,(OAc),] 
involving variations of solvent and temperature were 
unsuccessful. The yields of aziridine (2) were 
significantly below those obtained with Cu(II) and 
never exceeded 60%. However, it was found that 
acceptable yields of aziridine (85% isolated yield) could 
be obtained when the nitrene precursor TsN=IPh was 
replaced with NsN=IPh (Table 1). Interestingly, 
however, the introduction of a second nitro group as in 
2,4-(N0,),C,H3S02N=IPh resulted in no further 
improvement (48%), and no aziridine was obtained 
when (p-MeOC6H,S0,N=IPh) was used as a nitrene 
source. With [Cu(acac),] the yields of aziridine were 
always higher than with [Rh,(OAc),], except for 
NsN=IPh. TsN=IPh was the ylide of choice for 
aziridination with [Cu (acac),]. Since some Rh(II)- 
catalyzed decomposition of NsN=IPh occurred under 
the conditions of aziridination, the olefin was always 
used in excess (5-20-fold; see Tables 1 and 2) over the 
ylide. Despite this, sulfonamide (NsNH,) was formed as 
a secondary product, in particular with unreactive 
olefins. Formation of sulfonamide together with iodosyl- 
benzene has been reported in the Fe(TPP)(Cl)- and 
Mn (TPP) (C1)-catalyzed aziridination of stilbene. In 
these systems, metal-catalyzed epoxidation of stilbene 
by PhIO occurs.io However, no epoxides were found in 
the Rh (II)-catalyzed reactions. 


The electronic substituent effect for styrene aziridina- 
tion was determined by competition experiments using 
pairs of substituted styrenes (1 and 1-X) in 2-10-fold 
excess over NsN=IPh and with 2mol% of 
[Rh,(OAc),] with respect to NsN=IPh in CH,CI, at 
room temperature. l9 Competition constants (kE,) were 
determined from the ratios of the aziridines (2/2 - X) as 
determined by 'H NMR of the crude reaction mixture. A 
plot of logk,, vs Hammetts u+ constants is shown in 
Figure 1. A p-value of -0-60 is obtained for the reac- 
tion, very close to that for Rh(II)-catalyzed addition of 
diazomalonate (and the corresponding iodonium ylide) 
to styrenes.' 


The stereospecificity of the reaction was investigated 
with three olefins and afforded ambiguous results. cis- 
Hex-2-ene and cis-B-methylstyrene reacted in a fully 
stereospecific manner, producing the cis-aziridines in 
54% and 82% yield, respectively. In both cases the 
absence of trans isomers in the reaction mixture was 
verified by comparison with an authentic sample of the 
corresponding trans-aziridine. In contrast, the aziridina- 
tion of cis-stilbene proceeded very slowly and afforded 
a 77 : 23 mixture of cis- and trans-aziridine in only 18% 
yield. Both aziridines rearranged under the reaction 
conditions (see below), but since rearrangement of the 
trans isomer is faster, it follows that its formation under 
the conditions of aziridination is not due to isomeriz- 
ation of the cis-aziridine, but to a non-specific 
aziridination pathway. These results should be com- 
pared with those obtained in the Cu-catalyzed 


Scheme 1. 


Table 1. [Rh,(OAc),]-catalyzed aziridination of styrene (1) with PhI=NS02R' 


R Catalyst Yield of aziridine (%) Time 


Me 
Me 
4-MeC6H, 
4-MeC6H, 
4-MeOC6H, 
4-MeOC,H, 
4-NO,C,H, 
4-NO,C,H, 
4-NO,C,HS 
2,4- (N0,)2GH4 
2,4- (NOz)zC6H4 


7 
0 


95b 
59' 
60 
0 


71' 
85' 
0' 


58 
48 


75 h 
75 h 


40 min 
45 min 
35 min 
14 h 
35 min 
24 h 


100 min 
135 min 


'Conditions: styrene (5 mmol), ylide ( 1  mmol), catalyst (0.02 mmol), in CH,CI, (20 ml) for 
[Rh,(OAc),l or CH,CN (20 ml) for [Cu(acac),], room temperature. Ref. 19. 
bRef. 1 1 .  
20 mmol of styrene. 
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0 a.4 0.4 0' 


Figure 1. Hammen plot for [Rh,(OAc),]-catalyzed addition 
of NsN-JPh to substituted styrenes. p = -0.6 


aziridination, which is fully stereospecific with oct-4- 
ene, partly stereospecific, depending on the counterion 
of the Cu catalyst, with cis-B-methylstyrene and still 
less stereospecific with cis-stilbene. 


The extension of the aziridination to olefins of general 
structure encountered some difficulties. The yields were 
lower and aziridination was often accompanied by 
products of formal nitrene insertion into the a-position 
of the double bonds (see below). With hex-1-ene the 
yield dropped to 63% (Table 2) and cis- and trans-hex- 
2-ene afforded the corresponding aziridines in 54% and 
27% yield, respectively. Steric hindrance may be a 
detrimental factor in these reactions, as evidenced for 
norbomene, which afforded only 4% of exo-aziridine 
when the reaction was carried out at room temperature. 
The yield increased to 29% in refluxing CH,Cl,. The 
aziridination of the electron-deficient ethyl acrylate 


proceeded very sluggishly, affording the aziridine in 
only 7% yield. 


The aziridines derived from olefins having a-substi- 
tuents capable of stabilizing charge underwent ring 
opening either upon exposure to [Rh,(OAc),] during 
the reaction or during work-up. Thus, aziridination of 
1,l-diphenylethene (3) afforded a mixture of aziridine 4 
and enamine 5 in a ratio depending on the reaction time 
and method of purification. In separate experiments it 
was found that pure 4 rearranges to 5 in the presence of 
[Rh,(OAc),] or on chromatography with SiO,. The 
aziridine 6 derived from trans-stilbene, when exposed 
to [Rh,(OAc),] underwent ring opening accompanied 
by phenyl migration to the same enamine 5. Ring 
opening accompanied by phenyl migration to 5 occurred 
also with the corresponding cis-diphenylaziridine but at 
a lower rate. The aziridination of a-methylstyrene (7) 
afforded no isolable aziridine 8, but rather a pyrrolidine 
10, which must originate from ring opening of 8 to a 
dipolar species 9 which, in turn, is intercepted by a 
second molecule of 7. The relative configuration of 10 
was not determined, but is assumed to be trans. 
Similarly, ethyl vinyl ether (11) afforded no 12, but 
rather a mixture of isomeric pyrrolidines 13 in 48% 
overall yield. No ring opening was observed, however, 
with vinyl acetate.20 


The enantioselectivity of the aziridination was tested 
with styrene (1) and cis-B-methylstyrene (Table 3). 
Surprisingly, the catalysts most efficient for enantiose- 
lective cyclopropanation of olefins, such as [Rh,( (2s)- 
mepy},lz1 or [a,( (4R)-ph0x],]~~ produced aziridines 
with only low enantioselectivity. McKervey and co- 
workers' sulfonated rhodium prolinateZ3 and Ikegami 
and co-workers' rhodium phthaloyl phenylalaninate" 


Table 2. Aziridination of olefins with NsN=JPh, catalyzed by [Rh,(OAc),]" 


Olefin Yield of aziridine (%) Comments 


Styrene 
Hex-1-ene 
Vinyl acetate 
Ethyl vinyl ether 
Ethyl acrylate 
Indene 
Norbornene 
Cyclohexene 
trans-Hex-2-ene 
cis-Hex-2-ene 
trans-methylsty styrene 
cis-b-Methy lstyrene 
trans-Stilbene 
cis-Stilbene 
a-Methy lstyrene 
1.1 -DiDhenvlethene 


85 
63 
47 
0 
7 


40 
4 
4 


27 
54 
68 
82 
41 
14 
0 


65 


Ring opening; see text 


ex0 Isomer; 29% at 45 "C 
70% insertion product; see below 
S tereospecific 
Stereospecific 
S tereospecific 
Stereospecific 
Stereospecific (+ 11% of 11) 
4% of trans-aziridine 
Ring opening; see below 
Rearranges to enamine 


'Conditions: 1 mmol of NsN=IPh. 20 mmol of olefin, 0.02 mmol of [Rh,(OAc),] in CH,CI, 
(10 ml) in presence of molecular sieves 4A (6.0 g). room temperature." 
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were equally unsatisfactory. So far, the best result has 
been achieved with the catalyst of Pirmng (rhodium 
bisnaphtholphosphate)," which afforded the aziridine of 
cis-j3-methylstyrene with 80% yield and 73% ee. 
Further optimization of the catalyst structure is in 
progress. 


Although the enantioselectivity of the Rh@)-cata- 
lyzed aziridination is at present of limited preparative 
interest, it is mechanistically significant. It suggests that 
the nitrene transfer takes place in proximity of the 
metal, and that a free nitrene cannot be involved. A 
rhodium-complexed nitrene is a plausible intermediate, 
in analogy with metal nitrenes proposed for aziridina- 
tions catalyzed by Fe(TF'P)(Cl), Mn(TPP)(Cl)'' or Cu 


complexes." The capacity of Rh(II) to form 
metal-carbene complexes as reactive intermediates is 
well documented.26 The p-value of -0.60 is consistent 
with the intermediacy of a moderately electrophilic 
intermediate. It compares favourably with the values for 
carbenoid addition of diazomalonate to styrene (l), 
carried out in the presence of Rh(II) ( p =  -0.47) and 
&(I) (p  = - 1.12) catalysts.' The [Cu(acac),]-cata- 
lyzed aziridination of styrenes (1) with NsN=IPh 
yields a preliminary value of -0.5." However, since 
the p-values for addition of dichlorocarbene to styrene 
(1) [p = -0-62 (80°C)27] and a-methylstyrene (7) 
[p = -0.38 (0 oC)28] lie in the same range, it is difficult 
to draw final conclusions from the Hammett plots alone. 


Table 3. Asymmetric induction in Rh(I1)-catalyzed aziridination of styrene (1) and cis-p-methylstyrene 


Styrene cis-p-Methylstyrene 


Cat a 1 y s t Aziridine yield (%) ee (%) Aziridine yield (%) ee (%) 


[Rh21 (2S)-mepyI4la 81 21 
[ R h 2 l  (4OPhox 141b 56 22 
[Rh2{ (4S)-ma~im).,]~ 50 <I0 
[ R h 2 (  (W-bePY 141d 71 27 70 35 


[Rh2{ PSP I41 70 <lo 
[Rh21 (R)-( - )-bnp l 4  Ig 74 55 80 73 


[RhA (S)-~tyI,l '  92 0 


"Ref .  21. 
Ref. 22, 
Ref. 18. 
Dirhodium tetrakisbenzyl-(2S)-pyrrolidinonecarboxylate. Ref. 3 1. 
Ref. 23. 


'Ref .  24. 
Ref. 25. 
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The stereospecific aziridination of hex-2-ene and j3- 
methylstyrene, in turn, suggests that a free nitrene is not 
involved, since the latter should add at least in part 
unspecifically from the triplet ground state. The 
stereospecificity of the addition may be rationalized 
either by a concerted reaction of the cis-olefin 14 with 
the metal-complexed nitrene to afford the cis-aziridine 
17. However, a stepwise mechanism involving a radical 
intermediate (16), in which the rate of ring closure is 
faster than that for rotation around the single bond, 
could in principle also result in a stereospecific 
a~iridination."~'~ A dipolar intermediate would be more 
difficult to reconcile with the p-value, however. The 
trans-aziridine 15 then appears if the rates of ring 
closure and for bond rotation are competitive. The loss 
of stereospecificity in the aziridination of cis-stilbene is 
in favour of a stepwise mechanism. The radical lifetime 
should be enhanced with this compound owing to the 
possibility of delocalization of the unpaired electron, 
and rotation around the single bond will be faster than 
in less crowded olefins owing to the possibility of strain 
release. It is not clear, however, whether the stepwise 
mechanism applies to all olefins, or only to cis-stilbene. 


INTERMOLECULAR NITRENE INSERTION INTO 
CH BONDS 


One of the special features of the Rh(II)-catalyzed 
carbenoid reactions in comparison with the copper- 
catalyzed reactions is their preference for intramolecular 
CH insertions. Such intra- and even intermolecular 
insertions have been reported in the past for nitrenes 
generated in the presence of [Rh2(0Ac),]* or with Mn- 
and Fe-p~rphyrins.~' Under our conditions, cyclohexene 
(Ma) afforded a 70% yield of allylic insertion product 
(20a) together with only 4% of aziridine 19a. In the 
series of cycloalkenes the selectivity for aziridination vs 
insertion, respectively, varies with the ring size as 
follows: cyclopentene, 20 : 80; cyclohexene, 5 : 95; 
cycloheptene 67 : 33; and cyclooctene, >99 : 1." The 
products of allylic insertion of cycloalkenes may be 
formed not only by a true insertion process, but also by 


ring opening of an intermediate aziridine. In order to 
eliminate this possibility, 3-acetoxycyclohexene (18b) 
was exposed to the usual reaction conditions. The 
principal product, isolated in 43% yield as a mixture of 
stereoisomers, was identified as 3-acetoxyd-p- 
nitrobenzenesulfonylaminocyclohexene (20b), together 
with a small amount of aziridine 19b. Since 20b cannot 
derive from 19b, it follows that the reaction does indeed 
take place at the allylic position. 


Intermolecular CH insertion (Table 4) also takes 
place in positions adjacent to aromatic rings and oxygen 
atoms. Tetralin, indan and ethylbenzene reacted at the 
a-position and afforded the corresponding insertion 
products in 51%, 69% and 50% yield, respectively. The 
yield dropped significantly with toluene and also, 
unexpectedly, with isopropylbenzene and diphenyl- 
methane. The lower yield with toluene indicates that 
secondary CH bonds are more reactive than primary 
bonds, but the trend does not continue for tertiary CH 
bonds, which are in fact less reactive than the secondary 
bonds. In addition, while one phenyl group activates the 
CH bond, a second one exerts a deactivating effect. 
Tetrahydrofuran reacted selectively at the a-position, 
giving a 56% yield of insertion product. In contrast, 
hydrocarbons exhibited very low selectivity. Methylcy- 
clopentane and methylcyclohexane afforded an 
inseparable mixture of insertion products but adaman- 
tane, surprisingly, reacted in high yield at the tertiary 
CH bonds (71%) and to only a very minor degree (5%) 
at the methylene groups. 


The mechanism of the insertion reactions is not yet 
established. Insertion into the activated CH bond may be 
direct or may involve a sequence of hydrogen abstrac- 
tion followed by radical recombination. The observed 
reactvities are compatible with both mechanisms. Steric 
hindrance or blockage of the coordination sites of the 
Rh(II) by phenyl groups may be responsible for the 
lower reactivity of 2-propylbenzene and diphenyl- 
methane in comparison with ethylbenzene. The allylic 
amination of 1-deuterocyclohexene (21) with 
NsN=IPh-[Rh,(OAc),] was examined in order to gain 
insight into the mechanism of allylic amination. Direct 
CH insertion with 21 expectedly affords a 1 : 1 mixture 
of 22 and 23. For a radical reaction, two isomeric 
radicals would be formed in a 1 : 1 ratio, and their 
colligation should afford 22, 23 and 24 in a ratio of 


NSNH 


? 


1 8 a R = H  I ¶ a R = H  2OaR=H 
18b R = OAc 19b R = OAc ZOb R = OAc 


L _ _ _ _  -...-.-+ .____.._.... : 


Scheme 4. 
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Table 4. Intermolecular CH insertion with NsN-Ph- [Rh,(OAc),]" 


ComDound a-insertion (%) Comments 


Cyclopentene 
Cyclohexene 
Cycloheptene 
Cyclooctene 
Toluene 
Ethylbenzene 
Isopropy lbenzene 
Indan 
Tetralin 
Dipheny lmethane 
Methylcyclopentane 
Methylcyclohexane 
Adamantane 
Cyclohexane 
Tetrahydrofuran 
Dioxane 
Benzyl methyl ether 


44 
70 
17 
0 
3 


50 
8 


69 
51 
13 
16 
18 
71 
30 
56 
39 
78 


9% aziridine 
4% aziridine 
24% aziridine 
54% aziridine 


Mixture of insertion products 
Mixture of insertion products 
5% insertion into secondary position 
In CH,CICH,CI, reflux 


Isolated as N - ( p-nitrobenzenesulfony1)benzimine 


a Conditions: in CH,Cl,, room temperature, 20 equiv. of substrate, 1 equiv. of NsN=IPh, 0.02 equiv. of [Rh,(OAc),]. 


&D + qD OD direct insertion. 


NsNH 


21 22 23 


1 


Scheme 5. 


2 :  1 : 1. Analysis of the reaction mixture by 'H and *H 
NMR spectrometry revealed the signals corresponding 
to 22 and 23 in a 1 : 1 ratio, together with a trace of 24. 


for financial support and to Professors M. P. Doyle and 
M. A McKervey for samples of Rh(II) catalysts. 


This is consistent with direct insertion of the nitrene into 
the CH bond, or with a mechanism in which radical 
recombination is faster than reorientation of the 
radicals. 


For both mechanisms, an enantioselective amination 
is in principle possible. Indeed, when indan was arni- 
nated in the presence of Pirmng's catalyst,25 the product 
was enantioenriched with an e e  of 31% (yield 71%). 
Further experiments towards improved understanding of 
the reaction mechanism and higher enantioselectivity 
are in progress. 
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AROMATIC PROPELLENES. PART 3. NMR, X-RAY 
CRYSTALLOGRAPHY AND SEMI-EMPIRICAL CALCULATIONS ON 


THE CONFORMATIONAL ISOMERISM OF 1,2,4,5-TETRAKIS 
(PYRAZOL-1 '-YL)-3,6-BIS (3" ,5"-DIMETHYLPYRAZOL-l '-YL) 


BENZENE 


CONCEPCION FOCES-FOCES* AND CRISTINA FERNANDEZ-CASTA~~O 


ROSA MAR~A CLARAMUNT* AND CONSUELO ESCOLASTICO 
Departamento de Cristalografia, Instituto de Quimica Fisica 'Rocasolano' , CSIC. Serrano 119, E-28006 Madrid, Spain 


Departarnento de Quimica Orgdnica y Biologia, LINED, Senda del Rey s/n.  E-28040 Madrid, Spain 


AND 
JOSE ELGUERO 


Inrtituto de Quimica Midica, Centro de Quimica Orgdnica 'Manuel Lora Tamayo,' CSIC, Juan de la Cierva 3,  E-28006 Madrid, 
Spain 


The molecular and crystal structures of two crystalline forms of 1,2,4,5-tetrakis(pyrazol-l'-yl)-3,6-bis(3",5"- 
dimethylpyrazol-1"-yl) benzene and one inclusion complex with two molecules of acetic acid were determined by 
x-ray analysis. The acetic acid forms dimers through symmetry centers and the only interactions in the 
structures are mainly due to weak C-H...N interactions. All 14 possible conformations of the pyrazole with 
regard to the benzene ring were explored by means of AM1 semi-empirical calculations. The observed 
conformation in the crystal structures agrees fairly well with the most stable conformation which presents the 
pyrazole rings with the N(2) alternating between both sides of the phenyl plane. These calculations allow one to 
identify the minor isomer present in solution together with the major isomer corresponding to the crystal 
structure. 


INTRODUCTION 
In Parts 1 and 2, we reported the study of the conforma- 
tional isomerism of hexa(3',5'-dimethylpyrazol-lf- 
y1)benzene [ (dmpz),bz]' and hexa(pyrazol-1'- 
y1)benzene [(pz>,bz].' We now discuss 1,2,4,5- 
tetrakis(pyrazo1- 1 '-yl)-3,6-bis (3" ,5"-dimethylpyrazol- 
1" -yl)benzene [(pz),(dmpz),bz] (1). The fact that there 
are two different pyrazoles in a kind of para situation 
makes the number of conformational isomers increase 
from 8 (9 counting enantiomerism) to 14 (15 taking 
into account that they are two enantiomers in the case of 
3a) and that the graph representing all the single inter- 
conversion paths (see Scheme 1) becomes much more 


* Authors for correspondence. 


CCC 0894-32301961100717-1 1 
0 1996 by John Wiley & Sons, Ltd. 


complex. As in the previous papers, Is' black represents 
up ( u )  and white represents down ( d )  and circles and 
squares correspond to pz',' and dmpz (this work), 
respectively. 


Scheme 1 
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EXPERIMENTAL 
The 'H and I3C NMR spectra in solution were recorded 
on a Bruker AC200 instrument operating at 200.13 and 
50.32 MHz, respectively. The "C cross-polarization 
magic angle spinning (CP/MAS) NMR spectrum of l b  
was recorded on the same instrument using the condi- 
tions described elsewhere.' 


Materials. Pyrazole (23.67 mmol) in 20 ml of 
anhydrous THF was placed in a three-necked round- 
bottomed flask provided with a reflux refrigerant, argon 


atmosphere and magnetic stirring. To this solution, 
23.67 mmol of NaH (60% oil dispersion) were added in 
small portions and the reaction mixture was heated at 
65 "C for 1 h. After cooling, 5.92 mmol of 1,4- 
bis (3' ,5'-dimethylpyrazol- 1 '-yl)-2,3,5,6-tetrafluoroben- 
zene were added and the mixture was heated under 
reflux for 6 h. A white precipitate of 1,2,4,5- 
tetrakis(pyrazo1-1 '-yl)-3,6-bis(3" ,5 "-dimethylpyrazol- 
1'-y1)benzene (1) was formed, which, after filtration, 
was rinsed first with 20 ml of water and then with 20 ml 
of THF: yield 95%, R ,  = 0.44 [dichloromethane- 
ethanol (95 : 5)], m.p. by differential scanning calori- 


Table 1. Crystal analysis parameters at room temperature 


l a  l b  1.2AcOH 


Crystal data 
Formula 
Crystal habit 
Crystal size (mm) 
Symmetry 
Unit cell determination: 


Unit cell dimensions (A, ") 


Packing: V (A3), Z 
D, (g cm3), M, F W U  
P (cm-') 


Experimental data 
Technique 


Scan width (") 
emax ("1 


Number of reflections: 
Independent 
Observed 


Standard reflections 


Solution and refinement 
Solution 
Refinement: 


Parameters: 
Least-squares on F, 


Number of variables 
Degrees of freedom 
Ratio of freedom 
Final shift/error 


C28H26NIZ 
Colorless, prism 


Triclinic, P-1 
Least-squares fit from 
reflections (6 < 45") 


0.50 x 0.16 x 0.13 


a = 10.501 (6) 
b = 14.341 l(24) 
C =  11.0770(11) 
112.134(10) 
113.529(6) 
95.321 (4) 
1366.2(3), 2 
1.290,530.59,556 
6.75 


C2RH26N12 
Colorless, prism 


Monoclinic, C2/m 


reflections ( 6  < 45") 


0.24 x 0.13 x 0.13 


68 Least-squares fit from 68 


a = 14.3565(10) 
b = 14.6551 (7) 
c = 6.4408(2) 


99.1 lO(4) 


1338.0(1), 2 
1.317,530.59,556 
6.89 


90 


90 


Philips PW1100 four-circle diffractometer, bisecting geometry. 
Graphite-oriented monochromator. 0 / 2  6 scans. 
Detector apertures 1 x 1". 1 min/reflection. Radiation: Cu K a  


65 65 


4468 1196 
3602 [2a(I) criterion] 
2 reflections every 90 minutes. No variation 


1-5 1.5 


1051 [2a(I) criterion] 


466 
3136 
7-7 
0.01 


Direct methods: Sir92 


Full matrix 


133 
918 
7.9 
0.08 


C28H26Nl2.2C2H402 
Colorless, plate 


Triclinic, P-1 
Least-squares fit from 70 
reflections ( 6  < 45") 
a = 11,2133(15) 


0.47 x 0.33 x 0.07 


b= 10.7153(7) 
~=8.3867(7) 
112.416(8) 
77.589(7) 
116.219(10) 
834.4(2), 1 
1.295, 650.70, 342 
7.42 


1.6 
65 


2807 
2336 [2a(I) criterion] 


286 
2050 
8.2 
0.03 


Secondq' extinction (lo4) 0.20(2) 0.25(3) 0.27(4) 
H atoms From difference synthesis 
Weighting scheme Empirical as to give no trends in (wA2F) vs ( I F ,  I ) and rsin 6/A) 
Max. thermal valuc (Az) U11 [C(33)mo1.2] = 0.106(3) U33[C(14)] = 0.138(3) U22[C(26)] = 0.124(4) 
Final A F  peaks(e A-3)  0.22 0.19 0.24 
Final R and Rw 0.053,0.058 0.042,0.053 0448,0.051 * 97 
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metry (DSC) 344.7 "C (from dichloromethane-hexane) 
(la). The samples recrystallized from ethanol ( lb)  and 
acetic acid showed by DSC the same melting point; in 
the case of the latter crystals the loss of the acetic acid 
was observed at 111°C. IR (KBr), Y (cm-'): 3125, 
3105, 2915, 1605, 1555, 1520, 1480, 1395, 1335, 
1305, 1200, 1185, 1130, 1105, 1080, 1050, 1035, 
1020, 950, 930, 915, 895, 855, 790, 765, 665, 640, 
625. MS, m/z (relative intensity, %): 532 (M+ '+2 ,  
lo), 531 (M+' + 1, 48), 530 (M+', loo), 476 (13), 475 
(41), 463 (30), 462 (32), 395 (15), 265 (16), 80 (110), 
79 (lo), 68 (12). Elemental analysis: calculated for 
C28H26N12, C 63.38, H 4.94, N 31.68; found, C 63-63, 
H 4.91, N 31.23%. 


X-ray crystallography. Details of data collection and 
processing are presented in Table 1. Polymorphs l a  and 
l b  were obtained by slow evaporation of saturated 
solutions in dichloromethane-hexane and in ethanol, 
respectively. The structures were solved by direct 
methods (Si192).~ The non-hydrogen atoms were refined 
anisotropically and the hydrogen atoms were included 
as isotropic. Most of the calculations were performed on 
a VAX6410 computer using the Xtal System.s The 
atomic scattering factors were taken from Ref. 6. 


Semi-empirical calculations. The molecular struc- 
tures for the fourteen possible combinations of up and 
down pyrazoles (Scheme 1) were optimized using the 
AM1 parametrizations of the Hamiltonian as imple- 
mented in the MOPAC6.0 p a ~ k a g e . ~  The only 
restriction imposed was the planarity of the pyrazole and 
benzene rings. The calculations were performed on an 
ALPHA3000-300X DEC station. 


RESULTS AND DISCUSSION 


Syntheses 
The synthesis of 1,2,4,5-tetrakis@yrazol-l'-yl)-3,6-bis(3", 
5 " -dmethylpyrazol- 1 " -yl)benzene (1) has been achieved 


Me 4"' 
FQ: F 


+ 


by the reaction of 1,4-bis(3' ,5 '-dimethylpyrazol-1 '-y1)- 
2,3,5,6 tetrafl~orobenzene~ with the pyrazole anion in a 
molar ratio 1 : 4 with a 95% yield (Scheme 2). 


'H NMR spectra of a freshly prepared solution of 1 
and its evolution with time in solvents such as CDCl, 
and methanol-d, were recorded [see Table 2 and Figure 
l(a) and (b)]. The spectra of the freshly prepared 
solutions show signals which correspond to a single 
isomer, after 24 h the presence of a minor new rota- 
tional isomer is detected and the proportion does not 
change with time, the initial conformer being the 
majority component with a ratio of 9:  1. We succeeded 
in isolating a mixture enriched in the minor isomer; its 
'H NMR spectrum was recorded and after 24 h the 
same e uilibrium mixture was obtained. 


The 3C NMR spectra are reported in Table 3. The 
I3C CP/MAS NMR spectra of 1 (polymorphs l a  and 
l b )  and its acetic acid complex show data which agree 
with the existence of 1 in the solid state as only one 
conformer [see Figure 2(a) and (b)] but with two 
different structures: in la  there are two kinds of dmpz 
whereas in l b  there is only one kind. The correspond- 
ing inclusion compound 1.2AcOH shows the signals 
of acetic acid in a 2 : 1 ratio and only one kind of dmpz 
[Figure 2c)l. 


9 


X-ray analysis 
Crystals of the two polymorphic forms l a  and l b  and of 
the inclusion complex 1-2AcOH were obtained in 
dichloromethane-hexane, ethanol and acetic acid, 
respectively. Table 4 summarizes the main geometric 
characteristics of the molecular structures according to 
the numbering scheme shown in Figure 3. All molecules 
were located on inversion centers: two independents 
halves are present in l a  and half a host and one acetic 
acid molecule in the complex. In the l b  form, the host 
molecule shows higher symmetry than in the two others 
since the 3,5-dimethylpyrazole (dmpz) rings are on 
mirror planes and the molecule also exhibits a twofold 
axis perpendicular to it (C2J. These results are in 


THF/A 


6h 
__c 


1 


Scheme 2 







Table 2. 'H NMR chemical shifts (6 ,  ppm) and coupling constants (J, Hz) of 1,2,4,5-tetrakis(pyrazol-l'-yl)-3,6-bis(3" 3"- 
dimethylpyrazol- 1 "-y1)benzene 


Compound H-3' H-4' H-5' H-4" CH3-3" CH3-5" Solvent 


7.36 (dd) 5.61 (s) 2.10 (s) 1.82 (s) CDCl, 1" 7.35 (dd) 6.1 1 (dd) 
J,,.,,,, = 1.8 J H 3 , , H s ,  =0.5 
J,,.,,,. = 2.5 


7.41 (dd) 6.11 (dd) 7.11 (dd) 5.64 (s) 2.03 (s) 1.97 (s) 
J,,.,,,. = 1.9 
JH, , ,Hs ,  = 0.5 


J,,..,,. = 2.5 


1" 7-36 (dd) 6.17 (dd) 7.41 (dd) 5.71 (s) 2.05 (s) 1-86 (s) Methanol-d, 
J H S . , H S ,  =0.4 JH,.,,,, = 1.9 


7.38 (dd) 6.17 (dd) 7.29 (dd) 5.74 (s) 1.99 (s) 1.99 (s) 
JH3.,,,. = 1.9 
J H 3 . , H S .  = 0.5 


JH4..,,. = 2.6 


J,,..,,. = 2.4 


'The signals of the major isomer are given first. 


I 


I Iu' I I  


7.0 8 .0  5 .0  4 .0  3 .0 2 . 0  
PPH 


7 . 0  6 .0  5 . 0  4.0 3 . 0  2 .0  
PPH 


Figure 1. 'H NMR spectra of (a) a freshly prepared solution in CDCl, of 1,2,4,5-tetrakis(pyrazol-l'-yl)-3,6-bis(3",5"- 
dimethylpyrazol-1 "-y1)benzene and (b) a solution in CDCl, of 1,2,4,5-tetrakis(pyrazol- l"-y1)-3,6-bis(3",5"-dimethylpyrazol- 


1 "-y1)benzene after standing for 24 hours 
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L I@ I1 l;o rL IL ab m lo L I 


Figure 2. "C NMR spectra in the solid state of (a) 1,2,4,5-tetrakis(pyrazol-l'-yl)-m3,6-bis(3" ,5"-dimethylpyrazol-1 "-y1)benzene 
(polymorph la) (75 MHz), (b) 1,2,4,5-tetrakis(pyrazol-l '-yl)-3,6-bis(3",5"-dimethylpyrazol-l "-y1)benzene (polymorph lb) 


(50 MHz) and (c) inclusion compound 1.2AcOH (75 M H z )  
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Table 4. Selected geometric parameters (A, ")' 
Compound la  


Molecule 1 Molecule 2 


i =  1 i = 2  i = 3  i =  1 i = 2  i=3 


N(  i1)-N( i2) 
N( i l  )-C( 5) 
N( i2)-C( i3) 
C( i3)-C( i4) 
C( i4)-C( i5) 


N(i2)-N(il)-C(i5) 
N (i1)-N (i2)-C (i3) 
N( i2)-C( i3)-C( i4) 
C (Q3-C (i4)-C (5) 
N (i1)-C (i5)-C (i4) 


N(i2)-N(il)-C(i)-C(i - 1 )  


1.355(4) 
1.355(4) 
1.312(4) 
1.384(6) 
1.345 (5) 


11 1 . 1  (3) 
104.2(3) 
112.5(4) 
105.0(3) 
107.3(3) 


52.8(4) 


1.374(3) 
I .35 l(4) 
1.327(5) 
1.393(4) 
1.362(5) 


112.6(2) 
104.0(2) 
111.0(3) 
107 .O (3) 
105.4(2) 


-87.8(3) 


Comwund l b  


1.363 (2) 
1.351(4) 
1.3 19 (4) 
1.391 (5 )  
1.356(3) 


112.2(2) 
103.6(2) 
112.4(3) 
105.3 (3) 
106.6(3) 


120.5(3) 


N(i1)-N(i2) 
N (i1)-C (i5) 
N (i2)-C (i3) 
C(i3)-C(i4) 
C(i4)-C(i5) 


N (i2)-N (i1)-C( i5) 
N( i1)-N( i2)-C (i3) 
N( i2)-C( i3)-C( i4) 
C(i3)-C( i4)-C (i5) 
N( i l  )-C( i5)-C( i4) 


N(i2)-N(il)-C(i)-C(i - 1 )  


i =  1 


1.356(3) 
1.352(3) 
1.317(3) 
1.368(5) 
1.365(4) 


112.0(2) 
103-9(2) 
112.4(2) 
105.9 (3) 
105.7(2) 


116.5(2) 


i = 2  


1.371 (3) 
1.359 (3) 
1.327 (3) 
1.397(4) 
1.368 (3) 


112-8(2) 
1034(2) 
11 1 *7(2) 
106.3(2) 
105.5(2) 


-87.4(2) 


i = 3  


1.356(3) 
1.352(3) 
1.3 17 (3) 
1.368 (5)  
1.365 (4) 


112.0(2) 
103.9(2) 
112.4(2) 
105.9(3) 
105.7(2) 


65.7(2) 


1.355(3) 
1.339 (4) 
1.317(5) 
1.370 (6) 
1.360(5) 


11 1.9(3) 
103.6(3) 
112.8(4) 
104.9(4) 
106.8(3) 


58.1 (4) 


1.370(3) 
1.355(3) 
1.326(3) 
1.393(4) 
1.359(4) 


112.4(2) 
104.0(2) 
11 1.2(3) 
106.7(3) 
105.6(2) 


-90-3(3) 


1.348(5) 
1.344(4) 
1.333(6) 
1.369(6) 
1.352(6) 


112.4(3) 
102.8 (3) 
113.0(4) 
104.8(3) 
107.0 (3) 


113.9(3) 


Compound 1 * 2AcOH 


i =  1 i = 2  1=3 


1.354(3) 
1 -352(3) 
1-325 (3) 
1.377 (4) 
1.361 (3) 


112*8(2) 
103.1 (2) 
112*7(3) 
105.5(3) 
105.9(3) 


57.4(3) 


1.374(3) 
1.348 (4) 
1.325(4) 
1.388(5) 
1.375(4) 


113.0(3) 
103-7(2) 
11 1.6(3) 
106.6(3) 
105.1 (3) 


-94.5(3) 


1.357(3) 
1.340(3) 
1.325(4) 
1.377(4) 
1.360(5) 


112.1(2) 
103.1(2) 
1 13- 1 (3) 
104.4(3) 
107.3(3) 


114.9(3) 


'For comparison purposes and owing to the symmetry in compound lb,  column i = 3 is equivalent to i = 1. 


perfect agreement with the solid-state NMR results: 
triclinic polymorph l a  two independent halves, that is, 
two dmpz: monoclinic polymorph l b  one quarter of an 
independent molecule, that is, one dmpz; acetic acid 
complex half an independent molecule (one dmpz) and 
one acetic acid molecule (stoichiometry 1 : 2). 


The molecules in la,  l b  and 1.2AcOH have essen- 
tially the conformation labelled 1 in Scheme 1. All the 
nitrogen [N(i2)] of the pyrazole rings are placed, 
alternately, up ( u )  and down (d) with respect to the 
benzene ring'.' giving rise to the ududud conformation 
(see semi-empirical calculations and Scheme 1). In all 
of them, the dmpz rings appear to be almost perpendicu- 
lar to the benzene ring while the pz rings make angles of 
60" with it [torsion angles close to 60 or 120" using an 
anticlockwise definition in the benzene ring (Table 4 
and Figure 4)]. The lowest N(i2)-N(il)-C-C 
torsion angles presented by the pz rings are counter- 
balanced by the presence of C(iS)-H(iS)...N 


intramolecular distances shortgr than the sum of van der 
Waals radii* of 3.28 A. as in la  with 
C(iS)-H(i5)..-N(22) [ i =  1,3 in molecule 1,03.191(4), 
3.238(4); i =  1 in moleculF 2, 3.196(4) A] or in 
1 - 2AcOH [i = 1, 3-203(3) A]. These distances corre- 
spond to torsion angles <60° or greater >120" (Table 4). 


The crystal packing of l a  [Figure 4(a)] consists of 
piles of alternating independent molecules along the b 
axis. The benzene rings are mutually rotated 24" on 
average as measured by the lowest 
Cphenyll .. Cent1 Cent2. 9Cphenyl2 pseudo-torsion 
angle (Cent = centroid of the phenyl ring). The benzene 
planeomakes an angle of 13.1 (2)" and their centroids are 
b/2 A apart. In lb,  only piles of identical molecules 
along the c axis are observed so that the benzene rings 
are parallel and the centroid separation is shorter than in 
la  (c parameter in l b <  b/2 in la). 
In 1 2AcOH, the acetic acid molecules are meanged 


in centrosymmetric dimers [O-..O = 2.671 (3) A and 
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Figure 3. ORTEP' view of compound 1.2AcOH with the host projected on the benzene ring showing the numbering system using in 
the three structures. Ellipsoids are drawn at the 30% probability level 


O-H...O = 172(8)O]. The packing is analogous to that 
of polymorph la  [Figure 4(a) and (c)] where one 
molecule of the two different ones has been replaced by 
the dimer. This resulted in a shortening of the axis of the 
columns. The formation of acetic acid dimers is unusual 
since it has been observed previously only in four 
structures (CSD9 refcodes: COVFUO, PEHYUW, 
VEVLOX and VUSLIE). 


No intermolecular contacts shorter than the sum of 
van der Waals radii' has been detected. 


NMR spectroscopy and the structure of the minor 
isomer 
An important fact in Table 2 must be stressed: the minor 
isomer shows only the signals for one pz and one dmpz 
(ratio 4 : 2) and this in different solvents. Hence the 
following criteria are to be used to establish the struc- 
ture of the minor isomer: 


(1) the isomer must have a symmetry consistent with 
only one dmpz and one pz in 'H NMR; this criterion is 
excluding; 


(2) according to the results obtained in Parts 1 and 
2,'.2 the number of uu (dd) interactions has to be the 
least possible; 


(3) a minor condition is that the number of uuu (or 
ddd) situations should also be the least possible. The 
possible situations for three adjacent pyrazoles are udu 
(dud), duu (udd) and uuu (ddd), which we have called 
V-shaped (V), L-shaped (L) and horizontal-shaped 
(H). We have summarized in Table 5 and Scheme 3 
these criteria for the 14 isomers. 


Semi-empirical computations 
Semi-empirical AM1 calculations were carried out for the 
fourteen isomers shown in Scheme 3 and the energies 
corresponding to the minima are reported in Table 5. Two 
different conformations similar in energy (0.7 kcal mol-') 
were obtained for isomer 1 (starting from one dmpz: 


75.0, -65.0, 97.1, -75.0, 65.0"). The more stable con- 
formations correspond, in terms of torsion angles, to 
those found in the crystal structures of the studied 
compounds (Table 4). The energies in Table 5 can be 
analysed using a very simple additive model: AH = u0 + 
ul(uu) + a2 (uuu). The model considered, based on our 
previous experience, that the disfavorable terms are two 
or three adjacent pyrazoles with the same orientation uu 
(or dd) and uuu (or ddd). The result of the multiple 


-92.0, 115.8, -63.0, 92.0, - 115.8, 63.0" and -97.1, 







b - b -  
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Figure 4. Crystal packings of (a) la  down the b and c axes, (b) l b  and (c) 1.2AcOH down the c and u axes 
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Table 5 .  NMR characteristics of the 14 isomers 


Conformer dmpz PZ uu (dd) interactions AH (AMl) (kcal mol-') 


1 
2a 
2b 
3a" 
3b 
4a 
4b 
5a 
5b 
6a 
6b 
7a 
7b 
8 


1 (4V) 
2 (2V, 2L) 
3 (2V, H, L) 
2 (lV, 3L) 
2 (2V,2L) 
2 (2V,2L) 
1 (4L) 
1 (4L) 
2 (2H, 2L) 
3 (2H, V, L) 
2 (2H,2L) 
2 (lH, 3L) 
2 (2H,2L) 
1 (4H) 


0 
2 
2 
2 
2 


508.7 
511.5 
511.2 
511.3 
511.4 
511.5 
511.6 
5 14.0 
513.2 
514.4 
514.5 
514.0 
514.4 
517.9 


a This isomer has another enantiomer. 


1 2b 3a 3b 4a 4b 


I mnp. v IdmprL I dmpz, v 2 dmpz. 2 dmpz. L 
4 pz. v 1 dmpz, v 1 dmpz. L 2pz.v 2p.L 


2 p . v  1p.v 2 p z . L  2pz .V 
2p.v 1pz.H 3 p . L  


1 p r L  


5b 6n 6b 7a 7b 8 - 
2 dmpz. H 
4pZ. H 


1dmp.v I dmpz, H 2 dmpz, L 
I dmpz. L 2 PZ. H 


2 pz, L 
1dmpz.H 1 dmp, H 


1 a . L  


I d m p . L  2pz.H I pz.H 
1 pz,v 2 PZ. L 3pz .L 


2 dmpz. H 
4 pz. L 


2 dmpz. L 


2 b . H  


Scheme 3 


regression is AH (kcal mol-')=508.9* 0-3 + (1.16k 
0.15) (uu) + (0.29* 0.13) (uuu), n = 14, r2 = 0.978. 


Mixing symmetry and energy considerations (see 
Scheme 3 and Table 5), the only possible candidate for 
the minor isomer is 4b (torsion angles starting from one 
dmpz: -91.1, 61.9,61.9, -91.1, 118.1, 118.1'). 


Supplementary material 
Lists of the structure factors, atomic coordinates and 
thermal components for the non-hydrogen atoms, 


hydrogen atom parameters, bond distances and angles 
are available from C. F.-F on request. 
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EVALUATION OF INTRINSIC REACTION CONSTANTS OF 
RESONANCE, FIELD/INDUCTIVE AND POLARIZABILITY EFFECTS 


THROUGH MOLECULAR STRUCTURES SUBJECT TO PROTONATION 


J. CATALAN", J. FABERO, M. SANCHEZ-CABEZUDO AND J. L. G. DE PAZ 
Departamento de Quimica Fisica Aplicada, Facultad de Ciencias, Universidad Autdnoma de Madrid, Cantoblanco, E-28049 


Madrid, Spain 


AND 


R. W. T A R X  
Department of Chemistry, University of California, lrvine, California 9271 7 ,  USA 


This paper reports a theoretical approach based on nb initio calculations for the evaluation of intrinsic reaction 
constants of resonance, field/inductive and polarizability effects of compounds subject to protonation. Field/ 
inductive and polarizability constants can be evaluated from direct relationships between 6AE, and intrinsic 
contributions of the substituent. On the other hand, resonance constants should be estimated from relationships 
between the proton charge in the protonated molecular form and the intrinsic contributions of the substituent. 
It is also shown that during a protonation process the change in rr charge of the carbon atom that is to bear the 
substituent should be the most suitable index for determining the rr-electron demand of the structure 
concerned. 


INTRODUCTION 
Developing a straightforward model describing the 
effect of substituents (X) on the properties of a given 
molecular system has been one of the chief goals of 
chemists ever since the Hammett equation was 
reported. ' Acid-base ionization data from compounds 
in solution were the starting point for the development 
of a model according to which the electronic effect of a 
substituent is made up of two essential components, 
viz. the resonance component and the field/inductive 
component.* However, the use of solution data often 
results in confusing information being obtained on the 
substituent as a result of experimental observations 
being frequently affected by the solvent effect. 3.4 This 
has raised highly controversial conclusions on the 
electron resonance effect. Studies on the field/induc- 
tive electron effect have also been hindered by the lack 
of availability of any molecular structures capable of 
transmitting only this effect.6 


6AG" measurements on gas-phase acid-base equili- 


* Author for correspondence. 


bria of the form 


X-M-H ygl + H-M: &*I * 


for 38 families of compounds6' have led workers to 
reconsider the substituen: effect. Thus, in addition to 
greater support for intrinsic field/inductive and 
resonance effects, some workers have pointed out the 
need to take into account the substituent polarizability 
effect.',' Gas-phase data of this type have also allowed 
the main solvent effects, viz. those arising from solva- 
tion of the substituent i t ~ e l f , ~ . ~ , ~ ~  and those which 
counteract the resonance and field/inductive effects and 
virtually cancel the polarizability e f f e ~ t , ~ ~ ~ g ~ ' ~ ~ - I I  to be 
analy sed. 


On analysing some families of compounds, Taft and 
Topsom6g concluded that 6AGYg, can be accurately 
expressed on the basis of the intrinsic contributions of 
the substituent, viz. polarizability (uJ,  field/inductive 
(a,) and resonance component (oR), by means of the 
equation 


(2) 


X-M.&I+H-M-H;,, ( v = O ,  1) (1) 


BAG?,, = Ao + P C P ~ ~  + P F ~ F  + P R * R  


CCC 0894-3230/96/020087-18 
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where the products p,a,, pFaF and pRuR denote the 
polarizability (P), field/inductive (F) and resonance 
contributions (R) of the substituent at the dAG& value 
concerned. The reaction constants of these contributions 
(p)  provide information on the molecular skeleton 
(M) that bears the substituent and reaction site, and 
also on their relative situation in the structure. The results 
of this type of analysis are normally highly satisfactory 
and open up a new approach for the rationalization and 
prediction of dAG& values for acid-base equilibria. 


Hansch et a1.I‘ evaluated the u intrinsic contributions 
of 74 substituents. Many of them were also estimated 
theoretically by ab initio methods and were reproduced 
to within +0.03.8.’3 They also reported the u values for 
several hundred substituents that were compiled from 
different sources.” 


If the dAG& values for a family of compounds M 
which conform to process (1) and the oa, uF and uR 
values for different substituents (X) are known, the 
reaction constants p corresponding to the molecular 
skeleton in question (M) can be readily obtained by 
subjecting equation (2) above to a simple multi-linear 
regression statistical analysis. The results thus obtained 
for processes involving cationic species have revealed6g 
that tke reaction constant pF and, particular, pu, decrease 
with increase in the distance between the substituent and 
the reaction site. The dependence of inductive effect with 
the distance has already been proposed by Bowden and 
Grubbs,I4 ChartonI5 and Exner and Friedl.I6 On the other 
hand, pK is markedly dependent not only on the molecu- 
lar structure, but also on the nature of the reaction site. 
Thus, pR is 12.76g for p-X-N,N-dimethylanilines and 
35.0@ for p-X-methylstyrenes (or 25.7 for p-X-pyridines 
and 13.3 for o-X-pyridines@). 


This marked dependence of the reaction constants on 
the nature of the molecular skeleton made it advisable 
to use theoretical models for their estimation inasmuch 
as a statistical analysis of experimental data is often 
hindered by the lack of a reasonably large number of 
derivatives or their instability. Scarcely volatile com- 
pounds also obviously hinder the acquisition of dAGY,, 
measurements on equilibria such as that depicted in 
equilibrium (1). In this respect, mention should be made 
of the attempts of Reynolds et al.” at establishing 
empirical relationships between the n-electron demand 
of some systems and the effect of various substituents. 
They proposed the use of the n charge on the carbon 
atom of the protonated parent molecule which was to 
bear a given substituent X as the most suitable index for 
quantifying the n-electron demand of a molecular 
system, which they denoted q,” (= 1 - q t ) .  The likeli- 
hood of substituent n-electron interactions should be 
governed by the electron density of this carbon atom. 
However, the relationships established so far are only 
applicable to given families of compounds.h2 


In this work, we developed a general procedure for 
predicting intrinsic pu, pF and pK on the basis of 


quantum chemical calculations and studied potential 
deviations from the theoretical model on a wide variety 
of molecular structures subject to protonation. 


DESCRIPTION O F  THE CALCULATIONS 
Because of the large number of families (18) and the 
size of the systems studied and of our present computa- 
tional facilities, we fully optimized the molecular 
geometries of neutral and protonated forms at the INDO 
semi-empirical level by using the GEOMO program 
considering the gradient method proposed by Rinaldi and 
co-workers.” Then the optimized C-H, N-H and 0-H 
bond distances were properly scaled because the INDO 
method overestimates them. The scaling factor for the 
C-H bond, 0.974, was obtained as the ratio between the 
experiment C-H bond distance of naphthalene and its 
corresponding INDO value. The scaling factors for the 
N-H and 0-H bond distances (0.935 and 0.924, respect- 
ively) were derived from the experimental values for 
pyrrole and phenol, respectively, and their corresponding 
INDO values. The scaled molecular geometries were 
subjected to ab irzitio calculations at the STO-3G levelIR 
by using the Gaussian 80 program.” This mathematical 
model provided excellent results for similar systems;20.2’ 
also, the relative protonation energies obtained at the 
STO-3G//INDO level have been shown to be similar to 
those provided by the STO-3G//STO-3G level.*’ The 
minimal basis set has been shown” to be suitable for 
studying 6AE, values even considering standard geome- 
tries without optimization. Vibrational, BSSE and 
correlation corrections were assumed to be constant 
within each family. 


The optimization of the geometries of the protonated 
styrenes studied in this work warrants some comments. 
This family does not allow the optimization process to 
be started on the neutral styrene and a proton subse- 
quently to be added above the molecular plane in order 
to obtain a tetragonal CH,+ group. In fact, if this 
geometry is used as the starting point, then the added 
proton shifts to the C=C conjugate zone in the optim- 
ized geometry and forms a bridged structure which is 
incompatible with a tetragonal CH,’ group. In order to 
avoid this shortcoming, the protonated forms were 
optimized from a geometry in which one of the hydro- 
gen atoms in the tetragonal CH, + group was fixed on the 
molecular plane, the C, molecular symmetry thus being 
preserved as a result. Then, the STO-3G computation 
was applied to the geometry obtained on turning the 
tetragonal CH,’ group in the optimal INDO geometry 
by 90”. In this way, the role of ‘true’ proton was 
assigned to that lying furthest from the molecular plane. 


RESULTS AND DISCUSSION 


Table 1 lists the experimental dAGq,, and the theoretical 
dAE [process ( I ) ]  data used for the statistical analysis 
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Table 1. Comparison of observed (- 6AG) and ab initio calculated ( -  6 A E )  values of substituent effects for eighteen families of 
gas-phase acidities (in kcal mol-'; 1 kcal=4.184 kJ), values of -6AG calculated by equations (2), (5) and (6) [Calc. (l), Calc. (2) 
and Calc. (3), respectively] and values of -6AE calculated by equation (2) [Calc. (4)] 


H' 


CF, 
\ 


(1) x-c 
'H 


X -6AG Calc. (1)" Calc. (2) Calc. (3) -6AE Calc. (4) -6AG Calc. (1)' Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 
NHMe 
NH, 
Ph 
SMe 
OEt 


-39.5 


-23.4 
-28.9 
-22.0 
- 20.0 
-16.0 
-7.4 


-11.9 
0.0 
5.0 


- 


- 


- 


-38.6 -36.5 
- - 


-24.2 -27.5 
-28.4 -25.3 
-22.6 - 
- 19.2 - 
-16.2 -19.7 
-8.9 -11.4 
- - 


-12.6 -7.6 
0.6 3.2 
6.0 2.6 
- - 
- - 
- - 
lo" 8 
1.1 3.8 
0.998 0.972 


31.5It2.9 - 
26.7rt 1.3 - 
47.9* 1.9 - 
0.6i0.9 - 


- 34.9 


-26.2 
-30.0 


- 
-57.1 
- 


-44.2 
-41.0 


-61.0 


-41.8 
-38.5 


- 


- 
- 


-30.1 
-21.3 
- 


-17.3 
-0.6 
- 1.3 


7.4 
6.7 


2.7 
0.995 


34.9 f 4.7 
29.5 * 3.4 
79.5 f 4.1 
-0.6 k 2.2 


- 


10 


-38.7 
-32.1 
-244 
- 27.2 


-19.3 
- 15.5 
-5.2 
- 15.9 
-12.5 


0.0 


-2.0 
9.3 


- 


- 


- 


-38.9 
-31.8 
-24.6 
-27,5 


- 19.0 
-16.1 


-15.7 
- 12.7 
-0-1 
(6.4) 
- 1.9 


9.3 


- 


- 


-34.5 


-27.8 
- 25.9 


-20.2 
- 18.6 
- 13.0 
-11.4 
-9.2 


2.2 


- 


- 


-33.1 


-26.8 
-30.4 


-18.3 
- 16.8 
- 10.3 
- 14.5 
-11.5 


1.8 


- 


- 


-51.0 


-41.7 
- 39.1 


-31.1 
-28.9 
-21.1 
-18.9 
- 15.9 


0.0 
0.3 


8.9 
11.0 


- 


- 


- 


- 


-56.6 
- 


-38.8 
-35.3 


-31.3 
-27.5 
-18.9 
- 19.5 
- 16.5 
-1.3 


0.2 


8.7 
9.2 


2.9 
0.993 


37.8 i 4 . 6  
26.5 k 3.5 
74.1 f 3.9 
- 1.3 i 2.1 


- 


- 


12 


- 
- 18.5 
-8.8 


- 
-32.9 
-21.0 


- 15.6 
0.0 


-0.8 


5.6 
8.9 


- 


- 


- 


OMe 
OH 
Et 
Me 
H 
F 
CCI, 
CF, 


- 
8.6 
- 


10 
4.1 
0.960 


- 
10.1 


10 
- 


3.4 
0.976 


CN- 
n 
S.d. 
R 


PLL 
PF 


PR 
A" 


(9.7) 
13' 


- 


8 
3.4 
0.98 1 
__ 


0.4 
1 .om 


35.5 f 0.6 
24.9 f 0.4 
49.1 f 0.4 
-0.1 * 0.3 


H' 


CH, 'OCH, 


-6AG Calc. (l)b Calc. (2) Calc. (3) -6AE Calc. (4) -6AG Calc. ( l)d Calc. (2) Calc. (3) -6AE Calc. (4) 


-30.8 -31.3 -27.9 -26.8 -49.2 -53.4 (-21.0) -21.5 -21.7 -19.5 -35.2 -38.4 
-20.0 -18.9 -22.4 -21.8 -40.5 -36.8 - - - - -28.3 -26.4 


(-19.5)' - -18.1 -21.9 -33.7 -32.2 (-14.1) -15.4 -13.8 -16.5 -23.7 -21.5 
-14.2 -13.8 - - - - -13.0 -12.4 - 


-11.3 -11.3 -13.6 -11.9 -26.5 -25.8 -10.5 -10.1 -11.3 -9.9 -20.1 -17.5 
-4.0 -4.9 -8.7 -6.1 -18.8 -17.7 - - - _. -12.0 - 11.6 


-13.0 -13.3 
-10.3 -10.6 -6.4 -9.0 -15.2 -15.2 -8.2 -8.8 -4.2 -6.7 -9.8 -10.6 


0.0 0.3 3.2 2.3 0.0 -1.4 0.0 0.8 2.5 0.6 0.0 -1.1 
1.4 2.5 - - - - 1.6 0.6 9.4 8.0 3.5 6.1 


0.0 0.4 - - 
10.4 10.3 8.9 10.0 9.0 9.5 9.2 10.2 8.4 8.2 8.6 10.2 
- - - - 11.5 10.7 11.4 11.4 12.8 13.8 14.9 12.5 
- - - - 28.4 (17.4) - - - - - - 


10 - 10' 8 8 10 - 9d 8 8 
- 0.7 3.5 2.8 - 2.6 - 1 .o 3.9 2.4 - 2.4 
- 0.999 0.968 0.983 - 0.995 - 0.997 0.933 0.986 - 0.993 
- 35.1 f 1.3 - - - 37.9f4.4 - 32.2* 1.5 - - - 33.7f4.1 
- 22.0i 1.1 - - - 23.4k3.1 - 18.8i 1.5 - - - 14.1 i3.0 
- 39.7 f0.9 - - - 71-2i3.8 - 37.5 k2.1 - - - 54.0 i 3.6 
- 0.3f0.5 - __ - -1.4k2.0 -0.8f0.8 - - - -1 .3kl .9  


- - - 


- - - - -10.5 -11.0 - - - - 


- - - - - 2.0 1.8 - 


- 


X 


NMe, 


Ph 
OEt 
OMe 
OH 
Et 
Me 
H 
F 
CCI, 
CF, 
CN 
NO, 


NH, 


n 
S.d. 
R 


P a  


A,, 


PF 


PR 


(Continued) 
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Table 1. Continued 


\ 


NMe, 


(6) =OH' 


X 


X -6AG Calc. (1)' Calc. (2) Calc. (3) -6AE Calc. (4) -6AG' Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 


Ph 
NH, 


OMe 
OH 
Me 
H 
F 


CN 


n 
S.d. 
R 


P a  


All 


CF, 


NO, 


PF 


PR 


-9.7 


- 10.2 
1.7 


-4.8 
0.0 


8.1 
12.8 


- 


- 


- 


- 


-9.4 


-9.7 
0.7 


-5.6 
-0.4 


9.8 
11.9 


- 


- 


- 


- 
14' 
1 .o 
0.995 


30.1 It 1.2 
12.5 f 1.0 
10.2 f 1.2 
-0.4 f 0.7 


-11.3 


- 6.7 
-4.4 


-1.3 
3.4 


8.1 
10.1 


7 
4.1 
0.905 


- 


- 


- 


- 


-7.5 -26.2 -28.7 
- -20.8 -18.8 


-10.6 -18.0 -17.6 
-1.3 -13.8 -11.6 
- -6.6 -6.5 


-5.1 -8.4 -8.7 
0.9 0.0 -0.6 
- 6.8 5.1 


9.0 8.4 9.5 
12.6 12.1 11.5 
- - - 


10 - I 
2.0 - 1.8 
0.982 - 0.994 
- - 31.0i3.1 
- - 14.2 f 2.2 
- - 39.0 i 2.7 
- - -0.6 i 1.4 


-25.2 
-17.1 


-11.4 
- 
-5.2 


0.0 
- 
- 


9.6 
- 


-24.9 -23.1 
-17.4 -19.8 


-11.4 -12.2 


-5.4 -3.5 
0.2 0.7 


- - 


- - 
- - 


9.7 8.6 
(12.3) - 


8 6 
0.3 2.0 
1.000 0.989 


21.5f0.6 - 
7.4f0.7 - 


37.5 fO.4 - 
0.2i0.3 - 


-22.9 
-19.9 


-11.7 


-4.3 
0.0 


- 


- 
- 
9.4 


6 
- 


2,2 
0.99 1 


-33.9 -35.3 
-29.1 -26.5 


-18.3 -18.4 
-14,O -14.4 
-5.9 -6.1 


0.0 -0.1 
-2.4 -3.2 


8.8 8.9 
11.2 11.6 
18.6 (13.7) 


- 1.4 
- 0.998 
- 23.1 f 2.5 
- 4.6 f 2.5 
- 55.5 f 2.1 
- -0.1 f 1.1 


9 .- 


\ 
(7) p-XPhC(CH,),' H 


X -6AG" Calc. (1) Calc. (2) Calc. (3) - M E  Calc. (4) -6AG" Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 
NH, 
OMe 
OH 
Me 
H 
F 
CF, 
CN 
NO, 
n 
S.d. 
R 


P O  


A,, 


PF 


PR 


-23.0 
-15.2 
- 10.5 
- 
-4.1 


0.0 
0.1 
7.0 
9.8 


11.5 


-22.4 -21.7 -21.6 
-16.1 -17.1 -17.1 
-10.6 -9.9 -9.8 
- - - 
-4.2 -3.9 -4.2 


0.2 0.4 0.2 
0-4 -0.9 -0.7 
7.4 7.6 7.6 
9.4 9.5 9.7 


11.3 - - 
12 8 8 
0.5 1.1 1.2 
0.999 0.996 0.996 


19.0f0.6 - - 
4.6f0.6 - - 


35.0f0.7 - - 
0.2f0.4 - - 


-24.8 -25.1 
-19.7 -18.7 
-11.6 -12.6 
-9.6 -9.6 
-4.9 -4.5 


0.0 -0.3 
-1.5 -1.2 


8.0 7.8 
10.2 10.4 
- - 


9 
0.7 


- 
- 


- 0.999 
- 20.0 i 1.2 
- 2.7 zt 1.2 
- 39.9 i 1 .o 


-0.3 i 0.6 - 


-21.1 


- 10.2 
- 6.9 
-4.5 


0.0 
0.6 
5.9 
7.6 
8.7 


- 
-20.9 -19.5 
- - 


-10.0 -10.4 
-7.1 -8.4 
-4.3 -4.4 


0.2 0.2 
0.2 -1.3 
6.1 6.5 
7.6 8.9 
9.5 (13.8) 


0.5 1.3 
0.999 0.992 


13 8 


16'6f.0.6 - 
5.0f.0.6 - 


31.6k0.7 - 
O.Ok0.3 - 


-19.4 -19.6 -21.0 
- -18.0 -16.1 


-10.4 -10.6 -10.9 
-8.3 -8.6 -8.6 
-4.7 -4.6 -3.8 


0.0 0.0 -0.8 
-1.1 -1.5 -1.8 


6.6 6.3 6.3 
9.1 8.6 8.7 


(14.3) 13.5 (9.9) 
8 
1.4 - 1.2 
0.992 - 0.99 5 
- - 16.7 f 2.1 


0.9f.2.1 
- - 33.5 * 1 8 
- - -0.8 k 1.0 


9 - 


- - 


(Continued) 
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Table 1. Continued 


/OH' ,OH' 
(9) p-XPhC\ (10) p-XPhC\ 


CH, OCH, 


X -6A.G" Calc. (1)' Calc. (2) Calc. (3) -6AE Calc. (4) -6A.G" Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 
NHZ 
OMe 
OH 
Me 
H 
F 


CN 


n 
S.d. 
R 


P, 


CF, 


NO2 


PF 


PR 
A0 


~~ 


-18.1 
- 
-8.1 
-5.4 
- 3.9 


0.0 
0-6 
5.8 
8.2 
8.8 
- 


~~ ~ 


- 17.9 


- 8.3 
-5.8 
-3.8 
-0.1 


0.8 
5.9 
7.6 
9.3 


0.3 
0.999 


16.1 i 0 . 5  
4.4 i 0.4 


27.4 f 0.5 
-0.1 f 0.2 


14 


- 
- 12.4 
-7.1 
-5.5 
-2.9 


0.2 
-0.2 


5.9 
8.0 


(11.2) 
8 
0.8 
0.994 
- 
- 
- 
- 


- 
- 12.4 
-6.8 
-5.3 
-3.5 
-0.3 


0.1 
5.7 
8.0 


(1 1.8) 


0.8 
0.995 


8 


- 
- 
- 
- 


-18.7 -19.0 
-14.9 -14.1 
-8.6 -9.2 
-6.8 -6.9 
-3.7 -3.4 


0.0 -0.3 
-0.5 -0.3 


6.6 6.6 
8.9 8.9 


13.0 (10.1) 


- 0.5 
- 0.999 
- 16.8 i 0.9 
- 1.8i0.9 
- 30.8 i 0.8 
- -0.3 f 0.4 


9 - 


- 
-8.0 
-4.8 
-3.1 
-2.3 


0.0 
2.2 
5.7 
8.1 
8.9 
- 


- 


-8.2 
-4.7 
-2.8 
-2.8 
-0.2 


2.3 
5.7 
7.7 
8.9 


0.3 
0.998 


15.3 f 0.5 
3.1 f 0.4 


18.6 f 0.5 
-0.2 f 0.2 


13 


- 
-9.3 
-4.0 
-2.7 
- 1.2 


1.1 
1.2 
5.4 
7.3 


(9.9) 
8 
1.1 
0.983 
- 
- 
- 
- 


- -14.9 -15.6 
-9.4 -13.5 -11.6 
-3.6 -6.6 -7.5 
-2.3 -5.0 -5.7 
-2.0 -3.0 -2.8 


0.3 0.0 -0.4 
1.7 0.1 0.0 
5.4 5.5 5.9 
7.6 8.0 8.0 


(10.7) 11.4 (9.0) 
8 
1.0 - 1.0 
0.988 - 0.994 
- - 14.9i1.8 
- - 1.1 i 1.8 
- - 25.3 f 1.5 
- - -0.4 f 0.8 


9 - 


,OH' 
(11) p-XPhC\ 


NMe, (12) 4-XCsI&NH' 


X -6A.G Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) -dAG Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 
NHZ 
OMe 
OH 
Me 
H 
F 
C0,Me 
CF, 
CN 
NO, 
n 
S.d. 
R 
OF 
P U  


A" 
PR 


- 


-5.1 
-3.1 
- 
- 1.6 


0.0 
1.9 


6.2 
8.2 
9.2 
- 
- 


- 
-5.9 
-2.9 


-2.1 
-0.2 


3.0 


5.7 
7.6 
8.8 


- 


12 
0.6 
0.994 


14.8 f 0.8 
1.9 f 0.8 


14.7 f 1.1 
-0.1 * 0.5 


- 
-6.1 
-2.6 
- 


-0.6 
1 .o 
1.3 


5.3 
8.2 


(9.5) 
7 
1 .o 
0.984 


- 
- 5.8 
-2.2 


-1.3 
0.2 
1.7 


5.2 
8.7 


(10.1) 


7 
0.8 
0.990 


- 


- 15.5 
-9.6 
-4.9 
- 3.4 
-2.1 


0.0 
0.4 


5.8 
9.8 


11.5 


- 14.1 
- 10.2 
-6.1 
-4.1 
-2.3 


0.1 
1.4 


6.8 
9.1 


(10.2) 


9 
1.2 
0.992 


16.1 f 2.0 
1.4 * 2.0 


23.7 * 1.8 
0.1 f 0.9 


- 15.6 
-11.4 
-6.5 


- 3.5 
0.0 
4.2 
2.1 
8.2 


11.1 
12.6 


- 


- 


- 16.3 
-11.0 
-6.1 
- 


-3.6 
-0.1 


3.9 
2.7 
8.3 


10.7 
12.8 


15 
0.5 
0.999 


2 1.8 i 0.6 
5.02 0.5 
25.7 i 0.6 
0.1 f 0.3 


- 15.8 
- 11.8 
- 6.2 
- 


-2.5 
1.3 
2.1 


8.1 
11.1 


- 


- 


- 15.4 
-11.6 
-5.7 


- 3.8 
0.2 
2.9 


8.1 
11.8 


- 


- 


- 


8 
1.1 
0.994 
- 


8 
0.8 
0.998 
- 


- 19.3 
- 14.8 
-8.5 
-6.0 
-4.3 


0.0 
0.9 


7.6 
11.1 


- 


- 


- 


- 19.5 
- 14.2 
- 8.9 
-6.2 
-3.9 
-0.5 


1.1 


8.0 
10.8 


9 
0.5 
0.999 


20.8 i 0.9 
2.5 f 0.9 


3 1.2 * 0.8 


- 


- 


-0.5 i 0.4 


(Continued) 
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Table 1. Continued 
~~ 


(13) y-XPhNMe,H' (14) 2-XCJLNH' 


X -6AG Calc. (1) Calc. (2) Calc. (3) -6AE, Calc. (4) -6AG Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 
NH, 
OMe 
OH 
Me 
H 
F 
C0,Me 
CF, 
CN 
NO, 
n 
S.d. 
R 


Pa 


A ,  


PF 


PR 


-7.8 
-4.6 
-3.3 


-2.1 
0.0 
2.2 
3.1 
6.9 


10.0 


- 


- 


-8.0 
-5.4 
-2.5 


-2.2 
-0.4 


3.0 
4.1 
6.3 
8.5 


- 


- 
14 
0.8 
0.993 


14.4 f 1.1 
2.1 f 1.1 


12.7 i 1.0 
-0.4f0.6 


-7.4 
-5.0 
-2.9 
- 


-2.6 
0.1 
1.9 
3.5 
6.5 


10.3 


9 
0.4 
0.998 


- 


- 
- 
- 


- 


-7.5 
-5.0 
-3.0 


- 2.4 
0.2 
1.8 


6.5 
10.2 


9 
0.4 
0.998 


- 


3.5 


- 


-7.5 -7.7 
-5.1 -5.8 
-3.0 -2.5 
-3.1 - 
-2.7 -1.6 


0.0 -1-1 
1.8 2.5 
3.4 3.7 
6.5 6.6 


10.3 9.6 
13.1 10.0 


- 0.5 
- 0.999 
- 16.5 f 1.6 
- -1.5 f 1.5 
- 14.1 f 1.3 


-1.1 i0.7 


9 - 


- 


-8.8 -9.2 
-4.8 -4.4 
-0.6 -0.1 


-3.8 -3.8 
0.0 -0.1 


10.2 9.6 


9.6 10.1 
13.2 12.9 


- - 


- - 
13 - 


- 0.4 
- 0.999 
- 27-5 i 0.2 
- 7.6 f 0.5 
- 13.3 f 0.5 
- -0.1 f0.3 


-8.3 
-6.0 
- 1.7 


- 2.5 
2.6 
7.2 


- 


9.6 
14.1 
- 
8 
1.9 
0.977 


-7.3 
-5.4 
- 1.0 


-4.6 
0.9 
8.4 


- 


9.3 
14.6 
- 
8 
1.4 
0.989 


-12.1 -13.2 
-9.5 -8.7 
-4.8 -4.0 
-0.8 -1.4 
-5.7 -4.5 


0.0 -1.4 
5.1 5.3 


7.7 8.6 
12.6 11.7 
- - 


9 - 
- 1.3 
- 0.992 
- 25.2 f 2.2 
- 4.2 f 2.2 
- 19.4 f 1.9 
- -1.4* 1.0 


(15) m-XPhCMd 


X -6AG Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) 


- 
- 
-2.1 


-1.8 
0.0 
5.1 
6.2 
9.0 


12.4 
11.1 


- 


- 
- 
- 1.7 


-2.1 
0.3 
4.9 
6.8 
8.7 


13.3 
10.3 
10 


- 


0.7 
0.995 


16.9 f 0.7 
3.8 f 1.0 


13.2 f 1.7 
0.3 f 0.5 


- 
0.2 


-2.5 
-0.8 


4.5 
5.8 
9.2 


- 


- 


6 
1.3 
0.967 


- 
-1.2 


- 2.0 
0.1 
3.7 
6.3 
9.5 


- 


- 


6 
1 .o 
0.986 


-3.7 
-2.1 


1 .o 
2.1 


- 1.7 
0.0 
5.2 
6.5 
9.8 
- 


-3.7 
-1.9 


0.7 
2.0 


-1.3 
-0.4 


5.4 
6.9 
9.5 
- 


- 


9 
0.4 
0.997 


17.2 f 0.7 
0.9 i 0.7 
7.2 f 0.6 


-0.4 f 0.3 


(Continued) 
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Table 1. Continued 


/OH' 


\H (17) 3-XC,H4NH' 
(16) rn-XPhC 


X -6AG Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) -6AG Calc. (1) Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 


OMe 
OH 
Me 
H 
F 
C0,Me 
COMe 
CF, 
CN 
NO, 
n 
S.d. 
R 


P O  


A0 


NH, 


PF 


PR 


- - 


- - 
-2.7 -2.3 
-0.5 -0.6 
-2.8 -2.4 


0.0 -0.3 
4.0 3.7 
- - 
- - 


5.6 5.7 
7.6 7.4 
8.4 8.8 


- 0.4 
- 0.998 
- 15.3i0.6 
- 3.5 f 0.5 
- 12.6f0.8 
I -0.3 * 0.3 


10 - 


-3.9 - 
-1.2 - 


-0.4 -1.5 
-1.8 -0.1 
-1.6 -1.6 


0.0 -0.2 
4.7 3.9 
- - 
- - 
5.7 6.3 
8.8 8.5 


11.9 (9.5) 
7 
1.3 


- 
- 


- 0.974 
- 15.6 f 2.5 


1.4k3.0 
- 11.8 k 3.3 
- 0.2f 1.1 


- 


-9.7 


-3.1 
- 


- 
-3.0 


0.0 
6.9 
2.4 
3.8 
8.5 


11.9 


-10.1 


-2.0 
- 


-8.9 
- 


- 1.9 


-9.7 


-2.5 
- 


-7.0 -6.3 
-2.7 -3.8 
-1.1 -0.5 


1.2 1.4 
-3.0 -2.4 


0.0 -0.6 
6.0 6.2 


.- - 
_ _  
7.1 7.9 


11.6 10.7 
- - 


9 - 
- 0.9 
- 0.993 
- 21.0f 1.6 


2 . 7 i  1.6 
- 11.Oi 1.3 
- -0.6 i 0.7 


- 


- 
-0.9 
-2.2 
-2.0 
-0.5 


4.1 
- 
- 
4.9 
7.9 


- 
-1.1 
- 2.4 
- 1.8 
-0.3 


3.9 
- 
- 


5.0 
7.9 


-3.0 
-0.3 


6.4 
2.5 
3.6 
9.0 


11.9 


12 
- 


0.5 
0.997 


23.3 i 0.8 
3.8 f 0.7 


16.3 f 0.8 
- 0.3 f 0.4 


-4.1 
-0.6 


6.4 
- 
- 


7.7 
13.0 


7 
1.1 
0.992 


- 


- 3.2 
0.3 
5.8 
- 
- 
8.0 


12.8 


7 
0.8 
0.996 


- 
7 
1.2 
0.962 
- 


7 
1.4 
0.963 
- 


P" 
\ 


(18) rn-XPhC 
OMe 


X -6AG Calc. (1)' Calc. (2) Calc. (3) -6AE Calc. (4) 


NMe, 


OMe 
OH 
Me 
H 
F 
CF, 
CN 
C-NO, 
n 
S.d. 
R 


P U  


NH, 


PF 


PR 
A0 


- 


- 
- 1.3 


0.1 
-1.5 


0. I 
3.8 
5.7 
7.5 
8.7 


log 
0.3 
0.999 


14.1 f0.4 
2.1 + 0.4 


10.7 f 0.5 
0.1 f 0.2 


-2.8 -3.2 
-2.0 -1.9 


0.0 0.3 
0.8 1.2 


-1.2 -0.9 
0.0 -0.5 
4.4 4.0 
5.0 5.8 
8.6 8.1 
- - 


9 
0.6 


- 
- 


- 0.992 
- 14.0 f 1.0 
- -0.3 f 1.0 
- 6.6 f 0.9 
- -0.5 f 0.5 


- 
-1.4 


0.2 
- 1.4 


0.0 
4.1 
5.5 
7.9 
8.4 


- 
- 1.0 
-0.1 
- 1.3 


0.1 


4.9 
8.4 


7 
0.5 
0.994 


- 


- 


"CI excluded; obs. value 2.8, calc. value -2.8; CF, excluded in accord with evidence of significant OH/CF, chelation 
hIncludes Pr, Pr'; excludes OH. 
Excludes Pr', Bu' ,  SMe and Ph due to steric twisting. 
Excludes NMe?, Ph. Pr' and Bu' due to steric twisting; also excludes CI, obs. value 7.8, calc. value 0.8. 


'Includes also CCI,. OC2H5, Et, Pr, Pr', Bu', r-C,H, ,; excludes CI, obs. value 8 4 ,  calc. value 6.0. 


' Exptl values are for =OH' 


X 
Also includes SMe, CI 
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Table 2. Non-colinearity of independent parameters used in equation (2) 


Series 


OH' 
U 
\ 


1. x-c 
C E  
OH' 


2. x-c 
\ 


H 
OH' 


U 
\ 


3. x-c 
CH, 
OH' 


OEt 
OH' 


NMe, 


U 
\ 


4. x-c 


5 .  x-c< 


6. O = O H +  
/ 


X' 
7. p-XC,H,CMe, + 


OH' 
U 
\ 


8. 0-XPhC 
H 
OH' 


/ 
\ 


9. p-XPhC 
CH, 
OH' 


U 
\ 


10. y-XPhC 
OCH, 
OH* 


NMe, 
11. p-XPhC' 


\ 


12. 4-XCSH4NH + 


14. 2-XC,H4NH + 


13. y-XC,H,NMe, H + 


15. m-XC,H,CMe, + 


/OH' 


\ 
H 


16. m-XPhC 


17. 3-XC,H4NH' 
/OH' 


'OMe 
18. m-XPhC 


0.998 -0.315 


1.000 0.033 


0.999 -0.156 


0.997 -0.127 


0.995 0.136 


1.000 0.523 


0.999 -0.387 


0.999 0.114 


0.999 -0.176 


0.998 -0.123 


0.994 -0,093 


0.999 -0.180 
0.993 0.479 
0.999 -0.229 
0.995 0.07 1 


0.998 0.139 


0.997 -0.352 


0.999 0.295 


-0.05 1 


-0.259 


-0.223 


-0.400 


-0.193 


-0.106 


0.171 


-0.005 


0.149 


0.253 


0.181 


0.158 
0.446 
0.152 
0.42 1 


0.159 


0.042 


0.235 


-0.004 0.995 0.147 


-0.009 0.993 0.227 


0.061 0.995 0.147 


0.042 0.992 0.147 


0.057 0.994 0.147 


0.230 0.998 -0.030 


0.092 0.999 -0.030 


0.322 0.995 -0.030 


0.192 0.999 -0.030 


0.146 0.994 -0.030 


0.194 


0.196 
0.553 
0.053 
0.120 


0.175 


0.109 


0.3 10 


0.992 


0.999 
0.992 
0.992 
0.997 


0.974 


0.993 


0.992 


-0.030 


-0.030 
-0.049 
-0-030 
-0.030 


-0.185 


-0.030 


-0.030 


-0.028 0.249 


-0.100 0.125 


-0.028 0.249 


-0.028 0.249 


-0.028 0.249 


0.007 0.268 


0037 0.268 


0.007 0.268 


0.007 0.268 


0.007 0.268 


0.007 0.268 


0.007 0.268 
-0.076 0.273 


0.007 0.268 
0.007 0,268 


-0.448 -0.005 


0007 0.268 


0.007 0.268 
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Table 3. Summary of reaction constants obtained on the basis of equation (2) for 18 aliphatic and aromatic series i f  compounds 


Series 


OH+ 


X 
OH' 


1. CF,--C( 


2. H - C  
H 


OH' 
3. CH,-C 


\ 
X 
OH' 


X 
OH' 


R 
5 .  Me,N--C\ 


X 


6. O = O H +  


7. p-XC,H,CMe, + 


OH + 


R 
\ 


4. EtO-C 


X' 


R 
8. p-XC,H,C\ 


H 
OH' 


9. p-XC,H,< 
CH, 
OH' 


OMe 
OH + 


NMe, 


13. y-XC,H,NMe,H' 
14. 2-X-C5H4NHf 
15. m-XC,H,CMe, + 


R 
10. p-XC,H,C\ 


R 
1 1. p-XC, H4C, 


12. 4-XCSH4NH + 


/OH+ 


\ 
H 


17. 3-XCSH,NH+ 


16. m-XChH4C 


H' 


OMe 
18. ~ Z - X C ~ H ~ C  


\ 


31.5 f 2.9 


35.5 f 0.6 


35.1 f 1.3 


294 f 0-4 


30.1 f 1.2 


21.5 f0.6 


19.0 f 0.6 


16.6f0.6 


16.1 f0.5 


15.3 f0.5 


14.6 f 0.8 


21.8f0.6 
14.4 f 1.1 
27.5 i 0.2 
16.9 f 0.7 


15.3 i 0.6 


23.3 f 0.8 


14.1 f0.4 


34.9 f 4.7 


37.8 f 4.6 


37.9 f 4.4 


32.5 f 3.5 


3 1.0 f 3.1 


23.1 f 2.5 


20.0 f 1.2 


16.7 f 2.1 


16.8 f 0.9 


14.9 f 1.8 


16.1 f2.0 


20.8 f 0.9 
16.5 f 1.6 
25.2 f 2.2 
17.2 f 0.7 


15.6 f 2.5 


21.0f 1.6 


14.0f 1.0 


26.7 f 1.3 


24.9 * 0.4 


22.0f 1.1 


15.7 f 0.4 


12.5 f 1.0 


7,4 f 0.7 


4.6 f 0.6 


5.0 f 0.6 


4.4 f 0.4 


3-1 f0.4 


1.9 f 0.8 


5.0 f 0.5 
2.1 f 1.1 
7.6 f 0.5 
3.8 f 1.0 


3.5 f 0.5 


3.8 f 0.7 


2.1 f 0.4 


29.5 f 3.4 


26.5 f 3.5 


23.4 f 3.1 


11.9 i 3.5 


14.2 f 2.2 


4.6 f 2.5 


2.7 i 1.2 


0.9 f 2.1 


1.8i0.9 


1.1 It 1.8 


1.4 f 2.0 


2.5 f 0.9 
- 1.5 i 1.5 


4.2 i 2.2 
0.9 f 0.7 


1.4 i 3.0 


2.7 f 1.6 


-0.3 * 1.0 


47.9 f 1.9 


49.1 i 0.4 


39.7 f 0.9 


24.5 f 0.4 


10.2 f 1.2 


37.5 * 0.4 


35.0 i 0.7 


31.6 It 0.7 


27.4 t 0.5 


18.6*0-5 


14.7 i 1.1 


25.7 f 0.6 
12.7 C 1.0 
13.3 i 0.5 
13.2t 1.7 


12.6i0.8 


16.3 t 0.8 


10.7 * 0.5 


79.5 f 4.1 


74.1 f 3.5 


71.2f3.1 


50.9 f 34 


39.0 f 2.7 


55.5f2.1 


39.9 f 14 


33.5 * 1.E 


30.8 f 0.f 


25.3 f 1.5 


23.7 It 1.f 


31.2 f 0.f 
14.1 f 1.: 
19.4 f 1.S 
7.2 f 04 


11.8 f 3.: 


l l . O *  1.: 


6.6 * 04 
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of 18 families of compounds on the basis of equation 
(2). The on, uF and uR values corresponding to the 
substituents X can be found in Ref. 12. The statistically 
determined BAG';,, and BAE values are given in the 
Calc. (1) and Calc. (4) columns, respectively. 


In relation to the aforementioned results it is worth 
emphasizing that (a) the and BAE values 
obtained by fitting are similar to their experimental and 
STO-3G calculated counterparts, respectively, particu- 
larly in the former; this is not the result of the need to 
make zero-point vibrational corrections on the theoreti- 
cal data or any entropic effects," and (b) as can be seen 
from Table 2, the independent parameters used for the 
dAG&) and 6AE fittings meet the non-colinearity 
requirement. 


The reaction constants obtained for the 18 families 
of compounds from the above analyses are listed in 
Table 3. We emphasize the high consistency between 
the results from the fit to BAG"and BAE values, which 
are denoted by (obs) and (theo), respectively. 


Thus, 


PF(obs) = 0'908PF(cheo) + 1*42 
( n  = 18, r =0.984, s.d. = 1.40) (3) 


and 


Pa(obs)  = 0'834Pu(tixo) + 2.81 
( n  = 18, r = 0.985, s.d. = 1.47) (4) 


We can therefore conclude that STO-3G/INDO calcula- 
tions are accurately descriptive of the field/inductive 
and polarizability effects of the studied substituents, 
irrespective of the molecular structure concerned, so 
much so that equations (3) and (4) predict the reaction 
constants of the field/inductive and polarizability 
effects with a degree of uncertainty close to that of 
experimental measurements (see Figures 1 and 2). 


On comparing the reactions constants pR(obs) and 
pR(theo) listed in Table 3 ,  it is seen that their correlation is 
not very good ( r  = 0.891). This is largely a result of 
some families of compounds having overestimated 
theoretical resonance contributions. This overestimation 
in theoretical calculations encountered in considering 
interactions between n-electron-releasing and -with- 
drawing fragments in a given family of compounds has 
been ascribed to constant electron correlation effects 
within the family." However, Aue et found that 
the overestimation of the resonance effect in the 
pyridine family can be partly, although never fully, 
corrected by including the MP2/6-3 1G(d, p) correla- 
tion, which is a very high theoretical level. 


A more detailed analysis of the picture reveals that 
the theoretical overestimation of the resonance is more 
marked in those families for which pR(obs)/pF(obs) > 1. In 


' 3-21G//3-21G calculations show the relative basicities 
within a given family of compounds to be affected by less than 
2 kcal m ~ l . ' ~  


these systems, where the resonance effect is prevalent, 
inasmuch as the field/inductive and polarizability effects 
are accurately described by the theoretical calculations 
(see Figures 1 and 2), a direct relationship of the form 


BAG" = mBAE + h (5) 
will not hold. Tables 1 and 4 list the results of the linear 
regression analysis of equation (5) as Calc. (2) and 
Equation (3, respectively. One way of empirically 
correcting the above deviations involves fitting BAG 
against BAE and a R ( X )  (where X denotes the substitu- 
ent) according to 


BAG" = m,dAE + m,aR(X) + h (6) 
The results of this fit are given as Calc. (3) and Equa- 
tion (6) in Tables l and 4,  respectively. The 
improvement in the theoretical predictions thus achieved 
is obvious. On the other hand, the m, term in Table 4 
provides a clear idea of the theoretical deviation result- 
ing from the evaluation of the STO-3G/INDO level of 
the resonance effect in each family of compounds. We 
should note that this type of empirical correction 
requires the prior availability of the experimental data, 
so it has no predictive value. 


For this reason, we examined other procedures for 
estimation of the reaction constants corresponding to 
the electron resonance effect. In this context, Reynolds 
et aL5' used the TC charge on the carbon atom of the 
protonated parent molecule which was to bear a given 
substituent X as an index for evaluating the n-electron 
demands of the system, which they denoted q:. There 
is no doubt that this index provides most of the infor- 
mation on the n-electron demands of a molecular 
system; however, its usage requires the occurrence of a 
reference state common to all the systems concerned in 
which q,! = 1. In principle, this is the same as assuming 
that all the carbon atoms in a para position in monosub- 
stituted benzenes are electronically equivalent. The 
index proposed in this work does not require the occur- 
rence of this common reference state. 


Table 5 gives the Mulliken n charge of the carbon 
atom that is to bear the substituent, both for the neutral 
forms (4:) and for the protonated forms (4.: = q:, for 
Reynolds et al. ) corresponding to the optimized geome- 
tries. As can be seen, similar family structures have 
similar q,: values. Thus, the families with a generic 
structure of the form Ph-CO-X have 4' values of ca 
0.97, while the Ph-C(Me)CH2 and Ph-N(Me), fam- 
ilies have q,! values of ca 0.99 and >1, respectively. 
We consider that these small differences in the q: 
values are the chief origin of the marked dependence 
of the fits between pR and 1 - q l  on the family 
concerned, as stated above.6g 


On the basis of the above arguments, we put forward 
a more universal electron index for measuring the n- 
electron demand of molecular systems, viz. the differ- 
ence between 4% and q,:, which we shall denote Bq (see 
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Figure 1 .  p,(obs) vs p,(theo) for the 18 families studied 
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Figure 2. p,,(obs) vs p.(theo) for the 18 families studied 
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Table 4. Correlation parameters for equations (5) and (6) 


Equation ( 5 )  Equation (6)  


Series b m b m, m2 


OH' 


\CF, 
1. X - d  


2. x-c' 


3. x-c' 


OH' 


\ H  
OH' 


CH, 
OH' 


'OEt 
OH' 


'NMe, 


' 
4. x-c 


/ 
5. x-c 


6. g = O H '  
, 


X' 
7. p-XC,H,CMe, + 


8. p-XPhC' 
OH' 


H 
OH* 


9. p-XPhC' 
'CH, 


OH' 


\OCH, 
OH' 


\ NMe, 


10. p-XPhC' 


11. p-XPhC' 


12. 4-XC,H,NH + 


14. 2-XCcHaNH + 


13. p-XC,H,NMe,H+ 


15. m-XC,H,CMe,+ 
H' 


'H 
17. 3-XCSH4NH' 


/OH* 


\ 
18. m-XPhC 


OMe 


3.2 f 2.5 


2.2 f 2.2 


3.2 i 1.9 


2.4 i 1.3 


3.4 f 1.7 


0.7 f 1.1 


0.4 f 0.4 


0.2 i 0.5 


0.2 i 0.3 


1.1 i 0 . 4  


1.0f0.4 


1.3 * 0.4 
0.1 i o . 1  
2.6 * 0.7 


-0.8 i 0.7 


-0.5 i 0.5 


-0.6 i 0.4 


-0.4 f 0.3 


0.695 f 0.075 


0.720 f 0.074 


0.632 * 0.067 


0.673 * 0.068 


0.559i0.118 


0.703 i 0.052 


0.892 i 0.034 


1.008 i 0.053 


0.848 i 0.039 


0.776 i 0.059 


0.740 i 0.060 


0.886 * 0.040 
0.992 i 0.026 
0.907 i 0.08 1 
1.021 i0.135 


0.953 i 0.1 2 1 


1.179 f 0.068 


1.022 * 0.074 


1.1 i 1.9 


1.8 * 1.8 


2.3 f 1.6 


0.2 i 1-2 


0.9 i 1.0 


0.0 f 0.2 


0.2 i 0.8 


0.0 f 0.9 


-0.3 * 0.5 


0.3 i 0.7 


0.2 i 0.6 


0.2 f 0.5 
0.2 f 0.3 
0.9 i 0.9 
0.1 i 0 . 7  


-0.3 i 0 . 9  


0.3 i 0.6 


0.1 i 0.4 


0.880 i 0.087 


0.936 * 0.1 18 


0.847 i 0.1 16 


0.936 i 0.067 


0.967 f 0.1 16 


0.846 i0.212 


0.931 iO.105 


1.058 f0.148 


0.934 i 0.082 


0.913 i 0.1 10 


0.864 i 0.094 


1.049 * 0.065 
0.967 * 0.044 
1.086 * 0097 
0.964 * 0.104 


0.928 iO.153 


1.079 f 0.069 


0.973 i 0.060 


-22.2 * 8.3 


-20.1 i 9.4 


- 19.7 i 9.4 


-19.8i4.5 


-26.5 i 6.5 


-9.1 f 13.0 


-2.0 * 5.1 


-2.1 i 5 . 7  


-3.6 i 3.0 


-5.Oi 3.5 


-4.5 i 2.8 


-7.3 * 2.6 
-0.7 i 1.0 
-7.7 i 3.3 


5.4 i 2.6 


1.2f 3.4 


3.8 i 1.8 


2.5 * 1.2 
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Table 5. n Charges of the carbon that will bear the substituent in the 
neutral (4:) and protonated forms (q,:) and 6q= q$-  q: for the 
different families of compounds calculated at the STO-3G//INDO level 


~~ 


Compound 


p-C,H,CHO 
p-C,H,COCH, 
p-C,H$OOCH, 
p-C,H,CONMe, 
pC,H,COCF, 
p-C,HSCOF 
p-C,H,CONH, 
p-C,H,CCH$H, 
p-C,H,NMe, 
p-CSH,N 
o-C,H,N 
n&,H,N 
m-C,H,CHO 
m-C,H,COOMe 
m-C,H,CCH,Me 


0.9723 
0.9756 
0.9674 
0.9717 
0.9626 
0.96 19 
0.9743 
0.9930 
1.042 1 
0.9643 
0.9825 
0.9614 
1 .ow0 
1.0113 
1.0075 


0.8018 
0.8231 
04416 
04704 
0.7859 
0.8109 
0.8614 
0.8000 
0.9326 
04053 
0.8777 
0.9844 
1.0088 
1 0044 
1.0137 


-0.1705 
- 0.1525 
-0.1258 
-0.1013 
-0.1767 
-0.1510 
-0-1 129 
-0,1930 
-0.1095 
-0.1590 
-0.1048 
-0.0230 
-0.0002 
-0.0069 


0.0062 


99 


Table 5). Figure 3 shows a plot including the available 
data for pR vs dq for the aromatic compounds studied in 
this work. It should be noted that the correlation is 
satisfactory for the so-called ‘resonant positions,’ even 
in bases of such different nature as p-X-Ph-COY 
[where Y denotes H,  Me, OMe or N(Me),], p -  
Ph-C(Me)CH,, p-Ph-N(Me),, p-pyridine and o- 
pyridine. However, it does not accurately describe the 


picture for a meta substituent. Compounds of the form 
X-COY, in which the carbon atom acting as a probe is 
adjacent to both the substituent and fragment Y, have 
dq values that vary even with the conformation of Y, 
so they were not considered in this treatment. 


One other probe to be considered to describe the 
charge variations involved in a protonation process is 
the electron charge of the proton on uptake by the 
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Figure 3. Available data for p,(obs) vs 6q for the aromatic compounds studied 
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Figure 4. p,(obs) vs pR(qH+) for the 18 families studied 


Table 7. Calculated p constants from equations 3 , 4  and 8" 


Compound Y pF [equation (311 pa [equation (4)] pR [equation (S)] 


H 
Me 


OMe 
NH, 


NMe, 


H0 
\ 


x-c 
Y 


Me 
OMe 
OEt 


NMez 
NH, 


17.6 
16.6 
16.7 
15.0 
14.6 
16.0 


32.9 
35.5 
35.6 
31.8 
30.6 
26.9 
29.4 


5.1 
3.5 
4.3 
3.7 
3.1 
3.9 


27.1 
24.7 
22.1 
14.4 
12.6 
14.4 
14.5 


30.1 
28.8 
25.3 
20.0 
19.1 
17.4 


48.2 
49.5 
39.4 
22.7 
22.2 
20.3 
15.6 


* X denotes the substituenrs and Y the group in each family of compounds. X substituents considered here are the same as those included in Table 6. 
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base.*’ Table 6 gives the Mulliken q H +  (STO-3G// 
INDO) values for the different families compounds 
dealt with in this work. In order to estimate the 
resonance reactions constants, we analysed the charge 
of the proton in the derivatives of a given family with 
respect to the electronic parameters of the substituent 
by using an expression of the form 


q H t  = + Puau + pFaF + pRaR (7) 
Figure 4 shows a plot of the pR(obs) values against the 


pR values obtained in the aforementioned analysis, 
which are denoted by The consistency is fairly 
high: 
pR(,,ba) = -4*33pR(,+, x 10’ + 9.88 


( n  = 18, r = 0.981, s.d. = 2.6) (8) 
One should take into account that the fit includes all 


18 families studied, which encompass oxygen-, carbon- 
and nitrogen-containing bases bearing substituents not 
only in para but also in ortho and meta positions. 


If STO-3G//INDO calculations provide accurate 
values for the reaction constants pF, pu and pR of a 
given family of compounds by using equations (3), (4) 
and (8), then the proposed methodology should also be 
tested on a wider series of compounds. Therefore, we 
studied carbonyl compounds of the form X-COY and 
p-X-Ph-COY. Table 7 lists the p values calculated for 
these two series. As can be seen, the field/inductive 
reaction constants are virtually the same for each 
compound in each series (-32 for X-COY and - 16 for 
p-X-Ph-COY); the fact that the latter series features a 
larger constant than the former arises from the shorter 
distance between the substituent and the basic site. The 
effect of the distance is much more marked on the 
polarizability component, which gives rise to a much 
smaller contribution in the p-X-Ph-COY series. As far 
as the resonance effect is concerned, inasmuch as  it is 
transmittedthroughout the molecular skeleton M, the 
resonance reaction constant is larger” for the X-COY 
family than for the p-X-Ph-COY family as a result of 
a closer JI interaction. 
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KINETICS OF OXIDATION OF PHENOXYACETIC ACIDS BY 
PYRIDINIUM HYDROBROMIDE PERBROMIDE 


K. KARUNAKARAN 
Department of Chemistry, Adhiyamaan College of Engineering, Hosur - 635 109, India 


AND 


K. P. ELANGO" 
Department of Chemistry, Gandhigram Rural Institute, Gandhigram - 624 302, India 


The oxidation of several monosubstituted phenoxyacetic acids by pyridinium hydrobromide perbromide 
(PHPB) was studied in aqueous acetic acid. The reaction is first order with respect to PHPB. Michaelis-Menten- 
type kinetics are observed with respect to phenoxyacetic acids. The oxidation of [2,2-*H,]phenoxyacetic acid 
exhibits a substantial kinetic isotopic effect. The effect of solvent composition indicates that the transition state is 
more polar than the reactants. The formation constants of the intermediate phenoxyacetic acid-PHPB 
complexes and the rates of their decomposition were determined at different temperatures. The rates of 
oxidation of puru- and rnetu-substituted phenoxyacetic acids were correlated with Hammett's substituent 
constants. The p value is -259 at 35 "C. The rates of oxidation of ortho-substituted compounds are correlated 
with Charton's triparametric equation. A mechanism involving transfer of a hydride ion from the substrate to 
the oxidant is proposed. 


INTRODUCTION 


F'yridinium hydrobromide perbromide (PHPB) has been 
extensively used in synthetic organic chemistry as a 
brominating agent and as an oxidant. However, there 
are not many reports on the mechanistic aspects of 
reactions of PHPB.3-5 The use of an insulated acid 
substrate (containing groups or atoms between the 
reaction site and the bulk of the molecule) in a similar 
study is rare. In continuation of our previous study of 
the oxidation of (ary1thio)acetic acids by PHPB ,' 
highlighting the polar and steric effects of ortho substi- 
tuents on the rate of the reaction, without which the 
correlation analysis of the compounds studied by Lee 
and Chen' is of doubtful significance, we now report 
the oxidation of phenoxyacetic acids by PHPB. 
Mechanistic aspects are also discussed. 


EXPERIMENTAL 


Reagents. Phenoxyacetic acids were prepared by the 
methods of Koelsch.' PHPB was prepared by the re- 


* Author for correspondence. 


ported method' and its purity was checked by an iodome- 
tric method. Acetic acid was refluxed with chromic oxide 
and acetic anhydride for 3 h and then fractionated. All 
other chemicals used were of AR grade. 


Kinetic measurements. Reactions were carried out 
under pseudo-first-order conditions by keeping an 
excess ( x  10 or greater) of the substrate over PHPB. 
The solvent was 9:l (v/v) acetic acid-water, unless 
stated otherwise. The reactions were followed to 70% 
reaction by monitoring the decrease in PHPB con- 
centration at 358 nm. In the case of nitro-substituted 
compounds the reaction was followed by estimating the 
unchanged PHPB by standard iodometric procedures. 
The pseudo-first-order rate constant, kub,, was calculated 
from the linear least-squares plot of log [PHPB ] versus 
time. Duplicate runs showed that the rate constants were 
reproducible to within +3%. 


Stoichiornetry. The stoichiometry of the reaction was 
determined by allowing the known excess of PHPB to 
react with phenoxyacetic acid under the reaction condi- 
tions. Iodometric estimation of unreacted PHPB after 
the completion of the reaction revealed that the 
stoichiometry was 1 : 1. 
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Product analysis. The organic product of the reac- 
tion, phenol, was analysed as follows. Phenoxyacetic 
acid (0.01 mol) and PHPB (0.01 mol) were made up to 
50 ml in 9:l (v/v) acetic acid-water and kept in the 
dark for 15 h to ensure completion of the reaction. The 
solvent was removed under reduced pressure. The 
residue was treated with diethyl ether (50 ml x 2) and 
filtered. The ether filtrate was treated with dilute NaOH 
(50 ml x 2) and shaken well. The aqueous part was 
separated and treated with benzoyl chloride (1.5 ml). 
The benzoyl derivative was separated and dried (1.4 g, 
71%) and was identified as phenyl benzoate (m.p. 
70 "C). 


RESULTS AND DISCUSSION 


The rate data and other experimental data were obtained 
for all the phenoxyacetic acids. Since the results are 
similar, only representative data are reproduced here. 


The reactions are of first order with respect to PHPB, 
as proved by the linearity of log[PHPB] against time 
plots over 70% of the reaction. Further, the values of 
k,, are independent of the initial concentration of 
PHPB. The reaction rate increases with increase in the 
concentration of the phenoxyacetic acid but not linearly 
(Table 1). A plot of l/kobs against l/[phenoxyacetic 
acid] is linear (correlation coefficient r = 0.999) with an 
intercept on the rate ordinate. Thus, Michaelis-Menten- 
type kinetics are observed with respect to the phenox- 
yacetic acid. This leads to the postulation of the 
following overall mechanism [equations (1) and (2)] 
and rate law [equation (3)]. 


K 


phenoxyacetic acid + PHPB ==== [complex] 


r, 


(1) 


complex - products (2)  
slow 


(3 1 
k,K[phenoxyacetic acid] [PHPB] 


1 + K[phenoxyacetic acid] 
rate = 


Table 1. Rate constants for the oxidation of phenoxyacetic 
acid by PHPB in 95% (v/v) aqueous acetic acid at 308 K 


10' [PHPB] 10[PAA] lo4 k, 
(mol dm-3) (mol dm - 3 )  ( s - ' )  


1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1.5 
2.0 
3.0 
4.0 
1 .o 
1 .o 
1 .o 


0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1 .oo 
0.30 
0.30 
0.30 
0.30 
0.30" 
0.30b 
0.30' 


5.39 
8.42 
10.9 
12.8 
14.4 
16.2 
17.2 
11.1 
10.8 
11.0 
10.9 
11.0 
10.9 
3.4 1 


"'Contained 0.02 and 0.50 mol dm-' pyridinium bromide, 
respectively. 
'Contained [2,2-*H,]phenoxyacetic acid. 


Solvent effect 
The rates of oxidation of phenoxyacetic acids were 
determined in solvents containing different amounts of 
water and acetic acid. The value of kobs increases as the 
water content of the solvent increases. 


To determine whether the changes in solvent com- 
position affect the formation constant, K ,  and/or the 
rate of decomposition, k,,  the dependence on phenox- 
yacetic acid concentration was studied in solvents of 
different composition. The results showed that the effect 
of solvent is primarily on the rate constant for decom- 
position of the complex, k,. The formation constant, K ,  
is virtually independent of solvent composition (Table 
2). The increase in k,  with increase in polarity of the 
medium suggests that, in the rate-determining step, the 
transition state is more polar than the reactant. A plot of 
log k ,  against the inverse of relative permittivity is non- 


Table 2. Dependence of kohr on phenoxyacetic acid concentration in solvents of different composition" 


10 [PAA] 
(mol dm-') 


90.0% 92.5% 95.0% 97.5% (v/v)  
(v/v)  AcOH ( v / v )  AcOH ( v / v )  AcOH (v/v)  AcOH 


0.10 22.5 12.7 5.52 1.83 
0.30 44.8 25.5 10.9 3.49 
0.50 59.3 33.6 14.5 4.62 
0.75 66.5 37.6 16.3 5.23 
I .oo 70.5 40.0 17.2 5.48 
K (mol dm- ' )  31.2 30.9 31.1 31.2 
lo4 k ,  (mol- '  dm-'s ' )  94.5 53.8 23.1 7.42 


' [PHPB] = 0.001 rnol dm-'; T = 308 K; solvent = AcOH-H,O 
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linear. The solvent effect was analysed using the 
Grunwald-Winstein equation: 


(4) 
where Y is an empirical parameter characteristic of the 
given solvent which will provide some measure of the 
ability of the solvent to separate ions. The plot of log k ,  
against Y was linear (r=0.999) with m = 1.20. The 
positive value of tn indicates a transition state which is 
more polar than the reactant. Thus, charge separation 
takes place in the transition state of the decomposition 
of the PHPB-substrate complex. 


log k ,  = log k, + mY 


Kinetic isotope effect 
To ascertain the importance of the rate-determining 
step, the oxidation of [2,2-2H,]phenoxyacetic acid was 
studied. The results shows a considerable primary 
kinetic isotope effect ( k , / k ,  = 3-2 at 308 K) (Table 1). 


Effect of pyridinium bromide 
Addition of pyridinium bromide has no effect on the 
rate of oxidation (Table 1). In solution, PHPB may 
undergo the following reactions: 


P,H+Br,--Br, +P,H+Br- (5) 
P,H +Br, - = Br,- + P,H+ (6) 


The possible oxidizing species in a solution of PHPB 


are therefore PHPB itself, tribromide ion and molecular 
bromine. However, a strict first-order dependence on 
PHPB and the absence of any effect of pyridinium 
bromide rule out both bromine and tribromide ion as the 
reactive oxidizing species in this reaction. 


Correlation analysis and reactivity 
The dependence of kobs on the phenoxyacetic acid 
concentration was studied at different temperatures and 
the values of K and k,  were evaluated from the double 
reciprocal plots. The thermodynamic parameters of the 
complex formation and activation parameters of the 
decomposition of the complexes were calculated from 
the values of K and k,, respectively, at different temper- 
atures (Tables 3 and 4). 


The data in Table 3 revealed that the formation 
constants of the substrate-PHPB complexes are not 
very sensitive to the nature of the substituent in the 
phenoxyacetic acid molecule. Similar observations have 
been recorded previously in the oxidation of benzyl 
alcohols” and mandelic acids’‘ by ammonium cer- 
ium(IV) nitrate and of aliphatic alcohols by PHPB’ and 
pyridinium fluorochromate. I 3  The rates of decomposi- 
tion of the complexes (Table 4), however, showed 
considerable variation. 


Examination of the rates of decomposition of the 
complexes reveals that the electron-releasing substitu- 
ents increase the rate of the reaction whereas electron- 


Table 3. Formation constants and thermodynamic parameters for oxidation of phenyoxyacetic acids by PHPB” 


K (dm’ mol-’) 
-AH -AS 


Substituent 293 K 303 K 308 K 318 K (M mo1-l) (J K-’ mol-‘) 


H 46.5 36.3 31.2 23.7 23.5 293.0 
p-OMe 46.2 34.8 30.1 21.6 25.9 301.4 


p-Me 46.6 36.0 30.8 23.2 24.2 295.4 
p-Et 47.6 36.2 31.2 24.0 23.4 292.6 
p-CI 48.2 37.1 32.1 24.8 23.1 291.6 
p-Br 47.6 37.2 31.8 23.6 24.2 295.3 
P-1 45.7 35.6 30.3 22.2 24.9 298.1 
P-NOz 49.0 39.3 34.2 25.7 22.5 289.1 
m-OMe 44.8 35.7 29.7 21.2 25.7 300.8 
m-Me 45.3 35.7 30.9 22.9 23.6 293.7 
m-Et 45.0 35.2 30.9 22.8 23.5 293.2 
m-C1 47.2 36.8 31.5 24.0 23.4 292.8 
m-Br 47.4 36.7 31.5 23.9 23.8 294.0 
m-NO, 49.2 39.0 34.6 25.8 22.4 289.0 
o-OMe 43.3 34.2 29.0 20.6 25.5 300.5 
o-Me 44.7 34.8 30.2 21.7 24.9 298.0 
0-Et 44.6 35.0 30.4 21.6 25.2 298.7 
0-CI 46.8 36.5 31.1 23.8 23.4 292.8 
o-Br 47.0 37.2 32.4 24.5 22.7 290.4 
o-NOZ 48.8 39.4 34.0 26.0 22.0 287.7 


p-C(Me), 44.9 35.2 30.2 21.5 25.6 300.3 


[PHPB] = OGOI mol dm-’; solvent = 97.5% (v/v) aqueous AcOH. 
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Table 4. Second-order rate constants for the oxidation of phenoxyacetic acids by PHPB” 


lo4 k, (s-1) 
+AH* -ASx  


Substituent 293 K 303 K 308 K 318 K (kJ mol-I) (J K - ’  mol-I) 


H 
p-OMe 
pC(Me), 
p-Me 


p-CI 


P-1 
P-NO2 


p-Et 


p-Br 


m-OMe 
m-Me 
m-Et 
m-CI 
m-Br 
m-NO2 
o-OMe 
o-Me 
0-Et 
0-CI 
o-Br 
o-NO, 


2.7 5.5 7.3 14.6 
32.0 51.0 61.2 91.6 
27.6 47.3 58.6 93.8 
18.9 33.6 41.1 12.2 
17.3 31.2 39.0 70.3 
0.8 1.7 2.4 5.4 
0.7 1.6 2.2 5.0 
0.6 1.4 2.0 4.4 
0.0 0.0 0.1 0.3 
2.3 4.8 6.4 124 
6.6 12.6 16.3 31.1 
7.0 13.3 17.2 32.8 
0.3 0.8 1.1 2.7 
0.3 0.7 1.0 2.5 
0.0 0.1 0.2 0.5 


29.5 48.0 58.4 92.9 
15.8 29.5 31.4 67.0 
15.4 29.4 37.5 66.9 
0.7 1.6 2.3 5.3 
0.7 1.5 2.4 5.2 
0.0 0.0 0.1 0.3 


48.9 
31.7 
35.2 
39.6 
40.4 
53.5 
55.9 
55.7 
72.6 
49.5 
45.0 
43.9 
60.8 
61.1 
68.0 
32.7 
38.9 
39.4 
56.7 
57.2 
74.8 


145.9 
184.3 
173.6 
161.8 
159.8 
137.5 
132.9 
134.6 
102.7 
145.3 
151.9 
152.5 
122.5 
122.3 
112.7 
181.5 
166.2 
162.5 
129.9 
128.5 
95.4 


[PHPB] = 0.001 -91-mol dm -’; solvent = 97.5% (v/v) aqueous AcOH. 


withdrawing substituents decrease it. A linear correla- 
tion (r = 0.998) was observed between log k ,  values at 
20 and 45°C for the oxidation of 21 phenoxyacetic 
acids. This suggests that all the phenoxyacetic acids are 
oxidized by same mechanism.14 The value of the 
isokinetic temperature is 513 K. 


Correlation analysis were camed out on para- and 
metu-substituted phenoxyacetic acids. They correlate 
well with the Hammett substituent constants, yielding 
negative reaction constants (Table 5). A negative 
reaction constant indicates an electron-deficient centre 
in the transition state of the rate-determining step, 
similar to the oxidation of these acids with potassium 
permanganate, l 5  ammonium cerium (IV) nitrate, l 6  


chromic acid’ and phenyliodoso acetate,6 which gave 


Table 5. Temperature dependence of the reaction constants” - 
Temperature 
(K ) P r SD 


293 
303 
308 
318 


-2.91 0.992 0.120 
-2.70 0.992 0,113 
-2.59 0.992 0.109 
-2.40 0.993 0.096 


‘No. of data points = 15, including unsubstituted compound 


p values of -3-05, -162, -1.34 and -2.26, 
respectively. 


The rate constants of the oxidation of ortho-substi- 
tuted phenoxyacetic acids failed to yield any significant 
correlation with Taft’s polar and steric substituent 
constants. The rates were therefore analysed by 
Charton’s’’ equations (7) and (8): 


(7) 


log k=ao,+@a,+ @ V + h  (8) 


log k =  aa,+ pa, + h 


where al, a, and V represent field, resonance and steric 
substituent constants, respectively; the values used were 
those compiled by Aslam et al.” In multiple linear 
regression using both equations, the coefficient of 
multiple correlation ( R )  is excellent and the standard 
deviation (SD) is low (Table 6). 


We also used Exner’s statistical parameter2” and the 
parameter f as measures of the goodness of fit.” 


The reaction constants and the statistical data for the 
ortho-substituted phenoxyacetic acids are given in Table 
6. The contribution of the resonance effect to the polar 
effects, P , ,  and that of the steric effect to the total effect 
of the ortho groups, P, ,  were calculated by Charton’s 
method.’x The results indicate that as in the case of 
phenoxyacetic acids, in the oxidation of ortho-substi- 
tuted compounds the field and resonance effects are 
predominant. Steric effects play a minor role. 
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Table 6. Reaction constants for the oxidation of ortho-substituted phenoxyacetic acid at 308 K” 


Equation a B f$ R SD ly f ps pll 


(7) -2.48 -2.27 - 0.995 0442 0,011 0.04 - 47.8 
(8) -2.35 -2.28 0.28 0.996 0.031 0.008 0.02 5.7 46.4 


’No. of data points = 7, including unsubstituted compound; I) = [n ( l  - R ) * / ( t i  - m ) ] ” * ;  f =  SD/root mean 
square. 


MECHANISM any effect of pyridinium bromide. 
On the basis of the foregoing kinetic picture, transfer 
of a hydride ion from the substrate to the oxidant may 
be proposed for the oxidation of phenoxyacetic acid by 
PHPB. From the rate law [equation 31, it is apparent 
that an intermediate complex is formed in a rapid pre- 
equilibrium step. With the present data, it is not possible 
to state definitely the nature of the intermediate 
complex. 


Formation of a hypobromite ester [equation (9)] as 
an intermediate is unlikely in view of the absence of 


K 
ArOCH2COOH + B r 3 -  PyH+ 


ArOCH,COOH + P,H +Br3 - -+ 
ArOBr + BrCH,COOH + P,H+Br- (9) 


Similar intermediate complexes have been postulated in 
the reaction of alkenes2 and alcohols5 with PHPB. The 
formation of a moderately stable intermediate is 
supported by the observed values of the thermo- 
dynamic parameters (Table 4). The complex formation 
is favoured by the enthalpy term but there is a loss of 
entropy, indicating the formation of a rigid structure. 


BL-. - .  . B r P y H  


B r  


A r  - 0-CH2COOH 


1 k2 
+ 


ArOCHCOOH + HBr + Br- + PyH+Br-  


H20 + 
ArOCHCOOH , ArOCH(0H)COOH + H+ 


fast 


fast 
ArOCH (OH) COOH ArOC ( 0 )  COOH + 2H+ 


fast 
ArOC(0)COOH , ArOH + CO + C02 


Scheme I 
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The correlation analysis of the substituent effect 
indicated the presence of highly electron-deficient 
carbon centre in the transition state. Therefore, a 
hydride ion transfer in the rate-determining step is 
postulated, which was confirmed by the observed 
kinetic isotopic effect. A moderate degree of charge 
separation in the transition state of the rate-determining 
step is supported by the observed value of in. The 
observed negative entropy of activation also supports a 
polar transition state. As the charge separation takes 
place, the two charged ends become highly solvated. 
This results in immobilization of a large number of 
solvent molecules, reflected in the loss of entropy. 
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REVIEW COMMENTARY 


HOMOGENEOUS, UNIMOLECULAR, GAS-PHASE ELIMINATION OF LEAVING 
GROUPS AT THE ALKOYL SIDE OF CARBOXYLIC ACIDS 


GABRIEL CHUCHANI," ALEXANDRA ROTINOV, ROSA M. DOMINGUEZ AND IGNACIO MARTIN 
Centro de Quimica, lnstituto Venezolano de lnvestigaciones CientljCIcas ( N l C )  Apartado 21827, Caracas 1020-A, Venezuela 


The molecular gas-phase elimination kinetics of the series CI(CH,).COOH (n = 1-4), show changes in 
mechanisms from polar five-centered intramolecular displacement of the CI leaving group by the acidic 
hydrogen of the COOH to neighboring group participation of the oxygen carbonyl of the COOH group. The 
mechanisms for the series 2-, 3- and 4-chlorobutyric acids are explained similarly as above. The leaving chloride 
at the 2-position of acetic, propionic, and butyric acids is displaced by the hydrogen of the COOH group 
through a prevaling path of a five- centered cyclic transition-state mechanism. This type of mechanism is also 
described for the pyrolysis of 2-hydroxy-, 2-alkoxy-, 2-phenoxy-, and 2-acetoxycarboxylic acids. The ease with 
which the groups at  the 2-position of acetic and propionic acids are displaced by the H of COOH give rise the 
sequences AcO > OH > PhO > EtO > Me0 > CI and AcO > PhO > Br > EtO > Me0 > Me0 > OH > CI, respectively. 
These two sequences differ only in the OH leaving group position. Additional work on glycolic acid pyrolysis is 
needed to explain the above differences. 


INTRODUCTION 
It is well known that the homogeneous, unimolecular, 
gas-phase pyrolysis or elimination of simple alkyl 
halides leads to the formation of the corresponding 
olefin and hydrogen halide, respectively [equation (l)]. 


R ' R k -  CRk' 
I I  
H X  


[ lEp 1- R ' R v = C R k ' +  HX ( I )  
Inlennedme 


Before 1953, and in spite of the few kinetic investiga- 
tions, the generally accepted mechanism consisted in a 
concerted four-membered cyclic transition state reaction 
(1). For molecular dehydrohalogenation, the presence of 
an adjacent p-hydrogen to the C-X bond is necessary. 


6 s  
R'R'F- CRk4  R'R9- CRb4 


I .  


H----X I .  HE$ 
I 2 


3 'i 


*Author for correspondence. 


In 1955, Maccoll and Thomas' suggested that acti- 
vation consisted mainly of an elongation of the C-X 
bond with subsequent polarization, in the sense 
Cd+...Xb-, with some assistance from an adjacent also 
polarized C-H bond (2). In 1967, Maccoll and 
Thomas2 considered the very polar transition state in 
terms of an intimate ion-pair intermediate (3) and they 
offered evidence in support of this assumption. How- 
ever, this theory was immediately questioned seriously. 
In 1963, Benson and Bose3 suggested a semi-ion-pair 
transition state for gas-phase elimination as represented 
in 4. Four years later, using this model, O'Neal and 
B e n ~ o n ~ . ~  calculated energies and entropies of activation 
which agreed remarkably well with the experimentally 
reported values for their four- centered transition state 
reaction. 


When our laboratory started to study the gas-phase 
elimination kinetics of organic molecules, our endeav- 
our was to establish whether an intimate ion-pair 
mechanism is feasible in the pyrolyses of organic 
halogen compounds. This type of mechanism was 
believed to be possible if the said molecules could be 
stabilized through neighboring group participation, by 
means of an intramolecular solvation or 'autosolvation,' 
then trans-elimination and possibly intramolecular 
migration or rearrangement may take place. Along these 
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lines, and in order to appreciate the nature of the transi- 
tion state for alkyl halide pyrolyses, we examined the 
substituent effects in the homogeneous, unimolecular 
eliminations of primary,6 secondary ' and tertiary alkyl 
chlorides in the gas phase. 


HALO ACIDS 
When the substituent Z = COOH is considered as one of 
the possible candidates in the correlation of a-substituted 
ethyl chloride,' CH,CHZCl, we kept in mind that 2- 
chloropropionic acid, CH,CHClCOOH, may undergo an 
intramolecular competition (5 )  between the hydrogen of 
the COOH (pK, =4.8) for a five-membered cyclic 
transition state and the hydrogen of the CH, (pK, = 48.0) 
for the usual four-membered cyclic transition state in 
dehydrochlorination of alkyl halide pyroly~es.~ 


P 
H- C W H C O -  H 


p&=4R k, p k - 4 . R  


5 


The actual pyrolysis products are acetaldehyde, 
carbon monoxide and hydrogen chloride. On the basis 
of this result, the mechanism is believed to proceed in 
terms of a polar five-membered cyclic transition state, 
as described in equation (2). 


C%CHO + CO c- CH,CH-?=O + HCI I '-7 I 
To verify the above result, the gas-phase pyrolytic 


elimination of 2-bromopropionic acid was undertaken. lo 


The experiments support the previous one, as shown in 
equation (3). 


CHJCHC<KIH - CHKHO + HBr + CO (3) 


Br 


The mechanism is interpreted in the same terms as 
that for 2-chloropropionic acid [equation (2)]. Table 1 
indicates that when the H of the COOH is replaced by 
the CH, group, the elimination of the hydrogen halide 
proceeds through the usual four-membered cyclic 


transition-state mechanism [equation (4)]. Moreover, 
the five-membered conformation through the assistance 
of the acidic H of the COOH appears to be more 
favored than the four-membered Conformation for 
elimination. In addition the Br atom appears to be a 
better leaving group than the C1 atom, as is already 
known in the process of molecular dehydrohalogenation 
of organic halogen compounds in the gas-phase. 


Among the studies questioning the intimate ion-pair 
intermediate is a reaction which involves neighboring 
group participation and ionic intermediates in solutions, 
namely the lactonization of ethyl 4-bromobutyrate. It 
was reported that no reaction occurred in the gas- phase, 
and that only HBr elimination was detected at the very 
high temperature of 45OOC. This information was 
surprising, since the ethyl side of the ester should have 
been eliminated faster or easier than dehydrobromina- 
tion. Consequently, the gas-phase elimination kinetics 
of ethyl 4-bromobutyrate were re-e~amined.'~"~ The 
pyrolysis of this substrate, under maximum inhibition 
and in the temperature range 354-375 "C, revealed that 
parallel and consecutive eliminations took place 
[equation (31. 
BrCHKHzCHKOOCHSHj  A CHI = CHCHfXOCH$H? + HBr 


According to the kinetic parameters of the overall 
and partial rate, together with product analyses, the 
COOCH,CH, substituent provided anchimeric assis- 
tance in the product formation via paths 1 and 2. The 
mechanism was explained in terms of an intramolecu- 
lar solvation of the bromide ion through a common 
intimate ion-pair intermediate which decomposes in 
two different directions. The products 4-bromobutyric 
acid and ethylene (path 3), are the result of a normal 
six- membered cyclic transition state as generally 
occurs in the gas-phase pyrolysis of primary ethyl 


Table 1. Kinetic parameters and comparative rates at 360 "C 
~~~~~~~~~ 


Substrate E, (w mol-') Log[A (s-I) 104k, (s-1) Relative rate 


CH,CHCICOOCH, 217.0k7.4 12.22 f 0.54 0.02 1 


CH,CHBrCOOCH, 21 1.4 f 4.4 13.01 f 0.34 0.37 1 
CH,CHClCOOH 186.9 f 3.0 12.53 f 0.25 12.80 610 


CH,CHBrCOOH 180.3 f 3.4 12.41 i0 .29  33.88 92 
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esters. 4-Bromobutyric acid, which is known to be 
unstable at room temperature, decomposes rapidly to 
butyrolactone. The mechanism of the consecutive 
reactions of path 4 was explained in a similar manner 
as for path 2 (H instead CH,CH,,) where an intimate 
ion-pair intermediate leads through COOH participa- 
tion to the exclusive formation of butyrolactone 
[equation (6)]. 


An additional study of a 2-bromo acid involved the 
elimination kinetics of 2-bromo-3-methylbutyric acid in 
the gas-pha~e.'~ Since the electron release of the isopro- 
pyl group in RCHBrCOOH (Table 2) increases the 
C-Br bond polarization more than methyl in 2-bromo- 
propionic acid, a higher elimination rate must be 
obtained. This work ratifies the mechanism of 2-halo- 
propionic acids,'.'' where the polar five-membered 
cyclic transition state appears to be preferred in HX 
elimination [equation (2)]. 


In association with the unstable 4-bromobutyric 
acid, where the Br atom is insulated by three carbon 
atoms from the COOH group, the gas-phase pyrolysis 
kinetics of a-bromo-o-toluic acid15 were examined. 
The interest in this substrate, where the Br is also 
insulated by a three carbon chain to the COOH group, 
arises from the high stabilization of the benzylic part 
of the molecule favouring the C-Br bond polariz- 
ation in the transition state. Consequently, the COOH 
participation must be more effective. The reaction 
shown in equation (7) and the data in Table 3 support 
the previous generalization with regard to the occur- 
rence of neighboring group participation in gas-phase 
reactions of organic molecu1es.l6 This phenomenon 
was thought to be effective when the transition state is 
highly polar. Since the benzylic C-Br bond in 


Table 2. Comparative rates for RCHBrCOOH pyrolysis at 
35OoC 


R Log[A (s-')I E, (kJ mol-I) 104k, (s-I) 


CH, 12.41 i0 .29  180.3i3.4 19-64 
(CH,),CH 12.72 f 0.25 181-8 i 2.9 30.02 


a-bromo-o-toluic acid is very polar and rate determin- 
ing, the assistance of the neighhoring carbonyl oxygen 
of the COOH group leads to an elimination faster than 
lactone formation, as compared with 4-bromobutyric 
acid (Table 3). The pyrolysis of bromotoluic acid 
suggest an intimate ion-pair type of mechanism 
through neighboring COOH group participation 
[equation (7)], which, on collision, proceeds to the 
formation of phthalide by intramolecular solvation or 
autosolvation of the bromide ion. 


+ HBr 


\ crh 


By analogy with 4-bromobutyric acid the pyrolysis 
kinetics of 4-chlorobutyric acid, which is stable at room 
temperature, yielded quantitatively y-butyrolactone.'7 
The mechanism is similar to that for 4-bromobutyric 
acid described in equation (6). 


Because of the several mechanisms described 
previously, in which 4-chlorobutyric acid gives buty- 
rolactone, 2-chloropropionic acid produces 
acetaldehyde [equation (2)], and the fact that the 
pyroly ses of ethyl 2-haloacetates, 
(XCH2COOCH2CH,, X = F ,  C1, Br) yielded the 
corresponding halocarboxylic acid, which decom oses 
further to CH,O and little CH,X [equation (8)],"-20 it 
was necessary to establish a clear knowledge of the 
mechanism of pyrolysis occumng when the halogen 
leaving group, in our case chlorine, is at different 
position along the carbon chain in aliphatic carboxylic 
acids, that is, Cl(CH,).COOH ( n =  1-4). Also the 
series 2-, 3- and 4- chlorobutyric acids and the 2- 
chlorocarboxylic acids, RCHCICOOH (R = H, CH,, 
CH,CH,), had to be examined. 


X C H Z C W H ~ C H I  ----C XCHKOCH + CfI'=CH' 


A \  (8) 


i 
CHiX + COz [ XCHzOH] + CO 


CHiO + HX 


Table 3. Arrhenius parameters and comparative rates at 380 "C 


Substrate Log [A (s-l)l E,  (kl mol - I )  Relative rate 


BrCH,CH,CH,COOH 12.97 i0 .31  210.3i3.8 1 
o-BrCH,C,HJXOH 11.69 i 0.13 182.1 i 1.6 10 
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w-CHLOROCARBOXYLIC ACIDS 


According to the experimental results in Table 4, 
several mechanisms may take place, from intramolec- 
ular displacement of the chlorine leaving group by the 
acidic hydrogen of the COOH (chloroacetic acid and 
3-chloropropionic acid) to the anchimeric assistance of 
the carbonyl COOH group to the C-Cl bond polariz- 
ation of 4-chlorobutyric acid and 5-chlorovaleric 
acid.2' 


The five-membered conformation of the chlorine 
displacement appears to be less assisted by the acidic 
hydrogen of the COOH for dehydrochlorination than 
the six-membered conformation in 3- chloropropionic 
acid [equation (9)]. The mechanistic explanations of 
these eliminations have been considered by com- 
parison with that of 2-chloropropionic acid [equation 
(31. 


CH2 = CHI + COz 
6' 32% 


C I - -  H 


:H]=$!HCOOH - CHz = CHCOOH + HCI 


's' * 6 X B  


Consideration that B-propiolactone is the intermediate 
described in equation (9) finds support in the pyrolysis 
kinetics of this c o ~ n p o u n d ~ ~ . ~ ~  to give only CH,=CH2 
and CO,. 


The data in Table 4 suggest that the five-membered 
conformation of neighboring group participation in 4- 
chlorobutyric acid is more favored than the six-mem- 
bered conformation in 5-chlorovaleric acid [equation 
(lo)]. As a result, the high C-C1 bond polarization 
through anchimeric assistance of the oxygen carbonyl 
enhances the rate of HCI elimination more than the 


direct intramolecular displacement by the acidic 
hydrogen of the COOH group. 


w-CHLOROBUTYRIC ACIDS 
The mechanistic interpretations derived from product 
formation and the data in Table 4 appear to be 
strengthened by the comparative results of the leaving 
chlorine from position 2 to position 4 in w-chlorobutyric 
acids (Table 3.'' The neighboring carbonyl group of 4- 
chlorobutyric acid assists the leaving CI better than direct 
participation of the acidic hydrogen of the COOH of 2- 
and 3-chlorobutyric acids. The mechanisms of the latter 
two substrates are rationalized in equations (1 1) and (12). 


Table 4. Comparative rates at 340 "C 


Substrate Lactone formation 104kl ( S - I )  Relative rate 


CICH,COOH Lactonea 0.12 1 
C1CH2CH2COOH j3-Propiolactone" 1.47 12 
C1CH2CH2CH2COOH y-Butyrolactone 19.05 159 
CICH,CH,CH,CH,COOH 8-Valerolactone 8.42 70 


"Unstable lactone under reaction conditions. 


Table 5 .  Kinetic parameters and comparative rates at 350 "C 


Substrate Lactone formation Log[A (s-')I E ,  (kl mol-I) 1o4kI ( S - l y  


CH,CH,CHCICOOH a-Butyrolactoneb 11.25 170.4 7.75 
CH,CHCICH,COOH j3-Butyrolactoneb 14.48 206.0 7.95 
C1CH2CH2CH,COOH y-Butyrolac tone 12.32 176.5 33.11 


k, = Rate of lactone formation. 
Unstable lactone. 
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The formulation that b-butyrolaclone is an intermediate 
of path 1 in equation (12) may find support from the 
pyrolysis of this compound at 2O9-25O0C, which gives 
only propene and 


2-CHLOROCARBOXYLIC ACIDS 
The results in Table 6 ,  where the chlorine leaving atom 
is at the 2-position of several carboxylic acids, indicate 
that the secondary C-CI bond is more readily dis- 
placed than the primary c-Cl bond. Apparently the 
electron release of alkyl groups, R in RCHCICOOH, 
increases the stabilization of the C-CI bond in the 
transition state. Consequently, both 2-chloropropionic 
acid [equation (2)] and 2- chlorobutyric acid [equation 
(1 l ) ]  give faster HCl elimination than chloroacetive 
acid. 


In conclusion regarding the intramolecular displace- 
ment of the leaving chlorine by hydrogen in 
halocarboxylic acids, the usual four-centered transi- 
tion state of HCl elimination is better assisted than the 
six- centered transition state, as shown by the results 
for 3-chloropropionic acid [equation (9)] and 3- 
chlorobutyric acid [equation (12)l. However, the five- 
centered transition state eliminates HCl mole easily 
than the four-centered transition state as shown in 2- 
chlorobutyric acid pyrolysis [equation (1 l)]. In 
addition to these considerations, neighboring group 
participation must greatly stabilize the C-Cl bond 
polarization in the transition state, thus leading to 
faster elimination. Consequently, the oxygen of the 
carbonyl of the COOH assists the CI leaving group 
better than direct displacement by the acidic H of the 
COOH group. 


2-HYDROXYCARBOXYLIC ACIDS 
In association with the results on the HCI elimination of 
2-halocarboxylic acids, the elimination of primary, 
secondary and tertiary 2-hydroxy acids were studied. 25.26 


The data in Table 7 imply that the greater the basicity of 
the OH of alcohols in the gas-phase, the faster is the 
dehydration process through the assistance of the acidic 
H of the COOH. In this respect, the rates increase from 
primary to tertiary 2-hydroxycarboxylic acids. Accord- 
ing to these results, the mechanism was considered to 
proceed via a semi-polar five-centered transition state 
where the C-OH bond polarization, in the sense 
C*'.-.OH*-, is rate determining [equation (13)]. 


1- 
R ~ R v = ~  3 [ R I R 2 C ~ T = O ]  


The transmission of the electronic effects of the alkyl 
groups appears to be responsible for the rate increase. 
The steric acceleration factor was not underestimated. 
Because of this, additional work on the elimination 
kinetics of DL-mandelic acid" showed that the greater 
stabilization of the benzylic carbocation in the transi- 
tion state gives a faster dehydration process. 
Consequently, the above result confirms the polar 
nature and not the steric factor, when the secondary 
OH leaving group of mandelic acid is compared 
with the secondary OH leaving group of lactic acid: 
at 340°C, 104kl =4-57 and 88.98 s-I for 


Table 6. Kinetic parameters and comparative rates at 370°C 


Substrate 


CICH,COOH 11.21 189.2 0.69 0.69 
CH,CHClCOOH 12.53 186.9 22.39 22.39 
CH,CH,CHClCOOH 11.25 170.4 25.70 21.85 


' kr = Overall rate. 
k ,  = Rate of lactone formation. 


Table 7. Arrhenius parameters and comparative rates at 340 "C 


Substrate LogM (s-I)l E,  (kJ mol-I) 104k, ( S - I )  Relative rate 


HOCH,COOH 14.03 209.3 1.58 1 
CH,CHOHCOOH 12.24 182.8 4.57 3 


CH,CH,(CH,)COHCOOH 12.87 171.2 190.50 121 
(CH,),COHCOOH 12.91 174.7 104.71 66 


(CH,CH,),COHCOOH 12.13 159.4 346.70 219 
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Table 8. Comparative elimination rates of the leaving groups L in 
LCHZCOOH and CH,CHLCOOH 


L LCH,COOH (380 "C) CH,CHLCOOH (350 "C) 
~ 


c1 1.20 7.24 
Br - 19.50 
HO 19.50 8.13 
CH,O 4.37 15.49 
CH3CHz0 6.17 19.05 


7.24 60.26 
234.40 354.81 


C 8 5 0  
CH,COO 


CH,CHOHCOOH and C,H,CHOHCOOH, respect- 
ively, i.e. relative rates of 1:20. 


RESEARCH WORK IN PROGRESS 
Further studies on leaving groups at the 2-position of 
carboxylic acids, such as alkoxy, phenoxy and acetoxy, 
are at present in progress to obtain more detailed and 
complete experimental data.28 Nevertheless, the 
mechanism of these eliminations involving a lactone 
intermediate may be considered in a similar manner as 
described before [equation (14)]. 


( i )  R = H . L = C H s  
(ii) R = CH3. L = CH, 


t (1.41 
CO + RCHD 


(111) R = H. L = CHiCHz 
(IV) R =CHI. L = CHjCHz 
(v) R =H. L I CeH+ 
(VI) R = CH,. L = C6Hs 
(vn) R = H. L =CHIC(> 
(vi11) R = CH,. L = CHiCO 


Partial results of these eliminations lead to the conclu- 
sion that the five-membered intramolecular 
displacement of leaving groups at the 2-position may be 
a reasonable type of mechanism. In considering this type 
of mechanism as probable, then a sequence in rates of 
these leaving groups at the 2-position in acetic and 
propionic acids is suggested (Table 8). 


According to Table 8, the order of leaving ability of 
substituents at the 2-position where their departure may 
be assisted by the acidic hydrogen of the COOH group 
is as follows: 


for LCH,COOH: CH,COO > OH > C6H,0 
> CH3CH20 > CH,O > C1; 


for CH,CHLCOOH: CH,COO > C6H,0 > Br 
> CH,CH,O > CH,O > OH > C1. 


These two sequences differ only in the OH leaving 
group. Apparently, the higher prolysis rate for 


dehydration of glycolic acid suggests an exception from 
the five-centered transition state type of mechanism. 
Consequently, another process may well be operating 
during this elimination. It seems that the primary 
C-OH has a small bond polarization which may cause 
a different dehydration path. In this respect, additional 
thorough examination of glycolic acid pyrolysis is 
needed in order to clarify the above difference. 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 


10. 


11. 


12. 
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REVIEW COMMENTARY 


INTERRELATIONSHIPS BETWEEN PHASE TRANSFORMATIONS AND 
ORGANIC CHEMICAL REACTIVITY IN THE SOLID STATE 


EVGENYI YU. SHALAEV* AND GEORGE ZOGRAFIt 
School of Pharmacy, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA 


A qualitative analysis is presented of the interrelationships between phase transformations and organic chemical 
reactivity in the solid state, taking into consideration general thermochemical relationships and the 
thermodynamics of heterophase equilibrium. Two cases, where isomerization reactions depend on the solid-state 
solubility of the reactant and product, are considered and show that the formation of a new phase can influence 
both the reaction yield and rate. For example, it is shown that crystallization of a new phase from a crystalline 
or amorphous solid solution can supply the thermodynamic driving force for chemical transformation. 
Formation of a new phase may influence solid-state kinetics depending on the solubility of a reactant in the new 
phase and the relative rates of chemical transformation and formation of the new phase. It is further shown that 
even for simple monomolecular reactions, kinetic curves for the overall process can consist of up to five parts, 
depending on the type of phase diagram involved. These principles have been applied to some examples of 
solid-state isomerization in a way that allows the choice of a proper kinetic scheme and an explanation of the 
direction and maximum yield observed for a particular reaction. 


INTRODUCTION 


Solid-state organic reactions continue to attract the 
attention of investigators for two major reasons: (1) the 
use of solid-state reactions to introduce new possibilities 
in the exploration of the fundamental aspects of chemi- 
cal reactivity; and (2) because of the practical 
importance of such reactions in solid-state synthesis and 
in the storage stability of solid chemicals, pharmaceuti- 
cals, and polymers. Solid-state reactivity can involve 
reactions between solids, solids and liquids and solids 
and gases and the transformation of a single solid 
material. In this paper, we shall consider only the last 
case because it allows us to investigate the role of phase 
transformations in chemical reactions without introduc- 
ing complications from the diffusion of reactants 
through an interface, which plays a more important role 
in the other cases. Such reactions include isomerization, 
racemization, polymerization or decomposition (e.g. 
decarboxylation). They generally can be initiated in a 


single-crystal or polycrystalline form, where, in the 
beginning, product molecules accumulate in the 
crystalline lattice of the reactant, often followed by the 
formation of a new phase which can be amorphous 
(liquid or glassy), crystalline or a gas. 


Most of the theories related to the reactivity of 
organic crystals consider only the initial single-phase 
(homogeneous) stage of the reaction. In such cases, the 
structural and mechanical properties of the parent 
crystal are either treated as an ideal and perfect crystal 
or are treated by considering the lattice to be disturbed 
by pre-existing defects, or by defects formed by the 
accumulation of product molecules. Examples of such 
approaches include the ‘topochemical principles’ of 
Cohen and Schmidt,’ reaction cavity by Cohen,2 the 
role of local stress by McBride et ~ 1 . ~  and in large part 
the theory developed by Luty and E~khard t .~  Such 
studies allow one to consider the role of crystal structure 
and, in particular, the significance of defects originally 
present or generated as a result of the reaction. Detailed 
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descriptions of these and other relevant theories can also 
be found in a number of  review^.^ 


The existence of both homogeneous and hetero- 
geneous stages has been reported for a number of 
organic solid-state reactions.6 There also are a few 
theoretical descriptions of organic solid-state reactions 
which take into consideration both homogeneous and 
heterogeneous ~ t a g e s . ~ * ~ ~ '  Paul and Curtin7 postulated 
four stages: loosening of the molecules at the reaction 
site; molecular change due to reaction; solid-solution 
formation; and separation of the product(s). Dunitz' 
pointed out that in such reactions 'one cannot ignore the 
physics and, in particular, one must address ther- 
modynamic considerations summed up in the Gibbs 
phase rule.' One of the first studies to quantitate the 
thermodynamic relationships between phase transforma- 
tions and chemical transformations was reported by 
Luty and E~khard t ,~  who attempted to predict a discon- 
tinuous phase transition on the basis of a description of 
thermodynamic equilibria between phases with different 
concentrations of perturbations. 


In all of the approaches described to date for reactions 
leading to phase transformation, no consideration has 
been given to how the phase transformation can 
influence the chemical reaction. Moreover, such appro- 
aches have not considered how the formation of 
non-crystalline phases (liquid or glassy) also might 
influence such reactions. On the other hand, treatment of 
kinetic data for solid-state reactions in most cases has 
mainly stressed their heterogeneous nature, and not 
included discussion of homogeneous reactions. The 
kinetic curves for solid-state reactions are often sig- 
moid, or have even more complicated shapes, generally 
preceded by an induction period. Usually, the shape of 
such kinetic curves is considered to be a 'signature' of a 
solid-state reaction governed by nucleation and growth 
of a product phase (see Ref. 9 for a review of 
nucleation-based kinetics). Sigmoid-shaped kinetic 
curves have also been reported for chemical kinetics 
involving the appearance of a liquid phase. In consider- 
ing a solid-state reaction with liquification, Bawn" 
described the reaction as proceeding in two phases with 
different rate constants. In all of these approaches where 
kinetic data are fitted to nucleation or two-phase 
models, what new phase must appear and at what stage 
in the reaction cannot be ascertained. 


In this brief commentary, we have attempted to 
examine this issue more closely by considering the 
general relationship between solid-state reactivity and 
knowledge about the phase equilibria associated with 
products and reactants. For simplicity we have only 
considered reactions involving some form of isomeriz- 
ation: A -+ B. However, conclusions derived from this 
analysis should also be applicable to more complex 
reactions. In the first part we provide a general description 
of the use of thermochemistry (see Ref. 11, for example) 
and phase diagrams" to determine the thermodynamic 


driving force for a chemical reaction in the solid state. To 
do this, we select phase diagrams for systems with limited 
solubility and complete immiscibility in the solid state. In 
the Appendix we provide some elementary properties of 
Gibbs free-energy curves which are important for our 
discussion. We then carry out a more detailed discussion 
of the influence of phase transformation on solid-state 
kinetics. Such analyses allow us to distinguish cases in 
which phase transformations and chemical reactions are 
coupled and uncoupled, and to establish the impact of 
phase transformations on a kinetic description of a 
particular reaction depending on the type of phase dia- 
gram for a reactant-product system. Finally, we consider 
a few examples from the literature of solid-state reac- 
tions, showing where this approach can prove useful. 


THEORETICAL 


General description of the thermodynamic basis for 
solid-state reactions 
Let us consider a simple reaction wherein reactant, A, 
converts into a product, B: 


A-+B (1) 
at constant temperature, TI, and pressure, P,. For 
example, this might be a reaction involving racemization. 
We may express the thermodynamic driving force for this 
reaction in terms of the Gibbs energy change, AGr where: 


AGr = p b  - pa = pb - p: + RT(1n ab - In a,, (2) 
and p b  and pa are the chemical potentials of B and A, 
re:pectiyely ub and uao are their activities and 
pb = AC,(B) and p: = AG r(A) are the standard molar 
free energies of formation for compounds B and A, 
respectively. Further, we shall assume that 


AG;(B) <AG;(A) (3) 
and that both A and B are in the crystalline state at the 
reaction temperature, T,, i.e. T,< Tm, T,< TMB where 
TM and TMB are the melting temperatures of A and B. 
The standard reference states of A and B are taken as 
pure crystalline A and B at T, and PI. 


The general properties for Gibbs free-energy curves 
in binary heterophase mixtures are described in detail in 
Ref. 12. The Appendix gives a summary of the features 
which are important in this discussion. 


Several cases can be considered depending on the 
type of phase diagram exhibited by the A + B  system. 
Below we consider the two most common cases. 


Eutectic of A and B, totally immiscible in the 
crystalline state 
The two possible variants of the Gibbs energy diagram 
for such systems below the eutectic temperature can be 
described as in Figures 1 and 2. The curve ab, is that for 
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0.0 0.5 1 .o 
reaction extent 


Figure 1. General appearance of the Gibbs free-energy 
diagram for a simple eutectic system, A-B, below the eutectic 
temperature. The crystalline solid solution is stable with 
respect to the amorphous solution. The points a, b, a ' ,  b' and 
b, are free energies of formation of crystalline A, crystalline 
B, liquid A, liquid B and polymorphous unstable crystalline B, 
respectively. The solid curve a'cb' is the free-energy curve for 
the amorphous solution, add,ba is the free-energy curve for the 
solid crystalline solution and c is the composition of the 
amorphous solution in equilibrium with crystalline A. The 
chemical reaction follows along curve adb, until (B) 
crystallizes; crystallization of (B) is a random event, and the 
lines dd' and d,d', show possible examples of ways for the 


crystallization of (B) to occur 


a crystalline solid solution and a'b' is the curve of an 
amorphous solution. Amorphous solutions can be 
liquids or solids depending on the relationships between 
the temperature and any glass transition temperature. 
Both crystalline solid solutions and amorphous solutions 
are thermodynamically unstable with respect to a 
mixture of purely crystalline A and B in the system 
under consideration. 


We consider in this discussion the case in which the 
free-energy curve for an amorphous solution has a 
minimum and for a crystalline solid solution that does 
not have a minimum. Other combinations can be 
considered by the same approach. 


If the chemical reaction starts from pure A, we can 
assume three possible pathways: formation of crystalline 
B, (B) (along the segment ab in Figures 1 and 2); 
formation of a metastable crystalline solid solution 
(along the segment ad in Figure 1); and formation of an 
amorphous solution, S (along the segment ac). For all 
three cases AGr < 0, and the reaction can proceed by any 
of these pathways. From Figures 1 and 2, it can be seen 
that the most thermodynamically stable state is a mix- 
ture of crystalline A and B, hence from the beginning of 


a 


0.0 


ba 


b 


0.5 


reaction extent 
1 .o 


Figure 2. General appearance of the Gibbs free-energy 
diagram for a simple eutectic A-B system below the eutectic 
temperature. The amorphous solution is stable with respect to 
the crystalline solution; f is the composition of the amorphous 
solution in equilibrium with (B); c is the composition of the 
amorphous solution in equilibrium with (A); g is the point of a 
minimum on the free-energy curve for the amorphous solution 
corresponding to the maximum yield in the amorphous state 
(see text and Figure 1 for explanation of other symbols). The 
lines dd' and gg' show possible examples of ways for 


crystallization of (B) to occur 


the reaction the formation of (B) is favored. However, 
the formation of a new crystalline phase involves 
overcoming a significant energy barrier, i.e. nucleation, 
whereas the activation energy for the formation of both 
the amorphous and crystalline metastable solid solutions 
is essentially zero. Therefore, on the basis of kinetics we 
can assume that the formation of a solution is more 
probable. The most likely pathway of the chemical 
reaction, therefore, also depends on the free energy 
relationships between the amorphous and crystalline 
solid solutions in any particular case. 


Figure 1 shows a case where the amorphous solution is 
metastable with respect to the crystalline solution. In this 
case the reaction involves the formation of a solid sol- 
ution of B in A along line ab,, which is metastable with 
respect to a mixture of pure (A) and (B). The crystalliz- 
ation of (A) + (B) (dd' or d,d,', for example) depends on 
numerous factors governing its nucleation and crystal 
growth. Figure 2 gives a case in which the crystalline 
solid solution is metastable with respect to the two-phase 
system, (A) + amorphous solution of composition c, and, 
therefore, the formation of an amorphous solution is 
possible. On the reaction path ac a mixture of (A) and 
amorphous solution, c will exist. Further reaction beyond 
this point will depend on the crystallization of (B). 
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If crystallization of (B) is hindered, (A) will disappear 
when the overall chemical composition of the reacting 
system reaches point c. Beyond point c the system 
consists of only one phase (S) and the reaction now 
moves along the segment cg. After point g (point of 
minima on the a'b' curve) the reaction cannot proceed 
in solution because the chemical potentials of the 
reactant A and product B are equal, hence AGr = 0 Thus 
the reaction can now proceed only through the forma- 
tion of crystalline B. Crystallization of B from the 
solution causes the formation of an amorphous solution 
of composition f ,  and further reaction proceeds in an 
amorphous solution with composition between f and g. 
Crystallization of (B) changes the composition of the 
amorphous solution from right to left, supporting the 
thermodynamic driving force for the transformation of 
A in solution which changes the composition from left 
to right. On the other hand, B can crystallize from the 
supersaturated solution, c, in the beginning of the 
reaction (line dd') and in this case (A) can be directly 
transformed into crystalline (B) on the nucleus formed. 
In all cases described above, this reaction leads to the 
production of 100% (B). 


Limited solubility of A in B and B in A in the 
crystalline state 
In Figure 3 we present one example of a possible free 
energy diagram for such a system. In this case the 
following phases can exist: crystalline phase 1 (crystal- 
line A, (A), or a solid solution of B in A, (SS,)), 
crystalline phase 2 (crystalline B, (B), or a solid sol- 
ution of A in B, (SS,)) and an amorphous solution (S). 
Here, we assume that the free-energy curves for crystal- 
line solid solutions and amorphous solution both exhibit 
minima. In the beginning of the reaction (SS,) forms 
along segment a- f ,  the most thermodynamically 
favorable pathway. After point f ,  a two-phase mixture 
of (SS,) + (SS,), a more thermodynamically favorable 
state, exists; however, the reaction can proceed up to 
point g, in the homogeneous (SS,) state. Beyond g,, the 
transformation of A to B requires a phase change at 
which point AG,<O. Thus at this point, in contrast to 
the homogeneous nature of the reaction at a lower 
reaction extent, the thermodynamic driving force for the 
reaction is now the phase transformation that can occur 
along the line f "c or fh. 


From this diagram, therefore, we can discuss two 
possible reaction processes after point g,: (1) the forma- 
tion of (SS,) with composition h; and (2)  the formation 
of an amorphous solution with composition c. The 
relative driving force for these processes would be 1 > 2 ,  
so from a thermodynamic perspective one can expect 
the formation of the two-phase system (SS,) + (SS,) to 
be favored. From a kinetic perspective, however, it is 
possible for certain metastable phases to be preferred. 
For example, the formation of a new crystalline phase 


h' 


b 


0.2 0.4 0.6 0.6 1 .o 
reaction extent 


Figure 3. General appearance of the Gibbs free-energy diagram 
for the eutectic system with limited solubility in the solid state 
below the eutectic temperature (part of the diagram near A is not 
shown): aa" and bb" are part of the free-energy curves for solid 
solution of B in A (SS1) and solid solution of A in B (SS2), 
respectively; f and h are compositions of (SS1) and (SS2) in 
equilibrium; f "  and c are compositions of (SS1) and amorphous 
solution (S) in equilibrium; f '  and h' are compositions for S and 
(SS2) in equilibrium; g,d', and gd' are possible ways for (SS2) 
to crystallize from (SS1) and S, respectively; g,,  g, and g are 
points of minima on the free-energy curves for (SSl), (SS2) and 


the amorphous solution, respectively 


((SSJ) will have a finite energy of activation, E,, 
associated with such a transformation, whereas the 
formation of an amorphous solution will have E, = 0. In 
this case we might expect the formation of the amor- 
phous phase (glassy or liquid) to be the favorable 
pathway. However, as described for a system with 
complete immiscibility in the solid state (Figure 2) 
above, although the reaction would proceed from f to 
point g in this manner, at this point it would require 
crystallization of (SS,) to proceed further. 


Influence of phase transformations on solid-state 
chemical kinetics 
To obtain physically meaningful parameters from 
kinetic studies (rate constants, activation energies), it is 
necessary to choose a proper kinetic model. There are 
many kinetic equations available for the treatment of 
solid-state kinetic data (see Ref. 9 for a review). Most 
equations are based on the nucleation and growth of a 
new phase, while others assume a two-phase system 
involving liquification. Io3 In many cases the same set 
of experimental data has been shown to be described by 
more than one equation, so the choice of the correct 
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kinetic model can be difficult on this basis alone. We 
would suggest that closer attention to the phase relation- 
ships existing in a particular system can provide some 
improved basis for the choice of a correct kinetic model. 
Minimally, such an approach helps to separate those 
reactions involving nucleation from those that are 
homogeneous or those that involve two phases. Of 
course, to differentiate further reactions involving 
different nucleation mechanisms, it is necessary to use 
additional criteria and observations (see Ref. 9 for a 
discussion of nucleation mechanisms). To illustrate this 
within the framework of each case provided in the 
previous section, we present the following situations. 


Complete immiscibility in the solid state 
(Figures I and 2 )  


(a) With direct transformation of (A) to (B) where 
chemical reaction and crystallization proceed simul- 
taneously (nucleus is crystalline B), we can expect that 
the kinetics of reactivity will be best described by equa- 
tions involving nucleation and growth of the product 
phase (Avrami-Erofeev, contracting geometry, etc.). 


(b) As in Figure 1, the reaction proceeds in a homo- 
geneous phase (solid solution) up to d or d, so that 
equations for homogeneous reactions should be used. It 
should be noted that a homogeneous character for a 
reaction does not necessarily mean that the reaction will 
follow a simple kinetic scheme or that it can be character- 
ized by one rate constant (first order, for example). Kinetic 
curves for a number of gas-phase and solution homo- 
geneous reactions have a complex shape if this is a chain 
reaction or other complex reaction ( e g  autocatalysis). 
Then B crystallizes and the reaction now proceeds directly 
from (A) to (B). This stage can be described by one of the 
nucleation-control equations (e.g. Avrami-Erofeev). 
Hence it requires two different kinetic models to describe 
the two stages for reactions of this type. 


(c) As in Figure 2, the first stage of the reaction involves 
the creation of an amorphous phase with composition c. 
Thus, the material contains (A) and the amorphous phase c. 
In this case we assume that the reaction takes place in both 
phases and that the transformation of A in the amorphous 
phase changes the composition of this phase from left to 
right along the segment cg creating the possibility of (A) 
dissolving in the amorphous phase. In this particular case, 
the reaction actually depends on the rate of the chemical 
transformation itself and on the rate of dissolution of A in 
the amorphous phase. Thus this process can be described as 
shown in Scheme 1, where Sc and Sg are the composition 
of the amorphous solution at points c and g, respectively, in 
Figure 2. 


(A) + Sc chemical transformation 
s c + s g  chemical transformation 
(A) + Sg+ Sc dissolution 


Scheme 1 


The kinetics of solid-state reactions with liquification, 
such as these under discussion, have been described by 
Bawn" with the use of three constants, first-order rate 
constants for decomposition of A in the solid and liquid 
phases, k,  and k, respectively, and the solubility of the 
initial material in the presence of liquified product, s. 
Thus, on the basis of Scheme 1, it is possible to specify 
the physical meaning of the Bawn equation as follows. 
If the dissolution rate is much faster than that of the 
chemical transformation, k, and k, will determine the 
rate of the reaction and s will correspond to the equili- 
brium composition c (Figure 2). Otherwise, s will 
correspond to some composition between c and g. In the 
extreme case, when dissolution of (A) in S is the 
rate-limiting step, the reaction can be treated as an 
interfacial reaction, and the overall kinetics can be 
described by one of the interfacial equations. In this 
case, the Bawn equation or equations for the interfacial 
reaction can be used in the region ac while the reaction 
in the region cg in the amorphous phase would be 
treated by homogeneous reaction kinetics. Any further 
reaction beyond point g will proceed with the separation 
of (B), so let us assume that crystallization of (B) takes 
place in the homogeneous area (cg) and that the mater- 
ial here consists of (B) and an amorphous phase of 
composition, f. This amorphous phase should be both 
physically and chemically unstable, so the chemical 
reaction changes the composition from f to g. Crystalliz- 
ation of (B) causes the liquid composition to return to f ,  
again creating a driving force for the chemical trans- 
formation, and this process will continue until pure (B) 
is obtained. In this case, therefore, the chemical reaction 
proceeds only in the amorphous phase. However, in 
order to maintain a thermodynamic driving force for the 
chemical transformation, (B) must separate out of the 
amorphous phase. Thus, two processes control the 
chemical reaction: chemical transformation itself in the 
amorphous phase and crystallization of (B). If the rate of 
crystallization is high enough to maintain the composi- 
tion of the amorphous phase in the f-g area (AG,<O), 
then chemical transformation is the limiting step and the 
kinetic model will be the same as for a reaction in a 
homogeneous region. If the reaction is limited by 
crystallization, equations such as the Avrami-Erofeev 
equation can be applied. 


Limited solubility in the crystalline state (Figure 3)  
Initially, the reaction proceeds along the homogeneous 
pathway (agl). Then the reaction switches into a hetero- 
geneous region with the formation of a new phase, 
which can be either an amorphous solution (path f"c), 
or a crystalline solid solution 2 (path fh). Again, Bawn- 
like (two-phase) kinetics can be applied in the case of 
the formation of an amorphous phase. For the case of 
the formation of solid solution 2, the Avrami-Erofeev 
equation (or other interface kinetic equations) can be 
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applied if the limiting step is crystallization. Otherwise, 
Bawn-like kinetics can be applied when k,  is the reac- 
tion rate constant in solid solution 1 and k ,  is the rate 
constant of the reaction in solid solution 2. 


Possible types of kinetic schemes in solid-state reactions 
are given in Table 1. It can be seen that even if the chemi- 
cal transformation itself obeys a simple law (first order, for 
example), the kinetic curve can consist of several parts. 
Besides, reactions belonging to the same kinetic scheme 
can exhibit ditferent types of kinetic behavior depending on 
the relationships between constants for individual processes 
(as for the examples described above). 


Induction periods 
Central to most previous discussions in the literature of 
the kinetics of solid-state reactions is the nucleation 
process which involves an induction period followed by 
a main reacti01-1.~ Generally, in such cases an observed 
induction time is considered to be an unnecessary 
complication in the treatment of chemical kinetics, 
generally to be subtracted from any experimental data. 
In such cases, therefore, the nature of any chemical 
processes taking place during this period is often negle- 
cted and considered to primarily involve the formation 
of a ‘germ nucleus.’ This is certainly understandable 
when considering reactions involving explosives, since 
the most critical part of the reaction lies beyond the 
induction period. However, in other cases, such as 
during the assessment of storage stability for phar- 
maceuticals, this earlier period in the reaction could 
represent the most important part.l4 


On the basis of the considerations given above, it is 
possible to think of at least three types of induction 
period associated with solid state reactions. First is an 
induction period due to nucleation of a new crystalline 
phase. These can include direct conversion of (A) to (B) 


or, after some reaction, crystallization of (B) from an 
amorphous phase or from a solid solution as in 
Figures 1 and 2, or crystallization of S S ,  from S S ,  or 
from the amorphous state, as shown in Figure 3. In the 
former case the induction period is seen from the very 
beginning of the reaction, whereas in the latter case the 
initial reaction proceeds in a homogeneous phase and 
attains a certain level of conversion before nucleation 
and crystal growth. Figure 4 gives a hypothetical plot 
for the latter case wherein two parts of the kinetic curve 
are separated by an induction period. 


A second type of induction period is one that arises 
due to an acceleration of the reaction in the liquid phase. 


1 .o 
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Figure 4. Hypothetical kinetic curve for the reaction in Figure 
3, following the reaction pathway afg,d’]hg,. 1 ,  Homogeneous 
reaction in (SSl); 2, induction period for crystallization of 


(SS2); 3, reaction in (SS1) + ( S S 2 )  


Table 1. Main types of kinetic schemes for solid-state reactions depending on the type of 
phase diagram 


Number of stages 
No. Kinetic scheme” in the kinetic curve 


2 Partial solubility in the solid state 
(a) (A)-+(SS 1)+ (SSl),+(SSl) + (SS2)-+(SS2) 3 
(b) (A)+(SSl)+(SSl),+ +(SSl)+(SS2)+(SS2) 4 
(c) (A)(SSl)(SSl), + S,-+S,+S, + (SS2)-+(SS2) 5 
(d) (A)+(SSl)+(SSl), + S,S+ +(SSl)+(SS2)+(SS2) 5 


‘(A) and (B) are pure crystalline A and B,  (SSl) and (SS2) are crystalline solid solutions of B in A and 
A in B and S is an amorphous solution. The subscript m indicates a metastable phase (it is assumed that 
the reaction temperature is lower than solidus temperature). 
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It might be seen with a situation that is shown in 
Figure 3, where a slow reaction in the SS, solid-solution 
phase switches to a 'fast' reaction in the liquid phase 
(see Figure 3, for the transition from the homogeneous 
pathway ag to the pathway f"c). Finally, a third appar- 
ent induction period can arise because of the more 
complex homogeneous reactions such as with chain 
reactions. l 5  


With these thoughts in mind, it would appear that 
those initiating a study of solid-state chemical kinetics 
should first address the following two questions: is this a 
complex homogeneous reaction and if not, are there any 
phase changes taking place during the reaction? If the 
answer is 'yes,' at which stage of the reaction do they 
take place? 


EXPERIMENTAL CASE STUDIES 
In this final section we have chosen to analyse, in the 
context of the previous discussion, a number of studies 
in the literature that provide sufficient data for such an 
analysis. They each represent one of the two major cases 
presented above. 


Complete immiscibility in the crystalline state 
Very detailed studies of the cis to trans-azobenzene 
isomerization have been carried out by Cammenga and 
co  worker^'^,'^ This is eutectic system (T, =41.4"C) 
with complete immiscibility in the solid state, or at least 
with very restricted solubility (according to the phase 
diagram in Ref. 16 the solubility in mole fraction of the 
truns isomer in the cis isomer is <0.02, and that of the 
cis in the trans isomer <0.1). Conversion in the melt 
and below the eutectic temperature was shown to be 
close to 100%. Direct microscopic observation of a 
nucleus for the reaction at 40°C and the sigmoidal 
shape of the kinetic curves allow us to assume that this 
reaction follows kinetic scheme l a  (Table l), i.e. direct 
(A)+(B) transformation (line ab, Figures 1 and 2). 
Hence the rate constants obtained from the treatment of 
experimental data by one of the nucleation/growth 
equations (as was done in the original paper) can be 
physically meaningful. 


However, this is not the case for the rate constants 
obtained for the reaction at temperatures between the 
eutectic temperature and the melting point of the 
cis-isomer (54.2-65.3 "C). The kinetic curves, also 
having a sigmoidal shape, were described well by the 
Rout-Tompkins equation; I' however, we consider this 
to have limited physical meaning in this particular 
system. Indeed, in this case the reaction scheme can be 
represented better as 


(A) + (A) + S + S +(B) + S +(B). 
This scheme is formally the same as the Id in Table 1, 
with the exception that S in the former case is a stable 


phase whereas in the Id S is the metastable phase. The 
kinetic curves must consist of three parts, with a major- 
ity of the experimental points (from Ref. 17) lying in 
the two-phase (A)+ S region. Thus, in this case, a 
two-phase kinetic expression, e.g. Bawn equation, 10s'3 is 
more appropriate: 


x = (k,T)[exp(Tt) - 1 ] (1) 
where t is time, x is the fraction reacted, r is 
k, + k,s - k,),  s is the fractional solubility of the reactant 
in the liquid phase (in moles of reactant per mole of 
product) and k,  and k, are the rate constants in the solid 
and liquid phases, respectively. 


We have treated experimental data from Ref. 17 
(Figure 4 from Ref. 17) as follows. The values of 
s = (1 - x ) / x  (where x is the molar fraction of the 
trans-isomer) were determined from the liquidus line 
for the cis-isomer,I6 and the data were fitted to equation 
(1) with two adjustable parameters, k, and k, and the aid 
of Sigma Plot software. Figure 5 gives the Arrhenius 
plots for k, and k,. To estimate the reliability of the rate 
constants obtained from this procedure, we compared k, 
with rate constants for the meltI7 extrapolated from 
higher temperatures. Figure 5 also gives the rate con- 
stants for isomerization in the melt (the part of the solid 
line marked by arrows). Here, it can be seen that the 
values of k, are lower than the extrapolated values, and 
the difference increases as the temperature decreases. 
Note that the determination of s from the phase diagram 
assumes that at all times there is an equilibrium com- 
position of the liquid phase. In other words, we assumed 


0.00280 0.00285 0.00290 0.00295 O.M)300 O.Oo305 O.GQ310 


1ITK' 


Figure 5. Arrhenius presentation of the rate constants for 
cis- trans isomerization of azobenzene in the two-phase 
region: l7 k, and k, from the Bawn equation are represented by 
open circles and filled circles, respectively; the solid line fits 
k =  12.2 exp(-1O3.4/RT);l7 the broken line is a linear fit for 


k,a; the dotted line is a linear fit for k, 
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Table 2. Solubility of the reactant in the liquid phase, s, for the cis-trans isomerization of 
az~benzene'~~'' as a parameter of the Bawn equation 


s as fitting parameter with 
Temperature (K) s from the phase diagrams fixed k, 


338.5 5.99 5.24 
334.4 3.5 I 2.56 
332.9 3.15 3.03 
330.5 2.48 1.56 
327.7 1.99 1.21 


that the rate of dissolution of A in the liquid phase is 
much greater than the rate of the chemical transform- 
ation. However, it is possible that the dissolution rate is 
comparable, and in this case the concentration of A in 
the liquid phase will be lower than that estimated from 
the phase diagram. To evaluate the possibility that the 
dissolution rate is a factor here, we repeated the fitting 
procedure using a fixed k, (from data taken in the melt 
and the Arrhenius equation), with k, and s as adjustable 
parameters. We find in this case that the values of k, are 
essentially the same as obtained in the first fit, but that 
the s values are lower than those estimated from the 
phase diagram (see Table 2). Based on this analysis, we 
conclude that the treatment of these data in terms of 
two-phase kinetics provides physically meaningful rate 
constants for the reaction which cannot be obtained 
from the treatment using the Prout-Tompkins equation. 


Limited solubility in the crystalline state 
An example of a chemical reaction in the solid state 
involving limited solubility is found in the work of 
Sukenik et a1." on a thermally induced molecular 
rearrangement in methyl-p-dimethylaminobenzene 
sulfonate below and above the melting temperature of 
the reactant (91 "C). Here, at least three crystalline 
phases were detected by x-ray powder diffraction when 
the reaction had been carried out at ambient tempera- 
ture. Unfortunately, the authors did not indicate the 
temperature of the reaction, but it would appear to 
correspond to the 'ambient' temperature mentioned in 
Table I1 of Ref. 18. Moreover, there are no x-ray data 
available for the reaction at 81 and 88 "C. 


In Ref. 18, it was claimed that three crystalline phases 
existed: the reactant (MSE), called the a-phase, the 
product (ZWT), called the ,&phase, and an intermediate, 
called the y-phase. Analysis of the system by x-ray 
diffraction (Table V in Ref. 18) indicated that after 2 and 
6 days a binary crystalline mixture of a + y was pro- 
duced. Since the authors identified only MSE and ZWT 
to be present in this mixture, we can conclude that y was 
not a new chemical intermediate. The x-ray pattern after 
8 days (49.4% conversion) appears to be similar to that 
of the recrystallized ZWT, which indicates that the /?- 
phase might be a solid solution of the reactant in the 


product. There are three possible forms of the y phase: a 
molecular compound of ZWT and MSE with congruent 
or incongruent melting, or a solid solution (phase dia- 
gram with intermediate solid solution, Figure 6). Let us 
consider the last case as an example, and think of the 
possible scheme at ambient temperature where the x-ray 
diffraction data were obtained (scheme 2) in Table 1 with 
additional solid solution): 
(MSE)-+(SSa)-+(SSa) + (SSy) 


--+(SSy) + (SS/?>-+(SSS> 
Scheme 2 


From Scheme 2, we can see that the kinetic curve at 
ambient temperature will consist of five parts even though 
the chemical reaction itself is a simple first-order process. 
Of course, it is possible that the kinetic pictures at 81 and 
88 "C will be different. For example, since these tempera- 
tures are close to the melting temperature of the reactant 
(9O-9l0C), the formation of product might lower the 
melting temperature enough (see Figure 6), so that part of 
the reaction, at least, might take place in the liquid phase. 


0.0 0 2  0.4 0.6 0.6 1 .o 


molar fraction of product (ZWr) 


Figure 6. Hypothetical phase diagram for the MSE-ZWT 
system descriM in Ref. 18 (and in the text). The broken line 
shows the system at ambient temperature. S S a  is a solid solution 
of ZWT in MSE S S g  is a solid solution of MSE in ZWT; SSy,  


is an intermediate solid solution; S is a liquid solution 
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It should be pointed out that the same reaction has been 
studied by laser Raman ~pectroscopy'~ and at a point 
where 40% conversion of MSE occurred, two crystalline 
phases, pure MSE, and pure ZWT, appear to exist. This 
is in contradiction to the earlier described x-ray diffraction 
studies that claim the presence of a y intermediate form. 
Unfortunately, the exact conditions of this latter 
experiment were not detailed. 


Another reported study where limited solubility may 
be involved in a solid-state chemical reaction is the 
apparent uni-directional /?- a isomerization of the 
cobaloxime complex with different ligandsm In this 
solid-state reaction, with an increase in the time of 
irradiation the a:/3 ratio increased and approached a 
certain value asymptotically. Hence we can assume that 
the final a : /? ratio corresponds to the minimum free 
energy of the solution of a in /?. However, the reverse 
process, a+/?, does not occur, with no apparent 
reasons given by the authors for such unidirectional 
photoisomerization. We assume that this can be 
explained with two assumptions: (1) this system 
exhibits limited solid-state solubility, and either /? is not 
soluble in a at all, or the amount dissolved is below the 
limits of the assay sensitivity; and ( 2 )  under the 
conditions of these experiments there was not enough 
time for the stable crystal phase to crystallize. 
Hypothetical Gibbs energy relations for this system are 
shown in Figure 7 (we assumed the case of complete 
immiscibility of /? in a since arguments for restricted 
solubility are identical). There are two possible cases: 
(1) when the a form (point b, in Figure 7) is more 


0.0 0.2 0.4 0.6 0.8 1 .o 
molar part of the alphacomplex 


Figure 7. Hypothetical Gibbs free-energy diagram for 
(B,  a-substituted ethy1)bis (disubstituted glyoximato) (pyridi- 
ne)cobalt(III):*" g is the point of maximum yield for the 
homogeneous transformation; b, ,  b, are two possible cases for 
the free-energy of formation of crystalline (a); b, is the free 


energy of formation of the unstable polymorph of (a) 


stable than the solid solution with a composition corre- 
sponding to point g in Figure 7. In this case the solid 
solution obtained after irradiation is metastable with 
respect to pure (a). In such a case the process a -+ /? is 
prohibited thermodynamically. ( 2 )  In the second case, if 
the solid solution is more stable than a (point b, in 
Figure 7), the reverse reaction ( a  -+ /?) can take place 
but it requires that an activation energy for crystalliz- 
ation of the solid solution be overcome. It may be 
possible that the conditions of these experiments did not 
allow enough time for a stable phase to crystallize. 


ACKNOWLEDGEMENTS 


The authors acknowledge the financial support of the 
Joint Purdue/Wisconsin Industrial Program and helpful 
discussions held with Professor Stephen Byrn and his 
research group at Purdue University. Evgenyi Shalaev 
thanks the administration of SRC VB Vector (Koltsovo, 
Russia) for a leave of absence which enabled him to 
carry out these studies. 


REFERENCES 


1. M. D. Cohen and G. M. J. Schmidt, J .  Chem. SOC. 


2. M. D. Cohen, Angew. Chem., Int. Ed. Engl. 14, 386 
(1964). 


11975). 


966 


393 
, - ~ .  -,. 


3. J. M. McBride, B. E. Segmuller, M. D. Hollingsworth, D. E. 


4. T. Luty and C. J. Eckhardt, J .  Am. Chem. SOC. 117, 


5. L. Addadi, M. Cohen and L. Leiserowitz, J .  Chim. Phys. 
83, 831-840 (1986); R. Perrin and R. Lamartine, in 
Structure and Properties of Molecular Crystals, edited by 
M. Pierrot. Elsevier, Amsterdam (1990); S. R. Bym, R. R. 
Pfeiffer, G. Stephenson, D. J. W. Grant and W. B. Glea- 
son, Chem. Muter. 6 ,  1148-1158 (1994); H. Morawetz, 
Science 152, 705-711 (1996); V. E. Shklover and T. V. 
Timofeeva, Russ. Chem. Rev. 54, 619-644 (1985) 
[translated from Usp. Khim. 54, 1057-1099 (1985)l; J. 2. 
Gougotas, Pure Appl. Chem. 27, 305-325 (1971); N. B. 
Singh, R. J. Singh and N. P. Singh, Tetrahedron, 50, 
6441-6993 (1994); J. M. Thomas, Pure Appl. Chem. 51, 
1065-1082 (1979); Y. Ohashi, A. Uchida and A. Sekme, 
in Reactivity in Molecular Crystals, edited by Y. Ohasi, 
pp. 115-152. Kodansha-VCH, Tokyo (1993). 


6. T. W. Lewis, D. Y. Curtin and I. C. Paul, J .  Am. Chem. 
SOC. 101,5717-5725 (1979); J. Kaiser, G. Wegner and E. 
W. Fischer, Isr. J Chem. 10, 157-171 (1972). 


7. LC. Paul and D. Y. Curtin, Acc. Chem. Res. 6 ,  217-225 
(1973). 


8. J. D. Dunitz, Pure Appl. Chem. 63, 177-185 (1991). 
9. W. E. Brown, D. Dollimore and A. K. Galwey, in Com- 


prehensive Chemical Kinetics, edited by C. H. Bamford 
and C. F. H. Tipper Vol. 22, pp. 41-155. Elsevier, 
Amsterdam, (1980). 


10. C. E. H. Bawn, in Chemistry of the Solid State, edited by 
W. E. Gamer, pp. 254-267. Academic Press, New York, 
and Butterworths London (1955). 


Mills and B. A. Weber, Science 234,830-835 (1986). 


2441-2452 (1995). 







738 E. YU SHALAEV AND GEORGE ZOGARFI 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


J. D. Cox and G. Pilcher, Thermochemistry of Organic 
and Organometallic Compounds. Academic Press, 
London (1 970). 
V. J. Anosov, M. I. Ozerova and Yu. A. Fialkov, The 
Basis for Physico-Chemical Analysis, Nauka, Moscow 
(1976) (in Russian); A. M. Alper (Ed.), Phase Diagrams. 
Material Science and Technology. Academic Press, New 
York (1970). 
J. T. Carstensen, Solid Pharmaceuticals: Mechanical 
Properties and Rate Phenomena. Academic Press, New 
York (1980). 
S. R. Bym, R. R. Pfeiffer and J. G. Stowell, Solid State 
Chemistry of Drugs, 2nd ed., SSCI Press, West Lafayette, 
IN. 
V. N. Kondratiev, in Comprehensive Chemical Kinetics, 
edited by C. H. Bamford and C. F. H. Tipper, Vol. 2, p. 
81. Elsvier, Amsterdam (1969). 
H. K. Cammenga, S. M. Sarge and S. Eligehausen, Solid 
State lonics, 32133,625-629 (1989). 
E. Wolf and H. K. Camrnenga, 2. Phys. Chem. 107, 


C. N. Sukenik, J. A. P. Bonapace, N. S. Mandel, P.-Y. 
Lau, G. Wood and R. G. Bergman, J. Am. Chem. SOC. 99, 


K. Dwarakanath and P. N. Prasad, J. Am. Chem. SOC. 102, 


Y. Ohgo and S. Takeuchi, J. Chem. SOC., Chem. Commun. 


21-38 (1977). 


851-858 (1977). 


4254-4256 (1980). 


21 -23 (1985). 


APPENDIX 


General properties of Gibbs free-energy curves in 
binary heterophase mixtures'* 
1. A two-component system below the solidus temperature 
can be homogeneous (one-phase solution) or hetero- 
geneous (physical mixture of two phases). 


2. The free-energy for the physical mixture is 
described by a straight line connecting the free-energy 
points for the corresponding phases. 


Example: a mixture of pure crystalline (A) and (B), 
on the line ab (Figure Al). 


The formation of a solution is possible if the solution 
free energy is less than the free energy of the physical 
mixture with the same composition. 


Example: a crystalline solid solution of B in A, 
(SSl), on the curve afa' (Figure Al). 


3 .  In order to determine the composition of two 
phases in equilibrium, it is necessary to construct a 
common tangent line. 


Example: the equilibrium between (SS1) and (B), on 


a' 


0.0 0.2 0.4 0.6 0.8 1 .o 
molar fraction of B 


Figure A1 . General appearance of the Gibbs free-energy curve 
for a binary system: points a and b are the standard free- 
energies of formation of crystalline A ((A)) and B ((B)), 
respectively. Segment afa' is the Gibbs free-energy curve for a 
solid solution of B in A ((SSl)), segments ab and fb represent 
the free-energy of the physical mixture of (A)+(B) and 
(SSI) + (B), respectively; pa and p b  are chemical potentials of 
A and B in a solution of composition 2 (0.2 parts of B). G3, 
G2 and G1 are different free-energies for the system of 
composition 1 (0.5 parts of B): (SSI), a physical mixture of 
(A) + (B), and a physical mixture of (SSI) with composition 


f + (B), respectively. 


the line fb, with a composition of (SS1)corresponding to 
point f. 


4. The thermodynamically stable form will be the one 
with a minimal free-energy value. 


Example: for composition 1 there are three possible 
states: homogeneous (SS1) (the free-energy value is at 
G3, Figure Al); a mechanical mixture of (A) + (B) (the 
free energy value is at G2); and a physical mixture of 
(SS1) + (B) (the free-energy is at Gl). The last state is 
the most thermodynamically stable. 


5 .  Chemical potentials, pa and jib, for A and B in 
solution of given composition can be determined at the 
intersection of the tangent line to the free-energy curve 
at a given point with the ordinate. 


Example: pa and p b  for composition 2 in Figure Al. 
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APOTRANSFERRIN PROTON DISSOCIATION AND INTERACTIONS 
WITH HYDROGENCARBONATE IN NEUTRAL MEDIA 


LOUISA BELLOUNIS, ROWCHANAK PAKDAMAN AND JEAN MICHEL EL HAGE CHAHINE" 
Institut de Topologie et de Dynamique des SystPmes, Universite' Paris 7 ,  CNRS URA 3 4 , l  Rue Guy de La Brosse, 75005 Paris, 


France 


A spectrofluorimetric titration analysis of the proton dissociation and the interactions of human serum 
transferrin with hydrogencarbonate was performed at pH 7-0-9.0. Apotransferrin loses a single proton 
probably per binding site with K , =  (6.80i0.35) x M. This proton dissociation is independent of the 
hydrogencarbonate concentration. Apotransferrin does not interact with CO,'-. However, it interacts with two 
HCO,-, exhibiting two different affinity constants; the dissociation constant presumably for the C-site is 
K, = (4.4OrtO-15) x M and that for presumably the N-site is K ,  = (3.60i0.30) x lo-' M. These interactions 
are independent of pH and occur with the unprotonated and protonated apotransferrin species with the same 
low affinities. Such affinities are probably induced by ionic interactions involving the side chain of the arginine 
residues in each of the two binding sites. As for the proton dissociation, it can occur with one of the other side- 
chains of the amino acid residues of these binding sites. 


I .  INTRODUCTION 
The proteins of the transferrin family constitute the 
major iron transport system in vertebrates. I Human 
serum transfemn is a single-chain bilobate glycoprotein 
of about 80 kD. Each lobe possesses one iron binding in 
which the metal is coordinated to four amino acid 
ligands. In the C-site of monofemc transferrin, these 
ligands are the side-chains of one aspartate residue 
(Asp 392), one histidine residue (His 385) and two 
tyrosines residues (Tyr 585 and Tyr 517). Iron is also 
close to a carbonate or a hydrogencarbonate adjacent to 
an arginine (Arg 456, Figure l).2-4 Moreover, in each 
iron binding cleft, a lysine lies in the neighbourhood of 
the iron atom.* Although the N- and C-binding sites are 
constituted of similar amino acid they have 
different thermodynamic and kinetic behaviours towards 
iron uptake or The C-binding site has a higher 
affinity for iron than N, as it reacts more rapidly with the 
metal during its 


Serum transferrin carries iron from the bloodstream 
across the plasma membrane barrier to cytosol.' It 
extracts the metal cation from low molecular mass 
chelates in neutral physiological media,'.'' then interacts 
with a specific receptor at the plasma membrane. Protein 
and receptor are subsequently internalized by endocy- 


* Author for correspondence. 


tosis in endosomes. These are then acidified to pH 5.6 
and iron is released from the protein.' Iron extraction 
from the low molecular mass chelates needs the assis- 
tance of a third indispensable partner, carbonate or 
bicarbonate. 2-7*9-14 Indeed, synergistic carbonate or 
hydrogencarbonate is responsible for the extraordinarily 
high affinity of transferrin for Fe3'." Several reports 
deal with the interaction of the protein with carbonate in 
the absence of i r ~ n . ' ~ , ' * - ' ~  Harris et a1.12.13 estimated by 
the use of spectrophotometric techniques that the 
affinity of the sites for hydrogencarbonate are about 
500 M - '  for a site and from 500-60 M - '  for the other 
site. More recently, using calorimetric techniques and a 
recombinant N-terminal half molecule of transferrin, 
Lin ef aZ.I4 estimated that the affinity of the C-site for 
carbonate is about 250 M - '  while that of the N-site is 
too small to be detected. Neither study considered the 
state of protonation of transferrin and they were 
performed at a constant pH (7.4). This state of protona- 
tion can be of great importance for iron ~p take . ' . ~ . ' ~  
Indeed, each binding site of transferrin loses three H' 
equivalents upon complex formation with iron5 -' and 
the metal binding sites are affected by ionization of 
functional groups with an ap arent pK, value near 
physiological pH (ca 7.4)." Furthermore, proton 
transfers trigger iron uptake and loss by transferrin when 
carbonate is replaced by another synergistic anion, 
nitril~triacetate.~~~ Moreover, with hen ovotransferrin, 
protonation of the lysine residues seems to induce a 
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Figure 1. Schematic view of the C-site iron-binding site of 
monofemc transferrin 


transition in the conformation of the binding site 
leading to iron 10ss.I~ In this work, we investigated by 
fluorimetric  technique^'^ the state of protonation of 
apotransferrin and holotransferrin in neutral media and 
analysed its influence on the affinity of the protein for 
hydrogencarbonate in the absence of iron. 


EXPERIMENTAL 


Human serum apotransfemn (Sigma) was purified 
according to published Holotransferrin 
was prepared by incubating a neutral solution of human 
apotransferrin (Sigma) (20 mg ml - I )  and Na,CO, 
(20 x lo-, M) with six equivalents of nitilotriaceta- 
toiron [Fe(NTA)] for 1 h at 37°C. This solution was 
then dialysed four times against neutral 0.2 M KCI 
solution and a fifth time against final buffer at 4°C.9,1" 
NaHCO,, KCl (Merck, Suprapur), ethylenediamine- 
N,N,N',N-tetraacetic acid (H,EDTA), NaOH and HCI 
(Merck, Titrisol), HEPES [N' - (2-hydrox- 
yethy1)piperazine-N-ethanesulphonic acid] (Sigma or 
Aldrich) and nitrilotnacetic acid (H,NTA) (Aldrich) 
were used without further purification. Water and 
glassware were prepared as described p r e v i o ~ s l y . ~ . ~  


Stock solutions. All stock solutions were freshly 
prepared. Transferrin concentrations (c")  were checked 
spectroph~tometrically.~." Their concentrations ranged 
from 5 x to 2 x M for apotransferrin and 
holotransferrin and those of NaHCO, from 5 x lo-, to 
15 x lo-* M. HEPES concentrations were 5 x lo-* M 
and final ionic strengths were adjusted to 0.2 M with 
KCI. Since the proton-dissociation pK of carbonic acid 
is 6.35 (CO, + H,O H,CO, + H  + HCO,), in order to 
avoid any decrease in hydrogencarbonate concentration 
by CO, loss, the buffered solutions were used fresh and 
were prepared in basic media (pH=9).  The final pH 
values were then adjusted between 6.5 and 8.9 by 
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adding micro quantities of concentrated HCI and 
NaOH. However, the pH of the solutions containing 
NaHCO, was never allowed to go below 7.2 and all 
experiments were performed in sealed cells. 


pH measurements. pH values were measured, at 
25 * 0-5 OC, in the spectrophotometer cell with a Jenco 
pH-meter equipped with an Ingold combined microelec- 
trode. Buffers used for pH standardization were pH 7.00 
and 10.01 (Beckman). 


Spectrophototnetric measurements. Spectrophoto- 
metric measurements were performed at 25 * 0.5 "C on 
a Cary C210 spectrophotometer equipped with a mag- 
netic stirring device and a thermostated cell camer. 


Fluorirnetric measurements. Fluonmetric measure- 
ments were performed at 25 & 0.5 "C on a Perkin-Elmer 
LS 50 luminescence spectrometer equipped with a 
thermostated cell carrier and a magnetic stirring device. 
Emission spectra were measured in the range 
300-420 nm. Excitation wavelengths were set at either 
260 or 280 nm. 


RESULTS 


In neutral media when excited at 280 nm, the tryp- 
tophan excitation maximum, or at 260 nm in the 
tryptophan excitation area, apotransferrin fluoresces 
with a typical emission spectrum (A,,, max = 338 nm).I7 
The fluorescence intensity of apotransferrin decreases 
with increasing pH from a plateau in the range 6.8-7.2 
to another plateau in the range 9-9.3. Above pH 9.5, 
part of the protein seems to be irreversibly denatured, 
as shown by the fact that the fluorescence intensity does 
not return to the expected value when the pH is 
decreased from above 9.5 to neutral. Therefore, all our 
experiments were performed at pH<9.0  and the 
reported results relate to reversible phenomena. The 
fluorescence intensity also decreases with increasing 
hydrogencarbonate concentration at constant pH (see 
Figure 3) .  This intensity still vanes with hydrogencar- 
bonate concentration at [HCO,- ] > 2 x lo-, M 
(approximately that of natural media), which indicates 
that the final hydrogencarbonate- apotransfemn equili- 
brium is not reached at these concentrations. 


Since the state of charge of the protein is unknown, 
ion charges will not be shown. 


Proton dissociation of apotransferrin in the vicinity 
of neutrality 
Figure 2 implies that in addition to the interaction 
between apotransferrin and hydrogencarbonate (Figure 
3 ) ,  there is a proton transfer reaction occurring in the pH 
range of our experiments (7-9). In the absence of 
HCO,-, we shall assume that this proton dissociation 
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Figure 2. Fluorescence emission spectra of transferrin in pH 
range 7-9 with 1,,=280 nm, at 25*0.5"C, 1=0.2 and 


co= 1 X M 
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Figure 3. Fluorescence emission spectra of transferrin at pH 
7.35 (a) and in the presence of three different 
hydrogencarbonate concentrations, (b) 1 x lo-', (c) 10 x lo-* 
and (d) 15 x lo-* M, with = 280 nm, at 25 i0.5 "C, I = 0.2, 


co= 1 X 10- 'M 


involves one or several side-chains of the amino acid 
residues. 


T +  nH*TH, (1) 
with K,= [T][H]"/[TH,], n being the number of non- 
identical amino acid side-chains involved in reaction 


At a low protein concentration, the fluorescence 
(1). 


intensity can be expressed as1': 


F=f , [TI  +fZ[TH,l (2) 
where F is the fluorescence intensity and f l  and f 2  are 
the experimental factors which relate the fluorescence at 
338 nm to [TI and [TH,], respectively. 


The analytical concentration of apotransferrin is 
expressed as 


(3) 
At pH<7,  where [TH,] s [TI,  the initial fluorescence 
intensity (F,) is expressed as 


(4) 
From K, and equations (2)-(3, we can easily derive a 
Benesi and Hildebrandt type relationship which can be 
expressed 


(5 1 
with A F  = F, - F and Af = f 2  - f l .  


A linear least-squares regression of [HI (pH 
7.0-9-0) against Af/AF is only achieved for n= 1 
(Figure 4). From the slope of the regression line, a 
single proton dissociation constant for apotransfemn is 
determined: K, = (6-70 * 0.1) x 


The fact that the intensities of the fluorescence 
spectra of T (pH = 9) and TH (pH = 7) decrease with 
increasing [HCO,-] led us to assume that the T and TH 
species can both interact with hydrogencarbonate: 


cn = [TH,I + [TI 


F n  = f2 [TH, 1 = f 2 ~ 0  


Af/AF = l/cO + [HI "/K,c, 


M. 


TH + 2HC0, - * T"H 


T + 2HC0, - * T" 


(6) 


T"H*T" + H  (7) 


(8) 
In this mechanism, we assume that both the N- and the 
C-sites of apotransferrin interact with a hydrogencar- 
bonate molecule. 


The analytical concentration of apotransferrin in the 
presence of hydrogencarbonate can be expressed as 


Cg= [TI + [TH] + [T"H] + [T"] (9) 
Apotransferrin binds carbonate with two affinity con- 
stants in the range 500-50 M - ' . 1 2 . 1 3  We can therefore 
consider that the apparent affinity constant of the 
protein for hydrogencarbonate 1 K = ([T" ] + [T"H ])/ 
[HCO,-]*([T]+ [TH]} would be in the range 
10'- 10' M -'. For a hydrogencarbonate concentration 
cI ~ 0 . 1 5  M and a protein concentration 
1 x lo-'< COC 1 x M the protein will be mostly 
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I * 
1 2 [ti] x lO*(M) 


Figure 4. Plot of Af /AF vs [H'] at 25 *0.5 "C, I = 0.2 M. (a) 
co= 1 x M: intercept, (1 .25k0.15)~ 10' M - ' ;  slope, 
(1.50*0.05)x IOl4 M-*; r=0.9948; (b) L', =0.1 M and 
co= 1 x M: intercept, ( 1 ~ 0 5 ~ 0 ~ 1 0 ) ~  10' M - ' ;  slope, 


(1.45*0.05)x 1 0 1 4 M - ' ;  r=0.9938 


under the T" and/or the T"H forms because in this case 
([TI'] + [T"H])= c,<K/(l + c:K)= c0.I2-l4 This allows 
us to simplify equation (9) to 


co = [T"H] + [T" ] (10) 
Therefore, the fluorescence intensity would obey the 
equation 


F =f3[T"H] +f4[T"] (14) 
in which f3 is related to [T"H] and f4 is related to [T"]. 


(1 l), we derive the equation 
From K2a= [H][T"]/[T"H] and equations (10) and 


A f / A F =  l/co+ [HI/K2, cn (12) 
with Af = f 3  - f4. 


Experiments were performed at constant hydrogen- 
carbonate concentration ( c ,  = 0.1 M and 
c,, = 1 x M )  and variable pH. A linear least-squares 
regression plot of Af/AF vs [HI [Equation (12)] was 
very satisfactory [Figure 4(b)]. From the slope of the 
regression line, Kzd= (6.90k0.15) x lo-' M is deter- 
mined. This Kh value equals, within the limits of 


uncertainty, the K, determined in the absence of 
hydrogencarbonate. 


The interactions of hydrogencarbonate with 
apotransferrin in the vicinity of neutrality 
The fact that K,= K,,=6430 x M leads us to 
assume that in the presence of a high hydrogencar- 
bonate concentration at pH 3 7.0, the apotransferrin is 
mostly in the TH and T"H forms; near pH 9.0 it would 
be in the T and T" forms. According to Lin et al.,I4 the 
affinity of the C-site for hydrogencarbonate is presum- 
ably much greater than that of the N-site. To a first 
approximation, we assume that binding of hydrogencar- 
bonate to apotransferrin is sequential: it would first 
occur with the site presenting the highest affinity for the 
anion and would be followed by the binding with the 
other site. We can, therefore, write for the protonated 
species (pH = 7) 


TH +HC03-+T'H K I c =  [TH][HCO,-]/[T'H] 


(13) 


(14) 
T'H is a transfemn the C-site of which interacts with 
hydrogencarbonate whereas in T"H both sites interact 
with hydrogencarbonate. 


TH + HCO,-*T"H KIN= [T'H][HCO3-]/[T"H] 


The conservation of mass implies 
co = [TH] + [T'H] + [T"H] (15) 


From equation (15), K,, and KIN, we can easily derive 
the equations 


l/[T'H] = l / ~ o +  K,c/~o[HC03-]+ [HCO~-]/C&IN 
(16) 


and 
l/[T"H] = l/c, + K,,/C~[HCO,-] 


Since presumably K 4 K,,,14 at low bicarbonate 


l/[T'H] = l / C ,  + K,c/~o[HC03-] (18) 


F =f,[TH] +f,[T'H] +f,[T"H] (19) 


+ KINK,C/cO[HC03- 1' (17) 


concentration (c, = K,,) '54 equation (16) simplifies to 


The fluorescence intensity can be expressed as 


where f5 is an experimental factor related to [T'H]. 
From equations (13 ,  (19) and (18), we can derive 


l / A F  = l/AFoa + KIc/AF~,[HCO3-] (20) 
with AF,  = co( f 2  -f5), where f5 is an experimental 
factor related to [T'H]; f2 is directly determined from 
the initial fluorescence intensity in the absence of 
hydrogencarbonate whereas AFon is the intercept of the 
line relating to equation (20). 







AF’OTRANSFERRIN-HY DROGENCARBONATE 115 


At high [HC03-], the N-site starts to interact with 
hydrogencarbonate. From equations (15), (17) and (19) 
at [HC03-] > K,,, equation (21) is derived: 
AF/Cn=Afl+  [HCO3-]AfJKIN - [HCO~-IAF/K,NCO 


(2 1) 
with Af , = fz  - f5 and Af = f2 - f4. 


In more basic media (pH 0 9), the protein is mostly in 
the T form, both sites of which can interact with 
hydrogencarbonate. Moreover, since the affinity of the 
C-site for the latter is much higher than that of the N- 
site,I4 we can write 


T+HCO,---’T’ K2,= [T][HCO,-]/[T’] (22) 


T‘ +HCO,---’T” K2N= [T][HCO,-]/[T”] (23) 
The same mathematical treatment as that applied to 
equations (1 8)- (21) yields the equations 


1 / A F =  1/AFOb+ K2c/AFnb[HCO3-] (24) 
and 
AF/c,=Af3 + [HCO,-]Afp/K,, - [HCO,-]~F/K~NC, 


(25) 
in which Af, = ( f, -f,), Af4 = ( f, -f4) and 
AFnb = Af4cn, which is the intercept of the line relating 
to equation (24); f6 is an experimental value relating to 
P-’ I. 


Linear least-squares regression plots of ~ / A F  vs I/  
[HC03-] [equations (18) and (24)], related to the 
interaction of hydrogencarbonate with the C-sites of 
species T and TH, are satisfactory (Figures 5 and 6). 
From the slope and intercept of the regression lines, 
K,c = K,, = (4-40 * 0.15) x lo--’ M are determined. As 
for site N, a multilinear regression of the data versus 


A 


- 
0 2 50 500 


[HCO;~!-’) 


Figure 6. Plot l/AF vs l/[HCO,-] at 25 *0.5 “C, I = 0.2 M, 
C, = 1 x M, C, < 1 X M and pH = 8.79. Intercept, 
(1.65 k0.15) X low2 M; slope, (7.20i0.05) X M; 


r = 0.9985 


equations (21) and (25) shows that the factors AF/KN 
do not affect linearity and can be neglected. Therefore, 
two satisfactory linear least-squares regression plots of 
AF/cO dealing with the interaction of apotransfemn 
with hydrogencarbonate (c ,  > 1 x lo-’ M) vs [HCO!-] 
(Figures 7 and 8) are obtained and give 


T and TH are in rapid equilibrium. One of these 
species may, therefore, have a much higher affinity for 
bicarbonate than the other, which would always lead via 


KIN = K ~ N  = (3.6 k0.3) X l o p 2  M. 


* 
2 50 [ K O ;  jh-’1 0 


Figure 5. Plot 1/AF vs l/[HCO,‘] at 25 kO.5 “C, 
f = 0.2 M ,  co = 1 x 10.‘ M ,  c, < 1 x lo-’ M and pH = 7.05. 
Intercept, (9 .00i0.45)  x lo-3; slope, (4.00i0.05) x M; 


r = 0.9980 


t 


0 1 2 3 
[HCO;] x lo2 (MI 


Figure 7. Plot of AF/c, vs [HCO, - 1  at 25 *0.5 “C, I = 0.2 M, 
c, = 1 x M, c, > 1 x l o - ’  M and pH = 7.14. Intercept, 
(3 .55k00.15)~  l 0 ’ M - l ;  slope, (2.55*O.lO)x 1 O y M - * ;  


r = 0.9982 
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Figure 8. Plot of AF/c ,  vs [HCO,-] at 25 f 0.5 "C, I = 0.2 M, 
co = 1 x M, cI > 1 x lo-' M and pH = 8.79. Intercept, 


r = 0.9988 
( 2 . 1 5 * 0 . 1 5 ) X  1 0 ' M - I ;  slope, (2 .15*0.05)~ 109M";  


fast proton transfer to the same final products: 


T' + H =T'H (26) 
If the affinity of TH for bicarbonate is higher than that 
of T, the relationship between the fluorescence vari- 
ation and the concentrations of the species present in 
the medium would be expressed as5s6 


l / A F  = l /AFh  + K,,[H1/AFo,(K: + [H])[HCO,-] 


(27) 
with K:= [H][T']/[T'H]. 


On the other hand, if the affinity of T towards HC0,- 
[reaction (22)] is higher than that of TH, the relation- 
ship between the fluorescence variation and the 
concentrations of the other species is expressed 


(28) 
Both equations (27) and (28) are pH dependent and are, 
therefore, not in agreement with the experimental data. 


Proton dissociation of holotransferrin 
Iron uptake by transfemn in the presence of hydrogen- 
carbonate is accompanied by important quenching of 
fluorescence attributed to holotransfemn formation." 
The fluorescence spectrum of holotransferrin does not 
vary with pH or with HCO,- in the pH range 6-9. 


DISCUSSION 
El Hage Chahine and Fain5.6 showed that when car- 
bonate is replaced by NTA, iron uptake by apotransfer- 
rin is followed by a single proton loss per binding site 


(pK, = 6.35 for the C-site) probably occurring from the 
phenol of one of the two tyrosine residues. They 
assumed that the complex formation between the protein 
and NTA leads to a shift in the pK, from basic to acidic, 
probably at the tyrosine phenol, as observed during 
complex formation with some transition metals and 
during some enzymic and proteic  reaction^.^^^*'^-^' 
Moreover, they estimated that the three H' lost during 
iron uptake in the presence of hydrogencarbonate are 
probably provided by the two phenols of the tyrosine 
residues and the hydrogencarbonate. The single proton 
dissociation observed with apotransfemn (pK, = 8.17) 
is not detected with holotransferrin. This can indicate 
that the proton loss has already occurred during iron 
uptake by the protein. We therefore assume that this 
proton is provided by the binding sites. As with NTA, 
this can lead to a protein ligand pK, shift from basic to 
a c i d i ~ . ~ . ~  Apotransferrin exists in the vicinity of neutral- 
ity in a deprotonated and a protonated form in 
equilibrium [reaction (l), Table 1 1, both interacting 
with hydrogencarbonate [reactions (6) and (8)]. 
Acid-base reaction (1) (pK, = 8-17) involves a single 
proton transfer and is independent of the interaction 
with hydrogencarbonate. This pK, value is higher than 
that reported by Chasteen and Wi l l i am~ '~  for the ioniz- 
ation of the protein sites upon iron uptake (pK = 7.4). 
The N- and C-binding sites of apotransfemn contain the 
same amino  acid^.^-^ Subsequently, the proton dissocia- 
tion with n = 1 [reaction ( l ) ]  can occur in each binding 
site with an identical amino acid side-chain.22 However, 
although similar, the C- and N-binding sites of apo- 
transferrin seem to have dissimilar conformations, the 
'closed' structure of the C-site and the 'open' one of 
the N-site of apola~totransferrin.~ In this case, the 
environment of the amino acid residues would not be 
identical for the two binding sites and since the pK, 
value reported for reaction (1) involves a single proton 
transfer, it would then apply to only one of the two 
iron-binding areas of the protein. 


In neutral media and in each of the two C- and N- 
binding areas of apotransfemn, several amino acid 
side-chain functional groups are present: two phenols 
of two tyrosines, one imidazole of a histidine, one 
guanidinium moiety of an arginine and a protonated 


Table 1. Mechanism of apotransfemn proton dissociation and 
interaction with hydrogencarbonate 


Reaction Dissociation constant (M) 


T+HCO;=TH 
T + HCO; *T' 
TH + HCO; =T 'H 
T' + HCO, - = T" 
T'H + HCO;-T"H 
T" + H*T"H 


6.80 x 
4.40 x lo-, 
4.40 x 10.' 
3.60 x lo-' 
3.60 x 
6.80 x lo-' 
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amino group of a ly~ine.’-~ In the holoprotein the 
carbonate or hydrogencarbonate probably interacts with 
an arginine.2.4 Furthermore, iron is close to a lysine 
which, however, does not seem to be involved in 
binding with the metal.’ On the other hand, we have 
recently estimated that in the apoprotein, the side-chain 
of aspartate is probably in the carboxylate form and that 
of histidine in the imidazole form.’ Furthermore, a 
recent approach to the uptake or release of iron by hen 
ovotransfemn involved the proton dissociation of the 
side-chain of a lysine with a pK, of about 5.6. This was 
assumed to induce a change in the conformation of the 
binding site, allowing the interaction with the metal.I6 
Therefore, the assignment of the pK, to the proton 
dissociation of one of the side-chains in one or both 
binding sites is virtually impossible at this stage. 


The role of hydrogencarbonate is imperative for iron 
uptake by the protein in physiological media.’-14 With 
other synergistic anions, such as nitrilotriacetate, the 
affinity of the protein for the metal drops dramatically 
from 10” to 10” M-’.’ Furthermore, in the absence of 
synergistic anions, this affinity is completely col- 
lapsed. lo According to Bates and co -w~rke r s ,~* ’~  iron 
uptake occurs by the extraction of the metal from a 
highly stable low molecular mass chelate by the follow- 
ing mechanism: 


HCO, -/CO,’- 


T + FeL == TFeL + TFe + L (29) 
In order to shift the equilibrium towards the iron-loaded 
protein, the affinity of the protein-synergistic anion 
adduct should necessarily be higher than the affinity of 
the chelating agent for iron. This can only be achieved 
with hydrogencarbonate. 9- I 


The proton dissociation pK of hydrogencarbonate 
into carbonate is 10.25 [reaction (30)]: 


(30) 
It is not known whether hydrogencarbonate or carbonate 
molecules are involved in the binding with iron 
[reaction (30)].’.4-7 However, if C0,’- is involved in 
reactions (13) and (22) instead of HC0,-, the 
fluorescence variation in equations (20), (21), (24) and 
(25) would depend on [CO,’-]. [COj2-] can easily be 
determined from K,, =5.6 x lo-’’ M = [CO,’-l[H]/ 
[HCO,-] as [CO,’-] = [HCO,]K,,/[H]. In this case, 
for example, equation (20) would become 


1/AF = l/AFo, + K,,[HCO,-]K,,/AF0,[H] (31) 
Subsequently, under our experimental conditions (pH 
7.0-9.0), an interaction between apotransfemn and 
carbonate should be pH dependent. The fact that 
KIc = Kzc and KIN = K,, (Table 1) and that these values 
were measured in the vicinities of pH 7.0 and 9.0 
preclude any detectable interaction between the apo- 
transferrin and carbonate in the pH range of this work. 


~ 0 , ~ -  + H + HCO, - 


This, of course, does not exclude the possible involve- 
ment of C0,’- in the binding cleft of the holoprotein, 
especially that iron uptake by each site of apotransfemn 
is accompanied by a loss of three proton equivalents, 
one of which may be provided by a hydrogencarbonate 
proton  dissociation.'^' Nevertheless, only hydrogencar- 
bonate interacts with the protein. This interaction seems 
weak for a site, presumably C-, and very weak for 
another site, presumably N- (K,, = K2c ~ 4 . 4 0  x lo-, M ,  
KIN =.KZN = 3.60 x lo-’ M; Table 1). This possibly 
describes an ionic intera~tion.’~ This interaction most 
likely occurs between the arginines of the binding sites 
and the hydrogencarbonates. This can be confirmed by 
the proximity of the arginines and HC0,- or C0,’- in 
the holoprotein binding clefts, as shown by the x-ray 
diagrams of several holoproteins of the transfenin 


The assumption of sequential binding of hydrogen- 
carbonate to apotransfemn and the attribution of K,, to 
the C-site and KIN to the N-site are based on the obser- 
vations of Lin et a1.,14 who estimated that carbonate 
binding to the N-site is too weak to be detected. On the 
other hand, Hams et a1.I3 measured close hydrogencar- 
bonate binding constants for both the N- and C-terminal 
monoferric transferrin. They assumed that the difference 
in the binding affinities for hydrogencarbonate can come 
from a statistical effect.’, Our results show that the 
interaction of hydrogencarbonate with the protein 
occurs with two affinity constants. We cannot at this 
stage of our research ascribe each of these constants to 
a particular binding site because it has not yet been 
established whether the thermodynamic inequivalence 
of the sites towards binding hydrogencarbonate is the 
result of an interaction occurring with two non-identical 
binding sites or a strong negative cooperative effect 
occurring with identical sites. K,, is close to that 
reported by Lin et al.,I4 whereas both K,, and K,, differ 
from those of Hams et u Z . ” . ’ ~  This is probably due to 
the experimental conditions under which our constants 
were measured ( p  = 0.2 M ,  [HEPES] = 0.05 M). These 
conditions are different from those of Hams et al. 
(0.1 M HEPES buffer). ‘’,13 Indeed, they reported a 
slight salt effect with HEPES, which may explain these 
differences. 


The results in Table 1 cannot be transposed to the 
natural medium where apotransfemn interacts with the 
low molecular mass chelates of the bloodstream. 
However, the fact that the affinities of the protein for 
hydrogencarbonate are very low indicates that in the 
bloodstream, the hydrogencarbonate concentration (ca 
20 mM) is not sufficient to saturate the two binding sites 
of apotransferrin. Can this, at least partly, explain the 
higher affinity of the C-site for iron in natural media 
and does it indicate an anti-cooperativity of the sites 
upon interaction with carbonate and perhaps with iron? 
These questions are difficult to answer to and remain to 
be investigated. Moreover, little is known about the 
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structure of the transferrin-hydrogencarbonate adduct. 
However, the changes in the fluorescence spectrum o f  
apotransferrin on interaction with HC03- may indicate 
a change in the molecular environment of protein side- 
chains of the binding This possible 
hydrogencarbonate-induced change o f  conformation of  
the binding site combined with the proton dissociation 
of  apotransfemn can represent a necessary requirement 
for iron uptake by the protein. 
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REVIEW COMMENTARY 


REACTIVITY OF THE 4-BII'HENYLYL AND 2-FLUORENYLNITRENIUM IONS 
WITH HETEROCYCLIC AND CARBON NUCLEOPHILES 


ROBERT A. MCCLELLAND,* MARY JO KAHLEY AND P. ADRIAAN DAVIDSE 
Department of Chemistry, University of Toronto, Toronto, Ontario MSS l A 1 ,  Canada 


The carcinogens 4-aminobiphenyl, 2-aminofluorene and their N-acetyl derivatives form DNA adducts in vivo 
with the aryl nitrogen attached at  C-8 of guanine. These adducts are proposed to arise through the reaction with 
the DNA base of a nitrenium ion obtained by N-0 heterolysis of a hydroxylamine ester obtained metabolically 
by oxidation and esterification. Routes have now been discovered for the photochemical generation of these 
nitrenium ions, the N-acetyl derivatives via a photoheterolysis reaction and the N-H derivatives by protonation 
of the singlet nitrene photochemically generated from the azide precursor. The nitrenium ions are observed as 
transient intermediates with laser flash photolysis, and the kinetics of their reaction with various nucleophiles 
directly monitored. These results, coupled with competition kinetics experiments, show that the nitrenium ions 
derived from the above amines and amides are relatively long-lived in water, with a remarkably high selectivity 
in water for reaction with 2'-deoxyguanosine and its 5'-phosphate. The C-8 adduct is the product of this 
reaction. These behaviours differ considerably from those of analogous carbenium ions. Reactions with vinyl 
ethers have also been investigated, and also show significant differences between the two types of electrophile. 


INTRODUCTION 
The carcinogens 4-aminobiphenyl (la), 2-amino- 
fluorene (2a) and their N-acetyl derivatives are 
generally accepted to undergo a two-fold metabolic 
activation to 0-acetate or 0-sulfate esters 3, followed 
by N-0  heterolysis to an arylnitrenium ion (4 and 5):'  


1.4-Biphenylyl 3, LAC, 


(1 ) 


0 


4, CBiphenyiyl 
5. BFluorenyl 


6 '  


___ 


* Author for correspondence. 


The critical cellular target appears to be DNA, and, 
indeed, a covalent adduct 6 involving the C-8 carbon of 
guanine residues can be observed as a major product in 
vivo.2 Analogous adducts are found in model studies in 
which the esters 3 undergo solvolysis in the presence of 
guanine derivatives3 


While the structure of this adduct is consistent with a 
reaction of guanine and a nitrenium ion, unambiguous 
evidence for such an intermediate has been lacking. As 
will be described, carbenium ion analogs of 4 and 5 
have a very short lifetime in water, exhibit a low selec- 
tivity towards guanine in competition with water and, 
when they do react, do so at a different position in the 
ring. Thus the following questions arise: (1) do aryl- 
nitrenium ions, in particular those derived from 
carcinogenic amines, have sufficient lifetimes in 
aqueous solution to be viable intermediates?; (2)  do 
such nitrenium ions show any reaction with guanine in 
competition with the solvent, especially at physiological 
concentrations of the heterocycle?; and (3) if there is a 
reaction with guanine, does the reaction result in the C-8 
adduct? 
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Within the past 3 years, competition kinetics experi- 
ments carried out by the Novak group at Miami 
University and laser flash photolysis experiments at 
Toronto have provided positive answers to each of these 
questions. These experiments provide the subject of this 
paper. 


AZIDE-CLOCK EXPERIMENTS 


nitrosobenzene, whose 0-protonation would result in a 
nitrenium ion, is found to be diprotonated in 
superacids:8 


The first experiment providing a lifetime of an aryl- 
nitrenium ion involved the hydroxylamine 7 undergoing 
an acid-catalyzed Bamberger rearrangement in the 
presence of azide ion:4 


ib Ho*z 


7 Me 8 Me kdN37 %GNH: GNHOH ~ i "  C 
lo Me 


Two products are observed, the normal rearrangement 
product 9 and the p-azido adduct 10. The latter forms in 
increasing relative amount with increasing concentra- 
tion of azide, but does so with no increase in the rate of 
the reaction. This is classic evidence for an 
intermediate cation, in this case 8, forming in a rate- 
determining step, and then partitioning between the 
solvent and the added nucleophile. The product data are 
fitted by the standard equation for competition kinetics 
providing the ratio k,,/k, = 7.5 1 mol-'. With the 
assumption widely employed for carbenium ions that 
azide reacts at ca 5 x lo9 1 mol-' s-', the diffusion 
limit, the lifetime ( l / k w )  of 8 is around 1 ns. Although 
this number does indicate that this nitrenium ion can 
exist as a free cation in water, its lifetime is very short, 
leading to the suggestion that such an intermediate 
would be unlikely to survive long enough to react with 
DNA. 


Somewhat surprising, then, were similar experiments 
reported in 1993 by the Novak group for the 4-bipheny- 
lylnitrenium ions 4a and 4b.6 These showed k,/k, 
ratios of the order of lo3, indicating longer-lived 
cations, possibly of sufficient lifetime to reach and react 
with biological targets. 


LASER FLASH PHOTOLYSIS (LFF') 


Unlike the situation with carbenium ions, reports of the 
direct observation of nitrenium ions have been very 
limited. Attempts to observe such ions under superacid 
conditions have generally failed.'.* The cation Ph,C+CN 
is argued to have an important nitrenium resonance 
contributor Ph,C=C=N+.7 On the other hand, 


There are several reports of diarylnitrenium ions, 
obtained by electrochemical oxidation/deprotonation of 
the amine in a~etonitrile:~ 


ArflH 2 [ATflHI; [A+,"** &fl' (4) 


These ions are not stable, however, and have only been 
characterized by their absorption spectra. 


Flash photolysis is an alternative approach for the 
direct study of intermediate cations, having the par- 
ticular advantage of providing detailed kinetic 
information. The technique employs a short pulse of 
light to generate some intermediate, which is observed 
and studied, usually by absorption spectroscopy. There 
are three basic requirements if the approach is to be 
successful: 


(a) The intermediate must be observable. This nor- 
mally means that it must have an absorption 
spectrum with a reasonable extinction coefficient at 
its A,,,. Instruments that operate in the nanosecond 
time regime are usually capable of detection from 
220 to 700 nm, although the signal-to-noise ratio 
can be a problem below 300 nm. 'Reasonable' in 
terms of extinction coefficient depends on the 
quantum efficiency for production of the 
intermediate. We have found that cations with 
extinction coefficients of lo4 produce good signals 
when the quantum yield for their formation is 
greater than 0.05. 


(b) The intermediate must survive at least as long as the 
pulse of light used for its generation. Probably the 
most widely used excitation source these days is a 
laser with a pulse width in the nanosecond range 
(20 ns at Toronto). This means that, based on the 
azide clock estimates, the ion 8, and also the parent 
phenylnitrenium ion ( l / k w  = 500 ps)," could not be 
observed in water, but the biphenyl derivatives 4a 
and 4b would be accessible. 


(c) There must be a photochemical reaction generating 
the desired intermediate. This was a potential 
problem with nitrenium ions, since little literature 
precedent existed for their photochemical 
formation. 


The first report of the successful application of LFF' 
involved the ions 12, observed in acetonitrile, following 
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irradiation of 11 : 


tk" 


11, R - H, CI. Br 12 


This reaction is a photoheterolysis, with a neutral 
leaving group, the ketone carbonyl. 


At the same time, our group at Toronto was examin- 
ing the photochemical behavior of the N-acetyl 
derivatives 13-15, the same precursors that had been 
employed by the Novak group in their azide-clock 
studies. These undergo a photoheterolysis in aqueous 
solution, now with an anionic leaving group, producing 
transients with A,,, = 450 nm that could be assigned to 
the nitrenium ions 4b and 5b : 


13; 4-BiphenybL X - CI 
14: &Mpheny(yi. x - Osoj 
15; 2-Fluorenyl. X - OcotSU 


4b. 5b 


No such transient was observed in acetonitrile, probably 
a reflection of the need for a very polar medium to allow 
charge separation. Even in water the photoheterolysis is 
not the only pathway, since there are other transients 
and products. 


The ground-state solvolytic lability of precursors 
lacking the N-acetyl group precludes their use. How- 
ever, the corresponding nitrenium ions 4a and Sa, also 
with ~,,,=450 nm, can be observed with the azide 
precursors 16 and 17 : l3 


17: 2-Fluorenyl 


[ArNIT ring 
expansion 


Although the details of the photochemical events have 
not been conclusively established, what appears to be 
happening is solvent protonation of an initially formed 
singlet nitrene. This occurs in competition with the 
reactions normally observed for such a species, inter- 
system crossing to a more stable triplet, or ring expan- 
sion to a didehydroazepine. l4 In highly aqueous 
solutions, protonation is the dominant pathway, pro- 
viding, for example, 84% of the products for irradiation 
of 16 in 20% acetonitrile. The possibility of protonating 
arylnitrenes had been suggested previously by Takeuchi 
and co-worker~.'~ That work, however, employed strong 
acids. The surprising feature with 16 and 17 is the 
efficient protonation by water alone. The indication is 
that the singlet 2-fluorenyl- and 4-biphenylylnitrenes are 
relatively strong bases in water. p-Dialkylaminoaryl- 
nitrenes have been reported to show similar behaviour.I6 


Several criteria were employed to identify the transi- 
ent nitrenium ions of equations (6) and (7): 


irradiation of the precursors 13-17 results in 
products appropriate for such an intermediate; 
the transients are unaffected by oxygen, a radical 
and triplet trap, but quenched by azide, an effective 
trap for cations; and 
the ratios of absolute rate constants k ,  and k ,  
directly measured by LFP are, within experimental 
error, the same as ratios determined by the competi- 
tion kinetics method for the ground-state solvolysis. 
This is an important observation because it not only 
assists in establishing the transient as a nitrenium 
ion, but is also excellent evidence that the nitrenium 
ion is the same intermediate as formed in a ground- 
state reaction. 


ABSOLUTE RATE CONSTANTS: 
WATER AND AZIDE 


Absolute rate constants k, and k, along with their 
ratios, are given in Table 1. The nitrenium ions 4 and 5 
do indeed have reasonable lifetimes in water, and for a 
given aryl group there is surprisingly little difference in 


Table 1. Absolute rate constants for nitrenium ions reacting with solvent and azide (20°C; 
ionic strength 0-5 M, adjusted with NaCIO,). 


4-Biphenylyl (4a)' 1-8 x lo6 5-0 x lo9 2.8 x 10' 2.9 x 


2-Fluorenyl (Say 3.4 x lo4 4.0 x 109 1.2 x 105 
N-Acetyl-2-fluorenyl (Sb)' 7.7 x 104 4.2 x 109 5.6 x lo4 6.2 x 10" 


N-Acetyl-4-biphenylyl (4b)' 5-9 x lo6 5.1 x lo9 8.6 x lo2 1.0 x loZd 


"Ratio of absolute rate constants. 


'Ref. 13. 
dRef. 6. 
'Ref. 12. 


Obtained from ground-state solvolysis by method of competition kinetics. 
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k, for the NH and NAc derivatives. The nature of the 
aryl group, however, does have a significant effect, the 
2-fluorenyl derivatives being about two orders of 
magnitude longer lived than the 4-biphenylyl systems. It 
is worth noting that the Novak group has shown that 
logk, for arylnitrenium ions is very poorly correlated by 
@ +  17 


Also of interest are the k,, values, which are of the 
order 4 x 109-5 x lo9 1 mol-I. Hence the reactions of 
azide and nitrenium ions are, at the very least, appro- 
aching diffusion control, as assumed in the application 
of the azide-clock method. Previous LFP studies have 
also shown similar k, values for carbenium ions in 
aqueous solution." Thus, in their reactions with azide, 
carbenium and nitrenium ions exhibit the same behav- 
ior, reacting at or near the diffusion limit (although this 
will not be true for highly stabilized examples). 


AQUEOUS LIFETIMES OF CARBENIUM AND 
NITRENIUM IONS 


The surprising difference lies in the lifetimes in water. 
One such comparison involves the 2-fluorenyl analogs 
5a, 19 and 20. In this case the carbenium ion accessible 
by nanosecond LFP is the diarylmethyl derivative 19. 
The simple benzylic-type ion 20 can be estimated to be 
100-fold more reactive, based on other carbenium ions 
where a-phenyl is replaced by H (e.g. 4- 
MeOC,H4C+HPh,'9 k,=2.0 x lo6 s-I, and 4- 
MeOC6H,CH,',20 k, = 2-0 x lo8 s - ' ) .  The conclusion is 
that the 2-fluorenyl nitrenium ion has a 105-fold greater 
kinetic stability in water than the 2-fluorenylcarbenium 
ion. As shown in the above structures, benzylic cations 
normally react with water at the external carbon, whereas 
arylnitrenium ions react in the ring. One simple explana- 
tion is that the loss of aromaticity associated with the 
latter results in a larger kinetic barrier. 


58; t - 3.4 x 10' i' 19; R = Ph, t- 1 . 5 X  lo's'' 
20; R = H. IC,,, - lo9 i' 


GUANINE DERIVATIVES 


Although the lifetimes of the 4-biphenylyl and 2- 
fluorenylnitrenium ions are longer than initially 
expected, their reactions with water are still relatively 
fast. The question then arises as to whether guanine can 
compete. This question was first addressed by the 
Novak group through solvolysis studies with the N- 
acetyl derivatives 21 and 22 in the presence of 2'- 
deoxyguanosine (dG): 21 


0 


3 dRlDOSe 


23; 4-Biphenylyl 
24; P-Flwmnyl 


While the rate constants for the disappearance of 21 or 
22 were independent of the concentration of dG, 
significant amounts of the C-8 adducts 23 or 24 were 
formed, e.g. 75% of 23 from 21 in 10 mM dG and 
>95% of 24 from 22 in 5 mM dG. These observations 
provided the first evidence for the formation of a free 
nitrenium ion in a rate-limiting step, followed by 
partitioning between dG and solvent. The partitioning 
ratios k,/k,, calculated in the standard manner," are 
given in Table 2. 


These experiments clearly show a relatively high 
selectivity for the nucleoside. Direct evidence that these 
nitrenium ions are effectively trapped by guanine has 
recently been obtained with LFP, in experiments in 
which the decay of the 4-biphenylylnitrenium ions 4a 
and 4b was followed in the presence of dG and its 5 ' -  
monophosphate derivative." Millimolar concentrations 
of the guanine derivatives result in rate accelerations, 
with second-order rate constants for the quenching in 
the range 1 x 109-2 x lo9 1 rno1-l (Table 2). Evidence 
that this quenching represents the reaction of equation 
(8) is shown by the excellent agreement of the k,/k, 
ratios measured for 4b by LFP and competition 
kinetics. 


Hence the arylnitrenium ions 4 and 5 do react with 
guanine even at low concentrations of the latter, and do 
so to form the C-8 adduct. This behavior contrasts with 


Table 2. Selectivities and absolute rate constants for the reaction of nitrenium ions and 2'-deoxyguanosine (dG) and 
2'-deoxyguanosine-5'-phosphate (dGmP) (20 "C, 5% acetonitrile-Water, ionic strength 0.5 M, adjusted with NaCIO,) 


N-Acetyl-4-biphenylyl (4b) 290 330 1.9 x 10' 1.3 x 10' 
4-Biphenylyl (4a) 2.1 x 109 1.81 x 10' 
N-Acetyl-2-fluorenyl (5b) 8000 (6 .2  x 10")' 


Competition kinetics." 
Ratio calculated from absolute rate constants LFF'. 


'From competition kinetics ratio, using LF'P value for k,. 
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that of analogous carbenium ions. In unpublished L l T  
studies, we have found that the decay of 4- 
MeOC,H,CH'Ph, a cation with similar k, to 4a, is not 
accelerated by 5 mM dG in water.22 The 4-methoxyben- 
zyl cation, obtained solvol tically from the chloride, 
does alkylate guanosine." The selectivity for the 
nucleoside is very low. Moreover, there is no C-8 
adduct, the principal product being the N-2 adduct 25 : 


VINYL ETHERS 
Vinyl ethers represent another class of nucleophiles 
exhibiting different patterns of reactivity in comparing 
carbenium and nitrenium ions. With diarylmethylcar- 
benium ions, studied by LFP in 100% acetonitrile," 
ethyl vinyl ether shows a reactivity almost identical 
with that of water, expressing the rate constant for the 
latter ion in bimolecular terms (Table 3). Were this 
same pattern to apply in aqueous solution at 55 M 
water, then even 1 M ethyl vinyl ether would only 
quench 2% of the cation. However, much lower conc- 
entrations of vinyl ethers result in significant 
accelerations of the decay of the arylnitrenium ions. 
Second-order rate constants are given in Table 3. As 
with the guanine derivatives, vinyl ethers clearly 
showed an enhanced selectivity compared with water in 
their reactions with nitrenium ions. 


The products are also interesting. Carbenium ions 
react with alkenes in Markovnikov fashion;5 and with 
vinyl ethers would give intermediate oxocarbocations: 


+ + 
Ar&H + RCH&HOEI - Ar$HCHCH-OEt - Fulther Prods. (10) 


A 
With 4a, the only nitrenium ion thus far investigated, 


the products with two vinyl ethers, 26 and 27, have been 


identified as indoles, 28 and 29 respectively: 
A 


+ RCH=CHOEI -phy 
28, R-H \ >k 29,R=Me 


"0' NHSH-CH-OEt + 


3 0 A  


Although the mechanism is still uncertain, the regio- 
chemistry in 29 rules out the formation of the 
oxocarbocation 30 resulting from N-C bond formation. 


CONCLUSION 


The three questions posed in the introduction can now 
be answered in the affirmative: 


(a) The nitrenium ions 4 and 5 derived from the car- 
cinogenic amines 1 and 2 are relatively long-lived 
in water. 


(b) These nitrenium ions do react selectively with 
the guanine of 2'-deoxyguanosine and 2'-deoxy- 
guanosine-5 '-phosphate. 


(c) The product of this reaction is the C-8 adduct. 


These nitrenium ions differ in all three respects from 
analogous carbenium ions. The reactions with vinyl 
ethers represent a fourth system where significant 
differences are observed. 


A number of important questions remain unanswered 
however,: 


(1) What are the detailed mechanisms for the formation 
of the C-8 adduct with guanine26 and the indoles 
with vinyl ethers? 


(2) What are the origins of the different reactivity 


Table 3, Absolute rate constants for the reactions of carbenium ions and nitrenium ions with vinyl ethers. 


Cation k2(H20)' k,(CH,=CHOEt)" k,(CH,CH'CHOEt)" 


(4-ClC&),CH 1.7 x lo8' 1.7 x lo8 7.7 ioyz); 1.2 x lo9 ( E )  


N-Acetyl-4-biphenyl (4b)d 2.1 x losc 2.3 x lo8 9.4 x 108' 
4-Biphenyl (4a)d 6.8 x lo4' 2.2 x lo8 1 . 4 ~  lo4 


(4-CHIC6H,),CH + 4.3 x 106c 6.3 x lo6 


2-~luorenyl (sa)d 2.5 x 10,' 1.4 x 10' 2.8 x 10" 


*Units 1 mol-'s-'. 
bRef. 24; solvent is 100% acetonitrile. 
'True bimolecular rate constant. 
Acetonitrile-water (20: 80). 


'Obtained by dividing k(decay) in the solvent by the concentration of water (ca 44 M). 
'Obtained for 3: 1 cis-trans mixture. 
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patterns exhibited by carbenium ions and nitrenium 
ions? 


(3) Do these nitrenium ions also show selectivity for 
guanine in DNA? 


(4) Do the nitrenium ions derived from other mutagenic 
amines, e.g. the food mutagen heterocyclic amines, 
show high selectivity towards guanine? 


(5) Do the reactivities of arylnitrenium ions correlate 
with mutagenicity /carcinogenicity? 
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STRUCTURAL STUDIES OF PHOSPHORAMIDATES. 
CONFORMATIONAL PREFERENCES AND HYDROGEN BONDING 
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SUSAN BOURNE* AND LUIGI R. NASSIMBENI 
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The x-ray molecular structures of five chiral phosphoramidates derived from N-phosphorylated nitrogen 
mustard were determined and the molecular parameters are discussed. The value of the torsion angle of the 
O=P-N-H function which determines the packing of the molecules was found to determine also the ability of 
a substrate to form diastereomeric hydrogen-bonded complexes with optically active acids. 


INTRODUCTION 
The preparation, structure and applications of phospho- 
ric amides are attracting considerable attention. The 
absolute configuration of alcohols and amines can be 
determined by converting them into the corresponding 
phosphoramidates derived from optically active rea- 
gents and examining the NMR spectra of the products.' 
P-Chiral phosphoramidates show interesting spectros- 
copic (NMR) and solvating properties.* The classical 
approach involving separation of (+)-camphor- 10- 
sulphonates of basic, optically active phosphinamidates 
was used as early as in 1960,3 and the same method- 
ology was recently applied to the determination of the 
enantiomeric excess ( e e )  of the phosphonic analogues 
of amino acids.4 Asymmetric Michael addition was 
induced by using chiral phosphonic amido esters as 
nucleophilic  precursor^.^ Our own interest in that class 


of compounds included such topics as solid-state 
comparison with carboxyamides,6 hydrogen bonding,' 
cyclization reactions* and fragmentation of N-phos- 
phorylated nitrogen mustard  derivative^.^ 


Recently, we have been developing syntheses of a 
series of N-bis (2-chloroethyl)phosphoric triamides and 
diamido esters from phosphoryl chloride. lo In the course 
of that work, we have prepared some products which 
seemed interesting as models for structural studies and 
for application as hydrogen bonding reagents. Three 
products (1, 2, and 3) are related to each other via the 
synthetic sequence [equation (1)], while two other (4a 
and 4b) represent phosphortriamidates of the 1,3,2- 
diazaphospholidine series (Scheme 1). Compounds 1-4 
are highly crystalline solids, hence we decided to 
determine their crystal and molecular structures in order 
to evaluate the effect of structural changes on the 
observed molecular parameters and to correlate the 


Ph 


1 2 3 
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Ar 


4a, Ar = C,H, 
4b, Ar = 4-MeOC6H, 


c1 


Scheme 1 


latter with the hydrogen bonding behaviour of some o 
the substrates. 


RESULTS AND DISCUSSION 
Selected molecular parameters for compounds 1-4 are 
given in Table 1. The bond length? of the P=O moiety 
range from 1.453(2) to 1-477(2) A. The shortest is that 
for 3, which is as expected, because it is the only com- 
pound not involved in hydrogen bonding. The identical 
values of the P=O bond length for 1 and 2 confirm our 
earlier observation on similar effects of the C1 and OMe 
substituents on the phosphoryl centre." The identical 
distances found in 4a and 4b are also informative. As in 
triamidates, the phosphoryl bond in those compounds is 
longer than in the preceding diamidates because of the net 
elecron-releasing effect of three (as opposed to two) 
nitrogen atoms. It seems, however, that the nature of the 
N-substituent has a negligible effect on the degree of the 
electron release: a substrate containing two electron-rich, 
p-anisyl substituents (4b) shows the P=O bond distance 
to be identical with that of its unsubstituted analogue 4a. 
The result suggests a low degree of resonance interactions 
within the phosphoramidate functionality (as opposed to 
the carboxyamide function), adding some information to 


the controversial topic of the bonding in the N-phos- 
phorylated derivatives.'' Theo P-N bond lengths range 
from 1-624(2) to 1.665(2)A and are within expected 
limits." Nevertheless, the observed similarity of the 
P-N bond  lengths for the N-alkyl (average 
1.638+0.009 A) and N-aryl (average 1-645*0-.015 A) 
substituents can be taken again as an indication of poor 
involvement of the phosphoryl group in the resonance 
interactions with the NHR amide function. The geometry 
around the phosphorus atom gives rise to an irregular 
tetrahedron with the deviations typical for phosphate 
derivatives, that is with the angles involving the 'electron 
rich' phosphoryl bond being greater than the ideal value 
of 109.5" [with the exception of the O(1)-P-Cl bond 
in 1, where electronic repulsion seems to be counter- 
balanced by the steric effects of the two remaining 
s~bstituents].'~ The N-P-N bond angle shows, how- 
ever, a strong dependence on the substrate's structure, 
with all endocyclic values sharply decreased (average 
94.1 * 0.40"). This can be clearly seen in the cyclization 
of 2 to 3, where the N-P-N bond angle for the non- 
cyclic substrate (107.2") is drastically reduced to 94-4" in 
the cyclic derivative. 


The important torsion angles are those which describe 
the conformation about the amido P-N bond. Thus, in the 
acyclic subshates 1 and 2 the angles 
0(1)-P-N(2)-H(2) are large, with values of 118(1) 
and 130(3)", respectively. However, in both 1,3,2-diaza- 
phospholidine derivatives 4a and 4b the 
0(1)-P-N(3)-H(3) angles are 7(1Y and 0(2)", 
respectively, placing the N-H in an eclipsed position with 
respect to P=O. This has a significant effect on the packing 
of the structures. Both 1 and 2 pack with the molecules 
arranged in infinite chains and stabilized by the intermolec- 
ular -N-H. ..O=P-N-H-..O=P- hydrogen bonds, 
and may be described as a C',(4) pattem,I4 as shown in 
Figure 1, while 4a and 4b form hydrogen-bonded dimers 


Table 1. Molecular geometry of phosphorarnidates" 


Bond 1 2 3 4a 4b 


P=O(l) 
P-N(l) 
P-N(2) 
P-N(3) 
P-c1 
P-0(2) 
O( 1)-P-N( 1) 
0(1)-P-N(2) 
O( l)-P-CI 
O( 1)-P-0(2) 
0(1)-P-N(3) 
N (  1)-P-N(2) 
0 (I)-P-N(2)-H (2) 
O(I)-P-N(3)-H(3) 


1.466(2) 
1.636(3) 
1.629(3) 


2.034(1) 


111.0(1) 
119.2(2) 
109.5(1) 
114.7(2) 


108.0( 1) 
118.0(1) 


1.466(3) 
1.637 (3) 
1.640 (3) 


1.577 (3) 
1 1 1.3 (2) 
115.6(2) 


106.9(1) 


107.2(2) 
130.0(3) 


1.453(2) 1.477(2) 
1.624(2) 1.646(2) 
1.665 (2) 1.656(2) 


1.637(2) 


1.577(2) 
118.3(1) 117.3(1) 
118.2(1) 116.5(1) 


106.3(1) 
94.4(1) 94.3(1) 


7 0 )  


1.477(2) 
1.645(2) 
1.660(2) 
1.627(2) 


116.9(1) 
117.1(1) 


107.3(1) 
93.6( 1) 


O(2) 


'Bond lengths in A, angles in degrees. 
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with an RZ2(8) pattem,I4 as shown in Figure 2. In contrast, 
for 3, which is not capable of hydrogen bonding, the 
packing of the molecules is governed by the usual van der 
Waals forces, as shown in Figure 3. 


The observed difference in the packing patterns 
prompted the following question: if the conformational 
preferences about the P-N bonding in the P(0)-NH 
moiety can determine the arrangement of the molecules in 
the crystal lattice owing to the difference in hydrogen 
bonding (linear vs dimeric), can those effects be pre- 
served in solution to a degree that would force different 
hydrogen bonding properties upon individual 
compounds? 


I I 


Figure 1. Packing of structure 1, viewed along [OlO]. The 
N--H-0-P hydrogen bonding ribbons run parallel to A 


Solution studies 
The phosphoramidate P(0)NH function consists of both 
the hydrogen bonding donor and the acceptor centresi5 
The ability to form a 1 : 1 hydrogen-bonded complex 
with a species also capable of the donor-acceptor 
interactions should, however, depend on the value of the 
O=P-N-H torsion angle. 31P NMR spectra of the 
solutions of racemic substrates 2, 4a and 4b give rise to 
a single signal indicating that no stable (on the NMR 
time-scale) hydrogen-bonded self-associates are 
formed. When, however, an equimolar amount of an 
optically active acid [(+)-mandelic acid ( 5 )  or (+)- 
camphor-10-sulphonic acid (6 ) ]  was added to the 
solution, the resulting 31P NMR spectra depended on the 
type of the phosphoramidate and on the solvent. The 
results of that study are summarized in Table 2 and lead 


Table 2. Chemical shift differences between the "P NMR 
signals of the diastereomeric complexes of phosphoramidates 


2,4a and 4b with optically active acids 


Compound Solvent Acid 5 Acid 6 


0.0 
0.0 


0.0 
0.0 
3.0 
9.2 
0.0 
0.0 
3.1 


11.7 


0.0 
0.0 


0.0 
3.8 
7.8 


37.5 


0.0 
0.0 
4.6 


11.3 


Figure 2. Packing of structure 4b, viewed along [OlO]. The molecules form hydrogen-bonded dimers across a centre of inversion 
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Figure 3. Packing of structure 3, viewed along [OOl] 


to the following conclusions. Substrate 2, in both the 
most (acetone-d,), and in the least (C,D,).polar solv- 
ents, yields a single 31P NMR signal, indicating that any 
interactions that may develop between 2 and the opti- 
cally active acid are not strong enough to lead to stable 
diastereomeric species. For both substrates 4 the situa- 
tion depended on the solvent. In acetone-d, (and, to a 
lesser degree, in acetonitrile-d,), no formation of 
diastereomeric complexes was observed. It seems that 
those solvents are sufficiently strong hydrogen bonding 
acceptors themselvesI6 to break any donor-acceptor 
complexation involving chiral solutes. In chloroform-d 
and in benzene-d,, on the other hand, both cyclic 
amidates 4 give rise to two signals (in a 1 : 1 ratio) in the 
31P NMR spectra with the chemical shift difference in 
the range 3-38 Hz. 


We interpret this result as an indication of the forma- 
tion of a relatively stable, diastereomeric species via 
mutual hydrogen bonding interactions between the 
P(0)NH function of 4, and the acidic group of the 
chiral acid (Figure 4). Formation of the complex 
requires the syn-periplanar (or nearly syn-periplanar) 
orientation of the O=P-N-H functionality, and that 
is, in turn, determined by the conformational prefer- 
ences of the substrate. It was gratifying to find the 
conclusions based on the molecular orientations 
observed in the solid state to be confirmed by the 
solution behaviour of the compounds studied. Both 
substrates 4 show in the crystalline state the orientation 
of the O=P-N-H fragment to be almost ideally 


5 , Y = C  
6, Y = S ( 0 )  


Figure 4. Proposed diastereomeric hydrogen-bonded complex 
between 4 and an optically active acid 


syn-periplanar, and both are capable of forming stable 
diastereomeric complexes with the optically active 
acids. Amidate 2, on the other hand, showing in the 
crystal the orientation between gauche and anti-peri- 
planar, displayed no tendency towards forming 
observable diastereomeric complexes. 


Solubility 
The propensity of the substrates of type 4 to interact 
strongly with the acidic species because of the favour- 
able orientation of their P(0)-NH function was also 
confirmed by solubility measurements. The solubility of 
4a in benzene (25 “C) is 0.0024 g m1-I. The solubility 
of 6 in the same solvent (25°C) is so low that no 
reliable value could be determined using a standard 
analytical balance. When, however, 4a and 6 were 
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" 


4b 


Scheme 2 


mixed in an equimolar ratio, the solubility of the mix- 
ture was 0.01 10 g ml - I .  The interactions between both 
components therefore increased the solubility of 4a in 
C,H, cu fivefold, while the solubility of 6 was increased 
by a very large factor. The 31P NMR spectrum of the 
new solution showed two signals (ratio 1 : 1) with a 
separation of Ad,= 37.5 Hz. We take that result as 
strong support for the postulated diastereomeric com- 
plex formed in benzene solution (Figure 4). The 
complexation engages the most polar fragments of both 
molecules in mutual hydrogen bonding, leaving the 
more lipophilic parts exposed to solvation, thus increas- 
ing the solubility of the whole species in a non-polar 
solvent. 


In conclusion, we expect that structural modifications 
of chiral phosphoramidates of the general type 
XYP(O)NHR, and examination of their conformational 
preferences in the solid state can lead to a design of 
useful reagents capable of chiral recognition via hydro- 
gen bonding interactions. 


EXPERIMENTAL 
The preparation of substrates 1-4b was described 
previously.1o (+ )-Mandelic acid and (+)-10-camphor- 
sulfonic acid (Aldrich) were used as supplied. 31P 


NMR-spectra were-recorded on a Bruker AC300 
spectrometer at a probe temperature 30 "C. Acetone-d, 
(Aldrich, 99.5 atom% D), acetonitrile-d, (Aldrich, 99.5 
atom% D), chloroform-d (Uvasol, Merck) and 
benzene-d6 (Uvasol, Merck) were dried over molecular 
sieves. The concentration of substrates was 0.20 M. 
Solubility measurements were carried out as follows. An 
accurately weighed sample of 4a (or 6) was added to 
dry benzene (5 ml) and the suspension was stirred at 
25 "C for 48 h. The insoluble material was filtered, dried 
and its mass was determined; the filtrate was evaporated 
to dryness under reduced pressure and the mass of the 
dissolved material was also determined (total 
recovery > 99%). In the next experiment, equimolar 
quantities of 4a and 6 were mixed and treated in the 
same way. In addition, after the evaporation of benzene, 
the soluble material was dissolved in C6D6 and the 
NMR spectrum of the solution was recorded. 


Suitable crystals of all five phosphoramidates were 
obtained by slow evaporation from benzene (1, 4a and 
4b), benzene-hexane (1 : 1) (3) or benzene-hexane 
(1 : 5 )  (2). Preliminary cell dimensions and space group 
symmetry were determined photographically and 
subsequently refined by standard procedures on a CAD4 
diffractometer. The intensities were collected with the 
w - 2 0  scan mode and crystal stabilities were moni- 
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tored by periodic reference reflections. The intensities 
were corrected for Lorentz, polarization and absorption 
effects, and the important crystal data and final 
refinement parameters are given in Table 3. All struc- 
tures were solved by direct methods using SHELX-S86 
and refined by full-matrix least-squares using 
SHELX-93,I7 refining on F2. The atomic numbering is 
shown in Scheme 2. In the final models, the non-hydro- 
gen atoms were refined anisotropically and the aromatic, 
methylene and methyl hydrosens were geometrically 
constrained [d(C-H = 0.98 A] and assigned common 
temperature factors. Special care was taken with the 
amido hydrogens. These were located in difference 
electron density maps and either refined independently 
or with a simple bond length constraint. 


Crystallographic data have been deposited under the 
Cambridge-Crystalloghic Data Deposition Scheme. 
For details of the scheme, see Instructions for Authors 
(1996), J .  Chem. Soc., Perkin Trans. 2 ,  1996, issue 1. 
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REVIEW COMMENTARY 


REACTIVE SPECIES: YNOLS AND YNAMINES 


Y. CHIANG, A. J. KRESGE,* s. w. PAINE AND v. v. POPIK 
Department of Chemistry. University of Toronto, Toronto, Ontario M5S 3H6, Canada 


Acetylenic alcohols-ynols-and acetylenic amines-ynamines-have been generated in aqueous solution by 
flash phololytic decarbonylation of hydroxy- and aminocyclopropenones and their chemistry has been examined 
in that medium. This has revealed a remarkably strong acid-strengthening effect of the acetylenic group, which 
ab initio molecular orbital calculations suggest results from a combination of destabilizing inductive effects on 
the initial state and stabilizing resonance effects on the final state of the acid ionization reaction. 


1. INTRODUCTION 
Ynols are acetylenic alcohols-substances in which a 
hydroxyl group is attached directly to a carbon-carbon 
triple bond-and ynamines are their amine 
counterparts-substances in which an amino group is 
similarly attached. Both ynols and ynamines are quite 
reactive: they undergo facile rearrangement to ketenes 
and ketenimines, and their lifetimes in solution are 
consequently short. Fast reaction techniques must be 
used for their study. This review describes how we have 
been able to generate these substances and investigate 
their chemistry in aqueous solution using flash photo- 
lytic techniques. One of the products of this research 
has been our discovery of a remarkably strong acid- 
strengthening effect of the acetylic group: ynols, for 
example, are more acidic than the corresponding 
carboxylic acids! 


YNOLS 
Ynols are the tautomeric isomers of ketenes: they bear 
the same relationship to ketenes as enols do to alde- 
hydes and ketones. The energy difference in the case of 
the ketene-ynol pair, however, is much greater than that 
between the keto and enol forms of simple aldehydes 
and ketones. This is apparent, for example, from ab 
initio molecular orbital calculations that put hydrox- 
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yacetylene some 36 kcal mol -' in energy above ketene, 
equation (I).' 


CHsCOH + CH,=C=O; AE = -36 kcal mo1-l (1) 
CH,=CHOH + CH,CHO; AE = - 11 kcal mol -' (2) 


Similar calculations give AE = -11 kcalmol-I for the 
conversion of vinyl alcohol inlo acetaldehyde, equation 
(2)* in good agreement with the experimentally deter- 
mined value for this reaction in the gas phase, 
hE = - 10 * 2 kcal mol - I . ,  These same calculations, 
however, also predict a very high energy barrier of 
73 kcal mol -' for the unimolecular rearrangement of 
hydroxyacetylene to ketene, which suggests that 
hydroxyacetylene might be stable enough to be observed 
if it could be made. 


This prediction was borne out 10 years ago by a 
tandem mass spectrometric investigation in which 
hydroxyacetylene was generated by the sequence of 
reactions shown in equation (3).4 


CH=CCQH -CH=COH" + CO + e- 


CHWOH" + Xe + CH=COH + Xe' 


70 eV 


(3) 


Hydroxyacetylene had been observed before in interstel- 
lar clouds and planetary  atmosphere^,^ but this was the 
first time it had been seen on earth. This achievement 
was considered important enough to be cited by the 
Encyclopaedia Bntannica as one of the outstanding 
scientific accomplishments of the year.6 Shortly thereaf- 
ter, hydroxyacetylene was prepared again in a low- 
temperature argon matrix by two different methods,' one 
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of which involved photodecarbonylation of hydroxy- 
cyclopropenone, equation (4).7a 


Generation in solution 
We have found that photodecarbonylation of hydroxy- 
cyclopropenones can also be effected in liquid solution at 
ambient temperature.’ Flash photolysis of aryl- 
hydroxycyclopropenones in aqueous solution produces 
arylacetic acids as the ultimate reaction products, pre- 
ceded by ultraviolet spectral changes that indicate the 
formation of two families of short-lived intermediate 
species, equation (5). 


The longer lived of these two types of intermediates, 
X,, were identified as ketenes from the rate profiles for 
their decay, the characteristic small solvent isotope 
effects that the decay reactions showed and, most 
conclusively, from the numerical identity of the rate 
laws for this decay with those for authentic ketenes 
produced by photo-Wolff reactions of the corresponding 
diazo compounds, equation (6). 


0 


$ ’ ~ g x  (6) 


This identity is illustrated in Figure 1, which makes the 
comparison for the 1-naphthyl system. The rate profile 
shown in this Figure is typical of the hydration of aromatic 


ketenes in aqueous solution, having a long ‘uncatalyzed’ 
region representing nucleophilic attack at keto carbon by 
water plus a region of hydroxide ion catalysis that becomes 
apparent only at fairly high pH.’ 


The shorter lived of the two types of intermediates, 
X,, were identified as ynol species on the basis of the 
expected ready isomerization of ynols to ketenes, the 
demonstrated formation of hydroxyacetylene from 
hydroxycyclopropenone, equation (4) ,7a and the obser- 
vation that arylmethoxyacetylenes are formed upon flash 
photolysis of arylmethoxycyclopropenones, equation 
(7). 


H+ 
ArC-OMe + H 2 0  - ArCH,CQMe (8) 


The latter identification was made by showing that the 
rates of acid-catalyzed hydrolysis of authentic aryl- 
methoxyacetylenes, equation (8), which are stable sub- 
stances that can be prepared by standard methods, are the 
same as those of the substances produced by fhotolysis 
of arylmethoxycyclopropenones, equation (7). *lo This is 
illustrated for the parent phenyl system in Figure 2. 


Confirmation of our identification of the two 
intermediates as ynol and ketene species has come from 
a recent study in non-aqueous solvents using time- 
resolved infrared spectroscopic detection. ’’ In this 
investigation, flash photolysis of phenylhydroxycyclo- 
propenone was found to produce a short-lived species, 
which was identified as phenylynol by its C s C  stretch- 
ing vibration at o =2245 cm-‘, and a longer lived 
species, which was identified as phenylketene by its 
C=O stretching vibration at o = 21 10 cm-I. 


1 o6 


1 o5 


3 lo4  
- 


102 1, a L.4*n* * * 
100 102 104 10-6 10’8 1o”O 10’2 10-14 


[H+W 
Figure 1. Rate profile for the hydration of 1-naphthylketene generated by photodecarbonylation of 1 ‘-naphthylcyclopropenone (0) 


and by photo-Wolff reaction of diazo-1 ‘-acetonaphthone (A) 
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Figure 2. Rates of acid-catalyzed hydrolysis of phenylmethoxyacetylene generated by photolysis of phenylmethoxycyclopropenone 
(0) compared with those for an authentic sample of phenylmethoxyacetylene (A) 


Reaction mechanism 


We found that reaction of the ynol species to form 
ketenes showed general acid catalysis and gave 
hydronium-ion isotope effects in the normal direction, 
k,+/k ,+  > 1.* This is classic evidence for rate-determin- 
ing proton transfer to carbon," and it indicates that the 
reaction occurs, as expected, by simple protonation of 
the substrate on acetylenic carbon. We were also able to 
show that the substrates exist as ynolate ions rather than 
undissociated ynols under the reaction conditions by 
comparing observed rate constants with estimated 
values. These estimates were based on rate constants 
determined for the acid-catalyzed hydrolysis of methox- 
yacetylenes, equation (8), and the expectation that ynols 
(1) would be more reactive than their methyl ethers, (2) 
by the same factor, 10-100, that enols (3) are more 
reactive than their methyl ethers (4).13 This leads to the 
prediction kH+ = 1-10 1 mol-'s-' for phenylynol, which 
is much less than the observed rate constant, 
k,+ = 1.3 x 10"' 1 mol-'s-'. Enolate ions, however, are 
very much more reactive than enols, by factors as much 
as and, when this increase in reactivity is applied 
to the estimate for phenylynol, a prediction for its 
ynolate ion consistent with observation is obtained. This 
indicates that the ynols existed as ynolate ions under the 
conditions of our study, and that the reactions observed 


were simple protonation of these ions on B-carbon to 
produce ketenes, equation (9). 


ArC=CO- + HA + ArCH=C=O + A- (9) 
These reactions are very fast. The data in Table 1 


show rate constants in the range 
k,+ = (0-6-1.3) x 10" Imol-'s- ' ,  and the value 
kH+ = 1.3 x 10" I m o l - ' ~ - ~  for phenylynolate ion is in 
fact the largest so far reported for protonation of a 
carbon pseudobase. Larger rate constants have been 
determined for the carbon protonation of cyanide ion" 
and the conjugate bases of some cyanocarbons and 
sulfones,I6 but these are believed to be normal" species 
whose basic electron pairs are localized on single 
(carbon) atoms and whose protonation is consequently 
not accompanied by much charge or structural reor- 
ganization. The negative charge in ynolate ions, on the 
other hand, must be situated largely on oxygen, and 


Table 1. Rate constants for the conversion of arylynolate ions 
to arylketenes in aqueous solution at 25 "C" 


Aryl group kH+/ i09 1 mol - I  s 


Phenyl 13.4 
2,4,6-TrimethylphenyI 6.03 
4-Methoxyphenyl 9.13 
2,4,6-Trimethoxyphenyl 9.68 
1-Naphthyl 8.77 


'Ionic strength = 0.10 M 
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carbon protonation here thus involves charge move- 
ment as well as some bond angle and bond length 
changes. 


The rate constant k,+ = 1.3 x ~ 1 0 ’ ~ 1 m o l - ~  for carbon 
protonation of phenylynolate ion is near the diffusion- 
controlled limit for a bimolecular process in aqueous 
solution, but the available evidence seems to suggest 
that this is nevertheless still an activation-controlled 
process. The isotope effect observed, kH+/ 
k,+ = 2-04 f 0.05, is greater than that expected for a 
diffusion-controlled process on the basis of the 20% 
difference in viscosity between H,O and D,O.’* The 
Br#nsted plot shown in Figure 3 is also inconsistent 
with a diffusion-controlled process: the Bransted plot 
for a downhill reaction such as this, if it were diffusion- 
controlled, would have a slope of or perhaps 
even less than zero if desolvation of the acid proton 
donor is imp~rtant,’~ but the slope of this plot is 
aa=0.21 kO.01. Such a low value of a, on the other 
hand, is consistent with expectation for a very fast 
activation-controlled reaction. Such a process should 
have an early, reactant-like transition state in which 
proton transfer is not very far advancedm and, since 
Br#nsted exponents are believed to indicate the extent of 
proton transfer at transition states,” a should conse- 
quently be small. 


Acid strength 
Although ynolate ions were the dominant substrate 
forms under the conditions of our investigation, in 
sufficiently strong acid these ions should undergo 


12 


10 


8 


6 


equilibrium protonation on oxygen, as shown in 
equation (10). 


KO t 
-OH = ArCWO- + H’ - ArCH=C=O 


(10) 


That would convert a more reactive species into a less 
reactive species, causing saturation of acid catalysis of 
ketene formation. This change would appear as a break 
in the pH-rate profile for the reaction, with the break 
occurring at an acidity equivalent to the acid dissocia- 
tion constant of the ynol. Such a break would therefore 
provide a measure of the acid strength of the ynol. 


The rate profiles in Figure 4 show that, up to the 
highest acidities we could use, which were limited by 
the fastest reactions that our flash system could 
measure, no such breaks occurred for any of the systems 
we investigated. These rate profiles consist only of acid 
catalyzed portions, plus slower ‘uncatalyzed’ parts 
where water has taken over the role of the proton donor 
reacting with the ynolate ions. Since the highest acidi- 
ties we used were [H+]=  M, this sets an upper 
limit of pK,=3 on the acid strength of the ynols we 
examined. 


This is a remarkable upper limit for the pk, of an 
alcoholic hydroxyl group. However, an even lower 
upper limit can be set using information provided by the 
study of ynol chemistry employing flash photolysis with 
time-resolved infrared detection mentioned above. I ’  No 
acid catalysis of ketene formation was found in that 
investigation, which means that the ynol- ynolate 


I . I I . I . . I # l I . I I  


-20 -15 -10 -5 0 5 
4 s . * * l . . . c  


log(qKJp) 


Figure 3. Brensted plot for the carbon protonation of phenylynolate ion 
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1 o8 


1 o7 


c 3 106 


equilibrium was on the side of ynol in the organic 
solvents used; this is consistent with the reduced acidity 
of neutral acids expected for such media. The rate law 
for ketene formation according to equation (10) under 
these conditions is kobs = K,k,+. The value of k,+ is not 
known, but it is unlikely to be greater than 
101olmol-'s-l,  and the rate constant reported for 
reaction of phenylynol in DMSO solution, 
kOb,=8.7 x 104s-', then leads to K,28-7 x M, 
~ K ~ c 5 . 1 ,  in that medium. This value may be con- 
verted into an estimate for aqueous solution on the 
assumption that the medium effect in going from 
water to DMSO on the acid dissociation constant of 
phenylynol is similar to that for phenol, for which 
pK,= 18.0 in DMS0.22 The result is pK,a -3 for 
phenylynol in water. That makes this ynol ca 13 pK 
units more acidic than its double bond analog, the enol 
of phenylacetaldehyde, PhCH=CHOH, for which 
pK, = 9*6.22 


YNAMINES 


Generation in solution 
The arylhydroxycyclopropenone substrates used in our 
study of ynols were prepared by hydrolysis of the corre- 
sponding arylchlorocyclopropenones, equation (1 1). 


These chlorides are vinylogs of carboxylic acid chlor- 
ides and, like carboxylic acid chlorides, they react 
readily with amines, producing arylaminocyclopro- 


penones, equation (12). 


We have found that flash photolysis of phenylamino- 
cyclopropenones in aqueous solution gives carboxylic 
acid amides as the ultimate reaction products via short- 
lived transient intermediates, which, from their behav- 
ior and also by analogy with the photolytic generation of 
ynols from hydroxycyclo ropenones, we conclude are 
ynamines, equation (13). 2 B  


We have been able to make primary, secondary, and 
tertiary ynamines in this way. Tertiary ynamines are 
well known, stable substances whose chemistry in 
solution had been studied before,25 but primary and 
secondary ynamines, because of their ready isomeriz- 
ation to ketenimines, equation (14), 


PhCeCNHR + PhCH=C=NR (14) 
had been observed previously only in the gas phase or in 
low-temperature 


We have found that primary and secondary ynamines 
produced in this way are transformed into yet other 
transient species, which we identified as ketenimines 
from their rates of reaction. The hydration of ket- 
enimines to amides had been studied before and the rate 
constants reported,27 e.g. k =  100 and 2200 l m o l - ' ~ - ~  
for the hydrogen ion catalyzed reactions of 
phenylketene-N-phenylimine and pheny1ketene-N- 
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isopropylimine respectively, are in good agreement with 
our values, k = 98 and 2190 1 mol-’ sl. It is interesting 
that the parent imine, phenylketenimine, is not hydrated 
to the corresponding amide directly but rather is first 
transformed into phenylacetonitrile, equation (15). 


H+ 
PhCH=C=NH - PhCH2&NH f, P h C H 2 C d H  


H201 slow 1 fast 


0 
- H I  


OH 


PhCH2 A NH2 t PhCH2&=NH PhCH2C=N + H’ 


(15) 
This shows that the cation formed in the first step of this 
reaction loses its nitrogen-bound proton more readily 
than it reacts with water, which is consistent with the 
fact that the acid-catalyzed hydrolysis of nitriles is 
known to occur by an A-2 mechanism involving pre- 
equilibrium protonation of nitrogen followed by rate- 
determining attack of water on the cation so formed.’’ 


Tertiary ynamines have no nitrogen-bound hydrogens 
and cannot isomerize to ketenimines. However, here 
again we were able to obtain literature support for our 
assignment of ynamine formation in the photoreaction of 
tertiary phenylaminocyclopropenones, as the hydration of 
some tertiary ynamines had been studied before.29 The 
rate constants reported in this earlier investigation were 
consistent with our values, but the agreement was not 
exact because the previous measurements were made in a 
1: 10.6 dioxane-water mixture whereas we used a 


wholly aqueous solvent. We therefore also prepared 
authentic tertiary ynamines and measured rates of their 
reactions in wholly aqueous solution. As Figure 5 illus- 
trates, good numerical agreement was obtained between 
these rates and values for tertiary ynamines obtained from 
arylaninoc y clopropenones. 


Reaction mechanism 
We found that decay of the transient species identified 
as ynamines formed by flash photolysis of phenylamino- 
cyclopropenones showed general acid catalysis and gave 
sizeable isotope effects in the normal direction, kH/ 
k,> 1. This, again, is classic evidence for rate-deter- 
mining proton transfer to carbon,” and it shows that 
ynamines react in a fashion completely analogous to 
ynols, by simple protonation of their acetylenic b- 
carbon atoms, equation (16). 


+ 
P h m N R 2  + HA+PhCH=CNR, + A- (16) 


These reactions, like the protonation of ynolate ions, 
are very fast, a property that may be attributed to the 
cation-stabilizing ability of amino groups. This stabiliz- 
ing ability, and consequently the rate of reaction, should 
increase with the basicity of the amino substituent, and 
Figure 6 shows that this is indeed the case. The slope of 
the correlation shown in Figure 6 is 0.33 & 0.02, which 
is consistent with the early transition states expected for 
these fast reactions.” The fact that primary, secondary 
and tertiary ynamines obey the same correlation, more- 
over, implies that proton loss from nitrogen is not 
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Figure 5 .  Comparison of rates of reaction of N-methyl-N-pentafluorophenylphenylynamine obtained by flash photolysis of the 
corresponding cyclopropenone (0) with those of an authentic sample of the ynamine (A) 
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Figure 6. Correlation between rate constants for carbon protonation of phenylynamines by the hydronium ion and basicity of the 
amino portion of the ynamines as measured by the acidity constants of the conjugate acids of the corresponding amines 


concerted with carbon protonation, as such proton loss 
cannot occur in the case of tertiary ynamines. 


The carbon protonation of ynamines also gives good 
Bronsted correlations with low slopes: those for N- 
(isopropy1)phenylynamine and N-(pentamethyleny1)- 
phenylynamine, based on series of carboxylic acid 
proton donors, have a = 0.29 * 0.03 and 0.28 * 0.02 
respectively. 


Basic strength 
It was shown above that the acetylenic group has a 
powerful strengthening effect on the acidity of ynols 
and consequently a powerful weakening effect on the 
basicity of ynolate ions. This group also exerts a strong 
base weakening effect in the case of ynamines. This is 
apparent from the fact that the carbon protonation of 
ynamines proved to be acid catalyzed even in the 
strongest acids we could use to study these reactions. In 
sufficiently strong acids, ynamines should undergo 
reversible equilibrium protonation on nitrogen in 
addition to nonreversible protonation on carbon, and 
that, just as in the case of ynolate ions, should be 
recognizable as a break in the reaction rate profile. We 
found no such breaks for any of the ynamines we 
examined up to acidities of the order of [H+] = 1 M. 
This sets an upper limit of pK,<O on the acidity of 
ynamine conjugate acids and makes the base weakening 
effect of the acetylenic group greater than 10 pK units. 


Acid strength 
Rate profiles for the carbon protonation of tertiary 
ynamines are similar to those for carbon protonation of 


ynolate ions, showing only acid-catalyzed and 
'uncatalyzed' regions representing protonation by the 
hydronium ion and by water molecules. The reaction of 
primary and secondary ynamines, on the other hand, 
also shows base catalysis. This is illustrated by the rate 
profile for N-(pentafluoropheny1)phenylynamine given 
in Figure 7.30 Base catalysis eventually becomes satu- 
rated in this example, but saturation was not reached in 
the case of other ynamines with less strongly electron- 
withdrawing substituents on nitrogen. 


Solvent isotope effects plus the form of catalysis by 
buffers lead us to believe that the basic part of the rate 
profile illustrated in Figure 6 represents ionization of N- 
(pentafluoropheny1)phenylynamine as an acid followed 
by rate-determining carbon protonation of the ionized 
species by water, as shown in equation (17). 


PhO=CNHC& = PhC=CNC$; + H' 
K. 


ko H@, -HO- (17) I 
PhCH=C=NC& 


This scheme produces H +  in the equilibrium before the 
rate-determining step, and the rate of the overall reac- 
tion will consequently be inversely proportional to [H + ] 
or directly proportional to [HO -1, thus producing the 
apparent hydroxide ion catalysis seen in the region 
pCH+ = 5-10. Above pCH+ = 10, the position of the 
prior equilibrium shifts from PhCsCNHC6F5 to 
PhC=CNCC6F,-, and the concentration of the reactive 
form of the substrate is no longer inversely dependent 
upon [H + 1; base catalysis thus becomes saturated. 


The solvent isotope effect in the region of base 
catalysis saturation for this reaction is k , / k ,  = 7-9. 
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Figure 7. Rate profile for the carbon protonation of N-pentafluorophenylphenylynamine in aqueous solution at 25 O C  


This is a reasonable value for rate-determining 
proton transfer to carbon from a water molecule: such 
isotope effects tend to be large because the primary 
component is augmented by a secondary effect in the 
same direction, which is produced by formation of 
the solvation shell of the hydroxide ion being 
generated in this process. In the region of apparent 
hydroxide ion catal sis, the isotope effect is much 
greater: kH/kD = 30.j; In this region, however, the 
observed rate constant is the product of the acid 
dissociation constant of the ynamine and the specific 
rate constant for the slow step, kOb, = K,ko, and the 
observed isotope effect is consequently the product of 
isotope effects on K, and k,,. Since (kO)H/(kO)D=7.9 
has been determined in the region of base catalysis 
saturation, the isotope effect on the acid dissociation 
constant can be evaluated. The result, 
(Ka)D = 3.8, is a reasonable value for an acid of this 
strength.33 


The break in the rate profile connecting the regions of 
apparent hydroxide ion catalysis and catalysis saturation 
corresponds to acid dissociation of the ynamine, and 
analysis of the data gives pK,= 10-3 for N- 
(pentafluoropheny1)phenylynamine. This is a remark- 
ably low value for the acid ionization of an amine, much 
lower than the estimate pK,=35 for the ionization of 
ammonia.34 


A more meaningful comparison would be with the 
equilibrium constant for pentafluoroaniline ionizing as 
an acid, equation (18). 


C6F5NH, = C$,NH - + H + (18) 
This constant has not been determined in aqueous 
solution, but an estimate can be made using pK, = 23- 1 
in DMSO solution35 and the assumption that the solvent 


effect on this ionization is the same as that for aniline, 
for which pK,=30.6 in DMSOZ2 and pK,=27-7 in 
water.36 The result is pk, = 20.2 for pentafluoroaniline in 
water, which gives an acid-strengthening effect of 
10 pK units for the phenylynyl group in N- 
(pentafluoropheny1)-phenylynamine. 


ORIGIN OF THE ACID-STRENTHENING EFFECT 


This remarkable acid-strengthening effect of the 
acetylenic group is reminiscent of the greater acidity of 
acetylene over ethylene and ethylene over methane: 
These differences are cited in most introductory organic 
chemistry texts and are commonly attributed to differ- 
ences in stability of the corresponding carbanions due to 
differences in s character of the orbitals occupied by 
their lone-pair electrons. 37 The s character increases 
from 25% to 33% to 50% for the sp3, sp’, and sp hybrid 
orbitals of CH, - , CH,=CH - CH-C - , respectively, 
and, since electrons in s orbitals have lower energy than 
those in p orbitals, the stability of the carbanions 
increases along this series. 


It is not clear that a similar explanation can apply to 
ynols and ynamines, as the state of hybridization of the 
orbitals of the 0-H and N-H bonds undergoing 
ionization here does not change in going from 
acetylenic to vinylic to saturated systems. Recent high- 
level ab initio molecular orbital  calculation^,^^ in fact, 
suggest a different origin for the acidifying effect of the 
triple bond in ynols and ynamines. The results of these 
calculations, which agree well with expenmental values 
wherever experimental data are available, can be 
formulated into isodesmic reactions such as those of 
equations (19) and (20). The first of these reactions 
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transfers an OH group from acetylenic to vinylic 
carbon; 
CHECOH + CH,=CH2= CH,=CHOH 


(19) 
CH-CO- + CH,=CH, ---L CH,=CHO- 


(20) 
the calculations show this to be an exoergic process, 
A E =  -10 kcalmol-' (1 kcal=4.184 kJ), which 
indicates that a hydroxyl group is more stable when 
attached to vinylic carbon. This difference may be 
understood in terms of the inductive effects of the 
groups involved. The OH group is electron withdraw- 
ing, as are also the CH-C and CH,=CH groups. 
Juxtaposition of these groups in ynols and enols will 
therefore be destabilizing, but it will be more destabiliz- 
ing in ynols than in enols because the inductive effect of 
CH-C is stronger than that of CH,=CH; this is 
apparent, for example, from the substituent constants 
u, = 0.29 for CH=C and uI = 0.11 for CH,=CH.39 


The second isodesmic reaction transfers 0- from 
acetylenic to vinylic carbon; the calculations show this 
to be an endoergic process, AE= +15 kcalmol, which 
indicates that 0-  is more stable when attached to 
acetylenic carbon. Resonance effects are likely to be 
more important than inductive effects here because of 
the strong conjugative effect of 0-,  and conjugation of 
0-  will be stronger with CH-C than with CH,=CH 
because the former has two n systems but the latter has 
only one and also because the CO bond in CH==CO- is 
shorter and can provide better overlap than that in 
CH,=CHO-. 


These effects are summarized in the energy diagrams 
in Fig. 8. They suggest that ynols are more acidic than 
enols because non-ionized ynols are less stable than 
non-ionized enols and also because ynolate ions are 
more stable than enolate ions; the acid-strengthening 
effect of the acetylenic group here is consequently a 
combination of initial state and final state effects. 


+ CH-CH; AE = - 10 kcal mol-' 


+ CH-CH; AE = + 15 kcal mol 


'7' 
CH~=CHO- 


+H+ 


- CH&HOH 


Figure 8. Energetic relationships comparing the ionization of 
hydroxyacetylene and vinyl alcohol. Energies are based on the 


calculations of Ref. 38a 


Similar consideration of the energies of ynamines and 
enamines and the anions formed by their ionization38b 
leads to the same conclusion, i.e. that both initial state 
and final state effects are also responsible for the 
enhanced acidity of ynamines. 


ACKNOWLEDGEMENTS 


We are grateful to the Natural Sciences and Engineering 
Research Council of Canada and the United States 
National Institutes of Health for financial support of this 
research. 


REFERENCES 


1. W. J. Bouma, R. H. Nobes, L. Radom and C. E. Wood- 


2. B. J. Smith, M. T. Nguyen, W. J. Bouma and L. Random, 


3. J. H. Holmes and F. P. Losing, J. Am. Chem. SOC. 104, 


4. B. van Baar, T. Weiske, J. K. Terlouw and H. Schwarz, 


5 .  D. J. DeFrees and A. D. McLean, J. Phys. Chem. 86, 


6. Encyclopaedia Britannica Yearbook of Science, p. 334. 
(1988). 


7. R. Hochstrasser and J. Wirz, Angew. Chem., Int. Ed. Engl. 
(a) 28, 181-183 (1989); (b) 29,411-413 (1990). 


8. Y. Chiang, A. J. Kresge, R. Hochstrasser and J. Win, J. 
Am. Chem. SOC. 111,2355-2357 (1989); Y. Chiang, A. J. 
Kresge and V. V. Popik, J. Am. Chem. SOC. 117, 


9. A. D. Allen, A. J. Kresge, N. P. Schepp and T. T. Tidwell, 
Can. J. Chem. 65, 1719-1723 (1987); T. T. Tidwell, Acc. 
Chem. Res. 23,273-279 (1990). 


10. N. Banait, M. Hojatti, P. Findlay and A. J. Kresge, Can. J. 
Chem. 65,441-444 (1987). 


11. B. D. Wagner, M. Z. Zgierski and J. Lusztyk, J. Am. 
Chern. SOC. 116,6433-6434 (1994). 


12. J. R. Keeffe and A. J. Kresge, in Techniques ofchemistry, 
Vol. VI, Investigations of Rates and Mechanisms of 
Reactions, edited by C. F. Bernasconi, Chapt. XI. Wiley, 
New York (1986). 


13. J. R Keeffe and A. J. Kresge, in The Chemistry of Enols, 
edited by Z .  Rappoport, Chap. 7, Wiley, New York (1990). 


14. Y. Chiang, A. J. Kresge, J. A. Santaballa and J. Wirz, J. 
Am. Chem. SOC. 110,5506-5510 (1988). 


15. R. A. Bednar and W. P. Jencks, J. Am. Chem. SOC. 107, 


16. F. Hibbert, in Comprehensive Chemical Kinetics, edited 
by C. H. Bamford and C. H. F. Tipper, Chap. 2. Elsevier, 
New York, (1977). 


ward, J. Org. Chem. 47, 1869-1875 (1982). 


J .  Am. Chem. SOC. 113,6452-6458 (1991). 


2648-2649 (1982). 


Angew. Chem., Int. Ed. Engl. 25, 282-284 (1986). 


2835-2837 (1982). 


9165-917 1 (1995). 


7117-7126 (1985). 


17. M. Eigen, Angew. Chem., Int. Ed. Engl. 3 ,  1-72 (1964). 
18. W. J. Albery, in Proton Transfer Reactions, edited by E. 


F. Caldin and V. Gold, Chap. 9. Chapman and Hall, 
London (1975). 


19. C. J. Murray and W. P. Jencks, J. Am. Chem. SOC. 110, 


Washabaugh, J. T. Stivers and K. A. Hickey, J. Am. 
Chem. SOC. 116,7094-7097 (1994). 


7561-7563 (1988); 112, 1880-1889 (1990); M. W. 







370 Y. CHIANG ET AL. 


20. J.  E. Leffler, Science 117, 340-341 (1953); G. S. Ham- 
mond, J. Am. Chem. SOC. 77,334-338 (1955). 


21. A. J. Kresge, in Proton Transfer Reactions, edited by E. 
F. Caldin and V. Gold, Chap. 7. Chapman and Hall, 
London (1975). 


22. F. G. Bordwell, Acc. Chem. Res. 21, 456-463 (1988). 
23. Y. Chiang, A. J. Kresge, P. A. Walsh and Y. Yin, J. 


Chem. SOC., Chem. Commun. 869-871 (1989). 
24. Y. Chiang, A. S. Grant, A. J. Kresge, P. Pruszynski, N. P. 


Schepp and J. Win,  Angew. Chem., Int. Ed. Engl. 30, 


25. H. G. Viehe, in Chemistry of Acetylenes, edited by H. G. 
Viehe, Chap. 12. Marcel Dekker, New York, (1969); J. 
M. Z. Gladych and D. Hartley, in Comprehensive Organic 
Chemistry, edited by D. Barton and W. D. Ollis, pp. 
75-79. Pergamon Press, Oxford (1979). 


26. H.-W. Winter and C. Wentrup, Angew. Chem., Int. Ed. 
Engl. 19, 720-721 (1980); J. M. Buschek and J. L. 
Holmes, Org. Mass Spectrom. 21, 729-731 (1986); B. 
van Baar, W. Koch, C. Lebrilla, J. K. Terlouw, T. 
Weiske and H. Schwarz, Angew. Chem. Int. Ed. Engl. 
25, 827-828 (1986); C. Wentrup, H. Briehl, P. Loren- 
cak, U. J. Vogelbacher, H. W. Winter, A. Maquestiau 
and R. Flammang, J. Am. Chem. SOC. 110, 1337-1343 
(1988). 


27. D. G. McCarthy and A. F. Hegarty, J. Chem. SOC., Perkin 
Trans. 2.579-591 (1980). 


28. M. Liler, Reaction Mechanisms in Sulfuric Acid, pp. 


1356-1358 (1991). 


205-208. Academic Press, New York (1971). 
29. W. F. Verhelst and W. Drenth, J. Am. Chem. SOC. 96, 


6692-6697 (1974). 
30. J. Andraos, Y. Chiang, A. S. Grant, H.-X. Guo and A. J. 


Kresge, J. Am. Chem. SOC. 116,7411-7412 (1994). 
31. A. J. Kregse, R. A. More O’Ferrall and M. F. Powell, in 


Isotopes in Organic Chemistry, edited by E. Buncel and 
C. C. Lee, Vol. 7,  Chapt. 4. Elsevier, New York (1987). 


32. This isotope effect refers to rates determined at the same 
hydron ion concentration, i.e., at [H’] = [D’]. 


33. P. M. Laughton and R. E. Robertson, in Solute-Solvent 
Interactions, edited by J. F. Coetzee and C. D. Ritchie, 
Chapt. 7. Marcel Dekker, New York, (1969). 


34. R. P. Bell, The Proton in Chemistry, 2nd ed. pp. 86-87. 
Comell University Press, Ithaca, NY (1973). 


35. V. M. Vaslov, M. I. Terekhova, E. S. Petrov, A. I. 
Shatenshtein and G. G. Yakobson, J. Org. Chem. USSR 


36. R. Stewart, The Proton: Applications to Organic Chem- 
istry, p. 70. Academic Press, New York (1985). 


37. See, e.g. A. Streitwieser, C. H. Heathcock and E .M. 
Kosower, Introduction to Organic Chemistry, 4th ed., pp. 
302-303, Macmillan, New York (1992). 


38. (a) B. J. Smith, L. Radom and A. J. Kresge, J. Am Chem. 
SOC. 111, 8297-8299 (1989); (b) B. J. Smith and L. 
Radom, J .  Am. Chem. SOC. 114,36-41 (1992). 


39. M. Charton, Prog. Phys. Org. Chem. 13, 119-251 
(1981). 


17, 1807-1813 (1982). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9, 119-127 (1996) 


CONFORMATIONAL ANALYSIS OF 2-CYAN0 DIHYDROXYETHANE 
IN SOLUTION 


VIKTORYA AVIYENTET AND TEFEZA VARNALI 
Chemistry Department, Bogazigi University, 80815 Bebek, Istanbul, Turkey 


MANUEL F. RUE-LOPEZ 
Laboratoire de Chimie Thtorique, UA CNRS 510, Wniversitt Henri Poincart, Nancy I ,  BP 339,54506 Vandoeuvre-les-Nancy 


Cedex. France 


The conformational space of the 2-cyano-1,l-dihydroxyethane molecule was studied at the semi-empirical PM3 
level and ab initio MP2/6-31G**//6-31G level in the gas phase and in a low-polarity medium. This system has 
been chosen as a model compound for 2-cyanocyclohexanone propylene and ethylene acetals. This has allowed 
the study of the role of polar groups on the relative conformation of two adjacent OH groups, which is of 
interest also in relation to the anomeric effect in carbohydrate chemistry. Solvent effects are taken into account 
using a continuum model with general cavity shapes, 


INTRODUCTION 
There has been experimental and theoretical interest in 
the stereochemical properties of systems containing 
electron pairs and polar bonds in alicyclic' and cyclic 
compounds2 for long time. 


During the last decade, rotational isomerism of 
1,2-dihaloethane~,~ 1 , l  ,2-trihaloethanes and 1,1,2,2- 
tetrahal~ethanes~ has received considerable attention. In 
1,2-hetero-substituted ethanes, a preference for the 
gauche arrangement is observed for small electronega- 
tive substituents, even though highly electronegative 
substituents generate high dipole moments in the C-X 
and C-Y bonds which should lead to enhanced dipole 
repulsion in the gauche form. In the series XCH2CH2X 
(X = halogen), there is a gradual increase in the propor- 
tion of the gauche conformation in the order 
I<Br<CI<F ,  so that in the gas phase gauche-1,2- 
difluoroethane predominates.' While the preference for 
the anti structures observed when X = Y = CI, Br, I may 
be ascribed to a combination of steric and dipolar 
effects alone, there is no easy interpretation to account 
for the conformational equilibrium of the difluoride. In 
contrast to the case for CH2FCH2F, experimental and 
theoretical studies have shown that in the gas phase the 
staggered trails (i.e., aizri) configurations of CH,FCHF, 
(C, symmetry) is favored over the gauche conformer 
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(C, ~ymrnetry).~ The gauche conformation has been 
shown to exist for 2-fl~oroethylacetate,~ 2-methoxyace- 
tate,6 1,2-dicyanoethane,' 1,2-dimethoxyethane" and 
the -OCH2CH20- fragment in poly~xyethylene.~ A 
considerable amount of theoretical work has been also 
devoted to the study of hydroxy-substituted ethanes, in 
particular the 1,2-dihydroxy derivative. lo These systems 
are interesting because they allow to model common 
molecules such as carbohydrates or cyclic compounds 
such as dioxanes or acetals and to discuss the properties 
associated with the anomeric and related effects. 


An important aspect of the analysis of rotational 
equilibrium is the effect of solute-solvent interactions 
since they may change the relative stability of confor- 
mations substantially. Several solvent models are 
available nowadays. Among them, continuum models 
are interesting since they allow one to include the 
perturbation in the solute's Hamiltonan. Therefore, 
quantum chemical computations of a solvated molecule 
can be carried out at a low cost. 


In previous work, we used a self-consistent reaction 
field (SCRF) model to study solvent effects on confor- 
mational equilibria. In particular, the axial-equatorial 
equilibrium of 1,3-dioxanes1' and 2-substituted acetalsI2 
was investigated. PM3 calculations confirmed the 
experimental findings for 5-cyano-l,3-dioxane, the 
relative axial-equatorial stability of which is increased 
through the electrostatic solvent effect. I 3  As previously 
pointed out, I' in 2-substituted-cyclohexanone ethylene 
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and propylene acetal derivatives, the behavior of the 
substituent may depend on the structure of the acetal 
group, which determines the confornational character- 
istics of the acetal derivatives. Experimentally, with 'H 
NMR data, the cyan0 group has been shown to occupy 
the equatorial position in ethylene acetal and the axial 
position in propylene acetal.I5 However PM3 calcula- 
tions for both 2-cyanocyclohexanone ethylene acetal 
and 2-cyanocyclohexanone propylene acetal predict that 
the preference of the substituent is for the equatorial 
position." 


These results showed the difficulties in correctly 
predicting conformational stabilities of substituted 
acetals at the semi-empirical level. In addition, explana- 
tion of the pseudohalogen character of the CN group in 
these molecules requires further study. Therefore, in the 
present work, we considered a model system (Zcyano- 
I ,1-dihydroxyethane) that can be studied at the ab initio 
level. Some semi-empirical PM3 calculations were also 
carried out for comparison. Solvent effects were taken 
into account using an SCRF model described below. 


METHOD OF CALCULATION 
Ab initio calculations were performed as follows. First, 
geometry optimization was camed out for all the 
possible staggered rotamers at the HF/6-31G level, 
then single-point calculations for the minima obtained 
were performed at the MP2/6-31GW* level (referred to 
below as MP2/6-31GX*//6-31G calculations) both in 
the gas phase and in solution. Semi-empirical calcula- 
tions were made with full geometry optimization. 
Geometry optimization was camed out both for the 
isolated and the solvated systems. 


The solvent is represented by an infinite dielectric and 
polarizable continuum in which a cavity is created. The 
solute is placed in this cavity and its charge distribution 
polarizes the continuum which in turn creates an electric 
field inside the cavity. The electrostatic free energy 
variation corresponding to the solvation process may be 
written asI6 


where M;" is a component of the multipole moment of 
order 1 and the reaction field factors, f;;!"", depend only 
on the dielectric properties of the medium and on the 
cavity shape. In this work we employed a cavity of 
general shape as proposed previously.'k The induction 
energy was obtained by carrying out an SCRF calcula- 
tion in which the intrinsic energy of the solute plus the 
solvation free energy were optimized. It was assumed 
that the electrostatic and induction energies are respon- 
sible for the main variations of the total solvation 
energy on the rotational equilibrium, so the cavitation 


and dispersion energies were neglected. Previous work'' 
has discussed the role of these terms on gaucheltrans 
equilibria and justifies our approximation. 


We have used the Gaussian 92 program" with extra 
links for the SCRF options. '6b Semi-empirical calcula- 
tions with the PM3 method were carried out in a similar 
way using the program MOPACL9 for the calculations in 
the gas hase and the program Geomos for those in 
solution. 


Transition states on the rotational energy surface 
were located using the Bemy algorithm in ab initio 
calculations whereas the option TS was used within 
MOPAC. In all cases, second derivatives of the energy 
were calculated in order to confirm the nature of the 
critical points. 


E 


RESULTS 


Gas phase 
2-Cyano- 1,1 -dihydroxyethane may undergo internal 
rotation around the C,-C,, C,-0, and C,-0, bonds 
(see structure 1). 


Possible minimum energy conformations about each 
bond are trans ( t ) ,  gauche (g) or gauche' (g'). Five 
non-equivalent minimum energy conformers were 
located with all the methods used and they are shown in 
Figure 1 (structures 1-5) together with three eclipsed 
conformations (structures 6-8). Structures 6 ( E ) ,  7 
( E ' )  and 8 ( E " )  correspond to the transition states 
between 1 and 3, 1 and 2, and 2 and 3, respectively. 
Structural parameters are listed in Table 1. The relative 
energies for the minima in vacuum are given in Table 2. 
Results obtained with PM3 calculations are also 
included in Table 2 for comparison. 


Comparison of the first three structures, 1 (G'fg'), 2 
(Trg')  and 3 (Gtg'), of the 2-cyano-1,l-dihydrox- 
yethane molecule indicates that the bond lengths in the 
three conformers are similar. In particular, the CO bond 
length is close to 1.4 A in all cases. All of them have 
intramolecular hydrogen bonds between 0, . . . H, aqd 
0,. . .H, with lengths varying between 2.54 and 2.59 A. 
For structures 4 (Gg'r) and 5 (G'g'g'),  only one 
hydrogen bond is present with a slightly shorter bond 
length. For these structures, the CO distance is shorter 
for the oxygen donating the proton, as expected. 
Finally, for the TS structures 6-8, two hydrogen bonds 
are also predicted and the CO distances are again closer 
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G't g' 


1 


N 


G g't 


4 


Ttg '  


2 


G'g'g' 


5 


G t g' 


3 


E 
N 


E' 
6 7 8 


Figure 1.  Different conformers of 2-cyano-1,l-dihydroxyethane in the gas phase 


to 1.41 A. Another common feature is noticed among 
the transition states 6-8: they all have a C,-C4 bond 
longer than in the staggered structures owing to the 
repulsion between eclipsed groups. The same type of 
intramolecular hydrogen bonds have been observed in 
ethylene g l ~ c o \ ~ '  for which the lenjth vanes between 
2.25 and 2.75 A at the MP216-31G'" level. 


The stability order predicted by the ah iriitio calcula- 
tions for the conformers is different from that predicted 
by PM3. This is probably due to the fact that PM3 
underestimates the interactions of the lone pairs with 


hydrogens at long distances (>2 A). Thus, structures 1, 
2 and 3, which have two hydrogen bonds, are the most 
stable in the ah iriirio calculations but not in the semi- 
empirical calculations that predict structure 4 to be the 
most stable. The relative energies of the first three 
minima (1-3) are small [1.26 kcal mol-' ( 1  kcal = 
4.184 kJ) when electron correlation is taken into 
account]. Note that in rotamer 1 the cyano group is 
gauche to both oxygens. The electrostatic interaction 
between the positive charge on the C atom (+0.50) of 
the CN group and the negative oxygens (-0.65) is 
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Table 1. Optimized parameters for CH(OH),CH,CN at the 6-31G level 


1 2 3 4 5 6 7 8 
(g' rg' 1 ( fTg ' )  ( g T g ' )  ( g G ' t )  ( 'GTIMq2g)  ( E l  (E'  ) (") 


Interatomic distances (A)  
CIO2 1.411 
CIO, 1.409 
ClC4 1.523 
C4C5 1.462 
CSN6 1.146 
OZH7 0.952 
03H8 0.955 
ClH9 1.078 
C4Hm 1.081 
C4H I I 1.082 
0*H* 2.582 
0 3 7  2.561 
Bond*angles (") 
03cl*2 111.6 
04clnZ 106.6 


113.7 32.1 113.9 
08c3*I 111.3 


108.9 


OSC4*I 112.1 


1 2  
0t0c4*2 
OlIc4 I 109.0 
Torsional angles (") 
c4ci 0 2 0  3 123.7 
cSc40102 -66.0 
H7°2CIC4 180.0 
H8°3C104 -61.0 
H9C10203 - 116.6 


I0°4c102 55.2 
H,104C102 173.4 


1.412 
1.408 
1.523 
1.460 
1.146 
0.952 
0.953 
1,077 
1.084 
1.082 
2.590 
2.590 


111.5 
104.7 
113.0 
113.6 
114.1 
111.5 
108.8 
108.6 


122.8 
179.2 


-176.2 
-57.5 


-116.5 
-58.6 


57.5 


1.410 
1.413 
1.522 
1.460 
1.146 
0.952 
0.954 
1.076 
1.083 
1.082 
2-542 
2.578 


111.3 
106.7 
112.9 
113.9 
113.5 
111.7 
108.5 
108.6 


120.8 
66.2 


180.0 
-64.1 


-116.8 
-54.8 
- 172.4 


1.419 
1.400 
1.522 
1.462 
1.147 
0.951 
0.952 
1.083 
1.082 
1.081 
2.334 
3.124 


107.3 
111.9 
111.8 
115.4 
112.7 
109.7 
109.2 
107.8 


116.0 
64.9 


-80.8 
- 154.7 
- 120.3 
- 173.3 
-56.0 


1.418 
1.399 
1.530 
1.460 
1.146 
0.950 
0.954 
1.080 
1.085 
1.082 
2.257 
3.133 


106.6 
112.0 
112.6 
116.3 
112.4 
111.03 
110.13 
108.11 


121.2 
-56-7 
-60.0 


-100.1 
-116.6 


65.5 
182.8 


1.406 
1.414 
1.542 
1.460 
1.145 
0.952 
0.954 
1.076 
1.083 
1.083 
2,532 
2.602 


111.2 
108.6 
115.5 
113.9 
113.3 
111.1 
109.3 
108.5 


123.2 
1.6 


-173.3 
-67.6 
- 115.2 


123.8 
- 120.7 


1.414 
1.412 
1.538 
1.461 
1.146 
0.952 
0.953 
1.076 
1.081 
1.082 
2.539 
2.592 


110.9 
106.1 
113.0 
113.6 
113.5 
111.2 
108.4 
109.5 


122.7 
121.8 


- 174.9 
-64.2 


-115.5 
0.8 


- 117.3 


1.415 
1.406 
1.543 
1.460 
1.146 
0.952 
0.953 
1.076 
I .082 
1.081 
2.639 
2.564 


111.4 
105.3 
114.1 
113.3 
115.0 
110.6 
110.0 
107.6 


125.5 
- 124.1 
-176.7 
-53.8 


-115.0 
113.6 
-3.2 


Table 2. Relative energies, AE (kcal mol-I, and dipole moments, p (D), of different conformers in vacuum 


PM3 6-31G 
6-3 1G""//6-31G MP2/6-3 lG""ff6-3 1G 


Structure AE P AE P AE AE 


1 ( g ' T g ' )  1.39 3.13 0.00 3.85 
2 (tTg') 1.03 2.90 0.43 4.24 
3 ( g T g ' )  0.98 2.67 0.77 4.21 
4 (gG't) 0.00 1.34 1.70 2.54 
5 (g'G'g')  2.01 3.53 4.55 4.78 
6 ( E l  3.75 3.04 6.33 3.96 
7 ( E ' )  1.53 2.82 4.20 4.31 
8 ( E " )  2.80 3.06 4.15 3.88 


0.00 
0.79 
0.97 
1.73 
4.32 
6.36 
4.59 
4.53 


0.00 
1.24 
1.26 
2.76 
4.86 
6.40 
5 .OO 
4.42 


probably an important stabilizing factor. The energy experimentally determined rotational barriers for the 2- 
difference between conformers 1 and 5 ,  which have the cyano-1,l-dihydroxyethane molecule were found in the 
CN group gauche to both oxygens and differ only in literature. The transition state 6 ( E )  connecting the arzti 
the position of H,, may be considered as a measure of structure 3 and the gauche structure 1 is energetically 
the strength of the hydrogen bond. This reaches less favorable than the transition state 7 ( E ' ) ,  which 
4.86 kcalmol-l using the MP2/6-31G"* values. No also connects a gauche to an arzti structure (1 to 2). One 
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can explain this result by the stabilizing attractive 
interaction between H, and N which is present in 7 (E') 
but is absent in 6 (E). 


Dipole moments are given in Table 2. Note that 
conformer 4 has the smallest dipole moment owing to 
opposite orientations of the 0-H bonds. Although this 


angle 8-2-1-4 has changed from -80" to -165". This 
causes a large change in dipole moment. Solvation free 
energies are given in Table 4. They show the same trend 
as the dipole moments, i.e. conformers with high dipole 
moments are stabilized to a larger extent. 


skcture has the minimum energy with PM3, i t i s  not 
the global minimum in the ab initio calculations. This 
indicates that in 2-cyano-l , 1-dihydroxyethane, stabiliz- 
ation through hydrogen bonding is dominant with 
respect to the electrostatic repulsions between OH and 
CN groups. 


Solution 
All the conformers and the transition states were 
analyzed in a low-polarity medium of dielectric permit- 
tivity E =4-81, which corresponds to chloroform, the 
solvent used in the experimental study of 2-cyano- 
substituted ethylene and -propylene acetals. Considering 
the ab initio results, the most stable conformer (Table 3) 
does not change from vacuum to solution. The optim- 
ized geometries in solution are similar to those in 
vacuum, except for conformer 4, where the dihedral 


Modeling of 2-cyanocylohexanone ethylene and 
propylene acetals 
In order to interpret the relative stability of the 
axial-equatorial conformers for 2-substituted cylohex- 
anone ethylene and propylene acetals we carried out a 
series of additional calculations. Our aim was to ana- 
lyze with ab initio calculations the interactions related 
to the polar groups that can modify the relative energy 
of acetal conformations. We shall use for this a series 
of partially frozen conformations of the 2-cyano- 1,l-  
dihydroxyethane. However, this is too simple a model 
and cannot account for all the interactions present in the 
acetals so that extrapolating the results derived from this 
study has to be done with caution. 


The position of the oxygen atoms of the model 
molecule are fixed to the optimized value of the corre- 
sponding angles in the compounds shown in Figure 3. 


Table 3. Relative energies, AE (kcal mol-', and dipole moments, p (D), of different conformers in 
chloroform (E =4.81) 


PM3 


AE P 


0.74 4.13 
1.03 3.81 
0.80 3.46 
1.66 1.79 
0.00 4.48 
2.80 4.07 
0.85 3.81 
3.57 4.33 


6-31G 


AE P 


0-00 4.43 
0.09 5.02 
0.16 4.80 
1.31" 6.15" 
3.47 5.58 
5.04 4.62 
4.20 4.89 
4.32 4.88 


6-31G**//6-31G 
AE 


MP2/6-31G**//6-31G 
AE 


0.00 
0.21 
0.19 
1.44" 
3.24 
5.11 
4.35 
2.80 


0.00 
0.69 
0.49 
1.97" 
3.80 
5.24 
4.66 
2.91 


' This conformer is not identical with that shown in Figure I (details are given in the text). 


Table 4. Solvation energies (kcal/mol-') of different conformers in chloroform 
(&=4.81) 


Structure PM3 6-31G 6-31Gh"//6-31G MP2/6-31G*"//6-31G 


1 (gTg') 7.73 6.73 
2 ( t T g ' )  7.08 7.08 


4 ( g G ' t )  5.42 7.12a 
5 ( g ' G ' g )  9.09 7.82 
6 ( E l  8.03 8.02 
7 ( E ' )  7.76 6.74 
8 ( E " )  6.31 6.56 


3 (g'Tg') 7.26 7.35 


6.29 
6.09 
5.51 
5.80" 
6.59 
6.76 
5.75 
7.24 


4.68 
5.24 
5.44 
5.46" 
5.73 
5.84 
5.02 
6.19 


' This conformer is not identical with that shown in Figure 1 (details are given in the text) 
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111 anti V anti VII anti I anti +&& q?!Lw 11 11 


\\I” 


II syn IV syn w syn Vlll syn 


Figure 2. Conformations of 2-cyano- 1,l-dihydroxyethane resembling 2-cyanocyclohexanone ethylene acetal and 2- 
cyanocyclohexanone propylene acetal 


The equatorial position in the ring corresponds to the conformations, as shown in Figure 2. On the one hand, 
gauche position of the substituent with respect to both the substituent may be in the axial or equatorial position 
oxygens. The axial position corresponds to the one in in the cyclohexane ring. On the other hand, it may be in 
which the substituent is gauche to one oxygen only. the syn (towards the ring) or in the anti (away from the 
The spiro compounds may exist in four different ring) positions with respect to the dioxane or dioxalane 


n = 2  2-cyanocyclohexanone ethylene acetal 
n = 3 2-cyanocyclohexanone propylene acetal 


equatorial -W 
axial 


2-CN-1,l -dihydroxyethane 


OH 


+OH 
CN 


*OH 
bn 


Figure 3. Conformations of 2-cyanocyclohexanone ethylene acetal and 2-cyanocyclohexanone propylene acetal 
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rings. Thus, compound I is modeled by 2-cyano-1,l- 
dihydroxyethane in which the dihedral angles 7-2- 1-4 
and 8-3-1-4 have been fixed according to the 
PM3-optimized geometry of 2-cyanocyclohexanone 
propylene acetal in the axial-anti conformation, 
whereas for compound I1 the angles are fixed to those 
obtained for the acetal in the axial-syn conformation, 
etc. The values of these dihedral angles are given in 


Table 5. 
For these compounds, all the other parameters 


were optimized with the 6-31G basis set in the gas 
phase and in solution. Single-eoint calculations were 
carried out with MP2/6-31G'* (Tables 6-8). The 
results obtained can be interpreted by comparison with 
our previous semi-empirical work on the spiro 
compounds'* and with the experimental results.'5 


Table 5. Dihedral angles (in degrees) used for 2-cyano-1,l-dihydroxyethane 
(see structure in text) to model propylene acetals (structures I-IV) and 


ethylene acetals (structures V-VIII) (see Figure 3) 


CN in axial position I I1 V VI 
~ ~~ 


H7-02-Cl-C4 171 67 135 100 
H8-03-Cl-C4 - 172 - 65 -137 - 100 


CN in equatorial position 111 IV VII VIlI 
~~ 


H7-02-Cl-C4 171 82 127 118 
H8-03-Cl-C4 - 170 - 80 - 127 -113 


Table 6. Relative energies, AE (kcal mol-I), and dipole moments, p(D), of 
structures that correspond to the spiro compounds in vacuum 


6- 13G 
6-31G*"//6-31G MP2/6-31G"*//6-31G 


Structure AE ,u AE AE 


I 
I1 
I11 
IV 
V 
VI 
VII 
VIIl 


0.00 5.37 
2.75 4.87 
1.40 5.99 
0.74 1.80 
3.40 5.49 
0.08 5.34 
3.66 3.86 
0.00 3.23 


0.39 
1.69 
1.43 
0.00 
0.90 
0.67 
0.44 
0.00 


0.56 
1 .so 
1.07 
0.00 
1.11 
0.78 
0.37 
0.00 


Table 7. Relative energies, AE (kcal mol-I), and dipole moments, ,u(D), of 
structures that correspond to the spiro compounds in chloroform ( E  = 4.81) 


6- 13G 
6-31G""//6-31G MP2/6-31GXh//6-31G 


Structure AE p AE BE 


I 
I1 
111 
IV 
V 
VI 
VII 
VIlI 


0.00 6.28 
2.06 5.80 
0.21 7.30 
2.41 1.76 
0.00 6.39 
0.31 6.20 
0.31 4.39 
0.41 3.54 


0.00 
0.71 
0.02 
1.06 
0.44 
0.00 
0.43 
0.30 


0.21 
0.68 
0.00 
0.9 1 
0,48 
0.00 
0.24 
0.11 
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Table 8. Solvation energies of structures that correspond to the spiro 
compounds in chloroform ( E  = 4.81) 


Structure 6-3 1G 6-3 1G**//6-3 1G MP2/6-3 1G**//6-3 1G 


I 
I1 
111 
IV 
V 
VI 
VII 
VIII 


8.41 
9.10 
9.60 
6.74 
8.51 
8.74 
7.89 
7.53 


7.01 
7.60 
8.02 
5.55 
7.16 
7.37 
6.71 
6.40 


6.03 
6.50 
6.75 
4.78 
6.26 
6.38 
5.72 
5.48 


Obviously, the model used for 2-cyanocyclohexanone 
propylene acetal cannot reproduce the steric interactions 
between the cyan0 substituent and the axial hydrogens 
in the dioxane moiety. The syn conformers for the 2- 
cyano-substituted propylene acetal would be sterically 
very unfavored and a realistic approach would be based 
on the comparison of the anti conformers of the model 
molecule, namely compounds I and 111. Accordingly, in 
the gas phase the axial conformer is the most stable. In 
solution, the most polar conformer 111 is stabilized to a 
larger extent at all levels of computation. The relative 
axial-equatorial stability in solution depends on the 
level of computation but it appears to be small. 


In 2-cyanocyclohexanone ethylene acetal , the diox- 
alane ring is flat so that the hydrogens of this moiety do 
not sterically interfere with the substituent and all four 
conformers of the model molecule, V, VI, VII and 
VIII, can be taken into account. The computations 
indicate an almost equal distribution of the axial and 
equatorial conformers. It is interesting that although in 
the free molecule the conformer corresponding to the 
CN in the equatorial position in the spiro compounds 
(1) is the most stable, fixing the position of the oxygens 
as in the acetal rings, i.e. eliminating the possibility of 
H-bonds, may change the relative stabilitity of the 
conformers. This tendency was observed for the models 
I and 111, in parallel with the experimental results. 


CONCLUSIONS 
Important differences between the PM3 and ah itiitio 
results were found for the relative energies of stable 
conformations and transition states of 2-cyano-l , 1- 
dihydroxyethane. This may be due to the presence of 
hydrogen bonds with large bond lengths in the confor- 
mations studied. 


Partially frozen conformers were studied in order to 
analyze intrinsic interactions between the polar groups 
in ethylene and propylene acetals. Solvent effects were 
considered using a general cavity shape continuum 
model. From these results, it appears that conformers 
close to the axial and equatorial molecular arrangements 


in propylene and ethylene acetal have very close ener- 
gies when solute-solvent interactions are considered. 
Experimentally, there is a slight preference for the 
equatorial conformation in the ethylene acetal and a 
large preference for the axial conformation in the 
propylene acetal. Other interactions present in the 
acetals should be considered to account for these 
findings. 
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NITROGEN-15 NMR STUDIES OF HYDROGEN BONDING AND 
PROTON TRANSFER IN COMPLEXES OF PYRIDINE N-OXIDES WITH 


DICHLOROACETIC ACID IN CDC1, 
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Faculty of Chemistry, A. Mickiewicz University, 60780 Poznan', Poland 


AND 
JERZY SITKOWSKI AND LECH STEFANIAK 


Institute of Organic Chemistry, Polish Academy of Sciences, 01224 Warsaw, Poland 


The "N NMR chemical shifts of eight substituted pyridine N-oxides (B) and their complexes (AHB) with 
methanol and dichloroacetic and trifluoromethanesulfonic acids were measured in chloroform-d at the natural 
abundance level. The measured chemical shifts are strongly affected by substituents, hydrogen bond strength 
and protonation. The plot of the relative chemical shifts, A6(l5N) = G(AHB) - 6(B), against ApK, gives a 
titration curve that reflects the variation of the hydrogen bond strength and the proton moves from the acid to 
the N-oxide. According to previous IR data, in the complexes from the inversion region (ApK, = 1.26), the 
proton is either delocalized (B...H...A) or more likely the lifetime is so short (<lo-" s) that the method does not 
recognize the B.. .H-A and B'H...A- species. Protonation of pyridine N-oxides shifts the nitrogen signal ca 
50 ppm to lower frequencies compared with the cu 123 ppm for pyridines. 


1. INTRODUCTION 
Both 15N and I4N chemical shifts are very sensitive to 
medium effects, e.g. solvent, hydrogen bonding, 
protonation, concentration and temperature. I Depending 
on the nature of the solvent and the substrates, these 
effects may be as high as several tens of ppm. The 
largest shielding variations occur when the nitrogen lone 
pair is sp2 hybridized and is available for hydrogen 
bonding with protic solvents or protonation. 


N-Oxidation of pyridines shifts the nitrogen 
(25 f 8 ppm)' and carbon (ca 10 ppm at ortho and para 
 position^)^ signals upfield. When the lone pair in 
pyridine is protonated, the nitrogen chemical shift 
moves ca 123 ppm to higher field.4 For pyridine N- 
oxide itself, the difference from pyridinium ion, ca 
100 ppm, is more than twice the difference (39.3 ~ p m ) ~  
between C-1 of phenoxide ion and benzene, which 
serve as isoelectronic models. 


In pyridines the nitrogen atom withdraws either u or 
n electrons. When pyridines are converted into pyridine 
N-oxides, the oxygen atom withdraws (T electrons 
mostly from the nitrogen atom, whereas it donates ~t 
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electrons to the ring via the nitrogen atom6 These 
interactions vary with solvents and substituents. 


The solvent effects on the  nitrogen*.'^* and 
shielding of pyridine and pyridine N-oxide are compar- 
able. The solvent effect on the UV spectra of pyridines 
differs from that of pyridine N-oxides. The 'L,+'A 
transition in pyridine shows no wavelength shift or a 
minute batochromic shift; polar solvents produce a 
hyperchromic effect. N-Oxidation of pyridines pro- 
duces in non-polar solvents a considerably red shift and 
hyperchromic effect, presumably because of lengthening 
of the conjugated system. When hydrogen bonding of 
the oxygen atom occurs in hydroxylic solvents, the 
bands of the N-oxides are shifted back to the blue, and 
almost coincide with those of the parent heterocycles. ' I  


Protonation caused further hypsochromic shifts. " 
Mesomeric dipole moments'3 and I3C substituent 


chemical shiftsi4 (13C SCS) have been used to described 
interactions of substituents with benzene, pyridine and 
pyridine N-oxide rings. In this approach, monosubstituted 
pyridines and their N-oxides were treated as disubstituted 
benzenes and strong mutual interactions between a given 
substituent and the ring nitrogen atoms were shown. 


Another difference between pyridines and their 
N-oxides is the number of lone pairs of electrons. In 
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pyridine the lone pair on the nitrogen atom can interact 
directly with only one molecule of a protic solvent (1), 
whereas in pyridine N-oxide two molecules of protic 
solvents can interact with two lone pairs on the oxygen 
atom @ ) . I 5  


1 


O N - Q  


X 
2 "\ 


Previously, we have used the "N probe to study the 
hydrogen bonding and proton transfer in complexes of 
substituted pyridines with trifluoroacetic acid.4 In this 
paper, we report the effects of the hydrogen bonding and 
protonation on the nitrogen shielding in complexes of 
substituted pyridine N-oxides with dichloroacetic acid. 
These complexes have been studied using various 
 technique^'^.'^- Is  but not 15N NMR spectroscopy. 


RESULTS AND DISCUSSION 
The I5N NMR chemical shifts of the substituted pyridine 
N-oxides and their complexes in CDCl, and CH,OH are 
summarized in Table 1. The observed deviations in the 
chemical shifts can be explained by the effects of 
substituents, solvents, hydrogen bonding and protona- 
tion. Para substitution consistently induces much larger 
changes than ortho and the N SCS=d(4- 
XF'yN0)- S(PyN0) values fit equation (1) with 
satisfactory precision (Figure 1). 


(1) 
where a = -9.71; b = 33.94; SD = 4.17; r2 = 0.958; 
n = 16; F,,, = 338.79; up is the Hammett substituent 
constant taken from Ref. 20. Note that both "N and I4N 
chemical shifts were used and the SD value is smaller 
than the experimental precision of the latter chemical 
shifts. The I4N data were taken from Refs 2 and 8 and 
included electron-donating and withdrawing substitu- 
ents. Data for 4-substituted pyridines from Refs 2 and 4 
fit equation (1) less satisfactorily: a = -6.18; b = 38.27; 
r2 = 0.795; SD = 8.41; F,,, = 50.35; n = 15. The dual 
substituent parameter equation (N SCS = pIul + pRuR) 
does not improve the correlations. Additionally, the 
correlation of N SCS with mesomeric dipole moments is 
also poor. 


The observed shielding of the nitrogen atom in 
pyridine N-oxides with proton donors is attributed in 
part to the effect of the substituent and to hydrogen 
bonding. The differences between the "N chemical 


N SCS = a + b*a, 


shifts of the complex and the free base, AS("N) = S(X- 
PyNO.HA) - S(X-PyNO), can be treated as a hydrogen 
bond parameter. The shape of the plot of A6I5N (ppm) 
against ApK, (Figure 2) is similar to that of a titration 
(sigmoidal) curve; the degree of proton transfer is near 
0 or 100% in the two plateau regions. 


The relationship between A8(I5N) and ApKa is given 
by equation (2) (for details see Ref. 21), where 
AL~(~'N),, and AS("N), are the differences of the 
chemical shifts for the B... HA and B'H...A- species, 
respectively, and C and D are constants. 


Equation (2) was solved by a least-squares program and 
the following values were derived: 
ACI('~N),, = -7.44 ppm; AS(l5N), = -49.48 ppm; 
C = -0.3337; D = 0-2656; SD = 2-6 ppm; n = 12. The 
inversion point (where the degree of protonation is 
estimated to be 50%) was calculated from equation (3) 
and it is at ApK, = 1.26 [pK,(B +H) = 2.61 1. 


This value is very close to the value of 1 . 5 3 ~ 0 . 1 6  
derived from IR (centre of gravity and integrated 
intensity of the broad absorption) and proton chemical 
shifts.I6 The estimated value of A6(I5N), is consistent 
with the observed data for complexes with CF,SO,H 
(Table 1). The AS("N), value for pyridine N-oxide 
(-49.5 ppm) is much lower than that for pyridine 
(- 123 ~ p m ) . ~  0-Methylation of pyridine N-oxide 
(-38.5 ppm) and N-methylation of pyridine 
(- 1 15.9 ppm) cause slightly smaller shifts than 
protonation. 


The observed variation of the nitrogen shielding in 
pyridines and pyridine N-oxides is controlled by an 
interaction of the electron lone pair on heteroatoms 
(nitrogen in pyridines or oxygen in N-oxides) with the 
electron sextet of the aromatic ring and protonation. The 
former interaction caused similar variations, whereas 
the latter effected different variations of the nitrogen 
shielding in pyridines and pyridine N-oxides. The 
medium polarity effect on the nitrogen shielding of 
pyridine and its N-oxide is of the same sign and order of 
magnitude and does not exceed 6 ppm. The hydrogen 
bonding effect depends mainly on the proton donor 
properties of the solvent and exceeds ca 10, 21 and 
30 ppm for CHCl,, MeOH and H,O, respectively. 
Witanowski et a1.' have shown that hydrogen bonding 
to the oxygen atom in pyridine N-oxide produces 
nitrogen shielding changes comparable to those found 
when nitrogen is directly involved in hydrogen bonding, 
such as in pyridine. Our results show that for 
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Table 1. "N NMR chemical shifts of substituted pyridine N-oxides and their complexes with methanol and dichloroacetic, 
trifluoromethanesulfonic and perchloric acid in chloroform-d,, or methanol and 'H NMR in dichloromethane 


Chemical shift (ppm) PK, 
of 


Pyridine N-oxides Solvent Proton donor N-Oxide Complex Ad("N) N-oxide ApK: 'H NMRb 


4-Cl-PyNO 


4-Me-PyNO 


4-Me-PyN '0Me.I- 
3,4-Me,-PyNO 


2,4,6-Me3-PyNO 


4-MeO-Fy NO 


4-Me0 -2,6-Me2PyN0 


4-NMe2-PyN0 


4-NMe2-2,6-Me,PyNO 


CHCl, 


CH,OH 


CDCI, 
CDCI, 
CDCl, 
CDCl, 
CDCl, 
CDC1, 
CDCl, 
CDCl, 
CDCI, 
CH,OH 
CH,OH 
CH,OH 
CH,OH 
CDCl, 
CDC1, 
CDCl, 
CDC1, 
CDC1, 
CDCl, 
CDC1, 
CDCI, 
CDCl, 
CHCl, 
CDC1, 
CDC1, 
CDCl, 
CDCl, 
CDC1, 


CHC1,COOH 


CHC1,COOH 
CH,OH 
CF,SO,H 


CHC1,COOH 
CH,OH 
CF,SO,H 


- 


- 


HCIO, 


- 


CHC1,COOH 


CHC1,COOH 


CHC1,COOH 


CHC1,COOH 


- 


- 


- 


- 


CHC1,COOH 


CHC1,COOH 


CF,SO,H 


- 


CH,OH 


-85 i 1' 
-86.7V 


-91.6 


-95.9 


-98.5 


- 101.2 


-112.3 


-113-1 


- 126.0 


-94 f 1' 
-97.53d 


- 106.9 
-97.6 
- 141-6 


- 117.0 
-103.1 
- 146.0 
- 104.6 
-105i2' 
- 143.7 
- 134-4 


- 119.2 


- 124.4 


-141.0 


-143.2 


-131*5' 


-127.3 
- 169.2 


-164.7 
- 136.5 
- 175-5 


(-17.8)' 


- 15.3 
-6.0 


-50.0 


-21.1 
-7.2 


-50.1 


-47.8 


-20.7 


-23.2 


-28.7 


-30.1 


-43.2 


-37.4 
-9.2 


-48-2 


0.79 


0.36 


1.09 


1.48 


1.99 


2.41 


3.45 


4.05 


4.75 


-0.56 


-0.99 
-15.18 


-0.26 
- 14.45 


-9 


0.13 


0.64 


1.06 


2.10 


2.70 


3.40 
- 10.79 


>6.6 


16.33 


15.62 


17.09 


17.22 


16.98 


17.88 


17.95 


17.85 


16.98 


'ApK,=pK,(B'H)- pK,(AH); pK, values for CHC1,COOH (1.35). CH,OH (15.54), CF,SO,H (<-1.86), HCIO, (-8) and HCI (-7) were taken 
from Ref. 19. 
'Data in CH,CI, from Ref. 16. 
'Chemical shift for nitrogen- 14 from Ref. 2. 
'Chemical shift for nitrogen- 14 from Ref. 8. 
'Value estimated from equation. (2). 


protonation this similarity is broken; protonation of 
pyridines and their N-oxides shifts the resonance signals 
to lower frequencies by ca 120 and SOppm, 
respectively . 


To explain a zone of rapid variation on the sigmoidal 
curve in a narrow range of ApK,, two extreme appro- 
aches can be distinguished. A more likely hypothesis 
considers the tautomeric equilibrium of H-bonded 
complex (neutral) and H-bonded ion pair (polar) 
[equation (4)]. 


B. ..HA ?=+B 'H.. .A (4) 


(5 )  B. .  .H...A 


In this model the proton is considered to be localized 
closer to acid or base and the complex can be described 
by various potential energy curves with two minima. In 
the other approach, the proton is considered to be 
delocalized [equation (5 )  1. The potential energy curve 
in this case can be asymmetric with a single minimum, 
which moves from the donor to the acceptor molecule 
with increase in ApK,. It is usually very difficult to 
distinguish between these two possibilities. 


The complexes that are close to the inversion point 
show the most intense broad absorption in the IR 
spectra; the centre of gravity of this absorption reaches 
the lowest wavenumber, while the proton chemical shift 
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Figure 1. Plot of ISN and 14N SCS values of 4-substituted 
pyridine N-oxides against Hammett up values. The N SCS 
values were calculated from data in Table 1 and Refs 2 and 8. 


The up values were taken from Ref. 20 


14 ‘ I  I I I __I 
-50 - 40 -30 - 2 0  -10 


A615N (ppm) 


Figure 3. Plot of chemical shift (6,) against nitrogen relative 
chemical shift (A6”N). (0 Data for complexes below 
inversion point; (A) data for complexes above inversion point 


(see Fig. 2) 
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Figure 2. Plot of A6(15N) = G(X-PyNO.HA) - d(X-PyN0) 
versus ApK, = pK.(B+H) - pK,(AH). The line was derived 


with equation (2) 


is cu 18 ppm.I6 This shows that the shortest hydrogen 
bond is in complexes that are close to the inversion 
point. 


The simultaneous existence of tautomers can be 
confirmed experimentally when their lifetime is longer 
than the observation time. When the lifetime is shorter 
than the observation time, an average situation is 


observed, which cannot be distinguished from the 
situation described by the delocalization model 
[equation ( 5 ) ] .  Recently, we have shown that in UV 
spectrophotometry both B...HA and B +H...A- species 
in complexes of 2,6-dichloro-4-nitrophenol with 
pyridines and pyridine N-oxides were detected.” In 
pyridine complexes, however, the lifetime is longer than 
in pyridine N-oxide complexes. We believe that a 
similar situation arises in complexes with carboxylic 
acids. In the second-derivative FTIR spectra, we have 
observed two carbonyl bands for complexes of pyridines 
with carboxylic acids and only a single band for com- 
plexes of pyridine N-oxides.” As in FTIR spectroscopy 
of the latter complexes, only one species [equation (5)] 
was observed with a lifetime shorter than 


Generally, interactions between acids and bases in 
solutions depend strongly on their proton-donor and 
proton-acceptor properties, concentrations, acid-base 
ratio, solvent (its polarity, proton-donor and proton- 
acceptor properties), temperature (pK,, of AH and B, 
electric permittivity and viscosity are temperature 
dependent) and impurities (e.g. traces of water and free 
ions) (see e.g., Ref. 23). 


In this work the results were interpreted using a 
model of reversible proton transfer in H-bonded com- 
plexes. One of the referees suggested considering the 
contribution of the nonstoichiometric complexes. 
Indeed, such Complexes (e.g. B.HA.HA, 
B.HA.HA-HA, or BsH-B-A) have been recognized by 
IR” and I5N NMRZ4 spectroscopy and conductivity,*’ 
measurements when an excess of acid or base was 


s. 
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added to the equimolar complex (BHA), and they all 
participate in proton transfer. However, in equimolar 
complexes of pyridine N-oxides with trifluoroacetic and 
dichloroacetic acid, these non-stoichiometric complexes 
are not formed. 


Figure 3 shows the correlation of the chemical shifts 
of the H-bonded protons and Ad(”N). Although only 
three scattered data represent complexes above the 
inversion point, the plot is similar to that reported 
previously for complexes of pyridines with 
trifluoroacetic acid.4 A similar type of correlation was 
derived between the chemical shifts of H-bonded 
protons or the centre of the broad infrared absorption 
and pK, for complexes of pyridines and pyridine N -  
oxides with carboxylic acids.I6 This confirmed that 
Ad(I5N) is a measure of hydrogen-bond strength and 
protonation. 


EXPERIMENTAL 
Complexes were prepared as described in Ref. 16 and 4- 
Me-C,H,N’OCH, I -  as described in Ref. 26. 


The ‘,N NMR spectra were recorded on a Bruker AM 
500 spectrometer operating at a frequency of 
50.70 MHz using the INEPT pulse sequence optimized 
on a 10 Hz coupling constant with a relaxation delay of 
2 s. Typically 400-800 scans were acquired. The signal 
of nitromethane was used as external reference (0 ppm). 
Sample concentrations were 0.2 M and the temperature 
was 300 K. 
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DIMETHYLDIOXIRANE REACTIONS: RATE ACCELERATION DUE 
TO INTRAMOLECULAR H-BONDING * 


ROBERT W. MURRAY? AND HONG GU 
Department of Chemistry, University of Missouri-St Louis, St Louis, Missouri 63121, USA 


Absolute rate studies were carried out on a series of C-H insertion reactions of dimethyldioxirane (la). The 
substrates were chosen so that the distance between a single tertiary C-H bond and an OH group could be 
varied. The measured rate constants indicate that a rate acceleration occurs when the distance between the 
reacting C-H bond and the OH group permits intramolecular H-bonding stabilization of the transition state. A 
similar study in related compounds without the OH group showed no effect of chain length on the rate of the 
C-H insertion reaction. A related study of the epoxidation reaction of l a  also found an increased rate when 
chain length permitted intramolecular H-bonding by an OH group. 


INTRODUCTION 
Since the original observation of Baumstark and 
Vasquez' that increasing the mole fraction of water in 
an acetone-water solvent mixture led to an increased 
rate in the epoxidation of p-methoxystyrene by 
dimethyldioxirane (la), there has been increasing 
interest in the influence of H-bonding on dioxirane 
reactions. We have followed up on their work by 
carrying out comprehensive studies of the influence of 
solvent on dioxirane reactions. These studies showed 
that the rates of dioxirane epoxidation3 and C-H bond 
insertion4 reactions are increased in H-bond donor 
solvents. 


The influence of substrate H-bonding on diastereose- 
lectivity in dioxirane reactions has also been a subject of 
growing interest. Intramolecular H-bonding leads to 
pronounced diastereoselectivity in some dioxirane 
epoxidations.' In one case it was concluded6 that there is 
insignificant H-bonding with an intramolecular hydroxyl 
group to influence epoxidation diastereoselectivity. This 
conclusion was based on results obtained in acetone 
solvent. Subsequent ~ o r k ' g , ~  demonstrated that 
changing the solvent reveals the influence of this kind of 
H-bonding in this example also. A facilitating effect of 
proximal hydroxyl groups on the C-H bond insertion 
reaction has also been observed in d i~x i r ane~" -~  and 
peracid ~xidation.~" 


