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Abstract: mO0 and AYl studies were perforad to investigate the degenerate 

hydride transfer reaction between 1-methyl-1,4-dihydronicotlnanide and the l- 

mthylnicotlnamidc cation, a node1 system for a novel braln-targeted delivery 

system and for the ICAD' : RAW Interconversion. Four initial approach vectors 

were selected. These involved an endo orientation in which the carbaaoyl 

groups are xwlth respect to one another (cis &_-PC). an endo orientatlon 

with the carbamoyl groups fi (cls MS-sl), an exo conflguratlon with the 

carbamoyl groups syn (trans MS-s) and an exo configuration with the carbamoyl 

groups antf (trans liS-z). The cis NS-3approach generated the transition 

state with the lowst energy. The optimized structure indicated that a linear 

hydride transfer occurred. A more detailed study examined the cis Hs-~ 

approach from a 1001 separation to the transltlon state. The data Indicated 

the formation of an lntennediate induced dipole-charge complex which altered 

the trajectory of the two species. Closer approach yielded the transition 

state. The energy of activation for this reaction was calculated to be 30.7 

kcal/nbl uslng the mO0 approximatlon and 9.3 keel/ml using the AM1 arthod. 

Finally, while the linear transition state was found to be the most stable 

conformation, bending of the C-H-C bond by f 300 only modestly increased (3-4 

kcal/mol) the energy of the systm. 

Introduction: 

The oxidation of dlhydropyridlner have been extenclvely studied since this 

reactlon is the crucial step In the operation of biologically essential 

coenryrs such as MDH and WPH1*2. In the in vlvo circumstance, a hydride -- 
ls transferred fron the 1-substituted-1.4-dihydronicotinamlde moiety of NliDH 

to an appropriate substrate or to the oxidized form of the coenzyus. 

NAO(P)+. The enzynatically mediated reactions are exceedingly stereospecific 

i.e., enzymes transfer either the MS or the I+, prochiral hydrogens fra MDH 

or transfer a hydrlde to only the re or fi face of the nicotlnamide cation3. - 
The uncatalyzed reactions between 1-substituted-1.4-dihydronicotlna~ldes and 

varlcus hydride receptors are useful mdels for the enzyme system although 

these reactions are not stereospeclflc. 

In addltion to examining these node1 reactions to galn insi@t into 

endopcnous blologlcal rochanlsms, they are also useful In studying braln- 

targeted chemical dellvery systems (COS)'*'. These CDS are derivatives of 
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Knoun drugs and endogcnws horuones or neurotransmlttcrs which act to 

selectively Increase brain levels of the active prlnclple title at the same 

time sparing the pcrlptwry of excess drug, thus lowering dose related 

toxlclties. In this approach, for exrrple. hydroxy or amino contalnlng drugs 

are synthetically converted to the l-methyl-l.l-dlhydronIcot(nrtcs or l- 

methyl-1,4-dlhydronlcotlnamldes. Systemic admlnlstratlon of these derjvatlves 

lead to extensive tlssue distribution due to the increased llpophlllclty of 

the conjugate. The crltlcal step In thls schene Is the oxidation of the 

dlhydropyrldlne group to a pyrldlnlue salt. This polar conjugate Is madlly 

lost froa the perlphery but 1s trapped behind the llpoldal blood-brain barrier 

resultlng In selective ntentfon of the drug-oxldired carrier conjugate. With 

tlmc. this ester or amide can he hydrolyzed to glve the parent drug *hlch can 

subsequently exert central pharwcologlc action. This systa provldcs for the 

elimlnatlon of the drug rapldly fra the systemic circulation and for the 

deposition of a drug precursor In the brain. tiere the aztlve agent Is slowly 

released. This process is smrlred In flgure 1. lhls CDS has been sho+m to 

be nontoxic6 and applicable to rmmerous drugs lncludlng sex steroids such as 

estradlo17'11, ethlnyl estradlo112, testosterone13D14 and norethlndronel'. 

neurotransaltters such as dopmine 16-18, tryptamlne19 and y-amlnobutyric 

acld2', anticancer agents such as chloroethylnltrosoureas 21, antiviral agents 

such as acyclovlr22, trlfluorothymldlne23*24 and atldothymldlne25 and others. 

