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Raman spectra have been obtained for Co(TU),X; (TU = thiourea, X = Cl, Br, I), Co(TU),**, Co(DETU),Cl, (DETU
= diethylthiourea), Co(DESU),Cl, (DESU = diethylselenourea), Co(SPh).>” (SPh = phenylmercaptide), and Co(S-
C(CH;),CH,NH,), using a variety of laser wavelengths, from the red to the near-UV region. Cobalt-ligand modes were
assigned, and they were observed to be enhanced via the visible transitions. Enhancement factors for Co-S modes were
comparable to those previously obtained for cobalt-imidazole modes and give promise for monitoring Co-S vibrations in
cobalt(Il)-substituted proteins with mercaptide ligands. The near-UV S — Co charge-transfer transition gives modest
enhancements for Co-S modes and also enhances C—-S modes, which are not resonant with the visible transitions. Excitation
profiles for the symmetric cobalt-ligand modes of Co(TU),Cl, and Co(TU),Br, unexpectedly show peaks at ~520 nm,
in a region of the spectrum devoid of absorption. An interference mechanism is proposed to account for these off-resonance

peaks.

Introduction

As part of a program to evaluate the applicability of res-
onance Raman spectroscopy to cobalt(Il)-substituted me-
talloproteins,? we have examined some complexes with co-
balt(IT)—sulfur bonds. Although the parity-forbidden “d-d”
bands of transition-metal complexes are not ordinarily effective
in providing resonance enhancement of Raman modes,’
substantial enhancements have been observed®*’ for co-
balt(IT)-ligand modes in resonance with the moderately intense
visible bands of tetrahedral Col! complexes. These same visible
bands have served as spectroscopic handles for monitoring
interactions at the metal-binding site of zinc proteins®’ and
recently also of copper proteins® after substitution with Co'l,

Imidazole appears to be the most common ligand in me-
talloproteins, and useful enhancements of cobalt(II)-imidazole
stretching modes are observed in complexes of roughly tet-
rahedral geometry.? Cysteine mercaptide coordination is
established in liver alcohol dehydrogenase (LADH)® and
inferred in metallothionen!® and at the “type I” site of copper
proteins.®  Accordingly it is of interest to examine the
characteristics of cobalt(I)-sulfur Raman modes.

Mercaptide complexes of Co® are oxidatively and photo-
lytically unstable and we have found it difficult to obtain
acceptable Raman spectra, although preliminary data are
reported herein for the bis((8-mercapto-3’,3”-dimethyl-
ethyl)amino)!! and tetrakis(phenylmercapto)'? complexes.
Thiourea complexes are much more stable and we have been
able to investigate them more thoroughly. While thiourea and
mercaptide sulfur might be thought to be quite different
chemically, they appear to have similar optical electronega-
tivities; the electronic spectra of cobalt(II)-thiourea
complexes'® show d—d and charge-transfer bands that are close
in energy to those found in mercaptide complexes.!! Also the
Co-S distances are similar for cobalt(II)-thiourea'* and
—mercaptide!! bonds as are the Co-S stretching frequencies
(vide infra).
Experimental Section

Thiourea and hydrated CoCl,, CoBr,, and Co(NO;), were obtained
from Fisher Scientific; Col, was obtained from the Aldrich Chemical
Co. These reagents were used as received. Co(TU),X, (X = Cl, Br,
I, TU = thiourea) and Co(TU),(NO;), were prepared according to
published procedures.'”® Dark blue crystals of Co(DETU),Cl, (DETU
= diethylthiourea) formed when a warm solution of 1.32 g (0.01 mol)
of DETU and 1.18 g (0.005 mol) of CoCl,»6H,0 in 40 mL of absolute
ethanol was cooled to 5 °C."* The product was collected by filtration
and dried in air. We did not ascertain whether the triclinic or
monoclinic crystalline modification'® of this complex was obtained.
Diethylselenourea (DESU) was prepared by a published method.!”
After purification by recrystallizations from benzene-petroleum ether

