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Abstract: Rate and equilibrium constants for the deprotonation of a series of phenyl-substituted 2-tetralones in agueous
sodium hydroxide have been determined. A Brgnsted plot ofklégr deprotonationvs pK, of the appropriate
2-tetralone is linear with a slope-¢t) of —0.60 4+ 0.01, except for the point corresponding to 6-nitro-2-tetralone
(1b). The negative deviation dfb from the correlation indicates that the transition state for deprotonation of 2-tetralone

is imbalanced, with delocalization of charge into the phenyl ring lagging behind proton transfer. A semiquantitative
assessment of the charge distribution in both the fully formed anion and the transition state for deprotonation was
calculated from these results ati€C NMR spectra of the 2-tetralone anion in methanol/water mixtures. Although
approximately twice as much negative charge is localized on the oxygen than on the enolate carbon in the anion,
slightly more charge is on the enolate carbon in the transition state.

Introduction exceptional efficienc§. Thus, the rate constantk) for

In contrast to the rapid rates of proton loss from oxygen and d€Protonation of 5-androstene-3,517-d|o_rié§(ﬂ)2.7) by an act;ve
nitrogen acids, abstraction of a proton from thecarbon of ~ Sit€ aspartate { 4.7) of 3-oxoA>-steroid isomerase is 10"
carbonyl compounds is a relatively slow procéssThus, fold larger than the rate constant for reactionhwit M acetate.
monocarbonyl compounds withkgs of 10—13 react with 100 (PKa 4.75)>1% Although there has been much speculation
hydroxide ion approximately 0o 1°-fold slower than the about the source of this extraordinary catalytic ability, no
diffusion-controlled rate of deprotonation of oxygen and nitrogen generally accepted explanation has emerged.
acids of the samela. The sluggishness of enolate formation Rate and equilibrium constants for the ionization of a large
may be attributed, at least in part, to a lag in the development number of aldehydes and ketones have been accumulated, but
of resonance stabilization in the transition state compared tolittle information is available about the dynamics of deproto-
the extent of proton transfér.Delocalization of the charge into  nation of cyclic carbonyl compoundsWe 12 and otherd3 have
the carbonyl oxygen in the transition state is hindered by examined the enolization of the cyclic benzyl ketones 2-tetralone
incomplete formation of the p orbital on the enolate carbon atom, (1a, pK, 12.9), 2-indanoneg, pK, 12.2), and 2-benzosuberone
leaving a larger fraction of charge at this carbon than in the (3 pK,14.9) and found that these ketones are substantially more
product enolate ioA. Imbalanced transition states for depro-  acidic than benzyl methyl ketonéd, pK, 16)14 The enhanced
tonation of ketones have been found for the deprotonation of acidity may be attributed to unfavorable steric interactions in
several phenacylpyridines and phenacyl_pyrlglnlum fomsd  {he enolate of benzyl methyl ketone that hinder coplana#ty.
picrylacetophenonés.In addition, calculatiorfs’ suggest that  pejocalization of charge into the phenyl ring is greater for the

deprotonatlon of ace.tgldehyde n the gas phase occurs Fhroug yclic anions, particularly those of 2-indanone and 2-tetralone,
an imbalanced transition state. This imbalance results in only
_min_imal stal_)ilization of _the_ tre_ansition state by charge delo_cal- (8) Gerlt, J. A.; Kozarich, J. W.; Kenyon, G. L.; Gassman, PJGAM.
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carbonyl C(_)mpounds is of pa_rt|cular interest relative to the (10) Zeng, B.: Pollack, R. MJ. Am. Chem. Sod991 113 3838.
corresponding enzymatic reactions. A number of enzymes are (11) (a) Cleland, W. WBiochemistryl1992, 31, 317. (b); Gerlt, J. A...

able to abstract a proton from these carbon atoms with Gassman, P. Gl Am. Chem. Sod993 115 11552. (c) Cleland, W. W.;
Kreevoy, M. M. Sciencel994 264, 1887. (d) Warshel, A.; Papazyan, A.;
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Deprotonation of Substituted 2-Tetralones

Scheme 1
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than for the enolate of benzyl methyl ketofteln the present
work, we describe the effects of ring substituents on the kinetic
and equilibrium acidities of 2-tetralone, and we discuss the
nature of charge distribution in both the anion and the transition
state for abstraction of the proton by hydroxide ion.

