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organocuprate chemistry and the discovery that these copper
species are versatile reagents for other types of synthetic
transformations. Here zirconium alkenyls, normally inert to
«,B-unsaturated ketones, have been activated toward conju-
gate addition by the addition of a reduced nickel catalyst sys-
tem. Much of the chemistry of organozirconium reagent sys-
tems so activated remains to be studied. Further investigations
in this area will undoubtedly uncover new methods for acti-
vation of organozirconium compounds. This, in turn, will en-
able development of other carbon-carbon bond forming re-
actions and extend the utility of these organometallic re-
agents.46
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Abstract: General base catalysis of the hydroxylaminolysis of benzhydrylidenedimethylammonium ion gives a Brgnsted plot
that follows the Eigen curve expected for rate-determining trapping of the initially formed addition intermediate by proton
transfer to a buffer base or water. The solvent deuterium isotope effects for catalysis by oxy anions exhibit a maximum at the
break point of the Eigen curve, closc to the estimated pK, for the addition intermediate. This maxinum can be accounted for
by a partial change in rate-limiting step of the proton-transfer process near ApK = 0. Water shows a positive deviation from
the Brgnsted plot and a solvent isotope effect of ky1,0/kp,0 = 4.7 that provide additional evidence for the trapping mechanism.
The addition of glycerol increases the rate of the base-catalyzed reaction; much larger increases are observed with ethylene gly-
col and methanol. In contrast, the basc-catalyzed hydrolysis of the cationic imine follows « linear Brgnsted plot (8 = 0.24),
with a negative deviation for catalysis by water, and gives a constant value of k13,0/Ap,0 = 1.9 £ 0.2. A concerted mechanism

of buse-catalyzed attack by water is suggested for this reaction.

Evidence for catalysis of the transimination of 1 through
trapping the initial addition intermediate by buffer acids and
bases was provided by the observation of a change in rate-
determining step with increasing buffer concentration.? The
relative catalytic activities of different acids and bases are

0002-7863/80/1502-1340801.00/0

consistent with trapping through simple proton transfer to or
from the intermediate and with bifunctional acid-base catal-
ysis by carboxylic acids, but it was not possible to obtain a
satisfactory Brgnsted plot for the reaction because of the
change in rate-determining step.

© 1980 American Chemical Society
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We have now examined catalysis of the transnmmatlon of
2 in order to obtain more information about catalysis by proton
transfer in this relatively simple reaction. The transimination
of 2 with hydroxylamine is subject to general base catalysis®
and does not exhibit a change in rate-determining step with
increasing buffer concentration up to 0.6 M, presumably be-
cause the attacking amine is expelled more rapidly from the
initial addition compound in 2 than in 1.2 A stepwise mecha-
nism of general base catalysis by proton transfer has been ex-
amined by Benkovic and co-workers for the related reaction
of methoxyamine with an amidine.?

Experimental Section

Materials. Benzhydrylidenedimethylammonium ion (2) was pre-
pared by the procedure of Hauser and Lednicer? with the addition of
3 drops of sulfuric acid as a catalyst. Ethyiphosphonic acid was pre-
pared from the diethyl ester.® Organic reagents, except for acetic acid
and potassium acetate, were redistilled or recrystallized before use.
Glycerol and ethylene glycol were refluxed for 2 h over sodium, vac-
uum-distilled twice, and stored at 4 °C. Stock solutions of 90% glyc-
erol, ethylene glycol, and methanol were prepared by the addition of
organic solvent to 10 mL of water to give 100 mL final volume. Ace-
tonitrile was dried over molecular sieves. Glass-distilled water was
used throughout.

Methods. Reactions were followed spectrophotometrically at 300
nm after the addition of 0.05 mL of 0.006 M 2 in acetonitrile to 2.95
mL of reaction mixture that had been equilibrated in a thermostated
cell holder at 25 °C. The ionic strength was maintained at 1.0 M with
potassium chloride. Catalysis by buffers with <1 or >99% base was
examined in reaction mixtures that were buffered by either hydrox-
ylamine or 0.03 M methoxyacetate buffers. Solvent isotope effects
were measured in paralicl experiments in protium oxide and in deu-
terium oxide containing <2% water.

