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The mechanism of reduction reactions by 1,4-dihydronicotinamides is investigated from the theoretical point

of view of the electron configuration and orbital interactions for many systems.

The following conclusions are

drawn: (1) The reactions are situated near the one-electron-transfer region in the mechanistic spectra dependent
on the donor-acceptor property of the reactants; (2) the hydride-equivalent transfers involved, whether concerted
or not, proceed more or less in accordance with the nature of the sequential electron-proton-electron shift rather
than via direct hydride-ion transfer; (3) the paradoxical frontier orbital interaction between the s-LUMO of C;~H of
1,4-dihydronicotinamides and the LUMO of substrates is significantly involved in the transfer of the protonic
entity. Pseudoexcitation is classified into Type I, where the normal HOMO-LUMO interaction remains important
in addition to the LUMO-LUMO and HOMO-HOMO interactions, and Type II, where the HOMO-LUMO

interaction contributes little.

The roles of nicotinamide-adenine dinucleotide
(NAD*) and its phosphoric acid derivative (NADP+),
and their reduced form (NAD(P)H) in enzymic oxida-
tion-reduction reactions have been interesting subjects
not only in biochemistry, but also in organic chemistry.)
These coenzymes catalyze similar reactions. Here
they can be considered together. The enzymic reactions
involve the transfer of a hydride equivalent between
the pyridine nucleus in the coenzymes and substrates,
generally formulated as in Eq. 1. The reduction
reaction is regarded as a special case of further simplified
process in which a hydride equivalent is transferred
from an allylic position of one molecule to an unsatu-
rated atom of another molecule (Eq. 2).

Theoretically of interest are the fact that no bonds
form between the usually very reactive m bonds of
1,4-dihydronicotinamide groups and unsaturated sub-
strates, and the nature of the hydride-equivalent shift.
In this paper we shall present a qualitative molecular
orbital argument to disclose underlying factors which
differentiate the hydride-equivalent shift from the ene
reaction (Eq. 3). The mechanism of NAD(P)H
reduction reactions is inferred from the theoretical results.
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Theoretical

The reaction we are interested in is a bimolecular
reaction between electron-donating unsaturated com-

The NAD(P)H reduction reactions are predicted to belong to Type II.

pounds with a reactive ¢ bond at the allylic position and
electron-accepting unsaturated compounds. The weak
interaction between the ¢ bond (M) and the & bond
(D) in the donor allows us to suppose our reaction to be
a termolecular interaction of M, D, and the acceptor 7
bond (A).23)

Let the ground-state wavefunction, ¥, be a linear
combination of the electron configurations, ®«’s, con-
structed by using the molecular orbitals of each system,
i.e.,

v = zK]CKd>K- 4)

The electron density, p(1), is then given by
p(l) =31 CI%PK,K(I) + 233 CKCLPK,L(1)> (5)
K K>L

px, k(1) = n|@hdoy -+ dondo, -+ oy,

ox, (1) = nScIDK@Ldvz o doydoy - do,,

Electron delocalization, responsible for the formation
of covalent bonds, comes from the HOMO-LUMO
interaction or from the mixing of the electron-trans-
ferred configuration, D*A-, into the initial configura-
tion, DA.% The frontier orbital interaction contributes
both to stabilizing the system and to accumulating
electrons in the intermolecular region where bonds
occur.?) It may be a good approximation in our quali-
tative arguments to take into consideration the reorgan-
ization of the electronic structure due to electron
transfer or promotion from HOMO to LUMO.

A further selection of configurations is possible from
the point of view of intermolecular electron density.
The density fraction, px k, is approximated as the sum
of the squares of the occupied orbitals in ®x. This
term has little to do with the intermolecular electron
density. Some pg,.’s contain a product of two orbitals
which belong to different molecules. These terms
contribute significantly to the intermolecular density.
Such a pair of configurations, K and L, should be
obtained from each other by shifting an electron from
one molecule to another. Figure 1 displays the con-
figuration pairs (see Appendix).

Suppose that the donor-acceptor property of D and
A is less significant. The ground-state wavefunction
can then be approximated as a linear combination of
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Fig. 1. Electron configuration pairs responsible for inter-
molecular electron density.

