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7: n = 1, R = Ci2H2S, R' = h

8: n = 1, R = R' = C12H25

9: n = 2, R = C12H251 R'= H

10: n = 2, R = 하 =너 25

Compound 5 is the second amphiphile ever discovered to 
form CPBMs in water. Apparently, the structure of the coor­
dination sphere of the CPBMs of 5 matches the geometry 
of the assembly of the hydrophobic tails. Many molecular 
functions can be expected from the CPBMs as exemplified 
by the hydrolytic cleavage of chymotrypsin by the Co(III)- 
CPBM of 3 within a few minutes at pH 7 and 4 °C.19 In 
this respect, characterization of additional functions of 
CPBMs can be undertaken with both 3 and 5.
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Theoretical studies on the base-catalyzed deprotonation of 4-phenacylpyridimium cations, R1-CO-CH2-C5H4N- 
R2, I (RJYGH4- and R2=CH3), and II (R^QHs and R2=CH2C6H4Y) have been carried out with bases, NH3 
and XC6H4NH2 using AMI MO method. The Br^nsted a values are 0.20 and 0.22 and the 椭 values are 0.62 
and 0.61, respectively for cations I and II. The negative I (=0卜伉)values obtained are in accord with the ex­
perimental results in aqueous solution, although the theoretical gas-phase a values for I are somewhat smaller 
than the experimental values in water due to neglect of solvation effect. It has been stressed that the Br^nsted 
a is distorted not only by the lag in the resonance and solvation development in the carbanion, but also by the 
difference in the distance between the anionic center and substituents in the TS and in the product anion.

Introduction

In most chemical reactions, more than one process occurs 
concurrently: typically, bond formation or cleavage may be 
accompanied by solvation or desolvation, delocalization or 
localization of charge, hyperconjugative transfer of charge, 

etc. However, often these processes make unequal progress 
at the transiton state (TS) leading to an “imbaianced" TS.1 
In such situation, the progress of reaction at the TS depends 
on which process is adopted as the reaction coordinate.

Transition-state imbalances are a common phenomenon 
in many reactions including proton transfers involving most
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(Jd = dp - chs I = «ch - Bd)
Scheme 1.

Illo lllc IIIn

Scheme 2. (Numbering of carbon in shown).

types of C-H acids (a proton on G in Scheme 2).lf,2 Ac­
cording to the Principle of Nonperfect Synchronization 
(PNS) introduced by Bemasconi,3 whenever resonance (and 
solvation) is involved as product (or reactant) stabilizing fac­
tor in a reaction, this factor will develop late (or be lost ear­
ly) in the TS.

In the proton transfers the TS imbalance (I) is measured 
by I=OcH-pB, where aCH is the Br^nsted coefficient obtained 
by varying the pKa of the carbon acid and pB is obtained by 
varying the pKa of the base (amine or oxyanion). The I 
value is in most cases positive, but in some cases the sign 
of I changes to negative.2c,3 It is thought that in the im­
balances with negative I, the site where the bulk of the ne­
gative charge ultimately resides (oxygen atoms of nitro, sul­
fonyl or carbonyl groups) is further away from the sub­
stituent in the TS than in the product anion, Nd (=^P-JTs)<0J 
whereas it is closer in the TS than in the product anion (Ad> 
0) for positive L2," This can be readily visualized using a hy­
pothetical adiabatic transition in which the TS is balanced 
with aCH=pB at all stages of reaction coordinate. If the sub­
stituent is closer to the anionic center in the TS than in the 
product Och will be greater leading to a positive I, whereas 
it is further away OcH will be smaller than pB and the I will 
be negative (Scheme 1). Thus the underlying cause for the 
imbalance is believed to be the same in all cases, and the 
change in the sign of I is due to a different location of the 
substituent relative to the anionic charge center within the 
molecule.

Recently, Bunting and Stefanidis4 reported negative I (= 
aCH-pB) values for base-catalyzed deprotonations of 1- 
methyl-4-(Y-phenacyl)pyridinium, I (R1=YC6H4- and R2= 
CH3 in Scheme 2), and l-benzyl-4-(Y-phenacyl)pyridinium, 
Il (R^QHs and R2=CH2C6H4Y in Scheme 2), cations in 
aqueous solution. Moreover, they found that the(知 values 
obtained with the same amine base are different depending 
on whether the Och is determined by varying R1 or by vary­
ing R2, Scheme 2.

