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A complete spectral and magnetic study was carried out  on  trichloroguaniniumcopper(I1) monohydrate. The electronic 
spectrum of this pseudo-D,h symmetry molecule indicated an A’ ground state a t  approximately -7600 cm-I ,  while epr 
and magnetic susceptibility measurements indicated the presence of spin interactions with a spin-singlet ground state and a 
spin-triplet state 99 cm-’ higher. 

Introduction 
The important role of transition metal ions in biological 

processes is now well established.233 The metalloenzymes 
are a good example of known biological activity of transition 
metal  ion^.^-^ Other examples are the transamination proc- 
ess of vitamin 336, the respiration process, and even cases of 
severe physiological abnormalities such as the Wilson disease 
h a ~ e ~ ’ ~  been shown to be dependent on the “miscoordina- 
tion” of these ions. Another area of importance has been 
investigated by Eichhorn and coworkers among others; this is 
the interaction of transition metal ions with DNA, RNA, and 
their constituent nucleotides, nucleosides, and  base^."'^ 
The present report is representative of this area of research. 

It is an established fact that RNA is denatured by the pres- 
ence of transition metal ions such as Zn(I1) and Cu(II).” 
The reaction seems to be rather specific, with binding sites at 
the N(7) of the bases and PO4 groups, and also reversible with 
helix reformation after removal of the transition metal ions. 
There are also reports of coordination compounds of transi- 
tion metal ions12 with mononucleotides and just recently a 
few compounds with nucleosides have been reported in solu- 
t i o ~ ~ . ’ ~  

The bases that form part of DNA and RNA are also usually 
reactive toward transition metal ions. Of particular interest 
are the guanine and adenine derivatives that have been shown 
to form dimers in the solid state14-16 and that have the unus- 
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ual cationic form of these compounds as l i gand~ . ’~  We re- 
port here a complete magnetic and spectral study of trichloro- 
guaniniumcopper(I1) monohydrate, Cu(gua)C13.H20, the 
structure of which” is shown in Figure 1. Note that two 
chloride ions act as bridges between the two copper(I1) ions 
in the dimeric structure. The Cu-Cu distance is about 3.7 
A and the guaninium ion is protonated at N(3) and N(7) and 
coordinated via N(9). Also, the coordination around the 
copper(I1) is of approximately D3,, symmetry and similar to 
those of the CuClS3- systems.” 
Experimental Section 

S~ndara l ingam,’~  as  follows. A fourfold excess of CuC1,.2H20 (1.36 
g) was dissolved in aqueoun MCl(2 M) with the formation of a light 
yellow solution. To this, guanine was added (0.3 g) and the mixture 
was vigorously stirred with heat until all the  guanine was dissolved. 
Concentrated HCl was added until the  solution changed color to  a 
dark green and then was evaporated down to one-third the volume 
(20 ml). Upon cooling, yellow-brown crystals appeared which could 
be easily filtered. Anal. Calcd for Cu(C,H,N,O)Cl,~H,O: C, 17.65; 
H, 2.37; N, 20.60. Found: C, 17.65; H, 2.44; N, 20.64. 

The epr spectra were obtained at  295 and 77°K in a Varian E-3 
spectrometer using X-band frequencies and polycrystalline DPPH as 
a field marker.” The magnetic susceptibility was obtained in the 
temperature range 300-77’K using a Faraday balance setup and HgCo- 
(NCS), as the standard, and below 77°K using a Fonar-type, vibrating- 
sample magnetometer from Princeton Applied Research, Inc.” The 
appropriate diamagnetic corrections were made including 2 X 1 0-4/ 
mol for the compound itself calculated using Pascal’s constants2’ and 
a TIP correction of 1 X 10-4/mol. The electronic spectra were ob- 
tained with a Beckman DK-2A spectrophotometer in the 400-1500- 
nm range as Nujol mulls pressed between quartz plates. The analyses 
were carried out  by Galbraith Laboratories, Inc. Several Fortran IV 
programs and an IBM 360-40 computer were used in data reduction 
and simulation. 

