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. References 4-9 tabulate other examples. In polar systems
bond energies are, in an absolute sense, not reliable, making
careful orbital analyses necessary. For example, the calculated
average carbonyl-metal binding energies in Ni{CO)4 and
Fe(CO)s are 51 and 78 kcal/mol, compared to 35 and 28
kcal/mol estimated from experimental considerations.?3

Registry No. Ni(CO)s, 13463-39-3; Fe(CO)s, 13463-40-6;
Fea(CO)6CaHa, 60209-61-2; Cos(CO)6CoH», 12264-05-0.
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The vibrational spectra of the transition metal thiocarbonyl complexes, M(CO)s(CS) (M = Cr, W) and trans-W-
(CO)4(13CO)(CS) (90% !3C enriched), have been studied and assignments are proposed for the fundamental modes on
the basis of complete normal coordinate calculations. Many of the interaction constants used in these calculations were
transferred directly from earlier work on the corresponding isoelectronic M(COQ)s species. For all three molecules, the
average percent error between the observed and calculated frequencies is <1%, thus demonstrating the advantage of such
force constant transfers between closely related species, as Jones et al. had predicted. Substitution of CS for CO in going
from M(CQO)s to M(CO)s(CS) has no effect on the equatorial CO and M~C(O) force constants, fco® and fuc®; however,
there are significant changes in the corresponding axial force constants, fco®* and fMc®*, the former increase while the
latter decrease. In addition, the M—C(S) force constants, fmc®, are appreciably larger than any of the M—C(O) force constants.,
These results are in complete agreement with the stronger metal-carbon bonding found experimentally for metal-C(S)
vs. metal-C(O) linkages. Also, the weakening of the M—C bonds trdns to CS in the M(CO)s(CS) species is in accord
with the chemistry of these molecules and is attributed primarily to the stronger w-acceptor capacity of the CS ligand.

Introduction

Numerous transition metal thiocarbonyls have been syn-
thesized since the initial discovery of this class of complexes
10 years ago.>* Much of the recent interest in these complexes
has focused on the comparative bonding properties of the CO
and CS ligands.®> Since vibrational spectra reflect the internal
forces and thus the bonding in molecules, we have undertaken
a broad study of the complete vibrational spectra of transition
metal thiocarbonyls in order to compare the spectra with those
of structurally related metal carbonyls. To date, only two such
studies have been reported: (a) (#5-CsHsCO2Me)Cr-
(C0)2(CS) and (n%-CsHsCOMe)Cr(CO)3;¢ (b) n°-
CsHsMn(CO)2(CS), 7°-CsHsMn(CO)(CS)2, and #°-
CsHsMn(CO)3.” In both cases, detailed vibrational as-
signments were proposed.

The group 6B metal thiocarbonyl complexes, M(CO)5(CS),
have been reported recently.®® Since extensive normal
coordinate calculations have been carried out for the analogous
M(CO)¢ species,!0 we felt that it would be particularly
worthwhile investigating the vibrational spectra of the
M(CO)s(CS) complexes in order to determine the trans-
ferability of force constants between these octahedral mol-
ecules. According to Jones et al.,!% many of the interaction
constants for the M(CO)¢ species should be directly trans-
ferable to other metal carbonyls, and this should be particularly
true for the M(CO)s(CS) molecules because of the iso-

electronic nature of the CO and CS ligands. Furthermore,
because of the larger mass of sulfur relative to oxygen, the CS
vibrations will be more highly coupled with the metal-carbon
modes than is the case for the CO vibrations, This means that
energy factoring of the CS vibrational modes will be a poor
approximation and such calculations will lead to force
constants which are not reliable measures of CS bond
strengths. More complete calculations are essential to obtain
such information.

In this paper, we report the results of a vibrational analysis
of the spectra of the Cr(CO)s(CS) and W(CO)s(CS)
molecules and the mono-13CO substituted derivative,
trans-W(CO)4(13CO)(CS) (90% 13C enriched). We have
attempted to define the valence force constants for both metal
thiocarbonyls in order to obtain a quantitative description of
the bonding in them. These results are discussed in the light
of the known chemistry of the complexes.

Experimental Section

The yellow, crystalline samples (~100 mg) of the metal thio-
carbonyls were generous gifts from Professor R. J. Angelici and Mr.
B. D. Dombek (Department of Chemistry, Iowa State University of
Science and Technology, Ames, Jowa 50010) and were prepared by
the literature methods indicated: M(CO)s(CS) (M = Cr, W)%9 and
trans-W(CO)4(13CO)(CS).11

Infrared spectra: were recorded on a Perkin-Elmer Model 521
grating spectrophotometer; the sampling conditions employed are given
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Table 1. Observed Fundamental Modes (cm™) for M(CO)(CS) (M = Cr, W) and trans-W(CO),(**CO)(CS)

Sym-

mZtry : C1(C0),(CS) W(CO),(CS) trans-W(CO) ,(**COX(CS)

tz'fg Raman Ir Raman Ir
vib T CH,CI, CH,CL, CH,CL, cs,  Ramen

nof  VaporP " Solid soln Vapor? soln® Solid soln Vapor? soln® Solid

a, species (ir/Raman active)
v, 2097 ms 2090 mw 2092 p 2102 m 2099 m 2096 vw 2097p 2102mw 2095m 2091w
v, 2032s 2011 mwd 2024 p 2017 m 2007 ms 2003 wd 2015p 1979 ms 1965m 1954w
v, 1280 s 1260 vw 1286 s 1272s 1261 vw 1269p 1284 ms 1265 s 1264 vw
v, 669 w 680 w 569 mé 573 vwww 571 mw 570w 574 vww
v, 424 m® 420 p 425 vw 426 s 423 p 425 s
v, 378w 381m 379p 380 m 372p 371s
v, 351s 346 p 339w 346 m 337p 345 m
Vg 93 ms .

