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Secondary Deuterium Isotope Effects in Proton Transfers from 2-Nitro-

propane

By Martin H. Davies, T Department of Chemistry, University of Stirling, Stirling

Kinetic and equilibrium secondary isotope effects have been measured for the deprotonation of 2-nitropropane by
hydroxide and acetate ions. Although the Brgnsted coefficients deduced lie between O and 1, they cannot be
regarded as ’ degrees of proton transfer " within the formalism of the Marcus theory. The isotope effects are inter-
preted in terms of two contributions, one of which does not change monotonically along the reaction co-ordinate.
Arecently reported dependence of the primary isotope effect upon isotopic solvent composition is discussed in the

context of the rule of the geometric mean.
propyl anion is reported.

IN proton transfer reactions between carbon acids and
oxygen bases, values of the Brgnsted coefficient (B =
3AG4°/8AG°) may depend upon which species is modified
to bring about the change in standard free energy.l:2
We adopt a nomenclature such that 8; and B, refer to
substitution in the carbon and oxygen acid-base pairs
respectively. Thus Bordwell e¢f al2 have reported
B, = 1-61 for the deprotonation of a series of Il-aryl-
2-nitropropanes, whereas Bell and Goodall® found
B, = 0-55 for the reaction of 2-nitropropane with acetate
and chloroacetate bases. These values have attracted
comment regarding the validity of the interpretation of
Brgnsted coefficients in terms of transition state sym-
metry 4% Whereas 8, does not satisfy the requirement
0 < B <1, the value of B, is >0-5 which is as antici-
pated ? from the Hammond postulate? for a proton
transfer with positive standard free energy (AG° > 0).
Secondary isotope effects may be used to define
isofopic Bronsted coefficients according to equation (1)

1g (kp/ks) = B® 1g (Kp/Kn) )

where kAp/kr and Kp/Kg are the respective secondary
isotope effects on the kinetics and equilibria of proton
transfer. Albery et al.%® have recently shown that for
the protonation of 3-diazobutan-2-one by carboxylic
acids, B, and B,° are equal and may be regarded as a
measure of transition state symmetry within the frame-
work of Marcus theory.»1® To test the generality of
the identity of normal and isotopic Brgnsted coefficients
and to examine the use of 8, (the isotopic analogue of
Bordwell’s value?) as a ‘ degree of proton transfer’
parameter, measurements of kinetic and equilibrium
isotope effects are reported for reaction (2) where

(CLg),CHNO, + B~ === (CL3),CNO,~ + BH (2)

L =H or D with hydroxide (AG° << 0) and acetate
(AG®° > 0) bases. Isotopic Brgnsted coefficients have
been determined for a number of other reactions .12

+ Present address: University Chemical Laboratory, Canter-
bury, Kent.

{ Note added in proof: Secondary isotope effects on the ioniza-
tion of 2-nitropropane have also been recently determined by
Kresge and his co-workers (A. J. Kresge, personal communica-
tion). They have obtained similar results to those reported here.

1 R. P. Bell and S. Granger, personal communication.

2 F. G. Bordwell, W. J. Boyle, and K. C. Yee, J. Amer. Chem.
Soc., 1970, 92, 5926.

3 R. P. Bell and D. M. Goodall, Proc. Roy. Soc., 1966, 4, 294,
273.

¢ W. J. Albery, A. N. Campbell-Crawford, and J. S. Curran,
J.C.S. Pevkin 11, 1972, 2206.

A revised value of the equilibrium constant for jodination of the 2-nitro-

although not, as far as the author is aware, involving
substitution in the carbon acid.}

The following notation is adopted for our 2-nitro-
propanes: 2NPj = (CH;),CHNO, and 2NP; = (CD,),-
CHNO,. In practice, isotope effect measurements were
made on a mixture of 2NP; and analogues with less
deuterium. The mixture is denoted as 2NP,, where m
is the atom fraction of deuterium in the 1- and 3-
positions. The abbreviation 2NP refers to both 2NP,
and 2NP,,.

EXPERIMENTAL
Preparation of 2-Nitropropanes.—Commercial 2NP,
(Koch—Light) was purified by preparative g.l.c. using a
Carbowax 20M column. Subsequent analytical g.l.c.
indicated at least 99-959, purity. 2NP, was prepared by
route (3) using the following method. To 7m-aqueous
NH,0H CH,CO,H
(CD;),CO ~— (CD,),CNOH ——— (CD,;),CHNO,
3)

hydroxylamine hydrochloride (30 cm?®) at 0 °C was added
Tm-sodium hydroxide solution (15 cm?®). Portions (1 cm?®)
of [®Hglacetone (Ryvan) and 7m-sodium hydroxide were
added consecutively until 10 g (11 cm?) of the former
had been consumed. This procedure keeps the pH near
4-5 where the reaction rate is at a maximum.® The
temperature was held below 10 °C. Ether (20 cm3) was
then added to dissolve the precipitated acetoxime. After
separation, the aqueous layer was extracted with ether
(3 X 20 cm3). To the combined ether samples was added
light petroleum (b.p. 40—60°) (20 cm?). After distillation
of the ether, the acetoxime crystallized on cooling. A
solution of peracetic acid prepared from 87% hydrogen
peroxide (7-8 g), acetic anhydride (266 g), acetonitrile
(100 cm?), and concentrated sulphuric acid (8 drops) was
added over 48 h to a rapidly stirred and gently refluxing
solution of the acetoxime in acetonitrile (200 cm3) contain-
ing urea (2 g) and disodium hydrogen orthophosphate
(78 g).** The reaction mixture was then filtered and

5 R. A. Marcus, J. Amer. Chem. Soc., 1969, 91, 7224.

8 A. J. Kresge, J. Amer. Chem. Soc., 1970, 92, 3210.

7 G. S. Hammond, J. Amer. Chem. Soc., 1955, 77, 334.

8 W. J. Albery, J. R. Bridgeland, and J. S. Curran, J.C.S.
Perkin 11, 1972, 2203.

® R. A.Marcus, J. Phys. Chem., 1968, 72, 891.

