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The reaction of Cu(ll) with 2¢-hydroxybenzyl)thiamine in methanolic solutions produces Cu(l) and thiochrome.
The crystal structure of the &(thiochrome)d complex, formed from the reaction media, comprises an infinite
array of Cu(thiochrome)@lneutral units linked together through the N{tand N(1) atoms of thiochrome,
coordinated to Cu(ll). The copper atom is tetracoordinated with a weakN{@3') interaction in a compressed
tetrahedral environment. Crystallographic data: space gP@um = 7.433(1) A,b = 11.826(6) A,c = 10.009-

(2) A, p=91.25(1%, V=2879.7(5) B, Z= 2. Continuous wave EPR spectroscopy shows that this conformation

is retained in frozen solution. Magnetic susceptibility data in thé@0 K temperature range showed that the
ueri/Cu variation (1.68-1.74 ug) was negligible, indicating the absence of magnetic interactions between the
Cu(ll) ions. In CU (thiochrome)CJ the magnetic interaction between the N(8itrogen of the pyrimidine ring

and the copper,e-y2 electron spin is detected by ESEEM spectroscopy. The ESEEM data show the existence of
a weak magnetic interactiod®( = 1.6 MHz, A, = 1.4 MHz, A, = 1.0 MHz) between the Cu unpaired electron
spin and the nucleus of tH&N(3") of the pyrimidine ring. The nuclear quadrupole parameters for the nitrogen
(29gQ/h= 3.1 MHz,n = 0.25) differ from those in crystalline pyrimidine, and this is discussed in terms of the
electron distribution on the pyrimidine ring in the Gthiochrome)CJ complex. It is once more shown that the
ESEEM technique can provide useful structural information on similar inorganic systems, in the absence of X-ray

diffraction data.

Introduction

The active aldehyde derivatives of thiamine pyrophosphate
(structurel) are intermediates formed during its enzymatic
action. In the presence of a Mg(ll) ion, thiamine pyrophosphate
catalyzes the decarboxylation afketo acids and the transfer
of aldehyde or acyl groups vivo. Other bivalent metal ions
like Co(ll), Zn(ll), Cd(Il), and Ni(ll) are also known to be active
in vitro.

H,CH,OR’

R: CH3', C6H5', C6Hll.
R": HP,0Z
Structure 1

The active aldehyde derivatives of thiamine,o2Kydroxy-
benzyl)- and 2¢-hydroxy-a-cyclohexylmethyl)thiamine, form
complexes with group I1B metafsas well as first-row transition
metals? all coordinated to the N(1 site of the pyrimidine
moiety.
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Our investigations on the interaction of metal ions with these
active thiamine intermediates had also involved Cufl)The
interest in this metal is due to the possible role that Cu(ll) may
have in the oxidation of thiamine and active aldehydes of
thiamine to thiochrome. Previous attempts to prepare Cu(ll)
thiamine complexes showed either no bonding between the
Cu(ll) ion and the ligand or Cu(l)-thiamine and Cu(b-
thiochrome complexes. A crystal structure of [(thiamine
pyrophosphate)(1,10-phenanthroline)aquacopper(ll)] demon-
strated that the complex ion coordinated to the thiamine moiety
only via the pyrophosphate group.

Electron paramagnetic resonance (EPR) is a well-established
technique for the study of the coordination geometry of Cu(ll).
Continuous wave (CW) EPR has been used extensively as a
tool for the diagnosis of the coordination environment of
Cu(ll) complexes$. When the EPR spectrum is governed by
anisotropic interactions, it is possible to perform orientation-
selective ESEEM experimeritsWhen al“N nucleus is coupled
with the electron spin, these experiments can provide the
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orientation of the!“N hyperfine and quadrupole tensors with
respect to thg tensor, which in turn can be interpreted in terms
of the complex conformation and bonding paramet&rs!0

In the past the pulsed-EPR technique of electron spin echo

envelope modulatidh (ESEEM) has been used in the study of
metal binding sites of various Cu(ll) protein complexes and in
model compound¥ These studies provided important insight
into the characterization of the local environment of the

Louloudi et al.

with a Bruker ESP 380 spectrometer with a dielectric resoriator.

the three-pulsen/2—7—n/2—T—x/2) ESEEM data, the amplitude of
the stimulated echo as a functionwof T was measured at a frequency
near 9.6 GHz at a magnetic field corresponding to the maximum
intensity of the field-swept spectrum. The minimum interpuiseas

32 ns and was incremented in steps of 8 ns; the duration aofrfhe
pulse was 16 ns. Dead-time reconstruction was performed according
to Mims26 To remove the unwanted echoes in a three-pulse experiment,

the phase-cycling procedure was appliedB3efore Fourier transforma-

paramagnetic centers and the effect of local interactions, like tion the time domain echo decay was factored out by subtraction of a

H-bonding, on the coordination environment of the Cufdl).

sixth-order polynomial. The field-swept spectra were obtained by

The majority of these ESEEM studies were concentrated on recording the integral of the echo as a function of the magnetic field

Cu(ll)—(histidine), complexes, while reports of ESEEM work
on Cu(ll) with non-histidine ligands are scarce.

In this contribution we report the polymeric crystal structure
of Cu(ll)(thiochrome)d. In solution, Cu(ll) reacts with 2e(-
hydroxybenzyl)thiamine to produce thiochrome. This structural
report appears to be the first example of a Cu(ll) complex of
thiamine or its derivatives with a direct CutN bond and
only the second example of a thiamine or a thiamine derivative
directly bonded to a Cu(ll) ion. We have also studied the
coordination environment of the Cu(Hthiochrome by CW

after a two-pulse sequence/2—200 ns-x); the durations of ther/2
andzr pulses were 16 and 32 ns, respectively, and the integration gate
was 200 ns.