a, species (inactive)
v, (364

b, species (Raman active)
Vo 2030 w 2025 vw - 2022 vw
vy, 512 vw 518 vvw 513 vww
vy, 390 m 412 vw

b, species (Raman active) )
v, 526 vw* 479 vw

e species (ir/Raman active)
Vi 2007 vs 2011 mw9 2002 s 1994 s 2003 wd 2006 s 1983 s 2008 mw
Vg 649 s 659 w 569 m : 563w 564 yvw
Vg 526 vw® 491 vw 483 w
Yo 489 w 461 vw 463w 463 w
Vo 424 s 424 m® 368 m 375 m
vy, 341w 339w 339dp 332 vw 331w

% The 6 (CMC) modes (vg, v,;, P55 V25, V2» Va4) ar€ all expected to appear below 100 cm™.

The far-ir spectra were not studied and since

we expetienced problems with scattering from the glass capillaries below 100 cm™!, no Raman data are reported for these modes, except for
vy in Cr(CO),(CS). P Using 10-cm gas cells fitted with CsI windows (KBr for the '*CO derivative) and heated to ~50 °C. € Using a pair of
matched 0.1-mm KBr solution cells. ¢ Probable coincidence of v, and v,, in the Raman with the major contribution being from », as sym-
metric modes are generally the most intense. ¢ The calculations suggest that several pairs of modes will be accidentally degenerate, viz., Cr-

(CO),(CS) (vs,v,, and v, ,,v,,) and W(CO)(CS) (v,,»,,).

in the footnotes to Table I. The spectra were calibrated against the
2139.4, 2119.7, and 2115.6 cm™! bands of gaseous CO, the 1312.5
and 1226.2 cm™! bands of indene, and the 679.2 and 633.9 cm™ bands
of atmospheric CO,. The accuracy of the measured frequencies is
considered to be at least 1 cm™1,

Raman spectra were obtained with a Jarrell-Ash Model 25-300
spectrometer using the 647.1 nm line of a Coherent Radiation Ltd.
Kr* laser (Model 52K) for excitation. The power at the samples was
usually ~50 mW. The samples were sealed in Pyrex capillaries and
were cooled to ca. —50 °C by a cold nitrogen gas flow. Partial Raman
spectra of CH2Cl3 solutions of the M(CQO)s(CS) complexes were also

recorded; complete spectra proved impossible to obtain owing to’

photochemical decomposition of the complexes upon prolonged
exposure to the laser beam, All the spectra were calibrated against
the emission lines of a neon lamp with an accuracy of about =1 cm™L,
Normal coordinate calculations were carried out using two computer
programs, WMAT and OVEREND, originally written by Overend et al.!2
but modified for use on the McGill University IBM 360/75 computer.
In the least-squares refinement of the force constants performed by
OVEREND, the observed frequencies are weighted as 1/\; = const/v;2,
and for the results reported here the additional weighting factor,
1/(Aw)?2, was used where Av; is the estimated error in the observed
frequency, v;. As yet, the crystal structures of the M(CO)s(CS)
complexes are unknown. However, preliminary x-ray diffraction data
on Cr(CO)s(CS) have shown that this species is isomorphous with
the M(CO)s complexes [space group Pna2, (C2%); Z =4].13
Moreover, in the x-ray structures of metal thiocarbonyls which have
been reported,!4!3 the CS ligands are bonded to the metals via the
carbon atoms and the metal-C-S linkages are essentially linear.
_ Therefore, in order to obtain the C-S and M—C(S) distances necessary
for the normal coordinate calculations on the M(CQ)s(CS) molecules,
the known bond lengths in [Ir(CO)»(CS)(PPh;3);]PFe-Me;CO'S were
used to calculate C-S/C-O and Ir—C(S)/Ir—C(O) ratios. These ratios
were then employed as multiplicative factors to generate the ap-
propriate C-S and M=C(S) distances using the same C-O:and
M-C(O) distances as Jones et al.1% did in their work on the M(CO)s
species.
calculations were: (a) for Cr(CO)s(CS), Cr-C(0), 1.916; C-0, 1.171;

The distances actually used in the normal coordinate

7 Calculated from the first overtone observed at 728 w em™!.

Figure 1. Internal coordinates for the M(CO)(CS) molecules.

The associated symmetry coordinates are as follows. (a, block):
§,=1/20,+D,+D,+Dy),S,=D,,8,=Dg,8,=1/2(¢,, +
3a + Gag + 05),Ss =R, S =1/2(R, + R, + R, +R,), S, =

Rg,8s=1/8"" (0, + 0tas + gy + a5 — Vs — Vs — Vgs — Vsgs)s
(a, block): 8, =1/2(8,, + B4 + Bu4s + Bs,); (b, block): S, =
1/2(D2 -D,+D, -Dy), S, = 1/2(¢’2a —¢3g + Gsg—Dsa)s S, =

1/2(R,~R3 + R, —R,),8,; =1/8""* (0, — gy + g,

~ s~ Vs

+ ‘psa " ‘Us4 + ‘pss); (bz bIOCk): S14 = 1/2(513 =B34 +Bys —Bsz),

Sys=1/2(

Y23 = Y3a T Vas = Vsy)s (€ block): 8., =1/2(D, + D, -

D,~D;), 8,75 =1/2(853 + Bag —Bas —Bs1)s S1sa = 1/2""*(og, +
033), 8100 =1/2"%(Ag, + Ag3), Si0a =1/2(R, + R, —R, —R)),
S2a=1/2¢1q + O30 — Psg = $50) S120 = 1/2(aq; + 0p; — g, —
%s)s S23a = 1/2(v20 —=74s): 8240 = 1/2(Ws2 + Vg3 — Vs — Vgs)-

Cr—C(S), 1.856; C-S, 1.498 A; (b) for W(CO)s(CS), W-C(0), 2.059;
C-0, 1.148; W-C(S), 1.985; C-S, 1.469 A. ‘
The internal and symmetry coordinates for M(CO)s(CS) used in

the calculations are defined in Figure 1.

