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Figure 2. *'P NMR spectra of the phosphate triesters provided from
stereochemical analysis of (A) the rert-butyl [**0,'’0,'30O]phosphate
product and (B) the recovered p-nitrophenyl [**0,'’0,'*0O]phosphate
substrate from the solvolysis of p-nitrophenyl (Rp)-['¢0,'’0,'*O]phos-
phate in neat tert-butyl alcohol at 30 °C. The spectra were taken as
described in the legend to Figure 1, except that a Gaussian multiplication
with Gaussian broadening of 0.05 Hz was applied. The remaining sub-
strate [in (B)] is 85% Rp, and the product [in (A)] is completely racemic.

In a recent investigation, Cullis and Rous have attempted to
increase the effective lifetime of monomeric metaphosphate by
lowering the concentration of the trapping nucleophile in the
medium.’’” The phospho group donor P'-O-ethyl-P'-thio-[P-

160,'70,'80] pyrophosphate was labilized by S methylation in
dichloromethane solution containing a primary alcohol. The
phospho group transfer proceeded with partial racemization (30%
inversion) at phosphorus. This result, while not consistent with
a completely free metaphosphate species, does suggest that most
of the phospho group transfers in this experiment involve a me-
taphosphate intermediate. In another study, Cullis and Nicholls
have looked at the rate of positional isotope exchange in the
reaction of adenosine 5’-[«,3-'80]diphosphate trianion in aceto-
nitrile, in acetonitrile/rert-butyl alcohol, and in neat tert-butyl
alcohol.®® In each case, some scrambling of the '30 label between
the “bridge” and “nonbridge” positions was evident in the reisolated
starting material, this finding being consistent with the transient
formation of monomeric metaphosphate. It should be noted,
however, that positional isotope exchange only requires rotation
around one P-O bond within the solvent cage and that this reaction
could proceed stereospecifically with retention or inversion of the
configuration at the terminal (transferred) phospho group.
Racemization of the transferred phospho group is, therefore, a
more demanding requirement for monomeric metaphosphate. In
any case, it is gratifying that the isotope exchange and stereo-
chemical studies are in agreement.

The conclusion from the present work is that metaphosphate
can be a viable, liberated, intermediate in the solvolytic reactions
of phosphate monoesters. If the intermediate is trapped by am-
bient nucleophiles before the leaving group has diffused away,
inversion of the configuration at phosphorus is seen, while if the
nucleophilicity of the available nucleophiles is low, racemization
of chiral phospho groups can be observed. In these cases, we must
conclude that a metaphosphate intermediate is formed and that
it survives long enough so that collapse to an acceptor nucleophile
is equally probable from each face of the planar species.

Acknowledgment. This work was supported by the National
Institutes of Health and the Science and Engineering Research
Council. We are grateful to David Hansen for his development
of the stereoanalytical method using butane-1,3-diol and to John
Rose, Shaw Huang, and Phil Briggs for technical assistance.

(37) Cullis, P. M.; Rous, A. J. J. Am. Chem. Soc. 1985, 107, 6721.

(38) Cullis, P. M.; Nicholls, D. J. Chem. Soc., Chem. Commun. 1987, 783.

A Theoretical Treatment of Nucleophilic Reactivity in
Additions to Carbonyl Compounds. Role of the Vertical

Ionization Energy

Erwin Buncel,*!* Sason S. Shaik,*!* Ik-Hwan Um,!* and Saul Wolfe*!?

Contribution from the Department of Chemistry, Queen’s University,
Kingston, Ontario, Canada K7L 3NG6, and the Department of Chemistry, Ben-Gurion University,
Beer-Sheva 84105, Israel. Received July 21, 1986

Abstract: In water solvent, experimental AG* values for attack of X:” upon several esters correlate with the vertical ionization
potentials of X:~. Two kinds of nucleophiles are discerned in this way, delocalized nucleophiles (AcO~, N7, NO;, etc.) exhibiting
a larger slope than localized nucleophiles (F-, HO™, CH;07, etc.). In terms of the state correlation diagram model, the existence
of a AG*® versus IP(X")* correlation implies that an important aspect of the activation process is the single electron switch
from X:™ to the substrate that occurs during the nucleophilic attack.