Experimental Section
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nitric acid, the reaction mixture was removed from the cooling bath
and stirred for an additional 20 min before being poured onto ice.
Chloroform was used as the eluent in column chromatography.
Recrystallization from ethyl acetate/hexane gave 480 mg of product
(54%), mp 141+143 °C (lit.*6c 141-141.5°C). TLC (chloroform/
methanol, 100:1)R; = 0.60. *H NMR (CDCl): 6 3.66 (s, 4H, H
and H), 7.48 (d,J = 8.1 Hz, 1H, H), 8.18 (d,J = 8.1 Hz, 2H, H and
Hg). IR (KBr): v 3080, 2920, 2850, 1715, 1605, 1525, 1340"&m
Anal. Calcd for GH/O3N: C, 61.01; H, 3.95; N, 7.90. Found: C,
61.53; H, 4.11; N, 7.86. UV (1 N NaOH)imax 513 nm.
6-Chloro-2-tetralone (1c)was prepared by the reaction of 4-chlo-
rophenylacetyl chloride (8.93 g, 47.2 mmol) with excess ethylene and
anhydrous AIG (13 g) in anhydrous dichloromethane (120 mL}®
Column chromatography (silica, Merck 60, &El,), followed by
recrystallization gave purgc (7.11 g, 84%), mp 67:667.5°C (lit.:
68—70°C).}” TLC (CH:Cly), Rr = 0.24. 'H NMR (CDCl): ¢ 2.54
(t, J= 6.6 Hz, 2H, H), 3.04 (t,J = 6.6Hz, 2H, H), 3.54 (s, 2H, H),
7.05 (d,J = 8.1Hz, 1H, H), 7.19 (dd,J = 2.1 Hz, 8.8 Hz, 1H, H),
7.23 (s, 1H, H). IR (CHCI): » 3010, 2950, 2900, 2850, 1710, 1595,
1480, 1410, and 1330 crh
7-Chloro-2-tetralone (1f). 3-Chlorophenylacetyl chloride (5.54 g,
32.5 mmol) was reacted with ethylene and anhydrous A€Ig) in
anhydrous dichloromethane (120 mL) as far'” The product was

Unless otherwise mentioned, all chemicals were reagent grade or pyrified by column chromatography (silica, Merck 60, 9:1 hexane/ethyl

better and were purchased commercialld NMR spectra were
recorded at 300 MHz in CDglreferenced to TMS as an internal

acetate) and recrystallized from ethyl acetate/hexane (3.58 g, 61%),
mp 38-39°C. TLC (hexane/ethyl acetate, 9:K,= 0.16. *H NMR

standard using a General Electric QE-300 spectrometer. Melting points (cpCl,): ¢ 2.54 (t,J = 6.6 Hz, 2H, H), 3.03 (t,J = 6.6 Hz, 2H, H),
were determined on a Mel-Temp apparatus and are uncorrected. Thing 55 (s, 2H, H), 7.12-7.18 (mult, 3H, H, He, Hg). IR (CH:CI): v

layer chromatography (TLC) was carried out on precoated (0.20 mm)
silica gel (Merck 60 F-254) plates. Spectral titrations were performed

3040, 3020, 2950, 2910, 2870, 2850, 1715, 1595, 1470, 1390, and 850
cm L Anal. Calcd for GgHoCIO: C, 66.49; H, 5.02; Cl, 19.62.

on Gilford Response or Response Il UV/vis spectrophotometers. Foynd: C. 66.21: H. 5.16: Cl. 19.49.

