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Hitckel aidecidar aebital dIMO) 7 electraaic cliarge deusicies and energy levels «d che highezc occupied wo-
lecular orbital {tHOMO) mid lowest enmp v awolecalar wrbdtd (LISNOY of several represencitive andmalarial com-

puauds and thelr parenc ccmpaands huve beerc caladiced.

Cuparisaar of results can the anticalarial ardeendes

(aitine, chlwgadne, primagiine, quingerine, pyrimechaaiiie, peagianil, evelogiemil, aud S-piperanyisvduone
with chose on their appeapeince parenc o wnaluguas awlecnles have elieidated che concribicdons of e side-

sttuerds «« the 7 electrouic praperties of he antimalarvials,

The tuceracting becween coarponenes af the and-

malarial ccaplex beaween 2-hyvdrisy-4,6-dimethylpyrimidine and 4.4'-daiicrocarbanilde was sadied.  The
specificity of this nceraction seears to vesilt fecm che face (hue 4,4°-dinitroearbandide hax o honding LISMO.
The electroaic aspects of the interacticn wich DNA of che antimalacials, qainine, chloraqidie, and gainacrine,
were investigaced, wich inelisicn of the effecc of amite =alc flramtion o eleceraic praperties of wndnialarials,
The experimencully (hrerved specific interactwon «f chlorcqaine withe die gnaudwe of DNA =ecas « e ex-
plained sacisfactarily by elecaon-danadag or -accepdng charneceristios of these amolecnles,

The rational approach to dimg design ix a Held of
current and growing interest.  Many aspects of the
relationship between chemiceal constitution and phar-
macologic response have been discussed by Schueler.
Applicatton of molecular orbital ealculations to bio-
chemical compounds and their interactions hias hecen
pioneered - particnlar by Pullinan and Pullan.?
The application of ¢nantum chemistry specitically 1o
drmg design has been considered rvecently.?  Corrveln-
tions of cholinesterase inhibition with clectron densities
have becen achieved.** A close correlation hax beei
found® between hallucinogenie poteney and the ealen-
lated energy of the highest filled moleenlar orbital of
the hallucinogens.

Our mterest i drng design has been enrrently
focused on the design of new antimalarial componnds
which would overcome the which  has
developed toward previonsly offective synthetie anti-
malarial compomud=’  We have therefore carvied ont
Hiickel molecular orbital (FINO)Y ealenlitions for a
number of antimalarial compoands, i nentreal raal salt
form, frout the major clisses of these dmgs. for velated
parent componunds, and for the bhuases of deoxyvribee-
nuelere aeid (DNA) ux well ax Tor imosie, with which
several of these antialarial compaunds have been
shown to mteract,

Our purpose has been: (1)t provide the general
patterng of m-electron charge densitiex and electron-
donor and -acceptor properties for the varions elasses
of antimalarial=<: (2) to investigate the effect of those
substitnents considered essential for :intimalavial activ-
ity on the m-electronie properties of the parent moiety;
ind (3) 1o study theoretiealy the nderactions recently
studied experimentally.” of ebloroquine,  quinacrine,
and guinine with DNA bases.
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Methods

Hitekel moleenlar orbital (HMO) ealenlations were
condneted with an IBM 1620 computer using a program
kindly furnished by Mo GV O Bleness® and modified
by D, L. J. Sehaad.

Unless otherwize indieated, the semiempirien] param-
eters 20 hoand A defined ineq T and 20 were those recom-
mended by Streitwieser,'S The terns ey and ac refer
1o the conlomb integrals of a heteroatom and o eanbon,
respectively: gy s the carbons enrbon resonanee integral

CEN ST dam + 1ii3n il
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aund gy s the resonanee ntegral for carbon hetero-
atopt or hieteroatom - heteroatom.  Methyl  gronps
honded tc earboun were treated s hyperconjugated
according  t« the heteroatom model,  The nethyl
gronp of a methoxy grop was given an A valne o
3.0 and a methyl to oxygen & value of 0.3, parameters
coplaved by Streitwieser.™  Portions of the moleciles
whicelt e not conjugated with the major r-clectran
svstem were nat meluded in the ealenlations,

It <hould be emphasized that the HMO method s
applieable oudy te planar moleenles.  Several of the
woleeitles (pyrimethanine in Figure 3. compounds in
Figure 4. 3-piperonylsvdnone in Figove 6, and 4.4'-
dinitrocarbanilide {DNC) aud cavbanilide in Figure 7)
1 this stidy may nad be phuare, Axoa fivst approxinu-
ticar, hawever, they were assimmed to be planar in order
to examine celafire changes i the qunantinn mechaniesd
ndiees,

