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Abstract: Direct and indirect (by means of ferrocene mediators) cyclic voltammetry and preparative-scale electrolyses
of the title compound revealed that, even in the presence of bases, the resulting cation radical undergoes cleavage of
the ¢-Bu’ radical rather than proton abstraction. On the basis of this observation, the tert-butyl compound was used
as a mechanistic probe, and it was shown that formal hydride transfer from t-BuBNAH to p-chloranil follows an
electron-transfer reaction pathway. Implications for the hydride-transfer reactions of NADH analogues are discussed.

In spite of a large number of studies, there is still no general
agreement on the mechanism of formal hydride transfer from
models of the dihydronicotinamide coenzyme NAD(P)H to
organic substrates, NAD* synthetic analogues,!” flavins,?
ketones,22%8-13 and quinones.22.11.13-21 The question of the dis-
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tinctionbetween a direct one-step hydride transfer and a multistep
electron—proton—e¢lectron, electron-hydrogen atom, or hydrogen
atom-~electron reaction is still open to debate, particularly for
substrates containing carbonyl groups.

The ability of NADH analogues to act as one-electron donors,
producing the cation radical as an intermediate, has been
established through their reactions with one-electron oxi-
dants,2e4.1422-25 typjcally ferricyanide and ferrocenium ions, as
well as by means of direct electron transfer with an anode.? On
the basis of these reactions, the one-electron-oxidation formal
potentials of NADH analogues have been determined in several
cases, 414222526

It has been argued in several instances that the observed rate
constants are too large for an electron-transfer mechanism, the
rate constant of which was estimated from thermodynamic
data 341418192223 This approach may be illustrated by the
oxidation of 1-benzyl-1,4-dihydronicotinamide (BNAH,?" ) by
p-chloranil (pCA) in acetonitrile, a reaction that will be
particularly discussed in the following. The electron-transfer
reaction

BNAH, + pCA = BNAH,"* + pCA*

has a standard free energy of 0.770 eV (from E°pNAK,*/BNAH,
=0.780 Vvs SCE*222¢ and E°;ca /pca- = 0.010 V vs SCE?). For
such an uphill reaction, it may be assumed that the reverse
electron-transfer rate constant is at the diffusion limit and,
therefore, at 20 °C, that the forward rate constant should be 4.5
X 10# M- 57!, i.e., 6.6 orders of magnitude smaller than the
observed rate constant. However, one has to take into account
that the interaction between BNAH,* and the quinone anion
radical may favor energetically the electron-transfer reaction.
An attractive interaction of 0.40 eV (9 kcal/mol) would be
required to justify the 6 orders of magnitude difference in rate

(22) Miller, L. L.; Valentine, J. R. J. Am. Chem. Soc. 1988, 110, 3892,

(23) Sinha, A.; Bruice, T. C. J. Am. Chem. Soc. 1984, 106, 7291.

(24) Brewster, M. E.; Simay, A.; Czako, K.; Winwood, D.; Farag, H.;
Bodor, N. J. Org. Chem. 1989, 54, 3721.

(25) (a) Carlson, B. W.; Miller, L. L. J. Am. Chem. Soc. 1983, 105, 7453.
(b) Carlson, B. W.; Miller, L. L.; Neta, P.; Grodkowski, J. J. Am. Chem., Soc.
1984, 106, 7233.

(26) (a) Hapiot, P.; Moiroux, J.; Savéant, J.-M. J. 4Am. Chem. Soc. 1990,
112, 1337. (b) Anne, A.; Hapiot, P.; Moiroux, J.; Neta, P.; Savéant, J.-M.,
J. Phys. Chem. 1991, 95, 2370. (c) Anne, A.; Hapiot, P.; Moiroux, J.; Neta,
P.; Savéant, J.-M. J. Am. Chem. Soc. 1992, 114, 4694.

(27) Since the following study deals with 1-benzyl-4-tert-butyl-1,4-
dihydronicotinamide, which will be designated by r-BuBNAH, leading upon
formal hydride transfer to r-BuBNA*, we have changed the traditional
designation of 1-benzyl-1,4-dihydronicotinamide, BNAH, to BNAH,.

© 1993 American Chemical Society



Formal Hydride Transfer from NADH Analogues

o

_“r

£ (VvsSCE)
1 i
0 00 -0

Figure 1. Solid line: cyclic voltammetry of 1-BuBNAH (1.1 mM) in
acetonitrile and 0.1 M »n-BusNBF, in the presence of 20 mM pyridine.
The potential is scanned from 0.1 to 0.9 V and back to 0.1 V at 0.1 V/s
and then from +0.1to—1.45Vat 0.4 V. Dashed line: cyclic voltammetry
of BNAH* (0.45 mM) in the same medium from +0.1 to—-1.45 V at 0.4
V/s. Dotted line: cyclic voltammetry of -BuBNA* (0.38 mM) in the
same medium from +0.1 to —1.45 V at 0.4 V /s,

constants. This figure seems too large for a purely electrostatic
interaction energy between the two ion radicals in the presence
of other ions but might be reached if specific interactions were
involved.