~~~ 


* Chemistry of Dioxiranes, Part 32. For Part 3 1, see Ref. 1. 
t Author for correspondence. 
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In this work, we measured the rates of a number of 
related epoxidation and C-H insertion reactions of la. 
The substrates are chosen so that the distance between 
the reaction site and an internal hydroxyl group may be 
varied. The resulting rate data are interpreted as indicat- 
ing that when the substrate structure contains a distance 
between the hydroxyl group and the reaction center 
which permits the achievement of a conformation which 
favors interaction between the hydroxyl group and the 
activated complex, then a rate acceleration is observed. 


RESULTS 
In order to determine whether there is any general effect 
of chain length on the C-H insertion reaction we first 
treated the hydrocarbon substrates 2 with dimethyldiox- 
irane [equation (l)]. These hydrocarbons were chosen 
to have a single tertiary C-H bond and a varying 
number of CH, groups. The known' greater reactivity of 
the tertiary versus primary and secondary C-H bonds 
ensures that a single reaction product is formed under 
the conditions used. Bach et a1.' have described a 
theoretical model which explains this observed reactiv- 
ity based on electronic and steric factors. The rates of 
these hydrocarbon C-H insertion reactions were 
measured using pseudo-first-order kinetics to obtain the 
second-order rate constants. The results, which show 
that chain length has only a very slight effect on rate 
constant, are shown in Table 1. In all cases the reactions 
give a single product. 


We next studied the rates of C-H insertion in the 
series of related compounds 3. The general reaction is 
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2a.n-1 2c.n-3 
2b.n-2  2d .n-4  


Table 1. Second-order rate constants for C - H insertion reactions of 
1 in hydrocarbons and alcohols 


Substrate 103k, (1 mol ' s ') R 


2-Methylbutane (2a) 
2-Methylpentane (2b) 
2-Methylhexane (2c) 
2-Methylheptane (2d) 
2,2,5-Trimethylhexane (3a) 
2,3-Dimethylpentan-3-01(3b) 
2,4-Dimethylpentan-2-01 (3c) 
2,5-Dimethylhexan-2-01 (3d) 
3,7-Dimethyl-octan-3-01 (3e) 


0.23 f 0.01 0.97 
0.24 rtO.01 0.98 
0.27 f 0.01 0.98 
0.34 f 0.01 0.98 
0.37 + 0.01 
0.085 f 0.008 
0.64 + 0.010 
2.33 i 0.04 
0.31 f 0.01 


shown in equation (2). This series contains a hydrocarbon 
(3a) which serves as a comparison standard as well as the 
alcohols 3b-3e, which differ in the number of methylene 
groups between the hydroxyl group and the reacting 
tertiary C-H bond. The alcohol substrates give the 
derived diol as the only reaction product. The results of 
the rate measurements are also given in Table 1. In 
alcohol 3b, in which the hydroxyl group is immediately 
adjacent to the reacting C-H bond, the rate is seen to be 
lower than that for the comparison standard (3a). When 
there is one CH, group between the hydroxyl group and 
the reacting C-H bond as in 3c, then the rate is higher 
than in 3a. In 3d, with two CH, groups between the 
hydroxyl group and the reacting C-H bond, the rate 
increases to one which is over six times that of the 
standard. Finally, the rate of C-H insertion in 3e, with 
three CH, groups between the hydroxyl group and the 
reaction site, drops to one which is close to that of the 
standard. Thus the rate has gone through a maximum as 
the distance between the hydroxyl group and the reacting 
C-H bond is increased. 


3 la 


We also completed what apparently is the first deter- 
mination of the activation energy for the insertion 
reaction of la  in an unactivated C-H bond. The 
temperature effect on the second-order rate constants for 
the insertion reaction of l a  in 2,2,5-trimethylhexane 
(3a) was determined using pseudo-first-order techniques 
using a minimum ratio of substrate to la  of 10: 1. A 
summary of the data obtained is given in Table 2. A plot 
of log k ,  versus 1/T gave a straight line from which 
the values for E,[ = 13.2rt0.1 kcalmol-') (1 kcal= 
4.184 KJ)] and log A (=6.314) were obtained. These 
data were then used with the transition-state theory 
equation to derive the activation parameters AH*( = 
12.64 kcal mol-I), AS*(=-32-22 cal k-') and AGf 
( = 22- 18 kcal mol - I ) .  


Following procedures similar to those used in our 
earlier study4 of the solvent effect on the C-H inser- 
tion reaction of la,  we measured the rates of the C-H 
insertion reaction in substrates 3 in a series of binary 
solvents, acetone-solvent X. The solvents used were 
CH,Cl,, CHCl, and (CH3),COH. Pseudo-first-order 


38, R1 - R2 -CH3. n - 2 
3b, R1 - CH3CH2. R2 - OH, n - 0 
k , R , - C H 3 , R 2 - O H , n - l  
3d, R1 - CH3, R2 - OH, n - 2 
3e, R, - CH3CH2, Rz - OH, n - 3 
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kinetics were used with the substrate in excess (1Oto 
20-fold). Plots of kobs versus concentration of 3 gave 
straight lines from which k, values were derived. A 
summary of the rate data is given in Table 3. Each of the 
solvents used in the binary mixtures with acetone has a 
greater H-bond donor capacity than a ~ e t o n e . ~  With one 
exception each of the substrates 3 has an increased rate 
of C-H insertion in the greater H-bonding donor 
solvent pairs. The exception is 3d, which had a greater 
rate in acetone than in acetone-CH2C1,. These results 
are consistent with those observed earlier4 in hydrocar- 
bon substrates. In Table 4 the same rate data are 
presented relative to the hydrocarbon standard. This 


comparison reveals that the order of reactivity is the 
same in all solvent systems, with 3d always being the 
most reactive. 


We then turned our attention to a similar study of a 
possible effect of intramolecular H-bonding on the rate 
of epoxidation reactions of la. The approach taken is 
the same as with the non-alkene substrates, that is, we 
reacted a series of substrates 4 with l a  and measured the 
second-order rate constants for epoxidation using 
pseudo-first-order techniques [equation (3)]. The 
substrates were chosen so that the distance between a 
tertiary OH group and the terminal double bond to be 
epoxidized could be varied. Included in the epoxidation 


4 la 


4% R1- CH3-CH2, R2 - H, n - 0 
4b. RI - CH3-CH2, Rz - OH, n - 0 


4c, R1- CH3-CH2. R2 - OH, n - 1 
4d, RI - CH3.R2 - OH, n - 2 


Table 2. Temperature dependence of second-order rate constant for C-H 
insertion Reaction of 1 in 3a 


T(K) l/T(K-') 103k, (1 mol-'s-') Log k ,  R 


298 0.00336 0.26 f 0.01 -3.59 0.99 
30 1 0-00332 0.36 f 0.01 -3.45 1 .00 
306 0.00327 0.48 f 0.01 -3.32 0.99 
310 0.00323 04-54 *0.01 -3.20 0.98 


Table 3. Second-order rate constants for the C - H insertion reaction of 1 in substrates 3 in binary solvents 


Substrate Acetone-CH,Cl, Acetone-CHC1, Acetone- (CH,),COH Acetone 
103k2 (1 rno1-k") 103k2 (I rnol-'s-') (1 mol-Is-') 103k2 (1 mol-'s-') 


2,2,5-Trimethylhexane (3a) 0.45 f 0.01 1.23 fO.01 0.98 f 0.03 0.37 f 0.01 
2,3-Dimethylpentan-3-01 (3b) 0.16 f 0.01 0.79 f 0.01 0.78 f 0.02 0.085 f 0.008 


2,5-Dimethylhexan-2-o1(3d) 1.82 f 0.01 3.64f0.01 4.87 f 0.01 2.33 It 0.04 
3,7-Dimethyloctan-3-01 (3e) 0.64 f 0.05 1.03 f 0.01 1.14f0.01 0.31 f 0.01 


2,4-Dimethylpentan-2-01 (3c) 144 f 0.02 1.81 fO.01 1.35 * 0.02 0.64fO.01 


Table 4. Summary of relative reaction rates for the insertion reaction of 1 in substrates 3 in binary solvents 


Relative rate' 


Substrate 
~~ ~~ ~ ~ ~ 


Acetone-CH,C12 Acetone-CHCI, Acetone- (CH,),CO H Acetone 


2,2,5-Trimethylhexane (3a) 1 .oo 
2.3-Dimethylpentan-3-01 (3b) 0.36 
2,4-Dimethylpentan-2-01 (3c) 2.33 
2,5-Dimethylhexan-2-01 (3d) 4.06 
3,7-Dimethyloctan-3-01 (3e) 1.42 


1 .00 
0.64 
1.48 
2.98 
0.84 


1 .00 
0.80 
1.41 
4.99 
1.17 


1 .00 
0.23 
1.74 
6.37 
0.86 


a Relative to 3a 
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Table 5. Second-order rate constants for the epoxidation of Substrates 4 by 1 


Substrate lO,k,(l mol-ls-') 
~ 


3-Methylpent- 1-ene (4a) 17.4 + 0.4 
3-Methylpent- 1 -en-3-01 (4b) 8.9 f 0.4 
3-Methylhex-5-en-3-01 (4c) 13.3 f 0.6 
2-Methylhex-5-en-2-01 (4d) 36.8 f 0.1 


substrates is an alkene with no alcohol function (4a), 
which substrate serves as a comparison standard. The 
rate data obtained are summarized in Table 5. These 
results follow the same pattern as seen with substrates 3. 
In 4b, with the OH group immediately adjacent to the 
double bond, the rate falls to a value that is approxi- 
mately half that of the standard. In 4c, with one 
methylene group between the OH group and the double 
bond, the rate increases over 4b, but is still slightly less 
than that of the standard. In 4d, in contrast, the rate is 
now over twice that of the standard. This substrate has 
two methylene groups between the OH group and the 
reacting double bond. Because these epoxidation 
reactions are much faster than the insertion reactions, 
the effect of the intramolecular H-bonding by the OH 
group is diminished. These reactions gave only epoxide 
products. For substrates 4a-4c the epoxides were 
mixtures of diastereomers. 


DISCUSSION 


Rate studies of C-H insertion reactions in 
hydrocarbon substrates and in related substrates 
containing an OH group 
As shown in Table 1, there is a negligible effect of chain 
length on the rate of C-H insertion by l a  into a series 
of related hydrocarbons 2. This series of compounds 
serves as a comparison standard for the related series 3 
in which an OH group is positioned to be at a varying 
distance from the reacting C-H bond. As shown in 
Table 1, compounds 3 vary greatly in the rate of C-H 
insertion. Within this series 3a is a hydrocarbon that 


serves as a comparison standard. In compounds 3b-3e 
the varying distance between the OH and reacting 
C-H bond has a profound effect on the reaction rate. 
In 3b, with the OH group on the immediately adjacent 
carbon to the one bearing the reacting C-H bond, the 
rate actually drops below that of the standard. This is 
presumably due to the electron-withdrawing inductive 
effect of the OH group. In 3c, with one methylene group 
between the OH group and the reaction site, the rate 
increases to one that is greater than that of the standard, 
3a. When there are two methylene groups between the 
OH group and the tertiary C-H bond, as in 3d, the rate 
increases to one which is over six times that of the 
standard. Finally, in 3e the rate falls off to one that is 
approximately the same as that of the standard. This 
substrate has three methylene groups between the OH 
group and the reacting C-H bond. We interpret these 
results as being indicative of the ability of 3d to achieve 
a conformation permitting maximum stabilization from 
intramolecular H-bonding in the activated complex. A 
proposed structure that would accommodate this kind of 
stabilization is given in 5. This structure is analagous to 
a similar one invoked to explain stereochemical 
outcomes in the epoxidation of OH-5g-i and NH;-5b 
substituted cyclohexenes. A similar proximity effect of 
an OH group has been observed'" in a peracid C-H 
insertion reaction. 


Determination of E ,  and Log A values for a 
hydrocarbon insertion reaction 
We have completed what apparently is the first determina- 
tion of an E ,  value for the C-H insertion reaction of l a  in 


5 


Scheme 5 
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an unactivated hydrocarbon. The second-order rate con- 
stants were determined over a range of temperatures (Table 
2) for the insertion reaction into the tertiary C-H bond of 
2,2,5-trimethylhexane (3a). A plot of log k, versus 1/T 
gave a straight line from which E,  was determined to be 
13.2*0.1 kcal mol-' with log A =6.31. In arelated study 
Kovac and Baumstark" measured E, values of 
8.7-10.5 kcal mol-' for the formal C-H insertion 
reaction of l a  in a series of para-substituted a-methylben- 
zyl alcohols. In these cases the C-H bond is activated 
both by the presence of the OH group and by the benzylic 
location, leading to lower E, values. The more reactive 
methyl(trifluoromethy1)dioxirane (lb) was used by Mello 
et aLSb to insert into the secondary C-H bond of 
cyclohexane with an activation energy of 14.3 kcal mol-' 
(log A = 9.9). Thus, while l b  is the more reactive diox- 
irane, the fact that our results were. obtained in the case of a 
tertiary C-H bond insertion leads to a lower E, value 
when l a  is the oxidant. 


Solvent effect on rates of insertion in substrates 
containing an OH substituent 
The effect of binary solvents on the insertion reactions 
of substrates 3 are given in Tables 3 (absolute rates) and 
4 (relative rates). As noted above, the absolute rate data 
reveal that with the exception of 3d these substrates all 
experience the rate enhancement in HBD solvents that 
we described earlier,4 that is, the rates are all greater in 
the binary solvents than they are in acetone. The relative 
rate data show that substrate 3d maintains its position as 
most reactive in all the solvents used. However, this 
enhanced rate, that we have ascribed to intramolecular 
H-bonding stabilization, is most pronounced in acetone. 
This suggests that operation of this intramolecular 
stabilizing influence as shown in structure 5 makes 3d 
less able to take advantage of stabilization by HBD 
solvents. 


Rate studies on substituents containing an OH group 
and a double bond 
Based on the results indicating that intramolecular 
H-bonding can lead to rate acceleration in the C-H 
insertion reaction of l a ,  we sought to learn whether a 
similar effect could be observed for the epoxidation 
reaction. The approach used is the same as for the 
insertion reaction. Substrates were chosen that would 
permit a varying distance between a terminal double 
bond and an OH group. The observed second-order rate 
constants (Table 5) indicate that there is indeed a 
dependence of rate on the distance between the OH and 
the double bond. Substrate 4a, which has no OH group, 
is included as a comparison standard. Substrate 4b with 
no methylene groups between the double bond and the 
OH group has a lower rate than the standard. This is 
similar to the situation seen in the insertion reaction. 


Again, we believe that the rate decrease is due to the 
inductive effect of the OH group in its proximal rela- 
tionship to the double bond. Baumstark and Vasquez' 
had earlier observed that 3-methylbut- 1 -en-3-01 is 
epoxidized more slowly by l a  than is its comparison 
compound, 3,3-dimethylbut-l-ene. In this case also we 
believe that the inductive effect of the OH group is 
primarily responsible for the reactivity order. In 4c, with 
one methylene group between the OH group and the 
double bond, the rate increases over that for 4b, but is 
still less than that for the standard 4a. Here one con- 
cludes that the inductive effect of the OH is still strong 
enough to overcome any positive effect of intramolecu- 
lar H-bonding. Finally, in substrate 4d, the epoxidation 
rate is seen to be more than twice that of the standard. 
We conclude that the two methylene groups between the 
OH group and the double bond are sufficient to permit 
access to the stabilizing intramolecularly H-bonded 
transition state. It should be noted that the overall higher 
absolute rates for the epoxidation as compared with the 
insertion reactions tend to diminish the net effects of 
H-bonding. For substrates 4a, b and c,  the epoxide 
products were obtained as mixtures of diastereomers. 
Presumably a resolved chiral alcohol with a structure 
similar to that of 4c, for example, could show a useful 
diastereoselectivity in epoxidations similar to those 
examined here. 


CONCLUSIONS 
The second-order rate constants measured in this work 
indicate that for both C-H insertion and epoxidation 
reactions of dimethyldioxirane a rate acceleration is 
realized when the structure of the substrate permits 
intramolecular H-bonding stabilization of the activated 
complex. Achievement of the stabilization is maximized 
when the distance between the reaction site and an OH 
group is of a length which allows for formation of a 
conformation accommodating the reaction site and the 
stabilizing H-bonding group. 


EXPERIMENTAL 


Instrumental and general methods. 'H and I3C NMR 
spectra were recorded on a 300 MHz spectrometer. 
Solvents used (all deuterated) were chloroform, 
acetone, methanol and water. Analytical gas chromato- 
graphy was performed using either a fused silica 
capillary column (30 m x 0.32 mm i.d.) with DB-210 as 
liquid stationary phase (film thickness 0.25 pm) or a 
fused-silica capillary column (30 m x 0.32 mm i.d.) 
with DB-5 as liquid stationary phase (film thickness 
0.25 pm). The gas chromatograph was interfaced with 
an integrator. Electron input (EI) mass spectra were 
recorded at 70 eV ionizing voltage on a twin EI and 
chemical ionization (CI) quadrupole mass spectrometer 
connected to a gas chromatograph fitted with an Ultra 1 
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cross-linked methyl silicone gum column 
(12 m x 0.2 mi.d., film thickness 0.33 pm). Preparative 
GLC was performed on a preparative gas chromato- 
graph using either a 20 ft x 3/8 in i.d. column [liquid 
stationary phase 15% SE-30 on Chrom W, 30-60 
mesh (PG)] or a 12 ft x 3/8 in i.d. column [liquid 
stationary phase 8% SF-96 on Chrom 9, acid-washed, 
60-80 mesh (DMCS)]. UV-visible spectra were 
obtained on a spectrophotometer equipped with a six- 
cell positioner. The temperature could be controlled at 
25, 30, and 37°C. IR spectra were obtained using an 
FT-IR spectrometer using an NaCl cell and CHC1, as 
solvent. Kinetic data were obtained in a constant-tem- 
perature bath using an immersion circulator. Melting 
points were measured using a capillary melting point 
apparatus and are uncorrected. 


Materials and reagents. Acetone and hexane 
(Aldrich, reagent grade) were distilled over anhydrous 
potassium carbonate prior to use. Methylene chloride 
and chloroform (Fisher certified grade) were distilled 
from PzOs prior to use. tert-Butanol (Fisher, certified 
grade) was refluxed with sodium for 24 h and distilled 
prior to use. Anhydrous diethylether (Fisher, certified 
grade) was used as received. Oxone (DuPont) 
(2KHSOs~KHS0,~KzS0,) was purchased from Aldrich. 
and used as received. Decane (99+%) and dodecane 
(99+%) (purchased from Aldrich) were used as 
received. 3-Methylpent-1-en-3-01 (99%) was purchased 
from Aldrich and used as received. 3-Methylhex-5-en- 
3-01 (99.5%), 3-methylpent-1-ene (99%) and 2- 
methylhex-5-en-2-01 (975%), all purchased from 
Wiley Organics, were used as such. 2,2,5-Trimethyl- 
hexane (99%) (Chemical Service) was used as received. 
2,5-Dimethylhexan-2-01 (99.5%) and dimethyloctan-3- 
01 (99 %) (Wiley Organics) were used as received. 
2,4-Dimethylpentan-2-01 (99.5%) (Lancaster Syn- 
thesis) was used as such. 2,3-Dimethylpentan-3-01 and 
2,4-dimethylpentane-2,4-diol (both 99%, Aldrich) were 
used as such. 2,5-Dimethylhexane-2,5-diol (97%, 
Aldrich) was recrystallized from acetone prior to use. 
Silica gel (80-200 mesh) was obtained from Fisher 
Scientific. Dimethyldioxirane was prepared following 
the literature procedure." 


General procedure for kinetic experiments. ( a )  C-H 
insertion in hydrocarbons. A freshly prepared solution 
of la  was dried over Na,SO, for at least 24 h. The 
concentration of l a  was determined by UV absorption 
and a previously constructed calibration graph. Suitable 
equivalents of the various substrates were weighed into 
a UV cell. UV cells containing solutions of l a  and the 
substrate in acetone were kept in the compartment of the 
UV spectrophotometer in order to attain temperature 
equilibrium. A portion (2 ml) of the solution of la  was 
transferred to the cell containing the substrate using a 
volumetric pipette. The cell was shaken and recording 


of kinetic data was begun immediately. The absorption 
at 335 nm was monitored for 5 min. The reaction 
solution was then kept at room temperature for 1-2 
days in order to record the final absorption [Abs(=)]. 
This series of steps was repeated four times at different 
concentrations of the substrate. Pseudo-first-order 
conditions were used with the hydrocarbon substrate in 
excess (7-15-fold). Plots of In [Abs(t)-Abs(=)] gave 
straight lines with slopes equal to kob. Plots of kobs 
versus hydrocarbon concentration gave straight lines 
with slopes equal to k,. Analysis of the reaction mix- 
tures by GLC indicated that a single product was formed 
in each case. 


(b )  C-H insertion reactions in alcohols. The 
general procedure was followed except that the UV 
absorption at 335 nm was monitored for 15 min and in 
the pseudo-first-order kinetic studies the alcohol sub- 
strates were present in 8.5-20 fold excess. These 
reaction solutions also contained a single reaction 
product. 


( c )  Activation energy study for Insertion into 2,2,5- 
Trimethylhexane. The general procedure was followed 
except that measurements were made at 23, 28, 35, and 
43 "C. The temperature was controlled to within 0.1 "C. 
Two determinations of k, were made at each 
temperature. 


( d )  Rate studies on alcohols in binary solvents. The 
general procedure for the hydrocarbons was used with 
the following modifications. Suitable equivalents of the 
alcohols were weighed into 1 ml UV cells. A portion 
(0.5 ml) of the co-solvent was added using a volumetric 
pipette. A similar portion of the solution of l a  in ace- 
tone was added to the UV cell. The concentrations of la  
and alcohol substrate were corrected for the volume 
change. The UV absorption at 335 nm was monitored 
for 5 min. Solvents used were CH,Cl,, CHC1, and 
(CH,),COH. 


( e )  Rate studies on hydroxyalkenes. The general 
procedure was used with the decay of the absorption at 
335 nm being followed for 15 min. In the pseudo-first- 
order experiments the hydroxyalkene was present in 
excess (8.5-28-fold). 


Identification of products. General procedure. Reaction 
products were prepared by adding freshly prepared la 
(usually in portions) to the pure substrates. The ratio of 
substrate to la was usually 1 : 1. Reactions were canied out 
at room temperature with stirring for 24 h. The reaction 
flask was covered with aluminum foil to protect it from 
light. The reaction progress was monitored by GLC. 
Solvent was removed by rotary evaporation and the 
products were separated and purified by column chromato- 
graphy or preparative GLC. 
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2,5,5-Trimethylhexan-2-01. The general procedure 
was followed using 50 ml of an acetone solution of la  
(0.05 M) and 0.3 g (2.3 mmol) of 2,2,5-trimethylhex- 
ane. The only product was 2,5,5-trimethylhexan-2-01, 
which was isolated by silica gel chromatography using 
hexane-diethylether (80 : 20) as eluent. 'H NMR 
(CDC1,):d 0.859 (s, 9H), 1-12 (s, 6H), 1-20-1.48 (m, 
4H); lit.'' 'H NMR (acetone-d,), 6 0.89 (s, 9H), 1.18 
(s, 6H), 1-20-1-50 (m, 4H). I3C NMR (acetone-d,):d 


(EI):m/z 128.1 (M'-15, 1-65), 109.0 (lo), 95.1 
15.75, 29.65, 29.81, 38.61, 39.01, and 71.52. MS 


(3.65), 85.1 (loo), 57.1 (45.7). 


2,3-Dimethylpentane-2-,3-diol. The general pro- 
cedure was followed. A solution of la  (100 ml, 0.06 M) 
was added to 2,3-dimethylpentan-3-01 (0.7 g, 6 mmol). 
Two more aliquots of a dried solution of l a  (50 ml, 
0-06 M) were added to the reaction mixture, at 24 avd 
48 h. Only one product, 2.3-dimethylpentane-2,3-diol, 
was detected by analytical GLC. The pure product was 
isolated by preparative GLC (column, SE-30; column 
temperature, 90 "C; detector temperature, 90 "C; injector 
temperature, 85°C). " M R  (CDC1,):d 0.91 (t, 3H, 


1.43 (q, 2H, J = 7.5 Hz), 1.66 (2H, OH); lit.', 'H NMR 
J = 7 . 5  Hz), 1.07 (s, 3H), 1.07 ( s ,  3H), 1.15 (s, 3H), 


(CDCI,) 6 0.92 (t, 3H), 1.07 (s, 3H), 1.15 ( s ,  6H), 
1.43 (q,2H), 1.65 (2H, OH). 


2,6-Dimethyloctane-2,6-diol. The general procedure was 
followed. Pure 2,6-dimethyloctane-2,6-diol was isolated by 
preparative GLC (column, SE-30; column temperature, 
90°C; detector temperature, 90°C; injector temperature, 


1.174 (s, 6H), 1.39 (m, 6H), 1.45 (q.2H). I3C (CDCl,):d 


72.68. Analyses calculated for C,JI,,O,, C 68.91, H, 


85°C). 'H NMR (CDCl3):d 0.847 (t, 3H), 1.108 (s, 3H), 


8.30, 18.61, 26.38, 29.32, 34.36, 41.70, 44.36, 70-93, 


12.72; found, C 68.66, H 12.73%. 


2,4-Dimethylpentane-2,4-diol. The general procedure 
was used. Analytical GLC indicated that the only 
product formed was 2,4-dimethylpentane-2- ,4-diol. The 
reaction product had the same retention time as an 
authentic sample (Aldrich, 99%) using two different 
temperature programs: (1); TI = 60 "C, time, = 2 min, 
rate = 20"C/min-', T2 = 200 "C, time, = 3 min, reten- 
tion time = 5.74 min; (2) TI = 70 "C, time, = 5 min, 
rate = 20°C min-I, T, = 200"C, time, = 5 min, reten- 
tion time = 7-54 min. 


2,5-Dimethylhexane-2,5-diol. The general procedure 
was followed. Analytical GLC indicated that a single 
product was formed and that this product had the same 
retention time as authentic material (Aldrich, 99%) 
under several column conditions. 


3-Methyl-l,2-epoxypentane. The general procedure 
was followed. The substrate 3-methylpent-1 -ene 


(0.504 g, 6 mmol) was mixed with l a  (100 ml, 0.06 M) 
and stirred at room temperature for 12 h. GLC analysis 
indicated the presence of diastereomeric epoxides 
(46 : 54 ratio). The products were collected together 
using preparative GLC [20 f tx  3/8 in i.d. column 
containing 15% SE-30 liquid stationary phase on Chrom 
W, 30-60 mesh (PIGV), column temperature 65"C, 
detector temperature 80 "C, injector temperature 85 "C, 
collector temperature 25 "C. 'H NMR (CDCl,): 6 
2.68-2.76 (m, 2H), 244-2.53 (m, lH), 1.56 (m, 
2H), 1.45-1.15 (m, lH), 0-89-1.01 (m, 6H). I3C 
NMR (CDCl,): 6 (diasteromers observed) 56.97 and 


26.47, 16.80 and 15.20, 11.73 and 11.36. MS (EI):rn/z 


(100.0). Analysis calculated for C,H,,O, C 71.95, H 
12.07; found, C 71.89, H 12.01%. 


56.89, 46.99 and 46.64, 37.91 and 37.64, 27-30 and 


99.95 (M+, 0.34), 85.05 (8.38), 70-00 (52.68), 55.10 


2-MethyI-5,6-epoxyhexan-2-01. The general procedure 
was followed using 0.69 g (6 mmol) of 2-methylhex-5- 
en-2-01 and 100 ml of l a  in acetone solution (0.06 M). 
The reaction mixture was stirred at room temperature 
for 12 h. A second portion of l a  was added to the 
reaction mixture and stirring continued until all of the 
substrate was consumed. The product was isolated by 
preparative GLC. 'H NMR (CDC1,):d 4.07 (m, lH), 
3.65 (dd, lH), 3.45 (dd, lH), 1-95-1-69 (m, 4H), 


65.25, 38.58, 28.95, 27.79. Analysis calculated for 
C,H,,O,, C 64.58, H, 10.84; found, C 64.14, H 


1.23 (d, 6H). I3C NMR (CDC1,):d 81.43, 79.77, 


10.78%. 


3-Methyl -5,6-epoxyhexan-3-01. The general reaction 
procedure was followed using 0.68 g (6 mmol) of the 
substrate and 100 ml of a solution of l a  (0.06 M) in 
acetone. The reaction mixture was stirred at room 
temperature for 12 h. Analytical GLC indicated the 
presence of two products. The diastereomeric epoxides 
were isolated together using preparative GLC [20 ft x 3/ 
8 in i.d. column, liquid stationary phase 15% SE-30 on 
Chrom W, 30-60 mesh (PIGV), column temperature 
70 "C detector temperature 85 "C, injector temperature 
85 "C, collector temperature 25 "C. 'H NMR (CDC1,):d 
3.05 (m, lH), 2-73 (q, lH), 2-40 (q, lH), 164-1.78 
(m, 4H), 1-18 (d, 3H), 0.84 (t, 3H). "C NMR (CDCl,) 
(diastereomers observed; 47 : 53):d 72.61, 49.24 and 
49.15, 46.84 and 46.60, 43-62 and 43.44, 34.93 and 
34436, 26.43 and 26.41, 8.20 and 8.13. Analysis 
calculated for C7HI4O2, C 64-59, H 10-84; found, C 
63.76, H 10.70%. Exact mass (HRFAB): calculated 
130.1074, found, 131.1073. 


3-Methyl-l,2-epoxypentan-3-ol. The general pro- 
cedure was followed using 0.60 g (6 mmol) of 3- 
methylpent-1-en-3-01 and 100 ml of an acetone solution 
of l a  (0.06 M). The reaction mixture was stirred at 
room temperature for 12 h. The diastereomeric epoxides 
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(53 : 47 ratio) were collected together by preparative 
GLC [20 ft x 3/8 in i.d. column containing, 15% SE-30 
on Chrom W. 30-60 mesh (PIGV), column tempera- 


Rubino, Pure Appl. Chem. 67, 811-822 (1995); (d) M. 
Abou-Elzahab, W. Adam and C. R. Saha-Moller, Liebigs 
Ann. Chem. 445-450 (1991); (e) M Kurihara, S. Ito, N. 


ture 65 "C, detector temperature 80 "C, injector 
temperature 85 "C, collector temperature 25 "C]. 'H 
NMR (CDC1,):d 0.83 (t, 3H), 1.05 (s, 3H), 1.45 (m, 
2H), 2.66-2.54 (m, 2H), 2.83-2.80 (m, 1H). I3C 
NMR (CDCl,) (diastereomers observed): 6 70.47 and 
70.11,58.23,44.13 and 44.07, 32.88 and 32.25, 23.27 
and 23.05, 7.86 and 7.59. Analysis calculated for 
C6H,202, C 62.04; H 10.41; found, C 61.74, H 10.23%. 6. 
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1,3-DIOXENIUM CATIONS: SYNTHESIS, STRUCTURE AND 
TOPOMERIZATION 


EVGENII P. OLEKHNOVICH, VIACHESLAV G. ARSENIEV, OLGA E. KOMPAN, GENNADII S. BORODKIN, 


Insiiiuie of Physical and Organic Chemistry, Rostov Siaie Universiiy, 344104 Rosiov-on-Don, Russia 
YURII T. STRUCHKOV, LEV P. OLEKHNOVICH AND VLADIMIR I. MINKIN* 


Previously unknown 1,3-dioxenium perchlorates were obtained by coupling 1,3-diketones with aliphatic ketones 
in an acetic acid solution of perchloric acid. The dioxenium ring of 4,6-bis(p-methoxystyryl)-2,2- 
pentamethylenespiro-1,3-dioxenium perchlorate in the crystal possesses the envelope conformation, the 
geometry of the carbon triad being close to that of the ally1 cations. Variable-temperature 'H NMR spectra of 
unsymmetrical 1,3-dioxenium cations revealed the Occurrence of a sufficiently fast enantiotopomerization 
process governed by the C-0 bond dissociation-recombination mechanism. 


INTRODUCTION 
1,3,2-Dioxaborines (1) and their nitrogen-containing 
derivatives 1,3,2-oxazaborines (2) have been known for 
a long time since the preparation of the first compound 
of this series, 1 (R, = Ph, R, = Me, R = F) by reaction 
of boron trifluoride with benzoylacetone.' Owing to 
their significant synthetic potential,*-' useful spectral 
characteristics6 and peculiar stereodynamic behaviour,' 
compounds 1 and 2 and their gallium and indium 
analogues6 have been thoroughly investigated. 


In contrast, purely organic congeners of 1 and 2 in 
which tetracoordinated boron is replaced by the 
isolobal carbon-centred group were unknown until 
recently.' To be isoelectronic with 1 and 2, these 


compounds must bear a positive charge and, thus, be 
represented by cationic species, e.g. 1,3-dioxenium 
cation of the general type 3. The latter could not be 
obtained by the procedure employed in the preparation 
of 1 and 2. 


Our approach to 1,3-dioxeniurn cations 3 is based on 
the use of perchloric acid as an efficient catalyst and 
acetic anhydride as a dehydrating agent in coupling 
enolizable 1,3-diketones with ketones. The formation of 
1.3-diethoxypropenium cations 4 and 5 by reaction of 
dibenzoylmethane or dimedone, respectively, with 
triethyl orthoformate in the presence of HCIO, was 
recently described.' When benzoylacetone or 
pivaloylacetone is used in this reaction, the formation 
of cationic species similar to 4 and 5 is also a key step 


R R  R R  


l a  l b  l c  2 
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: .  
M e  Me 


3 4 5 6; R=Ph, t-Bu 


that is followed by their subsequent intramolecular 
cyclization to 2-phenyl- and 2-tert-butyl-4-ethoxypyry- 
lium cations (6), respectively." Here we report the 
synthesis, structure and topomerization of 1,3-diox- 
enium perchlorates 3. 


RESULTS AND DISCUSSION 


Synthesis 
Typically, for the preparation of perchlorates of cations 
3, 0.01 mol of HCIO, (16% solution in acetic acid 
prepared by addition of 57% aqueous perchloric acid to 
acetic anhydride) was added to equimolar amounts of 
1,3-diketone (acetylacetone, benzoylacetone, etc.), 
ketone (acetone, cyclohexanone, etc.), and acetic 
anhydride. The solution was allowed to stand with 
stimng at 0°C for 30 min. The highly hygroscopic 
crystals of the perchlorates 3 thus formed were col- 
lected and purified by precipitation from nitromethane 
solution on adding diethyl ether. 


The reaction mechanism is expected to be similar to 
that governing the formation of 1,3-dioxanes in the 
acid-catalysed reaction of 1,3-diols with carbonyl 
compounds;'' it is given in Scheme 1 which implies 
nucleophilic addition of the carbonyl oxygen of a 
ketone or enolized diketone to the carbenium centre of 
species formed by protonation of the initial carbonyl 
compounds. 


1,3-Dioxenium cations 3 with methyl groups in the 
4(6)-position of the ring readily react with aromatic 
aldehydes affording mono- or bis-styryl derivatives of 
type 7 and 8, respectively.* Perchlorates of cations 7 
and 8 are deeply coloured compounds displaying intense 
red fluorescence in solution at room temperature. 
Compared with their precursors 3, cations 7 and 8 are 
sufficiently stable owing to delocalization of a positive 
charge over the extended conjugate chain. They can be 
stored at air for hours without noticeable decomposition. 


The type 3 1,3-dioxenium perchlorates which contain 
one or two alkyl groups in position 4 or 6 are highly 
hygroscopic and difficult to isolate in the pure state. 
Therefore, an immediate conversion into the type 7 and 
8 derivatives through condensation with aromatic 
aldehydes was employed for their characterization. 
Table 1 contains data on yields, melting points, and 'H 
NMR spectra of perchlorates of the cations 7a-g and 8 
prepared in this way. 


Molecular and crystal structure 
An x-ray study of the stable crystalline 4,6-bis(p- 
methoxystyryl)-2,2-pentamethylenespiro- 1,3-dioxenium 
perchlorate (8) (C2,H2,0,.CI0,. fH,O) has been camed 
out. The molecular structure of this salt is shown in 
Figure 1. The dioxenium ring was found to possess an 
envelope conformation (the angle of folding along the 
0,-02 line is 40-3"), whereas the 2,2-spiroannelated 


Scheme 1 
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7a 
b 
C 


7 


8 


d 
e 
f 
g 


8 


cyclohexane ring prefers a chair conformation. Thg 
bond lengths C1C2= 1.377(5) and C,C,= 1.391(7) A 
are virtually identical within the experimental accuracy 
limits, as also are C,O, = 1.348(5) and 
C302 = 1.343(5) A. The CICz and C2C3 bond lengths 
are close to those ~alcu!ated'~"~ for the CC bonds in th9 
ally1 cation: 1.385 A (STO-3G)I2 and 1.372 A 
[6-311++G(D,)];I3 1.387 A [6-31G(D)]l3 in tetra- 
methylallyl cation. 


R3 R4 
Ph H 
Ph H 
Ph H 
Ph H 
Ph H 
Ph H 
Ph 
H H 


This comparison clearly indicates the mode of the 
electron distribution in the 1,3-dioxenium ring of the 
cation 8 and presumably in cations 3 in general, and 
confirms their close relation to the ally1 cation family. 


Stereodynamics 
The 'H NMR spectrum of the 1,3-dioxenium cation 8 
and those of other symmetrical 2,2-pent- 


Table 1. 1,3-Dioxenium perchlorates 7a-g and Sn 


Compound M.p. ("C) Yield (%) 'H NMR (CDCI,), 6 (ppm) 


7a 


7b 


7c 


7d 


7e 


7f 


7g 


8 


188-190 


162-164 


177-178 


223-224 


180-183 


196-197 


116- 118 


200-202 


49 


47 


44 


62 


60 


55 


58 


70 


1-17(3H, t); 1*94(3H, s); 2.33(2H, m); 3.90(3H, s); 6.99(2H, d); 


1.03(3H, t); 1.62(2H, m); 2-23(2H, m); 3.90(3H, s); 6.99(2H, d); 


7-44(1H, d); 7.60(2H, t); 7*76(1H, t); 7.80(1H, s ) ;  
7*97(2H, d); 8*20(2H, d); 8.38(1H, d)  


7-44(1H, d); 7.61(2H, t); 7*75(1H, t); 
7*82(1H, s); 7.98(2H, d); 8*20(2H, d); 8-38(1H, d )  
1*10(6H, t); 2.32(4H, 9); 3-87(3H, s); 6.98(2H, d); 7.45(1H, d); 
7.60(2H, t); 7.75(1H, t); 7*81(1H, s) ;  7.96(2H, d); 
8-20(2H, d); 8.38(1H, d)  
1.89(3H, s); 3-51(2H, s); 3.89(3H, s); 7.01(2H, d); 7921(2H, m); 
7.34(3H, m); 7.48(1H, d); 7.60(2H, t); 7.74(1H, t); 


2-01(4H, m); 2*40(4H, m); 3.86(38, s); 645(2H, d); 7.43(1H, s); 
7.88(1H, s); 7.97(2H, d); 8.15(2H, d); 8.30(1H, d) 


7.60(2H, t); 7-74(1H, t); 7-76(1H, s) ;  
7.96(2H, d); 8.18(28, d); 8.40(1H, S )  


6*99(2H, d); 7.42(1H, d); 7*60(2H, t); 7-72(1H, t); 
7.81(1H, s); 7-97(28, d); 8.20(2H, d); 8.34(1H, d )  


1.06(3H, d); 1-38-2.09(7H, m); 2.60(2H, m); 348(3H, s); 


1.68(2H, m); 146(8H, m); 2.37(4H, m); 2.92(2H, m); 
3.04(2H, m); 3.91(3H, s); 7.06(2H, d); 7.59(2H, t); 
7-70(1H, t); 746(4H, m); 8.38(1H, s) 
1.60(2H, m); 1.75(4H, m); 2.18(4H, m); 344(6H, s); 6.91(4H, d); 
6*95(2H, d); 7*21(1H, s); 7*75(4H, d); 846(2H, d)  


'All the compounds listed gave satisfactory elemental analyses; IR spectra of all the compounds show absorption bands at 1100 cm-l (C104-), 
1180-1300 cm- '  (C-0-C) and 1520-1610 cm-'  (C-C. C-Cmm,). 
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cnar 
Figure 1. Structure of 4,6-bis(p-methoxystyryl)-2,2-pentamethylenespiro- 1,3-dioxenium cation 8, as a fragment of its perchlorate 
c~,H,~o~.cIo~.~ H,O 


amethylenespiroannelated 1,3-dioxenium cations 3 
(R3 = R,) consists of three distinct multiplet signals of 
a-, /?- and y-methylene protons with an intensity ratio 
4 : 4 : 2.n In contrast, the spectra of unsymmetrical 
cations 3 (R,+R,, e.g. R,=Ph, R,=Me or 
CH=CHC,H,OCH,-p) at ambient temperature display 
more complex patterns owing to the pairwise chemical 
inequivalence of protons within each of the methylene 
groups. Figure 2 shows the temperature dependence of 
the AB-type quartet signal of the a-methylene protons 
of 2,2-pentamethylenespiro-4-phenyl-6-(p-methoxysty- 
ry1)- 1,3-dioxenium perchlorate, * component peaks of 
the quartet being additionally split owing to coupling 
with protons of the vicinal /?-methylene group. The 
variable-temperature 'H NMR spectrum of the a- 
methylene protons in this cation clearly indicates the 
trend to simplification to a common triplet signal, even 
though total averaging could not be achieved in the 


solvents used without decomposition at high tempera- 
ture. Such a spectral behaviour illustrates the process of 
inversion of tetrahedral configuration at the prochiral 
spirocarbon centre. The energy bamers of the enantio- 
topomerization in nitrobenzene-d, solution have been 
calculated by computational lineshape simulations; 
these are given in Table 2. 


The magnitude of the energy bamers obtained is 
significantly larger than that expected for the ring 
inversion of 1,l  -disubstituted cyclohexanes 
(9-12 kcalmol-I).,, It should be, most probably, 
associated with the dissociation-recombination 
mechanism of the inversion featured in Scheme 2. 


This kind of intramolecular dissociative mechanism 
that involves cleavage of the B-N bonds followed by 
rotation about the B-0 bonds and recyclization was 
found to govern inversion of configuration at the 
stereogenic boron centres in the 1,3,2-oxazabonnes 2.' 


Table 2. Activation parameters of enantiotopomerization at the spiro carbon center in perchlorates of 
2-R I -2-R,-4-phenyI-6-R3- l13-dioxenium 3" 


Rl R2 


AG'25 AH* 
k2, (s-l) (kcal mol") (kcal mol-')h AS* (em.) 


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


'Activation parameters were calculated from rate constants estimated in the range 40- 160°C. the thermostating step being 10 "C. 
1 kcal = 4.184 kJ. 
For preparation and characteristics, see Ref. 8. 
Decomposes above 70 "C. 
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- 
2.8 2.4 2.0 1.6 ppm 


*JAB = 14.0 Hz; 3 J e  = 6.5 HZ 


Figure 2. Part of the 'H NMR spectrum of 4-phenyl-6-(p-methoxystyryl)-2,2-pentamethylenspiro-1,3-dioxenium perchloraten 
featuring resonance signals of the a-y methylene protons and temperature dependence of the a-methylene proton signals 
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Scheme 2 


A similar ionization mechanism due to the rupture of 
C-0 bonds followed by internal return of ion pairs has 
been also established for topomerization of dioxolane 
carb~xylates.'~ The latter process, and also that of the 
3 ( R )  =3(S) topomerization, as portrayed in Scheme 2, 
is a tendency known to be common to many organic 
reactions in which a covalent compound dissociates to 
form ion pairs. l5 


EXPERIMENTAL 
Crystal data for perchlorate of the cation 8: 
C27H2904;C104.f H,O, M = 525.96, triclinic, space 
group P1, at ,,- 100 "C, a = 9.939(5), h = 10.270(5), 
c = 13.921(7) A, a = 79-72(2), = 74.70(2), 
y=68.73(2)", V =  1271(2) A', Dcalc 1.347 gcmW3, 


Z = 2. Data were measured on a Siemens P3/pC diffrac- 
tometer with Mo K a  radiation (1 = 0.7107 A, graphite 
monochromator) using the 8/28 scan technique 
( 2 8 ~ 5 4 " ) .  The structure was solved by the direct 
method and refined anisotropically by a full-matrix 
least-squares procedure on the basis of 2906 reflections 
with 1>4a(Z). The oxygen atom of the solvating water 
and oxygen atoms of the disordered C10,- anion were 
refined isotropically after refinement of the occupied 
position. All hydrogen atoms were located geometri- 
cally and defined in the rigid model with fixed 
Uiro = 0.08 A*. The final discrepancy factors are 
R = 0.0634 and R,  = 0.0639 for 2906 independently 
observed reflections (I 2 40). Atomic coordinates, bond 
lengths, bond angles and thermal atomic parameters 
have been deposited at the Cambridge Crystallographic 


Table 3. Bond lengths in the perchlorate of 4,6-bis(y-methoxystyryl)-2,2-pentamethylenespiro-1,3-dioxenium 
cation (8) 


Bond Length (A) Bond Length (A) Bond Length (A) 
1.348(5) 
1.451 (5) 
1.343 (5) 
1.449(4) 
1.359(5) 
1.437(7) 
1.370(6) 
1.434(5) 
1.377(5) 
1.432(6) 
1*391(7) 
1.419(5) 


c4--c5 


c5--c6 


G-C7 
G-C, I 


C7--Cn 
G-CY 
cY--cIo 
C1,--c1 I 


I 3-c 14 


c14-c1S 


c15-c16 


1.360(7) 
1.445 (5) 
1.403(7) 
1.41 l(5) 
1.392(6) 
1.395 (6) 
1.399(7) 
1.369(5) 
1.352(5) 
1.457(6) 
1.402 (5) 


1.402(6) 
1.392(7) 
1.394(7) 
1.392(5) 
1.379(7) 
1.51 l(5) 
1.501(6) 
1.537(6) 
1.529 (6) 
1.522(5) 
1.534( 6) 
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Table 4. Bond angles w in 4,6-bis(y-methoxystyryl)-2,2-pentamethylenespiro-1,3-dioxenium 
cation (8) 


Angle w (") Angle w (") 


CI -ol--c22 116.9(3) cl--cI3--cI4 121.5 (4) 
c,-02--c22 117.0(3) ~l 3 - ~ l 4 - - ~ I s  127.5(4) 
cY-o,--cI, 117-9(3) c 14-c1s-c16 119.0(4) 
c, 8-04-c21 117-5 (4) 14-clS-c20 122.8 (3) 0,-c,-c, 120-0(4) c la--CIS--C2" 118.1(4) 
01-CI-c13 114.9(3) cIs-c16-c17 122.2(4) 
c2--c,--c, 3 125.0(4) c lO---CI 7-c I8 118.0(3) 
c,--c2--c, 119-5 (4) 04--c la--C 17 123.9 (3) 
02-C3-C2 119-2(3) 04--Cia--C IY 115.3(4) oz-c'-c4 115.8(4) c 17-c18-c1Y 120.8(4) 
C2-C1-C4 125 *0(4) c Is--cIY--cz" 120.5 (4) 
c,-c,-cs 121.6(4) c I5--C2"--C I Y  120.3 (3) c4-c5-c, 127.3(4) 01-c22-02 109.3(3) 
cs-c6-c7 118-6(3) oI--c22--c2, 109.5(4) 
c5--c6--cl I 123.1 (4) 02--C22--c2, 110.1 (3) 
c,--c,--c,, 118-3(3) I-c22-c27 106.9 (3) 
C,-C7-C, 121 *6(4) 02-c22-c27 106.6 (3) 
C,-C,-C, 118-8(4) c23-c22-c27 1 14.3 (3) o'-cy-c8 124.7(4) c,2--c,,--c24 110.6(4) 
o,--c,-c," 115.1(4) c23-c24-c25 110.3(3) 
Ca--Cy--C io 120.2(4) c24-c2S-c26 1 1 1.0(3) 
cY--clo--cll 120.8(4) c25-c26-cZ7 11 1.5(4) 
C6-G I --c 1" 120.3 (4) c22-c27-c26 11 1.5 (3) 


Table 5. Atomic coordinates ( x  lo4) and temperature factors (AZ x 10') in 
4,6-bis(p-methoxystyryl)-2,2-pentamethylenespiro-1,3-dioxenium perchlorate (8) 


Atom Y Y U Atom x Y u OCP 


0, -3325 (3) 
0 2  -1896(3) 


0 4  -7441 (3) 
Cl - 3 134 (4) 
c2 -2374(4) 
C' -1728(4) 
c4 -829(4) 
CS -339 (4) 
C6 587 (4) 
c7 891 (4) 
CX 1793(4) 
CY 2425 (4) 
Cl" 2 126 (4) 
CI I 1219(4) 
CU 3663 (4) 


0' 3355 (3) 


Cl3 -3720(4) 
CI, -4695 (4) 
c15 -5 394 (4) 
Cl6 -6559(4) 
c17 -7277(4) 
CI8 -6820(4) 
CI, -5674 (4) 


7097(3) 
6437(3) 
1283(3) 
6158(3) 
5739(4) 
47 13 (4) 
5080(4) 
4117(4) 
4560(4) 
3699(4) 
4357(4) 
3594(4) 
2 144 (4) 
1474 (4) 
2227(4) 
1 898 (4) 
5486(4) 
6535(4) 
6429(4) 
7588(4) 
7563(4) 
6328(5) 
5160(4) 


4497(2) 
5729(2) 
9596(2) 
302(2) 
4454(3) 
5087 (3) 
5723(3) 
6355 (3) 
7020 (3) 
7698 (3) 
8377(3) 
9039(3) 
9011(3) 
8340(3) 
7700(3) 
10328 (3) 
3697 (3) 
3240(3) 
2473(3) 
2206(3) 
1479(3) 
1020 (3) 
1279(3) 


31(1)" 
31(1)" 
50(l)' 
51(1)" 
30(2)" 
30(2)* 
28(2)" 
29(2)" 
31(2)" 
29(2)" 
34(2)" 
37(2)" 
36(2)" 
36(2)" 
32(2)" 
61 (2)a 
31 (2)" 
32(2)" 
30(2)" 
37(2)a 
38(2)" 
37(2)" 
36(2)" 


c, -4949(4) 
C2, -8415(4) 
CZ2 -3185(4) 
c2, -4559(4) 
Cz4 -4523(5) 
C2s -4315(5) 
C, -2904(4) 
C27 -2883(4) 
CI 728(2) 
Olh 1985(6) 
OZh 89(6) 


04h 388(20) 
OSh 2092(10) 


0 3 h  -391(24) 


Oah -137(14) 
0 7 h  -233(14) 
Oxh 1117(14) 
OYh 809(17) 
OIoh 135(31) 


O12h 1791(20) 
0,' 832(11) 


Ollh -503(19) 


5213(4) 
7392(5) 
7468 (4) 
7509(4) 
8066(4) 
9501 (4) 
9423 (4) 
8834(4) 
861 l(2) 
8615(6) 
10000(6) 
8995 (26) 
7497( 15) 
7765 (10) 
9925 (14) 
7797( 13) 
8281 (13) 
7606 ( 18) 
935 l(28) 
835 1 (24) 
8282( 17) 
8583(10) 


1983(3) 


5415(3) 
6216(3) 
7160(3) 
6900(3) 
6112(3) 
5168(3) 
7144(1) 
7443(4) 
6697(5) 
8 144 ( 16) 
7206( 15) 
7386(7) 
7194(11) 
7615(10) 
6027 (9) 
6510(16) 
8388(21) 
7962 ( 15) 
5948 ( 12) 
4692(7) 


- 134(3) 
- 
- 
- 
- 
- 
- 
- 
- 
- 
0.63 
0.67 
0.21 
0.26 
0.39 
0.30 
0.42 
0.31 
0.22 
0.15 
0.24 
0.30 
0.333 


"Equivalent isotropic Udefined as one third of the trace of the orthogonalized U(i j )  tensor. 
Disordered CIO,-. 
' molecule of water. 
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Data Center. Tables 3 ,  4 and 5 contain data on bond 
lengths, bond angles and atomic coordinates of the 
perchlorate of cation 8 respectively. 
IR spectra were recorded using a Specord IR-71 


spectrometer. 
'H NMR spectra and Variable-temperature 'H NMR 


spectra were obtained with a Varian Instrument Unity- 
300 Fourier transform spectrometer (300 MHz). The 
rates and energy barriers of enantiotopomerisation of 
the prochiral carbon-2 in 1,3-dioxenium cations 3 were 
obtained from variable-temperature 'H NMR spectra of 
a-methylene protons of the cyclohexane (cyclopent- 
ane) ring of 3 by a computational procedure.16 


Chemical analyses were performed by the Rostov 
University Chemistry Department Microanalytical 
Laboratory. 


Melting points are given uncorrected. 


General procedure f o r  the preparation of 4(6)- (p-  
methoxystyyl)-l,3-dioxeniurn perchlorates.'a -g. * To a 
mixture of 0.01 mol of ketone, 0.01 mol of 1,3- 
diketone and 0-01 mol (1 ml) of acetic anhydride, 
0.01 mol (5 ml) of a 16% solution of HCIO4 in acetic 
acid was added. The solution was allowed to stand at 
18-20°C for 20-30 min, then, a twofold volume of 
dry diethyl ether was added. The mixture was shaken 
and the ether layer was decanted from the deposited oil. 
The oil was washed twice with dry diethyl ether, and 
subsequently 5 ml of AcOH, 1 ml (0.01 mol) of Ac,O 
and 1 ml (0.008 mol) of p-methoxybenzaldehyde were 
added. In the case of 3 (R, and R, = CH,), the amounts 
of Ac,O and p-methoxybenzaldehyde were doubled. 
The mixture was warmed to 50-60°C and crystalliz- 
ation was initiated by cooling. Dark crystals of the 
product were filtered off. Recrystallization from 
nitromethane gave pure perchlorates of the cations 
7a-gand 8. 
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The unimolecular decomposition of substituted N-chloro-a-glycine anions was examined by an ab initio method 
using the 6-31G* basis set to obtain an insight into the relationship between transition-state structure and 
reactivity. The complete potential energy surface was explored and the stationary points corresponding to 
reactant and transition structure were localized. A reaction analysis by correlation of bond orders revealed that 
the reaction mechanism corresponds to an asynchronous fragmentation. The transition structure for all the 
compounds has an antiperiplanar conformation between the C-C and N-CI bond breaking and it has a 
product-like character. The influence of the substitution on the a-carbon and on the nitrogen is discussed. When 
the size and number of substituents on the a-carbon and to a lesser extent on the nitrogen atom increase the 
relative energy decreases. The size of the substituent produces perpendicular effects and the type and number of 
substituents give parallel effects. 


INTRODUCTION 
The prediction of reaction pathways in the gas phase 
using quantun mechanical calculations has contributed 
to a greater understanding of a wide range of chemical 
reactions. Theoretical studies of reaction mechanisms 
provide a powerful tool in physical organic chemistry 
for characterizing transition structures ( T S ) .  Their 
location in the region of the potential energy surface 
(PES) holds the key to obtaining a fundamental under- 
standing of reaction kinetic data.2 The properties of TS 
are responsible for, and can be related to, the observed 
kinetic behaviour of organic reactions in solution. 


N-Chloro-a-amino acids of well known environmen- 
tal and synthetic i n t e r e ~ t ~ - ~  are formed readily in 
aqueous solution from the reaction of amino acids with 
chlorinating agents, but they are not stable systems and 
decompose to ammonia, chloride ion and carbonyl 


*Author for correspondence. 


compounds possessing one less carbon atom (Strecker 
degradation) ,6 via a three-step mechanism, the second 
step being rate limiting:’ 


R3 


I 
I 


R,-C- COO 


NCIR, 


-R,R,C = NRI + CO, + CI- (2 )  


0) H P  
R*R$ = NH - R&CO + MI 


Several studies have been carried out in order to 
establish the nature of the molecular mechanisms for the 
decomposition of these Fox and Bullock4 
put forward a two-step mechanism: initial loss of the a- 
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proton followed by dechlorination of the intermediate 
carbanion. Grob and Schiess suggested that these 
reactions can be classified as a fragmentation process, 
while Hand et al. proposed a concerted unimolecular 
fragmentation process. 


In a recent study,17 we obtained the TSs for the 
decomposition of the anionic form of N-chloro- a- 
glycine with semi-empirical and ab initio methods and 
have found that the fundamental features of the reaction 
path are well represented when the calculations are 
performed with 6-31G* basis set. All our theoretical 
results are consistent with a concerted fragmentation 
mechanism. In this study, we decided to deal with 
substituted anions of the N-chloro-a-glycine, which 
allow calculations to be performed at a fairly sophisti- 
cated level, but which also permit systematic variation 
of the molecule substitution. In this paper, we report 
results of an investigation of more complex model 
systems, describing structure-activity studies carried 
out on different N-chloro-a-amino acids which were 
designed to determine the nature of their molecular 
mechanism for decomposition process in more detail. 


COMPUTATIONAL METHOD AND MODELS 
All calculations were carried out using the Gaussian 92 
package." The ab initio gradient approach is an efficient 
tool for the theoretical investigation of the PES, 
although its results may be impaired by errors from the 
correlation energy. Ab initio calculations were per- 
formed at HF/6-31G* basis set level. A previous 
comparative analysisL7 between different computational 
methods has demonstrated that, for our sjstems, the use 
of diffuse functions with the 6-31 1 + G basis set does 
not yield sensitive changes either in the numerical 
results or in the main conclusions obtained. The selected 
6-31G* basis set can be considered as an adequate 
compromise between accuracy and computing time. In 
fact, this basis set has been used by other 
in recent studies involving anionic and zwitterionic 
species with good results. Clark et ~ 1 . ~ '  demonstrated 
that the inclusion of diffuse functions in the basis set is 
necessary to describe anions where there is a localized 
negative charge. 


The selected models are the anionic forms of the 
following N-chloro-a-amino acids, NCIRL-CR2R,- 
COO -: R, = R, = R, = H, N-chloroglycine (I); 
R, = R, = H R, = CH,, N-chloroalanine (11); 
R, = R, = H, R, = CH,CH,, N-chloro-2-aminobutyric 
acid (111); R, = R, = H, R, = CH,OH, N-chloroserine 
(IV); R, = CH,, R, = R, = H, N-chlrosarcosine (V); 
R, = CH,CH, R, = R, = H, N-chloro-N-ethylglycine 
(VI); R, = H, R, = R, = CH,, N-chloro-N-aminoisobu- 
tyric acid (VII); R, = R, = CH,, R, = H, N-chloro-N- 
methylalanine (VIII); R, = H, R, + R, = 
-CH2CH?CH?-, N-chloroproline (1x1; 


tyric acid (X). The atom numbering for the selected 
models is depicted in Figure 1. 


Geometries were optimized with the help of the 
Berny analytical gradient optimization  routine^.'^.^^ The 
required convergence on the density matrix was lo-' 
atomic units, and the tlyeshold value of maximum 
displacement was 0.0018A and that of maximum force 
was 0.00045 hartree bohr-'. TS searching was per- 
formed within all calculation levels with an 'eigenvalue 
following' optimization The nature of a 
particular stationary point on the PES was confirmed by 
the number of imaginary frequencies. All TSs possess 
only one imaginary frequency, whereas all minima have 
none. 


The transition vectors and force constants allow us to 
decide which variables control the transformation. The 
evolution of electron distribution helps us to interpret 
the results. Changes of bond orders explain the nature of 
the process. 


b 
R I =RpR3=H. N-Chlorogl ycinc (1) 
R I = R ~ H  R3=-CH3. N-Chloroalaninc (11) 
R,=RpH, R3=-CHzCH3. N-Chloro-2-amino-butyric acid (UI) 
Rl=Rz=H; R3=-CHz0H. N-Chloroscrinc (IV) 
Rl=CH3; Rz=R3=H. N-Chlorusarcosinc (V) 
R,=-CHzCH,; Rz=R3rH, N-Chlom-N-cthylglycinc (VI) 
Rl=H; RpR3=-CH3, N-Chloro-2-amino-isobutyric acid (VII) 
Rl=R,=€H,; RFH, N-Chloro-N-methylalanine (VIII) 
RI+R~=-CH&HZ€H,-; RFH, N-Chloropline (IX) 
RI=R2=R3=-CH,. N-Chloro-N-methyl-2-amino-isobutyric acid (X) 


- -  Figure 1. Numbering of the atoms for the anionic forms of the 
R, = Ri = R, = CH,, N-chloro-N-mkthyl-2-aminoisobu- different N-chloro-a-amino acids employed 
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RESULTS AND DISCUSSION 


3.1 Energetics of stationary points 
In Table 1, total and relative ( A E )  energies between 
reactants (R) and TS, activation enthalpy (AH$)  and 
activation entropy (AS$) for anionic forms of different 
N-chloro-a-amino acids are reported. Relative energies 
vary between 11 and 43 kcalmol-' (1 kcal=4.184 H). 
There are five distinct sets of values: IX, 11 kcal mol - I ;  


111, VII and X ,  14-15 kcalmol-I; I, VI and VIII, 
18-19 kcalmol-'; V, 22 kcalmol-'; and I1 and IV, 
42-43 kcal mol-I. The experimental values reported in 
the literature range between 19 and 34 kcal m01.27.28 All 
systems present positive and low values for the acti- 
vation entropy. These positive values are in accordance 
with the expected entropic behaviour for a unimolecular 
fragmentation. 


Links can be established between energetics and 
different substituents. There is a relationship between the 
size of the substituent on C-1 and the energetic barrier: 
the change of the methyl group for an ethyl group, I1 
and 111, decreases the barrier height from 43 to 
14 kcalmo1,-' whereas the change of the methyl group 
for a rnethoxy group, I1 to IV renders a similar value. 
This effect is less pronounced for the substitution on the 
N centre; the difference in AE between V and VI is only 
3 kcal mol - I .  There is another relationship with respect 
to the number of substituents: when the N-chloro-a- 
amino acid is disubstituted at C-1 or N atoms, changing 
from I1 to VII or I1 to VIII the barrier height decreases 
by 28 and 24 kcalmol-I, respectively. These facts agree 
with the experimental  result^.^.^ A comparison of A,!? 
values among VII (methyl disubstitution on C-1 a- 
carbon atom), VIII (methyl disubstitution on C-1 and N 
atoms), IX (proline) and X (methyl trisubstitution on C- 
1 and N atoms) indicates that N substitutions are of less 
importance than C-1 a-carbon substitutions. It is import- 
ant to note that I shows anomalous behavior; this has 
been previously noted from experimental results.27 


3.2. Structures of stationary points 
The geometrical parameters for R and TS obtained with 
the different N-chloro-a-amino acids are presented in 
Tables 2 and 3, respectively. It is important to note that 
the geometrical parameters corresponding to R and TS 
are similar, except for the dihedral angle t(C1-3-N-2- 
C-1-C-4). It is a measure of the antiplanarity between 
the C1-3 and C-4 centres. The values range from 147 to 
179" and 137 to 179" for R and TS, respectively. This 
conformation provides a large overlap of n-orbitals to 
yield the C-1-N-2 double bond and it permits the 
readily formation of the TS and the development of 
unimolecular fragmentation. These results show that the 
variation in AE does not necessarily reflect the real 
variation in the TS. In other words, it is not always 
correct to draw a conclusion on the variation in the TS 
from the variation of the barrier height. 


Another possibility for comparing the similarity of 
TSs is to determine the transition vector (TV).29 The 
unique negative eigenvalue from the diagonalization of 
the Hessian, the imaginary frequency, the force con- 
stants for those selected geometric parameters with 
non-zero components in the TV and corresponding 
components of the eigenvector in this control space are 
listed in Table 4. The TV for all TSs yields the essen- 
tials of the chemical process under study and the 
control space contains internal variables that define the 
chemical interconversion process. There are two 
dominant contributions in the TV, which are fairly 
invariant to the model system, as shown by a perusal of 
the amplitudes of the TV, i.e. the two bonds, C-l-C- 
4 and N-2-C-13, that are broken. The C-1-N-2 
bond distance, which evolves from single to a double 
bond, has a minor participation in the TV. The TS is 
well associated in all cases with the decomposition 
process. 


The magnitude of the eigenvalue, ranging from 
-0.077 to -0.164, which is related to the curvature of 
the potential energy surface, is remarkably constant. 


Table 1. Total energy (am) of reactants (R) and TSs obtained for the decomposition process of the anionic form 
of the different N-chloro-a-amino acids: relative energy for TS (AE) in kcal mol-I, activation enthalpy(AHS) in 


kcal mol-' and activation entropy (ASS) in cal mol-' k-' 


Compound Total energy of R Total energy of TS AE AHS ASS 


I 
11 
111 
IV 
V 
VI 
VII 
VIII 
IX 
X 


-74 1.129 174 
-780.163141 
-8 19.196589 
-855.022332 
-780.150938 
- 859.179155 
- 8 19.200440 
-819.182116 
-857.055599 
-858.211225 


-741.099844 
-780.094389 
-8 19.173822 
-854.955220 
-780.116495 
-859.150322 
-819.176758 
-819.15 1974 
-857.038054 
-858.1 87747 


18.40 
43.14 
14.19 
42.11 
21.61 
1849 
14.86 
18.91 
11.01 
14.73 


15-77 
39.55 
11.68 
38.39 
18.28 
14.90 
12.29 
15.99 
8.76 


11.89 


2 
3 


2 
0 
1 
0 
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The normal mode analysis of these structures yields a 
relatively low imaginary frequency, 500-700 cm -’, 
indicating that the quadratic zones around TS are flat 
and associated with the heavy atom motions. The force 
constants for C-1-C-4 and N-2-C-13 bond distances 
are very low, ranging from 0.01 to 0.09 and from 0.01 
to 0.02 a.u., respectively, showing that these bonds are 
partially broken at the TS; however, the C-1 -N-2 bond 
presents a larger value, 0.39-0.49 a.u. 


Bond orders 
The variation of bond orders (BO) has been used to 
study the molecular mechanism of chemical reac- 
tion~.~’-~’ In order to follow the nature of the 
decomposition process, a two-dimensional diagram in 
terms of C-1-C-4 vs N-2-C-13 BO is used. The 
lower-left comer represents R and the upper-left and 
lower-right comers correspond to hypothetical 
intermediate structures. The reactions follow lines 
connecting the positions of the R and TS. The reaction 
path R-TS is described by the slopes a of these lines. A 
diagonal connection between R and TS represents a 
synchronous process, and the opposite corners represent 
a stepwise mechanism. The treatment of this diagram 
predicts that a given perturbation of the TS should 
produce a displacement parallel to the diagonal or 
perpendicular to it. The amount and direction of the 
movement depend on structural and electronic features 
which can change the energies of R and the comers. 
Therefore, the perpendicular and parallel effects to the 
reaction profile elaborated by Thomtod3 can be consid- 
ered: substituent parallel effects to the reaction pathway, 
named ‘Hammond effects’, lead to a TS resembling 
more closely the opposite stabilized species, whereas 
substituent perpendicular effects, named ‘anti-Hamn- 
mond effects,’ lead to a TS that has a greater likeness to 
the species which has been stabilized. Thus, the stabiliz- 
ation of a point X out of the reaction pathway, i.e. 
carbanion and nitrenium-like species, will lead to a new 
reaction pathway in which the TS has been shifted 
towards the point of stabilization. The sum of both 
effects predicts the displacement of the TSs on the 
diagram. 


In order to analyse arallel and perpendicular effects, 
Pauling bond orders3’ (BO)  were calculated for TSs 


through the following expression: 
BO = exp( [R(1) - R(TS)I/O.3] 


where R(TS) represents the length corresponding to a 
bond in TS and R(1) represents the reference bond 
length. For the breaking bonds (C-1-C-4 and N- 
2-C1-3), the reference values considered were the 
equilibrium distances in reactants and for the C-l-N- 
2 bond, that evolves from single to double, the refer- 
ence value was the equilibrium length of the double 
bond in the corresponding methyiimine. Calculated 
percentages BO and a values for TSs are reported in 
Table 5. The percentage of C-1-C-4 and N-2-CI-3 
bonds breaking at the TS are in the range 50-65 and 
78-87, respectively, while the C-1-N-2 bond change 
from single to double is in the range 65-73. This 
description shows that the TS in an advanced stage of 
the reaction path, closer to products than to the 
reactants, having a product-like character. The trans- 
formation of the N-2-CI-3 bond is more advanced 
than the C-1-N-2 and C-1-C-4 bonds. The molecu- 
lar mechanism corresponds to an asynchronous 
fragmentation process. These facts are in accordance 
with experimental data.’7 


Comparisons between the different effects of substitu- 
ents with respect to their size, type or number can be 
carried out. The different comparisons are depicted by 
solid arrows in Figure 2. Comparing I1 with 111 and V 
with VI, the substituent changes from methyl to ethyl 
on the C-1 a-carbon atom and on the nitrogen atom, 
respectively. Moving from I1 (a =0.6) to I11 
( a  = 0-69), the percentage of C- 1 -C-4 bond breaking 
is larger and the percentage of N-2-C1-3 bond break- 
ing is smaller. An opposite effect is found for the change 
from V (a =0.77) to VI (a=0.71). Following the 
Thomton description, in the first case the TS will 
resemble more closely the carbanion-like species while 
in the second case the TS will be moved towards the 
hypothetical nitrenium-like intermediate. This can be 
explained by the fact that an increase in the size of the 
C-1 a-carbon substituent stabilizes the carbanion 
intermediate and an increase in the size of nitrogen 
substituent stabilizes the nitrenium-like intermediate. 


With respect the type of substituent, on changing 
from I1 to IV, the methyl group is replaced by a 
methoxy group on the C-1 a-carbon atom. There is an 


Table 5. Percentage of bond breaking at TSs for equilibrium length of C-1-C-4 and N-2-CI-3 bonds and percentage of bond 
formation for equilibrium length of C-1-N-2 double bond 


Bond I I1 111 IV V VI VII VIII IX X 


C-1-C-4 59.3 50.8 56.4 53.7 65.0 61.5 56.8 58.1 49.5 59.2 
N-2-CI-3 80.5 84.4 81.4 87.1 84.9 87.1 78.2 81-3 79.8 80.4 
C- 1 -N-2 72.5 65.1 70.8 68.0 71.3 70.1 69.2 68.5 66.9 67.1 
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Figure 2. Two-dimensional diagram in terms of C-1-C-4 vs N-2-C-13 bond orders; a is the slope of the line that links R and TS. 
The different comparisons are depicted by solid arrows 


increment in the percentages of breaking and making 
bonds. This implies a displacement towards the products 
due to the parallel effect; the perpendicular effects, 
measured by the a slopes, are similar: 0.60 and 0.62, 
respectively. 


In order to gain an insight into the change in the 
number of the substituents, we first compare I1 and VII 
where the C-1 a-carbon becomes disubstituted with 
two methyl groups. The change from I1 to VII 
increases the percentage of C- 1 -C-4 bond breaking 
whereas it decreases the percentage of N-2-C1-3 bond 
breaking. The slope a increases from 0.60 to 0.73. 
This increment displaces the TS closer to the 
carbanion-like species due to the presence of the 
second methyl group. If we now compare the effects of 
adding a methyl group on the N atom, two cases can be 
considered: from I to V and from VII to X. In both 
cases the percentages of the C-1 -C-4 and N-2-C1-3 
breaking bonds are increased whereas the percentage of 
the C-1-N-2 forming bond decreases. There are only 
parallel effects: the TSs move towards P. The slope a 
has approximately the same values, 0.74-0.77 and 
0.73-0.74, respectively. Moving from I to X, three 
hydrogens are substituted by three methyl groups, the 
TS location on the two-dimensional diagram is scarcely 
modified. Finally, we can compare I with 11, where the 
C-1 a-carbon becomes monosubstituted by a methyl 
group. The slope a decreases from 0-74 to 0.60, i.e. 
the TS corresponding to I1 is more displaced towards 
the nitrenium-like species than TS for I. This change 
decreases the percentage of C-1 -C-4 bond breaking 
whereas it increases the percentage of N-2-C1-3 bond 
breaking. The perpendicular effect is larger than the 
parallel effect. 


Population analysis 
One step further in this analysis implies an understand- 
ing of the electronic changes undergone on going from 
R to TS. For this purpose, a Mulliken atomic population 
analysis is carried out. The choice of this kind of analy- 
sis over others, such as natural population analysis, is 
due to the fact that according to Otto and Ladik3' and 
Mestres et ~ l . , ~ ~  they qualitatively yield the same trend 
of results. What is especially interesting is the analysis 
of the changes occurring until the TS has been reached. 
The results are presented in Table 6. There is a displace- 
ment of the negative atomic charge from the 
carboxylate (CO,) to the chlorine (C1-3) fragments, an 
increment of negative charge on the C-1 atom and an 
opposite effect on the N atom along the reaction path 
R-TS, in accordance with a unimolecular fragmenta- 
tion process. The substitution of H by CH, or CH,CH, 
in the C-1 a-carbon atom decreases its negative charge. 
A minor reduction is found when the substitution is 
carried out on the N atom. 


Significant variations of charge distribution can be 
observed on the C-1 and N-2 centres for R and TS. 
First, it can be seen that the C-1 negative charge is 
always larger for TS than for R. On the other hand, the 
N-2 negative charge is always smaller for TS. This 
result reflects the fact that there is a larger charge 
separation in reactants than in TS: in R, the negative 
charge is accumulated at N-2, owing to its higher 
electronegativity. In TSs, this electronic density is 
displaced towards the bond between C-1 and N-2 
because it is becoming a double bond. 


For the net atomic charge on C-1 we can appreciate 
two well delimited cases: that in which the carbon has 







Ta
bl


e 
6.


 N
et


 a
to


m
ic 


ch
ar


ge
s f


or
 re


ac
ta


nt
s a


nd
 T


Ss
 ca


lcu
la


te
d 


w
ith


 th
e M


ul
lik


en
 p


op
ul


at
io


n 
an


al
ys


is 
~ 


~~
 


~~
 


~ 
~ 


~ 
~~


~ 
~ 


I 
I1


 
11


1 
IV


 
V 


V
I 


V
II


 
V


II
I 


IX
 


X 


A
to


m
 


R 
T


S 
R


 
TS


 
R


 
TS


 
R 


TS
 


R 
TS


 
R 


TS
 


R 
TS


 
R 


TS
 


R 
TS


 
R 


TS
 


c-
 1 


N
-2


 
C


I-3
 


c-
4 


0-
5 


0-
6 


C
O


, 
R


, 
R
2
 


R
, 


-0
.2


3 
-0


.6
8 


-0
.0


7 
0.


75
 


-0
-7


5 
-0


.7
4 


-0
.7


4 
0.


41
 


0.
16


 
0.


15
 


-0
.2


9 
-0
.0
6 


-0
.2


1 
-0


.3
7 


-0
.6


9 
-0


.3
3 


-0
.6


2 
-0


.0
6 


-0
.6


2 
0.


76
 


0.
76


 
0.


78
 


-0
.6


3 
-0


.7
5 


-0
.6


3 
-0


.6
1 


-0
.7


4 
-0


.6
6 


-0
.4


8 
-0


.7
3 


-0
.5


1 
0.


41
 


0.
41


 
0.


40
 


0.
18


 
0.


16
 


0.
27


 
0.


18
 


-0
.0


3 
0.


00
 


-0
.0


7 
-0


.6
8 


-0
.0


6 
0.


77
 


-0
.7


5 
-0


.7
3 


-0
.7


1 
0.


4 1
 


0.
16


 
-0


.0
4 


-0
.1


2 
-0


.4
0 


-0
.5


9 
0.


77
 


-0
.6
4 


-0
.6


3 
-0


.5
0 


0.
41


 
0.


19
 


0.
03


 


-0
.0


9 
-0


.2
5 


-0
.2


3 
-0


.7
0 


-0
.3


1 
-0


.5
1 


-0
.0


2 
-0


.6
5 


-0
.0


7 
0.


75
 


0.
79


 
0.


75
 


-0
.7


6 
-0


.6
0 


-0
.7


4 
-0


.7
1 


-0
.6


9 
-0


.7
5 


-0
.7


2 
-0


.5
0 


-0
.7


4 
0.


41
 


0.
41


 
0.


22
 


0.
16


 
0.


28
 


0.
14


 
-0


.0
3 


0.
01


 
0.


18
 


-0
.3


2 
-0


.2
0 


-0
.6


7 
0.


77
 


-0
.6


0 
-0


.5
9 


-0
.4


2 
0.


27
 


0.
17


 
0.


19
 


-0
.2


2 
-0


.3
1 


0.
05


 
-0


.5
2 


-0
.1


9 
-0


-6
9 


0.
05


 
-0


.7
0 


-0
.0


6 
0.


74
 


0.
77


 
0.


79
 


-0
.7


2 
-0


.6
1 


-0
.7


6 
-0


.7
5 


-0
.5


9 
-0


.7
3 


-0
.7


3 
-0


.4
3 


-0
.7


0 
0.


22
 


0.
25


 
0.


42
 


0.
14


 
0,


18
 


0.
00


 
0.


17
 


0.
20


 
-0


.0
1 


-0
.0


1 
-0


.0
3 


-0
.3


9 
-0


.5
4 


-0
.5


8 
-0


.0
6 


0.
79


 
0.


74
 


-0
.6


3 
-0


.7
3 


-0
.6


5 
-0


.7
5 


-0
.4


9 
-0


.7
4 


0.
41


 
0.


23
 


0.
04


 
0.


14
 


0.
01


 
-0


.0
1 


-0
.1


5 
-0


.2
4 


-0
.6


7 
0.


79
 


-0
.6


1 
-0


.6
3 


-0
.4


5 
0.


25
 


0.
22


 
-0


.0
1 


-0
.1


2 
-0


.4
9 


-0
.0


8 
0.


77
 


-0
.7


2 
-0


.7
3 


- 0
.7


5 -
 


0.
19


 
-
 


-0
.1


2 
-0


.2
2 


-0
.6


1 
0.


78
 


-0
.6


5 
-0


.6
4 


-0
.5


1 -
 


0.
22


 
-
 


0.
07


 
-0


.5
3 


-0
.0


6 


-0
.7


4 
-0


.7
3 


-0
.6


9 
0.


22
 


-0
.0


2 
-0


.0
2 


07
8 


-0
.0


1 
-0


.2
6 


- 
-0


.6
1 


-0
.6


3 
-0


.4
3 


0.
26


 
0.


00
 


0.
06


 


!? 


T
O
,
 = 


C
-4


 + 
0


-5
 + 
0-


6.
 







A’-CHLORO- a-AMINO ACID DECOMPOSITION 379 


no substituents, i.e., I, V and VI, the negative charge 
having major importance, in both R and TS; and the rest 
in which the negative charge is of minor importance. So 
it seems clear that the inclusion of the substituents 
considered here on the C-1 a-carbon produces a 
decrease in its negative charge. For the net atomic 
charge on N-2 the same effect can be observed. 


CONCLUSIONS 


The overall picture of the unimolecular decomposition 
of N-chloro-a-amino acid anions is complicated. The 
present theoretical calculations provide some new 
information which are complementary to the existing 
experimental data. 


The reaction studied here involves two-bond breaking 
and one-bond making where the leaving groups are 
closed-shell species (chlorine anion and carbon dioxide) 
and, initially, one is not confronted with the usual 
shortcomings of the HF-SCF schemes. 


The results of the present study can be summarized as 
follows: 


(i 1 


(ii) 


(iii) 


(iv 


(vi) 


(vii) 


The reaction mechanism corresponds to a 
unimolecular asynchronous process. 
At the TS, the C-1-C-4 and N-2-C1-3 bond 
breaking and the C-1-N-2 double bond making 
are in advanced stages. In this sense, the TS is 
product-like and with an antiperiplanar 
conformation. 
The TSs and TVs are independent of model 
systems. There is no correlation between the 
variations in barrier heights and TSs. 
The increments in the size and number of substitu- 
ents on the C-1 a-carbon and N atoms produce a 
decrease in AE. This effect is more pronounced on 
the C-1 centre. 
The size of the substituent produces opposite 
perpendicular effects depending on the substituted 
centre. The reaction path moves towards 
hypothetical carbanion or nitrenium-like species. 
The type and number of substituents on C-1 and N 
render parallel effects. 
The electronic reorganization along the reaction 
path R-TS corresponds to a unimolecular frag- 
mentation process. 
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THE REACTION OF CYCLOPENTADIENYLIDINE, 
FLUORENYLIDENE AND 


TETRACHLOROCYCLOPENTADIENYLIDENE WITH ALCOHOLS. A 
LASER FLASH PHOTOLYSIS STUDY 


DAVID R. OLSON AND MATTHEW S .  PLATZ" 
Department of Chemistry, Ohio State University, 120 W .  18th Avenue, Columbus, Ohio 43210, USA 


Rate constants of reaction of cyclopentadienylidene, fluorenylidene and tetrachlorocyclopentadienylidene with 
alcohols and other quenchers were determined by laser flash photolysis methods. The rate constants of reaction 
of cyclopentadienylidene and fluorenylidene with various alcohols were determined and found to increase with 
increasing alcohol acidity. Alcohols as a group reacted faster with cyclopentadienylidene and fluorenylidene 
than likely ylide formers such as pyridine, ethyl acetate and tetrahydrofuran. Br~nsted plots of the reaction of 
cyclopentadienylidene and fluorenylidene with alcohols are linear with slopes of 0.061 and 0.082, respectively. In 
the case of tetrachlorocyclopentadienylidene, an ylide type of reaction mechanism with alcohols is indicated. 
Tetrachlorocyclopentadienylidene reacts most rapidly with the least acidic alcohol studied and this carbene 
reacts more rapidly with tetramethylurea, pyridine and tetrahydrofuran than with methanol. 


INTRODUCTION 


Singlet carbenes can react with substrates by a number 
of conceivable mechanistic pathways because of their 
zwitterionic nature. Alcohols also have the ability to 
react as either a Lewis acid or base. Previous studies of 
the reactions between alcohols and carbenes have been 
eloquently discussed by Kirmse' in a recent review. The 
ambiphilic nature of both alcohols and carbenes is 
reflected in three possible reaction mechanisms that are 
commonly considered for this formal insertion reaction: 
(a) protonation of the carbene followed by nucleophilic 
attack on the resulting carbocation, (b) concerted 
insertion into the 0-H bond or (c) ylide formation 
between the carbene and alcohol and subsequent proton 
transfer. The preferred mechanistic pathway is expected 
to depend on the exact nature of R, R' and R2. 


R'O,/+ 


\ 
pH OR2 


a ?  


R2 


Laser flash photolysis (LFP) methods have been 
used to directly detect carbene intermediates and to 
measure the rates of reaction of these species with 
different alcohols.2 Reaction rates have been deter- 
mined by directly monitoring the quenching of triplet 
carbene transient absorption or by competition for the 
carbene between the alcohol and an ylide-forming 
reagent such as pyridine or acetonitrile. In the case of 
diphenylcarbene (DPC), and several of its substituted 
derivatives, the protonation mechanism has been 
established by the direct detection of benzhydryl cation 
resulting from the reaction of water with DPC gener- 
ated by LFP  method^.^ 


N2 


II .. 


Unlike cations, the initially formed ylide 
intermediates of pathway (c) have not been detected 
directly.1vZ With the exception of (alkoxycar- 
b~nyl)carbenes,'.~ evidence for ylide formation in large 
part results from differences in the products formed 
from the carbene and the authentic ~ a t i o n . ~  
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In addition to the carbenes which appear to react via 
the cationic or ylide mechanistic categories, some 
hydroxyalkyl-substituted arylcarbenes appear to react by 
a combination of both of these mechanisms.6 


Much of the interest in cyclopentadienylidene (CP) 
has centered on how contributions from aromatic 
structure 1 may be reflected in its reactivity. 


I 


Because of structure 1, the carbenes CP, 
fluorenylidene (F1 ) and tetrachlorocyclopentadienyli- 
dene (ClCP) may be expected to react with alcohols by 
pathway (c) as a result of their electrophilicity, the 
aromaticity of the anticipated ylide intermediate and a 
desire to avoid the formation of an anti-aromatic cyclop- 
entadienyl cation-like structure produced in a proton 
transfer reaction. 


/ 


’ \  
--. 


CI CI 
CP FI ClCP 


CP, ClCP and especially Fl have all been studied 
previously in some detail. The predominantly singlet 
reactivity pattern of CP has been demonstrated by its 
highly stereospecific (95%) addition to a lkene~ ,~  while 
attempts to observe triplet CP chemistry by using 
octafluorocyclobutane as an inert dilutent have failed.* 
Generation of CP in 4-methyl-cis-2-pentene at 77 K also 
resulted in stereospecific addition to the alkene, although 
triplet CP has been observed in a fluorocarbon matrix at 
77 K.9 Singlet reactivity patterns predominate in spite of 
the fact that the triplet carbene is the ground state, as 
shown by  calculation^'^ and low-temperature EPR 
studies.’ A preponderance of singlet chemistry from 
triplet ground-state carbenes is not unusual and occurs for 
many carbenes,’ including Fl and ClCP, which have been 
shown to equilibrate between singlet and triplet states at 
room However, unlike CP, ClCP 
exhibits a moderate degree of triplet reactivity in solution, 
as demonstrated by trapping studies with cis-alkenes. 
There is a significant yield of non-stereospecific addition 
products when ClCP reacts with alkenes.” 


In contrast to CP and ClCP, Fl has been extensively 
studied by LFP techniques.’*-” Fl has also been found 
to be a ground state triplet species. However, most of 
the chemishy observed from this carbene results from 
the more reactive singlet state which is in rapid equili- 
brium with the triplet carbene. Both the triplet carbene 
and the carbonyl O-oxideI4 can be observed by LFP. 
The carbonyl 0-oxide is either an ylide or singlet 
biradical-type structure produced by trapping of the 
triplet carbene by molecular oxygen. 


2 3 4 


5 


Scheme 1 


Trapping experiments performed by Kirmse ei al.” 
support an ylide mechanism for the reaction between 
cyclopentadienylidene and methanol in neat methanol. 
Photolysis of diazocyclopentadiene in methanol-OD and 
subsequent treatment with hexafluorobut-2-yne at 
-70°C resulted in a 4 : 1 mixture of 5 and 6 (Scheme 1). 
The absence of a trapping product resulting from 2 
argues against a direct OD insertion process under these 
conditions, while the exclusive incorporation of deuter- 
ium at the 7-position of the norbomadiene product 
indicates that no more than one 1,5 D(H) shift trans- 
pired prior to Diels-Alder trapping of the diene. 


Product studies of fluorenylidene by Kirmse et aLSa 
indicated that there was relatively little difference 
between the reactivity of oxetane and methanol with this 
carbene. This result differed from the data obtained with 
diphenylcarbene, which reacts by the protonation 
mechanism. In this case methanol was found to be much 
more reactive than oxetane. This difference in the 
behavior of Fl from carbenes which react by the pro- 
tonation pathway was taken as evidence that 
fluorenylidene reacts with methanol by ylide formation. 


RESULTS 
We studied CP, Fl and ClCP by LFP techniques and rate 
constants for the reaction of carbenes resulting from 
photolysis of diazocyclopentadiene, diazofluorene and 
teuachlorodiazocyclopentadiene with various quen- 
chers, including alcohols, were measured in an attempt 
to gain further mechanistic insight into these reactions. 
Rate constants were obtained by Stem-Volmer quench- 
ing of the formation of UV-visible detectable ylides 
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0.2 0.3:/ 


derived from the carbene and pyridine, acetonitrile or 
ethyl acetate. In general, the rate constants so obtained 
are considered to have a precision of *lo%, although 
relative rate constants are likely to have significantly 
greater accuracy than the absolute values. 


Cyclopentadienylidene 
LFP (XeCl excimer, 308 nm) of diazocyclopentadiene 
(DCP) in 1,1,2-trichlorotrifluoroethane (Freon 113) 
fails to give a transient spectrum in the UV-visible 
region. Furthermore, no transient spectrum in the UV- 
visible region is observed when oxygen is bubbled 
through the solution for 2-3 min prior to irradiation. 
This differs from matrix studies where cyclopent- 
adienone 0-oxide has been detected by UV-visibleI6 
(Abu = 420 nm) and IR spectro~copy.'~ However, this 
agrees with previous observations which indicate that 
although cyclopentadienylidene has a ground state 
triplet,'*1° little or no triplet reactivity is observed in 
fluid solution at ambient temperature and singlet reactiv- 
ity  predominate^.'*^ 


LFP of DCP in Freon 1 13 containing pyridine or in 
neat ethyl acetate (EA) produces transient spectra 
attributed to ylides 7 (Figure 1) and 8 (Figure 2), 
respectively. 


Q x" 
(5 & CH3 


7 a 


The ylides are formed faster than the time resolution 
of our LFP system ( < 20 ns), even at dilute concentra- 
tions (0.01 M) of ylide-forming reagent. The yield of 
ylide (Ay) varies sensibly with pyridine concentration. 
When the concentration of pyridine is small, 
Ay is small and increases to a maximum 
(Ay") at 2-5 M pyridine (Figure 3). A plot of 1/Ay 


-lee+ ! '  , , , , , , , , , , 1 
258 3 9  458 !558 658 758 


Figure 1. Transient absorption spectrum of 7 produced by LFP 
of diazocyclopentadiene in the presence of pyridine with Freon 
113 as the solvent. The spectrum was recorded 500 ns after a 


308 nm laser pulse over a window of 500 ns 


I , u ,  1 I , I , , I , , ' ,  
2 5 8 3 5 8 4 5 8 a e s s e m  


Figure 2. Transient absorption spectrum of 8 produced by LFP of 
diazocyclopentadiene in ethyl acetate. The spectrum was recorded 


500 ns after a 308 nm laser pulse over a window of 500 ns 


A, 


0 . 1 1  


0.04 . - . I 1 
0 2 4 6 0 1 0 1 2  


Figure 3. Plot of the yield (Ay) of the ylide 7 vs pyridine 
concentration for the reaction of cyclopentadienylidene with 


pyridine 


versus 1/ [pyridine] at low pyridine concentrations is 
linear (Figure 4). Division of the intercept by the slope 
of this plot yields k,,K/(~,[RX]K+ k&[RX]) = kpy , t ,  
where the rate constants are as defined in Scheme 2"' 
and K is the singlet-triplet equilibrium constant. If 
'CP does not have time to relax to 3CP in 
Freon 113 or if the spin-equilibrated carbene reacts 
only through its singlet state, the expression reduces to 
kpy,/kRx[RX] = kpyrt, where t is the lifetime of the 
singlet carbene (no spin relaxation) or of the spin- 
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Figure 4. Double reciprocal plot for ylide 7 generated in the 
reaction of cyclopentadienylidene with pyridine in Freon 113 


b 
RX = pentane. THF. freon 113 


Scheme 2 


equilibrated carbene. As k for singlet carbenes is 
typically (1-5) x 109 M - I ~ " ,  one can estimate t of 
CP to be 0..2-1 ns in this solvent.'* The results of 
double reciprocal treatments of data generated in 
several solvents are given in Table 1. Based on product 


and theory (see below), the t values are 
likely those of unrelaxed singlet CP. 


Table 1. Estimated lifetimes of cyclopentadienylidene in various 
solvents obtained by standard double reciprocal analysis of the 


yield of pyridine ylide [assuming k ,  = (1-5) x lo9 M - '  s-'1 


Solvent t (ns) 
~ 


Tetrahydro furan 
Acetonitrile 
Pentane 
Freon- 1 13 


0.04-0.2 
0.06-0.3 
0.1-0.5 
0.2- 1.0 


As seen in Figure 3, cyclopentadienylidene reacts 
completely with pyridine in Freon 113 when 
[pyridine] b 2.5 M. However, Ay is reduced upon LFP 
of DCP in the presence of a competitive carbene 
quencher (Q, Scheme 2) such as ethyl acetate (EA). A 
Stem-Volmer plot of Ay-/Ay vs [EA] at constant 
pyridine concentration (3.3 M) in Freon-1 13 is linear 
(Figure 5 )  with a slope of k,,/k,,,[pyridine], where Ay 
is the yield of ylide in the presence of quencher. 
Quenching studies of this type were also preformed with 
methanol and propan-2-01 (Table 2). 


The use of pyridine as the ylide-forming reagent is 
less desirable for the more acidic alcohols (2,2,2- 
trifluoroethanol and 1,1,1,3,3,3-hexafluoropropan-2- 
01) because of the possibility of protonation of 
pyridine by these alcohols. This problem was avoided 
by using EA as the ylide-forming reagent. LFP of DCP 
in neat EA will generate 'CP, which we expect to be 
completely captured by solvent to form ylide 8 
(Scheme 3). The yield of ylide 8 produced upon LFP 
of DCP in EA is reduced in the presence of alcohols 
and other quenchers. Stem-Volmer treatment of the 
data as before yields k,,,/k,[EA] or k,/k,,[EA]. 
The results are given in Table 2. Consistent rates of 
decay of the ylide in the presence of increasing 


h 


c? 
0 


250 350 450 550 650 750 


Wavelength (nm) 


Figure 5.  Stern-Volmer quenching of ylide 7 with ethyl 
acetate in Freon 113 
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Table 2. Relative rate constants obtained from Stem-Volmer quenching for the reaction of 
cyclopentadienylidene with various quenchers 


Methanol 1.4 3.4 
Methanol-d, 1.1 (kH/kD= 1.3k0.1) - 
Propan-2-01 1 .o 2.5 


5.0 2,2,2-Trifluoroethanol - 


8.8 1,1,1,3,3,3-Hexafluoropropan-2-o1 - 
1,1,1 ,3,3,3-Hexafluoropropan-2-ol-d, -9.6 (kH/kD=0.92*0.1) 
Ethyl acetate (EA) 0.48 
Tetrahydro furan - 
Acetonitrile - 
Freon-113 - 


Pentane - 


a Stem-Volmer quenching of the pyridine ylide of cyclopentadienylidene at constant [pyridine] = 3.3 M with Freon 11 3 as 
solvent. 
hStem-Volrner quenching of the ethyl acetate ylide of cyclopentadienylidene 8 in neat ethyl acetate. 


0.73 
0.56 
0.23 
0.48 


Scheme 3 


concentrations of alcohol showed that quenching of the 
yield of ylide resulted entirely from reaction of the 
alcohol with the carbene and not by attack of the 
alcohols on the ylides. Acetic acid was not used as a 
quencher owing to its rapid reaction with the ylides, as 
evidenced by the increased rates of decay of these 
ylides. 


Fluoreny lidene 
As noted in previous st~dies, '~*' '  LFP (XeC1 excimer, 
308 nm, or XeF excimer, 351 nm) of diazofluorene 
(DAF) in deaerated acetonitrile produces 'Fl, which 
relaxes to 'Fl in less than 1 ns. The triplet carbene has 
an absorption maximum at 470 nm and is believed to be 
in rapid equilibrium with a low-lying singlet state. This 
state is approximately 1 kcalmol-l higher in energy 
than the triplet ground state. Spin-equilibrated Fl has a 
lifetime of 17 ns in acetonitrile and forms a mixture of 
ylide 9 (major, AmU = 400 nm) and fluorenyl radical lo  


(minor, A,, = 500 nm). 
The fluorenone 0-oxide 11, from trapping of the 


triplet carbene by triplet oxygen, has previously been 


studied by LFP and was found to have an absorption 
maximum at 450 nm. l4 


F H 3  
& 


' Y  


9 10  1 1  


The yield of ylide 9 produced upon LF'P of 
diazofluorene in acetonitrile is reduced in the presence 
of alcohols and other quenchers. Stern-Volmer treat- 
ment of the data as before, but assuming rapid 
singlet-triplet equilibration, yields kR0,/kMe,,[MeCN] 
or kQ/kMe,,[MeCN]. The results are given in Table 3. 


As we have noted, Fl has been studied previously by 
LFP of DAF and rate constants have been measured for 
the reaction of Fl with methanol, ethanol and propan-2- 
01 (8.6 x lo', 7.3 x 10' and 5.2 x 10' M - ' s - ' ,  respect- 
ively).I3 These numbers differ somewhat from those 
obtained for Fl with methanol, ethanol and propan-2-01 
(5.4 x lo', 4.7 x 10' and 3.3 x lo* M - I s - ' ,  respect- 
ively) in this study. However, the relative reactivities of 
these alcohols is the same (methanol 1.6, ethanol 1.4, 
propan-2-01 1.0) as determined by both groups. This 
indicates that the differences between our measurements 
and those of Schuster and co-workers'' are systematic in 
origin and that the relative reactivities of the alcohols 
are readily reproducible. 


Tetrachlorocyclopentadienylidene 
Unlike DCP, LFP (XeCl excimer, 308 nm) of tetra- 
chlorodiazocyclopentadiene (ClDCP) in a freon-type 
solvent (trichlorofluoromethane) produces a transient 
spectrum in the UV-visible region with an absorption 
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Table 3. Rate constants obtained from Stern-Volmer quenching for the reaction of fluorenylidene with 
various quenchers 


Quencher kQ/kMc,Ciu" k, ( M - ' s - ' ) ~  (xlo') 


Propan-2-01 
Ethanol 
Methanol 
Methanol-OD 
2,2,2-Trifluoroethanol 
l , l ,  1,3,3,3-Hexafluoropropan-2-01 
1,1,1,3,3,3-Hexafluoropropan-2-ol-d 
F'yridine N-oxide 
Tetramethylurea 
F'yridine 
THF 
Acetonitrile 


106 
150 
175 
161 
337 
160 
161 
157 
62 
52 
30 


3.3 
4.7 
5.4 


5.0 (k , /k ,= 1.1iO.1) 
10.5 
5.0 


5.0(kH/kD= 1.OiO.1) 
4.9 
1.9 
1.6 


0.94 
0.03 1 


a Stem-Volmer quenching of formation of the acetonitrile ylide of fluorenylidene in neat acetonitrile 
'Calculated using kMnrch = 3.1 x lo6 M - ' s - '  from Ref. 5 .  


centered at 390 nm (Figure 6). This transient is most 
likely the pentachlorocyclopentadienyl radical 12 
resulting from chlorine abstraction from the solvent by 
the triplet carbene as its lifetime of several microsec- 
onds is too long to be that of the carbene. This reaction 
has considerable precedent. Fluorenylidene is 


12 13 1 4  


kr~own~** '~  to abstract chlorine atoms readily from 
chlorocarbons. This was confirmed by LFP (308 nm) 
of hexachlorocyclopentadiene in Freon 113, which also 
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Figure 6. Transient absorption spectrum of 12 produced by 
LFP of tetrachlorodiazocyclopentadiene in Freon 113. The 
spectrum was recorded 500 ns after a 308 nm laser pulse over 


a window of 500 ns 


afforded a 390 nm transient. The lifetime of this transi- 
ent in both cases is on the scale of tens of microseconds 
and appears to be controlled by the concentration of 
precursor and the initial yield of transient, as expected 
for a free radical. 
When oxygen is bubbled through a solution of tetra- 
chlorodiazocyclopentadiene for 2-3 min prior to 
irradiation, the 390 nm peak is replaced with a broad 
absorption band centered at ca 380 nm (Figure 7, 
Scheme 4). The position and profile of the transient are 
in reasonable agreement with those of tetrachlorocy- 
clopentadienone 0-oxide (13) ,Imm = 420 nm) observed 
in matrix studies at low temperature.I6 


LFP of tetrachlorodiazocyclopentadiene in the 
presence of pyridine in Freon-113 produces ylide 14 
(Figure 8, Scheme 5). The yield of ylide 14 grows with 
increase in pyridine concentration until 0.2 M pyridine, 
after which it remains constant. In the case of ClCP, 


-68 :'I 'v 
Figure 7. Transient absorption spectrum of 13 produced by 
LFP of tetrachlorodiazocyclopentadiene in Freon 1 13. The 
sample was aerated by bubbling oxygen through the solution 
for 3 min prior to irradiation The spectrum was recorded 
500 ns after a 308 nm laser pulse over a window of 500 ns 
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Figure 8. Transient absorption spectrum of 14 produced by LFP 
of tetrachlorodiazocyclopentadiene in the presence of pyridine 
with Freon 113 as the solvent. The spectrum was recorded 


500 ns after a 308 nm laser pulse over a window of 500 ns 


DAF 


Scheme 5 


Table 4. Rate constants obtained from Stern-Volmer 
quenching for the reaction of tetrachlorocyclopentadienylidene 


with various quenchers 


kOb (W'S- ' )  (~10 ' )  Quencher kROHlkovra 


Propan-2-01 0.72 7,2 
Ethanol 0.65 6.5 
Methanol 0.41 4.1 


Tetrahydro furan 0.73 7.3 
Tetramethylurea 1.3 13 


a Stem-Volrner quenching of the pyridine ylide of tetrachloro- 
cyclopentanylidene at constant [pyridine]= 1.65 M with Freon 113 as 
an inert solvent. 
hAssurning k,,,= 1 x 10' M - ' s - ' .  


the triplet is assumed to interconvert rapidly with the 
singlet on the basis of chemical trapping studies 
reported in the literature." This results in the equation 
k,,,/lk,,[RX] = kpyrt, which assumes that there is no 
significant reaction of 3C1CP with solvent (small 3k,,) 
in the presence of saturating concentrations of pyridine. 


The yield of pyridine ylide at constant pyridine 
concentration (1-65 M, was reduced in the presence of 
methanol, propan-2-01, tetrahydrofuran and tetra- 
methylurea. Stern-Volmer treatment of the data affects 
the information in Table 4. 


Owing to the lack of detectable non-pyridine ylides of 
'ClCP, rate constants for quenching of this carbene 
could not be measured accurately for more acidic 
alcohols. 


DISCUSSION 


Cyclopentadienylidene and fluorenylidene 
The three carbenes studied exhibit an interesting mix of 
behaviors. The triplet state is the ground state of cyclop- 
entadienylidene (CP), yet it cannot be detected 
chemically in solution or spectroscopically by trapping 
with oxygen. On the other hand, both 3C1CP and 'H 
indeed are formed in solution as demonstrated, by their 
ability to react with oxygen to form carbonyl ylides. In 
this respect, our LFP studies are consistent with pre- 
vious product studies performed at room temperat~re.~.~ 
This indicates that 'CP is either much more reactive and 
shorter lived than 'ClCP or 'F1 and/or that intersystem 
crossing in this carbene is particularly inefficient. 


Salem and RowlandIg have predicted that closed shell 
singlet carbenes will undergo spin-orbit-assisted 
intersystem crossing (ISC) to triplet carbenes more 
rapidly than open-shell singlet carbenes. Theory lo 
predicts that the lowest energy singlet state of 'CP is 
planar and open shell and does not resemble closed shell 
configurations such as 1 or 15. If theory is correct, then 
this explains the failure of 'CP to relax rapidly to 3CP in 
solution, prior to reaction with solvent. Theory" 
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predicts that the lowest energy closed-shell singlet of CP 
is non-planar (e.g. 16), thus ISC to the triplet will again 
be slow because closed-shell singlet CP and planar 3CP 
will have different geometries, in which case this 
radiationless transition will have a poor Frank-Condon 
factor. 


1 1s  16 


The sign of the slope of the Brcbnsted plots for CP and 
Fl demonstrates an increasing reaction rate of the 
carbene with increasing OH bond polarity/acidity of the 
alcohol (pK, data of Ballinger and Long"). This 
appears to indicate that the H atom of the OH bond is 
actively involved in the transition states of the reactions. 
The small magnitude of the slopes, however, reflects a 
very small degree of charge development in the tran- 
sition state. These observations are consistent with 
either direct insertion or protonation with a very early 
transition state, but do not appear to be consistent with 
ylide formation as the dominant reaction mechanism. 


-20 -18 -16 -14 -12 -10 


PKa 
Figure 9. Bronsted plot for the reaction of CP with various 


alcohols 


CP and F1 react faster with alcohols than with ethers or 
esters, which should be better ylide-forming reagents 
than alcohols. 


The relative reactivities of CP and F1 with alcohols is 
in contrast with the behavior expected if these carbenes 
had large contributions from a resonance structure such 
as 1. Again we note that recent calculations have indi- 
cated that neither structure 1 nor structure 15 are energy 
minima." Instead, the lowest energy singlet of CP is 
planar and open shell and the lowest energy closed shell 
singlet is the non-planar variant 16 of electron 
configuration 15. The calculations indicate that there is 
little delocalization between the carbene center and the 
butadiene portion of the molecule in 16.'" The highly 
reactive singlet chemistry of CP, the low yield of triplet 
and the reactivity patterns towards alcohols and ethers 
are not inconsistent with the closed-shell singlet struc- 
ture 16, a highly reactive and unstabilized carbene 
which should exhibit reactivity patterns similar to that of 
methylene.21-23 However, the data with methylene have 
been interpreted in favor of an ylide type mechanism in 
the gas phase and in solution.*'-'' 


Our data are easily reconciled with a concerted 
insertion reaction of closed-shell singlet 16 with 
alcohols in which there is a small amount of polarization 
of the H-0 bond in the transition state (17). 


9.1 


9.0 


8.9 


log k 


8.8 


8.7 


8.6 


8.5 
-20 -18 -16 -14 -12 -10 


-pKa 


Figure. 10. Bronsted plot for the reaction of FI with various 
alcohols. 
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6' 6- H-OR Tetrachlorocyclopentadienylide (CICP) 


16 17 Pst 


However, the data with CP are also consistent with a 
planar biradical such as singlet 18, the lowest energy 
singlet state calculated by theory." One can explain the 
relative reactivity of 'CP with alcohols as being due to a 
slightly polarized hydrogen atom transfer (transition 
state 19) which leads to planar, triangular structure 20 
followed by concerted insertion reaction. 


s+ 


18 19 
0 


2 0  


These mechanisms are essentially the concerted OH 
insertion process pictured earlier accompanied by a 
small amount of charge separation. This interpretation 
explains why increasing acidity of the alcohol increases 
the reaction rate and why CP reacts faster with alcohols 
than with ethers, which certainly react by the slower 
ylide mechanism under our conditions. It is possible that 
the direct insertion mechanism is faster than the ylide 
mechanism because there may be a contribution of 
quantum mechanical tunneling to the motion of the 
small, light migrating hydrogen atom in the former 
mechanism. 


We believe that a concerted OH insertion reaction of 
'Fl with alcohols is also the best interpretation of our 
data, although earlier workers have decided in favor of 
the ylide mechani~m.~'-*~ Like 'Cp, 'Fl is most reactive 
towards more acidic alcohols and reacts faster with 
alcohols then with ethers. We are reluctant to conclude, 
however, that 'Fl is an open-shell singlet biradical or is 
locked into a non-planar structure, as predicted for 'CP, 
however, because 'Fl and 3Fl rapidly interconvert. '2*'3 It 
is possible that the open- and closed-shell forms of 
planar 'Fl are very close in energy. Alternatively, if 'Fl 
is indeed closed shell and non-planar, this form must be 
close in energy to the planar geometry. 


The mechanism proposed is a direct insertion reaction 
with a transition state which has only a slight charge 
separation. The reaction product should isomerize 
extremely rapidly, because alkoxycyclopentadienes 
have never been isolated and the isomerization of 5- 
methylcyclopentadiene is far more rapid that the isom- 
erization of its 1- and 2-substituted isomers. 


The data with ClCP favor the expected ylide mechanism 
(Table 4). The absolute reactivity of ClCP no longer 
tracks the acidity of the alcohol. Furthermore, tetrahy- 
drofuran and tetramethylurea, which are expected to 
form particularly stable ylides 21 and 22, respectively, 
and which cannot undergo proton transfer reactions, 
react with ClCP more rapidly than do the alcohols. 


CI 


2 1  


;I 


2 2  


We speculate that the four chlorine substituents 
stabilize the planar closed-shell singlet configuration 23 
by n electron backbonding, which brings the energy of 
this configuration below that of the open shell singlet. 


.. 
.. CI* 


.. 
CI 


CI .. 
2 3  


This allows rapid ISC to the triplet carbene. Further- 
more, it allows access of an aromatic transition state in 
the reaction with alcohols in which the alcohol oxygen 
lone pair attacks the carbene from above the plane of 
the five-membered ring, in concert with electron flow 
from the doubly occupied sigma orbital into the n 
system, to form transition state 24. This speculation 
invites high level ab initio calculations of the lowest 
energy singlet state of ClCP. 


H 
I 


/:O-R 


J - 6 A - R  


2 4  


CONCLUSION 
Our LFP studies further reinforce the elusive nature of 
triplet CP at room temperature, while triplet ClCP and 
triplet Fl are readily trappable by oxygen. Significant 
differences were observed in the reactivity of alcohols 
with ClCP versus CP and Fl. The increasing reactivity 
of alcohols with decreasing acidity and the greater 
reactivity of Lewis bases such as THF and pyridine 
clearly indicate an ylide mechanism for the reaction of 
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alcohols with ClCP. On the other hand, alcohols and 
especially more acidic alcohols are more reactive than 
common ylide formers, such as pyridine and THF? with 
CP and Fl. The slopes of Bransted plots indicate that 
there is only slight positive charge development on the 
alcohol proton in the rate-determining step. These 
results point to protonation with a very early transition 
state or more likely a concerted OH insertion reaction of 
alcohols with CP and EL with a small amount of charge 
separation in the transition state. The greater reactivity 
of more acidic alcohols with a number of highly reactive 
carbenes (methy lene , ” -23 c yclopentadien y lidene 
fluorenylidene and phenylcarkne”) is indicative of a 
protonation or direct insertion mechanism. However, 
product studies appear to contradict these conclusions 
by supporting an ylide mechanism of reaction of 
alcohols with methylene,21-23 fl~orenylidenel~ and 
possibly ~yclopentadienylidene.’~ It is possible that a 
mixture of mechanisms operates, as suggested for 2- 
(hydroxymethyl)phenylcarbene.6 It seems likely that all 
three mechanisms of reaction proceed rapidly with very 
short-lived singlet carbenes such as CP, Fl and 
methylene, and the operative reaction path may vary 
with the experimental conditions. 


EXPERIMENTAL 


Materials. Solvents were purified and dried by 
distillation from calcium hydride. 


Diazocyclopentadiene (DCP). Diazocyclopentadiene 
was prepared and purified by literature p roced~res .~~  
Because of its highly explosive nature, distillation was 
performed under reduced pressure with heating not 
exceeding 60°C. The resulting solid was dissolved in 
Freon-1 13 and stored in a freezer. 


Diazofluorene.26 ‘Activated’ manganese dioxide2’ 
(3 g) was added to a solution of fluorenone hydrazone 
(2 g) in dry chloroform (30 ml) and stirred for 24 h, at 
which time TLC showed complete conversion to pro- 
duct. After removal of manganese dioxide by filtration, 
subsequent purification was performed as described in 
the literature. 


Tetrachlorodiazocy clopentadiene (CIDCP).zg 
‘Activated’ manganese dioxidez7 (3 g) was added to a 
solution of tetrachlorocyclopentadiene hydrazone” 
(1.2 g) in dry chloroform (20 ml) and stirred for 24 h, 
at which time TLC showed complete conversion to 
product. After removal of manganese dioxide by 
filtration, subsequent purification was performed as 
described in the literature.’’ 


Laser flash photolysis (LFP). The LFP apparatus 
used has been described p rev io~s ly .~~  LFP experiments 


were performed with 308 nm laser light generated from 
a Lambda Physik LPX 100 excimer laser (XeCl). The 
absorption of all samples used in kinetic studies ranged 
from 0.4 to 0.9 at 308 nm. Laser samples were deaer- 
ated by bubbling nitrogen for 2-3 min. The pyridine 
and ethyl acetate ylides of cyclopentadienylidene were 
monitored at wavelengths of 535 and 440 nm, respect- 
ively, the acetonitrile ylide of fluorenylidene 400 nm 
and the pyridine ylide of tetrachlorocyclopentadienyli- 
dene at 450nm. All experiments were performed at 
ambient temperature. 


Transient spectra. Transient spectra were recorded 
500 ns after a 308 nm wavelength laser pulse over a 
window of 500 ns using an EG&G Princeton Applied 
Research Model 1460 optical multi-channel analyser. 


Double-reciprocal lifetime studies. Samples were 
prepared using a stock solution of diazo precursor 
(100 pl), varying the amounts of pyridine and enough 
of the particular solvent of interest to bring the total 
volume to 1.5 ml. 


Stern- Volmer kinetic studies. For the determination 
of rate constants using the pyridine ylide, runs were 
performed using multiple samples with constant concen- 
trations of diazo precursor and pyridine (2.5 M for 
diazocyclopentadiene and 0.2 M for tetrachlorocyclop- 
entadiene). Various amounts of quencher were used 
with Freon- 11 3 added to give a constant total volume 
(2 ml). For the determination of rate constants using the 
ethyl acetate or acetonitrile ylides, ethyl acetate or 
acetonitrile was used as solvent and added quencher did 
not exceed 10% by volume (200 pl)  of the total sol- 
ution (2 mi). All Stern-Volmer studies of CP and ClCP 
were performed with 308 nm laser radiation. 
Stem-Volmer studies of Fl used 308 nm or 351 nm 
laser radiation. No wavelength dependence was 
observed for Fl in any of the cases tested. 
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Table 5. pK,s of the alcohols used as quenchers” 


Alcohol PK, 


propan-2-01 
Ethanol 
Methanol 
2,2,2-TrifluoroethanoI 
1,1,1,3,3,3-Hexafluoropropan-2-o1 


18.0 
15.9 
15.5 
12.0 
9.3 
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AROMATIC PROPELLENES. PART 2. STUDY OF CONFORMATIONAL 


CRYSTALLOGRAPHY AND SEMIEMPIRICAL CALCULATIONS 
ISOMERISM OF HEXA(PYRAZ0L-1-YL)BENZENE: X-RAY 
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The molecular and crystal structures of two crystalline forms of hexa(pyrazo1-1-yl)benzene were determined 
by x-ray analysis. They correspond to two conformational polymorphs: form I is obtained in acetic acid and 
form I1 in ethanol or dichloromethane. The crystal packing of both conformers is different; however, that of 
form I is analogous to that of hexa(3,5-dimethylpyrazol-l-yl)benzene, having similar cell dimensions and space 
groups R-3. No significant interactions except the van der Waals interactions were observed. Semiempirical 
calculations at the AM1 and SAMl levels, exploring all possible conformations of the pyrazole rings, reveal that 
the most stable conformation presents the pyrazole rings with the N(2) alternating between both sides of the 
phenyl plane as it occurs in the solid state, crystalline form I (conformation 8h). The computed minimum 
energy for conformer 7a, which is related to crystal form 11, presents a different sequence of pyrazole 
arrangements “(2) up or down] and is only 1.6-2.0 kcalmol-’ less stable than the previous one in both 
parametrizations. The SAMl method yields pyrazole moieties more perpendicular to the benzene ring than the 
AM1 one. 


INTRODUCTION 


We are exploring the structure and conformational space 
of a series of compounds we have called ‘Aromatic 
Propellenes.” These compounds, related to 
hexaphenylbenzene’ and to the hexa(4-dimethylamino- 
1-pyridinium)benzene he~acation,~ present eight 
conformations (Scheme 1) depending on the orientation 
of the blade with regard to shaft. If the six dihedral 
angles z i  were equal to 90”, then all conformations 
collapse to one, but allow one assume they were all 
identical in absolute value but different from 90”. In this 
case, there are eight conformations a-h and the corre- 
sponding mirror images (enantiomers) a‘-h’. In the 
three cases where there are an equal number of + and - 
signs, the mirror images have the same global situation 
(three + and three -) being identical, i.e. f = f ’ ,  g= g‘ 


* Author for correspondence. 


and h = h’. All eight conformations are separated by a 
barrier through the orthogonal position, a barrier that 
must be weak and easy to overcome. In hexa(pyrazol-1- 
yl)benzenes (all pyrazoles identical), a second source 
of isomerism appears since the C2 symmetry of phenyl 
and 4-dimethylamino- 1-pyridinium is lost. 


The problem is related to the case of hexaarylbenzenes 
discovered by Gust and Patton‘,’ and studied exhaustively 
by Willem and co-workers.6-x There are eight possible 
isomers 1-8 (Scheme 2),’ depending on whether the 
N(2) atom is up (black circle u )  or down (white circle d) .  
In this case, isomerization implies going through the 
planar conformation which is much more energy requir- 
ing. For this reason, in Scheme 3 the conformations are 
connected through lines which correspond to rotation of 
one pyrazole at a time (the so-called M,’.’ or M1 ’ mode 
of internal rotation). In summary, hexapyrazolylbenzenes 
will present in the simplest case (all pyrazoles identical) a 
total of 192 conformations, 18 of these being achiral 
(see Supplementary Material). For instance, hexa(3,5- 
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Scheme 2 


The 'configurational' problem, 1-8, has been recogn- 
ized by all  author^^-^ but, since they were interested in 
NMR in solution and in stereoisomerizations through 
planar conformations, they neglected the 
'conformational' problem, a-h, assuming, for all practi- 
cal purposes, a perpendicular conformation ( z i  = +90"). 


RESULTS AND DISCUSSION 


Scheme 3 X-ray analysis 


dimethylpyrazol-1-yl)benzene crystallizes in the confor- 
mation 8h.' We shall use this system of notation in this 
paper and in the following, the figure will describe the 
rotational isomerism of pyrazoles (high barrier) and the 
letter the conformation, left or right, with regard to the 
perpendicular conformation (low bamer), adding a 
subindex when necessary. It must be realized that, for 
instance, six different conformations correspond to the 
case 2b (Scheme 4). 


Bond distances, angles and torsion angles are listed in 
Table 1. The molecule, in form I, is located on a threefold 
rotary inversion axis, and therefore there is only one 
pyrazole in the asymmetric unit and the N(2) atoms are 
placed up ( u )  and down (d)  with respect to the benzene 
ring (Figure 1) and they are almost perpendicular to it 
[85.1(3)"] as in hexa(4-dimethylamino-l- 
pyridinium)benzene hexacation (80.0"). The pyrazole 
rings, in form 11, are placed udduud and they are less 
perpendicular to the benzene ring than in form I (Figure 
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Table 1. Selected geometrical parameters for crystal forms I and 11 and the corresponding calculated conformers 7 and 8 (A, ") 


Conformers 7 and 8 


Form I Exp. AM 1 SAM 1 


N(i1)-N(i2) 
N(il)-C(i5) 
N(  i2)-C( i3) 
C (i3) -C (i4) 
C (i4) -C (i5) 
N ( il  ) -C ( i) 
C(i)-C(i+ 1) 
C(i5)-N(il)-C(l) 


N(i2)-N(il)-C(i5) 


N (i2) -C (i3)- C (i4) 
C( i3)-C (i4)- C( i5) 
N (i1)- C (i5) - C (i4) 
N(il)-C(i)-C(i+ 1)  


N(i2)-N(il)-C(i)-C(r + 1) 
Hydrogen interaction: 


N(i2)-N(il)-C(l) 


N(il)-N(i2)-C(i3) 


C(15)-H(15)...N(12) ( x ,  y, z - 1) 


1.353(2) 
1.338(2) 
1.323 (2) 
1.377(2) 
1.352(2) 
1.417 (2) 
1.391 (2) 
128.7(1) 
119.4(1) 
11 1.9(2) 
103.9(2) 
112.1(2) 
105.1 (2) 
107.0(2) 
120.0(1) 
-85.1(3) 


X-H 
0.95 (3) 


1.353 
1.409 
1.352 
1.45 1 
1.396 
1.422 
1.421 
125.2 
122.8 
112.0 
106.3 
110.7 
104.9 
106.2 
120.0 


1.318 
1.428 
1.352 
1.479 
1.419 
1.427 
1.43 1 
125.8 
122.5 
111.7 
109.3 
108.8 
104.5 
105.7 
120.0 


X...Y X-H".Y 
3.346 (2) 152(3) 


Form I1 i =  1 i = 2  i =  3 i = 4  i = 5  i = 6  


N(i1)-N(i2) 1.35 1 (7) 
N(il)-C(i5) 1.358(8) 
N (i2) -C (i3) 1.330( 10) 
c (i3)-C ( i4) 1.373(11) 
C (i4)-C (5) 1.368 (10) 
N (il )-C (i) 1.428(7) 
C(i)-C(i+ 1) 1.394(7) 
C(i5)-N(il)-C(i) 126.6(5) 
N(i2)-N(il)-C(i) 120.2(4) 
N (i2)-N( i1)- C ( i5) 113.0(5) 
N(il)-N(i2)-C(i3) 102.9(5) 
N (i2)-C (i3)- C (i4) 113.2(6) 
C (i3)-C (i4)- C (i5) 105.3(6) 
N(il)-C(i5)-C(i4) 105.7(6) 
N(i1)-C(i)-C(i+ 1) 120.0(4) 
N(i2)-N(il)-C(i)-C(i + 1) -80.4(7) 
Hydrogen interactions: 
C(14)-H(14)...N(22)(1/2+ X ,  3/2 -y, I) 
C(15)-H(15)...N(12)(1/2+~ , 3/2-y, Z )  
C(34)-H(34)...N(32)(-1/2 + X ,  1/2 - y, Z )  
C(45)-H(45)...N(32)(~, y, Z )  
C(53)-H(53)...N(32)(1 - X ,  1 - y, 1/2 + Z )  
C(55)-H(55)...N(52)( -1/2 + X, 3/2 - y. I) 
C(63)-H(63)...N(42)(1/2 + X ,  3/2 - y, 2) 
C(65)-H(65)...N(12)(~, y, Z )  


1.365 (7) 
1.357(9) 
1.324(11) 
1.407( 11) 
1.352( 11) 
1.415 (9) 
1.386(9) 
127.8(5) 
120.5(6) 
111.6(6) 
104.2(6) 
111.9(7) 
104.9 (7) 
107.4(6) 
120.5 ( 5 )  


-51.3(8) 
X-H 
1.01(19) 
1.07(7) 
0.93(8) 
1.06(8) 
1.08(8) 
0.89 (8) 
1.05 (7) 
1.04(11) 


1.357(8) 
1.336(8) 
1.346(8) 
1.369( 11) 
1.360(9) 
1.421(7) 
1.390( 10) 
128.9 ( 5 )  
119.5 (4) 
112.4(5) 
103.2(5) 
1 1 1.9(6) 
105.6(6) 
107.0(6) 
118.9(6) 
104.6(7) 
H...Y 
2.89(10) 
2.57(7) 
2.83(8) 
2.98(8) 
2.79 (8) 
2.86 (8) 
2.48(7) 
2.91(10) 


1.363(9) 
1.356(8) 
1.321(10) 
1.377 (12) 
1.356(11) 
1.421 (8) 
1.391 (8) 
127.6(6) 
120.0(5) 
112.2(5) 
103.4 (6) 
112.5 (7) 
105.9(7) 
105.9 (6) 
120.3 ( 5 )  


-63.1 (8) 
X...Y 
3.440(9) 
3.468(8) 
3.467 (9) 
3.440(11) 
3.584(11) 
3.657(9) 
3.528(9) 
3.383(11) 


~~ 


1.359(7) 
1.361 (9) 
1,330( 10) 
1.407( 11) 
1.356( 12) 
1.412(10) 
1.387 (9) 
126.3(5) 
120.8 ( 5 )  
1 12.8 (6) 
103.5(5) 
11 1.9(7) 
105.5 (7) 
106.2 (6) 
120.2(5) 
122.4(6) 
X-H...Y 
115 (7) 
142(5) 
126(6) 
107(5) 
131(5) 
151(6) 
175(5) 
108(7) 


1.366(7) 
1.361 (8) 
1-338 (8) 
1.379 ( 10) 
1.365(9) 
1.413(7) 
1.395 (8) 
129.7(5) 
118.4(4) 
111.8(5) 
103.6(5) 
112.4(6) 
105.7 (6) 
119.9(5) 
119.4(6) 
116.7(6) 


2), in a similar way to the phenyl rings in hexaphenyl- 
benzene (range 64.3-69.1°).* In spite of the large 
standard deviations of data in form 11, the bond distances 
in the independent pyrazole in I are found in the lower 


end of the range presented by these distances in 11, that 
would suggest a greater degree of charge delocalization 
in I (Table 1). The differences detected in 11, although 
just a few of them, in the limit of significance, are 
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Q 


Figure 1. (a) An OrtepIx view of form 1 as projected on the 
benzene ring. (b) Same for form 11. Ellipsoids are drawn at the 


30% probability level 


probably due to packing forces. The crystal is built up of 
discrete molecules which do not bear any significant 
interactions among them. Figure 3 shows both crystal 
structures for comparison purposes. The low total packing 
coefficient for I (C: = Vn,oleculcs/unit cell volume = 0-65) is 
consistent with the presenge of spherical voids in the 
structure9 of volume 15-2 A3 and centred at the crystallo- 
graphic origin and at their symmetrically related sites, 
analogously to the previously studied compound.' In form 
11, there are no voids in the structure and the total packing 
coefficient is 0.69. 


Semiempirical computations 
The bond distances and angles of the optimized mol- 
ecular structure for both forms are given in Table 1 
together with the experimental values. Only the aver- 


Figure 2. (a) A perpendicular view to that of Figure I 
showing the numbering system and the conformation of the 


molecules in form I. (b) Same for form I1 


aged geometry is listed since the greater differences, up 
to 0.5", correspond to the C(i)-N(il)-N(i2) or 
C(i)-N(il)-C(i5) external angles. No correlation 
was found depending on whether the N(2) atom is 
placed up or down with respect to the benzene ring. In 
both cases AM1 and SAM1, the agreement is reason- 
able but there are some small differences that are worth 
mentioning: all bond distances, except N(i1)-N(i2) in 
SAMl, are longer than the experimental values; this 
elongation is larger in N(l)-C(5) and C(3)-C(4), 
pointing to a lower degree of charge delocalization in 
the pyrazole ring; the angles at N(i2) and C(i3) have 
their values interchanged in the SAMl model. 


The optimized values of the energy, dipolar moments 
and torsion angles between the phenyl and pyrazole 
rings for the eight conformers are listed in Tables 2 and 
3. In general, the computed conformations are in good 
agreement with the experimental ones. Two different 
conformations close in energy [0.4 kcal mol - I  


(1 kcal = 4.184 kJ)] corresponding to the 0 3  and S6 
point groups were obtained for conformer 8 when the 
AM1 model is considered (8a and Sh, respectively). In 
the computed conformation 8h (analogous to that found 
in the crystal structure, form I), the C(iS)--H...N(i2) 
interaction between contiguous pyrazole rings is overes- 
timated, and the value of the N(i2)-N(il)-C-C 
torsion angle diminishes (always in absolute value) 
resulting in the approximation of the C(i5) and N(i2) 
atoms from different pyrazole rings. The value of these 
torsion angles is even smaller in the pseudohelicoidal 
conformer 8a, which has the energy minimum of this 
series. The energy increases with the number of con- 
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tiguous pyrazoles having the N(i2) atom on the same 
side of the benzene ring. Both theoretical models yield 
the same sequence of increasing energy for the eight 
conformers. 


All the AM1-calculated molecules for the eight differ- 
ent up and down combinations of the N(i2) atom present 
a pseudohelicoidal conformation as the energy minimum 
(denoted by a). The N(i2)-N(il)-C-C torsion 
angles are always close to -60 and 120" (Table 2). When 
the SAM1 parametrization is used the pyrazole moieties 
are mainly perpendicular to the central ring. Only in the 
situations 3, 2 and 1, where there are four, five and six 
consecutive pyrazoles in the same orientation, respect- 
ively, are the torsion angles significantly different from 
90". The mean values for these angles are -82.8, -79.2 
and -74.9' for 3, 2 and 1, respectively (Table 3). The 
perpendicular disposition of these rings in conformers 
4-8 is the cause of the presence of symmetry planes 
perpendicular to the central ring increasing the point 
group symmetry. There is an exception with 3 because in 
this case the special up and down sequence of the pyra- 
zole rings makes this case the only one which is chiral 
with absolute independence of the torsion angles values. 
The presence of a mirror plane in this conformer is not 
possible in any case. 


In the case of hexa(3,5-dimethylpyrazol-l- 
yl)benzene [ (dmpz),bz], we have used an empirical 
relationship to estimate the value of the different 
interactions in this system.' If the N(i2) are on the same 
side and in ortho [1,2], ineta [1,3] or para [1,4] 
positions with regard to the central benzene ring, the 
following equation was found (for AM1 heats of 
formation in kcal mol - I ) :  


Figure 3. (a) Crystal packing of 1 down the c axis. (b) Same 
for compound I1 down the a axis AH(AM1)=452.2+4.0 [1,2] -0.3 [1,3] + 1.6 [1,4], 


n = 8 ,  r2=0.976 (1) 


Table 2. AM1 calculations of the main conformers of (pz),bz: heats of formation, AH,  and differences in heats of formation, 6AH,  
in kcal mol-I, dipole moments in D, point groups, torsion angles (") and helicities 


Parameter 1 2 3 4a ,b  5 6 7b 8" 8 


AH 
M H  
Dipole moment 
Point group 


Helicity 


546.9 543.7 543.1 541.0 540.9 543.0 540.8 538.8 539.2 
0.4 ;$ 0.0 


8.1 4.9 4.3 2.2 2.1 4.2 2.0 
8.34 5-63 3.75 3.06 2.65 2.99 1.59 


c6 CI Cl CI c2 c2 c2 D3 s6 


-57.3 -60.0 116.5 -60.7 -60.8 120.4 -61.4 -61.4 -73.4 
-57.3 -57.8 -61.4 116.8 -57.4 118.2 121.7 119.2 73.4 
-57.3 -57.4 -58.2 -60.5 116.6 - 62.5 117.8 -61.4 -73.4 
-57.3 -57.6 -58.0 -58.3 -60.8 -58.9 -62.7 119.2 73.4 
-57.3 -56.8 -56.8 -57.9 -57.4 -57.3 -57.7 -61.4 -73.4 
-57.3 114.6 120.6 117.5 116.6 121.9 118.8 119.2 73.4 


a a a a a a a a h 


"TS,,)$, 6 A H =  12.6 kcalmol-I. 
hTSl&, dAH = 12.0 kcalmol-I. 
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Table 3. SAM1 calcultations of the main conformers of (pz),bz: heats of formation, A H ,  and differences in heats of formation, 
6 A H ,  in kcal mol-', dipole moments in D, point groups and torsion angles 


Parameter 1 2 3 4 a . b  5 6 7b 8" 


AH 435.3 431.5 430.4 428.3 428.1 430.2 427.8 425.9 
M H  9.4 5.6 4.5 2.4 2.2 4.3 1.9 0.0 
Dipole moment 11.17 7.54 3.81 3.84 3.84 0.0 0.17 0.0 
Point group C h  Cl C, (near C,) C, Cl t f  C*h cz D,, 


Torsions 


'TS,,,$, 6 A H =  1 1 ~ 9 k c a l m o l ~ ' .  
bTSo,,,$, 6 A H =  10.6 kcalrnol-'. 


t i  i 90" in most cases with some exceptions (see text) 


udduud 


Scheme 5 


For (pz),bz, the results in Tables 2 and 3 led to the 
equations 


AH(AM1)=537.4+ 1.3 [1,2]+0.2 [1,3]+0*2 [1,4], 
n = 8 ,  r 2 =  1.000 (2) 


AH(SAM1)=423.6+ 1.4 [1,2]+0*4 [1,3]+0.3 [1,4], 
n = 8 ,  r 2 =  1.000 (3) 


Clearly, the main term continues to be the [1,2] interac- 
tion (1.3-1-4 kcalmol-I), but it is much weaker in the 
second case, explaining why (dmpz),bz exists in the 8 
conformation while (pz)6bz exists both in the 8 and 7 
conformations. We assign these differences to the 
methyl group at position 5 of the pyrazole ring (see 
Scheme 5 )  which destabilize the uu (or dd) [1,2] 
interaction. Willem and co-workers6.* approached the 
problem of rotamer population (determined experimen- 
tally by 'H NMR spectroscopy and HPLC) in a different 
way. They calculated for the [1,2] interaction of two o- 
anisyl groups, AG,is-AG,,o,,, a value of 0.4 kcal mol -'. 


Since the conformational polymorphs belong to 
structures 8 and 7, we have calculated the barriers 


corresponding to the path 8 + 4 -+ 7 (see Tables 2 and 3 
and Scheme 3). The lines in Scheme 3 represent all 
single interconversion paths between conformers when 
only one pyrazole is turned up-down (about 180°).10 
These barriers correspond to a geometry optimization 
keeping one pyrazole ring coplanar with the benzene 
ring. Since the second barrier (4 + 7, 10.6 kcal mol-I) 
is slightly lower than the first (8 +4, 11.9 kcal mol - I )  


and since isomer 7 is more stable than isomer 4, these 
calculations account for isolating 8 and 7. These calcu- 
lated activation barriers also explain why in solution 
both olymorphs present the same NMR spectra 
('H, I C) which should correspond to the average of of 
the spectra 7 and 8. 


A series of experiments were carried out to obtain 
more information about the conformational polymorph- 
ism of (pz),bz, structures I(8h) and II(7a), and about 
the fact that the last solvent of crystallization is respon- 
sible for the crystal structure. Cross-experiments were 
carried out dissolving in ethanol crystals obtained in 
acetic acid, and reciprocally; in both cases, the structure 
(same unit cell and symmetry) corresponds to that of 
the last solvent used. 


P 
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.Table 4. Crystal analysis parameters at room temperature 


Parameter I I1 


Crystal data 
Formula 
Crystal habit 
Crystal size (mm) 
Symmetry 
Unit cell determination 


Unit cell dimensions (A, ") 


Packing: V (A'), Z 
D, (g cm-'1, M, F(000) 
1.1 (cm-') 


Experimental data 
Technique 


Radiation 
Scan width (") 
enlax ("1 


Number of reflections: 
Independent 
Observed 


Standard reflections 


Solution and refinement 
Solution 
Refinement 
Least-squares on F ,  


Parameters 
Number of variables 
Degrees of freedom 
Ratio of freedom 
Final shift/error 


H atoms 


Weighting scheme 
Max. thermal valueo (A2) 
Final A F  peaks (e A-') 
Final R and R, 


C24H 18N12 
Colourless, hexagonal prism 


Rombohedral, R-3 
Least-squares fit from 50 reflections 


a =  19.1381(8) 


0.67 x 0.27 x 0.27 


(e<450) 


b=  19.1381(8) 
c = 5.5469(2) 


1759.5(1), 3 
1.343,474.49,738 
6.86 


90,90, 120 


C24HI8Nl2 
Colourlesss, hexagonal plate 


Orthorhombic, Pna2, 
Least-squares fit from 80 reflections 


a = 9.6977(3) 


0.20 x 0.20 x 0.13 


( 8 ~ 4 5 0 )  


b= 11.9861(15) 
C =  19.4946(5) 


2266.0(3),4 
1.391,474.49, 984 
7.10 


90.90 90 


Four circle diffractometer: Philips PWllOO, bisecting geometry. 
Graphite oriented monochromator. w/20 scans. 
Detector apertures 1 x 1". 1 min/reflection. 
Cu K a  Cu Kn 


65 65 
1.5 1.5 


659 
610 [3a(I) criterion] 
2 reflections every 90 minutes 
No variation 


Direct methods: Sir92 


Full matrix 


67 
543 
9.1 
0.02 


From difference synthesis 


2020 
1553 [3a(I) criterion] 


2.5% decay 


396 
1157 
3.9 
0.03 


Empirical so as to give no trends in -(wA2F) vs ( I Ft,hr I ) and (sin O/l) 
U22[C(15)] =O.G99(1) U33[C(13)] =0.085(5) 
0.14 0.20 
0.046,0.052 0@48,0.05 1 


according to Henrie and Yeager's proced~re. '~ They 
described the product in the following manner: 
C,,H,xN,2. H,O (note that both crystal structures, I and 
11, appear to be anhydrous) C, H, N, M' 474, and m.p. 
>4OO0C. To a solution of 2 g (29.4 mmol) of pyrazole 
in 20 ml of dry tetrahydrofuran (THF) under an argon 
atmosphere was added 0.71 g (29-4 mmol) of NaH 
(60% oil dispersion) in small amounts. The solution was 


Synthesis. Hexa(pyrazo1-1-y1)benzene was prepared heated at 65 "C for 1 h; after cooling, 0.57 ml 


EXPERIMENTAL 
The 'H and I3C N M R  spectra in solution were recorded 
on a Bruker AC200 instrument operating at 200.13 MHz 
('H) and 50.32 MHz (I3C) using standard conditions." 
The I3C CP/MAS spectrum was recorded in the same 
instrument using the conditions described in Ref 12. 
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(4.9 mmol) of hexafluorobenzene was added. The 
mixture was refluxed for 6 h. The white precipitate was 
filtered off and washed with 20 ml of water and then 
with 20 ml of THF. Yield, 91%, m.p. ~ 3 5 0 ° C  
(decomp.). NMR (200 MHz, CDCI,), 6 7.41 (dd, 


7.25 (dd, H5. , J3.50 = 0.4 Hz); (200 MHz, 
H3.), 6.13 (dd, H4,, J 4 . 5 .  =2.5, J p 4 .  = 1.8 Hz), 


CDCI,+CF,CO,H), 6 7.69 (dd, H,,),  6.37 (dd, 
J 4 ' 5 '  ~ 2 . 6 ,  J 3 S 4 - ,  = 2.0 Hz), 7.36 (dd, H5,). "C NMR 
(50 MHz, CDCI,), 6 136.6 (C,), 141.5 (C,., 
' J =  187.2, 'Jz6.0, ,J=8.2 Hz), 107.2 (C4., 
lJ= 178.5, 'J= 10.0, , J =  8.7 Hz), 132.3 (C5., 
' J =  191.5, ' J=9 .2 ,  3J=4.5 Hz); (50 MHz, solid state, 
CP/MAS), 6 135.7 (C,), 142.1 (C,,), 107.8 and 110.1 
(C4,), 130.9 and 133.2 (C5.). Two different crystalline 
forms were obtained depending on the solvent used for 
crystallization: form I from acetic acid (m.p. > 350 "C) 
and form I1 from ethanol or CH,CI, (m.p. > 350 "C). 


X-ray analysis. The experimental details and the 
most relevant parameters of the refinement are given in 
Table 4. The structures were solved by direct methods, 
Si192.I~ The non-hydrogen atoms were refined 
anisotropically and the hydrogen atoms were included 
as isotropic. One reflection for compound I was affected 
by secondary extinction and was considered as unob- 
served in the last cycles of refinement. Most of the 
calculations were performed on a VAX6410 computer 
using the XRAY80 system." The atomic scattering 
factors were taken from Ref. 16. 


Setniemnpirical calculations. The molecular struc- 
tures for the eight possible combinations of up and 
down pyrazoles were optimized using the AM1 and 
SAM1 parametrizations of the hamiltonian as imple- 
mented in the AMPAC5.0'7 package. The only 
restriction imposed was the planarity of the pyrazole 
and benzene rings. The crystallographic coordinates of  
form I were used as starting point. The remaining 
conformations were generated twisting the correspond- 
ing pyrazole rings around the N(i1)-C(i) bond. 
Several starting points were generated for each case in 
a systematic way in order to avoid local minima. The 
caLculations were performed using an ALPHA3000- 
300X DECstation. 


