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Abstract: Despite the central importance of monoketones as carbon acids, no intrinsic barriers or intrinsic
rate constants for proton transfer to a standard family of bases such as amines have been reported. This paper
presents the results of such determinations for the reaction of 2-acetyl-1-methylpyridiniubhiatih(secondary
alicyclic amines. They yield lo, = 0.92 in water and lo¢, = 1.70 in 50% DMSG-50% water (v/v) at 20

°C. These intrinsic rate constants are lower than for any sterically unhindered carbon acids except for
nitroalkanes, reflecting the stromgacceptor character of the CO group as well as the strong solvation of the
oxygen in the enolate ion. Rate constark%’,', for deprotonation ofl by OH™ have also been determined in
water and 50% DMS©50% water, with somewhat different results than those reported by Tobin andJFrey (
Am. Chem. Socl1996 118 12253). Thekf{)H value in water shows a small positive deviation from a
correlation of such rate constants with the correspondifygop17 simple monoketones and aldehydes reported

by Keeffe and Kresge; this deviation as well as the much larger positive deviation for the deprotonation of
1-methyl-3-pyridinioacetophenon@)(@nd 1-pyridinioacetophenong)(can be attributed to electrostatic effects
resulting from transition-state imbalance.

Introduction

CHXY +BY === CH(- + BHWI o)
The enolization of ketones has generated much recent N3

interest! with a strong focus on equilibrium Ky, of keto and

enol forms, enolization constants) as well as on rate studies. carhoxylate ions and GHY include nitroalkanes, dinitroal-

The field has recently been authoritatively reviewed by Keeffe yanes, diketones, diesters, phenacylpyridinium cations, 2=NO

and Kresgéand by Toullec: 4-substituted acetonitriles, 9-cyanofluorenes, Fischer carbene
Keeffe and Kresgehave shown that a large body of data on complexes such as (CE)r=C(OCHs)CH.R, and other§.One

the deprotonation of simple aldehydes and ketones by ®H  class of carbon acids not represented on this list are monoketones

water obey a linear correlation between kg(p) and logKz/ or monoaldehydes that do not have an addition@cceptor
p) of the keto form over a range of about 1Kgunits? The attached to ther-carbon as in 1,3-diketonés}-phenacylpyri-
correlation line based on 17 points has a slope of @&4001 dinium ions? or benzoylnitroalkane%.In view of the central

and intercept of 6.4# 0.13 ¢ = 0.9936). There are also points  importance of monoketones and monoaldehydes in chemistry,
with significant negative or positive deviations. The former can this is a gap that should be filléd.

be attributed to transition-state imbalances and steric effects.  The determination ok, valueg for deprotonation of such
The positive deviations indicate reactions where there is monoketones by general bases is of interest because it would
particularly efficient charge delocalization into an aryl group S . .

attached o thei-carbon or where the transition State enjoys (9T IS fate consart for o esetn i e (o ot
electrostatic or inductive stabilization by substituents close 10 e equilibrium constarks = 1 the intrinsic barrierAGY, is defined as

the a-carbon (see Discussion). AG! = AG} = AG"__1 where AG® = 05 For proton transfer, statistical
Our own interest in proton transfers from carbon acids has factors are usually included.

. . P : + Sl 5) Marcus, R. AJ. Phys. Chem1968 72, 891.
been in determining intrinsic barrierdG;) or intrinsic rate geg Foracomprehensi\ye review, see: Bernasconi, @dF. Phys. Org.

constants K,)* as a function of the activating groups (mainly chem.1992 27, 119.
m-acceptors) that are responsible for the acidity of the acids. _ (7) (a) Bernasconi, C. F.; Paschalis, P.Am. Chem. Sod986 108

; ; ; 969. (b) Bernasconi, C. F.; Bunnell, R. Br. J. Chem.1985 26, 420.
There exists an extensive database on reactions of the type2 (8) Stefanidis, D.: Bunting, J. WI. Am. Chem. S0d991 113 991.

shown in eq 1 where Bare primary and secondary amines or (9) (a) Bernasconi, C. F.; Montanez, R.1..Org. Chem1997, 62, 8162.
(b) Moutiers, G.; El Fahid, B.; Collot, A.-G.; Terrier, B. Chem. Soc.,

