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yhphc energy to transfer one l lactron from N&D(P)H and related 1.4~dihydro~yridinea to 
a series of substratrs is calculated and coqared with the expcrimntal activation 
energy for transfer of a hydride equivalent between these species. It is conclukd 
that single electron-transfer (SIZI cannot occur aa a primary step in the overall 
hydride-transfer promsa except for substrates with very strong ona-electron oxidizing 
properties. A silnplr valeno-bond configuration mixing (VBU) a~&1 is prswnted,that 
rationalizes the gsnaral Occurrence of concerted hydride transfer as the lowest energy 
reaction-pathway and furtherpore explains why the activation energy of such a concerted 
pathway is often linearly related to that of a -hypothetical- SET process. 
For om intrmleculu and two related, interrmlecular hydrida-tramfar reactions the 
temperature depandanm of the priory kinetic isotops affect (TDKIE) was studied. For 
the intramolerxlar reaction, where * face to face orientation of the reactmta is en- 
forced, the TLXIE parameters sugpcat the occurroncs of a bent hydride-transfer pathway. 
For both intermolecular reactions, howwar, a limar transition-state gsowtry is in- 
dicated. kWL0 calculations of the reaction profile for hydride transfer from a l,&di- 
hydropyridine to either a positively charged substrate (i.e. the pyridinium-ion) or to 
a neutral substrate (i.e. 1,1-dicyanoethylena) confirm, that a linear transition-state 
geometry is favoured, unless the system is geoaetrically restrained to prevent such a 
geomtry. The BNDC calculations furthermore indicate that in a limu transition-state 
alwst unimpeded rotation CM occur about ths C...R . ..C axis. l%.ia rotation intercon- 
verts the relative orientation of the reactants b&wean parallel-exo and tilted-endo, 
which my have important consequences for the intcrprctatim of the stereochemical 
outcom of reactions involving (pro)chiral reactants. 

INTRODUCTION 

Transfer of a hydride equivalent from the reduced pyridine-dinucleotide coenrymes 

NADH orNAOPH to a varlety of substrates is catalyzed by enzymes of the dehydrogenase 

faily'. Since it was found, that also in the absence of such enzymes NAD(P)H as well 

as many slmple dihydropyridines will transfer a hydride equivalent to sufficiently 

activated substrates, the latte; iype of reactions has been studled extensively as a 

model for the enzymatic process - . 
On one hand the study of model reactions has been focused upon efforts to mimic 

various aspects of the enzymatic process such as catag;;s' and stereospecificity6". 

On the other hand a plethora of publications appeared , that sought to establish 
mechanistic details of this seemingly simple reaction. For more than a decade the 

central mechanistic question under discussion seems to be whether the hydride equivalent 

is transferred in a single step or via a pathway that involves single electron transfer 

(SET) as the primary step. This discussion - that for many years appears to have over- 

shadowed other, 
Be 

rhaps equally important, questions - was initiated by the publication 

of a discrepancy between the kinetic hydrogen isotope-effect and the product isotope- 

distribution in several NADH-model reductions. A stepwise mechanism seated the only 

possibllity to explain such a ;F;repancy. 

Although it was recently shown -b at most of these isotope-effect discrepancies are 

in fact due to the occurrence of side reactions, that had not been recognized Initially, 

much other evidence has been gathered in the meantime that may be Interpret& to s; po$ 

the occurrence of SET as a primary step in the overall hydride-abstraction process 
!b . 

9-U 
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The Present paper seeks to establish a final answer to the questlon of the feaslbillty 

of SET in NAM-model reactions and furthermore to shed some llght on the more Intfmate 

detalls of the transition-state of the actual hydride-transfer process. 

ON THE QUESTICM OF ONE ELECTRON-TRANSFER IN NAD(P)H-WOOEL REACTIONS 

As early as 1978 we polnted out",that the feasibility of SET in NAD(P)H-mcdel reactlons 

can -In principle - be dedded fran straightforward thermodynanlc conslderatlons. 

This is enabled by the possibillty to calculate the change in Gibbs free energy for 

SET ( AGset) from electrochemical one-electron redox potentials via eqn. (1): 

(1) AG set = Eox(PYH2) - E,d(S) - C 

In (1) the reversible one-electron oxldatlon potential of the dihydropyrldine and the 

reversible one-electron reduction potential of the substrate are Indicated by Eox(PyH2) 

and Ered(S), while C stands for the Coulanbic stabillzatlon of tha radical Ion-pair 

created upon one-electron transfer (Pytii' S-') with respect to the separate ions. 

In a polar solvent the value of the latter term 1s only small ( 0.06 eV in acetonltrlle?' 
and If S is a positive ion the latter term of course vanishes. 

Evidently the Glbbs free energy of activation for any reactlon Involving primary SET 

can never be smaller than AG,,~ and therefore the maxlmun rate constant for such 
21,22 

a reactlon (kyet ) Is given by (2) where kdlff. indicates the dlffusional rate constant. 

(2) l/k:; = l/kdiff + lo-“,exp( AGsetlRT) 

With a dihydropyridine as the electron donor an additional problmn arises In appllcatlon 

of (1) because of the Irreversible behaviour of the electrochemical oxidation of these 

molecules. that thwarts the direct detenfnation of E (PyH2). Employing a fluorescence 
22 OX 

quenching method originally proposed by Weller e.a. we were.houever, able to determine 

for 1-benzyl-1,4-dihydronlcotlnam!de (BNAH) in acetonitrfle a value of the one-electron 

oxidatfon potential : E,,(BNAH) = 0.76 + 0.02 V (relative to the saturated calaa;l 

electrode at 20°Cf? Recently another indlrect method was employed by Miller e.a. to 

determine the one-electron oxidation potential of NASH in aqueous solution. The result 

- E,x(NAC+t) = 0.81 V (rel. to see) - not only corroborates our earlier results, but also 

indicates.that the one-electron donor capacities of NADH and BNAH are very simllar,as 

might be expected fra the structural equivalence of the 1-alkyl-1.4-dfhydronicotfnamlde 

molety incorporated in these spedes. 