O progrme wies veribed by enlenlating pyridine
with the same pavmneters ased to give vesnlts listed i
1 tuble by Canlscacand Strettwieser,
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CH Qe CH,CH=CH, +0106_CH(CHz)aN(CzHs)s
CH, HN
+0.061 ~0.046
0 +0.058
HsC 40044 —0.009
000 5010 +0.094
N
—0009  —0.214 +0016 -0.036  -0.269
quinine chloroquine
HOMO: +0.647 HOMO: +0.603
LEMO: -0.539 LEMO: —-0.601
40062  -0096  +0.049
0
H,C +0.048 —-0.006 +0.011 +0.068
000 o082 +0 007/ +0.081 —0:008
+0.016
HN.
+0.091\CH(CH2)3NH2 —0.013 ~0.216
| quinoline
CH, HOMO: +0.703
primaquine LEMO: -0.527
HOMO: +0.524
LEMO: -0.578
—0.041 +0.059
NH, +0.106
+0.002
0015 o054
+0.017 +0.047
NH;
-0.022 —0.267 +0.091
4-aminoquinoline 8-aminoquinoline
HOMO: +0.607 HOMO: +0.552
LEMO: —0.595 LEMO: —-0.567

Figure 1.—HMO charge densities and energy levels of the HOMO and LEMO of the quinoline antimalarials, quinine,
chloroquine, and primaquine, and their parent compounds, quinoline, 4-aminoquinoline, and 8-aminoquinoline.

Results and Discussion

Electronic Structures and Energy Levels of Anti-
malarial Molecules and Related Compounds—Anti-
malarial drugs fall into several categories:'* 4-quinolyl-
carbinols, 4-aminoquinolines, S-aminoquinolines, 4-
quinazolones, 9-aminoacridines, diaminopyrimidines,
biguanides, 4,4’-diaminodipheny! sulfones, and a new
category, sydnones. We have selected representative
antimalarial compounds from these classes for our
calculations, with the exception of the sulfones. Sul-
fones were omitted because there is controversy over
their molecular orbital description;d we are studying
this problem in more detail. It should be noted that
sydnones are mesolonic compounds!® and also present
difficulties in their molecular orbital treatment.

We recognize that the active antimalarial agent may
for some drugs be a metabolite of the administered
drug. This is known to be true for proguanil.?” We
have therefore included an active metabolite!” of pro-
guanil and an analog' of the metabolite.

Although these antimalarial drugs are often admin-
istered in salt form, we have initially compared the

(14) W. H. Nybergand C. C. Cheng, J. Wed. Chem., 8, 531 (1963).

(13) G. Cilento, Chem. Rev., 60, 147 (1960).

(16) W, Baker aud W. D. Ollis, Quart. Rer, (London), 11, 15 (1857).

(17) H. C. Carrington, A, I'. C‘rowther, I). (G, Davey, A. A. Levi, and
I, 1. Roxe, Nutre, 168, 1080 (1951),

neutral forms. The effect of salt formation on some
of these structures is considered in the latter part of
this paper.

The indices of electronic structure considered are
the net m-electronic charge densities® and energy
levels in units of 8, (eq 1) of the highest occupied molec-
ular orbital (HOMO) and the lowest empty molecular
orbital (LEMO).'* We have assigned a plus sign to
those charge densities representing a deficit of elec-
trons. The energy level of the HOMO is taken as a
measure of electron-donor ability?® and that of the
LEMO as a measure of electron-acceptor ability.?!
These properties are of primary importance in in-
fluencing charge-transfer complex formation,?® an
interaction which is proving of interest in biological
systems.? The smaller the energy level of the HOMO,
the lower the energy required to remove a m electron
froni the 1olecule, and therefore the greater are the
electron-donor properties. The ecloser to zero the

(18) Reference 2, p 116,

(19) It should be kept in mind that the valde of 8 is negative, as a resu(lt
of which the energy values given by 1is have the opposite sign compared to
the absolate valies of 1hese energies. ‘Tlhironghott this dismission the
ellergy vabies are always ia units of Bo.

(20) Reference 2, p 128,

(21) Reference 2, p 132,

(22) Reference 2, ¢ 135.

(23) ¥ M. Kosower, Progr. Phys. Org. Chem., 8, 81 (1965).
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cnergy level of the LEMO. the greater would be
the electron affimty, and therefore the greater wre
the electron-acceptor properties. A positive energy level
for the LIEMO indicates n bondimg unfilled orbital
which would have electron-aeceptor properties supe-
rior to the nsnal negative-vidued LISNO.

It should k¢ understood that the significnnee ot the
valies ealeulated by the HNMO method lies in the rela-
tive vidines nnd trends, not i absolute valnes.  Comn-
parisons may be made with more confidenee nmong
closely related series of molecnles.

One may compare charge densities (ignre 1) of the
quinoline-related :ntimalarrial molecules, quinmne, chlo-
rogquine. and primaquine, to each other and to those
of their parent compounds, quinohue, 4-aminoguio-
line, and S-amnoqguinoline.  Of the three antimalarials,
chloroquine stands ont as having by fav the most negn-
tive heteroevelie nitrogen, with a charge density ot
—0.269, compared with that for quinine. —0.214.
and for primaquine, —0.206. By way of comparison
to aomore fmniliae componnd, the heteroevelie nitro-
gen of pyridine, ealeulated <imlarly. has o charge
density of —0.195. For wmonouitrogen  heteroeyelie
compounds, the charge (1(‘11~‘it)' on the nitrogen hax
been taken as a measiure of basieity,™  Differences in
the ring carbon charge densitiex arve not =o great, al-
though the rving earbon bonded to the nmino nitrogen
s agnificantly more positive in chloroguine than
primaquine.  Chloroguine also hus a clinvge of opposite
sign on it H-, 6-, and 7-earbons compared to the cor-
responding carbons of the other two componnds.  The
difference between the charvge densities nf the unino
mtrogens of chloroquine wnd primaqiine ix much less
than that of the corresponding rving nitrogens.  The
methyl of the methoxy group and the chloro substituent
do not carry appreciable charge. while the methoxy
oxygen has a charge density of abont +0.00 for both
¢niine and primaguine.