0020-1669,/79/1318-0104501.00/0

Table I. Cobalt-Sulfur and Cobalt-Halide Stretching
Frequencies (cm™)¢

Co-$ Co-X
sym asym sym asym
Co(TU),C1, 247 294 315
(252)° (295) (316)
Co(TU),Br, 257 270 183 222
(251) (276) (190) (235)
Co(TUY,1, 262 275 175 217
(250) (268) (184) (204)
Co(DETU),C1,¢ 238 d
Co(DESU),CL,E 165 190 d
Co(TU).(NO,), 230 257, 300
(261, 280, 297)
Co(SPh),(PPh,), 192 203, 215

Co(S-N),2 245

@ All frequencies were measured in K,SO, pellets or Nujol
mulls. ? Values in parentheses are infrared frequencies, from
ref 19. € DETU = diethylthiourea, DESU = diethylselenourea.
d Metal-halide stretches were obscured by ligand modes. ¢ S-N
= (B-mercapto-g’,8''-dimethylethyl)amine.

mixtures, the white product melted to a red liquid at 87-89 °C (lit.
mp 88-90 °C). The addition of 0.73 g (0.004 mol) of CoCl,-6H,0
in 40 mL of 2-propanol resulted in an immediate change in color to
green. After the green solution was filtered and maintained at 5 °C
for 2 days, it deposited green crystals of Cu(DESU),Cl;. The product
was collected by filtration and dried in air. Anal. Caled for
CoHuN4Cl,Se,Co: C, 24.61; H, 4.96; N, 11.48. Found: C, 25.03;
H, 4.98; N, 11.68. A structural study of this complex is in progress.
It crystallizes as rectangular prisms in the monoclinic space group
P2, witha =10.457 (3) A, b = 15.164 (3) A, ¢ = 24,431 (8) A, and
8 =92.34(3)°.!8 Co(SC(CH;),CH,NH,), was prepared as described
previously.!! [Co(SPh),](PPhy), (Ph = phenyl) was a generous gift
of Professor Dimitri Coucouvanis.

Resonance Raman spectra were obtained mainly with solid samples,
mixed with K,SO, (50%), the sulfate serving as an internal standard.
The mixtures were pressed into pellets and mounted on a spinning
sample holder. The laser sources were a Spectra Physics 170 Ar*
laser with UV optics, a Coherent Radiation 590 tunable dye laser,
and a Coherent Radiation 52 Kr* laser. The spectra were obtained
with Spex 1401 and Cary 82 spectrometers. Absorption spectra of
evaporated films and acetone solutions were obtained with a Cary
118 spectrometer.

Results and Discussion

Cobalt—Sulfur Stretching Frequencies. Table [ summarizes
the cobalt(II)-ligand stretching frequencies observed in the
low-frequency Raman spectra for the compounds included in
this study. Assignment to metal-ligand modes was confirmed
by the observation of resonance enhancement in the visible
absorption bands.
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Figure 1. Raman spectra of Co(TU),X, in K,SO, pellets: A, X =
Cl, 568.2-nm excitation; B, X = Br, 568.2-nm excitation; C, X =
I, 647.1-nm excitation. Conditions: spectral slit width 13 cm™, scan
rate 0.2 cm™! /s, time constant 10 s, sensitivity 2 X 10° Hz.

For the bis(thiourea)—dihalide complexes (whose Raman
spectra are shown in Figure 1), the Raman frequencies agree
reasonably well with the IR frequencies reported by Adams
and Cornell."® (The discrepancies, of up to 13 cm™, might
result from solid-state effects.) The cobalt(IT)-halide fre-
quencies decrease with increasing halide mass, as expected.
For the bromide and iodide complexes, the two expected
Co'-S modes can be resolved, as shown in Figure 1, but in
the chloride complex only one band is observed, presumably
because the two modes are accidentally degenerate. (The two
Co''-X frequencies are also more closely spaced in the chloride
than in the bromide or iodide complexes.)