Pseudo-first-order rate constants were calculated from half-times
obtained from semilogarithmic piots of 4 — 4. against time, which
were generally linear for 4 half-times. Experiments with 2 were carried
out using a >20-fold excess and with 1 using a >14-fold excess of
hydroxylamine. Rate constants for hydrolysis, k14, were determined
from parallel experiments in the absence of hydroxylamine and ap-
parent second-order rate constants for the hydroxylamine reaction,
k', were calculated from &’ = (Kobsa = knya)/ [NH20H] . The con-
centration of hydroxylamine free base, [NH2OH]p, was calculated
from the total concentration of hydroxylamine added, the measured
pH, and the pK, of hydroxylamine hydrochloride under the conditions
of the experiment. The apparent (uncorrected) pK, values were found
to be 6.17 in water, 6.27 in deuterium oxide, and in the range 6.17-
6.42 in the aqueous-organic solvent mixtures at 25 °C, ionic strength
1.0 M (KCI). These values are based on pH-meter readings using a
glass electrode that was calibrated with standard aqucous buffers.
Applying a correction of 0.4 to the pH-meter readings in deuterium
oxide? gives pK, = 6.67 for ND3OD™ and an isotope effect of ApK
= 0.5, similar to previously reported values of ApK = 0.45 and
0.47.°

Catalytic constants based on total buffer concentration and hy-

droxylamine frec base concentration, kc,, were obtained from the
slopes of plots of k’ against the concentration of buffer. The same
procedure was followed for hvdroxviamine buffers, which gave non-
linear curves of kobsa against buffer concentration.! Catalytic con-
stants for the hydrolysis of 2, kh, were obtained from the slopes of plots
of knyq against [buffer]; the intercepts gave ko, the rate constant for
“uncatalyzed™ hydrolysis. Plots of kj against the fraction base of
different buffers gave &y at 100% base for catalysis by the basic form
of the buffer: no acid catalysis was observed.

The transimination of T with hydroxylamine was followed essen-
tially as described previously.? The limiting second-order rate con-
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stants of the attack step, k=, were determined from a series of runs
in 0.10-0.25 M hydrochloric acid. The curved plots of k" against buffer
concentration were linearized by the relation kcor = k7/(1 — k' /k »).?
The slopes of plots of k- against total buffer concentration gave the
apparent catalytic constants, k.

Estimated pK, Values of the Addition Intermediate. The pK, values
defined by eq | were estimated as described previousiy2 101! using p,

Rl\ et
6—N
Rl o,
HNH .
Zx, OH Nt
+
Ri_ CH, T? R,\ vy /CH
/f—N< AN
OH K, OH
T* \ ’//Kz T.F
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/C—-N\ (03]
RN CH,
OH
o

= 8.4 for the dissociation of substituted ammonium ions and published
substituent constants.!}.12

The value of pK} was estimated as 3.3, based on pK, = 5.96 for
CH3NH,;OH™.13 The decrease of 2.7 pK units is caused by the sub--
stitution of two phenyl groups (g; = 0.10) and a methylamino group
(o, = 0.10), and a correction of 0.02 for the additional methyl group,
from the difference in the oy values of CH(CH3); and CH,CH3. The
value of 6.6 for pK, was estimated from pK, = 9.76 for
CH;3NH(CH;),%, 4 corrected for the effects of two phenyl groups and
a hydroxylamino group (a1 = 0.18).!3 The value of pK4 = —1.5 was
obtained from pK; = 3.3 and an electrostatic effect of 4.8 units for
the additional charge in T2*.!! The value of pK3 is then 1.8, based on
the same electrostatic correction.

Results

The disappearance of 2 in the presence of buffers and excess
hydroxylamine follows the rate law

kobsd = ko + ky[A~] + k,[NH-OH] + kg[NH,OH][A™]
(2)

Catalysis of the hydroxylaminolysis reaction by acetate buffers
in water and deuterium oxide is shown in Figure 1. There is
significant catalysis by two ionic forms of phosphate, ethyl-
phosphonate, and cacodylate buffers and the separation of the
catalytic constants for the two forms is illustrated for caco-
dylate buffers in Figure 2. All of the other buffers examined,
which have only a single ionization, show catalysis by the basic,
but not the acidic, species of the buffer. The rate constant, k,,
for the “uncatalyzed” water reaction was determined from
experiments at low hydroxylamine concentrations as shown
in Figure 3. The value of k,, was found to be independent of pH
in the range 3-7. Rate constants for the buffer-catalyzed hy-
drolysis of 2 were determined in a parallel series of experi-
ments, as illustrated for methoxyacetate buffers in Figure 4.
The results for catalysis of the hydroxylaminolysis reaction in
water and deuterium oxide are shown in Tables | and 11 and
catalytic constants for the hydrolysis of 2 are shown in Table
111. The rate constant ko, for the buffer-independent hydrolysis
of 2, was found to be independent of pH in the range of pH 3-6,
in agreement with earlier results.?

