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Abgtract

Cu(II) COORDINATION COMPOUNDS WITH
NUCLEIC ACID CONSTITUERTS

by
Harold G, Nelson

Adviser: Professor Juan F, Villa

A series of new Cu(II) coordination compounds with

5X-Uracil (X= H, NO,, and I), 6Y,2S~Uracil (Y= H, NH_,

2 2

CHB’ and c3H7), 2,h=Dithicuracil, B8Z=Guanosine (Z+= H, and
Br), Deoxyguanosine(d-Guanosine), 2Q-~Cytesine (Q= 0, and S),
Xanthosine, Cytidine, Inosine, Adenosine, 5!'=CMP, 5!'=AMP,
and 5!-CMP were prepared and characterized by elemental
analysis, IR, viaible absorption spectroscopy, varisble
temperature magnetic susceptibility (12 = 500°K), and elece
tron paremsgnetic resonance at 77 and 300°K,

It was observed that bidentate chelatlon at the expense
of monodentate coordination appeared %o be the preferred
mode of bonding in coordination complexes of copper(II)
with these nucleic acid constituents, This type of bond=
ing appeared to be gemeral for pyrimidine and purine mole~
ties and involved adjacent oxygen (sulfur) and nitrogen
atoms on the ring or nitrogen (oxygen) and phosphate oxygen

when nucleotides were considered, Gensrally, steoichiometries

i1t



2:1 ligand to metal were preferred although 1l:1 stolchlo=-
metries, with and without bridgiang between metal ocenters,
were seen, A trimeric d-guasnosine-copper(II) complex was
also prepared,

In the uracil (cytosine) complexes, the effect of re-
placing a keto oxygen on C(2) with a thio sulfur inter-
chenged the preference for coordination between N(1) (N(3))
for keto to N(3) (N(1)) for thio, Also EPR data demonstra-
ted the square planar (distorted octahedral) geometry for
ell these systema., However, it was noted, that the intro=-
duction of bonding sulfur atoms in coordinating ligands dis-

torted this bonding towards a C,_ or T. disposition about

2v d
the metal center with a concomitant lowering of the d-d
band maximum., The ground state term in all cases was seen
2
to be B, (d 2 -2)
Ligand flield strengths for the dlstorted octahedrsl

complexes varied as:

258-Cytosines > Cytosine > 5X-Uracils > 6Y,2S~Uracils >
2,4=Dithiouracil > 8Z-Guanosines > 2!'-Deoxyguanosine >
Inosine = Cytidine > Xanthosine > Adenosine; 5'-AMP >
51'«GMP > 5'-CMP.

Magnetic susceptibility and EFR data showed that sulfur
coordination appeared to predispoae the complexes to poly-
meric ilateractions (=27 = llq.OOom"l) as did the introduction
of riboase and phosphoribose functions on the pyrimidine or
purine bases, Also, the magnetle data suggested that the eco-

operative phenomenon respansible for the ferromagnetism ob=

iv



served in a number of these complexes, appeared to be en=-

hanced according to the following series:
Nucleosides > 5'=CMP > Uracil
and suggested an ordering capablility of the sugér group,
Recognition of the sugar group by copper(II) was seen
for d-guanosine but not for guenosine (and presumably for

d=ribosides and not ribosides, in general), and is postue
lated to operate through the 310H group of the deguanosine,
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Introduction

Nuclelc acids are long polymer molecules, the backbones
of which conslst of repeated sequences of phosphate and
sugar molecules resembling links in a chain. There are two
main types of nucleic acids according to the sugar mole~
cule present: RNA with ribose and DNA with deoxyriboﬁe.
Attached to the sugar links in the backbone are two kinds of
purines, adenine and gusnine; and two kinds of pyrimldines,
eytosine and thymine (SCHB-uracil) in DNA, or cytosine and
uracil in RNA, Flg, 1. DNA and sometimes RNA are comprised
of twe polymer chains hydrogen bonded in a special ecomple-
mentary way: guanine to eytosine and adenlne to thymine
(in DNA) or adenine to uracil (in RNA).

25 years ago, nuclelec aclds were implicated in the
transmission of hereditary characteristics through genetic
coding, and in the direction of cell metabolism (e.g.,
protein synthesis, enzymatic catelysis, eto.}s In the
early 19508, the work conducted by Hershey and Chasel?2
proved conclusively that DNA agerved as the phyaibal basls for
hereditary., Thelr experiments showed that the compenent of
T2 bacterlieophages incorporated lnto E. celi host cells was
DNA and not the protein ceats, The synthaﬁis of new bacter-
icphages was acocompanied by rapld and extensive changes in
the metaboliam of the host cell and the normal synthesis
of respiratory and adeptive enzymes, and of natlve RNA, ceased,

A capacity for directing the activities of the cells
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seems to be characteristic of RNA as well as DNA., Free
RNA 1solated from Tobacco Mosale Virus 1s capeble by 1tself
- of Infecting tobacco plants with mosaic disease and causing
the plant cells to support production of complete virus
particles, Similar infective properties have been demon~
strated in purified RNA from a wide varlety of RNA viruses,
for example, poliomyellitis 3l and in purified DNA from

the bacterisl DNA virus @X II.'m.S"7

The evidence from viruses therefore indicates that in
spite of thelr chemical dlfferences, DNA and RNA are equally
capable of assuming control of the activitlies of the cell,
In the normal, uninfected cell, however, this control seems
to be vested mostly in DNA while the role of RNA 1ls one of
transmission of the genetlc information within the cell
(1.6., the transcription and translation processes).

Metal 1lons have been implicated in a wide varlety of
bilological processes including biological oxidations and
reductions, charge carriers, enzyme activators, and control
mechanisms.8’9 Thelr interactlions with nuclele acids and
thelr constituents have been reviewed recently,lo'l2 and
their role in the replication, translation, and transcription
of nuclelc aclds is well documented.9

The role that Cu(Il) ilons play in blochemical processes
13

as well as
1h-19

involving amino acids, enzymes, and proteins,
its influence on activities involving nucleic aclds

has been an area of active research, Currently, the nature




of the binding of Cu(II) to DNA 1ls belng eagerly explored
because of the Cu(II) induced reversible uawidlng of
DNA.20'23 '

The abllity of metal lons to stabilize the DNA double

hellx was first discovered by Shack, et al.;,z3

and elucldated
by Dove and Davidson,au who found that T, the "melting
temperature”, or the temperature at which DNA unwinds into
single strands, increased linearly with the logarithm of
lonic strength, Here the negatively charged phosphate
groups on adjacent nucleotides are neutralized to a larger
degree at higher ionlc strengths, and the driving force to
unwind is removed, However, this atabillzation 13 not a
universal characteristic of all metal ions., Cu(II) has

been shown to lower the Tm of DNA20’22

far more effectively
than any other metal lion studied to date. The reason for
the differences in behavior of the metal ions studied with
respect to DNA can readily be explained by differences in
binding tendencles, Ions like Mg(II) and Co(II) bind to .
phosphate, stabilizing the ordered structure by the counter-
ion effect, while Cu(II) (and to a lesser extent CA(II))
bind not only to phosphate, but to base as well, Binding
to base competes with the hydrogen-bonding of the double
helix and therefore helps to déstroy 1t. The rewinding of
cooled DNA solutions in the presence of Cu(II) and an opti-

mum concentration of electrolytezl can be explained in a

simllar fashion., Here the ability of the baseas to recognize



each other and to reform native DNA 1s attributed to the
abllity of copper lons to form croass-links between the INA
straends while in the denatured atate, Only a few suoch
cross=1inks between the base3 are required to maintain the
single strends in close proximlity, so that under favorable
conditions,21 the double hellx can be regenerated,

To date, socluticon atudies have provided the vast majJor-
1ty of data on metal interactlons with nucleic aclds and

nmiclelec acid constituents and Weserll

has reviewed some of
the instrumental approaches ccmmonly employed, Studles on
s0lld complexes of pyrimidines, purines, and nucleiec acids
with metal ions, however, are sorely lacking and very much
needed from several points of visw, First, studles in-
volving s0lid adducts eliminate problems that inevitably
arise when solubtion work is employed, Solids are the only
systems that can be used te unequilvecally locate coordinaé
tions sites (e.g., by X-ray crystallography or IR spectros=-
copy)e Second, to work with solids eliminates the uncer-
tainty in relation to the specles being studied, This is
not true for solution studies where the lantegrity of the
complex under investigation 1s unclear due to the possi-
pility of generating systems of various stoichiometries
thaet persist in solution. Third, in order to batter
understand the forces that operate between metal lons

and systema of a more complex nature (e.g., amino acld-

motal ion-RNA, as presumed in proteln intermedlates or



protein-metal iocn-substrate, as in catalases), the trends

in bonding snd atolchiometry that exist between metal lons
and the small units comprising TNA and RNA must first be
elucidated, Only then c¢an sclution gtudles lavolving higher-
order systems provide beneficlal informetion concerning the
forces found on the atomie level between the metal lon and

its immediante environment,

Specific Aims

It will bocome evident from the literature review that
there 1s a lack of information and of & systematle charace
terization of the bonding, eleetronic and magnetic proper=~
tles of ccoordination compounds of the nuclelc acid compon-
ents, and of the Lewis base behavior, in general, of thesse
nuclelie acid constituents, The blelogical importasnce of
these coordination compounds prompted us to undertake thils
investigation in order to elucldate the coordinatlien abil-
itles these nucleic acld components have towards Cu(II)
and to wnderstand the resulting bonding, Our specific alms
were to elucidate the interactions between Cu(Il) and
nuclele acld components as they form solid coordination
compounds, Of special interest will be to determine the
capability of forming coordinatlon compounds with a repre-
sentative variety of these ligands, to observe any trends
in the stolchicmetries of theo compounds formed as well as
the preferred sites of coordination employed by the ligands,

to find the pH necessary for complexation to occur, and to



carry out a full characterization of these solld coordina=
tion compounds by means of vibrational, electronic, and

EPR apectral and magnetic susceptlbility measurements.
Cu(II) was chosen as the metal lon because of 1its ubiguitous
presence in many biologieal processes, and its capabillity
of being utilized as a simple magnetie probe.



Historical Background

Nuclelec acid components offer a multitude of sltes that
can coordinate as Iewls bases towards metal lons. For exam=-
ple, the simple 5'-thymidylic acid molecule (5'=TMP)}, Fig.l,
has 3 sites on the ring, 2 sites on the sugar, and 1 or more
sites on the phesphate group avallable for bonding. Benac-
eorsi, gi_gl.,as noted that deprotonated purine bases offer
a variety of nucleophilic sites which may not greatly differ

in thelr electronic propertles, Therefore, when such

Table T

Selected pK_ 8 of Purine and Pyrimidine Baaes
(b} potentiometry at 25°¢C)

Base Ionization Slte Reactlion pK,
26
Adenine N(9) HL = H + L 9,88
N(1) HyL'z H* + HL  [.22%6
- 27
Cytosine N(1)=c{2)0 L= HY 4+ 17 12,16
y N{3) H,L'z B 4 HL  14.5828,
Yo 6027
-3
Guanine N(9) oLz 1Y + 172 12,353
N(1) HpL,2 Hy + HL™  9.259
N(7) HoL's H* + HpL 3.3
Thymine N(3)-C(i)O/N(1)=C(2)0 HpL = K™ + HL™  9,9025,
| 9.9427
Uracil N(3)=C(k)O/N(1)=C(2)0 HpL = H + HL" 9.&63?,
352"

# Hydrogen electrode



heterocycles are treated with electreophiles a number of
products may result, However, Izatt, gg_gl.,lo recently
reviewed the stabllities of varlous complexes of nuclele
acid constituents with protons and various metal lona, and
their compilation suggests that a particular type of slte
(6.2., base nltrogen, sugar or phosphate oxygen) mlght be
preferred at a particular pH, but that the exaet slite used
is a matter of conjecture, Thoée results are borne out by
the known pK,8 of some of these nucleie acid components,
Table I. Here a high pK, implies a high coordinating
ability. For example, in adenine, coordination at N(9) is
expected, while 1in uracil, the similarity of the pK,s of
N(1l) and N{(3) make it unclear as to whiech site would be pre-
ferred for metal coordination,

The two sectlens that follow deal with some of the
chemical agpects of solld transition metal coordination
compounds of pyrimidine and purline bases, their nucleosides
and nucleotides that have appeared in the literature through
early 1976. There have been reviewsl®211:39 qea1ing with
the general area of transition metal ion-nusleic acid conm=
ponent interaction, but none haa dealt with the solld coore
dination compounda.31’32 It is hoped that the present
survey reflects the large amount and dlversified charaster
of the work that has been done and 1s being done in this
field,



Pyrimidines

Thymine
The firat 1:1 solid adducts of thymine and le-acetylthy-

mine with Hg(II) were reported by Hoffer33'35 while the
first 2:1 (ligand/metal)adducts of thymine with Hg(II) were
reported by Fox, 33_53.35 These reports gave only syanthetlc
routes to product formation with no chemlcal properties of
the complexes, The first crystal structure of a transition
metal complex with thymine, bis(l-methylthymine)Hg(IE),

was given by Kosturko, 33;35.37 This complex was prepared
at moderately high pH in agueous solutlion. The coordination
around Hg(II) 1s a highly distorted octahedron with the two
deprotonated N(3) atoms bonded linearly at 2,04°A and the
0(2), 0(2)', O(4), and O(l4)? atoms bonded in a btrans
arrangement at approximately 3°A,

Silver-thymine compounds have been prepared and used36’39
a3 intermediates for the syanthesis of nucleosldes, These
preparations were carrled out in baslc solutions with AgN03
as the starting agent but the products were not well
characterized,

Recently, the flrst example of binding of a pyrimidine
base through N(1) was glven in a crystal structure deter=
mination of an anionic thymine compiex with Cu(II) by
Kistenmacher, 5&1355.,40 (aguo) (diethylenetriamine)
(thyminato)cu(It) bromide, cu(H?o)(CHH13N3)(GSH§N202)Br'

The coordination sphere about the Cu(II) ion is approximately
square pyramidal with the tridentate dlethylenetriamine

10



ligand and the N(1) of the thymine monoanlon occupying the
four equatorilal sites; the coordination sphere 1s completed
by an axlally bonded water molecule at 2.&653. No evidence
for a significant mxlal Cu-0(2) interaction was found. This
type of interaction has been noted In N(3) bonded cytosine
and cytidine complexes,ul-hh which have a Cu~0(2) distance
of about 2.8%,

The structure of an unususal complex, XK, Pd.Cl, * L(l-

2" 72776
propylthymine), made by mixing aqueous solutions of K_PdCl

and l=-propylthymine has been determined by X-ray dirriactiiﬁus
ana shown to contain (Pd2016)-2 dimers, However, no evldence
for direct dimer base bondlng was found,

To date no metal complexes with thymidine and thymidine
nucleotides have been characterized by standard chemical

35,46

analysis, but some have been prepared with Hg(II) and

used to form lntermediates necessary for organlc syntheses,

Cytosine

The first unequivocal case of copper=-pyrimidine bonding
was reported by Carrabine and Sundaralingam o117 when the
crystal structure of Cu(cytosine)2012 was determiuned, The
preparation of this compound was essentlially the same as
that previously reported by Melzerha who cited a 5% yield
of a 1l:1 adduct in addition to a T1% yield of the 2:1
cytosine-copper complex. The coordination about the Cu(II)
ion 1s a very dlstorted octahedron,Lm with the two chlorids

tons at 2.29% and the two N{3) atoms of the cytosine bases

1l
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at 1.963 in a trans square planar arrangement, The two 0(2)
atoms complete the coordination sphere but are only weakly
coordinated, 2.812 {average) away from the Cu(II) ion,

A series of compounds with the general feormula
* nH 0, where for L = cytosine, n m» 2, and

w2 2
for L 2 cytidine, n = li, have been prepared recently&g

Cu(L)h(Clo

Although orystallographlc parameters were given, no base
bonding sltes were reported.

A novel protonated complex of cytosine was reported by
Kindberg and Amma,so bis{cytosinium)tetrachloropalladinate(II),
The brick red complex was formed by adding egqulmolar amounts
of KQPdGlM and cytosine together at pH ; {(HCl), Here the
structure consists of diserete (PdClu)- ions and protonated
cytosine rings in a complex network of hydrogen bonds,

Each ring 1s hydrogen bonded to five different square plansar
(PdCIu)-z jons end the only contact made between the metal

and the ring is through hydrogen bonding via the chloride

lon, The polyatomic anion preserves its monomeric integrity,
unlike what occurs in the previously presented thymlne
complex.hg

Recently, ternary Cu(II) complexes with cytosine and
cytidine, and an smino aclid (or Shiff base) have been pre-
42,51=54

pared and thelr structures determined by X-ray

erystallography, The structure of these compounds might
be similar to those systems were substantial interactions
between nuolelec acid, proteln, and metal ion should occur

(1n many instances, enzymes are well known to be activated
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55’56). In the copper(II) glycylglyecine com=

52

by metal ions
plex with cytosine and cytidine,hz the molecular conforma=-
tions of the two complexes are nearly ideaticsl, The coordi-
nation geometry about the copper ion 1s approximately zquare
planar with the tridentate glyeylglyecine dianion and the

N(3) of the eytosine or cytldine occupying the four coordi-
nation sites, Furthermore, the exocyclioc oxygen atom, 0(2),
on the cybtosline or cytldine residues 1s axially located

2.78 (average) mway from the Cu(II) ion, extending gualita-
tively the coordination geometry to square pyramlidal, The
presence of this Cu-0(2) interaction in all known square
planar copper(II) complexes of cytosineuu’sa’sh or cytidinehg
suggesta that thls type of interactlon may be important in
the binding of Cu(II) to cytdsine realdues in nucleic aclds,
In the Cu(II)=Schiff base ocomplex wlth cytosine,gh
((N=3alieylidene-Nt-methylethylenediamine) (cytosine)copper
(IT)) nitrate monohydrate, Cu((010H13N202)(Chﬂsn301))NOBoHZO,
the primary coordination sphere about the copper lon is ap~
proximately octahedral with the trlidentate Shiff base and
N(3) of the neutral cytosine constituting the basal plane,
The 0(2) of the cytosine ligand and one of the oxygen atoms
of the nitrate group are axially located 2,772 and 2.806%
away, respectively, from the Cu(II) i1len.

A 1:1 cemplex of Hg{II) and S-fluerocytoaine,BS
Hg(chﬁiﬂ301Fl), has been reported. The complex was prepared

by refluxing mercuric acetate and 5-fluorocytosine in methyl



1h,

alcohol. The product was poorly characterized, Welss and
Venner57 noted that Co(II)} and Ni(II) only weakly coordi-
nate with eytosine ylelding adducts of various stolchlometries,
however, these adducts were not characterized,

A series of 1l:1 complexes of various transition metal
ions with S'~oytidylic ac1a®0?5? (51-cMP), St-cytidine
diphosphateéo (5'=CDP), and S5V-cytidine triphosphat960-62‘
(5'=CTP) have been isolated and characterized. Ogawa and

59 prepared crystalline complexes of 5'«CMP with Zn

Sakaguchl
(IT), Pb(II)}, Co(II), CA(II), and Ma{II). The general pro
cedure employed was to mix agueous solutions of the metal
nitrates with aqueocus solutions of the ligands, acldify

with dilute HNOj, and heat gently at 60°C for 10 minutes. Usu-
ally, 1:1 stelchlometries were obtained except with Ag(I)

and Hg(II) which yielded 2:1 and 3:2 metal to ligand ratios,
regpectively. Infrared characterization was made by come
paring the spectra of the metal complexes with those of thse
free aclid, and alkaline and alkaline earth salts of 5'-CMP,.

In all instances, metal coordinatloa through the phosphate
group was suggedted from the infrared absorption band near

980 om™*, T additlon, coordination by the cytosine ring
molety to Hg(II), Co(II), Zn{II), and CA{II) was assumed

from the spectral changes in the 1700-1600 em™t

reglon,

De Pamphlllis and 0191and60 successfully isolated
stable complexes of Cr{III) with a variety of diphospho= and
triphosphonucleotides, ineluding 5'=CDP and 5'«CTP, by

heating the nucleotides with agqueous chromium(III)
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perchlorate at 80°c and pH 3 for 12 minutes and purifying
the complexes by ion exchange methods, Thess somplexes,
which are stable at acid pH, can be used as dead end inhlbl-

60,63 In

tors for elucidating enzyme kinetlc mechanisms,
the tri~ and diphosphate complexes, Cr{III) is bound te all
phosphates in each case; no evidence for metale-pyrimidine

or metale-gugar bonding is glven. The remalning coordination
posltions are presumably taken up by water, For chromium
(ITI)=-5'-adenosine triphosphate, Cr(III)-5!'=-ATP, a magnetiec
moment of 3,83 BM was reported at room temperature, consisg=
tent with a mononuclear complex, An axial EPR spectrum
(gl=1.97 and g“-u.TO) was rocorded, De Pamphilis and
Cleland were also able to laolate a series of Cr(III) come
plexes having the general formulas: (cr(NHé)x(Héo)y(z)z) Zq,
where 72 = Bry, X =22, Yo 2, 222, andg= 1; 2 £ Cl, x =23,
y=2l, z= 2, andgz1l; Z=Cl, x=l, y=1, z =1, and

qQ = 2. By slmply heating these chromium(III) complexes

with 5'-=ATP and 5'-adenosine diphosphate (5'=ADP) a new
series of Cr(IlI)-ammine-nucleotide complexes could be gen=-
erated, Durlng the heating process the Br or Cl leaves the
coordinatien sphere, but NI—I3 remains, Coordination poaitions
not occupled by NH3 or nucleotlde contain H,0e The mono~-
dentate nature of the nucleotides is implied, The visible
absorptlion spectra of the Cr(III) compeunds meantioned

above contalned two bands, one in the 382-430 nm and the

other in the 516-610 nm region, The colors of these com~



plexes were red, green, violet, and red violet, These
absorptions are characteristic of formation of lnner sphere
coordination complexes of Cr(III). Electronlc spectra of
Cr(Héo)6+3 in asidic solutions at 100°C with nucleotide
were also lnterpreted for the presence of dimerlc and trie
meriec specles, The absorption at 340 nm appears teo be a
measure of polymers of this type. |

Lastly, Dale, et al.,b226%t nave developed a relatively
simple synthesis to generate a series of Semerourithio
derivatives of CTP, dCTP, ATP, and 2t=jgoxyuridine=-5'=
triphosphate (dUTP) which are excellent substrates fer
polymerases, The genseral procedure is to prepare the mer-
curlacetate derivative of the nucleotide first and then con-
vert 1t to the active mercurithieo form by addition of an
appropriate mercaptan, The activity of these mercurithle
derivatives lg due, in pari, to the fact that mercury addi-
tion by thils procedure occurs at C(5) for pyrimidine resi-
dues and C(8) for purine residues where addition: (1) does
not interfere with the normal Watson-Crick hydrogen bond-
ing potential of the bases and (2) does not alter the normal
"anti" nucleoside conformation found 1n natural polye~

nucleotldes,

Uracil

Zn(I1), Ag(I), and Cu(II) complexes with uracil have

various therapeutic potential as antimicrobial agent865'66

16
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and for alleviating viral manifestations.67 The stoichilo~
metries are 1:1 in the case of Ag(I) complexes, and 2:1
(1igand/metal) 1in the ease of Cu(II) and Zn(II), Also Ag(I)
and Hg(II) complexes with uracll and 5X-urasils (X = Br, I,
GaHs, and Noz) have been employed as intermediates for or-
ganic syntheses.33’35’38’39’68_72 These intermediste com-
plexes have not been characterized except for elemental
analysis,

Goltfman and Kustova have studied the reactieons of
Ag(I)73 and Pd(II)Th with 5=fluorouracil and isolated ad-
ducts of varlous stoichiometries, PA(II) diammine and
dichloro complexes wilth 5-f1uorouracil7h were shown to have
a trans square planar configuration by means of IR spectroscopy.
In addition, a 5-fiuorcuracil (neutral ferm) bridged dimer
of PA(II) with NHé and Cl was pogstulated on the basis of
elemental analysis,

The structures of bis(uraeil)mercuric chloride,

Hg(cuHhNZOEEPIZ’ and bis(dihydrouracil)mercuric chloride,

Hg(CkEgN202)201§, have been determined by Carrabine sand
Sundaralingam.7 The translucent crystals were prepared by

slow evaporation of a 2:1 ligand to HgCl2 solution (pH = L),
The quartitles of uracil and dihydrouracll used were
1l0mmoles and lmmole, respectlvely, in a total of 2ml of
solution., Both complexes iavolve two long trans Hg-0(l)
bonds (2.83), two long Hg~Cl bonds (3.068) and two short
Hg=Cl bends (2.33). The octahedrally bound Hg atoms are
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held together by Cl bridges, and the 0(2) atoms are in-
volved in intermolecular hydrogen bonding between ligand

molecules, Mansy and Tobia376

have recently used IR and
Raman spectroscopy to fingerprint uridine mercuriated at
c(h)o, ¢(5), and N(3) in agueous solution,

The pH of the complexing medium seems to play an im=-
portant role in determining where Hg(II) will coordinate,
It appears that under asidlic, neutral, and basic condltions,
Hg{II) will bond to uracil residues preferentially at
c(i0,™ co(5),528k

Motal-UMP'O (Metal- Stadenylic acid) and Metal-uTpbl

and N(3),!! respectively.

{Metal-5tadenosine triphosphats) complexes have been
isolated., Although no work was done to charasterlize the
Fo(III)=-OTP oomplex9361 further, the UMP complexes of
Zn(II), Ag(I), Pb(II), and Cd(II)78 (the Ag(I) complex was
1:3 1ligand/metal) were characterized by elemental analysis
end IR spectroscopye. The general procedure used to pre-
pare these complexes was to add a solution of the metal
nitrate to a solution of NaéUH?, heat gently and allow it
to evaporate slowly at a pH between l,8 and 6,8. The IR
data indicated that in all cases coordination was through
the phosphate group and in the case of Pb(II) and Ag(I)
glso through the C(h) or C(2) carbonyl group.

2=thiouracil and its 6-alkyl homologues were shown to

79,80

have enhanced antlithyroid activity, and muoch interest

has been generated in an effort to prepare metal complexes
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-86
with these 1183nﬂ8081 IibermannOoL? 82

was the first to
report the formation of a metal complex when a series of
6- and 5,6~substituted 2~thiouracils were reacted with
Co(II), Zn(II), Fe(II), ¥n(II), and Cu(II) (Co(II) did not
roact)e The complexes were generated by mixing a saturated
solution of the ligand wilth a solution of the metsl salt
(usually the ehloride or sulfate). In the cese of Cu(II),
the complexation with 2-thilouracil led to a drop in the fil-
trate pH, On the basis of this observation and solubllity
constant limits, a l:1 complex with 2«thiouracil involving
the C(2)8 and CG(IL)0 was postulated, Similar bidentate
chelatlon is presumed for the other metal complexes, how-
ever, thelr atoichiometries were not given, The nature of
the metal interaction in 2:1 (ligand/metal) semplexes of
6X=2-thiouracil (X=H, GBHT) has not been olearly elucldated,
Webersh'presumod that the ligand was monodentats and ine-
volved the C(2)S or C(4)0 when complexed with Cu(II),
Khullar and Agarwa1a85'86 have done detalled spectro-
soopic work on complexes made with a varlety of metal ions
snd 2-thiouracil, In all cases, except Pt(II), the data
shows that the ooo:dination is simultaneously via S and N
atoms, A large amount of work on selid complexes of
2,i=dithiouracil with transition metal ions has recently
amerged.87'89 Dimer and trimer metal complexes have been
postulated on the basls of elemental analysis and spectro-

scoplo evidense, In all cases, coordinaticn through an
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S and N atom were postulated from IR data and very often
polymeric species involving a bridging dithiouracil ligand
were pregumed from solubility and IR measurements, In par=
ticular, the Cu(II) complex involved a tridentate form of
the ligand which permitted extensive, random polymerization
throughout the crystal lattice.

Lastly, a erystal structure determinastion of chlorobis
(2-thiouracil)Cu(I) dimethylformamide solvate was recently

90

reported, This compound was prepared by the addition of

solid 2-thiouracil to 0.2M CuCl,_ at 70°C. The insoluble

2
product was recrystalllzed from DMF to give yellow octa-
hedral ecrystels, Appareantly & redox reaction ensued re=
ducing Cu(II) to Cu(l)s The structure is nesrly planar with
Cu(I) trigonally coordinated by two C(2)S atoms eand the
chloride 1on, The DMF is filling a gap in the crystal lat-
tice, The C-S distance of 1.608 (average) and the C-0
distance of 1.223 (average) indiceste the existence of
double bonds,

It becomes apparent from the dlscusslon that there are
a variety of possible bonding modes (l.e., monodentate,
bidentate, snd tridentate) as well a&s possible bonding
gltes found in solld complexes of metal ions with nuclele
acld constituents., The actual bonding site(s) used by
these ligands was shown to be a funectlon of reaction condi-
tions (i.,e., pH, temperature, reagent atoichiemetries,

etc.)s. A complilation of the bonding sites found in soclid
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transition metal compounds containing pyrimidine resldues
1s given in Table II.

-Table IT

Ligand Bondlng Sites Found 1la Solid Transition Metsal
Coordination Compounds of Pyrimlidlne Resglidues

Ligand Bonding Site(a) Metals pH
A) 1, Thymine -
2. l=methy thymine N(3)ag Hg(IT1) Basice
N(1l) cu{II) Basic
3¢ Thymldilne -
b, TMPY -
Se TDP -
6. TTP* -
B) 1, Cytosine N(B)Eg’sa’Sh Cu(II) - HHH
3. CMP Ring/Phosphate Hg(II), Co(II), Acidic
59 Zn{II), C4A(II)
Phosphate Ph(II), Mn(TI), Acldie
60 Ag(I)
4o CDP «s # Phosphates Cr(III) Aeldic
5e CTP *.ﬂ.gngﬂf!phates cr(III) Acidle
c(5)"~? Hg(II) Neutral
¢) 1. Uraeil c(hyol® Hg (1) Aeidic
2., 2=thioursaecil G(2)S9 Cu(TI) -
3. Uridine - 8
. UMP Ring/Phosphate’® 2n(II), €A(II), Aeldic
5 Ag(I), Pb(II)
6, UTP c(5)°-? Hg(II) Neutral

# Abbreviations: TMP (S5'e-thymidine monophosphate)
PDP (5'=-thymidine diphosphate)
TP (5'-thymidine triphosphate)
UDP (5'-uridine diphosphate)

## Indicates no transition lon ecoordination compounds iso-
lated to date,

3¢ Tndicates that the informmation regarding pH conditiens
employed was not determlned or undeterminable,



Purines

Purinic ligands provide a variety of complexation modes
when combining in acidic, neutral, or basle solutions and
erystallographic and other atudles have shown them to possess
the capabllity to use a number of sltes for bonding. In
addition, these ligands have been found 1n complexes involv-
ing one, two, and three metal centers,

The earliest reports of solid adducts with purine resi-
dues wWere a Au(III) complex with guanine91 and & series of
metal(II) complexes with S5t-adenylic aeid92 (51=AMP) and
2,8-d1chloroaden1ne.93 Although the metal complexes were

91,92 and trimer92

not well characterized both monomer
stolchiometries were assumed on the basls of chemical
analysis,

The purine bases have been the basis for much of the
information accrued on metal-nucleic acld base complexes,
Adenine has been studled more extensively than any purine

base teo date,

Adenine

Venner and Weiss have contributed heavily to the syn-
theses of metal oomplexss wlith purine residues especlally
Wlth adenine and substituted adenines.gl"'98 These authors
and others,él'78'82'91'93’96’99'113 however, have not pro=-
ceeded with further chemlcal characterlzation of these

coordination complexes,
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11h-120
Colaltis and Brigando h-12 have syntheslzed several

cobalt complexes with adenine and adenosine snd have studled
thelr electronic propertles using UV-Vis end IR spectroscopy,
and magnetic susceptlibllity measurements,

Complexes with adeninellhslla

having the genersl stol-
chiometry M(L) (OH) j+ aH 0, where ¥ = Co(II), (I), or Co(III),
(I1), were isolated and a spectral study performed., Com=-
pound (I) was prepared by adding a solution of NaOH slowly
with stirring to an equimolar mixture of 00012 and adenine

wnder N, and collecting the rose~colored precipltate that

2
falls out at pH T.lte Compound (II), a dark brown-green
product, was prepared by alr oxidation of a basiec solution
of (I). Magnetic measurements were performed over the range
79-271°k. Compound (I) had sn effective moment of l,64BM ine
dicating 3 unpalred electrons, while (II) had an effective
moment of 2,77BM indlcating 2 unpaired electrons. The

charge oo the ligands was establlished by means of the UV
bands at 268nm of neutral edenine in compound{(I), and at
260nm of anionic adenine in compound{(II). Compound (I)

gshowa 2 absorptions in the visible region at about 51¢ and
350nm, while in compound (II) only 1 absorption neer 350am
was seen, On the basis of visible absorption and magnetic
susceptibility deta, the electronic configurations for
compounds (I) and (II) were postulated as hshp3 and 3&hshp2,
respectively. In both cases chelation to the adenine molety
through N{(10) and N(7) was presumed on the basis of IR
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spectrogcopy from a large perturbation of the out-of-plane
vibrations of the N(10) amlno hydrogens, The remaining two
coordinate bonds were from the hydroxyl groups.