For a nuaber of substrates wfth knovm E red(S) Table I now compares the calculated k:It 

and the reported experimental rate of hydride abstraction by these substrates (khyd) from 

BNAH or NAM . In our calculations Eox(Py+i2) = 0.76 V (nl. to see) was adopted and the 

Coulanb term C was either 0.06 eV for neutral substrates or zero for positive substrates. 

In all cases the calculated electron transfer rate Is far from the diffyslonal limit 

whereby eqn.(2) simplifies to: kiti = 101l.exp(- AGset/RT) l.mol-'. s . 



Table I 

ccqi1aticul of calculAtsd ~acamlin9 tn eqn. (1) and (2) with E (pYB2)-0.76 VI dats for 
SET batwen BUUi or NADH and a rrlem of subetratem , u well a? llteratuxe date for 
the experlmntal rats canstent of hydride abetraction by ther eubetratar ( 

khyd)’ 

Substrate conditions ref. - 

(V vs.sce) (eV) 

1. CF$Ci’h 

2. lw+c1- 

3.pbenrcqulnone 

4. hexachloroacetone 

!i.N-Ue-acrfdinium 

6. 2 ,&dichloro-p- 
-bWEoCpinoW 

7. chlotanil 

8. ferrocenilm 

9. Fe ((HI ;- 

- 1.46 2.16 4 x lo-23 

- 0.97 1.73 2.5 x lo-l7 

- 0.51 1.21 1.1 x 10 
-9 

- 0.27 0.97 6.6 x IO+ 

- 0.24 1.00 9 x 1o-7 

- 0.16 0.86 3.1 x 1o-4 

+ 0.01 0.71 0.13 

+ 0.16 0.6 12.8 

+ 0.21 0.49 840 

0.25 

55 

805 

1900 

13.7 

1.36 

acetonitrile ,50°C 

Q3cx/e20U/3) ,40°c 

water , 3o”c 

acstonitrllc ,27OC 

acatcmltrile .20°C 

water , 3o”c 

acetmitrile ,2S°C 

l-PxoE/e20 ( l/l 1 3o”c 

cn3c.?vE20~1/1) ,30°c 

23 

24 

25 

26 

13 

25 

27 

16 

19 

a) tie-electron reductioo potentials measured in eotonitrlle ( see ref. 2Oand28 )cxcapt 
for the two laet entries,that refer to aqueous solutlme. 

The occurrence of SET as the primary process in hydrlde abstraction requinss that the 

ratlo khyd/kzidoes not exceed unity. From the data fn Table I and fran Fig.1 , where 
this ratio IS plotted on a logarithmic scale as a function of Xset, it is evtdent that 

only the strong one-electron oxfdants,that form the tw, last entrles.pass this test 

for the feaslbillty of Sm. This confirms our earlier report 2o .thAt was based on a 

more limited data base , as well as the recent reports from other investigator P4iat 

Showed hydride abstraction by most substrates to occur faster than would be possible 

if SET were involved. Thus most substrates carpfled in Table I must perform hydrfde 

abstraction by a mechantsm not Involvtng SET.and concerted hydrlde transfer seems an 

attractive candidate for such a mechanism as will be discussed below. 

Fig. 1 not only shows that most reactions fran Table I cannot Involve SET (i.e. that 

In most cases khyd/kTi: exceeds unity ) but also suggests,that A certain mechanlstlc 

similarity exists leading to a linear relation between AGset and the 1ogarittxA of thfs 

ratio , given by WJ- (3) and indicated by the solid line in Fig. 1. 

(3) TOg (khyd/k;;;) - -2 + 9.1 x AGset ( eV ) 

Extrapolation of this line suggests, that SET would becane feasible at AGKt values 

below 0.22 eV . The two one-electron oxidants show that an earlier change-over to a SET 
nechanlun can occur If the substrate has no sfgnificant hydride Affinity, In these 

cAses the lack of such hydride Affinity also shows up In the stolchlanetry , that WAS 

found to involve a 2 : 1 substrate / PyH2 ratio , each slrbstrate consusing one electron 
IS,19 while the hydrogen nucleus Is expelled AS such . 

Since *Gset is directly related to log k$t via eqn.(2) the llnear relation expressed 

by eqn.(3) in fact implies. that log khyd responds Almost llncarly to changes in *Gset 

over A kinetic range that spAns more than 8 orders of magnitude. The existence of such 

relations has been noted before and it has also been sham. that a more rigorously lfnear 

ri?TAtfOn occurs if cAre IS taken t0 canpare the reACtfVftiOS Of A Series Of StrUCtUrATTy 

related ccmpounds"instead of the widely different systars caspiled in Table I. 
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Figure'1 : 

P*asibility test for the occur~ea~ 
of SIJT in the rr4cticns coqilad 
in Table I. 
Syatma (8 and91 atorbcloutlm 
broken line pass tlm tast. 
Tim solid line (eqn.(3)) iadicatas 
an approrimata linear freeenarpy 
relaticm batman tlu &km? aymtaa. 

It seems of interest to stipulate, that this direct relation b&wean AGset.and log khyd 

is by no means fn contradicti~ with our conclusion that SET is not involved as a 

separate reactlon step.Following the qualltatlvr dascrfption of reaCtIOn profiles as a 

result of the mixing between various electronic configurations (i.e. the valence-bond 

configuration mixing model (VBBCn))30it can easily be shown , that such a linear free 

energy relation between A Gset and log k hyd is in full agreement with the occurrence 

of concerted hydride-transfer via a transition-state substantially below AG,, ! 
Ccnslder the transfer of a hydride-equivalent between two electrophiles P+ and Et i.e.: 

P-H t Et + P+ t H-E 

Using the pictor$l representation of singlet electronic ccnflgurations put forward by 

Pross and Shaik the starting materials and products in this reaction are given by 

( P"H Et ) and ( Pt H"E). Note that these configurations merely differ by a single 

electron transfer from P to E ! 