2.2. ESEEM Simulations. A. *N (S= Y, | = 1). The spin
Hamiltonian for anS = 1/, | = 1 system expressed in thgetensor
principal axis system is

H = (8/h)HgS — gy(B/HI + SA'l +1-Q"«I (1)
The tensom has principal valuesy, gy, g,), and the Euler angles,
B, andy relate the principal axis system of thé andg tensors’® The

EPR and orientation-selective ESEEM spectroscopy. The Euler angles used are defined according to the convention of Margenau
ESEEM data are in agreement with the crystal structure and and Murphy?® The polar angle$ and¢ determine the orientation of

show that the N(3 nitrogen of the pyrimidine ring is weakly
coupled with the Cu(ll) electron spin.

Experimental Section

Materials. Thiamine chloride hydrochloride was purchased from
Sigma Chemical Co. and used without further purification. Ga@t
other chemicals used were from Aldrich AG. The ligando2-(
hydroxybenzyl)thiamine was prepared as described in the literture.

Preparation of {Cu(thiochrome)Cl;}, Crystals. A methanolic
solution (25 mL, 102 M) of the ligand 2-¢-hydroxybenzyl)thiamine,
neutralized following the procedure as descriBednd 25 mL of a
102 M methanolic solution of CuGlwere added separately into the

different branches of a U-shaped tube, which were separated by a

ceramic filter. The tube was left in a glovebox, and crystals of the
compound{Cu(thiochrome)G}, suitable for X-ray analysis were
obtained by slow mixing of the two solutions.

Methods. 1. Magnetic Susceptibility Studies.Variable temper-

ature magnetic susceptibility data were obtained on powdered poly-

crystalline samples with a Quantum Design MPMS SQUID suscep-
tometer. Diamagnetic corrections were applied by using Pascal’s
constants.

2.1. EPR and ESEEM Spectra. Continuous wave (CW) EPR
spectra were recorded at liquid helium temperatures with a Bruker ER
200D X-band spectrometer equipped with an Oxford Instruments
cryostat. The microwave frequency and the magnetic field were

measured with a microwave frequency counter HP 5350B and a Bruker
ER035M NMR gaussmeter, respectively. Pulsed EPR was performed

(9) Goldfarb, D.; Fauth, J.-M.; Tor, Y.; Shanzer, & Am. Chem. Soc.
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the applied magnetic field in thg-tensor principal axes according to
standard notation. The hyperfine tengdrin eq 1 is defined ag\’
Ag where the diagonal values of thetensor in its principal axis system
are Aw Ay, Az). The Euler angles, v, andw relate the principal
axis systems of the nuclear quadrupole interac@rand g tensors.

The tensorQ' in its principal axis system has diagonal valuek,(2
—K[1 — 5], —K[1 + #]) whereK represents the quadrupole coupling
constant &1Q/4h andy is the asymmetry parameter of the electric field
gradient. In the calculations we neglect the hyperfine and quadrupole
interactions of the copper nucleus, which do not affect the ESEEM.
The energies and eigenfunctions are calculated numerically for each
spin manifold, and the three-pulse modulatiofs and E; were
calculated with the relations derived by Miri8.

B. Orientation Selection. Due to the largeg anisotropy and the
limited microwave power of the microwave pulses in our experiment,
at each resonant field only spins at certain orientatiénand ¢
contribute to the detected echo. The range8 ahd¢ that contribute
the echo at each magnetic field within the EPR line shape were
determined graphically as described by Golfarb € aWvith the use
of the parametersgf, gy, g, and A(Cu), A(Cu), and A(Cu) as
determined from the CW EPR spectrum, a plot of the resonant fields
for eachm, (Cu) value as a function of was generated. Since the
EPR spectrum of the Cu(thiocrome)C@bmplex is axial, the calcula-
tions were performed fopp = 0. The orientation contributing to the
echo intensity for each experimental resonant field was determined from
this plot. A total line width of 40 G was taken, from which the
integration region fo® was determined.

The total echo intensity was calculated from

E@TH) = f)' [ E(CTH.06) + E(nTH.0.¢)] sin 6 do do

Before Fourier transformation, the simulated spectra described above,
after removal of the constant component, were convoluted with a
Hamming function, like the experimental spectra. The frequency
domain spectra are calculated in the Sqri{Ren?) mode.

3. X-ray Crystal Structure Determination of { Cu(thiochrome)-
Clz}n. A dark-green platelet (0.5% 0.30 x 0.05 mm) was sealed on
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Table 2. Fractional Atomic Coordinates and Isotropic Equivalent
Temperature Factors & 100) with Esd’s in Parentheses for
[Cu(Ci2H13N4OS)Ch]-CH3OH (1)

atom xla y/b zic Ued?
Cu 0.21298(7) 0.0002(1)  0.90911(5) 3.03
Cl(1) 0.4562(2) 0.0125(2)  1.0395(2) 6.18
Cl(2) 0.0761(3) 0.0474(2)  0.7117(2) 5.80
S(1) 0.5961(2) —0.1109(1)  0.7381(1) 3.87
0o(1) 0.9813(8)  —0.0950(6)  0.3855(5) 7.79
N(3) 0.4246(5)  —0.2947(3)  0.7202(4) 3.06
N(4'a) 0.2702(6)  —0.1522(4)  0.8418(4) 3.28
N(3) 0.0214(6)  —0.1936(3)  0.9627(4) 3.10
N(1') —0.0791(6)  —0.3815(3)  0.9890(4) 3.12
C(5b) 0.8299(9)  —0.1247(8)  0.4588(7) 5.80
NI'  cg C(5a) 0.8614(8)  —0.2033(5)  0.5767(6) 4.33
. : c(5) 0.6915(8)  —0.2218(5)  0.6488(6) 3.31
Figure 1. Crystal structure of Cu(thiochrome)}atomplex (). c(a) 0.5821(7) —0.3144(5) 0.6509(5) 354
i C(4a) 0.6141(9) —0.4266(5)  0.5899(7) 4.78
Ila)ble 1. Crystallographic Data for [Cu(gH1aN4OS)Cb].CH3;OH o) 0.4095(7) —~0.1902(4) 0.7706(5) 217
C(4) 0.1470(7)  —0.2308(4)  0.8791(4) 2.75
empirical formula Cu@H17/NsO.SCL  mol wt 427.8 C(5) 0.1526(6) —0.3446(4) 0.8367(5) 3.03
space grou2; (No. 4) T=20°C C(b) 0.2763(7)  —0.3771(4)  0.7268(5) 3.10
a=7.433(1) A C(6) 0.0396(7)  —0.4166(4)  0.8986(5) 3.15
b=11.826(6) A B =191.25(1) (deg) C(2) —0.0904(7)  —0.2698(4)  1.0118(5) 2.94
¢=10.009(2) A C(2a) —0.2379(8) —0.2272(5)  1.0970(6) 4.10
V=2879.7(5) R A=0.71073A C(20) 0.223(1) 0.7162(9)  0.376(1) 7.27
Peaic=1.61 g cnm3 u(MoKa) =16.77 cm? 0(2) 0.351(1) 0.729(1) 0.277(1) 17.46
Z2=2 transm coeff= 0.95-1.07

@ Ueq = one-third of the trace of the orthogonalizel tensor.