Comparison of these antimalarvials to quinoline, 4-
muinoquitoline, and S-aminoquinoline shows that the
clirge-density patterns of chlorogquine and primaguine
are close to those, respeetively, of 4-mmimoquinoline
and  Sumnaquinoline.  Of the snbstitnents on the
quinolinie meleus of these two antimalarials, at s
apparent that the 4-nmino and S-nimo groups effect
the greatest perturbation in charge distribution. It s
interesting that, .11th(mg11 charge vielded to the ring
svstent by the 4-amino group is only 0.015 greater than
that contribnted by the S-wimnino group, when the 4-
amino group ix present there i= greater electron density
{0.06 1more) at the gquinoline nitrogen than when the
N=nnno  group is present. Ioven though the amimo
gronp ix clectron releasing in hoth tustances, the effeet
of the N-unino gronp on the quinoline nitrogen is ta
make it slightly less negative, while the 4-umino group
iereases the negativity of this nitrogen considerably.
[t may be coucluded that the chloro substituent of
chlorogquine does not have a1 very pronounced effect
on the w-cleetronie structure, The G-methoxy group
of quimne and primaquine has little effect on the
heterocyclie ving of. respectively, quinoline and K-
antnoquinoline; it does have some influence on the
ring to which it ix bonded, increasing the negative
charge of tle d-carboi by alimost 0.06.
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Figicee 2--HMO charge deusities aud energy levels of the
HOMO and LEMO «f che acrvidine audcnlarial, quiececine, wd
i+ pareat eompounds, weridine awd Y-amiadaeridine.,

With vespeet 1o the energy levels, the amino gronps
wain have the greatest imfluence on the gmmnoline nu-
cleus. The energy of the HOMO, or electron-donor
ability, sceins somewhat more sensitive to the substit-
nents than does the energy of the LEMO, or electron-
aceeptor ability, The wmino  substitinents  nerense
the electrou-douor ability und deercase the clectron-
acceptor ability, relative to the ]llill()]i‘l(‘ nuelens.
It i intevesting thnat, although the S-amino group does
not influence the gquinoline nitrogen charge density to
nearly the extent that the 4-nmino group doex, 1t has
an apprecinbly greater effect on the energy level of the
HOMO thau doces the £-amino gronp.  The effeets of

the methoxy and chloro substitneuts  follow  these
trends. although to a lesser extent.  The HONO

cnergy level of pyridine by omr calenlation ix, for com-
parison, —-1.000, while the LEMO energy level s
—0.841.  Quinine should be the best electron acceptor
aud primagnine the best eleetron donor of these three
antimalarianls,

Quinacrine (IFigure 2), an acridine, when compared
to the preceding quinoline anthinalarials (Figure 1),
shows a very high charge density, —0.328, on the
heterocyclie nitrogen and a comparatively hn;;h charge
density, 40.126, on the amino nitrogen. The methyl
granp of the methoxy substituent shows ncutrality,
comparable 1o the nentrality shown by ths group in
the quinoline scries.  Fuergy levels show that quina-
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+0.108
NH.
-0.2949
N
-0.015
1
-0.001

-0.010 -0.013

C.H;

pyrimethamine

HOMO: +0.570
LEMO: —-0.754

-0.199
+0.126 0

6N
-0.009 \ /> +0.156
N

+0.126 _0p.199

pyrimidine
HOMO: +1.08
LEMO: -0.781
+0.103
H
—-0.299
+0.160 N
+0.103

—-0.089 \ />;—~Q184NH2
N

+0.122 —0.283

2, 4-diaminopyrimidine
HOMO: +0.799
LEMO: —0.857

Figire 3.—HMO chacge densities and energy levels of the
HOMO aad LEMO of the 2,4-diaminopyrimidine antimalarial,
pyvrimethamine, and its parent compounds, pyrimidine and 2,4-
diaminopyrimidine.

crine should be both a better electron donor and elec-
tron acceptor than the previously considered quinoline
antimalarials.

Comparison of quinacrine to acridine and 9-amino-
acridine (Figure 2) shows that most charge density
differences between quinacrine and acridine are effected
by the 9-amino group. The effect of the 9-amino
group on the acridine ring nitrogen charge density is
appreciably greater than the effect of the 4-amino
group on the quinoline ring nitrogen. Comparison of
energy levels shows that the 9-amino group of acridine
does not increase the electron-donor ability as much
as do the 8-amino and 4-amino groups of quinoline,
but acridine itself is a better electron donor than either
4-amino- or 8-aminoquinoline. The good electron-
acceptor ability of acridine is decreased by the 9-
amino substituent, but the effect is not sufficient to
make 9-aminoacridine (or quinacrine) a poorer electron
acceptor than the quinoline antimalarials,

Comparing pyrimethamine (Figure 3) with the quino-
line (Iigure 1) and acridine (Figure 2) compounds, one
sees that the negativity of the ring nitrogens of pyri-
methamine is intermediate between that of the ring
nitrogens of the quinoline compounds and quinacrine.
The pyrimethamine amino group charge densities are
comparable to the quinoline amino group -charge
densities. While the amino groups have by far the
most influence on charge densities of pyrimethamine
(Figure 3), the chlorophenyl group aids the amino
groups in improving electron-donor ability (Figure 3)
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and counteracts their effect of decreasing electron-
acceptor ability (Ifigure 3).