In order to gain information for the underlying causes of 
these TS Imbalance behaviors, we have carried out ex­

Table 1. Proton affinities (APA)a of anilines and 4-phena- 
cylpyridinum cations calculated by the AMI method___________

X (or Y) Anilines I II

p-OCH3 -3.0 1.0 0.9
P-CH3 -2.0 0.7 0.7
H 0.0 0.0 0.0
p-CN 7.8 -3.9 -3.7
p-no2 15.3 -7.2 -6.6

“HA口H++A , APA=PA(X or Y)-PA(H): PA of X=H is 19.4 
kcal mol 1 and of Y=H is 26.8 and 29.9 kcal m이- ' for (I) and 
(II), respectively (in this case, PA is calculated excepting the 
Gibbs energy of H+).

tensive MO theoretical studies using the AMI method5 on 
systems 1 and II with bases, [I (or n)+NH3—>1 (or II )+ 
NH4+]NH3, and X-C6H4NH2, [I (or II)+XC6H4NH2->r (or 
II )+XC6H4NH3+] by varying substituents X and Y (X=Y= 
p-OCH3, p-CH3, H, p-CN or p-NO2).

Calculations

In this work, a semiempirical MO method, AMI,5 was 
used in the calculations due to the complex reaction sys­
tems (16-31 heavy atoms are involved). All stationary point 
structures including TSs were fully optimized and were 
characterized by harmonic frequency calculations.6 The 
Gibbs free energies of reaction, △G”, and activation, bG\ 
were derived by adding - TAS° and - TAS* terms at 298 
K to H° and AH# terms, respectively. All computations 
were performed using the MOPAC 6.0 program package.7

Results and Discussion

The relevant calculated values of energetics (kcal mol1) 
involved in the base-catalyzed deprotonation of cations I 
and II using NH3 as a base are summarized in Ta미e 1. 
Since negative charge develops in the TS, a stronger elec­
tron-withdrawing substituent (Y) accelerates the rates (or 
lowers The entropy effects vary very little and are ap­
proximately constant irrespective of the substituent Y.

We have correlated the AG* values in Table 1 with the 
proton affinities (PA) in Table 2 to determine the gas-phase 
a values, Eq. (4). The plots of AG* vs PA (Figure 1), 
which are obviously equivalent to that of the Br(/msted Eq. 
(1) as shown by Eqs. 2-3, yielded Oco=0-20 (r=0.995) and 
a(cN늬)22 (r=0.992) for the cations I and II, respectively. 
The same values of Oco (0.20) and (Xcn (0.22) are obtained 
by the Leffler-Hammond plots,8 Eq. (5), and also by the nor­
malized p，，，a=p，户p/peg, values9 where the p and peq values 
are obtained by Eqs. 6 and 7 using the normal G constant, 
except for Y=p-NO2 for which o~=1.24 was used. For ca­
tions I, p=0.82 (r=0.997) and p^=4.08 (r=0.999), while for 
cations II, p=0.82 (r=0.990) and peq=3.77 (r=0.999).

51og^ =-a-8(pKa) (1)
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Table 2. Heats of formation (AH》of the stationary point species, activation parameters (AH*, - Tz\S , AG ) and reaction energies (AH七 
一 TW, AG0) in kcal mol ' for the cations I and II with NH3 as a base ,

AWjr Acivation Parameters Reaction Energies

Ra RC TSa PC“ P° 心狀 —TAS 新 心 Mf 一 TAS" \G°
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R, RC, TS, PC and P denote reactant, reactant complex, transition state, product complex and product respectively. At 298 K.

51ogAr=-&&G * /2.303RT (2)

pKa = -log/Ca = PA /2.303RT (3)

5/AG* =a-8(PA) (4)

=a8AG° (5)

-8AG^ /2.3Q3RT = pa (6)

-SAG°/2.3Q3RT=peqa (7)

The Bi枷sted a values for the base-catalyzed depro­
tonation of cations I and II by the various amine catalyst in 
aqueous solution at 25 °C cluster in a range from(板)=0.36 
to 0.48 (average of 0.42) and(乂宓그0.14・0.34 (average of 
0.26), respectively.46 Thus our theoretical gas-phase a 
values, and especially the Oco values are smaller than those 
for the experimental values in the aqueous solution. Al­

though the (Xcn values vary 0.14-0.34 with the base used, 
the average value of 0.26 in aqueous solution45 is close to 
our theoretical gas-phase value of 0.22.