10 A. O. Cohen and R. A. Marcus, J. Phys. Chem., 1968, 72,
4249,

11 M. M. Kreevoy and D. E. Konasewich, J. Phys. Chem., 1970,
74, 4464.

12 V. Gold, Adv. Phys. Org. Chem., 1969, 7, 259.

13 'W.P. Jencks, J. Amer. Chem. Soc., 1959, 81, 475.

14 W.D. Emmons and A. S. Pagano, J. Amer. Chem. Soc., 1955,
77, 4557.
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water (100 cm?®) added. After extraction with dichloro-
methane (3 X 50 cm?®) the combined extracts were washed
with saturated aqueous sodium hydrogen carbonate and
dried (MgSO,). Solvents were distilled off until 10 cm?® of
solution remained.

Details of purification and analysis were the same as for
2NP,. The final yield of 2NP,, was 23% and 'H n.m.r.
gave the isotopic assay as m = 0-92 4 0-005. A sample of
2NP, prepared by this method was found to have the same
rate constants as the purified commercial material.

Kinetic and Equilibrium Measuvements—All rate and
equilibrium constants were determined in water at 25 °C
using spectrophotometric methods. For the reaction of
2NP with hydroxide, the formation of the nitro-anions was
followed at 222 nm. With acetate, the deprotonation does
not run to completion. In this case, the nitro-anions were
scavenged with iodine and the disappearance of I;~ was
followed at 353 nm. To calculate the rate constants from
the rates of iodination, it was necessary to measure K,, the
equilibrium constant for reaction (4).

(CL;),CNO,~ + I,” == (CL,),CINO, + 2I~ (4)

The isotope effect on the ionization equilibria of 2NP
Tequation (2)] is the same for all bases. This is because
isotopic substitution in only the carbon acid is involved.
Equilibrium constants were determined for the deproton-
ation of 2NP by trishydroxymethylaminomethane (Tris).

Absorbance measurements were made using a Gilford
2400S spectrophotometer. The temperature in the cell
compartment was determined with a platinum resistance
probe. It was found to be stable to 40-02 °C. In the
kinetic experiments absorbances were output directly onto
paper tape. Measurements on 2NP, and 2NP,, were
carried out at the same time to reduce systematic errors.
Reagents were either of AnalaR or Volumetric grade.
Water was deionized and distilled.

(a) Reaction with hydvoxide. 2 X 10™*M-2NP was caused
to react with 10™2m-sodium hydroxide. Since precise rate
constants are required, it was necessary to exclude carbonate
from the reaction mixture. To this end, the sodium
hydroxide solutions were prepared in a nitrogen-filled
glove box using water distilled under the same gas. Subse-
quently, samples (2-5 cm3) were transferred to spectro-
photometric cells which were sealed with serum caps before
being exposed to the air. Reactions were initiated by
injecting 2 X 1072m-aqueous 2NP (25 mm?) and were
followed for seven half-lives.

(b) Reaction with acetate. Buffers with 0-2m <<
{CH,CO,"] < 0-5M and [CH;CO,7]: [CH3CO,H] = 19 were
made up from sodium acetate and hydrochloric acid
solutions. Observed and predicted pH values agreed to
+0-01 units. Stock solutions of 2NP in water (4 X 1072m)
were prepared with accurately known concentrations.
Samples of these (1-2 cm?®) were weighed out into spectro-
photometric cells (1 cm path length) together with the same
amount of buffer. Scavenging was initiated by the in-
jection of 1072M-iodine (12 mm?3) in either 1 or 2M-potassium
iodide. This gives an initial iodine concentration of
5 x 107°m and [KI] is 5§ X 1072 or 102m. To correct for
spontaneous loss of iodine in the buffer, a ‘ blank ’ cell was
monitored during the reaction. Buffers and stock solutions
were stored at 5 °C between runs. Periodically the latter
were analysed for possible decomposition by diluting

15 R. A. Robinson and R. H. Stokes, ‘ Electrolyte Solutions,’
Butterworths, London, 1959, p. 344.
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portions with 10™2M-sodium hydroxide and determining the
anion absorbance.

(c) Nitro-anion iodination equilibviwm. Solutions of
nitro-anion at known concentration were prepared as
follows: 2 x 10"*M-2NP, was dissolved in 1072m-sodium
hydroxide and after 1 h, when the reaction was complete,
the solution was neutralized to pH 8 with 1m-hydrochloric
acid using a glass electrode. To hold the pH near this
value, Tris buffer was added to give [TrisH*] = [Tris] =
103m. The nitro-anion concentration was then deter-
mined spectrophotometrically at 222 nm. Under these
conditions the anion was found to be stable. The solutions
were subsequently made up to 0-3, 0-5, or 0-7M in potassium
iodide and known volumes of 1072m-iodine in 1M-KI added.
Finally, [I;7] was determined at 353 nm. The equilibrium
was found to be set up very rapidly. From the known
concentrations and measured absorbances, K, may be
calculated. No attempt was made to measure the isotope
effect on K,.

