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Kinetics of Hydrolysis of Benzylideneacetylacetone
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The hydrolysis of the title compound occurs by the four-step mechanism typical for the hydrolysis
of olefins PhCH=CXY where X and/or Y are electron-withdrawing groups. These steps are
nucleophilic attack by OH~ or water on the olefin to form PhCH(OH)C(COMe); (Tgy); carbon
protonation of Tgy to form PhCH(OH)CH(COMe); (Tqy); oxygen deprotonation of Tgy to form
PhCH(O")CH(COMe); (Ty); and collapse of Ty to PhACH=0 and acetylacetonate anion. In strongly
basic solution two kinetic processes were observed. To a good approximation the fast one can be
assigned to reversible OH-addition to the substrate (¢%H, £%0) to form Toy and the slow one to
irreversible conversion of Tgy to final products with rate-limiting carbon protonation of Tgy by
water (kI;’O). This latter interpretation is at variance with one offered earlier by Calmon and
Calmon. In acidic solution only one kinetic process was observed; it corresponds to rate-limiting
water addition to the substrate (k2°). Rate constants for hydronium ion catalyzed reversion of
Ty to reactants (k™) and for carbon protonation of Tox by H:O* (BE), acetic acid, and DABCOH*
(ky) were also obtained from pH-jump experiments on Tgy. Approximate intrinsic rate constants
for water and OH- addition to benzylideneacetylacetone were calculated from %52° and £%H,
respectively, and compared with those for the corresponding reactions of benzylidenemalondial-
dehyde and benzylidene Meldrum’s acid as well as other olefins. This comparison indicates that
the intrinsic reactivity of benzylideneacetylacetone toward OH- and water is “normal,” and sheds
more light on its “abnormal” intrinsic reactivity toward secondary alicyclic amines reported earlier.

Introduction

As part of an ongoing inquiry into the structure—
reactivity behavior of activated olefins toward nucleo-
philes, reactions of substrates of structure 1 with OH-,
water, amines, thiolate ions, and carbanions have been
investigated.!”” The main focus has been the nucleophilic
attack step, eq 1, and the dependence of the intrinsic rate
constant, k,,8 on X and Y.

Ar X Kk ?I" X
7 — 7,
C=C + Nuv H—C-—C< - m
H Y k NuVv+l
1 2

In the reaction of 1 with OH~ or water in aqueous
solutions the adduct 2 typically reacts further and leads
to ArCHO and CH XY (CHXY- at high pH).1? The
complete mechanism of this hydrolysis is well established
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and is shown in Scheme 1. Step 1 may be subject to
general base catalysis of water addition (kf‘[B] term),
although this catalysis is usually negligible at low buffer
concentrations. Steps 2 and 3 are proton transfers at
carbon and oxygen, respectively, while step 4 represents
C—C bond cleavage. The step labeled £52° involves
C—C bond cleavage concerted with deprotonation of the
OH-group by water, or intramolecularily, by the leaving
carbanion; this step may become important in strongly
acidic solution.1,10.11

Even though Scheme 1 applies quite generally, there
are marked differences among substrates regarding rate-
limiting steps at a given pH and concerning detectability
of the intermediates Toy, Toy, and Tq.. Toy, the inter-
mediate of greatest interest is directly observable when
both of the following conditions are met. (1) The equi-
librium constant for the first step must be large enough
that K12%ay + = KOM[OH] > 1 (K0 = pHOpH . gOH =
E{%RH0) (2) The rate of formation of Tou(kH° +
kY"[OH-] + £P[B)) must be larger than the rate by
which Tgy proceeds to Tgy or to final products.

The first condition is met by the following compounds:
benzylidenemalononitrile (8, pK*li20 = 10.7 in water,1?
pK{120 = 9.5 in 50% Me,;S0—50% water'? ), benzylidene-
1,3-indandione (4, pKi™® = 7.79 in 50% Me,;SO—50%
water),!! 1,1-dinitro-2,2-diphenylethylene (5, pKIf20 =
6.09 in 50% Me;SO—-50% water),!? S-nitrostyrene (6,
pKi?° = 10.37 in 50% Me;SO—50% water),? a-nitrostil-
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bene (7, pK® = 9.53 in 50% Me;SO—50% water),1
benzylidene Meldrum's acid (8, pKIf’O = 5.43 in wa-
ter),’ and benzylidenemalondialdehyde (9, pKi®® =
4.79 in water).’® The second condition is not met for 3

in water at any pH and hence Ty is not observable in
this solvent. However in 50% and 70% MesSO the rate

CN QO Ph NO,
/
PhCH=C PhCH=C/ \C=C/ PhCH==CHNO,
N\ \G) 4 N\

CN Ph NO,
3 4 s 6
N CH — COCH,
phcH=C_ o1phcu=c’$< 3 phCH=c’CH_° paoH=d
e h CH, Ncu=o0 \cocﬂ,
7 ] 9 10

of formation of Tyy at high pH is enhanced while
conversion of Tqy to products is slowed down, resulting
in direct detectability of Tq;.'2 For 4—9, the second
condition is met but in most cases a higher pH is required
than that needed to fulfill the first condition.