We have retained the

nomenclature given in the M(CO)g work!? but, because of the lower
molecular symmetry of the metal thiocarbonyls, additional coordinate
types had to be introduced. A detailed description of the force constant
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Figure 2. Vapor-phase ir and solid-state Raman spectra of Cr(CO),(CS) in the fundamental regions. Experimental conditions:

(ir) 10-cm

gas cell with Csl windows, ~50 °C; (Raman) slit widths 5 cm™, Kr* excitation, 647.1 nm (50 mW), —-50 °C.

nomenclature is also given in ref 10, and we have retained this with
only the following modifications: the superscripts ax, eq, and s denote
the force constants associated respectively with the CO group trans
ta CS, the CO groups cis to CS, and the CS group itself.
Results and Discussion '

The positions, relative intensities, and proposed assignments
for the fundamentals of the M(CO)s(CS) and trans-W-
(CO)4(13CO)(CS) molecules are given in Table I. Some
typical gas-phase ir and solid-state Raman spectra are shown
in Figures 2 and 3.

From previous partial solution and gas phase ir studies,??16
the M(CO)s(CS) molecules possess C4, symmetry. The
vibrational representation for an isolated M(CO)s(CS)
molecule of this symmetry spans the modes indicated in eq
1, where the spectral activities of these modes are shown in
parentheses.

TyipC4v =8 a, (ir/Raman) + a,(inactive) + 4 b, (Raman)
+ 2 b,(Raman) + 9 e(ir/Raman) 1)

The correlation between these 24 modes and the 13 modes for
the M(CQO)g¢ species is shown in Figure 4. The frequency data
for the metal hexacarbonyls were taken from the work of Jones
et al.1% The M(CO)s(CS) frequencies were calculated using
the general quadratic valence force fields determined for the
M(CO)s molecules by Jones et al.19 but modified to reflect
the anharmonic frequencies of the » (CO) modes. Also, the

redundancy conditions for the M(CQ)g species require that.

a number of force constants be defined only as linear
combinations. Therefore, we refined certain of the force
constants involved in these redundancies to give best fits for
the hexacarbonyl data. (The choice of force constants, fya,

which are constrained or refined, is arbitrary but necessary
when working in internal coordinate space.) The results of
these calculations, as well as the approximations concerned,
are given in Table V; the assumption of zero values for some
of the interaction constants is not critical. In the following
discussion of the proposed assignments for the M(CO)s(CS)
complexes, “calculated frequencies” refer to those predicted
for the M(CO)5(CS) species using the hexacarbonyl force
fields.

CO Stretching Region (2150-1900 cm~!). From the
correlation diagram in Figure 4, three ir-active (2 a; + ¢) and
four Raman-active (2 a; + by + ¢) modes are expected for
the M(CO)s(CS) molecules in the CO stretching region. The
assignment of the ir bands in this region is quite straight-
forward both from their relative intensities and their
“calculated” positions. In the case of the gas-phase ir spectra,
the strongest bands at ~2005 cm™! are clearly attributable
to the e »(CO) modes (v16), while the other two bands at
~2100 and ~2020 cm™ are assigned to the two a; »(CO)
modes, v and 7, respectively. The ordering of these a1% (v1)
and a,2* (y2) modes is consistent with that in numerous other
Cay M(CO)sL species where L is 2 monodentate ligand.!7:18
The gas-phase ir bands of trans-W(CO)4(13CO)(CS) are
assigned in a similar manner, except that the a12* »(CO) mode
(v2) has shifted from 2017 to 1979 cm~! owing to the expected
isotope effect.

Assignment of the Raman-active »(CO) modes presents a
more difficult problem. Although four bands are expected in
the CO stretching region, only two distinct features are
observed in the solid-state Raman spectra of Cr(CO)s(CS)
and W(CO)s(CS). For both complexes, the most intense band
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Figure 3. Solid-state Raman spectra of W(CO),(CS) and trans-
W(CO0),(*3CO)(CS) (90% '3C enriched) in the CO stretching re-
gion. Experimental conditions: slit widths 2.5 cm™; Kr* excita+
tion, 647.1 nm (50 mW); -50 °C.
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Figure 4, Correlation diagram between the M(CO), (bh symme-
try) and M(CO),(CS) (C,, symmetry) molecules.

near 2000 cm™! is broad and unsymmetric. By comparison
with the ir spectra, it is reasonable to attribute these intense
bands to vi¢. However, the e modes are not expected to be
the most intense in the Raman spectra. The Raman spectrum
of solid trans-W(CO)4(13CO) (CS) exhibits three distinct peaks
in the CO stretching region. The lowest energy band at 1954
cm! is assigned to the ;2% mode (13CO, v2). This assignment
necessitates a 1979 — 1954 = 25 cm™! shift to lower energy
for this mode in going from the gas-phase ir to the solid-state
Raman. A similar large shift is not observed for the a;®d
y(CO) mode (v1). This suggests that the a12* »(CO) modes
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in Cr(CO)5(CS) and W(CO)5(CS) undergo similar 25 cm™!
shifts in going from the gas-phase ir to the solid-state Raman,
placing these modes at about 2007 and 1992 cm™, respectively,

- i.e., almost coincident with the e modes observed at ~2000

c¢cm~1, These accidental degeneracies would account for the
unexpected intensities of the 2000 cm™! bands because a;
modes are usually the most intense in the Raman. The
high-frequency shoulders on the 2000 cm™! bands are assigned
to the b »(CO) modes (v10): Cr(CO)s(CS), 2030 (2027 ¢m™!
caled); W(CO)s(CS), 2025 (2025 cm™! caled). For trans-
W(CO)4(13CO)(CS), »10 appears at 2022 cm~!, Depolar-
ization data for CH,Cl, solutions of the M(CQ)s(CS)
complexes reveal the presence of two polarized bands near
2100 and 2000 cm™!, thus confirming the location of the two
expected a; »(CO) modes.

