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to being mounted on a glass fiber, which in turn was transferred to a
Nicolet R3m/V four-circle diffractometer (Mo Ka, A = 0.71073 A),
graphite monochromator). Unit cell parameters were determined from
15 well-centered reflections (15° < 20 < 22°);a = b = 21.847 (4) A,
C =22.530(6) A, V= 10780 (5) A, and Z = 16. Axial photographs
and a limited search through an octant of reciprocal space revealed
systematic absences and symmetry consistent with the tetragonal space
group 14;/a (No. 88). One octane of data (+h,+k,+/) was collected in
the 26-9 scan mode with 26 ranging from 3.0 to 45.0°. Scan speeds
varied from 2.0 t0 29.3 °/min. A total of 7771 reflections were measured
and corrected for Lorentz and polarization effects, but not for absorption.
The minimum and maximum drift corrections (based on a set of three
standards measured for every 37 reflections) were 0.9073 and 1.0065,
respectively. Data processing yielded 3549 unique reflections, of which
1717 had F > 4¢(F) with R(int) = 0.0275 for the averaging of equivalent
reflections.

The structure was successfully solved by a combination of direct
methods (XS:TREF) and Fourier techniques in the tetragonal space
group 14,/a (No. 88), and refined by full-matrix least-squares. The
non-hydrogen atoms were refined with anisotropic temperature param-
eters, hydrogen atoms were allowed to ride on their respective carbons
[C-H = 0.96 A, U(H) = 0.08], and a weighting scheme based on o(F)
was employed. The coordinates of the amine and hydroxy H atoms H(1)
and H(30) were free to vary. The final residuals were R(F) = 0.0809
and R,(F) = 0.078! with a value of 1.50 for the goodness of fit. The
largest and mean |shift/esd) in the final cycle were 0.001 and 0.000, and
the minimum and maximum excursions in the fina! difference map were
~0.43 and 0.53 ¢/A3, respectively.’®

Acknowledgment. We thank the National Science Foundation
(Grants CHE-8312691 and CHE-8409628) for financial support
and for funds (Grants CHE-8102974 and PCM-8219912) used
to help establish the NMR and mass spectrometry facilities used
in this work. In addition, we thank the State of Ohio for providing
an Academic Challenge grant used for the establishment of the
X-ray facility used in this work. Finally, the award of a fellowship
to A.C.H. by the University of Cincinnati is gratefully ac-
knowledged.

Registry No. 8, 135257-61-3; (Z)-6, 6313-26-4; (E)-7, 10496-80-7; 8,
135257-62-4; 9, 123209-01-8; 10, 91301-41-6; 11, 131266-01-8; 12,
72708-78-2; 13, 5860-38-8; 14, 135257-63-5; 15, 123271-58-9; 16,
72708-71-5; cis-17, 135257-64-6; 18, 135257-65-7; 19, 135257-66-8; 20,
135257-68-0; 21, 23340-29-6; 22, 98186-09-5; 23, 135257-69-1; 24,
135257-70-4; 25, 123209-00-7; (£)-26, 135257-71-5; PTAD, 15988-11-1;
PhCO, 3469-17-8; PhnCOCH,Ph, 451-40-1; MeOCOCH,COOMe, 108-
59-8; PA\COCH,COPh, 120-46-7; Meldruma’s acid, 2033-24-1; dime-
done, 126-81-8.

Supplementary Material Available: X-ray data for 14, 17, 20,
and 26, figures listing the atomic numbering scheme, and tables
for each compound, including (1) X-ray structure determination
summary, (2) atomic positional parameters, (3) bond distances,
(4) bond angles, (5) anisotropic temperature factors, and (6)
hydrogen positional parameters (46 pages). Ordering information
is given on any current masthead page.

Rate-Equilibrium Correlations for the Aldol Condensation:
An Analysis in Terms of Marcus Theory

J. Peter Guthrie

Contribution from the Department of Chemistry, University of Western Ontario, London, Ontario,
Canada N6A 5B7. Received November 13, 1990. Revised Manuscript Received May 28, 1991

Abstract: Both the addition and elimination steps of the intermolecular aldol condensation show approximate agreement with
Marcus theory. The calculations are performed for reaction of an encounter complex of enolate and a carbonyl acceptor to
give the alkoxide anion of the adduct for the addition reaction and of the enolate anion of the adduct to give the encounter
complex of enone and hydroxide ion for the elimination reaction. The intrinsic barriers for these reactions are 13.89 £ 0.80
kcal/mot for the addition reaction and 14.13 + 0.49 kcal/mol for the elimination reaction. Estimated equilibrium constants
are used to predict rate constants for some simple aldol reactions. Large effects of polar substituents on the rates of aldol

condensations can be predicted.

Introduction

The aldol condensation is an extremely important synthetic
reaction, as witnessed by the entire volume of Organic Reactions
required to review it.! There has been no method for making
even semiquantitative predictions for the rates of the individual
steps. Some years ago, we reported? equilibrium constants for
a set of simple aldol condensations, eq 1, and demonstrated several
methods for estimating equilibrium constants for these reactions.

RICOCH, + R:COR?! == R!COCH,—C(OH)R?R’ =
RICOCH=C(R*)(R?) (1)
We3? and others'®32 have carried out detailed analyses of the
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kinetics of a series of simple aldol condensations, which now
provide a solid basis for developing methods for predicting rates.
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Table I. Rate and Equilibrium Constants for Proton-Transfer
Reactions of the Carbon Acids Discussed in this Paper®

compd pK,* kow' (M71s)  kyo? (s71)
CH,;CHO 16.73¢ 117 628
CH;COCH,; 19.16¢ 0.173% 25006
CH;COPh 18.24/ 0.244/ 4240

°1In aqueous solution at 25 °C. K, = [enolate] [H*]/[keto tautom-
er], corrected for covalent hydration in the case of acetaldehyde.
¢Rate of hydroxide-catalyzed enolate formation. ¢Rate of protonation
of the enolate by water; calculated from K, and koy. ©Reference 36.
SReference 36. #Reference 37. "Reference 73. ‘Reference 74.