Under conditions where Tgy accumulates to detect-
able levels, carbon protonation of Tgy by water (£52°)
has invariably been found to be rate limiting for product
formation. The only exception is the hydrolysis of 107
and substituted benzylideneacetylacetones,!® where col-
lapse of T3y, concerted with deprotonation of the hy-
droxyl group by OH~ (with transition state 11), was
proposed to be rate limiting. This represents a highly
unorthodox proposal which warrants scrutiny and is one
of the reasons that led us to reinvestigate this reaction.

We also hoped that determination of £;2° and ¥ in
Scheme 1, which would allow an estimate of the intrinsic
rate constant (k,)® for nucleophilic addition by OH~ and
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(16) Bernasconi, C. F.; Stronach, M. W. J. Org. Chem. 1988, 51,
2144,

(17) Calmon, M.; Calmon, J.-P. Bull. Soc. Chim. Fr. 1970, 1885.

(18) Calmon, M.; Arnaud-Lehujeur, B.; Calmon, J.-P. Bull. Soc.
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water, could shed more light on possible reasons for the
abnormally low k, value for amine addition to 10.1° The
low k&, value for this latter reaction has been attributed
to a combination of two factors. The first is that the
zwitterionic adduct is strongly stabilized by intramolecu-
lar hydrogen bonding (12), but in the transition state this
hydrogen bonding is too weak to produce a rate enhance-
ment commensurate with the enhanced equilibrium
constant. This has the effect to decrease %, and is a
manifestation of the principle of nonperfect synchroniza-
tion (PNS).202! The second factor is steric crowding in
the adduct which reduces its stability. This steric effect
appears to be virtually fully developed in the transition
state, and hence, it decreases the rate of nucleophilic

-attack almost as much as the equilibrium constant. The

result is again a lowering of k, in accordance with the
PNS_20,21

Inasmuch as Tgy lacks the relatively acidic NH*-
proton and positive charge of 12 and is also less crowded
than 12, &, for nucleophilic addition of OH~ to 10 should
be “normal” if the hydrogen bonding and steric explana-
tion of the abnormally low &, for amine addition is valid.
Qur results will show that this is indeed the case.

Results

Measurements in Strongly Basic Solution. The
hydrolysis of 10 in basic solution generates benzaldehyde
and acetylacetonate ion, as confirmed by the UV spec-
trum of an infinity solution that is identical to that of an
authentic mixture of the reaction products. In strongly
basic solutions ((KOH] = 0.01—0.5 M) two kinetic pro-
cesses are observed. In a first approximation, the more
rapid process, with the reciprocal relaxation time 1/7y,
corresponds to reversible conversion of 10 into Ty, and
the slower one (1/13) to irreversible appearance of prod-
ucts. The dependence of 1/r; and 1/r; on [OH"] is
displayed in Figure 1.

As will be shown below, under these conditions, the
rate-limiting step for product formation is, to a good
approximation, carbon protonation of Ty while conver-
sion of Tqy to products is fast, i.e., faster than carbon
deprotonation of Tgy. Hence, Scheme 1, as applied to
benzylideneacetylacetone, simplifies to eq 2.

In evaluating the concentration dependence of the two
relaxation times we shall first assume that 1/7; refers

. (19) Bernasconi, C. F.; Kanavarioti, A. J. Am. Chem. Soc. 1988, 108,
744,

(20) According to the PNS a product-stabilizing factor (e.g., reso-
nance, solvation, intramolecular hydrogen bonding) lowers k, if its
development at the transition state lags behind bond formation; a
product-destabilizing factor (e.g., steric crowding) also lowers k, if its
development is ahead of bond formation. The opposite is true for
product-stabilizing factors that develop early or product-destabilizing
factors that develop late 2122

(21) (a) Bernasconi, C. F. Acc. Chem. Res. 1987, 20, 301. (b)
Bernasconi, C. F. Acc. Chem. Res. 1992, 25, 9. (c) Bernasconi, C. F.
Adv. Phys. Org. Chem. 1992, 27, 119,

(22) Bernasconi, C. F. Relaxation Kinetics; Academic Press: New
York, 1976; p 265.
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Figure 1. Data in strongly basic solution. Dependence of 1/7;
(@) and 1/72 (©) on [OH"]. 1/71 obtained at 275 nm, 1/72 at 250
nm.

/COCH; kx [OH] COCH, ka
PhCH—C\ ﬁ—‘ —C. - -—->
COCH3 k-] OH COCH3
10 T(;l
COCH;
P.h('ZH-CH\ B8 e prod. (2)
OH COCH;
Tou

strictly to the 10 = Tyy equilibrium while 1/7; repre-
sents slow conversion of Toy to Toy, with 10 == Ty
acting as fast preequilibrium. 1/r; and 1/, are thus given
by eqs 3 and 4, respectively. The plot of 1/7; vs [OH"]

= kOH[OH™] + PP (3)

1 KPOHT] .o

= —— 4
% 1+ KOH[OHT] @
yields &9 }} =50 x 102 M1 s, kH0 =81 x 10-3 57,
and K% = p0FRE0 = 6,17 M1 wh1le the plot of 1/r5 vs
[OH- ]y1e1dskHZ°—82 x 10~ 571 and K% = 4.04 M1,