R= 3 (IIFol = IFc[l)/%|Fo| = 0.030 Ru = [2(IIFol = [Fcll)?

12 —
2(F 0.032 Table 3. Selected Interatomic Distances (A) and Angles (deg) for
. . . [CU(C12H13N4OS)CE]‘CH30H (l)a
a glass fiber and mounted on an Enraf-Nonius CAD 4 diffractometer,

and 3102 reflections (1809 unique) witld Z 54° were collected at Cu—Cl(1) 2.216(2) CerCl(2) 2.267(2)
20 °C using Mo Ka radiation with a graphite monochromatbr= gzjl_)L\lgg)) i%gggg ga_’)\lél(z)) ?Lg(ﬂ((?)
0.710 73 A). The crystal of [Cu(@H1aN4OS)(Cl}]-CH3;OH belongs 0(1)-C(5b) 1._401(8) N(3)C(4) 1:393(6)
to the njonqcllnlc system, and its space group was aSS|gn§t21as N(3)-C(2) 1.340(6) N(3}-C(b) 1.474(6)
from extinctions @0, k = 2n + 1. The crystal quality was monitored N(4'a)-C(2) 1.347(6) N(%)—C(4) 1.363(6)
by scanning three standard reflections every 2 h. No significant  N(3)—C(4) 1.341(6) N(@3)—C(2) 1.328(6)
variation was observed during data collection. After corrections for ~ N(1)—C(6) 1.343(6) N(1)—C(2) 1.344(7)
Lorentz and polarization effect,an empirical absorption correction C(5b)-C(5a) 1.516(9) C(5a)C(5) 1.484(8)
was applied! C(5’)—C(4)’ 1.365(8) C(4yC(4a) 1.482(8)

4. Structure Solution and Refinement. The structure was solved gggg:gggg igéggg gg:ggg)a) ijggg%
by using direct method3and refined by full matrix least-squarés. Cu-N(3) 2:753(4) '

All non-hydrogen atoms were refined anisotropically. All hydrogen

atoms including those of methanol were found on difference Fourier Cl(1)-Cu—CI(2)

Cl(2)—Cu—N(4'a) 91.4(1)

147.8(08) Cl(1}Cu—N(4'a) 94.5(1)
CI(1}-Cu—N(1") 93.5(1)

synthesis and included in calculations with a constrained geometry 1(2)—Cu—N(1" (1 N(42)—Cu—N(1" 157 6(2

(C—H = 0.98 A). Hydrogen isotropic temperature factors were kept g((S))—SCEli)—C((Z)) 3:15((3)) C((ifg—)Ng;—CgZ)) 1514'%((4))
fixed 20% higher than those of the carbon atom to which the hydrogen ¢ (4)-N(3)—C(b) 123.3(4)  C(2XN(3)-C(b) 121.6(4)
was bonded. The atomic scattering factors and anomalous dispersion Cu—N(4'a)—C(2) 131.4(3) CuN(4'a)-C(4) 112.1(3)
terms were taken from the standard compila&bmhe final refinement C(2-N(4'a)-C(4) 115.9(4) CMA-N@)-C(2) 117.24)
cycle converged tdR = 0.030 andR, = 0.032 with a Chebyshev Cu—N(1")—C(6) 117.7(3) Cu-N(1'")—C(2) 124.5(3)
weighting schemé& The goodness of fit was = 1.17 with 1482 C(6)—N(1)-C(2) 117.6(4) O(1)C(5b)-C(5a) 116.7(6)
reflections { > 30(1)) and 227 variable parameters. All calculations ~C(50)-C(52)-C(5)  110.5(5) ~ S(LyC(S}-C(5a)  119.8(4)
were performed on a PC using the programs SHELX$?8BRYS- ﬁ((g__%((i))__%(g) ﬂggggg ﬁgg?c%?)__cc(:gg) 112132((%))

22 and CAMERONZ2® The [Cu(GzH1sN:OS)(Cly]-CHsOH : '

TALS* an [Cu(GaHaaN. C(5-C(4)-C(4a)  127.7(5) S(HC@-NE)  111.0(4)
complex molecule is shown in Figure 1 with atom numbering. The S(1)-C(2)-N(4'a) 123.'6(4) N(3)}C(2)-N(4'a) 125:3(4)

crystallographic data are summarized in Table 1. Final fractional atomic N(4'a)-C(4)-N(3) 115.3(4) N(4a)-C(4)—C(5) 122.9(4)

coordinates with their estimated standard deviations and selected bondN(3)—C(4)—C(5) 121.8(4) C(4—C(5)—C(b) 119.2(4)
lengths and angles are given in Tables 2 and 3, respectively. C(4)—C(5)—C(6) 116.04) C(b)C(5)—C(6) 124.8(4)
N(3)—C(b)—C(5) 109.5(4) N(D—-C(6)—C(5) 122.4(4)
N(3)-C(2)-N(1') 124.3(5) N(—-C(2)-C(2a) 117.2(5)

(20) Watkin, D. J.; Prout, C. K,; Lilley, P. M. QRC93 Chemical

Crystallography Laboratory: oxford, U.K., 1994. N(I)—C(2)=C(2a) 118.6(4)

Cl(1FCu-N(3) 110.9(1)

. . Cl(2)—Cu—N(3) 98.8(1) N(4a)—Cu—N(3) 54.8(1)
21) Walker, N.; Stuart, DActa Crystallogr., Sect. A: Found. Crystallogr. " ,,
(22) Sheldrick, G. MSHELXS-86Program for Crystal Structure Solution; aSymmetry: Prime’} and double prime") = —x, y + Y, —z.

