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THEORETICAL STUDIES ON THE TRANSITION-STATE IMBALANCE IN
MALONONITRILE ANION-FORMING REACTIONS IN THE GAS PHASE
AND IN WATER
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Semiempirical MO theoretical studies were carried out on the nucleophilic addition of phenoxide nucleophiles to
1,1-dicyano-2-arylethenes in the gas phase and in water using the AM1 method and the Cramer—Truhlar solvation
model SM2.1. Thegas-phase «" and B" values are 0-81 and 0-65, respectively, leading to the positiveimbalance of | =0-16;
the electric polarization and dispersion interactions of water incorporated in the SM2.1 model reduce both the &" and
B" values to 061 and 0-36, giving 1=0:25. The two Brensted coefficients obtained theoretically in water agree
satisfactorily with the experimental values (a,,=0-55 and B"=0-35) obtained with amine bases. The small imbalance
found both theoretically (1=0-25) and experimentally (1=0-20) can be ascribed to (i) a near-zero distance factor,
Ad=d,—drs=0 and (ii) the small extent of negative charge localization by strucutral reorganization in the transition

state. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

Similarities in the structure—reactivity behavior between
proton transfer involving activated carbon acids [equation
(1)] and nucleophilic addition to activated alkene [equation
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have been well documented.! For example, ‘imbalances’ in
structure-reactivity coefficients such as Brgnsted o and 8
values exhibit a qualitatively similar dependence on the
activating substituents ZZ' in both types of reactions.* The
transition-state imbal ances are often defined as 1,= ac, — Bs
for the proton transfers and 1,= o}, — Bn.c for nucleophilic
additions, where ag, and ap. (=dlog k,/dlog K,) are the
Bransted « values obtained by varying a substituent, R, in

* Correspondence to: Ikchoon Lee.
Contract grant sponsor: Korea Science and Engineering Founda-
tion; Contract grant number: 961-0305-046-2.
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the carbon acid and Ar in the alkene, respectively, and the
Bs and B, (=Bh./Bs,) are those obtained by varying the
pK, of the base (B) and nucleophile (Nu), respectively.
These imbalances, 7, and I,,, are known to increase similarly
with increasing resonance stabilization of the activating
substituents ZZ’. Quantitatively, however, the effect of 22’
on imbalances (1) show significant differences between
reactions (1) and (2); the magnitude of the imbalance for the
nucleophilic addition to alkenes, I,,, is considerably smaller
than that for the corresponding deprotonation of carbon
acids, I, 1,>1, The main reason for this quantitative
difference is believed to be the requirement of rehybridiza-
tion of the carbon bearing the ZZ' group in the TS for the
deprotonation process. In the TS for reaction (2), the carbon
is likely to maintain its sp? hybridization, thereby facilitat-
ing the shift of the negative charge into the ZZ' group,
whereas in the TS for reaction (1) the carbon is more sp*-
like and causes more delay in the development of resonance
in the ZZ' group, thereby leading to a greater o, vaue.!

A particularly interesting feature has emerged from
studies of substituent effects involving malononitriles: an
abnormally small imbalance has been observed for the
deprotonation of malonitrile derivatives, ZZ'=(CN),. For
example, for the reaction of ArCH,CH(CN), with RCOO~
as bases, ag,=Bs=1:0 and thus 1=0.2 Similar results have
been reported for some other deprotonations of malononi-
trile derivatives.? In line with the similarities between the
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reaction types (1) and (2) noted above, abnormally small
imbalances, abeit above zero, are aso found in the
nucleophilic addition to a dicyano-activated akene.®