If interactions of this magnitude do exist between the ion
radicals that result from electron transfer, the stereospecific
reductions that have been observed would be consistent with an
electron-transfer mechanism as well as a direct hydride-transfer
mechanism.2!¢

H-D kinetic isotope effects and isotope distribution in products
do not always lead to clear-cut conclusions either. This is
particularly the case with substrates containing a carbonyl group
since, due to H-D scrambling in hydroxyl functions, isotope
distribution is most often meaningless and the sole source of
information resides in the kinetic isotope effects. With, for
example, quinones, the observed kinetic H-D isotope effect has
been interpreted either as the result of a direct hydride transfer!®-22
or as the result of a rate-determining proton transfer following
an initial electron transfer step.!’

As described in the following, we have found that the
t-BuBNAH* cation radical produced upon oxidation by heter-
ogeneous or homogeneous outer-sphere electron transfer under-
goes, unlike BNAH,**,% cleavage of the 4-carbon-tert-butyl bond
rather thandeprotonation by bases present in the reaction medium.
On the basis of this observation, we then used the terz-butyl
compound as a mechanistic probe to test the occurrence of electron
transfer in the reduction of quinones. We have taken p-chloranil
as an example of the quinone compounds because the driving
force for electron transfer is not too unfavorable, lending some
credibility to the assumption that this pathway competes with
the direct hydride-transfer pathway.

Results and Discussion

Direct and Indirect Electrochemical Oxidation of -BuBNAH.
The cyclic voltammetry of -BuBNAH in acetonitrile (in the
presence of n-Bu,BF, as the supporting electrolyte) is summarized
in Figure 1. It exhibits an oxidation wave which remains
irreversible at all scan rates between 0.1 and 100 V/s. By
comparison to the cyclic voltammetric oxidation of BNAH; under
the same conditions (see ref 26 for a description of the
electrochemical oxidation of BNAHS,), itis seen that the oxidation
of :-BuBNAH consumes two electrons per molecule. The
intermediacy of the cation radical z-BuBNAH* is indicated by
the width of the cyclic voltammetric peak. It varies from 70 mV
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at 0.2 V/s to 90 mV at 20 V/s, showing?® that the reaction is
under the mixed rate control of the first electron transfer and a
fast follow-up reaction. It would thus seem that the reaction is
similar to the oxidation of BNAHj3, in which the first electron
transfer is followed by the deprotonation of the cation radical.2¢
That this is not actually the case is shown by the voltammogram
obtained upon setting the initial potential of the scan beyond the
oxidation peak and noting that the irreversible reduction wave
observed upon cathodic scanning is not that of the reduction of
t-BuBNA* but rather that of the reduction of BNAH*, as can
be seen by comparison with the voltammograms of authentic
samples.

We have observed that the cyclic voltammograms thus obtained
did not change significantly upon introduction of a buffer. The
various buffers that have been tested in this respect are the same
as those used in the investigation of the reaction of --BuBNAH
with p-chloranil, i.e., those listed in Tables I and II. We also
noted that the introduction of bases rather than buffers did not
produce any significant effect, showing that even under basic
conditions, where BNAH,* would be rapidly deprotonated, the
formation of BNAH?* still prevails over that of t-BuBNA*,

The formation of BNAH* upon electrochemical oxidation of
t-BuBNAH was confirmed by preparative-scale electrolysis. A
5 mM solution of --BuBNAH in acetonitrile containing 10 mM
collidine and 1 M H>0 was electrolyzed at a platinum electrode
at 0.900 V vs SCE. Water was introduced into the solution to
trapthe t-Bu* carbocation possibly formed from tert-butyl alcohol.
A temperature of 4 °C was used to increase the solubility of the
volatile products possibly formed. Under these conditions,
BNAH?* was formed quantitatively after the consumption of 1.8
¢/molecule as measured by cyclic voltammetry. z-BuOH (65-
70%) and isobutene (7-8%) were detected by gas chromatography.
The yield of the latter product is certainly underestimated, owing
to its volatility.

It thus unambiguously appears that the cation radical produced
upon direct electrochemical oxidation of t-BuBNAH

-BuBNAH - ¢ = t-BuBNAH"* (1)

undergoes carbon—carbon cleavage in the 4-position rather than
proton abstraction as BNAH,* does. Among the two possible
modes of cleavage, the formation of the ¢-Bu' radical and BNAH*

k
t-BuBNAH'* — 1-Bu’ + BNAH" )

has a driving force much larger than that of the converse formation
of the tert-butyl carbocation and BNAH' (the driving force
advantage is of the order of 1.2 €V?° ) and is thus likely to prevail.

However, assoon asit is formed, the £-Bu radical is immediately
oxidized to ¢-Bu*, since its oxidation potential?® is much less
positive than the oxidation potential of z-BuBNAH. The
formation of -BuOH by reaction with water and of isobutene by
deprotonation ensues. As will be seen next, the rate constant of
reaction (2) is very large (>108 s). It follows that the z-Bu
radical formed at the electrodesurface has no time toreact through
dimerization and H atom disproportionation before being oxidized
at the electrode by means of an “ECE” mechanism.28b-30

We also investigated the oxidation of t-BuBNAH by means
of redox catalysis,2®3! j.e., by a homogeneous mediator, Q,
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Figure 2. Redox catalysis of the oxidation of +-BuBNAH by ferrocenium
ions in acetonitrile and 0.1 M n-BusNBF, (temperature 20 °C): full line,
ferrocene (2.3 mM) alone (scan rate 0.1 V/s); dashed line, --BuBNAH
(1.1 mM) (scan rate 0.1 V/s from 0.1 to 0.9 V, 0.4 V/s from +0.1 to
—1.45 V); dotted line, mixture of the two (scan rate 0.1 V/s from 0.1 to
0.9 V, 0.4 V/s from +0.1 to —1.45 V).

generated at the electrode by oxidation of its reduced form, P
(ferrocene, E°pq = 0.405 V vs SCE, and (4-nitrophenyl)ferrocene,
E°pq = 0.523 V vs SCE, were used for this purpose).