(d) Equilibvium with Tvis. Buffers were made up with
1-5 < [TrisH*] : [Tris] < 10 by partially neutralizing 0-25
or 0-5M-Tris with hydrochloric acid of the same concen-
tration. Samples (0-4 cm?®) of freshly prepared 5 x 1073m
stock solutions of 2NP were weighed into calibrated flasks
(10 cm?) and buffer, 10™2m-hydrochloric, acid, or 1072m-
sodium hydroxide were added. Equilibrium in the buffer
was reached within 24 or 48 h at 25 °C and within 1 h for the
H* and OH™ solutions. In the latter cases, the 2NP is
entirely in the neutral and ionized forms respectively. We
then have equation (5) for the buffers 1* where 4 is the
absorbance of 2NP at 222 nm in the indicated solutions.

[(CL,),CNO,”] _ A(bufier) — A(H*)
[(CL,),CHNO,] ~ A(OH-) — A(bufier) )

RESULTS

Standard errors are used throughout. Characteristics of
the u.v. spectra for the nitro-anions were found to be:
(CH,),CNO,~, A, 2225 4 0-5 nm (1073 1-003 £ 0-004 m?
mol™); (CD,),CNO,™, A, 221-5 4 05 nm (1075 0-998 +
0-003 m? mol™).

(a) Reaction with Hydroxide.—The proton transfer (6)

EHOH

(CH,),CHNO, + OH~ — (CH,),CNO,~ + H,0 (6)

follows second-order kinetics running to completion with
the consumption of 29, hydroxide under the experimental
conditions. In view of the precision needed, it is in-
adequate to take [OH™] as constant thereby treating the
reaction as pseudo-first order. However, rather than use a
complete second-order analysis, it proved more convenient
to correct for small departures from first-order behaviour.
Where a and b are the initial concentrations of 2NP and
hydroxide respectively, application of the condition
alb <€ 1 to the usual integrated second-order rate equation 16
leads to expression (7). In this equation gg = (b — a)t +

[2NPy] = a exp — (kg®gn) (7)

af{l — exp [— (b — a)kg®B]}[bkgCF, ¢ is time, and kgCH is
the second-order velocity constant. The second term in
gu allows for the changing [OH™].

For 2NP,, there is the additional complication that we
have several isotopic subspecies in significant proportions
which react in parallel (m = 0-92). The Appendix treats

16 A, A. Frost and R. G. Pearson, ‘ Kinetics and Mechanism,’
Wiley, New York, 1961, p. 17.
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this situation in the case of each subspecies reacting in a
first-order manner. Thus equation (49) with ¢ = [2NPy],
n=86, kp= kpPEb and kDrl/nkﬂlln — (kDOH)sle(kHHO)llsb
describes the kinetics within the approximation that
[OH] is invariant. kpOH is the second-order rate constant
for the deprotonation of 2NP;. It may be shown that
allowing [OH™] to change by a small amount leads to
equation (8). In this equation g, = (b — a)t + a{l —
exp [— (b — a)kmPBf]}/bkyOF where £, 02 = (1 — m)kgPH® +
mkpOE, It can be seen that g, and gg are analogous
[2NP,,] = a{[l — 6(1 — m)] exp — (kpOHg,) +
6(1 — m) exp — (kpOH)¥/S(kgOH)Yog,}  (8)
functions. To determine optimum values of zg®® and kpOH,
absorbances 4 were fitted to expression (9) by means of a
A =Ap + (4o — 40)[2NP]/a 9

generalized least squares program.!? In the former case
[2NP]/a was taken from equation (7) whereas in the latter
equation (8) was used together with the known values of
kg2 and m. A, and A are initial and final absorbances,
respectively. Residuals were rarely greater than 0-002
units. Table 1 summarizes the results of nine determin-
ations of the secondary isotope effect. The present value

TaBLE 1
Kinetic isotope effect (OH™)
t = 25-03 °C; Ionic strength yp = 10-2m

EpOH/Imol s1  ApOH/l mol-t 571 pOH/kgOH
0-360, 0-323, 0-896
+0-001 +0-001 4-0-002

of kgOE is in reasonable accord with previous determinations
[Gold and Grist,'® 0-352 (4+0-003) 1 mol™? st at u = 0-1M;
Bell and Goodall,® 0-316 (40-014) 1 mol™ s! at p. = 0-2Mm].
The observed differences may be a salt effect.

(b) Reaction with Acetate—For the iodination of 2NP in
acetate buffers, we may outline the mechanism as in
reaction (10).1* First-order velocity coefficients are shown.

I k
(CLy),CHNO, === (CLy),CNO,~ == (CL,),CINO, (10)
B, By
These are dependent upon concentrations of other species
in the system. In particular equation (11) holds and

k, = FA[CH,CO,"] + KOH[OH™] + & (11)

ky = ky*[1,*] where [I,*] = [I] + [I;7]. The rate con-
stants #4, kOH, and %° describe the deprotonation of 2NP
by acetate, hydroxide, and water respectively and k,* is
the second-order rate constant for iodination of the nitro-
anion. The buffer composition and hence %, was essentially
constant for each run. It may be shown that only when
iodination 1is irreversible (k,/k_, > 1) and scavenging
limitingly efficient (k,/k_; >> 1) will the rate of reaction be
independent of [1,¥]. Under these conditions the observed
rate constant is ;. However in practice, the iodination of
2NP is only approximately zero order in iodine ® and
similar behaviour has been observed for nitromethane.?®
In view of this, it is necessary to treat the kinetics in some
detail.

17 1. G. Sillen, Acta Chem. Scand., 1964, 18, 1085.

