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Models for Nicotinamide Coenzymes.

Isotope Effect Discrepancies in the Reaction of
Dihydronicotinamides with Trifluoroacetophenone
Are Due to Adduct Formation

Sir:

Several years ago we suggested that the oxidation-reduction
reaction of a 1,4-dihydronicotinamide (1) with trifluoroace-
tophenone (2) (Scheme I) proceeds via an intermediate.! This
was based on our observation that isotope effects determined
by comparison of the rates of disappearance of protio- and
4-deuteriodihydronicotinamides (1 and 1-d;)? were small
compared with those determined from the partitioning of hy-
drogen and deuterium from 1-d; into the product phenyltri-
fluoroethanol (4). This discrepancy would be explained if there
was a noncovalent intermediate on the reaction pathway, with
the rate-determining step preceding the hydrogen transfer.
Similar results were subsequently reported for other oxidations
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of dihydronicotinamides, and two-step mechanisms proposed
for these reactions as well. It now appears, however, that our
conclusions were premature. In this report we demonstrate that
the discrepancy in isotope effects is due to the reversible for-
mation of a covalent adduct* 5 which is not on the pathway for
the oxidation-reduction reaction (Scheme II).

The isotope effects were remeasured for two dihydronico-
tinamides under conditions minimizing the complicating
unimolecular (hydration) component! in the disappearance
of 1. In 0.1 M NaHCO3-0.1 M Na,CO; buffer, pH 9.9, in
25% 2-propanol at 50 °C, the disappearance of 1 (UV, 355 nm)
in the presence of a large excess of 2 is pseudo first order, with
kobsd = kapp[2]. The initial rates of disappearance of dihy-
dronicotinamides® 1, 1-dy, and 1-d, were measured simul-
taneously in identical solutions of 2 so as to determine the
relative rates (kuu/kup, kuu/kpp; Table I, entries 2 and 3)
with maximum accuracy. The relative rates of transfer of H
and D from 1-d; to 2, ky/kp, were determined in the above
medium by isotopic analysis of the product alcohol 4 (Table
L, entry 4). Data were corrected for the isotopic compositions
of the samples of 1 used.® To make certain that deuterium had
not been lost by exchange with solvent, the reactions were re-
peated with [*H]-H,O in the medium and 4 isolated as the
p-nitrobenzyl ester.!® Scintillation counting of the ester showed
that <0.1% of the hydrogen on the carbinol carbon (H-C-0)
of 4 was derived from the solvent. The data confirm our report
of discrepancies in isotope effects.

We must now consider this data in the light of formation of
5. The adduct Sa (R = propyl) precipitated in 10-15% yield
when a buffered (0.1 M carbonate, pH 9.9) solution saturated
in 1a and 2 was held at 40 °C and was shown to have the IR,

Table L. Kinetic and Isotope Effect Data for Reactions of Dihydronicotinamides 1 with Trifluoroacetophenone (2)7

dihydronicotinamide (R)

entry 1a (n-propyl) 1b (benzyl)
I Kappy M~ min=! # 0.207 £ 0.014¢ 0.065 + 0.0034
2 kun/kup (rel rate)d-ef 1.29 £ 0.04¢ 1.55 £0.154
3 kuu/kpp (rel rate)b-e.2 1.93 £ 0.13¢ 2,194+ 0.114
4 ku/kp (product analysis)e-# 6.7+1.8 6.6+ 1.7
5 2ku/(Qky + ka) (caled, eq 3) 0.57 £0.06 0.64 £ 0.05
6 2ku/(2ky + ka) (caled, eq 4) 0.53+£0.07 0.84 £0.14
7 ky, M~ min-! 0.06 0.02
8 ka, M-1 min“} constants for Scheme I[/ 0.09 0.02
9 k_a, min~1 0.006 0.005