Kinetic measurements were made using a Hi-Tech QP/SF-53 stopped-

flow spectrophotometer. 4-Nitrobenzyl methyl ketoréb)( was
purchased from Lancaster Synthesis Inc., mp&8°C, TLC (CHCE),
R 0.23, and 6-methoxy-2-tetralongd) was a gift from Dr. Mark Gold.
The synthesis of 5,7-dinitro-2-tetralon&gf will be described in a
separate publication.

6-Nitro-2-tetralone (1b) and 7-Nitro-2-tetralone (1e). Compounds
1b andlewere prepared by nitration of 2-tetralone (99%, Aldrich) as
follows: 2-Tetralone (730 mg, 5.0 mmol) was slowly added to cold
(—30°C) concentrated nitric acid (8 mL, 90%) with vigorous stirring.
After the addition was completed, the reaction mixture was stirred for
8 min, poured onto a mixture of sodium hydroxide (6.5 g) in water

NMR Determinations. 3C proton decoupled NMR experiments
were run on a General Electric QE-300 spectrometer at2%(% °C.
Concentrations of 2-tetralone varied from 0.02 M to 0.85 M. For
determinations in CEDD/D;O, the 49.0 ppm peak of methanol was
used as an internal standard. For solvents contaidif@MSO, the
DMSO peak at 39.5 ppm was used as an internal standard.

Kinetic Measurements. All kinetic measurements were performed
at 25.0+ 0.1°C andu = 1.0 M (NacCl, 1.6% MeOH). Solutions of
ketones (ca. 8xM, 1.6% MeOH) were prepared before each experi-
ment. Base solutiongi(= 1.0 M, NaCl) were prepared from 1.0 N
standardized NaOH (J. T. Baker) and titrated with potassium hydrogen