Guthrie

Table III. Rate and Equilibrium Constants for the Aldo! Addition
Step. Rate and Equilibrium Constants for Intramolecular Aldol
Reactions®

carbony! electrophiles

JReference 38.

Table II. Oxygen pK, Values for Aldol Adducts Discussed in this

Paper?
log log
compound Pk} kou  ku®
(HCOCH,)CH,0H 14,92 7.97 8.89
(HCOCH,)CH(CH,)OH 15.56 7.59 9.15
(HCOCH;)CH(Ph)OH 1457 817 874
(HCOCH;)C(CH,),0H 1621 7.9 9.40
(HCOCH,)C(CH,)(Ph)OH 1522 779 901
(CH;COCH,)CH,0H 1492 197  8.89
(CH;COCH,)CH(CH,;)OH 15.56 7.59 9.15
(CH,COCH,)CH(Ph)OH 1457 817 874
(CH;COCH;)C(CH,),0H 1621 7.9 9.40
(CH,COCH,)C(CH;)(Ph)OH 1522 779 9.0l
(PhCOCH,)CH,0H 14.54 8.19 8.73
(PhCOCH,)CH(CH,;)OH 15.22 7.79 9.01
(PhCOCH,)CH(Ph)OH 14.23 8.37 8.59
(PhCOCH,)C(CH3,),OH 15.87 7.40 9.27
(PhCOCH,)C(CH,)(Ph)OH 1488 799 887

% All in aqueous solution at 25 °C. ®Calculated from the linear free
energy relationship for pK, of a trisubstituted carbinol in terms of the
o* values of the three substituents.*45 4* values used were as follows
(all taken from ref 78): CHj, 0.0; H, 0.49; Ph, 0.75; HCOCH,, 0.62;
CH;COCH,, 0.62; PhCOCHj,, 0.88 (estimated from o* for PhCO, 2.2,
with the fall-off factor of 0.4 recommended by Perrin et al.”®).
¢Calculated from the Eigen* model of preliminary formation of a hy-
drogen-bonded complex, followed by the actual proton-transfer step.
Equilibrium constants for hydrogen-bonded complex formation were
estimated according to the method of Stah! and Jencks,”® and rate
constants for the actual proton transfer were calculated from the
Marcus®® equationwith an intrinsic barrier of 5 kcal/mol.#’” The rate
constants for the overall proton-transfer processes were calculated with
a steady-state solution to the Eigen mode!l. “Rate constant for the re-
protonation of the aldol anion by water, calculated from the Eigen*
model.

In order to discuss the rate and equilibrium constants of the
microscopic rate-determining step for aldol additions, i.e. the attack
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44]

CH,0 CH;CHO PhCHO CH;COCH;
a*(R?) 0.49 0.49 0.49 0.00
a*(R3) 0.49 0.00 0.75 0.00
(a) CH;CHO as Carbon Nucleophile
108 Koveraut ~~ 7.78¢ 2.60¢ 0.59 -0.40¢
108 kobeg 3.61e4 0.67¢ 0.1 -1.374
log Kpicre? 9.59 3.77 2.75 0.12
108 Kmicro 6.34 3.40 2.85 1.36
log Ky 11.36 5.54 4.52 1.89
log k7 8.11 5.17 4,62 313
b* 9.51 10.20 10.30 10.58
G 12.99 13.93 14.08 14.48
(b) CH,COCH, as Carbon Nucleophile
108 Koverall 1.59% 1.07m -1.41%
108 kjpeg 1.01’ -1.88" -0.78™ -1.74°
log Kpiere? 1091 5.19 5.66 1.54
10g Kmicro” 6.17 3.28 4,38 3.42
log Ky 12.68 6.96 7.43 3.31
log k7 797 5.05 6.15 5.19
b* 10.94 10.01 9.18
el 14,94 13.67 12.54
(¢) PhCOCHj, as Carbon Nucleophile

108 Koverat 5.74¢ 0.65¢ 0.63° -2.607
108 Kgpeg 1.397 -0.89" -0.087 -3.489
log Kmicro 9.40 3.67 4.64 -0.23
108 Kmicro 5.63" 3.357 4.16 0.76
log Ky 11.17 5.44 6.41 1.54
log k7 7.44" 5.16" 5.93 2.53
b* 9.80 11.02
led 13.39 15.05
av b 10.17 £ 0.58

av G 13.89 + 0.80

In aqueous solution at 25 °C. All rate and equilibrium constants
were calculated in terms of free carbony! compounds; i.e., all are cor-
rected for covalent hydration. ®Reference 2. <Calculated from data in
ref 31. 9Reference 5. ¢Reference 3. /Reference 7. #Calculated from

Koveray PK, 0f the adduct (Table II), and pK, of the nucleophile (Table
I). *Calculated from kg and the pK, of the nucleophile (Table I).
!Equilibrium constant for reaction within the encounter complex.
JRate constant for reaction within the encounter complex. *Intrinsic
barrier expressed in log rate constant units. / Intrinsic barrier expressed
in kilocalories/mole. ™Reference 8. "Calculated with Ky ea4q* and
Koveratr °Calculated with Koado’® and Koveran 1”7 P Reference 6.
7Reference 9. "Estimated from the average intrinsic barrier, as de-
scribed in the text.

of an enolate upon a carbonyl, we require pK, values for the
compound acting as the carbon nucleophile. Fortunately these
are now available.*3¥ We now wish to report an analysis of this
reaction in terms of Marcus theory,’#! which permits the pre-
diction of the rates of the carbon—carbon bond-forming step and
the elimination step, for the particular case of hydroxide-catalyzed
reactions in aqueous solution.