In our previous theoretical studies involving deprotona-
tions of ketonic* and sulfonic carbon acids,® we have shown
that the distance factor Ad=d, — d:s, where d, and dr¢ are the
distances between substituent and anionic charge center in
the product and transition state (TS), repectively, plays an
important role in determining the magnitude of the im-
balances, I. It occurred to us that the abnormally small |
values observed for the malononitrile derivatives might be
related to the distance factor. It is thought that in the
imbalances with negative I, the site where the bulk of the
negative charge ultimately resides (oxygen atoms of nitro,
sulfonyl or carbonyl groups) is futher away from the
substituent in the TS than in the product anion, Ad
(=d,— d5)<0, wheress it is closer in the TS than in the
product anion (Ad>0) for positive 1. This can be readily
visualized using a hypothetical adiabatic transition in which
the TS is balanced with a,=p5 at al stages of reaction
coordinate. If the substituent is closer to the anionic center
in the TS than in the product, ag, will be greater, leading to
apositive |, whereasiif it is further away a,, will be smaller
than Bz and | will be negative. Hence the underlying cause
of theimbalance is believed to be the samein all cases, and
the change in the sign of | is due to a different location of
the substituent relative to the anionic charge center within
the molecule.

In order to examine the origins of such an abnormality,
we carried out theoretical studies on the nucleophilic
addition of phenoxide bases to substituted benzylidenema-

lononitriles (BMN) [equation (3)] in the gas phase and in
water using the AM1 method® coupled with the Cramer—
Truhlar solvation model, SM2.1.7
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YCeH4CH=C(CN), + XCeH4O

X =H, p-Cl, p-CN, p-CHO or p-NO,

Y = p-NH,, p-CH;, H, P-Cl, p-CHO, p-CN or p-NO,

CALCULATIONS

The semiempirical MO method AM 1° was used throughout
this work. Complex reaction systems (more than 20 heavy
atoms are involved) precluded the use of more accurate ab
initio methods. All stationary point structures including
transition states were fully optimized and were charac-
terized by harmonic frequency calculations. The Gibbs free
energies of reaction, AG®, and of activation, AG*, were
obtained by incorporating entropy terms at 298 K. The
solvent effects (in water) were accounted for by use of the
SM2.1 mode! of the Cramer—Truhlar method.” This quan-
tum statistical  continuum-dielectric  model  includes
local-field terms representing solvent electric polarization,
cavity creation, dispersion interaction and change in solvent
structure, and these terms are treated self-consistently with
a solute electronic Hamiltonian. In this work, we performed
single-point calculations with the gas-phase geometries
owing to the excessive computation times required. That the

Table 1. Solvent effects calculated using the Cramer—Truhlar solvation model (AM1-SM2.1)
on the identity S,2 reactions of (Y)-benzyl chlorides with Cl ~ anion in the agueous phase?

AH°

Phase Y Substrate  Reactants TS AH*® oy

Gas H 6:91 —3075  —27-60 (i444-6)° 315

(nosolvent)y  p-Cl -071 —3837 —37:38(i4498) 099 874
p-CN 38.78 112  —168(i4556) —283 (r=096)
p-NO, 11.09 —2657 —3371(i4660) —7-14

Aqueous® H 5.25 —109-32 —88-:09 21.23

(single point)  p-Cl -204 11661 —9562 2023 096
p-CN 33.93 -8064 —6034 2030  (r=0-99)
p-NO, 5.84 —108.73 —88.44 20.29

Aqueous H 520 —10937 —88:17 (i385-4)¢ 2120
p-Cl -208 -11665 —9574(i295:3) 2091 0-98
p-CN 3389 —8068 — 6044 (i172:6) 2024 (r=0-99)
p-NO, 571  —10886 — 8864 (i333) 2022

2Cl™: heat of formation (AH;) in the gas phase=—37-66kcal mol~*. AH+AGg in the agueous
phase=— 114-57 kcal mol %,

b Heat of formation, AH;, in kcal mol ~*.

¢1n kcal mol ™%,

4 Only one imaginary frequency for the transition state is given in parentheses.

¢ Results of single-point calculations (SM2.1/AM1//AM1).

" Fully optimized values (SM2.1/AM1//SM2.1/AM1).