2 All measurements were done at 50.0 £ 0.2 °C in 0.1 M NaHCO3-0.1 M Na;COj; buffer, pH 9.9, ionic strength 0.5, in 25% 2-propanol
(v/v). ® Disappearance of 1 followed spectrophotometrically at 355 nm. ¢ Average from 21 experiments over the range of [2] from 0.025 to
0.2 M.  Average from |1 experiments, [2] = 0.05-0.2 M. ¢ Corrected for isotopic composition of starting samples of 1./ Relative kapp for
1and 1-d,. & Relative kap, for 1 and 1-d». 2 0.01 M 1-d, and 0.04 M 2 were incubated for 48 h (>95% completion); crude 4 was isolated a.nd
analyzed by mass spectroscopy (average from three experiments). ! ky; and k 4 were calculated from the ratio 2ky/(2ky + k) and the assumption
that 2ky + kA = kapp. k- was chosen to fit data for 4 formation (e.g., Figure 2).
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Figure 1. Time course of reaction of 0.01 M N-([*H]benzyl)dihydroni-
cotinamide (1) (@) and 0.08 M trifluoroacetophenone (2) at 40.0 £ 0.1
°Cin 0.1 M borate buffer (pH 8.8)-acetonitrile (1:5 v/v). Products de-
tected (by LC) are 3, N-([3H]benzyl)nicotinamide salt (Q); two isomers
of adduct 5 (sum given, A); and the primary hydration product of 1 (O).
Curves calculated for the second-order reaction of 1 and 2, k = 0.043 M~!
min~!, in competing processes, ignoring decomposition of 5.

NMR, and UV spectra expected for the assigned structure.
Analogous adducts have been reported for several other al-
dehydes and ketones.*’

If the formation of the adduct 5 competes with the redox
process (Scheme ), the relative rates of disappearance of 1,
1-d,, and 1-d; will be given by

kuu/kpp = (2ku + ka)/(2kp + ka) (1)
kuu/kup = Rku+ ka)/(ku + kp + ka) (2)

These equations take into account the fact that either hydrogen
at C-4 on 1 can be transferred, and assume a primary isotope
effect but no secondary effects.® It is clear from them that the
isotope effects ky/kp will be partially masked by the com-
peting process ka. If this is the only cause of the observed
discrepancies, we can calculate the relative contribution of the
redox reaction to the disappearance of 1 from

2ku/(2ku + ka) = (1 = kpp/kun)/(1 = kp/kn) (3)

2ku/QQku + ka) = [2(1 = kup/kur)]/(1 — kp/kw) (4

(derived by rearranging eq | and 2, respectively).* The results
(Table I, entries 5 and 6) imply that a significant fraction of
the starting materials disappears initially by the alternative
process of adduct formation.

This conclusion was tested by following the reaction of
N-([*H]benzyl)dihydronicotinamide (1b) and 2 by LC. Peaks
detected by UV were collected and analyzed by liquid scin-
tillation counting. Figure 1 shows the results of a typical ex-
periment (at 40.0 °C, buffered acetonitrile-water, pH 8.8).
The disappearance of 1b follows the expected second-order
kinetics (kqpp = 0.043 M~! min~!). However, three radioactive
products in addition to the nicotinamide salt 3b are observed:
the cis and trans isomers of adduct Sb and the primary hy-
dration product. The initial rates of formation of 3b and 5b are
~65 and 28%, respectively, of the rate of disappearance of 1b,
as predicted in entry 5 of Table I.

To demonstrate that the discrepancy between isotope effects
from partitioning and from kinetics can be accounted for
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Figure 2. Appearance of phenyltrifluoroethanol (4) in reaction of pro-
pyldihydronicotinamide (1a,0.030 M) with 2 (0.10 M), at 50 °C, pH 9.9,
in 25% 2-propanol. Circles, experimental points (two reaction mixtures)
from GLC analysis. Dashed line, calculated for bimolecular reaction, kapp
= 0.207 M~! min~". Solid line calculated for Scheme I1, ky = 0.06 M~1
min~! ks = 0.09 M~ min~!, k_5 = 0.006 min~!.

quantitatively by Scheme II, we studied the formation of
phenyltrifluoroethanol (4) under conditions identical with
those used for the isotope effect measurements (see footnote
a, Table I). Figure 2 shows the results of an experiment with
propyldihydronicotinamide (1a). The dashed line, which
clearly does not fit the data, represents the concentration of
4 expected if the disappearance of 1 and 2 with the bimolecular
rate constant k,p, (from spectrophotometric experiments)
yielded only 3 and 4. The solid line represents the course of the
reaction expected from Scheme I1. In this case, the formation
of 4 is the sum of two processes, one the direct reaction of
starting materials and the other the reaction of 1 and 2 derived
from slow dissociation of the adduct.!? The values of ky and
ka used to produce the calculated curve were based on the
values of 2ky/(2ky + ka) and k,pp = 2ky + ka from the
isotope effects and spectrophotometric kinetics (Table I, entries
5 and 1, respectively). The values of k5 were chosen for the
best fit of the data, and could not reliably be determined to
within better than a factor of 2. It is remarkable, though, that,
if we assume the ratio 2ky/(2ku + ka) to be very different
(£>0.1) from that derived from the isotope effects, the fit to
the data is much poorer. Similar results were obtained with
benzyldihydronicotinamide (1b). This agreement between
totally unrelated experimental approaches is very satisfying.

