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Abstract: The kinetics of the proton-transfer reactions between 1-nitro-1-(4-nitrophenyl)ethane YPE

and hydroxide ion in water/acetonitrile (50/50 vol %) were studied at temperatures ranging from 289 to 319
K. The equilibrium constants for the reactions are large under these conditions, ensuring that the back reaction
is not significant. The extent of reaction/time profiles during the first half-lives are compared with theoretical
data for the simple single-step mechanism and a 2-step mechanism involving initial donor/acceptor complex
formation followed by unimolecular proton transfer and dissociation of ions. In all cases, the profiles for the
reactions of both NNPEand NNPE deviate significantly from those expected for the simple single-step
mechanism. Excellent fits of experimental data with theoretical data for the complex mechanism, in the pre-
steady-state time period, were observed in all cases. At all base concentrations (0.5 to 5.0 mM) and at all
temperatures the apparent kinetic isotope effects {})Jvere observed to increase with increasing extent of
reaction. Resolution of the kinetics into microscopic rate constants at 298 K resulted in a real kinetic isotope
effect (KIEea) for the proton-transfer step equal to 22. Significant proton tunneling was further indicated by
the temperature dependence of the rate constants for proton and deuteron transfeesrakigfing from 17

to 26,E.° — EJ equal 2.8 kcal/mol, andP/A” equal to 4.95.

Numerous studies of the proton-transfer reactions of nitroal- exhibit strong absorbance bands in the visible spectral region.
kanes with both neutral and anionic bases have been carriedThe very large deuterium kinetic isotope effeetsQ) reported
out over the past half-centuty?® The reactions are conveniently by Caldin and Mate®® for the reaction between 4-nitrophe-
studied by spectrophotometry since the stable anionic productsnylnitromethane (NPNM) with tetramethylguanidine (TMG), a

(1) Caldin, E. F.; Trickett, J. CTrans. Faraday Socl953 49, 772.

(2) Lewis, E. S.; Funderburk, L. Hl. Am. Chem. S0d.967, 89, 2322.

(3) Bordwell, F. G.; Boyle, W. J.; Yee, K. . Am. Chem. Sod.97Q
92, 5926.

(4) Caldin, E. F.; Jarczewski, A.; Leffek, K. Trans. Faraday Sod 971,
67, 110.

(5) Jarczewski, A.; Leffek, K. TCan. J. Chem1972 50, 24.

(6) Kim, J.-H.; Leffeck, K. T.Can. J. Chem1974 52, 592.

(7) Caldin, E. F.; Mateo, SChem. Commuril973 854.

(8) Caldin, E. F.; Mateo, Sl. Chem. Soc., Faraday Trans1975 71,
1876.

(9) Jarczewski, A.; Pruszynski, Ban. J. Chem1975 53, 1176.

(10) Caldin, E. F.; Dawson, E.; Hyde, R. M. Chem. Soc., Faraday
Trans. 11975 71, 528.

(11) Bordwell, F. G.; Boyle, W. JJ. Am. Chem. Sod.975 97, 3447.

(12) Rogne, OActa Chem. Scand.978 559.

(13) Jarczewski, A.; Pruszynski, P.; Leffek, K. Can. J. Chem1979
57, 669.

(14) Kresge, A. J.; Powell, M. RI. Am. Chem. S0d.981, 103 201.

(15) Caldin, E. F.; Mateo, S.; Warrick, B. Am. Chem. Sod.981, 103
202.

(16) Sugimoto, N.; Sasaki, M.; Osugi,dl.Phys. Cheni982 86, 3418.

(17) Jarczewski, A.; Pruszynski, P.; Leffek, K. Can. J. Chem1983
61, 2029.

(18) Sugimoto, N.; Sasaki, M.; Osugi, Bull. Chem. Soc. Jpri984
57, 366.

(19) Pruszynski, P.; Jarczewski, A.Chem. Soc., Perkin Trans1286
1117.

(20) Leffek, K. T.; Pruszynski, RCan. J. Chem1988 66, 1454.

(21) Galezowski, W.; Jarczewski, B. Chem. Soc., Perkin Trans1989
1647.

(22) Leffek, K. T.; Pruszynski, P.; ThanapaalasinghamC#n. J. Chem.
1989 67, 590.

(23) Kresge, A. J.; Powell, M. Rl. Phys. Org. Chenml99Q 3. 55.

(24) Galezowski, W.; Jarczewski, &Zan. J. Chem199Q 68, 2242.

10.1021/ja0036070 CCC: $20.00

strong organic base with an exchangeabteH\in toluene were
quickly challenged by two groupgd:1423Reinvestigations of the

MezN\
OZNO‘CHZNOZ /C=NH
MeoN
NPNM ™G

reaction revealed that the results reported for the D-labeled acid
are unreliable due to proton/deuteron (H/D) exchange and that
KIEappWas lowered to about 11 when the base was changed to
(MezN),C=ND.