In Fig. 2 we hfr drawn solld lines to indicate - according to the rules proposed by 

Pross and Shaik - the energy of these two electronic configurations as a function of 

the reaCtiOn coordinate, that Is created by moving the hydrogen nucleus from P to E. 

During thls process the starting nrtcrial conflguration is progressively destabilized as 

a two-electron bond is broken and a formal one-electron bond is formed. For the product 

configuration the reverse holds. At the onset of the reaction the two configurations are 

separated by an energy-gap that corresponds to AGset! During the reaction this energy- 

-gap diminishes leading to increased mlxlng and an avoided crossing - as indicated by 

the broken lines in Fig. 2 - that creates a single transition-state with a wavefunction 

that can be represented by: 

(4) 

tpH 21 

jQ//t; P"H E+) :k- 

r-H.L,,-. Pr.KE 
\ 
\ 

Figure 2 : Figure 3 : ‘L-____ 

mo ccnfiquration VB04 modal for Propotticaallcumring of A~_~and tin 

cmcertod hydride transfer. activation l lutgy. 
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This very simple two configuration oodel of concerted hydride-transfer leads to a 

nlnber of very illuminating results. Thus substitution of E* by a stronger one 

electron acceptor not only lowers AGset but also shifts tha crossing and thcreby tha 

transition-state to an earlier point on the reaction coordinate (see Ffg. 3). As a 
result the activation energy for transfer is lowered proportionally and furthermore 

the difference bet-n this actlvaticm energy and AGset is decreased as experimen- 

tally observed (see Fig. 1 and eqn.(3)). Furthermore the transition-state description 

provided by the two conflguratlon wlxing (c.f. eqn.(4)) shows, that although a hydride 

equivalent is transferred, this not neccessarily implles that a substantial negative 

charge develops around the hydrogen nucleus In fllght. Inclusion of configurations 

suchas(P+ H- E+)and(P' Iit E' ). that are way up in energy at tke initial 

and product stage, but probably contribute at intermediate stages, will lead to a 

slight modification of this picture. It is not an easy task, however, to quantify the 

contribution of such conflgurations within the qualitative framework of the YBCM method 

and efforts to do so tend to obscure the insight gained fran the primary approach. 

Therefore a more detalled discussion of the charge dlstributlon In the transitlon- 

-state is postponed to a later section of this paper where it will be &rived from 

MJDO calculations. 

TEWERATURE OEPENOENCE OF THE PRIWRY KINETIC ISOTOPE EFFECT AS A PROBE 

FOR TRANSITION-STATE GEOMETRY 

As explained in the precedirrg section it now seams fully established, that for the 

majority of hydride transfer reactions mediated by NAD(P)H-models the klnetlc 

hydrogen isotope effect must reflect that of C-H bond cleavage in the rate determfning 

transition-state (TS) without masking eff;;ts from partially rate limiting prequl- 

libria such as SET. It has been proposed - mafnly on a semieApirica1 basis - that 

under such condttfons a study of the temperature dependence of the primary kfnetic 

isotope effect (TDKIE) can yield valuable Information about the TS geomatry. For this 

purpose the experimental rate constants (i.e. kH and k0 ) are fitted to the Arrhenius 

equation to yield the frequency factors ( Al, and AU ) and the activation energies 

( E,(H) , E,(D) ) for hydrogen and deuterlun transfer. 
Three main cases are distinguished, each thought to characterize a specific mode of 

hydrogen transfer. Thus hydrogan transfer vla a bent TS Is assumed to lead to a 

negligible isotope effect on Ea (i.e. E,(D) - Es(H) - 0 ) and therefore to a t-era- 

ture independent kinetic isotope effect that equals the ratio of the frequency 

factors (k&, = Ah/AI, ) and typically falls in the range 2)+ 6. 

A linear TS should lead to a signlfjcant difference between Es(H) and E,(D) with the 

difference between the zero-point vibrational energies of C-H and C-D stretching erodes 

as an upper limit ( 21.15 kcal/mol ), while furthermore the ratio of the frequency 

factors is typically found in the range 0.7 * 2) . 
Finally , if the difference between E,(O) and Es(H) exceeds the zero-point vlbrational 
energy difference, this is assed to lndlcate the occurrence of hydrogen tunnelllng. 

Although the applicabilit of these scmlBnpirlca1 criteria as a tool to probe the TS 

has met severe criticism 
31.33 

,we deemed it worthwhile to study the TDKIE of NAOH-model 

reactions for which the kfnetics can be measured with sufffcient a::ugcy. At the on- 

set of this investigation we in fact shared the rather widespread 'prejudice, that 

in the TS the dihydropyrldlne and the substrate are orientated in a parallel face to 
28 face ( 'sandwfch') configuration that resembles the orlentatlon quite generally found 

in pi-molecular complexes betuaen electron-rich and electron-poor species. 

In fact we have shown earlier 35 that reasonably fast intramolecular hydride exchanga 

occurs (effective molarlty approxtmately 200 mol/l ) In a system i where such a face 

to face TS seems to be enforced (cf. Fig. 4). Evfdently this made the reaction depicted 
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in Flg. 4 an attractlve test case for the TM(IE method since a sandwich orfcntatlon 

may be expected to lead to a bent TS 
34,9 . inetic measurements on 1 and its 4,4'-trl- 

dcuterio analogue were perfoyS by 'H-RHR employtng the spin-saturation transfer 

technique as described earlier . Care was taken to use Identical concentrations 

and identical counterions ( X- - Cl- ) in both series of nmasuranents. Especlrlly the 
effect of the counter-ion on the activation parsleters #s found to be sufficlcntly 

large to make TDKIE measulrments with dlfferent counter-ions for H and D transfer 

meaningless ! 

X- 

r [K = CI;Z= CONHs] 

Figure 4 Intr~lecular hydride exchange and pcopomd transition-statm structure 
in system 1 . 