The following considerations suggest that the rate
constants determined from Figure 1 are only approxi-
mate. (1) The agreement between the KO values ob-
tained from 1/t; and 1/v; is only fair. (2) kHzo kHZO
have nearly identical values; this violates the assumptmn
that 10 = Tgy is a rapid equilibrium compared to the
Touy — Toy step. (3) Except at very low base concentra-
tions, 1/7; and 1/7; differ by less than 5-fold, indicating
that the two steps are substantially coupled, as one would
expect if £%° and 23 had similar values. In such
situations the best procedure for evaluating the rate
constants is to plot the sum, 1/7; + 1/12, and the product,
(1/11) (L/ry), vs [OH-] instead of 1/7; and 1/7; individually.??
The appropriate expressions for the sum and the product

(23) We have refrained from including standard deviations for the
various parameters determined from eqs 36 because they do not take
into account the problems discussed in the preceding paragraphs and
hence vastly underestimate the true error in the rate constants; this
true error is unknown but probably at least +25%; see Table 2.
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Figure 2. Data in strongly basic solution. Plot according to
eq 5.
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Figure 8. Data in strongly basic solution. Plot according to
eq 6.

are given by eqs 5 and 6, respectively.

L1 pOHOH] + £HO 4 E0 5)

77 Tg

OH Hy0
T1Tz_k ko [OH] (6)

Plots according to eqs 5 and 6 are shown in Figures 2
and 3. The slight upward trend of the (1/11) (1/12) plot at
[KOH] > 0.2 M is most likely due to a salt effect; in
calculating the slope of the line the points at the five
highest concentrations were therefore omitted. Figure
2 yields k2% = 7.15 x 102 M~! 57! and #52° + 0 =85
x 1073 s - while from Figure 3 we obtain kOHk 0 =35
x 1074+ M~! 572, This allows calculation of kH2 =4.9 x
1073 5! and A™° = 3.6 x 1073 gt M from eq 5 is
about 40% thher, while kHzo and kH20 are both roughly
2-fold lower than those based on eqs 3 and 4; K0 =19.9
M-1is about 3-fold higher than that obtained from 1/11.
In the following text, the values derived from eqs 5 and
6 will be adopted.?®
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Table 1. Hydrolysis of Benzylideneacetylacetone in HC1
Solutions and Acetate Buffers®

buffer (BHL, M [B-, M pH 108k gpsg,? 871
HCl 0.01 099 £0.12
0.005 0.81 +£0.12
0.001 0.76 £ 0.15
CH3;COOH 0.05 0.01 3.88 1.35 +£ 0.05
0.01 0.01 4.59 1.41 +0.06
0.005 0.05 5.58 1.73 + 0.02
0.025 0.25 5.58 1.76 +£ 0.03

0.20 0.20 4.61 1.86¢

o In water at 25 °C, 4 = 0.5 M (KCl). ® Measured at 252 nm.
¢ Reference 24.

Measurements in Acidic Solution. Calmon et al.?
have determined the rate of hydrolysis of 10 in acetate
and formate buffers at pH 3.33—4.95. They found that
kobsd, the pseudo-first-order rate constant, was indepen-
dent of pH and buffer concentration and had a value
between 1.79 x 10~ and 1.95 x 1076 s~! at 25 °C and an
ionic strength of 1 M. This process was attributed to
rate-limiting water addition to 10, i.e., kgpsq = kll'120

We performed a few experiments in HCI solutions and
acetate buffers that essentially confirmed Calmon’s
results, but also revealed a subtlety not seen under the
conditions used in Calmon’s study. Our results are
summarized in Table 1. The &qsq values in HCl solution
are pH-independent and give an average of (0.85 £ 0.15)
x 1076 1. In the acetate buffers there is a slight non-
linear increase in kg with increasing buffer base
concentration which levels off around 1.75 x 1076 s-1,
This plateau value is very close to Calmon’s at pH 4.61
(last entry in Table 1) and is representative of the nine
acetate buffer experiments in Calmon’s study.

The fact that k.psq levels off indicates that the buffer
catalysis cannot be attributed to a class n% general base-
catalyzed water addition (kB[B] in Scheme I); in fact,
our results and those of Calmon show that the kB[B]
term is negligible.2® The most reasonable interpretation
of the buffer catalysis is that, in the absence of buffer,
water addition (kHzo) to the substrate a.nd carbon proto-
nation of Ty by the hydromum ion (&% ap in Scheme 1)
are co-rate limiting, because k, and k&' are of compa-
rable magnitude. Hence, treating Ty as a steady-state
intermediate yields a ks given by eq 7. In the presence

a0
obsd — 7H H (7
BB + kE
EEOkBq,, + REH(BH)) ®
b = L kg, + KU(BH]

of buffer eq 7 becomes eq 8 wh1ch for high buffer
concentrations (k5'[BH] + kfan+ > kX ay+) simplifies to
eq 9. From kohsg = (0.85 = 0.10) x 1076 (eq 7) and kopsq =

kopsa = k1% (9)

(1.75 £ 0.05) x 1078 (eq 9) one obtains kL/k™, = 0.94 +
0.25.

(24) Calmon, M.,; Arnaud-Lehujeur, B.; Calmon, J.-P. Bull. Soc.
Chim. Fr. 1972, 2314.

(25) (a) Jencks, W. P. Acc. Chem. Res. 1976, 9, 425. (b) Jencks, W.
P. Chem. Soc. Rev. 1981, 10, 345.