There have been no suggestions of kinetically important
intermediates in these reactions; all discussions have considered
the reactions as simple second-order equilibria (eq 1). We have
recently observed that the proton-transfer reactions of some
organic

HA+B=A +BH" (1)

radical cation® follow a mechanism involving prior formation

of a kinetically significant radical cation/base complex before
irreversible proton transfer. Two characteristic features of kinetic
data obtained in the time period before steady-state is reached
were reported for this mechanism. These include (a) the extent
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of reaction-time profiles that are distinctly different than
expected for the simple second-order mechanism and (b)
apparent kinetic isotope effects (Kig which vary significantly
with the extent of reaction in that time period.

We considered it likely that the proton-transfer reactions of
nitroalkanes with bases might follow a similar 2-step mecha-
nism. As pointed out earlier, there has been some confusion
regarding the magnitude of deuterium kinetic isotope effects
for these reactions. The factor responsible for this situation is
that if the reverse reaction is significant, H/D exchange takes
place which complicates the determination of the rate constant
for deuteron transfer of the isotopically labeled acid. The best
way to avoid this complication is to study reactions which lie
far to the right thus ensuring that the reverse reaction is
insignificant. The reaction between 1-nitro-1-(4-nitrophenyl)-
ethane (NNPFE) and hydroxide ion appeared to fit this criterion.
The K, values of NNPI in water and in water/methanol (50/
50 vol %) have been reported to be 8.8nd 7.5, respectively.
These values correspond to equilibrium constants of the order
of >1(® for the proton-transfer reactions between NNRifd
hydroxide ion in these solvents and we concluded that isotopic
exchange should not significantly affect deuterium kinetic
isotope effect measurements.

We have found that the formation of the conjugate base
(NNPE") during the pre-steady-state peridd the reaction
between NNPEp) and hydroxide ion can be monitored by
stopped-flow spectrophotometry. The results of the kinetic
studies discussed here strongly support the hypothesis of a 2-ste
mechanism for this reaction.

Results

The reaction between NNREnNd hydroxide ion in aqueous
solvents is illustrated below. The features of this reaction which
make it suitable for detailed kinetic analysis are (a) the
equilibrium constant for the reaction is of the order-of(®
which eliminates complications due to the reverse reaction (data
in Table 3 discussed later), (b) the anionic product of the reaction
(NNPE") is stable and readily monitored by spectrophotometry,
and (c) the proton removed is at a tertiary position which avoids
possible isotope effect complications due to secondahy-
drogens.

c

OZN—OTH—CHs + OH™ =—— O,N4<\\j>—~|

NO, NO,

CHs3 + HZO

NNPEy NNPE~

Protocol for Distinguishing between Single-Step and Two-
Step Proton-Transfer MechanismsFor the time being we will
consider thermodynamically favorable proton-transfer reactions
in which the reverse reactions can be neglected. The two
mechanisms under these conditions are shown in egs 2 and

HA+B—A +BH" 2)
HAJrB%ﬁ’»A*JrBH+ 3)

Zhao et al.
d[A " J/dt = ko JHAIB; [ Kapp= (K) (k) (K, + k)] (4)

the various rate constants affect the overall reaction rate to
different degrees than implied by rate law 4 and the concentra-
tion—time profiles of the anionic product (A can differ
significantly for the two mechanisms. The ratio of the time
necessary for the extent of reaction to equal 0.50 to that
necessary for the extent of reaction to equal 0t@§t6.05) is a
convenient indicator of deviations of kinetic data from that
expected for the simple 1-step mechanism. For reaction 2, under
pseudo-first-order conditions (large excess of B), this ratio is
equal to 13.5 while under the same conditions for reaction 3
the ratio is dependent upon the magnitudes of the rate constants
(ks, ko, andky). Calculations using the integrated rate equation
for the pseudo-first-order version of reaction 3 show that the
ratio can be significantly lower than 13.5, which is the limiting
maximum value for this mechanism. Under second-order
conditions, the ratiotg s/t o5) for reaction 2 is larger than 13.5
and varies with the concentrations of reactants.