However, the average (Xco values (0.42) in aqueous solu­
tion is considerably larger than the ga동-phase value of 0.20. 
Since the a value can be considered as a measure of the 
progress of reaction based on the negative charge develop­
ment3 in the TS along the reaction coordinate (the definition 
of Leffer-Hammond coefficient,8 Eq. 5, and p„=p/pe/), this 
means that the TS is reached much earlier in the gas phase 
than in aqueous solution. This is reasonable because the hy­
drated carbonyl oxygen anion (III0) will be much more 
stable in water. Even though the PNS requires that the sol­
vation of the anionic product lags behind the proton trans­
fer,3 the partial solvation will help stabilize the TS leading 
to a somewhat later TS than the TS in the gas-phase where 
there is no product stabilizing effect is available. In contrast 
to an anionic product in IIIO, there is no localized charge in 
IIIN so that no such solvation effect is available. In fact, the 
positive charge on the reactant pyridine nitrogen becomes 
neutralized in the product, IIIN, and according to the PNS 
desolvation of the reactant with take place earlier in the TS3 
so that solvation effect is practically absent for the ex­
perimental (Xcn values; this may be the reason why the two 
Ocn values obtained in aqueous solution and in the gas 
phase are similar in contrast to the considerably different 
Oco values in the two different phases due to solvation ef­
fect. The efficiency of transmission of (Y) substituent ef­
fects in the TS for the two cations, I and II, seem to be sim­
ilar (for both cases, p=0.82), so that the difference in a 
(Aa=Oco-0CcN>0) is not originated from the different degree 
of transmission efficiency of substituent effects; one would 
expect a lower efficiency in cation II than I, since the de­
veloping anionic center in the TS is further away from the 
substituent in cation II. The resonance delocalization and 
positive charge neutralization effect of the pyridine ring 
seem to be enough for overcoming the long-distance han­
dicap.

Structurally, however, the progress of double bond for­
mation in the TS, as defined by %A/*=(/-re-/R)/(/P-ZR)x 100, 
where 建，ZR and l? are the bond length in the TS, reactant 
and product, respectively,10 is 40-42% and 45-46% for C〔= 
C2 and Cx=C3 in cation I and 43-46% and 46-49% for Q= 
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C2 and Ci=C3 in cation II (Table 3). The structural reor­
ganization is overall ca. twice of the a values (Oco = otcN = 
0.20) which were derived based on energetics. Annihilation 
of positive charge on the N atom of pyridine ring always 
leads to somewhat more advanced change in Cj=C3 than in 
C]=C2. What is surprising is that the structural changes (the 
negative charge increase on the N atom has also ap­
proximately 40% progressed in the TS) is much more (ca. 
twice) advanced in the TS than the energetic changes judg-

Table 3. Some AMI bond lengths (A)

-。+핵

using bond order (n) changes: %A«*=100[exp( - ZTS/0.6) - exp(ZR/ 
0.6)]/[exp(- Zp/0.6)- exp(- ZR/0.6)]: (a) G. P. Ford and C. T. 
Smith, J. Am. Chem. Soc. 1987, 109, 1325. (b) S. S. Glad and F. 
Jensen, J. Chem. Soc., Perkin Trans. 2. 1994, 871.

Y
Cation I Cation II

/(crc2) /(crc3) Z(CrC2) Z(CrC3)

P-OCH3 R 1.517 1.483 1.516 1.483
1.492 1.427 1.487 1.424
1.454 1.361 1.453 1.362
39.7% 45.9% 46.0% 48.8%

P-CH3 R 1.517 1.483 1.516 1.483
1.491 1.426 1.487 1.425
1.453 1.361 1453 1.362
40.0% 46.7% 46.0% 47.9%

H R 1.517 1.483 1.516 1.483
1.490 1.427 1.488 1.425
1.453 1.362 1.453 1.361
42.2% 46.3% 44.4% 47.5%

p-CN R 1.515 1.484 1.516 1.483
1.488 1.429 1.490 1.426
1.450 1.363 1.455 1.360
41.5% 45.5% 42.6% 46.3%

p-NO2 r 1.514 1.484 1.517 1.483
1.486 1.431 1.491 1.427
1.447 1.365 1.456 1.360
41.8% 44.5% 42.6% 45.5%

a%AZ*=100 - Qts-IMM). Approximately the same values are
obtained when the progress of reaction is defined alternatively