(26) As stated in the introduction, the kB[B] term is usually
negligible at low buffer concentrations.10-1€
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In conjunction with KO determined above, k. 1 =4.70
x 10 M~! s~} can now be calculated as k2, = kHzo/
KO with K520 = KUK 27 = 3.72 x 10-13 M.

pH-Jump Expenments. 10 was allowed to react
with 0.2 M KOH for about 2 min® to form Tgy. This
solution was then subjected to pH-jumps by mixing it
with HCI, acetic acid, or DABCO (1,4-diazobicyclo[2.2.2]-
octane) buffers. The ensuing reactions are represented
in Scheme 2. For pH-jumps into HCI solutions, we have
K™ « ay+, and Scheme 2 predicts a single kinetic
process with a reciprocal relaxation time given by eq 10.

% = KolgH 4 &) (10)

The results are in agreement with this expectation: pH
1.02, /7 = 0.14 + 0.04 s7%; pH 1.26, 1/z = 0.11 + 0.01

s, pH1.44,1/r=011+0.02s5pH1.74,1/r=0.11 £
0.01 871, With pK™" = 7.75 (see below) and using the
average value of 0.12 s~! for 1/7, we now obtain kH
kg =6.75 x 108 M1 571, In comblnatlon with the kH/
k2, ratio of 0.94 (see above) this y1elds kE, =3 48 X 106
M-! 571 and ki = 3.27 x 105 M-! 571, The kY, value
obtained by th1s method is remarkably close to kH =
4.70 x 10® M1 57! calculated on the basis of kHzo and
KH’O (see above).

For pH-jumps into acetate buffers, 1/ was measured
as function of acetate ion concentration at pH 3.56, 4.50,
and 5.30. A representative plot is shown in Figure 4.
The results are consistent with Scheme 2 for which 1/7
is now given by eq 11 (K™ is still < ag+ and £2Y i

nol
1 oLk, + K. + 5 *(BHD] =

T
nol

K RE, + k) + KBHkBH[B] (11)

negligible). The slopes of the lines are, within experi-
mental error, the same (19.2, 23.0, and 22.4 M1 s7! at
pH 3.56, 4.50, and 5.30, respectively) and give an average
value of 21.5 M~! 51, They correspond to K5/
KM with pKPH = 4.59 and pK=™ = 7.75 (see below) we
obtam ESH = 3.1 x 10* M-! g7, The intercept in the
plots of l/r vs [AcO~] are too small for accurate determi-
nation at pH 4.50 and 5.30, but at pH 3.56 the intercept
is seen to be approximately 0.11 s~! (Figure 4), in
excellent agreement with the HCI data.

@NKy; =187 x 10-4 M2 at u = 0.5 M. %8

(28) Harned, H. S.; Owen, B. B. The Physical Chemistry of Electrolyte
Solutions; Pergamon Press: Elmsford, NY, 1968; p 50.

(29) At longer times decomposition to benzaldehyde and acetylac-
etonate ion becomes significant.
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Figure 4. Data from pH-jump experiments into acetate
buffers. Plot of 1/7 vs [AcO~] according to eq 11.
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Figure 5. Data from pH-jump experiments into DABCO
buffers. Plot of 1/z vs [DABCOH?*] according to eq 12. O: pH
8.39.0: 9.36.

The pH-jump experiments into DABCO buffers were
conducted between pH 7.80 and 9.39. In one series of
experiments, 1/t was determined as function of buffer
concentration at constant pH. Figure 5 shows two
representative plots of 1/7 vs [DABCOH™*]. The plots have
intercepts that are 1ndlst1ngulshable from zero, which
implies that (8, + EiDay+ < kBH[BH] At these pH
values we can no longer assume that K < ay+, and
hence, 1/ is given by eq 12. The slopes of the plots at

nol

= KTkB[BH] (12)

pH 8.39 (Figure 5), 8.73 (plot not shown), 9.04 (plot not
shown), and 9.33 (Figure 5) are only slightly pH-depend-
ent, indicating that K§“°1 > gy+ in all experiments. By
plotting the reciprocal slopes vs ay+ according to eq 13

1
T

1 _ 1 . %
Slope - k?H KenolkBH 13)

(plot not shown) one obtains 25 = 31.1 + 1.6 M~! s}
since the dependence of slope~! on ay+ is very weak, only

Bernasconi et al.
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Figure 6. Data from pH-jump experiments into DABCO
buffers. Plot according to eq 14.

a very approximate value for pK=** (~8) can be calcu-
lated from these data. A more accurate pK:™ was
obtained from a second series of pH-jump experiments
in which the concentration of DABCOH* was held
constant at 0.10 M while the pH was varied from 7.80 to
9.39. These data can be described by eq 14. A plot

7[BH] = (14)

according to eq 14 is shown in Figure 6. It provides
kBH = 29.9 + 0.5 M~! s7, in excellent agreement with
the result from eq 13, and pK:™® = 7.75 £ 0.02.

Discussion

Mechanism. The mechanism shown in Scheme 1 is
well accepted for the hydrolysis of substrates of the
general structure 112916 and also specifically for the
hydrolysis of 10.17182¢ Qur results indicate that in a
strongly basic solution of 10, Tgy accumulates to a
detectable concentration. This gives rise to two measur-
able kinetic processes (1/t; and 1/12).