The rationalization of nucleophilic reactivities has been a
longstanding goal in physical organic chemistry.2* Theoretical

0002-7863/88/1510-1275%801.50/0

approaches to this problem have been found to be increasingly
fruitful, but these have been largely limited to nucleophilic sub-
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Figure 1. State correlation diagram for nucleophilic attack on a carbonyl
compound. The asterisks denote vertical states. The dark circles sym-
bolize electrons.

Figure 2. (a) State correlation diagram for a nucleophilic carbonyl
addition that contains a barrier. (b) State correlation diagram for a
barrierless nucleophilic carbonyl addition.

stitution at saturated (sp®) carbon centers and, in particular, Sy2
type processes. ™5 Recently, several publications have appeared
focusing on the problem of nucleophilic reactivity at carbonyl
centers,5 including ab initio studies on the addition of amines to
model carbonyl compounds in the gas phase, theoretical studies
on the simulation of addition reactions in aqueous solutions,®*f
and calculations of substituent effects.®

In the present study we apply the state correlation diagram
(SCD) model, developed in previous papers in this series,  to

(1) (a) Queen’s University. (b) Ben-Gurion University.

(2) (a) Ingold, C. K. Structure and Mechanism in Organic Chemistry, 2nd
ed.; Cornell University Press: Ithaca, NY, 1969; Chapter 7. (b) March, J.
Advanced Organic Chemistry 3rd ed.; McGraw-Hill: New York, 1985;
Chapter 10.

(3) Harris, M. J.; McManus, S. P., Eds. Nucleophilicity; Adv. Chem. Ser.;
American Chemical Society: Washington, DC, 1986.

(4) (a) Bernasconi, C. F. In ref 3. (b) Bordwell, F. G.; Cripe, T. A.;
Hughes, D. L. In ref 3. (c) Brauman, J. I.; Dodd, J. A.; Han, C.-C. In ref
3. (d) Buncel, E; Dust, J. M,; Park, K. T.; Renfrow, R. A.; Strauss, M. J.
In ref 3. (e) Hoz, S. In ref 3. (f) Hudson, R. F. In ref 3. (g) Jencks, W.
P. Inref 3. (h) Jorgenson, W, L.; Chandrasekkar, J. In ref 3. (i) Lewis, E.
S.; Douglas, T. A.; McLaughlin, M. L. In ref 3. (j) Menger, F. M. In ref 3.
(k) Pross, A. In ref 3. (1) Ritchie, C. D. In ref 3. (m) Murdoch, J. R. J. Am.
Chem. Soc. 1983, 105, 2660. (n) Wolfe, S.; Mitchell, D. J.; Schlegel, H. B.
J. Am. Chem. Soc. 1981, 103, 7692,

(5) Shaik, S. S. Prog. Phys. Org. Chem. 1985, 15, 197,

(6) (a) Hoz, S. J. Org. Chem. 1982, 47, 3545. (b) Ritchie, C. D. J. Am.
Chem. Soc. 1983, 105, 7313. (c) Williams, I. H.; Maggiora, G. M.; Schowen,
R. L. J. Am. Chem. Soc. 1980, 102, 7831. (d) Yamataka, H.; Nagase, S.;
Ando, T.; Hanafusa, T. J. Am. Chem. Soc. 1986, 108, 601. (e) Madura, J.
D.; Jorgensen, W. L. J. Am. Chem. Soc. 1986, 108, 2517. (f) Weiner, S. J ;
Singh, U. C.; Kollman, P. A. J. Am. Chem. Soc. 1985, 107, 2219. (g)
Williams, I. H.; Spangler, D.; Maggiora, G. M.; Schowen, R. L. J. Am. Chem.
Soc. 1988, 107, 7717.