MDA and MD+A- (Eq. 6),
W = CMDAq>MDA + CMD‘A'QMD*A" (CMDA>CMD*A")' (6)

The intermolecular density is due to the orbital overlap
between d and a*, i.., the first term in pEypa,up*a-
(Eq. A7). For this donor-acceptor relation, bond
formation neither between M and D nor between M
and A is expected, while an attractive interaction gives
rise to the association of D and A. The geometrical
structure favoring the d-a* interaction was previously
shown to be a three-centered interaction such as 1.6-8)
No reactions of interest are likely to occur.
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Second, let the power of A increase. The energy
level of MD+A- then lowers and approaches that of
MDA so closely that both configurations contribute
comparably to the ground-state wavefunction. The
comparable contribution of MD+*A~ accompanies an
appreciable mixing-in of K’s which have a large matrix
element with MD+A-.9 The MtDA-, M-D+A,
MD*A, and MDA* configurations are here taken into
consideration. The mixing-in of ditransferred con-
figurations, M+D*A-—-, MD*tA--, and M-D*+A-,
may be negligible because of the large energetical
separation from MDA and MD+A-. The ground-
state wavefunction is then approximated to be
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¥ = Cyps®yups + Cup*a-Pup*a- + Curpa-Puipa-
+ Cyp*aPyup*a + Cup*a®Pup*s + Cupa*Pupar,  (7)
(Cypa = Cyp*a->>Cupa-= Cu-p*a = Cyp*a = Cypa*)-

The coefficients, Cyps and Cyp+a-, are larger than
any others. Of primary concern are the configurations
which contribute to the intermolecular density by
means of the interactions with MDA or MD*A- (Eqs.
AT7—A13).

The most important interaction remains the one
between MDA and MD+*A- or between d and a*. A
favorable geometry must resemble 1, although the
additional interactions singled out above may modify it.
Most interesting is the interaction between MD+A~ and
M+DA-, since the weights of both configurations
increase to a greater extent as the energy levels lower
with an increase in the electron-acceptability of A. This
interaction delocalizes the electrons from M to D
through the m-d overlap (Eq. A10). The removal of the
bonding electrons from m results in a weakening of the
o bond. The concurrent bond-lengthening lowers the
m¥* level, increasing the ability of M to accept electrons
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(Scheme 1). The M~D+A configuration is then allowed
to mix effectively. The interaction of M~D*A with
MD+A-, involving the m*-a* overlap (Eq. All), leads
to the structural change from 1 to a transient six-
membered-ring state, 2. As a result, the key orbital
interaction occurs among d, a*, and m*. Ene reactions
(Eq. 3) take place in this donor-acceptor region.®
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Finally, let us discuss the nature of the interaction
with the more powerful A. The weights of MDA~
and M*DA- increase further while the weight of MDA
decreases. Consequently, the M~-D+A configuration
contributes to a greater extent. The ground-state
wavefunction is then approximated as

¥ = Cypra-Pyp*a- + Curpa-Pupa- + CupaPu-pias (8)
(Cup*a->Cuypa-=Cu-p*a)-

The main configuration is MD*A-. The significant

interactions are those with MD+tA-, i.e., the MD+A--

M-D*A and MD+A--M*DA- interactions. = The
m*-a* orbital overlap involved in the MD*A--
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M-D*A interaction (Eq. All) is responsible for the
hydride-equivalent transfer, while the d-m orbital
overlap involved in the MD*A--M*DA- interaction
(Eq. Al0) contributes to m-bond formation between D
and M. It should be noted that the pypa,mp*a- term
predominantly responsible for D-A bonding disappears,
since Cypa=0. The extreme stabilization of MD+A~
disfavors the bond formation between D and A, although
D and A are presumably bound through the Coulombic
attraction. This difference from the preceding cases
characterizes the reactions of powerful A’s. The key
orbital interaction is illustrated in 3. The reactions for
this donor-acceptor region take place »ia an almost
one-electron transfer prior to the transfer of H as a
protonic entity, with no o-bond formation between the
7t bonds of the reactants.