Results

Rate and equilibrium constants are now available for a set of
nine aldol condensations.2-916-18.24.31 Thege data, for the overall
observable reactions, must be corrected for pre- and postequilibria
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Marcus Theory Analysis of the Aldol Condensation

to allow the microscopic rate and equilibrium constants for the
process of interest to be extracted. The detailed analysis for the
aldol condensation is carried out in terms of the generally accepted
reaction mechanism*? shown in Scheme I.

The first step is hydroxide-catalyzed enolate formation; although
this can be rate-limiting at high concentrations of carbonyl com-
pounds with reactive acceptors such as acetaldehyde,® it is
normally a fast preequilibrium. Good pK, values are now
available’® 38 and are summarized in Table I, which also includes
the rate constants for the proton-transfer reactions.

The third step is a proton transfer between alkoxide and hy-
droxide, which should be a very fast, diffusion-controlled process.
The pK, values are not known but can be estimated on the as-
sumption that aldols behave as normal alcohols, with the acyl
group acting only as an electron-withdrawing substituent, by using
the linear free energy relationship that we have previously em-
ployed.#45 The relevant calculations are summarized in Table
I1. For the sake of completeness we have also estimated rate
constants for the proton-transfer reactions using the Eigen
three-step model* for the proton-transfer process and an intrinsic
barrier for the microscopic proton transfer of 5 kcal/mol.” As
would have been expected, our analysis will show that protonation
is invariably fast with respect to C—C bond cleavage for the initial
alkoxide.

The rate and equilibrium constants for the second step can now
be calculated from the data in Tables I and IT and the apparent
rate and equilibrium constants summarized in Table I1I, which
also contains the microscopic rate and equilibrium constants for
the second step. The calculations in Table ITI make use of the
thermodynamic cycles in eq 2.

K
R'COCH, + R?COR’ === R'COCH,—C(OH)R2R?
1lKnKelo
o '
Kimicro

|
R'—C=CH, + R*COR’

K'nldo‘

R'COCH,—C(O)RZR®  (2)
\\Kemountev //K2
o

|
R'—C=CH,,R?COR’

We have used work terms, i.e. equilibrium constants for
K encounter» €Stimated from the work of Hine,*® assuming no sta-
bilizing interactions between the two components, and two reactive
positions, one on either side of the acceptor carbonyl.

Now we turn to the elimination phase of the aldol condensation.
To begin the analysis, we need to estimate pK, values for the aldols
as carbon acids, i.e. for the process leading to the enolate that
can expel hydroxide. We start by evaluating the intrinsic barrier
to enolate formation for the process

HO", R'IR?CHCOR? = RIR2C=C(0")R?

using the latest data for rate and equilibrium constants.4® We
assume that the proton transfer involves proton abstraction by
hydroxide in contact with the proton to be abstracted. In such
an encounter complex, the hydroxide has necessarily lost one
solvating water with negligible hydrogen bonding in return. We

J. Am. Chem. Soc., Vol. 113, No. 19, 1991 7251

have estimated®® the energetic cost of this partial desolvation as
7.13 kcal/mol from the difference in pK, between water and
DMSO,5! which we assume to reflect the cost of losing three
hydrogen bonds to the anion. This analysis leads to & = 7.83.

We then estimate the pK,K for the three parent aldols, CHO-
CH,CH,0H, CH,COCH,CH,0H, and PhCOCH,CH,OH. We
start with CH;COCH,CH,0H. For CH;COCH,CH;, pkE =
7.51.% The pK,E is assumed to be the same as for cyclohexanone,
for which the value is 11.70.4° This assumes that incorporation
into a six-membered ring makes no change in pK,F and that the
effect of a remote alkyl group is negligible. Both assumptions
appear reasonable. This gives us pK,* = 19.21 for CH,COC-
H,CH;. From the known rate of hydroxide-catalyzed enolate
formation®2%? and the Marcus correlation we can estimate pK,*
= 20.07, in good agreement. From the rate of hydroxide-catalyzed
enolate formation for CH;COCH,CH,0OCH; (assumed to be the
same as for CH;COCH,CH,0H) and the Marcus correlation we
obtain pK,X = 16.64 for CH;COCH,CH,OH. This gives us a
measure of the effect of a 8-OH on the carbon acidity of a carbonyl
compound, or 19.21 - 16.64 = 2.57.

Turning now to CHOCH,CH,OH, we begin by estimating the
pK,E for CHOCH,CH; as the value for CH;CHO* corrected by
the difference between the values for CH;COCH,* and cyclo-
hexanone,*® 0.76. In this way we obtain a value of 11.26 for the
pK,.E of CHOCH,CH,;. We estimate the value of pKE by cor-
recting our previous thermochemical estimate of 3.9%* by the
average difference between thermochemical estimates and
measured values,*® namely 1.0, thus obtaining pKE = 4.9 for
CHOCH,CH;. Combining these values we obtain pK,X = 16.16
for CHOCH,CH,;. Assuming the same substituent effect for a
B-OH as for CH,;COCH,CH,0OH, we can now estimate pK,X =
13.59 for CHOCH,CH,OH.

Finally, for PhCOCH,CH,0H, we begin with the pK,X for
PhCOCH,CH,, 17.56.5* Assuming the same substituent effect
for a 8-OH as for CH,;COCH,CH,OH, we can now estimate pK,X
= 14.99 for PhCOCH,CH,OH.

For the various aldols derived from the addition of acetaldehyde
to simple carbonyl compounds there seem to be no serious steric
interactions, and we have no basis for assuming significant effects
on the pK, of substituents at the S-carbon. We therefore use the
same pK, for all of these compounds.