(7) (a) Shaik, S. S. J. Am. Chem. Soc. 1981, 103, 3692, (b) Reference
5

‘ (8) For the localized version (VBCM) of the state correlation diagram
model see: Pross, A.; Shaik, S. S. Acc. Chem. Res. 1983, 16, 363. Pross, A.
Adv. Phys. Org. Chem. 1985, 21, 99. Pross, A. Acc. Chem. Res. 1985, 18,
212,
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Figure 3. Schematic diagram showing variation of free energy of acti-
vation with the parameter fin eq 2 for a series of related processes.

small f

the problem of nucleophilic reactivity of anionic nucleophiles
toward esters in aqueous solution. Kinetic data for such reactions
are available in the literature.

Theoretical Model

The addition step (a) in nucleophilic substitution of esters (eq
1) possesses a barrier whose origin can be described by the state

X: + R(R'0)C—0 == R(R'O)C(X) - O =
R(X)C=0 + R'O: (1)

correlation diagram of Figure 1.”%1% The barrier is, phenome-
nologically, the energy of the crossing point minus the avoided
crossing resonance interaction, B. The energy of the crossing point
can be expressed as a fraction (f) of the electron-transfer energy
gap, gg, between the curves. The resulting barrier expression is

AE* = fgr - B (2)

Since this equation describes the energy of the crossing point,
after avoided crossing, relative to the reactants, eq 2 also en-
compasses the situation in which the avoided crossing leads to no
barrier.!'! For example, when the gap gy is large, as in Figure
2a, the avoided crossing results in a barrier; when the gap is small,
as in Figure 2b, the avoided crossing leads to a barrierless reaction
profile. Equation 2 therefore characterizes both activated and
unactivated processes. In the gas phase, some nucleophilic car-
bonyl additions seem to proceed without a barrier, while others
have barriers ranging from small to significant.'?!3  All carbonyl
addition reactions in solution have a significant barrier.'* This
spectrum of behavior depends on the electron-transfer energy gap,
gr, as is discussed below.

In the form in which it appears in eq 2, fis a parameter that
can be shown's to depend on the curvatures of the two intersecting
surfaces, on the energy change for the reaction (AE® in Figure
1), and on gp, the gap on the product side.>71%1115 An important

(9) (a) For the related EVB approach, see: Warshel, A.; Russell, S. T.
Rev. Biophys. 1984, 17, 3. Warshel, A. Acc. Chem. Res. 1981, 14, 284. (b)
For the related MO-VB approach, see: Epiotis, N. D. Lect. Notes Chem.
1983, 34 (e.g., p 115).

(10) Cohen, D.; Bar, R,; Shaik, S. S. J. Am. Chem. Soc. 1986, 108, 231.

(11) See, for example, discussions of avoided crossings in: Shaik, S. S.;
Hiberty, P. C. J. Am. Chem. Soc. 1985, 107, 3089.

(12) (a) For experimental studies of nucleophilic carbonyl additions in the
gas phase, see, e.g.; Bowie, J. H. Acc. Chem. Res. 1980, 13, 76. Asubiojo,
O. L.; Brauman, J. I. J. Am. Chem. Soc. 1979, 101, 3715. Bartmess, J. E,;
Hays, R. L.; Caldwell, G. Ibid. 1981, 103, 1338. Kleingeld, J. C.; Nibbering,
M. M.,; Grabowski, J. J.; De Puy, C. H.; Fukuda, E. K.; Mclver, R. T., Jr.
Tetrahedron Lett. 1982, 23, 4755. McDonald, R. N.; Chowdhury, A. K. J.
Am. Chem. Soc. 1983, 105, 198, 7267. Takashima, K.; Jose, S. M.; do
Amaral, A. T.; Riveros, J. M. J. Chem. Soc., Chem. Commun. 1983, 1255,
Johlmann, C. L.; Wilkins, C. L. J. Am. Chem. Soc. 1985, 107, 327. (b) A
small barrier is computed for HO™ + CH,0 at the 6-31+G* level.*® (c) A
significant barrier is computed for NC~ + CH,O at the 4-31G level."?

(13) Mitchell, D. J. Ph.D. Thesis, Queen’s University, 1981, pp 120-129.