Figure 1. A schematic representation of the chemical dellvery systacl 
(CDS). In this system, a drug Is synthetically nodifled so that It 
contains a trlgonelllnate ester, aalde or other functionality (O-O ). 
Chemical reduction of this quaternary salt yields the 1,4-dihydropyridlne 
derlvatlve or the D-COS. Systemic admlnlstratlon of this conjugate lead 
to extensive dlstrlbutlon fnto both the brain and lnto the periphery. 
Ylth time, the enrymatlcally labile CDS oxidizes. fornlng the 
corresponding quaternary salt. This polar co&lnatlon Is madlly lost 
from the oerioherv due to Its hvdrcehillcity but Is retained behind the 
blood-brain bbrrlk (888) becauie of thls s&e property (l.c. 
Kel,>xKel ). YIth tlm, the lnactlve O-O* conjugate hydrolyses 
regenerat ng the blologlcally potent drug (0) and the polar carrier which t 
Is readily lost frca the CNS (l.c. Ke13>>Kell). 
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As indicated. the oxidation of the CDS to Its quaternary nlcotinuidc salt Is 

required for brain selectlvfty and rapld syrteaic clearamr Hw8genate 

studlcs show that tha C's ganerated for oxidation of these mles are uithln 

the range of those produced by IlW transhydrogenases and may ttWefOrS 

suggest MI enlyvttcally selective oxidation. An understanding of the fn viva -- 
converslon of these CM themfore raqutms an undwstandfmg of the 

btologlcally relevant dihydropyridlna : pyridtntum salt Intercocrvmfon. 

Various mdel systeas have been developed to study the chcrlstry of 

dihydronlcotlnamlda oxidation. Aside froa the degenerate reactions. the 

oxidation of dlhydronlcotlnwldes by n-rrthylacrldtniul salts26-28. 

substituted trtfluoroacetophenones, acetophenones and thtobenrophenones31-32, 

substituted qutnoltnttn salts33-35, potasstm ferrtcyantde36'39 and other 

hydride acceptors has been studied. Numerous hypotheses concemlng the 

nachanisa of hflrlde transfer uare developed based on these studies and as of 

now controversy continues to rage. The classlcal work by &las and 

Uesthelwr (ndlcated that hydride transfer bat-n substituted 1.4-dthydro- 

nlcotinamides and thfoknrophenones was a concerted. single step pfoces~~~. 

Subsequently, differences in the kinetic isot- effects and isotope contents 

in the reaction products suggested that Interracdiates *cm Involved in the 

hydride transfer2C*27. Several wltl-step rrchanisms wre fomrded including 

e-. H transferl' and e-, H*. e- 'hydride-like' oxidatlon42*43. Recently, 

reanalysis of extstlng data, Illustration of side reactions in the redox 

system and demonstration of vartous quantum mechanical effects such as 

tunneling have argued that hydride transfer Is synchronus44L45. 

Another trportant nechanfstic point. assuming concerted hydride transfer, 

titch requires clartftcation In the reaction of dlhydronicotInamldes utth 

hydride acceptors such as l-substituted nlcotinamldes Is the nature of the 

transftlon state. Verhoeven exsnlned the structure for a transltlon state 

produced by hydride transfer between 1,4-dihydropyrldlne and protonated 

pyrldlne46*47_ He found that a linear transition state was formed and that 

the two pyrldine noiettes could freely rotate around the C-H-C axis producing 

exo (parallel) and endo (non-parallel) configuration at nearly the SM 

energies. This result uas in contrast to those of Brulce who suggested that a 

bent transition state which resulted from a face to face w charge-transfer 

complex was more likely44. 

This mnication sumrlres several theoretical studies Ach were 

perfotwd to exanlne the degenerate reaction of 1-rrthyl-1.4-dlhydro- 

nlcotinanide and the l-mathylnicotlnam~de cation. It uas felt that title the 

carbamoyl group may not greatly interact electronically with the dteneatine 

structure, It may In sow way act to affect the approach of the two molecules. 