The Co!'-S frequencies increase from chloride to bromide
to iodide. For the chloride and bromide this increase can be
explained in part by a crossing over of the cobalt(II)-halide
modes, which push the Co'S frequencies down in the chloride
but up in the bromide. The increase between bromide and
iodide, however, implies a strengthening of the Co—S bonds.
A concomitant strengthening of the cobalt-halide bonds is
likewise indicated by the relatively high Co-1 frequencies?
only 5-8 cm™! lower than the Co~Br frequencies. This may
be an example of synergism between two “soft” bases, thiourea
and iodide, bound to the same metal center.?!

The diethylthiourea—dichloro complex also shows a single
Co-S Raman band, at 238 cm™!, shifted down by 9 cm™ from
that of Co(TU)Cl,, consistent with a larger effective mass of
the substituted thiourea ligand. The diethylselenothiourea
complex shows two Co-Se bands, at 165 and 190 cm™. The
tetrakis(thiourea) complex gives three Co-S bands, at 230,
257, and 300 cm™, as shown in Figure 2. The latter two are
also seen in the infrared spectrum,' as is another band; at 280.
cm™, The crystal structure of the complex shows substantial
distortions from tetrahedral symmetry.?> Adams and Cornell'®
assigned the three IR bands to the three components of the
asymmetric stretching mode, split by symmetry lowering. The
Raman band at 230 cm™ is assignable as the breathing mode.

The amino-mercapto complex bis((8-mercapto-3’,3"-di-
methylethyl)amino)cobaltate(I) gave poor-quality Raman
spectra but did, however, show a definite resonance-enhanced
broad band at 245 cm™!, which we assign to the Co-S modes.
The coincidence of this frequency with that of Co(TU),Cl,
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Figure 2. Raman spectra of (A) Co(TU)4(NO;), and (B) Co-
(SPh),(PPh,),, in K,SO, pellets with 568.2-nm excitation. Conditions;
spectral slit width 13 (A) and 1.5 (B) cm™; scan rate 0.2 (A) and
0.1 (B) cm™!/s; time constant 10 (A) and 2 (B) s; sensitivity 10 (A)
and 5 X 10° (B) Hz.

strengthens the impression that cobalt-mercaptide and co-
balt-thiourea bonding are similar. The tetrakis(benzene-
thiolate) complex gave a somewhat better spectrum, with a
broad band at ~200 cm™. At higher resolution this band
showed at least three identifiable components, at 192, 203, and
213 ¢cm™!, as shown in Figure 2. These frequencies are
substantially lower than those of Co(TU),**, reflecting both
the greater effective mass of benzenethiolate and the longer
Co-S distance found in Co(SPh),2" (2.346 A2} vs. 2.298 A%
in Co(TU),*Y).

Carbon-Sulfur Stretching Modes In addition to the co-
balt—hgand modes, C—S modes, near 700 cm™, appear strongly
in the Raman spectra of the thiourea complexes, as shown in
Figures 1 and 2. Thiourea itself has a mode at 736 cm™' to
which C-S stretching is the major contributor.?* Although
thiourea is conventionally described as containing a C=S
double bond, this frequency is close to that expected for a C-S
single bond, as observed in aliphatic thiols.?®

Co(TU),Br, and Co(TU),I, show two ~700-cm™! bands,
which can be assigned to in-phase and out-of-phase stretching
of the two C-S bonds. In solution both bands were found to
be polarized, implying that the C-S bonds are not related by
a C, rotation or a mirror plane, consistent with the low
symmetry found in crystals.'*?? Co(TU),Cl, shows only one
band, the two modes evidently being coincident. This is
presumably related to the accidental degeneracy of the Co—S
in-phase and out-of-phase modes (245 cm™') with which the
C-S stretches are coupled. On the other hand, the C-S
splitting is greater for Co(TU),I, than Co(TU),Br, (30 ¢cm™!
vs. 11 em™) although the Co-S splitting is the same (13 cm™),
implying a significant C-S, C-S interaction force constant for
the iodide. Co(TU),**, which displays four separate Co-S
modes, should likewise show four C-S modes, but only two
bands are resolved.