To a good approximation, 1/7; (eq 3) represents revers-
ible formation of Ty by OH™ addition to 10, while 1/7,
(eq 4) refers to conversion of Ty to benzaldehyde and
acetylacetonate ion; the fact that there is some coupling
between these two processes that necessitates the use of
eqs 5 and 6 to determine the rate constants more
accurately does not alter this conclusion in a major way.
The rate-limiting step for the conversion of Tgy to
products is carbon protonation of Toy. This contention
is supported by two lines of evidence. (1) Our pH-jump
experiments show that in DABCO as well as in acetate
buffers the rate of conversion of T }?H to products is
dominated by the buffer terms (kB in Scheme 1 or
Scheme 2), which is indicative of carbon protonation.30
(2) In strongly basic solution Calmon and Calmon!? have
shown that conversion of Ty to products is 7-fold
slower in DO than in H;O, consistent with a primary
kinetic isotope effect?% on carbon protonation of Ty
by water (k?’o in Scheme 1 or eq 2).

Alternative interpretations of 1/7; that are, in principle,
consistent with its pH-dependence are rate-limiting
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Table 2. Summary of Rate and Equilibrium Constants for the Hydrolysis of Benzylideneacetylacetone in Water at 25
°C, u = 0.5 M. Comparison with Benzylidenemalondialdehyde and Benzylidene Meldrum’s Acid

parameter PhCH=C(COCH3); 10 PhCH=C(CHO)* 9 PhCH=C(COO)2(CHjs).? 8
k?ﬂ, M-1g-1 7.15 x 1072¢ 223 745
k‘}io, gt 3.6 x 1073¢ 2.57 x 1077 3.37 x 10-%
KO = pQH/pB0 -1 19.94 8.66 x 108 2.00 x 108
K{ho =K‘1’HKWJ' 3.72 x 10-184d 1.62 x 1075 3.75 x 108
EE0 g1 1.75 x 10-6¢ 0.068 0.55
B, M-1s1 4.70 x 108¢ 4.2 x 108 1.47 x 105
pKSHzXY 9.01¢ «4.43 5.43%
K*I“ZNHK? 1.78 x 107124 477 x 1075¢

a Reference 16. % Reference 15. ¢ Estimated error +25%. ¢ Estimated error +40%. ¢ Reference 41. f Reference 42. € Reference 43.
h Reference 19. ! Bernasconi, C. F.; Fornarini, 8. J. Am. Chem. Soc. 1980, 102, 5329.7 Ky, = 1.87 x 1014 M2, ref 28. * Refers to formation

of T by amine addition, see text.
collapse of Ty (eq 15;3 eq 16 for KY¥[OH-] » 1), and

1 _ K K33k JOH ] 15)
7 1+ KPH[OH ]

L = gEOROH, (16)

Ty

rate-limiting oxygen deprotonation of Ty by OH~ (eq
17; eq 18 for K?H[OH‘] > 1). However, the first alter-

1 _ ROKEORSFIOH ) an
72 1+ KY[OHT]

L _ gopQm (18)
T2

native is inconsistent with buffer catalysis and the large
kinetic isotope effect. The second alternative is also
inconsistent with the isotope effect, because £J™ refers
to an oxygen to oxygen proton transfer that is expected
to be diffusion controlled.3” Furthermore, if the acetic
acid- and DABCOH"-catalyzed conversion of Tgy to
products is interpreted in terms of rate-limiting oxygen
deprotonation of Ty by DABCO and AcO-, respec-
tively, one calculates a £5*B°%/k5%" ratio of 19.9 which
is much smaller than the ratio of ~3.55 x 10* expected
for a thermodynamically unfavorable diffusion-controlled
proton transfer.®® Thirdly, the following consideration
shows that the numerical values obtained for 1/, are
much too low to be consistent with eq 18. Assuming that
the pK, of Ty (loss of carbon proton) is somewhat lower
than that of acetylacetone, 9.03, say by one unit (for
justification see below), this makes Ki2° ~ 10~ M.
With a k9" values of 210° M-! s71% this yields
K3°KJ" > 10° which is at least 5 orders of magnitude
higher than the experimental 1/7; values at high [OH"].

Calmon and Calmon!” originally proposed rate-limiting
collapse of T, (eqs 15 and 16) to account for the ob-
served rate law but, in order to explain the large kinetic
isotope effect, modified their proposal and postulated
rate-limiting collapse of Tgy concerted with oxygen
deprotonation by OH~ (transition state 11). However,
since oxygen deprotonation of Tgy by OH™ must be a
thermodynamically favored diffusion-controlled process,

the proposed mechanism violates Jenck’s libido rule3®4¢
and is therefore untenable.

In moderately acidic solution, the pH and buffer
independence of k. at high buffer concentrations is
consistent with rate-limiting k?’o, as already proposed
by Calmon et al.?* However, in the absence of buffer or
at very low buffer concentrations, carbon protonation of
Toy is co-rate limiting with the k52 step, as manifested
by somewhat lower rate constants and a leveling off of
kobsa at high buffer concentrations.

