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The preparation and characterisation of complexes
formed by the B-diketone thenoyltrifluoroacetone (tta)
and its monothio analogue (ttaS) with the zerovalent
Group VIA metal carbonyls is reported. The B-dike-
tone behaves as a bidentate ligand to form NEt;[M-
(CO)stta] while the monothio ligand can act as a
monodentate sulphur donor to give NELIM(CO)sttaS ]
or as a bidentate oxygen-sulphur donor to form NEt;
[M(COWttaS]. The infrared and nmr spectra of the
complexes and their PPh; adducis are discussed with
regard to current theories of bonding.

Introduction

Complexes of f-diketones and monothio-3-diketo-
nes'” have been studied for a wide range of metals in
normal oxidation states but derivatives in which the
metal is in an unusually low formal oxidation state
are comparatively rare'” since the metals are readily
oxidised by the enolic proton of the ligand.® For
example, the direct reaction of B-diketones with the
Group VIA metal carbonyls gives only the tris-3-dike-
tonates, M(B-dike)s (M = Cr, Mo, W), @ in which
the metal has been oxidised from the zero to the
+1I11 state.

In the course of our investigations ol metal-sulphur
and metal-oxygen bonding in derivatives of the Group
VIA carbonyls? we have prepared and isolated, for
the first time, B-diketone and monothio-3-diketone
complexes in which the metal remains in the zero
oxidation state.

The complexes of thenoyltrifluoroacetone (tta) and
monothiothenoyltrifluoroacetone (ttaS) reported herein
are representative of a series of substituted $-diketone
metal carbonyl complexes which we are presently
studying.

Results and Discusslion
Reaction of the thallium(I) complex (Tltta) with a

(1) (a) S.H.H. Chaston, S. E. Livingstone, T.N. Lockyer, V.A.
Pickles and J.S. Shannon, Austral. J. Chem., 18, 673 (1965).
(b)Y S.E. Livingstone, Coord. Chem. Rev., 7, 59 (1971).
(c) M. Cox and |. Darken, ibid, 7, 29 (1971).
(2) (a) F. Bonati, Organometal. Chem. Rev. (B), 1, 379 (1965).
(b) F. Hartmann, M. Kilner, and A. Wojcicki, Inorg. Chem., 6,
34 (1967).
(c) M. Kilner and A. Woijcicki, ibid, 4, 591 (1963).
(3) (a) }.C. Goan, C.H. Huether and H.E. Podall, ibid, 1, 856
(1962).
(b) M.L. Larson and F.W. Moorc, ibid., I, 856 (1962).
(¢) T.G. Dunne and F.A. Cotton, ibid., 2, 1078 (1963).

chloropentacarbonylmetallate(0) ion (M(CO)Cl-; M
= Cr, Mo, W) at room temperature gives the orange-
brown, highly unstable diamagnetic complexes cis-
M(CO)tta=(I) which can be isolated as their tetra-
ethylammonium salts.

When the analogous reaction is performed with the
monothio complex (TlttaS salts of the deep red dia-
magnetic anion, M(CO)sttaS—(II), can be isolated in
which the ligand is attached by the thiol sulphur
donor only.” Solutions of these complexes evolve
carbon monoxide to produce the blue (Cr) or purple
(Mo, W), highly unstable, diamagnetic complexes
cis-M(CONttaS—(III) in which the ligand is bidentate.
The rate of monodentate/bidentate conversion de-
pends on the metal such that Mo>Cr>W. It is
significant that this is the order of measured bond
strength of the metal-carbon bonds.®) We are at pre-
sent studying the kinetics of this reaction.

(4) G.H. Barnett and M.K. Cooper, Chem. Commun., 1082 {1971).
(5) D.R. Lloyd and E.W Schlag, Inorg Chem., 8, 2544 (1969).

Barnett, Cooper | Investigation of Metal-Sulfur and Metal-Oxigen Bonding in Derivatives of the Group VIA Carbonyls



614

Table I. Analytical Results.