CS Stretching Region (1400-1200 c¢cm™!). The only
prominent feature in the gas-phase ir spectra of all three
compounds throughout the 1900-700 cm™! region appears at
~1285 cm™!. These peaks are attributed to the aj »(CS)
modes (#3): Cr(CO)s(CS), 1280; W(CO)s(CS), 1286;
trans-W(CO)4(13CO)(CS), 1284 cm™!. Although the energies
of »(CS) modes in transition metal thiocarbonyls range widely
(1403-1161 cm™!) depending upon the metal, its oxidation
state, and the other ligands present, these modes are always
extremely intense in the ir.1%

In contrast to the ir, the »(CS) modes in the solid-state
Raman spectra are extremely weak and broad: Cr(CO)s(CS),
1260; W(CO)s(CS), 1261; trans-W (CO)4(13CO)(CS), 1264
cm™!, In all three cases, the bands are unsymmetric due
probably to factor group effects.2?? The CH:Cl; solution
Raman spectrum of W(CO)s(CS) exhibits a polarized band
at 1269 cm™l, i.e., just in between the gas-phase ir and
solid-state Raman values. As expected, because the dipole
moments of the CS and axial CO groups lic along the same
fourfold axis, the phase depcndence of the vibrations associated
with these groups is quite similar.

The lack of strong Raman activity for the u(CS) modes in
numerous transition metal thiocarbonyls”-2! is surprising in

~ view of the high polarizability expected for the CS bonds.

Because of the known chemistry of these complexes,*8 we
initially felt that the lack of Raman activity resulted from a
polar

3

bond in these complexes.2! However, on the basis of pho-
toelectron spectra for Cr(CO)s(CS), W(CO)s(CS), and
7°-CsHsMn(CO)2(CS), together with molecular orbital
calculations for the chromium and manganese complexes,
Lichtenberger and Fenske2? have now put forward a more
quantitative explanation for the diminished »(CS) Raman
intensities in these complexes. Their study reveals that the
empty 7" levels of the CS ligands are coupled to the filled =
levels through the metal 7 levels. As a result of the CS stretch,
the CS #* orbitals are lowered in energy and increase their
carbon character, thus increasing their interaction with the

" metal = orbitals; Stretching destabilizes the CS = orbitals and

decreases their carbon character, thus leading to a reduced
interaction with the metal r orbitals. The net result of these
two competing effects is a reduction in the change of po-
larizability along the CS bonds, and since the intensity of a
Raman band is directly proportional to the square of the
polarizability change, the intensities of the »(CS) modes will
be weak, as is observed.

700-300 cm~! Region. From the correlation diagram in
Figure 4, four types of vibration are expected for the M-
(CO)5(CS) molecules in this region: »[M-C(0)] (2a; + by
+ e), y[IM-C(S)] (a1), (MCO) (a; + az + by + by + 3 ¢),
and 6(MCS) (e). In view of the complexity of this region, the
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Table I. Comparison of Observed and Calculated Frequencies (cm™!) for M(CO),(CS) and rrans-W(CQ),(**CO)(CS)

Cr(CO),(CS) W(CO),(CS) trans-W(CO),(**CO)(CS)

Vib no. Input Calcd® Caled® Input Calcd?® Caled? Input Calcd?® Calcd®
v, 2097 ir 2107 2106 2102 ir 2109 2106 21021ir 2103 2100
v, 2032ir 2018 2029 2017 ir 2017 2018 1979 ir 1977 1978
v, 1280 ir 1804 1280 1286 ir 1805 1285 1284 ir 1804 1285
v, 668 ir 666 668 584 ir 588 577 587 577
v 424 R 419 424 426 R 419 418 425 R 419 418
Vg 380 R 384 386 380 R 393 381 371 R 388 376
v, 351 R 337 351 346 R 323 343 345 R 323 343
v, 93 R 92 93 76 74 76 74
v, 364 ir 367 361 360 341 360 341
Vie 2027 2027 2025 2025 2025 2025
vy, S12R 510 507 518 R 520 508 513R 520 508
Vi, 390 R 391 392 412 R 407 407 407 407
Vis 69 69 64 63 64 63
Vig 526 R 531 527 479 R 487 473 487 473
vys 93 92 77 75 77 75
Vi 2007 ir 2001 2000 2002 ir 2003 2003 2006 ir 2003 2003
vy, 649 ir 665 662 569 ir 580 572 574 R 577 568
Vg 526 R 527 523 491 R 508 497 483 R 499 489
Vo 489 R 492 489 461 R 468 462 463 R 468 461
Vyo 424 ir 419 419 374 R 375 373 374 373
vy 340 R 345 340 332R 336 329 331 R 335 327
V,, 94 94 77 74 77 74
7 83 82 70 69 70 69
Yoy 59 59 53 53 53 53
Av error, % 3.9 (0.85)¢ 0.42 3.2 (1.5)¢ 0.76 4.3 (0.92)°¢ 0.75

@ Using the M(CO), force fields, see text. b Using the refined force field, see text. € The first value of the average percent error between
observed and calculated frequencies includes the error in the ¥(CS) mode (v,), while the second value shown in parentheses does not.