Note that Scheme IT predicts that the disappearance of
dihydronicotinamide 1 in the presence of excess 2 should also
be the sum of two exponential decay processes. However, the
relative contributions of the two processes in this case would
be different from their contributions to the appearance of the
alcohol, and the biphasic nature of the kinetics much less no-
ticeable. Simulation of the kinetics of disappearance of 1a in
the presence of 0.1 M 2, using Scheme I and the constants of
Table I, shows that a semilog plot over 2 half-lives would ap-
pear essentially linear (» = 0.9990).

An independent determination of the isotope effect in the
redox reaction was provided by double-labeling competition
experiments. The reaction of a mixture of V-([7-14C]benzyl)-
and N-([*H]benzyl)[4-2H]dihydronicotinamides with 2 in
acetonitrile-0.1 M borate (pH 8.8) (14:86 v/v) was analyzed
by LC as previously described.?® The initial relative fractional
conversions of the labeled 1b and 1b-4; into 3b indicated®2 a
kinetic ratio of 1.68 £ 0.07 (two experiments). This is equiv-
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alent (assuming insignificant secondary effects?) to a primary
isotope effect, ky/kp = 5.3 £ 1.4, in good agreement with
partitioning experiments.

All of the data reported here can be accounted for by the
reversible formation of the adduct § between the dihydro-
nicotinamide and the ketone, which is not on the pathway for
the oxidation-reduction reaction. Evidence concerning the
redox reaction itself is consistent with a simple hydride transfer
(ku/kp~ 6, considerable transfer of charge at the transition
state!®). Discrepancies between isotope effects determined by
kinetics and by partitioning experiments are thus not valid
evidence for an intermediate on the path to hydrogen transfer
in this reaction, and we must question the significance of such
evidence in the case of other reactions of dihydronicotinamides?
as well. Indeed, under conditions where formation of hydrated,
neutral adducts like 5 is unlikely (because of solvent compo-
sition or steric effects*), agreement between isotope effects
measured by the two methods has been observed.!! However,
although we have now discounted some of the evidence which
has supported proposals for intermediates (cation radicals?)
in the redox reactions of dihydronicotinamides, other evidence
for complex mechanisms in such processes remains.!?
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New Membrane Carrier for Selective Transport
of Metal Ions
Sir:

Transport of metal ion across a membrane plays an impor-
tant role in biology and may have useful practical applications
to separation science. The selective and specific transport of
alkali metal ions has already been realized by using synthetic
or naturally derived cyclic multidentate ligands as membrane
carriers.! On the other hand, little attention has been directed
toward the transport of transition and heavy metal ions? which
are important from the biochemical and medical points of view.
Hence, the development of a hew membrane carrier for se-
lective transport of these metal ions is still a challenging
problem.

We report here a selective liquid membrane system con-
taining a new linear multidentate carrier for transporting
transition and heavy metal ions, and present an example of an
in vitro system which exhibits characteristics of biological
transport. Previously we have reported the Synthesis and metal
binding properties of a new class of octameric oligomers having
the structure [CH,CH,N(CXNHPh)],=g (X = O or S).
These linear octamers were prepared by ring-opening oli-
gomerization®# and could make complexes selectively with
copper(II) and mercury(II) ions.*3 Such a specific binding
property of the new octamers fits with the requirement for a
selective carrier. Moreover, the intrinsic flexible nature of
linear carrier may permit conformational changes in the
binding and releasing processes of metal ions, as suggested by
Tiimmler et al.6

Two octameric carriers, 1 and 2, and their analogue, 3, were
used as membrane carriers (see Figure 1). The “liquid mem-
brane” system operated here is shown schematically in Figure
2.7 The carriers, 1-3, are much less soluble in the surrounding
solutions (aqueous phases I and II) than in the CH,Cl,
“membrane”. After complexation of the carrier with metal ion
on the left side of the membrane, the complex slowly diffuses
down its concentration gradient. On the right side of the
membrane, metal ion may be extracted into the aqueous phase
I, via formation of a ternary complex (carrier-metal ion-
amino acid). Then the free carrier diffuses back across the
membrane. The net result is that metal ion is moved from the
aqueous phase I (left) to the aqueous phase IT (right) across
the bulk organic phase (liquid membrane).

The copper(II) ion was transported with surprisingly high
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Figure 1. Structure of membrane carriers.
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Figure 2. Liquid membrane system.
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