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~bstract-Ab initio minimal basis set quantum-chemical calculation on the -- 
interaction between methylated N-alkyl-1.4-dihydronicotinamides and the 

simplest k e t o  derivative ( formaldehyde ) are reported. The 

supermolecule approach provides a distinctive improvement in the 

interpretation of the experimentally determined reactivity of the 

dihydronicotinamides in their reaction with keto compounds, as compared to 

previously used mod9ls i e.q.  Krechl's elongation modellr2 ) .  

INTRODUCTION 

The study nf 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 

3 living cre3tures . Various theoretical models have been proposed to describe these 

redor properties. Without confrontation with experimental data, the value of 

conclusions from such theoretical models is limited. In principle, experimental 

kinetic data are most sllitahle far such confrontations, since they could yield 

information aboot the reaction mechanism and transition state. However, due to the 

scarcity of soitahle experimental data, such confrontations are nearly absent in 

the literature. 

'part 1 : see reference 1%. 



with a subsequent quantum-chemical study in mind, a series of methylated 

N-alkpl-1.4-d~hydronicotinilm~des has been ~ y n t h e s i s e d ~ ' ~  ! Figure 1 ! and klnetlc - 

stuAies were undertaken in order to determine the activation parameters of their 

rcdox reaction with trifluoroa~etophenone~~ ( Figure 2 I .  Minimal basis set ! 

S T O - 3 ~ ~  ab initio calculations were performed on these compounds and nmr 

s?ectroscopic properties were correlated with the calculated cherge distributions. 

-Ctr 
H,, ' H, 

Ha, 

F i r u r e  1 : Nomenclat,,irr conventions and atom nurhering for the nlethyl substituted 

N-methyl-1,4-dihydronicotininides. - 

OM - l-m~?h~l-1,4-dihvdro-icotinamide 
7M = 1,2-dimethyl-1.4-fiihydronicotinamide 

5M = 1,5-din~thyl-l,4-dihydronicoti~amide 

F h !  = l,h-~imethyl-1,4-dihydror.icotinamide 

Fiq-re 2 : 'Yip reaction between the dihydronicotinamides and trifluoroacetophenone. 

In nrinciple, the most valuable information on the mechanism of the reduction 

reaction hy Aihydronicotinamides, to be revealed in the nature of the transition 

,:i:!t:?, ma./ he l h t a i q e d  by accurate quantllm chemical caLculatlor-: ( e.g. beyond the 

f f i r t r r c - F ^ c k  Ievel  ) of possihlp reaction pathways. However, the vast number of 

i r c r s e s  cf frzedom i . n v o i v e l  neccssitatrs d r a s t i c  slnpliiirations, both in the 
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computational nethod ( e.?. 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 dr~mandinq a~proach i s  the one in which deformations, "perturbations", 

of the initial stat? of the reaction partners towards a possible transition state 

are studied. Klopman's "non-crossing hypothesisu1' was formulated for similar 

reactants involved in the same reaction. It states that the ratio of the energies 

necessary to rcach any  articular hut common point along the respective reaction 

oaths for each of the rejctants is proportional to the activation energies. 

Starting fron thjs hypothesis, comparative studies an the perturbation energies of 

the deformed initial states in related compounds may he used to gain information 

a i o t > t  the transition stat* and the various factors influencing it ( e . g .  methyl 

s~~bstitt!tion ) .  In z later stage tllic information can be used to narrow the search 

for the structure of the transition state and to limit the number of parameters 

that arl to he optimised. 

This approach was followed in an earlier ?aper12 where we correlated the activation 

parameters f r ? m  the kinetic study with various ab initio minimal basis set 

~ropcrties cf the analoaues "sin9 Krechl's elongation modellr2. The promising 

results prompted us to investigate the apnlication of more refined methods, which 

are n u  haseA on a sunermolecole approach an? on which we wish to report here. 