Coulombic
attraction

It was proposed that the chemical processes signifi-
cantly involving the HOMO-HOMO (D+A--DA%*)
and/or LUMO-LUMO (D*A--D*A) interactions(s)
even on the ground-state potential energy surface be
termed ‘‘pseudoexcitation.”?® Attention was not paid
to whether or not the HOMO-LUMO interaction
remains important in addition to the HOMO-HOMO
and LUMO-LUMO interactions. The pseudoexcita-
tion is here proposed to be classified into Types I and II.
Type I involves the HOMO-LUMO interaction
significantly, while Type II does not (Fig. 2). The
hydride-equivalent shift belongs to Type II (see 3),
while the ene reaction belongs to Type I (see 2).

Type 11

Type 1
Fig. 2.

Pseudoexcitation.

Discussion

From the preceding theoretical arguments on the
prototype reaction, it can be suggested that the reduc-
tion of unsaturated bonds by 1,4-dihydronicotinamides
occurs more or less in accordance with the nature of
the sequential electron-proton-electron shift.  The
hydride-equivalent shift is likely to occur in a concerted
manner if the reaction is favored by the donor-acceptor
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property and other properties. In the transition state,
hydrogen migrates as a protonic entity from the cationic
dihydronicotinamides to the anionic substrates (4 and
5), but not as a hydride anion, as was proposed by
Westheimer et al.9

5+
—-H--. m*
- ==X
| 0®.
Y d @ O" Cl*
ole Oy
Coulombic
attraction
4 5

When substrates are not such powerful acceptors as
to induce the Type II pseudoexcitation, the reactions
fall in the Type I pseudoexcitation region. At least
one bond forms between the 7 bonds of dihydronicotin-
amides and substrates. In fact, acrylonitrile reacts with
1,4-dihydropyridines to give the ene reaction product
(Eq. 9),V while alkylidene- and arylmethylene-malono-
nitriles are reduced.’® Another example of the bond
formation between the 7 bonds is the 242 cycloaddition
reaction with dimethyl acetylenedicarboxylate (Eq.
10).1»

H R R?
N/ 1
i )] + CHCHCN — (\/CHCN 9)
\N/ \N/\CH3
Re R?
H H
N/
/\ \/R2
i 1 + CH,0,CC=CCO,CH,
\N/
RI
H H
N/
CH,0,C. __XUR?
— . (10)
CH,0,0/ N/
R1

The hydride-equivalent shift may be intercepted or
retarded by a radical ion-pair intermediate when more
powerful acceptors are employed, or when reaction
conditions—for example, the temperature and solvent,
favor the formation and existence of the intermediate.
Ohno and Kito!¥ employed the ESR spectroscopic
technique to demonstrate the nature of the sequential
electron-proton-electron shift in the reduction of
thiobenzophenone by 1,4-dihydronicotinamide. The
ESR signal of the thiobenzophenone anion radical was
detected at a low temperature (77K); the signal faded
on warming to room temperature, giving rise to a new
signal ascribable to the thiyl radical (Eq. 11). The
competition between the reduction and the radical
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reaction observed by Dittmer and Fouty'® is understood
in terms of two mechanisms near the one-electron
transfer region. At least one kinetically important
intermediate suggested recently!®1? is likely to be an
ion-radical-pair complex.

Catalysts may affect the reaction course and the
efficiency through changing the donor-acceptor prop-
erty. For example, Lewis acids enhance the electron
acceptability of carbonyl compounds by coordination to
the carbonyl oxygen. Metal cations were found to
assist the reduction of carbonyl compounds.18-20) This
may be explained in terms of the z* orbital of the
carbonyl function being energetically lowered by the
positive charge of metal cations.?) A similar positive-
charge effect may also be responsible for the enhanced
reactivity of carbonyl groups with an intramolecular
hydrogen bond.1%2%:22) The phenolic proton involved
provides the carbonyl oxygen with the electrostatic field.
In contrast, 1-benzyl-1,4-dihydropyridines were found
to be activated by an anionic group in the ortho position
of the 1-benzyl substituent.?® The negative charge may
elevate the z-HOMO of the dihydropyridines.