“calculated” frequencies must be relied upon heavily, although
relative intensity considerations place additional limits on the
possible assignments of the observed spectra. Since these
modes will be extensively mixed, the final assignments must
await the potential energy distributions from the complete
calculations to be discussed later. The following points were
helpful in assigning this region. (1) The a; modes should
dominate the Raman spectra, while the e modes should be the
most intense in the ir. (2) The bending modes should be more
intense than the stretching modes in the ir, while the reverse
should be true in the Raman.” (3) The b; and b modes should
only appear in the Raman spectra.

There are three intense bands in the Raman spectrum of
solid Cr(CO)s(CS) at 424, 381, and 351 cm™!. The cor-
responding bands in the CH,Cl; solution spectrum are strongly
polarized indicating that these modes have a; symmetry.
Similarly, the solid-state Raman spectrum of W(CO)5(CS)
also exhibits three intense bands at 426, 380, and 346 cm™!.
In the case of trans-W(CO)4(13CO)(CS), the first and third
bands are unshifted, while the second band drops to 371 cm™L.
The small shift in the middle band suggests that all three
intermediate bands should be assigned to the a; »[M—C(O)]2*
mode (v¢). The mass effect of sulfur suggests that the bands
at ~350 cm! are due to the a; »[M~C(S)] mode (7). The

“calculated” frequencies reveal that several modes will be -

accidentally degenerate, e.g., in Cr(CO)s(CS), both »s and
vao are predicted at 419 cm~L. Therefore, the intense Raman
band for solid Cr(CO)s(CS) at 424 cm™! is assigned to the
a) v[Cr—C(0)]°d mode (v5), while the strong ir band for the
vapor at 424 cm™! is assigned to the e »[Cr—C(O)] mode (v29).
All other such coincidences are noted beneath Table I. The
assignments of the remaining bands in the 700-300 cm™!
region follow from the three points mentioned above and the
“calculated” frequencies.

Normal Coordinate Calculations. As one of the prime
purposes of the present study was to compare the nature of
the M-C(S) and M-C(O) bonding in the M(CO)s(CS)
molecules, we refined the metal hexacarbonyl force fields to
fit the frequencies observed for the thiocarbonyls. During the

Table Il Potential Energy Distributions®?
Cr(CO),(CS) W(CO0),(CS)¢

a, Species a, Species
v, 0.758, +0.218, + 0.04S, », 0.79S, + 0.16S, + 0.05S,
v, 0.23S8, +0.80S, + 0.03S, v, 0.18S, + 0.85S, + 0.04S,
v, 0.94S, + 0.195, vy 0.958, +0.198,
- 0.138, , - 0.148, ;
v, 0358, +0.118, +0.10S, », 0.42S, + 0.218,
+ 0.218, + 0.208, , +0.338, ,
s 0.24S412- 0.518; +0.27S, v, 0.03S, + 0.01S; + 0.93S,
—0.148, ,
ve 0.028; +0.94S, +0.01S, v, 0.02S, + 0.01S, + 0.90S,
+ 0.028,
v, 0.078, + 0.318, + 0.235, », 0.06S, + 0.03S, + 0.06S,
+ 0.408, +0.148, , + 0.848,
vy 0.628, +0.18S, + 0.18S, », 1.15S, + 0.18S, + 0.168,
+1.088, — 0.608, , + 1.478, ~ 1.458, ,
—0.168; ,— 0.14S, ; —0.165, 5 — 0.138,

% The potential energy distributions for the other symmetry
blocks are given in the supplementary material. The S; used here
denote the source of the potential energy contributions and the
numerical values should not be taken as coefficients of the sym-
metry coordinates, §;.  Only values >0.01 are reported for the pri-
mary symmetry force constants and all values due to the interac-
tion constants have been omitted for the sake of simplicity unless
they are unusually large. Since only part of the potential energy
distribution is shown, the sum of the contributions for any one
mode does not equal unity, and for the CMC deformation modes
the sum is much greater than unity. Refer to Figure 1 for the
definition of the symmetry coordinates. ¢ Only changes can
occur in the a, block for trans-W(CO),(**CO)(CS). The only sig-
nificant changes found are as follows: v,, 0.89S, + 0.07S, +
0.05S,;v,, 0.09S, + 0.94S, + 0.04S..

e

refinements, all the coordinate interaction constants were held
fixed at the appropriate M(CO)g¢ values, while the valence
force constants were allowed to refine. Constraining the
interaction constants requires that the CO,CS interaction
constants are equivalent to the corresponding CO,CO values.
This may be an unreasonable assumption, but in any case the
CO,CS interactions are not well defined; even if they are set
équal to zero, no change occurs in the overall fitting errors
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Table IV. Observed Vapor Phase and Energy-Factored Calculated
Ir Spectra in the »(CO) and v(CS) Regions of M(CO),(CS) and
trans-W(C0), (**CO)(CS)

v(CO) and v(CS), cm™!
Moleculeand  Vib Cr(CO),(C8) W0,
symmetry  assign. Obsd Caled® Obsd Caled?