Results and Discussion 
Electronic Spectrum. The visible-near infrared spectrum 

of Cu(gua)C13.H20 can be interpreted in terms of a DJh sym- 
metry coordination around the Cu(T1) ion, with three chlo- 
ride ions in the equatorial plane and one chloride ion and the 
guaninium molecule in the axial position. This yields a split- 
ting into three states, A’(dz2), E’(dX2+2, (Ixy), and E”(d,,, 
d ), with two possible electronic transitions, A’ -+ E’ and 

. These bands are observed in our case at 8000 and 
10,500 cm-l, respectively. These assignments are in agree- 
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Figure 1. Structure of trichloroguaniniumcopper(I1) h~drate . '~  

ment with several treatments of the similar CuC1S3- syi- 

An additional band observed at high energies above 20,000 
cm-' is assigned to a charge-transfer band.'4 

The table has a tabulation of the calculated E, and E, split- 
tings observed for a series" of CuC1S3- anions and the split- 
tings observed in our compound. These quantities are direct- 
ly related to the ligand field strength along the equatorial and 
axial positions and can be calculated using eq 1 and 2. Note 
AE1 = 5Ee + 4Ea 
AE2 = 10Ee +E, 

E(d,z) = 6Ee + 2E, 

E(dxZ-y', dxy) = E, - 2E, (2) 
E(dxz, dyz) = -4Ee + Ea 
that the value for E, for our compound is very similar to the 
values obtained for the CuClS3- and apparently the in-plane 
bonding is very similar in both classes of compounds. The 
value for the E, in Cu(gua)C13*Hz0 is about 20% smaller than 
the Ee and about 15% smaller than other E, values; this is in- 
dicative of a somewhat weaker bonding on the axial positions 
in our compound, probably caused by the presence of the 
positively charged guaninium ion. The relative energy of the 
sets of d orbitals can be calculated" using eq 2,*yielding 
E(d,z) = 7600 cm-', E(dXz-p, dxy) = -600 cm-', and E(dx,, 
dyz) = -3 100 cm-' . 

is shown in Figure 2. There is a distinct resonance at about 
1500 G which can be assigned25 to Hmin, the minimum posi- 
tion of absorption in the epr spectrum of a copper(I1) dimer. 
The observed band corresponds to the AMs = +2 and this is 
indicative that the spins at the Cu(I1) ions are interacting, 
yielding a triplet and a singlet state. A value of the zero-field 
splitting constant,26 ID[, of 0.023 cm-' can be calculated 
from this band," using eq 3, a value of E = 0, and the g value 
obtained from the full field spectrum. Therefore, the calcu- 

Electron Paramagnetic Resonance. The epr half-field region 

Dexpt l  = C 0.75 [(hv)' - 2gWmiJ I"' (3) 
lated zero-field splitting constant is much smaller than hv 
(0.3 cm-') and this should allow the appearance of the l o w  
and high-field parallel and perpendicular triplet-state bands 
(axial symmetry and the Hamiltonian of (4) hold for this 

H = P[g,HzS, + gx,y(HxSx + H y S y ) l  + DS,z + 
(AIWJZ + (BIWx,Jx,y - 2/30  (4) 

system). However, as shown in Figure 3, the full-field spec- 
trum of Cu(gua)C13*Hz0 is very broad and structureless. A 
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Figure 2. Half-field epr spectrum of Cu(gua)Cl,.H,O; polycrystalline 
material, X band. 
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Figure 3. Full-field epr spectrum of Cu(gua)Cl,.H,O; room tempera- 
ture, polycrystalline material, X band. 

Table I. Electronic Excitations (kK) and Equatorial and Axial 
Fields for Some CuLS3- Systems (lo4 kK) 

Compd AE1 AEz E,  E, 
Cu(gua)Cl,.H,O 8.00 10.50 0.97 0.80 
Co(NH,),CuC15a 8.40 10.10 0.96 0.91 
Ru(NH,),CuCl,a 8.50 10.20 0.97 0.92 

a These data from ref 18. 

(g) value of about 2.18 can be obtained from the central 
point in the inflection. Attempts to prepare a solid solution 
of Zn-Cu in order to resolve the triplet-state spectrum have 
not been successful. A frozen solution spectrum of Cu(aua)- 
C13 * H 2 0  in methyl alcohol has yielded a i  additional S =-l/z' 

spectrum havingg, = 2.2, gx,y = 2.05, and Acu = 150 G and 
probably originating from decomposition products such as 
the broken-up monomers in solution. 

nance band is lost upon cooling the sample to 77'K. Appar- 
ently, the singlet state lies lowest and as the higher triplet 
state becomes depopulated the spectrum decays. 