Another significant difference in kinetic data for mechanisms
2 and 3 is the dependence or the absence of a dependence of
the apparent deuterium kinetic isotope effect (iljeon the
extent of reaction. For the single-step mechanism JgJks
always expected to be the real value (Kl and independent
of the extent of reaction. The situation is considerably more
complex for the 2-step mechanism. After steady state is reached,
Bwe two mechanisms are kinetically indistinguishable. On the
other hand, in the time period before steady state is reached for
the 2-step mechanism, Kif can change significantly with
changes in the extent of reaction. This phenomenon was first
demonstrated for the reactions of methylarene radical cations
with pyridine basegt

Extent of Reaction—Time Profiles for the Reactions
between NNPE; and Hydroxide lon. The extent of reaction
time profiles shown in Figure 1 are for the reactions of NNPE
(0.1 mM) with hydroxide ion (concentrations ranging from 0.5
to 5.0 mM) in water/acetonitrile (50/50 vol %) at 298.3 K. The
experimental data are the solid squares while the responses
expected for the simple single-step mechanism are indicated
by the dashed lines. At all base concentrations, the experimental
data deviate significantly from that expected for the single-step
mechanism. The theoretical values of the rat§@/{y o5) for the
1-step mechanism are 14.3 (0.5 mM), 13.9 (1.0 mM), 13.7 (2.0
mM), and 13.6 (5.0 mM) while the corresponding experimental
values observed were 12.6, 12.4, 12.3, and 12.3, respectively.

Apparent Deuterium Kinetic Isotope Effects. Kinetic
experiments carried out with NNBE1-nitro-1-(4-nitrophenyl)-
ethaned;) under the same conditions as described in the
previous section resulted in the extent of reactibme profiles
illustrated in Figure 2. Apparent deuterium kinetic isotope effects

3asa function of the extent of reaction were calculated from the

corresponding ratios of times observed for the reactions of
NNPE> and NNPE (to/t). The ranges of Klg,observed were
(7.13-7.54), (7.13-7.45), (7.06-7.48), and (7.1%7.53) for
reactions with hydroxide concentrations of 0.5, 1.0, 2.0, and
5.0 mM, respectively.

Fitting Experimental to Theoretical Extent of Reaction—

Once steady state is reached for the 2-step mechanism 3, whiciTime Data for the 2-Step MechanismThe extent of reaction

involves the formation of a kinetically significant intermediate,

time curves for the reactions of NNREFigure 1) and NNPE

the rate laws for the two mechanisms differ only by the (Figure 2) with hydroxide ion can readily be fit with theoretical
definition of the apparent rate constaityf). For the 1-step data for the 2-step proton-transfer mechanism. Considering only
mechanisnkapp is equal to the microscopic rate constant for the NNPE; or the NNPE data separately, however, does not
reaction 2 and is given for mechanism 3 by the steady-stateresult in unique fits of experimental to theoretical data. There
expression 4. In the time period before steady state is achievedare a number of different combinations of rate constaaiy,
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Figure 1. Extent of reactiortime profiles for the reactions of NNREO.1 mM) with hydroxide ion (concentrations given on the plots): experimental

data, solid squares; theoretical data for the 1-step mechanism, dashed lines; theoretical data for the 2-step mechanism, solid lines.

and kp) which give acceptable fits for any one extent of
reaction-time profile. We have previously shown that a unique
fit of experimental to theoretical data for the 2-step mechanism
can be achieved by concurrent fitting of data for both HA and
DA (NNPEy and NNPE in the present caséj. The latter
involves the assumption tht andk;, are not affected by the

based on the published procedifref the data-fitting procedure
can be found in the Experimental Section.

The Effect of Base Concentration on Kinetic Data for the
Reactions of NNPE; and NNPEy in Water/Acetonitrile (50/
50 vol %). The solid lines in Figures 1 and 2 are theoretical
data for mechanism 3 with the following rate constaki$139

isotopic change while the rate constants for the proton and M~t s7%), k, (12.6+ 0.4 s7), k" (28.2 s%), andk,°(1.26 +

deuteron transfer stepsot and k,°, respectively) differ
significantly.
In addition to the extent of reactieftime profiles, the

0.06 s'1). The reason for the range of values fgrandkyP is
that these rate constants were evaluated using-e§s8d small
variations were observed in the apparent steady-state rate

experimental data include the apparent steady-state rate constantsonstants. All of the data resulting from the analyses with

for the reactions of HA Kapd')sd and DA [(Kapd’)sd. The

hydroxide concentrations ranging from 0.5 to 5.0 mM are

expressions for the steady-state rate constants can be rearrangeshmmarized in Table 1.

to give egs 5 and 6,
(Kapp sk = (K, Tkp)/(1 + K, /k,) = CH (5)
(Kapp sk = (K, "/kp)/(1 + K Plk,) = CD (6)

which result in eq 7 for the real kinetic isotope effect, kKl
Thus, in addition to the apparent rate constants, it is only
necessary to determirig in order to evaluate Kl

real

KIE, ¢y = k,"/k,” = [CH/(1 — CH)J[CD/(1 — CD)] (7)