Table II 

Rata constants (se’) for intramolmxlar hydrida ($1 and dmtarido $1 uchuup in 

1 and in L-t4d2,4'd) at various tekperaturea (solvent KDltSd,, as -11 a. the 

Arrheniua equatfans br10 also Pig. 5) and tlm activation paramtcrsderlved frcm these 

data. 

Tamp. (K:) : 303 313 318 323 328 333 343 

k" 0.26 0.43 0.51 0.65 0.81 0.99 - 

kD - 0.15 0.19 0.24 - 0.37 0.53 

'"'k 
= (13.4 + 0.2) - (8.89 + 0.12 kcal/rml)/RT (r-0.999) 

In kD 
- (12.4 + 0.4) - (8.89 + 0.24 kcal/ool)/RT (r-0.998) 

WD - - 2.1 + 1.2 

Ea(DbEa(fi)= 0.0 20.2 kcal/mol 

k,/kD = 2.1 

Table II complles the results obtained while the Arrhenlus plots derlved from the 

kinetic data are shown in Fig. 5. The klnetic Isotope effect was thus found to be 

virtually constant over the (limited) temperature range studied. This result thus 

seems to lend direct experimental support to the hypothesls31 that a bent TS may be 

typified by the occurrence of a substantial but temperature Independent KIE: 

Figure 5 

Arrheniua plotm for hydride 
and &uteri& transfer in 
1 and L-Md2,4'd) (SW Table II). 

Ill 4( l-.-I Ill$l+-) 
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klhllc the TDKIE data for Intramlecular hydride exchange in 1 thus nicely fulfilled our 

expectations. a surprise turned up as ye switched to the study of a related lnterrolec- 

ular reaction. As we already reported earlier 
37 

, the TDKIE parameters for hydride 

transfer from BNAH to the IO-methyl-g-phenylacridfniun ion (AcPh+) (see Fig. 6) lead to 

a canpletely different picture. Fras the klnetlc data and the corresponding Arrhenlus 

parameters coraplled In Table III it 1s clear that the KIE of this reaction decreases 
upon Increasing trperature. The difference In activation energy and the ratio of the 

frequency factors both fall in the range proposed to typify a linear TS. 

Figure 6 

Table III 

Rate ccmmtanta -1 -1 
(L-1 .s 1 for hydride and &ut~l& transfer from BUB and BWAH-(4dZ) 

to AcPh+ at various tmperatures (solvent aatonitrilc) as wall as the Arrhmniru 

equatiana and activaticn paraptire derived from these data. 

T-p. W.1 : 293 298 303 308 313 318 323 328 
I 

- (11.1 + 0.6) - (6.11 + 0.38 kcal/mol)/RT (rd.9891 

- (11.4 + 0.2) - (7.14 + 0.09 kcal/mol)/RT (r-0.999) 

S/AD = 0.74 + 0.46 

Es(D)-Eatli) = 1.03 + 0.38 

kcal/mol 

VkD 
- 4.17 (298 K:) 

As a second intenolecular reaction the hydride transfer between 2 and 2 (see Flg. 7) 

MS studied. This reaction constitutes the last step in the synthesis ofI and can be 

followed spectrophotanetrlcally by monitoring the growth of the typlcal longwvelcngth, 

intramolecular charge-transfer absorptlon characteristic for 1 ( E = 407 l.m~l-~.cm-~ 
at 460 rm 

(K > 10 ) 
35 
sh) ).The reaction leads to an cqullibriun that lies sufficiently to the right 

to allow determination of the forward rate constant under pseudo first-order 

conditions ( 4 >> 2 ). 

2 - Flgure 7 

Table IV 

Rate calstmt (l.mol -1 -1 
.s 1 for hydride and dcuteride transfer frm 2 and 2-(d4) to 3 

at vuiow temperatures (solvent: aqueous borate kuffcr , pn 8.22) as well as the 

Arrhmiua equations and activation parameters derived from theme data. 

Temp. W : 293 295 298 303 308 313 318 323 

kH (~10~) - 1.56 - 1.4 0.2 - 2.45 3.14 4.04 - 6.65 VAD + 

kD (~10~) 4.21 - 5.68 7.91 - 13.43 16.91 21.71 Ca(D)-Es(H) - 0.52 + 0.17 
kcaiilol 

In kR 
- (12.5 + 0.1) - (9.75 + 0.07 kcal/ml)/It’r (r-0.999) ‘dkD - 3m23 (2Q8 ” 

Ln kD - (12.2 + 0.3) -(lo.27 + 0.14 kcal/ml)/?m (rd.993) 
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Once again tha TDKIE parameters (see Table IV) fall within tha range proposed to typify 

a linear TS. 

As mentioned above, the use of TDKIE as a tjo2olBJo dlstinguish between bent and linear 33 

TS g-tries has ken criticized severely. ’ In particular a recent theoretical study 

led to the conclusion, that a bent TS ( or a llnear TS ) can never glve rise to a tem- 
perature independent KIE wlth a value signlflcantly larger than unlty. 

Our present observation of such a situation for the intramolecular reaction In 1 seams to' 

militate against such a generalization and adds sane new credibilityB;o the value of the 

TDKIE method that WJS so actively advocated by the late Harold Kwart ! 

On the experimental side , however, the applicability of the TDKIE method in the field 

of NADH-model reactions seems severely limited .by the probluns arising in the deter- 

mination of the kinetics of such reactions with sufficient accuracy over an acceptable 

temperature range. Furthermore interpretation of the present data Is complicated by$&B 

possible occurrence of secondary isotope effects (although these are probably small ’ 
and their temperature dependence Is therefore cxpec&ed to be extremely small ) and es- 
pecially by the possible contribution of tunnelling. 

Several recent reports Indicate a significant tunnellln;ocontribution to hydride &ran$- 

fer mediated by NAM and Its models both under enzwtic and under ncn-enzymatic ’ 

conditions. It should be noted that especially for the reaction depicted in Fig. 6 the 

upper experimental limit of Es(D)-Es(H) enters the range typical for tunnelling. For 

a closely related reaction Bruice e.a. recently reported an even larger diffegnce in 

activatlcn energy and attriboted this to an important tunnelling contribution . 