18 V. Gold and S. Grist, J.C.S. Perkin II, 1972, 89.

19 K. J. Pedersen, K. danshe vidensk. Selsk. Skr. Mat.-fys.
Medd., 1932, 12, 1.

20 J. A. Feather and V. Gold, J. Chem. Soc., 1965, 1752.

2t D, Turnbull and S. H. Maron, J. Amer. Chem. Soc., 1943, 65,
21

[
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The validity of the condition &,/k_, > 1 was tested in the
following way. A solution of 2 X 10™*M-nitro-anion at pH 8
was prepared as described in the Experimental section (c).
To a sample in a spectrophotometric cell was added enough
iodine in potassium iodide solution to give [1,*] = 2 X 107m
in the absence of reaction but however rapid the mixing,
it was impossible to measure the decay of I,”. Thus we can
write 2 X 107%k,* > 1 s or A,* > 5 X 10® 1 mol™? s
To estimate %_, it is necessary to consider the equilibrium
(12) and we have equation (13). The dissociation constants
(CH,),CHNO, -+ CH,CO,” ===

(CH,),CNO,~ 4+ CH3CO,H

byl = Kl[CH:;COz_]/[CH:zCOzH]

(12)
(13)

of 2NP, 222 and acetic acid 2 give the equilibrium constant
K, =11 x 10%. From experiment, %, <6 x 107 s?%
(Table 2) and we know the buffer ratio under the reaction
conditions. Using these values in equation (13) gives
k3 <3 x 1075 s'l. Combining the limits on k,* and %_,;
yields relation (14) and the condition %,/k_; > 1 is satisfied
to high accuracy down to at least [I,*] = 5 x 107°m.

kolk y = ko*[1*] [k > 2 X 10°[1,*] (14)

Having demonstrated the efficiency of scavenging, we
ascribe the dependence of the observed rate on [I,*] to the
reversibility of the second step in equation (10). Further,
the inequalities £, > %, and %, > %_; may be combined to
give the relation %, 4 %, > %, + k. This condition
requires that the second equilibrium is set up much more
rapidly than the first and hence the nitro-anions and the
iodo-derivatives are present in equilibrium concentrations
during the reaction. Thus from equation (4) we may

write (15) and we also have equation (16). Using the
[(CLy,CNO, ) [ kg s
(CLyCINOy ~ K]~k )
Ky = [I;7]/[L]17] (16)

stoicheiometric relationships (17) and (18) together with

[2NP]0 = [2NP ] + [(CL3)2CN02_] + [(CL3)2CIN02] (17)
[1:*¥]o = [1*] + [(CL3),CINO,} (18)

equations (15) and (16) we can relate the change in [2NP] to
the observed change in [I;~] by expression (19). Under

[2NP], — [2NP]
- _ 1 [I7]2
= (I57Jo — s ])(1 +K3T:]“)(1 + m) (19)

the experimental conditions [I7] is effectively constant.
Values of K, are discussed below and K, = 713 1 mol™.2¢
Equation (19) relates [2NP] and [I,7] rather than a simple
linear expression because all the 2NP which ionizes is not
iodinated.

By combining equations (13), (15), and (17) with the rate
law (20) it may be shown that for all but the last 109, of

—d[2NP)/dt = k,[2NP] — k_[(CL,),CNO,"] (20)

22 G. W. Wheland and J. Farr, J. Amer. Chem. Soc., 1943, 65,
1433.

23 G. Kortum, W. Vogel, and K. Andrussow, ‘ Dissociation
Constants of Organic Acids in Aqueous Solution,” Butterworths,
London, 1961.

24 D. J. Barnes and R. P. Bell, Proc. Roy. Soc., 1970, 4, 318,
421.
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the iodination, [2NP] follows a first-order course which is
characterized by %, to within 0-19,. Consequently, after
subtracting a small contribution for spontaneous loss of
iodine in the ‘ blank ’ cell (<29, of the rate), absorbances
for 909, reaction were fitted 1 to expression (21) where

A = A, — F[2NP]y(1 — exp — ki) (21)
equation (22) applies and ¢ is the extinction coefficient of
F1=(1+ K[ + I%/Kd)e  (22)

I,~. Residuals were invariably less than 0-003 units. The
correction term, [I17]%/K,A4 reaches a maximum value of
0-01. The same kinetic treatment was used for both
2NP,, and 2NP, This is because, in contrast to the
hydroxide reaction, only 0-25%, of 2NP,, is deprotonated
and hence the isotopic composition is constant throughout
the iodination. The observed isotope effect is corrected
by using equation (50) (see Appendix).

To obtain %4, the other contributions to k&, are required
{equation (11)]. The known values, kg% = 0-36 1 mol™s™1
and [OH™] =11 X 108 together with the estimate,?
kg’ = 4 x 107sgive kHA = (kyg — 8 X 10‘9)/[CH3C02_]H.
Since the correction to %, is never larger than 39, and the
dependence of the secondary isotope effect on the base is
small, a value of %,A/kg? for each experiment was evaluated
directly from equation (23). Subscripts H, #, and D show

kmA/kHA = klm[CHacoz_]H/kuI[CHacoz_]m (23)
the isotopic composition to which the rate constants or
concentrations refer. Table 2 summarizes the kinetic

TABLE 2
Kinetic isotope effect (CH;CO,™)
t = 2498 °C; N = number of runs

[CH:;COZ‘]H/ (}./M N 107k1H/ lO"kHA/ kmA/kHA
M st I mol? st

0-0937 0-1 3 2-57 2-66 0-917
4-0-03 4-0-03 +0-005
0-1407 0-15 4 3-69 2-57 0-917
+0-03 4-0-03 --0-004
0-1862 0-2 2 5-00 2-64 0-911
+0-04 +0-02 4-0-004
0-2317 0-25 4 6-32 2-69 0-913
+0-04 +0-02 +0-004

Constants for equation (21): K, = 2-6 x 10> mol I1;

K, = 7183 1 moll; ¢ = 2-55 X 10> m? mol™! (from ref. 24)

data for acetate. The mean value of 108y, 2:64 (4-0-03)
1 mols™, is lower than 3-02 (4-0-14) ] mol™ s™ as found by
Bell and Goodall.? Independent measurements * carried
out in this laboratory using 2NP, prepared by spinning
band distillation give 108k g% = 2.71 (40-1) 1 mol? s™L
The mean isotope effect kpA/kg® = 0-907 4+ 0-007. Un-
certainties in the composition of the stock solutions are
included in the standard error.