© 1997 John Wiley & Sons, Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 10, 908-916 (1997)
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Table 2. Solvent effects calculated using the Cramer—Truhlar solvation model (AM1-SM2.1)
on the identity S,2 reactions of (Y)-benzyl fluorides with F~ anion in the aqueous phase®

AH®

Phase Y Substrate  Reactants TS AH*® oy

Gas H 3148 —28:04 —4.06 (14343 23.98

(no solvent)  p-Cl — 3847 —-3503 —1494(i4266) 2009  11.02
p-CN 0-40 384 19-80 (i4331) 1596 (r=0:97)
p-NO, —2726 -2382 —1360(i4389) 1076

Aqueous® H —3213 —13532 —69-16 66-16

(singlepoint)  p-Cl -3940 —14259 —7678 65-81 1-40
p-CN —3:38 —106-57 —41.67 6490 (r=1.00)
p-NO, —3144 —13463  —69-92 64-71

Aqueous H —32:15 —13534  —69-65 65-69
p-Cl —39:42 —142-61 —77-35 65-26 144
p-CN —341 —10660 —42:20 64-40  (r=1:00)
p-NO, — 3155 —134.74 —70.58 64-16

3F": heat of formation (AH;) in the gas phase=3-44kcal mol % AH;+AG, in the agueous

phase=— 103-19 kcal mol ~*.
> See Table 1
9 Only one imaginary frequency is not given.

use of the results of such single-point calculations is
justified was tested for the identity S22 reactions of
Y CeH,CH, X +X~, with X=F and Cl and Y =H, p-Cl, p-CN
and p-NO,, as shown in Tables 1 and 2. The AH* values by
the single-point calculations (SM2.1/AM1//AM1) agree
within 0.1 and 0.5 kcal mol ~* (1 kcal =4-184 kJ) with those
of the fully opitimized calculations (SM2.1/AM1//SM2.1/
AM1) for X=Cl and F, respectively. The calculated
Hammett p values are aso in good agreement between the
two methods, differing by only ca 2—3%.

RESULTS AND DISCUSSION

The energetics for the nucleophilic additions of phenoxide
anions, XC;H,O™, to 1,1-dicyano-2-arylethenes (benzylide-
nemalononitriles, BMN), YC,H,CH=C(CN),, in the gas
phase at 298 K are summarized in Table 3. Therate is faster
(or AG* is lower) with a stronger electron-donating X (or
with a weaker electron-withdrawing X) on the phenoxide
anion nucleophile and/or electron-withdrawing Y on BMN,
as expected from a typical nucleophilic addition process.
The entropy terms vary very little with regard to the
substituent X and/or Y. Therefore, in the calculations of the
AG* and AG® values in water by incorporating solvation
effects (Cramer—Truhler model AM1-SM2.1)" (Table 4),
we disregarded the entropy changes. The relevant structure—
reactivity coefficients, p, « and B, for reaction (3) at 298 K
in the gas phase and in water are given in Tables 5 and 6,
respectively.

Table 5 reveals that the Bransted " (or p§ =p8™/ p%% p"is
the normalized p vaue, p"/p™) value is 0.81 (average
value), which is greater than the Brensted 8" (or p"=p""/
p%) value (average of 065) by ca 0-16, i.e the
transition-state imbalance, I,(=a"— 8", in the gas-phase

© 1997 John Wiley & Sons, Ltd.

reaction is positive and the magnitude (0-16) is relatively
small. This is in reasonable agreement with the experi-
mental 1, value in water of ca 0-20,° although the individual
AM1 o" and B" values in the gas phase are larger than the
corresponding experimental  values (&f,,=055 and
B'=0-35)° in water. Our AM1 strucure—reactivity coef-
ficients in water («"=0-61, 8"=0-36 and 1,=0-25) (Table 6)
are, however, in good agreement with the corresponding
experimental values in water obtained using piperidine and
morpholine as bases® instead of the phenoxide ions used in
the current theoretica studies. This agreement is an
indication that the Cramer—Truhlar SM2.1 model’” is
satisfactory in simulating solvation reorganization inthe TS
in water. The experimental value of «"=0-55 is that
corrected for distortion effect due to the developing positive
charge on the amine nitrogen.® In the present work, there is
no need for such correction since phenoxide anion bases are
used. The better agreement of our AM1 valuesin water with
the corresponding experimental values in water seems to
result from approximately the same magnitude of decrease
in p" and p™, probably owing to local solvent electric
polaization and dispersion interaction with charged solute
(reaction system) when the solvation energies are taken into
consideration with the Cramer—Truhler SM2.1 mode!;” the
Ap (=|puaerl — | pyesl) values are ca —3-8 and — 3-2 for p§"
and —4-1 and —44 for p§" and p§! Since the solvation
effect leads to decreases in both o land p™ by approx-
imately the same magnitude and since o"=p"/p% and
B"=p" o, the net result is a decrease in o" and 8" due to
a greater proportional decrease in p" (which has a smaller
magnitude than p™) than p* in water. Thus the solvent effect
calculated with the quantum statistical continuum-dielectric
model, Cramer—Truhlar SM2.1,” which includes local-field
terms representing solvent electric polarization and disper-
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sion interaction, appears to be satisfactory for the type of
reaction studied in this work.