Catalysis of the transimination reaction by ethylphospho-
nate dianion is slightly accelerated in the presence of 30%
glycerol and greatly accelerated by 30% methanol (Figure 5).
Similar results for catalysis by a series of ethylphosphonate
buffers in aqueous-organic solvents are summarized in Table
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Figure 1. Dependence on the concentration of acetate buffer, 50% anion,
of the second-order rate constant &’ = (kopsa — knya)/[NH20H] g for the
hydroxylaminolysis of 2 in water (O) and deuterium oxide (O) at ionic
strength 1.0 M (KC1), 25 °C.
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Figure 2, Dependence on buffer composition of the third-order rate con-
stants for the hydroxylaminolysis of 2 catalyzed by cacodylate buffers in
water (O) and deuterium oxide (O) at ionic strength 1.0 M (KCl), 25
°C.

IV. Similar, but somewhat smaller, rate increases in the
presence of organic solvents occur with hydroxylamine as the
catalyst (Table V).

Rate constants for the transimination of 1 were examined
in acetate buffers in water, 45% glycerol, and 45% methanol.
Rate constants for the buffer-independent attack step, k., and
for catalysis by acetic acid, k, and acetate ion, kg, are shown
in Table VI,

Discussion

The Brgnsted plot for general base catalysis of the transi-
mination reaction of 2 with hydroxylamine, shown in Figure

0.20

0 2 4 [3 8 012 14xi073M

[NH20H(NDLOD)]
Figure 3. Dependence of k* for the hydroxylaminolysis of 2 on hydroxyi-

amine concentration in water (©) and deuterium oxide (@) at ionic
strength 1.0 M (KCl), 25 °C.

30

khyd (104s7')

" | " 1 " 1 i L
02 04 06 08 IO0OM
[CH,OCHZCOOH(D)]'O'

Figure 4. Dependence of the rate constants for the hydrolysis of 2 on the
concentration of methoxyacetate buffers, 60 (circles), 80 (squares), and
90% (triangles) anion, in water (open symbols) and deuterium oxide
(closed symbols) at jonic strength 1.0 M (KCl), 25 °C.

6, is nonlinear and has the shape that is expected for a simple
proton transfer reaction between electronegative atoms in
water, as described by Eigen.!® The statistically corrected!’
rate constants show no significant deviations from the line for
catalysts of differing structure or charge, except for a positive
deviation of the point for water.!® The rate constants for un-
charged cacodylic acid and for the monoanions of phosphate
and ethylphosphonate fit the Brgnsted plot, Thus, catalysis by
these species (Figure 2, Table 1) can be accounted for by the
same mechanism of general base catalysis as the other cata-
lysts. There is no detectable general acid catalysis by any of
the buffers examined. The lower curve in Figure 6 describes
rate constants for the same catalysts in deuterium oxide.
These Brgnsted curves support the mechanism of eq 3 in
which the addition intermediate Ty is formed in a rapid
equilibrium step (K ), the rate-limiting step is the trapping of
this intermediate by proton removal (k,) in order to prevent
reversion to starting material (k_) and the protonation and
expulsion of the leaving dimethylamine (k3 and k4) are fast.
The observed rate constants for general base catalysis, kg, are
then equal to K k2. An alternative mechanism in which the
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Table 1. General-Base-Catalyzed Transimination of 2 and
Hydroxylamine®

kcal kcdt kcat

frac- concn (H,0), (DZO) (H,0)/
tion range,? M-2 kecat
catalyst base M s s‘l (D,0)
CI,CHCOO~ 0.99¢ 0-0.44 0.21 0.11 1.91
0.99¢ 0-0.44 0.14 0.07 2.00
Fr,CHCOO~ 0.99¢ 0-0.70 0.18 0.10 1.80
0.99¢ 0-0.70 0.20 0.12 1.67
CNCH,COO0- 0.90 0.10-0.50 1.00 045 222
0.954 0-0.50 1.05 0.50 2.10
CICH,COO~ 0.80 0.14-0.34 1.35 0.55 245
0.85 0.14-0.34 1.35 0.54 250
0.85 0.10-0.50 1.55 0.60 2.58
0.90 0.10-0.50 1:.55 0.65 2.38
CH30CH,COO~ 0.60 0.30-0.60 3.3 1.4 2.36
0.80 0.30-0.60 4.0 2.0 2.00
0.90 0.10-0.30 4.5 1.8 2.50
CH3CO0O- 0.20 0.10-0.40 3.5 1.8 1.94
0.20 0.10-0.40 3.7 2.1 1.76
0.50 0.10-0.40 8.4 4.4 1.91
0.80 0.10-0.40 13.5 6.2 2.18
(CH3)»As05~ 0.014 0-0.74 1.10 0.34
0.20 0.10-0.40 6.4 2.8
0.80 0.04-0.20 19.0 10.0 1.90
EtPO;2- 0.10 0.03-0.08 5.6 3.0 1.86
0.10 0.025-0.10 6.5
0.20 0.05-0.25 9.7
0.40 0.025-0.10 15.2
0.60 0.01-0.06 26.i 16.0 1.63
0.80 0.025-0.10 29.0
0.90 0.025-0.10 393
HPO42- 0.0034 0-0.50 1.70 0.70 2.42
0.005¢  0.05-0.50 1.58
0.50 0.05-0.20 i3.8
NH,0H 0.10 0.01-0.06 1.20 0.30¢ 4.0

2 Jonic strength 1.0 M (KCl), 25 °C. # Range of total buffer con-
centration. © The pH was held constant with 0.50 M NH,OH
(ND,OD), serving as both buffer and nucieophile. 4 The pH was held
constant with 0.03 M methoxyacetate buffer. ¢0.01-0.16 M
[ND,ODY]; the pH was held constant with 0.03 M acetate buffer.

