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Abstract —Ab initic minimal basis set guantum-chemical calculation on the
interaction between methylated N-alkyl-l,4-dihydronicotinamides and the
simplest keto derivative [ formaldehyde )} are reported. The
supermolecule apprcach provides a distinective improvement in the
interpretation of the experimentally determined reactivity of the
dihydronicotinamides in their reaction with keto compounds, as compared to

previously used mwodels { e.g. Krechl's elongation modell’2 ).

INTRODUCTION

The study of the redox properties of 1,4-dihydronicotinamide is of general interest
in view of its role as reactive centre in NADH, a coenzyme which is present in all
living creatures3. Vvarious theoretical models have been proposed to describe these
redox properties. Without confrontation with experimental data, the value of
conclusions from such theoretical modelg is limited. In principle, experimental
kinetic data are most suitable for such confrontations, since they could yield
information about the reaction mechanism and transition state. However, due to the
scarcity of suitahle experimental data, such confrontations are nearly absent in

the literature.

lpart 1 : see reference 12.
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Wwith a subsequent guantum-chemical study in mind, a series of methylated

N-alkyl-1l,4-dihydrenicotinamides has been synthesised4'5 { Figure 1 ) and kinetic

studies were undertaken in order +¢ determine the activation parameters of their

redo¥ reaction with trifluoroacetophenoned'6 ( Pigure 2 ). Minimal basis set {
7
STO~3G' ) ab initio calculations were performed on these compounds and nmr

gpectroscopic properties were correlated with the calculated charge distributions.
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Fioure 1 : MNemenclature conventions and atom numbering for the methyl substituted
N-methyl-1,4-dihvdronicotinamides,
oM = l-methvl-1l,4-dihvdroricotinamide
2M = 1,2-dimethyl-1.4-dihvdronicotinamide
5M = 1,5=dimathyl-1,4-dihydronicotinamide

eM = 1,6-dimathyl-1,4~dihvdronicotinamide

0 OH
R, CONH, cF, Ra A CONH, CF,
* sulfolane ’
Ra' N R1 HZO R_:, N R4
' pH=8.32 :
Figire 2 : The reaction between the dihydronicotinamides and trifluorcacetcophenone.

In principle, the most wvaluable information on the mechanism sf the reducticn
reaction by dihydronicotinamides, to be revealed in the nature of the transition
stata, may he obtained by accurate guantum chemiczl caleoulationz ( e.g. beyond the
Hartree-Fock 1avel 1 of possible reaction pathways. However, the wvast number of

degrees of freedom invelved necessitates drastic simplifications, both 1in the
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computaticonal method ( e.g. neglect of electron correlation, eventually the use of
a semi- empirical method ; see for example refs. 8, 9 and 10 ) and in the molecules
studied, with the use of simplified model systems.

Another, less demanding approach is the one in which deformations, "perturbatioens™,
of the initial state of the reaction partners towards a possible transition state
are studied. ¥lopman's "non-crossing hypothesis“ll was formulated for similar
reactants involved in the same reaction. It states that the ratio of the energies
necessary to reach any particular but common point along the respective reaction
naths for each of the reactants is propertional to the activation energies.
Starting frem this hypothesis, comparative studies on the perturbation energies of
the deformed initial states in relatsd compounds may be used to gain information
abeout the transition state and the various factors influencing it { e.g. methyl
substitution }. In & later stage this information can be used to narrow the search
for the structure of the transition state and to limit the number of parameters
that are +o he optimised.

This approach was followed in an earlier paper12 where we correlated the activaticn
parameterg from the kinetie study with various ab initio minimal basis set

properties cof the analcgues using Krechl's elongation modell’z.

The promising
results prompted us to investigate the application of more refined methods, which
are all hased on a supermclecule approach ané on which we wish to report here.

Comparison of results with semi-empirical methods8 and the ab-initio STO-3G method9
on l-methvl~1l,4~dihydronicotinamide e¢btained by EKuthan showed that

seni-empirical methods are nox reliable for these molecules. Consequently, we no

longer considered the approach invelving these methods and opted for the ab-initio

apnroach, the basis sct being kept minimal ( STO-3G ) in view of the size of the
svatems,

Tn the folleowing section the results of the elongaticn model ( in which the
reaction wpartner is not considered explicitlv ) are summarised. Afterwards, the

influence of the reaction partner is gradwally taken inte account in various

degrees of sophistication. As a8 result of the use of single determinantal wave
functions, honolytic bond fission cannot he adeguatelw describedlo. However, in
view of experimental data ( vide infra ), the homeolytic mechanism is not expected
te lie on the reaction nath. Charge redistribution effects upon heterclytic bond

fiasicn can, certainly in & comparative study as the present one, be expected to be

reliable when calculated with the methods used,



*

RESULTS ANMD DISCUSSION®

a} Elongation model : In this model, one of the methylene hydrogen atoms | Ho ) is
elongated from its equilibrium positicn along its internuclear axis with the
methylene carbon atom { C; ). This process constitutes a first perturbation of the
initial state of the dihydronicotinamide molecules towards their transition state
in the reaction with ketones.