Structure—Reactivity Relationships. A. Nucleo-
philic Addition. Table 2 summarizes the rate and
equilibrium constants determined in this work along with
the corresponding parameters for benzylidenemalondi-
aldehyde (9) and benzylidene Meldrum’s acid (8). Among
the three compounds, 10 is by far the least electrophilic.
This is not surprising since the acidity of CH,XY which
should be an approximate measure of the activating
strength of the XY group is much lower for CHy(COCHjs),
(pK, 9.03)* than for CHy(CHO), (pK, < 4.39)*? and CH,-
(CO0);C(CHs), (pK, 5.43).# In fact, the Lewis acidity of
10 is more strongly depressed than the comparison of the

(30) Rates of proton transfer at carbon involving H3O*, H20, or OH-
are typically strongly depressed compared to what they would be if
they followed the Brgnsted plots defined by buffer acids or bases.3!
This means that in buffer solutions at pH values in the midrange of
the scale the rates are usually dominated by the buffer contribution,
especially if the Brgnsted coefficients are in the midrange, e.g.,
EEH[BH] » £J© + Ekfay+in our system. When buffer catalysis is due to
processes other than proton transfer at carbon the relative contribution
of the buffer to the overall rate is typically much smaller,25231.32

(31) Kresge, A. J. Chem. Soc. Rev. 1978, 2, 475.

(32) Jencks, W. P. Catalysis in Chemistry and Enzymology;
McGraw-Hill: New York, 1969; p 229.

(83) Keeffe, J. R.; Kresge, A. J. In Investigation of Rates and
Mechanisms of Reactions, Part I; Bernasconi, C. F., Ed;
Wiley-Interscience: New York, 1986; p 747.

(34) More O'Ferrall, R. A. In Proton Transfer Reactions; Caldin, E.,
Gold, V., Eds.; Wiley & Sons: New York, 1975; p 201.

(35) Melander, L.; Saunders, W. H., Jr. Reaction Rates of Isotopic
Molecules; Wiley-Interscience: New York, 1980; p 152.

(86) K0 = pHeO/p 0, gOH = pOHpHI0

(37) Eigen, M. Angew. é’hem., Int. Ed. Engl. 1964, 3, 1

(38) For an unfavorable diffusion-controlled proton transfer

k9*BCOR2<0” ghould be approximately equal to KAOH/gDABCORY 37

(39) The rule states that “concerted general acid—base catalysis of
complex reactions in aqueous solution can accur only (a) at sites that
undergo a large change in pK, in the course of the reaction and (b)
when this change in pK, converts an unfavorable to a favorable proton
transfer with respect to the catalyst, i.e., the pK, of the catalyst is
intermediate between the initial and final pK, values of the substrate
gite.”0 It is clear that transition state 11 violates part b of the rule.

(40) Jencks, W. P. J. Am. Chem. Soc. 1972, 94, 4731.

(41) Calmon, J.; Maroni, P. Bull. Soc. Chim. Fr. 1965, 2525.

(42) The pK, of the enol form of CHx(CHO); is 4.33 in 50% MesSO—
50% water.5 Since malonaldehyde is virtually 100% in the enol form,#
pKSHXY must be « 4,33

(43) Eigen, M; Ilgenfritz, G.; Kruse, W. Chem. Ber. 1965, 98, 1623.
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pKfH”XY values suggests: K> for 10 is about 107-fold
lower than for 8 and about 4 x 107-fold lower than for 9,
while the acidity of acetylacetone is only about 4 x 103-
fold lower than that of Meldrum’s acid; no direct com-
parison is available with malondialdehyde since it exists
virtually exclusively in the enol form.#

The additional loss of Lewis acidity of 10 relative to 8
and 9 may be attributed to steric effects. One problem
is that the PhCH(OH) moiety interferes with the copla-
narity of the carbonyl groups of the acetylacetonate anion
in Toy, which prevents full resonance development;
another is F-strain.#® Tgy derived from 9 should be
much less subject to either steric effect while the steric
effect that interferes with resonance in Tgy derived
from 8 should be relatively inconsequential because
resonance plays a minor role in benzylidene Meldrum’s
acid anions.*$47 The difference in the equilibrium con-
stants for piperidine addition to 10 vs 8 (K\K7 for
formation of T,)* (~3 x 107) is somewhat larger than
for OH--additidh (~107). This is consistent with a still
larger steric effect, due to the larger size of the PhCH-
(NR;) moiety.

Ph(fH-—Ci‘:—_
RN Y

Ta

Turning to the rate constants for OH~ addition, k?H
for 10 is much lower than for 8 or 9, as expected based
on the much smaller K?H value. An interesting ques-
tion is whether the low 22 and % values for 10 can
be entirely accounted for by the smaller thermodynamic
driving force or whether there is a kinetic effect contrib-
uting in the form of a reduced intrinsic rate constant (k,).8
This question is also relevant with respect to the abnor-
mally low k, value for amine addition to 10'® mentioned
in the Introduction.