One more set of calculations can be done with the epr data 
in relation to the intermetallic distance, R cu-cu. The calcu- 
lated value for RcUmcu from the crystallographic data is 3.7 
A and a value of 3.6 A is 

It is very significant that most of the intensity of the reso- 

from eq 5, using 

o.325gZ2(i - 3 COS* e) 
Rcu-cu3 = Dd 

g, = 2.20,O = 41" (the angle betweenRCu-Cu and the three- 
fold symmetry axis), and Dd = 0.023 cm-' as calculated be- 
fore. The agreement between the X-ray value and the epr 
value is excellent and somewhat fortuitous in light of the as- 
sumptions of charge localization at each copper ion and that 
D exch is approximately equal to 0 in eq 6.") 30 Also, eq 3 
and 5 strictly apply to systems where the D and g tensors are 
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Dexpt l  = Dd -k Dexch (6 )  
coincident. In our case these tensors do not coincide (0 = 
41”), but apparently the error introduced is small because of 
the agreement between calculated and experimental R values. 
This same situation has been observed previously with the 
Na2Cu(C406H2)3Hz0 dimer,27331 where the angle 0 = 31” 
and the calculated R was also close to the X-ray experimen- 
tally determined one. It is probable from the agreement ob- 
served that the exchange contribution to the D value is small 
when compared to D d  and that therefore our assumption of 
D = D d  is valid for this case. This is also indicated by the 
gaussian shape of the full-field epr band. 

Magnetic Susceptibility. The shape of the curve of the 
variation in the magnetic susceptibility with temperature for 
Cu(gua)CI3*H2O is the best method of determining the ground 
state for this system. The data are shown in Figure 4 where 
the X and 0 are the experimental susceptibility and inverse 
susceptibility, respectively. In the temperature range 300- 
100°K a Curie-Weiss law32 holds with an intercept of about 
100°K, indicating an antiferromagnetic interaction. The 
data below 100°K demonstrate this point even more clearly. 
There is a Nee1 point at about 80°K and the experimental 
data can be fitted well with the Van Vleck dimer,33 eq 7. 

We used a best fitting procedure previously described34 and 
the following values for the parameters: 2 J = -99 cm-l, g = 
2 . 1 7 , A ~ ~  = 8 X (ABF is defined as Zi(square of devia- 
tion of x,Ti)) .  

The g value is very close to the average g value obtained by 
epr (internal self-consistency) and the value of 2 J  is negative, 
indicating that the triplet state lies about 99 cm-’ above the 
singlet ground state. The magnetic moments for this com- 
pound calculated using eq 8 are shown in Figure 5, where the 

p = 2.83(~7J-’ (8) 
experimental points were calculated using eq 8 and are shown 
as circles and the line is the best fit output using the above 
values for the parameters and eq 7 and 8. As expected for a 
singlet ground state, the values decrease dramatically with 
temperature from about 1.8 BM at 300°K to about 0.5 BM 
at about 40°K. 

Note that the magnetic susceptibility as well as the effec- 
tive magnetic moment of this compound are about the nor- 
mal ones at 300’K for a S = l /z case even though the ground 
state for the system is 0 and the interactions are quite notice- 
able at lower temperatures. This phenomenon should be 
kept in mind by investigators in this field when reporting “no 
interactions” from room-temperature magnetic susceptibility 
measurements. It will be interesting to determine if the “ab- 
normal” electronic and magnetic properties obseived for this 
guanine compound also occur in the nucleic acid-metal sys- 
tems. 
Conclusions 

It has been shown from epr, electronic spectra, and mag- 
netic susceptibility measurements that the semiquantitative 
diagram shown in Figure 6 holds for this system, that is, a 
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Figure 4. Experimental (X, 0) and theoretical (-) magnetic suscep- 
tibilities and inverse magnetic susceptibilities of Cu(gua)CI,.H,O. 
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Figure 5. Experimental (0) and theoretical (-) effective magnetic 
moments for Cu(gua)CI,.H,O. 
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Figure 6 .  Energy level diagram and calculated energies for Cu(gua)- 
Cl,.H,O. 

singlet ground state and a triplet excited state 99 cm-’ above 
with a zero-field splitting of 0.023 cm-’. The electronic en- 
ergy levels appear to be an A‘ ground state stabilized by 7600 
cm-’ with E’ andE”  about 600 and 3100 cm-’ higher, 
respectively. 