Compound Colour Conductivity @ C H N S F P Metal
NEt[Cr(CO)sttaS] d=ep red 117 4508  4.32 — 115 102 — 95
Found 4492 440 @ — 11.1 9.7 — 94

NEt[ Cr(CO)ttaS] deep blue 127 45.12 4.53 2.63 12.0 — — —
Found 4480 468 307 117 S —

NEu[ Cr(CO);(PPh;)ttaS] green 120 58.03 5.13 — — — 4.0 —
Found 56.60 5.18 — — — 3.7 —_

NEt,[Mo(CO)sttaS] deep red 118 4172 397 — 10.6 94 — 239
Found 4124 404 — 9.4 90 — 234

NEtL[Mo(CO)ittaS] purple 115 4174 420 243 — — — 267
Found 41,74 441 268 —_ — — 271

NEt,[ Mo(CO);(PPh;)ttaS] blue 50.37 494 1.73 79 7.0 — —
Found 50.74 512 1.20 7.8 6.6 - =

NEt[ W(CO)sttaS] deep red 114 . 3648 350 203 9.3 — — 266
Found 3645 376 2.46 8.9 — — 270

NEt.[ W(CO)ttaS] purple 3621 365  2.11 9.7 — — 217
Found 3575 372 207 9.3 — — 270

NEt[ W(CO),(PPh,)ttaS] blue 124 . 4951 438  1.56 7.1 — 35 —
Found 4846 437 1.29 6.5 — 3.3 —

NEL[Cr(CO)itta] brown 99 . 46.60  4.69 — 6.2 — — 101
Found 4646  4.69 — 6.3 — — 107

NEt,[Cr(CO):(PPh)ttal plum 120 59.26  5.24 1.87 43 4.1 —

Found 6048 550  2.09 3.9 38 09— =
NEL[Mo(CO)tta] brown . 32.94 3.29 2.50 — —_ — 20.08
Found 3264 343 249 — — — 2041

PPh,)tta red 103 . 5599 495  1.76 40 - 39 —_
NEL[Mo(CO){(PPh,)tta] Found 5596 552 18 39 — 36  —
brown . 3709 373 216 50— — 284

NEL[W(CO)tta] Found 3685 350 220 46 — — 275
red 91 5041 446 159 3.6 65 35 —

NEL[W(CO)(PPhtta] Found 4942 489 139 36 62 33 —

aohm™'.cm?.mole".

Table Il. 60 MHz Nmr spectra of the tungsten complexes in
THF solution (Chemical shifts in & p.p.m. from TMS).

(a) ttaS Complexes H-1 H-2 H-3 H-4
ttaS(H) 7.95 7.23 7.95 7.17
W(CO)sttaS- 7.79 6.95 7.43 6.79
Shift relative to ttaS —0.16 —0.28 —0.52 —0.3¢8
W(CO)ttaS- 7.70 7.04 7.62 6.95
Shift relative to ttaS —0.25 —0.19 —033 —0.22
W(CO)(PPh;)ttaS~ 7.43 6.88 7.43 6.32
Shift relative to ttaS —052 —035 —0.52 —0.85
(b) tta Complexes

tta(H) 7.89 717 7.89 6.58
W(CO)tta- 7.70 7.07 7.63 6.22
Shift relative to tta —0.19 —0.10 —0.26 —0.36
W(CO)s(PPhs)tta~ 7.53 6.63 7.40 5.70
Shift relative to tta —0.36 —054 —049 —0.88

All the complexes react with triphenylphosphine
to form the cis-tricarbonyl derivatives, M(CO);-
(PPhj)L,~, where L~ = tta, ttaS. The molybdenum
and tungsten tricarbonyl complexes are unstable in
solution and, in the absence of excess PPh;, undergo
dissociation to form the parent tetracarbonyls, whilst
the chromium complexes tend to disproportionate
both in solution and in the solid state to form trans-
Cr(CO)(PPh3)..'® These products were readily iden-
tified by their CO stretching bands in the infrared.

The tta and ttaS complexes and their phosphine
derivatives are soluble in highly polar organic solvents

F.A. Cotton and C.S. Kraihanzel, J. Amer. Chem. Soc., 84,

(6)
4432 (1962).
(7y W.]. Geary, Coord. Chem. Rev., 7, 81 (1971).
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and insoluble in water, ether and light petroleum.
They are 1:1 electrolytes in acetone solution (Table
n.om

Nmr spectra. The nmr spectra of the ttaS com-
plexes are consistent with variations in the degres of
electron delocalisation as the ligand changes from
monodentate to bidentate coordination. Comparison
of the nmr spectra of ttaS and W(CO)sttaS~ (Table
I1) shows that all the protons move upfield on com-
plexation indicating a decrease in w electron deloca-
lisation throughout the ligand. The order of increase
of the upfield shifts of protons H-1, H-2 and H-3
suggests that the thiol sulphur is coordinated. Bon-
ding through the oxygen might be expected to effect
H-4 more than H-3.