Theoretical data for the 2-step mechanism were obtaine

The Effect of Temperature on Kinetic Parameters for the
Reactions of NNPE; and NNPEy with Hydroxide lon in
Water/Acetonitrile (50/50 vol %). Plots of extent of reaction
time data for the reactions of NNBEO.1 mM) and NNPE
(0.1 mM) with hydroxide ion (2.0 mM) at temperatures ranging
from 288.8 to 319.2 K are shown in Figures 3 and 4,
respectively. The solid squares are the experimental data, the
dashed lines are theoretical data for the 1-step mechanism, and
the solid lines are theoretical data for the 2-step mechanism. In
all cases, the experimental data deviate significantly from that
expected for the simple 1-step mechanism and very good
experimental to theoretical data fits are obtained for the 2-step

g mechanism. The various rate constants and kinetic isotope effect

either by using the integrated rate law (psuedo-first-order data are summarized in Table 2. Arrhenius plotsdigy”, Kapg’,

conditions) or by 4th order Rungé&utta numerical integration
(second-order conditiond). No significant differences were

observed in data obtained by both methods. A brief description,

ko™, andkyP are illustrated in Figure 5.

(27) For a recent discussion of methods to analyze complex reactions
see ref 28.
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Figure 2. Extent of reactiortime profiles for the reactions of NNBEO.1 mM) with hydroxide ion (concentrations given on the plots): experimental
data, solid squares; theoretical data for the 1-step mechanism, dashed lines; theoretical data for the 2-step mechanism, solid lines.

Table 1. Rate Constants for Proton and Deuteron Transfer
Reactions of NNPRp) (0.1 mM) with NaOH in Water/Acetonitrile
(50:50 vol %) at 298.3 K

NaOH

(mM) kappH kappD kf ka ka kb KIEapp KIEreaI
0.5 97.0 134 139 28.2 131 122 7AA53 216
1.0 965 133 139 28.2 131 124 7-6238 215
2.0 99.8 139 139 282 1.23 11.1 7:0648 229
50 101 140 139 28.2 1.19 10.6 74153 236

aUnits: second-order rate constarkgg", kap, ki ) are in Mt st
and first-order rate contantgy!, k.°, ky) are in s,

The Effect of the Reverse Reaction on Extent of Reac-
tion—Time Profiles for the Single-Step Proton-Transfer
Reaction. Although it is well-known that H/D exchangfe!4.23

was varied to show the effect of the equilibrium const#at)
on the kinetic data. The data show that as long as the equilibrium
constant is 19 or greater, where the extent of reaction at
equilibrium is 0.989 or greater, the time ratios are not
significantly different from 13.5, that for the irreversible single-
step mechanism. At lower values §€qui both ¢o.50t0.09) and
(to.sdto.os)p increase markedly with decreases Kaqui The
deviations for the former are due to the reversibility of the
reaction while that for the latter reflect both the reversibility
and H/D exchange. (The back reaction for both HA and DA
was assumed to be A+ BHt — HA + B.)

The Effect of a Nonproductive Equilibrium on Extent of
Reaction—Time Profiles for the Single-Step Proton-Transfer
Reaction. It is clear that a nonproductive equilbrium involving

causes uncertainty in deuterium kinetic isotope effect measure-the reactants will affect the extent of reactietime profiles
ments, there are no data available which may be used to predictfor the single-step proton-transfer reaction. To determine the

the effect on the extent of reactietime profiles. The data in

manner in which kinetic data are affected by this situation, the

Table 3 were calculated for the general reversible proton-transferdata in Table 4 were calculated for an irreversible proton-transfer
reaction 1. To mimic our experiments, the initial concentration reaction accompanied by a nonproductive equilibrium (HA

of acid [HA], was set at 0.0001 M and that for the base[B]

B = complex) that is not on the pathway to products. The rate

was taken to equal 0.005 M while that of the conjugate acid of constant for the proton-transfer reactidgdaucivd was set at 1

B, [HB*]o, was set equal to 55.6. The time ratio,s{to.o9n

M~1 s1 and the rate constants for the equilibriurks- (

and (osdto.09p, were chosen to demonstrate the effect of the (nonproductive) andp(nonproductive)) were varied as shown
equilibrium on theoretical data for the reactions of HA and the in Table 4. The data show that the effect of the nonproductive
effects of both equilibrium and exchange on that for the reactions €quilibrium is to causetd sdto 05) to be greater than that for the
of DA. The rate constants used in the calculations were 100 Simple one-step mechanism in the absence of complications.