P-e=2Q
ke
Q + +-BuBNAH = P + -BuBNAH"" %)
ke
k +
t-BuBNAH'* — 1-Bu’ + BNAH )
Q+¢Bu —P+But 3)

As shown in Figure 2, the introduction of z-BuBNAH into a
solution of P renders the reversible P/Q cyclic voltammetric wave
irreversible and increases its height as a result of reactions 1/-3.
It is indeed seen (Figure 2) that the product of the oxidation of
t-BuBNAH by the electrochemically generated ferrocenium ion
is BNAH* and not t-BuBNA™* as in the case of direct electro-
chemical oxidation. The same result was obtained in the presence
of bases such as pyridine (pK, = 12.3%2) or tert-butylamine (pK,
= 18.2%2), again showing that, even in the presence of rather
strong bases, the carbon—carbon cleavage in the cation radicals
still prevails over its deprotonation. From the variations of i,/i,°
(peak currents of the mediator in the presence and absence of
t-BuBNAH) with the scan rate (between 0.1 and 2 V/s) and the
mediator concentration we inferred that the catalytic reaction is
under the rate control of forward electron transfer (in reaction
1). The corresponding rate constants k. could then be derived
by means of the appropriate theoretical working curves,28.31.33
and the following values were found: log k. = 2.34 = 0.05 with

(32) (a) Kolthoff, I. M.; Chantoni, M. K.; Bhownik, S. J. Am. Chem. Soc.
1968, 90, 23. (b) Coetzee, J. F. Prog. Phys. Org. Chem. 1967, 4, 76. (c)
Cauquis, G.; Deronzier, A.;Serve, D.; Vieil E. J. Electroanal. Chem. Interfacial
Electrochem. 1975, 60, 205.

(33) (a) Andrieux, C. P.; Blocman, C.; Dumas-Bouchiat, J.-M.; Savéant,
J.-M. J. Am. Chem. S0c.1979, 101, 3431. (b) Andrieux, C. P.; Blocman, C.;
Dumas-Bouchiat, J.-M.; M’Halla, F.; Savéant, J.-M. J. Electroanal. Chem.
Interfacial Electrochem. 1980, 113, 19. (¢) Andrieux, C. P.; Blocman C,;
Dumas-Bouchiat, J.-M.; M’Halla, F.; Savéant, J.-M. J. 4m. Chem. Soc. 1980,
102,3806. (d) Andrieux, C. P.; Savéant,J.-M. J. Electroanal. Chem. Interfacial
Electrochem. 1986, 205, 43. (e) Andrieux, C. P.; Anne, A.; Moiroux, J.;
Savéant, J.-M. J. Electroanal. Chem. Interfacial Electrochem. 1991, 307, 17.
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ferrocene and log k. = 4.22 % 0.05 with (4-nitrophenyl)ferrocene.
The variation of log k. from one mediator to the other, 62 mV
per unit, indicates that the reverse electron-transfer step (in
reaction 1’) is under diffusion control, thus leading to a value for
the standard potential of the s-BuBNAH™ /t-BuBNAH couple
of 0.845 V vs SCE, slightly more positive than that of the
BNAH:*/BNAH; couple, 0.786 V vs SCE.2% The very fact
that the catalytic reaction is kinetically controlled by the forward
electron-transfer stepindicates that the cleavage reaction (reaction
2) is remarkably fast with a rate constant larger than 2 X 108
§1.33

Reduction of p-Chloranil by ¢- BuBNAH. Since rapid cleavage
of the 4-C—C bond is the result of one-electron transfer from
t-BuBNAH, we attempted to use this observation to detect the
occurrence of electron transfer in formal hydride transfer from
this reactant. p-Chloranil was selected as the substrate because
the relatively high value of the pCA/pCA~ standard potential,
0.010 V vs SCE,* may allow electron transfer to compete with
direct hydride transfer. Even in the absence of buffer and
supporting electrolyte, we did not detect the presence of any
charge-transfer complex between the two reactants at concen-
trations as large as 10 mM for p-chloranil and 40 mM for
t-BuBNAH. Inview of the slowness of the reaction, such a CT
complex should have been, if present, easily detected. Thekinetic
and product distribution results we obtained with a first series
of buffers, polyhaloacetic acids and CH;SO;H, are summarized
inTableI. A mixture of three products was obtained, the relative
amounts varying with the pH and the nature of the buffer
components. Besides 7-BuBNA* (X), which derives formally
from the starting 7-BuBNAH molecule by abstraction of 2e-and
1H* (or equivalently H-), and BNAH* (Y) (abstraction of 2e-
+ t-Bu*), an addition compound, Z, whose structure is shown in
Scheme I, was obtained (its identification is described in the
Experimental Section). The analysis of the product distribution
by means of cyclic voltammetry is illustrated in Figure 3; it was
confirmed in some cases by HPLC. In all cases, the yield of Z
was also determined by UV-vis spectrophotometry.