Polynuclear complexes with adeninells’ll7’118,

8=

adenosinell6’1l 120, and ATPlll6 have been syntheslzed and
characterizeds The conditions for formation of a particular
stoichiometry with any of the ligands depend on temperature

a8 well as heating time., The typlcal preparation consisted

of mixing adenine with Co(NH3)5012 in an aqueous solution with

heating, Two series of trimetallic Co{III) complexes were
obtalned, one with 2 adenines and the other with 3, In all
cases the ligand is in the anionic form (from UV messure-
ments) with the Co(III) octahedrally coordinated., Bridging
ligands are assumed to be NHé or NH2 and OH groups, and the
purine ligand 1s presumed to bind through the amino nitrogen
N{10) and N(7) on the basis of IR data, A platesu at about
580mm in the visible spectra 1s consistent with octahedrally
coordinated Co(ITI) complexes, A Co(III)=ATP dimer was also
synthesized and characterized.116

| Resactions eof heavy metals with purine residues have
been suggested for sequencing of nueclelc aclds by electron

62,121

microscopy and X=-ray crystallography, for posslble

use in the elucidation of enzyme mechanisms,6o and as an

effective method of precipitation for nuclele acid cone

stituents,1°0

Glbscon, et al.,100 syntheslzed a series of potassium

2y




salts of Au(III) adducts with various adenine nucleotides
by reacting mixtures containing various amounts of chloro-
suric acid, HAuGlh. at various pH+pCl with the desired
nucleotide, Brown adducts were lsolated by additlon of
ethanol and appeared to be polymerized because of N—>Au<N
bridges., The potassium salts of gold-adenine nucleotides
are rather soluble, yet the gold adduects with adenine and
sdenosine are lnsoluble,

The preparatlion and properties of a large series of
Cr{III) complexes with nucleotides was reported by DePamphilis
and 01eland,60 and a discussion of the synthesis and charact-
erization of 7=-mercurlacetate derivatives of 7-deazaATP62
was described in the previous seetion en pyrimidine nucleo=
tide complexes (p.16). | _

The report that certein platinum complexeslaz'lzu have
antitumor and antibacterial activity has prompted interest
in synthesiging platinum complexes with nucleic acid constie

125,126 have isolated and

tuentas, Theophanides, et al.,
characterized a series of complexes having the general formu-
ls, trans-(Pt(Purine)axa), where the purine is adenine,
adenosine and acetyladenosine, end X is €l and Br, The
halide ien was shown to be in the first coordination sphere
by conductivity, halide titratien, and IR data, The gensrsal

126

procedure used to prepare the complexes was teo dissolve

the ligand (6:1 llgand to metal) in an HX acld solution with

sztxh with gentle heating, Yellow prcducts appeared within




3=5 hours, The saynthesis of the acetyladenine complexes re-
quired dissolutlon of ligand in a non-aqueous solvent like
DMF or acetonitrile and & longer hsating time, Attempts to
substitute the hallde ion with N03 or Cloh were mnsuccessful,
411 systems were diamagnetiec at room ltemperaturs, The band
at 262nm in the UV spectrum of adenosine shifts in positien
to the 255-300nm range upon complexation. A frans configura=~
tion 1s presumed on aterie grounds and from a sharp peak in
the far IR at 340cm™L, The binding site used is N(1) or
N(7); participation by N(1l0) was ruled out because of the
presonce of the free N-H streteh at about 3300¢m“1 and NH2
deformation at 1600cm > in the IR spectrum. The lone pair
of electrons of the -NH, group in the acetyladencaine 1s not
available for bonding with the metal because it participates

in the ring, as shown by the high C«N stretehing frequency

9
-]
o=Pt 10
e = Cl ®
=X
@ = Ror R

Fige2.~ Poasible structure of the platlinum-dlpurine complex
with the metal linkage through N(1l), A linkage
through N(7) 1s also possible. R=H, -COCH3, R'z
D-ribose iagegoaina) or R=H, -COCHS, RizH
(adenine)125-0,x=cl1, Br
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of the C-NH, vibration at 1215em™ T, Alse, IR measurements

showed that the asugar hydroxyls do not interact with the metal.,

NMR data support N(1) or N(7) binding, Posaible structures

for the trans plaetinum complexes ere shown in Fig. 2,
Roos,'gg_gi.,IQT used mass specirometry to elucidate the

binding capability and bonding sites of a serlies of nucleo-~

sids analogues {(including 9-methyladenine and 9-methylguanine)

to cis- and trans- Pt(anine)zcl complexes, The general

2
synthetlic procedure was to react equimolar quantities of the
platinum-amine complex and ligand for about 1l days and then
reduce the volume by a factor of 10 to obtain ths product.

The mass spactrum ylelded extremely useful informatien con=-
cerning binding capacity: in the cls isomer the 9-methyl-
adenlne ligand appears to be monodentate, while the 9=-methyl-
guanine appears to be bldentate, The efficacy of cis-Pt(amine)2
012 cormplexes against tumors might be the result of prefer-
ential and selectlive bldentate binding of the guanine resi-

du95128

in tumor DNA to the platinum complex thereby'disrupt-
ing DNA synthesis leading to tumor death, Supporting evi-
dencs for the N(7)-N(10) bldentate ecapability of guanine
residues comes from phtoeleectren spectroscopy moasurements129
on complexes of varlous purine residues with the ?t(amino)a
Cl, syatems, These resultis, however, are in contrast with

2
NMR studles by Kong and TheOphanid0513°

where data reveal
only N(7) binding by guanosines, incsine, and xanthosine in

(Pt(A)Z(L)z)cl2 compounda, where L = nuclecside and A = NHj,



1/2 en, and pyridiae.

IR studies with metel-adenine and metal-adenine nucleo=
tide complexeslsl'133 have helped elucidate coordination gites
on the ligand. 'The metal nucleotide complexes (l:1 generally)
are prepared in acidiec sclutlon by mlxing equimolar amounts
of the Naanuoleotide and metal nitrate salts, ATP ylelded
Th(IV) and Ag({I) products contalning metal to ligand mole

133 The areas of interest

ratios of 1:2 and 3:1, respectively,
in the IR are the 1600-17000m-1 region (the adenine ring)

and the 900-1200cm-1 region (the phosphate group(s)}). Com-
parison to the free nuclectide and/or sodium sslts of the
nuclectide are generally used as the basis of comparliacn.
Hg(II), Cd{I1I), and Pb(II) appesar to shift the ring ¢ = N
stretching frequency from l6900m-1 to 17050m'1 upon complexa-
tion with little change in the 900-1200cm-1 region, These
results suggest coordination exclusively via the nitrogen
atoms on the purine ring and is consistent with the high com=
rlexation tendency of these metals with anitrogen bases. Ale
though evidencelBB suggests that N(1) is protonated during
complexation, the particular slte of ccordination on the
adenine moiety has atill to be determined in these complexes,
Fe({III), AL(III), an(II), Zro{(Il), Ag(I), and Th(IV) coordi~
nation appears to alter absorptions in the 900-1200cm-1

region indicating phosphate interaction,
A large smount of crystallographic work with adenilne

28

13h-1hh
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and 1ts nucleoside analog, 9-methyladeninelu5“150 haa been
reported over the last few years, and a short crystallo-
graphlie review by SlettenBo on copper{IIl) complexes with
purines has appeared recently. In addition, adenine has been
incorporated in e serles of mixed ligand complexes with

151,252 genirr bases,'>3 amine acids,>! and

sthylenediamine,
2,2'--bipyr1dino.15lL The firat reported crystallographlec deter-
minations of metal complexation with adenosina,lss 5'-AMP,156
and 5'—ADP157 have been elucidated only a short time ago.
Dimerie Cu{IIl) ecomplexes with the copper acetatelsa and
copper succinat0159 strusture have been prepared with both the
noutra1137'lh1 and anioniel36 adenine. The basis dimeric unit
of these complexes 1s shown in Flg.3, where the purine ligand
bonds via N(3) and N(9), and N(T) may137’1hl or may not125
be protonated, The apiecal ligands may vary, The coordination

around each Cu(II) ion approaches a square pyrimidal geometry

10

Fige3s = Cu(II)wpurinic dimer unit having the ecpper asetate
structure. Purine may be adenine or hypoxanthlineg
apical ligand may be Cl, Br, Hy0,
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with a Cu=Cu distanee ef about 2.9503. Recent magnetie
measurements on a number of these ayatemalsu’160-16u (inelude
ing hypoxanthine) strongly suggest that the anti-ferromagnetic
coupling observed 1s due almost exclusively to spln pairing

165 through the 1 aystem of the

via a superexchange mechanism
bridging ligand, The strength of the spin pailring 1s marked-
lyinfluenced by the charge on the bridging ligand and not in
the apical ligand, For example, the anioniec, inner complex,
Guz(Ad)h(Hao)a, and the neutral camplex, Cua(AdH)h(HéO)a,

have the same Cu-Cu dlstance (2.953). yet the exchange para=
meter, 27, is differant for each being -210162 and _30216h
cm‘l, respectively, 2J represents the energy difference be-
tween the singlet and first exeited triplet state; the nega-
tive sign mesns the singlet state is the ground state, Table
IIT contains the magnetie parameters (including 2J) found in
solld Cu(II) dimer complexes with purinie ligands, Data en &
new series of halogen bridged (halogen = P, Br, Cl{anhydrous))

22°are also included, Jezowskae

Cu(II) guaninium dimers
Trzeblatowska and Kozlowsk1168 have related the charaster of
this bridge to the hyperfine coupling constants found from EPR
measurements for Cua(Ad)h(Hzo)2 and Gua(AdH)h01hf
The retentlen of purine bridges even in the presence of
hallde ions, which themselves funetlon as excallent bridges,
indicates a high preference for the dinuclear configuration
under these conditlions, However, the orystal structure of a

novel trinuclear Cu(II) complex with adenine and halogen




Pable ITI
Magnetic Paremeters Found in Solid Cu(II) Purinic Dimers

$EE3 . Ly
Basic Cu(II) Dimer Unit =27 _ g g g A A E 2D _; Cu-Cu Distance
(em~l)y ¥ 52 &Yy (W (™) (om (%)
1, Adenine (LH)
(Cu(LH)Zx)2
o+ 3 = 137
X‘Hzolgg 3og =60 2,05 2.22 - 217 95% .03  L110 2,951
30 - - - - -
300#60 2. o 5 2.27 - - - - o111
x.cfggg*“** . z.ghg g.go 2,24 - 58 - .ggg 3,066
cl 2 2e . * 9 - - - - P
213#—1(—%!-** Z 2,05 2,17 - - - - « 09
2,23 «09
x:Br213 - 2,05 2,17 - - = - 09 -
Br 280 2,046 2.27 = - - - L1158
Cu(L) X),
222 + 136
Ho0 168 - 2,053 2,50 2,20 3 115
gs 123 160560 2.08 2,19 = 21* 7% .0 2121
50102 210 2,03 - - 70 -  .125
2, Cuanine (LH)
(C“(ma)zxz.)a
o R an PR OEM Do 1w 2T
cl 9 2. . - = - .
11863 82.6%1 - - 202 - - - 3,575163

T¢



Table III (Cont!'d)

364t 3t
Basic Cu(II) Dimer Unit 27 g g Eaw A E _94 D _y Cu=Cu,Distance
i A T P t (2)

g&é&nhydrous)zze 55 - - 2,10 - - - «050 -
Br 310 - - - - - - «30 -
3. Hypoxanthine (LH)

(Ca(LH) Zx)z

x=201166 2k0 2,051 2,28 - - - - .096  3.0243%7
Ereot 245 2,049 2.28 - - - - 2097 o2k

(ou(L) X)

X=H,0222 265 2,047 2.27 - - - - 162 -

# 1G=0,933 x16™tem~2

#4#+ g repregents the relative spin and orbital contributiens to the total angular momentum
of the electron,

33+ the counterion and waters of hydratien omitted for convenleace,

w3t A value given unquelified,

st range of g and D values given emly.

ct
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bridges was reported by DeMeester, et al.,13h Fige e The
trinuclesr complex was iseclated from a 2M HCl seolution,

cl

Cu

1%
=

Figelte = Crystal structure of CnBCls(AdHé)ao hHaO.lsljr

The adenine carriss & net posltive charge, as 1t 1s protonated
at both N{1l) and N(7)e The metal lon separation has insreased
to 3.&793. The central copper ion ean be considered six-
goordinate with four bridging chloride lons, and two N(3)
atoms from the bridging adeninium lons completing the octa-
hedron. The terminal copper ilons are effectively fivew
coordinate with four chloride icns, and an N(9) atom from

the bridging adeninium ion completing the aquare pyramid,

All the magnetle data on this complexare consiztert with a
magnetically dilute system with ne Cu-~Cu interactions slnece
the magnetic moment at room temperature is 1,86BM and the
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EPR spectrum merely shows a signal in the g = 2 region.13Us163 !
|
|

With zine and cobalt, adenine resldues are found to form
complexes that bind through N(?),138 and N{(1) and N(?).MLB
The latter complex conslsts of inflnite chains in which te=-
trahedrally coordinated cobalt ieons are linked by 9-methyl=
adenine bridges, This is the flrat example of metal-N(1l)
bonding reported to date, The site preference for mononuclear
complexes, however, appears to be N(9),lh0’lu3 or N(7)1h6’156
if the 9 position is bound to another group in the free

156 or o methyl grouplhb).

ligand (e.2., & sugar group
The erystal strueture determination of an osmium(IV)

asgter of adenoain6155 1s of conalderable interest slnce it

shows no cocordination through any nitrogen atom in the ade-

nine ring. The brown complex of bis{pyridine)(adencaine)

osmate(IV) was prepared by dissolving OsoB(py)2 and adencsine

in a small volume of water~pyridine (2:1 v/v) and kept for

several hours at L49C in the dark. The osmium ion binds as

an osmate ester te the 2'-3' ¢ig diol of the adenosine

sugar molecule, and the entlire complex assumes an octahe=

dral coordination wlth the two osmyl groups trans to one

another, The ability of osmium to bland excluslvely with

the 21-3' eis dlol function in the ribose molety 1is interest-
167

ing aince Berger, eof al,, reported that in the presence
of the copper acetate dimer RNA polymerase was able to
"recognize® ribonucleotides (as opposed to deoxy-

ribonucleotides), Presumably, the Cu~Cu distanee 1s sbout
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the »right size to accomocdate the cis 2'-3! oxygen atoms of
the ribose sugar with the result that the metal complex is
oriented in a fashlion more favorable for action by the poly=-
merase than the uncomplexed ribonucleotlde,.

Lastly, a series of mixed llgand complexes of adenine
residues with seme nltrogenous chelatessl’lsl‘lsh'l68 hasg
been prepared and characterized in the hope of elucldating
the effects of specifiec interligand interactionslP1™153 on
a metalts aslectlvity toward a partiosular nuclele acid base

as well as the role metal ions play in protein synthesis.sl

151,152

Kistenmacher, et al,, utllized a stereospecifie

169

reaction which exhibits base selectlvity and proceeds only

in the presence of adenine, The reactlion is
+1 +2 -
brans-(Co(en)zclz) + adenine ~» cis-(co(en)acl(adenine)) + Ol

where en 1s the bldentate ethylenediamine ligand,

The structure of cis-(Co(en)zCI(adenine))8%352 waa carried
out, The coordination about the Co{III) is approximately
octahedral with the six coordination sltes occuplied by the
four nitrogen atoms of the two ethylenediamine molecules,
the ohloride ien, and the N(9) of the adenine anion, The
adenine ring has positioned itself in such a way as to maxi-
mize the hydrogen bonding to the N(1l) and N(13) atoms of
the ethylenediemine ligands, and to minimize the intramecle-
cular repulsion with the ethylenediamlne ligands or the
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chloride loen, It seems that intramolecular hydrogen bonds
are important features that indeed play a role In determiniag
the melecular conformatlon of the complex lon, and may play
an important role in the future understanding of metal-

promoted recolling of nuclele aoids.17°

Sakaguchl and TFanno prqparad171 and studiedSI

the ternary
coordination complex, adenine-glycylglycine=Cu(II) which can
be used as a simple model compound for the investigation of
nuoclelie écid-proteindmetal ien lnteraction, Blue asingle
crystals of the complex were obtained by dissoclving Cu(Il)-
glyeylglycinate and adenine in 304 aguneous ethanol in a 1:1
mole ratio with gentle heating for 30 minutes followed by

slow ovaporation at room temperature., Tomitas, 23_51.,223

have determined the erystal and molecular structure of thils
compound and have shown that the geometry 1s square pyramldal
with atoms N(1), N(4) and 0(8) of the glycylglycine anion

and N{9) of the adenine molecule in the plane and the water
molecule axlally located approximately 2.33 from the metal,
This 4 + 1 geometry has been seen in many eopper aystemalBh’
136,137,141 although the l + 2 geometry waa considered the

preferred conformation until recently.

Guanine

Numerous synthetic conditions fer metal=purine complexes

have been developed including those with guanin991’96’172'175

and gusaanine residues.172 but spectroscoplie methods have only



recently besn employed in an effort to characterize

them, 1272130,139,176-186

Iy

Sundaralingam and Carrabine ~ performed an X-ray deter-
mination, which was later reconfirmed by Declercaq, gE_gl.,le
on the dimeric trichlorcguaninium copper(II) complex,
(cu(GuanH2)013)2° 2H,04 Yellow brown crystels of the complex
wore prepared by dissolving 1+l mmoles of guanine in an exceas
of eongentrated HC1l and addling thils solution to an aqueous
solution of k.7 mmoles of CuCl,*2H,0s The resulting solutien
1s allowed to boil for 25 minutes—with a concomitant de-
orease in volume at which time precipitation begins, The
complex in the hydrated form 1s undoubtedly the one prepared

95 when they reported the synthesls of

by Veaner and Welss
(Guanino)0u012-H01. The ehlorine-bridged complex, consist-
ing of two units related by a center of inversion, 1is shown
in Fig. 5. The penta=-coordinate copper ien is bonded direectly

te the N{(9) of the guaninium moiety and four chleride lons

°=gg

Fige 5+ = Crystal structure oﬁhthe dimeric trlchloroguaninium
copper(II) complex,

approaching a trigonal bipyramlid arrangement, The guanine
ring 1s protonated at both N(3) and N(7). The apparent

37
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preferential binding of copper to N(9) does not preclude
N(3) or N(7) binding in cases where N(9) 1s blocked,127’18°’1ah
but fhe lack of involvement of the amino group in either
proton or metal binding indicates that this group 1s unllkely
to partiecipate in metal binding, Indeed, crystal structures
for copper with adenine (sse Table IV at the end of this
sestion) and cytosine (see Table II at the end of the previous
section on pyrimidines) support this contentien,

The X-ray erystal structurs of the zine triehloroguaninium

139

complex has been determined, but is composed of disscrete,

monomeric units, The complex was prepared according to the

method of Weltzel and Spher173

by slow evaporation of a 2:1
mixture of zine ehloride and guanine in acid solution, Here
the zinc 1s tetrahedrally coordinated to three chlorilde lons
and an N(9) bound guanine residue protonated at N(3) and
N{T)e

Villa,185

and later Drake, gj_gl.,183 studied the magnetle
properties of the trichloroguaninium copper(Il) dimer, Fig, 5,
Variable temperature susceptlbility measuremantsw3 from 293

to 1.6°K were conducted on a powdered ssmple of the complex,
After correcting for a small amount of monomeric impurity a

near perfect £it to the modified Vam Vieck equation ol 170

for exchange coupled dimers was obtained with 2J=z -82.6em-1
and g=s 2,12, The sign of 2J, the energy separation between
the ground state and first exelted triplet state, indicates

that the singlet configuration for the dimer is the ground
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state with an excited state 82.60m™t higher in energy. The
large Cu=Cu separation of 3,58% precludes spin interactions
through spase since direct orbital overlap over this distance
is extremely small, The interaction must therefore occur
via superexsehange through the ochlorlide bridge. Although the
EPR spectrum at 77°K is poquy regolved due to dipolar inter-
actions caused by the significant population of the triplet
exeited state, a "half field" band from the aM = 12 transie
tion of a triplet spescies was observed around 1500G¢ at X=-
band fraquency.leB’las
DeMeester, gﬁ_gl.,lau reported the Xeray eorystal
struecturs of a Co(ITI) complex with 5t'-gusnylic acid (5!=-GMP),
(CO(GMP)(H20)5)° 3 H0. The structural determination in-
dicates exclusive binding of the metal ilon to N(7)e The row
maining 5 position§ of the octahedrally coordinated cobalt
ion are taken up by water molecules, There is no phosphate
interaction at all, Thias result contrasts those obtained by

191 on & very similar complex with &

Ogawa and Sakaguchl
smaller number of coordinated water molesules, They sug-
gested coordination via a nitrogen atom in the ring and an
oxygen atom in the phosphate group on the basis of IR
measurements, Apparently, the leoss of water resulted in =
transformation in the molecular crystal with the result that
ring snd phosphate coordination to the metal could be cen-

strued from IR data,
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Hypoxanthine, Xanthine, snd Theophylline

Although these purlnic aystems are not actual constituents
of nucleic aclds they are very simlliar to the bioclegieal
purines, The amount of synthetic work on these and related

91,94,96-98,102,173,174,192-196

systems is more extensive

than the work performed in order to sharacterize their metal
complexes'130,131,111.7,181;,197-213

Sletten determined the erystal structure of a dimerie
Cu{II) complex with neutral hypoxanthine, (Cu(HypoH)ZCI)aclao
6H20.197 The deep turquoise dimeric complex was prepared
from an HC1 (pH k) solution of hypoxanthine and eupric
17k

chloride in 2:1 molar proportions, The scoordination about
the ocopper iens is aspproximately square pyramidal with two
N(3) and two N(9) atoma from the four neutral hypoxanthine
molecules oomprising the plane around each copper(II) ien
with a chlorlde ion completing the geometry in the apileal
position, Its struecture ias analogous to the Cu-Adenine com-

plex, Fige 3, with a Cu-Cu dlstauce of 3.02&2 and is 0.0&23

shorter than the corresponding distance in the adenine ana-
log.lul Chemically the "bite" of hypoxanthine and adenine

should be almost identical, Although crystal structures of g

136,137

inner complexes with adenine where the apical ligend

is water rather than a chloride lon have been determlned, a
similar complex with hypoxanthine has not been eharscterized,

213

Goodgeme and Waggett have examined the copper=

hypoxenthine dimer where the axial ligsnd 1s Cl and Br and
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analyzed them in terms of an S = 1 spln configuration for

166,221 have carried

spin coupled Cu(II) ions, Villa, et al,,
the magnetic messurements further and extracted 2J values
from EPR measurements for (Cu(LH)EX)EXZ, where LHzneutral
adenine and neutral hypoxanthine and X = C1 and Br, These
values are glven in Table III, p. 3l Here the apical ligend
apparently has little influence on the coupling mechanism
which 1s through the hypoxanthine residues, The amaller
magnitude of 2J values noted here as compared to those for
the analogous adenine complexeazal are most likely the result
of a favoreble electronic system in the adenine residues as
compared to the hypoxanthine residues. This allows a more
effective coupling to occur, The axial and briding ligands
snd not the Cu-Cu separation are critieal factors since over-
lap between metal orbltals is not expected to be important

at a distence of approximately 33.

Coordination by hypoxanthine residues where N(9) 1s
blocked with methyl or sugar groups 18 more relevant to
biological systems sinee in naturally eccuring nucleosides
and nucleotides N(9) is blocksd by a ribose function, Also,
since N(3) has never been used by itself as a complexatien
site (See Table IV at the end of this section, p.hs) and N(1)
1s protenated, complexation with N(7) becomes the most likely
site for coordination, The proximity of C(6)0 to N(7) does
not preclude chelation of a metdl with either of these two

sltes in N(9) substituted hypoxanthines, 1In fact, chelation



with both sites has been implicated on the basls of photo=~
" eleetron spectroscopy meaaurementa,129 to explain the strong
snti-tumor activity of cis-(Pt(NHj)aclzlo

Crystal structures of an N(7) bound Cu(II) complex with
9-methylhypoxanthinelh7 as well as 1:1 metal complexes of 5'=
IMP (hypoxanthosine monophosphate or inosine monophosphate)
with co(11), 0220 yy(11),220020h 517y 210 gpg n(11)2R5
have been reporteds The 1l:1 metal nucleotlide complexes are
generally prepared by mixing equimolar amounts of the diso-
dlum salt of the ligand with the metal mnitrate in water and

adjusting the pH to between 3 and 6.

210 21l

Aoki, and Clark and Orbell ' reported that the co=

ordination gecmetries about the nieckel and ecobalt lons are

181" octa~-

similar te the (CO(GMP)(HQO)B)o 3320 complex,
hedreaelly coordinated by the five oxygen atoms of the filve
water molecules and the N(7) atom of the hypoxanthine ring

of IMP., A notable feature of the metal cocrdination in these

complexes is that the metal is not dlrectly attached to the
184,210,211,215 o 34 found in the

216

phosphate oxygen atoms

crystal structure of caleclum thymldylete and disodlium

ATP.al? Reports of simultaneous metal-phosphate and metale

nitrogen bonding have been reported with Co(II) and Ni(II)201

wlth IMP, however, the overall stolchlometries contained
fewer water molecules than those reported by other experi-

menters.lsu’21°’21u

L2



The crystal structure of the tetrahedrelly distorted
polynmer, (Zn(IMP))n,zl1 indicates a different type of bonding
where the Zn(II) ion 1s coordinated by one N(7) atom from
one IMP molecule and three oxygen atems from three different
IMP molecules, A structure of the type (M(nuecleotide)
(HZO)S) is very likely to exist in solutions as well as in
the solid state, but the polymeric atructure of the zine com-
plex cannoi, of course, be retained tec & large extent in di-
lute solutiocns, However, with very large molecules such as
nucleie aclds, loocal conditlons may approximate those in the
solid state in that from the viewpolnt of an individusal
metal lon a set of potential ligand atoms is spatlially rela=-
tively fixed, though not completely rigid, Therefeore, the
base binding and the apparent cepabllity of gine fer multi-
ple phosphate bonding to the exclusion of coordinated water
may be aignificant pointers te behavior in more complex
systenms,

Lastly, erystallographic works invelving theophylline

have just recently been reported203.205-207

by Kistenmacher,
et al,, to elucidate how lnterligend hydrogen bonds may in
some cases ilmpart selectivity to the reactlon of metal com=

205-207 .\ Sohiff basesZ93 with

plexes of ethylenédiamine,
purine or pyrimidine bases, thelr nucleosides and nucleo=-
tides, Partieularly, in trans-{theophyllinatechlerobis
{(ethylenediamine)Co(III)) ehlorids dihyﬁratezo? the geometry

about the metsl center in the cation 1s a distorted



octahedron with the four nitrogen Atoma from the two ethyls
enediamine ligands constituting the basal plane and the chloride
lon and N(7) from the theophylline monoenion completing the
coordination sphere in the axlial positicns, The Co=-Cl, Co=N
(ethylenediamine), and Co-N(7) distances agree well with their
analogues in the cis-(adeninatochlorobis({ethylenediamine)e
Co(III))bromide complex reported by I{i.sst(emmael,:ua:'.152
The formation of interligend hydrogen bonds among the
ternary metale=purine or metal-pyrimidine complexesg with

athylenediamin9205'2°7

or Schiff basasao3 seoms to play an
important role in the stabilization of these complexes, Also,
the ability of the nucleic acid bases to form such inter-
actions may influence the site at whioh metal coordination
tekes place, The varlety of exocycllic functions displayed
by the four common purine bases may, therefere, be employed
to direct metal binding to a specific site by a sultable
cholce of other ligands in the coordination sphere.

A compilation of the ligand bonding sltes found in solid
transition metal coordination compounds centaining purine

residues 13 glven in Table IV,




Table IV

Ligand Bonding Sites Feound in Solid Transitlion Metal

Coordination Compounds of Purine Resldues

Ligand

1.

A)

2.

3

lte

Se

6.
Te

B) 1,

Adenine

9-methylade~
nine

Adenosine

N{(10) scetyl=-
adenosine

AMP

ADP
ATP

T=deazsa ATP

Guanine

Bonding Site(s)

51,223
BT O

"‘1’1§i ggpl?-f‘
isu.137

-3 ]
S
3O
St S
)
=t
—
O
(D

=

tﬂ
()
\.qz-z
Ghr‘

g 1ﬂ§7)1h8

= 25‘
-J

-A Wy, oy, iy, gy o

=
fiﬂ{.gl

or N(7)126
t ribose oxyge%gs

)126

N
1 === =W

WA o o et et et

N(1) or N(7T

N(7)158

Phosphate132

132
60

Ring/Phosphate
« 9§ Phosphates
Phosphatel3>

Ringl33
o 9 f »¥ Phoaphates

c(7)%2

N(9)lH
N$9;139

60

Metals

Ccu(IT)
cu(II)
Co(II)
PE(ITI) m——-
Co(III) Basic
Co(II), Co(III)Basic
cu(II) Acidie

Cu(II) Acldie
zZn(1I) Acidie
GO(II) e -
PH(II) g
cu(II) Basie
cu(II) Acidie
PL(II) Acldiec
0s8(1IV) -
PL(II) Acldie
Ni(II) Acidie

Ag(I), FPe(III), Acldic
Al(III):

(II)
28 (1)’
Ph(II), Cd(II) Aecldie
Cr(IIT) Aecldie
Fe(III), Acidic
0,(II)

%II) Acidie
Cr(III) Aeldic
Hg(I1) Acildie
Cu{II) Acidie
Zn(11) Acidle




2.

3.
o

S
6.
c) 1.

2,
3.
ly.
Se
D) 1.
2,
3¢
be

5.

E) 1.

Table IV (conttd)

Ligand Bonding Site(s) Metals
gemethyl-  H(7)-0(6)170. Cu(II)
guanine N(7)~N(10) Pt{IT)
Cuanoaine N(T)186 | PE(II)
GMP N(7)154 o (III
Ring/Phosphater + Cu(II)Z Pb{II),
zn(I1), cd(II),
Ni(IT), Co{Il),
MN(II)
eop* (s B Phosphates®®  ¢r(III)
¢y gad L2 F ,a’Phosphateaéo Cr(III)
Xanthine N(9)2°2 Co(IIT)
N(?)ggg Ru(III), Ru{I1)
c(8) Ru{III), Ru(II)
Xenthosing  e=o™"
xmp® R
XDP* -me
% 60
TP s B s ¥ Phosphates ~ Cr(III)
Hypoxenthine N(3)-N(9)197 cu(II)
9-methylhypo= N (7327 cu(Ir)
xanthine
Inosine -
IMP N(7)/Phosphatell  zn(II)
N(7)378, ol Co(III)
N(7)"? co{IT1), Ni(II)
N(7), Phoaphatga ca(rry .
Ribose oxygens<Y0
IDP* maw
TPP¥ {2 B .B'Phosphateséo cr(III)
Theopbylline N(7)295-207 Co(III)

x(7)203,180 cu(TI)

pH

- vbule

Acidle
Acidle

Aeldle
Acldie

Acldlc
Acidie
Aclidle

Acidie

Aeclidie
2+

Acidic
Acldie
Acldle
Aocidlo

Acldle

Baslie

W6



Table IV (conttd)

# Abbreviations: GDP (5t-guanesine diphosphate)
GTP (5'-gnanosine triphosphate)
XMP (Stexanthosine monophosphate)
XDP (5t-xanthosine diphosphate)
XTP (5t-xanthosine triphosphate)
IDP (5'=inosine diphosphate)

ITP (Steinosine triphosphate)

# Indicates no transition len cocrdination compounds
1sclated to date,

#t#+ Indicates that the infommation regarding pH conditions
employed was not determlned or undetermlnable,

h?