University of Gdtingen; Gdtingen, Germany, 1986.

(23) Watkin, D. J.; Prout, C. K.; Carruthers, R. J.; BetteridgeCfstals
Issue 10; Chemical Crystallography Laboratory, Oxford, U.K., 1996. Results and Discussion

(24) International Tables for X-ray Crystallographyynoch Press: Bir-
mingham, England, 1974; Vol. IV.

(25) Carruthers, J. R.; Watkin, D. Acta Crystallogr., Sect. A: Found.
Crystallogr. 1979 35, 698.

(26) Watkin, D. J.; Prout, C. K.; Pearce, L. KCameron Chemical
Crystallography Laboratory: Oxford, U.K., 1996.

1. CW EPR Spectroscopy and Magnetic Susceptibility
Studies. The EPR spectrum of the polycrystalline Cu(thio-
chrome)C} complex in toluene, Figure 3, is almost axial. The
g values and hyperfine coupling parametéysyere determined
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In the crystalline state, Cu(thiochrome)®las a pseudotet-
rahedral coordination geometry with a dihedral angle of about
90.8 between the two coordination planes defined by the-Cu
N—CI moieties (see below). Generally pseudotetrahedral Cu(ll)
complexes are characterized by higtvalues (2.25-2.40) and
relatively low A, values (76-300 MHz)2°

A linear anticorrelation between the valuesgpandA, as a
function of the degree of the tetrahedral distortion has been
reported previously for structurally well-characterized Cu(ll)
complexes® However, this stereochemical factor is not the only
one in determining the EPR parameters in Cu(ll) complexes.
Other mechanisms, like the symmetry-allowed admixture of 4p
orbitals in the ground staf8,covalency, and ligand spirorbit
coupling effect®33have been invoked in order to explain the
observedg, and A, values in planar and tetrahedral Cu
complexes.

In Cu(phen)Cl, the unpaired electron is delocalized 50%
on the chloride ligands, and this in conjunction with the large
spin—orbit coupling of the chloride atom is the origin of the
relatively highg, (2.30) and lowA, (370 MHz) values® By
reference to Table 4 it is seen that these values are close to
those found for the Cu(thiochrome)}Qig, = 2.31 andA; =
380 MHz); furthermore, in both cases the Cu(ll) atom is in a
Figure 2. Projection along the axis. pseudotetrahedral ligand environment and is coordinated by two
nitrogens and two chlorides. We consider thus that in the Cu-
(thiochrome)Gl a mechanism similar to that observed in
Cu(phen)Cl; is responsible for the observed EPR spectrum.

Although the crystallographic symmetry of the complex is
not axial, the EPR spectrum has apparent axial character. This
most probably is due to vibronic effects which averageghe
andgy component$* We thus assume that tige, components
lie at any direction on the average equatorial plane defined by
the chlorine and nitrogen ligands.

The magnetic susceptibility of [Cu{g@11aN4OS)Ch]-CHs-

OH has been measured in the200 K temperature range. The
Ueri/Cu variation (1.68-1.74ug) in the whole temperature range
is small, indicating the absence of magnetic interactions between
Magnetic Field (Gauss) the Cu(ll) ions of adjacent molecules which behave as isolated
Figure 3. EPR spectrum of polycrystalline Cu(thiochrome)@h paramagnets. As itis discussed below (X-ray crystal structure
to!uene, at 45 K. EPR condition_s: micrqwave frequency 9.42 GHz; determination section), the [Cu{113N4OS)Ch] units are
microwave power 2 mW; mod_ulatlon amplltudg 10 G. The dashed trace |inked together into infinite chains developing alomghrough
represents computer simulations obtained with the parameters g'venCu—N(l”) bonds (Figure 2), yielding a 6.96 A distance between

dx''7dH

2800 3200 3600

in Table 4. adjacent Cu(ll) ions along a chain. The paramagnetic behavior
Table 4. g andA(Cu) (MHz) values of Cu(thiochrome)gl evident from the thermal variation of the magnetic susceptibility
o Oy Gz A Ay Ay, of complex1 indicates that the electronic delocalization through
the fused aromatic rings of the ligands including the 'Bl(4
2.06 2.06 231 55 55 380

N(3'), and N(I) donor atoms is not sufficient to mediate
superexchange interactions between adjacent Cu(ll)+aha
apart along the chains.

2.1. ESEEM Spectra of Cu(thiochrome)CJ. Representa-

e time-domain ESEEM spectra for the 'Gthiochrome)CJ
complex recorded at a series ofvalues, i.e., the time delay
between the first and the second pulses, are displayed in Figure
4. The spectra have been recorded at a magnetic ffletd
3325 G which corresponds to the maximum intensity of the
field-swept spectrum, which is displayed in the inset in Figure
4. ESEEM spectra were recorded at five different magnetic

from the numerical simulation of the spectrum (Figure 3 dotted
line) and are listed in Table 4. The line width in the spectrum
of the frozen sample is found to be anisotropic. Any superhy- tiv
perfine splitting due to the ligand nuclear spins or an isotope
effect due to the occurrence BCu and®>Cu cannot be resolved

in the experimental spectrum. Thus these effects are included
in the line width in the simulations.

In general the parallel components of the spin Hamiltonian
for Cu(ll) complexesg, andA, can be determined more reliably
than the perpendicular components,and A.. The fact that
the complex Cu(thiochrome)gis characterized by < ggis (29) Bencini, A.; Gatteschi, DTrans. Met. Chem1982 8, 1.
indicative of a ¢e—2 ground stat&” The nondegenerate ground (30) Yokoi, H.; Addison, A. W.Inorg. Chem.1977, 16, 1341.

state might be due to the low symmetry of the ligand field or (31) Starnoff, M.J. Chem. Physi965 42, 3383.
(32) Hathaway, B. JCoord. Chem. Re 1981, 35, 211.