These results suggest the mechanism depicted in Scheme I.
The fact that the half-reaction time is independent of the buffer
acid whereas the product distribution strongly depends upon this
factor indicates that product selection takes place after the rate
determining step. The yields of Y, the product resulting from
electron transfer and ¢-Bu' cleavage, decrease, as the yields of
X and Z increase, from values close to 1 to 0, as the pH increases.
At the highest edge of the pH range, the yields of X and Z are
both 0.5. The latter observation suggests that, according to the
mutual orientation of the cation and anion radicals resulting from
the initial rate-determining electron-transfer step, either H atom
transfer from the cation to the anion radical or carbon—carbon
coupling leading to Z (after elimination of HCI) occurs. Under
these conditions, the elimination of the 7-Bu’ radical from the
cation radical, as observed in the direct and indirect electro-
chemical experiments, is disfavored by the interaction within the
radical ion pair (see below) while H atom transfer is favored in
one form of the radical ion pair and carbon—carbon coupling is
favored in the other form of the radical ion pair. As the pH
decreases, more and more of the cation radicals in the radical ion
pairs protonate. The attractive interaction between the two
radicals in the pair decreases accordingly, and elimination of the
t-Bu’ radical from the anion radical becomes sufficiently fast to
outrun the formation of X and Z that are both disfavored by the
lesser proximity of the two reacting molecules.

We may estimate, along the same lines as those in the
introduction, what should be the product work term in the electron
transfer between p-chloranil and -BuBNAH corresponding to
the observed value of the bimolecular rate constant, 0.1 M-1s-1,
From the value of E°,ABuBNAH."/,ABuBNAH, 0.845 V vs SCE, and
that of E°pca/pca-, 0.010 V vs SCE, the free energy of the electron-
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Table I. Reaction of +-BuBNAH with p-Chloranil in Polyhaloacetic and Methanesulfonic Acid Buffers®
pK, compn product yields* ko ~ k'
buffer acid log Ky? pH¢ [A}/[BY t1/2¢ (min) X Y z M) ky/kak (M) ks/ k¥
CHiSO:H 10.0¢ 10.0¢ 20.0/20.0 35 0.38 0.62 0.00 0.1 0.004 0.01
3.8¢
CF;COH 12.9 10.7 78.7/20.5 35 0.07 0.93 0.00f
3.0 13.4 9.8/13.1 35 0.35 0.15 0.50 0.1 0.005 13.6
14.0 9.9/20.1 35 0.40 0.10 0.50
14.9 9.7/39.9 35 0.45 0.05 0.50
CHF,CO;H 16.2 12.5 20.0/0.5 35 0.43 0.56 0.02
38 13.2 20.0/2.0 35 0.43 0.32 0.25
13.8 19.3/5.3 35 0.42 0.30 0.28 0.1 0.097 345
14.6 19.3/13.3 35 0.46 0.08 0.46
16.2 10.0/10.0 35 0.48 0.02 0.50/
CHC1,CO;H 16.2 14.3 17.1/7.8 35 0.40 0.20 0.40 0.1 0.1 320
3.8 16.2 20.0/20.0 35 0.48 0.02 0.50

¢ Initial concentrations are [r-BuBNAH] = 2 mM and [p-chloranil] = 1 mM, unless otherwise stated, in acetonitrile and 0.1 M n-BusNBF; at 20
°C. b Ky is the homoconjugation equilibrium constant in M~!; pK, and log Ky, were determined in the present work (see Experimental Section) unless
otherwise stated. ¢ From ref 32b. ¢ £0.3 unless otherwise stated. ¢ £0.1. / Concentrations of acid and base (in mM) introduced into the solution.
£ Half-reaction time. * Assayed by means of cyclic voltammetry unless otherwise stated; the yield of Z was assayed spectrophotochemically in all cases.
! (+-BuBNAH] = 4 mM; [p-chloranil] = 2 mM. / Assayed by means of HPLC and cyclic voltammetry. ¥ Average values; see text and Figure 4.

transfer reaction, 0.835 eV, should lead to a rate constant of 4
X 10-° instead of 0.1 M~! s-!. The free energy of interaction in
the radical ion pair may thus be estimated as 0.2 eV (4.7 kcal/
mol), a quite reasonable value, taking into account that it includes
an electrostatic and a /#* attractive component.

Thereis good agreement between the experimental distribution
of products and the predictions of the mechanism depicted in
Scheme I, as can be seen in Figure 4. The predicted variations
of the X and Z yields were simulated by taking the homocon-
jugation equilibriumintoaccount. The valuesoftherate constant
ratios, ki/k; and k;/k’,, for each acid ensue (Table I).

Nearly the same values of k,/k; are obtained for CH3SOsH
and CF;CO,H whereas &,/ k; increases upon passing to CHF»-
CO:H and CHCI,CO,H (which have the same pK,). These
observations indicate that, with the first two acids, the rate of
protonation of the quinone is close to the diffusion limit. As
expected, it then slowly decreases upon passing to acids of higher
pK..