HONH, + P

AN + i + I
C=N< — HONHz—(IJ—N\/\

T,
k(A7) | / kslAH] H*

=== HONH—(C—N_ ==—= HONH—(C—N—
k_.[AH] | N koslaT]

T° T,

k, / +,/
— = + H,N
HON: C\ 2 N 3)

rate-limiting step is the protonation of TO by a buffer acid (k3)
is kinetically equivalent to this mechanism. However, the Eigen
curve for a simple proton transfer reaction shows a break when
the pK values of the catalyst and substrate are equal'® and the
break in the Brgnsted curve of Figure 6 is at pK, = 2,85, which
is close to the estimated pK, of 3.3 for T,* (Experimental
Section). This supports rate-limiting proton removal from T,*
rather than rate-limiting proton transfer to form T,*, which
has an estimated pK, of 6.6. This conclusion is in agreement
with the generalization that rate-limiting proton transfer in
this type of reaction will involve the step that is immediately
adjacent (in time) to the attack or expulsion of the less basic
amine molecule.?

The rate-limiting proton transfer step (k) can itself be di-
vided into three steps, as described by Eigen:'®
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k' (M7's™)
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0.20M
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Figure 8. Dependence of k° for the hydroxylaminolysis of 2 on the con-
centration of ethylphosphonate buffer, 10% dianion, in water (0), 30%
glycerol (O), and 30% methanol (A) at ionie strength 1.0 M (KCl), 25
°C.

Table I1. Catalytic Constants and Isotope Effects for General Base
Catalysis of the Transimination of 2 and Hydroxylamine®

kp(H20), kp(D20), kp(H20)/
catalyst pKa M-25-t M-251 kg(Dy0)
CI,CHCOO~ 1.03% 0.14-0.21 0.07-0.11 1.91-2.00
F,CHCOO~ 1.13¢ 0.18-0.20 0.10-0.12 1.67-1.80
H,PO4~ 2.084 1.70 0.70 2.42
CNCH,COO~ 2.23¢ 1.1 0.50 2.22
CICH,COO~ 2.65¢ 1.71 0.70 2.44
CH3;0CH,CO0O~ 3.33¢ 5.2 2.65 2.26
CH,CO0O~ 4.60¢ 16.5 8.0 2.06
(CH3)3As05~ 6.15/ 26.1 12.9 2.02
EtPO;2~ 7.60¢ 39.5 264 1.50¢
H,0 -1.74 25X 047 X 4.67
10-3 h 10-3 h
(CH3);AsOzH 1.774 1.10 0.34 3.23
EtPO;H~ 2.23¢ 1.6-2.4 0.80 ~2.2i
NH,0H 6.17/ 12.0 3.0 4.0

4 lonic strength 1.0 M (KCl), 25 °C. ¢ Potentiometric titration.
¢ Sayer, J. M.; Jencks, W. P. J. Am. Chem. Soc. 1969, 9/, 6353-6361.
4 Young, P. R.; Jencks, W. P. Ibid. 1978, 100, 1228-1235. ¢ Rosen-
berg, S.; Silver, S. M.; Sayer, J. M.; Jencks, W. P. Ibid. 1974, 96,
7986-7998. / Saver, J. M.; Jencks, W. P. [bid. 1973, 95, 5637-5649.
2 Extrapolated to 100% dianion (Table 1). # Third-order constant:
kg = kn/55.5M =0.14/55.5=25X 1073 M~2/s~} (H,0); kg =
0.03/55.5 = 0.47 X 10=3 M~2 s=! (D,0). ! Approximate value.
J Jencks, W, P; Gilchrist, M. J. Am. Chem. Soc. 1968, 90, 2622
2637.