(14) March, J. In Advanced Organic Chemistry. Reactions, Mechanisms
and Structures, 2nd ed.; McGraw-Hill: New York, 1977; pp 349-353.

(15) See Appendix A of ref 5 and pp 214-216. See also: Shaik, S. S.;
Schlegel, H. B.; Mitchell, D. J.; Wolfe, S. Theoretical Physical Organic
Chemistry; Wiley: New York, in preparation.
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contributor to the curvature is the extent of odd-electron delo-
calization in the charge-transfer state.>!® Such delocalization
weakens the bond coupling interaction between X* and (>C=0)",
leads to a shallow descent of the charge-transfer state, and results
in a large f. Although, without additional information, eq 2 does
not provide absolute values of f for a particular reaction, trends
in fcan be predicted. For example, delocalized charge-transfer
states will have higher f values than localized charge-transfer
states. Since, when the nucleophile X:~ is delocalized, the radical
X* is also delocalized, a higher f value should be expected.

To specify f precisely would require a priori knowledge of all
factors that determine this quantity, but this is not practical when
the number of reactions to be analyzed or correlated is large.
Therefore, a useful strategy is to rely upon correlations that lead
to f values associated with different reaction families.

In terms of the foregoing analysis, a reaction family is char-
acterized by the existence of a constant f, and families generated
from delocalized nucleophiles should have larger f values than
families generated from localized nucleophiles. It can, therefore,
be predicted that a plot of barriers versus the gap gg (eq 2) will
lead to series of lines characteristic of different families. This
is envisaged schematically in Figure 3, using three hypothetical
families (I, II, and III), characterized by an increasing degree
of radical anion delocalization, and, hence, increasing f. Such
structure—reactivity plots, if they are found, would have obvious
mechanistic significance.

Analysis of Nucleophilic Reactivity

Consider a nucleophilic attack of X~ upon an ester in solution.
The gap of the diagram in Figure | is the vertical electron-transfer
energy expressed in eq 3:

gr = IP(X")* - EA(ester)* 3)

Here IP and EA are, respectively, the ionization potential and
electron affinity; the asterisk refers to a vertical process in which
all geometric features are frozen.'® For a constant substrate the
electron affinity term is constant and IP(X")* is the only variable
of gr-

Vertical ionization potentials of nucleophiles in aqueous solution
are known experimentally in some cases.!” Other values can be
estimated>'6!7 by using the Marcus theory of nonequilibrium
polarization,'8 with the aid of the thermochemical cycle of eq 4.

X:7(s, equil) = Xi7(g); AG®, = -AGs(X) (4a)
X (g) = X*(g) + ¢ AG®;, = EA(X") (4b)
X*(g) — X'(s, equil); AG°; = AG4(X") (4¢)

X*(s, equil) = X*(s*, nonequil); AG®, = AGgr (4d)

X:*(s, equil) — X*(s*, nonequil) + e, AG® = [P(X")* (4e)

The fourth step of the cycle (eq 4d) refers to the reorganization
of the solvent orientations about X* to the orientations that pertain
to X:' This causes the solvent molecules to be in a state of
disequilibrium with X*(s*), as denoted by the asterisk.

The components of the cycle lead to eq 4e, which describes the
loss of an electron from X:™ under frozen solvent orientations. The
vertical ionization potential is then given by eq 5 and involves three

IP(X")* = EA(X") - AGg(X") + AG(X*) + AGggr  (5)

main contributions: the intrinsic energy change caused by electron
loss from X, the loss of the solvation energy of X:-, and the solvent

(16) Shaik, S. S. J. Am. Chem. Soc. 1984, 106, 1227.

(17) Delahay, P. Acc. Chem. Res. 1982, 15, 40. Known values exist for
HO-, Nj~, NO;~, AcO-, CI7, Br, I, and NCS~.

(18) (a) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155. (b)
Marcus, R. A. Faraday Discuss. Chem. Soc. 1982, 74, 7.