Conparison of rrsults with semi-empirical methods8 an? the ab-initio STO-3G method 9 

oc I - m e t h y l - l , 4 - d i h y d r o n i c o t i n r l i i l i i ' e  cbtained by  Kuthan showed that 

semi-empirical methods arc  not reli~ble for these molecules. Consequently, we no 

l o n q e r  considered the approach involvina these methods and optcd for the ah-initio 

np-?roach, th:: basis s e t  being kept minimal ( STO-3G I in view of the size of the 

5:i-terns. 

in the fallowinq section the results of the elongation model ( in which the 

reaction giirtner is not consi6ered erplicitl:! 1 are summzrised. Afterwards, the 

infl7it~nr-c of th? r - a c t i o n  pnrtrri-- is gradniill:~ t~aken into account in various 

dezrees of sonhisticatj.on. As a rpsiilt of the u s e  of single Aeterminantal wave 

function.%. honolytic bond fission cannot be adequately described10. However, in 

view of erpi,rimertal data ( vide infrii , the homolytic mechanism is not expected 

tc lic ,,1 the renction ?nt:h. Chir rqe  redistrihllticln effects upon heterolytic bond 

f i r s i c n  can, rrtainl?, in a coripnrati-ye study 3s the present one, he expected to be 

re?iahle when calculated with the methods used. 



RESULTS AND DISCIJSSION** 

a !  Elongation model : In this model, one of the methylene hydrogen atoms ( H 2  ) is 

elongated from its equilibrium position along its internuclear axis with the 

mrthylene carbon atom ( C1 ) .  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 nenative charge develops on the migrating hydrogen. Initially, 

it is provided bv the remainder of the methylene group. For larger elongations, it 

is provided by the whole of the remaininq molecule. The net atomic charge in the 

initial geometry of the molecules, as well as the developing negative charge during 

elonqation ( perturbed state ) ,  correlate well with the experimentally obtained 

activation enthalpies for the methyl substituted analogues. A more negative 

charqe on the migrating methylene atom is accompanied by a lower activation 

enthalpy. Moreover, the energy rise upon elonqatian ( elongation energy ) also 

provides a qood correlation with these activation enthalpies. 

These results led to the conclusion that the reaction proceeds through a hydrideion 

necharlsm or, since rxperimPntnl obse!:vations render this hypothesis highly 

unlikely, a mechanism in which considerable charge is transferred via the 

migratin? hydrogen atom. A hydride ion mechanism is indeed highly unlikely in view 

of the instability of the ion in prntic media, while the reduction with NADH model 

compooncls can indeee take place in protic media. On the other hand, a 2-step 

radical mechanism as pro~osed by van I?ikerenl3 can he rejected as (1) radical 

captcrs 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 

16 were detected with esr . 
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 w a s  also the 5M compound which disrupted a possible isokinetic 

relationshin. According tr, Leffler17, such a disruption can be the result of, for 

instance, steric interactions. Observations on molecular models showed that 

substitution of a hydroqen by a methyl group on the 5-position of the 

djhydronicotinamido cou1.d very ~.vcll lead to stelic hindrance between substrate and 

rcaqent. 

.* 
Throllqhout this section the aton numbering in Fiqurc 2 will he use?.. 
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bl The Approach model : Krechl studied the approach of acetaldehyde via different 

paths towards 1.-methyl-1.4-dihydronicotinamide on an EHT'* and CNDO/2 19t20 level. 

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

throuch the "ethylene hydrogen and carbon atom, and with the sp2 plane of the 

carbonyl group perpendicular to this axis. Calculations by ~ e r h o e v e n ~ ~ , ~ ~ , ~ ~  and by 

Ruck 24,25,26 also showed a preference for such a linear approach model. 

Very recently, when the present work was already terminated, Wu and ~ o u k ~ ~  reported 

a b  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 : 7O I .  Such a non-linear transition 

state can be rationaliied in t-erms of a Coulomb interaction a s  a consequence of the 

charoe separation. In aquemls media, solvation will diminish this effect. Since 

the non-linearity is relatively small, it will not be considered in the present 

discussion, in which w e  are moreover interested in relative activation energies. 

Figure 3 : Geometrical parameters describinq the approach of acetaldehyde towards 

the dihydronicotinamides. 

Notice that the use of a minimal basis sct introduces a basis set superposition 

10 error . Ilowever in view of our main interest in relative effects ( the influence 

of methyl substitution I no attempt was made to correct for this deficiency. 

It was decided to repeat the calculations of Krechl in part on a STO-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 ( both molecules 

retaininq their equilibrium geometry I is shown in Figure 4. In contrast to the 

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

sliqht variation in the optimal angle phi during the approach. This is due to 



hydrogen bond formation hetween the carbonyl oxygen atom of the formaldehyde 

moIe~u18 and the H12-hydropen atom of the carbamoyl group. In reality there are 

various hydrogen bonds possible between t h e  carbanyl oxyqen atom and the solvent 

molecnles. This small ) effect was therefore not considered. 

AE I I 

R ( i 1  

Figure 4 : infl11cnce o f  the approach ?f the formaldehyde molecule on the energy of 

the sopermolecu!e, relative to the isolated molecules ( A E  ) .  