SUPPLEMENTARY MATERIAL 
Lists of the structure factors, atomic coordinates and 
thermal components for the non-hydrogen atoms, 
hydrogen atom parameters, bond distances and angles 
and the complete list of 192 possible conformers of 


(pz),bz (nomenclature and point groups symmetry) are 
available from C.F.-F on request. 


ACKNOWLEDGEMENTS 


Thanks are due to the DGICYT (Spain) for financial 
support (PB93-0197-C02-01 and PB93-0125) and to 
Professors Alexander T. Balaban (Bucharest) and 
Rudolph Willem (Brussels) for useful comments. 


REFERENCES 
1. C. Foces-Foces. A. L. Llamas-Saiz, R. M. Claramunt, N. 


2. 


3. 


4. 
5. 


6. 


7. 


8. 


9. 


10. 


1 1 .  


12. 


13. 


14. 


15. 


16. 


17. 
18. 


Jagerovic, M. L. Jimeno and J. Elguero, J .  Chem, Soc., 
Perkin Trans. 2 1359-1363 (1995). 
J. C. J. Bart, Acta Crystallogr., Sect. B 24, 1277-1287 
(1968). 
R. Weiss, B. Pormrehn, F. Hampel and W. Bauer, Angew. 
Chem., Int. Ed. Engl. 34, 1319-1321 (1995). 
D. Gust, J .  Am. Chem. Soc. 99,6980-6982 (1977). 
D. Gust and A. Patton, J .  Am. Chem. SOC. 100, 


H. Pepermans, R. Willem, M. Gielen and C. Hoogzand, J .  
Org. Chem. 51, 301-306 (1986). 
H. Pepermans, R. Willem, M. Gielen and C. Hoogzand, 
Magn. Reson. Chem. 26,311-318 (1988). 
R. Willem, M. Gielen, C. Hoogzand and H. Pepermans, in 
Advances in Dynamic Stereochemistry, edited by M. F. 
Gilen. Freund, London (1985). 207-285. 
F. H. Can0 and M. Martinez-Ripoll, J .  Mol. Struct. 
(Theochem) 258, 139-158 (1992). 
K. Mislow, D. Gust, P. Finocchiaro and R. Boettcher, 
Top. Curr. Chem. 47, 1-28 (1974); J. Brocas, M. 
Gielen and R. Willem, The Permutational Approach to 
Dynamic Stereochemistry. McGraw-Hill, New York 
(1983). 
R. M. Claramunt, D. Sanz, J. Catalln, F. Fabero, N. A. 
Garcia, C. Foces-Foces, A. L. Llamas-Saiz and J. 
Elguero, J .  Chem. SOC., Perkin Trans. 2 1687-1699 
(1993). 
P. Molina, A. ArquCs, R. Ob6n, A. L. Llamas-Saiz, C. 
Foces-Foces, R. M. Claramunt, C. L6pez and J. Elguero, 
J .  Phys. Org. Chem. 5,507-517 (1992). 
R. N. Henrie, 11, and W. H. Yeager, Heterocycles 35, 


A. Altomare, M. C. Burla, M. Camalli, G. Cascarano, C. 
Giacovazzo, A. Guagliardi and G. Polidon, J .  Appl. 
Crystallogr. 435-435 (1994). 
J.  M.Stewart, P. A. Machin, C. W. Dickinson, H. L. 
Ammon, H. Heck and H. Flack, The X-Ray System, 
Technical Report TR-446. Computer Science Center, 
University of Maryland (1976). 
International Tables for X-Ray Crystallography, Vol. IV. 
Kynoch Press, Birmingham (1974). 
AMPAC Version 5.0. Semichem, Shawnee, KS. (1994). 
S. R. Hall, H. D. Flack and J. M. Stewart, Xta113.2. 
University of Western Australia, Lamb, Perth (1994). 


8175-8181 (1978). 


415-426 (1993). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9,381 -386 (1996) 


REVERSIBLE ELECTROCHEMICAL REACTIONS IN CONDUCTING 
POLYMERS: A MOLECULAR APPROACH TO ARTIFICIAL MUSCLES 


T. F. OTERO," H. GRANDE AND J. RODR~GUEZ 
Facultad de Quimica, Laboratorio de Electroquimica, Apdo. 1072,20080 San Sebastian, Spain 


Electrical currents trigger oxidation or reduction reactions in conducting polymers. Changes in volume 
associated with these redox processes can be transformed into macroscopic movements of more than 180" by the 
construction of a bilayer: polypyrrole-flexible and inactive polymer (artificial muscle). The effects of the applied 
potential, the nature of the solvent and the electrolyte concentration on the angular movement of the free end of 
the bilayer were analysed. The movement accelerates with increasing anodic (or cathodic, when the movement is 
reversed) overpotentials, with increasing electrolyte concentration or by using more polar solvents, leading to 
the conclusion that the movement is linked to electrochemically driven exchange of hydrated counterions 
between the solution and the conducting polymer. Geometrical considerations give a simple equation for both 
the microscopic and macroscopic changes of volume associated to the penetration of counterions during 
oxidation, which is able to explain the experimental behaviour. 


INTRODUCTION 
A chemomechanical device is a system able to trans- 
form chemical energy into mechanical work. In recent 
decades, a large number of simple chemomechanical 
systems have been investigated, including ion-exchange 
fibres,'.* fibrillate  protein^,^ crystalline polymers3 and 
polymer  membrane^.^,' When the transformation of 
chemical into mechanical energy is driven by an electric 
pulse, an electrochernomechanical device is developed. 


The presence of molecular movements in films of 
polyconjugated materials submitted to redox processes 
induced by electric currents has been reported and 
a ~ p l i e d . ~ - ~  When a conducting polymer film (such as 
unsubstituted polypyrrole or polythiophene) is elec- 
trochemically oxidized, positive charges are generated 
along the chains and hydrated counterions from the 
solution are forced to penetrate into the polymer in order 
to compensate these positive charges. This promotes the 
opening of the polymeric structure and a concomitant 
increase in free volume. When the polymer is reduced, 
electrons are injected into the solid, positive charges are 
eliminated and counterions and solvent molecules are 
expelled into the solution. As a result, two main effects 
occur: the polymer recovers its neutral state and the 
volume of the film decreases. 


*Author for correspondence. 


Some applications such as artificial muscles have 
been developed exploiting reversible swelling and 
shrinking processes in conducting polymers. To con- 
struct an artificial muscle based on conducting 
polymers, three requirements have to be fulfilled: 
1. 


2. 
3. 


synthesis of a conducting pol mer having an opti- 
mum intermolecular mobility; 
control of these molecular movements;'' and 
transformation of the molecular movement, able only 
to produce a wrinkling of the polypyrrole film,' into 
a macroscopic movement. 


l l 7  


Among the different possibilities studied in our 
laboratory, a bilayer structure, consisting of a conduct- 
ing and flexible polypyrrole layer adhering to an elastic 
and non-conducting film (Figure 1) was chosen. The 
system is similar to bilayer thermometers consisting of 
two metallic sheets having different expansion 
coefficients. Here the change in volume taking place in 
the conducting film promotes an angular movement of 
the non-electroactive polymeric film. Thus the molecu- 
lar movement in the conducting film, produced during 
oxidation and reduction (swelling and shrinking), is 
transformed into an angular macroscopic movement. l2 


In this paper, we report experimental results of the 
electrochernomechanical behaviour of polypyrrole based 
bilayers studied under different electrical and chemical 
conditions. The observed response led to the conclusion 
that the bending degree is essentially controlled by the 
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Power  sou^ 


- Polypyrrole 
Layer - Non Conducting 
Layer 


Figure 1. Scheme of the structure of the polypyrrole-non- 
conducting film bilayer and its movement by application of an 
electric potential between -200 mV (+90° position) and 
400 mV (-90' position). The direction of the movement can 


be changed by inversion of the current. 


electrical current and the concomitant movement of ions 
and solvent in the polymer lattice. With regard to this 
behaviour, a theoretical model able to explain the 
influence of the electric current on the movement was 
developed. 


EXPERIMENTAL 


Synthesis of polypyrrole layers. Polypyrrole films 
were electrogenerated from 0.1 M pyrrole and 0.1 M 
LiC10, in acetonitrile containing 2% water. This solvent 
mixture provides films with a high charge storage 
ability.I3 Acetonitrile (LabScan, HPLC grade) was used 
as received. The monomer (pyrrole) and anhydrous 
LiCIO, were supplied by Merck. The electrolyte was 
dried at 80°C for several hours before use. The mon- 
omer was distilled under vacuum. 


An AISI 304 stainless-steel sheet (3.5 x 2 cm2 
surface area) was used as the working electrode. Two 
4 cm2 platinum sheets were used as counter electrodes. 
Polymerizations were carried out by application of 
consecutive square waves of potential between 
-500 mV (2 s) and 800 mV (10 s). This method was 
optimized to obtain homogeneous polypyrrole films of 
good quality." The charge consumed during polymeriz- 
ation was 2 Ccm-*, the average thickness of the 
polymer film being 15 pm, obtained by experimental 
determination of both density and weight of the polypyr- 
role film. 


Construction of the bilayer. Once the polypyrrole 
film has been electrogenerated, the coated steel was 
removed from the solution, the polymer being partially 
oxidized. The polypyrrole films (one from each side of 
the electrode) were stuck to a commercially available 
double-sided plastic tape. Once good adherence between 
the polypyrrole film and the plastic tape had been 


obtained, the polypyrrole-adherent film bilayer was 
removed from the stainless steel. 


Measurements. In order to cany out the study of the 
movement, a portion of the bilayer having an area of 
2 cm2 was placed in the background solution (LiCIO, 
aqueous solution). Electrical contact between the 
polypyrrole layer and the electric current source was 
effected out using a platinum-coated clamp. The voltage 
was applied through a PAR 273 potentiostat/galvano- 
stat. A platinum sheet (4 cm2 surface area) was used as 
the counter electrode and a saturated calomel electrode 
(SCE) was employed as the reference electrode. 


RESULTS AND DISCUSSION 


Role of the solvent on the movement 
A polypyrrole-non-conducting film bilayer was placed 
in 0.1 M LiC10, solution using water, acetonitrile or 
propylene carbonate as solvent, then submitted to 
consecutive potential steps between -200 mV and 
400 mV vs SCE. The electrochemical reduction of 
polypyrrole at -200 mV promotes the contraction of the 
polypyrrole layer and the appearance of mechanical 
stresses at the interface between the two polymers. As a 
consequence, the free end of the bilayer moves towards 
the polypyrrole side (Figure 1). During oxidation the 
polypyrrole film expands, and the opposite macroscopic 
movement is produced. This reversible movement has 
been described previously.8-'o 


This behaviour was only observed in aqueous solu- 
tions. When acetonitrile or propylene carbonate was 
employed as solvent, no movement was observed using 
the same bilayer. These differences in the electrochemi- 
cal behaviour are attributed to different degrees of 
interaction between solvent molecules and the polymer. 
Stronger interactions assume greater facility of the 
solvent molecules to penetrate and open the polymer 
network, whereas weak interactions assume a closed 
molecular structure. Water molecules have a higher 
dipole moment than the other solvents examined, so 
strong dipole -ion interactions occur between the 
oxidized polypyrrole chains and the water molecules. As 
a consequence, the polymer swells during oxidation. In 
the reduced film, polymer-polymer attractive interac- 
tions prevail and the polymer shrinks. In other solvents, 
ion-dipole interactions are weaker than in water. The 
differences in volume between the oxidized and reduced 
states are not so large and the subsequent macroscopic 
movement of the bilayer becomes less important. 


Influence of the applied electrical potential on the 
movement 
A bilayer constructed as described above was polarized 
at -200 mV (a potential where the conducting polymer 







ELECTROCHEMICAL REACTIONS I N  CONDUCTING POLYMERS 383 


100- 


80 - 
$ 60:  
c3 


40 - 


20 - 


cn 
\ 


.- 


becomes neutral) for a long enough period to allow the 
free end of the bilayer to attain a position of +90" with 
respect to the vertical position. Then the potential was 
stepped to an anodic value in the range between 600 and 
2000 mV. The times required to attain a position of 
-90" during oxidation were measured for the different 
anodic potentials. As can be seen from Figure 2, higher 
anodic overpotentials promote faster oxidation of the 
polypyrrole films. l4 Hence the expansion of the polymer 
network is faster, promoting a more rapid movement of 
the bilayer. On the other hand, the charge consumed to 
oxidize the polymer is constant for anodic overpoten- 
tials lower than 600 mV. The increase in the charge 
consumed by oxidation at potentials more anodic than 
600 mV (see Figure 3) is related to the parallel oxida- 
tion of water and concomitant oxygen release." A 
similar procedure was used to study the influence of the 
cathodic potential on the reverse movement by polariz- 
ation from 800 mV to different cathodic potentials 
ranging between -400 and -2000 mV. The times 
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Figure 2. Evolution of the time required to complete a cycle of 
movement (-90" + +90" and +90° + -9OO) for a bilayer as a 


function of the applied potential 
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Figure 3. Evolution of the charge consumed during bending at 
different anodic potentials 


needed to complete the movement from 90" to -90" are 
also shown in Figure 2. More cathodic potentials give 
faster movements. 


Thus the rate of movement of the artificial muscle is 
related to the applied electric potential, and hence to the 
kinetics of the redox reaction taking place in the con- 
ducting film. In other words, movement rates during 
oxidation or reduction are governed by gradients of 
anodic or cathodic potentials, respectively. 


Influence of electrolyte concentration 
A bilayer was submitted to potential steps from -200 to 
400 mV in aqueous solutions with different LiCIO, 
concentrations. The times required to complete an 
angular movement from +90" to -90" decrease when 
the electrolyte concentration increases (Figure 4), as 
expected. Moreover, movements related to anodic 
processes are always slower than those related to 
cathodic movements. This is related to the extra energy 
required to open the molecular entanglement and allow 
the penetration of counterions during oxidation. During 
reduction, in contrast, counterions diffuse along the 
opened structure towards the solution without any 
resistance, giving a faster shrinking effect. In other 
words, oxidation, but not reduction, is controlled by 
conformational relaxation of the polymeric chains. l6 


THEORETICAL, APPROACH 
On the basis of the above description, an attempt will be 
made to develop a theoretical model able to explain 
some of those experimental results. A bilayer will be 
considered, consisting of an electroactive and homo- 
geneous polypyrrole film adhering to a non-electroactive 
and flexible tape. Anodic or cathodic currents will pass 
through the polyconjugated film to allow electrochemi- 
cal oxidation or reduction processes. The redox level 
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Figure 4. Evolution of the time per cycle (-90" + +90" and 
+goo+ -90') for a bilayer as a function of the electrolyte 
concentration (LiCIO,). The final potentials were -200 mV 


(reduction) and 400 mV (oxidation) 
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attained is a steady state related to the consumed charge 
and the applied potential. It is assumed that only one 
type of dopant ion is present, that the temperature is 
constant and that the environment of the conducting 
polymer (metal clamps, counter electrode, solvent, etc.) 
is inert. 


The oxidation of a microscopic element of volume is 
shown in Figure 5. The polymer presents a compact 
structure in the neutral state, being opened during 
oxidation owing to the penetration of counterions. The 
overall change in volume occumng during the oxidation 
of the polymer, expressed in terms of changes in the 
length of a given polymeric segment (Al ) ,  can be 
separated into two components: 


During oxidation, electrons are lost from the polym- 
eric chains and solvated counterions penetrate into 
the polymer to compensate for the generated positive 
charges. The relative change in the length of a 
polymeric segment (AI,)  will be proportional to the 
number of solvated counterions penetrating into the 
polymer. This number is equal to the number of 
electrons flowing through the external circuit. Hence 


where h,  is a constant related to the volume of the 
hydrated anions (which depends on ion-solvent 
interactions) and Qsegment is the anodic charge 
required to oxidize an unitary segment of the 
polymer. 
The second component is related to charged 
polymer-charged polymer, charged polymer-anion, 
anion-anion and polymer-solvent interactions. 
According to the theory of swelling of cross-linked 
gels,” the relative increase in the length of the 
segment can be expressed by 


- = h 2 -  A12 Qxgrnent 


1 1’ 


where h2 includes all the physical and chemical 
properties related to the system, such as interaction 


oxidation 
+ n e  ___) - n 0  + 


reduction 
c.) 


I 


I + A1 


Figure 5. A compact element of volume with a length 1 
increases its length to 1 + A1 during oxidation: electrons are lost 
from the polymer, channels are opened and hydrated 
counterions penetrate from the solution, to maintain 


electroneutrality 


parameters, dielectric constant of the solvent, screen 
effects and electrolyte concentration. 


By addition of equations (1) and (2), the following 
expression for A1 is obtained: 


Qsegrnent Qsegrnent A1 = (hi + h2) - = h - 
l2  l2  


(3) 


where h = h ,  + h,  is defined as the electrochemical 
swelling coefficient. Under steady-state conditions, the 
relative increase in the length of the polymeric segment 
is a linear function of the overall charge consumed 
during the oxidation process (Q), as can be deduced 
when equation (3) is transformed to 


where V,, is the volume of the considered segment, V,, 
is the overall volume of the polyconjugated material 
studied, A is the area of the polymer-polymer interface 
and e is the thickness of the conducting layer. Accord- 
ing to equation (4), the relative increase, or decrease, in 
length is proportional to the electrical charge consumed 
during the oxidation, or reduction, processes. Neverthe- 
less, when the conducting polymer film adheres to a 
flexible and non-electroactive tape, a stress gradient 
appears across the polymer during the oxidation process 
(Figure 6): the electron loss induced by the anodic 
potential attempts a swelling process at the 
polymer-polymer interface, but fibres adhere to the 
non-conducting polymer and the swelling is hindered by 
a mechanical opposite force. Owing to the cross-linking 
of the polyconjugated material, the stress gradient 
reaches a distance 6 from the polymer-polymer inter- 
face. For distances longer than 6, the polyconjugated 
film expands following equation (4). For this reason, 6 
will be called the distance of influence of the non- 
electroactive tape. 


Assuming a linear strain gradient from the interface 
to 6, the elongation of an element of volume present at a 


Electrolytic solution 


I Conductingfilm 
I stresses 4 
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I. 
I of the mctive layer 


~~ 


Polymer 
interface / / / / / / / / / / / / 
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Figure 6. Stress gradient appearing at the polymer-polymer 
interface as a consequence of the volume increment in the 


conducting film during oxidation 
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Figure 7. Changes in (a) length and (b) concomitant bending in a bilayer muscle; d represents the thickness of the non-electroactive 
film, 6 the distance of influence of the inactive tape, e the overall thickness of the polypyrrole layer and a the bending angle. 


distance x from the interface will be 


(5) Ql x 
h - X -  


Ae 6 


The concomitant length variation in our bilayer (AL) 
will be 


per segment 


where L is the overall length of the bilayer. Hence we 
obtain 


QL i f x > 6  
(7) 


Ae 6 


Taking into account the change in length as a func- 
tion of the charge and the distance to the interface, 
changes in the angle experienced by the free end of the 
bilayer as a function of the consumed charge can be 
obtained (Figure 7). The arc of circumference (L), the 
bending radius (r) and the thickness of the inactive 
layer (d) are related through the bending angle (a) as 
follows: 


L = ar 
L +AL=a( r  + e +d) 


Including AL in equation (8): 


l h  QL 
Ae(e + d) a =  


Ih " 
A6(e + d) 


(8) 
M -+ a = -  


e + d  


i f e  > 6 


i f e  < 6 
(9) 


These expressions can be written as a function of the 
doping level (positive charges per volume unit), Y = Q/ 


Hence for a constant doping level (Y), a is a func- 
tion of the thickness of the polyconjugated film (Figure 
8). Moreover, from an electrochemical point of view, 6 
can be considered as the optimum thickness of the 
conducting film to form a bilayer. A greater thickness 
gives an electroactive material which consumes charge 
but does not participate in the mechanical stress. A 
smaller thickness gives a lower AL and a concomitant 
lower a. 


If the doping level is assumed to be proportional to 
the electric potential at which the conducting polymer is 
submitted (this approximation sufficiently represents 
real data), a linear dependence between the bending 
angle and the electric potential is obtained, as observed 
experimentally. l2 On the other hand, the variation of the 
bending angle (a) with time as a function of current 
flow will be given by differentiation of equation (9): 
da /d t=kl ,  where I is the current intensity flowing 
through the electroactive layer and k is a constant which 


~ 


0 6 e 


Figure 8. Theoretical variation of the bending angle of a 
muscle, for a constant consumed charge, as a function of the 
polypyrrole thickness, according to equation (10). The 


optimum thickness (6) is indicated 







386 T. F. OTERO, H. GRANDE AND J. RODR~GUEZ 


-1.0716 
t = 66.929 1 


40 


30 . .u 


20 


10 


0 
0 1 2  3 4 5 6 7 8 9 10 


i / mA ern.' 


Figure 9. Time required to cross over 180" the free end of a 
bilayer during oxidation at different current densities. A 1 M 
LiClO, aqueous solution was used as the electrolyte and a 


platinum sheet as the counter electrode 


includes all structural and geometrical parameters of the 
film. From this result, the developed model can easily 
be corn ared with experimental results at constant 
current." By integration under constant current, the time 
(t) required to describe a constant angle will be given 
by 


a 1  t = - x - -  
k I  


As can be seen, the bending time decreases when I 
increases, as was observed experimentally (Figure 9): a 
slope of -1 was obtained from a double logarithmic 
representation of these results, according to theoretical 
predictions. 
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AMINOLYSIS OF 0- (2,4-DINITROPHENYL)-p , p  ’ -DISUBSTITUTED 
BENZOPHENONE OXIMES IN BENZENE: EVIDENCE FOR HIRST’S 


MECHANISM 


AJAY K. JAW,* PRASHANT SINGH AND B. B. SAHOO 
Department of Chemistry, University of Roorkee, Roorkee-247 667, India 


The reactions of 0-(2,4-dinitrophenyl)-substituted p,p’ -dimethoxybenzophenone oxime, p,p‘-tluorobenzophenone 
oxime and p,p’-dichlorobenzophenone oxime with pyrrolidine and piperidine in benzene were found to be third 
order in amine, with no uncatalytic route. The overall rate is a combined effect of rates of two routes, one of which 
increases and the other decreases with rise in temperature. The relative contribution of the two routes to overall rate 
varies with temperature, nucleofugicity of the substrate, nucleophilicity and concentration of amine. As a result, the 
effect of temperature on the overall rate for some reactions is positive and for others negative. This unusual 
temperature effect on the overall rate supports Hirst’s mechanism. 


INTRODUCTION 
Aromatic nucleophilic substitution reactions of 
nitro-activated substrates with amines as nucleophiles 
have been extensively studied in both dipolar and 
non-polar solvents. These reactions in dipolar 
solvents normally show a second-order dependence 
on amine and are explained by Bunnett’s mechanism. 
However, in non-polar solvents these reactions gener- 
ally show a thud-order dependence on amine and 
exhibit an inverse temperature effect on overall rate 
( k A ) .  Four approaches7 have been adopted to explain 
this behaviour: (i) Nudelman’s mechanism involving 
attack of amine dimer*-” on substrate leading to the 
formation of a hydrogen-bonded intermediate complex 
which breaks into products through uncatalysed and 
catalysed steps; (ii) formation of hydrogen-bonded 
four-, six- and eight-membered cyclic transition 
states;l3-I6 (iii) an EDA complex mechanism in which 
Forlanii7*’* considers that the zwitterionic intermediate 
formed by the attack of nucleophile on 
substrate-nucleophile complex changes to products 
through two routes, uncatalysed and nucleophile cata- 
lysed; and (iv) Hirst’s mechanism involving 
electrophilic catalysi~’~.’~ by conjugate and homoconju- 
gated acids. There is a crucial difference in these four 
mechanisms, although all proceed through two routes. 
The first three mechanisms involve the participation of 
hydrogen-bonded species/molecular complexes for both 


* Author for correspondence. 
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routes whereas in Hirst’s mechanism route I invokes 
electrophilic catalysis by non-hydrogen-bonded 
conjugate acid and route 11 by hydrogen-bonded homo- 
conjugated acid. As hydrogen-bonded species/EDA 
molecular complexes have lower stability at higher 
temperatures, the rate for a reaction proceeding through 
the routes involving them is expected to decrease with 
rise in temperature. As such for the Nudelman, cyclic 
transition state and EDA complex mechanisms, the 
difference in the rates for the two routes is expected to 
decrease with rise in temperature and consequently the 
overall rate should exhibit an inverse temperature effect 
(decrease) irrespective of the nature of the substrate and 
nucleophile. On the other hand, for Hirst’s mechanism, 
the rate for route I is expected to increase and for route 
I1 to decrease with rise in temperature. The overall rate 
may increase or decrease depending on the relative 
contribution of the two routes. Hence it is evident that a 
detailed study of the effect of temperature on the 
separate and overall rates may help in the elucidation of 
reaction mechanism. 


No report is available which shows opposite 
temperature effects on the reaction rate for the two 
routes and a correlation between temperature effect 
(normal or inverse) on the overall rate and concentra- 
tion and nature of the amine and substrate. Our own 
earlier study” was limited to the effect of temperature 
on the overall rate only, which decreased with rise in 
temperature. We have, therefore carried out a detailed 
study of the effect of temperature on the reaction 
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Where X is represented as, 


( 1 )  X=OCH3 ,(2) X=F AND ( 3 )  x=cI 


of these newly synthesized substrates, viz. 
0-(2,4-dinitrophenyl)-substituted p,p’-dimethoxyben- 
zophenone oxime (l), p,p’-difluorobenzophenone 
oxime (2) and p,p‘-dichlorobenzophenone oxime (3) 
with pyrrolidine and piperidine in benzene in order to 
obtain information on the variations in the rates of the 
separate routes with temperature so as to provide 
evidence for the mechanism. The results of these 
investigations support Hirst’s mechanism and also 
indicate that a normal temperature effect is observed for 
substrates with good leaving groups and an inverse 
temperature effect for those with poor leaving groups. 


RESULTS AND DISCUSSION 
Aminolysis of 0-aryl oximes results in the formation of 
N-(2,4-dinitrophenyl)amines. The plots (Figure 1) of 


[Pyrrolidlnq / m d  dm-3- 


Figure 1. Plots of k,, versus [pyrrolidine] for the reactions of 
Q)l, (A)2and(+)3inbenzeneat2O0C 


pseudo-first-order rate constants (k , )  versus 
[pyrrolidine] for the three substrates are curved, being 
concave towards the rate axis. This indicates base 
catalysis with an order of reaction in amine of >1. 
Further, the plots (Figure 2) of second-order rate 
constants (k , ) ,  obtained by dividing k, by [amine], 
versus [pyrrolidine] show an upward curvature and pass 
through the origin, which indicates that the reactions are 
wholly base catalysed with an order of reaction in amine 
>2. Similar plots were obtained for pyrrolidinolysis and 
piperidinolysis at different temperatures for all the 
substrates. 


The k,  values for pyrrolidinolysis and piperidinolysis 
of all the substrates at different temperatures are given 
in Table 1. It can be seen that the reactivity decreases in 
the order 3 > 2 > 1, which can be explained on the basis 
of the departure ability of the leaving group. The 
expulsion of the leaving group involves breaking of a 
C-0 bond, which generates a negative charge on the 
oxygen. The departure of oximate anion would be 
facilitated if it can be stabilized by delocalization of the 
charge towards the benzene rings of the oxime moiety 
through conjugation. Any substituent X attached to the 
benzene ring would affect the departure ability of the 
leaving group depending whether it enhances or hinders 
delocalization of the charge. Substrate 1 produces the 
minimum rate because the methoxy group makes the 
leaving group poorest by a net electron-donating effect” 
towards the ring, which inhibits delocalization. 
Insubstrates 2 and 3, the halogens enhance the 
departure ability by facilitating delocalization of charge 
due to a net electron-withdrawing effect. Electrophilic 
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[k‘yrrolidind / mol dm-3 


Figure 2. Plots of k ,  versus [pyrrolidine] for the reactions of 
Q)l ,  (A)2and(+)3inbenzeneat2O0C 
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2 


3 


Table 1. Second-order rate constants (k,/dm3mol-'s-') for pyrrolidinolysis and piperidinolysis of 0-aryl oximes in benzene at 
different temperatures 


104kA 10SkA 
lo2 [pyrrolidine] 102[piperidine] 


Substrate (mol dm-3) 20 "C 30°C 40°C (mol dm-3) 20 "C 30°C 40°C 


1 5 5.9 4.9 4.8 20 7.5 6.7 6.2 
6 7.9 6.6 6.4 25 11.8 10.5 9.8 
7 10.4 8.6 8.0 30 16.8 15.1 13.8 
8 12.8 10.2 9.6 35 22.1 19.6 17.9 
9 16.2 12.8 11.5 40 26.8 23.7 21.4 


10 19.7 15.4 13.6 45 31.1 27.6 25.2 
5 28.1 26.2 27.1 10 6.3 6.9 8.2 
6 37.2 34.7 34.5 15 11.7 12.5 13.9 
7 49.4 42.5 42.5 20 20.1 19.8 21.6 
8 60.1 54.0 52.8 25 28.8 27.9 29.3 
9 72.0 65.8 60.9 30 39.9 37.5 37.9 


10 88.5 76.7 72.3 35 52.7 47.6 48.9 
5 50.6 49.2 53.4 10 17.6 21.6 27.2 
6 65.6 65.0 68.1 15 30.3 36.8 44.6 
7 85.1 80.2 82.3 20 46.6 52.5 62.6 
8 102.4 99.5 100.1 25 63.8 72.6 81.9 
9 122.8 115.4 116.5 30 82.8 90.8 105.7 


10 146.2 134.9 134.4 35 107.1 115.8 130.6 


substitution studies2' have indicated that the net 
electron-withdrawing effect of halogens (due to 
combined mesomeric and inductive effects) is Cl>F. 
Thus the rates for halogen substituted substrates should 
be in the order 3 > 2. 


In order to account for the higher order dependence 
on amine and the unusual temperature effect observed, 
we adopted the mechanism of electrophilic ca ta ly~is '~  
occurring through conjugate and homoconjugated acids 
(Scheme 1). On applying the steady-state approximation 
to Scheme 1, the following equationIg is obtained: 


[(T-)l [BH+I 


[(T*t)l[Bl 
K ,  = 


[BH+B] 
K ,  = 


[BH+I[Bl 
With the limiting condition k - ,  B k,KB[B] + 
kDKOKB[B]', equation (1) is reduced to equation (3). 


kIkBKBIBl  + k l  k,KDKB[B12 k ,  = 
k-1 k-l 


k, = k'[B] + k"[B]* 


k,[B]-' = k' + k"[B] 


(2) 


(3) 


Hence k,[B]-' should vary linearly with [B] and 
such plots have been obtained for pyrrolidinolysis 
(Figure 3) and piperidinolysis (Figure 4). However, in 
the case of piperidinolysis of 1 the plot deviates from 
linearity at higher amine concentrations. This indicates 
that at higher concentrations the limiting condition no 
longer holds and the curved plot follows equation (1). 
The piperidinolysis of 1 was not studied at lower 
concentrations as the rate was slow. The values of k' 
and k" were calculated from the intercept and slope of 
these linear plots for all the substrates except piperid- 
inolysis of 1 and are given in Table 2. It can be seen that 
at any given temperature, the value of k"/k' depends on 
the nature of the substrate and decreases as the leaving 
group becomes better. Further, the values of k"/k' for 
pyrrolidinolysis are greater than those for piperidinol- 
ysis, which is attributed to the smaller size of 
pyrrolidine than piperidine. BH 'B of pyrrolidine being 
of smaller size, it will have a higher k, value than 
piperidine. Hence higher kD values for homoconjugated 
acids of pyrrolidine cause higher k" / k '  values for 
pyrrolidinoly sis. 


Effect of temperature 
It can be seen from Table 2 that k' increases with 
increase in temperature, i.e. the reaction proceeding 
through route I shows a normal temperature effect and 
indicates that hydrogen-bonded species are not involved 
in this route. Further, k" decreases as BH'B tends to 
break down at higher temperatures, making K D  smaller; 
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Figure 3. Plots of k,[B]-' versus [pyrrolidine] for the Figure4. Plots of k,[B]-' versus [piperidine] for the 


reactions of @) 1, (A) 2 and (+) 3 in benzene at 20 "C reactions of (U) 1, (A) 2 and (+) 3 in benzene at 20°C 
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Table 2. Values of third-order rate coefficient (k'/dm6mol-* s-I) and fourth-order rate coefficient (k"/dm'rnol-'s-') for 
pyrrolidinolysis and piperidinolysis of 0-aryl oximes in benzene at different temperatures 


20 "C 30 "C 40 "C 


k"/k' k"/k' k"/k' 
Reaction Substrate 10'k' 10'k" (dm3mol-') 103k' 102k" (dm3molF') 103k' 10'k" (dm3moi-l) 


Pyrrolidinolysis 
1 3.2 16.3 51.0 4.2 11.2 26.9 5.7 7.9 13.8 
2 22.5 65.2 29.0 28.0 49.1 17.6 35.2 36.2 10.3 
3 55.5 90.0 16.2 64.8 70.2 10.8 78.3 57.4 7.3 


20 "C 30 "C 40 "C 


k"/k' k" lk '  k"/k' 
105k' 104k" (dm3mol-') 105k' 104k" (dm3mmol-l) 105k' 104k" (dm'mol-') 


Piperidinoly sis 
- - - - - - - - - 1 


2 28.0 34.7 12.4 41.0 28.0 6.8 59.0 23.0 3.9 
3 125.4 51.7 4.1 172.5 45.0 2.6 232.5 40.0 1.7 


the decrease in k" supports the participation of 
hydrogen-bonded species in the rate-determining step of 
route 11. Hence k"/k'  decreases with increase in tem- 
perature, indicating that the extent of reaction 
proceeding through route I is relatively greater at higher 
than at lower temperatures. 


Table 1 shows that the effect of temperature on the 
overall rate (k , )  is of five types : (i) for pyrrolidinolysis 
and piperidinolysis of 1 it decreases at all the amine 
concentrations with rise in temperature; (ii) a positive 
temperature effect is observed in the piperidinolysis of 3 
over the whole amine concentration range studied; (iii) 
for pyrrolidinolysis of 2, with increase in temperature 
the rate decreases continuously at all concentrations, 
except at 0.05 M pyrrolidine, where it first decreases 
and then increases with rise in temperature; (iv) in the 
pyrrolidinolysis of 3, it first decreases (20-30°C) and 
then increases (30-40 "C) at all amine concentrations 
except 0.1 M pyrrolidine, where a continuous decrease 
is observed; and (v) with a rise in temperature from 20 
to 30"C, the rate of piperidinolysis of 2 increases at 
lower and decreases at higher amine concentrations. 
However, the rate increases at all concentrations with a 
rise of temperature from 30 to 40 "C. 


These variations of k,  can be explained in terms of 
equation ( 2 )  which shows that the relative contribution 
of the two routes to the overall rate depends on the 
values of k' , k" and also amine concentration because of 
the involvement of the [ B ] *  term. On this basis, the 
results can be explained as follows. (i) The values of k" 
/ k' for pyrrolidinolysis of 1 are maximum at all temper- 
atures and so high that the decrease in rate with 
temperature due to route I1 (k" [BIZ  term) is sufficient to 


predominate over the rate-increasing effect of route I 
( k ' [ B ]  term) resulting in a decrease in k, with rise in 
temperature at all amine concentrations studied. 
Although k"/k '  for piperidinolysis of 1 could not be 
determined, it is expected to be sufficiently higher to 
cause a continuous decrease in rate with rise in tempera- 
ture. (ii) As the values of k"/k '  for piperidinolysis of 3 
are minimum and so small that in spite of the higher 
concentration of piperidine used compared with pyr- 
rolidine, the rate-decreasing effect of route I1 does not 
overcome the rate-increasing effect of route I and hence 
a positive temperature effect is observed. (iii) At 20 and 
30"C, for pyrrolidinolysis of 2 and 3 the values of k"/k'  
are smaller than observed for 1 but still high enough to 
cause a decrease in rate. However, as at 40°C the k"/  
k' values become relatively much smaller, the 
rate-increasing effect of k' [B] now redominates over 


increase in overall rate with rise in temperature from 30 
to 40°C at lower amine concentrations. At higher 
pyrrolidine concentrations (0-06-0.1 M for 2 and 0.1 M 
for 3), in spite of the same values of k " / k ' ,  the rate 
decreases with increase in temperature from 30 to 40 "C. 
This is due to the involvement of the [BI2 term in 
equation (2), which increases the contribution of route 
I1 relative to route I at higher amine concentrations. (iv) 
In the temperature range 20-30 "C, for piperidinolysis 
of 2 the increase at lower and decrease at higher concen- 
trations can be explained by considering the lower value 
of k"/k' and concentration effect, respectively. An 
increase in rate from 30 to 40°C over the whole 
concentration range is attributed to the still smaller 
value of k"/k'  at 40°C. 


the rate-decreasing effect of k " [ B ]  ? , resulting in an 
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Table 3. Energy activation (klmol-') for routes I and I1 


F'yrrolidinoly sis Piperidinolysis 


Substrate Route I Route I1 Route I Route I1 


1 22.5 * 0.6 -28-0 * 0.7 - - 
2 17.4i0.6 -22.3i0.6 28.1 iO.8 -15.5i0.5 
3 13.2i0.4 -18.0i0.6 23.6rt0.7 -1O.lrt0.4 


The energy of activation for pyrrolidinolysis and 
piperidinolysis proceeding separately through routes I 
and I1 was calculated from the temperature effect on k' 
and k", respectively and these are given in Table 3. It 
can be seen that E ,  for route I is positive and decreases 
as the leaving group becomes better from 1 to 3. The E, 
for route I1 is negative. The overall energy of activation 
using kA has not been calculated as it is a function of 
m i n e  concentration. 


The effect of temperature on k' and k" does not 
support Banjoko's and Nudelman's mechanisms. The 
results at any one temperature could have been 
explained by Banjoko's cyclic transition state 
rne~hanism'~*'~ invoking six- and eight-membered 
cyclic transition states in routes I and 11, respectively. If 
this mechanism operates, then the increase in tempera- 
ture should have decreased both k' and k" as the two 
transition states are hydrogen-bonded species and their 
formation would be hinderedI3*l4 at higher temperatures. 
Moreover, a diminution in both k' and k" with 
temperature according to this mechanism cannot 
explain the overall increase in rate that was observed in 
some cases. Thus increase in k' and decrease in k" with 
rise in temperature as determined here rule out this 
mechanism. 


Nudelman's mechanism involving attack of an m i n e  
dimer as a nucleophile on the substrate is also not 
supported by our results, although it predicts"-I2 
linear plots similar to those obtained here and shown in 
Figures 3 and 4, giving the intercept (k') and slope (k"). 
However, the nature of k' and k" for dimer mechanism 
is altogether different from k' and k" for equation (3). 


Both k' and k" of the dimer mechanism"*'* contain the 
equilibrium constant K for the formation of a hydrogen- 
bonded m i n e  dimer (K = [B --. B]/[B,]'). At higher 
temperatures the value of K will decrease owing to the 
breakdown of B . - - B ,  resulting in a decrease in the 
values of both k' and k" with increase in temperature. 
The increase in k', the decrease in k" and the overall 
rate increase in some cases with temperature as 
observed here thus do not support Nudelman's 
mechanism. 


Forlani's EDA molecular complex mechanismI7*'* is also 
not supported because it (i) predicts k,[B]-'(l+ K[B]) vs 
[B] plots to be linear whereas we observed linearity for 
k,[B]-' vs [B] plots and (ii) gives temperature effects not 


consistent with our results. Both the intercept and slo 


contain the formation constant (K) for the molecular 
complex. At higher temperatures, owing to the lower 
stability of the molecular complex, the value of K will 
decrease, resulting in a decrease in both the intercept and 
slope. This is contrary to our results. 


obtained from the linear plots for Forlani's mechanism' F! 


CONCLUSIONS 
The results of this investigation thus reveal that the 
aminolysis reaction of 0-aryl oximes proceed through 
Hirst's mechanism, and Nudelman's dimer, Banjoko's 
cyclic transition state and Forlani's EDA molecular 
complex mechanisms are not operating. Contrary to 
earlier reports, aminolysis reactions in non-polar aprotic 
solvents can exhibit normal or inverse temperature 
effects depending on the nucleofugicity of the substrate 
and the nature and concentration of the mine. 


EXPERIMENTAL 


Reagents and materials. Benzene (Merck) was purified 
by distillation after drying with CaCI, and sodium wire. 
Pipendine (Riedel-de Ha&) and pyrrolidine (Merck) were 
purified by distillation after drying them with sodium metal 
and kept in the dark under nitrogen. Both benzene and 
amines were stored over 4 A Linde-type molecular sieves. 
p,p'-Dimethoxy-, -difluoro- and -dichlorobenzophenone 
oximes were prepared by interacting corresponding 
disubstituted benzophenones (Aldrich) with hydrox- 
ylamine hydrochloride and sodium hydroxide following the 
procedure described for the preparation of benzophenone 
oxime.24 The oximes were crystallized from methanol 
and the purity was checked by Tu3. The substrates, 
O-(2,4-dinitrophenyl)-p,pf-disubstituted benzophenone 
oximes were then synthesized by reacting the appropriate 
oxime with an equimolar amount of sodium in a 
methanolic medium followed by treatment with a 
methanolic solution of 1 -chloro-2,4-dinitrobenzene (Fluka) 
according to the procedure reported for the reparation of 


recrystallised from ethyl acetate and the purity was 
checked by TLC. The substrates synthesized were 
characterized by 'H NMR spectroscopy (100 M H Z )  and 
elemental analysis. 


0-(2,4-dinitrophenyl)anisaldehyde oxime., P These were 
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0- (2,4-Dinitrophenyl)-p,p' -dimethoxybenzophenone 
oxime: m.p. 100°C; 'H NMR, 6, (CDC1,) 4.0 (two 
singlets looking like a doublet 6H, 2 x OCH,), 7.0-7.3 
(m, 4H, Ar), 7.4-7.7 (m, 4H, Ar), 8-2 (d, lH, Ar, 


8.9 (d, lH, Ar, J 3 , 5 =  3 Hz); found, C 59.8, H 3.9, 
N9.8; calculated for C,,H,,N,O,, C 59.6, H 4-0, 
N 9.9%. 0- (2,4-Dinitrophenyl)-p,pf-difluorobenzo- 
phenone oxime: m.p. 124°C; 'H NMR, 6, (CDC1,) 
7-2-7.5 (m, 4H, Ar), 7.5-7-8 (m, 4H, Ar), 8.2 (d, 


J5,,=3 Hz), 8.9 (d, lH, Ar, J,,,=3 Hz); found, C 
57.0, H 2.8, N 10.6; calculated for CI9H,,N,O5F2, C 
57.1, H 2.8, N 10.5%. 0-(2,4-Dinitrophenyl)-p,p'- 
dichlorobenzophenone oxime: m.p. 145 "C; 'H NMR, 
6, (CDCI,) 7-4-7.9 (m, 8H, Ar), 8.2 (d, lH, Ar, 


8.9 (d, lH,  Ar, J 3 , 5 = 3  Hz); found, C 52.6, H 2.6, N 
9.6; calculated for Cl9H,,N30,C1,, C 52.8; H 2.6, N 
9.7%. Stock solutions of the substrates and amines 
were used within 24 h. The products, N-(2,4- 
dinitrophenyl)amines, were characterized by matching 
their TLC and spectral data with those of authentic 
samples obtained by reacting 1 -chloro-2,4- 
dinitrobenzene with amines. 


Kinetic procedure. The kinetics were studied on a 
Shimadzu UV 160 A spectrophotometer fitted with a 
thermostated multi-cell compartment. All reactions were 
followed at A,,,= of the aminolysis product. Precautions 
were taken to avoid traces of water during the course of 
the reaction. In all runs, the amine concentrations were 
in large excess over the substrate concentration 
(4.0 x M) to maintain pseudo-first-order conditions. 
Pseudo-first-order rate constants (k , )  were calculated 
numerically by the least-squares method on a Meera 
PC/AT 286-20 from plots of ln(A, - A,)  versus time, 
where A, and A,  are the absorbances at infinite time and 
time t ,  respectively. Kinetic runs with correlation 
coefficients less than 0.999 were rejected. Rate 
coefficients were reproducible to within 2.5%. 


J6,,= 9 Hz), 8.6 (dd, lH, Ar, J5,6=9 Hz; J5,,= 3 Hz), 


lH, Ar, J6,,=8 Hz), 8.5 (dd, 1H, Ar, J5,6=8Hz, 


J a . s = 8 H ~ ) ,  8.6 (dd, lH, Ar, J5,,=9Hz, J 5 , 3 = 3 H ~ ) ,  
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SOLVENT EFFECTS ON REACTIONS OF HYDROXIDE ION WITH 
PHOSPHORUS (V) ESTERS. A QUANTITATIVE TREATMENT 


CLIFFORD A. BUNTON,* NICHOLAS D. GILLITT AND ANURAG KUMAR 
Department of Chemistry, University of California, Santa Barbara, California 93106, U.S.A 


Second-order rate constants of reactions of HO- with phosphate, phosphinate and thiophosphinate esters, 
(PhO)2P0.0C6H4NO~~p, Ph,PO.OC,H,NO,-p, Ph,PO.SPh, Ph,PO.SC,H,NO,-p and Ph,PO.SEt, go through 
minima with decreasing water content of H,O-MeCN or H,O-t-BuOH. The rate decrease is due to 
stabilization of the non-ionic ester on addition of organic solvent to H,O. This inhibition is partially offset by 
stabilization of the anionic transition states and in the drier solvents partial desolvation of HO- increases rates. 


INTRODUCTION 
Solvent effects upon rates of reactions of nucleophilic 
anions are related to mechanism and Hughes and Ingold 
proposed a simple qualitative model for predicting these 
effects in terms of molecularity and charge type of SN 
displacements at alkyl centers.’ They predicted that a 
decrease in solvent polarity would mildly favor sN2 
reactions of anions, which involve dispersion of 
existing charge, and would strongly disfavor SN1 
reactions of non-ionic substrates where charge develops 
in the transition state. A decrease in anionic solvation in 
dipolar aprotic solvents markedly increases rates of sN2 
and E2 reactions, which makes solvents such as 
dimethyl sulfoxide useful as synthetic media and kinetic 
solvent effects upon SN2 reactions have been treated 
quantitatively in terms of free energies of the anions, 
substrates and transition states in various  solvent^.^.^ 


A quantitative treatment of bimolecular 
ion-molecule reactions based on the effect of solvent 
dielectric constant, E ,  on interactions of an ion with a 
dipole, predicts that log k should vary linearly with 
l / ~ . ~  If the ionic radius of the transition state is larger 
than that of the ionic reactant rate constants should 
increase with decreasing dielectric constant in accord 
with the Hughes-Ingold rules.’ This behavior is seen 
with SN2 reactions in apolar solvents, but for some 
reactions rate constants decrease with decreasing 
dielectric constant, contradicting both the 
Hughes-Ingold rules and the quantitative treatment.3 


* Author for correspondence. 


For example, for reaction of HO- with methyl prop- 
ionate in aqueous acetone, a plot of log k against 1 / ~  
has a negative slope with curvature at low water con- 
tent,4 and added acetonitrile decreases rates of reactions 
of aqueous HO- with phosphorus(V) esters5 The 
Hughes-Ingold rules and the quantitative electrostatic 
treatments have been discussed critically, especially as 
regards the concept of solvent polarity and the modell- 
ing of a solvent as a dielectric cont in~um.~ 


Rate constants of reactions in pure solvents can often 
be fitted to the solvatochromatic scale, which sets out to 
isolate the role of solvent properties such as elec- 
trophilicity, nucleophilicity , polarizability and cavity 
formation.6 Other treatments focus on solvent 
nucleophilicity and ionizing power’ or on 
donor-acceptor properties8 These treatments fit solvent 
effects for many reactions, although S, reactions at 
alkyl centers are the most widely studied systems and 
they focus attention on the molecular-scale interactions 
that control kinetic solvent effects. 


Nucleophilic attack is a potentially useful method for 
destroying toxic phosphorus(V) derivatives, e.g. 
phosphoflu~ridates.~ Some of these compounds are 
sparingly soluble in water, or are mixed with water- 
insoluble polymeric thickeners, so it is necessary to use 
solubilizing agents, which may be organic solvents or 
association colloids, e.g. micelles or 
microemuIsions.5~9~’o 


We have examined reactions of several (non-toxic) 
model compounds with HO- (Scheme 1). These com- 
pounds are p-nitrophenyl diphenyl phosphate and 
phosphinate [ (PhO),PO.Ar and Ph,PO.OAr, 
respectively], thioethyl and thiophenyl diphenyl phos- 
phinate and p-nitrothiophenyl diphenyl phosphinate 
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Scheme 1 


(Ph,PO.SEt, Ph,PO.SPh and Ph,PO.SAr respectively: 
Ar denotes C,H,NO,-p). 


The p-nitrophenyl derivatives are convenient sub- 
strates because their reactions can easily be followed bv 


these esters in these mixed solvents should go through 
minima with decreasing water content. 


monitoring formation of p-nitrophenoxide ion. We used 
either acetonitile (MeCN) or tert-butyl alcohol (f- 
BuOH) as organic solvents because they are unreactive 
towards the substrates and are miscible with aqueous 
electrolytes. They differ significantly in their polarities 
and dielectric constants.’’ Reactions of HO- with 
phosphorus(V) esters are inhibited by initial addition of 
an organic solvent, e.g. MeCN,’ which does not fit 
qualitative and quantitative treatments that are satisfac- 
tory for many reactions under these  condition^.'.'.^ It is 
reasonable to associate this inhibition with a decrease in 
the activity coefficient of the hydrophobic substrates on 
addition of organic solvent, so we determined activity 
coefficients of (PhO),PO.OAr, Ph,PO.OAr, Ph,PO.SEt 
and Ph,PO.SPh in aqueous MeCN. Reactions of anionic 
nucleophiles and bases are typically very fast in aprotic 
solvents of low water content so rates2v3 of reactions of 


RESULTS AND DISCUSSION 


Kinetics 


Reactions with HO- are overall second order. Second- 
order rate constants, k2,  in water are given in Tables 
1-3. In agreement with earlier observations the phos- 
phinate, Ph,PO.OAr, is considerably more reactive than 
the phosphate, (PhO),PO.OAr, and the thioethyl 
derivative, Ph,PO.SEt, is the least reactive substrate 
towards HO-, consistent with the low leaving group 
ability of EtS-, relative to O,NC,H,O- or 
02NC,H,S -.5,’2-’4 Second-order rate constants in the 
more aqueous solvents agree with earlier  value^,^ and 
the reactivity sequence in water is Ph2P0.SAr> 
Ph,PO.OAr > Ph,PO.SPh > (PhO),PO.OAr > Ph,PO.SEt. 


Table 1.  Second order rate constants of reactions of the p-nitrophenyl derivatives and substrate activity coefficients” 


MecN 
(vol.%) XMCCN 


Ester 


Ph,PO.OC,H,NO, 


0 
0.4 
2.12 
10.4 
20.3 
40.2 
60.2 
80.1 
84.1 


0.0074 
0.038 
0.08 1 
0.189 
0.343 
0.582 
0.646 


0.52h 1.00 


0.458 (0.88) 
0.304 (0.58) 0.159 
0.198 (0.38) 0.025 
0.081 (0.16) 6.9 x lo-, 
0.064 (0.12) 5 .2x  10-5 
0.162 (0.31) 
0.231 (0.44) 


18.6’ 1 .oo 
18.3 (0.98) 0.96 


14.4 (0.77) 0.263 
9.51 (0.51) 0.073 
5.17 (0.28) 5.8 x lo-’ 


9.86 (0.53) 
14.0 (0.75)’ 


4.66 (0.25) 6.3 x lo-, 


k, 


23.5’ 
21.2 (0.90) 


19.5 (0.83) 
15.3 (0.65) 
10.8 (0.46) 


21.5 (0.91) 
29.2 (1.24) 


9.54 (0.41) 


“Second order rate constants, M -’ s-’, at 25.0”C in H,O-MeCN; values of k,/k: are in parentheses; values of y,  were interpolated where necessary. 
hExtrapolated values. 
‘Values obtained with Bu,NOH or NaOH agreed. 
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Table 2. Second order rate constants of reactions of thiol phosphinates and substrate activity coefficients" 


Ester 


Ph,PO.SEt Ph,PO.SPh 
MecN 
(vol.%) XMSCN k2 YS k, 1, 


0 0.277b 1 .oo 2 ~ 4 9 ~  1 .00 
1 .o 0.0035 0.263 (0.95) 0.91 2.32 (0.93) 0.88 
2.5 0-0088 0.247 (0.89) 0.79 2-18 (0.88) 0.72 
5.0 0.018 0.222 (0.80) 0.62 1.89 (0.76) 0.52 
10.0 0.037 0.185 (0.67) 0.38 1.56 (0.63) 0.28 
15.0 0.058 1-28 (0.51) 0.14 
20.0 0.08 0.113 (0.41) 0.15 1.08 (0.43) 0.076 
40.0 0.188 0.064 (0.23) 0.02 1 0.527 (0.21) 5.7 x lo-' 
55.0 0.297 0.053 (0.19) 6.3 x ~ o - '  
60.0 0.342 0.560 (0.22) 5.7 x 1 0 - ~  
70.0 0.447 0.074 (0.27) 
75.0 0.509 0,647 (0.26) 
85.0 0.662 0.173 (0.62) 1.32 (0.53) 


'Second-order rate constants, M-' s-I, at 25.0OCln H,OMeCN; values of k,/k: are in parentheses; rate constants on 0-20 
vol.% MeCN are from Ref. 5 .  
bExtrapolated values. 


Table 3. Second order rate constants in H,O-t-BuOH" 
~ ~ ~~~~ 


Ester 
Z-BUOH 
(wt%) XBLOH (PhO)2P0.0C,H,N0, Ph2P0.0C6H4N02 Ph,PO.SEt PhZPO.SC6H4NOz 


0 0.52b 18*6b 0.277b 23.5b 
16.5 0.046 6.76 (0.36) 11.4 (0.49) 
20.2 0.058 0.091 (0.18) 0.052 (0.19) 
32.0 0.103 0.050 (0.10) 5.60 (0.30) 0.036 (0-13) 7.80 (0-33) 


0.073 (0.14) 6.76 (0-36) 0.066 (0.24) 10.4 (0.44) 56.9 0.243 
75-1 0.423 0.185 (0.36) 21.4 (0.91) 
84.4 0.568 0.285 (0.55) 16.6 (0.89)' 0.19 (0.70) 


'Values of k,, M-' s-I, at 25.0 'C in H,O-r-BuOH values of k,/k; are in parentheses. 
bExtrapolated values. 
'The same value was obtained with Bu,NOH instead of NaOH. 


Structural effects on the rates of these reactions have 
been discussed in detail.5.12-14 


dielectric constant (12.5) and is approximately spheri- 
cal. Therefore, molecular interactions of water with 
reactants and the transition state seem to be a major 


Kinetic solvent effects 
The dependence of k, on solvent composition at 
250°C is illustrated in Tables 1-3, with values of k,/ 
k;, where k: is the second order-rate constant in water. 
Qualitatively all these kinetic solvent effects are similar, 
although values of k,/k,' in a given solvent differ 
considerably for some substrates. 


Comparison of the dependence of k2/ k,' on the mole 
fraction of the organic solvent shows that the very 
different polarities of MeCN and t-BuOHI" do not 
control their kinetic effects. For example, the dielectric 
constant of MeCN is 35.9 and the linear cyano group 
has a strong dipole moment, whereas t-BuOH has a low 


factor in determining the dependence of rate on solvent 
composition over the range that we examined. How- 
ever, the mole fraction of organic solvent at the rate 
minima is lower with t-BuOH than with MeCN (Tables 
1-3). 


Activity coefficients of the esters 
Activity coefficients, ys,  of (PhO),PO.OAr, 
Ph,PO.OAr, Ph,PO.SPh and Ph,PO.SEt were deter- 
mined in H,O-MeCN by partitioning them between the 
aqueous medium and pentane (Tables 4 and 5).  The 
measurements were not made in H,O-t-BuOH because 
this alcohol is readily soluble in pentane, or with 
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Table 4. Activity coefficients of Ph,PO.OAr 


MeCN (vol.%) Extracted (%) Log y,' 


0.8 
3.0 


10.0 
20.0 
20.0 
30.0 
40 
70.0 


87 
69 
83 
35 
58 
83 
53  
16 


-0.08 (0.00) 
-0.24 
-0.61 (-0.64) 
-1.17 (-1.18) 
-1.15 
-1.62 (-1.84) 
-2.25 (-2.27) 
-3.64 


Calculated from absorbance of  p-nitrophenoxide ion (402 nm); 
values in parentheses are calculated from absorbance of unreacted 
ester. 


Table 5. Activity coefficients of (PhO),PO.OAr, Ph,PO.SPh 
and Ph,PO.SEt" 


MeCN (vol.%) (PhO),PO.OArb Ph,PO.SPh Ph,PO.SEt 


0.8 
2.8 
5 .o 
5.7 


10.0 
20.0 
30.0 
40.0 
55 .O 
60.0 


-0.02 
-0.06 
-0.29 


-0.42 
-0.76 -0.54 -0.40 
-1.54 -1.16 -0.84' 
-2.32 - 1.24 
-3.10 (-3.08) -2.23 - 1.64 


-2.20 
-4.26 -3.24 


'Values of log y. calculated from absorbance of the ester, unless 
specified otherwise, with a solution in water as the standard state. 
bCalculated from absorbance of p-nitrophenoxide ion (402 nm); the 
value in parentheses is calculated from absorbance of  the ester. 
'With 42% extraction, with more pentane and 65% extraction 
log y, = -0.85. 


Ph2P0.SAr because its hydrolysis is inconveniently 
rapid even when reaction with HO- is suppressed by 
dilute acid. Experiments were not made in the solvents 
of low water content because MeCN is partially 
extracted into pentane at >60 vol.% MeCN. 


Values of ys decrease sharply on addition of MeCN 
to H,O and plots of log ys against vol.% MeCN, or the 
mole fraction of MeCN, xMeCN, are linear, except in the 
least aqueous solvent, and fit the equation 


log ys = -KsXMeCN (1) 
with K s =  -16.3 and -11.8 for (PhO),PO.OAr and 
Ph,PO.OAr, respectively, and for the thio compounds 
K s =  -11.8 and -8.8 for Ph2P0.SPh and Ph,PO.SEt, 
respectively. 


Treatment of kinetic solvent effects 
Decreases in activity coefficients of the substrates are 
responsible for the rate decreases on addition of MeCN 


to H 2 0  (Tables 1-3). Application of the 
Bransted-Bjermm rate equation gives3 


where k,' is the second-order rate constant in water, 
which is taken as the standard state, and yOH and yt are 
activity coefficients of HO- and the transition state, 
respectively. 


Plots of log(y,,/y,) against vol.% MeCN are linear 
(Figure 1). Slopes decrease in the sequence 
(PhO),PO.OAr > Ph,PO.OAr = Ph,PO.SPh > Ph,PO.SEt. 
They are measures of log yoH/y,, and we cannot 
separate these terms, but from the slopes we estimate 
relative values of log y+. Relative to yt for reaction of 
(PhO),PO.OAr (the reference compound), 
y,(Ph,PO.OAr) = y,(Ph,PO.SPh) = 1.3 and 
y+(Ph,PO.SEt) ~ 2 . 1 ,  over the range 0-60 vol.% 
MeCN. 


The transition states are bulky, charge-delocalized 
monoanions and the substrates are bulky neutral 
molecules, so from the point of view of size their 
interactions with solvents should be similar and ys and 
y, should be related. Plots of log(y,,,y,) against log y, 
are linear, with a slight upward curvature, and for the p -  
nitrophenyl and thiophenyl substrates the plots are 
almost coincident and slopes, a ,  are -0.75. For 
Ph,PO.SEt a = -0.65 (Figure 2).  The relationship 
between log(yo,/y,) and log y, is, in 0-60 vol.% 
MeCN 


(3) 


1og(k2/k,0) =log y ~ + ~ ~ g ( y O H / y + )  (4) 


(5) 


k 2 / ( k 2 " y s )  = yOH/y* ( 2 )  


log(Yo"/Y+) = a 1% Y, 
but 


= (1 + a)log y, 


3 41 
/ 
/ 


0 10 20 30 40  50 60 70 
V O 1 . l  MeCN 


Figure 1. Dependence of log(y,,/y,) on solvent composition 
for reactions with HO- in H20-MeCN. 0, (PhO)2P0.0Ar; 0, 


Ph,PO.OAr; 0 ,  Ph,PO.SPh; *, Ph,PO.SEt 
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Figure 2. Relationships between log(y,,/y,) and log y. for 
reactions with HO- in H,O-MeCN. Symbols as in Figure 1. 


For the nitrophenyl and thiophenyl substrates 
(1 + a )  = 0.25 and 


lOg(k,/k;) = 0.25 log ys = -0.33 bg(yOH/y,) (6) 
For the thioethyl substrate (1 + a )  = 0.35 and 


log(k,/k,') = 0.35 log ys = -0.54 10g(yoH/y,) (7) 
The similar absolute values, and opposite signs, of 


the coefficients in equations (6) and (7) are readily 
understandable. A decrease in the water content of 
aqueous MeCN decreases ys (Tables 1 and 2 ) ,  i.e. it 
lowers the free energy of the substrate, but this inhibi- 
tion is partially offset by stabilization of the bulky, 
monoanionic transition state, i.e. by a decrease in y,. 
There should also be a rate-enhancing effect due to an 
increase in yoH, but it seems to be relatively unimportant 
in the range of 0-60 vol.% MeCN, probably because 
even in 60 vol.% MeCN xH10=0.65 and HO- should 
still be strongly hydrated. 


The increases in values of log(yoH/y,) on addition 
of MeCN to water, as shown by the slopes of plots in 
Figure 2 [equation (2)] are consistent with qualitative 
and quantitative predictions of solvent effects on 
bimolecular ion-molecule reactions based on the 
relative solvation energies of high and low charge- 
density ions.'-' If the transition state is a very large, 
low charge-density ion as in our reactions, it will be 
stabilized, i.e. its activity coefficient will decrease, on 
addition of an organic solvent to water. The consequent 
rate enhancement will be offset by the decrease in ys 
(substrate stabilization), which may generate the rate 
minima because in the drier solvent yOH increases by 
desolvation of HO This analysis neglects interac- 
tions of the cations (Na' or Bu,N') in the initial and 
transition states but rate constants are independent of 


the nature of the cation (Tables 1 and 3). However, in 
some reactions these interactions are very important. I5 


The rate minima with decreasing water content in 
both H,O-MeCN and H,O-t-BuOH show that stabiliz- 
ation of the non-ionic substrates is initially greater than 
that of the corresponding transition state where charge 
is dispersed over oxygen or sulfur centers, cf. equations 
(3)-(7), because yOH does not decrease on addition of 
the organic solvents. 


There is the possibility that structures of initial and 
transition states will be such that interactions with 
solvent are the same in the two states and activity 
coefficients will then cancel, i.e. ysyoH/yr = 1, and rate 
constants will be solvent independent. This ossibility 
was considered by Zucker and Hammett " in their 
original discussion of relationships between rates of 
acid-catalyzed hydrolyses and acidity, although it does 
not apply to the present reactions of HO -. 


Our general conclusions are consistent with the 
values of a [equation (3)] from slopes of plots of log 
(yOH/.y,), against log y,, i.e. the factors that control 
stabilization of the substrates by addition of MeCN 
apply also to the transition states, although the effects 
are somewhat attenuated (i.e. slopes are ca -0.7, 
Figure 2). 


These comparisons indicate that transition states for 
reactions of the four substrates with HO- do not differ 
strongly in the development of charge or its distri- 
bution, despite differences in the aryloxide and thiolate 
leaving groups. For example, hydrogen bonding should 
be stronger towards an oxide as compared with a 
thiolate so we believe that bond breaking is not 
very extensive in the transition state. This conclusion is 
consistent with observations that although electron 
withdrawing substituents in the leaving phenoxy groups 
speed reaction, the effect is much less than upon acidi- 
ties of the This comparison is especially 
evident for reactions of Ph,PO.SAr and Ph2P0.SPh 
(Tables 1 and 3). 


Reactions of nucleophiles with phosphorus (V) esters 
can be stepwise or con~erted."- '~. '~ Scheme 2 shows 
transition state 1 for a concerted reaction with charge 
only on the entering and leaving groups, as assumed for 
an S,2 reaction at a primary alkyl center.' For such a 
transition state the Hughes-Ingold rules and quantitat- 
ive treatments predict that rates should increase with 
decreasing water content of the solvent.'..'.' However, 
charge is probably also dispersed into the P=O residue 
and in that event it is difficult to make a distinction 
between a concerted reaction and a stepwise reaction 
with a very short-lived intermediate (2). However, the 
weak correlation of rates and stabilities of the leaving 
a n i ~ n s , ~ ~ ' ~ - ' '  as given by the acid dissociation constants, 
and applications of the Hammond postulate, or similar 
free energy models," indicate that bond-breaking is not 
extensive in the transition states. 


We could not estimate ys in H20-t-BuOH, or for 
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Ph,PO.SAr, but dependence of k,/kZo on solvent 
composition is similar for all reactions with HO- 
(Tables 1-3), so we assume that our general conclu- 
sions apply under all the conditions that we used. 


Except in the driest solvents, rates are governed 
largely by medium effects on the relative free energies 
of the esters and transition states, rather than by desta- 
bilization of HO-, and stabilization of the esters by the 
organic solvents is partially offset by stabilization of the 
transition states. In solvents of very low water content, 
hydration of HO - decreases, i.e. yOH increases sharply. 
We cannot test this point experimentally but, if we 
assume that plots of ys against vol.% MeCN or xMeCN 
will continue to be linear with MeCN>60 vol.%, and 
calculate y, by using equation (1), plots of log( y o H / y c )  
against voL% MeCN (Figure 1) or against -log.y, 
(Figure 2) would curve sharply upwards. Such a devia- 
tion from linearity is expected if yOH increases in the 
drier solvents. 


CONCLUSIONS 
Comparison of kinetic solvent effects with activity 
coefficients of the substrates in aqueous MeCN shows 
that the typical inhibition due to decreasing water 
content of the solvent (Tables 1-3) is largely due to 
stabilization of the substrate by the organic solvent, 
which initially overcomes the rate enhancement due to 
destabilization of the anionic nucleophile relative to the 
transition state. Destabilization of the nucleophile 
becomes the dominating factor in the rate enhancements 
in the less aqueous solvents.'-3 A decrease in the water 
content of the solvent decreases the activity coefficients 
of the substrates, ys,  but this inhibition is partially offset 
by an increase in y O H / y c .  However, the linear relation- 
ships between log ys and log(yo,/ys) or between log k2 
and log ys  [equations (3)-(7) and Figures 1 and 21 
indicate that an increase in yOH is not of major import- 
ance in c60 vol.% MeCN, where there is ample H,O for 
hydration of HO -. 


We cannot treat some reactions quantitatively; 
however, the similarity of the kinetic solvent effects in 
aqueous t-BuOH with those in aqueous MeCN (Tables 
I and 3) indicates that similar factors are involved in 


the two systems. The lower polarity and dielectric 
constant of t-BuOH as compared with MeCN"' seems 
to be relatively unimportant, indicating that the con- 
trolling factor is hydration of reactants and the 
transition state. 


The partial compensation between solvent effects 
upon y, and yc which leads to the rate minima in plots 
of k,/k,' against solvent composition (Tables 1-3) 
does not apply to all ion-molecule reactions. Solvent 
effects in S,2 reactions of anions at alkyl centers are as 
predicted in terms of solvation energies of small and 
large (charge-dispersed) anions. These reactions 
differ from those of esters where charge in the transi- 
tion state may be on electronegative oxygen centers. 
Both the Hughes-Ingold rules' and the electrostatic 
 treatment^^.^ focus attention on interactions of solvents 
with ions or ion pairs, and do not explicitly consider 
interactions with non-ionic solutes. 


EXPERIMENTAL 


Materials. Most of the esters were samples used 
earlier.5 The sample of Ph,PO.SC,H,NO,-p was 
prepared by the method of Bourne et a1.IXd and was 
recrystallized twice from 2-propanol. It had m.p. 
149- 151 "C. A previously prepared sample with m.p. 
121-123 "C had been described as containing impuri- 
ties.12' Our sample gave a single spot on TLC (1:l 
hexane-ethyl acetate) and examination of its 'H NMR 
spectrum in CDCI, showed that it was not contaminated 
by the thiol or phosphinic acid. Kinetic solutions were 
made by volume (H,O-MeCN) or by weight (H,O-t- 
BuOH), with t-BuOH distilled over Na. Redistilled 
C0,-free water was used for the kinetics. 


Kinetics. Reactions were followed spectropho- 
tometrically at 25.0 "C in Hewlett-Packard diode-array 
spectrophotometers, with [substrate] = (1-4) x lo-' M.5 
Most experiments were made with NaOH, but occasion- 
ally we used Bu,NOH (Tables 1 and 3). Generally 
[OH-] = 1-30 mM and plots of first-order rate con- 
stants against [HO-] were linear with zero intercept. 
Reactions were followed at 400-430 nm for esters with 
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O,NC,H,O- and 02NC6H,S - leaving groups, 264 nm 
for Ph,PO.SPh and 245-250nm for Ph,PO.SEt, as 
described.’ Some of the reactions had been followed 
earlier and our current rate constants agree with earlier 
values;’ for example, for the reaction of Ph,PO.SEt in 
20 vol.% MeCN at 0.03 M KOH, k,, was 
3.4 x 10 - 3  s - I ,  which is the earlier value. ” 


Activity coeflcients. Substrates were partitioned 
between pentane and aqueous MeCN.,’ Solutions of 
(PhO),PO.OAr, Ph,PO.OAr, Ph,PO.SPh and 
Ph,PO.SEt in aqueous MeCN were extracted into 
pentane and concentrations of unextracted esters in the 
aqueous layer were calculated spectrophotometrically 
either from absorbances of the esters at 268, 273, 264 
and 223 nm for (PhO),PO.OAr, Ph,PO.OAr, 
Ph,PO.SPh and Ph,PO.SEt, respectively, or at 402 nm 
for the p-nitrophenoxy derivatives after reaction with 
HO-. Volumes of pentane and aqueous MeCN were 
adjusted so that between 15 and 87% of the ester was 
extracted. An example of the procedure is given for 
Ph,PO.OAr in Table 4, and data for the other esters are 
given in Table 5. Aqueous solutions contained ca 
lo-, M HC1 to suppress reaction of Ph,PO.SPh with 
adventitious base. Values of ys in Tables 1 and 2 were 
obtained by interpolation where necessary, and are 
referred to dilute aqueous solutions as the standard state. 


Additional specific data on rates and transfer equili- 
bria are available from the authors. 
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The process of intramolecular charge separation was studied in three nearly identical donor-bridge-acceptor 
compounds (1-3) under jet-cooled conditions. Each consists of a vinylcyanonaphthalene group as a powerful 
electron acceptor and an anilino derivative as an electron donor, separated by a rigid hydrocarbon bridge. The 
only difference between the three compounds is the substituent at the para position of the anilino group, which 
directly influences the ionization potential of the donor. For compound 1, which has the weakest donor of the 
three, it is found that excitation at (or very near) the electronic origin of the acceptor chromophore results 
exclusively in local emission, while excitations with an excess energy >60 cm" lead to a distinct red shift. 
Comparison with 2 and 3 shows that the red-shifted band can be attributed to a charge-separated state with an 
extended conformation, in which an electron has been transferred across three sigma bonds. Interestingly, this 
charge separation process appears to be more efficient in 2 and 3 than in 1, resulting in complete quenching of 
the local emission even at  the lowest energy excitations. These observations are interpreted in terms of 
intramolecular radiationless transition theory and a comparison is made with the behaviour of (semi)flexibly 
bridged systems in which charge separation was shown earlier to be linked to a major, electrostatically driven 
reorganization. 


1. INTRODUCTION 
Linked donor (D)-acceptor (A) systems of the type 
D-bridge-A, in which the bridge is a saturated hydro- 
carbon moiety, have been developed into a major tool 
for studying various aspects of electron donor-acceptor 
interactions. Especially the phenomenon of photoin- 
duced charge separation has been studied extensively,', 
i.e. electron transfer from donor to acceptor upon 
optical excitation of either of the chromophores to create 
the highly dipolar charge transfer (CT) state 


* Author to whom correspondence should be addressed. 


D'-bridge-A-. One of the most important conclusions 
to emerge from this work is that long-range electron 
transfer has been shown to be a remarkably efficient 
process for molecules incorporating sufficiently strong 
D-A couples and rigid bridges.'. At the same time, it 
has become evident that the hydrocarbon bridge, orig- 
inally only introduced to limit the range of distances and 
relative orientations available to D and A, can play an 
'active' role in mediating interaction between D and A. 
In the condensed phase, however, such intra-molecular 
interaction is inevitably accompanied by interaction via 
the medium surrounding the D- bridge- A molecules. 


Therefore, it is very interesting that in recent years it 
has been found that various D-bridge-A systems are 
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amenable to study in the gas phase under jet-cooled 
 condition^.^-'^ In this way any assistance of the medium 
is eliminated and information may be obtained on the 
efficiency of purely internal processes in these isolated, 
solvent-free systems. These studies have until now 
mainly been focused on exciplex formation in 
(semi)flexibly bridged molecules and have revealed that 
the conformational changes required to convert the 
extended ground-state molecule to the folded, emissive 
exciplex can either occur by internal vibrational redistri- 
bution prior to charge separation or by electrostatically 
driven folding following long-range charge separation 
('harpooning mechanism'), depending on the D and A 
groups attached. The latter process was d i~cove red~ .~  for 
compounds lr ,  2r and 3r (see Scheme 1) and consti- 
tuted the first experimental evidence for solvent-free 
long-range charge separation, involving a curve-cross- 
ing process in an extended conformation from the 
locally excited state to a charge separated state. 
Although the charge separation step in these and some 
related semi-rigid molecules" such as 4 is endothermic, 
the consecutive folding process from a chair to a boat- 
like piperidine ring leads to an enormous gain in Cou- 
lomb energy, which easily ensures that the zero level of 
the emissive exciplex state lies far below that of the 
locally excited state. 


In this paper, mainly the behaviour of jet-cooled 1, 2 
and 3 is reported and a comparison is made with that 
observed for more flexible systems such as lr-3r and 
4, both in the gas phase and in solution. An interesting 
aspect of 1-3 is that the dipole moment of the emissive 
CT state in solution has been found to be of a magnitude 
(ca 25 D) consistent with an extended conformation, 
irrespective of the solvent dielectric constant. I4*I5  This 
may be attributed not so much to a higher steric barrier 
for folding from chair to boat as compared with lr ,  2r 
and 3r, but more in particular to a much smaller gain in 
Coulomb energy resulting from such a folding, since the 


R cd L 


R 


N 


la  
Scheme 1. Structure of the rigidly bridged D-A systems 1-3 
and related semi-flexibly bridged systems lr-3r and 4 and the 


acceptor model la 


folding process of the piperidine ring in 1 (as visualized 
in Figure 1) cannot lead to close contact of D and A as it 
does in lr.'.I6 It therefore seemed likely that 1 may be 
considered to behave as a rigidly bridged system also in 
the gas phase. 


Recently, it has been pointed out".'* that in fully 
rigid D-bridge-A compounds the range across which 
charge separation could occur under isolated (jet- 
cooled) conditions must be limited, and in fact may be 
significantly smaller than in (semi)flexible systems 
where the charge-separated state can be stabilized by 
subsequent electrostatically driven folding. On the other 
hand, the rigid series 1-3 contain a stronger acceptor 
chromophore than the lr-3r series by an amount of 
ca 0.2 eV, as judged by the difference in reduction 
potentials between 1-vinyl-4-cyanonaphthalene 
(-1.76 V relative to SCE in a~etonitrile'~) and 1- 
cyanonaphthalene (- 1.96 V relative to SCE in 
a~etonitrile'~), and it is therefore expected that their CT 
state is lower in energy at any given D-A distance. 
Furthermore, the sigma skeleton between D and A now 
consists of three (J bonds (instead of five), leading to a 
shorter charge separation distance and presumably 
larger electronic coupling. 


The fluorescence of jet-cooled 1 was studied in our 
laboratory a few years ago and the preliminary results 
were described in a thesis by Hermant.I5 It was found 
that excitations in excess of ca 170 cm-' above the 
origin caused a red shift of the resulting emission band 
of ca 34 nm (from 338 to 372 nm), whereas the emis- 
sion of the monochromophoric reference compound l a  
(see Scheme) was not affected by higher excitation 
energies and remained constant at 338 nm. Therefore, 
the red-shifted emission band of 1 was attributed to the 
CT state and it was concluded that only a very small 
barrier existed for electron transfer. Interestingly, 
extrapolation from the solution-phase CT fluorescence 
maxima to the gas phase, employing the Lippert- 
Mataga relation,'' leads to a predicted CT maximum of 
ca 358 nm,I4**' i.e. within ca 1000 cm-' of that found in 
the jet upon excitation with sufficient excess energy. 
This supports our assumption that the conformation of 
the emissive CT state of 1 is essentially unchanged in 
the gas phase. 


The interpretation of the fluorescence spectra in the 
jet was hampered by the fact that the local and CT 
emission bands of 1 strongly overlap, particularly when 
detected via our broad-band (20 nm) monochromator, 
which does not resolve the local emission into the sharp 
features that are so characteristic of supersonic jet 
studies. Otherwise, a clear distinction between the broad 
and structureless CT fluorescence and the well resolved 
local fluorescence might have been observed, which 
would have allowed us to assign these emission bands 
with more confidence. Another way to confirm our 
interpretation would be to lower the CT level relative to 
the locally excited state, so that the CT emission band 







BRIDGED DONOR-ACCEPTOR COMPOUNDS 389 


Q 


w 
CHAIR 


(RDA 4.97 A) 
BOAT 


Figure 1. Effect of chair-boat conversion on D-A distance in a model system for 1-3 in which the donor is represented b an amino 
nitrogen and the acceptor by a vinylnaphthalene unit. R ,  is measured from the nitrogen to C-1 of naphthalene. Note the relatively 


minor reduction in distance that would be. achieved by a chair to boat conversion 


would be shifted further to the red. Not only would this 
avoid the overlapping of the bands, but this shift of the 
CT band itself would be very convincing evidence for 
the nature of this fluorescence. Another interesting 
aspect would be that the apparent barrier to electron 
transfer might be lowered still further, possibly to the 
point where even 0-0 excitation would lead to charge 
separation. 


For this purpose compounds 2 and 3 were synthes- 
ized. Again, as was the case for the series l r ,  2r and 
3r,’ by introduction of a methyl or methoxy group at the 
para position of the donor moiety the molecule was 
only slightly modified, leaving the excitation spectrum, 
0-0 transition energy, electron affinity and R,, virtually 
unaltered. The only important difference is the lowering 
of the ionization potential of the donor Z(D) of 2 and 3 
with respect to 1, which is expected to lead to a lower- 
ing of the CT energy level by the same amount.22. The 
results, described in this paper, are indeed as predicted 
above: by its dependence on Z(D) the red-shifted band 
could readily be identified as CT emission and further- 
more the electron transfer in 2 and 3 is shown to require 
no excess energy at all. Moreover, the local emission of 
2 and 3 is completely quenched at all excitation energies 
studied, testifying to an extremely high efficiency of 
electron transfer even in the gas phase. In the section on 
the dynamics of electron transfer, the factors respon- 
sible for this behaviour are discussed qualitatively in 


terms of a radiationless transition in an isolated 
molecule. 


To start with, the excitation spectra obtained during 
this study proved to contain some intriguing patterns, 
which are explained and interpreted below. 


RESULTS AND DISCUSSION 


Excitation spectra 
The onset of the excitation spectra of jet-cooled 1 , 2  and 
3 shows a very rich vibrational structure in the region of 
the origin, which is already strongly congested and 
contains numerous regularly spaced peaks. In order to 
facilitate the interpretation of these spectra, the excita- 
tion spectrum of la  was also measured and compared 
with that of 1 (see Figure 2). 


Compound la  functions as a model for the acceptor 
chromophore of 1, incorporating a l-vinyl-4- 
cyanonaphthalene group with a six-membered aliphatic 
ring connected to it, but lacking the donor group. From 
the nearly identical position of the origins of 1 and la  
and the similarity of the vibrational patterns, it is clear 
that the spectra can be attributed to the I-vinyl-4- 
cyanonaphthalene moiety, which has the lowest 0-0 
transition at ca 325 nm. The 1-vinylnaphthalenes are 
known24 to be non-planar in the ground state and four 
stable conformations are conceivable during a complete 
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324 323 - 321 320 


Figure 2. Excitation spectra of jet-cooled la  and 1 (A,,, = 340 nm, bandwidth 20 nm). In the spectra four ( la)  and three (1) 
progressions are identified with a regular vibrational spacing amounting to 29 cm-' in l a  and 15 cm- '  in 1. 


B2 (6 232') A2 ( B  287')" (3 


Figure 3. The four ground-state conformations of l a  resulting from rotations around the vinylnaphthalene bond as calculated by 
AM1. The twist angle -9 is defined as the dihedral angle between the vinyl and naphthalene planes, as indicated by the arrows 







BRIDGED DONOR- ACCEPTOR COMPOUNDS 39 1 


rotation around the bond joining the vinyl and naphthyl 
groups (dihedral angle 6). The angles and energies of 
these four conformational minima (depicted in Figure 3) 
were calculated for la  by means of the AM1 method25 
and are given in Table 1. 


Each of these conformations might generate its own 
origin transition, especially since these conformational 
differences appear within the chromophore, so that even 
small effects will directly influence the transition 
energy. Indeed, this seems to be the case for la, where 
four origins are observed in the excitation spectrum (see 
Figure 2), whereas for 1 only three are found. 


The most striking aspect of these excitation spectra is 
that every origin has an extremely long and constant low 
frequency progression of 15 cm-' (in 1) and 29 cm-' 
(in la), which can be attributed to the torsional vibra- 
tion around the single bond that connects the vinyl and 
naphthailene groups. The bell-shaped intensity distri- 
bution of the peaks within these progressions clearly 
indicates that the minima of the potential curves of the 
S, and So states are displaced with respect to each other 
along the 6 coordinate. We interpret this to result from 
the increased planarity of the S, state compared with So, 
in which case the large difference in 6 between So and 
S, would be the cause of the long and constant progres- 
sion. This situation has also been found for, e g ,  
b i ~ h e n y l , ~ ~ . ' ~  which has a dihedral angle between the 
phenyl rings of 42" in So and is planar in the S, state, 
while recently Cable and Westrick*' reported similar 
findings for benzylidenecyclopentane (BCP) and 
benzylidenecyclohexane (BCH), where the amount of 
steric hindrance between the allylic hydrogens of the 
alkane ring and the aryl hydrogens is similar to that in 1 
and la. 


Inspection of the excitation spectra of compounds 2 
and 3 (see Figure 4) reveals that they display mainly the 
same features as described above for 1. The lowest 
energy transition is located at 325.14 nm for all three 
molecules. Owing to the large displacement of the S, 
potential curve relative to the ground state, it might be 
that the true origins of these spectra cannot be observed, 
but for convenience we refer to these lowest transitions 
as origins. 


For compound 2 three origins2' (recognizable by the 


Table 1. Heats of formation (kcal mol-I)" and twist angles 6 
as calculated for la  by means of AM1 


Conformer .s(o)b Energy (kcal mol-') 


A,  73 61.84 
B ,  122 61.14 
B2 232 61.06 
A2 287 61.94 


' 1  kcal=4.184kJ 
bSee Figure 3 for definition of 19 
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Figure 4. Excitation spectra of 2 (range >316 nm and 
expansion of the range>321 nm) and of 3 (range>321 nm); 


A,,, = 375 and 395 nm, respectively 


progressions built on them) are found, with frequencies 
and intensity ratios similar to those of 1, whereas for 3 
only two origins are discernible. As for the progres- 
sions themselves, the vibrational spacings are 
remarkably constant within one progression and also 
for the different progressions within one spectrum, but 
they decrease slightly from 1 to 3, since the energy of 
torsional modes is a function of the reduced masses of 
the two parts of the molecule relative to the torsional 
axis. This is illustrated by the difference between 1 and 
la ,  where the extra mass of the donor moiety leads to a 
sharp decrease of the torsional vibration energy from 
29 to 15 cm-'. 


The values for 2 and 3, 13-5 and 12.5 cm-I, respect- 
ively, show that this vibration frequency is lowered 
further by introducing the donor substituent in the 
molecule, while that one with the heavier substituent 
(the methoxy group in 3) has the lowest vibration 







392 J. W. VERHOEVEN ET AL. 


frequency, which nicely supports our interpretation of 
this low-frequency mode. In a way, this is a direct 
influence of the extra substituent at the other end of the 
molecule on the excitation spectrum of the acceptor 
(which we were trying to avoid, see Introduction), but 
this peculiar side-effect of the increased mass of the 
donor will obviously not alter the electronic properties 
of 2 and 3 to any significant extent. 


In conclusion, the most important thing to emerge 
from this section is that the spectra of 1, 2 and 3 are 
similar in appearance and that the transition energies 
involved in So-S, excitation are equal for these com- 
pounds. It appears that our assumption that 
modification of the donor group should have little 
effect on the properties of the acceptor moiety and on 
the overall energy involved in electronic excitation of 
the molecule is fully justified. Therefore, it is all the 
more surprising that while the onset of the excitation 
spectrum of 1 was recorded with detection at 345 nm, 
the spectra of 2 and 3 had to be monitored at 375 and 
395 nm, respectively, to obtain any sufficient signal! 
Apparently, although the initially excited species is 
clearly the same for the three (as judged by the similar- 
ity of the excitation spectra), the emitting species 
obviously is not, leading us to the conclusion that even 
these very low-energy excitations of 2 and 3 are 
followed by efficient relaxation to a state that is appre- 
ciably lower in energy than the DA* state. 


Emission spectra 
The relaxation process described above for compounds 
2 and 3 was earlier also found" to take place in the 
excited state of 1, as could be inferred from its emission 
spectra, but only for excitations above a certain 
threshold energy. Upon excitation of 1 near its origin, 
an emission band is observed at 338 nm, which can be 
attributed to local emission of the acceptor group. 


Figure 5 .  Fluorescence spectra of jet-cooled 1 excitation at 
324.41 nm (0-0)  and 323.29 nm (o....o), corresponding to 


excess energies of 60 and 166 cm-', respectively. 


Excitations in excess of ca 60 cm-' lead to a broaden- 
ing and red shift of this band, while still higher 
excitations (>170 cm-I) ultimately result in a band 
centred at 372 nm (see Figure 5 ) ,  attributed to CT 
emission which is calculated to be around that value in 
the gas phase (see Introduction), provided that the chair 
conformation of the piperidine ring is retained upon 
charge separation." 


In contrast, such a threshold-like behaviour was not 
observed for 2 and 3. Even the lowest energy excitations 
(at 325-01 and 32544nm) leading to sufficient 
fluorescence to allow a reliable estimate of its maximum 
do not result in any discernible local emission. Excita- 
tion of any of the vibrational peaks (or of the broad 
absorption region around 320 nm) always leads to a red- 
shifted emission with a maximum at ca 377 nm for 2 
and 395 nm for 3. In Figure 6, the fluorescence spectra 
of 2 and 3 are compared with that of 1, at an excitation 
energy where the emission of 1 solely consists of the 
red-shifted band. 


The differences between the maxima of 1, 2 and 3 
clearly testify to the influence of the donor substituent 
on the energy level of the emitting state, which can only 
be explained if the red-shifted emission band arises 
from the CT state. The differences in red shift of 
360 cm-' (0-045 eV) for 2 and 1570 cm-l (0.195 eV) 
for 3 compared with 1 are close to the differences in 
oxidation potential** of their donors, which forms 
convincing evidence for our assignment of this emission 
band to the CT state. 


Furthermore, the already very low barrier for charge 
separation in 1 is apparently still further lowered in 2 
and 3 by this shift in the C T  state, making full charge 
separation in 2 and 3 possible in the gas phase without 
any excess energy being required. Nevertheless, the 
sharp and well resolved excitation spectra indicate that 
the locally excited state must have a definite lifetime 
before conversion to the CT state occurs. This is dis- 
cussed in more detail below. 


WAVELENGTH fnmi 


Figure 6. Smoothed fluorescence spectra of 1, 2 and 3. 
A,,, = 321 nm. 
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Dynamics of electron transfer 
The efficiency of the electron transfer process in these 
jet-cooled molecules is remarkable, especially in view 
of the fact that under solvent-free conditions there is no 
energetic stabilization of the polar CT state by a sur- 
rounding medium and furthermore, coupling to the 
nuclear motions of the solvent medium (which plays a 
key role in the Marcus t h e ~ r y ~ . ~ ' )  is obviously not 
possible. Both aspects will be discussed in this section, 
starting with the energetic feasibility of long-range 
electron transfer in these systems. 


The main stabilization of the CT state in the gas phase 
is the Coulomb attraction between D' and A - ,  which 
decreases strongly on increasing their relative distance. 
This severely limits the distance R ,  at which charge 
separation can occur, as can be estimated from the 
equation 


R ,  (in A) = 14.4/[I(D) - E(A) - Em] (1) 
This equation was used earlier'0,'8 to calculate the RET of 
compounds such as l r  and 3r, giving good agreement 
with the actual distance R,, obtained from molecular 
modelling studies. For compounds 1,  2 and 3, the 
electron affinity E(A) is estimated32 to be 0.88 eV, the 
0-0 excitation energy Em = 3.8 1 eV and the ionization 
potentials Z(D) are 7.57, 7.37 and 7.30 eV, respect- 
i ~ e l y . * ~  With these values, equation (1) gives 
R ,  = 5.0 A for 1, 5.4 A for 2 and 5.5 A for 3. 


For the actual R,, in these molecules, we take the 
distance between the anilino-nitrogen and C-1 of the 
naphthalene group (see Figure 1), which represent 
positions reasonably close to the centres of the positive 
and negative charges developed in D and A upon charge 
separation. In the chair conformation this gives 
R ,  = 4.97 A. This corresponds well with the results of 
various measurements of the excited-state dipole 
moment in spl~tion'~.*' that gave a value of 
R,,=4.8-5.0 A for 1,  2 and 3. Hence it can be con- 
cluded that for all members of this series R ,  is below 
R,, which makes charge separation energetically 
feasible without a significant reduction of the 
donor-acceptor distance imposed by the chair confor- 
mation of the bridging piperidine rinF. This also implies 
that the excess energy of 360 cm- needed to induce 
charge separation in 1 cannot simply be attributed to the 
energy difference between the zeroth vibrational level of 
the CT state and the DA* state, as will be discussed 
below. 


Having established the energetic feasibility of charge 
separation in the absence of a solvent for this series of 
molecules, the next step is to investigate the mechanism 
that is operative in this Rrocess. As stressed before by 
Jortner and co-workers, 934 the occurrence of electron 
transfer in jet-cooled molecules seems to be at variance 
with standard theory, which predicts that the rate of 
electron transfer approaches zero when the medium 


reorganization energy (A,) is zero. However, if the CT 
state has a sufficiently high density of vibrational levels 
that are effective1 coupled to and isoenergetic with 
those of the DA state, the intramolecular electron 
transfer in an isolated DA molecule may be regarded as 
a radiationless transition in the statistical limit, " for 
which a theoretical formalism is available. 35*36 In this 
approach, the rate of electron transfer (k,) is given by 


2 


k, = (4n2/h)V2FCp, (2) 
where V is the electronic coupling between D and A, 
FC is the nuclear Franck-Condon overlap between the 
locally excited and CT state and p, is the density of 
states in the CT manifold. In order for the charge 
separation to be so efficient in these compounds, all 
three factors should have relatively high values, which 
will be evaluated in the discussion below. 


Starting with V, the photophysical behaviour of 
compounds 1, 2 and 3 in solution2' is characterized by 
very fast electron transfer, high CT fluorescence quan- 
tum yields and large radiative rates, which clearly 
shows that the interconnecting bridge (consisting of 
three u bonds) in this type of rigid molecules allows for 
rather strong electronic coupling between donor and 
acceptor. Recently this was evaluated quantitatively, 37 


using a three-state model to analyse the electronic 
coupling elements between ground state, locally excited 
state and CT state. It appeared that especially v*, the 
coupling between the S ,  and CT states, reaches high 
values (of a few thousand cm-') in non-polar media. 


A high value of V might in principle lead to the 
possibility of direct excitation into the CT state, a 
situation we recently discussed'' in our study of two jet- 
cooled rigid donor-bridge-acceptor compounds with 
powerful D-A pairs. The excitation spectra of these 
electronically strongly coupled systems consist of a very 
broad, structureless band, which could be attributed to 
CT absorption, i.e. direct population of the CT state 
from the ground state, implying that instantaneous 
charge separation occurs across three u bonds in those 
molecules. For compound 1,  such a transition might be 
expected to occur somewhere in the vicinity of the 0-0 
transition of the 1-vinyl-4-cyanonaphthalene chromo- 
phore, and for 2 and 3 possibly even to the red of that 
band, since their CT states appear to be appreciably 
lower in energy than the locally excited state. However, 
closer inspection of the excitation spectra of 1, 2 and 3 
gives no clear indication of the presence of a CT absorp- 
tion band. All sharp spectral features in the region 
322-325 nm correspond to the excitation of the DA* 
state, as explained earlier, and no extra absorption band 
is found to the red of this spectrum. Furthermore, the 
broad maximum which occurs at ca 320 nm in all three 
spectra, which might be suspected to be a direct CT 
transition because of its lack of structure, does not shift 
with increasing donor strength. Therefore, this band 
cannot be ascribed to CT absorption, as it would be 
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expected to shift to the red by the same amount and for 
the same reason as the maxima of the CT emission 
bands. A further consequence of this is that the 
threshold-like behaviour of 1 cannot be attributed to the 
presence of an underlying CT absorption band. Appar- 
ently the extreme broadness of the region around 
320 nm is simply due to vibrational congestion, as is 
often observed in this type of progressional  transition^.^' 
Thus, in contrast to the more strongly coupled DA 
systems" mentioned above, the direct transition to the 
D'A- state is apparently very weak relative to the 
strong local So-S, (A-A*) transition for the present 
series, which is in line with the observation that their 
absorption spectra in solution also give no clear indi- 
cation for the presence of a CT transition. 


Returning to our discussion dealing with equation 
(2), the second important factor that determines k ,  is 
FC, the Franck-Condon vibrational overla? factor 
between both excited states. Chattoraj et al.' pointed 
out in their study of charge-shift reactions in a super- 
sonic expansion that the geometry change between 
'reactants' and 'products' upon electron transfer occur- 
ring in the gas phase is small owing to the lack of 
interaction of the charged chromophores with the 
medium. This would imply that the potential energy 
curves of the initial and final states are not much shifted 
from each other, resulting in poor vibrational overlap 
and small FC factors. We feel, however, that in general 
charge separation processes in the gas phase will be 
accompanied by an appreciable (internal) reorganization 
energy (Ai) due to significant changes in bond lengths 
and angles in both the donor and acceptor moieties upon 
electron loss and capture, respectively. For instance, it 
was estimated" from model calculations on the experi- 
mental excess vibrational energy dependence of the 
Franck-Condon overlap factors of jet-cooled l r  and 3r 
that Ai amounts to 4000-5700 cm-' for these isolated 
molecules. For the structurally related series 1-3 it may 
be assumed that a similar value applies. In fact, the 
eneqy difference between the fluorescence maxima of 
DA and D'A- in 1 (ca 8.3 kcalmol-') suggests that 
after passing the barrier of cu 60 cm there is indeed an 
appreciable relaxation along one or more coordinates. 
Actually, this situation is reminiscent of the normal 
Marcus region (in solution), where electron transfer is 
an activated process due to the displacement between 
the two potential energy curves. Despite the fact that the 
original Marcus theory was not designed to account for 
electron transfer in the gas phase, taking into account 
the effect of internal reorganization allows one to 
discuss the interplay between 'driving force' AGO and 
reorganization energy (A = Ai) as the factors creating a 
barrier to electron transfer also in isolated molecules. 
Consequently, assuming a situation as in Figure 7, k ,  is 
expected to increase with increasing driving force. 
Indeed this seems to be the case for our compounds, as 
the molecules with the stronger donors (2 and 3) exhibit 


D-A*\ 


D-A \ c 
Figure 7. Schematic potential energy curves for the ground 
state (DA), locally excited state (DA') and CT state (D'A-) 


of 1, 2 and 3 


more efficient electron transfer than 1. This is in sharp 
contrast to the prediction of Chattoraj et al.,'* where the 
assumption of a negligible reorganization energy 
automatically creates an 'inverted region' situation for 
any exothermic electron transfer, implying that the rate 
of electron transfer should drop upon increasing that 
exothermicity, i.e. in going from 1 to 3. Evidently the 
actual situation in the series 1-3 corresponds to the 
Marcus normal region behaviour where the rate 
increases with increasing exothermicity. 


The third and last factor to consider in equation (2) is 
pa, the density of background vibronic CT states in the 
vicinity of a vibronic level of the locally excited state. In 
the case of compounds l r ,  2r and 3r, the CT level 
appeared to be higher in energy than the locally excited 
state, resulting in an unfavourably low density of states 
for the CT state. However, by means of the sutsequent 
folding process, the relaxation of the initial DA state is 
mediated by the sparse manifold of the extended CT 
state into the quasi-continuum of the final, low-lying 
exciplex state. For the rigid compounds 1, 2 and 3, the 
relaxation mechanism is simpler, having only two 
relevant excited states, and the energy gap between the 
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origins of DA" and D'A- is expected to supply a 
sufficiently large per, especially for 2 and 3. The 
situation for 1, which has the smallest energy gap, 
seems to be slightly different, since excitation near its 
origin does not lead to charge separation, although 
slightly higher excitations already result in complete 
quenching of the local emission. This may be inter- 
preted as a manifestation of the rapid increase of pCr 
with increasing excess energy. The fact that the electron 
transfer process becomes so efficient within such a small 
energy domain might partly be due to the presence of 
the unusually low-frequency torsional mode of the DA" 
state (as discussed earlier), which may be helpful in (a) 
effectively coupling this state to the CT state, thereby 
replacing the traditional solvent low-frequency vibra- 
tional modes, and (b) increasing the electron affinity of 
the vinylcyanonaphthalene group, by specifically 
channelling excitation energy into the torsional motion 
to planarity, and thereby increasing the pi-conjugation. 
It should be noted that the importance of low frequency 
internal vibrations for intramolecular electron transfer 
rates has been shown recently even for systems in the 
solution phase.40 


From the discussion above, it may be concluded that 
the efficient gas-phase electron transfer in these 
molecules seems to be generally in accord with equation 
(2), which indicates that the theory of intramolecular 
radiationless transitions gives a good description of the 
charge separation process. 


One last point worth mentioning concerning the 
dynamics of the process is that, although the local 
emission is completely quenched (especially for 2 and 
3), the excitation peaks that are detected by monitoring 
the CT fluorescence are nevertheless very sharp and do 
not show any significant lifetime broadening. This 
seems surprising and is in contrast with the results for 
the rigid compounds we described earlier," where not a 
single sharp feature was observed in the excitation 
spectra, owing to very rapid relaxation to the CT state. 
However, similar behaviour has been reported for cases 
involving intermolecular exciplexes4' and flexibly 
bridged exciple~es'~'~ and a simple explanation can be 
given by considering that, although the absence of local 
emission requires electron transfer to be on the sub- 
nanosecond time-scale, no lifetime broadening is 
expected if the relaxation to the D'A- state occurs in 
>10 ps. Consequently, a rough measure of the electron 
transfer time-scale can be gathered from these two 
limits. 


Comparison between rigidly and semi-flexibly 
bridged systems 
It is of considerable interest to compare the behaviour of 
the virtually rigid systems 1-3 described above with 
that reported by us earlier for closely related semi- 
flexibly bridged systems such as lr-3r and 4. 


. 


As mentioned above, charge separation in the latter 
systems under isolated conditions can only be induced 
by excitation with a significant excess energy, which 
amounts to 1700*200 cm-' for l r  and 2r,&.' 
750*200 cm-' for 3r' and as high as 3800 cm-' for 
4. lo This behaviour contrasts with the low to negligible 
excess energy required to induce charge separation in 


Because the spectroscopic origins in the excitation 
spectra of all compounds are nearly identical (i.e. 
Em= 3.87 eV for lr-3r and 4 and 3.81 eV for 1-3), it 
is clear from, e.g. equation (l), that the lower excess 
energies required for charge separation in 1-3 must be 
due to the higher electron affinity of the acceptor and 
also a smaller charge separation distance, both of which 
stabilize the charge separated state. 


Remarkably, however, the CT emission for 1-3 (see 
Figure 6) occurs at significantly higher energy than that 
observed' for lr-3r. In fact, the CT fluorescence 
maximum of the latter compounds under isolated 
conditions occurs at 0.48 f 0-015 eV lower energy than 
of 1-3, while 4 fluoresces 0.44 eV to the red" of 1. As 
we have pointed out the huge Stokes shift 
which this implies for the CT fluorescence of lr-31- 
and 4 as compared with 1-3 under isolated conditions 
can only be understood if the former systems undergo a 
dramatic internal reorganization process subsequent to 
the initial charge separation, a process that brings D 
and A closer together by folding of the interposed 
semi-flexible bridge. We have reported earlier'6.'9.4z-46 
that in solution this electrostatically driven 
'harpooning' process can be slowed sufficiently to 
make it kinetically resolvable by application of time- 
resolved spectroscopy and temperature variation. We 
now report that in solution also pressure variation has 
been found to influence significantly the conforma- 
tional reorganization of the charge-separated state in, 
e.g., 4. 


A preliminary demonstration of this effect is provided 
by the fluorescence spectra obtained for 4 in methylcy- 
clohexane at pressures ranging between 0 and 3.5 kbar 
(see Figure 8) at 30 "C. At low pressure the spectrum is 
dominated by emission centred at ca 460 nm, which is 
k n o ~ n ~ ' . ~ ~  to stem from a folded CT-state with close 
D-A contact. At higher pressures, however, a marked 
shoulder around 400 nm develops, which  stern^^"^ 
from CT emission emerging in an extended conforma- 
tion with much larger D-A separation. We note that we 
are confronted here with the counter-intuitive situation 
that the contribution of emission from an extended 
conformation increases at higher pressures! We consider 
it likely that this remarkable observation is largely due 
to a decrease in the rate of folding at higher pressures 
and this is under active investigation by application of 
pressure-dependent time-resolved spectroscopy, the 
results of which will be the subject of future 
 publication^.^' 


1-3. 
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Figure 8. Pressure dependences of the fluorescence spectrum of 4 in methylcyclohexane solution at 30 "C 


CONCLUSION 
Whereas in earlier publications the feasibility of 
solvent-free, long-range, photoinduced charge separa- 
tion was demonstrated either in systems that undergo a 
consecutive major conformational change or in systems 
where direct excitation via a charge-transfer transition is 
available, we have now shown that it can also be 
achieved via local excitation in systems such as 1-3 that 
do not undergo major conformational changes following 
charge separation. 


EXPERIMENTAL 
The synthesis of compounds 1-3 and lr-3r has been 
described elsewhere.@ 


The fluorescence excitation and dispersed 
fluorescence spectra of isolated molecules were 
measured using a continuous free jet combined with a 
pulsed tunable UV laser system. Briefly, a laboratory- 
made expansion chamber is evacuated by a Roots pump 
(Edwards E4500,500 m3 h-I), backed by a rotary pump 
(Edwards E2M80, 80 m3h-'), resulting in a typical 
background pressure of 0.1 mbar during experiments 
with a helium pressure of 3 bar. An excimer laser 
(Lumonics HyperEX-460) operating at 80 Hz (in some 
cases 40 Hz) was used as excitation source, pumping a 
dye laser (Lumonics HyperDYE-300) at 308 nm 
(XeCl). A tunable UV laser beam was obtained by 
scanning the dye laser and simultaneously frequency 
doubling its output with KDP crystals, by means of a 
HyperTRAK-1000 system. Fluorescence from the jet- 
cooled compounds was collected by a spherical quartz 
condenser (Melles Griot OlMCPl19, focal 
length = 50 mm) imaging on to the slit of a Zeiss M20 
grating monochromator (spectral resolution 10-20 nm) 
and into an EMI S20, 9558QA photomultiplier. The 


signal from the photomultiplier was fed into a gated 
integrator and boxcar averager from Stanford Research 
Systems (SR250) and the SR267 and SR277 programs 
were used on an IBM AT personal computer to acquire 
data from the boxcar with the SR245 computer interface 
module. The spectra were corrected for the intensity of 
the UV laser light and analysed using a laboratory- 
written spectrum analyser program. 
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INFLUENCE OF SODIUM DODECYL SULPHATE MICELLES ON THE 
KINETICS OF COMPLEX FORMATION BETWEEN Pd(H20)42+ and 


S-CARBOXYMETHYL-L-CY STEINE 


v. M. VASIC, M. s. TOSIC AND J. M. NEDELJKOVI~* 
Institute of Nuclear Sciences 'VinEa', P.O. Box 522,11001 Belgrade, Serbia 


The kinetics of complex formation between Pd (H,O)i + and S-carboxymethyl-L-cysteine (SCMCH,) was 
investigated in the presence of sodium dodecyl sulphate in the acidity range between 2 M HCIO, and pH 5. 
Although the mechanism was not affected by the presence of anionic micelles, retardation (2.2<pH<5) and 
acceleration (pH < 2.2) of the complex formation were observed compared with its rate in aqueous solution. 
These effects were interpreted in terms of the long-range electrostatic interactions between the negatively 
charged micellar surface and ligand species which can be in different ionic forms depending on the pH. 


1. INTRODUCTION 
S-Carboxymethyl-L-cysteine (SCMCH,) belongs to a 
group of naturally occurring amino acids containing a 
thioether group (see Scheme 1). SCMCH, is a biologi- 
cally active substance with a mucolytic effect, which 
was found in the urine of cystathioninuric patients' and 
identified as an intermediate in cystamine formation.' 


Only a few studies have been reported concerning the 
interaction of SCMCH, with metal ions such as Cu(II), 
Ni(II) and Zn(II).3.4 A spectrophotometric method for 
determination of N-acetyl-L-cysteine and SCMCH, 
using palladium(II) chloride (PdCI,) has been r ep~r t ed .~  
Also, the kinetics of complex formation between PdCl, 
and SCMCH, have been studied and the mechanism of 
the reaction has been clarified.6 


In this work, the influence of the anionic surfactant 
sodium dodecyl sulphate (SDS) on the rate of complex 
formation between Pd(H20):+ and SCMCH, in 
aqueous solution was studied. The effects of micellar 
systems on chemical reactions have been studied 
extensively, especially for organic reactions.'.' How- 
ever, few studies on inorganic reactions have been 
reported. So far, electron-transfer reactions involving 
metal complexesg and the formation of Ni(II) or Mn(II) 
complexes with organic l igand~"- '~ have been investi- 
gated. These studies are important not only for the 


* Author for correspondence. 


investigation of inorganic reaction mechanisms, but also 
for their biochemical aspects, as models of electron- 
transfer and ligand-exchange reactions at the surface of 
a biomembrane or at the interface of a globular protein. 


EXPERIMENTAL 
All reagents were commercial products of the highest 
purity available. A freshly prepared 2 x lo-' M 
SCMCH, aqueous stock solution was used in all experi- 
ments. A standard solution of 2 x M Pd(H20),'+ 
was prepared as described el~ewhere.~ The acidity of the 
solution was adjusted by addition of either NaOH 
(2<pH<5)  or HCIO, (pH<2). pH values were 
measured by a Beckman Expandomatic pH meter. The 
ionic strength was kept constant by the addition of 
NaClO, ( I  = O.l ) ,  except for the measurements per- 
formed in concentrated perchloric acid. The acidity of 
the concentrated HCIO, was characterized by the 
Hammet acidity function, H,.I4 


The absorption spectra were recorded on a 
Perkin-Elmer Lambda 5UV-visible spectrophotome- 


+ NH CHCH2SCH2C02 H 
31 
co; 


SCMCH2(2.2<pH* 3.33) 


Scheme 1 
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ter. For stopped-flow experiments, a HI-TECH Model 
SFA 12 universal rapid kinetic accessory was fitted to 
the spectrophotometer. All the other reagents (sur- 
factant, acid or inert salts) were added to the ligand and 
metal ion solutions at least 20 min prior to mixing. 
Kinetic experiments were performed by mixing equal 
volumes of SCMCH, and Pd(H,O),,+ solutions at 
25*1 "C. The rate of the complex formation was 
followed by monitoring the increase in the 
optical absorbance (A) at 250 nm with time (t). 
Values of k,, were determined by fitting the 
experimental trace (A vs t )  to the function (A,-A)/ 
(A,.+,-A,)=exp(-k,,t), where A, and A, are the 
initial and final absorbances, respectively, by using a 
computer program based on the least-squares method. 
All kinetic measurements were reproducible within 
limits of error of *5%. The quoted values are 
the averages of at least five runs under identical 
experimental conditions. 


RESULTS AND DISCUSSION 


Absorption spectra and stoichiometry of the 
Pd(I1)-SCMCH, complex in the presence of SDS 
The formation of the complex between Pd(H,O):+ and 
SCMCH, in the presence of 1 x lo-, M SDS was 
investigated in the acidity range from 2 M HClO, to 
pH 5.  The absorption spectra of solutions containing 
equal concentrations of Pd(H,O),,+ and SCMCH, and 
1 x lo-, M SDS at different acidities are shown in 
Figure 1. Isosbestic points indicating the existence of 


two interconverting species in solution were not 
observed. The Pd(II)-SCMCH, complex in the pre- 
sence of anionic micelles has an absorption maximum at 
250nm and a shoulder at 320nm. For comparison, 
absorption spectra of the reacting species [Pd(H20),2+ 
and SCMCH,] are also given in Figure 1. 


The stoichiometry of the complex 
[Pd(II) : SCMCH, = 1 : 11 in the presence of 1 x 10 -2 M 
SDS was determined at different acidities (1 M HClO, 
and pH 2 and 4) by continuous variation of the ratio 
between initial concentrations of Pd(H,O):+ and 
SCMCH,. Also, the absorption spectra at constant 
Pd(H20)42+ : SCMCH, ratios were followed as a func- 
tion of acidity. The absorption spectra indicated that the 
metal chelate structure was not affected by the change in 
acidity. The small shifts of the absorption maxima are 
most likely due to the presence of different ionic forms 
of the ligand bound in the complex (pK,= 1-99, 
~ K , = 3 - 3 3 ) . ~  Similar effects were also found in the 
reaction of PdCl, with SCMCH, in aqueous solutions.6 


Kinetics of complex formation between Pd(H,O);+ 
and SCMCH, in the presence of SDS 


The kinetics of the formation of the 
Pd(H20):+ -SCMCH, complex in the presence of SDS 
micelles were followed in the acidity range from 2 M 
HClO, to pH 5 under pseudo-first-order conditions 
([SCMCH,] s [Pdm)]). The experimental rate con- 
stants (kobJ followed the expression 


(1) kobs = kfCL -k kr 


0.6 


8 
C 


0.4 5 
9 


0.2 


0.0 
200 250 300 350 


wavelength 
I0 


Figure 1. Absorption spectra of solutions containing equal concentrations of Pd(H,O)," and SCMCH, (5 x M) and 1 x lo-* M 
SDS at different acidities: (a) pH 3; (b) 2 M HCIOI. Absorption spectra of solutions (1 x lo-' M SDS, pH 3) containing 


(c) 5 x M Pd(H20),2+ and (d) 5 x low5 M SCMCH, 
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where k, and k, are the forward and reverse pH-depen- 
dent rate constants, respectively. The linear plot of k,,, 
versus CL has a zero intercept at 0 < pH < 2 (see Figure 
2, curve b), whereas at pH>2  and in strongly acidic 
solutions intercepts significantly different from zero are 
observed (see Figure 2, curves a and c) indicating the 
occurrence of a measurable reverse reaction. It should 
be pointed out that in the absence of SDS the reverse 
reaction exists over the entire range of acidity investi- 
gated (see Table 1). These results undoubtedly show 
that in the presence of micelles at 0 < pH < 2 the stability 
constants of the Pd(II)-SCMCH, complex (K= k , / k , )  
is a few orders of magnitude higher than those obtained 
under the same experimental conditions but in the 
absence of SDS. The stability constants of the 
Pd@)-SCMCH, complex in the presence of micelles in 
the pH range 2-5 and in extremely acidic solutions are 
of the same order of magnitude compared as those 
obtained in the absence of SDS (see Table 1). 


The pH dependence of k ,  in the absence and presence 


of 1 x lo-’ M SDS is shown in Figure 3. Although the 
pH profiles have similar shapes, their maximum occurs 
at lower pH in the presence of SDS. Similar shapes of 
pH profiles indicate that the mechanism of complex 
formation is not affected by the presence of micelles, 
although the rates differ from those in aqueous solu- 
tions. Also, the presence of micelles has a twofold effect 
on the rate of complex formation: (a) the complex 
formation is retarded in the presence of micelles in the 
pH range 2.2-5 and (b) the complex formation is 
accelerated at higher acidities compared with the kinetic 
results obtained in the absence of SDS. 


Retardation of the formation of the Pd(II)-SCMCH, 
complex in the acidity range from pH 2.2 to 5 can be 
explained by the effective separation of the reacting 
species in the presence of anionic micelles (see 
Figure 3). The anionic micelles provide a dispersed 
negatively charged surface in solution. As a con- 
sequence, the positively charged Pd(H,O),’+ ions 
partition out of the bulk aqueous phase into the surface 


h 
v 


u) v 


3 


0.8 - 


0.6 - 


0.4 - 


0.2 - 


0.0 l * l ~ l ~ l ’ l ~ i  


0 5 10 15 20 25 30 


C, (M) x l o 4  


Figure 2. Experimental rate constants (kob) of complex formation between SCMCH, and Pd(H,O),’+ (2 x lo-’ M) as a function of 
the SCMCH, concentration in the presence of 1 x lo-’ M SDS at different acidities: (a) 2 M HCIO,; (b) pH 1; (c) pH 3 


Table 1. k,, k,  and K as a function of acidity in the absence and presence of 1 x lo-’ M SDS 


1 X 1 0 - ’ M  SDS Water 


pH (H,) k, (1 mol-Is-’) k, K (lo4 Imol-I) k ,  (1 mo1-Is-l) k, (s-’) K (lo4 lmol-’) 


-0.8 805 0.069 1.17 720 0.082 0.88 
0 2622 0 >lo3 65 1 0-037 1.75 
1 2702 0 >lo3 696 0.029 2.39 
3 1335 0.084 1.58 2678 0.125 2.15 
5 1651 0.043 3.86 2379 0.120 2.18 
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Figure 3. pH profiles of the forward rate constant ( k , )  for the formation of the Pd(H,O),*'-SCMCH, complex (a) in the absence 
and (b) in the presence of 1 x lo-' M SDS at 298 K 


region of the micelles. The estimated binding constants 
for bivalent ions are in the range 
1-2 x 103-2.5 x lo3 1mol-',15 and consequently all the 
Pd(H20),'+ ions are on the micellar surface. On the 
other hand, the hydrophilic ligand SCMCH, in the pH 
range 2.2-5 is either a zwitterion (2.2<pH<3.33) or 
an anion (pH > 3.33), so it is located solely in the bulk 
aqueous phase. Therefore, in the presence of anionic 
micelles, the reacting species are effectively separated 
and the complex formation process is slowed. Similar 
retardation effects have been observed for the 
Pd(l1)-MONO-PACA [ 1,8-dihydroxy-2-(pyrazol-5- 
ylazo)naphthalene-3,6-disulphonic acid) system. l6 


In the acidity range from 2 M HClO, to pH 2.2, 
formation of the Pd(II)-SCMCH, complex in the 
presence of 1 x lo-, M SDS was faster than that in 
aqueous solution (see Figure 3). This can be explained 
as a consequence of the increased concentration of 
reagent molecules in the vicinity of the anionic micelles. 
The increase in the concentration of protonated ligand 
species (pK, = 1-99) in the vicinity of the anionic 
micellar surface is electrostatically favoured. However, 
it is well known that the addition of electrolytes or acids 
can induce the growth and formation of rod-shaped 
micelles, which is accompanied by a considerable 
decrease in the 'thickness' of the diffuse double 1 a ~ e r . l ~  
Also, in this pH range the local acidity in the vicinity of 
the micellar surface is higher than the acidity in the 
aqueous phase. Hence we believe that the zwitterionic 
species can reach the area of increased acidity in the 
vicinity of the interface, so that it is converted into its 
protonated form and reacts with Pd(H,O),*+. Conse- 
quently, the net effect is an overall increase in the 


concentration of protonated ligand species in the vicin- 
ity of the micellar surface where its complexation with 
Pd(H20)2+ is accelerated. 


The decrease in the rate of complex formation in the 
presence of 1 x lo-, M SDS with an increase in acidity 
from pH 0-4 to 2 M HClO, can be explained by the ion 
exchange of the reactants [protonated ligand and 
Pd(H,O):'] with H'. Namely, the kinetic behaviour in 
extremely acidic micellar solutions approaches the behav- 
iour characteristic of corresponding homogeneous systems. 


The sensitivity of the rate of the formation of the 
Pd(II)-SCMCH, complex to anionic micelles provides 
a convenient experimental method for measuring the 
surfactant concentration at which micelle formation 
occurs, which is generally considered to be the critical 
micellisation concentration (CMC) of the surfactant. 
Some typical dependences of the rate constant (kobs) on 
the concentration of SDS in the acidity range from 2 M 
HClO, to pH 5 are shown in Figure 4. The sharp 
increase and/or decrease in the rate constant indicates 
the first appearance of micelles or pre-micellar aggre- 
gates. The CMC values obtained (3 x M at 
pH < 2.2 and 5 x M at pH 4.5) are smaller than the 
reported value at zero ionic strength (7.75 x M). 
This effect can be explained by the well known observa- 
tion that the addition of acids and divalent metal ions 
lowers the CMC of surfactant. l8 


The CMC is defined (in an arbitrary way) from 
experimental data and must depend to some extent on 
the experimental method used. The advantage of this 
method lies in the fact that all the reagents are 
hydrophilic, and the possibility that they induce micel- 
lization below the true CMC is negligible. 
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0.001 0.01 
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Figure 4. Experimental rate constants (kobs) of complex 
formation between 2 x lo-’  M Pd(H,O),” and 2 x lo-, M 
SCMCH, as a function of the SDS concentration at different 
acidities: (a) 2 M HCIO,; (b) pH 1; (c) pH 4.5. Temperature, 


298 K 
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KINETIC AND EQUILIBRIUM STUDIES OF 0-ADDUCT FORMATION 
AND NUCLEOPHILIC SUBSTITUTION IN THE REACTIONS OF 


ARYL ETHERS IN DIMETHYL SULPHOXIDE 
MORPHOLINE WITH 1,3,5-TRNTROBENZENE AND SOME PHENYL 


RACHEL A. CHAMBERLIN, MICHAEL R. CRAMFTON" AND IAN A. ROBOTHAM 
Chemistry Department, Durham University, Durham DHI 3LE. UK 


Reactions of morpholine in dimethyl sulphoxide at unsubstituted ring positions of 1,3,5-trinitrobenzene, and 
phenyl 2,4,64rinitrophenyl ether, yield anionic a-adducts via zwitterionic intermediates. Reactions at the 1- 
position of phenyl 2,4,64rinitrophenyl ether, phenyl 2,4-dinitronaphthyl ether, and phenyl 2,4-dinitrophenyl 
ether result in substitution of the phenoxy groups. In both these reaction types proton-transfer is rate- limiting. 
Comparison of kinetic and equilibrium data with those for corresponding reactions of piperidine shows that 
rate constants for proton transfer are similar for the two amines, but equilibrium constants for zwitterion 
formation have lower values for morpholine, the less basic amine. Implications for base catalysis are discussed. 


INTRODUCTION 


Reactions of amines with aromatic nitro compounds in 
dimethyl sulphoxide (DMSO) may lead to the formation 
of stable anionic a-adducts' or, when the substrate 
carries a suitable leaving group, to nucleophilic substitu- 
t i ~ n . ' - ~  An e ~ a m p l e , ~ . ~  of the former type is the 
reaction with 1,3,5-trinitrobenzene (l), where, as 
shown in Scheme 1, proton transfer from the zwitter- 
ionic intermediate (2), to base leads to the anionic 
adduct (3). The proton-transfer step, kAnl, may be rate 
limiting so that kinetic studies allow not only compari- 
sons of nucleophilic reactivity of the amines but 
also of rate constants for proton transfer. Since the 
zwitterions (2), are stronger acids than the correspond- 
ing ammonium ions, the kAn, step is thermodynamically 
favoured.' However, the values of kAnl are 
considerably lower than the diffusion limit and decrease 
in the order n-butylamine (3 x lo7 dm3mol-1s-l)> 
pyrrolidine (1.5 x lo6 dm3 mol-' s-pi pipendine (1.4 x 
los dm3mol-' s-'). This decrease is thought to reflect 
increasing steric hindrance to the approach of the 
reagents. 5*6  


Many nucleophilic displacements in DMSO have 
been found to be subject to base ~atalysis, '-~~*-'" as 
indicated in Scheme 2. 


' Author for correspondence. 


The base-catalysed pathway may, in an analogous 
fashion to that shown in Scheme 1, involve rate-limiting 
proton transfer from the zwitterionic intermediate to 
base, or it may involve general acid catalysis by BH' 
of leaving group departure. The latter, the SB-GA 
mechanism, has been shown to apply to substrates, such 
as alkyl ethers, carrying poor leaving groups."." 
However there is now strong evidence that for sub- 
strates, such as phenyl ethers and phenyl sulphides, 
carrying good leaving groups, base catalysis results 
from rate-limiting proton transfer from the zwitterions 
to base.l3.l4 Sekiguchi er al." have similarly produced 
evidence that base catalysis in the substitution reaction 
of n-butylamine with l-pyrrolidino-2,4-dinitronaphth- 
alene involves rate-limiting deprotonation of the 
zwitterionic intermediate. 


Data are available for reaction of 1 and of several 
phenyl aryl ethers with n-butylamine, pyrrolidine and 
~iperidine.'.~ We report here kinetic and equilibrium 
results for corresponding reactions with morpholine. 
This amine has similar steric requirements to piperidine 
but is a considerably weaker base. The pK, values in 
water16 are morpholine 8.36 and piperidine 11.06 and in 
acetonitrile" 16.62 and 18.92, respectively. Although 
precise data in DMSO are not available, morpholine is 
expected to be at least two pK units less basic than 
piperidine. 


It has been noted previously that substitutions involv- 
ing morpholine are generally more susceptible to base 
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Scheme 2 


catalysis than corresponding reactions involving pipe- 
ridine.I8.I9 We hoped that a study by stopped-flow 
spectrophotometry would allow a detailed comparison 
of individual steps in the reactions and hence indicate 
the origin of this difference. 


EXPERIMENTAL 


1,3,5-Trinitrobenzene was a recrystallized commercial 
specimen, m.p. 123 "C. Phenyl ethers were available from 
previous work.I4 Morpholine and DMSO were the purest 
available commercial specimens. UV-visible spectra and 
kinetic measurements were made with Beckman Lambda 2 
or Hi-Tech SF 3L stopped-flow spectrophotometers at 
25 "C. Reported rate constants are the means of several 
determinations and are precise to *5%. Rate constants were 
measured under first-order conditions. Hence for reactions 
in buffers (amine plus amine salt) the buffer components 
were in large excess over the substrate concentration 
(1 x 10-5-5 x lo-' moldm-,). For reactions with amine 
in the absence of salt a large excess of amine was used, 
sufficient in the case of a-adduct-forming reactions to 
achieve ~ 9 5 %  conversion into adduct at equilibrium. 
Under these, conditions equation (1) applies, and was used 
to calculate rate constants. 


RESULTS AND DISCUSSION 


1,3,5-Trinitrobenzene (1) 


Reaction of 1 with morpholine in DMSO gave the 
adduct 3 (R'R' = CH2CH20CH2CH2) with A,,,, 447 and 
530 nm. The assumption that the zwitterionic form 2 
may be treated as a steady-state intermediate leads to the 


following general rate expression: 


k3kA,,,[AmI2 + k-,kAn,H+[AmH'l 


k-3 + k~,[Am] 
&In = (2) 


Values, given in Table 1, in the absence of added 
morpholinium salt show a precise dependence on the 
square of the amine concentration. This indicates that 
the proton-transfer step is rate determining, 
k-, Q kAnl[Am]. Hence equation (2) simplifies to 


(3) 
where K, = k,/k-,. 


Values calculated with K3kAn, = 8500 dm6mol -'s-' 
and kAnlH+ = 400 dm3mol-'s- '  gave excellent agree- 
ment with experimental values. Combination of these 
values gives a value for K, ,, defined as 


kobs = K 3  kAm IAm 1 + kAmH + [AmH + 1 


(4) 


of 21 dm3mol-'. Most data were obtained with salt 
concentrations of 0.01 mol dm -,. Results in solutions 
where the total salt concentration was 0.1 mol dm-, led 
to the values K,kAm = 8500 dm6mol-2s-' and 
kAnlH+ =250 dm3mol-'s-1, yielding a slightly higher 
value for Kc,3 of 34 dm3 mol-I. 


Measurements of the forward reaction were also 
made in the presence of DABCO, where the equation 


kobs = K, [Am 1 (k~rn [Am 1 + ~DABco[DABCO 1 ) (5)  
applies. They yield a value for K,kDABco of 
5000 dm6 mol -'s- I .  


Phenyl2,4,6-trinitrophenyl ether (4) 


UV-visible measurements showed the presence of two 
reactions well separated in time, an initial reaction 
giving a species with A,,,, 432 and 500 nm and a slower 
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Table 1. Kinetic data for reaction of 1 with morpholine in DMSO at 25 OC 


[Morpholinium 
[Morpholine]/mol dm" [DABCO]/mol dm-, perchlorate]mol dm k&Is - I  k:,,Js - I 


0.02 
0.03 
0.04 
0.05 
0.06 
0.08 
0.10 
0.02 
0.02 
0.02 
0.02 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.10 
0.02 
0.02 
0.02 
0.04 
0.04 
0.04 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01' 
0.02' 
0.03' 
0.01' 
0.02' 
0.03' 


3.4 
7.9 


14 
20 
30 
55 
81 
8 .O 


13 
18 
24 
4.7 
7.8 


12 
18 
25 
34 
82 
5 *9 
8.2 


12 
16 
19 
22 


3-4 
7.7 


14 
21 
31 
54 
85 


13 
18 
23 


8.4 


4.8 
7.4 


12 
18 
25 
34 
89 
5.9' 
8.4' 


11' 
16' 
19' 
21' 


Measured rn a colour-forming reaction at 445 nm with 1 at 2.5 x lo-' mol dm-3. 
hCdlculated from equation (3) or ( 5 )  with K,k,, = 8500 dm6mol-2s- ' ,  K,k,,, = 5000 dm6mol-2s-l and k,,,, = 400 dm3mol- 's- ' .  
'Total salt concentration 0.1 mol dm-' with tetraethylammonium perchlorate. Values calculated from equation (3) with K,k,, = 8500 dmbmol-*s-l 
and k,,,, = 250 dm3mol-'s-l. 


reaction leading to a species whose spectrum was 
identical with that of the substitution product (7), in the 
same reaction medium. It is k n o ~ n ' ~ - ' ~  that amines 
show a kinetic preference for reaction at unsubstituted 
ring positions of l-substituted-2,4,6-trinitrobenzenes, 
so that the rapid reaction is attributed to the formation 
of the 3-adduct 5. Kinetic data for this reaction, given 
in Table 2, give an excellent fit with equation (3) with 
values K,k,,, = 2450 dm6 mol -'s-' and kAnlH + = 
600 dm3mol-l s-I. Substitution, leading to 7, pro- 
ceeded without the accumulation of the intermediate, 
6, on the reaction pathway. We have shown14 that in 
the reaction of 4 with other aliphatic amines, leaving 
group expulsion, the k4 step, is not rate limiting. On 
this assumption, the rate expression for product 
formation, allowing for rapid equilibration of 4 and 
5, is 


Our results indicate that the condition k - ,  b kAnl[Am] 
applies, so that equation (6) reduces to 


Values calculated with K,kAn, = 70 dm6mol-'s-' were 
in good agreement with experimental data. It should be 
noted that, as in related systems," the product, 7, is in 
rapid equilibrium with the adduct formed by reaction 
with morpholine at the 3-position. 


Phenyl2,4-dinitronaphthyl ether (8) 
A single process was observed, resulting in spectra 
identical with those of the expected reaction product in 
the same reaction medium. The substitution pathway 
will be analogous to that shown in Scheme 3 for 4 but 
without initial attack at the 3-position. Values of kobr, 
given in Table 3, showed a dependence on the square of 
the amine concentration and catalysis by DABCO was 
observed. They give a good correlation with the 
equation 


kobr = Kl [Am 1 (kAnl [Am 1 + kDA8,~[DABC0 1 (8) 
with values K,k ,,,- 11 dmhmol-'s-' and K, kDAeco = 4.5 dm6 mol - P s -I 


Phenyl2,4-dinitrophenyl ether (9) 
Reaction with morpholine occurred in a single kinetic 
process, giving I-morpholino-2,4-dinitrobenzene with 
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Table 2. Kinetic data for reaction of 4 with morpholine in DMSO at 25 "C 


[Morpholine ] / [Morpholinium 
mol dm-' perchlorate]/mol dm-I k:,/s - ' k:a,c/s - ' k' ohr /10-3s-l k~alc/ lo-%-~ 


0.02 
0.03 
0.04 
0-05 
0.004 
0-006 
0.008 
0.01 
0.015 
0.02 
0.03 
0.04 
0.05 
0.10 


- 
- 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 


1.07 
2.24 
3.86 
6.01 


- 
- 
6.0 


6.1 
8 .O 
9.8 
12.7 


- 


29 


0.98 
2.21 
3.92 
6.12 


- 
- 
6.2 


7.0 
8.2 
9.9 


12.1 
30 


- 


- 
- 
- 
1.4 
2.1 
5.0 
7.0 
13 
21 


- 
- 


1 . 1  
2.5 
4.5 
6.7 
14 
24 


'Fast reaction, measured at 435 nm. 
bCalculated from equation (3) with K,k,, =2450 dm6mol~*s 'I  and k:,,,. =600 dm'mol-'s-'. 
'Slow reaction, measured at 370 nm. 


02NoNo2 +2NHR1R2 5 


+ PhOH + NR'RZ 


NO, 


7 


Scheme 3 
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Table 3. Kinetic data fo reaction of 8 with morpholine in DMSO at 25 "C 


k h  /lo-fs-l [Morpholine]/mol dm-' [DABCO]/mol dm-' htbs/ 10 -3s - 1  cslc 


0.01 
0.02 
0.03 
0.04 
0.05 
0.02 
0.02 
0.02 
0.02 


- 
0.05 
0.10 
0.15 
0.20 


1.2 
4.4 
9.9 


17 
26 


13 
18 
23 


8.6 


1 . 1  
4.4 
9.9 


18 
27 
8.9 


13 
18 
23 


'Measured at 410 nm. with 8 at 5 x moldm-I. 


A,,, 386 nm. A plot, not shown, of kobs versus amine dependence on the amine concentration. This indicates, 
concentration was linear with a positive intercept, in terms of Scheme 2, that nucleophilic attack by amine 
indicating that, in contrast with 4 and 8, the uncatalysed is rate limiting. The results yielded values for k ,  of 
step, k,, makes a significant contribution to the reaction 1.9 dm3mol-'s- '  with piperidine and 
flux. The reaction is catalysed by DABCO, so that the 0.33 dm3mol-'s-' with morpholine. 
rate expression 


kobs = K, [Am 1 ( k Z  + kAm [Am 1 + kDABCOIDABCo 1 (9) 
applies. Values calculated with K, k, = 3 x 
10-4dm3rnol-'s-', KIkAn,= 1.3 x lo-, drn6rnol-'s-' 
and K,kDABc0=8 x low3 dm6mol-2s-' gave good 
agreement with experimental data (Table 4). 


Our results with this compound are in general accord 
with those reported previously' for the reaction at 
30.5 "C. 


1-C hloro-2,4-dinitrobenzene (10) 
The reactions of 10 with piperidine and with morpho- 
line resulted in the formation of the corresponding 1- 
amino derivatives, A,,, 385 nm. Kinetic measurements 
with pipendine (0.01-0.10 mol drn-') and morpholine 
(0.05-0.125 mol drnW3) showed a precise first-order 


Reaction at unsubstituted ring positions 
The data in Table 5 show that for formation of the 
adducts 3 the overall equilibrium constant, Kc,3 is 63 
times smaller for morpholine than for pipendine. For 
attack at an unsubstituted ring-proton of 4 the ratio is 
98. Values of K3kA, similarly have a large ratio for the 
two amines of ca 70. However, the values of kAnlH+ are 
very similar. It has been argued previously'.'' that in 
trinitro-activated substrates the ratio kAm/kAmH+ will 
have a value of ca 500, reflecting the higher acidity of 
zwitterionic adducts, 2, than of the corresponding 
ammonium ions. This ratio is not expected5.*' to vary 
greatly with the nature of the substrate or of the amine; 
the morpholiniurn ion will be expected to be more acidic 
than the piperidiniurn ion, but similarly the zwitterion, 
2, from morpholine will be more acidic than that from 


Table 4. Kinetic data for reaction of 9 with morpholine in DMSO at 25 "C 


[Morpholine]/mol dm-3 [DABCO]/mol dm-' ,gh/ 10 - ' s  - ' k y  10 - 3s - I 


0.05 
0.075 
0.10 
0.15 
0.20 
0.25 
0.10 
0.10 
0.10 
0.10 
0.10 


- 
0.05 
0.10 
0.15 
0.20 
0.25 


0.43 
1.03 
1.7 
3.7 
6.0 
8.8 
2.1 
2.5 
2.8 
3.4 
3.7 


0-47 
0.96 
1.6 
3.4 
5.8 
8.9 
2.0 
2.4 
2.8 
3.2 
3.6 


a Measured at 385 nm with 9 at 5 x 10.' mol dm -I. 


hCalculated from equation (9) with K , k , = 3  x drn'mol-'s-l, K,k,, ,= 1.3 x lo-' dm"mol-2s-'  and 
K , k D , , , = 8 x  lo-' drn6mol-*s-' 
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Table 5. Summary and comparison of data for morpholine and piperidine" 


Compound Parameter Piperidineb Morpholine Piperidine/morpholine 


Reaction at unsubstituted positions 


1 


4 


K,,,/dm3 mol-' 2140 34 
K,kA,/dm6 mol-'s-' 6 x lo5 8500 
kA,,+/dm3 mol-'s'' 280 250 


K,,,/dm3 mol-' 400 4.1 
K,kA,/dm6 rnol-'s-' 1.7 x 10' 2450 
k,,,+/drn' rno1-ls-l 400 600 


63 
71 
1.1 


98 
69 
0.7 


Reaction at substituted positions 


4 K,kA,/dm6 mol-'s-' 3000 70 43 


8 


9 


K,kA,/dm6 rnol-'s-' 550 11 


K,k,/dm3molK's-' 0405 3 x 


kAm/ kDA BCO 6.5 2.4 


K,kA,/dm6 mol-*s-' 0.8 0.013 


kArn/ kDA BCO 6.2 1.6 


50 
- 


62 
17 


10 k,/dm' mo1-ls-l 1.9 0.33 6 


"Salt concentration 0.01 mol dm - 3  except for 1 (0.1 mol dm -3). Data have not been statistically corrected. 
Data from Refs 6 and 14. 


piperidine. Since values of kAnlH + are similar for the two 
amines, values of kAnl will also be similar. That these 
values, reflecting proton transfer between nitrogen 
atoms, are much lower than the diffusion limit probably 
indicates steric hindrance to approach of the reagents. It 
follows that the difference by a factor of ca 70 in the 
values of Kc,3 and of K3kAm is due to a difference in the 
values of K, ,  the higher value for piperidine reflecting 
its higher basicity. 


Comparison of data for 1 and 4 shows that for each 
amine values of Kc,3 and K3kAnl are ca five times lower 
for the 1-phenoxy derivative. The u,,, value for the 
phenoxy groupz2 is 0.25 so that it should have a favour- 
able electronic effect on amine addition at the 3- 
position. However, the results show that this is more 
than balanced by an unfavourable steric effect. Thus the 


'tro-groups at the 2- and 6-positions will be rotated 
Jm the ring plane so that they cannot exert their 


maximum electron-withdrawing influence. For 1 and 4 
the steric situation at the reaction centre, the unsubsti- 
tuted 3-position, should be similar, leading to similar 
values of k,, and of kAmH+ for the two compounds. 


Reaction at Substituted Positions 
Our results indicate that for each phenyl ether the 
substitution reaction shows a squared dependence on 
the amine concentration and is catalysed by DABCO. 
This indicates that the rate-determining step is proton 


transfer. We have argued previously I 3 , I 4  that, with 
reference to Scheme 3, this proton transfer is likely to 
be from the zwitterionic intermediate to amine, the kAm 
step, rather than from the ammonium ion to the anionic 
adduct, the k, step. Briefly, our arguments were based 
on the failure to observe intermediates, such as 6 ,  on 
the reaction pathway and on pyrrolidine to piperidine 
reactivity ratios. The results in Table 5 are readily 
explained on the basis that the rate-limiting proton 
transfer is from zwitterion to amine. Thus values of 
K,k, ,  are, for 4, 8 and 9, ca 50 times lower for mor- 
pholine than for piperidine. As for reaction at 
unsubstituted positions, this value reflects lower values 
of K ,  for morpholine than for piperidine, whereas 
values of kAn, for the two amines are expected to be 
similar. 


The observation of base catalysis in nucleophilic 
substitution reactions depends on the value of the ratio 
k A n l / k - , .  A lower value of this ratio, leading to the 
condition k - ,  s kAn,[Am], results in the reaction show- 
ing susceptibility to base catalysis. We were not able to 
measure directly k,,,/k -, ratios., However, our results 
show that values of kAnl are expected to be similar for 
reactions of morpholine and piperidine whereas values 
of K ,  will be lower for morpholine. Lower values of K ,  
are likely to be due to lower values of k ,  and higher 
values of k - , .  For comparison, the value of k, for 
reaction of morpholine with 10 is six times lower than 
that for reaction of piperidine. A similar ratio for k ,  
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values in reactions with the phenyl ethers would lead to 
values of k - ,  cu ten times larger for the morpholine 
than for the piperidine reactions. Hence it is expected 
that the k, , /k_ ,  values will be lower for reactions with 
morpholine than for corresponding reactions with 
piperidine. This explains the  observation^'^^'^ that 
reactions involving morpholine are in general more 
susceptible to base catalysis than those involving 
piperidine. 


The values of kA,/k,,B,o are slightly higher for 
reactions involving piperidine than for those with 
morpholine. This ratio reflects the ability of the amine 
relative to DABCO to extract a proton from the zwit- 
terionic intermediate. Given the considerably higher 
basicity of piperidine than of morpholine, the general 
similarity in the observed kAn,/kDABCO ratios is addi- 
tional evidence that steric considerations are of major 
importance in determining the rate of the proton 
transfer. 


Only in the case of the least activated substrate, 9, 
were we able to observe uncatalysed conversion of the 
zwitterion to products, the k ,  step. It is interesting that 
the K , k ,  ratio is reduced to 17 for reaction of piperidine 
versus morpholine. Since the K ,  ratio is likely to be at 
least 50, this implies that the value of k,  is higher for 
the morpholine than for the piperidine reaction. This is 
compatible with the k, step involving direct intramolec- 
ular proton transfer within the zwitterion, since the 
morpholinium group should be more acidic than its 
piperidinium counterpart. 
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SHORT COMMUNICATION 


THE GRUNWALD- WINSTEIN TYPE CORRELATION FOR 2-CHLORO-2,4,4- 
TRIMETHYLPENTANE: A SIMPLE TERTIARY ALKYL CHLORIDE THAT SHOWS 


ESSENTIALLY LIMITING BEHAVIOUR IN SOLVOLYSIS 


KEN'ICHI TAKEUCHI, * YASUSHI OHGA, TAKUHIRO USHINO AND MASAAKI TAKASUKA 
Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01, 


Japan 


Evaluation of the rates of solvolysis of 2-chloro-2,4,4-trimethylpentane (4) in 17 solvents on the basis of the 
Grunwald-Winstein type equation [log(k/k,)  = lNT + my,, + el gives an excellent correlation with 
1 = -0.01 f 0.02 and rn = 0.74i  0.01. The neopentyl group in 4 more effectively shields the rear side of the 
reaction center than the tert-butyl group in 2-chloro-2,3,3-trimethylbutane. The rate ratio between 4 and 2- 
chloro-2-methylpropane (3) at 25 "C is 275 in trifluoroethanol and predicted to increase to 950 in trifluoroacetic 
acid. The previous 4:3 rate ratio of 22 in 80% ethanol evidently underestimated the B-strain effect on the 
solvolysis rate of 4 by a factor of at least 40. 


The major solvent intervention in solvolytic reactions 
has been evaluated by the extended Grunwald-Winstein 
equation: ' 


log(k/k,) = IN + mY + c (1) 
The equation includes the nucleophilic (N) and elec- 
trophilic (Y) parameters of solvents, where k, and k refer to 
the specific rates of solvolysis in 80% aqueous ethanol and 
a given solvent, respectively, and c is the intercept.' The N 
parameter is based on the solvolyses of methyl tosylatelb 
(NOT%) or S-methyldibenzothiophenium ion2 (NT). As the Y 
parameter for -1 chloride solvolyses it has been recom- 
mended to use Ya, which is based on 1-chloroadamantane 
(I) as a standard substrate (I=O.OOO, m =  1.000).3 
Recently, Kevill and D'Souza'' applied equation (2) to the 
solvolysis rates of 2chlor0-2,3,3-trimethylbutane (2) that 
had been reported by Liu et a1.: and showed the 1 and m 
values to be 0.10*04M and 0.82*0.04, respectively. 
Although the number of rate data was limited (n = lo), the 
relatively small 1 value suggested a marked decrease in 
nucleophilic solvent intervention compared with 2-chloro- 
2-methylpropane (3) (1  = 0.37 f 0.04, m = 0.89 f 004)'' 
in the same solvents. 


(2) log(k/k,) = IN, + my, + c 


* Author to whom correspondence should be addressed. 
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We now report that 2-chloro-2,4,4-trimethylpentane 
(4) is an open-chain tertiary alkyl substrate that under- 
goes essentially limiting S,1 solvolysis. Actually, 4 was 
used more than four decades ago as the first model 
compound for examination of the back strain (B-strain) 
effect in ~olvolysis.~ However, the greater rear-side 
shielding effect of the neopentyl group in 4 toward 
nucleophilic solvent intervention than the tert-butyl 
group in 2 has never been noticed. 


The rates of solvolysis of 4 were determined in various 
solvents by a titrimetric or a conductimetric method in the 
presence of 0-025 or 0-0002 M of 2,6-lutidine, 
respectively.6 The rates of 4 in trifluoroacetic acid (TFA), 


CH3 CH3 
I I  


CH C-C-CI 
3 - ~  I 


CH3 CH3 


2 
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formic acid and l,l ,  1,3,3,3-hexafluoropropan-2-01 
(HFLP) were expected to be too fast to be measured; 
therefore, these solvents were not included. The low 
solubilities of 4 and solvolysis products in aqueous 
solvents hampered the rate studies in 40% acetone, 50% 
methanol and 50% ethanol and their more aqueous 
mixtures. The specific rates are summarized in Table 1 
and the plot of log k values against Ycl is shown in 
Figure 1. For comparisons similar plots are also shown 
for z4 and 37-9 by using selected reported data. The 
products of solvolysis of 4 were examined in methanol- 
ysis and acetolysis at 50°C under buffered conditions. 
The major products were the expected alkenes, 
2,4,4-trimethylpent-l- and -2-enes; a single substitution 
product was formed in 35% and 9% yields in 
methanolysis and acetolysis, respectively. 


Table 1. Specific rates for the solvolysis of 4 at 25.0°C 


Solvent* 105k ( s - ' ) ~  Solvent" 105k ( s - l ) b  


lOOE 
90E 
80E 
70E 
60E 


lOOM 
80M 
60M 


0.373' 
4.19 
20.3 
65.9 
205* 
3.54' 
79.4 
1040* 


90A 0.454 
80A 4.61 
70A 24.5 
60A 129" 
50A 521" 


lOOT 2860" 
70T 3590" 
50T 5790" 


AcOH 1.61' 


'E, M, A, and T denote ethanol, methanol, acetone and 2,2.2- 
trifluoroethanol, respectively, and the preceding for E, M and A 
indicate volume % of the organic components in aqueous mixtures at 
25 "C and those for T denote weight % of T. 
'Determined titrimetrically in the presence of 0.025 M 2,6-lutidine 
within an experimental error of *2% unless noted otherwise. 
'k=9 .70x  s - '  at 50.0"C; Ap=24.4kcalmol- ' ;  ASr= 
-1.7 calK-'mol-'  (1 kcal=4.184kJ). 
dDetemined conductimetrically in the presence of 2 x M 2,6- 
lutidine within an experimental error of *l%. 
'k=7 .30x  1 0 - 4 s - '  at 50.0"C; Ap=22.6kcalmol- ' ;  ASr= 
-3.2 cal K - '  mol - I .  


' k = 2 , 8 9 x  lO-'s-' at 50.0"C; A p = 2 1 . 5  kcalmol-I; AS*= 
-8.3 calK-'mol-' .  


-1 


-3 


-5 


-7 


/ 


97HFIP 
0 


0 


- 9 '  . ' . ' . ' ' ' . ' . ' . ' ' ' . ' 
- 4 - 3 - 2 - 1  0 1 2  3 4 5 


YCl 


Figure 1. Plots of log k against Y,, for the solvolyses of (0) 2, 
@) 3 and (0) 4 at 25OC. The points for 3 are shifted 
downward by 1 unit for clarity. For the references for Y,, 2 


and 3, see text 


It has been well recognized that downward 
deviations of the points for fluorinated alcohols 
[2,2,2-trifluoroethanol (TFE) and HFIP] and carbox- 
ylic acids (TFA, HCOIH and AcOH) in the correlation 
with Y,, indicate the involvement of nucleophilic 
solvent intervention in non-fluorinated alcohols and 
aqueous organic solvents, such as aqueous ethanol, 
acetone and dioxane.'cod As Figure 1 shows, the perfect 
fit of the points for AcOH, TFE, 70% TFE and 50% 
TFE for 4 to a single straight line (m = 0.75 f 0.01, 
r=0.998) is in accord with the essential absence of 
nucleophilic solvent intervention in the transition state 
of ionization. 


Table 2. Correlation of specific rates of solvolysis of 2-4 against N,' and YCtb by using the 
extended Grunwald-Winstein equation (2) 


Substrate nc I d  m" Cd re 


2 10 0.10*0.04' 0.82*0.04' 0.13 rt 0.1 1 ' 0.996' 
3 10 0.37 f 0.04' 0.89 f 0.04' 0.03 f 0.1 1 ' 0.995' 
4 17 -0.01 *0.02 0.74 f 0.01 0.04*0.02 0.998 


'Ref. 2. 
'Ref. Id. 
'Number of solvents. Same solvents for 2 and 3; see Refs le and 4. 
'' Using equation (2); with associated standard errors. 
'Correlation coefficient. 
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Scheme 1 
The rate data in Table 1 were also analysed using 


equation (2). As expected from the good straight line 
(Figure l), the I value was -0.01 rt 0.02. The results are 
summarized in Table 2 together with those of Kevill and 
D'Souza's analyses on the solvolyses of 2 and 3.Ie The I 
value increases in the order 4 (-0.01 rtO-O2)<2 
(0.10 * 0.04) < 3 (0.37 * 0.04), showing that the 
nucleophilic solvent intervention increases in this order. 


It is worth pointing out that the magnitude of the rn 
value decreases in the order 3 (0.89*0.04)~2 
(042 * 0.04) > 4 (0.74 * 0.01). This order is opposite to 
that of reactivity in TFE ( k / s - '  at 25°C): 3 
( 1 . 0 4 ~  10-4)7b<2 ( 1 . 0 6 ~  10-3)4<4 ( 2 . 8 6 ~  lo-'). A 
lower rn value of a more activated chloride due to 
greater B-strain is in accord with an earlier transition 
state and, therefore, a reduced sensitivity to changes in 
solvent ionizing power. 


The present study also gives an important insight into 
the magnitude of the relief of B-strain involved in the 
solvolysis of 4. The previous work compared the rate of 
4 with that of 3 in 80% ethanol at 25 "C to yield a 4 : 3 
rate ratio of 22.5 The 4 : 3 rate ratio obtained in this work 
in TFE is 275 by using the specific rate 1.04 x s-'  
for 3.7b Extrapolation of the plot for 4 in Figure 1 
predicts the specific rates in TFA (Y,, = 4.6)Id and 97% 
HFIF' ( Y ,  = 5.08)ld to be 0-61 and 1.4 s-', respectively. 
By using these predicted specific rates and those 
reported for 3 in TFA' and 97% HHP9 at 25°C 
(6.4 x and 2.69 x s - ' ,  respectively), we 
obtain 4:  3 rate ratios of 950 and 520, respectively. 
Evidently, the B-strain effect for 4 as measured by the 
solvolysis rate ratio has been underestimated by a factor 
of at least 40. 


The essential absence of the nucleophilic solvent 
intervention and the presence of marked B-strain effect 
in the solvolyses of 4 suggest that the leaving chloride 
ion takes a locus that is antiperiplanar to the tert-butyl 
group [Scheme l(a)]. In this conformation the 
nucleophilic solvent participation would be hampered 
by the bulky tert-butyl group. The other two conforma- 
tions [Scheme l (b) and (c)] permit nucleophilic solvent 
participation, but the steric strain may not be relieved: 
the steric strain would rather increase in the transition 
state owing to possible steric hindrance to ionization by 
the tert-butyl group, as has been demonstrated in the 
solvolyses of various U-shaped molecules.'0 
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SOLUTE-SOLVENT AND SOLVENT-SOLVENT INTERACTIONS IN 
BINARY SOLVENT MIXTURES. 2. EFFECT OF TEMPERATURE ON 


THE E,(30) POLARITY PARAMETER OF DIPOLAR HYDROGEN 
BOND ACCEPTOR-HYDROGEN BOND DONOR MIXTURES 
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The effect of temperature on the Dimroth-Reichardt ET(30) parameter of binary mixtures of dimethyl 
sulfoxide, acetonitrile and nitromethane with alcohols and water was studied. The ET(30) polarity parameter of 
many of these binary mixtures exhibits a strong synergism. Dimethyl sulfoxide, acetonitrile and nitromethane 
form hydrogen-bonded complexes with the alcohols more polar than themselves. The ET(30) values of the 
mixtures were fitted according to an earlier model, based on solvent exchange equilibria, that allows calculation 
of the E,(30) values of the hydrogen-bonded complexes. The variation of the E,(30) values of the pure solvents 
and the hydrogen-bonded complexed solvents with temperature shows that the synergism decreases as the 
temperature increases. 


INTRODUCTION tion of the microsphere of solvation of the indicator, the 
Solvatochromic indicators offer a simple and easy way 
to study solvent properties such as polarity, polarizabil- 
ity and hydrogen bonding ability. These properties are 
measured by means of solvatochromic parameters, 
which are calculated from the position of the maximum 
of the solvent-dependent absorption band of appropriate 
indicators, usually in the UV-visible or near-1R 
region.'-3 The band position is sensitive to solvent 
properties because the transition energy of the indicator 
depends on intermolecular indicator-solvent interac- 
tions. Such solute-solvent interactions are much more 
complex in mixed than in pure single solvents. In binary 
solvents, solvent-solvent interactions must be consid- 
ered together with solute-solvent interactions. 


so-called cybotactic region, is different from the com- 
position of the bulk solvent. However, since the position 
of the maximum of the absorption band depends on the 
properties in the cybotactic region, the measurement of 
this position provides information about the properties 
and composition of this region. 


The most popular solvatochromic indicator is 2,6- 
diphenyl-4-(2,4,6-triphenyl-l -pyridinio)-1-phenolate 
or E,(30) dye, proposed by Reichardt et al.'-3 for 
measuring solvent polarity. The E,(30) parameter is 
defined as the excitation energy (kcal mol-') of the 
ET(30) dye in a particular solvent, which can be calcu- 
lated from the wavenumber of the maximum of the 
long-wavelength absorption band (G), according to 


Moreover: the solute can be preferentially solvated by 
any of the solvents present and, therefore, the composi- 


ET(30)/(kcal mol-') = hcFN, =2.859 x G/cm-' 
(1) 


* Author for correspondence. 
The ET(30)  parameter has been widely used to 


measure empirically the polarity of many pure and 
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mixed  solvent^,'.^ and also to study preferential 
solvation in binary solvents. Dawber et aL4 proposed 
the deviation from linearity [assuming additivity of the 
ET(30) values of the pure solvents according to their 
mole fractions] of experimental ET(30)  values of 
binary solvents as a measure of preferential solvation 
and related the preferential solvation of the E,(30) dye 
with several thermod namic and kinetic properties. 
In previous studies,6sY we have proposed preferential 
solvation models to describe and interpret the 
E,(30) values of binary mixtures. Similar models 
have been also proposed by Skwierczynski and 
Connors.' 


Among the different binary systems studied, mix- 
tures of dipolar hydrogen-bond acceptors (HBA 
solvents, e.g. dimethyl sulfoxide, acetonitrile) with 
good hydrogen-bond donors (HBD solvents, e.g4 
alcohols) present a striking behavior. An earlier study 
showed that binary mixtures of dimethyl sulfoxide or 
acetonitrile with alcohols show, in many instances, 
E,(30) values higher than those of the two pure solvent 
components, and the term 'synergetic' was proposed to 
describe this behavior. This synergism is produced by 
hydrogen bonding between the HBA and the HBD to 
give a hydrogen-bonded complex, which is often more 
polar than either of the two pure solvents. In a recent 
study,7 a preferential solvation model that considers the 
solvation of the ET(30)  indicator by the three solvents 
of the mixture (the two pure solvents and the 
hydrogen-bonded complex) was developed and suc- 
cessfully applied to synergetic and non-synergetic 
mixtures. This model allows the calculation of 
ET(30)  polarity parameters of the hydrogen-bonded 
complexes. 


In the present study, the ET(30) values of mixtures of 
dimethyl sulfoxide, acetonitrile and nitromethane with 
water, methanol, 2-propanol and tert-butanol were 
measured at several temperatures. The preferential solva- 
tion model was applied to these data and the variation of 
the ET(30) values of the solvents (including the hydrogen- 
bonded complexes) with temperature was assessed. 


PREFERENTIAL SOLVATION MODELS 


The proposed model7 considers two solvent exchange 
equilibria between the solvatochromic indicator (I) 
solvated by solvent 1 (Sl), solvent (S2), and the 
hydrogen-bonded complex between S1 and S2 (S12) 
according to 


I(Sl),+rn S2=I(S2),+rn S1 


I(Sl), + - S2-I(S12), + - s 1  
rn m 
2 2 


These equilibria can be described by two preferential 
solvation parameters ( f i l l  and f l f l l ) ,  which are 


equivalent to the constants of the equilibria: 


(3) 


where A?], $and x i 2  are the mole fractions of solvents 1 
and 2, and the hydrogen-bonded complex 12 in the 
solvation microsphere of the indicator respectively, 
and $ and $ are the mole fractions of the two pure 
solvents mixed. All these mole fractions satisfy the 
equation 


$ + $ = g + x ; + x ; 2 =  1 (4) 
The E,  value of the mixture, where E,  indicates any 


transition energy, is calculated from 


ET = $ETI + y&TZ + xS2ET12 (5) 
where E T l ,  E ,  and ET12 are the transition energies of the 
solvatochromic indicator completely solvated by solv- 
ents 1 , 2  and 12, respectively. 


If equations (2)- (4) are introduced into equation (5), 
the final equation (6) is obtained: 


where a and c are 


a = fill (ET2 - ETl) (7) 


C=f1Z/1(ET12- ETI) (8) 
Equation (6) has been used to fit the ET(30) values of 


many binary mixtures.' In this equation, m is the 
number of solvation of the solvatochromic indicator. For 
most of the studied mixtures m was found to be close to 
2,7 which is also the value used by Skwierczynski and 
Connors* within their model. With rn = 2, equation (6) 
becomes 


Although this equation is based on only two solvent 
exchange processes that perhaps cannot account for the 
solvent sorting over the whole mole fraction range, it is 
approximate enough to describe the experimental 
E,(30) behavior of many binary rnixture~,'.~ and 
especially to explain the synergetic behavior of some 
HBD-HBA binary solvent mixtures. 


EXPERIMENTAL 


Apparatus. A Hitachi EPS-3T spectrophotometer 
with 10 mm cells was used for recording the spectra. 
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Reagents. The individual solvents used to prepare the 
mixtures were the same as used earlier.' 2,6-Diphenyl-4- 
(2,4,6-mphenyl-l -pyridinio)- 1-phenolate [ET(30) dye] 
was obtained from Aldrich. 


Procedure. The studied mixtures were prepared by 
weight at 7-10 different mole. The spectrum of a 


M solution of the ET(30) dye in each solvent 
mixture at each temperature was recorded in the range 
450-700 nm. The measurement cell was externally 
thermostated with a water flow. 


Calculation methods. The ET(30) value of each 
mixture at each temperature was calculated from the 
maximum of the long-wavelength absorption band 
through equation (1). The ET(30) data were normalized 
(EF) with respect to tetramethylsilane (E," = 0) and 
water (E," = 1) according to the equation' 


The EFl, Ey2, EY12, f211 and f1211 parameters that minim- 
ize the square residuals of the E," values of each binary 
solvent system studied were calculated by non-linear 
regression as described previously.' 


RESULTS AND DISCUSSION 
The properties (dielectric constant, E," and Kamlet-Taft 
solvatochromic parameters) of the pure solvents used to 
prepare the binary mixtures in this work are given in 
Table 1. Acetonitrile, nitrpmethane, and dimethyl 
sulfoxide are dipolar (high JZ value), poor HBD (low a 
value) and fairly good HBA (high /3 value) solvents. 
The alcohols and water are also dipolar and good HBA 
solvents, but they are also good HBD solvents. There- 
fore, strong hydrogen bond interactions are expected in 
the binary mixtures of acetonitrile, nitromethane and 
dimethyl sulfoxide with water and alcohols. 


The measured E," values for the mixtures studied are 
given in Table 2. The E," values of each mixture were 
measured at 25, 50 and 75 "C, except for methanol 
mixtures, which were measured at 15, 30 and 50°C 
because of the low boiling point of methanol. The E," 


Table 1. Properties of pure solvents at 25 0C1*3*6*7 


Solvent 


Acetonitrile 
Nitromethane 
Dimethyl sulfoxide 
tert-Butanol 


Methanol 
Water 


2-propanol 


E," JT* a B  E 
~~ ~ 


0.460 0.75 0.19 0.40 36.05 
0.481 0.85 0.22 0.37 36.48 
0.444 1.00 0.00 0.76 46.45 
0.389 0.41 0-68 1.01 12.47 
0.546 0.48 0.76 0.84 19.92 
0.762 0.60 0.98 0.66 32.66 
1.ooO 1.09 1.17 0.47 78.30 


values of nitromethane- water mixtures were measured 
only up to a mole fraction of water of 0.4 because of the 
low solubility of the ET(30) dye in water-rich composi- 
tions. For the same reason, the E," value of pure water at 
25 "C was taken from Ref. 1. 


The E," values of the pure solvents at 25°C are in 
good agreement (rt0.01) with those reported in the 
literature. The EF values of acetonitrile, dimethyl 
sulfoxide, 2-propanol and methanol at 50 and 75°C 
differ by less than 0.005 from those reported by Laur- 
ence et a1.I' However, our E," values for pure tert- 
butanol are about 0.04 EF units higher than those 
reported by Laurence et al. Haak and Engberts" studied 
mixtures of water with acetonitrile and dimethyl 
sulfoxide at several temperatures and fitted the ET(30) 
values to empirical equations. Our results differ by less 
than 0.01 from the calculated values from these equa- 
tions for pure acetonitrile and dimethyl sulfoxide. 
Although the compositions of the binary mixtures 
studied by Haak and Engberts are not the same as ours, 
the agreement between the two data sets can be approxi- 
mately checked for close solvent compositions. For 
solvent compositions that differ by less than 0.02 mole 
fraction units, our values and those calculated from the 
equations of Haak and Engberts differ by less than 
0.02 EY units. 


The data in Table 2 were fitted according to equation 
(9) and the results are presented in Table 3 for dimethyl 
sulfoxide mixtures, Table 4 for acetonitrile mixtures and 
Table 5 for nitromethane mixtures. Figures 1-4 show 
the plots obtained at 50 "C for the mixtures of the three 
dipolar hydrogen-bond acceptors with the alcohols and 
water. Plots of similar shape were obtained for the other 
temperatures but displaced towards lower (75°C) or 
higher (30,25 and 15 "C) E," values. 


The figures show that the behavior of acetonitrile and 
nitromethane binary systems is very similar, whereas 
the behavior of dimethyl sulfoxide mixtures is different. 
The similarity of the acetonitrile and nitromethane 
systems is not surprising because their polarity and 
hydrogen bond properties are very similar (Table 1). In 
fact, the behavior of the acetonitrile-nitromethane 
mixtures has recently been observed to be close to 
ideal. l2 


The main differences between dimethyl sulfoxide at 
the one hand and acetonitrile and nitromethane on the 
other are observed in the dipolar HBA-rich region. In 
this region, when the content in alcohol or water 
increases, the increase in E," polarity, because of the 
formation of hydrogen-bonded complexes, is steeper for 
the nitromethane and acetonitrile systems than for the 
dimethyl sulfoxide system. This is reflected in the fI2l1 
values in Tables 3-5. The f I2 / '  values of the acetonitrile 
and nitromethane systems are much higher than those of 
the dimethyl sulfoxide systems. That is, the E, indicator 
is much more preferentially solvated by the 
acetonitrile-co-solvent and nitromethane-co-solvent 
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hydrogen-bonded complexes than by the dimethyl 
sulfoxide-co-solvent complexes. For this reason, 
maximum synergism is observed at lower alcohol 
concentrations for acetonitrile and nitromethane than for 
dimethyl sulfoxide mixtures. 


Figures 1-3 show that the maximum synergism (as 
measured by the difference between the E:,2 value and 
the highest E:, or Ey2 value) is observed for those 
binary systems with the closest E:, and Ey2 values, viz. 


Table 2. E: values of binary mixtures of dipolar hydrogen. 


dimethyl sulfoxide - tert-butanol, acetonitrile- tert- 
butanol, acetonitrile-2-propanol, nitromethane- tert- 
butanol and nitromethane-2-propanol. This synergism 
is caused by the formation of a hydrogen-bonded 
complex more polar than the pure solvent components, 
provided that these solvents do not differ too much in 
their own p~larit ies.~ Table 1 shows that the E: polarity 
of dimethyl sulfoxide is close to that of tert-butanol, and 
the polarities of acetonitrile and nitromethane lie 


-bond acceptors with water and alcohols at several temperatures 
~~~~ 


Dimethyl sulfoxide mixtures Acetonitrile mixtures Nitromethane mixtures 


X~-BUOH 25°C 50°C 75°C x , . ~ ~ ~  25°C 50°C 75°C xcBUOH 25°C 50°C 75°C 


O~oooO 
0.0984 
0.1969 
0.4336 
0.5906 
0.7912 
0.8808 
1 .0000 


0442 
0.453 
0.462 
0.478 
0.478 
0.458 
0.444 
0.418 


0.427 
0.438 
0.446 
0.460 
0-455 
0.431 
0.418 
0.389 


0.414 
0.421 
0.429 
0.438 
0.433 
0.410 
0.398 
0.366 


0.0000 0.460 0449 0.431 
0.0997 0.513 0.480 0.464 
0.3619 0.513 0.485 0.462 
0.3751 0.506 0.483 0.453 
0-4562 0.506 0.478 0.451 
0.7027 0.483 0.453 0.431 
1~OOOO 0.418 0.389 0.366 


0.oOOo 
0.0858 
0.1943 
0.4027 
0.5894 
0.7827 
0.8760 
1 .oOOo 


0.480 
0.521 
0.528 
0.518 
0.501 
0.478 
0.458 
0.418 


0.455 
0.487 
0.494 
0.480 
0.471 
0.444 
0.425 
0.389 


0.436 
0.462 
0.467 
0.458 
0.442 
0.412 
0.398 
0.366 


25 "C 50°C 75°C X ~ - P O H  25 "C 50 "C 


0.0000 
04987 
0.1979 
0.3974 
0.4686 
0.6150 
0.78 16 
0.8908 
0.9429 
1.oooO 


0.442 
0.473 
0.497 
0.528 
0.536 
0.548 
0.558 
0.558 
0.556 
0.536 


15 "C 


0.427 0.414 
0.453 0.436 
0.473 0.453 
0.499 0.478 
0.509 0.487 
0.518 0.492 
0.528 0.497 
0.528 0.492 
0.523 0.494 
0.511 0.492 


30°C 50°C 


0~0000 
0.1029 
0.2317 
0.3972 
0.5043 
0.5844 
0.6154 
0.7215 
1 .om0 


0.460 
0.558 
0.579 
0.592 
0.601 
0.587 
0.592 
0.592 
0.536 


0.449 
0.528 
0.553 
0.558 
0.558 
0.553 
0.566 
0.556 
0.511 


75 "C 


0.43 1 
0.499 
0.506 
0.536 
0.528 
0.518 
0.523 
0.504 
0.492 


- Xi-ROH 


O.oo00 
0.0847 
0.2050 
0.3047 
0.5007 
0.6444 
0.7977 
0.8953 
1 ~oo00 


25 "C 


0.480 
0.574 
0.592 
0.598 
0.598 
0.595 
0.584 
0.574 
0.536 


50 "C 


0.455 
0.538 
0.553 
0.556 
0.553 
0.558 
0.546 
0.541 
0.511 


75 "C 


0.436 
0.494 
0.5 11 
0-521 
0.523 
0-517 
0.5 11 
0.499 
0.492 


xMsOH 15°C 30°C 50°C xMaH 15°C 30°C 50°C 


04000 
0.0873 
0.1751 
0.3365 
0.4860 
06429 
0.7946 
0.9088 
1 ~oooo 


0.449 
0.501 
0.553 
0.614 
0.669 
0.71 1 
0.743 
0.759 
0.766 


0.440 
0.485 
0.531 
0.595 
0.648 
0.696 
0.727 
0.743 
0.749 


0.427 
0,467 
0.511 
0.569 
0.623 
0.669 
0.705 
0.724 
0.733 


0~0000 
0.0617 
0.0913 
0.1844 
0.403 1 
0.6172 
0.7979 
1 .om0 


0.480 
0.657 
0.681 
0.724 
0.759 
0.769 
0.776 
0.766 


0.457 
0.628 
0.657 
0.699 
0.740 
0.756 
0.759 
0.749 


0.449 
0.590 
0.617 
0.666 
0.71 1 
0.730 
0.736 
0.733 


0.oOOo 
0.1152 
0.2209 
0.4016 
0.5976 
0.8007 
0.9031 
1 .oOOo 


0.493 
0.721 
0.749 
0.763 
0.773 
0.773 
0.773 
0.766 


0.477 
0.696 
0.724 
0.743 
0.753 
0.756 
0.756 
0.749 


0.455 
0.657 
0.696 
0.717 
0.730 
0.736 
0.736 
0.733 


xH,O 25°C 50°C 75°C XHiO 25 "C 50 "C 75 "C 


O~oooO 
0.3743 
0.5569 
0.6984 
0.8129 
0.8895 
0.9451 
1 .0000 


0.442 0.427 0.414 
0.553 0.546 0.528 
0.654 0.651 0.617 
0.687 0.678 0.631 
0.786 0.763 0.740 
0.846 0.839 0.796 
0.899 0.883 0.839 
1~000" 


0~0000 
0.2952 
0.4991 
0.5700 
0.7520 
0.8450 
0.9 146 
1~0000 


0.460 
0.717 
0.766 
0.773 
0.796 
0.832 
0.879 
1 .OW" 


0.449 
0.693 
0.730 
0.756 
0.783 
0.824 
0.861 


~~ 


0.43 1 
0.660 
0.714 
0.717 
0.763 
0.803 
0.832 


xH?O 


O.oo00 
043421 
0.0969 
0.1400 
0.1888 
0.2989 
0.3933 
1 ~OOOO 


25 "C 50 "C 


0.480 
0.634 
0.684 
0.681 
0.687 
0.746 
0.733 
1 .OOoa 


0.455 
0.601 
0.657 
0.675 
0.669 
0.733 
0.699 


75 "C 


0.436 
0.543 
0.603 
0.634 
0.654 
0.654 
0-678 


- 


'Value from Ref. 1. 
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Table 3. Parameters of binary mixtures of dimethyl sulfoxide with three alcohols and water at various temperatures 


Solvent 2 [("C) 


terr-Butanol 25 
50 
75 


2-Propanol 25 
50 
75 


Methanol 15 
30 
50 


Water 25 
50 
75 


0.442 
0.427 
0.413 
0.442 
0.427 
0.414 
0.449 
0440 
0.427 
0.442 
0.426 
0.414 


E,", 


0.4 19 
0.390 
0.366 
0.536 
0.511 
0.492 
0.766 
0.749 
0.733 
1 .Ooo 
0.966 
0.911 


GI 2 


0.553 
0.523 
0.483 
0.572 
0.542 
0.517 
0.768 
0,743 
0.724 
0.829 
0.667 
0.521 


f Z / I  


0.58 
0.66 
0.53 
0.13 
0.20 
2.0 
0.24 
0.52 
0.35 
0.046 
0.25 
1.1 


f 12/1 S.d. n 


0.98 
1.2 
1.3 
2.9 
2.6 
2.2 
2.1 
1.8 
1.7 
0.69 
1.4 
3.8 


0.001 
0.002 
0.002 
0.001 
0.001 
0.002 
0.003 
0.002 
04302 
0.017 
0.023 
0.027 


8 
8 
8 


10 
10 
10 
9 
9 
9 
8 
7 
7 


Table 4. Parameters of binary mixtures of acetonitrile with three alcohols and water at various temperatures 


Solvent 2 r("C) G I  E?2 G I  2 f * / I  f IZ/I S.d. n 


rert-Butanol 25 0.460 0.418 0.528 12 41 
50 0.449 0.390 0.5 10 4.2 11 
75 0.431 0.366 0.472 17 63 


2-Propanol 25 0.460 0.536 0.606 1.5 18 
50 0.449 0.5 11 0.573 2.0 16 


Methanol 15 0.48 1 0.766 0.778 0.029 21 
30 0.457 0.749 0.763 0.0050 19 
50 0.449 0.733 0.741 0.0076 14 


Water 25 0.460 1.001 0.766 0.94 11 
50 0.449 0.967 0.739 1.1 9.7 
75 0.431 0.901 0.703 1.7 9.1 


75 0.432 0.490 0.565 6.2 7.6 


0.003 7 
0.001 7 
0.004 7 
0.005 9 
0.005 9 
0.010 9 
0.003 8 
0.004 8 
0.003 8 
0.007 8 
0.008 7 
0.007 7 


Table 5. Parameters of binary mixtures of nitromethane with three alcohols and water at various temperatures 


Solvent 2 r("C) E,", G 2  E;, 2 f 2 / 1  f m  S.d. n 


tert-Butanol 25 0.480 0.419 0.542 7.9 25 
50 0.455 0.389 0.506 7.6 24 
75 0.436 0.366 0.486 5.7 14 


2-Propanol 25 0.480 0.536 0.609 3.3 29 
50 0.455 0.5 11 0.564 3.6 36 
75 0.436 0.491 0.540 5.1 13 


Methanol 15 0.493 0.766 0.778 2.1 30 
30 0.477 0.749 0.758 0.057 27 
50 0.455 0.733 0.739 0.089 19 


Water 25 0.480 0.801 0.660 198 87 
50 0.465 0,733 0.615 417 48 
75 0.436 0.683 0.630 148 17 


04302 
0.003 
0.002 
0.001 
0.003 
0.003 
0.002 
0.001 
0.001 
0.021 
0.026 
0.010 


8 
8 
8 
9 
9 
9 
8 
8 
8 
7 
7 
7 
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0.38' ' " "  ' I 


x (tert-Butanol) 
0.0 0.2 0.4 0.6 0.8 1.0 


Figure 1. Binary mixtures of dipolar hydrogen-bond acceptors 
with tert-butanol at 50 "C. Co-solvent: (0) dimethyl sulfoxide; 


(0) acetonitrile; (A)  nitromethane 


0.40' "" ' " ' " , "  " '  " '  
0.0 0.2 0.4 0.6 0.8 1.0 


x (BPropanoI) 


Figure 2. Binary mixtures of 2-propanol with dipolar 
hydrogen-bond acceptors at 50 "C. Symbols as in Figure 1 


0.40' " ' ' ' j '  " " '  ' I '  


I 
0.0 0.2 0.4 0.6 0.8 1.0 


x (Methanol) 


Figure 3. Binary mixtures of methanol with dipolar hydrogen- 
bond acceptors at 50 "C. Symbols as in Figure 1 


0 . 4 0 ~  ' '  , I 


0.0 0.2 0.4 0.6 0.8 1.0 


x (Water) 


Figure 4. Binary mixtures of water with dipolar hydrogen- 
bond acceptors at 50 "C. Symbols as in Figure 1 


between those of tert-butanol and 2-propanol. The 
difference in E," polarity between methanol and the 
HBA solvents is fairly large (0.27-0-31 EF units) and 
this results in an EY,, value close to that of methanol. 
Consequently, methanol mixtures are only slightly 
synergetic or even show no synergism as for dimethyl 
sulfoxide, which has the lowest polarity. 


Water has an E," value much higher than those of the 
HBA solvents and therefore its mixtures are not syner- 
getic at all.7 Figure 4 presents the results obtained for 
these mixtures. The E," values of dimethyl 
sulfoxide-water mixtures increase smoothly with the 
water content, as explained earlier. However, the high 
f,*,, and the close to unity f2,, values of 
acetonitrile-water together with the E,",, value close to 
the average of EF1 and E,", determines the reversed S 
shape of its plot.7 Nitromethane-water is expected to 
show similar behavior. It is found that the nitromethane- 
rich region follows this trend, but the exact trend of the 
water-rich region cannot be exactly determined because 
of the lack of data. However, the shape of the plot must 
be similar to that for acetonitrile-water to reach the E," 
value expected for pure water (about 0.97 for 50°C). 
Although the E," value of pure water has not been 
measured because of the insolubility of the E,(30) dye, 
the extrapolations of the dimethyl sulfoxide-water and 
acetonitrile- water plots lead to concordant values 
(0-966*0.001 and 0.906*0.005 for 50 and 75"C, 
respectively). These values are not far from those 
calculated from the equations of Haak and Engberts" 
(0.957 and 0.925, respectively). 


The EY values of the mixtures not only vary with the 
solvent composition (solvatochromism) but also with the 
temperature of the medium (thermochromism). The 
E,(30) indicator exhibits a negative thermo-solvato- 
chromism, caused by the increased differential 
stabilization of the dipolar betaine ground state, relative 
to its less dipolar excited state, with decrease in 
temperature. l 3  At low temperatures, the solute-solvent 
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1.1 r I 


I 


0.35 
0.0 0.2 0.4 0.6 0.8 1.0 


x (tert-Butanol) 


Figure 5 .  Binary mixtures of nitromethane and tert-butanol at 
different temperatures: (A) 25 "C; (m) 50 O C ;  (0)  75 "C 


interactions between the ET(30) indicator and the solvent 
molecules are strengthened, and the transition energy and 
thus the E," value increase. This can be observed in 
Figure 5 for the nitromethane- tert-butanol mixtures. In 
general, it is found that the synergism increases with 
decreasing temperature. For example, the plot for 
nitromethane- tert-butanol at 25 "C is more convex than 
the same plot for 50 or 75°C. This is related to the 
different variation of the EY values of the pure solvents 
and hydrogen-bonded complexes with temperature. 


Haak and Engberts" related the E,(30) values of 
pure and mixed solvents with absolute temperature (T) 
empirically through a linear relationship. However, we 
observed that the fit is better with a linear relationship 
between E: and 1 / T ,  according to the equation 


E: = a + b / T  


o.7i. 
V.0 
0.0028 0.0030 0.0032 0.0034 0.0036 


T-' (K') 


Figure 6. Variation of the EY values of pure solvents with the 
reciprocal of absolute temperature: (0) dimethyl sulfoxide; (0) 
acetonitrile; (A) nitromethane; (*) tert-butanol; (A) 2- 


propanol; (m) methanol; (0)  water 


The plots obtained for these correlations are presented 
in Figure 6 for pure solvents and in Figure 7 for the 
hydrogen-bonded complexes. The numerical results are 
given in Table 6. The order of the susceptibility to the 
change in temperature (b  coefficient) is dipolar 
HBA solvents < alcohols < hydrogen-bonded complexes. 
These results agree with those of Laurence et al.," who 
related the change in ET values with temperature to the 
main solute-solvent interactions expected. A small 
change is expected for alkane solvents because the 
interactions by dispersion and induction do not depend 
on temperature. A major change is expected for dipolar 
solvents because the energy of orientation depends on 
1 / T ,  and this explains the better fit with l / T  than with 
7'. A major change is expected even for the HBD-HBA 
solvents (e.g. alcohols and water), because the change 


Table 6. Parameters for correlation of EY with temperature according to equation (1 1) 


Solvent a b(K) S.d. r 


Dimethyl sulfoxide 
Acetonitrile 
Nitromethane 
tert-Butanol 


Methanol 
Water 
Dimethyl sulfoxide- tert-butanol 
Dimethyl sulfoxide-2-propanol 
Dimethyl sulfoxide -methanol 
Dimethyl sulfoxide-water 
Acetonitrile- tert-butanol 
Acetonitrile-2-propanol 
Acetonitrile -methanol 
Acetonitrile-water 
Nitromethane- tert-butanol 
Nitromethane-2-propanol 
Nitromethane-methanol 


2-Propanol 


0.245 
0.222 
0.161 
0.055 
0.229 
0.462 
0.357 
0.07 1 
0.189 
0.363 


-1.313 
0.146 
0.313 
0.436 
0.332 
0.148 
0.123 
0.418 


58.8 
72.4 
95.5 


108.1 
91.5 
87.5 


193.4 
144.5 
114.2 
116.3 
639.0 
115.0 
86.2 
98.7 


130.0 
116.9 
144.1 
103.4 


0.001 
0406 
0.001 
0.001 
0.001 
0.002 
0.014 
0.006 
0.0003 
0.004 
0.003 
0.010 
0.009 
0.002 
0.006 
0.005 
0.006 
0.002 


0.9994 
0.96 
0.9986 
0.9998 
0.9994 
0.998 
0.98 
0.992 
0.99997 
0.992 
0.99989 
0.97 
0.96 
0.998 
0.992 
0.993 
0.992 
0.998 
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0.4 
0.0028 0.0030 0.0032 0.0034 0.0036 


T-' (K-') 
Figure 7. Variation of the E," values of hydrogen-bonded 
complexes with temperature: (0 )  acetonitrile-rert-butanol; (A) 
acetonitrile-2-propanol; (0) acetonitrile-methano1; (0) 
acetonitrile-water; (e) nitromethane-tert-butanol; (A) 
nitromethane-2-propanol; (m) nitromethane-methanol; (4) 
dimethyl sulfoxide- tert-butanol; (A) dimethyl sulfoxide-2- 
propanol; (m) dimethyl sulfoxide-methanol; (e) dimethyl 


sulfoxide - w ater 


in temperature has a large effect on the equilibrium 
constant for hydrogen-bond formation. Because of the 
nature of hydrogen-bonded complexes, the influence of 
temperature on their ET values must be similar to or 
higher than that on the ET values of alcohols. The most 
striking case is that of dimethyl sulfoxide-water which 
has a susceptibility about five times larger than those of 
the other hydrogen-bonded complexes and three times 
larger than that of water. 
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.L 
The structures of several sulfoxides, including dimethyl sulfoxide and pentamethylene sulfoxide, were fitted 
with the MM3 force field to existing experimental data from electron diffraction and microwave spectroscopy. 
The vibrational spectra were also fitted for dimethyl sulfoxide. The torsional parameters could not be 
determined from existing experimental data, so the torsional profile for methyl ethyl sulfoxide was fitted to ub 
initio values. 


INTRODUCTION 


Earlier papers have described the MM3 force field 
which was used for calculations on hydrocarbons and 
for several kinds of functionalized molecules including 
alcohols and ethers,* a m i n e ~ , ~  s~ l f ides ,~  a l k e n e ~ , ~  
aromatic hydrocarbons,6 nitro compounds,' aldehydes 
and ketones,' carboxylic acids and esters' and additional 
functional groups." It seemed desirable to extend these 
calculations to sulfoxides, and this extension is the 
subject of the present paper. 


RESULTS AND DISCUSSION 


The procedure used began with the MM2 force field as a 
starting point.".'* Sulfoxides were previous1 treated 
with MM2 in a somewhat cursory fashion."-"Because 
of various changes in the potential functions and in the 
hydrocarbon parameters on going from MM2 to MM3, 
preliminary structures were initially calculated using the 
MM3 force field but with the MM2 parameters, and 
these were only fair. Systematic adjustments were then 
made to the various parameters so as to improve the 
structures and vibrational spectra. 


The parameters required to define the force field for 
these compounds are given in Table 1. They must be 
added to those given previously for hydrocarbons to 
obtain the full force field. These parameters supersede 


t Author for correspondence. 


the preliminary set that was included in MM3(90) and 
MM3(94), and were marked with ** to indicate that 
they were ~re1iminary.I~ 


Vibrational spectra 
The vibrational spectra were calculated for the simple 
model compounds methyl sulfoxide, dimethyl 
sulfoxide and methyl ethyl sulfoxide. Since there are 
not enough experimental vibrational data available to 
define all of the force parameters, ab  initio calculations 
with full geometry optimization at the MP2/6-31G* 
level were carried out for methyl sulfoxide and methyl 
ethyl sulfoxide. The scale factors (0-93-0.95) were 
determined based on a comparison of the experimental 
and MP2/6-31G*-calculated vibrational frequencies 
of dimethyl sulfoxide, and were used to scale all 
spectra calculated by ab  initio methods. The MM3- 
calculated vibrational frequencies for the three 
molecules are given in Tables 2-4, and they have an 
overall rms error of 25 cm-' with an average error of 
0 cm-l, compared with the experimentallab initio 
spectra. 


Structures and energies of sulfoxides 
The molecular structures of five compounds, some in 
several conformers, were examined and are presented in 
Tables 5-9, together with the corresponding experimen- 
tal or ah initio values. The conformational equilibria of 
4-substituted thiane-1-oxides were also studied. 
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Table 1. MM3 force field for sulfoxides 


Torsional parameters (kcal mol -') 


1-17-1-5 
5-1-17-7 
5-1-17-5 
1 - 1 - 17-7 
1-1-17-1 
1 - 1 - 17-5 
5-1-1-17 
17-1-1-17 
1-1-1-17 
6-1-1 - 17 


O.Oo0 
0~000 
0~000 


-1.100 
-0.800 
-0.800 


0.000 
O.Oo0 
1.500 


-0.800 


O.OO0 
0.000 
0.000 


-0.150 
0.000 


-0.700 
O.OO0 
O W 0  


-0.800 
-1.200 


0.600 
0.175 
0.700 
0.175 
1.200 
0.100 
0.125 
0.125 
0.100 


-0.700 


Bond stretching parameters 


Bond K,(mdyn A-' )  &,(A) Bond moment 


1-17 2.95 1.800 0.600 
7-17 7.10 1.487 -3.550 
5-17 3.17 1.372 0.400 


Electronegativity effect parameters (A) 
Attached 


Bond Type Atom type atom type Correction 


1 17 17 5 0.0050 
7 17 17 5 0.0080 
1 1 1 17 -0.0100 


Angle bending parameters 


1-17-7 
1-17-7 
1-17-1 
1-17-5 
7-17-5 
5-1-17 
5-1-17 
5-1-17 
1-1-17 
1-1-17 


0.800 
0.800 
1.200 
0.860 
0.860 
0.715 
0.715 
0.715 
0.650 
0.650 


105.6 
107.8 
94.4 
90.0 
109.6 
107.7 
105-0 
105.0 
106.0 
104.7 


1 
2 


MethyI sulfoxide 
Since no experimental data could be found for this 
molecule (it is the unstable tautomer of methyl 
sulfenate2x), ab initio calculations were employed to 
give the both vibrational spectrum and the molecular 
structure. The ab iriitio and MM3-calculated results are 
given in Table 5, and they are very consistent with 
each other, except for the the S=O bond length. This 
bond appeared longer in the MP2/6-3 1G" calculation. 


It is common that bond lengths, especially those for 
double bonds, are overestimated by ab initio calcula- 
tions when electron correlation is included at the MP2 
level. 


Dirnethyl sulfoxide 
The various force and structural parameters were 
optimized based on the available experimental data for 
dimethyl sulfoxide, including the determination of the 
scale factors for the vibrational frequencies of other 
sulfoxides when calculated by the MP2/6-3 1G" 
method. 


The MM3 structure of dimethyl sulfoxide is summar- 
ized in Table 6, together with the corresponding the 
microwave and x-ray data, including the dipole 
moments and the methyl group rotational barrier. The 
moments of inertia in MM3 are calculated as ry values. 
Normally, when we go from an rr geometry ( M W  
structure) to an ry geometry, the moments of inertia 
increase by about 1%. Here the calculated values are in 
this range as expected (see Table 6). 


MethyI ethyl sulfoxide 
Methyl ethyl sulfoxide is one of the simple molecules 
used to define the parameters such as the CCS bond 
angle and the CCSC torsional constants. The rotational 
energy profile for CCSC in methyl ethyl sulfoxide is not 
known experimentally, and was calculated using a 
6-31G" basis set at the MP2 level. The central C-S 
bond of this molecule was rotated from 0 to 360" in 30" 
increments, and the full potential function was 
obtained. The MM3-calculated rotational curve is in 
good agreement with that obtained by MP216-31G" 
calculation. While the agreement could be improved, it 
was desirable to fit well the equilibrium data on thiane 
oxide (see later), and the parameters chosen were a 
compromise. 


The optimized geometries of the three stable confor- 
mations of methyl ethyl sulfoxide are presented in 
Table 7,  along with the relative conformational ener- 
gies. The structural parameters do not vary much among 
the different conformers, except for the CCS angles. We 
could not accurately fit the CCS angles for the different 
conformers all at the same time, so compromised values 
were used here. A torsion-bend interaction could be 
used to reduce this error, but this is beyond the scope of 
MM3. The MP2/6-31G* calculation gave a longer 
S=O bond length than that from MM3, as discussed 
previously. In fact, the HF method calculated the length 
of this bond as 1.487 A, which is closer to the MM3 
result. The experimental bond length is usually between 
the HF calculated value and the one calculated by 
inclusion of electron correlation at the MP2 level. 
Hence the S=O bond parameters defined in the MM3 
force field appear reasonable. 
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Table 2. Vibrational frequencies of methyl sulfoxide (C,) (cm-') 
~~ 


MP2/6-31GX" MM3 Difference (MM3 - nb initio) Assignment 


3014 
3000 
2899 
2337 
1462 
1433 
1345 
1126 
1099 
1036 
942 
802 
685 
293 
235 


Rms 
Av. 


3009 
3007 
2900 
2335 
1430 
1421 
1339 
1138 
1044 
1003 
984 
776 
69 1 
302 
225 


-5  
7 
1 


-2 
-32 
-12 
-6 
12 


-55 
- 33 


42 
-26 


6 
9 


- 10 
23 
-7 


CH asym. stretch 
CH asym. stretch 
CH sym. stretch 
SH stretch 
CH, def. 
CH, def. 
CH, def. 
CH, rock., OSH bend. 
SO stretch 
CH, rock. 
CH, rock. 
CH, rock., OSH bend. 
CS stretch 
CSO bend. 
CH, torsion 


The frequencies for CH stretching were scaled down to 93% o f  the original values and the others 
are scaled to 95%. 


Table 3. Vibrational frequencies of dimethyl sulfoxide (C,) (cm-') 


IRIS IR" (gas) IR" (gas) IRIS (gas) MM3 Difference (MM3 - IR") Symmetry Assignment 


3010 
3010 
3010 
3010 
2933 
2933 
1419 
1455 
1405 
1440 
1304 
1319 
1102 
1016 
953 
1006 
933 
695 
672 
333 
382 
308 
- 
- 
Rms 
Av . 


2973 
2973 
2973 
2973 
2908 
2908 
1419 
1455 
1405 
1440 
1304 
1319 
1102 
1006 
1016 
915 
929 
689 
672 
333 
382 
308 
- 
- 


3001 
3001 
3001 
3001 
2922 
2922 
1440 
1419 
1419 
1404 
1310 
1293 
1101 
1004 
915 
926 
88 1 
692 
66 1 
329 
376 
- 
- 
- 


3001 
3001 
3001 
3001 
2922 
2922 
1440 
1419 
1419 
1404 
1310 
1293 
1101 
1004 
915 
930 
881 
685 
661 


376 


23 1 
207 


- 


- 


301 1 
301 1 
301 1 
3009 
2902 
2902 
1439 
1430 
1422 
1418 
1343 
1339 
1104 
1020 
1000 
992 
977 
700 
672 
333 
309 
297 
229 
206 


1 
1 
1 


-1 
-31 
-31 


20 
- 25 


17 
-22 


39 
20 


2 
4 


47 
- 14 
44 


5 
0 
0 


- 73 
-11 
-2 
-1 
25 
0 


A' 
A" 
A" 
A" 
A' 
A" 
A' 
A" 
A' 
A" 
A" 
A" 
A' 
A' 
A" 
A' 
A" 
A" 
A 
A" 
A' 
A' 
A' 
A" 


CH stretch 
CH stretch 
CH stretch 
CH stretch 
CH stretch 
CH stretch 
CH, def. 
CH, def. 
CH, def. 
CH, def. 
CH, def. 
CH, def. 
SO stretch 
CH, rock. 
CH, rock. 
CH, rock. 
CH, rock. 
CS asym. stretch 
'CS sym. stretch 
CSO sym. def. 
CSO asym. def. 
CSC def. 
CH, torsion 
CH, torsion 


The rms calculation is based on the observed vibrational frequencies from Ref. 15, except the CH, torsional frequencies, which were obtained from 
Ref. 18. 
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Table 4. Vibrational frequencies of methyl ethyl sulfoxide (C,) (cm-I) 


MP2/6-31Gea MM3 Difference(MM3 - ab initio) Assignment 


3001 
2997 
2993 
2977 
295 1 
2895 
2892 
2887 
1490 
1479 
1453 
1438 
1429 
1395 
1336 
1284 
1249 
1085 
1066 
1032 
975 
945 
940 
769 
689 
643 
379 
358 
280 
229. 
204 
1 94 
91 


Rms 
Av. 


301 1 
3010 
2979 
2977 
2975 
2918 
2902 
2883 
1466 
1452 
1436 
1441 
1420 
1386 
1346 
1341 
1224 
1090 
1023 
1015 
982 
1004 
985 
813 
695 
65 8 
354 
305 
294 
233 
219 
207 
106 


10 
13 


- 14 
0 


24 
23 
10 
-4 
- 24 
- 27 
- 17 


3 
-9 
-9 
10 
51 


- 25 
5 


-43 
- 17 


7 
59 
45 
44 


6 
15 


-25 
-53 


14 
4 


15 
13 
15 
26 
4 


CH, asym. stretch 
CH, asym. stretch 
C-CH, asym. stretch 
C-CH, asym. stretch 
CH, asym. stretch 
C-CH, sym. stretch 
CH, sym. stretch 
CH, sym. stretch 
C-CH, asym. def. 
C-CH, asym. def. 
CH, asym. def. 
CH, def. 
CH, asym. def. 
C-CH, sym. def. 
CHI sym. def. 
CH, wagging. 
CH, twisting. 
SO stretch 
C-CHI rock., CH3 rock. 
C-CH, rock. 
C-C stretch 
CH, rock. 
CH, rock. 
CH, rock. 
CS stretch 
Cs stretch 
CCS bend. 
CSO bend. 
CSO bend., CCSO torsion 
CCS, CSC bend. 
CHI torsion 
CHI torsion 
CCSC torsion 


~ ~~ ~~~ 


The wavenumbers for CH stretching are scaled down to 93% of the original values and the others are 
scaled down to 95%. 


Table 5. Structure of methyl sulfoxide 


Parameter” MP2/6-31G” MM3 


s-c 1410 1.808 
s-0 1.508 1.496 
S-H 1,375 1.373 
C-H (av.) 1.092 1.109 
c-s-0 108.5 108.4 
C-S-H 90.6 91.1 
0-S-H 109.9 109.8 


* Bond lengths in A. angles in degrees. 


Isopropyl sulfoxide 
The structure of isopropyl sulfoxide was studied by 
both ah initio and molecular mechanics calculations. A 
total of three conformers were found. The calculated 
relative energies of the different conformations are 
presented in Table 8, along with the optimized geome- 
tries calculated by both methods. 


Thiane- I -oxides 
In the parent thiane-1-oxide, and in the 4-substituted 
thiane- 1 -oxides, the isomer bearing the axial oxygen 
was found experimentally to be more stable.** There 
is some variation in the equilibrium composition, 
depending on the conditions and on the identity of the 
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Table 6. Structure of dimethyl sulfoxide 


Parameter" MWIY X-ray (-60 oC)m MM3 


s-c 1.799 (5) 1.8 12 ( 14) 1,806 
s-c 1.799 (5) 1.801 (9) 1.806 
s-0 1.485 (6) 1.471 (8) 1.488 
C-S-C 96.6 (3) 97.9(5) 96.4 
C-S-0 106.6 (3) 107*0(6) 106.6 
C-S-0 106.6 (3) 107.4(6) 106.6 


Rotational barrier (kcal rno1-l 


Exp. l9 MM3 Diff. (MM3 - Exp.) 


CH, group 2.94 2.82 -0.12 


Dipole moment 


ExpZ1 MM3 Diff. (MM3 - Exp.) 


3.9 f 0.1 3.96 0.06 


Moments of inertia 


Exp." MM3 Diff. 


I ,  11.929 12.034 0.88% 
I b  12.146 12.245 0.82% 
4 19.896 20-048 0.76% 


Bond lengths in A, angles in degrees. 


4-substituent (see Table 9). However, there is a 
general marked preference for the isomer with axial 
oxygen. The best value for the conformational free 
energy difference of the sulfoxide group within the 
six- membered ring is probably 1.3 kcalmol-' 
(1 kcal = 4.184 kJ) favoring axial, as was obtained with 
the very bulky non-polar 4-tert-butyl group in both 
thermal and H +-catalyzed equilibrations. A low- 
temperature (-90 "C) NMR study of unsubstituted 
thiane3,3,5 ,5-d4-oxide showed the conformational 
energy for the thiane oxide function to be 
175 k 30 cal mol -' (62% axial isomer).23 However, no 
experimental details, i.e. concentration, were provided. 
The conformational energy difference between the 
thiane-1-oxides (R = H) predicted by MM3 calculations 
was 1.55 kcalmol-', favoring the conformer with the 
axial oxygen. The 4-methylthiane-1-oxides (No. 3 in 
Table 9) also showed the same trend. The cis conformer 
is more stable than the trans conformer by about 
1.57 kcal mol-I. 


There is a serious apparent anomaly here. On the one 
hand, equilibrium experiments have indicated that the 
energy difference between the axial and equatorial 
thiane-1-oxide is about 1.3 kcal mol-', whereas the 
NMR study indicates that it is only 0.2 kcalmol-I, 


favoring the axial conformation in both cases. The ah 
iriitio value obtained from methyl ethyl sulfoxide is 
consistent with the higher but not with the lower value. 
Our interpretation of the results is that the 
1.3 kcalmol-' value is the correct value for the mol- 
ecule in the gas phase, or under conditions which 
approximate that in terms of dilution (i.e. in a polar 
solvent, at high temperatures and at high dilution). Polar 
molecules often tend to dimerize (or form higher 
aggregates). Cyclohexanone has been shown24 by 
freezing-point measurements to be a dimer in 0.01 M 
solution in cyclohexane, but it is a monomer in benzene 
or other polar solvents at this concentration, in the range 
of 0-10°C. In the NMR work discussed here, the 
temperature is very low (-90 "C), and the concentration 
is probably substantial. Thiane-1-oxide has a geometry 
similar to that of cyclohexanone, with a single large 
dipole in an unhindered environment, and it should 
dimerize with a similar electrostatic energy and overall 
free energy. If so, the 1-3 kcalmol-l value would 
appear to apply to the monomer, and the 0.2 kcal mol -' 
would apply to the dimer (or perhaps to a mixture of 
monomer and dimer). Other NMR work (see below) 
indicates this 0.2 kcal mol - I  value is reasonably con- 
stant under 'NMR conditions', so it probably applies to 
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Table 7. Structure of methyl ethyl sulfoxide Table 8. Structure of isopropyl sulfoxide 


Parameter* Conformer MP2/6-3lG* MM3 


c,-s 
c,-s 
s-0 
c-c 
c-s-c 
c-c-s 
0-c-s 
cscc 
oscc 
c,-s 
c,-s 
s-0 
c-c 
c-s-c 
c-c-s 
0-s-c 
cscc 
oscc 
c,-s 
c,-s 
s-0 
c-c 
c-s-c 
c-c-s 
0-s-c 
cscc 
oscc 


1 1.818 
1.809 
1.513 
1.524 


97.1 
113.7 
106.8 
67.4 


177.4 
2 1.818 


1.809 
1.514 
1.522 


96.0 
109.3 
107.2 
187.8 
298.2 


3 1.826 
1.810 
1.515 
1.521 


97.5 
113.0 
107.1 
291.7 
42.2 


1.814 
1.808 
1.488 
1.522 


97.9 
112.5 
106.5 
68.9 


178.7 
1.812 
1.807 
1.489 
1.522 


96.7 
110.6 
106.8 
181.6 
291.3 


1.815 
1.808 
1.489 
1.522 


98.3 
114.3 
107.3 
295.5 
46.4 


Relative energies of three conformers 


Conformer MP2/6-3 lGh MM3 


1 1.11 
2 0.00 
3 0.24 


1.06 
0.00 
0.41 


A Bond lengths in A, angles in degrees. 


the dimer and not to a mixed aggregate. Accordingly, 
the MM3 parameterization has been carried out to give 
the results required for the monomer. If one is inter- 
ested in properties of the dimer, one can apply an 
empirical correction (1-5 kcal mol-I) to obtain the 
corresponding results from the monomer calculations. 
Unfortunately, the 'dimer' values apply only to a 
specific set of incompletely defined conditions. 


The dimerization of dimethyl sulfoxide has been 
studied by Wolfe and Schlegel,28 using HF 3-21G(d) 
calculations. They determined that the dimer is indeed 
stable, and has a geometry with C2 symmetry in which 
the S-0 bonds are anti-parallel, and with the methyl 
groups oriented such that one methyl on each molecule 
lies approximately in the plane of the four sulfur and 
oxygen atoms, while the other two methyls are approxi- 
mately perpendicular to that plane, and on the same side 


Parameter" Conformer MP2/6-3lG" MM3 


c-s 
s=o 
ci-c4 


cl-c5 
C-H 
S-H 
c4cls 


c5cls 
CCS (av.) 
cso 
CSH 
c,c,so 
c5c,so 
c-s 
s-0 
C,-C4 
cI-c5 
C-H 
S-H 
C4CIS 


CCS (av.) 
cso 
CSH 
c4c,so 
c5c,so 
c-s 
s=o 


c5c I 


cl-c4 


cl-c5 
C-H 
S-H 
C4CIS 


CCS (av.) 
cso 
CSH 
c,s so 
c,s I so 


c5cis 


1 1.830 
1.513 
1.522 
1.524 
1.099 
1.377 


109.9 
107.5 
108.7 
107.5 
90.9 


-50.0 
72.3 


2 1.828 
1.511 
1.521 
1.523 
1.096 
1.376 


107.6 
109.1 
108.4 
108.5 
90.6 
62.8 


-173.6 
3 1.829 


1.511 
1.523 
1.519 
1 .097 
1.379 


108.9 
110.0 
109.5 
108.7 
90.1 


- 168.3 
-42.5 


1.824 
1.496 
1.526 
1.526 
1.112 
1.373 


110.0 
108.0 
109.0 
109.5 
91.7 


-51.5 
71.1 


1.823 
1.496 
1426 
1.526 
1.112 
1.373 


108.5 
1084 
108.5 
109.0 
91.4 
59.7 


-178.4 
1.823 
1.496 
1.526 
1.526 
1.112 
1.372 


108.6 
110.2 
109.4 
109.2 
91.8 


-177.5 
-53.9 


- I  


Relative energies of three conformers 


Conformer MP2/6-31Gh MM3 


1 0.322 0.242 
2 0.853 0.970 
3 O.Oo0 0.000 


Bond length in 8, angles in degrees. 


of it. They calculated a separa!ion between the non- 
bonded S-0 atoms of 2.89 A, and a dimerization 
energy of 17 kcal mol-I. We repeated this calculation at 
the HF 6-31G" level, and found at that level the 
dimerization energy is 8-22 kcal mol-I, while the S-0 
distance is 3.37 A. We also calculated the basis set 
superposition error at that distance, which is 
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Table 9. Equilibration of 4-substituted thiane-l-oxides'* 
~~~~~ ~ 


Composition AE (kcal mol-') 


Compound No. Method ("C) cis trans trans-cis 


1 HCI (25) 90 10 1.3 
2 HCL (25) 80 20 0.8 
3 HCL (25) 80 20 0.8 
1 Decalin (190) 80 20 1.3 
3 Decalin (190) 65 35 0.6 


3 N@4 (0) 76 24 0.6 
1 Nz0.1 (0) 81 19 0.8 


Table 10. Equilibrium dataz5 on thiane-1-oxides (eq+ ax) 


Compound 


MM3 MM3 
AE(ax - eq) AE(ax - eq) EXP 


Ax Eq (gas phase) (dimers) (dimers) 


Thiane-1-oxide - - -1.55 -0.05 -0.18 
4,4-Dimethyl-thiane-l-oxide 10.12 11.40 -1.57 -0.07 -0.30 
3,3-Dimethyl-thiane-l-oxide 11-49 11.70 -0.50 +1.00 +1.30 


O? 


trans 


R= :l; R= :2; R= :3 


O? 


hii 
4 


X= CI, OH,pSO~C&CH, 


Figure 1. Diagram of 4-substituted thiane- 1-oxide 
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6.10 kcal mol - I .  Hence the corrected dimerization 
energy is calculated to be 2.12 kcal mol-’. Clearly these 
results would be further changed by extending the basis 
set and including electron correlation, but this is the 
limit to which our present resources allow us to carry 
out the calculations. The MM3 calcylations give the 
S-0 distance in the dimer as 3.527 A, with a dimeriz- 
ation energy of 3.78 kcal mol-’. Our conclusion. 
however. is that if the ab initio calculations could be 
done at a sufficiently higher level, they would come into 
reasonable agreement with the MM3 values. 


In Table 10 are shown equilibrium data on various 
thiane-1-oxides. First there is the parent compound, and 
the calculated values are given for the gas phase. The 
‘dimer’ correction is applied, and the calculated NMR 
values are given, together with the experimental NMR 
values. If one considers the 4,4-dimethyl derivative, 
one would expect little change, since the oxygen on the 
sulfur is too far away from the methyls to interact with 
them in any significant way, and that is what is found. 
On the other hand, if one considers the 3,3-dimethyl 
derivative, the axial oxygen would be very much 
destabilized by a 1,3-diaxial interaction with the axial 
methyl group. Accordingly, one would expect that the 
oxygen would tend to be equatorial to a much greater 
extent in this compound than in either the parent, or the 
4,4-dimethyl derivative. This is what is observed, and 
the experiment shows that the oxygen is in fact almost 
completely in the equatorial position, as is calculated for 
the ‘dimer’. 


Table 11. Structure of trans-l,4-Dithiane-l,4-dioxide (diaxial) 


Parameter” X-ray” MM3 


s-0 
s-c 
s-c 
c-s-0 
c-s-0 
c-s-c 
c-c-s 
c-c-s 


1.48 (1)  
1.82 (2) 
1.80 (2) 


106.4 (8) 
108.3 (8) 
97.9 (8) 


111.2 (13) 
113.3 (12) 


1.488 
1.809 
1.809 


106.6 
106.6 
97.2 


113.4 
113.4 


Bond lengths in A, angles in degrees. 


Table 12. Dipole moments of some sulfoxides 


Dipole moment (D) 


Compound MM3 Experiment MP2/6-31GX 


Methyl sulfoxide 3.93 - 4.45 
Dimethyl sulfoxide 3.96 3.9 i 0 . l 2 ’  4.51 


sulfoxide (2) 3.97 - 4.51 
Methyl ethyl 


Dipole moment measurements in CCI, at 25 “C (high 
dilution, presumably monomers) show preferences for 
forms 4 and 5 in the conformations with the sulfoxide 
oxygen in the axial position (see Figure l).25 MM3 
calculated the energy difference between the two 
isomers of 4-methylthiane-1-oxide with the axial S=O 
bond orientation as 1.57 kcalmol-’, with the same 
preference. 


Diinethylthiane-1 -oxide 
Low-temperature (-90 “C) NMR studies of 3,3- 
dimethylthiane- 1 -oxide showed more than 95% 
equatorial isomer (AG > 1.3 kcal mol-I), whereas 
4,4-dimethylthiane-l-oxide is 70% axial (AG = 
305 cal mol MM3 calculates the axial conformer to 
be more stable in the gas phase than is observed in 
solution, but when the ‘dimer’ correction is applied. the 
agreement is reasonable (Table 10). 


trans- 1,4-Dithiane- 1 ,Cdioxide (diaxial) 
The structure of trails-l,4-dithiane- 1,4-dioxide was 
determined by x-ray diffra~tion.~’ The experimental and 
MM3 calculated structures are summarized in Table 11. 
The MM3-calculated structural results are within the 
expected experimental errors, with the exception of the 
CCS and CSO angles that were not reproduced very 
well but appear to be distorted in the crystal by lattice 
forces. 
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1 5 N  AND 13C NMR STUDY OF TWO ADDUCTS CONTAINING 
NHN' AND NHN- HYDROGEN BONDS 
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I3C and I5N NMR data are reported for two substituted nitronaphthalenes l,S-bis(4-toluenesulphonamido)- 
2,4,7-trinitronaphthalene and l,S-bis(4-toluenesulphonamido)-2,4,5,7-tetranitronaphthalene and their salts 
with 1,s-dimethylaminonaphthalene. The salts are shown to contain NHN + and NHN- intramolecular 
hydrogen-bonded systems in CD,CN solutions, in agreement with x-ray diffraction data on solid samples and 'H 
NMR studies on solutions. Examples are given of both a symmetrical and an unsymmetrical bonding system for 
the NHN atoms. "N NMR is shown to be particularly helpful in these studies, both "N shielding and 'J("N, 'H) 
couplings are of value. Additional assistance is obtained from 3J(13C9, N1H) data. 


INTRODUCTION 


'H NMR studies have been reported for the NH acids; 
1,8-bis (4-toluenesulphonamido)-2,4,7-trinitronaphth- 
alene (TSATrNN) and 1,8-bis(4-toluenesulpho- 
namido)-2,4,5,7-tetranitronaphthalene (TSATeNN) and 
their salts with the proton sponge 1,8- 
dimethylaminonaphthalene (DMAN) (Figure 1). ' An 
obvious extension of this work is to apply I3C and I5N 
NMR measurements to these compounds. These tech- 
niques and, in particular, "N NMR, are well known to 
be very suitable for the determination of the structures 
of compounds containing charge separation. This paper 
deals with the application of "N and 13C NMR to 
TSATrNN, TSATeNN and their salts with DMAN with 
a particular view to investigating the NHN + and NHN - 
hydrogen bonds and their influence on molecular 
structure. 


RESULTS AND DISCUSSION 


The I3C NMR data obtained from TSATrNN, 
TSATeNN and their salts with DMAN are reported in 


*Author for correspondence. 


Table 1. The I3C signal assignments for TSATeNN are 
made as follows. 


The relative intensities of the I3C signals provide a 
clear distinction between the protonated and the quater- 
nary carbon nuclei. In the 'H-coupled I3C spectrum, 
carbon atoms 3, 6, 2', 2", 3' and 3" show a large 
doublet splitting which is removed upon 'H decoupling. 
The C-3 and C-6 I3C signals are distinguished from 
those of the 2', 2", 3' and 3" carbons since the latter 
show additional coupling to protons on adjacent carbon 
atoms. The C-2' and C-2" signals are separately 
identified with respect to those from C-3' and C-3", 
since the latter show additional 3J('3C, 'H) interactions 
with the protons of the 4' and 4" methyl groups. The I3C 
signals of the methyl groups appear in a characteristic 
region of the spectrum. 


We now turn to consideration of the signals of the 
quaternary carbon atoms. From the previously reported 
'H spectra,' selective INEPT measurements permit the 
assi nments of carbons l ' , l "  and 4',4" by means of 
' J (  C, 'H) interactions with the protons on the 3',3" 
and 2',2" carbons, respectively. The I3C si nal of C 10 


protons on C-6 and C-3. These protons are also coupled 
to C-1, C-8 and C-10. However the C-l,C-8 signal has 
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is similarly identified by means of 'J("C, 7 H) with . -  the 


CCC 0894-3230/96/120781-06 
0 1996 by John Wiley & Sons, Ltd. 







182 J. KLIMKIEWICZ ETAL. 


TSATrNN 


0,N NO, 


TSATeNN 


DMAN 
Figure 1. Structures of the compounds studied 


only one 3J(13C, 'H) interaction, whereas that for C-10 
has two, hence the C-1, C-8 and C-10 signals are 
separately identified. Consideration of the C-NO, 
carbon atoms, 2,7 and 43 ,  shows that they all experi- 
ence ,J(13C, 'H) coupling with the protons on C-3 and 
C-6. However, the 2,7 and 4,5 "C signals are distin- 
guished by means of the 3J("C, 'H) interaction with the 
NH proton which accurs for the signal of the 2,7 car- 
bons but not for the 4,5 carbons. The remaining I3C 
signal at 13 1.7 ppm is attributed to C-9. 


The I3C signal assignments for the TSATeNN salt 
with DMAN are obtained by means of similar argu- 
ments. In the case of the salt the C-9 signal is split into a 
doublet of 3.8 Hz owing to coupling with the NH 
proton. This coupling is not found in the I3C spectrum of 
the free acid, which indicates rapid proton exchange. 
Probably this occurs between one proton bonded to the 


amine nitrogen atoms and the second one engaged in 
hydrogen bonding with the nitro groups in positions 2 
and 7. The I3C signal assignments of DMAN on CD3CN 
have been published previously3 and use of them is 
made in the assignments given here. 


We now turn to a consideration of the assignment of 
the "C NMR signals of TSATrNN and of its salt with 
DMAN. The non-symmetrical disposition of the nitro 
groups in TSATrNN results in more I3C signals than are 
found in the spectrum of TSATeNN. The I3C signals of 
the quaternary carbon atoms of TSATrNN are readily 
identified by means of their intensities, with respect to 
those of the carbon atoms bonded to protons. 


The 13C signals of the two phenyl rings in TSATrNN 
are similar to each other and to those found for the 
equivalent pair of phenyl rings in TSATeNN. Hence it is 
not difficult to distinguish these I3C signals from those 







"N AND "C NMR STUDY OF TWO ADDUCTS CONTAINING NHN' AND NHN- HYDROGEN BONDS 783 


Table 1. ',C NMR data for TSATeNN, TSATrNN and their 1 : 1 complexes with DMAN in acetonitrile 


',C NMR chemical shifts (ppm) with JCH coupling constants (Hz) in parentheses 


TSATrNN-DMAN TSATeNN-DMAN 


Carbon TSATeNN Anion Cation TSATrNN Anion Cation 


c- 1 
c-2 
c-3 
c-4 
c-5 
C-6 
c-7 
c-8 
c-9 
c-10 
c-1' 
c-2' 
c-3' 
c-4' 
c- 1 " 
c-2" 
c-3" 
c-4" 


CH,-4" 
CH,-4' 


CH,-1,8 


136.0 (5.8)' 


126.2 (179.1)a 
143.8 
143.8 
126.2 (179.1)" 


136.0 (5.8)' 
131.7 
122.9(6.6)' 
134.8 (8.4)' 
127.9 (5.5)' 
131.3 (5.0)' 
147.2 (7.4)' 
134.8 (8.4)' 
127.9 (5.5)' 
131.3 (5.0)' 
147.2 (7.4)' 


144.2 (4.7)' 


144.2 (4.7)' 


21.6 (127.6)" 
21.6 (127.6)" 


143.6 (6.4)' 
137.5 
126.3 (173.2)' 
136.6 (5.4)b 
136.6 (5.4)' 
126.3 (173.2)" 
137.5 
143.6 (6.4)' 
127.7 (3.8)' 
124.3 (7.1)' 
140.0 (8.6)' 
127.1 (5.8)' 
130.5 (5.7)' 
144.5 (7.3)' 
140.0 (8.6)' 
127.1 (5.8)' 
130.5 (5.7)' 
144.5 (7.3)' 
21.5 (127.0)" 
21.5 (127.0)a 


145.3 (5.6)' 
122.5 (8.3)' 
128.1 (163.9)a 
130.3 (6.6)' 
130.3 (6.6)' 
128.1 (163.9)" 
122.5 (8.3)' 
145.3 (5.6)' 
120.2 (6.2)' 
136.4 


46.8 (140.2y 


144.8 
135.2 (5.3)b 
123.7 (1772.)" 
130.9 (9.7)' 
127.2 (174.9)" 
125.7 (174.6)a 
129.9 (5.9)' 
147.6 (9.7)' 
145.7 
130.2 (7.9)' 
133.7 (8.2)' 
128.2 (5.2)' 
131.2 (6.0)c 
147.1 (7.1)' 
134.5 (9.2)' 
127.8 (5.5)' 
131.2 (6.8)' 
146.8 (7.4)' 
21.5 (127.S)a 
21.4 (127.6)" 


149.6 (5.6)' 
134.4 (4.4)b 
126.9 (169.5)' 
131.6 (9.4)' 
126.7 (170.8)a 
121.5 (172.0)a 
133.0 (4.4)' 
144.5 (10.7)' 
132.7 (6.4)' 
126.0 (7.7)' 
143.7 (8.3)' 
126.4 (5.6)' 
130.2 
143.0 
136.1 (8.7)' 
127.7 (5.5)' 
130.2 
144.9 
21.4 (127.1)> 
21.3 (127.0)" 


145.2 
122.5 (8.8)' 
128.0 (164.2)" 
130.2 
130.2 
128.0 (164.2)" 
122.5 (8.8)' 
145.2 
120.1 (6.7)' 
136.3 (8.5)' 


46.7 (140.9)' 


'J ("C,  'H). 
'J ("C,  'H). 
' J ("C,  'H). 


of the remaining carbon atoms in TSATrNN. The 
individual signals from analogous carbon atoms, e.g. C- 
1 ' and C- 1 " , in the two non-equivalent phenyl rings of 
TSATrNN are identified by means of proton decoupling 
experiments based on assignments made for the 'H 
spectrum of TSATrNN.' 


The signals for the carbon atoms 1-4 are assigned in 
the same way as those for the analogous atoms in 
TSATeNN. The C-5 and C-6 signals are directly bonded 
to protons whose chemical shifts are known, thus 
INEPT measurements reveal the relative shielding of 
the C-5 and C-6. The I3C signals from the remaining 
quaternary carbon atoms 7-10, are all relatively weak. 
The positions of the signals for C-7, C-8 and C-10 are 
identified and assigned by means of COSY measure- 
ments correlation spectroscopy and 3J('3C, 'H) 
interactions with H-5, H-6 and H-6, respectively. The 
presence of the directly bonded nitrogen atom results in 
the signal for C-8 being deshielded with respect to that 
from (2-10. Hence C-8 and C-10 are separately 
identified. The remaining I3C signal of 145.7 ppm is 
assigned to C-9. Similar considerations apply to the 13C 
signal assignments of the salt formed by TSATrNN with 
DMAN. The I5N NMR data for the two NH acids 
studied, and their salts with DMAN, are reported in 
Table 2. 


The I5N signals found for TSATeNN are readily 
identified from their relative positions as belonging to 
the NH and NO, groups.4 The assignment of the signal 
at -32.5 ppm to the 2,7-N02 groups and that at 
-15.5 ppm to the 4,5-N02 groups is in accord with 
observation that hydrogen bonding to nitro groups 
results in an increase in their nitrogen shielding5 
Consequently, the 2,7-nitro groups in TSATeNN appear 
to be strongly hydrogen bonded to the NH proton. The 
value of 'J(I5N, 'H) of 86.0 Hz for the NH I5N signal of 
TSATeNN is in the normal range for such interactions. 
The ''N NMR signals for the TSATeNN salt with 
DMAN are in typical positions for the environments of 
the nitrogen atoms ~oncerned .~  The two signals at 
- 11.6 and - 12.1 ppm are assigned to the two pairs of 
nitro groups 2,7 and 4,5, but it is not possible to distin- 
guish between them at the present. All nitrogen signals 
received for TSATeNN at lower temperature (233 K )  
are in almost the same positions as in the spectrum taken 
in 300 K. 


In the case of TSATrNN the positions of the I5N 
NMR signals are typical of the groups involved, with 
the exception of that at -31.0 ppm. This is assigned to 
the NO, group in position 2 (or 7), which has a higher 
shielding than normal owing to hydrogen bonding with 
the NH group. "N NMR measurements on the salt of 
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Table 2. "N NMR data for TSATeNN, TSATrNN and their 1 : 1 complexes with DMAN in acetonitrile 


Nitrogen chemical 
shifts referred 


to neat 
Temperature nitrome thane 


Compound (K) (PPm) "J(I5N, 'H)(Hz) 


0,s. He,,,. , SO2 
N 


0 , N  NO, 


300 -261.0(1,8-NH) 
-32.5 (2,7-N02) 
-15.5 (4,5-N02) 


'JNH = 86.0 


0,N NO, 


6 '  7632 10 / 3  


5 4 


300 


233 


300 


-346.2 (1,8-NMe,) 
-218.3 (1,8-NH) 
- 12.1 (4,5-NOz)a 
- 11.6 (2,7-N02)' 


-346.1 (1,8-NMe2) 
-219.3 (1,8-NH) 
-11.9 (4,5-N02)" 
-11.6 (2,7-N02)' 


-261.7 (1-NH) 
-265.8 (8-NH) 
-31.0 (2-NO2) 
- 14.9 (7-N02)* 
- 14.4; (4-NOZ)" 


' JNH = 30.7 
'JNH = 34.9 


'JNH = 32.6 
'JNH = 35.0 


lJNH = 82.1 
lJNH = 84.0 
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Table 2. (continued) 


Compound 


Nitrogen chemical 
shifts referred 


to neat 
Temperature nitromethane 


(K) (PPm) "J( "N, 'H) (Hz) 


300 -346.1 (1,8-NMe2) '.INH = 31.3 
? (1-N-) 


-262:4 (8-NH) 'JNH = 70.1 
- 10.7 (7-N02)a 
-9.1 (4-NO2)" 
-8.3 (2-N02)a 


233 -346.1 (1,8-NMe,) IJNH = 30.4 
-182.7 (1-N-) 4JNH = 1*8b 
-264.3 (8-NH) 'JNH =71.3 
- 11.2 (7-NO2)' 
-9.1 (4-NOZ)" 
-7.8 (2-NOJ 


NO2 


"Or reversed. 
bTriplet (N- coupled with the 2' and 6' protons). 


TSATrNN with DMAN were taken both at room 
temperature (300 K) and at 233 K. As shown in Table 
2, the "N data for this salt taken at 300 K do not reveal 
separate signals for the two nitro en atoms (NH and 
N-). The value of 70-1 Hz for 'J ( '  N, 'H) of this salt at 
300 K shows that the proton is localized on one of these 
two nitrogen atoms. At 233 K, two signals are observed 
in the ranges typical of NH and N- nuclei .4 At both 
temperatures I5N signals due to DMAN and the three 
nitro groups are observed and are readily assigned. 


From the 13C Nh4R data reported in Table 1 we note 
the value for 'J(C9, NH) of 3.8 Hz for the DMAN salts 
of TSATeNN. The corresponding values of 'J(I5N, 'H) 
for the NH groups are 30.7 and 71.3 Hz in the two salts. 
Taken together, these spin-spin coupling data support 
the structures given in Table 2 for these two salts, 
namely, for the TSATeNN salt we find Nl-H-N8- 
bonding and for the TSATrNN salt the correspond 
ing situation is -N8-H and N1-. Thus we have a 
symmetrical hydrogen bonded structure in the first case 
and an unsymmetrical N8,Nl environment in the latter 
indicating that the potential hydrogen bond is weaker. 


The present study using CD3CN as solvent produced 
results showing the presence of a symmetrical hydrogen 
bonded system N-H-N- and an unsymmetrical 
N-H---N- system on the NMR time-scale for salts of 
TSATeNN and TSATrNN, respectively, with DMAN. 
We have previously shown that a CD,CN solution of 
DMAN contains the symmetrical hydrogen bonded 


F 


structure3 N-H-N'. These NMR results are in very 
good agreement with those of x-ray diiraction measure- 
ments taken on solid samples of the compounds studied 
here.6 'H NMR measurements also support the view of 
strong and weak hydrogen bonded systems for these 
molecules. I 


CONCLUSIONS 
This work contains the first example of a 13C and 15N NMR 
study of an internal hydrogen bonded system of the type 
N-H---N-+-N---H-N for the complex of TSATeNN 
with Dh4AN. Of particular importance in the study of such 
systems is the "N NMR measurements of shielding and 
I5N-'H spin-spin couplings. Since the systems studied are 
examples of intramolecular hydrogen bonding, the value of 
'J("N, 'H) is reduced to about half its normal value on 
formation of the NHN- bonding system. Intemctions 
'J(''C9, N1H) are also conshuctive in the study of these 
systems. Conceming to the complex of TSATrNN with 
DMAN, a different type of system (NH and N-) was 
observed which has a typical value of a one-bond 'J(15N, 
'H) coupling constant for the NH group and high-frequency 
shift of the nimgen signal N-. This very large deshielding 
effect after cieprotonation is well known in the iitemt~re..~'* 


EXPERIMENTAL 
The compounds studied were prepared by previously 
published  procedure^.'*^.'^ All of the NMR measure- 
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ments were recorded on a Bruker AM 500 machine. The 
dedicated ''N Bruker probe (10 mm tube) was 
employed for "N NMR experiments and 5 mm 'H/''C 
dual probe for I3C NMR measurements. The solution 
concentration used were ca 0.1-0-2 M. Either the 
deuterium signal of the solvent (CD,CN) or the signal 
of on external reference (CD3N0,) were used as a lock. 


"N NMR measurements. The ''N NMR spectra were 
recorded at a frequency of 50.698 MHz with a flip angle 
of ca 45", a relaxation delay of 10 s, an acquisition time 
of ca 1.5 s and ca 5000 scans for INVGATE experi- 
ments, but the INEPT measurements were optimized for 
90 Hz and separately 2.5 Hz coupling constants with a 
relaxation delay of 2 s  and 500-2000 scans. 
Nitromethane was used as an external standard. 


"C NMR measurements. The spectra were recorded 
at 125-76 MHz with a relaxation delay of 2 s and a 
acquisition time of 1.2 s. A flip angle of ca 45" was 
applied. The solvent peak (1.3 ppm) was used as a 
reference. About 2000 scans were acquired in order to 
obtain good quality spectra. 


'H NMR measurements. The 500 MHz 'H NMR 
spectra were recorded from point the of view of the purity 
of the investigated compounds only. Water present in the 
acetonitrile solvent, dried over 3A molecular sieves, was 
checked by proton NMR measurements. 
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REACTIVITY OF RETINOIDS AND CAROTENOIDS IN 
AUTOXIDATION 


E. I. FINKELSHTEIN" AND I. s. KRASNOKUTSKAYA 
Vitamin Institute, Moscow II 7820, GSP-7, Russia 


The autoxidation of various retinyl polyenes and carotenoids in chlorobenzene at 45 "C and in thin solid films on 
a support at room temperature was investigated. The compounds used were pcarotene, canthaxanthin, retinyl 
acetate, methyl (all-E)-retinoate, methyl (13Z)-retinoate, retinal, C,, ketone, /3-ionylidene acetaldehyde, $- 
ionone, /3-ionone and ethyl sorbate as a model compound. It was shown that the isomerization of polyenyl 
peroxy radicals occurs during autoxidation of all the compounds studied, excepting pionone. A kinetic scheme 
for the polyene autoxidation process was considered and analysed. The conditions under which the rate 
constants of elementary reactions may be determined were defined and the rate constants of propagation and 
termination reactions for different polyenes were evaluated. The disappearance and formation of different 
functional groups were monitored by the spectroscopic investigation of autoxidation of polyene solid films. 
Mechanisms of the initial stages of the process are proposed for different polyenes. 


INTRODUCTION 
Carotenoids and retinoids of different biological activity 
have been studied intensively for many years. Although 
oxidation by molecular oxygen (autoxidation) is the 
main process leading to destruction of these biologically 
active polyenes during the storage of medicines, its 
kinetics and mechanism are not yet known in detail. In 
particular, the rate constants of elementary reactions of 
various compounds of the series having polyene chains 
of different lengths have not been determined and 
compared. 


In previous work, some conclusions were drawn 
about the initial stages of the process',' and various 
oxidation products formed at fairly high conversion 
rates of the oxidizing substrates were determined.*s3 In 
our previous paper,4 a brief report of the spectroscopic 
investigation of some compounds of the series was 
given. In this paper, we report the results of a study of 
the kinetics and mechanism of the autoxidation of a 
series of polyenes bearing polyene chains of different 
lengths. The main compounds investigated are shown in 
Scheme 1. For most of the compounds the rate constants 
of different elementary reactions were determined and 
the mechanisms of the initial stages of autoxidation of 
polyenes of various structure were elucidated. 


* Author for correspondence. 


EXPERIMENTAL 
The experimental procedures of polyene purification and 
storage and for film preparation were described pre- 
v i o ~ s l y . ' ~ ~  Compounds 4-8 (Scheme 1) were obtained 
by purification of technical products in the usual way. 
Retinal (4) was separated from its hydroquinone 
complex by treatment with aqueous NaOH, extracted 
with diethyl ether and, after evaporation of the ether, 
recrystallized twice from n-hexane. C18 ketone (5) was 
purified by column chromatography on silica gel. n- 
Hexane-diethyl ether (9: 1) was used for elution. The 
solvent was evaporated under reduced pressure and 
residual CIB ketone dried under vacuum (ca 


mmHg). B-Ionylidene acetaldehyde ( 6 )  was 
purified in a similar manner. The procedure for the 
purification B-ionone (7) was described in Ref. 6. I$- 
Ionone (8) of 99.7% purity (according to GLC analysis) 
was obtained by vacuum distillation of the technical 
product. Ethyl sorbate (9) of analytical grade was used 
without additional treatment. Methyl (132)-retinoate 
was prepared and purified as the all-E-isomer' using 
(13Qretinoic acid. 


The rate of oxygen absorption was measured with an 
automatic recording apparatus operating at constant 
pressure. The apparatus consisted of a reaction cell, 
differential contact mercury micromanometer and a 
hypodermic syringe. All these parts of the apparatus 
were thermostated by water jackets at 45°C. The 
connecting capillary tubes were thoroughly insulated by 
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p-Carotene 
1. 