(19) AGgy is estimated by using the relationship AGgg = —pAGs(X7); p
= 0.56 in H,0 at 298 K. This relation is appropriate for aqueous solutions
at 298 K and leads to values close to the experimental data in the known cases,
see ref 5 and 16.
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Table I. Vertical Ionization Potential, Gas-Phase Electron Affinities,
and Free¢ Energy of Activation Data (kcal/mol) for Reactions of
Nucleophiles with Esters 1-3

AG*

Nu: (X)) IP(X")* EA(X") 1 2 3
PrS” 164.8 46.1 15.5 14.1 11.0
HOO~ 171.0 27.4 12.6 8.8
Cl0” 176.4 64.0 15.5

CH,0 177.2 36.7 13.8 12.7 9.9
CF,CH,0" 179.2 51.2 15.0 14.0 11.1
CN- 200.0 88.1 18.5 17.9 15.0
HO 195.0° 42.1 16.2 15.1 12.1
F 237.6° 78.4 23.8 21.0 16.7
PhO™ 161.1 48.9 17.5 16.0 12.6
PhS” 160.0 56.9 18.1 15.9 12.8
ONO~ 174.6° 53.0 23.8 20.3 16.2
N;~ 172.0° 60.1 19.6 17.5 14.0
AcO™ 180.37 73.0 24.6 219 17.4

9Experimental value, ref 17. The other values of IP(X")* have been
calculated via eq 4e; see text and footnote 19.

reorganization energy caused by the disequilibrium orientations
of the solvent molecules.'?

Consider now the family that results from the reaction of an
ester with a series of nucleophiles. Having a common ester, the
reaction family will possess a gap, gr, whose only variable is
IP(X")*, because EA(ester)* is constant. From eq 2, the barrier
for the series will be

AE* = fIP(X)* - C
C = B + f[EA(ester)*] (6)

Here C is a constant that depends on B as well as on the identity
of the ester. The only variable for the reaction family of eq 6 is
then IP(X")*. From the components of IP(X")* (eq 5), it is
evident that two properties contribute to the barrier in solution
(eq 6). One is EA(X"), i.e., the gas-phase ionization potential
of X:~. The second arises from the solvation effects expressed by
the AGg and AGgg terms of eq 5, and the relative contributions
of the two will depend upon the nature of X~2° For example,
as can be seen from the data of Table I, solvation effects make
the dominant contribution to the barriers in the case of HO".
However, for CN-, the two effects are approximately the same.

Experimental AG* data in water solvent for the three related
esters 1-3 are available in the literature?'# and are included in
Table I. In each case, the reactions of these substrates with 13

9 i
]
CH3—C—0—©—N02 CHz—C -0 -</©>-Noz
NOz2

| 2

o
o
CHy—C=-0- N(O)-0CHy

3

~

anionic nucleophiles obey second-order kinetics, and nucleophilic
addition to the carbony! group is believed to be rate determining

(20) For a separation of the barrier into gas-phase and solvent contribu-
tions, see ref 5, 16, and: Shaik, S. S. Isr. J. Chem. 1985, 26, 367.

(21) (a) Jencks, W. P.; Gilchrist, M. J. Am. Chem. Soc. 1968, 90, 2622.
(b) Jencks, W. P,; Carriuolo, J. J. Am. Chem. Soc. 1960, 82, 1778. (c) Jencks,
W. P.; Hupe, D. J. J. Am. Chem. Soc. 1977, 99, 451. (d) Jencks, W. P;
Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamura, C. J. Am. Chem. Soc.
1982, 104, 7045. (e) Jencks, W. P. Chem. Rev. 1985, 85, 511. (f) Hupe, D.
J.; Wu, D. J. Am. Chem. Soc. 1977, 99, 7653. (g) Pohl, E. R.; Hupe, D. J.
J. Am. Chem. Soc. 1980, 102, 2763. (h) Bond, P. M,; Castro, E. A.; Moodie,
R. B. J. Chem. Soc., Perkin Trans. 2 1976, 68. (i) Chrystiuk, E.; Williams,
A.J. Am. Chem. Soc. 1987, 109, 3040. (j) Bunnett, J. F. Annu. Rev. Phys.
Chem. 1961, 14, 271. (k) Kovach, I. M.; Elrod, J. P,; Schowen, R. L. J. Am.
Chem. Soc. 1980, 102, 7530. (1) Oakenfull, D. G.; Riley, T.; Gold, V. Chem.
Commun. 1966, 385. (m) Gold, V.; Oakenfull, D. G.; Riley, T. J. Chem. Soc.
B 1968, 515.
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(step a in eq 1). Other possibilities consistent with the kinetics
must also be considered, e.g., a change in mechanism or a change
in rate-determining step, as the nucleophile is varied with each
of the substrates. A change in rate-determining step, from for-
mation (eq 1, step a) to decomposition (step b) of the tetrahedral
intermediate, would be anticipated when the pKX, of the nucleophile
is less than that of the leaving group of the ester. For esters 1,
2, and 3, the leaving group pK,’s are 7.1, 4.1, and 2.1, respectively.
A change in rate-determining step is, therefore, not expected in
the case of ester 3 but cannot be excluded, on the basis of such
pK, arguments, for esters 1 and 2 when the nucleophiles are weakly
basic (AcO~, N;°, NO,", and F).