The biguanide representative, proguanil (Figure 1),
was calculated using the parameters of Streitwieser!!
for an aromatic nitrogen for those nitrogens shown
with a double bond and those for an amine nitrogen
for those nitrogens shown with three single bonds.
We do not feel that this is necessarily the best selection
for guanide nitrogens, but, since proguanil is known to
be metabolized to a more active compound,’” we ave
eniphasizing caleulations on its active metabolite and
its analog i1 the discussion below. It is nevertheless
interesting to note the much higher positive charge
on the amino nitrogen adjacent to the chlorophenyl
group as compared with the terminal amino nitrogen.

The metabolite of proguanil, 24-dianino-1-(p-
chloropheuyl)-1,6-dihydro- 6,6- dimethyl-1,3,5- triazine,
or cycloguanil (IFigure 4), active as an antimalarial,
ix notable for its relatively high and low = charge
densities; even the carbony in the dihydrotriazine ring

—0.489 —-0.495
NH NH
/| (\é
+0.189 _C. 40214 +0.121
HN-5 026N 40 268\1\‘IH
H
+0.033 CH(CHas)»
-0.040 -0.040
-0.008 -0.008
—-0.018
Cl
+0014
proguanil
HOMO: +0.676
LEMO: -0.910
+0.141
—0008 -0.038 NH: o4
+0.317——N
+0.014 +0.110
¢ N / ozar NH2
N
-0.008 —0038 0527
CH3 CH3

2, 4-diamino-1-(p-chlorophenyl)-1, 6-dihydro-
6,6-dimethyl-1,3,5,-triazine(cyecloguanil)

HOMO: +0.632
LEMO: —-0.744
+0.141
NH. -0.411
-0008 -0.045 +0817Y——N

+0.110
/ +0.224 NH,

-0.527
Cl CHs; CHs

2, 4-diamino-1- (3, 4-dichlorophenyl)-1, 6-
dihydro-6,6-dimethyl-1,3,5-triazine

HOMO: +0.630
LEMO: —0.744

Figure 4—HMO charge densities and energy levels of the
HOMO and LEMO of the bignanide antimalarial, proguanil, its
active metabolite, 2,4-diamino-1-(p-chlorophenyl)-1,6-dihydro-
6,6-dimethyl-1,3,5-triazine (cycloguanil), and the active analog
of cycloguanil, 2,4-diamino-1-(3,4-dichlorophenyl)-1,6-dihydro-
6,6-dimethyl-1,3,5-triazine.
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-0.017

--0.042

-0.025

-0.278

4-quinazolone

HOMO: +0.672
LEMO: -0.572

Figure 5.---11 MO charge densities nnd energy levels of the HONMO
and LEMO of 4-quinazolone.

are quite positive,  Cyeloguanil, as the pamoate salt,
has been recently shown to have repository antimalarial
properties,?

The derivative of eycloguanil, 24-diamino-1-(3,4-
dichlorophenyl)-1.6-dihydro-6,6-dimethyl-1,3,5-tviazine
(Figure 4), which isx ten times more active against
Plaswodiune  gallinacewin'’ than  eveloguanil, differs
very little in charge density or electron-donor or elec-
tron-acceptor properties from cycloguanil.  The higher
activity would logically be aseribed to some factor other
thait w-clectron distribution or energy levels of the
HOMNMO or LENO.

Although the strueture of 4-quinazolone was caleu-
lated (Iligure 5). no specific antimalarial of this class
wus treated since the antimalarvials we found in the
literature had no snbstituents which entered into the
m-clectron =system. The earbou between the two nitro-
gens is unusually positive.

Sydnones, ax mentioned previously, present diffi-

culties,  We have caleulated sydnone (Iigure 6) using
the parnmeters of Ovgel, et al®® (hoo—tevain = 3.2
hs()(smu-_wliul = 2.0, /“CO = 14, hve = 2.0, hoye =

1.0, ken = 1.2, kxo = 0.0, and Ac = 0.2), and selecting
a value for kyyx, which was uot cited by Ovgel, ef al.,*
of 1.0. The charge densities caleulated by Ovgel,
el al.,” arc given for comparison (Igure 6).  We have
also caleulated the antimalarial,’* 3-piperonylsyvdnone
(Iigure 6), using the parameters employved for sydnone,
and treating the methylene bridge between the two
evelie moietiex according to the heteroatom model of
Liyperconjugation ax given by Streitwieser.!' We do
not feel that a diveet comparison hetween these caleu-
latious on the syduones and the caleulations on the more
conventional w-electron syvstems using the established
Streitwieser parameters!! is justified. One might ex-
peet qualitatively, however, from the LENO energy
levels that the sydnones would be good electron uc-
ceptors and from the charge distributions, as well as
from knowledge that sydnones are mesoionic, that they
would be capable of pronounced electrostatic interac-
tons,

We would like to point out the recent treatment of
svdnones by the «-HMO technique, which correlates
well with dipole moments and ultraviolet maxima.”
These authors feel that part of the failure of the simple

(25) P. Q. Contacos, G. R. Coatney, J. ¥, Lann, and J. W, Kilpacrick,
Am. J. Trop. Med. Hyg., 13, 386 (1964).