In view of the remaining uncertainty about the exact nature of the TS both regarding 

its spatial structure and the charge distribution occurring, we decided to approach 

this problem via a quantumnechanical calculation of the complete reaction profile for 

sane hydride-transfer processes closely related to the systems discussed above. 

MD0 CALCDLATIOB OF REACTION PATHYAYS41 

Model systems and calculational method 

The reactions (I) and (II) for which calculations have been perfornd are represented 

in Fig. 8. 
Ii+m~+@-_H!+ 

H 

H 

8. Figure 

As a calculational model representing NAD(P)H the bare 1.4-dihydropyridine molecule 

was chosen, since It is the reactive part of these coenzymes apart from the -CONHE 

group. Variation of the latter has been foundl*not to affect the stereochemical course 

of hydride transfer under enzymatic conditions. 

As models for substrates we have chosen two molecules closely related to systems of 

practical relevance. The pyridiniun cation was chosen to represent positively charged 

substrates (reaction(I)). This offers the calculational advantage of syactrlcal 

transition-states (vide infra). As a model for neutral substrates, llke activated 

carbonyl cwpounds and electronegatively substituted olefines. the molecule l.l-dl- 

cyanoethene was chosen (reactton (II)). As indicated in Fig. B the reactions reprt 

sented by (II) are usually accompanied by irreversible protonatlon of the incipient 

anion produced upon hydride transfer to a neutral substrate. The role of this proto- 

nation step will be discussed in more detail below. 



The dimensions of the systcla under consideration practically excluding ab-lnitio 

methods, we decided to use the WiDO method. This has not only been found to allow 

a good prediction of molecular propertles 4Sbut also t 0 reproduce the qualitative 

features of ab-initio pot&Ma1 surfaces and transitlon structures ". A local version 

of the mm program 45.46 was used. This version offers the posslbllitles of -try 

and dependence relations in the definltlon of molecular geometries. 

The system dihydropyridinejpyrldiniun-Ion (I) 

During a first search of the reaction coordinate for reaction-(I) both rlng systems 

were assuned to retain planarity and standard bondlengths and angles were used except 

for the C(4)+ bonds. Two relatlve orientations of the reactants were inltially con- 

sidered, a parallel-end0 or;$ntation and a parallel-exo orientation (see Fig. 9). 

It has often been suggested , that a parallel-end0 ("sandwich") orientation evolves 

from a primary charge-transfer type complex between the electron-rich l.Gdihydro- 

pyridines and the electron-poor substrates and that such an orientation leads to 

non-linear hydride transfer. In our initial calculations on this reaction geometry 

N-H 

Figure 9 : parallel-endo ('sandwich') and parallel-an, 
reactant orientations initially canmid~red 
for reactian I. 

the positions of the rings were defined wlth respect to the hydride. The rings were 

kept parallel by imposlng the following dependence relatlon: Y= 2x-a-B (in which 

the anglesa and 6 were varied). In thls way the rings still had the possibllty of 

moving parallel to each other. Concerning the latter it should be noted that, even 

in quite asymetrical positions of the hydride, the rings hardly did move relative 

to each other, i.e. the angles 6 andy assuned (almost) equal values. Calculations 

were carried out for points ('I, 2 r ) wlth intervals of 0.1 61. In the range of 1.1 
to 1.9 1. An advantage of the synsnetry of the systen was, that only half of the points 

had to be calculated. The resulting enthalpy-contour diagram, as drawn by interpola- 

tion of the calculated enthalpy values, is shown in Flg. 10. 

Fran this contour diagram follows a transition state with C2v s-try, wlth 

rI = r2 = 1.62 1 and AH; = 289.6 kcal/mol. In the TS the anglea was found to be 

158.2' (so B=y = 100.9') thus confirming the expectatio?'%at a parallel-end0 

("sandwich") orientation of the reactants induces a non-linear hydride transfer. 
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Figure 10 : Enthalpy-contour diagrams for reaction I in a parallel-m& (left) 
and a parallel-0x0 (right) orientation. Enthalpy values in kcal/ml. 

Fran our study on the taapcrature dependence of the prtmary kinetic isotope'effect 

for a type I reaction ye concluded that a linear TS is in fa 
32,3E 

t more likely than a 

bent;?. Although this conclusion was challenged by others , calculations by Buck 
C.S. on the dihydropyridine/cyclopropeniunion system also indicated a preference 

for a linear TS resulting from hydride transfer with the reactants in a parallel-exo 

arrangement. However Buck C.S. did not study this pathway for the dihydropyridine/py- 

ridlnluu-ion system nor web they able to make a quantitative comparison with the 

parallel-end0 arrangunent. 

Ue now calculated an enthalpy-contour diagram for reaction-I in a parallel-exo 

arrangement by impleraenting the dependence relation y = a + I3 -n with a and B 

left free to be optimized at each set of r1/r2 values. In this way the rings are kept 

antI-parallel, but the program is 'free to choose" a linear (o =n ) or a non-linear 

(a#n ) TS. The resulting contour map is shown in Fig. 10. The TS was found to be 

linear indeed (a- 180') and to have C2h s-try with r1 - r2-1.43 r( and 

my = 264.6 kcal/mol. 