However, studies of nucleophilic substitution at carbonyl cen-
ters?'e~ have shown that a simple relationship between pK,’s and
a change in rate-determining step will be strictly valid only when
the nucleophile and the leaving group are structurally similar
(OR,/OR,, OAr,/OAr, SAr,/SAr,, etc.), but not in other cases.
Since the nucleophiles and leaving groups of the present systems
are quite dissimilar, it is, therefore, not required to invoke a change
in rate-determining step on the basis of a pK, argument. The fact
that AcO~, NO,", and F~ are found on the linear portions of the
Bronsted type log k versus pK, plots also argues against a change
in rate-determining step with these nucleophiles. Azide ion shows
a positive deviation on such plots but this deviation is probably
related to the exalted polarizability of N;5~24 A curvature in some
Bronsted plots which occurs in the region as one passes from aryl
oxides to alkoxides as the nucleophiles has been ascribed by Jencks
and Hupe to differential solvation rather than a change in the
rate-determining step.2'd¢

More plausible than a change in rate-determining step is the
possibility of a change in mechanism with the weakly basic nu-
cleophiles, from direct nucleophilic attack to general-base-cata-
lyzed attack of H,O at the carbonyl center. The energetics of
such a protolytically catalyzed hydrolysis have been discussed in
detail by Schowen,?'* and Gold has demonstrated®'»™ that the
nucleophilic pathway in the reaction of AcO™ with 1 occurs to the
extent of 57%, and with 2 to 98%, the balance being a general-
base-catalyzed attack of H,O at the carbonyl center. The gen-
eral-base-catalyzed pathway could conceivably occur to some
extent (<50%) in the reactions of 1 with N;~, NO,™, and F~, but
this would be negligible in the cases of 2 and 3 provided that a
relationship exists between leaving-group ability (nucleofugacity)
and pK,.2'i We have made no correction for the general-
base-catalyzed pathway in the present work since the correction
factor (<0.2 on the AG* scale for 1 and negligible for 2 or 3) would
not significantly alter the nature of the plots (Figure 4) and
resulting correlations.???

Each of the three substrates exhibits the same kind of AG*?
versus IP(X")* behavior. One of these plots is shown in Figure
4 and illustrates the point.?22 In these figures, with the exception
of PrS-, the nucleophiles are seen to fall into two distinct groups.
The first comprises localized nucleophiles (F~, HO", etc.), and
the second, delocalized nucleophiles (AcO~, N;~, NO,", etc.).
Although the number of data points for the second group is small,
it is apparent that reactivity in this group is more sensitive to
changes in IP(X")* than reactivity in the first group. The data
thus appear to behave in conformity with the theoretical plots of
Figure 3.