It is commonly assumed that the Bransted 8 value (Bg
and 8" in reaction types (1) and (2) is not only a measure
of positive charge development on the base (amines or
oxyanions) but also an approximate measure of progress of
reaction along the reaction coordinate [the extent of proton
transfer in reaction (1) and of bond making by the
nucleophilein reaction (2)].%%° In contrast, however, a (ag,
and ") represents a measure of negative charge develop-
ment on the substrate but is not a measure of the degree of

911

proton transfer [in reaction (1)] or of bond making by the
nucleophile [in reaction (2)]. The « value represents simply
the extent of strucutral and solvational reorganization in the
TS.l' 8,9

Our AM1 results therefore suggest that O—C bond
formation is ca 65% complete (8"=0.65), whereas negative
charge development on C, (Scheme 1) felt by the substituent
Y is stronger by ca 15% (I,,=0-15) than that which would
result in a hypothetical synchronous case («"=g"). Recent
high-level ab initio studies'™ of the carbon-to-carbon proton
transfer from the acetaldehyde (and also from the proto-

Table 3. Gas-phase AMI-calculated energetics (kcal mol %) for the nucleophilic addition reactions of (Y)-1,1-dicyano-2-arylethenes with (X)-
phenoxide anions

Heat of formation (AH;)
X Y R TS P AH*? — TAS*® AH°® —TAS°? AG*H AG°*®
H p-NH, 59-09 56-57 4328 —252 1102 —1581 12.04 8-50 —367
p-CH, 54-19 50-40 36-41 -379 1152 —17.78 12.09 773 —5-69
H 63-04 57-87 4384 -517 1132 —1920 12.08 6-15 -712
p-Cl 55.55 4899 34.50 —6:56 11-31 —21.05 12.05 4.75 -9:00
p-CHO 32:32 24.06 9-26 —826 1150 —23:06 1233 324 —1073
p-CN 94.94 85-73 70-77 -921 1135 —24.17 1213 2:14 —12.04
p-NO, 68-01 55-19 39-54 -12.82 11-43 —2847 1222 -139 -1625
p-Cl p-NH, 44.76 44.97 33.77 021 11.74 —10-79 12-23 11.95 1-44
p-CH, 39-86 38.78 26-93 -1.08 1185 —12.93 1228 10-77 —065
H 4777 46-25 34-36 -152 11.74 -1341 1221 10-22 -120
p-Cl 41.22 3747 2514 -375 11.73 —16-08 12:21 7-98 —3:87
p-CHO 17.99 1263 -028 —536 1190 —1827 1244 6-54 —583
p-CN 80-61 74-32 61.52 -6-29 11.73 —19:09 1220 5.44 —6-89
p-NO, 53-68 4393 30-45 -975 11-81 -2323 12.32 2:06 -1091
p-CN p-NH, 7441 78-12 69-16 371 12.02 —-525 12-36 1573 711
p-CH, 69-51 71-89 62-36 2:38 1219 -715 1241 14.57 5.26
H 7742 79-38 69-79 1.96 1199 - 763 12.17 1395 454
p-Cl 70-87 70:72 60-70 -015 11.97 -10-17 12-36 11.82 219
p-CHO 47-64 45.95 35-61 -169 1215 —12.03 12.56 10-56 053
p-CN 110-26 107-69 97-20 —257 11.97 —13:06 12.37 9-40 —0:69
p-NO, 87:33 77-46 66-30 —587 12.06 —17:03 1243 6-19 —460
p-CHO p-NH, 1231 16-23 7-20 392 12.03 -511 1220 15.95 7-09
p-CH, 7-41 10-02 0-39 261 1222 -7:02 1228 1483 5-26
H 15-32 17.50 7-83 2:18 12-00 —7-49 12:19 14-18 4.70
p-Cl 877 885 -128 008 1193 —10:05 12.17 12.01 212
p-CHO —14-46 -1594 —26-40 —148 1212 —-11.94 1241 10-64 0-47
p-CN 48-16 45.81 35-20 -235 11.97 —12.96 1219 9-62 -077
p-NO, 21.23 15-59 4.27 —546 12.04 —16:96 1224 6-58 —4.72
p-NO, p-NH, 35.07 4330 3707 7-60 1210 200 1223 19-70 1423
p-CH, 30-17 37.04 30-32 6-87 1224 0-15 1240 1911 1256
H 38-08 44.54 37-76 6-46 1211 -0-32 12-25 18-57 11.93
p-Cl 31.53 36-02 28-84 4.49 12.08 —2:69 1223 1657 9-54
p-CHO 83 1134 3-86 3-:04 1223 —4.44 1240 15.27 7-96
p-CN 70-92 7313 65-50 221 12:13 —5.42 12-24 14-34 6-82
p-NO, 43-99 4311 34-84 —088 12.17 -1915 1230 1129 315