With pyridine and substituted pyridines, the products X and
Y are again obtained, the formation of Y being also favored at
the expense of X as the pH decreases (Table II). The most
significant difference from reactions with the previous series of
acids is the absence of Z among the reaction products in all cases
but that of the sterically encumbered 2,6-di-tert-butyl-4-meth-
ylpyridine. The reason for the disappearance of Z is not known
with certainty but may be related to the formation, when steric
hindrance is not too severe, of a 7/7* complex between the cation
radical of the radical ion pair and the pyridine molecule. In the
resulting complex, the reversible carbon—carbon coupling would
be less than in the absence of the pyridine whereas, in the other
form of the radical ion pair, H atom transfer would be favored
by the ensuing interaction between -BuBNA™ and the pyridine.
Protonation of the quinone anion radical still triggers the
elimination of ¢-Bu’ from the cation radical, but stronger acidic
media than those used with the previous series of buffers are
required to outrun H atom transfer. Asthe pH increases,as with
pyridine, 3-methylpyridine, and 3,5-dimethylpyridine, the relative
amounts of Xand Y tend toward a steady value, 57:43, indicating
that, in the I branch of the reaction scheme (Scheme I), H atom
transfer has totally overcome the z-Bu- cleavage reaction. In this
series, the J branch of the reaction scheme remains irreversible,
asindicated by the observation that the half-reaction time remains
the same. The values of the rate constants of the two parallel
electron transfersteps leading to I and J are only slightly different,
0.12and 0.10 s, respectively. As the most basic pyridine of the
series is reached, the formation of X further increases at the
expense of Y. This observation may be interpreted as follows.

Teh)

€(VvsSCE)

L L
0.0 -1.0
Figure 3. Reaction of p-chloranil (1 mM) with +-BuBNAH (2mM) in
acetonitrile and 0.1 M n-BusNBFs4. Determination of the product
distribution by means of cyclic voltammetry (temperature 20 °C, scan

rate 0.2 V/s): full line, p-chloranil alone; dashed line, the mixture after
130 min.

The increase in pH renders the formation of Y in the J branch
less and less efficient to the point that it ceases to compete with
the reverse electron-transfer step (as noted earlier, the electron-
transfer reaction is an uphill process). Then, the J branch of the
reaction scheme progressively shuts down as branch I becomes
more predominant. This interpretation is confirmed by the fact
thatthe half-reaction time increases, tending, as expected, toward
a value twice that observed at lower pH.

Conclusions

The main conclusion to emerge from the above results and
discussion is that, using the cleavage of ¢-Bu’ in the oxidation of
t-BuBNAH by p-chloranil as a mechanistic probe, electron
transfer may be, as previously hypothesized,21329 the first step
of the formal hydride-transfer reaction of NADH analogues.
The reaction we investigated has, however, the particularity that
the two reactants are such that electron transfer, although uphill,
is not too disfavored from a thermodynamic point of view. When
the driving force for electron transfer is less, direct hydride transfer
may well be the preferred reaction pathway. This might be the
case even with p-chloroanil as the hydride acceptor and seems to
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be actually the case when p-chloranil is opposed to BNAH,, a
system in which the electron-transfer mechanism has been deemed
to operate. By comparison with the values estimated here, the
interaction free energy in the successor complex required to match
the experimental value of the rate constant is indeed too large
(0.4 instead of 0.2 e V) for an electron-transfer mechanism. The
large value of the H-D kinetic isotope effect found for this
reaction!? points to the same conclusion. Asshown in the present
study, the H atom transfer reaction following the initial electron
transfer step is sufficiently fast to render the latter step rate-
determining. With BNAH,, the reaction is less uphill than in
the present case and therefore the initial electron transfer should
be rate-determining as well. It follows that the observed kinetic
isotope effect is not compatible with the electron-transfer
mechanism.

Thus, although observed in particularly favorable circum-
stances, it may well be that the electron-transfer mechanism plays
a marginal role in formal hydride-transfer reactions of NADH
analogues.

Another point worth noting is the importance of low-energy
molecular interactions in product selection, as illustrated by the
differences in product distribution resulting from changes in the
natures of the buffers and bases.

Experimental Section

Chemicals. 1-Benzyl-4-tert-butyl-1,4-dihydronicotinamide (z-BuB-
NAH),* 1-benzylnicotinamidinium chloride,?* 1-benzy!-1,4-dihydroni-

(34) Anne, A. Heterocycles 1992, 34, 2331.
(35) Mauzerall, D.; Westheimer, F. M. J. 4m. Chem. Soc. 1955, 77, 2261.



Formal Hydride Transfer from NADH Analogues

CHF,CO,H CF,CO,H
T T T - T
Xt Ty t + X ot
05 - ! 0.5 a
1 . L =1
0.4 ! ! 0.4-5 s
N EEaEERa) IBREE :
T ;
0.3 : — 0.3 =
T ! s i s |
+ T -
024 : f ] % 0.2 o=
: : : .
0.14= T o e 0.1
I B Foidor
ot b e b el 0+ 'y
0 0.4 0.8 1.2 -1 0 1 2
Log [A ,mM] Log [A, mM]
; v n
T i T : T
Z ST EEESE Z r
0544+ o T 0.5 +
LR i
0.4 4= I 0.4
F | S R A ¢ - : 1
0.3 8 0.3 :
IRRET 176 0 . 7
; Vit
02frfr A : ] 0.24=5 :
ppefys i 1
0.1 HF — 0.1 :
SUERE 78 SN0 W U 8 0 O 0 SRS 1
od SENERESSRERSNEA o I
-4 3 2 -1 0 2. -1 0.5 2

Log ((B1/[A]) Log([B1/[A])

Figure 4. Experimental (dots) and predicted (lines) distributions of
products (Y= 1 — X - Z) according to Scheme I with the rate parameters
listed in Table L.