4 


OAc Retinyl acetate 2. 


AU-E methyl retinoate 
3. 


Retinal 4. 


0 5. Ketone C18 


p-Ionylidene acetaldehyde 6. 


7. 8. v-Ionone 


OEt 


9- m40 Ethyl sorbate 


Scheme 1 


foamed plastic. The piston of the syringe was 
geared to a synchronous servo motor and a linear 
potentiometer-recorder system. The imbalance of the 
pressure was corrected by moving the syringe piston by 
the servo motor switched on by contact micromanome- 
ter through an electronic relay. The displacement of the 
piston was converted into voltage changes by the 
potentiometer, and the output signal was recorded by a 
strip-chart recorder. The sensitivity of the apparatus was 
about lo-' mol of 0, per 1 mm of the recorder scale. 
The electronic spectra of solutions and films were 
recorded on a Specord M40 instrument (Carl Zeiss, 
Jena, Germany). The procedures for recording infrared 
spectra (transmission and multiple attenuated total 
reflection) were described in Ref. 4. 


RESULTS AND DISCUSSION 


Kinetics of liquid-phase autoxidation 
The main peculiarity of the liquid-phase autoxidation of 
most of the polyenes studied is a non-linear increase in 
the rate of oxygen absorption rate (Rq) with increase in 
substrate concentration at a constant initiation rate (Ri) 
(Figure 1). As a result, the relative rate constants 
evaluated according to the usual kinetic equation 


Ro2 = (k,/k:'2)[RH]R1'2 (1) 


depend on the substrate concentration [RH] (Figure 2). 
With a view to interpreting the observed depen- 


dences, we measured the number of moles of oxygen 
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Figure 1. Plot of oxygen absorption rates against polyene 
concentration for the autoxidation of (1) retinyl acetate and (2) 
methyl (all-E)-retinoate in chlorobenzene at 45 "C and with an 


initiation rate of 1 x lo-' 1mol-l s - '  


absorbed per mole of oxidized polyene, An(02)/ 
An(RH). The results resemble those obtained 
previously for other polyenes of the series' and are 
presented in Figure 3 and Table 1. It can be seen that the 
ratio increases when the substrate concentration dimin- 
ishes. At higher concentrations the ratio decreases and 
eventually approaches a constant value. 


The data obtained indicate that during the oxidation 
of most polyenes, not only intermolecular but also 
intramolecular propagation reactions occur. ' In other 
words, the polyenyl peroxy radicals may isomerize to 
give carbon radicals. These carbon radicals react with 
oxygen, increasing the number of oxygen molecules 
absorbed per molecule of polyene oxidized. Hence, at 
low concentrations both propagation reactions occur 
concurrently, and their ratio depends on the polyene 
concentration. 


The series of elementary reactions of the whole 
process of initiated autoxidation of polyenes may be 
described by Scheme 2, where RH represents the 
polyenic substrate, Rip is a carbon radical derived from 
the substrate and R'jOO. is a peroxy radical produced by 
reaction of Re with 0,; i refers to the number of sites 
attacked and j to the radical number in a given series. 
According to the observed dependences, the polyenes 


5 
0 I I I I I I 1 I I  


0 10 20 30 40 50 60 70 80 90 100 


[RH].lO3, 
Figure 2. Dependence of the observed rate constant ratios on 
the concentration of polyenes. Conditions as in Figure 1. (1) 
Retinyl acetate; (2) C,, ketone; (3) retinal; (4) methyl (all-E)- 


retinoate; ( 5 )  j3-ionylidene acetaldehyde 


may be divided into different groups (Scheme 3). It is 
worth noting that only for polyenes with one site 
attacked by peroxy radicals and one isomerizing radical, 
i.e. in case when i = 1 and j = 1, is it possible to find the 
rate constants of all the elementary reactions. 


It is seen that for most polyenes i = 1 and j = 1. This 
case has been discussed in detail previously and 
corresponding kinetic equations were derived.' In 
terms of Schemes 2 and 3 for these compounds, the 
observed ratio of propagation and termination rate 
constants evaluated from equation (1) may be 


Table 1. Limiting numbers of moles of oxygen absorbed per 
mole of oxidized polyene 


Pol y ene 


j3-Carotene 
Retinyl acetate 
Retinal 
methyl retinoate 
Methyl (13Z)-retinoate 
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- 1.8 
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- 1.4 
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I !  I I I I ' 1  
0 1 2 3 4 6 6 7  


[HH], lo3 M 


Figure 3. Plot of molar ratios of oxygen absorbed by polyenes 
during autoxidation versus [RH]. (1) B-Carotene; (2) methyl 


(13Z)-retinoate; (3) retinal 


AUTOXIUATION OF YOLYENES 


Initiation 
RH - R u  


Propep. tion 
R.ii + a .-- R ' i j a '  


k i i j  
Rija- --c Ri(i+l) 


Ri(j+1) + O2 .--- Ri(i+lQ' 


kpiji 
.................................................... 


Riia- + RH - R u  (+products) 
.................................................... 


Termination 
ktijiy 


RiiQ' + Ri'j'02- - non-radical products 


Termination on inbibitor 
kinhi 


fRbO2' + InH - non-radical products 


Scheme 2. Atoxidation of polyenes 


expressed as follows: 


where the first two figures of the subscripts to the 
propagation rate constants denote the radical and the 
third subscript the site of radical attack on the polyene 
molecule. In the subscripts to the termination rate 
constants each pair of figures is referred to one of the 
reacting radicals. Simplified equations [equations (3, 
(6) and (8) in Ref. I ]  were used to calculate the rate 
constants of propagation and termination of the autoxi- 
dation of compounds 2, 4, 5 ,  6, 8 and 9. The rate 
constants for polyene 3 were taken from Ref. 1. The 
results are presented in Tables 2 and 3. 


It can be seen that the rate constants for intermolecu- 
lar and intramolecular propagation reactions increase 


KINETIC QROUPS OF POLYENES 


i - NUMBER OF SITES ATTACKED 


j - NUMBER OF ISOMERIZED RADICALS IN A GIVEN SERIES 


I. i = 2, j = 0. Ro2= RRH 


8-IONONE 


RETINAL 
METHYL RETINOATE 
13-2 METHYL RETINOATE 
KETONE C18 


rylONONE 
ETHYL SORBATE 


8-IONYLIDENE ACETALDEHYDE 


3. i = I ,  j = 2. R,,>R,, 


RETINYL ACETATE 


B-CAROTENE 


Scheme 3. Kinetic groups of polyenes 
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x 14 


Table 2. Propagation rate constants for autoxidation of 
polyenes 


kpiji8 x 1 0 - ~  (1 mo1-ls-l) 


Polyene iji' = 131 iji' = 111 iji' = 121 (s- ) 
k"",, 


- - - 2 4.2 f 0.4 
4 - 3.2i1.1 4.0i0.7 200f50 
3 - 1.3f0.2 2.0f0.1 180f5 
5 - 1.0i0.2 2.4i0.8 40f8 
6 - 0.7f0.2 1.3f0.4 1 5 f 2  
8 - 0-7 i0 .2  0.3 f 0.04 33 i 8 
9 - 0.5 i 0-2 - 13f2  


with polyene chain length. The termination rate con- 
stants also increase with increasing unsaturation and 
reach the diffusion-controlled limit. 


Driving force of the process 
The longer the polyene chain, the more stabilized is the 
polyenyl radical formed by addition of peroxyl to the 
C= C double bond or by abstraction of a labile 'allylic' 
H atom. Hence it may be concluded that the driving 
force of the autoxidation process of polyenes is the 
stabilization energy of polyenyl radicals, &(Re), 


formed by attack of RO,. on the polyenes under consid- 
eration. The values of E,(R.) were calculated from the 
equation'.' 


Es(R.) = D(CH3-H) -D(R-H) (3) 
As shown in Figures 4 and 5, the propagation rate 
constants for both abstraction and addition reactions of 
RO,. increase linearly with increase in E,(R.).  The 
published data for different organic compounds and 
those obtained in this work are fitted by the same 
straight lines. The equations for the lines are as follows: 


for abstraction reactions: 
log k, = 16.375 - 0.0474D(R-H) (4) 


0 1  
280 300 320 340 360 380 400 


D( R- H), kJ/mole 


Figure 4. Relationship between propagation reaction rate 
constants (abstraction reaction) and broken C-H bond 
energy and stabilization energy of radical formed. (1) 
Cyclohexane; (2) ethylbenzene; (3) bibenzyl; (4) cyclohexene; 
(5 )  hept-3-ene; (6) oct-1-ene; (7) diphenylmethane; (8) ally1 
acetate; (9) penta-1 ,4-diene; (10) methyl linoleate; (1 1) methyl 
linolenate; (12) cyclohexa-l,3-diene; (1 3) y-ionone; (14) 
retinyl acetate. Data for compounds 1 - 12 from Ref. 9, and for 


13 and 14 this work. 


for addition reactions: 


log k, = -0.452 + 0*0349E,(R*) (5 )  


These equations permit the calculation of the rate 
constants from known D(R-H) value with reasonable 
accuracy. 


Table 3. Termination rate constants 
___~___ ~~ ~~ ~ 


k,,,,.,. x lo-' (1 rno1-ls-l) 


Polyene iji'j' = 1313 iji'j' = 1111 iji'j' = 1112 iji'j' = 1212 


2 
4 - 56 f 34 12 f 7-0 2.6f 1.0 
3 - 37 f 5.0 3.0 i 1 .O 0.25 f 0.16 
5 - 6.3 f 2.6 0.75 i0.27 0.09 f 0.05 
6 - 2.3 f 0-7 0-24 f 0.09 


0.86 f 0.24 - - - 


0.026 f 0.005 
- 3.6f1.7 0.71 f0.20 0.14f0.05 - - 


8 
9 - 1 so i 0.2 
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E,(R'), kJ/niole 


Figure 5. Relationship between propagation rate constants 
(addition reaction to C-C bond) and stabilization energy of 
radicals fonned. (1) But-2-ene; (2) cyclohexene;" (3) a- 
methylstyrene;" (4) ethyl sorbate; (5 )  b-ionylidene 
acetaldehyde; (6) methyl (all-E)-retinoate;' C,, ketone; (8) 


retinal 


Mechanism of polyene autoxidation 
To study the mechanism of autoxidation of retinoids and 
carotenoids, electronic and infrared spectroscopy were 
used. Autoxidations of solutions, neat liquids and thin 
solid films on supports were performed. The results 
obtained were as follows. 


During the autoxidation of long polyenes 1, 2, 3 and 
its 13Z-isomer and 4, the main band of polyenic chain 
in the IR spectrum at 966 cm-' (LPH) gradually 
diminishes and shifts to 970 cm-l (Lc-." of type 7 
structures) (Figure 6). Simultaneously, the Y ~ - ~  band in 
the 1500 cm-' region disappears (Figure 7). Bands of 
carbonyl and hydroxyl groups appear and increase in 
intensity. The detailed investigation of polyenes 
revealed that the peroxy radical attack on the retinyl 
acetate molecule is directed at the H atom at C-15 
(abstraction), whereas the carbonyl-containing polyenes 
[3-6 and (132)-3] undergo peroxyl addition to the last 
carbon atom of the polyene chain. This conclusion was 
drawn from the observed formation of non-conjugate 
carbonyl bands in the IR spectra of oxidizing films of 
polyenes 3, (13-Z)-3 and 4. 


The results (Tables 2 and 3) lead to the conclusion 
that polyenes with 'allylic' hydrogens (2 and 8) are 
more reactive than polyenes undergoing initial addition 
of peroxyls to the polyene chain (3-6 and 9). 


Using the previously derived equation' 


D(R-O,.) = D(R-H) - 257 kJ mol-' (6) 
and on the basis of structural features of polyenes 1-7 
[non-coplanarity of the polyene chain and the ring C=C 
bond (Figure S)], it was proposed that sufficiently 
stable polyenyl peroxy radicals may only be formed by 
addition of an oxygen molecule to the C-5 carbon atom 
of corresponding polyenyl radical. This is due to the 


A,. I I 


llCm TIME. h 


Figure 6. Change of 6,,-, band of pcarotene during its film autoxidation. 
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Figure 7. Changes of C=O and C=C bands of retinal during its film autoxidation 


PROPOSED INITIAL STAGE MECHANISM OF RETINYL 


ACETATE AND RETINAL AUTOXIDATION 


CHOAc - 


WOAc 


\ 


Scheme 4. Proposed initial stage mechanism of retinyl acetate and retinal autoxidation 
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__--._ , .  


. .  _ _  
Figure 8. Steric effects and conformation of retinoid and 


carotenoid molecules'2~15 


reversibility of the polyenyl peroxy radical formation 
reaction: 


R. + 0, +RO,* (7) 
In the case of polyenyl radicals formed from com- 
pounds 1-5, the equilibrium is shifted to the left even at 
room temperature. The energetically favourable reaction 
course is addition of an oxygen molecule to the C-5 
atom of the retinoid or carotenoid polyenyl radical. 
Owing to the non-coplanarity of the ring double bond 
and polyene chain (Figure 8), the energy gain by C- 
5-0,. rupture is much smaller than those for C- 
15-0,. or any other C-0 bond of the peroxyls 
under consideration and the C-5-0,. peroxyl is the 
most stable of all the peroxyls initially formed from a 
given polyene. 


The proposed mechanisms for the initial stages of 
polyene autoxidation are shown in Scheme 4. 


1. 
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EXPERIMENTAL AND THEORETICAL STUDY OF SUBSTITUENT 
EFFECTS ON 3 ~ (  13c 1 - 1 ~ )  COUPLING CONSTANTS IN 


1-X-BICYCLO [ 1.1.1 IPENTANES 
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1428 Buenos Aires, Argentina 


RUBEN H. CONTRERAS" 


A series of 23 bridgehead-substituted bicyclo[l.l.l]pentanes were synthesized and the 3J(Cl-H) coupling 
constants determined from their proton-coupled I3C NMR spectra. It was found that the values of the couplings 
are strongly dependent upon the type of substituent present, with powerful effects exerted by the halogens in 
particular. The IPPP-CLOPPA-INDO theoretical approach, which was employed to provide a measure of the 
extent of through-bond versus through-space transmission of coupling information, was found to give 
3J(Cl-H) values in good agreement with experimental data. Empirical substituent parameter regressions were 
performed and found to be consistent with the CLOPPA description of the increase in both the through-bond 
and through-space contributions to the coupling. The substituent parameter regressional analyses also 
demonstrated that electronegativity effects play a predominant role in determining the magnitude of the 
couplings, particularly in those substrates in which the substituent is attached to the ring system by a second- 
row element. 


INTRODUCTION 
Carbon couplings in polycycloalkanes have been the 
subject of intense study' for many years. Polycy- 
cloalkanes are thought to be excellent model compounds 
for measuring how different factors affect NMR para- 
meters because of their well defined geometries, the 
varying degree of strain associated with the different 
member of the series, the different types of pathways 
connecting the bridgehead atoms and the small intemu- 
clear distance for the bridgehead carbon atoms in the 
smaller members of the series. Selected works include 
the study of (i) through-space transmission of coupling 
information via non-bonded interactions between 
bridgehead carbon atoms in substrates with different 
substituents at the bridgehead position' using both the 
NNB13 and the PPP4 approaches, (ii) the effect of 


' Authors for correspondence. 


strain on the magnitude of one-bond coupling between 
a bridgehead carbon and a side-chain atomIb-d and (iii) 
the question of multipath additivity for several coupling 
constants between bridgehead carbon atoms and/or 
atoms attached to them.' 


So far, however, the effect of substituents at the 
bridgehead position on substrate couplings has not been 
subjected to systematic study. Of particular interest is 
the magnitude of vicinal coupling between the substi- 
tuted carbon atom and the proton at the unsubstituted 
bridgehead position. Bicyclo[ 1.1.1 Ipentane is uniquely 
placed in this context because spin information can be 
transmitted via three different through-bond pathways in 
addition to a through-space component transmitted by a 
direct interaction between the bridgehead carbon atoms. 
Accordingly, the effect of the substituent would be 
expected to be enhanced by the multiple coupling routes 
connecting the relevant atoms. 


In this paper, which represents an extension of our 
earlier work into the bicyclo[l.l.l]pentyl system,' a 
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1, X=H 9, X=COOCH3 17, X=N02 
2. X=Ph 10, XSnPh, 18, X=SePh 
3, X=t-Bu 11, X-NH, 19, X=OAc 
49 X=COCH3 12, X=SO2Ph 20, X=F 
5, X=SnBu, 13, XiCN 21, X=CI 
6, X=CH3 14, X=OCH, 22, X=I 
7, X=CD20H 15, X=NH3+ 23, X=Br 
8, X=COOH 16, X S P h  


series of 1-X-bicyclo[l.l.l]pentanes (1-23) were 
synthesized and their v ( C l  -H) coupling constants 
measured. The data were subjected to empirical analysis 
on the basis of substituent electronic effects and this 
was combined with a study of multipath transmission 
for this type of coupling using the 
IPPP-CLOPPA-INDO method.' The theoretical 
approach was also employed to provide insight into the 
large substituent effects measured for some 
substituents. 


METHOD OF CALCULATION 


Within the CLOPPA method (Contributions from 
Localized Orbitals within the Polarization Propagator 
Approach),' a given coupling constant, J(NN'), can be 
written as a sum of contributions as in the equation 


where i and j stand for occupied localized molecular 
orbitals (LMOs) representing bonds or lone pairs; and a 
and h stand for vacant LMOs representing antibonding 
orbitals. 


The Jiu.,h terms of equation (1) are in general made 
up from three different contributions associated with 
Fermi contact and the spin-dipolar and paramagnetic 
spin-orbital interactions, respectively. In the present 
DaDer. onlv the first contribution is taken into account 
1 . ,  - 
since it is by far the main one in couplings of type 
3 ~ ( c  1 - ~ 1 . 9  


Each J,,jb term corresponding to the Fermi contact 
interaction can be written as l o  


where R is a constant which involves, among other 
factors, the magnetogyric ratios of the coupled nuclei, 
W,, are the elements of the triplet polarization propa- 
gator matrix Via.N and are the elements of the 
'perturbators' column matrix, i.e. the matrix elements 


2b, X=Ph 


4b, X=COCH3 


14b, X=OCH3 
20b, X=F 


Jb, X=t-Bu 


6b, X=CH3 


of the Hamiltonian describing the Fermi contact 
interaction: 


(3) 
where d ( p N )  is the Dirac delta function whose argu- 
ment is the position vector with respect to nucleus 
N. 


Within the INDO approximation, the matrix elements 
of equation (3) are calculated within the monocentric 
approximation. This approximation gives the follow- 
ing equation for the Vja,N matrix elements: 


(4) 
where CI(")(N) are the LCAO coefficients correspond- 
ing to the s atomic orbital of atom N for the ith 
occupied (a vacant) LMO, and S i  (0) are semiempirical 
atomic parameters which correspond to the atomic 
electronic density at the site of nucleus N. 


If the CLOPPA and IPPP methods are used in 
combination,& then the contribution to the total 
coupling originating in a molecular fragment can be 
obtained in terms of LMOs. In such a case, the follow- 
ing equation holds rather than equation (1): 


vio,N = ( a  I 6(RN) I i> 


Via,N = CP fN) Ci (N)$ (0) 


Lucd 


J~(NN') = 1 &jb ( 5 )  
10. j h  


where L stands for the contribution to J originating in 
the particular molecular fragment. It is essential to 
recognize that the sum must be carried out on all LMOs 
(occupied and vacant) belonging to that molecular 
fragment. JL~y') is now given by equation (6) ,  which differs 
from equation (2) since in the present case the 
polarization propagator is inner projected4" on to the 
LMOs belonging to the chosen molecular fragment, 
w k , j b :  


J;!;;N')= Qvi<,,Nw;,jbvjb,N, (6)  
Geometries were optimized using the AM1 method" 


within the AMPAC program. 
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RESULTS AND DISCUSSION 


Experimental values 
Values of 3J(Cl-H) in the majority of the 
bicyclo[l.l.l]pentanes 1-23 were obtained 2irectly 
from their proton-coupled ”C spectra. This was a 
relatively simple operation because although the carbon 
signal appears as a doublet of septets, the vicinal 
coupling constant could be identified and measured 
readily in view of the much weaker two-bond C1-H 
coupling. As anticipated, however, analysis of the C1 
signal for the bicycle[ 1.1.1 Ipentanes containing substi- 
tuents such as CH,, COCH,, C,H,, rerr-Bu and OCH, 
was complicated by additional coupling to the substitu- 
ent protons. In these cases the 3-deutero analog was 
synthesized and its proton-decoupled carbon spectrum 
recorded. Values of ,J(Cl -H) were derived by multi- 
plication of the 3J(Cl-D) data by the H/D 
gyromagnetic ratio. 


The ,J(CI-H) coupling constants of the 1-X- 
bicycle[ 1.1.1 Ipentanes are assembled in Table 1. 
Entries are given in increasing order of magnitude for 
the coupling which is seen to span the range from 
10.0Hz, for the parent 1, to 33-8 Hz in 1- 
bromobicyclo[ 1.1.1 Ipentane (23); in fact, the most 
spectacular couplings are seen to occur in the 1- 
halobicyclo[ 1 .l. 1 Ipentanes 20-23 for which ’J(Cl -H) 
is ca three times as large as that in the parent 1. To our 
knowledge, this type of enhancement of coupling is 
unprecedented and is indicative of the unique behaviour 
of the bicyclo [ 1.1.1 Ipenty 1 system. The effect of the 
halogen is in the order I = Br > C1> F, which is essen- 
tially the reverse of their electronegativities. Karabatsos 
and co-worker~’~*’~ also noted unusually large vicinal 
CH couplings in 1-substituted propanes in which the 
carbon was attached to halogen, and that the magnitude 
of the couplings decreased in the order I>Br>CI, i.e. 
in the reverse order of their electronegativities. In 
contrast, only a small difference was found to exist 


between the effect of F, C1, Br and I on the 3J(CH) 
couplings in the halobenzenes. l 5  Another feature of 
interest in the bicyclo[ 1.1.1 Ipentanes is the variation 
between the stannanes 5 and 10 in which a value of 
11.2 Hz is associated with the tributyltin substituent 
whereas 3J(Cl-H) in the case of triphenyltin is 
13.5 Hz. 


The large variation in vicinal coupling in the case of 
the bicyclo[ 1.1.1 Ipentanes 1-23 has analogies in open- 
chain and aromatic compounds, although the effect of 
the substituents in these systems is considerably dimin- 
ished. Thus, we find, for example, that the values of 
,J(Cl -H) measured in a variety of 1-substituted 
propanesI6 [Figure 1 (a)] and monosubstituted 
benzenes” [Figure (lb)] show very good correlation 
( r2 = 0.92 and 0.96, respectively) with those of the 1- 
substituted bicycle[ 1.1.1 Ipentanes. It is also of interest 
to compare the values of 3J(Cl-H) in the 
bicyclo [ 1.1.1 Ipentanes 1-23 with the analogous 
4J(C4-F) couplings measured in a series of 4-substi- 
tuted cubyl fluorides 24.” In the latter system, the 
halogen substituents are also found to lead to consider- 
able enhancement of the 4J(C4-F) coupling, although 
in this case fluorine has the largest effect. Figure 2 
shows the excellent correlation ( r 2  = 0.98) observed 
when the cross-ring couplings between the common 
substituents for these two systems are plotted against 
each other and when the sole outlier, fluorine, is 


(a) (b) 


Figure 1. Vicinal coupling pathway between C1 and H3 in (a) 
1-substituted propanes, and (b) monosubstituted benzenes 


Table 1. ‘J(Cl-H) coupling constants (Hz) in the I-X-bicyclo[l.l.l]pentanes 1-23 


Compound X ’J(CH) A3J(CH) Compound X ’J(CH) A3J(CH) 


1 H 10.0 0.0 13 CN 18.1 8.1 
2 Ph 10.8a 0.8 14 OCH, 20.8” 10.8 
3 tBu 11.0” 1 .o 15 NH, + 21.4 11.4 
4 COCH, 1 1 0  1 -0 16 SPh 21.9 11.9 
5 SnBu, 11.1 1.1 17 NO2 21.9 11.9 


7 CDZOH 11.4 1.4 19 OAc 25 6 15.6 
8 CO,H 13.2 3.2 20 F 21.4” 11.4 


10 SnPh, 13.5 3.5 22 I 33.3 23.3 
17.1 7.1 23 Br 33.8 23.8 
17.4 7.4 


6 CH, 11.3‘ 1.3 18 SePh 22.9 12.9 


9 CO,CH, 13.2 3.2 21 C1 31.5 21.5 


11 NH, 
12 SOzPh 


‘Value obtained from the 3-deuteride. 
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8 


F 


24 


18 2 8  
JJ(C1-H) 


Figure 2. Plot of ’J(Cl-H) in the I-X-bicyclo[l.l.l] 
pentanes 1,2,6-9, 11,13,17, and 19-23 versus 4J(C4-F) in 


the corresponding 4-X-cubyl fluorides 


removed from the analysis. We believe that these 
observations have implications in the mechanisms of 
transmission of coupling information in the 
bicyclo[ 1.1.1 Ipentanes; considering the types of 
systems under comparison, it would appear that the 
substituent affects both the through-bond and through- 
space contributions in bicyclo [ 1.1.1 Ipentane to about 
the same extent. 


Empirical regressional analyses 
A cursory examination of the entries for the 
bicyclo [ 1.1.1 Ipentanes 1-23 in Table 1 suggests a 
distinct trend corresponding to an increase in the value 
of ’J(Cl -H) with increasing electronegativity of the 
substituent, consistent with the observations by Kara- 
batsos and co -~orke r s”* ‘~  and Ernst et a1.15 described 
above. In practice, however, analysis of the data using 
multi-parameter regression shows (Table 2, entries 1 
and 2) that, if the values for X = NH,, S02Ph and OAc 
are eliminated, there is good correlation ( r2  = 0.98) 
when the substituent electronic parameters uI (field)” 
and uR (resonance)” are included with i (electrone- 
gativity).20 The coefficients of the substituent 
parameters (Table 2, entry 2) and their associated p- 
values suggest that all three effects are important. There 
is little correlation between the values of ’J(CH) and 
these parameters singly, or in groups of two. Regres- 


sional analysis using Adcock’s uF (field) parameter2’ in 
place of uI, gave a similar result (entries 3 and 4). 


We have used the iota values” of electronegativity in 
preference to alternative electronegativity constants2’.22 
because they cover a wider range of substituents. As the 
data in Table 2 (entry 5) reveal, use of the ax2’ electrone- 
gativity scale in place of i gives a poor correlation 
(r2 = 0-82), again with unacceptable p-values. It is 
significant, however, that exclusion of the outlying point, 
chlorine, leads to a dramatic improvement (entry 6, 
r2 = 0.94) in this regression. Attention is drawn to two 
important features of this new relationship. First, the 
coefficients and the p-values of the three terms demon- 
strate that the value of ’J(CI-H) is dominated by the 
electronegativity effect of the substituent; confirmation 
for this is obtained when the analysis of ’J(C1-H) 
a ainst ux. alone affords a good correlation (entry 7, 
r = 0.93) if the point for X = C1 is excluded. Second, and 
of considerable significance we believe, the improved 
regressions can be seen to cover only compounds where 
the substituent is attached directly to the bridgehead 
carbon by hydrogen or a second-row element. A good 
linear correlation (rZ = 0.9) is also obtained (Figure 3) 
when the values of ’J(C1-H) of the 15 ‘second-row’ 
substrates are plotted against the substituent electrone- 
gativity values ( 1 )  of Inamoto and Masuda.20 Removal 
of the outlying substituents, OAc and Ac, gives an 
excellent correlation (rZ =0.95) (entries 8 and 9, Table 
2). Inclusion of uR and uI in this regression again shows 
that they are unimportant (entry 10, Table 2). It is note- 
worthy that Spoormaker and de BieI6 have observed a 
strong dependence of ’J(Cl -H) on the electronegantiv- 
ity of second-row elements in the series of 1-substituted 
propanes; a similar relationship has been reported to exist 
between ‘J(C1 -C2) and the electronegativity of second- 
row elements in a series of monosubstituted benzenes.22 


K 


1 


Figure 3. Plot of A’J(C1-H) in the I-X-substituted 
bicyclo[l.l.l]pentanes 1, 2-4,6-9, 11, 13, 14, 17,19 and 20 


versus electronegativity ( 1 )  of the substituent 
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Table 2. Regressional analysis of A’J(C1 -H) against substituent electronic parameters” 


Entry Regression equations r2 nb 


1 A’J(C1-H) = -7.81 +48.1 O, - 3 2 . 4 ~ ~  +34.5 0.84 18 


2‘ A’J(C1-H) = -23.01 +54.00, -37.3a, +45.2 0.98 15 
(0.002) (0~000) (0.000) (0.003) 


(O.ooO) (0~000) (0.000) (0.000) 


(0.014) (O.@W (0.000) (0.024) 


(0.001) (O.OOO) (0.000) (0.003) 


3 A’J(C1-H) =-13.61 +50.1 uF - 3 0 . 4 ~ ~  +25.1 0.82 17 


4d A’J(C1-H) = -15.41 +52.0aF -39.00, +28.7 0.90 16 


5 A’J(C1-H) = -7.60, +31.60, - 20.7 OR -1.67 0.82 14 


6’ A’J(C1-H) = 27.40, +6.820, -2.860, -3.01 0.94 13 
(0.659) (0.015) (0.039) (0.399) 


(0.032) (0.368) (0.619) (0.015) 


7‘ A3J(C1-H) = 36.10, -3.15 


8’ A’J(C1-H) = 17.11 -36.4 
(O.Oo0) (0.003) 


(0.000) (0.OoO) 


(O.ooO) (0.000) 
9 f.e A3J(C1-H) = 15.91 -33.5 


0.93 14 


0.90 15 


0.95 13 


10‘ A’J(C1-H) = 13.01 +6.40, -5.640, -28.2 0.91 13 
(0.150) 10.594) (0.436) 10.128) 


A Values in parentheses are the p-values. 
Number of data points in regression. 


‘X = NH,,SO,Ph and OAc omitted. 
’X = NH, omitted. 


X = CI omitted. 
‘Regression using second row substituents and hydrogen. 


X = OAc, COCH, omitted. 


We interpret these observations as evidence that the 
electronegativity of the substituent is, indeed, the 
predominant factor determining the magnitude of 
vicinal coupling between C1 and H3 in the 1-X- 
bicyclo[l.l.l]pentanes 1,2-4, 6-9, 11, 13-15, 17, 19 
and 20, i.e. in those cases in which X is attached to the 
bridgehead carbon by a second-row element. It is 
generally accepted that electronegativity effects in 
saturated systems are transmitted essentially via the a- 
bond framework, although the effect is greatly dimin- 
ished beyond one bond, and most authors in the field 
agree that the a-inductive mechanism is essentially 
ineffective beyond two carbon atoms.23 As noted above, 
however, bicycle[ 1 .l. 1 Ipentane possesses the unusual 
property that there are now three equivalent through- 
bond pathways available for transmission of spin 
information and it would therefore not be unreasonable 
to suggest that electronegativity effects are likely to be 
significantly enhanced in this system. Thus, the analyses 
suggest that for those bicyclo[ 1.1.1 Ipentanes attached to 
the substituent by a second-row element, contributions 
to the transmission of coupling information from other 
mechanisms associated with electrostatic field and/or 
resonance effects appear to be of lesser importance. The 


correlative analyses indicate, moreover, that in the other 
substrates in which the substituent is bonded to the ring 
system via a third-, fourth- or fifth-row element, viz. 5, 
10, 12, 16, 18 and 21-23, the factors responsible for 
3J(Cl-H) coupling appear to be more complex and to 
include a blend of electronegativity , field and resonance 
effects. It appears that in these substrates the mechanism 
may involve a greater contribution from a through-space 
component involving direct orbital interaction between 
the bridgehead carbon atoms. 


Molecular orbital calculations 
Molecular orbital calculations were carried out for a 
selected range of 1-X-bicyclo[l.l.l]pentanes, viz. 
those in which X = H, Me, CH,OH, COOH, CN, NH,, 
OH and CI. Although experimental data for ’J(Cl-H) 
in 1-bicycle[ 1.1.1 lpentanol are unavailable, it seems 
reasonable to employ the value for X = OMe in place of 
that for X=OH in view of their similar substituent 
effects. 


The geometries for the model compounds were 
optimized at the AM1 level of approximation usin 
the AMPAC program’’ and IPPP-CLOPPA-INDO Ei 
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2 1 X 2 2 L H .  1 


2, 
x- - I*  H' 2. 


be seen that total calculated couplings for all com- 
pounds, with the exception of the parent itself, are in 
reasonable agreement with the experimental values. We 
do not have a satisfactory explanation as to why the 
calculations overestimate the value of J in 
bicyclo[l.l.l]pentane. For the substituents CH,OH, 
COOH, NH, and OH the three B coupling routes are 
not exactly equivalent and therefore all three values of 
B' are shown. In order to distinguish between geo- 
metrical and electronic effects, both the through-space 
component (route A )  and the total coupling were also 
calculated using the experimental substrate geometry 
of the parent compound.24 Results are shown in parent- 
heses in Table 3. It is observed that a shorter distance 
between bridgehead carbon atoms does not imply a 
larger through-space component which is largely 
determined by electronic effects and not by the 
geometry of the substrate. 


Table 4 displays the main Jk.jb terms of the through- 
space component calculated with the optimized AM1 
geometries [See equation ( 9 1 .  The corresponding 
inner projected propagator and 'perturbator' terms are 
also shown [see equation (6)], together with the LCAO 
coefficients entering in the V,,*,,-. 'perturbator', 
equation (4). Changes in the corresponding inner 
projected propagator term, Wf,-,,,*, and in the 
'perturbator' VII*,H*.,  are insufficient to account for the 
variation of the coupling term which must, therefore, 


A B 


Figure 4. Coupling routes A (through-space) and B 
(through-bond) for transmission of spin information between 
the bridgehead carbon atoms. The numbering of the localized 


molecular orbitals (LMO) is also shown. 


analyses were carried out using the AM1 structural 
data. The coupling routes A and B depicted in Figure 
4 were c~ns idered .~ ,~ '  The contribution calculated 
using the route A is considered to be the component 
transmitted through-space between the bridgehead 
carbon atoms. Coupling route B' is the component 
transmitted through-bond and corresponds to 
B' = B - A ,  i.e. the through-space component is 
subtracted from the total coupling pathways. Figure 4 
also depicts the numbering of localized molecular 
orbitals, LMOs. Occupied LMOs represent bonds and 
vacant LMOs (marked with asterisks) correspond to 
antibonding orbitals. 


Table 3 depicts the analysis of multipath additivity 
for the model compounds. The sum of contributions 
transmitted through routes A and B' ,  C = A + 3B', is 
compared with the total RPA INDO coupling and also 
with the experimental value taken from Table 1. It can 


Table 3. IPPP INDO analysis of multipath additivity in 'J(Cl-H) for selected substituents in the 1-X- 
bicycle[ 1 .l.l]pentanes" 


X TS D (CIC3)' One pathd Z' Total I' Exp.' 


1.8725 
1.8805 
1.8763 


4.81 
4.07 
4.27 
3.97 
3.84 
3.56 
4.23 
3.77 
6.02 
5.82 
5.56 
4.05 
6.91 
6.89 
6.42 
8.24 


17.48 
14.36 
14.21 


17.51 (17.55) 
12.87 (14.21) 
13.07 (14.02) 


10.0 
11.3 
11.4 


H 
Me 
CH,OH 


3-05 (3.05) 
2.15 (2.30) 
2.13 (2.20) 


C02H 2.12 (2.28) 1.8725 13.68 13.29 (14.55) 13.2 


4-08 (3.99) 1.8846 21.48 20.08 (19.91) 17.1 


CN 
OH 


2-51 (2.73) 
5-06 (5.56) 


1.8721 
1.8637 


14.66 
25.27 


14.49 (15.88) 
24.20 (27.01) 


18.1 
20.8h 


c1 6.84 (7.42) 1.8681 3 1.56 34.81 (36.66) 31.5 


'All coupling constants in Hz. Values in parentheses were calculated using the parent substrate experimental geometry in which the distance 
between the bridgehead carbon atoms is 1.8444 A.lh 
"Through-space contribution calculated with path A (see figure 4). 
'Bridgehead carbon-carbon distance as obtained in the AM 1 optimized geometry. 
'Contribution from path B'  = B - A  (see figure 4). 
' 2 = A + 3 B ' .  
'Total RPA INDO value. 
'See Table I .  
Value for OMe. 
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Table 4. The main JfI*,,l* contribution to the through-space component of 'J(C-H); the corresponding 
propagator and perturbator terms are also compared along the series of substituents quoted in Table 3* 


H 7.63 
CH, 4.18 
CH2OH 4-31 
C02H 3.63 
CN 4.18 
NH2 5-58 
OH 6.28 
CI 8.62 


~ ~~ 


Wf,,,, VI I *.HI VI I*.C* 


1.778 0.1760 0.0320 
1.757 0.1784 0.0175 
1.759 0.1785 0.0 180 
1.765 0.1790 0.0151 
1.756 0.1784 0.0175 
1.781 0.1794 0,0229 
1.794 0.1800 0.0255 
1.821 0.1807 0.0344 


CI(Cl)b 


0.0547 
0.0271 
0.0279 
0.0221 
0.0267 
0.035 1 
0.0389 
0.0538 


c: * (C 1 Ib 
0.1451 
0.1601 
0.1598 
0.1693 
0.1624 
0.1616 
0.1627 
0.1584 


" J  terms are given in Hz; see equations (4) and (6). 
hLCAO coefficients of the 2s A 0  of carbon C1 in the occupied LMO 1 and vacant LMO 1'. respectively. 


Table 5. The mainJf;.j,, terns transmitted through each path B contributing to 'J(C1-H) for the series of substituents quoted in 
Table 3".' 


~~ ~~ 


i a j h  H 


1 1" 3 1* 4.65 
(0.25 1) 


(1.182) 


(0.004) 


(0.054) 


3 1* 3 1* 1.62 


3 3* 1 1* 0.30 


3 2* 1 1* 3.25 


CH20H 


4.74 
(0.25 5 )  
1.75 


( 1.230) 
0.17 


(0.003) 
1.60 


(0.029) 


_ _ _ _ _ ~ ~  ~ _ _ _ _ _ _ _ _ ~  


CO,H CN CH, 


4.64 6.27 2.59 
(0.246) (0.330) (0.146) 
1.68 2.25 1.56 


(1.201) (1.403) (1.273) 
0.20 0.56 0.09 


(0.003) (0.010) (0.002) 
1.59 1 *90 1.09 


(0.028) (0.034) (0.026) 


NHZ 


3.05 
(0.150) 
1.71 


(1.298) 
0.45 


(0.007) 
1.41 


(0.020) 


OH 


5-62 
(0.251) 
1.91 


(1.207) 
0.85 


(0.012) 
2.14 


(0443) 


CI 


5.85 
(0.253) 
1.92 


( 1.209) 
1.86 


(0.026) 
3.07 


(0.074) 


"J;,Jerms are given in Hz. The 5:1-,1* and Ji1,2, terms are omitted (see Table 6). The numbering of occupied and vacant localized molecular orbitals is 
shown in Figure 4. 
bThe corresponding propagator terms, Wf.,,b, are given in parentheses [see equation (6) I. 


originate in the 'perturbator' Vl,*.c-. In turn, this trend 
is determined by the Cf(C1) coefficient, which corre- 
sponds to the coefficient of the 2s atomic orbital of the 
substituted carbon atom to the occupied LMO corre- 
sponding to the C-H bond attached to the 
unsubstituted bridgehead carbon atom occupied LMO 
1. Therefore, the increase in this coefficient along the 
subset of the model series Me, NH,, OH and C1 
corresponds to an increase in the size of the rear lobe 
of that C-H bond. This enlargement of the rear lobe 
can be rationalized as originating in a through-space 
interaction with the substituent, possibly through an 
electric field effect. 


In Table 5 the main JL,jb terms defining the trend of 
the component transmitted through the coupling route B 
in the model compounds are displayed. The correspond- 
ing inner projected propagator terms, WLejb, are given in 
parentheses. The JII*,"* term is omitted since its trend is 
displayed in Table 4 although the actual values are 
different since, in the present case, the polarization 
propagator is inner projected on to the LMOs defining 
the coupling route B, and in the former case it was 
projected on to the LMOs defining the coupling route A. 
The following comments are pertinent for the values 
displayed in Table 4. Changes in the propagator term 


take into account only part of the variation along the 
series. Therefore, a closer look at the 'perturbators' 
should provide deeper insight into the factors defining 
the substituent effects. Terms of entries 3 and 4 involve 
the 'perturbator' V , , S . ~ *  whose behavior was discussed 
above in connection with the main term of the through- 
space component which increases, although not monot- 
onically, along the series of model compounds in 
accordance with the increase in the size of the rear lobe 


Table 6. 'Perturbators' V,l*.H and V,l*,c and LCAO 
coefficients C:(Cl) and Cr(C1)' 


X 


H 
CH, 
C02H 
CN 
CH,OH 
NHZ 
OH 
CI 


0.0134 
0.0120 
0.0134 
0.0153 
0.0139 
0.01 13 
0.0129 
0.0126 


0.1348 
0.1346 
0.1366 
0-1376 
0.1344 
0.1535 
0- 1608 
0-1653 


0.3336 
0.2874 
0.2875 
0.2758 
0.2832 
0.3119 
0.3200 
0.3334 


0.0999 
0.1161 
0.1178 
0.1237 
0.1 177 
0.1220 
0.1246 
0.1229 


'C;(CI) and Cl'(C1) are the LCAO coefficients of $e 2s A 0  of 
carbon C1 in the occupied LMO 3 and vacant LMO I , respectively 
(see figure 4) 
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of the bridgehead C-H bond. Terms of entries 1 and 2 
involve the 'perturbator' V31*,c*, while that of entry 1 
involves also V3'*,". These two 'perturbators' are 
compared in Table 6, whqre the corresponding LCAO 
coefficients C:(Cl) and C,' (C1) are also displayed. It is 
observed that relative changes in VSI*," are notably 
smaller than those of V31*.c*, which, in turn, originate 
mainly in the LCAO coefficient C:(Cl). The latter 
corresponds to the contribution of the C1 2s atomic 
orbital to the LMO representing the C1-C2 bond. 


CONCLUSION 
The exceptionally large substituent effects on 


'J(Cl -H) couplings in the 1-X-bicyclo[l. 1.1 Ipentanes 
measured in this work constitute interesting experimen- 
tal evidence of the additivity of the multipath 
transmission of the Fermi contact term for this type of 
couplings. 


Empirical substituent parameter regressional analyses 
demonstrate that electronegativity effects play an 
important role in determining the magnitude of the 
couplings particularly in the case of those systems in 
which the substituent is attached to the bridgehead 
carbon by a second-row element. Indeed, in these 
instances the electronegativity of the substituent X 
appears to be the dominant influence with a far less 
significant contribution from the substituent field/ 
inductive and resonance effects. 


IPPP-CLOPPA-INDO analysis of the above- 
mentioned substituent effects suggests that three differ- 
ent factors contribute to the observed trend. They are: 
(a) a larger efficiency of each coupling pathway for 
certain substituents through the polarization propagator 
factor; (b) the effect of substituent electronegativity 
which appears to play a major role as supported by the 
empirical correlations; and (c) a non-bonded interaction 
between the substituent and the C3-H bond which 
increases the size of its rear lobe. The three effects are 
not necessarily independent of each other, although in 
some instances some of them are noticeably enhanced. 
For example, effect (c) is enhanced in the 
bicycle[ 1.1.1 Ipentyl system owing to the collinearity of 
the X-C1 and C3-H bonds. This effect increases the 
through-space component transmitted between the two 
bridgehead carbon atoms, although the calculations 
suggest that through-bond transmission of coupling 
information is still the major contributor to the magni- 
tude of 3J(Cl-H). 


EXPERIMENTAL SECTION 
NMR spectra were recorded on a Varian Gemini-300 
NMR spectrometer operating at 300 MHz (for 'H spectra) 
and 75.462 MHz (for "C spectra). Carbon-proton 
coupling constants were obtained from protoncoupled "C 
spectra measured at 200/300 Hz spectral width. Deutero- 


chloroform was employed as solvent for NMR measure- 
ments unless specified otherwise. General experimental 
procedures were as described previously." 
[ 1.1.1 IPr~pel lane,~~ bicycle[ 1.1.1 ]pentane-l,3dicarbox- 
ylic acid," dimethylbicyclo[ l.l.l]pentane-l,3- 
dicarboxylate,2h 1-bromobicyclo[l. 1.1 Ipentane (23)," 1- 
chlorobicyclo[ 1.1.1 Ipentane (21),27 1-iodobicyclo[ 1.1.1 ] 
pentane (22),2R 1-phenylselenobicyclo[ 1.1.1 Ipentane 
(18),'* I-aminobicyclo[ 1.1.1 Ipentane (11)@ and its 
hydrochloride (15)6g.29, methyl-3-iodobicyclo 
[ 1.1.1 ]pentane-l-carbo~ylate,~~ 1-nitrobicyclo[l. 1.1 ] 
pentane (17),6J 1,3-diiodobicyclo[ 1.1.1 I~entane,~' 3- 
phenylbicyclo-[l.l.l Ipentane-1-carboxylic acid,3' 1- 
cyanobicyclo[ 1.1.1 Ipentane (13),6i bicyclo[ 1.1.1 ] 
pentane-1-carboxylic acid (9)29.32 and 3-deutero- 
bicyclo[l.l.l Ipentane-1-carboxylic acid (8b)33 were 
prepared according to literature procedures. 


I-Phenylbicyclo[l .I .I ]pentune (2). 3-Phenylbi- 
cyclo[l.l.l]pentane-1-carboxylic acid was converted 
into the corresponding thiohydroxamic ester as 
described.27 The Barton ester (0.23 g, 0.78 mmol) was 
dissolved in benzene (10 ml) under a nitrogen atmos- 
phere. Azobisisobutyronitrile (AIBN) (catalyst) and 
pentaerythritol tetrakis(3-mercaptopropionate) (0-76 g, 
2 equiv.) were added and the solution was heated at 
reflux for 3 h whilst being irradiated (300 W tungsten 
lamp). The solution was washed with 20% sodium 
hydroxide solution (2 x 20 ml) and then dried 
(MgS04), filtered and the benzene removed at atmos- 
pheric pressure. Distillation (120 OC/lOO mm Hg) of 
the residue afforded a colorless liquid which was 
identified as the title compound 2 (58 mg, 52%). 'H 
NMR (60 MHz), 6 2.07, S ,  6H; 2.54, S ,  1H; 7.22, S ,  
SH. I3C NMR, 6 26.72; 47.2; 52.18; 125.96, 126.34, 
128.13 141.73 (lit.32 NMR). 


3-Deutero-I -phenylhicyclo[l .].I ]pentune (2b). The 
thiohydroxamic ester of 3-phenylbicyclo[l.l. 11- 
pentane-1-carboxylic acid (327 mg, 1.74 mmol) was 
dissolved in benzene (32 ml) containing AIBN (cata- 
lyst) and the solution maintained under a nitrogen 
atmosphere. Thiophenol-d (3 ml, 16 equiv.) was added 
and the reaction mixture was heated at reflux and 
irradiated (300 W tungsten lamp) with stirring for 3.5 h. 
The reaction mixture was washed with NaOH (15%, 
2 x )  and was then dried (MgSO,), after which the 
solvent was removed at atmospheric pressure. Distilla- 
tion of the residue (1 10 OC/lOO mm Hg) afforded the 
deuterated compound 2b (0.143 g, 57%) as a colorless 
liquid whose spectral data were consistent with those of 
the protio analog. 'H NMR, 6 2.06, s ,  6H; 7.26, s ,  5H. 


NMR, 6 26.67, t, J =  25.39 Hz; 47.2; 52.0; 125.91; 
126.28; 128.08; 141.8. 


3-Deutero-1 -tert-hutyl-bicyclo[I .I .I lpentane (3b). 
1,3-Diiodobicyclo[ 1.1.1 Ipentane (2.0 g, 6.25 mmol) 







176 E. W. DELLA ETAL,. 


was dissolved in dry diethyl ether (15 ml) and dry 
pentane (5  ml) under nitrogen and cooled to -80 "C. A 
1.7 M solution of tert-BuLi (12 ml, 3.2 equiv.) in 
pentane was added over 5 min. After 15 min, methanol- 
d4 (1 ml) in dry diethyl ether (5 ml) was added and the 
reaction was allowed to reach room temperature. The 
reaction mixture was washed with water (2x)  and then 
dried (MgSO,) before being filtered. Gentle removal of 
the solvent at atmospheric pressure and distillation of 
the residue (90 "C/760 mm Hg) afforded the title 
compound 3b (329 mg, 42%) as a colorless liquid 
whose spectral data were consistent with those 
r e p ~ r t e d ~ ~ , ~ '  for the protio analog. 'H NMR, d 0.87, s ,  
9H, CH,; 1.61, S ,  6H, CH2 I3C NMR, d 25.73; 25.88; 
30-07; 46.57; 53.73. 


I -Acetyl-3-deuterobicyclo[l .I .I Jpentane (4b). 3- 
Deuterobicyclo[l. l.l]pentane-1-carboxylic acid (566 mg, 
5.0 mmol) was dissolved in tetrahydrofuran (40 ml) 
under a nitrogen atmosphere with stimng at 0 "C. A 
1.4 M solution of methyllithium (14 ml, 4 equiv.) in 
diethyl ether was added rapidly and the mixture stirred 
for 2 h before being treated with trimethylchlorosilane 
(5.1 ml, 8 equiv.). The reaction mixture was stirred for 
18 h at room temperature after which 1 M hydrochloric 
acid (30 ml) was added and the mixture stirred for 
30 min and then extracted with diethyl ether (3 x 50 ml). 
The combined extracts were dried (MgSO,) and the 
solvent removed at atmospheric pressure. Distillation 
(90 "C/35 mm Hg) afforded a colorless liquid which was 
identified by comparison of its spectral properties with 
those of known36 1-acetylbicyclo[l.l.l]pentane (4). 'H 
NMR, 6 2.0, S,  6H, CH,; 2.04, S ,  3H, CH,. I3C NMR, 6 
25.77; 26.84, t, J =  25.6Hz; 49.61; 51-00; 205.65. 


I - (Tributylstannyl)bicycIo[I .1 .I Ipentane (5). 
[l.l.l]Propellane [from 1 ,l-dibromo-2,2-bis(chloro- 
methy1)cyclopropane (5.05 g, 17 mmol)] in diethyl 
ether (50 ml) was treated with tributyltin hydride 
(14.5 ml, 3.3 equiv.) and AIBN (catalyst) under 
nitrogen whilst being irradiated (300 W tungsten lamp) 
for 40 min. The volatile contents of the vessel were 
retained during irradiation by use of an acetone-liquid 
nitrogen condenser. The solvent was removed under 
reduced pressure to leave a colorless liquid, which was 
dissolved in iodomethane (40 ml) containing AIBN 
(catalyst) and exposed to irradiation (300 W tungsten 
lamp) for 75 min. Removal of the volatile constituents 
and purificatian of the resulting colorless liquid by 
silica gel chromatography (70-230 mesh, eluent 
hexane) afforded the known37 title compound 5 as the 
first fraction (3.42 g, 52%). 'H NMR, d 0.80, t, 6H, 
J =  8.0 Hz; 0-89, t, 9H, J =  7 Hz; 1.28, sextet, 6H; 
1-42-1.54, m, 6H; 2-88, s, lH, CH with tin magnetic 
isotope satellites 4J("9Sn-H) =179.3 Hz, 
4J(1"7Sn-H)=171.2 Hz; 1.97, s, 6H. I3C NMR 6 
8.90, Bu-C1 with tin magnetic isotope satellites 


'J('I9Sn-C) = 314.0 Hz, 'J("'Sn-C) = 300-0 Hz; 
13.79, Bu-C4; 27-46, Bu-C2 with tin magnetic 
isotope satellites 2J("9Sn-C) = 50.44 Hz, 
2J("7Sn-C) =48-21 Hz; 29-33, Bu-C~;  37-12, C1 
with tin magnetic isotope satellites 'J(''9Sn-C) = 
301.76 Hz, 'J('17Sn-C) = 288.34 Hz; 39.16, C3 with 
tin magnetic isotope satellites 3J(''9Sn-C) =119.21 Hz, 
'J('I7Sn-C) = 114.17 Hz; 56.13, C2. 


3-Deutero-l-methylbicyclo[l .I .1 Jpentane (6b). 
[ 1.1.1 ]Propellane [from l,l-dibromo-2,2-bis(chloro- 
methy1)cyclopropane (12.03 g, 40.5 mmol)] in diethyl 
ether (110 ml) was distilled into a Pyrex photolysis 
vessel. Iodomethane (4.03 g, 0.7 equiv.) was added and 
the mixture was irradiated (450 W Hanovia medium- 
pressure mercury lamp) for 75 min at 0 "C under argon. 
The solvent was removed in vacuo at 0 "C to afford a 
viscous yellow liquid (4.16 g). Distillation (9OoC/ 
50 mmHg) afforded a white solid (collected at 0 "C, 
which rapidly melted when warmed to room tempera- 
ture) which was identified as 1-iodo-3- 
methylbicycio[l.l.l]pentane (2-9 g, 40%). 'H NMR, 6 


18.33; 44.61; 62.11. (lit.38 NMR). The iodide (0.15 g, 
0.72 mmol) was reduced and trapped as described 
above for the synthesis of 14 to afford 3-deutero-l- 
methylbicyclo[l.l.l]pentane (6b) (0.03 g, 50%). 'H 


(lit.6d NMR). 


1.21, S ,  3H, CH3; 2.21, S, 6H, CH,. I3C NMR, d 7.04; 


NMR, 6 1.10, S ,  3H, CH,; 1-65, S ,  6H, CH,. 13C 
NMR, 6 19.10; 26.96, t, J =  25.2 Hz; 42.08; 52-00. 


I - (Hydroxydideuterornethyl)bicyclo[l .I .I Jpentane (7). 
Bicyclo[l.l.l]pentane-1-carboxylic acid (214 mg, 
1.91 mmol) was dissolved in dry diethyl ether (10 ml) 
and added slowly with stirring to a solution of lithium 
aluminium deuteride (160 mg, 2 equiv.) in dry diethyl 
ether (10 ml) under nitrogen. The mixture was heated at 
reflux for 2 h and then stirred at room temperature for 
16 h before being quenched by the addition of saturated 
sodium sulfate solution (1 ml). The solution was dried 
(MgSO,) and filtered. Most of the diethyl ether was 
removed under reduced pressure and the remainder by 
distillation (40 "C/760 mm Hg), leaving the title 
compound 7 (71 mg, 37%) whose identity was 
confirmed by comparison of its spectral data with 
literature values for the unlabelledZ9 and "C-labelled" 
analo s. 'H NMR, d 1.73, s, 6H; 2.51, s ,  1H; 2.78, s, B 1H. ' C NMR, 6 27.79; 45.32; 48.56; 62.39. 


Methyl bicyclo[l .I .I Jpentane-1 -carboxylate (9). 
Methyl 3-iodobiyclo[ 1.1.1 Ipentane-1-carboxylate in 
Bu,SnH (1-5 equiv.) was irradiated (300 W tungsten 
lamp) with stirring while a stream of nitrogen was 
bubbled through the solution and into a trap cooled to 
-40 "C. The colorless volatile liquid which collected in 
the trap was identified as methyl bicyclo[l. 1.1 lpentane- 
1-carboxylate (9). 'H NMR, d 2.08, s ,  6H, CH,; 2.42, 
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S ,  IH, CH; 3.64, S ,  3H, CH3. 13C NMR, 6 27.76; 42.50; 
51-40; 51.50; 169.97 (lit.36 NMR). 


1 -(Triphenylstanrzyl)bicyclo[l .I .I Jpentane (10). The 
procedure used above for the corresponding tributylstan- 
nane (5) was employed. Silica gel chromatography 
(70-230 mesh, eluent 3% diethyl ether-hexane) of the 
crude product afforded a white solid, which was 
identified by comparison of spectral data with 
literat~re,~ values as 1-(triphenylstannyl)bicyclo[l. 1.11- 
pentane (10). (4-2 g, 73%). 'H NMR (300 MHz), 6 
2-26, s ,  6H, CH,; 2.94, s, lH, CH, tin magnetic isotope 
satellites 4J("9Sn-H) =225.3 Hz, 4J("7Sn-H) = 
215.3 Hz; 7.25-7.35, m,  9H, ArH; 7.45-7.60, m, 6H, 
ArH. I3C NMR, 6 37.21, C1, tin magnetic isotope 
satellites 'J('I9Sn-C1) = 395.2 Hz, 'J("7Sn-Cl) = 
377.8 Hz; 40.39, C3, tin magnetic isotope satellites 
3J("9Sn-C3) = 140.7 Hz, 3J(1'7Sn-C3) = 134.5 Hz; 
56.72, C2; 128.45, tin magnetic isotope satellites 
J('19Sn-C) =48.4 Hz, J("'Sn-C) =46.3 Hz; 128.80, 
tin magnetic isotope satellites J("9/"7Sn-C) = 10-9 Hz; 
137.10, tin magnetic isotope satellites J(Ii9Sn-C) = 
36.0 Hz, J("7Sn-C) = 34.5 Hz; 138.99 ArC1, tin 
magnetic isotope satellites J('"Sn-C) =481.4 Hz, 
J(IL7Sn-C) = 460.1 Hz. 


1 -Bicyclo[I .I .l]pentyl phenyl sulfone (12). 1- 
Bicyclo[l.l.l]pentyl phenyl sulfide (16) (1-74 g,  
9.9 mmol) was combined with acetic acid (4 ml, 7 
equiv.) and acetic anhydride (3-7 ml, 4 equiv.) at 0 "C, 
then 30% hydrogen peroxide (3.4 ml, 3 equiv.) was 
added slowly to the solution, which was stirred for 16 h 
at room temperature before being quenched with water 
(40 ml). The mixture was extracted with dichlor- 
omethane (3x) and the organic extracts washed with 
saturated hydrogencarbonate solution (2 x ) and water 
(1 x )  before being dried (MgSO,) and evaporated. The 
residue was distilled (135 "C/O.1 mm Hg) to give white 
crystals of 1-bicyclo[l.l.l Ipentyl phenyl sulfone (12) 
(1-85 g, 90%), m.p. 55-56 "C. 'H NMR (300 MHz), 6 
2.06, s, 6H, CH2; 2.71, s, lH, CH; 7.54-7.61, m, 2H, 
in-ArH; 7.63-7.70, m, lH, p-ArH; 7.82-7-88, m, 2H, 
o-ArH. I3C NMR, b 26.68, 50.29, 54.95, 128-48, 
129.02, 133.55, 136.71; mass spectrum, m / z  (relative 
intensity, %) 209 (M'+ 1, 14.5), 208 (0.7), 143 


HRMS, calculate for C,,HI2O2S 208.0558, found 
208.0583. Analysis, calculated for C,,H,,02S, C 63.44, 
H 5.81; found C 63.49, H 5.89%. 


(65.1), 125 (93), 83 (38), 78 (58),  77 (82), 67 (100); 


3-Deutero-I -methoxybicyclo[l .I .I ]penfane (14b). 
1,3-Diiodobicyclo[l.l.l]pentane (1-8 g,  5.63 mmol), 
NaOH (0.9 g, 4 equiv.) and methanol (48 ml) were 
combined in a sealed vessel and stirred at room tempera- 
ture in the dark for 72 h,  after which water (50 ml) was 
added and the solution extracted with pentane 
(5 x 50 ml). The combined pentane extracts were back- 


extracted with water (1 x), dried (MgSO,) and the 
solvent was removed in vacuo (4 "C) to afford a clear 
liquid (880 mg), which was shown by spectral 
comparison39 to be a 92% mixture of 3-iodo-l- 
methoxybicyclo[l.l.l]pentane ('H NMR, 6 2.33, s, 6H, 
CH,; 3-27, s, 3H, OCH,) and its solvolysis product, 3,3- 
dimethoxy-1-methylenecyclobutane ('H NMR, 6 2.8, t, 
4H, CH,; 3.18, s, 6H, OCH,; 4.95, m, 2H, =CH2). The 
crude mixture was added to Bu,SnD (2.8 ml) containing 
AIBN (catalyst) and the mixture irradiated (300 W 
tungsten lamp) with stirring for 2 h whilst being swept 
with nitrogen. The effluent was led into a cold trap 
(<-30 "C) and then dissolved in deuterochloroform. 
Bromine (4 drops) was added and the solution was 
washed with sodium metabisulfite solution (1 x 1 ml) 
and dried (MgSO,). The CDCl, solution was swept by 
nitrogen and the volatile constituents trapped below 
-30 "C. The contents of the trap were analysed ('H and 
I3C NMR) and found to consist of 3-deutero-l- 
methoxybicyclo[ 1.1.1 Ipentane (14b) and deuterochloro- 
form. The yield was not determined. 'H NMR, 6 1.86, s, 


J =  26.74 Hz; 50-40; 53-55; 68.93. HRMS, calculated 
for C,H,DO 99.0794, found 99.0806. 


6H, CH,; 3.28, S ,  3H, CH,. I3C NMR, 6 17.95, t, 


I-Bicyclo[l .I .I Ipentyl phenyl sulfide (16). 
[l.l.l]Propellane [from 1 ,l-dibromo-2,2-bis(chloro- 
methy1)cyclopropane (20.0 g, 67.4 mmol)] in diethyl 
ether (50 ml) was treated with thiophenol (6-9 ml, 1 
equiv.) at -40 "C as de~cribed.~, The product obtained 
after chromatography was distilled (80 "C/4.5 mm Hg) 
and afforded the sulfide 16 as a colorless liquid (5-89 g, 


7.1-7.5, m, 5H, ArH. (lit.34 'H NMR). I3C NMR, 6 
50%). 'H NMR, 6 1-92, S ,  6H, C,; 2.68, S ,  IH, CH; 


28.63,45.57,53.92, 127.33, 128.65, 133.42, 134.04. 


I -Acetoxybicyclo[l .I .I Ipeiztane (19). Bicycle[ 1.1.1 ] 
pentane-1-carboxylic acid was converted into 1- 
acetylbicyclo[l.l.l]pentane (4) as described above for 
the deutero analog. The ketone 4 (510 mg, 4.6 mmol) 
dissolved in chloroform (11 ml) containing 50% rn- 
chloroperbenzoic acid (1-6 g,  1 equiv.) was allowed to 
stand at room temperature for 27 days. The mixture was 
filtered, and the filtrate washed successively with 
saturated sodium metabisulfite solution, 10% sodium 
hydrogencarbonate solution, and water, before being 
dried (MgSO,) and carefully evaporated (30 "C/ 
110 mmHg). The residue was distilled (100 "C/ 
30 mmHg) to give the volatile acetate 19. Mass 
spectrum m / z  (relative intensity, %) 111 (M'-CH,), 
83 (32), 43 (100). 'H NMR, 6 2.0, S ,  3H, CH3, 2.2, S ,  


6H, CH,; 2.5, S ,  lH, CH. NMR, 6 20.88; 21.35; 
53.23; 64.28; 170.37. 
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ELIMINATION KINETICS AND MECHANISMS FOR SEVERAL 
2-ALKOXYACETIC ACIDS IN THE GAS PHASE 


GABRIEL CHUCHANI*, ALEXANDRA ROTINOV AND ROSA M. DOMINGUEZ 
Centro de Quimica, Instituo Venezolano de Investigaciones Cientijkas (IVIC), Apartado 21827, Caracas 1020-A, Venezuela 


The kinetics of the gas-phase elimination of three 2-alkoxyacetic acids were investigated in a static system, seasoned 
with ally1 bromide, and in the presence of the free chain radical inhibitor cyclohexene. The working temperature 
and pressure range were 3504-410-8 "C and 57-2615 Torr, respectively. The reactions proved to be homogeneous 
and unimolecular and to follow a first-order rate law. The temperature dependence of the rate coefficients is given 
by the following equations: for 2-methoxyacetic acid, log k ,  (s-') = (12.10k 0.22) - (193.3 i 2-8) kJ mol -' 
(2.303RT) - I ;  for 2-ethoxyacetic acid, log k,  (s-') = (12.76 f 0.29) - (199.6 i 3-7) kJ mol-' (2.303RT)-'; and for 
2-isopropoxyacetic acid, log k, (s-') = (12-4Ok032)- (193-7i3.9) kJmol-' (2-303RT)-'. The alkyl group R in 
ROCH,COOH does not seems to exert a significant effect on the rates. It is postulated that the predominant 
mechanism for the decomposition of the alkoxy acids involves a five-membered cyclic transition state, where the 
elimination of the RO substituents is assisted by the acidic proton of the COOH group. 


INTRODUCTION 


The gas-phase pyrolytic elimination reaction of linear 
dialkyl ethers have been found to proceed by a radical 
chain process. '-I1 However, unsymmetrical tert-butyl 
ethers such as tert-butyl tert-butyl ethyl14, 
tert-butyl i sopr~pyl '~ ,  tert-butyl cyanornethyll6, tert- 
butyl p-rnetho~yphenyl'~, tert-butyl p-aminophenyl I7 


and tert-butyl p-nitr~phenyl'~ undergo unimolecular 
elimination via a four-membered cyclic transition state 
to yield isobutene and the corresponding alcohol or 
phenol. The pyrolysis of ethers parallels that of 
alcohols, whereby primary and secondary alcohols 
decompose by radical chain reactions, whereas tertiary 
alcohols undergo unimolecular elimination of water'* to 
give the corresponding alkenes. 


r P' 


Since the OR group of ethers is a slightly better 
leaving group than the OH function of alcohols, it is 
plausible by analogy with the postulate but forward to 
explain the kinetics of elimination of primary, 
secondary and tertiary 2-hydroxycarboxylic  acid^'^^^' 
[equation (l)] ,  whereby the proposed involvement of an 
a-lactone or a similar intermediate is speculative. In 
other words, the elimination of the alkoxy substituents 
at the 2-position of carboxylic acids may be assisted by 
the acidic hydrogen of the COOH groups. 
Consequently, the purpose of this investigation was to 
examine the kinetics and mechanisms of several 
2-alkoxyacetic acids in the gas phase, viz. methoxy-, 
ethoxy- and isopropoxyacetic acid. 


H 2  


(i) R . R  =H 
(ii) R=H,R'=AUD/I  
(iii) R = R = A l l c y l  


t 
co + W C = O  


* Author to whom correspondence should be addressed. 
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RESULTS AND DISCUSSION 


2-Methoxyacetic acid 
The gas-phase pyrolysis of this carboxylic acid proceeds 
as follows: 


CH30CH2COOH - CH30H + CH20 + CO (2) 


The stoichiometry of the reaction requires P,/P,  = 3, 
where P,  and P, are the final and initial pressures, 
respectively. The average experimental results at four 
different temperatures and 10 half-lives is 2.94 
(Table 1). Additional verification of the stoichiometry 
of equation (2) was made by comparing, up to 50% 
decomposition, the pressure measurements with the 
results of quantitative gas chromatographic analyses of 
the unreacted substrate (Table 2). 


The homogeneity of the reaction was investigated by 
using a packed reaction vessel with a surface-to-volume 
ratio six times greater than that of the unpacked reaction 
vessel (Table 3). The rate coefficients were the same in 
packed and unpacked vessels seasoned with allyl 
bromide. However, packed and unpacked clean Pyrex 
vessels had a marked effect on the rates. 


The effect of different proportions of the free radical 
inhibitor cyclohexene in this reaction is shown in Table 4. 
The results indicate that cyclohexene does not afFect the 
rates of elimination of methoxyacetic acid. However, in 
order to impede any possible radical chain process of this 


substrate, the kinetics were always determined in the 
presence of at least a twofold excess of cyclohexene 
inhibitor. No induction period was observed. The rate 
coefficients were reproducible with a relative standard 
deviation (RSD) of less than 5% at any given temperature. 


The rate coefficient of methoxyacetic acid, calculated 
from k ,  = (2.303/t)log[2P,/(3P0 - P,)] was found to be 
independent of the initial pressure (Table 3, and the 
first-order plots are satisfactorily linear up to 50% 
reaction. The temperature dependence of the rate 
coefficients, in seasoned vessels and in the presence of 
the inhibitor cyclohexene, is shown in Table 6. The data 
were fitted to the Arrhenius equation, where rate 
coefficients at the 90% confidence level obtained from a 
least-squares procedure are given. 


In association with the mechanism described for 
2-hydroxycarboxylic  acid^'^**^ [equation ( l ) ]  , polariz- 
ation of the C-OCH, bond, in the direction of 
C” ... ‘-OCH,, is rate determining. In this sense, the 
acidic hydrogen of the COOH group assists the leaving 
of the methoxy substituent through an intramolecular 
displacement reaction. Consequently, the process is 
postulated to take place via a semi-polar five-membered 
cyclic transition state as shown in equation (3). 


2-Ethoxyacetic acid 
According to the pyrolysis products of 2-ethoxyacetic 
acid described in equation (4), a threefold increase in 


CH20 + CO 


Table 1. Ratio of final to initial pressure”,b 


Methoxyacetic acid 379.9 
388.9 
400.0 
410.3 


390.2 
400.7 
410.8 


Isopropoxyacetic acid 349.6 
360.0 
370.1 
379.7 


Ethoxyacetic acid 379.9 


139.0 
105.0 
93.5 
81.0 
128.0 
129.5 
121.0 
127.0 
123.5 
101.5 
121.0 
112.0 


395.5 
302.5 
287.5 
240.0 
387.0 
376.5 
362.0 
400.0 
356.9 
289.3 
340.5 
312.5 


2.85 2.94 
2.88 
3.07 
2.96 
3.02 3.02 
2.91 
2.99 
3.15 
2.89 2.84 
2.85 
2.82 
2.79 


A Po = initial pressure; P, = final pressure. 
hSeasoned vessel with allyl bromide and in the presence of at least twice the amount of the free radical inhibitor 
cyclohexene. 
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Table 3. Homogeneity of the reactions 


Methoxyacetic acid at 380.3 "C 


Ethoxyacetic acid at 390.2 "C 


Isopropoxyacetic acid at 390.8 "C 


1 8.66'' 
6 8.63' 


1 11.94 
6 19.11 


1 14.89 
6 15.12 


4.43 
4.36 


11.10 
11.07 


16.09 
15.83 


a S = surface area: V = volume. 


'Vessel seasoned with allyl bromide. 
Clean Pyrex vessel. 


k value up to 35% reaction: it then decreases rapidly. 
k value up to 25% reaction: it then decreases rapidly. 


Table 4. Effect of the inhibitor cyclohexene on rates" 


Methoxyacetic acid at 380.3 "C 95 
134 
136 
101.5 
78 
57 


183 
Ethoxyacetic acid at 390.2"C 112 


107.5 
74.5 
64.5 


100 
124 
91 
94 
99 


Isopropoxyacetic acid at 390.8 OC 


- 


37 
167.5 
202 
200.5 
299.5 


81 
162 
176 


- 


261.5 
- 


144 
198 
27 3 
364 


- 4.60 
0.3 4.69 
1.2 4.67 
2.0 4.50 
2.6 4.37 
5.3 4.61 
- 12.24 
0.4 12.40 
1.5 11.30 
2.4 11.67 
4.4 11.18 
- 18.39 
1.2 16.18 
2.2 15.82 
2.9 16.22 
3.7 16.09 


a fir = pressure of the substrate; P, = pressure of cyclohexene inhibitor. Vessel seasoned with allyl bromide 


Table 5. Invariability of rate coefficients with initial pressure 


Methoxyacetic acid at 380.3 "C 
P(l (Tom) 57 78 93 101.5 136 151 


Po (Tom) 64.5 107.5 183 212 


104kl (s-11 4.61 4.37 4.71 4.50 4.67 4.50 
Ethoxyacetic acid at 390.2 "C 


104k, ( s - l )  11.18 11.30 11.23 11.69 


Po (Ton) 70 91 124 261.5 
104k, ( s - ~ )  15.92 16.23 16.18 16.11 


Isopropoxyacetic acid at 390.8 "C 


the final pressure, P, ,  is required, i.e. P, =3Po. The (4), up to 65% decomposition, was obtained by 
average experimental P, /Po values at four different comparing the pressure measurements with the 
temperatures and after 10 half-lives is 3.02 (Table 1). quantitative gas chromatographic analyses of the 
Further confirmation of the stoichiometry of equation 


CH&H2OCH2COOH - CH3CHzOH + CH,O + CO (4) 


amount of unreacted ethoxy acid substrate (Table 2). 
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Table 6. Variation of the coefficients with temperature" 


Methoxyacetic acid 
Temperature ("C) 360.1 370.8 380.3 388.9 400.0 410.3 
104k, (KI) 1.45 2.59 4.43 6.93 12.48 21.50 


Rateequation: log k , ( s - ' )  = (12.10rt0.22)- (193.3i2.8) kJ mol-' (2.303IV-l 
Ethoxyacetic acid 


Temperature ("C) 350.8 359.7 370.0 379.9 390.2 400.7 410.8 
104k, ( s - i )  1.11 1.94 3.54 6.23 11.10 18.34 33.79 


Rate equation: log k , ( s - ' )  = (12.76rt0.29) - (199.6rt3.7) kJ mol-I (2.303RT)-' 
Isopropoxyacetic acid 


Temperature ("C) 350.4 360.4 370.4 380.4 390.8 400.0 
1o4kl ( s - ~ )  1.68 3.04 5.29 8.95 16.09 26.86 


Rateequation: log k , ( s - ' ) =  (12.40k0.32)- (193.7i3.9) kJ mol-' (2.303RT)-' 


'Seasoned vessel and in the presence of at least twice the amount of cyclohexene. 


To examine the effect of the surface on the rate of 
elimination, several runs in the presence of at least twofold 
amount of cyclohexene inhibitor were carried out in a 
vessel with a surface-to-volume ratio six times greater than 
that of the normal vessel. The rates of elimination of 
ethoxyacetic acid were unaffected in a seasoned and clean 
unpacked vessel, but a significant heterogeneous effect was 
found in the clean packed F'yrex vessel (Table 3). 


The effect of the addition of different proportions of 
cyclohexene suppressor is shown in Table 4. The pyrol- 
ysis experiments of the ethoxyacetic acid were always 
carried out in the presence of at least twice the amount of 
cyclohexene in order to prevent any possible radical chain 
reactions. No induction period was observed. 


The first-order rate coefficients of this substrate 
calculated from k ,  = (2-303/t)log[2Po/(3Po - P , ) ]  were 
independent of the initial pressure (Table 5).  A plot of 
log(3PO- PI) vs time t gave a good straight line up to 
60% decomposition. The rate coefficients are reproduc- 
ible with an RSD not greater than 5% at a given 
temperature. The variation of the first-order rate 
coefficient with temperature is shown in Table 6, which 
gives rate coefficients at the 90% confidence level 
obtained from a least-squares procedure. 


According to these results and by analogy with 
equation (3), the gas-phase elimination of ethoxyacetic 
acid may again be explained in terms of a semi-polar 
five centered cyclic transition state, where the acidic 
proton of the COOH group assists, through an 
intramolecular displacement, the leaving of the 
CH,CH,O group [equation ( 5 ) ] .  


2-Isopropoxyacetic acid 
The pyrolysis products of isopropoxyacetic acid shown 
in equation (6) make it difficult to assess the 
stoichiometry from experimental pressure increases, 
since the theoretical P,lPo ratio is >3. The average 
experimental P,/ Po values at four different temperatures 
and 10 half-lives given in Table 1.  The observed P,/  
Po < 3 of the overall elimination was found to be due to 
a small degree of polymerization of the formaldehyde 
product. Verification of the stoichiometry [equation (6)] 
was possible by comparing, up to 60% reaction, the 
quantitative gas chromatographic analyses of the 
amount of unreacted substrate with the sum of the 
amounts of the products, propan-2-01 and propene 
(Table 2). 


(CH3),CHOCH,COOH+ (CH,),CHOH + CH,O + CO 
I (6) 


CH3CH = CH, + CH,O + CO + H,O 


The homogeneity of this pyrolytic elimination was 
examined, in the presence of the radical chain inhibitor 
cyclohexene, in a vessel with a surface-to-volume ratio 
six times greater than that of the normal vessel. The 
packed and unpacked clean Pyrex vessels showed a 
small effect on the rates. However, when the packed and 
unpacked vessels were seasoned with ally1 bromide, no 
effect on the rate coefficients was observed (Table 3). 
Isopropoxyacetic acid was always pyrolysed in seasoned 
vessels and in the presence of at least a twofold 
excess of the free chain radical suppressor cyclohexene 


J 


CH2O + CO 
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(Table4). No induction period was observed and the 
rates were reproducible with an RSD not greater an 5% 
at any given temperature. 


The rate coefficients determined in seasoned vessels 
and in the presence of cyclohexene were found to be 
independent of the initial pressure of the substrate, and 
the first-order plots are satisfactorily linear to about 
60% reaction with an RSD less than 5% at any given 
temperature (Table 5). The variation of the first-order 
rate coefficients with temperature is given in Table 6, 
where rate coefficients at the 90% confidence level 
obtained with a least-squares method are given. 


The partial rates for the formation of the primary 
products, as described in equation (6) were determined up 
to 60% decomposition of the isopropoxyacetic acid by the 
quantitative gas chromatographic analyses of propan-2-01 
and propene. The variation of the rate coefficients for the 
formation of these products with temperature (Table 7) 
gives, by the least-squares procedure and with 90% 
confidence limits, the following Arrhenius equations: for 
propan-2-01 formation 


log k,(s- ')= (12.25 *O-36) 
- (193.0rt4.4) klmol-'  (2.303RT)-' 


and for propene formation, 
log k , ( s - ' )  = (12.05*0-36) 


- (195-5rt4.5) Mmol-' (2.303RT)-' 
The nature of the products together with the kinetic 
parameters led to the consideration of two different 
parallel mechanisms [equation (7)] 


; 8 -  
(CH&CHO 


l2 
r 


1 


Path 1 is analogous to the reactions described for 
methoxy- and ethox acetic acid, where the bond 
polarization -0'- ... '+CH,COOH is rate determining. 
The acidic proton of the COOH group is again thought 
to aid the intramolecular displacement to yield propan- 
2-01 and the postulated a-lactone. The latter decom- 
poses to formaldehyde and CO. With regard to the 
mechanism of path 2, this may be rationalized in terms 
of isopropoxyacetic acid bond polarization. The 
isopropyl-oxygen bond, as a secondary ether, may be 
able to olarize as (CH,),CH'+ ... O'--rather than 
-0'- ... '+CH,COOH of path 1.  Since the B-hydrogen 
of the isopropyl group has been found to some extent 
assists the decomposition of tert-butyl isopropyl ether15 
to yield propene and tert-butanol as minor products 
(20%) together with isobutene and propan-2-01, it 
seems reasonable to believe that propene and glycolic 


Table 7. Temperature dependence of rate coefficient for 
formation of products from isopropoxyacetic acid pyrolysis 


Temperature ("C) Propan-2-01 Propene 


350.4 
360.4 
370.4 
380.4 
390.8 
400.0 


1.20 0.48 
2.20 0.84 
3.82 1.47 
6.35 2.60 
11.52 4.57 
19.10 7.76 


c - [ HOCH2COOH + CH3CH = CH, 1 


CH20 + CO 
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Table 8. Kinetic parameters for the postulated a-lactone formation at 380°C 


Substrate 
Relative As$ AHS 


104k, (s-11 rate E,&J mol-') Log'A (s-I) (J mol- K- ' )  (w mo1-l) 


Methoxyacetic acid 4.37 1.0 193.3 i 3 . 8  12.10i0.22 -28.2 211.7 
Ethoxyacetic acid 6.17 1.4 199.6* 3.7 12.76 * 0.29 - 15.5 209.8 
Isopropoxyacetic acid 6.46" 1.5 193.0k4.4 12.25 * 0.36 -25.3 209.5 


a Value of lactone formation from path 1 of equation (7). 


acid may be produced via path 2. The working 
temperature for isopropoxyacetic acid pyrolysis is 
slightly higher than in the gas-phase elimination of 
glycolic acid. l9 Consequently, the latter acid, under the 
reaction conditions, must further decompose into 
formaldehyde, water and CO. 


It appears from the Arrhenius parameters shown in 
Table 8 that the alkyl group R in ROCH,COOH does 
not exert a significant effect on the rate. Isopropox- 
yacetic acid gives a similar rate to ethoxyacetic acid. 
This may well be because some amount of the former 
acid undergoes a parallel decomposition described in 
Path 2 of equation (7). This lack of a marked effect of R 
groups on rates is not surprising, since their influence in 
other types of organic molecules, such as alkyl halides" 
and acetates," also showed a very small or nearly 
similar effect on gas elimination rates. Otherwise, the 
parameters log A and ASS are consistent with the 
assumed five-membered cyclic transition state 
unimolecular elimination mechanism. 


EXPERIMENTAL 


2-Methoxyacetic acid (Aldrich) of 98.6% purity and 
2-ethoxyacetic acid (Aldrich) of 99.8% purity as 
determined by GLC (10% SP 1200- 1% H,PO, on 
Chromosorb W AW, 80-100 mesh) were used. The 
primary products methanol (Prolab) and ethanol 
(Aldrich) were quantitatively analysed on the same 
column (SP 1200). 


2-Isopropoxyacetic acid was prepared by adding 
2-bromoacetic acid to a mixture of sodium isopropoxide 
in propan-2-01 as rep~rted. '~ The product was distilled 
several times (b.p. 100°C at 1 Torr) and the fraction 
with 98.6% purity as determined by GLC (10% SP 
1200- 1% H,PO, on Chromosorb W AW, 80-100 
mesh) was used. The primary product propan-2-01 
(Merck) was quantitatively analysed on the SP 1200 
column, and the gas propene (Matheson) in a column of 
Porapak Q, 80-100 mesh. Formaldehyde could not be 
analysed quantitatively, because some amount of this 
compound polymerizes, thus giving erroneous values. 


The identities of substrates and products were further 
confirmed by mass and NMR spectrometry. 


Kinetic experiments were carried out in a static 
system with the reaction vessels seasoned at all times 


with ally1 bromide and in the presence of the free 
radical inhibitor cyclohexene. The rate coefficients were 
determined manometrically and/or by quantitative gas 
chromatographic analyses of the substate and products. 
The temperature was controlled by a Shinko DIC-PS 
resistance thermometer controller and maintained within 
*O-2 "C when measured with a calibrated platinum- 
platinum- 13% rhodium thermocouple. No temperature 
gradient was found in the reaction vessel. The substrates 
were injected direly into the reaction vessel with a 
syringe through a silicone-rubber septum. 


1. 


2. 


3. 


4. 
5. 


6. 


7. 


8. 
9. 
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THEORETICAL STUDY OF THE REACTION OF P + WITH METHANE 


JESUS R. FLORES 
Departamento de Quimica Pura y Aplicada, Area de Quimica Fisica, Facultad de Ciencias, Campus de Orense, 


Universidad de Vigo, 32004 Orense, Spain 


The dynamics of the reaction of P' with methane were studied by means of a combination of an approximate 
classical trajectory method and RRKM theory, using accurate ab initio computations of the relevant minima 
and saddle points of the lowest singlet and triplet potential energy surfaces. The results were compared with 
those of gas-phase experiments obtained at 300 K. Computed rate coefficients are given for a wide range of 
temperatures from 40 to 1OOOK and may be useful in the modelling of interstellar chemistry, where the 
reaction of P' with methane is believed to play a crucial role in the synthesis of small molecules containing a 
P-C bond. The results appear to imply that an intersystem crossing process may play a key role in the reaction 
dynamics. 


1. INTRODUCTION 
The reaction of P' with methane is believed to be the 
crucial step in the production of simple molecules with 
P-C bonds in interstellar space.',' Partly for this reason, 
several gas-phase experimental studies have been 
carried in addition to a theoretical study of the 
lowest lying potential energy surfaces (PES) of the 
(PCH,)' ( n  = 2,3) systems that included a short 
discussion on the most likely path for this reaction.' The 
experimental results, obtained at 300 K and very low 
pressures, indicate that the only product is 
(PCH,)'+H, and agree on the value of the rate 
coefficient (kbim) I9.4 x lo-'' (Ref. 3) and 9.6 x lo-'' 
(Ref. 4) cm3 molecule-' s-'1. However, these studies 
do not provide any insight into the nature of the product 
(electronic state, molecular geometry) or into the 
reaction dynamics or values for the rate coefficient at 
lower temperatures, which are much needed in the 
modelling of interstellar space chemistry.6 The theoreti- 
cal study ' concentrated on a search for the saddle point 
for this process, but the theoretical level employed 
(unrestricted Hartree-Fock theory '), that neglects the 
so called dynamic and, to some extent, static electron 
correlation, was not adequate to lead to reliable 
conclusions. 


It should also be pointed out that the reaction of P' 
with methane is interesting on its own merit, in order to 
understand the dynamics of gas- phase reactions involv- 
ing small molecules. We have already studied, using a 
method similar to that employed in this work, the 
reactions of P' with water and Si' with ammonia.8s9 
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One of the conclusions of these studies was that the 
experimental values of the rate coefficients correspond- 
ing to the whole bimolecular process (kbim),  cannot be 
reproduced without correcting the rate of the capture 
step (k , )  with a factor f representing the fraction of 
PES which become nearly degenerate at infinite separa- 
tion of the reactants and are attractive. In addition, we 
concluded that the nature of the PES (repulsive or 
attractive) should be identified by taking into account 
their height throughout the reaction path, not just at 
large separations of the reactants.' Dateo and Clary" 
suggested that the rate coefficients for reactions of open- 
shell ions with molecules will normally obey the rela- 
tion k, > kbim > fk , ,  but it is not clear which factors may 
eventually bring kbim closer to k,. In this respect, the 
reaction of P' with methane is especially interesting, 
because it has been found that the experimental rate 
coefficient (obtained at 300 K) is close to a capture rate 
computed using a model that includes the charge- 
induced digole interaction (11-5 x lo-'' cm3s-' 
molecule-'), in contrast to the reaction of P' with 
water for i n~ tance .~ .~  


In this work, we employed a method advocated by 
Phillips"-'3 for computing rate coefficients for gas-phase 
reactions without activation energy, in the low-pressure 
limit. It consists of two steps. First, we use an approxi- 
mate classical trajectory method that can incorporate all 
relevant contributions to the long-range potential, and 
chemical interactions through a Morse potential to 
compute the capture rate and also the energy distribution 
of the collision ~omplex; ' '~ '~ in this particular case, we 
take into account charge-induced dipole and 
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charge -quadrupole potentials and a Morse potential 
determined through ab initio computations . In the second 
step, we employ the energy distribution, in addition to 
microscopic rate coefficients [ k ( E ) ] ,  to compute canoni- 
cal rate coefficients [k(T)] .  The microscopic rate 
coefficients k ( E )  are obtained by computing the density 
and sum of states through the Beyer-Swinehart algorithm 
as implemented by Gilbert.I4 Details of the procedure are 
given in Refs 11 and 13-16. An appealing feature of this 
method is that it requires only the computation of the 
critical points of the PES , namely some local minima and 
saddle points; this computation, however, must be made 
accurately, as Gilbert and Smith" have strongly emphas- 
ized. Nowadays this is possible for small- and medium- 
sized molecules for instance through the Gaussian-1 
(Gl) and Gaussian-2 (G2) methods developed by Pople 
and co-workers.'7*'8 


DETAILS OF THE AB INITIO COMPUTATIONS 
As we stated in the Introduction, we employ the G1 and 


/ 1 . 0 7 8  
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H 
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G2 for the computation of the important 
points of the PES, but introducing a few minor 
modifications. It should be recalled that the G1 and G2 
methods are based on the approximate separability of 
several contributions to the electronic energy that can be 
written as corrections to the energy of a basic level of 
computation. Geomemes have been optimized at several 
levels of computation, but we have normally made use 
of those computed at the MP2(fu11)/6-31G* level 
(second-order M@ller-Ple~set'~ theory with the 6- 
31G* basis set,*' including all electrons in the correla- 
tion computation) in order to carry out the computation 
of the electronic energy with correlated methods. 
However, some minima and saddle points have been 
located with other methods such as multiconfiguration 
Hartree-Fock (MCSCF) within the complete active 
space formulation (CASSCF) [2 1 1, and quadratic 
configuration interaction ,22 which we consider more 
reliable where there are significant static correlation 
effects. We have normally employed the vibrational 
frequencies determined at the MP2(fu11)/6-31G* level 
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Figure 1. Continued 
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using analytical gradient techniques. For open-shell 
species we have computed the A E ( + ) ,  AE(2df) and A 
corrections using spin-projected Mlbller-Plesset (MP) 
valuesz3 instead the un rojected values in the original 
G l  and G2 theories.17*' The computations were made 
with the Gaussian-90 program package," except for the 
MCSCF computations, which were carried out with the 
GAMESS 


RESULTS AND DISCUSSION 
We do not intend here to provide very detailed infonna- 
tion about the lowest PES of the (PCH,)' system; we 


only made accurate computations on the minima and 
saddle points which are likely to be involved the the 
dynamics of the reaction of P + with water. In any case, 
all details of our computations are available upon 
request. 


There are two relevant minima in the lowest mplet 
PES. PCH,+(3A,) can be considered basically as 
ion-molecule complex formed by P+  and methane; 
however, there is an incipient but relatively strong 
P-H bond (see Figure 1). It must be pointed out that 
the molecular geometry shown in Figure 1 for this 
system was obtained at the MCSCF/6-31G** level, 
using a complete active space formulation" with six 
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Figure 1. Geometries (A and degrees) of the most relevant minima and saddle points of the potential surface corresponding to the 
(PCH,)' system computed at the MP2(full)/6-3lG* level, except for PCH,+('A,) and TSB(H,)('A') which were located at the 
MCSCF/6-31G* level. Geometrical parameters not shown in the figure are as follows. HPCH,'('A): r(CH,)=1.096, 
r(CH,)= 1.179, r(CH,)= 1.089, <PCH,= 115.3, <PCH,= 102.3, <HPCH,=75.2, <HPCH,= -37.1, <HPCH, = 190.7. 
HPCH,+(,A"): r(PH) = 1.406, r(CH,) = 1.094, r(CH) = 1.093, <HPCH = 180, <HPCH, = 60.6. TS(H,)(,A"): r(CH,) = 1.092, 
<PCH,H, = 105.8, H,H,C =56.0. TSA(H,)('A'): r(CH,) = 1.096, <CH,H, =65.2, <PCH,H, = 116.4. TS(H)('A): r(CH,) = 1.1:4, 
<HPCH,= 10.8, <PCH,H,= 180.7, <PCH,= 125.8, <PCH,= 118.1, <H,PCH2=99.1. TSB(H,)('A') ): 


<H,PCH, = 180, <HPCH,, = i25.9 
(MCSCF/6-31G 
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electrons for five orbitals. However, the G1 and G2 
computations were made using the MP2(fu11)/6-3 1G* 
geometry, for coherence with of the rest of the species. 
The main difference between the two geomemes is that 
the latter has a PHC bond angle of 107' rather than 
180', owing to the inability of the Moller-Plesset 
method to deal correctly with orbital near-degeneracy 
effects. Variation of the PHC angle, however, does not 
produce a significant change in the electronic energy 
energy, but it is important for the kind of dynamic 
calculation we pursue because of its effect on the 
rotational constant. The lowest three vibrational fre- 
quencies used in the dynamic computations were taken 
from the MCSCF/6-31G** computation. Basis set 
superposition effects26 are not important because of the 
relatively large basis sets employed in the G1 and G2 
methods; besides, the P-H bond is so strong that the 
mere definition of superposition error is unclear. 


The other important minimum on the triplet PES is 
HPCH,+(3A"), which has a single P-C bond and lies 
46.6 kcal/mol-' (1 kcal = 4.184 kJ) below the ground 
state reactants (see Table 1). The collision complex 
PCH, + (,A2) may isomerize into HPCH,+ (3A") via the 
transition state TS(H)(,A"), which is a saddle point on 
the PES of the 3A" electronic state. 


We studied two minima on the PES corresponding to 
the lowest singlet electronic state: HPCH, + ('A) that has 
a single P-C bond, and H,PCH,+('A,), of C,,, sym- 
metry, that has a double P-C bond. Both are 
connected by the transition state TS (H) ( 'A). 
HPCH,'('A) is 23.9 kcal mol-' lower than the corre- 
sponding triplet species HPCH,+ (,A"); H,PCH,+ ('Al) 
is the most stable species of the (PCH,) + system. 


PCH,+(3A,) can be considered as the collision com- 
plex, it can dissociate directly into PCH,+(3A,) through 
TS(H,)(,A"), dissociate back into the reactants or 
isomerize into HPCH,'(,A") through TS(H)(3A"); in the 


last process an intersystem crossing process (ISC) may 
take place, givin HPCH,'('A). HPCH3+(3A") may also 


back into PCH,+(3A,). The saddle points TS(H,)(,A") 
and TS(H)(3A") lie just -5.2 and -8.6 kcal mol-', 
respectively, below the reactants (see Table 1). 


According to our computations HPCH,'('A) will not 
dissociate directly into PCH,+ ('A '), because the corre- 
sponding saddle point TSA(H,)('A') appears to be 
higher in energy than the reactants and TS(H)('A) [i.e. 
the transition state for isomerization into the most stable 
species H,PCH,+('A,)] is much lower in energy. The 
latter species may produce PCH,+( 'A,) through the 
other transition state for hydrogen elimination on the 
singlet PES, TSB(H,)('A'), that lies -40.2 kcal mol-' 
below the reactants. Given that TS(H)('A) and 
TSB(H,)('A') are so low in energy, the process 
HPCH, + ('A) + PCH, + ('A + H, is very fast, as we 
have checked by dynamic computations. In other words, 
intersystem crossing should end up, according to our 
results, in a quick dissociation into to the products in 
their singlet state. 


It must be noted again that several transition states 
appear to be close in energy to the reactants. This may 
raise doubts about the reliability of our computations. It 
has been suggested that the transition states should be 
located at the QCISD/6-311G** level as the best one- 
determinant based method, the HF and h4P2 levels may 
often be insufficient if the standard degree of accuracy 
of the G1 and G2 methods is sought.,' For this reason, 
we relocated the saddle points TS(H,)(3A") TS(H)(,A") 
and TS(H,)('A') at other levels of comfutation, namely 
MCSCF/,6-31G, MP2(fu11)/6-3lG' -, MP2(full)/ 
6-311GY* and QCISD/6-311GX", but it turned out 
that the relatively small variation of the geometry does 
not produce a change in the electronic energy greater 
than the expected accuracy of G1 and G2 computations. 


produce PCH,+( 9 A,) through TS(H,)(,A"), or isomerize 


Table 1. G1 and G2 electronic energies (in hartree, without zero-point vibrational energies 
(ZPVE)], ZPVE (in kcal mol-I) and relative energies (in kcal mol-I) with respect to ground- 


state P' + CH,' 


Species GI G2 ZPVE AGl AG2 


P'('P)+CH,('A,) 
PH+(~II )  + CH,(,A,) 
PCH, + ( 'A")  + H,( 'Zg 
PCH,+('A,) +H,('C, 
PCH, + ( 3 ~ 2 )  


HPCH, + ('A" ) 
HPCH, + ( ' A )  
H,PcH,+(~A,) 


TS (H) ('A " ) 
TSA(H?)(~A') 
TS(H)( A )  
TSB (H,)(~A')  


TS(Hz)('A") 


-380.88744 
-380.83490 


+) -380.88938 
+) -380.94435 


-380.93431 
-380.95984 
-380.99755 
-38 1.01 841 
-380.88816 
-380.89538 
-380.87462 
-380.97695 
-380.94530 


- 380238994 
-380.83811 
-38049 188 
-38049 188 
-380.93548 
-380.96309 
-38 1.00033 
- 38 1.02077 
-380.89060 
-380.89811 
-380.87689 
-380.97901 
-380.947 16 


29.1 
22.8 
21.7 
20.6 
28.9 
28.4 
27.9 
27.6 
24.3 
25.6 
25.8 
26.6 
24.8 


0.0 
22.6 
-8.7 


-44.2 
-29.6 
-46.1 
-70.3 
-83.7 
-5.3 
-8.5 


4.7 
-58.4 
-40.6 


0.0 
26.2 
-8.7 


-43.9 
-28.8 
-46.6 
-70.4 
-83.6 
-5.2 
-8.6 


4.9 
-58.4 
-40.2 


aMP2(fu11)/6-31G* geometries were used in all cases. 
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Schemes 1 and 2 illustrate the reaction paths we have 
proposed. 


Note that the triplet-singlet conversion (ISC) may 
take place either during the PCH,+ (,A,)* HPCH,+ (3A'f) 
isomerization process or after HPCH,+(,A") is formed . 
While the lowest singlet state is 35 kcal mol - I  higher in 
energy than PCH,' (,A2) at the MP4/6-311G' level, 
it lies clearly below TS(H)(,A"), i.e. the PES corre- 
sponding to the lowest singlet and triplet electronic 
states cross at some point along the reaction coordinate. 
This situation may trigger a non-adiabatic process (ISC) 
resulting in HPCH, + ('A), through spin-orbit coupling 
between the singlet and triplet electronic states. The 
HPCH,+(,A") *HPCH, +( 'A) transition may be 
prompted by the wide energy gap between the two 
species (23-8 kcal mol-I), and by the fact that, accord- 
ing to our dynamic computations, the triplet state would 
be relatively long-lived, its average lifetime at 300 K 
being 1300 ps. 


Unfortunately, a reliable computation of the rate 
coefficients for ISC in a complex molecule is a very 
difficult task,I5 and is at present beyond our capabilities. 
However, we shall try to show that by combining our 
theoretical results with the experimental results, one 
may draw some conclusions about the role of inter- 
system crossing which, although only tentative, still 
help in understanding the dynamics of this reaction. 


As we have stated above, whenever HPCH,+('A) is 
formed, fast isomerization into H,PCH,+ ( 'Al )  will 
follow; this species will immediately dissociate into the 
products in their singlet state. This implies that the 
reaction dynamics are controlled by the collision step 
(k,), the dissociation into the reactants (kd) and pro- 


ducts (k,,,), the PCH4+(3A,)*HPCH3+(3A") iso- 
merization (k,,, k-,,,), dissociation of HPCH, +(,A") 
into products (k,) and the intersystem crossing [k,,,(,, 


The collision step was studied by means of an approxi- 
mate classical trajectory method that incorporates 
contributions from ion-induced dipole and 
ion-quadrupole interactions that account for the long- 
range potential, and also 'chemical' interactions through a 
Morse potential obtained by fitting an ab initio energy 
profile obtained at the PMP2/6-311G(2df,p) level (spin 
projected second-order M@ller-Ple~set~~). It must be noted 
that this approach gives a capture rate for 300 K hi her 
than the value reported by Smith et al., (k, = 1.15 cm s 
molecule-'), due almost entirely to the lack of 
ion-quadrupole interactions in the latter computation. 


An important question should be raised when one 
includes the capture step in a dynamic scheme such as 
that shown in Scheme 1, namely whether k, should be 
corrected for the fraction of attractive PES that is nearly 
degenerate at large separations of the reactants. 10~'2 CIS/ 
6-31 1G"" computationsz (a configuration interaction 
method including single substitutions of the reference 
determinant) on the geometry of PCH,+(,A,) indicate 
that the two lowest excited triplet states lie 
28.5 kcal mol-' above the reactants, even though they 
have virtu41y the same energy as the ground state for 
r(PH)>S A. One is tempted to correct k with a factor 
f =  1/3, but then the upper limit for the total rate 
constant would be kbi, = k,/3. Given that k, is computed 
fairly accurately,'2 and our value for 300 K is 
1-29 cm3 s-' molecule-', the resulting upper limit is 
inconsistent with the experimental results 


and k,sco,l: 


9 - 1  


/ 


/ kI& ( 2  ) 
k l  Y' 


HPCH3+ ( 'A ) - 
t 


TS(H) ( l ~ )  


/ 
.1 


H2PCHZ+( 'A1 -TSB (H2 1 ( 'A 1 


Scheme 1. Possible reaction paths for the reaction of P' with methane 
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I TS(H)(3Ai") 


I I 
I I I 


I ; -46-6 


-0.7 


I-=- 


-70.4 \ -83.61 


H2Cn2+('$) 


Scheme 2. Energy diagram for the reaction of P+ with methane. Energies in kcal mol-' 


[kbi, = 9-4 x lo-'' (Ref. 3) or 9.6 x lo-'' cm3 s-' 
molecule-' (Ref. 4)]. We may conclude that the system 
is probably complex enough that relaxation into the 
electronic ground state is fast, although we must also 
admit that we cannot be sure the relaxation is complete. 


Computation of k, presents several difficulties. First, 
there is no saddle point for this process; in order to 
determine the transition state we used variational 
transition-state theory in its canonical this was 
done for each temperature that we selected in the 
present study. Another difficulty is the treatment of two 
internal degrees of freedom corresponding to the motion 
of the CH, group about the P-C axis; for low values of 
r(PH) the potential is still deep and these motions 
behave like vibrations, and when the P-H distance 
increases they behave more like rotations. In order to 


deal with the changing nature of these internal degrees 
of freedom, we employed a sinusoidally hindered rotor 
model, including also steric interactions through a hard 
sphere model, as proposed by Schmidt and Gilbert and 
co-workers (see Refs 15 and 16 for details), in a com- 
putation that explicitly conserves angular momentum. 
The variationally detepined transition states lie very 
close to r(PH) = 4.8 A for all temperatures except t\e 
very low ones, where it moves up to r(PH) = 5.1 A. 
Another difficulty, which we did not confront in the 
present study, is the inclusion of quantum states corre- 
sponding to the two electronic excited states that 
become nearly degenerate to the ground state for high 
r(PH). It must be noted, however, that the location of 
the corresponding PES combined with the results of the 
variational determination of the transition states suggest 
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that inclusion of the quantum states coming from the 
excited electronic states would reduce the r(PH) dis- 
tance of the transition state, but the kd values should not 
increase significantly. 


Table 2 presents some of the results of our computa- 
tions. The third column contains the results obtained 
without taking into account ISC [k,,(,, = 0, klSc,,, = 01. 
The value for 300 K is clearly lower than the expen- 
mental values. Given that (i) the computation of 
TS(H)(3A") and TS(H,)(3A") can be considered 
accurate and (ii) the k d  values could be slightly lower 
than the exact values, we consider this difference 
between the computed and experimental results to be 
significant, clearly suggesting-that ISC may indeed play 
a role in this reaction. 


This result was not unexpected, as we had already 
concluded that the most important reaction intermediate 
in the reaction of P +  with water is HPOH+('A'), which 
is produced from the collision complex via ISC.' 


In order to gain more insight, we propose two simple 
models to deal with ISC in this case. 


(a) We have defined a combined isomerization and 
ISC microscopic rate coefficient for PCH,+(,A,) as 


where 5 is constant and P represents the probability of 
ISC relative to the adiabatic isomerization process. An 


(1 - P)k,,(E) + PkISC(I)(E) with kISC(l,(E) = tk,,,(E>, 


Table 2. Computed rate coefficients for the com lete reaction, 
k,,, and the capture step, k,, in units of cm3 s-! molecule-', 
for the two models employed (see text)" 


kblm x lo9 


T/K k, x lo9 kISC,l.*, = 0 kISC, ,  = 0 kl,,, = 10l2 


40 1.65 1.61 1.63 1.63 
60 1.55 1.48 152  1.52 
80 1 -49 1.40 1.45 1.45 
100 1.44 1.15 1.30 1.30 
120 1.40 1.04 1.24 1.24 
140 1.38 1 .oo 1.19 1.38 
160 1.36 0.93 1.12 1.13 
180 1.34 0.88 1.09 1.09 
200 1.33 0.85 1.05 1.06 
220 1.32 0.82 1.03 1.03 
240 1.31 0.79 1 .oo 1.01 
260 1.31 0.77 0.98 0.99 
280 1.30 0.74 0.97 0.98 
300 1.29 0.72 0.96 0.96 
340 1.29 0.69 0.93 0.93 
420 1 *27 0.64 0.88 0.88 
580 1.25 0.58 0.81 0.81 
800 1.22 0.52 0.74 0.73 
lo00 1.19 0.49 0.68 0.67 


'For the capture model w~ employed a=2.567x 10-"cm3 and 
Q,= Q,w = Q, = -8.41 DD A for CH,. Details of the computations, 
such as vibrational frequencies, are available from the author on 
request. 


alternative way of writing the former expression is 
(1 + a)krs2(E); for simplicity we consider a to be 
independent of E, it is just a parameter that we select for 
coincidence between the computed and experimental 
kbi,(300 K )  values. In this model &-(,, = 0, i.e. the rate 
constant for the ISC process HPCH,+(,A") 
+ HPCH, + ('A) is set to zero. 


(b) We use the same model but this time we take 
k,,(,, = loi2 s-'. We found that for k,,,(,, > 101*s-' and 
a=O, the computed rate constant reaches a limit 
kbim(300 K ) = 9 . 1  x lo-" cm3s-l molecule-', still 
lower than the experimental result. Now we also vary a 
until we find agreement between the computed and 
experimental values of kbim (300 K). 


The computed values of kbim are given in Table 2. 
Both models produce basically the same rate constants 
and very similar average lifetimes for PCH4+(,A,), not 
only at 300 K (as it must be according to the definition 
of the models) but for the whole range of temperatures. 
k,, increases only slightly with decrease in temperature, 
because of both the increase in the capture rate and the 
decrease in kd(E),  which is much faster than in the case 
of the other rate coefficients of PCH4+(3A,); both effects 
are not unexpected.', The difference between the capture 
and total rates increases with increase in temperature; it 
is clear that for low temperatures the reaction dynamics 
are fully determined by the capture step. 


It must be pointed out that the average lifetime of 
PCH4+(3A,) ranges from 16 ps at 40 K to 5 ps at 
1000 K, hardly depending on the model employed. 
However, the lifetime of HPCH,' (3A") is extremely 
sensitive to the values of kISC(,) and can range from 
1300 ps for kIs,(,,=O to just about 1 ps for 
klscCz, = lo', s-'  (300 K); in other words, in the absence 
of the second ISC process, this species should be 
relatively long-lived, as we pointed out above. 


CONCLUSIONS 
We have carried out a theoretical study of the reaction of 
P+ with methane, by means of an approach that 
combines an approximate classical trajectory method and 
RRKM theory. In order to apply it, we computed the 
most important minima and saddle points on the PES 
corresponding to the lowest, lying singlet and mplet 
electronic states at the G1 and G2 levels of theory. 


The experimental value of the rate coefficient, that 
was obtained at 300 K, could not be explained without 
assuming that intersystem crossing takes place. This 
hypothesis is supported by our experience with the 
reaction of P + with water. 


Our computations also suggest that whenever the 
singlet state is generated it will very quickly dissociate 
into the products. 


We have presented computed values of kbim for a wide 
range of temperatures, ranging from 40 to 1000 K. 
There is only a moderate increase in reaction rate with 
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decrease in temperature, which is prompted by the 
increase in the capture rate and by other dynamic 
effects. 
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THEORETICAL STUDY ON STRUCTURES AND INTERNAL 


SULPHUR, SELENIUM, AND TELLURIUM HOMOLOGIES 
(Me,NC(O)YMe, Y = 0, S, Se, Te) 


ROTATIONS OF METHYL N,N-DIMETHYLCARBAMATE AND ITS 


WLADMIR FERRAZ DE SOUZA, NOBUAKI KAMBE" AND NOBORU SONODA" 
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565, Japan 


A theoretical study on the structures and internal rotations of methyl N,N-dimethylcarbamate and its sulphur, 
selenium and tellurium homologues [Me,NC(O)YMe, 1 (Y =O) ,  2 (Y =S), 3 (Y =Se), 4 (Y =Te)] was 
performed by means of ab initio molecular orbital calculations at  the MP2/3-21G(*)//HF/3-21G(*) level. 
These calculations indicate that 1-4 are all planar with Z-conformation with respect to the central bonds of 
their 0-C-Y-Me units, whereas the corresponding E-forms are transition states for rotation about Y-C(0) 
bonds which have energies higher than the E-forms by 20.6, 15.4, 13-9, and 9.6 kcalmol-I, respectively. The 
energy of 1 increases monotonically from the Z-form to the E-form with rotation about the Y-C(0) bond, but 
in 2-4 a transition state and a local minimum were found between the two forms. This different phenomenon for 
1 compared with its homologues 2-4 arise mainly from the large steric repulsion between a methyl group on the 
nitrogen and that on the oxygen in E-1. Optimization of the transition states (TS, and TS,) for rotation about 
N-C(0) bonds showed that TS, is favoured by 2-4 but disfavoured by 1 owing to the repulsion between lone 
pairs on the nitrogen and oxygen atoms in its TS,. The barriers for rotation about N-C(0) bonds were 
estimated to be 16.1,14.7, 14.7, and 15.7 kcal mol-' for 1,2,3,4, respectively. 


INTRODUCTION 
Heteroatomic compounds have been widely employed 
as important reagents in modem synthetic reactions, 
allowing novel transformations with the aid of the 
characteristic chemical properties of the heteroatoms. In 
the course of our studies on the chemistry of chalcogen 
elements, we have developed unique preparative 
methods for thio-, seleno-' and tellurocarbamate~~ and 
also demonstrated the potent synthetic utility of telluro- 
carbamates as nucleophilic carbamoylation reagents.3b*' 
In this paper, we report the results of a theoretical study 
on the structures and conformations of methyl N , N -  
dimethylcarbamate and its sulphur, selenium, and 
tellurium homologues [Me,NC(O)YMe, 1 (Y = 0), 2 
(Y = S), 3 (Y = Se), 4 (Y = Tell. 


As related compounds to carbamates, amides have 
attracted much attention from their confonnational aspects 
inasmuch as they serve as prototypes of important poly- 
peptides and  protein^.^ Many experimental and theoretical 
studies on amides have shown that they are planar or very 


' Authors for correspondence. 
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close to planar.'-' This phenomenon has been explained 
by the conjugation between the carbonyl group and the 
nitrogen.' However, recent theoretical calculations 
revealed that the rotation about N-C(0) bonds causes 
little change in the C=O bonding, suggesting that such a 
resonance contribution may not be important.'.' 


Esters have two stable planar structures, i.e. E- and 
Z-forms with respect to the central bond of the 
O=C-0-R unk5 In contrast to amides, it is difficult 
to measure the rotational barrier or energy difference 
between these two forms since the equilibrium is 
generally biased far to the Z-form. However, for some 
simple compounds, E-Z energy differences and bar- 
riers between them have been estimated 
experimentally lo and theoretically," showing for 
example that Z-forms are more stable than the others by 
about 3.9'0' or 4.8Inb kcalmol-l (1 kcal = 4.184 kJ) for 
methyl formate and about 8.5 kcalmol-' for methyl 
acetate lob-' " with barriers of ca 
7-15 kcal mol-'.l"b-"."" The E - Z  energy differences 
decrease appreciably in polar solvents."b 


Carbamates, which include both amide and ester 
frameworks, are also important compounds since the 
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NCO, skeleton often appears in bioactive compounds, 
such as anticonvulsants, local anaesthetics, sedatives, 
hypnotics and muscle relaxants,I2 and in significant 
industrial materials such as polyurethanes. l3 However, 
in contrast to the extensive studies on amides and esters, 
much less attention has been given to the structures of 
~arbamates. '~. '~ X-ray 13a~'4a,b and theoretical it-h studies 
have shown that carbamate frameworks are also planar 
or nearly planar. Conformational interest in carbamates 
is focused mainly on the rotation about their N-C(0) 
bonds, for , which several theoretical'"-" and 
experimental I-' data are available, but little attention 
has been paid to rotation about their 0-C(0) bonds. 
As for their analogues, several thio- and dithiocarba- 
mates, which also have interesting pharmacological 
activities, such as antibacterial, anticholinergic, antido- 
tal, antifungal, antivirial, herbicidal, local anaesthetic 
and tuberculostatic activities,'2.'5.'6 have been 
studied, 14c*f,j-o but selenium'" and tellurium analogues 
have scarcely been reported. 


COMPUTATIONAL METHOD 
Molecular orbital calculations were performed with ab 
initio methods using the theoretical calculation package 
Spartan Versions. 2.1 and 3.1. (Wavefunction, Irvine, 
CA, USA) All structures were optimized at the 
Hartree-Fock level of theory using 3-21G(*) basis 
sets, '' since these afford sufficiently reliable structures 
and energies,IM although more accurate values may of 
course be obtained by calculations at higher levels of 
theory with larger basis Structures at stationary 


points were fully optimized without any constraint and 
their energies were calculated also with the second- 
order M#ller-Plesset perturbation theory (MP2). '' 


RESULTS AND DISCUSSION 


Structures of 1-4 
As mentioned above, many studies reported so far on 
the structure of carbamates, amides and esters indicate 
that the central framework of Me,NC(O)YMe is 
(nearly) planar, having a nitrogen with sp2 hybridiz- 
ation. As for the geometries of their ester fragments 
(03-C2-Y 1-C7), both E- and 2-forms are expected 
to exist as stable conformers (Figure 1). We therefore 
first attemptsd to optimize both forms of 1-4 at the 
HF/3-21G(') level, but no energy minima were found 
for E-forms for any of the compounds. However, 
structure optimization of E-forms adopting C, sym- 
metry afforded transition states with one negative 
frequency which corresponds to rotation about their 
Y 1-C2 bonds in the case of 2-4 (see below). Similar 
calculations with 1 gave a structure which had two 
negative frequencies corresponding to rotations about 
Yl-C2 and N4-C6 bonds. However, a transition 
search approach for 1 with C1 symmetry afforded a 
slightly distorted E-form as a transition state for 
Yl-C2 rotation. These phenomena are in great contrast 
to those of esters, which usually have local minima for 


All the compounds 1-4 have stable Z-forms, but 
small geometrical differences in their optimized struc- 


~ - f ~ r m s . ~ . l ~ ~  


1Y1=0 
2Yl=S 
3Y1 =Se 
4 Y1 =Te 


2-form E-form 


Figure 1. Conformations of Z- and E-forms of 1-4 
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tures were observed between 1 and heavier analogues 
2-4, i.e. (Z)-1 is completely planar whereas the Z- 
forms of 2-4 are slightly distorted, having small 
dihedral angles of 03-C2-Y 1-C7. Optimization of 
the Z-forms of 2-4 adopting C, symmetry led to saddle 
points which have a slightly higher energies than the 
ground states by 0.01, 0.04, and 0.03 kcalmol-I, 
respectively. However, such deviations from complete 
planarity in the case of 2-4 may be chemically 
insignificant since the energy differences are very small. 


In Table 1 are listed some geometrical parameters of 
the optimized structures. The structure of (Z)-1 
obtained is very close to a reported structure optimized 
at the HF/6-31Gw leveli4d and also to structures of 
similar compounds determined by x-ray analysis. 13a~14a*b 
In the Z-forms of 1-4, the nitrogen atoms are planar 
and the C5-H8 bonds are (nearly) eclipsed to the 
C2-N4 bonds. As for the conformation of C6-methyl 
groups, one C-H bond is eclipsed to the C2-N4 bond 
in 1, but is nearly perpendicular in 2-4. 


The E-forms are all saddle points, as mentioned 
above, probably owing to the steric repulsion between a 
methyl group on N4 and that on Y1. The relative 
energies of the E-forms in comparison with the Z-forms 
are listed in Table 2. The E-2 energy difference 
decreases as Y becomes heavier, i.e. 20-6, 15.4, 13.9, 
and 9.6 kcalmol-' for 1, 2, 3 4, respectively, which 
might represent rotational barriers about Y 1-C2 bonds 
(see below). 


Rotation about Yl-C2 bonds 
In order to reveal the energy profile for the rotation 
about Yl-C2 bonds, the structures of 1-4 were 
optimized adopting constrained values for the dihedral 
angle a defined by 03-C2-Yl-C7 (Figure 2), 
which was increased step by step from 0" to 180" (up to 
210" in the case of 1). The relative energies of these 
optimized structures calculated at the Hartree-Fock 


level are plotted in Figure 3. It is interesting that the 
energy of 1 increases monotonically (up to ca 210" in 
the local minimum search), whereas 2-4 have transition 
states (TS,) with the Yl-C7 bond nearly perpendicular 
to the molecular plane ( a  = 95") and local minima (LM) 
with a = 115.6"-142.3". The relative energies and 
selected geometrical parameters of these stationary 
points are given in Tables 2 and 3, respectively. 


Local minima searches with a constrained a of 180" 
afforded optimized structures having CI symmetry 
which have lower energies than their E-forms by 1.5, 
0.6, 0.02, and 0.01 kcalmol-I for 1, 2, 3, 4, respect- 
ively, at the Hartree-Fock level. In the cases of 1 and 
2, the optimized structures are appreciably distorted 
from C, symmetry. Figure 4 shows the structure of 1 
optimized with a = 180" in which the nitrogen loses 
planarity, probably owing to steric repulsion between a 
methyl group on N4 and that on 01.  The importance of 
such repulsion is clearly evidenced by comparison with 
methyl carbamate (5, H,NCO,Me), for which such 
repulsion is not expected even in its E-form. When 
similar calculations were performed with 5 ,  the E-form 
having C, symmetry became a local minimum 
(10.7 kcalmol-I higher than the 2-form) and a transi- 
tion state (1 1.4 kcal mol -I higher than the 2-form) was 
found between the E-and Z-forms, as shown in Figure 
3. This energy profile is very similar to that of 
0-C(0) rotation of methyl acetate reported recently," 
where the 2-form is preferred over the E-form by 
9.4 kcalmol-' at the HF/6-31 +G** level with a 
transition state cu 13 kcal mol - I  higher than the Z-form. 
Evidence that the curve for 5 is almost superimposable 
on that of 1 within the range of 0" < u < 90" indicates 
that repulsion between these two methyl groups plays an 
important role when u>90". Another approach was 
adopted in order to include this repulsion more naturally 
in the energy diagram. When the structure of 1 was 
optimized with a constrained dihedral angle of 
C6-N4-01-C7 (p),  a very smooth energy profile 


Y 


LM and TS, TSll TSS 


Figure 2. Conformations of LM, TS,, TS,, and TS,. Hydrogens are omitted for clarity 
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Figure 3. Energy profiles for rotation about Y 1-C2 bonds of 1-4 and methyl carbamate 


from the E-form to the Z-form was obtained as shown 
in Figure 5. 


The E-Z energy differences decrease in the order 
1>2>3>4,  which is the opposite to the order of the 
C6-C7 atomic distanceso of the E-forms, i.e. 2.937, 
3.056, 3.133, and 3.455 A, respectively. This may also 
suggest that repulsion between these two methyl groups 
is one of the major factors in the E-2  energy 
differences. 


The transition states ( T S , )  of 2 and 3 are apparently 
more stable than their E-forms, and the TS, of 4 has 
almost the same energy as the E-form, indicating that E- 
forms are transition states for rotation about Yl-C2 
bonds. The rotational barrier of 20.6 kcal mol - I  


obtained for 1 is larger than the corresponding rotational 
barrier of 7-15 kcal mol-' reported for esters.lob-".'la 


However, its homologues 2-4 have similar barrier 
heights to those of esters. 


Rotation about N4-C2 bonds 
It is known that amides have two kinds of transition 
states for their internal rotation about N-C(0) bonds, 
i.e. TS, and TS,, which have a lone pair on the nitrogen 
arzti and syrz to the carbonyl oxygen, respectively (Figure 
2).9 For 1-4, the structures of TS, and TS, were optim- 
ized adopting C, symmetry. Selected structural 
parameters and relative energies from their Z-forms are 
summarized in Tables 3 and 2, respectively. These 
calculations showed that 2, 3, and 4 preferred TS, than 
the other by 3.3, 2.0, and 1.8 kcalmol-l, respectively. 
Here also 1 is unique from others, i.e. TS, is more stable 
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Table 2. Relative energies in kcal mol-' calculated at the HF (MP2) level 


Structure 1 2 3 4 


Z - F O ~  0 (0) 0 (0) 0 (0) 0 (0) 
E - F o ~  21.0 (20.6) 14.4 (15.4) 12.7 (13.9) 8.4 (9.6) 


10.0 8.6 8.6 
9.8 8.4 7.4 


18.5 (16.1) 17.3 (18.0) 17.3 (16.7) 18.2 (17.5) 
TS" 20.2 (17.7) 13.5 (14.7) 14.2 (14.7) 14.6 (15.7) 


3 
TS, 


Figure 4. Optimized structure of 1 with the dihedral angle 
03-C2-01-C7 (a) fixed at 180' 


than TS, by 1.6 kcalmol-'. Similar calculations on N,N- 
dimethylformamide (DMF) and N,N-dimethylacetamide 
(DMA) showed that the TS, conformations are more 
stable than the others by 0.79 and 3.8 kcalmol-', 
respectively, which are in good agreement with the 
reported values of 0.23 (DMF) and 4.0 kcal mol -' 
(DMA), calculated at the MP2/6-31 +GX* leveLx The 
bond angles of Yl-C2-N4 of TS, for 2-4 are larger 
than those of corresponding TS, by 3.5, 4.2, and 61",  
respectively, but smaller by 1.4' in the case of 1. This 
result may suggest that the unique properties of 1 arise 
from repulsion between the lone pair on 01 and that on 
N4 resulting in destabilization of its TS,. 


From the data in Table 2, rotational bamers about 
N4-C2 bonds, i.e. energy differences between the 
lower transition states and the ground states (Z-forms), 


2 5 1  
kcallmol 


20 - 
€ 
.g 
dl 15- 
8 
0 


5 
.- - e 10- 


d 
!2 


5 -  


0 
0 50 LOO 150 200 


B- 180 degree 


Figure 5. Energy profile for 1 with variation of dihedral angle 
C6-N4-01-C7 (/3) 


are estimated to be 16.1, 14.7, 14-7, 15.7 kcalmol-' 
for 1, 2, 3, and 4, respectively, indicating that chalco- 
gen atoms have less effect on the barrier of rotation 
about N4-C2 bonds than about Y1-C2 bonds. For 1 
and 2, there have been several experimental studies on 
internal rotation about N4-C2 bonds, but the barrier 
varies widely depending on the solvents,' concentra- 
tions, and methods employed for measurements. 
For example, A H *  values of 15.5-22.9 (1) and 
17.2-20.1 (2) kcal/rn~I-' , '~J. '  and AE* values of 
12.3-14.4 (1) and 13.0-14.5 (2) kcal m~l - ' , ' ~ " ' - "  have 
been reported. Concerning theoretical calculations, there 
is one report which dealt with the rotational barrier of 1 
but the transition state was not fully optimized.'"' Hence 
it may be difficult to compare the present results directly 
with reported values. 


Similar calculations on DMF and DMA at the M E /  
3-2lG(*)//HF/3-2lG(*) level gave rotational 
barriers (TS,) of 20.7 and 16.1 kcalmol-', respect- 
ively. These values are satisfactorily close to the 
reported barriers for DMF and DMA, i.e. 20.5 and 
18.5 kcal mol-' calculated at the MP2/6-31 + G"* 
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level’ and AE* values of 20-520 and 1 6 ~ 5 ~ ’  kcalrnol-’ 
determined experimentally in the gas phase,  respect- 
ively. These results indicate that our calculations afford 
sufficiently reliable rotational barriers. 


ACKNOWLEDGEMENTS 


A scholarship supported by the Ministry of Education, 
Science and Culture of Japan (No. 93ER-930696) is 
acknowledged. 


REFERENCES 


1.  (a) T. Mizuno, I. Nishiguchi and N. Sonoda, Tetrahedron 
50, 5669-5680 (1994); (b) T. Mizuno, I. Nishiguchi, T. 
Hirashima, A. Ogawa, N. Kambe and N. Sonoda, 
Tetrahedron Lett. 31,4773-4776 (1990); (c) N. Sonoda, T. 
Mizuno, S. Murakami, K. Kondo, A. Ogawa, I. Ryu and N. 
Kambe, Angav. Chem., Int. Ed. Engl. 28,452-453 (1989). 


2. (a) N. Sonoda, Pure Appl. Chem. 65, 699-706 (1993); 
’ (b) K. Kondo, M. Takarada, S. Murai and N. Sonoda, 


Synthesis 597-598 (1979). 
3. (a) T. Inoue, T. Mogami, N. Kambe, A. Ogawa and N. 


Sonoda, Heteroar. Chem. 4, 471-474 (1993); (b) T. 
Hiiro, T. Mogami, N. Kambe, S. Fujiwara and N. Sonoda, 
Synth. Commun. 20, 703-711 (1990); (c) N. Kambe, T. 
Inoue and N. Sonoda, Org. Synrh. 72, 154-162 (1993). 


4. E.g., see (a) S. L. Schreiber, Science 251, 283-287 
(1991); (b) G. Fischer and F. X. Achmid, Biochemistry 


5. E. L. Eliel, S. H. Wilen and L. N. Mander, Stereochemis- 
try of Organic Compounds, Chapt. 9 and lo., Wiley, New 
York (1994). 


6. For the structure of acetamide see, e.g. M. W. Wong and 
K. B. Wiberg, J .  Phys. Chem. 96, 668-671 (1992). and 
references cited therein. 


7. W. E. Stewart and T. H. Siddal, III, Chem. Rev. 70, 


8. K. B. Wiberg, P. R. Rablen, D. J. Rush and T. A. Keith, J. 


9. K. B. Wiberg and C. M. Breneman, J .  Am. Client. SOC. 


10. (a) S. Ruschin and S. H. Bauer, J .  Phys. Chem. 84, 
3061-3065 (1980); (b) C. E. Blom and Hs. H. Gunthard, 
Chem. Phys. Let?. 84, 267-271 (1981); (c) T. B. Grin- 
dley, Tetrahedron Lett. 23, 1757-1760 (1982); (d) H. 
Nakanishi, H. Fujita and 0. Yamamoto, Bull. Chem. SOC. 
Jpn. 51,214-218 (1978). 


11 .  (a) K. B. Wiberg and K. E. Laidig, J .  Am. Chem. Soc. 
109, 5935-5943 (1987); (b) K. B. Wiberg and M. W. 
Wong, J. Am. Chem. SOC. 115, 1078-1084 (1993). 


29,2205-2212 (1990). 


517-551 (1970). 


Am. Chem. Soc. 117,4261-4270 (1995). 


114,831-840 (1992). 


12. E.g. see (a) M. E. Wolff (Ed.), Burger’s Medical Chem- 
istry, 4th ed. Wiley, New York (1981); (b) A. Goth and P. 
A. Shore, Medical Pharmacology, 9th ed., Mosby, St 
Louis (1978). 


13. (a) J. Blackwell, J. R. Quay, M. R. Nagarajan, L. Born 
and H. Hespe, J. Polyni. Sci., Polym. Phys. Ed. 22, 
1247-1259 (1984); (b) J. Blackwell and M. R. Nagarajan, 
Polymer 22,202-208 (1981). 


14. (a) B. Sepehmia, J. R. Ruble and G. A. Jeffrey, Acta 
Crystallogr., Sect. C 43, 249-251 (1987); (b) B. H. 
Bracher and R. W. H. Small, Acta Crystallogr. 23, 
410-418 (1967); (c) M. Remko, Chem. Pap. 44, 
825-832 (1990); (d) M. Remko and S. Scheiner, J. Mol. 
Srrucr. Theochem 180, 175-188 (1988); (e) W. Caminati, 
A. C. Fantoni, L. Schafer, K. Siam and C. Van Alsenoy, 
J. Am. Chem. Soc. 108, 4364-4367 (1986); ( f )  R. Hilal, 
M. M. Hamed and H. Moustafa, Biophys. Chem. 25, 
17-25 (1986); (g) M. Remko, I. Sekerka and P. T. van 
Duijnen, Arch. Pharm. 317, 45-53 (1984); (h) C. H. 
Bushweller, P. E. Stevenson, J. Golini and J. W. O’Neil, 
J. Phys. Chem. 74, 1155-1159 (1970); ( i )  C. Yamagami, 
N. Takao and Y. Takeuchi, Aust. J. Chem. 39, 457-463 
(1986); (j) M. L. Martin, F. Mabon and M. Trienveiler, J. 
Phys. Chem. 85, 76-87 (1981); (k) T. Liljefors and J. 
Sandstrom, Org. M a p  Reason. 9, 276-280 (1977); ( 1 )  
S. Hoogasian, C. H. Bushweller, W. G. Anderson and G. 
Kingsley, J. Phys. Chem. 80, 643-648 (1976); (m) A. E. 
Lemire and J. C. Thompson, Can. J. Chem. 53, 
3732-3738 (1975); (n) P. T. Inglefield and S. Kaplan, 
Can. J. Chem. 50, 1594-1596 (1972); (0) C. H. Yoder, 
A. Komoriya, J. E. Kochanowski and F. H. Suydam, J. 
Am. Chem. Soc. 93,6515-6518 (1971). 


15. 0. Andersen, J. B. Nielsen and M. M. Jones, Pharmacol. 
Toxicol. 64,239-243 (1989). 


16. C. Safak, H. Erdogan and M. Ertan, Arch. Pharni. 321, 


17. (a) J. S. Binkley, J. A. Pople and W. J. Hehre, J. Am. 
Chem. Soc. 102, 939-947 (1980); (b) M. S. Gordon, J. 
S. Binkley, J. A. Pople, W. J. Pietro and W. J. Hehre, J. 
Am. Chem. Soc. 104, 2797-2803 (1982); (c) W. J. 
Pietro, M. M. Francl, W. J. Hehre, D. J. DeFrees, J. A. 
Pople and J. S. Binkley, J. Am. Chem. Soc. 104, 
5039-5048 (1982); for third- and fourth-row elements, 
see (d) K. D. Dobbs and W. J. Hehre, J .  Coniput. Cheni. 


18. E. T. Knight and L. C. Allen, J. Am. Chem. Soc. 117, 


19. (a) C. Mgiller and M. S. Plesset, Phys. Rev. 46, 618-622 


859-861 (1988). 


7,359-378 (1986). 


4401-4402 (1995). 


(1934); (b) J. S. Binkley and J. A. Pople, Inr. J .  Quantum 
Chem. 9,229-236 (1975). 


20. B. D. Ross and N. S. True, J. Am. Chem. Soc. 106, 


21. B. D. Ross, N. S .  True and G. B. Matson, J. Phys. Chem. 
2451-2452 (1984). 


88,2675-2678 (1984). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9,795-800 (1996) 


MECHANISM OF SOLID-SOLID RESOLUTION OF PANTOLACTONE 


GERD KAUPP* AND JENS SCHMEYERS 
University of Oldenburg, Organic Chemistry I ,  0 -261  1 I Oldenburg, Germany 


FUMIO TODA* AND HIDEAKI TAKUMI 
Ehime University, Department of Applied Chemistry Faculty of Engineering, Matsuyama. Ehime 790, Japan 


AND 
HIDEKO KOSHIMA 


Rydtoku University, Department of Materials Chemistry, Seta, Otsu 520-21, Japan 


The enantioselective solid-solid clathration of (S)-pantolactone ( I )  into (R,R)-trans-2,3- 
bis(diphenylhydroxymethyl)-l,4-dioxaspiro[4~4]nonane (2) and - [4.5]decane (3) was studied preparatively 
and mechanistically using atomic force microscopy (AFM) measurements and crystal packing data. Short- 
distance solid-to-solid sublimation mechanisms occur in both cases with initial formation of epitaxial floes along 
the b-axis in 2 and random craters in 3. The bulk control in the phase rebuilding stage is understood from the 
particular crystal packings. Bulk control was largely lost in the phase transformation stage when passivation of 
the surfaces occurred in both cases. The host lattices of 2 and 3 exhibit closed molecular double layers with all 
hydroxyl groups inside and lacking access for intercalation of I. The reaction has to start at isolated surface 
defects. Once started, new doors for further entrance of guest molecules ( S ) - I  are opened in the double layer. 
For practical use, both the crystallographic difficulties and the passivation have to be overcome. A slurry 
technique involving addition of stoichiometric amounts of water to the solids provided useful conditions for the 
preparative resolution of (R/S)-I or further racemates exhibiting passivation, whereas heating alone speeded 
up the resolution of 2-methylpiperwine with 2. 


1. INTRODUCTION 
Organic solid-solid reactions cover a wide range of 
reaction types already;' however, only the solid-solid 
rearrangement of benzopinaco12 and the benzilic acid 
rearrangement of benzil' have been mechanistically studied 
and virtually nothing is known about diferent mechanisms 
in this solvent-free technique. Enantioselective solid-solid 
clathrations with chiral hosts provide rewarding resolutions 
of racemates without solvent and various solid-solid 
resolutions have been successfully performed.' The 
versatile resolution of pantolactone (1) [its (R)-enantiomer 
being the precursor to pantothenic acid (vitamin B,/B,) 
synthe~is]~ using the chiral host (R,R)-frum-2,3- 
bis (diphenylhydroxymethy1)- 1 ,4-dioxaspiro [4-5 Idecane 
(3), has recently been achieved.6 Further improvement in 
pantolactone resolution is gratifying, because previous 
diastereomeric methods are not very efficient and organic 
solvents should be avoided. Therefore, we undertook an 
atomic force microscopic (AFM) study of the solid-solid 
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interaction of (S)-( -)-1 with (R,R)-rruns-2,3-bis 
(diphenylhydroxymethyl)-l,4-dioxaspiro[4.4]nonane (2) 
and -[4,5]decane(3) and interpret the experimental results 
in the light of the crystallographic data for neat 2 and 3.7 


We chose the systems 1-2 and 1-3 for the first 
mechanistic AFh4 investigation of a solid-solid clathra- 
tion. The data indicate that large-scale resolution of 
solid volatile racemates can be achieved conveniently 
even in the case of surface passivation. 


RESULTS 


Preliminary examinations 
The freshly distilled racemate of (R/S)-l is extremely 
hygroscopic and deliquescent. It takes up water from 
moist air and forms liquid drops within 1 min or so. 
Thermogravimetric measurements at 25 "C show that a 
1.5% increase in weight stops sharply after 90 min 
(relative humidity 70%) and is followed by a weight 
decrease due to vaporization, reaching the original 
weight after 5 h and then decreasing further. Such 
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----+ 4 ( c l a t h r a t e  w i t h  ( S ) - 1  1 
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behavior is unsuitable for AFM investigations under 
ambient conditions. It is therefore of particular interest 
that the crystals of the pure enantiomers of 1 are 
non-deliquescent. Their rate of sublimation at 25 "C is 
significant: a 14% weight loss of (S)-1 was detected in 
5 h under ambient conditions. Polycrystalline samples 
(0.15 mg) of (S)-1 were completely evaporated in 
3 days when left in ambient air. 


While the reasons for the differences in the 
hygroscopicity of racemic and enantiomeric crystals of 
1 remain to be elucidated crystallographically, the still 
moderate volatility of (S)-1, subject to inclusion by 
(R ,R) -2  or (R,R)-3,  does not prevent its investigation 
by AFM under ambient conditions. Clearly, an answer 
is required to the question of whether we have a 
solid-solid reaction solely via a solid contact interface 
(as in the rearrangement of benzopinacol when cata- 
lyzed by solid p-toluenesulfonic acid') or whether we 
see a short-path sublimation mechanism, i.e. a particular 
gas-solid ~lathration.~.~ It turned out that a 
short-distance solid-to-solid sublimation mechanism 
obtains in the clathration of (S)-1 with (R,R)-2 or 


Experimental evidence is as follows: dendritic crys- 
tals of about 0.15 mg weight of (S)-1 do not readily 
contact the (001) or (010) faces of single crystals of 
(R,R)-2 or (R,R)-3 but remain loosely lying on them 
during the whole period of 3 days until they have 
completely disappeared owing to imbibition and evapor- 
ation. Even if (S)-1 was pelleted using a polished piston 
on a hydraulic press to obtain a smoother surface, no 
adhering effect with single-crystal main faces of 
(R ,R) -2  and (R,R)-3 could be achieved. This behavior 
differs from that found previously * (benzopinacol and 
p-TosOH), where a firm crystal-to-crystal contact 
ensued from solid-solid reaction on the reactive face of 
the single crystal. Furthermore, the zone of reaction was 
sharply the projection of the polycrystal (S)-1 to the 
surfaces of (R ,R) -2  and (R,R)-3.  Outside that range (in 
the absence of solvent vapors from the atmosphere), no 
change of the surface of the non-volatile single crystals 
of the hosts was detected by AFM. Thus, sidewise 


(R,R)-3.  


sublimation of (S)-1 was inefficient. Only very short 
distance sublimation from solid (S)-1 to solid (R,R)-2 
or (R,R)-3 was effective in clathration. In the rather 
uniform reaction area the feature-forming phase rebuild- 
ing, already known from gas-solid  imbibition^,^,^ 
occurred, forming floes with (R,R)-2 and craters with 
(R,R)-3  (see Plates 1 and 2). 


AFM surface features 
The short-distance imbibition of (S)-1 into (R ,R) -2  on 
its (001) face (Plate 1)  gradually forms large floes out 
of a moderately rough initial plane (RmS = 2.89 nm). 
The floes with heights of up to 300 nm which are 
formed upon imbibition run initially [Plate l(b) and 
(d)] parallel to the long crystal axis. Clearly, we have 
guidance of the long-range molecular movements by the 
crystal bulk in the stage of phase rebuilding. 


The stereoscopic packing diagram of (R,R)-2 under 
its main face (001) (Figure 1) shows that all molecules 
align along the direction of the b-axis. In the upper layer 
all molecules have the same orientation, but this differs 
from the uniform orientation in the lower layer of 
molecules. Nevertheless, diagonal rows of molecules 
have the same direction in both layers. That direction is 
also retained in the adjacent double layers. No OH 
groups are found between the double layers. All of these 
layers are parallel to (001). Hence it is understandable 
that the phase rebuilding features do align along the 
b-axis if the molecules move above (001) after having 
interacted with (S)-1, which intercalates within the 
double layers while forming hydrogen bonds with the 
OH groups present. In the neat crystal the OH groups of 
the host molecules form one intramolecular hydrogen 
bond each but are too far apart for bridging the two 
sheets of the double layer (IR frequencies at 3398 and 
3587 cm - '). Such intercalations cannot accommodate 
the neat lattice of (R ,R) -2 .  Rather, the distance of the 
layers must increase and an upward transport of the 
whole material ensues well along the (100) planes. 
Thus, the original lattice is retained as well as possible 
if the features grow anisotropically. 
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However, such directional preference is completely 
lost upon long-term reaction [Plate l(c)]. The still 
floe-like features grew to reach 800 nm in height, 
leaving deep valleys but now with random orientations. 
Clearly, phase transformation into the lattice of the 
inclusion complex has occurred in the visible part of 
that surface. Only that final process is hardly influenced 
by the original lattice of the host. However, the surface 
of 2 is now passivated by a dense coating of crystals at 
that stage. A preparative solid-state inclusion could not 
be achieved with 1 and 2 by that mechanism but 
requires breaking of the passivation. 


Enantiomeric recognition of (S)-1 by (R,R)-3 
exhibits completely different AFM features (Plate 2). 
Here the surface corrugation changes, but no large 
elevations occur. The characteristic craters formed upon 
phase rebuilding are initially (30 min) sporadic 
(0.8 pm-'), deep (average depth 26.3 nm), steep (up 
to 28") and wide (350-400 nm), but become [Plate 
2(b) and (d); 2 h, 2.1 pm-'1 more frequent, less deep 
(average depth 12.8 nm), less steep (around lo") and 
less wide (300-350 nm). They are almost gone after 
10 h and they disappear completely thereafter [Plate 
2(c)]. Clearly, initial long-range molecular movement 
is well guided by the crystal bulk. 


Upon prolonged reaction (3 days), the phase trans- 


* -  - * .  . 


formation (to give the lattice of the clathrate at the 
surface) is complete: all craters are filled and a flat, 
slightly corrugated surface remains. Also here, the AFM 
images indicate surface passivation which has to be 
removed in preparative runs. 


The molecular interpretation of the initial phase re- 
building is provided by the stereoscopic packing dia- 
gram in Figure 2 from the crystal structural data.' 


As in (R,R)-2 ,  all molecules within a layer have the 
same orientation and this differs from the structure of 
tetraphenylethylene (producing craters upon reaction 
with NO,),9 where two molecular orientations occur 
within each plane. However, in contrast to the lattice of 
(R,R)-2 under (OOl),  the diagonal rows of molecules 
under (010) of (R,R)-3 have directions different by 84" 
in the adjacent sheets of a double layer. The adjacent 
double layers are identical with the previous ones, 
although turned around the b-axis by 180°, and thus 
establish two further diagonal directions adding up to a 
total of four different molecular orientations. The two 
OH groups of the host molecule again form one 
intramolecular hydrogen bond, leaving a free OH 
group, but the distance between the sheets in the double 
layer is too large to be hydrogen bridged (JR frequen- 
cies 3342 and 3530 cm-'). Thus, intercalation of (S)-1 
with the formation of hydrogen bonds and a volume 


I i . .  


I 


Figure 1. Stereoscopic representation of the molecular packing of (R,R)-2 (C2) on (001) showing a double layer with all OH groups 
inside and all molecules aligned along the b-axis 
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Figure 2. Stereoscopic representation of the molecular packing of (R,R)-3 (P2,2,2,)  on (010) showing a double layer with all OH 
groups inside; the molecules form rows along their long axes which intersect the c-axis at 48 O (upper layer) and 132 O (lower layer) 


increase cannot be answered with vertical transports 
parallel to a plane as in the situation of the host (R,R)-2.  
Rather, spiral movements up and down through several 
layers with tilting of the widened parts of the double 
layers are indicated. Such movements form the craters 
which are observed in Plate 2. The low density of the 
host crystals (R ,R) -3  indicate a loose packing and 
indeed some voids are recognizable if the crystal 
packing is viewed under (001) (not imaged here). 
Hence, there is ample space available for turns and tilts 
to build the craters. 


Based on the densities of relaxed crystals [ (R,R)-3 ,  
D = 1.208 g cm-3;7 5 ,  D = 1.229 g ~ m - ~ ] , ~  there must 
be an overall volume increase by about 24% (the mass 
increase is 26%). Nevertheless, the molecular 
movements produce craters although apparently with 
transport of material above the original (010) surface in 
the stage of phase rebuilding. Overall volume increases 
cannot be depicted in planefit-based AFM images as in 
Plate 2(b) and (d). However, it is true that the initial 
craters fill up upon continuation of the reaction [Plate 
2(c)]. It is to be concluded that the surface level at the 
later stage in Plate 2(c) is actually higher than that in 
Plate 2(a) with respect to the crystal base. Clearly, only 
the processes that are observed in the initial stages of the 
imbibitions are strictly governed by the crystal bulk. 


DISCUSSION 


The detailed observations of the submicroscopic events 
with the AFM show again that phase rebuilding occurs 


with long-range anisotropic molecular movements, 
followed by phase transformation into the product 
lattice. lo Therefore, in these non-topotactic supramolec- 
ular reactions no interpretational basis exists for 
smoothly transforming the starting lattice into the final 
lattice, say with relation to fixed reference coordinates. 
Rather, chemical reactivity depends on the possibility 
for long-range molecular movements along ‘easy ways’ 
that can be derived from and related to the crystal lattice 
for the initial stage of the reaction. Thus, the completely 
different mechanisms for clathration of solid hosts 
(R ,R) -2  and (R ,R) -3  (both under their most prominent 
face, prior to the passivation) are understood from their 
molecular packings. lo The mechanistic data clearly 
indicate short-distance crystal-to-crystal sublimation. 


An important question is the mechanism of 
intercalation into the closed double layers which run 
parallel to the investigated crystal faces in both hosts 
studied. There are no ‘open doors’ large enough for 
(S)-1 to enter, nor can single host molecules be pushed 
away (see Figures 1 and 2). The initially sporadic 
formation of craters in the imbibition of ( R , R ) - 3  is a 
clear indication that the reaction starts at isolated defect 
points on the surface. Molecular packing defects may be 
present at dislocations or they may have been created by 
manipulating the crystal. Once started, the phase 
rebuilding with long-range movements opens the doors 
for further entry of guest molecules of suitable 
chirality in both cases, but this has to be done over and 
over again for every double layer, the rebuilt lattice 
trying to accommodate the chemically changed 
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situation. At the rare points of contact of the tiny laid-on 
polycrystal a similar situation obtains once the mechani- 
cal defects have been used for initial clathration. Thus, 
such isolated points could not be found on the develop- 
ing reactions over the surface of the single crystals of 2 
and 3. 


The mechanistic data show that the start and the 
continuation of the intercalation process are difficult 
both for crystallographic reasons and because of passi- 
vation. Hence for practical use it appears important to 
increase the rate of reaction and break the passivation. 
One way to do this is to increase the temperature and, 
indeed, we succeeded in complete inclusion of (S)-1 
into 3 at 80"C, still below the desorption temperature. 
Unfortunately, the racemic crystals of (R/S)-l are 
liquid at that temperature and no useful rates could be 
obtained. As passivation cannot be overcome by 
pelleting powders of (R /S ) - l  and 3, it was necessary to 
use the solubility of the former in water for a preparative 
slurry technique. The concentrated solution transports 
(S)-1 efficiently to the surface of 3 for inclusion at room 
temperature and the water breaks the passivating layer 
on 3 [Plate 2(c)]. Hence larger scale runs succeed 
within 1 week at room temperature. 


The present results add a new mechanism to the series 
of solid-solid reactions. This mechanism may be 
general for all kinds of volatile solids and its application 
to the technical resolution of further volatile racemates 
will be rewarding if passivation to the surface does not 
occur. A typical example is the optical resolution of 
rac-2-methylpiperazine with 2 (2 : 1 inclusion complex, 
87% ee, 5 days at room temperature or 5 h at 80°C; 
apparently no passivation here)." If, however, passiva- 
tion occurs, the slurry technique by addition of 2 
equivalents of water may be helpful. Thus, the optical 
resolution of rac- a-amino- E-caprolactam by 2 requires 
the slurry technique (99% ee, 5 days at room 
temperature). " 


EXPERIMENTAL 
Single crystals of neat ( R , R ) - ( - ) - 2  were obtained as 
plates from diethyl ether-hexane ( 1 :  1 v/v). Flat 
prisms of (R,R)-( -)-3 were obtained from 
toluene-hexane (1 : 1 v/v). Freshly sublimed (S)-1 
formed dendritic polycrystals. They were used directly 
as 0.15 mg samples or as small parts of pellets which 
were pressed by using a polished steel piston 
(RmS = 100 nm) of an IR-equipment hydraulic press. 
Samples of (S)-1 were laid down on the single crystals 
of (R ,R) -2  and (R ,R) -3  for the times given. For A M  
measurements with a Nanoscope I1 and the imaging of 
packing diagrams with Schakal, see Refs. 8, 9 and 12. 
Thermogravimetric measurements were made using a 
Perkin-Elmer TGA-7 instrument.' 


The structural crystal data will be published 
elsewhere:' (R,R)-2 (C2), a = 15.700, b = 9.325, 


c = 18.4551 A, B = 105.372", D = 1.256 g cm-,; (R,R),3 
(P2,2,2,), a = 10.212, b = 29.284, c = 9.314 A, 
D =  1.208 g ~ m - ~ ;  5 [I : 1 clathrate of (S)-b in (R,R)-31 
(P2,), a = 10.563, b = 9.692, c = 17.008 A, /I = 98.86", 
D = 1.229 g cm-3.6 


Solvent-free inclusion of (S)-1 into 3. A 1 .OO g 
(7.7 mmol) amount of solid (S)-1 (m.p. 96°C) was 
mixed with 3.91 g (7.7 mmol) of 3 and kept in a closed 
vessel under 1 bar of dry air at 80°C for 6 h. All (S)-1 
was included and the 1: 1 clathrate was formed 
quantitatively [4.91 g ( l o o % ) ] .  The IR spectrum 
corresponded to that found from crystallization6 with 
the sharp OH band of the free host at 3342 cm-' 
missing. TGA released the guest 1 at 138°C (20°C 
min-'; inflection point) starting at about 100°C, with a 
total weight loss of 22.3%. 


(R/S)-l (m.p. 74-78 "C) was liquid at 80 "C, which 
is unfavorable for solid-state reactivity. Vapors of the 
guest from (R/S)-l were only slowly taken up by 3 at 
80 "C (in dry air, 2.5% in 6 h). 


Preparative slurry resolution of (R/S) -1 .  A mixture 
of 1.00 g (1.98 mmol) of 3, 0.52 g (4.0 mmol) of ( R /  
S)-1 and 0.14 g (7.8 mmol) of water formed a stiff 
slurry when ground in a mortar. It was kept for 5 days at 
room temperature, washed with 50 ml of water with 
suction to remove uncomplexed (R)-1 and dried, 
leaving 1.21 g of the inclusion complex as a colorless 
powder which liberated 0.21 g (80%) of (S)-1 with 
82% ee { [ a ] , ,  -39.5" (c 1.33, H,O)).  The optical 
purity was determined by HPLC using the chiral phase 
Chiralcel OA. 


The 1 : 1 inclusion complex 5 starts to liquefy at 
150 "C and completely melts at 184 "C; IR (KBr), 3343 
(very broad, OH), 1767 (C=O) cm-'. 'H NMR 
(CDCI,), 6 = 7.54-7.21 (20 H, arom.), 4.552 (s, 2 H, 


2-56 (br s, 2 H, OH of 3), 1.40-1.14 (10 ring H of 3), 


of 1). The recrystallized 1 : 1 inclusion complex 5 was 
analysed by combustion: calculated f a  C4H4O7, C 
75.45, H 6.96; found, C 75.39, H 7.20%. If the filtrate 
was evaporated and the residue sublimed at 2 Torr, 
0.31 g (120%) of (R)-1 { ee 56%, [ale + 27.9" (c 0.50, 
H,O)) were obtained. 


The solubilities of 2 and 3 in water were 0.32 and 
0.61 g 1-I, respectively. 


CH of 3), 4.10-3.93 ( 0 . 8 ~ 3  H, CH, and CH of l), 


1.236 ( s ,  0 . 8 ~ 3  H, CH, of l), 1.080 (s, 0 . 8 ~ 3  H, CH, 
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SHORT COMMUNICATION 


MOLECULAR VOLUMES AND DENSITIES OF LIQUIDS AND SOLIDS BY 
MOLECULAR MECHANICS -ESTIMATION AND ANALYSIS 


G. PIACENZA, G. LEGSAI, B. BLAIVE AND R. GALL0 
URA 1410 CNRS, ENSSPICAM, Facultt des Sciences de St J6r&ne, Av. Escadrille Normandie Niemen, 13397 Marseille Cedex 20, 


France 


Molecular volumes of 80 compounds (50 liquids and 30 solids), with densities in the range 0-6-3.0 g cm -3, were 
calculated by molecular mechanics. The densities derived from these molecular volumes (V,, MM) by the 
approximation d M M  = mol. wt/V,, M M N A  (NA = Avogadro's number) give two linear correlations (one for liquids 
and one for solids) when plotted versus experimental densities. Two general equations obtained from those 
relationships give a good precision (3% mean error) when tested in the calculation of the experimental densities 
of 183 compounds that have different structures and functional groups. 


INTRODUCTION 
Molecular volumes and densities are important para- 
meters in physical organic chemistry.' They find 
applications in chemistry, biology and chemical 
engineering. Most of the methods of calculation used 
so far are They are based either on 
elemental analysis (or on molecular weights) and 
correction factors for specific substructures (hydrogen- 
bonded functional groups, aromatic rings, etc.) or are 
incremental, using parameters characteristic of mol- 
ecular fragments that are topological or at best defined 
by volumes derived from van der Waals radii (without 
taking into account the conformation of the molecule). 
These methods give acceptable predictions of densities 
but they have several limitations. They work reason- 
ably well only within a series of molecules and they do 
not describe regioisomerism, steric strains or real 
conformations. 


We were interested in the accurate prediction of 
densities of new organic compounds. This estimation at 
the molecular level is not easy since one needs both the 
molecular volume and the intermolecular volume (the 
free space between molecules). In principle, the mol- 
ecular volume can be calculated accurately by 
theoretical methods (quantum mechanics or molecular 
mechanics). The intermolecular space can be obtained 
for crystals by sophisticated methods based on the 
crystalline arrangement of the solid, but this is lengthy 
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and requires considerable computer in~estment.~.' 
Theoretical calculations of the intermolecular space are 
even more difficult for liquids. 


We have developed a new method based on molecu- 
lar mechanics which allows one to calculate the 
molecular volume, incorporates an average intermolecu- 
lar volume and gives the density of liquids and solids 
directly. This method is simple, precise and valid for 
any new liquid or solid; in addition, the calculations can 
be carried out on a microcomputer. 


RESULTS AND DISCUSSION 
The calculations were carried out on 80 organic com- 
pounds (50 liquids and 30 solids)" selected so as to 
have a wide range of densities extending from 0.6 to 
3.0 g ~ m - ~ .  The geometry of the conformation of 
minimum energy of each compound was obtained by 
molecular mechanics (MM) using the Allinger MM2 
parametrization" with the EM0 program. ' * - I 6  


The molecular volume was then estimated in the 
following manner: the molecule in its minimum energy 
conformation was placed in a parallelepiped with each 
atom surrounded by the sphere corresponding to its 
MM van der Waals volume." Successive and syste- 
matic testing of small fractions of the total volume 0.f 
the parallelepiped (e.g. cubes having an edge 0-08 A 
long), for the presence or absence of MM van der 
Waals volume leads to the molecular volume: the 
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smaller the cube, the more accurate the measure should be. 18-20 


From this molecular mechanics-calculated molecular 
volume ( Vmol ,,) one can estimate the density by taking 


Indeed, the d,, values reported in Table 1 are overesti- 
mated by 20-30% for low-density compounds (alkanes) 
and somewhat less (5-20%) for compounds having 
densities in the range 1-1.5 g ~ m - ~ .  In the case of high- 
density compounds ( d >  1.5), on the other hand, d,, is 
very close to dexP (except for polyhalo derivatives). mol. wt 


V ~ I  M M  NA 
dMM = 


The mean deviation, 


2 I dMM - dexp I where N,=Avogadro's number. The value thus 
obtained should be considered as an overestimate since 


density of a liquid or a solid is 


= 16.37% 
the intermolecular volume (V,,,,,) is not included the N I dexp 


is much smaller than the usual mean difference between 
the molecular volume and the crystal volume; indeed, 
the packing coefficient k (molecular volume/crystal 
volume) is in the range 0.65-0.77 for most crystals 


mol. wt 
(Vt01 + L J  NA 


d =  


Table 1. Experimental and MM densities of 80 selected compounds (50 liquids and 30 solids) 


Deviation Deviation 
Compound Nature dew* d,, (%)b Compound Nature dewa d,, (%)b 


Hexane 
Heptane 
1-Pentyne 
Diethylamine 
Diethyl ether 
I-Decene 
Dibutylamine 
Cyclohexane 
Ethanol 
Acetone 
Methanol 
Propanal 
Tetradecanoic acid 
Cyclohexylamine 
1.2-Diaminopropane 
Decanoic acid 
Ethyl formate 
1-Nitrohexane 
Butanoic acid 
Cyclohexanol 
Methyl formate 
Benzylamine 
Camphor 
Acetamide 
Water 
Propionic anhydride 
(2-Methylphenyl)methanol 
Benzaldeh yde 
Acetic acid 
Acetic anhydride 
N-Acetylethanolamine 
Formamide 
Nitromethane 
Acetamide 
N-Acetyl-2-methylaniline 
4-Chloroaniline 
Benzyl phenyl ketone 
Nitro benzene 
N-Phenylacetamide 
Methyl nitrate 


Liq. 0.659 0,874 
Liq. 0.683 0,887 
Liq. 0.695 0.925 
Liq. 0.707 0.925 
Liq. 0.714 0.963 
Liq. 0.742 0.932 
Liq. 0.760 0.948 
Liq. 0.779 0.962 
Liq. 0.789 1,OOO 
Liq. 0.790 1.030 
Liq. 0.791 1.015 
Liq. 0.806 1.028 


Liq. 0.867 1,045 
Liq. 0474 1.052 


Liq. 0.923 1.177 
Liq. 0.940 1.126 
Liq. 0.957 1.181 


Liq. 0.974 1.230 
Liq. 0.981 1.163 


Liq. 0.998 1.242 
Liq. 1@CCI 1.234 
Liq. 1,022 1.228 


Liq. 1,041 1.244 
Liq. 1,050 1.308 
Liq. 1,081 1.317 


Liq. 1.133 1.356 
Liq. 1.137 1.363 


Sol. 0.862 1,048 


Sol. 0.895 1.073 


Sol. 0.960 1.086 


Sol. 0.992 1.146 


Sol. 1.023 1.187 


Sol. 1,108 1.245 


Sol. 1.159 1.242 
Sol. 1.168 1.228 


Sol. 1.201 1,253 


Sol. 1.210 1.255 


Liq. 1.169 1.436 


Liq. 1.204 1.404 


Lia. 1.217 1.492 


32.63 
29.87 
33.09 
30.83 
34.87 
25.61 
24.74 
23.49 
26.69 
30.40 
28.25 
27.58 
21.55 
20.53 
20.37 
19.89 
27.52 
19.79 
23.41 
13.13 
26.28 
18.52 
15.52 ~~ ~ 


24.37 
23.40 
20.16 
16.03 
1944 
24.67 
21.83 
12.37 
19.64 
19.88 
7.16 
5.14 


22.84 
4.33 


16.61 
3.68 


22.60 


Acetic acid 
1 -Bromobutane 
4-Acetylamino phenol 
Benzoic acid 
Dichloromethane 
2-Amino-5-nitrotoluene 
4-Aminobenzoic acid 
4-Chloroaniline 
Bromoethane 
Maleic anhydride 
Nitric acid 
4-Chlorobenzoic acid 
2-Chloroacetic acid 
Trinitromethane 
I-Iodobutane 
Tetranitromethane 
2-dinitromethylene- 1,3-diazacyclohexane 
1,3,5-Trinitrobenzene 
3-Methoxy-2,4,6-trinitroaniline 
2,4,6-Trinitroaniline 
N.N-Difluoro-2,4-dinitroaniline 
1,2-Dibromobutane 
Sulphuric acid 
2.3.4.6-Tetranitroaniline 
Pyrosulphonic acid 
2-Bromobenzoic acid 
Bromochloromethane 
3-Trifluoromethyl-2,4,6-trinitroaniline 
Bromcdichloromethane 
3-Bromo-2,4,6-trinitroanisole 
rra,is-Difluorcdinitroethylene 
3-Bromo-2,4,6-trinitroaniline 
1,2-Dibromoethane 
1,4-Diicdobutane 
1.2.3-Tribromopropane 
Dibromochloromethane 
Dibromomethane 
Tribromonitromethane 
1.1 -Diiodoethane 
Tribromomethane 


Sol. 
Liq. 
Sol. 
Sol. 
Liq. 
Sol. 
Sol. 
Sol. 
Liq. 
Sol. 
Liq. 
Sol. 
Sol. 
Liq. 
Liq. 
Liq. 
Sol. 
Sol. 
Sol. 
Sol. 
Sol. 
Liq. 
Liq. 
Sol. 
Liq. 
Sol. 
Liq. 
Sol. 
Liq. 
Sol. 
Sol. 
Sol. 
Liq. 
Liq. 
Liq. 
Liq. 
Liq. 
Liq. 
Liq. 
Lia. 


1.266 1.308 
1.276 1.592 
1.293 1.372 
1.321 1.372 
1.330 1.697 
1.366 1.396 
1.374 1.422 
1.429 1.436 
1.460 1.895 
1.480 1.611 
1.504 1,801 
1,541 1.562 
1.580 1.644 
1,590 1.885 
1.615 24.XX 
1.638 2.021 
1.666 1.541 
1.680 1.741 
1.710 1.755 
1.762 1.788 
1.780 1.812 
1.791 2.132 
1,827 2.017 
1.870 1.876 
1,900 2.199 
1.929 1-922 
1.934 2.364 
1.936 1.986 
1.980 2.418 
1.987 2.031 
2,048 2.051 
2.157 2.140 
2.180 2.544 
2.358 2.729 
2,409 2.723 
2.450 2.947 
2.496 2.929 
2.793 3.226 
2.840 3.346 
2.887 3.361 


3.32 
24.78 
6.1 1 
3.86 


27.59 
2.20 
3.49 
0.49 


29.79 
8.85 


19.75 
1.36 
4.05 


18.55 
24.18 
23.38 
7.50 
3.63 
2.63 
1 4 8  
1.80 


19.01 
1 0 4  
0.32 


15.74 
0.36 


22.23 
2-58 


25.15 
2.21 
0.15 
0.79 


16.70 
15.73 
13.03 
20.29 
17.35 
15.50 
17.82 
16.42 


~~ ~~~~ 


'The experimental densities are taken from four references: A. J. Gordon and R. A. Ford, The Chentist's Conrpanion, pp. 4-13. Wiley, New York (1972); Guide de /a 
Chintie lnrernariond. Chimidit, Paris (1992-93); Cambridge Structure Data Base (CRYSTAL); and S. Budavari e ta / .  ( a s ) ,  The Merckhdex,  I Ith ed. Merck, Rahway, NJ 
f 1989). 
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Figure 1. Molecular mechanics van der Waals radii Venus van 
der Waals radii according to Bondi 


(or<0.60 for most liquids) as determined by 
Kitaigorodsky.22 


The good approximation of the density obtained from 
the MM molecular volume is thought to be due to the fact 
that van der Waals radii used in molecular mechanics 
calculations are larger than physical yan der Wads radii 
(taken from B ~ n d i ~ ~ )  by 0.2-0.4 A. This difference, 
which has been discussed by Burkert and Allinger," is 
shown clearly in Figure 1 for most of the atoms appear- 
ing in the molecular formulae in Table 1. 


A close examination of densities calculated by 
molecular mechanics (dMM) versus experimental densi- 
ties in Figure 2 reveals one line for liquids and another 
for solids. The corresponding equations obtained from a 
least-squares fit are as follows: 


t 
0 
0 


8 .  


0 0.5 1 1.5 2 2.5 3 3,5 


Figure 2. Molecular mechanics estimated density (dMM) 
versus experimental density (&) 


for liquids: d,, = 1-128de,, + 0.11 1 ( r  = 0.997) 


for solids: d,, = 0.873de,, + 0-244 ( r  = 0.990) 


The quality of these two correlations is surprisingly 
good; it can be expressed by a mean deviation, taken 
as 


1 


N 1 dregressmline 


I dMM - dregression line I -c 
of 2.37% for liquids and 2.42% for solids. 


Keeping in mind that the MM molecular volume is 
larger than the physical molecular volume (since MM 
van der Waals radii are larger) and smaller than the 


O l  I-? 


0 0.5 I 1-5 2 2.5 3 3.5 


d exp 


Figure 3. Calculated density (d,,,,) versus experimental density (&) 
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crystal volume (which includes, in addition, the inter- 
molecular volume), the slopes of the correlations can be 
interpreted differently for solids and liquids. For solids 
the slope smaller than unity (0.873) can be explained if 
we assume that crystals are more tightly packed for 
higher densities. In other words, the packing coefficient, 
k, is higher for high-density materials. In contrast, for 
liquids the slope larger than unity (1.128) can be 
understood if liquids are less tightly packed for high 
densities. In other words, the packing coefficient is 
smaller for high-density liquids. 


In addition to these phenomenological observations, 
two general equations can be simply derived by 
reversing the two previous extrathermodynamic 
relationships; this gives an accurate estimated density 
value (dCa,=) from the approximate density value 


(dMM) calculated directly from the MM molecular 
volume: 


for liquids: dcdc = 0.887dMM - 0.098 


for solids: dCdc = 1 145dMM - 0.279 
These two equations were tested for predicting the 


densities of 183 compounds (143 liquids and 40 solids). 
The calculated (dcalc) and the experimental values (dexp) 
are listed in Table 2 and plotted in Figure 3. The agree- 
ment is very good.24 The correlation line corresponding 
to the least-squares fit is dcalc = 0.995deXp - 0.010 with 
r = 0.993; the mean error 


Compound 


2-Methylbutane 
2-Methylpentane 
2,2,4-Trimethylpentane 
lsopropylamine 
Octane 
2-Pentyne 
4.4-Dimethylpentyne 
1-Hexyne 
Nonane 
2.7-Dimethyloctane 
Di-isopropyl ether 
Decane 
2-Hexyne 
1 -Heptyne 
Undecane 
Cyclopentane 
1-Octyne 
2-Heptyne 
Dipropyl ether 
Dodecane 
Tridecane 
1-Nonyne 
1 -Dcdecene 
Methyl pentyl ether 
Ethyl pentyl ether 
Teuadecane 
Methylcyclohexane 
Pentadecene 
Dibutyl ether 
Cyclopentene 
Butyl methyl ether 
Hexadecene 
Acetonitrile 
1 -Fluorobutane 
Ethylcyclohexane 
2-Propanol 
2-Methyl-2-propanol 
1-Octadecene 
Propylcyclohexane 
Butylcyclohexane 
lsopropylcyclohexane 
lsopentylcyclohexane 


Table 2. Experimental, MM and calculated densities of 183 compounds 


Error Error 
Nature d.,,* dMM dcak (%)b Compound Nature 4,” &M d,, (%)b 


Liq. 0.620 04362 0.667 7.52 1-Propanol Liq. 0.803 0.994 0.784 2.47 
Liq. 0.653 0,879 0.682 4.39 Pentylcyclohexane Liq. 0.804 0.973 0.765 4.84 
Liq. 0.688 0.917 0.715 3.98 2-Butanone Liq. 0.805 1.021 0.808 0.28 
Liq. 0.689 0.938 0.734 6.53 2-Butanol Liq. 0.807 0994 0.784 2.89 
Liq. 0.703 0.897 0.698 0.76 2-Pentanone Liq. 0.809 1.013 0.801 1.03 
Liq. 0.712 0.927 0.724 1.72 Pentanal Liq. 04339 1.011 0.799 1.33 
Liq. 0.714 0.953 0.747 4.64 1-Butanol Liq. 0.810 0.991 0.781 3.55 
Liq. 0.715 0.933 0.730 2.04 Cyclohexene Liq. 04310 1.003 0.792 2.26 
Liq. 0.717 0.906 0.706 1.59 Cycloheptane Liq. 0.811 0.978 0.769 5.12 
Liq. 0.725 0.920 0.718 0.96 2-Hexanone Liq. 0.811 1.008 0.796 1.87 
Liq. 0.726 0.977 0,769 5.87 3-Hexanone Liq. 0.812 1039 0.797 1.83 
Liq. 0.730 0.912 0.711 2.61 3-Pentanone Liq. 0.814 1.014 04301 1.52 
Liq. 0.731 0.938 0.734 0.34 Hexanal Liq. 0414 1.006 0.794 2.41 
Liq. 0.734 0.940 0.736 0.24 Butanal Liq. 0,817 1.018 0.805 1.47 
Liq. 0.740 0.918 0.716 3.21 3-Methyl-2-Hexanone Liq. 0.828 1.015 0.802 3.10 
Liq. 0.745 0.948 0.743 0.29 Tetradecanoic acid Liq. 0.844 1.048 0.832 1.46 
Liq. 0.746 0.945 0.740 0.78 Azetidine Liq. 0.847 0.999 0.788 6.95 
Liq. 0.748 0.942 0.738 1.40 1,l-Dimethoxyethane Liq. 0.850 1.076 0.856 0.74 
Liq. 0.749 0.967 0.760 1.43 4,Isopropyltoluene Liq. 0457 1.044 0.828 3.38 
Liq. 0.749 0.923 0.721 3.78 Methylcyclopentyl ether Liq. 0.862 1-057 0.840 2.60 
Liq. 0.756 0.927 0,724 4.20 Cumene Liq. 0.862 1.068 0.849 1.47 
Liq. 0.758 0.948 0.743 2.00 1,3,5-Triethylbenzene Liq. 0.863 1.031 0.816 5.39 
Liq. 0.760 0.939 0.735 3.30 Mesitylene Liq. 0.865 1.065 0.847 2.12 
Liq. 0.761 0.968 0.761 0.05 Ethylbenzene Liq. 04368 1.073 0,854 1.64 
Liq. 0.762 0.969 0.762 0.07 Butyl propionate Liq. 0.875 1.090 0.869 0.71 
Liq. 0.762 0.930 0.727 4.60 Methyl cyclohexyl ether Liq. 0,875 1.056 0,839 4.15 
Liq. 0.769 0.974 0.766 0.40 I-Chlorohexane Liq. 0.878 1.095 0.873 0.54 
Liq. 0.769 0.933 0.730 5.13 1-Chlorobutane Liq. 0.886 1.135 0.909 2.54 
Liq. 0.770 0.970 0.762 0.99 2,6-Di-ferr-butyl-p-cresol Liq. 0.894 1.114 0.890 0.40 
Liq. 0.772 0,995 0.785 1.63 1,3,5-Triethylhexahydro- 
Liq. 0.774 0.967 0.760 1.84 1,3,5-triazine Liq. 0.894 1.11 1 0.887 0.73 
Liq. 0.774 0.936 0.732 5.40 1.2-Diaminoethane Liq. 0.898 1.070 0.851 5.22 
Liq. 0.777 1.01 1 0.799 2.80 1,3,5-Trimethylhexahydro- 
Liq. 0.779 1.046 0.830 6.54 1,3,5-triazine Liq. 0.919 1.084 0.864 6.04 
Liq. 0.784 0.972 0.764 2.53 3-Methylbutyric acid Liq. 0.933 1.159 0.930 0.32 
Liq. 0.785 0.996 0.785 0.01 Methyl acetate Liq. 0.939 1.187 0-955 1.69 


Liq. 0.790 0.973 0.765 3.16 Cyclohexylbenzene Liq. 0.950 1.111 04387 6.58 
Liq. 0.800 0.973 0.765 4.37 1-Nitropropane Liq. 0.953 1.147 0.919 3.53 
Liq. 0.802 0.980 0.771 3.83 Benzyl methyl ether Liq. 0.963 1.197 0.964 0.04 
Liq. 0,802 0.978 0.769 4.05 Butyric anhydride Liq. 0.968 1.169 0.939 3.01 


(ronfittued) 


Liq. 0.788 0,997 0.786 0.30 Pentanoicacid Liq. 0.939 1.149 0.921 1.91 
Liq. 0.789 0.952 0.746 5.40 Benzyl ethyl ether L I ~ .  0.949 1.169 0.939 1.06 
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Table 2. (Continued) 


Compound Nature d,,,' dMM dear (%)b Compound 
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Error Error 
Nature d.,," dMM dcak 


Cyclohexyl acetate 
1 -Nitrobutane 
4-Methylaniline 
2.3-Butanedione 
2-Nitropropane 
Propionic acid 
1 -Phenyl- 1 -propano1 
Anisole 
1 -Nitropropane 
Hydrazine 
Ethyl plenyl ketone 
N-Methylformamide 
N-Acetylpiperidine 
1 -Phenylethanol 
I-Methylnaphthalene 
Aniline 
2-Phenylethanol 
Acenaphthene 
Butanoyl chloride 
Isopropyl nitrate 
Benzyl alcohol 
4-Methylaniline 
2,6-Di-rerr-butyl-pcresol 
I-Nitroethane 
Propionyl chloride 
Phenol 
Ally1 benzoate 
Propyl nitrate 
I-Chloro-4-fluorobutane 
4-Chlorotoluene 
Diphenyl ether 
N,N-Methylphenylurethane 
Ethyl nitrate 
2-Fluoroethanol 
(4-Methoxypheny1)methanol 
2-Acetoxyethanol 
4-Nitro toluene 
Glyoxal 
Naphthalene 
Diphenyl ketone 
Ethyl phenyl ketone 
2-Amino-5-nitro toluene 
Phenylnitromethane 


Liq. 0.970 
Liq. 0.971 
Liq. 0.973 
Liq. 0.981 
Liq. 0.988 
Liq. 0.993 
Liq. 0.994 
Liq. 0.996 
Liq. 1.001 
Liq. 1.004 
Liq. 1.009 
Liq. 1.010 
Sol. 1.011 
Liq. 1.015 
Liq. 1.019 
Liq. 1,021 
Liq. 1.023 
Liq. 1.024 
Liq. 1.028 
Liq. 1.036 
Liq. 1.042 
Sol. 1.046 
Sol. 1.048 
Liq. 1.050 
Liq. 1.056 
Liq. 1.057 
Liq. 1.058 
Liq. 1.058 
Liq. 1,063 
Liq. 1.070 
Liq. 1.075 
Liq. 1.090 
Liq. 1.100 
Liq. 1,104 
Sol. 1.109 
Liq. 1.109 
Liq. 1.123 
Liq. 1.140 
Sol. 1.145 
Sol. 1.146 
Sol. 1.157 
Liq. 1.159 
Liq. 1.160 
Sol. 1.161 


1.161 
1.174 
1.169 
1.223 
1.219 
1.229 
1.192 
1.181 
1.215 
1.170 
1.184 
1.174 
1.130 
1.181 
1.206 
1.202 
1.177 
1.256 
1.298 
1.313 
1.209 
1.169 
1.114 
1.27 1 
1.367 
1.256 
1.256 
1.306 
1.312 
1.320 
1.267 
1.245 
1.384 
1.311 
1.257 
1.270 
1.344 
1.376 
1.228 
1.292 
1.184 
1.396 
1.337 
1.322 


0.932 
0.943 
0.939 
0.987 
0.983 
0.992 
0.959 
0.950 
0.980 
0.940 
0.952 
0.943 
1.010 
0.950 
0.972 
0.968 
0.946 
1.016 
1.053 
1.067 
0.974 
1.060 
1 .ooo 
1.029 
1.115 
1.016 
1.016 
1.060 
1.066 
1,073 
1.026 
1.006 
1.130 
1.065 
1.160 
1.028 
1.094 
1.123 
1.130 
1.200 
1.080 
1.140 
1.088 
1.230 


3.94 
2.85 
3.50 
0.61 
0.48 
0.09 
3.47 
4.67 
2.13 
6 4 0  
5.68 
6.60 
0.38 
6.48 
4.64 
5.24 
7.57 
0.79 
2.46 
2.96 
6.48 
1.29 
4.91 
1.96 
5.54 
3.93 
3.94 
0.23 
0.29 
0.27 
4.57 
7.68 
2.69 
3.55 
4.62 
7.28 
2.54 
1.53 
1.57 
4.74 
6.94 
1.62 
6.21 
6.35 


Acetylformic acid Liq. 
1.2-Dichloroethane Liq. 
1 - (4-Chlorophenyl)-2-methyl- 


2-propanol Sol. 
2.6-Dichlorotoluene Liq. 
1, I-Bis(propylamino)-2,2 


-dinitroethylene Sol. 
4-Nitrotoluene Sol. 


2-Chloro-4.6-bis(ethylamino)-s- 
triazine Sol. 


Maleic anhydride Liq. 
2.4-Dinitrotoluene Liq. 
Dimethyl sulphate Liq. 
Adipic acid Sol. 
2-Chloroacetic acid Liq. 
s-Triazine Sol. 
4-Methoxybenzoic acid Sol. 
Bromocyclopentane Liq. 
Trimethylene glycol 1.2,- 


dinitrate Liq. 
4-Bromotoluene Liq. 
4-Nitroaniline Sol. 
2-Bromotoluene Liq. 
1 -Bromopropane Liq. 
1,1,2-Trichloroethane Liq. 
1 - (Lactyl nitrate)glycerol 


dinitrate Liq. 
Ethylene glycol dinitrate Liq. 
1-Bromo-4chlorobutane Liq. 
3-Chlorobenzoic acid Sol. 
Diglycerol dinitrate Liq. 
2,4-Dinitrotoluene Sol. 
1 ,4-Dichlorobenzene Sol. 
2-Chlorobenzoic acid Sol. 
2,4,6-Triamino-s-triazine Sol. 
3,9-Bis(dinitromethylene)- 


2,4,8,10-tetraazaspiro 
[5.5]undecane Sol. 


1,1,2,2-Tetrachloroethane Liq. 
Ethyl- (2,4,6-trinitrophenyl) 


carbamate Sol. 
Isobutyl iodide Liq. 
2,4,6-Trinitrotoluene Sol. 


1.227 
1.235 


1.240 
1.269 


1.275 
1.287 


1.302 
1.314 
1.321 
1.328 
1.360 
1.370 
1.380 
1.385 
1.387 


1.393 
1,410 
1.422 
1.425 
1.435 
1 440 


1.470 
1.480 
1.488 
1.496 
1.520 
1.521 
1.526 
1.544 
1.573 


1.587 
1.595 


1.600 
1.602 
1.654 


1.467 1.203 1.95 
1.535 1.264 2.31 


1.297 1.210 2.74 
1.547 1.274 0.41 


1.356 1.270 0.11 
1.344 1.260 2.11 


1.403 1.330 1.95 
1.611 1.331 1.29 
1.529 1.258 4.75 
1.548 1.275 3.99 
1.355 1.270 6.44 
1,614 1.360 0.74 
1.435 1.360 1.15 
1.382 1.300 5.89 
1.664 1.378 0.65 


1.581 1.304 6.36 
1.667 1.381 2.08 
1.454 1.390 2.54 
1.699 1.409 1.12 
1.714 1.422 0.88 
1.761 1.464 1.67 


1.672 1.385 5.78 
1.673 1.386 6.35 
1.753 1.457 2.09 
1.561 1.510 0.83 
1.704 1.413 7.01 
1.529 1.470 3.24 
1.584 1.530 0.57 
1.572 1.520 1.49 
1.581 1.530 2.65 


1.671 1.630 2.98 
1.929 1.613 1.13 


1,640 1,600 0.08 
2.021 1.695 5.78 
1.665 1.630 1.61 (3-Hydrox yphenyl)methanol 


2-Chloro-4,6-bis( isopropylamino) 2-(Dinitromethylene)- 1.3- 
-3-triazine Sol. 1.162 1.343 1.260 8.32 diazacyclopentane Sol. 1.702 1.605 1.560 8.42 


N-(2-Hydroxyethyl) Picryl azide Sol. 1.709 1.792 1.770 3.74 
acetoacetamide Sol. 1.168 1.291 1.200 2.67 Cyanuricacid Sol. 1.768 1.813 1.800 1.63 


2-Chloro-4-ethylamino-6- 2,4,6-Trinitrophenylhydrazine Sol. 1.775 1.773 1.750 1.35 
isopropylamino-s-triazine Sol. 1.187 1.371 1.290 8.74 3,5-Dihydroxy-2,4,6- 


Dimethyl phthalate Liq. 1.191 1.381 1.127 5.38 trinitroaniline Sol. 1.896 1.924 1.920 1.48 


Propylene carbonate Liq. 1.204 1.394 1.138 5.44 trinitroaniline Sol. 1.910 1.911 1.910 0.05 
N-Acetyl-4-methylaniline Sol. 1.212 1.226 1,120 7.20 2,4,6-Trinitro-s-triazine Sol. 1.915 1.942 1.940 1.55 


2-Chloroethanol Liq. 1.200 1.397 1.141 4.91 N,N-Difluoro-2,4,6- 


2-Naphthol Sol. 1.217 1.325 1.240 1.74 Tetrachlorophthalic anhydride Sol. 1,920 2.037 2.050 6.95 
Formic acid Liq. 1.220 1.456 1.193 2.17 1,3,5-Triamin0-2,4,6- 


Acetanaphthene Sol. 1.225 1.256 1.160 5.38 Diiodomethane Liq. 3.325 3.811 3.282 1.29 
Peracetic acid Liq. 1.226 1.408 1.151 6.13 


'The experimental densities are taken from four references: A. I. Gordon and R. A. Ford, The Chemist's Cornpunion, pp. 4-13. Wiley, New York (1972); Guide de la 
Chimie Infernorioml. Chimidit, Pans (1992-93); Cambridge Structure Data Base (CRYSTAL); and S. Budavari et 01. (Eds), The Merck Index, 1 lth ed. Merck, Rahway. NJ 
( I  989). 
bDeviation (%) = ( 1  dM. - d.,p I /dexp) x 100. 


I-Naphthol Sol. 1.224 1.329 1.240 1.53 trinitrobenzene Sol. 1.930 1.868 1.860 3.63 
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is 3.07%. This error is comparable to errors obtained 
with incremental methods within a limited series of 
parent compounds. It is smaller than the same error with 
incremental methods on enlarged series similar to those 
we have examined in this work. These enlarged series 
include groups with different skeletons and/or different 
functional groups. 


CONCLUSION 


The method of calculation described in this paper 
predicts the density of any organic compound directly 
from the molecular volume derived from molecular 
mechanics. The method is valid for liquids and solids. It 
gives a mean error of about 3%. It can be applied to any 
new material. In addition to this practical aspect, the 
results reported here may give interesting information 
on the molecular origin of the physical properties of 
liquids and solids. 


ACKNOWLEDGEMENTS 


One of us (G. P.) thanks the DRET-CNRS for a grant. 


REFERENCES 


1 .  J. C. McGowan and A. Mellors, Molecular Volumes in 


2. For a recent paper on this topic, see G. S. Girolami, J. 


3. 0. Exner, Collect Czech. Chem. Commun. 32, 1 (1967). 
4. A. Immirzi and B. Perini, Acta Cryst. A33, 216 (1977). 
5. L. T. Emerenko, A. M. Korolev, Iiv. Akad. Nauk SSSR. 


6. C. M. Tarver, J. Chem. Eng. Data 24, 136 (1979). 
7. M. L. Bernard, J. Chim. Phys. 77,243 (1980). 
8. A. Gavezzotti, Acc. Chem. Res. 27, 309 (1994). 
9. J. R Holden, Z. Du and H. L. Ammon, J. Comput. Chem. 


10. Taken mostly from A. J. Gordon and R A. Ford, The 
Chemist’s Companion. Wiley, New York (1972). 


11. N. L. Allinger, Molecular Mechanics Program. QCPE 
(1985). We used strictly the standard parameters available 
in the 1985 version of MM2; t parameters missing from 
this version and necessary for calculating some of the 
compounds listed in the Tables 1 and 2 were taken from 
the following references: (a) C-NO,, N. L. Allinger, J. 
Kuang and H. D. Thomas, J. Mol. Struct. (THEOCHEM), 
209, 125 (1990); (b) N-NO,, Ref. 15. 


Chemistry and Biology. Wiley, New York (1986). 


Chem. Educ., 71,962 (1994). 


12,2810 (1972). 


14,422-437 (1993). 


12. B. Blaive, Program E M 0  and satellite programs, University 
Aix-Marseille 3,  Marseille (1976-1996); EM0 (formerly 
BLEMO) accepts molecules with 420 atoms. It runs on an 
IBM-compatible microcomputer and is designed to be used 
easily by non-experts. The minimization uses a ‘variable 
step’ procedure camed out on either internal or Cartesian 
coordinates. Further details and applications are given in 
Refs 13-16. 


13. A. Bouraoui M. Fathallah, B. Blaive, R Gallo and F. 
Mhenni, J. Chem. SOC.,  Perkin Trans 2 1211 (1990). 


14. J.-M. Mattalia, M. Fathallah, A. Samat, B. Blaive and M. 
Chanon, Stud. Phys. Theor. Chem. 71, 173 (1990). 


15. D. Delpeyroux, B. Blaive, R Gallo, H. Graindorge and P. 
Lescop, Propellants Explos. Pyrotech. 19,70 (1994). 


16. B. Blaive, G. Legsay and R Lay, J. Mol. Struct. 354, 245 
(1995). 


17. U. Burkert and N. L. Allinger, Molecular Mechanics. 
ACS Series No. 177, American Chemical Society, Wash- 
ington, DC (1982). 


18. The method is fully described in a recent publication: 
B. Blaive, G. Legsa’i and J. Boileau, Europyro 95, p.413. 
Association Francaise de Pyrotechnie Vaires/Mame 
(1995). 


19. The value of 0.08 A for the length of the edge of the cube 
was selected after trial calculations of the molecular 
volume in which the length of !he edge of the cube was 
reduced steadily; below 0.08 A the molecular volume 
remains nearly constant (a change of less than 1Ym) and 
makes further lengthy calculation unnecessary. 


20. For an early report of a method of molecular volume 
calculation comparable to ours (but with Bondi van der 
Waals radii), see A. Gavezzotti, J. Am. Chem. SOC., 105, 
5220 (1983). 


21. For a publication on the prediction of crystal densities by 
this method, see D. Delpeyroux, B. Blaive, R Gallo, A. 
Becuwe, M. Piteau, G. Jacob and J. C. Gautier, Energetic 
Materials, Jahrestatung 1993, p. 74. Fraunhofer ICT, 
Karlsruhe (1993); Chem. Abstr. 121, 112780 (1993). 


22. A. I. Kitaigorodsky , Molecular Crystals and Structures. 
Academic Press, New York (1973). 


23. A. Bondi, J. Phys. Chem., 68, 441 (1964). 
24. Most dexp values used here were obtained at ambient 


temperature (2OoC), and the equations in this paper are 
valid for ‘normal conditions’ (atmospheric pressure and 
room temperature). However, owing to the variation of 
density with temperature, accurate predictions of density at 
temperatures far from ambient should include these correc- 
tions of variation of density with temperature (see Ref. 25). 


25. R Lide and H. V. Kehiaian, CRC Handbook of Thermo- 
physical and Thermodynamic Data. CRC Press, Boca 
Raton, FL (1994). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9, 187-190 (1996) 


DEPROTONATION OF ORGANIC RADICAL CATIONS. CHEMICAL 
EVIDENCE FOR PROTON TRANSFER BETWEEN 


AND SUPEROXIDE RADICAL ANIONS 
9,lO-DIHYDROANTHRACENCE RADICAL CATIONS 
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AND 


HIROKI ITOH 
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Photoinduced electron-transfer oxygenation of 9,lO-dihydroanthracene was carried out with 2,4,6- 
triphenylpyrylium tetrafluoroborate (TPP) and 9,lO-dicyanoanthracene (DCA) as sensitizers. The time course 
of the oxygenation products was studied, and the results showed that anthrone was formed as a primary 
product in the DCA-sensitized oxygenation whereas in the TPP-sensitized oxygenation anthracene was the 
primary, major product which under the reaction conditions was converted to anthrone. A mechanism 
involving proton transfer in the radical ion pair consisting of 9,10-dihydronathracene radical cation and 
superoxide radical anion, which cannot occur in the TPP-sensitized oxygenation, was proposed to rationalize the 
difference in the product distribution in the two sensitized oxygenation reactions. 


1. INTRODUCTION 
We have recently shown that 2,4,6-triphenylpyrylium 
(TPP) salt-sensitized oxygenation of aralkyl hydrocar- 
bons such as triphenylmethane and diphenylmethane 
gave the corresponding carbonyl compounds in modest 
to high yields, and proposed that the photooxygenation 
proceeded through deprotonation of their radical cations 
generated by the photoinduced electron transfer (PET). ' 
Since it is well known that the superoxide radical anions 
(0, -') cannot be formed under the photooxygenation 
conditions with TPP,* comparative studies between 
9,lO-dicyanoanthracene (DCA)- and TPP-sensitized 
oxygenation of organic compounds may give an insight 
into the reactivity of radical ion pairs consisting of the 
organic radical cations and O2 -.. Although the participa- 
tion of 02-' has been invoked to explain the products 


* Author for correspondence. 


and their distribution in the DCA-sensitized oxygena- 
tion, little evidence supporting the direct involvement 
of 0, - '  in the initially formed radical ion pairs has been 
reported. In many cases, products and their distribution 
ascribed to the reactions of radical cations with 02-' in 
the DCA-sensitized oxygenation may also be explained 
in terms of the reactions of radical cations and/or 
radical species derived thereof with molecular oxygen. 


(yp / / /  


CN 


Formula 1 
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I 2 


3 4 


Formula 2 


We report here chemical evidence for proton transfer 
in a radical ion pair consisting of 9,lO-dihydroan- 
thracene radical cation l+' ,  and Oz-', generated by PET 
between 1 and the excited singlet state of DCA 
('DCA*)(Scheme 1). Compound 1 may be an ideal 
substrate to probe the participation of Oz-' in the proton 
transfer in the radical ion pairs since the following 
reactions can be expected to occur. Thus 9,lO-dihydro- 
9-anthranyl radical (5 )  (see below), derived from 


deprotonation of 1 +., may undergo rapid aromatization 
to give anthracene, which may decrease the amount of 
reaction of the radical with moleculq oxygen. In the 
presence of Oz-', however, rapid intermolecular proton 
transfer from 1 + '  to Oz-. followed by their combination 
would lead to the formation of oxidation products. This 
was supported by the results. 


Typically, irradiation (>360 nm) of dichloromethane 
solution of 1 (cu 5 x lo-' M )  with a high-pressure 
mercury lamp (400 W) in the presence of W P  (cu 
5 x M) under oxygen for 2 h gave three major 
products, anthracene (2), anthrone (3), and anthra- 
quinone (4). Since 2 was found to be converted under 
the experimental conditions to 3, and 4, time course of 
the oxygenation products was studied, and the results 
are shown in Figure 1. Interestingly, neither 3 nor 4 was 
found to be a primary oxygenation product. As shown in 
Figure 1, a rapid increase in 2 was observed, and 3 and 
4 were also formed with a concomitant decrease in 2. 
The results clearly indicate that majority of 3 and 4 are 
derived from 2. We note that 3 could not be observed at 
the early stage of the photooxygenation, and was 
significantly observed only after 2 began to decrease. 


In sharp contrast, DCA-sensitized oxygenation of 1 
gave different results. Most interestingly, formation of 3 
as a primary product was observed. Thus, as shown in 


-+ Anthracene + Anthrone 
--t Anthraquinone 1 


I 


20 


0 


c I 


Tirne/min 
Figure 1. Time course of the product yields in the TPP (5 x lo-' M)-sensitized oxygenation of 1 (5 x lo-* M) in dichloromethane. 


Irradiation (>360 nm) was carried out with a 400 W high-pressure mercury lamp at running water temperature (ca 20 "C) 
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Figure 2, the time course of the products in the DCA- 
sensitized oxygenation of 1 indicates that both 3 and 2 
were produced from the beginning of the 
photooxygenation. 


We propose mechanisms involving PET for the 
product formation in the TPP and DCA-sensitized 
oxygenation of 1, as shown in Scheme 2. PET in both 
cases was supported by the calculated free energy 
changes (AG) associated with the electron transfer from 
1 to the excited singlet state of TPP ('TPP') or to 
'DCA" and the quenching of TPP or DCA Fluoresc- 
ence by 1. 


Thus, 'TPP' undergoes electron transfer" with 1 to 


give an 1"and a pyranyl radical, TPP', 1" rapidly 
undergoing deprotonation to give 5. Although the 
resulting radical 5 may undergo either hydrogen abstrac- 
tion by molecular oxygen (aromatization, path a) to 
afford 2, or the reaction with molecular oxygen (path 
b) giving a 9,10-dihydro-9-anthranyldioxy radical 6, 
which eventually may lead to 3, the above results 
indicate that the predominant pathway of 5 is aromatiz- 
ation to afford 2 though the reaction of 5 with molecular 
oxygen as a minor pathway to afford 3 cannot be com- 
pletely ruled out. Although 3 does undergo oxygenation 
reactions to give 4 under the experimental conditions, 
the almost complete absence of 4 at the early stage of 


20 


0 50 100 150 200 250 300 
Time/min 


Figure 2. Time course of the product yields in the DCA (1 x M)-sensitized oxygenation of 1 (5 x M) in acetonitrile. 
Irradiation conditions, as In Figure 1 


I 
-H* I + 1 


[ P,0; ] 
I 


2 


3 


Scheme 2 
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the reaction indicates that the absence of 3 in the TPP- 
sensitized oxygenation cannot be ascribed to this 
mechanism. 


In the DCA-sensitized oxygenation, however, the 
direct participation of 02-' to accept a proton from 1 +. 


to form 5 and hydroperoxy radical followed by their 
recombination may explain the formation of 3 as a 
primay product. Thus, electron transfer from 1 to 
'DCA' affords 1" and DCA radical anion, DCA-', the 
latter undergoing rapid electron transfer to molecular 
oxygen to give O,-..k The electron transfer from 
DCA-' to molecular oxygen was also supported by our 
observation of the disappearance of the absorption 
band due to DCA-' in the presence of molecular 
oxygen (results from laser flash photolysis experiments; 
unpublished work). The radical ion pair thus formed 
undergoes either diffusion to give a free l+ ' ,  (path 
c)(not shown), which finally affords 2 through the 
deprotonation, or intermolecular proton transfer (path 
d) to give a radical pair consisting of 5 and a hydroper- 
oxy radical. Since 3 was not formed as a primary 
product in the absence of 02-', the recombination 
reaction of 5 and the hydroperoxy radical followed by 
the decomposition of the resulting hydroperoxide 7 
under the reaction conditions gives initially formed 3. 
The low yield (4%) of 3 in the DCA-sensitized 
oxygenation of 2 is also consistent with the above 
mechanism. In both sensitized reactions, anthraquinone 
4 was formed from 2 and/or 3 under the experimental 
conditions. 


Finally, we note that molecular orbital calculations 
also support that, as other hydrocarbon cation radicals 
such as diphenylmethane cation radical and triphenyl- 
methane cation radical give the corresponding carbonyl 
compounds through deprotonation,' 1 + '  may also be 
acidic enough to undergo deprotonation to give 5. Thus, 
PM3 calculations5 indicate that upon electron removal 
from 1 the dihedral angle 6 between the two benzene 
rings in 1+'(6= 179.4) becomes much larger than that 
in 1 ( 6 =  149.50'). A similar structure was also 
obtained in 5 ( 6 =  179.9'), suggesting that the depro- 
tonation from 1 +' to give 5 may be rapid because of the 
absence of structural changes during the deprotonation. 


In conclusion, we have demonstrated that the proton 
transfer between 1 + '  and 02-' gives an important route 


to the formation of 3, which does not occur in the TPP- 
sensitized PET oxygenation because of the absence of 
02-'. It should also be pointed out that this work was 
first made possible by the simultaneous use of both 
sensitizers, and that the concept should be applicable to 
elucidating the reactivity of organic radical cations 
generated by PET reactions in general. 
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The potential energy surface for the thermal isomerization of fulvene to benzene was studied by modified 
Gaussian-2 (G2M) and the bond additivity-corrected fourth-order perturbation Mgller-Plesset (BAC-MP4) 
methods. Three isomerization pathways were investigated. One involves the intermediate prefulvene by a 
concerted mechanism, which has a significantly higher barrier. The second, also involving prefulvene and 
cyclopenta-l,3-dienylcarbene intermediates, has a barrier of 84.0 kcal mol-'. The third, a multi-step pathway, 
includes bicyclo[3.1.0]hexa-l,3-diene and cyclohexadiene carbene intermediates. The activation energy of the 
multi-step pathway was calculated to be 74.3 kcalmol-', which is 7-11 kcal mol-' higher than the experimental 
value obtained by a brief very low-pressure pyrolysis (VLPP) study. RRKM calculations were performed on the 
multi-step pathway in order to determine the rate of isomerization. These theoretical results cast doubt on the 
validity of the VLPP data. 


1. INTRODUCTION 
Over the past few years, a significant amount of 
experimental and theoretical work has focused on the 
formation of soot in flames.'-" It is well known that the 
rate-determining step in soot formation is the making of 
the first benzene ring. The isomerization of fulvene to 
benzene is a likely final step in the formation of the first 
aromatic ring in combustion. 


A few mechanisms for the isomerization of fulvene to 


one mechanism, it was hypothesized that the formation 
of benzene from fulvene proceeded through a biradical 
intermediate called prefulvene: ' I  - I 3  


benzene have been proposed in the literat~re.~."-'~ In 


Prefulvene 


This mechanism has been accepted by photochemists. 


*Author for correspondence. 


Melius et aL6 investigated the potential energy 
surface of fulvene to benzene using the bond additivity 
corrected Mdler-Plesset fourth-order perturbation 
(BAC-MP4) method in conjunction with the recombina- 
tion of propargyl radicals, which are potential 
precursors of fulvene and benzene under sooting con- 
ditions. In their reaction mechanism, the isomerization 
occurred through two intermediates. The first was 
bicyclo[3.1.0]hexa-l,3-diene and the second was 
cyclohexadiene carbene. The activation energy they 
obtained was 73.2 kcalmol-' (1 kcal=4.184 kl), 
which is 5-9 kcalmol-' higher in energy than that 
obtained by Gaynor et al.' in their brief very 
low-pressure pyrolysis (VLPP) experiments. 


The purpose of this study was to use ab initio 
molecular orbital computation methods to investigate 
the potential energy surface of the isomerization of 
fulvene to benzene. The prefulvene mechanism was 
studied to see if this was a viable low-energy pathway 
for the reaction. The multi-step mechanism introduced 
by Melius et aL6 was also investigated using more 
sophisticated ab initio MO methodsI4 to determine if a 
different activation energy could result. RRKM 
calculations based on this multi-step mechanism were 
performed to obtain the rate constant for the 
isomerization reaction. 
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METHODS OF CALCULATION 


The geometries of various isomers of C,H, were fully 
optimized at the B3LYP/6-31G(d) level of t he~ry . ’~ . ’~  
Vibrational frequencies were calculated at the same 
level for characterization of the nature of the stationary 
point and for zero-point corrections. The stationary 
points were identified as either a minimum with no 
imaginary frequencies or as a transition state with one 
imaginary frequency. 


For most of the intermediates and transition-state 
structures, single-point energy calculations were per- 
formed using the modified Gaussian-2 method, 
G2M(rcc,MP2).I4 It uses a series of calculations to 
approximate a CCSD(T)/6-311G(3df,2p) calculation. 
In the G2M(rcc,MP2) method, a base energy (Ebas) was 
calculated at the MP4/6-31 lG(d,p) level and was then 
modified by a number of corrections. 
(a) Basis set correction: 


AE(+3df2p) = E[MP2/6-311+ G(3df,2p)] 
- E[MP2/6-311G(d,p)] 


(b) Coupled cluster correction: 
AE(RCC) = E[RCCSD(T)/6-31G(d,p)] 


- E [  MP4/6-3 1 G ( d , ~ )  ] 


(c) ‘Higher level’ correction based on the number of a 
and B valence electrons: 


AE(HLC) = -4.93ns - 0.19n, (in mhartree) 
(d) Zero-point energy correction (ZPE)  


These corrections were added to E ,  to give the total 
G2M energy: 
E [G2M (rcc ,MP2) ] 


= E,, + AE( +3df2p) + AE(RCC) + AE(HLC) + ZPE 


All calculations were performed using the Gaussian 
92/DFT program. l7  


Since the reaction pathways considered in the present 
study involve some carbene and biradical intermediates, 
we have to estimate the level of accuracy which one can 
expect from the B3LYP and G2M methods for such 
structures. Carbenes are described fairly well. For 
instance, the B3LYP approximation gives the bond 
lengths and bond angles of singlet and triplet CH, with 
the deviations from experiment of less than 0.01 A and 
2O.I4 The singlet-triplet splitting in CH, is calculated to 
be CQ 12 and ca 6 kcalmol-’ at the B3LYP and 
G2M(rcc,MP2) levels, re~pectively,’~ vs 9 kcalmol-I in 
experiment. For the biradical structures, we use the 
unrestricted B3LYP method for the geometry optimiz- 
ation of the singlet state. 


In the next section, we compare the UB3LYP-optim- 
ized geometry of the prefulvene biradical with the 
CASSCF geometry available in the 1iteraturel3”* and 
find good agreement between them. Similar comparison 


is also made for some other intermediates and transition 
states. With regard to energetics, the G2M(rcc,MP2) 
method simulates a CCSD(T) calculation with a large 
6-311 + G(3df,2p) basis set. Recently, Lindh et 
carried out studies of the Bergman reaction and the 
energy splitting of the singlet 0-, m- and p-benzynes 
using the CCSD (T) and the multi-reference CASPT2 
methods. They concluded, for instance, that there is no 
significant difference between the CASFT2 and the 
CCSD(T) methods for the computed ortho-para 
energy splitting of benzyne, while p-benzyne is a 
typical biradical. Therefore, the CCSD (T) approach can 
provide an accurate description of biradical molecules. 
We have also found” that the CCSD(T) and CASPT2 
methods give close energies for the intermediates and 
transition states of the phenoxy decomposition reaction. 


RESULTS 


Isomerization mechanism 
Fully optimized geometries of intermediates and 
transition states of the C,H, isomerization are given in 
Figure 1 and a potential energy diagram of both 
mechanisms in Figure 2. Table 1 lists relative energies 
obtained at various levels of theory. 


The first isomerization mechanism investigated is the 
one that involved the biradical intermediate prefulvene, 
a bicyclic species with one electron centered on C-1 and 
the other delocalized about the five-carbon ring. Pre- 
fulvene has C, symmetry and its geometry optimized at 
the UB3LYP level agrees well with that obtained by the 
CASSCF calculations. 13*’* The diffsrences in the bond 
lengths do not exceed 0.01-0.02 A, except for the C, 
6-C-2 distance, where the UB3LYP value is by 0.04 A 
longer than the CASSCF value. It has been debated 
whether prefulvene is an intermediate or a transition 
state.”-13 Oikawa et ~ 1 . ’ ~  used intrinsic reaction 
coordinate (IRC) calculations at the MINDO-3 and 
UHF levels and found prefulvene to be an intermediate 
on the PES between benzene and benzvalene. On the 
other hand, Palmer et al.13 found prefulvene to be a 
transition state at CASSCF/4-31G level of theory. 
They also found slightly asymmetric prefulvene 
intermediates that they called ‘prebenzvalenes’, which 
were only about 0 . 2  kcalmol-l lower in energy than 
prefulvene, and concluded that prefulvene was a 
transition state on the PES connecting two similar 
prebenzvalene molecules. In their PES, these prebenz- 
valenes move forward to form benzvalene or backward 
to form benzene. 


At the B3LYP/6-31G(d) level we found prefulvene 
to be a transition state with a relative energy to fulvene 
of 67.6 kcal mol-I. Interestingly, the CCSD(T) energy 
of prebenzvalene relative to fulvene, 73.7 kcal mol-I, is 
close to its CASSCF energy, 77.9 kcalmol-’.’8 The 
optimization of both prefulvene and the prebenzvalene 







Ta
bl


e 
1.


 R
el


at
iv


e e
ne


rg
ie


s a
nd


 z
er


o-
po


in
t e


ne
rg


y 
co


rr
ec


tio
ns


 of
 v


ar
io


us
 is


om
er


s o
f C


,H
, 


4
 


Er
e, (


kc
al


 m
ol


-I)
 


3:
 E 


B
3L


Y
P/


 
M


P2
/ 


M
P4


/ 
C


C
SD


(T
)/ 


G
2M


 
Sp


ec
ie


s 
ZP


E"
 


6-
31


G
(d


) 
6-


31
1 


+G
(3


df
,2


p)
 


6-
31


1G
(d


,p
) 


6 -
3 


1 G
 (d


,p
) 


(r
cc


 ,M
P2


) 
B


A
C


-M
P4


 b.c
 


r
 


G
 


0
 


Fu
lv


en
e"


 (
C


,,
,,


 'A
l)


 
61


.7
 


0.
0 


0.
0 


0.
0 


0.
0 


0.
0 


0.
0 


B
en


ze
ne


 (
D,
,,
, 


'A
g


) 
63


.1
 


-3
4.


6 
-3


4.
5 


-3
1.


9 
-3


1.
7 


-3
0.


4 
-3


4.
9 


B
ic


yc
lo


[3
.1


 .O
]h


ex
a-


 1
,3


-d
ie


ne
 (C


, )
 


61
.4


 
42


.6
 


36
.4


 
39


.3
 


42
.2


 
41


.3
 


37
.6


 
C


yc
lo


he
xa


di
en


e c
ar


be
ne


 (C
,)


 
60


.3
 


55
.5


 
64


.4
 


60
.4


 
59


.4
 


58
.4


 
61


.5
 


B
en


zv
al


en
e 


(C
,,


 'A
l)


 
61


.5
 


44
.9


 
36


.7
 


40
.0


 
41


.8
 


40
.7


 
41


.1
 


Pr
ef


ul
ve


ne
 T


S'
 (


C
r,


 'A
,)


 
58


.9
 


67
.6


 
84


.1
 


68
.7


 
73


.7
 


75
.4


 
Cy
cl
op
en
ta
-l
,3
-d
ie
ny
lc
ar
be
ne
 (C


,)
 


59
.9


 
79


.6
 


79
.6


 
77


.1
 


80
.1


 
77


.1
 


78
.4


 
T


S1
 (


C
,)


 
60


.9
 


42
.3


 
36


.4
 


39
.7


 
42


.9
 


41
.6


 
38


.9
 


59
.9


 
74


.3
 


79
.4


 
75


.0
 


76
.1


 
74


.3
 


73
.2


 
T


S2
 (


C
,)


 
59


.3
 


58
.1


 
58


.9
 


58
.2


 
61


.3
 


59
.0


 
60


.1
 


T
S4


' 
(C


,)
 


58
.3


 
11


3.
9 


10
8.


1 
10


7.
3 


11
1.


9 
10


7.
9 


-
 


r
 


T
S3


 (
C


,)
 


T
S5


 (
C


,)
 


59
.2


 
73


.8
 


64
.6


 
67


.5
 


70
.9


 
67


.9
 


-
 


TS
6 


(C
,)


 
T


S7
 (


C
,)


 
59


.2
 


83
.2


 
78


.1
 


79
.0


 
83


.1
 


78
.8


 


E 8 F ii Z % z1 


58
.5


 
86


.2
 


89
.9


 
84


.0
 


85
.1


 
84


.0
 


80
.4


 
cl
 


-
 


- m z N
 m f? 


'Z
PE
 ca


lc
ul


at
ed


 a
t t


he
 B


3L
Y


P/
6-


31
G


(d
) 


le
ve


l. 


'T
he


or
et


ic
al


 A
H


",
,,=


27
.3


8 
kc


al
rn


ol
-' 


fo
r 


be
nz


en
e 


an
d 


57
.7


8 
kc


al
m


ol
-'


 f
or


 f
ul


ve
ne


 b
y 


th
e 


G
2M


 m
et


ho
d 


an
d 


21
.2


 a
nd


 5
6.


2 
kc


al
rn


ol
-I


, 
re


sp
ec


tiv
el


y,
 b


y 
th


e 
B


A
C


-M
P4


 m
et


ho
d.


 
Ex


ue
ri


m
en


ta
l v


al
ue


s c
or


re
ct


ed
 to


 0
 K


 a
re


 A
H


? ,, 
=


 1
9.


81
 k


ca
l m


ol
-'


 fo
r b


en
ze


ne
 a


nd
 4


7.
5 


kc
al


 m
o1


-l 
fo


r 
fu


lv
en


e.
'*


 


B
A


C
-M


P4
 c


al
cu


la
tio


ns
 pe


rf
or


m
ed


 a
t S


an
di


a 
N


at
io


na
l L


ab
s.


 


dT
he


 t
ot


al
 


en
er


gi
es


 
(i


n 
ha


rt
re


e)
 


fo
r 


fu
'1;


en
e 


ar
e 


th
e 


fo
llo


w
in


g:
 


B
3L


Y
P/


6-
31


G
(d


), 
-2


32
.1


91
31


; 
M


P2
/6


-3
11


 +
 G


(3
df


,2
p)


, 
-2


31
.6


61
4;


 
M


P4
/6


-3
11


G
(d


,p
), 


-2
31


.7
25


83
; 


'P
re


fu
lv


en
e 


an
d 


TS
4 


ca
lc


ul
at


io
ns


 w
er


e p
er


fo
rm


ed
 a


t t
he


 B
3L


Y
P/


6-
31


G
(d


,p
) 


le
ve


l. 


3
 


C
C


SD
(T


)/
6-


31
G


(d
,p


), 
-2


31
.5


27
64


. 







804 L. K. MADDEN ET AL. 


3 
3 


t 
6 


4 


I 


u' 


F 
d 


d" x 


m 


Y Y 







THERMAL ISOMERIZATION OF FULVENE TO BENZENE 805 


n 


15-Cyclopentadienylearbene. CI 


1.587 1.6x8 


M( 
106.6 104 1.407 


1 1 1 . 1  


CI 


Figure 1. (Continued from previous page). 


structures of Palmer et al. l 3  leads to benzvalene and we 
therefore deduced that these prebenzvalene 
intermediates do not exist at this level of theory. Based 
on these results, we concluded that prefulvene serves as 
a transition state for the degenerate benzvalene 
rearrangement with an energy barrier of 22.7 and 
34.7 kcalmol-' at the B3LYP and G2M(rcc,MP2) 
levels, respectively. The potential energy surface is 
extremely flat in the vicinity of prefulvene. According 
to the results of the CASSCF calculation of Palmer et 
al., l 3  prefulvene, prebenzvalene and the transition states 
between prebenzvalene and benzvalene as well as 
prebenzvalene and benzene all lie within the energy 
range of 0-2 kcalmol-'. Therefore, the existence of 
prefulvene or prebenzvalene as local minima is not 
critical for the thermal isomerization of fulvene to 
benzene. 


We have investigated two mechanisms that contain 
benzvalene as an intermediate. Benzvalene is a symme- 
trical species with a relative energy of 40.7 kcalmol-I 
higher than fulvene. In this molecule, C-1 is bound to 
C-2, Cd-3 and C-6 at distances of 1.447, 1.582 and 
1.582 A, respectively. 


We first considered a one-step mechanism to form 
benzvalene from fulvene via TS4 with an energy barrier 
of 107 kcalmol-l at the G2M(rcc,MP2) level. Benzval- 
ene is formed through TS4 by having the C-1 of fulvene 
twisting above the plane of the five-carbon ring by i03". 
The C-1-C-2 bpnd is lengthened from 1.325 A 4 
fulvene to 1-744 A in TS4 and then shortened to 1.477 A 


in benzvalene oand a new bond between C-1 and C-6 of 
length 1.495 A is formed. Also in TS4, an H-atom 
migration from C-1 to C-2 occurs simultaneously. 


In the second step of the isomerization, benzvalene is 
converted into benzene through TS5, T. here the C-1-C-3 
bond of benzvalene is broken as C-1 starts to move back 
into the p lpe  of the five-carbon ring, The C-2-C-6 bond 
of 1.529 A is lengthened to 1.702 A in TS5 and finally 
broken to form benzene. The last step has an energy barrier 
of 67.9 kcal mol -' relative to fulvene. 


An alternative path to forming benzvalene involves 
the cyclopenta- 1,3-dienyl carbene and prefulvene 
species, as recently suggested by Dreyer and 
Klessinger." In the first step, a 1,2-hydrogen shift takes 
place in fulvene to form cyclopenta- 1,3-dienylcarbene 
via TS6. The carbene lies 77.1 kcal mol higher than 
fulvene at the G2M(rcc,MP2) level, which can be 
compared with 76.7 kcalmol-' obtained at the 
CASSCF/6-31 + G(d,p) level.'* Since the rearrange- 
ment is highly endothermic, TS6 has a very late 
character; its geometry is close to that of carbene. 
Connections of TS6 to fulvene and cyclopenta- 
1,3-dienylcarbene are confirmed by the IRC calcula- 
tions. At the G2M(rcc,MP2) level, the barrier for the 
hydrogen shift is 84.0 kcal mol - I  relative to fulvene and 
6.9 kcal mol -' relative to the carbene. In the next step, a 
new C-2-C-3 bond is formed via TS7, and the banier 
is 78.8 kcalmol-' with respect to fulvene. The system 
finds itself in the vicinity of prefulvene and relaxes to 
benzvalene. The overall mechanism is described as 
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Figure 2. Profile of the potential energy surface for fulvene to benzene isornerization. All energies were calculated at the G2M level 
of theory 


follows: fulvene + TS6 + cyclopenta-l,3-dieny carbene 
+TS7-+ (prefulvene) -+ benzvalene -+ TS5 -+ benzene. 
The highest barrier, 84.0 kcalmol-I, is calculated for 
TS6. This is about 17-21 kcalmol-' greater than the 
experimental value. ' 


CASSCF-optimized geometries of TS4 and TS5 can be 
found in the literature. Dreyer and Klessinger'* assigned 
TS4 as a transition state for the prefulvene-isofulvene 
(bicycl0[3.1 .O]hexa-l,3-diene) isomerization. In general, 
their CASSCF geometry agrees well with our B3LYP 
geometry, except for thp C-1-C-2 and C-2-H, distances 
which are 0.11 -0.14 A shorter at the B3LYP level. It is 
known that the CASSCF approach tends to overestimate 
some bond lengths. A higher level geometry optimization, 
using the CCSD(T) method, would be needed in order to 
obtain more accurate geometry of TS4. However, all the 
calculations consistently show that the energy of TS4 is 
very high, 121.3, 113.9, 111.9, and 107.9 kcalmol-' at 


the CASSCF/6-31+ G(d,p)," B3LYP/6-31G(d), 
CCSD(T)/6-31G(d,p) and G2M (rcc,Mp;?) levels of 
theory, respectively, relative to fulvene. With regard to the 
connection of TS4, at the B3LYP level prefulvene evolves 
into benzvalene and, as shown below, isofulvene or 
bicyclo[3.l.0]hexa-l,3-diene is a very shallow minimum 
separated from fulvene by a barrier in less than 
1 kcal mol-I. Therefore, we connect TS4 with benzvalene 
and fulvene directly, which is confirmed by the IRC 
calculations. The geometry of TS5 was reported by Palmer 
et al.I3 and the differences in the bond lengths optimized in 
their CASSCF/4-31G and our B3&YP/6-31G(d) 
approximations do not exceed 0.03-0Ol A. 


The alternative mechanism to benzvalene studied in this 
paper is the multiple step pathway proposed by Melius et 
aL6 Calculations for it were performed at the 
G2M(rcc,MP2) level of theory.I4 The first step of the 
mechanism is the formation of bicyclo[3.l.O]hexa-1,3- 
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diene or isofulvene. The structure of this intermediate 
consists of a five-carbon ring with a three-carbon ring 
fused to it at an angle of 125.2" and has a relative energy to 
fulvene of 41.3 kcalmol-I. This bicyclic intermediate is 
formed from TS1, where the CH, group of fulvene has 
twisted and risen 126.6" above the plane of the cyclopent- 
adiene ogroup. The C-1-C-2 obond is elongated from 
1.325 A in fulvene tq 1.408 A in TS1 and is further 
lengthened to 1.430 A in bicyclo[3.l.0]hexa-l,3-di~ne. 
Also in TS1, a new carbon-carbon bond of 1WO A i? 
formed between C-1 and C-6 and is shortened to 1.681 A 
in the bicyclo intermediate. The geometries of TS1 and 
bicyclo[3.l.O]hexa-l,3-diene, calculated at the B3LYP 
level, are similar to those obtained by Dreyer and 
KlessingerI8 at the CASSCF level. The structure of TS1 is 
similar to that of bicyclo[3.l.0]hexa-l,3-diene and, 
therefore, the energy of TS1 is only 0.3 kcalmol-I higher 
than that of the intermediate. The second step of the 
isomerization involves the formation of cyclohexadiene 
carbene. This intermediate, with a relative energy of 
61.6 kcalmol-I to fulvene, is a puckered six-carbon ring 
with a lone pair of electrons on C-2. Cyclohexadiene 
carbene is formed via T82, where the C-2-C-6 bond is 
lengthenec from 1.481 A in bicyclo[3.l.0]hexa-l,3-diene 
to 2.200A in TS5 and later broken in cyclohexadiene 
carbene. The angle between the fused rings in TS2 is 
116.3", about 9" smaller than in bicyclo[3.1.0]hexa-1,3- 
diene, showing that the three-carbon ring is moving back 
into the plane of the five-carbon ring. This step of the 
reaction has the highest energy barrier (74.3 kcalmol-I). 
The final step of the reaction is a hydrogen migration from 
C-1 to C-2 to form benzene, which occurs through TS3 
with an energy barrier of 59.0 kcalmol-I. 


Our results, obtained by the G2M(rcc,MP2) method, 
were similar to those obtained by Melius et ~ 1 . ~  Their 
highest barrier (73.2 kcalmol-I) was 1.1 kcalmol-' 
lower in energy than the highest barrier we obtained by 
the G2M method. Therefore, our more sophisticated 


methods of calculation did not find a significantly differ- 
ent activation energy for the isomerization reaction. 


RRKM calculations 


RRKM calculations were performed on the isomeriz- 
ation mechanism occurring by the lower energy path in 
order to compare our G2M(rcc,h4P2) results with the 
kinetic parameters gathered through VLPP experiments. 
The calculations were camed out for two cases, one 
with the bicyclo[3.1.0]hexa-l,3-diene intermediate: 


fulvene fulvenei F= bicyclot +benzene 


and the other without the intermediate: 
a( + M) C 


fulvene fulvenet benzene 


In the above reaction schemes, t represents vibrational 
excitation by collision with the third body, M. All 
relevant equations for RRKM calculations have been 
derived previously. 20,21 All parameters used in these 
calculations are given in Table 2. Energies used were 
calculated at the G2M(rcc,MP2) level of theory and all 
frequencies and moments of inertia at B3LYP/ 
6-31G(d). Rate constants for both pathways were 
calculated over the temperature range 1000-1200 K at 
760 and Torr. Figure 3(A) shows an Arrhenius plot 
of the results at 760 Torr, corresponding to the high- 
pressure, first-order limit of the reaction. Both the multi- 
step and single-step mechanisms have the same rate at 
760 Torr. The Arrhenius parameters obtained from a 
linear fit of the plot were A, = 2.6 x l O I 3  ~ m ~ m o l - ~ s - '  
and E,=  75.1 kcalmol-I. This activation energy is 
consistent with that calculated by both the BAC-MP4 
and G2M(rcc,MP2) methods but is 6-1 1 kcalmol-I 
higher than the experimental value.' Figure 3(B) shows 


a( + M) b C 


-a( + M) -b 


-a( + M) 


Table 2. Molecular and transition state parameters used for RRKM calculations 


Species or transition states E,, (kcalmol-') I , ,  I , ,  I ,  (arnu) v I  (cm-') 


Fulvene 0.0 220.145 208.6 
474.900 491.2 
695.045 676.9 


781.7 
804.6 
925.4 
958.0 


1007.9 
1118.4 
1351.8 
1476.5 
1638.7 
3163.9 
3230.4 
3248.6 


338.0 
643.5 
694.5 
800.9 
913.5 
939.2 
972.3 


11 16.2 
1268.2 
1388.5 
1553.7 
1720.0 
3220.0 
3245.1 
3253.9 
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Table 2 (continued) 


Bicyclo[3.1 .O]hexa-1,3-diene 41.3 236.916 
392.723 
560.069 


Benzene 


TS1 


TS2 


-30.4 


41.6 


74.3 


317.344 
317.344 
634.689 


237.646 
399.772 
572.165 


293.238 
352.391 
601.339 


266.4 
541.7 
743.7 
780.5 
860.2 
927.9 
1020.6 
1090.5 
1122.7 
1278.9 
1438.1 
1533.2 
3103.5 
3200.7 
3220.4 
413.2 
622.9 
691.9 
862.2 
966.6 
1009.2 
1070.4 
1187.5 
1357.6 
1532.2 
1656.7 
3175.1 
3185.1 
3200-7 
288.7 
607.1 
748.2 
818.8 
886.5 
1008.3 
1041.8 
1110.7 
1176.1 
1357.3 
1463.5 
1588.8 
3191.6 
3223.3 
3243.8 
284.9 
511.3 
686.2 
765.5 
879.8 
973.7 
1071.7 
1 134.6 
1236.4 
1389.0 
1502.3 
1656.8 
3 105.0 
3190.3 
3221.6 


312.6 
608.6 
770.3 
826.5 
924.5 
1013.6 
1054.8 
1109.9 
1149.3 
1354-0 
1467.5 
1580.9 
3184.8 
3210.6 
3229.3 
416.0 
623.0 
717.4 
863.1 
968.4 
1020.0 
1070.5 
1209.8 
1387.8 
1533.0 
1657.1 
3184.4 
3200.2 
3211.1 
505.9 
744.3 
762.5 
848.4 
922.1 
1011.4 
1089.7 
1129.5 
1288.4 
1454.3 
1531.3 
3107-8 
3206.1 
3235.9 


388.8 
570-9 
695.0 
840.3 
955.8 
1007.7 
1106.8 
1165.6 
1266.8 
1426.9 
1553.8 
2923.1 
3184-1 
3212.4 
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Figure 3. Arrhenius plot of the calculated first-order rate 
constant for the isomerization of fulvene to benzene at (A) 760 
and (B) Torr. Squares represent the result from the 
single-step calculation and circles that from the multi-step 
calculation. The solid line in (A) is a plot of the first-order rate 


constant given by Gaynor et a1.5 


an Arrhenius plot of the results at 10-6Torr. At low 
pressures, the rates of the two pathways are slightly 
different. The Arrhenius parameters were 
A0=2-7x  10'' cm3mol-'s-' and E0=49.3 kcalmol-I 
for the multi-step case and A ,  = 9.5 x 10'' cm3 mol -' s 
and E,  = 57-5 kcal mol-' for the single-step case. 
Pressure effects at 1050 and 1150 K were also investi- 
gated and the results are shown in Figure 4(A) and (B). 
As can be seen, both mechanisms have the same reac- 
tion rates at high pressures but the multi-step reaction 
becomes slower than the single step reaction at low 
pressures. 


CONCLUSIONS 


From the ab initio calculations of the potential energy 
surface of fulvene to benzene, it was found that the 
multi-step pathway derived by Melius et aL6 was the 
lowest energy pathway to benzene with a barrier of ca 


-6 -4 -2 0 2 4 6 


log(P) (tom) 
Figure4. Pressure dependence of reaction rate at (A) 1050 
and (B) 1150 K. Squares represent the result from the single- 
step calculation and circles that from the multi-step calculation 


74 kcalmol-I. It was also determined that the pre- 
fulvene molecule is a transition state and does not play a 
role in the isomerization but serves as a transition state 
for the degenerate benzvalene rearrangement. Two 
isomerization mechanisms including benzvalene were 
also studied. A concerted mechanism with direct forma- 
tion of benzvalene from fulvene via TS4 has a barrier 
about 40 kcal mol higher than the experimental value 
and would not be significant in benzene formation. In 
the second mechanism, benzvalene is formed from 
fulvene in two steps via the cyclopenta-l,3-dienylcar- 
bene intermediate and the highest barrier is 
84.0 kcal mol -'. For the thermal isomerization, this 
mechanism still cannot compete with the multi-step'* 
pathway involving bicyclo[3.1.0]hexa-l,3-diene. 
However, it was suggested to be important for the 
photochemical benzene-fulvene isomerization because 
the So and S, surfaces of C6H, cross in the vicinity of 
prefulvene which isomerizes to fulvene via cyclopenta- 
1,3-dienylcarbene. RRKM calculations were performed 
based on the G2M(rcc,MP2) parameters of the multi- 
step mechanism with the bicyclo[3.1 .O]hexa-l,3-diene 
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intermediate. The reaction was found to have an acti- 
vation energy of 75 kcalmol-', which was close to the 
0 K barriers determined by G2M(rcc,MP2) and BAC- 
MP4 methods. This activation energy was 
7 - 1 1 kcal mol -' higher than that obtained by Gaynor et 
al. ,' using the very low-pressure pyrolysis method with 
molecular-surface collision as a means of thermal 
activation. This large discrepancy suggests that the 
fulvene to benzene isomerization may be sensitive to 
surface effect, which usually lowers the values of 
activation energy. More experimental rate measure- 
ments need to be carried out on the isomerization 
reaction under high-pressure conditions so as to minim- 
ize the catalytic effect of surfaces. Additionally, more 
sophisticated multi-reference C1 calculations for the 
critical TS2 might be useful in order to reconcile theory 
and experiment. 
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SHORT COMMUNICATION 


STABILITY AND REACTIVITY OF THE a-CYCLODEXTRIN COMPLEXES OF 
4-METHYLPERBENZOIC ACID 


D. MARTIN DAVIES* AND MICHAEL E. DEARY 
Department of Chemical and Life Sciences, University of Northumbria at Newcastle, Newcastle Upon Tyne NEI 8ST, UK 


A kinetic study of the a-cyclodextrin-mediated oxidation of methyl 4-nitrophenyl sulphide by 4- 
methylperbenzoic acid suggests that the stability constant for the cyclodextrin-peracid complex is two orders of 
magnitude greater than the value determined previously. Potentiometric studies confirmed this and showed that 
the 4-methylperbenzoate anion forms a complex of stability similar to that of the molecular acid. A less stable 
2 : 1 cyclodextrin-4-methylperbenzoic acid complex is also observed. 


We have extended our previous studies of the stability 
and reactivity of complexes of cyclodextrin and substi- 
tuted perbenzoic acids',' to include the stability of 
complexes of a-cyclodextrin and substituted methyl 
phenyl sulphides, sulphoxides and ~ulphones.~ In this 
communication we report the effect of a-cyclodextrin 
on the kinetics of oxygen transfer from 4-methylperben- 
zoic acid to methyl 4-nitrophenyl ~ulphide .~  The 
stability constant of the cyclodextrin-peracid complex 
obtained from the kinetics is inconsistent with that 
obtained previously using a pH potentiometric method 
to determine the effect of the cyclodextrin on the pK, of 
the peracid.' The potentiometric method has been 
widely used to measure stability constants for a range of 
weak acids and bases.'.5-7 The main limitation of the 
method, however, is that complex formation involving 
the molecular acid or its conjugate anion is measured as, 
respectively, a decrease or an increase in the concentra- 
tion of hydrogen ion. Hence, in the most extreme case, 
if the molecular acid and the anion bind equally well, 
albeit strongly, then no hydrogen ion is released or 
taken up. This is the same result as when neither species 
binds. We have repeated our original pK, measurements 
and have found that a small systematic error in the 
original determination of ApK, values led to a serious 
problem of the type described above. 


Figure 1 shows the previously reported' effect of a- 
cyclodextrin on the change of pKa of substituted perben- 


* Author for correspondence. 


zoic acids in 0.1 moldm-3 sodium nitrate at 25"C, 
together with the redetermined data for 4-methylperben- 
zoic acid. The data are treated using the equation 


) (1) 
1 + K ~ ~ ~ E C I  + ~ I I a ~ l z a [ c ~ '  ( 1 +Kiib[C] +K11&12b[cl~ 


ApKa = log 


where Klla and K , , ,  are the stability constants for the 
1 : 1 complexes of cyclodextrin with conjugate acid and 


0.2 r 
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J -0.2 
P 
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-0.4 
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Figure 1. Effect of a-cydodextrin on the pK, of perbenzoic 
acids: diamonds, 4-Me; circles, 4-NO2; triangles, 4-S0,-; 
squares, 3-C1. Open and filled symbols show previously 


reported' and redetermined data, respectively 
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conjugate base, respectively, and K , ,  and K,,, are the 
stability constants of the 2 : 1 complexes with respect to 
the 1 : 1 complexes and cyclodextrin; the total cyclodex- 
trin concentration minus that complexed to the peroxide 
species is denoted [ C ] .  


The curve through the previously reported 4-methylp- 
erbenzoic acid points corresponded to a best fit value of 
K,,,=6.4+2.4 dm3mol-' with K, , , ,  K , ,  and K,,, set 
to zero.' The redetermined data give KIla, K , , ,  and K I 2 ,  
as 657+354, 876k443 and 9.6* 1.39 dm3mol-', 
respectively, with K , ,  set to zero. 