Tt+ A - = T+A‘——*T°HA -—*T0+HA 4)
k—a kp k-b

For strong bases proton transfer occurs at almost every prop-
erly oriented encounter, k, is rate limiting, and the catalytic
constants are independent of basicity. For weak bases the
corresponding step, k _y, is rate limiting in the reverse direction,
kp is rate limiting in the forward direction, and the Br¢nsted
plot approaches a slope of 1.0. In the region near ApK = 0 the
kp step becomes partly rate determining and the observed rate
constants fall below a curve that is based on only the k, and ky,
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Table III. General Base Catalysis of the Hydrolysis of 24
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H,0 D,O
fraction 10%ky,, 10%u,°¢ 10%,, 10%y,¢ ku(H20)/
catalyst base concn range,® M M-1s-l M-l M-t M-lg-t ku(D>0)
CIL,CHCOO~ 0.90 0.20-0.40 0.50 0.56 0.25 0.27 2.1
CNCH,COO~ 0.85 0.20-0.40 0.90 1.12 0.60 0.66-0.77 1.6
0.90 0.20-0.40 1.0 0.70
0.954 0.20-0.40 1.1
CICH,COO~ 0.80 0.14-0.34 1.0 1.26 0.60 0.66-0.72 1.8
0.85 0.14-0.34 1.0 0.60
0.90 0.20-0.40 1.2 0.50
CH;0CH,CO0~ 0.60 0.30-0.50 1.8 2.44 0.80 1.32 1.8
0.80 0.30-0.50 1.9 1.0
0.90 0.10-0.25 2.2 1.2
CH;COO0~ 0.50 0.14-0.34 1.25 2.70 0.50 1.27 2.1
0.80 0.10-0.30 2.25 1.15
(CH3)>2As05~ 0.20 0.20-0.40 3.2 10.5 1.3 5.76 1.8
0.80 0.07-0.16 8.7 4.6
EtPO;3~ 0.10 0.03-0.07 5.3¢ 21.4¢ 4.3¢ 9.0¢
0.60 0.01-0.05 13.0¢ 7.0¢
H,0 0.027/ 0.0134 2.1

“ lonic strength 1.0 M (KCl), 25 °C. ® Range of total buffer concentration. ¢ Obtained by extrapolation to 100% base form of catalyst.
“ The pH was held constant with 0.03 M methoxyacetate buffer. ¢ Approximate values. / Second-order constants obtained as kn = ko/55.5
M =0.15X1073/555 =0.027 X 1074* M~ s~} (H;0); ky = 0.071 X 1073/55.5=0.013 X 1074+ M~ s~! (D,0).
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Figure 6. Brgnsted plot for general base catalysis of the hydroxylaminolysis
of 2 in water (upper line) and deuterium oxide (lower line) by carboxylate
ions (O, O), other oxygen bases (@, ), hydroxylamine (A, ¥), water (A),
and deuterium oxide (¥) at ionic strength 1.0 M, 25 °C. The solid lines
were calculated from eq 5.

steps. This k,, step involves the proton transfer itself (which
may take place through one or more intermediate water mol-
ecules) and any associated solvation changes. The upper line
in Figure 6 was calculated!® from the equation

K kak ko
kg = P
7 kokp + k—ako + k—ok—p )

basedon K; = 1.34 X 1079M~! k,= kp = 1010M -1~ k_,
= kp=10""s7! log kp = 10.3 + 0.5ApK, and log k_, = 10.3
— 0.5ApK, with ApK = pKapy — 2.85. The calculated line
shows good agreement with the observed catalytic con-
stants.

The positive deviation of the rate constant for catalysis by
water from the Brgnsted line (Figure 6) and the large solvent
isotope effect for water of ky,0/kp,0 = 4.7 (Table 1) provide
additional evidence for the mechanism of eq 3 and 4. The
rate-limiting step of the water-catalyzed reaction is the dif-
fusional separation of H;O* from T with the rate constant

Table IV. Effects of Solvents on the Catalytic Constants for the
Ethylphosphonate-Catalyzed Transimination of 2 and
Hydroxylamine?

EKPO:;Z_
fraction keas kg,®
solvent (v/v) base M-2s-! M-2s~!
30% glycerol 0.1 8.5 71
0.4 29.0
0.6 43.4
45% glycerol 0.1 11.9 88
0.4 352
0.6 55.0
60% glycerol 0.1 13.4 105
0.4 511
0.5 59.3
0.6 59.3
30% ethylene glycol 0.8 86 107¢
45% ethylene glycol 0.8 138 172¢
60% ethylene glycol 0.4 146 360¢
10% methanol 0.2 13.0 48
0.4 21.5
0.6 30.2
30% methanol 0.1 23.1 137
0.2 32.6
0.4 60.8
45% methanol 0.1 47 339
0.2 77
0.4 144

@ Tonic strength 1.0 M (KCI), 25 °C; the range of buffer concen-
tration was 0.02-0.08 or 0.02-0.15 M. ¢ Obtained by extrapolation
to 100% base form of ethylphosphonate. ¢ Determined from k¢, and
an estimated third-order rate constant for catalysis by EtPO3;H~

ky (eq 4); in the reverse direction this step is the diffusion-
controlled encounter of H;O* and T°. Water generally falls
on or below the Brgnsted plot for most mechanisms of general
base catalysis, but it is expected to fall above the line for simple
rate-limiting proton transfer reactions because of the rapid rate
of facilitated diffusion of the proton away from as well as
toward a base!® (it is readily shown that a positive deviation
from a Brgnsted plot of the rate constant for an acid in one
direction of a reaction requires an equal deviation of the rate
constant for the conjugate base in the other direction).