and ice (ca. 50 mL), and then extracted twice with ethyl acetate. The Phthalate. Rates of enolate formation were determined by rapidly
combined extracts were washed with water until neutral and dried over Mixing solutions of the ketones with various concentrations of base in
magnesium sulfate. After filtration and evaporation of the solvent under @ 1:5 ratio (5:1 for 4-nitrobenzyl methyl ketone) in a HiTech QP/SF
reduced pressure, the products were purified by column chromatography53 stopped-flow spectrophotometer. The change in absorbance, cor-
(silica, Merck 60) using hexane/ethyl acetate (4:1) as the solvent. The responding to formation of the enolate ion, was monitored for at least
first compound eluted was 6-nitro-2-tetraloridy), which was recrystal- 10 half-lives. Pseudo-first-order rate constamtsy for the approach
lized from ethyl acetate (260 mg, 27%), mp-7IR °C. TLC (hexane/ to equilibrium were obtained by monitoring the change in absorbance
ethyl acetate, 2:1)% = 0.37. H NMR (CDCL): ¢ 2.60 (t,J = 6.6 due to formation of the enolate at the absorbance maximum and fitting
Hz, 2H, Hy), 3.19 (t,J = 6.6 Hz, 2H, H), 3.69 (s, 2H, H), 7.30 (d,J the data to the integrated form of the first-order rate equation by
= 8.4 Hz, 1H, H), 8.10 (dd,J = 2.1, 8.4 Hz, 1H, H), 8.13 (br s, 1H, nonlinear least-squares regression. All compounds showed excellent
Hs). IR (KBr): » 3070, 2960, 2910, 1710, 1610, 1590, 1510, 1340 fits to pseudo-first-order kinetics, excefl, which showed a noticeable
cml. Anal. Calcd for GoHgOsN: C, 62.82; H, 4.74; N, 7.32. drift of the infinity absorbance. A base line correction to account for
Found: C, 62.58; H, 4.84; N, 7.33. UV (1 N NaOW)ax 514 nm. this second reaction was included in the equation.
7-Nitro-2-tetralone (1e)eluted as a second major product and was Spectral Determination of pK,'s. Stock solutions of ketones (50
recrystallized from ethyl acetate/hexane (370 mg, 40%), mp987 uL ca. 1.25 mM in methanol) were added to either aqueous sodium
°C (lit.16a>94—96 °C; 96-97 °C). TLC (hexanelethyl acetate, 2:1),  hydroxide (3.00 mLy = 1.0 M, NaCl, [OH] = 0.1-1.0 M) or buffer
R = 0.32. 'H NMR (CDClk) 6 2.60 (t,J = 6.6 Hz, 2H, H), 3.18 (t, solutions (pH= 6.1—-10.7, [buffer]= 0.2 or 0.3 M,u = 1.0 M with
J = 6.6 Hz, 2H, H), 3.69 (s, 2H, H), 7.41 (d,J = 8.1 Hz, 1H, H), NaCl) and the absorbance determined atithgof the enolate. Buffers
8.03 (br's, 1H, ), 8.10 (dd,J = 2.1, 8.1 Hz, 1H, K§). IR (KBr): v used wereN-(carbamoylmethyl)iminodiacetic acid (ADA,Ka 6.6),
3080, 2950, 2900, 1710, 1610, 1590, 1515, 1340%cnAnal. Calcd 2-morpholinoethanesulfonic acid (MESK6.1), 2-N-[tris(hydroxym-
for C1oHiO:N: C, 62.82; H, 4.74; N, 7.32. Found: C, 62.50; H, 4.82;  ethyl)methyllamino]ethanesulfonic acid (TESKgp7.4), 3-N-[tris-
N, 7.40. UV (1 N NaOHMmax 298.5 nm. (hydroxymethyl)methyl]lamino]propanesulfonic acid (TAP®,8.4),
5-Nitro-2-indanone (2b) was prepared as above from 2-indanone  2-(N-cyclohexylamino)ethanesulfonic acid (CHE®4®.3), and 3-(cy-
(700 mg, 5.0 mmol), except that after addition of 2-indanone to the ¢lohexylamino)-1-propanesulfonic acid (CAP%.0.4). pH values
(15) Eldin, S.; Whalen, D. L.; Pollack, R. M. Org. Chem 1993 58, for a_II_buffer solutions were measured with a Rad_iometer I_DHM_85
3490. Precision pH meter and corrected for the concentration of sodium ion.
(16) (a) Nichols, D. E.; Cassady, J. H.; Persons, P. E.; Yeung, M. C;
Clemens, J. AJ. Med. Chem1989 32, 2128. (b) Pinna, G. A.; Curzu, M.
M.; Fragui, P.; Gavini, E.; D’Amico, MFarmaco1996 51, 653 (Beilstein
Citation Number 6044278). (c) Schieffer, Bhem. Ber1899 32, 33.

(17) Rosowsky, A.; Battaglia, J.; Chen, K. K. N.; Modest, JJEOrg.
Chem.1968 33, 4288.
(18) Sims, J. J; Selman, L. H.; Cadogan, ®tg. Synth1971, 51, 109.
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Table 1. pK, Values and Rate Constants for Enolization and
Ketonization (25.0°C, u = 1.0 M)

compound spectrala?  kinetic pK? kg (M~1shbe  k_; (sThbe
la 12.83+ 0.0 12.754+ 0.02 376+ 14 39.5+ 0.7
1b 10.094+ 0.02 9.7+ 0.4 66504 450 0.6+ 0.3
1c 1251+ 0.03 12.49-0.01 515+ 17 30.2£ 0.3
1d 13.27+0.01 13.04 0.02 197+ 3 43.9+ 0.9
le 11.764+0.02 11.75+-0.02 1730+ 34 18.4+ 0.3
1f 12.30+0.07 12.27+0.01 775+ 6 26.9+ 0.1
19 10.34+ 0.03 10.3+ 0.1 11000+ 1000 4.4+ 0.5
2a 12.154+ 0.0# 12.164 0.0 2164 3¢ 5.924+ 0.07
2b 9.10+0.04 n.d. 3150t 300 0.07+ 0.071
4 13.404+ 0.03 13.25+ 0.09 69+ 8 23+ 2