M~1s 1 for the forward reaction of HA and 10 M s~ for the

Equilibrium Constant for the Reaction between NNPE;

forward reaction of DA. The rate constant for the reverse and Hydroxide lon in Water/Acetonitrile (50/50 vol %). To
reaction, which was taken to be the same for both HA and DA, estimate the equilibrium constant for NNREO.05 mM) in
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Figure 3. Extent of reactiortime profiles for the reactions of NNREO.1 mM) with hydroxide ion (2.0 mM) at different temperatures: experimental
data, solid squares; theoretical data for the 1-step mechanism, dashed lines; theoretical data for the 2-step mechanism, solid lines.

water/acetonitrile (50/50 vol %), the absorbance at 398 nm was either added or subtracted the approprigteor FP to the MH
recorded as a function of hydroxide concentration in the range or MP using all possible combinations. The adjusted extent of
from 0.05 to 1.5 mM. Conversion to NNPEwvas complete, reaction-time data files were then used as input for the fitting
within experimental error, at [OH equal to 0.1 mM or greater. ~ procedure and the best fit values of the rate constants were
An experiment under the same conditions but with water/ obtained. The values dé,d!' and kap® corresponding to the
methanol (50/50 vol %) as solvent required [dHbf 0.2 mM adjusted data were also determined. These results are sum-
or greater to affect complete conversion to NNPEince the marized in Table 5. The deviations (in parentheses) from the
pKa of NNPE, is equal to 7.5 in the latter solvent system, we rate constants derived from the mean values (row 1) are
conclude that it is no greater than 7.5 in water/acetonitrile (50/ generally less than 5% but in the extreme cases are of the order
50 vol %) and that the equilibrium constant for the reaction of 10%. This suggests that the maximum errors in rate constants
with hydroxide ion is>1C8. obtained by using the mean valuestgf’ andtes° are less

Estimation of Errors in Rate Constant Derived from the than 10% of the mean values.
Fitting Procedure. Six replicate experiments (each involving
eight stopped-flow injections) were carried out on the reactions
of both NNPE; (0.1 mM) and NNPI5 (0.1 mM) with hydroxide The proton-transfer reactions of nitroalkanes have received
ion (2.0 mM) in water/acetonitrile (50/50 vol %) at 298.3 K. a great deal of attention in the past half-centtr3?. They are
The mean values dfy! (M") andtex® (MP) were taken as the  moderately strong €H acids and the conjugate bases are often
average values of the 48 data points. For elith(or MP) a long-lived which coupled with strong absorbance bands in the
standard deviation from the me&H (or FP) was recorded. For  visible region renders the kinetics readily studied by conven-
example, the mean values for extent of reaction equal to 0.05,tional techniques. The question of quantum mechanical tunneling
MHg 0sandMPy o5, have the associated standard deviathsos during cleavage of the-€H bond in these compounds has been
andFP, o5 The appropriate mean values and associated standardhe topic of much discussion. The controvet§y2142¥eferred
deviations were evaluated for all extent of reactions in the data to earlier, arising from the reports of very large deuterium KIE
files. The standard deviations averaged about 2% for the NNPE in these reactions, left some uncertainty regarding the importance
data and about 4% for the NNBHEata. The mean values" of tunneling in the proton-transfer reactions. For example, the
andMP, were used in the input data file to determine the best very large values reported for the reactions of NPNM with
fit of the extent of reactiortime experimental data to theoretical TMG7-8 have been shown to be incorr&et*23but very large
data for mechanism 3. These rate constants are given in thedeuterium KIE for reactions of trinitrotoluene with organic
first row of Table 5. base&18 have gone unchallengéd.

To determine the effect that the experimental error has on  The primary objective of our study of the proton transfer
the rate constants derived by using the fitting procedure, we reactions of nitroalkanes was to determine whether the reactions

Discussion
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Figure 4. Extent of reactiortime profiles for the reactions of NNBHK0.1 mM) with hydroxide ion (2.0 mM) at different temperatures: experimental
data, solid squares; theoretical data for the 1-step mechanism, dashed lines; theoretical data for the 2-step mechanism, solid lines.

Table 2. Rate Constants for the Reactions of NN{E(0.1 mM) transfer reactions between NNRE and hydroxide ion in

;remiggﬁgs mM) in Water/Acetonitrile (50/50 vol %) at Different  \yater/acetonitrile (50/50 vol %) fulfill the necessary require-

ments.
T(K) kepp' kepp® ki k" k° ke KlEap KlErea Al of our experimental results for the reactions of NN
288.8 49.0 6.38 66.9 115 0.436 4.20 #BW10 26.0 with hydroxide ion in water/acetonitrile (50/50 vol %) deviate
ggg-g 223-8 éi-i égg gg-i %;? %é% g:oaggi ig-g significantly from those predicted for the 1-step mechanism.
3192 485 789 721 132 781 642 60546 16.9 The_extent_of react_|0ﬁt|me proflles illustrated in Figures-14

are inconsistent with the single-step mechanism. In all cases

2 Units: second-order rate constarkgg', kapg’, ki ) are in Mt s™* KIE .pp Were observed to increase significantly with the extent

and first-order rate contantg(', k,°, ko) are in s*. of reaction in the 0.05 to 0.50 range, which is also inconsistent

with the single-step mechanism.