For the aldols derived from the addition of acetone to simple
carbonyl compounds, S-substituents can be expected to introduce
crowding into the enolates. We assume that the enolates will be
in the E configuration to minimize interference with solvation of
the the oxy anion. There is a distinct preference for a g-alkyl group
to be trans to the oxygen even in enol ethers.®® The oxygen of
an enol ether acts as though it is only slightly smaller than a methyl
group,*® which suggests that an enolate oxygen would be larger
than a methyl group. The magnitudes of these steric effects are
taken from the strains observed for 2-pentene, 4-methyl-2-pentene,
and 4,4-dimethyl-2-pentene. These in turn are calculated from
the differences in the heats of formation of the E and Z isomers®’
as follows: 1.02 kcal/mol (0.75 in log K) for 2-pentene, 0.96
kcal/mol (0.70 in log K) for 4-methyl-2-pentene, and 3.87
kcal/mol (2.83 in log K) for 4,4-dimethyl-2-pentene. The dif-
ference relative to 2-pentene gives the correction to the carbon
pK, relative to the formaldehyde adduct. The strain correction
deduced for the interaction of cis-methyl and isopropyl is used
for the interaction of methyl and CH(CH;)(OH) and for methyl
and CH(OH)(Ph). The strain correction deduced for the in-
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Park, CA, 1972.
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Chem. 1971, 36, 1205.

(46) Eigen, M. Angew. Chem., Ini. Ed. Engl. 1964, 3, 1.

(47) Albery, W. J. Ann. Rev. Phys. Chem. 1980, 31, 227.

(48) Hine, J. J. Am. Chem. Soc. 1971, 93, 3701.
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45, 3295.
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A31, 551.
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Chichester, England, 1990.

(57) Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermochemical Data of
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Table IV, Rate and Equilibrium Constants for Enolate Formation from the Aldols®

compound pKze® log K* log K+* log kyf 108 keord 108 Kgeprot 108 Kreprot”
CHOCH,CH,0H 13.67 0.03 7.02 8.08 1.09 1.39 1.06
CHOCH,CH(Me)OH 13.67 0.03 7.02 8.08 1.09 1.39 1.06
CHOCH,CH(Ph)OH 13.67 0.03 7.02 8.08 1.09 1.39 1.06
CHOCH,C(Me),OH 13.67 0.03 7.02 8.08 1.09 1.39 1.06
MeCOCH,CH,OH 16.64 -2.94 4.05 6.85 -0.14 0.16 2.80
MeCOCH,CH(Me)OH 16.59 -2.89 4.10 6.88 -0.11 -0.19 2.78
MeCOCH,CH(Ph)OH 16.59 -2.89 4.10 6.88 -0.11 -0.19 2.78
MeCOCH,C(Me),OH 18.72 -5.02 1.97 5.91 -1.08 -0.78 3.94
PhCOCH,CH,0H 14.99 -1.29 5.70 7.55 0.56 0.86 1.85
PhCOCH,CH(Me)OH 15.09 ~1.39 5.60 7.51 0.52 0.82 1.91
PhCOCH,CH(Ph)OH 15.09 -1.49 5.50 7.47 0.48 0.78 1.97
PhCOCH,C(Me),OH 17.34 -3.64 3.35 6.54 -0.45 -0.14 3.20

2 All in aqueous solution at 25 °C. ®pK, for enolate formation from the keto tautomer, estimated as described in the text. Logarithm of the
equilibrium constant for the reaction of hydroxide with the keto tautomer to give the enolate. ¢Logarithm of the equilibrium constant for the reaction
of the encounter complex of the keto tautomer and hydroxide to give the enolate. ¢Logarithm of the rate constant per hydrogen for the reaction of
the encounter complex of the keto tautomer and hydroxide to give the enolate, estimated with the Marcus correlation for monocarbony! compounds
with b = 7.83, as described in the text. /Logarithm of the rate constant per hydrogen for the reaction of hydroxide with the keto tautomer to give
the enolate. #Logarithm of the rate constant for hydroxide-catalyzed deprotonation of the free carbony! compound to give the enolate. * Logarithm
of the rate constant for reprotonation of the enolate by water to give the free carbony! compound.

Table V. Rate and Equilibrium Constants for the Elimination Step of the Aldol Condensation®

log log log log
COmpOUnd PK.KI’ Kdehydc ]Og ke Kmicro' kmxcrof Keonf‘ ]Og th ]Og kzl b Gk

CHOCH,CH,0H 13.67 -0.49/ -1.01¢ -0.82 -1.34 0.16 -7.65 -1.17 9.77 13.34
CHOCH,CH(Me)OH 13.67 0.50™ -0.96™ 0.17 -1.29 0.00 -6.82 -1.29 10.39 14.19
CHOCH,CH(Ph)OH 13.67 2.897 0.20" 2.56 -0.13 0.01 -4.42 -0.12 10.59 14.46
CHOCH,C(Me),OH 13.67 0.87° -1.60° 0.54 -1.93 0.85 -5.60 -1.08 10.89 14.88
MeCOCH,CH,0H 16.64 -1.377 -3.109 1.27 -0.46 0.08 -5.64 -0.37 10.16 13.87
MeCOCH,CH(Me)OH 16.59 -0.85" -3.39¢ 1.74 -0.80 0.17 -5.08 -0.62 10.39 14.19
MeCOCH,CH(Ph)OH 16.59 1.38¢ -2.14! 3.97 0.45 0.17 -2.85 0.62 10.34 14.12
MeCOCH,C(Me),OH 18.72 -1.20% -5.12° 3.52 -0.40 2.59 -0.88 2.19 9.78 13.36
PhCOCH,CH,0H 14.99 -0.36 -1.76* 0.63 -0.77 0.45 -5.91 -0.32 9.94 13.57
PhCOCH,CH(Me)OH 15.09 -0.80" (-2.58)* 0.29 (-1.49)? -6.10 (-0.74)?