Although it should be noted, that the contour diagrams in Flg. 10 were calculated 

with partial geometry optimization (all bond-lengths and bond-angles fixed at standard 

values except for the C(4)-H bonds) the 25 kcal/mol LY$ difference between the pS- 

rallel-endo and parallel-exo TS suggests that the latter constitutes the preferred 

pathway for type-1 reactions. This also seems quite in line with our earlier conclu- 

sion that in type-1 reactions hydride transfer occurs via a linear TS as indica- 

ted by the temperature dependence of the prlmary kinetic isotope effect. Upon Closer 

inspection, however, the situation turned out to be more caaplex. This became evident 

upon investigation of the effect of rotation abouttheC(4)-hydride-C(4') axis in the 

parallel-exo TS. It was found that such rotation is virtually unimpeded thus changing 

the parallel-exo TS into a tilted-end0 TS via a contlnuun of equi-energetic inter- 

mediate structures (see Fig. ll)! 
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Thus the experlmental 37findlng of a llnear TS can no longer be taken as evidence for 

an exo arrangmnt of the reactants. In order to confirm these conclusions It was 

decided to recalculate the three TS structures (I.e. parallel-endo. parallel-exo and 

tilted-endo) under full geometry optinlzation. The TS structural parameters thus cb- 
talned are given in Table V. where the angles S and v now should be interpreted as 

the angles N(l), C(4). Hyd and N(l'),C(4'). Hyd respectively. Table V also gives the 

activation enthalpics calculated relative to the optimized reactants. 

A first striklng result of the full geometry optlmlzatlon is that In the parallel-end0 

TS the rings no longer are planar. Due to repulsive (electrostatic and/or sterlc) 

interaction the carbon atans In the rings bend away fra each other around the lines 

Table V : p,w~.ters for ths threm fully optimiud transitian-state arranqmmts 
show in Pig. 12. 

parallel-endo parallel-0x0 t il ted-endo 

rq=r2 CR) 1.467 1.383 1.382 

a 168.20 180" 180" 

f3=Y 95.9” 1130 114.6" 

r[C(4PX4') 1 0) 2.99 2.766 2.765 

AHf” (kcal/mol ) 255.84 239.55 240.82 

AHI (kcal/mol ) 42.56 26.26 27.54 

Flgurc 12 : PLU!O drawincjm of the fully optirir.3 transiticm-state arruu?m.nts 
for reaction I. 



986 J. W. VERHOEVBN cf al. 

N(l)-C(4) (it should be noted, that these lines had been kept parallel artificially 

in this geometry). In the two other TS orientations the rings retain planarity. These 

resultscan be Illustrated by the PLUTO drawings shown in Fig. 12. 

Fran Table V it is clear that also after full optlmlration a TS involving linear 

hydride transfer remafns strongly favoured over the bent mode. This is reflected in 

the distances of the hydride to the C(4) atans; in the linear transition states these 

are considerably shorter than in the parallel-cndo TS. 

Apparently the repulsive sttrlc and electrostatic ring-ring interaction In the 

parallel-end0 geauetry prevents an approach of the rings, close enough for a favour- 

able hydride-transfer. 

These considerations make clear that the parallel-ando pathway and the non-linear 

hydride transfer evoked by it arp carputational artefacts and will not occur in real 

reactions of type-1 unless enforced by strong stereochvalcal constraints . 
In the course of the reaction by either of the pathrays considered. only a slight 

amount of negative charge is calculated to build up on the "hydride'. This seems 

to confirm the qualitative correctness of the VBCM model discussed earlier (see 

Fig. 2 and 3). Charges were found of -0.13 for the parallel-endo. -0.12 for the 

parallel-exo, and -0.11 for the tilted-end0 transition states. In all three 

transition states the population on the C(4)-Hyd bonds is 0.44 thus demmstrating 

that the C(4')-Hyd bond-formation occurs in concert with the C(4)-Hyd bond-breaking. 

It can nac be stated that our earlier conclusions (vide supra) that in type-1 

reacticns hydride transfer occurs by a one-step mechanism involving a linear TS are 

fully confirmed by the calculaticnal results. However, the system seems canpletely 

free to choose between either an endo or an exo geanetry! The small differences 

(as seen in Table V) between the (gas-phase!) values obtained for the two linear 

geunetries will probably vanish in solvents of hlgh dielectric constant; secondary 

factors wlll then be decisive in determining the ultimate reactlon geanetry both 

under non-enzysnatlc and under enzymatic conditions. 

The system 1,4-dihydropyridine/I,I-dicyanoethene (II) 

For the system 1.4-dihydropyridine/l,l-dicyanoethene (Da) three reaction geometries 

analogous to the parallel-endo, parallel-exo and tilted-endo arrangmnts mentioned 

above were considered. First, orientating calculations with partial geometry optimi- 

ratlon were carried out. The relative positions of the molecules were defined 

analogously to the system described above, the meaning of the various parameters 

being indicated in Fig. 13. 
As a consequence of the louer s-try of system II (Cs for all reaction geometries) 

the angles 6 and Y are not automatlcally equal. However. the calculations wlth partial 

geometry optimization at a series of PI/r2 values showed that 6 andY attain nearly 

equal values at the TS despite the fact that rI and r2 are strongly different (vide 

infra). 

Figure 13: 
Nmbering scheme and various 
geometry paramterm used in 
the cbecription of reacttan II. 

a CN 
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Furthemom these calculations rkarsd thst for the parallel-cxo and tilted-end0 

arrangaantso acquires a value of l&I0 in the TS. Again transformation bet-n these 

linear TS gmetries occurs coqletely unimpeded by rotation around the C(l)-C(8) 

axis. Because of the lack of Intrinsic s-try it was Iapossible to pinpoint and 

calculate the TS geQctrles dlmctly by Imposing the s-try mlatlons r1 - r2 and 

6 = Y, as was done for system I. Hmever, the calculatlans with partlal geatry 

optimlzatlon at a series of 'T/r2 values had yielded enthalpy-contour diagrams fnn 

which the approximata TS values for r1 and r2 and, consequently, thalr ratlo had 

been obtained. A more accurate esttite of this ratlo was obtalned by a procedure 

In which r2 was assigned a value via the dependence mlatlm r2 = k.rl, In which r1 

was left variable and the constant k was glven values wlthln a certain range. 

For each value a calculation -with partial geometry optimization- was carried out. 

The enthalpies thus obtained were plotted against k. and by interpolation the ex- 

tremun was determined. For the k values thus obtained flnal calculations of the three 

transltion states wre carried out, together wlth full optimlzation. 