126) L. E. Orgel, T. L. Cottrell, W. Dick, and L. E, Rotcon, Trina.
Faraduy Soc., 47, 113 (1051).

(29 L. B. Kier and E. 3, Racke, /. Pharm, Sci., 88, 807 (1950).

) -0.728
Q0
|

+0.24 +0.326

~0.11 0 +0.21 +0.108 : O +0.204

+0.57 HN——N -0.43 —0.564 HN——N -0.474

HOMO: +0.854
LEMO: —-0.244

ealed Dy Ovgel, el oy 28

sydnone

3-piperonylsydnone
HOMO: +0.528
LEMO: -0.297

Figare 6.—1MO charge densities nad energy levels of tle
HOMO aad LEMO of svdnoae tealeulated accocding to the
parametecs of Orgel, ¢/ al,®® nud Ayxx = LU) and 3-piperoayl-
svdnornie (with che methyleae groap betweea the ring moieties
treated as hyperconjngated accordiag to the heterontom model).

HMO method with the mesoionie sydnones may be at-
tributed to lack of consideration of eleetron correlation,
a feature taken into account by the w-HMO wmethod.
[t seems reasonable to us that the o-HMO method
would be more appropriate for treating the sydnones.
We have also studied @ tyvpe of antimalarial agent
which does not fall into the categories listed carlier.
[t was discovered that 4,4’-dinitrocarbanilide (DNC)
formed a 1:1 molecular complex with 2-hydroxy-4,6-
dimethylpyrimidine (HDP), as well as with other polar
compounds.” The DNC-HDP complex had  sig-
nificant  antimalarial - and  anticoccidial — activity.®
Neither DNC nor HDP separately, or as an uicom-
plexed mixture, showed significant anticoceidial activ-
itv.  Further, the unsubstituted carbanilide did not
complex with HDP.  The authors suggested that hy-
drogen bonding between HDIP and the urea portion of
the substituted carbanilide was likely.?®  Such hydro-
gen bouding did not seem to us to be specific enough to
explain the requirement of the p-nitro groups for com-
plexing. We find for HDP (Figure 7) a fairly pro-
nounced charge-density  distribution and  moderate
electron-donor properties.  The nitro groups as well
ax the urea portion of DNC would appear to be likely
hvdrogen bonding sites.  The results for carbanilide
and 4,4’-dinitrocarbanilide (Iigire 7) are revealing.
We find that the LTINMO energy level for 4,4'-dinitro-
carbanilide 18 positive, l.e., the orbital is a bondiug
one. Bonding unoccupied orbitals, while not un-
heard of, are rare and signify exceptional electron-
acceptor properties.?® In this instance there are actu-
ally two bonding unoccupied orbitals.  For carbanilide
(I'igure 7) one finds that there are no bonding unoc-
cupied orbitals: indeed, the energy level of the LEAMO,

(28 A. . Cuckler, €. O'Neidl,
Sedence, 128, 244 (19535).

(200 A, Pudlman and B3, Palinan, Biochom, Biophys, Acta, 54, 484 (1061),

M. Malanga, A. J. Basso, and R. .
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Fgure 7.—HMO chacge deaxities and energy levels of the
HOMO aad  LEMO  of 2-hvdroxy-4,6-dimethylpyrintidine
(HDP), 4,4'-dinitrocarbaailide (DNC), aad cachanilide.

—0.8065, does not indicate especially good electron-
aceeptor propetties,

We believe that the HMO calculations indicate
strongly that the attractive forces in the DNC-HDP
complex arise in large part from a charge transfer and
that the specificity of DNC as compared to carbanilide
results from the extraordinary electron-acceptor praper-
tiex of DNC.

Electronic Aspects of the Interaction between
Some Antimalarials and Deoxyribonucleic Acid.—A
most. interesting and valuable study by Hahn and co-
workers® has provided convineing evidence that chloro-
quine, quinacrine, and quinine conmplex with native
DN A, blocking euzymatic synthesis of DNA and ribo-
nucleic acid (RNA) #n wvitro and the biosynthesis of
DYNA and RNA in susceptible cells. The selectivity
of these drugs for the malaria parasite 1s attributed
to the unusually high accumulation of the drug by the
parasitized erythroeytes.  Rexistance to the drugsix due
to an mpairnment of the accumnlation mechanism oy
permenbility.
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The ultraviolet spectra of chloroquine, quinacrine,
and quinine were altered by DNA. The chloroquine
mteraction, the most intensively studied, was shown
specific for native, double-stranded DNA. The spec-
tra of chloroquine was markedly altered by DNA and
the double-helical polymer of deoxyguanylic acid and
deoxveytidylic acid (dGdC) but not appreciably by the
polvmer of deoxyadenvlic acid and deoxythymidylic
actd (dAdT) or of deoxyinosinie acid and deoxyevtidylic
neid  (dIdCY). Stnee dGAC 1= identieal with d1dC.
with the exception of the 2-anino group of guanine pres-
ent in dGdC, the spectroscopic evidence was taken as
indicating conclusively the 2-amino group of guanine
1s a specific attachnient site for chloroquine. More
particularly, it was suggested that the 7-chloro substit-
uent of chloroquine interacted electrostatically with
the 2-amino group.