TaBLE 3
Values of K,
t = 25°C
{I-]/m 0-3 05 0-7
10-3K,[/m 2-34 4- 0.08 267 4 0-11 2-77 4- 0-06

(c) Nitvo-anion Iodination Equilibvium.—Table 3 gives
values of K, Each is the mean of three determinations.
25 B. G. Cox and A. Gibson, personal communication.

26 R, P. Bell and E. Gelles, Proc. Roy. Soc., 1952, 4, 210, 310.
27 R. G. Bates and H. B. Hetzer, J. Phys. Chem., 1961, 65, 667.
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‘We may compare the final value, K, = 2-6 X 10 mol 171,
with the potentiometric measurements of Bell and Gelles.2¢
They determined the equilibrium constant for reaction (24)

(CH,),CHNO, + I, === (CH,),CINO, + H* + I~ (24)

which gives K, = 3 X 102 mol I"* when combined with A,
and the acid dissociation constant for 2NP..2h22 We
attempted to study equilibrium (24) by the spectrophoto-
metric determination of I, but this was rendered im-
practical by the oxidation of I~ to I, by 2NP. Use of the
value K, = 3 X 10% mol I'! in equation (21) gave a sig-
nificantly poorer fit to the kinetic data. It is also notable
that Bell and Gelles obtained more precise results for the
iodination of ketones than for the nitroalkanes. In the
direct determination of K,, no slow proton transfer step is
involved so the equilibrium is set up very rapidly and
problems of oxidation do not arise.

(d) Equilibrium with Tris.—Equilibrium constants were
calculated from equation (25) where the activity coefficient

[(CL,),CNO, ][ TrisH*]

T
Er=T [(CL3),CHNO,][Tris) (25)

product I' was evaluated using expression (26). Small
lgT = —1-02u¥(1 4 ph)? (26)

corrections were applied to the Tris buffer ratio to allow
for the ionization of 2NP. Values of KT showed no
systematic pH dependence. Results are summarized in
Table 4. Combining the mean value of KgxgT with the

TABLE 4
Equilibrium isotope effect
¢ = 250 °C; CT = [Tris] -+ [TrisH*]

CT M N KT KgT K,/Ky

0-12 7 1-73 4 0-05 2-16 4- 0-05 0-795 4- 0-01

0-24 5 1-77 4 0-04 2-28 + 0-04 0-77; + 0-01
dissociation constant 2? for TrisH* (pK, = 8:07) gives

pK, = 772 (4+0-02) for 2NP,. This is in excellent agree-
ment with the values 7-68 (4-0-03) and 7:7—7-8 obtained
potentiometrically.?»22 The mean value of K, /Ky is
corrected by the equilibrium analogue of equation (50) (see
Appendix) to give the result Kp/Kg = 0-77, (+0-01).

DISCUSSION

Table 5 summarizes the secondary isotope effect data.
B,P is obtained by using equation (1) and ApK, =
772 — pK,(BH) % [equation (2)].

TABLE 5
Collected results
kDB k]lB
B- (orKpKy) * B,P ApK,
OH- 0-896 4 0-002 0-43 4 0-02 —8-03
CH,CO4 0-907 + 0-007 0-38 + 0-03 2-97
* Tris 0-774 4 0-009

(a) Isotopic and Normal Bronsted Coefficients.—Our
value of B,° = 0-43 for OH~ differs from the result
By = 1-61 obtained by Bordwell et al.? for the deproton-
ation of l-aryl-2-nitropropanes by OH—OMe~. It is
thus not true that in general isotopic and normal
Bronsted coefficients are the same for carbon acids.
This contrasts with an increasing body of evidence in
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the case of oxygen acids.#®% Further, g,P for acetate
is significantly different from the value 8, = 0-55 (--0-02)
obtained by Bell and Goodall 3 for the reaction of 2NP,
with acetate and chloroacetate.

(b) Application of Marcus Theory—A prima facie
interpretation of the B,P versus ApK, data in Table 5
might be that the  degree of proton transfer is 0-41
for —8 <{ ApK, <3 and the increasing product-like
character of the transition state predicted from the
Hammond postulate 7 as ApK, becomes more positive
is small compared with experimental error. This view
is inconsistent with the Marcus treatment of proton
transfer reactions »%1® as we now show. For the
equilibria (27) Marcus gives equations (28) and (29).