Fig. 14 shows PLUTO drawings of the three optimized TS structures thus obtained, while 

Table VI lists sane relevant nunerlcal values (the AH: values have been detennlned 

relative to the fully optlmlzed reactants). 

Figure 14 : PLVPO drawings of the fully optimizsd tran@iticm-hate arrangements 

for reaction II. 

Table VI : Parameters for the three optiaird transition-state arrdmpmnts of 

reaction II shown ln Fig. 14. 

It 

parallel-endo parallel-ox0 tilted-endo 

z1 00 I.560 1.749 1.608 

r2 (8) 1.356 1.198 1.236 
a 160.20 180.0~ 180.0~ 
B 96.8“ 108.0~ 103.7" 

i ‘.X4~-C~8~ 1 (8, 103.00 2.893 108.00 2.947 107.60 2.844 

AHfO (kcal/mol ) 157.9 154.1 150.0 

AE$ (kcal/mol ) 55.9 52.1 47.9 

Is striking that the linear transltlon states qufte closely msable the mactlon 

products. Only a small negative charge (* -0.1 ) +s found on the migrating "hydride" 

In these late transittons states. This onca again supports tha correctness of the VBCM 

model, that predicts minor charge developaent Irmspective of the location of the TS. 

Fran Table VI It is seen that hem, as for the posltfve substrate, the lfnaar 

transition states am favoured over the bent TS. although the dlffemnce is much 
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less prmounced. This Is clearly a cmsqumce of tkt fact that now opposite charges 

are induced In the reacting systems thus leadlng to electrostatic stabilizatlm of 

the parallel-mdo and, to a lesser degree, of the tilted-end0 TS over the parallel- 

-exo TS. For the parallel-endo TS thls electrostatic advantage is not sufficient. 

however, to make It the most stable TS even in the gasphase. 

Therefore this TS is once again considered to be rather lnaccesslble especially In 

solvents of hlgh dielectric constant. In tha gasphase the electrostatic edvantaw 

of the tilted-endo TS stabilizes It slightly over the parallel-•xo TS. In solutlm 

this difference Is bound to disappear and therefore also type II reactlms may be 

concluded to occur preferentially through a linear TS. tk relative orlentatlm 

(endo or exo) being detemlned by secondary factors. 

Solvent and acid catalysis of type-11 reactions 

While reactlons I and II are found to resemble each other closely frm a stereo- 

chemical point of view, thejr thennodynamical features are drmatlcally dlffennt. 

Reactlon I represents a degenerate "charge-exchange" process for tiich reactants 

and products have an equal &i: irrespective of the reaction nedlun. In reaction II, 

however, charge separation occurs producing an ion-pair from neutral rWKtantS. 

AS Indicated above, the calculated TS structure (in tk gasphase!) already resembles 

such an ion-pafr. Following the reaction coordinate across this TS first leads to 

a small decrease of the total enthalpy, indicating that the ion-pair attains Its 

equillbriuz geanctry. but pulling the ions apart requires an enormous amount of energy 

In the gasphase. Thus while the total enthalpy of the reactants Is 102.1 kcal/mol 

that of the separate prcduct ions amounts to 204.3 kcal/mol! In other words reactlon 

II Is completely impossible in the gasphase, as shown qualitatively in Fig. 15. 

A polar solvent will lower the enthalples of the TS, the ion-pair and especially 

of the separated font. Homver. in many cases that may not be enough to render tk 

reactlm thenuodynamlcally feaslble. 

isolated 
-Ions 

Qualitative repremntation of tha 

reaction coordinate for hylrtia 
transfer frop a l,&dihydropyridi.ne 
to a neutral subatratn ( ructian II) 
in tbc gaphar (-lid Urine) andin 
solutfm in the preanca of a proton 
donor ( bmkm line). 

solvatcd 
‘\ crtio 

*.___ an 6 
Drotwlat ed 

I anion 
ReactIon coordinate 

. 

This makes clear why the reactlms of 1.4-dihydropyrfdines wfth neutral substrates 
5,ll 

often rqulre the presence of (Lewfs) acids . Clearly protonatim (or Lewis acid 

coordlnatlm) of the product anion (see Ffg.15) is a very effective method to stabi- 

llze the product side. The product-like character of the TS allows such stabfllzatim 

to be felt early on the reactim coordinate. thus not only shlftlng tha reactfon 

equlllbrlun to the rlght but also enhancing tha rate of the forward process, making 

(Lewls) acids effective catalysts for type-11 reactions. 

The Prelog orientation model revisited 

The reduction of prochlral substrates by IiAO(P)H under enzflatlc conditions or by 

simple chfral NAO(P)H-models generally leads to chlral products. A widely accepted 

mode14* to predict the preferred product chlrallty has been proposed by Prelog. In 

this model the substrate Is assumed to approach specifically one of the faces of the 
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dihydronicotinamide ring and to adopt a specific orientation with respect to that 

face. While the factors determining '11'9 diffcrentlal accessibility of the two rlng 

faces have remained a :Cc of debate the relative orientation of the substrate has 

generally been assumed ' as represented in Fig. 16. It Is nar obvlws that such an 

orientatlon Is equivalent to the endo-orientations (either parallel or tllted) dir- 

cussed In the previous sections with the L(arge) substltuent positloned to avoid con- 

tact with the -CDNHP group. 

As shown above, h-ver. an exo orientation of the substrate is probably at least as 

easily attained. If in such an exo-orientation the L(arge) substltuent is once again 

positioned to avold contact with the -CDNHg group the opposite product chirallty re- 

sults (see Fig. 16): It thus seems clear that the Prelog model alone is not enough to 

Figure 16 : 
ccalparison of the aterudlcmical 
culaequences of end0 ('Pralcq') 
and axe orientat~of the .ama 
procz&l substrata with reapact 
to the A (pro RI face of MD(P)H. 

I I (*Ho) 

explain the complete chlral induction of hydride transfer under enryMtic conditions. 

The enzyme not only functions to make a single face of the coenzyme accessible to the 

substrate but also plays an active role in orientating the substrate at that face. 