Electron Paramagnetlic Resonance

Systems contalning unpaired electrons can usuelly be
studied by electron paramsgnetic resonance (EPR), This
technique 1s one in which "flipping" between Zeeman magnetic
states 1s seen as an absorptlon of energy, The energles
required to induce this flipping are found in the radio-
frequeney range and two frequencles are commonly employed
in EPR measurementa: 9,5 GHz (X~band) and 35 GHz (Q-band),
X~band frequencies were used in this work,

The EPR spectra will distinguish the presence of
copper(I) or copper(II) vs, copper(I) (no signal), the
presence of monomeric copper(IIl) systems va., coupled
copper(II) systems (e.g., dimers, trimers, etc.), and the
geometry about the coordinated copper(II) ion. Specific

copper(II) spin systems are discussed below.

The Cu(II) System: a 3d° ion

Case I: Magnetically Dilute System, Monomer with S = 1/2,

The magnetic mement u, of a single unpaired electron
in a Cu(II) ion 13 given by
v, = -g8 S (1)

Here g 1a a dimenslonleas constant called the electren g
factor (or Landd g factor), 8 is the slectrenic Bohr

magneton, equal to eh/2mc, where =e and m are the charge
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and the mass of the eleetron, ¢ is the speed of light, and
S is the spin angular momentum gquantwm number of the
eloectron,

.‘M'The interaction between the electronts magnetic moment
and an applied field H is represented by the Hamiltonian (2)

which becemes (3) using eg., (1),
ﬁ - ""IJ°OH (2)
! = gBH,S (3)

Because S = 1/2 for the unpaired electron and because of
the quantlzation of the spin angular momentum when a magne=-
tic fleld is applied along the z~-direction, there will be
two possible my spin states, t 1/2h, Fig. 6. The splitting
in energy between these two levels increases as H incresses

and thelr slopes determine g, Fige 7o

f(s(s+1)) Y2

h(s(s+1))l/2

Fig. 6, Allowed values for the z component of the spin angu-
lar momentum, m.s for S = 1/2,

Application of an osclllating magnetic fleld perpendie
cular to the applied fleld H (obtained, in this case, with

L9



elactromagnetic radio-frequency radiation) induces trensie
tions provided that the frequency v is such that the resoe
nance condition

hv = g8H (l4)

i3 satisfied, TIn equation(lj), h is Planck!s constant and

mg = +1/2
— hv = gpH
m, = =1/2
H +

Fig. 7. Energy levels for 8 = 1/2. Zeeman effect in an
epplied field H along the z=axis with an allowed
transition hvz ggH,

xy snd z subscripts are appropriate when the molecular
z-&xis 1s perpendicular or parallel, respectlvely, to the
external fleld H and there is environmental anisotropy
between the z~axis and the xy plane (as 1is ususl with
Cu(II)). In a randemly oriented sample (i.e., & poly~
crystalline sample as used here) two trangitions would be
observed aince there will be crystallites with their
z=-axes along the external field and some with thelr x,y
exes along the externel field, In terms of spin states,

the resonance condition 1s allowed for magnetic dipole
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transitions when AMszl. Therefore, for uncoupled copper(II)
compounds with axially distorted octahedral symmetry (environ=
ment along xy plane ¥ environment along zeaxid transitions

at about 2900 and 3200G are typleally observed. In this

case, g, will be greater than Bxy and in the range of 2.3

and 2.1, respectively. Hyperfina coupling econstants (whish
result from interaction of the unpaired slectron spln with
the nuclear spin of the copper(II) ion) result in parallel
and perpendieular splittings for A, and Ayy of approxi-
mately 130 and 20G, respectively,

Case II: Magnetically Condensed Systems, Dimer with 3 = 1.
When two sopper(IT) nuolel are contasined in the same
molecule two totel spin states, S =z 1 and 0, are generated;
these are the triplet state with mg = t1,0 and the singlet
state with mg = O, feSpactively. The S = 0 level is none
magnetic and does not eontribute to the EPR spectrum,.
Even at zero external magnetic flelds, the non-cuble
symmetry of Cu(II) will introduce anisotropies in the my
levels as shown in Fig, 8, Axial distortlons are reflected
in the ZFS (zero fleld splitting) parameter D, the energy
separation between mg = O and % 1 levels, while any rhom-
bie distertlions will reflect themselves in B, the splite
ting between the % 1 levels. Fig, 8 shows the expected
transitions for the 8 = 1 state under axlal symmetry
(E = 0). Here the solid lines represent allowed
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Fig. 8. mergy levels and allowed (4 ) and forbidden ( g)
transitions for an axial S = 1 system with the ex=-
temal magnetic field along the z-axls,

transitions, AMM.= £1; the dashed line represents the

M = ¥2 spin forbidden transition. This transitlon becomes
partially allowed at low flelds (below 2000G) because of
mixing of the m, spin states, Since this AMg= I2 transi-
tion normally appears at one-half the field position
(3000G) of a aMg= Il transition it 1s sometimes called the
helf-fleld band or Hyry (the minimum resonance position in
the EPR spectrum), It is understood that a similar diae
gram will hold for the x,y oriented molecules, ylelding
overall four full-field transitions, called the low and
high field parallel and low and high fleld perpendicular
bands, Slnece BTN is much less anisotroplic only one band
is obaserved at half filelds, making & total of five bands

that will normally be observed,
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Exoluding hyperfine and quadrupole interactlions for
simplielty, an axial S = 1 spectrum can be interpreted in
terms of the axial effective spin Hamlltonlan giien by
ede. (5)’22h where all the terms have their ususl meanings.

fl u £y8HeS, + BryblygeSey + D(S,2 =1/33(s41))  (5)

The resonance positions of the A M= %1l transitions have been
22

caleulated by Wasserman, et al. 5 for randomly oriented

samples from the Hamiltonian in (5) and are glven in egs.(6),

where subsceripts 1 and 2 refer to low and high field,

respectively.
(Fag)Z = (1/8,58)% (Bv(hy=D)) (6)
(Hey)o? = (1/g,g8)? (Bv(avD))
(H;),% = (1/8,8)  |nv-D
(H)p2 = (1/g,8)  |hveD]

The value of the ZFS constant, |D|, can be calculated from
the half-field band using eq.(7)22® and the g value obtained
from the full-field spectrum (assuming coinecidence of the D

and g tensors),

1/2

Demptr = (+75(hv)2 ~(2g8Hyry)?) (7)

Bay = 1/3 (8g + 28xy)



Pypiecslly, for coupled copper(II) systems (dimers) with D
values of approximately 0.15em™ 1, (Hiy)l’ (Hiy)z’ (H,)qs
and (H,)» are generally observed at about 2000, 14300, 1500,
and 5300G, respectively. Under condltlons of temperature
normally employed, hyperfine interactions are not usually

obgerved for these copper(II) dimers.

Case III: Syatems with 3> 1,

Here each case 1s speclal and wlll depend dramatieally
on many variables sueh as the value of § end D, and the
radlo frequency used, Figure 9 shows the splitting dlagram
corresponding to 8 = 3/2 (a trimer). As can be observed,

I

mg =% 3/2
2D
mg = % 1/2

|

H -+

Flg. 9. Energy levels for an axial S = 3/2 system with the
external magnetic field along the z-axis,

with small valuea of D there are three sllowed transitions
(+3/2 @+1/2, +1/26=1/2, «1/26&=3/2), but as the value of
D gets larger, 1t is posaible to end up with an effestive
ground state with S = 1/2 and its cerresponding single

transition, In some cases extenaslve dipolar coupling will
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broaden these signals to such an extent that these transie
tions may not be obgerved. The complexity and varlety

of posgibilities is staggering and standard texts such as

Carrington and McLachlan,227 Abragam and Bleany,228

Aysoough229 should be referred to for further detalls,

and
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Paramagnetic Susceptibilities

Variable temperature magnetic susceptibllity measure-
ments allow the distinetion between magnetically dllute cop-
per{II) systems vs., magnetically coupled copper(II) systems
{(dilmers, trimers, etc.), as well as a means to measure the
type, magnituds, and extent of the lateractions,

The classical theory of paramagnetlsm was developed by
Langevin230'1 at the turn of the century on the assumption
that each atom is a little permenent magnet, and that these
atomic magnets tend to line up parallel to an applied field,
but that the alignment 1s resisted by thermal agltation of
the atoms.

The expression deduced by Langevin for the molar para-

X = N nZp2/3kr (8a)
* oz oo/t (8b)

magnetism 13 eq. (8a) where N is Avogadro's number, n 1is the
magnetic moment expressed in Bohr magnetons, p 1s the Bohr mag-
aneton, k is Boltzman's constant, and T is the absolute tempera-
ture. Actually, eq. {8b) had previously been established on

232 and is known as Curle's Law,

empirical grounds by Curie
Van Vleck,187 using a simple gquantum mechanical treat-
ment, generated eq. (9) whtbh can then be appitled to varlous
models with different degrees of approximation. This equa-
tion aums over a Boltzman distribution of particles in the

energy levels populated, In eq. (9) the subaeripts n, J, m
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refer to the principal, rotational, and magnetic quantum
numbers, respectively; the superasripts 9, 1, 2 refer to

xz ¥ ¢ (302/m) 2012 oxp (M0 k1) /E exp («WDgn/KT) (9)

njm
zoroth, firat, and second ordexr, corrections to the energy
W respectively; all other terms have their usual meanings.
Eq.{8) 1s obtained from eq.(9) if second order, orbital ang-
ular momentun and spin-orbit ‘coupling effects are neglected.
Consideration of second order effects adds an additicnmal
term which 1s usually independent of temperature ealled
temperaturs Independent paramagnetism (TIP) and considera=
tion of the other two effects are usually lumped in devia-
tions from 2,0023 of the Landé g fastor. For Cu(II) thils
factor is always greater than the free electron value bee
cause the spineorbit coupling constant is negative and the
magnitude will depend on the ligand field geometry surround-
ing 1t, So far the treatment has been for so-called magneti-
eally dilute Cu{II) complexes, that is, where interactions
among magnetic ecenters is non~existent,

One usual way to account for magnetic interactions

(when the temperature intercept of a 1/x vs, T plot is none

zero) is te ineclude a correction for T in eq.{(8). The ex~
pression that results is called the Curle-Weliss Law and 1s
glven in eq,(10):

x = ¢/ (7-§)
m (10)
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Here the Weiss constant, @, 13 a measure of the degree of
departure from a perfectly isolated paramagnetic system in
tWwo ways.

First, § reflects the effects of strong coupling be-
tween magnetic ions near esch other = the so-called Helsen-
berg exchange Interactions, This effect can be transmitted
through space(dipolar exchange) or through ligends that
intervene between the magnetic lons(superexchange), The ef=-
fect of the Helsenberg exchange could be one of antiepsra=
1lel coupling(antiferromagnetic exchange) or parallel coupe
ling(ferromagnetic exchange), Antiferromagnetic and ferro-
magnetic behavliour are easlly characterlzed by magnetic
susceptibility measurements since the former leads to lower
moments as the temperature ls dropped while the latter leads
to higher moments as the temperature is dropped, Second, &
measures long distance effects(108) that influence the mag-
netlc character of the ion being studled, These "lattice
interactions™ or "domains" can also yleld ferromagnetic or
antiferromagnetic behaviour,

Antiferromagnet

Paremagnet
Ferromagnet

Qo

0 T (%K) —>

Fig, 10 Idealized xvs.T and 1/x vs. T plots for three
classes of magnetle systems,



Fig. 10 illustrates ldealized Xxvs, T and 1/x vs, T
plots for various types of magnetic behaviocur, The tempera=
ture intercepts, g, for the 1/x vs, T plots for the three
magnetic classes donsidered here csn be related to paramage-
netic Curie behaviour(f = 0°K), sntiferromagnetic behaviour
(g < 0°K), and ferromagnetic behaviour(# >0°K). When these
interactions({elther close or long range) become appreciable
in energy compared to kT, the x and 1/x plots deviate con-
siderably from ideality, and extrapolation to the tempera=-
ture axis becomes more doubtful, More sophlsticated treate
ments become necessary that can account for strong nearest
nelghbor interactions such as those found in dimer, trimer,

tetramer, and polymer systems,

A. Copper(II) Dimer
When the interaction is essentially between two Cu(II)

ions within a dimer the Hamiltonlan(ll) is a good descrip -
tlon of the system where 2J is the energy separation

fi 2 =238 (11)

1055

between the triplet (S = 1) and singlet (S = 0) state,
Summetion over ell the magnetlc spin states in eq, (9)
ylelds:

X = N3282/3kT [(1+1/3exp(-2.r/kte))'1]+ Na (12)
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where all the terms have thelr usual meaning and N a la the
TIP term. A negative value of 2J indicates a singlet
ground state, A modified Van Vlieck expression, eq.(13),

where the Welss constant, g, is incorporated has been used

to account for lnterdimer soupling throughout the lattice,

x = Ng2e%/3k(T-¢) ( 1#1/3exp(-23/kT))~! + Ne (13)

A very comple te theoretical treatment on dimeric systems
can be found in a series of papers by Ho;]ciechowski.zBB'5

Bs Copper {(I1I) Trimer

Sinn and Harris.236 utilizing a treatment similar te
the one employed for dimer systems, developed am expression
for the susceptibility per gram ion of copper(Il) in a
trimer having the following geometry

Cul

N\

Cd = « =~ = 0un

exp(-2J/kT)+QXp(-EJGucu/kT)+100xp(J/kT)

2.2/ o
=Ng<B</12k®
x gte/ exp(-2J/kT)+exp(-2qucu/kT)+2Jaxp(J/kT)

Na(ll)

where J J

CuCu'™ cu'cu=3' The agreement of expsrimental re-

sults with eq. (1ll}) is best when Joucy 12 small or zero

and should therefore describe a linear or bent trimer more



setisfactorily than a triangular trimer where the coupling
between all three peirs of copper ions becomes comparable,

Ce Copper(II) Tetramer

A simple magnetic state configuration was developed by
this laboratory to explaln the magnetic behavior of systems
with four interacting copper(II) iens. The illustration de~-
plcted in Fig, 11 is an approximatlon to the interaction he~
tween four copper(II) ions (two sets of dimeric copper(II)
munita), The degeneracy of each spin manifold 1s 28+1l, and

A

]\A B C

Figs 11 Proposed magnetlc state configuratlion of two inter-
acting dimer units in one serles of complexes
studied,

» Stz 0

Il |

Stz 1

Energy

sz 1

S= 0

the labels A, B, and C refer to the energy separation from
the singlet ground state to the Szl, St=l, and S'=0 mani-
folds, reaspectively. Using eq. (9), an expression for the
susceptibility of the above model wsas obteined and is
shown in eq, (15)

g2/ 2w oxp (~A/kT)+exp (-B/KT) . Na (15)
x =58 1+3exp (=A/kT )+3exp (-B/kT)+exp ( ~C/kT) :
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Equation (15) is different in form from cne used by ether

2378

authors in describing tetramer aystems in that an S22

state was disregarded as being too high in energy.

" Do Copper(Il) Stralght-Chain Polymer

Susceptibility data for the Ising model for anti-
ferromagnetic interactions in linear chalns can be
described using eqs, (16) developed by Fiaoher.239

Xxy = Ngasa/BJ[tanh(J/kT)HJ/kT) sech® (.T/k'l‘):l (16a)

xg = (Ng282/uk?) exp(2J/kT) (16b)
Xay = 1/3( xg + 2 Xy ) (160)

Indeed, the tendency of copper(II) te form linear chains
appears to be quite r.u:nmmon,2’"'0"3 and related to the tene
dengy of the copper(II) ions to be surrocunded by four

atoms at short distances with two additionel atoms at longer
diatanees.ahh Other models heve been developed in en effort
to describe the magnetlic behavior found in polymerie

systems having very speeific features, however, their
specificity puts a limitation on the number of systems

that can be characterizsed successfully by them, These

models have been dlscussed elsewhere.zhs
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Experimental Section

Te Speetral and Magnetlc Measurements

A, EPR Measurements

The room temperature and 77°K X-band EPR spectra of
polyerystalline samples of the complexes were obtained
using a Varian Assocates HFE-12 and EM~500 spectrometers,
A dusl rectangular cavity of TEloh_mode and an wloaded
Q of 7500 was used with a modulation frequency of 1l0OKHz
in each case, The spectra at 77°K were recorded using a
quartz liquid nitrogen dewar, In all cases the magnetic
fleld sweep was 0 to 10,000G. The magnetic fleld was pre~
calibrated using a proton NMR probe yielding an uncertainty
of about 10,1¢ (completely negligible eonsidering the
width of our absorptions), DPPH was used as the internal
standerd, Scan times ranged from l minutes teo 2 hours,
depending on the filters used., High purity quartz EPR
tubes (0.3em ID) were used as ssmple holders with about

100mg ssmples,

B, Bulk Magnetic Susceptibility Measurements
The megnetle susceptibllities were obtalned in the

range 12-500°K, using a Faraday balance setup &nd HgCo(SCN)h

2h6

as the standard, The semple support used for all temper-

atures was a 50«50 quartz-nylon fibre as deseribed by Nelsen

247-8

and Villa, Samples slzes from 2 te 20mg were used



and introduced into specially made high purity quartz
buckets (8mm x 3mm; ID = 2mm). The results reflect a maxi-
mum error of lyg for every welght change, leading to a
syatematie errer in the gram susceptibility for the amall-
est ssmple messured of about 0,5% and 0,054 at room teﬁper-
ature snd 129K, respectively. Considerably smaller aystem-
atic errors are obtained as the sample size inoreases,
Temperatures in the range 12-300°K were measured by mesns
of a gold-chromel (0,074 Fe) thermocouple and in the
12-30°K region with a H, gas gauge. Temperature varia-
bility was obtalned using an Alr Producta and Chemlcal

Inc, (Allentown, Pa,) Duplex Cleosed-Cycle Refrigerator
System, CSW-202, coupled tc a Faraday shroud wlth a sample
chamber ID of 1,5", Helium gas at 1 atmosphere presaure
was used as the heat exchanger between sample and cryostat,
Temperatures in the range 300-500°K were measured by means
of a copper-constantan thermocouple using a variable tem-
perature heating element mounted on & 75om x 2em glass finger,
A remote controlled Cahn G-2 Electrobalance (Ventron Instru-
menta Corporation, Paramount, Calf.) allowed changes in
woelght of 0.5ug to be observed, Maximum field strengths

of TKG were used for the variable temperature runs beleow
room temperature while field strengths of up to 15KG were
used for measurements at and above room temperature, Fleld
dependence studies at room temperature were made at 3 dif-

ferent fleld strengths: 3, 8 and 15KG. A Model 4600,




4" water cooled adjustable gap electromagnet (Alpha Selentl-
fic Incorporated, Haywood, Calf,) with specially constructed

29 Wwas used,

tapered pole pileces for Faraday measurements
The electromagnet was powered by an Alpha, Model #3002-1,
current regulated power supply (Alpha Scientifiec Incor-
porated) and calibrated by a Bell 640 Tnstrumental Gauss-
meter (F.W.Bell Incorporated, Columbus, Ohlo)., Measure-
ments made out-of~field were accompanied by a shut down of
magnet power to assure zero magnetic fleld, The gram sus-
ceptibllity was obtalned aeccording to the Faraday metheod

from qu@?)aug
Xg = Xp(W,(AW -Bue) / wB(Awr-Buc)) (17)

where the subseripts s and r refer to sample and reference,
respectlively, W 1s the actual welght employed, AW 18 the
change in weight {(l.e.,, weight ln the field minus welght out
of the field), Buc is the diamagnetic correction of the
bucket used to hold sample and reference, and X, 1s the
gram susceptibility of a sultable reference at a specified
temperature, The molar susceptibllity is obtained by
multiplylng eq.(17) by the moleeular weight of the sample;
that is

Xp = X g o MW (18)
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The corrected molar susceptibility X yo used in all the fit-
ting procedures for the models dlscussed subsequently, is
found by subtracting the dismagnetlc correctlon of the mole-
cule (metal plus ligend) and the TIP eontribution of theo
metal ion from (18)

X me Xy = DIAC = TIP (19)

Here DIAC 1s the diamagnetic cerrection of the complex ob=-

250 (except in those eomplexes

tained using Pascalls constants
having sulfur-contalining llgands where the sorrections were
made from the susceptibility data of the free ligand) and
TIP is the temperature independent paramagnetism correction
obtained from the expression TIP = NAng/l = 60 x 10 -6
cgsu.251 Molar susceptibilitles and effective magnetioe
moments were calculated from the raw data by means of our
"CALSUS" oomputer program, This program amtomatieally in-
corporates into the calculations appropriate Pascal's cen=
stants for DIAC and a TIP for the system under study.
Several other Fortran IV computer programs in our possess-
ion ("DIMFIT", “PETRAMER", "ISING", "TRIMER") give & least-
squares best fit of the experimental data to a theoretical
equation (corrected for a range of % monomer impurity in

appropriate cases) in order to extract the magnetic

parameters g, 2J, and f.




C. Visible Absorption Measurements

The visible/near-infrared spectra (25,000 = 8,300em‘1

)
were obtalned &s Nujol mulls on Watmen #1 filter paper
mounted on a specially constructed wood support in a Beck=-
men DK=2A spectrophotometer with a tungaten source and

lesd sulfide detector,

D, Infrared Measurements

The infrared spectra (4,000 - 66Ocm'1) were obtalned
as KBr pellets on a Perkin Elmer Model 21 IR spectrophoto=-
meter with NaCl optics, Comparison of spectra run as
pellets and mulls (Nujol and fluorolube) was made to asgsess
the effect of grindiasg and compaction on the resolution of
sample spectra. In all instances, the spectra and resolu-
tlon obtained were comparable, XBr pellets of O,1lmm width
were prepared by grinding a 1% mixture of cemplex (or
ligand) and oven-dried infrared grade KBr (Mallinckredt
Chemical Works, St, Louls, Mo,) followed by evacuation and
compression in a specially constructed stainless steel
unthreaded die with a oylindrical insert at 16,000 lbs for
30 minutes, The spectra were calibrated using the 1603.2cm'1

absorption of a 0,05mm polystyrens film,

IT. Syathetle Aspects

A. Solvents
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The water used was purified by distillation. The
methanol and ethanol were commerclally avallable and used
without purification from Commerclal Selvents Corporatlon,
Terre Haute, Ind,, and Fisher Sclentific Co., Falrlawn,

N. J.s respectively.

B, Solutions

The hydrochloric acid and nitrle acid solutlions used
were prepared from reagent grade acids suppllied by Fisher
Sclentifiec Co.. The sodium hydroxide solution was prepared
from sodium hydroxlde pellets and all copper(II) salt solu=-
tiona were prepared without further purification from
reagent grade salts, both from J, T. Baker Chemleal Co.,
Phillipsburg, N, J.

C. Ligands
All ligands were commerclally avallable from Nutritional
Blochemical Corp., Cleveland, Ohlo and used without further

purlfieation,

D. pH Measurements
pH readings were performed with slkacid test rlbbon
obtained from Flsher Sclentlific Co..

E. Qualitative Test for Cu(II)

Low susceptibllity measurements on complexes coataining



sulfur ligands prompted us to conduct a gimple qualitative
redox test to deteot Cu(Il). A positive test for Cu(II)
would indieate that the low susceptiblilities observed were
not due to the reduction of Cu(iIl) to Cu(I) by the ligand,
A1l the complexes contalning sulfur ligands were sube

252

Jooted to the redox test that 1ls outlined below and sum=

marized by the followlng expressalon:

-1 NZ -1
20u(II) + b ~ ———>20ul + I I
HyS0, 2 —2% >3

(purple complex)

A purple coloration of the mixture then is only possible 1if
¢u(II) is present, The complexes are dissolved in a mininmum
amount of 6M Hésoh under N, and the pH adjusted to Y4 with

3M NaOH., To this solution 25ml of 0.1M KI solution and

10ml of 1% starch selution are added and the color change
observed, The KI, soluble potato powder, and Hasoh were
commoerclally available and obtained from J, T. Baker Chemical
Co.. In all complexes tested a positive tesat for Cu(II)

was obtained,

Fe FElemental Analyses
The ehemliocal analyses for C, H, and N were sarried out
by PCR, Inc., Galnsville, Florida. The results of the

analyses were interpreted by means of our stolchiometry
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fitting eomputer program "LIGFIT". All stolchicmetries re-
ported were consistent within a 1% error limit to the chemi-

cal analyslis and were self-consistent in terms of the charges,

ligands, and metal.

G. Preparation of the Ceordlnation Compounds

Four pH ranges were uged in all the complexation at=-
tempts inltislly with copper{(II): 2, 5, 8, and 10, Non-
agueous ané partlally agueous solvents were employed when
agueous systems falled to produce products that lsolated or
enalyzed well, Ligand to metal stolchiometries were genw
erally 2:1 in the syntheses, and the coacentrations of the

reactants were always less than 0.1M.

1. Cu(SNOa-Urac11)2.2H2O: A solutlon of 0.400 g
(245 mmoles) of 5N02-uracil waa placed in 20 mlof water
heated to 65°C in a hot water bath, Addition of 15 drops

of 10% NaOH solution yielded, upon moderated swirling, a

clear yellowlsh solution; pH about 7. The bage fortified

solntion was added slowly in small (3 ml) increments 5
along the side of a teat tube containing 5 ml (1.25 mmoles) |
of copper acetate solution previously heated to 65%¢, Each

addition was aeccompanied by rapid awlrling and the reactien

mixture was kept at about 65°C at all timea. After addi-

tion of 5 ml a distinet greenlish cast and suspenalon was
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detested; pH about neutral., A coplona bluish-green well
formed preciplitate settled out after the completion of all
additionsy final pH 7, The mixture was kept an additlional
15 minutes at 65°C in a hot water bath, and then cooled for
30 minutes in an leewater bath, The green product was
collected on a Buchner plate and dried in an oven at 909C,
Anal, Caled. for CuCgH,oNe0,0t Cs 23.405 H, 2.44k;

N, 20,40, Found: €, 23.hli; H, 1.99; N, 19.95.

2e Cu(SI-Uracil)a.Héoz The greea SI-uracil complex
was prepared in a fashion simllar to the 5N02-uracil com-
plex except that 21 drops of 104 NaOH solution was used,
Anal, Caled. for CuCgHgN)OcTot G 17.35; H, 1.08; N, 10,02,
FPound: C, 17.3k4s H, 1.27; N, 9.h2.

3, Cu(Uracil)a.H O0: A solution of 0,5495 g (5 mmoles)

2
of uracil was prepared in 50 ml of 20% ethanol with swirl-
ing at 60°C, Preshly prepared Cu(0H), (5 mmoles) was

added to this solution and the mixture was heated under re-

flux fer ons hour at which time a dark green Jade solution

resulted, The solution was allowed to atir at room tempera-
ture for three more hours and then was concentrated to
approximately 4O ml volume at whlch time & pals green pre-
eipitate developed, The product was filtered and washed
with ethanol and water, The product deepened in color after
washing with water, The product was oven dried at 759,



T2

Anal, Caled, for CuCBHBNhOS: Cs 31.58; H, 3.51; N, 18.'.].20
Found: C, 31.513 H, 3.[‘-6: N 18.36.

lso Cu(as-Uracil)2.3Hé0: A solution of 0,302h g (2.5
mmoles) of 2-thiouracll was prepared in 20 ml of water at
70°C. The pH of the solution was brought above 10 by the
addition of 20 drops of 10% NaOH solution, The base fortl-
fied solutlon was added in small portions (4 ml) to 5 ml
of copper acetate solution (1.25 mmoles) at 70°C with con=
gtant swirling, Ialtlally, a black turbld mlxture de-
veloped which changed to a pea~green and flnally te & yellow
color; pH neutral after the final addition, The mixture
was heated for ten minutes in s hot water bath then cooled
under tap water and placed in an lce~bath for 20 minutes,
The mixture was gravity filtered and drled in an open oven
at 90°C. The yellow=-brown flakes that resulted were ground
up and placed in a desiccator for three days at which time
the product took‘on ita present lime-green lue, Anal,
129,055,° ©» 25,843 H, 3.25; N, 15,07,
Found: C, 26.163 H, 2.39; N, 15.00.

Caled. for GuCgH

Be Cu(60H3-2SdUracil)2.2H20: A sclution of 00,1258 g
(1 mmole) of 6033-23durac11 was prepared in 100 ml of
methanol at 55°C., A selution of 0,0866 g of Gucla.zﬂéo

(0.5 mmoles) in 10 ml of methanol was added dropwise to



the ligand solution with constant atirring, A light yellow
solution formed immedlately and turned cloudy after the ad-
ditlon was complete, Heatlng three additional minutes
yielded a light yellow precipitate., The mixture was allowed
to concentrate to 50 ml, cooled to room tempsrature and
suction filtered, The product was washed with mothanel

and dried in an epen oven at 80°0, Anal, Caled. for

Cuc) o) N, 0,8, Cs 31.45s H, 3.703 N, 14,67, Found: C,
31,863 H, 3.50; N, 15,55,

G Cu(603H7-28—Urac11)2.hH20: A saturated solution
of 603H7-Zs-uracil was prepared in 100 ml of water a% room
temperature, Three drops of 10% NaOH solution were added
to the ligand solution to raise the pH to 8, With constaat
swirling dropwise addition of 3 ml of 0.01M Cusoh.SHEO
solution resulted in a turbld purple mixture; pH 7. Two
drops of 10% NaOH solution were added to the mixture raia~
ing the vH to 8 and ylelding a light green-yellew solutien,
Two ml of the Cusoh solution were added followed by 2 drops
of 104 NaOH ylelding a light, green-yellow solutlon as
before; pH 8. An additional 1 ml of the Cusou solutien
was added which resulted in a light green mixture (not
purple as before). Two ml more of the CuSOu solution were
added, followed by 2 drops of the 104 NaOH, The mixture
was dark yellow at thls point, Finally, 2 ml of cusoh

solution were added slowly., The mixture developed a turbid,



muddy green appearance, The mixture was stirred at room
temperature and after 2ii houra a faint yellow product
separated out, The product was filtered, washed with
water and oven dried at 90°C, Anal, Caled. Cfor

Cucy ), HagNj 0g5p2  Co 35.48; H, 5.53; N, 11,82, PFound: G,
35.68; H, 5.81; N, 11.16,

Te Cu(GNHé-zs-Uracil)e.BcﬂjoH: A solution of 0.,1hhé
g of 6NH2-28—urac11 was prepared in 100 ml of methanol at
55°¢, A solution of 0,0866 g CuCl 5o 2H,0 (0.5 mmoles) in
10 m1l of methanol was added dropwlae to the ligand solution

with constant swirling., After additlon of CuCl, was complete,

2
the solution became milky-yellow, The mixture was allowed
to concentrate to one-half its original volume with stir-
ring at 50°C. The mixture was removed aamd cooled to room
temperature and the light yellow product was suction fil=-
tered, washed with methanol and oven dried at 80°C. Anal,
Caled, for Cu011H2°N605 o Cy, 29,763 H, l.543 N, 18,93,

Found: C’ 29.30; H, 3.72; N, 18.610

8. cu(Di—SAUracil)(OH).Haoz A mixture of 0,1635 g
(1 mmole) of dithlouracil was prepared in 80 wl of water at
659C., Complete dissolution sould not be affected with 20
drops of 10% NaOH solutlon snd the mixture was filtered.
To the clear, yellow ligand solution (pH 10) 4 ml of
0.25M Cu(NO3) ge 3H0 (1 mmole) was quickly added with



stirring, Ao immediate green-brown product developed and
the mixture was hested for an additional 15 minutes, During
this time the mixture turned yellow~brown and then to its
finel orange color, The product was filtered, washed with
copious amounts of water and oven dried at 85°C, Ansl,
Caled, for Gulcbﬂhn20282= C, 19,88: H, 2.50; N, 11,60,
Found: C, 19.22; H, l.56; N, 11,84,

9. Cu(AMP).2H,0: A solution of 0.3395 g (1 mmole)
of S'=-AMP was prepared in hO ml of water at 55°C by addi~-
tion of 8 drops of 10% NaOH solution; pH 7. To the ligand
solution 0.5 mmoles of Cu(N03)2.3H20 in 5 ml of solution
was added with stlrring and the light blue eliocudy mixture
that developed (pH 3) was allowed to heat gently until the
final volume was 35 ml. A pale green product separated out
and the mixture was allowed to concentrate at room tempera-
ture over a two day period, The shiny, light green product
was flltered, washed with water and methanol and oven dried
at 80°C, The product when crushed lost 1ts luster end had
the ecnsiastency of faloum powder. Anal, Caled, for
CuCyolyNOgPyt  C» 27003 H, 34633 N, 15.75. Found: G,
26,723 H, Lke25; N, 16,31,

10, cu(CMP).6H20: Freshly prepared Cu({OH), (5 mmoles)
was added quickly with stirring to 50 ml of an agueous
solution ccntaining 0.3231 g (1 mmole) of 5'-CMP at 509C,
(pH It)s A turbid, light blue mixture developed (pH 6)
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whilch was allowed to concentrate to one-~half its original
volume at 65°C, After removal from the hot plate, the sol=
vant was allowed to evaporate slowly for two days, The
product was filtered, washed with water and oven dried at
85°c, Anal, Caled, for cuchahHBOIHPI: Cy 21.93; H, L4.87;
N, 8.53. PFound C, 20.96; H, 3.9h43 N, 8.94.