(1) Keeffe, J. R.; Kresge, A. J. Ithe Chemistry of EnolfRappoport, Perkin Trans. 21996 49.
Z., Ed.; John Wiley & Sons: New York, 1990; p 399. (10) Another important class of carbonyl-activated carbon acids without
(2) Toullec, J. InThe Chemistry of Engl®Rappoport, Z., Ed.; John Wiley additionalz-acceptor groups are the carboxylic esters; however the presence
& Sons: New York, 1990; p 323. of thezr-donor alkoxy group attached to the carbonyl carbon exerts a large
(3)p is the number of equivalent acidic protons of the carbonyl intrinsic barrier-reducing effect, as recently reported by Amyes and
compounds. Richard!t

10.1021/ja983304i CCC: $18.00 © 1999 American Chemical Society
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provide a further important test of the suggested inverse ® water

correlation betweek, and thez-acceptor strength of the X,Y o A 50%DMSO o
roups in CHXY (eq 1)%%2 Of particular interest is the ‘ ‘ ' ! '

gompparison with nit(ro?ilk;nes. Accpording to the Bubstituent 000 005 010 015 020 025

parameters, the-acceptor strength of the GBO group (R [OH]. M

= 0.51)2is not dramatically lower than that of the N@roup Figure 1. Reaction ofl with KOH, kopsq@s function of [OH]. (@)

(R~ = 0.62)13 This suggests that, for the deprotonation of left y-axis, in water at 28C, curve fit to eq 2; 4) right y-axis, in 50%

monoketones should be quite low, though probably not quite DMSO—50% water (v/v) at 20C, curve fit to eq 2+ linear term.

as low as for the nitroalkanes. ) _ ) ) _

In this paper we report a kinetic study of the reversible deprotonation but is also subject to hydration and deacylation.
deprotonation of 2-acetyl-1-methylpyridinium iah,by a series ~ 1hiS iS shown in Scheme 1. The ketone, its hydrate (T) and
of secondary alicyclic amines in water and also in 50% DMsO ~ deprotonated hydrate (J are in rapid equilibrium with each
50% water (v/v), with the main objective to determine the Other, while the proton transfer is slow on the time scale of
respective intrinsic rate constants. There are two reasons whythese equilibria. The deacylation which proceeds viasTmuch
this ketone is particularly suitable for this purpose. First, its Slower still; it does not interfere with the kinetics of proton

pKa (ca. 11 in water) is close to the range df4s of amine transfer and manifests itself as a separate kinetic process to be
bases. This allows a determination lof without requiring a ~ discussed in a future report. _ _
long extrapolation that can introduce significant erfof&cond, Kinetics of Proton Transfer in KOH Solution. Figure 1

the acidifying effect of the methylpyridinio group is not due to  shows a plot of the pseudo-first-order rate constants for proton

resonance delocalization in the enolate ion, i.should  transfer vs [KOH] in water at 25C and an ionic strength of

approximate the characteristics of a “simple” monoketone. ~ 0.1 M; the data are reported in Table S1 of the Supporting
A study of the deprotonation df by OH- and acetate ion Informationi® These are the same conditions as in T and“_F’s

has already been reported by Tobin and Ffefhe main study except that .they used NaOH as the base. Accqrdlng to

objective of these authors who also studied the deprotonation SCN€Me lkonsais given by eq 2. Usingn = 0.047 determined

of 2 by the same bases was to assess the importance of

OH -
_ k;"[OH] O
Kobsd= — tk3 (2)
@ O 1+ K, + Ko [OH]
ROt ~
Sn & (':; o by IH NMR and fitting thekopsqdata to eq 2 yield&on = 82.6
3 3 —1 LOH _ -1 o1 H0
} " + 88 ML kM =3314+ 25 M st andk™ = 0.72+ 0.08

s L FromKS™ = K"Ky, with KO = KOH/K* andK,, = 1.54
. CH _ .y
electrostatic effects on thekgand deprotonation rate constants < 107**M? t7one obtains ;" = 11.15 0.07 for the acidity
of these ketones; such electrostatic effects are potentially constant ofl.

important in enzyme-catalyzed enolizatidfisin trying to Similar data were also collected at 2@ in water and in
reproduce their results we found discrepancies which, in part, 50% DMSO-50% water at an ionic strength of 0.5 M (Tables
are due to a faulty data treatment by these authors. S2 and 83}6 The results are summarized in Table 1. In 50%
DMSO—50% water the plot okypsqVs [KOH] did not reach a
Results horizontal plateau but showed a linear increase (Figure 1). This
linear increase is of unknown origin and could possibly be due
General Features.As shown by Tobin and Fré§ (hence- to an increase in the activity coefficient of OHat high

forth abbreviated T and F), when 2-acetyl-1-pyridinium iéh ( concentrations. The data were treated by adding a linear term
is placed into a basic solution, it not only undergoes reversible to eq 2.