Registry No. Cu(gua)Cl3.H2O, 4003 1-94-5. 
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The theoretical and practical aspects of symmetry-dependent strain energy refinement of the structures of metal complexes 
are reported. Use of this procedure reduces computation per cycle to approximately one-fifth of that required b y  independ- 
ent refinement and in addition requires substantially less core storage. The fixing of individual Cartesian atomic coordinates 
in both independent and symmetry-dependent refinements is discussed and in particular it is shown how a symmetry trap 
may be  avoided. For the symmetrical facial bis(diethylenetriamine)cobalt(III) ion, results of independent and symmetry- 
dependent refinements constrained to  two symmetry point groups are presented and compared with X-ray crystal data. 
Calculations on the lowest strain energy isomer of carbonatobis(trimethylenediamine)cobalt(III) are also cited. 

Introduction 

modynamic parameters and molecular geometries for metal 
complexes. The potential energy of a molecule with N at- 
oms is represented by the summation 

Recent publications' have reported the calculation of ther- 

UtoM= ZUB + Z U N B  + ZUO + XU+ 
where UB, Urn, Ue, and U+ are functions describing the PO- 
tential energy of bond length deformations, nonbonded con- 
tacts, valence angle deformations, and bond torsion, respec- 
tively. The mathematical forms of these functions are ade- 
quately described, if not justified, elsewhere.' U,, is mea- 
sured from an arbitrary zero level, which has significance 
only for the comparison of two stereoisomers. For an in- 
dividual molecule, UtoM represents the potential energy dif- 
ference between the predicted structure and a configuration 
of that molecule, strainless with respect to the above four 
modes. Although in most instances this strainless, zero-level 
configuration cannot have physical reality, comparisons of 
potential energies with experimental data are valid for con- 
figurational isomers but specifically exclude comparisons of 
linkage isomers. The molecular geometry defined by min- 
imum Utotal and the value of U,, itself have been correlated 
with experimental data.' 

In many of the molecules studied by us, one common ob- 
servation was prevalent, namely, that the molecular sym- 
metry, intrinsic in a molecular model, was preserved almost 
precisely in the calculated conformation of the strained mol- 
ecule. We wish to report the theoretical and practical con- 
siderations of an extension of the present refinement pro- 
~ e d u r e , ~  applicable to metal complexes of any point group. 
This extension not only allows the investigation of a metal 
complex constrained to its symmetric configuration(s) but 
also constitutes a significant reduction in computing time 
and memory requirements. 
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Theory and Discussion 
Minimization on the energy surface is implemented by 

curve fitting to the function Uta, as described by Boyd.4 
The mathematical procedure for nonrefinement of symmetry- 
dependent atoms is described in the Appendix. 

In addition to this, we have found it necessary to incor- 
porate a routine to fix discrete coordinates of any atom in 
the input list. The coordinates to be constrained are dictated 
by the particular symmetry conditions and disposition of 
atoms relative to symmetry elements. This option must be 
included to prevent spurious results and is discussed below. 

A cycle of symmetry-dependent refinement involves mod- 
ulation of the asymmetric atom positions in the force field 
imposed by the entire molecule. The pertinent symmetry 
operations are then used to reconstruct the molecule from 
the refined asymmetric atoms, whence the modified force 
field i s  generated and the cycle iterated. This mode is con- 
tinued to convergence. The rate of convergence may depend 
on the size of coordinate shifts however, and a damping func- 
tion should be employed to maximize this rate. However, 
the use of a fixed damping factor to achieve the maximum 
convergence rate within a particular potential energy well is 
unsatisfactory, since the damping is applied without reference 
to the size of coordinate shifts. In generating the damping 
factor, it has been assumed the direction of the calculated 
translation vector (AXp) is correct but that the magnitude 
is overestimated. This stems from the fact that the direction 
is correct at the point of fit or of extrapolation to zero mag- 
nitude and leads to a linear dependence between the cor- 
rected translation vector and the calculated one. Further- 
more, it  was decided that the larger elements of the transla- 
tion vector should have more control over the magnitude of 
the estimated damping factor. In practice, calculated ele- 
ments may range from to 2 8, and unless stringent dis- 
crimination is required, a function dependent on the sum of 
the squares of the vector elements will principally reflect the 
larger ones. A function of the form 

x = i/(i + (SHAPE).$ E ( A J ~ ) ' )  
I = l  a= 1 

is found to be adequate in reducing the possibilities of oscilla- 
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