Figure 2 shows the effect of cyclodextrin on the 
second-order rate constant, kobs, for the reaction between 
4-methylperbenzoic acid and methyl 4-nitrophenyl 
sulphide at 25 "C in acetate-acetic acid buffer of pH 4.6 
and ionic strength 0.05 moldm-3. Under these condi- 
tions, the sulphide forms both 1 :  1 and 2:  1 


5 cyclodextrin-substrate complexes, with K,, ,  and K, ,  
equal to 123 f 7 and 152 f 17 dm3 mol-', respectively. 
First-order rate constants were determined using an 
Applied Photophysics SX-17MV stopped-flow spectro- 
photometer by following the monoexponential 
absorbance change at 350 nm during the reaction of 
1.6 x lo-' m ~ l d m - ~  methyl 4-nitrophenyl sulphide 
with a greater than 30-fold excess of peracid. The 
second-order rate constant, kobs, was the ratio of the 
first-order rate constant and the peracid concentration. 
The kinetic data are treated similarly to those for the 
cyclodextrin-catalysed reaction of iodide and peracids, 
with the dependence of kobs on cyclodextin concentra- 


r 


r 
(D - 2 40 


"E 
0 . 
4 20 
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0 0.02 0.04 
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Figure 2. Effect of a-cyclodextrin on the observed second- 
order rate constant for the reaction of methyl 4-nitrophenyl 
sulphide and 4-methylperbenzoic acid. Circles and diamonds 
are computed values of [C] when K,,, is set at 592 and 
5.8 dm'mol-I, respectively. The dotted line is the fit to 
equation (2) when K,,, is held constant at 5.8 dm'mol-I. The 
dashed line shows the corresponding fit when k20bs is set to 
zero. The solid line shows the fit when K,,, is included as a 
parameter in equation (2), yielding a value of 


592 i 30 dm'mol-l 


tion being analysed according to the equation 


using a commercial nonlinear least-squares package, 
where klobs and k,,,, are the observed third- and fourth- 
order rate constants (first and second order in cyclodex- 
trin, respectively). 


The dashed and dotted lines are fits to equation (2) in 
which K l l a  is held constant at 5.8 dm3mol-', a value 
that is corrected for the different competitive binding by 
the nitrate and acetic acid buffer.2 (A value of 
10 dm3mol-' for K , , ,  has been determined for acetic 
acid using potentiometric and competitive spectropho- 
tometric methods.' The dashed line shows the fit when 
kZobs is set to zero. Clearly neither fit describes the data 
adequately. If, however, K l l a  is included as a parameter 
in the equation, then an excellent fit is achieved in 
which values of 592k30 dm3mol-' and 
(77k2) x lo3 dm6mol-2s-' are obtained for K l l a  and 
klobs, respectively. When a term for KIza  is added to 
equation (2) there is virtually no difference in the best- 
fit values. The K l l a  calculated using the kinetic method 
is in good agreement with that obtained from the 
potentiometric method and the error is considerably 
reduced. This kinetically determined value is corrected 
to 692 dm3 mol to allow for the different competitive 
binding by the acetic acid buffer and nitrate. The cor- 
rected value is substituted into equation (1) and best-fit 
values of K , , ,  and Klza of 932*25 dm3mol-' and 
10.4 * 0.9 dm3 mol - I ,  respectively, are obtained from 
the potentiometric data when K,,, is set to zero. The best 
fit to the potentiometric data is shown in Figure 3. 


The recently published data' for the a-cyclodextrin 
catalysed reaction between 4-methylperbenzoic acid and 
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Figure 3. Effect of a-cyclodextrin on the pK, of 4- 
methylperbenzoic acid redrawn from Figure 1 
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Figure4. Effect of a-cyclodextrin on the observed second- 
order rate constant for the reaction of iodide and 4- 


methylperbenzoic acid 


iodide’ in acetate-acetic acid buffer of pH 4.8 and ionic 
strength 0.1 mol dmV3 at 25 “C are consistent with the 
value of KI1, determined here. This value, corrected for 
competitive buffer binding, is substituted into equation 
(3) and the respective best-fit values of klob and k,, of 
(2.08*0-09) x lo6 dm6 mol-’s-’ and 
(2.05 k0.05) x 10’ dm9 mol-’s-’ are obtained. The fit 
is shown in Figure 4. When a term for K,, is added to 
the equation 


The implications of the present work in terms of our 
recent studies of the stabilit and reactivity of cyclodex- 
ain complexes of peracids?’ are extensive and will be 
discussed in full when we report the kinetics of the 
cyclodextrin-mediated reactions of peracids and substi- 
tuted methyl phenyl sulphides. The present results 
emphasize our assertion’ that good independent determi- 
nations of stability constants are required not only for 
the proper interpretation of kinetic parameters but also 
to ensure their correct determination. 
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MOLECULAR MECHANICS CALCULATIONS (MM3) ON NITRILES 
AND ALKYNES 


ELISHEVA GOLDSTEIN,? BUYONG MA, JENN-HUE1 LII AND NORMAN L. ALLINGERS 
Department of Chemistry, University of Georgia, Computational Center for Molecular Structure and Design, Athens, Georgia 


30602-2556, USA 


The MM3 force field has been extended to include the nitriles and alkynes. Structures, heats of formation, 
dipole moments and conformational equilibria for aliphatic nitriles and alkynes compounds are fitted to within 
experimental error. The vibrational spectra for aliphatic nitriles and alkynes were studied, and the 
experimental values were fitted to an rms error of about 30 cm-’. Previous MM2 studies of nitriles and alkynes 
left unresolved the length of the C,,-C, 3 bonds in isopropylnitrile, 3-methylbutyne, and tert-butylacetylene. In 
each of these compounds, previous M h 2  results disagree with experiment. The present MM3 studies and 
quantum mechanical calculations (MP2/6-31G** and B3LYP/6-31G*) confirmed the previous MM2 results. 


INTRODUCTION 
Applications of molecular mechanics to the determina- 
tion of structures, conformational energies and 
vibrational spectra have become extensive in recent 
years, and the widely used MM2 force field is gradually 
being replaced by MM3.’ The predictive value of the 
force field for systems as varied as the alkanes, alkenes, 
ethers, carbonyls, and many other functional groups has 
been established. Here, we are concerned in extending 
the MM3 force field to nitriles and alkynes. Previous 
force field applications to alkynes include MM2 studies 
of structures and conformations;’ studies of heats of 
hydrogenation and implications of changes of the triple 
bond in the chain;3 and studies of cyclooctyne with the 
specific investigation of torsional bamers for the non- 
linear acetylenes4 Earlier force field calculations on the 
nitriles included the MM2,’ UFF6 and Urey-Bradley ’ 
approaches. This paper will deal with all these issues, 
including improvements in the calculated structures, 
heats of formation and torsional barriers of nitriles and 
alkynes, as well as a detailed vibrational spectra study. 


The sparse experimental data available on smaller 
aliphatic and some cyclic nitriles consist primarily of 
electron diffraction studies’ and microwave ~pec t r a .~ - ’~  
The vibrational infrared and Raman spectral6-” of the 


simple mononitriles focused on both molecular struc- 
tures and thermodynamic properties which are readily 
compared with the heat of formation data. ”-** Previous 
MM2 work on nitriles’ discussed structural and AH: 
results, but here, with the development of MM3 para- 
meters, we also focus on assignments of vibrational 
spectral frequencies and intensities. Force fields which 
attempt to satisfy both experimental data and vibrational 
spectra illustrate the coupled effect of various sections 
of the potential surface and present an interesting 
challenge. We attempt here to obtain optimum parame- 
ters which match vibrational details at the surface 
minima, coupled to accurate structural details which 
depend on the location of these minima on the surface. 
In this paper, we compare the structural results in MM3 
and MM2 and how well the MM3 vibrational spectra 
compare with experiment. The MM3 force field’ has 
both improved torsion-stretch terms and a softened van 
der Waals potential relative to MM2, which yield more 
accurate energies and structures in addition to reason- 
able vibrational spectra. 


The alkynes have been the object of intense experi- 
mental and theoretical scrutiny. The diverse chemical 
properties of the alkynes combined with physical 
properties such as bond strength are still a subject of 
refinement, both experimentally and computationally. In 


t Permanent address: Department of Chemistry, California State Polytechnic University, 3081 West Temple Avenue, Pomona, CA 
91768, USA 
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recent years, the preparation of polymeric network 
allotropes of carbon has become the subject of much 
interest.23 The key step in preparing such networks may 
be the synthesis of monomeric precursors with a high 
C : H ratio. Both cyclic and acyclic acetylenic precursors 
are obvious possibilities in this respect. Many acyclic 
alkynes have been synthesized and characterized. 
However, cyclic alkynes still remain a challenge. 
Cyclooctyne is one of the few cyclic compounds for 
which we have significant laboratory gas-phase 
data,24-26 and it allows a study of a strained C=C bond. 
The ring is small enough to exhibit a large strain energy, 
yet the compound is stable enough to study experimen- 
tally. However, an early MM2 study disagreed with the 
experimental structure of cyclooctyne, mainly regard- 
ing the torsional angle around the triple 


Experimental structures of some simple alkynes and 
nitriles remain problems. For example, the experimental 
bond lengths between an sp-hybridized carbon and a 
secondary (or tertiary) carbon atom (=C-C-) are 
significantly longer than MM2 These experi- 
mental structural problems were addressed in the 
present stud with the help of quantum mechanical 
calculations. 3: 


RESULTS AND DISCUSSION 


Structures of nitriles and alkynes 
The initial parameters for the nitriles and alkynes were 
based on the previous MM2 The parameters 
were adjusted to fit the vibrational frequencies obtained 
from experiment and are presented in Table 1. The 
calculated structural data are summarized in Table 2. 
The MM3 results in Table 3 show highly accurate 
moments of inertia for simple nitriles alkynes, with an 
average deviation below 1%, much of which deviation 
results from the experimental moments of inertia being 
determined from rr bond lengths, while MM3 bond 
lengths are r8. Table 5 gives the dipole moments of 
some alkynes and nitriles. Since these MM3 structures 
remain essentially the same as those from MM2, these 
calculations need not be discussed further for the most 
part. However, we would like to call attention to the 
systematic discrepancy between theory and experiment 
concerning the Csp-Csp3 distances for four molecules, 
namely isopropylnitrile, tert-butyl cyanide, 3-methyl- 
butyne and tert-butylacetylene (Table 4). These 
experimental C-C distances are much longer than 
those given by MP2 and MM3. We noticed this problem 
in our previous MM2 studies of nitriles and alkyne~.’-~ 
The nature of the experiments was such that these bond 
lengths contained large uncertainties because of corre- 
lated parameters. At the time of our earlier work, we 
were not able to establish how much of the error was in 
the experimental values and how much was in the MM2 
values. In the present study we calculated the structures 


of these molecules at the ab initio MP2/6-31G“” 
level, hoping that these reasonably high-level ab initio 
calculations could clear up the ambiguities in the 
experimental structures. The MP2 results agree well 
with MM2 and MM3 structures, indicating that the 
experimental structures are indeed inaccurate. 


Experimental methods have difficulties in dealing 
with gas-phase molecular structures for large molecules. 
For example, microwave spectroscopy allows one to 
determine only three structural parameters per molecule. 
For tert-butylacetylene, if the hydrogen positions and 
C3t, symmetry are assumed, one still has four parame- 
ters to evaluate and only three pieces of data. Often 
isotopically substituted molecules are used to increase 
the available data ( r ,  structures). However, the accuracy 
is then severely limited by the use of the harmonic 
approximation. One such example is the structure of 
isopropyl ~ y a n i d e . ~  Even though 1.501 A is the C-CN 
distance thato fits the experimental rotational constants 
best, 1.481 A fits the experimental data nearly as well. 
However, as can be seen in Table 9, both MP2 and 
MM3 results strongly support 1.481 A as the best value 
for the C-CN distance in isopropyl cyanide. Both 
Nugent et ~ 1 . ~ ~  and Durig and Li.I3’ acknowledge 
experimental uncertainty in their results. In tert-butyl 
cyanide the authprs acknowledge that the C-C= bond 
is ‘0.02-0.04 A longer than the normal value.’ It 
should be noted from Table 3 that our MM3 moments 
of inertia are consistent with experimental data on the 
isopropyl and tert-butyl cyanides. 


The structural and thermodynamic data available on 
the alkynes are not as limited as those for the nitriles. 
The structures on which we shall focus here have been 
determined by electron diffraction and microwave 
methods for acetylene,28 p r ~ p y n e , ~ ~  l -b~tyne ,~’  1- 
pentyne, 3’ 3-methyl- 1-butyne, 32 3,3-dimethyl- 1- 
b ~ t y n e , ~ ~  cyc l~oc tyne ,~~  and 1,5-~yclooctadiyne.~~ 
Beginning with the stretchin and bending force para- 
meters available from MM2 , we were able to modify 
and improve the structural parameters to the values 
presented in Table 1. 


The Csp-Csps and C,,-H bonds, with bond moments 
of -1.64 and -0.92, respectively, result in a net dipole 
moment of 0.72 D for a primary acetylene. with the 
negative end from Cspl towards the sp carbons. As can 
be seen in Table 5, this fits the dipole moments of 
simple acetylenes and matches experiment with an rms 
of 0.06 D (maximum deviation -0.12 D). We have not 
included the induced dipoles,36 and this in part explains 
the deviation from experiment of up to 0.12 D for the 
alkyne dipole moments. 


The stereochemical demands of a strained and bent 
triple bond are the theoretically most challenging aspect 
of cycloalkyne conformations. Cyclooctyne shows a 
strain energy in the heat of hydrogenation (in acetic 
acid solution) of 69 kcal (1 kcal = 4.184 kJ).37 This 
strained triple bond was also investigated using the 


H 
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Table 1. Optimized MM3 parameters for Nitriles and Alkynes 


Torsional parametersb (kcal mol-I) 


Atom type" Vl v2 v3 


4-1 -1-5 0.00 0.00 0.56 
4-1-2-2 -1.90 0.00 0.00 
124 -4 -4 - 124 0.04 0.00 0.00 


1-1-4 0.96 108.80 109.70 


1-4-10 0.335 18040 
1-1-4 0.96 110.00 (type In) 


2-1-4 0.57 110.20 (type In) 
4-1-5 0.68 108.80 (type In) 
1-4-4 0.38 180.00 
4-4-124 0.25 18040 


Stretching parameters 


Atom type K, (mdyn A-l)  10 (A) Bond moment (D) 


1-4 5.50 1.470 1.64 
4-10 17.33 1.158 2.50 
4-4 15.25 1.210 0.00 
4-124 5.97 1.080 -0.92 


Heat parametersd (kcal mol-') 


C=N C-C=(N) NC-Me NC-iso NC-[err 
30.1003 - 1.4683 3.5480 -2.2270 -4.4220 
c-c C-C=(C) =C-Me sC- is0 =C-rerr =C-H 
59.7633 - 1.4683 0.1483 -0.9867 -5.39 -4.59 


Strainless heat parameters' (kcal mol-') 


C=N C-C-(N) NC-Me NC-is0 NC-rerr 
28.5300 -0.87 3.4800 -2.0400 3.9900 
c=c c-c-(C) GC-Me =C-is0 SC-rerr =C-H 
58.7917 0.2983 0.1867 -2.6083 -5.03 -3.46 


Van der Waals parameters 


Atom type r (A) E (kcal mol-I) 


4 1.94 0.056 
10 1.93 0.043 


1 24 1.62 0.020 


'Atom type: 1 = C,,,; 4 = Csp; 10 =nitrogen (nitrile); 124 = hydrogen connected to C,. 
bTorsional parameters of 1-4-4-1, V ,  = 0.0124 x AO,AO,; 1- 1-4-4, V ,  = 0.0297 x A6; set text for explanation 
'For the bend angle, A-B-C, type I refers to the angle with two hydrogen atoms connected to the atom B, type I1 
refers to the angle with one hydrogen atom connected to the atom B and type 111 refers to the angle with no hydrogen 
atom connected to the atom B, apart from the hydrogens that may be represented by A and C. 


a nitrile. C,,I-C and C-N always occur as one of each. However, an alkyne may have 0, 1, or 2 C,,-C,, 
bonds. Hence in the n h e s  one parameter is enough and in the alkynes more parameters are needed. 
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Table 2. Selected structural Darameters of nitriles and alkvnes” 


Nitriles 


Acetonitrile r (MM3) Exp. e MM3 Exp. 


c-c 
C=N 
C-H 


1.470 1.468 CCH 
1.158 1.159 HCH 
1.108 1.095 


110.0 109.7 
108.9 108.9 


Propionitrile r(MM3) Exp. (r,,)“ e MM3 Exp. 


C=N 
C-C (nit.) 
c-c 
C-H (nit.) 
C-H 


1.158 1.157 c-c-c 110.5 110.3 
1.473 1,474 C-C-H (nit) 109.3 - 
1.533 1.548 C-C-H 110.0 - 
1.113 1.091 H-C-H (nit.) 107.3 109.2 
1.110 C-C-H (far) 111.5 - 


Isopropylni trile r (MM3) EXP (ro)I3 e MM3 Exp. 
~~ ~ ~ ~~~ ~ ~ ~~~ 


C-C (nit.) 1.476 1.501 C-C-H (nit.) 108.1 
c-c 1.536 1.530 C-C-C (nit.) 109.8 113.8 
C-H 1.112 1.092 C-C-H 111.5 
C=N 1.158 H-C-H 107.3 


2,2-Dimethylpropaneni trile 
(tert-butyl cyanide) r (MM3) EXP. ( r J Y  0 MM3 Exp. 


C-C (nit.) 1.478 1.495 C-C-C (nit.) 108.6 - 
c-c 1.538 1.536 c-c-c 110.4 110.5 
C-H 1.112 1.156 C-C-H 111.7 - 
C=N 1.158 H-C-H 107.2 - 


Alkynes 


Acetyleneb r (MM3) Exp. (r,)35 e MM3 Exp. 


c=c 
C-H 


1.211 1.209 
1.08 1 1.059 


180.0 


Methylacetylene (propyne) r (MM3) Exp. (ro)” 8 MM3 Exp. 


C E C  
C-H (acet) 
C--C (acet) 
C-H 


1.21 1 1.207 C-C-H 
1.08 1 1.056 H-C-H 
1.4712 1.460 
1.1097 1.097 


110.0 110.8 
109.0 108.1 


Dimethylacetylene 
(2-butyne staggered) r (MM3) Exp. e MM3 Exp. 


c=c 1.2119 1.213 C-C-H 110.0 110.7 
C-C (acet) 1.4716 1.467 H-C-H 109.0 108.9 
C-H 1.1097 1.115 


3-Methyl- 1-butyne r (MM3) Exp. (ro)” e MM3 Exp. 


c-c= 1.477 1.495 c-c-c... 109.7 109.6 
c-c 1.536 1.527 c-c-c 111.1 112.9 
c=c 1.211 C-C-H 111.6 - 


(continued) 
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Table 2. Continued 


r (MM3) Exp. 


1-Pentyne, trans and gauche trans gauche Exp. (r$' I9 trans gauche trans gauche 


C1=Cz 1.2113 1.2113 1.207 C2C3C4 110.59 111.41 311.4 111.7 
C,-H 1.0813 1.0813 1.056 C3C4Cs 112.20 113.10 114.5 115.6 
G-C, 1.4742 1.4742 1.460 
C,-C4 1.5353 15362 
C3-H 1.1144 1.1113 1.096 
c4-cs 1.5341 1.5347 1.526 


~ ~ ~~ 


tert-Butylacetylene r (MM3) Exp. (rJ2' 


c=c 1.211 1.210 
=c-c 1.480 1.498 
c-c 1.5327 1.529 
C-H 1.112 1.10 


"Bond lengths in A and angles in degrees 
bStandard MM3 bond lengths are rB values. MM3 will also calculate ro values, and these were used to reproduce the experimental values: C=C 
ro= 1.120 A and C-H ro= 1,057 A for acetylene 


Table 3. Experimental and MM3 moments of inertia of nitriles and alkynes (au). 


I.cr I ,  I:: 


Molecule Exp. MM3 Exp. MM3 Exp. MM3 


Acetonitrile 3.279 54.87 55.492 54.87 55.492 
(1.1%) (1.1%) 


Propionitrile 18.500 18.543 107.224 107.564 119.348 119.643 
(0.2%) (0.3%) (0.3%) 


Isopropyl cyanide 63.64 63.827 127.363 128.365 174.207 174.653 
(0.1%) (0.8%) (0.2%) 


tert-Butyl cyanide 112.581 183.809 184.952 183.809 184.952 
(0.6%) (0.6%) 


Acetylene 


Prop yne 


0.0 14-32 14.531 14.320 14531 
(1.5%) (1.5%) 


3.289 59.146 59.856 59.146 59.856 
(1.2%) (1.2%) 


Dimethylacetylene 6.599 6.578 15 2.243 152.191 152.243 152.191 
(-0.3%) (-0.03%) (-0.03%) 


1-Pentyne (gauche) 50.939 5 1.473 159.285 160.976 191.864 193.201 
(1.1%) (1.1%) (0.7%) 


1-Pentyne (trans) 21.653 22.098 226.568 227.782 238.793 240.178 
(2.1%) (0.5%) (0.6%) 


terr-Butylaceetylene 112393 188.379 189-3 18 188,379 189-31 8 
(0.5%) (0.5%) 
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Table 4. ExDerimental and theoretical EC-C bind distances for several alkvnes and nitriles (A) 
Acetonitrile Isopropylnitrile tert-Butyl cyanide Propyne 3-Methylbutyne tert-Butylacetylene 


Exp. 1.468 1,501 (1.481) 1.499 ( 1.478) 1.460 1.495 1.498 (1.496) 
MP2 1.462" 1.470" 1.473h 1.467" 1.470b 
MM3 1.470 1.476 1.478 1.472 1.477 1.480 


~ 


'Basis set: 6-31G**. 
bBasis set: 6-31G*. 


Table 5.  Heats of formation and dioole moments of nitriles and alkvnes 


Molecule AH,' (kcal mol-I) Dipole moment (D) 


Exp. MM3 Exp. MM3 


Acetonitrile 20.9 20.9 3.92 4.14 
Propionitrile 12.32 12.74 4.05 4.14 
Fluoroacetonitrile 2.92 3.87 
Diffluoroacetonitrile 2.32 3.30 
Butyl cyanide 8.12 7.76 
Isopropyl cyanide 4.29 4.14 
?err-butyl cyanide -0.6 -0.6 3.95 4.14 
Pentyl cyanide 2.5 1 2.73 


Octyl cyanide - 12.07 -12.40 
Cyclohexyl cyanide 1.15 1.33 


Propyne 44.32 44.38 0.75 0.72 
1-Butyne 39.49 39.58 


4-Oc tyne 12.59 14.9 
3-Methyl-1-butyne 32.6 34.07 0,72 0.72 
1-Pentyne 34.5 1 34.4 1 t :  0.84 t: 0.72 


g: 0.77 g: 0.72 
Cyclooctyne 45-50 50.58 


Cyclodecyne 19.62 22.16 


Heptyl cyanide -7.41 -7.37 


Acetylene 54.34 54.31 0.00 0.00 


2-Butyne 34.69 34.66 3.95 0.00 


C y clonon yne 30.17 35.34 


MM3 force field, which has torsional terms similar to 
those in MM2 to deal with the non-linearity about the 
triple bond,4 accompanied with a new MM3 acetylenic 
parameter set. 


Two parameters received special attention, namely 
~ s p ~ - ~ s p - ~ s p - ~ s p ~  (1-4-4-1) and 
Csp~-Csp~-Csp-Csp (1 - 1-4-4). As in previous MM2 
work,4 we attempted to fit the torsional potential about 
each of these bonds when, as in the case of 
cycloalkynes. there is significant deviation from linear- 
ity. The torsional potential depends strongly on, and 
increases with, increasing values of the angles away 
from linearity. The change from the linear conformation 
denoted by the angle 6 may be symmetric or asymme- 
tric. For the torsion of C-C=C-C, the V, term which 
best describes the system is given by 


V ,  =0.0124 x A@, x A e 2  


which slightly differs from the MM2: 
V, =constant x (A$,)and A@ave = i ( A 6 ,  + A6). The 
new MM3 potential fits ab initio data better than the 
MM2 potential. For the torsion of C-C-C-C, the V, 
correction is the same as the MM2 value,4 with 


Experimentally, the molecular structure of 
c y c l ~ o c t y n e " - ~ ~  has been investigated using electron 
diffraction (ED) and NMR coupling constants. The 
resulting data are interpreted as indicating a highly 
distorted dihedral angle about C-CsC-C equal to 
40-46", and a bent (tight) C-C-C angle of 154.5" 
(see Table 6). However, MM3 results show only a 3.6" 
dihedral twist, and a correspondingly more open angle 
(159.9'). In interpreting the radial distribution function 
from the electron diffraction study of c y c l ~ o c t y n e , ~ ~  
one major assumption made (see Table 6) was that the 
sp3-sp3 bonds are all of the same length. In an MM3 


V ,  = 0.0297 x A6. 
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Table 6. Experimental and theoretical structure of cyclooctyne 


Ab intio" 


Parameter Exp. MM3 MP2 B3LYP 


Bond lengths (A) 
c , -c2 1.228 1.212 1.226 1.211 
c2c3 1.457 1.469 1.461 1.461 
c,c4 1.534 1.548 1.544 1.556 
c4cs 1.565 1.561 1.543 1552 
C5C6 1.565 1.572 1.556 1.565 
c,...c3 3.866 3.866 3.927 3.913 


Valence angles (") 


154.5 159.9 157.5 157.6 
108.3 106.0 106.7 107.1 
115.3 114.5 114.2 115.7 
118.9 117.0 117.3 118.3 


Dihedral angles (") 


c-CGC-C -40.2( 10.4) 3.6 9.0 4.0 
CSC-c-c -39.1(5.3) -13.5 -20.9 - 18.0 
c2c3c4cS 50.7( 10) 39.1 46.7 46.5 
C,C4C,C6 -87.1(5) -87.4 -89.9 -88.0 
C,C,C,C, 105.0( 10) 111.7 113.1 108.1 


'Basis set: 6-31G*. 


calculation, these are each explicitly determined. The 
calculated and experimental results differ most 
significantly in the torsional angle about the triple bond. 
One may also note that MM3 gives a shorter acetylenic 
bond, and generally smaller C-C-C angles. To 
resolve the large difference between the experimental 
and the MM3 (MM2) values for the torsional angle of 
cyclooctyne, we optimized the molecular structure at 
both the MP2/6-31G" and B3LYP/6-31GX levels 
(Table 6). The quantum mechanical results indicate a 
4-9" torsional angle, strongly supporting the MM3 
structure of cyclooctyne. Our quantum mechanical and 
MM3 calculations also indicate that there is no local 
minimum with a torsion angle of greater than 10". 


When MM3 calculation was carried out at a 40" 
dihedral angle, all accompanying bond lengths were 
more relaxed (C,..C,), with bond angles still smaller 
than those that Traetteberg et ~ 2 1 . ~ ~  found. One should 
note that the results of early ED work by Haase and 
Krebs= are actually in better agreement with our results. 
In that work, the C=C-C angle was 158.5" and there 


is a 0" dihedral angle about C-C=C-C (however, 
Traetteberg et ~ 2 1 . ~ ~  pointed out that Haase and Krebs's 
model was not optimized). In addition to the agreement 
with the quantum mechanical structural results, our 
MM3 vibrational frequency for the C=C stretch also 
agrees with the experimental stretching f r eq~enc ie s .~~  
Experimental values (gas phase) for cyclooctyne and 
dimethylacetylene are 2206 and 2240 cm - I ,  respect- 
ively, while the corresponding MM3 values are 2242 
and 2267 cm-'. The deformation of the cyclooctyne 
system thus weakens the triple bond, and lowers the 
stretching frequency by 34 cm-' (experiment) and 
25 cm-' (MM3). 


Heats of formation 
The heats of formation of nitriles and alkynes calcu- 
lated with MM3 are in excellent agreement with 
experimental values (standard deviation 
0.24 kcal mol - I ) .  The same ten parameters as used in 
MM2 to fit heats of formation were used here. Table 1 
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also contains strain factors, defined as 


E(steric energy) + C H  (bonds, structure) 
- C H  (bonds, structure, strainless) 


with acetylene assigned zero parameters. Strain energies 
may be calculated in the usual way.' Strainless group 
increments were also optimized for the group of com- 
pounds as shown in Table 1. Strain energies which we 
shall tabulate for the cycloalkynes will include the 
inherent strain just described, augmented with torsional 
and conformational energy.38 


In older work, the recommended value for the heat of 
formation (H,') of methyl cyanide was 
21.0 kcal mo1-'.2"-22 Recently, this value was reported 
to be 15.5 k ~ a l m o l - ' . ~ ~  We chose the former value in 
parameterizing the heats of formation. A common 
difficulty, when several experimental values are pre- 
sented for the AH: of the nitriles, is resolved by 
matching the data to group additivity rules. This is true 
for propyl cyanide,40 isopropyl ~ y a n i d e , ~ . ~ '  and n-butyi 
and tert-butyl cyanide. Most of the measurements on 
longer alkyl  cyanide^^^.^ were reported by Stridh 
et ~ l . , ~ '  and MM3 results match their results closely. 


All of the H,' values are listed in Table 5. Fre- 
quently, when no experimental H,' are available, 
Benson's additivity rules2' become useful in these 
calculations. Table 5 also contains MM3 heats of 
formation of the alkynes with the C,,-H value 
arbitrarily picked to be -4.590 kcal mol-' (as for other 
C-H bonds, since it is a number that must be fixed 
arbitrarily) and the C,,-C,,~ values arrived at by least- 
squares fitting for the six simple alkynes. MM3 results 
for the simple alkynes match the experimental data3 
with an rms deviation of 0.06. 


Results for some cyclic acetylenes are also presented 
in Table 5. Heat of formation data are not available 
from heats of combustion for cyclooctyne, -nonyne or 
decyne. By using the heat of hydrogenation data, for 
cyclic alkynes in hexane solution, we calculated the 
heats of formation for these compounds. The molecular 
mechanics results for cyclodecyne and 4-octyne agree 
nicely with this experimental approximation (Table 5 ) ,  
as expected. The heat of formation of cyclooctyne can 
be readil calculated from its heat of hydrogenation in 
solution.Y73M Since the available experimental heat of 
hydrogenation was determined in acetic acid solvent, an 
estimated correction of 1.0 kcal is added to allow 
approximately for the effect of hydrogen bonding of the 
solvent to the acetylene. Therefore, if we add the gas- 
phase heat of formation of the cycloalkane to the heat 
of hydrogenation of cyclooctyne, and correcting for the 
solvent effect: 


69.0 (SO]) + [ -29.73 (g)] + 1 = 40.94 
AH H, cyclooctyne AH,' cyclooctane solvent correction 


to be 10% too low, since only 90% of the H, was 
absorbed. Cyclooctyne is suspected to undergo partial 
polymerization in the calorimeter, and the directly 
determined experimental value is therefore 'thought to 
be in error of at least 4-6 kcalm~l- ' . '~ '  If one 
assumes, then, that 10% polymerization had occurred, 
the value for the heat of hydrogenation is raised from 
69.0 to 76.67 kcal. We therefore estimate the experi- 
mental H,O of cyclooctyne to be 47.94 kcal mol-'. This 
compares reasonably with the MM3 value of 
50.00 kcal mol-'. A factor which may also contribute to 
the heat of formation discrepancies for cyclic systems 
involves the increase in the 1-4-4 bending parameter 
(0.380, Table 1, relative to the 0.2 MM2 value). This 
parameter was nearly doubled in MM3 in order to 
obtain adequate vibrational spectra for simple and cyclic 
alkynes. As may be seen in Tables 2, 3 and 5 ,  the MM3 
structural and the H,' values are satisfactory for simple 
alkynes. As mentioned earlier, structure and spectra 
focus on the potential surface minima whereas the gross 
features of the surface relate to energies, both confor- 
mational differences and heats of formation. 


Vibrational spectra 
Nitriles and acetylenes exhibit similar spectra, as they 
possess similar geometries, and belong to similar 
symmetry point groups. They differ mainly in the 
positions of the C-N and C=C bands and also the 
H-C=C stretching and bending bands, which of 
course are not found in the nitriles. The overall 
vibrational spectral results for the various alkynes show 
consistency and agreement with experiment to within 30 
wavenumbers (rms), which is the limit of accuracy for 
MM3 with alkanes. MM3 vibrational data for acetylene 
are presented in Table 7. The bands at 3285 (Cu) and 
584 (nu) cm-' are calculated by MM3 to be intense 
(strong) bands in the infrared, which agrees with the 
medium to strong intensities measured e~perimentally.~~ 


The experimental vibrational spectra of the aliphatic 
nitriles/alkynes are compared with the calculated MM3 
values in Tables 8-10. 


In comparing nitriles and acetylenes, examples of 
pairs of analogs include acetonitrile and methylacetylene 
(Table 8) and propionitrile and 1-butyne. We shall focus 


Table 7. Experimental and MM3 vibrational frequencies 
(cm-') of acetylene 


Type of mode Experimental MM3 Difference 


Z,+ CH stretch 3372.8 3364 -9 


C,,+ CH stretch 328 1.9 3285 3 
C,+ CC stretch 1974.3 1944 -30 


n,, CH bend 730.3 717 -13 n. CH bend 612.8 5 84 29 
The heat of hydrogenation of cyclooctyne is believed 
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on com arisons (Table 9) for propionitrile and 1- 
b ~ t y n e . ~  There are common difficulties in the assign- 
ments of the bending motions of C-C-C and 
C - C s N  or C-C-C, as they appear in the same 
region of the spectrum and overlap The experimental 
C - C s N  and C-C-C bending frequencies fall 
within 7-20 cm -' of one another. To match these data, 
MM3 results need to average the coupling of the 


IY bending and torsion assignments of the C-H IR 
stretching bands (from 2958 to 2851 ~ m - ' ) . ~ - ~ '  Band 
intensity information resolves this experimentally. The 
overlapping bands, resonance interactions and 
torsion-bending problems are similarly clarified with 
the use of the MM3 calculated band intensities. 


The commonality is further extended to the Fermi 
resonance with overtones in the C-H stretch region of 


Table 8. Experimental and theoretical vibrational frequencies (cm -') of acetonitrile and propyne 


Mode Symmetry Acetonitrile Propyne 


Exp. MM3 Diff. Exp. MM3 Diff. 


=C-H stretch. 
CH, stretch. 
CH, stretch. 
N(C)=C stretch. 
CH, def. 
CH, def. 
CH,rock. 


CsC-H bend. 
N(C)=C-C bend. 


C-C stretch. 


3009 
2954 
2267 
1448 
1385 
1041 
920 


362 


3020 
2919 
225 1 
1419 
1381 
1032 
907 


374 


11 
- 35 
- 16 
- 29 
-4 
-9 


-13 


12 


3329 
2994 
2926 
2124 
1448 
1382 
1041 
926 
643 
336 


3324 
3004 
2903 
2128 
1416 
1377 
1031 
906 
646 
318 


-5 
10 


-23 
4 


-32 
-5 
- 10 
- 20 


3 
-18 


Table 9. Experimental and theoretical vibrational frequencies (cm-' ) of propionitrile and 1-butyne 


Propionitrile 1-Butyne 


T w e  of mode EXP. MM3 Diff. EXD. MM3 Diff. 


C-H stretch. 
CH, stretch. 
CH, stretch. 
CH, stretch. 
CH, stretch. 
CH3 stretch. 
C=N, C=C stretch. 
H,C def. 
H,C def. 
H,C scissor. 
H,C def. 
H,C wag. 
H2C twist. 
C-C= stretch. 
C-C stretch. 
H,C rock. 
H,C rock. 
H,C rock. 
C-C-Hbend. 
C-C-Hbend. 
CCC def. 
C-C=N, C-C=C bend. 
C-C=N, C-C=C bend. 
Torsion 


3001 
3001 
2955 
2900 
2849 
2252 
1465 
1465 
1433 
1382 
1324 
165 


1077 
1008 
1022 
837 
786 


530 
37 1 
220 
- 


2977 
2974 
2972 
2924 
2880 
225 1 
1474 
1462 
1456 
1433 
1370 
1239 
1047 
1035 
990 
849 
839 


505 
348 
235 
22 1 


- 24 
- 27 


17 
24 
31 
-1 


8 
-3 
23 
51 
46 


- 26 
- 30 
- 32 
- 32 


12 
53 


-25 
-23 


15 


3332 
2991 
2988 
2945 
2939 
2925 
2116 
1470 
1462 
1446 
1385 
1322 
1262 
1090 
1070 
1007 
840 
782 
634 
630 
507 
344 
208 


3324 
2974 
2974 
2959 
2909 
2819 
2127 
1469 
1461 
1456 
1431 
1368 
1237 
1046 
1034 
989 
850 
839 
656 
645 
470 


313-31 
221 
196 


-8 
-17 
- 14 


- 30 
-46 


11 
-1 
-1 


14 


12 
46 
46 


- 25 
-44 
-36 
-18 


10 
57 
22 
15 


-31 


13 
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Table 10. Experimental and theoretical vibrational frequencies (cm ,) of 
dimethylacetylene (D,J 


Type of mode Symmetry Exp. MM3 Diff. 


CH stretch. 
c=c 
CH, twist.-rock. 
C-C stretch. 


Free internal rotation 


CH, stretch. 
CH, def. 
C-C stretch. 


CH stretch. 
CH, twist. 
C-CzC torsion bend. 


CH stretch. 
CH, def. 
CH, twist., rock. 
C-C=C-C bend. 


A,'  2916 
2240 
1380 
125 


A , "  0 


A," 2915 
1382 
1152 


E' 2973 
1456 
213 


E " 2966 
1448 
1029 
371 


2904 
2261 
1363 
699 


0 


2903 
1422 
1102 


3004 
1416 
165 


3004 
1416 
1023 
448 


- 12 
27 


- 17 
- 26 


-12 
40 


-50 


31 
-40 
- 24 


8 
-32 


-7 
I1 


1-butyne and propionitrile. The experimental CH, rock 
for butyne is a weak band at 1090 cm- '  whereas it is 
1022 cm-' for propionitrile (Table 9). The C - C s N  
bend is more difficult, as some  experimentalist^"^'^^^ 
assign the fundamental at 236 cm- '  and the overtone at 
471 cm-I, whereas  other^'^.'^ assume it to be at 
358 cm-I. As is seen in Table 9 for propionitrile, we 
chose to average these values. Other general bands 
which are difficult to assign are the CH, torsion bands 
that are calculated (MM3) at 221 cm-l and are observed 
experimentally 1 4 ~ L 7 , 1 8  as an intense Raman band at 
220 cm-'. 1-Butyne's methyl torsion band has not been 
observed, but was determined to be at 225 cm- '  from 
the bamer to internal rotation as determined from 
microwave spectra. l 3  


Table 8 shows the MM3 and experimental spectra of 
methyl cyanide,I6 C,,, point group. There are four totally 
symmetric A ,  modes and four pairs of degenerate ( E )  
modes. All modes are both IR and Raman active. Some 
of the bands, known as hot bands (v, + Y , -  v8), are 
measured from the shoulder rather than the center of 
the band, and therefore the calculated CH, symmetric 
stretch deviates from experiment by more than 30 cm-I. 
The CH, symmetric deformation couples to the C-C 
stretch (v3, v4) due to Fermi resonance, and here MM3 
results are fairly accurate in matching these complex 
bands. The large deviation in v6 is due to the symmetric 
overlapping methyl deformation v,, and we observe that 
experimental ambiguity in these bands is high. The 
MM3 intensity of v6, however, deviates from experi- 
ment, as we find it to be weak whereas the experimental 
antisymmetric deformation is observed to be intense.16 It 


is not surprising to observe these differences in a com- 
plex spectrum. 


Table 9 shows our MM3 results for propionitrile, C, 
point group, with nine atoms and 21 degrees of vibra- 
tional freedom which are divided among A' and A" 
bands. All bands should appear in both the IR and the 
Raman spectra. I7.l8 The experimental CH, stretch ( Y,, 
A ' )  at 3008 cm-l couples with v4 (A" and thus the 
MM3 deviation of 24 cm - I  is understood. 


The C-N stretch is unambiguous both experimen- 
tally and from MM3 values, and the agreement is good. 
Experimental coupling of the CH, wagging motion is 
observed, and as a result, the MM3 results do deviate 
significantly. MM3 matches the CH, rocking motion in 
the 780-790 cm- '  region, and we find the band to be 
of high intensity as in the observed IR spectrum. The 
C-C=N out-of-plane bending is matched nicely by 
averaging the bands. MM3 results show the torsion to 
appear at 221 cm-I. An estimate of the barrier height 
for internal rotation for 993 cm- '  yields 5.2 kcal.I7 
Surprisingly, this bamer is larger than in ethane and 
may be due to the large propionitrile dipole. However, it 
is possible that this barrier is estimated too high. Table 9 
presents the propionitrile spectra with the resonance 
interactions and overlapping bands discussed above and 
yields a fairly consistent rms value of roughly 30 cm-l. 


The MM3 agreement with the IR and Raman spectra 
of propyne is adequate. The high C3, molecular sym- 
metry reduces the spectrum to A' and E' symmetries, 
each consisting of five bands.47-49 The 1382 cm- '  in the 
spectra of propyne is unique for a CH, group attached 
to an sp carbon. Typically, as in I-butyne, the CH, 
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adjacent to the acetylinic carbon gives a band in 
1320- 1340 cm-I region. In dimethylacetylene, we 
expect a similar band in the 1380 cm-' region. MM3 
results show good accuracy in both propyne (-5 cm-I 
deviation) and dimethyl acetylene C, (- 17 cm -' 
deviation). Because these molecules are highly symme- 
tric, like acetylene, we are unable to compare MM3 IR 
band intensities directly, as  most modes are observed in 
the Raman spectra. 


Spectroscopic interest in dimethylacetylene centers 
on the internal rotation of one methyl group relative to 
the other. Earlier heat capacity studies indicated that the 
restricting potential is less than 0-500 kcal mol The 
symmetry modes involving the free internal rotations 
are A,"  and E' (Raman active). We find the A," to yield 
no contribution to internal rotation whereas the E' 
165 cm-I torsion mode contributes 0.46 kcalmol-', in 
excellent agreement with experiment. CH, wagging 
frequencies are expected to lie close together, since the 
methyl groups are separated by the triple bond. Unlike 
ethane, where the methyl groups interact strongly and 
split to 827 and 1170 ~ m - ' . ~ ~  we agree with experimen- 
tal data and find a CH, twist-rocking mode at 
1023 cm-I. The symmetric Al',  C-C stretching fre- 
quency is found to lie below 1000 cm-l, as anticipated 
experimentally, while the antisymmetric A," lies 
somewhat above. This is a subtle mass effect due to the 
shifting in symmetry and MM3 calculates this closely. 
A larger MM3 deviation in the spectrum of 
dimethylacetylene involves the A," C-C stretch, which 
may arise from a binary combination near 2270 cm-', 
due to cross terms (arising from A," x A,",  E' x E' and 
E" x E").  This band, to quote  experimentalist^,^^^ 'will 
show the impossibility of finding a reasonable assign- 
ment. We have assumed an overtone to be responsible 
for resonance splitting.' 


CONCLUSIONS 
The MM3 force field has been extended to include 
nitriles and alkynes. Structures, heats of formation, 
dipole moments and conformational equilibria for 
aliphatic nitriles and alkynes compounds are fitted to 
within experimental error. The vibrational spectra for 
aliphatic nitriles were studied, and the experimental 
values were fitted to an rms of about 30 cm-l, which is 
the approximate limit of accuracy imposed by the 
alkane force field. Previous MM2 studies of nitriles and 
alkynes left two questions unresolved. One was the 
torsional angle along the triple bond in cyclooctyne and 
the other was the length of the CSp-Crp3 bond in 
isopropylnitrile, 3-methylbutyne and tert- 
butylacetylene. In both cases, previous MM2 results 
disagreed significantly with experiments. The present 
MM3 studies confirmed the previous MM2 results, 
Furthermore, our quantum mechanical calculations are 
also consistent with the molecular mechanical results 


and indicate that the torsional angle along the triple 
bond incyclooctyne is only 4", and that there is no bond- 
lengthening effect in isopropylnitrile, 3-methylbutyne 
and tert-butylacetylene. Thus the quantum mechanical 
calculations (MP2/6-31G" and B3LYP/6-31G') and 
MM3 results suggest that the experimental structures of 
these molecules are simply inaccurate with respect to 
these points. 
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Carbon-bridged [1.1 Iferrocenophanes have generally been assumed to have syn structures, since anti isomers 
have been considered to be too strained. The recent discovery that such compounds may crystallize as anti 
isomers raises the question of whether the compounds prefer anti or syn conformations in solution. The 
synthesis of pacetyl-[l.l]ferrocenophane (1) and its investigation by 'H,'H-NOESY are reported. Compound 1 
was found to be a rapidly equilibrating mixture of syn isomers in CDCI, at 22 "C. 


INTRODUCTION 
B-Acetyl-[l.l]ferrocenophane(l) has been shown, 
using 2D NMR spectroscopy ('H,'H-NOESY), to be a 
rapidly equilibrating mixture of syn conformers 
(Scheme 1) rather than anti conformers (Scheme 2) in 
CDCI, at 22 OC. 
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The parent [ 1.1 Iferrocenophane (2) and its derivatives 
have generally been assumed to have syn structures 
(cf.2a) rather than anti structures (cf. 2b), since anti 
conformers have been considered to be too strained. ' 
However, recently the crystal structure of the first anti 
isomer (3a) of a carbon bridged [l.l]ferrocenophane, i.e. 
of 1 ,12-dimethyl[l.l]ferrocenophane (3 )  was reported.' 
Besides 3a, which is an exo, exo, anti isomer, two other 
isomers of 3 have been isolated and characterized, i.e. 
e m ,  exo, syn-3 (3b)3 and exo, endo, syn-3 ( 3 ~ ) . ~  
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The discovery of these isomers of 3 in the solid state 
raises questions about the structure of 
[l.l]ferrocenophanes in general and in particular their 
structure and dynamics in solution, e.g. are they present as 
anti or syn isomers and are these isomers interconverting. 


Compound 2, which crystallizes as syn conformers, 
exhibits an unusually simple 'H NMR spectrum in 
solution, i.e. only three bands are observed. This has been 
shown to be due to a fast degenerate rearrar~gement.~ 


Scheme 3 


Assuming a syn structure for 2 in the initial state, this 
rearrangement exchanges the exo- and endo-methylene 
hydrogens, a'- and a"-hydrogens and @' and @"-hydro- 
gens, respectively (Scheme 3). 


The barrier for this identity reaction has been deter- 
mined to be 28 f 4 kJ mol -' and its mechanism has been 
suggested to be a pseudo-rotation analogous to the twist 
boat-twist boat interconversion in cyclohexane.' 


Owing to the apparent symmetry of 2, it has not 
been possible to use 2D NMR spectroscopy (NOESY) 
to determine whether 2 has anti or syn structure in 
solution. 


RESULTS AND DISCUSSION 
With the aim of obtaining a [l.l]ferrocenophane with 
suitable NMR spectroscopic properties for structure 
determination, compound 2 was acetylated. Acetylation 
of 2 has previously been reported to yield both a- and /3- 
acetyl-[l.l]ferro~enophanes.~ In our hands, only one 
monoacetylated compound, i.e. the @-isomer was isolated 
together with a diacetylated [ 1.1 ]ferrocenophane. 


The 'H,'H-NOESY spectrum of 1 in CDCl, was 
obtained at 22°C. Assigned 'H chemical shifts and 
observed NOEs are given in Table 1. Obviously the 
acetyl substitution caused the wanted separation of the 
Nh4R signals. At a first glance, the number of the 
signals suggests the presence of only a single /3-isomer. 
However, the fast degenerate rearrangement of 2 
suggests the presence of a similar but non-degenerate 
rearrangement of 1 (Scheme 1). This is confirmed by 


Table 1. Chemical shifts, assignments and observed nuclear overhauser 
enhancements (NOES) for B-acetvl- I l .  11ferrocenoDhane (1)" 


Proton No. WPPm NOEs of signals from these protonsh 


1 5.05b CH,, 8, HA, HB 


4 4.70d 395, HA, HB 
5 4.29 4 ,6 ,  HA, HB 


8,9 4.40 1,7,  10, 16, HA, HB, Hc, H D  
12,14 4.34 C H 3 , 3 ~ , 4 0 , 5 ,  11 ,  13, 15,Hc, H D  


3 4.78' CH,, 4, 14w 


6 ,7 ,  10, 11 4.20' 5 , 8 , 9 ,  12 


13 4.25 4w, 12, 14, Hc, HD 
15 4.03 CH,, lw, 3w, 14, 16 
16 4.53 CH3, l w ,  9, 15, Hc, HD 
HA, HB 3.58, 3.53f 1 , 4 , 5 , 8 ,  Hc, H D  
HC, HD 3.47,3.408 9, 12, 13, 16, HA, HB 
CH3 2.44 1,3,  14w, 15,16w 


"The 'H was referenced to CDC1, at 67.27. 
bJ l . ,=2 .0H~,J , ,3=  1.5 Hz. 
E J 3 4 = 2 . 6 H ~ , J I , 3 =  1.5 Hz. 
J3a = 2.6 Hz. JI.4 = 2.0 Hz. 
Broad signal. 


w indicates weak NOEs. 


'.DAB quartets, chemical shifts obtained from 1D NMR simulations, JHA,HB = 18.9 Hz and 
JHc HD = 18.9 Hz. 
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band broadening and band splitting observed for 1 at 
low temperatures. 


The NOEs in Table 1 are fully consistent with 1 being 
a mixture of rapidly equilibrating B'-  and B"-isomers 
(Scheme 1). Thus HA and H, exhibit NOEs with HI,  H,, 
H, and H,. The other two methylene protons, H, and HD, 
show NOEs to H,, HI, HI, and HI@ It has not been 
possible to make definitive assignment of the signals of 
the Al3 spectra of HA, H, and H,,H, groups, respect- 
ively. However, each of the protons in the pair H,,H, 
shows NOE to only one of the protons in the pair H,,H,. 


The results in Table 1 are not consistent with 1 being 
an anti isomer or equilibrating anti isomers (Scheme 2), 
since HA and H, do not show any expected NOE to H,, 
HI, HI, and HI@ Furthermore, H, and H, do not exhibit 
any observable NOE to HI, H,, H, and H,. 


Thus, our conclusion is that 1 under the present 
conditions consists mainly of syn isomers which are 
rapidly equilibrating, as shown in Scheme 1. 


EXPERIMENTAL 


Procedure f o r  acetylation of [ I  .I Iferroceno- 
phane. A modified procedure described by Kansal 
et a1.' was used. A Perrier complex was prepared from 
acetyl chloride (33 mg, 0.42 mmol) and a large excess 
of aluminium chloride (330 mg, 2.5 mmol) in dry 
methylene chloride (10 cm3). The mixture was stirred 
for 0.5 h and the solid material was separated by 
filtration. The residue was washed with dry methylene 
chloride (6 cm3) and the combined filtrates were added 
dropwise during 0-5 h to a solution of 2 (130 mg, 
0.33 mmol) in dry methylene chloride (10 cm3) at 0 "C. 
The reaction mixture turned blue-violet and was stirred 
for another 40 min at room temperature. Then the 
mixture was washed several times with water. After 
drying over MgSO,, the solvent was evaporated. The 
residue was flash chromatographed on silica gel 
(0.032-0.063 mm) using an eluent consisting of light 
petroleum (b.p. 40-60°C) and diethyl ether (2:3, v/v). 


The first-eluted compound was starting material then 
the j3-acetyl compound 1 (49 mg, 30%) was eluted 
before diacetylated [ 1.1 Iferrocenophane (25 mg, 16%). 
The products were further purified by crystallization from 
light petroleum (b.p. 40-60 "C). The mass spectrum of 1 
showed a molecular peak at m / z  438 (found, 4380407; 
calculated for C,,H,,Fe,O, 438.0369). NMR. 6, 
(CDCI,), 5.05 (lH, ring HI), 4-78 (lH, ring H3), 4.70 
(lH, ring H,), 4.53 (lH, ring HI6) 4.40 (2H, ring H,, 
H,), 4.34 (2H, ring HI, Hi,), 4-29 (lH, ring H5), 4.25 
(lH, ring HI,), 4.20 (4H, ring H,, H,, HI,, H,,), 4.03 
(lH, ring HIS), 3.58 and 3.53 (Al3 quartet, 2H, 
methylene bridge- HA, HB), 3.47 and 3.40 (AB quartet, 
2H, methylene bridge H,, H,), 2.44 (3H, CH,). The 
mass spectrum of diacetylated [ 1.1 lferrocenophane 
showed a molecular peak at m/z 480 found, 480.0381; 


calculated for C,H,,Fe,O,, 480.0475) NMR: 6, 
(CDCI,), 5-12 (2H, ring H), 4-82 (2H, ring H), 4.62 
(2H, ring H), 4.57 (2H, ring H), 4-37 (2H, ring H), 4.27 
(2H, ring H), 4.07 (2H, ring H), 3.56 and 3-49 (AB 
quartet, 4H, methylene bridge H), 2.48 (6H, CH,). The 
number of signals indicates symmetrically positioned 
acetyl groups in two different rings in B-positions. 


NMR spectroscopy. The spectra were recorded using a 
Varian Unity 500 instrument operating at 499-92 MHz 
and equipped with a 5 mm ID500-5 indirect detection 
yobe from Nalorac. Deuteriochloroform (>99.95 atom% 
H) was used as solvent and 'H chemical shifts were 


referenced to CDCl, (6=7.27). The spectra were 
obtained at 22 "C. One-dimensional proton spectra were 
recorded with standard parameters, and for 1D Nh4R 
simulations the Varian VNMR-S program on a SUN 
platform was used. 


The 2D NMR spectra were acquired using non- 
spinning 5 mm samples with deuterium field-frequency 
locking. For the 'H,'H- NOESY spectra the following 
parameters were used: spectral width, 4711.4 Hz ( f , )  
and 4711.4 Hz (f,); 256 increments and 16 scans per 
increment in t , ;  one-time zero filling in f ,  and f i ;  mixing 
times, 0.8, 1.6 and 3.0 s. Spectra were processed in the 
phase- sensitive mode with shifted square sine-bell 
weighting in both f, and f2. 


Mass-spectrometry. All mass-spectra were recorded 
on a high-resolution Zab Spec FPD instrument from VG 
Instruments (electron impact ionization, 70 eV). 
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THEORETICAL AND EXPERIMENTAL ANALYSIS OF PROPERTIES IN 
HETEROCYCLES CONTAINING THE AMINOSULPHONYLLAMINO 


MOIETY 


IBON ALKORTA,~ CONCEPCION GARC~A-GOMEZ, JUAN ANTONIO PAEZ AND PILAR GOYA 
Instituto de Quirnica Midica (CSIC), Juan de la Ciera 3,28006-Madrid, Spain 


A theoretical and experimental analysis of the geometric and electronic properties of compounds containing the 
aminosulphonylamino moiety was carried out. The theoretical properties were calculated using molecular 
orbital a b  initb methods at the Hartree-Fock (HF) and second order Moller-Plesset (MP2) levels of theory, 
local density functional (LDF) ab initio methods and the semi-ab initio method, SAM1, on sulphamide and 
seven heterocyclic compounds containing the aminosulphonylamino group. The experimental analysis has been 
performed using x-ray structures of related compounds gathered in the Cambridge Structural Database 
together with experimental dipole moments and I3CNMR shifts of some of the compounds studied. Comparison 
of the experimental analysis with the theoretical results indicates that none of the methods studied is the most 
adequate to describe the geometry and electronic distribution of these molecules. The use of the 6-31G* basis 
set to compute the geometry of these molecules and methods which include electronic correlation (MP2/61G*// 
RHF/6-31G*, MP2/6-31G* and LDF) to quantify their electronic distribution are proposed. 


INTRODUCTION 
In recent years, the aminosulphonylamino moiety 
(NS0,N) has emerged as an important component of a 
large number of bioactive heterocyclic compounds. 
These biological activities range from antihistaminic, I**, 


for some 1,2,5-thiadiazole 1,l-dioxides, 
antiinflammatory , antipyretic and analgesic, for some 
1,2,6-thiadiazine 1 ,I-dioxides, to d i ~ r e t i c , ~  for some 
pyrazin0[2,3-~]-1,2,6-thiadiazine 2,2-dioxides. 


The presence of the sulphur atom and the large size 
of most of these molecules have limited the application 
of molecular orbital ab initio methods to this kind of 
compound in the past. Our earlier studies in model 
structures clearly showed the necessity of including 
polarization functions on the sulphur atom in order to 
properly describe the S-0 In addition, a 
recent systematic study of a large series of small 
compounds containing sulphur7 has indicated the 
limitation of some of the most frequently used molecu- 
lar orbital methods. 


For an adequate comparison of the theoretical results, 
experimental gas-phase data, when available, would be 
desirable. However, this is not the case with the com- 


Author for correspondence. 


pounds studied. Nevertheless, the structures of a 
number of compounds with this moiety have been 
described in the solid phase.8 The average of this kind 
of data has been shown to be similar to gas phase 
results for other sets of compoundsytl0 and their statis- 
tical analysis has been used to confirm geometrical and 
energetic results provided by theoretical 
calculations. ''-I3 


In this work, the theoretical results obtained with 
molecular orbital, local density ab initio methods and 
the recently described semi-ah initio method SAM1 
were compared with experimental dipole moments and 
statistical results of x-ray geometries for heterocyclic 
compounds containing the aminosulphonylamino 
moiety. The comparison provides a basis to select the 
methods which describe better the overall experimental 
results and could be used to develop a molecular 
mechanics parametrization of this moiety. 


EXPERIMENTAL 


The compounds selected for this study involve a variety 
of molecules with the NSO,N moiety, especially when 
this group is included in a ring (Figure 1). All the 
molecules were fully optimized using their symmetry 
when possible. 
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Figure 1. Compounds studied with the atom numbering used 
in this article 


The selection of the methods used here was made 
according to a previous paper in which small molecules 
with sulphur were calculated.' The semi-empirical 
method PM3 was disregarded owing to its poor descrip- 
tion of the geometry and dipole moments of this kind 
of compound. Similar reasons were used to exclude the 
minimal basis sets STO-3G* and MINI-l* from this 
study. 


The remaining ab  initio basis sets, 6-31G*14 and 
MIDI-l*,I5.I6 used previously, were chosen here, in 
addition to the local density functional ab  initio 
method".18 included in the DMol program. The semi-ab 
initio method SAMl was also used. 


The ab initio molecular orbital methods were 
calculated with the Gaussian-92 program2' at the RHF 
and MP2 (frozen core) levels of theory with the 
6-31GX basis set and at the RHF level with the 
MIDI-l* basis set. The minimization was carried out 
using the Berny method. The default parameters were 
used for the integral cut-off and minimization conver- 
gence criteria. 


The LDF ab  initio calculations were carried out 
using the DMol program ,* ' I  distributed by Biosym 
Technologies. A double zeta numerical basis set with 
polarization functions in all the atoms and the 
Janak-Moruzzi-Williams (JMW) exchange correla- 
tion potential were used. The geometry of the 
molecules was optimized until the gradient was smaller 
than 0.003 au. 


The SAMl calculations were carried out using the 
AMPAC package (Version 5.0).22 The geometry optim- 
izations were achieved using the EF minimization 
algorithm and the PRECISE keyword which increases 
the electronic and gradient requirement 100-fold. 


RESULTS 


The experimental and optimized calculated geometries 
of the molecules studied are gathered in Tables 1-3. 
Table 1 contains a selection of the bond distances, 
especially those in which the sulphur atom is involved, 
and Table 2 shows some of the bond angles of these 
molecules. The distances between the sulphur atom and 
the plane defined by the rest of the atoms in the five- 
and six-membered ring molecules studied (2-8) are 
given in Table 3. 


Since the calculated geometries considered a 
hypothetical gas phase, a statistical average of the 
geometrical parameters of all the compounds with the 
aminosulphonylamino moiety in the Cambridge Struc- 
tural Data Base23 (CSD), October 1994 release, were 
calculated, to reduce the individual packing effects, and 
compared with a statistical analysis of the theoretical 
results for each method (Table 4). A similar analysis of 
the compounds with a six-membered ring was carried 
out (Tables 5 and 6). 


The experimental and calculated dipole moments are 
given in Table 7 and a correlation analysis of this 
parameter for the different methods studied is presented 
in Table 8. 


An additional analysis of the electronic description 
of the theoretical methods was carried out by checking 
their ability to correlate the calculated atomic charges 
with the experimental NMR shifts of the carbon atoms 
of the compounds studied for which these values were 
available (Table 9). The atomic charges were obtained 
using the Mulliken appr~ximat ion~~ for all the methods. 
In addition, the Hirshfeld partitioned charges25 were 
calculated with the DMol program. 


DISCUSSION 


Geometry 
The geometric parameters calculated by the different 
methods used in this study show some differences 
with respect to the experimental values, the results 
obtained with the 6-31G* basis set at the HF level 
being the most similar to the experimental data. The 
results of this basis set in conjunction with the experi- 
mental values will be used to analyse the rest of the 
methods. 


The semi-ab initio method SAMl shows deep 
contrasts when compared with the experimental geome- 
tric parameters. Whereas it is the best method regarding 
the S-0 bond distance and OSO angle (Tables 1, 2 
and 4), it has serious problems in reproducing the 
environment of the nitrogens attached to the sulphur 
atoms, denoted by long N-S distances (Tables 1 and 
3, very large S2-N3-C4 angles (Tables 2 and 6) 
and the calculated planarity of the thiadiazine ring 
(Table 3). Another indication of this problem is the 







THEORETICAL AND EXPERIMENTAL ANALYSIS OF THE NSOZN MOIETY 


Table 1. Selected theoretical and experimental bond distances (A) 
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Compound Method N1-S2 S2-N3 S2-01 52-03 


1 SAMl 
DMol" 
MIDI- 1"" 
6-31G*b 
MP2/6-31G* 
Exp.' 
SAM 1 
DMol 


6-31G* 
MP2/6-3 1 G* 
SAM 1 
DMol 


MIDI- 1 " 


MIDI- 1 * 
6-31G" 
MP2/6-3 1G" 


4 
Exp.' 
SAM 1 
DMol 
MIDI- 1 " 
6-31G" 
MP2/6-31G* 


5 SAM 1 
DMol 


6-31G" 
MP2/6-3 1G" 


6 SAM 1 
DMol 


6-31G* 
7 SAMl 


DMol 
MIDI-1* 
6-31G* 


8 SAM 1 
DMol 
MIDI-1" 
6-31G" 
Exp." 


MIDI- 1 * 


MIDI- 1 * 


1.655 
1.650 
1.651 
1.629 
1.659 
1.620 
1.825 
1.717 
1.719 
1.696 
1.757 
1.791 
1.717 
1.706 
1.684 
1.719 
1.653 
1.775 
1.707 
1.692 
1.673 
1.707 
1.826 
1.722 
1.702 
1.686 
1.725 
1.765 
1.707 
1.701 
1.677 
1.804 
1.715 
1.702 
1.683 
1.845 
1.733 
1.723 
1.701 
1.670 


1.655 
1.681 
1.676 
1.652 
1.689 
1.620 


1.586 
1.596 
1.618 
1.596 
1.632 
1.583 
1.623 
1.610 
1.640 
1.620 
1.653 
1.604 
1.606 
1.637 
1.615 
1.647 
1.596 
1.607 
1.629 
1.609 
1.590 
1.606 
1.628 
1.609 
1.574 
1.622 
1.637 
1.619 
1.607 


1.443 
1.455 
1.440 
1.426 
1.459 
1.434 
1.443 
1.453 
1.437 
1.420 
1.456 
1 443 
1 *455 
1.440 
1.426 
1.459 
1444 
1.455 
1.441 
1.426 
1.444 
1.449 
1.437 
1.420 
1.444 
1.453 
1.439 
1.424 
1.427 


1.448 
1.453 
1.441 
1.420 
1.456 
1.430 
1.440 
1.448 
1.431 
1.415 
1.45 1 
1 443 
1.450 
1.436 
1.421 
1.454 
1.423 
1.443 
1.450 
1.436 
1.423 
1.453 
1.444 
1.452 
1.440 
1.422 
1.456 
1.444 
1.447 
1.434 
1.418 
1.444 
1.455 
1.441 
1.428 
1.444 
1.451 
1.439 
1.422 
1.421 


'Taken from Ref. 7. 
bTaken from Ref. 34. 
'Taken from Ref. 35. 
dTaken from Ref. 36. 
'Taken from Ref. 33. 
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Table 2. Selected theoretical and experimental bond angles (") 
~ ~~~ 


Compound Method Nl-S2-N3 S2-N3-C4 0 1  432-03  


4 


1 SAM 1 
DMol" 
MIDI-lhn 
6- 31G*b 
MP2/6-31G" 


SAM 1 
DMol 
MIDI- 1 * 
6-31G" 
MP2/6-31G* 
SAM 1 
DMol 
MIDI-1" 
6-31G* 
MP2/6-3 1G* 


SAM 1 
DMol 
MIDI-l* 
6-31G* 
MP2/6-3 1 G* 


5 SAM 1 
DMol 
MIDI- 1 * 
6-31G" 
MP2/6-31G* 


6 SAM 1 
DMol 
MIDI- 1 " 
6-31G* 


7 SAM 1 
DMol 


6-31G* 
8 SAM 1 


DMol 


6-31G* 


Exp.' 


Expd 


MIDI- 1 * 


MIDI-1" 


Exp.' 


103.2 
107.0 
105.2 
106.6 
106.1 
111.4 
90.8 
97.5 
96.1 
96.5 
96.9 
99.0 


101.0 
101.1 
101.7 
100.3 
105.0 
99.2 


102.0 
101.7 
101.7 
100.7 
100.0 
103.1 
102.6 
103.1 
101.7 
100.1 
101.5 
101.3 
101.7 
100.5 
103.2 
102.4 
103.0 
102.1 
106.1 
105.8 
105.7 
106.8 


133.6 
121.0 
120.6 
121.6 
118.7 
121.5 
132.5 
121.7 
121.0 
121.6 
119.0 
132.6 
119.6 
118.6 
119.9 
117.2 
135.1 
121.2 
120.5 
121.7 
135.4 
120.9 
119.8 
121.1 
135.5 
118.0 
1183 
119.3 
118.3 


121.2 
125.0 
123-4 
123.4 
124-7 
119.2 
120.0 
122.7 
122.4 
122.0 
123-2 
117.7 
119.3 
119.2 
118-4 
119.9 
115.5 
118-3 
120.2 
119-8 
119.1 
120.5 
117.9 
119.3 
119.3 
118.6 
120.0 
117.8 
120.5 
119.9 
119.1 
118.0 
120.1 
119.6 
118.9 
117.5 
121.2 
120.7 
120.0 
117.8 


'Taken from Ref. 7. 
bTake from Ref. 34. 
'Taken from Ref. 35. 
dTaken from Ref. 36. 
"Taken from Ref. 33. 
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Table 3. Distance between the sulphur atom and th; plane defined by the rest of the atoms on the 
ring (A) 


Method 2 3 4 5 6 7 8 


SAMl 0.00 0.00 0.00 0.03 0.00 0.00 0.06 
DMol 0.00 0.56 0.48 0.56 0.62 0.58 0.68 
MIDI- 1 * 0.00 0.55 0.48 0.59 0.58 0.64 0.65 
6-31G* 0.00 0.50 0.50 0.56 0.63 0.60 0.64 
MP2/6-31G* 0.00 0.64 0.61 0.67 - - - 


- - 0.66b - - Exp. - 13.41 a 


'Taken from Ref. 36. 
bTaken from Ref. 33. 


Table 4. Statistical qalysis of the calculated and experimental 
S=O bond length (A) and OSO bond angle (") (Number of 


cases in parentheses) 


Method s-0 0-s=o 
SAMl 1.443 i 0.002 (14) 118.5 i 1.3 (8) 
DMol 1.452 i 0.003 (14) 121.0i 1.9 (8) 
MIDI- 1 * 1.438i0403 (14) 120.5 i 1.6 (8) 
6-31G* 1.422 1t 0.004 ( 14) 119.9 i 1.8 (8) 
MP2/6-31G* 1.455 i0.003 (8) 121.7i2-2 ( 5 )  
Exp." 1.426i0.011 (180) 117-4 1t 2.5 (90) 


'The refcodes of the compounds included in this analysis are givin in 


Table 5. Statistical analysis of the bond distances (A) in compounds with a thiadiazine ring 
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Method No. of cases N1S2 S2N3 N3C4 c4c5 C5C6 C6N1 


SAM 1 6' 1.801 i0.030 1.595 i0.017 1.3101t0.010 1.490i0.022 1.433 +OW2 1.3771t0.007 
DMol 6" 1.717 1t 0.010 1.608 iO.009 1.315 1t 0.006 1-432iO-018 1.384 i0.022 1.356i0409 
MIDI- 1 * 6a 1.7041t0.010 1.632iO-008 1.287i0.007 1.458 i0.018 1.363i0.029 1-366*0.012 
6-31G* 6a 1.684 i 0.010 1.61 1 iO.009 1.289 i0.007 1.457 1t0.017 1.364 i0.028 1.368 1t0.012 
MP2/6- 3 lG* 3b 1.717 i0409 1.644i0.011 1.317i0.003 1.435 iO.009 1-366i0407 1.366iO-003 
Exp.' 27' 1.661 i0.018 1.587+0.011 1.324i0.020 1.432i0443 1.403+0.053 1.367i0.017 


'Data corresponding to compounds 3-8. 
Data corresponding to compounds 3-5. 


'The refcodes of the compounds included in this analysis are given in Appendix B. 


Table 6. Statistical analysis of the calculated and experimental bond angles (") in compounds with a thiadiazine ring 


Method No. of cases Nl-S2-N3 S2-N3-C4 N3-C4-C5 C4-C5-C6 C5-C6-N1 


SAMl 6" 100.2i 1.1 134.1 i 1.4 119.6i 1.3 119.6 i 1.0 124.1 i 1.0 
DMol 6" 102.8 i 1.8 120.4i 1.4 123.5 i 1.2 120.4 i 0.9 120.9i5.0 
MIDI- 1 * 6" 102.5 i 1.7 119.8 i 1.1 124.5 i 1.4 119.7 i 0.8 122.1 i 2 - 6  
6-31G* 6" 102.8 i 1.6 120.91t 1.0 123.7 1t 1.2 119.7 i 0.8 122.0 i 2.4 
MP2/6- 3 1 G* 3b 100.9 i 0.7 118.3kl.O 125.3 i 0.3 120.1 i 1.1 120.8 i 0-7 
Exp. 27' 105.7 1t 1.8 121.7k2.5 122.6 i 3.2 121.0 i 2.5 120.9 1t 3.7 


"Data corresponding to compounds 3-8. 
bData corresponding to compounds 3-5. 
'The refcodes of the compounds included in this analysis are given in Appendix B. 
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Table 7. Experimental and calculated dipole moments (D) 
~~~~ 


Compound SAMl DMol MIDI-1* 6-31G" MP2/6-3lG*//RHF/6-31G* MP2/6-31G* Exp. 


1 4.80 3.98" 4.32" 
2 6.47 5.39 6.37 
3 7.71 6.73 7.43 
4 6.86 6.06 6.85 
5 7.26 6.56 6.93 
6 8.08 6.35 7.62 
7 7.58 5.88 7.36 
8 7.46 7.00 7.74 


4.81' 
7.00 
8.23 
7.58 
7.72 
8.48 
8.09 
8.54 


4.39 
5.73 
7.21 
6.22 
6.60 
7.13 
6.72 
7.50 


~ 


4.35 3.9' 
5.73 - 
7.05 7.18' 
6.45 6.42' 
6.68 6.70' 
- - 
- - 
- 7.09' 


~ ~~ 


"Taken from Ref. 7. 
'Taken from Ref. 34. 
'Taken from Ref. 37. 
dTaken from Ref. 32. 
"Taken from Ref. 33. 


Table 8. Root mean square deviation (D) of  the dipole moments 


SAMl DMol MIDI-1* 6-31G" MP2/6-31G*//RHF/6-31GX MP2/6-31G* Exp. 


SAMl 0.00 
DMol 1.12 0,00 
MIDI- 1 * 0.31 0-91 0.00 
6-31G" 0.60 1-62 0.74 0.00 
MP2/6-31G*//RHF/6-31GX 0.66 0.51 0.46 1.16 


EXP 0.62 0.23 0.47 1.17 
MP2/6-3 1 Gm 0.58 0.32 0.39 1.06 


0.00 
0.13 
0.29 


0.00 
0.26 0.00 


Table 9. Correlation parameter of the atomic charges versus experimental I3CNMR shifts" (ppm) using the equation: (I3CNMR 
shift), = u(calcu1ated charge), + b; ( r  represents the correlation coefficient of the regresion) 


Compounds No. of cases Parameter SAMl DMOL' DMOL' MIDI-I* 6-31G" MP2/6-31G*//RHF/31G* MP2/6-31G* 


3-5 9 r 
St. dev. 


b 
a 


6.7 10 r 
St. dev. 


b 


8 4 r 
St. dew 


b 


3-8 23 r 
St. dev. 


b 


U 


U 


U 


0.97 
8.78 


148.7 
143.4 


0.74 
9.13 


146.6 
55.7 
0.84 


11.52 
142.7 
59.8 
0.85 


12.08 
147.0 
97.8 


0.90 
14.81 


140.2 
108.4 


0.34 
12.72 


142.4 
21.7 
0.4 1 


19.59 
134.1 
42.0 
0.70 


16.34 
138.4 
70.6 


0.98 0.88 
6.36 16.56 


136.8 127.0 
378.4 108.9 


0.69 0.88 
9.73 6.58 


134.3 132.5 
201.4 43.7 


0.99 0.91 
3.04 8.92 


125.8 120.9 
336-7 54.7 


0.91 0.78 
9,62 14.33 


131.8 127.2 
315.0 65.4 


0.95 
10.91 


79,47 
0.37 


10.68 
135.7 
24.9 


128.7 


0.90 
29.22 


115.6 
55.0 
0.79 


13.98 
127.6 
51.0 


0.93 0.93 
12.82 12.28 


129.7 129.6 
108-7 112.0 


0.20 
12.09 


137-5 
25-0 
0.86 


11.03 
114.5 
77.8 
0.73 


15.58 
128.4 
65.1 


'Experimental "CNMR shifts taken from Refs 30, 33 and 389. 
Mulliken charges. 
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predicted non-planarity of the amines in sulphamide in 
a way similar to that observed7 in other non-ab iriitio 
methods such as the semi-empirical method PM3 but 
not experimentally. In principle, this could be due to its 
lack of d orbitals to describe the sulphur atom properly; 
however, previous studies have shown that the absence 
of d orbitals in ab iiiitio methods usually produces very 
large S=O distances,26 and this is not the case with this 
method. 


The geometric results obtained at the HF level 
(MIDI-1" and 6-31G" basis sets) are very similar 
except for the bond, distances involving the sulphur atom 
for which MIDI-1" provides lpnger distances than the 
6-31GX basis set, ca 0.02 A, and the experimental 
values (Tables 1 ,4  and 5). 


The two methods studied which include electron 
correlation (DMol and MP2/$-31G") enlarge the bond 
distance by as much as 0.03 A with respect to the RHF/ 
6-31GX calculation (Tables 1, 4 and 5). A similar 
tendency of the MP226 and LDFZ7." methods has been 
shown in previous studies. In addition, the MP2/ 
6-31GX results present the worst calculated values for 
several angles (OSO in Table 4 ,  Nl-S2-N3 and 
N3-C4-C5 in Table 6). 


The analysis of the experimental values (Tables 4-6) 
shows a small dispersion, which would simplify the 
molecular mechanics parametrization of this group and 
would ensure good reproducibility, in most cases, of 
the experimental geometric parameters using this 
methodology. As expected, the smallest variabilities are 
observed in the parameters in which the sulphur atom is 
involved that corresponds to the least variable part of 
the molecule. In general, the results obtained with the 
theoretical methods show a variability tendency similar 
to that observed for the experimental values. 


In contrast to the small variation of the experi- 
mental bonds and angles in this kind of compound, a 
measure of the non-planarity of the thiadiazine ring, 
calculated as the distance of the sulphur atom to the 
plane defined by the rest of the atoms on the ring, 
shows a large dispersion of the experimental data. 
The average distance obtained fromo 27 compounds 
with this ring in the CSaD is 0.383 A, with a stand- 
ard deviation of 0.19 A. Even though most of the 
structures with small deviations from planarity con- 
tain an 0x0 group in position 4 or 6,  there are other 
structures, such as 3,5-dimethyl-2- (2-phenylethyl)-l 
H,2H-1,2,6-thiadiazine-l,l-dioxide, in which this 
conformation of the ring could be adopted by n-n 
stacking with the aromatic moiety of another molecule 
in the crystal.29 All these data could indicate a small 
energetic difference between the non-planar minima and 
the planar structures. The calculations support this idea 
since the difference in energy between the planar and 
non-planar structures is only 0.89 kcal mol for 3 and 
0.72 kcal mol for 4 with the 6-31GX basis set 
(1 kcal = 4.184 kJ). 


Electronic properties 
The analysis of the calculated dipole moments indicates 
that only methods including electronic correlation, such 
as DMol, MP2/6-31GX//RHF//6-31G" and MP2/ 
6-31GX//MP2/6-31G", provide acceptable dipole 
moments (Tables 7 and 8). The worst calculated results 
of thisfroperty correspond to those obtained with the 
6-31G' method with a root mean square (rms) devia- 
tion of the experimental results of 1.17 D. These results 
are in agreement with previous calculations that indi- 
cated the inadequacy of this basis set to evaluate this 
property in sulphur-containing compounds.' 


Several workers have correlated calculated atomic 
charges with experimental 13CNMR  shift^,^')^' includ- 
ing com ounds with the aminosulphonylamino 


however, we found poor correlation 
coefficients and large standard deviations, in general 
over 10 ppm (Table 9). In addition, the coefficients 
obtained for each class of compounds studied, 
thiadiazines (3-9 ,  pyrazinothiadiazines (6 and 7) and 
imidazothiadiazines (S), are very different. The smaller 
coefficients correspond to pyrazinothiadiazines and the 
larger to thiadiazines, which have values in the range of 
two to three times those obtained for 
pyrazinothiadiazines, depending on the method com- 
pared. Regarding the absolute value of the coefficients 
for each method, those corresponding to the Hirsfeld 
analysis are considerably larger than the rest, probably 
because the point charges derived from this method are 
smaller since they are complemented by dipole and 
quadrupole expansion of the electronic distribution. 


CONCLUSION 
The theoretical and experimental analysis of geometric 
and electronic properties of compounds bearing the 
aminosulphonylamino moiety has shown that none of 
the methods studied is suitable for a simultaneous 
geometric and electronic description of the molecules. 
The fastest method, SAM1, has some problems with the 
description of the geometrical parameters in which 
nitrogens attached to the sulphur atom are involved and 
overestimates the dipole moments by ca. The calcula- 
tions performed at the HF level of theory (MIDI-l* 
and 6-31GX) provide the best geometric description, 
especially those of the 6-31G" basis set. Regarding the 
electronic description, the HF/6-31GX calculations 
give the worst dipole moments, overestimating the 
experimental values by 1.2 D on average. The HF/ 
MIDI-1 * calculations predict slightly larger dipole 
moments than the experimental values. Finally, the 
calculations which include electron correlation (DMol, 
MP2/6-3 1G") provide longer bond distances but closer 
reproduce the experimental dipole moments more 
closely. 


In conclusion, the best strategy for studying com- 
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pounds containing the aminosulphonylamino moiety or 
for developing molecular mechanics parameters for it 
would be to carry out the geometry optimization of  the 
structures with the 6-31G ' basis set at the HF level of  
theory and perform single-point calculations with a 
method including electron correlation (LDF or MP2) to  
obtain a good electronic description. 


Finally, the poor correlation of the calculated charges 
with the experimental "CNMR shifts indicate the low 
predictability o f  these kinds o f  correlations. 


SUPPLEMENTARY MATERIAL 
The coordinates of the optimized geometries o f  all the 
compounds studied here are available on request from 
the authors. 


APPENDIX A 


Refcode list of the 90 compounds included in the 
CSD used to evaluate the statistical average of the 
SO bond distance and OSO bond angle 
AFUTDZ10, AMIMDZ, AMITDZ, ARPTZOlO, 
ATDZDX, ATZCXB, ATZDZM10, ATZTHD10, 
BACPOK10, BACPUQ10, BEGBOE, BETBOR, 
BETBUX, BOTZUF, BOYNAE, CEJPAI, CHTDZO, 
CHTZOX 10, CITSON 10, CITSON1 0, CURKUV, 
CURKUV, DATTIB, DATTIB, DEJJIL, DEVLIZ, 
DLFLOT, DMAMSO, DOTVEN, DUGPAW, 
EMTAPC, EMTAPC, FAXVAB, FIHBIH, FIKHEM, 
FIKHIQ, FIRYUA, FIRZAH, FOGVIGOl, FUWMOZ, 


WAP, JATLOF, JATMEW, JEWWEN, JINYAG, 


MUM, KIBRAO, KIBRAO, KIKSEC, KODXUW, 
KTDZOX, KUPVEW, MCPZSI, MESLIM, MESLIM, 
MESLIM, MSITZX, MSITZX, RBFROX, SACROD, 
SACROD, SAJWOP, SEKNOL, SETHEE, 
SHNZXO10, SIKFUN, SIKFUN, SIKGAU, SIKGAU, 
SIZLUI, SOTGOX, STZPAX, TMSNSN, TMSNTZLO, 


TED, VEHLUP, VONSEW, VUNTON. 


GABGIZ, GABGUL, HAMPTZ, HTDZDX10, JAG- 


KAMWEA, KAMYEC, KAMYIG, KASMOG, KAS- 


TPNSOM 10, VAFJUH , VAFTEB , VAFZEH, VED- 


APPENDIX B 


Refcode list of the 27 compounds included in the 
CSD used to evaluate the statistical geometrical 
average of the thiadiazine ring 
AFUTDZ10, AMIMDZ, AMITDZ, ARPTZOlO, 
ATDZDX , ATZDZM 10, ATZTHD 10, B ACPOKl 0, 
BACPUQ10, BETBOR, BETBUX, BOYNAE, 


VAB, HTDZDX10, JAGWAP. KTDZOX. KUPVEW. 
CEJPAI, CHTDZO, CHTZOX10, DOTVEN, FAX- 


RBFROX, SHNZXO10, VAFJUH, V A F k B ,  VED: 
TED, VUNTON. 
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OXIDATION OF SUBSTITUTED PHENETHYL ALCOHOLS BY 
SODIUM N-CHLOROBENZENESULPHONAMIDE: A KINETIC STUDY 


H. RAMACHANDRA,* K. s. RANGAPPA AND D. s. MAHADEVAPPA* 
Department of Studies in Chemistry, University of Mysore. Manasagangotri, Mysore - 570 006, India 


The kinetics of the oxidation of six substituted phenethyl alcohols by sodium N-chlorobenzenesulphonamide or 
chloramine-B (CAB) in the presence of HCI was studied at 35 "C. The rate shows a first-order dependence on 
[CAB],, and [H+] and is fractional order in [PEA], and [Cl-1. Ionic strength variations, addition of reaction 
product of benzenesulphonamide and variation of the dielectric constant of the medium have no effect on the 
rate. The solvent isotope effect k'H20/k'D,0 = 0.78. Proton inventory studies were made in H,O-D,O mixtures. 
The rates correlate satisfactorily with the Hammett linear free energy relationship. The reaction constant p was 
-3-5 for electron-releasing and -0.30 for electron-withdrawing groups at 35 "C. Activation parameters AH*, 
AS*, AG* and log A were calculated for the reaction. An isokinetic relationship is observed with f i =  338 K, 
indicating enthalpy as a controlling factor. 


INTRODUCTION 
Considerable attention has centred around the chemistry 
of N-metallo-N-arylhalosulphonamides generally 
known as organic haloamines, because of their versatil- 
ity in behaving as mild oxidants, halogenating agents 
and N-anions, which act as both bases and nucleophiles. 
The important chlorine compound chloramine-T 
(CAT), which is a byproduct formed during saccharin 
manufacture, is well known as an analytical reagent for 
the determination of diverse substrates. Mechanistic 
aspects of many of these reactions have been docu- 
mented.L-3 The benzene analogue chloramine-B 
(C,H,SO,NCINa - 1.5H20) (CAB) is becoming import- 
ant as a mild and the compound can be easily 
prepared from benzenesulphonamide and chlorine. 


Mild oxidation of alcohols to carbonyl compounds is 
a very important synthetic operation in organic syn- 
thesis.,,' Although a considerable amount of work has 
been done on mechanistic studies involvin oxidations 
of alcohols by transition metal ion$ such as 
chromium (VI), vanadium(V), cobalt(III), man- 
ganese(VII) and cerium(IV) in acidic media and with 
copper(II)' and ruthenium tetroxide in alkaline media 
and ferrate(VI)Lo*ll ion, not much information is avail- 
able concerning the oxidation of different alcohols by 


organic haloamines in acidic media. After examining 
several oxidizing reagents, we found CAB to be an 
excellent oxidant for performing controlled oxidation of 
alcohols to carbonyl compounds, and this system is 
adaptable for large-scale operations. To shed some light 
on the mechanism of the CAB oxidation of alcohols, we 
studied the reactions of six substituted phenethyl 
alcohols (PEA) with this oxidant. Optimum conditions 
for the formation of phenacetaldehyde which is an 
important constituent of perfumes and works an 
intermediate in many organic syntheses, were ascer- 
tained. The Hammett linear free energy relationship 
(LFER) was deduced together with the other ther- 
modynamic parameters. 


EXPERIMENTAL 
Chloramine-B (CAB) was prepared as reported 


An aqueous solution of the compound was 
prepared, standardized iodimetrically and stored in 
brown bottles to prevent its photochemical deterioration. 
Phenethyl alcohols (Aldrich) were of accepted grades of 
purity and were used without further purification. 
Solutions of the compounds were prepared in water. All 
other reagents were of analytical grade. Doubly distilled 
water was employed in the preparation of aqueous 
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solutions. The ionic strength of the system was main- 
tained at a constant high value using a concentrated 
solution of NaCIO,. Solvent isotope studies were made 
with D,O (99.4%) supplied by the Bhabha Atomic 
Research Centre (Bombay, India). Regression analysis 
of experimental data was carried out with an EC-72 
Statistical Calculator. 


Kinetic measurements. The reaction was camed out 
in glass-stoppered Pyrex boiling tubes whose outer 
surface was coated black to eliminate photochemical 
effects. Solutions containing appropriate amounts of 
PEA, HCI and water (to keep the total volume constant 
for all runs) were placed in the tube and thermostated at 
35°C. A measured amount of CAB solution, also 
thermostated at the same temperature, was rapidly 
added to the mixture. The progress of the reaction was 
monitored by withdrawing aliquots from the reaction 
mixtures at regular time intervals and determining the 
unreacted CAB iodimetrically. The course of reaction 
was studied up to two half-lives. The calculated pseudo- 
first order rate constants, kl, were reproducible to within 
*3%. 


Stoichiornetry. Various ratios of CAB to PEA were 
equilibrated in the presence of 0.1 moldm-3 HCI for 
24 h. The determination of unconsumed CAB in the 
reaction mixture showed that 1 mol of PEA consumed 
1 mol of CAB: 
XC6H,CH,CH,0H + RNClNa + 


(1) 
Here X = H ,  C1, Br, CH,, OCH, and NO, and 


Product analysis. The reaction products were sub- 
jected to column chromatography on silica gel (60-200 
mesh) using gradient elution (from dichloromethane to 
chloroform). After initial separation, the products were 
further purified by recrystallization. Materials were 
identified by comparison with commercially available 
samples. 


Phenacetaldehyde. Phenacetaldehyde was recrystal- 
lized from dichloromethane-light petroleum 
[m.p. = 32-33 "C]; known m.p. = 33-34°C (Merck 
Index, No. 11 7236)l. The phenacetaldehyde was 
further identified as its 2,4-dinitrophenylhydrazone 
(2,4-DNP) derivative. The latter was recrystallized 
from ethanol (recovery 66.6%) and was found to be 
identical with the DNP derivative of an authentic 
sample. 


Benzenesulphonamide. Benzenesulphonamide 
(PhSO,NH,) (BSA) was detected by TLC, using light 
petroleum-chloroform-butan-1-01 (2 : 2 : 1, v/v/v) as 
the solvent and iodine for detection ( R ,  = 0-88) 


XC6H4CH,CH0 + RNH, + Na' + CI' 


R = C~HSSO~.  


RESULTS 


Effect of reactants 
With the substrate in excess, at constant [HCI] and 
[PEAIO, plots of log[CAB] vs time are linear 
( r  > 0.998), indicating a first-order dependence of rate 
on [CAB],Values of the pseudo-first order rate con- 
stants (kl) are given in Table 1. 


The rate increases initially with increase in [PEA],. A 
plot of log k' vs log[PEA], was linear (r=O 997) 
(Table 1) and Michaelis-Menten kinetics were obeyed. 


Effect of [HCI] 


The rate increases with increase in [HCI] and a plot of 
log k' vs log[HCI] was linear (r=0-999) (Table 2) 
with a slope of 1.60. 


Effect of [H'] 


At constant [Cl-] = O - 4  m ~ l d m - ~ ,  maintained by 
adding NaC1, the rate increased with increase in [H'], 
which was varied by adding HCI, and a plot of log k' vs 
log[H'] was linear (r = 0.998) (Table 2) with a slope of 
unity. 


Effect of halide ions 


At constant [H'] = 0.1 moldm-', the rate increased 
with the addition of NaCl and a plot of log kl vs 
log[CI-] was linear (r=0-998) (Table 2) with a frac- 
tional slope (0.63). Addition of Br- ions in the form of 
NaBr (5 x 10-4-20 x moldm-') had a negligible 
effect on the rate. 


Table 1. Effect of varying reactant concentrations on the ratea 


[CAB], x lo4 [PEA], x lo' kl x 1o4(S-l) 
(mol dm-') (mol dm - 3 )  


2-0 10.0 3.68 
5.0 10.0 3.68 
8-0 10.0 3.61 
10-0 10.0 3.71 
15.0 10.0 3.70 
20.0 10.0 3.68 
5.0 5-0 2.20 
5.0 8.0 3.15 
5.0 10.0 3.68 
5.0 20.0 6.02 
5.0 30.0 8-12 
5.0 40.0 9.38 
5.0 50.0 11.50 


[HCl] = 0.1 mol dm -3; ,u = 0.5 mol dm -3; T = 308 K. 
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Table 2. Effect of varying HCI, H' and C1- concentrations on the rate' 
~~~ ~~~ ~ ~~~~~ 


[HCI] x 10' kl x lo4 (s- ' )  [H'Ibx 10' k' x lo4 (s-I) [CIIC x 102 kl x lo4 (s-l) 


(mol dm-') (mol d ~ n - ~ )  (mol dm-') 


8.0 2.55 10.0 8.18 20.0 6.32 
10.0 3.68 15.0 12.01 25 .o 7.70 
15.0 6.52 20.0 15.50 30.0 8.70 
20.0 10.70 25.0 18.50 35.0 9.30 
30.0 19.19 30.0 24.31 40.0 10.50 
40.0 30.70 35.0 27.22 50.0 12-00 
- - 40.0 30.70 - - 


' [CAB],=Sx 10'4moldm-3; [PEA],= l o x  10-3moldm'';;=0~5 moldm-'; T = 3 0 8  K. 
Variation at constant [Cl-] =0.4 mol dm-'. 
Variation at constant [H '1 = 0.1 mol dm -3  


Effect of benzenesulphonamide (BSA) 
Addition of the reaction product, BSA 
(5 x lO-,-2O x lo-, m ~ l d m - ~ ) ,  had a negligible effect 
on the rate, indicating that it is not involved in a pre- 
equilibrium to the rate-limiting step. 


Effect of ionic strength 
Variation of the ionic stren th of the medium by adding 
NaCIO, (0.2- 1 .O mol dm - ) had no effect on the rate. 9 


Effect of varying dielectric constant of medium 
The dielectric constant of the medium was varied by 
adding methanol (0-40%, v/v) to the reaction mixture, 
but the rates were not significantly altered. Blank 
experiments with methanol indicated that oxidation of 
methanol was negligible during the period of the 
experiment. 


Solvent isotope studies 
Studies of the rate in D,O medium for PEA revealed 
that whereas k-H,O = 3.68 x lo-, s-I, k'D20 =4.72 
x lo-, s-I, giving a solvent isotope effect k'H20/k1D20 
of 0.78. Proton inventory studies were performed by 
carrying out the reaction in H,O-D,O mixtures with 
various atom fractions n of deuterium (Figure 1, 
Table 3). 


Effect of temperature on the rate 


The reaction was studied at different temperatures 
(308-318 K), and from the Arrhenius plots of 
log k' vs 1/T, values of the activation parameters for 
the composite reaction were calculated. (Tables 4 
and 5) .  


Test for free radicals 


Addition of the reaction mixtures to acrylamide did not 
initiate polymerization, snowing the absence of free 
radical species. 


6 d 


I 


Y 


U 
P 
U 


.4c Y 


n ( A t w  fraction) 


Figure 1. Proton inventory plot of k: vs deuterium atom 
fraction n in H20-D20 mixtures 


Table 3. Proton inventory studies for PEA in H20-D,O 
mixtures at 308 K' 


Atom fraction of deuterium (n) k: x lo4 (s- ' )  


O.Oo0 
0-250 
0-500 
0.753 
0.947 


3.68 
3.95 
4.27 
4.52 
4.72 


[CAB],=5 x 10-'moldm-3; [PEA],= l o x  10'3moldm-3; [Ha]= 
0.1 mol dm -3; ; = 0.5 mol dm -3; T = 308 K. 
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Table 4. Temperature dependence of the oxidation of 
4-substituted PEA by CABa 


k’4 lo4 (s-’) 
Substrate 
X = PEA 303 K 308K 313K 318K 


X = 4-NOI 1.23 1.74 2.23 2.63 
X = 4-CI 1.55 2.30 3-09 4.00 
X = 4-Br 2.09 2.60 4.07 5-37 
X = 4-H 2.69 3.68 5.62 8-32 
X = 4-CH3 8.99 13.18 21.87 33-88 
X=4-OCH, 15.84 29.50 44.66 74.13 


[CAB],=5 x 10-4moldm-3; [X-PEA],= l o x  I O ” m ~ l d m - ~ ;  
[HCI] = 0.1 mol dm -’; f i  = 0.5 mol dm -’; [MeOH] = 5% (v/v). 


DISCUSSION 


Chloramine-B acts as an oxidizing agent in both acidic 
and alkaline media. In general, CAB undergoes a two- 
electron change in its reactions. The reduction potential 
of CAB/RNH, is pH dependent and decreases with 
increase in the pH of the medium (values are 1 14 V at 
pH 0.65 and 0-5 V at pH 12 for CAT). Depending on 
the pH of the medium, CAB furnishes different types of 
reactive species in solution, such as RNHCI, RNCI,, 
HOCl and possibly H,OCI + in acidic s o l ~ t i o n s : ~ ~ ’ ~ ~ ’ ~  


RNClNa =;t RNCI-+Na+ 


KI 
RNHCl +H+CI- - RN+H,CI...CI- fast (i) 


(x’) 
K2 


k3 


Scheme 1 


X+PEA - Y fast (ii) 


Y - products rds (iii) 


HOCl can be ruled out as the oxidizing species. Hence 
RNHCl is responsible for the oxidation of phenethyl 
alcohols. In view of these facts, Scheme 1 can be 
proposed for the oxidation of PEA by CAB. 


Scheme 1 assumes the formation of a tight ion pair” 
(X’), which is an intermediate and at the same time 
indicates simultaneous catalysis by H +  and CI- ions. 
The latter reacts with PEA through an equilibrium step 
to form a PEA-CAB complex (Y), which decomposes 
in a rate-limiting step to the products. The 
Michaelis-Menten kinetics obeyed by the substrate 
indicates a pre-equilibrium step (ii) in Scheme 1. 
Assuming [CAB],= [RNHCI] + [X’] + [Y], rate law 
(6) can be derived for the oxidation of phenethyl 
alcohols by CAB: 


--- d[CABl k3 KIK,[CABI, [H+I[CI-I[PEAl ~6~ - 
dt 


. ,  
1 + KI[H+][CI-] + K2[PEA] 


Equation (6) can be transformed into RNCI- + H 2 0  =t RNHCl + OH- (3) 
K d  RNHCI + RNHCI RNCI, + RNH2 (4) 


RNHCI + H2O * RNH2 + HOCl (5) 


If RNCI, were to be the reactive species, then the rate 
law predicts a second-order dependence of rate on 
[CAB],, which is contrary to the experimental observa- 
tions. If HOCl is primarily involved, a first-order 
retardation of rate by the added benzenesulphonamide 
(BSA) is expected. Since no such effect is noticed, 


-= 1 1 ( 1 +1)+; (7) 


k’ k3K2PEAl K1[H’][Cl-] 


From the double reciprocal plots of k’ vs [PEA] and 
k’ vs [HCl]*, since [H+] = [Cl-] = [HCI], (Figures 2 
and 3), values of k,, K, and K2 are evaluated. Using k, 
values (1.34 x 1.67 x lo-,, 2-86 x and 
5.00 x s-’ at 303, 308, 313 and 318 K, respect- 
ively) obtained by varying [PEA], at each temperature 
(Figure 2), activation parameters were determined for 


Table 5. Kinetic and thermodynamic parameters for the oxidation of 4-substituted phenethyl alcohols by CAB‘ 


Substrate E, AH* AS* AG* 
X-PEA (kJ-’ mol-I) (kl mol-’) (J K-’ mol-I) (kJ mol-I) Log A 


X = 4-NO2 34.6 32.0 -213-2 98-2 5.2 
X = 4-CI 39.4 36.8 - 195-2 97.4 6.1 
X = 4-Br 48.7 46.1 - 163.1 96.7 7-8 
X = 4-H 59.8 57.2 - 124.5 95 -9 9.8 
X=4-CH, 68.0 65 *4 -88.0 92-4 11.8 
X = 4-OCHj 74.4 73.7 -60.6 90.6 13.2 


a [CAB],=5 x moldm-’; [X-PEA],= l o x  rnoldm-’; [HCI]=O.l rnoldrn-’;p=0.5 moldrn-’; [MeOHl=5% (v/v). 
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Figure 2. Double reciprocal plots of k' vs [PEA] 


the rate-limiting step and were as follows: 
E,  = 66.9 kJmol-I, AH* = 64.4 kJmol-I, AS* = 
-87.8 JK-'mol-', AG*=91-6 kJmol-I, log A =  11.7, 
K, = 3.5 dm6 mol-' and K, = 890 dm3 mol - I .  


The detailed mechanism of the oxidation of phenethyl 
alcohols by CAB and the structure of the intermediates 
are shown in Scheme 2. 


It is interesting to note that the rate has increased only 
slightly in D,O medium. Since D,O+ ion is a stronger 
acid than H,O+ ion by a factor of 2-3, a solvent isotope 
effect of this magnitude is to be expected. However, the 
slight increase in D,O medium probably shows that 
since the protonation step is followed by hydrolysis 
involving the 0-H bond scisson, the normal kinetic 


4000 


2000 - 
m Y 
I 


I 1  
r l w  
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Figure 3. Double reciprocal plot of k' vs [HCI]' at 308 K 


isotope effect K,/K,  > 1 could counterbalance the 
solvent isotope effect. Proton inventory studies in 
H,P-D,O mixtures could throw light on the nature of 
the transition state. The dependence of the rate constant 
(ki) on n, the atom fraction of deuterium in a solvent 
mixture of D,O and H,O, is given16*" by a form of the 
Gross-Butler equation: 


ktb nTS( 1 - n + nfjJ -- - 
nRS(l - n + nfjj) 


where $i and $i are the isotopic fractionation factors 
for isotopically exchangeable hydrogen sites in the 
transition states (TS) and reactant site (RS), respect- 
ively. Equation (8) allows the calculation of the 
fractionation factor of TS, if reactant fractionation 
factors are known. However the curvature of the proton 
inventory plot could reflect the number of exchangeable 
protons in the reaction.I8 A plot of ki versus the deuter- 
ium atom fraction n (Figure 1, Table 3) in the present 
case is more or less a straight line with the least curva- 
ture. Comparison with the standard curvesLS clearly 
indicates the involvement of a single proton or H-D 
exchange during the reaction sequence. Hence the 
participation of H+ ion in the formation of transition 
state is inferred. 


The moderate values of the enthalpy of activation, a 
large negative entropy of activation and the fairly high 
AG* values support the mechanism. The near constancy 
of the AG* values indicates a solvated state and oper- 
ation of a similar mechanism for the oxidation of all 
alcohols. 


The effect of varying solvent composition on the rate 
of reaction has been described in detail in various 
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Ilr " 


+ 


Scheme 2 


 monograph^.'^-'^ For the limiting case of zero angle of 
approach between two dipoles or an ion-dipole system, 
Amis" has shown that a plot of log kobs vs 1 /D,  where 
D is the dielectric constant of the medium, gives a 
straight line with a negative slope for a reaction between 
a negative ion and a dipole or between two dipoles, 
whereas a positive slope results for a positive 
ion-dipole interaction. The total absence of the effect of 
varying dielectric constant on rate in the present work 
cannot be explained by the Amis the01-y.'~ Applying the 
BornZS equation, Laidler and co-workers" derived the 
following equation for a dipole-dipole reaction: 


where, ko is the rate constant in a medium of infinite 
dielectric constant, p represents the dipole moment and 
r refers to the radii of the reactants and activated com- 
plex. It is seen that the rate should be greater in a 
medium of lower dielectric constant, when 
rt3 > rA3 + rg3. On the other hand, r*3 = rA3 + rg3 implies 
the absence of a dielectric effect of solvent on the rate, 
as was observed in the present investigations, signifying 
that the transition state is not very different from the 
reactants. 


Structure-reactivity correlations 
Structure-reactivity correlations were made by 
attempting to fit the Hammett equation. The Hammett 
plot shows two distinct lines (Figure 4, Table 6), for 
each of which there is good correlation between the 
substituent constants and the logarithm of the rate 
constants, particularly when op the Okamoto-Brown 
constant,2S is used for the electron-releasing substitu- 
ents. Of these, one has a much larger p of -3.5 and the 


Table 6. Second order rate constants for the oxidation of 
4-substituted phenethyl alcohols by CAB" 


~ ~~ 


Substrate k, x lo2= k'/[X-PEA] 
X-PEA (dm' mol-'s-') UP 


X = 4-NO2 1.74 
x = 4-c1 2.30 
X = 4-Br 2.60 
X = 4-H 3.68 
X = 4-CH3 13.18 
X = 4-OCHI 29.50 


0.78 
0-23 
0.23 
0.00 


-0.17 
-0.27 


' [CAB],,=Sx 10-'moldm-'; [X-PEA],= l o x  lo-' moldm-'; 
[HCI] = 0.1 mol dm-'; p = 0.5 mol dm -3; T = 308 K; [MeOHl = 5% 
(v/v). 
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0 : 4-W02 - PEA. 
x:  4 4 1  - PEA- 
0 :  4-Br - PEA. t 0 :  4-CH3 - PEA. 


0 :  4-ll-PEA 


I 0.9 


-0.4 
V 0.0 0.4 0 .@a 


F 
Figure 4. Plot of log k2 vs up for six substituted phenethyl alcohols at 308 K 


other a relatively low p of -0-30 at 35 "C. The break in 
the Hammett plot could suggest a concerted mechan- 
ism, the degree of concertedness depending on whether 
the hydride transfer from the C-H bond to the oxidant 
is synchronous with the removal of a proton from the 
OH group by a water molecule. In earlier work on the 
oxidation of primary alcohols by organic haloamines,26 
it was noted that electron-donating groups increase the 
rate. This indicates that the rupture of the C-H bond 
occurs ahead of 0-H bond cleavage, creating a 
carborium ion centre which is stabilized by the electron 
donating groups. In the present case, the decrease in 
rate with electron-withdrawing groups is in agreement 
with this observation. The biphasic Hammett plot could 
probably indicate a change in mechanism as a result of 
a change in the nature of the substituents. Altema- 
tively, the measured rate constant k' = k,, could be a 
composite quantity like k,, = Kk. The 
Michaelis-Menten character of the substrate depen- 
dence can point towards a substrate-independent 
mechanism such as 


r d S  


RNHCl+H,O + RNH,+HOCl 


HOCl+PEA -% products 


The above mechanism with a stronger electrophile 
such as HOCl may be operative along with that in which 


simultaneous catalysis by H' and C1- ions is taking 
place (Scheme 1). 


Isokinetic relationship 
The enthalpy of activation is low for the oxidation of 
phenethyl alcohols by chloramine-B. The values of a 
AH* and AS* for the oxidation of phenethyl alcohols are 
linearly related (Table 5) and the isokinetic temperature 
b = 338 K. The genuine nature of the isokinetic relation- 
ship was verified by the Exner2' criterion by plotting 
log k1 (318 K) vs log k' (303 K). The value of /3 was 
calculated from the equation, 


b= T l ( l  - q)/(TI/T2)- 
where q is the slope of Exner plot and T , > T , .  The 
value of /3 is 340 K. It is seen that the value of /3 is 
higher than the experimental temperature (308 K), 
indicating enthalpy control on the reactions (Figure 5). 
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Figure 5. (a) Isokinetic plot of AH* vs AS* for the oxidation of six substituted phenethyl alcohols by CAB. (b) Exner plot of log k' 
(318 K) vs log k' (308 K) 
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BENZAMIDINES, ALKAMIDINES AND FORMAMIDINES FORMED BY 
USE OF ARYL- AND ALKYLIMINODIMAGNESIUM: MOLAR RATIO 


AND STRUCTURE OF REAGENT GOVERNING THE REACTION* 


MASAO OKUBOt AND YASUMASA OMOTE 
Department of Chemistry, Faculty of Science and and Engineering. Saga University, Honjo-machi. Saga 840, Japan 


In order to extend the the method for preparation of amidines using N-Mg reagents, aryl- and 
alkyliminodimagnesium [IDMg, ArN(MgBr), and RN(MgBr),] were reacted with esters, amides, ortho- esters, 
acetals, aminoacetal and arene- and alkane carbonitriles. Among the compounds used, aminoacetal and 
carbonitriles were proved to be useful as starting materials for amidine preparation; alkyl-IDMgs were 
successfully used for the first time. It was noted that an excess molar amount of lDMg is needed in the reported 
reaction of ArN(MgBr), with benzonitrile (aryl-aryl combination), whereas no excess is needed in aryl-alkyl, 
alkyl-aryl, and alkyl-alkyl combinations of reagent and substrate. From the viewpoint previously proposed in 
terms of relative efficiency of single electron transfer in the reactions of magnesium reagents, the most 
probable reason for the difference in the need for an excess molar amount of aryl and alkyl IDMg was ascribed 
to the difference in the electron-donating abilities of reagents. Additional minor reasons are discussed. 


INTRODUCTION 
Amidines (R',NCR=NR*) are useful synthetic 
intermediates, ' and the conventional preparative method 
using Lewis acids is well known. Previously, methods 
using aryliminodimagnesium [ArN(MgBr),, IDMg] 
were proposed as novel synthetic procedures for 
amidines.* Benzo-, phenylaceto- and cinnamonitriles 
and/or N,N-dimethylformamide (DMF) were utilized 
as substrate, and the modification of IDMg + DMF 
reaction (by addition of benzoyl chloride to reaction 
mixture leading to binding of the three components) 
was reported. These results forced the authors to extend 
the IDMg procedure for amidine synthesis. In this study, 
using IDMg reagents derived from aryl-, benzyl- and 
alkylamines, the behaviours of esters, amides, ortho- 
esters, acetals, aminoacetal, and nitriles were compared. 
Using the last two substrates, giving amidines, the 
effects of molar ratio of reaction components, the 
substituents of aryl groups and the structures of alkyl 
groups were investigated. The effects of molar ratio 


depending on the aryl and alkyl structures of the 
reactants will be discussed in terms of general princi- 
ples of reactions of magnesium reagents3 


RESULTS AND DISCUSSION 


Unsymmetrical formamidines f rom aminoacetal and  
IDMg 
The compounds used in the preliminary study of the 
abilities of condensation (with C=O) and replacement 
[of alkoxyl (OR) and/or amino (NMe,)], and the 
results after the treatment with ArN(MgBr), at 55 "C for 
3 h in tetrahydrofuran (THF) are formulated in Figure 1 
(combinations la ,  lb ,  2a, 2b, 3a, 3b, 4a, 4b, and 5). In 
combinations l a  and lb ,  replacement of OEt and/or CI 
took place, but no further condensation with C=O was 
observed. In combinations 2a and 2b, no reaction took 
place, indicating the weaker electron-donating ability 
(EDA) of IDMg than Grignard reagent (C-Mg).3.J 
Among combinations 3a, 3b, 4a and 4b, the orthofor- 


* Aryliminodimagnesium Reagents, Part XXVIII. For Part XXVII, see Ref. 3b. 
t Present address: Grand Forme Sumaura 401, Ichinotani, Suma-Ku, Kobe 654, Japan 
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No Reaction I 
HC”N- Ar 


‘NH-Ar 
a 


HC(OEt), - 


C//N - Ar c~ N - Ar 
“Me2 H C c E H - A r  + ‘NH-Ar 


Figure 1 


mate (3a) gave large amount of formanilide and a trace 
amount of formamidine whereas the other ortho-esters 
and acetals gave unidentifiable complex mixtures. 


Only in combination 5 [with N,N-dimethylformamide 
diethylacetal (DMFE)], the OEt groups are removed 
leading efficiently to unsymmetrical formamidine 
accompanied by trace amounts of formanilide and 
symmetrical amidine. The reactions of DMFE with 
ArN(MgBr), [reaction (l)], with ArCH,N(MgBr), 
[reaction (2)] and with alkyl-N(MgBr), [reaction (3)], 
were carried out for examine the effects of molar ratio, 
substituents and reaction temperature and time. The 
yields of the products in reactions (l) ,  (2) and (3) are 
summarized in Tables 1 ,2  and 3, respectively. 


Reaction ( I )  (Table 1) 


The products are unsymmetrical formamidine (l), 
symmetrical formamidine (2) and anilide (3). A change 
of the p-substituent of phenyl-IDMg, from Me0 via 
Me to CI leads to decrease in yields of 2 and 3, and 
exclusive formation of 1 arises from p-CI-C,H,-IDMg 
(weaker EDA4 accompanied by stronger d +  on Mg). 
The higher yield of 1 arises from the use of equimolar 
IDMg and/or the reaction at room temperature. These 
facts, implying milder conditions, suggest that 1 is 
formed via EtO removal. 


In the reported IDMg reaction with N,N-dimethylfor- 
mamide (DMF, parent amide of DMFE), the major 


product is 2 [formed via condensation (with C=O) and 
succeeding replacement (of NMe,)] accompanied by 
minor product l.2b.5 Alternation of major and minor 
products from the acetal and parent amide is interesting. 
The exclusive formation of 1 in run 3 using ArNHMgBr 
(anilinomagnesium having one Mg atom) seems to 
exclude the one-by-one pathway for the replacement of 
two OEt groups by IDMg. 


Reaction (2)  (Table 2 )  


p-RC,H,CH,-IDMg (R=MeO, Me, CI) was used 
similarly. The effect of the substituent is not great 
owing to the shielding by methylene, but the yield of 
amidine 4 decreases slightly by change in the substituent 
R (Me > Me0 > Cl). The use of an equimolar amount 
of the IDMg led to sufficient yield of 4 accompanied by 
a small amount of formamide 5. By use of equal molar 
amounts, the reactions at 55°C for 3 h and at room 
temperature for 6 h led eventually to the same yields. 
The use of a three-fold molar amount always led to no 
amidine but, instead, to small amounts of amide and 
recovered DMFE (runs 3, 6 and 9). Owing to the poor 
results with the use of an excess, a possibility arising 
from the specific nature of the benzyl reagent is consid- 
ered: the SET efficiency from p-Me-benzyl-IDMg may 
be comparable to that from p-Me-phenyl-IDMg (see 
Eox: 1.02 and 0.99V), but the benzylaminyl radical 
generated may aggregate with excess reagents and the 
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Table 1. Yields of products in reaction (1) 


1 2 3 


Reaction conditions Yield" (%) 
Run 
No. R [IDMg]/[DMFE] Temperature("C) Time(h) 1 2 3 


1 
2 
3 
4 
5 
6 
7 
a b  
9 


10 
11 
12 


Me0  
Me0  
Me0  
M e 0  
M e 0  
M e 0  
Me 
Me 
Me 
Me 
CI 
c1  


1 .o 
1 .o 
3.0 
3.0 
6.0 
6.0 
1 .o 
1.0 
3.0 
3.0 
3.0 
3.0 


55 
r.t. 
55 
r.t. 
55 
r.t. 
r.t. 
r.t. 
55 
r.t. 
55 
r.t. 


~ ~~ ~ ~ _ _ _ _ _ _ _ _ _ _ _  


3 89 1 0 
6 87 Trace 0 
3 46 Trace 28 
6 64 2 23 
3 44 2 38 
6 62 14 0 
6 85 4 0 
5 93 Trace 0 
3 75 Trace 19 
6 70 10 17 
3 73 11 0 
6 99 0 0 


a IDMg concentration 3- 12 mmol in 40 ml of THF. 
bReaction with anilinomagnesium reagent. 


Table 2. Yields of products in reaction (2) 


R-@3lZ--IDMg + (CH~ZNCH(OCZHS)Z in THF 


HC+~-~~2e~ ,o (2) 
'N<$E + H c h F C H z a R  


4 5 


Reaction conditions Yielda (%) 
Run 
No. R [IDMgJ/[DMFE] Temperature ("C) Time (h) 4 5 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 


Me0  
M e 0  
Me0  
Me 
Me 
Me 
CI 
CI 
c1 
CI 


1 .o 
1 .o 
3.0 
1 .o 
1 .o 
3 .O 
1 .o 
1 .o 
3.0 
3.0 


r.t. 
5 5  
55 
r.t. 
5 5  
55  
r.t. 
55 
r.t. 
55 


6 
3 
3 
6 
3 
3 
6 
3 
6 
3 


83 5 
83 2 


9 
91 3 
91 2 


27 
72 7 
76 8 


25 
27 


- 


- 


- 
- 


"IDMg concentration 5-6 mmol in 30 ml of THF. 
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Table 3. Yields of products in reaction (3) 
in THF R-IDMg + (CHJ)INCH(OCZH~Z - 


6 7 


Reaction conditions Yield (%) 
Run 
No. R Temperature ("C) Time (h) 6 7 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
1 1  


Isobutyl 
Isoamyl 
t-butyl 
t-butyl 
t- bu ty I 
n-hexyl 
Cyclohexyl 
Benzyl 
Benzyl 
2-Pheneth yl 
2-Phenethyl 


55 
55 
55 
55 
r.t. 
55 
55 
55 
r.t. 
55 
r.t. 


3 
3 
3 
6 
6 
3 
3 
3 
6 
3 
6 


93 
92 
64 
84 
92 
92 
88 
74 
89 
90 
98 


Trace 
4 


Trace 
Trace 
Trace 


4 
3 
6 
5 
2 
2 


"Yield obtained by use of a 1 : 1 molar ratio. Nos 1-6, 9 and 10, 6 mmol of IDMg in 
30 ml of THF; Nos 7 and 8 3 mmol of IDMg in 30 ml of THF. 


radical transfer would thus be sluggish, leaving the 
anion radical to decompose by itself. 


Reaction (3) (Table 3) 
In reaction (3) using alkyl-IDMg [RN(MgBr),; 
R = isobutyl, isoamyl, t-butyl, n-hexyl, cyclohexyl, 
benzyl, 2-phenethy11, sufficient yields were obtained 
with the use of a 1:l molar ratio. After treatment at 
55°C for 3 h, excellent yields of amidines (6) were 
obtained, except for treatment with benzyl reagent (see 
above). The sterically crowded t-butyl and cyclohexyl 
reagents gave slightly lower yields, but the yields were 
improved by treatment at room temperature for 6 h. The 
minor product, formamide (7), was formed in yields of 
less than 6%. 


Although the commercial sample of DMFE is 
expensive and Reactions (1)- (3) are not perfectly 
recommendable, DMFE is a useful material for for- 
mamidine preparation using all kinds of IDMg-type 
reagents, except for the case of very weak EDA (e.g. p- 
CIC,6H4-IDMg),4 in a 1 : 1 molar ratio. 


Arene- and alkanecarboamidines from nitriles and 
IDMg 
The addition of weakly electron-donating aryf-IDMg to 
weakly electron-accepting benzonitriles, giving ben- 
zamidines, is a mild reaction involving ' a-complexa- 
tion' (-C=N...Mg<) as the governing step followed 
by inner-sphere On this basis, the study was 
extended to the use of alkyl-IDMg and/or alkyl-type 
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nitriles. The combinations examined were benzyl-IDMg 
with benzonitriles [reaction (4)], alkyl-IDMg with a 
benzonitrile [reaction ( 5 ) ]  and alkyl-IDMg with 
alkanecarbonitriles [reaction (6)]. Almost all the 
reactions, carried out with the use of a 1 : 1 molar ratio, 
led to acceptable results, as shown in Tables 4, 5 and 6, 
respectively. 


Reaction ( 4 )  (Table 4 )  
Equimolar amounts of benzyl-IDMg and benzonitrile, 
both having p-MeO, p-Me and p-CI substituent, gave 


Table 4. Yields of products in reaction (4) 


K ~ c I I ~ - I ~ M ~  + R Q - C N  ~~THF R Q < : ~ ~ - O R  
(4) 


8 


Run No. R R' Yield" of 8 (a) 
Me0 
Me0 
Me0 
Me 
Me 
Me 
c1 
c1 
c1 


Me0 
Me 
c1 


Me0 
Me 
CI 


Me0 
Me 
c1 


98 
72 
96 
59 
95 
71 
73 
100 
a2 


'Yields, based on the amount of substrates used, were obtained after 
heating at 55 O C  for 3 h. Reagent: substrate = 1: 1; IDMg concentration 
5 mmol in 30 ml of THF. 
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Table 5. Yields of products in reaction (5) electron-repelling resonance effects on the nitrile N 