(1) Amyes. T L: Richard 3. A Am. Chem. Sod66 118 3125 Spectrophotometric Jd(iH Determination. The method
(12) (a) Bernasconi, C. Acc. Chem. Red987 20, 301. (b) Bernasconi, was based on measuring the absorbance as a function of pH.

C. F.Acc. Chem. Re<.992 25, 9. As shown by T and B4 the absorbance is given by eq 3.
(13) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.
(14) Tobin, J. B.; Frey, P. AJ. Am. Chem. S0d.996 118 12253. (16) See the paragraph concerning Supporting Information at the end of
(15) (a) Guthrie, J. P.; Kluger, R. Am. Chem. S0d993 115 11569. this paper.

(b) Halkides, C. J.; Frey, P. A,; Tobin, J. B. Am. Chem. S0d.993 115 (17) Harned, H. S.; Owen, B. Bhe Physical Chemistry of Electrolytic

3332. Solutions Reinhold: New York, 1950; p 487.
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Table 1. Summary of Rate and Equilibrium Constants for the Reversible DeprotonatibmyfOH~ and Hydration ofl

H,0, 25°Cab

parameter this study Tobin and Feéy H,0, 20°Csf 50% DMSO, 20°C®9
k?"" M-1g1 331+ 25 187 165+ 10 (2.37£0.21) x 10®
KO o1 0.72+ 0.08 1.32 0.45+ 0.05 0.155+ 0.020
KOH = KOHHO, -1 460+ 85 142 367+ 62 (1.53+ 0.33) x 10
pKSH (kin) 11.15+ 0.07 11.66 11.33 0.07 11.71+ 0.08
pKSH (spect) 11.18+ 0.02 11.13 11.3% 0.02 11.75+ 0.02
Kn 0.047+ 0.014 0.084 0.044-0.013 0.058+ 0.017
Kon, M™% 82.6+ 8.8 19.1 68.2- 5.2 424+ 93
pKa'! 10.57+ 0.15 10.714+0.14 12.03+ 0.18

2y =0.1M (KCI).?1.54 x 104 M?, ref 17.cRef 14.9y4 = 0.1 M (NaCl).¢u = 0.5 M (KCI). TKy, = 1.26 x 1074 ref 17.9K,, = 1.29 x

10716 M2, ref 34." Erroneously interpreted @& by Tobin and Frey, see tesitpKa
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Figure 2. Plots of absorbance vs pH farin KOH solutions: @) in
water at 25°C, (a) in 50% DMSO-50% water (v/v) at 20C.

A= (ecn+ erKpay: + e K+ er-KoKy)

[CH], =
(1+ Kpag. + K3 + KoK, °

% B, (3
Plots of Avs pH in water at 28C and in 50% DMSG-50%
water at 20°C are shown in Figure 2; the plot in water at 20

°C (not shown) is very similar to the one at 25 (data in Table
S4)16 Curve fitting to eq 3 provides D, E, and G (F is known),
andKS" is found from eq 4. These spectrophotometri¢;
Kot =G — KoKy, 4)
values are reported in Table 1. The agreement with the
kinetically determined lé‘a:H values is very good for all three
sets. In our further discussions we shall adopt the spectropho-
tometric values for which the standard deviations are smaller.
Kinetics of Proton Transfer with Amines BasesRates were
determined in the presence of secondary alicyclic amines. In
the presence of the amine buffers eq 2 contains two additional
terms as shown in eq 5. Equation 5 can be rewritten as'€q 6.

(18) From [BH] = [B][H *I/KE", KEUAE = KEBYKE! and Ky = [H]-
[ogjg/ one c;bta;in?(%?ngH*] = KK [B)/KS"[OH], with KE" being the
aclaity constant o .

|Og(KOHKW/Kh).

Table 2. Rate Constants for the Reversible Deprotonatiod bfy
Secondary Alicyclic Amines

amine e kB (MtsY KB a(M-1sL)