a1.6% MeOHu = 1.0 M (NaCl).? 1.6% MeOHu = 1.0 M (NaCl),
25.04 0.1°C. ¢ Values fork; andk-; were determined from a plot of
kobs VS [OH"] using the equatiorkos = ki[OH™] + k-;. 9 Reference
12b, 1% MeOHyu = 1.0 M (NaCl).® Reference 12b, 1% MeOH, =
0.1 M (NaCl), recalculated frork; andk-; usingK,, = 1.88 x 10714
M2. T The value fork_; could not be determined experimentally. This
value was calculated from th&pdetermined by spectral titration and
the value ofk;.

Results

Acidities of Substituted 2-Tetralones. pK, values for
substituted tetralonelsa—g were determined by spectral titration
in aqueous sodium hydroxide for species wikyp- 11.5 orin
sodium hydroxide and buffer solutions for species wilfy [
11.5. Ky values were obtained by fitting the data to either eq
1 or 2 using nonlinear least squares regression, whgre A
at [OH7] = 0, Apr. = A at [OHT] = infinity (Table 1), g is
10PH, andK,, is the ionization constant of watét. pKy's for
5-nitro-2-indanone (8.82= 0.04%° and 4-nitrobenzyl methyl
ketone (13.4+ 0.2) were determined similarly. For compounds
that are incompletely ionized at high hydroxide ion concentra-
tions, the absorbance at infinite hydroxide ion concentration in
eqg 1 was treated as an adjustable parameter.

A=A+ {(Anr. = AJKJOH V/KWH{1 + KJOH 1Ky}
1)
A=A+ {(An. — AJKJa}H(1 + K/a,) )

NMR Studies. Carbon §c) and hydrogendy) chemical
shifts were determined for 2-tetralone dgDMSO/D,O (4:3
v/v) and CQROD/D,0O (2:1 v/v), and peaks were assigned based
upon previous results id-DMSO15 Although some ambigu-

ities in the assignments remain in the aromatic region, these
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neutral and anionic forms of 2-tetralone are given in Table S1
(Supporting Information).

Kinetics of Deprotonation by Hydroxide lon. The rates
of formation of the enolate anions were determined by rapidly
mixing the ketones with various concentrations of hydroxide
ion in a stopped-flow spectrophotometer (Scheme 2). Since
for a first-order approach to equilibriunkgps is equal to the
sum of the rate constants for the forward and reverse reactions
(eq 3), ks and k-; are given by the slope angintercept,
respectively, of a plot ok.ps vs [OHT] (Table 1). These rate
constants were used to calculate independent values &&the
according to eq 4. In the case 8b, the value fork_; could
not be directly determined due to the large fraction of enolate
at equilibrium, but rather was calculated using the spe&al
and eq 4.

Kops = Ke[OH ] + k3 3

Ka = Kwk1/ k—l (4)

Discussion

are unimportant for our purposes, since the calculations only  Acidities of Substituted 2-Tetralones. 2-Tetralone and its
require the sum of these peak positions. Because the C-1 anding-substituted derivatives are sufficiently acidic that their
C-3 protons exchange with solvent deuterium, these peaks aréionizations can be observed directly in the pH rafgeAs

split and are quite low in intensity. Spectra of 2-tetralone were

expected, electron-withdrawing substituents in the aromatic ring

also determined in the presence of various concentrations ofsybstantially increase the acidity. A plot dfpvso~ is linear,