No C-S modes could be identified in the spectra of the
aminomercapto or benzenethiolate complexes, but this may
be due to the poor quality of the spectra and the complexity
of the ligands. For benzenethiolate, the C—S coordinate is
heavily. mixed with those of the ring.?’

Resonance Enhancement Factors. Tetrahedral Co" com-
plexes display significant Raman enhancements in resonance
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with their visible d-d envelopes, primarily via a vibronic (B
term?%27) mechanism, which favors asymmetric modes.2%*
When the symmetry is lowered significantly, however, sym-
metric modes also gain intensity, as they become effective in
mixing the transition dipoles of the coupled electronic states.?
This pattern is also displayed by the complexes included in
the present study. Thus the low-symmetry Co(TU),X,
complexes show comparable intensities for all four cobalt-
ligand stretching modes (Figure 1). In Co(TU),**, which has
four equivalent sulfur ligand atoms but symmetry substantially
lower than tetrahedral,?? the breathing mode (230 cm™) is
active but is appreciably weaker than the asymmetric
stretching components (Figure 2).

It is of interest to estimate the magnitude of the en-
hancements for comparison with related systems and also to
evaluate the prospects for monitoring cobalt(I1T1)-ligand modes
in proteins. For the 247-cm™ peak of Co(TU),Cl,, which
probably contains both symmetric and asymmetric Co~-S
modes, the molar scattering factor relative to the 938-cm™! ()
mode of SO,> is 12.4, with 587-nm excitation, which is at the
peak of the excitation profile (see below). This value was
obtained both from pellet spectra and from measurements in
acetone solution. In comparison, the molar scattering factors
for Co(ImH),Cl, (ImH = imidazole) are ~4.3 and ~8.0 for
the symmetric and asymmetric Co-ImH stretch, near the
visible.absorption maximum.? The similarity in the resonance
factors is reasonable, since the absorptivities of the ligand field
bands of Co(TU),Cl, and Co(ImH),Cl, are also similar. In
the case of Co(SPh),?, which has a lower energy charge-
transfer transition (420 nm?* vs. 320 nm for Co(TU),Cl5'3)
the ligand field absorptivities are substantially higher, and the
Raman spectrum at 647.1 nm gives a molar scattering factor
for the whole Co—S envelope of ~80 relative to SO,

Cobalt(II)-substituted proteins with cysteine ligands have
charge-transfer bands close to that of Co(TU),Cl,, and we
anticipate comparable Raman enhancements in the visible
absorption bands. Since 0.1 M SO,* gives an acceptable
reference signal, it should be possible to observe Co-S
stretching modes at protein concentrations on the order of 1-10
mM.

The prospects for near-UV resonance Raman spectroscopy
are inauspicious. A spectrum of Co(TU),Br, with 363.8-nm
excitation gave a molar scattering factor for the 257-cm™
Co-S band, relative to SO,>, of only ~3.0. This is a sur-
prisingly small value in view of the proximity of the excitation
to the 320-nm S — Co charge-transfer band.!> The C-S
stretching modes, at 714 and 703 cm™, are somewhat stronger,
with molar scattering factors of ~35.0. These modes are not
enhanced via resonance with the visible absorption bands.
Rather, their intensities decrease monotonically from the
near-UV, following what appears to be an A-term depen-
dence,?®?” resonant with the 320-nm transition.