PhCOCH,CH(Ph)OH 15.19 1.40¥ -1.59Y 2.59 -0.40 0.71 -3.69 0.32 10.32 14.09
PhCOCH,C(Me),OH 17.34 -1.01% -4.512 2.33 -1.17 3.40 -1.27 222 10.28 14.04

av b 10.34 £ 0.36
av G 14.13 £ 0.49

s All in aqueous solution at 25 °C; rate and equilibrium constants are expressed in terms of free carbonyl compounds, i.e. corrected for covalent
hydration. ?pK, for enolate formation, estimated as described in the text. °Equilibrium constant for dehydration, RICOCH,C(OH)R?R} =
RICOCH==CR?R3 + H,0. The standard state for water is the pure liquid, at unit activity. ¢Second-order rate constant for dehydration, catalyzed
by hydroxide ion. ¢Equilibrium constant for dehydration of the enolate ion, RIC(O")=CHC(OH)R?R? = RICOCH==CR?R? + HO". /Rate
constant for dehydration of the enolate ion. #Equilibrium constant for the change from the minimum energy conformation of the enolate to the
conformation with the C-OH bond orthogonal to the plane of the enolate. *Equilibrium constant for dehydration of the enolate ion to form an
encounter complex of enone and hydroxide, RIC(0O")==CHC(OH)RR? == RICOCH==CR?R3, HO", ‘Rate constant for dehydration of the enolate
jon to form an encounter complex of enone and hydroxide. /Intrinsic barrier, expressed in units of log (rate constant). ¥ Intrinsic barrier, expressed
in units of kilocalories/mole. /Reference 30, as corrected in ref 5. ™Reference 3. "Reference 7. “Reference 5. #References 2 and 76. ?Calculated
from the equilibrium constant and the rate constant for hydration.!s "Reference 2. *Reference 4. !Reference 8. *Reference 77. ¢ Calculated from
the equilibrium constant and the rate constant for hydration.!* * Calculated from the equilibrium constant and the rate constant for hydration.3?
* Estimated assuming that the average value of & applies to this reaction, as described in the text. »Reference 6. *Reference 9.

teraction of cis-methyl and tert-butyl is used for the interaction lecular mechanics calculations reproduce the tert-butyl-tert-butyl
of methyl and C(CH;),(OH) and for methyl and C(CH,)- and tert-butyl-phenyl strains quite reasonably: ¢-Bu~Ph, calcu-
(OH)(Ph). lated value 8.91 keal/mol, experimental®® 7.79 kcal/mol; -Bu~t-Bu
A similar approach is taken for the aldols derived from the calculated 9.93 kcal/mol, experimental® 10.49 kcal/mol. The
addition of acetophenone to simple carbonyl compounds. From difference relative to |-phenyl-1-butene gives the correction to
the difference in heats of formation of the E and Z-isomers of the carbon pK, relative to the formaldehyde adduct. In this way
3,3-dimethyl-1-phenyl- 1-butene® we derive a strain correction the values for pK,X in Table IV were obtained.
of 7.79 kcal/mol (5.70 in log K). This is larger than the meth- The rate and equilibrium constants for the fifth step can now
yl-tert-butyl strain correction but smaller than the tert-butyl- be calculated from the apparent rate and equilibrium constants
tert-butyl strain correction.®® It may be larger than the eno- as summarized in Table V. The calculations in Table V make
late~tert-butyl strain, but we have no basis for deciding at this use of the detailed reaction scheme in eq 3. In calculating the
time. No data appear to be available for 1-phenyl-1-butene or K
3-methyl-1-phenyl- 1 -butene, so we use the difference in steric R'COCH,C(OH)R*R? =—=

energy between cis and trans isomers, calculated by MM2% as
4.58 kcal/mol (3.35in log X) for l-phenyl-l-butene and 4.72 R'C(O7)=CHC(OH)R2R?
kcal/mol (3.45 in log K) for 3-methyl-1-phenyl-1-butene. Mo-

RIC(O")==CHC(~=OH)R2R?

1 ‘Km.qo “Kz @

Kﬁnﬂunlor
(58) Yates, K.; McDonald, R. S. J. Org. Chem. 1973, 38, 2465. 1 —CR2R? + "OH =—————— R!' —CR2R?. “OH
(59) (a) Burkert, U.; Allinger, N. L. Molecular Mechanics; ACS Mono- RICOCH=CRR® + "OH RICOCH=C '
graph Series 177; American Chemical Society: Washington, DC, 1982. (b) , , R ,
Molecular mechanics calculations were carried out with use of PCMODEL from microscopic rate and equilibrium constants for this process, we
Serena Software. need no work term for the starting material, since we have a




Marcus Theory Analysis of the Aldol Condensation
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Figure 1. Marcus plot of data for the aldol addition step. The line is
calculated with b = 10.17.

unimolecular reaction except for any conformational energy cost
in going from the most probable conformation to one that has the
hydroxyl group properly oriented for elimination. This confor-
mational cost was estimated from MM2% calculations. First the
minimum energy structure for the enolate was calculated, and
then the C-OH bond was constrained to be perpendicular to the
plane of the enolate and the energy was reminimized. The dif-
ference in conformational energy was taken as the conformational
cost of attaining the initial state for reaction. These values are
included in Table V. The main contribution to the work term
for the products comes from the way the hydroxide created in this
step is generated in contact with the enone; hence the hydroxide
must be missing one solvating water. The energetic cost of
partially desolvating a hydroxide ion was estimated as already
described. Rate and equilibrium constants incorporating these
corrections are included in Table V.

We can now search for rate and equilibrium correlations in
terms of Marcus theory.”*4! This theory predicts a relationship
of the form AG* = G(I + AG®/4G)?, where AG* and AG® refer
to reaction within an enounter complex, i.e. to K, and k, in the
above analysis, and G is the intrinsic barrier, the activation energy
that would be obtained if AG® were zero. This equation can be
expressed equally well in terms of rate constants, becoming at 2
°C .

log ky = 12.79 - b[1 - (log K,/4b))] 4)

b=050.5log K+ 12.79 - log k) = .
((0.5 log K + 12.79 - log k)? ~(log K)2/4)"/?)

where b is the intrinsic barrier expressed in units of log k.