2 AH*=AH,(TS) — AH((R), where R and TS denote reactant and transition state, respectively.

At 298 K.

¢ AH® = AH{(P) — H{(R), where P denotes product.
9AG*=AH*-TAS".

*AG°=AH° - TAS'.

© 1997 John Wiley & Sons, Ltd.
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nated acetaldehyde cation) to its enolate ion (to its
acetaldehyde enol) have indicated that the fractional C—C
7 bond formation isroughly equal to the amount of negative
charge build-up. The percentage changes in bond orders in
the TS, %An* defined by™

exp(— r/a) — exp(— rxla)

OpA 1Ee
WA =100 (= /) — exp(— rela)

(4)

where r*, r, and rp, are bond lengths in the TS, reactant and
product, respectively, gave 25-50, 27-46, 36-53 and
39-57% for r, r, r; and r, respectively, using the
parameter a=0-6'2 (Table 7). The degree of structural
reorganization depends on the substituents, X and Y. Bonds

I. LEEET AL.

r, and r, are stretched whereas r; and r, are compressed as
the reaction progresses. The bond order changes in Table 7
reveal that a weaker nucleophile with a stronger electron
acceptor (X =p-NO,) and/or a stronger electron donor in the
substrate (Y =p-NH,) lead to a greater extent of bond order
changes, %An*. This indicates that a weaker nucleophile
and/or a stronger donor Y lead to a later TS along the
reaction coordinate, which is of course a direct conseguence
of alower exothermicity (or a higher endothermicity) (Table
3). Thus the reaction series studied in this work follows the
Bell-Evans—Polanyi (BEP) principle,® which asserts that
the TS shiftsto alater position along the reaction coordinate
as the reaction becomes more endothermic (or less exo-
thermic). The %An* values suggest that structural

Table 4. Gibbs free energy changes, AG* and AG®, in kca mol %, for
reaction (3) in water at 298 K