On the other hand, excellent fits of experimental to theoretical
ata for the 2-step mechanism were obtained for extent of
reaction-time profiles for reactions of NNRE(Figure 1) and
NNPE, (Figure 2) in which the hydroxide ion concentration
was varied from 0.5 to 5.0 mM. Similar results were obtained
for reactions in which the temperature was varied from 288.8
to 319.2 K (Figures 3 and 4). All experimentd to.0s)H()
were significantly lower than the theoretical value for the single-
step mechanism (Figure-#4). This is particularly important in
considering the possible effect of the reverse reactions and H/D
‘exchange on extent of reactietime profiles. For the simple
reversible reaction 1 under the conditions used in this study,
neither reversibility nor H/D exchange could give rise to the

(28) Steinfeld, J. 1., Francisco, J. S.. Hase, W. Ghemical Kinetics observed deviatiorjs from simple mechanism behavior. Iq fact,
and DynamicsPrentice Hall: Upper Saddle River, NJ, 1999; Chapter 2. When these complications exist thgdto o5)H(p) are affected in
(29) Although arguments were preseriféd to exclude the possibility the opposite manner, i.e. they become greater (Table 3) rather
that H/D exchange is responsible for the very large deuterium KIE reported, than smaller than 13.5 as observed. Furthermore, the theoretical
our calculations assuming equilibrium 1 using their equilibrium constants . S ’ .
data in Table 3 show that the complications due to either of

predict KlEypp very heavily influenced by exchange. Our results on these ] k i
reactions will be reported. these factors will only be of importance under our conditions

take place by the simple single-step mechanism 2 or if
kinetically significant intermediates are formed in a 2-step d
mechanism 3. The key to distinguishing the 2-step mechanism
from the simple single-step mechanism lies in the time period
before the former achieves steady stitin this time period,
extent of reactiorrtime profiles for the 2-step mechanism differ
significantly from those predicted for the 1-step mechanism.
Also, KIEgp, for the single-step mechanism are independent
of the extent of reaction while those for the 2-step mechanism
may vary significantly. To achieve our objective it was neces-
sary to choose reactants and conditions such that the proton
transfer reaction lies very far toward products to eliminate
the complications arising from H/D exchange. The proton-
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Figure 5. Arrhenius plots for the reactions of NNREsolid squares) and NNREopen squares) based on apparent rate constap$®) and rate
constants for the protork{®) and deuteronkP) transfer steps.

Table 3. The Effect of the Magnitude of the Equilibrium Constant  involving significant proton tunnelingk/kP > 10, E° — EH

on the Extent of ReactiofiTime Profiles of Reversible > 1.35 kcal/mol, and the ratio of Arrhenius preexponential
Proton-Transfer Reactiohs factors @P/AH) > 1.4. The Arrhenius parameters summarized
Kequi (tosdto.09)H (tosd'to.0s)o 109A JequM in Table 6 were derived from both the apparent rate constants

1.67 x 10¢ 20.6 28.9 0.597 and those obtained by the fitting procedure. The activation
2.00x 10 18.6 25.0 0.640 parameters for the proton and deuteron transfer steps, from the
%:ggi ig g:é %;g 8:?22 temperature dependence kf? and k,°, provide additional
5.00x% 10 15.0 171 0.816 evidence for proton tunneling. The activation energy difference
1.00x 1C° 14.2 15.2 0.898 (EsP — E4' = 2.80) and the ratio of preexponential factoA8/
1.00x 10° 13.6 13.7 0.989 AH = 4.95) derived fromk," and k. are clearly in the range
1.00x 107 13.5 13.5 0.999 PR - 2031 .
100 106 135 135 0.9999 expected for significant proton tunnelifg3! Activation pa-
1.00x 1C° 135 13.5 0.99999 rameters derived from the apparent rate constants, on the other

hand, are close to the semiclassical limits and do not provide
aTheoretical data for equilibrium k" = 100 M s7%, kP = 10 P

M-1st kH = kP, [HA], = 0.0001, [B} = 0.005. evidence for tunneling.
o = len Ak (&5 The intermediate in the reaction is most likely a donor/

Table 4. The Effect of the Magnitudes of the Rate Constants of acceptor complex between hydroxide ion and the electron