11, Cu(GMP).SHQO: A solution of 0,5 mmoles of
Cu(NOB)z.BHéo in 5 ml of water was added with stirring to
40 ml of an agueocus soclution at 60°2C containing 0,3553 g
(1 mmole) of 5'=GMP (pH 7). A 8light green product developed
and the mixture was allowed te heat an additional 15 minutes
at which time one-half of the supernatant was poured off and
15 m1l of water added, The mixture was sllowed to atand 2
days at room temperature then gravity filtered (suction ine
effective) end oven dried at 80°C, Anal, Caled, for
CucleH22N5013Pl: Cs 234333 H, L4313 N, 13.61, Found: OC,
22,483 H, 3.705 N, 14.38.

12, Cu3¢Deoxyguanoaine)Z(OH)u.hHZO: A basie solutien
of 2t=dsoxyguanosine, prepared by adding 20 drops of 10%
NaOH solution to 20 ml of water at 69°C containing 0,5010
g (2 mmoles) of ligand (pH 10), was added to 4 ml of =
0.25M Cu(Ac),.H,0 solution at 689 with swirling in small
(5 m1) increments, After the third addition & eleudy
green mixtured developed; flinal pH 10, The mixture was
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placed in an 1ce bath for 20 minutes, gravity filtered and
the dark product oven dried at 85°C, Anal, Caled., for
Cu3020H36N10016: C, 27.83; H, lL.EO; N, 16.23. Found: C’
27.79; H, 3052; N, 15-920

13, Cu(Guanoaine)a.hHaoz A basie solution of
guanosine, preparsd by addiag 25 drops of 10% NaOH solution
to 20 ml of water heated to 65°C conteining 0,707l g
(2,5 mmoles) of ligand (pH 10), was added in small incre=-
ments (k ml) with constant swirling to 5 ml of 0.25M
Cu(Ac)a.Hao solution (1.25 mmoles), After the final mdditien
the green gel initially formed was tfanaformed to a turbid
light green mixture (pH 8) and allowed to heat an additional
10 minutes, The mixture was placed in an iece bath for 20
minutes, filtered and oven dried at 85°%%. Anal, Caled,
for CuGygHyoN3g0y),t Os 344313 H, he6l; N, 20.01. Founds
C, 3ke52; H, he263 N, 19.3k4,

14, cu(BBr-Guanosine)a.BHEO: A basie solution of
8Br-guancsine, prepared by adding 20 drops of 10% NaOH |
solution to 35 ml of water at 55%C containing 0.9165 g '
(2,5 mmoles) of ligand, was added with stirring to a solution
prepared by adding 0,2500 g (1.25 mmoles) of Cu(Ao)z.Hao
in 10 ml of water at 55°C. The additlon was performed in
one portion, A light gresa mixture developed (pH 8) which

was cooled to room temperature under running tap water,
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suction filltered, washed with water and oven dried at 99°c.
Anal, Caled, for 0“020H28H100135r2’ Cy, 28,60; H, 3,363
N, 16.68. Found: C, 28.26’ H, 3.1]-[-; N’ 17020.

15, Cu(Cytoaine)201 A solution, prepared by additien

2%
of 0.1260 g of CuCl,e2H,0 to 20 ml of methanol, was added
with stirring to a oytosine solution, prepared by addition
of 0,0928 g of ligand to 60 ml of methanel at 50°C, After
S minutes of heating a turbidity developed in the dark green
solution at which time the mixture was removed from the hot
plate., Within a short period of time a light blue product
appeared that was gravity filtered, washed with methanol

and oven dried at 95°C. Anal, Calod, for CuCgH, (N 0,01 ¢
C, 26,943 H, 2.83; N, 23,57. Found: C, 26,973 H, 3.063

N, 23.67.

16, cu(zs-cytosine)012: Dropwise additioan of 4 ml of
a methanel solution containing 00,0229 g of Cucla.aﬁéo to ‘
20 ml of a methanol solution containing 0,0175 g eof
Z-thiocytosine at 65°C ylelded a fluffy, light yellow mix-

ture that was heated for 5 minutes, After removal from

the hot plate, a room temperature mixture of the light
yollow product was filtered, washed with methanol, and even
dried at 90°C. The dried product was dirty yellow in ap~-
pearance, Anal, Caled, for cuchESNBSlclzz C, 18,363

H, 1.93: N, 16.07. Found: ¢, 17.9hs H, 2.12; N, 16.75.



17. Cu(ES-Cytoaino)a.EHQO: An acidic solution of
2-thioeytosine, prepared by addition of 0,3138 g of ligand
(2.5 mmoles) %o 20 ml of water at 65°C acidified with 25
drops of 10% HCl solution, was sdded 1n small portions (5 ml)
to 5 ml of 0,25M Cu(Ao)a.Hzo solution (1,25 mmoles) with con-
stent swirling, Initially, a black solutlon developed which
changed teo a yellow, lime-green viscous mixture after the
ligend addlitions completed, The mixture was allowed to heat
en additional 15 minutes, end after cooling in en ice~bath
for 20 minutes, the orange-yellow, gel=like mixture was
suction flltered and washed with water, The product was
oven dried and stored over PEOS' After 2 days the color of
the product changed from orange to brown. Anal, Caled,
for CuCgH, N 0,85t C, 27.28; H, 3.i41; N, 23,87, Found:

Cs 26,L73 H, 3.06; N, 23.78,

18, cCu(Adenosine)(0H).1/2 H;0: A basic solution of
adenosine, prepared by adding 0.6702 g (2.5 mmoles) of
1igand to 20 ml of water at 66°C contsining 20 drops of 10%
NaOH solution (pH 10), was added to © ml of 0,25M Gu(Ac)a.
Hy0 {(1.25 nmeles) in small porticns (5 ml) with constent
swirling. A green viscous mixturs (pH 7) resulted after the
last addition end was allowed to heat an addlitional 10
minutes in & hot water bath at 65°C. The mixture was
gsuctien filtered (after immersion in en ilgce-bath for 15

minutes), and oven dried at 859C, The crushed product was
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dark green. Amal, Caled, for CuyCygHy NeOg gt Gy 33.75;
H, 3,973 N, 19.69, Found: C, 34.06; H, k133 N, 18,93,

19. Cu(Xanthosine)(OH).2H20= A baglc straw=-colored
gsolution of xamthosine, prepared by adding €.1998 g (2.5
mmoles) of ligand to 20 ml of water at 69°C containing 15
drops of 10% NaOH solutien (pH 10), was added is asmall in-
crements (4 ml) to 5 ml of 0,25M Cn(Ac)a.Héo solution with
congtant swirling, A light green mixture developed (pH 6)
end was allowed to heat an additional 10 minutes in a hot
water bath at 65°C after which time the mixture was placed
in an 1ce bath fer 20 minutes. The green product was grave
ity filtered snd oven dried at 85°C. Anal, Caled, for
CuyCygH1gNyOg? Cs 30.04; H, 4.03; N, 1,02, Found: G,

29.22; H’ 3.h7; N, 13082|

20, Gu(Inosine)(OH).H20= A basle solution of inesine,
prepered by adding 0.6807 g (2.5 mmoles) of ligand to 20
ml of water heated to 65°C containing 20 drops of 10% NaOH
solution; pH 10, was added to S ml of 0,25M Cu(Ac)z.Hzo
soluticn at 65°C in small increments (5 ml) with constent
swirling, A dull, blue=-green mlxture developed 1nmed1atély;
final pH 9. Tho mixture was heated for 180 minutes in a
hot water bath at 65°C, cooled in an ice bath for 20 minutes,

end gravity filtered. The dark green product was oven

dried at QOOCQ Anal, Caled, for culcloﬂihyh97= C, 32.83;
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H, 3086; N, 15.320 Found: C, 31099; Hi 3077; N, 15-370

21, Cu(Cytidine)(OH).2%H20: A basic solution ef
eytidine, prepared by adding 0.6051 g (2,5 mmoles) of ligand
to 20 ml of water heated to 68°C containing 30 drops of 10%
NaOH solution; pH 10, was added to 5 ml of 0,25M Cu(Ac)z.
H,0 at 68°C in small inorements (5 ml) with constant swirl-
ing, A light blue mixture developed after the first addi-
tion; pH 7. Subsequent additions imparted a green caste to
the mixture, The final addition transformed the mixture to
a clear deep blue solutlon, pH>1l0. The volume was concen-
trated to 10 ml on a hot plate and the soluticn allowed to
evaporate slowly at room temperature, After 1 month the
hard blue film that resulted was dissolved in 10 ml of hot
water, Slow evaporation over a k month period ylelded a
light green-blue product that was suction filtered, washed
with water and methanol, and oven dried at 90°C. Anal,
Caleds for CuyCqoH)gNi0g ¢t €, 30.12; H, he783 N, 11,71,
Found: C, 29,453 H, h.O0k; N, 11,21,

22, Attempts at Complex Formation

In addition to the ligands found in the complexes mene
ticned previously, a large variety of other pyrimidine and
purine ligands were tested under the same reactlon conditions

outlined at the beginning of this section, Attempts to



synthesize copper(II) complexes falled with the following

ligands:

Pyrimldines

1, 5X-Uracil, X=CH,, Br,
F,NH%, CHyC0

2. 6X=Uracil, X:CH;, NH,

3, 6Aza-uracll, Diazsuracil
i« Uridine, Deoxyuridine

5. Thymine, Thymidine

Purines

1, G'umine’ 6Cl-guanine,
B8Aza-guanine, 6Mercapto=
guanine, OBr-guanine

2. Adenine, 8Aza-adenine

3. 3'~Daoxyadenosine

lie 31=dAMP, 31,5'ecyclic AMP

5« 5'=IMP
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Results and Dlscusslon

The compounds prepared during this investigation have
been grouped by the crlterlion of similar ocomposition and sim-
1lar ligand group iato five different sections, The data §3r~
tinent to these compounds will then be presentad and dilsocussed
in the corresponding section below.

A. Cu(SX-Uracil)a.n H,0, where X = H, I, NO, and n =

2
1, 1, and 2, respectively; Gu(6X,2S-Uracil)2.n solvent,
where X = H, NHé, CH3, 03H7 and n solvent gz 3H20, BCHBOH,
2H.0, and uHéO, respectively; Cu(2,h—D1thiouracil)(0H).H20.

2
Complexes of the pyrimidine bases have been very elusive
up to now because of their small pKas and reported weak Lewis
base behavior,253 however, two new serles of 2:1 lligand to

Cu{II} coordination compounds with 6X,2S-Uracll, where X

H,
NH,, CH,, and 03H s and 5X-Uracil, where X = H, N02, and I,
nave been isolated as a result of this work, Thils shows that
23-uracll acts as a good Lewls base and readily coordinates
to Cu(II). Recently, Villa and Nelsonzgu reported the syn-
theses aad spectroscopliec properties of two members of the
series corresponding to Cu(5X-Uracil)2.nH20, where X = I, and
N02 and n = 1 and 2, respectively., Again, the Cu{II)-substi-
tuted uracll interactions have been shown to be real and

stable, and this represeats the preparation and characteriza-

tion of the first simple coordination compounds of the 5-sub-
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stituted uraclls., In addition to the uracil and thiouraecil
complexes, a novel complex with 2,4-dithiouracil has also
been isolated,

Complete tabulations of the major IR bands for all 1li-
gands and complexes in the NaCl range (3500 = TOOcm'l) are
given in Tables VIT and VIII. The asslgnments given 1ian the
tables were arrlved at by laterpolation among the IR spectra
of the free uracil, 2S-uracll, and 2,li~dithiouracil and by
direct comparison to previous published IR analyses for ura-
¢11255 and 2,4~dithiouracil.’9 The coordluation sites were
determined by comparison between free ligand and coordina-
ted ligand,

The malin area of lnterest is the reglon between 1700
and 800om™! where the following bands are located (all in
em~L): v €(2)0, 17303 v C{L)0, 1690; SN(1)H, 151036 N(3)H,
1h20; vthioamide I, 1560; v thioamide II, 12303 and v thio-
amide III, 860,

The changes in the spectra are dramatlie upon coordina-
tion, For the 6X,25uracil and 2,k~dithiouracil complexes,
SN(3)H decreases ian intenslity or completely disappears from
the spectra polnting to N{(3) deprotonation and concomitant
coordination, The C{2)S molety, as monitored by thicamide
bands I-III, 1s also used for coeordination since there are
changes in position, lntensity or both in several of these
bands, Vv C(L)0 remains wichanged in intensity and only slight-
ly shifted in position (combination band with v ¢=C); s N(L)H

also remalns constant in intensity and position. This is in-
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dicative that C(l4)0 and N(1l) are not used as coordination
sites. The presence at 3425 and 3335cm™l of the asymmetric
and symmetric NH stretching modes, respectively, for the
-NH2 group, governed by the following expression:256
vNH2 (ay.) = 345.54 + 0,876 uNHé(asy.) precludes coordina-
tion at the NH2 postion in the 6NH,,2S-uracll complex. How-
ever, for the 5X-uracll complexes, v(C{(2)0 and § N{1)H dis-
appear from the spectra, while v C{4)0 and s N{3)H remain con-
stant, Indicatlng that the bonding sites in these compounds
are C{2)0 and N(l). The high frequency area, from 3600 to
2800em™1, contalns several bands which can be assigned to
vN(X)H and vOH. The decrease in intensity of the v N(X)H
bands in this region corroborates the assigoment of ring ni-
trogen deprotonstion and coordination. Although IR data
points to a large reduction in thioamide bands I-III fer the
2,-dithiouracil complex, involvement of C{2)S and/or C(}4)S
canaot bé discriminated from the IR data. However, owing
to the complete insolubility of this complex in most organ-
ic and inorganic solvents, a polymerliec type structure is pos- ;
sible and coordination through both C(2)S and C(}4)S is sug~
gested., Magnetlc evidence will be presented later that sup-
ports thls contention for a polymeric interaction. There-
fore, a shift in the bonding sites 1s observed from N(3)/
C(2)S 1n the 6X,28-uracll, and 2,h-dithiouracil complexes to
N{(1)/C(2)0 in the 5X-uracil complexes., Although simultane-

ous coordination via N and S in mono-85’86 and dithioura=-

¢1187-9 metal complexes has been recently postulated, the



exact nature of the coordination has never been elucldated.
Weber's contentionau for monodentate coordination in 2S-ura-~
cil appears, therfore, unwarranted in light of the results
presented here. The coordination found in the 5X-uracill me-
tal complexes contrasts the monodentate bouding at C(Lq.)o75
and N(3)77 of uracil with Hg(II).

Several iaferences may be drawn from these results.
Flrst, nuclelic acid bases act as donors towards transition
metal ions. Thls donor propertiy would allew them to inter-
act with metals during traascription and/or translation pro-
cesses? as well as processes lnvolving nucleic acids (e.g.,
biological oxidations and reductions, charge carriers, en-
zyme activators, and control mechanismss’g). Second, these
nuclelc acid bases behave as chelating ageats, Thls suggests
that they can also fuanctioan as the coordinating (chelating)
sites at RNA by metal complexes such asg the cis-Pt(amine)2
012122-h,128—9 complexes used as anticarcinogens. Slnce the
N{(l) chelating site 1ls substlituted by ribose in RNA (Fig. 1),
the chelating ability of the uracil nucleotlides is expected
to be: 2,h=-dithiocuracil> 2S~-uracil>uracil. Also since N(3)
i1s involved in hydrogen bonding, the incorporation of 2S-ura-
¢il for uracll in RNA should allow a more effectlve disrup-
tion of the hydrogen bonding by metal lons like Cu(II) with
a concomitant alteration in the functional capabilities pos-
sessed by these polynuclsotides,

Complete tabulatlions of the visible-near IR bands in the
25,000 - 8,300em~1 region and EPR absorptions for all com=
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plexes are given In Tables V and VI, respectively, at the
end of Sectlon E. The magnetic susceptibility data and

1/x vs. T plots of the SX-uracils, and 6X,2S-uracil and 2,4~
dithiouracil complexes are given lan Tables XIII and XIV and
Figures 12 and 13, respectlvely.

The range of the d-d transition band maxima for the 5X-
uracils 1s: 15,400 - lh,?OOcm'l, and is consistent with
tetragonally distorted oetahedral Cu(II) complexes of approxi-
mate th symetry and can be assigned to the 2Eg (dxz,yz)
<I———-2B1g (da <2 2) transition. The transition to the 2Eg
level i3 usually 57degenenﬂb with the one to the ZBEg set,
while the transition to the gAlg level 13 at much higher
energlies, outslide our spectromster range or masked by li-
gand to ligand transitions. Similar ranges of the wvalue of
the d-d transitlon have bsen observed for approximately Dh
Cu(II) complexes having the Oh 2 chromophores, 258-9

The range of the d-d traasition band maxima for the 6X,
28=-uracil and 2,h-dithiouracil complexes, 13,300 - 10,800cm'1,
suggests a ohaﬁge in the geometry around the Cu(II) ion, from
a tetra gonally distorted th symmetry (as seen for the 5X-
uracil complexes)} to a trigonally (rhomblc) distorted con-
figuraetion with approximate G symmetry. In the latter case,
the large size of the S atoms 1induces a symmetry low enough
to allow d~d transitions from the 2A1g (dxa-yZ) ground state

1Blg or lBBg exclited statea, It should be

to elther the
noted that the elec¢tronic absorptions obsgserved were very

broad and may consist of two overlapping semi-degenerate tran-



sitions., Resolutlon of these bands could probably be at-
tained only at temperatures below 20°K, but the new infor-
mation would probably still be consistent with approximate
Cpy, symmetry. Furthermore, it 1s well known259 that the abi-
lity of Lewls bases to coordinate to Cu(II) 1s in the order

260 gyuggest that the g Cu-S

S >N > 0 and EPR messurements
bond 1la twice as covalent as the o¢Cu~N bond., This Iindie

cates thet in golng from the O,N, chromophore (in the 5X=

2
uracils) to the S N, chromophore (in the 6X,2S-uracils and
2,h=dithiouracil), the overall ligand fleld strength and
distortlons from approximate th symmetry 1increase wilth a
concomltant splitting of the d levels and a lowering of the
d-d transitions observed. An alternative explanation for
the position of the d-d transition band mexima in these 6X,
25-uracil and 2,h-dithiouracil complexes might be a chaage
of coordination number upon complexation which effectively
changes the site symmetry about the Cu{II) from distorted
octahedral to tetrahedral or trigonal bipyramidal geometry.
However, our EPR data unequivocally show the ground state
to be 2Blg (dxz—yz) since g, > gxy’ precluding the possibi-
lity of these coordination number changes upon complexation.
It is also unreasonable to postulate a loss in éoordination
number when the ligand changes from bidentate te tridentate
a3 1s expected for the 2,L-dithiouracil complex,

Information regarding the magnitude and nature of the
magnetic interactions in these complexes was determined by

variable temperature magnetic susceptibllity measurements,
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The results for the 5X-urscil, and 6X,28-uracil and 2,h-di-
thiouracll series are plotted in Figures 12 and 13, respec-
tively, As can be ssen from the variation of the inverse
susceptibllity with temperature and ths value of the tempera-
ture intercept, g, both series display antiferromagnetic in-
teractions (Fig. 10), however, the nature of these interac-
tions 1s not the same in all cases.

For the 5N02-uracil complex, & linear least aquares

plot of the experimental poilnts allowed extraction of a tem-
perature intercept, f, of -7.9°K which is a measure of the
interdimer Ilnteractlions. The experimental data for the com-
plex was then fltted to the Van Vleck equation for exchaage
coupled dimers according to eq. (12)., Theoretical best fit
values to g and -2J were 2,1l and 6.2em™1, respectively. The
value of ~2J 1ndicates that the overall exchange ls rather
weak and should manifest as a deviation from linearity only
at temperatures below 129K. The experimental EPR g value ob-
talned was 2,16 and points to the correctnesa of the magne-~
tic model used. The value of ¢ ian the denomlnator of eq. (13)
allows one to calculate the magnitude of the intradimer inter-
actions within the 5N02-uracil complex and leads to a ~2J
value of O,lcm~1 (approximately zero) lmplylng that lattice
interactions (interdimer intersactions) constitute the na jor
pathway for the antiferromagnetic coupling with no localized
dimeric interactions per se., A fit to the Ising model, eq.
(16), was alsc accepteble but not as good as the Van Vleck

model, indicating that our proposition of a lattice interac-



tion is correct,

The 5I-uracil complex was fitted to the Ising model
for antiferromagnetically coupled straight chain polymers,
The parameters g and =-2J obtained from the theoretlcal best
£it were 2,08 aud 1llem~l, respectively, as well as a 16%
contribution from a moncmer species, Therefore, these data
suggest that the S5I-uracil complex is comprised of linear
chaeins with 12 metal ions (molecular formules) coupled in a
moderately strong antiferromagnetic fashlon with an essentlial-
ly uncoupled ion at each end of the chaln (average: 16% of
total), Fig..ll. The antiferromagnetic coupling of the sin-
gle dxz-ya electron on adjacent copper(IIl) centers can pro-
ceed via a superexchange mechanism261 involving the d,, and
d_.._ orbitals of adjacent metal centers and the ¥saystem of

vz
the 5I-uracil anion, The water molecules complete the dis-

AR

| _© N
Fig. 1lli. A schematic of the proposed polymeriec structure
for the Cu~bI-uracil complex. Here the S5I-ura-

¢il anion acts as a bridging ligand connecting
two ad jasent metal ceaters,

TRLNIR1
Ho'z:g

¢
4
©
®

torted octahedral geometry. The model suggests a long range

interaction (larger and more extensive presumably then the

90
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SNOE-uracil system), however, the role the substituent at
the 5 position plays in both these systems ia uncertain.
Apparently, their incorporation allows a more effective
orientation between metal ceaters whereby long-range lat-
tice interactlons predominate at the expense of relatively
short-range dimeric Interactions. The experimental g value
obtained was 2.13 and points to the correctness of the mag-
netic model used.,

The magnetic data for the unsubstituted uracll complex
did not fit any of the magnetic ﬁodels outlined earlier and
the curvature of the 1/x vs. T plot (Fige. 12) prompted a
field dependence study at room temperature. The results of
the study at three fleld strengths are shown in Table IXX
and clearly demonstrate the ferromagnetic nature (Fig. 10)
of' the complex. At the highest field strength the coupling
of spins in the lattice 13 broken and the individual spins
are forced to align in the field direction leading to.
lower susceptibilities and lower effective magnetlc moments.
At lower external fleld strengths the abllity to develop do-
mains of spins ls enhsnced and leads to higher suaceptibilil-
ties and higher effective magnetic moments, This coopera-
tive phenomenon is the hasis of the ferromagnetic interac~
tion observed and can be ascribed to an ordering throughout
the lattice.

It is noteworthy to point out that the S5X-uracil come
plexes display a lattice involvement of spin ceanters and sug-

gosts that the substituent at the 5 position is important in
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determining the specific mode employed even thoﬁgh it 1s
not possible at this time to determine if its involvement
is electronic, steric, or a duasl effect. In fact, Gel'man
and K1.xs31:ov£1'm postulated a bridged Ilnteraction between a
Pd(II) ammine dimer with SF-uracil acting as the bridging
ligand, however, only on the basls of elemental analysis,
The EPR data for the 5X-uracils support the interactions
postulated since they display the AMs = +2 spin forbldden
transition at half field, Hyry, &t approximately 1500G.
This band is, in 1tself, enough proofl of magnetlc interac=-
tions in Cu(Il) systema. The SIl-uracil complex 1s an ex~
ception showling no HﬁIN' Apparently, the multlatom inter-
action in the case of the SIeuracil complex ylelds several
bands in the HMIN region and precludes the resolution of any
band in this case.

The 6X,2S-uracil complexes were all fitted to the Van
Vleck dimer expressiocn for exchange coupled dimers, eq. (12},
and plots of 1/X vs. T are shown in Fig., 13 for this series,
It was observed that the effective magnetic moment was very
low at room temperature for every member in the series and
magnetic measurements below room temperature would have given
no ugeful information. In all cases, only data above room
temperature were cobtained, The curves appear essentially
flat as the temperature 1g 1lncreased iadicating little change
in the susceptibllities over a large temperature range. A
¢close inspection of FPig. 13 and of the magnetic data tHabula-

ticn for these complexes ln Table XIV shows them to be, as
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mentioned before, very strongly coupled with effective mag-
netic moments due almost entirely %o small amounts of mono-
meric lmpurities that are alwaya present, A theoretical
best fitting procedure was difflcult in each case because
very small changes in g values and/or % monomer impurity
correctionsused led to drastic changes 1n the molar suscep-
tibllitles. Also, the absolute values of the susceptlblli-
ties are so amall, that they are very difficult to obtaln
and utilize with a high degree of accuracy. Therefore, we
restricted our calculations to determiningalower limit for
the exchange interaction parameter, =-2J, for these complexes
as shown in Table VI. Typlcally, =2J 1s 2400cm™t and indi-
cates a triplet excited state far removed from the singlet
ground state, EPR sigaals for these coupled systems were
weak as oxpected siuce the triplet state, the only magnetic
state, 1s virtually wapopulated in relation to the ground
atate, but EPR absorptions characteristic of coupled systems
were observed at approximately 1500G, correspouding to HMIN;
and at 53006 and 3700G, correspoanding to the high fleld paral-
lel and perpendicular transitions, respectively. EPR abw
sorptions for these complexes are glven in Table VI. In-
deed, calculations based on a Boltzman distributlon between
ground and exclted states showed that week triplet state
bands should be observed,

The 1/ vs. T data fouad for the 2,li-dithiouracil com-
plex 13 glven in Table XIV and plotted in Fig, 13, The fit

to the Ising model for straight chain polymerswas excellent
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yielding respective values for the magnetic parameters g
and -2J of 2.02 and 700cm™t. The criterion used to deter-
mine & best fit was a minimization of the standard devia-
tion between calculated and experimental g values. A stan-
dard deviation in g of 0,0317 was obtained., The 94 mono-
mer correction found implies an average chain length of 22
complex units which 13 more extenslvely coupled (lower ef-
fective magnetic moment) and polymerized than the S5I-ura-
cil complex. This data, along with all the electronlie, mag-
netlc, and solublility dats, strougly suggests that both 8
atoms are used in the coordination of Cu(II) nuclei and
strongly supports the IR evidence for tridentate bonding by
the ligand, This conclusion 1is in agreement with the bonding
mode proposed very recently on a similar Cu(II) complex with
2,-dithiouracil by Agarwala and Khullar.89

The EPR spectrum observed for thls system was sonsisg-
tent with a triplet species approximately 700cm'1 above the
~ ground state and displayed a half fleld transition, HHIN’ at
approximately 1600G and a weak high fleld parallel transi-
tion at approximately SL00G, A proposed structure consias-
tent with all the spectroscopic data for the 2,4-dithlioura-

cil complex is shown in Fig, 15.