Wr AGR®

AH -~ B~ == (AHB") (A-HB) ==
A-+BH (27)
AG:® = Wy + a1 - AGRo[2)2/4  (28)
AG® = Wy + AGg® + Wp (29)

We follow the nomenclature of Albery efal.4 who describe
the theory in more detail. The species in parentheses
in equilibria (27) are collision complexes with standard
free energies of formation, Wy and —Wp. A4 is the
standard free energy of activation for their intercon-
version when the ‘ proton driving force,” AGR°, is zero.
To express a second-order rate constant £B in terms of
AG;° it is necessary to choose a standard state. Unit
mole fraction seems most appropriate if for no other
reason than because in expression (30) the pre-expo-
nential factor is ca. 1011 1 mol? s as required by

BB = (AT/W[H,0)) exp —AGy°/RT  (30)

Marcus.? We also need statistical factors. Where
there are ¢ equivalent basic sites on B~ and p equivalent
acidic sites on BH [equation (2)] standard free energies
are given by equations (31) and (32). The symbols

AGy® = —RT{In (k®/g) — In (RT/A[H,0])} (31)
AG® = —RT{In (p/q) — 2-3ApK,] (32)

R, %, &, and T have their usual significance and [Hy0O] =
55-6M.

When Wy, Wp, and A are invariant to changes in
AG®, Marcus, by appealing to model proton transfers,
interprets the Brgnsted coefficient as a transition state
symmetry parameter. Under the same conditions he
gives equation (33) and the theory may then be regarded

B =31+ AGr°3) (33)

as an algebraic form of the Hammond postulate combined
with Leffler’s interpretation 2 of Brgnsted coefficients.
Since equation (28) is only valid for —x << AGy® < 2,
the restriction, 0 <{ 8 <1 is imposed on equation (33).
The value, B; = 1-61,% being outside this range, has been
discussed variously in terms of changing A% or changing
PVR and Wp.4

28 M. M. Kreevoy and D. E. Konasewich, Adv. Chem. Phys.,
1971, 21, 243.
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We proceed to examine whether 8, satisfies equation

(33). If thisisthe case, we have from equation (28), equa-
AG,° = Wg + Mp,D)? (34)

tion (34) and for the reverse reaction equation (35). For
AGy® — AG° = —Wp + M1 — B,2)2  (35)

OH-, Wp vanishes since HB [equation (27)] is simply a
solvating water molecule and A may be evaluated using
equations (31), (32), and (35). We take ¢ =1 and
p =2. Values of £ and ApK, for 2NP, were selected
although use of the corresponding quantities for 2NP;,
or indeed different statistical factors does not change
the result of the analysis. Knowing A, we may use
equation (35) with estimates of Wy to predict values of
g0 for other bases with known rate and equilibrium
constants. Carrying through this procedure we obtain
B,° = 0-53 (4-0-02) for acetate (¢ = 2, p = 1) when Wp
is zero. Larger values of —Wp only serve to increase
B, and it is unlikely that —Wp < 0. Hence observed
[0-38 (Table 5)] and predicted (0-53) values of 8,P for
acetate do not agree and thus equation (33) does not
hold for this parameter. Since the validity of (33)
and the interpretation of g in terms of transition state
symmetry have the same basis (constant Wy, Wp, and
) the ‘ degree of proton transfer ’ is no¢ simply related
to B,°. This result is unchanged by using a standard
state of unit molarity for AG;°. Thus like 8,, ;P does
not give us transition state symmetry despite the fact
that 0 < B,° < 1.

Although there are insufficient data to carry out a
complete Marcus analysis for changes in B~ [equation
(2)], it is interesting to adopt a simplified approach by
neglecting Wp and Wy [equations (28) and (29)]. Thus
A calculated from B and ApK, for acetate can be used
to predict p [equation (33)] and %® [equation (28)] for
any base of known pK,. Results of this approach are
given in Table 6. We anticipate that for hydroxide the
transition state will be somewhat nearer to the re-

TaBLE 6
Application of Marcus theory for Wg = Wp = 0
kB * kB
B- ApK, B* Imollsl 1moltls?t kglkpi
OH- —8-03 043 49 x 10 36 x 107t 74
CH,CO,- 2-97 0-53 (26 x 107%) 26 x 10® 76

* Predicted. 1 Observed.

;- Predicted. 1 Observed, 1 Primary isotope eftects deter-
mined by Bell an oodall.

actants, whereas for acetate the ‘degree of proton
transfer * is somewhat >0-5. This conclusion is not
inconsistent with the primary isotope effects® which
suggest that both transition states are not far from
symmetrical. Predicted and observed values of AOH
are in remarkable agreement considering both the
simplicity of the treatment and the extrapolation over
11 pK, units. Further, the predicted p for acetate is
close to the experimental value3 B, = 0-55 (40-02).
In the case of hydroxide, the equality of 8, (Table 5)

2 J. E. Leffler and E. Grunwald, ‘ Rates and Equilibria in
Organic Reactions,” Wiley, New York, 1963, p. 158.
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with the value of § anticipated by the Marcus theory
can only be fortuitous since as we have already shown
8,2 does not obey equation (33).

(c) Interpretation of Secondary Isotope Effects—We
now consider the secondary isotope effects in the light
of a model needed to describe the influence of normal
substituent changes in the nitroalkanes. To set up the
model, three items of evidence are invoked. (1) pK,
values for the series CH;NO, CH,CH,NO,, and
(CH3),CHNO,. (2) Relative rate constants for the
nitroalkanes in item (1) as a function of the pK, of the
deprotonating base. (3) Bordwell’s Brgnsted coefficient
for the 1-aryl-2-nitroalkanes.2 30

The pK, values in item (1) are not in accord with the
CH,; group acting as an electron donor in the inductive