Run No. R Yield" of 9 (%) 
~~~ ~ 


1 Isobutyl 93 
2 Isoamyl 94 
3 t-butyl 77 


5 Cyclohex yl 100 
6 2-Phenethy i 100 


4 n-hexyl 96 


'Yields, based on the amount of  substrates used, were obtained after 
heating at 55 "C for 3 h. Reagent: substrate = 1: I ;  lDMg concentration, 
5 mmol in 30 ml of THF. 


the corresponding benzamidines (8) in sufficient or 
excellent yields. 


When the substituent (R) of the reagent is fixed, the 
yield varies in interesting manners depending on R' of 
the nitrile (see below). From the u-complexation- 
controlled nature of the IDMg-CN r e a ~ t i o n , ~ ~ . ~ ~  the 
manner of the variation implies the participation of 


atom; this participation will appreciably compensate for 
the weaker u + charge on Mg of the p-Me0 reagent for 
a-complexation, but will not need to operate with p-Me 
and p-CI reagents having stronger u + charges. 


Fix the reagent: Me0  + MeO, C1> Me 
Me, C1 + MeO, C1< Me 


R R' 


Reactiori (5) (Table 5) 


p-MeO-benzonitrile was treated with an equimolar 
amount of RN(MgBr), (R = isobutyl, t-butyl, n-hexyl, 
cyclohexyl and 2-phenethyl). The yields of N-alkylben- 
zamidine (9) are excellent, except for that from the 
bulky t-butyl-IDMg. 


Reaction (6) (Table 6) 


The alkyl groups of IDMg used were phenethyl, t-butyl 
and isobutyl and the alkyl groups of cyanide used were 
ethyl, isobutyl, benzyl, t-butyl, and isopropyl. The 
results are classified into three groups. A (runs 1-6): no 


Table 6. Yields of products in reaction (6) 
R' C-NH2 


R-1DMg + R'-CrN R : @ ~ - ~  + I 
(6)  'NH2 R" C-CsN 


10 11 
(R'= R-CHz-) 


Reaction condition Yieldb (%) 


RunNo. R" R'" R'In Temperature ("C)andTime (h) 10 11 


1 
2 
3 
4 
5 
6 
7 
8 
9' 


lo* 
11' 
12' 
13 
14 
15 
16 


Phe Et Me 
Phe Et Me 
Phe Et Me 
tBu Et Me 
iBu Et Me 
Phe iBu iPr 
iBu Bzy 
iBu Bzy 
iBu Bzy 
iBu Bzy 
iBu Bzy 
iBu Bzy 
Phe tBu 
Phe tBu 
Phe iPr 
Phe iPr 


rt, 0.5; refl., 1 
55,3 
rt, 24 
55 ,3  


rt, 0.5; refl., 1 
rt, 0.5; refl., 1 
rt, 0.5; refl., 1 


rt, 24 
rt, 0.5; refl., 1 
rt, 0.5; refl., 1 
rt, 0.5; refl., 1 
rt, 0.5; refl., 1 
45,0.5; refl., 1 


55 ,3  
rt, 0.5; refl. 1 
rt, 0.5; refl., 1 


91 
54 
94 
73 
94 
72 


- 
- 
- 
- 
- 
- 
_ _  
- -  
- _  


9 -  
4 -  
6 -  


34 - 
57 - 
93 - 
89 - 


'Abbreviations: Phe, 2-phenethyl; tBu, f-buty; iBu, isobutyl; Et, ethyl; Bzy, benzyl; iPr, isopropyl; 
Me, methyl. 
hYields obtained by use of a 1 1 molar ratio. IDMg concentration 5 mmol in 30 ml o f  THF. 
'Pyridine (Py) added; [IDMg]: substration: Py = 3: 1: 3. 
dPyridine (Py) added; [IDMg]: substration: F'y = 1:  1: 1 .  
'Pyridine (Py) added; [IDMg]: substration: Py = 1: 1: 2. 


Substration added for 0.5 h under reflux, then conditions (d). 
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addition takes place and, instead, self-dimerization of 
nitrile takes place to give /l-amino-a$-enenitrile (11); 
B (runs 7- 12): benzyl cyanide (phenylacetonitrile) 
undergoes addition or dimerization only with difficulty; 
and C (runs 13-16): the expected amidine (10) is 
obtained from pivalo- and isovaleronitriles. The mixture 
with sterically crowded pivalonitrile has to be heated for 
a longer time. 


The dimerization of nitriles induced by a-proton 
abstraction with a Grignard reagent6 and a similar 
process from carboxamides with IDMg and a Grignard 
reagent"." have been reported. Although IDMg has a 
weaker basicity than Grignard reagents, a similar 
process arising from nitriles is expected. Table 6 indi- 
cates that (A) the alkyl group of nitriles having two a- 
protons (a-methylene) suffers hydrogen abstraction to 
give 11, and (C) otherwise, two alkyl groups [(B) 
except for benzyl] are introduced into the N- 
alkylalkanecarboxamidines 10. 


The poor yield from alkyl-IDMg and phenylacetoni- 
trile in runs 9- 11 (very slight improvement by addition 
of pyridine to the solution of IDMg2'.') is in contrast to 
the reported great improvement in the reaction of aryl- 
IDMg with the same nitrile.2' The reason remains for 
further study. 


DISCUSSION 
Almost all types of alkyl and aryl cyanides undergo 
addition of all types of reagents. In Table 7, all types 
of amidines prepared by the IDMg procedure are 
summarized. 


The extensive success of reactions (4)- (6) reveals 


two important problems to be discussed from a general- 
ized structure-reactivity viewpoint regarding the 
reactions of magnesium reagents.' First: why are an 
alkyl reagent and substrate successfully used only in 
IDMg-CN combinations? Second: why does the need 
for excess moles of reagent depends on the aryl or alkyl 
structure of the reaction components? 


(1) Although nitroarenes and diaryl ketones react 
with aryl-IDMg in a condensation manner 
(-N(O)=N- and >C=N- formation), nitro- 
alkanes' and alkyl ketones' do not undergo the expected 
condensation on the treatment with the same reagent, 
but instead decompose or dimerize via hydrogen 
abstraction induced by SET.3b (An attempted treatment 
of diaryl ketone with alkyl-IDMg to give a >C=N- 
product was not successful owing to hydrolysis of its 
precursor in the unavoidable operation of quenching.') 
The different behaviours of aryl and alkyl substrates are 
ascribed, from a 'SET-efficiency ' viewpoint, to the 
relative EAA of the functional groups 
(NO, > CO > CN) coinciding with their resonance 
electron demar~d .~ ' .~~  The weak demand of nitrile is thus 
responsible for the first success of the IDMg procedure 
in binding of alkyl-alkyl combinations. 


(2) In addition to the combination of RMgBr with 
Ar',CO, the combinations of aryl-IDMg not only with 
Ar',CO and Ar'N023b) but also with Ar'CN require 
excess amount of reagent. The 'general' need for an 
excess led to the p r o p o ~ a l ~ ' * ~ ~  that 'intermediate radicals 
form aggregates with excess reagent molecules, and the 
latter cooperate to assist the transfer of a reagent radical 
from the cation radical part. In comparison with the 
present IDMg-CN combinations given above, however, 


Table 7. Types of amidines prepared by IDMg procedure. 
Rl 


R: I 
R,.N-C=N-R4 


No. R' RZ R' R4 Substr. R4-IDMg Substr./IDMg 


1" H Ar H 
2 H Me Me 
3 H Me Me 
4 H Me Me 
Sb Arl Me Me 
6' Ar H H 
7' Ar'CH, H H 
8' ArlCH=CH H H 
9 Ar ' H H 


10 Ar I H H 
11 Alk' H H 


Ar 
Ar 


ArCH2 
Alk 
Ar2 
Ar2 
Ar' 
Ar2 


Ar'CH, 
Alk 
Alk2 


DMF 
DMFE 
DMFE 
DMFE 


DMF + Ar'COCld 
Ar'CN 


Ar 'CH,CN 
ArlCH = CHCN 


Ar'CN 
ArlCN 


A U C I C N '  


Ar 
Ar 


ArCH2 
Alk 
Ar2 
ArZ 
ArZ 
Ar2 


Ar2CHz 
Alk 
Alk2 


4: 1 
1:1 
1 : l  
1 : l  


1:3 
1 :3  
1 :2  
1 : l  
1 : l  
1 : l  


'See Refs 2 and 2d. 
bSee Ref. 2b. 
'See Ref. 2c. 


'IDMg:DMF:Ar'COC1=3: 12: 1. 
'Alk' must have no a-CH,. 


ArlCoC1 is added to the mixture of  DMF + DMg. 
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Table 8. Summary of the need for an excess of reagent 


Substrate Reagent Excess reagent (Optimum ratio) 


(a) AR'CN Ar-IDMg Needed (3: 1) 
(b) RCN Ar-IDMg Not needed (1 : 1) 
(c) ArCN R-IDMg Not needed (1 : 1) 
(d) R'CN R-IDMg Not needed (1 : 1)" 


'Exception: a-H abstraction from R'. 


the need for an excess is confined to aryl-aryl combina- 
tions (see below). Some related results concerning the 
amount of aryl-IDMg leading to the corresponding N -  
aryl-substituted amidine have been reported: " The 
reaction with cinnamonitrile requires a molar ratio of 
2-0, whereas that with acetonitrile requires equimolar 


The question is thus raised of the origin of 
the specific nature of aryl-aryl reactions. The need for 
an excess is summarized in Table 8. 


Neither the E,, values of alkyl reagents nor the E ,  
values of alkyl substrates have been determined (pro- 
babl owing to the very rapid decomposition of cation 
a n d i r  anion radicals), and no discussion in terms of 
AE values can be given. Nevertheless, it is reasonable to 
consider that, in case of (d) (Table 8), the stronger 
basicity of alkyl-IDMg due to localization of the lone 
pair of electrons on the amino N atom is responsible not 
only for the a-H abstraction but also for dimeric aggre- 
gation via N: + Mgd+ donation. Thus, even after a 
great part of the reagent has been consumed, the 
remaining part may still form an aggregate favourable 


for the cooperation. The specific requirement for an 
excess in aryl-aryl combination (a) is mainly ascribed 
to the weaker EDA of the aryl reagent which needs an 
excess for cooperation. From comparison with (b), a 
minor reason may be the spin density on the nitrile 
carbon, which is lowered owing to delocalization of 
unpaired electrons of the aryl substrate's anion radical. 
An additional possibility that (product's) precursor 
having two aryl groups is resonance stabilized and 
requires the assistance of an excess amount of weak 
reagent for the removal of 'MgBr species is not 
excluded. 


EXPERIMENTAL 


Preparation of reagent. Prior to the preparation of 
IDMg, EtMgBr was prepared in tetrahydrofuran 
(THF)., An excess amount of EtBr is always used for 
complete conversion of metallic Mg. The unreacted 
amount of EtBr present in THF solution causes no 
interference in the reactions of aryl-IDMg with almost 
all types of aryl substrate, except for the reported N -  
alkylation. I L  In the present reactions, the unreacted EtBr 
was completely removed by way of precaution by 
refluxing the THF solution and distilling a small amount 
prior to addition of amines. 


Work-up and isolation of amidines. In order to avoid 
hydrolysis of products on quenching, quick treatment 
with the minimum amount of saturated NH,Cl aqueous 
solution is recommended. The product mixture was 
taken up with Et,O and/or CH,Cl,, dried with MgSO,, 


Table 9. Melting points and IH NMR data for formamidines 1, 4 and 6 


Product 


No. R M.p. ("C) 6 (ppm) 


1 Me0 
1 Me 


Oil 
Oil 


2.91 (6H, s), 3.70 (3H, s), 6.79 and 6.85 (4H, ABq, J =  2.4 Hz), 7.42 (IH, S )  


2.28 (3H, s), 2.97 (6H? s), 6.84 and 7.03 (4H, ABq, J =  7.8 Hz), 8.46 (lH, S )  
1 c1 Oil 2.96 (6H, s), 6.84 and 7.15 (4H, ABq, J =  11.2 Hz), 7.42 (lH, s) 
4 Me0 Oil 3.24 (3H, s), 3.27 (3H, s), 3.75 (3H, s), 4.60 (2H, s) ,  6.82 and 7.46 (4H, ABq, J =  8.1 


4 Me Oil 2.34 (3H, s), 3.20 (3H, s), 3.25 (3H, s), 4.60 (2H, s), 7.10 and 7.39 (4H, ABq, J=6 .8  


4 CI Oil 3.29 (6H, s), 4.63 (2H, s), 7.34 and 7.46 (4H, ABq, J = 5 . 4  Hz), 8.67 (lH, s) 
6 Isobutyl Oil 0.97 (6H, d), 2.05-2.20 (lH, m), 3.32 (2H, d), 3.37 (6H, s), 8.35 (lH, b) 
6 Isoamyl Oil 0.98 (6H, d), 1.60-1-80 (lH, m), 1.60-1.80 (2H, q), 3-35 (3H, s ) ,  3.40 (3H, s), 3.53 


6 n-hexyl Oil 0.92 (3H, t) ,  1.20-1.40 (6H, m), 1.60-1.90 (2H, m), 3.30 (3H, s ) ,  3.35 (3H, s), 3.48 


6 Cyclohexyl 180.5-181.5 1.10-1.40 (2H, m), 1.60-1.70 (2H, m), 1.70-1.90 (4H, m), 1.90-2.05 (2H, m), 
3.30-3.40 (6H, b), 3.40-3.60 (lH, m), 8.05 (lH, s) 


6 Benzyl Oil 3.20 (3H, s), 3.30 (3H, s), 4.65 (2H, s), 7.20-7.35 (3H, m), 7.45-7.52 (2H, 4). 8.70 


6 2-Phenethyl Oil 3.10 (2H, t), 3.14 (3H, s ) ,  3.25 (3H, s), 3.70 (2H, t), 7.15-7.25 (SH, m), 7.72 (lH, s) 


Hz), 8.60 (lH, S) 


Hz), 8.63 (lH, S )  


(2H, t), 8.43 ( lH,  S) 
6 t-buty 182.0-182.5 1.55 (9H, s), 3.40 (3H, s), 3.50 (3H, s), 7.86 (lH, d) 


(2H, t), 8.32 (lH, S )  


(lH, s) 
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Table 10 Melting points and 'H NMR data for benzamidines and alkamidines 8 ,9  and 10 


Product 


No. R R' M.P. ("C) 6 (ppm) 


8 


8 


8 


8 


8 


8 


8 


8 


8 


9 


9 


9 


9 


9 


9 


10 


10 


Me0 


Me0 


Me0 


Me 


Me 


Me 


CI 


CI 


c1 
isobutyl 


isoamyl 


t-butyl 


n-hexyl 


cyclohexyl 


2-phenetyl 


2-phenetlyl 


2-phenethyl 


Me0 


Me 


CI 


Me0 


Me 


CI 


Me0 


Me 


CI 


- 
- 
- 


- 


- 


- 


Isopropyl 


t-butyl 


152.0-152.8 


150.5- 15 1.0 


171.5-172.0 


209'0-209.4 


11 1.0-1 12.2 


169.5-169.9 


220.0-221.0 


98.3-99.0 


171.0- 173.0 


195.3-195.8 


179.0-179'5 


166.5- 167'51.59 


128.0-128.80.89 


208.0-208.5 


24 1.5 -24 1.8 


143.0- 144'0 


Oil 


3.80(3H, s), 3.85 (3H, s), 4.77 (2H, d), 6.89 and 7.45 (4H, ABq, 


2.21(3H, s), 3.80 (3H, s), 4.78 (2H, d), 6.87 and 7.42 (4H, ABq, 


3.82(3H, s), 4.78 (2H, d), 6.87 and 7.51 (4H, ABq, J =  8.4 Hz), 7.49 


2.37(3H, s), 3.88 (3H, s), 4.77 (2H, d), 6.99 and 7.38 (4H, ABq, 


2.33(3H, s), 2.40 (3H, s), 4.79 (2H, d), 7.16 and 7.37 (4H, ABq, 


J = 5 . 4  Hz), 6.99 and 7.90 (4H, ABq, J =9.0 Hz), 8.80-9.80 (3H, b) 


J = 8 . 6  Hz), 7.29 and 7.97 (4H, ABq, J =9-0 Hz), 9.05-9.80 (3H, b) 


and 7.90 (4H, ABq, J =8.2 Hz), 9.20-10.20 (3H, b) 


J = 5 . 4  Hz), 7.15 and7.18 (4H, ABq, J =  10.8 Hz), 8.60-9.80 (3H, b) 


J=5 .4  Hz), 7.28 and 7.81 (4H, ABq, J = 9 . 2  Hz), 8.70-10.00 (3H, b) 
2.33(3H, s), 2.80 (2H, d), 7.18 and 7.39 (4H, ABq, J = 5 . 4  Hz), 7.47 
and 7.91 (4H, ABq, J =  13.5 Hz), 9.20-10.15 (3H, b) 
3.85(3H, s), 4.83 (2H, d), 7.01 and 7.49 (4H, ABq, J = 5 . 5  Hz), 7.10 
and 7.88 (4H, ABq, J =  8.8 Hz), 9@0-10-00 (3H, b) 
2.42(3H, s), 4.86 (2H, d), 7.32 and 7.52 (4H, ABq, J =  5.4 Hz), 7.32 


4.84(2H,d), 7.36 and 7.50 (4H, ABq, J =  12.5 Hz), 7.48 and 7.88 (4H, 


1.00(6H, d), 240-2.22 (lH, m), 3.40 (2H, t), 3.88 (3H, s), 7.00 and 


0.89(3H, d), 1.50-1.80 (lH, m), 1.50-1.80 (2H, m), 3.47 (2H, 9). 377 


(3H, b) 
(3H, t), 1.30-1.50 (6H, m), 1.70-1-81 (2H, m), 3.59 (2H, q), 3.86 
(3H, s), 7.02 and 7.88 (4H, ABq, J =  9.5 Hz), 8.80-9.35 (3H, b) 
1.10-2.15(9H, m), 3.88 (3H, s), 7.01 and 7.79 (4H, ABq, J = 5 . 4  Hz), 


3.13(1H, q), 3.85 (3H, s), 3.85 (2H, q), 6.99 and 7.79 (4H, ABq, 
J =  6.8 Hz), 7.20-7.38 (SH, m), 8.95-9.40 (3H, b) 
1.26(6H, d), 3.03 (2H, t), 3.10-3.20 (lH, m), 3.72 (2H, t), 7.18-7.30 
(SH, m), 8.30-9.10 (3H, b) 
1.28 (9H, s), 3.03 (2H, t), 3-82 (2H, t), 7.20-7.35 (SH, m), 8.20-8.50 
(3H, b) 


and 7.79 (4H, ABq, J =  7.2 Hz), 8.70-9.80 (3H, b) 


ABs, J =  16.5 Hz) 9.35-10.10 (3H, b) 


7.90 (4H, ABq, J z 4 . 0  Hz), 8.80-9.40 (3H, b) 


(3H, s), 6.89 and 7.76 (4H, ABq, J =  9.2 Hz), 8.75-9.10 (3H, b) 
(9H, s), 3.88 (3H, s), 7.00 and 7.77 (4H, ABq, J =  8.3 Hz), 8.20-9-40 


8.60-9.20 (3H, b) 


rotary evaporated, and the mixture obtained was sep- 
arated by flash chromatography on silica gel (Wako Gel 
FC-40). Considering the poor solubility of amidines 
formed in the reaction, the chromatographic procedure 
was omitted as described below. 


For the isolation of unsymmetrical N,N-dimethy1-N'- 
alkylfonnamidines [poorly soluble in Et20; reactions (2) 
and (3)], the quenched mixture was triturated with an 
amount of E t 2 0  sufficient to dissolve the starting 
materials, decanted, dissolved in CH2CI,, dried with 
MgSO,, and evaporated. The residue is amidine (4 or 6) 
pure enough to omit recrystallization. 


For the isolation of N-alkylbenzamidines [8 and 9, 
reactions (4) and ( 9 1  and N-alkylalkanecarboxamidines 
(lo), which are soluble in CH2C12 and CHCI,, the 
quenched mixture was triturated successively with Et,O 
and CH2C12 and decanted. The residue was repeatedly 
triturated with mixed solvent [CHCI,-EtOH (10 : l ) ]  


and the combined mixture was evaporated to give pure 
amidines. 


The melting points and 'H NMR spectra of amidines 
prepared in this present study are summarized in Tables 
9 and 10. 
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-TIC STUDY OF THE DECOMPOSITION OF N-CHLORAMINES 


J. M. ANTELO, F. ARCE AND M. PARAJO 
Departamento de Quimica Fisica, Facultad de Quimica. Universidad de Santiago, E -  Santiago de Compostela, Spain 


The decomposition of various N-chloroalkylamines and N-chloroalcoholamines was investigated kinetically at 
pH 4-12 and in strongly alkaline media. The rate of Nchloramine decomposition increased with increasing pH 
above pH 10, remained virtually constant over the pH range 7-10 and again increased with decreasing pH in 
the acidic zone. The results are described by a rate equation involving general base catalysis terms. 
Experimental evidence suggests that the decomposition of N-haloamines proceeds via an elimination mechanism 
that yields an imine. This ,%elimination process is a non-synchronized concerted mechanism where cleavage of 
the N-X bond has progressed to a greater extent than that of the C,-H by the time the transition state is 
reached, which is therefore 'El-like' (i.e. with a transition state having a certain nitrenium character). 


INTRODUCTION 
The large amount of nitrogencontaining compounds 
present in natural waters' endows the decomposition of 
N-chloramines with great practical interest as it is one of 
the reactions involved in water purification by treatment 
with chlorine or hypochlorite ion. 


This type of reaction has been the object of kinetic 
studies aimed at elucidating its mechanism. Antelo and 
co-workers2*' studied the reactions of N-chloro-N, N- 
dimethylammonium ion and N-chlorodiethanolamine 
with hypochlorite ion and other chlorinating agents over 
the pH range 6.55-12.01. More recently, the decom- 
position of various secondary N-chloramines was also 
in~estigated.~ 


The stability of N-chloramines derived from amino 
acids has also been the subject of several kinetic studies 
in the light of which potential reaction mechanisms in 
aqueous solution have been discussed. Thus, Fox and 
BullockS put forward a mechanism involving the loss of 
an a-proton to yield a carbanionic intermediate as the 
rate-determining step; subsequently, the intermediate 
releases a chlorine atom and produces an imine which is 
rapidly hydrolysed. Stambro and Smith6 studied the 
decomposition of N-chloroalanine. Also, Hand er al.' 
and Awad et al.' investigated the kinetics and mechan- 
ism of the decomposition of various amino acids, and 
found the rate constant to depend on the amino acid 
structure. Abia et al.' studied the kinetics of decomposi- 
tion of N-chlorovaline in aqueous solution using sodium 
hypochlorite as the chlorinating agent. Finally, the 
stability of some N-chloropeptides has also been studied 
in this context. '".'I 


This paper summarizes the results obtained in a study 
of the decomposition of various chloramines, namely 
N-chloromethylamine (N-C1-MA), N-chloroethylamine 
(N-CI-EA), N-chloro-n-propylamine (N-CI-nPA), N- 
chloroisopropylamine (N-Cl-*A), N-chloro-n- 
butylamine (N-CI-nBA), Nchloroisobutylamine (N-CI- 
iBA), Nthloro-sec-butylamine (N-Cl-sBA), N-chloro-4- 
aminobutan-1-01 (N-CMAIB), N-chloro-2-aminobutan- 
1-01 (N-CI-2AlB), N-chloro-2-amino-2-methylpropan-l- 
01 (N-CLAMP), N-chloro-2-aminopropan-1-01 (N-CI- 
2AlPr) and N-chloroethanolamine (N-C1-ETA). 


EXPERIMENTAL 
All reagent solutions were made by weighing the 
required amount of commercially available chemical 
(Merck. p.a. grade) and dissolving it in doubly distilled 
water. Boric acid-sodium borate and sodium 
carbonate-sodium hydrogencarbonate buffers were also 
prepared by weighing, from boric acid and sodium 
hydrogencarbonate (all Merck p.a. reagents), to which 
the required volume of sodium hydroxide at an appro- 
priate concentration was added in order to adjust the pH 
to the desired value. Acetic acid-sodium acetate buffer 
solutions were made by weighing from commercially 
available chemicals (Merck, p.a. grade). Phosphate 
buffers were prepared from Na,HPO, and NaH2P0, 
(Merck, p.a grade) and supplied with an appropriate 
volume of sodium hydroxide at the required 
concentration. 


Sodium hypochlorite was obtained by dropwise 
addition of concentrated hydrochloric acid over potass- 
ium permanganate solution, which produced a stream of 
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gaseous chlorine. The chlorine was first passed through 
potassium permanganate solution in order to oxidize 
residual HCl and then bubbled through 0.5 M sodium 
hydroxide. The solution thus obtained was kept in a 
UV-opaque flask at pH> 11 in order to avoid decom- 
position. The concentrations of these solutions were 
determined spectrophotometrically by measuring their 
absorbance at 292 nm (the absorption maximum for 
sodium hypochlorite, where its molar absorptivity 
coefficient12 is E = 350 1 mol-' cm - I ) .  The sodium 
hypobromite used to prepare the N-bromamines was 
obtained from commercial-grade bromine in an alkaline 
medium.I3 


Spectrophotometric measurements were made on a 
Kontron 930 instrument, the cuvette holder of which 
was thermostatted by circulating water from a thermo- 
static bath. 


N-Chloramine decay products were analysed by 
HPLC using a Beckman chromatograph furnished with 
a C,& column and using acetonitrile-water (50:50) as 
the mobile phase. 


pH measurements were made with a Radiometer 
PHM82 pH meter equipped with a GK2401C combined 
glass/KCl -saturated calomel electrode, also from 
Radiometer. The pH meter was calibrated with commer- 
cially available buffers of pH 4.01, 7.00, 10.01 and 


N-Chloramines were obtained in situ by reaction of 
the corresponding amine with sodium hypochlorite. l4 In 
order to establish the optimum conditions for monitor- 
ing the reaction, their decomposition was preliminarily 
studied using a spectrophotometric procedure. N-Chlor- 
amines exhibit an absorption maximum at cu. 250 nm, 
the height of which decreases with time. Figure 1 shows 
the spectrum for the decomposition of N-Cl-2A1B. Both 
the spectral maximum and the molar absorption 


12.45. 


0.784 . 


8 ! 0'5'3 
0.382 # 
O . l S 1  . 


0 . 0 0 0  I 
224 252 280 308 338 


Wavelength I nm 


Figure 1. Absorption spectrum obtained during the decom- 
position of N-chloroaminobutan-1-01. [2AlB] = 5  x lo'* M; 
[NaOCIl= 9 x M, [NaOH] = 0.1 M; [NaCI] =0.49 M; 


T=25 "C; ti = 10 s; A t = 5  min 


coefficient were found to be pH independent at the 
wavelength of maximum absorption for the compound. 
Below pH 4, the absorbance decreased with decreasing 
pH owing to protonation and disproportionation of the 
N-chloramine. The spectrophotometric study revealed 
250 nm to be a suitable wavelength for monitoring the 
reaction as no other reactant was found to absorb 
appreciably at this value. 


N-bromamines were obtained by reaction between the 
parent amines and sodium hypobromite. Their kinetics 
of decomposition were monitored similarly to the N- 
chloramines. 


The reaction order was determined by fitting 
absorbance-time data to the integrated first-order rate 
equation: 


ln(A, - A,) = In(A, - A,) - kt 
where A,, A, and A, are the absorbance at time zero, f 
and infinity, respectively. The equation was solved by 
using a computational program based on the 
Davies-Swan-Campey a1gorithm.l5 The reaction was 
monitored to at least 80% completion in every case and 
the correlation coefficient was always greater than 


The good fit obtained confirms the assumed order for 
the process. Preliminary studies on this type of reaction 
below pH 11 revealed that the decomposition is very 
slow under these conditions. This necessitated the use of 
the initial-rate method in the kinetic analysis of the data 
obtained. 


0.999. 


Product analysis 
According to the previous results,I6 the decomposition 
of N-chloramines yields an aldehyde (or ketone) and 
ammonia. Aldehydes and ketones can be identified by a 
general test for carbonyl compoundsl' using 2,4- 
dinitrophenylhydrazine (which forms a dinitrophenylhy- 
drazone). Addition of a few drops of this reagent to our 
reaction mixture produced a crystalline precipitate that 
revealed the presence of carbonyl compounds in the 
reaction medium.'* However, this test does not allow 
one to distinguish between aldehydes and ketones, or to 
determine them quantitatively. The most frequently 
used method for measuring small amounts of these 
carbonyl compounds involves the formation of the 
corresponding 2,4-dinitrophenylhydrazone and its 
analysis by HPLC. Hydrazones exhibit an absorption 
band at 337 nm, the wavelength at which they were 
studied here. 


The hydrazones were then determined using a Beck- 
man reversed-phase 5 mm Ultrasphere CIR column, 
using a acetonitrile/water (50 : 50, v/v) as the mobile 
phase and peak detection at 337 nm with two internal 
standards (formaldehyde and acetaldehyde). The flow 
rate was 1 mlmin-I. Peak areas for 2,4-dinitrophenyl- 
hydrazones of carbonyl compounds were obtained by 
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electronic integration of the absorbance at this 
wavelength. 


We found formaldehyde to be formed in the decom- 
position of N-CI-2AIB, N-CLAMP and N-CI-2AlR, 
with yields of 70%, 60% and 41%, respectively, and 
acetaldehyde to be obtained from N-CI-2AlR in 51% 
yield. 


RESULTS 


The concentrations of sodium hypochlorite, amine and 
sodium chloride (the supporting electrolyte used to 
adjust the ionic strength) were found not to have any 
appreciable influence on the rate of N-chloramine 
decomposition. 


The results of a series of experiments carried out in 
strongly basic media using various concentrations of 
sodium hydroxide and constant concentrations of all 
other reagents showed the rate constant to increase with 
increasing NaOH concentration. Figures 2 and 3 show 
that both the N-chloroalkylamines and the N-chloroal- 
coholamines complied with the equation: 


logk,, = constant + H - 


where H -  is Yagil’slg acidity function (a more appro- 
priate measure of basicity than pH for these media). 


The reaction of N-chloroalkylamines was slower than 
that of N-chloroalcoholamines, probably owing to the 
absence of an OH- group (Figures 2 and 3). 


To study the influence of the reagents on the rate of 
N-chloramine decomposition in the pH range 4-12, 
experiments were camed out in acetic acid-sodium 


I 5.10 1 


3.57 . 


3.08 . 


2.55 . 


13.30 13.88 14.06 14.44 14.82 


H- 
Figure 2. Influence of pH on the rate of decomposition of 
aliphatic N-chloramines in a strongly alkaline media. 


k =  19.72- 1-12 H - ) ;  (0) N-CI-nPA (log k =  18.61 
- 1.05 H - ) ;  (0) N-CI-iPA (log k =  18.65 - 1.07 H - )  


(A) N-CI-MA (log k =  20.33 - 1.10 H - ) ;  (.) N-CI-EA (log 


4.20 


4 3.70 


x 
8 3.38 
I 


2.94 


2.52 


2.10 


14.19 14.62 13.33 13.76 12.90 


H -  
Figure 3. Influence of pH on the rate constant of decom- 
position of N-chloroalcoholamines in strongly alkaline media. 


(log k =  15.18 -0.94 H - ) ;  (B) N-CI-2AlPr (log k =  15.71 
(0) N-CI-4A1B (log k =  16.76- 1.05 If-); (A) N-CI-2A1B 


-0.97 H - ) ;  (A) N-CI-ETA (log k =  15.77-0.90 H - )  


acetate, boric acid-sodium borate, sodium carbonate- 
sodium hydrogencarbonate, disodium hydro- 
genphosphate-sodium hydroxide and sodium dihydro- 
genphosphate-sodium hydroxide buffers. Several 
different buffer concentrations were used, and since the 
decomposition rates increased linearly with increasing 
buffer concentration [Figure 4(a)- (e)], rate constants at 
zero buffer concentration were calculated as the y- 
intercepts of the straight lines fitted to these data. The 
decomposition rates increased with increasing pH above 
pH 10, remained virtually constant over the pH range 
7-10 and then increased again with decreasing pH in 
the acidic region (Figure 5 shows the results for N-CI- 
2AlB). 


To study the effect of the leaving group on N- 
haloamine decomposition, we carried out experiments 
with N-bromamines under similar conditions. Table 1 
gives the values of kBr/kCI, the ratio of the correspond- 
ing observed rate constants. 


Table 1. Values of k,,/k, for decomposition of N-halo- 
alcoholamines and N-haloalkylamines at 25 “C. 


N-Haloalcoholamine k,,/k,, N-Haloalkylamine k,,/k,, 


N-X-4A1B 12 N-X-iBA 1 1  
N-X-ETA 20 N-X-EA 12 
N-X-2AlPr 23 N-X-nBA 14 
N-X-AMP 27 N-X-nPA 14 
N-X-2AlB 31 N-X-iPA 24 


N-X-sBA 24 
N-X-MA 44 
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Figure4. Variation of the observed rate constant with the 
buffer concentration in the decomposition of N-CI-2AlB. (a) 
PhosDhate buffer: DH = (W12.01 and (OH 1.63. (b) Carbonate 
buffer: PH= m y i . 3 3 ,  (ujiiao and (ojio.41. (cj B O ~ ~ C  acid 
buffer: pH = (A)10.18, (0)9.74, (.)9.17, (A)8.80 and 
(0)8.10. (d) Hydrogenphosphate buffer: pH = (.)7.48, 


0.0 0.3 0.6 0.9 1.2 @)6.78 and (0)6.24. (e) Acetic acid buffer: pH = (.)5.54, 
@)5.12 and (Ov.69. [2AlB] = 1.4 x lo-* M; [NaOCI] = 


Puffer1 I M 1 . 5 ~ 1 0 - ~ M ; I = 0 . 5 0 ;  T=25OC 
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Figure5. Influence of pH on the rate constant of decom- 
position of N-CI-2AlB 


DISCUSSION 


When amine and hypochlorous or hypobromous acid 
solutions are mixed, on N-hal~amine'~ is rapidly 
obtained: 


HOX - OX- + H' (1) 
KI 


RNH,+H' A R N H ;  (2) 
RNH, + HOX - RNHX + H20 (3) 


Our experimental results show that the decomposition 
of N-haloamines is a bimolecular process: 


RNHX+B - products (4) 
where X is a C1 or Br atom and B is the base present in 
the medium. 


The results obtained for N-chloramines in strongly 
alkaline media and in phosphate, carbonate and boric 
acid buffers [Figures 4(a)-(c) show the latter results for 
N-CI-2AlBI are in keeping with a rate equation 


reflecting general base catalysis: 


d [N-chloramine] - = k,[N-chloramine] (5 )  
dt 


where 


k,, koH and k,,, being the rate constants for the uncata- 
lysed reaction, the OH--catalysed reaction and the 
reaction catalysed by the basic form of the buffer (if 
present), respectively. In fact plotting k, against 
[OH-] for the reactions carried out in highly alkaline 
media in the absence of buffer produced straight lines 
whose y-intercepts did not differ significantly from 
zero, showing that under these conditions the only 
operative reaction path involves surrender of a proton to 
OH- (the values of koH given by the slopes of these 
plots are given in Table 2). 


However, catalysis by the hydrogenphosphate and 
acetic acid buffers used at pH 4-7 was greater than 
expected at low pH [Figure 4(d) and 4(e)]; this behav- 
iour, indicative of general acid catalysis 
(kh = k, + k,[H'] + k,[A], where A is the acid form 
of the buffer), suggests that in this pH range the buffers 
catalysed the disproportionation reactions by which N -  
chloramines decompose at low pH, which are known to 
be subject to general acid catalysis.m*22 (The fact that 
the reaction rate at zero buffer concentration increased 
with decreasing pH in the pH range 4-7 is also 
attributed to increasing involvement of the dispropor- 
tionation path.) Table 3 gives the values of k, obtained 
for N-Cl-2A1B from the slopes of the plots of Figure 
4(a)- (el. 


The general base catalysis observed in strongly 
alkaline media and in phosphate, carbonate and boric 
acid buffers is in keeping with the mechanism shown in 
Scheme 1:B-elimination leading to an imine that is 
rapidly hydrolysed to an aldehyde or a ketone. 


In the case of N-chloroalcoholamines, an alternative 
possibility is for the group lost from the B-carbon to be 
a deprotonated form of the starting compound 
(Scheme 2). 


Table 2. Values of koH - for decomposition of N-chloroalcoholamines and N-chloroalkylamines at 
25 "C. 


N-Chloroalcoholamines lo3 ko,,-/l mol-' s - '  N-Chloroalkylamine 


N-CI-ETA 0.57 f 0.08 N-CI-iBA 
N-CI-2A 1 Pr 6.83 f 0-03 N-CI-nB A 


N-CI-2AIB 9.00 f 0.06 N-CI-nPA 
N-CI-3AP 1540f0.05 N-CI-iPA 


N-CI-4A1B 0.177 f O m 5  N-CI-MA 


N-CI-AMP 8 1.0 f 0.02 N-CI-EA 


N-CI-sBA 


0.166 f 0.003 
1-04 f 0-03 
1.19i0.07 
1.26 f 0.03 
1 a30 f 0.02 
2-50 f 0.04 
3*50*0*10 
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Table 3. Values of k,, for base-catalysed decomposition of 


[NaCIO] = 1.5 x lo-’ M; I = 0.20 M) of pKa and of p and q in 
the Bmnsted relationship for each catalysing base 


N-chloro-2-aminobutan- 1-01 ([2AlB] = 1.4~ lo-’ M; 


- 1 *74 2.47 x lo-* 3 1 
4-75 1.50 x 1 1 


H * 0  


HPd,- 7.21 5.20 x 2 2 


10-25 1.21 x 1 0 - ~  1 2 


OH- 15.74 9.00 x lo-’ 2 2 


AcO- 


Em&!% 
9.24 4.65 x 3 1 


Po:- 12.32 1.14 x lo-’ 1 3 


Two questions therefore arise: ( 1 )  which path is more 
important for N-chloroalcoholamines, that of Scheme 1 
or that of Scheme 2; and (2) is the @-elimination reac- 
tion (a) an E l  reaction involving the rate-controlling 
formation of a nitrenium ion and subsequent loss of the 
C, substituent, (b) an E l  CB reaction in which formation 
of a carbanion is followed by loss of the chloride ion or 
(c) a concerted (E2) reaction in which the N-CI and 
C,-H bonds are cleaved simultaneously? The three 


possible @-elimination mechanisms are illustrated in the 
More O’Ferrall-Jencks shown in Figure 6, 
which depicts the path of the reaction on a two-dimen- 
sional energy surface whose coordinates are the extent 
of C,-H cleavage (horizontal axis) and the extent of 
N-CI cleavage (vertical axis). The problem of distin- 
guishing between E l ,  E l c B  and E2 mechanisms has 
been extensively studied by B~rdwell ,’~ Saunders and 
Cockeril126 and Cockerill and Harri~on,~’ among others. 


The E l  mechanism is immediately ruled out by the 
fact that the observed decomposition kinetics were 
bimolecular rather than unimolecular. An ‘irreversible’ 
E l c B  mechanism can also be ruled out, because rate- 
controlling C,-H cleavage is incompatible with the 
large increase in reaction rate when chlorine was 
replaced by the better leaving group bromine (Table l), 
while a ‘reversible’ or ‘pre-equilibrium’ E l c B  mechan- 
ism (postulating rate-controlling N-CI cleavage) is 
unable to explain the observed general base catalysis. 
The reaction must therefore be of E2 type. To investi- 
gate whether N-Cl cleavage and C,-H cleavages are 
exactly synchronized (as represented by the diagonal in 
Figure 6), or whether, in the transition state, N-CI 
cleavage is more or less advanced than C,-H cleavage 
(situations represented by curved paths lying in the 


H H 
I I 


R-CH-NN-CI + OH-- R-CH-N-CI - R - C H = N - H  + C1- + H+ 
I 03 L 
H !H20 


i 
R-C-H + NH; 


Scheme 1 


H H 
I I 


R-CH-N-C1 + OH-- R-CH-N-C1 


CHiOH CH20- 
I I 


H 
I 


R-CH-N-C1 - R - C H Z N - H  + HCHO + C1‘ 
I 


CHzO’ 


t 
RCHO + NH3 


Scheme 2 
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Z 
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Figure 6. More O'Ferrall-Jencks diagram for the decomposition of N-chloramines showing the spectrum of bimolecular elimination 
mechanisms in terms of bond-breaking orders 


upper left and lower right regions of the diagram, 
respectively),28 we examined Bransted plots and Taft 
correlations. 


When the data obtained in the various media for each 
N-chloramine were fitted with Bransted equations, i.e. 
equations of the form 


where q is the number of individual indistinguishable 
positions in a base where a proton can be accommo- 
dated and p is the number of equivalent dissociable 
protons in the conjugate acid form, the values of B so 
obtained ranged from 0-20 to 0.31. For example. the 
equation obtained for N-Cl-2AlB (Figure 7) using the 
data listed in Table 3 was 


log ($) = -7.35 + 0.31 [log (:) + pK.1 (8) 


These values of B are within the range 0.2-0.8 
associated with most cases of general catalysis (in fact, 
values close to zero or unity make general catalysis very 
difficult to observe, in the latter case because of the 
dominance of the proton or hydroxide ion due to their 
extreme pK, values); and they are keeping with reported 
data for other N-~hloramines.~~ Since /3 is usually taken 
to be a measure of the extent of proton transfer in the 
transition state (although known cases3' in which lies 
outside the range [0,1] show that the assumptions 
underlying this interpretation are not always fulfilled), 
the values of /? obtained in this work suggest that in the 


transition state of the B-elimination process, the C ,-H 
bond is relatively intact. 


Figure 8 shows Taft plots of -logk,,, (measured at 
[NaOH] = 1 M and [N-chloramine] = 2 x M) 
against the total electron-withdrawing capacity of the 
substituents borne by the a-carbon of the N-chlor- 
amine.3' The substituent dependence of the N- 
chloroalcoholamines (logk,,, = -0-078 + 2-09 Xu*, if 
N-Cl-4AlB is excluded from the analysis) clearly 
differs from that of N-chloroalkylamines 
(logk,,, = 2.96 + 1.15 Xu*), which suggests that the 


9.25 


h c 
2 7'40 


,F 5.55 
I 


3.70 


-3.91 0.00 3.91 7.82 11.73 15.84 


1% + PI(, 
Figure 7. Bronsted plot for the general based-catalysed pro- 
cess in the decomposition of N-CI-2AlB. Data from Table 3 
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Figure 8. Substituent effects on the rate of decomposition of 


(M) N-chloroalkylamines and (0) N-chloroalcoholamines 


two sets of N-chloramines must have different major 
decomposition paths. Specifically, the N-chloroal- 
coholamines in which a - CH,OH group is borne by the 
a-carbon must decompose primarily via the mechanism 
shown in Scheme 2. N-CIAAlB, on the other hand, 
would appear to decompose primarily by the same 
mechanism as N-chloroalkylamines (Scheme l), no 
doubt because its OH group is far from the amino 
group. This mechanistic difference is also reflected in 
the pH-dependence of the reaction with N-CIAAlB, 
which resembles that of the N-chloroalkylamines more 
than that of any other N-chloroalcoholamine. 


The fact that the decomposition rates of both the N- 
chloroalkylamines and N-chloroalcoholamines decrease 
with increasing total electron-withdrawing capacity of 
the a-carbon substituents suggests that the nitrogen 
atom bears a strong positive charge in the transition 
state, and hence that N-CI cleavage is well advanced at 
this point. Combined with the Brgnsted plot results, this 
finding implies that, for N-chloramines, the p-elimina- 
tion process is an ‘El-like’ mechanism, i.e. one in 
which the reaction path lies in the upper left region of 
Figure 6. 
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PHOTOCYCLIZATION OF 2- (DIALKYLAMIN0)ETHYL 
ACETOACETATES: REMOTE PROTON TRANSFER AND 


INVOLVING TWO REACTIVE EXCITED STATES 
STERN-VOLMER QUENCHING KINETICS IN THE SYSTEM 


TADASHI HASEGAWA~ AND NAOKO YASUDA 
Department of Chemistry, Tokyo Gakugei University. Nukuikitamachi 4-1 -1,  Koganei, Tohyo 184, Japan 


AND 


MICHIKAZU YOSHIOKA 
Department of Chemistry, Saitama University, Shimo-okubo. Urawa, Saitama. 338, Japan 


Upon irradiation, 2-(dibenzylamino)ethyl and 2-(N-benzyl-N-methylamino)ethyl acetoacetate ( la  and lb)  
undergo photocyclization via remote proton transfer from the benzyl group to the acetyl carbonyl oxygen to 
give eight-membered azalactones. Irradiation of the corresponding (diisopropy1amino)- and 
(dimethy1amino)ethyl esters gave no azalactones. Introduction of the methyl group on C-2 of l a  brought about 
a complicated photoreaction, probably due to competition of a-cleavage. The Stern-Volmer plots for the 
photoreaction of la did not show the linear relationship, indicating that the photoreaction proceeds from two 
reactive excited states. The Stern-Volmer quenching equation for the system was obtained by applying the 
steady-state approximation and was used for the analysis of the photoreaction of la. The triplet lifetime was 
determined to be 1.6 x lO-'s. 


INTRODUCTION 


Intramolecular remote hydrogen transfer to ketone 
carbonyl oxygen via a medium-sized cyclic transition 
state is a rare process even in widely studied ketone 
photochemistry.' A few aryl ketones bearing an acti- 
vated remote hydrogen on their side-chain have been 
reported to undergo photocyclization via remote hydro- 
gen Although both aryl and alkyl ketones 
undergo Type II photoreactions via y-hydrogen abstrac- 
tion,' only one report on remote hydrogen abstraction, 
concerning &-hydrogen, in the aliphatic ketones has 
been observed.' We report here the first examples of 
photocyclization in aliphatic ketones via q-hydrogen 
transfer to give eight-membered ring compounds. 


EXPERIMENTAL 


IR spectra were recorded with a JASCO A-3 spectro- 
meter. 'H and I3C NMR spectra were determined with a 


* Author for correspondence 


JEOL FX90Q spectrometer using tetramethylsilane as 
an internal standard. An Ushio 450 W high-pressure 
mercury lamp was used as the irradiation source. 


The acetoacetates la-d and l g  were prepared from 
ethyl acetoacetate and the corresponding amino or 
benzyloxy alcohol and l e  was prepared by methylation 
of la. Acetoacetates freshly purified by column 
chromatography were used as irradiation samples 
because the acetoacetates la-e were partially decom- 
posed by distillation under reduced pressure and also 
gradually decomposed on standing even in the dark. 


2-(Dibenzylamino)ethyl acetoacetate ( la ) :  IR (neat), 
1760 and 1730cm-'; 'HNMR (CDCI,), 6 2.21 
(3H, S ,  COCH,), 2.73 (2H, t, J =  5.9 Hz, NCH,), 3.36 
(2H, S, COCH,), 3.61 (4H, S ,  2 x CH,Ph), 4.20 (2H, t, 
J = 5.9 Hz, OCH,) and 7.2-7.4 (lOH, m, aromatic). 
2-(Benzylmethylamino)ethyl acetoacetate ( lb) :  IR 


(neat), 1760 and 1720 cm-'; 'H NMR (CDCI,), 6 2.25 
(3H, S, COCH,), 2.26 (3H, S, NCH,), 2.66 (2H, t, 
J z 5 . 7  Hz, NCH,), 3.44 (2H, S ,  COCH,), 3.54 (2H, S, 
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CH,Ph), 4.25 (2H, t, J = 5.7 Hz, OCH2) and 7.2-7.4 
(5H, m,  aromatic). 
2-(Diisopropylamino)ethyl acetoacetate (lc): IR 


(neat), 1750 and 1720 cm-l; 'H NMR (CDCl,), 6 1-00 


2.69 (2H, t, J = 7.2 Hz,NCH,), 3.03 (2H, sept, 
J =  6.7 Hz, 2 x CH), 3.46 (2H, s, CH,CO) and 4-09 


2- (Dimethy1amino)ethyl acetoacetate (Id): IR (neat), 
1750 and 1720cm-'; 'HNMR (CDCI,), 6 2-27 


[12H,d,J=6.7 H z , ~  x C(CH,),], 2.29 (3H,s,COCH3), 


(2H, t, J =  7-2 Hz, OCH,). 


(9H, S ,  COCH, + 2 x NCH,), (2H, t, J =  5.8 Hz, 
NCH,), 3.49 (2H, S ,  COCHJ and 4.23 (2H, t, J = 5.8 Hz, 


2.57 


OCH,). 
2-(Dibenzy1amino)ethyl 2,2-dimethylacetoacetate 


(le): IR (neat), 1750 and 1725 cm-I; 'H NMR (CDCI,), 
6 1-33 (6H, S ,  2 x CHJ, 2.10 (3H, S, CH,CO), 2.73 
(2H, t, J =  5.4 Hz, NCH,), (4H, S, 2 x CH,Ph), 3-60 
4.21 (2H,t ,J=5.4 Hz,OCH,) and 7.2-7.4 (10H,m, 
aromatic). 


2-Benzyloxyethyl acetoacetate (lg): b.p. 
125-130 "C/4 mmHg; IR (neat), 1760 and 1720 cm-'; 
'H NMR (CDCl,), 6 2-22 (3H,s,CH,), 3.44 
(2H, S, COCH,), 3.65 (2H, t, J = 4.7 Hz, NCHI), 4.30 
(2H, t, J z 4 . 7  Hz, OCHJ, 4.52 (2H, S ,  CH,Ph) and 
7.2-7.4 (5H, m, aromatic). Found: C, 66.34; H, 6.97%. 
Calculated for C,,H,,04: C, 66.09; H, 6433%. 


Preparative irradiation of la .  A solution of the B- 
0x0 ester l a  (426mg) in 100cm3 of benzene was 
irradiated for 16 h with a 450 W high-pressure mercury 
lamp under nitrogen. After removal of the solvent, the 
residue was chromatographed on a silica gel column. 
Elution with benzene-ethyl acetate (3 : l), v/v gave the 
starting ketone (100 mg), 2a (117 mg, 36%) and 2a' 
(90 mg, 28%). 


oxacyclooctan-5-one (2a): m.p. 121-121.5 "C; IR 
(KBr), 3420 and 1720 an-'; IH NMR (CDCI,), 6 1.36 
(3H, s, CH,), 2.3-2.7 (rn, 2H, NCH,), 2.63 (lH, s, OH), 


J =  14.4 Hz, N-CH,Ph), 4.13 (2H,dd,J=3-6 and 
10.8 Hz,OCH,), 4.14 (lH, s, CHPh) and 7.1-7.5 
(lOH, m, aromatic); I3C NMR (CDCI,), 6 26.4 (9). 


1-Benzy l-7-hydroxy -7-methyl-8-phenyl-1-aa-4- 


2-83 (2H, ABq, J =  12.6Hz, CH,CO), 3.93 (2H, ABq, 


45.0 (t), 50.2 (t), 62.5 (t), 68.0 (t), 76.1 (d), 79.1 ( s ) ,  
127.4 (d), 127.9 (d), 128.6 (d,2C), 128.7 (d,4C), 
130.4 (d,2C), 136.5 (s), 139.0 (s) and 174-3 (s). 
Found: C, 73.54; H, 7.07; N, 4.24%. Calculated for 


2a': b.p. 143-148 "C/3 mmHg; IR (neat), 3460 and 
1705 cm-'; IH NMR (CDCI,), 6 1.19 (3H, s ,  CH,), 


and 14.4 Hz,NCH,), 3.26 ( l H , d , J =  14.1 Hz, 


NCHPh), 4.29 (2H, dd, J =  3.6 and 7-2 Hz, OCH,) and 
6.9-7.6 (lOH, m,aromatic); 13C NMR (CDCI,), 6 26.8 


C,,H,,O,N: C, 73-82; H, 7.12; N, 4.30%. 


2-64 (2H, S, CHZCO), 2.80 (2H, ddABq, J =  3.6, 7.2 


NCHzPh), 3.67 (lH,s,OH), 3.87 ( lH ,d , J=  14.1 Hz, 


(q), 4 6 4  (t), 51.8 (t), 57.0 (t), 60.3 (t), 64.6 (d), 72.6 
(s), 127.1 (d), 127.9 (d), 128.4 (d,4C), 129.1 (d,2C), 


130.8 (d,2C), 137.3 (s), 138.6 (s), and 174.0 (s). 
Found: C, 73.63; H, 7.06; N, 4.21%. Calculated for 
C,H,,O,N: C, 73.82; H, 7.12; N, 4.30%. 


Preparative irradiation of Ib. A solution of the B-0x0 
ester l b  (638 mg) in 100 cm3 of benzene was irradiated 
for 62 h with a 450 W high-pressure mercury lamp under 
nitrogen. After removal of the solvent the residue was 
chromatographed on silica-gel column. Elution with 
benzene-ethyl acetate (2 : l), v/v gave the starting ketone 
(30 mg), 2b (96 mg, 16%) and 2b' (70 mg, 12%). 


oxacyclooctan-5-one (2b): m.p. 145- 146 "C; IR (KBr), 
3460 and 1680cm-I; 'HNMR (CDCI,), 6 1-18 


2.6-3.1 (2H,m,NCH,), 3.34 (lH,s,CHPh), 3-76 
(lH, s, OH), 4.2-4.4 (2H, m,  OCH,) and 7.3-7.6 
(5H, m,  aromatic); I3C NMR (CDCl,), 6 25.6 (q), 39.9 


127.8 (d), 128.2 (d,2C), 130-4 (d,2C), 136.4 (s) and 
172.9 (s). Found: C, 67.63; H, 7.71; N, 5.53%. Calcu- 
lated for C,,H,,O,N: C, 67.45; H, 7.68; N, 5.62%. 


2b': m.p. 87-88 "C; IR (KBr), 3360 and 1675 cm-I; 


1 -Methyl-7-hydroxy-7-methyl-8-phenyl- 1 -aza-4- 


(3H, s,CH,), 2.14 (3H, S ,  CH,), 2.52 (2H, S ,  CHZCO), 


(4). 45.8 (t), 56.0 (t), 67.5 (t), 71.6 (d), 80.8 ( s ) ,  


'H NMR (CDCI,), 6 1.40 (3H,s,CH,), 2.51 (lH,s, 
OH), 2-53 (3H, S ,  NCH,), 2.67 (2H, t, J =  5-3 Hz, 
NCH,), 2.77 (2H, ABq, J =  12-3 Hz, CH2CO), 3.89 
(lH,s,CHPh), 4.19 (2H,t ,J=5.3 Hz,0CH2) and 


(q), 45.3 (q), 47.0 (t), 56.3 (t), 68.5 (t), 75.8 (d), 80.0 
(s), 128.2 (d), 128-9 (d,2C), 131.3 (d,2C), 137.6 ( s )  


7.2-7.4 (5H, m, aromatic); I3C NMR (CDCI,), 6 26.1 


and 173.9 (s). Found: C, 67.67; H, 7.57; N, 5.39%. 
Calculated for C,,H,,O,N. C, 67.45; H, 7.68; N, 5.62%. 


Quantum yield determination and quenching experi- 
ment. The /?-ox0 ester l a  was dissolved in purified 
benzene (ca.  0.05 m ~ l d m - ~ )  and placed in 
150 x 15 mm Pyrex tubes. In quenching experiments, 
the solution also contained appropriate concentration of 
2,5-dimethyl-hexa-2,4-diene. The tubes were degassed 
by three freeze-pump-thaw cycles and then sealed. 
Irradiation was performed on a 'merry-go-round' 
apparatus with an Ushio 450 W high-pressure mercury 
lamp. The potassium chromate filter solution was used 
to isolate the 313 nm line.' Product analyses were 
performed using a Gasukuro Kogyo 570B high-perfor- 
mance liquid chromatograph with a Model 511 single- 
wavelength UV detector (254 nm). An Inertsil ODS-2 
column (150 x 4.6 mm) was used with acetonitrile- 
water (7:3), v/v as the mobile phase at a flow rate 
of 8 cm3min-'. Phenanthrene was used as a calibrant 
for the analyses. Valerophenone was used as an 
actinometer. lo 


RESULTS AND DISCUSSION 
Irradiation of a benzene solution of 2-(diben- 
zy1amino)ethyl acetoacetate (la) under nitrogen with a 
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Scheme 1 


450 W high-pressure mercury lamp through a Pyrex 
filter gave two isomers of azalactones 2a (m.p. 
121-121.5 "C) and2a' (b.p. 143-148 "C/3 mmHg) in 
36 and 28% yield, respectively (Scheme 1). The IR 
spectra of 2a and 2a' showed the characteristic peaks 
due to the hydroxyl group at 3420 and 3460 cm-', 
respectively, and peaks due to the lactone carbonyl 
goup  at 1720 and 1705 cm-', respectively. In the 
3C NMR spectra of 2a and 2a, the doublet signals due 


to C-8 were observed at 6 76.1 and 64-6, respectively. 
The isomers 2a and 2a' are probably trans and cis 
isomers with respect to 7-hydroxyl and 8-phenyl groups. 
Irradiation of the ester l b  under the same conditions 
also gave two isomers of azalactones 2b (m.p. 
145-146 "C) and 2b' (m.p. 87-88 "C) in 16 and 12% 
yield, respectively. These azalactones showed the 
characteristic hydroxyl and lactone carbonyl absorptions 
in their IR spectra (2b: 3460 and 1680 cm-'; 2b': 3360 
and 1675 cm-') and a singlet 'H NMR signal attribut- 
able to the N-methyl hydrogen at 6 2.14 (2b) and 2.53 
(2b'). The lactones 2b and 2b' are the products arising 
from benzylic hydrogen transfer to the acetyl carbonyl 
oxygen. No azalactones resulting from methyl hydrogen 
transfer could be detected. On the other hand, only 
polymeric materials were formed when the (diisopro- 
pylamino)- and (dimethy1amino)ethyl esters lc and I d  
were irradiated. 


The isomeric pairs 2a/2a' and 2b/2b are probably 
trans and cis isomers with respect to the 7-hydroxyl and 
8-phenyl groups. The configuration of the isomers is 
determined in recombination of radical centres of inter- 
mediate biradicals. The stereochemistry of the isomeric 
pair may be determined from the substantial differences 
in the chemical shifts of C-7 methyl and hydroxyl 
protons in the 'H NMR spectra. However, the stereo- 
chemistry of the isomers has not yet been clarified 
because the most stable conformation could not be 
determined. Medium-sized cyclic aminoketones, such as 
l-azacyclooctan-5-ones, show a transannular electronic 


interaction between the carbonyl group and amine 
nitrogen, and show the C=O stretching absorptions at 
lower wavenumbers than normal ketones." The azalac- 
tones 2a, 2a', 2b and 2b' also showed the transannular 
interaction. The interaction increases in the order 2a, 
2a',  2b, and 2b', so that the distance between carbonyl 
carbon and nitrogen must decrease in this order and the 
ring conformation of these azalactones must be slightly 
different. 


Formation of the azalactones from l a  and l b  can be 
explained in terms of photocyclization via an 7-ben- 
zylic hydrogen transfer to the acetyl carbonyl oxygen. 
We have already reported that photocyclization via 
remote hydrogen transfer took place either through 
direct hydrogen atom abstraction by the excited car- 
bony1 oxygen4 or through proton migration to the 
carbonyl oxygen from a charge-transfer state.' The 
process involving direct hydrogen atom abstraction in 
la and l a  can be excluded because 93% of the starting 
material was recovered when 2-benzyloxyethyl ace- 
toacetate was irradiated under the same conditions. The 
pproton transfer in 1 probably occurs from the charge- 
transfer state. Methyl hydrogen is known to be more 
reactive than benzylic hydrogen in photoreactions of 
ketones with arninesl2 and anodic oxidation of amine~ . '~  
The lack of azalactones derived from methyl hydrogen 
transfer can be explained in terms of instability of the 
N-methyl radical centre in the biradical intermediate 
produced through the methyl proton transfer from the 
charge transfer state. The benzylic radical centre is 
expected to have a sufficient lifetime to change the 
conformation of the biradical into a suitable conforma- 
tion for c y ~ I i z a t i o n . ~ ~ ~ ~ ' . ~  


Introduction of a methyl group on C-2 in 2-benzo- 
ylacetates increases the photoreactivity because of an 
increase in the percentage of keto forms.4b However, 
the C-2 methyl group in the acetoacetate system resulted 
in a complicated photoreaction. Irradiation of the 2,2- 
dimethyl derivative le under the same conditions gave 
an intractable mixture. The presence of the C-2 methyl 
group in some /3-dicarbonyl compounds facilitates the 
a-~leavage. '~ Competition of the a-cleavage might 
cause the complex photoreaction of le. 


The quantum yields for the formation of 2a and 2a' 
from la at 313 nm were determined to be 0.043 and 
0.033, respectively. Since the enol form of /I-dicarbonyl 
compounds can act as internal filter~'~-l '  the normal 
Stem-Volmer quenching kinetics cannot be applied to 
such a photoreaction system.I6 Despite the possible 
keto-enol tautomerism of the /3-oxo ester, l a  exists 
almost completely in the keto form in benzene, chloro- 
form and carbontetrachloride. Therefore, the internal 
filtering effect by the enol form can be neglected." 


The quantum yields for the formation of 2a in the 
photoreaction of l a  in the presence of various concen- 
trations of 2,5-dimethylhexa-2,4-diene as a quencher 
were measured. Figure 1 shows a plot of the @'I@ 
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Figure 1. Quantum yields for the formation of 2a as a 
function of quencher concentration. The conversion in all runs 
was less than 15%. Slope of the dotted line 1 = 27. Curve 3 
was obtained from equation (9) by using u = 33.9 and b = 79.5 


values against quencher concentration. At low concen- 
trations of the quencher the plot was approximately 
linear but in each case the quenching effect levelled off 
and a limiting quantum yield ($ = 0.024) was reached 
at high concentrations of the quencher. The results 
indicate that the photoproducts are formed from two 
reactive excited states of la,  quenchable and unquen- 
chable states.'* Such a quenching curve is familiar in the 
photochemistry of aliphatic  ketone^.^ Since dienes have 
relatively low triplet state energies and are very efficient 
acceptors for the energy of excited triplet states of 
ketones, but do not quench their excited singlet states,19 
it is apparent that the excited singlet state of la  is the 
reactive unquenchable state. If the triplet reaction is 
completely quenched (& = 0), the quenching curve 
tends to approach a horizontal asymptote. 


where & and GT are the triplet quantum yields in the 
absence and presence of the quencher, respectively, and 
& is the singlet quantum yield. The equations are 
widely used for the analysis of the photoreaction of 
aliphatic ketones which react from both excited singlet 
and triplet  state^.^ The value of &/@p might be deter- 
mined from graphical analysis of the Stem-Volmer 
quenching c u r ~ e . ~ ~ - ~  In the case of the photoreaction of 
l a  the &/& value was determined to be 0.79. This 


means 56% of the reaction should occur from the 
singlet excited state of la. The &/@: ratio can be 
calculated from the following equation: 


0 0  25.9- 
(3) 


_ -  44 44 @ - 
& @' 
@: @ 


I+- - -  @T 


The familiar Stem-Volmer expression represented 
by the equation 


shows the linear relationship between and 
quencher concentration. However, the plots of the 
calculated @:/ GT ratios for the formation of azalactone 
2a against quencher concentration did not show a linear 
relationship (Figure 2). This must be caused by inaccu- 
racy in the graphical estimation of @:/& using a 
horizontal asymptote. The scatter in the experimental 
data often makes graphical analysis impo~sib le .~~ We 
then used the curve-.fitting method for the determination 
of the kqtT value directly from the non-linear relation- 
ship between the @'/@ values and the quencher 
concentrations. 


A simple scheme for the photoreaction of 1 is shown 
in Figure 3. The Stem-Volmer equation can be derived 
as equation (9) by applying the steady-state hypothesis 
to the system. 


1 so 
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Figure 2. Triplet quantum yields as a function of quencher 
concentration &/& values were estimated from equation (3); 
(0) &/&= 0.79; (0) &/&= 1.345; slope of the line 


( k q t )  = 79.5 







PHOTOCYCLIZATION OF 2- (DL4LKYLAMINO)ETHYL ACETOACETATES 225 


1 2 


Figure 3. Simple scheme for photoreaction of 1 


(9) 


where 


and 


b =  kq = kqtT 


Equation (9) has a horizontal asymptote. The limiting 
value is 1 + ( b  - a) /a,  where ( h  - a) /a  gives the ratio 


k d 3  + kcr3 


of &/& 


The curve fitting was performed by a non-linear least- 
squares method using equation (9). The experimentally 
obtained data in Figure 1 fit a curve obtained with 
a = 33.9 and b = 79-5 (line 3). From these values, the 
ratio of &/&can be estimated to be 1.345. Therefore, 
43% of the photoreaction of la  occurs through the 
charge-transfer state arising from the singlet excited 
state. Since the value of b corresponds to the kqt, 
value, the triplet lifetime can be determined to be 
16 x s assuming a diffusion-controlled rate for kq 
(5 x lo9 mol-' dm3s-' in benzene).*' This value is 2.5 
times larger than that for 2-(N,N-dibenzylamino)ethyl 
2,2-dimethylbenzoylacetate (6.4 x 10 -9 s ) ~ ~  and sug- 
gests that the electron transfer process from the excited 
triplet state of the acetoacetate l a  is as efficient as that 
in the corresponding benzoylacetate. The triplet lifetime 
of the 0x0 ester l a  is comparable to those of pentan-2- 
one (5 x s) and hexan-2-one (1 x s)," 
although the 0x0 ester undergoes photoreaction via 
electron transfer and the alkanones undergo Type II 
photoreactions via y-hydrogen atom abstraction. 


Electron transfer is a consequence of the overlap of 
the half-vacant carbonyl n orbital and the nitrogen sp' 
orbital ," and occurs efficiently in aminoketones where 
the carbonyl and the amino groups are linked by a short 
flexible chain.*' The process competing with the bimolec- 
ular quenching by the diene in the photoreaction of la  
must be a change in its conformation to that suitable for 
electron transfer from remote nitrogen to the excited 
ketone carbonyl because the rate of the elementary step 
of electron transfer itself in a suitable conformer is much 
more higher than that of the bimolecular quenching2* 
Hence, conformational flexibility is an important factor 
for photoreaction via the remote proton transfer in the 
aliphatic ketone system 1. 


CONCLUSION 
The acetoacetates la  and l b  underwent photocyclization 
via remote proton transfer from their charge-transfer 
states with nearly same efficiency as benzoylacetates. 
Electron transfer occurred from both singlet and triplet 
excited states. The contribution of the singlet excited 
state to the photoreaction of la  was 43%. The triplet 
state lifetime of l a  was 1.6 x lo-' s which is compar- 
able to those of the corresponding benzoylacetate, 
pentan-2-one and hexan-2-one. Conformational 
flexibility is an important factor for the photoreaction of 
1 via remote proton transfer because conformational 
transformation in the excited state 1 determines the rate 
of the charge transfer process. 
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INTERNAL ROTATIONAL BARRIERS BY QUANTUM CHEMICAL 
METHODS. AROMATIC CARBONYL COMPOUNDS 
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Internal rotational barriers of aromatic carbonyl compounds were calculated by means of semi-empirical 
quantum chemical methods such as AM1 and PM3. Rotational potential barriers in the AM1 approach (VAMl) 
follow the experimental rotational free energy of activation (A@) according to the linear relationship ACS 
(kJ mol-') = (2*24*0-08) V,,, + (7.79*0.84). A standard deviation of 1-08 kJmol-' permit leads to a good 
method for calculations of internal rotational barriers in these aromatic series. 


INTRODUCTION 
Barriers to internal rotation about the carbonyl- 
aromatic bonds in some para-substituted benzaldehydes 
and acetophenones have been extensive? studied by 
both 'H and I3C NMR spectroscopy.'- Preliminary 
studies have been carried out to explain these rotational 
barriers by means of em irical molecular parameters in 
the Hammet approach.' However, the aim of these 
studies was to gain a deeper insight into the n-electron 
delocalization which is considered to be the main reason 
for this type of barrier. Several studies on this question 
have been reported over the last two decades.6-'" 


From a theoretical point of view, rotational barriers in 
molecular systems of intermediate or large size are so 
far not well described by ab  initio or semi-empirical 
quantum chemical  method^.'.^ Ab initio potential barrier 
calculations have shown a poor performance in syste- 
matic studies on substituted aromatic carbonyl 
compounds'*9 and also large amounts of computational 
time are involved in the calculations. In particular, 
ab  initio calculations on benzaldehyde have determined 
rotational barriers that are highly dependent of the basis 
set chosen, the STO-3G results being in better agree- 
ment with experiment than other sophisticated basis set 
such as 6-31G, 6-31G*, MP2/3-21G and MP2/ 
6-31G",' mainly owing to a fortuitous cancellation of 
errors. Further, the same calculations, including electron 
correlation, have not improved the previous ah  initio 
 calculation^.'^^ However, in spite of these previous 


* Author for correspondence. 


considerations, a b  initio results for benzaldehyde,' and 
also other aromatic systems such as acetophenone,".'* 
agree with the expected conformational changes from a 
quasi-planar configuration in the ground state to a 
perpendicular configuration at the energy maximum 
potential barrier. 


The main problem with the semi-empirical methods 
in the description of internal rotational potential bamers 
has been the repulsion forces for non-bonded atoms. I 3  


One of the best semi-empirical methods, widely used by 
chemists over the last 15 years, MND0,I4 predicts 
erroneous geometrical conformations for benzaldehyde 
and nitrobenzene. Owing to the overestimation of the 
repulsion interactions between oxygen and the ortho 
hydrogen atoms, this method predicts stable structures 
with the nitro or carbonyl groups orthogonal to the 
aromatic ring.I3 This problem led to the modification of 
the core repulsion function in MNDO, improving this 
method as the new version AM1 (a reparametrized 
MNDO with modified core-core interaction terms).13 
Part of the improvement of AM1 over MNDO was due 
to the fact that a better minimum was found, which has 
a large effect on activation barriers. The correction of 
non-bonded repulsions is evident in the geometries of 
benzaldehydes and nitrobenzenes, both of which are 
correctly predicted to be planar by AM1. 


Recently, a new optimization of the MNDO/AMl- 
type parameters has been de~eloped , '~  the new version 
has been called PM3 (modified neglected of diatomic 
overlap, parametric method 3). 


Based on both semi-empirical quantum chemical 
methods, in the present work we developed a systematic 
calculation of the AM1 and PM3 internal rotational 
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O\ 


anti SYn 


Figure 1. Structures of anti and syn conformers 


activation energy barriers (V,,, and V,,,, respectively) 
about of the benzene-to-carbonyl substituent bond (see 
Figure 1 ) of para-substituted benzaldehydes and para- 
substituted acetophenones. The intention was to estab- 
lish a reliable method for internal rotational bamer 
energy calculations on this series of aromatic carbonyl 
compounds owing to the difficult experimental condi- 


tions which are necessary when the rotational potential 
barriers are lower than 20 kJ mol-I. 


EXPERIMENTAL AND RESULTS 


The molecular computational calculations were devel- 
oped using the AM1 and PM3 versions with an Apollo 
10000 workstation. The AM1 and PM3 calculations 
were carried out under complete molecular geometry 
relaxation. Good agreement between the experimental 
and AM1 bond lengths and bond angles was found for 
the set of molecular species under study, where the 
ground-state conformation is described by a planar 
ring-carbonyl group configuration. However, PM3 does 
not follow the same behaviour as AM1, since for the 
acetophenone series, except p-dimethylamino-ace- 
tophenone, this method describes the ground state as an 
out-of-plane molecular conformation (torsional angle 
between 0 and 50") and gives potential barriers lower 
than 1.6 kJmol-I. 


In Table 1 we present the internal rotational barrier 
energies calculated by AM1 and PM3 for the ground- 
state conformers and those corresponding to the syn and 
anti conformers due to the methoxy substituent in the 


Table 1. V,,,, V,,, and experimental free energies (AGS) of internal rotational barriers (kJ mol-I) in para- and mera-substituted 
aromatic carbonyl compounds 


This work 


No. Compound v,, v,, syn v,, 1 ""Ii v,,, VPM3'Y" VPM30"'i 


1 pNitroacetophenone 4.48 I 


3 p-Bromoacetophenone 6.25 a 


4 Acetophenone 6.83 B 


5 p-Chloroacetophenone 6.84 
6 p-Methylacetophenone 7.33 
7 p-Fluoroacetophenone 7.62 a 


8 p-Nitrobenzaldehyde 8-43 
9 p-Methoxyacetophenone 9.08 8.81 9.34 


2 p-(Trifluoromethy1)acetophenone 5.21 P 


10 Terephthaldicarboxaldehyde 9.44 5.31 
11 p-Cyanobenzaldehyde 9.79 5.56 
12 p-(Trifluoromethy1)benzaldehyde 10.2 5.05 
13 p- (Trifluoromethox y )benzaldehy de 10.8 6.26 
14 p-Dimethylaminoacelophenone 11.0 1.73 
15 p-Chlorobenzaldehyde 11.1 6.61 
16 Benzaldehyde 11.2 6.60 
17 p-Isopropylbenzaldehyde 11.7 7.32 
18 p-Fluorobenzaldehyde 12.0 6.85 


20 p-Methoxybenzaldehyde 13.6 13.3 13.8 8.61 8.42 8.79 


22 m-Fluorobenzaldehyde 10.1 9.80 10.4 5.72 5.50 5.94 
23 m-Chlorobenzaldehyde 10.7 10.4 11.0 6.14 5.95 6.32 
24 m-Bromobenzaldehyde 10.5 10-3 10.5 6.31 6.01 6.61 
25 rn-Methylbenzaldehyde 11.1 11.1 11.2 6.51 640  6.52 


19 p-Methylbenzaldehyde 12.4 7.04 


21 p-Dimethylaminobenzaldehyde 15.6 9.94 


AGS 


Value Ref. 


18.4 4 
19.7 4 
22.6 4 
22.4 4 
22.7 4 
24.7 4 
24.7 4 
27.7 4 
27.6 3 
28.8 4 
28.5 4 
28.9 2 
32.0 4 
34.7 3 
32.3 2 
31.7 2 
34.0 4 
33.6 4 
34.1 4 
37.7 4 
44.9 4 
30.7 5 
31.9 5 
33.0 5 
33.0 5 


a PM3 gives anomalous rotational barriers lower than 1.6 kJ mol -'. 
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para position. For the molecular series under study we 
have found the maximum energy barriers at 90* 1' 
from the planar configuration, except for the molecular 
systems mentioned before calculated by the PM3 
method. 


For comparison, we collected experimental rotational 
bamer energies (AGS) of the molecular systems under 
study determined by means of variable-temperature, 
preferably 13C NMR spectroscopy, which are normally 
within *1 kJ mol -' in chlorofluorocarbon solvent 
mixtures.'-5 


In order to appreciate the effect of the substituent 
structural factors on the rotational barrier energy, we 
compared experimental and theoretical parameters 
defined as energy barrier ratios (rcxp and r,, respect- 
ively) of two molecular systems of the same carbonyl 
series. We chose the higher rotational energy barrier ( p -  
dimethylamino substituent) and benzaldehyde (B) or 
acetophenone (A), according to 


and 


where, for benzaldehyde, re,, is 0-706 and r, (AM1) is 
0.718. The PM3 ratio [r,(PM3)] is 0.664. 


A similar correspondence can be found for ace- 
tophenone and p-dimethylaminoacetophenone, 0.646 
and 0.621, respectively, whereas PM3 follows an 
anomalous behaviour in these acetophenones (see Table 
1). A comparison of these rexp and r,(AMl) ratios permit 


rexp = [AGS(B)/AGS(pDMAB)I 


rt (AM1) = [VAMI @)/VAMI (PDMAB) 1 


the conclusion that the internal rotational barriers are 
strongly dependent on the enthalpic factors since 
entropic factors in pDMAB with respect to the B are not 
large enough to differentiate the experimental ratio rexp 
from the theoretical ratio r,, this last ratio involving 
only internal molecular interactions. 


Few thermodynamic data are available for these 
carbonyl aromatic systems. However, based on the 
activation entropy (ASS) reported4 for p-methylben- 
zaldehyde (5 J mol - I  K-I),  p-methoxybenzaldehyde 
(6 J mo-' K-I) and p-dimethylaminobenzaldehyde 
(7 Jmol-'K-'),  a low contribution of ASS can be 
expected to the activation free energy (AGS) for inter- 
nal rotation. Therefore, we made a direct comparison 
between the experimental AGS and the V,,, parameters. 
Figure 2 shows a linear correlation of AGS vs Vml for 
the aromatic carbonyl series under study. This linear 
behaviour describes well the experimental AGS data 
over a broad range of V,,, potential barrier energies. 
Equation (1) shows the reported trend: 


AGS (kJ mol - I )  = (2.24 f 0.08) Vml + (7.79 f 0.84) 


(1) 
where we have introduced some metu-substituted 
benzaldehydes, which show a similar behaviour to 
benzaldehyde without introducing a significant change 
in the linear correlation. A standard deviation of 
1.08 kJmol-' in equation (1) shows that there is very 
good consistency with the barriers obtained from NMR 
studies, normally within 1.0 kJmol-'. 


I I I I 


3 6 9 12 15 18 


v,, ( k~ mot ) 


Figure 2. Rotational activation free energy (AGS) vs AM1 rotational barriers (VAMl) for aromatic carbonyl compounds. Numbers 
represent compounds in Table 1. 
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In conclusion, the AM1 calculations cannot describe 
good absolute data for internal rotational energy bamers 
(VAM,), but we have found that these V,,, correlate 
satisfactorily the experimental AGS data in these two 
series of aromatic carbonyl compounds. Unfortunately, 
PM3 calculations do not follow the same behaviour. 


The study of the molecular orbital structural factors 
on the internal rotational barriers are currently under 
study in order to analyse the effect of the charge-transfer 
process from electron-donor to carbonyl groups on these 
potential barriers. 
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The diazotization of N-silylated N-methyl- and N-phenylcyclopentenylamines affords products derived from 
intermediate methyl- and phenyldiazonium ions. However, when this method is applied to N,N-bissilylated 
cyclopentenylamines, the products obtained do not confirm the formation of a cyclopentenyl cation 
intermediate. 


INTRODUCTION 
Vinyl cations are an important class of organic 
intermediates which have attracted considerable theor- 
etical and synthetic interest.',' Vinyl cations can be 
generated through electrophilic addition to alkynes and 
allenes (the n - r ~ u t e ) ~ . ~  or by solvolysis (the a-route) of 
appropriate systems possessing super leaving groups 
such as perfluoroalkanesulphonates.5 The deamination 
of vinylic amines is another method for the generation 
of vinyl cations but it is rarely employed because these 
amines are difficult to synthesise.6 The nitrosation of 
mono- and bissilylated alkyl- and arylamines (1) has 
been shown to proceed with the formation of the 
corresponding diazonium salts. This represents a new 
procedure for the diazotization in non-aqueous media 
under mild conditions (Scheme l).' 


C&-NIR 


I 


+ NO'X- - C&yN;,X' + MepSiOR 
S M e 3  


R = H, Sih4e3 


X = BF4, CI, Br. OTf 


Scheme 1 


* Author for correspondence. 


In an earlier study' we investigated the reaction of 
silylated imines (2) and enamines (3) with different 
nitrosyl salts. The reaction affords products derived 
from intermediate vinyl cations (Scheme 2). 


This method was also employed in attempts to 
generate an ethynyl cation from an N,N-bissilylated 
~ n a m i n e . ~  However, the diazotization of 4 does not lead 
to the expected ethynyl diazonium salt and its corre- 
sponding ethynyl cation (Scheme 3). 


Several groups have attempted to generate the 1- 
cyclopentenylcation.L.2 This cation has eluded its direct 
formation by solvolytic procedures. lo The formation of 
the cyclopentenyl cation is restricted to the photolysis 
of 1-iodocyclopentene" and to the rearrangement which 


NSMe3 


NOBF4 d- 
2 


N(sMe3)2 
NOBF4 I 03- 


3 


Scheme 2 
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takes place during the solvolysis of l-cyclobutyli- 
denethyl triflate. '" 


RESULTS AND DISCUSSION 


We have now investigated the reaction of N-methyl-N- 
trimethylsilyl- 1 - cyclopentenylamine ( S ) ,  N-phenyl-N- 
trimethylsilyl-1-cyclopentenylamine (6) ,  N,N- 
bis(trimethylsily1)- 1-cyclopentenylamine (7), 5-methyl- 
N,N-bis(trimethylsily1)-1-cyclopentenylamine (8) and 
N,N-bis(trimethylsilyl)-2- norbornenylamine (9) with 
nitrosyl tetrafluoroborate in dichloromethane at -78 C. 
When the reaction mixture is quenched with different 


nucleophiles, a mixture of products is formed (Tables 


The results can be arranged into three different groups 
according to the substituents attached to the nitrogen 
atom. The product composition of each group was 
found to be dependent on the nucleophiles employed. 


The reaction of 5 with NOBF, (Table 1) does not 
appear to proceed via an intermediate cyclopentenyl 
cation. With tetraethylammonium bromide as trapping 
agent the products are formed by a side reaction of the 
nucleophile. Cyclopentanone (13) appears to be the 
hydrolysis product of the starting material 5. However, 
treatment of 5 with a 1:l mixture of dichloromethane 
and water under the same reaction conditions (-78 "C, 
2 h) affords the enamine without change. Moreover, 
cyclopentanone is the hydrolysis product from 1- 
cyclopentenyl trimethylsilyl ether (14) formed as an 
intermediate in the nitrosation of 5 (Scheme 4). In the 


1-3). 


Table 1. Nitrosation of N-methyl-N-trimethylsily-1-cyclopentenylamine ( 5 )  


Reaction 
Starting material conditions Nucleophile Products 


I2 (12%) 


b 
13 (5%) 


5 


I 
0 


Q/OSMe' + H F - N s N  


13 14 


Scheme 4 
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reaction of silylated amines with nitrosyl reagents, 
intermediates and products are formed from the elec- 
trophilic attack of the nitrosyl salt at the nitrogen atom 
with subsequent generation of a diazonium salt.7s8 No 
deuterated products were detected when D,O was used 
as the nucleophile, indicating that cyclopentanone was 
formed before the reaction was quenched in deuterium 
oxide. Products derived from a reaction with sodium 
iodide or acetonitrile were not found. In this case, we 
can conclude that the mechanism proceeds through the 
formation of a methyldiazonium ion rather than the 
more unstable cyclopentenyldiazonium ion. The 
methyldiazonium salt reacts with the nucleophiles 
forming volatile and water soluble products (e.g. 
methanol) which are lost in the reaction work-up. 


The nitrosation of 6 (Table 2) affords a complicated 
mixture of products in which aromatic compounds 
predominate. These products can be explained by the 
formation of a phenyldiazonium ion which loses 
nitrogen to form a phenyl cation that reacts with the 


different nucleophiles (Scheme 5). The reaction path 
favours the formation of the more stable phenyldiazo- 
nium ion over the cyclopentenyldiazonium ion. Aniline 
is formed in a concomitant reduction process of the 
phenyldiazonium ion generated. Iodinated products such 
as 21 and 22 are probably formed by a radical mechan- 
ism when sodium iodide is used as the trapping reagent. 


In Table 3, the results for the nitrosation of the 
bissilylated enamines 7-9 are summarised. The ketones 
13, 26 and 28 are the hydrolysis products of the corre- 
sponding enamines 7, 8 and 9 via the corresponding 
silyl ethers (cf. Scheme 4). A DBF,-catalysed (gener- 
ated from D,O and NOBF,) deuterium exchange of the 
ketones 13, 26 28 formed as described above can 
explain the incorporation of deuterium to give the 
monodeuterated ketones 25, 27 and 29. However, when 
the enamines are dissolved in dichloromethane and 
cooled to -78 "C for 2 h, then shaken with D,O at room 
temperature for 1 h, the silylated enamines are quantita- 
tively recovered unchanged and no deuterated ketones 


Table 2. Nitrosation of N-phenyl-N-tnmethylsily-1-cyclopentenylamine ( 6 )  


Reaction 
Starting material conditions Nucleophile Products 


6 


CsH5 


6 


NOBF4 / CH2Ch 
-78°C 


CH3CN 6 
6 
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are detected. Moreover, treatment of the ketones 13, 26 
and 28 with D,O at room temperature affords the 
starting material without hydrogen-deuterium is used as nucleophile. 
exchange. It is known, that these ketones exchange their 
a-hydrogen by reaction with deuterium oxide only 


under basic catalysis.12 The iodinated 2-norbomanone 
30 is formed by radical substitution when sodium iodide 


The tempting explanation that the monodeuterated 
ketones 25, 21 and 29 are formed by the reaction of an 


Table 3. Nitrosation of the bissilylated enamines 7 , s  and 9 


Reaction 
Starting material conditions Nucleophile Products 


Q/N(SMe3)2 NOBF4 I CH2CIz 
-78OC 


7 


13 (25%) 25 (SYo) 


Q/N(sMe3)2 NOBF4 / CH2CI2 
-78°C 


7 


Q/N(sMe3)2 NOBF4 I CH2Cl2 
-78OC 


7 


NOBF4 I CH2C12 
-78°C 


8 


NOBFq I CH2Cl2 
-78OC 


8 


NOBFq / CH2Cl2 
-78OC 


8 


NOBFq / CH2C12 
-78OC 


9 WW3k 


NOBF4 I CHzClz 
-78OC 


4 
4 


9 W*3k 


NOBF, I CH2Cl2 
-78°C 


Et4NJ3r I 13 (2%) 
CH3CN 


NaI /CHsCN 13 (13%) 


26 (38%) 27 (10%) 


Et4NBr I 
CH$N 26 (40%) 


NaI /CH3CN 
26 (33%) 


Et4N'Br I 
CH3CN 28 (26%) 


NaI'CH3CN 28(23%) 4 0 4 30(6%) 0 
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N 


0 I 
Nucleophiles 


Products - 0 2 0 + 14 
\ 


Scheme 5 


intermediate cyclopentenyl cation with deuterium oxide 
is invalidated by the fact that brominated compounds 
were not detected when tetraethylammonium bromide 
was used as the trapping reagent. 


CONCLUSION 
The nitrosation of silylated cyclopentenylamines affords 
products derived from a diazonium ion. The intrinsic 
instability of the cyclopentenyl diazonium ion and 
cyclopentenyl cation seems to control the reaction. A 
phenyl or a methyl group attached to the nitrogen atom 
of the enamines allows the formation of intermediate 
cations. However, the nitrosation of bissilylated 
cyclopentenyl- and norbornenylamines does not lead to 
the formation of products derived from a suspected 
cyclopentenyl cation. 


EXPERIMENTAL 
Melting points are uncorrected. NMR spectra were 


recorded on Varian XL- 300 and Bruker AC 250 
spectrometers using CDCl, as solvent. Mass spectra 
were recorded by electronic impact ionization at 70 eV 
on an HP 5989A spectrometer. Infrared spectra were 
taken with a Perkin-Elmer Model 78 1 instrument. 


The silylated enamines 5-9 were prepared from a- 
aminonitriles. The corresponding aminonitriles 31-35 
were synthesised by a modified Strecker procedure 
(Scheme 6).13 


Synthesis of a-aminonitriles; general procedure. To 
a cooled mixture of 0.1 mol of potassium cyanide and 
0- 1 mol of the corresponding amine chlorohydrate or 
ammonia solutions in 150 ml of water is added 0.1 mol 
of the corresponding ketone in 50 ml of diethyl ether at 
0 "C. The mixture is stirred vigorously for 48 h at room 
temperature, then the organic layer is extracted with 
diethyl ether (3 x 50 ml), washed with water (2 x 50 
ml) and dried over sodium carbonate. The solvent is 
removed in vucuo and the residue distilled (Kugelrohr) 
or recrystallized. 


13,26,28 31-35 


RI R2 


13 H H 


26 CH3 H 


21 -CHzCH2- 


RI R2 R3 Yield 


(9a 
31 H H CH3 70 


32 H H CsH5 72 


33 H H I 1  68 


Scheme 6 
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1-Methylaminocyclopentanecarbonitrile (31) b.p. 
80°C (4 mbar); IR (film), v 3340, 2220, 1320, 770 
cm-l ;  'H NMR (CDCI,) 6 1-45 (bs, lH, NH), 1.90 
(m, 4H, CH,), 2.10 (m, 4H, CH,), 2.50 (s, 3H, 
CH,NH) ppm; 13C NMR (CDCI,) 6 23.54 (C-3, C-4), 


122-76 (CN) ppm; MS, m/z  (%B) 124 (M' , l ) ,  123 
32.06 (CH,NH), 38.53 (C-2, C-5), 62.05 (C-l), 


(M-H, 8), 109 (M-CH,, 2), 97 (M-CNH, 22), 68 
(100). 


1-Phenylaminocyclopentanecarbonitile (32) m.p. 
53-54°C (hexane); IR (KBr), v 3380, 2240, 1605, 
1520, 1500, 1315, 750, 700 c m - ' ;  'H NMR (CDCI,) 
6: 1.85 (m, 4H, CH,), 2.15 (m, 2H, CH,), 2.35 (m, 
2H, CH,), 4.00 (bs, lH, NH), 6.85 (m, 3H, arom.), 
7.30 (m, 2H, arom.) ppm; 13C NMR (CDCI,) 6 23.82 


(CN), 115.56, 119.74, 122.39, 129.31, 144-18 (arom) 
ppm; MS tn/z (%B): 186 (M" 43), 185 (M-H, 62), 


1-Aminocyclopentanecarbonitrile (33) b.p. 90 "C (0.4 
mbar); IR (film) v 3360, 3300, 2220, 1600, 1340, 850 
cm-l .  I3C NMR (CDCI,) 6: 23-70 (C-3, C-4), 40.88 
(C-2,k-5), 54.39 (C-l), 125.28 (CN) ppm. 


1-Amino-2-methylcyclopentanecarbonitrile (34) b.p. 
90 "C (3 mbar); IR (film) v 3380, 3300, 2230, 1620, 
1380, 850 cm - '. The ratio of cis-trans isomers of 34 
(38 : 62) was determined by NMR; 'H NMR (CDCI,), 6 


CH,), 1.50 (bs, 4H, NH,), 1.90-2-35 (m, 14H, CH,, 
CH) ppm; ',C NMR (CDCI,) 6 12.65, 15.83 (CH,), 


(C-3, C-4), 40.17 (C-2, C-5), 57.43 (C-1), 122.39 


159 (M-CNH, 40), 130 (loo), 77 (66), 51 (60). 


1.10 (d, 3H, J =  8 Hz, CH,), 1.15 (d, 3H, J = 8  Hz, 


20.78, 21.75 (C-4), 30.38, 31.53 (C-3), 39.94, 40.17 
(C-5), 45.04, 45.96 (C-2), 56.45, 60.55 (C-l), 123.23, 
124.75 (CN) ppm; MS, m/z  (%B): 124 ( M + ,  2), 


41 (55). 
2-Amino-2-norbornanecarbonitrile (35) b.p. 11 "C 


(1.5 mbar), m.p. 54-55°C; IR (film) v :  3360, 3300, 
2220, 1600, 1320 cm - I ;  13C NMR spectra indicates that 
35 is a 65:35 mixture of endo and ex0 isomers. 


109(M-CH,, 4), 96(M-28, lo), 81(M-43,40), 68(100), 


I3CNMR (CDCI,), 6 21-09, 24.94, 27.92, 28.67, 
35-48, 36.58, 37.17, 39.11, 45.86, 47.13, 47.80, 
48.20, 54.63 (C-2), 55.35 (C-2), 124.92 (CN), 126.23 
(CN) ppm; MS, m/z  (%B) 136 (M + , 4), 135 (M-H, 
5) ,  109 (M-CNH, 28), 81(109-28, 32), 68 (loo), 43 
(68). 


Syrithesis of silylated enamines; general pro- 
cedure. The preparation of silylated enamines 5-9 is 
carried out by treatment of the corresponding aminoni- 
triles 31-35 with trimethylsilyl triflate according to the 
reported methods (Scheme 7).', 


It is interesting to note the high regioselectivity of 
this process; thus, the reaction of 34 with trimethylsilyl 
triflate affords only the Hoffmann elimination product 8 
and not the Saytzeff product (Scheme 7). 


To a solution or suspension of 10 mmol of the 
appropriate aminonitrile and 40 mmol of triethylamine 


31-35 5-9 


R' R2 R' Yield ("A) 
5 H H CHI 80 


6 H H C6HS 85 


7 H H SlMe3 58 


8 CH3 H SiMe3 19 


9 -CH,CH~- SiMe3 61 


Scheme 7 


in 50 ml of anhydrous hexane at room temperature and 
under an argon atmosphere are added 32 mmol of 
trimethylsilyl triflate in one portion. After 24 h, the 
upper layer is isolated by decantation and the hexane 
removed in vacuo. The residue is distilled at low pres- 
sure (Kugelrohr), affording the silylated enamine. 


N- (Methyl)-N- (trimethylsily1)-I-cyclopentenylamine 
( 5 )  b.p. 25°C (0.05 mbar); IR (film) v 3070, 1620, 
1415, 1260, 850 cm - I ;  'H NMR (CDCI,) 6 0.22 (s, 
9H, CH,Si), 1.90 (q, J =  6.6 Hz, CH,), 2.30 (m, 2H, 
CH,), 2.45 (m, 2H, CH,), 2.68(s, 3H, CH,N), 4.32 
(m, lH,  =CH) ppm; I3C NMR (CDCI,) 6 1-48 
(CH,Si), 23-49 (C-4), 29.58 (C-3), 34.03 (C-5), 35-29 
(CH,N), 95.96 (C-2), 151.23 (C-1); MS, in/z (%B): 


[(CH,),Si + , 1001. 
N- (Pheny1)-N- (trimethylsil yl)-I-c yclopentenylamine 


(6 )  b.p. 120°C (0.7 mbar); IR (film), v 1620, 1580, 
1480, 1250, 840 cm- ' ;  'H NMR (CDCI,), 6 0.18 (s. 
9H, CH,Si), 1.88 (q, 2H, J =  6-3 Hz), 2.3 (m, 4H, 
CH,), 4.39 (t, lH, J =  4 Hz, =CH), 7.10 (m, 3H, 
arom), 7.30 (m, 2H, arom) ppm; I3C NMR (CDCI,) 6 
1-19 (CH,Si), 22.69 (C-4), 30.09 (C-3), 33.78 (C-5), 
104.38 (C-2), 123.99, 127.77, 128.55, 147.19 (arom), 
149.63 (C-1) ppm; MS, m / z  (%B) 231 ( M + ,  not 
observed), 165 (33 ,  150 (loo), 73 [(CH,),Si + , 121. 
N,N-Bis(trimethylsilyl)-1-cyclopentenylamine (7) 


b.p. 20°C (0.1 mbar); IR (Film) v: 3070, 1640, 1260, 
970, 845 cm-I ;  'H NMR (CDCI,) 6 0.18 ( s ,  18H, 
CH,Si), 1-70 (q, 2H, J = 7  Hz, CH,), 2.00 (m, 2H, 
CH,), 2.15 (m, 2H, CH,), 4.90 (m, lH, =CH); 
',CNMR (CDCI,) 6: 1.97 (CH3Si), 22.85 (C- 4), 


ppm; MS, m/z  (%B) 227 (M + , 26), 212 (M-CH,, 77), 
73[(CH,),Si + , 100],45 (50). 


5-Methyl -N,  N -  bis(trimethylsily1)- l-cyclopentenyla- 
mine (8) b.p. 60°C (0.1 mbar); IR (film) Y 3050, 1630, 
1370, 1255, 950, 845 cm - I ;  'H NMR (CDCI,) 6 0.10 
(s, 18H, CH,Si), 0.80 (d, 3H, J = 7  Hz, CH,CH), 


169 (M + , 50), 168 (M- H, 76), 154 (M-CH,, 27), 73 


30.31 (C-3), 38.43 (C-3, 119.50 (C-2), 148.87 (C-1) 
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1.80-2.15 (m, 4H, CH,), 2,35 (m, lH, CHCH,), 4.80 
(m, lH, =CH) ppm; ',C NMR (CDCI,), 6 2-45 
(CH,Si), 18.16 (CH,), 27.85 (C-4), 31.58 (C-3), 42.06 
(C-5), 117.36 (C-2), 152.56 (C-1) ppm; MS, m/z  


[(CH,),Si + , 701, 45 (31). 
N,N-Bis(trimethylsilyl)-2-norbomenylamine (9) b. p. 


60°C (1.5 mbar); IR (film) Y 3075, 1600, 1260, 940, 
850 cm- ' ;  'H NMR (CDCI,) 6 0.10 (s, 18H, CH,Si), 
0.85 (d, lH, J = 8  Hz), 1.00 (m, 2H, CH), 1.20 (m, 
lH, CH), 1.40 (m, lH, CH), 1.50 (m, lH, CH), 2.40 
(m, lH, CH), 2.60 (m, lH, CH), 
4.80 (d, IH, J =  3 Hz, =CH) ppm; ',C NMR (CDCI,), 
6: 2.60 (CH,Si), 23.39 (C-6), 27.99 ( C-5), 41.77 


(C-2) ppm; MS, m / z  (%B): 253 ( M + ,  20), 238 
(M-CH,, 15), 225 (M-28, 89), 73 [(CH,),Si + , 1001, 
45 (48). 


(%B): 241 (M',  29), 226(M- CH,, loo), 73 


(C-7), 46.28 (C-4), 48.68 (C-1), 116.53 (C3), 153.27 


Nitrosation reaction; general procedure. Nitrosyl 
tetrafluoroborate (Merck) is used without purification. 
To a suspension of nitrosyl salt (1 mmol) in anhydrous 
dichloromethane (5  ml) under an argon atmosphere at 
-78 OC is added dropwise the corresponding silylated 
enamine. After 2 h at -78"C, the reaction mixture is 
quenched with various nucleophiles and then main- 
tained for 1 h at room temperature. The mixture is 
washed with water, dried over magnesium sulphate and 
anal y sed. 


The compositions of the reaction products reported in 
Tables 1, 2 and 3 were determined by GC-MS and the 
products were identified by comparison of their proper- 
ties with those of commercial samples or with samples 
prepared according to literature methods. 
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ESR STUDY OF ROTATIONAL MOTIONS OF SPIN-LABELED 
LONG-CHAIN NITROXIDES IN SOLUTION 


YOSHIMI SUEISHI* AND TAKASHI TAKEUCHI 
Department of Chemistry, Faculty of Science, Okayama University, Tsushima Naka 3-1-1, Okayama 700, Japan 


Information on the rotational motion of various types of spin-labelled long-chain nitroxides was obtained from 
the anisotropic ESR signals. By varying the position of the nitroxide moiety along the chain, the intrinsic 
flexibility of molecular chain was examined. The rotational correlation times (t,) of spin-labelled long-chain 
nitroxides were about lo-'". The activation parameters for rotational motion were estimated from the 
temperature and pressure dependences of t,. It was found that the activation entropy observed for methyl 16- 
doxy1 stearate is obviously large compared with those for methyl 5- and methyl 12-doxy1 stearates. The results 
suggest an increase in the molecular motions at the end of the hydrocarbon chain. The viscosity dependence of 
t, is discussed in terms of the difference in the strength between solute-solvent and solvent-solvent 
interactions. 


INTRODUCTION 
Spin labelling is a convenient technique for acquiring 
knowledge of the structure of biological membranes, 
multilayers and micelles.' Furthermore, studies via the 
spin-label technique provide useful information about 
the types and rates of motions at a molecular level. The 
anisotropy observed in an ESR spectrum is directly 
related to the rotational mobility of spin labels, and this 
technique is sensitive to molecular motions with rates 
faster than lo7 S-'. 


Conformations of long-chain molecule in a liquid 
medium are continually changing. This motion is 
determined by the length of the chain, temperature 
viscosity of the solvent, etc. By varying the position of 
the nitroxide moiety along the chain, it is possible to 
examine the segmental motion of the part of the chain 
to which the nitroxide moiety is attached. 


The correlation time for the rotational diffusion of 
molecules is generally correlated with the macroscopic 
viscosity of the solvent according to the Stokes- 
Einstein-Debye equation. In many cases, the relation- 
ship has been used successfully for a macroscopic 
sphere rotating in a continuous medium. However, as 
McClung and Kivelson suggested,2 its justification is 


* Author for correspondence. 
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questionable for non-spherical particles undergoing 
anisotropic rotational diffusion. Long-chain spin- 
labelled nitroxide is a non-spherical particle, and the 
discussion on their rotational diffusion seems not to 
have been done satisfactorily. 


In this study, spin-labelled compounds consisting of 
the nitroxide moiety attached at different positions along 
the hydrocarbon chain were used to examine the 
motions and ordering of a long chain and the viscosity 
dependence of rotational diffusion is discussed. 


EXPERIMENTAL 
Spin-labelled nitroxides (Scheme 1) were purchased 
from Aldrich Chemical and used without further 
purification. To avoid line broadening from intermolec- 
ular spin exchange, the concentrations of the sample 
solutions of spin-labelled nitroxides were chosen as low 
as 5 x mol dm -3. Sample solutions were deoxy- 
genated by bubbling nitrogen. 


ESR spectra were recorded on a JEOL FE-3XG X- 
band spectrometer with 100 kHz field modulation. 
Temperature was controlled by flowing nitrogen around 
the sample tube using a JEOL variable-temperature 
regulator. The high-pressure technique and procedures 
for ESR measurements were almost the same as those 
described el~ewhere.~ 
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0 


Oc ~3 


Methyl 5-DOXY L-stearate (M5 Ds) 
v- 


Methyl 12-DOXYL-stearate(Mt2Ds) 


0 


Methyl 16-DOXYL-stearate(MlGDs) 


5-WXYL-Mane 
(5Dd)  


Y- 
1 O -DOXYL-nonadecane(lOh) 


0- + 0 


TANONE 


Scheme 1 


RESULTS AND DISCUSSION 


Estimations of t, and activation parameters 
We observed ESR spectra which consist of three 
absorption lines for spin-labelled nitroxides. Such a 
shape of the ESR spectrum suggests that the rotational 
motion of radical species is rapid and the following 
simple analysis is allowable. From the line broadening 
of ESR signals, the rotational correlation time (t,) of 
the nitroxide radical can be estimated by using the 
following equation: 


(1) 
where AH(," = + I ) )  is the peak-to-peak linewidth (in G) 
of the low-field absorption line, I ( ?  = + I )  and I ( m =  are 
the corresponding peak-to-peak heights for the low- and 
high-field lines, respectively, and the constant A has 
been given to be 6.6 x lo-'' s G - ' . ~  The t,-values for 
various spin-labelled nitroxides at 253-328 K are given 
in Table 1. Table 2 gives the activation parameters, 
estimated from the temperature dependence of t,. 


The correlation time for the isotropic rotational 
diffusion is generally formulated by the Stokes- 
Einstein-Debye (SED) equation: 


t c=AAH(m= + l ) [ ( I ( m =  + I ) / l ( m =  -1 ) )  112 -11 


t, = (4na37)/(3kT) (2) 
where a is the effective hydrodynamic radius of a 
radical and the other symbols have their usual meanings. 
As can be seen in Table 1, the observed t,-values are in 
the order of lo-'' s, and decrease with increasing 
temperature, in agreement with the prediction of 


equation (2). When one considers the position of the 
nitroxide moiety along the hydrocarbon chain, the t, 
value of M5Ds is found to be comparable with those of 
M12Ds and 10Dn. However, the t, value of M16Ds, 
with the nitroxide group attached the end of the hydro- 
carbon chain, is about half that of MSDs, and is 
comparable to that of short-chain 5Dd. 


When we examined the activation parameters shown 
in Table 2, a large difference among the AHi values of 
various types of spin-labelled nitroxides was not 
observed. As Yoshioka ~uggested,~ AH: denotes the 
energy of formation of holes or free volume in a 
medium resisting intermolecular forces, and thus is a 
measure of intermolecular force. If equation (2) holds 
for the rotational diffusion of spin-labelled nitroxides, 
the observed AH: should agree with the activation 
enthalpies (A$) of the solvent viscosity. The AH: 
values, calculated from the available viscosity data, 
were 35 kJ mol-' for 5-methylheptan-3-01, 16 kJmo1-I 
for propan-1-01, 11 kJmol-I for tetradecane, 
13 kJmol-I for octylbenzene and 8 kJmol-I for butyl- 
benzene. As can be seen in Table 2, the AHi values of 
spin-labelled nitroxides in alcohols are smaller than the 
AH: values. In contrast, the AH? values in aprotic 
solvents are larger than the AH: values. These results 
may be ascribed to the strength of solute-solvent and 
solvent-solvent interactions. 


The AS* value of M16Ds is clearly large compared 
with those of M5Ds and M12Ds. Yoshioka' suggested 
that the rotation of the N-0 group in a long-chain 
nitroxide is the sum of that around the centre of gravity 
and that caused by internal rotation. The rate constant 
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Table 1. Rotational correlation times of various types of spin-labelled nitroxides 


101or,(S) (at 1 bar) 


Solvent Compound -25 -15 -5 0 5 10 15 20 25 30 35 45 55 "C 


5-methyl M5Ds 17.5 13.1 8.73 5.94 3.74 
heptan-3-01 M12Ds 17.8 14.6 9.12 5.86 3.80 


M16Ds 11.5 9.08 7.06 4.54 2.76 1.80 
lODn 16.4 10.0 6.42 4.35 
5Dd 1.06 7.42 5.78 3.64 2.22 
TANONE 8.28 4.65 3.55 2.51 1.43 0.85 


M12Ds 8.38 6.16 4.62 4.03 3.50 2.69 2.05 
M16Ds 4.07 2.92 2.23 1.99 1.68 1.28 1.01 
TANONE 1.15 0.81 0.65 0.54 0.49 0.40 0.33 


Tetradecane M5Ds 3.50 2.52 1.85 1.28 1.02 
M12Ds 3.76 2.81 2.10 1.63 1.29 1.05 
M 16Ds 1.35 0.97 0.73 0.56 0.47 0.36 
TANONE 0.15 0.13 0.10 0.089 0.075 


Nitrobenzene M5Ds 4.46 3.70 3.16 2.88 2.60 2.28 
M16Ds 2.04 1.66 1.44 1.26 1.11 0.99 
TANONE 0.40 0.35 0.32 0.30 0.28 0.23 


Octylbenzene M5Ds 15.0 9.17 6.36 5.37 4.56 3.35 2.43 
M12Ds 14.6 9.93 6.85 5.65 4.83 3.55 2.55 
M 16Ds 6.41 4.13 2.70 2.19 1.88 1.31 0.99 
TANONE 0.79 0.53 0.38 0.32 0.30 0.24 0.19 


Butylbenzene M12Ds 5.28 3.87 2.89 2.50 2.16 1.66 1.32 
TANONE 0.42 0.32 0.27 0.24 0.22 0.19 0.16 


Propan-1-01 M5Ds 7.90 5.87 4.31 3.73 3.30 2.47 1.97 


Table 2. Activation parameters for rotational motion, with probable errors in parentheses 


AH* A& K 
Solvent Compound (kJ mol-') (J K- '  mol-I) a a/uTANONE 


5-Methylheptan-3-01 MSDs 
M 12Ds 
M16Ds 
lODn 
5Dd 
TANONE 


M 12Ds 
M16Ds 
TANONE 


M12Ds 
M16Ds 
TANONE 


M16Ds 
TANONE 


M12Ds 
M16Ds 
TANONE 


Buty lbenzene M12Ds 
TANONE 


Propan-1-01 M5Ds 


Tetradecane M5Ds 


Ni trobenzene M5Ds 


Octylbenzene M5Ds 


0.68 
0.71 
0.69 
0.66 
0.73 
0.72 
0.84 
0.84 
0.90 
0.82 
1.2 
1.2 
1.3 
0.72 
1.2 
1.3 
0.92 
1.4 
1.3 
1.5 
1 .o 
1.5 
0.98 


1.8 
1.8 
1.4 
1.9 
1.3 
1 .o 
1.9 
1.9 
1.4 
1 .o 
2.3 
2.4 
1.6 
1 .o 
2.0 
1.5 
1 .o 
2.2 
2.4 
1 .c 
1 .o 
2.0 
1 .o 
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for the rotation of spin-labelled nitroxides can be 
expressed as  follow^:^ 
k = (kT/h)[exp(ASi/R) + exp(AS~,/R)]exp(-A~/RT) 


(3) 
where AS:nl and AS: denote the activation entropies for 
internal rotation and the rotation around the center of 
gravity, respectively. Since M16Ds, M12Ds and M5Ds 
have the same molecular weight and similar structures, 
the difference in their Ah: values must be small. The 
nitroxide moiety of M5Ds and M12Ds is located in the 
vicinity of the centre of gravity. In fact, the AS'values 
obtained for M5Ds are comparable to those of M12Ds, 
and hence, it could reasonably be assumed that ASi of 
M5Ds corresponds to ASH for the methyl doxylstearates 
used here. M16Ds has the several single bonds between 
the nitroxide moiety and the centre of gravity, which 
contribute to the internal rotation. Therefore, the large 
ASi values of M16Ds may be attributable to the 
increase in motional freedom involving the internal 
rotation (ASint). Using equation (3) and ASi values 
(AS:) of MSDs, the AS:nl values of M16Ds in various 
solvents can be calculated and are given in Table 3. It is 
difficult to give a clear explanation for the negative AS+ 
values for the rotational diffusion. Although the kind of 
interaction that is operative has not yet been clarified, 


Table 3. Entropies of activation for rotational motions in 
various solvents 


Solvents 


Propan-1 -01 - 10 -8 
Nitrobenzene -9 4 
Tetradecane -6 5 
Octy lbenzene 3 12 
5-Methylheptan-3-01 26 30 


the compensated relationship between ASi and AHi 
roughly holds for the solvent effect (Table 2), and the 


value increases with increasing AS: value 
(Table 3). 


The t, values given in Table 4 increase as the exter- 
nal pressure increases. The activation volume (AVi) for 
the rotational motion of nitroxide was estimated from 
the Ink vs pressure plot according to the following 
equation: 


AVi = -RT(alnk/dP), = RT(alnt,/aP), (4) 
The apparent activation volume (AFq) for the rotational 
diffusive process can be calculated from equations (2) 
and (4): 


The Ae values, determined from the available q - P  
data,6 are 41 cm3 mol -' for 5-methylheptan-3-01 and 
18 cm3 mol-l for ropan 1 01. The observed AV' values 
are about 35 cm'mol-' for 5-methylheptan-3-01 and 
15 cm3 mol-l for propan-1-01, independent of the 
position of the nitroxide moiety along the hydrocarbon 
chain. 


Viscosity dependence of t, 
Figure 1 shows the representative plots of t, against q/ 
T. It should be noted that the plots in 5-methylheptan- 
3-01 and propan-1-01 fall on the same curve irrespective 
of temperature and pressure effects. The variation of 
viscosity with temperature inevitably involves unfav- 
ourable energetic problems. Jonas' and Hwang et a1.* 
have pointed out the importance of experiments in 
which the solvent viscosity is varied through pressure at 
a fixed temperature. Recently, Wakai and Nakahara' 
have reported differences in the pressure- and 
temperature-variable viscosity dependences of the 
rotational correlation times for D,O in CH,CN and 
CHCl,. However, in the present system, we unfor- 


Table 4. Rotational correlation times at high pressure in 5-Methylheptan-3-01 and propan-1-01 


101Ot,(S) (at 298 K) 
AV+ a A 6  


1 150 300 450 600 bar (cm3 mo1-I) (cm3 mol") 


5-Methylheptan-3-01 M5Ds 5.94 7.09 8.90 10.0 12.1 34 28 
M12Ds 5.86 6.42 9.09 10.1 12.0 35 29 
M16Ds 2.76 3.43 4.18 5.06 5-91 37 28 
lODn 6.42 7.95 9.46 11.1 13.3 34 27 
5Dd 2.22 2.86 3.48 4.32 5 -40 38 30 
TANONE 0.85 1.08 1.24 1.60 1.84 36 30 


Propan-1 -01 M5Ds 1.97 2.13 2.39 2.77 2.95 18 15 
M12Ds 2.05 2.26 2.38 2.84 3.07 13 15 
M16Ds 1.01 1.11 1.26 1.36 1.53 17 16 
TANONE 0.33 0.36 0.39 0.43 0.46 15 15 
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lO27 T" I C P  K-l 


Figure 1. Relationship between t, and q/T in (a) 5- 
methylheptan-3-01 and (b) propan-1-01. (0,O) MSDs; (B, 0) 
M16Ds; (A,A) TANONE. Solid and open symbols are for 
temperature- and pressure-variable viscosity variations, 


respectively 


tunately could not observe differences in properties 
which are changed by applying temperature or pressure. 


Equation (2), given by the SED law, can be applied 
to the rotational diffusion of a spherical solute with 
stick boundary conditions. Ben-Amotz and Drake" 
suggested that molecular diffusion in liquids gradually 
approaches the stick hydrodynamic condition as the 
solute size increases. As the solute size becomes com- 
parable to or smaller than the solvent size, the solute 
experiences a reduced frictional force. Therefore, the 
SED law is usually modified for rotational dynamics:" 


t, = (4xu3q/3kT)8 + to (6) 
where 8 is the rotational friction coefficient and depends 
on the boundary conditions and the shape of the rotating 
molecule, and to is the rotational correlation time at 
zero viscosity. Equation (6) predicts a linear relation- 
ship between t, and q / T ,  whereas the plots in alcohols 
deviate downwards with an increase in q/T value and 
show curvilinearity (Figure 1). There have been several 
measurements of diffusion coefficients (D) in different 
systems for which an expression of the form D =  l/q' 


was sought for microscopic diffusion. '* Thus, the 
experimental results for z, fit well the following empiri- 
cal expression: 


t, = (4nu3qU)/(3kT) (7) 
The value of a can be taken as a measure of the 
deviation of the experimental results from the SED law, 
and corresponds to solute-solvent frictional coupling. 
The fitting parameters a were obtained from the experi- 
mental results by non-linear regression (OPTIM), and 
are given in Table 2. The a values observed in alcohols 
are obviously small compared with those in aprotic 
solvents. In the case of alcohols, a values of less than 
unity indicate that coupling between the solvent and 
solvent is stronger than that between the solute and 
solvent. 


For the rotational diffusion of long flexible 
molecules, such as methyl doxylstearates, the predic- 
tions of the slip and stick limits seem to be a future 


At least, it could safely be said that a series 
of methyl doxylstearates have similar rotational 
motions and the rotational diffusion is close to a sticking 
boundary condition, jud ing from the size of the solute 
and solvent molecules.'' As shown in Figure 1, how- 
ever, there are large differences in the viscosity 
dependences of the t, values of MSDs and M16Ds. A 
measure of non-hydrodynamic to hydrodynamic behav- 
iour can be derived from the slope of the t, vs q/T 
plots [equation (6)]. Although the non-linear form is 
better than the linear form in the present data fit, we 
tentatively estimated slopes at q /T  = O  for M5Ds and 
M16Ds using the data in Table 1. The slope ratio of 
M16Ds to MSDs in 5-methylheptan-3-01 was estimated 
to be 0.48. If the slope of M5Ds were to mean perfect 
hydrodynamic behaviour, the slope ratio indicates a 
52% deviation from hydrodynamic behaviour in 
M16Ds. This is not the case. Rather, we consider that 
the flexibility at the end of the long chain allows for 
more rapid reorientation than that at the centre, resulting 
in a small t, value which is taken as an indication of 
segmental motions. The observations on lODn and 5Dd 
also support the idea presented above. 


According to equations (4) and (7), the apparent 
activation volume (Ab$l) for the rotational motion can 
be expressed as follows: 


The AV;,u values in 5-methylheptan-3-01 and propan-l- 
01 were recalculated, and are given in Table 4. Owing to 
the approximate nature of the above treatment, the 
agreement between A e , u  and AV' could be said to be 
fair. 


By fitting the experimental results to equation (7), the 
effective hydrodynamic radii ( a )  for rotation in solution 
can be obtained. In Table 2, the estimated radius ratios 
of the spin-labelled nitroxide to TANONE (u/uTANONE) 
are listed. The u/uTANoNE values are about 2.0 for M5Ds 


AV;., = RTa(dlnq/dP), = aAVi (8) 
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and M12Ds, and are comparable to that for lODn 
irrespective the nature of the solvent. It is interesting 
that the apparent molecular size of M16Ds is only 1-5 
times that of TANONE, and is comparable to that of 
5Dd. In the SED treatment, a hydrodynamically equiva- 
lent shape of rigid TANONE molecule is regarded as a 
sphere. Plachy and Kivelsoni3 measured the transla- 
tional diffusion constant of di-tert-butyl nitroxide 
(DTBN) and found that it obeys tbe Stokes-Einstein 
relationship with a radius a = 3.2 A. We can estimate 
the hydrodynamic radius of a molecule with the help of 
Corey-Pauling-Koltum models (CPK) using the 
average of the three axial radii of DTBN as a standard. 
Assuming that the long-chain molecule is linear and 
rigidly extended, the a/aTANONE value, estimated from 
CPK models, is 3.4 for MSDs, M12Ds and M16Ds. 
When the SED equation is applied to the rotational 
motion of non-spherical long-chain compound, the 
segmental motion of the chain may be reflected in the 
effective hydrodynamic radius. Therefore, the above 
small a/a,N?NE values suggest an increase in the 
rotational motion at the end of the chain. 


Rotational diffusion of TANONE 
Figure 2 shows the plots of t, against q / T  for the 
rotational diffusion of TANONE in nitrobenzene, 
butylbenzene and octylbenzene. The a values of the 
plots in the three solvents are almost unity, and the 
intercepts are negligibly small. According to equation 
(2), we can easily carry out the prediction of the stick 
limit for the rigid TANONE molecule. The solid line in 
Figure 2 represents the plots under the sticking bound- 
ary condition [8= 1 in equation (6)] using the mean 
radius a = 3.9 A for TANONE.I4 From the slopes of the 


/stick limit 


_ _ - - - - -  <tin limit I 


Figure 2. Relationship between z, and q / T  for rotational 
diffusion of TANONE in (0) octylbenzene, (0) nitrobenzene 


and (0) butylbenzene 


plots in Figure 2, the 8 values were estimated to be 0.12 
in octylbenzene, 0.23 in nitrobenzene and 0.25 in 
butylbenzene. These are acceptable values.”.” 


To improve the agreement between the hydro- 
dynamic theory and experiment, Hu and ZwanzigI6 
used a slipping boundary condition. Further, Fury and 
Jonas” improved the slip limit predictions by introduc- 
ing a weighting factor which emphasizes molecular 
size. Applying the slip/stick ratio of Hu and Zwanzig 
to the rotational diffusion, they gave the following 
equations: 


t, = (4~ta~q8,~)/(3kT) (9) 


where Oer is the effective slip/stick ratio for the motion 
giving rise to relaxation. Axial ratios pi for rotation 
about the ith axis are estimated with CPK atomic 
models.I6 The size of spheboid TANONE was estimated 
to be 2.9, 4.0, and 4.7 A. The value of 8,, can be 
calculated to be 0.047 according to equation (10). The 
dashed line in Figure 2 shows the prediction of the slip 
limit. The observed t, values fall between those pre- 
dicted by the slip and stick models, and suggest that the 
rotational diffusion of TANONE is closer to the slip 
boundary condition than the stick boundary condition. 
The 0 value decreases as the solvent size increases from 
butylbenzene to octylbenzene, clearly indicating the 
transition towards slip boundary conditions. The qualita- 
tive explanation of these results is that the rotational 
motion of TANONE can be understood by envisaging a 
small particle rotating among large solvent molecules 
with large interstitial gaps. 
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SOLVENT EFFECTS ON AROMATIC NUCLEOPHILIC 
SUBSTITUTIONS. PART 6. KINETICS OF THE REACTION OF 


l-CHLORO-2,4-DINITROBENZENE WITH PIPERIDINE IN BINARY 
SOLVENT MIXTURES? 
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The kinetics of the reaction between l-chloro-2,4-dinitrobenzene and piperidine was studied in several 
completely non-aqueous binary solvent mixtures where the preferential solvation is the rule a t  15,Z and 40 "C. 
The reaction was chosen as the simplest example of aromatic nucleophilic substitutions (ANS). For (aprotic 
solvent + aprotic co-solvent) binary systems the co-solvent was toluene, and the rest of the solvents used were 
selected with different structural characteristics and an extensive range of polarity. In this kind of mixture a 
property of mixed binary solvents would be defined by means of ET(30) values and the solvent effects on this 
simple model of ANS reactions are similar to those of aprotic pure solvents, especially if hydrogen-bond donor 
solvent mixtures are excluded from the analysis. For (aprotic solvent + protic co-solvent) binary systems the co- 
solvent used was methanol. The presence of a protic solvent in the mixture strongly determines the solvent 
effects on the reaction. In this type of binary mixture, the chemical probe under consideration may not be 
generally valid to interpret solvation effects. Additionally, empirical solvent polarity parameters E,(30) were 
determined UV-VIS spectrophotometrically for some pure aprotic solvents and, as a function of the 
composition, for (dimethylformamide + toluene), (toluene + methanol) and (l,l,l-trichloroethane + methanol) 
at 15 and 40°C, with the purpose of extending the studies on the empirical polarity indices in binary solvent 
mixtures to the thermo-solvatochromic area. 


INTRODUCTION 
The considerable significance that solvents have in 
chemical and physical processes has frequently been 
pointed out in the recent literature. ' ** Chemists have 
usually attempted to understand solvent effects in terms 
of polarity, which, in a broad sense, relates to the 
overall solvating capability of a solvent. Numerous 
reports on solvent polarity scales have been published in 
the last few decades. These scales have been designed 
on single and multiple parameter approaches and they 
are mainly derived from spectroscopic measure- 
ment~ .~- '  More recently, Abraham6 devised scales of 
solute hydrogen-bond acidity and solute hydrogen-bond 
basicity, and have devised a general solvation equation. 


The reactivity of aromatic nucleophilic substitution 
(ANS) reactions is notably affected by the solvent 
polarity. Since the first pioneering s t ~ d i e s , ~  different 
contributions have been reported to show how extensive 
and complex are the interactions of the substrate and/or 
the intermediate(s) with the solvent molecules.* In 
addition to the non-specific coulombic, inductive and 
dispersion interactions, others such as specific 
hydrogen-bond, electron-pair donor (EPD)/electron- 
pair acceptor (EPA) and solvophobic interactions may 
all play a part.g 


For the reactions of nitroaryl halides with either primary 
or secondary amines, the two-step mechanism shown in 
Scheme 1 is fully established: the breakdown of the 
zwinerionic u intermediate, ZH, can occur spontaneously 


*Author to whom correspondence should be addressed. 
f Presented in part at the XX Congreso Argentino de Quimica, C6rdoba, Argentina 1994. 
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Scheme 1 


or by a base-catalyzed mechanism. The transition state 
leading to the ZH intermediate is expected to be favored 
by increasing solvent polarity. Particularly detailed studies 
have been carried out with one of the simplest systems of 
ANS: the reaction of l-chloro-2,4-dinitrobenzene (2,4- 
DNCB) with piperidine (PIP). In connection with this, we 
have studied the influence of solvent effects on the reaction 
rate in 13 aprotic solvents with a dielectric constant range 
of 43 units," showing that kinetic data are well correlated 
by the Dimroth-Reichardt solvent polarity scale ET(30). 
The correlation is remarkably good ( ~ 0 . 9 8 )  if hydrogen- 
bond donor (HBD) solvents are excluded. For hydroxylic 
solvents, which exhibit highly specific properties (inter- or 
intramolecular hydrogen bonding, acidity and basicity and 
self-association), the reactivity was inversely proportional 
to the hydrogen-bond donating ability of the solvents." 
The solvent effects of alkanols are satisfactorily correlated 
by Taft's polar substituent constant u*'* ( r  = 0-99). 
Moreover, we have detected that the reaction rate in these 
hydroxylic solvents is smaller than that observed in 
cyclohexane (the slowest in the aprotic solvent series), 
which suggests that inter- and intramolecular bond interac- 
tions, in the pure solvent and between the solvent and the 
amine, are relevant in determining the reaction rates.I3 


Solvent effects in ANS involving nitrohalobenzenes 
with amines were reported in the 1960s, including 
mixed solvents, and the reaction of 2,4-DNCB with PIP 
mainly in binary aqueous-organic mixt~res . '~* '~  We 
have now explored the kinetic behavior of the above 
reaction in a variety of completely non-aqueous binary 
mixtures of solvents. The object of this work was to 
supplement a systematic study of the solvent influence 
on this simple model of the ANS reaction. It was aimed 
at determining the second-order rate coefficients 
depending on the nature and concentration of the solvent 
and the possible interactions in binary mixtures. 


Solute-solvent interactions are more complex in 
mixed solvents than in pure solvents owing to the 
possibility of preferential solvation," which is important 
to explain spectroscopic, equilibrium and kinetic results 
in binary mixtures. 


The chemical characteristics of solvent mixtures are 


customarily determined in the same manner as those of 
neat solvents by means of chemical probes.I6 We have 
recently reported ET(30) values at 25°C for several 
binary solvent systems showing that the change in this 
polarity parameter is not only a function of the relative 
concentration of the solvent but also of the chemical 
nature of the mixed components.l' Therefore, it was of 
interest to correlate the kinetic data with ET(30) values 
in order to evaluate the influence of the preferential 
solvation. We have also determined E,(30) values for 
several aprotic solvents and for some binary solvent 
systems at 15 and 40°C with the purpose of including 
the thermo-solvatochromism phenomenon in the 
discussion. 


RESULTS AND DISCUSSION 


Kinetic studies 
The kinetics of the reaction between 2,4-DNCB and PIP 
was studied in two different models of completely non- 
aqueous binary mixtures. A co-solvent (Co) consisting 
of a compound with particular characteristics was 
chosen in each model, which was common and took part 
in the different mixtures studied. Each binary solvent 
mixture was explored at different compositions. The 
types of binary solvent mixtures used were as follows: 


(ApS + ApCo): binary mixtures of an aprotic solvent 
(ApS) and the aprotic co-solvent 
(ApCo); 
binary mixtures of an aprotic solvent 
(ApS) and the protic co-solvent 
(PCo): 


(ApS, + PCo): 


Kinetics of the reaction of I -chloro-2 ,I-dinitrobenzene 
with piperidine in (ApS, + ApCo) solvent system 
Toluene was chosen as co-solvent owing to its character 
as a non-hydrogen-bonding (NHB) aromatic solvent. 
All other solvents were selected with different structural 
properties and a large range of polarity: chloroform, 
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1 ,Cdioxane, ethyl acetate, tetrahydrofuran (THF), 
acetone, nitromethane and N,N-dimethylformamide 
(DMF). Chloroform and nitromethane were taken as 
examples of HBD solvents and the others were included 
as hydrogen-bond acceptor (HBA) solvents. 


Although a priori no base catalysis was expected for 
the nucleofuge chloride, the influence of amine concen- 
tration on the reaction rate was studied. In all cases the 
reactions were camed out under pseudo-first-order 
conditions; they yielded the expected N- (2,4- 
dinitropheny1)piperidine in quantitative yield, and 
proved to be first order in substrate. The second-order 
rate coefficients, k,, calculated from the experimental 
pseudo-first-order rate coefficients, k,, are listed in 
Table 1 for the reactions at 25 "C. The reactions in the 
(DMF + Toluene) solvent system, which were pre- 
viously studied at 25 "C,I7 were additionally examined 
at 15 and 40°C. The kinetic data are given in Table 2. 
The kinetic data show a general tendency of a decrease 
in k, values with increase in co-solvent concentration 
due to the decrease in the overall solvation capability of 
the solvent mixture. 


Kinetics of the reaction of 1 -chloro-2 ,I-dinitrobenzene 
with piperidine in (ApSi + PCo) solvent systems 
The co-solvent selected in this type of binary solvent 
system was methanol, which is known to form strong 
hydrogen bonds and is capable of acting as an 
HBD-HBA solvent. Among the alkanols. methanol 
exhibits the largest self-association energy (dsA = 3-0)18 
and acidity (a = 1009) '~  values with an excellent corre- 
lation between the extent of oligomerization and HBD 
ability. The rest of the solvents used were toluene, 
chloroform, l,l, 1-trichloroethane ( l , l ,  1-TCIE), THF, 
acetone, DMF and dimethyl sulfoxide (DMSO). 


We have recently reported the second-order-rate 
coefficients, k,, for the present reaction in (1.1,l- 
TClE + methanol) mixtures at 25 "C.I7 Consequently, 
the reactions camed out in (1 ,1,1-TCIE + methanol) 
were examined at 15 and 40°C. Additionally, the 
reactions in (toluene + methanol) mixtures were studied 
at three temperatures (15,25 and 40 "C). Table 3 lists 
the second-order rate coefficients, k,, and the calculated 
activation parameters where it can be seen that no 
significant rate acceleration occurs on increasing the 
amount of amine, similarly to the previous results in 
( l , l ,  1-TCIE + methanol) at 25 "C. The reactions per- 
formed in the other binary solvent systems were 
examined at only one temperature (25 "C). The kinetic 
data are presented in Table 4. A slight acceleration in 
reaction rates was verified in those mixtures where the 
aprotic solvent is less polar and, especially, in the 
binary mixtures with a lower concentration of the protic 
co-solvent. According to Bunnett and Garst's" criterion 
and Bemasconi et al.'s21 alternative criterion, this 
phenomenon cannot be considered as base catalysis. In 


Table 1. Second-order rate coefficients, k,, for the reaction of 
l-chloro-2,4-dinitro~nobene (I) with piperidine in 


(ApS, + ApCo) at 25 "C' 


[Piperidine]/M 


Solvent 0.040 0-080 0.160 0.250 


(Chloroform + toluene) 
0.10 8.70 
0.30 8.38 
0.50 7.24 
0.70 6-95 
0.90 6.72 


0.10 11.9 
0.30 11.5 
0.50 10.9 
0.70 10.1 
0.90 8.24 
(Ethyl acetate + toluene) 
0.10 2 3 4  
0.30 22.3 
0.50 17.6 
0.70 15-5 
0.90 12.1 
(THF + toluene) 
0.10 29.0 
0.30 27.9 
0.50 21.5 
0.70 16.2 
0.90 10.0 
(Acetone +toluene) 
0.10 50.4 
0.30 42.3 
0.50 35.1 
0.70 26.3 
0.90 18.4 


0.10 6 8 4  
0.30 48.1 
0.50 38-5 
0.70 30.8 
0.90 18.3 


( 1  ,4-Dioxane + toluene) 


(Nitromethane + toluene) 


8.64 8.79 
8.31 8-44 
7.25 7.23 
6.88 7.04 
6.79 6.83 


11.2 12.0 
11.7 11.1 
11.1 10.8 
9.52 10.2 
8.22 8.23 


23-3 23.8 
22.2 22.6 
17-5 17.9 
15-3 15.8 
12.3 12.9 


29.3 29.4 
28-0 28.6 
21.9 21.9 
17.1 16.4 
9.68 10.2 


50.2 49.1 
42-4 43.5 
35-7 36.3 
25.4 24.8 
18.8 19.5 


69.6 68.7 
50.5 50.9 
36.9 39.8 
30.5 29.5 
18.1 17.7 


8.60 
8.45 
7.29 
7-06 
6.86 


12-3 
10.7 
11.3 
10.5 
8.29 


23.7 
22.2 
17.4 
15.7 
12.5 


29.6 
27.1 
21.7 
16.8 
10.4 


49.8 
42.9 
35.9 
25-8 
19.1 


69.3 
49.5 
38.4 
30- 1 
17.8 


"[I]  = lo-' M; values of 10'k,/l mol-ls-'; the concentrations of the 
binary mixtures are in mole fraction of toluene. 


addition, it was seen that for (toluene + methanol) 
mixtures the k, /k ,  ratio decreases with increase in 
temperature. A possible explanation for the observed 
acceleration would be a solvation effect. This interpreta- 
tion would be in accordance with previous results 
corresponding to reactions carried out in pure 
solvents. lob 


On the other hand, the kinetic values shown in Tables 
3 and 4 exhibit an initially very important decrease in k, 
values with small increments in methanol concentration. 
Several years ago it was demonstrated that when a 
substrate has an o-nitro group the addition of a small 







462 P. M. E. MANCJNI ETAL. 


Table 2. Second-order rate coefficients, kA, for the reaction of l-chloro-2,4-dinitro- 
benzene (I) with piperidine in (N,N-dimethylformamide + toluene) binary solvent 


mixtures at 15 and 40 "C.' 
~ 


[Piperidine]/M 


15 "C 40 "C 


X,, 0.04 0.08 0-16 0.25 0.04 0.08 0.16 0.25 


0.10 76-6 76.7 77.7 75.9 154 155 149 158 
0.30 129 122 120 128 
0.50 60.0 59.8 63.1 62.5 116 107 118 1 20 
0.70 32.3 45.3 38.1 41.0 102 99 109 111 
0.90 18.3 18.0 18.1 17.8 42.8 41.5 41.7 42.9 


'[I] = lo-' M; values of 102kA/l mo1"s-I 


Table 3. Second-order rate coefficients, k,, for the reaction of l-chloro-2,4-dinitrobenzene (I) with piperidine in 
(l,l,l-TClE + methanol) and (toluene + methanol) binary solvent mixtures at 15 and 40 "C, and the activation parameters' 


[Pipendine]/M 


15 "C 40 "C 


Solvent 0.04 0.08 0.16 0-25 0.04 0.08 0.16 0.25 AH'/kJ mol-' -ASL/J mol-'K" 


(1 , 1 ,l-TClE + methanol) 
0.10 2-49 2.50 2.86 3-29 9.09 8.83 9.90 11.3 34.7 153.5 
0.30 1-20 1-32 1.61 1.72 4-58 4-74 5.03 5-28 33.0 152.8 
0.50 0.96 1.04 1.14 1.35 3-60 3.80 3.93 4.37 34.3 175.6 
0.70 0.830 0.950 1.04 1.15 3.40 3.55 3.62 3.95 34.9 174.6 
0.90 0.686 0-728 0400 0.827 3.20 3.15 3.08 3.86 42-4 151.5 


0.10 0-912 1.14 1.47 2.03 6-24 6.51 7.10 7.69 43.6 123.1 
0-30 0.631 0.677 0.760 0.872 3-48 3.54 3.73 4.09 45.2 125.8 
0.50 0.610 0.588 0.625 0.720 3-17 3.29 3.45 3.62 47.4 113.3 
0.70 0.621 0.651 0.683 0.708 3.19 3.26 3.25 3.30 44.8 130.2 
0.90 0.693 0-698 0.703 0.705 2.96 2.91 3-05 3.08 41.1 142-9 


(Toluene + methanol) 


~~ ~~~~ ~ ~ ~~~ 


'[I] = lo-' M; values of 10'k,/l mot-Is-'; the concentrations of the binary mixtures are in mole fraction of methanol. 


amount of an HBD solvent to an aprotic solvent pro- 
duces an important decrease in 


The strikingly low reactivity previously observed for 
reactions in alkanols must be associated with a specific 
hydroxylic solvent effect on this system." In the pre- 
sence of piperidine, alcohols are known to act as 
hydrogen-bond donors, and there is abundant evidence 
of strong hydrogen-bonding interactions between 
piperidine and methanol.22 Piperidine is considered to be 
a solute with a constant overall hydrogen-bond basicity (c Bn2 = 0.69).6 In the case of the reactions developed 
in (toluene + methanol) and (1 , 1 , 1-TCIE + methanol) 
the activation parameters are also consistent with the 
rationale of hydrogen bonding causing the decrease in 
the rates: these reactions exhibit enthalpies and 
entropies of activation comparable to those correspond- 
ing to the reaction carried out in pure methanol. 


It is well known that for the reaction of 0- and 
p-nitrohalobenzenes with amines, the magnitude of the 
k,,, : k,, ratio is strongly solvent dependent and the 
'built-in solvation' plays an important pa~t . '~ , '~ . '  The 
presence of the protic solvent as part of the binary 
mixture would produce changes in the amine and in the 
intermediate state solvation models. The extent of 
differential solvation depends on the intermolecular 
forces between the solute and surrounding solvent 
molecules. The sensitivity of the reaction rate toward 
the small amount of methanol could be explained as a 
change in the solvation of ZH due to the competition 
between the 'built-in solvation' and the specific 
solvation from the co-solvent with a special distri- 
bution in the rest of the mixture. Subsequent increases 
in methanol concentration should only modify the 
whole solvent mixture, remaining relatively constant 
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Table 4. Second-order rate coefficients, k,, for the reaction of 
l-chloro-2,4-dinitrobenzene (1) with piperidine in 


(ApS, + PCo) at 25 “C’ 


[Pipendine]/M 


Solvent 0.080 0.160 0.250 


(Toluene + methanol) 
0.10 
0.30 
0-50 
0.70 
0.90 
(Chloroform + methanol) 
0.10 
0-30 
0.50 
0.70 
0.90 
(THF + methanol) 
0.10 
0.30 
0.50 
0.70 
0.90 
(Acetone + methanol) 
0.10 
0.30 
0.50 
0.70 
0.90 
(DMF + methanol) 
0.10 
0.30 
0.50 
0.70 
0.90 
(DMSO + methanol) 
0.10 
0.30 
0.50 
0.70 
0.90 


2.06 
1.46 
1.18 
1.21 
1.37 


2.83 
2.29 
1 *64 
1.80 
1.71 


18.3 
9.47 
5.33 
3.24 
2.26 


29.1 
14.5 
6.06 
3.47 
2.71 


90.0 
43.1 
19.0 
8.05 
3.33 


15 1 
92.8 
38.3 
13.3 
3.53 


2.73 
1-72 
1.42 
1.38 
1.41 


3.18 
2.32 
2.08 
1.78 
1.74 


18.7 
9.78 
5.83 
3.63 
2.20 


29.9 
13.8 
6.10 
3.72 
2.70 


85.3 
44.5 
20- 1 
7-84 
3.43 


156 
91.7 
39.3 
13.1 
3.63 


3.48 
1.93 
1.57 
1.43 
1 *42 


3.45 
2.14 
1.77 
1.83 
1.71 


18.9 
9.81 
5.63 
3.70 
2.30 


30.3 
14.9 
6.14 
3.66 
2-76 


91.5 
41.5 
20.6 
8.10 
3.44 


152 
92.1 
40.0 
12.8 
3.61 


[I] = M; values of 102k,/l rno1-ls-l; the concentrations of the 
binary mixtures are in mole fraction of methanol. 


around ZH. The influence of methanol is more 
significant on its binary mixtures with the aprotic less 
polar solvents. With the (toluene + methanol), 
(chloroform + methanol) and (1,l ,1-TCIE + methanol) 
solvent systems, a decrease of 50% in the reaction rate 
can be observed with respect to the values correspond- 
ing to the pure aprotic solvent with only XMeoH=0-O5 
in the mixtures. For the rest of the binary systems 
explored, XMeOH = 0.15 is necessary to produce the 
same effect. 


Correlation analysis 
It is possible to interpret the solvent effects with the aid 
of model processes that yield the same or similar effects. 
In connection with this, several spectroscopically based 
single parameters have been used to establish empirical 
scales of solvent polarity (single parameter appro- 
aches).23 These scales are supported on convenient, well 
known, easily measurable, solvent-sensitive reference 
processes within the framework of linear-free energy 
relationships (LFE9.24-26 The use of individual solvent 
parameters to predict solvent effects should be limited in 
a first approach to largely analogous processes. 


Negatively and positively solvatochromic dyes are 
particularly suitable as standard substances for the 
determination of empirical solvent parameters and, of 
these, by virtue of the exceptionally large extent of its 
solvatochromism, the negatively solvatochromic 2,6- 
diphenyl-4- (2,4,6-triphenyl-l-pyridinio)phenolate 
(Reichardt’s betaine dye) is especially suitable.ga The 
Dimroth-Reichardt ET(30) scale is one of the most 
comprehensive ones among the single-parameter 
appro ache^.'^ This polarity index measures different 
combinations of the ability of a solvent to donate a 
hydrogen atom towards the formation of a hydrogen 
bond and its actual polarity and polarizability. 


As mentioned in the Introduction, we have recently 
determined by UV-VIS spectrophotometry empirical 
solvent polarity parameters ET(30) for different 
(ApS, + toluene) and (ApS, + methanol) solvent 
systems as a function of composition. A preliminary 
application of these empirical parameters was discussed 
with the aid of two examples related to the solvents 
effects on the reaction of 2,4-DNCB with PIP camed 
out in (DMF+ toluene) and (l,l,l-TClE + methanol), 
respectively. l7 In each case a satisfactory correlation 
was found between ET(30) values and the logarithms of 
rate constants. 


In a neat solvent, all solutes have the same environ- 
ment; therefore, a solvent property should be generally 
valid. In solvent mixtures when preferential solvation is 
operative the chemical probe has in its environment 
more of one solvent than of the other, compared with 
the bulk composition. Preferential solvation of the 
chemical probes plays a dominant role in determining 
the size of arameters measured by them in solvent 
mixtures.’”’We observed only one case among the 
many mixtures cited in our previous paper17 where 
preferential solvation does not take place: the ET(30) of 
(dioxane +toluene) is strictly linear with the solvent 
composition. In the other cases explored we detected 
preferential solvation. Recently, Bosch and co- 
w o r k e r ~ ’ ~ . ~ ~  proposed theoretical equations that allow 
numerical descriptions of the preferential solvation in 
binary mixtures, which can be related to the spectros- 
copic shifts in the ET(30) solvatochromic indicator and 
dissociation constants of electrolytes. 
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Considering that preferential solvation of the E,(30) 
betaine in mixtures of solvents is the rule, we extended 
the preceding correlation analysis between ET(30)  
values and the logarithms of the rate constant at 25 "C to 
each of the (ApS, + toluene) and (ApS, + methanol) 
systems. The kinetic studies of the present reaction were 
performed with that purpose. The correlations were 
assessed by the evaluation of the correlation coefficients 
(r) and the standard deviations (s). The results are 
presented in Tables 5 and 6. The regression equations 
summarized in Table 5 are reasonably good for (ethyl 
acetate +toluene), (THF +toluene), (acetone + toluene) 
and (nitromethane + toluene), with correlation 
coefficients ranging from 0.986 to 0.999 and standard 
deviations from 0-018 to 0.056 in the same form as 
previous results for (DMF +toluene). However, the 
correlations are poor for (chloroform + toluene) and 
(1 ,Cdioxane + toluene). In the first case the regression 
improves if the data corresponding to high XToL are 
eliminated. The behavior of the (1 ,Cdioxane + toluene) 
mixture is surprising because the system exhibits a 
decrease in ET(30) values as a linear function of co- 
solvent mole fraction, suggesting additi~ity.'~.~' 


In general, the typical E,(30) vs X,, curves 
observed for (ApS , + toluene) systems are consistent 
with binary mixtures of a non-associated component 
which does not interact with the associated component, 
but only dilutes it. This is the case for those binary 
systems" which show the best regression equations. 


The correlation analysis shown in Table 6 indicates 
that the regression equations for (toluene + methanol) 
and (chloroform + methanol) are relatively good 
(c-0.95; s<0.090), similarly to previous results 
observed for ( l , l ,  1-TCIE + methanol). The regression 
equations corresponding to (THF + methanol), 
(acetone + methanol), (DMF +methanol) and 
(DMSO +methanol) are poor (r = 0.92-0.94; 
s = 0.190-0.315). Except for (DMF +methanol) and 
(DMSO+methanol), in which the E,(30) vs XMeOH 
curves present a continuous non-linear increase as a 
function of ET(30)  and smaller deviations from additiv- 
ity, in the rest of the (ApS, + methanol) systems at low 
methanol concentration we observed a large increase in 
E,(30) values for small increases in co-solvent concen- 
tration. In these cases the ET(30)  vs XMeOH curves show 
an inflection zone that agrees with the longest deviation 


Table 5 .  Correlation coefficient ( r ) ,  standard error of the estimate (s), slope ( 4 )  and intercept (p) and 
their standard errors (sp, sp) and the number of data points (n) for log k,  vs ET(30) in the 


(ApS, + toluene) system at 25 "C" 


Solvent r S 9 so P s, n 


(Chloroform + toluene) 
Except for: XToL = 1 
Except for: XToL = 0.90, 1 


(1,4-Dioxane + toluene) 
Except for: X, = 0 
Except for: XToL = 0,O. 1 


(Ethyl acetate + toluene) 
(THF + toluene) 
(Acetone + toluene) 
(Nitromethane + toluene) 


0.844 
0.927 
0.959 
0.863 
0.909 
0.915 
0.997 
0.987 
0.986 
0.999 


0.030 
0.021 
0.015 
0-05 1 
0.045 
0.046 
0.018 
0.044 
0.056 
0.002 


0.023 
0.042 
0.060 
0.096 
0.119 
0.143 
0.141 
0.181 
0.108 
0.086 


6 . 6 2 ~  lo-' -1.992 
8.60 x -2.733 
1.03 x -3.436 
2.52 x -4.371 
2.70 x -5.157 
3,70 x lo-' -5.993 


1.30 x lo-' -7.275 
8.02 x -4.784 


5.15 x 10-3 -5.957 


1.79 x lo-' -4.077 


0.249 7 
0.328 6 
0.398 5 
0.883 7 
0.947 6 
1.265 5 
0.186 7 
0.468 7 
0.315 7 
0.075 7 


'The correlations were calculated for X,,, = 0,0~10,0~30,0~50,0~70,0~90 and 1 .  


Table 6. Correlation coefficient (r), standard error of the estimate (s), slope ( 4 )  and intercept (p) and their 
standard errors (sq,  sp) and the number of data points (n) for log k, vs ET(30) in the (ApS, + methanol) 


system at 25 oC.n 


Solvent r S 4 so P SD n 


(Toluene + methanol) 0.955 0.084 -0.035 4.86xlO-' -0.012 0.238 7 
(Chloroform + methanol) 0.968 0.073 -0.047 5-40 x 0.687 0.268 7 
(THF + methanol) 0.933 0.190 -0.073 1 . 2 6 ~  10" 2.381 0.625 7 
(Acetone + methanol) 0.928 0.231 -0.111 1 . 9 8 ~  4.572 1.021 7 
(DMF + methanol) 0.925 0.299 -0,153 2.81 x 7.061 1.440 7 
(DMSO + methanol) 0.937 0.315 -0.193 3 . 1 2 ~  9.274 1.637 7 


'The correlations were calculated for X,, = 0,0~10,0~30,0~50,0~70.0~90 and 1. 
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from additivity. Furthermore, in each plot there exists a 
region where the changes in ET(30) values are a linear 
function of the co-solvent concentration owing to the 
effect of preferential solvation of the methanol-betaine 
complex from methanol. For co-solvent concentrations 
higher than XMeOH = 0.9 the systems exhibit a tendency 
to additivity. The three-region concept3' is especially 
clear for (toluene +methanol), (chloroform + toluene) 
and (1 , l ,  1-TCIE + methanol) 


The regression equations shown in Table 5 present 
slopes with opposite sign to the slopes of the correla- 
tions given in Table 6. This observation clearly indicates 
different solvation models in the (ApS, + toluene) and 
(ApS, + methanol) binary solvent series. 


The next question is to determine if for all the 
(ApS , + toluene) binary mixtures under consideration the 
ET(30) parameter is available to reflect the experimen- 
tally observed solvent effects on the present reaction. In 
that context we examined (a) the (ApS, + toluene) binary 
solvent mixtures studied, at fixed concentrations, and (b) 
the (ApS,+toluene) binary solvent mixtures at all 
concentrations studied, including in this case the data 
from the literature corresponding to pure aprotic solv- 
ents. The regression equations are presented in Table 7. 
Taking the behavior of aprotic solvents into account, in 
an attempt to reveal possible trends for different types of 
(ApS, + toluene) system, these were grouped into three 
categories: all mixtures (ALLm), HBA mixtures 
(HBAm) and HBD mixtures (HBDm). 


For each fixed concentration analyzed (toluene molar 
fraction 0-1,0.3,0.5,0.7 and 0.9), considering all 
binary mixtures, the correlation between ET(30) values 
with the logarithms of the rate constant is poor 
(r < 0.90). However, the regressions are reasonably 
good if the HBDm are eliminated (r>0.95). 


Finally, we examined a possible correlation for all the 
concentrations studied including 13 aprotic solvents for 
which the second-order rate coefficients, k, are known. 
The statistical results were r = 0.854, s = 0-206 
(n=48). Once again in this case, the correlation 
between ET(30) values with the logarithms of the rate 
constant improve if HBD solvents and HBDm are 
excluded with r=0.973, s=0.090 (n=36). Figure 1 
shows the plot of log k, versus ET(30) values corre- 
sponding to 13 aprotic solvents and seven 
(ApS, + toluene) binary solvent systems. 


Thermo-solvatochromism studies 
It is known that solvent polarity is temperature depen- 
dent. In addition to its negative solvatochromism, 
pyridinium N-phenoxide betaine dyes also exhibit 
thermo-solvatochromism, piezo-solvatochromism and 
halochromism phenomena.2 Measurements of the 
thermochromism of the betaine dyes have been reported 
el~ewhere.~' 


We now consider empirical solvent polarity parame- 
ters ET(30) for several aprotic solvents and for some 
binary solvent mixtures at different temperatures. The 
aprotic solvents and the binary mixtures explored were 
chosen in connection with the availability of the 2,4- 
DNCB + PIP reaction kinetic data at 15 and 40 "C. The 
primary aim of this part of the investigation was to 
extend the studies on the empirical polarity parameters 
for binary solvent systems to the thermo-solvatochromic 
area. 


Additional to already available measurements of the 
thermochromism of N-phenolate-pyridinium betaine in 
different aprotic solvents, 30*3' further measurements 
were made at 15 and 40°C. Preliminary measurements 


Table 7. The correlation coefficient ( r ) ,  standard error of the estimate (s), slope ( q )  and intercept (p) and their standard errors 
(so, s,) and the number of data points (n) for log k, vs ET(30) in the (ApS, + toluene) system and pure solvents at 25 "C 


Solvent r S 


Pure solvents' and ALLm at XTo, = 0.10 
Pure solventsa and ALLm at XTo, = 0.30 
Pure solvents" and ALLm at X,, = 0.50 
Pure solvents" and ALLm at XTo, = 0.70 
Pure solvents" and ALLm at XTo, = 0.90 
Pure solventsh and HBAm at XTo, = 0.10 
Pure solventsb and HBAm at XTo, = 0.30 
Pure solventsh and HBAm at XTo, = 0.50 
Pure solventsb and HBAm at XTo, = 0.70 
Pure solventsh and HBAm at X,, = 0.90 
Pure solvents' and ALLm 
Pure solventsd and HBAm 


0.842 
0.824 
0.825 
0-843 
0.862 
0.961 
0.957 
0.962 
0.964 
0.959 
0.854 
0.973 


0.232 
0.237 
0.234 
0.219 
0.203 
0.114 
0.118 
0.109 
0.104 
0.111 
0.206 
0.090 


0.093 
0.093 
0.094 
0494 
0493 
0.111 
0.112 
0.113 
0.112 
0.111 
0.098 
0.116 


1.65 x 
1.77 x lo-* 
1.77 x 
1.66 x lo-' 
1.51 x 10-2 
1.06 x 
1.13 x 
1.07 x 
1.03 x lo-' 
1.1ox 10-2 


4.07 x 
8.83 x lo-' 


-4.253 
-4.236 
-4.269 
-4.274 
-4.247 
-4.854 
-4.869 
-4.919 
-4.887 
-4.862 
-4.439 
-5.006 


0.662 
0.702 
0.697 
0.646 
0.579 
0.417 
0.438 
0.412 
0.392 
0,412 
0.341 
0.178 


n 


15 
15 
15 
15 
15 
11 
11 
11 
11 
11 
48 
36 


- 


"Toluene, chloroform, 1,4-dioxane, ethyl acetate, THF, acetone, nitromethane, DMF. 
hToluene, 1 ,Cdioxane, ethyl acetate, THF, acetone, DMF. 
'Cyclohexane, toluene, benzene, chloroform, 1 ,rl-dioxane, I ,  1.1-TCIE. chlorobenzene, ethyl acetate, THF, acetone, nitromethane, DMF. DMSO. 
Cyclohexane, toluene, benzene, 1,4-dioxane, 1.1. I-TCIE, chlorobenzene, ethyl acetate, THF, acetone, DMF, DMSO. 
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ET (30)Rcal mol-' 


Figure 1. Correlation of log kA with ET(30) for the reaction 
of I-chloro-2,4-dinitrobenzene with pipendine in (ApS, + 
toluene) solvent mixtures (including the pure aprotic solvents) 


at 25 "C 


of ET(30) values were made in pure aprotic solvents in 
order to check the determinations by comparing the data 
obtained with literature data. Table 8 ,  in which values at 
25°C from the literature are included, shows that the 
ET(30) values decrease with increase in temperature, 
which is in agreement with the expected temperature 
effect. 


Binary mixtures of solvents were studied in the 
second series of measurements. For each temperature 


Table 8. ET(30) values for aprotic solvents at 15, 25 and 
40 "C. 


Solvent 15 "C 25 "C 40 "C 


Cyclohexane 31.2 
Toluene 34.1' 33.9 33.6' 
Benzene 34.5 
1,4-Dioxane 36.3b 36.0 35.7b 
1, 1 ,1-TClE 36.9' 36.2 35.9' 
THF 37.4 
Chlorobenzene 37.6' 37.5 36.8' 
Ethyl acetate 38.3' 38.1 37.7' 
Chloroform 41.3b 39.1 39.9b 
Acetone 42.4b 42.2 41.7b 
DMF 44.5' 43.8 43.6' 
DMSO 45.0 44.7b 
Nitromethane 46.6b 46.3 46.0b 


"Data from Ref. 9a. 
hValues estimated from Ref. 33c. 
'This work. 
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Figure 2: Plot of ET(30) vs co-solvent mole fraction 
(DMF + toluene) solvent mixtures at 15,25 and 40 "C 


t 


0 
i 


for 


indicated we determined the variation of ET(30) with 
the composition of the mixtures. Figure 2 shows the 
shifts in molecular transition energy ET(30) with 
increase in toluene concentration for the 
(DMF +toluene) system at 15, 25 and 40 "C. At each 
temperature explored, the system exhibits a non-linear 
decrease in ET(30) values with increase in co-solvent 
concentration. An inflection zone is also shown near 
X T o L ~ 0 . 7 ,  which is in accordance with the largest 
deviation from additivity. The deviation from linearity 
is attributed to the preferential solvation of the probe by 
the solvents of the mixture. The shape of the parameter 
vs XTo, curve indicates a non-associated component 
with a low ET(30) value which does not interact appre- 
ciably with the associated component having a relatively 
high ET(30) value, but only dilutes it. 


On the other hand, Figures 3 and 4 show the shifts in 
molecular transition energy ET(30) with increase in 
methanol concentration for (toluene + methanol) and 
(l,l ,l-TClE + methanol), respectively, at 15, 25, and 
40 "C. The plots in Figures 3 and 4 suggest the possible 
existence of microheterogeneity in such mixtures 
because the composition of these mixtures may be 
thought of as consisting of at least three regions. On the 
ApS ,-rich side, individual methanol molecules interact 
with individual ApS, molecules with little disruption of 
the weak dipole-dipole interaction structure of the main 
component. The individual methanol molecules which 
do not participate in the ordinary methanol structure 
have an HBD ability higher than one that does partici- 
pate. On the MeOH-rich side, the methanol structure 
remains more or less intact and the ApS, molecules are 
added to cavities in this structure. At intermediate 
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composition, there are clusters of molecules of the same 
kind, mainly of mutually hydrogen-bonded methanol 
molecules, surrounded by a region where molecules of 
the two kinds are near each other. This assumed cluster 
of methanol has a lower HBD ability than individual 
molecules of methanol and than methanol molecules in 
the regular structure. In both cases, it can be seen that 
the preference for neighbors of the same kind decreases 
with increasing temperature. 
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Figure 3: Plot of ET(30) vs co-solvent mole fraction for 
(toluene +methanol) solvent mixtures at 15,25 and 40°C 
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Figure 4: Plot of E,(30) vs co-solvent mole fraction for 
(l,l,l-TCIE + methanol) solvent mixtures at 15,25 and 40°C 


WDC 0.116 -5.136 0.106 0.ml 
40% 0.115 -4.717 0.088 0.986 


0.01 
32.5 35.0 37.5 40.0 42.5 45,O 


E,.(30)/ kcal mol -' 
Figure 5:  Correlation of log kA with ET(30) for the reaction 
of ~-chloro-2,4-dinitroknzene with piperidine in pure aprotic 


solvents at 15, 25 and 40 "C 


The relationships found between ET(30) values and 
the logarithms of rate constant at 15 and 40°C. using 
aprotic solvents alone (DMF, acetone, ethyl acetate, 
chlorobenzene, 1 ,l,l-TClE, 1,4-dioxane, toluene and 
DMSO only at 40°C) are virtually identical with the 
relationship previously shown at 25°C,'ch as it can be 
seen in Figure 5. and to the relationship reported in 
Table 7 for n = 36. The series of parallel lines shown in 
Figure 5 is a result of the present investigation. 
On the other hand, similar regression equations at 15 


and 40°C can be observed if the data in Table 2 and 
Figure 2 corresponding to the (DMF + toluene) solvent 
system are considered together with the aprotic solvents. 
The results are shown in Table 9. Additionally, Table 9 
presents the correlations for each (toluene + methanol) 
and (1 ,1,1-TCIE + methanol) binary system 


CONCLUSIONS 
On the basis of the results obtained from the kinetic and 
ET(30) determinations and from the correlation analysis 
and the thermo-solvatochromic studies, using several 
binary solvent mixtures, the following conclusions may 
be drawn. 


In the case of completely non-aqueous mixtures of the 
type (ApSi+toluene) a 'property of mixed binary 
solvent' would be defined by means of ET(30) values. In 
general, the interactions between the components of 
binary mixed solvents and the chemical probe is less 
strong than the self- or mutual-interactions of these 
components. 
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The presence of a protic solvent in the mixture 
determines its characteristics. In all the cases examined 
the three-region concept would be valid, which is 
clearer for those mixtures whose aprotic component is 
less polar. In these cases the reaction rates of this type of 
ANS reaction have a high sensitivity toward small 
amounts of the protic solvent in the mixture, and the 
chemical probe under consideration may not be gener- 
ally valid to interpret the solvent effects on the reaction. 


EXPERIMENTAL 
Reagents and solvents. l-Chloro-2,4-dinitrobenzene 


and piperidine were purified as described previously. 'Oa 


N- (2,4-Dinitrophenyl)piperidine was prepared as 
reported previously. lob 2,6-Diphenyl-4-(2,4,6- 
triphenyl-1-pyridini0)phenolate (Reichardt's dye, 
Aldrich, 95%, m.p. 271-275°C) was used without 
any further purification. Toluene was kept over sodium 
wire for several days, refluxed for 72 h and fraction- 
ally distilled from sodium (b.p. 110 "C). Anhydrous 
methanol was prepared by Lund and B'errum's method 
and stored over 3 A molecular sieves.I4 The rest of the 
solvents were purified aqreported previously and all of 
them were kept over 4 A molecular sieves and stored 
in special vessels that allow delivery without air 
contamination. All binary solvent mixtures were 
prepared prior to use and stored under anhydrous 
conditions. 


Kinetic procedures. The kinetics of the reactions 
were studied spectrophotometrically. 'Oa A Perkin-Elmer 
Model 124 spectrophotometer was used, with a data- 
acquisition system based on a microprocessor. This set- 
up has a 12-bit analog-to-digital converter which allows 
absorbance measurements with an error <0.1% at a 
maximum rate of 12 readings per second. The micropro- 
cessor controls data acquisition, and also measures time 
through a quartz crystal-controller oscillator. Once data 
acquisition is completed, data can be read in the system 
display and/or transferred to a computer through an RS 
232-C interface. In all cases, pseudo-first-order kinetics 
were observed. 


Standard solutions of I-chloro-2,4-dinitrobenzene and 
of piperidine were prepared in the desired binary solvent 
mixture at room temperature. The reactions were run by 
mixing known amounts of each solution in the thermo- 
stated cells of the spectrophotometer, recording the 
absorbances at 400 nm. The pseudo-first-order (kJ, and 
second-order (k , ) ,  rate coefficients were obtained as 
described previously. In all cases, the 'infinity' value, 
A-, was experimentally determined for each run at the 
working temperature. Within the experimental error, 
this value agreed with the 'theoretical' value calculated 
from application of Beer's law to a solution of N-(2,4- 
dinitropheny1)piperidine in the working binary solvent 
mixture. 


The energies of activation were calculated from the 
linear regression of In k ,  versus 1/T by the least- 
squares method, and the entropies of activation were 
calculated by the standhd equation derived from the 
absolute theory of reaction rates. All the kinetic runs 
were carried out at least in duplicate; the error in k ,  is 
~ 2 - 3 %  for all the solvent mixtures examinated. Values 
of AH* were accurate to ca k0.4 kJ mol-' and values of 
AS* to *8 J mol-'K-'. 


ET(30) measurements. The pure solvents were mixed 
in an appropriate proportions by weight to give binary 
solvent mixtures of various compositions. 2,4-Diphenyl- 
4-(2,4,6-triphenyl-l-pyndinio)phenolate solutions were 
prepared just prior to use. Visible spectra of sample 
solutions in 10 mm cell were recorded at 15 and 40 "C by 
using a Perkin-Elmer Model 124 UV-VIS spectrophoto- 
meter and a Zeiss PMQ 3 UV-VIS spectrophotometer 
equipped with a data-acquisition system and a thermo- 
stated cell holder. Temperatures were measured in the 
cell and were accurate to within kO.1 "C. The ET(30) 
values were determined from the longest-wavelength 
UV-VIS absorption band of Reichardt's betaine dye and 
were calculated according to the equation ET(30) 
[kcal mol-'I = hcvN=2.859 x 1 0 - j ~  [cm-'1 
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HYDROGEN BONDING IN PURE BASE MEDIA. CORRELATIONS 
BETWEEN CALORIMETRIC AND INFRARED SPECTROSCOPIC DATA 


ANDREY A. STOLOV,* MIKHAIL D. BOFUSOVER AND BORIS N. SOLOMONOV 
Department of Chemistry, Kazan State University, Lenin St. 18, Kazan, 420008, Russia 


The known correlations between calorimetric and IR spectroscopic data on hydrogen bonding were 
reinvestigated for hydrogen bond donors (AH) dissolved in pure bases (B). Ninety-five AH...B s stems were 


the weight centers of A-H stretching bands (v, cm-’) and their integral absorption coefficients ( a ,  
10‘ cm mmol-’) had been measured. The relationships between AH$$ and the parameters of the infrared 
absorption spectra [weight center shifts A v  and the changes in the square roots of CI (Aa’/’)] were analyzed. It 
was found that the dependence of AHAHiB on Aa’” consists of two nearly parallel straight lines: the first 
(-AH$$ = 12.0 + 0.4) corresponJt to  water and the weak C-H and 0-H H-bond donors 
(chloroethylenes, acetylenes acetonitrile, nitromethane, chloroform, o,o’-di-tert-butylphenol); the second 
(-AH$$ = 12-1 A d z -  4.2) corresponds to the stronger N-H and 0-H H-bond donors (N-methylaniline, 
pyrrole, alcohols, phenol, carbon acids). Non-linear dependences of A H c k t  on Av were obtained for all C-H, 
N-H and 0-H H-bond donors except water [-AH%;: = 59.9 Av/(Av+ 674)l. Enthal ies of specific 


estimated by the above correlations with an accuracy of *3 to *6 kJmo1-I. These relationzips obtained for 
solutions of H-bond donors in pure bases differ from the well known dependences determined for the AH...B 
hydrogen bonding in carbon tetrachloride medium. 


considered for which the enthalpies of specific interaction due to hydrogen bonding AH.*.B (AHFL,., iY kJmol-I), 


interaction for water obey another dependence [-AH2.:L72 = 28.5 A v / ( A v +  269)l. The AH”’,,, R values can be 


INTRODUCTION 
Intermolecular interactions due to hydrogen bonding 
have been of considerable interest for several decades.’ 
The most extensively studied are 1:l complexes 
between hydrogen bond donors (AH) and acceptors (B) 
in media of ‘inert’ solvents (carbon tetrachloride, 
alkanes, benzene, chloroform, etc.): 


K.AfI::.-B 


where K is the equilibrium constant and AHE’‘B is the 
enthalpy of H-bond formation. Infrared m) spectros- 
copy is widely used for the determination of both K and 
AHeT’’B. To determine the enthalpy of hydrogen 
bonding, the temperature de ndence of the equilibrium 
constant is usually studied. ‘*peThis direct method enables 
the enthalpy of hydrogen bonding to be evaluated if (i) 
Beer’s law is valid and (ii) there is no effect of the H- 
bond acceptor concentration on the extinction coefficient 
of the ‘non-bonded’ A-H band. The latter assumption 


A H + B  - ’ AH..*B (1) 


* Author to whom correspondence should be addressed. 


is fulfilled when relatively small (ca mol 1-’) 
concentrations of H-bond acceptor are used. 


However, there are some systems for which it is 
difficult to determine the equilibrium constant of com- 
plex formation. Thus, in the case of weak H-bond 
donors the amount of the A-H...B complexes becomes 
measurable only when relatively large concentrations of 
bases (ca 1 moll-’) in CC14 or even solutions of the H- 
bond donor in pure bases are used. The increase in the 
base concentration can affect the extinction coefficient 
of the non-bonded A-H Moreover, the weak 
hydrogen bonding is often followed by the strong 
overlapping of the ‘free’ and ‘bonded’ A-H  band^.^,^ 


In specific cases, the equilibrium is strongly shifted 
towards the H-bond complex. Polymers, low-molecular- 
weight crystalline and glassy solids with hydrogen 
bonds and self-associated liquids are the examples of 
such systems. Furthermore, there are numerous systems 
where the hydrogen bond formation takes place just in 
the pure base medium. The analysis of the contributions 
of the hydrogen bonding of solutes in pure bases is 
especially important when considering the solubilities of 
gases or the distribution of solutes between two liquid 
phases (e.g. water-octanol). It appears that the determi- 
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nation of AHg"B by measuring the temperature depen- 
dence of the equilibrium constant is not an easy 
procedure for such systems. 


When dealing with the above-mentioned systems, it is 
better to consider the value of specific interaction 
enthalpy AH$$ of an H-bond donor (AH) in a base 
(B) as a measure of the interaction via hydrogen bonds 


where a is the degree of complexation of the H-bond 
donor. The degree of complexation takes into account 
that (i) a solute molecule may possess more than one H- 
bond donor group and therefore 1:2, 1:3, etc., com- 
plexes may be formed along with the 1:l complexes; 
(ii) there may be a noticeable quantity of solute 
molecules which are not engaged in the H-bond com- 
plexes. Thus, in general the AH$!I$ value is governed 
both by the enthalpy of hydrogen bonding and the 
equilibrium constants. In a special case the AHtZg 
value may be equal or very close to  AH;:-^ (if a is 
close to 1). Note that the latter situation is frequently 
realized.' 


To estimate the enthalpies of specific interaction 
various approaches can be used. First, the AH::& values 
can be determined by separating the contribution of non- 
specific solvation from the calorimetric values of 
solvation enthalpies of the acid (AH) in the base 
(B).6-'o Second, followin Abraham et al. " * "  Mishima 
et al.I3 or Raevsky et a[." one may use the correlations 
between the empirical parameters of molecules engaged 
in the complexation and the equilibrium constants or 
enthalpies of H-bond formation. However, these appro- 
aches are based on the data obtained for carbon 
tetrachloride solutions and therefore characterize 1: 1 
hydrogen bond complexation in the inert medium. Thus, 
the assumption of the equality of AH$$ to 
should be made. Third, one may use correlations 
between A H $ 2  and some spectral characteristics. IR 
methods based on the correlations between the 
values and weight center shifts of the A-H stretching 
bands ( A v )  or their inte a1 absorption coefficients 
('integrated intensities' a ""B) are widespread. We 
shall consider these correlations in detail in order to 
establish whether they can be applied to solutions of H- 
bond donors in pure bases. 


Badger and Bauer15 were the first to propose the 
linear dependence of A v l v  on with the inter- 
cept equal to zero. More thorough investigations 
performed by Drag0 and co -~orke r s , ' ~ - '~  Rao and co- 
workers,m.21 Sherry and P u r ~ e l l , ~ * ~ ~  Thijs and Zeegers- 
Huysken~,"**~ Kleeberg and c o - ~ o r k e r s , ~ ~ ~ ' ~  
PerelyginBSz9 and others showed that there are good 
linear correlations 


(3) 
when the hydrogen bonding of one H-bond donor with a 
series of relative H-bond acceptors is considered. The 


h.b. 


AHE:"B = a A v  + b - 


coefficients a and b were found to be the function of the 
nature of the H-bond donor. Further, as a rule, the 
coefficient a decreases and b increases on going to 
another type of H-bond acceptor series with a higher 
average AHeE"B value." The standard deviations of the 
dependences (3) were usually ca 2-3 Wmol-' and the 
correlation coefficients were in the range 0-83-0.98. All 
the measurements were carried out in carbon 
tetrachloride. 


Orville-Thomas and c o - ~ o r k e r s ~ O - ~ ~  attempted to find 
a universal Av against A H g " . B  dependence for H-bonds 
formed by 0-H groups. They plotted on the same 
graph all the - v pairs for phenols and alcohols 
with various bases It was noted that the experimental 
data can be described by a non-linear dependence. 
Hence, the following relationship based on the charge- 
transfer model of H-bonds was proposed: 


(4) 
where vo and v are the wavenumbers of 'free' and 
'bonded' 0-H bands and c and d are coefficients 
derived from the theory. 


10gansen~~ considered the same experimental data and 
proposed an empirical relationship which better 
describes them: 


= C(v,'- v2)"' + d 


-AHK"" = 75-24 A v / ( A v  + 720) (5 )  
where AH;:." is in kJ mol-' and A v  is in cm-I. 
According to Iogan~en, '~ the value 75.24 kJ mol-' 
corresponds to the 'proton transfer limit' for hydrogen 
bonding; the meaning of the second coefficient 720 in 
equation (5) is not known. 


It should be noted that there are two types of inter- 
molecular interactions responsible for the vAH frequency 
shifts. Only specific interactions with the H-bond 
acceptor cause the frequency shift A v  when the 1:l 
complex is formed in the carbon tetrachloride surround- 
ing. However, when comparing the frequencies of an 
H-bond donor dissolved in CCl, and the analogous 
solutions in a pure base, both the differences in specific 
and non-specific interactions should be taken into 
account. It is well known that changes in the medium 
perturb significantly the IR spectra of A-H...B com- 
plexes in the range of A-H stretching  band^.^,.'^ In 
particular the weight center ( v )  could be shifted by 
600 cm-' on going from the gaseous phase to a sol- 
 tio on.^^ The enhancement of A v  on going from CCl, to 
the H-bond acceptor solution is usually 10-20% of the 
A v  value. Therefore, it is reasonable to correlate separa- 
tely the data obtained for solutions in carbon 
tetrachloride and those obtained for pure base media. 


Relationships (4) and (5) are based on the experimen- 
tal data obtained for the following conditions: all the 
AHhqt"'B values were measured for the AH..-B hydro- 
gen bonding in carbon tetrachloride; at the same time, 
the A v  values were partly obtained for hydrogen bond- 
ing in the CCl, medium (about 80% of the data) and 
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partly for solutions of H-bond donors in pure bases 
(about 20%). Since most of the A v  values were obtained 
for the carbon tetrachloride surrounding, expressions (4) 
and (5) can be applied to these experimental conditions 
only. 


Relationships between AHE".B and integral absorp- 
tion coefficients aAH...B of the A-H stretching bands 
have been proposed by different  worker^.^^-^^ B e ~ k e r ~ ~  
correlated the AHE;"B values with values, 
whereas Perkampus and Kerin37 considered the 
enhancement of the integral absorption coefficient 
(aAH'..B - at:,) as a measure of the A H g " ' B  value. A 
great body of data was considered by Iogansen (cf. 
References 33 and 38 and references cited therein), who 
proposed the expression (6) known as the 'Iogansen 
intensity rule:' 


= 12.12 A a 1 l 2  (6) 


(7) 


1 is the cell path length, c is the concentration of the 
H-bond donor and Z and I ,  are the percentage transmit- 
tance readings for the solution and the solvent s ctra 
respectively. The value equals ( aAr'B)'/' 
- (aE)'/'; age and aAH"'B are the integral absorption 
coefficients of the H-bond donor in non-bonded and 
bonded states, respectively. The units of the values in 
equation (6) are kJmol-' for A H E " B  and 
lo4 cmmmol-I for aAH.. .B.  


Although the existence of correlations of type (6) for 
separate classes of H-bond complexes is accepted by 
many  investigator^,^*^^.^^-^' the universality of the 
intensity rule is questioned. Thus, according to 
Perelygin,28*29 the empirical coefficient in equation (6) 
differs for various types of H-bond donors. For the 
alcohol complexes, as an example, the slope in 
equation (6) equals 10.9, while for carbon acids it is 


IR measurements for more than 100 H-bond 
donor-acceptor systems were performed in order to 
check correlation (6).33 The applicability of equation (6) 
to C1-H, 0-H, N-H, C-H, P-H and S-H H- 
bond donors was established. The experimental points 
were obtained under the following conditions. The 
enthalpies of H-bonding were measured mainly by three 
methods, calorimetry, gas-liquid chromatography 
(GLC) and the IR spectroscopic investigation of the 
equilibrium constant as a function of temperature. 
Calorimetric A H E " ' B  values were obtained both for 
solutions of H-bond donors in pure bases and for H- 
complexes in CCI, medium. The GLC method was 
applied only to solutions in pure bases; the IR technique 
was applied onl to the H-complexes in carbon tetra- 
chloride. The a'H..,B values were partly determined for 
hydrogen bonding in carbon tetrachloride medium 


where 


aAH"'B = (2*303/1c) 1 band log(Zo/Z) dv 


16-7. 


(about 85% of the data) and partly for H-bond donors in 
pure bases (about 15%). 


However, it is well known that aAH"'B usually 
increases by 10-20% on going from CCI, to more polar 
solutions.34s35 Thus, again, it would be more reasonable 
to divide all the experimental data into (i) those 
obtained for the carbon tetrachloride medium and (ii) 
those obtained for solutions in pure bases. 


The goal of this work was to reinvestigate the well 
known relationships between the specific interaction 
enthal y due to hydrogen bond formation, A v  and 
aAH".'on the basis of the calorimetric and IR spectros- 
copic data obtained recently by our group for the 
solutions of various H-bond donors in pure 


RESULTS AND DISCUSSION 


Calorimetric determination of specific interaction 
enthalpies 
To reinvestigate the empirical equations (2)- (6), we 
compared the specific interaction enthalpies and IR data 
for H-bond donors in pure base media. 


of an H-bond donor AH in a 
solvent (base) B (AH$) can be obtained according to 
the equation 


(8) 
where AHtJ,f is the solution enthalpy of AH in B 
(298 K, finite concentrations 10-2-10-1 moll-') and 
AHAH is the enthalpy of vaporization of AH. Both 
A H 2 2  and AH=, are experimentally measurable 
values. On the other hand, the solvation enthalpy may 
be perceived as a sum of two terms: enthalpy of non- 
specific solvation of AH in B ( A H ~ ! B , s o l v , )  and specific: 
interaction enthalpy ( A H Z C )  of the fi-bond donor AH 
in the base B: 


The solvation enthal 


AHAH/B = A H A H / B  - AHAH 
soh. SOIUt. vap. 


(9) 
The latter value is defined according to the equation (2). 


It follows from equation (9) that the specific interac- 
tion enthalpy can be determined by subtracting the 
enthalpy of non-specific solvation from the experimen- 
tal A H z p  value. There are several approaches to 
estimating the enthalpy of non-specific solvation: the 
'pure base' method ( P B ) ~  or its m~dification,~ the 'non- 
hydrogen-bonding baseline' method (NHBB)' and the 
method based on the dependences of the solvation 
enthalpies of the compounds on their molecular refrac- 
ti~ities.~." These approaches differ in the method of 
finding the inert model compound (M) for which the 
solvation enthalpy (AH:[:) is equal to AH:~(~,m,v, .  


The derivatives of the H-bond donor molecules in 
which the active H-atoms are replaced by a methyl 
group (AMe) are usually taken as the model compounds 
in PB method. The discussion of this method has been 
presented in earlier p a p e r ~ . ~ # ~ * ~ - ~ O  It was noted that the 


AH/B AHAH/% solv. AH::g.solv. + AHsp.int. 
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non-specific solvation enthalpy of the H-bond acceptor 
molecule can differ from that for the methyl-substituted 
model c o m p ~ u n d . ' ~ ~  The AH$$ values obtained by the 
PB method were shown to be dependent on the choice 
of the inert ~olvent.~' It is reasonable to say that such a 
dependence is the result of the above-mentioned differ- 
ences between the non-specific solvation enthalpies of 
the AH and AMe molecules in the pure base and in the 
inert solvent. 


In accordance with the NHBB method, the possible 
discrepancies of modeling the solute non-specific 
solvation can be corrected by the correlation between 
the difference [,hHZv, -AH!,,] and the well known 
Taft-Kamlet n constants in a number of the non- 
hydrogen-bonding solvents (i.e. n-heptane, cyclohex- 
ane, carbon tetrachloride, a,a,a-trifluorotoluene and 
1,2-di~hloroethane).~~~'-'~ However, in some cases such 
correlations can be unsatisfactory.a Justifying the 
inertness of some chosen 'non-hydrogen-bonding' 
solvents such as a,a, a-trifluorotoluene and 1,2-dichlor- 
oethane is also a problem in the NHBB method. 


The method' is based on studying the correlations 
between solvation enthalpies of various compounds in 
carbon tetrachloride and the solute's molecular refrac- 
tivity (MR). This approach made it possible to classify 
the different solutes according to the type of their non- 
specific solvation. Thus, aromatic hydrocarbons and 
their halogen-substituted derivatives belong to the same 
group of solutes. Nitrile-, carbonyl-, nitro-, amino- and 
hydroxyl-substituted aromatic compounds form another 
group. Such a classification offers a means of determin- 
ing the enthalpies of non-specific solvation. To obtain 
the AHetw," , the correlations between solvation 
enthalpies AH'${: of various solutes Mi and their MRMi 


values are considered for the compounds Mi incapable 
of specific interaction with the solvent B. It is assumed 
that a hy othetical model compound M, with 


solvation as the H-bond donor under investi ation. To 
verify the validity of this method, the A%$$ values 
obtained were compared with the AH,,b, values 
measured from the IR spectra for 1:l complexes in 
carbon tetrachloride. Good agreement was found for a 
wide series of the acid-base pairs. 


A comparison of the last approach with the PB and 
NHBB methods was carried out in more detail 


It has been shown" that notwithstanding the 
significantly different assumptions used to separate the 
contribution of the non-specific solvation, the 
methods6-' give nearly the same results for many 
investigated systems. It should be also noted that all the 
above-mentioned approaches are not entirely universal. 
However, the method' is favoured by our group, as (i) 
it is free of the shortcomings of the PB and NHBB 
methods (see above) and (ii) its validity has been tested 
on a wider range of solute structures. Thus, only the 
calorimetric data obtained by this method' is considered 
below. 


MRMh = MR g, has the same enthalpy of non-specific 


Data processing 
We considered the weight center shifts Av and the 
enhancements of the integral absorption coefficients 


values correspond to the 
solutions of H-bond donors (AH) in pure bases (B) 
while v g  and a$& are determined for solutions of AH 
in carbon tetrachloride. 


We found about 100 systems for which both spectros- 


~ ~ 1 1 2 ,  me vAH. . .B  and aAH...B 


A 


2 


1 


0 
0 10 20 30 40 


- mAH/B 
np.int.* w m 0 l - l  


Figure 1. The correlation between AH"2 and Aa1I2 for all available data. The symbols correspond to the following H-bond donors 
(cf. Table 1): 0, chloroethylenes and chloroform; x ,  acetonitrile and nitromethane; 0, acetylenes; m, NH-donors; a, o,o'-di-tert- 
butylphenol; 0, phenol; A, carbon acids; A, n-alkanols; +, water. The straight line is drawn according to equation (10) for all the data 
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copic and calorimetric measurements had been per- 
formed. In addition to our data,"*& all available A v  and 
a M . . . B  values for the solutions of H-bond donors in pure 
bases were taken into  ons side ration."-^ All these 
systems are listed in Table 1 and plotted in Figures 1-5. 
Values determined independently in different studies are 


sen,33 the AH22 values were correlated with the hall2 
values by a linear regression model. A non-linear model 
was applied to the A H ~ Z - A V  values. Marquardt's 
method of minimizing the dispersion was used in the 
latter case. 


ekhalpy the latter value was considered as both the lines: 
dependent and independent variable. Following Iogan- -Aa1I2 = a AH$$ + b (10) 


Table 1. Spectroscopic and thermodynamic data for hydrogen bonding in pure bases' 


H-bond donor Baseb -AHEi2 Ref. Aa'I2 Av Ref. 


cis-Dichloroethy lene 


rmns-Dichloroeth y l e e  


Trichloroeth y lene 


chloroform' 


Acetonitrile 


Nitromethane 


Phen y lacety lene 


p-Bromopheny lacetylene 


Methyl propiolate 


o,o'-di-?err-butyl phenol 


Dioxane 
Acetone 
Acetonitrile 
DMF 
DMSO 
Dioxane 
Acetone 
Acetonitrile 
DMF 
DMSO 
Dioxane 
Acetone 
Acetonitrile 
THF 
Ethyl acetate 
DMF 
DMSO 
Acetone 
Dioxane 
THF 
Pyridine 
Benzene 
Acetonitrile 
Acetone 
DMSO 
Benzene 
Acetonitrile 
Acetone 
DMSO 
Dioxane 
Acetone 
DMF 
DMSO 
Dioxane 
Acetone 
DMSO 
Dioxane 
Acetone 
DMF 
DMSO 
Benzene 
Ethyl acetate 


3.0 
4- 1 
3.2 
4.7 
6- 1 
1-8 
2-4 
1 -6 
3.6 
4.7 
3.4 
3.2 
3.2 
4-2 
3.7 
4.8 
5.0 
4-4 
5.3 
5 *5 
5-6 
3.3 
1 *7 
2.9 
4.2 
4.6 
5 -4 
5 -9 
7.5 
5.0 
5.9 
7.6 
6.3 
6.7 
5.9 
8.0 
7.1 
7-6 


10.9 
12.2 
0.7 
5.2 


42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
55 
55 
55 
55 
46 
46 
46 
46 
44 
44 
44 
44 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
43 
43 


0.21 
0.18 
0.16 
0.32 
0.35 
0.21 
0.18 
0- 16 
0.29 
0.36 
0-29 
0.24 
0.25 
0.35 
0.26 
0.45 
0.3 1 
0.54 
0.48 
0.58 
0.74 
0.09 
0.22 
0.32 
0.53 
0.19 
0.30 
0.38 
0-67 
0.28 
0.33 
0.55 
0.69 
0.41 
0.48 
0.69 
0.58 
0-65 
0.82 
0.88 
0.05 
0.47 


6 
1 


-3 
15 
28 
10 
6 
1 


20 
35 
17 
12 
4 


25 
7 


33 
45 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
67 
57 
92 


122 
71 
59 


124 
88 
72 


126 
162 
12 
90 


42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
42 
56 
56 
56 
56 
46 
46 
46 
46 
44 
44 
44 
44 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
43 
43 


Continued 
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Table 1. Continued 


H-bond donor Baseb -AHAHIB .P.,t.  Ref. A.a'/2 A v  Ref. 


Benzoic acid 
Acetic acid 
N-methylaniline 
Pyrrole 


Methanol 


n-Butanol 


Water 


o,o'-di-tert-butyl phenol continued 
THF 
Dioxane 
Acetone 
Acetonitrile 
DMF 
DMSO 


Pyridine 
Acetone 
Ethyl acetate 
THF 
Benzene 
DMSO 
Dioxane 
DMSO 
DMSO 
Pyridine 
Acetonitrile 
Dioxane 
Pyridine 
DMF 
DMSO 
Acetonitrile 
Dioxane 
Acetone 
DMSO 
Nitrobenzene 
Acetonitrile 
Ethyl acetate 
Dioxane 
Acetone 
Octan-Zone 
Pyridine 
DMF 
DMSO 
TEP 
Benzylamine 
HMFTA 
Triethy lamine 
Isoprop y lamine 
Nitrobenzene 
Acetonitrile 
Dioxane 
Acetone 
Octan-2-one 
Py ridine 
DMSO 
TEP 
Benzylamine 
HMPTA 
Triethy lamine 
Isoprop ylamine 
THF 


Phenol Acetonitrile 


8.0 
9.2 
8.8 
8.4 


13.4 
17.6 
15.5 
29.7 
20.9 
18.4 
22.6 
4.6 


28.4 
19.2 
36.0 
33.5 
6.1 
7.1 
9.2 


13.4 
13.4 
16.3 
6.3 
9.2 


10.0 
15.9 
1.7 
7.1 
9.2 


10.9 
10.0 
13.0 
17.6 
15.1 
15.9 
14.4 
19.9 
20.2 
25.6 
25.2 
9.0 


18.0 
19.4 
20.6 
22.4 
28.0 
33-2 
27-0 
32.4 
30-4 
30.2 
35.4 
19.6 


43 
43 
43 
43 
43 
43 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 


56 
9 
9 
9 
9 
9 
9 


47 
9 
9 


47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 


0.80 
0.62 
0.53 
0.47 
1.36 
1.19 
1-60 
2.93 
1.89 
1.63 
1.92 
0.38 
2.68 
1.81 
3.37 
3.00 
1.11 
0.86 
1.13 
1 *78 
1.63 
1.85 
1.13 
1.28 
1.23 
1.86 
0.69 
0.98 
0.99 
1.22 
1.19 
1.24 
2.00 
1.52 
1.79 
1.56 
2.06 
1.99 
2.01 
1.83 


1.53 
1.61 
1.75 


2.87 
2.45 
2.09 
2.81 
2.36 
2.27 
2.45 
1.64 


- 


- 


170 
110 
100 
80 


270 
330 
210 
68 1 
260 
173 
320 
54 


553 
285 
967 
840 
1 24 
87 


142 
337 
229 
295 
109 
142 
128 
269 
55 


101 
93 


140 
130 
164 
31 1 
194 
267 
191 
404 
308 
382 
409 


74 
127 
172 
157 
164 
309 
25 8 
196 
414 
263 
365 
383 
- 


43 
43 
43 
43 
43 
43 
59,61 
61 
59,62 
62 
62 
59,60,63 
61 
59,63 
65 
65 
57 
58 
58 
58 
58 
58 
59,67 
59,67 
59,67 
59,67 
47 
47,66 
47 
47,66 
47,66 
47 
47,66 
47 
47/56 
47 
47 
47 
47 
47 
47 
47 
47,68 
47 
47 
47 
47 
47 
47 
47 
47 
47 
68 


' The AH:% values are in kJ mol-I, Aa'/' in 10' cm'/'mmol -'I2 and Av in cm-'. 


THF = tetrahydrofuran. 


groups. 


Abbreviations: DMF = dimethylformamide; DMSO = dimethyl sulfoxide; HMPTA = hexamethylphosphoric triamide; TEP = triethyl phosphate; 


The Aal" values for the C-D stretching band of chloroform-d are multiplied by (~nCD/mCH)IJ'= 1.37, where incx are the reduced masses of C-X 
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Table 2. Regression parameters for - Aa I/' data 


System Equation' a (cIb b (4' Nd rk SD' F' 


All points (10) 0.085 i 0.006 -0.080 i 0.085 93 0.910 0.25 919 
(1 1) 10.7 i 0-7 0.2 i 1.0 93 0.910 2.81 919 


Group A (10) 0.080 f 0.004 0.00 f 0.06 59 0.956 0.16 1201 
(11) 12.0 i 0.7 0.4 f 0.7 59 0.956 1 *94 1201 


Group B (10) 0.077 i 0.008 -0.44 f 0.14 34 0.928 0.18 399 
(11) 12.1 f 1.3 -4.2 i 2.2 34 0.928 2.26 399 


' Number of equation in text. 
The units of the coefficient (I of equation (10) are lo7 cmld -I: the coefficient c of equation (1 1) is in lo-' kJ cm-I. 


'The units of the coefficient b of equation (10) are lo4 cm mmol-': the coefficient d of equation (11) is in kJ mol-I. 
The total number of points included in the regression. 
Squared correlation coefficient. ' Standard deviation. 
Fisher F-statistic. 


and 


(1 1) 
using AH32 as both the independent and dependent 
variable. &e regression parameters obtained are given 
in Table 2. 


The parameters of equation (11) are close to those 
suggested by 10gansen~~ [equation (6 ) ] .  Hence, in 
general, equation (6) may be applied both to hydrogen 
bonding in the CCl, medium and to the solutions of H- 
bond donors in pure base media. Nevertheless, one can 
see from Figure 1 that the Aa1l2 values for strong H- 
bond donors such as N-H donors, alcohols, phenol and 
carbon acids are systematically larger than those pre- 
dicted by equation (6). Points corresponding to 
relatively weak H-bond donors (ethylenes, acetylenes, 
nitromethane, acetonitrile, and o,o'-di-tert-butyl- 
phenol) lie below the straight line of the dependence 


AHIB - A a 1 / 2  + d 
-AHsp.int.  - c 


according to equation (6). Hence it appears that the 
scattering of the points around the straight line in Figure 
1 is not completely occasional. We then used an 
artificial approach. All the studied H-bond donors were 
separated into two groups according to location of their 
points with reference to the line in Figure 1. We denote 
by A and B the groups of H-bond donors for which the 
points fall systematically below and above the straight 
line, respectively. As a result, group A includes all weak 
H-bond donors and water. The stronger H-bond donors 
(N-H donors, alcohols, phenol and carbon acids) 
appear in group B. The presence of water and the weak 
H-bond donors in the same group seems curious. No 
explanation of this fact has been found. 


Such a separation of the experimental data is shown 
in Figure 2 and 3 and the regression coefficients are 
presented in Table 2. 


The slopes of equations (11) and (6) for compounds 


Figure. 2. The correlation between A H z i ?  and Act'/' for C-H H-bond donors, o,o'-di-tert-butylphenol and water. Symbols as in 
Fig 1. The solid line corresponds to equation (10) for group A, and the dashed line corresponds to equation (6). 
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Figure 3. The correlation between AH$!,: and Aa"' for N-H H-bond donors, n-alkanols, phenol and carbon acids. Symbols are 
the same as in Fig. 1. The solid line corresponds to equation (10) for group B and the dashed line corresponds to equation (6). 


of group A are the same, and the intercept of equation 
(11) is negligible. It appears that equation (6) is appli- 
cable to weak H-bond donors and water (group A) even 
if the experimental data refer to pure base media. 


The data on group B show straight lines which are 
nearly parallel to those for group A, however there are 
systematic shifts (Figure 3). It is well established that 
the H-bond donors included in group B obey the 
'intensity rule' [equation (6)] when the measurements 
are performed in carbon t e t r a c h l ~ r i d e . ~ ~ . " ~ ~ ~  Thu s, the 
intercepts in equations (10) and (11) can be supposedly 
attributed to the change in the non-specific solvation of 
the AH...B complex on going from carbon tetrachloride 
to pure base surrounding. The intercept is negligible for 
the weak H-bond donors and essential for the stronger 
ones. The non-zero intercept in equation (11) indicates 
that the usage of equation (6) for N-H and O-H and 
strong H-bond donors in pure bases leads to the mean 
systematic error of 4.2 kJ mol -'. 


Correlation between AH:;; and A v  
It is well known that there are H-bond donors which do 
not show noticeable frequency shifts on H-bond forma- 
tion. The most extensively studied are the complexes of 
haloforms, for which even positive frequency shifts had 
been Also no weight center shifts of 
acetonitrile and nitromethane methyl stretchings were 
found, notwithstanding the si nificant enhancement of 
their integrated intensities.'." Thus, chloroform, 
acetonitrile and nitromethane were not taken into 
consideration below. 


Since the frequency shift characterizes only one 
hydrogen bond, the AH$: values were divided by 2 for 
the compounds having two H-bond donor groups 


(dichloroethylenes, water). The correlation between 
AH?? and A v  is shown in Figure 4. 


d e  form of the relationship between AH$$ and A v  
was taken as that of equation (5): 


(12) 


(13) 


The coefficients a, b, c and d were used as the adjust- 
able parameters. Their starting values were taken to be 
a = c = 720 cm-' and b = d = 75.24 kJmol-'. The 
regression parameters obtained for all the points are 
presented in Table 3. The solid line in Figure 4 corre- 
sponds to equation (12). The dashed line shows the 
known dependence determined from the data obtained 
in carbon tetra~hloride.~'-~~ The distance between the 
curves increases proportionally to A v  (and -AH$?) 
and reaches ca 15% of -AH$?. 


There is no separation of the data into A and B groups 
as was observed in the AH$2-Aa112 correlations (see 
above). However, the A v  values for water seem to be 
slightly larger than those predicted by equation (13). 
Therefore, the data for water were considered 
separately. 


The regression parameters obtained for water and for 
all the data except water are presented in Table 3. It 
should be kept in mind that by the -AH$: value in 
equations (12) and (13), half of this enthalpy 
( - A H z E p / 2 )  is meant for water. 


The dependence in equation (12) for water is shown 
in Figure 5 .  According to I o g a n ~ e n , ~ ~  the first coefficient 
in equation (7) (28.5k4.8 kJmol-') shows the 'proton 
transfer limit' of the H-bonds. It is of interest that this 
value for water is approximately half that for the other 
H-bond donors (59.9 f 5.3 kJmol-I). 


- A v  = a A H $ z / ( b  + AH$;) 


-AH$:: = d A v /  (Av + C )  
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Figure 4. Correlation between AH::$ and Av for all available data. Symbols as in Fig. 1. The solid curve corresponds to equation 
(12) for all the data and the dashed curve corresponds to equation (5). 


Table 3. Regression parameters for AH::$- Av data 


System Equation' a (clb b (dY Nd rk SD' Fg 


All points (12) 795 f 84 66.4 f 4.2 82 0.927 48 1023 
(13) 696 f 101 59.3 f 5.8 82 0.914 2-3 855 


All points minus water (12) 667 f 60 60.9 f 2,9 70 0.95 1 41 1328 
(13) 674f91 59.9 f 5.3 70 0.933 2.1 938 


Water (12) 481 f 317 39.7 f 16.3 12 0-796 52 40 
(13) 269 f 90 28.5 f 4 - 8  12 0.874 1 -4 70 


'd-g See footnotes to Table 2. 
The units of the coefficient a of equation (12) and c of equation (13) are cm-'. 
' The units of the coefficient b of equation (12) and d of equation (13) are kJ mol-' 


du. om-1 


Figure 5. Correlation between AHH;.$,B/2 and Av. The solid curve corresponds to equation (12) for water and the dashed curve 
corresponds to equation (5). 
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In previous work47 we compared the values of 
specific interaction enthalpies of n-alkanols (ROH) and 
water in a number of ure bases. It was found that the 


base. On going to stronger bases, both AHPs:pand 
AH:;,:? increase, but the values show satura- 
tion in strong H-bond acceptor solvents.47 Thus, the 
above ratio decreases to ca 1.5 when strong bases such 
as pyridine or dimethyl sulfoxide are used. A decrease 
in the ‘proton transfer limit’ for water in comparison 
with other H-bond donors is likely to reflect this ten- 
dency for a decrease in the AHy;,T:IAH$:!B ratio 
observed previously.47 


ratio (AH~;,~{,B/AH,p,i,t. R O H E  ) is ‘ close to 2 when B is a weak 


CONCLUSIONS 


The empirical relationships (10)- (13) were obtained 
from the analysis of the available infrared and calorime- 
tric data in pure base media. Such relationships enable 
one to estimate the AH::;:, values of liquid or amor- 
phous solid pure bases by simple measurements of the 
band integral intensities or the weight centers. The 
dependence of AH::: on Aa”’ is made up of two 
straight lines (Figures 2 and 3). Hence, the preliminary 
assignment of an H-bond donor to group A or B is 
desirable for evaluating its specific interaction enthalpy. 
However, if such an assignment is questionable, the less 
accurate equation (1 1) for all the points can be used. 


Most of the Av-AHsh: data can be described by a 
single dependence. This confirms the applicability of the 
same correlation to H-bonds formed by 0-H, C-H 
and N-H groups. However, there are some exceptions 
to this rule (chloroform, acetonitrile, nitromethane and 
water). Generally, it is difficult to predict whether a 
certain H-bond donor should be assigned to one of the 
exceptions or whether its AH$;: value can be estimated 
by using equation (13). Nevertheless, it seems likely 
that phenols, alcohols, carbon acids, acetylenes and 
ethylenes (i.e. the classes of H-bond donors for which 
representatives were considered in the regression (13) 
for all the data except water) should obey this rule. 


The accuracy of the evaluation of the AH::$ values 
via equations (10)-(13) can be estimated from the 
standard deviations (SD) of the correlations. Table 4 
shows the accuracy (at the 95% confidence level) of 
such evaluations. It seems reasonable to compare these 
values with the corresponding values for other methods. 
Thus, the approach proposed by Raevsky et al.‘, per- 
mits the determination of for a 1:l complex in 
carbon tetrachloride via the empirical parameters of the 
solutes (acidity and basicity). The standard deviation of 
this method (SD = 2.7 kJmol-’) falls in the range of 
our SD values (see Tables 2 and 3). At the same time, 
the accuracy attainable in calorimetric and infrared’.’ 
measurements of is 1.5-3.0 times higher than 
the mean values presented in Table 4. 


Application of the spectral -thermodynamic correla- 


Table 4. Standard deviations of the correlations 


Independent Standard deviation 
parameter Equation (kl mol-’) 


Intensity a (11) 5.9 


Intensity‘ (11)  4.7 
Weight centera (13) 4.4 
Weight centerd (13) 3.0 


‘ All the experimental data. 
Group A. 
‘ Group B. 


Only water considered. 


Intensity (11) 4.1 


tions (10)-(13) seems to be useful as an alternative 


the determination of AH$b”i/.:: values (the latter may be 
close to AHeF”’B measured in CCl, if a = 1). Moreover, 
series of systems can be mentioned (e.g. solutions of 
low-molecular-weight H-bond donors in amorphous 
polymers; competitive equilibria of inter- and 
intramolecular H-bond~;~’ H-bonding in the melts of 
bases; AH...B bonding in the medium of a weaker base) 
for which the spectral-thermodynamic correlations 
offer several advantages over the other methods. 


method to the currently accepted appro ache^'*'*^-'^ to 


REFERENCES 
1. G. C. Pimentel and A. L. McClellan, The Hydrogen Bond. 


Freeman, San Francisco (1960). 
2. M. D. Joesten and L. J. Schaad, Hydrogen Bonding, pp. 


293-553. Marcel Dekker, New York (1974). 
3. M. V. Garcia, G. Pinto, M. I. Redondo and J. Morcillo, 


An. Quim. AIR. SOC. ESP. Quim. 84,293-299 (1988). 
4. C. M. Huggins and G. C. Pimentel, J .  Chem. Phys. 23, 


5. L. J.  Bogunovic, M. D. Dragojevic, S. V. Ribnikar and U. 
B. Mioc, J .  Mol. Struct. 175,271-275 (1988). 


6. E. M. Amett, L. Joris, E. J. Mitchell, T. S. S. R. Murthy, 
T. M. Gorrie and P. v. R. Schleyer, J .  Am. Chem. SOC. 92, 


7. J. Catalan, J. Gomes, A. Couto and J. Laynez, J.  Am. 


8. W. K. Stephenson and R. Fuchs, Can. J .  Chem. 63, 


9. B. N. Solomonov, A. I. Konovalov, V. B. Novikov, V. V. 
Gorbachuk and S .  A. Neklyudov, Zh. Obsch. Khim. 55, 


10. B. N. Solomonov and A. I. Konovalov, Usp. Khim. 60, 


11 .  M. H. Abraham, P. L. Grellier, D. V. Prior, J. J. Moms 
and P. J. Taylor, J .  Chem. SOC., Perkin Trans. 2 699-708 


896-898 (1955). 


2365-2377 (1970). 


Chem. SOC. 112, 1678-1681 (1990). 


342-348 (1985). 


1889-1906 (1985). 


45-68 (1991). 


(1989). 


(1993). 


Faraday Trans. 89,4279-4282 (1993). 


12. M. H. Abraham, Pure Appl. Chem. 65, 2503-2512 


13. S. Mishima, I. Matsuzaki and T. Nakajima, J .  Chem. Soc., 







HYDROGEN BONDING I N  PURE BASE MEDIA 25 1 


14. 0. A. Raevsky, V. Yu. Grigor’ev, D. B. Kireev and N. S. 
Zefirov, Quunt. Struct.-Act. Relut. 11,49-63 (1992). 


15. R. M. Badger and S. H. Bauer, J. Chem. Phys. 5, 


16. M. D. Joesten and R. S. Drago, J. Am. Chem. SOC. &I, 


17. T. D. Epley and R. S. Drago, J. Am. Chem. SOC. 89, 


18. T. D. Epley and R. S. Drago, J. Am. Chem. SOC. 91, 


19. R. S. Drago, N. O’Bryan and G. C. Vogel, J .  Am. Chem. 


20. S .  Singh, A. S. N. Murthy and C. N. R. Rao. Trans. 


21. A. S .  N. Murthy and C. N. R. Rao, Appl. Spectrosc. Reve. 


22. A. D. Sherry and K. F. Purcell, J. Phys. Chem. 74, 


23. A. D. Sherry and K. F. Purcell, J. Am. Chem. SOC. 94, 


24. Th. Zeegers-Huyskens, Bull. SOC. Chim. Belg. 86, 


25. R. Thijs and Th. Zeegers-Huyskens, Spectrochim. Acru, 


26. H. Kleeberg, 0. Kocak and W. A. P. Luck, J .  S o h .  


27. H. Kleeberg, W. A. P. Luck and H.-Y. Zheng, Fluid 


28. I. S .  Perelygin, Zh. Prikl. Spektrosk. 24,718-721 (1977). 
29. I. S. Perelygin, Zh. Vses. Khim. Obsch. 29, 504-509 


30. H. Ratajczak and W. J. Orville-Thomas, J .  Chem. Phys. 


31. C. N. R. Rao, P. C. Dwivedi, H. Ratajczak and W. J. 
Orville-Thomas, J. Chem. Soc., Furuduy Trans. 2 


32. H. Ratajczak, W. J. Orville-Thomas and C. N. R. Rao, 
Chem. Phys. 17,197-216 (1976). 


33. A. V. Iogansen, in Vodorodnuya Svyuz (The Hydrogen 
Bond), edited by N. D. Sokolov, pp. 112-155. Nauka, 
Moscow (1980). 


34. A. Allerhand and P. v. R. Schleyer, J. Am. Chem. SOC. 85, 


35. A. V. Iogansen, Dokl. Akud. Nuuk SSSR 297, 1151-1 155 


36. E. D. Becker, Spectrochim. Actu 17,436-442 (1961). 
37. H. H. Perkampus and F. M. A. Kerin, Spectrochim. Actu, 


Part A 24,207 1-2079 ( 1968). 
38. A. V. Iogansen, Dokl. Akad. Nuuk SSSR 164, 610-613 


(1965). 
39. G. S. Denisov, M. I. Sheikh-Zade and M. V. Eskina, Zh. 


Prikl. Spektrosk. 27, 1049-1054 (1977). 
40. E. V. Titov, V. I. Shurpach and G. A. Belkina, J. Mol. 


Struct. 175, 307-312 (1988). 
41. E. S. Shubina, A. N. Krylov, A. Z. Kreindlin, M. I. 


Rybinskaya and L. M. Epstein, J. Mol. Struct. 301, 1-14 
(1993). 


42. M. D. Borisover, A. A. Stolov, S. V. Izosimova, F. D. 
Baitalov, V. A. Breus and B. N. Solomonov, Zh. Fiz. 
Khim. 65,534-599 (1991). 


839-851 (1937). 


3817-3820 (1962). 


5770-5773 (1967). 


2883-2886 (1969). 


SOC. 92,3924-3928 (1970). 


Furuduy SOC. 62, 1056-1066 (1966). 


2,69-191 (1968). 


3535-3543 (1970). 


1853-1857 (1972). 


823-832 (1977). 


PurtA 40,307-313 (1984). 


Chem. 11,611-624 (1982). 


Phase Equilibriu 20, 119- 130 (1985). 


(1984). 


58,911-919 (1973). 


955-966 (1975). 


371-380 (1963). 


(1987). 


43. M. D. Borisover, A. A. Stolov, V. Yu. Kudryavtsev and B. 
N. Solomonov, Zh. Fiz. Khim. 65, 312-315 (1991). 


44. A. A. Stolov, M. D. Borisover, B. N. Solomonov, D. I. 
Kamalova, S. V. Izosimova and I. S. Pominov, Zh. Fiz. 
Khim. 66,620-625 (1992). 


45. A. A. Stolov, S. V. Izosimova, S. A. Neklyudov, V. A. 
Breus and B. N. Solomonov, Zh. Fir. Khim. 67, 


46. A. A. Stolov, D. I. Kamalova, A. B. Remizov, M. D. 
Borisover and B. N. Solomonov, Spectrochim. Actu, Part 


47. M. D. Borisover, A. A. Stolov, A. R. Cherkasov, S. V. 
Izosimova and B. N. Solomonov, Zh. Fiz. Khim. 68, 


48. J. N. Spencer, J. E. Gleim, C. H. Blevins, R. C. Garrett 


49. W. C. Duer and G. L. Bertrand, J. Am. Chem. SOC. 92, 


50. M. D. Borisover, B. N. Solomonov, V. A. Breus, V. V. 
Gorbachuk and A. I. Konovalov, Zh. Obshch. Khim. 58, 


51. W. K. Stephenson and R. Fuchs, Can. J. Chem. 63, 


52. W. K. Stephenson and R. Fuchs, Can. J. Chem. 63, 


53. W. K. Stephenson and R. Fuchs, Can. J .  Chem. 63, 


54. W. K. Stephenson and R. Fuchs, Can. J. Chem. 63, 


55.  S .  A. Neklyudov, Dissertation, Kazan (1984). 
56. H. Kleeberg, C. Eisenberg and T. Zinn, J .  Mol. Struct. 


57. A. V. Iogansen, G. A. Kurkchi and B. V. Rassadin, Zh. 


58. A. V. Iogansen, G. A. Kurkchi and V. M. Funnan, Zh. 


59. A. R. H. Cole, L. H. Little and A. J. Michell, Spectrochim. 


60. K. Szczepaniak and A. Tramer, J. Phys. Chem. 71, 


61. B. V. Rassadin and A. V. Iogansen, Zh. Prikl. Spektrosk. 


62. B. V. Rassadin and A. V. Iogansen, Zh. Prikl. Spektrosk. 


63. A. V. Iogansen and B. V. Rassadin, Zh. Prikl. Spektrosk. 


64. V. A. Breus, F. T. Khafizov, M. D. Borisover, B. N. 
Solomonov and A. I. Konovalov, Zh. Obshch. Khim. 60, 


65. S .  E. Odinokov, A. V. Iogansen and A. K. Dzizenko, Zh. 


66. A. V. Iogansen, B. V. Rassadin and N. P. Sorokina, Zh. 


67. L. England-Kretzer, M. Fritzsche and W. A. P. Luck, J.  


68. S. 0. Paul and T. A. Ford, J. Mol. Struct. 198, 65-75 


69. I. F. Tsymbal, E. V. Ryl’tsev, I. E. Boldeskul and B. G. 


2345-2347 (1993). 


A 50, 145-150 (1994). 


56-62 (1994). 


and F. J. Mayer, J. Phys. Chem. 83, 1249-1255 (1979). 


2587-2588 (1970). 


249-261 (1988). 


2535-2539 (1985). 


336-341 (1985). 


2529-2534 (1985). 


2540-2544 (1985). 


240, 175-186 (1990). 


Prikl. Spektrosk. 11,1054- 1061 (1969). 


Prikl. Spektrosk. 21, 1036-1041 (1974). 


ActU 21, 1169-1182 (1965). 


3035-3039 (1967). 


10,290-297 (1969). 


6, 801-805 (1967). 


6,492-500 (1967). 


1147- 1151 (1990). 


Prikl. Spektrosk. 14,418-424 (1971). 


Prikl. Spektrosk. 32, 1089- 1092 (1980). 


Mol. Srruct. 175,277-282 (1988). 


(1989). 


Lisak, Khim. Fiz. 12,988-991 (1993). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY. VOL. 9,471 -486 (1996) 


COMPETING ELECTRON TRANSFER, PROTON ABSTRACTION AND 
NUCLEOPHILIC SUBSTITUTIONS IN GAS-PHASE REACTIONS OF 


(RADICAL) ANIONS WITH CHLORO- AND BROMOMETHANES 


P. 0. STANEKE, G. GROOTHUIS, S. INGEMANN AND N. M. M. NIBBERING* 
Institute of Mass Spectrometry, University of Amsterdam, Nieuwe Achtergracht 129,1018 WS Amsterdam, The Netherlands 


The product ion distributions and rates of the gas-phase reactions of two series of (radical) anions with chloro- 
and bromomethanes (CH,CI, CH,CI,, CHC13, CCI,, CH,Br, CHzBr2, CHBr, and CBr,) were determined with 
the use of Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. The first series consists of 
anions (HO-, CH30-, C,H,O-, C,H,O- and CH S-), for which the corresponding neutral radicals have a 
relatively high electron affinity (EA >150 Wmol- ). The second series consists of (radical) anions (CH2S-', 
CH,-CHCH,-, CH,--C(CH,)CH,-, CJ3,-' and C,H,-), for which the corresponding neutral species have a 
relatively low electron affinity (EA s 100 kJmol-I). These (radical) anions react mainly with the halomethanes 
to afford (i) halide ions, (ii) halomethyl anions with the same number of halogen atoms as in the parent 
halomethane and (iii) halomethyl anions with one halogen atom less than the parent substrate. The last process 
involves nucleophilic attack on a halogen atom and is particularly important in the reactions with substrates 
containing three or  four halogen atoms. The halide ions may arise by a number of different pathways, such as 
SN2 substitution, a-elimination, halogen attack followed by dissociation of the thus formed halomethyl anion 
and overall dissociative electron transfer. The SN2 process is held responsible for the formation of halide ions in 
the reactions with monohalomethanes, whereas a-elimination is likely to be of importance only for the reactions 
with trichloro- and tribromomethanes. Attack on a halogen atom followed by dissociation of the ion generated 
initially is likely to be important if CCI, or CBr, is the substrate. Electron transfer is only a dominant pathway 
in the reactions of the CH,S-' ion with the halomethanes. The occurrence of electron transfer in the reactions of 
this ion with CHCI,, CCl, and CHBr, is evidenced by the formation of minor amounts of stable halomethane 
radical anions in addition to the generation of CH,SCI- or CH2SBr- ions and abundant halide ions. The 
interplay between the various possible reactions is discussed on the basis of thermodynamic considerations and 
the rates of the overall processes. 


i' 


INTRODUCTION 
The transfer of a single electron has become recognized 
as a central step in many organic reactions described 
commonly as two electron centered processes. ' In 
particular, the role of single electron transfer (SET) in 
organic processes has been studied extensively since the 
pioneering work of Komblum, Russell and Bunnett 
concerning nucleophilic aromatic substitutions proceed- 
ing by a pathway which is now known as the 


The experimental results of a large 
number of studies concerned with electron transfer 
reactions in organic systems provide evidence that SET 
can merge and compete with processes such as the &2 
substitution in the reactions of anions (A-) or radical 
anions with haloalkanes (RX).'.'-'* The electron 
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transfer process leads initially to a molecular radical 
anion of the haloalkane as indicated in equation (1). For 
most haloalkanes, the molecular radical anion is not 
observed as a stable species and dissociation into an 
alkyl radical and a halide ion is normally considered to 
occur concomitantly with or essentially synchronous 
with electron transfer. 


A- + R-X- [A R-X -'I* - A  + R' + X - (1) 
In the condensed phase, the products corresponding 


to the overall substitution process arise mostly by 
subsequent bond formation between the A- ion and the 
R' radical followed by oxidation to a neutral species or 
by coupling between the R' and A' radicals. In the well 
known SN2 reaction, the product of substitution, RA, 
arises directly by nucleophilic attack from the backside 
of the carbon-halogen bond leading to cleavage of this 
bond with the formation of a halide ion and inversion of 
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the configuration of the carbon atom: I9,'O 


From a theoretical point of view, these two processes 
have been related to each other on the basis of a 
configuration mixing model, which describes the 
pathwa s as involving a so-called single electron 
shift.loX -24 Within the terminology of the Marcus 
theory for electron transfer reactions," electron transfer 
to form a radical anion of the substrate which is stable 
within the time-scale of a given experiment has been 
referred to as an outer-sphere process, whereas electron 
transfer occurring concomitantly with bond formation 
and bond cleava e has been described as an inner- 


has often been applied in the analysis of kinetic data 
with the purpose of determining whether a given chemi- 
cal system reacts by a SET process or an sN2 
substitution.'.''.'3-'8 This distinction has been accom- 
plished also on the basis of the detection of products of 
radical processes such as cyclization of an R' radical 
containing a remote double bond. 18*27 In addition, the 
degree of inversion of configuration in reactions with 
stereochemically pure substrates has been utilized as a 
measure of the extent to which SN2 substitution com- 
petes with a SET process, since the latter is expected to 
lead to a racemic mixture of the final products. 'J'.'~ 


Almost all of the studies concerned with the inter- 
play between SET and sN2 processes have been 
focused on reactions occurring in the condensed phase. 
Under these conditions, the competition between the 
different processes can be influenced by solvation 
phenomena and thus only limited insight may be 
obtained into the molecular properties which determine 
the extent to which SET occurs for a given chemical 
system. Obviously, the effects of solvation can be 
avoided by performing ion -molecule reactions in the 
gas phase as has been documented extensively in the 
last few decades for a variety of organic and inorganic 
s y ~ t e m s . ~ ~ - ~ ~  However, only a limited number of these 
studies have addressed the extent to which SET com- 
petes with polar processes in typical organic 
ion-molecule reactions in the gas phase. Pertinent 
examples of gas-phase studies involving positive ions 
include the nitration of aromatic s p e ~ i e s , ~ ' * ~ ~  acylation 
of heteroaromatic compounds with acylium 
and the competition between E2, sN2 and SET in the 
reactions of the methyldiethyloxonium ion with 
amine~. ,~  With respect to reactions of negative ions, 
the interplay between electron transfer and substitution 
processes has been discussed for the reactions of a 
limited number of (radical) anions with some 
halomethanes. In particular, electron transfer has been 
observed from the Oz-. ion to halomethanes such as 
CF,CI, and CFC1,,36-38 and also from the radical 


sphere process.15* B Experimentally, the Marcus theory 


anions of substituted nitrobenzenes and azulene to the 
halomethanes CHCI,, CCI,, CH,Br,, CHJ, CF,CI,, 
CFCI,, CF,Br, and CCI,BI-.,~ Furthermore, the azo- 
benzene radical anion is reported to react only with the 
chloro- and bromomethanes with more than a single 
halogen atom in the gas phase if dissociative electron 
transfer with formation of free halide ions is exoer- 
gic.@ Recently, we observed that the thioformaldehyde 
radical anion, CH,S-', reacts with CXCI, (X=H,  F 
and Cl) halomethanes to afford minor amounts of 
stable radical anions of these species4' In addition, we 
have reported that the CH,S-' ion reacts efficiently by 
electron transfer with various completely halogen- 
substituted fluorochloro- and fluorobromomethanes in 
the gas phase and also with some esters of 
trifluoroacetic a ~ i d . ~ , . ~ ,  


The radical anions of azobenzene and substituted 
nitrobenzenes are relatively large species with delocal- 
ized charge and radical centers. For such radical anions, 
the SN2 pathway may be associated with a substantial 
kinetic barrier causing these species to react with 
halomethanes preferentially by the SET pathway. 
Likewise, the thioformaldehyde radical anion is a weak 
nucleophile in the gas phase and reacts mostly, if not 
exclusively, as an electron d ~ n o r . ~ ' - ~ ,  However, a 
systematic study concerned with the interplay between 
SET and nucleophilic processes in the gas-phase reac- 
tions of various anions and radical anions with 
halomethanes has not been performed. To this end, we 
decided to react a variety of (radical) anions with the 
complete series of chloro- and bromomethanes in the 
gas phase. 


A disadvantage of studying reactions of (radical) 
anions with halomethanes in the gas phase is that only 
halide ions may be detected, irrespective of whether the 
reaction proceeds by the SET or, for example, the S,2 
pathway. However, under normal operating conditions 
only overall thermoneutral or exoergic processes are 
observed with the most common mass spectrometric 
instrumentation applied for studies of ion-molecule 
reactions in the gas phase. Thermodynamic considera- 
tions of the overall reactions may thus allow the 
formation of halide ions to be assigned, for example, to 
an SN2 process if dissociative electron transfer is endo- 
ergic. Of course, both processes can be thermoneutral or 
exoergic for ion-molecule systems, indicating that 
thermodynamic considerations do not necessarily permit 
this distinction to be achieved. In these situations, a 
possible approach involves the determination of the 
rates of the overall reactions. As indicated by a number 
of studies, a SET reaction may be a relatively fast 
process in the gas phase even if only slightly exoergic,M 
whereas, for example, an SN2 substitution is often a 
slow process notwithstanding that the overall process is 
strongly e x o e r g i ~ . ~ ~ - , ~  In order to examine whether this 
conjecture applies to the interplay between SET and 
nucleophilic substitutions in the reactions of (radical) 
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anions with halomethanes, we decided to determine the 
rates and the product ion distributions of the reactions of 
two series of ions with the various chloro- and bro- 
momethanes. The first series consists of anions (HO-, 
CH,O-, C,H,O-, C,H,O- and CH,S-) for which the 
corresponding neutral species have a relatively high 
electron affinity (EA> 150 kJm~l - ' ) .~ '  SET for these 
ions is expected to be prohibited by the endoergicity of 
this process, whereas S,2 substitution is estimated to be 
exoergic. The second series consists of (radical) anions 
(CH,S-', CH,CHCH,-, CH,C(CH,)CH,-, C6H4-' and 
C6H, -) for which the corresponding neutral species 
have a relatively low electron affinity 
(EA < 100 k J m ~ l - ' ) . ~ '  For these ions, both pathways 
are expected to be thermodynamically feasible for most 
of the chloro- and bromomethanes included in the 
present study. 


EXPERIMENTAL 
The experiments were performed with use of a Fourier 
transform ion cyclotron resonance (F~- ICR)~ '  instru- 
ment designed and constructed at the University of 
Amsterdam.,' The experimental procedure for studying 
ion-molecule reactions with this instrument has been 
described in previous papers from our g r ~ u p . ~ , . , ~  The 
primary negative ions 0-' ,  NH,- and HO- were gener- 
ated by dissociative electron attachment to N,O 
(electron energy 1.2-1.5 eV), NH, (5 eV) and H,O 
(6 eV; electron capture leads to H-  ions which react 
with H,O to afford HO-), respectively. The radical 
anion of 1,2-dehydrobenzene, C,H,-', and the thiofor- 
maldehyde radical anion, CH,S-', were generated by a 
formal 1,2-H, +' abstraction in the reactions of 0 -' with 


and methanethiol,,, respectively. The 
CH,=CHCH,- and CH,=C(CH,)CH,- ions were 
generated by first forming HO- in the reactions of the 
0-' ion with propene and 2-methylpropene, respect- 
ively, and then allowing the HO- ions to abstract a 
proton from one of the alkenes. The CH,S- ions were 
generated by proton transfer from the methanethiol to 
0-' or HO-, whereas C,H,- was formed by proton 
abstraction from benzene by the NH,- ion. The RO- 
ions (R = CH,, CH,CH, and CH,CH,CH,) were gener- 
ated by proton abstraction from the corresponding 
alcohols with the use of HO- as the Bransted base. The 
ions of interest were reacted selectively with a given 
halomethane by ejecting all other ions from the FT-ICR 
cell as described in detail e l ~ e w h e r e . ~ ~ . ~ ~  Abundant 
halide ions were formed by dissociative capture of low 
energy electrons to the halomethanes containing three or 
four halogen atoms. The occurrence of this process 
during the period in which a given ion was allowed to 
react with a halomethane was suppressed by ejecting the 
low energy electrons from the FT-ICR cell as described 
previously.6o A complete inhibition of the capture of 
low-energy electrons was achieved in most instances 


with the exception of some of the experiments with 
CH,Br,, CHBr, and CBr,. For these substrates, ejection 
of the primary reactant ion followed by a time-delay of 
1-2 s proved that dissociative capture of residual 
electrons trapped in the FT-ICR cell may have contrib- 
uted to the formation of 10-20% of the Br- ions 
generated under normal operating conditions. 


In the experiments concerned with the reactions of the 
0-' ion with the halomethanes, the pressure of N20 was 
3 x lo-, Pa, whereas a given halomethane was present 
at an indicated pressure of 3 x 10-,-4 x Pa. A low 
partial pressure of N,O was chosen in order to minimize 
the occurrence of the reaction of the 0-' ion with 
nitrous oxide, which yields NO- ions.6'*62 With nitrous 
oxide present at a low partial pressure, NO- ions were 
not observed, indicating that the reaction with N,O 
could not compete with the reaction of 0-' with a 
halomethane under the chosen experimental conditions. 
The details of the reactions of the 0-' ion with various 
halomethanes are given elsewhere.,, 


In most of the experiments, the total pressure was 
normally around Pa and the ratio between the 
partial pressures of the precursor of the primary negative 
ions, the parent compound of the reactant ion of interest 
and the halomethane was approximately 1 : 1 : 1. The 
pressures were measured with an uncalibrated ionization 
gauge placed in a side-arm of the main pumping line 
(see Results). The temperature of the trapping plate 
situated opposite the filament side was measured to be 
330 K. The inlet systems, the leak valves and the 
vacuum vessel of the instrument were at room 
temperature. 


Materials. All the chemicals used were commercially 
available and used without further purification, with the 
exception of tribromomethane, which was purified by 
distillation. 


RESULTS 


Reactions with chloromethanes 
The product ions formed in the reactions of the RO- 
(R=H, CH,, C,H, and CH,CH,CH,) and CH,S- ions 
with the chloromethanes are given in Table 1, which 
lists the initial normalized abundances of the product 
ions as obtained by following the abundances as a 
function of time and subsequently extrapolating to zero 
reaction time as described previously.62 In addition, 
Table 1 lists the normalized abundances of the product 
ions present in the cell after 90% of the selected anions 
have reacted with a given substrate. 


The ions given in Table 1 react with CH,CI to form 
only C1- ions, in agreement with a number of other 
s t ~ d i e s . ~ , - ~ ~  With CH,CI, and CHCI, as the substrates, 
the dominant reaction is proton transfer with formation 
of CHC1,- and CCI,- ions, respectively. With CCI, as 
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Table 1. Normalized abundances of the product ions formed in the reactions of the RO- and CH,S- ions with chloromethanes" 


HO- 


Product 
Compound ion 


Initial At 90% 
conversion 


CH,CI c1- 
CH,CI, CI- 


CHC1,- 
CHCI, CI- 


CCI; 
CCI, CI - 


CCl, - 
oc1- 


100 100 


5 
100 95 


100 100 


40 
40 
20 


CH,O- C*H@ 


Initial At 90% Initial At 90% 
conversion conversion 


100 100 100 100 


10 10 5 10 
90 90 95 90 


100 100 100 100 


5 10 
100 100 95 90 


C,H,O- CH,S- 


Initial At 90% 
conversion 


100 100 


5 15 
95 85 


100 100 


10 20 
90 80 


Initial At 90% 
conversion 


100 100 


No reaction 


15 
100 85 
35 45 
65 55 


"The initial product ion abundances are determined by following them as a function of reaction time and subsequently extrapolating to zero time. The 
values at 90% conversion represent the normalized abundances of  the product ions present in the IT-ICR cell after 90% of  the RO- or CH,S- ions 
have reacted with a given substrate; see also text. 


the substrate, a more diverse chemistry is observed. For 
example, the HO- ion reacts with CC1, to afford not 
only C1- but also CCI,- and C10- ions as indicated in 
equations (3) - (3 ,  which also show the elemental 
compositions of the expected neutral products (see also 
Discussion). 


C1- + CC130H (3) 
C10- + CHC1, (4) f CCl; + HOCl (5 )  


HO- + CCI, 


In the reaction of CH,O- with CCI,, only CC1,- ions 
are generated. Similarly, the CH,CH,O - and 
CH,CH,CH,O- ions react with CCI, to afford mainly 
CCI,-, whereas significant amounts of CI- are gener- 
ated in addition to the CC1,- species if CH,S- is the 
reactant ion (see Table 1). 


In several of these systems, the time dependence of 
the abundance of the C1- ions indicates that secondary 
reactions either contribute to the formation of these 
ions or are the only source of the C1- ions present after 
90% of the reactant ions have reacted to afford pro- 
ducts. For example, the slight increase in the relative 
abundance of CI- ions in the experiments with CH,Cl, 
(Table 1) may be a result of a reaction between the 
CHC1,- ion and the parent chloromethane as shown in 
equation (6). 


(6) 
The C1- ions may also be generated in secondary 
reactions of the CHCl; ion with the neutral alcohol of 
the RO- ions as illustrated in equation (7). In this 
equation, initial proton transfer to CHC1,- from the 
ROH species is indicated to lead to a complex of a RO- 
ion and a CH,CI, molecule, which can react subse- 
quently to afford C1- ions. A similar reactivity pattern 


CHC1,- + CH,Cl,+C,H,CI, + C1- 


has been observed in a number of other gas-phase 
ion-molecule systems as discussed in detail in reports 
published previously.6s*66 


CHCI,- + R O H b  [CHCI,- + ROH]" 


~[CH,CI,+RO-]"-ROCH,Cl +C1- (7) 
The ions listed in Table 2 display only to some extent 


a similar reactivity pattern to that observed for the 
reactions of the HO-, RO- and CH,S- ions with the 
chloromethanes. As expected, the two allylic anions, 
CH,=CHCH,- and CH,-C(CH,)CH,-, react with 
C H Q  to form only C1- ions (Table 2). Similarly, the 
phenyl anion and the o-benzyne radical anion react with 
CH,CI to afford C1- ions, whereas the thioformaldehyde 
radical anion shows no reactivity towards this substrate. 
The CH,S-' ion is also unreactive towards CH,CI,, 
whereas proton transfer with formation of CHCI,- 
occurs readily in the reactions of the other ions in Table 
2 with CH,CI,. 


A distinct reactivity pattern is observed for the 
reactions with CHCI,. For example, the two allylic 
anions and the phenyl anion react to form C1-, CCI,- 
and CHC1,- ions as shown in equations (8)-(10) for 
CH,=CHCH,-. Subsequently, the CHCI,-- product 
ions react with CHCI, by proton transfer, in agreement 
with the fact that CHCI, is more acidic than CH,Cl, in 
the gas phase. 


CI- + C4H6CI2 (8) 


eel; + C3H6 (9) 
CHCI; + C3H5CI 


(10) 
Interestingly, the o-benzyne radical anion reacts with 


CHCI, to generate minor amounts of C6H,CI- ions 


€ CHZ = CH - CH; + HCCI, 
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Table 2. Normalized abundances of the product ions formed in the reactions of selected (radical) anions with chloromethanes" 


CH,CHCH, - CH,C(CH,)CH,- CH,S-' C,H,-' C,HS - 


Product Initial At 90% Initial At 90% Initial At 90% Initial At 90% Initial At 90% 
Compound ion conversion conversion conversion conversion conversion 


CH,CI CI - 100 100 
CH2CI, C1- 20 20 


CHC1,- 80 80 
CHCI, C1- 25 30 


cc1,- 45 50 


Other 
CHCI, 30 20 


cc1,- 20 20 
CCI, CI - 80 80 


Other 


100 100 


10 20 
90 80 


10 10 
55 60 
35 30 


50 50 
50 50 


No reaction 100 100 100 100 
No reaction 30 25 


70 75 100 100 
70 65 30 30 40 35 


60 60 35 55 
5 5 25 10 


30' 35' 5d 5d 


90 90 75 75 60 60 
25 25 40 40 


10' 10f 


"The initial product ion abundances are determined by following them as a function of reaction time and subsequently extrapolating to zero time. The 
values at 90% conversion represent the normalized abundances of the product ions present in the FT-ICR cell after 90% of a given (radical) anion has 
reacted with the substrate; see also text. 
bThe residual 30% corresponds to 10% CHC1;' and 20% CH,SCI-. 
'The remaining 35% consists of 30% CHC1,- and 5% CH,SHCI-. 
'CC,H4CI- ions are formed; see text. 
'The 10% consists of 8% CH,SCI- and 2% CC14-'. 
'The 10% corresponds to 9% CH,SHCI- and 1 % CC1,- ions. 


[equation (1 l)] and CHCI, - ions, as indicated in Figure 
1, which shows the time evolution of the relative 
abundance of the different product ions and the reactant 
ion. 


C,jH4-'+HCCI,dC,H4Cl- +HCCI,' (11) 


The CH,S -. ion reacts uniquely with CHCI, to yield CI - 
ions and minor amounts of the molecular radical anion 
of CHCI, and CH,SCI- ions as detailed elsewhere 


(Table 2).,' Minor amounts of the molecular radical 
anion are also generated in the reactions of the CH,S-. 
ion with CCl, together with C1- as the main product ion. 
With CH,S-' as the reactant species, no CC1,- ions are 
formed in the reactions with CCl,. In contrast, the other 
ions listed in Table 2 react with this substrate to gener- 
ate considerable amounts of CC1,- in addition to CI- 
ions. 


Reactions with bromomethanes 


The product ions formed in the reactions of the RO- 
(R = H, CH, and CH,CH,CH,), CH,=C(CH,)CH,-, 
CH,S-' and C,H,-' ions with the bromomethanes are 
collected in Table 3, which lists the initial ion distribu- 
tions and the relative yields of the product ions present 
in the cell after 90% conversion into products. 


With CH,Br as the substrate, only Br- ions are 
formed, whereas proton abstraction with formation of 
CHBr,- competes with Br- generation in the reactions 
with CH,Br,. The slight increase in the relative abun- 
dance of the Br- ions with increasing reaction time may 
be a result of a slow secondary reaction of CHBr,- with 
the neutral species in the cell and/or inefficient ejection 
of low energy electrons trapped in the FT-ICR cell (see 


Proton abstraction is the only pathway open in the 


alkoxide ions, CH@- and CH,CH,CH,O-. In addition, 
the latter two ions react with this substrate to form 


0.0 0.2 0.4 0.6 0.8 1.0 Experimental). 
Reaction time in s 


Figure 1. Normalized abundances of the ions present in the reaction of HO- with CHBr, and dominates for the two 
c,H,-'-cH~I, system as a function of reaction time (see also 


text) 
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Table 3. Normalized abundances of the product ions formed in the reactions of the selected (radical) anions with bromomethanes" 


HO- CH,O- C,H,O- CH,C(CH,)CH, C H I S '  C,H,-' 


Product Initial At 90% Initial At 90% Initial At 90% Initial At 90% Initial At 90% Initial At 90% 
Compound ion conversion conversion conversion conversion conversion conversion 


CH,Br Br- 100 100 


CH,Br, Br- 5 15 
CHBr; 95 85 
Other 


CHBr, Br- 
CHBr; 
CBr; 100 100 
Other 


CBr, Br- 5 
CBr; 100 95 


100 100 100 100 100 100 100 100 100 100 


5 10 10 75 70 90 85 40 40 
95 90 100 90 25 30 60 60 


lob 15' 


5 5 5 100 100 90 95 100 loo 
15 10 5 5 


80 85 90 90 
l o d  5' 


5 5 loo loo 100 100 
95 95 100 100 


"The initial product ion abundances are determined by following them as a function of reaction time and subsequently extrapolating to zero time. The values at W n  
conversion represent the normalized abundances of the product ions present in the FT-ICR cell after 90% of the (radical) anions have reacted with the given substrate. The 
slight increase in the relative abundance of the Brions in some of the systems may be attributed to an inefficient ejection of low-energy electrons from the cell andlor 
secondary reactions between the primary product ions and the neutral species present in the FT-ICR cell: see also text. 
'Ion corresponds to CH,SBr-. 
'The remaining 15% consists of 10% CH,Br; and 5% CH,SBr-. 
dThe 10% consists of 5% CH,SBr- and 590 CHBr;'. 
'The 5% corresponds to 2% CHISBr-. 2% CHBr; and 1 %  CHBr; 


minor amounts of CHBr,- ions: 


CH,O - + CHBr, -+ CHBr, - + CH,OBr (12) 
Only Br- ions are formed in the reactions of the 


CH,=C(CH,)CH,- ion and the o-benzyne radical 
anion with CHBr,. A distinct reactivity pattern is again 
observed for the CH,S-' radical anion, which reacts 
with CHBr, to form minor amounts of CHBr,-' and 
CH,SBr- ions in addition to Br- [equations (13)-(15) 
and Table 31. 


CH2SBr- + CHBri (14) -E Br- + CHzS + CHBr,' (15) 
With CBr, as the substrate, the hydroxy and alkoxy 


anions react predominantly or exclusively to afford 
CBr,- ions. These ions are not generated in the reac- 
tions of the CH,=C(CH,)CH,- and CH,S-' ions, 
which lead only to Br- (Table 3). 


CHBr;' + CH2S (13) 
CH,S-' + CHBr, 


Determination of reaction rates 
The overall rate constants for the reactions of the 
(radical) anions and the chloromethanes are given in 
Table 4 and the values for the reactions with some of 
these reactant ions and the bromomethanes are collected 
in Table 5.  In addition to the rate constants, we have 
listed the efficiencies of the processes estimated as the 
ratio between the corrected overall experimental rate 
constants and the collision rate constants calculated on 


the basis of the average dipole orientation (ADO) 
theory (see 


All the reactions occur with pseudo-first order 
kinetics since the number of ions is roughly a factor of 
lo4 lower than that of the neutral reactants in the FT- 
ICR instrument. The second-order rate constants are 
thus derived as the ratio between the slope of linear 
plots of the natural logarithm of the normalized abun- 
dances of the reactant ions as a function of reaction time 
and the pressure of a given halomethane. Examples of 
the kinetic plots are given in Figure 2, which shows the 
time dependence of the natural logarithm of the norrnal- 
ized abundances of the o-benzyne radical anion with the 
full series of chloromethanes. The linear regression 
correlation coefficients for these results are ~0.990. 
Similarly, the other rate constants given in Tables 4 and 
5 are based on plots with linear regression coefficients 


The major uncertainties in the conversion of the 
slopes of the regression lines into second-order rate 
constants are related to establishing the temperature of 
the chemical system and the determination of the 
pressure of a given halomethane in the cell of the 
instrument. Normally, the pressure in an FT-ICR 
instrument is too low for assigning a true ther- 
modynamic temperature to the reactant chemical 
system. It should be emphasized, however, that the 
observed linear dependence of the natural logarithm of 
the normalized abundances of the reactant ions indicates 
that the distribution of the translational and internal 
energy of the reactant species is similar and relatively 


of >0*990. 
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Table 4. Rate constants (k)  and efficiencies (Eff.) of the reactions of the selected (radical) anions with chloromethanes“ 


CH,CI CH,CI, CHC1, cc1, 
Reactant ion, EA (A) AH:,,(AH) 
A -  (kJ mol-’) (kl mol-’) k Eff. k Eff. k Eff. k Eff. 


HO- 
CH,O- 
C,H,O- 
C,H,O- 
CH,S- 
CH,S -. 
CH,CHCH, 
CH,C (CH,)CH, - 
C,H,-. 
C6H5- 


176 
156 
168 
172 
183 
45 
35 
35 
54 


100 


1635 
1592 
1579 
1573 
1493 
1434‘ 
1635 
1633 
1592 
1677 


1.8 0.70 
1.3 0.63 
1.0 0.52 
0.73 0.42 
0.11 0.05 


No reaction 
0.31 0.16 
0.40 0.23 
0.04 0.03 
0.56 0.33 


2.1 0.86 
1.4 0.69 
1.3 0.75 
0.94 0.59 


No reaction 
No reaction 


0.56 0.31 
1.2 0.73 
0.68 0.46 
0.96 0.66 


2.6 1.1 
2.4 1.3 
- - 
- - 


Equilibrium 
0.83 0.54 
1.1 0.66 
1.6 1.1 
0.96 0.50 
1.1 0.84 


0.22 0.11 
1.3 0.87 
1.1 0.82 
0.64 0.54 
1.2 0.95 
1.9 1.4 
1.9 1.3 
2.1 1.7 
1.2 1.1 
1.5 1.4 


‘Bimolecular rate constants in units of  
rate constant and the collision rate constant calculated from the average dipole orientation (ADO) theory; see text and Ref. 67. 
bThe values are from Ref. 50. 
‘The gas-phase acidity of  CHCI, is close to the value for CH,SH, see Ref. 50. 


cm’molecule-Is-’. The efficiency of a given reaction is obtained as the ratio between the experimental 


Table 5. Rate constants (k) and efficiencies (Eff.) of the reactions of selected (radical) 
anions with bromomethanes” 


CH,Br CH2Br, CHBr, CBr, 
Reactant 
ion k Eff. k Eff. k Eff. k Eff. 


HO- 2.3 0.93 2.8 1.1 2.8 1.2 1.1 0.55 
CH,O- 1.4 0.72 2.2 1.1 2.0 1.1 1.6 1.0 
C,H,O- 1.9 1.2 1.9 1.3 1.5 1.1 0.52 1.1 
CH,S -‘ 0.6 0.34 1.3 0.8 1.4 1.0 2.0 1.5 
CH2C (CH,)CH2- 1.7 1.1 2.1 1.4 1.9 1.4 1.3 1.1 
C6H,-’ 0.50 0.35 1.0 0.75 1.2 1.0 


“Bimolecular rate constants in units of 10~9cm’molecule- ’s - ’ .  The efficiency of a given reaction is 
obtained as the ratio of the experimental rate constant to the collision rate constant calculated from the 
average dipole orientation (ADO) theory; see text and Ref. 67. 


narrow. In other words, this may imply that an assumed 
temperature may be assigned to the reactant chemical 
system. With respect to the instrument used in the 
present study, the inlet lines and the main vacuum 
system are kept at room temperature, suggesting that the 
chemical system can be assumed to have a temperature 
of 298 K (see also Discussion). 


A considerable uncertainty is associated with the 
determination of the pressures of the various 
halomethanes. The low pressures in the instrument 
necessitate the use of an ionization gauge whose sen- 
sitivity is dependent on the nature of the chemical 
species. The correction of an ionization gauge pressure 
reading is often achieved by first determining the rate 
constant for the reaction between the CH,, +’ radical 
cation and CH4 with the given instrument and then 
comparing the result with the average value of the 
reported rate constants for this process (1-13 x lo-’ cm3 


molecule s Subsequently, the correction factor 
needed for other compounds may be estimated with the 
method based on an indicated linear dependence of the 
response of an ionization gauge with the polarizability 
of the neutral species in question.69 Following this 
procedure yielded reasonable rate constants for the 
reaction of the various ions with chloromethane (see 
below), whereas the values for the rate constants of the 
reactions with tetrachloromethane and tetrabro- 
momethane obtained by this method were considered to 
be unrealistic, that is, a factor of 2 or more greater than 
the k,,, rate constant. We decided, therefore, to per- 
form the correction of the ionization gauge readings for 
the pressures of the different halomethanes by examin- 
ation of the kinetics of reactions with known rate 
constants and/or reactions which are indicated or highly 
likely to proceed with the collision rate. 


For the correction of the indicated pressure of chlor- 
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0.0 2.0 4.0 6.0 


Reaction time in s 


Figure 2. Variation in the natural logarithm of the normalized 
abundance of the o-benzyne radical anions in the reactions 
with CH,CI, CH,Cl,, CHCI, and CCI4 (see text). The results 
have been corrected for the difference in the ionization gauge 
pressure readings of the different chloromethanes. The 
corrected pressures were p(CH,Cl) = 1.6 x lo-' Pa, 
p(CH,CI,) = 1.6 x 


p(CCI) = 1.0 x lo-' Pa (see text for details) 
Pa, p(CHC1,) = 1-4 x lo-' Pa and 


omethane, the reaction with HO- was chosen as a 
reference since the rate constants for this process 
obtained with different experimental methods are in 
reasonable agreement with each other (average value 
1.8 x cm3molecule-' s - ' ) . ,~-@ Based on this 
approach, we obtain a rate constant for the reaction of 
CH,O- with chloromethane which is in agreement with 
the values reported in other studies, that is, 
1.3 x lO- '~rn~m~lecule- '  s - ' . ~ ~ - @  Similarly, we 
obtained the same value for the rate constant for the 
reaction of the CH,S- ion with CH,Cl 
(0.11 x ~m~rnolecule- '  s-')  as reported 
p rev io~s Iy .~~  


For the two substrates CH,Cl, and CHCl,, a recent 
study indicated that the 0-' ion reacts with these sub- 
strates with rate constants which are close or equal to 
the collision rate constant as determined by the ADO 
theory." The rate constants given in Table 4 for the 
reactions of the various ions with these two substrates 
are therefore based on the assumption that the 0-' ion 
reacts with the ADO collision rate constant also under 
the present experimental conditions. With this procedure 
for correcting the pressure readings of CH,Cl, and 
CHCl,, we obtain for the proton transfer reactions of the 
HO- ion with CH,Cl, and CHCl, (see Table 1) 
efficiencies of 0.9-1.1. This lends credibility to the 
procedure for correcting the pressure readings of these 
substrates, since exothermic proton abstractions in the 
gas phase involving small and charge-localized anions 
often proceed with an efficiency close to unity.70 


The value in Table 4 for the rate constant of the 


reaction of the o-benzyne radical anion with CH,Cl, is 
lower than the value obtained with the flowing after low 
(FA) method (1.01 x lo-' ~m~mo1ecule-l s-I).' A 
possible reason for this may be sought in the difference 
in the pressures used in the FA and the FT-ICR 
methods. In the former method, the reactions are per- 
formed in a flow of helium at a pressure of ca 70 Pa, 
whereas the pressure in an FT-ICR instrument is nor- 
mally 10 -, Pa or lower. The much higher pressure in the 
FA method may lead to collisions between the 
intermediate short-lived complexes formed by the 
approach of the reactants to each other and as a result 
the internal energy of these complexes may be lowered. 
For the overall process, this implies that the observed 
rate constant increases in line with the fact that rates of 
gas-phase ion-molecule reactions often display a 
negative temperature dependence. " 


With CCI, as the substrate, a recent study indicates 
that the reaction with 0 -. proceeds at room temperature 
with a rate constant (1.8 x cm3molecule-' s-')  
which is about 10% lower than the ADO collision rate 
~onstant.~' Irrespective of whether the correction of the 
ionization gauge reading for the pressure of CCl, is 
based on the reported rate constant or the assumption 
that this reaction proceeds with the ADO collision rate 
constant under our experimental conditions, we obtain 
for the reactions of the second series of (radical) anions 
efficiencies ranging from 1.1 to 1.7. These efficiencies 
could suggest that the reported rate constant for the 0-' 
reaction with CCl, is in error, thus leading to an inaccu- 
rate pressure correction. If an average value for the rate 
constant of the reaction of 0-' with CCl, (ca 
1.4 x lo-' cm3 molecule-'s-') is used for the pressure 
corrections, the efficiencies are decreased to ca 80% of 
the values given in Table 4, that is, for the second series 
of ions, we obtain efficiencies ranging from 0.9 to 1-3. 
However, the ADO theory is known to underestimate 
the collision rate constants and efficiencies larger than 
unity have been reported for gas-phase ion-molecule 
reactions, such as exothermic electron transfer reactions 
involving ionized noble gas atoms and organic 
molecules and also for exothermic proton transfer 
 reaction^.""^ For the present systems, the efficiencies 
for the reactions of the second series of (radical) anions 
with CC14 should only be taken as an indication that 
these processes are essentially collision controlled. 


The rate constants for the reactions with the bro- 
momethanes are also based on the assumption that the 
reaction of the 0-' ion with these substrates proceeds 
with the rate constant kAm. With this assumption, we 
obtain a value for the reaction of the HO- ion with 
CH,Br which is close to a recent value 
(2.3 x lo-' ~m~rnolecule- '  s - ' ) . ~ '  For the remaining 
bromomethanes, no rate constants have been published 
for the reactant ions given in Table 5, thus preventing an 
evaluation of the obtained results. We note, however, 
that the results in Table 5 are in keeping with the fact 
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that the strongly exothermic proton abstractions from 
the CH,Br, and CHBr, species with, for example, the 
HO - ion proceed essentially with the collision rates. 


In conclusion, it can be mentioned that the rate 
constants given in Tables 4 and 5 are reproducible to 
within ca 20% over an extended period of time if the 
procedure outlined for the corrections of the pressure 
readings is followed repeatedly. The absolute error on 
the values for the rate constants for the reactions with 
the various halomethanes is unknown, however, irre- 
spective of the fact that we obtained reasonable 
agreement with literature values and the expected 
behavior for strongly exothermic proton transfer reac- 
tions (see above). 


DISCUSSION 


Reaction pathways and thermodynamics 
The combined results reveal that the various (radical) 
anions react mainly with the chloro- and bro- 
momethanes (CH4-J,) with the formation of halide 
ions, X - [equation (16)], and halomethyl anions 
containing either the same number of halogen atoms as 
in the parent compound [CH,-,X,-, equation (17)] 
and/or one halogen atom less [CH,-,&-,-, equation 
W1. 


X- + neutral products (16) 
CH3-a; + AH (17) € c&-ox;-, +Ax (18) 


A- + CH,..,X, 


The halomethyl anions CH,-J,- are evidently a 
result of proton abstraction, whereas the ions 
CH4-Jo-,- in a formal sense arise by transfer of a 
halogen cation from the substrate molecule to the 
reactant ion (see below). For a few of the reactant 
systems other ionic products are generated. In particu- 
lar, stable radical anions of CHCI,, CCI, and CHBr, are 
formed in low yields together with CH2SCl- or 
CH,SBr- ions if CH,S-' is the reactant ion. In addition, 
minor amounts of C6H,CI- ions are generated in the 
reaction of C,H4-' with CHCI, mable 2 and equation 
(11)l. 


Irrespective of the apparent simplicity of some of the 
product ion distributions, various reaction types may 
play a role in the ion-molecule chemistry of the 
halomethanes. This holds in particular for the formation 
of halide ions which may arise as a result of a number of 
pathways, including S,2 substitution, a-elimination 
and/or dissociative electron transfer (see Scheme 1). 


The various processes leading to halide ions yield, of 
course, different neutral species and their occurrence in 
the reactions of a particular (radical) anion with a 
halomethane could in principle be ascertained by an 
analysis of the neutral products. Notwithstanding that 
the neutral products of gas-phase ion-molecule reac- 


A-+ CH4.aXa 


s/ \ 
ACHaXa.1 A'+CH&.j AH + CHs.aXa.1 


+ x- + x- + x- 
Scheme 1. Summary of the possible pathways leading to 
halide ions in the reactions of the anions (or radical anions) 
with the halomethanes CH,-& (X = C1 and Br; a = 1-4; see 


also text). 


tions have been characterized in a few instances with the 
use of specialized and dedicated in~t rumenta t ion ,~~.~~ the 
most commonly applied methods do not allow for a 
direct identification of the neutral species generated in 
the reactions. This holds also for the FT-ICR method 
applied in the present study, thus implying that the role 
of the various pathways leading to the halide ions in the 
reactions with the halomethane can be assessed only 
indirectly. 


A possible procedure for obtaining insight into the 
role of the different pathways in Scheme 1 is to rely on 
thermodynamic considerations in keeping with the fact 
that only overall exoergic or thermoneutral reactions 
occur under normal operating conditions of an FT-ICR 
instrument. In other words, if an overall process is 
estimated to be exoergic or thermoneutral, its occur- 
rence cannot be excluded. A weak aspect of this 
approach is, of course, that an exoergic process may be 
prevented by an insurmountable kinetic barrier. Further- 
more, the application of thermodynamic considerations 
in determining the role of different pathways leading to 
the same ionic product necessitates the assignment of a 
temperature to the reactant chemical system. In this 
respect, the low-pressure conditions in the present series 
of experiments cause the reactant species to be isolated 
species and as a result hamper the assignment of a true 
thermodynamic temperature to the reactant system. 
Nevertheless, the criterion of exoergicity with respect to 
the spontaneous occurrence of a reaction is commonly 
observed to be valid and in support of the assignment of 
a temperature to the reactant system, it should be noted 
that thermodynamic results obtained with low pressure 
methods, such as FT-ICR, mostly agree with the results 
obtained with the use of the high pressure methods 
flowing afterglow (FA) and high pressure mass 
spectrometry (HPMS).74.75 For the present series of 
results, it can be assumed for simplicity that the tem- 
perature of the chemical system is 298 K (see also the 
sections Determination of reaction rates and Expenmen- 
tal). This allows the use of thermodynamic arguments in 
the assignments of the pathways which may play a role 
in the reactions of the various (radical) anions with the 
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halomethanes, in particular with respect to the formation 
of the halide ions. 


The reaction enthalpies which could be estimated for 
the SN2 substitutions, proton abstractions and the 
reaction involving formal transfer of a halide cation are 
given in Table 6 for the chloromethanes and in Table 7 
for the bromomethanes. For these pathways, the overall 
reactions are likely to be associated with a relatively 


small entropy change and accordingly the occurrence of 
these processes may, in a thermodynamic sense, be 
discussed on the basis of the reaction enthalpy. Also 
included in Tables 6 and 7 are the reaction enthalpies of 
the a-elimination and halide cation transfer followed by 
dissociation of the initially formed product ion into a 
halide ion and a carbene. For these pathways, a 
significant increase in entropy change is expected for the 


Table 6. Reaction enthalpies (in kJ mol-’ and at 298 K)  for the different possible pathways between the two series of reactant ions 
and the chloromethanes (see also text) 


CH,CI CH,CI, CHCI, CCI, 
Reactant 
ion SN2 PT“ a-El” CI-at‘ FT a-El CI-at Carbd PT a-El CI-at Carb C1-at Carb 


HO- -210 
CH,O- -190 
C2H50- -175 
C,H,O- -171 
CH,S -123 
CH,S -’ -66‘ 
CIH5- -270 
C,H,- -267 
C6H4-’ -239 
C,H,- -324 


22 
65 
78 
84 


164 
223’ 
22 
24 
65 


- 20 


140 
182 
196 
202 
282 
341’ 
140 
142 
188 
99 


266 -68 81 186 304 -141 -9 91 240 1 133 
-25 123 -98 33 
-12 137 -85 47 
-6 143 -79 53 
74 223 1 133 


113’ 282’ 60’ 192’ 
90 -68 81 10 128 -141 -9 -85 64 -175 -43 
93 -66 83 13 131 -139 -7 -82 67 -172 -40 


-25 129 -98 39 
46 -110 40 -34 84 -183 -47 -129 20 -219 -87 


“Proton transfer. 
a-Elimination. 


‘Attack on a chlorine atom. 
”Chlorine atom attack followed by dissociation of the product ion into a carbene molecule and a chloride ion. 
‘Refers to the formation of a CH,SCH,- radical. 
/Refers to the formation of a CH,SH radical. 


Table 7. Reaction enthalpies (in kJ mol-’ and at 298 K) for the different possible pathways between the two series of reactant ions 
and the bromomethanes (see also text) 


CH,Br CH,Br; CHBr, CBr, 
Reactant 
ion SiJ Ptb a-El‘ Br-atd a-El Br-at Carb‘ PTf Carb Br-at’ 


- 


HO- - 240 8 110 235 55 133 235 <-89 194 < 14 
CH,O- -220 51 152 97 < -46 


C,H,O- -201 70 172 117 <-27 
C2H50- - 205 64 166 111 <-33 


CH,S- -153 150 252 197 <53 
CH,S-‘ -110’ 209h 311h 256 <112h 
C3H5- - 300 8 110 100 55 -2 100 <-89 59 <-121 
C,H, - - 297 10 112 95 57 -7 95 <-87 54 <-126 
C6H4-’ - 269 51 158 103 < -46 
C6HS - -354 - 34 69 52 14 -50 52 <-131 11 <-169 


“The reaction enthalpy of proton abstraction has not been given since a reliable value has not been reported for the gas-phase acidity of this 
bromomethane. 
bProton transfer. 
a-Elimination. 


‘Attack on a bromine atom. 
‘Bromine atom attack followed by dissociation of the product ion into a carbene molecule and a bromide ion. 
/The given reaction enthalpies refer to formation of CBr; ions. The heat of formation of this ion as given in Ref. 50 is likely to be in error since the 
quoted value for the gas-phase acidity of the CHBr, compound given in this reference is probably too high. 
#Refers to the formation of a CH3SCH,. radical. 
Refers to the formation of a -CH,SH radical. 
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overall processes owing mainly to the transformation of 
two reactant species into three distinct products. The 
Gibbs energies for these reactions are not listed in the 
tables, however, since the necessary data are not avail- 
able for all chemical species involved in the reactions. 
With respect to the overall dissociative electron transfer, 
the reaction Gibbs energies could be estimated, how- 
ever, and are collected in Table 8.50.76-78 


In the reactions with CH,CI, the formation of C1- 
ions can be ascribed to an exothermic SN2 substitution, 
in agreement with various other The SN2 
pathway may also be important for the formation of C1- 
ions in the reactions with the chloromethanes containing 
more than a single chlorine atom. The enthalpy changes 
for the SN2 reactions in these systems are not given in 
Table 6 since only limited heat of formation data are 
available for the expected neutral chlorine-containing 
products of these processes. For the ally1 anion as the 
reactant ion, however, the SN2 substitution with the 
CH,CI,, CHCI, and CCI, is estimated to be exothermic 
by 283, 285 and 300 kJmol-I, re~pectively.~~ Similarly, 
we expect that an SN2 process is exothermic for the 
other reactant ions and the chloromethanes with more 
than a single chlorine atom. From studies of reactions in 
the condensed phase it is known, however, that the rate 
of the sN2 process with a halomethane decreases as the 
number of halogen atoms is For the 
present systems, the sN2 substitution may be expected, 
therefore, to decrease in importance as the number of 
chlorine atoms is increased in the halomethane, even 
though energetically favourable. Similar considerations 
apply to the bromomethanes, notwithstanding that the 
occurrence of dissociative electron transfer in addition 
to the sN2 substitution cannot be excluded for the 
reactions of the CH,S-', CH,=CHCH,-, 


CH2=C(CH3)CH,- and C,H,-' ions with CH,Br (see 
below). 


With respect to the formation of halide ions by a- 
elimination, this requires that the proton abstraction 
involved is sufficiently exothermic for the product ion to 
dissociate into a carbene molecule and a halide ion. For 
the mono- and dihalogen-substituted methanes, a- 
elimination is estimated to be significantly endothermic, 
as can be seen in Tables 6 and 7. Even though the 
overall process is inclined to be associated with a 
favorable change in entropy, this change may not be 
sufficiently large to cause the reaction to be exoergic for 
most of the reactant systems. For example, the enthalpy 
change for a-elimination in the reaction of the HO - ion 
with CH,C1 is estimated to be 140 kJmol-' (Table 6). 
With an estimated entropy change for this process of cu. 
133 JK-'mol-' ,  a reaction Gibbs energy of cu. 
100 kJmol-' is obtained for the overall process if the 
temperature is assumed to be 298 K. For trichlor- 
omethane, the a-elimination pathway is endothermic for 
most of the (radical) anions but becomes energetically 
possible for HO-, the two all lic anions as well as for 
the C,H5- ion (see Table 6).7'*m For tribromomethane, 
a-elimination may be energetically possible for more 
reactant ions even though the absence of a heat of 
formation of the dibromocarbene prevents a determina- 
tion of the enthalpy changes associated with this process 
for the various reactant ions. 


In addition to substitution and a-elimination, the 
halide ions may arise by dissociation of an initially 
formed halomethyl anion containing one halogen atom 
less than the parent compound. The reaction sequence 
indicated in Scheme 2 involves an initial nucleophilic 
attack on a halogen atom followed by dissociation of the 
generated CH,-&, - , -  ion into a carbene and an X - ion. 


Table 8. Reaction Gibbs energies (in kJ mol" and at 298 K) for dissociative electron transfer between 
the two series of reactant ions and the bromo- and chloromethanes (see also text) 


CH,C1 
34 


CH,CI, CHCI, 
35 38 


CCl, 
42 


CH,Br 
34 


CH,Br, 
36 


CHBr, 
40 


143 
122 
137 
138 
152 
16 
5 
2 


21 
67 


130 109 
109 88 
124 103 
125 104 
139 118 


3 - 18 
-8 - 29 


-11  - 32 
8 - 13 


54 33 


78 
57 
72 
73 
87 


-49 
- 60 
- 63 
-44 


2 


113 
92 


107 
108 
122 
- 14 
- 25 
- 28 
-9 
37 


97 
76 
91 
92 


106 
-30 
-41 
-44 
-25 


21 


85 
64 
79 
80 
94 


-42 
-53 
-56 
- 37 


9 


CBr, 
44 


40 
19 
34 
35 
49 


-87 
-99 


-101 
-82 
-36 


"The AH; and AS: values used in the estimation of  the Gibbs energy changes are based on data given in Refs. 50 .77 ,  
78 and 80. The TAS; value for the reactions with a given halomethane represents the average o f  the estimates for the 
individual reactions. The variation in the individual TAS; values for the various reactions with a given halomethane is 
only a few kJ mole'. 
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A-+ CH4,Xa 


Scheme 2. Formation of halide ions by initial halogen atom 
attack in the reactions of the anions (or radical anions) with the 
halomethanes CH,-JX, (X = C1 and Br; u = 1-4; see also text) 


Direct nucleophilic attack on a halogen atom in 
organic molecules has been described for reactions 
occurring in the condensed phase'.'' and more recently 
for the reactions of negative ions with fluorochloro- and 
fluorobromomethanes in the gas phase.,' Based on the 
results for the condensed-phase reactions, it has been 
suggested that this process is less important for chlorine- 
than for bromine containing species and that it becomes 
more facile as the number of halogen atoms is increased 
in the substrate.8' For the present systems, halogen 
attack is not observed in the reactions with chloro- and 
dichloromethane, whereas CHCI,- ions are formed in 
the reactions of most of the second series of ions with 
trichloromethane (Table 2), in spite of the fact that 
proton transfer is significantly exothermic (Table 6). 
With CCI, as the substrate, attack on a chlorine atom is 
particularly important for the first series of ions, as 
indicated by the pronounced formation of CCI, - ions in 
these systems (Table 1). 


The overall formation of C1- ions by chlorine atom 
attack followed by dissociation of a CHC1,- ion is 
estimated to be endothermic for the reactions of the two 
allylic anions and the C,H,- ion with trichloromethane 
(Table 6). As mentioned for a-elimination, such a 
process is associated with a favorable change in entropy 
and it cannot be concluded a priori whether CI- ions 
may arise by this pathway in the reactions of, for 
example, the C,H,- ion with CHCI,. For CCI,, forma- 
tion of CI- by halogen atom attack followed by 
dissociation of the CCI,- ions is overall exothermic for 
both the allylic anions and the C,H,- ion and may thus 
contribute to the formation of the observed C1- ions. 


In the reactions with the bromomethanes, halogen 
attack is observed as a minor channel in the reactions of 
the two alkoxy anions with CHBr,, notwithstanding that 
proton transfer is expected to be significantly exother- 


mic (see Tables 3 and 7). With CBr,, the HO- ion and 
the alkoxy anions react to afford exclusively or predomi- 
nantly CBr,- ions by bromine atom attack, whereas the 
2-methylallyl anion and the CH,S - ' radical anion react 
with this substrate to form only Br- ions. The extent to 
which these Br- ions arise by initial attack on a bromine 
atom in CBr, followed by dissociation of the CBr,- ion 
is uncertain. Furthermore, the absence of a heat of 
formation of the CBr, carbene hampers the determina- 
tion of the exothermicity of the overall process 
involving Br- formation by this pathway. 


In addition to S,2 substitution, a-elimination and 
halogen atom attack, dissociative electron transfer may 
lead, in principle, to halide ions in the reactions of the 
various (radical) anions with the halomethanes. Dis- 
sociative electron transfer is endoergic, however, for the 
first series of ions and all the substrates studied but is, as 
expected, exoergic for the second series of ions (with 
the exception of the C,H,- species) and CHCI,, CCI, 
and all the bromomethanes (Table 8). In addition, 
dissociative electron transfer is estimated to be 
associated with a negative Gibbs energy if one of the 
two allylic anions is the reactant ionic species and 
CH,CI, the substrate, whereas this reaction with the 
CH,S-' ion is estimated to be slightly endoergic 
(Table 8). 


The dissociative electron transfer to the halomethanes 
could also be suggested to yield the halomethyl anions, 
CH,- -. However, this process is significantly 
endothermic for the halomethanes examined in this 
study, as exemplified by an enthalpy change of 
126 kJmol- for this reaction of the ally1 anion with 
tetrachloromethane: 


CH,=CHCH,- + CCI,-CCI,- + C1' + C,H,' (19) 
A unfavourable enthalpy change for electron transfer 
leading to the CCI,- ion is also directly indicated by the 
much larger electron affinity of, for example, the 
chlorine atom (EA = 350 kJmol-') than of the CCI,' 
radical (EA = 21 1 kJ mol -I).'' 


Even though an exoergic or thermoneutral nature of 
the overall reaction is a requirement for its occurrence 
under the present experimental conditions, it is not a 
sufficient criterion. For example, dissociative electron 
transfer from CH,S -. to CH,CI, is essentially thermo- 
neutral but only slightly exoergic with CHCI, as the 
substrate (Table 8). Nevertheless, the CH,S - '  ion 
displays no reactivity towards CH,CI, but reacts readily 
with CHCI, to afford C1- and CH,SCI- ions in addition 
to minor amounts of the radical anion of CHCI, (Table 
2).4' The formation of a stable radical anion of CHCI, 
and also of the halomethanes, CCI, and CHBr,, pro- 
vides direct evidence for the occurrence of electron 
transfer from the CH,S -' ion. In addition, the formation 
of the CH,SCI- ion and also the CH,SBr- ion in the 
reactions with CH,Br, and CHBr, is taken as an indi- 
cation of the occurrence of electron transfer followed by 
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halide ion transfer in the thus formed complex of a 
halomethane radical anion and a thioformaldehyde 
molecule, as depicted in Scheme 3. 


For the other ions of the second series, stable radical 
anions are not formed in the reactions with any of the 
halomethanes. Dissociative electron transfer may, of 
course, still be important and its occurrence in other 
systems is indicated in part by the additional formation 
of C,H,CI- ions in the reactions of the C6H4-' radical 
anion with CHCI, [Table 2 and equation (ll)]. In 
conclusion, overall dissociative electron transfer leading 
to halide ions is thus considered a likely pathway if this 
process is exoergic even though other processes. such as 
a-elimination or halogen atom attack followed by 
dissociation of halogen-containing methyl anions, are 
indicated also to contribute to the generation of the 
halide ions, in particular for the substrates containing 
three or four halogen atoms. 


Aspects of electron transfer to halomethanes in the 
gas phase 
Dissociative electron transfer is indicated in Scheme 1 
to lead directly to a halide ion, a methyl radical and an 
A' radical for an even-electron reactant ion. If the 
electron transfer process involves the initial formation 
of a complex of an A' radical and a radical anion of the 
halomethane followed by dissociation of the latter 
species, this may result in a complex containing two 
radicals in addition to the halide ion. If this complex is 
sufficiently long lived, coupling may occur prior to 
dissociation and thus lead to the same neutral species as 
indicated in Scheme 1 for the S,2 pathway. Whether the 
pathway shown in equation (20) can play a role, how- 


1 


I 
Scheme 3. Formation of AX- ions by initial electron transfer 
and subsequent halide ion transfer in the collision complexes 
formed in the reactions of the radical anions CHIS-' and 