All *CO a, % 2097 2097 2102 2103

C.y a, 8% 2032 2033 2017 2019

b, Inact. 2009 Inact. 2030

e 2007 2008 2006 2006

a3, (CS) 1280 1280 1286 1287

Mono '°CO - a,°4 d 2097 2102 2100
(trans)® a, 8% 1991 1988 1979 1977

Coy b, Inact. 2009 Imact. 2030

e d 2008 2006 2006

a,(CS) d 1280 1284 1287

@ Associated force constants: fgo®® = 16.65, fco?* = 16.70,
fos=8.43,£c0,c0"™ ® = 0.36, fco,c0"** = 0.04,
fco, co'* ans 2 338 mdyn A, Also used as input was the a’
mode of cts-CR(CO)4(‘3CO)(CS) obsd, 1971; caled, 1971 cm™!,
Also observed at 1245 cm™' was the a, (CS) mode of Cr(CO),-
. (*3CS): caled, 1245 cm™'. P Associated force constants: foo®®
=16.71, foo®* = 16. 60, fecs=8. SO’fCO Coms.eq 0.27,
20.Co0PAx = 0.21 fg o8N8 = 0,47 mdyn A™'. © The data
for the trans-W(CO)4(‘ 6)(CS) species are for the 90% '*C-n-
riched species. The 1979-cm™! band was also observed in the nat-
ural abundance spectrum. - ¢ Buried beneath a much stronger
mode of the all-'*CO species.

and the largest frequency change is ~1 ¢cm™ in the a; »(CO)™
mode (v;). Additional frequency data from isotopically.
substituted species such as M(!3CO)5(CS) are obviously
needed in order to define the CO,CS interaction constants.

The observed frequencies and those calculated using the
M (CO)¢ force fields and the refined force fields are compared
in Table II. The average percent errors in the frequency fits

are excellent when considerations of the problems involved with .

solid-state data and anharmonicity are taken into account. The
average percent errors using the M(CO)¢ force fields without
refinement are quite good when the errors in the CS stretching
-modes are removed; however, even then most of the differences
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between the observed and calculated values are considerably
greater than the experimental errors. This indicates that some
changes are necessary in the force fields and subsequent
refinement of the valence force constants leads to significantly
better frequency fits. Although these fits could undoubtedly
be improved further by allowing some of the interaction
constants to refine, there are too many interactions and the
choice as to which should be allowed to refine is extremely
arbitrary. We did attempt to refine the CO,CS and M-
C(0),M-C(S) interaction constants, but convergence could
not be obtained.

The above results indicate that the M(CO)g interaction
constants can be transferred successfully to the M(CQO)s(CS)

‘molecules, as predicted by Jones et al.!® However, only a few

of the valence force constants may be used. Certainly, the use
of the M(CO)¢ force fields to aid the assignment of the spectra
of less symmetrical octahedral metal carbonyl complexes is
a great advantage and this is a procedure which could be
utilized extensively.

The potential energy distributions in terms of the symmetry
coordinates for the (M(CO)s(CS) species are shown in Table
III. Only values in excess of 0.01 are reported. While most
of the stretching vibrations can be associated with distinct,
although mixed, internal stretching coordinates, the eigenvalues
associated primarily with deformation modes are a mixture
of both §(MCQ) and 6(CMC) symmetry coordinates. The
CO and CS stretching modes are not mixed, but the CS
stretching modes are appreciably mixed with »[M~C(S)]. The
slight mixing of the »(CO) modes with the »[M—-C(O)] modes
parallels the results for the M(CO)¢ calculations.!0 Little
mixing occurs between the three a; »(M—~C) modes of
W(CO)5(CS) and the proposed assignments are confirmed.
For Cr(CO)s(CS), however, the »[Cr—-C(0O)]?* mode is
extensively mixed with »[Cr—C(S)] and the ordering of the
p[Cr-C(0)}?* and »[Cr—-C(0O)]¢d modes is reversed.

For comparison with the results of the complete calculations
and as an aid in the assignment of several weak bands observed
in the ir spectra due to isotopic species present in natural
abundance, energy-factored force field calculations were also
carried out. The results are shown in Table IV, together with

Table V. Comparison of Force Constants for M(CO), and M(CO) ((CS)*?

Cr(CO), C1(C0),(CS) W(CO), W(C0),(CS)
feo 16.73 (3) foo®d 1671(6) feo 16.80 (2) fco®e 1678 (2)
foo™ 17.01 (16) foo* 16.88 (3)
fos 8.01 (40) fes 8.17 (5)
fore 2.08(8) forc®® 210(D  fwe 236 @) fagtd 2.322)
forc®™ 2.01 (38) fwot* 212 (6)
forc® 2.62 (66) Wo' 277 (9)
fa 0.75 (1) fy 075 fy 077 (1) fa 0.77
fao! 0.08 (1) fug' 008  fao 014 (1) foo' 0.14
fao! 020 (1) fog" 020  fo 014 () foo 0.14
fs 0.48 (1) fgi% = f;°0 047 1 048 (5) f38% = fgea 0.44 (1)
1 0.47 (D S 0.53 (4)

fco.co::_‘:m 021 (1) fco,coc‘s‘ec01 =fco coc'”jfan
feo,co'™ 0.21 (3) =;co cst:”::”fco co ™ 0.21
=fco.cs

@ Units: stretching and stretch-stretch interactions, mdyn A™'; bending and bend-bend interactions
The values of the interaction constants for the M(CO),(CS) species were transf rred from the corresponding M(CO),

actions, mdyn rad™!.