ed by the a values. The lower degree of reaction progress 
based on the a values than the progress of structural 
changes in the TS is clearly due to the longer distance 
between the anionic charge center and substituents in the 
TS (必) than in the product anion (dp), I요，(=刁广必)<0. The 
anionic charge center moves to C2=O (IIIO) and N on py­
ridine (IIIN) from Ci (IIIC) in I and II, respectively, on go­
ing from the TS to the product anion. As noted above, the 
susceptibility of the anionic charge to substituent changes 
will be smaller in the TS (p版)than in the product (p^) lead­
ing to lower values of Aa<0 than would be expected for 
the ideal case at the same distance, Atf=O (a=pn=pfan/pe9, 
where p址vp*e and d is the value that would have been 
observed). Conversely if the distance is shorter in the TS 
than in the product, A^>0, an exalted a value will be ob­
served &尤>0严 This analysis shows that the exalted a 
values observed in deprotonation of many nitroalkanes are 
partly due to the shorter distance between developing an­
ionic center and the substituents in the TS than in the pro­
duct anion, in addition to the imbalanced TS induced 
by delayed development of resonance and solvation.

Since progress of structural reorganization is approximate­
ly 40% along the reaction coordinate, Le., astr = 0.4, which 
is reduced to ca. 20% (a=0.2) upon inclusion of Aa<0 due 
to AJ<0, the Aa is ca. - 0.2 since, Aa=aroM/-a5fr=0.2-0.4= 
-0.2; the a value due to the simple distance change is 
therefore ca. 0.2.

We have used deprotonation of the same two series of ca­
tions, I and II, in the dedermination of the pB values using 
substituted anilines as bases in Eq. (8), where PA is the PA 
of substituted anlines. The energetics are summarized in 
Table 4. The slope,馄，of the plot of AG* against PA gave 
0.62 and 0.61, respectively, for cation systems I and II. 
The experimental Bb values have been reported to range 
from Pb=0.53 to 0.55.4b The slightly greater theoretical 
value of pB (by ca. 0.06-0.09) than the experimental value 
in aqeous solution is quite reasonable, since desolvation re­
quired in water during or prior to protonation of the base is 
known to reduce the 馄 values in aqueous solution.11 The 
theoretical TS imbalance, I=a - Pb = 0.20-0.60= - 0.40, is 
thus negative and the magnitude (1= - 0.4) seems to be well 
within the range of I expected.3,46

錦G 丰=-pB3(PA) (8)

Table 4. Heats of formation (사0 of the stationary point species, activation parameters (△广, —TAS*, AG#) and reaction energies (AH°, 
一 TAS°, △G°) for cation I and II with XCgH^NH? (kcal molT) as bases ______________________________________________________

SHf Activation Parameters Reaction Energies
Ca”。11 X ~ PC P~ AH* -TAS*0 AG* -TAS°" AG°

(la) p-OCH3 156.5 149.3 163.2 155.6 178.6
P-CH3 186.0 181.6 193.6 186.2 209.5

H 193.5 189.6 201.7 194.8 218.6
p-CN 223.8 221.2 237.1 232.1 257.1
p-NO2 194.6 179.8 212.2 208.8 235.2

(Ila) p-och3 180.6 173.9 188.5 181.9 205.9
p-ch3 210.1 205.2 218.6 212.6 236.8

H 217.6 214.0 226.8 221.3 246.0
p-CN 247.9 244.9 262.4 258.4 284.5
p-NO2 218.7 204.7 237.7 235.2 262.6
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One may wonder what will be the true I value if we re­
move the part due to the distance factor. The I value be­
comes smaller but still is negative, I=0.4-0.6)=- 0.2, based 
on the progress of reaction judged by the structural reor­
ganization of ca. 40%. We note that the structural reor­
ganization, mainly consisting of resonance structure de­
velopment, is delayed by ca. 20% compared to the proton 
transfer to the base.3

The current work demonstrates that the Br^nsted type 
coefficient a obtained by varying the pKa of the carbon 
acid is distorted not only by the lag in the resonance and 
solvation development in the carbanion, but also by the diff­
erence in the distance between the anionic center and sub­
stituents (d) in the TS (必)and in the anionic product (弗)， 
△d=dp-dis； Thus for A&0 a is depressed, Aa<0, and for 

a is exalted Aa>0. Although the TS imbalance found 
in this work has negative sign, I=a 一 p<0, the structural 
reorganization nevertheless lags behind the proton transfer. 
Although such distance effect on the negative I has been 
proposed, no concrete evidence has ever been presented. 
For the first time, this work does provide such theoretical 
evidence. In future discussion of the TS imbalance, I, the 
exhalted (Aa>0) or depressed (Aa<0) a values originating 
from the simple distance difference should be carefully ac­
counted for in assessing the true TS imbalance originating 
the delayed or early structural and solvation reorganization.
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