Methods: 

The calculations were carried out on an IRW 3081 Model K dual processor 

computer operating at 15 MIPS using the IWIO~'*~~ and AMISo mlecular orbital 

approximation. The mO0 program nas obtained through quantum chatcal progrw 

exchange (QCPE). converted to VS Fortran and adapted to mn on the I81 3081 
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caputer. The structural input was generated using the fVBYL/WOPkC Interface, 

and the geoatrles wre found by alnlnltlng the total energy with respect to 

a11 structural variables using the statird D&don-Fletcher-Powell 

cptlalzatlon procedure. In this study, the WKhl at&d was used to calculatr 

theanerglrs (heats of fomatlon) and -tries of various transitlon states 

for the hydrlda transfer between l-methyl-1,44lhydronlcotlnaalde and the l- 

methylnlcotlnaalde cation. In ddltlon, this technique was used to exanlne 

the approach of these tw Aolecules fron lnflnlte dlstancc (1001) to the 

transition state and to cxsnlne various effects of certain perturbrtlon on the 

transition states. The MI rthod was used to exwlnethe lowest energy 

transition state as rrsll as the lnflnltely separated (1001) species. 

Results and Dlscusslon: 

In the first set of experlrrntr, the effect of the lnltlal mlecular approach 

of 1-ethyl-1,4-dlhydronlcotlnamide (1) towards l-clsthylnlcotlnaalde (2) was 

Investigated and the msultlng transltlon states calculated. Figure 2 glrss 

the mlecular mabering schame for the interacting lalecules while Flgum 3 

Illustrates the four lnltlal -tries. In the cls (H3-w case, the 

wlecules uem positloned front to back so that the prochlral iiS hydrogen 

could Interact at the C21 site on the re face of the pyrldlnlrr salt. In this - 
confomatlon, the C7 and C24 lethyl groups, the C8 and C28 carbony carbons 

and the RIO and N30 aAda nitrogens wwc juxtaposltloned. Rotation of the 

pyrldlnlrn coaponent 1W In the z-plane generate the trans (l$-'c) 

conforwtlon In tilch the H3 hydrogen Is agaln transfermd to the s face of 

the pyrldlnltan ion. In this confomatlon the aides are no longer Q) the sane 

side of the superoleculc. me cls (MS-S1) structure results troll a HO0 

rotation of the pyridlnium mlety of the cls (MS-'c) systar in the y-plane. 

In this conformation the prochlral MS is transferred to the fl face. The 

carba~~yl groups do M)t face each other but are 011 opposite sides of the 

Interacting mlecules, I.e. C22 faces C3, C26 faces C2 and CS Is across froa 

C23. 

Figure 2. WerIng schav for the I-oethyl-I,4-dlhydronlcotlndmide : l- 
athylnlcotlnlmlde cation Interaction. 
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Flgun 3. Inltlrl JpproJch confanutlons for the intefJCttOn of l-rthyl- 
1.4-dih~ronlcotln~idc Jnd l-rsthylnicotinutde cation. 

RotJttOn Of the pyridlnlwmalety 180' in the r-plane gtvrs thr trrnr (%-A) 

confo6rutlon. In this stroctwre, the crrbwyl groups Jrc on the SW side. 

In the structurJ1 opttairatlon. ~11 perrsrten varied except thrt thr C4-H20 

bond was ti equal to the ICZO-C21 bacrd. The tnitlrl Jppfoach vector 

rerultlng In the trJnsition strte uttk the lowest energy was the clr (I$-=) 

scenrrio. MS confoorcrutton wJS 8, 5.5 Jnd 1.4 kCJl/ml more stable thJn the 

trrnsttfon strte produced by cls (MS-g), trrns (MS-z) rnd trrnc (Hf-fi) 

geastrtes, respectively. ln thr most Stable trrnsitlon StJte. the C4-I@0-(r1 

bond angle Is 180.2' indtcating J llnerr hydride trJnsfer. In this 

conflgurJtlon, the tn) p~rtl~lly reduced pyrfdfne rtngs hrve moved relative to 

cJch other to Mxldte the separrtion between the JttJChad cJrbJaoy1 groups. 

Thus, fn the 'reJ1' sltuJtlon, the free rotrtfon *)lich ups suggested In the 

cJse of the unsubstltuted dihydropyridine-pyrtdlna Interrction Is unlikely. 

This Is i?lustrJted In figure 4 Ach +s J rtructurrl representction of the 

ctr (MS-s) generJted trsnrltlon stdte. In rddltfon. the two c~rbraoyl groups 

have orlented out of the plrne of thelr respective pyridine rings. The cir 

(MS-~) approach vector apparently ~llws the two JnnulJr porttons of the 

molecule the uM lstftude tn flndlng an cnerpy well. The high energy of the 

CfS (H~-fi) InitfJtsd trJnsfttOn StJte aBy result from the fJCt that 

reorlentstlon of the syrta to naxlmlzc the sepJrJtloa between the rrthyl 

groups (C? Jnd C27) exacerbates cwqest~on Jround the wldes Jnd vice versJ. 
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Flgure 4. Structural mpresentation of the transition state obtained by 
cptilritation of the Cis (MS-'") starting geatry urtng the Ml0 
approxi~tion. 