Nonproductive Equilibria on the Extent of Reactiofime Profiles deficientz-system of NNPERp). An alternative possibility for
of Proton-Transfer Reactiohs the structure of the complex involves a-&---O hydrogen bond
(to.sd'to.09 when from NNPEyp) to hydroxide ion. Although similar hydrogen
ki(nonproductive)/M*s™* is equal to bonds are believed to be of importance in the gas pFasey
ke(nonproductive)/s'  0.10 0.33 0.60 1.00 would appear to be highly unlikely in the strongly hydrogen
0.0001 14.2 15.9 19.3 46.9 bonding aqueous solvent. The data in Table 4 show that the
0.0010 14.1 15.8 19.0 31.7 formation of an unreactive NNPE/OHomplex is not respon-
8-%88 ig-g igg }2-? ig-é sible for the deviations from the simple single-step mechanism.
1.0000 13.6 13.6 13.6 13.6 The nonproductive equilibrium causesdyto.os) to deviate in
- - - - the opposite manner than is experimentally observed. A pos-
aTheoretical data for an irreversible proton-transfer reackgpro- sibility which cannot be ruled out is that a Meisenheimer

ductive)= 1 M~t s7%, [HA], = 0.0001 M, [B}, = 0.01 M. . . . . .
uctive) s IHA (B complex? is formed in the first step of the reaction which then

eliminates water in the product-forming step.

when the equilibrium constant is1(?, which is at least 2 orders o . .
A preassociation mechanism for proton transfer is not new.

of magnitude lower thaiequi under the reaction conditions. . ; -
The conclusion that cannot be avoided from the discussion A three-step mechanism for proton transféj the formation

in the previous paragraphs is that the kinetic data are inconsistenff @n encounter complex, (ii) proton transfer to form a new

with the simple single-step proton-transfer mechanism and that €©MPIex, and (iii) separation to products generally accepted

the 2-step mechanism involving a kinetically significant inter- fof the C%Tb'”at'on of hydronium ion with anions from the work

mediate consistently predicts extent of reactitime profiles ~ ©f Eigen® Preassociation in general acid cataly/stsas long

that match closely with the experimental data. (30) Bell, R. P.Trans. Faraday Socl959 55, 1.

The rate constants derived at 298.3 K result in KlEequal (31) Bell, R. P.The Tunnel Effect in Chemistrhapman and Hall:
to 22.4+ 1.0. This value is clearly larger than expected in the Lor(‘gg)”'T&r?SE-_ Dannenberg, J. J. Phys. Chem19s 96, 639
absence of quantum mechanical tunneling. Bélsuggests the (33) Minch, M. J.; Giaccio, M.. 'Wm%i’ RJ. Am. Chem. Sod975 97,

following values of parameters to be characteristic of processes3766.
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Table 5. Effect of Experimental Error on Errors in the Rate Constants Derived Using the Fitting Protedure
texg texp” Kapg! Kapi® kiM~tst kst k,P/s™t ko/s™t KIE eal
MH MmP 99.8 (0.0) 13.9 (0.0) 139 (0.0) 28.2 (0.0) 1.23(0.0) 11.1 (0.0) 22.9 (0.0)
MH + o MmP 97.5(2.3) 13.9 (0.0) 137 (1.4) 28.0(0.7) 1.28 (4.1) 11.4 (2.7) 21.9 (4.4)
MH MP + P 99.8 (0.0) 13.3 (4.3) 146 (5.0) 28.5(1.1) 1.32(7.3) 13.2(18.9) 21.6 (5.7)
MH + oH MP + P 97.5(2.3) 13. (4.3) 137 (1.4) 29.2 (3.6) 1.27 (3.3) 11.9(7.2) 23.0(0.4)
MH — oH MP — P 102 (2.2) 14.5 (4.3) 142 (2.2) 26.9 (4.6) 1.22(0.8) 10.8 (2.7) 22.1(3.5)
MH — oH MP + P 102 (2.2) 13.3 (4.3) 141 (1.4) 27.5(2.5) 1.14(7.3) 11.0(0.9) 24.1(5.2)
MH + oM MP — P 97.5(2.3) 14.5 (4.3) 138 (0.7) 28.6 (1.4) 1.38(1.4) 11.9(7.2) 20.8(9.2)

a Definition of symbols usedM" = average values df.; MP = average values df,>; o' = standard deviations in data for NNRE® =
standard deviations in data for NNPE Numbers in parentheses are the percentage deviations from the best fit watuasdMP data sets).

Table 6. Arrhenius Parameters for Proton- and Deuteron-Transfer
Reactions of NNPEp) (0.1 mM) + NaOH (2.0 mM) in Water/
Acetonitirile (50/50 vol %)

apparerit reaP
H D H D
E. (kcal/mol) 14.4 15.7 149 17.7
EL — EJ (kcal/mol) 1.30 2.80
A (101 417 1.86 9.20
AP/AH 1.26 4.95

2 Derived fromkapg! and kapP. © Derived fromk,™ and kP.

Absorbance MeasurementsOptical absorbance measurements at
398 nm on NNPE in water/acetonitrile (50/50 vol %) were carried
out by allowing NNPE (0.05 mM) to react with hydroxide ion (0.05
to 1.50 mM) with use of a Hewlett-Packard 8452A Diode Array
spectrophotometer.