F i q n r e  5 s h a v s  that d ~ r i n q  the approach, first a polarization of the methylene 

moiety takes place : an electron e x r s s s  is transferred from the Cl atom to the H 2  

arcm.  From an approach of 3.5 ?+ on, there is a net electron transfer from the 

dihydroavriiinr r i n ?  towards the fnrmnldehyde moleculn. As shown in Figure 6, the 

oain ; n  electron density mainly "csidcs on the (Ili atom of the formaldehyde 

7iolecnLe. 

The hy?nthesls of extra ~ t e r j c  hindrance for the 5E analogue is supported by the 

r e s i l l t s  in P i o o r e  7. Tt can be clearly observed that the approach of a 

formaldrhvde molecule upon the 5 M  compound results in an extra energy rise 

relative to the OM comnound. 
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Atomic charges 

( a . u .  ! relative 
to the isolated 

molecule values. 0 0 2  

Fiqure 5 : Influence of the intermolecular approach on the atomic charge of the 

mpthylene qroup relative to the values for the isolated molecules. 

( + ! = H z ,  ( x ! = H 3 ,  ( I = CL and ( ) = total for the CH2 group. 

Figure 6 : Influence of the intermolecular approach on the atomic charge of the 

formaldehyde molecule relative to tllr values for the isolatrd molecules. 

1 ! = C 2 5 ,  ( + ) = 0 2 6 ,  ( ) = H2,, 1 = ::28, I x ! = total for 

the C H 2 0  molecule. 
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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 ( A E  1. ( . I = 

OM, ( + 1 = ZM, ( ) = 5M and ( A I = 6M. 

If elongation and approach were to be combined, the possibility could exist that 

the electron excess on the H 2  rnethylene hydrogen atom would be transferred towards 

the formaldehyde niolecule, witholut there being a hydride ion formed. To study the 

influence of the approach quantitatively I in other wards, its role in the reaction 

coordinate ) i t  was decided to combine elongation and approach. Also the 

interaction between these two deformations could then be studied. 

c )  The combines. elongation and approach moAel : The influence of the choice of 

parameters with vhic!? the reaction coordinate will be described is shown in Figure 

8.3. It shows the "classic" enerqy hy~ersurface of a SNZ mechanism such as a 

hydride attack on a hydrogpn A transformation of coordinates to 

elonqation and aoproarh leads to the picture in Figure 8b. 
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l a )  Energy 

Figure 8a and b. : Energy hypersurface for a collinear attack of a hydride ion Ha- 

on a hydrogen molecule Hh-H, ( a 1  using the HaHb and HbHc 

distances as variables and ( b )  using variables describing 

elongation ( r -Hb-rHa-Hb,o ) and approach l rH -H 1. 
a a c 

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 approach energies. It can be clearly seen that in 

none of the r a s e s  a crossing of the energy curves occurs. This means that, 

apparently, there is no approach for which elongations leads to a diminishing of 

the enerqy 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 thnt this result was clue to the extensive approximations 

made in this model l nor the dihydropyridine ring nor the formaldehyde molecule 

evolve towards their end-structures 1 .  Nonetheless, this model shows a few 

intefestinq characteristics. 



Figrire 9 : Influence of the intermolec!ilar approach on the elongation energy A E , ~  
for elongation values of 0 ( . ) ,  0.2 1 I + ) and 0.4 ( 1. The 

elonqation enersy A E , ~  is defined as the energy difference between a 
geometry with a dihydranicotinamide molecule which has an elongated CH 

bond and a qeometry with its equilibrium geometry. 

Elongation 1 i ) 

Figure 10 : Influence of elongation on approach energy AE ( cfr. Figure 4 ) .  

( . ) : R =  , l t ) : R = 3 . 5 1 ,  l * ) : R = 3 . 0 ? + a n d ( A ) : R =  

2.5 1. 
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If one observes the influence of elongation upon the atomic charge on the H2 

methylene hydrogen atom st different approaches ( Figure 11 1,  it can be clearly 

seen that for lorqe intermolecular distances and small elongations there is still a 

gain in electron excess .  An increase in both perturbations results in a decrease in 

the djstance between the H2 methylene hydrogen atom and the carbonyl carbon atom. 

This leads to an electron loss towards the formaldehyde molecule. The electron 

arrangements upon reaction do not reveal a hydride ion mechanism as in the case of 

the elongation nodsl. 