Table II. Reaction of t-BuBNAH with p-Chloranil in Pyridine
Buffers?

compn  f,¢ _Product yields”

buffer base pH? [A)/[B}¢ (min) X Y Z
3-F-pyridine 9.4c 20.0/20.0 28 0.05 0.95 0.00
4-CONH;-pyridine 10.1¢ 20.0/200 30 0.33 0.67 0.00
pyridine 12.2¢ 30.0/200 30 0.42 0.58 0.00¢
12.6¢ 10.0/200 30 0.33 0.67 0.00¢
3-Me-pyridine 13.3¢ 30.0/20.0 32 0.57 043 0.00¢

13.5¢ 20.0/20.0 32 0.57 043 0.00¢
13.8¢ 10.0/200 32 0.57 0.43 0.00¢
3,5-Me,-pyridine 15.0 10.0/20.0 33 0.57 0.43 0.00
2,4,6-Me;-pyridine 15.0 20.0/5.0 36 070 0.30 0.00
15.6 20.0/200 36 0.70 0.30 0.00
16.3 50/199 48 090 0.10 0.00
2,6-t-Bu-4-Me-pyridine 12.8 20.0/200 30 043 0.56 0.12
13.8 20.0/50.6 30 0.43 0.56 0.12¢

¢ Initial concentrations are [r-BuBNAH] = 2 mM and [p-chloranil]
= 1 mM, in acetonitrile and 0.1 M n-BuyNBF, at 20 °C. ¢ £0.2; pK, a1t
determined in the present work (see Experimental Section) unless
otherwise stated. ¢ £0.1; pK, ay+ from ref 32. 4 Concentrations of acid
and base (in mM) introduced into the solution. ¢ Half-reaction time.
/ Assayed by means of cyclic voltammetry unless otherwise stated; the
yield of Z was assayed by spectrophotometry in all cases. & Assayed by
means of HPLC and cyclic voltammetry.

cotinamide,3* and (p-nitrophenyl)ferrocene?5.3 were prepared as pre-
viously reported. n-BuyBF, was from Fluka. Acetonitrile (Spectrosol
purity grade, 50 mM H,0) and deuteriated solvents were obtained from
SDS. Other chemicals were Aldrich Chemical Co. commercial products
of the highest available purity. All chemicals were used as received.
Fresh solutions were prepared before each experiment.

Instruments. Spectroscopic and electrochemical instruments were the
same as previously described.26.29¢.34

Chromatography. Gas chromatography was performed on a Delsi
30MCYV gaschromatograph equipped with an ionization detector, utilizing
a 5% OV17 on ChromosorbW 100/200 stainless steel column (2.1-mm
i.d. X 5 m) and a Shimadzu C-R6A integrating recorder. Isobutene and
tert-butyl alcohol, formed during electrochemical oxidation of -BuBNAH
solutions, were analyzed by GC at 60 °C (retention times were 4.3 min
for isobutene and 6.4 min for rert-butyl alcohol, eluted before the
acetonitrile peak). The yields of these compounds were determined by
comparing the integrated GC peak areas to those of the authentic samples

(36) Beckwith, A. L. J.; Leydon, R. J. Aust. J. Chem. 1966, 19, 139.
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with reference to calibration curves. Inthe case of isobutene, calibration
was established after bromine titration of the pure sample in CCl,.}7

High-performanceliquid chromatography was performed witha Gilson
gradient system equipped with a Gilson variable-wavelength UV-visible
detector and a Spectra Physics SP4290 integrator. A reverse-phase
Hypersil Cys ODS2 stainless steel column (4.6 mm id. X 25cm, 5 um
particle size) preceded by a Hypersil C)g guard column was used for the
analyses. The mobile phases were CH3CN/H,0 (20/80 v/v) (A) and
CH;CN/H;0(80/20v/v) (B) containing 0.02 M NH4OAc. The gradient
consisted of a 5-min linear step from 15% to 5% B, followed by a 15-min
linear step to 100% B, a 5-min isocratic step with 100% B, and a 5-min
linear step to initial conditions (15% B). The flow rate was 1.0 mL min-1.
The course of the reaction of - BuBNAH with p-chloranil was monitored
by periodically removing 0.5-mL aliquots and diluting them with 0.5 mL
of the HPLC eluent A, containing phenol as an internal standard for
experiments carried out in polyhaloacetic buffers. When precipitation
of the unreacted quinone occurred, samples were filtered through a cotton
plug before HPLC analysis. Peaks were identified at 265 nm by
comparison of elution times with those of authenticsamples. Quantitations
of the final products, BNAH* (HPLC retention time (#;) = 16.1 min),
t-BuBNA* (t,= 18.1 min), Z (#, = 22.5 min), and unreacted t-BuBNAH
(¢, = 19.1 min), were determined by means of their integrated peak areas
relative to those of phenol (¢, = 8.3 min) or with respect to calibration
curves of integrated peak area versus concentration.