Cu
N
8
0H

Max

Fig. 15. A schematlc of the proposed structure of the poly-
meric Cu(II) complex with 2,4~dithiouracil,

*RO e
T RUNET



Table VII
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IR Data For 6X,2S8-Uracil and 2,hpDithi£uracil
Ligands aud Thelr Complexes (cm™*)

Free Ligand
2S8-Uracil (LH)
3470 m

3106 s
2940 s,sp

1701 s
1686 s

1623 m

1558 s

152l w,sh
14h9 wysp
1416 m,sp
1391 vw,sp
1238 m,sp
1211 s
g b
1068 w
1000 w
909 w
830 w,bd
835 m,sp
758 w,bd

Complexed Ligand
Cu(L)2.3H20
3420 m

3106 m
2940 m

1704 s,sh
168h a:sp

1633 m
1623 m,sh

1558 m
1535 m

152 w,sh
1437 w
14416 w,sh
1385 vw
1272

1238
1211

117)
1155
1068

1000 w

LTrnEon

4

909 w
890 w,bd
835 w,sp

820 w,bad
758 w,bd

Assignment

vOH H20

vCH &
vNH

vC{l)O &
v(C={

§0H H20
vC=0

TAB I

SN(1)H
v ring
SN(3)H
§CH in-plane
TAB II

v ring

v ring

TAB TII
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Table VII (Centtd)

Free Llgand
6CH, ,28-Uracll Complexed Ligand
37 (L) Cu(L)2.2H20 Assignment
3420 vw 3420 m vOH H,0
3125 s 3030 w,sh vCH &
2941 m 2890 m,bd vNH
1639 s,bd 1656 s vC{lL)0 & C=C
- 1629 m §0H HZO
1558 s 1558 s,bd TAB I
1535 m, sh
152 w,sh 1500 w,sh SN(1)H
1435 m,sh 137 v ring
1420 m - SN(3)H
1381 w 1385 w ¢ CH
1348 m,sp 1355 w v ring
1239 w 124 w TAB IT
1199 s,sp
1190 s,sp 1193 m,sp
1186 w,sh 1186 w,sh
1166 s 1166 s
1040 w 1040 w,Dbd v ring
958 w 956 w,bd v ring
929 w 917 w v ring
870 w,bd 882 w,bd TAB TIX
838 m,bd 836 w
822 w,bd

805 w,bd

795 vw



Table VII (Cont'd)

Free Llgand
603H7,23-Uracil Complexed Lilgand
(LH) cu(L)a.uﬁao
3450 w 3450 m
3125,m’bd 3077 w
2941 m 2976 w
2890 sh
1656 s 1656 s
1629 m,sp 1635 sh
1558 s,bd 1570 w
1541 m
1500 w,sh 1490 m
1445 m 14l m
1416 w,sh -
1393 w 1385 w
1333 w 1340 w
1279 w 1272 m
1241l m 1230 w,3h
1190 s 1208 m,ba
1163 m 1166 w
1010 w 1015 w,bd
960 w 953 w
935 w -
885 w 876 wvw
861lvw 858 ww
818 m,bad

785 w

820 w,bd
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Asalgnment

vOH HéO

vCH &

VNH

vC(l1)O & C=C
§OH H,.0

2
TAB I

6N(1)H
v ring
SN(3)H
6CH in-plane
v ring

TAB IT

v ring

v ring

TAB III



Tgble VII {(Cont'd)

Free Ligand
6NH,,28-Uracll Complexed Ligand
2 (LH) : Cu(L)z.BCHBOH Assignment
3425 w 3400 m vNH, (asy.) &v H,0
3335 w,sh 3335 w,sh vNH, (8y.)
3135 m 3106 w,bd vCH & vNH
3049 w,bd
2941 m 2907 m,bd
1639 s 1653 vC(l1)0, vC=C,
& sNH,
- 1630 m § OH Héo
1558 s 1558 m,sh TAB I
1543 s
1500 w,sh 1500 w,sh sN(L)H
1425 m,bd 1437 m,bd v ring
1405 w,sh -
1381 w,sp 1385 w §CH in-plane
1348 m 1355 w v ring
1299 w 1295 w -
1239 w,sp 1241 w,bd TAB II
1199 s,sp -
1190 s,sp 1185 m,bd
1166 s 1166 1
1041 sh - v ring
G929 w 916 ww v ring
870 w,bd 86l wvw TAB TIT
838 m 836 vw
806 w,bd 799 ww

789 w



Table VII (Conttd)

Free Llgeand
2,4=Dithiouracil
(LH)

3106 m
3012 m
292h m
1610 s,sp
1572 s
1546 m,sp
1493 m,sp
1412 w

1366 w

1252 m,sp

1235 s
1211 s

1126 vs
1096 w

980 w,sp
859 w,ap

791 sh
779 wybd

Complexed Ligand
Cu(L) (OH) . Hy0

3425 m

1563 w,sh
1543 m,sp
1493 ww
1366 w
1381 s
129; m
1185 m

1155 m,bd
1092 vw

806 w,bd
778 w,sh
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Assignment

vOH H20

vCH & vNH

vC=C
TAB I
SN(1)H
TAB I
SN(3)H
v ring

TAB II

TAB III

v ring
$CH out~of-plane
TAB IV



Table VIII
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IR Data For 5X-Uracil Ligands
and Their Complexes {cm~1)

Free Ligand
Uracil (LH)

31hl s,sp
3012 =

1721 s,s8p
1669 s

1511 w,sp
1420 m,s8p
1235 m,bd
1217 w,sh

1092 w,bd
1000 w

990 w
758 w

Complexed Ligand
Cu(L)z.HEO
3597 w
3141 m,bd
3012 s,ba
1718 m,ba
1678 s,bd
1597 m
1511 wvw
1420 m,sp
1238 m,bd
1215 w,sh

1092 w,bd
1002 w

990w
758 w

Assigament

vOH H20

VNH

vCH in-plane
vC(2)0

ve(l)o

5 0H H20
SN(1)H

SN(3)H

v ring

6 CH in-phase |

v ring

v , 8 ring

v ring



Tabls VIII {Cont'd)

STsGracih (1) (L) oaig0
3311 sh 3370 sh
3246 m
3125 m 3125
3067 s 3030 m
2857 m 2841 m
1748 s 1736 w,sh
1700 s 1690 s,sh
1650 s,bd 1640 s,bd
1608 s,sp 1603 s,ap
1506 w -
1471 m,sp W60 m
1433 m,sp 1429 m
1397 w 1397 w
1323 m,sp 1319 m
121 8 1211 s
1136 s 1131 s
992 w 992 vw
935 m 935 w
773 m 772 W,bd
753 3,8P 753 m
725 m 725 m
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Agsignment
OH H_O
VR

vNH

vCH in-plane
vCH out-of-plane
vC(2)0

ve(l)o

60H H20

vC=C in-plans
SN(1)H

v ring

SN(3)H

§CH ln-plane

v ring

v, 6§ ring
v, 6 rlog
é CH

v, § ring



Pree Ligand
S5NO,-Uracil (LH)

3270 sh
3160 wW,sh
3086 s,bd
2841 m,sh
172 s,bd
1685 s,bd
1620 m
152l s,bd
149 sh
1453 m
1hl2 8
1359 s
1323 s
1232 s,bd
1121 w
1002 w
36 an
82l s,bd
779 w

Table VIII (Cont'd)

Complexed Ligand

Cu(L)2.2Héo

3450 s
3160 sh
3049 m,bd
287 m
1685 s,sp
1600 m
1567 s
1497 m
1,h0 w,sh
1429 m,8p
1355 m
1323 s
1292 s,bd
1199 w
1019

1007
861

LLE

775 w

102

Assignment

vOH H20

vNH

vCH In-plane
vCH out-of=plane
vC(2)0
vC(l)o

6 OH Héo

vNO (asy.)
SN(L)H

v rlng
§N(3)H

v ring

6 CH in=plane
vC-NO2

vNO (s8ym.)

v ring

v ring

§NO

v, § ring



Table XIII

Varieble Temperature Molar Susceptibilities and Effective Magnetic Moments
For S5X-Uracll Complexes

Compound Temp x (exp) 1/x (exp)} x (ealc) 1/x (calec) Moment Moment Std. Dev.

6 -6 I (exp) (calec) Between

(°k) (x10™6) (x10%) (x107°)  (x10t g values

Cu(NO,_~U) ,+2H,0 298,0 14,88 672.0 1452 688.8 1.88 1,86 0.0316

2 239.,0 1835 Shle 8 1792 588.0 1.87 1.85
179.0 2461 4o6.4 2365 ho2,8 1.88 1.8k

142.0 3051 327.7 2956 338,3 1.86 1.83 (Dimer)
100,0 L4163 240,.2 hiyk 2h1.3 1.82 1,82
76.8 5101 196.0 5340 187.3 1.77 1.81
68,8 5889 169.8 5932 168,6 1.80 1.81
58,3 6861 145.7 6945 1hh,0 1.79 1,80
43.0 905% 110,14 9252 108.1 1.76 1,78
33,0 11780 8.9 11820 Bli.6 1.76 1.77
28,0 12300 76.9 13710 7249 1,71  1.75
12,0 27810 36,0 27410 36.5 1.63  1.62

Cu(I-U)_..H.0 298,0 1028 972.9 1130 885.2 1.57 1.64 0.,0987

2772 234,0 1211 826,0 1305 766.1 1.51  1.56
159,0 1543 648.0 1567 638.1 1.0 141

118,0 1809 552,8 174l 573.2 1.31 1.28  (Iaing)
60.7 253l 394.7 2322 430.7 1.11 1.06
52,3 2866 348,9 2545 392.9 1,09 1,03
b3.,0 3222 310,14 2912 343.0 1,05 1,00
36,0 3621 276,2 3323 300,9 1,02 0,98
28,0 1186 238.9 L1052 26,8  0.97 0,95
20,6 5077 197.0 5232 191.1 0.91 0,93
16.3 5815 172.0 6411 1560 0.87 0.91
12.0 7105 140.8 84434 118.6 0.83 0.90

£0T



Table XIII (Cont'd)

Variable Temperature Molar Susceptiblilitles and Effective Magnetic Moments
For 5X~-Uracil Complexes

Compound Temp x (exp) 1/x (exp) x (cale) 1/x (calc) Moment Moment Std. Dev.
& (exp) (calc) Between
(°k) (xlO'é) (xlou) (x1077) (xlOu) g values
cu({U)_ .H_ 0 297.,0 1320 7578 - - 1.78 - -
2 2 215,0 1555 64342 - - 1.6 -
16900 1738 57503 - - 1.5& -
122;0 1987 503.2 - - 1.’4.0 -
79. 1 2352 L|.25.2 - - 1022 -
65.3 2545 392.9 - - 1.16 -
56.5 2701 370.3 - - 1.11 -
4.9 2954 338.6 - - 1.03 -
3443  31h9 317.6 - - 0.93 -
27.3 3322 301.0 - - 0.86 -
18- 3567 2800 3 - - 0. 73 -
15.0 3707 269.8 - - 0.67 -
12,0 3980 251.3 - - Q.62 -

tot



® Cu(SNOa-Uracil)z.aﬂéo

750 - n Gu(UI‘acil)a.Hao

00 —
1/x >
(mol/em) |
(x16l) 250 7
0 ~T j T ¥ ] J

|
0 100 200 300 T (°K)

Filgure 12. Inverse susceptibllity vs. temperature for 5X-uracil complexes,
Solid lines represent theoretical best fits to Ising model (X=I),
and dimer model (X=N02 s experimental best fit for Xz=H.
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Table XIV

Variable Temperature Molar Susceptibilities and Effective Magnetic Moments
For 6X,28-Uracil and 2,)-Dithiouracil Complexes

Compound Temp
(°k)

Cu{Dithiouracil) 294.0
(0H).H20 32130
347.0
365,0
38L.0
L22.0
4150.0
1163 ,0

Cu(6C H ’ZS"Ura- 293-0
37 323.0

cil) hH O 349.0
2 "2 372.0
395,0

h2h .0

471,0

Cu{2S-Uracil) 299.0
.3H,0 2 3241.0
354.0
fioL.0

x {(exp)
(x10'6)

315.9
313.0
309.9
309.9
307.6
298.9
28847
292.0

138.6
152.8
1,3
156,1
1h6,.6

150.1¢

136.2

117.7
122,5
111,72

a7

(x10l)

3166
3195
3227
3227
3251
3346
346l
3L25

7216
6516
6932
61407
6820
6619
731

84,93
8161
8996
1056

(x107C)

332,14
320.4
311.1
305,7
300.8
292.9
288,

286,

Iy
6
150,14
145.8
1,43.8
3.l
l).u.l..o
1k6.1
151.9

118.0
113.5
109.0
102.9

(xlOu)

3008
3121
321l
3271
3325
3115
3168
31189

6651
6861
6955
6975

694y
esgs
658l

8,476
8810
9177
9717

0.86
0.90
0.93
0.95
0.97
1.00
1.02
1.0l
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1/x (exp) x (cale) 1/x (cale) Mcment Moment Std. Dav.
{exp) (ecale)

Between
g values
0.0318

(Ising)

0.117

(Dimer)

0.162

{Dimer)

901



Table XIV (Cont'd)

Variable Temperature Molar Susceptibilities and Effective Magnetic Moments
For 6X,2S-Uracil and 2,4-Dithiouracil Complexes

Compound

Cu(6NH2,28-Ura-

cil)E.BCHBOH

Cu(6GH3,ZS-Ura-

Temp
(°K)

289,0
315.0
351.0
373.0
405.0
433.0
L60.0

297.0
313.0
36,0
372.0
18,0

x (exp)
(x10-6)

be19
15,79
16.73
15.79
17.39
23.00
13.93

2.69
8.86
13,80
20,70
25.60

1/x (exp) x (ecalec) 1/x {cale) Moment Moment Std. Dev.

(x10%)

238700
63330
59770
63330
57500
43480
52830

371700
112900
721460
418310
39060

% Fixed g values used

(x10~0)

60,00
60,00
60,00
60.00
60,00
60.00
60,00

(x10l)

16670
16670
16670
16670
16670
16670
16670

187300
138000
81070
57410
35130

(exp)

0,099
0.199
0.216
0.216
0.238
0.283
0.26l

0.080
0.149
0.196
0.2h8
0.293

{(cale)

0,118
0.123
0.130

Between
g values %

(Dimer)

(Dimer)

LOT
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Figure 13. Inversae susceptibility vs, temperature for 6X,2S-uracll complexes and

2,1~dithicuracil complex (DTU). Solld lines represent thaeoretical best
fits to Ising model (DTU), and to dimer model (XsH, NH,, GHB’ CBHT)'
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Bes Ou(C tosine ; Cu{28=Cytosine)Cl ; Cu{2S-Cyto=~
sineY .2H 0. 2

The first serles of Cu(II) coordination compounds with
28=-cytosine, Cu(2$-cytosine)012 and Cu(zs-cytosine)a.EHéO,
were prepared aand characterized. Thils shows thet 28-cyto=-
sine mcts as a Lewls base, aud like the uracll and thioura-
¢ll systems described 1n Section A, substantiates the evi-
dence that metal coordination compounds with pyrimidine bases
can be formed and lsolated. A complex previously prepared

and examined by X-ray crystallography by Carrabine and Sun-

109

daralingamuu’u7, Cu(cytosine)Cla, was aslso prepared and studled

here,

A complete tabulation of the major IR bands for these
complexes 1s given in Table IX, Assignment of these bands
wags made by iunterpolation between cytosine and 2S-cytosine
and by direct compsarison to previously published data for cy-

262-3 and ZS-c;sr’co..ﬂ.in'e.261L The cocrdination sites were

tosine
determined by comparison between free ligand and cocordianated
ligand.

The main areas of interest 1s the reglon between 1700 and

BOOCm'l

where the followlng bands (cm“l) are located: for oy~
tosine, vC{(2)0, 1661;3$ NHE’ 17063 §N(1)}H, 1520; vC=-N (ring),
1466, 1362; end for 2S-cytosine, &NH,, 16565 sN(1)H, 1543,

v thioamide I, 1225; v thiocamide II, B00. A second area of
interest lies between 3600 and 2800, where vwN(X)H at 3150, vOH
at 3100, and uNH (asy. and sy.) at 3400 are located.

For the cytosine complex vC(2)0 decreasses in intensity



pointing to C(2)0 coordination. The ring vibrations are dra-
matiocally reduced in intensity and polnt to a large pertur-
bation. However, the presesnce of SNH2 at 16780m‘1 and SN(1)H
at 1520em=1 precludes thelr involvement in coordination and
guggests N(3) as the site of complexation. The presence of
the v NH, (asy. and ay,) at 3425 and 3333cm'1, respectively,
is further evidence for the non-~involvement of the NHé group.
This indicates C(2)0 and N(3) coordination and is in agreement
with the kuownllsli7 bonding sites for this complex. In addi-
tion, the X-ray structure c'leterm!.md:i.on.’*"'f'""7 uncovered addi-
tional coordination by the two chloride counterions comple=-
ting a distorted octahedron around Cu(II).

Both 28~cytosine ligands coordinate differently from the
eytosine but similarly to each other, The reduction in inten-
alty and shift to lower energy of“SN(l)H at 15&33m'1 coupled
with the sharp reduction of the high frequency -+ NH at 3120cm=1
points to N(1) coordination, The involvement of the NH, group
1s raled out since SNH2 at 1650cm™t and - NH, (out=-of-plane)
at 3333cm'1are;u@sent in both complexes, The severs reduc-
tion of thicemide bands I and II at 1230 and 800em~t, respec-
tively, points unequivoecally to C(2)S coordinatioca. There-
fore, the coordination is via C(2)S and N(1l).

It i3 interesting to note that within the pyrimidine co-
ordination compounds studied, in the uracil (ecytosine) series,
the effect of replacing a keto oxygen on C(2) with a thio sul-
fur is to interchange the preference for coordination between

N(1) (N(3)) for keto to N(3) (N(1)) for thic. The implica-

110




111

tion is that substantial electronic changes are encountered
in these pyrimidine systems leading to speciflcity in bonding
when the replacement of O by S has been affected and polilnts
to a possible means of selectivity in bonding and biological
funetion, As N(1l) 1s coordinated to a sugar molety in DNA
and RNA (leaving open only the N(3) site for coordination),
the complexation abllity of Cu(II) with these macromolecules
1s expected to follow the order: cytosline > 2S-cytosine.

The range of the d-d transition band maxima for these com-
plexes is 16,400 = 15,200cm™*+ (Table V). The absorptions can

be assigned to the EE%-« 2B transitions in an axially dis-

1
torted octahedral Cu(II) sysfem. An interesting feature is
the shift to higher energies (blue shift) of approximately
uOOcm’l upon replacing oxygen by a sulfur denor in the chlor-
lde complexes, It 1s apparent that the thio group in the
plane effects a larger ligand field than does the keto group
and a high binding affinity for Cu(II). Similar blue shifts
have recently been reported265 in comparisons of (u(II) com-
plexes with peptides and sulfhydryl peptides. This comparie
son, however, can only be made 1f the crystal structures of
these complexes are known, that is, 1f the overall coordina-
tion geometry around Cu(II) remalns otherwise the same, As
will be apparent, in light of the EPR and magnetic suscepti-
bility data, the coordination geometry does change between the
cytosine and 28-c¢cytosine, with a probable substitution of 0
atoms or chloride ilons in the coordination sphere by S atoms

from the 2S-cytosine ligands, These substitutions by S atoms
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are expected to Introduce distortions away from planarity
(in the Xy plane) and away from pseudo th symmétry.

The EPR data for the cytosine and 23-cytosine complexes
are given 1in Table VI, Full fleld absorptiong at 2990 and
3208G yielding values of g, = 2.23 and Exy = 2.08, polnt to
an axial distortion about the copper{Il) center for the cy-
tosine complex (gZ > gxy)‘ The EPR spectra of both 2S-cy-
tosine complexes were unusual and simlilar as they did not
show parallel or perpendicular hyperfine coupling but only
one very broad band which is indicative of dipolar coupling
between copper(II} centers with axial symmetry. However, the
spectra of these systems can be explained as if they origlna-
ted from monomeric species similar to the polymers,

The tabulated mamnetic susceptibility data for these sys-
tems are given in Table XV, Plots of 1/x vs. T for these sys-
tema areshown in Fig., 16. The cytosine complex was fitted
to the Van Vleck equation for exchange-couplsd dimers, eq.
(12), and ylelded theoretical best fits to g and -2J of 2.07

1, regpectively., As can be seen the agreement be-

and 6,.,2cm”
tween theory and experlment is excellent and the small stan-
dard deviation in the g values of 0,0155 points to the correct-

ness of the magnetic model employed for this gystem. As be-

fore with the 5NO,_,-uracil complex, the nature of the exchange

2
interaction was elucidated by substituting g = -~3°K, obtained

from a linear least squares fit of the experimental 1/x data

as a functlon of temperature, into eq. (13)., The results ﬁ

demonstrated that the exchange energy 2J approached zero (l.6



em™}) indicating that the interactions found in this complex
are of a lattlice type and not between discrete Cu(II) dimers
and may well proceed by a mechanism similar to that found in
the 5NO,-uracil complex. A good fit to the Ising model for
antiferromagnetically exchangeec¢oupled, straight-chained poly-
mers was also obtalned indicating that the Interactions are
of a polymeric nature throughout the lattice. The magnituds
of this polymerlc interaction was small (approximately 7Tom=1)
and is apparently of a dipolar aature.

Both 2S~cytosine complexes were fitted to the Vau Vleck
dimer equation, eq. {1l2), with small amounts of monomeric
impurity corrections (approximately L%). The 1/x vs. T plots
clearly demongtrate the small magnitude of susceptibility
as well as the almost Imperceptible chauge in susceptibility
ags the temperature is varied through a large range. The gene-
ral characteristic of these plots 1is reminiscent of those
found for the complexes containing sulfur ligands mentloned
before in Seetion A. Since small changes in g and % monomeric
Impurity corrections had drastic effects on the values of -2J,
lower limits to this parameter were calculated only and found
o be 1h0012000m‘1. Again, these 2J values are very similar
to those obtalned in the complexes coordinated via an S stom
and indicates an extremely strong coupling 1ln these systems.

The EPR spectra of the 2S-cytosine complexes were very
weak and similar to each other displaying an Hyry 8t approxi-
mately 1480G and having high field parallel and perpendicu-

lar transitions at about I)J0O0G. These data are consistent

~y



with spin coupled 8 = 1 Cu(II) systems and 1s further sup-
port for exchange interactions that occur principally through
coupling within a dimer unit rather than through the lattice.

11y
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IR Data For 2X-Cytosine Ligands

and Their Complexes (cm=1)

Free Ligand
Cytosine (LH)

3425 s
3333 s

3185 s
2809 s
1678 m
1661 s
163k s,sh
1520 s
1466 8
1362 8,sp
1276 s
1235 s
1096 w
779 s,bd

Complexed Ligand
Cu(LH)2012

3378 s
3330 m

3185 s,bd
2907 w
1678 m
1666 m
1629 s
1520 s
116s wrep
1362 w,sp
1263 w
1235 w,8p
1098 w

779 wssh
775 m

Assignment
vN {asy.)
VN (8y.)
vNH, vCH

GNHé
§ C(2)0
v G=C
sN(L)H
v ring

$ CH out-of=~plane
v riag
v ring

v,§ ring
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Table IX (Cantt!'d)

Free Ligand Complexed Llgand
2S«Cytosine (LH) Cu(LH)Cl2 Assignment
3333 s,bd 3289 s,bd vNH2 (asy. & sy.)}
3125 m 3145 w,bd vNH, vCH
1656 s,sh 1656 s,sh 6NH2
1639 g 1639 m vCaC, vC=N
1567 s 1558 sh

1543 m 1541 w SN(1)H
1502 m 1502 w v ring
1302 s 1309 m,bd TAB 1
1226 s 1232 mybd

1176 s 1176 w

1080 w 1089 w,bd v ring

923 W 921 vw -

853 w TAB II

799 m,bd 78; W



Free Ligand
2S-Cytosine (LH)

3430
3333

3125 m

1656

1639
1567

1543
1502
1302
1225
1176
1080

923

853
799

8,8h

w,y,bd

m,bd

Complexed Ligand
Cu(L)2

3480
3311

3125
1656

1639
1558

1502
1302

1225
1181

912

790

Table IX (Conk'd)

w,bd
w,bd

sh

-2H20
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Assignment

OH H_O
v P

vNHé (asy. & 8y.)
vNHy, VCH

8

NH2

vC=C,y v(i=N
SN(L)H

v ring

TAB 1

v ring

TAB II



Table XV

Variable Temperature Molar Susceptibllities and Effective Magnetic Moments
For 2X=Cytosine Complexes

Compound Temp x (exp) 1/x (exp) x (calec) 1/x (calc) Moment Moment Std. Dev,
6 I {exp) (cale) Between
(°k) (x20-6) (x10%) (x10~6) (x10%) | g values
Cu(Cytesine) Cl. 299.0 1330 752.0 1395 716.,7 1.78 1.83 0.0255
272 2040 1917 521.,6 2010 497.5  1.77 1.81
151,06 2583 387.2 268l 372.6 1.77 1.80
95.0  L0%6 246,.6 k192 238.5 1.76 1,78 {(Dimer)
78.5 11930 202.8 503l 198.6 1.76 1,78
She? 6938 1hh.1 7102 140.8 .74 1.76
hh.9 8328 120,.1 8552 116.9 1.73 1.75
36,1 10440 95.7 10470 95.5 1.7 1.7k
25.5 14070 711 14340 69.7 1,69 1.71
18.0 19870 50.3 19320 51.8 1.69 1.67
12.0 26340 38.0 26340 38.0 1.59 1,59
Cu(S-Cytosine)Cl, 291.0 1LO.4 7122  116.2 8602 0.57 0.52 0,669
327.0 133.6 Th87  1l2.4 889, 0.59 0.54
356.0 122.lL 8172 11l1.1 9001 0.59 0,56
103,00  73.7 13570 1ll.7 8956 0.9 0.60 (Dimer)
Cu{S-Cytosine), 290,0 188.7 5299 171.3 5838 0.66 0.63 0.254
- 2H,0 339.0 185.7 5385 158.6 6307 0,71 0.66
367.0 158.4 6311 15h.1 6489 0.68 0,67
403.0 1h4}.5 6918 150,9 6629 0.68 0,70 (Dimer)
5.0 118.7 8423  150,0 6667 0.65 0.73

91T



114000

d

10000 J———— )
° .S
et Lt —u
6000‘j a o
//
(mol/emu)
(x10l) ~ Cu(Cytosine),Cl
10O - " (Cy 20,
® Cu(2S-Cytosine)012
& Cu(2S-Cytoaine)2.2H20
0 ;’- T T T T 3 T T ¥ T Y
0 100 200 300 400 500 T (°K)
Figure 16, Inverse susceptibility vs, temperature for 2X-cytosine complexes.

So0lid lines represent theoretical best fits.
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Ce Gu(L)(OH).xHéo, where L = cytidine, adenosine,
xanthosine, and inosine; esnd x = 2, 1/2, 2, and 1, respec-

tivelyo

The firast series of hydroxyl-bridged Cu(II) nucleoside
complexes and the first report of metal complexes with xan=~
thosine and inosine are given here, demonstrating that metal
nucleoside Interactions are real and do not involve sugar co-
ordination,

Tabulations of the major bands in the IR for cytidine,
adenosine, xanthosine, and inosine and thelr complexes are
given in Table XI. IR band asslignments were arrived at by
interpolation among the spectra of the free ligands as well
as by reference to previocusly published data on these:ligand
systams.266'71 The coordination sites were determined by
comparison between free ligand and cocrdinated ligand.272'5

The maln areas of interest (em=l) are: vO0H (bridging),
3500;*9NH2 {asay. and sy.), 3350;=SNH2, 16503 v C(6)0, 17103
v€(2)0, 16503 § N(1)H, 1535; § N(3)H, 1520; v ribose (deg.),
2130 - 1000; y ribose (sy.), 890 - 840; § 0OH (bridging), 950.

For the cytidine complex C(2)0 involvement is seen as
the carbonyl stretch at 1639cm=! ia dramatically reduced,
however, no evidence for NH2 participation 1s seen since
the band at 165Scmfl is present in both ligand and complex.
The exclusion of amino nitrogen coordination 1s also evi-
denced by the presence of the-ONHé stretch (asy. and sy,.)
at 3356em~}, Ring participation at N(3) 1s supported by the

20



perturbation of the ring vibrations at 1600, 1502, and 1433
em~1 to lower frequencles. Excluasloan of sugar lavolvement
1a borne out by the presence of both the degenerate and sym-
metric ribose stretches at 113k, 1096, 1054, aund 980, and
859ecm=1, respectively, in both free aud coordinated ligand,
Conclusive proof for the presence of bridging OH groups re-
sults from the work of Ferraro and Walker272 who interpre-
ted the IR spectra of a large series of OH-bridged Cu{II)
complexes of 1,l0-phenanthroline and 2,2'-bipyridyl. They
showed that in spite of the broad and strong absorption of
the water band present at approximately 3500cm'1 in the hy-
drated complexes, a shoulder very often appeared on the high-
frequency side of this water band and was assigned to the OH
stretch in the bridging OH groups. 3Strong evidence was also
presented for the assignment at 950cm~! for the bending OH
vibraticn 1n these hydroxyl-bridged copper(II) dimers, In
light of these results, hydroxyl bridging for the cytidine
complex was concluded from the presence of a shoulder at
38500m™%; no absoprtion at 950em~l was observed, however,

The involvement of the C(2)0 and N(3) atoms in the eyti-
dine complex suggests that they are the preferred sites for
complexation to the cytosine molety since this pyrimidine
ring coordinates at those sltes regardless of the presence
of the ribose group.

In the adenosine complex, evideace for complexation at
N(1l), N(3), or N(7) comes from the perturbation of the ring
stretching modes at 1605, 1572, and 902em™t., In adenosine,
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NH ring stretching absorptions are not present and cannot

be used to locate the exact site of ring niltrogen coordina-
tion, However, considering the resulta of crystallographic
end other spectroscoplic studles on adenosine and 9CH3-ado-
nine (an adenosine snalog), Table IV, and the relative acidi-
ty of N{1l) and N(7) (N(7) has the proton in neutral sdenine),
the coordination site can be assigned ss N(7). Involvement
of NHé in coordination is precluded by the presence in li-
gand and complex of vNHé (asy, and sy,) at 3333em™t and GNH2
at 1656em~L, As with the oytidine complex, no evidence for
sugar involvement is seen as both the degenerate and symme=-
tric ribose stretches in the region 1120 - 1030cm'1 and 860 -
BuOcm'l, respectively, are present. As previocusly described

above, a high-frequeacy shoulder at 3550cm™~T

supports OH
bridging in thls eomplex,

For the xanthoslne complex carbonyl oxygen participation
1s evidenced by the drastic reductioan of the vC(6)0 and
vC(2)0 at 1712 and 1689am“1, respectively. Nitrogen ilnvolve-~
ment at N(1) and N(3) is precluded by the presence of SN(1)H
and 6 N(3)H at 1535 and 152hcm'1, respectively. Support for
OH bridging in this eomplex comes from the high-freguency
shoulder at 35380m'1. No evidence for sugar involvement in
the complex is found as both the degenerate and symmetric ri-
bose stretches at 111} - 970em™L and 901 - 870om~! are un=
changed upon complexation. _

The IR data for the inosine complex polnts to C(6)0 co-

ordination as the vC(6)0 is lost at 1712em~1 upon complexa-
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tion, This assignment is corroborated by the reduced inten~-
sity of the combination band (VC(6)0 and v ring) at 1695cm=1,
The 5§ N(1)H at 1535em*l precludes the participation of N(1)
as a bonding site in the complex. Support of OH bridging in
this complex comes from the s OH (bridging) at 943em=l found
in the complex; the high-frequency shoulder of vOH (bridg-
ing) was not observed because of the extreme broadness of
the absorptlions in that reglon., The degenerate and syme=-
tric sugar stretches found in both the ligand and complex...
at 1121 ~ 1040cm=l and 890 - 870em™1, respectively, suggest
no bonding through the ribose oxygens,

The data c¢learly show that for all the nucleoside com-
plexes discussed here, ribose sugar involvement in metal com-
plexation with Cu(II) is not found. This is interesting in
11ght of the work of Serger and Eichhornl®7 where the 2',3t
cis diol function was impllicated as the pathway for the "re=-
cognition" of RNA polymerase by Gu(Ae)a, however, there 1is
no evidence in the solid state to support this contention.

The bonding through the maximum aumber of carbonyl oxy-
gen.-atoms avallable in the xanthosline and 1incsine complexes
at the exclusion of ring nitrogens is without precedent (see
Tables II and IV) in Cu(II) complexes with nucleoaidea,uz
however, thls selectivity in binding, at the expense of
chelation, may result from the complexation pH required ia-
thias work. Evidence for the pronounced effect pH has on
selectivity in site coordinstion has been found in the re-

cent work by Hadjiliadis and Theophanidis2(® with solid Pt(II)
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complexes of inosine and gusnosine, ' 5
A oomplete tabulation of the visible and near IR absorp-

tion bands for these complexes 1s given 1ln Tsble V. The range

of the d-d band maxima is: 15,600 - 1l,200em™! and cen be

assigned to the 2Eg + 231g transition for tetragonally dlstor-

ted octahedral Cu(II) complexes, Further support for a dis=-

torted cctahedral complex is geen from the low=-energy shoul-

ders at 13,500 - 12,700em~1 for all these systems (except

adenogsine) which can be assigned to the 2Bzg(dxy)-+ 2B18

(dxz-ya) translition., The characteristlic axial EPR signals

observed (gz > gxy) for all these complexes is futher support

for tetragonally distorted octahedral coordination in these

aystems. The relative positions of the d-d absorptions in

these complexes suggest that the average ligand fleld strength

of the ligands decreases in the order: 1lnosine > oytidiner >

xanthosine > adenosine. The range of positions of these abe-

sorptions also suggests that the 0H bridging occurs in plane §

and not out of plane, since the latter arrangement about cop-

per{1I) leads to dlstortions towards T, and/or C,, symmetry

and & concomitant lowering in energy of the d-d band maximum,
A tabulation of the varlable temperature magnetic suscep-

tibility data 1s given in Table XVI and plots of 1/x vs. T are

shown in Pig. 17 for these complexes, Attempts to fit the
statlc magnetic susceptibillity data to the magnetic models
previously desoribed were uansuccessful in all cases. Inspes-
tion of the 1/x vs. T plots suggested that the curvature

found for all four complexes 1s the result of a cooperative



phenomenon that 1s manifested throughout the entire tempera~
ture range studied, This prompted a field dependence study
at room temperature wlth these systems and the results are
given in Table IXX. In all cases, a field dependence on the
molar susceptibilities and effective magnetic moments at low
fleld strengths were higher than expected while the molar
susceptibilities and effective magnetic moments at high field
strengths were lower than expected as is typical for ferro-
magnetically coupled aystems,

These rosults indicate that the mere presence of a non-
bonded ribose molety in these systems lnduces the coopera-
tive phenomenon éo occur in these polymeric compiexes and sug-
gosts that thias is probably the result of more favorable crys~
tal packing or intermolecular hydrogen bonding since, as pre-
viously discussed, the ribose group is not actually employed
in bonding to the metael ion. There are several examp163277'8
in the literature where Cu(II) coordination compounds behave
in an analogous fashion as that observed here, but these are
the first recorded cases of ferromagnetism in any metal com=
plex of a nucleic acid base nucleoside., It would be Interes-
ting to try to elucldate the nature of these ferromagnetioc
lattlce interactions, but thls extenslon of this work will
have to walt untll more theoretical developments are made
in this fleld, Supporting evidence for the presence of spin-
spin ooupling in these systems 1s obtalned from EPR data.