Upon elongation, a negative charge develops on the migrating hydrogen. Initially,
it is provided by the remainder of the methylene group. For larger elongations, it
is provided by the whole of the remaining melecule. The net atomic charge in the
initial geometry of the molecules, as well as the developing negative charge during
elongation { perturbed state ), correlate well with the experimentally obtained
activation enthalpies for the methyl substituted analogues. A more negative
charge on the migrating methylene atom is accompanied by a lower activation
enthalpy. Moreover, the energy rise upon elongation ( elongation energy )} also
provides a good correlation with these activation enthalpies.

These results led to the conclusion that the reaction proceeds through a hydride ion
mecharism or, since experimental observations render this hypothesis highly
unlikely, a mechanism in which considerable charge is transferred via the
migrating hydrogen atom., A hydride ion mechanism is indeed highly unlikely in view
of the instability of the ion in protic media, while the reduction with NADH model
compounds can indeed take place in preotic media. On the other hand, a 2-step
radical mechanism as proposed by van Eikerenl3 can he rejected as (1) radical
capters do not influence the reaction ratel4, {2) formation of the radical
intermediate is slower than the overall-rate of the reaction15 and (3) no radicals
were detected with esrlﬁ.

The correlations improved considerably upon neglect of the 5M=derivative. Theory
indicates this derivative to¢ be more reactive than experiment. In the kinetic
study, it was also the 5M compound which disrupted a possible isokinetic
relationship. According to LefflerlT, such a disruption can he the result of, for
instance, steric interactions. Observations on molecular models showed that
substitution of a hydrogen by a methyl group on the 5-position of the
dihvdronicotinamide could very well lead to steric hindrance between substrate and

reaqgent.,

**Throuqhout this section the atom numbering in Figure 2 will he used.
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b) The apprcach model : Krechl studied the apprcach cof acetaldehyde wvia different

18 19,20

paths towards l-methyl-1l,4-dihydrenicetinamide on an EHT and CNDO/2 level.

The optimal path was the one shown in Figure 3, i.e, via the internuclear axis

throuch the methylene hydrogen and carbon atom, and with the spz plane of the

carbenyl group perpendicular to this axis. Calculations by Verhoeven21'22'23

mack?4, 25,26

and by
also showed a preference for such a linear approach model.

Very recently, when the present work was already terminated, Wu and Houk27 reported
ab initio calculations on the transition state for the reaction between
dihydropyridines and the methyleneimine cation. They obtained a non-linear
transition state ( deviation from linearity : 7% ). Such a non-linear transition
state can be rationalised in terms of a Coulomb interaction as a consequence of the
charge sepavation. In agueous media, sclvation will diminish this effect. Since
the non-linearity is relatively small, it will not be considered in the present

discussicn, in which we are moreover interested in relative activation energies.

Figqure 3 : Geometrical parameters describing the apprcach of acetaldehyde towards

the dihydronicotinamides.

Notice that the use of a minimal basis set introduces a basis set superposition
errorlo. However in view of our main interest in relative effects { the influence
of methyl substitution ) no attempt was made to correct for this deficiency.

1t was decided to repeat the calculations of Krechl in part on a STC-3G level and
to study the influence of methyl substitution on the approach of a formaldehyde
molecule.

The energy rise due to the approach of the formaldehyde molecule ( beoth molecules
retaining their egquilibrium gecmetry ) is shown in Figure 4. In contrast to the

CNDO/2 results of Krechl, there is no energy minimum discernable. There is a very

slight wvariation in the optimal angle phi during the approach. This is due to



hydrogen bond formation between the carbonyl oxygen atem of the formaldehyde
molecule and the Hy,-hydrogen atom of the carbamoyl group. In reality there are

various hydrogen bonds possible between the carbhonyl oxyvgen atom and the solvent

molecules. This ( small )} effect was therefore not considered.
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Figure 4 : Influence of the approach »f the fermaldehyde molecule on the energy of

he svpermolecule, relative to the iscolated molecules ( AE ).

Figure 5 shews that during the approach, first a polarization of the methylene
moiety takes nlace : an electron excess is transferred from the Cp atom to the H,
atom. From an apprcocach of 3.8 A on, there is a net electron transfer from the
dihvdrooyridine rinag towards the formaldehyvde molecule. As shown in Figure 6, the
gain in electron density mainly rasides on the 0O;¢ atem of the formaldehyde
molecule.