C,H,-' with the halomethanes CH,JX, (X=C1 and Br; 


a = 1-4; see also text) 


ever, is uncertain. 


The involvement of intermediate complexes with a 
certain lifetime is implied, however, by the formation of 
CH,SCI- and C,H,CI- (see Scheme 3) if the CH,S-' 
and C6H4-' radical anions, respectively, act as electron 
donors. For these reactant ions, the implied tertiary 
complex contains, of course, the neutral molecule 
corresponding to the reactant ion, a halomethyl radical 
and halide ion instead of two radicals which may 
undergo the suggested coupling reaction. 


These considerations imply that the initial electron 
transfer from the reactant ion to the halomethane is 
energetically feasible for the reacting systems. In the 
absence of insight into the details of energy surfaces 
describing these reactions, one could utilize the differ- 
ence in electron affinity between a given halomethane 
and the neutral species related to the electron donor to 
probe some features of these surfaces. Unfortunately. 
accurate electron affinities have not been reported for 
the full series of halomethanes included in the present 
study. Electron transmission spectroscopic studies 
indicate, however, that the mono- and dichloromethanes 
have negative vertical electron a f f in i t ie~ .~ .~~ In addition, 
electron attachment to these halomethanes may be an 
inherently dissociative proce~s ,~ .~ '  that is, electron 
transfer to these species from a negative ion in the gas 
phase may occur to a repulsive potential energy surface 
without a minimum corresponding to a radical anion of 
the halomethane. For the substrates, CH,CI and CH,CI,, 
direct evidence is not obtained for the formation of 
halide ions by electron transfer. This may suggest that 
the attainment of such a dissociative surface is not 
feasible for the reactant ions and these simple 
halomethanes. 


The details of the potential energy surfaces describing 
electron transfer to the halomethanes containing three or 
four halogen atoms are also largely unknown. Based on 
the formation of stable radical anions of CHCI, and 
CC14, we reported recently that the electron affinity is 
likely to be between 45 and 75 kJmol-I for CHCI, and 
between 45 and 110 kJmol-I for CClq." In addition, 
stable radical anions are observed for CHBr,, whereas 
CBr4-' ions have been reported previously to arise in the 
reaction of the azobenzene radical anion with CBr, in 
the gas phase.J0 Electron transfer to these halomethanes 
is best described, therefore, as involving the initial 
formation of a complex containing a halomethane 
radical anion and the neutral species related to the 
reactant ion (see also Scheme 3). As indicated by a 
number of theoretical studies and su orted by experi- 
ments described in a previous paper,4pyhe radical anions 
of CHCI, and CCIJ are weakly bonded with respect to 
dissociation into a halide ion and halogen-containing 
methyl radi~al.~." Subsequent facile dissociation of the 
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initially generated halomethane radical anion may thus 
occur for most reactant ions and cause halide ions to be 
the main or exclusive observed ionic products of an 
initial electron transfer to the tri- or tetrahalomethanes. 


Trends in the efficiencies of the overall reactions 
The thermodynamic considerations in combination with 
the observed product ion distributions lead in part to a 
definition of the different pathways which may be of 
importance in the reactions of the various anions with the 
halomethanes. Some of these mechanistic considerations 
may be substantiated by the rate constants and efficiencies 
obtained for the overall processes (see Tables 4 and 5). 
With respect to the reactions with chloromethane, the 
trend in the efficiencies in Table 4 is in line with previous 
studies which indicate that SN2 substitutions in the gas 
phase can be associated with a significant local energy 
barrier causing the overall process to be slow irrespective 
of a favourable enthalpy ~ h a n g e . ~ ' . ~ ~ , ~ '  For example, 
CH,S- reacts with a much lower efficiency than CH,O- 
(Table 4), even though both processes are considerably 
exothermic. For the two allylic anions and the C,H,- ion, 
it can be noticed that these react with chloromethane with 
moderate efficiencies. By contrast, the radical anion 
C,H,-' reacts with an efficiency that is ten times lower 
than the value obtained for the C6H,- ion, irrespective of 
the fact that SN2 substitution is exceedingly exothermic in 
both instances. 


With the dichloro- and trichloromethanes, the first 
series of ions react mainly or exclusively by an efficient 
exothermic proton abstraction. The second series of ions 
react with these two substrates with a lower average 
efficiency than the first series of ions, whereas the 
reverse situation applies to the reaction with CCl,. With 
this substrate, the first series of ions react with a lower 
efficiency than the second series of ions. This indicated 
increase in efficiency of the overall reaction as the 
number of halogen atoms increases is observed for all 
ions of the second series. In particular, the C,H,-' 
radical anion reacts with an efficiency of 0.03 with 
chloromethane and essentially with unit efficiency if 
tetrachloromethane is the substrate. A similar situation 
holds for the ally1 anion and also the CH,S-' radical 
anion, which reacts on1.y with the tri- and tetrachlor- 
omethanes. For the latter reactant ion, electron transfer 
is indicated to be the main or only pathway open and the 
high efficiencies of the overall reactions may thus 
indicate that this is a facile process. As a result, the 
increase in the efficiencies of the reactions of the other 
ions in the second series as the number of halogen atoms 
is increased in the substrate may suggest that electron 
transfer is also becoming more important, even though 
the product ion distributions indicate that the chlorine 
atom attack is also a pronounced process, in particular 
for tetrachloromethane as the substrate. 


With the bromomethanes most of the ions react 


readily with efficiencies approaching or equal to unity 
(Table 5). For bromomethane and dibromomethane, the 
two radical anions CH,S-' and C,H,-' react less 
efficiently than the even electron negative ions, irrespec- 
tive of the fact that substitution and dissociative electron 
transfer are thermodynamically feasible for these 
systems. As observed also for the chloromethanes, an 
increase in reaction efficiency with an increasing num- 
ber of bromine atoms in the substrate is observed for the 
two radical anions (Table 5). The extent to which this is 
related to a more pronounced occurrence of electron 
transfer remains to be solved considering that the Br- 
ions formed in these reactions may arise also by other 
processes (see above). 


CONCLUSIONS 
The present results indicate that electron transfer is 
likely to be an important pathway in the reactions 
between the (radical) anions related to a neutral species 
with a relatively low electron affinity with the chlor- 
omethanes, CHCI, and CCI,. In the reactions of these 
(radical) anions with the bromomethanes, (dissociative) 
electron transfer may play a role even for the CH,Br or 
CH,Br, species. For the halomethanes containing three 
or four halogen atoms, formation of halide ions is 
considered to involve initial electron transfer to give a 
weakly bonded radical anion of the halomethane fol- 
lowed by dissociation of this species into a halomethyl 
radical and the observed ionic products. Overall, this 
appears to be an efficient process, notwithstanding that 
the halide ions may arise also by other pathways, such 
as a-elimination and halogen atom attack followed by 
dissociation of the thus generated halomethyl anions. 
The high efficiencies of the overall reactions with, in 
particular, the tetrachloro- and tetrabromomethanes in 
combination with the relatively high yields of the 
product ions of initial halogen atom attack indicate also 
that the latter process is facile and capable of competing 
effectively with the overall dissociative electron transfer 
process. 


ACKNOWLEDGEMENT 


The authors thank the Netherlands Organization for 
Scientific Research (SON/NWO) for financial support. 


REFERENCES 


1. L. Eberson, Electron Transfer Reactions in Organic 


2. N. Komblum, Angew. Chem., Int. Ed. Engl.  14, 734 


3. G. A. Russell and W. C. Danen, J .  Am. Chem. SOC. 88, 


4. G. A. Russell and W. C .  Danen, J .  Am. Chem. SOC. 90, 


Chemistry. Springer, Berlin (1987). 


(1975). 


5663 (1966). 


347 (1968). 







GAS-PHASE REACTIONS OF ANIONS WITH HALOMETHANES 485 


5. 


6. 
7. 


8. 


9. 


10. 


11. 
12. 


13. 


14. 
15. 


J. K. Kim and J. F. Bunnett, J. Am. Chem. SOC. 92, 7463 
(1970). 
J. F. Bunnett, Acc. Chem. Res., 11,413 (1978). 
R. A. Rossi and R. H. Rossi, Aromatic Substitution by the 
S,,l Mechanism. ACS Monograph 178, American Chemi- 
cal Society, Washington DC (1983). 
W. L. Reynolds and R. W. Lumry, Mechanisms of 
Electron Transfer. Ronald Press, New York (1966). 
R. D. Cannon, Electron Transfer Reactions. Butterworths, 
London (1980). 
S. S Shaik, H. B. Schlegel and S. Wolfe, Theoretical 
Aspects of Physical Organic Chemistry: the SJ Mechan- 
ism. Wiley, New York (1993). 
T. Lund and H. Lund, Acta Chem. Scand. 42,269 (1988). 
H. Lund, K. Daasbjerg, T. Lund and S. U. Pedersen, Acc. 
Chem.Res. 28,313 (1995). 
C. P. Andrieux, I. Gallardo, J.-M. Saveant and K. B. Su, 
J. Am. Chem. SOC. 108,638 (1986). 
J.-M. Savbant, J.Am. Chem. SOC. 109,6788 (1987). 
D. Lexa, J.-M. Savbant, K. B. Su and J. Wang,. J. Am. 
Chem. SOC. 110,7617 (1988). 


16. J.-M. Savbant, Acc. Chem. Res. 26,455 (1993). 
17. F. G. Bordwell and J. A. Harrelson, Jr, J. Am. Chem. SOC. 


18. E. C. Ashby, Acc. Chem. Res. 21,414 (1988). 
19. C. K. Ingold, Structure and Mechanism in Organic 


Chemistry, 2nd. ed. Comell University Press, Ithaca, NY 
(1969). 


20. J. March, Advanced Organic Chemistry, 3rd ed. Wiley, 
New York (1985). 


21. S. S. Shaik, Acta Chem. Scand. 44,205 (1990). 
22. A. Pross, and S. S. Shaik, Acc. Chem. Res. 16, 363 


23. S. S. Shaik, Prog. Phys. Org. Chem. 15,197 (1985). 
24. A. Pross, Acc. Chem. Res. 18,212 (1985). 
25. R. A. Marcus and N. Sutin, Biochim. Biophys. Acta 811, 


265 (1985). 
26. L. Eberson, and S. S. Shaik, J. Am. Chem. SOC. 112,4484 


(1990). 
27. M. Newcomb and D. P. Curran, Acc. Chem. Res. 21, 206 


(1988). 
28. M. A. Almoster Ferreira (Ed.), Ionic Processes in the Gas 


Phase. Reidel, Dordrecht (1984). 
29. N. M. M. Nibbering, Adv. Phys. Org. Chem. 24, 1 


(1988). 
30. D. H. Russell (Ed.), Gas Phase Inorganic Chemistry. 


Plenum Press, New York (1989). 
31. R. J. Schmitt, S. E. Buttrill, Jr, and D. S. Ross, J. Am. 


Chem. SOC. 106,926 (1984). 
32. M. Attina, F. Cacace and M. Speranza, Int. J.  Mass 


Spectrom. Ion Processes 117.37 (1992). 
33. R. Bucci, F. Grandinetti. A. Filippi, G. Laguzzi, G. 


Ochiucci and M. Speranza, J. Am. Chem. SOC. 113, 4550 
(1991). 


34. A. Filippi, G. Ochiucci and M. Speranza, Can J. Chem. 
69,740 (1991). 


35. G. Ochiucci, M. Speranza, L. J. de Koning and N. M. M. 
Nibbering, J. Am. Chem. SOC. 111,7387 (1989). 


36. F. E. Ferguson, F. C. Fehsenfeld and D. L. Albritton, in 
Gas Phase Ion Chemistry, edited by M. T. Bowers, Vol. 
1, Chapt. 2. Academic Press, New York (1979). 


37. W. G. Knighton and E. P. Grimsrud, J. Am. Chem. SOC. 
114,2336 (1992). 


111, 1052 (1989). 


(1983). 


38. C. A. Mayhew, R. Peverall and P. Watts, Int. J. Mass 
Sprectrom. Ion Processes 125, 81 (1993). 


39. R. A. Moms, J. Chem. Phys. 97,2372 (1992). 
40. S. Ingemann, R. H. Fokkens and N. M. M. Nibbering, J. 


Org. Chem. 56,607 (1991). 
41. P. 0. Staneke, G. Groothuis, S. Ingemann and N. M. M. 


Nibbering, Int. J. Mass Spectrom. Ion Processes 142, 83 
(1995). 


42. P. 0. Staneke, G. Groothuis, S. Ingemann and N. M. M. 
Nibbering, Int. J. Mass Spectrom. Ion Processes 149/150, 
99 (1995). 


43. P. 0. Staneke, S. Ingemann and N. M. M. Nibbering, 
Recl. Trav. Chim. Pays-Bas 115, 179 (1996). 


44. A. G. Hamson, Chemical Ionization Mass Spectrometry, 
2nd ed. CRC Press, Boca Raton, FL (1992). 


45. D. K. Bohme and L. B. Young, J. Am. Chem. SOC. 92, 
7354 (1970). 


46. W. N. Olmstead and J. I. Brauman, J. Am. Chem. SOC. 99, 
4219 ( 1977). 


47. C. H. DePuy, S. Gronert, A. Mullin and V. M. Bierbaum, 
J. Am. Chem. SOC. 112,8650 (1990). 


48. K. Tanaka, G. I. Mackay, J. D. Payzant and D. K. Bohme, 
Can. J. Chem. 54, 1643 (1976). 


49. J. M. Riveros, S. M. Jose and K. Takashima, Adv. Phys. 
Org. Chem. 21,197 (1985). 


50. S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes, R. 
D. Levin and W. G. Mallard, J. Phys. Chem. Ref. Data 17, 


51. A. G. Marshall and F. R. Verdun, Fourier Transform in 
NMR, Optical, and Mass Spectrometry. Elsevier, Amster- 
dam (1990). 


Suppl. 1 (1988). 


52. N. M. M. Nibbering, Rapid Commun. Mass Spectrom. 7, 
747 (1993). 


53. L. J. he Koning, C. W. F. Kort, F. A. Pinkse and N. M. M. 
Nibbering, Int. J. Mass Spectrom. Ion Processes 95, 71 
(1989), and references cited therein. 


54. R. A. L. Peerboom, S. Ingemann and N. M. M. Nibbering, 
J. Chem. SOC., Perkin Trans. 2 ,  1825 (1990), and refer- 
ences cited therein. 


55.  H. E. K. Matimba, A. M. Crabbendam, S. Ingemann and 
N. M. M. Nibbering, J. Chem. SOC.,  Chem. Commun. 664 
(1991). 


56. Y. Guo and J. J. Grabowski, J. Am. Chem. SOC. 113,5923 
(1991). 


57. J. Lee and J. J. Grabowski, Chem. Rev. 92, 1611 (1992). 
58. A. J. Noest and C. W. F. Kort, Comput. Chem. 7, 81 


(1983). 
59. J. C. Kleingeld and N. M. M. Nibbering, Tetrahedron 39, 


4193 (1983). 
60. J. C. Kleingeld and N. M. M. Nibbering, Lect. Notes 


Chem. 31,209 (1982). 
61. S. E. Barlow and V. M. Bierbaum, J. Chem. Phys. 92, 


3442 (1990). 
62. R. A. Moms, A. A. Viggiano and J. F. Paulson, J. Chern. 


Phys. 92,3448 (1990). 
63. P. 0. Staneke, S. Ingemann and N. M. M. Nibbering, in 


preparation. 
64. K. J. van den Berg, S. Ingemann and N.M.M. Nibbering, 


Organometallics 11,2389 (1992). 
65. S. Ingemann and N. M. M. Nibbering, J. Org. Chem. 48, 


183 (1983). 
66. F. M. Bickelhaupt, L. J. de Koning, N. M. M. Nibbering 


and E. V. Baerends, J. Phys. Org. Chem. 5 ,  179 (1992). 







486 P. 0. STANEKE ETAL. 


67. T. Su and M. T. Bowers, in Gas Phase Ion Chemistry, 
edited by M. T. Bowers, Vol. 1 ,  Chapt. 3. Academic 
Press, New York (1979); 


68. Y. Ikezoe, S. Matsuoka, M. Takebe and A. A. Viggiano, 
Gas Phase Ion-Molecule Reaction Rate Constants 
Through 1986. Mamzen, Tokyo (1987). 


69. J. E. Bartmess and R. M. Georgiadis, Vacuum 33, 149 
(1983). 


70. G. I. Mackay, L. D. Betowski, J. D. Payzant, H. I. Schiff 
and D. K. Bohme, J. Phys. Chem. 80,2919 (1976). 


71. T. F. Magnera and P. Kebarle, in Ionic Processes in the 
Gas Phase, edited by M. A. Almoster Ferreira, pp. 
135-157. Reidel, Dordrecht (1984). 


72. T. H. Morton, in Techniques for the Study of 
Ion-Molecule Reactions, edited by J. M. Farrar and W. H. 
Saunders, Jr, Chapt. III. Wiley-Interscience, New York 
(1988). 


73. M. E. Jones and G. B. Ellison, J. Am. Chem. SOC. 111, 
1645 (1989). 


74. J. E. Bartmess, Mass Spectrom. Rev. 8,297 (1989). 
75. J. E. Bartmess and R. T. McIver, in Gas Phase Ion 


Chemistry, edited by M. T. Bowers, Vol. 2, Chapt. 11. 
Academic Press, New York (1979). 


76. J. Berkowitz, G. B. Ellison and D. Gutman, J. Phys. 
Chem. 98,2744 (1994). 


77. S. W. Benson, Thermodynamic Kinetics, 2nd ed. Wiley, 
New York (1976). 


78. J. L. Holmes and F. P. Lossing J. Am. Chem. SOC. 110, 
7343 (1988). 


79. J. Hine, S. J. Ehrenson and W. H. Brader, Jr, J .  Am. 
Chem. SOC. 78,2282 (1956). 


80. J. A. Paulino and R. R. Squires, J. Am. Chem. SOC. 113, 
5573 (1991). 


81. N. S. Zefirov and D. I. Makhon’kov. Chem. Rev. 82, 615 
(1982). 


82. P. D. Burrow, A. Modelli, N. S. Chiu and K. D. Jordan, J. 
Chem. Phys. 77,2699 (1982). 


83. K. D. Jordan and P. D. Burrow, Chem. Rev. 87, 557 
(1987). 


84. R. Benassi, F. Bemardi, A. Bottoni, M. A. Robb and F. 
Taddei, Chem. Phys. Left. 161,79 (1989). 


85. M. Hotokka, B. 0. Roos and L. Eberson, J. Chem. SOC., 
Perkin Trans. 2 1979 ( 1986). 


86. G. L. Gutsev, J. Chem. Phys. 98, 7072 (1993), and 
references cited therein. 


87. S. Roszak, J. J. Kaufman, W. S. Koski, M. Vijayakumar 
and K. Balasubramanian, J. Chem. Phys. 101, 2987 
(1 994). 


88. M. J. Pellerite and J. I. Brauman, J .  Am. Chem. SOC. 105, 
2672 (1983). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9,487-497 (1996) 


MOLECULAR STRUCTURE AND ASSOCIATION OF 
DIPHENYLGUANIDINE IN SOLUTION 
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SERGUEI F. BUREIKO AND VLADIMIR N. BOCHAROV 


Institute of Physics, St Petersburg University, Peterhof, 198904 St Petersburg, Russia 


An experimental and theoretical study of the structure and aggregation of diphenylguanidine (DPhG) in non- 
polar and low-polarity solvents (CCI,, c6H6, C2HCI, and CHCIJ was performed. Dipole moments, IR spectra 
and average molecular weight measurements as a function of concentration demonstrate that DPhG is strongly 
associated in the solvents studied. The dimerization constant in CCI, is 192 i 7 dm'mol-I. Experimental results 
and a theoretical discussion on the basis of MNDO-PM3 and -AM1 methods show that in low-polarity solvents 
DPhG exists in the form of an asymmetric tautomer, the same as was found in the solid-state structure. 


INTRODUCTION 
The structure, thermodynamic and spectroscopic charac- 
teristics of hydrogen-bonded complexes, formed by 
molecules possessing a few functional atoms or atomic 
groups able to enter into intermolecular interaction, are 
defined by the peculiarities of their electronic and 
molecular structures. It has been demonstrated that 
compounds such as pyrazoles, aiazenes and amidinesl-' 
form open associates with the linear H-bond and also 
cyclic structures with several H-bonds, where the NH 
group plays a role of a proton donor and the basic 
nitrogen atom is a proton acceptor. 


In this work, we carried out a study on the association 
of N,N'-diphenylguanidine (DPhG), a molecule which 
can participate in resonance leading to so-called 
Y -ar~rnacity,~ causing a substantial delocalization of 
three C-N bonds in the guanidine moiety, which 
becomes especially effective in monocations (owing to 
this the pK, of guanidine is 13-6;5 the pK, of DPhG is 
10.12).6 Their NH groups are potential proton donors. 
The C-NH group has a high proton-acceptor ability. 
For these reasons, DPhG molecules seem to be able to 
form different types of H-bonded associates. The 
situation becomes more complex when one considers 


* Author to whom correspondence should be addressed. 


the possible tautomeric equilibrium of the DPhG 
molecule. 


The study of the structure of DPhG molecules and 
other guanidine derivatives, their intermolecular interac- 
tion and the parameters of their H-bonded complexes 
seems to be important also from the practical point of 
view.' These compounds, very effective in the forma- 
tion of hydrogen bond nets, can be used for peptide 
denaturation in biochemical studies of secondary and 
tertiary structures,' for the production of cellulose' and 
as effective agents in the extraction of metals from 
acidic media.' The IR absorption spectra of solid DPhG 
have been obtainedI0*'l and also its UV spectra."*'2 
From the Raman spectra of polycrystalline DPhG and its 
complexes with carboxylic  acid^,'^.'^ the conclusion was 
drawn that both linear and cyclic H-bonded structures 
exist. 


Structural analysis of crystalline DPhG using the x- 
ray diffra~tion'~ showed that of two possible tautomeric 
forms (Scheme 1) the less symmetrical form 11 occurs in 
the crystal, where the central carbon atom and three 
nitrogen atoms form a common plane. Experimental 
data on the tautomeric structures of DPhG and its 
association in solution are lacking; only the IR spectra 
of DPhG and triphenylguanidine in CCI, solution have 
been obtained and ana1y~ed.I~ 


In order to determine the character of the association 
and the structure of the complexes formed in solution, 
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Scheme 1 


we have studied the IR absorption spectra, the molecu- 
lar weight and dipole moments of DPhG in the low- 
polarity solvents CCI,, C6H6, CHCI,, CH,CI, and 
C2HCI,. Quantum chemical calculations for the DPhG 
molecule were also performed. The potential energy 
(AM,) surface was determined by the semi-empirical 
MNDO-AM1 and -PM3 methods. For a comparatively 
large molecule such as DPhG, more advanced ab inifio 
techniques could not be applied in a such calculations. 
The strong n-electronic coupling in the molecule makes 
the use of molecular mechanics methods less advisable. 


EXPERIMENTAL 
Commercial N,N'-diphenylguanidine (chemically pure 
grade) was purified by multiple recrystallization from 
benzene. The solvents used were subjected to fractional 
distillation and dried over KOH. IR absorption spectra 
of solutions were recorded by Fourier transform spectro- 
photometry (Nicolet 205) and UR-20 Carl Zeiss, Jena, 
Germany at the room temperature with a resolution of 
2 cm - I  in cells with CaF2 or quartz windows; the optical 
path was varied from 0-55 to 50 mm. The solution 
concentration was varied from 5 x lo-, to 
0-1 moldm-,. Dipole moments ( p )  of DPhG in solution 
were determined by the heterodyne beat method at 
2 MHz on a DMOl (WTW) dipolemeter. Calculations 
were performed by the Onsagel method (in CCI,, C6H6, 
CHCI, and C2HCI,) or the Hedestrand method (only for 
CCI, and CJ-16).16 The p values obtained by these two 


methods coincided at the limit of experimental error, 
*O-1 D. Solutions of different concentration (from 
1 x lo-, to 0.1 moldm-') were used. Other experimen- 
tal details have been described previously." 


The average molecular weights, M, in DPhG solution 
were determined by using an Osmomat 070 apparatus 
(Gonotec) in the temperature range 35-55 "C. 


Semi-empirical calculations on the DPhG molecule 
were performed by the MNDO-PM3 and -AM1 
methods at the 'precision' level (MOPAC 5.0 version)I8 
and by the version with SCRF implemented. l9 


RESULTS AND DISCUSSION 


Dipole moments 
Figure 1 illustrates the dependences of the dipole 
moment of DPhG on its concentration in different 
solvents. The standard deviation of a single measure- 
ment of p is 0.05. 


An increase in the solution concentration causes a 
decrease in p2 in all cases, but in a different manner. It 
is much steeper in CCI, and C2HCI, than in C6H6 and 
CHCI,. An increase in the polarity of the solvent (elec- 
tric permittivities are 2.2, 2.3, 3.4 and 4.8 for CCI,, 
C6H6, C,HCI, and CHCI, respectively) results in a 
weakening of the dependence of p on concentration. 
Despite the low polarity of benzene, a typical enhanced 
'activity' of this solvent is observed. The type of depen- 
dences observed suggest the formation of low-polarity 
forms of associates in solution. 


Values of p for the monomeric DPhG molecule in 
different solvents were estimated by extrapolation to 
zero concentration and were 3.72 D in CCI,, 3.44 D in 
C6H6, 3.88 D in C,HCl, and 3.9 D in CHCI,. The 
dipole moment of the DPhG molecule has been 
measured2' in benzene at 30 "C and the value of 3.14 D 
is in agreement with the results of our work, considering 


> I  


2 L 6 8 x2" 103 


Figure 1. Concentration dependence of DPhG dipole moments 
at 25°C. x, =Molar fraction of solute 
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the concentration dependence of the measured, average 
dipole moment. 


The results obtained in CCI, solution were analysed 
more detail using a dimerization constant of 
192 f 7 dm3 mol-' (see IR spectra section) on the basis 
of the equation: 


Y = ~ 6 , ( x M + 2 x , ) = ~ + x M < ~ - ~ O )  (l) 
Details of this method and literature citations are given 
in Ref. 17. 


The experimental results fit the linear equation 
y = 5.487 (f0.636) + 10.488 (f1.152)~~ with a correla- 
tion coefficient r=0-9767 for n=6, giving 
pM = 3.99 f 0.23 D and pLo = 2.34 f 0.14 D. This more 
precise estimated value of p M  is higher than that 
obtained by direct extrapolation of &, to zero concen- 
tration (equal to 3-72 D) by 0.27 D. One can consider 
the precision of p M  determination, in this case, to be 
better than f0.3 D. The original values and details of 
the fitting procedure are given in deposited material. 


Such an analysis was not possible in other solvents, 
because K, of association cannot be determined owing 
to solvent absorption. As has been shown,21.22 the 
simultaneous determination of the association constants 
and dipole moments of monomers and dimers is much 
less reliable. 


Average molecular weight 
The average molecular weights of DPhG were deter- 
mined in different solvents at 35, 45 and 55°C within 
the range of concentrations which approximately 
coincided with the concentrations used in the measure- 
ments of dipole moments. An increase of molecular 
weight with increase in solution concentration was 
recorded for all solvents; some dependences at 45 "C are 
presented in Figure 2. 


It is characteristic that in all cases the M values do not 
reach twice the molecular weight of the monomer 


v I 
I I I J 


2 4 6 200 I 
~ ~ ~ 1 0 ~  


Figure 2. Dependence of M values on DPhG concentration in 
different solvents at 45°C. x2 = Molar fraction of DPhG 


(MmOn). The maximum value of MIM,,,,, found in our 
determinations was 1.75 (in CCI,, at 55 "C). This means 
that it is unlikely that associates higher than dimers can 
participate in the equilibrium with monomers in the 
applied ranges of temperatures and concentrations. A 
similar association of DPhG molecules was reported by 
Hunter and Marriott,', where molecular weights of 
DPhG were determined in naphthalene solution by 
means of the cryoscopic measurements. At all tempera- 
tures studied, the degree of association decreases with 
increase in the solvent polarity (see Figures 2). 


Association equilibria 
The results obtained and the determined values of the 
dipole moments indicate the preferred formation of 
non-polar, cyclic DPhG associates in the solvents 
studied. For possible DPhG tautomers I and 11, the 
structures of the cyclic dimers shown in Scheme 2 can 
be suggested. For tautomer 11, preferred in the liter- 
ature (refs 3, p. 502, and 15), either two NH, amino 
groups (IIIa) or NH, and NHPh (IIIb) or only NHPh 
groups ( IIIc)  can act as protono donors; for the sym- 
metrical tautomer I it is possible to propose 
eight- (IVa), six- (IVb) and four-membered (IVc) 
cyclic dimers. 


The strong basicity of the DPhG molecule in analogy 
with guanidine is attributed to the C=N-H centre. The 
proton-donor ability of this group is almost For 
this reason, and because of non-linearity of hydrogen 
bridges, the possibility of the formation of structures 
IVb and IVc must be considered very small. The 
existence of free, non-bonded NH groups in the pro- 
posed structures suggests the possibility of joining 
additional DPhG molecules to the cyclic dimer, with the 
formation of trimers or higher associates. The molecular 
weight and dipole moment measurements (see above) 
do not support such a suggestion, at least for the conc- 
entration range studied. The study of more concentrated 
solutions is impossible because of the low solubility of 
DPhG in low-polarity solvents. 


Applying the association model A + A * (A),, we 
estimated the values of the association constants: 


Keq = Cass/c,ton (2) 
from the data from the molecular weights measure- 
ments. The values of Keq obtained at 45°C are 
180 f 50 dm3 mol in CCI,, 38 f 7 dm3 mol -' in C6H6 
and 6 f 2 dm3 mol - I  in CHCI,. At 55 "C the correspond- 
ing values are 130*30 dm3mol-' in CCl, and 
30 f 15 dm3 mol-' in C,H,. The high experimental 
uncertainty of Keg determination makes it difficult to 
calculate the dimerization energy. The observed 
decrease in the amount of complex molecules with 
increase in solvent polarity supports the assumption of 
the cyclic structure of DPhG, dimers in non-polar 
~oiution.~ 
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IR spectra CCI,) are observed in addition to one wide structured 
band. increasing in intensity with increase in DPhG 


Important additional information was obtained from the concentration. This absorption lies in the range 
IR absorption spectra of DPhG solutions (Figures 3 and 330-270 cm-’ with a centre of gravity at 
4) in CCI,, CHCI, and CD,CI, (all measurements were 2950-3000 cm-’ (for different solvents), overlapping 
made at room temperature). the vCH vibration bands. A low-frequency component 


In all the spectra, in the stretching vibration YNH of the intense doublet has a structure which is clearly 
region two high-intensity bands (3505 and 3404 cm-’ in resolved for solutions in CCI, (3445 and 3430 cm-’) 


t 


Figure 3. IR absorption spectra of DPhG in CCI, solution at concentrations of (1) 1.25 x lo-*, (2) 6.25 x (3) 12 x and 
(4) 1.25 x lo-’ (d= constant) 







MOLECULAR STRUCTURE AND ASSOCIATION OF DIF'HENYLGUANIDINE 49 1 


and less marked for more polar solvents, where only a 
weak high-frequency shoulder on the 3400 cm-' band 
can be recorded. The bands in the 3400-3500 cm-' 
region could be definitely attributed to the vNH absorp- 
tion of free functional groups and that at 3000 cm-I to 
associated NH groups. 


The observed IR absorption spectra can be explained 
on the assumption that structure I1 of DPhG predomi- 
nates in solution (as in the crystal phase3*"). The bands 
at 3500 and 3400 cm-' can be assigned to v,NH and 
v,NH vibrations of the NH2 g r o ~ p . ' ~ * ' ~  Unlike the 
absorption in the region of 3000 cm-I, the intensity of 
these bands depends very weakly (Figure 3) on the 
DPhG concentration. The high-frequency components 
of the 3400 cm-' band become markedly weaker with 
increase in concentration, and therefore they could be 
assigned to the vNH vibration of NHPh free groups [in 
the crystal phase this vNH absorption is observed at 
3450 cm-' (Ref. 14)]. The existence of two compo- 
nents in non-polar solvents can be explained by a small 
participation of tautomer I in the equilibrium. 


The equilibrium in solution cannot be shifted com- 
pletely to the dimers or monomers under our 
experimental conditions and for this reason it was not 
possible to determine the molar absorptivities of the free 
or associated YNH bands or to calculate the equilibrium 
constant of association ( K J .  An additional compli- 
cation would be the existence of non-bonded NH groups 
in the DPhG cyclic dimmer (Scheme 2). For these 
reasons, we applied a less precise method, based on the 
assumption that only dimerization proceeds in solution. 
Then, 


co= 2CD ch( (3) 
where Co, C, and Cu are the formal concentrations of 
the solute, dimer and monomer, respectively. Simul- 
taneous solution of equations (2) and (3) allows the 
calculation of C, for an assumed Keq value. In the 
spectral region where only dimer absorption is 
observed, 


(4) 
where E is the experimental absorptivity of solution, 1 
the cell length and E,  the molar absorptivity of the 
dimer. In searching for the best Kq value, equation (4) 
was fitted for a set of experimental E values obtained for 
different Co (eight values in our case), obtaining the 
smallest standard deviation from the straight-line 
equation, by adjusting a trial Kq value. By processing 
the absorptivity values at three different wavenumbers 
(2928.8, 2906-7 and 2886-8 cm-I), an average value of 
Kq = 192 f 7 dm3 mol-' was estimated in CCI, solutions 
(at 25"C), coinciding with the results of molecular 
weight measurements. The uncertainty range of Keq 
determination appeared to be much less than when using 
the average molecular weight method. This confirms our 
observations from the association of 2-oxoindolinone 


E f 1 = E D C D  


studies.I7 Also, the value of Keq for DPhG appears to be 
similar to the equilibrium constants estimated for cyclic 
dimerization of 2-oxoindolinones. 


The comparatively large shift of vNH observed for 
DPhG in CCI, solutions is similar to that observed for 
diphenylformamidine,'.' which has a very similar 
structure to DPhG. A structured band with 
AvNH = 500 cm-' was recorded, which was assigned to 
the vNH band of cyclic dimers. The Keq value of 
20 f4 dm'mol-' obtained for diphenylformamidine in 
CDCI, at 25"C2 is similar to that obtained for DPhG 
from molecular weight measurements in this work. 


A wide structured vNH band has also been observed 
for substituted p y r a z ~ l e s . ~ * ~ ~  The shape of the band of 
associated molecules appears to be sensitive to deutera- 
tion, but it does not depend on variations of con- 
centration and temperature. Thus, the YNH band 
structure of bonded NH groups at 3000cm-' can be 
interpreted in terms of Fermi resonance rather than the 
formation of complexes with different structures and 
compositions. 


Very characteristic changes were observed in the 
region of vC=N absorption (see Figure 4), which can 
be an additional argument in favour of the cyclic 
dimerization of DPhG. When the concentration of 
DPhG increases, a new low-frequency component of 
Y,~,C-N (1660 cm-' in CHCI,) appears, shifted by 
20 cm-', and its intensity increases with increase in 
concentration. In CD2C12, the low-frequency band, 
which we attribute to the v,,C=N absorption of the 
hydrogen bonds, was not resolved; it appears as a 
shoulder on a strong vC=N band. Such changes in the 
YC=N band, taking place simultaneously with the 
appearance of the 'bonded' vNH band, show that the 
both proton-donor NH groups and the basic centre 


2000 1800 1600 
Jlcm-' 


Figure4. IR spectra of DPhG solutions in the 6 - N  
absorption region in (a) CHCI, and (b) CD,CI, at 
concentrations of (1) 0.025, (2) 0.05, (3) 0.075 and (4) 


0.1 mol dm - 3  
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Figure 5. Potential energy (A%; in kcal mol-') surface calculated by the MNDO-PM3 method for symmetric tautomer I of DPhG. 
The structures represent two independent conformers of the lowest energy 
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C=N participate in the formation of hydrogen-bonded 
DPhG associates. 


It is difficult to select definitely one certain model of 
association. Because the PhNH group is considered to 
be a stronger proton donor25 than the HNH group, 
structure IIIc is more preferable than IIIb and IIIa (for 
the 'asymmetric' DPhG form 11). Such an assumption 
explains also the very weak decrease in the intensity of 
symmetric and antisymmetric vibrations of the NH, 
group with increase in concentration. 


Semi-empirical calculations 
The arguments in favour of the tautomer I or I1 for the 
DPhG molecule can be obtained from calculations of 
electronic charge distribution and the potential energy 
surfaces of the DPhG molecule. 


Both tautomers possesses a few degrees of freedom 
for rotation. To answer the question about the relative 
stability of the two forms, complete optimization of the 
structure has to be performed. It requires extensive 
calculations to obtain the potential energy surface 
(PES) for the two tautomers, and we decided to begin 
the semi-empirical quantum mechanical calculations 
with the PM3 procedure, which is known to be better 
than other semi-empirical methods for description of the 
hydrogen bond structure." 


The results of the calculations for tautomer I are 
shown in Figure 5. 


A planar conformation, such as that shown in Scheme 
1 (qI, q2 = 0; q I  is the C4-Nl-C2-N3 angle and q, 
the C5-N3-C2-N1 angle) appears to be the least 
probable state. Four distinct minima on the potential 
energy surface are seen at almost the same level of AWr. 
Two structures of conformers (the upper ones on the 
PES in Figure 5) are shown. Two others are related by 
the symmetry centre located at the point (qI = 180", 
q2 = 0"). Interconversion between these structures is 
connected with passing one barrier of about 
1 kcalmol-' (1 kcal= 4-184 kJ) on the shorter (nearly 
horizontal) path and the second about 2 kcalmol-' on 
the longer (nearly vertical) path (as shown in Figure 5). 
The q3 and q4 angles, defined as C7-C4-Nl-C2 
and C6-C5-N3-C2, are, respectively, -73.4" and 
62.1" for S(l)  and -71.8" and 123.25" for S(2). Fur- 
ther, these parameters are not considered separately. 
They are optimized without restraint as all the other 
parameters of the molecule. Separate calculations of the 
potential for q4 rotation for structures S( l )  and S(2) 
(compare deposited material) show relatively free 
rotation of phenyl rings with barriers of 2 kcalmol-'. 
Accepting even erroneous conformations at local 
minima, with respect to q4, hardly changes the location 
of the minima on the surface in Figure 5. The calculated 
dipole moment changes by less than 0.2 D on this 
rotation. 


The results of the PM3 calculation for tautomer I1 are 


shown in Figure 6. The different character of the poten- 
tial energy surface obtained is clearly seen. The rings in 
this tautomer are not equivalent. Rotation around the 
C-N (sp3) bond is almost free relative to the rotation 
around the C=N bond. There are three regions of low 
energy characterized by x = O  and *1800 (last two 
states are equivalent for symmetry reasons). The 
dynamic conformation of the molecule inside such 
formed energetic valleys can be characterized by a 
potential energy dependence on y for restricted x = 0 or 
180". The most stable structures were found for 
y =  f 120" at A s  =67-9 kcalmol-I, for both x = O  and 
180". The activation barrier for rotation around a single 
C-N bond is 1.8 kcalmol-' for x =  180". For the 
second planar conformation ( x = O o ) ,  the barrier for 
'y-rotation' (cf. Figure 6) is higher (by 4-4 kcal) owing 
to increased steric repulsion of the phenyl ring. The 
global minima of the two independent structures can be 
characterized as S( l )  (-9.6; 125.4) with 
A s  =67.637 kcalmol-' and S(2) (188.6; -136.4) 
with AW = 67.922 kcalmol-'. Passing between those 
states requires rotation around the C=N bond, which is 
connected with the formal cleavage of a double bond. 
The calculated bamer height is relatively low, however. 
Its lowest value for y = f 180" is 17.6 kcalmol-'. The 
transfer for y = 0 is characterized by a higher bamer of 
19 kcal mol -' due to steric repulsions. The values of the 
activation barrier suggest the effective delocalization of 
n-electrons within the molecule. The thermochemical 
energy of n interaction in isolated C=N bond is about 
45 kcal mol-'.26 On the other hand, the calculated value 
of the activation barrier is higher than the value of 
12* 1 kcalmol-' (Ref. 3, pp. 485-526) obtained by 'H 
NMR spectroscopy for rotation around C-N bonds in 
2-aryl- 1,1,3,3-tetramethylguanidinum cation indepen- 
dent of the formal n character of a particular C-N or 
C=N bond. The C-N and C=N bonds in DPhG in the 
PM3 approach are localized to a large extent. The 
potential energy surfaces calculated by the PM3 method 
for both tautomers suggest that the DPhG molecule can 
be characterized by conformational freedom and all 
active groups are accessible for intermolecular interac- 
tions. The levels of A& for minima of tautomer I1 are 
deeper than for I, 67.9 and 71-7 kcalmol-', respect- 
ively, the difference being 3.3 kcal mol -. Calculations 
suggest that also in the gas phase and non-polar solvents 
the asymmetric tautomer I1 predominates, as in the solid 
state.15 


The PM3 method describes relatively well the struc- 
ture of the hydrogen brid e but underestimates the steric 
repulsion in the system.' In order to make the barrier 
determination more reliable, we repeated the calcula- 
tions of the potential energy surface with the AM1 
procedure. Calculations for tautomer I were performed 
within the q I  and q, ranges which cover the region of 
the minima localization on potential energy surface (cf. 
Figure 7). 
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Figure 6 . Potential energy surface calculated by the MNDO-PM3 method for the asymmetric tautomer 11. Potential energy profiles 
describe the rotation around single and double C-N bonds 


The positions of the minima are slightly shifted in 
comparison with the PM3 results (all independent 
conformers are characterized in more detail in Table 1). 
The minima are at different levels of A G .  There are two 
ways of interconversion between the states; the barriers 
for reaching the higher state are 1.9 and 
0-76 kcal mol-', respectively. 


The results of calculations of the dynamic structure of 
tautomer I1 of DPhG with the MNDO-AM1 procedure 
are shown in the Figure 8. The difference between the 
lowest energy points for tautomers I and 11 estimated by 
the AM1 procedure is 4.20 kcal mol-', again in favour 
of the asymmetric tautomer 11. 


One can try to compare the structural parameters 
obtained in calculations for the most stable conformers 
with the crystal structure, despite the r ep~r t ed '~  depen- 
dence of the molecular structure on the character of the 
hydrogen bonds formed by a particular molecule. The 
molecules in the crystal form chains, not cyclic forms as 
we have stated in non-polar solutions. These chains 
form a net of hydrogen bonds of different strength. 
Considering the conformational flexibility of DPhG 


molecules, one can compare the bond lengths. In the 
solid state the C-N bond lengths of the gyanidine 
fragment are 1-350(8), 1.359(7) and 1-288(7) A, close 
to lengths calculated by ab initio methods for neutral 
guanidine.6. Equilibration of these bond lengths sug- 
gests a stronger n-electronic coupling in DPhG than in 
guanidine. The AM1 calculations gave C-N bonds 
lengths, averaged foz different conformers, of 1.41 (2), 
1-42(2), 1-327(3) A, which demonstrates that the 
applied method underestimates the n-electronic 
coupling in the central part of a molecule. The C-N 
bond lengths between phenyl rings and N atoms of the 
central guanjdine moiety are reproduced properly: 1.41z 
and 1.403 A compared with 1-14(7) and 1.399(7) A 
found in the crystal structure. 


The reliability of the structure determination by a 
particular theoretical method can be verified by compar- 
ing of the calculated dipole moments with the 
experimental values for monomers. For the symmetric 
tautomer I of DPhG, the PM3 method predicts two 
symmetrically independent minima (Figure 5). Assum- 
ing a Boltzmann distribution, one can obtain an average 
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Table 1 Comparison of calculated and experimental dipole moments in CCI, solutions 
- 


Minimum Calculated Dipole Average Experimental 
location w moment dipole moment dipole moment 


Tautomer Method Permittivity ( x .  Y 1 (kcal mol-') (D) (D) (D) 


I PM3 1 S(1) (125.5.63.8) 
S(2) (217.3; 70.0) 


(2.238) S(1) (127.8; 59.9) 
S(2) (217.4; 65.0) 


S(2) (188.6; -136.4) 


S(2) (188.6; -136.5) 
I AM1 1 S(1) (151.9; 59.3) 


S(2) (219.0; 76.2) 
2.238 S(1) (151.9; 59.3) 


S(2) (218.4; 73.1) 


S(2) (172.6; 130.0) 


S(2) (172.6; 135.1) 


I1 PM3 1 S(1) (-9.6; 125.4) 


(2.238) S(1) ( -  10.2; 126.2) 


I1 AM1 1 S(1) (-4.3; -164.2) 


2.238 S(1) (-3.5; -164.6) 


71.200 
7 1.020 
71.005 
70.459 
67.637 
67.922 
67.417 
67.665 
88.563 
89.172 
88.397 
88.968 
84.364 
84.381 
83.520 
84.023 


1.59 
2-50 
1 *93 
3.07 
2.19 
2.35 
2.56 
2.70 
1-76 
1.89 
1.90 
2.19 
3.46 
2.34 
4.34 
3.00 


2.16 


2.79 


2.25 


2.62 


1.79 


1.98 


2.95 


3.98 


3.99 


- 


3-99 


- 


3.99 
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Figure 7. Potential energy surface of symmetric tautomer I calculated by the MNDO-AM1 method 
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Figure 8. Potential energy surtace for asymmetric tautomer I1 calculated by the MNDO-AM1 method 


dipole moment, in our case equal to 2.16 D, which is 
much lower than the experimentally determined values 
(cf. Dipole moment section). One can expect a better 
agreement if one takes into account the influence of the 
Onsager reaction field on dipole moments. The calcula- 
tions were performed with the MOPAC.5 modification 
implemented by a self-consistent reaction field 
(SCRF)." One of the parameters of this model is the 
Onsager sphere radius. From earlier calculations, it 
was found that the best value is calculated from the 
volume occupied by a molecule in a crystal structure. In 
the ca? of DPhG, the radius calculated in such a way is 
4- 11 A. Calculations performed with this radius and the 
permittivity of CCl, give some modifications of the 
structure and dipole moment. The results obtained are 
given in Table 1. It has been stated that both applied 
methods should not make, on average, a mistake in 
dipole moment determinations higher than 0-48 and 
0.38 D for AM1 and PM3, respectively." 


Considering this and the uncertainty of the extrapola- 
tion procedure, one can mention that all the calculated 
average dipole moments, except by AM1 for tautomer 
11, are substantially lower than the corresponding 
experimental values. The conclusion concerning applied 
semi-empirical methods can be that the MNDO-AM1 


method reproduces better than MNDO-PM3 the 
dynamic conformation of DPhG in non-polar solvents. 


Calculations confirm the spectroscopic measurements 
results, that we have to deal with the tautomer I1 for a 
free molecule (presumably also in low-polarity solu- 
tions), as was found in the solid-state structure and 
water and DMSO solutions.29 


Very detailed calculations on the structure of 
diphenylguanicline and its monocation have been 
performed recently by Alagona et aL3' at the molecular 
mechanics and ab initio level with the aim of explaining 
the biological activity of DPhG in aqueous solutions. A 
high sensitivity of the calculated distribution of confor- 
mers to the character of the applied methods and 
corrections such as the basis set, solvent interaction, 
MP2 corrections and free energy of cavitation was 
reported. These calculations were performed only for 
tautomer I. As far as we can compare our results with 
those obtained by Alagona et al. in vacuo, taking into 
account the differences in conformers we found that 
most of the ab initio-calulated conformers do not fall in 
the minima region calculated by the semi-empirical 
methods for conformer I (Figures 5 and 7). Further 
studies considering also other structural parameters may 
explain the source of these discrepancies. 
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CONCLUSIONS 
The dipole moment and average molecular weight of 
N,N-diphenylguanidine were determined in non-polar 
solvents as a function of concentration. These measure- 
ments indicated that in range of concentrations studied 
cyclic dimers are formed. The IR spectra and results of 
average molecular weight measurements showed that the 
association can be described by an association constant 
of 190*7 dm3mol-' in CCl, solution, Kq decreasing 
with increase in solvent polarity. Generally, this can be 
understood as a result of competition between dimer 
formation and interaction with a solvent. Different 
models of the cyclic dimer structure were proposed for 
two possible tautomers of the studied compound. The IR 
spectra showed that the basic group active in hydrogen 
bond formation is the C=N-Ph group and the acidic 
part of the complex is the -N(Ph)H group. The results 
indicate that the cyclic dimer has the structure IIIc 
shown in Scheme 2. On the basis of the IR spectra and 
PM3 and AM1 semi-empirical calculations, the asym- 
metric tautomer II was suggested as the predominant 
form in non-polar solvents. This is the same form as was 
found in the solid state. 
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GEOMETRIC ISOMERS OF 2-NAPHTHYLPHENYLCARBENE: 
A REVISED ASSIGNMENT 


HEINZ D. ROW* 
Wright-Rieman Laboratories, Rutgers University, New Brunswick, New Jersey 08855-0939, USA 


AND 
MATTHEW s. PLATZ* 


Department of Chemistry, The Ohio State University, Columbus, Ohio 43210, USA 


It is reported that earlier assignments of 2-naphthylphenylcarbene were erroneous and that ESR data support 
the same assignment as quantum mechanical calculations. An unambiguous nomenclature for geometric isomers 
of carbenes is proposed. 


1. INTRODUCTION 
Recent quantum mechanical calculations on 2-naphthyl- 
phenylcarbene (NPC) using ab initio and semi- 
empirical methods’ confirmed the previously reported 
existence of two different geometrical conformers;2 the 
results led to the conclusion that the conformer with the 
lower ground-state triplet energy and the lower 
triplet-triplet (T , -T , )  transition has the larger zero- 
field splitting (zfs) parameter, I D/hc 1 .  This assignment 
is contrary to an earlier ESR study, in which the two 
rotamers with I D/hcl =0.3898 cm-’, E/hc 
= 0.0195 cm-’ and I D/hc I = 0-4044 cm-’, I E/hc 1 
=O-0168 cm-’ (in a frozen THF matrix) were 
identified based on a qualitative evaluation of the JC- 
electron spin density in WC.* We report here that the 
assignments in the earlier paper were erroneous; the 
ESR data support exactly the same assignment as the 
quantum mechanical calculations. We also note an 
ambiguity in the designation of the carbene isomers and 
propose an unambiguous nomenclature for geometric 
isomers of carbenes. 


In a series of publications on geometric isomerism in 
divalent carbon species,’-’ the carbene isomers were 
designated as ‘cis’ and ‘trans’ based essentially on an 
evaluation of the ‘substituents’ according to the 
sequence rules. Several singlet carbenes, recognized on 


* Authors to whom correspondence should be addressed. 


the basis of their electronic absorption spectra and 
assigned with the he1 of ab initio calculations, were 


of some carbenes with larger aryl substituents have been 
designated according to a syn-anti convention, where 
the species having the singly occupied sigma orbital 
next to the larger fragment of the major substituent was 
designated the syn-isomer.* Given the precedent of the 
earlier publications and the potential for ambiguity, we 
propose an unambiguous nomenclature for divalent- 
carbon isomers (rotamers), in which the ‘substituents’ 
at the bond between the divalent carbon and the non- 
symmetrical substituent are ranked based on the 
sequence rules, viz., 


designated similarly.’. r On the other hand, the isomers 


E-Npc 


Carbenes bearing two non-symmetrical substituents 
require two stereochemical indicators describing the 
relative arrangement of substituents around the two 
bonds linking the divalent carbon to the non-symmetri- 
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cal substituents, as illustrated for the Z,E-isomer of bis- 
2-naphthylcarbene [ (Z,E)-bis-2-NC]. 


2, E-bis-Z-NC 


Because of the importance of the correct assignment 
for the proper understanding of geometric isomerism in 
triplet (and singlet) carbenes, we briefly rehearse the 
simple qualitative analysis of electron spin densities 
underlying the assignment of the isomers. Triplet 
carbenes have two unpaired electrons, a a-electron 
essentially localized at the divalent carbon, and a n- 
electron which is delocalized throughout the n-system. 
It has been n ~ t e d ~ . ~  that the zero-field splitting (zfs) 
parameter, I D / h c  I of such a species can be reproduced 
by a point spin model," with individual contributions, 
Di,  due to n spin densities, p i ,  at individual carbon 
atoms, Ci, viz., 


where ri is the distance between the divalent carbon, 
Cdi, and a carbon, Ci, bearing n spin density, and zi is 
the z coordinate of Ci. According to equation (l), 
contributions to I D / h c l  fall off with l/ri . Thus, the 
magnitude of I D / h c  I is determined primarily by the n- 
spin density at the divalent carbon, pdi;3.4 the zfs 
observed for NPC, I D / h c  I = 0-4 cm-I, corresponds to 
a spin density pdi = 0.55. Carbenes with delocalized spin 
density will have noticeable secondary contributions to 
I D / h c  I due to the nearest carbons with n electron spin 
densities; for NPC, these include carbons C-2', C-6' of 
the benzene ring and C-1 and C-3 of the naphthalene 
system, respectively. The contributions due to the spin 
density on benzene are identical for both isomers; those 
due to spin density on the naphthalene system are 
significantly different. 


For the E-isomer, C-1 lies close to the z-axis so that r 
is approximately parallel to z. Hence, z1 = r l ,  and 


D l = p l ( y ) = p l ( + ) ~ p , ( ~ )  (2) 


causing a noticeable negative contribution to I D / h c  I . 
The n electron density at C-3 makes a lesser contribu- 
tion, because p 3 = f p I ,  and because C-3 is far from the 
z-axis; accordingly, z3 < r3. Simple geometric con- 
siderations suggest that the angle between the r3 and 


z3 vectors lies close to 55"; correspondingly, 
r32 - 3z,2 = 0. 


A similar inspection of the Z-isomer shows that C-3 
lies close to the z-axis (z3 = r , ) ,  whereas C-1 is far from 
the z-axis (zl > r l ) .  Accordingly, the contributions due 
to the spin densities at C-1 and C-3 are interchanged, 
and the negative contribution to I D /  hc I is smaller since 
it is caused by the center bearing lesser spin density, 
p 3  = t p , .  These considerations clearly suggest that the E- 
conformer must have the smaller 1 D / h c  1 value. Hence, 
the isomer with I D / h c  I = 0.3898 cm-I must be the E- 
isomer and that with I D / h c  I = 0.4044 cm-l must be 
the Z-isomer. The previous analysis2 recognized cor- 
rectly that the E-isomer has the larger secondary 
contribution, but failed to take into account the negative 
sign. 


, 


i ZNPC 
E-NPC 


In summary, we emphasize that the rotational isomers 
of carbenes can be assigned readily from a simple 
inspection of the 'nearest' spin densities, as long as 
these are clearly understood. It may be sufficient to 
compare the nearest spin densities close to the z-axes of 
the two isomers [i.e., p 1  for (E)-NPC, p 3  for (Z)-NPC], 
since contributions due to spin densities far from the z- 
axes are significantly smaller. 
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THEORETICAL CHARACTERIZATION OF TRANSITION STRUCTURE 


CENTER OF LACTATE DEHYDROGENASE. GEOMETRY AND 
TRANSITION VECTOR DEPENDENCE UPON COMPUTING METHOD 


AND MODEL SYSTEM 


FOR THE ENZYME-CATALYZED REACTION AT THE ACTIVE 


J. AND&S*, V. MOLINER AND V. S. SAFONT 
Department of Experimental Sciences, Universitat Jaume I ,  Box 242,12080 Castelld, Spain 


A theoretical study of the catalytic mechanism of lactate dehydrogenase enzyme on different model systems was 
carried out with the help of the PM3 semi-empirical procedure and an ab initio method at the 4-31G and 
6-31G** basis sets at a Hartree-Fock (HF) level of theory. 


The geometry, transition vector (TV) and electronic structure of the transition structure (TS) for the acid- 
catalysed hydride reduction were obtained. The dependence of these properties on the computing method and 
model system is analysed and discussed. Proton transfer is much more advanced than hydride transfer 
occurring in roughly perpendicular planes. All the TSs render very similar structural features, the control of the 
chemical reaction being associated with the hydride transfer process. A comparison among simple and 
sophisticated molecular models shows that the TS seems to be structurally a rather robust entity. There is a 
minimal molecular model with a TS which describes the essentials of the chemical interconversion step in a 
given enzyme mechanism and the corresponding TV is an invariant feature. 


INTRODUCTION 
Theoretical chemistry provides the basis for the design 
of sound computer-assisted simulation tools, such as 
modem statistical mechanics techniques and advanced 
quantum chemistry, contributing to a better understand- 
ing of enzyme catalysis by introducing basis concepts 
and increasingly accurate calculations. ' Different 
overviews of the current state of the art in theoretical 
approaches to understandin enzyme mechanisms have 
been offered by Warshel,' Kollman3 and Merz and 
K01lman.~ 


The understanding, at the molecular level, of reaction 
mechanisms for enzyme catalytic processes requires a 
detailed knowledge of transition structure (TS).' 
Wheareas in the past TS were difficult to obtain, con- 
temporary computational quantum chemistry offers a 
unique way to determine them with high accuracy, 
allowing for the calculation of analytical gradients 
(forces) and Hessian matrices that, once diagonalized, 
provide essential information to characterize the 
nature of stationary points, reactants, TS, products and 


*Author for correspondence. 
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possible intermediates on the potential energy surface 
(PES). This provides an independent source of informa- 
tion concerning the geometry, stereochemistry , charge 
distribution and the reactive fluctuation pattern 
(dynamics); the last aspect is embodied in the transition 
vector (TV). TS are stationary points on the reactive 
PES with well defined geometries. Once the Hessian, 
i.e. the matrix of the second order derivatives of the 
electronic energy with respect to geometric parameters, 
is diagonalized, the TS is a saddle point of index one 
with only one negative eigenvalue and the eigenvector 
associated with that eigenvalue is dubbed the TV. The 
amplitudes of the eigenvectors assign weights to the 
atomic fluctuations around the stationary point. All 
except the negative one are associated with stationary 
fluctuations. Distinct geometric information is obtained 
together with the fluctuation pattern around the quad- 
ratic zone for such systems. Fluctuations along the TV 
may conduct the system either to reactants or product 
basins. 


Recently, a quantum description based on the role of 
TS characterization of chemical reactions for enzyme 
catalysis was ~resented.~.' The key hypothesis of our 
work is that the in vacuo-calculated TS informs us on 
the geometry that the activated complex will have at the 
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active site of the given enzyme and the reactive 
fluctuation pattern there. The description of TS on the 
basis of experimental evidence is the central, if some- 
times elusive, goal of most studies of reaction 
mechanisms. The value of TS for understanding 
enzyme catalysis is widely used.' Following Pauling's 
hypothesis,*-" in 1969 Jencks" proposed and later 
Lerner et al. demonstrated experimentally a practical 
entry into designed catalysis, provided by antibodies 
raised against stable TS analogues of chemical reac- 
tions. In recent years, based on this approach, a new 
field has emerged with the ex ressed aim of designing 
reaction types and  substrate^.^"' In this sense, this is a 
highly interdisciplinary field, ranging from the study of 
biological systems via synthetic chemistry to computa- 
tional chemistry. 


In recent years, quantum mechanical calculations 
have been gradually recognized as a useful tool in 
research related to elucidation of molecular reaction 
mechanisms.'6-22 A complete application of ab initio 
methods is generally prohibitive in terms of computa- 
tional effort for any except the smallest of systems. 
Furthermore, semi-empirical procedures are intended 
for studying large molecular systems of chemical or 
biological interest. The different features of the various 
semi-empirical methods arise from the different 
approximations introduced, the different parameteriz- 
ation included and the different sets of molecules used 
to obtain the parameters. Semi-empirical methods have 
progressed over the past few years to a surprising level 
of accuracy and reliability, considering the limitations 
of the underlying  approximation^.^^.^^ 


The transfer of a hydride equivalent from the reduced 
pyridine dinucleotide coenzymes NADH and NADPH 
to a variety of substrates is catalysed by enzymes of the 
dehydrogenase family.z The lactate dehydrogenase 
(LDH) enzyme, belonging to this family, is an ideal 
vehicle to explore the effects of computing methods and 
model systems on the calculated geometry, TV and 
electronic structure of TS for the molecular mechanisms 
that take place in its active site. The purpose of the 
present work was to compare the important features and 
behaviour of the TS for the molecular mechanism 
catalysed by this enzyme. Analytical gradient SCF MO 
with PM3 semi-empirical and ab initio methods were 
applied. 


ENZYME MECHANISM, METHODS AND MODELS 


LDH enzyme mechanism 
Reactions catalysed by enzymes are not single processes 
but normally follow a catalytic mechanism containing a 
number of molecular and electronic steps. The structural 
and electronic theory of enzyme catalysis is directed at 
obtaining a rational explanation for the chemical inter- 
conversion process where the fundamental chemistry 


(bond making/forming) is carried out. Before arriving 
at the chemical interconversion step, and after passing 
it, there may be a number of molecular rearrangements, 
acid-base reactions and/or precursor chemical intercon- 
versions; these molecular andlor chemical events 
usually serve to prepare the enzyme to perform the 
fundamental chemical act and determine the efficiency 
of the enzyme. 


LDH is a nicotinamide adenine dinucleotide 
(NAD *)-dependent enzyme that reversibly catalyses the 
oxidation-reduction reaction of the pyruvate to L- 
l a ~ t a t e ~ ~ - ~ '  (Figure 1): 


CH,COCOO- + NADH + H+- 
CH,CHOHCOO- +NAD+ 


Although the overall kinetics of the reaction in LDH 
(EC 1.1.1.27) have been the subject of exhaustive 
experimental in~est igat ion,~ ' -~~ and the roles of active- 
site enzyme residues and the molecular details of the 
mechanism have been obtained from site-generated 
mutagenesis and protein engineering ~ t u d i e s , ~ ~ - ' ~  the 
catalytic steps in the active site of the enzyme present 
many questions about the mode of action of LDH."." 
These experimental facts invite complementary investi- 
gation by computational methods. 


The chemical conversion has two essential compo- 
nents: hydride and proton transfer processes. The 
substrate interacts with the active site residues and is 
positioned such that it can accept a hydride ion from the 
nicotinamide ring of NADH while the histidine residue 
is the proton donor or acceptor in the rea~tion.~' 


Our previous theoretical studiesa-" indicate that the 
TS that controls the overall process is dominated by the 
hydride transfer from nicotinamide adenine dinucleotide 
to pyruvate carbonyl carbon. The proton transfer process 
takes place along a pre-existing hydrogen bond between 
hydrogen attached at the nitrogen atom of the imidazole 
ring and the in-plane sp2 lone pair on the carbonyl 
oxygen of the pyruvate substrate. In the TS, the hydride 
transfer step has progressed to only a small degree 
whereas the proton transfer has been completed, both 
processes being kinetically coupled but dynamically 
uncoupled. These results are in agreement with theoreti- 
cal studies of Wilkie and Williams,43." Gready and co- 
w o r k e r ~ ~ ~ . ~  and Almarsson and Bruice4' and are in 
accordance with experimental data reported by Coleman 
et but are in conflict with results obtained by 
Yadav et ~ l . , ~ '  who evaluated the very large effect of the 
enzyme environment. 


Methods and models 
PM3 semi-empirical and ab initio MO calculations were 
performed using the Gaussian92 programM on a cluster 
of Hewlett-Packard 730 workstations. All TSs were 
determined by gradient search techniques, without 
constraints, and using the Berny These 
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fL 
Arg 171 


I His 195 


A 
Arg 171 


cow, 


Figure 1. Model reaction for the reduction of pyruvate by lactate dehydrogenase 


stationary structures on PES were shown to be saddle The physical region where the primary interconver- 
points of index one by virtue of possessing a single sion process takes place is the active site. The regions 
imaginary vibration frequency for the reaction occupied by other moieties of the substrates after 
coordinate mode. binding to the enzyme are usually larger than that 


occupied by the active site. This complementary region 
is then referred to as the substrate binding site. To 
elaborate this point further, a fundamentally different 
type of information about the primary interconversion 
step is required. This can be generated by studying 


Model I Model I1 


W 
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appropriate minimal molecular models sustaining the 
actual chemical reaction. These systems may contain the 
intrinsic potentialities of the real system. In the ter- 
minology used by us in calculating activated complexes, 
the atoms participating in the actual interconversion are 
named reactive space atoms (or degrees of freedom 
belonging to the control space); those related to the 
specificity of the substrates and bound outside the active 
site are named non-reactive atoms (or degrees of 
freedom in the complementary space). 


Seven model systems were selected. They can be 
ordered, from the most complex to the simplest struc- 


s Q 


b 
Model I11 


n Q 


ture as follows. In model I, the guanidine part of Arg 
171 was conserved and the moiety of this amino acid 
was replaced by a methyl group. The imidazole ring 
substituted by the methyl group was positioned in place 
of His195 and N-methyl- 1,4-dihydronicotinamide 
played the role of NADH. The starting geometry of the 
complete supermolecule comprising 55 atoms was 
established according to our previous results,53 which 
were based on X-ray  finding^.*'*^^.^^ In model 11, the 
imidazole ring has been discarded, maintaining the 
protonation in pyruvate fragment. In model 111, the 
Argl71 has been discarded. In model IV, the methyl 
and amide groups of NADH residue have been 
removed. In Model V, the methyl group of pyruvate 
fragment has been discarded. In model VI, the carboxy- 
late group of pyruvate residue has been removed. In the 
model VII, the cyclopropenyl ring plays the role of the 
pyridinium ring. 


n Q 


a Ht 


U U 
Model V 


Model IV Model VI 
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0 


PM3 
HP 


----O--- 
Ht 


0 
0 3  


HF I4-31G 


H5 ' 


Model V1I 


RESULTS AND DISCUSSION 
The TSs for the different model systems are depicted in 
Figure 2. The TV renders very concisely the essentials 
of the chemical process under study: the corresponding 
TV and force constants, geometric values for the 
variables defining the control space, imaginary fre- 
quency and the unique negative eigenvalue are reported 
in Tables 1-3. The completely optimized geometries 
are available from the authors on request. The results 
provided good hints for a qualitative and semi quantitat- 
ive analysis. The selected geometrical parameters for the 
different model systems, I-VII, reveal slight differ- 
ences. The donor and acceptor fragments have an endo 
conformation and their in te rmolyhr  distance, C,-cd, 
is in the range 2-721-2.753 A. The forming bond, 
C,-&, is longer than the breaking bond, cd-& for 
models I-V, whereas an opposite trend is obtained for 
models VI and VII. There are two set of values for the 
c,-&-cd bond angle and Ht-Ca-0-Hp dihedral 
angles for models I-V and models VI and VII: 
173.2-176.8" and 88.5-88.8" and 144.7" and 
91.6- 108.4", respectively. 


The normal-mode analysis of these structures yields 
a relatively low imaginary frequency (1017i- 
14OOi cm-'). For all model systems, the negative 
eigenvalue arises from the cross terms in the force 
constant matrix, diagonal force constants are all positive. 
An analysis of the components of TV shows that there is 
a strong coupling between the Ht position in the bridge, 
the internuclear distance, Ca-Cd, and the Ht-Ca-C1 
bond angle, these variables being the major components 
of the TV. The minimal set of coordinates capable of 
producing the TS are the Ht advance and the rehybridiz- 
ation coordinates at both the acceptor and donor centres. 
This result is obtained after reducing the size of the 
control space followed by the diagonalization of the 
corresponding Hessian matrix. 


c5 


Models I-VI Model VIl 


Atoms D1, D2 and D5 are dummy aioms used in our Z-matrix. In Model VI. C1 is a hydrogen atom. 
Atoms D1. D2 and D5 arc dummy atoms used in our Z-matrix. 


Figure 2. Schematic representation of the transition structures for the enzyme-catalysed reaction at active site of lactate 
dehydmgenase obtained with the different computing methods and model systems 
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Table 1. Selected geometric parameters, and net atomic charges (am) for the TS structures of the different models 


Parameter 1 I1 111 IV V VI VII-A VII-B VII-C 


Distances (A): 
Ca-Cd 
Ca-Ht 
Ht-Cd 


Bond angles (O): 


Ca-Ht-Cd 
Dihedral angles (O): 


Ht-Ca-03-Hp 
Net atomic charges (a.u.): 


Ca 
0 3  
HP 
Ht 
Cd 


2.7207 
1.4173 
1.3082 


2.7530 
1.4174 
1.3967 


2.7207 
1.4173 
1.3082 


2.7207 
1.4174 
1.3082 


2.7366 
1.4174 
1.3234 


2.7368 
1.4174 
1.4544 


2.7368 
1.4173 
1.4544 


144.73 


91.55 


2.7368 
1.4174 
1.4544 


144.73 


108.40 


2.7368 
1.4174 
1.4544 


144.72 


98.57 


173.15 


88.80 


176.82 


88.47 


173.15 


88.80 


173.72 


88.81 


173.72 


88.56 


144.72 


92.74 


0.21 
-0.27 


0.15 
0.02 
0.05 


0.13 
-0.26 


0.27 
0.01 
0.06 


0.17 
-0.25 


0.29 
0.04 
0.04 


0.17 
-0.25 


0.29 
0.04 
0.03 


0.02 
-0.25 


0.28 
0.02 
0.05 


0.04 
-0.28 


0.25 
0.02 
0.02 


0.09 
-0.24 


0.27 
-0.07 
-0.02 


0.04 
-0.71 


0.46 
0.02 


-0.20 


0.10 
-0.54 


0.39 
-0.06 
-0.13 


Table 2. Imaginary frequencies (cm-I), force constants (K, in am.) and corresponding eigenvector ( e )  associated with the unique 
negative eigenvalue for the TS of molecular models I-VI 


Parameter I 11 111 IV V VI 


Imaginary frequency (cm-I) 1134.43i 1400.241 1016.51i 1021.42i 1196.58i 1035.721 


e K e K e K e K e  K e K  


r (Ca-C 1) 
r(Hp-03) 
r(Ht-Ca) 
r(H5-Cd) 
LCa-C1-D1 
LHt-Ca-C1 
LCd-D5-Dl 
LH5-Cd-C4 
LCa-Cl-Dl-D2 
LHp-03-Ca-C1 
LHt-Ca-Cl -03 
LCd-DS-Dl-D2 
LH5-Cd-C4-C5 


-0.085 0.409 
-0.098 0.522 
-0.263 0-318 
-0.080 0.325 


0.109 5.274 
0.701 3.085 


-0.079 0.147 
-0.321 0.287 
-0.086 3.343 
-0.088 0.173 
-0.470 3.309 
-0.074 0.558 


0.178 0.220 


-0.029 
-0.063 
-0.366 
-0.153 


0.087 
0.704 


-0-096 
-0.220 
-0.080 
-0.013 
-0.462 
-0.037 


0.187 


0.311 -0.115 0.249 
0.520 -0.113 0.410 


-0.015 -0.675 0.018 
0.303 -0.323 0.305 
0.879 0.096 0.376 
0.299 0.408 0.394 
0.277 -0.030 0.299 
0.210 -0.131 0.208 
0.610 -0.058 0.983 
0.027 -0.036 0.041 
0.297 -0.380 0.399 
0.148 -0.027 0.164 
0.121 0.200 0.142 


-0.123 0.251 -0.107 0.178 -0.152 0.019 
-0.117 0.450 -0.044 0.506 -0.054 0.540 
-0.731 0.018 -0.858 0.004 -0.747 0.031 
-0-351 0.308 -0.306 0.305 -0.441 0.308 


0.044 0.365 0.038 0.394 0.041 0.825 
0.122 0.384 0.041 0.328 0.001 0.204 


-0.011 0.311 -0.011 0.273 -0.007 0.119 
-0.002 0.195 -0.029 0.192 -0.020 0.189 
-0.090 0.949 -0.038 0.810 -0.195 0.130 
-0.020 0.040 -0.005 0.041 -0.009 0.014 
-0.464 0.392 -0.185 0.340 -0.297 0.132 
-0.028 0.150 -0.005 0.111 -0.009 0.050 


0.193 0.138 0.041 0.122 0.199 0.154 


It is important to note that while the atoms participat- 
ing in the TSs are always the same, those entering in the 
complementary space are not. If the latter do not modu- 
late in first order the force constants in the control 
space, the TV is invariant. The invariance is to be 
understood in terms of preservation of the reactive 
fluctuation patterns. Fluctuations in one direction lead 
the system downwards in energy towards the reactants 
and in the opposite direction to the products. 


A close look at the crystallographic structure of a 
number of dehydrogenases suggests that the TS for 
hydride transfer have a geometric arrangement similar 
to that theoretically determined for LDH. The endo 
configuration for the TS seemed to be a general feature 


of dehydrogenases. This idea has been successfully used 
by Sustmann et al.56 in gluthatione reductase and can 
be also observed in liver alcohol dehydro enase 
(LADH),57.5R formate dehydrogenase (FDHI5' and 
dihydrofolate reductase (DHFR).60 


In the case of LDH enzyme, where a particle is 
exchanged between donor and acceptor centers, the 
model system has transportable geometric parameters 
within a small tolerance. In this respect, the TS presents 
similar geometric properties for the different model 
systems. One of the interesting results obtained is a sort 
of geometric invariance of the fragments participating in 
a first-order saddle-point geometry. This effect has been 
found by us and other workers.61 Structural invariance 
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Table 3. Imaginary frequencies (cm-I), force constants (K, in a x )  and corresponding 
eigenvectors (e) associated with the unique negative eigenvalue for the TS of molecular models 


VII obtained with the PM3, HF/4-31G and HF/6-31G"" methods 


PM3 HF/4 -3 1G HF/6-31Ghh 


1355.45i 1397,391 Imaginary frequency (cm-') 1165.28i 


e K e K e K 


r(Ca-H2) -0.252 0.321 -0.223 0.396 -0.211 0.392 
r(Hp-03) -0.055 0.531 -0.145 0.569 -0.090 0.618 
r(Ht-Ca) -0.845 0.009 -0.858 0.004 -0.862 0.004 
r(H5-Cd) -0.343 0.298 -0.290 0.316 -0.301 0.323 
LCa-D5-D2 0.011 0.914 0.059 0.640 0.051 0.553 
LHt-Ca-D1 0.039 0.347 0.094 0.303 0.091 0.275 
LCd-D5-D1 -0.034 0.099 -0.058 0.158 -0.058 0.129 
LHS-Cd-C4 -0.022 0.123 -0.061 0.196 -0.054 0.172 
LCa-D 1 -D5-D2) -0.110 0.200 -0.038 0.330 -0.046 0.291 
LHp-O3-Ca-H7) -0.020 0.023 -0.023 0.021 -0.006 0.027 
LHt-Ca-D1 -D2 -0.020 0.253 -0.073 0.355 -0.071 0.332 
LCd-DS-Dl-D2 -0.029 0.067 -0,005 0.167 -0.006 0.141 
LHS--Cd-C4-C5 0.143 0.065 0.096 0.095 0.099 0.099 


of the TS structure fragments is an important result 
from the technical viewpoint. It helps in setting up the 
search of TSs. 


From an electronic point of view, in hydride transfer 
reactions, the geometrical arrangement found at the 
active site results in an optimal frontier orbital 
interaction. A maximum overlap between the highest 
occupied (HOMO) and lowest unoccupied (LUMO) 
molecular orbitals is achieved in this conformation. This 
result adds to the other examples reported in the liter- 
ature which tend to show that the principle of maximum 
overlap of HOMO-LUM0'7s58*62-65 may be used as a 
guide to build up putative TS in hydride transfer reac- 
tions. On the other hand, for electron transfer reactions 
endo configurations facilitating HOMO-LUMO 
overlap are common. Thus, the enzymes belonging 
to the family of flavin-containing disulphide 
oxidoreductases having as coenzyme either NADP or 
nicotinamide adenine dinucleotide (NAD)" present an 
endo configuration between the nicotinamide plane and 
the isoalloxazine ring of the flavin. Glutathione 
reductase, trypanothione reductase and lipoamide 
dehydro enase are three important examples of this 
family.6y68. Another fairly general example is to be 
found in the hydrolysis taking place on a carbonyl 
carbon. This process goes systematically via a tetra- 
hedral arrangement for the TS. 


Factors influencing TSs for hydride transfer in model 
systems have been studied by  US^'*^^*'^*^*^^^^^^^ and 
Williams an c o - ~ o r k e r s . ~ ~ * ~ * ~ " . ~ ~  Normal-mode analysis 
showed that experimental data concerning kinetic 
isotye effects are well rationalized by the theoretical 
TS. Pauling's lemma, stating that the shape of the 
active site is complementary to the form of the activated 


complex for the reaction catalysed by the enzyme, can 
be extended in the following sense: the geometry of the 
activated complex corresponds to the TS describing the 
chemical step in vucuo. It follows then, that, in almost 
all situations, the geometry of reactants and/or products 
are not necessarily those pertaining to their equilibrium 
conformations, but they will be moulded by the enzyme 
into conformations resembling the TS. Support for this 
idea is emerging from the study of enzyme model 
systems, especially with the finding made for LDH. 
From all the results hitherto obtained, it can be con- 
cluded that the relative orientation imposed by the active 
site constraints to the reactants in LDH (endo 
configuration) is optimal in polarizing the scissile C-H 
bond and situate the system in the neighbourhood of a 
saddle point of index one. 


From this new perspective, a unified viewpoint 
emerges, thereby giving an explanation to enzyme 
catalysis phenomena that can be described as a specific 
binding process. This positioning eliminates the 
decrease in entropy required for catalysed reactions and 
is in agreement with proposals concerning Raman 
spectroscopic studies by Callender et ~ 1 . ~ ~  The binding 
energy is partly used to activate the substrate to a 
geometry that looks like the TS of the chemical inter- 
conversion step catalysed by the enzyme. Strictly, the 
binding energy of an enzyme for a TS is the force that 
drives enzymatic ~ a t a l y s i s , ~ ~ * ~ '  so the calculated acti- 
vation energy is not real. The bamer height cannot be 
directly related to the activation energy parameter for a 
real enzyme reaction. 


It is important to note that our arguments are based on 
the gas phase. The TS discussed here give an explana- 
tion for the complex behaviour of LDH enzyme in the 







CHARACTERIZATION OF LACTATE DEHY DROGENASE REACTION 505 


framework of a catalysis theory emphasizing the role of 
a TS-related active complex via its selective binding by 
the protein. However, the inclusion of the environment 
effects produced by the enzyme can be important and 
medium effects on chemical reactivity are still a debate 
area. This topic has been extensively studied by Warshel 
and c o - ~ o r k e r s ~ ~ ’ ~ - ’ ~  In addition, a recent overview on 
classical electrostatics in biology and chemistry was 
published by Honig and N i c h ~ l l s . ~ ~  Note that the solute 
can be taken as a classical external electrostatic source 
to the surrounding medium. For this approximation to 
be accurate, the solute wavefunction must be fairly well 
localized in the volume assigned to the solute system; 
overlap with the surrounding medium must be minimal. 


CONCLUSIONS 
Quantum chemically, the characterization of TS may be 
rationalized to discuss enzyme-catalysed reactions. While 
the gas-phase study of isolated substrate and cofactor 
species permits several relative conformations of the 
reactants, the active site residues in the enzyme would 
impose directional constraints on the approach of the 
reactants. Following an initial computational investiga- 
tion of isolated substrate and cofactor analogues, the 
active site residues have been introduced in stages. At 
each stage, the possibility of TSs involving hydride 
transfer step were characterized. The gas phase model 
cannot mimic the true enzyme environment and the 
relevance of these results can be summarized as follows: 
there exists a minimal molecular model with a TS which 
describes the essentials of the chemical interconversion 
step in a given enzyme mechanism and the corresponding 
TV, that encodes the fundamental information relating 
reactive fluctuations patterns, is an invariant feature. 
Theoretical calculations of these types of stationary 
points on PES permit the actual determination of geome- 
tric structures and corresponding force constants. One 
constructs, in this manner, not an artificial situation, but 
a minimal model to produce testable information. It is 
also clear that more studies should be conducted to verify 
our results and to examine the validity of different 
methods and models. It seems reasonable to assume that 
this work should give reliable results in studies of 
hydride transfer reactions in enzymes. Computations at a 
higher level (post-HF) of theory or alternative pro- 
cedures (DFT) are under way to test the stability of the 
results obtained. Also, a more complete investigation 
incorporating the entire enzyme environment and solvent 
is being undertaken, using a combined quantum and 
molecular mechanical approach. 
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PARTITION COEFFICIENTS AND INTRAMOLECULAR HYDROGEN 
BONDING. 1. THE HYDROGEN-BOND BASICITY OF 


INTRAMOLECULAR HYDROGEN-BONDED HETEROATOMS 


MICHEL BERTHELOT", CHRISTIAN LAURENCE AND DENIS FOUCHER 
Laboratoire de Spectrochimie, Faculte' des Sciences et des Techniques, Universite' de Nantes, 44072 Nantes, Cedex 03, France 


AND 
ROBERT W. TAFT 


Department of Chemistry, University of California, Irvine, California 9271 7, USA 


Measurements were made in CCI, of the formation constant K,, of the 1 : l  hydrogen-bonded complexes 
between the reference donor 4-fluorophenol and the intramolecular hydrogen-bonded systems I (one lone pair 
on heteroatom Y, one intramolecular hydrogen bond: 8-hydroxyquinaldine and 2-(2-hydroxyphenyl) 
benzoxazole); JI: (two lone pairs, two intramolecular hydrogen bonds: 2,2'-dihydroxybenzophenone and 1,8- 
dihydroxyanthrone) and Ill (two lone pairs, one intramolecular hydrogen bond: tropolone, salicylic acid 
derivatives and guaiacol). The pK,, values and the structural vibrational studies show that system I has a non- 
zero hydrogen-bond basicity which is due to the oxygen atom. In system 11 the non-zero basicity is explained by 
the two oxygens and the breaking of one intramolecular hydrogen bond. In the push-pull system III (e.g. 
tropolone), in spite of the great decrease of the basicity of the free lone pair by the intramolecular hydrogen 
bond (e.g. compared with tropone), Y remains the major site for intermolecular association. However in 
guaiacol, a non push-pull system Ill, the cooperativity effect makes the phenolic oxygen the major site. 


O,H .*. \ O,H *.* a,# ... HSo 


u uu u 
1 I1 111 


INTRODUCTION 
The partitioning equilibrium of solute molecules 
between water and immiscible organic solvent is of 
particular importance in drug design, not only because it 
correlates with biological activity but also because it 
encodes a wealth of structural information. 


Partition coefficients first provide information on the 
solute-solvent and solute-water intermolecular  force^.^ 
Their quantitative unravelling is important for under- 
standing and predicting not only drug delivery, drug 
transport and drug distribution, but also drug recogni- 
tion by and binding to the receptor, since solute-solvent 
and solute-receptor interactions are of the same basic 


* Author for correspondence. 


nature. As repeatedly shown, hydrogen bonding (her- 
eafter referred to as HB) is among the most important of 
these interactions4 and the need for quantitative com- 
parison of HB donors or acceptors explains the recent 
development of solute HB donor ability (HB acidity) 
and HB acceptor ability (HB basicity) scales for use in 
drug design.'S6 


Partition coefficients also provide information on the 
effective solute structure in the solvent considered, in 
terms of those structural features - conformation, 
ionization, self-association, tautomerism and 
intramolecular HB7 - which are very solvent dependent. 
From this point of view, structural information deduced 
from partition coefficients is better approached with 
spectroscopic solution studies than with in vucuo 
structures calculated by quantum mechanics or with 
solid-state structures determined by x-ray techniques. 
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In this work, we show how partition coefficients are 
influenced by and can give information on intramolecu- 
lar HB. Since the most important partitioning system, 
the octanol-water system, depends heavily on solute 
HB basicity,* this first paper deals with the measure- 
ment of the HB basicity of heteroatoms engaged in one 
or two intramolecular HBs. In Part 2, to follow, we will 
show that vibrational spectroscopic studies permit the 
determination of whether the intramolecular HB is 
retained or broken in the most common solvents used 
for the determination of partition coefficients, i.e. water, 
octanol, chloroform and alkanes. These HB basicity 
determinations and also IR solvation studies give a 
better understanding to the partition measurements that 
will be presented in Part 3, where we shall show the 
mutual enrichment of macroscopic partition results and 
microscopic solvation analysis for the structural knowl- 
edge of intramolecular hydrogen-bonded systems in 
solution.We have chosen to measure the HB basicity of 
the heteroatom Y in three kinds of systems, 1-111, 
shown schematically. 


,H au O,H ayp . * a  H%o 


U UU fl 0 


I 11 111 


In system I, the nitrogen lone pair of 8-hydroxy- 
quinaldine (1) and 2-(2-hydroxyphenyl)benzoxazole 
(2) is probably no longer available for intermolecular 
HB and we expect a zero HB basicity at the Y atom. 
The same situation is anticipated for system 11, 2,2' 
dihydroxybenzophenone (3) and 1,8-dihydroxyanthrone 
(4) since the two lone pairs of the carbonyl group are 
already engaged in two intramolecular HBs. In system 
111, tropolone (9, salicylic acid derivatives 6-10 and 
guaiacol (ll), a second lone pair is still available for 
intermolecular HB but charge transfer from the first 
lone pair is likely to reduced its charge density and, 
consequently, its HB basicity. To our knowledge, this 
lowering of HB basicity has not previously been 
measured. For the sake of comparison, the HB basicities 
of the corresponding compounds without intramolecular 
HB were also measured. The comparison will be made 
(i) by removing the OH group and/or (ii) by replacing 
the hydroxyl by a methoxy group. In the latter case, in 
order to avoid ortho effects of the 2-OMe substituent, 
the 4-OMe substituent will also be studied for com- 
pounds 6 , 7  and 9-11. 


1 
2 


~~ 


'& X = H  Me 6 7 
p h s  
OMc 9 
NMez 10 


5 I I  


EXPERIMENTAL 


The compounds used in this study (Table 1) were 
commercially available, except the substituted N , N -  
dimethylbenzamides 28 and 29, which were synthesized 
by Dr D.G. Morris at the University of Glasgow. After 
purification, the solids gave melting points consistent 
with literature data and the liquids were generally better 
than 99.5% pure as estimated by gas-liquid chromato- 
graphy. All solutes and solvents were carefully dried by 
standard procedures. Fourier transform (FT) IR spectra 
were recorded on a Bruker IFS 48 spectrometer operat- 
ing with Opus software. The cells of various path 
lengths (5-0.01 cm) were thermostated at 25 * 0.2 "C. 
All the solutions were prepared in a dry glove-box and 
the measurements were camed out in tetrachlor- 
omethane. The equilibrium constant determination 
method has been described previously.' It is useful, 
however, to recall that the equilibrium concentrations 
are obtained from the absorbance of the free v(0H) 
absorption of 4-fluorophenol at 3614 cm-I. If the base 
has several sites of fixation for the phenol, the decrease 
in the absorbance which follows the addition of base 
leads to the sum of the concentrations of the different 
1 : 1 HB complexes. As a consequence, the measured 
equilibrium constant is the sum of the HB formation 
constants of each site. The very dilute solutions used in 
this work prevent the formation of significant quantities 
of complexes with greater than 1 : 1 stoichiometry. 


RESULTS 


The HB basicity of the compounds 1-32 in Table 1 
were measured on the pKHB scale. This scale was 
introduced by Gurka and Taftl' by choosing 4- 
fluorophenol as a reference donor and the standard 
conditions 298 K and CCl,: 


(1) 


PKHB = + h K m  (3) 


B + FC6H40H =;i FC6H40H ... B 


KHB = [Complex]/[base] [FC,H,OH] (2) 


Later, Laurence and c o - ~ o r k e r s ' * ~ ~ - ~ ~  extended this 
scale to a great number of functionalities and Abraham 
et d . l 6  forced this scale to the sometimes more conveni- 
ent 0- 1 scale via the equation 


,8! =0*216pKHB + 0.237 (4) 
This was done by setting ,8! = 1 for the very strong base 
HMPA (pKHB=3.536) and B ! = O  for compounds 
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Table 1. PKHB and 


No. Compound KHBb pKHB fl  NO. Compound 


values" for intramolecularly hydrogen bonded molecules (1-11) and their non-bonded models (12-31) 


K H B b  PKHB A 
1 


12 


2 
13 


3 
14 


4 
15 


5 
16 


6 
17 
18 
19 


8-H ydrox yquinaldine 
Quinaldine 


2- (2-Hydroxypheny1)benzoxazole 
2-Phen ylbenzoxazole 


2,2'-Dihydroxybenzophenone 
Benzophenone 
1,8-Dihydroxyanthrone 
Anthrone 


Tropolone 
Tropone 


Salk y laldeh yde 
Benzaldehyde 
2-Methox ybenzaldeh yde 
4-Methox ybenzaldeh yde 


3.0 0-47 0.34 
2-07' 0.68 


1.8 0.26 0.29 
15.3 1.18 0.49 


2.4 0.38 0.32 
11-8 1.07 0.47 
2-1 0.43 0.33 


1.25' 0.51 


20.4 1.31 0.52 
93-0 1.97 0-66 


2.3 0.36 0.31 
6.0 0.78 0.41 


12.9 1.11 0.48 
1.10' 0.47 


7 
20 
21 
22 


8 
14 
23 


9 
24 
25 
26 


10 
27 
28 
29 


11 
30 
31 


2-H ydroxy acetophenone 
Acetophenone 
2-Methoxy acetophenone 
4-Methox yacetophenone 


2-H ydrox ybenzophenone 
Benzophenone 
4-Methox ybenzophenone 
Methyl salicylate 
Methyl benzoate 
Methyl 2-methoxybenzoate 
Methyl 4-methoxybenzoate 


N,N-Dimethylsalicylamide 
N,N-Dimethylbenzamide 
N,N-Dimethyl-2-methoxybenzamide 
N,N-Dimethyl-4-methoxybenzamide 


Guaiacol 
Anisole 
1.4-Dimethoxvbenzene 


3.6 0.56 0.36 
12.7 1.10 0.48 
22.0 1.34 0.53 
21.5 1.33 0.52 


3-1 0.49 0.34 
11.8 1.07 0.47 
18.8 1.27 0.51 
2.1 0.32 0.31 
7.8 0.89 0.43 


30.9 1.49 0.56 
l..Ogd 0.47 


18.5 1.27 0.51 
2,23' 0.72 


301 2.48 0.77 
2.31' 0.74 


2.2 0.34 0.31 
1.2 0.09 0-26 
2,8 0.45 0.33 


'This work, unless stated otherwise. 
bdm3 mol-'. 
'Ref. 10. 
dRef. 14. 
'Ref. 11. 
'Calculated from Ref. 26. 


without measurable HB basicity ( PKHB = - 1.1). The stretching of a free OH group) provides evidence that 
pKHB and py values are given in Table 1. these compounds are 100% internally hydrogen 


bonded. In the case of 3 and 4, the carbonyl group 
accepts two hydrogen bonds. Also confirmed is the 
previous NMR finding" that 4 is indeed 1,8-dihydrox- DISCUSSION 


The OH group(s) of 1-11 are fully internally 
hydrogen bonded in carbon tetrachloride 


yanthrone and not -the tautomeric isomer -1,8,9- 
trihydroxyanthracene. 


Instead of a sham v(free OH) absomtion. we observe 
In the IR spectra of these compounds, the absence of 
any band around 3600 cm-' (which characterizes the 


in 1-11 a broadei v(bound OH) ban; at a lower fre- 
quency (Table 2 and Figure 1). The stability of the 


Table 2. v(0H ... ) frequencies of the intramolecularly hydrogen-bonded molecules in CC14 


No. Compound v(OH )/am-'  Av(0H)" 


11 Guaiacol 3557 f 1 43 
1 8-Hydroxyquinaldine 3409f 1 191 
3 2,2'-Dihydroxybenzophenone 3240 f 30 360 


6 Salicylaldehyde 3200 f 30 400 
10 N,N-Dimethy lsalicy lamide 3140k30 460 


2 2- (2-Hydroxypheny1)benzoxazole 3110*30 490 


9 Methyl salicylate 3210 * 30 390 


5 Tropolone 3130f30 470 


8 2-H ydroxybemphenone 3090 f 30 510 
4 1,8-Dihydroxyanthrone 3050 f 30 550 
7 2-H ydrox y acetophenone 3040 f 30 560 


'Calculated from v(OH) = 3600 cm-' for a hypothetical non-bonded phenol. 
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Figure 1. v(OH ... ) absorptions of intramolecular hydrogen 
bonded molecules in CC1,. (a) Guaiacol; (b) 8-hydroxy- 
quinaldine; (c) 2-(2-hydroxyphenyl)benzoxazole; (d) 2,2'- 
dihydroxybenzophenone; (e) N,N-dimethylsalicylamide; (f) 


2-h y drox y acetophenone 


intramolecular HB cyclic structure depends on the 
acidity of the OH group, the basicity of the Y group and 
their spatial arrangement. It is commonly evaluated" by 
the frequency shift Av(0H) = v(free OH) - v(bound 
OH) and by the half-bandwidth, which are not easy to 
evaluate since the band contour is generally complicated 
by the superposition of v(CH) bands and by the pre- 
sence of many sub-maxima. Nevertheless, the data 
presented in Table 2 allow chemically reasonable 
conclusions: 
(a) The relatively strained five-membered rings in 11 


and 1 produce the weakest HB. Structure 1 is the 
more stable because a pyridine nitrogen is more 
basic than an aromatic ether oxygen. lo 


(b) The formation of two HBs to a single carbonyl 
oxygen (3) is accompanied by a decrease in their 
average strength, compared with the single HB in 
8. This is confirmed in the solid state by x-ray 
ana ly~is '~  and in CDCl, solution by NMR 
spectroscopy." 


(c) The push-pull mechanism in 32a and the subse- 
quent canonical structure 32b increase the acidity 


of the OH group and the basicity of the Y atom, 
leading to stable HB in 2, 5 and 6-10. 


31 n 32 b 


(d) In 10, the steric interaction between NMe, and the 
ortho-hydrogen atom of the phenyl ring prevents 
coplanarity of the phenyl and the amide group and 
lowers the stability of N,N-dimethylsalicylamide in 
comparison with other salicylic derivatives such as 
7 and 8.'' 


(e) Tropolone (5) is the least stable of the three push- 
pull ketones 5 ,  7 and 8 because of the smaller ring 
size of the internal hydrogen bond. 


The oxygen atom of 8-hydroxyquinaldine (1) is the 
main site for intermolecular HB 
The PKHB found for 1 shows that 4-fluorophenol and 8- 
hydroxyquinaldine form an intermolecular HB complex. 
The major site* of association of the phenol is probably 
the oxygen atom of 1, since (a) the nitrogen lone pair is 
already occupied by an intramolecular HB (see above); 
we do not know any example where a nitrogen lone pair 
accepts two HBs in solution; (b) the v(0H) band of 8- 
hydroxyquinaldine is shifted from 3409 to 3375 cm-' 
when 4-fluorophenol is added; (c) the OH absorption of 
4-fluorophenol in the complex has a shape and a pos- 
ition characteristic of an OH...O rather than an 
OH N complexation; and (d) the basicity of a bound 
OH group (pKHB = 0.47) is higher than that of a free 
OH group (pKHB = -O.l2),' which agrees well with the 
internal HB cooperativity 


The weak basicity of 2-(2-hydroxyphenyl)- 
benzoxazole (2) results from several weakly basic 
sites 
In 2, the assumption that the nitrogen lone pair is no 
longer available for intermolecular hydrogen bonding is 
the more justified since the OH -.. N intramolecular HB 
is stronger in 2 than in 1. However, at variance with 1, 
compound 2 is a push-pull molecule and the basicity of 
the phenolic and the oxazolic oxygen might be greatly 
reduced by the contribution of structure 32b. When 4- 
fluorophenol is added to 2, the HB formation constant is 
1.8 dm3 mol (pK,B = 0.26) and two new bands appear 
in the spectrum: a band at 3569 cm-I attributed to an 


*The phenolic aromatic ring conmbution is estimated, from 
an unpublished correlation between the pK,, of n aromatic 
rings and substituent constants, to be approximately 5% of the 
total KHB. 







PARTlTION COEFFICIENTS AND HYDROGEN BONDING 259 


OH -.. n complex and a band at 3460 cm-' which can 
result from the associations of 4-fluorophenol on both 
the oxazolic and the phenolic oxygen atoms. Assuming 
similar basicity of these two sites, the partition of the 
apparent equilibrium constant leads to 


A value of KHB(n) = 0.3 dm3 mol-' may be estimated 
from the pKHBvs v(OH n) correlation found for the 
family of n bases23 so that KHB(0) = 0.75 dm3 mol-' 
and pKHB(O)= -0.12, a chemically reasonable value 
since the HB cooperativity effect is compensated by the 
push-pull mechanism. 


KHB(total)=KHB(n) +2Km(O) (5)  


The basicity of 2,2'-dihydroxybenzophenone and 
1,tLdihydroxyanthrone might partly result from an 
artifact 
Addition of 4-fluorophenol to 3 and 4 induces no 
significant change in the carbonyl stretching vibration, 
indicating that the carbonyl group cannot accept the 
fixation of a third OH group. The equilibrium constants, 
2.4 and 2-7 dm3mol-' for 3 and 4, respectively, seem 
too high to be explained only by the basicities of the two 
hydroxylic oxygens (cu 1.5 drn3mol-'). Since the two 
intermolecular hydrogen bonds are relatively 
(see above), it cannot be excluded that a partial opening 
of one of these bonds occurs, leaving some room for an 
intermolecular association on the carbonyl. 


Intramolecular HB greatly reduces the basicity of 
the free carbonyl lone pair of tropolone and salicylic 
derivatives 
Infrared spectroscopy shows that the major site for HB 
in 5-10 is the free carbonyl lone pair (structure 33) 
since (i) the asymmetric shape of the v(0H) band of 4- 


I 1  1 


Figure 2. Association of 4-fluorophenol with tropone and 
tropolone. (a) Tropone (6 x M); 4-fluorophenol 
(4 x lo-' M) (b) Tropolone (7 x lo-' M); 4-fluorophenol 


(4 x 1 0 - ~  M) 


fluorophenol resembles those generally found24 for 4- 
fluorophenol-carbonyl complexes (Figure 2) and (ii) 
the carbonyl stretching vibration undergoes a shift to 
lower wave numbers similar to, but less than, those 
observed in 4-fluorophenol-carbonyl complexes. Figure 
3 illustrates those shifts for 2-methoxyacetophenone 
(Av = 18 cm-') and 2-hydroxyacetophenone 
(Av= 13 cm-'). We did not find evidence for any 
association on the hydroxylic oxygen atom (structure 
34). The low formation constant of this potential com- 
plex (cu 0.75 dm3mol-') is negligible for tropolone (5) 
(KHB = 20.4) and N,N-dimethylsalicylamide (10) 
(KHB = 18.5), but might contribute slightly to the 
equilibrium constant of the other salicylic derivatives 


,o- -0. 


6-9 ( K H B  = 2.1-3.6). 


o."..o,H H'..O,H-. 


9 + 34 


33 


The pKHB values in Table 1 show the strong 
decrease in the intramolecularly bonded carbonyl 
basicity in comparison with the H, 2-OMe and 4-OMe 
derivatives. Comparison with the unsubstituted deriva- 
tive reveals that a smaller relative attenuation, i.e. 


five-membered internal hydrogen bonding (tropolone: 
34%) than for the six-membered type (compounds 
6-10: 43-64%). However, this difference does not 
stem only from the intramolecular HB effect but also 
from the opposing electron-donating effect of the 


[ ~ K H B ( ~ - O H )  - P K H ~ ( H ) ] / ~ K ~ ~ ( H ) ,  is found for the 


1725 1700 1675 1650 1625 1600 
Uavenrrrnbs cn'' 


Figure 3. Carbonyl frequency shifts on association with 4- 
fluorophenol. (a) 2-Methoxyacetophenone (0.32 M); 4-fluoro- 
phenol (0 03 M). (b) 2-Hydroxyacetophenone (0.20 M); 
4-fluorophenol (0.15 M). The curves under both spectra 
correspond to the free (0) and bonded (a) carbonyl 


absorptions as obtained by a band-fitting program. 
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ortho-hydroxy group. A first idea is then to compare 
the basicities of the 2-OH and the 2-OMe derivatives, 
but IR carbonyl absorptions and AM1 calculations 
show that the 2-OMe derivatives are in conformation 
35a or 35b, which cannot be compared with conforma- 
tion 35c. 


35 a 35 b 35 c 


The best model for the electronic effect of the 2- 
OH...group seems to be the 4-OMe substituent and 
indeed we find a very satisfactory correlation [equation 
( 6 ) ]  between the basicities of the five salicylic com- 
pounds 6-10 and their para-methoxy models 19, 22, 
23,26 and 29. 
pKHB(2-OH) = 0.76 pKHB (4-OMe) - 0-47 


In this equation, the intercept is satisfactorily greater 
than the statistical factor log2, which reduces the 
basicity of the 2-OH derivatives (one carbonyl lone pair 
available for the association) when compared with the 
4-OMe derivatives (two lone pairs). 


R = 0.999, s = 0.02 (6) 


Guaiacol 
4-Fluorophenol can give complexes l la-c with 
guaiacol. The v(OH ..+ n) absorption of 4-fluorophenol 
in the complex l l c  is hidden under the v(OH--- 0) 
band of guaiacol at 3555 cm-I. 


11 a I1 b I1 c 


It is well established that anisoles are (partly) HB n 
acceptors.25 The n basicity of guaiacol can be estimated 
from p-dimethoxybenzene. The v(OH ... n) band of the 
4-fluorophenol-p-dimethoxybenzene complex at 
335 1 cm - ' gives KHB (n) = 0.48 dm3 mol - ' calculated 
from the relationship between PKHB and v(OH ... n) in 
the family of n bases.23 The complex l l a  is the easiest 
to detect from the shift of the v(OH.e.0) band of 
guaiacol from 3555 cm-' in free guaiacol to 3533 cm-' 
in its complex l la .  The complex l l b  cannot be detected 
since the v(OH...O) band of 4-fluorophenol which 
appears at 3477 cm-' can originate from l l b  and/or 
11s. However, it appears that the cooperativity effect of 
the intramolecular HB increases the basicity of the OH 
oxygen atom of guaiacol while the remaining free lone 
pair of the OMe oxygen atom must not have a very 


significant basicity. In summary, 


KHB(guaiacol) = 2.2 = K H B ( 1 h )  + KHB(llb) 


and if KHB(llb) is neglected and KHB(11c) is sub- 
tracted, we have: KHB(lla)= 1.7 dm3mol-'. This value 
for the HB basicity of the oxygen atom in an 
OH - 1 .  intramolecular HB compares well with those 
found previously for 1 and 2. Molecules 1 and 11 are 
not push-pull systems and the cooperativity effect is 
greater in OH ... N than in OH ... 0 intramolecular HB, 
whereas in 2 the push-pull effect opposes the cooper- 
ativity effect. 


+ KHB(11c) (7) 
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MECHANISM OF RuO,-MEDIATED OXIDATIONS OF SATURATED 
HYDROCARBONS, ISOTOPE EFFECTS, SOLVENT EFFECTS AND 


SUBSTITUENT EFFECTS. 


JAN M. BAKKE AND ASTRID E. FR0HAUG 
Organic Chemistry Laboratories, Norwegian Institute of Technology, University of Trondheim, N-7034 Trondheim, Norway 


Adamantane and 1,3,5,7-tetradeuterioadamantane were oxidized by RuO, in two solvent systems, 
CCI,-CH,CN-H,O and acetone-water, yielding two kinetic deuterium isotope effects (KIEs), 4.8 f 0.2 and 
7.8 i 0-1, respectively, very similar to those obtained in analogous reactions with cis-decalin and perdeuterio- 
cis-decalin, 4-8 and 6.8. These results were interpreted as primary KlEs and small or negligible secondary 
KIEs. From this, sp2-hybridized intermediates were not involved in the reaction path. The kinetic effect of the 
solvent was investigated by performing the reaction in aqueous acetone and acetonitrile. The rates were 
correlated with Grunwald-Winstein Y values and with Reichardt E,(30) values. Both correlations showed the 
reaction to be only moderately dependent on the solvent polarity. 1-Substituted adamantanes were oxidized in 
CCI,-CH3CN giving a Tart p* value of -2.5*0.1. These results were regarded as support for a reaction 
consisting of a pre-equilibrium with formation of a substrate-RuO, complex followed by a rate-determining 
concerted reaction. 


The results did not support a reaction mechanism with a carbocation or radical intermediate, or a scheme with 
two competing reactions, one with a carbocation intermediate and the other with a concerted mechanism. 


INTRODUCTION 
We have recently reported the results from an investi- 
gation of the reaction mechanism of the Ru0,-mediated 
oxidation of saturated hydrocarbons. Two reaction 
pathways seemed possible from that study, either 
hydride abstraction and formation of an intimate ion 
pair (route a, Scheme l) ,  or by a pre-equilibrium with 
a hydrocarbon-RuO, complex followed by a concerted 
rate-determining step (route b). ’ Waegell and co- 
workers’.’ have proposed a concerted mechanism for 
this oxidation reaction. Our proposal of a reaction 
mechanism was based on, among other results, the 
kinetic deuterium isotope effect (KIE) from the rates of 
oxidation of cis-decalin and perdeuterio-~is-decalin.~ 
This observed KIE (4.8) might have been a product of 


CCC 0894-32301961070507-07 
0 1996 by John Wiley & Sons, Ltd. 


a primary and a secondary KIE as the C-9 atom 
oxidized had five B-hydrogenldeuterium atoms. For a 
reaction with a carbocation or a radical intermediate, 
we would expect a substantial part of the observed KIE 
to be a secondary KIE and the primary KIE only a 
portion of it., 


The magnitude of the primary KIE contains important 
information on the reaction mechanism. We therefore 
considered it of some importance to have a reliable 
assessment of this quantity. This would also give an 
estimate of a possible secondary KIE. We have now 
determined the primary KIE of this oxidation. We have 
also investigated the solvent effect on the magnitude of 
the KIE. In addition, we report solvent effects on the 
Taft p* values obtained from the oxidation of 
substituted adamantanes. 
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Ts 


Scheme 1. 


RESULTS 


Kinetic deuterium isotope effect (KIE) 
We first attempted to prepare 9,lO-dideuterio-cis- 
decalin for an assessment of the primary KIE. This 
compound would have only one j3-deuterium atom 
compared with five for perdeuterio-cis-decalin used in 
the previous investigation. However, it is known that 
hydrogenation of 1,2,3,4,5,6,7,8-octahydronaphtalene 
[A9'lo)-octalin] by Pt catalysis produces tr~ns-decalin.~ 
We therefore tried to reduce A9''0'-octalin with diimide. 
However, no reduction took place and we decided to use 
1,3,5,7-tetradeuterioadamantane (AdD,) for the deter- 
mination of the primary KIE. For AdH,/AdD, only a 
primary KIE is possible.'~' The rates of oxidation of 
AdH, and AdD, in acetone-water and in 
CC1,-CH,CN-H,O are given in Table 1. 


1-Adamantanol (AdOH) and 2-adamantanone 
(Adon) were the only products from the RuO, oxida- 
tion of AdH,. In acetone-water (3 : 1) we found these 


two compounds to be produced in a AdOH : Adon ratio 
of 97 :3  for AdH, and 71:29 for the oxidation of 
AdD,. These ratios were constant during the reaction 
(over three half-lives). The formation of both AdOH 
and Adon was first order in substrate. The observed 
product ratios therefore show the ratio of the pseudo- 
first-order rate constants ko, and k,, (koH for the 
formation of AdOH and k,, for the formation of Adon). 
From this and kobs, we obtain rate constants 
k:, = (0.68 rt0.02) x lo-, s-I and kEH = (0.087 rt 
0.005) x lo-, s-I (k:, for the oxidation of AdH, and 
k:, for AdD,) and a KIE= kg,/kE,=7-8*0.1 in 
acetone- water. 


For the oxidation of AdH, in CC1,-CH,CN a 
[AdOH]: [Adon] ratio of 99: 1 and for AdD, 
92:s  were found. These figures then give 
k:,= (0.2236rt0.0006)~ lo-, S - I ,  kEH= (0.046rt 
0.002) x lo-, s-' and KIE = 4.8 rt 0.2. 


From the relative rates of oxidation of cis-decalin and 
perdeuterio-cis-decalin in acetone-water (Table 2), a 
KIE of 6.8 * 0.4 was found. 


Table 1. RuO, oxidation of adamantane (AdH,) and 1,3,5,7- 
tetradeuterioadamantane (AdD,) in CCI,-CH,CN-H20 (2 : 1 : 2), (solvent 
system A) at 3OoC, [RH],=40mM, [RuO,]= 18.4mM, and in 
acetone-water (3 : l), (solvent system B) at 30°C. [RH], = 25 mM, 


[RuO,] = 4.6 mM 


Correlation coefficient, 
Substrate Solvent system kOb/10-, s-' rz 


AdH, A 0.2259 * O-OOO6 
AdD, A 0.050 *0*002 
AdH, B 0.70 *O-03 


0.70 k0.02 
0.71 rt0-02 
0.69 k0.02 


AdD, B 0.132 *0*002 
0.113 *0.002 


0.99995 
0.987 
0.990 
0.996 
0.996 
0.995 
0.997 
0.996 
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Table 2. Ru0,-mediated oxidations of cis-decalin and 
perdeuterio-cis-decalin in acetone-water (3 : 1) at 30°C, 


[RH], = 25 mM, [RuO,] = 4.6 mM 


Substrate 


cis-Decalin 0.423 it404 0.999 1 
0.426 i O . 0 0 4  0.9993 


[2H,,]-cis-Decalin 0.058 i0401 0.9964 
0.0663 i 04008 0.9983 


The KIEs obtained for the RuO, oxidations of 
adamantane and cis-decalin in two different solvent 
systems are given in Table 3. 


No solvent deuterium isotope effects were observed 
from oxidation of cis-decalin in acetone- water and 
acetone-D,O (see Table 5). No incorporation of deuter- 
ium in either substrate or product was found (0.1% 
would have been detected by gas chromatography -mass 
spectrometry (GC-MS)). 


Substituent effects 
We have reported the oxidation of 1-substituted 
adamantanes in acetone-water and the correlation of 
their reaction rates with the Taft's substituent constants 
u* to give the reaction constant o*.' From the large 
difference in the KIEs in the two solvent systems (Table 
3), the reaction mechanism might be different in the two 
cases. We therefore oxidized these compounds in 
CCI,+H,CN-H,O (Table 4). Cyrelation of the 
reactton rates with Taft's (I values gave 
p* = -2.0*0.2 or -2.5 kO.1 if the results from AdH, 
('substituent' = H) were omitted, as suggested by 
Schleyer and Woodworth.' The corresponding values 
obtained in acetone-water were - 1.7 f 0.1 and 
-2.08 *0.03, respectively.' 


Solvent effects 
In the previous investigation, we obtained an in value of 
0-31 from the correlation of the reaction rates with the Y 
values in the Grunwald-Winstein equation.' Another 


Table 4. Ru0,-mediated oxidation of 1-substituted 
adamantanes in CC1,-CH,CN-H20 (2 : 1 : 2) at 30°C, 


[RH], =40 mM, [RuO,] = 20.7 mMa 


Substituent ko,/10-6 s-1 r O * b  


H 25-6 i 0 - 1  
OH 7.5 i0 .1  


7.0 i 0 . 2  
NHAc 6.7 i0 .2  


6.7 i0.2 
Cl 0.4 i O . 1  


0.37 i 0.04 


Br 0-58 f 0.06 
0.87 i 0.08 


CN 0.3 i0 .2  
0.10 i 0.05 


0 0.99996 
0-9986 0.56 
0-997 
0.997 0.58 
0.993 
0.70 1.02 
0.940 
0.948 0.98 
0.952 
0.35 1-24 
0.49 


' p a  = o*/log(k/k,) = -2.Ok0.2 including H as a substituent. 
f*  = -2.5 i O . 1  excluding H as a substituent. 


Ref. 23. 


method for assessment of solvent effects has been 
developed by Reichardt.' The solvatochromatic effect 
was used for solvent characterization and the E: values 
determined for a number of solvents and solvent 
mixtures. 


The rates of reaction of cis-decalin in a few other 
one-phase solvent systems are given in Table 5 together 
with the E: values. These were determined for only a 
few of the solvent mixtures that can be used together 
with RuO,. For the other solvent mixtures, the E: 
values of the neat organic solvent are presented to give a 
qualitative estimation of the solvent polarity. 'O 


The rates of oxidation of cis-decalin in 
acetone- water and acetonitrile- water mixtures were 
correlated with the E,(30) values of these mixtures" 
(Figure 1). For the oxidation in acetone-water a rate 
gradient of 0.17*044 was obtained. For 
acetonitrile-water, only two different compositions 
could be used as cis-decalin was not soluble in more 
water-rich mixtures. For this system a gradient of 0.28 
was obtained. 


Table 3. Kinetic deuterium isotope effects (KIEs) for the Ru0,-mediated oxidation of alkanes 


Substrate system Solvent KIE 


AdH4/AdD4 CCI,-CH,CN-H,O 4.8 i 0.2 
cis-Decalin/perdeuteriated-cis-decalin CCl,-CH,CN-HzO 4-8' 


AdH,/ AdD, Acetone-water (3 : 1) 7-8 iO.1  
cis-Decalinlperdeuteriated-cis-decalin Acetone-water (3 : 1) 6.8 i 0.4 


'Ref. 4. 
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Table 5. Ru0,-mediated oxidation of cis-decalin in various solvent systems at 30 "C, [RH], = 13 mM, 
[RuO,] = 2.88 mM 


Solvent system k, s-'  r2 Y,, E,(30)' E: of neat organic solventd 


CHICOOH-HZO (3 : 1)' 62 f 2 0-996 - - 0.648 
65.1 i0 .3  0.9997 


CHICN-H,O (3 : 1) 121i3  0.991 - 55.59 0.460 
CH,CN-H,O (2.3: l)b 159*7 0.990 - 55.99 


155 f 2 0.9996 
DMF-HZO (3 : 1) no reaction - - - 0.386 
Acetone-D,O (3: 1) 142 f 3 0.997 


155*7 0.991 
Acetone-H,O (3 : 1) 149 f 7 -0.50 51.81 0.355 
Acetone-H,O (2.3 : 1) 211 f 1 0.07 52.50 
Acetone-H,O (1-5 : 1) 338 f 25 0-66 53.08 
Acetone-H,O (1-3: 1) 396f3 0.91 54.31 


a [RH], = 6.5 mhi, [RuO,] = 3.6 mM. 


'Ref. 10. 
dRef. 11. 


[RH], = 6.5 mM, [RuO,] = 2.88 mM. 


O T  


-' t 
-12 J I 


I1 52 53 s 4 5 5  56 57 


m* 
Figure 1. Correlation of reaction rates with ET(30) values for 
Ru0,-mediated oxidations of cis-decalin in (0) acetone-water 


and (0) acetonitrilewater mixtures 


DISCUSSION 


Kinetic deuterium isotope effect (HE) 
From the rates of reaction of cis-decalin and 
perdeuterio-cis-decalin in CCI,-CH,CN, a KIE of 4.8 
was found., This may have had a contribution from a 
secondary KIE due to five deuterium atoms to the 
reacting C-9 atom. From the rates of oxidation of AdH, 
and AdD, we were able to calculate a primary KIE 
without any contributions from a secondary KIE. 


We obtained the same KIE, perhaps fortuitous, from 
the oxidation of AdH,/AdD4 in CCI,-CH,CN-H,O as 
that obtained from cis-decalin/perdeuterio-cis-decalin 
(KIE = 4.8). In acetone-water, the KIEs for both sets of 
compounds were larger (Table 3). These figures might 
include some tunnelling effects. However, the variable- 


temperature experiments reported earlier indicated that 
any tunnelling effect would be fairly sma1L4 We have 
not investigated this point any further. 


If a carbocation were formed at C-9 in the oxidation 
of perdeuterio-cis-decalin (route a in Scheme 1) the 
carbocation would have five B-deuterium atoms. The 
conformation of this carbocation has been discussed," 
and from this and from inspection of models it is clear 
that the empty p-orbital of the cation would be almost 
parallel with three B C - D bonds. This is the most 
favourable configuration for a B secondary KIE and a 
KIE of 1-1-1.2 per deuterium atom would have been 
expected.6 If a carbocation was formed, we would 
therefore have anticipated a substantial secondary KIE. 
As the observed KIEs obtained from the oxidations of 
adamantane and cis-decalin were the same for the 
reaction in CCI,-CH,CN and almost the same in 
acetone-water (KIEdccalin/KIEadamantane = 0.8) we con- 
clude that the reaction did not involve an intermediate 
with an sp2-hybridized C-9. The substantial primary KIE 
observed shows that a C - H bond was broken in the 
rate-determining step. 


A pronounced solvent dependence of the KIE was 
observed for both substrates, with an increase in the KIE 
on going from CCI,-CH,CN to acetone-water. The 
solvent and substituent effects (see below) on the rate of 
oxidation indicated the reaction to have a polar transition 
state. This would be better stabilized in polar media, 
presumably with a more symmetric bond breaking/bond 
formation resulting in a larger KIE than in non-polar 
media with a more unsymmetric TS. The oxidation in 
acetone-water showed an activation free energy slightly 
smaller than that in CCI4-CH,CN, 20 vs 22 kcal mol-' 
(1 kcal=4.184 kJ) in accordance with this (Table 6). 
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Table 6. Activation parameters for the Ru0,-mediated oxidation of adamantane and cis-decalin in CCI,-CH3CN-H,0 (2 : 1 : 2), 
TaYera, = 30.2"C, and in acetone-water (3 : l), temperature range 10-40°C, T,,,,, = 32.4 "C 


Substrate Solvent AH*/kcal K-' mol-' AS*/cal K-' mol-' AG*/kcal K-' mol-' 


Adamantane CCI,-CH$N-H,O 14.8 i 0.6 -24.6 22.3 
Acetone - w ater 14.0 i 0.3 -2o i  1 20- 1 


&-Decalin CCI,-CH$N-H,O 14.7 f 0.4 -26.2 22.6 
Acetone - w ater 12.3 f 0.7 -26*2 20.2 


The opposite solvent effect, an increase in KIE on 
changing to less polar solvents, has been explained 
within the framework of tunnelling theory. l 3  We 
observed an increase in the KIEs on going to more polar 
solvents and the reason for this therefore cannot be 
tunnelling effects. 


Substituent effects 
From the oxidation of 1-substituted adamantanes, 
negative p* values were observed in CCI,-CH,CN 
(-2.5) and also in acetone-water (-2.08) (Table 4). 
These values indicate a polar TS. For reapions with a 
carbocation intermediate more negative p values were 
observed, p* = -3-1 for the solvolysis of 3-substituted 
1-adamantyl tosylates and -2.7 for the solvolysis of 1- 
adamantyl ch10ride.I~ Nevertheless, the observed p* 
values are large, and larger than expected for a 
concerted reaction. 


Solvent effects 
In Scheme 1, two different reaction mechanisms were 
shown for the RuO, oxidation of alkanes. The polarity 
of the solvent would have different influences on the 
rate of reaction for these two routes. For route a via a 
carbocation, an increase in the polarity would lead to a 
large increase in the rate of rea~t ion . '~  For route b, the 
influence of the polarity would be small or negligible. In 
addition to the polarity, several other properties of the 
solvent might be of importance, e.g. hydrogen bonding 
abilities and, in the present case, complexation of the 
solvent with the ruthenium species, both in the ground 
state and in the TS. Our main goal was to investigate the 
influence of the polarity of the solvents, but our results 
may also shed some light on the latter points. 


A rate gradient of 0.17 f 0-04 was obtained when the 
rates of reaction were correlated with Reichardt's ET(30) 
values. Solvolysis of tert-butyl chloride has been found to 
have a gradient of 0.312, while a presumably non-polar 
[4+2] cycloaddition had a gradient of 0-016.16 The 
corresponding m value obtained from the Grunwald- 
Winstein equation (0.31) was within the range observed 
for SN2 reactions (0.25-0.35) and smaller than that of SN1 
reactions (bO)." These results indicate a polar TS for the 
reaction but not a carbocation intermediate. 


Correlation of the rate of oxidation in acetone-water 
and in acetonitrile-water with ET(30) gave two separate 
curves (Figure l ) ,  one for each of the two organic 
solvents. Although only two acetonitrile-water mix- 
tures could be used, this nevertheless indicates that 
other solvent properties than the polarity have influence 
on the rate of reaction. The reaction mixtures showed 
UV spectra in acetone-water, acetonitrile-water and 
CC1,-CH,CN (both organic and aqueous phase) 
identical with those reported for RuO, in neat CC1, and 
water." This shows that RuO, was the active oxidant in 
all cases and not any of the lower oxidation state 
ruthenium species. The activation parameters AH* and 
AGt are slightly lower in acetone-water than in 
CCI,-CH,CN-H,O (Table 6). 


Reaction mechanism 
Previous results indicated that the RuO, oxidation of 
saturated hydrocarbons proceeds either by a hydride 
abstraction mechanism (route a, Scheme 1) or by a two- 
step reaction, a pre-equilibrium followed by a concerted 
but not synchronous rate-determining step (route b). 
The results have also been explained by two competing 
reaction paths: a concerted reaction and one via a 
carbocation intermediate.' A radical reaction by a 
hydrogen atom abstraction would have to proceed by a 
rapid rebound reaction in a solvent cage as no chlor- 
inated products were observed from the reactions in 
CCI,-CH3CN' and the oxidations of alkylcyclopro- 
panes gave unrearranged products.lg This reaction 
mechanism is not excluded, but the lifetime of the 
radical intermediate would have to be less than lo-' s . ~  


From the present investigation we have the following 
(i) the reaction shows a large primary KIE and no 


significant secondary KIE; the KIE was solvent 
dependent; 


(ii) a rather large substituent effect was observed in 
both CC1,-CH3CN and acetone-water; 


(iii) the polarity of the solvent had only a moderate 
influence on the rate of reaction. 


A reaction via hydride abstraction and formation of 
an intimate ion pair (route a) seems less likely from the 
present results. The use of both the Grunwald-Winstein 
equation and Reichardt's solvent polarity parameters 
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indicated that the solvent polarity had only a moderate 
influence on the rate of reaction. Furthermore, the 
absence of a significant secondary B-KE is not in 
accordance with a reaction via a carbocation. 


If a non-polar concerted mechanism and a carbo- 
cation mechanism were competing,, all the observed 
effects would be a weighted average for the two compet- 
ing reactions. Changing the solvent or the substrate 
would produce changes in the observed effects. We 
would expect the carbocation route to be more important 
in the more polar medium of acetone-water and there- 
fore that the substituent effects would be larger for 
reactions run in this medium. However, the substituent 
effects were slightly larger in the less polar 
CCl,-CH,CN solvent than in acetone-water, contrary 
to this. Furthermore, point (i) indicated that carbocation 
intermediates were not important in either polar or non- 
polar media. Finally, nucleophiles were not incorporated 
into the products in the acetone- water medium. 


Route b with a pre-equilibrium and a subsequent 
concerted rate-determining step with a polar TS would 
explain the evidence outlined above. This mechanism 
would show a primary KIE because a C - H bond is 
broken in the rate-determining step [point (i)]. The 
primary KIE could be larger in acetone-water owing to 
a more symmetrical TS. The reaction would have no, 
or only a small, secondary KIE. The strength of the 
complex between RuO, and the C - H bond would 
depend on the electron density of the C - H bond and 
thus on the substituents in the vicinity of the carbon 
atom [point (ii)]. The polarity of the reaction medium 
would not be important as no carbocation is formed 
during the reaction [point (iii)]. This model would also 
explain the sensitivity to steric hindrance and the lack 
of rearrangements and inversion of configuration 


CONCLUSION 
The evidence presented above is in accordance with a 
two-step reaction mechanism for the Ru0,-mediated 
oxidation of saturated hydrocarbons: I the first step a pre- 
equilibrium and the second a concerted rate-determining 
one. Both a one-step hydrid abstraction reaction 
mechanism and a one-step concerted mechanism appear 
to be excluded by the results. 


EXPERIMENTAL 
IH NMR and I3C NMR spectra were recorded on a 
JEOL JNM-EX400 FT NMR system. Mass spectra were 
recorded on a AEI MS 902 double-focusing high- 
resolution instrument. Melting points were measured on 
a Biichi melting point apparatus (not corrected). 
GC-MS was carried out on a Fision Instrument Trio 
1000 GC-MS system equipped with a 25 m BP-1 
fused-silica capillary column. 


The methods used for the kinetic investigations and 
the analysis have been re~0rted.I .~ In all kinetic experi- 
ments, kobs values were determined from more than 
eight measurements. 


1,3,5,7-Tetrabromoadamantane was prepared using 
the method of Solott and Gilbert." The product was 
97% pure (GC), 3% 1,3,5-tribromoadamantane, m.p. 
244-245 OC (lit.21 245-247 "C). 'H NMR (400 MHz, 
CDC1,): 2.704 (s). "C NMR (100 MHz, CDCI,): 
54.59, 54.81. MS (170°C, 70 eV): m / z  (relative 
intensity, %) 456 (0.45), 455 (0.15), 454 (1-22), 453 
(0.36), 452 (1-41), 451 (0.30), 450 (1-26), 449 (0.17), 
448 (0-34), 376 (3), 375 (34), 374 (13), 373 (97), 372 
( l l ) ,  371 (loo), 370 (4), 369 ( 3 9 ,  329 (2), 327 (3), 
293 (3, 291 (6), 131 (lo), 130 (lo), 92 (4), 91 (23), 
65 (16), 64 (21), 44 (83). 


1,3,5,7-Tetradeuterioadamantane was prepared by 
the method of Sunko et a1." The product was >99% 
pure (GC). 'H NMR (400 MHz, CDCI,): 1.731 (s). I3C 


JcD = 20 Hz) .  MS (140 "C, 70 eV): m / z  (relative 
intensity, %) 141 (1.4), 1 4 0  (8), 138 (l) ,  111 (l),  110 
(3), 98 (61, 97 (2% 96 (41, 81 (4), 59 (41, 58 (71, 56 
(5 ) ,55  (4). 45 (83), 44 (loo), 43 (21). 


NMR (100 MHz, CDCI,): 37-51 (s), 27.74 (t, 
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REACTION PATHWAYS FOR AMBIDENT ARYLOXIDE 0- AND C- 
NUCLEOPHILES IN S,Ar DISPLACEMENT VERSUS MEISENHEIMER 


COMPLEX FORMATION WITH PICRYL HALIDES. 
STEREOELECTRONIC EFFECTS ON REGIOSELECTIVITY 


RICHARD A. MANDERVILLE? 
Department of Chemistry, Wake Forest University, Winston-Salem, North Carolina 27109, USA 


JULIAN M. DUST? 
Department of Chemistry, Sir Wilfred Grenfell College, Corner Brook, Newfoundland, A2H 6P9, Canada 


AND 


ERWIN BUNCEL? 
Department of Chemistry, Queen’s University, Kingston, Ontario, K7L 3N6, Canada 


To probe regioselectivity in Meisenheimer complexation, the reaction of two picryl halides (Pix where X = F, 
CI) with a series of aryloxide nucleophiles (phenoxide, 2,4,6-trimethylphenoxide and 2,6-di-t-butylphenoxide) 
were monitored by ‘H NMR spectroscopy in dimethyl sulphoxide at ambient temperature and in 
acetonitrile-dimethoxyethane(MeCN-DME) at low temperature (-40 “C). The reactions of both picryl halides 
with the ambident (oxygen versus carbon) nucleophile, phenoxide ion (PhO-), and 2,4,6-trimethylphenoxide 
(mesitoxide, MesO-) leads to clean S,Ar displacement of X via the oxygen site of the nucleophile to form the 
respective aryl picryl ethers, i.e. phenyl picryl ether (3a) and mesityl picryl ether (3b). Meisenheimer complex 
formation at C-1 or C-3 was not detected in these systems. With 2,6-di-t-butylphenoxide (2,6-DTBPhO-), where 
oxygen attachment of the aryloxide is precluded by the bulky ortho t-butyl groups, para-carbon attachment was 
found to occur a t  C-1 to give picryl 2,6-di-t-butylphenol (3d) in competition with C-attack at C-3 to give the 
respective carbon-bonded Meisenheimer complexes [X = CI (4) and X = F (S)]. For both picryl halides, the ratio 
of 3d, the product of C-1 attack, to the product of C-3 attack, 4 or 5, was roughly 7:l. These findings are 
considered with regard to the nucleofugality of the halide, X, steric hindrance (F-strain) to attack by the 
aryloxides at the various positions and stereoelectronic stabilization of C-1 adducts afforded by n u* donation. 


INTRODUCTION 
Recent efforts in our laboratories have focused on the 
thermodynamics and kinetics of regioselectivity in 
Meisenheimer complexation. In brief, a nucleophile, 
Nu:-, may attack either C-1 or C-3 of a l-X-2,4,6- 
trinitrobenzene As shown in Scheme 1 for the 
0-centred nucleophiles (i.e. Nu:- = ArO-), attack at C- 
l(rate constant k,)  leads to the formation of an anionic 
C-1 o-bonded adduct, C-1 PiX.Nu- (la-3 and 2a-f), in 


which the negative charge is delocalized over the ring 
and the ortho and para  electron-withdrawing nitro 
groups; this adduct is termed a Meisenheimer’ or 
Jackson-Meisenheimer6 o-complex. If X is a much 
better leaving group than the erstwhile nucleophile, 
Nu: -, X: - may be rapidly ejected ( k 2 )  to give rise to the 
SNAr substitution p r ~ d u c t . ~  In this case, the rate con- 
stant for the second step is large relative to that for the 
first step (k, > k , )  and if the rate constant for the second 
step is also much larger than the constant for 


“Part 53 in a series of anionic a-complexes; for Part 52, see Ref. 1. This paper is also Part 6 in a series on regioselectivity of 
aryloxide ions in Meisenheimer complexation; for Parts 4 and 5 see Refs. 12a and 12b. Part 1 is Ref. 9b. 
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X ?- 


a, 
X = C I = l  
X =  F = 2  


R R 
L3 


4 02N 
-=% 


X 


R=R'=H,Ph@=a H 
R=R'=C-,Mes@ = b  
R=t-Bo,R'=H, 
2,CDTBPhQ = c  


OZN+ 


X =CI. R =  R'= H; l a  
" R=R'=CW; l b  
" R = I-Bu, R' = H; l c  


X = F ,  R=R'=H;2a  


" R = R ' = C W ;  2b 


" R = L-Bu, R' = H; 2c 


OAr = OPb = 38 
OAr = OMes = 3b 


OAr = 2,GDTBPhO = 3e 


OAr = OW@ = 3e 


Scheme 1 


decomposition of the C-1 adduct back to P ix  and Nu:- 
(i.e. k,  % kI), k ,  becomes the rate-determining 
coefficient in the mechanism. In the inverse situation, 
where k - I % k, ,  k, becomes the rate determining con- 
stant.) Alternatively, Nu:- may attack at the unhindered 
C-3 position to give an unproductive C-3 PiX.Nu- 
adduct. If the departing X and the incoming Nu: - are of 
similar nucleofugality (or if X: - is a poorer nucleophile 
than Nu:-), then both C-3 and C-1 Meisenheimer 
complexes may be detectable, depending on solvent and 
temperature. 


'H NMR is particularly valuable in identifying and 
characterizing these C-3 and C-1 regioisomeric adducts 
and in following their fates. Thus, in the classic study of 
Servis,' reaction of 2,4,6-trinitroanisole (TNA) with 
methoxide ion (MeO-) was found to yield a 'H NMR 
spectrum that contained signals assignable to both C-1 
and C-3 adducts. Initially, the C-3 adduct resonances 
were dominant, but with time these peaks gave way in 
favour of those ascribed to the C-1 TNA.OMe- adduct. 
Finally, only signals of the C-1 complex were found in 
the NMR spectrum. Since then this pattern of kinetically 
preferred C-3 attack that eventually leads to formation 
of the C-1 adduct as the product of thermodynamic 
control has been documented in numerous picryl 
ether-alkoxide reaction systems.' We have classified 
this behaviour as K3T1 (kinetic preference for C-3 


attack with thermodynamic preference for C-1 adduct 
formation). Ina 


More recently, our low temperature (-40 "C) IH 
NMR studies of the interactions of phenoxide ion 
(PhO-), as an oxygen-centred nucleophile, Ina and 
2,4,6-trimethylphenoxide (mesitoxide, Meso-)" with 
TNA have clearly demonstrated a wide range of reactiv- 
ity in Meisenheimer complexation. In this regard, PhO 
yields the C-1 TNA.OPh- 0-adduct as the product of 
both kinetic and thermodynamic preference, I" an 
example of K lT l  regioselectivity. Note that a C-3 
TNA-OPh- Meisenheimer complex is not seen in this 
system at any time. With extended periods of observa- 
tion, a carbon-centred C-3 adduct of phenoxide, the C-3 
TNA.PhO(H)- complex, is found as the ultimate 
product of thermodynamic control. Assuming this C-3 
C-adduct is thermodynamically more stable than its 
unseen C-1 counterpart (as is the case in Meisenheimer 
complexation of TNA with methide ion according to 
recent AM1 semi-empirical calculations), 12a the behav- 
iour of phenoxide as a C-nucleophile follows the K3T3 
pattern of regioselectivity. Significantly, the reaction of 
mesitoxide, a bulky nucleophile that is restricted to 
attack via oxygen, manifests the final form of regiose- 
lectivity: KlT3. Here, C-1 attack is favoured kinetically 
and the C-1 TNA.OMes- adduct is the first Meisen- 
heimer complex observed in the system at low 
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K3T1 


C-3 Adduct 


K3T3 A 


u 
C-1 Adduct 


E +  NU:^ u 
C-1 Adduct 


C-3 Adduct 


C-1 Adduct 


K1T3 


C-1 Adduct u 
C-3 Adduct C-3 Adduct 


Figure 1. Regioselectivity in Meisenheimer complex formation is described by the four possible qualitative energy-reaction 
coordinate profiles shown. K3T1 represents the case where attack of a nucleophile at C-3 is kinetically favoured, but the C-1 adduct 
is the product of kinetic control. If attack at C-1 is favoured by both kinetics and thermodynamics the K l T l  profile obtains, whereas 
if attack at C-3 is similarly doubly favoured, the K3T3 profile applies. The regioselectivity that is opposite to K3T1 is labelled KlT3; 
the profile clearly shows that attack at C-1 is now favoured by kinetics whereas the thermodynamic product arises from C-3 adduct 
attack. The dashed line profile incorporated in the K3T1 diagram represents a ‘pseudo-KlT1’ regioselectivity, where a C-3 adduct 


may not be observed owing to the time-scale of the observational technique. 


temperature (-40°C). Over time the C-1 adduct is 
replaced by C-3 MesO- and C-1,3 di(Mes0-) adducts. 
Therefore, C-1 -C-3 adduct isomerization is found in 
the TNA-MesO- reaction system. 


Most recently, we have reviewedIzb the literature 
concerning regioselectivity in Meisenheimer complexa- 
tion and shown that the situations cited above are not 
isolated, but enrich the number of examples that support 
a broad range of regioselectivity. Figure 1 shows a 
qualitative energy-reaction coordinate profile for this 
and the other classes of regioselectivity found in 
Meisenheimer complexation: K3T1, K l T l ,  K3T3 and 
KlT3. It should also be pointed out that this 
classification scheme has now achieved general accep- 
tance; Chamberlin and Crampton13 have added to the 
examples with the finding that phenyl and ethyl picryl 


ethers react with n-butylamine, pyrrolidine and piperid- 
ine according to the K3T1 pattern, and while phenyl 
picryl thioether apparently follows the same K3T1 
regioselectivity with n-butylamine, with pyrrolidine and 
pipendine the K3T3 pattern prevails. 


The present study involves the reactions of two picryl 
halides, namely picryl chloride (1) and picryl fluoride 
(2) (i.e. P ix  where X = C1, PIX = Pic1 and where X = F, 
P ix  = PiF, respectively), with a series of aryloxides: 
phenoxide (PhO-), 2,4,6-trimethylphenoxide (mesi- 
toxide; MesO-) and 2,6-di-t-butylphenoxide (2,6- 
DTPhO-). These aryloxides vary in terms of steric bulk 
about the reactive oxygen nucleophilic centre. Thus, 
2,6-DTPhO- is highly hindered about the 0-centre and 
this hindrance declines in going to MesO- and to PhO-, 
in turn. Further, MesO- is limited to 0-attack, whereas 
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PhO- and 2,6-DTPhO- may, in principle, act as 
ambident 0- and C-nucleophiles. There is further 
differentiation between these aryloxides in the sense that 
PhO- may potentially react via either ortho or para 
carbon centres, while 2,6-DTPhO-, as a C-nucleophile, 
is clearly limited to reaction via the para ring carbon. 


Therefore, in this paper we report the results of 
monitoring these PiX-ArO- systems both in dimethyl- 
d, sulphoxide (DMSO-d,) at ambient temperature and 
in the acetonitrile-d,-dimethoxyethane-d,, [MeCN- 
d3-DME-d,, (l:l, v/v)] solvent medium at low tem- 
perature (-40 "C) using 'H NMR spectroscopy. 
Previously, we have shown the utility of the latter 
medium, which is fluid to -5O"C, for NMR spectros- 
copic studies of Meisenheimer complexes and the 
reactions that involve them. L0a*L1*14 These results will be 
discussed in terms of the relative leaving group abilities 
of the two halides, the regioselectivity of the 
nucleophiles (as elucidated in the picryl ether systems) 
and the steric hindrance to attack expected for the 
nucleophiles and substrates (F-~train).".'~ We have pre- 
viously found stereoelectronic factors, notably n + (T* 


stabilization of C-1 adducts that are geminally substi- 
tuted with electronegative groups, to be significant in 
determining the regioselectivity in these systems. Con- 
sequently, in discussing regioselectivity in the current 
picryl halide-aryloxide reactions, the role of stereo- 


electronic stabilization of C-1 adducts will be 
highlighted. 


RESULTS 


Reaction of picryl chloride (PiCI) with phenoxide, 
mesitoxide and 2,6-di-t-butylphenoxide nucleophiles 
Injection of 1 equiv. of potassium phenoxide (KOPh) 
solution (in DMSO-d, or MeCN-d,-DME-d,,, as 
required) into an NMR tube that contained picryl 
chloride, 1, (final concentrations 0.06 M)  resulted in an 
initial spectrum (acquired within 4 min of mixing) 
either at ambient temperature, in the case of DMSO- 
d,,  or at -4O"C, in the case of the MeCN-DME 
medium, that no longer contains a signal for 1. Chemi- 
cal shifts of peaks are slightly different in the 
MeCN-DME medium (within 0.2 ppm; see Tables 1 
and 2). However, the course of the reaction sequence 
is the same in both solvents and, for the sake of clarity, 
chemical shifts and other spectroscopic characteristics 
will be reported as found in the more commonly used 
DMSO solvent (Table 1), unless specified otherwise. 
Thus, in DMSO-d, the singlet of 1 at 6 9.24 ( s ,  H-3,5) 
is no longer present in the first spectrum, although the 
trace does exhibit very small peaks that represent 
phenol at 6 9.28 ( s ,  OH), 7-15 (apparent t,* H-para) 


Table 1. Summary of 'H NMR spectroscopic parameters% DMSO-d, (at ambient temperature) 


Species H-5 H-3 Other signals 


1 
2 


2f 


3a 
36 
3d 


3e 
4 


5 


9.24 ( s )  
9.18 


(d, J = 5.6) 
8.65 


(d, J =  3.9) 
9.23 ( s )  
9.11 ( s )  
9.12 ( s )  


8.58 (s) 
8.46 


(d, J =  1.5) 
8.32 


(d, J = 4.6) 


9.24 (s) 
9.18 


(d, J = 5.6) 
8.65 


(d, J =  3.9) 
9.23 (s) 
9.11 (s) 
9.12 (s) 


7.39 (th, 2H, H-rneru), 7.19 (t, lH, H-para), 7.06 (d, H-orrho) 
6.90 (s, 2H, H-3,5 mesityl), 2.22 (s, 3H, CH,-para), 2.03 (s, 6H, CH,-ortho) 
7.63' (s, br, lH, OH), 7@4"(s, 2H, H-3,5 phenolic moiety), 1.35 (s, 18H, 2,6-di-r-Bu), 
OH (ionized) 


8.58 (s) . ,  
5.79 6-94 (s, 2H, H-3,5 phenolic moiety), 1.32 (s, 18H, 2,6-di-r-Bu), OH (ionized) 


Id. . I =  1.5) \- ,-  - -, 
5.64 7.04 (s, 2H, H-3,5 phenolic moiety), 1.30 (s, 18H, 2,6-di-r-Bu), OH (ionized) 


(d, J =  5.8) 


"Recorded at 400.1 MHz. Chemical shifts are given in parts per million (ppm), relative to residual CD,SOCD,H in the solvent. Coupling constants ( J )  
are reported in Hz. 
hThe signal for the para proton is an upparerif triplet, with unresolved coupling. This is typical of the signals for attached phenyl and phenoxyl 
moieties and, therefore, throughout this paper aryl-H (i.e. attached phenoxyl H) peaks reported as triplets or doublets should be taken as apparent 
triplets and apparent doublets. 
'In the reaction medium the OH is ionized; assigned from authentic sample separately prepared. 
dOverlapped with H-3,5 (phenolic moiety) singlet of 5 in the PiF-2.6-DTBPhO- reaction system. 


*The signal for the para proton is an upparenr triplet, with unresolved coupling. This is typical of the signals for attached phenyl and 
phenoxyl moieties and, therefore, throughout this paper aryl-H (i.e. attached phenoxyl H) peaks reported as triplets or doublets 
should be taken as apparent triplets and apparent doublets. 
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Table 2. Summary of 'H NMR spectroscopic parameters'in MeCN-d,-DME-d,, (l:l, v/v; -4OOC) 


Species H-5 H-3 Other signals 


1 9.11 (s) 9.11 (s) 
2 9-16 9.16 


(d, J = 5.6) 
2f 8.64 8.64 


(d, J = 3-9) 
3a 9.09 (s) 9.09 (s) 
3b 8.90 ( s )  8.90 (s) 
3d 9.10 (s) 9.10 (s) 
3e 8.60 ( s )  8.60 (s) 


(d, J =  5.6) 


(d, J = 3.9) 
7.34 (tb, 2H, H-rneta), 7.16 (t, lH, H-para), 6.96 (d, 2R H-ortho) 
643 (s, 2H, H-33 mesityl), 2.18 (s, 3H, CH,-para), 2.01 (s, 6H, CH,-orrho) 
7.03 (s, 2H, H-33 phenolic moiety), 1,34 (s, 18H, 2,6-di-r-Bu), OH (ionized) 


"Recorded at 400.1 MHz. Chemical shifts are given in parts per million (ppm). relative to residual CD,HCN in the solvent. Coupling constants ( J )  are 
reported in Hz. 


See Table 1, footnote b. 


and 6.74 (m, H-mera and -orrho). More importantly, a 
new singlet is observed at 6 9-23 (2H), which cannot 
be misidentified as belonging to 1 because it is in 
appropriate integral ratio to the peaks at 7-39 (t,* 2H), 
7.19 (t, 1H) and 7-06 (d, 2H); these signals are attrib- 
uted to H-35, H-meta, H-para and H-ortho, 
respectively, of l-phenoxy-2,4,6-trinitrobenzene 
(3a), the product of S,Ar displacement of chloride 
from the picryl chloride. The signals for separately 
prepared 3a match those recorded in the reaction 
system. In some experiments, a small singlet assign- 
able to the equivalent ring protons (H-33) of picrate 
anion (PicO-) (3e) could also be seen at 6 8-58 ppm 
from the very first spectrum. 


At no time could Meisenheimer adducts be observed, 
including the necessary C-1 PiCIaOPh- complex that 
leads to the displacement product, 3a (Scheme 1). 
Furthermore, no adducts were observed that could be 
assigned to non-productive C-3 adducts such as C-3 
PiC1-OPh- or C-3 PiCI.OH-. In related 
the corresponding C-3 hydroxide adducts have been 
readily observed; their presence is the result of equili- 
bration between the aryloxide and residual small 
amounts of water in the reaction media and these 
hydroxide adducts ultimately lead to formation of 
picrate ion (3e), presumably via a transient C-1 OH- 
adduct (le, Scheme l).Ioa The traces of PicO- found in 
some of the experimental runs probably arise from this 
pathway even though none of the hydroxide adducts 
were observed in the system. 


Monitoring of the PiC1-MesO- reaction system 
yielded comparable results. Upon mixing equimolar 
potassium mesitoxide solution with the Pic1 sample, the 
initial spectrum did not include the singlet for 1 and in 
its place resonances were recorded for the 2,4,6- 
trimethyl-2' ,4' ,6'-trinitrophenyl ether (mesityl picryl 
ether, PiOMes, 3b). The peaks assigned to 3b are 
located (in DMSO-d,) at 6 9.11 (s, 2H, H-3'3' picryl), 
6.90 (s, 2H, H-33 mesityl), 2-22 (s, 3H, CH,-para) 
and 2-03 (s, 6H, CH,-ortho). Again, regardless of 


whether the experiment was conducted at room tem- 
perature or at -4O"C, no signals were detected that 
could be assigned to any intermediate (i.e. the C-1 
PiC1-OMes - complex, lb)  or non-productive Meisen- 
heimer complexes. 


Addition of 1 equiv. of 2,6-DTBPhO- in DMSO-d, 
to a DMSO-d, solution of 1 (final concentrations 
0.06 M) results in a deep blue solution. The first 
spectrum of the reaction mixture (acquired within 
3 min of mixing) displays signals assignable to the 
biphenyl derivative (3d), a small amount of picrate 
anion, PicO- (6  8.58, s, 2H, H - 3 3 ,  2,6-di-t-butyl- 
phenol (6 7-06, d, J = 7 4  Hz, 2H, H-33; 6.96, s br, 
lH,  OH; 6.75, t, J = 7 - 8  Hz, lH, H-4; and 1.37, s, 
18H, 2,6-di-t-Bu-2,6) and unmodified Pic1 (6 9.24). 
The signals ascribed to 3d were confirmed by compari- 
son to authentic 2,6-di-t-butyl-4-(2' ,4' ,6'-tri- 
nitropheny1)phenol (picryl di-t-butylphenol); these 
resonances are located (in DMSO-d,) at 6 9.12 (s, 2H, 
H-3',5'), 7.63 (s br, lH, OH), 7.04 (s, 2H, H-33 
phenolic moiety) and 1.35 (s, 18H, 2,6-di-t-Bu). 
Significantly, peaks are also present that represent the 
C-3 carbon-bonded PiCI- [2,6-DTPhO(H)] - a-complex 
(4) (Table l) ,  that arises from attack of the para 
carbon of the 2,6-DTBPhO- nucleophile on the C-3 
position of PiCI. The signals for 4 appear at 6 8.46 (d, 
J =  1.5 Hz, lH,  H-5), 6.95 (s, 2H, H-33 phenolic 
moiety), 5.79 (d, J =  1-5 Hz, IH, H-3) and 1.32 (s, 
18H, 2,6-di-t-Bu). No signal was present for the OH of 
the attached aryl moiety and from the Nh4R evidence 
the state of ionization of this OH group would be 
uncertain. However, the dark blue colour of the sol- 
ution is comparable to that found by Stahly *' and 
attributed to the 670 nm absorbance of 2,6-di-t-butyl-4- 
(2 ' ,4' -dinitrophenyl )phenoxide; the comparison 
suggests that the attached phenolic OH is ionized and 
that the solution is still alkaline at this stage in the 
reaction. Finally, note that the ratio of the product of C- 
1 attack (3d) to the product of C-3 attack (4) is 
88%:12% = 7-3:l. 
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9.2 9.0 8.8 8.6 8.4 
ppn 


Figure 2. Initial 'H NMR spectrum (400 MHz) of the PiF-MesO- reaction system (8.4-9.2 ppm region), recorded within 3 min of 
mixing of the reactants. The spectrum, acquired at -4OOC in MeCN-d,-DME-dl, (l:l,  v/v), displays peaks ascribed to the 
displacement product, mesityl picryl ether (3b). picrate anion (PicO-, 3e), unmodified P F  (2)  and the geminal C-1 PiF.F adduct (2f) 


Reaction of picryl fluoride (PiF) with phenoxide, 
mesitoxide and 2,6-di-t-butylphenoxide nucleophiles 
The reaction of equimolar picryl fluoride (2) with PhO- 
mirrors the behaviour found in the PiCl-PhO- reaction 
system. The initial 'H NMR spectrum contains signals 
for residual PiF (6 9.18, d, J=5 .6 ,  2H, H-33) and for 
phenol. Again, no C-1 (such as the C-1 PiF.OPh- 
complex, 2a) or C-3 adducts were observed in the 
reaction regardless of the experimental conditions and 
again the only observable product was the phenyl picryl 
ether 3a (Scheme 1). 


The reaction of 2 with MesO- in DMSO-d, was as 
clean as that described for the PiF-PhO- system; the 
corresponding mesityl picryl ether (3b) was formed 
without the apparent intervention of any Meisenheimer 
complexes, notably the C-1 PiF-OMes- adduct (2b). 
Interestingly, in the reaction of MesO- with 2 conducted 
in MeCN-d, -DME-d,, at reduced temperatures, forma- 
tion of 3b was not the only process seen. Thus, while the 
initial spectrum, acquired within 3 min of mixing at 
-40 "C, is dominated by the intense signal for 3b (Figure 
2; 6 8.90, H-3,s of 3b, shifted slightly upfield relative to 
chemical shifts in DMSO-d,) and contains resonances 
attributable to unreacted 2 and to 3e, a triplet is also noted 
that is centred at 6 8.64 ( J =  3-9 Hz). This resonance is 
assigned to the ring protons (H-35) of the geminal C-1 
PiF-F- adduct (2f, Scheme 1). The spectroscopic para- 
meters (Table 2) are in reasonable agreement with those 
reported by Temer et a1." for the same Meisenheimer 
complex (6 8.70, d, J=3.9,  2H, H-33 as observed in 
MeCN solvent). Similar results were noted when the 
reaction at low temperature was repeated using an excess 


of MesO- (2 equiv.); 2f was again seen along with a 
smaller amount of picrate ion and of unmodified 2 (in the 
initial spectrum recorded at -40 "C). 


NO2 


2f 


Addition of 1 equiv. of 2,6-DTBPhO- in DMSO-d, 
to a DMSO-d, solution of 2 (final concentrations 
0.06 M) produces a deep blue solution whose initial 
spectrum includes peaks of residual PiF, 2,6-di-t- 
butylphenol and PicO- (3e). However, the spectrum 
also contains prominent signals for picryl di-t-butyl- 
phenol (3d), the C-1 PiF-F- adduct (2f) (Table 1) and 
small resonances indicative of the presence of the C-3 
C-adduct of para-attack of 2,6-DTBPhO- (5). The 
signals of 5 (in DMSO-d,) are located at 6 8.32 (d, 
JF.H =4-6 Hz, lH, H - 3 ,  7.04 ( s ,  2H, H-3,s phenolic 
moiety), 5.64 (d, = 5.8 Hz, lH, H-3) and 1.30 ( s ,  
18H, 2,6-di-t-Bu). Again, the expected singlet for the 
OH of the attached aryl moiety is not seen but presumed 
to be ionized. The solution is basic at this point in the 
reaction. 


Over time, the resonances assigned to the C-1 PiF.F- 
adduct (2f) gave way to those of the displacement 
product (3d), and the C-3 PiF.[2,6-DTBPhO(H)] - 
adduct (5). After a reaction time of 1 h, adduct forma- 
tion (i.e. the sum of concentrations of 3d and 5 as 
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products of adduct formation or as adducts) accounted 
for 52% of the overall products; 85% of this was due to 
3d, the product of C-1 attack (and putative C-1 
PiF.OPhDTB - (2c) adduct formation). 


DISCUSSION 
The reactions described exhibit the following salient 
features. First, regardless of the picryl halide examined, 
and regardless of the aryloxide employed, C-1 attack 
was favoured over C-3 attack in every case. However, 
no observable Meisenheimer aryloxide oxygen adducts 
could be detected by the NMR method employed. 
Second, although phenoxide can potentially act as either 
a C- or 0-nucleophile and even though ambident 
behaviour has been observed in the TNA-PhO- 
system, '0' among others, in the present systems 
phenoxide behaved only as an 0-nucleophile, mimick- 
ing the behaviour of mesitoxide ion, which is obliged to 
react as an 0-nucleophile. Third, even in the case of 
2,6-di-t-butylphenoxide ion (2,6-DTBPhO -), where 
steric hindrance to reaction as an 0-nucleophile con- 
verts the aryloxide into a strict C-nucleophile, C-1 
attack to give displacement products is favoured over C- 
3 attack to yield a Meisenheimer complex in a ratio of 
about 7: 1, again, regardless of the substrate. Finally, in 
the picryl fluoride systems, with MesO- or 2,6- 
DTBPhO- ions as nucleophiles, a C-1 PiF fluoride 
adduct is observed. No comparable chloride adduct is 
seen in the reactions of 1 with any of the aryloxides. 


These general features will now be considered in 
detail and compared and contrasted with previous work. 


Reaction pathways 
In this study, the reactions of picryl chloride (1) and 
picryl fluoride (2) with a series of aryloxide 
nucleophiles, in which the steric hindrance about the 
oxygen nucleophilic centre was systematically 
increased, were monitored by 'H NMR spectroscopy 
(400 MHz) in dimethyl sulphoxide (DMSO) (ambient 
temperature; Table 1) and acetonitrile-DME (-40 "C; 
Table 2). The results show that the reactions of the 
picryl halides with the unhindered C- and 0-nucleophile 
phenoxide (PhO-) ion and with the moderately hind- 
ered 0-nucleophile 2,4,6-trimethylphenoxide (MesO-) 
ion proceed overall according to the S,Ar mechanism' 
as outlined in Scheme 1. Moreover, although PhO- is 
potentially ambident it acts in the same way as mesi- 
toxide, which is precluded from acting as a C- 
nucleophile, and, therefore, the ultimate products of 
reaction of either aryloxide with 1 and 2,  in either 
DMSO or acetonitrile-dimethoxyethane media, are the 
respective aryl picryl ethers, i.e. phenyl picryl ether (3a) 
and mesityl picryl ether (3b). On the other hand, when 
either substrate was allowed to react with 2,6-di-t- 
butylphenoxide (2,6-DTBPh0-) the product was not 


the aryl picryl ether (3c) (Scheme 1) but the biphenyl 
derivative (3d). 


These results are fully consistent with the previous 
work of Wright and Jorgensen," who found that 2,6- 
dialkylpheny14'-nitrophenyl ethers could be prepared in 
good yields from 2,6-dialkylphenols and chloro-4- 
nitrobenzene, in the presence of added NaOH, where 
the 2,6-dialkyl groups comprised methyl, isopropyl or 
sec-butyl groups. However, with 2,6-di-t-butylphenol 
no ether was obtained; instead, 2,6-di-t-butyl-(4'- 
nitropheny1)phenol was the product isolated in good 
yield. Interestingly, biaryl ether yields that were typi- 
cally 60-82% were reduced to 20% when 2-(t-butyl)-6- 
methylphenol was used to generate the nucleophilic 
a ry l~xide . '~  These results were confirmed by Stahly,I7 
who showed that 2,6-di-t-butylphenoxide reacts via the 
para-C to form 2,6-di-t-buty1[2' (or 4')nitrophenyl- 
phenols with ortho- and para-X-substituted 
nitrobenzenes. Significantly, yields of 2,6-di-t-buty1(2'- 
nitropheny1)phenol correlated with the known leaving 
group order in S,Ar displacement' where the rate- 
determining step is believed to be formation of the 
Meisenheimer c ~ m p l e x ; ~ ~ ~ ~  the highest product yield 
was obtained from use of 1-fluoro-2-nitrobenzene as the 
substrate, with yields declining as the 1-halo group was 
varied from chloro or bromo to iodo.17 The current 
work, therefore, extends the conclusions of Wright and 
Jorgensen" and Stahly l7 to the even more sterically 
demanding PiX-2,6-DTBPhO - systems. 


Kinetic versus thermodynamic preferences on 
regioselectivity 


Classification of regioselectivity 
The results found for the picryl halide reactions with 
PhO- and MesO- are also consistent with the regiose- 
lectivity observed with these 0-nucleophiles in the 
related picryl ether systems. '"." These nucleophiles both 
exhibit a kinetic preference for attack at the C-1 position 
of 2,4,6-trinitroanisole. However, while the C-1 
TNA-OPh - adduct is both the kinetic lob and ther- 
modynamic product of phenoxide 0-attack (KlT1 
behaviour), Ioa its kinetically preferred C-1 TNA.OMes - 
counterpart decomposes in favour of the more stable C- 
3 TNA.OMes- [and C-1,3 TNA.(OMes),'-] adduct(s) 
(KlT3 pattern, Figure l)." In the picryl halide systems, 
the rearrangement of the comparable C-1 Pix-OMes- 
adduct to the C-3 Pix-OMes- regioisomer is not 
observed. In fact, unlike the situation found in the TNA 
systems, no C-1 aryloxide 0-adducts can be seen in the 
systems under investigation here, even at low 
temperatures. 


A distinction should be made, then, between the 
Pix-PhO- and the Pix-MesO- systems. In the former 
case, there is no reason to expect any regioselectivity 
other than KlT l  and that is observed. In the latter 
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situation, rearrangement of a C-1 Pix-OMes- is prev- 
ented by the effectively irreversible formation of this 
adduct; expulsion of the halide ion, X - ,  is rapid and 
precludes dissociation back to P ix  and MesO - and 
subsequent attack of MesO- at C-3 to yield the 
regioisomeric adduct. 


Even though no aryloxide 0-adducts can be directly 
observed it is reasonable to postulate C-1 PiX.OAr- 
adducts as either metastable intermediates or as models 
for the transition state leading to the biaryl ether pro- 
ducts. As such, formation of the C-1 phenoxide 0- 
adducts may occur under KlT l  regioselectivity , where 
the C-1 adducts are both kinetically and thermodynami- 
cally preferred over their c - 3  counterparts or, 
alternatively, the regioselectivity may be designated as 
‘pseudo-KlT1.’ The latter case would apply if it is 
assumed that C-3 adduct formation and decomposition 
both occur more rapidly than can be detected by the 
method of observation.12b (Pseudo-K1T1 behaviour is 
illustrated by the addition of the dotted line portion of 
the K3T1 profile shown in Figure 1). 


In summary, although the regioselectivity shown by 
PhO- (as an 0-nucleophile) towards PiF and PiCl is 
consistent with that found in the TNA-PhO- reaction 
system,Ioa that shown by MesO- is clearly different. 
Now, MesO- appears to act according to the KIT1 
pattern of behaviour, whereas with TNA” (or related 
picryl ethers),2’ the regioselectivity exhibited by MesO - 
was classified at KlT3.I’ However, it is the rapid dis- 
placement of halide from the putative c -1  PiX.OMes- 
adduct(s) that intervenes to prevent possible rearrange- 
ment to the C-3 regioisomeric adduct and which, 
consequently, prevents a clear designation of the mesi- 
toxide systems as KITI. Hence these systems must be 
considered apparent KlTl cases. Interestingly, 2,6- 
DTBPhO- also reacts to yield a product of C-1 attack and 
displacement, the biphenyl derivative (3d), albeit via 
para C-attack rather than via the oxygen centre. How- 
ever, in this case formation of the C-l product occurs 
competitively with attack at C-3 to form the para C- 
bonded adduct, 4 (or 5) .  This partitioning of products is 
also unexpected on the basis of comparison with the 
TNA-PhO- system where C-attack occurs only at C-3 of 
TNA to give a C-adduct that is preferred both by kinetics 
and thermodynamics (i.e. K3T3 regioselectivity ). 


As stated, these results are linked to the nature of the 
leaving groups involved: halides in the current system 
and alkoxides in the case of TNA and other picryl 
ethers. The effect of this change in leaving group ability 
will be considered next. 


Effect of halide nucleofugality 


The apparent difference in the thermodynamics 
observed in the two reaction systems, i.e. P ix  versus 
PiOR (picryl ether), rests partly with the different 
relative leaving group abilities of the halides as com- 


pared with alkoxides or aryloxides. The order of reactiv- 
ity for picryl halides with PhO- as an attacking 0- 
nucleophile has been found to be F B C1= Br > I.20t22 
This order derives from rate measurements. Thus, the 
rate of displacement of fluoride from PiF (in DMSO, 
25 “C) by PhO- is cu 260-fold faster than the displace- 
ment of chloride from Pic1 by the same nucleophile.22 


The inability to observe 0-centred adducts, either at 
C-1 or C-3 of 1 or 2 in the current study, is also in 
accord with the findings of the reaction of PhO- with the 
2-(nitroaryl)-4,6-dinitrobenzotriazole 1-oxide series of 
compounds. Thus, with 2-picryl-4,6-dinitrobenzotria- 
zole 1-oxide, PhO- reacts as an 0-nucleophile to attack 
at the C-1‘ site and to displace the delocalized 4,6- 
dinitrobenzotriazole 1 -oxide anion leaving grou 
without competitive formation of a C-7 0-adduct, 
even though the C-7 site is generally considered to be 
the super-electrophilic site.23 Picryl phenyl ether (3a) is 
the product of this S,Ar displacement. (When the 
electrophilicity of the C-1 position is reduced by the 
stepwise removal of NO, groups from the 2-nitroaryl 
ring, para and ortho C-adduct formation at the C-7 
position becomes competitive with 0-attack at the C-1’ 
position of the picryl moiety.)23b Again, in the 2-picryl- 
4,6-dinitrobenzotriazole 1 -oxide case reaction with 
MesO- yields only picryl mesityl ether (3b) via prefer- 
ential attack at C-I’ and without competitive formation 
of a C-7 add~ct.‘~‘ 


However, rates of displacement as a function of 
varying the leaving group arise from a number of factors 
other than the intrinsic nucleofugality of the leaving 
group. In this regard, overall reactivity (in S,Ar displace- 
ments where the first nucleophilic attack step is rate 
determining) resolves itself into effects on initial elec- 
trophilicity of the substrate, steric hindrance to attack at 
the ips0 position and effects on the stability of the 
resultant Meisenheimer complex, as well as the inherent 
leaving group mobility. The C-1 site of PiF would be 
expected to be a more electrophilic site than the corre- 
sponding C-1 position of PiCl, as a result of the greater 
electronegativity of F compared to C1. Another way of 
expressing this is in terms of the greater polarization of 
the C-X bond in PiF then PiCl.7c.24 At the same time, F, 
as a substituent that is smaller than Cl,25a provides less F- 
~ t r a i n ~ ’ . ~ ~  to C-1 attack than C1 does. 


In fact, in assessing the propensity for attack of a 
nucleophile at C-1 as compared with C-3 sites, the size 
of F (and C1) relative to H is a measure of relative F- 
strain to attack and, so, becomes significant. Both 
meas~rements~’~ and e ~ t i m a t e s ” ~ - ~  of the van der Waals 
radius for F and H vary greatly. Thus, Bondi2’” argued 
in favour of an upwards revision of the van der Waajs 
radius for F from the Pauling value of 1.35 to 1.47 A, 
which would make F significantly larger than H, to 
which a radius of 1.20 A was assigned. However, in 
setting parameters for their molecular mechanics calcu- 
lations, Allinger et al.25b found it necessary to assign to 
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H van der Waals radii ranging from 1-40 to 1.60 A. 
Similar requirements in other force field calculations2” 
or in ab initio methodsZSd have consistently ascribed a 
van der Waals radius to H $at is greater than Bondi’s 
1.20 (e.g. 1.3825‘ to 1.44 AZSd). Therefore, it seems 
reasonable to conclude that F is much the same size as 
H if not smaller than H. Chlorine, on the other hand, is 
clearly much larger thano H; Bondi assigned it a van der 
Waals radius of 1.75 A.25a Consequently, it may be 
concluded that F-strain to attack at C-1 and C-3 of PiF 
would be approximately equivalent, whereas F-strain to 
attack at C-1 of Pic1 should be significantly greater than 
the same steric hindrance to attack at C-3 of this 
substrate. 


Clearly, attack at C-1 of PiF is favoured by the 
relatively small size of F (compared with Cl) and 
product formation from either PiF or Pic1 will be 
favoured by the inherent high nucleofugality of the 
halide leaving groups. Hence the kinetic factor in the 
regioselectivity found in these systems may be largely 
understood. The kinetics of attack at C-1 are favoured 
by the polarization of the C-X bond7cs24 and, in the 
case of PiF, by diminished F-strain to attack at C-1 (see 
above). Therefore, the kinetic portion of the regioselec- 
tivity maybe described as ‘Kl’ systems. In the following 
section we examine the thermodynamics of the regiose- 
lectivity observed in these reactions. 


Stereoelectronic factors in a-complex formation 
The stability of the resultant C-1 Meisenheimer adducts 
is of particular interest to us. It is clear that F as the 
C-1 substituent as compared with C1 may provide 
greater inductive stabilization to the intermediate C- 1 
adduct.26 Inasmuch as factors that stabilize the 
intermediate C-1 adducts may also stabilize a late rate- 
determining transition state for attack at C-1, this could 
account for the higher rates of displacement for PiF 
relative to PiCl. 


have 
highlighted the significance of n- u* stabilizing 
interactions in the respective geminally disubstituted C- 
1 adducts. For an ideal C-1 adduct that approximates an 
acetal n-electron donation from the oxygen of one 
geminal R-0 group into the u* orbital of the antiperi- 
planar C-O(R) bond (and vice versa) would lead to 
optimum stereoelectronic stabilization. AM1 calcu- 
lations on the C-1 TNAeOCH; adduct yielded two 
energy minima. The global minimum, in the absence of 
a point positive charge (designed to simulate a counter 
cation), has a conformation that does not correspond to 
the optimum doubly antiperiplanar arrangement about 
the CH,O-C( 1)-OCH, axis but does permit partial 
stereoelectronic stabilization approximately e uivalent 
to one full antiperiplanar n-a* interaction.% In the 
C-1 TNA.OPh- adduct a further diminishment in 
stereoelectronic stabilization probably occurs both as a 


A number of picryl ether-aryloxide 


result of steric congestion (that limits the degree of 
population possible for stabilizing rotameric forms) and 
as a result of the unsymmetrical nature of the 
adduct.’0a,12a In the C-1 TNA.OMes- adduct, the 
inability of the acetal-like groups to attain any rotameric 
forms that would allow such stabilization combines with 
classical steric acceleration of decomposition to account 
for the rapid rearrangement of this C-1 adduct into its C- 
3 counterpart. ’’ 


Attack of PhO- or MesO- on Pic1 or PiF should 
result in formation of C-1 adducts, l a / lb  or 2a/2b, that 
would be expected to show a similar trend in the degree 
of stereoelectronic stabilization available to the adducts. 
Thus, attack of PhO-, the least bulky of the aryloxides, 
on PiF (2), the least hindered of the picryl halides, 
should result in a C-1 adduct that would have the 
greatest probability of taking up rotameric forms that 
would result in stabilizing n- u* interactions. On the 
other hand, the efficacy of the n-a* stabilization 
depends on the relative energies of the two u* moieties, 
so such ‘unsymmetrical’ adducts are generally expected 
to achieve less stabilization from these stereoelectronic 
 interaction^.^^ 


To summarize the preceding arguments, attack at C- 
1 of PiF should lead to C-1 adducts that would be 
somewhat more stabilized by stereoelectronic effects 
than their Pic1 analogues (particularly with phenoxide 
as the attacking 0-nucleophile) and to the extent that 
such stabilization would also apply to the transition 
state leading to their formation S,Ar displacement 
should be more facile from PiF than from PiCI. Not- 
withstanding the differences in stabilization afforded C- 
1 adducts of PiF as compared with those formed by 
PiCI, C-1 phenoxide 0-adducts of both substrates 
should derive a degree of stereoelectronic stabilization, 
so the regioselectivity found for these examples involv- 
ing phenoxide 0-attack could be described as KITI. 
With MesO-, on the other hand, the C-1 adduct would 
not be expected to partake of significant stereoelec- 
tronic stabilization. If rapid reversion to the picryl 
halide and mesitoxide occurred, then rearrangement to 
the C-3 PiX.OMes- adduct could be expected (i.e. 
KIT3 regioselectivity). Instead, rapid expulsion of the 
halides from the mesitoxide C-1 0-adducts confers 
irreversibility upon formation of these adducts and 
yields apparent KIT1 regiosekctivity for the 
Pix-MesO - systems. 


It is useful to compare the results in the current 
systems with those reported by Crampton et d2* in the 
reaction of a series of picryl halides (X = F, CI, Br and 
I) with hydroxide ion. These workers found that the 
ratios of the equilibrium constant for attack by OH- at 
C-3 of the picryl halides as compared with attack at C- 
1 decreased in the order F > H > CI > Br >I .  The order 
was attributed to a combination of factors. First, steric 
disruption of the coplanarity of orrho (2,6) nitro groups 
in the picryl halides for X=C1, Br and I would be 
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expected to destabilize the C-3 adducts, which would 
be unable to delocalize negative charge into these NO, 
groups effectively.2R (Conversely, attack at C-1 of 
these picryl halides would result in conversion of the 
crowded sp2 hybridized C-1 into an sp3 hybridized 
carbon; the relief of strain accompanying the conver- 
sion provides relative stability to the C-1 adduct, 
notably the C-1 PiCl adduct in the present study.) 
Second, while the relatively small size of fluorine 
would permit the ortho NO, groups of PiF to achieve 
coplanarity , the high electronegativity of F could 
withdraw electron density from the C-3 site inductively 
and, consequently, lead to more rapid attack at C-3 of 
PiF than at a ring position of 1,3,5-trinitrobenzene 
(TNB).2X In the same work, they found that attack of 
OH- at C-1 of PiF (2) was more rapid than attack at C- 
3 of the same substrate and attributed this to the small 
size of F and the high electrophilicity of C-1 (arising 
from the polarization of the C-F bond).2R Another 
view would hold that C-1 attack is precerred by OH- 
because of the stereoelectronic n- a stabilization 
afforded the C-1 PiF.OH- adduct. Note that Crampton 
et ~ 1 . ~ ~  suggested that the transition states for hydroxide 
attack could be late and so resemble the hydroxide 
adducts. Finally, AM1 calculation results indicate that 
the C- 1 adduct formed by 1-fluoro-4-nitrobenzene with 
OH- is thermodynamically more stable than its C-3 
counterpart; we have attributed this stabilization to 
effective n-a* interaction(s)."' 


It is noteworthy that the ready attack of fluoride ion, 
displaced from PiF by MesO-, leads to observation of 
the PiF.F- adduct 2f. This adduct has been directly 
observed previously by Terrier et al." Its facile formation 
is likely not only a reflection of the full n- o* stabiliz- 
ation afforded 2f, but also the high degree of reactivity 
that F-('naked fluoride') exhibits in dipolar aprotic 
solvents (such as DMSO and MeCN)29 and the low F- 
strain involved in attack at C-1 of PiF. The lower degree 
of reactivity for 'naked' C1-; as well as greater F-strain to 
attack at C-1 of PiCl, would contribute to the inability to 
observe the corresponding PiCI.CI adduct in the systems 
studied. In this context, it is noteworthy that Egorov et 
~ 1 . ~ '  observed the fluoride adduct of 1,3,5-trinitrobenzene 
(TNB.F-) formed from TNB and tetramethylammonium 
fluoride, but failed to find the analogous TNBCl- 
adduct. These results suggest that chloride adducts are 
generally less stable than their fluoride analogues and that 
this lesser stability coupled with the higher nucleophili- 
city of fluoride ion as compared with chloride ion, as well 
as the greater C-1 electrophilicity expected for PiF (2) 
relative to PiCl (l), account for the observation of 2f in 
the PiF-F- system and the inability to observe the C-1 
PiCI.CI- adduct in the PiCI-CI- case. 


Aryloxide carbon nucleophilicity 
In considering the reactions of 2,6-DTBPh0 - with the 


substrates, steric hindrance is again a dominant issue. 
Clearly, the steric hindrance about the 0-nucleophilic 
centre results in such F-strain to attack that oxygen 
attack sim ly does not occur in this or related 
systems. "J' F-strain probably also accounts for the 
preference of 2,6-DTBPhO- to attack at C-1 of PiF. 
Recall that for 2 the C-1 site is comparable in steric 
hindrance to the C-3 site based on the comparative 
atomic radii of F and H.25 However, the relative ease of 
loss of the halides again plays a role. Once attack has 
occurred at C-1 of either PiCl or PiF, rapid expulsion of 
the halide presumably occurs to yield the stable 
biphenyl derivatives. Rearrangement of the C-1 adducts 
to their C-3 counterparts is thus pre-empted. Evidence, 
both from calculationsIza and product distributions in 
the vicarious nucleophilic substitution (VNS) reaction, 
which involves attack of carbanions on electron- 
deficient  aromatic^,^' suggests that carbon nucleophiles 
form their most stable Meisenheimer adducts from 
attack at an unsubstituted position, e.g. C-3 of 1 or 2. 
Our previous results gleaned from the TNA-PhO - 
reaction system also show that, as a C-nucleophile, 
phenoxide favours attack at C-3 of l-X-2,4,6- 
trinitrobenzenes. Ioa 


As Scheme 2 highlights, attack of 2,6-DTBPhO-, as 
a carbon nucleophile, at either the C-1 or C-3 position 
results initially in C-1 or C-3 zwitterionic Meisenheimer 
complexes. These complexes arise from attack via the 
para carbon of 2,6-DTBPhO - because the 0-centre is 
highly hindered and the ortho ring carbons are effec- 
tively blocked. Note, however, that in related systems 
where PhO- was found to act as both an 0- and a C- 
nucleophile, attack via the para carbon generally 
exceeded attack via an ortho position, regardless of the 
statistical factor that favours ortho C - r e a ~ t i o n . ~ ~ . ~ ~  I3C 
NMR spectra indicate that the para carbon bears a 
higher partial negative charge than does either ortho 
carbon. 14a This higher intrinsic nucleophilicity , and also 
the lowered steric hindrance to attack associated with 
the para p o ~ i t i o n , ~ ' - ~ ~  result in preference for para 
attack over ortho reaction. 


While attack of 2,6-DTBPhO- as a C-nucleophile 
entails loss of aromaticity for the aryloxide, the second 
step ( k ,  and k 4 ,  Scheme 2) restores aromaticity. Thus, 
attack of aryloxides as C-nucleophiles has been taken to 
be slow since aromaticity is lost in the process, whereas 
subsequent tautomerization has been presumed to be 
fast because aromaticity is regained in the process. In 
this context, it is noteworthy that decomposition of the 
respective zwitterionic adducts back to starting Pix and 
2,6-DTBPhO- (k-" and kF3 Scheme 2) would also 
result in a restoration of aromaticity. However, whereas 
these decomposition steps are unimolecular, the forward 
tautomerization steps are bimolecular (in zwitterionic 
adduct and base) and would be favoured so long as the 
medium contained appreciable amounts of base. Recall 
that throughout monitoring of the PiX-2,6-DTBPhO- 
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3d 


Scheme 2 


X = C I = 4  
X =  F = 5  


reaction systems the solution remained blue as a result 
of the presence of the aryloxide product, 2,6-di-t-butyl- 
4-(2' ,4' ,6'-trinitrophenyl)phenoxide, indicative of the 
alkalinity of the medium throughout the course of the 
reaction. The bimolecular rearomatization steps ( k ,  and 
k4) would, therefore, be expected to be faster than the 
decomposition steps (k-,' and k-,', respectively). 


Furthermore, it is necessary to distinguish between 
the two different rearomatization steps; k,  clearly 
involves loss of the leaving halide as well as rearomatiz- 
ation, whereas k, is a more straightforward tautomeriz- 
ation. The k ,  pathway could proceed in several ways.* 
However, k ,  could be taken to represent two separate 
steps, involving (1) expulsion of halide followed by 
tautomerization or (2) loss of H-X in an elimination 
step34 followed by rearomatization. Current evidence 
does not permit us to discriminate between these 
processes. 


CONCLUSIONS 


The results of this study have highlighted the roles of 


several factors in C-1 versus C-3 attack in picryl halide 
displacement reactions: the importance of F-strain in 
attack at C-1, the importance of the intrinsic nucleofu- 
gality of the halides and the varying degree of 
stereoelectronic stabilization afforded the C- 1 adducts. 


Although C-1 0-adducts from attack of PhO- or 
MesO- at C-1 of the P ix  substrates were not observed 
by NMR, either at room or low temperature, the picryl 
ether products plausibly arise from such transient 
adducts. At the same time, C-3 adducts were also 
unobserved. The regioselectivity found in the 
Pix-PhO- and PIX-MesO- systems has been 
designated KlT l  in the case of the former systems, 
partly on analogy with the related picryl ether 
systerns.loa.lzb In the latter systems the rapid displace- 
ment of halide from the putative C-1 PiX.OMes- 
adduct confers effective irreversibility on this pathway 
and precludes dissociation and rearrangement to the C-3 
adduct. Therefore, the Pix-MesO- systems must be 
viewed as displaying apparent K lT l  regioselectivity. 
With 2,6-DTBPh0 - , steric hindrance about the 0- 
nucleophilic centre precludes the formation of the 


* A  referee has suggested that the rearomatization could be effectively concerted with elimination of H-X. Such a concerted process 
would appear to require extensive electronic and structural reorganization. We thank the referee for contributing to the completeness 
of the discussion. 
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corresponding aryl picryl ether and instead good yields 
of the biphenyl derivative are obtained. Now, C-3 
regioisomeric adducts resulting from para C-attack are 
observed; their formation is competitive with C-1 attack 
and consistent with the tendency to C-3 attack found in 
the picryl ether systerns.l2 


The lack of C-nucleophilic reactivity shown by PhO- 
arises from the ease of 0-attack at C-1, which occurs in 
a single step, as compared with C-attack that reasonably 
occurs in two steps and involves loss of aromaticity for 
the attacking phenoxide nucleophile. Once a C-1 adduct 
is formed it is stabilized by n-a* interactions; this 
stereoelectronic stabilization may also extend to the 
transition state for formation of the C-1 PhO- (and to a 
lesser extent the C-1 MesO-) adduct and, so, provide a 
rationale for kinetic preference for attack at C-1 together 
with a thermodynamic reason for attack at C-1. The 
small size of F also contributes to ease of attack at C-1 
of PiF. However, the high nucleofugality of fluoride and 
chloride ions accounts for the rapid displacement and 
contingent inability to observe the C-1 adducts. 


Kinetic preference by 2,6-DTBPhO- for attack at C-1 
of Pic1 and PiF and formation of the displacement 
product, as compared with formation of the C-3 C- 
centred adducts, 4 and 5 ,  is also rationalized partly by 
the decreased F-strain to attack at C-1 of PiF. Finally, 
the higher electrophilicity of the C-1 site in both PiF and 
PiCl that arises from the electronegativity of F and CI 
and attendant polarization of the respective C-1-X 
bonds also favours C-1 attack. 


EXPERIMENTAL 
All common solvents and reagents were purchased from 
commercial sources and used without further 
purification. Melting points were determined using a 
Thomas-Hoover melting point apparatus and are 
reported without correction. The NMR spectra of the 
starting reagents were recorded in DMSO-d,; chemical 
shifts are given in parts per million (ppm) relative to 
either tetramethylsilane (TMS) or residual DMSO-d,H 
found in the solvent and coupling constants ( J )  are 
reported in hertz (Hz). 


Picryl chloride (1). l-Chlor0-2,4,6-trinitrobenzene 
(picryl chloride, 1) was prepared either by nitration of 
l-chloro-2,4-dinitrobenzene as described by Frankland 
and Garner3' or by reaction of pyridinium picrate with 
POClj;36 either method gave 1 in yields of 60-91%; 
m.p. (after recyrstallization from CCI,) 80-81 "C (lit.,' 


146.4, 123.5 and 125.0 (C-1, C-2,6, C-35, C-4, 
respectively). 


81 "C). 'H NMR: 9.24 ( s ,  2H, H-33). I3C NMR: 148.9, 


Picryl JIuoride (2). l-Fluoro-2,4,6-trinitrobenzene 
(picryl fluoride, 2) was prepared by reaction of 
pyridinium picrate with diethylaminosulphur trifluoride 


(DAST), as reported previo~sly.'~ Yield (after recrys- 
tallization from CCl,), 23%; m.p. 127-129°C (lit. 
127-128"C3' 122-123, 131-132 "C dim or phi^^^). 'H 


154.9, 149.3, 126.1 and 121.6 (C-1, C-2,6, C-33, C-4, 
respectively). 


NMR: 9.18 (d, JF-" = 5.6 Hz, 2H, H-33). NMR: 


2,6-Di-t-butyl-4- (2' ,4' ,6' -trinitrophenyl)phenol 
(3d). An authentic sample of 3d was prepared from 1 
and equimolar potassium 2,6-di-t-butylphenoxide in 
DMSO. The DMSO solution was stirred at room tem- 
perature for 3 h, then the dark blue solution was poured 
into an excess of 0-1 M HCl and the aqueous acid was 
extracted with CHCI, (5 x 100 ml). The chloroform 
extracts were combined, dried with Na,SO, and concen- 
trated under reduced pressure. Flash chromatography 
(Kieselgel 60, 230-400 mesh), according to the pro- 
cedure of Still et U I . , ~  with CH,CI,-light petroleum 
[(b.p. 30-60°C (2:3)] afforded a yellow solution 
(Rf=0.6). The dark yellow oil obtained from concen- 
tration of the solution yielded a canary yellow powder 
when treated with hexane. Yield, 41%; m.p. 


lH, OH), 7-04 (s, 2H, H-33) and 1.3s (s, 18H, 2,6-di- 


121.6, 120.0, 34.7 and 30.1. Calc. for C,,H,,N,O,, C 
57.55, H 5.55, N 10.07; found: C 56.76, H 5.38, N 


148-150°C. 'H NMR: 9.12 ( s ,  2H, H-3',5'), 7.63 (s, 


t-Bu). 13C NMR: 155.8, 150.3, 139.8, 133.9, 124.3, 


9.85%. 


Potassium aryloxides. The potassium aryloxide salts 
were prepared according to the method of Kornblum 
and L a ~ r i e . ~ '  Potassium phenoxide (PhOK) was 
obtained as a colourless solid. 'H NMR: 6.67 (t, 2H, H- 
meta), 6.03 (d, 2H, H-ortho) and 5-82 (t, lH, H-para). 
Potassium 2,4,6-trimethylphenoxide (mesitoxide, 
MesOK) was a pale brown powder (after thorough 
washing with light petroleum (b.p. 30-60°C) with 'H 
NMR characteristics (DMSO-d,) in good agreement 
with the literature.,* Potassium 2,6-di-t-butylphenoxide 
(2,6-DTBPhOK) was a lime green solid. 'H NMR: 6.58 
(d, J = 7 - 3 ,  2H, H-ineta), 5.57 (t, J=7 .3 ,  lH, H-para) 
and 1.32 (s, 18H, 2,6-di-t-Bu). 


NMR: general. NMR solvents were purchased from 
Merck or CDN. DMSO-d, was treated three times 
sequentially with 4A molecular sieves prior to use; 
according to Burfield and Smi ther~ ,~ ,  such treatment 
would reduce the residual water content to 10 ppm or 
less. NMR measurements were made with a Bruker 
AM-400 spectrometer operating at 400.1 MHz ('H) and 
100.0 MHz( I3C). The spectrometer was typically 
adjusted as reported previously.'oa 13C NMR spectra of 
the substrates (PiF, PiCI, etc.) were acquired using the 
J-modulated (JMOD) pulse sequence.44 Potassium 
aryloxide solutions were prepared in volumetric flasks 
(1 ml) from weighed quantities of the salts and the 
appropriate NMR solvent in a nitrogen dry-box. 
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A representative NMR experiment: reaction of PiF 
with 2,6-di-t -butylphenoxide. Typical room-tempera- 
ture and low-temperature experiments, in both solvents, 
have been published previously 10a.11*14 and the experi- 
ments undertaken in support of this work followed the 
same general outline. The reaction of PiF (2) with 2,6- 
DTBPhO - is representative of the investigations pur- 
sued in DMSO-d, solvent at ambient temperature and it 
is described in detail below. 


A PiF stock solution (0.180 M) was prepared by 
dissolution of 20.8 mg of 2 in 500 pl of dry DMSO-d,. 
The initial sample was prepared by injection of 165 pl 
of this substrate solution into a septum capped NMR 
tube that contained dry solvent (125 pl) and 1,4-dibro- 
mobenzene solution (10 pl of a 0.5 M solution of this 
integral standard in DMSO-d,). Addition of the relevant 
quantity of 2,6-DTBPhOK (200 pl of a 0.149 M sol- 
ution to give 1 equiv . of nucleophile) initiated the 
reaction. The initial 'H NMR spectrum was recorded 
within 3 min of mixing (16 transients per FID). After 
the initial spectrum the reaction was monitored at 
various intervals. An FID of 32-64 transients sufficed to 
yield the data reported here. After ca 1 h, when the 
reaction was deemed complete, 5 pl of trifluoroacetic 
acid ( P A )  were injected into the NMR tube and a final 
spectrum was acquired. 
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MECHANISTIC ASPECTS OF AMINIUM SALT-CATALYZED 
DIELS -ALDER REACTIONS: THE SUBSTRATE IONIZATION STEP 


WANG YUEH AND NATHAN L. BAULD" 
Department of Chemistry and Biochemistry, University of Texas, Austin, Texas 78712, USA 


Substituent effects in the aminium salt catalyzed Diels- Alder reactions of 2,3-dimethyl-l,3-butadiene with a 
series of metu and pam substituted /3-methylstyrenes are used to probe detailed mechanistic aspects of these 
reactions. Kinetic studies were carried out using two different aminium salt catalysts and also electrochemically, 
using anodic potentials corresponding to the oxidation potentials of the aminium salts. Substituent effects in the 
equilibrium oxidations of the styrene substrates to the corresponding cation radicals were also studied, via 
oxidation potential measurements. The results indicate rate determining one electron oxidation of the sytrenes to 
their cation radicals v i a  an outer sphere electron transfer. 


INTRODUCTION 
Powerful catalysis of Diels-Alder cycloadditions by 
triarylaminium salts, especially tris(4-bro- 
mopheny1)aminium hexachloroantimonate (1 +') was 
discovered in this laboratory in 1981, and a cation 
radical mechanism was proposed.' Since that time, a 
variety of further evidence has been presented in 
support of the involvement of cation radicals in these 
novel cycloadditions, and the cation radical mechanistic 
framework is now widely a~cepted.'.~ Several mechan- 
istic and theoretical studies by this research group have 
focused special attention on the cycloaddition 
but much less attention has been directed to the ioniz- 
ation step, i.e. the step in which substrate molecules are 
converted into the corresponding cation radicals by 1 +'. 
The present study was intended to elucidate some of the 
salient mechanistic aspects of this electron transfer 
reaction in the specific context of the Diels-Alder 
cycloadditions of 2,3-dimethyl-l,3-butadiene to a series 
of trans-,C?-methylstyrenes. 


RESULTS AND DISCUSSION 


The present study addressed four essential mechanistic 
issues relating to the ionization step. Perhaps the most 
subtle issue is the outer or inner sphere nature of the 


'Author to whom correspondence should be addressed. 


electron (or hole) transfer (Scheme 1). In the outer 
sphere mechanism, an electron is transferred between 
chemical species which have no significant covalent 
interaction between them. In an inner sphere mechan- 
ism, covalent interaction between the two species is an 
essential aspect of the electron transfer (ET) mechan- 
ism. As an extreme example, a full covalent bond might 
be formed between the species by a polar mechanism, 
followed by homolytic dissociation of this covalent 
bond, the net result being ET. A second important issue 
is the question of whether ionization is rate lirnitirig or 
reversible (Scheme 2) .  Although the generation of a 
highly energetic and reactive species such as a cation 
radical via an endergonic process might be expected to 
be rate determining, it is noteworthy that the reverse 
electron transfer is substantially exergonic and undoubt- 
edly very fast when significant amounts of 1 are present. 
Reversible ionization has, in fact, been observed in the 
reactions of trans-stilbenes with 2,3-dimethyl-l,3- 
butadiene, catalyzed by 1+' .6  A third issue, which is 
especially significant from the viewpoint of synthetic 
applications, is the question of whether the substrate 
molecules are exclusively ionized by the aminium salt 
catalyst (the catalytic format) or primarily by product 
cation radicals (the cation radical chain format; Scheme 
2). In the former case, the ionization is typically ender- 
gonic and relatively highly selective, whereas in the 
latter case, the ionization is typically exergonic and 
much less selective. Finally, in a Diels-Alder cycload- 
dition between two non-equivalent addends, there is the 
question of role selectivity, i.e. which component is 
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Outer sphere: 


l ?  Substrate 


Inner Sphere: 


1 S U m l E  
CAllffl RADICAL 


/ 
Br 


Scheme 1.  Outer sphere vs inner sphere electron transfer 


Scheme 2. If k,[diene] b k..i[Ar,N:l, ionization is kinetically controlled; if k-,[Ar,Nlb k,[diene], ionization is equilibrium 
controlled. Steps 1.2 and 3 constitute a cation radical chain mechanism, with step 1 as the initiation and steps 2 and 3 as propagation. 
A mechanism involving steps 1, 2 and 4 is a classical catalytic mechanism. In the chain mechanism, the substrate is ionized by 


product cation radicals (DA"). In the catalytic mechanism, the aminium salt ionizes the substrate 


h &  
b 4-PhO 
c 4 M e  


A- 
3d 3-Me 
c H  
f 4 k  


Scheme 3. The Diels-Alder reactions of trans-B-methylstyrenes with 2,3dimethyl-l,3-butadiene, catalyzed by 1 +' 
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Table 1. Relative rate constants for the Diels-Alder 
cycloadditions of substituted tram-8-methylstyrenes to 2,3- 


dimethyl-l,3-butadiene, catalyzed by 1 +' 


Substrate k, (CHZCIZ) k,,(MeCN) 


4-Methoxy-~-methylstyrene (3a) 9716-7 3137.3 
4-Phenoxy-B-methylstyrene (3b) 41 1.7 214.9 
4-Methyl-B-methylstyrene (3c) 19.2 15.8 
3-Methyl-B-methylstyrene (3d) 1 *o 1 .o 


ionized to the cation radical and which reacts as a 
neutral molecule.' Since ionization of a substrate 
molecule involves the development of positive charge, 
substituent electronic effects were targeted for investiga- 
tion and have been found to be a versatile tool for 
probing the mechanistic details of the ionization step.' 


The competition kinetics of the Diels-Alder cycload- 
ditions of a series of six trans-B-methylstyrenes (3) 
with a tenfold excess of 2,3-dimethyl-l,3-butadiene (2) 
were first studied at 0°C in dichloromethane using 1" 
as the catalyst (Scheme 3) The kinetic runs were carried 
out to less than 10% conversion and the material 
balances were at least 98%. No products (including 
possible cyclobutane adducts) other than the 
Diels-Alder adducts were detected. The relative rate 
data are given in Table 1. The plot of log k,, vs u+ is 
nicely linear (Figure 1; r2 = 0.996, p = -5-70). An 
analogous series of kinetic runs was then canied out in 


acetonitrile, and these data (Table 1) also correlate very 
well with u+ (Figure 2; r2=0-995, p =  -4.99). The 
observation of large, negative p values for these reac- 
tions is obviously consistent with the ionization of the 
styrene component (the dienophile). However, more 
quantitative insight into the extent of positive charge 
development on the styrene moiety was considered 
desirable and was sought by measuring the oxidation 
potentials of the styrenes (Table 2). The data for seven 
B-methylstyrenes again correlate extremely well with 
the u+ parameter (rZ = 0.992) and the slope of this plot 
(0.628) corresponds to a p value of -10.6 in acetoni- 
mle at room temperature (298 K)' [obtained, as noted 
in Ref. 8, from the equation p = slope(23~06)(1~000)/ 
-2-303(1.987)(298)]. Since the kinetic data were 
measured at a different temperature (0 "C) and because 
solvent dielectric constants typically increase as the 
temperature is decreased, it was considered desirable to 
measure the oxidation potentials at 0 "C. The correlation 
of these new oxidation potentials (Table 2) with u+ is 
again very good (Figure 3; r2 = 0.989) and the slope of 
the plot (0.565) yields the new value p = - 10.4. The 
effect, incidentally, is qualitatively in the expected 
direction for an increase in solvent dielectric constant at 
the lower temperature, but represents only about a 2% 
decrease in p. 


A comparison of the kinetic p value in acetonitrile at 
0°C (-4.99) with the equilibrium p value under the 
same conditions (- 10-4) indicates that substituent 
electronic effects under kinetic conditions are almost 


4.5 1 


3.5 


2.5 


3 
1.5 


0.5 


-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 
a+ 


Figure 1. Hammett-Brown plot for the Diels-Alder cycloadditions of substituted rrans-B-methylstyrenes to 2,3-dimethyl-l,3- 
butadiene, catalyzed by 1 +' in dichloromethane at 0°C. SY = rrum-B-methylstyrene; MO = methoxy; PhO = phenoxy; M =methyl; 


p = -5-70; rz  = 0.996 
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Figure 2. Hammett-Brown plot for the Diels-Alder cycloadditions of substituted trans-B-methylstyrenes to 2,3-dimethyl- 
butadiene, catalyzed by 1 + '  in acetonitrile at 0°C. p = -4.99; r2 = 0.995 


exactly half (more precisely, 48%) of the corresponding 
effects under equilibrium (or near equilibrium) condi- 
tions. This would be generally consistent with a 
kinetically controlled (i.e. rate-determining) ionization 
of the P-methylstyrene derivatives in which positive 
charge development in the transition state is fractional 
and sufficient to deliver substituent electronic free 
energy effects approximately half of those in the full- 
fledged cation radical. These conclusions are further 
supported by the observation (Table 3) that the absolute 
rate of reaction of 3c with 2 is independent of the con- 
centration of 2. If the ionization step were significantly 
reversible, the rate should increase with increasing 
concentration of 2. Further, if 2 were the species being 
ionized by 1 +', the rate of product formation should also 


Table 2. Peak oxidation potentials (E,,, V vs SCE) for 
substituted trans-/I-methylstyrenes in acetonitrile, by 


differential pulse voltammetry 


Substrate EOxW "0 Eo,(OoC) 


4-Methoxy-P-methylstyrene (3a) 1.173 1.180 
4-Phenoxy-P-methylstyrene (3b) 1.316 1.290 
4-Methyl-B-methylstyrene (3c) 1.468 1.458 
3-Methyl-/I-methylstyrene (3d) 1-576 1.540 
B-Methylstyrene (3e) 1.676 1.620 
4-Chloro-P-methylstyrene (3f) 1.700 1.680 
3-Chloro-B-methylstyrene (3s) 1.896 1.812 


increase as [2] is increased. The preferential ioniza 


,3- 


on 
of 3, rather- than 2, is plausible-and expected on the 
basis of the relative ionization potentials of these species 
(1.68 for 3a, CCI 1.95 for 2). 


Finally, based upon the stilbene precedent,6 the p 
value for a mechanism involving equilibrium controlled 
ionization (rate determining cycloaddition) would be 
expected to approach closely the value p = - 10.4 
observed for the electrochemical oxidations. The 
observation of a much smaller kinetic p value than that 
expected for equilibrium-controlled ionization also rules 
out a mechanism in which the cation radicals of two 
competing substrate molecules (styrenes) equilibrate by 
means of hole transfer between the cation radical of one 
substrate molecule and the neutral form of the other 
substrate molecule. The p value for such an equilibrium 
should closely approximate that for the electrochemical 
oxidations (- 10-4). Furthermore, the p value in such a 
case should be unaffected by the nature of the catalyst. 
As noted below, the use of a more potent aminium salt 
catalyst results in a significantly diminished p value. 


Kinetic results using a more potent aminium salt 
catalyst 
An analogous kinetic study was then carried out using 
the considerably more powerful catalyst tris(2,Cdibro- 
mopheny1)aminium hexachloroantimonate (5 +.).' The 
oxidation potential of the corresponding triarylamine 5 
(1.50 V) is 0.44 V greater than that of 1 (1-06 V). 
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Figure 3. Plot of the oxidation potentials (Eox)  of substituted rruns-j3-methylstyrenes vs u+. Slope = 0.628; r2 = 0.992 


These studies could only be camed out in dichlor- 
omethane, since 5 +' decomposes rapidly in acetonitrile. 
The relative rate constants (Table 4) correlate accep- 
tably well with u+ (Figure 4), and in this case 
p =  -3.82, a value substantially lower than that 
observed (-5.70) for 1" in the same solvent. Clearly, 
these reaction systems cannot both proceed via chain 
mechanisms. This conclusion follows from the circums- 
tance that the ionizing species in this mechanism is the 
product cation radical (4+'), which is identical for both 
reaction systems (1 +'  and 5" ' ) .  


To proceed further, it must be noted that, at least for 
1 +', ionization by the catalyst is much more endergonic 
than ionization by the product cation radical. (The 
oxidation potentials of 4b and 4c are 1.452 and 1-456, 


Table 3. Effect of the concentration of 2,3-dimethyl-1,3- 
butadiene (2) on the absolute reaction rate of Diels-Alder 


cycloadditions to 4-methyl-j3-methylstyrene 


respectively; these were measured as described in the 
Experimental section.) Consequently, the transition 
state for ionization of 3 by 1" should have more pro- 
duct (3+') character than does the ionization of 3 by 4+.. 
The p value for the catalytic process should therefore be 
greater than for the chain mechanism. As a result, the 
formal possibility that the 1 +'  reactions are of the chain 
type, whereas the 5" reactions are catalytic can be 
confidently ruled out on the basis of the relative p 
values observed for 1 +'  and 5 +'. The converse possibil- 
ity, that the 5" reactions are of the chain type and those 
of 1" are catalytic is plausible, however, as is the 
possibility that both reaction systems have a catalytic 
mechanism. In either case, the 1 +' reactions are estab- 
lished as being of the catalytic type. Distinction between 
the chain and catalytic mechanisms for the reactions 
induced by 5" does not appear feasible on the base of 
these data alone (however, see below). 


[21 (MI Time (s) Conversion (%) 


0.084 
0.169 
0.084 
0.169 
0.084 
0.169 
0.084 
0.169 


20 
20 
40 
40 
60 
60 
80 
80 


25.3 
25.9 
35.4 
36.7 
45.5 
45.7 
53.8 
54.6 


Table 4. Relative rate constants for the Diels-Alder 
cycloadditions of substituted truns-j3-methylstyrenes to 2,3- 


dimethyl-l,3-butadiene, catalyzed by 5 +'  


4-Methyl-j3-methylstyrene (3c) 
3-Methyl-j3-methylstyrene (3d) 
j3-Methylstyrene (3e) 
4-Chloro-~-methylstyrene (3f) 


15.8 
3.8 
1 .o 
0.4 
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Figure 4. Hammett-Brown for the Diels-Alder cycloaddtions of substituted rruns-B-methylstyrenes to 2,3-dimethyl-l,3-butadiene, 
catalyzed by 5" in dichloromethane at 0°C. p =3.82; r2 = 0.953 


Electrochemical criteria 
If cation radicals are the actual intermediates in these 
aminium salt-catalyzed Diels-Alder additions, it is 
eminently reasonable to expect the formation of the 
same adducts under analogous electrochemical (EC) 
oxidation conditions. This has been expressly verified in 
the present work using a reticulated carbon anode in 
acetonitrile solution. The EC reactions between 3a-f 
and excess 2, at least at the relatively low conversions 
studied (ca lo%), yield essentially only the same 
Diels- Alder adducts as produced in the corresponding 
aminium salt reactions. Further, when an anodic poten- 
tial (1.1 V vs SCE) is used which is approximately 
equal to the oxidation potential of 1 [ E o x ( l )  = 1.06 V], 
the relative Diels-Alder reaction rates of the series of 
trans-p-methylstyrene derivatives with excess 2 (Table 
5) under EC conditions correlate well (Figure 5, 


Table 5 .  Relative rate constants for the Diels-Alder 
cycloadditions of substituted rrans-,9-methylstyrenes to 2,3- 
dimethyl-1,3-butadiene, under electrochemical oxidation 


conditions (EC) at 1.1 V and 1.5 V vs SCE 


Substrate k,l(l.l V) k,,(l.5 V) 


4-Methoxy-B-methylstyrene (3a) 12095.2 1295.9 
4-Phenoxy-B-methylstyrene (3b) 1221.7 325.6 
4-Methyl-B-methylstyrene (3c) 96.2 57.0 
3-Methyl-B-methylstyrene (3d) 4.7 4.4 
B-Methylstyrene (3e) 1 .o 1 *o 


r2=0.987) with u+, with a p value (-4.85) which is 
impressively close to that observed when 1" is the 
catalyst (-4.99). Such a close correspondence of 
intramolecular selectivities ( p  values) for reactions 
catalyzed by 1" and an anode of the same potential is 
not demanded theoretically, but has been previously 
observed for the reaction of trans-stilbenes with 2.'O 
Furthermore, the p value under EC (1.5 V) conditions 
(-3.94, Figure 6) is very close to that observed for 5" 
(-3.82) and different from the p value under EC 
(1.1 V) conditions. 


At a minimum, the observation of identical pro- 
ducts and virtually identical selectivities under 
corresponding aminium salt and anodic oxidation 
conditions is construed as strong, qualitative support 
for the intermediacy of cation radicals of 3 in the 
aminium salt-catalyzed reactions. The observation of 
nearly equal p values for ionizations by aminium salts 
and anodes of equal potential would also appear to 
provide support for the catalytic as opposed to a chain 
mechanism, since the much higher potential of 
product cation radicals (4+')  would be expected to 
result in a lower p value in this latter instance. 
Beyond this, the close correspondence of the inter- 
molecular selectivities ( p  values) in the aminium salt 
and anodic reactions suggests identical ionization 
mechanisms for these two disparate reactions. On the 
natural assumption that the anodic oxidations are of 
the outer-sphere type, it appears likely that substrate 
ionization via the aminium salt is also likely to be an 
outer-sphere process. 
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Figure 5. Hammett-Brown plot for the electrochemically induced cycloadditions of substituted trans-B-methylstyrenes to 2,3- 
dimethyl-1,3-butadiene in acetonitrile at + l a 1  V vs SCE. p = -4.85; rz = 0.987 
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Figure 6. Hammen-Brown plot for the electrochemically induced cycloadditions of substituted trans-B-methylstyrenes to 2,3- 
dimethyl-1.3-butadiene in acetonitrile at +1.5 V vs SCE. p = -3.94; r2 ~ 0 . 9 5 8  
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CONCLUSION 
Competition kinetic studies of substituent effects 
have been camed out for aminium salt-catalyzed 
Diels-Alder reactions between 2,3-dimethyl-l,3- 
butadiene (2) and a series of trans-@-methylstyrenes 
(3). When the catalyst is tris(4-bromophenyl)aminium 
hexachloroantimonate (1 +'), the Hammett-Brown p 
value (-4.99, CH,CN, 0 "C) is essentially half of the p 
value (- 10.4, CH,CN, 0 "C) for the equilibrium oxida- 
tion of these substrates (3) to the corresponding cation 
radicals, and the absolute reaction rates are independent 
of the concentration of 2 over the range studied. Both of 
these observations are consistent with rate determining 
oxidation of 3 to the corresponding cation radical (3+'). 
The involvement of 3" in the Diels-Alder reaction 
mechanism is further supported by the observation of 
the efficient formation of the same cycloadducts under 
anodic oxidation conditions. When the anodic potential 
is the same as that of 1 +', the observed p value (-4.85) 
is found to be impressively close to that found in the 
reactions catalyzed by 1" (-4.99). When the more 
potent aminium salt catalyst tris(2,Cdibro- 
mopheny1)aminium hexachloroantimonate ( 5 + ' )  is 
used, the p value (-3.82) is smaller than that for 1 +., as 
expected for a less highly endergonic ionization step. 
The circumstance that the p values for the 5 +'  reactions 
are not equal to those in the 1" reactions immediately 
rules out the possibility that both reactions occur by 
chain mechanisms and permits the conclusion that the 
1 + '  reactions, at least, occur via a catalytic mechanism. 
When an anode of potential equal to that of 5" is used, 
the p value (-3.94) is very similar to that found for 5'' 
(-3.82), suggesting that the 5'' reactions may also 
occur via a catalytic mechanism. The close correspon- 
dence between the p values for the kinetically controlled 
reactions of two different aminium salt catalysts with 
those for electrochemical oxidations at anodes of the 
same potential is construed as an indication that ioniz- 
ation of the substrates (3) by the aminium salt is, as the 
anodic oxidations are assumed to be, of the outer-sphere 
variety. 


EXPERIMENTAL 


Aimlysis. 'H spectra were recorded on a Bruker AC 
250 spectrometer as solutions in CDCI,. Chemical shifts 
are reported in parts per million (ppm) downfield from 
the reference, tetramethylsilane (TMS). Splitting 
patterns are designated as follows: s, singlet; d, doublet; 
t, triplet; q, quartet; p, pentet; dd, doublet of doublets; 
m, multiplet. Analytical gas chromatographic (GC) 
analyses were performed on a Perkin-Elmer Model 8500 
instrument using a PE Nelson Model 1020 reporting 
integrator for data collection. The instrument was 
equipped with flame ionization detectors and a DB-1 (J 
& W Scientific) capillary column (30 m x 0.25 mm i.d., 


1 p n  film thickness) using helium as the camer gas. 
Naphthalene was used as internal standard for all the 
quantitative analyses, and detector response factors 
were calculated for all the products. Low-resolution 
mass spectrometry (LRMS) was performed on a 
Hewlett-Packard Model 5971A GC-MS spectrometer 
equipped with a DB-1 capillary column 
(15 m x 0.25 mm i.d., 1 Fm film thickness). Elec- 
trochemical measurements were performed using a 
Bioanalytical Systems Model 100 electrochemical 
analyser in the differential-pulse voltammetry (DPV) 
mode scanning in the range 500-1900 mV at a scan rate 
of 4 mVs-' with a pulse amplitude of 50 mV, a pulse 
width of 50 ms, a pulse period of 1000 ms and a sen- 
sitivity of 1 x loT6. The DPV measurements were 
carried out using a divided cell equipped with a 
platinum disk working electrode (anode), a reticulated 
vitreous carbon counter electrode and an AgfAg' 
reference electrode (calibrated against ferrocene/ 
ferrocene +) in 0- 1 M Liclo, in acetonitrile. The analyte 
concentration was 1-10 mg ml - I .  


Solvents and reagents. Methylene chloride (CH,CI,) 
and acetonitrile (AN) were dried over phosphorus 
pentoxide (P205), hexane was dried ova CaH, and 
tetrahydrofuran (THF) was dried over 
Na-benzophenone. All other reagents were commer- 
cially available and used as received, unless specified 
otherwise. The stilbenes and styrenes in this study were 
synthesized via a Grignard procedure (see below). All 
of the stilbenes" and styrenes" had been synthesized 
and characterized previously. 


General procedure for the Grignard method for 
preparation of trans-@-methylstyrenes. To a dry 250-1111 
round-bottomed flask equipped with a reflux condenser, 
stirrer, nitrogen inlet and addition funnel were added 
30 ml of 3.0 M ethylmagnesium bromide (in diethyl 
ether, Aldrich) with an ice-water bath. Then, a solution 
of 60 mmol of an appropriate benzaldehyde in 10 ml of 
THF was added dropwise (via the addition funnel) to 
the Grignard reagent. After all of the aldehyde had been 
added, the reaction mixture was brought to gentle reflux 
for a period of 2 h and then allowed to cool to room 
temperature. The alkoxymagnesium bromide salt was 
hydrolyzed by dropwise addition of 6 M HCI until the 
aqueous solution was acidic to litmus paper. The layers 
were separated and the aqueous layer was washed with 
100 ml of diethyl ether several times. The combined 
ether layers were dried over anhydrous MgSO,. After 
removal of the MgSO, and evaporation of the volatile 
materials under reduced pressure, the crude desired 
alcohol product was obtained. The crude alcohol was 
placed in a 250 ml round-bottomed flask which was 
equipped with a stirrer, a nitrogen inlet, a reflux con- 
denser and 100 ml of pyridine. With stirring, 18.0 ml 
(193 mmol) of phosphorus oxychloride was slowly 
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added via a syringe through a rubber septum to the 
reaction mixture. After the addition was completed, the 
mixture was refluxed for 2 h and allowed to cool to 
room temperature. To this solution 20 ml of water were 
slowly added, and the desired product was separated 
from the aqueous layer by extraction with diethyl ether 
and the aid of brine solution. The ethereal solution was 
then dried over anhydrous MgSO,. After removal of the 
MgSO, and evaporation of the volatile materials under 
reduced pressure, the product was purified by 
distillation. 


General procedure for the preparation of the 
DieIs-Alder products of trans-p-methylstyrenes, 
catalyzed by Ar,N+' ( I  +'). Approximately 5 mol% of 
1" relative to the styrene substrate was weighed into a 
25 ml volumetric flask containing a magnetic stirrer. 
The flask was then capped with a septum, immersed in 
an ice-water bath and purged with nitrogen. Methylene 
chloride (15 ml) was added and the solution stirred for 
5 min. To this was then added (syringe) a solution 
containing 0.5 mmol of appropriate styrenes and an 
excess (tenfold) of 2,3-dimethyl-1,3-butadiene in 
methylene chloride (10 ml). After an appropriate 
interval (30 min, or when the color of the aminium salts 
had disappeared), the reaction mixtures was quenched 
with 3 ml of saturated methanolic potassium carbonate. 
Water (20 ml) and methylene chloride (10 ml) were 
added and the organic layer was separated and dried 
(MgSO,). After removal of the MgSO, and evaporation 
of the volatile materials under reduced pressure, the 
Diels-Alder adducts were purified by TLC 
[hexane-ethyl acetate (9 : 1, v/v)] and characterized 
(NMR, LRMS). 


( +_ )-4S-(4'-Methoxyphenyl)-l,2,5S-trimethylcyclo- 
hexene (4a): isolated yield 80%; 'H NMR (CDCI,), d 
6.82-7.12 (m, 4 H), 3.75 (s, 3 H), 2.35 (m, 1 H), 
2.16 (m, 2 H), 2.03 (m, 1 H), 1.88 (m, 2 H), 1.68 (s, 
3 H), 1.63 (s, 3 H), 0.72 (d, 3 H); LRMS, m / z  230 
(M+), 148 (base), 117,77. 


( * )-4S-(4'-Phenoxyphenyl)-l,2,5S-trimethylcyclo- 
hexene (4b): isolated yield 88%; 'H NMR (CDCI,,) d 
6.95-7.38 (m, 9 H), 2.39 (m, 1 H), 2.15 (m, 2 H), 
2.05 (m, 1 H), 1.85 (m, 2 H), 1.65 (s, 3 H), 1.61 (s, 
3 H), 0.73 (d, 3H); LRMS, m / z  292 (M+), 210 
(base), 117,77. 


( * )-4- (4'-Methylphenyl)-1,2,5S-trimethylcyclo- 
hexene (4c): isolated yield 65%; 'H NMR (CDCI,), 6 
6.80-7.08 (m, 4 H), 2.38 (m, 1 H), 2.28 (s, 3 H), 
2.14 (m, 2 H), 2.08 (m, 1 H), 1.90 (m, 2 H), 1.64 (s, 
3 H), 1.60 (s, 3 H), 0.75 (d, 3 H); LRMS, m/z  214 
(M+), 132 (base), 117, 77. 


General procedure for the preparation of the 
Cycloaddition products of trans-B-methylstyrenes 
catalyzed by Ar',N" (5  +'). Approximately 10- 
15 mol% of 5" were weighed into a 25 ml volumetric 


flask containing a magnetic stirrer. The flask was then 
capped with a septum, immersed in an ice-water bath, 
and purged with nitrogen. Methylene chloride (15 ml) 
was added and the solution stirred for 5 min. To this 
was then added (syringe) a solution containing 
0.5 mmol of appropriate stilbenes (styrenes) and an 
excess (fivefold) of 2,3-dimethyl-l,3-butadiene in 
methylene chloride (10 ml). After an appropriate 
interval (3 min, or when the color of the aminium salts 
had disappeared), the reaction mixtures was quenched 
with 3 ml of saturated methanolic potassium carbonate. 
Water (20 ml) and methylene chloride (10 ml) were 
added and the organic layer was separated and dried 
(MgSO,). After removal of the MgSO, and evaporation 
of the volatile materials under reduced pressure, the 
Diels-Alder adducts were purified by TLC 
[hexane-ethyl acetate (9 : 1, v/v)] and characterized 
(NMR, LRMS). 
(*)-4S-(3'-Methylphenyl)- 1,2,5 S-trimethylcydo- 


hexene (4d): isolated yield 40%; 'H NMR (CDCI,), 6 
6.78-7.10 (m, 4 H), 2.35 (m, 1 H), 2,25 (s, 3 H), 
2.10 (m, 2 H), 2.04 (m, 1 H), 1.88 (m, 2 H), 1.66 (s, 
3 H), 1.61 (s, 3 H), 0.77 (d, 3 H); LRMS, m/z  214 
(M+), 132 (base), 117,77. 


( * )-4S-Phenyl-l,2,5S-trimethylcyclohexene (4e): 
isolated yield 35%; 'H NMR (CDCI,), 6 6.90-7.02 
(m, 4 H), 2.35 (m, lH), 2.10 (m, 2 H), 2.04 (m, 1 H), 
1-91 (m, 2 H), 1.68 (s, 3 H), 1.62 (s, 3 H), 0.73 (d, 
3 H); LRMS, m/z200 (M+) ,  118 (base), 117,77. 


( * )-4S-(4'-Chloropheny1)-1,2,5S-trimethylcyclo- 
hexene (4f): isolated yield 32%; 'H NMR (CDCI,), 6 
6-80-7.08 (m, 4 H), 2-38 (m, 1 H), 2-28 (s, 3 H), 
2.14 (m, 2 H), 2.08 (m, 1 H), 1.90 (m, 2 H), 1-64 (s, 


(M+), 132 (base), 117,77. 
3 H), 1-60 (s, 3 H), 0.75 (d, 3 H); LRMS, / Z  216, 214 


General procedure for the competitive cycloaddi- 
tions of trans- B-methylstyrenes with 2,3-dimethyl-l,3- 
butadiene catalyzed by aminiuin salts. Approximately 
5-10 mol% of 1" or 0.1-0.5 mol% of 5 ' '  were 
weighed into a 10 ml volumetric flask containing a 
magnetic stirrer. The flask was then capped with a 
septum, immersed in an ice-water bath and purged 
with nitrogen. Methylene chloride (5 ml) was added 
and the solution stirred for 5 min. To this was then 
added (syringe) a solution containing equimolar 
amounts (ca 0.12 mmol) of styrenes and an excess 
(tenfold) of 2,3-dimethyl-l,3-butadiene in methylene 
chloride (5  ml). After an appropriate interval (timed 
so that the conversion was less than lo%), a 0.5 ml 
aliquot of the reaction mixture was quenched with 
1 ml of saturated methanolic potassium carbonate. 
Water ( 5  ml) and methylene chloride (2 rnl) were 
added and the organic layer was separated and dried 
(MgSO,). After removal of MgSO,, the competition 
ratios were determined by GC and corrected for 
varying response factors. In all cases, the results of at 
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least three runs were averaged. The resulting relative 
rate ratios were cross-checked by pairing each sub- 
strate with at least two other reaction partners. At 
the 10% conversion to product level, the mass 
balances were 97-99%. Competitive experiments in 
acetonitrile were performed in exactly the same 
manner as indicated above but using acetonitrile as 
the solvent. 


Effect of the concentration of 2,3-dimethyl-l,3- 
butadiene on the absolute reaction rates of cycloaddi- 
tion. The conversions to Diels-Alder products were 
measured for samples which were of identical composi- 
tion except for the concentration of 2,3-dimethyl-l,3- 
butadiene run in parallel and for identical reaction 
times. 
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HYDROCARBON OXIDATION WITH Ph,PHSO, CATALYZED BY 
MANGANESE(II1) PORPHYRINS IN HOMOGENEOUS SOLUTION 


EVA BOLZONELLA, SANDRO CAMPESTRINI", nnwo DI FURIA" AND PATFUZIA GHIO'ITI 
Universitd di Padova, Dipartirnento di Chirnica Organica, Centro CNR di Studio sui Meccanisrni di Rea-ioni Organiche, 


Via Manolo 1,35131 Padova, Italy 


The oxidation of ethylbenzene with Ph,PHSOS catalyzed by Mn (TMP)CI in the presence of 4-tert-butylpyridine 
was studied in l,%-dichloroethane. The reaction affords acetophenone together with minor amounts of 1- 
phenylethyl alcohol. The oxidation of 1-phenylethyl alcohol to acetophenone was studied under identical 
experimental conditions. In both cases, the oxidation rates are independent of the concentration of the 
substrates whereas they depend linearly on catalyst concentration. By increasing the concentration of 4-tert- 
butylpyridine, which acts as an axial ligand of the catalyst, saturation behavior is observed. The observations 
reported above, together with the chemoselectivity observed, the fact that the reactivities of the alkane and of 
the alcohol are similar and the activation parameters of ethylbenzene oxidation (AHr = 57 kJ mol-', 
AS* = -134 J K-'mol-') are rationalized on the basis of the formation of an alkane-0x0-porphyrinato complex. 
The ketone is generated by further oxidation of the alcohol, produced from the intermediate, still present in the 
coordination sphere of the metal. Furthermore, it is suggested that the hydroxylation proceeds through a 
concerted insertion of the 0x0-oxygen on the hydrogen-carbon bond rather than through a recombination of 
radicals. The formation of the ketone appears to be better accommodated in a reaction scheme in which the 
product is formed via an oxygenation of the alcohol to give a geminal diol rather than through dehydrogenation. 


INTRODUCTION 
The selective hydroxylation of saturated hydrocarbons 
remains a delicate transformation since alcohols are 
usually more oxidizable than the parent hydrocarbons. 
The observation that in living organisms metalloenzymes 
such as methane monooxygenase or cytocrome P-450 
selectively catalyze the hydroxylation of various 
substrates2 indicated that metalloporphyrin catalysts in 
association with an appropriate oxygen donor may be 
selective oxidizing systems. In fact, such chemical 
systems have been shown to mimic several oxidative 
transformations carried out by the enzymes of the cyto- 
chrome P-450 family.3 The origin of the selectivity of 
enzymes and enzyme-like systems, i.e. the intimate 
mechanism of hydrocarbon hydroxylation, is still a matter 
of debate.4 A kinetic investigation of catalytic oxidation 
may be a powerful tool in elucidating their reaction 
mechanisms, provided that the appropriate experimental 
conditions are used. This requirement is not easily 


* Authors to whom correspondence should be addressed. 


fulfilled in metalloporphyrin oxidation chemistry. As an 
example, in many cases two-phase systems need to be 
used. Whereas the organic substrate and the catalyst are 
usually soluble in organic solvents, the commonly used 
oxygen donors are soluble only in water.5 As a result, 
these systems may be complicated by the Occurrence of 
several processes other than the oxidation reaction. 


In previous papers, we reported on the general 
features of the oxidizing system employing tetraphenyl- 
phosphonium monoperoxosulfate, Ph,PHS05, as 
oxygen donor and manganese (In) porphyrins in 
association with an axial ligand (neutral or anionic 
bases) as This system is particularly 
suitable for mechanistic studies which may be carried 
out under homogeneous conditions owing to the solubil- 
ity of the peroxide in non-polar solvents such as 1,2- 
dichloroethane (DCE). In addition, the negligible 
reactivity of the monoperoxosulfate towards organic 
substrates allows the contribution of the uncatalyzed 
oxidation to be neglected.'.' 
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The following are examples of useful information 
obtained by kinetic studies under homogeneous condi- 
tions. It has been found that the presence of species 
capable of acting as axial ligands of the catalyst, e.g. 
neutral nitrogen bases, is a prerequisite for the forma- 
tion of an 0x0-manganese species (oxene) which is the 
real oxidant.6 It has also been observed that the mono- 
and bis-adducts, resulting from the complexation of one 
or two molecules of the ligand with the manganese 
porphyrin, form the oxene at almost the same rate,6 at 
variance with the behavior of two-phase systems in 
which the mono-adduct is more reactive than the bis- 
adduct.’ Weak anionic bases, e.g. CIO,-, SO,’- and 
CH,COO-, can also act as axial ligands of manganese 
porphyrins and promote the formation of an 0x0 
species.’ Both the nature and the reactivity of 0x0 
species depend on the nature of the axial ligand, i.e. 
neutral nitrogen vs anionic oxygen bases, as shown by 
the difference in spectroscopic properties and by the 
different selectivities in alkene oxidation.’ 


In spite of the peculiarities of the homogeneous 
system described above, the general outcome of the 
oxidation of organic substrates carried out in such a 
system is similar to that established for the more tra- 
ditional two-phase systems. As an example, the chemo- 
and stereoselectivity of alkene epoxidation are the 
same.5 There is, however, at least one exception 
revealed by preliminary experiments. We found that the 
chemoselectivity of the oxidation of the aliphatic C - H 
bond is different in the two oxidizing procedures. In 
particular, whereas alkane oxidation in two-phase 
systems yields a mixture of alcohols and ketones in 
variable ratios,’ in our homogeneous system the forma- 
tion of ketones is the favored reaction so that only 
minor amounts of alcohols are obtained. This result 
could indicate that a peroxidase-like reactivity prevails 
over the oxygenase-like reactivity “’ triggered by the 
change of the conditions. We therefore decided to 
investigate the oxidation of the C-H aliphatic bond in 
our system in more detail. In this paper, we confirm that 
the corresponding ketone is by far the major product of 
the oxidation of ethylbenzene and other hydrocarbons. 
Our results suggest also a non-radical nature of the 
oxidation. Moreover, it appears that the ketone is 
formed via two subsequent oxygen transfers, leading to 
a geminal diol rather than via one oxygen transfer 
followed by a dehydrogenation process of the alcohol 
formed. 


RESULTS AND DISCUSSION 


The oxidation of ethylbenzene with Ph,PHSO, cata- 
lyzed by Mn(TMP)CI in the presence of 4-tert- 
butylpyridine in the ratio 10000 : 300 : 1 : 300 in DCE 
proceeds smoothly at room temperature. We measured 
the yields of the two products, acetophenone and 1- 
phenylethyl alcohol. These yields, based on the primary 


oxidant consumed, range from 40 to 100% depending 
on the temperature and on the substrate and axial ligand 
concentrations. In particular, an almost 100% yield is 
obtained by using a 33-fold excess of substrate over the 
oxidant and a 1600-fold excess of ligand over the 
catalyst at 0°C. At lower excesses, lower yields are 
obtained, thus indicating that processes involving 
oxidant self-decomposition are also operating. ” The 
yields increase with increasing axial ligand concentra- 
tions up to a maximum. At higher 4-tert-butylpyridine 
concentrations a decrease in the yields is observed. This 
behavior is probably due to the concomitant nitrogen 
base oxidation, already observed in previous studies5 


The gas-liquid chromatographic (GLC) analysis of 
the reaction mixtures revealed that the main product is 
acetophenone (75-95%) whereas 1-phenylethylalcohol 
is present only in minor amounts (5-25%). The oxida- 
tion rates were measured by determining, at the 
appropriate time intervals, the concentration of ace- 
tophenone by GLC analysis. The corresponding rate 
constants were obtained from integrated pseudo-first- 
order plots, i.e. (1/2)ln([ketone], - [ketone] ,) vs time 
(t), which were linear up to 50% reaction, thus indicat- 
ing that the kinetic order in oxidant is one. Figure 1 
shows the behavior of the appearance of the products as 
a function of time in a typical oxidation reaction. 


Although the simplest pathway that one may envisage 
for acetophenone formation is by further oxidation of 1- 
phenylethyl alcohol, this appears not to be the case here. 
In fact, one would expect an increase in l-phenylet- 
hylalcohol at the beginning of the reaction followed by a 
decrease due to the consecutive oxidation to ketone. 
This would result in a bell-shaped kinetic profile. 
Moreover. the formation of ketone should exibit an 
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Figure 1. Appearance of the products as a function of time in 
the oxidation of 0.6 M ethylbenzene with 2.0 x lo-’ M 
Ph,PHSO, catalyzed by 6.0 x lo-, M Mn(TMP)CI in the 
presence of 2.7 x M 4-rerr-butylpyridine in DCE at 30°C 
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induction period corresponding to the initial formation 
of the alcohol. Figure 1 shows that the experimental 
outcome is completely different from the prediction. 
Rather, it appears that two parallel processes are occur- 
ring. The possibility that the behavior in Figure 1 is due 
to a large difference in the specific rate constants of the 
two consecutive processes, i.e. that the oxidation of the 
alkane to alcohol is much slower than the oxidation of 
the alcohol to ketone, should be considered unlikely. In 
fact, the rate of formation of the alcohol should not be 
much larger than that of the ketone because of the large 
excess of alkane employed. In addition, as will be 
discussed later, we directly checked that the alcohol- 
forming reaction is only twofold slower than the ketone- 
forming reaction. In Table 1 are shown the results 
obtained by varying the concentration of alkane, cata- 
lyst, axial ligand and oxidant at constant concentrations 
of all the other species. 


Runs 1-8 in Table 1 show that the kinetic order of 
the alkane is zero at both temperatures examined, 0 and 
30°C. It may be mentioned that in the oxidation of 
cyclooctene, which is more reactive than ethylbenzene 
under the same conditions as in runs 1-4, a kinetic 
order of one in alkene is observed at substrate concen- 
trations below 5 x lo-' M . ~  The order tended to zero 
when the substrate concentration was increased above 


In the case of alkene epoxidation, the rationale is that 
at the highest alkene concentrations the rate-determining 


0.1 M.* 


step (r.d.s.) of the reaction becomes oxene formation. If 
this were the case here, in the oxidation of the less 
reactive ethylbenzene, one would expect that the rates 
of oxidation would become independent of substrate 
concentrations only at very high alkane excesses 
( ~ 0 . 1  M). On the contrary, the rates of ethylbenzene 
oxidation are almost independent of substrate concentra- 
tion even at the lowest concentrations employed. This 
suggests that alkane oxidation must be accommodated 
in a different mechanistic scheme than that proposed for 
alkene oxidations. In particular, the zero order of the 
substrate suggests the equilibrium formation of an 
intermediate resulting from the alkane-oxene interac- 
tion whose concentration corresponds to the 
concentration of the oxene because of the large excess 
of the hydrocarbon which shifts the equilibrium to the 
right. 


Runs 1-4 and 5-8 in Table 1 provide further 
mechanistic information by indicating that the ketone to 
alcohol ratio decreases by a factor of three when ethyl- 
benzene is increased by a factor of ten. This again does 
not fit with the hypothesis of two simple consecutive 
reactions. Runs 13-19 show that on increasing the 
concentration of 4-tert-butylpyridine the amount of 
alcohol increases. This provides mechanistic clues 
which will be discussed later. Runs 7,  11 and 12 in 
Table 1 establish that the kinetic order of the catalyst is 
one. Runs 7, 9 and 10, showing that the pseudo-first- 
order rate constants do not depend on the initial concen- 


Table 1. Effect of temperature and of substrate, catalyst, ligand and oxidant concentrations on the pseudo-first-order rate constants of 
ethylbenzene oxidation" 


Run [Ethylbenzene] [Mn(TMP)Cl] [4-rert-Butyl-pyridine] [Ph,PHSO,] k ,  x lo4 [Ketone]/ 
No. Temperature ("C) (MI M) (lo-* M) (lo-' M )  ( s - ' ) ~  [alcohol] 


1 0 0.16 6.0 9.5 2.0 0.49 6 
2 0 0.33 6.0 9.5 2.0 0.5 1 5 
3 0 0.65 6.0 9.5 2.0 0.58 4 
4 0 1.3 6.0 9.5 2.0 0.73 2.5 
5 30 0.16 6.0 9.5 2.0 6.5 16 
6 30 0.33 6.0 9.5 2.0 6.3 11 
I 30 0.65 6.0 9.5 2.0 6.3 6 
8 30 1.3 6.0 9.5 2.0 6.6 5 
9 30 0.65 6.0 9.5 3.4 6.3 8 


10 30 0.65 6.0 9.5 1 .o 6.2 3 
11 30 0.65 3.0 9.5 2.0 3.3 4 
12 30 0.65 12.1 9.5 2.0 13.1 4 
13 30 0.65 6.0 0.21 2.0 1.2 16 
14 30 0.65 6.0 0.54 2.0 1.7 12 
15 30 0.65 6.0 0.68 2.0 2.0 18 
16 30 0.65 6.0 1.4 2.0 2.6 11 
17 30 0.65 6.0 2.1 2.0 4.6 8 
18 30 0.65 6.0 5.4 2.0 5.9 I 
19 30 0.65 6.0 13.5 2.0 6.1 4 


'The reactions were carried out in 1,2-dichloroethane. 
The rate constants refer to acetophenone formation. 
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tration of Ph,PHSO,, confirm that the kinetic order of 
the oxidant is one. In addition, they show that the 
Petone] to [alcohol] ratio increases with increasing 
oxidant concentration. 


All these observations can be interpreted by assuming 
that the alcohol formed from the alkane-oxene 
intermediate remains coordinated to the porphyrin 
complex undergoing a second oxidation to ketone. This 
hypothesis is shown in Scheme 1, which at this stage, 
must be considered a very simplified picture of the 
process. In this mechanistic picture, the small amount of 
alcohol found in the reaction mixture comes from path 
C. Such alcohol, free in solution, does not undergo 
further oxidation, probably because of the very large 
excess of the competing alkane. 


According to Scheme 1, the alcohol to ketone ratio is 
determined by the relative rates of paths C and D and 
therefore an increase in the alkane concentration should 
not affect such a ratio, provided that step B, i.e. the 
oxygen transfer to the metalloporphyrin, is fast in 
comparison with steps C and D. Scheme 1 also provides 
a rationale for the dependence of the ketone to alcohol 
ratio on Ph,PHSO, concentration. In fact, on increasing 
the initial concentration of oxidant, step B and conse- 
quently step D become faster than step C, thus favoring 
ketone formation. It may be noted that Scheme 1 takes 
into account the rationale of the zero-order dependence 
of rates on alkane concentration. As already discussed, 
under the hypothesis of the equilibrium formation of a 
substrate-oxene intermediate, the limiting concentra- 
tion is that of the 0x0 species formed in step B. It may 
also be observed that an increase of the axial ligand 
concentration should affect the rate of path C, since the 
nucleophilic species may replace the coordinated 
alcohol. This explains the change in selectivity with 
increasing axial ligand concentration. Experiments 
13-19 in Table 1 show that the oxidation rates reach a 
plateau at high axial ligand to catalyst ratios, thus 
confirming that also in alkane oxidation mono- and bis- 
adducts of metalloporphyrin-axial ligands are formed 


and that their ability to form the oxene is similar.6 The 
activation parameters for acetophenone formation 
(AHf = 57 kJ mol - I ,  ASt = - 134 J K-' mol measured 
in the range 0-30 "C) and in particular the large nega- 
tive entropy of activation are typical of bimolecular 
reactions. 


It should be mentioned that the results presented so 
far do not allow one to discriminate between a 
concerted insertion of the 0x0-oxygen into the C - H 
bond" of the substrate and the formation of a radical 
pair"." which collapses to products. Also the hypothesis 
that only the alcohol coordinated to the metal undergoes 
oxidation, whereas the alcohol free in solution does not, 
needs to be corroborated. In order to address these 
aspects, we investigated the oxidation of 1-phenylethyl 
alcohol to acetophenone under the same experimental 
conditions as adopted for the ethylbenzene oxidation. 
Table 2 gives the pertinent results. 


The kinetic picture for alcohol oxidation is very 
similar to that found for alkane oxidation. In fact, 
experiments 1-4 in Table 2 indicate no dependence of 
the reaction rates on substrate concentration. Moreover, 
experiments 5-9 show a less-than-one kinetic order of 
axial ligand, suggesting that saturation of the catalyst by 
the nitrogen base is also taking place here. Experiments 
10-12 allow one to calculate a kinetic order of the 
catalyst very close to unity. The reactivity of l-pheny- 
lethyl alcohol is only about twice that of ethylbenzene. 
This militates against the possibility that the alcohol is a 
reaction intermediate in a simple system of two conse- 
cutive oxidations. Moreover, such a similar reactivity 
does not fit a mechanism involving hydrogen radical 
abstraction followed by a fast recombination of the two 
radicals leading to the products." In fact, if this were 
the case, one would expect that the alcohol would be 
much more reactive than the alkane, in line with the fact 
that hydrogen radical abstraction is much easier from 
the a-carbon of an alcohol than from an alkane.14 Hence 
the results obtained are better interpreted by suggesting 
that the hydroxylation process proceeds through an 


+ + 


"SC." 
H' 'R 


R 


"C<, 


Scheme 1 







Ph,PHS05 IN M n m )  PORPHYRIN OXIDATION 543 


Table 2. Effect of substrate, catalyst, ligand and oxidant concentrations on the pseudo-first-order rate constants of 1-phenylethyl 
alcohol oxidation' 


Run [1-Phenylethyl alcohol] [4-tert-Butyl-pyridine] [Mn (TMP)CI ] k ,  x lo-' Acetophenone 
No. (M) (lo-* M) (10-5 M) (s-') yield (%) 


1 0-165 9.5 6.0 1.35 71 
2 0.33 9.5 6.0 1 *34 65 
3 0-66 9.5 6.0 1.31 67 
4 1.32 9.5 6.0 1.28 69 
5 0.66 0.14 6.0 0.25 62 
6 0.66 0.68 6-0 0.69 70 
7 0.66 1.4 6.0 0.77 73 
8 0.66 2.7 6.0 0.79 76 
9 0.66 5.4 6-0 0.93 80 


10 0-66 2.0 3-1 0.44 68 
11 0.66 2.0 6-2 1.04 81 
12 0.66 2.0 12-4 2.1 76 


"The reactions were carried out in 1,2-dichloroethane at 30°C. 


oxene insertion into the C - H bond either of the alkane 
or of the alcohol. A corollary of this proposal is that the 
ketone also is generated through an oxygenation process 
rather than through an alcohol dehydrogenation. The 
value of the kinetic isotope effect obtained in the oxida- 
tion of ethylbenzene and ethylbenzene-d,,, i.e. 2.7 (see 
Table 3), indicates that the cleavage of the 
carbon-hydrogen bond leading to acetophenone occurs 
in a slow step. The comparison of the relative reactivi- 
ties of ethylbenzene, diphenylmethane and fluorene 
provides further mechanistic information. The data for 
such a comparison are given in Table 3. 


For the first two substrates (runs 2 and 3), the reactiv- 
ity order is not in agreement with the order of the 
stability of the correspondin radicals, which is 


observed that the values of the rate constants span a very 
narrow interval, suggesting that the formation of an 
alkyl radical does not play a key role in the oxidative 
process. In the case of fluorene, the only product 
obtained, in low yield, is 9-hydroxyfluorene. It may also 
be noted that the rate of alcohol formation from fluorene 


diphenylmethyl > methylbenzyl. 19 At any rate, it may be 


is considerably larger than that of ketone formation 
from the other two substrates. This might indicate that, 
owing to the high lability of the hydrogen of fluorene, 
this is the case in which a radical hydrogen abstraction 
takes place. This also fits with the low yield (12%) 
obtained, since it is likely that an induced radical 
decomposition of the oxidant occurs. The second 
oxygenation to give 9-fluorenone is probably prevented 
by steric factors, since the geometry of the Q- 
hydroxyfluorene hinders its coordination to the man- 
ganese porphyrin. 


We may now summarize the relevant information 
provided by the data presented in this paper. It has been 
shown that the chemoselectivity of alkane oxidation 
with Ph,PHSO, catalyzed by Mn (Th4P)CI is determined 
by the experimental conditions adopted and in particular 
by the reaction medium. Low-polarity solvents, such as 
dichloroethane, and low concentrations of species able 
to act as axial ligands of the catalyst favor ketone 
formation because they favor the coordination of the 
alcohol to the metal. Furthermore, the mechanism of the 
hydroxylation reaction appears to be affected by the 


Table 3. Effect of hydrocarbon structure on reaction rates and products distribution in alkane oxidation" 


Run Substrate kk, x lo4 (s-I) L , ~ ~  x lo4 (s-11 Yield (%) [Ketone]/ 
No. [alcohol] 


1 Ethylbenzene-d,, 2.3 14b 6 
2 Ethylbenzene 6.3 55 6 
3 Dipheny lmethane 4.2 52' 11 
4 Fluorene 18 12d 0 


'The reactions were carried out in the presence of 0.65 M substrate, 2.0 x lo-* M Ph,PHSOJ, 6.0 x lo-' M Mn(ThlP)CI and 
:.S x M Ctert-butylpyridine in dichloroethane at 3OOC. 


[I-Phenylethyl alcohol] + [acetophenone]. 
[Diphenylcarbinol] + [benzophenone]. 
[9-Hydroxyfluorene]. 
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nature of the substrate. In particular, in the case of 
alkanes, whose radicals exibit moderate stability, such 
as ethylbenzene and diphenylmethane, oxygen insertion 
into the C - H bond probably takes place via a polar 
rather than a radical mechanism. In contrast, when the 
substrate may lead to a very stable radical, such as in 
fluorene oxidation, the hydroxylation proceeds through 
a radical mechanism. Finally, the alcohol oxidation to 
ketone follows the same rate law as that of the corre- 
sponding alkane, suggesting that ketone is formed via 
two subsequent 0x0-oxygen insertions, giving a geminal 
diol which then evolves to ketone. 


EXPERIMENTAL 
Materials. 1,2-Dichloroethane (DCE) was purified by 


distillation over P,O,. Tetramesitylporphyrin (TMPH,) 
was synthesized following a slightly modified Lindsay 
Smith method.16 The metallation of TMF'H, with 
Mn" (OAc), was performed by conventional methods." 
Ph,PHSO, was prepared and purified as previously 
reported.6 Ethylbenzene was purified by distillation over 
NaBH,. 9-Hydroxyfluorene was purified by cristalliz- 
ation from ethanol. Peroxomonosulfate triple salt 
(oxone), tetraphenylphosphonium chloride, l-phenylet- 
hanol, fluorene, bromobenzene (GLC internal standard 
when ethylbenzene or 1 -phenylethanol was the substrate) 
and benzophenone (GLC internal standard when fluorene 
or 9-hydroxyfluorene was the substrate) were all com- 
mercially available, high-purity products (Aldrich) and 
were used as received. 


Kinetic measurements. Typically, the reactions were 
initiated by adding 2 ml of a DCE solution containing 
0.10 mmol of Ph,PHSO, to 3 ml of DCE solution 
containing 3.1 x mmol of Mn(TMP)CI, 
4 x lo-, mmol of internal standard and 3.0 mmol of 
substrate, in a jacketed reactor thermostated at 30 "C. At 
appropriate time intervals, 0-10 ml portions of reaction 
mixture were withdrawn, quenched with an equivalent 
volume of 0.4 M PPh, solution in DCE and analysed by 
GLC. Duplicate runs agreed to within *5%, which can 
be considered the error in the rate constants. 


Instruments. Product concentrations in alkane oxida- 
tion were determined by GLC on the basis of previously 
calculated response factors toward an appropriate 
internal standard on a 10% Carbowax 20M on Chromo- 
sorb WAW-DMCS (80-100 mesh) column (1.8 m). 
The gas chromatograph was a Varian Model 3700 
equipped with a Shimadzu C-R3 A data processor. 
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AN UNEXPECTED LINEAR BRaNSTED CORRELATION 
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Departamento de Quimica, Universidade Federal de Santa Catarina, Campus Universitcirio, Trindade, 88040-970, 


Floriandpolis, SC, B r a d  


The reaction of barbiturate and 1,3-dimethylbarbiturate ions with 0-, p- and 2,4-dinitrobenzaldehyde was 
studied. The reactions of barbiturate anion with 0- and p-nitrobenzaldehyde exhibit a pH-rate profile different 
to that the corresponding to the reactions of barbiturate and 1,3-dimethylbarbiturate ions with 2,4- 
dinitrobenzaldehyde. The dependence of the rate constant on the viscosity of the medium in the pH range 2-4, 
for all the reactions, indicates the contribution of a diffusion-controlled proton transfer from the hydronium ion 
to an addition intermediate, T-, in the rate-determining step. Surprisingly, in the reaction of 2,4- 
dinitrobenzaldehyde with barbiturate and 1,3-dimethylbarbiturate anions, the Brensted plot for general acid 
catalysis for carboxylic acids of pK, between 2 to 5 gives a linear relationship with a=0.707 (r=0.991), 
whereas a = 0 is expected, considering the pK, of the addition intermediate T-. On the other hand, the point for 
the rate constant, considering water as a general acid catalyst, falls approximately lo5 times above the 
corresponding Brflnsted line. The tautomerism existing in the intermediate T- permits these surprising facts to 
be explained. 


INTRODUCTION 
Reactions of carbonyl compounds are important in 
synthetic chemistry and in biochemical processes. Thus, 
the reactions between nitrogen bases and carbonyl 
compounds were considered as simple models for 
enzymatic reactions involving the formation of imine 
intermediates, as in the case of aldolases, decarbox- 
yiases, etc.' 


Barbituric acid derivatives are a well known class of 
compounds having different pharmacological activities. 
The ionization of barbituric acids is thought to influence 
their confonnational and biological properties. * 


The kinetics, mechanism and catalysis of the reac- 
tions of nitrogen nucleophiles and some carbonyl 


compounds have been widely ~ tud ied .~  The mechanisms 
involved in product formation are complex, involving 
different rate-determining steps under different condi- 
tions: nucleophilic attack, proton transfer and 
dehydra t i~n .~ .~  However, the reaction of barbiturates as 
nucleophiles with carbonyl compounds has been little 
studied. Nikolov and Poneva,6 on the basis of spectros- 
copic data, suggested a simple two-step mechanism. 
More recently, Girgis and El-Shahawy suggested a 
mechanism with rate-determining attack of the barbitu- 
rate on the protonated benzaldehyde. 


In the light of these observations, we studied the 
reaction of barbiturate and 1,3-dimethyIbarbiturate ions 
with 0-, p -  and 2,4-dinitrobenzaldehydes to give ben- 
zylidenebarbituric acid, as shown in Scheme 1. 


Scheme 1 


*Author to whom correspondence should be addressed. 
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EXPERIMENTAL 
Materials. The organic reagents employed were 


commercially available products and were either 
redistilled or recrystallized. Inorganic chemicals and 
carboxylic acids used in buffers were of reagent grade 
and were used without further purification. 


Kinetics. The reaction of the carbonyl compounds 
with barbituric acid and 1,3-dimethylbarbituric acid in 
water at 2.5.O0C, ionic strength 1.0 M (NaCl), was 
observed on a Varian DMS 80 spectrophotometer, 
equipped with a thermostated cell holder, by monitor- 
ing the formation of the product at 355 nm. A sufficient 
excess of barbiturate ions (6.0 x M) was 
employed to ensure pseudo-first-order kinetic behav- 
iour. The concentration of aldehyde did not exceed 
3.33 x 10 -4 M. 


The determinations of the rate constants were 
carried out using established  procedure^.^ Reactions 
were followed for three half-lives (fI1,) and first-order 
rate constants (kobs) were calculated by computer. 
Second order rate constants (k,) were calculated by 
dividing the first-order rate constants by the concentra- 
tion of the free nucleophile ( k ,  = kobs/[Nu-]), and the 
concentration of the free nucleophile was calculated 
using the Henderson-Hasselbalch equation 
(pK, = pH + log[NuH]/[ NU-]). 


Third-order rate constants were obtained from the 
slopes of plots of second-order rate constants (k,) 
against the concentration of catalytic species. 


To determine the nature of the buffer catalysis, third- 
order rate constants, using acetic acid-acetate buffer, 
were determined and plotted against the molar fraction 
of free acid for several different concentrations and a 
least-squares fit was made (plots not shown). The right- 
hand intercept gives the value of the catalytic constant 
for the acid component of the buffer (k,,, see Table 2) 
whereas the left-hand intercept (where the fraction of 
free acid is zero) is zero. 


General acid catalysis for these reactions was deter- 
mined for cyanoacetic acid, chloroacetic acid, formic 
acid and acetic acid, working at a pH corresponding to 
the pK, of the catalyst [pK,' =pK, determined 
previously 3-5 under the experimental conditions of this 
study: water, ionic strength 1.0 M (NaCl), 25"CI. The 
pK,' values are 2.33, 2.70, 3.63 and 4-60, 
re~pectively.~.~ 


The Brmsted correlation coefficient was obtained 
from the plot of catalytic rate constants vs pK,' of the 
acids, using statistical correction. 


The pK,s of barbituric acid and 1,3-dimethylbarbit- 
uric acid are 3.98 and 4.69, respectively.* 


The method of Sayer and Edmang was used to deter- 
mine rate constants at apparent pHs and the pK, of 
barbituric acid in 50% aqueous glycerol and ionic 
strength 1-0 M (pK,' = 3.86). 


pK, Calculation. The pK, of the negatively charged 
oxygen of the T- intermediate can be calculated con- 
sidering that it is the conjugate base of an alcohol. 
Alcohols can be regarded as being derived from carbox- 
ylic acids by replacement of an oxygen atom by two 
hydrogen atoms, so alcohols and acids would be 
expected to show similar effects of substituents on pK, 
values. 


The pK, of the T- intermediate based on the pK, of 
15.9 for ethanol" can be calculated using the correc- 
tion for the C,H3-2,4-(NO2), (a* =*1.88)" and for the 
complex barbiturate nucleus (a = 1.92)" that is 
calculated frop CHO (a*=2-15)" and from - 
NHCONH, (a = 1-31)," which should contribute in a 
similar way to - NHCONH - of the barbiturate ion. 
The total effect would be 2-15 + 2.15 + 0-52 = 4-82 
(0.52 is the effect of the - NHCONH - group con- 
sidering the attenuation factor for the carbonyl group of 
0-4). The attenuation effect of one carbonyl group on 
the other carbonyl group is not considered because it 
should introduce a negligible error. The attenuation 
effect of C-2 with respect to C-1 gives 
4.82 x 0-4 = 1-92. As the acidities of substituted 
alcohols have *been satisfactorily correlated with a 
value of p = -1.32," then pK,= 15.9 - 1.32 


The pK, of the hydroxy group as an acid for the 
hydroxydioxo structure is estimated to be similar to that 
of dimedone (pK, = 5-23).'' 


(1.88 + 1-92) = 10.89. 
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Figure 1. pH dependence of the logarithms of second-order 
rate constants for the reaction between barbituric acid and p- 
nitrobenzaldehyde in water at 25 "C and ionic strength 1 .O M. 
The reaction of barbiturate anion with o-nitrobenzaldehyde, 


which has a similar profile, is not shown 
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RESULTS AND DISCUSSION 


Reaction of barbiturate anions with 0- and p-  
nitrobenzaldehydes 
The pH-rate profile for the reactions of barbiturate 
anion with 0- and p-nitrobenzaldehyde shows complex 
behavior between pH 0 and 6, as indicated in Figure 1. 
The presence of a break at pH 5.5 is clear, but there is 
no definitive break at low pH. A similar kind of pH-rate 
profile is observed in the mechanism for the formation 
of a neutral tetrahedral addition intermediate from 
carbonyl compounds and nitrogen nucleophiles' when a 
concerted process (I) is favourable with respect to a 
stepwise pathway (II) according to Scheme 2, where the 
nitrogen nucleophile was substituted by a carbanion, 
considering that their behaviour should be similar. 


In this case, the profile exhibits only one negative 
break corresponding to the transition from the 


rate-limiting attack of the nucleophile on the carbonyl 
compound at low pH to the hydronium ion-catalysed 
dehydration of the addition intermediate at moderate 
pH. It was demonstrated' that the pH-independent 
reaction occurs by a stepwise mechanism involving rate- 
limiting solvent-catalysed isomerization of T- (see 
Scheme 2). 


In the case of the reaction of barbiturate anion with p- 
nitrobenzaldehyde, the solid curve was calculated 
employing equation (1) on the basis of Scheme 2,4 with 
the assistance of the rate constants in Table 1 (Figure 1). 


(k,aH' + K,k,)K,k,aH' 
klaH' + Knk4 + Kadk5aH+ 


k2 = (1) 


where k, = the observed second-order rate constant (in 
terms of carbanion free base) for the benzylidenebarbit- 
uric acid formation at zero buffer concentration. It 
involves the second-order rate constant for the addition 


T -  


Scheme 2 


I Kad k5aw 
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Table 1. Rate and equilibrium constants for benzylidenebarbituric acid formation from substituted benzaldehydesa*b 


Reaction 


2,4-Dinitrobenzaldehyde 5.62 x 10‘ 1.00 x 102 1.78 x lo4 1.12 
with barbituric acid 


2,4-Dinitrobenzaldehyde 5.62 x 10’ 6.31 x 10’ i a o x  105 2.5 1 
with 1,3-dirnethylbarbituric 
acid 


2-Nitrobenzaldehyde 5.62 x 10’ 3.16 
with barbituric acid 


4-Ni trobenzaldehy de 1.99 x 10’ 3.84 
with barbituric acid 


.78 x 


.oo x 10-5 


a Water, 25 “C, ionic strength 1 .O M (NaCI). 
hln most cases the data agree to within 3%. 
See Scheme 2. 


step (k, = k,aH + + K,k,) and the second-order rate 
constant for the dehydration of the addition intermediate 
step (k,,, = k,aH +Kad/ 1 + k5aH + Kad). 


The term K,,k., which corresponds to the solvent- 
catalysed proton transfer in the tetrahedral addition 
intermediate T -  (see Scheme 2), was calculated taking 
into consideration the small pH-independent region 
existing between pH 4.0 and 4.5. It is observed that the 
experimental values do not correspond to the theoretical 
curve between pH 2 and 6. 


Considering that this difference might be caused by 
the participation of a rate-determining proton transfer 
from the hydronium ion to the addition intermediate T-, 
formed from the attack of barbiturate ion on the car- 
bony1 compound (see Scheme 2 ) ,  the effect of the 
solvent viscosity (50% aqueous glycerol) was studied in 
this region. Water and glycerol form relatively ideal 
mixtures l 3  and it has been demonstrated that the 
increase in viscosity, increasing with proportion of 
glycerol, decreases the rate of diffusion-controlled 
reactions but has little effect on non-diffusion-limited 
rea~ti0ns.l~ The retardation expected can be calculated 
from the relation kHz0/kflyc = v7g,yc/vH20, which is 6.03 in 
50% aqueous glycerol without added salt.” The relation 
kH20/kf lyc  = 3.56 obtained at pH 1.51 in the reaction of 
4-nitrobenzaldehyde and barbiturate ion indicates 
clearly that some contribution of a diffusion-limited step 
exists in the mechanism of this reaction. 


The importance of pathway II relative to I is determined 
by the stability of the intermediate T -  relative to the 
transition state for the ‘concerted’ mechanism of pathway 
I. The contribution of the hydronium ion proton transfer to 
the intermediate T -  in the rate-determining step of the 
above mentioned reactions indicates that the intermediate 
T -  is relatively stable with respect to the transition state of 
the ‘concerted’ mechanism. For this reason, the reaction 
between 2,4-dinitrobenzaldehyde and barbiturate ions was 


studied, assuming that the two nitro groups should 
stabilize the intermediate T -  more than the transition state 
of the ‘concerted’ mechanism, considering both polar and 
electronic effects. 


Reaction of barbiturate ions with 2,4- 
dinitrobenzaldeh yde 
The profiles of the reactions of barbiturate and 1,3- 
dimethylbarbiturate anions with 2,4-dinitrobenzalde- 
hyde are similar to those of methoxyamine and p -  
nitr~benzaldehyde,~ showing clearly the presence of two 
breaks at ca pH 2.0-3.0 and 5.0-7.0 approximately, as 
shown in Figure 2. This kind of profile with two nega- 