In all cases, the presence of HHIN signals at approximately
4500¢ and 5300G, respectively, 1s consistent with a coopera-
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tive phenomenon leading to coupling between apin centers.
The D and g values cbtained from the spectra of these cou~

pled specles are conslstent with the proposed geometry of

1 and

these complexes and have typical values of 0,llcm”
2.13, respectively. The EPR data obtalned for these nucleo-

side eomplexes is tabulated in Table VI,



Table XI
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IR Data For Nucleoside Ligands and_Thelr
Hydroxyl-bridged Complexes (om=1)

Free Ligand
Cytidine (LH)

3497 w

3367 8
3295 s

32h7 8,bd
3105 m

2941 m
1655 m,sh
1639 s,bd
1600 s,bd
1502 s
1433 w,sp
1292 s
1247 w
121l m
1134 m,bd
1099 s,bd
1053 s,bd
982 m,bd
942 m,bd
870 m,sp
853 m:BP
83

8w

790 s

Complexed Ligand

Cu(L)(OH).2H20

3550 sh
3497 m,8h
3356 s8,bd

3185 - 3090 m,bd

2907 w
1656 m,sh
1596 m,sh
1493 w
1439 vw
1282 m,bd
1205 m,bd
113“. Wy sh
1096 s,bd
1054 m,bd
980 w

943 vw
859 w,bd

785 m,bd

Agsignment

vOH (bridging)

vNH,, (asy. & 8¥.),
v OEZHn0
vOH

vCHé
6NH2
v(C(2)0
vC=C
v ring
v C-N
é CH out-of-plane
v ring
v {=-NH

2

v ribose (deg.)

v ribose (sy.)

§ ring wag
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Table XI (Cont'd)

Free Ligand
Adenosine (LH)

Complexed Ligsnd
Cu(L)(OH).1/2H20 Assignment

- 3540 sh vOH (bridging)
3’430 8 3356 ﬂ,bd WNH (B.SY. & By.).
3333 = v Hgo
3205 s 3205 s vOH
2941 s 292h m vCH,

1656 s 1656 s GNHé

1605 s ;603 m v ring

1572 3.8p 1577 m,bd \JC=C, vC=N
177 s 1479 w v ring

1333 s 1333 w -

1302 s 1289 w -

1208 s 1208 w GC-NHE

1125 s 1118 s,bd v ribose (deg,.)
1106 s 1105 s,bd

1855 s 1055 m
1035 s 1020 m,bd

902 s 898 v ring

857 w 859 w,sh v ribose (sy.)
82 m -

793 m 785 m 8§ ring wag

765



Table XI (Cont'd)

Complexed Ligand

Free Ligand
Cu(L)(OH).2H20 Assignment

Xanthosine (LH)

- 3538 sh VOH (bridging)
3497 s,8p 348L s,sp vOH H,0
3289 s 3257 m,bd vCH, vNH, vOH
3125 s 3155 m,sh
2959 m 2959 w v CH,
1712 vs 1712 w,sh vo(6)0
1689 va 1689 w,sh vg(2)0
1658 m,sh 1658 sh v ring
1608 w - v ring
1535 w 1535 w sN(L)H
i52h w 152l w §N(3)}H
1462 w,sp 1162 w,s8p -
1302 w - v ring
1175 m,sp 1176 w,bd
1147 w -
1114 m 1129 m,bd v ribose (deg.)
1079 s 1075 s
1046 m 1053 m
978 m 980 m
916 w 918 vw,sh v ping
901 w - v ribose (sy.)
872 w 862 w

129
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Table XI (Cont'd)

Free Ligand Complexed Ligand
Inosine (LH) Cu(L)(OH).HZO Assignment
3500 w 3500 s,bd ~ vOH H,0
3333 m 3401 mybd vCH, vNH, VvOH
3086 s 3125 m,bd
292l s 2933 w,sh
1712 vs 1718 w,sh vC{6)0
1695 s 1686 w,sh v ring

- 1618 s 6H20
1595 m, sp - v ring
1535 m 1535 m §N(1)H
129 m 1420 v ring
1225 m 1220 w,bd
1170 w -
1135 s 1131 sh
1121 m 1116 m v ribose (deg.)
1082 vs 1080 s
1047 m 1046 bd
900 m 980 w

- 943 W vOH (bridging)
894 m 896 w v ribose (sy.)
874 m 867 w



Table XVI

Variable Temperature Molar Susceptibllities and Effective Magnetlc Moments
For Hydroxyl Bridged Nucleoslide Complexes

Compound Temp x (exp) 1/x (exp) x (cale) 1/x (calec) Moment Moment Std. Dev.

-6 6 L Between

(°K) (x107°) (xloh) {x10°°) (x10™) (exp) (calc) g values

Cu(Xanthosine) 292,0 2272 Who.2 - - 2.31 - -
151,0 2719 367.8 - - 1,82 -
96.7 30!4.9 328.0 - - loSLI. : -
T1.7 3397 29L.3 - - 1.40 -
66,0 3540 282.5 - - 1.37 -
55.3 3852 25936 - - 1.31 -
j—l—h-og )4.201 238.1 - - 1.23 -
33.7 4786 208.9 - - 1.1L -
2h.9 5642 1773 - - 1.06 -
15.7 7083 141,2 - - 0.95 -
12,0 B30k 120 bt - - 0.90 -
Cu(Adenosine) 298,0 1789 559.0 - - 2.07 - -

(0H) +1/2H,0 204.0 2176 459.6 - - 1.89 -
152,0 2520 396,8 - - 1.76 -
98.3 3091 323.5 - - 1.57 -
73.5 3576 279.7 - - 146 -
64,2 3717 269,.0 - - 1.39 -
She7  4OLS 247.0 - - 1.3L -
h3,0 j4B82 223.1 - - 1.25 -
34,9 504, 198.3 - - 1.19 -
23.7 60hLT 165.) - - 1.08 -
17.5 7167 139.5 - - 1.01 -
12,0 8589 116.4 - - 0.91 -
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Table XVI (Cont'd)

Variable Temperature Molar Susceptiblilitles and Effective Magnetic Moments
For Hydroxyl Bridged Nucleoside Complexes

Compound Temp yx (exp) 1/x (exp) x (cale) 1/x (cale) Moment Moment Std. Dev.

6 {exp) (cale) Between

(°%) (x10-6) (xloh) (x10™") (x10lt) g values

Cu(Cytidine) 298,0 1173 852.8 - - 1,68 - -
(0H) +21/2H,0 202.0 1551 6Ly .6 - - 1.59 -
151.0 1826 547.6 - - 1.49 -
101.0 2337 ;28,0 - - 1.38 -
75.7 2830 353.4 - - 1.3k -
66,0 3177 314.7 - - 1.30 -
3.0 1381 228,3 - - 1.23 -
34,3 5380 185.9 - - 1.22 -
2.3 755k 132.4 - - 1.22 -
l? .5 11850 BLI.ou. w- - 1.29 -
12.6 15360 65.1 - - 1.25 -
Cu(Iaosine) (OH) 300,0 951 105%,.9 - - 1.52 - -

<H,0 200.,0 1240 806.1 - - 1.1 -
1,9.0 1511 661,7 - - 1.35 -
100.0 1905 525.0 - - l.2l -
T2.9 2303 h3le3 - - 1.16 -
6600 21.'.20 LI»lB .3 - - l. 1)_{.. -
55.3 2702 . 370.1 - - 1,10 -
45.5 3132 319.3 - - 1.07 -
36,1 3745 267.0 - - 1.0l -
25.5 4737 211.1 - - 0.99 -
18,1 5960 167.8 - - 0.93 -
13.2 7716 129'6 - - 0.91 -
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Figure 17. Inverse susceptibility vs. temperaturs for hydroxyl brldged nuclee-

side complexes. Solid lines represent experimental best fits,
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D Cu(BX—Guanosine)aunﬂao, where X - H and Br’ and
n = L and 3, respectively; GuB(Deoxyguanosine)e(OH)h.hHEO.

This series of compounds represents the first record
of Cu(Il) complexation with guancsines and deoxyguanoalne
and represents ocnly the second account of a trimeric cop-
per{II) complex with a nuclelc acid congtituent,

A tabulation of all the major IR bands for these com=-
plexes 1s glven in Table X, The asslgonments given in the
tables were arrived at by reference to previously published
4ata256+27% on these systems.266'71’280'1 The bonding sites
were determined by comparison between free ligand and co-
ordinated ligand.

The main areas of laterest in the B8X-guanosine and d-

1 and between

guanosine systems are between 3500 and 2800cm”
1800 and 800cm™1 where the following bands (em™1) appear:

vOH (bridging}, 3500; yNH (asy. and 8y.), 33303 vc(é)o, 17303
oNE, (def.), 16903 v ring, 1640; sN(1)H, 1520; v ribose end
d-ribeose (deg.), 1130, 1080, 1050, 1030; s0H (bridging), 957;
v ribose and d-ribose (sy.), 900, 870.

For both 8Xe-guanoaine systems the vC(6)0 at about 1720
em=1 13 sharply reduced in intensity and points to C(6)0 co-
ordination, Participation by the G(2)NH2 group in both com=-
plexes 1s precluded by the preseace in the free and complexed
ligand of vNH, (asy., and sy.)} at approximately 3370em~! and
by GNHé (def.) at 1690cm~1, The complete loss of SN(1)H at

approximately 1510em~% polints to N(1) ocoordination. Ring
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participation in both complexes is supported by the diminu-
tion in ring stretches at approximately 18540, 1600, and 160
om~1 (combination with Hzo). No evidence for sugar involve-
ment in the complexation 1s found as the degenerate and sym~
metric ribose stretches at approximately 1120, 1080, 1050, and
10100m'1,'and 900 and 8806m~l, respectively, are present in
both ligand and ocomplex. For the d-guanosine trimer, the
high frequency shoulder at 3550cm~! in the complex supports
OH bridging in the complex. This assignment 1s corroborated
by the presence of a weak absorption at 957em~l in the com-
plex that 18 not present in the free ligand. The agbsorptions
at 34,95 and 9570m'1, respectively, are assigned to the stretch-
ing and bending OH (bridging) vibrations in the complex. The
vC{6)0 is completely lost and points to C(6)0 soordination,
The reduction in intensity of SN(1)H at 1525em=1, corroborated
by the reduction of v ring at 1656 angd 1637cm’1 {combination
band with Hy0), suggests N(1) involvement, The participa~
tion by 0(2)NH2 i3 evidenced by the loss of GNHé at 1689cm~t
and vNH, (asy. and sy.) at 3420 and 33330m'1, respeatively,
in the coordination compound, The 2'-deoxyribose (d-riboae)
oxygen is presumed to be involved to some extent as the lne
tensity of both the degenerate d=-ribose stretches at 1075
and 103%em™l, and the symmetric d-ribose stretches at 883
and 865em™l are lost, It appears then that for the gusnine
molety, complexation via C(6)0 and N(1) is preferred and main-
tained regardless of the type of sugar residue attached to 1%,
Apparently, the only difference in behavior between ribo~ and
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deox yriboguanosine complexes is the unusual coordinatlion
ability that the single 3'0H group possesses, Therefore,
1t 1s highly probable that the recognition of deoxyribo- as
opposed to ribonucls otides durlng the replicatlon proceas
of DNA by specific metal ions such as Mg(II) (but not Mn(II)),
occurs via the actual coordination of the 3'0H group to the
metal lon. The results of the coordlnation found for the
d-guanosine complex are Interesting in iight of the work per=
formed by Berger and Eichhorn167 who postulated that the
"recognition™ of ribonucleotides (as opposed to deoxyribo=
aucleotides) by RNA polymerase in the presence of Cu(ae), was
the result of a more favorable orientation of the metal-.
nucleotide complex, and that the favorable orientation re-
sulted from the ecomplexation of copper(II) to the 2' and the
3t oxygen atoms of the rlbose sugar. However, the results
with copper(II) and deoxyguanosine in the solid atate presented
here do not support this postulate since complexatlion occurs
at the deoxyribose sugar in splte of the absence of the 2!'0H
group. It should be mentioned that the specific binding sites
utilized by the nuclelc aclids, including the 3'0H group, in
biological processes, wlll depend on the specific metal ion
uged,

A tabulation of the absorption bands for all the com=-
plexes in the visible-near IR region is given in Table V,
The d~d band maxima are in the vielnity of lh.BOOGm'l and can

be ascribed to the 2« 2B transgition in distorted octahe=~

8 lg
dral copper(Il) ocomplexes, It 1s unusual that the three com=-
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plexes absorb in the same reglon, but this can be rational=
ized since the IR data point to ldentleal coordination sites
at the guanine molety in all three compounds {(and possibly
the replacement of Héo by 3'0H coordination In the deoxy-
guanosine complex). Also, the EPR datsa, Table VI, polnts to
very similar coordination spheres as evidenced by the simi-
larity of their g values (spproximately 2.13), The charac-
teristic features of the EFR spectra indlcates a dxa-ye

ground state for all these complexes (l.e., g, ) which

> g
corroborates the transition assigned for the viaibzz absorp-
tion. .

The magnetic susceptibility data for all three complexes
13 given in Table XVIII and the plots of 1/x va. T are shown
in Flg, 19, Attempts to fit the 8X-gusnosine complexes to
the magnetic models described earlier did not yleld:satis~-
fastory results and the curvature of the 1/x vs. T plots sug-
gested a field dependence of the susceptibilities at room tem-
perature, the results of which are shown in Table IXX., The
results cen be Interpreted in terms of ferromasgnetically
coupled systems, yieldiug higher susceptibilities and effec-
tive magnetic moments at low external magnetic flelds and
lower susceptibilities and effective magnetic moments at high
external magnetic flelds, Agaln the presence of the rlbose
function has been apparently to allow an extensive degree of
lattice interactions to oceur, Half fleld and full field EPR
signals at 1500, 1800, and 5100G for the guanosine complexes

corroborate the interpretat ion of a ferromegnetically ordered



state, and the spinecoupling required accounts for the EFR
absorptions cbserved. The Bre-guanosine complex, however,
did not exhiblt any full-field or half-field EPR signals

ags expected for this coupled complex, but as polnted out
previously spin-spin coupling may be so extensive and strong
that absorptions consiatent with magnetically coupled spin
centers may broaden these signalas and preclude an observa-
tion of them,

The trimer was fitted to the theoretical trimer expres-
slon developed previously by Slna and Harris,236 eq. (1h),
yielding the followlng best fit parametera: g = 2,00,
<27 = =58cm~Ll, end -277 = -Y2em~l, where -2J and ~2J7 have
the same mesning as -J and =J,, . » respectively, in eq. (14).
The data indlcates antiferromagnetic:coupling of relative-
1y low intensity , with similaer coupling between terminal
copper(II)} ions (~2JF) and central and terminal copper(II)
ions (-27). The fit to the theoretical expression was excel-
lent with a value for the stendard deviation of the experi-
mental g values from the theoretical g values of 0,11, and
e plot of 1/x vs. T for the trimer is shown is Fig. 19.

There have been several reports 282-7

of exygen- bridged
trinuelear copper(II) complexes that exhibit wvarying degrees
of antiferromagnetic¢ behavior, and the hydroxyl-bridged ana-~
logs are expected to exhibit simllar properties. The mole=-
cular atructur98288'90 for a representative number of these
oxygen=-bridged complexes have revealed only two kinds of tri-

nuclear copper{II) clusters, Both consist of triangular ar-
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rays (I and II) of copper(II) ifons but differ in the kind
of bridging oxygen atcms, the shape of the triangle (isos-
celes I or equilateral II), and the degree of exchange ooup~

ling between copper(II) ions.

C 0
AN A AV
RN 2 MW AWe
ol - - - Cu’ - -Cu \O/ \O

I II 111

Complexes of type I exhibit subnormal room temperature
magnetic moments greater than approximately 1BM per copper
fon; that is, there is still some population of the spin 3/2
state by the three electrons of the Cu3 core at room tempera=-
ture. The magnetic behavior of type I complexes with a few
exceptions has been characterized286’288'291 by using the
trimer model described previously in the theoretical section.

Complexes of type II, however, exhibit complete spin
pairing, so that only the spin doublet state (S = 1/2) isa
populated at room temperature. All type II complexes exam=
ined to date by X-ray diffraction have shown the acpper(II)
lons to be positiocned at the corners of an equilateral tri-
engle., Recently, the flrat report on an additional type of
trinuclear copper(II) complex having a spin-doublet ground
state in which the copper ions are arranged in a strict line-
ar fashion and joined by bridging oxygen atoms was given,aga

I1II. This complex had a reduced magnetic moment at room tem-



perature (approximately 1.1BM per copper ion) that was con-
stant down to 35°K.

IR data support hydroxyl bridging between copper(II)
centers, and the similarity of the exchange parameters 2J
and 2JJ suggest comparable Cu-~Cu and Cu-Cut' distances (I and
II). This precludes model III from further consideration.
Since there are four hydroxyl bridges in the complex, model -
T was chosen as-the most probable structure.

The magnetic moment of 1.5BM at room temperature for
our trimer suggeats appreclable population of the S = 1/2
and 3/2 states, This accouats for the full-field EPR sig-
nals (S = 1/2 at 2940 and 3240G) and the half-field EPR sig-

nals (8 = 3/2 at 1300, 3800, and 5400G). Visible spectros-
copy suggests a distorted sixe=coordinate complex about each
copper ion in the trimer, and the presence of four hydroxyl
bridges, twe bldentate deoxygusnosine anions chelating the
terminal copper lons (with complex involvement by the deri-
bogse sugar oxygen), and four lattice waters can be acecomo-
dated about each copper lon in a fashlon simlilar to that de=-
plcted in I,

The evidence presented, therefore, 1s conaslstent with a
bent copper(Il) trimer where two bldentate deoxyguenosine li=-
gands chelate both terminal copper lons, and 1s the first re-
port of the synthesis and magnetic and spectral characteriza-
tion of a copper{II)} nucleoside trimer to date. The magne-
tic data obtained here is particularly interesting when com-
pared to aimilar data for the only other trimer complex of
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copper{II) with a nucleic acid base, (3113(.}18(ﬁum‘,:_,)2.1;1120,13!'L

Fig., Lo 1In the latter complex, an S z 1/2 spectrum as well
as a normel room temperature moment was exh:u'z:l.t:ed,]'51'L con=
sistent with a magnetiocally dilute copper(IIl) system. A
ocrystal structure determination of the copper(Il) trimer
studied in this work may provide a clue as to the role sub-
stituents at the 9 position of purinie-like aucleic acid
constituents play in the bonding, and spectral and magnetic
properkies of trimeric metal complexes of nucleic acid bhases,

A posaible structure for this complex based on the spec~-

troscopie and megnetic data presented is shown in Fig, 20.

O =-Cu
o =N
» =0

o - OH
R = H20

Fig. 20, A schematie of the proposed structure for the cop-
per{1I) complex with deoxygusnosine, GuB(d-guano—



Teble X

IR Data For d«~Guanosliane and 8X-Guanosine
Ligands and Thelr Complexes (cm~1l)

Free Ligand
Guanosine (LH)

3497
3333
3226
2874
1730
1689

1639
1628
1600

1533
1501

1h25
1393

1129
1080
1048

995

916

898
880

]
8
s
m,bd

8,3p

m
m

s
3,bd
m,bd
m

m

W
W

Complexed Llgand

Cu(L)e.hHZO Assignment
3500 sh vOH H,0
3428 8 vNHé (asy.)
3333 s VNH, (sy.)
3226 s vOH
2941 m vCH2
1736 w,sh vC(6)0
1695 s 6NH2
1639 s v riang, § Hy0
1621 s
1600 s
1531 w v ring
- §N(1)H

1408 w v ring
1393 w
1129 s v ribose (deg.)
1082 s,bd
1048 m,bd

995 m

916 v ring

897 w v ribose (sy.)

878 w
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Table X {Cont'd)

Free Ligand
8Br-Guanosine (LH)

353l sh
3h25 s,bd
3185 s
2959 s
1706 s
1695 a,sp
1667 s
1608 s,bd
1563 m,sh
1518 m
1471 m,sp
6li m
1427 m
1121 s
1082 s
1048 m
1029 m
Q20 m

908 m
880 m

Complexed Ligeand
Cu(L) ,e3H,0
353h s

3333 s,bd
3175 m,bd
2941 sh
1706 m,sh
1695 s,8p
1667 m,sh

1608 s,bd
1558 vw,sh

6h m,
1icg meen

1116 m
1080 m
1048 m
1025 m

916 w

906 w
880 w

143

Assignment

v(OH H20

vNH, (asy. & 8Y.)
v OH

vCH2

vC(6)0

GNHé

6 ring &8 H,0

SN{(1)H

v ring

v ribose (deg.)

v ring

v ribose (8y.)



Table X (Cont1d)

Free Ligand
d-Guanoslne (LH)

3472 m,sh

3420 s
3333 s

3226 s
2959 m
1727 m
1689 vs
1656 s,sp
1637 m
1567 m
1525 m

1488 w
1416 w

1125
1075
1055
1031

3 H

927 w,sp

883 w
865 w

Complexed Ligand
Cu3(L)(0H)h
3550 w,sh
3472 m,sh
3340 m,bd

3205 m
2941 m

1656 m,sp
1639 s
1570 m
1522 w

1493
1420

1125 m
105§ m

X

957 w
940 w,bd

by

.hHao Asgignment

VOH (bridging)
vOH HEO

vNHé (asy. & 8Y¥a)

vOH
uCH2
vC(6)0
6NH2

v ring & GHEO

SN(1)H

V ring

v ribose (deg.)

§0H (bridging)
v ring

v ribose (sy.)



Table XVIII

Varisble Temperature Molar Susceptibllities and Effective Magnetlc Moments
For d-Guanosine Trimer aud 8X-Guanosines

Compound Temp x (exp) 1/x (exp) x (cale) 1/x (calc) Moment Moment Std, Dev,
I 6 (exp) (calc)} Between
(°k) (x10-6) (x10%) (x10-6) (x10H) g values
Cu, (d-Guanosine)_  299.0 994 1006,1 9u9 105h.1 1.51 l.54 0.llh
3 2 204.0 1247 802.,0 1241 805.2  1l.42 1.43
(oH), 4H_O 153,0 1435 696.,8 1422 703.3 1.32 1.33
L2 106.0 1676 596,5 1868 535,2  1.26 1.19 (Trimer)
80.2 1910 523.6 2119 72,0 1,17 1.1l
70.0 206l L8y 2302 Ii3l1e3 1.1y 1.08
59.5 2303 i3he2 2547 3927 1.10 1.05
9.2 2675 373.8 2871 348.3 1.06 1,03
39.9 3224 310.2 3251 307.6 1,02 1.0l
30.5 l.|.167 2’.'.0.0 3881.[_ 2570[‘. 0.97 1001
22,1 5645 177.2 L4756 210.3 0.92 1.01
17.5 7208 138,7 5663 176.6 0.89 1.00
Cu(Guanosine) 297.0 2410 415.0 - - 2.0 - -
JUH O 2 206,0 2313 355.5 - - 2,16 -
2 154.,0 3153 317.2 - - 1.98 -
04,0 3492 286.3 - - 1.71 -
81.9 Loilh 2h9.1 - - 1.63 -
66.0  L320 231.5 - - 1.52 -
55.3 4651 215.0 - - 1.4l -
43.7 5118 195. - - 1.34 -
343 5755 173. - - 1.26 -
26,1 6880 5.k - - 1.20 -
15.0 9002 110.1 - - 1.0l -
12,0 10280 97.3 - - 1.00 -

St



Table XVITII(Cont'd)

Varisble Temperature Molar Susceptibllities and Effective Maganetic Moments
For d-Guanosine Trimer and BX-Guanosines

Compound Temp x (exp) 1/x (exp) yx (calc) 1/x (calc) Moment Moment Std. Dev.
6 -6 (exp) {cale) Betweea
(°K) (x107°) (xlOu) {x10~°) (xlou) g values
Cu(Br-Guanocsine)_ 296.0 1090 - 917.5 - - 1.61 - -
«3H 0 2 205,60 1462 683.8 - - 1.56 -
2 153,0 1638 610.5 - - 142 -
105.0 2195 455.5 - - 1.36 -
82.4 260 3840 - - 1.32 -
69.ly 286 348.6 - - 1.27 -
58.3 Bll_l.o 318.5 - - 1022 -
}.1907 36'-'-9 27L|..0 - - 1021 -
38.6 hatl 23l4.0 - - 1.15 -
29.9 5291 189.0 - - 1.13 -
20.6 6918 1)4.!.[..05 - - l- 07 -
16.3 8192 122.1 - - 1-0’..‘, -
12.0 10160 98.1 - - 0,99 -

it
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Flgure 19,
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o Cu3 {d-Guanosine) 5 (0H) u.lg.Hao
© Cu(Guanosine) 2.L|.H20
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Inverse susceptibllity vs. temperature for guanosine complexes.
Sclid 1line for d-guanosine complex represents theoretisal best fit
to trimer equation, Solid lines feor two remaianing complexes repre-
sent experimental best fits,
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Ee Cu(L).nHéO, where L = 5t-Guanylic Acid{(GMP), 5'-
Adenylic Acid(AMP), and 5'-Cytidylic Acid(CMP), and n = 5,
2, and 6, respectively.

The preparation aad complete spectral and magnetic char-
acterization of the first series of copper(IlI) compounds with
AMP, GMP, and CMP are reported here, and are shown, ln all
Instances, to bond through the ring and phosphate positions,

A tabulation of the major IR bands of CMP, GMP, and AMP,
and thelr complexes 1s glven In Table XII, The IR assign-
ments were arrived at by reference to previously publiahed

266-71,280-1 mpy,q bonding sites were

data on these systems,
determined by comparison between free ligend and coordlnated
ligand,

The areas of interest in the IR for these systems are
similar to those of the previously discussed compounda; the
specific bands of interest are (em~1): vNH2 (asy. and 3y.),
33005 v6(2)0, 1742, v G(6)0, 170k; §NHy, 164056 N(1)H, 1540;
v ring, 1600; vPzO (free), 1240; vP=O(OH),, 9605 vPO, (8y.),
980; vPO3 (asye), 1100; v ribose (asy.), 1130, 1065, 1010,
and 960; v ribose (s8y.), 870, and 840,

For the CMP complex C(2)0 and N(3) lavolvement is sug-
gested from the diminution and shift of v C(2)0 at 1742 to
1712em~! and virtual loss of v ring at 153lem %, Partici-
pation by the C(h)NHé function 1s ruled out by the WH,
(asy. and sy.) at 3356 and 3289cm'1 present in both free and

coordinated ligand, as well as the$ NH,, also present in both



ligand and complex at 1656em~!, Reduction in the v ring
at 1689 and 12300m'1 supports ring coordlnation., Evidence
for phoaphate involvement 1ln coordination comes from the re-
duction, shift to lower energies, and loas of the vP=0 (free)
and vP:O(OH)2 at 1266 and 969em™%, respectively, The ap-
pearance of the asymmetric and symmetric VPO, at 1104 and 986
em~} confirms this assignment. Ribose involvement 1s pre-
cluded since the degenerate and symmetriec v ribose at 1124,
1071, 10ily, and 969em~L, and 853 and 842cm™l, respectively,
are found unchanged in intenslty and only slightly shifted
from the free ligand positions. The data points to ring par-
ticipation at ¢(2)0 and N(3), and phosphate coordinatian,
For the GMP coordination compound the dramatlie reduc-
tionof vC(6)0 and the loss of SN(1)H at 1704 and 1555cm'1,
respectively, point to ring participation at C(6)0 and N(1).
The involvement of C(Z)NH2 in complexation 13 precluded by
the presence of vNH2 {(asy. and sy.) in ligand and complex at
344Bem=1l, fThe ring vibrations at 1355 and 1235em=l are re-
duced as expected upon coordination. Evidence for phosphate
involvement comes from the reduction and shift to lower ener=-
gles of vP=0 (free) at 1235cm=l and loss of vP:O(OH)2 at 963
em=l, The asymetrlic and symmetric phosphate absorptions at
1109 and 98ucm'1, respectively, coafirm phosphate involve.
ment, No evidence for sugar coordination is present as the
v ribose (deg.) &t 1130, 1073, 1046, and 963cm™L, and the
v ribose (sy.) at 890em=l are virtually uaaffected in in-
tensity and position in going from ligand to complex. The
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data support €(6)0, N(1l), and phosphate coordination to
the copper(II).

For the AMP complex, evidence for ring nitrogen coordl-
nation comes from the loss of vw(C=C and vC=N at 1706 and 1689
om=1 upon complexation. Noa-involvement of the C(6)NH2 is
evidenoced by the presence in both ligand and complex of vNHé
(asy. and ay.) at 3360 and 32500m'1, réspectively, and GNHé
at 1656om~l, Evidence for phosphate involvement 1s seen in
the loss in intensity and shift to lower energles of vPax0
(free) at 1222cm~Y and the loss of vP:O(OH)2 at 938cm~1 upoh
somplexation, Support for thls assignment comes from the
appearance of VP04 (agy. and sy.) in the complex at 1120 and
| 985cm'1, respectively., The results point to ring and phos-
phate coordinmtion, No evidence for sugar participation 1s
seen as the degenerate ribose stretching frequencies at 11L3,
1071, 1044, and 975cm~!, and the symmetric ribose stretch-
ing frequencies at 899 and 867em~l are virtually unchanged
in iIntenslity or positibn after coordination, The data do not
distinguish between N(i), N(3), or N(7) coordination., How-
ever, using the same arguments presented in Part C for the
adenosine complex, N(7) coordination is presumed. The data
support N(7) and phophate coordination to copper(II).

The IR data then for the three nucleotide complexes
disocussed clearly demonstrate: the lavolvement of both ring
and phosphate positions in coordlnation to copper(II).

A complete tabulatlon of the visible-near IR absorption

bands for these complexes i1s given in Table V and can be as-~
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28 tyansition in distorted octahedral

1g
coprer(II) complexes (or concelvably to the 2g « 2]31 transi-

signed to the 2Eg+
tion in Guv symmetry)., The range of the d-d band maxima 1is:
13,500 - 15,750cm~l and suggests the following order of 1i-
gand fleld streagths: AMP > CMP > GMP.

The full-field EPR data for these complexes is given in
Table VI and supports the assumption of axial distortien in
these systems (i.e., g, > gxy)' The values of g, are 2,30
(approximate), 2,35, end 2,38 for AMP, CMP, and GMP, respec-
tively, suggesting the distortion from octahedral symmetry
as: OMP > CMP > AMP, This 18 the same trend determlned from
the electronic spectra of these complexes, For the AMP com-
plex, the g, resonance is not actually seen and 1s presumed
to lie under the average absorption at 3080G., Also, the cor=
relation between distortions from octahedral symetry (as
seen in the shifts in the d-d band maxima), and g, must be
made with caution as the chromophore about copper(II) is pre-
sumably not the same throughout the serles, but suggests siml-
lar bonding characterlstics within the serles.

The statlic magnetic susceptibllity data for these com-
plexes is given ia Table XVII and plots of 1/Xx va. T are
given in Fig. 18, Theoretiocal best fits were attempted and
the AMP and CGMP compounds successfully fitted to the modifled
tetramer expression, eq, (15). The best fit values obtalned

1 and

for the parasmeters A, B, C, and g were 118, 12, 2em”
2.03 and 130, 1ll, 2om~1l and 2,08 for the AMP and GMP com-

plexea, respectively. Inspection of Flg. 18 aad the fact
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that the standard devlation 1n the g values obtained experil-
mentally and theoretically was on the order of 0,06, clearly
demonstrates the excellence in the tetramer model in light of
the approximations made, Therefore, these tetramer systems
are magnetiecally described in terms of a singlet ground state
with another ainglet state 2em~* above it, and slightly
higher 1n energy two exclted triplet states -~ one at approximately
13em~1 and the other at mpproximately 125em~t, Other spin
atates, such as S = 2, etc., 1f at all preseant would be at
much higher energles according to the data and do not con-
tribute significantly to the magnetic properties of these
complexes.