/O /O
0" o}
(n (IT)
8_
8+ 18,0 8+ | .0
H---C—N = H---C===N{
[\, N
[¢] 0
(TIT) (V)

mode (Table 7). However, as has previously been
pointed out,3 the order may be correlated with the
familiar lowering of standard free energy 3! which occurs
in processes involving the formation of a » bond when
CH, replaces hydrogen on an «-carbon atom. (This
effect may arise from hyperconjugation.) We deduce
that in the nitro-anions, structure (II) is dominant over
structures of type (I). Table 7 collects together relative
rate constants for the deprotonation of nitromethane,
nitroethane, and 2NP. Values for each base are taken
from a common source where possible. Here, in
contrast to the equilibrium case, the «-methyl groups
behave inductively although this effect tends to become
less pronounced for weaker bases. Thus, it is necessary
to invoke a transition state model in which resonance
structures of type (III) are dominant. (For simplicity,
we have omitted the base and show only one of the two
possible resonance forms involving the nitro-group.)
Structures (IV) are however becoming relatively more
important for bases of low pK, and since (II) is dominant
in the product, this is in accordance with the Hammond
postulate. Evidently proton transfer runs ahead of the
delocalization of charge into the nitro-group. If this
were not the case, structures (III) and (IV) would have

30 F. G. Bordwell and W. J. Boyle, J. Amer. Chem. Soc., 1972,
94, 3907.

31 J. Hine, ‘ Physical Organic Chemistry,” McGraw-Hill, New
York, 1962, p. 19.

32 D, D. Perrin, ‘ Dissociation Constants of Organic Bases in
Aqueous Solution,” Butterworths, London, 1965.

33 R. G. Pearson and F. V. Williams, J. Amer. Chem Soc.,
1953, 75, 3073.
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the same relative weights as (I) and (II) at every point
along the reaction co-ordinate.

TaBLE 7
Relative rate constants for the deprotonation of nitro-
alkanes
B- pK, 2NP CH,CH,NO,CH;NO,  Ref.
OH- 15-75 1 16 87 3
pyridine 520 1 9 37  3,20,32,33
CH,CO; 475 1 13 23, 34
CICH,CO4~ 2-87 1 5 18 23, 35
H,0 —1-75 1* 9 * 11 * 3, 36, 37
Nitroalkane PK. 77 85 10-2 21, 22
* Estimate. All values refer to 25 °C in water.

A similar conclusion has been reached by Bordwell
et al2 and we may use their findings for the deproton-
ation of l-aryl-2-nitropropanes by OH--MeO~ to
elaborate on our model. In these compounds, the
reaction centre is insulated by a methylene link from the
direct resonance effects of substituents in the phenyl
group. Consequently, only inductive changes modify
the rate and equilibrium constants. The value B; =
1-61 therefore implies that there is a greater charge on
the «-carbon atom in the transition state than in the
product. This is entirely feasible since the transition
state is closer to (III) than (IV) whereas the product is
nearer to (II).

It is helpful to express the model in diagrammatic
form. The Figure shows the charge on the cecarbon

1

OH™ —i

~— CH,CO

Q2 or ¥

-~ £y

U1 pm mrem e D e e e e e ———
—

| T
| ;
0 o ]
0 0- 1
——ii
R

Model for the deprotonation of nitroalkanes: R = degree of
proton transfer; @ = fractional negative charge on the «-
carbon atom; N = order of = bonding to the nitro-group.
Transition states for hydroxide and acetate ions are shown as
described in the text

atom (Q) and the order of = bonding () as schematic
functions of the extent of proton transfer (R). Thus the

34 O. Reitz, Z. Phys. Chem. A, 1936, 176, 363.

35 T. Tenno and A. Talvik, ‘ Organic Reactivity,” Tartu State
University, 1969, vol. 6, p. 889.

3¢ R. G. Pearson and R. L. Dillon, j. Admer. Chem. Soc., 1950,
72, 3574.

37 R. Junell, Z. Phys. Chemn. A, 1929, 141, 71.
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values of Q and N at R =1 are determined by the
relative weights of structures (I) and (II) respectively.
Values of R for hydroxide and acetate transition states
are taken as p in Table 6. For both these bases, and
indeed for all bases in Table 7, Q > N because (III)
dominates (IV). Further, Q in the region of the
hydroxide transition state is drawn greater than @ at
R =1 as required by B;. Finally, we have imposed the
constraint, R = @ + N.

It is often helpful to discuss secondary isotope effects
in the same terminology as is employed for normal
substituent effects and we adopt this approach here.
Thus in proton transfer equilibria, deuterium remote
from the reaction centre usually behaves as an electron
donor. 381 Qur result, Kp/Kg = 0-77, fulfils this ex-
pectation. This value is close to the isotope effect,
Kp/Kg = 0-76, found for the dissociation (36) of the
dimethylammonium ion,** but here the change in

(CL,) NH,* === (CL;),NH + H* (36)

charge at the reaction centre is much greater than for
2NP. Thus the value Kp/Kg = 0-77 is too low to be
ascribed to an inductive effect only and it appears that
hyperconjugation (or some other effect arising from the
presence of the = bond) is involved. We may therefore
consider that the secondary isotope effect has two
contributions, one depending on Q and the second upon
N. The Figure shows how these quantities change
along the reaction co-ordinate. The inductive com-
ponent is larger in the kinetic isotope effect than in the
equilibrium effect. Therefore we may ascribe the
failure of 8,P as a transition state symmetry parameter
to the non-monotonic behaviour of Q with respect to
proton transfer.

The complexity of both isotope and normal sub-
stituent effects in the nitroalkanes arises ultimately
from the extensive electronic redistribution which
accompanies proton abstraction. This contrasts with
the simpler nature of changes occurring in the base.
Thus for acetate, it seems likely that the charge on the
carboxylic carbon atom changes monotonically along
the reaction co-ordinate. It is therefore understand-
able that B, agrees with the prediction of transition state
symmetry from the (simplified) Marcus theory.