28
to a Jahr-Teller effect: (33) Bencini, A.: Gatteschi, D.; Zanchini, G. Am. Chem. S0498Q 102,
5234,
(27) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of (34) Kokoszka, G.; Karlin, K. D.; Padula, F.; Baranowski, J.; Goldstein,
Transition lons Clarendon Press: Oxford, U.K., 1970; pp 4589. C. Inorg. Chem.1984 23 4378. (b) Barducci, R.; Bencini, A,;
(28) Pilbrow, J. RTransition ion, electron paramagnetic resonan©sford Gatteschi, DInorg. Chem1977, 16, 2117. (c) Hathaway, B. I.; Billing,

University Press: Oxford, 1990. D. E. Coord. Chem. Re 197Q 5, 143.
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ESEEM arises from weak magnetic couplings between the
electron spin of Cu(ll) and its surrounding nuctei.From the
X-ray structure, Figure 1, it is seen that the copper is coordinated
T by two nitrogens and two chlorides. The coupling of the directly
coordinated nuclei, although not resolved in the CW EPR
: : spectrum, is expected to be too large to give rise to envelope
2800 3200 3600 modulation!® This is a well-known phenomenon in copper
H (Gauss) complexes with nitrogenous ligands, as for example in-Cu
imidazole complexes where the observed ESEEM arises from

Echo ampl.(a. u.)

3
& T
L]
E 408 ns the remote, noncoordinated, nitrogen of the imidazole ring, while
E- M«\/\.,MW the coordinated nitrogen does not contribute to the observed
= 376 ns modulationt33¢ Therefore, as discussed below, the observed
S J/\I’\/\/\MN ESEEM for the Cu(thiochrome)&ls generated by the remote
312 ns nitrogen N(3) of the thiochrome ligand.
The best known case i#'N-ESEEM spectroscopy is the
248 ns “exact cancellation condition” wherg\sy/2 — | = 037 In

this case, the three narrow low-frequency components arise from
that N superhyperfine spin manifold, where the nuclear
Zeeman and electremuclear hyperfine interactions approxi-
120 ns mately cancel one another, so that the level splittings are
primarily determined by théN nuclear quadrupole interaction
(NQI).%7 In the case of exact cancellation, the ESEEM spectrum
S— contains three sharp low-frequency lines, with maxima at
0 1000 2000 3000 frequencies given by the relations

T (ns) v, =3K@AL+7n), v.=3KMA-17), s,=2Kyp (2)
Figure 4. Stimulated-echo envelope modulation from the Cu(thio-
chrome)C} recorded at the indicated values. Inset: Echo-detected  \yhereK = €2Qq,/4h is the quadrupole coupling constaftjs
field-swept spectrum recorded with a two-pulse sequence. Experimentalthe scalar quadrupole moment= (G - Gy)/Gz IS the asym-

conditions: microwave frequency 9.6 GHz; magnetic field strength g ; S

3325 G; pulse sequence repetition rate 10 Hz; 15 events averaged/metry parameter of the electric field gra(_jle{r_qi, =%y 2
time point; temperature 12 K. at the nucleus, and, y, andz are the principal axes of the
qguadrupole coupling tensor.

The superhyperfine manifold, where the nuctedeeman and
the hyperfine interactions are additive, gives rise to much
broader resonancé33’ and the only resolvable component is
a double quantum transition lindm = 2, occurring at higher
frequencies. The double-quantum line has maximum intensity
at a frequency which is approximated by

(A) (B)

| 3000G
AL N

Vgq ~ 2l(vy + A2 + K3+ 1A (3)

whereA is a secular component of the hyperfine coupling tensor
determined mainly from its isotropic pat. According to
expressions 2 and 3, within the cancellation condition, the peak
positionsvy, v—, andyg are independent of the magnetic field,
while the double-quantum line varies approximately-@sAH-v,.
This field dependence is observed in the ESEEM spectra shown
recorded at five magnetic field values, three of which are shown
in Figure 5, indicating that the low-frequency features originate
from “N-nuclear modulations. This is confirmed by detailed
analysis by numerical simulations, see dashed lines in Figure
5, which are discussed in the following.

2.2. Simulations of the ESEEM Spectra.In the case of a

FFT amplitude (a. u.)

FFT amplitude (a. u.)

Frequency (MHz)

0 2 4 6 8 10
Frequency (MHz)

Figure 5. Fourier transformations of experimental (solid lines) and g - i .
theoretical (dashed lines) ESEEM spectra for the Cu(thiochrome)Cl deviation from the cancellation condition, the simple spectral

complex forz = 120 ns (A) and 312 ns (B). In the calculations the €atures characterizing the exact cancellation are retained if the
tensor components listed in Table 6 were used for the three magneticdeviation is such that < 4K/3z,%" and this allows, to a first
field strengths indicated in the figure. Experimental conditions as in approximation, an estimation of the nuclear quadrupole param-
Figure 4. etersK andy directly from the spectrum. In the present case
we have used the values Kfand# estimated in this way as
fields across the EPR line of the Cu(thiochrome)Qh Figure starting values for the numerical simulation of the ESEEM
5, solid lines display frequency-domain data for three magnetic spectra. The simulation procedure was directed toward the
field settings forr = 120 ns (5A) and 312 ns (5B), respectively. reproduction of the frequency positions of the main features,
The major features found in the frequency-domain ESEEM
spectra consist of two sharp lines near 2.0 and 2.9 MHz, a (35) Dikanov, S. A; Tsvetkov, Y. D.; Bowman, M. K.; Astashkin, A. V.
. . Chem. Phys. Lettl982 90, 149.
weaker one near 1.0 MHz, and an intense, relatively broader, 3g) mims, w. B.: Peisach, 3. Chem. Phys1978 69, 4921.
line at 4.0-4.5 MHz. (37) Flanagan, H. L.; Singel, D. J. Chem. Phys1987, 87, 5606.
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Table 5. Range of Angle®) Selected at Each Field Position

magnetic field, G 2785 3000 3100 3200 3327
m(Cu) 3, 1, 3, Yoy =Hz  —Yp =% =3,
0 range, deg 630 25-45 35-60 45-75 75-90