Attempts to fit the CMP data to any of our theoretical
models did not glve good fits, These results and the curva-
ture of the 1/x vs, T plot for this system (Fig, 18) promp-
ted a fleld dependence study, Table IXX. The results are
most striking here since the CMP complex has an unusually
high susceptiblility and effective magnetic moment at low ex-
ternal f1eld strengths, The results polnt to ferromagnetic
coupling of the type seen for the uracll, and hydroxyl-
bridged nucleoside complexes, Thii type of ferromagnetic
fleld depeadence 1n a2 aucleotide complex is without precedence.
Further support for magnetic coupling {(ferromagnetic in the
CMP combvlex and antiferromagnetie in the AMP and GMP com-
plexes) comes from the half field EFR data, Table VI, where
the presence of Hyr. is seen in all cases at around 1500G ex-
cept in the ferromagnetic CMP complex, The lack of an By
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signal in the CMP system can be attributed to dipoler brosd-
ening of the bands in this extraordinarily strongly coupled
Cu(II) compound.

The magnetic data suggest that 1n the solld gtate, the
metal nucleotlde complexes are highly assoclated., In fact,
receént crysﬁal structure determinationsaaz of Co(II)}COMP and
CA{II)CMP as well as the crystal structure of Cd(II)IMPzOO,
clearly demonstrate the highly assoclative and polymeric na-
ture of these nucleotlde complexes. Furthermore, the assccl-
ation phenomenon shown towards Cu(II) in this work corrobor=-
ates the work of Burger and Eichhorn®93 where dimeric Cu(II)
coordination compounds with AMP were postulated to exist in
solution, and suggests that biologlcal proceases iavolving
metal lon interactlons with nuclelc acld constituenta mlight
indeed proceed via a multi-centered pathway involving clua=-

ters of two or more metal complexes wlth these ligands,
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Table XII

IR Data For Nucleobtlde Ligands
and Their Complexes (cm~1)

Free Ligand Complexed Ligand
CMP (LH) Cu(L)«6H,0 Assignment
3356 m 3356 m,bd VWH, (asy.)
3289 m 3240 sh vNH, (sy.)
3106 m | 3140 = 3070 bd  vCH, vNH, vOH
2941 m,bd 2874 sh vCH2
1742 s 1712 w,sh vg(2)0
1689 sh 1689 w,sh SNH,

- 1656 s $H,0
153) s 152}y vw,sh v ring
1511 vw - v ring

- 1493 w
1L75 vw,sp 1471 sh
1276 m 1289 w,bd § C-NH,
1266 s 1208 w vPO (free)
1229 m - v ring
1209 m
112) s 1130 s,bd v ribose (deg.)
1071 s 1060 $,bd
104) m,sp 1040 s
969 s 369 m

- 110'—'. 8 UPOB (aSF.)

- 986 s VP04 (sy.)
969 s,bd - vPO(OH), (combina.)
853 w,sh 853 wvw v ribose (sy.)
BY2 w 8L42 vw

797 m,bd - v ring



T g
3378 w
3360 s
3250 s
3184 s
3030
1706 s

1689 s
1656

1613 m

1539 w,sp
1475 w,sp
1420 m,sp

1222 s

1188 m,sh
1143
1071

104)
975

T, 8P

Towub

938
92l s

899 w,sh
867 w

Table XII (Cont'd)

Complexed Ligand
Cu(L).2H,0

3378 s
3356 s
3270 s
318l s,bd
3030 s,s8h

1689 sh

1656
1603 m
1539 vw,bd

1479 vw,bd
1425 w

s,bd

1145
1075
1050 s

8,3h

1120 s
980 m
943
929

899
867

ah

sh
sh

155

Assignment

vOH HéO
VNH2 (asye.)
\)NHZ (8'_9‘. )
vCH, vNH, vOH
vCH2
vC=a(
SNH
2
§H_O

2
v ring

VPO (free)
v ring

v ribose (deg.)

VP03 (aﬁyo)
VP03 (syo )
\JPO(OH)2

v ring

v ribose (sy.)



Free Ligand

GMP (LH)

34h8 s,bd
3200 s,bd
292} s,bd
1704 s

1689 s,sh
1653 m,sh

1639 m,sh
1597 w

1525 m
162 m,sh
1408 m
1355 s,bd
1235 s,bd
1130 s,sh
1073 s

1040 s
963 s

963 a,bd
890 w,bd
775 w

Table XII (Comt'd)

Complexed Llgand
Gu(L).SHéO

3378 s,bd
3230 s,bd

2959 m,sh

1704 vw,sh

1689 s,sh
1653 s

1639 w,sp
1597 sh

1462 w,sp
1408 w
1365 w,sp
1235 w,sh
1145 w,sh
1075 s
1045 n,sh
975 w

1109 s
984 s
890 w,bd
778 w

Asslgnment

VOH’ vH

O, \JCH’
WH, wNf

2 37, )
vCH2

vCg(6)0
6NH2
GHZO

v ring

sN(L)H

v ring

vPO (free)

v ribose (deg.)

vPO3 (asy.)
vPO3 (ay.)
vPO(OH)2

v ribose (ay.)

§CH out=of-plane

(asy. &
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Table XVII

Variable Temperature Molar Susceptibilities and Effective Magnetic Moments
For Nucleotide Complexes

Compound Temp x (exp) 1/x (exp) x (cale) 1/y (cale) Moment Moment Std. Dev.
(exp) (cale) Between
(°K) (x10™t) (x10l) (x10-9) (x10l) g values
Cu (GMP) .5H20 295,0 1488 671.9 1326 TSholt 1,87 1.77 0.0718%
20,0 1991 502.3 1825 548.0 1.80 1.73
15,0 2445 409.0 2315 432,0 1.7h  1.69
106.,0 3018 331.h 3136 317,9 1,60 1.63 (Tetrsmer)
8.1 3629 275.5 3785 26l,2 1.56 1,60 .
70,0 4138 2h1,6 4373 228,7 1.52 1,56
58.9 L7hh 210.8 5000 200,0 1.49 1.53
48,6 5438 183,9 5789 172.8 1.45 1.50
39,9 6400 156.3 6696 149.3 1.43  1.h6
29,3 7852 12743 8261 121,.1 1.36 1,39
23,0 9425 106.1 9485 1054 1.32 1.32
16,9 11590 86.3 10700 93.5 1,26 1,20
Cu(AMP)} .2H,.0 295.,0 1382 7234 127k 78L.8 1,81 1,73 0.0519
e 205,0 1709 585.0 1752 57049 1,67 1,69
153,0 2452 407.9 2250 Iy b 1.73 1,66
101.0 3257 307.0 3178 31h.6 1,62 1,60 (Tetramer)
8l.3 3647 2742 3789 263.9 1.5h  1.57
71.7 L4056 246,6 4190 238,.¢ 1.53 1.55
61l.3 4591 217.8 L746 210,7 1,50 1,53
h9.2 5h27 184.3 5640 177.3 1,46 1.49
39.9 6277 159.3 6625 150,9 l.l2  1.45
30.5 7787 128,44 8068 123.9 1,38 1.,Lo0
21.ly 10180 98.3 10120 98,8 1.32  1.32
15,0 12440 80.4 11850 8. 1,22 1,20

LS1



Table XVII (Cont'd)

Variable Temperature Molar Susceptibilities and Effective Magnetic Moments
For Nucleotlde Complexes

Compound Temp x (exp) 1A (exp) x {ecale) 1/x (eale)} Moment Moment Std. Dev.

- _ (exp) (cale) Between
(oK) (x10~°) (x10%)  (x107%)  (x10%) g values
Cu(CMP) + 6H,0 295,0 2545 392.9 - - 2,146 - -

205.0 3073 325.5 - - 2.25 -
101.0 4186 2h0,.6 - - 1.84 -
81,3 4548 219,9 - - 1.73 -
Tz.3 188 20L,.8 - - 1,69 -
5809 530 18 ‘h— - - 1059 -
9.8 5662 176.6 - - 1,51 -
bl.7 6259 159,.8 - - 1.45 -
33-0 7081 1L|.1.2 - - 1.37 -
21.7 8660 115.5 - - 1.23 -
18.1 9577 10h .k - - 1,18 -
12,0 12170 82,2 - - 1,09 -
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Compound

CU(Uracil)z.HEO

Cu(SI—Uracil)a.Hzo

Cu(5N0_-Uracil) .2H 0
2 2 2

Cu(2$-Uracil)2.3H20

Visible Absorptien and Physical Censtant

Cu(6NH2,2S—Uracil)2.30H OH

Cu(6CH

Ccu(6C

3’

3,

28-Uracil)2.2

3

HéO

- i Fy48
s 25=Urac 1)2 tho

cu{2,4=-Dithiouracil)}(0H).

H20

Cu(cytosine)acl

2

Cu(2S=-Cytosine)Cl

Cu(2S-Cytosine)2.2H20

Table V

Data For Complexes

Color

Pale green
Light green

Blue green

Pea green

Pale yellow
Pale yellow
Pale yollow

Brick orange

Blue
Brown green

Pea green

Dec., pt.,
oc

160-165
115-120
188-193

180181
202=206
215=219
218-223
270=275

155-159
160-16i
150-155

Enaxes o

15,380
1), 710
15,390

11,770
13,330
10,750
10,810
11,430

16,000
16,390
15,150

12,900 sh
12,900 sh

09t



Compound

Cu(Guanosine)z.tho
CQ(BBr-Guanoaine)e.BHéO

Cu3(d-Guanosine)2(0H) .hHZO

ly

Cu(Xanthosine)(OH).2H20

Cu(Cytidine)(OH).2HéO
Cu(Inosine)(OH).Hzo

Cu(Adenosine)(OH).l/2H20

Cu(GMP).5H20
Gu(AMP).2H20
Cu(GMP).6H20

Table V {(Cont*d)

Color

Pale green
ILight green

Dark green

Green
Blue green
Green

Green

Pale green
Pale green

Light blue

Decacpt.,
180-18lL
160-165
y2-147

112-118
126-130
116-120
115-122

115-119
118-123
120-125

Enaxs em™t

13,890
1,290
1,290

1l, 490 13,160 sh
14,930 13,510 sh
15,630 12,740 sh
1,180

13,500
15,%70
13,510

191



Compound**

Cu(Ura) .H O
2 2

Cu(SI-Ura)2

Cu(SNOz-Ura)a

oH_O

2

2
HéO

Cu(ZS-Ura)z.BHéO

Cu(6NH2,ZS-Ura)2.3CH OH

3

HéO

Cu(6G3H7,28-Ura)2uH20

Cu(2,4-Dithiocura) (0H).

H20

Cu(Cyto) ,C1

2

Table VI

EPR Field Positions and Calculated
Magnetic Parameters

v
(GHz)

9.52h
9.52h

9.52
9.29

9.525
9.525

9.329
9.296

9.332
9.298

9.331
9.298

9.522
9,522

9.521
9.524

9.524
9.319

Hy1n

1600

1260

750

1580

(Hz)l

-

2965

3623

1482
22&5

1590
2800

1660
2760

1120
2725

1700
3075

2990

(H,)

z

5100

5100

o (B)y (H)

3210
3280

4100
3140

e
3175
3190
3295

3208

2150

4150

2 H&V

2.2

24,33

2.26

2.51

2437

2.1

2,50

2.21

2.23

2.07
2.08

2.06
2,12

2.07

2.08
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Table VI{Cont'd)

Compound A, B_ /D/ 27 g -7 Monomer Magnetioc
y 1 Corr. Modeal
(¢) (g) (em~1) (em=l) (best fit) (°K) (%)
Cu(Ura) H O - - 0,072 - - - - -
2 2 - -
Cu(5I=Ura)_.H O - - - 110.7 2,08 - 17 Ising
2 2 160 8
Gu(SNOz—Ura)a.aHao - - 0.165 6.2 2.11 7.9 0 Dimer
Cu(ES-Ura)z.BH 0 - - 0,180 1400 2.15 - 3 Dimer
2 - - 200
Cu(6NH_,25-Ura) _L,3CH, OH = -  0.160 1400 2.18 - 0 Dimer
2’ 2°777377 123 - ¥500
110 =
Cu(6CH, ,28=Ura) _,2H_ 0 - - 0.140 1400 2.18 - 0 Dimer
3 2" 2 150 - £500
125 -
6C_H.,,25=-U olH O - - 0,200 1400 2 -
Cu( 03 73 ra)2 L 5 - - i%oo 00 5 Dimer
Cu(E,h-Dithioura)(0H).H20 - = 0,047 700 2.02 - 9 Isiag
Cu(Cyto)ZCl2 - - - 6.2 2,07 3.0 0 Dimer
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Compound

Cu(2S-Cyto)Cl2
Cu(ZS-Gyto)E.ZHEO
Cu(Guano)a.hHZO
Cu(BBr-Guano)2.3H20
Cu3(d-Guano)2(0H)u.hH20
Cu(Xantho) (OH) + 2H,0
Cu(Cyti)(OH).2H20
Cu(Ino) (OH).H,0

Cu(Adeno)(OH).l/2H20

Cu(GMP).5H20

v
(GHz )

» P v e
MR DL WA

.

i v
N
o

L a TN o RN o OO OO DO
[ ]

o

(=]

e,
.

ny
0
AWe]

Table VI{Cont'd)

Hy 1y

1500

1475

1490

1300
11,60
1450
1520

900

1580

(H,)

Z

1600

1800
2950

29@5
29£0
2875
1600
2850
2940
2958

2795

1

(H,),

5100
5060

4900

1860
4900
5210
5300

5100

(ny)1

3230
3291
320
3190
3255
3205
32;0

3155

(ny)z Hav
T 3157
T 31
3800 -
L) 50 -
4506 -

2,25 2.05
2.30 2.07
2,26 2.05
2.31 2,08
2.3 2.05
2:25 2:07

2:25 2:05

2,38 2.11

av

2.11

2.11

2412

2.15

2.12

2.16

2.15

2.13

2,12

2.20
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Compound Az Bxy

(¢) (6)
Cu(as-Cyto)CI2 - -

Cu(25-0yto) ,42H 0 - -

Cu(Guano) ..4H 0 - =
2 "2 180 30

cu(8Br-c } _«3H.0 - -
r-Cuano) ,.3H, 125 35

G- . - -
Cu3( Guano)a(OH)u hHZO 175 13
Cu{Xantho) (0H).2H.0 - -
2 155 -

135 15

150 35

Cu(Ino)(OH).H20 - -
170 10

Cu(Adeno) (0H).1/2H_0 - -
2 185 30

Cu(GMP).5H20 - -

Tabls

/D/

(em—1)
0.05k
0.093

0.082

0.161
0.103

0.110

0,08l

0.150

VI(Conttd)
-2J

g

-ﬁ Monomer
Corr.

(em*l) (best fit) (OK) (%)

1,00
200

1400
200

J:SB.O
JJ:5200

2.05

2.06

2.08

Magnetie
Model

Dimer

Dimer

Trimer

Tetramer
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Compound

Cu(AMP).2H20

Cu(CMP).6H20

v
(GHz )

HMIN

Table VI(Cont'd)

(H_)

2

9,525 1h50 221

9.308

9.525
9.526

2900

l

(H )

z 2

5100

(H, ),
2340

3285

(H

av

2:35 2:0?

ay

2.16

2.26

991



Table VI(Cont'd)

Compound A, B, /D/ -2J g -g Monomer Magnetic
y Corr. Model
() (6) (em~1l) (em~1) (best fit) (°K) (%)

Cu(AMP) ,2H_O - -~ 0,107 A=118 2.03 - 0 Tetramer
2 - - B= 12
C= 2

# All field positions in gauss aand result from best resolved spectra; 1 and 2 refer
to low aad high, respectively; data for coupled systems given before monomer sys-
tems., For monomer systems, perpeadicular and parallel field poszsitions entered
under "low" headings,

#% TPFipst letters of the llgand used in identifying compounds.
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Table IXX

Field Dependent Molar Susceptibility and Effective

Campound

Cu(Xanthosine)(OH).2H2O

Cu(Cytidine) (OH) «2H,0
Cu(Adenosine) (OH) .1/2H,0
Cu(Inosina)(OH).HéO
Cu(Guanosine)z.hﬁao
Cu(Br-Guanosine)2.3H20
Cu(Uracil)a.H 0

2
Cu(CMP).6H20

Magunetic Moment Measurements at 29,°K

Field Strength
3KG

X
(x10-6)

3870
3448
2389
2987
1935
3670
3030
5227

H

3.03
2.86
2¢37
2,66
2.1}
2.95
2.68
3.52

Field Strength
8KG

X
(x1076)
2272
3108
1583

2845

181)

1074
1320

3098

p

2,31
2.69
1,93
2.58
2.06
1.59
1,78
2,69

Fleld Strength

15KG

X
(x10~6)

2003
1393
1292
1008
1306

866
1168

247l

u

2.18
1.81
1e7h
1.5
L.77
1.3
1,66
2412

g91
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Concluding Remarks

The scope of this work, in terms of systems studled
and speciroscoplc techniques employed was ambitious, but
deliberately so in an effort to extract as much information
on s0lid ecoordination compounds of ecopper{Il) with mucleic
acid constituents as possible, Speeific ligands and sets
of ligand systems were chosen in order to observe trends
and be able to make generalltiesabout the bending and elece
tronie and magnetic properties of molid eopper(II)-nucleie
scid conatituent compounds, The following observations ecan
be made about bonding sites, bonding modes and stoichiome=-
tries, and electronic and magnetic properties of the solid
copper{II) eoordination compounds of pyrimidines, purines,

their nucleosides and nucleotides:

1., The ability to form Cu(II) eoordination compounds
with nucleic acld eonstituents is established and pronounced,
It is seen that all the nucleic acid eonstituents - pyrl=-
midines, purines, thelr nucleosides and nucleotides - react
to form stable coordination compounds with copper(II),.

2+ Bidentate chelation at the expense of monodentate
coordination appears to be the preferred mode of bonding
in coordination complexes of nucleio acid constituents with
copper(II), This type of bonding appeara to be general for
pyrimidine and purine moieties and involves adjacent oxygen
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(sulfur) and nitrogen etoms on the ring. In additicn,
phosphate oxygen coordinates when nucleotide systems are
considered. Exclusive phosphate or sugar bonding is not
found 1n these complexes.

3. In the uracil (cytosine) oomplexeé, the effect
of replacing a keto oxygen on C(2) with a thio sulfur in-
terchanges the preference for coordination between N(1l)
(N(3)) for keto to N(3) (N{(1)) for thic. This type of se-
lectivity used for chelatlon sitea 1n keto- and thio-con-
taining nuclelo acid ligands may be general for pyrimidine
and purine systems allke,

4. Generally, 2:1 1ligand to metal stoichlometries
are preferred although 1:1 stoichiometries, with and withe
out bridging between metal centers, are seen, Trimeric
metal gtoichiometries are rare,

S« EPR data demonstrate the tetragonally distorted
ootahedral gecmetry preferred by these copper(II) complexes.
However, the 1lntroduction of bonding sulfur atoms in coordi-
nating ligends distorts this bonding towards a Cp, or 'I'd
disposition about the metal center with a concomitant lower-
ing of the d-d band maximum, The ground state term in all
complexes 1s seen to be 2Blg(dx2-y2)'

6. Ligand field strengths for these distorted octe-

hedral geometriea vary as:

2S-Cytosines > Cytosine > 5X-Uracils > 6Y,2S-Uraclls >
2,4~Dithiouracil > 8Z-Guanosines > Inosine > (Cytidine >



Xanthoaine > Adenosine; AMP> GMP > CMP,

7« Sulfur coordiration appears to predispose the
complexes to polymerie interactions (-2J 2 1400 cm-l) as
does the introduction of ribose and phosphoribosgse funce=
tions on the pyrimldine or purine base.

8, Ferromagnetism, a relatively rare type of magnetic
ordering, is seon in several Cu(II) coordination compounds
raported here,

9, Magnetie data suggest that the cooperative
phenromenon r63ponsible for the ferromagnetism observed in
& number of these complexes, appears to be enhanced accord-

ing to the foellowing series:
Nuolsosides > CMP > Uraeil

and suggests the possibllity of an erdering capability of
the sugar group.

10, Recognition of the augar by copper(il) is seen
for decxyguanosine but not for guanosine (apparently,
deribosides but not ribeslides) and 1s assigned to operate
ﬁhrough the 310H group of the sugar,
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Future Studies

l, Mixed=Nuclslc Acid Base Complexes

To date there have been no reports of solid coordi=
nation compounds involving two different nucleic acid con-
stituents to the game metal lon, The synthesis and spectro-
scople characterizatioﬁ of thege gystems can be of impor-
tance in elucidating the role of metal lons in the repllca=-
tlon process of DNA,

In order for DNA to replicate, it must unwind and
syntheslze two new half helices.agh The potential impor=-
tance of metal ilons in thils process 1s seen in vitro from
the reversible unwinding of DNA by Gu(II)21 and Zn(II),295
and the effect of metal ilons on the ability to alter the
hydrogsn bonding between the two strands of the DNA helix
was briefly touched upon in the Introduction, Furthermore,
metal ions like Mg(II), Mn(II), Zn(II), and Co(II) are
also required in vivo by two of the most important enzymes
for DNA synthesls: DNA polymerase296 and the terminal
deoxynucleotidyl transferase.297

It can be concluded from in vitro and in vivo studies,
therefore, that transition metal ions are necegsary for DNA
roplication and, in aome instances, metal ilons help to
maintain the halves of the double hellx c¢loss to each other,

Thls requires metal coordination to two different nuecleie

acid components, one on each half of the double helix,



2e Ternary Complexes
Transltion metal complexes contalning a nuclelc acld
base and an amino {(or Schiff base or amine) have only re=

42,51-5l4,151-5,168,171,203,205-7,223
cently besn preparsd

and arse good model systems to those where subatantial intere

actions between nucleic acid, protein, and metal should oce
cur, This type of interaction ia vital for the processes
of transcription and translation of genetic mabterial, In
ltranacription, metal iona 1like Mg(II), Mn(II), and Co(II)
are essential for catelyzing the reaction,9 while other
metals like Cu{II) and Zn(IX) act as partial inhibitors.298
The transeription process requires the presence of a tem=
plate (1/2 of a DNA helix), a supply of ribonucleotide triw
phosphate, and RNA polymerase enzyme, In the translation
process, howaver, a sequence of three nucleic acld bases
(codons) 1n the m-RNA 1s interpreted by teRNA (anticodon),
after which the anticodon proceeds to line up particular
amino aclds for the synthesis of proteins, Again metal lons
such as Mg(II), Ca(II), and Mn(II) are required,299 and the
possibility fof interaction between metal ion, nuclelc aciad
base, and amino acid (or peptide) is obvious,

Metal lon~bridged complexes between a purine or

pyrimidine molety of a coenzyme and an aromatic amino acid

rosidue may occur in biologlcal systems including metal-ion-

dependent enzyme systems, nucleic acid-protein interactions,

or synaptosomes (which contain biogenic aromatic amines,
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ATP, and geveral metal ions), however, only recentlyBOI
" has an attempt been made todemonsirate that an inter=
action between a naturally oceuring constituent, tryp-
tophan and ATP with varlous transition metal ions (10945
indole-metal~purine) is possible,

These examplas clearly demonstrate the need to elucle
date the interactions between metal ion, nucleic acid basse,
and peptide and 1t is hoped that the work pregented here
on metal interactions between nucleie¢ acid constituents in

the solid state willl assist in this quest,
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U0 3yl Jd=lsnNL
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301 STURE(INT«KTY=A(Y)
NE(=nET+L
IF{NET=200) 229061961

22 COnTINUE
IF{InTEW,0) GO TO 4l2
DO 302 K=]9INT
DO Fl0 1=K INT
IFCIMINTGL) «6TATMINIK) ) GO TOQ 310
HOLD=TMINC])
TMENTL}SIMIN(K)
TMIN (K] =HULL
IHULD=NUM L)
NUM{I)=NUMIK)
NUM LK ={n0LD

310 ConTINUE

3u2 CunTinug
aR[In(6e403)

403 FUHMAT (1At SORTED 8Y MINS(TOH®¥ 224+ (TDCA12) 042+ {TONSLG Y HE2)880,51)
V0 3u4e f=1elny
drITe (6993) (STORE(NUM{IY»d) o Jd=laKT) s TMINII)

55 FORMAT (4 (FBads 2R sFT 221X 96FS.192%3F6ed)
IF(IMINLIL) LEQL,TMINII*1)) GO TO 304
wAliEtbr402)

HUZ2 FORMAT (1RG4 ORBAGULERUBUOPRGHRGROLGURRRRLODRANARRBLICGURRORQUIIFEDRORE
jRuanoaonaRde)

304 CuNTIRUE !

412 ARITE(be4yh)
GO Ty 6U

bl al{Tb(6ya2) (A(I)eI=]1sNL)

62 FurtaT (1At THE NUMBER UF POSSIBILITIES IS5 GREATER ThHAN 200:EXECUT
1IOW TEHMINATED AT 96F3,0)
well IE (6+405)
LU TU ov

100 CTouliINUE
wklTe{ben]l)

409 FUORMAT(IRle? LIGFIT II ¢}
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EnD

[PV S Y SRR 3
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HCN=105=¢ Cu=aMp
LIGAND nNUe L
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AMP
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NITRATE IOQi
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HYUROKIDE IuUn

C 0e0 rl 1aUON Vel CU 040 O 1.,00CL 0,0 BR 040 S 0,0 | 04,0 F 0.0

LIGAND NO. o
WATEHR

€ 0sd H 200N 0,0 CU 040 O 1400CL 08l 3R 040 S 0.0 1 040 F 040

EAP. ANALYSIS
BC= 264 T2 hH= 4,26 W= loe.31 ACU= 0.0 AwmM= 63,54

»C %H BN AC0 Mw i 2 3. & 5 &
27-00 3.63 15-75 UIU 444-?9 O-O 0-0 l.D 0.0 1-0 1'0
27.00 3.563 15. /5 Ua0 464,79 Ue@ 1a0 Ve Qo0 0.0 2.0
e7,12 bk 17.2% 489 1299,43 1.0 0.0 3.0 1.0 Us0 4.0
27,34 3.75% 17.31 4482 131/.85 1e0 040 3,0 140 0.0 5B
264,97 3.a5 16.78 4«76 133D.87 1aO 040 340 ,1a0 040 80

SORTED BY MINF{IDRe#24(TRL/ L) 982 (TDNALG) RE2)#EQ,5
26437 3aH5 foe 74 4ot L335.HT LeO Ued 340 1.0 0.0 6.0
ﬂﬁﬂﬁi}ﬂﬂ#“ﬂoQ#Gﬂ#ﬂt}&ﬁﬂﬂ(}ﬂkﬂﬂ'bﬂﬂﬂ-ﬂbﬂ'%ﬂG{tﬂ-ﬁﬂﬂQuﬂﬂQﬂéa*ﬂﬁnﬁubﬁi}{}ﬁﬁbﬂﬂﬁ“““
27434 3.75 17.ul G.H2 1317485 la0 wvet 3.0 1.0 0.0 5.0

GEQOFHRRARGO RGBS HLRIVRRLOAURRY RGN ARLHRRORRRGCORRGURROCORGDNRE
elei2 3.64% 1'Te2bh 499 12499,.83 le0 0ol 3,0 1.8t 04U 440
AT L L DL RE R L R R (YRR R R R 2 g (R R4 21 R RERTR-RNE R Rt R R PR RS LU Y RUR-2- TER TR S giq R 8. FTRCY L. 27
2700 3,43 Lhefh hot) “hb 4T3 Uell Ual lad 0.0 1.0 le0
LA TR R R T - R R YRR R AR R R IR R R TR L TR R =R Ry (R TR R Ty 20§ R R BT R R R g - . S TS 23 3 R TR

d?.OO 303 laefn UeD Y44, 1Y Ue0 le0 Ueh 0.0 Q.0 2.0
HEURRGOOORNOUNR RGN RIER TGP ERANR AU R UUI RGN RARR AR R U OO R GHD R RONH

0+4136
05171
Deb244

06357

© De63RT

%C=1e00%H=1,008N=1,005CU=5.00
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Nags JE - R T UL P L

o8 NELSON

cuala IMPUT ALTERNATE A HEADING CARD WITH A DATA CARD PLUG IN VALUES IN THE
CORUDER GIVEN IN STATEMENTH 3 FORMATED AS F5.0 R=REFEHENCEs S5=5AMPLE. AND D=DELTA
CFW=MULECULAR WEIGHT HG CD(SCN)4 15 USED AS THE REFERENCE THE ERUATION 15 a
CPHUOPOHTIUW 50 PLUG IN RELATIV E wEIGHTS, THE EXPONENT FONR THE TEMPERATURE
CINULPENDEN] PARAMABRETIC CURRECTION(TIP) AND THE DIAMAGNETIC COHRECTIOM({UIA) [S
CLHCLUDED IN THE PROGAAM(LU=6) USE A NEGATIVE SIGN FOR BUCKET CONTRIBUTION{BUC)
CPHINTOUTI THE MAGNETIC SUSCERTIBILITY IS GIVEN BY XMC. THE TEMFERATURE 1S THE
ChaTA PUINT 1.

SEl OF DATA CARUS CONSISTS OF

15T CAHD: HEADING CARL COL 1=72

2rl CARD: NU, uF EXP. POINTS UBTAINED

JHD CARDS WIRywTS+DWTRBUCIFWeCR

41TH LAADI NU, OUF ATUMS OF DIFF. ELEMENT THAT COMPOUND HAS
STH Cakp TEMPsUWTS

[z NeE+NsNs RN N Na Ny

DIMENSTUN  IHEAD(L8) +DIACIT5) s ITAB(7S)
HEAL®E WIRsDATHIBUCIWTSsDATS
T1P=6U.
TIME=TIPE1.E=6
L1IAC{L1)I=140
DLAC(2)=0.8
DIAC(3)=]14.9
DIAC (4) 22845
VIACtS) =55,
LIAC(6I=35,7
DIAL(7)=13.3
DIAC(B)=49.0
VIAC(Y)=ba0
UIACTIU)=1S.0
ULAC(L1)=3240
DIAC(12)=10.4
DIAC(I3}=12.H
UIAC(14)=12.8
DIAC(15)=1245
QIAC(le)=12e8
DIAC(17)=9.1
DIAC(18) =234
DIAC(19)=34.5
DIACI20)=5Ve6
DIAC(21)=15eY
DIAC{22) 23042
DIAC(23)=32.0
DIAC(Zo)=3bad
DIAC(29)=5149
VIAC{Zb) =16
LIAC(2T)I=13.0
DIAC(2d)=31.0
DIAC(291=a0,1
DIAC(30)=29.5
LIAC{31) =124
DLIAC(32)=2.93
LIAC(33)=6.0
DIAC(34)=4401
DIAC(45) =557
DIACI3L) =154
DIAC(37)=2.11

9T
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.t

L

o

o

92
93
94
95
96

2090
3000
400

700

5000

300

L e T o N R S

UIAC(3d)=a.6]

DIAC139)==1.73

DIAC(40)=d.36

DIAC(4Ll)=6.3

DIAC(42)=20.1]

DIAC(43)=3Ue6

DIAC(44)=64.0

DIAC(45)=15.0

DIAC(46)=23.0

DIAC(4T)=3Ta3

DIAC(48)=26.3

DIAC{49)=43,0

DIAC(5U0)=2U+9

DIAC(51)=74.0

DIAC({92]1=4,.2

DIAC{53}=9,.%

DIAC{S4)1=18.5

DIAC{S5%)=1040

DIAC{50)}=15.9

DIAC{ST)=13.0

DIAC{SH)I=13.5

DIAC{99)=33.0

VIAC{60)=20.0

DIAC{6LI=3040

DlAC(62)=40e0

VIAC{63)==5.5

DIAC{64)==]lU.b

DIAC(bB)==U.H

DIAC{bb)==].H

DIAC{6T)==8.2

DIAC(6HB)==0.24

DIAC(EY)==3,9

DIAC(70)==44]

DIAC(7]1)==a,.]

DIAC(T721=1405,

DIAC(73) =124,

UDIAC(T41=13.