Biven this infomatlon, the approach of the two stnictums (1) and (2) 

towards each other fra infinite distance (1001) to tranrltion state and 

beyond was studied. The cis (ii~-reJ configuration I(S selected for the 

starting -try. In this experlamt all mlecular par-tars uare alloued 

to vary with the exception of the bond length betuwn U20 and Ql. This 

distance uas set. the supermolecule optimized, the distance decmased and 

moptirized. The initial molecular separation was set at 1001. This was then 

decreased to 25, 20, 15, 10, 8, 4, 3.5, 3.0, 2.5, 2.0, 1.9, 1.8. 1.7. 1.6, 

1.5, 1.4. 1.35, 1.3. 1.2. and 1.11. Figure 5 shous that at separation greater 

than 10A. the mlecular approach of the two species tonards each othrr does 

not drusatically alter the energy of the systm. Uhen the molecules cooe 

within IA, there is a drop of 8.3 kcal/llol. Past this point. the energy of 

the systm, as rasured by sariaapirlcal Mats of fomation. rises until the 

transition state is mached. Ml0 predicted an energy of activation (Ea) of 

30.7 kcal/mol while the value found by utibg the An1 approxiwtion MS 9.3 

kcal/aol. me AWl value corresponds well uith experirntally derived 

values. For example, the degenerate hydride transfer reaction between 1,3- 

bis(3-carballayl-1,4-dihydropyridin-1-yl)prcpane and its corresponding 

quaternary salt, a de1 systan for the MD :NADH' interaction, gave an Ea of 

9.75 kcal/~14'. In addition, the non-degenerate reaction bet-en l-(4- 

nethylphenyl)-3-carbsnoyl-1.4-dlhydropyridine and the I-aethylacridiniulr 

cation mquired A.19 kcal/ol for activation44. Other hydride transfer 

reactions gave similar values for the energies of activation12. The closer 

approximation of the Ea by AM1 conpared to WOO lray be related to the tendency 

of the latter acthod to exaggerate molecular mpulsions 50. In the approach of 

the two species (1) and (2), the carbonyl OKygen 09 begins to reorient at 8A 

(Figure 6). 
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figure 5. Syftea cnergtes for the approach of l-rrthyl-l,l- 
dihydronlcotln(uIdt and the l-nrthylnlcbtlnsrlde c8tton frrv 251 to the 
tfanrltton ststc (1.4A). The mctlon coordtnate Is deftned by the LO- 
C21 axls and all calculatfons were perfor;red using the WfDO mathod. 

fhss is nirtofed by a change in the rtokic ckrfge on 09 JItch tmcama 

stgnltlcantly nore negative at HZO-CZI separetfon of 3.U. dropptng fra -0.35 

at tnflnite sapafstion to -0At. mis geoaety is associated with 
stabllfzatlon of the supetwmlecule cOllpared to the tsolated system. These 

data suggest sow! electrostatic tnttractlon as the porttively charged 

pyrtdfntur salt approaches the electronegative carbonyl oxygctn, Upon closer 

approach, the interaction of 09 and the pyridlnlua species decreases and the 

atoeitc charge returns to the vaturs observed at lnflntte separatton (1~4). 

4t the transftlon state, the 09 atomic charge bewnes less ncgatfve as the 

hydrfde Is lost. The afgrattng hydrogen (820) becbnr slgnlflc8ntly =re 

negative (IO-fold) as the transltlon state forms, consistent *"lth a single 

step hydride transfer. The bond angre Ml-H20-C4 uhfch Indicates the 

linearity of hydflde nipration is lnlttally acutt (25P) but as tht olecules 

approach edch other this value falls and at the transitton state is WI*. At 

a lnteratocrtc (M20-C21) separation of less than t.35A, the nalccular complex 

reorgantrcs: the QI-KM-M bond angle increases and the energy of the systn 

raotdly falls. 