Chloroquine and quinaerine stabilized double-helical
DXNA against thermal strand separation. Chloro-
quine also stabilized dAdT, even though dAdT did not
inflnence the spectrum of chloroquine. It wax there-
fore pastulated that chloroquine interacts with DNA
i two wayvs: (1) through interaction between the ring
of chloroquine and guanine, with the previously dis-
cussed specific electrostatic interaction between the 7-
chloro substituent of chloroquine and the 2-amino
group of guanine, and (2) through interaction between
chloroquine’s positively charged amino groups (in the
=alt form) and the aniouie phosphate groups of DNA.

Goldberg® has questioned the requirement for the
2-amino group of guanine m DNA for complex forma-
tion and emphasized the difficulty of relating spectral
changes quantitatively to complex formation. He
suggests that the difference in the effect on the chloro-
quine gpectrum by adenine and guanine may be due to
either the better electron-donor ability of guanine or
to the influence of guanine on the zecondary structure
of DNA,

We suggest that the interaction between a chloro
substituent and an amino group, both of which carry
i positive m charge, would probably not be strong
enough to confer specificity on the guanine moiety for
mmteraction with the chloroquine ring, even considering
the negative ¢ charge which the chloro substituent
should have. We were interested in (1) exploring fur-
ther the role of the 2-amino group of guanine, (2)
comparing, with a consistent set of HMO paranieters,
electronic properties of the DNA bases and of the
antimalarials with which they interact, and (3) investi-
gating the effect of salt formation at the amino group
bonded to the ring on the electronic structure of the
antimalarials.

We would like to point out that HAO calculations
on the DNA bases adenine, guanine, cvtosine, and
thymine, as well as the hydrogen-bonded pairs adenine—
thymine and guanine—cytosine, have been carried out
by the Pullmans? using their set of parameters. For
our calculations, we employed hydrogen bonding param-
eters suggested by the Pullmans.3!

Comparing the two pyrimidine bases, c¢ytosine with
thymine, and the two purine bases, guanine with ade-
niite (Figure 8), one notes pronounced charge-density
differences.  In part. these differences are due to the

30) 1. H. Goldberg, Militnry Med.,, Suppl., 181, 1092 (1966).
(31) Reference 2, p 110,
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Figace 8.—HMO charge deusities and eaergy levels of the
I1OMO and LEMO of c¢ytosine, thymate, giiwnine, adenae, nud
alosiqe.

choice of the lactam and amino forms, which have been
shown to preponderate®? as opposed to the lactini and
mino forms, of these molecules.  Since the contribu-
tions, however, of the lactim and imino forms are rela-
tively minor,* the charge distributions of the molecule
as represented should be close to that of the mole-
cule as it exists. The purines are better electron
donors than the pyrimidines, and guauine is, as indi-
cated previously,2% far superior in this respect to ade-
nite.  We would expect that electrostatic interactious
involving the five-membered purine ring would not be

(32) Reference 2, p 207.

too different for adenmine and gnanine. A eleetro-
statie attraction to a positive site by tle 3-nitrogen
would be significantly stronger for guamne s compared
to adenine.  An o electrostatie mteraction at the 1-
nitrogen would be profonndly different for guanime and
adenine, for this site in guanine carries considernble
positive m chiavge, while in ademne it earrvies a7 charge
«f the =ame magnitnde nud opposite sign. Cheudne
also fmanshes a1 cerder of very high vegative clarge
deusity. the eavbonyl oxygei which adenine lneks,

To wvestignte the role of the 2-nminee group of
giannne, we ealenlated the eleetrome properties of the
guaniue molecule with the 2-nmino gronp removed.
f.eo nosine tgure N). The 2-amino  gronp  wis
tound to be n major contributor to the relatively =n-
perior electron-donor properties of gnanine, its remova)

reducing  these  propertiex  considerablyv. This  role
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Figure 9.—HMO charge deasities and energy levels of the
HOMO and LEMO of the hydrogen-bonded pairs guanine-
cytosine, adenine-thymine, and inosine-cytosine, with hydrogen
hoadiag treated aceocding to Pullman and Pulman.#!
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Figure 10.—HMO charge densities and energy levels of the
HOMO and LEMO of the amiae salt forms of chloroqtiice,
quinacrine, primaquine, and 4-aminoquinoline, with the positive
amine nitrogen treated as purely inductive.

of the 2-amino group makes it important in influencing
charge-transfer interactions, which may be observed
spectroscopically.®® We feel that this function of
the 2-amino group of guanine may very well explain
why the interaction of chloroquine and dGdC is ob-
served spectroscopically, while that of chloroquine
and dIdC is not, without invoking a specific electro-
static interaction involving the 2-amino group. Elec-
trostatic interactions with the guanine ring should not
be greatly different than those with the inosine ring,
with the possible exception of those at the 3-nitrogen,
the charge density of which is influenced by the 2-
4MINo group.