H.0, 25°C,u = 0.1 M, xSH=11.18

piperidine 11.12 13.030.25 14.96+ 0.99

piperazine 9.82 5.0# 0.05 (1.16+£ 0.07)x 1

PZ-CH,CH,0OHP 9.15 213+ 0.06 (2.28+£0.17)x 1

morpholine 8.59 0.84-0.06 (3.31£0.23) x 1%
H20, 20°C,u = 0.5 M, K= 11.35

piperidine 1153 13.5%0.26 8.93+ 0.59

piperazine 10.12 5.08 0.18 84.9+6.2

morpholine 8.90 0.86-0.01 (2.4240.14) x 177

50% DMSO-50% H0, 20°C, . = 0.5 M, pKS" = 11.75

piperidine 11.02 30.20.6 (1.62+0.11)x 1?7
piperazine 9.90 1560.2 (1.10+£ 0.07)x 10°
PZ-CH,CH,OH® 9.51 6.54+ 0.13  (1.14+ 0.08)x 10°
morpholine 8.72 2.3% 0.02 (2.56+ 0.14)x 1C°

aCalculated ag®! = KEKEH/KSH, b 1-(2-hydroxyethyl)piperazine.
ks[B]
14K, + Ko [OH ]

Kobsa= Kobsd€d 2)+

Kobsa = Kobsd €0l 2)+ + KEH[BH'] (5)

1
1+ K, + Ko [OH]

W

KSMOH]

[B] (6)

1

Hence plots okgpsq vS. [B] at constant pH have slopes given
by eq 7. Thek? values are reported in Table 2 along wid#;

KW
KSMOH]

1
1+ K, + Ko [OH]

slope= Kk}

()

obtained as¢KEKSH with KE™ being the acidity constant of
BHT.

With piperidine in water at 25°C additional runs were
conducted at different pH values as a check of our results for
internal consistency with respect tKgﬁ*. A plot of the slopes
vs [OH ] is shown in Fig. S26 A curve fit to eq 7 withk® and
K" as the unknowns yieldekf = 15.5+ 4.2 M~ s'1 and
pKS™ = 11.05+ 0.17. Even though the standard deviation of
this ;K™ is considerably larger than that for th&$' values
determined spectrophotometrically and based on the OH
reaction (Table 1), the agreement with these latter values is
satisfactory.

Discussion

Comparison with Tobin and Frey’s Results. There is
excellent agreement between our spectrophotometrically deter-
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mined K$" (11.18) T and F's value (11.13} but the transition state is imbalanced in that charge delocalization into
agreement between th€", K", K" and Koy values from the carbonyl group lags behind proton tran$f& This leads
the two laboratories is poor (Table 1). There are two reasonsto @ concentration of the negative charge on dhearbon as
for this. One is that T and®treated their kinetic data with eq ~ shown (in exaggerated form) i The conformation of the

8 instead of eq 2 and then multiplied the rate constants obtainedtransition state is probably planar such as to maximize the
proximity between the negative and positive charge, just as is

klOH[OH—] + lezo the case for the enolate iof)( Hence, even though the distance
Kobsd™= - (8)
1+ KoylOH ] O O
0 CH,

from the curve fit by the “correction factor (& Ky).”14 There E* o T
are two problems with this treatment: (a) It erroneously equates Hy CHy CH; O <sol
the intercept of the plot dfpsqvs [OH] with the rate constant B H ¢
for deprotonation ofl by water (<T2°) instead of the rate O~
constant of protonation df~ by water kﬂi 19 (b) As seen in
eq 2,Ky is only important at low [OH] (Kos[OH™] < (1 + between thex-carbon and the positive charge in the transition
Kpn)) but not at high [OH] (Kon[OH™] > (1 + K})) and hence state is about the same as that between the oxygen and the
multiplying the rate constants by @t Ky) is not correc€® The positive charge in the enolate ion, to the extent that carbon is

second reason for the poor agreement between the twoless able to support a negative charge than oxygen, the transition
laboratories has to do with insufficient data points in T and F's state derives a disproportionately large amount of stabilization
study at [NaOH]< 0.02 M. This is the most critical region in ~ from the positive charge compared to the enolate ion; the
defining k'jZlo, k‘f”, andKon, and hence, insufficient data can  stabilization of this latter is further attenuated by strong solvation
lead to large errors in these parameters, irrespective of whetherof the oxyanion §). According to the principle of nonperfect
the correct equation (eq 2) is used. synchronizatior§;*? the result is an enhanced intrinsic rate

With respect to the g™ values, it is perhaps surprising that ~ constant. o
T and F’s spectrophotometrick§" agrees so well with ours Much larger enhancements have been observed for cationic
since it depends on the value 6§ (€q 4). However, because ketones where the pyridinio group is attached todhearbon
KonKw in €q 4 is much smaller tha@, even a large error in rather than to thg carbonyl carbon_,_e.‘g(nLlA? I_og units) or
Ko barely affects KgH. On the other hand, the kinetid(@“ 8 (+2.96 Iog unitstt Here the posmye charge is much closer
(11.66) that one may calculate based on T andkﬁ'@k’jﬁo 21 to the negative charge at the transition state @.¢han in the

ratio agrees poorly with their spectrophotometric value (11.13), corresponding enolate ion (e.g0). This contrasts with the

a direct result of the large errors kf" and k™2°. This con-
trasts with the good agreement between the spectrophotometric