For the aldol addition step, rate and equilibrium constants are
satisfactorily described by Marcus theory, as shown in Figure 1.
Intrinsic barriers calculated for each reaction from eq 4 with log
k, and log K, values are included in Table ITI. All of the reactions
for which kinetics data are available are described by an intrinsic
barrier of 13.82 % 0.80 kcal/mol. We have inverted the calculation
in order to fill in the gaps in Table I1I with estimated rate constants
for the reactions not yet studied.

Similarly, the rate and equilibrium constants for the elimination
step are satisfactorily correlated by Marcus theory, as shown in
Figure 2. All of the reactions for which both rate and equilibrium
data are available are described by an intrinsic barrier of 14.13
% 0.49 kcal/mol. We have inverted the calculation in order to
fill in the gaps in Table V with estimated rate constants for the
reactions not yet studied.
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Figure 2. Marcus plot of data for the aldol elimination step. The line
is calculated with b = 10.34.

Table VI. Equilibrium Constants for Additions to
Trifluoroacetophenone?

nucleophile log K¢ vt

H,0 1.89 3.58
H,0, 1.40 -0.64
HCN 2.88 244
HSO;" 3.36 4.02
BuNH, 2.00 -0.25
NH,OH 3.17 1.24
NH;NH, 3.30 0.81
CH,CHO (2.54)¢ 0.45
CH,COCH, (2.47) 0.16
CH,COPh (2.44) 0.05

2Experimental equilibrium constants from ref 6!, most are in 10%
acetonitrile-90% water, at 25 °C. ?+ is a measure of the tendency of
a nucleophile to add to a carbonyl compound;® values are from ref 2
and 60. °Estimated from the correlation line defined by the other data.
4log K = (2.43 £ 0.58) + (0.24 + 0.10)y.

There are many aldol condensations where it would be helpful
to be able to estimate rates by the Marcus relation if only
equilibrium constants could be obtained. This is frequently
difficult because of the shortage of thermochemical data for
disproportionation calculations and the difficulty of performing
direct measurements of equilibrium constants. We wish now to
explore in a preliminary fashion an alternative indirect way of
estimating equilibrium constants for aldol additions. This makes
use of the 4 values, first proposed by Sander and Jencks,% to
measure the tendency of a nucleophile to add to a carbonyl
compound. « is defined by

v = 108 (Kquet/ Kment,)py-4-cHO €]

where K, 4 is the equilibrium constant for addition of a nucleophile
to pyridine-4-carboxaldehyde.

From the linear correlation of equilibrium constants for addition
of nucleophiles to trifluoroacetophenone®! with v values for the

(60) Sander, E. G.; Jencks, W. P. J. Am. Chem. Soc. 1968, 90, 6154,

(61) Ritchie, C. D. J. Am. Chem. Soc. 1984, 106, 7187.

(62) Ritchie, C. D.; Kubisty, C,; Ting, G. Y. J. Am. Chem. Soc. 1983, 105,
279

(63) Guthrie, J. P. J. Am. Chem. Soc. 1978, 100, 5892. J. Am. Chem. Soc.
1980, /02, 5177. Can. J. Chem. 1976, 54, 202.

(64) Pelleritie, M.; Brauman, J. |. J. Am. Chem. Soc. 1983, 105, 2672.

(65) Wolfe, S.; Mitchell, D.; Schlegel, H. B. J. Am. Chem. Soc. 1981, 103,
7694,



7254 J. Am. Chem. Soc., Vol. 113, No. 19, 1991 Guthrie
Table VII. Predicted Rate Constants for Reactions with Trifluoroacetophenone®
compd pK, (ketone)®  pK, (aldol)¢ log K* 108 Knmicro' log K/ log kyf 108 Kmicro" log ¥
CH,;CHO 16.73 11.78 2.54 7.49 9.26 6.53 4.76 2.03
CH;COCH; 19.16 11.78 247 9.85 11.62 7.41 5.64 0.48
CH,COPh 18.24 11.43 2.44 9.25 11.02 7.19 5.42 1.18

Al in aciueous solution at 25 °C; rate and equilibrium constants are expressed in terms of free carbony! compounds, i.e. corrected for covalent
hydration. °Acid dissociation constant for the carbon nucleophile, Table 1. ©Acid dissociation constant for the adduct, estimated as in Table II.
4Qverall equilibrium constant, expressed in terms of neutral reagents and products. ¢Calculated from log K, the pK, of the adduct, and the pK, of
the nucleophile. /Equilibrium constant for reaction within the encounter complex. #Rate constant for reaction within the encounter complex. *Rate
constant for reaction of the enolate of the nucleophile to give the anionic adduct. ‘Overall third-order rate constant for hydroxide-catalyzed aldol

condensation.

nucleophiles® and the v values for acetaldehyde, acetone, and
acetophenone as carbon nucleophiles,? we can estimate equilibrium
constants for aldol additions to trifluoroacetophenone. These
calculations are summarized in Table VI.

From these equilibrium constants we can estimate rate constants
for the aldol additions and eliminations. These rate constants are
found in Table VII, which summarizes the calculations involved
in the estimation procedure.

Discussion

Marcus initially derived his theory relating rate and equilibrium
constants for electron-transfer reactions®” and later extended it
to atom transfers.®® Hine*® and others*’¢? showed that data for
electrophile-nucleophile combination reactions fit the same
pattern. The present paper provides yet further examples of such
behavior. Although empirical observation is running well ahead
of theoretical justification, it seems that Marcus theory captures
a deep and general feature of chemical reactivity, possibly ex-
tending to most if not all classes of reactions.