Metal cations can catalyze the reduction reaction in
another way, in which the cations are involved in
cyclic interaction with dihydronicotinamides and sub-
strates (6). In the cyclic interaction the lone-pair orbital
on the nitrogen and the C=C bond of dihydronicotin-
amides are electron-donors, while the C,—H bond, the
unsaturated bond of substrates, and metal cations are
acceptors. The orbital-phase requirements for stabiliza-
tion*?) are satisfied if the metal cation provides the
cyclic interaction with a low-lying vacant p- or d-
orbital. The catalytic reduction should be carefully
investigated with this possibility in mind.?

Other possible effects of catalysts should also be noted.
Some reactions, favored by the donor-acceptor property
under uncatalyzed conditions, may be retarded or
inhibited if the optimum D-A relation is destroyed by
added metal cations which coordinate onto 1,4-dihydro-
nicotinamides or substrates.2%)
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The theoretical results suggest that the mechanistic
features of the reactions of dihydronicotinamides with
unsaturated molecules change from one to another. The
reduction mechanism can be predicted to be situated
near the one-electron transfer region (Type II pseudo-
excitation). Consequently, photochemical and catalytic
reactions are expected to be of synthetic utility. A
useful acceptor of hydride equivalents, 2,3-dichloro-5,6-
dicyano-p-benzoquinone,?%) is now available to us. The
reagents which are more electron-donating than 1,4-
dihydronicotinamides and which are similar in structure
are promissing candidates as effective donors of hydride
equivalents.
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University for his stimulating discussion and for the
personal communication of his results prior to publica-
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Grant-in-Aid from the Ministry of Education (No.
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Appendix

The configuration functions in Fig. 1 and the electron-
density fractions are as follows. The letters, m, d, and a,
are used to denote the HOMO’s of M, D, and A. The
asterisk stand for the LUMO of each system.

Dypa = «/glm(l)m(2)d(3)d(4)a(5)a ()1 (A1)
Pupta- = 75 ~/6—|{]m(l)m(2)a*(3)d(4)a(5)a(6)]
+ Im(1)m(2)d(3)a*(4)a(5)a(6)|} (A2)
Durpa- = “»2-\/6—,00*(l)m(2)d(3)d(4)a(5)a(6)|
+ Im(1)a*(2)d(3)d(4)a(5)a (6)|} (A3)
Puvs = g MDA Ba(G)a6)]
+ Im(1)m(2)d(3)m*(4)a(5)a(6)|} (A4)
Qv = ZrgrsrIm(mE ) AHaG)a(o)|
+ |m(1)m(2)d(3)d*(4)a(5)a(6)|} (A5)
Puvar = 5 N/6—,{lm(1)"'(2)‘17(5‘3)6’(4)a"‘(5)4(6)|
+ Im(1)m(2)d(3)d(4)a(5)a*(6) |} (A6)
Pupa,mpta- = o/ 2 [da*+ (2mP+ d? 4+ 20%) s4,+
—ma*s,, g —mds, .+ —aa¥sg, ]+ (A7)
Pupa,m*pa- = A/ 2 [ma¥+ (m?+2d2 4 2a%)s,, .«
—da*s, g —mdsg,x—aa*s,, ]+ (A8)
PMDA, M D*A = & 2 [m*d + (2m*+ d? 4 2a%)s,%4
—m¥*asg, —dasx, —mm¥*s, 4]+ (A9)

Pup*a-,utpa- = — [md + (m*4d* 424> 4 a*?)s,4
—2ma*sgyx —2da¥s o x —masg, —das, 1+ (Al0)
Pup*a-,upa = M¥a¥ 4 (2m? 4 d? 4 20)s,%,%

— mm¥sy x — aa¥s v, + m¥dsgx+ da¥sxg  (All)
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Pup*a-,up*a = d¥a* 4 (2m*+d% 4 2a)s5gx,x

—md¥sp x —ma¥s g+ dd¥s e —aa¥sgr,  (A12)
PMD*A,MDA* = — [da+ (2m?+d?+ a? 4 a*?)s4,
—mdsy,, —mas, g — 2aa¥s4,%] (A13)
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