AH+AGy,?
X Y R TS P AG*®  AG®P
H p-NH, —1742  —283 —2049 1459 —307
p-CH, —1621 —-332 -2182 1289 -561
H -857 407 -1450 1264 —503
p-Cl —1525 —297 —2189 1228 —664
pCHO —4159 —2984 —4911 1175 —752
p-CN 2135 3293 1366 1158 —769
pNO,  —605 545 —1421 1150 —816
p-Cl p-NH, —2811 —1263 —2803 1548 008
p-CH, —-2690 —1312 —-2930 1378 —240
H -1926 —-570 —2198 1356 —272
p-Cl -2504 —1273 —2936 1321 —342
pCHO —5228 —3959 —5658 1269 —4.30
p-CN 1066 2321 618 1255 —448
pNO, —1674 —424 —2167 1250 —4.93
p-CN  pNH, 302 1981 664 1679 362
p-CH, 423 1934 543 1511 120
H 1187 2647 1276 1460 089
p-Cl 519 1977 542 1458 023
p-CHO —2115 —709 —2177 1406 —062
p-CN 4179 5574 4102 1395 —077
p-NO, 1439 2832 1316 1393 —046
p-CHO pNH, —5995 —4301 —5617 1694 378
p-CH, —5874 —4345 —5740 1529 134
H -5110 -3605 —5005 1505 1.05
p-Cl —5778 —4304 —5740 1474 038
pCHO —8412 —6990 —8459 1422 —047
pCN  —2118 -708 —2181 1410 —063
pNO, —4858 —3451 —4965 1407 —107
pNO, pNH, —3078 —1171 —2202 1907 876
p-CH, —2957 —1218 —2316 1739 641
H -2193 -473 -1581 1720 612
p-Cl -2861 —1172 -—2314 1689 547
p-CHO —5495 —3857 —5032 1638 46
p-CN 799 2428 1246 1229 447
pNO, —1941 -316 —1540 1625 401

2The AG,, values obtained by single-point calculations using the gas-phase

optimized geometries.
® AG=A(AH,+AGy,).

© 1997 John Wiley & Sons, Ltd.
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Table 5. Structure—reactivity coefficients* for reaction 3 in the gas phase at 298 K

Coefficient p-NH, pCH; H p-Cl p-CHO  p-CN p-NO,
PP -583 -58 -632 —-603 -614 —622 —651
% ° -904 -924 -961 —940 -954 -—-957 -981
o=ps" 0-64 063 0-66 0-64 0-64 0-65 0-66
Brensted g ¢ 0-64 063 0-65 0-64 0-64 065 0-66
ine — — 5-69 5.76 556 551 499
w — — 7-02 7-08 6-66 6-76 6-36
0% =p" pA — — 0-81 0-81 0-83 0-82 0-78
Bransted " f — 0-81 0-82 0-83 0-81 0-79

@ Correlation coefficient (r)>0-96 in all cases.

> ¢~ and ¢° values are used. p“" denotes the Hammett-type reaction constants for AG*/ — 2-303RT vs

substituent constants.

¢ o~ and o° values are used. p* denotes the Hammett-type reaction constants for AG°/ — 2-303RT vs

substituent constants.

9 Bransted 8" values from the slopes of the plot of AG* vs AG®.

€ 0° values are used.

" Brensted «” values from the slopes of the plot of AG* vs AG®.

reorgnization in the TS (%An* for r,~r;) lags behind the
progress of reaction (%An* for r,) by ca 5-10%. Thislagis
relatively small amount compared with that in the structural
reoganization found in the TS of the deprotonation of
nitroalkanes* [equation (1)]. The reason for this difference
is that in the nucleophilic addition of a nucleophile to an
akene [equation (2)] the developing negative charge is not
as easily localized on the carbon bearing the activating
groups, (CN),, as in the deprotonation of nitroalkanes
[equation (1)]. In the nucleophilic addition no rehybridiza-
tion of C, (Scheme 1) is required, in contrast to the
hybridization change (sp*—sp?) in the deprotonation.

Another important reason for the small imbalance found,
1,=0-2 may be the small distance factor, Ad=d, — drs (=0).
As discussed in previous papers,*® when the anionic charge
center is closer to the substituent (Y) inthe TS (d;g) than in
the product (d,), drs<d,, the charge felt by the substituent is
disproportionately larger in the TS than it is in the product
anion simply due to the positive distance factor, Ad
(=d,— drg)>0; this results in an increased o" (=p""/p™)
simply because of an increased p“" relative to p™.