Although the use of Marcus theory has been challenged,? it
has also had considerable empirical success for reactions well-
removed from the electron-transfer processes for which it was
derived. 341474863 Ritchie’s objections$? to the use of Marcus
theory for electrophile-nucleophile combination reactions are based
on the absence of any identity reaction that can be used to define
two independent contributions to the intrinsic barrier, as can be
done for electron-transfer, atom-transfer, or group-transfer re-
actions. This is a valid point, but it does not rule out the use of
Marcus theory. Even for classes of reactions where there are
identity reactions, the fact that to date there is no way to calculate
intrinsic barriers a priori means that contributions to the intrinsic
barrier derived from identity reactions are purely empirical
quantities. As Marcus pointed out,*® the intrinsic barrier can be
“assumed constant as a conjecture for a reaction series when the
substituent is not part of the reaction site”. The success of the
correlations illustrated by Figures |1 and 2, combined with the
success of similar correlations, validates the conjecture and in-
dicates that Ritchie's conclusions®? “that attempts to use the
Marcus equations for electrophile-nucleophile combination re-
actions are completely without foundation” are overstated.
Nonetheless it must not be forgotten that without definable identity
reactions the application of Marcus theory requires the assumption
of a constant intrinsic barrier for a set of “similar” reactions, and
the validity of this assumption must be confirmed for each such
application,

The major problem limiting the use of Marcus theory is that
there is relatively little knowledge about the origins of the intrinsic
barrier. Although it has been argued that the intrinsic barrier
arises largely from solvation,*’ the observation of intrinsic barriers
for gas-phase reactions®%5%6 demonstrates that structural re-
organization within the reacting molecules also contributes in an
important way.

We have shown that Marcus theory correlates rate and equi-
librium constants for both steps of the intermolecular aldol con-
densation for a variety of compounds spanning much of the likely

normal range for these quantities. As we have shown,? acet-
aldehyde, acetone, and acetophenone have very similar properties
as carbon nucleophiles, as measured by the 4 values. It is not
known how much the equilibrium properties of carbon nucleophiles
could be increased by substituent variation, so there may be greater
variability to be discovered here. If so, the span of possible rate
and equilibrium constants might be expanded. Few carbonyl
compounds are more reactive than formaldehyde, and it becomes
difficult to study, or even carry out, simple aldol condensations
with compounds much less reactive than acetophenone.®®

All of the available rate—equilibrium data points for the aldol
addition step are in accord with an intrinsic barrier of & = 10.17
+ 0.58 (G = 13.89 % 0.80 kcal/mol). The available rate—equi-
librium data points for the aldol elimination step are in accord
with an intrinsic barrier of & = 10.34 £ 0.36 (G = 14.13 £ 0.49
kcal/mol). The existence of these rate-equilibrium correlations
means that, provided equilibrium constants can be obtained, it
will be possible to make useful estimates of the rate constants for
novel aldol reactions. Since experimental measurement of these
rate constants is often difficult, this should prove a useful method.

In order to have the elimination occur, there is a stereoelectronic
requirement that the C-OH bond be aligned with the p orbital
of the = system of the enolate; this requires an unavoidable steric
compression when the OH is tertiary.® If we simply used k, and
K, values calculated from observed values by correcting for the
pK, of the aldol and the work term for product complex formation,
then the apparent intrinsic barriers were distinctly larger for aldols
derived from addition to acetone. MM2% calculations give the
strain energies shown in Table V and lead to satisfactory agree-
ment with a single value for the intrinsic barrier.

The Marcus correlations that we have found, and which we
suggest can be used to estimate rate constants for aldol conden-
sations, refer to steps 2 and 5 as rate-determining steps. We must
consider when proton-transfer processes might become rate-lim-
iting. It is known that at high acetaldehyde concentrations (greater
than 0.5 M) the self-condensation of acetaldehyde is first-order
in acetaldehyde with deprotonation as the rate-limiting step,47
and at high formaldehyde concentrations the rate-determining
step for the condensation of acetaldehyde with formaldehyde is
no longer first-order in formaldehyde.®® The situation with
formaldehyde is potentially confusing because the observed re-
action rate for a given total hydroxide concentration is lowered
both by change in the rate-determining step and by the con-
sumption of hydroxide by deprotonation of formaldehyde hy-
drate.’07® As a further complexity, formaldehyde hydrate anion
could act as a general base catalyzing the condensation.®® In fact,
once one has corrected for the decrease in hydroxide concentration
resulting from deprotonation of formaldehyde hydrate, the ob-
served rate is linear in formaldehyde concentration up to at least
0.4 M. 331

One might ask why formaldehyde, which is more reactive than
acetaldehyde, shows less tendency for there to be a change in the
rate-determining step from carbon-carbon bond formation to
proton transfer? Although free formaldehyde is markedly more
reactive than free acetaldehyde, only one part in approximately

(66) Mitchell, D. J.; Schlegel, H. B.; Shaik, S. S.; Wolfe, S. Can. J. Chem.
1985, 63, 1642.

(67) Marcus, R. A. J. Chem. Phys. 1956, 24, 966.

(68) Marcus, R. A. J. Phys. Chem. 1968, 72, 891.

(69) (a) There are, of course, alternatives®®® to the simple aldol conden-
sation that allow reaction with less reactive carbonyl compounds. (b) Wittig,
G.; Suchanek, P. Tetrahedron 1966, Suppl. 8, Part 1, 347,

(70) Bell, R, P.; Mctigue, P. T. J. Chem. Soc. 1960, 2983.
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2000 of formaldehyde is present in the reactive form, most being
present as the unreactive hydrate, while half the acetaldehyde is
in the free form. If, from the data in Table 111, we calculate the
rate constant for enolate reacting with the total aldehyde, the
values of log k are 3.02 for formaldehyde and 3.10 for acet-
aldehyde. For comparison, the rate constant for reprotonation
of acetaldehyde enolate is given as log k = 2.80 (Table I). Thus,
we expect formaldehyde to show simple behavior up to slightly
higher concentrations than acetaldehyde, even though it is in-
herently more reactive!