(33) L. J. Andrews and R. M. Keefer, "'Molecular Complexes in Organic
Chemistry," Holden-Day, Ine., San Francisco, Calif., 1964.
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Cousideration of hyvdrogen bounding for the pairs,
guanine-cytosine, imosine—cytosine, and adenine-thy-
mine, does not change these general couclusions. It is
found that charge densities vary somewhat for those
atoms directly involved in the hydrogen bonding (Figure
9). The changes in HOMO energy levels on hydrogen
bonding bring the mosine—cyvtosine pair closer in elec-
tron-donor properties to adenine-thymine than to
guanine—cytosine (I'igure 9), which is interestingly in
accord with the respective influences on the chloro-
quine spectrum by dIdC, dAdT, and dGdC polyniers.

Since Hahn, et al.,? found the interactions of chloro-
quine took place only with double-stranded (i.e.,
base-paired) DNA polyniers, and since this base pairing
does not cause great differences in electronic properties,
the hvpothesis that chloroquine must interact simul-
taneously with both members of a base pair is attrac-
tive,

To take account of the proposed participation of the
anmine salt form of chloroguine in the DNA complex?
we treated the protonated amino group according to
Streitwieser,®* who has mdicated that an amine salt
group may be considered puwrely inductive. We ewm-
ployed his auxiliary iuductive parameter of 0.1hx"
where Ay s taken us the 2 value of a positively charged
mitrogen, 2.0,'' giving us an i value for the carbon
bonded to the amiine salt group of 0.2,

Comparison of the calculation for the anine salt of
chloroquine (Figure 10) with that for neutral chloro-
quine (I'igure 1) indicates that the quinoline nitrogen
is sensitive to this alteration; this charge for the salt
is appreciably lower. Even miore outstanding is the
effect. on the energy levels. There is a marked improve-
ment. in the electron-acceptor properties of the salt
which should enhance interaction with the electron-
donating purines. The effect of salt formation (Figure
10) on quinacrine (I'igure 2) is in the same direction as
for chloroquine and is even more pronounced. The
amine salt of quinacrine should be by far the best
electron acceptor of the antimalarials considered.
Because the quinacrine salt is so much better an electron
acceptor than the chloroquine salt, it is reasonable
that its coniplexation is observable spectroscopically
with dIdC and dAdT, poorer electron donors than dGdC
and DNA, while the weaker electron acceptor, chloro-
quine salt, must interact with the better electron donors,
dGdC and DNA, before the spectroscopic changes arve
observed. This explanation is an alternate to the con-
clusion that the compared effects of DNA, dGdC,
dAdT, and dIdC on the spectra of chloroquine and
quinacrine point to the general interactions of quina-
crine and the guanine-specific interactions of chloro-
quine with DNA,

It is interesting that quinine, which does not form
an amine salt and has poorer electron-acceptor proper-
ties than the salt forms of chloroquine and quinacrine,
was thought to involve hydrogen bonding® in the DNA
complex, in contrast to the “ionic” interactions®
suggested for chloroquine and quinacrine.

We have also calculated the effect of salt formation
(Figure 10) on primaquine (Figure 1). Surprisingly,
the quinoline nitrogen’s charge density for the salt is
raised slightly. Electron-acceptor properties are im-

(34) Reference 11, p 231,
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proved, although not to guch an extent as for quina-
erine and chloroquine.

Finally, to estimate the effect of the 7-chlora snb-
stituent on the electronic properties of the amine sah
of chloroquine. we ecalculated the amine salt of 1
aminoquinoline (Figure 10), Differences hetween the
amine salts of 4-aminoguinoline :and chloroquine arve
<light, indicating that the 7-chlovo substituent does
not have nmueh mfluence o the ring structure.  In
conjunction with the fuet that replacement of the 7-
chloro substituent diminishes, bhut does not abolish
binding to DNA% thix enlenlation suggests, in accord
with Hahn, ef al.> that perhaps the 7-chlorvo snbstituent

13737 DL NGaotar ard L. Leviue, .(reh, Binchem, Binphys., 101, 333 {1463).

Nucleic Acids. 1.

. WeceHrer
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does enter mto speeifie tthough 1ot essential) interne-
twb ta the DNA complex.
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The Synthesis of Nucleotides and Dinucleoside

Phosphates Containing ara-Cyvtidine“

Wittian J. WECHTER

Lesearch Labocaloyies of T'he U pjoloe Company, Kolomwazan, Helogio

feererred Nocenhber 14, 1466

With the hope «f infliencing the meckanism of acton, teatispare, (@ cedss-cesestanee phenoweun of the potria
evtdtade antiviral neeledside  1-g-o-arabiaoficeanosyleyvtasine (ere-eytidiae, OA), the meledside was incor-
poeated it 25 dinaeleoxide phasphates «f the type CApX aud XpCA where N represeats a secoud nueleoside.