Mulliken charge distributions in the TSs and product
anions are shown in Figure 1 for the deprotonation of
akanes (I and 11) and for the nucleophilic addition of

phenoxide (CHsO ™) to alkens (111 and 1 V). We note that a
strong negative charge accumulation occursin the TS on the
carbon being deprotonated (C,) in | and Il, whereas it
occurs on the adjacent carbon (C,) in |11 and V. Moreover,
negative charge shifts toward the activating groups [(CN),
and NO,] and the phenyl ring are greater in the latter, 111
and IV, than in the former, 1 and 1I. Thus, P for the
deprotonation of the alkanes will be greater than that for the
nucleophilic addition to alkenes on two accounts: (i) the
developing negative charge in the TS is nearer to the
substituent in the ring and (ii) negative charge loss to the
neighbouring groups (the activating groups and the ring) is
smaller.

Since the difference in the charge distribution between
the TS and the product ion increases with increasing
acceptor strength of ZZ', o should increase for the same
degree of reaction progress 8" at the TS. The observed "
values will therefore consist of two parts, one due to
delayed structural/solvational reorganization and the other
to the non-zero distance factor, Ad#0. In the ideal case of
Ad=0, " will represent the part due to the lag in structural
and solvational reorganization only. When the activating
groups are dicyano, ZZ' =(CH),, as in the present work, the
near-zero distance factor is almost realized. In the TS and

Table 6. Structure—reactivity coefficients* for reaction (3) in water at 298 K

Coefficient p-NH, pCH, H p-Cl p-CHO  p-CN p-NO,
plinb -220 —222 -219 —-227 —2:28 —-252 —-235
pRe -610 -619 -621 —-624 —-631 —-628 —620
ox=pn p 0-36 0-36 0-35 0-36 0-36 0-37 0-38
Brensted 8" ¢ 0-37 0-37 0-37 0-38 0-38 0-39 0-39

kine — — 1.52 147 138 141 138
o — — 2:47 2:44 213 2:35 2:30
o0 =plin/ o — — 062 060 065 060 060
Brensted o f — — 0-62 0-61 0-65 0-61 0-61
*f See Table 5.
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product anion in Scheme 1 the anionic charge residueson C,
so that drs=d, and Ad=0, except that in the product anion
the negative charge is delocalized over wide ranges on
C(CN), moiety and r, and r, stretch further than those in the
TS (by Ad=0-126 A for X=Y =H, Table 7). The Ad caused
by such bond stretching will be small, however, compared
with the Ad caused by the shift of negative charge center
over one or two bond lengths (Ad=2-3 A, Table 7), asin
the nitroalkanes (Scheme 2).

Charge distributions in the product anions in Figure 1
indicate that the negative charge is distributed evenly over
the —C(CN), moiety in | and Ill, whereas it is more

Table 7. Bond lengths (A) and percentage bond order changes, %An*, in the
transition states