(22) (a) The three plots exhibit the two families with similar slope infor-
mation. The worst pair of correlation coefficients is 0.931 and 0.948 for
substrate 3. Though these correlation coefficients are mediocre, the reactivities
follow the order of IP(X~)*. The other correlation coefficients are 0.975, 0.924
(1); and 0.964, 0.947 (2). The second correlation coefficient in each case
corresponds to the second family (AcO™, Ny, etc.). (b) A cycle analogous
to eq 4 leads (see ref 5, p 296) to EA (ester)* = EA(ester — AGg(ester'™) —
AGgg + AGg(ester). EA(ester) is the gas-phase vertical electron affinity of
the carbonyl group. Using the data of ref 22c, it is possible to estimate
EA(ester) values in the range —0.5to —1.5 eV. AGg(ester'™) is the solvation
energy of the carbonyl radical anion and can be estimated as -70 to -90
kcal/mol. AGgp is the solvent reorganization energy and can be estimated
as —pAGg(ester'™; p = 0.56. AGg(ester) is the solvation energy of the neutral
ester and is taken as zero. (c) Modelli, A.; Jones, D.; Rossini, S.; Distefano,
G. Chem. Phys. Lett. 1986, 123, 375. Modelli, A.; Jones, D.; Rossini, S.;
Distefano, G. Tetrahedron 1984, 40, 3257.
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The linear correlations of Figure 4 correspond to eq 7a,b, which,
AG* = 0.14IP(X")* - 11 kcal/mol (7a)

AG* = 0.29IP(X")* - 31 kecal /mol (7b)

together with eq 6, can be used to obtain values for the resonance
interaction B, in the transition state (Figure 1). Values of EA-
(ester)* can be reasonably bracketed between -4 and +28
kcal/mol using gas-phase EA and solvation energy data.2® Using
this range of EA(ester)* leads to B values of 10 £ 3 and 27 £
5 keal/mol for the two families of eq 7a and 7b, respectively. A
similar distinction between the two families is obtained in each
case for the esters 1-3.

However, because of the limited data set for the delocalized
family, it does not follow that the two families have character-
istically different transition-state resonance energies. Indeed, if
it is required that the two families share the same B values (e.g.,
12 kcal/mol), the delocalized family of Figure 4 can be fit to eq
8. Although this equation has a poor correlation coefficient (0.70),

AG* = 0.21IP(X")* - 18 kcal /mol (8)

its predictions of barrier trends and their absolute magnitudes are
reasonable. Thus, while a distinction between the two families
in terms of slopes appears to be reliable, a more detailed discussion
of the relative B values of the two families should await additional
data for the second family.

Discussion

According to Figure 1, nucleophilic attack upon a carbonyl
group involves a single electron switch synchronized to all of the
molecular deformations and motions that convert reactants to
products.>”'® These include skeletal reorganization of the reacting
species as well as reorganization of the solvent molecules which
attempt to maintain equilibrium with the migrating charge.>'¢
The correlations of AG* with IP(X")* reflect the reorganizational
effort that promotes the electron switch and bond coupling.

Further insight into the physical significance of the correlation
requires a more explicit discussion of the factors that, according
to the model, contribute to the geometry of the transition state,*'023
which corresponds approximately to the crossing point of the
ground state and the charge-transfer state of Figure 1.7° Since
the two states are initially separated by the vertical electron-
transfer energy gap gg (eq 3), molecular deformations are required
to overcome this gap, and these are illustrated schematically in
4 for the reaction of acetate ion with a general carbonyl compound.

| \R’_.
”C !
o ]
O/ \O—b s C*

The heavy arrows imply that the deformations involve distortions
of both reactants, as well as their mutual approach. The distortions
lower the ionization potential of X:” and improve the electron
affinity of the carbonyl substrate; the mutual approach gradually
couples the two odd electrons of the charge-transfer state into a
nucleophile~substrate bond. All of these effects, together with
solvent reorganization, operate to stabilize the charge-transfer state
and destabilize the ground state until they cross. At the crossing
point, mixing of the two states lowers the energy and endows the
transition state with a resonance energy, B. The barrier is then
manifested as a deformation and solvent reorganization energy
which is proportional to the vertical electron-transfer energy gap
(eq 3) that must be overcome in order to achieve a transition
state 510.23

1t is the relative contributions of the gas-phase and solvent terms
to IP(X")* (eq S5) that determine the relative proportions of