tive breaks is also observed with amines of moderate 
basicity and moderate equilibrium constants (K4) for 
addition intermediate formation5 (Scheme 2). 


The profile exhibits two negative breaks and five 
kinetically significant regions which correspond to 
major contributions from the observed rate constants k , ,  
k,, Knk,, Knk4 and Ka,k, (see Scheme 2). The five 
regions are (i) at pH lower than 2-0, the concerted 
pathway for the hydronium ion-catalysed attack of the 
barbiturate ion on the carbonyl group (kl), (ii) between 
pH 2.0 and 3.0, the uncatalysed attack (k,), (iii) 
between ca pH 3.0 and 5.0, the proton transfer from the 
hydronium ion to the T -  intermediate (K,k,), (iv) 
between pH 5.0 and 7.0, the solvent-catalysed 
intramolecular proton transfer in the intermediate 
(Knk4),  and (v) above pH 6 ,  the region of hydronium- 
catalysed elimination of the hydroxide ion. 


Steady-state treatment of the mechanism in Scheme 2 
yields equations (2) and (3) for product formation in the 
regions where the addition intermediate formation and 
elimination of the hydroxide ion, respectively, are the 
rate-determining steps. The theoretical curves were 
calculated with the assistance of the rate constants in 
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viscosity gives kHlO/kZlyc = 6.2, which is the value 
expected for a diffusion-controlled process.' 


In this region, experimental general acid catalysis is 
observed. If a simple proton transfer is rate determining, 
it was predictedI2 that the Bronsted slope will give an 
'Eigen curve' with a = 0 when this proton transfer is in 
a thermodynamically favourable direction and a appro- 
aching - 1 as the reaction becomes thermodynamically 
unfavourable with increase in the pKa of the acid 
catalyst. 


In this case, considering the pKa of the intermediate 
T- formed by the attack of the barbiturate ion on the 
carbonyl compound (pK, calculated = 10.89), it is 
surprising to observe that the Bransted plot among the 
logarithms of the catalytic rate constants as a function of 
the pKa of the carboxylic acids gives a linear relation- 
ship with a=0.707 and r=0.991 for the barbiturate 
anion and a = 0.846 and r = 0.975 for the 1.3-dimethvl- 


-2.5 4 I I I I I I I I 1 1  I I I I I I I I I I I 1  
; h i 6 8 1 0 1 2  


,u tJ' ' barbiturate anion (Table 2). Further, two particuiar 
Figure 2. pH dependence of the logarithms of second-order 
rate constants for the reaction between 1,3-dimethylbarbituric 
acid and 2,4-dinitrobenzaldehyde in water at 25 "C and ionic 
strength 1.0 M. The reaction of barbiturate anion with 2,4- 
dinitrobenzaldehyde, which has a similar profile, is not shown 


Table 1, and the experimental values correspond to the 
calculated curve (Figure 2). 


aspects should be noted. 
(i) First, the points corresponding to the catalytic rate 


constant for the hydronium ion show a negative deviation 
of 14-fold for the reaction of barbiturate anion with 2,4- 
dinitrobenzaldehyde and a negative deviation of 53-fold 
for the reaction between 1,3-dimethylbarbiturate anion 
and 2,4-dinitrobenzaldehyde (Figure 3). On the other 
hand, it is known that the proton exhibits a positive 
deviation of 10-50-fold from the line of diffusion-limited 
proton transfer. l6 This indicates that the negative devia- 
tion of the hvdronium ion catalvtic rate constant from the 


indicated for thehydronium ion, which is for diffusion- 
controlled proton transfer to the intermediate T -. 


(ii) Second, the rate constants corresponding to a 
mechanism where water is considered as the general 
acid show a positive deviation of 2.05 x 105-fold from 
the corresponding point in the Bransted line for the 
reaction of the barbiturate anion with 2,4-dinitroben- 


kad = k,aH' 


+ k2(Knk4 + K,k,aH')/k, + K,k4 + K,k,aH' ( 3 )  


Consequently, according to this mechanism in the 
region of the hydronium-catalysed proton transfer to the 
intermediate T -  (between pH 3 and 5) ,  the effect of the 


Table 2. General acid catalysis of benzylidenebarbituric acid formation from 2,4-dinitrobenzaldehyde 
in proton transfer step.'tb 


Log kC,tlP 


Catalyst 
1,3-Dimethylbarbituric 


PK. +log P I 9  Barbituric acid acid 


Hydronium -1.26 
Cyanoacetic acid 2.03 
Chloroacetic acid 2.40 
Formic acid 3.33 
Acetic acid 4.30 


3.77 
2.68 
2.21 
1 *74 
0.98 


4.52 
3.68 
2.99 
2.21 
1.67 


"Water, 25 OC, ionic strength 1.0 M (NaCI). 
most cases the data agree to within 3%. 
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Figure 3. Bronsted plot for general catalysis (in the region of 
pH = 3-5) of the reaction between 1,3-dirnethylbarbituric acid 
and 2,4-dinitrobenzaldehyde in water at 25°C and ionic 
strength 1.0 M. The reaction between barbituric acid and 2,4- 


dinitrobenzaldehyde, which has a similar plot, is not shown 


zaldehyde and 5.55 x 106-fold from the Bransted line 
for the reaction of 1,3-dimethylbarbiturate anion with 
2 &dinitrobenzaldehyde. 


How is it possible to explain this remarkable positive 
deviation? Millefiori and Millefiori" have shown that in 
the case of the 5-nitro derivative of barbituric acid, the 
tautomeric dioxo-hydroxy form prevails over the trioxo 
form, and that in the dioxo-hydroxy form there should 
exist an intramolecular hydrogen bond between the 
hydroxy and the nitro groups. 


In the case of the T -  addition intermediate of the 
reaction under study, the large deviation observed of the 
value of the rate constant that would correspond to a 
mechanism of water-catalysed reaction could be 
explained by a mechanism in which the intermediate T- 
tautomerizes to the predominant dioxo-hydroxy form, 
permitting strong hydrogen bonding in a six-membered 
ring between the hydroxy group of the barbiturate group 
and the negatively charged oxygen atom of the ben- 
zaldehyde as a first step for a subsequent rapid 


intramolecular proton transfer. This idea is supported by 
consideration of the pKa values of the hydroxy group 
and the negatively charged oxygen atom, which were 
calculated to be 5-6 and 10.89, respectively. This 
mechanism may also give some insight into the mechan- 
ism of some enzymes, e.g. the general acid-base 
catalysis by imidazole of His-57 of chymotripsin.' 


The fact that a+O in the region of pH 3-5 of the 
Bransted plot for carboxylic acids, which would be 
expected from the pKa of the addition intermediate T- 
(pKa= 10-89), could be explained if the proton transfer 
were not diffusion controlled. It seems probable that the 
proton transfer from the carboxylic acids to the 
intermediate T- occurs together with the tautomeriz- 
ation of the intermediate in same kind of 'concerted' 
mechanism. Eigen" has established that 'if the acid and 
its conjugate base differ in their electron distribution 
and molecular structure, i.e. if the recombination with 
H +  or OH- is associated with a resonance or tautomeric 
transformation, then the reaction rates may be relatively 
slow'. Hence this explains why the proton transfer is 
not diffusion controlled and why the 'Eigen curve' is 
not observed in the Bransted correlation as in other 
cases. 


The proton transfer of the carboxylic acid to the 
addition intermediate T- could be similar to that for the 
addition of a proton of HBr to 2-methyl-1,3- 
diphenylpropane-l,3-dione and to 2,2-dimethyl-l,3- 
diphenylpropane-l,3-dione, where the proton is first 
located between the keto groups in a very strong 
intramolecular hydrogen bond.'* This implies that some 
break of the carbonyl double bond and some double 
bond formation between the carbon atoms should exist 
in the transition state, as is indicated in Scheme 3. 


The present studies have the following implications: 
(a) they show the importance of the study of differences 
and similarities in the reactions of nitrogen bases and 
carbanion ions with carbonyl compounds; (b) the 
existence of a special behaviour of the Br@nsted rela- 
tionship that indicates that its analysis is not trivial; and 
(c) The notable effectiveness of the tautomeric catalysis 
in the spontaneous reaction region. This leads to the 
consideration that a detailed study of its mechanism may 
give an insight into why enzymes are such effective 
catalysts. 


A&- 


Scheme 3 
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CONCERTED BASE-PROMOTED ELIMINATION IN THE 
DECOMPOSITION OF N-HALO AMINO ACIDS 


x. L. ARMESTO, M. CANLE L., M. v. GARC~A, M. LOSADA AND J. A. SANTABALLA* 
Departamento de Quirnica Fundamental e Industrial, Facultade de Ciencias, Universidade da Coruria, A. Zapateira sin. E-15071 A 


Coruria, Spain 


N-Chloroamino acids are unstable in aqueous solution and decompose through different pathways depending on 
the reaction conditions, yielding precursors of carcinogenic and/or mutagenic compounds. One of these 
pathways is a 1,2-elimination process, which has scarcely received any attention and for which no systematic 
analysis is available. The process is first order relative to the N-chloroamino acid and to that of hydroxide ion. 
The use of 2,2,2-trifluoroethanoI and 1,1,1,3,3,3-hexafluoropropan-2-ol buffer solutions established that the 
process is general-base catalysed. The reaction rate is affected by the presence of a methyl group on the nitrogen 
atom and the nature of the leaving group. The results show an important steric effect due to the alkyl 
substituents on the a-carbon. With bulky alkyl substituents on the a-carbon, and in particular in the case of N- 
alkylamino acids, the catalytic effect increases as the base strength decreases. To characterize the transition 
state, Br~nstedS p and fiC were used. A More O’Ferrall-Jencks diagram shows the transition state structure 
changing from carbanion-like to nitrenium-like, a large perpendicular effect being evident. The reaction 
proceeds through a concerted mechanism A,D,D, instead of the stepwise A,,D,* + D, proposed earlier. 


1. INTRODUCTION 
Amino acids, found in significant quantities in waste- 
water and drinking water, undergo a fast chlorination 
reaction in near-neutral conditions’. In contrast to the 
primary and secondary chloramines, N-chloroamino 
acids are not stable in aqueous solution and decompose 
readily.2 Different decomposition paths have been 
suggested depending on the acidity of the m e d i ~ m . ~ . ~  A 
concerted Grob fragmentation has been shown to be the 
main decomposition pathway’ at pH values around 7, 
the reaction products being chloride ion, carbon 
dioxide, the corresponding carbonyl compound with one 
carbon atom less than the parent N-chloroamino acid 
and ammonia (if there is no substituent on the nitrogen 
atom, otherwise primary amines are formed). When the 
process takes place in more basic media, the reaction 
products are chloride ion, ammonia (or primary amines 
if the compound is N-substituted) and a-keto acids,4 the 
latter being precursors of undesirable products such as 
trichloroacetic acid (in neutral medium) and chloroform 
(in alkaline medium). 


*Author to whom correspondence should be addressed. 


Little or no systematic work on these reactions has 
been carried out at pH 10. The traditionally accepted 
reaction mechanism is a stepwise B-elimination 
(A,,D,* + D, or, according to Ingold’s nomenclature, 
ElcB),  in which a carbanion intermediate is formed 
by proton abstraction from the a-carbon and the 
initially formed product is an azomethine acid, which 
quickly hydrolyses to an a-keto acid.5 Recently, we 
carried out a study of the decomposition of the N- 
chloro and N-promo derivatives of glycine and sar- 
cosine in alkaline medium, the experimental results of 
which sug ested an A,,D,D, (E2) concerted 


The study of the decomposition of several N- 
haloamino acids in the presence of hydroxide, 
trifluoroethoxide and hexafluoropropoxide ions has 
allowed to obtain a deeper insight into the base-pro- 
moted decomposition mechanism. The influence of 
alkyl substituents on the a-carbon and the nitrogen 
atoms is analysed from a physical organic point of 
view. 


mechanism. E 7  


EXPERIMENTAL 
All reagents were of the best available grade and were 
used without further purification. 
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N-Haloamino acids. The N-haloamino acids (see maximum around 13. = 267 nm. The N-bromoamino 
acids give an absorption maximum near A =  288 nm that 
shifts to A = 300 nm when there is an alkyl group on the 


Table 1 ) were generated in situ by simultaneous mixing 
of similar volumes of amino acid and hypochlonte or 
hypobromite solutions. nitrogen. 


The UV-visible absorption spectra of the N-chloro- 
amino acids show a maximum around 13. =255 nm Kinetics. Immediately after the formation of the N-halo 
whereas the N-alkyl-substituted analogues show a amino acid (which takes place almost instantaneously), 


Table 1. Amino acids used in this study (X is CI or Br) 
~ 


(N-X)-a-amino acid Structure (N-X)-a-amino acid Structure 


(N-X)-Sar 


(N-X)-Ala 


(N-X),(N-Me)-Ala 


(N-X)-Abu 


:+- -a 


(N-X)-Ahx 


(N-X)-Leu 


(N-X )-Ile 


(N-X)-Tle 


(N-X)-Pn, 
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the hydroxide or alkoxide solution was added to achieve 
the desired conditiom6 The reaction was followed at the 
above wavelengths, recording the values of the absorbance 
at different times until the band disappeared. A Beckman 
DU-70 UV-visible spectrophotometer equipped with a 
thermostated cell carrier was used to follow the kinetics. 
The temperature was kept constant to within *0.05 K by 
water circulation using a Frigiterm 6000382 thermostat. 
The N-halo amino acid concentrations in the reaction 
mixtures were cu 1.2 x rnol dm-3 for 
N-chloro- and N-bromo-amino acids, respectively. A 
twofold excess of a-amino acid was used to prevent the 
formation of N,N-dihalo-a-amino acids. 


The integration method was used to determine the 
pseudo-first-order rate constants, a modification of the 
Davies-Swann-Campey algorithm being used.’ 


and 2-4 x 


Acidify measurements. pH measurements were made 
with a Crison 506 pH meter and an M-7598 glass elec- 
trode. When buffer solutions of 2,2,2-hiflu0roethan01 were 
used, the pH meter was calibrated to a value of pH 12 with 
a glycine-glycinate buffer. To avoid errors due to Na’ 
ions, KCI was used as the electrolyte for the reference 
electrode and potassium hydroxide as a base. Owing to the 
slow response of the electrode in solutions of potassium 
hydroxide,’ the same time (cu. 5 min) was allowed to 
elapse before taking any reading. The concentration of 
alkoxide in the reaction mixture was determined from 


[BIT 
(1 + 10‘pK-pH’) 


[B l=  


where [B] and [BIT are the concentrations of alkoxide 
and total alcohol, respectively, and the pK is the pK, of 
the alcohol. 


The concentration of hydroxide ion was determined 
by means of a pH meter calibrated with a standard 
solution of potassium hydroxide. 


The ionic strength was maintained at 0.5 rnol dm-3 
by using sodium chloride or potassium chloride in the 
studies with hydroxide ion or alkoxides, respectively. 


RESULTS 


Product analysis 
As already stated, the reaction products of the decom- 
position of N-chloroamino acids in aqueous solution are 
chloride ion, carbon dioxide, ammonia (or 
methylamine), aldehyde and a-keto acid. Ammonia was 
determined with an Ingold 152303000 selective elec- 
trode. a-Keto acids were determined as their 
corresponding 2,4-dinitrophenylhydrazones. lo 


Table 2 shows the results obtained for the analysis of 
the reaction products. The expected value is recorded 
with the yield of a-keto acid; it has been assumed that 
the elimination process leads to 100% formation of a- 


Table 2. Yields of ammonia and a-keto acid in the hydroxide- 
promoted decomposition of N-chloroamino acids in aqueous 


solution at T = 298.0 K 
~~ ~ ~~ 


a-Keto acid (%) 


N-Chloroamino acid Ammonia (%) Observed Expected 


N-CI-Gly 


N-CI-A~u 
N-CI-Ala 


N-CI-Val 
N-CI-Leu 
N-CI-lle 
N-CI-Sar 


66 100 99 
99 100 93 
83 65 86 
73 51 47 
66 64 59 
94 48 35 
0 100 99 
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Figure 1. Influence of hydroxide ion concentration on the de- 
composition of N-chloro-a-alkylamino acids. [Aminoacid] = 
3.0 x lo-’ rnol dm-’; [CIO-] = 1.4 x lo-’ rnol dm-3; 


I = 0.5 rnol dm-’; T = 298 K 


N-CI-Ala 


J 
. - I  / 
2- 1.0 
Y 


N-CI- Abu 


N-CI-Leu 
0 


0.2 0.3 0.4 0.5 0 0.1 


[CF,CH,O-I/mol dm-’ 


Figure 2. Influence of 2,2,2-trifluoroethoxide ion 
concentration on the decomposition of N-chloro-a-alkylamino 
acids. [Amino acid] = 3.0 x lo-’ rnol drn-’; [CIO-] = 


1 . 4 ~  10-3moldm-’; I=0 .5  moldm-’; T=298 K 
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1.5 1 /N-Cl-Ala /N-Cl-Abu 


/N-cI-Leu 


0 0.1 02 0.3 0.4 0.5 


[[CF,)2CHO’l/mol dm-’ 


Figure 3. Influence of 1,1,1,3,3,3-hexafluoroisopropanoxide 
ion concentration on the decomposition of N-chloro-a- 
alkylamino acids. [Amino acid] = 3.0 x lo-’ mol dm-’; 


[CIO-] = 1.4 x lo-’ mol dm-’; T = 298 K 


keto acid and should coincide with the percentage of k, 
that corresponds to the term k,,[OH-] in the equation 


(2) k ,  = k, + k,,[OH-] 
that is, the percentage of expected a-keto acid equals 
(k,,[OH-] x 100)/kob,) and the experimental yield of 
a-keto acid is estimated as ([a-keto acid] x lOO)/[N- 
chloroamino acidIiniKia,). As can be seen in Table 2, the 
expected and experimental yields are similar. 


Decomposition of N-haloamino acids (N-X-Aa) 
The reaction rate shows a first order dependency on the 
concentration of N-chloroamino acid. The plot of the 
pseudo-first-order rate constant versus the concentration 
of hydroxide ion fits a straight line (Figure 1). Similar 
behaviour is observed in the presence of 2,2,2- 
trifluoroethoxide and 1 , 1 , 1,3,3,3-hex~uoroisopropan- 
oxide ions (Figures 2 and 3). The hydrolysis of 2,2,2- 
mfluorethanol causes changes in the pH value,”.12 which 
lead to modifications in the contribution of the hydroxide 
ion catalysis to the value of the observed rate constant 
(kobr). Thus, the catalytic rate constant for 2,2,2- 
trifluoroethoxide ion was calculated by plotting 
k,, - k,,[OH-] versus the 2,2,2-trifluoroethanoxide ion 
concentration. This leads to the following general rate 
equation: 


r = r , + r , = ( k , + k o , [ O H - ] + k , ) [ N - X - A a ]  (3) 
where r, is the contribution due to unimolecular decom- 
position, r,  the contribution of the base-promoted 
pathway, k, the rate constant of the Grob fragmentation, 
k,, the catalytic rate constant for hydroxide ion and k, 
the catalytic rate constant for any base apart from 
hydroxide ion. 


Although slight modifications of the pH values take 
place when l , l ,  1,3,3,3-hexafluoropropan-2-o1 buffer is 
used, no correction was carried out; the influence of the 
hydroxide ion catalysis at pH 2: 9 becomes negligible. 
The values obtained for the catalytic rate constants of 


Table 3. Summary of catalytic rate constants (koH and k,) for the base-promoted 
decomposition of N-haloamino acids in aqueous solution at 298.0 K, I = 0.5 mol dm-’ 


N-Haloamino koH x 10’ k xlO’ k,, x lo’ 
acid (mol-’ dm’ s-I) (molTdm’ s-I) (mol-’ dm3 s-I) 


~ ~~ ~~ 


N-CI-Gly 6*7 


N-B~-GIY~.~ 
[2H,,]N-CI-Gly h*7 


[*I-&] N-B~-GIY~.~ 
N-CI-Ala 
N-CI- Abu 
N-CI-Ahx 
N-CI-Leu 
N-CI-Val 
N-CI-lle 
N-CI-Tle” 
N-Br-Tle 
N-CI-Sar6.7 
N - B F S ~ ~ ~ . ~  
N-Cl-N-Me-Ala 
N-Br-N-Me-Alab 
N-CI-N-Me-Val 


N-Br-Pro‘ 
N-CI-PKJ 


44.0 f 0.2 
198 f 8 
7.40 f 0.03 
48.5 f 0.9 
10.3 f0.2 
5.3 fO.1 
2.4f0.2 
1.16 f 0.02 
0.45 f 0.02 
0.27 f 0.02 
0.045 f 0.005 
1.22 f 0.06 
23.8 f 0.4 
205 f6 
5.7 f 0.5 
63f5 
5.8f0.1 
23f2 
61 f2 


22fl 
95f2 
3.4 f 0.1 
22.5 f 0.5 
7.9 f 0.6 
1.70 f 0.05 


0.33 f 0.01 
0.16f0.05 
0-18fO.01 


0.041 f 0.01 


4-8 * 0.1 
55.4 f 0.6 
4.4 f 0.4 


5.2 f 0.1 
19.0 f 0.3 


2.24 * 0.05 
17.1 f0.8 
0.36 rt0.02 


0.82 f 0.02 
0.40 f 0.01 


0.21 fO.01 
0.125 f 0403 
0- 136 f 0405 
0.093 f 0.01 


0.5 1 f 0.02 
5.5 f 0.3 
7.2 * 0.3 
8.3 fO.1 
5.9 f 0.6 


‘Tle was chosen as the three-letter system name for rerr-leucine by analogy with its isomers Ile and Leu. 
T = 285.4 K. 
‘ T = 286.2 K. 
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Table 4. Summary of rate constants for the unimolecular decomposition of the N- 
chloroamino acids in aqueous solution at T = 298.0 K, I = 0.5 mol dm-’ 


N-Chloroamino acid Literature H l T  TFE OH- 


N-CI-Ala 
N-CI-Leu 
N-CI-Val 
N-C1-Ile 
N - C 1 - T 1 e 


2.72,2.85,313 3.3 3.1 4.9 
3.214 3.6 4 3-1 
2.015 2.0 2.1 2.0 
1.973 2.4 2.4 1.9 
2.123 2.3 2.3 2.2 


hydroxide, 2,2,2-trifluoroethanoxide and 1,1,1,3,3,3- 
hexafluoroisopropanoxide ions in the decomposition of 
several N-haloamino acids are collected in Table 3. 
(Throughout the tables and the figures we used TFE and 
HFP to designate 2,2,2-trifluoroethanoI and 1,1,1,3,3,3- 
hexafluoroisopropanoxide, or the corresponding 
anions.). 


Table 4 gives the rate constants of the unimolecular 
decomposition (Grob fragmentation) obtained by 
extrapolation to zero base concentration. As can be 
observed, these rate constants are in agreement with 
those in the literature. 


DISCUSSION 
Rate constants for the hydroxide (I&), 2,2,2- 
trifluoroethanoxide (kTFE) and 1,1,1,3,3,3- 
hexafluoroisopropanoxide (kHFp) catalysed elimination 
of N-chloro derivatives of the amino acids of Gly, Ala, 
Abu, Ahx, Leu, Val, Ile and Tle are given in Table 3 
(amino acids are referred to by the IUPAC three-letter 
nomenclature, except for tert-leucine, for which no 
name has been adopted and for which Tle is used; 
molecular structures are shown in Table 1). 


Examination of the rate constants in Table 3 shows 
that they decrease as substituents at the a-carbon atom 
are made bulkier. This behaviour can be attributed either 
to a decrease in the acidity of the hydrogen attached to 
this carbon as result of inductive effects or to steric 
hindrance by the alkyl substituent. 


A plot of log k,, versus Charton’sI6 steric parameter 
v’ is shown in Figure 4. A reasonable correlation is 
obtained with a slope of -2.59; similar values have 
been reported.” This is consistent with a predominance 
of steric factors and not with differences in inductive 
effects of the alkyl substituents. This result agrees with 
those obtained by Brown and co-workers” and Char- 
ton.I6 Logarithms of rate constants for the reaction of 
the N-chloroamino acids with trifluoroethoxide and 
hexafluoropropanoxide ions were also plotted against v’ 
and gave slopes of -2.39 (TFE) and - 1.17 (HFP). The 
significance of these values will be discussed later. 


The general importance of steric effects seems to be 


confirmed by measurements for N-chloroproline 
(Table 3); the values for its catalytic rate constants are 
marked by than those obtained with N-chloroglycine. 
The steric hindrance in this cyclic structure should be 
less than that in the open-chain structures. 


Bransted plots of log ko, against the pK, of the 
attacking base are shown in Figure 5 for the N-chloro 
derivatives of Ala, Abu, Leu, Ile and Tle. Although 
curvature cannot be established from three points, it can 
be inferred for N-Cl-Ala by comparison between the 
Bransted plots; this curvature characteristic of the 
hydroxide and alkoxide ions19320 is also found for N-CI- 
Gly ’ and N-C1-Pro. Notwithstanding the limited number 
of points and the obvious non-linearity of the plots, 
approximate values of Bransted exponents (Table 5) 
had been extracted from the data for the purpose of 
showing the generally small magnitude of the values 
and the trend towards smaller (and probably zero) 
slopes for the least reactive, most sterically hindered, 
substrates. Taking as a reference the B value for N-CI- 
Gly , estimated qualitatively from the deuterium isotope 
effect measured in the hydroxide-promoted decomposi- 
tion of N-CI-Gly (see note in parentheses in footnote a 
in Table 5), we calculated apparent values of Bransted’s 


- 1  O I  
4 


I - 2  
r 
0)  


0 -3 


- 4  


-5 I \ 
I I I 


0.00 0.25 0.50 0.75 1.00 1.25 1.50 
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Figure 4. Charton plot for the base-promoted decomposition 
of N-chloro-a-amino acids 
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-1.5 7 


N-CI- Ala 
N-CI- Abu 


- 
TI 


L N-CI-Leu 


N-CI-lle 5 -3.5 


I ’  
N-CI-Tle 


a 10 12 14 16 18 
-4.5 , I I 1 


PK, 


Figure 5. Brgnsted plot for the base-promoted decomposition 
of N-chloro-a-amino acids 


j3 (see footnote b in Table 5 )  for N-CI-Ala, N-C1-Pro 
and N-C~-&U.~ This procedure has been used in systems 
with similar behaviour.”.” 


Table 6 shows the values for the effect of the leaving 
group, expressed as k,,/k,,,  on the hydroxide-promoted 
decomposition of N-haloamino acids. Two points are 
relevant: first, as the substituent at the a-carbon is made 
bulkier, the leaving group effect increases, and second, 
the ratio k,,/k,, is higher when the methyl group is on 
the nitrogen. The trend in those values suggests a 
change in the transition state as the structure of the N- 
haloamino acid is modified. 


A More O’Ferrall-Jencks diagram (Figure 6)  can be 
used to show qualitatively the important modifications 
in the transition state as the structure of the different N- 
haloamino acids changes, the N-halogen bond break- 
ing, except for N-halo-Gly, being ahead of the C-H 
bond-breaking (j3 < 1 Plg 1 )  (the Blg parameter” can also 
be used as an index of the leaving group effect; j3 
values were estimated using the values given by Bell” 


for the pK, values of HCl and HBr; although the use of 
PI, when C1- and Br- are leaving groups can be criti- 
cized, the work presented here is concerned with the 
decomposition of N-haloamino acids). Figure 6 clearly 
shows the great perpendicular effectz4 (the term 
‘perpendicular effect’ is preferred to ‘anti-Hammond 
effect’ because perpendicular and Hammond effects are 
not opposites) induced by the increase in substitution on 
the a-carbon and/or on the nitrogen atoms as well as by 
the change to a better leaving group. Perpendicular 
effects have been also found by Hoffman and co- 
workersz4 in their study of imine-forming eliminations 
in N-substituted-0-arylsul honylhydroxylamines. 


Interaction coefficientszfz6 provide a good description 
of the disturbance produced by structural changes in the 
transition state of a concerted process. Crossed 
coefficients such as p, , . .  and p.,?, , defined as 


describe quantitatively the degree of interaction of the 
substituents on the a carbon atom with the leaving group 
and the base, respectively. 


The use of such parameters has no sense when, as in 
the present study, the alkyl substituents do not show any 
relevant difference in their inductive effect. In place of 
these parameters, the following can be defined: 


where v’ represents the Charton parameter16 according to 


Table 7 shows the expected and estimated values of 
the interaction parameters p,,,, , and psxy . ,  for different 
reaction pathways; the values found in this work were 
calculated from the variation of Y with pK,, and pK,, 
and pK,,, respectively. 


log k =  wv’ + h (6)  


Table 5. Values of Brgnsted’s j? for the base-promoted decomposition of N-chloroamino 
acids in aqueous solution at T = 298.0 K 


N-Chloroamino acid B N-Chloroamino acid 8 


N-CI-Gly7.” 0.35-0’40 N-CI-Sar’ 0.26 
N-CI-Alab 0.31-0.35 N-CI-Prob 0.16-0.19 
N-CI-Abu 0-17 N-CI-Ile -0 
N-CI-Leu 0.12 N-CI-Val -0 


*Estimated by assuming a maximum primary deuterium isotope effect between 7 and 8 (accepting a 
value between 7 and 8 for the primary deuterium isotope effect when the proton is half transferred, i.e. 
,!I = 0.5; a value between 0.39 and 0.44 should be a valid estimate of ,!I for N-CI-Gly). 
bApparent B values”.l2 calculated with respect to the N-CI-Gly.’. We plotted log k for N-CI-Ala and N- 
CI-Pro [using OH-, CF3CH,0- and (CF,),CHO- as base catalysts] versus the corresponding values of 
log k for N-CI-Gly. The plots are linear and from the slope and the @ value for N-CI-Gly an apparent B 
value can be estimated; these values should be considered as maximum values. The method described 
for the determination of apparent ,!I will only be valid when the degree of proton transfer within the series 
of parent reactions does not vary substantially. 
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Table 6. Values of the leaving group effect (kBr/ka) for the 
hydroxide-promoted decomposition of N-haloamino acids in 


aqueous solution at T = 298 K 


Amino acid kBr/kCI Amino acid kBr/ kc, 


Gly 4.4 Sar7 8.7 
Ala" 10.0 Tle 27-5 
Leu" 10.5 N-Me-Alab 63.1 
Ilea 22.9 Proc' 11.0 


"The values of k,. used for the N-bromo derivatives are those 
gublished by Anteloand co-workers.*' 


T = 285.4 K. 
' T = 286.2 K. 


Although the available data are not sufficiently 
quantitative to justify a formal analysis in terms of 
interaction coefficients, these values suggest a decrease 
in f i  and an increase in the N-halogen bond breaking 
when the steric hindrance at the a-carbon atom is 


-OOC-&N-R*+ BH 
I I  


increased, which agrees with a concerted A,i,D,DN 
mechanism. For a central or carbanion-like transition 
state, it is expected that I psxvt I b I psvv. I ; hence the 
values obtained in Table 7 support a nitrenium-like 
transition state. 


The magnitude of the interaction parameter psxv. 
allows an interpretation of the magnitude of the Charton 
slope for the different bases. A value of psxv. + O  means 
that the slope of the Charton plot depends on the 
strength of the base; a negative value implies that the 
steric effect has less importance as base is weaker, i.e. 
the absolute value of q!~ should be less. This is the 
observed behaviour, the absolute value of the Charton 
slope with the bulkier (CF,),CHO- being smaller than 
with CF,CH,O- and OH-. 


The previous discussion does not interpret the results 
obtained with the N-chloro derivatives of Tle, N-Me- 
Val and N-Me-Ala, for which a greater catalytic rate 
constant with the weakest base is obtained. A possible 
explanation for this behaviour could be an interaction 


-OOC-C-N-R'+ BH + x - 
I 


R X  R 


o r  .- . 
H O  I 
I t  


-OOC-C-N-R'+ B - 
R X  


Figure 6. More O'Ferrall-Jencks' diagram for the base-promoted decomposition of N-chloro-a-amino acids 


Table 7. Expected values for psyyp  and pxxy .  as a function of the reaction pathway 


Parameter + DN DN* + AXhDH AxhDHDN* This work 


0 
H 


0 S t) Ha 
0 S t ) H  - 


0.3 
-0.2 


"S = small and H = high. 







CONCERTED ELIMINATION IN N-HALO AMINO ACIDS 559 


between the attacking base and the N atom, i.e. an 
AXhDHDN(AN) mechanism (or E2C according to Ing- 
old's nomenclature). This mechanism has not been 
generally accepted but within the framework of the 
valence-bond configuration mixing (VBCM) model ,28, 
the AxhD&(AN) mechanism makes the observed facts 
understandable. However, the data are insufficient to 
support or reject this mechanism. 


Activation parameters 
Table 8 shows the activation parameters for the 
hydroxide-promoted decomposition of N-chloroamino 
acids. The activation parameters were estimated from 
plots of log k,/T versus 1/c an example is shown in 
Figure 7. The variation in ASt values can be interpreted 
in terms of a changing transition state; the activation 
entropy increases as the degree of proton transfer 
decreases and the N-halogen bond breaking increases, 
i.e. ASr varies from negative values when the transition 


Table 8. Activation parameters for the hydroxide-promoted 
decomposition of N-chloroamino acids in aqueous solution" 


N-Chloroamino acid AH* (kJ mol-I) ASt (J mol-' K-') 


N-Cl-Gly 


N-Cl-Abu 
N-CI-Ahx 


N-Cl- Ala 


N-C1-Leu 
N-CI-Val 
N-Cl-lle 
N-Cl-Tle 
N-C1-Sar 
N-Cl-N-Me- Ala 


56f2 
67f3 
72*5 
72f4 
77*3 
84*2 
90*3 
106f6 
60*3 
94*4 


-83f4 
-57*4 
-45 f 6 
-53 f 5 
-43 f 4 
-28* 1 
-11 * 1 
27f3 


-64*2 
27* 1 


'Errors in activation parameters were estimated from the results of the 
least-squares fit and considering the error in the rate constants. 


-? 1 


N-CI-Ala 
N-CI-Abu 
N-CI- Ahx 
N-CI-Leu 
N-CI-Val 
N-CI-lle 


N-CI-Tle 


-19 I I 


0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 


T-~IK-' 


Figure 7. Influence of temperature on the hydroxide ion- 
promoted decomposition of N-chloro- a-amino acids 


state is carbanion-like (N-CI-Gly) to positive values for 
a nitrenium-like transition state (N-CI-Tle). The same 
trend in AH' and AS* values was observed by Cho and 
co-workers" in studies of imine-forming eliminations in 
N-chlorobenzylalkylamines, where the transition state is 
more carbanion like. 


CONCLUSIONS 
The following conclusions can be drawn for the base- 
promoted decomposition of N-haloamino acids in 
aqueous solution: 


Bulky alkyl substituents on the a-carbon decrease the 
rate of base-catalysed catalyzed decomposition; a linear 
correlation is found between log k, and Charton's steric 
parameter. 


An N-methyl group on the amino nitrogen of the N- 
chloamino acid decreases the rate of base-catalysed 
decomposition of the amino acids bearing small 
substituents on the a-carbon (N-C1-Gly/N-CI-Sar), 
but increases the rate of base-catalysed decomposition 
for N-chloroaminon acids with bulky substituents 
on the a-carbon (N-CI-Val/N-CI-N-MeVal) for the 
three bases used in this study [OH-,CF,CHO-, 
(CF,),CHO-1. For N-chloroamino acids with 
intermediate substituents (N-CI-Ala/N-CI (N-MeAla) 
the effect varies with base strength, resembling 
the case for smaller substituents with stronger bases, 
and the effect with larger substituents with weaker 
bases. 


The effect of the leaving group (Br or Cl) on the 
OH--catalysed reaction changes with the size of the a -  
substituent. The N-bromo compounds react more 
rapidly than the N-chloro compounds, and the difference 
in reactivity becomes more pronounced as the substitu- 
ent on the a-carbon becomes larger. 


AS' for the hydroxide promoted reaction appears 
to be negative in general for N-chloroamino acids 
with small a-substituents and tends towards positive 
values for N-chloroamino acids with bulky a- 
substituents. 


Base-promoted decomposition of N-haloamino 
acids in aqueous solution proceeds through a 
concerted A,,DHDN mechanism in place of 
A,,,DHr + D, which has previously been considered 
valid. The degree of asynchronicity increases with 
increasing substitution on the a-carbon and/or on the 
nitrogen atom and also when a better leaving group is 
present, covering the AXhD,DN spectrum. This vari- 
ation in the structure of the transition state is a clear 
example of a process with a noticeable perpendicular 
effect. 
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AB IN1270 MO STUDY OF BENZYLIC CATIONS- 1. SOME 
THEORETICAL PARAMETERS RELATED TO THE RESONANCE 


DEMAND IN THE YUKAWA-TSUNO EQUATION 


KAZUHIDE NAKATA, MIZUE FUJIO," YOSHIHIRO SAEKI, MASAAKI MISHIMA AND YUHO TSUNOt 
Institute for Fundamental Research of Organic Chemistry, Kyushu University, Fukuoka 812, Japan 


AND 


KICHISUKE NISHIMOTO"S 
Department of Chemistry, Faculty of Science, Osaka City University, Osaka 558, Japan 


Structures of 14 kinds of benzylic cations into which are introduced various substituents at benzylic position 
were optimized by means of the ab initio molecular orbital method at the RHF/6-31G* level. The theoretical 
indices obtained associated with the resonance interaction, such as population, bond order and bond length, 
were compared with the resonance demand parameter ( r  value) of corresponding solvolysis systems that were 
given by the Yukawa-Tsuno substituent effect analysis. The r value was linearly correlated with the theoretical 
resonance indices. 


INTRODUCTION 


Among the structure-reactivity relationships' which 
represent the most fundamental concept in physical 
organic chemistry, the Hammett equation2 (equation 
(1)) regarding the reactions and equilibria of benzene 
derivatives is most widely used: 


where k (or K )  is the rate (or equilibrium) constant for 
such a reaction of a ring-substituted derivative and k, 
(or KO) is the corresponding value for the unsubstituted 
compound. The intuitive interpretation of this empirical 
relationship by organic chemists is that substituent 
effects on reaction rates and equilibria commonly 
involve polar or resonance interactions of substituents 
with full or partial ionic charges. The reaction constant 
p then reflects differences in charge, at a functional 
group or a reaction site, between reactants and products 
or reactants and transition state. 


Despite the broad applicability of the Hammett 
equation, a clear non-constancy of substituent effects (a 
value) has been observed in various reactivity data (rate 


or equilibrium constants). An important case of such 
reactions to which the Hammett equation is not appli- 
cable is the solvolysis of benzylic derivatives to form 
carbocation intermediates: 


XBqxRi, ionizatioc - products (2) 
R2 2 


The Brown equation was proposed in order to correlate 
the substituent effects on such  reaction^:^ 


l og (k /k , )  = p + a +  (3) 


where o+ is a set of electrophilic substituent constants, 
which was defined based on the solvolysis rates of m- 
and p-substituted a, a-dimethylbenzyl chlorides [R, , 
R2 = CH3, L = CI in equation (2)]. Important deviations 
appearing in benzylic solvolyses were reasonably 
referred to the increased resonance interactions in 
carbenium ions (intermediates): 
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It may be expected that the resonance contribution in 
the carbenium structure, rather than the structural effects 
in the neutral initial state, would constitute the import- 
ant factor in the overall substituent effects on the 
transition state. The substituent effect would therefore 
largely reflect the pattern of electron delocalization in 
the corresponding carbenium ions, and no longer be 
proportional to the Hammett u constants. Thus the 
Brown u+ defined by a-cumyl solvolysis should be a 
good average of the substituent effects on benzylic 
solvolyses. However, even this u+ scale cannot be 
general for the substituent effects on benzylic 
reactivities. 


The solvolysis of 1-aryl-1-(trifluoromethy1)ethyl 
tosylates,h carrying a strongly electron-withdrawing a- 
substituent to generate highly electron-deficient carbo- 
cations, clearly failed to give a linear correlation against 
u+. The Brown u+p+ equation was also not applicable 
to the related solvolyses of the highly electron-deficient 
carbocation system. Nevertheless, more than 20 solvol- 
ysis sets of this class recently reported in the literature" 
gave good linear free energy relationships against 
l og (k /k , )  values for this 1-aryl-1-(trifluoromethy1)ethyl 
system with a correlation coefficient >0.99, and none 
shows a slope significantly higher than unity. This 
indicates that a different u+ scale, electrophilic sub- 
stituent constants involving a high resonance demand, 
would be required for linearly describing the substituent 
effects in these extremely electron-deficient benzylic 
systems. Any single 0-scale, apparent substituent 
parameter scale given by 0 = l o g ( k / k , ) / p ,  would 
inevitably have limited applicability, and this clearly 
points to a 'variable response' of the substituents since 
the extent of electron migration from the substituents to 
the electron-deficient carbenium centre is largely 
determined by the intrinsic demand at this position. 
Thus the theoretical interpretation of substituent para- 
meter scales, uo, u and/or various sets of @ +  scales as 
indices of measurement of substituent-ring electronic 
interactions has received abundant acceptance. 


The substituent effects in such systems can be more 
generally described by the Yukawa-Tsuno (YT) 
eq~a t ion :~  


where un is the normal substituent constant, which does 
not involve any additional n-electronic interaction 
between the substituent and the reaction centre, and A3: 
is the resonance substituent constant measuring the 
capability for n-delocalization of a x-electron donor p -  
substituent. The r value is a parameter characteristic of a 
given reaction, measuring the extent of resonance 
demand, i.e. the degree of resonance interaction 
between the aryl group and the reaction site in the rate- 
determining transition state. 


The YT equation introduced the concept of 
varying resonance demand of reactions into the substituent 


effect analysis. While solvolyses of a series of tertiary 
a,a-dialkylbenzyl precursors showed linear Brown p+u+ 
correlations, i.e. r = 1.00," the solvolysis of secondary 
benzylic precursors, e.g. a-phenylethyl chlorides4 and a- 
tert-butylbenzyl tosylates," gives linear correlations with 
equation (5 )  with a slightly enhanced r value of 1.1-1.2. 
The solvolyses of 1-aryl-1-(trifluoromethy1)ethyl 
tosylates& and l-aryl-2,2,Ztrifluoroethyl t o~y la t e s~~  gave 
linear YT plots with extremely high r values of 1.39, and 
1.5 1, respectively. 


The resonance demand of a carbenium ion may be 
reduced effectively by reduced coplanarity between the 
reaction centre and the phenyl ring. A well known 
example is the solvolysis of a ,  a-di-tert-butylbenzyl p -  
nitrobenzoates,'J which affords an excellent linear YT 
correlation with r=0.26, a value comparable to the r 
value for the Hammett u scale. The solvolysis of 4- 
methylbenzobicyclo[2.2.2]octen-l-yl triflates4' would 
be an excellent model of such a system where the 
carbocation orbital developed at the bridgehead of the 
bicyclic skeleton is rigidly orthogonal to the benzo n 
orbital. This solvolysis was found to give r = 0.0, being 
the lowest limit of exalted n delocalization. 


There is clearly a wide range of resonance demand r 
values for a series of benzylic solvolyses (in Table I) ,  
from r = O  for unexalted resonance system to a tem- 
porary ceiling value of r = 1-5, and r = 1.00 given for 
the Brown u+ scale does not reflect any particular 
situation of benzylic resonance exaltation but is merely 
a point in the r scale of resonance demand. 


The most effective approach to substituent effects in 
various solvolyses is by investigating the behaviour of 
carbocations in the gas phase.6 We have shown that the 
YT equation is applicable to the gas-phase substituent 
effects on the intrinsic stabilities of various benzylic 
cations in exactly the same manner as applies to the 
solution phase. The r value significantly increases as the 
parent carbocation becomes less stable, while the p value 
remains constant for a series of benzylic carbocations.' 
Further, it is surprising that the r values for the gas-phase 
stabilities of the cations have magnitudes identical with 
those of the corresponding benzylic SN1 solvolyses (Table 
1). From this identity, the varying resonance demand r in 
solvolysis should be an essential feature of the incipient 
carbocation intermediate and also of the solvolysis 
transition state. The transition state of S,1 solvolysis can 
be modelled most reasonably by the structures of cations. 


Whereas the advanced theory at present cannot 
predict unambiguously the structures of the transition 
state molecules and their characteristic quantities of S, 1 
reactions, the structures and such quantities of the 
ground state molecules of benzylic cations can be 
quantitatively calculated by the ah irzitio method. The 
value of r, reflecting the n-delocalization within the 
cationic species, appears to remain essentially the same 
in solution as in the gas phase, and the degree of charge 
delocalization in the transition state of the solvolytic 
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Table 1. Summary of r values in solvolyses and gas phase for 
some benzylic systems 


CF,,H 1.51d 1.53" 
CF,,Me 1.39' 1 .40g 
K H  1.2gh 1.29' 
Me,H 1.15' 1.14k 
t-Bu,H 1.09' 
Me,Me 1 .OO"' 1 .OO" 
Et,Me 1.04" 1.01p 
Et,Et 1.02q 0.98' 
i-Pr, i-Pr 1.01" 
t-Bu,Me 0.91' 0.86b 
t-Bu, neo-Pen 0.78' 0.81' 
t-Bu,i-Pr 0.7 1 
t-B~,t-Bu 0.26' 
Benzobicyclo 0.00" 


"R, and R, are substituents at the a position. 
r Values given in the YT analysis of the solvolyses. 
' r Values given in the YT analysis of the gas-phase stabilities. 
Ref. 4b. 


'Ref. 6a. 
'Ref. 4a. 
Ref. 6b. 


hRef. 4c. 
'Ref. 6c. 
'Ref. 4d. 
'Ref. 6d. 
'Ref. 4e. 
'"Definition, Ref. 3. 
'Ref. 6f. 
"Ref. 4h. 
PRef. 6e. 


'Ref. 4i. 
Unpublished results in this laboratory 


'Ref. 6g. 
'Ref. 4j. 
'Ref. 4k 


ionization should also resemble that in the carbocation 
intermediate. Moreover, the r value is directly related to 
the intrinsic stability of the parent cation. Thus, ab initio 
MO calculations can be used to find the underlying 
relationship between quantum chemical quantities and 
experimental r values. The relationship between theor- 
etical indices and the empirical r values for a series of 
benzylic systems corroborates the characterization of the 
resonance demand parameter r in the YT equation as a 
parameter reflecting the degree of n delocalization 
interaction between the aryl group and the reaction site. 


METHOD 
Ab initio LCAO-MO calculations' were carried out for 
the a-substituted benzyl cations shown in Figure 1. 


Details of the optimized structures with respect to the 
steric hindrance of cations 10-14 will be reported in a 
subsequent paper. All calculations were performed on 


1 


cation. 
eenzyl 


5 
a-wlyl- 
a-methyl- 
benzyl cation. 


9 
a-Trifluno- 
methyl-a- 
mthylbnuyl 
cation. 


13 


Me + H 


2 6 
6 6 
a-Methyl- 
bentyl cation. 


Et + Et 


a.a-Diethyl- 
benzyl cation. 


3 
a-ten-Butyl- 
benzyl cation. 


7 
a,a-Diiso- 
Zi,-'' 
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Me + M e  


4 &  


8 B 
aa-Dimethyl- 
b e q l  cation. 


F3C 


a-Trifluorc- 
mthylbenzyl 
cation. 


t-BuYi-Pr t-Bu y Me neo-Pen 


0 0 0  
10 11 12 
a-lut-BuIylU- a-ten-Bulyl-a- a.lcn-Butyl-a- 
mcthylbenzyl cation. neopcntyl- isopropyl- 


bauyl cation. benzyl cation. 


14 
CMclhvl. 


cation 


Figure 1. Benzylic cations studied (1 - 14) 


an IBM RS/6000 computer with the Gaussian-92 suite 
of programs.' Geometries were optimized completely by 
the gradient procedure at C, symmetry. The closed-shell 
restricted Hartree-Fock calculation with STO-3G, 
3-21G and 6-31G" basis sets was applied to find 
stationary points on the potential energy surface (PES). 
At the RHF/6-31GX level all optimized structures were 
checked by the analysis of harmonic vibrational fre- 
quencies obtained from diagonalization of force 
constant matrices. To improve the calculated energies, 
electron-correlation contributions were estimated by 
Mdler-Plesset perturbation theory;' singl5-point 
MP2 calculations were carried out at the 6-31G' basis 
set using the frozen-core approximation. The relative 
final energies were corrected for RHF/6-31GX zero- 
point energy (ZPE) differences scaled by a factor of 
0-9. lo In order to discuss quantitatively the relationship 
between the r value in the YT equation and populations 
of electrons at atomic centres, Mulliken population 
analysis (MPA)". was camed out for benzylic cations at 
the RHF/6-3 1G" level. Wiberg bond orders in natural 
bonding orbital (NBO)'* analysis were also calculated 
to discuss the origin of the r value. For a-methylbenzyl 
cations (2a-c) whose conformations are a-methyl 
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rotarners of one another, calculations were extended to 
MPZ(FV)/6-31G* optimization to estimate the effect 
of electron correlation on the structure. 


RESULTS AND DISCUSSION 


Energies and geometries 
The numbering of atoms is given in Figure 2. The 
optimized structures of benzylic cations at the RHF/ 
6-31G" level are shown in Figures 3-6, and their 


Figure 2. Numbering of atoms for a-substituted benzylic cations 


1 


2b 


2a 


2c 


3 


v 
5 


4 


6 


Figure 4. RHF/6-31GX optimized structures of 3-6 


selected geometric parameters are summarized in Tables 
2-5. The @ values in these tables are the dihedral 
angles of the R,C7R2 plane with respect to the aromatic 
plane. Total energies are listed in Table 6. Calculated 
dihedral angles of LR,C,C,R2, LC&C&, 


LC,C6C,C, and LC,CIC2C3 for all benzylic cations are 
less than 3-0°, indicating that phenyl rings and 
R,C7R2C, planes actually have coplanar frameworks, 
respectively. The effects of a-substituents (R,, R2) on 
the electronic structure of the cations and on the change 
of dihedral angle @ can be considered to be real factors 
to determine the degree of resonance interaction for 
these benzylic cations, which are reflected in the 
changes in charge densities and bond orders at the 
aromatic moiety. Optimized geometries of the individ- 
ual benzyiic cation are discussed below. 


LC,C2C3C,, LC2C$X,, LC3C,C,C,, LC,C,C,C,, 


Benzyl cation (1) 
For the benzyl cation, some optimized structures 
obtained by the ab initio MO method have been Figure 3. RHF/6-31GX optimized structures of 1-2c 
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v 7c 


Figure 5. RHF/6-31G" optimized structures of 7a-c 


Table 2. Selected geometric parameted of 1-2c optimized at 
the RHF/6-31G* level 


Cation 


CI-C, 
G-C, 
c3-c4 


CI-CS 
CS-G 
C,-C, 
C,-C7 
C7-RIb 
C7-RZb 
c,-c -c, 
c,-c, -c, 
CI-C7-Rlb 
CI-C,--Rzb 
+ c  


1.436 1.428 1.426 1.427 
1.362 1.368 1.369 1.368 
1.403 1.396 1.395 1.395 
1.403 1.402 1.403 1.402 
1.362 1.364 1.363 1.364 
1.436 1.429 1.429 1.429 
1.357 1.378 1.378 1.378 
1.075 1.078 1.077 1.077 
1.075 1.481 1.490 1.484 


120.4 118.0 118.5 118.2 
120.4 123.0 122.6 122.9 
121.7 116.3 116.4 116.3 
121.7 129.2 127.0 128.3 


0 0 0 1 


'Distances in A and angles in degrees. 
bR,  and R, correspond to right- and left-hand side atoms, respectively, 
bonded to C, shown in Figure 3. The numbering of atoms is given in 
Figure 2. 
'Mean dihedral angles LR,C,C,C, and LR2C7CIC6. 


8a 


U 
9 


Figure 6. RHF/6-31G* 


8b 


optimized structures of 8a-9 


reported. I3.I4 The optimized structure with RHF/ 
6-31GX (Figure 3) is essentially the s+me as that with 
RHF/3;21G.l4 The C,-C2 (1.436 A) and C , y C ,  
(1.403 A) bonds are longer and C,-C, (1.36? A) is 
shorter than the C-C bond of benzene (1-39 A). The 
contributions of charge-transferred structures shown in 
Figure 7 form a partial quinoid structure of the 
benzene ring. This is in accord with the general 
prediction of resonance theory for charge delocalized 
benzylic cations, and the same is true for other 
species. 


I II 111 IV V 


Figure 7. Resonance structures of benzylic cations 
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Table 3. Selected geometric parametersa of 3-6 optimized at the RHF/6-31Gh level 


Cation 


a-tert-Butylbenzyl (3) a,a-Dimethylbenzyl (4) a-Ethyl-a-methylbenzyl ( 5 )  a,a-Diethylbenzyl (6) 


G-Cz 
c2-c3 


C3-G 
c4-c5 


c5-c6 


c6-c 1 


c1-c7 
C7-R, 
C7-R2b 
C7-C1-C2 
c7-cl-c6 
Cl-C7-Rl 
CI-C7-R,b 


1.429 
1.364 
1.402 
1.393 
1.370 
1.427 
1.386 
1.511 
1.078 


125.0 
116.7 
132.3 
113.6 


0 


1.423 
1.369 
1.395 
1.395 
1-369 
1.424 
1.404 
1-496 
1.495 


121.0 
121.0 
123.2 
123.2 


5 


1.422 
1.370 
1.394 
1.394 
1.370 
1.422 
1.407 
1.496 
1.500 


121.0 
121.0 
122.5 
123.0 


3 


1.422 
1.37 1 
1.394 
1.394 
1.371 
1.422 
1.410 
1.500 
1.500 


121.0 
121.0 
1224 
122.8 


0 


See footnotes a and c in Table 2. 
bR, and R, correspond to right- and left-hand side atoms, respectively, bonded 


Table 4. Selected geometric parameters' of 7a-c optimized at 
the RHF/6-31Gh level 


Cation 


a,a-Diisopropylbenzyl 


(7a) (7b) l7c) 


C,--cz 1-423 
C2-G 1-37 1 
C3-C.l 1.393 
C,--cs 1.392 
c5-c6 1.371 
c6-cl 1.424 
cI-c7 1.418 
C7-Rl 1.522 
C7-R2b 1.513 
C7-C1-C2 121.6 
c7-c, -c, 121.5 
C,-C7-Rlb 123.9 
CI-C7-R2b 121.3 
6 10 


1.419 
1.372 
1.392 
1.392 
1.372 
1.4 19 
1.419 
1.517 
1.517 


121.3 
121.3 
123.8 
123.7 
21 


1.422 
1.372 
1.392 
1.392 
1.372 
1.422 
1.425 
1.518 
1.518 


121.5 
121.5 
119.0 
119.0 


14 


See footnotes a and c in Table 2. 
bR, and R, correspond to right- and left-hand side atoms, respectively, 
bonded to C, shown in Figure 5. The numbering of atoms is given in 
Figure 2. 


a -Methylbenzyl cation (2) 
The a-methylbenzyl cation has been converged into two 
stationary conformations: 2a (L&CSC,Cl= 0') and 2b 
(L&C,C,C, = 180') as shown in Figure 3. Structure 2a 
is more stable by 1.14 kcalmol-' (1 kcal=4.184 kJ) 


to C, shown in Figure 4. The numbering of atoms is given in Figure 2. 


than 2b at the MP2/6-31G*//RHF/6-31G* +ZPE 
(scaled 0.9) level. Surprisingly, frequency calculation 
shows that structure 2b is the transition state having one 
imaginary frequency. This result is very strange, 
because, for example, for the internal rotation of ethane 
molecule the conformation corresponding to 2a is the 
transition-state structure and that to 2b is the most stable 
structure. The normal mode associated with this imagi- 
nary frequency indicates that rotation of the methyl 
group leads to the lower energy structure. This strange 
problem has not yet been solved. When we optimize 2c 
with a 90" fixed dihedral angle (L&C8C,C, = 90°), then 
we obtain a structure which is less stable by 
0.54 kcal mol -' (comparable to kT) than 2a. When this 
constraint is removed, the geometry is converged to 2a. 
Hence 2a is considered to be the global minimum at the 
RHF/6-31G* level. Hartree-Fock theory cannot 
estimate the electron correlation effect which is exerted 
on the structure. For example, the bridged form for the 
ethyl cation is the global minimum at levels more than 
MP2, and further the open cation is predominant at the 
RHF/6-31GX or RHF/3-21G level." Therefore, the 
geometry optimization of 2a-c has been extended to the 
MP2(FU)/6-31G" level. The angle L&C8C, was to be 
107.4', which is almost the same as but slightly less than 
the normal tetrahedral angle. Structure 2a was more 
stable than 2c by 0.56 kcalmol-' at the MP2(FU)/ 
6-31G* level. Hence the alignment of the C-H bond 
with the vacant 2pnorbital is not a predominant factor to 
stabilize the cation 2. This might be attributed to the 
larger charge delocalization to the aromatic moiety 
(+0.56 for 2a-2c) in these benzylic cations. This is in 
contrast to charge-localized alkyl cation ~ysterns.l'-~~ 
Structure 2b is less stable than 2s by 1.26 kcal mol -' at 
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Table 5 .  Selected geometric parameters' of 8a-9 optimized at the RHF/6-31G* level 


Cation 


a-Trifluoromethylbenzyl (8a) a-Trifluoromethylbenzyl(8b) a-Trifluoromethyl- a-methylbenzyl(9) 


C,-C2 1.443 1.446 1.438 
c2-c3 1.360 1.360 1.362 
C,-C4 1403 1.403 1-400 
c4-c5 1.406 1.405 1.398 
c5-C6 1.359 1.359 1.364 
c6-G 1445 1.446 1.440 
cl-c7 1.353 1.354 1.379 
C7-Rl 1.076 1.076 1.490 
C7-RZh 1.523 1.518 1.543 
c7-c,-c, 118.2 116.7 120.8 
c7-c, -c, 123.1 124.9 121.8 
Cl-C7-R, 120.2 118.8 126-5 
Cl-C7-R,b 125.5 130.6 120.0 
9' 0 0 0 


See footnotes a and c in Table 2. 
b R I  and R, correspond to right- and left-hand side atoms, respectively, bonded to C, shown in Figure 6. The numbering of atoms is given in Figure 2. 


Table 6. Total energies of substituted benzyl cations 


Calculated total energy (-au) 


Cation" RHF/STO- 3G RHF/3 - 2 1 G RHF/6 - 3 1 G* MP2/6 - 3 1 G*//RHF/6 - 3 1 GX ZPEb 


1 265.654 106 267.380453 268.886732 269.740682 -0.125692 (0) 
2a 304.252772 306.215505 307.937589 308.925073 -0.155503 (0) 
2b 304.251557 306.214174 307.935767 308.923118 -0.155213( 1) 
2c 304.252162 306.214852 307.936726 308.924201 -0.155346(0)' 
3 419.990743 422.675104 425.037309 426.426977 -0.246438 (0) 
4 3424448 10 345 GI4469 346.98 1039 348.103622 -0.185231(0) 
5 381.427386 383.866601 386-016827 387.271753 -0.216495 (0) 
6 420.009 129 422.688605 425.052517 426440163 -0.247754(0) 
7a 497.159483 500.319048 503.1 10505 504.769321 -0.308218(0) 
7b 497.155 158 500.314478 503.106549 504.766081 -0.307844(0) 
7c 497,156050 500.3 14792 503.106689 504.765623 -0.308815 (0) 
8a 596-606702 601.1624 18 604.485146 605.972559 -0.13 1997 (0) 
8b 596.605947 601.1624 16 604.484959 605.97 19 16 -0.132222 (0) 


635.202371 639.997766 643.531254 645- 156203 -0.161 853 (0) 9 


a Numbers as in Figure 1 .  
bZero-point energies (uncorrected) at the RHF/6-31G* level. Values in parentheses are the number of imaginary frequencies in the frequency 
calculation. 


the same level (MP2/6-31G*) of calculations. At all 
levels of theory and basis sets, a hydrogen-bridged 
structure has not been found as a stationary point, and 2a 
is the most stable structure. 


a -tert-Butylbenzyl cation (3)  
Coplanarity between the R,C,R, plane and the benzene 
ring is retained ($ = 0") for all basis sets, although the 
large steric strain between the r-Bu group and the benzene 


ring results in LC,CAC2 = 125.0" and LC,C,R, = 132.3" 
at the RHF/6-31G' level (Figure 4). The resonance 
stabilization overwhelms steric hindrance to make the 
cation coplanar in this system. 


a ,  a -Diinethylbenzyl cation (4) 


For 4, the geometry is slightly basis set dependent; 
q5 = 0" at the RHF/STO-3G, while $ = 5" at the RHF/ 
6-31G" (Figure 4) and RHF/3-21G levels. Angles 
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LC9C7C,, LC&7CI, LC,C,C, and LC2C,C7 are larger 
by 2.1" on average than the normal angle of an sp2 
carbon. It can be concluded that steric strain exists even 
in this simplest tertiary benzylic cation in order to attain 
full resonance stabilization. 


a -Ethyl- a methylbenzyl cation (5 )  
One energy minimum structure 5 (Figure 4), was 
obtained with all basis sets. There is little difference in 
the geometry of the parent system on changing the a- 
substituent from Me to Et. 


a , a -Diethylbenzyl cation (6 )  


The geometry was converged to C, symmetry (Figure 
4) with all basis sets. Some steric strain exists as in 
cations 4 and 5. 


a ,  a-Diisopropylbenzyl cation (7) 


Three minimum energy structures were obtained for all 
basis sets (Figure 5). This can be explained by the 
combination of configuration of isopropyl grouxs. At the 
final level calculation [MP2/6-31G ' //RHF/ 
6-31G* +ZPE (scaled 0.9)], the energy differences of 
these three species are small; 7a (q5 = lo") is more 
stable than 7b by 1.8 kcalmol-' and 7b (q5 =21") is 
more stable than 7c ($ = 14") by 0.8 kcalmol-I. The 
smallest dihedral angle $ (7a) is the most preferred 
conformation. Hence in this cation the resonance 
stabilization also overwhelms the steric hindrance. 


a -Tr@uoroinethylbenzyl cation (8) 


Two minimum structures, 8a (LFlC8C7Cl = 180") and 
8b (LF,C,C,C, = OD), were found at the RHF/6-31G* 
level as shown in Figure 6. The energy difference 
between these two conformations is very small, in 
contrast the a-methylbenzyl cation (2); 8a is more 
stable than 8b by only 0-1 kcalmol-' (less than kT). 
This means that free rotation is expected in this mol- 
ecule at room temperature. An energy minimum 
structure at LF,C,C,C, = 90" does not exist. Even at our 
final level of calculation [MP2/6-31G*//RHF/ 
6-31G- +ZPE (scaled 0.9)], the energy difference is 
also small: 8a is more stable than 8b by only 
0.5 kcal mol (less than kT). 


a -Tr@uoroinethyl- a methylbenzyl cation (9)  


The configuration of two a-substituents is a combina- 
tion of those for the CF, group in 8a and the CH, group 
in 2a as shown in Figure 6. Another conformation in 
which LF,C,C,C, = 0" and LH&C,C, = 180" was not 
calculated. 


Theoretical parameters associated with the 
resonance interaction 
As is easily predicted from Figure 7, the resonance 
interaction in the n-conjugated system leads to changes 
in charge density, bond order and bond length. The 
Hiickel MO (HMO) method is a very useful tool for the 
qualitative discussion of the reactivity of a-conjugated 
systems. For example, the Woodward-Hoffmann ruleI8 
for stereospecific reactions was developed on the basis 
of the HMO method. In HMO theory, the effect of a 
substituent on the change in delocalization energy, 
ME,, , ,  which measures the change in the degree of 
resonance interaction, can be expressed as follows: 


where AqIr and A P , , ~  are the changes in charge density at 
the pth atom and that of bond order associated with the 
p-v bond, respectively, and a,, and B,ly are usual 
Coulombic and resonance integrals, respectively. 
Further, it has been reported that there is a linear rela- 
tionship between bond order and bond length. I9 The 
C(sp2)-C(sp2) bond length, rlrv, is given by 


(7) 
where p,," is the n bond order associated with the p-v 
bond. Thus the calculated bond length, charge density 
and bond order would be the theoretical parameters 
associated with the degree of resonance interaction. We 
shall examine the relationship between the resonance 
demand r and theoretical parameters associated with the 
degree of resonance interaction below. 


r,,"/A = 1.517 - 0.180p,,v 


Charge vs r value 
In organic chemistry, charge distribution is very useful 
tool to predict reactivities. Resonance stabilization of 
conjugated benzylic cations leads to their charge delo- 
calizations. Hence the charge distribution should be 
directly related to the r value. Atomic charges on the 
carbons of benzylic cations, calculated by Mulliken 
population analysis (MPA), are summarized in Table 7. 
Averaged values are used for atomic charges on ortho 
[(C, + C,)/2] and ineta [(C, + C,)/2] positions. The 
charge on a hydrogen is summed into that on the carbon 
atom (group charges). Therefore, the Mulliken charge 
population on the C, atom having no hydrogen should 
not be compared directly with those on other carbons. 
For this reason, the charges on the ortho carbon for 14 
also cannot be compared with those for other species. 
The atomic charges (given by MPA) on ortho, ineta 
and para-positions for benzylic cations are plotted 
against the r values in Figure 8. In Figure 8 for most 
cations, charges at atomic positions are related linearly 
to the r values. The deviation is significant for the cation 
14, which involves extremely high inner strain. Apart 
from this, there are fairly good linear correlations 
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Table 7. Atomic charges given by Mulliken population 
analysis for benzylic cations (RHF/6 -31G*) 


Chargeb (RHF/6 -31GX) 


Cation" C, Ortho' Metad Para' 


1 
2a 
3 
4 
5 
6 
7a 
8a 
9 
10 
11 
12 
13 
14 


-0.024 
-0.050 
-0.040 
-0.068 
-0.066 
-0.066 
-0.076 
-0.030 
-0.074 
-0.074 
-0.078 
-0.088 
-0.053 
-0.081 


0.189 
0.164 
0.154 
0.140 
0.137 
0.135 
0.133 
0.211 
0.191 
0.123 
0.1 10 
0.054 
0.074 
0.043 


0.05 1 
0,046 
0.041 
0.043 
0.04 1 
0.039 
0.034 
0.053 
0.046 
0.039 
0.036 
0.053 
0.037 
0.069 


0.213 
0.190 
0.182 
0.171 
0.166 
0.163 
0.160 
0.233 
0.21 1 
0.153 
0.137 
0.077 
0.073 
0.078 


"Numbers as in Figure 1. 
bAtomic charges on each position with hydrogens summed into heavy 
atoms given by MPA. 
'Average atomic charge of C, and C6. 
dAverage atomic charge of C, and C,. 
'Atomic charge of C,. 


against r values for the charge populations at the ortho 
(correlation coefficient R = 0.96) and para 
positions(R = 0-97), but no significant change in the 
charge distribution at the meta position. As the r value 
increases, the charge at the para position increases 
significantly to +O-2 at r =  1.5 in the correlation, 
whereas the charge at the meta position changes much 
less (slope = 0). This trend of charge delocalization for 
benzylic cations is consistent with the varying degree of 
resonance stabilization. 


The Mulliken charge distribution at the respective 
atomic positions should be regarded as reflecting the 
demand of the a-cationic centre of benzylic carbo- 
cations for the rc-electron delocalization from those 
atomic positions and should be directly related to the r 
value. In Figure 8, the charges at various atomic posi- 
tions for a series of benzylic cations are linearly related 
to the r values. There are linear correlations of the 
charge populations at the respective carbon atoms with 
the r value, but there is no significant change in the 
population at the ineta carbon atom. 


The sum of atomic charges on the phenyl ring should 
be a probe measuring the conjugative interaction 
between C, and the aromatic moiety. Charges on the 
aromatic moiety of each benzylic cation are plotted 
against the r values in Figure 9. A linear correlation was 
found ( R  = 0.93) apart from cation 14. The total charges 
on the aromatic moiety increase with increase in r.  This 
suggests that charge delocalization to the aromatic 
moiety is the intrinsic factor determining the r value. 


0 . 0 1 . .  . . . . . . . , . . . , , , I 
0.0 0.5 1 .o 1.5 


r value 
Figure 8. Mulliken population on 0-, m- and p-positions of 
phenyl ring (RHF/6-31G*) vs r values for benzylic cations. 


Numbers as in Figure 1. 


- 0.8 
b - 
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f 0 .6 .  
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s 
E .  
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0.4 ~ 


a, 


0.2'1 '4 


0 . 0 1 . .  . . . . . . . . . 
0.0 0.5 1 .o 1.5 


r value 


Figure 9. Sum of Mulliken population on phenyl ring (RHF/ 
6-31GX) vs r values for benzylic cations. Numbers as in 


Figure. 1 


Wiberg bond orders vs r value 
The contributions of resonance structures 11, I11 and 
IV shown in Figure 7 become more important with 
increase in resonance interaction between the benzylic 
2pn orbital and the benzene n system. This brings 
about changes in bond order of C,-C, and averaged 
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bond orders of C,-C2 and C,-C,, C,-C3 and 
Cs-C,, and c3-c, and c,-c,, which are summar- 
ized in Table 8. The Wiberg bond order2' is plotted 
against the r value in Figure 10. The CI-C, bond order 
converges to 1.0 at r = 0, which corresponds to a pure 


Table 8. Wiberg bond orders from NBO analysis calculated at 
the RHF/5-31GX level for benzylic cations 


Wiberg bond order 


Cation" C,-C,' C,-C,d c,-c,' C,-C,' 


1 
2a 
3 
4 
5 
6 
7a 
8a 
9 
10 
11 
12 
13 
14 


1.584 
1.465 
1.447 
1.363 
1.352 
1.343 
1.338 
1.622 
1.506 
1.306 
1.249 
1.049 
1.017 
1.017 


1.158 1.567 1.343 
1.193 1.543 1.361 
1.203 1.536 1.366 
1.225 1.524 1.375 
1.23 1 1.521 1.377 
1.235 1.518 1.379 
1-239 1.515 1.381 
1.134 1.585 1.329 
1.166 1.561 1-347 
1.253 1407 1-386 
1.279 1.492 1.396 
1.370 1.444 1.428 
1.371 1.422 1.433 
1.386 1.435 1-433 


'Numbers as in Figure 1. 
bRef. 19. 
' Wiberg bond orders of C,-C, bond. 


Average of C,-C, and C6-C, bonds. 
'Average of C,-C, and C,-C6 bonds. 
Average of C,-C, and C,-C, bonds. 


1.6. 
0 


0.0 0.5 1 .o 1.5 


r value 


Figure 10. Wiberg bond orders from NBO analysis (RHF/ 
6-31GX) vs r values for benzylic cations. Numbers as in 


Figure 1 


single bond shown in structures I and V in Figure 7. 
The Wiberg index for the C,-C, bond increases 
linearly with the r value, indicating an increase in the 
contribution of structures 11, I11 and IV (R=0.97). 
This tendency reveals that the r value shows the degree 
of overlap between the benzylic pn orbital and the 
benzene n system. The bond orders of C,-C2 
(R = 0.97), C,-C, (R = 0.98) and C,-C, (R = 0.98) 
also change linearly, reflecting the relative importance 
of the contribution of canonical structures (I-V) in 
Figure 7. All these Wiberg indices converge to 1.4 at 
r=O.  As r increases, the Wiberg indices for C,-C, 
increase but those for C,-C2 and C,-C, decrease, 
indicating the increase in the contribution of the 
resonance structures (11-IV). All these behaviours are 
consistent with the prediction of resonance theory, 
indicating an increasing resonance interaction between 
C, and the aromatic moiety as the r value increases. 


Bond length vs r value 
For a series of benzylic cations, the C,-C, bond length 
and the lengths of the C,-C2 (or C,-C,), C,-C3 (or 
C,-C,) and 5-C4 (or C,-C,) bonds optimized at the 
RHF/6-31G level (in Tables 2-5) exhibit characteristic 
changes, in line with the varying degree of resonance 
interaction between the benzylic p n  orbital and the 
benzene n system. The 'resonance theory' predicts 
elongation of C,-C2 and C3-C, and shortening of 
C,-C, and C2-C3 with increasing degree of conjuga- 
tion. The C,-C,, CI-C8 C,-C, and C,-C, bond 
lengths at the RHF/6-31G level are plotted against the r 
values in Figures 11 and 12. There is a linear correlation 


1.3 
0.0 0.5 1 .0 1.5 


r value 


Figure 11. Bond length vs r value for benzylic cations. 
Numbers as in Figure 1 
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A 


1.40 - 


8a I 
0.0 0.5 1 .o 1.5 


r value 


Figure 12. Bond length vs r value for benzylic cations. 
Numbers as in Figure 1 


with the r value for C,-C, (R = 0-96) and for the lengths 
of the respective benzene C-C bonds (R = 0.98). The 
C,-C, bond length decreases significantly with 
increased resonance demand (Figure 11). q e  C,-C, 
bond length at r = 0 is estimated to be 1.52 A, which is 
close tp the normal carbon-carkon single bond length 
(1.53 A in ethane7 and 1.517 A from equation (7)), 
whereas at r = 1.5 the C,-C7 bond length is 1.35 A, 
which is closeJo the normal carbon-carbon double bond 
length (1-32 A in ethylene7). The boyd lengths of the 
aromatic ring are estimated to be 1.39 A at r = 0, which is 
close to the carbon-carbon bond length of ben~ene .~  As 
the r value increases, the C,-C, (Figure 11) and C,-C, 
(Figure 12) bonds are lengthened, but the C2-C3 bond 
(Figure 12) is shortened. The C,-C, bond length shows 
a higher susceptibility to the r value than does the C,-C, 
bond length. This is in line with the prediction of the 
resonance theory. Assuming equivalent contributions of 
the five resonance structures shown in Figure 7, C,-C, 
and C2-C, decrease but C,-C, and C,-C, increase, 
keeping CI-C, > C,-C,, compared with the localized 
structures (I and V). As a result, all these plots are 
correlated linearly following the resonance theory. As 
mentioned above, the behaviour of r is completely 
consistent with what is envisaged for the resonance 
demand, and also the resonance interaction between C, 
and the aromatic moiety changes in parallel with the r 
value. 


The empirical r values in the YT substituent effect 
analysis are well correlated with all calculated indices 
(charge distribution, bond order and bond length) for 
benzylic cations. The relationship between each 


theoretical index and the r value agreed completely 
with the prediction of the resonance theory. This 
provides theoretical support to the contention that the r 
value is a good parameter indicating the degree of 
resonance interaction between the benzylic p n  orbital 
and the benzene n system. 
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AB INZTIO MO STUDY OF BENZYLIC CATIONS-2. STERIC EFFECTS 
ON THE RESONANCE INTERACTION AND ON THE RESONANCE 


DEMAND IN THE YUKAWA-TSUNO EQUATION 


KAZUHIDE NAKATA, M E U E  FUJIO,* YOSHMlRO SAEKI, MASAAKI MISHIMA AND YUHO TSUNOt 
Institute for Fundamental Research of Organic Chemistry, Kyushu University, Fukuoka 812, Jupan 


AND 


KICHISUKE NISHIMOTO*+ 
Department of Chemistry, Faculty of Science, Osaka City University, Osaka 558, Jupan 


Geometries of secondary and tertiary benzylic cations, which have bulky substituents at a positions, were 
optimized by ab initw MO calculations at the RHF/6-31G* and, in part, MP2/6-31G* levels. Calculated #cu,r, 


which is the dihedral angle of the a-C - C bond with respect to the aromatic plane, is compared with the 
relative resonance demand r/rMx obtained from solvolysis reactivity and also cation stability; rand  r,,, are the 
resonance demand in the Yukawa-Tsuno equation for any given system examined and the corresponding ideal 
full-resonance stabilized demand, respectively. The results suggest that there is a close relationship between the 
experimental and calculated relative resonance demands expressed by r/r,,,., = COS' Gob, which is suggested by 
HMO theory for the resonance interaction in the benzyl cation. Thus the r value is a good parameter indicating 
the degree of resonance interaction between benzylic 2pz-orbital and the benzene n-system. 


INTRODUCTION 


In Part 1,' we reported some theoretical parameters 
related to the resonance interaction between the benzylic 
2pn-orbital and the benzene x system and a close linear 
relationship between these parameters and the resonance 
demand in the Yukawa-Tsuno (YT) equation. In this 
work, we studied the effect of steric hindrance on the 
resonance interaction. 


The YT equation:' 


l og (k /k , )  = p(ao + rA8; )  (1) 
is one of the most useful tools for characterizing the 
transition state of reactions affected by the benzene n- 
system, and has been applied to a wide variety of 
reaction s y ~ t e m s . ~ . ~  The YT equation is characterized by 
the resonance demand parameter r, which is a measure 
of the degree of resonance interaction between the 
reaction centre and benzene x-system. In previous 


studies concerning the substituent effect on tertiary 
benzylic solvolyses, a significant decrease was observed 
in the r value as the bulkiness of a-alkyl group 
increases; r = 0.91 was observed for a-t-butyl-a- 
methylben~yl ,~ '  r = 0.71 for a-t-butyl-a- 
isopropylbenzy13J and r = 0.26 for a,a-di-t- 
b ~ t y l b e n z y l ~ ~  systems, respectively, while r = 1.00 for 
the a,a-dimethylbenzyl system by definition. The 
decrease in the r value may be attributed to the loss of 
resonance interaction between benzylic 2pn-orbital 
and the benzene n system as shown in Figure 1. In the 
case where the dihedral angle q5 shown in Figure 2 is 
O", the system acquires full resonance stabilization to 
provide the maximum r value. Then for the congested 
system where both 2pn-orbitals cannot remain parallel 
owing to steric hindrance, the efficiency of the 
resonance effect decreases compared with that of 
the coplanar system, resulting in a decrease in the r 
value. 
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COPLANAR TWISTED 
DECREASE OF COPLANARITY 


Figure 1. Decrease of resonance interaction due to steric 
hindrance 


4 I 
Figure 2. Numbering of atoms for a-substituted benzylic cations 


Me Me g 
1 
2,2-dimethyl- 
1-indanyl 
cation. 


Me&Me 
5 
a-tert-butyl- 
0 ,  o-dimethyl 
benzyl cation. 


0 
9 
a, a-Diethyl- 
benzyl cation. 


t-Bu+i-Pr 


13 
a-tert-Butyl- 
a-isopropyl- 
benzyl cation. 


MeYH 


2 
a-Methyl- 
benzyl cation. 


6 
a-methyl- 
benzyl cation 
190' fixed). 


i-Pr + i Pr v -  


10 
a,a-Diiso- 
propylbenzyl 
cation. 


t-BuY t-Bu 


14 
a, a-Di-tert- 
butylbenzyl 
cation. 


Thus the examination of the dependence of the r 
value on the dihedral angle 4 will provide convincing 
evidence for the origin of the empirical resonance 
demand parameter r in the YT equation. In substituent 
effect studies on gas-phase stabilities, the same r values 
as those in solvolysis were ~ b t a i n e d . ~ ~ . ' ~  This shows that 
the structure of the transition state in SN1 solvolysis and 
the corresponding cation are very similar. Hence one 
can use a cation as a model of the transition state of SN1 
solvolysis. ' 


The geometries of parent benzylic cations which are 
both sterically hindered and planar were ,optimized by 
ab initio MO methods at the RHF/6-31Gr and, in part, 
MP2/6-31GW levels to determine the dihedral angle 4 
of a given cation. The relationships between the r values 
and calculated dihedral angles $talc were studied to 
clarify the origin of the r value. 


METHOD 
The ab inirio LCAO-MO calculationss were camed out 
for the a-substituted benzyl cations shown in Figure 3. 


Details of the optimized structures with respect to 
cations 2, 3 and 6-10 were reported previously.' All 


t-Bu,pH t -BUyH 


3 4 
a-tert-Butyl- a-tert-butyl- 
benzyl cation. o-methyl 


benzyl cation. 


Me +Me 


E& 
7 8 
a,a-Dimethyl- a-Ethyl- 
benzyl cation. a-methyl- 


benzyl cation. 


t - B u y  Me n e o - P e y t - B u  


11 12 
a-tert-Butyl- a-tert-Butyl- 
a-methylbenzyl a-neopentyl- 
cation. benzyl cation. 


15 16 
4-Methyl- a.a-Dimethy1- 
benzobicyclo- benzyl cation 
12.2.21octen- (90' fixed). 
1-yl cation 


Figure 3. Calculated benzylic cations (1-16) 
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calculations were performed on an IBM RS/6000 compu- 
ter with the Gaussian-92 suite of programs.6 The closed- 
shell restricted Hartree-Fock levels with STO-3G, 
3-21G, and 6-31G" basis sets were applied to find 
stationary points on the potential energy surface (PES) 
with respect to the twisting angle (dihedral angle @ 
shown in Figure 2) between the p y l i c  and benzene 
frameworks. At the RHF/6-31G level all optimized 
structures were checked by analysis of harmonic vibra- 
tional frequencies obtained from diagonalization of force 
constant matrices to find the order of the stationary points. 


Figure 2 shows the dihedral angle @ between R,C7R2 
plane and benzene framework and also the numbering 
of atoms. In order to examine the effect of electron 
correlation on the dihedral angle @, single-point calcu- 
lation by Moller-Plesset perturbation theory (MR)  for 
cations 7, 11, 12, 13 and 14 were carried out with the 
geometries whose dihedral angle @ changes by *5"  
around the C,-C, axis with the RHF/6-31G" 


optimized geome*try. In the case of 14, optimization at 
the MP2/6-31G' level with the frozen core approxima- 
tion was also achieved in C, symmetry. In order to study 
how the resonance interaction is affected by the change 
of dihedral angle @, the rotational potentials about the 
C, - C, bonds of a,a-dimethylbenzyl and benzyl 
cations were calculated by geometry optimization 
techniques, changing the dihedral angles from 0 to 90". 
Appropriate functional forms of the resonance interac- 
tion energy with respect to dihedral angle @ were 
examined by plotting against the potential energy. 


RESULTS AND DISCUSSION 


Geometries 
The optimized structures of benzylic cations at the RHF/ 
6-31G" level are shown in Figures4-7 and their 
selected geometrical parameters are summarized in 


1 4 5 


Figure 4. Some other parameters of RHF/6-31G*-optimized structures of 1, 4 and 5. See Table I 


U 


6 


Figure 5. Some other parameters 


U 


11 12 


of RHF/6-31G*-optimized structures of 6, 11 and 12. See Table 2 
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n 


13 14 15 


Figure 6. Some other parameters of RHF/6-31G*-optimized structures of 13-15. See Table 3 


16 


Figure 7. Some other parameters of RHF/6-3 1G*-optimized 
structure of 16. See Table 3 


Tables 1-3. The calculated dihedral angles LC,C,C,C,, 
LC,C,C,C,, LC,C,C,C,, LC,C,C,C,, Lc-,c;c6c;, 
LC,C,C,C, and LC,C,C,C, for all benzvlic cations 
withoit 5 &e less than 3&,> indicating thaf the phenyl 
rings of these cations are planar. Thus the dihedral angle 
@ and the electronic effect of a-substituents (R,, R,) are 
considered to be the main factors determining the degree 
of resonance interaction for these benzylic cations. All 
stable conformations except 90' fixed cations have only 
positive vibrational frequencies so that these structures 
are energy minimum structures at the RI-F/6-31G* 
potential energy surface (PES). Geometries of the 
individual benzylic cations are discussed below. 


2,2-Dirnethyl-I-indanyl cation (1 ) 


Cation 1 is converged to a C, structure for all basis sets 
(Figure4). The five-membered ring is coplanar with 
the benzene framework. Although large steric strain 
exists in a five-membered ring included in a fused 


benzene ring (LC,C,C8 = 113.0", LC,C8C,, = 103.2', 


109.4"), the vacant 2pn-orbital on C, is parallel to the 
benzene n system, so the full resonance stabilization 
can be expected. Actually, YT analysis on the solvolysis 
of corresponding precursors gave the maximum r value 
( r =  1.14) for secondary systems.3E 


LC,C,,C, = 104-4", LC,,C,C, = 110.0", LC,C,C,= 


a-t-Butyl-o-methylbenzyl cation ( 4 )  


Cation 4 corresponds to o-methyl-substituted 3. The t- 
Bu group is placed in the opposite side of the o-Me 
group to minimize steric hindrance (Figure 4), so 
@ = 0' was obtained for all basis sets. 


a -t-Butyl-o,o-dirnethylberizyl cation ( 5 )  


The introduction of one more methyl group in 4 is 
expected to produce a large steric hindrance and to 
change considerably the dihedral anqe @. The structure 
for 5 optimized at the RHF/6-31G' level is shown in 
Figure 4. Full resonance stabilization cannot be accom- 
plished owing to the large steric hindrance (@ = 19'). 
This cation (5 )  minimizes the steric hindrance in a 
different manner to other tertiary congested systems such 
as 11-14. The steric hindrance decreased owing not only 
to the rotation of the t-Bu group around the C, - C, axis 
but also to changes of several dihedral angles 
(LC,C,C,C, = 163.0' and LC,C2C3C, = 2.9'). This 
suggests that the resonance effect attaining a coplanar 
conformation has a large influence on the stabilization of 
this secondary cation. The r value in the YT equation for 
solvolysis leading to 5 has been found to be 1.02,,' in 
addition to r = 1. 143g for that of 1 considering a second- 
ary coplanar system. The decrease in the resonance 
interaction is only 10%. This may be attributed to the 
large resonance stabilization effect for secondary systems 
compared with that for tertiary systems. 
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Table 1. Selected geometric parametersa for 1 , 4  and 5 optimized at the RHF/6-31Gh level 


Cation 


2,ZDimethyl- 1-indanyl (1) a-t-Butyl-o-methylbenzyl (4) a-t-Butyl-o,o-dimethylbenzyl (5) 


cl-c, 1.424 1.435 1.450 
C2-C, 1.374 1.359 1.371 
CrC4 1.387 1.400 1.392 
c4-c5 1.411 1.389 1-389 
c5-c6 1.360 1.379 1-373 
G-CI 1.419 1.446 1.457 
cI-c7 1.369 1.380 1.383 
C,-R! 1.498 1-517 1.5 14 
C,-Rb, 1.074 1.075 1.072 
c,-c,-c, 109.4 122.4 126.8 
c7-cI-cg 129.5 118.9 114.3 
CI-C7-RA 113.0 132.6 138.8 
CI-C,-Rz 124.8 114.5 112.5 
9c 0 0 19 


'Distance in angstroms, angle in degrees. 
bRl  and R, correspond right- and left-hand side atoms bonded to C, given in Figure 4, respectively. The numbering of atoms is given in Figure 2. 
Average of dihedral angles of LR,C,C,C, and LR,C,C,C,. 


Table 2. Selected geometric parameters' for 6 , l l  and 12 optimized at the RHF/6-31G" level 


Cation 


a-Methy lbenzyl 
( 9  = 90" fixed) (6) a- t-Butyl- a-methylbenzyl (1 1) a-t-Butyl-a-neopentylbenzyl (12) 


c,-cz 1.391 1.420 1.419 
C*-G 1.384 1.373 1.372 
c,-c4 1.386 1.390 1.392 
c4-c5 1.386 1.393 1.388 
c5-c6 1.384 1.371 1.375 
c6-cl 1.392 1.419 1.418 


C,-R! 1.082d 1.491 1.506 
C,-Rb, 1.450' 1-532 1.548 
c,-c,-c, 119.8 119.3 122.8 
c,-c,-c, 118.5 123.3 120.5 
C,-C7-R! 118.6 118.7 118.5 


cl-c7 1.466 1.423 1.434 


CI-C7-R: 124.0 125.0 122.0 
9' 90 24 26 


'Distance in angstroms, angle in degrees. 
bR, and R, correspond to right- and left-hand side atoms bonded to C, given in Figure 5 ,  respectively. The numbering of atoms is given in Figure 2. 
'Average of dihedral angles of LR,C,C,C, and LR,C,C,C,. 


Bond length between C, and I&. 
'Bond length between C, and C,. 


and 6). These species cannot maintain coplanarity 
between the R,C,R, plane and the benzene framework; 
large steric hindrance exists which overwhelms 
resonance stabilization. As the bulkiness of the a- 
substituent increases praduallv. the dihedral anele h 


Highly congested cations: a -t-butyl- a -methylbenzyl 
cation (11 ), a -t-butyl-a-neopentylbenzyl cation (12), 
a-t-butyl-a-isopropylbenzyl cation (13) and a ,a-di-t- 
butylbenzyl cation (14) 


In these cations, the bulkiness of one a-substituent 
increases stepwise from methyl (11) through neopentyl 
(12) and isopropyl (13) to tert-butyl (14) (Figures 5 


increases; rp = 24" for il, 26" ;or 12,34" for 13 Gd~780 
for 14. The values for 11, 12 and 13 are almost indepen- 
dent of the basis set selections. On the other hand, rp  for 
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Table 3. Selected geometric parameters" for 13-16 optimized at the RHF/6-31G* level 


a-1-Butyl-a-isopropylbenzyl a,a-Di-t-butylbenzyl 4-Methylbenzobicycl0[2.2.2]octen-l-yl a,a-Dimethylbenzyl 
(13) (14) (15) (d = 90" fixed) (16) 


1.414 
1.374 
1.390 
1.389 
1.375 
1.414 
1.434 
1.533 
1.522 


122.2 
120.2 
122.8 
120.2 
34 


1.394 
1.383 
1.386 
1.386 
1.383 
1.394 
1.482 
1.519 
1.519 


120.0 
120.0 
117.0 
117.0 
76 


1.402 
1.380 
1.392 
1.384 
1.390 
1.377 
1.470 
1.459 
1.459 


105.4 
131.4 
116.2 
116.2 
90 


1.390 
1.384 
1.386 
1.386 
1.384 
1.390 
1.478 
1.468 
1.468 


119.3 
119.3 
119.6 
119.6 
90 


*Distance in angstroms, angle in degrees. 
bR, and R, correspond right- and left-hand side atoms bonded to C, given in Figure 6, respectively. The numbering of atoms is given in Figure 2. 
'Average of dihedral angles of LR,C,C,C, and LR,C,C,C,. 


14 is somewhat basis set dependent; the configuration of 
the t-Bu group is changed to rotate around the C,-C, 
and C,-C9 axes by only about 5", but the dihedral angle 
@ increases by 22" with the use of the split valence 
basis set keeping C2 symmetry. 


Confonnationally 9O"fured cation: 4- 
methylbenzobicyclo[2.2.2]octen-I -yl cation (15)  
The geometry of 15 was converged to a C, structure for 
all basis sets (Figure 6); the 2pn-orbital on C, is set 
perpendicular to the benzene n system. This supports 
the experimental result of r = 0 in the solvolysis 


90" Fixed cations: a ,a-dirnethylbenzyl cation (@ = 90" 
fuced) (16).  a-methylbenzyl cation (@ =90"fuced) ( 6 )  
Cations 16 and 6 were optimized under the condition 
that the angle between the R,C,R, plane and the C,C2C, 
plane is fixed at 90" (Figures 5 and 7). The 
carbon-carbon bond lengths of the phenyl rings are in 
the range 1.38-1.39 A which is similar -to the 
carbon-carbon bond length of benzene (1.39 A at the 
RHF/6-3 1G" level). Hence these supposed systems are 
not stabilized by the resonance interaction between C, 
and the benzene n system. 


The configurations of methyl groups for 16 and 6 are 
instructive. In 6, the C, - Hg bond is parallel with the 
vacant 2pn orbital at C,(LHgC8C7C, =92"). Such a 
configuration cannot be found in the coplanar cation 2. 
Moreover, L&C8C7 is 100-4" which is smaller than the 
normal tetrahedral angle. This result might be attributed 
to C-H hyperconjugation. For the hypothetical 


localized cation 16, the effect of hyperconjugation is 
also expected. As expected, the C, - €& bond is almost 
parallel to the benzylic 2pn-orbital 
(L&C,C,C, = 81.9"), but slightly twisted owing to 
steric repulsion between two methyl groups. 
L&C,C,( = 103.0") is smaller than the usual tetrahedral 
angle, but slightly larger than that in 6, owing to disper- 
sional interaction between two methyl groups. The 
positive charge is delocalized largely into the benzene n 
system in coplanar systems, so that the hyperconjuga- 
tive stabilization is relatively small compared with that 
for a localized one. However, for cations 16 and 6, the 
positive charge at C, localizes in the non-aromatic 
moiety similar to a simple alkyl cation. In this case, 
hyperconjugation becomes significant. It should be 
noted that L&C,C, and LH,C,C, are 103.0" and 
113.7", respectively, which are values between sp2 and 
sp3 hybridization. This is the reason why LH&C, 
(= 100.4") in 6 is smaller than the 109.5" for sp3 
hybridization. 


The energy difference between these 90" fixed 
cations (16 and 6) and the corresponding coplanar 
cations (7 and 2) can be approximated to the rotational 
potential barriers around the C, - C, axis. Normal 
mode analysis in the frequency calculation indicates 
that 16 and 6 are transition states concerning rotation of 
the C, - C, axis, because they have one imaginary 
vibrational frequency. In addition, the perpendicular 
conformation is energetically maximum among all of 
the rotamers for the benzyl cation,' whereas some 
steric effect may exist for the coplanar structure of 7, 
resulting in a small dihedral angle (4 = 5").' The 
rotational potential barriers for each cation are sum- 
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Table 4. Calculated rotational barriersa (kcal mol-') of benzylic cations at various basis sets 
___ 


Cations RHF/STO-3G RHF/3 -2 1G RHF/6-31G" MP2/6-3lG*//RHF/6-31GW 


Benzyl 47.1 45.4b 45.9 49.3 
a-Methylbenzyl 34.5 31.8 32.4 33.8 
a,a-Dimethylbenzyl 22.0 19.0 19.7 20.7 


"Rotational barriers were estimated as the total energy difference between coplanar and orthogonal (@ = 90") optimized structures: E(16) - E ( 7 )  for 
a,a-dimethylbenzyl cation and E ( 6 )  - E ( 2 )  for a-methylbenzyl cation. 
hRef 8. 


marized in Table 4. Basis sets and electron correlation 
do not seriously affect the barriers. With MP2/ 
6-3 1Ge//RHF/6-31G" calculation, the potential 
barriers are 49.3 kcal mol for benzyl cation, 
33.8 kcal rno1-l for a-methylbenzyl cation and 
20.7 kcal mol-' for a,a-dimethylbenzyl cation, 
respectively (1 kcal = 4.184 kJ). The rotational barrier 
has been used as a measure of the 'resonance interac- 
tion energy'.' One methyl substitution at the benzylic 
position lowers the rotational barrier by ca 
15 kcal mol -'. This may be attributed to the difference 
between the resonance stabilization of each benzylic 
cation. The primary benzyl cation is required to have 
larger conjugation in order to stabilize the total energy. 
On the other hand, the tertiary a,a-dimethylbenzyl 
cation (7) is stabilized by the electronic effect of the a- 
methyl group, so that the requirement for resonance 
stabilization is small. Although the energy difference 
may contain a little steric repulsion, it is worth noting 
that the r value in the YT equation runs parallel with 
the rotational barriers of the corresponding benzylic 
cations. This is instructive, because the r value can be 
connected to the resonance interaction energy. 


Q Dependence of the r values estimated from 
so I v o I y s e s 
As reported in Part 1,' the Wiberg bond order of the 
C, - C, bond for benzylic cations increases linearly 
with increase in the resonance demand r. This suggests 
that the r value might also be closely related to the 
degree of n overlapping between the aryl n-orbital and 
benzylic 2pn-orbital in the carbocation (Figure 1). 
Accordingly, the dihedral angle @ and the r value might 
be related each other. The dependence of the r value on 
the dihedral angle @ can be expressed as follows: 


where r and r,,, are the effective resonance interaction 
of any given system examined and the corresponding 
ideal full-resonance stabilized interaction, respectively, 
and f ( @ )  is a function of the dihedral angle @. Accord- 
ing to the HMO method, this function can be expressed 
analytically for the resonance energy of benzylic cations 
as shown below. In the HMO method, when we put the 


resonance integrals as follows: 


8 1 7 = 8  'OS @, 8 1 2 = 8 2 3 = 8 3 4 = 8 4 5 = 8 5 6 = 8 1 6 = 8  (3) 
The secular determinant can be written as 


x k O O O O O  
k x l O O O l  
0 1 x 1 0 0 0  
0 0 1 x 1 0 0  
0 0 0 1 x 1 0  
0 0 0 0 1 x 1  
O l O O O l x  


= x(x2 - l)[x4 - (5 + k2)x2 + 4 + 3k2] 


= x(x + l ) (x  - l)(x + J l O  + 2k2 + 2 J m / 2 )  


x (x - JIO + 2k2 + 2 J C Z Z 7 / 2 )  


x (x  + J l O  + 2k2 - 2JG32Ti -72)  


x (x  - 410  + 2k2 - 2 4 9  - 2k2 + k4/2) 


(4) 
where x = (a - E)B  and k = cos @. Therefore, the HMO 
energies are 


E l  = a + J l O  + 2k2 + 2 J C % Z D / 2  


E2 = a + 4 1 0  + 2k2 - 2 J E Z F Z 8 / 2  
E 3 = a + P  
E ,  = a 


The @ dependence of the energy for resonance interac- 
tion, A E R ( @ ) ,  can be given as 


md@) = E(@) - E(@ = 90") 


= ( JIO + 2 cos2 @ + 2JG5-G 


+ J l O  + 2 cos2 @ - 2Jsin4 @ + 8 - 6)p 
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Therefore, fl(@ ) is expressed by 


f,(@) = (410 + 2 cos2 @ + 2&&z 


+ 410 + 2 cos2 @ - 24- - 6)/ 


(4- + 4- - 6) 


= COS' @ + A (0 G A C 0.0356) (7) 


Hence we can express f l  (@ ), to a good approximation, 
as 


(8) 


(9) 


f l ( @  1 = cos2 @ 


f 2 ( @  1 = cos @ 
In this paper, 


has been also considered in discussion for comparison. 
For ab initio MO calculations, the resonance interac- 


tion energy AESRCF(@) is given by the negative SCF 
energy at the RHF/6-31G' level relative to that of the 
90" fixed cation. Hence 


AES,CF(@)=APF(@)-APF(@ =goo) (10) 
The A='( @ ) values of the benzyl cation were calculated 
and plotted against f l  ( @ ) and f 2 (  @ ) as shown in Figure 8. 
As can be seen, the best expression for f( @ ) may be 


f( @ ) = COS'.* @ 


However, foc practical purposes, 
r/rmax = cos2 @ 


is recommended. 


i' : 
P 
Ff 
w" 1 0 -  


20 -  


I 


Q 
I 


0 


0 
0.0 0.2 0.4 0.6 0.8 1.0 


f(@) 


Figure 8. Calculated delocalization ener ies of benzyl cations 
at the RHF/6-31GX level. Age' = AESCF($ ) - AEscF 


($=90o).u,f,($);o,f,($) 


Relationships between calculated dihedral angle @a,c 


and r value 
Assuming the a,a-dimethylbenzyl cation to be 
coplanar, its r value may be regarded as a reference rmax 
value of a coplanar tertiary carbocation, because the r 
value is characterized by 1.0 for planar a,a-dialkyl 
(tertiary) benzyl cations.& As shown in Table 5, r 
values estimated from solvolysis and gas-phase cations 
agree with each other, to a first approximation, suggest- 
ing intrinsically identical structures between the 
transition state and corresponding cation. As shown in 
Figure 9, there is a linear correl2tion between cos2 @,,,, 
calculated at the RHF/6-31G' level and the r/rnlax 
values for tertiary benzylic cations. 


One may be interested in examining the effect of 
electron correlation on the resonance interaction for 
congested systems. Unfortunately, geometry optimiz- 
ation at the MP2 or higher levels of theory take a long 
time so MP2 calculations for these bulky systems have 
not yet been performed. In this paper, in order to discuss 
the effect of electron correlation on the dihedral angle 
@, single-point calculations at the MP2 level for 7, 11, 
12,13 and 14 were carried out with the geometry where 
the dihedral angle @ changes by *So around the C, - C, 
axis from the RHF/6-3lG"-optimized geometry. The 
energy differences between the structure of each 
dihedral angle and the optimized one are plotted in 
Figure 10. The plots for all cations are correlated by 
quadratic equations. As shown in Figure 10, the correla- 
tion curve without 14 is symmetrical with respect to the 
equilibrium @ at the RHF/6-31G" level; electron 
correlation has very small effect on the optimized 
structure. For 14, single-point calculation extended to 
the @ which is swung by -loo, since a monotonic 
potential curve was obtained for these three plots 
(0 = *so). As a result, an unsymmetric curved plot was 
obtained; electron correlation cannot be neglected for 
the accurate determination of the structure of this 
congested cation. This supports the result of a failed 
plot for 14 (open circle) in Figure 9. The minimum @ 
for 14 was calculated to be 71" on the assumption of a 
multi-regression correlation, that is, the electron correla- 
tion effect decreases q5 by 5". Consequently, an electron 
correlation effect exists for the dihedral angle of this 
cation, although the effect is not IarEe. In the case of 14, 
optimization at the MP2/6-31G' level, which can 
estimate the electron correlation effect, was also per- 
formed with C2 symmetry. The dihedral angle Gcalc was 
calculated to be 69", which is consistent with the above 
result and gives a more accurate plot (closed circle for 
14) in Figure 9. 


For secondary systems, GCa,=, r values,, r/rmax and 
cos' @talc calculated at the RHF/6-31G" level are 
summarized in Table 6. The 2,2-dimethyl- 1-indanyl 
system (1) is a coplanar standard of the secondary 
system. The @ values do not change drastically com- 
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Table 5. Calculated dihedral angles @aica for tertiary benzylic cations and r values 


@,,I, 


Cation RHF/STO-3G RHF/3-21G RHF/6-31Gh MF'2/6-31G* r-1b reas= 'm.xC0S2 $calf 


7 0 5 5 7d 1.00 1.001 0.99 
8 2 2 3 2 d  1.04' 1.01" 1-00 
9 1 1 0 1.02g 1 *00 


10 10 11 10 1.01 0.97 
11 20 24 24 0.91h 0.86" 0.83 
12 21 32 26 0.78' 0418 0.81 
13 31 37 33 0.71' 0.70 
14 55 77 76 69' 0.26' 0.06 
15 90 90 90 O k  0.00 


a See Figure 2. 
bThe r value given in the solvolysis of each system. 
'The r value given in the gas-phase stabilities of each system. 


MP2(FULL). 
Frozen core approximation. 


'Ref. 3h. 
Unpublished results in this laboratory. 


hRef. 3i. 
'Ref. 3j. 
Ref. 3k. 


'Ref. 31. 
'Ref. 4a. 
"Ref. 4e. 
Ref. 4g. 


0.8 
\ \  


1.0 - 


0.8 - 
0 - 


v) 
0 0 


0.0 0.2 0.4 0.6 0.8 1.0 


rlrrnax 


Figure 9. Plots of cosz vs r/rmar. Open and closed circles 
are plots calculated at the RHF/6-31G* and MP2/6-31G* 
levels, respectively. Numbers correspond to those for cations 


shown in Figure 3 


t-Bu.neo-Pen (12) 


-10 -5 0 5 
Relative Dihedral Angle /degree 


Figure 10. Plot of energies with MP2 single-point calculation 
relative to that of RHF/6-31GX-optimized structure for 
congested cations. Relative dihedral angles to the optimized 
structure at the RHF/6-31G* level are taken for the abscissa 
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Table 6. Calculated dihedral angles q5cnlca for secondary benzylic cations, r values and r/r,,,cos2 q5calc 
values calculated at the RHF/6-31G* level 


Cation RHF/STO-3G RHF/3-21G RHF/6-31G* rso1" rm,cos2 


1 0 0 0 1.14' 1.15 
2 0 1.15' 1.15 
3 0 0 0 1.09" 1.15 
4 0 0 0 1.01' 1.15 
5 16 25 22 1.02' 0.99 


'See Figure 2. 
"The r value given in the solvolysis of each system. 
'Ref. 3g. 
dRef. 3d. 
'Ref. 3e. 
'Ref. 3f. 


pared with those for tertiary systems. This may be 
attributed intrinsically to the large resonance demand of 
secondary systems. The r/rmax and cos2 $,,,, values 
agree fairly well with each other. 


These results fo r  secondary and tertiary cations 
indicate that the r value is a good parameter associated 
with the degree of resonance interaction. 


ACKNOWLEDGEMENTS 


This work was  supported by a Grand-in-Aid for 
Developmental Scientific Research f rom the Ministry of 
Education, Science and Culture, Japan. 


REFERENCES 


K. Nakata, M. Fujio, Y. Saeki, M. Mishima, Y. Tsuno and 
K. Nishimoto, J. Phys. Org. Chem. 9,561-572 (1996). 
Y. Yukawa and Y. Tsuno, Bull. Chem. SOC. Jpn. 32, 
971-981 (1959); Y. Yukawa, Y. Tsuno and M. Sawada, 
Bull. Chem. SOC. Jpn. 39,2274-2286 (1966). 
(a) A. Murata, M. Goto, R. Fujiyama, M. Mishima, M. 
Fujio and Y. Tsuno, Bull. Chem. SOC. Jpn. 63, 
1129-1137 (1990); (b) A. Murata, S. Sakaguchi, R. 
Fujiyama, M. Fujio and Y. Tsuno, Bull. Chem. SOC. Jpn. 
63, 1138-1145 (1990); (c) M. Fujio, M. Goto, T. 
Susuki, I. Akasaka, M. Mishima and Y. Tsuno, Bull. 
Chem. SOC. Jpn. 63, 1146-1153 (1990); M. Fujio, M. 
Goto, T. Susuki, M. Mishima and Y. Tsuno, J. Phys. 
Org. Chem. 3, 449-455 (1990); (d) Y. Tsuno, Y. 
Kusuyama, M. Sawada, T. Fujii and Y. Yukawa, Bull. 
Chem. SOC. Jpn. 48, 3337-3346 (1975); M. Fujio, T. 
Adachi, Y. Shibuya, A. Murata and Y. Tsuno, 
Tetrahedron Lett. 25, 4557-4560 (1984); (e) Y. Tsuji, 
M. Fujio and Y. Tsuno, Bull. Chem. SOC. Jpn. 63, 
856-866 (1990); ( f )  M. Fujio, Y. Tsuji, T. Otsu and Y. 
Tsuno, Tetrahedron Lett. 32, 1805-1808 (1991); (g) M. 
Fujio, K. Nakata, Y. Tsuji, T. Otsu and Y. Tsuno, 
Tetrahedron Lett. 33, 321-324 (1992); (h) M. Fujio, K. 
Nakata, T. Kuwamura, H. Nakamura, Y. Saeki, M. 
Mishima, S. Kobayashi and Y. Tsuno, Tetrahedron Lett. 


1.  


2. 


3. 


4. 


5 .  


6. 


7. 


8. 


9. 


34, 8309-8312 (1993); (i) M. Fujio, H. Nomura, K. 
Nakata, Y. Saeki, M. Mishima, S. Kobayashi, T. Mat- 
sushita, K. Nishimoto and Y. Tsuno, Tetrahedron Lett. 
35, 5005-5008 (1994); (j)  M. Fujio, M. Ohe, K. Nakata 
and Y. Tsuno, to be published; (k) M. Fujio, T. 
Miyamoto, Y. Tsuji and Y. Tsuno, Tetrahedron Lett. 32, 
2929-2932 (1991); ( I )  M. Fujio, K. Nakashima, E. 
Tokunaga, Y. Tsuji and Y. Tsuno, Tetrahedron Lett. 33, 


(a) M. Mishima, H. Inoue, M. Fujio and Y. Tsuno, 
Tetrahedron Lett. 30, 2101-2104 (1989); (b) M. Mish- 
ima, H. Inoue, M. Fujio and Y. Tsuno, Tetrahedron Lett. 
31, 685-688 (1990); (c) M. Mishima, K. Arima, S. Usui, 
M. Fujio and Y. Tsuno, Mem. Fac. Sci., Kyushu Univ., 
Ser. C 15, 277-286 (1986); M. Mishima, K. Arima, S. 
Usui, M. Fujio and Y. Tsuno, Chem. Lett. 1047-1050 
(1987); (d) M. Mishima, S. Usui, M. Fujio and Y. Tsuno, 
Nippon Kagaku Kaishi 1269-1274 (1989); (e) M. 
Mishima, H. Nakamura, K. Nakata, M. Fujio and Y. 
Tsuno, Chem. Lett. 1607-1610 (1994); ( f )  M. Mishima, 
S. Usui, H. Inoue, M. Fujio and Y. Tsuno, Nippon 
Kagaku Kaishi 1262-1268 (1989); (9) M. Mishima, K. 
Nakata, H. Nomura, M. Fujio and Y. Tsuno, Chem. Lett. 
2435-2438 (1992); K. Nakata, H. Nomura, M. Mishima, 
Y. Saeki, K. Nishimoto, T. Matsushita, M. Fujio and Y. 
Tsuno, Mem. Fac. Sci., Kyushu Univ., Ser. C 18, 


W. J. Hehre, L. Radom, P. v. R. Schleyer and J. A. Pople, 
Ab Initio Molecular Orbital Theory. Wiley, New York 
(1986). 
M. J. Frisch, G. W. Trucks, M. Head-Gordon, P. M. W. 
Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H. B. 
Schlegel, M. A. Robb, E. S. Replogle, R. Gemperts, J. L. 
Andres, K. Raghavachari, J. S. Binkley, C. Gonzalez, R. 
L. Martin, D. J. Fox, D. J. DeFrees, J. Baker, J. J. P. 
Stewart and J. A. Pople, Gaussian 92. Gaussian, Pitts- 
burgh, PA (1992). 
C. M ~ l l e r  and M. S. Plesset, Phys. Rev. 46, 618-622 
(1934). 
A. E. Dorigo, Y. Li and K. N. Houk, J. Am. Chem. SOC. 


H. Mayr, W. Fomer and P. v. R. Schleyer, J. Am. Chem. 


345-348 (1992). 


287-296 (1992). 


111,6942-6948 (1989). 


SOC. 101,6032-6040 (1979). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9,583-587 (1996) 


REARRANGEMENT IN THE HOMOGENEOUS ELIMINATION 


PHASE 
KINETICS OF 3-CHLORO-2,2-DIMETHYLPROPAN-l-OL IN THE GAS 


GABRIEL CHUCHANI AND ROSA M. DOMINGUEZ 
Centro de Quimica, Instituto Venezolano de Investigaciones Cientijkas (NIC), Apartado 21827, Caracas 1020-A, Venexela 


3-Chloro-2,2-dimethyIpropan-l-ol was pyrolysed in a static system at  410.0-459-1 "C and 62-179 Torr. The 
reaction, in a seasoned vessel and in the presence of the free radical suppressor propene, is homogeneous, 
unimolecular, and follows a first-order rate law. The rate coefficient follows the Arrhenius equation: log k ,  
(s-') = (13-14*0*15) - (218-8i2.1) W mol-' (2.303RT)-'. The products are isobutene, formaldehyde and HCI 
gas. The exclusive intramolecular migration of the CH,OH group to the positively charged carbon atom, from 
the C-CI bond polarisation, appears to proceed by way of an intimate ion-pair type of mechanism. The 
intermediate 3-methylbut-3-en-1-01, under the reaction conditions, undergoes a six-centered decomposition 
characteristic of 1-hydroxyalkenes to produce isobutene, formaldehyde and HCI. The pyrolysis of the 
deuterated substrate, 3-chlor0-2,2-dimethyIpropan-l-[~H]01, serves to support the mechanistic consideration 
assumed above. 


INTRODUCTION 
Just two aliphatic hydroxyalkyl chlorides have been 
examined in gas-phase pyrolytic eliminations. 2-Chlor- 
oethanol, at 430-496 "C, was believed to proceed via a 
1,2-hydrogen shift for the formation of acetaldehyde 
and HCI gas.' However, when the chlorine atom is 
interposed by four CH2 groups with respect to the OH, 
i.e. 4-chlorobutan-l-ol, pyrolysis2 yielded tetrahy- 
drofuran, propene, formaldehyde and HCI. These 
results imply that the hydroxy oxygen provides anchim- 
eric assistance by way of an intimate ion-pair type of 
mechanism. 


With this background, the present work was thought 
of interest for examining the gas phase elimination 
kinetics of 3-chloro-2,2-dimelylpropan-l-ol. This 
substrate cannot dehydrochlorinate through a four- 
membered cyclic transition state as in most alkyl 
halides, because of the lack of an adjacent 6-hydrogen 
(1). An intramolecular migration or rearrangement may 
be expected (2), or the elimination of HCI could take 
place through a six-centred state mechanism (3). 
Anchimeric assistance of the hydroxyl oxygen through a 
four-membered structure (4) is not favourable in 
neighbouring group parti~ipation.~ Consequently, 
consideration of this intermediate may be neglected. 


1 2 


RESULTS 
The elimination kinetics of 3-chloro-2,2- 
dimethylpropan-1-01, in a static system seasoned with 
ally1 bromide and in the presence of the free radical 
suppressor propene, was examined in the temperature 
range 410.0-459.6 "C and pressure range 62.0- 
179.0 Torr (1 Torr = 133.3 Pa). The stoichiometry of 
reaction (1) demands P, = 3P0, where Pf and Po are the 
final and initial pressure, respectively. The actual 
average experimental value of Pf/Po, was found at four 
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Table 1. Stoichiometry of the reaction Table 3. Homogeneity of the reaction at 431 .O "C 


Temperature ("C) Po (Torr) P, (Torr) P,/Po 


419.7 
441.0 
448.5 
459.6 


82.5 235.5 2.86 
85.0 237.0 2.79 
80.0 222.5 2.78 
93.5 264.0 2.82 


Table 2. Pressure change versus isobutene and HCI analyses at 
448.5 "C 


Time (min) 2 4 6 8 


Isobutene (YO) (GC analysis) 22-7 41.5 51.1 61.7 
Reaction (%) (pressure) 21.7 38.0 49.3 61.2 


HCI (%) (titration) 24.7 42.3 54.7 65.5 


different temperatures and ten half-lives to be 2.81 
(Table 1). 


?&OH 


CHs 


CHJCC&U CH$=Cb + 0 + H a  (1) 
kfb 


I 


The small departure of the required stoichiometry was 
found to be due to slight polymerization of product 
formaldehyde. However, further verification of the 
stoichiometry of equation ( l ) ,  up to 50-60% reaction, 
was made by comparing the substrate decomposition 
from pressure measurements with those obtained by the 
quantitative gas chromatographic (GC) analysis of 
isobutene and by the titration of HCI gas product with 
0.05 M sodium hydroxide solution (Table 2). 


The substrate 3-chloro-2,2-dimethylpropan-l-ol 
yielded, within the range of the rate determinations, 
isobutene (98.9%), formaldehyde and HCI gas. However, 
very small amounts of CH, (0-2%), CH,CH, (0.7%) and 
CH,CI (0.3%) were also detected. The homogeneity of 
this pyrolytic elimination was examined in a vessel with a 
surface-to-volume ratio 6.0 times greater than that of a 
normal vessel. The packed and unpacked, clean and 
seasoned Pyrex vessels showed, within experimental 
error, no effect on the rate coefficients (Table 3). 


The lack of a free radical process in this elimination 
reaction was demonstrated by carrying out several runs 
in the absence or presence of the inhibitor propene 
(Table 4). No induction period was observed. 


1 
6.0 


7.78 
7.55 


7.95 
8.21 


a k Values were estimated by quantitative GC analysis of isobutene. 
bClean Pyrex vessel. 
'Seasoned with ally1 bromide. 


Table 4. Effect of the inhibitor propene on rates at 431.0"C 


P, ( T ~ r r ) ~  Pi   TO IT)^ PJP, lo4 x k ,  (s-1) 


- 8.03 41 .O - 
101.0 61.0 0.6 7.86 
63.0 97.5 1.6 7.88 
85.0 188.0 2.2 8.03 
62.0 245.0 4.0 7.99 


P, = pressure of substrate. 
Pi = pressure of inhibitor. 


Table 5. Invariability of rate coefficients with initial pressure 
at 431 .O "C 


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


Po (TOIT) 62.0 67.5 85.0 101.0 179.0 
104k, (s-') 7.99 8.11 8.03 7.86 8.09 


The rate coefficients were found to be independent of 
the initial pressure of the substate. A plot of 
log(3P0-Pf) against time t ,  from the equation 
k ,  = (2.303/t)log[2P0/(3P0 - P f ) ] ,  gave a good straight 
line up to 50-60% reaction (Table 5). The k values 
were reproducible with a relative standard deviation not 
greater than 5% at a given temperature. The variation of 
the first-order rate coefficient with temperature is given 
in Table 6. The data were fitted to the Arrhenius equa- 
tion shown where 90% confidence coefficients from a 
least-squares procedure are quoted. 


DISCUSSION 
Prior to establishing a plausible mechanism for the 
chlorodimethylpropanol pyrolysis, with the considera- 
tion that Cd' .-. Cld- bond polarization is rate 
determining, three possible pathways may be assumed 


Table 6. Temperature dependence of rate coefficients 


Temperature ("C) 410.0 419.7 431.0 441.0 450.3 454.3 459.6 


Rate equation 
104k, (s-1) 2.60 4.40 7-95 13.56 21-88 26.88 35.20 


log k ,  @ - I ) =  (13.14k0.15)- (218.8*2.1) kJ mol-' (2.303RT)-' 
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[equation (2)]: path 1, an intramolecular displacement 
of the chlorine atom by the hydrogen of the OH group 
through a six-membered cyclic transition state; path 2, 
the migration of the CH, by a 1,2-shift to the positive 
carbon intermediate; and path 3, migration of the 
CH20H to the positive carbon intermediate. An addi- 
tional consideration is that a competitive migration of 
the CH, and CH,OH may also occur. 


The actual experimental results described in equa- 
tion (1) ruled out path 2 of equation (2). This is 
because the products 2-ethyl-2-propen-1-01 and 2- 
methyl-2-buten-1-01 were not obtained. The yields of 
isobutene, formaldehyde and HCl gas as final products 
suggest either the six-membered cyclic transition state 
of path 1, or the intimate ion-pair intermediate of 
path 3. 


In order to establish which of the two paths 1 and 3 
takes place, the hydrogen of the OH group was deuter- 
ated. The NMR spectra of the pyrolysis product 
exhibited a signal at 6 1.7 (3H,s,CH3), 2.1 
(2H, s, CH2D) and 4.7 (2H, s, =CH2). The mass spectra 
showed very abundant ions at m / e  57.1 (M' + 1) and 
58-1 (M'+2). These data suggest the presence of a 
deuterated isobutene product at one of the CH, groups. 
Therefore, path 1 of equation (2) may not be one of the 
assumed mechanisms shown in equation (4). 


In addition to the above-mentioned results, DCI gas 
was not obtained when trapped in dimethylamine. This 
solid showed neither evidence of N-D stretching in the 
infrared spectra nor a detectable fragment of m/e  38 
(DCI) in the mass spectrometer. 3,3-Dimethyloxetane has 
been reported to pyrolyse over the temperature range 


IHC1 C& - C- C&C&OH 


I 


C & = k & C H 3  + CH3C=CHCH3 


CbOD 
I 


I 
CH3CCHlCl C&DC=C& + C&O + HCl 


AH3 CH3 


(3) 
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Table 7. Rearrangements of substituent Z in (CH,), (Z)CCH2Ct at 450.0 "C 


Z lo4&, (s-118 lo4&, ( s - 1 1 ~  rate E. (W mol-I) LogIA (s-l)l 0: Ref. 
Rel. 


0.12 0.126 1 258.7 * 8.4 13*78*0*60 -0.04 7 
10.23 9.72' 81 227.8 k6.9 13.47k0.49 0.10 8 


CH, 
C,H, 
CH,OH 21.38 21.14' 176 218*8*2*1 13.13 k0.15 0.23 This 


work 


k ,  = overall rate. 
k, = rate of rearrangement. 


'Ref. 9. 
98% CH, migration. 


'95% C,H, migration. 
'98.8% CH,OH migration. 


400-450 0C,4 and the rate coefficient for elimination into 
isobutene and formaldehyde was expressed as 
k ,  = (3.8 *0.1)105 exp(-60,700/RT) s-'. Consequently, 
our working temperatures make it difficult to detect the 
oxetane intermediate. The actual result is the formation of 
a deuterated isobutene described in equation (3). An early 
publication on the pyrolysis of a deuterated B- 
hydroxyolefin, PhCH=CHCH,C(OD) (CH2CH3),,' gave 
via a six-membered cyclic transition state the correspond- 
ing deuterated alkene [3-2H]-3-phenylprop-l-ene and 
pentan-3-one. This work appears to support the assumed 
mechanism described in path 3 of equation (2). 


In relation to path 3, where there is no /?-hydrogen 
adjacent to the C-Cl bond, the mechanism for chlor- 
odimethylpropanol may be rationalized in terms of an 
intimate ion-pair intermediate with the exclusive migra- 
tion of the CH,OD group to the positively charged atom 
as described in equation (5). 


Apparently, 3-methylbut- l-en-l-[2H]ol as the 
intermediate, under the reaction conditions, undergoes a 
six-membered cyclic transition state similar to that 
described for PhCH=CHCH2C (OD) (CH,CH3),5 to give 
deuterated isobutene and formaldehyde. The present 
consideration may be related to the elegant work of 
August et aL6 on the mechanism of thermal eliminations 
of /3-hydroxyalkenes, where 3-methylbut-3-en-1 -01 was 
found to give, at 343-5-4O3.l0C, isobutene and 


formaldehyde. In our work, the elimination reaction is 
carried out at much higher temperatures, 
410.0-459.6 "C, which means that the intermediate 3- 
methylb~t-3-en-l-[~H]ol must have decomposed rapidly 
to CH20 and CH2DC(CH3)=CH2. 


These results lead to an interesting comparison of the 
migration aptitude of substituents in the gas-phase 
Wagner-Meexwein rearrangement of some alkyl halides 
without a /%hydrogen adjacent to the C-CI bond. Table 
7 suggests that the greater the electonegative nature or 
electron-withdrawing effect of the substituent Z in 
(CH3),(Z)CCH2CI, the faster is the 1 ,Zintramolecular 
migration. That is, the electron-withdrawing power of 2, 
as reflected through the inductive substituent constant 
a,-values (Table 7), assists migration to the positive 
carbon intermediate 5. 


CHj 


5 


In conclusion this work has provided an additional 
result of a Wagner-Meerwein rearrangement in gas- 
phase pyrolysis of an akyl halide and supports the 
intimate ion-pair type of mechanism. 
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EXPERIMENTAL 
3-Chloro-2,2-dimethylpropan-l-ol of 99.3% purity (GLC 
column, 10% Dow Coming 200/100 Chromosorb W AW 
DMCS, 80-100 mesh) was acquired from Aldrich. The 
primary pyrolysis product isobutene (Matheson) was 
determined quantitatively in a column of Carbopack-C 
(80-100 mesh) with 0.19% picric acid. HCI gas was 
determined by titration with 0.05 M NaOH solution. 


The identities of the substate and products were 
confirmed by mass and NMR spectrometry. 


3-Chloro-2 ,2-dimethylpropan- 1 - [ *HI01 was obtained 
by stirring the hydroxy compound with 99.9% D,O 
(Aldrich). In the F T R  spectrum, the 0-D stretching 
vibration was found to be at 2495.8 cm-' (4.0 pm). 


The substrate was pyrolysed in a static system and in the 
presence of at least a twofold excess of the free radical 
inhibitor propene. The reaction vessel was seasoned with 
the product of decomposition of ally1 bromide. The rate 
coefficients were determined by pressure increase. The 
temperature was controlled by a Shinko DIC-PS resistance 
thermometer temperature controller maintained within 
*0.2"C and measured with a calibrated 
platinum-platinum- 13% rhodium thermocouple. Differ- 


ent points along the reaction vessel showed no temperature 
gradient, and the substrate was injected directly into the 
vessel with a syringe through a silicone-rubber septum. 
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SHORT COMMUNICATION 


1,3-ELIMINATION IN 2-(TERT-ALKYL)ADAMANTAN-2-OLS AN EASY 
SYNTHESIS OF BRIDGEHEAD-SUBSTITUTED 2,4-DEHYDROADAMANTANES 


JOHN S. LOMAS 
lnstitut de Topologie et de Dynamique des SystPmes, Universite' de Paris 7 ,  associe' au CNRS (URA 34). I rue Guy de la Brosse, 


75005 Paris, France 


When 2-(tert-alkyl)adamantan-2-ols (where the substituent is bi- or tricyclic) are thermolysed or the 
corresponding bromide is refluxed in pyridine, an unusual 1,3-elimination occurs, leading to 2,4- 
dehydroadamantanes bearing the tert-alkyl substituent on the cyclopropane system. 


1. INTRODUCTION 


2,4-Dehydroadamantane (1-H)' and related 
compounds2 with strained cyclopropane rings have 
generally been prepared by the pyrolysis of the lithium 
or sodium salt of the appropriate p-tosylhydrazone. 2,4- 
Dehydroadamantane has, however, also been prepared 
by pyrolysis of the 2-adamantyl tosylate or mesylate3 
and by Huang-Minlon reduction of 8,9- 
dehydroadamantan-2-0ne.~ It can also be prepared from 
this ketone via the alcohol and the ~hlor ide .~  It is 
reported to be formed (8%) in the deamination of 2- 
adamantylamine by the aryltriazene procedure6 and in 
the catalytic hydrogenation of 2,4,6,9-tetradehy- 
droadamantane and is one of the primary 
photoproducts from the irradiation of 2-adamantyl 
bromide or iodide in diethyl ether or methanol contain- 
ing triethylamine.' It is a minor product (2%) in the 
solvolysis of a 4-substituted 2-adamantyl p- 
nitrobenzenesulphonate.' 


1 - R  2 3 - R  


Despite all this work on the parent compound, to date 
only one bridgehead-substituted 2,4-dehydroadaman- 
tane has been described, the 2-methyl derivative, 1-Me, 
obtained in five steps from 8,9-dehydroadamantan-2- 
one.' We now report that a very unusual 1,3-elimination 


leads to a remarkably simple synthesis of 2-(1- 
adamantyl)-2,4-dehydroadamantane (1-Ad), which can 
be extended to other bicyclic or tricyclic tert-alkyl 
substituents, such as l-bicycl0[2.2.2]octyl or 1- 
norbornyl. 


RESULTS AND DISCUSSION 


When 1,2'-biadamantyl was synthesized by reduction of 
2-( l-adamantyl)-2-bromoadamantane (2), the product 
was contaminated with a hydrocarbon of slightly shorter 
retention time. However, when the mixture was treated 
with bromine in carbon tetrachloride and the product 
was chromatographed on alumina in pentane, 1,2'- 
biadamantyl was obtained pure." I3C NMR on the crude 
material indicated that the impurity was neither of the 
adamantene dimers isolated by Lenoir and Firl" and 
McKervey and co-workers.'2 Refluxing the bromide in 
pyridine gives only the 'impurity' hydrocarbon, in 91% 
yield. Thermal dehydration of 2- (1- 
adamantyl)adamantan-2-01 (3-Ad) at 280 "C gives the 
same material, again in high yield. The 13C NMR 
spectrum indicates two quaternary, six tertiary (relative 
intensities 1, 1, 1, 3, 1, 1) and six secondary carbons 
(relative intensities 1, 1, 1, 3, 3, l) ,  corresponding to 
CZ0Hz8, the mass of 268 Da being confirmed by mass 
spectrometry. Coupling constants for the two upfield CH 
groups are high, 164 and 154 Hz, consistent with their 
being part of a cyclopropane system. Signals due to the 
1-adamantyl substituent are easily identified by their 
shifts and intensities (28.6, 3 CH; 37.3, 3 CH,; 39.0, 3 
CH,; 43.4, 1 CJ, leaving five CH, four CH, and one C,, 
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indicating that the compound is a bridgehead-substituted 
2,Cdehydroadamantane. The 'H NMR spectrum shows 
a massif stretching from 1.25 to 2.0 ppm and two broad 
1H multiplets at 2.20 and 2.32 ppm. A heteronuclear 
correlation experiment identifies these as corresponding 
to CH signals at 32.4 and 33.2 ppm, respectively, of the 
dehydroadamantane skeleton, shown as C-1 and C-5 
(not necessarily in this order) in the structure. The 13C 
NMR spectrum closely resembles that of the parent 2,4- 
dehydroadamantane (1-H)I3 with the characteristic 
downfield CH, signal associated with the 
bicyclo [3.1 .O ] hexyl  nit'^.'^ (C-9) at 50.3 ppm 
(52.5 ppm in the parent). (Dehydroadamantanes and 
related compounds are frequently named and numbered 
with reference to the assumed parent compound. 
Strictly, 2,6dehydroadamantane is 
tetracyclo [4.3.1 .02.4.03*8]decane. Fortuitously, the 
downfield methylene carbon is C-9 in both numbering 
systems, but C-1 and C-5 will be C-1 and C-8, respect- 
ively, according to the correct notation.) The I3C NMR 
assignments of the new derivative and of the parent 
compound are given for comparison. 


20.7 70 2 


322 


52.5 
JL.4 


Normally, there are two ways by which a carbocation 
gives molecular products, either by reaction with a 
nucleophile or by loss of a proton, although proton loss 
may be replaced by fragmentation leading to an alkene 
and a new, smaller carbocation. The proton or fragment 
to be eliminated should be on a carbon adjacent to the 
cationic centre and preferably in a position orthogonal to 
the plane of the carbocation. If the first condition is not 
initially satisfied, then a 1,2-sigmatropic 
(Wagner-Meerwein) rearrangement may displace the 
cationic centre so that it is. This is the situation for a 
tert-butyl attached to a charged carbon: there is initially 
no a-hydrogen but migration of one methyl group 
leaves the other two on the electron-deficient centre, 
which now has six ahydrogens. For this reason, tert- 
butyl roups often do not survive carbonium ion reac- 
tions.''*'6 Replacing a tert-butyl group by a 1- 
adamantyl, however, greatly reduces the rate of the 
corresponding rearrangement so that only under forcing 
conditions, such as those of the Koch reaction,17 will the 
adamantyl system undergo ring expansion. There may 
therefore arise situations where it is kinetically and/or 
thermodynamically preferable to seek a proton else- 
where and for 1,3-elimination, rather than simple 1,2- 
elimination, to occur. This is clearly the case of the 2- 


(l-adamantyl)adamant-2-y1 cation, for which 1,3- 
elimination is manifestly easier than the formation of a 
substituted adamantene, the anti-Bredt alkene. 1 ' ~ ' 2  


There are ample precedents for this reaction in 
physical chemistry. Water is eliminated from 2-adaman- 
tanol in mass spectrometry predominantly by a 
stereospecific 1,3-elimination from the intact skeleton 
(i.e. before a-cleavage) to give a radical cation 
[C,,H,,] + '  with the 2,4-dehydroadamantane structure." 
Other 2-substituted adamantanes also undergo 1,3- 
elimination in mass spectrometry. l9 According to 
another report, possible isomeric structures of 
[C,,H,,] + '  from different precursors interconvert to a 
mixture of common ions.m The anodic oxidation of 2- 
adamantyl fluoride, but not other halides, in acetonitrile 
also proceeds via the 2,4-dehydroadamantyl radical 
cation." 


Analogous experiments on other 2-(terr- 
alkyl)adamantan-2-ols, where the tertiary alkyl group is 1- 
bicyclo[2.2.2]octyl or 1-norbomyl, indicate that they 
behave like the 1-adamantyl derivative, although the 
reaction is less clean and slower for the small I-norbornyl 
substituent. Some aspects of the chemistry of 2-(3- 
noradamantyl)adamantan-2-01 (3-Norad) have recently 
been reinvestigated; while the major products of its 
thermolysis are the rearranged alcohol, 1- 
hydroxy [ 1 Idiadamantane, and its fragmentation products, 
2-(3-noradamantyl)-2,4-dehydroadamantane (1-Norad) 
can be detected in the early stages of the reaction.', 


EXPERIMENTAL 


Alcohol synthesis. All alcohols were prepared by the 
one-step Barbier reaction of the appropriate l-bro- 
moalkane with 2-adamantanone in the presence of 
lithium in diethyl ether at -2O"C, following the pre- 
viously described pr~cedure.~' Products were purified by 
chromatography on alumina with light 
petroleum-diethyl ether mixtures as eluent, followed by 
crystallization from hexane. 


2- (I -Adamantyl)adarnantan-2-ol (3-Ad). Yield 
52%; m.p. 217-218 "C (lit.,,, 214-215 "C; 6, (ppm) 
(Bruker AC 200, CDCI,), 26.9 (CH), 27.3 (CH), 29-2 


(3 CH,), 39.0 (3 CH,), 39.5 (CH,), 41.8 (C,) and 77.0 
(C-OH); IFt (Perkin-Elmer 781, CCI,, vOH), 
3622 cm-'. 


(3 CH), 33.7 (2 CH), 34.9 (2 CH,), 35.8 (2 CHZ), 37.3 


2- ( I  -Bicyclo[2.2.2]octyl)adatnantan-2-01 (3-Oc). 
Yield 44%; m.p. 174-175 "C; 6, (ppm) (CDCI,), 23.1 
(CH), 26.1 (2 CHZ), 27.0 (CH), 27.3 (CH), 27.4 (2 
CH,), 34.2 (2 CH), 34.3 (2 CH,), 35.6 (2 CH,), 39.8 
(CH,), 39.9 (C,) and 76.6 (in C,D,, C-OH); IR 
(CCI,, vOH, 3623 cm-'. Analysis: C,,H,,O requires 
C 83.02, H, 10.84; found, C 82.7, H 11.0%. 
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2- ( I  -Norbornyl)adarnantan-2-01 (3-Norb). Yield 
56%; m.p. 106- 107 "C; 6, (ppm) (CDCI,), 26-9 (CH), 


43.6 (CH,), 55.9 (C,) and 76-7 (C-OH); IR (CCI,, 
vOH) 3621-I. Analysis: C,,H,,O requires C 82.87, H 
10.64%; found, C 83-1, H 10.5%. 


27.2 (CH), 29-4 (2 CHZ), 31-2 (2 CH,), 34.57 (2 CH,), 
34.64 (2 CHZ), 35.3 (2 CH), 37.8 (CH), 38.9 (CHJ, 


Debydrobrornination: 2- (1 -Adarnantyl) -2 ,I-dehy- 
droadarnantane (1-Ad)2- (l-Adamantyl)adamantan-2-01 
(3-Ad)23 (0.1 g, 0.35 mmol) in benzene (2 cm3) at ca 
0°C was stirred with oxalyl bromide (0.1 cm3) for 1 h. 
The solvent and excess oxalyl bromide were removed 
under vacuum and the residue was refluxed with pyndine 
(5 cm3) for 2 h. Chromatography on alumina yielded 1- 
Ad (85 mg, 91%), m.p. 149-150°C (hexane); m / z  
(Finnigan MAT lTD 800B) 269, 268, 267, 136, 135 
(loo%), 133, 107, 93, 91 and 79; 6, (ppm) (CDCl,) 
(carbon type, JCH in Hz), 20.2 (CH, 154), 24.2 (CH, 
164), 26.3 (CH, 133), 28.6 (3 CH, 132), 29.4 (CH,, 127), 
32-4 (CH, 137), 33.0 (CH,, 129), 33.2 (CH, 137), 33-2 
(CJ, 34.2 (CHZ, 1241, 37.3 (3 CH,, 127), 39.0 (3 CHZ, 
127), 43.6 (C,) and 50.3 (CH,, 127); 6, (ppm) (CDCI,), 
1.25-2.0 (several br m, 26H), 2.20 (lH, m) and 2-32 
(lH, m); IR (KBr), 751, 1030, 1063, 1101, 1340, 1445, 
2842, 2900, 3002 and 3020cm-'. Analysis: CBHz8 
requires C 89-49, H 10.51; found, C 89.5, H 10.5%. 


Similar treatment of 2-(1-bicyclo[2.2.2]octyl)- 
adamantan-2-01 (3-Oc) and 2- (1-norbomy1)adamantan-2- 
01 (3-Norb) gave the corresponding substituted 2,4- 
dehydroadamantanes, 1-Oc and 1-Norb, in yields of 93 
and 48%, respectively. 1-Oc: m.p. 89°C (hexane); m / z  
243, 242 (loo%), 241, 213, 199, 185, 135, 131, 117, 
109, 105, 91, 81 and 79; 6, (ppm) (CDCI,), 21.0 (CH, 
JCH = 155 Hz), 24.7 (CH, 134), 25.1 (CH, 169), 26.1 (3 
CH,), 26.2 (CH, 130), 27.6 (3 CH,), 29-3 (CH,), 31.5 
(C ), 32.5 (CH, 135), 33.0 (CHZ), 34.0 (CHZ), 34.0 (CH, 
133), 42.0 (C,) and 50.2 (CH,); dH (ppm) (CDCI,), 
1.2-2.4 (several br m, 24H), 2.19 (m, lH), 2.28 (m, 
1H); IR (KBr), 758,806,1068,1260,1330, 1338, 1450, 
2845, 2920, 3005 and 3018 cm-I. Analysis: CI8Hz6 
requires C 89.19; H 1041; found C 88.8, H 10.9%. 1- 
Norb: oil, ca 96% pure containing inseparable impurity; 
m / z  229, 228 (loo%), 227, 199, 185, 171, 157, 145, 
143,131,129, 117, 105,95,93,91,81 and 79; 6, (ppm) 
(CDCl,), 24.3 (CH, J C H  = 155 Hz), 26.4 (CH, 132), 27.1 
(CH, 164), 29.3 (CHZ), 30.7 (CHJ, 30.7 (CH,), 32.6 
(CH,), 32.8 (CH, 134), 32-9 (CHZ), 33.0 (CHZ), 33.7 
(CH,), 35.4 (CH, 134), 36.3 (CH, 140), 38.5 (C,), 39.6 
(CH,), 50-4 (CHz) and 50.6 (C,); 6, (ppm) (CDCl,) 
1-2-1.9 (several br m, 22H), 2.09 (m, lH), 2.21 (m, 
1H); IR (KBr), 1026, 1067, 1099, 1323, 1341, 1454, 
2850,2862,2940,2999 and 3010 cm-I. 


Dehydration: therinolysis of 2- (-Adarnantyl) - 
adamantan-2-01 (3-Ad). 2-( 1-Adamanty1)adamantan- 
2-01 (0-286 g, 1 mmol) was sealed under vacuum in a 


thick-walled tube and heated at 280°C for 3 h. After 
cooling, the tube was carefully opened and the products 
were separated by chromatography on alumina to give 
residual alcohol (15 mg, 5%) and 2-(1-adamantyl)-2,4- 
dehydroadamantane (1-Ad) (0.243 g, 91 %). 


In the same way, 2-(1-bicyclo[2.2.2]octyl)-2,4- 
dehydroadamantane (1-Oc) and 2-( l-norbomyl)-2,4- 
dehydroadamantane (1-Norb) were obtained from the 
corresponding alcohols in yields of 94% (277"C, 5 h) 
and 46% (285 "C, 5 h), respectively. 
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ZWITTERIONIC PYRIDINECARBOXYLIC ACIDS 
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A study of the acid-base behaviour of the three isomeric pyridinecarboxylic acids (picolinic, nicotinic and 
isonicotinic acid) was carried out using spectrophotometric and potentiometric measurements. The cationic 
form of picolinic acid converts partially into the corresponding zwitterion (pK,) within a borderline acidity 
range where neither the pH scale nor the acidity functions work satisfactorily. Protonation of the carboxyl 
groups (pK,3) occurred at the highest acidity levels employed. The medium effects observed on the spectral 
curves were corrected by factor analysis. The potentiometric measurements gave values for pK, and pK, only, 
which were in good agreement with those determined spectrophotometrically. 


INTRODUCTION 
The three positional isomeric pyridinecarboxylic acids 
(NRCOOH), the ortho form picolinic acid (PA), the 
meta form nicotinic acid (NA) and the para form 
isonicotinic acid (INA), manifest dibasic acid properties 
owing to the ability of the nitrogen atom to undergo 
protonation. The capto-dative effect of these acids has 
provoked a great deal of interest in connection with the 
existence of barriers to internal rotation.' PA is an 
electrolyte of biological importance, and some of its 
derivatives exhibit remarkable physiological activity;* 
further, PA is an efficient catalyst in the oxidation of 
organic substrates by Cr(VI), one of the most potent 
inorganic carcinogens, by accelerating the Cr (VI) to 
Cr(1V) step and stabilizing the Cr(IV) state relative to 
Cr(VI).3*4 As proton transfer steps are involved in this 
and many other electron transfer  reaction^,'.^ a knowl- 
edge of the acid-base behaviour of the three isomers is 
important. However, the data on the acid-base equili- 
bria so far reported are not entirely satisfactory. Jellinek 
and Urwin' gave only two pK values, the lowest being 
attributed to the deprotonation of the carboxyl group and 
the highest to the ionization of the protonated ring 
nitrogen.8 


It has been suggested that the major part of these 
species are present in solution as neutral ions 
('HNRCOO-), and the minor parts as uncharged 
species (NRCOOH), but Liang et ~ l . , ~  based on NMR 
measurements, did not account for the zwitterionic form 
of these acids. The difference between zwitterionic and 


* Authors to whom correspondence should be addressed. 


amphoteric species is often unclear; thus, m- 
aminophenol, an amphoteric species, exhibits two well 
separated acid-base equilibria, l o  whereas m-aminoben- 
zoic acid, a zwitterion, undergoes two overlapping 
equilibria." 


In this work, the ionization constants pK,, pK, and pK, 
for the three isomers were determined by potentiometric 
and spectrophotometric measurements and evidence for 
the existence of zwitterions ('HNRCOO-) is reported. 


EXPERIMENTAL 
Reactants of the highest purity commercially available, 
all from Aldrich, were used without further purification: 
PA (99%), INA (98%), NA (99%), methyl 
isonicotinate (98%) and methyl nicotinate (99%). The 
solutions were freshly prepared with doubly distilled, 
deionized water and stored in the dark; nitrogen was 
bubbled through before they were used. Volumetric 
manipulations were made with sulphuric acid solutions 
standardized by titration. Stock substrate acidic solu- 
tions of the three isomers were prepared with a sufficient 
substrate concentration so that they gave suitable acidity 
and convenient absorbance. 


The spectral curves were recorded 04 a Milton Roy 
3000 spectrophotometer with a diode-may detection 
system, equipped with a temperature cell-holder adapter 
electrically regulated and controlled by a computer. 
Absorbance measurements were performed at least in 
duplicate at three wavelengths, at the absorption maxi- 
mum and at both sides. The extent of ionization of each 
isomer was determined spectrophotometrically by 
measuring the ratios of protonated to unprotonated base, 
CSH+/CS, from the absorptivities of the acidic and basic 
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forms as ionization ratios I = (E - eS)/(.cSH+ - E), where 
E ~ ~ + ~  E~ and E are the absorptivities of the protonated 
form, the non-protonated form and the form at 
intermediate acidities, respectively. These absorptivities 
were replaced by the corresponding absorbances ASH+, 
A, and A provided provided that the Beer-Lambert law 
is obeyed. 


In the potentiometric experiments, the titrant was 
added with a microburette (*0.001 ml), pH readings 
were taken with a Radiometer M62 pH meter (*O-01 
units) and the titration curves were plotted with a 
Radiometer ABU 12 autoburette. The temperature was 
maintained constant at 25 kO.01 "C with an LTD 6 
Grant circulator. 


RESULTS AND DISCUSSION 


The changes in the spectral curves of the three isomers 
with solution pH shows that the cationic form 
('HNRCOOH) is essentially the only species present in 
acidic medium and the anionic form (NRCOO-) the 
only species in basic medium, whereas the two forms 
co-exist at intermediate acidities. 


Spectrophotometric study 
The pK, and pK,values for the three isomers: 


k 
were calculated within the pH scale with the equation'* 


log I = -n pH + n pKsH. (1) 


with the exceptions of (a) the pK, of INA and (b) the 
pK, of PA (see below). Plots of absorbance vs pH gave 
sigmoid curves that allowed the I and pK values to be 
calculated. 


(a) Figure 1 shows the spectrophotometric-titration 
curve of A vs pH corresponding to the pK, of INA; only 
an incomplete curve was obtained, which lacked the 
optical absorbances at the highest acidity values and, in 
particular, the important ASH+ value. To determine a 
reliable ASH+ value with the data points of Figure 1 ,  we 
used the Sommer method:I3 when the additivity of 
absorbances of the substrate S and the conjugate acid 
SH' ( A = . c S H + C S H +  +E,C,) and a mass balance 
(C, = C, + CSH+) are introduced into the definition 
equation of K,, the following equation is obtained: 


(2) Y,  = -+-xi 


where Y, = 104C0/A, XI = (A - C,E~)/[H+]A and C, 
(1. 63 x M) represents the total INA concentration. 


1 K, 
'SH' 'SH* 


0.4 
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t 
i 
.fi 0.3 
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Figure i Spectrophotometric titration curve of absorbance vs 
pH corresponding to pK, of INA. 1 = 240 nm 


The slope and intercept of the straight-line plot of Y, vs 
XI give K, and cSG+, respectively. 


(b) The protonation of PA (pK,) occurs within a 
borderline acidity range (around pH 1 and below) 
where neither the pH scale nor the acidity functions 
work sati~factorily.'~ Therefore, to determine the pK, of 
PA, we used the Hammett equation: 


log[= -mH,+pK, (3) 


with the Hammett acidity function H, taken in accor- 
dance with the investigated acidity range." Given that 
this equation has been shown several times to be incor- 
rect (if m+ l), we checked the reliability of this pK, 
value by a potentiometric technique, as described 
below. 


The third acid-base equilibrium, the protonation on 
the carboxyl group (pK,) for the three isomers: 


0 
II 


OH 
1 ;  + 


I 
H 


1 
H 


occurs at high acidity levels, outside the pH scale; for 
this reason, the use of an appropriate acidity function 
was necessary. We used the excess acidity method 
according to the equation 


log I - log CH+ = m*X (or - ni,M,) + pK,H+ (4) 
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where the acidity functions X and M, represent the 
difference between the observed acidity and that of the 
system if it would behave ideally.'6*17 The slope, or 
solvation coefficient), m* (or nij) ,  characteristic of 
each base, is a measure of the influence of solvation 
by hydrogen bonding on the stability of the protonated 
base." Thus the strength of a given base can be 
determined by its pK and m* values in a reference 
solvent; water was chosen as the reference solvent, 
which implies m* = 0 for the H30 + -H,O acid-base 
pair. The relatively high values of m* = 1.39 for PA, 
1-58 for NA and 1.43 for INA reflect the weak 
solvation of the three isomers, this solvation being 
least in the metu isomer owing to a greater 
delocalization (compared with the ortho and para 
forms) of the positive charge of the protonated car- 
boxyl group. 


As the spectral curves corresponding to pK, and pK, 
of PA showed medium effects, in order to calculate 
reliable values of the ionization ratios, I ,  we used factor 
analysis; I 3 * l 9  this method decomposes the experimental 
absorbances into the minimum number of independent 
components capable of reproducing the absorbance 
curves. The-absorbance is expressed as an average 
absorbance A corrected by the characteristic vectors v,, 
212, ... : 


A = A  + C , V ,  + C,U, + ... (5) 
It has been demonstrated that only two vectors are 


sufficient, the first vector accounting for the changes in 
hydrogen ion concentration and the second for the 
medium effects upon a protonation equilibrium." From 
the absorbance values measured at several wavelengths, 
the characteristic vectors v, and u, and the weighing 
factors c, and cp were determined at each acid concen- 
tration. The ionization ratios, calculated as 
I =  [c ,  - C,(~)]/[C,(~~+) - c,], were replaced in equation 
(3) to determine the pK, of PA and in equation (4) to 
determine the pK, of PA. 


Table 1 lists the pK,, pK, and pK, constants calcu- 
lated within the acidity ranges indicated. Neta and 
Patterson" reported pK, = -0-17 for the 4-carbox- 
ypyridinyl radical cation in propan-2-01, whereas we 
report here pK3 = - 1.58 for the deprotonation of the 
cation, which reflects the higher electron density of the 
latter. 


Potentiometric study 
The titration curve of the three isomers displayed only 
two inflections, corresponding to pK, and pK,. The 
titration curve of INA with 0-020 M NaOH displayed the 
complete S-shaped curve of pK, and only the upper part 
of the curve corresponding to pK, (Figure 2); the latter 
was completed with a second titration starting from the 
same initial conditions, this time using 0.020 M hydro- 
chloric acid. The pK, and pK, values of the three 
isomers were calculated by a non-linear least-squares 
analysis of the curves, and corroborated with the Speak- 
man method of linear extrapolation;" introducing a 
mass and a charge balance into the definition equations 
of the apparent equilibrium constants, KIM and K,M, 
gives 


KY 
+ 1 [H'I'R [HI=-.-- 


KY 1-R 


with R = ([RCOO-] + [ 'NRCOO-])/C; C = C,V/ 
(V ,  + V )  is the sum of concentrations involved in the 
equilibria, where V and C,  are the initial volume and the 
initial concentration of the isomer titrated and V ,  the 
titrant volume. 


The activity coefficients a , =  10-AZiF~ of the ionic 
species were calculated from F,, a function of the ionic 
strength J : lo 


.I/? 


(7)  
J 


F, = 
1 + 1.5J"' 


Table 1. pK,, pK, and pK, values for the three isomers calculated by spectrophotometric and 
potentiometric measurements within the acidity ranges given in parentheses 


Spectrophotometric Potentiometric 


Acid PKI PK," PK, P Kz 


Picolinic 0.90 f 0.02" 5-02 i 0.12 -044 i 0.06 1.03 4.99 


Nicotinic 1.98 It 0.04 5.00 i 0.3 1 -2.40 i 0.35 1.96 4.98 


Isonicotinic 1.59 i 0.06 4.94 i 0.19 - 1.58 i 0.30 1.57 4.92 


(0.05-0.20 M) (PH 3 69-7.42) (0.48-2.29 M) 


(PH 0'97-3.60) (PH 4.04-6.33) (0.83-2.29 M) 


(PH 0'92-3.26) (Ph 3.60-7.00) (1.33-4.16 M) 


a Averaged values obtained using the H,) acidity functions," equation (3), Ifi = 1.29. 
hAverage values obtained using the X and M, acidity functions,''~" equation (4). 
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I A 
I 0 'I/ 4 


Figure 2. Titration curve of pH vs titrant volume (V ,  ml) 
corresponding to pK, and pK2 of INA. [NaOH] =0.020 M; 


[HCl] = 0.020 M 


and the ionic and zwitterionic concentrations as 


(8) 
C[H'I2 


[H'I2 + K?[H+] +K?K? 
[ 'HNRCOOH] = 


(9) 
C K ~ K ;  [NRCOO-] = 


[H+I2 + K?[H'] + K?K? 


(10) 
C[ H'] K 


[H+I2 + K?[H+] + K?K? 
['HNRCOO-] = 


Substitution of these concentrations into equation (6) 
gives 


(1 1) 
1 [H'I2F 


K2 [H']f, = - . ~ - 
Ki 1 - F  


K1, and K2 being the corresponding thermodynamic 
constants. As an example, Table 2 lists the change in 
concentration of the 'HNRCOOH, 'HNRCOO- and 
NRCOO- species with solution pH, starting from 1 M 
PA. The chief species present in solution initially 
(V,=O) was the zwitterion; as the solution pH 
increased, the zwittenonic form decreased and the 
anionic form increased. The contribution of the non- 
zwitterionic neutral form was considered to be neglig- 
ible given the high constant reported for the equilibrium 
NRCOOH- 'HNRCOO-. Similar variations arose 
with the NA and INA isomers. Equation (1 1) can be 
solved by successive approximations: with initial 
approximate values for KIM and KZM, we obtain K, and 
K2 for each J and F, data pair; if the ionic strength J 
calculated does not agree (within the desired margin of 
error) with the experimental value introduced in 
equation (7), then the process is iterated until conver- 
gence is achieved. The pK, and pK, values calculated 
were in good agreement with those determined 
spectrophotometricall y . 


Spectral evidence for the existence of the zwittenon 
forms can be achieved by comparing the pK values of 
the three isomeric acids investigated with those of the 
respective methyl esters. The pK values of INA methyl 
ester (3.38 i0-10) and NA methyl ester (3.31 +0.06) 
are intermediate between pK, and pK,; Figure 3 shows 
the close similarity of the spectral curves of protonated 
NA and protonated NA methyl ester (left), both 
recorded at the acidic edge of the respective acidity 


Table 2. Variation of the PA ionic and zwitterionic concentrations, with C defined according 
to equation (6), and [NaOH] = 0,020 M and Co = 1.OOO M 


PH v, (cm') 'HNRCOOH 'HNRCOO- NRCOO C 


2.81 0.00 0.015 0.978 0.006 0.999 
3.59 1 .00 0.002 0.916 0.014 0.932 
3.98 2.10 - 0.828 0.075 0.903 
4.21 3.10 - 0.749 0.116 0.865 
4.39 4.10 - 0,672 0.157 0.829 
4.50 5-00 - 0.614 0.185 0.800 
4.62 6-10 - 0.548 0.218 0.766 
4.72 7.10 - 0.49 1 0.246 0.737 
4.78 9.10 - 0.436 0.25 1 0.687 
4.87 10.10 - 0.389 0.275 0.664 
4.99 11.30 - 0.330 0.308 0.638 
5.06 12.22 - 0.296 0.325 0.62 1 
5.17 13.30 - 0.249 0.352 0601 
5.38 15.00 - 0.174 0.398 0.572 
5.7 1 17.10 - 0.09 1 0,448 0.539 
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m zn m z n  zn m 211 H( 


1 I n m  


Figure 3. UV spectral curves for (a) 1.2 x lo-' M NA and (b) 
1.0 x M NA methyl ester recorded at the acidic (left, 
pH = 1.22) and basic (right, pH = 4.71) edges of the respective 


equilibria ranges. 


ranges, whereas the curves a t  the basic edge (right) 
differed considerably from each other. This feature 
shows that 'HNRCOOCH, is the spectrophotometric 
equivalent of 'HNRCOOH; as substitution of the 
carboxylic hydrogen by a methyl group has no influence 
on the acid-base behaviour of the pyridinecarboxylic 
acids, this observation points to a chemical species (the 
zwitterion) distinct from the anionic form and from the 
neutral form. 
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INTRAMOLECULAR REACTIVITY OF ARYLCARBENES: 
BIPHENYL-2-YLCARBENES 


MICHAEL DORM, KLAUS GOMANN, MICHAEL GUTH AND WOLFGANG KIRMSE* 
Fakultat fur Chemie, Ruhr-Universitat Bochum, 44780 Bochum, Germany 


Biphenyl-2-ylcarbenes, 2-ArC6H,CR, were generated photolytically and thermally from diazo precursors. 
Cyclization, leading to fluorenes, competes with capture of the carbenes by methanol but proceeds faster than 
intramolecular hydrogen shifts (with R = Me) and intermolecular C-H insertion reactions (with R = H in 
cyclohexane). By comparison of product ratios with kinetic data for related carbenes from the literature, the 
cyclization rate is estimated as cu 10" s- ' .  The intramolecular reactivity of biphenyl-2-ylcarbenes is not 
significantly attenuated by variation of R (R = H, Me, Ph). Very minor effects of triplet sensitization and 
methanol quenching indicate that fluorenes arise from spin-equilibrated biphenyl-2-ylcarbenes, presumably 
from the singlet state. When A r  = mesityl, the carbene predominantly inserts into C-H bonds of the 2'-methyl 
groups, giving rise to a dihydrophenanthrene. Formation of a fluorene derivative, by formal insertion into C-C 
bonds, occurs as a minor process. This unprecedented reaction points to intervention of an o-xylylene in which 
the methyl group migrates. Laser flash photolysis (LFP) of 2-PhC6H,CN,Ph generates a transient absorption 
which is due to the To -+ T, transition of 9-phenylfluorene rather than to the presumed o-xylylene. On LFP of 2- 
ArC,H,CN,Ph in trifluoroethanol-acetonitrile, protonation of the carbenes gives rise to carbocations, 2- 
ArC,H,CH 'Ph. The transient absorption spectra of these cations are strongly influenced by twisting about the 
Ar-Ar bond (Ar = P h i  o-tolyl< mesityl) whereas the rates of nucleophilic capture vary only slightly. Biphenyl- 
2-ylcarbenium ions (Ar = R = Ph) cyclize more slowly than the analogous carbenes, by a factor of 310,. 


INTRODUCTION 
Arylcarbenes are known to interact readily with func- 
tional groups incorporated in or attached to ortho side- 
chains (C-H bonds,' alkenes,' arenes3 and 
he te roa t~ms~~*~) .  Reactions leading to five-membered 
rings mostly proceed from the triplet state,'g-'s2 whereas 
singlet reactions compete or prevail in the formation of 
six-membered  ring^.^^.^^ These observations have been 
explained in terms of the enhanced steric constraints of 
concerted singlet reactions, as compared with stepwise 
triplet reactions. Owing to rapid singlet = triplet equili- 
bration, the multiplicity of reacting arylcarbenes is 
influenced by the specific transition state geometry 
rather than by the mode of generation. On the other 
hand, the course of most intramolecular reactions is 
unexceptional; thus insertion into C-H and 0-H 
bonds, cyclopropanation of alkenes and ylide formation 
with heteroatoms have been observed. 


In contrast, the intramolecular reactivity of biphenyl- 
2-ylcarbenes is unique and without parallel among 
intermolecular reactions of arylcarbenes. As a rule, 


*Author to whom correspondence should be addressed. 


arylcarbenes add to arenes with the formation of nor- 
caradienes and/or cycloheptatrienes.5 Prohibitive strain 
would develop in an analogous intramolecular reaction 
of biphenyl-2-ylcarbenes. In fact, photolysis of 2- 
diazomethylbiphenyl (1) in solution affords fluorene 
(3), along with small amounts of solvent-derived 
products (4).6,' Since the deuterium isotope effect of the 
formal C-H insertion is very small ( k , / k , =  1.12),6 
rate-controlling cyclization of biphenyl-2-ylcarbene (2) 
to give a diradical (5) or o-xylylene ( 6 )  is thought to be 
followed by migration of hydrogen (Scheme 1). Product 
ratios indicate that the cyclization of 2 is about as fast as 
the intermolecular 0-H insertion with methanol8 and 
19 times faster than the intermolecular C-H insertion 
with cyclohexane. The relative reactivities of 2 towards 
methanol and cyclohexane agree closely with kinetic 
data obtained for 1 -naphthylcarbene ( kMcOH/kcyclohexme - 
17.9).9 If we assume that the absolute rates of 2 are also 
similar to those measured for 1-naphthylcarbene, we 
estimate k , , , -2  x lo 's- '  for the triplet state of 2 and 
k2,,= 10" s - '  for the singlet state (the latter estimate is 
based on a diffusional reaction with methanol, 
k =  5 x lo9 M - l s - l ,  as determined for diphenyl- 
carbene"). These estimates, although admittedly crude, 
attest to rapid cyclization of biphenyl-2-ylcarbene (2). 


- 
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The ESR spectrum of triplet 2 has been observed in 
low-temperature glasses at 77 K.7 These conditions 
favour the abstraction of hydrogen, if available, from 
matrix molecules. However, substantial decay of 2 in 
perfluorinated alkane matrices points to cyclization even 
at 77 K. It is not clear whether the mechanism involves 
triplet addition to the ortho phenyl ring or whether the 
reaction proceeds through the small population of 
singlet carbene. 


The objective of the present work was to explore the 
cyclization of biphenyl-2-ylcarbenes in more detail, 
through structural variations and application of laser 
flash photolysis (LFP). 


RESULTS AND DISCUSSION 


1- (Biphenyl-2-y1)ethylidene (10) 
The chemistry of 1 -phenylethylidene is more complex 
than that of phenylcarbene. Styrene is the only product 
if intermolecular reaction paths are excluded, e.g. in the 
gas-phase pyrolysis of 1 -phenyldiazoethane." The 1,2 
hydrogen shift leading to styrene has also been studied 
with matrix-isolated triplet 1 -phenylethylidene at 
65 K [k=2 .9x  s-I ,  AGS=4.7 kcalmol-' 
(1 kcal = 4.184 kJ)].'2 Photolyses of l-phenyldiazo- 
ethane in solution, on the other hand, give largely azine 
and/or solvent-derived p rod~c t s . ' ~ , ' ~  Acetonitrile is 
exceptional in giving high yields of styrene at room 
temperature with little evidence for side reactions. LFP 
studies of 1- henylethylidene in acetonitrile led to 
kT = 6.15 x lo's-', AGS = 4.4 kcal mol for isomeriz- 
ation of the triplet state and k ,  = 2.0 x lo8 s-I, 
AGS = 2-3 kcal mol for the singlet state.I4 


In view of these reports, we were interested in the 
relative rates of cyclization and 1,2 hydrogen shift For 1- 
(biphenyl-2-y1)ethylidene (10). The instability of the 
diazo compound 9 prompted us to use the tosylhydra- 
zone salt 8 as the carbene precursor. This technique also 
serves to minimize the formation of azine, owing to 
small stationary concentrations of 9. The products 
recorded in Scheme 2 were identified by comparison 
with authentic samples. Small amounts of 2-ethyl- 
biphenyl were also observed, particularly when 8 was 
photolysed in methanol (1.9%). The formation 
alkylarenes does not necessarily involve arylcarbenes, 
as discussed elsewhere.3d 


Cyclization leading to 9-methylfluorene (13) is the 
major reaction path of 10, although the formation of 
2-ethenylbiphenyl (11) competes to a minor extent 
(Scheme 2). If the 13: 11 ratio is evaluated with the 
kinetic data for 1 -phenylethylidene, the cyclization 
rate of triplet 10 (klO,lJ = 8 x lo7 s-I) is found to be in 
reasonable agreement with that of 2. The analogous 
estimate for singlet 10 (k10,,3=2 x lo9 s - I ) ,  however, 
is not compatible with the 13: 12 ratio obtained in 
methanol. The cyclization of 10 should be ca 100 
times faster in order to compete with diffusional 
capture by methanol. Moreover, the yields of 11 
respond strongly to triplet sensitization and singlet 
quenching by MeOH, whereas those of 13 are largely 
unaffected. These findings suggest that 11 and 13 
arise from different intermediates. There is ample 
evidence that carbenic hydrogen shifts can be 
'mimicked' by carbene precursors, such as (excited) 
diazo compounds. l5 In such cases, the product distri- 
butions do not correlate with the rate constants 
obtained by monitoring the carbene. 







600 M. DORM ET AL.. 


7 X = H  
8 X=Na 


9 10 


11 12 13 14 


A, 300°C 12.9 87.1 


hv, C6Hg 6.8 84.6 8.4 


hv, Cgti6, Ph2CO 0.7 77.8 21.5 


hv, MeOH trace 23.0 75.1 trace 


Scheme 2 


Ph 


0 N - k ~  / & 150°C a’: 
Ph Ph 


15 16 


1 pph - hv gph 
/ 0 


18 19 


1 ROH 


PPh 
21 


MeOH, hv 65 


MeCKTFE (1 :1.6), hv 51 


MeOH. hv. Ph2C0 68 


PPh 0 


.. R-H 


- &Ph 


0 


20 


4 I 


22 


35 
32 


49 


Scheme 3 







INTRAMOLECULAR REACTIVITY OF ARYLCARBENES 60 1 


(Biphenyl-2-y1)phenylcarbene (19) 
An indirect route to 19 has been reported. Pyrolysis of 
the tosylhydrazone salt 15 was found to give 9- 
phenylfluorene (22), presumably via ring contraction of 
16 and cyclization of 19 (Scheme 3).16 On photolysis of 
the diazo compound 18 in aprotic media (benzene, 
acetonitrile), we obtained 22 as the only product. In the 
presence of alcohols, the ethers 21 were formed compe- 
titively with 22. The fraction of 22 was not significantly 
afFected by sensitization (Scheme 3). Since 18 did not 
persist in neat 2,2.2-trifluoroethanol (TFE), an 
acetonitrile-TFE (1 : 1.6) mixture, [TFE] = 8-5 M, was 
used. Comparison with neat methanol (24.7 M) indi- 
cates that TFE is more reactive toward 19 than 
methanol, in accordance with a proton transfer 
mechanism.I7 


Before we discuss the LFP of 18, a brief look at the 
para isomer 23 is in order. LFP of 23 in aprotic media 
generates the transient absorption of the triplet carbene 
24 (A,,=350nm).'8 As this band disappears, an 
absorption with A,, = 365 nm grows in, which is 
assigned to the radical 25 (the same absorption is 
generated on LFP of the analogous chloride). Neither 
triplet 24 nor 25 is observed on LFP of 23 in methanol, 
owing to rapid quenching of singlet 24. As would be 
expected, the LFP of 23 parallels that of 
diphenyldiazomethane. l9 


23 24 (350 nm) 


25 (365 nm) 


In contrast, LFP of 18 generates a transient absorp- 
tion with A,, = 370 nm (Figure 1) whose rates of decay 
( k =  3.4 x lo5 s-'  in acetonitrile, 2.4 x lo5 s - '  in 
cyclohexane and 2.3 x lo5 s- '  in methanol) are nearly 
independent of the solvent. The presence of oxygen, 
however, has a strong accelerating effect. The decrease 
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Figure 1. Time-dependent absorption spectra obtained after 
laser excitation (248 nm, 20 ns, 100 mJ per pulse) of 18 
(0.1 m) in argon-saturated acetonitrile. Insets: kinetic traces 


recorded at 265 and 370 nm 


in optical density at 370 nm is associated with an 
increase at 265 nm, consistent with the eventual forma- 
tion of 22 (A,,,, =266 nm, E =  15 015). The slow 
reaction of the 370 nm transient with methanol argues 
against triplet 19 as the absorbing species 
(kMeoH = 6-4 x lo6 M - ' s - '  for triplet diphenylcarbene 
and 3 -6x  lo7 M - ' s - '  for triplet 24).19 The radical 17 
(A,,, = 335 nm, see Figure 2) is clearly excluded by its 
deviating absorption. The o-xylylene 20, a likely 
intermediate en route to 22, is less readily discounted. It 
appears, however, that neither the 370 nm absorption 
nor the small kinetic isotope effect ( k H / k Q =  1.6) 
observed on LFP of 18-d5 is compatible with 20. 1,2,3- 
Triphenyl-2H-indene (26)20 is a reasonable model for 
20, two phenyl groups in 26 replacing double bonds in 
20. The absorption of 26 (Amu = 478 nm) and the 
kinetic isotope effect ( k H / k , = 3 . 7 )  of the 26-27 
transformation differ strongly from what we observe on 
LFP of 18 and 18-d5. We assign the 370 nm band to 
triplet 9-phenylfluorene (92) since the same absorption 
is generated by laser excitation of 22 


* A  reviewer su gested the intermediacy of 20', a valence tautomer of 20. The relevant substructures of 20' and 20 are 
tricylco[4.3.0-07. ]nona-l,3,5-triene (A) and 2H-indene (B), respectively. All available evidence indicates that A is less stable than 
B, and that the isomerization of A to 1H-indene should proceed by way of B?4b.' 


!? 


20' 
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Figure 2. Time-dependent absorption spectra obtained after 
laser excitation (248 nm, 20 ns, 100 mJ per pulse) of 43 
(0.22 mM) in argon-saturated acetonitrile. Insets: kinetic traces 


recorded at 435 and 525 run 


(So + hv-S,-T,; To + hv-T,). Moreover, our data 
are in excellent agreement with those reported for triplet 
9-fluorenol (A,,,= = 370 nm, ka 3.7 x los s-I in 
MeCN).” Deuteration of arenes is known to enhance 
the lifetimes of their lowest triplet states2’ 


18d5 26 27 


9-Phenylfluorene (22) must be formed during the laser 
pulse (20 ns) in order for its T,-T, absorption to be 
observed. In the case of a stepwise mechanism (Scheme 
3), both the cyclization, 19-20, and the hydrogen shift, 
20-22, must proceed with ka lo9 s-I. The rate esti- 
mated for the first step is consistent with competitive 
cyclization and quenching of 19 in methanol. The rapid 
hydrogen shift of 20, on the other hand, seems surprising 
in view of the slow conversion of 26 into 27 (k= 3.1 s-l 
at 23.4OC).’’ However, two benzene rings are regener- 
ated in the isomerization of 20 into 22 
(AHr = 60 kcal mol - I ) ,  compared with one in the 26-27 


transformation (AH, = 26 kcal mol - I )  beats of formation (m) for 20 (129-8 kcalmol-I), 22 (70.0 kcalmol“), 
26 (137-3 kcalmol-’) and 27 (110-9 kcalmol-I) were 
calculated with a force field (MM2ERW) that takes the 
interaction of n bonds into accountz3]. The enhanced 
driving force might account for the rapid reactizn of 20. 
Hence the intermediacy of 20 remains debatable. 


(2‘,4’,6’-Trimethylbiphenyl-2-yl)phenylcrbene (30) 
The major intramolecular reaction of 30 is insertion 
into C-H bonds of the ortho methyl groups, leading to 
the dihydrophenanthrene 35. Photolysis of the diazo 
compound 29 afforded the methyl ether 34 and 35 in a 
15 : 1 ratio, i.e. the cyclization of 30, with formation of 
a six-membered ring, is less efficient than that of 19. 
Small amounts of the ketone 28 were observed in all 
photolyses of 29. In acetonitrile, 35 was also accom- 
panied by 3% of 9-phenyl-4,6,9-trimethylfluorene 
(36). More of the fluorene was obtained in thermolyses 
of 29, increasing temperature enhancing the fraction of 
36 (Scheme 4). The structure of 36 was confirmed by 
an unequivocal synthesis, via acid-catalysed ring 
closure of 32. 


Formally, 30 is converted into 36 by insertion into an 
Ar-CH3 bond. Direct insertion into C-C bonds is 
without precedent even for the most reactive carbenes. 
Sigmatropic alkyl shifts, on the other hand, are known. 
Thus, 2,2-dialkyl-2H-indenes (37) rearrange to give 
1,2-dialkyl- 1H-indenes (38) at moderate temperatures 
( s 100°C).z48~c We feel, therefore, that the formation of 
36 provides good evidence for the intervention of 31 
from which 36 arises by thermal activation. 


R 


37 38 


Comparison of carbenes with carbocations 
Diarylcarbenium ions have been thoroughly studied by 
time-resolved spectroscopy. LFP of ArzCHX leads to 
competitive heterolysis (+ Ar CH +) and homolysis 
(+Ar,CH-) of the C-X bond!’ Alternatively, proton 
transfer to photogenerated diarylcarbenes gives rise 
to diarylcarbenium ions (ArzC: + ROH- Ar’CH ’- 
RO-).z6 Both methods are applicable to biphenylyl 
precursors. Thus, transient absorption spectra of the 


* Direct formation of 22 from the excited diazo compound 18* was considered by a reviewer. Although carbenic hydrogen shifts can 
be ‘mimicked’ by carbene  precursor^,'^ there is no analogous precedent for cyclizations. As a rule, the product distributions of 
‘carbene mimics’ respond strongly to the mode of excitation (direct or sensitized). In the case of 18, no significant effect of 
benzophenone sensitization was observed (Scheme 3). Moreover, the competitive formation of 21 and 22 points to the pivotal role of 
the carbene 19. 
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30 28 X = O  


/ \  29 X=N2 


31 32 


34 35 36 


hv. MeOH 80 
hv. MeCN - 
A, 130°C - 
A, 180-200°C - 
A, 24O-26O0C - 


6 
92 
91 
05 
02 


Scheme 4 


trace 
3 
9 


15 
18 


radical 25 (A,,= 365 nm) and of the cation 41 
(Amu = 515 nm) are observed on LFP of the chloride 39 
in acetonitrile (AN). LFP of the diazo compound 23 in 
AN-TFE generates only 41. Persistent solutions of 41 
are obtained when the alcohol 40 is dissolved in concen- 
trated sulphuric acid (Scheme 5). 


If 42, the ortho isomer of 40, is dissolved in concen- 
trated sulphuric acid, a colourless solution results from 
which 9-phenylfluorene (22) can be isolated (Scheme 
6). It appears that the carbenium ion 45 undergoes 
intramolecular Friedel-Crafts alkylation fast enough to 
escape visual detection. Entirely different results are 


obtained on the microsecond time-scale. LFP of the 
chloride 43 generates the cation 45 (A,,=435, 
525 nm) as well as the radical 44 (A- = 335 nm) 
(Figure 2). The absorption of 44 is quenched by oxygen 
whereas that of 45 is quenched by methanol. The 
transient 45 is also observed on LFP of the diazo precur- 
sor 18 in AN-TFE, i.e. proton transfer to the carbene 19 
competes with cyclization. The reaction rate of 45 with 
AN-TFE is nearly the same as that of the para isomer 
41 (Table 1). Obviously, ring closure, 45-46-22, 
does not contribute significantly to the decay of 45 in 
AN-TFE. We conclude that cyclization of the carbo- 


OH 
- 


CI 
39 40 23 


1 hv 
\ 1 conc.H2S04 1 hv 


25 (365nm) 41 (515nm) 24 (350nm) 


Scheme 5 
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42 


Pph \ 


__* hv tph \ 


0 0 


43 44 


46 


ROH 


45 22 


T 


18 19 


Scheme 6 


20 


Table 1. Spectroscopic and kinetic data for biphenylylcarbenium ions 


ô q \ 
R Educt Solvent L, (nm) koh (s-')' 


R = H  Chlorideb 


R = 4-Ph (41) Chloride 
Diazo* 


Diazo 
Diazo 


Diazo 
Diazo 


Diazo 


Diazo 


R = 2-Ph (45) Chloride 


R = 2-(0-t0lyl) Chloride 


R = 2-mesityl Chloride 


AN' 


AN 
AN-TFE (1 : 1.6) 


AN-TFE (1: 1.6) 
AN-TFE (1 :9) 


AN-TFE (1 1.6) 
AN-TFE (1 : 9) 


AN 
AN-TFE (1 :9) 


AN 
AN-TFE (1 : 9) 


AN 


435 
430 
515 
515 
515 


435,525 (- 4 : 1) 
435,525 ( - 4 :  1) 
435,525 ( - 4 :  1) 


440,525 ( -  10: 1) 
440,525 ( -  10: 1) 


445 
445 


2.5 x lo6 
6.6 x 10' 
9.1 x 1O5 
9.3 x los 
4.3 x los 
9.6 x lo5 
9.2 x 105 
6.3 x 105 
1.1 x 10' 
1 . 6 ~  lo6 
1 . 6 ~  10' 
1.2 x 106 


'The precision 
hRef. 25c. 


of rate constants is - 5% and the reproducibility is - 10%. 


'AN = acetonitrile. 
"Ref. 26a. 
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cation 45 (ks lo5 s-I) proceeds more slowly than that 
of the analogous carbene 19 (ka lo9 s-I) by a factor of 
>lo4. The faster reaction, 19-20, is driven by 
annihilation of the carbenic site whereas the (I complex 
46 retains the positive charge of 45. 


The absorption spectra of biphenylylcarbenium ions 
(Table 1) are interesting in their own right. The absorp- 
tion maximum of 41 shows a bathochromic shift of 
85 nm, relative to that of diphenylcarbenium ion. It is 
generally known that biaryls have twisted ground state 
structures with a tendency to become planar when 
electronically e~cited. '~ Hence the extended conjugation 
in 41 stabilizes the S, excited state more than the ground 
state, thus narrowing the energy gap. The absorption 
spectra of 45 display two maxima at 435 and 525 nm, 
with an intensity ratio of ca 4 : 1. The rates of decay of 
both bands agree within experimental error, i.e. the 
same ground state of 45 is involved. We suggest that the 
435 nm absorption is due to a transition between twisted 
So and S,  states of 45. This absorption maximum is 
positioned similar to that of diphenylcarbenium ion 
since neither state of 45 is stabilized by the extra phenyl 
group. Excitation from a twisted So to a planar S,  state 
creates the 525 nm absorption of 45 which is analogous 
to that of 41. The effect of additional ortho substituents 
supports this interpretation. The absorption at 525 nm is 
attenuated by one 2'-methyl group and disappears on 
introduction of two 2'-methyl groups (Table l), as a 
planar conformation of the excited state is less readily 
attained. 


CONCLUSIONS 
The cyclization reactions of biphenyl-2-ylcarbenes, 
leading to fluorenes, have been identified as rapid 
processes, with rates of the order of 10" s-'. Unlike 
intermolecular addition reactions of arylcarbenes with 
arenes, the intramolecular reactivity of biphenyl-2- 
ylcarbenes is not significantly affected by substitution at 
the divalent carbon (R = H, Me, Ph). The presence of 
two 2'-methyl groups in 30 diverts the carbene to formal 
C-H insertion, giving the dihydrophenanthrene 35. 
Formation of the fluorene 36, by formal insertion into a 
C-C bond, occurs as a minor process, particularly on 
thermal generation of the carbene 30. This unpreced- 
ented reaction points to intervention of the o-xylylene 
31 although direct observation of o-xylylene 
intermediates has not been achieved. Minor effects of 
triplet sensitization and methanol quenching indicate 
that fluorenes arise from spin-equilibrated biphenyl-2- 
ylcarbenes, presumably from the singlet state. 


On LFP of biphenyl-2yldiazomethanes in protic 
media, proton transfer to biphenyl-2-ylcarbenes occurs 
competitively with cyclization. The absorption spectra 
of biphenyl-2-ylcarbenium ions are strongly influenced 
by the degree of twisting about the Ar-Ar bond 
whereas the rates of nucleophilic capture are not. 


Biphenyl-2-ylcarbenium ions cyclize more slow1 than 
the analogous carbenes, by a factor of alO[ The 
enhanced reactivity of the carbene can be attributed to 
participation of the in-plane a-orbital which is not 
available to the carbocation. 


EXPERIMENTAL 


General. Melting points were determined on a Kofler 
hot-stage apparatus and are uncorrected. 'H NMR 
spectra were obtained at 80 MHz (Bruker WP-80) and 
400 MHz (Bruker AM-400). 'H (61.42 MHz) and "C 
(100.61 MHz) spectra were recorded on a Bruker AM- 
400 and I9F (75-4MHz) spectra on a Bruker WP-80 
spectrometer. Chemical shifts in CDC1, are reported in 
6 (ppm) relative to tetramethylsilane as an internal 
standard, unless indicated otherwise. Mass spectra 
(70 eV) were obtained on a Varian-MAT CH5 instru- 
ment and IR spectra on a Perkin-Elmer Model 881 
spectrometer. GC was performed by the use of a Sie- 
mens Sichromat system equipped with glass capillary 
columns. HPLC was carried out with LDC (Milton 
Roy) chromatographs with refractometric or UV 
detection. The equipment and procedure used for laser 
flash photolysis has been described." Solutions of the 
substrates were adjusted to an OD at 248 nm of ca 1. 
Photolyses were carried out with ca 20 ns pulses of 
248 nm light (KrF) from a Lambda Physik EMG 103 
MSC excimer laser. 


Photolysis of 2-diazomethyl-1 ,I '-biphenyl ( I  ). A 
solution of 1' (194 mg, 1 mmol) in cyclohexane 
(10 ml), purged with argon, was irradiated (medium- 
pressure mercury lamp, Pyrex vessel, 20°C) for 2 h. 
The solution was concentrated in vacuo and the residue 
(141 mg) was analysed by GC (6-6 m OV-1 column, 
120°C). Apart from small amounts of biphenyl-2- 
carbaldehyde,' fluorene (3) and 2- (cyclohexyl- 
methyl)biphenylZ9 (4, R=C,H,,) were observed in a 
19 : 1 ratio. The hydrocarbons were separated by HPLC 
[Polygosil 60-5-N02 column, pentane-diethyl ether 
(98 : 2) as eluent] to obtain the spectra of 4 (R = C,H,,). 
MS (70eV), m / z  250 (57), 178 (3, 168 (loo), 152 
(lS), 115 (S), 83 (20), 55 (38). 'H NMR (CDCI,), 6 
0.5-1.7 (m, 11 H), 2.50 (d, 5 = 6 . 8  Hz, 2 H), 
7.15-7.45 (m, 9 H). I3C NMR (CDCI,), 6 26.30 (C-3" 


l" ) ,  46.60 (a-C), 125.44 (C-5), 126.58 (C-3 or C-6), 
126.97 (C-3 or C-6), 127.88 (C-2', C-6'), 129.43 (C- 
3', C-5'), 129.93 (C-4 or C-4'), 129.99 (C-4 or C-4'), 
138-82 (C-2), 141.29 (C-1 or C-l'), 142-39 (C-1 or 
c-1'). 


For an alternative approach to 4 (R =C,H,,), 
cyclohexylmagnesium bromide was added to biphenyl- 
2-carbaldehyde' in diethyl ether to give 52% of a- 
cyclohexylbiphenyl-2-methanol. 'H NMR (CDCI,), 6 


, C-5"), 26.48 (C-4"), 33.11 (C-2", C-6"), 39.37 (C- 
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0.5-2.1 (m, 12 H), 4.46 (d, J = 7 4  Hz, 1 H), 7.1-7.6 
(m, 9 H). Hydrogenation (10% Pd-C, ethyl acetate. 
400 kPa, 20"C, 48 h) of the carbinol provided 89% of 
2-(cyclohexylmethyl)biphenyl, identical in every 
respect with the product obtained from 1. 


I - (Biphenyl-2-y1)ethanone p-toluenesulphonylhydra- 
zone ( 7 )  and sodium salt (8 ) .  1-(Biphenyl-2- 
y1)ethanone (14), m.p. 56"C,'O was prepared in 96% 
yield by reacting biphenyl-2-carboxylic acid (Aldrich) 
with methyllithium, according to a standard pr~cedure.~' 
To a solution of 14 (3.0 g, 15.3 mmol) in methanol 
(20 ml) was added a solution of p-toluenesulphonylhy- 
drazine (2.86 g, 15.3 mmol) in methanol (15 ml). The 
mixture was stirred for 10 min and then cooled to 0°C. 
A crystalline precipitate formed slowly which, after 
16 h, was filtered off and recrystallized from methanol 
to give 2.47 g (44%) of 7; m.p. 163°C. 'H NMR 
(CDCl,), 6 1.45 (s, 3 H), 2.46 (s, 3 H), 7.05-7.45 (m, 
12 H), 7.89 (d, J =  8 Hz, 2 H). Analysis: calculated for 
C,,H,,N,O,S, C 69.01, H 5.79, N 7-66; found, C 


To a solution of 7 (1.2 g, 3.3 mmol) in anhydrous 
THF (10 ml) was added sodium hydride (55% disper- 
sion in mineral oil, 145 mg, 3.3 mmol). With exclusion 
of moisture, light and oxygen, the mixture was stirred 
for 30 min at room temperature. n-Pentane (30 ml) was 
then added and stirring was continued for 30 min. The 
precipitate was filtered with suction, washed with n- 
pentane and dried in vacuo to give 1.06 g (83%) of the 
sodium salt 8. 


69.02, H 5.75, N 7.66%. 


Thermolysis and photolysis of 8.  The apparatus used 
for the flash vacuum pyrolysis of tosylhydrazone 
sodium salts has been de~cribed.~' Compound 8 
(100 mg, 0.26 mmol) was thennolysed at 300 "C/O.Ol 
Torr (1 Torr = 133.3 Pa); the products were collected in 
a trap cooled with liquid nitrogen. After having been 
warmed to 2 0 T ,  the product mixture was dissolved in 
diethyl ether and analysed by GC (24.5 m OV-1 
column, 140 "C). 2-Ethenylbiphenyl (11, 12.9%)30,33 
and 9-methylfluorene (13, 87.1%)" were identified by 
comparison with authentic samples. The combined yield 
was estimated as 67%, using fluorene as an internal 
standard. 


A solution of 7 (100 mg, 0.27 mmol) in 0.2 M 
NaOMe-MeOH (10 ml) was purged with nitrogen and 
photolysed (medium-pressure mercury lamp, Pyrex 
vessel, 2OOC) for 90 min. Diethyl ether (60 ml) was 
added and the mixture was washed three times with a 
saturated aqueous solution of NaCl. The organic phase 
was dried (MgSO,), concentrated in vacuo, and ana- 
lysed by GC (24.5 m OV-l column, 140°C). In 
addition to the major products 12 and 13, traces 
( ~ 0 . 2 % )  of 11 and 14 and 1.9% of 2-ethylbipheny13' 
were detected (Scheme 2). A combined yield of 44% 
was estimated (GC). 2-( 1 -Methoxyethyl)biphenyl (12) 


and 9-methylfluorene (13) were isolated by HPLC 
[Polygosil 60-6 column, n-pentane-diethyl ether 
(80: 1) as eluent]. The ether 12 was also prepared by 
reduction of 14 with LiAlH, (86%), followed by 
methylation of l-(biphenyl-2-yl)ethanol, m.p. 11 1 "C,,' 
with Mel-NaH (91%). 1 H NMR (CDCl,), 6 1.27 (d, 


H), 7.0-7.6 (m, 9 H). Analysis: calculated for 
CISHI6Or C 84.87, H 7-60; found, C 84.81, H 7.53%. 


J = 6 . 4  Hz, 3 H), 3.04 (s, 3 H), 4.32 (q, J =  6.4 Hz, 1 


Photolysis of 2-(I -diazoethyl)biphenyl ( 9 ) .  To a 
solution of 7 (250 mg, 0.68 mmol) in 1,4-dioxane 
(10 ml) was added 50% aqueous NaOH (1 ml). With 
exclusion of light and oxygen, the mixture was stirred at 
80°C for 1 h, cooled to 20°C and extracted with n- 
pentane. The extracts were washed with water, dried 
(MgSO,) and concentrated under reduced pressure to 
five 107 mg (75%) of crude 9. IR (CDCl,), 2010 cm-'. 
H NMR (CDCl,), 6 1.88 (s, 3 H), 7.0-7.6 (m, 9 H). 


A solution of 9 (15 mg, 0.07 mmol) in benzene (2 ml) 
was photolysed as described above, yielding the product 
mixture (89%) recorded in Scheme 2. For triplet sensi- 
tization, benzophenone (150 mg, 0-8 mmol) was added 
to the benzene solution of 9. 


2-Arylbenzophenones (SO) and related com- 
pounds. Biphenyl-2-carboxylic acid (49a) is 
commercially available (Aldrich). A solution of 2- 
iodobenzoic acid in C6D, was irradiated, as described 
for C6H6,35 in order to obtain 49a-d,. The oxazoline 
route developed by Meyers et was applied to 
prepare the acids 49b-d (Scheme 7). 2-(2-Methox- 
yphenyl)-4,4-dimethyl-2-oxazoline (47) was treated 
with the appropriate Grignard reagent to give the 
oxazolines 48b [80%; 'H NMR (CDCl,), 6 1.18 (s, 6 
H), 2.10 (s, 3 H), 3.66 (s, 2 H), 7.1-7.5 (m, 7 H), 
7.7-7.9 (m, 1 H)], 48c [88%; 'H NMR (CDCl,), 6 


6.98 (s,3H), 7.1-74 (m, 4H)] and 48d [64%; 'H 


3 H), 3.64 (s, 2 H), 6-83 (s, 2 H), 7.0-7.8 (m, 4 H)]. 
Methylation and hydr~lysis'~ of 48 afforded the acids 
49: 2'-methylbiphenyl-2-carboxylic acid (49b),' [55%; 
m.p. 103-104°C; 'H NMR (CDCI,), 6 2-03 (s, 3 H), 
7.0-7.65 (m, 7 H), 7.95-8-1 (m, 1 H), 8.9 (br. s, 1 
H)]; 2',4'-dimethylbiphenyl-2-carboxylic acid (49c) 
[75%; m.p. 126-127 "C; 'H NMR (CDCl,), 6 2.03 (s, 
3 H), 2.37 (s, 3 H), 7.03 (m, 3 H), 7.15-7.65 (m, 3 
H), 7.95-8.1 (m, 1 H)]; 2' ,4' ,6'-trimethylbiphenyl-2- 
carboxylic acid (49c) [84%; m.p. 172-173 OC; 'H NMR 


7.05-7.75 (m, 3 H), 8.0-8.15 (m, 1 H)]. 
2-Arylbenzophenones (50) were obtained by reaction 


of 49 with phenyllithium, using standard  procedure^.^'.^^ 
(Biphenyl-2-y1)phenylmethanone (50a):39 62%; m.p. 
91-92°C. IR (KBr), 1662cm-' (C=O). (2'- 
Methylbiphenyl-2-y1)phenylmethanone (50b): 44%; oil. 


1.18 (s, 6 H), 2.07 (s, 3 H), 2.34 (s, 3H), 3.67 (s,2H), 


NMR (CDCl,), 6 1.14 (s, 6 H), 1.93 (s, 6 H), 2.30 (s, 


(CDCI,), 6 1.89 (s, 6 H), 2-31 (s, 3 H), 6.88 (s, 2 H), 
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6" - 
3 N2H4 


50 X = O  


51 X =  N-NH 
52 X = N 2  3 HgO 


1) Me1 


3) HCI 


48 


fi 4 PhLi 


49 


Ph 


&Ar \ 


56 


IR (CCl,), 1665 cm-' (C=O); 'H NMR (CDCI,), 6 
2.15 (s, 3 H), 6.95-7.7 (m, 13 H). (2',4'- 
Dimethylbiphenyl-2-y1)phenylmethanone (50c): 37%; 
m.p. 59-61°C. IR (CCl,), 1670cm-' (C=O); 'H 
NMR (CDCl,), 6 2.09 (s,3H), 2.21 (s, 3 H), 6.87 (m, 
3 H), 7.1-7.7 (m, 9 H). (2',4',6'-Trimethylbiphenyl-2- 
y1)phenylmethanone (50d = 28): 60%; m.p. 
136-137°C. IR (KBr), 1660 cm-' (C=O); 'H NMR 


7.15-7.75 (m, 9 H). 
In order to prepare the hydrazones 51, solutions of 2- 


arylbenzophenones (10 mmol) and hydrazine hydrate 
(0.1 mol) in butan-1-01 (15 ml) were heated at 
110-120 "C.@ Long reaction times (specified below) 
were required, owing to steric hindrance. The reaction 
mixtures were concentrated in vucuo. On trituration of 
the residue with diethyl ether-hexane at -2O"C, 
crystals of 51a were obtained. Compounds 51b and d 
did not crystallize at this stage and were purified by low- 
pressure (LP) LC [silica gel, diethyl ether-hexane 
(1 : 1) as eluent]. (Biphenyl-2-y1)phenylmethanone 
hydrazone (51a): 20 h, 66%, m.p. 8 5 4 6 ° C .  IR (KBr), 
1585 cm-' (C=N); 'H NMR (CDCI,), 6 7.05-7.6 
(m). Analysis: calculated for CI9Hl6N2, C 83.79, H 
5.92, N 10.28; found, C 83.72, H 5.83, N 10.28%. (2'- 
Methylbiphenyl-2-y1)phenylmethanone hydrazone 
(51b): 30 h, 48%, m.p. 103-105°C; IR (KBr), 
1580 cm-' (C=N); 'H NMR (CDCl,), 6 2.02 (s, 3 H), 
5.47 (br s, 2H), 7.02 (br s, 4 H), 7.14 (br s, 5 H), 
7.4-7.7 (m, 4 H). (2',4',6'-Trimethylbiphenyl-2- 
y1)phenylmethanone hydrazone (51d): 4.5 days, 44%, 
m.p. 105-107°C; LPLC afforded two isomers (A and 


(CDCl,), 6 1.94 (s, 6 H), 2.23 (s, 3 H),  6.78 (s, 2 H), 


B, 1 : 1) whose mass spectra and IR spectra agreed 
closely whereas the NMR spectra were different: MS 
(70eV), m/z 314 (M+, 22%), 299 (49%), 283 
(loo%), 268 (40%), 253 (11%); IR (CDCI,), 
1605 cm-' (C=N); 'H NMR (CDCI,), (A) 6 1.47 (s, 


(s, 2 H), 6.81 (s, 1 H), 6.95-7.6 (m, 9 H), (B) 1.66 
(s, 6 H), 2.23 (s, 3 H), 5.37 (br. s, 2 H), 6.6-6-75 (m, 
3 H), 6.95-7.7 (m, 8 H). The spectrum of A shows 
non-equivalence of the 0'-methyl groups and m'- 
hydrogens. Coalescence of these signals at cu 60°C 
points to restricted rotation, which is most likely for 
syn-5ld. GC at 175°C (8 m OV-17 column) led to 
partial interconversion of A and B. 


Solutions of the hydrazones 51 (4 mmol) in diethyl ether 
(50 ml) were oxidized with HgO (3 x 20 mmol) in the 
presence of Na,SO, (3 x 40 mmol) and 30% ethanolic 
KOH (3 x 10 drops).41 The reagents were added in three 
portions, after 0,2 and 4 h, while the mixture was vigor- 
ously agitated at 20 "C. Stirring was continued in the dark 
for 24-48 h, until the GC peak of 51 had disappeared. The 
solution was then filtered and concentrated in vucuo at 
20°C. The diazo compounds 52 were recrystallized from 
pentane at -30°C but were liquids at room temperature. 
(Biphenyl-2-y1)phenyldiazomethane (18 = 52a): 97%. IR 
(film), 2046cm-' (C=N,); W (MeCN), 227 


(CD,COCD,), 6 6.9-7.65 (m). (2'-Methylbiphenyl-2- 
y1)phenyldiazomethane (52b): 50%. LR (CDCl,), 
2048 cm-' (C-N,); UV (MeCN), 289 nm ( E  = 20 OOO); 
'H NMR (CDCl,), 6 2.1 (s, 3 H), 6.9-7.6 (m, 13 H). 
(2' ,4' ,6' -Trimethylbiphenyl-2-yl)phenyldiazomethane 


3 H), 2.03 (s, 3 H), 2.17 (s, 3 H), 5-54 (s, 2 H), 6.42 


( ~ = 2 0 3 3 0 ) ,  2 8 9 m  ( ~ = 1 8  190); 'H NMR 
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(29=52d): 58%. IR (film), 2043 cm-' (C=N,); UV 
(MeCN), 291 nm ( E  = 18 870); 'H NMR (CDCl,), 6 1-98 
(s, 6 H), 2.32 (s, 3 H), 6-85-7.65 (m, 11 H). 


The carbinols 53 were obtained by reduction of 50 
with LiAIH, in diethyl ether. (Biphenyl-2- 
y1)phenylmethanol (53a):,' 82%, m.p. 69 "C. 'H NMR 


1 H), 7.1-7.7 (m, 14 H). (2'-Methylbiphenyl-2- 
y1)phenylmethanol (53b): 79%, oil. 'H NMR (CDCI,), 


(CDCl,), 6 2.55 (d, J =  4 Hz, 1 H), 5-95 (d, J =  4 Hz, 


6 1.58 (d, J z 4 . 5  Hz, 0.45 H), 1.63 (s, 1.35 H), 2.07 
(d, J z 3 . 5  Hz, 0.55 H), 2.17 (s, 1.65 H), 5.59 (d, 
J = 4 . 5  Hz, 0.45 H), 5.62 (d, J =  3.5 Hz, 0.55 H), 
6-8-7.8 (m, 13 H). This NMR spectrum indicates the 
presence of diastereomers, resulting from two elements 
of chirality (centre and axis). (2',4',6'- 
Trimethylbiphenyl-2-y1)phenylmethanol (53d): 92%. 


(br. s, 1 H), 2.38 (s, 3 H), 5.46 (s, 1 H), 6.8-74 (m, 
11 H). 


To a suspension of PCI, (0.40 g, 2 mmol) in anhy- 
drous diethyl ether (20 ml) was added a solution of 53 
(1 mmol) in diethyl ether (2 ml). The mixture was 
heated at reflux for 2 h and then hydrolysed by dropwise 
addition of water. The phases were separated; the 
aqueous phase was saturated with NaCl and extracted 
with diethyl ether. The combined ether solutions were 
dried (MgSO,) and evaporated under reduced pressure 
to give the chlorides 56. 2- (a-Chlorophenyl- 
methy1)biphenyl (43 = 56a):42 60%. 'H NMR (CDCl,), 
6 6-32 (s, 1 H), 7.3-7.5 (m, 13 H), 7.7-7.8 (m, 1 H). 
2- ( a-Chlorophenylmethyl)-2'-methylbiphenyl (56b): 
56%. 'H NMR (CDCI,), 6 1.68 and 2.17 (2s, 3 H), 
5.86 and 5.95 (2s, 1 H), 6.8-7-8 (m, 13 H). 2-(a- 
Ch1orophenylmethyl)-2' ,4' ,6' -trimethylbiphenyl (56d): 


'H NMR (CDCI,), 6 1.45 ( s ,  3 H), 2.07 ( s ,  3 H), 2.15 


70%. 'H NMR (CDC1,): 6 1.50 (s, 3 H), 2.10 ( s ,  3 H), 
2.37 (s, 3 H), 5.79 (s, 1 H), 6.8-8.0 (s, 11 H). 


Photolyses of (biphenyl-2-y1)phenyidiazomethanes 
(52).  Degassed solutions of 52 (0.01 M) in acetonitrile, 
methanol and AN-TFE were irradiated (20 "C, Pyrex 
vessels) with a medium-pressure mercury lamp 
(150 W) for 15-30 min. The products were analysed by 
GC (OV-1 column, 160-200OC) and isolated by HPLC 
[Polygosil 60-5-NO' column, pentane-diethyl ether 
(1 : 1) as eluent]. Diazo compound 18 (=52a) afforded 
2- (a-methoxyphenylmethy1)biphenyl (21-OMe = 54a),' 


7.1-7.7 (m, 14 H)], the analogous 2,2,2-trifluoroethyl 
ether (21-OCH2CF, = 55a) ['H NMR (CDCI,), 6 3.61 
(9, J =  9 Hz, 2 H), 5.58 (s, 1 H), 7.1-7.75 (m, 14 H); 
I9F NMR (CDCI,), 6 -75.06 (t, J =  9 Hz)] and 9- 
phenylfluorene (22),, ['H NMR (CDCI,), 6 5.05 (s, 1 
H), 7.0-7.5 (m, 11 H), 7.7-7.9 (m, 2 H)]. For pro- 
duct distributions, see Scheme 3. 


Photolysis of 52b in acetonitrile gave 4-methyl-9- 
phenylfluorene [92%; 'H NMR (CDCI,), 6 2-80 (s, 3 
H), 5.05 (s, 1 H), 7.0-7.55 (m, 11 H), 7.9-8.05 (m, 1 


['H NMR (CDCI,), 6 3.22 ( s ,  3 H), 5.31 ( s ,  1 H), 


H)] and 50b (7%). In methanol, we obtained 2-(a- 
methoxyphenylmethyl)-2'-methylbiphenyl (54b) [84%; 
'H NMR (CDCI,), 6 1.58 and 2.18 (2s, 3 H), 3.24 and 
3.26 (2s, 3 H), 5.02 and 5.16 (2s, 1 H), 6.8-7.8 (m, 
13 H)], 4-methyl-9-phenylfluorene (10%) and 50b 
(6%). Photolysis of 52b in AN-TFE (1 : 9) afforded 
55b [80%; 'H NMR (CDCI,), 6 1.52 and 2.12 (2s, 3 
H), 3.4-3.8 (m, 2 H), 5.23 and 5.36 (2s, 1 H), 
6.8-7.8 (m, 13 H)], 4-methyl-9-phenylfluorene (17%) 
and 50b (3%). 


The major product obtained by photolysis of 29 
(=52d) in methanol was 2-( a-methoxyphenylmethy1)- 
2',4',6'-trimethylbiphenyI (34 = 54d). 'H NMR 


3.27 (s, 3 H), 4.88 (s, 1 H), 6.8-7435 (m, 11 H). 
Photolysis of 29 in acetonitrile gave predominantly 
9,10-dihydro-2,4-dimethyl-9-phenylphenanthrene (35): 
m.p. 104-105°C; 'H NMR (CDCI,), 6 2.30 (s, 3 H), 


(CDCl,), 6 1.39 ( s ,  3 H), 2.11 ( s ,  3 H), 2.30 (s, 3 H), 


2.63 (s, 3 H), 3.00 (dd, J =  14.5, 4.5 Hz, 1 H), 3.15 
(dd, J =  14.5, 10.5 Hz, 1 H), 4.03 (dd, J =  10.5, 
4.5 Hz, 1 H), 6-87 (m, 2 H), 7.00 (s, 1 H), 7.15-7-35 
(m, 7 H), 7.70 (dd, J = 7.8, 0.9 Hz, 1 H). See Scheme 
4 for product distributions. 2,4,9-Trimethyl-9- 
phenylfluorene (36) was obtained, along with 35, by 
thermolysis of 29 in chlorobenzene [0.02 M, 130°C, 
15 min; HPLC on Polygosil 60-5-C,, column, 
methanol-water (8:2) as eluent]. The spectra of 36 
were in excellent agreement with those of an authentic 
sample (see below). For pyrolyses at higher tempera- 
tures, 29 was decomposed in the inlet of a gas 
chromatograph (column temperature 170 "C, 6.6 m OV- 
1 column). Photolysis of 29 in AN-TFE (1 : 9) afforded 


(s, 3 H), 2.36 (s, 3 H), 3.58 (m, 2 H), 5.1 (s, 1 H), 
6.8-7.8 (m, 11 H); I9F NMR (CDCI,), 6 -75.01 (t, 
J = 9 Hz)] and 2% of 28 (=Sod); 35 and 36 were not 
detected. 


98% of 55d ['H NMR (CDCI,), 6 1.33 (s, 3H), 2.05 


2,4,9-Trimethyl-9-phenyljuorene (36). To a solution 
of 5Oc (2.0 g, 7.0 mmol) in anhydrous diethyl ether 
(20 ml) was added at 0°C ethereal methyllithium 
(1.6 M, 4.4 ml, 7.04 mmol). After having been stirred 
at 0°C for 3 h, the mixture was partitioned between 
water and diethyl ether. The combined ether solutions 
were dried (MgSO,) and evaporated under reduced 
pressure. LPLC [silica gel, pentane-diethyl ether 
(97 : 3) as eluent] of the residue afforded two fractions 
(diastereomers?) of 1 - (2' ,4'-dimethylbiphenyl-2-y1)-1- 
phenylethanol (32) (1.0 and 0.8 g, 85%) which showed 
nearly the same, very complex 'H NMR (CDCI,) 
spectra, presumably due to equilibration. 


The alcohol 32 (50 mg, 0.17 mmol) was treated with 
a 10% solution of H2S0, in acetic acid (2 ml). After 3 h 
at room temperature, the mixture was neutralized with 
aqueous NaHCO, and extracted with diethyl ether. The 
combined extracts were washed with water, dried 
(MgSO,), and evaporated under reduced pressure. The 
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residue was purified by HPLC [Polygosil 100-5 column, 
pentane-diethyl ether (97 : 3) as eluent] to give 40 mg 
(81%) of 36, m.p. 110-lll°C. 'H NMR (CDCl,), 6 


H), 6.97 (s, 1 H), 7.15-7.3 (m, 7 H), 7.36 (m, 2 H), 
1.87 ( s ,  3 H), 2.32 ( s ,  3 H), 2.73 (s, 3 H), 6.90 ( s ,  1 


7.88 (d, J = 8  Hz, 1 H); 13C NMR (CDCl,), 6 20.89 
(CH,), 21.40 (CH,), 25.53 (CH,), 54.12 (C), 122.24 
(CH), 122.74 (CH), 123.99 (CH), 126.17 (CH), 
126.50 (CH), 126.58 (CH), 126.99 (CH), 128.21 
(CH), 130.41 (CH), 132.81 (C), 135.10 (C), 137.21 
(C), 140.82 (C), 145.50 (C), 154.31 (C), 154-68 (C). 


C 92431, H 7.05%. 
Analysis: calculated for C,,H,,, C 92.91, H 7.09; found, 


ACKNOWLEDGEMENTS 


We thank Professor S .  Steenken, Max-Planck-lnstitut 
fur Strahlenforschung, Mulheim, Germany, for sharing 
his LFP equipment and for valuable advice. Support 
from the Fonds der Chemischen Indusme is gratefully 
acknowledged. 


REFERENCES 


1 .  


2. 


3. 


4. 


5. 


(a) C. D. Gutsche, G. L. Bachman and R. S .  Coffey, 
Tetrahedron 18, 617 (1962); (b) C. D. Gutsche, G. L. 
Bachman, W. Udell and S .  Bauerlein, J. Am. Chem. SOC. 
93, 5172 (1971); (c) C. D. Gutsche and T. Baer, J. Am. 
Chem. Soc. 93, 5180 (1971); (d) W. D. Crow and H. 
McNab, Aust. J. Chem. 32, 89, 99 (1979); (e) H. 
Tomioka, K. Nakanishi and Y. Izawa, J. Chem. SOC., 
Perkin Trans. 1 465 (1991); (f) H. Tomioka, K. Kimoto, 
H. Murata and Y. Izawa, J. Chem. Soc.. Perkin Trans. 1 
471 (1991); (g) W. Kirmse and I. S .  Ozkir, J, Am. Chem. 
SOC. 114, 7590 (1992); (h) W. Kirmse, I. S. Ozkir and D. 
Schnitzler, J. Am. Chem. SOC. 115, 792 (1993); (i) H. 
Tomioka, H. Kawasaki, N. Kobayashi and K. Hirai, J. 
Am. Chem. Soc. 117,4483 (1995). 
(a) G. Homberger, A. E. Dorigo, W. Kirmse and K. N. 
Houk, J. Am. Chem. SOC. 111,475 (1989); (b) W. Kirmse 
and G. Homberger, J. Am. Chem. SOC. 113,3925 (1991). 
(a) C. D. Gutsche, R. S. Coffey and H. E. Johnson, J. Am. 
Chem. Soc. 80, 5756 (1958); (b) W. D. Crow and H. 
McNab, Aust. J. Chem. 34, 1037 (1981); (c) W. Kirmse 
and W. Konrad, Angew. Chem. 102, 682 (1990); Angew. 
Chem., Int. Ed. Engl. 29, 661 (1990); (d) M. Guth and W. 
Kirmse, Acta Chem. Scand. 46,606 (1992). 
(a) W. Kirmse and K. Kund, J. Am. Chem. SOC. 111, 1465 
(1989); (b) W. Kirmse and K. Kund, J. Org. Chem. 55, 
2325 (1990); (c) H. Tomioka, N. Kobayashi, S .  Murata 
and Y. Ohtawa, J. Am. Chem. SOC. 113, 8771 (1991); (d) 
W. Kirmse and D. Schnitzler, Tetrahedron Lett. 35, 1699 
(1994); (d) H. Tomioka, S. Yamada and K. Hirai, J. Org. 
Chem 60, 1298 (1995). 
For reviews, see (a) C. Wentrup, in Carhene, Car- 
benoide, Carbine (Houhen-Weyl E19h), edited by M. 
Regitz, p. 824. Georg Thieme, Stuttgart (1989); (b) R. A. 
Moss and M. Jones, Jr, Carhenes, Vols 1 and 11. Wiley, 
New York (1973); (c) W. Kirmse, Carhene Chemistry, 


2ndedn. Chapt. 7. Academic Press, New York (1971) 
6. D. B. Denney and P. P. Klemchuk, J. Am. Chem. Soc. 80, 


3289 (1958). 
7. E. C. Pal& and M. S. Platz, J. Org. Chem. 48,963 (1983). 
8. W. Kirmse, K. Kund, E. Ritzer, A. E. Dorigo and K. N. 


Houk, J. Am. Chem. Soc. 108,6045 (1986). 
9. (a) R. L. Barcus, L. M. Hadel, L. J. Johnston, M. S. Platz, 


T. G.  Savino and J. C. Scaiano, J. Am. Chem. Soc. 108, 
3928 (1986); (b) G. W. Griffin and K. A. Horn, J. Am. 
Chem. Soc. 109,4919 (1987). 


10. K. B. Eisenthal, N. J. Turro, E. V. Sitzmann, I. R. Gould, 
G. Hefferon, J.  Langan and Y. Cha, Tetrahedron 41, 1543 
(1985). 


11 .  (a) W. J. Baron, M. Jones, Jr and P. P. Gaspar, J. Am. 
Chem. SOC. 92, 4739 (1970); (b) R. Gleiter, W. Rettig and 
C. Wentrup, Helv. Chim. Acta 57,2111 (1974). 


12. (a) R. J. McMahon and 0. L. Chapman, J. Am. Chem. 
SOC. 109,683 (1987); (b) 0. L. Chapman, R. J. McMahon 
and P. R. West, J. Am. Chem. Soc. 110, 501 (1988). 


13. (a) C. G. Overberger and J. P. Anselme, J. Org. Chem. 
29, 1188 (1964); (b) G. L. Closs and J. J. Coyle, J. Org. 
Chem. 31, 2759 (1966); (c) Y. Yamamoto, S . 4 .  Mur- 
ahashi and I. Moritani, Tetrahedron 31, 2663 (1975); (d) 
N. Levi and D. S .  Malament, J. Chem. Soc., Perkin Trans. 
2 1249 (1976); (e) C. J. Abelt and J. M. Pleier, J. Am. 
Chem. SOC. 111, 1795 (1989). 


14. M. H. Sugiyama, S. Celebi and M. S .  Platz, J. Am. Chem. 
SOC. 114,966 (1992). 


15. (a) D. A. Modarelli, S. Morgan and M. S .  Platz, J. Am. 
Chem. SOC. 114, 7034 (1992); (b) J. M. Fox, J. E. G. 
Scacheri, K. G. L. Jones, M. Jones, Jr, P. B. Shevlin, N. 
Armstrong and R. Sztyrbicka, Tetrahedron Lett. 33, 5021 
(1992); (c) S. Celebi, S. Leyva, D. A. Modarelli and M. S .  
Platz, J. Am. Chem. Soc. 115, 8613 (1993); (d) for a 
review, see M. T. H. Liu, Ace. Chem. Res. 27, 287 
(1994); (e) for a computational study, see D. M. Miller, P. 
R. Schreiner and H. F. Schaefer, 111, J. Am. Chem. Soc. 
117,4137 (1995). 


16. C. Mayor and W. M. Jones, J. Org. Chem. 43, 4498 
(1978). 


17. For a review, see W. Kirmse, in Advances in Carhene 
Chemistry, edited by U. H. Brinker, Vol. 1 ,  pp. 1-57. Jai 
Press, Greenwich, CT (1994). 


18. (a) L. M. Hadel, V. M. Maloney, M. S. Platz, W. G. 
McGimpsey and J. C. Scaiano, J. Phys. Chem. 90, 2488 
(1986); (b) J. C. Scaiano and D. Weir, Can. J. Chem. 66, 
491 (1988); (c) M. W. Shaffer, E. Leyva, N. Soundarajan, 
E. Chang, D. H. S. Chang, V. Capuano and M. S .  Platz, J. 
Phys. Chem. 95,7273 (1991). 


19. For a review, see M. S. Platz and V. M. Maloney, in 
Kinetics and Spectroscopy of Carhenes and Biradicals, 
edited by M. S. Platz, p. 264. Plenum Press, New York 
(1990). 


20. K. K. de Fonseka, C. Manning, J. J. McCullough and A. J. 
Yarwood, J. Am. Chem. Soc. 99,8257 (1977). 


21. E. Gaillard, M. A. Fox and P. Wan, J. Am. Chem. SOC. 
111,2180 (1989). 


22. (a) S. F. Fischer and E. C. Lim, Chem. Phys. Let?. 14, 40 
(1972); (b) N. Kanamaru, H. R. Bhattacharjee and E. C. 
Lm, Chem. Phys. Lett. 26, 174 (1974); (c) G. Heinrich and 
H. Guesten, Z .  Phys. Chem. (Wiesbaden) 118,31 (1979). 


23. W. R. Roth, 0. Adamczak, R. Breuckmann, H.-W. 
Lennartz and R. Boese, Chem. Ber. 124,2499 (1991). 







610 M. D O R M  ETAL. 


24. (a) W. R. Dolbier, Jr, K. E. Anapolle, L. McCullagh, K. 
Matsui, J. M. Riemann and D. Rolison, J. Org. Chem. 44, 
2845 (1979); (b) W. R. Dolbier, Jr, K. Matsui, H. J. 
Dewey, D. V. Horak and J. Michl, J. Am. Chem. SOC. 
101, 2136 (1979); (c) R. N. Warrener, P. A. Harrison 
and R. A. Russell, J. Chem. Soc., Chem. Commun. 1134 
(1982). 


25. (a) R. A. McClelland, V. M. Kanagasabapathy and S. 
Steenken, J. Am. Chem. SOC. 110, 6913 (1988); (b) R. A. 
McClelland, V. M. Kanagasabapathy, N. Banait and S .  
Steenken, J. Am. Chem. SOC. 111, 3966 (1989); (c) J. 
Bartl, S. Steenken, H. Mayr and R. A. McClelland, J. Am. 
Chem. SOC. 112, 6918 (1990); (d) R. A. McClelland, C. 
Chan, F. Cozens, A. Modro and S. Steenken, Angew. 
Chem. 103, 1389 (1991); Angew. Chem., Int. Ed. Engl. 
30, 1337 (1989); (e) F. L. Cozens, N. Mathivanan, R. A. 
McClelland and S. Steenken, J. Chem. SOC., Perkin Trans. 
2 2083 (1992); (f)  for a review, see P. K. Das, Chem. 
Rev. 93, 119 (1993). 


26. (a) W. Kirmse, J. Kilian and S .  Steenken, J. Am. Chem. 
SOC. 112, 6399 (1990); (b) J. E. Chateauneuf, J. Chem. 
Soc., Chem. Cornmun. 1437 (1991); (c) S. T. Belt, C. 
Bohne, G. Charette, S. E. Sugamori and J. C. Scaiano, J. 
Am. Chem. SOC. 115,2200 (1993). 


27. (a) T. C. Werner, in Modern Fluorescence Spectroscopy, 
Vol. 2, edited by E. Wehry. Plenum Press, New York 
(1976); (b) I. Berlman, J. Chem. Phys. 74, 3085 (1970); 
(c) H .3 .  Im and E. R. Bemstein, J. Chem. Phys. 88, 7337 
(1988); (d) Y. Takei, T. Yamaguchi, Y. Osamura, K. 
Fuke and K. Kaya, J. Chem. Phys. 92,577 (1988). 


28. R. A. McClelland, N. Banait and S .  Steenken, J. Am. 
Chem. SOC. 108,7023 (1986). 


29. M. A. Cheltsova, A. D. Petrov, E. D. Lubuzh and T. I. 


Eremeeva, Izv. Akad. Nauk. SSSR. Ser. Khim. 124 (1965) 
(Engl. transl., p. 107) (no spectral data are given in this 


30. W. F. Huber, M. Renoll, A. G. Rossow and D. T. Mowry, 


31. M. J. Jorgenson, Org. React. 18,1,58 (1970). 
32. (a) U. H. Brinker and L. Konig, Chem. Ber. 116, 882 


(1983); (b) W. Kirmse and J. Streu, Chem. Ber. 117,3490 
(1984). 


33. A. Padwa, T. Caruso, S. Nahm and A. Rodriguez, J. Am. 
Chem. SOC. 104.2865 (1982). 


34. K. L. Schoen and E. I. Becker, J. Am. Chem. SOC. 77, 
6030 (1955); Org. Synth., Coll. Vol. IV, 623 (1963). 


35. W. Wolf and N. Kharasch, J. Org. Chem. 30, 2493 
(1965). 


36. A. I. Meyers, R. Gabel and E. D. Mihelich, J. Org. Chem. 
43, 1372 (1978). 


37. M. Orchin and E. 0. Woolfolk, J. Am. Chem. SOC. 67, 122 
(1945). 


38. (a) R. Levine and M. J. Karten, J. Org. Chem. 41, 1176 
(1976); (b) D. E. Nicodem and M. L. Marchiori, J. Org. 
Chem. 46,3928 (1981). 


39. R. C. Fuson, R. J. Lokken and R. L. Pedrotti, J. Am. 
Chem. SOC. 78,6064 (1956). 


40. R. Baltzly, N. B. Mehta, P. B. Russell, R. E. Brooks, E. 
M. Grivsky and A. M. Steinberg, J. Org. Chem. 26, 3669 
(1961). 


paper). 


J .  Am. Chem. SOC. 68,1109 (1946). 


41. J. B. Miller, J. Org. Chem. 24, 560 (1959). 
42. G. W. Gribble and M. S. Smith, J. Org. Chem. 36, 2724 


(1971). 
43. (a) G. Chuchani, J. Chem. SOC. 1753 (1959); (b) K. D. 


Bartle, D. W. Jones and P. M. G. Bavin, J. Chem. SOC. B 
388 (1971). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 9,611-618 (1996) 


HOST-GUEST CHEMISTRY. THE STRUCTURE AND PROTON 
DISORDER OF THE THREE-COMPONENT CRYSTAL FORMED BY 


3 (5)-METHYL-4-NITROPYRAZOLE, ( R  ,R )- ( - )- TRANS-4,5- 
BIS (HYDROXYDIPHENYLMETHYL)-2,2-DIMETHYL- 1,3- 


DIOXOLANE AND TOLUENE 
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c. FOCES-FOCES* AND L. INFANTES 


R. M. CLAFUMUNT AND c. LOPEZ 
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AND 


J. ELGUERO 
Instituto de Quimica MMica, CSIC, Juan de la Cierva 3, E-28006 Madrid, Spain 


The crystal structure at 200 K of the complex formed by the optically active host (R,R)-(-)-trans-4,5- 
bis(hydroxydiphenylmethyl)-2,2-dimethyl-l,3-dioxolane ( 2 )  and 4-nitro-5-methylpyrazole (lb) and toluene as 
guests was determined by x-ray analysis. Although only the NH protons corresponding to tautomer l b  were 
found in the structure, some anomalies in the bond angles involving the nitrogen atoms of the pyrazole ring 
suggested the presence of about 25% of a structure containing the 3-methyl-4-nitropyrazole tautomer (la). This 
hypothesis was confirmed by '-'C cross polarization magic angle spinning NMR spectroscopy. 


INTRODUCTION 
Previously, we have reported that pyrazole itself (guest 
GI)  when included in 1 ,l-bis(2,4-dimethylphenyl)but- 
2-yn-1-01 (host H,) forms a cyclic structure (H,G,), 
which shows intermolecular proton transfer in the 
crystal.' In addition, we have determined the structure 
of 3 (5)-methyl-4-nitropyrazole (1): this compound 
presents an unusual phenomenon of desmotropy; 
depending on the solvent, the 3-methyl (la) or the 5- 
methyl tautomer ( lb)  crystallizes.* In this paper, we 
report the preparation of the inclusion compound of 1 
into Seebach diol 2 as its solid-phase crystallo- 
graphic study and cross polarization magic angle 
spinning (CP/MAS) NMR characterization. Our aim 
was to study the problems related to proton disorder by 
crystallography and CP/MAS NMR. 


* Author for correspondence. 


RESULTS AND DISCUSSION 


X-ray crystallography 
By slow evaporation of an equimolar mixture of 1 and 2 
in toluene, we obtained single crystals the 'H NMR 
spectra of which in solution revealed to be a 1 : 1 : 1 
mixture of 1, 2 and toluene. The crystal structure 
determination showed that there are two complexes in 
the asymmetric unit which include two solvent toluene 
molecules (a 2 : 2 : 2 mixture). The absolute 
configuration of 2 was not determined since it was 
known from its synthetic origin (tartaric acid). The 
molecular structure of the host [Figure l(a)], as pre- 
viously rep~rted,~. '  appears to be rigid owing to the 
formation of an intramolecular hydrogen bond (Table 
1). The dioxolane rings exhibit slightly distorted chair 
conformations where the C-( 12)/C-( 13) and C-(22)/ 
C-(23) atoms lie above and below the planes defined by 
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Table 1. Selected geometrical parameters (bond lengths in A, angles in degrees)" 


Host i =  1 i = 2  Host i =  1 1=2 


O(i1)-C(i1) 
C (i2)-C (i3) 
0 (i2)-C( i4) 


O(il)-C(il)-C(i2)-C(i3) 
C(i2)-C(i3)-C(i4)-O(i2) 
C (i29)-O( i3)-C( i2)-C( i3) 
C(i3)-O(i4)-C(i29)-O(i3) 
C (i2)-C (i 1 )-C (i5)-C (i6) 
C (i3)-C (i4)-C ( i17)-C (i 18) 
C( i35)-C( i34)-C( i33)-0 (i6) 


1.439(6) 
1.547(7) 
1.437(5) 


72.7(5) 
70.5(5) 


-31.3(5) 
11.1 (5) 


112.0(5) 
- 65.9(5) 
- 1.6(12) 


1.449(4) 
1.548(7) 
1.438 (6) 


71.6(5) 
71.5(5) 


-32.2(4) 
11.1 (5) 


105.2 (5) 
-48.7(6) 


4.8(11) 


C(i1)-C(i2) 
C( i3)-C( i4) 


C (i 1 )-C (i2) -C (i3) -C (i4) 
0 (i3) -C (i2) -C (i3) -0 (i4) 
0 (i4) -C (i29) -0 (i3) -C (i2) 
C (i2) - C (i3) -0( i4)-C (i29) 
C (i2) -C (i l)  -C (i 1 1) - C (il2) 
C (i3) -C (i4) -C (i23) - C (i24) 


1.553(5) 
1448(7) 


-83.5(5) 
36.2(4) 
14.3(5) 


-29.3(5) 
8.8(7) 


-5.8 (6) 


1.540(7) 
1.558(5) 


-81.4(5) 
37.1(4) 
14.7(5) 


-29.8(4) 
-7.1(6) 
-2.2(6) 


Guest: pyrazole i =  1 i = 2  Guest: pyrazole i =  1 1=2 


N (i3 1)-N( i32) 1.358(6) 1.357(7) N(i32)-C(i33) 1.316(7) 1.316(8) 
C (i33)-C( i34) 1.373(8) 1.384(9) C(i34)-C(i35) 1.387(7) 1.393 (9) 
N (i3 1)-C( i35) 1.342(8) 1.333(8) 
N( i32)-N( i3 1)-C( i35) 1 1 1.6(5) 1 12.1 (5) N (i3 1 )-N( i32)-C( i33) 106.8(4) 106.8(4) 
N (i32) - C (i33)- C (i34) 109.2(5) 108.9 (5) C (i33)-C( i34)-C( i35) 107.9(5) 107.5(5) 
N( i3 1)-C( i35)-C( i34) 104.6(5) 104.6(5) 


Hydrogen interactions XH X . . . Y  H ... Y X-H ... Y 


O(l1)-H(101) ... O(12) 
0(12)-H(102)... N(132) 
N(131)-H(131) ... O(21) 
0(21)-H(201) ... O(22) 
0(22)-H(202) ... N(232) 
N (23 1)-H(23 1) . . . O( 1 1) 
C(140)-H(140)...0(16)(1 --x, 1/2+y,  1 - 2 )  


C(226)-H(226)...C(A)(1 - ~ , - 1 / 2 + y ,  1-2) 


0.87(7) 
0.83(7) 
1.09(8) 
l.lO(10) 
0.84(9) 
0.94(8) 
1.03( 19) 
0.96( 10) 


2.630(4) 
2.780(6) 
2.802 (5) 
2.621 (4) 
2.809(6) 
2.820(6) 
3.363 (22) 
3.597 (7) 


1.76(7) 
1.97(7) 
1.80(8) 
1.54(10) 
2.01 (9) 
1.92(8) 
2.60(18) 
2.73(10) 


174(7) 
168(7) 
15 1 (7) 
166(8) 
159(9) 
160 (6) 
13 1 ( 12) 
150(8) 


'O(l l ) - -C(~l) ,  i =  1, 2 means O(l l ) -C(l l )  and 0(21)-C(21), and so on C(A) stands for the centroid of the undisordered toluene nng. 







HOST-GUEST CHEMISTRY 613 


Figure 1.  (a) An Ortep'* view of the host (molecule 1) showing the atomic numbering. (b) View of the complex showing the 
symmetry of the dimer and the hydrogen bonds system (dotted lines). Phenyl rings are omitted for clarity. (c) Crystal packing along 


the c axis. Ellipsoids are drawn at the 30% probability level 
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Figure 1. Continued 


the other atoms [Cremer an$ Pople's parameters' are 


-164.5(7)" vs 02= -162" for an ideal chair 
conformation]. The differences between host molecules, 
as tested by half-normal probability plots,' are mainly 
those concerning the different twist of the phenyl rings 
(Table 1). Apart from that, the host and the guest 
molecules are almost related by a twofold axis parallel 
to the z axis. lo The pyrazole guest molecules are similar, 
the nitro group being coplanar with the five-membered 
ring. The bond distances and angles follow a pattern 
relatively similar to that of the free guest2 (CSD ref- 
code: HEHVAR)" which displays average values (three 
molecules in the asymmetric unit) for the five 
N(H)-N, N-C, ... C--N(H) distances of J.366(5), 
1.318(5), 1.391(6), 1.387(6) and 1.339(5) A and the 
five N-N(H)-C, C-N-N(H), ... C-C-N(H) 
angles of 113.7(3), 104.9(3), 110.0(4), 107.5(4) and 


q2 = 0.325(4), 0.359(4) A and O2 = - 164.2(7), 
103.9(3)", vs distances of 1.3>8(4), 1.316(5), 
1.379(6), 1.390(4) and 1.338(6) A and angles of 


(average values for the present structure). 
The molecular entities form an H-bonded associate 


containing four molecules: two diols and two pyra- 
zoles. This gives rise to a 14-membered ring of 
hydrogen bonded species with strong N-H ... 0, 
0-H ... 0 and 0-H ... N interactions [(Figure 1 (a) 
and l (b)]  analogously to the 12-membered ring 
present in the complex with n-propylamine,6 where 
two guest molecules are also inserted between two 
hosts. The packing of these H-bonded associates is 
governed by weak C-H ... 0 interactions in which 
the pyrazole and the toluene molecules are involved 
[Figuce 1 (c)]. There are two voids in the structure of 
26.8 A3 each, the total packing coefficient being low 
(0.65).13 


111.9(4), 106.8(3), 109.1(4), 107.7(4) and 104.6(4)0 
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Finding the position of residual hydrogen atoms by the 
use of pyrazole internal angles at the nitrogen atoms 
We have shown that the internal angles of the pyrazole 
pentagon are very different for the two nitrogen atoms: 
the N-NH-C angle is on average 8-9" larger than the 
C-N-NH angle (x-ray geometries).14 This is an 
intrinsic phenomenon since in the gas phase the differ- ** IS ence is 7.8" (microwave) and 8.9" (MP4/6-31G 


N--N 
1 %  N-N 


p ' % 
H, n % 


). c! (1 p c% % ), P 
Static lowering or dynamic this difference disorder to the due point to tautomerism that in the results case of in a 


3 
0 0 


p 50 : 50 disorder it becomes zero. 
The smaller (-1.8") and larger (+1.9") values of 


angles at the N(H) and N atoms in the complex with 
respect to the free guest (lb,  see above) are indicative 


NO2 No2 of proton disorder (about 20% of 3-methyl-4-nitropyra- 
zole tautomer la, see Scheme 1); hpwever, only 
peaks of low electron density (<0.19 e A-') could be 
observed in the final AF map at bond distances of some 
hydroxyl groups and the other nitrogen atoms (see 
below for hydrogen bonding system). 


H,, k n* % 
% /  ". ,* 


Me Me 


(lb2): 80% (182): 20% 


Scheme 1 


Table 2. '.'C NMR chemical shifts (solutions in CDCI,) 


Host 
Toluene 3-Me-4-N0,pz (la) 4-NO,-5-Mepz (lb) 1 : 1 : 1 Complex 


Solution CP/MAS solution CP/MAS CP/MAS CP/MAS 


- 25.0 
- 26.4 
- 108.4 
- 80.6 


81.9 
- 77.0 


78.3 
- 126.7 
- 126.7 
- 126.7 
- 126.7 
- 126.7 
- 126.7 
- 141.9 
- 144.6 
- 21.3 
- 126.7 
- 126.7 
- 126.7 
- 136.2 


12.9 - 11.6 
- 147.2 - 146.6 


- - 132.1 - 131.4 
- - 132.1 - 132.7 


- - 11.2 9.6 
- - - 137.2 140.0 
- - - 132.4 132.7 


- - 142.6 143.1 


Me 28.1 27.0 - - 
28.6 


c-2 109.5 108.7 - - 
c-4 80.8 79.9 - - 


78.1 79.9 - - C (OH 1 
Ph (0, m )  127.2 126.8 - - 


127-6 126.8 - - 
128-1 126.8 - - 
128.6 126.8 - - 
127-2 126.8 - - 
127.5 126.8 - - 


Ph ( P )  


Ph (i) 142-6 142.0 - - 
145.9 146.5 - - 


Me - - 21.3 - 
- - 129.3 - 
- - 128.5 - 


Ph (0) 


- - 125.8 - 
Ph (m) 


- - 137.8 - 
Ph ( P )  
Ph (i) 
3-Me (la) - - - 
C-3 (la) - - 
C-4 (la) - 
C-5 (la) - 
5-Me (lb) - - 
C-3 (lb) - 
C-4 (lb) - 
C-5 (lb) - - 


- - 
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I 126.7 


108.4 


I 
78.3 


I 


81.9 


I 


26.4 


I 


180 160 140 120 loo 80 60 0 PPM 


Figure 2. "C CP/MAS NMR spectrum (100 MHz) of the 2 : 2 : 2 complex 


I3C NMR spectroscopy 


We recorded in CDC1, solution the "C NMR spectrum 
of the free host 2 (assignment based on two-dimen- 
sional experiments and on couplings) and that of 
toluene; that of compound 1 in solution corresponds to 
an average mixture of tautomers l a  and lb  and it is not 
useful for the present discussion. The results are 
reported in Table 2; the phenyl rings in the host 2 are 
diastereotopic, all the signals bein split, particularly 
the ips0 carbons. The solid-state "C CP/MAS NMR 
spectra of la  and lb  were already known;' those of the 
free host 2 have been assigned using the solution data; 
the gem-dimethyl groups at position 2 are split since in 
the crystal the host loses its C, symmetry. The I3C CP/ 
MAS NMR spectrum of the 1 : 1 : 1 complex (actually a 


2 : 2 : 2 complex) is shown in Figure 2 (100 MHz) and 
the assignment is reported in Table 2. 


We have framed the signals belonging to pyrazole 
carbons. It appears that both tautomers are present; 
assuming that the intensity of signals in I3C CP/MAS 
NMR is proportional to the abundance, there is 20-30% 
of tautomer l a  and 80-70% of tautomer lb. 


CONCLUSIONS 
The present work illustrates the synergy between 
crystallography and CP/MAS NMR: there are prob- 
lems where only the combination of both methods 
may lead to a satisfactory conclusion.'6Concerning 
the reason why a 25 : 75 mixture of tautomers l a  and 
lb  is present in the host-guest compound, there are 
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Table 3. Crystal analysis parameters at 200 K 


Crystal data 
Chemical formula 
Crystal colour and description 
Crystal size (mm) 
Crystal system 
M 
Spage group 
a (4) 
b (4) 
c (A) 
B ("1 
Z 
D ,  (gr cm3) 
V (A') 
Radiation 
No. of reflections for lattice parameters 
0 Range for lattice parameters (") 
Absorption coefficient (cm - I )  


Data collection 
Diffractometer type 


Omax ("1 
No. of standard reflections (interval) 
No. of independent reflections 
No. of observed reflections, I >  20(I) 


Refinement 
Hydrogen atoms 
Refinement 
Secondary extinction correction (/lo3) 
No. of parameters refined 
Degrees of freedom 
Ratio of freedom 
(S hift/error) 
R 
WR 
( A P ) ~ ~ ~  (e 
Max. thermal value (A2) 
Weighting scheme: 


C31HN04 ' C4H5N302 * C7H8 


0.33 x 0.33 x 0.17 


1371.64 


Colourless, plates 


Monoclinic 


28.0226i26) 
11.1498 (4) 
109.517(2) 
4 
1.225 
3717.4(3) 
Cu K a  
92 
3-45 
6.61 


Philips PWl100, four circle. Graphite oriented monochromator. 
1 min/reflection, detector apertures ("), 1 x 1; collection method, w/20 scans 
Scan width (0): 1.5 
65 
2 (90 min). No decay 
6493 
5775 


From difference synthesis 
Least-squares on F,. Full matrix 
W2) 
1147 
4522 
5.03 
0.05 
0.056 
0.061 


U11 [C140] = 0.26(6) 
0.5 1 near the disordered toluene molecule 


Empirical so as to give no trends in (wA*F) vs ( I F,, I ) and (sin 0/A). 


Figure 3. Toluene molecules showing the disorder model and the numbering system. Ellipsoids are drawn at the 10% probability 
level 
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two different explanations of increasing complexity: 
(i) it is an intrinsic property, that is, the 5-methyl 
tautomer is more stable than the 3-methyl tautomer; 
(ii) it is a consequence of the hydrogen bonds, 
0-H ... N and N-H ... 0, present in the H-bonded 
associate. 3-Methylpyrazole tautomers are slightly 
less stable than the 5-methyl tautomers but the differ- 
ence in energy is so small that it results in 45:55 
mixtures at equilibrium. Explanation (ii) requires 
(a) that the 0-H ... N H-bond is stronger than the 
N-H ... 0 H-bond, which is reasonable, the NH- 
pyrazoles being fairly strong bases but very weak 
acids, and (b) that tautomer l b  is a stronger base (but 
a weaker acid) than tautomer la ,  which is also rea- 
sonable.'* In summary, the predominance of tautomer 
l b  is consistent with the thermodynamic properties of 
pyrazoles. 


EXPERIMENTAL 
X-ray  structure determination. Table 3 gives the 


crystal analysis arameters; the structure was solved by 
direct methods." One of the toluene molecules appears 
to be extensively disordered and two positions twisted 
by 34" were modelled with occupancy factors of 50% 
(Figure 3). Most of the calculations were performed on 
a VAX 6410 computer using the XTAL System." The 
atomic scattering factors were taken from the 
International Tables f o r  X-Ray Crystallography, Vol. 
IV. *O 


Supplementary data.  Lists of atomic coordinates and 
anisotropic displacement parameters for the non-hydro- 
gen atoms, hydrogen parameters and structure factors 
tables have been deposited at the Cambridge Crystallo- 
graphic Data Centre. 


NMR spectroscopy. The I3C NMR spectra were 
recorded at 50.3 MHz (solution) and 100.6 MHz (CP/ 
MAS) on Bruker AC-200 and MSL-400 instruments. The 
experimental conditions have been described elsewhere." 
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MIGRATORY APTITUDE OF SUBSTITUENTS ON SILICON ATOMS OF 
DISILYLCARBENES 


AKIRA OKU,* TOSHIYUKI MIKI AND YASUYOSHI OSE 
Department of Chemistry, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606, Japan 


Photolysis of (dimethylphenylsilyl)(trimethylsilyl)diazomethane in t-BuOH yielded three different t-BuO- 
substituted (silylalkyl)silanes. The migratory aptitude of substituents from the silicon atoms to the carbenic 
center was found to be in the order Ph:Me (on phenyl-substituted Si):Me (on TMS)=3.8: 1.0: 1.0, the 
opposite of that reported for monosilylcarbenes. The photolysis of (1-phenyl-1-silacyclobutyl)(trimethylsilyl) 
diazomethane gave two silyl-substituted silacyclobutanes and one ring-expanded silacyclopentane. Again, the 
migratory aptitude of substituents was in the order Ph : ring-methylene : Me = 4.5 : 1.4: 1.0, showing that the 
ring shifts faster than Me and also Ph shifts faster than any alkyl substituent. 


INTRODUCTION 


The 1,Zshift of substituents at the a-position of car- 
benes to form alkenes is one of the well known features 
of carbene reactions.’ Silylcarbenes are not an exception 
and they undergo the substituent shift to form silenes 
which, in the presence of appropriate nucleophiles such 
as alcohols, finally produce (alkoxysily1)alkanes 
[equation (l)]., Ando et aL3 reported that the migratory 
aptitude of substituents on the silicon atom of monos- 
ilylcarbenes, which were photolytically generated from 
the corresponding diazomethanes [equation (2)], was in 
the order of Me : Ph = 47 : 19 and Me : PhCH, = 57 : 12. 
Also reported was the facile migration of a silyl group 
on a disilanyl s~bsti tuent.~ In their system, however, 
only two substituents can be compared at a time. On the 
other hand, Philip and Keating’ examined a similar non- 
silicon system, i.e. 1-methyl-1-phenylethylcarbene, for 
which they found the relative migratory aptitude of 
substituents was Ph:Me=50:9, the opposite of the 
order found by Ando et aL3 for silylcarbenes. 


R 
R‘OH I - R-Si-CHpR 


OR‘ 


* Author to whom correspondence should be addressed. 


R =  Ph. 47:19 
R = Bn, 57:12 


To compare more than two substituents at a time, both 
monosilylcarbenes bearing three different groups on a 
single silicon atom and disilylcarbenes bearing more than 
two different groups on the silicon atoms seem to be 
appropriate models for the purpose. We chose the latter 
model (carbenes 2 and 10) and, contrary to our initial 
expectation, obtained a different result, on which we 
report here. 


RESULTS AND DISCUSSION 
Disilyldiazomethanes 1 and 9 were prepared by the 
reaction of trimethylsilyldiazomethane and chlorosilanes 
[equation (3)].6.7 A solution of diazomethane 1 or 9 in a 
mixed solvent of t-BuOH and Et,O (1 : 1) was placed in 
a Pyrex tube, bubbled with a stream of argon and 
irradiated at 0°C for 3 h using a high-pressure mercury 
lamp. The product mixture was analyzed by both ‘H 
NMR and VPC methods. 


t+-\s(Me Me, ,Me 
Me, 0w 1) LDA 


H<s“Me - Me-?< Me qi-(%e (3) 
Nz 2) 7’ ph Nz ph Nz 


R2-Si-CI 1 9 
A3 R’, R2 = Me R ’ - R ~  = (cyh 


R3 = Ph R3 = Ph 


(3) 
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The photolysis reaction of (dimethylphenylsilyl) 
(trimethylsily1)diazomethane (1) gave three products, 
dimethyl (1 ',I '-dimethylethoxy) [ (trimethylsilyl)(phenyl) 
methyllsilane (a), methyl(l',l'-dimethylethoxy)[l- 
(trimethylsilyl)ethyl] (pheny1)silane (mixture of diaster- 
eomers 7a and 7b in the ratio 1 1 : 7) and dimethyl (1 ' , l  '- 
dimethylethoxy )[ 1-(dimethylphenylsilyl)ethyl]silane (8), 
in 34, 18 and 28% yields, respectively (Scheme 1). 
Their formation can be explained in terms of the 
intermediacy of silenes which were produced from 
disilylcarbene 2 via the 1,Zshift of substituents from 
one of the silicon atoms to the carbene center.The 
relative migratory aptitude of substituents on two silicon 
atoms, calculated from the product yields, is Ph : Me on 
Si-1 :Me on Si-2 = 3 4 :  1.0: 1.0, showing that the 
phenyl group migrates faster than the methyl group. 
This represents the opposite aptitude to that reported for 
m~nosi~y~carbenes.~ The formation of two isomers 7a 
and 7b indicates that the 1,2-shift of a methyl groups 
from Si-1 produced both E- and 2-isomers of silene 4 in 
the same ratio 11 : 7, followed by a stereospecific syn- 
addition of t-BuOH to 4 to give the two isomers of 7. 


In addition to two different types of methyl 
substituents and a phenyl substituent, a strained silacy- 
cloakyl substituent also seems worth comparing with 
methyl substituents to evaluate the effect of ring strain. 
The photolysis reaction of (1 -phenyl-1 -silacyclobutyl)- 
(trimethylsily1)diazomethane (9) in the presence of t- 
BuOH gave three products, 1-(l',l'-dimethy1ethoxy)- 
[ (trimethylsilyl) (pheny1)methyl ]silacyclobutane (14), 
1-( 1 ' ,l'-dimethylethoxy)-l-phenyl-2-(trimethylsilyl)sila- 
cyclopentane (15) (one isomer, because silene 12 


M p \  Pe tw , Pyrex 
I SI. 


bh N2 0°C 
Me--Si'< Me 'BuOH -ether 


1 


exists only in the 2-form and, therefore, the syn 
addition of t-BuOH produces only one adduct) and 1- 
[(1', 1'-dimethylethoxy)(dimethyl)silyl]ethyl- l-phenyl- 
silacyclobutane (la), in 21, 13 and 14% yields, 
respectively (Scheme 2). The ring-enlarged silacyclopen- 
tane 15 was evidently formed by the rearrangement of the 
silacyclobutane ring of carbene 10 to produce silacyclop- 
entene 12 followed by the addition of t-BuOH. Based on 
the product yields, the relative migratory aptitude of 
substituents on the two silicon atoms of 10 can be calcu- 
lated to be Ph : ring-methylene : Me = 4.5 : 1.4 : 1 .O, 
indicating that the ring-methylene on Si-1 shifts faster 
than the methyl group on Si-2 to some extent. However, 
the phenyl group on Si-1 again migrates faster than any 
of the alkyl substituents. 


An intriguing result of the present study is undoubt- 
edly the reversal of the order of migrating groups in 
comparison with Ando el al.5 observation3 for monos- 
ilylcarbenes. A rational reason for this reversal is the 
steric effect: (a) to relieve the steric congestion in the 
disilylcarbene 2 or 10 whose ground state may be 
singlet,* a bulkier phenyl group migrates faster than a 
relatively small methyl group and, consequently, the 
transition state of the phenyl migration lies at a lower 
energy level than that of the methyl migration 
(Scheme 3); also in this transition state, a positive 
charge of the carbene p-orbital can be well delocalized; 
(b) another plausible explanation is that the steric 
congestion may alter the electronic configuration of the 
carbene center, lowering the energy gap between the 
singlet and triplet states, to favor the spin-delocalized 
migration of the phenyl group via the triplet state. 


2 


2 


l3  
6 34% 7 18% 8 28% 


( two isomers 


Scheme 1 
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Scheme 3 


EXPERIMENTAL 


General. (Dimethylphenylsilyl)(trimethylsilyl)diazo- 
methane (1) was prepared by the reaction of 
trimethylsilyldiazomethane (1 -48 mmol), lithium 
diisopropylamide (LDA, 1-60 mmol) and chlorodi- 
methylphenylsilane (1 -24 mmol) in anhydrous diethyl 
ether at 0°C. After the chromatography on an 
aluminacolumn, 1 was obtained in 83% yield. (1- 
Phenyl - 1 4lacyclobutyl) (trimethylsily1)diazo-methane 
(9) was prepared by reaction with chlor- 
o(pheny1)silacyclobutane similarly to that described 
above for 1 (37%). 


Photolysis reaction of disilyldiazornethanes I and 
9 .  A solution of diazomethane 1 or 9 in a mixed solvent 
of t-BuOH and Et,O (1 : 1) was placed in a Pyrex tube, 
bubbled with a stream of argon and irradiated at 0 "C for 
3 h using a high-pressure mercury lamp. The product 
mixture was analyzed by both 'H NMR and VPC 
methods. The products were separated by silica gel 
chromatography with hexane as eluent and their spectral 
data are as follows. 


Dimethyl ( I ,  I -dimethylethoxy)-{[I - (trirnethylsilyl) - 
I-phenyl]methyl}silane (6) .  'H NMR (300 MHz, 
CDCl,), 6 0.03 ( s ,  3H), 0.05 ( s ,  9H), 0-17 (s, 3H) 


1.29 (s, 9H), 1.45 (s, lH), 7-00-7.06 (m, 3H), 
7.16-7-21 (m, 2H); I3C NMR (75.6 MHz, CDCI,), 6 


129.01, 142.64; IR (liquid film), 2900-3000 (m), 1600 
(w), 1495 (w), 1365 (w), 1250 (m), 1195 (m), 
1010-70 (m), 820-880 (m), 770 (w), 700 (w), 690 
(w) cm-'. Analysis (mixture of 6 ,  7a and 7b): calcu- 
lated for CI6H,OSi,, C 65.23, H 10.26; found, C 


-0.15, 2.33, 3.06,9.96, 31.99, 72.58, 123.03, 127-73, 


65-17, H 10.39%. 


Methyl ( I ,  I -dimethylethoxy ) [ I  - (trirnethylsilyl)ethyl] 
phenylsilane (7a, major diastereorner. 'H NMR 
(300 MHz, CDC1,) 6 -0.01 ( s ,  9H), 0.11 (q, 
J = 7 * 5  Hz, lH), 0.45 ( s ,  3H), 0.86 (d, J=7 .5  Hz, 
3H), 1.19 (s, 9H), 7.32-7.38 (m, 3H), 7.53-7.61 (m, 
2H). Diastereomer 7b (minor isomer): 'H NMR 
(300 MHz, CDCl3) 6 -0.10 ( s ,  9H), -0.01 (q, 
J z 7 . 5  Hz, lH), 0.48 (s, 3H), 0.98 (d, J = 7 . 5  Hz, 
3H), 1.22 (s, 9H), 7-31-7.38 (m, 3H), 7.55-7.58(m, 
2H). 


Dirnethyl(1 ,I -dimethylethoxy)[l -(dimethylphenylsilyl) 
ethyllsilane (8). 'H NMR (300 MHz, CDCI,), 6 0.08 
(s, 6H), 0.12 (q, J z 7 . 5  Hz, lH), 0.35 (s, 3H), 0.36 
(s, 3H), 1.00 (d, J = 7 - 5  Hz, 3H), 1.26 ( s ,  9H), 


(75.6 MHz, CDCI,), 6 -3.36, -1.61, 1.42, 2.08, 
7.34-7-37 (m, 3H), 7.55-7.58 (rn, 2H); "C NMR 
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8.35, 9.21, 32.00, 72.13, 127.40, 128.35, 133.79, 
140.57; IR (liquid film), 2920-3000 (m), 1250 (m), 
1198 (m), 1108 (m), 1045 (m), 1020 (m), 830 (m), 
812 (m), 775 (m), 698 (m) cm-'; CIMS m / z  (relative 
intensity, %) 295 (MH', 18), 279 (42), 223 (71), 161 
(100). Analysis calculated for C,,H3,0Si,, C 65-23, H 
10.26; found, C 65.47; H 10.47%. 


I - ( I  ,I -Dimethylethoxy){[l- (trimethylsilyl) -I -phenyl] 
methylJsilacyclobutane (14). 'H N M R  (300 MHz, 
CDCl,) 6 0.073 (s, 9H), 1.06 (m, lH), 1.29 (m, 4H), 
1.38 (s, 9H), 1.61 (s, lH), 1.91 (m, lH), 7.01-7.11 
(m, 3H), 7.17-7.26 (m, 2H); 13C NMR (75.6MHz, 


73.62, 123.05, 127.76, 128.55,141.34; IR (liquid film), 
2900-3000 (m), 1600 (w), 1495 (m), 1365 (m), 1250 
(m), 1195 (m), 1125 (m), 1045 (m), 1025 (m), 865 
(m), 840 (m), 700 (m) cm-'; EIMS, m / z  (relative 
intensity, %) 306 (M+, 8), 250 (57), 235 (22), 207 (52), 
179 (24), 159 (100); HRMS (El), calculated for 
C,,H,0Si2 (M ') 306-1827, found 306.1830. Analysis 
(mixture of 14, 15 and 16): calculated for C,,H,OSi,, C 
66.60; H 9.86; found, C 66.62, H 1.03%. 


CDCl,), 6 -0.70, 12.96, 21.45, 22.35, 29.86, 31.88, 


I - ( I  ,I -Dimethylethoxy) -2-  (trimethylsilyl) - I -pheny- 
lsilacyclopentane (15). 'H NMR (300 MHz, CDCl,), 6 
-0.28 (s, 9H), 0.08 (m, lH), 0.95 (m, 2H), 1.30 (m, 
lH), 1.34 (s, 9H), 1.58 (m, lH), 2.03 (m, lH), 2.12 
(m, lH), 7.31-7-37 (m, 3H), 7.59-7.65 (m, 2H); "C 
NMR (75.6 MHz, CDCl,), 6 -1.11, 13.09, 17.62, 
27.23, 28.47, 32.14, 72.88, 127.32, 129.08, 134.44, 
139-43; IR (liquid film), 2900-3000 (m), 1365 (m), 
1245 (m), 1195 (m), 1115 (m), 1050 (m), 1030 (m), 
895 (w), 835 (m), 760 (w). 735 (w), 700, (m) cm-'; 
CIMS, m / z  (relative intensity, %) 307 (MH', 27), 251 
(21), 235 (78), 173 (100); HRMS (CI), calculated for 
C,,H,OSi, (MH') 307.1905, found 307.1900. 


I -{I -]Dimethyl(l  ,I -dimethylethoxy)silyl]ethyIJ -I - 
phenylsilacyclobutane (16). 'H NMR (300 MHz, 
CDCl3) 6 0-025 (s, 3H), 0429 (s, 3H), 0.40 (q, 
Jz7.5 Hz, lH), 1.14 (d, J = 7 - 5  Hz, 3H), 1.19 (s, 
9H), 1.30 (m, including J=7 .8 ,  8.4, 9.3 and 10.2 Hz, 
4H), 2.00 (ttd, J =  8.4, 9.3 and 12.6 Hz, lH), 2-23 


(ttd, J=7 .8 ,  10.2 and 12.6 Hz, lH), 7-30-7.39 (m, 
3H), 7.63-7.68 (m, 2H); "C NMR (75-6MHz, 
CDCl,), 6 1.31, 1.70, 8.49, 9.81, 13-37, 13.79, 18.09, 
31-90. 71.02, 127.48, 128-76, 133.92, 134.98; IR 
(liquid film), 2900-3000 (m), 2830 (m), 1365 (m), 
1250 (m), 1200 (m), 1050 (m), 1025 (m), 1000 (w), 
838 (m), 775 (m), 700 (m) cm-'; CIMS, m / z  (relative 
intensity, %) 307 (MH', 27), 251 (42), 235 (18), 221 
(19), 207 (25). 173 (100); HRMS (CI), calculated for 
Cl,H,OSi, (MH') 307.1905, found 307.1895. 
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KINETIC STUDY OF A HOMODIENYL-[ 1,5]-HYDROGEN SHIFT IN A 
VINYLZAZIRIDINE 
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The thermal rearrangement of an N-substituted vinylaziridine to the corresponding (Z)-allylic imine, i.e. a 
homodienyl-[1,5]-hydrogen shift, was studied at different temperatures in the range 40-90 "C. 'H NMR 
spectroscopy was used to follow the reaction. Rate constants and activation parameters were determined in 
solvents that differ in polarity, namely l,4-dimethylbenzene, 1,Z-dichlorobenzene and dimethylformamide 
(DMF). The activation enthalpies and entropies obtained clearly indicate that the solvent polarity has little 
influence on the rearrangement, since these values are almost the same in the three solvents used. The low AH * 
values (89, 84 and 91 kJmol-', respectively) are consistent with a concerted mechanism, while the activation 
entropies are all small and negative, which is also supportive of a cyclic transition state. The rate constant is 
slightly higher in the most polar of the solvents used, DMF. 


Since its discovery by Radlick and Winstein,' the retro- 
ene reaction in vinycyclopropanes, also known as the 
homodienyl- [ 1,5]-hydrogen shift, to yield the corre- 
sponding (Z)-hexa- 1,4-dienes has received interest 
from both synthetic and theoretical perspectives.* In an 
early review of this process, a transition structure was 
proposed in which the vinyl moiety adopts an endo 
conformation, projecting over the three-membered ring, 
thus accounting for the stereochemical o ~ t c o m e . ~  Later, 
it was suggested that the conformational preference of 
the alkenyl group was due to orbital overlap factors4 and 
this was recently supported by a b  initio quantum 
mechanical calculations on the rearrangement.' In 
contrast, the corresponding rearrangement in 
vinylaziridines has received considerably less attention, 
with only a few examples being documented pre- 
viously.2as6 In connection with an ongoing study of the 
aza-[2,3]-Wittig rearrangement of these substrates, we 
recently showed that properly functionalized 
vinylaziridines 1 are excellent substrates for the 
homodienyl-[ 1,5]-hydrogen shift, yielding the corre- 


* Authors for correspondence. 


sponding (2)-allylic imines 2 in quantitative yield 
(Scheme 1). The stereochemical outcome of these 
reactions was rationalized by invoking transition struc- 
ture 3 (which is analogous to that discussed in the 
vinylcyclopropane series) and, based solely on steric 
interactions in 3, the imine moiety in product 2 was 
assigned to have E stere~chemistry.~ In a subsequent 
study of this rearrangement, we also demonstrated that 
substituents on both the rearrangement origin and 
terminus have, for steric or electronic reasons, a marked 
influence on the reaction rate and the stereochemistry of 
the imine moiety in 2.' 


In order to gain a more thorough understanding of the 
homodienyl-[ 151-hydrogen shift in vinylaziridines, we 
have undertaken the first kinetic investigation of the 
process and present the results in this paper. The sub- 
strate used in this study, aziridine la ,  was judged to be 
ideal since it is easily prepared and exists as a single 
nitrogen invertomer, thus simplifying the kinetic inter- 
pretation~.~ The activation enthalpy and entropy for the 
rearrangement were measured in three solvents in order 
to study the influence of the solvent and to provide 
information about the process. 
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f Bu] 


l a  R = rBu 3 2 


Scheme 1 


The synthesis of vinylaziridine la  has been de~cribed.~*'~ 
The thermal rearrangement of la  to the product imine 2 
was followed by 'H NMR spectroscopy at 4OOMHz. 
According to the 'H NMR spectra of the equilibrated 
kinetic solutions, the only product formed was the imine 2, 
and no remaining reactant was detected. The kinetic 
experiments were performed in three solvents, namely 1,4- 
dimethylbenzene ( p-xylene), 1 ,2-dicNmbemene (o- 
DCB) and dimethylformamide (DMF). The solvents were 
mainly chosen for having different polarites ( E  = 2.27,9.93 
and 36.7, respectively)", for Wig commercially available 
in their deuterated foms and for having high boiling 
points, making it possible to perform the kinetics using 
relatively wide temperature ranges. 


The reaction follows first order kinetics, which were 
monitored by measuring the integrals of the terr-butyl 


Table 1.  First-order rate constants for the thermal 
rearrangement of vinylaziridine" la in the deuterated solvents 


p-xylene, o-DCB and DMF 


kh s - '  ) 
Temperature 
("C) p-Xylene 0-DCB DMF 


40 6.30 (8) 7.59 (3) 11.30 (2) 
50 16.8 (1) 18.5 (1) 30.57 (4) 
60 54.1 (5) 52.8 (5) 86.0 (2) 
70 132 (1) 140 (1) 270 (1) 
80 310 (4) 287 (5) 663 ( 5 )  
90 818 (14) 770 (9) 1456 (18) 


'The substrate concentration was 0.03-0.06 M. 
'Error limits, given in parentheses, are estimates of the maximum error 
and are based on the standard deviations. 


group on the ester, which appeared at different shifts in 
the substrate and in the product. The integrals from the 
disappearing CH, group in the substrate and from the 
forming CH, group in the product were also used. The 
results of the kinetic experiments are given in Tables 1 
and 2. The observed rate constants in Table 1 are 
averages from two or three kinetic runs, and were 
calculated by least-squares fitting of the experimental 
data. The activation energy and the logarithm of the pre- 
exponential factor (In A )  were obtained by least-squares 
fitting of In k versus 1/T. The correlation coefficient 
was > 0.999 in all cases. 


Thermal ring fission of a vinylcyclopropane unit is 
believed to occur by any of three mechanisms: a [1,5] 
sigmatropic hydrogen shift, a [20, + 2n,] concerted 
reorganization to cyclopentene or a diradical fission 
followed by further reactions of the diradicals. Under 
certain conditions, the [1,5] sigmatropic shift of hydrogen, 
from an alkyl group oriented cis to the vinyl group, is the 
lowest energy pathway available for a vinylcyclopropane. 
This rearrangement usually proceeds with an activation 
energy of 125-146 klmol-' (30-35 kcalmol-').2"*'2 


Vinylaziridines are subject to a number of rearrange- 
ments that parallel the pathways available to 
vinylcyclopropanes. Much of the thermal and pho- 
tochemical behaviour of vinylaziridines has been 
rationalized by invoking either diradical or zwitterionic 
(azomethine ylid)  intermediate^.'^.^".'^ The examples 
found in the literature of the concerted homodienyl- 
[ 1,5]-hydrogen shift upon thermolysis of N-substituted 
vinylaziridines have in most cases been characterized by 
stere~specificity.~~'~'~'~ In an early study, the kinetics of 
an analogous thermal isomerization of 1 -p-nitrobenzoyl- 
2,2-dimethylaziridine, in the solvent diglyme, was 


Table 2. Activation parameters for the thermal rearrangement of vinylaziridine l a  


 AH*^ AS'h 
E," 


Solvent & In A" (kJ mo1-l) kT mo1-l kcal mol ' J mol" K-' cal mol-' K-' 


p-Xylene 2.27 23.2 (6) 92 (2) 89 21 -53 - 13 
0-DCB 9.93 21.6 (7) 87 (2) 84 20 - 66 - 16 
DMF 36.7 24.5 (6) 94 (2) 91 22 -42 - 10 


"Error limits. given in parantheses, are standard deviations. 
'The activation enthalpy and entropy were calculated from the relations AH * = Ed - RT and In A = AS * /R + In(kT/h),  respectively, at the median 
temperature (338 K)  in the temperature interval used. 
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E,= 105 kl.mol? (25.2 kcahrnol-I) and AS*= -43.5 J.mol~l.K~l (-10.4 cal.mol~l.K~’) 


Scheme 2. 


reported (see Scheme 2).14 To the best of our knowl- 
edge, no determinations of activation parameters have 
been reported since then for this type of rearrangement. 


The activation enthalpies and entropies, shown in 
Table 2, are of the same magnitude as those obtained for 
the benzoylaziridine transformation. The values clearly 
indicate that the solvent polarity has little influence on 
the thermal rearrangement of vinylaziridine la, since 
they are almost the same in the three solvents used. The 
low A H *  values are consistent with a concerted 
mechanism, where bond formation compensates for 
bond breaking when passing from the reactant molecule 
to the activated complex. 


The size of AS* depends mainly on the change in 
translational and rotational freedom when the reactants 
change to the activated complex. If the reaction passes 
through a cyclic transition state, as in a [1,5] sig- 
matropic hydrogen shift, there will be a hindrance to 
certain internal rotations (torsions) and such reactions 
usually show a small negative AS * value. For the 
isomerization of vinlyaziridine la,  the observed acti- 
vation entropies are small and negative (see Table 2), 
and they are of the same size as those reported for 
comparable reactions of vinylcyclopropanes. 


The observed rate constants (see Table 1) are almost 
the same in p-xylene and o-DCB, but about twice as high 
in DMF, the most polar of the solvents used. In view of 
the activation parameters determined, this seems to be an 
effect of the activation entropy rather than the enthalpy, 
although the values are similar in the different solvents. If 
the reaction is concerted but not synchronous, then bond 
changes occur within a single elementary step but do not 
keep in time with each other. As a result, the activated 
complex will be more polar than the reactant molecule 
and will have a higher demand for solvation. The value of 
AS* in a polar solvent is usually a smaller negative 
number than in an apolar solvent. In the latter case, the 
formation of a solvation shell represents an appreciable 
increase in ordering, whereas a polar solvent is already 
well ordered and no marked change will take place for 
solvation. For this reason, to reach the transition state in 
apolar solvents, the entropy must decrease more than it 
does in polar solvents. 


To summarize, the kinetic results presented here are 
consistent and support a concerted homodienyl-[ 1,5]- 
hydrogen shift mechanism, as earlier proposed for 


stereochemical reasons. The slightly higher reaction rate 
observed in the most polar of the solvents used, DMF, 
may indicate a transition state possessing some charge 
separation owing to a time lag between the bond-form- 
ing and bond-breaking processes. 
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PARTITION COEFFICIENTS AND INTRAMOLECULAR HYDROGEN 
BONDING. 2. THE INFLUENCE OF PARTITION SOLVENTS ON THE 


ACID DERIVATIVES 
INTRAMOLECULAR HYDROGEN-BOND STABILITY OF SALICYCLIC 


MICHEL BERTHELOT,* CHRISTIAN LAURENCE, MARYVONNE LUCON AND CHRISTOPHE ROSSIGNOL 
Laboratoire de Spectrochimie. Facultt des Sciences et des Techniques, Universitt de Nantes, 44072 Nantes Cedex 03, France 


AND 


ROBERT W. TAFT 
Department of Chemistry, University of California, Irvine, California 9271 7 ,  USA 


The intramolecular hydrogen bonding (chelation) of salicylaldehyde, methyl salicylate, N , N -  
dimethylsalicylamide and 2-hydroxyacetophenone was studied by IR spectroscopy in different phases used for 
partition coefficient determinations. The extent of chelation was found to be highly sensitive to the solvent and to 
the substituent on the carbonyl group in the orders carbon tetrachloride = chloroform p. octanol >water 9 
dimethyl sulfoxide and OMe = Me > H s NMe,. These sequences are discussed in terms of hydrogen-bond acidity 
of the hydroxyl group, hydrogen-bond basicity of the carbonyl group, planarity of the solute molecule and 
hydrogen-bond aciditylbasicity properties of the solvent. Semi-empirical and a6 initio calculations confirmed 
the substituent sequence. 


INTRODUCTION 


In the last decade, significant advances have been made 
in the treatment of partition coefficients in terms of 
solute structural parameters. General solvation 
equations have been set up indicating that it is now 
possible to assign to the solute interpretable structural 
descriptors that satisfactorily reproduce partition 
coefficients for a wide diversity of binary phases. 
However, depending on the nature of the solvent, 
numerous solute molecules undergo drastic structural 
modifications such as tautomerization, ionization, self- 
association or intramolecular hydrogen bonding.When 
partition coefficients are treated by general solvation 
equations such as those cited above, ‘global’ or 
‘average’ descriptors are obtained for all compounds 
present in two (or more) interconverting forms in the 
partitioning solvents. This lead to an important loss of 
structural information on the solute-solvent interactions 
of the individual forms. In a recent detailed analysis of 


*Author for correspondence. 


the partitioning of acetylacetone, Abraham and Leo6 
showed that the individual parameters for the keto and 
enol structures are accessible provided that the relative 
amounts of the two forms are known in all phases. 


This series of three papers a2alyses the influence of 
intramolecular hydrogen bonds on the hydrogen-bond 
acidity and basicity abilities of solute molecules with the 
aim of obtaining a better understanding of their well 
known action in partition coefficients.’ Part 1’ was 
devoted to the quantitative measurement of the residual 
hydrogen-bond basicity of chelated systems dissolved in 
carbon tetrachloride. This paper studies the extent of 
intramolecular hydrogen bonding (equilibrium a== b t )  
for a set of four salicylic acid derivatives 1-4 in carbon 
tetrachloride, chloroform, water, octanol and dimethyl 
sulfoxide (DMSO). The methylated compounds 5 - 4  
were studied for comparison. 


* For the sake of simplicity, we also use the old term 
‘chelation’ that has been widely used as a synonym of 
intramolecular hydrogen bonding in salicylic compounds.y 


The process a- b will be called ‘dechelation.’ 
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X = H  
Me 
OMe 
NMe2 


X 
X = H  5 


OMC Me 6 
OMe 7 
NMe2 8 


1 
2 
3 
4 


a b 


The four first solvents were chosen because 
octanol-water, alkane $-water and chloroform-water 
are important systems for the determination of biologi- 
cally relevant partition coefficients."-" As a pure 
hydrogen-bond acceptor, DMSO was added to the pure 
hydrogen-bond donor CHCl, in order to disentangle the 
respective contributions of hydrogen-bond acidity and 
basicity to the amphoteric behavior of octanol and water. 


Theoretical calculations show that the salicylic deriva- 
tives 1-4 are fully chelated in vucuo. IR study of the 
carbonyl, hydroxyl and ring stretching vibrations demon- 
strates that this result extends to alkanes CCl, and CHCl, 
but not to water or octanol, which can, partially or totally, 
break the chelation. As will be shown in Part 3, this has 
evident and important consequences on partitioning. 


EXPERIMENTAL 


We have already described' the origin and purification of 
compounds 1-8 and the measurements of FTIR spectra. 


The organic solvents were carefully dried and ethanol 
was removed from chloroform. Water measurements were 
carried out with heavy water in order to avoid the absorp- 
tion of H,O near 1630 cm-'. This leads to rapid 
deuteration of the phenolic hydrogen in 1-4 and to 
significant shifts (cu 3-4cm-') of the v(C=O) and vs, 
bands toward lower wavenumbers amibuted to vibrational 
decoupling and not to solvation effects. Owing to the low 
water solubility of methyl salicylate, IR data in pure water 
were extrapolated from acetonitrile-water mixture data 
(the amount of water was increased up to 25 M). 


The overlapping IR bands were either deconvoluted or 
mathematically decomposed with a Gauss-Lorentz profile. 


The theoretical calculations were performed with the 
Spartan 4.0 program implemented on a Silicon Graphics 
Indigo station. 


RESULTS AND DISCUSSION 


Theoretical calculations in vucuo 


The AH:98 (AMl, PM3) and AE, (STO-3G, 6-31G) 
values were calculated for the dechelation (DC) process 
a-b as the difference between b in the most stable 
dechelated conformation minus a. They differ little from 


$ CC1, was used instead of alkanes because of better solubility 
and IR transparency (see below). 


the Gibbs free energy AGm since entropy calculations 
show little or no ASx. Table 1 shows the values of 
AGm (=AH, = AEw). 


It is evident that the four compounds are fully che- 
lated in vucuo (the equilibrium constants for a- b vary 
between ca and The chelation stability order 
4a(NMe,) < la(H) < 2a(Me) < 3a(OMe) is found by all 
four calculations (except the inversion of 4a and l a  at 
the 6-31G level). A near planar geometry is found for 
la-3a but not for 4a, where the plane of the amide 
function is not coplanar with the benzene ring. 


IR spectra in carbon tetrachloride (alkanes) 
Results of calculations in vucuo should apply for 
experiments in alkanes or CC1,. We have already shown 
in Part 1' that compounds 1-4 are totally present as 
form a in CC1,. This result extends to alkanes since 
there is no known example where an intramolecular 
hydrogen bond is broken on going from CCl, to 
alkanes. The IR conclusion for 1-4 in CC1, follows 
from the fact that no absorption attributed to the free 
v(0H) vibrator is observed near 3600 cm-I. This region 
cannot be analysed in the other solvents (D,O, octanol, 
DMSO) because of either a lack of IR transparency and/ 
or the difficulty in distinguishing the stretchings of the 
OH group engaged in an intramolecular hydrogen bond 
or in an intermolecular hydrogen bond with the solvent. 
Therefore, we studied the 1550-1750 cm-' region 
where the v(C0) and the two ring absorptions denoted 
vBa and vgb are found. In CCI,, comparison of com- 
pounds 1-4 in form a with their methylated analogs 
5-8 suggest the following: the chelation provokes a 
large shift of the carbonyl absorption toward lower 
wavenumbers and a shift in the opposite direction of the 
v8, band (the vSb absorption remains almost unchanged). 
Figure 1(A) shows that Av(CO)= -34cm-' and 


Table 1 .  Calculated AG (kcal mol-') for the dechelation of 
salicyclic derivatives 1-4 


Substituent 
Compound X AM1 PM3 STO-3G 6-31G 


4 MezN 3.1 3.0 7.5 7.0 
1 H 3.9 3.4 8.1 6.0 
2 Me 5.1 4.2 8.5 7.6 
3 Me0 5.8 4.5 11.0 10.9 
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Wavenumber 1 cm -1 


Figure 1. v(C=O) (*), vRa (0) and vgb (A) absorptions 
of 2-hydroxyacetophenone (dotted lines) and 2- 
methoxyacetophenone (solid lines) in (A) carbon tetrachloride 


and (B) dimethyl sulfoxide 


Avga = + 18.3 cm-' for 2-hydroxy- and 2-methoxyace- 
tophenone (A = 2-OMe minus 2-OH). 


IR spectra in dimethyl sulfoxide 
On going from CCl, to DMSO, the v(C0) band of 2- 
methoxyacetophenone is shifted from 1679.9 to 
1671.5 cm-' by van der Waals forces and the two v8 
absorptions remain almost unchanged [see Figures 1 (A) 
and 1 (B)]. However, the spectrum of 2-hydroxyace- 
tophenone in DMSO [Figure l(B), dotted line] 
becomes more complex than in CCl, [Figure 1(A), 
dotted line] since two new bands appear at 1665 and 
1601.6 cm-'. These new bands clearly correspond to 
the v(C0) and vg, of 2 in form b where the intramolecu- 
lar hydrogen bond is broken and replaced by an 
OH. ..OSMe, intermolecular hydrogen bond 
[equilibrium (l)] .  


a b 


Assuming that the extinction coefficients of the 
carbonyl bands at 1665 and 1639cm-l in DMSO, 
corresponding to forms 2b and Za, respectively, are 
roughly the same, the amount of dechelation can be 
estimated, from the band intensity ratio, to be cu 15%. 


The IR spectra of the three other salicylic acid deriva- 
tives 1, 3 and 4 dissolved in DMSO were analysed using 
the same method. Methyl salicylate (3), salicylaldehyde 
(l), and N,N-dimethylsalicylamide (4) are 25%, 70% and 


loo%, respectively, present as form b in which the 
intramolecular hydrogen bond has been broken by DMSO. 


DMSO appears clearly as a powerful 'intramolecular 
hydrogen-bond breaker.' This is probably due to its 
strong hydrogen-bond basicity, form b being stabilized 
by an intermolecular hydrogen bond with the sulfoxide 
group, as revealed by the appearance of a broad 
v(OH...O=S) band in the spectrum of 4. The spectra of 
1, 2 and 3 are less clear because of the superposition of 
v(OH-..O=C) and v(OH..-O=S) absorptions. 


IR spectra in chloroform 
On passing from CCl, to neat or to water-saturated 
chloroform (the actual phase in water-chloroform 
partition), there is no appearance of any carbonyl, 
hydroxyl or ring stretching absorptions characteristic of 
the b form in compounds 1-4. We only observe a slight 
shift (3-4 cm-') of the carbonyl band toward lower 
wavenumben, which indicates the attachment of a 
chloroform molecule to the second carbonyl lone pair of 
species a [equilibrium (2)] or its replacement by a water 
molecule in wet chloroform. 


Clearly, the hydrogen-bond donor chloroform does 
not break the stable intramolecular hydrogen bond of 
salicylic acid derivatives. This does not mean that 
chloroform never acts as an 'intramolecular hydrogen- 
bond breaker.' We have analysed the v ( 0 H )  region of 
guaiacol (2-methoxyphenol), a molecule with a weaker 
intramolecular hydrogen bond than in salicylic deriva- 
tives (see Part 18).  This compound is fully chelated in 
carbon tetrachloride whereas 50% of the intramolecular 
hydrogen bonds are broken in chloroform. 


IR spectra in octanol 
Two situations arise on going from CCl, to octanol. The 
intramolecular hydrogen bond of 2-hydroxyacetophenone 
(2) and methyl salicylate (3) is not broken by octanol. 
We only observe slight changes in the IR spectra, a weak 
shoulder appearing on the low-frequency side of the 
carbonyl bands. As for CHCl,, this shoulder is attributed 
to the fixation of octanol to the second carbonyl lone pair 
of species a [equilibrium (3)]. 


2a, 3a 
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IR spectra in water In contrast, the characteristic v(C0)  and vBa 
absorptions of species b are observed for salicylalde- 
hyde *(1) and &,N-dimethylsalicylamide (4)- . The While the intramolecular hydrogen bond is found to be 
proportions of species l b  and 4b are given in Table totally broken for 4 (i.e. it is present as form b in 
2. The amphoteric properties of octanol must water), it appears to be very stable for 1-3, which are 
account for the octanol-solvated b form shown in present as form a at 90- 100% (see Table 2 ). 
equilibrium (4). 


v o " h  


la, 4a lb, 4b \ 


The above results are for dry octanol. In wet octanol, 
the real phase in water-octanol partition, we do not 
observe significant changes in the IR spectra but a minor 
intensity rise of a carbonyl absorption attributed to l a  or 
4a with their second carbonyl lone pair hydrogen 
bonded to the OH solvent groups. This observation 
provides confirmation that water saturation has small 
effects on the bulk properties of neat octanol, possibly 
because water molecules are trapped in octanol 
clusters. I3*l4 


Solvent and substituent effects on equilibrium a== b 
The extent of intramolecular hydrogen bonding in 1-4 
depends on the free energy dserence between forms a 
and b. The stability of a appears to depend more on the 
strength of the intramolecular hydrogen bond than on 
molecular interactions with solvents, since the hydrogen- 
bond acidity of a (towards a hydrogen-bond acceptor 
solvent such as DMSO) is almost zero and its hydrogen- 
bond basicity (towards a hydrogen-bond donor solvent 
such as CHCl,) has been greatly reduced.8 Among the 
various substituent effects that influence the strength of 
the intramolecular hydrogen bond we note the following: 


(i) The electron-donating effect of X. which increases 
the hydrogen-bond basicity of the carbonyl groups in the 
order H=OMe<MeaNMe, estimated from the Km 
values of the Cmethoxy d o g s  of 1-4:J' 4- 


Table 2. Carbonyl frequencies and relative intensities of the two forms of salicyclic acid derivatives 1-4 


Compound Solute Solvent Form b Form a Form a (%0). 


1 2-OHC6H.qCHO CCl, 1664.4' 100 
CHClzb 1659.8' 100 
Octanolb - 1680 1661 .O' 90 
D,Oe -1678 1651.0' 90 
DMSO 1682.2 1655.9' 30 


2-OHC,H4COMe CCl, 1646.1 100 
CHClzb 1642.1 100 
Octanolb 1645.8 - 1634.6d 100 
D,Oe -1636 1631.1 90 
DMSO 1665.0 1639.0 85 


2-OHC6H,COOMe CCl, 1682.0 100 
CHCl,b 1678.2 100 
Octanolb 1681.6 100 
D,Oe 1673.0' 100 
DMSO 1723.2-1697.0g 1675.7 75 


4 2-OHC6H,CONMe, cc1, 1632.8 100 
CHCl,b 1629.0 100 
Octanolb -1625 -1625 3 9  
D,O' 1624.4 0 
DMSO 1629.3 0 


'Extent of form a determined from the intensity ratio of the two carbonyl absorptions (estimated accuracy f 15%). 
hExperimental data are given for dry chloroform and octanol. Very little change is found in wet solvents (see text). 
Corrected from a Fermi resonance following Ref. 22. 
Shoulder corresponding to the 1 : 1 association. 


'Absorptions corresponding to the deuterated solute (see Experimental). 
'Extrapolated from acetonitrile-heavy water mixtures. 
€Two bands corresponding to rotational isomers. 
Determined from the intensity ratio of the vWa bands. 
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MeOCJ34COOMe (1.08) -. 4-MeOC&-14COH (1.10) < 4- 


(ii) The electron-withdrawing effect of COX, which 
increases the hydrogen-bond acidity of the hydroxyl 
group in the order of the field and resonance substituent 
constants” (a, and a i  respectively, in parentheses): 
CONMe, (0.19,0.14)aCOOMe (0.24,0.16)<COMe 


(iii) The steric effect of X, which may prevent an 
optimum geometry of the intramolecular hydrogen bond, 
in the order of the steric substituent constant 
H(0) < Me (0.73) < OMe (1.28) < NMe, (2.32); in fact, 
N,N-dimethylsalicylamide (4) is non-planar as a result of 
steric interactions between the NMe, group and the ortho 
hydrogen atom of the phenyl ring, whereas 1-3 are near 
planar (~olid-state’”~~ and in vucuo, see above). 


In contrast, the stability of b could depend more on 
the molecular interactions with the solvent via: 


(iv) the hydrogen-bond acidity of the hydroxyl group, 
which gives intermolecular hydrogen bonds with 
solvents in the order of their HB acceptor ability:’9~2’ 
CC1, = CHCl, 4 water < octanol < DMSO; this is, 
however, coupled with effect (ii); 


(v) the hydrogen-bond basicity of the carbonyl group, 
which gives intermolecular hydrogen bonds with 
solvents in the order of their HB donor ability:,’ 
DMSO = CCl, < CHCl,, octanol 4 water; this is, how- 
ever, coupled with effect (i). 


The orders of extent of intramolecular hydrogen 
bonding originate from a blend and interplay of effects 
(i)- (v), with the following highlights: 


(a) the absence or the weakness of the solute-solvent 
interactions [effects (iv) and (v)] which stabilize the 
dechelated form explain why the chelations are not 
broken in carbon tetrachloride and chloroform; 


(b) the main factor that accounts for the lower stability 
of the chelation in N,N-dimethylsalicylamide (4) is its 
non-planarity [effect (iii)] since other effects such as (i) 
and (ii) counterbalance each other in form a as well as in 
form b and would give to 4 roughly the same stability as 
the other salicylic derivatives in octanol and water; 


(c) the importance of interaction (iv) explains why 
DMSO breaks the intramolecular hydrogen bond the 
most effectively for all compounds. An enthalpy of 
-6.4 kcal mol-I, measured” for the hydrogen-bond 
formation between 4-hydroxyacetophenone and DMSO, 
compares very well with the calculated dechelation 
energetic cost of 7.6 kcalmol-’ (at the 6-31G level) 
for 4-hydroxyacetophenone. 


MeOC6H,COMe (1.33) 4 4-MeOC&CONMe, (2.31); 


(0.26,0.17)<COH (0-31,0.19); 


CONCLUSION 
As expected, IR hydrogen-bond studies give a clear 
description of the structure and solvation of salicylic 


acid derivatives. A different approach to the problem is 
the analysis of partition coefficients by the linear solva- 
tion energy relationships method.’-’ Partition coefficient 
determination in intramolecular hydrogen-bonded 
systems, their analysis via linear solvation energy 
relationships and their comparison with IR results are 
the subject of Part 3. 
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