The hypothesis of extra stevic hindrance feor the 5M analogue is supported by the
raesults in Figure 7, Tt can be clearly observed that the approach of a
formaldehvde molecule upon the 5M compound results in an extra energy rise

relative to the 0OM compound,.
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Figqure 5
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Influence of the intermolecular approach on the atomic charge cof the
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Figure 7 : Influence of methyl substitution on the energy gain due to the approach
of the formaldehyde molecule, relative to Meth-OM-DHN ( AE ). (@) =

GM, ( + ) = 2M, (® )} = 54 and ( A ) = 6M,

If elongation and approach were to be combined, the possibility could exist that
the electron excess on the H, methylene hydregen atom would be transferred towards
the formaldehyde molecule, without there being a hydride ion formed. To study the
influence of the approach gquantitatively { in other words, its role in the reaction
coordinate } it was decided to combine elongation and approach, Also the

interaction between these two deformations could then be studied.

¢) The combined elongation and approach model : The influence of the choice of
parameters with which the reaction conordinate will he described is shown in Figure
Ba. It shows the "classic" enerqy hypersurface of a 8y2 mechanism such as a

28

hydride attack on a hydrogen molecule A transformaticn of coordinates to

elongation and avproach leads to the picture in Figure 8b.
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(a) Energy

(b)

Energy

Approach

Elongation

Fiqure Ba and b, : Energy hypersurface for a cecllinear attack of a hydride ion Ha_
on a hydrogen molecule Hp-H_, (a) using the H R, and HpH.
distances as variables and (b) using variables describing

).

elongation Tn -u. "TH_-H_,0 )} and approach ( Ty -H
a b a b a ¢

The influence of approach on the elongation energies is shown in Figure 9., A
different part of the energy hypersurface is shown in Figure 10 which shows the
influence of elongation on the appreoach energies, It can be clearly seen that in
none of the rcases a crossing of the energy curves occurs,. This means that,
apparently, there is no approach for which elongations leads to a diminishing of
the eneragy of the supermolecule. In other words, the elongation model would seem
preferable. However, this conclusion would lead to the less acceptable hydride ion
mechanism, we suspected that this result was due to the extensive approximations
made in this model ( nor the dihydrcpyridine ring nor the formaldehyde molecule
evolve towards their end-structures ). Nonetheless, this model shows a few

interesting characteristics.

— 329 —



: l|

A¥ 700 L’ﬂ
kJ 1

( ki/mol D g ]

500 4

400

300

—t

200 1

L
o

100 4

{

-100 ; , : . . '-'1
2 b4 [ 1 o

R {A)

Figure 9 : Influence of the intermolecular approach on the elongation energy AEel
for elongation values of 0 A (wy, 0.2 & (+ ) and 0.4 A (® ). The
elongation energy AEel is defined as the energy difference between a
geometry with a dihydronicotinamide molecule which has an elongated CH

bond and a geometry with its equilibrium geometry.
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Figure 10 : Influence of elongation on approach energy AE { cfr. Figure 4 ).

(®)y : R= , (+3) :R=2352% (@®):R=-230Rand (Ah) : R =
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If one observes the influwence of elongation upen the atomic charge on the Hy
methylene hydrogen atom at different approaches ( Figure 11 ), it can be clearly
seen that for large intermolecular distances and small elongations there is still a
gain in electron excess. An increase in both perturbations results in a decrease in
the distance between the H, methylene hydrogen atem and the carbonyl carbon atom.
This leads to an electron loss towards the formaldehyde molecule. The electron
arrangements upon reaction do not reveal a2 hydride ion mechanism as in the case of

the elongation model.

Atomic charges 0,12 + //////n
} relative 7

( a.u. »—_E,_—-'//
. 0,08 4
te the isolated
molecule values. L
0,04 -

- 0.12 T T T T T T T T 1
0 0,2 0.4 0.6 0.8

Elcngation ( A

Figure 11 : Bvolution of the net atomic charge for the H, atom upon elongaticn for
various intermolecular distances. (M ) : R =e, ( + ) : R = 3.0 & and

{® 3 : R =2.5 &,

In order to determine which combinations of values for the perturbations lie on the
reaction path, the relationship between perturhation energies and activation
enthalpies was studied. The best fit between elongation energies and activation
enthalpies for the different analogues occurred at an appreoach of ca. 3.5 A. This
seems a realistic wvalue, since it leads to a Hy-Che distance of 1.5 A Figure
12 )., Comparison with the fit for the elongation model there is a elearly

discernable improvement.
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Figure 12 : Correlation of the elongation energy ﬁEel and activation enthalpy AH?‘é
for an intermolecular distance R of 3.5 R for the methyl substituted

analogues.