NaOD in the same solvents and in ¢ID/D,O (2:1 and 3:1
vlv). In de-DMSO/D,O (4:3) with =1 N NaOD, there is no

with a slope €p) of —1.72 & 0.0722 except for the point
corresponding to 6-nitro-2-tetralon#h), which is ca. 10-fold

detectable neutral species left and the peaks are assigned to theore acidic than predicted from the correlation based on the

anion by analogy to assignmentsdgDMSO®> An increase

other substituents (Figure 1).Kgs of other substituted benzyl

in the NaOD concentration results in no change in the spectrum. ketones give similap values when plotted against, although
In CDsOD/D,O/NaOD, the major peaks in the spectra are those the p-nitro-substituted compounds do not deviate from the
corresponding to the anion of 2-tetralone, although weak peakscorrelation linega

due to the neutral species are also present. Within thg CD
OD/D;0O solvent series, the chemical shifts of both 2-tetralone

(21) pKas determined in sodium hydroxide solutions amncentration
pKas based upon the concentrations of all species. Thige getermined

and its anion are independent of solvent composition and basein buffer solutions arenixedpK.s based upon concentrations of solute and
concentration. Assignments of these chemical shifts for the activity of hydronium ion. We have used both types &g in the same

(19)Ky = 1.88 x 107* M2 atu = 1.0 (Harned, H. S.; Owens, B. B.
The Physical Chemistry of Electrolyte Solutipsd ed.; Reinhold: New
York, 1958; p 752).

(20) Literature K, 8.94 (Tobias, P. S.; Kaly, F. J.J. Am. Chem. Soc.
1969 91, 5171).

correlations, since the kinetickp of 1g (10.3 £ 0.1), which is a
concentration K5, is identical within experimental error to the spectrighp
(10.34+ 0.04), which is a mixed Ig..

(22) The value used far~ for 1gis twice theo™ (o) value for a single
menitro substituent. If this compound is not included in the plot, the
calculatedp is 1.47+ 0.04.



Deprotonation of Substituted 2-Tetralones

Table 2. Calculated Charge Distribution in the Anion of
2-Tetralone in Various Deuterated Solvent Mixtures

solvent Opr? Oc-1° Oc-2° go?
DMSCF -0.14 -036 +0.12 —0.62
DMSO/D,O (4:3) —0.11  —0.33 +0.10 —0.66
MeOD/D,0 (3:1) -0.08 -033 +009 —0.68
MeOD/D,O (2:1) -0.08 -0.33 +0.09 —0.68
MeOD/D,O (1:1) -0.08 -033 +0.09 —0.68

aTotal excess charge in the phenyl ring compared to the neutral
speciesP Total excess charge on the enolate carbon compared to the
neutral species. Total excess charge on the carbonyl carbon compared
to the neutral specie8.Total excess charge on the enolate oxygen
compared to the neutral speci€srom data in ref 15.

A plausible explanation for the “enhanced” effect of a 6-nitro
group on the acidity ol relative to the effect of g-nitro group
on the acidity of phenol (the~ defining reaction) is the lack
of a stabilizing effect of the nitro group on the free acidlof
Thus, phenol itself, as well as the anion, is stabilized by
resonance with gp-nitro substituent, attenuating the acid
strengthening effect of this group. With on the other hand,
there is no free electron pair on thecarbon, so that there
appears to be a larger effect of resonance stabilization of the
anion. Consistent with this explanation, the effect gfitro
group on the acidity of 2-indanone (3.4Kp units) and
2-tetralone (3.0 K, units) is greater than the effect on benzyl
methyl ketone (2.3 I8, units), which shows diminished reso-
nance interaction with the phenyl ring in the anion relative to
2-indanone and 2-tetralone.