Where passible, all three internleotide luikages, 2'—
aceal type, by the condensatioa of xudtably peotected ancledsidex aad uneledtides {cdlawed by deblockiug.

5, 3= and U=, were prepaced withe ench stries

While

n-exchange chramatography wax emploved foe small-seale zdatior, ccntimons-flow film electeuphoresiz wax

«tilized for larger scale preparations,

evtidine, ns well ax two single esters of w-eytidine C-phasphate, were peepraed.
phoris-containiag prodacts were canfinmed enzymatically.

For biological campariscns, the three mouonacleotide dertvatives ot oya-

The struetures «f all phos-
Ticthe carse «f the enzvawtic charneterizations,

new =pecificity of verom diesterase tewnrd rasymaeteiad (with cexpect to die sugar) C—3'-dinacleoside phos-

phates wa~ 1rcoveced.
by their nmr specteu.

The stenetiaes of all phosphorius-coutainwg intecmediates and prodaets were covfirnied
From these latter studies, we were able to ccufirm the uxawe and ratio of hetecceyelie

bases present, establizll the position «f aucleotide or internaclentide liakages, diffecentiate che suwgnr audeties,

and eonfirar the gross stinetnres «f the syuthetic produecs.

FFor about 14 years!™t chemists, particularly in the
United States, have been vigorously engaged in the
synthesis of analogs of the naturally occeurring nucleo-
sides. The rationale for the most of this work was
based on the supposition that one could produce unique
selective antimetabolitex which would be nseful in the
treatment of neoplastic and viral dizeases.  While
number of these compounds are presently being em-
ploved chnieally, almost all of them are highly toxie
to mammalian cells.  FPurther. the infective agent or
neoplasm develops resistance to these anthuetabolites.
In the hope of increasing the cellulawe sclectivity of such
antimetabolites, either by alternative mechanisms of
action or by alternative transport mechanisms, we
have begun a progrant to iwcorporate a vnriety of

(1) (a) Presented at (Le 152nd National MeeGug of (0e Noerican Cheud-
cal Rociety, Division of Medicinal Chemistry, New York, N. Y., Nepc 12,
966, th) Barly viorkers in this field incloded 1B, R. Baker, (3. li. Broww,
1.0 Fox, €A, Dekker, J. A. Montgomery, and tleeir co-workers; (eading
ceferences may be found in Advaw. Carhohydrate Res., 14, 283 (14hHb}:
17, 301 {1962). (c) Fradulent 3'—35'- amd a'—d’-linked dinveleoside
plinsphates have been reported smibsecuent to the interception of this work:
1. AL Montgomery, G. J. Dixon, E. A, Dulinage, H. J. Thomas, R. W. Bruek-
waw, and M. E. Skipper, Nature, 199, 769 (1963): ID. G. Parsous and (.
Heidelherger, J. Med. Chem., 9, 159 (1966); J. Smrc and F, Sorm. Collectivon
(zech. Chem. Commun., 28, 81, 887 (1963); R. 11. Hall and R. Thedfuri,
J. Org. Chem., 28, 1506 (1962): A. Block, M. H. Ileysher, R. Thedfurd, R.
J. Mane, and R, I, Hall, J. Med. Chem.. 8, 886 (1066).

anthnetabolites into ohigonueleotides.© By this menes
we hope to contribute to a partial understanding of the
effects of charge, molecular weight, and olecenlar
configuratiorc on cellular penetration incorporation and
transport of oligonneleotides nto living system=. We
thus desire knowledge of the eellular metabolisin and
possibly biologienlly unique properties of oligonucleo-
tides.  lor thix purpose, we synthesized o series of
diucleoside pbosphates, nucleotides. and <iple esters
of these micleotides derived from the eytotoxie, 2t
antiviral* ““ nucleoside 1-g-n-nrabinofuranosyleytosine?f
{ara-cytidine, ¢ra-C, CA). Cytotoxicity studiex with
these compoands will be reported in the neceompanying
paper.

Employing the procedures pionecred prineipally by
IKhorana and hix co-workers® all of the desired comn-
pounds were prepared. but on larger seales than thoxe
employed in the literature preparations.  The products
were isolated by ion-exchange chromatography. Large-

7y (a) M. Y. Coea aml G, N, Viseher, Biockon. Phavmacol., 11, 423
(1962); by Co G Smich, 1L 1L Paeskirk, and W, L. Lomimis, Proe. o,
Assor, Canrer Res., 6, €l (106856); ¢y (3 K. Underwood, Proc, Soc. Frpd.
Bul. Med., 111, 660 119623 idy 11, 1. Reuis amd ., G. Jolmsou, Bacteriof.
Proe., 48, 110 (1062y: ey 1Y, AL Binhala, 2ror. Soc, Kepil. Biol, Med., 118,
1064 (fr J. 11 1haater, UL S, Patent 3,115,282 ¢14063): () arc 11
G.oGy Boiih, 111 Baskick, and W L, Lummis, J. Med, Chem,. 10, 774
(1Y