For preparative-scale HPLC separations, a Waters u-Bondapak C;s
stainless steel column (7.8-mm i.d. X 25 ¢cm, 10-um particle size) was
employed. Compounds were eluted isocratically at a flow rate of 2.0 mL
min-!, the mobile phase being composed of H,O/CH3;CN/CH3;0H
mixtures.

Buffer Preparations. The pyridine buffers were prepared by introducing
adequate amounts of base and HClO, (11.67 M aqueous solution) into
the background solution. Polyhaloacetic and methanesulfonicacid buffers
were prepared similarly by mixing the acid and tetramethylammonium
hydroxide pentahydrate.

Determinations of pK,’s. The pK,’s of the polyhaloacetic acids A; with
A, = CF;COOH, A; = CHF,COOH, and A; = CHC,COOH were
determined by reaction with pyridine derivatives. For A, the base was
pyridine, and for both A, and A3, the base was 2,4,6-trimethylpyridine.
The concentrations of protonated (PyH*) and unprotonated pyridine
(Py) derivatives at equilibrium were measured spectrophotometrically.
The initial concentrations of A; and Py introduced into 0.1 M n-Bu,BF,
acetonitrile were (%, = (%, = C° = 2 mM. Under these conditions, the
fraction x of PyH* was always >0.5. Since A;and its deprotonated form
B; are known to associate and produce A;B; with a homoconjugation
equilibrium constant Ku; = (A;B;)/(A;) (B)), which is usually large,322
the reaction between A; and Py can be written as

A,+Py—B,+ AB, +PyH"

and the concentration (A;), compared with (B;) and (A;B)), is very small
at equilibrium. Hence (PyH*) = (%, (Py) = C%(1 - x) = (A;B)), (B)
= (%(2x — 1), and K, ;/Kp;= (HY)C°(2x - 1)2/(1 - x) with (H*) =
(Kapyu*)x/(1 — x) since the association between Py and PyH* is
negligible.322b Respective values of 15.9, 19.9, and 20.2 were found for
log(Ka,/ Kn,), wherei = 1-3. Foruncharged acids, the difference between
the pK, values in acetonitrile and dimethy! sulfoxide is 9.7-10 and the
homoconjugation equilibrium constant is small in DMSO.322 The pK,
of A is 6.4 in the latter solvent.3® That gives pK,; = 16.2 £ 0.3 and log
K33 = 3.8 in acetonitrile. Taking into account all causes of uncertainty,
it seems reasonable to consider that pK, > = pK, 3 and log K2 = log K3,
since log(K,.3/Kn,3) and log(K,2/Kn2) do not differ by more than 0.3
unit. As pKycn,coon = 22.3 and log Kycu,coou = 4.7, it appears
that Ky, decreases with decreasing pK,; and we can approximate pK,,
and log Kp, as 12.9 & 0.3 and 3.0, respectively.

The pK, of protonated 2,6-di-tert-butyl-4-methylpyridine (PyH")
depends markedly on the solvent and the background composition.?? In

(37) (a) Siggis, S. Quantitative Organic Analysis of Furctional Groups,
Wiley: New York, 1954; p 68. (b) Fritz, J. S; Hammond, G. S. Quantitative
Organic Analysis; Wiley: New York, 1957; p 275.

(38) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456.

(39) (a) Brown, H. C,; Kanner, B. J. Am. Chem. Soc. 1966, 88, 986. (b)
Aue, D. H.; Webb, H. M.; Bowers, M. T.; Liotta, C. L.; Alexander, C. J,;
Hopkins, H. P. J. Am. Chem. Soc. 1976, 98, 854. (c) Hopkins, H. P.; Ali, S.
Z.J. Am. Chem. Soc. 1977, 99, 2069. (d) Arnett, E. M.; Chawla, B. J. Am.
Chem. Soc. 1978, 100, 214. (e) Hopkins, H. P.; Jahagvidar, D. V.; Moulik,
P.S.;Aue,D. H.; Webb, H. M.; Davidson, W. R.; Pedley, M. D.J. Am. Chem.
Soc. 1984, 106, 4341.
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order to determine such a pKj in the media used in the present study, we
took advantage of the fact that Py reacts with the protonated form of
p-toluidine (TH*) to yield PyH* and T, the concentrations (Py), (PyH*),
(T), and (TH*) being comparable at equilibrium. With a mixture of
equal concentrations (C° = 5 mM) of Py, T, and HCIO,in the background
solution, the equilibrium concentration (% of T was determined
spectrophotometrically. The associations between bases and acids of the
B and BH* type are known to be relatively weak32+> and were neglected.
Then pK, pyn+ was deduced from the experimental determination of the
ratio Ko TH*/Kapyu* = x2/(1 — x)2 since pK, tu* = 11.25 is given in the
literature.’?* We found pK, pyu+ = 12.8 & 0.2, For collidine (2,4,6-
trimethylpyridine), we proceeded similarly, Collidine, morpholine (pK,
= 16.6),32® and HC1O4 were mixed at the same initial concentrations of
2.5 mM. The concentrations of collidine and its protonated form at
equilibrium were determined spectrophotometrically. We found pK, =
15.6 & 0.2, a value lower than that of 16.8 given in ref 32c.