A quantitative answer to the above questions cannot
be given because, in contrast to the reactions with
amines, k, for OH~ or water addition can only be
estimated. Nevertheless, a qualitative answer is possible.
Approximate intrinsic barriers, AG: may be calculated
by solving the Marcus*? equation, eq 19, for AG:; AGt is

# N . (MG
AG" = AG, + 0.5AG° + T 19)
16AG,
the free energy of activation that corresponds to k1°I'I or

kiizo, respectively, while AG° is the free energy that
corresponds to K2 or K%, respectively. The log k.
values obtained by applying the Eyring equation to the
calculated AG? values are summarized in Table 3. The
log k, values for water and OH~ addition to 3 and 6 are

(44) (a) Hiittel, R. Chem. Ber. 1941, 74, 1825. (b) Bothner-By, A.
A,; Harris, R. K. J. Org. Chem. 1965, 30, 254. (c) Dersch, R.; Reichardt,
C. Synthesis 1980, 940.

(45) (a) Brown, H. C.; Taylor, M. D.; Gerstein, M.; Bartholomay, H.
J. Am. Chem. Soc. 1944, 66, 431. (b) Brown, H. C. Science 1948, 103,
385.

(46) Arnett, E. M.; Maroldo, S. G.; Schilling, S. L.; Harrelson, J. A.
J. Am. Chem. Soc. 1984, 106, 6759.

(47) (a) Wang, X.; Houk, K. N. J. Am. Chem. Soc. 1988, 110, 1870.
(b) Wilberg, K. B.; Laidig, K. E. Ibid. 1988, 110, 1872.

KiK§
(48) K{K¥ refers to the reaction PhCH=CXY + R,NH - T, + H*.
(49) Marcus, R. A. J. Chem. Phys. 1965, 43, 679.

Bernasconi et al.

Table 8. Intrinsic Rate Constants Expressed as log &,
for Nucleophilic Addition of OH-, H;0, and Secondary
Alicyclic Amines to Various Olefins in Water at 25 °C

PhCH=CXY log k%2 log k%0 Iog pFNa
Dicarbonyl Activated
PhCH=C(COCHs); (10) -1.81¢ 1.35% 0.30¢
PhCH=C(CHO); (9) -1.7%¢ 1.34¢ 3.60¢
PhCH=C(COO0),C(CHs); (8) ~0.98 2.63 4.108
Others
PhCH=C(CN); (8) 0.96" 2.42% 4.94i
ArCH=CHNO; (6) -3.14* —0.63* 2.55

¢ RyNH = piperidine and morpholine in 50% Me;SO—50% water
at 20 °C. ® This work. ¢ Reference 19. ¢ Based on data from ref 16.
¢ Reference 5./ Based on data from ref 15. ¢ Bernasconi, C. F;
Panda, M. J. Org. Chem. 1987, 52, 3042. * Based on data from
ref 10. ! Bernasconi, C. F.; Killon, R. B. J. Org. Chem. 1989, 54,
2878.7 Ar = 3,4-methylenedioxyphenyl. * Based on data from:
Crowell, T. K,; Kim, T.-R. J. Am. Chem. Soc. 1978, 95, 6781, ! Ar
= phenyl: Bernasconi, C. F.; Renfrow, R. A.; Tia, P. R. J. Am.
Chem. Soc. 1986, 108, 4541,

also reported in Table 3, as are the intrinsic rate
constants for nucleophilic addition of piperidine and
morpholine to 3, 6, 8,9, and 10. The latter were obtained
in 50% Me;SO—50% water at 20 °C as log k*NH = Jog
EPNH _ g log KPNH with 2 . being the experimental
normalized Bregnsted coefficient.?!a<

The results in Table 3 can be summarized as follows.
(1) With respect to OH- addition, k0! is highest for the
dicyano derivative 3, lowest for the nitroolefin 6, and
intermediate for the dicarbonyl-activated substrates
8—10. This order reflects the relative zz-acceptor abilities
of the activating groups (strongest for nitro, intermediate
for dicarbonyl, and weakest for dicyano) in accordance
with the PNS.202! Within the family of dicarbonyl
activated olefins, k2% for 9 and 10 are essentially the
same but lower than for 8 by approximately 1 order of
magnitude. The fact that log k¥ for 9 is lower than for
8 was already commented upon earlier;'¢ it can be
explained in terms of a greater resonance contribution
to the stability of Tgy derived from 9, which depresses
log k%Y. The similarity in the log £°F values for 10 and
9 suggests that there may be a cancellation of two
opposing factors. One is the steric hindrance of the
m-overlap in Toy derived from 10 inferred from the low
K% value. This should reduce the £2"-lowering reso-
nance PNS effect and hence increase k2% relative to
that of 9. The other factor is the large F-strain in Tgy
derived from 10. If this strain is strongly developed in
the transition state, it should lower k,.

(2) The log kf’o values follow the same pattern as log
kM except that their absolute values are all substan-
tially higher than log k2" for all five compounds. One
likely reason for the difference between 520 and £0H is
that k0" is depressed by the strong solvation of
OH-;318051 gnother is enhancement of 22° for the water
reaction with 6, 8, 9, and 10, due to transition-state
stabilization by intramolecular hydrogen bonding to a
carbonyl or nitro oxygen,!! e.g., 18. Support for this view
comes from the fact that Alog k, = log k2° — log £OF is
substantially larger for these compounds (Alog &, 2.5—
3.5) than for benzylidenemalononitrile (Alog &k, = 1.46)
where no hydrogen bonding is possible.

(50) (a) Hupe, D. J.; Jencks, W. P, J. Am. Chem. Soc. 1977, 99, 451.
(b) Pohl, E. R.; Wu, D.; Hupe, D. J. Ibid. 1980, 102, 2759.