H,
b 5
ng and two independently determined kinetik(acﬁ| values O f? O . H_R_Ph
in the present study. A CH;
CH, Ph
7 8

pKS™ and k$. The KS" value of 11.18 in water at 25C
(11.35 at 20°C) makesl one of the most acidic monoketofgs

it compares with K™ = 19.27 at 25°C for acetoné? The . -1 . Q-+ sol
high acidity must be due to the combined electrostatic and @_9H‘C_Ph @—CH:C—P*‘
inductive/field effects of the positive charge which stabilizes '

the enolate ion 7). Along with the high acidity,k‘fH for oud

9 10

deprotonation by OH is also much higher than for most
monoketones. With respect to Keeffe and Kreshedsrelation
of log(k"/p) vs logKS/p), our logk H/p) value in water at
25 °C deviates positively from the correlation by 0.34 units.
This deviation is small but significantly larger than the average
deviation ¢~0.07 log units) of the 17 points that define the
correlation; it suggests a somewhat enhanced intrinsic rate
constant K,) for this compound.

A possible explanation for the increase kg is that the

transition state is stabilized by the favorable electrostatic — another interesting example is the deprotonatio@ by OH-
interaction _betv_veen OHand the po_sitive charge on the nitr_ogen. where logkow/p deviatesnegatiely from the Keeffe/Kresge
However, in view of the large distance between the nitrogen cqrejation line by 0.85 unit® Part of this deviation may reflect
and the OH (5), this effect is probably small. A more attractive  he noorly understood depression of the intrinsic rate constant
interpretation is based on the assumption that, as is typical injy the deprotonation of cyclohexanohé contributing factor

the deprotonation of carbon acids activatedbgcceptors, the may be related to the conformational rigidity of the system
which prevents thet-carbon from getting into close proximity

of the positive charge for optional transition-state stabilization

situation in the deprotonation df where thea-carbon at the
transition state and carbonyl oxygen in the enolate ion have
approximately the same distance from the positive charge. It
should be noted that in the reaction 8f the favorable
electrostatic interaction between the positive charge and OH
at the transition stated] probably contributes significantly to
the enhanced intrinsic rate constant because, in contrdst to
the respective charges are much closer to each other.

(19) The pathway via deprotonation df by water &) and its
microscopic reverse (protonation df by H', k™,) is negligible in the pH

range of our and Tobin and Frey’s study. (12) while the oxygen in the enolate ioi?) is close to the
(20) In view of the small value oKp (0.084)14 this error is relatively

inconsequential. (23) This is based ok?" = 10.9 M sX and [KEH = 11.90 reported
(21) With Tobin and Frey® K/'° value interpreted ak2°. by Tobin and Frey# Inasmuch as™ was obtained from the wrong

(22) Chiang, Y.; Kresge, A. J.,; Tang, Y. S.; Wirz,JJ.Am. Chem. Soc. equation (eq 8), the true value is expected to be slightly different but not
1984 106, 460. enough so as to affect this discussion.
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Figure 3. Brgnsted plots in water at 2& (O, @) and in 50% DMSG-

50% water [0, W); p is the number of equivalent protons on Bitthe
number of equivalent basic sites on B.

Table 3. Brgnsted Coefficients and Intrinsic Rate Constants for
Proton Transfer froni to Secondary Alicyclic Amines

solvent Pe OcH log ko
H.0, 25°C,u=0.1M 0.454+0.04 0.55+0.04 1.02+0.06
H20, 20°C,u=0.5M 0.45+0.02 0.55+0.02 0.92+0.03

50% DMSOu =0.5M 0.47+0.03

O

II“+
CH,

0.53+0.03 1.70+ 0.06

O

+
CH,

(o} “OH O*sol

11 12

Bernasconi et al.

focus of interest. As outlined in the Introduction, a major
objective of this study was to obtakg for proton transfer from

a simple monoketone that is strongly acidic but devoid of
additional t-acceptor groups or other features that strongly
influencek, values!® 1 comes close to this ideal; itsk§" is
quite low and, as indicated by the fact that th%* value
deviates only modestly from the Keeffe/Kre$gerrelation, the
1-methyl-2-pyridinio group is expected to have only a minor
effect onk, for the deprotonation by amines as wéll.