(d) Solvemt Isotope Dependence of the Primary Isotope
Effect—Gold and Grist 8 have recently reported that
the primary kinetic isotope effect for 2NP is dependent
upon the isotopic composition of the solvent. We
point out that the phenomenon may be interpreted as a
manifestation of the breakdown of the ‘rule of the
geometric mean.’ 443 In the case of reaction with
hydroxide we may also argue that the magnitude of the

38 A. Streitwieser and H. S. Klein, J. 4mer. Chem. Soc., 1963,
853921{’.9 P. Belland W. B. T. Miller, Trans. Faraday Soc., 1963, 58,
N J. Kresge and R. J. Preto, J. Amer. Chem. Soc., 1967, 89,
554110'VV. Van der Linde and R. E. Robertson, J. Amer. Chem. Soc.,
1964, 86, 4504.
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effect is consistent with an approximately symmetrical
transition state.

The usual treatment of solvent isotope effects 445
assumes that the fractionation factor ¢ for a given site
does not depend upon whether other sites in the system
are occupied by H or D. In other words, isotope effects
on ¢ are neglected. Abandoning this assumption, we
may define two different fractionation factors for
exchange in the solvent [equation (37)]. Thus allowing

H,0 :d)‘n_ HOD i—D.E. D,0 387)

for statistical factors, processes (38) and (39) have
H,0 + $D,0 === HOD + {H,0 (38)
HOD + iD,0 ==D,0 + $H,0 (39)

equilibrium constants 2¢y and ép/2 respectively. We
then have equations (40) and (41) where K is the equili-

¢udp =1 (40)
¢u = LK'2 (41)

brium constant for H,0 + D,0 === 2HOD and has the
value 3-76 46 at 25 °C. Consequently, ¢z = 097 and
¢p = 1:03. (The wusual approximation puts ¢g =
ép = 1))

For the reaction of (CH,),CLNO, with OL~, we
consider the simplest model (42) and show the primary
fractionation factors in the case of H,O as solvent.

¢RH quH

y y

(CHy),C — L 4+ OH~ —» (CH,),CNO,~ + L — OH

NO, (42)

There will be another pair (¢rp and ¢pp) for D,O. In
the reactant, the site L is at most only weakly hydrogen
bonded to the solvent whereas in the product it becomes
bound in a water molecule. This will remain true for
more complicated models 18 involving additional solvent
molecules. We may therefore argue that for the
equilibrium primary isotope effect, Kp/Kyg, the greater
part of the solvent dependence is attributable to ¢p
rather than ¢gr. Hence, equation (43) applies and

(KD)DIO<KD>“ _ ¢ep fmm_ $p _ 106

K )oo\Kat o — fom fuw ~ fm

from the data of Gold and Grist,!® we have equation (44).

kp kp\?
= = = 1-04 4- 0-01
ka D,0 kg H,0

Thus the solvent isotope dependence of the primary

kinetic isotope effect lies about halfway between unity

42 'W. J. Albery and M. H. Davies, Trans. Faraday Soc., 1969,
65, 1059.

4 J. Bigeleisen, J. Chem. Phys., 1955, 23, 2264.

4 V. Gold, Trans. Faraday Soc., 1960, 56, 255.

45 A. J. Kresge, Pure Appl. Chem., 1964, 8, 243.

4% 1.. Friedman and V. J. Shiner, J. Ckem. Phys., 1966, 44,
4639.

(43)

(44)
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and the corresponding equilibrium value. This is satis-
factory for a process with a near symmetrical transition
state. Finally, we note that the solvent isotope effects
for (CH,),CHNO, and (CH,),CDNO, will be slightly
different.

APPENDIX
Kinetics for the Reactions of Statistical Isotopic Mixtures.—
The species, XL, has » equivalent non-exchanging sites
which can be occupied by H or D.  The constituent isotopic
subspecies, XD, H,, _,undergo a first-order reaction in which
all sites remain equivalent. '
Symbols.—Symbols used are ¢ = [XL,], %, = first-order
rate constant for XD,H, ,, kg = %, and kp = k,. The
following assignments apply at time ¢{= 0: m = atom
fraction of D in XL,, &, = observed first-order velocity
coefficient, @ = ¢, and a, = [XD,H,_,].
The system is characterized by equation (45) and the
r="n
c= z a, exp — kit (45)
r=10
assumption of a statistical distribution of isotopes at
t = 0 leads to expression (46).!1? If every deuteriation

ar _ nlm'(l —m)" "

a 7ln—7)! (46)

1025

gives rise to the same isotope effect (constant %,+./k,),
equation (47) follows. Combination of equations (45)—(47)

(47)
yields (48) and when  is close to unity this simplifies to

’i” [n!m'(l — m)nr

ri(n — 7)!

ke = hpyInhg @10

c=a

exp — (kDf/nkH@‘f/n))t] (48)

r=0
(49). First-order velocity coefficients may be found by

c= a{{l — n(l — m)]j exp — (kpt) +

n(l — m) exp — (kpl~Unkg!™t} (49)

evaluating —d In ¢/d? from equation (48) and in particular
km is given by equation (50). The similarity of equation

kD 1/n—yn
kmzkﬁ[l—'M—l-m(—-) ]
kg

(50) to the expressions of fractionation factor theory 4445
arises from the use of analogous assumptions.

(50)

I thank Professor R. P. Bell and Dr. W. J. Albery for
discussions and Dr. R. L. Tranter for the arrangement of
data acquisition and computing facilities.

[3/1830 Reccived, 20th July, 1973]