Table 6. Parameters Used for the Simulation of the ESEEM
Spectra

O = Gy = 2.06

0= 2.31

A= 1.6 MHz a=0°

Ay = 1.4 MHz b=90°

Azz= 1.0 MHz c=0°

€qQ/h=4K = 3.1 MHz u=0°

n=0.25 v=90
w=90°

and in the following, the Euler angles were adjusted in order to
simulate the relative intensity of the peaks. The simulations
were performed at five magnetic field settings and for six

Louloudi et al.

coordinating nitrogen N(4) of the thiochrome ligand. On the
basis of previous studies on crystalline pyrimidine in the triplet
state3® a Aigo of 1.33 MHz may arise from a spin density of
0.0012 at the nitrogen nucleus.

The copper unpaired electron is expected to have a significant
impact on thé“N hyperfine interaction. A correlation had been
previously found between the magnitude of the nitrogen
isotropic coupling from N donors directly bound to Cu(ll) and
the degree of tetrahedral distortion of the complex, i.e., the
greater the deviation from square planar, the smaller the isotropic
coupling®® As was pointed out in this earlier study, the amount
of the overlap between the unpaired spin-occupiedatopper
orbital and the directly coordinating nitrogerorbital decreases
as the distortion increases and this then is reflected in a smaller
nitrogen coupling. The contention that the ligand geometry may
affect the nature of spin delocalization in a predictable manner
is supported by single-crystal EPR studies o (Cl)4 in planar
versus tetrahedral geometri#s An analogous correlation has

values at each magnetic field. The errors associated with thebeen invoked for coppefimidazole compounds where a

various parameters are of the order of 10% while for the
Euler angles the error is about°15The anglesy, y, andu

tetrahedral geometry decreases spin density on the coordinating
o orbital, at the same time increasing delocalization either into

have no effect on the simulated spectra and are set arbitrarilythe ringz or C—N bond orbital$® Both of these hybrid orbitals

equal to 0.

In Table 5 we list the? angles contributing to the total EPR
spectrum at each magnetic field setting, for each of the rigur
(431, +Y,, =, —85) Cu(ll) states. These angles were
calculated for¢p = 0, and assuming that a range of 40 G
contributes to the observed echo at e&th The simulated

have considerably decreased s character, and this in turn results
in a decreased nitrogen isotropic hyperfine coupling.

The principal directions of the quadrupole tensd, Qyy.
and Q. are correlated with the directions of the valence-shell
orbitals of“N. In crystalline pyrimidine the direction d,,
as determined by nuclear quadrupole resonance studies is

ESEEM spectra are shown by dashed lines in Figure 5, and theperpendicular to the pyrimidine plane while tky axis lies

simulation parameters are summarized in Table 6.

along the bisector of the €N(3')—C angle?? The Q value

In the present case the form of the hyperfine coupling tensor found in the present case for the N(Bitrogen of the pyrimidine

is essentially axial and can be put in the forfgd — T, Aiso —
T, Aiso + 2T) with an anisotropic component af = —0.17
MHz, which suggests that the electronuclear anisotropic
interaction can be described by the peidtpole model. If we

(3.1 MHz) is decreased in comparison wijtvalues (4.2-4.6
MHz) observed by NQR studies in crystalline pyrimidine.
According to the TowensDailey model3 the change of the
electric field gradient at a quadrupolar nucleus, sucHsis

consider that the copper spin is located at a single point, thenattributed mainly to electrons in the valence shell p orbitals of

the anisotropic coupling of 0.17 MHz corresponds to an effective
electron-nuclear distance of 3.5 A. Alternatively we may

that atom. In Cu(thiochrome)&lthe participation of the
pyrimidine ring in the thiochrome moiety together with the

consider the copper electron to be represented by four pointscoordination to copper produces a change of the electron

with 0.25 spin density at each point. By putting the points at
the four edges of the lobes of gdp orbital and the nucleus
located perpendicular to they-orbital plane at a distanaey

on the symmetry axis, one findgs = 2.2 A. The only nitrogen
within the distance range limited by the two estimations of 3.5
and 2.2 A is the N(3 nitrogen of the pyrimidine ring. On this

distribution in the molecular orbitals of the pyrimidine and,
therefore, a change in the electron occupancy in the valence
shell p orbitals of the N(3 nitrogen. For this nitrogen each of
the three sphybridized orbitals contains one valence electron.
Two of these orbitals forne bonds with the ring carbons, and
the third sp orbital is occupied by the nitrogen lone-pair

basis we assign the observed modulation to the coupling of theelectrons. The remaining p orbital participatesrirbonding

copper electron spin with the Nf&itrogen of the pyrimidine
ring.

The isotropic coupling ofs, = 1.33 MHz falls within the
range of the isotropic couplings observed previously for the
noncoordinated nitrogen of coppeimidazole complexe®
More specifically in bis(1,2-dimethylimidazole)copper(ll) dichlo-
ride anA,, of 1.45 MHz and an axial anisotropic hyperfine
tensor withT = 0.65 MHz has been reported. In that complex,
the copper atom is in a distorted tetrahedral coordination

environment and the unpaired orbital is considered to be mainly

d-y2 as in the present case.

The isotropic hyperfine coupling between the copper and the

N(3") nitrogen of the pyrimidine ring implies the existence of

an unpaired spin density on the nitrogen nucleus. This unpaired

electron density could migrate in the pyrimidimesystem by
delocalization through the bond formed between the one lobe
of the Cu(ll) de-, orbital and the sporbital of the directly

(38) Colaneri, M. J.; Potenza, J. A.; Schugar, H. J.; PeisadhAim. Chem.
Soc.1990 112 9451.

with the adjacent carbon atoms, formingranolecular orbital

in which the aromatic electrons are largely delocaliZetvithin

this context the decreaseq value indicates a decreased
difference between the population and the averagepopula-
tion. This change might be due to coordination to copper; in
sp? hybrid nitrogens a reduction &qQ up to 30% has been
reported upon coordination to metals through the nitrogen lone
pair orbital. These examples include zitimidazole, copper
imidazole?®> and glyoxime-copper compound¥. When the

(39) Donckers, M. C. J. M.; Gorcester, J.; Schmidt]. Chem. Physl992
97, 99.