Table 4 lists logk, values for proton transfers from a
representative series of carbon acids to secondary alicyclic
amines in water and in 50% DMS&50% water. The list
includes1 and another monoketonég3 (structure shown in
Table 4), which was studied by Bunting and Stefanf@igven
though no measurements with secondary alicyclic amines were
carried out withl13, a logk, ~ 0.7 may be estimated on the
basis of data with primary aliphatic amines and the assumption
that logk, for the deprotonation 0f3 by the alicyclic amines
is about 0.7 log units higher than for the deprotonation by
primary aliphatic amine® Thek, values forl and13 are quite
similar, a feature to which we will return below.

In comparingl and 13 with the other carbon acids the
following points are noteworthy. (1) Thie, values forl and
13are among the lowest for carbon acids; only the nitroalkanes
have significantly lower intrinsic rate constants. In particular,
k, for 1 and 13 is substantially lower than for 1,3-diketones
such as acetylacetone and 1,3-indandione. (2) The change from
water to 50% DMSG-50% water increases ldg for 1 by 0.78;
this change is smaller than for GNO, (1.32) or PhCHNO;
(0.97) but larger than for acetylacetone (0.15) or 1,3-indandione
(ca. 0.16).

The trend toward lowek, values for the carbon acids shown
in Table 4 can be attributed to an increase in the stabilization
of the respective carbanions by a combination of resonance and

positive charge. As a result, the effect on the rate constant issolvation effect§:12Because the development of both resonance

disproportionately weak compared to the effect on IKQb

leading to a reduction in the intrinsic rate constant.
Solvent Effect on KS" and k¥, The KS™ of 1 in 50%

DMSO—-50% water (v/v) at 20°C (11.75) is about 0.4 units

and solvation lags behind proton transfer at the transition state,
ko is reduced and increasingly so the stronger the resonance
and solvational stabilization of the carbanion. For carbanions
that delocalize the negative charge onto oxygen atoms, the

higher than in water at the same temperature. This increasesolvational component of the stabilization is particularly strong,

probably reflects mainly the reduced solvation of the enolate
ion in 50% DMSO-50% water* As to k2", it is 14.4-fold
higher in 50% DMSO-50% water than in water whereas the
equilibrium constantk$", is 41.7-fold higher. The fact that
k‘f” increases by a factor that is only about 2.9-fold less than
the increase itk2" indicates thak, is higher in 50% DMSG-
50% water. This is reasonable because both @kt the enolate
ion are less solvated in 50% DMS&30% water. This means
that thek, lowering effects of the early desolvation of OFP
and of the lagging solvation of the incipient enolate ion at the
transition state are attenuated in 50% DMS8D% water which
translates into an enhanckglvalue®12

Proton Transfer to Amines. The rate constants for the
reversible deprotonation dfby secondary alicyclic amines are
summarized in Table 2. Brgnsted plots are shown in Figure 3.
These plots yielgg andagy from the slopes and lok, = log-
(k2/q) = log(k®;/p) when 5" — pKS™ + log(p/g) = 0; these
parameters are summarized in Table 3. Bh@&ndagy values
are within the typical range commonly observed for proton
transfers from carbon acid$.The k, values are the principal

(24) Bernasconi, C. F.; Bunnell, R. . Am. Chem. Sod988 110
2900.

(25) Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamura,
G.J. Am. Chem. S0d.982 104, 7045.

especially in water. This is probably the reason all of the ketones
and nitro compounds have lowlkyvalues than the carbon acids
that lead to highly charge dispersed but weakly solvated
carbanions (first five entries in Table 4).

Within the group of ketones and nitro compounds, ke
values forl and 13 are lower than for the diketones because
solvation of one oxygen with a high charge density is stronger
than that of two oxygens with a low charge density; this
apparently more than offsets the greater resonance stabilization
of enolate ions derived from diketones and hence leads to a
lower k, value. For CHNO,, the solvation of the anion is
stronger still since there are two oxygens with a high charge
density. Hence even if the resonance effects, as suggested by
the R™ substituent constants for N@nd CO groups, may not

(26) Numerous citations given in ref 9a.

(27) A referee has suggested thatould be reduced by the electrostatic
repulsion between the positive charge on the pyridine nitrogen and the partial
positive charge on the amine nitrogen at the transition state. In view of the
large separation between these charges, the effect is likely to be small, just
as the electrostatic stabilization between the positive charge andrO51
is probably small.