Distribution of Charge in the 2-Tetralone Anion. The
charge distribution in delocalized systems can be calculated
using the empirical formula of Spiesecke and Schneigldf.
there is no change in hybridization at a carbon upon ionization,
the excess negative charge at that carbon atom in the agjion (
is given by the difference in chemical shifts of the neutral carbon
(6n) and the anionic carbor®d() in ppm divided by 160 ppm/
electron (eq 5425 Thus, the total charge introduced on the
phenyl ring upon ionization can be calculated as the sumpf (
— 0-)/160 for each of the ring carbons (Table?2)Since there
is a change in hybridization at C-1 upon ionization, the chemical
shift of the neutral carbon cannot be used in eq 5. An
appropriate value a¥,, however, can be obtained from a model
system?*27 Wel5 have previously used a modification of the
method of Bradamante and Paddrtb calculate appropriate
values ford, and to determine the charge distribution in the
2-tetralone anion in DMSO. Similar calculations give the charge
density for the anion at C-1, the phenyl ring, and (by difference)
the carbonyl group ids-DMSO:D,O (4:3 v/v) and mixtures of
CDs;OD and 028 The distribution of charge in the carbonyl
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Figure 2. Plot of the rate constant for ionization of substituted
2-tetralonews pKa.

delocalized into the oxygen in partially aqueous solutier3.66

in DMSO/water and—0.68 in methanol/water) than in pure
DMSO (—0.62). This effect is presumably due to the greater
ability of the hydrogen bonding solvents (methanol and water)
to solvate charge on the oxygen, a conclusion that is supported
by the insensitivity of the charge distribution to the dielectric
constant of the methanol/water mixtures. Similarly, the amount
of charge delocalized into the phenyl ring is diminished in the
partially aqueous solvents-0.08 to —0.11) relative to pure
DMSO (—0.14)15

Nature of the Transition State for Proton Removal from
2-Tetralones by Hydroxide lon. A Brgnsted plot (logk vs
pKa) for proton abstraction by hydroxide ion is linear, except
for the point corresponding tbb, with a slope {a) of —0.60
+ 0.01 (Figure 2). In contrast to the other substituents, the
6-nitro group of1b can directly delocalize charge through
resonance. Thus, the negative deviation 1&f from the
correlation indicates that the resonance contribution of the
phenyl ring to transition state stability is decreased relative to
the inductive effect.

In order to determine the fraction of the resonance effect of
the nitro substituent olb that is expressed in the transition
state, it is necessary to estimate a rate constant for a hypothetical
6-nitro-2-tetralone in which only the inductive effect operates.
We use ao value of 0.81 forp-nitro®® to calculate a g, of
11.5 for this hypothetical acid from the correlation of Figure 1.
From Figure 2, a rate constant for ionization of this acid can be
obtained (logking = 3.36), as well as the rate constant 1drif

group between the carbon and the oxygen may be estimatedthe entire resonance effect were operating Kogyi= 4.20). A

from the observed chemical shift of this carbon in the anion
and the predicted chemical shift for C-3 of the model compound
3-methoxy-1,2-dihydronaphthalene. A summary of the charges
as a function of solvent is given in Table 2.
(6, —6_)/160=q (5)

Although most of the charge density in all of the solvent
systems examined is on the enolate oxygen, more charge i

(23) Spiesecke, H.; Schneider, W. Getrahedron Lett1961 468.

(24) (a) Bradamante, S.; Pagani, G.Chem. Soc., Perkin Trans1986
1035. (b) House, H. O.; Prabu, A. V.; Phillips, W. ¥.0rg. Chem1976
41, 1209.

(25) Lambert, J. B.; Wharry, S. Ml. Am. Chem. S0d.982 104, 5857.

(26) More precisely, it is the difference in charge at these carbons between
the anion and the neutral species that is calculated.

(27) Bradamante, S.; Pagani, &.Org. Chem1984 49, 2863.

(28) Small differences in chemical shifts of the aliphatic carbons are
ignored in these calculations.

S(

comparison of these rate constants with the observed rate
constant forlb (log kops = 3.82) shows that about 55% of the
expected resonance effect of the 6-nitro substituent is manifest
in the transition state for ionization db.