The large solvent deuterium isotope effect is expected from
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Table V. A Comparison of the Effects of Organic Solvents on the
Transimination of 2 and Hydroxylamine Catalyzed by
Ethylphosphonate and Hydroxylamine?

NH,OH EKPO:;Z_
ks/q,%¢ kp/q,°
solvent M-2g-1 M-25-1
water 12.0 13.2
45% glycerol 2i.4 29.4
45% methanol 52.9 113

2 Jonic strength 1.0 M (KCl), 25 °C. ¢ kg determined as described
in Figure 3. ¢ Statistically corrected.!’

Table VI, Effects of Solvents on Catalysis of the Transimination of
1 and Hydroxylamine by Acetate Buffers?

kot fraction 103k cats
solvent M—ts—! base M~25-1
water 530 0(ka)e 3.3
20 4.7
30 7.5
80 9.5
100 (kg)9 11.5
45% glycerol 887 0(ka)© 33
20 5.3
50 8.4
80 1.5
100 (kg)4 13.7
45% methanol 1830 0(ka)€ 5.0
10 5.8
20 13.8
30 14.2
40 17.5
30 23.4
100 (kg)? 40.3

4 lonic strength 1.0 M (KCl), 25 °C. # Rate constant for the un-
catalyzed addition step, determined in 0.1-0.25 M hydrochloric acid
solutions. ¢ Rate constant for buffer acid catalysis, obtained by ex-
trapolation to 100% acid. 4 Rate constant for buffer base catalysis,
obtained by extrapolation to 100% base.

the known equilibrium isotope effects for the dissociation of
acids. The equilibrium isotope effect on the proton-transfer
step T|* = T%L30% is expected to be similar to the value of
K110/ Kp,0 = 3.2 for the dissociation constants of NH;OH*
and ND;OD™. Since this step occurs before the rate-limiting
separation of T9 and L3O (ky, eq 4), the equilibrium isotope
effect for this step will appear in the observed rate constant.
The difference between this value of 3.2 and the observed
isotope effect of 4.7 probably reflects a decrease in the rate of
facilitated diffusion in deuterium oxide. Water occupies a
special position as a general base catalyst with respect to sol-
vent isotope effects for this mechanism of catalysis, because
there is little or no solvent isotope effect for the equilibrium
transfer of a proton between a protonated intermediate and
most other bases.

The solvent isotope effects for catalysis by carboxylate ions
and other oxyanions exhibit a maximum near pK = 2.9 (Figure
7). The solid line in Figure 7 and the lower line in Figure 6 were
calculated from eq 5 assuming a constant isotope effect of
kw,0/kpy0 = 3.0 for the kpand k_j steps and a 20% decrease
in the rate constants for the diffusional steps in deuterium
oxide.2® The calculated line provides a satisfactory fit to the
data for carboxylate catalysts (open circles, Figure 7), but only
a limited quantitative significance should be attached to this
agreement in view of the scatter of the data and the fact that
the parameters in eq 5 can be varied somewhat without dis-
turbing the agreement seriously.?!

This solvent isotope effect maximum near the calculated pK
of T;* provides further evidence in support of the mechanism
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Figure 7. Solvent deuterium isotope effects on the general-base-catalyzed
hydroxylaminolysis of 2 by carboxylate (©) and other oxy anion (A)
catalysts. The bars represent the estimated errors for the determination
of kg from plots such as thosc in Figure 2 and the connected circles rep-
resent experimental points determined at 99% anion. The solid line was
calculated from eq 5 as described in the text.

of eq 3 and 4 and suggests that the k step is kinetically sig-
nificant. A similar isotope effect maximum has been observed
for catalysis of the addition of methoxyamine to p-methoxy-
benzaldehyde by trapping the addition intermediate T* with
general acids.?2 The isotope effects in these reactions can be
accounted for entirely by a change in rate-limiting step with
a constant isotope effect on the k, step, which has its maximum
effect on the observed catalytic constant at ApK = 0. However,
the results are also consistent with a maximum in the isotope
effect for the k; step itself with changing pK of the catalyst.
Evidence for such a change in isotope effect has been obtained
for general acid catalysis of the addition of methoxyamine to
phenyl acetate through a preassociation mechanism.?? The
small limiting isotope effects that are approached for strong
and weak base catalysts are consistent with predominantly
rate-limiting diffusional steps, k, and kv, for these catalysts
and a small or negligible equilibrium isotope effect for the
addition of hydroxylamine to 2 in the K, step, which is expected
to involve little or no change in the fractionation factors for the
protons of hydroxylamine.2* The solvent isotope effects for the
uncharged bases hydroxylamine and cacodylic acid are larger
than those for oxy anion bases of comparable pK (Table I1).
A similar difference between the isotope effects for nitrogen
and oxy anion bases has been observed by Kresge and co-
workers in the decomposition of nitramide catalyzed by strong
bases, for which the proton-transfer step is believed to be
partially rate determining.? It is not certain whether these
differences are a consequence of the difference in the charge
or the nature of the proton-accepting atom in these bases.