Reaction of t-BuBNAH with p-Chloranil. The reaction of t-BuBNAH
with quinones in buffered acetonitrile was investigated under selected
experimental conditions so as to ensure that none of the reactants or final
products taken separately undergoes any noticeable decomposition over
a period corresponding to at least five half-reaction times, as was checked
with authentic samples. It was found that under deaerated conditions,
the pH range extending from 9.0 to 16.5 was compatible with stabilities
both of the dihydronicotinamide reactant t-BuBNAH and of the quinones
and pyridinium products, which are respectively acid- and base-unstable
compounds. The concentrations of the buffer components were chosen
to be suitably efficient to maintain the pH at a nearly constant value
during the reactions (see Tables I and II); their concentrations were
usually varied up to the solubility limit, or to the limit at which the
overlap of the signals due to the buffer components and those of the
compounds of interest becomes significant. At pH values lower than 12,
UV-visible spectrophotometry evidenced that ~-BuBNAH (Amax = 320
nm, emsx = 5400 M1 cm™!) could be protonated in acetonitrile witha pK,
of 8.6 = 0.2 to give a species (Amax = 356 Nm, €max = 108 00 M cm )
highly sensitive to the presence of air. Electrochemical and spectro-
photometric studies showed that the protonated form of :-BuBNAH
underwent a clean transformation in aerated media to afford the
dealkylated pyridinium BNAH* as the final product. Typically, p-chlo-
ranil (1 mM) was dissolved in a thoroughly deaerated solution of buffered
0.1 M n-BuyBF4/acetonitrile. Then t-BuBNAH (2 mM) was added to
the solution, and the mixture was allowed to react at 20 °C in the dark
under a stream of nitrogen. The progress of the reaction was followed
by cyclic voltammetry and/or by HPLC (as described earlier). The
conversion of the quinone was deduced from the decrease of its two-
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electron cathodic peak; the formation of the quinone adduct Z was derived
from the measurement of the height of its two-electron cathodic peak
compared with that of the initial quinone. The yield of the adduct Z was
also confirmed by monitoring the increase of its visible absorption band
at 674 nm. The formations of the pyridinium compounds BNAH* and
t-BuBNA* were identified by comparison with those of authentic samples
and were quantified from the increases in their respective one-electron
cathodic peaks. When experiments were carried out in pyridinium-type
buffers, measurements were performed after careful neutralization of
the medium with tetraethylammonium acetate.

1-Benzyl-4-tert-butyl-5-(3,5,6-trichloro-2-p-benzoquinonyl)-1,4-dihy-
dronicotinamide (Z). In a typical experiment, p-chloranil (17.7 mg, 9
mM) was allowed to react at room temperature under nitrogen, with two
equivalent amounts of :-BuBNAH (29 mg, 13.5 mM) in CH3;CN or
CD;CN (8 mL) containing difluoroacetic acid/tetramethylammonium
difluoroacetate (18 mM/18 mM). Theinitial yellow color turned intense
blue with time. After completion of the reaction (ca. 1 h), acetonitrile
was partially removed with a stream of nitrogen; then the crude reaction
mixture was filtered through a cotton plug to remove a white precipitate
of crude dihydro-p-chloranil. For the experiment using CD3;CN, the
resulting filtrate was shown by 'H NMR spectroscopy to contain the two
pyridinium products BNAH* and 1-BuBNA" in a ca. 30/70 ratio and
the unreacted :-BuBNAH and the dihydronicotinamide adduct Z in
equimolar amounts, proof that the products contained in the reaction
mixture are the same as those identified after separation and purification.
Such ratios were respectively based on measurements of the signals due
to the H-4 proton and to the C-4-tert-butyl protons. Subsequent HPLC
separation on the Waters column using the mobile phase H,O/CH3-
CN/CH;O0H (100/300/50) gave a deep blue fraction (12—14 min) which
was collected at this point. This fraction was then subjected to further
purification using the same mobile phase, affording Z as a blue powder:
'H NMR (230 MHz; CD3;CN) § 7.40-7.36 (m, 6H, C¢Hs and H-6), 7.25
(s,1H,H-2),5.84 (bs,2H,NH,), 4.62 (s,2H, NCH), 3.83 (s, 1H,H-4),
0.63 (s, 9H, C(CH3)3); UV-vis (CH3CN) Amax (nm) (emax (M~! cm™!))
658 (2100), 336 (5200), 274 (10400); CI-MS (NH3) m/z (relative
abundance) 485 (5, [*Cl3]MH™), 483 (38, [*7Cl,,*5Cl]JMH*), 481 (100,
[(7CL35CLIMH?), 479 (92, [*3Cl3)MH?Y), 427 (52, [F7C13]M - ¢-Bu),
425 (10, [¥7Cl,,35Cl]M = - Bu), 423 (21, [¥'C1,3C1,]M - t-Bu), 421 (15,
(35Cl3)M —t- Bu). The detailed isotopic abundance pattern for the parent
ion included peaks at 486 (1, MH* + 7), 484 (9, MH* + 5), 482 (38,
MH* + 3), and 480 (26, MH* + 1) and was in excellent agreement with
that expected for the molecular formula C23HO3N2Cl; (E°z-/z(CH3CN)
=-170 £ 5 mV vs SCE).