We assume that the total amount of charge transferred into
the incipient anion is equal to the fraction of p orbital formed
(fo), which is itself equal to the fraction of charge delocalized
55%)3° Thus, the total amount of charge is equaH0.55=
Gc-1 + Oco + Opn, Wheredc-1 is the charge on the carbon,
gco is the charge on the carbonyl group am is the charge
delocalized into the phenyl ring. The ratip/dc-1 is equal to
0.55@prH0c-1)0, Where €p/0c-1)0 IS equal to the ratio of charges
in the fully formed anion. With the assumption that the extent

(29) Carey, F. A.; Sundberg, R. Advanced Organic Chemistny8rd
ed.; Plenum, New York, 1978; p 201.

(30) Although the dependence of charge delocalization onrthend
order is unknown, this approximation is not unreasonable.
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of delocalization of charge into the carbonyl group is propor-
tional to the delocalization of charge into the phenyl f#hthe
ratio qco/gc-1 is equal to 0.55{co/gc-1)o. The charges on these
three groups can then be calculatedggs; = —0.26,0co =
—0.26, andgen = —0.03. If the distribution of charge on the
carbonyl carbon is the same as in the fully formed anion, the
charge on the carbonyl carbon-+49.03 and the charge on the
oxygen is—0.29. A summary of the charge distribution for
the anion §) and the transition state for deprotonation by
hydroxide ion 6) is shown in Scheme 3.

It is of interest to speculate on the relevance of these

v\Net al.

transition state is only-0.29, compared to a value of0.37

that would be present had charge transfer been fully synchronous
with bond cleavage. If, on the other hand, the transition state
for deprotonation were later along the reaction coordinate, there
would not only be a larger charge on the incipient anion at the
transition state, but a larger fraction of this charge would be
delocalized into the enolate oxygen and, consequently, hydrogen
bonding at this oxygen would be more efficiéat.Although

late transition states for enzymatic enolizations have recently
been postulated on the basis of a different ratioh®léhere is

little experimental evidence on this poitt.
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Supporting Information Available: Table S1 giving the
1H and®*C chemical shifts for 2-tetralone and its anion and the
charge distribution of the anion in DMSO/water and methanol/

observations to enzyme-catalyzed enolization reactions. A water mixtures (1 page). This material is contained in many

variety of enzymes catalyze enolizations of carbonyl compounds,

including ketones, esters, and thioesfef®. In virtually all of

libraries on microfiche, immediately follows this article in the
microfilm version of the journal, can be ordered from ACS,

these I’eaCtionS, it has been pOStUlated that the enZymatiC rat%nd can be downloaded from the Internet; see any current

acceleration is due in large part to stabilization of the transition
state, either by hydrogen bondfigP-32or electrostatic effectde

If, however, the transition state for the enzymatic enolizations
resembles the one for hydroxide ion catalyzed enolization of

2-tetralone, then electrophilic assistance at the incipient enolate

masthead page for ordering information and Internet access
instructions.

JA972600C

oxygen would be diminished relative to that expected for a
balanced transition state. Thus, for a reaction in which total

(33) Itis also possible that much of the imbalance is caused by difficulties
in solvent reorganization, which could be alleviated by an enzyme active
site that has potential hydrogen bonding groups already in the optimum

charge transfer is about 55%, the charge on the oxygen in theposition for hydrogen bonding to the transition state (Ydav, A.; Jackson,
R

(31) The rationale behind this assumption is that the ability to delocalize
charge is dependent on the p-character of the orbital that is forming from
the C-H bond that is being cleaved.

(32) Shan, S.-O., Herschlag, Broc., Nat. Acad. Sci., U.S.A996 93,
14474,

. M.; Holbrook, J. J.; Warshel, Al. Am. Chem. S0d.991, 113 4800).

(34) In work with 3-oxoA®-steroid isomerase, Holman and Benisek
(Holman, C. M.; Benisek, W. Biochemistryl994 33, 2672) suggest, on
the basis of modification of the active site base, that proton transfer is
relatively far advanced at the transition state (068 < 0.75). However,
their Brgnsted plot is based on only two points, and is thus not definitive.