Excitation Profiles. The cobalt-ligand stretching modes of
Co(TU),Cl, and Co(TU),Br, were monitored through the
rhodamine 6G tunable dye laser region, which covers the
high-energy end of the ligand field absorption envelopes. The
resulting excitation profiles, shown in Figures 3 and 4, clearly
show two maxima in a region where the absorption varies
monotonically. It is not uncommon for Raman excitation
profiles to display more structure than the absorption spectrum;
the Co(ImH),Cl, profiles similarly revealed extra ligand field
components,? The complexity of tetrahedral Co ligand field
spectra is believed to reflect splittings due to spin—orbit in-
teractions, as well as symmetry lowering and vibronic con-
tributions.?®

The excitation profiles in the Ar* laser region showed a most
unexpected feature, namely, an additional maximum at ~ 520
nm, observed for the 247-cm™ Co~S band of Co(TU),Cl, and
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Figure 3. Excitation profiles for the metal-ligand stretching modes

of Co(TU),Cl; in a K,SQ, pellet. Intensities were measured relative

to that of the 983 cm™ (») mode of SO,2~. The absorption spectrum
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Figure 4. Excitation profiles for the metal-ligand stretching modes
of Co(TU),Br, in a K;SO, pellet. Intensities and absorption spectrum
as for Figure 3.

for the 183- and 257-cm™! (symmetric Co-Br and Co-S) bands
of Co(TU),Br,, but not for the remaining bands. This is a
region of optical transparency for both complexes, and it is
not possible to attribute the peaks to an electronic resonance.

Interference phenomena can have strong influences on
excitation profiles?”? and may manifest themselves as extra
peaks and valleys. Thus centrosymmetric transition-metal
complexes show excitation profile maxima well to the red of
the d—d envelopes.* This has been attributed to interference
between the weak resonance scattering from the forbidden d-d
transition and the comparable preresonance scattering from
higher energy charge-transfer transitions.> Interference of this
type has been treated explicitly by Albrecht and co-workers
for the forbidden !B,, electronic transition of benzene.*
Recently Ohta and Ito®! observed a weak minimum in the
Raman intensity of the 1625-cm™ mode of naphthalene, well
below any of the allowed transitions. They attributed the
minimum to destructive interference between B-term scattering
from the nearest excited state, and nonresonant scattering from
higher states.

If two B terms from nearby electronic transitions interfere
destructively, the off-resonance excitation profile can display
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Figure 5. Calculated excitation profile (curve A) and two B terms®%
(see text): B= M Mhe (v~ ve) (v, — vy + iT)7; for B, (plotted
as curve B) », = 16700 cm™, T, = 400 cm™; for B, (plotted as curve
C) v, = 15500, T, = 800 cm™'. The amplitude (M Mhe,(v; ~ ve)™)
of B, is 2.45 times that of B|, and the phases are opposite.

a trough followed by a peak. This is shown in Figure 5, where
two different B terms, shown as curves B and C, are plotted
with opposite phase. When summed and squared, they give
the calculated excitation profiles shown by curve A. It exhibits
the expected two (overlapping) resonance maxima but, in
addition, the cited trough and peak off-resonance. This in-
terference pattern, which depends on the detailed shape of the
off-resonant B terms, is sensitively dependent on the B-term
parameters, namely, the resonant energies, the bandwidths,
and the relative amplitudes. In this calculation, these pa-
rameters were taken directly from the Co(TU),Cl, absorption
spectrum (Figure 3). The absorption band near 600 nm can
be deconvoluted into two components, centered at 16 700 and
15500 cm™!, with half-bandwidths 400 and 800 cm™ and
integrated intensities in the ratio 1:2.45. The calculated
excitation profile gives an off-resonant peak which happens
to fall exactly where it is observed for the 247-cm™ mode of
Co(TU),Cl,. Furthermore, any significant variation of these
parameters results in a washing out of the peak. This
agreement is intriguing, although there is a substantial
quantitative discrepancy between calculated and observed
excitation profiles, since the off-resonance peak is calculated
to be over 40 times weaker than the resonant peak. As seen
in Figure 3, the actual off-resonance peak is only about 5 times
weaker than the resonant peak. The latter may be subject to
additional interferences, however, between the extra resonances
that are evident in the excitation profile, which were not
included in the calculation. The situation is too complex to
justify a detailed analysis. At this stage the calculation
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represented by Figure 5 is merely to be taken as a model of
how excitation profile maxima that are well removed from
absorption bands can arise via fortuitous interferences.
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