fCO Cocts 0. 16 (1) fCO ocw £q — fC 0.COo cw.ax 0.16
fCO Cotmns 0.12 ¢)) —fCO Cscw ,eq fCO cotrams 0.12
=fco.cs™"™

mdyn A rad~?; stretch-bend inter-

species (gas-phase values), as given in ref 10 except for the CO and CMC interaction constants which were obtained by refinement of the
M(CO), force fields to fit the anharmonic frequencies. The CMC bending force constants and the stretch-CMC interaction constants are not
uniquely defined because of the redundancy condition. Jones et al.!® report linear combinations of these force constants. Since valence
force constants were required, we refined f, foo'» and fo'' to obtain “best fits” for the M(CO), data; the results were used in the M(CO) -
(C8) calculations without further refinement. The assumptions necessary for the stretch~bend interaction constants are included below.
Values of the interaction constants transferred from the metal hexacarbonyls are listed below. The parentheses indicate assumptions about
the relative magnitude of the force constants within the linear combination were required to obtain the reported numerical value. The values
for the chromium complex are given first: fyc, MC'“"‘ =-0.019,—0.049; fyrc Mc 27" = 0.44, 0.56; fmc (;0 =0.68,0.79; fmc,¢'0 cis =

~0.05, ~0.08; fyc,c'0"7"™ =~0.10,~0.12; fgg' = 0.09, 0.08; fgg" = 0.00, 0.01; fgg"’ ==0.01,~0.04; (o™

=0.00, 0.00; (Fae ) = 0.18,

0.27; fag' ==0.10,-0.12; fog" =—0.02, —005f " =-0.02, ~0.04; fcop—ooo OOOfMC,ﬁ =~0.04,~0.04; (fco o) = 0.00, 0.00;

(fCOa ) = 0.00, 0.00; (fMCa)_—015 —0.15; (fMCa”) 0.00, 0.00.
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the associated energy-factored force constants.?? In these
calculations, all the CO,CS interaction constants were assumed
equal to zero which effectively factors the CO and CS
stretching vibrations as well. This factoring is somewhat
supported by the inability to refine any CO,CS interaction
constants in either the complete or the energy-factored
calculations, as well as the negligibly small effect observed
when the CO,CS interactions were varied from zero to the
CO,CO values, as discussed earlier. The agreement between
the observed and calculated values for the trans-M(CO)s-
(13CO)(CS) species is within £3 c¢m™!, thus verifying the
proposed assignments. In addition, the assignment of a band
at 1245 cm™! to »(CS) of Cr(CO)s(13CS) seems reasonable.

The optimum force constants from the complete calculations
for the M(CO)5(CS) complexes are compared with those for
the isoelectronic M(CQ)¢ molecules in Table V. The
dispersions in the force constants for W(CO)s(CS) are
significantly smaller than those for the chromium complex as
a result of the additional vibrational data from trans-W-
(CO)4(13CO)(CS). Substitution of CS for CO produces no
effect on the equatorial CO and M—C force constants (fco®™
and f\c®) in going from M(CO)¢ to M(CO)s(CS). However,
there are appreciable changes in the axial CO and M-C force
constants (fco** and fmc®*), the former increase while the
latter decrease. Furthermore, the M—C(S) force constants
(fmc®) are much larger than any of the other M—C force
constants. These observations are in complete agreement with
the chemical evidence whereby increased labilization of the
CO group trans to CS is observed.®®!! The larger M—C(S)
force constants indicate increased stability of the M—-C(S)
bonds relative to the M—C(O) bonds with respect to sub-
stitution. This is also in agreement with the chemistry of metal
thiocarbonyls in general; e.g., there is no evidence for CS
substitution in M(CO)s(CS)&%11 or 5-CsHsM’(CO)2(CS)
(M’ = Mn, Re), whereas the CO groups are readily replaced
by donor ligands.* In addition, in the mass spectra of
numerous 7°-CsHsM/(CO)(CS)L derivatives, there is little
or no intensity observed for the (P-CS)* ions.2* These results
are all supportive of stronger metal-CS than metal-CO
bonding in transition metal carbonyl-thiocarbonyls.

A comparison of the CS force constants, fcs, determined
in the energy factored calculation and in the full calculation
with that characteristic of free CS (8.49 mdyn/A)25 is in-
formative. The frequency of bonded CS is close to that of free
CS (1272 em™!) and so little change in bond order is indicated
if energy factoring is employed. However, when mechanical
coupling with the other vibrational modes is allowed, as in the
full calculation, a significant decrease is observed. In general,
for an M—-C-X linkage, as the mass of X and the force
constant fcx approach the mass of M and the force constant
fumc, respectively, the coupling of the vibrations will increase
and the bond orders will not be reflected accurately by the
observed frequencies. The observed frequency of the ligand
bound to the metal, »(CX), may increase relative to the free
ligand while the associated force constant, fcx, decreases.?8

It should be emphasized that the energy-factored force
constants (Table V) do not reflect any significant differences
between the axial and equatorial CO force constants (fco®*
and fco®™). In fact, the magnitudes of the force constants are
reversed in going from Cr(CO);5(CS) to W(CO)s(CS). This
also illustrates the dangers inherent in using approximate force
constants to discuss bonding.

Since the equatorial CO and M~-C force constants (fco®d
and fmc®) are unchanged in going from M(CO)s to M-
(CO);5(CS), it seems reasonable to postulate that the extent
of CO ¢ bonding is the same in both cases. It follows,
therefore, that the labilization of the axial CO group in the
M(CO)s5(CS) complexes must result principally from a

Butler et al.

decrease in the dm(M~C) — =" (CO) bonding for the axial
CO group owing to the stronger w-acceptor capacity of the
trans CS ligand. This conclusion is in agreement with the
photoelectron studies and molecular orbital calculations on
Cr(C0O)s(CS) and 53-CsHsMn(CO)2(CS) in which it was
concluded that CS is both a better o-donor and m-acceptor
ligand than CO.22 However, on the basis of mass spectral data
for (n5-CsH4R)Mn(CO),(CS) (R = H, Me), Efraty et al.5
have claimed that CS is a poorer w-acceptor ligand than CO.,
In view of the evidence to the contrary, these mass spectral
results must be considered misleading, particularly since the
conclusion was based on appearance potentials of the various
fragment ions without a detailed knowledge of their structure.
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some uncertainty which cannot be removed given the present frequency
data; 13C substitution at the thiocarbonyl carbons is necessary to refine
all the force constants in the M—CS linkages.
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The spin-Hamiltonian parameters of {Cr(NH3)sX] in [Co(NH3)5X]Y2 hosts (X = Cl, Br; Y~ = CI, Br—, I, NO3") have
been measured in the temperature range from 75 K to the decomposition temperature (430-550 K) and at 4 K. The nitrates
show large changes near 130 K, while the halides have smooth variations over the entire temperature range. The implications
of these data about the nature of lattice perturbations are discussed. Determination of the sign of the zero-field splitting

from powder spectra is described.