Data Collection. The kinetic measurements were carried out on a
Hi-Tech Scientific SF-61 stopped flow spectrophotometer with a Techne
Flow Cooler FC-200 thermostat to control the temperature of the cell
block within +0.2 °C. Data, about 2000 points over the first half-life,
were collected under both pseudo-first-order and second-order condi-
tions for the reaction of NNRkp) with hydroxide ion (0.5-5.0 mM)
in water/acetonitrile (50/50 vol %).

been advocated by Jencks and others. The pre-steady-state Data Manipulation. The 2000 data points for each kinetic run were
kinetic studies reported here allowed us to resolve the kinetics smoothed by the least-squares procedure of Savitzky and Golég.
of the 2-step mechanism and evaluate the microscopic ratebackground absorbance was then subtracted and the absortiamee

constants for the proton-transfer reaction between Nijip&nd
hydroxide ion.

Conclusions

Kinetic data for the reaction between NNRE with hy-
droxide ion in water/acetonitrile (50/50 vol %) are inconsistent
with the simple single-step mechanism. On the other hand,
excellent fits of experimental extent of reactieiime profiles
to theoretical data for the 2-step mechanism involving a
kinetically significant intermediate complex were observed under
all conditions studied. A consistent set of rate constants for the
reactions of both NNPE and NNPE were derived for
hydroxide concentrations ranging from 0.5 to 5.0 mM. The

data were converted to extent of reactidime data ([A]/[HA] . vst)
and the times necessary for the ratio to equal to 0.05 to 0.50 (at 0.05
intervals) were determined. The latter were collected in data files for
import into the program for fitting of experimental to theoretical data.
Data Fitting Procedure. The procedure for fitting experimental to
theoretical derivative cyclic voltammetry data was described in detail
in ref 26. The published procedure is directly applicable to the stopped-
flow kinetic data reported here. Therefore, the procedure will only be
described briefly.
The experimental input includés,g* andkapg as well as the extent
of reaction-time data files for HA and DA. The procedure involves
determining deviations between experimental{ andtey") times to
reach the specific extent of reaction from 0.05 to 0.50 and those from
theoretical data for the 2-step mechanistg,{ and tsn°). The
differences in experimental and theoretical times are determined at each

resolution of the apparent rate constants into the microscopicextent of reaction ang ) (equal to e '® — ton®)tsim) are

rate constants, ks, ko, andksP, gives access to a K& (equal
to 22) that is considerably larger than the extent of reaction-
dependent Kl (ranging from 7.02 to 7.53) and is consistent
with a considerable degree of proton tunneling. The Arrhenius
parameters also provide evidence for tunneling.

The most important feature of this reaction which provided

the opportunity to resolve the apparent rate constants into the

microscopic rate constants for the individual steps in the

summed for the entire range (0.05 to 0.50). The same procedure is
carried out for KlEp, (equal tote/texs’ at the particular extent of
reaction). For each experimental to theoretical data comparison the
procedure results in three measures of the deviations between the two
data setsyn, Yp, and Yke. The range ofk over which significant
deviations from the single-step mechanisms can be observed is limited
from aboutkaps! to 11(kapa’).26 With this in mind we typically select
about terk; values over this range, starting at 1kl,£"), and determine
what values of the other rate constaris k', andk.°) give the best

complex mechanism is that steady state is not reached until lateit for that particulark value. This is accomplished by systematically

in the first half-life. In the time period before steady-state is
reached, Klg,pwere observed to increase with increasing extent
of reaction which contributes to the ease of resolution of the
kinetics.

Experimental Section

Materials. NNPE; was prepared by using a modification of the
literature* procedure (50% kD, was substituted for 90% 40,).

varyingk,"H and adjustingk, andk,°) to conform to eqs 57. For each

ki three series of fitting parameters, corresponding o3 p, and ke,

as a function ok, are obtainedy ke are used directly in the data fit,
while ¥4 andY p are monitored to ensure the quality of the fits to the
two response curves. Plots Bke vsk,™ are parabola-like curves with
minima that reflect the best fit for th&f value. We then have a series
of fitting parameters at the minimumy gie)min, @s a function ok;. A
plot of ki vs (3 kie)min IS, again, parabola-like with a minimum that
reflects the best value &. To arrive at overall best fits of data it is

NNPE, was prepared by hydrogen/deuterium exchange as reportedpecessary to carry out several iterations of the fitting procedure.

earlier?* Acetonitrile (Aldrich, HPLC Grade) was distilled twice
(collecting the middle fraction) after refluxing over® for 24 h.
Distilled water was further purified by passing through a Barnsted
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