r A
Y-CgHy —CH =—
o i \CN
0CgHX
Bond lengths (A) %An*
X Y r r, Iy Iy ry r, Iy Iy
H pNH, 1467 1388 1410 1973 35 31 38 43
p-CH,4 1468 1386 1411 1992 31 29 36 41
H 1468 1386 1411 1992 30 29 36 41
p-Cl 1468 1385 1411 2000 29 29 36 40
p-CHO 1468 1384 1412 2006 28 29 33 40
p-CN 1468 1384 1412 2006 28 29 33 40
p-NO, 1468 1381 1412 2020 25 27 35 39
p-Cl p-NH, 1469 1392 1409 1928 39 35 41 46
p-CH,4 1470 1391 1410 1940 35 34 39 45
H 1470 1390 1410 1941 33 34 39 45
p-Cl 1470 1389 1410 1948 33 33 39 44
p-CHO 1471 1388 1410 1954 33 33 39 4
p-CN 1470 1388 1410 1955 32 33 39 44
p-NO, 1471 1386 1411 1964 30 31 38 43
p-CN p-NH, 1472 1397 1408 1876 44 40 44 51
p-CH, 1473 1395 1408 1886 40 39 47 50
H 1473 1395 1408 1889 39 39 46 49
p-Cl 1473 1393 1409 1895 39 38 44 49
p-CHO 1474 1.393 1409 1899 39 38 44 49
p-CN 1473 1392 1409 1900 37 37 44 48
p-NO, 1474 1390 1410 1909 36 36 43 47
p-CHO p-NH, 1472 1397 1408 1876 44 40 44 51
p-CH, 1473 1395 1408 1886 40 39 46 50
H 1473 1395 1408 186 39 39 47 52
p-Cl 1473 1393 1409 1894 39 37 44 49
p-CHO 1474 1.393 1409 1899 39 37 44 49
p-CN 1474 1392 1409 1901 39 36 44 48
p-NO, 1474 1390 1410 1909 36 36 43 47
p-NO, p-NH, 1475 1402 1406 1816 50 45 52 57
p-CH; 1476 1400 1407 1828 46 44 50 55
H 1477 1400 1407 1828 47 44 50 55
p-Cl 1476 1399 1407 1835 45 44 50 55
p-CHO 1477 1398 1408 1839 45 43 47 54
p-CN 1477 1398 1408 1840 45 43 47 54
p-NO, 1477 1396 1408 1849 42 42 49 53
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localized on the two oxygen atomsin |l and IV.

The anionic charge center moves from C, in the TS to
oxygen atoms of the nitro group in the product, i.e. Ad will
represent a shift of negative charge over two bond lengths,
rentryvo- This large positive distance factor, Ad>0, is the
main reason for the large experimentally observed « leading
to the large imbalance, |, for the nitroalkanes.>* In general,
asingle intervening C—C bond between the reaction center
and substituent is believed to reduce p by a factor of 2.8.%%
Thisiswhy the distance factors plays such an important role
in determining the TS imbalances, 1.*® It is also why a
negative TSimbalance, | =« — 8<0, isobserved when Ad is
negative; a becomes disproportionately small owing to the

H

A on

) O-é/
o

-0.190
(+0.045)

B
H
A o -0.425
m @—é H—N_
1
0.189 No ;0425

-0.065 -0:222) 40551 (-0.065)

(- 0.086) (+0.039)
B-
T .0.216
; (-0.252) CN -0.179
) @—cm Cz_
+0.347 oN -0.179
-0020 (+0.194) (- 0.065)
(-0.070)
B- .
T .02M 0.456

(-0.255) o

(IV) 1 2
+0.337 + 0.596\0 y

(+0.040) (-0.097)

-0.013 (+0.205)
(- 0.060)

915

depressed p"in a (p"=p™/ p*), despite the fact that the lag
in structural and solvation reorganization should result in an
increased « value relative to B.2%4% In this situation, the
distance factor (Ad<0) decreases a (Aa<0), whereas the
lag in structural/solvational reorganization leads to an
increased a (Aa>0), so that the two components partially
cancel each other out. This is why the o values obtained
theoretically in deprotonations of ketonic and sulfonic
carbon acids were so small, leading to relatively large
negative imbalance, 1.4*

We therefore conclude that the near-zero imbalance,
1,=0-20 found for the nucleophilic addition to benzylidene-
malononitrile, both experimentally and theoretically, can be

-0.232
CN
(s
-0.329CN
-0.208 0.232

o -0.520

rd

C{H—N
OTO,;'W ~0 -0.520

0207 +0.593

- o,452/ CcN -0.245
+0.281 CN -0.242

-0.080
-0.540
-0.470 o
O—C,H—CHZ N~
+0.262 +0.613\0
-0.075 - 0.540

Figure 1. Charge distribution in the TS and in the product anions. Group charge except for NO, group. Changesin charge (Aq*=¢;s— gg) are
given in parentheses. Average values are given for the two CN and O
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Scheme 2

ascribed to (i) the near-zero distance factor, Ad=d, — d;s=0,
and (ii) the small extent of negative charge localization by
structural reorganization in the TS as there no hybridization
change required.
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