The absence of a change in rate-limiting step in the presence
of up to0.16 M cacodylate anion givesa valueof k_| 1.6 X
10° s~ for expulsion of hydroxylamine from T,*, calculated
as described previously? and taking k-, >10k,[A~]: this may
be compared to a value of k- >4 X 107 s~} for 1.2 Assuming
equal values of k, for cacodylate anion for the reactions of 1
and 2, the ratio of the observed catalytic constants gives a more
favorable value of K, for hvdroxylamine addition to 1 by a
factor of 5.8 X 102 This may be compared to an estimated
difference of 7 X 104 between the equilibrium constants for
hydration of benzaldehyde and benzophenone;*¢ the p-me-
thoxy substituent on 1 contributes to the smaller ratio for the
hydroxylamine reaction with 1 and 2.

Hydrolysis Reaction. General base catalysis of the hydrolysis
of 2 presents an entirely different picture that is consistent with
a concerted mechanism of catalysis, as suggested previously.?
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Figure 8. Brgnsted plot for general base catalysis of the hydrolysis of 2 in
water (upper line) and deuterium oxide (lower line) by carboxylate ions
(O, O), other oxygen bases (@, W), water (A), and deuterium oxide (W)
at ionic strength 1.0 M, 25 °C.

The Brgnsted plot for oxy anion bases is linear, rather than
curved, with 3 = 0.24 (Figure 8). The solvent isotope effects
are constant within experimental error at ky,0/kp,o = 1.9 %
0.2 and show no indication of a trend or isotope effect maxi-
mum with changing pK (Table 111). The rate constant for
catalysis by water shows a negative deviation from the
Brgnsted line, rather than the positive deviation that is observed
in the hydroxylaminolysis reaction. This negative deviation
could result from a favorable electrostatic interaction?’ of the
oxy anion bases with the positively charged transition state for
attack of water on 2. All of these data are consistent with the
transition state
R
H/ N

for a concerted reaction mechanism. This appears to be the
characteristic mechanism for general acid-base catalysis of
the addition and expulsion of ROH at electrophilic carbon
centers.?® The constant Brgnsted coefficient and isotope effect
suggest a constant amount of proton transfer in the transition
state, with changing acid strength, which is consistent with the
behavior that is expected for the transition state of a concerted
reaction on a three-dimensional reaction coordinate-energy
diagram.?®

Solvent Effects. A comparison of the effects of glycerol,
ethylene glycol, and methanol on the rate constants for catal-
ysis by ethylphosphonate dianion of the reaction of 2 with
hydroxylamine (Table 1V) is consistent with the trapping
mechanism of eq 3 and 4, but does not provide strong support
for the mechanism because of the uncertainties introduced by
large solvent effects on the rate. As shown in Figure 9, glycerol
causes a small increase in the observed rate constants (open
circles), rather than the expected decrease with increasing
viscosity that is expected for a diffusion-controlled reaction.
However, much larger increases in kp are found with the less
viscous ethylene glycol (triangles) and methanol (squares) as
cosolvents. The ratios of the rate constants in glycerol and
methanol at the same fraction organic solvent {v/v) follow
approximately the expected inverse dependence on solvent
viscosity that is expected for a diffusion-controlled reaction,
but this result is of doubtful significance because it is unlikely
that methanol is a satisfactory model for the “solvent effect”
of glycerol on the rate in the absence of viscosity effects.

Catalysis of the reaction of 1 with hydroxylamine, which is
also believed to proceed through a trapping mechanism,? shows
similar behavior with little or no effect of 45% glycerol on the
rate constant for catalysis by acetic acid and acetate ion, and
a larger increase of these rate constants in the presence of 45%
methanol (Table VI). Again, a clear-cut conclusion is difficult
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Figure 9. The effect of glycerol (Q), ethylene glycol (4), and methanol
(O) on kg for catalysis of the hydroxylaminolysis of 2 by ethylphosphonate
dianion at ionic strength 1.0 M, 25 °C.

because of the small magnitude of the changes and the obser-
vation of somewhat similar effects of these solvents on the
uncatalyzed step at high buffer concentrations (k, Table V1).
It is possible that diffusional steps are only partially rate lim-
iting for these catalysts.