Other condensations with formaldehyde will be expected to be
similarly prone to changes in the rate-determining step. Most
other carbonyl compounds will be less acidic than acetaldehyde
and so will have faster reprotonation rates, but they will also be
more powerful nucleophiles and so have faster rates of attack on
formaldehyde. For acetophenone the reprotonation is governed
by log k = 3.60, while our predicted rate of addition is governed
by 10g kmico = 7.42 (expressed in terms of free formaldehyde)
or log k = 4.10 expressed in terms of total formaldehyde. The
situation is clearly similar to that for reaction of acetaldehyde with
formaldehyde, and the rate-determining step should change at
high concentrations. Similar conclusions result for acetone.

Our predictions for aldol additions to trifluoroacetophenone
indicate that the expected rate constants are larger than the
corresponding rate constants for acetophenone; for the reaction
of acetone with trifluoroacetophenone the observable rate constant
is predicted to be 4.5 M~! s™!, and the microscopic rate constant
for reaction of acetone enolate with trifluoroacetophenone is
predicted to be 6.5 X 10° M~!s™1. By contrast, for the reaction
of acetone with acetophenone’! we find that the observed rate

(71) Guthrie, J. P.; Wang, X.-P. Can. J. Chem., in press.

constant is 3.2 X 10~ M~! s~! and the calculated microscopic rate
constant is 47 M~1s™!, Thus, the polar substituent has led to a
large increase in the rate as well as a large increase in the
equilibrium constant. Recently, Thornton et al. have reported
studies of the effect of polar substituents on the relative rates of
aldol condensations.” For the condensation in diethyl ether as
the solvent of the enolate of pinacolone with 1,3-dimethoxyacetone
or acetone, they report a relative rate of 3.0 X 104, favoring the
ketone with the electron-withdrawing groups. The closest com-
parison is with our k., values, where we found a rate ratio of
1.4 X 10*. Since the o* value for CF; is 2.61, which is significantly
greater than twice the o* value for CH;0CH,, i.e. 2 X 0.66 =
1.32, this appears anomalous. There is likely to be a solvent effect
favoring reaction in ether because the transition state will have
less concentrated charge than the initial or final states and so will
be selectively favored in the less polar solvent. Both our predictions
and Thornton’s experimental results agree that there are large
rate effects to be obtained from substitution by polar groups near
the reaction centers for the aldol condensation.
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Abstract: Photolysis and solvolysis of triarylbromoethanes 1 in the presence of alkoxide anions in alcohols resulted in significant
formation of products derived from ipso substitution by alkoxide anions. Photolysis of 1-aryl-1-bromo-2,2-diphenylethenes
1Aa and 1Ab with 10 mol equiv of alkoxide anions gave l-alkoxy-1-aryl-2,2-diphenylethenes 2A and 3,3-dialkoxy-6-(2,2-
diphenylvinylidene)-1,4-cyclohexadienes 3A (ipso adducts). However, the photolysis with weak bases such as TEA, pyridine,
NaHCO;, and K,CO; did not give ipso adducts 3A but only enol ethers 2A. Interestingly, photolysis of 2,2-bis(p-alkoxy-
phenyl)-1-bromo- 1-phenylethenes 4a and 4b with NaOEt in ethanol afforded ipso adducts 6a and 6b, respectively, which had
a 1,2-aryl-rearranged structure. Furthermore, solvolysis of 1-bromo-1-(p-methoxyphenyl)ethenes 1Aa, 1Ba, and 1Ca in ethanol
containing 10 mol equiv of NaOEt at 120-130 °C for 1-3 days provided p-ethoxyphenyl-substituted enol ethers 2bb, p-eth-
oxyphenyl-substituted bromoethenes 1b, and p-methoxyphenyl-substituted enol ethers 2ab, respectively. The major formation
of p-ethoxyphenyl-substituted compounds (ipso-substituted products) suggests that there is no large difference in ipso substitution
between vinyl cations generated by photolysis and solvolysis. On the basis of the results obtained above the factors affecting

ipso attack on arylvinyl cations are discussed.

Ipso substitution at an aromatic ring has been focused on
destabilized benzylic cations which bear electron-withdrawing
groups on the « carbon.! The electron-withdrawing groups
increase the electron demand of the cationic center toward the
aromatic ring and cause the charge delocalization of the aromatic

(1) (a) Richard, J. P.; Amyes, T. L.; Bei, L.; Stubblefield, V. J. Am. Chem.
Soc. 1990, /12,9513, (b) Richard, J. P. J. Am. Chem. Soc. 1989, 111, 6735.
(c) Richard, J. P. Teirahedron Lei1. 1989, 30, 23, (d) Allen, A. D.; Kana-
gasabapathy, V. M.; Tidwell, T. T. J. Am. Chem. Soc. 1986, 108, 3470. (e)
Allen, A, D.; Girdhar, R.; Jansen, M. P,; Mayo, J. D.; Tidwell, T. T. J. Org.
Chem. 1986, 51, 1324. (f) Astrologes, G. W.; Martin, J. C. J. Am. Chem.
Soc. 1977, 99, 4400.

ring. Such delocalization is favorable for ipso substitution.
On the other hand, it is impossible, in a-arylvinyl cations, to
introduce the electron-withdrawing group onto the « carbon be-
cause there are no bonds displaced at the « carbon. Also intro-
duction of electron-withdrawing groups onto the 8 position does
not accelerate the formation of arylvinyl cations? but causes vinylic
substitution via addition—elimination mechanism.2® A strong

(2) (a) Hanack, M. Carbokationes, Carbokation-Radikale; Georg Thieme
Verlag: Stuttgart, 1990. (b) Rappoport, Z. Reactive Intermediates; Abra-
movitch, R. A,, Ed.; Plenum: New York, 1983; Vol. 3. (c) Stang, P. J.;
Rappoport, Z.; Hanack, M.; Subramanian, L. R. Vinyl Cations; Academic
Press: New York, 1979,
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