Introduction

The effects of nearest-neighbor counterions on the electron
resonance spectra of halopentaamminechromjum complexes
were examined in a previous study.! Tt was shown that at least
two separate mechanisms. were necessary to account for the
variations in the zero-field splitting tensors of [Cr(NH3)sX]Y>
(X = Cl, Br; Y- = CI, Br, I, NO;") which were substituted
into the isomorphous series of analogous cobalt hosts. The
primary effect, a decrease of the axial parameter D with
increased counterion size, was attributed to a variation of the
orientation of repulsive forces between the counterions and the
bound halide, which protrudes through the face of the roughly
eightfold cubic arrangement of counterions. This mechanism
can be visualized by noting the relative positions of the halides
in the a-c projection of the orthorhombic unit cell of
[Co(NH3)sCl]Cl; shown in Figure 1. A larger counterion
would be less effective in pushing the bound halide away from
the metal, thereby leaving a more nearly cubic field at the
metal site; thus the axial parameter, D, is smaller for larger
counterions. A logical consequence of this mechanism would
be a similar decrease in D with an increase in temperature
because the larger thermal motions of the counterions will give
a smaller average repulsion of the bound halide. This contrasts
with an earlier observation that there was no difference in the
EPR spectra at 77 and 300 K for [Cr(NH3)s5C1]Cl; in-the
analogous cobalt host.2 But that observation was accidental
as we shall see from the full temperature dependence of the
spectra. '

The second mechanism, which was associated with variations
of the rhombic zero-field splitting parameter E, was not so well
characterized in our counterion dependence study.! It was
observed that FE is larger with chloride and iodide counterions
than with bromide and nitrate counterions, but no explanation
was found. The [Co(NH3)sCI]Cl; host is measurably nonaxial
at the cobalt site as seen from the positions? and thermal
ellipsoids of the nitrogen atoms in the crystal lattice.! The
quadrupole asymmetry parameter n = 0.25 for °Co in this
lattice* has a larger nonaxiallity than the chromium guest
which has an analogous EPR asymmetry parameter 3E/D =
0.15. Since no intramolecular origin for E exists, the rhombic
parameter E is entirely of lattice origin and shows a large
variation with the nature of the counterion. As with the axial
parameter, the temperature dependence may be useful in
elucidating the origin of the rhombic parameter in these
systems.

There have been a number of studies*~!! on lattice motions
in amminecobalt complexes using nuclear resonance of protons,
deuterons, and chlorine and cobalt nuclei, and these motions
may have some bearing on the temperature variations of the
electron resonances studied here. These studies have shown
that threefold rotations of the ammines usually persist even
at liquid nitrogen temperature unless some specific hydro-
gen-bonding interaction restricts the process.>™® Whole
complex ion rotations can begin above 200 K provided that
the motion does not interchange ammine ligands with halogen
ligands. Such whole ion motions have been observed>.7-® for
[Co(NH3)6]3*, [Co(NH3)sH»0])3+, and trans-[Co-
(NH3)4Cl>]* but not for cis-{Co(NH3)4Cl2].1%1! Surprisingly,
whole ion motions have not been observed for [Co-
(NH3)5X]Y2; [Co(NH3)5ClI]Br2 and [Co(NH3)s5Br]Br2
exhibit only the threefold ammine rotations over the range
from 110 to 350 K.6 Thus, in the host lattices used in the
present study and presumably for the guest chromium
complexes as well, the ammine ligands are undergoing ro-
tations about the bond axis which are sufficiently fast to
average the proton dipole-dipole interaction. It is also notable
that at ambient temperatures the bound chlorine quadrupole
resonance was not observable in [Co(NH3)sCl]Cl, even though
the cobalt resonances were seen, while both types of resonance
were seen under similar conditions in the [Co(NH3)sCl]-
S04H;S04.% This indicates an unusual relaxation time which
may be associated with contact repulsions.

Methods and Results
Starting materials [Cr(NH3)5Cl]Clz, [Cr(NH3)5Br]Brs,

" and [Co(NH3)sBr]Br; were made via standard preparations

involving the heating of the aquopentaammine or. carbona-
topentaammine complexes in the presence of HC1 or HBr,12-14
[Co(NH3)sCl]Cl; was obtained commercially and recrys-
tallized several times from a minimum amount of water. Each
compound was ground with cold congentrated HySO4 until
HCI or HBr ceased to evolve. The very soluble sulfate or
bisulfate salt of the complex was dissolved in water and
reprecipitated with excess HoSO4. Mixed crystals were
obtained by dissolving about 0.006 g of the chromium salt with
about 0.3 g of the cobalt salt in 50 ml of water in an ice bath
and saturating the solution with the sodium or potassium salt
of the desired counterion. Dry air was then passed over the
0 °C solution for approximately 24 h. The crystals were
filtered, washed with ethanol and ether, and allowed to air-dry
before being ground into a very fine powder for placement in