( a.u. ) relative 

to the isolated 0,08 

molecule values 

Elongation ( A 1 

Figure 11 : Evolution of the net atomic charge for the H2 atom upon elongation for 

various intermolecular distances. (. ) : R = s, ( + 1 : R = 3.0 and 

( 0  , : R = 2.5 K. 

In order to determine which combinations of values for the perturbations lie on the 

reaction path, the relationship between perturbation energies and activation 

enthalpies was studied. The best fit between elongation energies and activation 

enthalpies for tho different analogues occurred at an approach of ca. 3.5 i. This 

seems a realistic value, sincs it leads to a H2-C25 distance of 1.5 i ( figure 

12 ) .  Comparison with the fit for the el.ongation model there is a clearly 

discernahlc imnrovenent. 



Figure 12 : Correlation of the elonqation energy A E , ~  and activation enthalpy AH+ 
for an intermolecular distance R of 3.5 for the methyl substituted 

analoques. 

SO, although the combined model still shows a severe internal inconsistency viz. 

the non-existence of a crossing 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 reaction 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 ( pyridihium and alcoholate ion ) into account. 

d. The rehybridisation model : In this model all structural parameters of the 

individual molecules vary simultaneously from the initial towards the end geometry 

upon approach of the reaction partners. The coupled parameters are varied with a 

#'hybridization factor" h . A value of h = 0 signifies the initial geometry, a value 

of h = 1 designates the end qeometry. Figure 13 shows a typical SN2 energy contour 

after this transformation into a suited system of coordinates. 

I n  our earlier work5 we noted a convergence problem for the positively charged 

ovri3inium ions. For h-values larger than 0.4 no convergence could be obtained 

with the present model. Note +.hat the calculations show a continuous energy 

decrease, related to the fact that the reaction products are stabilised by an 

intermolecular Coulomb 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 h-values shows a crossing I Figure 14 1 : i.e. the supermolecule 

1~,4-dihydrunicotinamide/forrnalc!~hyde can undergo, during approach, a decrease in 

energy if it evolves towards the end-geometry. 

Energy 

i Approach 

Figure 1 3  : Energy hypersurface for a SN2 type reaction such as the coilinear 

attack of a hydride ion Ha- on a hydrogen molecule Hb-Hc in terms of 

apvroach Ap and rehybridisation factor h ( see text 1. 

Energy 

- 561 25 - 

2 5  3 0 3 5  4 0  

Fiqure 14 : Sections throuqh the enerqy hypersurface for the Meth-OM-DHN/CH20 

supermolecule. Rehybridisation factors : 0.0 ( . I ,  0.1 ( + ) ,  0.2 

I ) ,  0.3 ! A I and 0.4 ( x I .  



Conversely, also the energy as a function of rehybridisation ( h 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 evolution of the 

parameters where an approach between the reaction partners facilitates conversion 

towards the end structures. 

In aqreement with experimental data, a detailed analysis of the atomic charges5 on 

the dihydropyridine ring shows that the methyl group exerts a polarization of the 

U-system. As a result the methyl group causes an electron deficiency on the sp2 

carbon atom to which it is connected and an electron excess on the neighboring 

atoms of this carbon atom. This alternation of charges leads to an electron excess 

on the methylene hydroqen atoms for the 2M and 6M compounds where the inductive 

effect of the N-atom is reinforced, wherfes for the 5M compound these two effects 

are working in opposite sense, leading to a negligible methyl effect in the latter 

29  case. This conclusion is consistent with Pople's work . 

CONCLUSIONS 

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 solvent effects and protonation of the attacking 

formaldehyde is taken into account ( in order to avoid the charge separation 

between anion 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 elonqation is defined by equation A.l in analogy to Krechl's work. 

designates the vector joining atom C1 and atom H2. The value of this vector 

in the jnitial geometry is designated by I f l o .  
The approach vector is defined by equation A.2  also in analogy to work of Krechl. 



HETEROCYCLES, Vol 29, No. 2, 1989 

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

geometries using the rehybridisation factor h as shown in equation A.3. 

where rirb and Lire are the position 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 ) .  

The geometries for the starting compounds were taken from ~arle~' for the 

dihydronicotinamide ( as described in our previous work5 ) and from electron 

diffraction results by ~ a t o ~ l  for the formaldehyde. The geometry for the 

pyridinium ion was taken from voet3' whereas for the alcoholate ion geometrical 

33 parameters were taken from Kimura . 
The STD-3G calculations were  performed with the MONSTERGAUSS- program34. 
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