(51) Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.;
Nakamura, C. J. Am. Chem. Soc. 1982, 104, T045.
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(3) The relative intrinsic reactivities toward piperidine
and morpholine (kf”NH) are approximately the same as
toward OH- (k?H) for 3, 6, 8, and 9, but log kc,RgNH for 10
is abnormally low: it is about 3 orders of magnitude
lower than for 9 (while 9 and 10 have about equal log
kOH values) and even substantially lower than for 6.
The same conclusion was reached based on a correlation
of kFNH for amine addition to a series of olefins of the
type 1, with intrinsic rate constants for the deprotonation
of carbon acids of the type CH:XY by the same
amines.1®2tac gRNH for the reaction of 10! as well as
analogs such as 14 with R = CH;CHjs, (CH3),CH, and Ph*
showed a negative deviation of about 2.5 log units from
the correlation.#1%2! The results of the present study
thus provide independent confirmation of our earlier
inference that k8" for 10 is abnormally low. As
discussed in the Introduction, this depression of £FN"
has been attributed to a combination of late development
of intramolecular hydrogen bonding and early develop-
ment of steric strain in the transition state leading to
12.1° With respect to intramolecular hydrogen bonding,
it is important to understand the contrast between its
k.-lowering effect in the amine reaction and its k-
enhancing effect on the water reaction. In both reactions
there is stabilization of the transition state. In the water
reaction , this is the only effect since in the product (
Tow) the proton responsible for hydrogen bonding in the
transition state (13) is no longer present.5? In the amine
reaction there is also stabilization of the product (12)
which completely overshadows the stabilization of the
transition state and therefore leads to a lower k,.

B. Carbon Protonation of Ty and pK=™®. Our
resulits are reported in Table 4 along with rate constants
for the protonation of acetylacetonate ion (acac™) by
water, H;O™, and acetic acid.?® All rate constants are
somewhat lower than for the protonation of acac™ despite
the higher temperature.5* This is reasonable because the
basicity of Tqy is expected to be lower than that of

(52) As mentioned in the Introduction, since Tgy lacks the rela-
tively acidic NH* proton and the positive charge of 12, intramolecular
hydrogen bonding is expected to be too weak to noticeably affect &, for
OH-~ addition to 10.

(53) Bernasconi, C. F.; Bunnell, R. D. Isr. J. Chem. 1985, 26, 420.

(54) Data obtained at 27.5.°C at u = 0.1 M yielded very similar rate
constants,5 suggesting that the temperature effect is quite small or
compensated for by the difference in ionic strength.
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Table 4. Rate Constants, k?H, for the Carbon
Protonation of Tgy by Various Acids and pK=™ of Ty

BH Tou (25 °C) acac™ (20 °C¥
HIO® 3.0 x 108 1.42 x 107
AcOH® 3.1 x 10¢ 7.87 x 104
DABCOH* 31.1
H;0b 4.9 x 1073 1.26 x 10°1
pKe™e! 7.75 8.37

@ In units of M~! 571,  In units of s71. ¢ x = 0.5 M (KCl), ref 53.
acac™, due to the electron-withdrawing effect of the
PhCH(OH) moiety. In the case of Tgy derived from 8,
the pKS® of TSy is 1.9 units lower than that of Mel-
drum’s acid,'® while the pK°" of Ty derived from 4 is
0.5 units lower than that of 1,3-indandione.l! The
electron-withdrawing effect of the PhCH(OH) moiety on
Toy derived from 10 can be seen indirectly in the pK, of
Te! which is 0.6 units lower than that of the enol form
of acac.?® Apparently, this electron-withdrawing effect
outweighs the reduction in the resonance stabilization
of Toy caused by the steric effect of the PhCH(OH)
moiety.

Experimental Section

Materials. Benzylideneacetylacetone was available from a
previous study.!? Acetylacetone and benzaldehyde were dis-
tilled under dry nitrogen before use. DABCO was recrystal-
lized from hexanes. Reagent grade acetic acid was used
without further purification. KOH and HCl were “dilut it”
from Baker Analytical.

pH Measurements. All pH measurements were made at
25 °C using an Orion 611 Research pH meter equipped with
a Corning AgCl (No. 476022) and Beckman D-8U glass
electrode. For the stopped-flow pH-jump experiments the pH
was measured in mock mixing solutions.

Kinetic Measurements. Most kinetic experiments in
strongly basic solutions were monitored in a Perkin-Elmer
559A UV-vis spectrophotometer, although a few runs were
conducted in a Durrum D-110 stopped-flow spectrophotometer.
Typically, a substrate concentration of 5 x 108 M was used.
The reaction was followed at 270 or 275 nm for 1/r; and at
250 nm for 1/7;. All the pH-jump experiments were carried
out in the stopped-flow apparatus and monitored at 295—-300
nm (DABCO) or 270—275 nm (AcOH). The very slow reactions
of 10 in HC] and acetic acid buffers were run in thermostated
volumetric flasks with absorbance readings taken every 24 to
48 h for 15—-30 days, corresponding to about 2.5—5 half-lives.
kabsa for these reactions was evaluated by means of a curve fit
computer program that does not require the infinity value as
input parameter.
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