(40) Iwaizumi, M.; Kudo, T.; Kita, Slnorg. Chem.1986 25, 1546.

(41) Deeth, R. J.; Hitchman, M. A.; Lehmann, G.; Sachsindrg. Chem.
1984 23, 1310.

(42) Shemb, E.; Bray, P. J. Magn. Reson1971, 5, 78.

(43) Towens, C. H.; Dailey, B. Rl. Chem. Phys1949 17, 782.

(44) Shempb, E.; Bray, P. J. Chem. Phys1967, 46, 1186.

(45) Ashby C. I. H.; Paton, W. F.; Brown, T. L. Am. Chem. S0d.98Q
102, 2990.

(46) Hsieh, Y.-N.; Ireland, P. S.; Brown, T. L. Magn. Resonl 976 21,
445,
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nitrogen lone pair is perturbed, such as by coordination to a are normal and comparable to values of “pyridine”-type
metal ion, a decrease of the electron population occurs and acomplexes with § CuN,Cl,} chromophoré® The Cu--N(3')

decrease o€?qQ would be expectetf*¢ In the present case
the observed N(3—Cu distance is large (2.8 A), and this
precludes a strong bond between the'INé&d the copper; it is
likely that the copperN(3') interaction cannot fully account
for the observed reduction of theqQ value. A geometric
alteration of the pyrimidine ring could also result in changes in
the quadrupole coupling constants; the angleé)e(3')—C(2)

in Cu(thiochrome)Glis 117.2 (Table 3), somewhat higher than
the value of 115.5observed in crystalline pyrimidine. Ac-

distance of 2.753 A is significantly longer than the previous
four distances. According to the ESEEM data the-€\(3')
isotropic hyperfine coupling iAs, = 1.33 MHz, and this
corresponds to a very small electron spin density (0.0012)
transferred from the Cu(ll) on the Nj3nucleus. This shows
that the Cer-N(3') interaction is very weak and that Nj3s
not a ligand of the copper atom.

The C(4)—N(4'a) bond distance of 1.363 A (Table 3, Figure
1) is one of the longest found in crystal structures of metal

cording to studies on crystalline pyrimidine, such an increase iniamine complexd€and is due to the Cu(H)N(4'a) coordina-

implies a rehybridization of the nitrogen atomic orbitals, i.e.,
deviating from a pure gphybridizatior® toward a decrease in

tion. It was suggestédithat the C(49—N(4'a)H, bond lengths
(structurd), in addition to the C(3—N(1')—C(6) angle values

the s character mixing. In the pyrimidine triplet state this (structurel), may depend linearly on the Lewis acid strength

rehybridization is accompanied by a decrease of the quadrupole

coupling constant. Within this context it is possible that the
observed deviation of the C{4N(3')—C(2) angle from 115.%5
in the Cu (thiochrome)CJ complex contributes to the observed
reduction of thes?qQ value.

3. Structure of { Cu(thiochrome)Cl;},. An ORTEP dia-
gram of complexl is shown in Figure 1 and the unit cell

diagram in Figure 2. Bond distances and angles are presente%u

in Table 3. The structure comprises an infinite array of Cu-
(thiochrome)d neutral units linked together along the
direction through the N(4) and N(1) atoms of the thiochrome

molecule, which behaves as a bidentate bridging ligand. The

Cu atom is in a flattened tetrahedral environment with two N
atoms from different thiochrome molecules and two terminal

Clatoms. The distorted tetrahedra are clearly compressed alon

an S axis [2q = 152.3 £+ 5° (2x), 93.7° £ 1° (4x)],*” and

this distortion is considerably higher than that observed in the

structure of [(protonated thiamirfeYCuCly)?™] for the tetra-
chlorocuprate tetrahedrond2= 133.8 + 2.5° (2x), 99° + 1°
(4x)].5> The distortions of the molecule fro,y symmetry
are conveniently discussed by specifying three angled,,
and 0,. These angles refer to the orientation of the triangle
with vertices CI(1), Cu, CI(2), relative to that of the corre-
sponding triangle N(4), Cu, N(1') (Figure 1). 6, is generally

of the metallic ions in metal thiamine complexes with-M(1')
bonding. Such a trend does not seem to be ¥uemwever,

we report here that the Cj2-N(1')—C(6) angle of 117.8
(Table 3) in the present structure is the largest found in crystal
structures of metal thiamine complexes with a directN(1')
bond.

The crystal structure dfCu(thiochrome)(ClO,),} n5¢ shows
bstantial differences when compared with the crystal structure
reported here: (i) the copper ion occurs in thé oxidation
state and has a three-coordinate T-shaped geometry with two
nitrogen donors and one oxygen donor; (ii) the binuclear copper
units [Cw(thiochrome)]?™ are positively charged, and the
structure is described as infinite polycation chains with anion

olumns along these chains; (iii) the dimeric units are linked

y the hydroxyl group of the coordinated thiochrome and each
copper (1) in the unit is bonded to the N&tom from the first
thiochrome and to the N(d) atom from the second thiochrome
molecule.

Although there is a difference in the oxidation state of copper
ion, its binding sites, and the mode of polymerization between
the { Cux(thiochrome)(ClOy)2} n and the title compound, there
is little difference in bond distances and angles of the thiochrome
molecules. The difference observed in the 'T{AN(3') bond

similar to the dihedral angle between ligand planes usually distance [1.328 (Table 3) and 1.364 A for the present structure

reported for these structures. For molecules adopbng
symmetry,6y = 6y = 6, = 90°. Deviation of 6, from 90C°
represents a “twisting” of the second triangle N{CuN(1')
relative to the first one CI(1)CuCl(2) and lowers the symmetry
to D,. The extreme case of this distortion is the “square planar”
configuration D2, symmetry) for which9, = 0°. Application

and for{ Cw(thiochrome)(ClO,).} n, respectively] is expected
since the N(3 is coordinated to the copper atom only in the
latter structure.