(28) Bunting, J. W.; Stefanidis, Dl. Am. Chem. Sod.99Q 112, 779.

(29) A difference of 0.7 to 1.0 log units appears to be characteristic in
ko for the deprotonation of stericallynhindered carbon acids by secondary
alicyclic vs primary aliphatic amine’s3° 13is probably not entirely devoid
of steric hindrance; hence, the low value of 0.7 seems appropriate here.



Intrinsic Rate Constants for Proton Transfer

J. Am. Chem. Soc., Vol. 121, No. 8, 1899

Table 4. Intrinsic Rate Constants for Proton Transfer from Carbon Acids to Secondary Alicyclic Amines
CH acid log k, log k, log k, Ref.
Water, 25°C Water, 20°C 50% DMSO, 20°C
CH,(CN), ca. 7.0 b
H”™ “CN
OO\ s
H, 3.90 d
C CH,
OZN@CH2CN 3.70 .
02
3.20 3.15 f
NC CH,CN
@):}CH; 2972 3.13 g
(0]
CH,(COCH,), 2.60 2.75 h
@ eV 1.02 0.92 170 i
N e 3
I+
CH; O
; f
CH,— O CCH,Ph (13) ca. 070 i
CH;NO, -0.59 0.73 k
PhCH,NO, -1.22 -0.25 k

2|n 10% DMS0O-90% water? Hibbert, F.Compr. Chem. Kinetl977, 8, 97.°¢ Reference 301 Reference 6¢ Reference 30d.Bernasconi, C.
F.; Wenzel, P. JJ. Am. Chem. Sod.996 118 11446.9 Bernasconi, C. F.; Paschalis, 2.Am. Chem. Sod.989 111, 5893." Bernasconi, C. F.;
Bunnell, R. D.Isr. J. Chem1985 26, 420.' This study. Based on data in reference 2&Reference 30c.

differ dramatically (see Introduction), the stronger solvation of
CH; = NO,;~ must be the main reason ldg for CHzNO; is
1.5 units lower than fodf.

1. Taking into account the standard deviation for lqgof 1
(£0.06) and the fact that lok, for 13 is estimated, the actual
difference between the two Idg values must be regarded as

The foregoing interpretations are supported by the solvent rather uncertain. Nevertheless, qualitatively it seems reasonable

effects onk,. The reduction in hydrogen-bonding solvation in
going from water to 50% DMS©50% water has the largest
effect on the stability of the carbanion, and with itlgpwhere
this solvation is strong. This explains the solvent effect&kgpn
in the order: nitroalkanes 1 > diketones. Direct measurements
of energies of transfer from water to 50% DMS60% water
for CH, = NO,™ (3.90 kcal/molR4 PhCH= NO,~ (2.71 kcal/
mol)2*and 1,3-indandione anion (0.56 kcal/néQonfirm this
conclusion?®-31

With respect tdl and13, theirk, values are quite comparable,
with log k, for 13 being approximately 0.3 units lower than for

(30) (a) Bernasconi, C. F.; Hibdon, S. A. Am. Chem. Sod.983 105
4363. (b) Bernasconi, C. F.; Terrier, .. Am. Chem. S04987 109, 7115.
(c) Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S.; Ni, J. XJ. Org.
Chem.1988 53, 3342.

(31) As pointed out in ref 6, the abnormally high transfer energy for the
acetylacetonate ion (3.20 kcal/midl)s likely to be the result of a faulty
experiment.

thatk, for 13 should be somewhat lower than fbrdue to the
o-phenyl group. This is because, to the extent that the phenyl
group contributes to the resonance stabilization of the enolate
ion, it is expected to lowek,>12 just ask, for PnCHNO; is
lower than for CHNO,.

Comparison with Gas-Phase CalculationsOn the basis of
the discussion of solvation effects one would expect that in
aprotic solvents thk, values for monoketones and nitroalkanes
should get much closer still than in 50% DMSO-50% water,
although this prediction awaits experimental confirmation. Some
recent gas phase ab initio calculations of the intrinsic barriers
of the identity proton transfers shown in eq 9 are of interest in

Y—CH; + CH=Y === "Y=CH, + CH;—Y ©
this context. For Y= CHO, the intrinsicbarrier is about 10
kcal/mol higher than for Y = NO,,3? showing a dramatic
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reversal compared to the solution phase barriers. As discussedrom CaH, and stored ove4 A molecular sieves. KOH and HCI

in detail elsewheré? the barrier-increasing effect of resonance/ solutions were prepared from “dilut it” (Baker Analytical).
imbalance which is a dominant factor in solution plays a minor ~ Kinetic Experiments. Rates of proton transfer were measured
role in the gas phase and is overshadowed by inductive/field spectroph_otometrlcally in a Durrum-Gibson stopped-flow apparatus.
and electrostatic effects. In the case at hand, the much strongef "€ 'éactions were monitored at 350 nm, a wavelength wietsut