(23) (a) Mitchell, D. J; Schlegel, H. B,; Shaik, S. S.; Wolfe, S. Can. J.
Chem. 1985, 63, 1642. (b) Shaik, S. S. Can. J. Chem. 1986, 64, 96.
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Figure 4. A plot of AG* data against IP(X") for substrate 2.

molecular distortion and solvent reorganization for a given reaction.
For example, in the case of HO", for which the solvent terms make
the main contribution to IP(X")* (Table I), solvation changes are
predicted to make the main contribution to the transition state,
and molecular deformations are predicted to be relatively unim-
portant. On the other hand, for reactions of NC-, molecular
deformation is expected to be significant in the transition state,
in accord with the increased contribution of EA(X*) to IP(X")*.
On the basis of theoretical calculations of HO~ + H,CO®% and
NC- + H,CO," these predictions appear to be reasonable.
However, additional tests are needed.

For a given degree of odd-electron delocalization, an increase
in the electron-transfer energy gap will require a greater extent
of deformation and solvent reorganization in the transition state.'
This statement is related to the variations within each of the
reaction families of Figure 4. In each of the families, the transition
states are predicted to become increasingly distorted as IP(X")*
increases. This increasing distortion is comprised of molecular
deformations and solvent reorganization. The relative contribu-
tions of the two cannot at present be stated but may become
known'®?3 when additional gas-phase reactivity data®~ or em-
pirical VB calculations®® become available.

For a given vertical electron-transfer energy gap, the defor-
mation and solvent reorganization required to achieve a transition
state are also predicted to increase as the odd electrons in the
charge-transfer state become increasingly delocalized.'®? The
reaction families of the delocalized nucleophiles in Figure 4 are,
therefore, expected to possess more distorted transition states (in
both molecular and solvent senses) than those for the reaction
families of the localized nucleophiles. In this respect we are in
agreement with the conclusions of Schowen and co-workers?'k
concerning the role of electron delocalization in the activation
process.

An increase in the slope of a correlation line implies that the
reaction family is more sensitive to IP(X")* and thereby expe-
riences a proportionally greater increase in transition-state de-
formation as IP(X")* increases.?® Thus the relative slopes of the
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family lines in Figure 4 reveal that electronic delocalization is a
factor that imposes higher barriers and larger extents of molecular
deformations and solvent reorganization in the transition states.
The same behavior has already been demonstrated in other nu-
cleophilic processes.!02%24

Interestingly, we find phenyl acetate to provide the same type
of correlation as is exhibited by esters 1-3, and the plot of AG*
versus IP(X")* for this ester (not shown) is qualitatively analogous
to that displayed in Figure 4. This should not have been expected,
because the mechanism of hydrolysis of phenyl acetate with AcO~
and, possibly, other delocalized nucleophiles (NO,~, N;7) is thought
to involve a general-base-catalyzed attack by H,O (proteolytic
catalysis).2'#k™ Since the behavior of phenyl acetate does not
differ from those of 1-3 in our plots, the reaction of AcO~ with
this ester appears also to involve a rate-determining electron switch
from the nucleophile. A proteolytic mechanism that involves an
electron switch to the proton of a water molecule would exhibit
a correlation with IP(X")*. Within the context of the model
developed here, more work is evidently needed to clarify the factors
that cause a proteolytic pathway to be preferred over nucleophilic
catalysis in some systems.

Summary

Within restricted series, the “nucleophilicity” of X:~ toward
carbonyl compounds correlates with the vertical ionization po-
tential of the nucleophile, IP(X")*. Using the state correlation
diagram model, one may interpret this empirical correlation to
mean that an important aspect of the activation process is the total
deformation associated with the single electron switch from X:~
to the substrate that occurs during the nucleophilic attack.*'?

Analogous correlations of “nucleophilicity” have been suggested
previously by Hoz® and by Ritchie.®® Their treatments employed
adiabatic ionization potentials of X:” rather than the vertical
ionization potentials used here. A more detailed examination of
these and other correlations of nucleophilic reactivity is under
way. 252
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