These data suggest that a linear tran3ftlon state occurs, The energy 

required to distort this linear conformation was next lnvestlgated. 7he 

optlrrlred transition state was perturbed by flxfng the bond angle C21-C22-C4 

at various values and then this structure was nogtImlred. The results of 

these calculations indicate that the molecule chn tolerate a fmderatt mount 

of bending wtthout stgniffcant energetic costs. Rending the angle x30* 

requires 3-4 kcailmol Ale a t6OO" dfstortlon requfres 19-24 kcallrllol. 
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Figure 6. Molecular orientation *hlch gives rise to the charge-dipole 
coqlex. mis configuratIon ubs produced arrulng a Cis (IiS-H Initial 
geoeetry and was generated using the MD0 rthod. 

These results indlcete that the aaIde and athyl moieties alter the 

propertIes of the unsubstltuted pyrldl&dlhydropyrldlne Interaction. 

Verhoeven shaved that the transltlon state for the hydride transfer bct*can 

1,4-dlhydropyrldlne and protonated pyridlne WI linear and thet there MS free 

rotation around the axlr of the transferring hydride. The present data uould 

lndlcate that sfgniflcant energy bawlers are associated ulth this rotation In 

thls biologically uwe relevant &al. lhls can be shorn by the data obtalmd 

fra the flnt series of experlants uhlch suggested a barrier of at least 5.5 

and 7.1 kcal/rol for the rotatlon of a I$-Etransltlon state and H5-'1 

transltioo state, respectively. Certainly &her hl#er barriers could be 

present. In l ddltlon, the #Ida and lrthyl substitutions clearly affect the 

approach of the two species. As Donkenloot ad Buck have reported In the 

reaction of 1,4-dlhydronicotlnulde and the cyclopropenlu cation. the 

carbmyl group orients towards the approachfng gosltlvely charged species 

tilch 1-n the l nerpy'of the systa and favors the approach51*52. Ma have 

slellarly Ustrated that an electronically favorable Interaction takes 

place as the pyr+dinlu spectes approaches the dlhydropyrldlne. The 

slgnlficant Increase fn the aagnltude of the negative atalc charpa on 09 and 

the Increased magnltrde of the posltlve charge on C23 lndlcate that an Induced 

charge dtpole coaplex NY fom and that this energetically mre stable fom 

cay Influence the geomtry of the transltlon state. Interestingly the 

mjorlty of ecqnes that catalyze the WDH : IUD lnterconverslon I.e. MD(P)+ 

transhydrogenase (E.C. 1.6.1.1). are of the B type i.e. a I$-~Interactlon. 

In suldry, sealeqlrlcal mlecular orbltal calculations were used to 

study the reactjon betuwn l-aathyl-1,4-dlhydronicotlnwlde and the l- 

eethylnlcotinaalde c&Ion. Results denonstrated that an lnltlal mlecular 
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approach in which the pyrfdtn species wtre endo and ln tilch the carb~aoyl 

groups f~c?tl srch ether produced 4 trtnsltion state of lowest enercg. In this 

mode?, J procttiral MS hydrogen stdn and rrsroctdted electrtm uem tranJ?erred 

to 621 on the z facr. In the optfafred structure. the crrtmoyl groups hrd 

awed mlative to hilch other to wxllrfxe sepJrJtlon. In J subsequent study, 

the reaction bekhen l~thyl-l,4-di~r~lcotln~ide and the laathyl- 

nicotfngllde ution bras onltored Js the tf2O-C21 interatmlc distance uas 

decreased Fra lWA to tranSitiOn state. As the Solecules approclched erch 

other an encrgetfcJlly frvorabic charge-dipole fntarJction acurred which UJS 

dssoctated wtth changes in supenmoleculJr confomatfon and atoaic charge 

densities. This otecular alteratlon Is apparently lqmrtant in Qtemintng 

the final molecular apprwch of the two species and mayI JMn attrched to an 

enzyme, induce stmcturrt changes which result in stereespeciftc mrctlvlty. 

as the mlecules Jpprorch the trsnsitlon stJte. the CI-HZO-C21 bond angle 

stralghtens to 180“. Hlle t?tDO indicJted in Ea of 30.7 &c~llmoO, 

calculations usfng the AM1 approxlwttlon suggest the value was 9.3 kcalfami. 

uhlch Is consistent *fth previously mported txperlmntal values for slntlar 

systm47'4'. 
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