The rate increases in the presence of methanol and other
organic solvents represent a stabilization of the addition in-
termediates, T*, and the transition states for their reactions,
relative to hydroxylamine and the cationic imines 1 and 2, but
the reason for this differential stabilization is not known. The
intermediate T+ is a protonated hydroxylamine derivative and
some of the stabilization may reflect the stabilization of pro-
tonated “a-effect” compounds, by about 100-fold, relative to
the free amine in methanol compared with water,?® but only
a small increase in the apparent pK of hydroxylamine itself was
observed in the aqueous alcohol solutions examined here
(Experimental Section). This stabilization may reflect, in part,
a more favorable solvation of the protons on amine cations by
alcohols than by water.39 Pollack and co-workers have shown
that cationic protonated imines are destabilized by up to
1000-fold relative to the uncharged imines in the presence of
organic solvents, whereas there is a much smaller effect on the
pK. of the protonated parent amine.?! The solvent effects are
not caused by destabilization of the ethylphosphonate dianion,
because similar effects are observed with the neutral base,
hydroxylamine (Table V). It was also found that 45% methanol
causes a fourfold increase in the pH-independent rate constant
for the hydrolysis of 1, which can be attributed to the same
destabilizing effect of the organic solvent; however, 45%
glycerol has no effect on this rate constant.

Acid Catalysis and Bifunctional Catalysis. In contrast to the
transimination of 1 with hydroxylamine, the transimination
reaction of 2 shows no detectable catalysis by the proton or
carboxylic acids. Catalysis by carboxylic acids in the reaction
of 1 was attributed to bifunctional acid-base catalysis of proton
transfer after rotation or inversion of the initially formed
product 3a to 3b, in which the proton donor and acceptor are
on the same side of the molecule.? The formation of 3a as the
initial product is in agreement with the principle of stereo-
electronic control, but the rapid isomerization to 3b and the
kinetically significant proton transfer step are inconsistent with
other parts of this hypothesis.3?

Inspection of molecular models shows that the spp confor-
mation 3b of the addition compound of 2 has unfavorable
nonbonded interactions between the two phenyl groups and
two methyl groups. This provides an explanation for the failure
of the dimethylamino group to undergo rotation or inversion
to this structure and, hence, for the absence of bifunctional
catalysis. The absence of detectable acid catalysis may be at-
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tributed to the difficulty of protonating the weakly basic,
hindered dimethylamino group of T}, so that base-catalyzed
proton removal from the hydroxylammonium group of T, is
the lowest energy, observed reaction pathway. The two phenyl
groups interfere with the approach of an acid to the dimeth-
ylamino nitrogen atom and are likely to lower the pK, of this
group even below the estimated value of 1.8 by providing an
unfavorable nonpolar environment to the protonated species
in T2*, so that protonation of the dimethylamino group occurs
only after the deprotonation of T;* to give the more basic
TO,
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Abstract: The intrinsic stereoelectronic properties of the protonated, CH(OH);NH3*. and deprotonated, CH(OH)(NH,)O~,
model species for acid- and base-catalyzed decomposition of the tetrahedral intermediate in amide hydrolysis have been com-
puted: nitrogen protonation leads to selective weakening of the C-N bond; hydroxyl deprotonation causes unselective weaken-
ing of both C-N and C-OH bonds; both effects are subject to strong conformational dependence. The conformational depen-
dence of these effects is of the same magnitude as the effect of protonation itself. With respect to the neutral species, acid ca-
talysis enhances both the reactivity and C-N/C-O selectivity of the C-N cleavage; on the other hand, base catalysis facili-
tates the cieavage of both the C-N and C-OH bonds but not the selectivity. Furthermore, the effects are larger for acid cataly-
sis than for base catalysis. A limited study of the influence of binding to metal ions and of hydration has been performed. Coor-
dination of Mg?* o the nitrogen site of CH»(OH)NH; leads to effects similar to protonation. Hydration of CHo(OH)NH 3+
by a water molecule slightly decreases the magnitude of the stereoelectronic effects. The results are discussed with respect to
experimental resuits on amide hydrolysis and enzyme-catalyzed reactions. They also give information about the stereochemis-

try of proton-transfer reactions.

Amide hydrolysis, a reaction of fundamental importance
in chemistry and biology, proceeds via a tetrahedral interme-
diate whose properties have been shown by previous experi-
mental! and theoretical?? work to be subject to control by
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conformation-dependent stereoelectronic effects.

The theoretical results for neutra/ aminodihydroxymethane,
CH(OH),NH; (1-15)(T®), show that bond lengthening and
weakening occur in those conformations where the bond under
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