COIYCLUDIH6 REWMS 

The MNI calculations presented above confirm beyond any reasonable doubt that hydride 

transfer mediated by NAD(P)H-'models' under thermal conditions occurs most readily 

via a concerted pathway. Thls corroborates both the thermodynamic considerations- that 

show SET to be inaccessible except for strongly oxidizing substrates with low hydride 

affinity - and the predictions from a simple VBW model that suggests the general 

availability of a low-energy concerted pathway. This VDCM model also provldes an illu- 

minating rationalization for the minor charge development on the migrating 'hydride' 

- as calculated by HNDD - and for the occurrence of a free energy relation betmeen the 

activation energy of concertcd hydride transfer and the - calculated - energy required 

for SET between the reactants. Furhemre the MID calculations add a new and very iR 

portant dimension to the mechanistic picture by predicting the relative orientation 

of the reactants in the transition-state. Thus an endo-orientation (i.e. a 'Prelog 

orientation') was calculated to be no more (for neutral substrates) or even less (for 

positive substrates) likely than an exo-orientation. Evidently this prediction, that 

seems accessible to experimental verification by studying model systems geometrlcal- 

ly restrained to react either exo or endo ,should influence the interpretation of the 

stereochmical outcome of reactions Involving (pro)chiral reactants and furthermore 

it may shed light on the role of complexing catalysts (e.g. Hg*+) in determining such 
stereochemistry. 
The results of the limited nunber of TDKIE maasurawnts performed suggest, that these 

may provide a method to discriminate transltlon-state geometries in NAD(P)H-model 

reactions. More experimental data however and especially a more elaborate evaluation 

of the factors governing TDKIE are required. 
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EKPERICENTAL 

Mtcrlals 

Propa~-1,6bimiwtinami&wn &ohZmi& (2). was prepared from 1.3-dichloropropane 

and nlcotlnWde according to the method glven in ref.SOand rtcrystalllred fron 

ethylacetate-ethanol-water (1:l:l). Yield: 82% , mp.: 26I-263'C. 

Plqan0-1,3-bir-(1,4-dUy~)niwtinomid0 (21. An aqueous solutiiin (15 ml) of 7 g 
sodirndlthlonlte and 4 g sodluncarbonata ws added dropuist ( 30 min.) to a stirred 
solution of 5 nm~l 2 in 10 ml water kept In an Ice bath and under a nitrogen atmosphere. 

The alxture tumed yellow and becar turbid as 2 preclpltated. After the addltlon 

stirrlng was contlnued for another 30 min. at t-@aa tcqtratun. The precipitate was 

flltered and recrystalllred fnm ethanol-water. A and 'H-M ( set rtf35) conflncd 

that reduction of both nicotlnamidiu moieties had occurred. Yltld : 62 I. 
pmpmo-l-cl, I-&~&vJniwtinanti&~wt&n&&an ohzoride (2). Thls system was35 

prepared In-sltu by tqulllbratlon between 2 and 3 (see Fig. 7) as dtscrlbed kfore . 

l-Boruyl-1,4-&h+&cotinan&i0 (BhW?) and lG-m&h.#l- 

were available in our laboratory from previous studies 

%haq/Z-aar&Xnia~ ohbrido (AoPh* 

. 
Lkutamted wnpoun& BNA8-14d21 , 34d#‘d) , 2-(4dp4’dZI and J-(rd.r’dl,mre 

prepared by repeated oxldation (with benzylldtncmalonltrlle as an oxidant51) and 

reduction (with dlthlonlte in D20) cycles using standard routines 51 , except for 
I-(4d2.4'd) that was prepared by equlllbration betmen fully C-4.4' deutcrated 

2 and 3 . The degree of deuteratlon was > 95% as checked by 'H-NHR. 

Klnetlc measurements 

I, 

Intml.mukzr hydnde and deutoride eoohmrgo in I, was followed by 'H-NMl at 250 Mix 

via the spin-saturation transfer technique as dtsclbtd tarlier?5Tht solutions were 

prepared by mlxlng equimolar amounts of P and 2 In EMSO-d6 (total concentration 
0.5~10~~ m01.1-~) and allowing this to qulllbrate overnight In a staled Mm tube. 

H&rid0 rmd deuteride tmfer jhmr BNAR to AcPh+ ,was followed spectrophotmtrically 

In acetonltrilt by monitoring the disappearance of the characteristic long-wavelength 

absorption of AcPh+ Ion ( E = 5300 at 430 ra) mploying pseudo first-order condltlars 

(inltial conctntratiars - 10m3 nol.l-' for BNAH and - 10m4 mol.l-' for AcPh+) as 

described txtenslvely before? 

Hy&%.ie and deutmido &change botawn e and J ,uas followed sptctrophotawtrically 

under pseudo first-order conditions by monitoring the growth of the typical 

long-wavelength.intranolecular charge-transfer absorptlo?2 of1 (c - 407 at 460 m(sh)) 

that occurs In a region where both 2 and 2 show no slgniflcant absorption. Because of 

the small rate constant and the relatlvtly weak absorption of 1 at the monitoring 

wavelength. rather high concentrations had to be used especially of the cornpound (3) 

employed In excess. This rqulred the use of an aqueous solvent. A borate buffer 

(pH = 8.22) was found to be suitable since in this buffer the hydratatlon of 1 is 

extremely slI7 in contrast to the sltuatlon observed in e.g. a phosphate buffer of 

the sa!e pH ! The reaction mixtures were prepared by nixfng in a thennostated spectro- 

photanetrlc cell, 100 mlcroliters of a - 2.5~10~~ mol.1 -' stock solution of 2 In MS0 

and 2 ml of a - 7.5x10-2 mo1.1-I stock solution of 2 in the borate buffer. The last 

solution was also put into the reference cell. Klnetlc runs were perfornrd In triplicate 

at each tanperature. 
46 45 

qwmtemschanioat ~&o~lation~. A local version of the WI0 program was used. 

All calculations were performed at the Amsterdam academic computing centrt (SARA). 
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