In examining the factors which determine the crystal structure,

we emphasize the following. (ifhe nature and size of the
counterion:Small chloride anions able to coordinate to the metal

of standard vector algebra techniques allows the calculation of could lead to neutral Cu(thiochrome)Qlnits, in contrast to

0x, 0y, and 0, from the six N-Cu—N, Cl-Cu—Cl, and CH
Cu—N angles usually reported. The results of these calcula-
tions arefx = 90.2, 6y = 87.C¢°, andf, = 91.7, representing
a slight deviation fronD,y symmetry. 8, = 91.7 is in good
agreement with the observed dihedral angles of 9Between
both the NCu and CJCu planes.

The metal ion is bonded to the N{(latom of the pyrimidine

bulky, rarely coordinated perchlorate anions which could drive

in dimeric charged [Cafthiochrome)]?" units with no anion
coordination. (ii)The method of crystal preparation (type and
complexity of the reaction)While the ligand reagent used to
synthesize the title compound consisted obZhfdroxybenzyl)-
thiamine, the crystal structure of the product suggests thio-
chrome. Thus, the formation of crystals of a Cufiihiochrome

ring of thiochrome, as has been previously observed in numerouscomplex indicates that redox reaction has occurred.o-2-(

thiamine metal complexé’s6ab4%and to the N(4a) atom from
another thiochrome molecule. The €M (1.977 and 2.004 A)
and the terminal CuCl (2.216 and 2.267 A) bond distances

(47) Smith, D. W.Coord. Chem. Re 1976 21, 93. (b) Reinen, D.
Comments Inorg. Chem983 2 (5), 227.

(48) Dobson, J. F.; Green, B. E.; Healy, P. C.; Kennard, C. H. L,;
Pakawatchai, C.; White, A. Hust. J. Cheml984 37, 649. (b) Knapp,
S.; Keenan, T. P.; Zhang, X.; Fikar, R.; Potenza, J. A.; Schugar, H. J.
J. Am. Chem. S0d.99Q 112, 3452.

(49) Louloudi, M.; Hadjiliadis, N.Coord. Chem. Re 1994 135 429.

hydroxybenzyl)thiamine has been oxidized to thiochrome, and
some of the bivalent copper has been reduced.

Biological Implications. The present data show that the
reaction of Cu(ll) with 2-¢-hydroxybenzyl)thiamine in solution
produces Cu(l) and thiochrome:

(50) Mosset, A.; Tuchagues, J. P.; Bonnet, J. J.; Haran, R.; Sharrock, P.
Inorg. Chem.198Q 19, 290. (b) van Ooijen, J. A. C.; Reedijk, J.;
Spek, A. L.J. Chem. Soc., Dalton Tran$979 1183.

(51) Rosenthal, M. RJ. Chem. Educ1973 50, 331.
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C,N,O,SH,CI +3cd'cl,— (3) weak interaction in a compressed tetrahedral environment.
2-(a-hydroxybenzyl)thiamine Values of & angles show that it approximat®yy symmetry
I within a few degrees.
cu ”(Cl?N"OSH“)CIZ +2CUCI + 3HCI + CeHsCHO In the CUd (thiochrome)CJ the magnetic interaction between
Cu(thiochrome)CJ the N(3) nitrogen of the pyrimidine ring and the coppes-g¢
The X-ray, EPR and magnetic susceptibility data show that the electron spin is detected by ESEEM spectroscopy. The ESEEM
thiochrome is coordinated to Cu(ll), which most likely comes  study reveals the existence of a small percentage of unpaired

from remaining amounts of Cu(ll) reagent. . spin density on the N(B nitrogen. The electron distribution
A similar reaction has been reported to occur with Cu(ll) on the pyrimidine ring in Cl(thiochrome)CJ differs substan-
and thiaminé tially from that in crystalline pyrimidine as indicated from the
2cd'+  3C,N,OSHLCl, — quadrupole parametereZ(]Q= 3.1 MHz,n. = 0.25).. The CW .
thiamine hydrochloride and pulsed EPR data provide structural information which is in

_ . agreement with the crystal structure, and this fact indicates once
2CU(C, N, OSH,,)Cl, + C1oN,OSH,, + 2CI" + 6H more'213that these techniques can provide reliable information

Cu(thiamine)C} thiochrome for the study of the coordination enviroment of copper(ll) in
It is thus seen that in solution the reaction of Cu(ll) with either Piclogical systems, metalloproteins, and other systems, in the
thiamine or one of its intermediate “active aldehyde” derivatives aPsence of X-ray diffraction data.
results in their oxidation to thiochrome. In living organisms  The understanding of when Cu(ll) does or does not oxidizes
the formation of thiochrome would inhibit the normal enzymatic thiamine and the intermediates of its enzymatic cycle in
action of thiamine. With the data at hand, we cannot determine biological systems is of great importance, and more work is
the mechanism which apparently has to opeiratévo in order needed to elucidate thiamine oxidation in the presence of Cu-
to prevent thiochrome formation due to the reaction of thiamine (l1) ions.
with the abundant Cu(ll) ions. In this context it is important
to examine whether or not the reaction of Cu(ll) with the  Supporting Information Available: Table S1 with crystal data,
a-(hydroxyethyl)thiamine pyrophosphate derivative, which is data collection, and refinement parameters, Table S2 with fractional
the active intermediate of the enzymatic cycle of thiarriime atomic coordinates and isotropic thermal parameters for hydrogen
vivo, leads to thiochrome formation. Experiments in this atoms, Table S3 with anisotropic thermal parameters, Table S4 with
direction are currently in progress in our lab. the magnetic susceptibility measurements for comfilexthe 306-2

K temperature range, and one figure with the angle-dependent Cu(ll)

Conclusion EPR spectrum (5 pages). Ordering information is given on any current

The crystal structure of the €(hiochrome)CG} complex masthead page.

shows that the copper atom is tetracoordinated with a-Qu IC970638K