8o, although the combined model still shows a severe internal incomsistency viz.
the non-existence of a c¢rossing of the perturbation energies, this model is not
only more realistic there is no occurrence of a hydride ion_ but it also lies more
closely to the reacticn path it shows a better fit— than the elongation model.
Nonetheless it seemed advisable to take the complete evolution of the starting

geometries towards end geometries ( pyridinium and alcoholate ion ) into account.

d. The rehybridisation model : In this model all structural parameters of the
individual molecules vary simultanecusly from the initial towards the end geometry
upon approach of the reaction partners. The ccoupled parameters are varied with a
"hybridization factor” M. & value of A= 9 signifies the initial geometry, a value
of A=1 designates the end geometry. Figure 13 shows a typical Sy2 energy contour
after this transformation intoc a suited system of coordinates,

In our earlier works we noted a convergence problem for the positively charged
pyridintum ions. For A-values larger than 0.4 no convergence could be obtained
with the present meodel. Nete that the c¢alculations show a continuous energy
decrease, related to the fact that the reaction products are stabilised by an

intermolecular Couleomb interaction ( caused by charge separation ). Nevertheless
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the limited energy hypersurface shows an important improvement when compared with
the combined elongation-approach model. The energy as a function of approach for
different A-values shows a crossing ( Figure 14 ) : i,e, the supermolecule
l,4-dihydronicotinamide/formaldehyde can undergo, during approach, a decrease in

energy if it evelves towards the end-geometry.

Energy

Approach

Figure 12 : Energy hypersurface for a Sy2 type reaction such as the collinear
attack of a hvdride ion Ha" on a hydrogen molecule Hy-H. in terms of

approach Ap and vehybridisation factor A [ see text ).

Energy

( kJ/mol ) 56110

R (A

Figure 14 : Sections through the energy hypersurface for the Meth—OM-DHN/CH20
supermolecule. Rehyhridisation factors : 0.0 (@ ), 0.1 ( + ), 0.2

(@), 0,3 C A and 0.4 ( x ).
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Conversely, also the energy as a function of rehybridisation ( A ) for different
approaches shows a crossing, This means that the supermolecule can be more easily
converted towards its end structure if the reaction partners approach each other.
This model is therefore internally consistent with a concerted eveolution of the
parameters where an approach between the reaction partners facilitates conversion
towards the end structures,

In agreement with experimental data, a detailed analysis of the atomic charges5 on
the dihydropyridine ring shows that the methyl group exerts a polarization of the
T~system. As a result the methyl group causes an electron deficiency on the sp2
carbon atom to which it is ceonnected and an electron excess on the neighbeoring
atoms of this carbon atom. This alternation of charges leads to an electron excess
on the methylene hydrogen atomns for the 2M and éM compounds where the inductive
effect of the WN-atom is reinforced, whereas for the 5M compound these two effects
are working in opposite sense, leading to a negligible methyl effect in the latter

case, This conglusicn is consistent with Pople's workzg.

CONCLUBIONS

The experimental kinetic results show a good correlation with a theoretical model
in which electron and proton transfer occur in a concerted fashion.

Further research in which seolvent effects and protonation of the attacking
formaldehyde is taken into account { in order to avoid the charge separation
bhetween anicen and cation into the reaction products ) could lead to more detailed

conclusions.
APPENDIX : COMPUTATIONAL DETAILS

The cartesian atomic coordinates are calculated from local polar coordinates in
which the position of each atom is defined relative to three reference atoms.

The elongation is defined by eguation A,1 in analogy to EKrechl's work.

EL = |Z¢yom, " [Ho ( A1)

e designates the vector joining atom Cq and atcm Hy. The value of this vector
17H2
in the initial geometry is designated by Jrfo'

The approach vector is defined by eguation A.2 also in analogy to work of Krechl.
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Ap = r - r
=2 7 Luy-cyg T Eep-Hy { 2.2 )

The local polar coordinates were varied from initial geometries towards the end

geometries using the rehybridisation factor A as shown in egquation A.3.

I =(1-M) rp n*t Arge

(1-M) r2,5 + Mig,e

[Ia]
[
|

: : { B.3)

In (1-A) En,p 7 Azn,e

where Zi,b and rj,e are the pesition vectors associated to an atom i in the

starting and final geometry, respectively ( i = 1,2,...N, where N is the total

number of atoms in the supermolecule ).

30

The geometries for the starting compounds were taken from Karle for the

dihydronicotinamide ( as described in our previous work® ) and from electron

diffraction results by Kato3l for the formaldehyde. The geometry for the

pyridinium ion was taken from Voet32 whereas for the alccholate ion gecmetrical

parameters were taken from Kimurasa.

The STO~3G calculations were performed with the MONSTERGAUSS- program34.
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