UIAC{79) =194,

READ(5s2U009ENU=100) (THEAD(I}Y»I=]1s18)
FORMAT (18A%)

WHITE (e J00U) {IHEAD{L)»I=1918)
FUHMATL1HL v 1Xe LBAG s/}

READ{Se4UD)N ’
FORMAT L L2)

READ(Ss TUU)I WTHYWTS»DHTRIBUCKFWeCR
FURMAT (bF10,.4)

=1

HAl [O=UW IR/ TIR
WHITE{OeDUUU)F W TIPaCHIRATIO
FURHMAT L4Xr VFURMULA wTs SV'9F12e%s// 04XV INDEPENDENT PARAMAGNETIC CO
FHHECTION SVeFlla90/ /94X 0t 2V 9F 11440/ /6% 0 'RATIO SHaFll b/ /sTTe?
SwiafeTI9eTOLFF Y INVAT3Ss T TaT 0 DIFF. INYsTOLy TBUCKET s TTTa 1014
BraTYU ' TEAMP T s TLIUSy " XMCP 9 T1199 YUEFF 13/ 2 T5490F REF'4T19+%WT, REF 1273
$lar OF SAMPLEM» [45+tWT, SAMPLEY»TOBs 'CONTRIBUTION?sT104¢ X 10wepbt,y
$/7}

LL=CHO) JE~HWTH/ (DWTR=BUC) /WTS

REAU(Se900) (ITAB(L) »IsieTh

FURMAT (3612+/+3912) : ~

SUM=0,

D0 13 1I=sle75

{1
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CU{GMP} «5H2V

FOHMULA wWTe @

B L

HCN=104=2

5l4.7700

"
'

12/9/75

INDEPENDENT PARAMAGNETIC CORRECTION

L PR

60.0000

DIFF, IN

wTs SAMPLE

0.G145
0.0375
0.0583
0,0845
v.1125
0.1358
0.1635
0.1953
0.2393
0.305¢
0.3778
0.4770

0.6828

4784 BYTESsARRAY AREA=

CR = 1643300

RATIO = 0.,0367
WY, DIFFe IN Wi,

OF REF WTe REF OF SAMPLE
B,9765 0.3295 9,2348
8,9765 0.3295 9,2348
8,976% 043295 9.2348
8,9765 6.3295 9.2348
8.9765 0.3295 9.2348
849765 0.3295 9.2348
849765 0.3295 9.2348
B.9765 093295 9.2348
8,9765 0,3295 9,2344
8.9765 0,3295 9.2348
B.9765 043295 942348
B.9765 0,3295 9,2348
8.9765 0.3295 9,2348

CORE USAGE OBJECT COLE=
DIAGNOSTICS NUMBER UF ERRJRS=

COMPILE TIME=

0sll SECeEXECUTION TIME=

Os

NUMBER OF

BUCKET
CONTRIBUTION

=0.0445

~040445

1

=0e0445

=0s0445

-0.0445

~0.0445

~0.G445

“040445

~0.0445

=0 0445

00445

"‘0-0445

=-0.,0445

672 BYTES+TOTAL AREA AVAILABLES

WARNINGS=

RO

DIa

«259,1899

=259,1899

~259,1899
-258,1899
~259,1899
=-25%9,189%
~259.1899
-259,1899
~259,1899
-255,1899
~-259.,189%
=-259,1899

~259,189%

0y NUMBER OF EXTENSIONS=

De02 SECy WATFIV = JUL 1973 ViL4

TEMP

295.0000
204,0000
154,0000
106,0000
B4.1000
70,0000
58.9000
48,6000
39,9000
29,3000
23,0000
16,9000

11.3000

12,24.1%

X

AMC
10wag

» 1488.208

SATURDAY

1990,707
2445,14]
3017.553
3629.290
4138.336
4743.520
543%-277
6399,582
7852,6457
9425,492
11592,790

16089,060

18528 BYTES

0

UEFF

1.8817

1.8098

1.7427

l.6062

1.5690

1.5286

l.5012

le4600

1.4351

1.3622

1.3223

142571

1.,2109

20 “AR Té6
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£58

Job

OOoOOoOoOOOCoOOaC OO

1000

140

10

Sto
2060

205
210
2]

135

2000

IS o o e amraa . - P . . . i

NELSON
TESTED FOR CUCACYZ UN JULYZIST#1975 WORKS
THE LAST CARD IN THE DATA DECK MUST BE A BLANK CARD
INPUT 1S5 UNFORMATIEDs DATA CARDS CONTAIN:
{CARL 1) HEADLING
{CARD 2) NUMBEHR OF X VALUESS VALUE OF 6
{aLL COIHER CARDS) X VALUES TEMPERATURE

TO FIND UNLY THE J VALUE WITHOUT CALCULATING DELTAs
MAKE THE FOLLDWING CHANGES:
JUST BEFURE LINE 10 (D1=D )» INSERT! GOTOQ S00

BIMENSTUN HEAVLERLZE)
CUMMON /FLINL/ UDs0u
CUOMMON AT (391003 9NsGyALPHA
XT{le2) SEXPEHIMENTAL X3 XI(29P)=TEMPERATURES$ XT{3»?)=CALCULATED X
CUNTINUE
REALU{59140+END=2000) HEADER
FURMAT (2UA4)
REAUs N» G
IF (NaFWs0) w0 TO 2000
READs L{XRT (I sd)aI=192)sJd=LeN)
by 50 J=leN
AT{led)=AT {1leJd) /L0005
CUNT INUE
INITIALIZE
0J=100000
QL=uy
D=1000
w=0 *
CALL FINDJ(Drdsy)
==
suiTn 500
Ul=0
Wl=sa
Qul=ou
UJdl=0J
CALL FINDU{DU)
GCALL FINOJ{ldadyl}
ULISUM=00
IF (DG «ORY) GOTU 500
OLbaUK=LY ’
IF GhbetiTohdl) GOTO BB
IF (#eulenr]) 601U BGO
IF{ webuWed)) “UJU 500
puly ju
WHLITE (VU AdEALUCHeN G+ QLDSUMs QoD
FORMAT (1119 20R% g /70 T10R YN SV lda//sTLl0016 SV, Fl0.70//T5,95UM SQ =0
BoElaale//0 11000 ) SV aF10ade//0THetDELTA =0 gF12a57/7/T130 0T T3TeEX
P At2 029 'CALGe X' o THEe'EAP 1/7Xv9T1139¢CALC, 17X/}
U 20% 31N
EA=L/K1{1+])
CAsLl/ZAT(3+1}
WHITE{0v21U0) AT{2eI) o XT(1lal)} e XT(3eI)eEXsCX
FORMAT (1XsTooFl2e41T3296PFLlR2e4rToBF 12,49 T84 0PF12449T114sF12:40/})
WHITE (621359} ,
FORMAT {1H1)
6L TO 1000
sSTow

S9t
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b4

45

46
47
48

50
51
52
53
5%
55
56

oOO0O0oO0O

o w

-

10

20

30

10

A ek A YR i

END

FUNCTION F(I+X2

FUI+X} CHANGES TdE VALUE OF X AS FOLLOWS:

iF 1I=0s X=X/2 %
[F I=ls A=x+10
IF [=8y X=Kk=} 3}
IF I=3s Xz=X+0,1

IF (I-2) 1s293
F=Xe,1l

HE TURN
F=X=1e
RETURN

IF (I} 49445
F=X/2a

RE TUrid
F=X+ltG,
RETUHN

EnD

SUBROUTINE FINDJ(D+Q2MODE)
COMMON AT {(39100) +NeGeALPHA
COMMON /FINU/ 00»0LDSUM
u=)
SUM‘:O. 0
LU 20 I=leN
T=XT(2+1)
ALPHA=. 000089

O

AT (3+1)=4 37599606/ T/ (3+EXP(Q/T/46951) +EXP ((Q+D) /T/ 6951 ) 4MODE)

$+ALPHA
SUMSSUM* (XT{30]1)=XT(2sI) ) 082
SUMP=5UM
CONT LHUE
IF {SuMP ,GE.OLDSUM) GOTO 30
ULuSum=5ump
W=F {fwsld)
GUTL 10
[F{lWeEWe3) RETURN
IF (lu-Eu'ﬂ’ lu=3
IF ([weBual} Jusp
IF lIu-EU'U, Iu=l
OLUSUM=SUMP
WEF{Idr(}
Guro io
£nND

SUBROUTIRE FINUD(DQ)

COMMUN  XT(3+100) eNsGyALPHA
CUMMON /FIND/Z OLLSUMyQJ

lu=y .

YUM=0,.0

DO 20 I=lsN

T=XT(2+1)
ALPHASD, 0000

AT(3p1)5a3ThERGRG/T/ (IvEXP (A/T/46951) +*EXP((Q+D) /T/.6951}) +ALPHA

991



20

30

SDATA

PR e A e —— . S—— e el 1 b A A e e ¢

SUMZSUM+ (XT (30 ) =XT{1e))eu2
SUMP=5UN

CUNTINUE

IF (SUMP.GE.QLOSUM) GOTO 30
OLDSUM=SUNMP

D=F {1uas0)

GULUTO 10

IF(IQeEWL3)} HETURN

IF tlW.ERe8) lu=3
[FlIteEQa1)IQ=2

IF (1ueEuWed) Tu=1l
OLDSUM=3UmMP

D=F L)

G070 10

EnND

PN

(=TS

Lot
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CU{CYTOSINE) 2CL2 DIMFIT USING G VALUE SET AT 2.07

N= 12
G = 240699990

SuUM s =gluuuuluyudyuu
J = =6.2000

DELTA = 1lo000,00000

T EXP X CalLCs X EXP 1/7X% CaLC. 17X
£99,0000 1329.,8060 1395.1920 751.,9888 T16.7468
e04,0000 1917.,3010 2009,9990 521.5662 497.5125
i51.,0000 258245540 2683,9550 387.2134 372.584%2

95,0000 4055,6000 419244560 246.5726 238.5236
78,5000 4930,3620 503444870 202.8248 198.6299
64,2000 5891.5200 6100.4160 169,7355 163,9232
54,7000 6938.2710 7101,8520 144.1281 140.8083
44,9000 B327.8930 B552.1260 120.2784 116.9300
36,1000 10444,6000 10472.8700 95.7432. 9544847
25,5000 14073.2400 14339.3600 T1.0568 69.7381
lg,0000 196872.5900 19318.9000 50,3205 51.7628
12,0000 26335,0300 26335.7800 3T.9722 37.9711

98T
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FORTRAN Iv G LEVEL 21 MAIN

000l

gooz
0003
D004
ugos
ooue
woo7
vpoa
upog
HERYY
uoltl
gol12
vola
uola
ugls
00le
voL7
vols
0019

0020
goal

goae
voéa
go24
0oy
0o02e
voay

vods
0029
0030
003l
DR T
¢033
uuds

o e s s = St e e e e e b ke i o aaen SR e -

DATE = 76080 11744/1%

MAIN PRUGRAM

THIS PHUGRAM 1S NAMED AFTER MY FATHER, KHUE TJHIE CHIM
THIS PROURAM IS DESIGNED TO FIND THE 6 FACTUR»JeX{CAL)sAMU{CAL)
K{CAL?} I> ASSUMED Tu dE EQUAL TO X(EXP)+NALPHA AT HEGINNING OF PROGRAM
G I5 VECLOEU TO BE BEIWEEN A HANGE OF GMIN=GMaAX
J IS LECIDED TO BE BETWEEN A RANGE OF JMIN=-JMAX
NALPHA=THE CORRECTIUN FACTOR FOR X IS GIVEN
G 15 FOUNL THAROUGH FORMULA GIVEN, THE STD DEV. IS FOUND
UF THE G VALUES, THE NEW FOUND S7D DEV IS THEN COMPARED TO THE
FOHMER FUUNL ONE. THE G ANU J VALUE WITH THE LEAST 5TD. DEV.
AHE QECIULED To BE TrE VALUES WE WANTED
THE LAST CARD IN THE (OATA DECK SHOULD BE A CARD WITH 0 IN THE 2ND COLUMN

CQOOO0O00ON0aO0O0O0O000

UDIMENSION X (29) 2 XCAL (25) yAMU(25) 2 AMUC {25} 9GG (25) »DEV(25) 9T (25)
BPING (63 d) sUL125)
R AL Ko JMENy JMAX s Je YVALPHASKEEPY
VDATA KeCrBepV/l438E~15+1.9362E=16+9,2T3E«21+06.022E23/
DATA GHMINIGMAX/2.0022.10/
KAT=AVOSBHH/ K/ 3,
) HLAO(b!lDGU)NISMAx'SWIN!NALPHR!Z!COUNT!DD
1000 FOHMAT(1CyFlB.29F 0429Fl04,20F5423F5421F5e2)
IFiNeEWaDISTOP
HEAG (99 111PING
111 FORMAT (L&A5)
- DU uty L[=lelel
HEAU{De2) T{L) o X (1)
2 FURMATIF JUe20F LU %)
N‘I)-‘Kii)-NALPH&)“l.;'&
Y] COnNT INUE
444 wWHITE (b9 334)PING
333 FORMAT{lHlva &Ky 1 BAG)
WHLIIE(Gr 3000 SHMD s SMAX s GHINIGMAX e NALPHAYNY Z
U0V FORMATLIND YA YOMIN SV eF12.59//910Xe YWJMAX = "4F 12,59/ /010X Y GMIN
E19F 12099/ 7v 00Xy VEMAX =99F 12450/ /910X s *NALPHA 3 "eF12459//910X9s'N
$V91de/ /v UKL S14FE.2e//)
ARLTE (694000} '
4000 FUHMQT(lﬂUQIDKO'TEHF'lng'X(EXP)"13KI'X(CAL)'l14Xi'AMU(EXP)'I12KI
SIAMUICAL) Yo l9Re vl DEY IN Xt //)
(v Skl Jts LIMLT
JHEiN=DM]IN#C
JMAASSMAARD
JEJMIN
ULUEYSL0uQ0V,
A=U,
=] a=d
c Flwu © Tu AE WITHIN G LIMITe FIXING Z VALUEs VARYING o
i7 3g 20 I=lsN .
DIzl etUe 3IIHEXP{=J/K/T(L))
SKY=HAIAT (L)
SHIF=0.1259%200/T(I}/DIM+SKY®2Z
GG{1)=SURT(U{1}/5HIP)
20 COnT INUE
40 CALL DDEVIGE+STDEVeN+BARG)

nn

e e T e e NP T I e

PAGE 0001

[N T ST

PSSR A

68T



FURTRAN Iv G LEVEL

0cas
00306
gud7
ooa3s
0039
0040
004]
0042
0043
Vl44
0045

to46
0047
004d
M2
0050
0051
00bhe
0053
0054
voss

¢056
voL?
cos8e
0oLy

0060
0oel
voee
0063
0064
0065
0066

30

222

7000

190

8OO0

457

”*

O LY A P e L S A - T e e o DN it i ety S e b 8, T, et e e el L i e e LN e e b -

21 MAIN ' DATE = 76080 11744719

1F (HAKGCLT«GMINIGO TD 30
IF(UAHG . uT.GMAX) GO TO 30
IF(STUEV.GT«OLDEVIGO TO 30
OLLEV=STUEV
FOARG=BARG
A=FBARGHF3ARG
REEFJ=J
1F (ULDEVY.LE.0,00101G0 TO 222
Jed+llE=lb
IF(JaGlaJMAKLY GO TU 222
60 v 17
Fiwmablly IHE DECIUED & AND J VALUES ARE OBTAINED
IFALEQ,U, )00 Tu 350
Dy 100 I=lenN
DIM=lerlUeIFIUEAP (~KEEPJ/K/TITI) )
EH=uL129%A/7T (1) /7DIMRZ00
ACaL (1) =(Ed+HAT/T(1)8#AR2)I0] E6+NALPHA
AMULI ) =2.82d*SuRTIXITII#T (1))
AMUCTL) =2 H28%SURTIXCAL(IY&T (1))
DEVII)=abS{ACAL (L) =X{1) )}/ XCAL(I)n100Q,
WRITEC(oaTO0UITUIL o X (1) o XCALIIY 2AMU(I) v AMUCK(I)}sDEV () .
FUORMAT(1H v9X9Fbe293X9F 12442 TXF12,448X9F 1244 8X-F12.4'8XrF12.4 10
$X9F1leds/)
CONT INUE
KREEPJ=KEERJ/C
WRITE (2o 000 REEPJWFBARG s DLDEY .
FORMAT (1IN0 10Xy "ABSOLUTE VALUE OF 2J = t9F12459//7210X9'C = "pFl245
Se//vLUXA'STUL DEVe HBETWEEN G VALUES FOUND =tv9F15.54//)
Z=L+DD
IF(£s0T.COUNTIGO TO 1
GO 10 444

350 wRITE(6+351)
351 FORMAT(Y CANNOT FIND G & J VALUESs POSSIBILITY: NOT A DIMER®)

GO TU 457
END

S L g D AN

PAGE 0002

06T
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FORTRaAN 1v 6 LEVEL 21 DUEV DATE = 76080 11744719 PAGE 0001
unol SUDROUTINE UDEV(GG+STDEVsNsBARG)

0002 DIMENSION GG(IN)

G003 VARS] o

0004 SUMu=U,

4005 DO 200 I=slsN

1Y 200 SUMLG=SUMG+GG(])

0007 EN=N

o008 BARG=5UMG /N

0009 Lo 300 I=1sN

golo 300 VAH=VAR+{GG(])=BARG)eu2

0011 STUEV=SURT(VAR/ {EN=14]))

0012 RETURN \
0013 END '

16T
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CUICYTOSINE)2CL2 UIMFLIT ODUYPUT
- JMIN = =50.00004
JMAX = 10460000
ik GMIN = 2400000
- GMAX = 2«10000
NALPHA = 60.00000
B N = 42
o~ L = 000
o TEMP XEXP)
o 299.,u0 1329 . 806Y
204400 1917.3uls
o 15100 25429549
= 954 00 4055.607Y9
: THH0 4940,.35494
84,20 5HY91.5194
S4«10 6920.2695
44490 8321.8945
T 1044495977
25.90 T 14073.2500
18400 19872,5977
12.00 26335,0273

ARSULUTE vaLug OF 2Jd =

G = 2.02968

C

L rsvem o mabi LM e A e

ZERD % IMPURITY

XK{CAL)

134446858
1937.9072
€58%.4780
4033.0156
4573.2500
59i5.2344
6898, 1328
H328.9180
10234.6602
14143,9258
19332.6719
2714742383

~4468709

. STpe NEV,y BETWEEN 4 VALUES FOUND =

e

0e01547

AMUIEAP)

1783.,2371
176B.6406
1766.0073
1755.3713
175943562
1739.2434
17404,9460
1729,2988
173645156
1694,1294
1691.,3865
1589.,7786

AMUCAL?

179341853

1778,1189
1768.3728
1754,8098
17649,1353
1742.7405
1737.1558
1729,4048
1719,.3108
1698,377T
1668,2507
1614,1079

e ek b s b

% DEV IN X

1.1665
1,0633
0.2674%
0.0640
1.1713
0.4009
G.4369
0,0123
2.0114
0.4997
2.7928
2.991%9

26T
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Fralesnbe s L /PEACH
rARE L Ar = YurPLE!
Tuliu TUSE AP (=2 *PEAN)
HE{GHAPE+ [UNATU+ LU LYERP IAPPLE) ) / (GRAPE+TOMATO+2 . #EXP [APPLE})
ASRZTLLYPAELPGLPALEPGLE (] s=2}
Dalor=9/111) POl EERPGLRw
WiL)=(atdsDmlareNalLPHAH] 416
AaU=d o320 uan T LA LIRE(LY)
AUC=Zdadent ot Ll Y21 (1))
gevaanh talt)=A{1) )/ Aatl)¥ivu,
ad i {uefogul Tl su(Idea{l) v AMUsANUCYUEY
Pt (Lt 99AsF0ede 3R l2e o TR 12.49318X9F1244) 9 10AsF11ate/)
L Lo
sl Th(nesluv)ackrYleckbP AL AELPGLIOLUEY
Furtida i U nUrduastd St F L 2ab0 /v l0A Y UJS14F 12,460/ 310X9t6 = *9F12409/
hrltasrSive UEY hlen 6 VALUES FOUNUSVF15 . 5e/7/7)
R ILEXTIR TN v
P (e LEL i) G0 TO 432Y
[FTV IR YR |
wit ] i[‘.(U'{U”rlj
FUnmianl i/ LUAs YCANNUT FUOUND dEST J AN JJ VALUESt» /s 1UXe tPOSSIBILIT
B3 lewidl A TRIMER SY3TemMegs THRY  ANOTHER J &JJ VALUESYe//)
MM+ 1 .
L fealeabint}Ou T 4325
wad Tu L

Sl

LAVIT]

SUnHoUl Tk DLV (CeaTDEVeNyDARC)
(PN R NT I SV I A M £

ViAM= s
QUMLCS Y.
[R10 o TRY] 151
DLAEDdUMLALTL)
Lbe=ny
HARUE DA )
wyd Juy (=100 .

Virsvar+ (L0 ) =rianC) wire
LIDEVSSUHT{VAR/ (En=Lq1))
He Tuki
[ &1

RRT S DRI NP SRSt N RS PR SN V- T T WU SR LS S
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THIMER Yedl Pululs

(AFTER SINN AND HARRIS)

JHIW = =lud,tuiuy
JHAA = EUPEIL L]
SN U, t0iui; JUMaKs
UMY = adelUyUvy
GHMAA= Z2«30000
HALPHA Veuluue
N = n
M= UbyUbU

fear A{LAP) ALLAL)
3Fhaul ll2fveYnnty 18,8000
€92 a4 leusauf lesu, 0000
26124 AUy 13648,399y
230440 L9 uabsd 1625.0000
2UaUb L7oae 2044 1733.0000
J o= ~2£e00Q0

J)S 5.0000
9Te UEV glinil 4w ¥YALULS FHuig= 0.0

CORE, USAGE
U1AGNOS T [CS
COMPILE | IMES

PSTUF

CdJLCr Cuyvt= 3240 dYTESeARRAY
MUMHER UF EHHJIRS = Uy NUM
UaeV? SECHEALCUTION TIME= Ue

5.40000

AMUCEXP)

1752.6410
170141940
1691 .,0930
1731.9040
1664 ,9200

3159

AREA=
dbR OF WARNINGS=

75 SEC

WATFIV = JUL 1973 V1L4

AMU(CAL)

1732.6300
1722.0080
1710,4730
1696.9300
lou0.2140

472 BYTES.TUTAL AREA AVAILABLE=

- % DEV IN X

2+2708
2.4620
2.2350

' " 3.9980

l.84556

las28 BYTES

0+ NUMBER OF EXTENSIONS= ]

13,43,.,10

MONOAY , 3 APR 76
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, M A= e .
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: *2=00 €2 - e
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CUGMP} «5HZV

N=12
GMInN=

GMA XS

. AMIN =
T gMIN =
CMIN =

TEMP

295400
204400
15400
- 106400
B4a10
T0.u0
58490
4860
39490
29430
23.00
16.90

A=

[ RN g =

CORE VUSAGE
DIAGNUSTICS
COMPILE TIME=

$5TOF

PR N

bJUQUU
U.00U0

2.0000

243000

SU.0000

ALEAPR)

ladd.ensu
lygUa7Tysy
2445, 138V
33175520
3629421891
4)at.d38u
4T4d.5130
S43d.2730
63U HT8
Tduz2e4570
Yadh, 4928
115924500

13G.00000
1. 00000
2+00000

= E.UBd‘f‘
TDs BTaN G YALUES FOUND

OBJECT Cubg=
NUMHER UF EWHURSS

04U SECHIEAECUTION TIMEz

TERAMER FIT

BMAX
CHMAX

150.0000

14.0000
10.4000

X(CaL)

1325600
182447790
231444910
3l45.84]14
JI/uba 0620
4372.8320
49949, 7770
5788.507¢
bo95.7070
#2bU 6090
Sebb,3160
1069641900

Be07149

bidy BYTESsARRAY AHEAS

T i nm el et . ettt Bt o' o S o A i o Sl i = N B ¢

AMULEXP)

18737940
18p2.1780
1735.3670
1599.4090
1562.3850
1522.9930
1494,d130
1453.8770
L429.0290
135644870
1310.7250
12517460

Oy NUMBER OF WARNINGS=

4e29. SEC,

WATFIV = JUL 1973 V1L4

AMU (CAL)

1768.,4650
1725.4380
1688.5150
1633.0530
1595,.5620
156446220
1534.6600
1499,9630
1461.7180
1391.2940

“1320.8970

1202.3670

o672 BYTES»TOTAL AHEA AVAILABLE=
Dy NUMBER OF EXTENSIONS=
15,00.18

SATURDAY

% DEV IN X%

10,9264
B8.3350
5.3268
4.2514
4.2921
5.6664
5,4023
6.,4402
4.6273
$,1978
0.6347
Ta7340

18528 BYTES

27 MAR 76

Q6T
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FORTRAN IV 6 LEVEL 21 MAIN DATE = 76080 11756745
c TH1IS IS THE ISING PRUGKAMsFIT FOR COMPOUNDS THAT ARE
c HOLYMERS
c TESTING QF THIS PHOGRAM 15 MADE ON FEB. 4+ 1976
c J IS INPUT AS IT 1Ss NO CHANGE OF SIGN IS NEEDED
c Z+COUNT I3 THE RANGE OF FRACTION OF MONOMERS ALLOWED
C "THIS PROGKAM CANNOT BE WORKED ON WATFFIVE EXTRA TIME IS NEEDED
c
c
c MaInN PROGHAM
c
C

001

0oz
0003
0004
voes
gu06
voov
o0da
VoY
polo
voll
0olz2
uol3
Di4
0015
pole
0017
opls

uol9
0020

0ozl
o022
K]
o024
0025
oc26

oez7
voza
ooz2y
0030
0031
Goaz
0033
0034
0035
0036

0037
0038

DIMENSION X(25) s ANMU(25) ¢ XCAL (25) s AMUC (25) 266G (25) s DEV(25) o T(25) »
IPING(O+ I 40 (25)
HEAL KeJMIN» JMAXsJeNALPHAYKEEPY
DalA  KeCeHeAVU/]l,.38BE=1691+9862E=16+9.2TIE~21+6,022E23/
T DATA  GHINYGHMAX/]1.90+2435/
CUNzavVusudsl/sle.,
1 HEAD {9 s088sEND=I00U) NeSMAX s SMINyNALPHA+Z+ COUNT
a48 FORMAT {I24FLlBa492Fl0eb9FSs29FS.2) ‘
REAL(Ds111)FING
ill FURMAT {luAs}
VDU 66 [=]1anNs]
READ(Se2) T{L) e X( )

2 FORMLT(Fl0e2eF L0 4)
QUI)=stX{l)=NALPHA)#] .E=6

&b CONTINUVE

444 WHITE (62 333)PING

333 FUrMA T [1HLs4Xs 18BAS)

WRITE(H 300U SMINySMAXyGMINsGHAX g NALPHAWNSZ

3000 FUHMAT (IHU9IXe VUMIN =SV9F12.59/7/910X9JMAX = PHF12,5¢//910Xe 1GMIN =
EV3F12+45¢/ /9 10XptGMAX SV9F12,59//310Xe"NALPHA = "4F12.5¢//010XetN =
$'4 130/ /0 lukrtIsSVyFGaa//)
WRITE{beap0U}

4000 FORMAI (IR0 I0Xe *TEMPYs9X s *X{EXP) t913Xe *X{CAL) * 914Xy tAMUCEXP} 912Ky
SIAMULCAL) tolSXev% DEV IN XV¥e//)
JMIN=SMINRC
JMAK=SMARRC

JEJMIN
QLREY=100000,
A=y,
LOUS] =&
c
C FIND U Tu BE WITHIN G LIMITs VARYING J
17 Do 113 l=1seNsl
RE=U/K/T (L)
EXSLAP (2 4 #HK)
ZIP=TANH (HK)
W=Z]PeHK=RKSZ1PpOZ]P
POLY=CUN/K/T(] Y SEX+CON/ JoW .
HATSZ%CUN®G o /K/T(I) )
WE I =Z00%POLY+RAT
GGII}=SunT{W(I}/WET)
113 CUNTINUE
c
40 CALL UDEV{GG+STOEVsN+BARG)

IF(BARG.LT.GMIN)GO -TO 30

PAGE 0001
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FORTRAN Iv G LEVEL 21 MAIN DATE = 76080 11/56/45
vo39 IF (BARG,UT.6MAX)GO TQ 30

0040 IF (STUEV.GTs OLDEV) GO TO 30

0041 VLUEV=STUEV

0042 FBARG=RARG

0043 A=FHAHGHFHARG

Q044 KREEFPJ=J

G049 IF(OLDEV.LE.0.001)60 TO 222

0046 30 JEd+l,.E~]l6

0047 IF{J+G5T«JMAX)IBY TO 222

0048 GO Tu 17

0049 2ee IF{AsEWe 04160 TO 350

[
C FINALLY THE DECIDED & AND J4 VALUES ARE OBTAINED

4059 DY 157 I=lwN

0051 RE=KEEPJI/R/T (L)

0052 EASEAF {2 ¢ #RK)

0053 LIPsTANH{RK)

0054 wellPsrn=RKOZIPG&ZIP

G05% POLYSCON/K/T (1} REX+CON/KEEPJ®NW

0056 HAT=L9CONB4 . /K/T{L)

40s7 WET=Z00%POLY+RAT

0058 ACAL(I)=A% ]l EVeeWET+NALPHA

0059 AMULL)I =2 B28PSURT(R{IIRT(I})

V60 AMUC (1) =2,828%SQRTIXCALIII®T (1))

0061 DEVIII=ABSI(XCAL (I} =X(I))/XCAL(I)®100.

0062 WRITEC(Os 7OUUIT (L) o X (I o XCAL(TI}2AMU{T) vAMUC(I) »yDEV ()
oph3 TU00 FORMAT{IH 29X rFbeBr3A0F12etd v TAIF12,49BXsF12,498XsF12,%43BXsF12.,4010

BXeF L lave/)

0064 157 CONTINUE

0065 KEEPJ=KEEPJ/C

0066 WRITEL {6y 800U KEEPJYFBARGYDLDEY .

Q067 8000 FURMAT(ir0s10As *ABSOLUTE VALUE DF 2J = YsF12.597/910%01G = 14FL2.5

Be// 910K TSTU. DEVe BETWEEN G VALUES FOUND =14F15,8+//)

uges8 457 Z=ld+laul

[1311.3) IF(Z+0T«COUNTIGO TO 1

0070 GO T 444

0071 3540 wrlTE(&6e2]14}

vo7T2 2l FORMAT (1R YCANNOYT FIND G & J VALUES.POSSIBILITY! NOT A POLMER'"/)
uovT3 - Bl TO 457

0074 9000 sToP

ap7s END

PAGE 0002
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CU(CYTOSINE) 2CL2 ISINGFIT 0% IMPURITY

JMIN = =50,00000 '

JMAR = 104000006

GMIN = 1490000

GMAX = 2+35000

NA|LPHA = 60.0000¢

N = 12

Iz 0,0

TEMP K(ExP) X{CAL} AMU (EXP) AMU(CAL) % DEV IN X

29900 1329.806Y 1350.,0598 1783.2371 1796,7651 1,5001

204400 I9lT.3018 1964 ,6995 1768.64006 1781,2327 1.,4088
151.00 25U 9549 £2597.10679 1766.,0073 1770.9763 D,5604%
95.00 4055.6079 4059,9810 176%.3713 175643179 b 1077
TBe50 4930 ,3594 48TH.4414 1759,3542 1750,0667 1,0642
6420 SHIll.oled 5916,8945 1739.25434 1742.9849 0.4289
94470 692H,.2b9% 6HI5,3008 17409460 1736,7986 0.4781
4490 8327.8945 8317.8349 1729.29486 1728.2539 bel209
36410 10444 ,9977 fv2l4.2227 . 1736.51%6 1717.2576 2e2556
2530 14073.,2500 15088-6406 1694.1294 1695.0554% 0.,1092
18«00 198712.59717 1924646563 169].3865 1664,5356 3,2522
12.00 26335.,U273 2711445586 1589,7786 1613,1365 2.8750
ABSOLUTE vaLueE OF 24 = =2.16972

STDe OEV, BETWEEN G VALUES FOUNO = 0.01695

Toe
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