. . . . not 1 absorbs strongly. Typical substrate concentrations were about 5
inductive/field effect of the nitro group compared to that of the « 104 M although at low [KOH] concentrations df as low as 10°

carbonyl group leads to a greater transition-state stabilization \; yere ysed to maintain pseudo-first-order conditions. The reactions
when Y = NO; and hence to a lower barrier. with OH~ and with piperidine at pH~ 11 were conducted by mixing
Summary and Concluding Remarks.Intrinsic rate constants  a neutral solution of with the base while the reactions with piperidine
for the deprotonation of monoketones by secondary alicyclic at pH < 11 and with all the other amines were conducted by mixing
amines-a standard family of bases used to determine intrinsic a basic solution oL~ with the respective amine buffer.
rate constantshave not been available until now, despite the ~ PH and pKa Measurements.The pH measurements in water were
central importance of ketones as carbon acids. We have nowMade with an Orion 611 pH meter equipped with an Orion Ross 810
determined suck, values forl in water and in 50% DMSO glass electrode and an Orion Sureflow-8&IB reference electrode; in

. 50% DMSO-50% water an Orion 370 pH meter equipped with an
0,
50% water (v/v). They are substantially lower than for the Orion 9272BN combination electrode was used. Calibration of the pH

deprotonation of most carbon acid_s, inCIU(_jing 1,3-diketo_ne_s, meter in 50% DMSG-50% water was with buffers described by Halle
but not as low as for the deprotonation of nitroalkanes. This is g 53¢ The (KB values of piperidine, piperazine, 1-(2-hydroxyethyl)-

the result of the strongc-ac;ceptor character.of the carbonyl piperazine, and morpholine in water at 25, x = 0.1 M (KCI) were
group and the strong solvation of the enolate ion; the solvational getermined potentiometrically; thekf" of these amines in water at
component apparently more than offsets the greater resonanceo °c, x = 0.5 M (KCl), and in 50% DMSG-50% water at 20C, u
stabilization of the diketone enolate ions. The still lowegr = 0.5 M (KCI) were known from previous studi€sThe S of 1
values for the nitroalkanes are mainly the result of even strongerwas determined spectrophotometrically imi® solutions ofl at 350
solvation of the nitronate ion. These conclusions are supportednm as described in the Results. Absorbances measured at high pH were
by the solvent effects on the values. corrected for the onset of the deacylation reaction.

Other points of interest can be summarized as follows. Determination of K. The K;, values in the different solvents were

(1) The higher intrinsic rate constants (lower intrinsic barriers) determined byH NMR on a varian 500 MHz instrument, Relative
9 areas of the CECO and the CkN protons of the ketone (3.0 and 4.59

for deprotonation of monoketones compared to those for ;" respectively) and its hydrate (2.05 and 4.76 ppm, respectively)
nitroalkanes contrast with the higher intrinsic barrier in the gas- \ere determined in D at 25°C (« = 0.1 M), 20°C (« = 0.5 M),
phase reaction of eq 9 with acetaldehyde compared to theand in 50% DMSG-ds/50% D,0 at 20°C (« = 0.5 M). The average
reaction of nitromethane. of the [hydrate]/[ketone] ratios obtained from the {1 and CHN

(2) The rate constant for deprotonationldfy OH~ in water protons affordedKn)p,0 values. They yieldedK)n,0 after applying
is 0.34 log units higher than expected based on the Keeffe/ the relationship Kn)o,o/(Knuo = ¢? % with ¢ = 1.08° being the
Kresge correlation. This suggests thatitfteinsic rate constant fractionation factor for the hydrogens of the OH groups in the hydrate.
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is longer in the transition state than in the enolate ibh\(s.
12), the imbalance lowers the intrinsic rate constant. Supporting Information Available: Tables StS7 and
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Materials. 1-Methyl-2-acetylpyridine iodide was prepared as de- JA983304]
scribed by Co»2 mp 159-161 °C (lit.3® 160—-162 °C). The amines

Experimental Section

were refluxed over Cajtind distilled prior to use. DMSO was distilled (34) Hallg J.-C.; Gaboriaud, R.; Schaal, Bull. Soc. Chim. Fr197Q
2047.
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