In the tungsten tetracarbonyl complex (III), the
protons all shift upfield by a similar amount relative
to the free (protonated) ligand (IV). H-3 and H-4
are less affected than in the corresponding pentacar-
bonyl complex indicating that the ligand is more de-
localised (structures (II1) and (IV) are analogous).

The complex W(CO)tta™ also exhibits an upfield
shift of all the protons relative to tta but H-4 cxpe-
riences a larger shift than in the analogous ttaS com-
plex (I11). This may be due to some degree of = back-
donaticn to the sulphur from the metal, which does
not occur in the metal-oxygen bond. Such m back-
donation should result in a greater contribution from
the structure shown in Fig. 1 (b) to the resonance
hybrid.

When a carbonyl group in the complexes (I) and
(LI1) is replaced by PPhs, all the proton recsonances
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Complexes Frequencies Force constants
(a) tta complexes Al B: Al B. B-dike k. k. ¢ k. ke
Cr(CO)tta~ 2003 1889 1852 1795 1601 13.55 15.20 0.39 0.39¢
(m) (s) (s) (s) (m.s) 13.58 15.18 0.38 0.57°%
Mo(CO)itta~ 2008 1894 1850 1792 1596 13.51 15.27 0.40 04034
(m) (s) (s) (s) (m.s) 13.53 15.25 0.38 0.54 %
W(CO)itta 2003 1882 1843 1785 1592 13.41 15.12 0.42 042a
(m) (s) (s) ts) (m.s) 13.42 15.11 0.40 0.56 %
(b) ttaS complexes Al B, E A B-dikeS ki k¢ ke
Cr(CO)sttaS- 2060 1976 1928 1880 1638 14.49 15.77 0384«
(w) (w) (v.s) (m.sh) (m.w)
Mo(CO)sttaS- 2064 1984 1937 1890 1641 14.63 15.89 0374
(w) (w) (v.s) (m.sh) (m.w) ’
W(CO)sttaS~ 2060 1974 1929 1880 1643 14.49 15.76 0.38¢
(w) (w) (v.s) (m.sh) (m.w)
Al B, Al B: B-dikeS ki k;¢ k. k.’
Cr(CO),ttaS- 2008 1904 1870 1810 1612 13.77 15.36 0.37 0,374
(m) (s) (s) (s) (m.w) 13.80 15.34 0.35 0.57°%
Mo(CQ)sttaS- 2008 1909 1866 1808 1605 13.72 15.41 0.35 0354
(m) (s) (s) (s) (m.w) 13.74 15.39 0.33 0.54 0
W(CO),ttaS~ 2005 1899 1860 1800 1600 13.62 15.29 0.38 0.384
(m) (s) (s) (s) (m.w) 13.64 15.28 0.36 0.55°

@ Calculatcd by the method of Cotton and Kraihanzel® o Calculated by the method of Delbeke et al? ¢k, refers to CO groups

trans to the ligand, k. to CO groups cis to the ligand (m.dyne/A).

oulder.

move further upfield with H-4 experiencing the grea-
test upfield shift. Since PPh; is a stronger ¢ donor
than CO and (in d® complexes) a weaker & acid,®
this upfield shift can be explained in terms of forcing
electran density back onto the O and S donor atoms

H
|
Th\c/C\C/CFs
@
| I
8- S\M/O
H
Th\c /é\c /CF3
o I ]
5
N

Th\c/ éa-\C/ %
S
s\M P

Figure 1. Resonance forms of ttaS in metal complexes.

other structures
> inwolving
thienyl group

of the ligands when CO is replaced by PPh;, resulting
in the build up of negative charge on the carbon

(8) L.D. Pettit, Quart. Rev., 25, 1 (1971).

(s) = strong (m) = medium (w) = weak (sh.) = sh

atom attached to H-4 and hence shielding H-4
(Figure 1c).

Infrared spectra. (a) The Region 2100-1500 cm~!
The carbonyl stretching frequencies of the complexes
(I) and (III) are shown in Table III. These are
characteristic of octahedral cis-M(CO);L, compounds
with C;y symmetry.”® We have assigned the modes
on the basis of force constants by using the proce-
dures outlined by Cotton and Kraihanzel® and Del-
heke et al.® The two methods give comparable va-
lues of the stretching force constants ky and k; for the
trans and cis carbonyls respectively (Table III).

Another strong peak appears in the spectra of these
complexes at ca. 1600 cm~! which we have assigned
to the ketonic carbonyl group of the {-diketone or
monothio-B-diketone."

The terminal carbonyl stretching frequencies of the
pentacarbonyls (II) are characteristic of octahedral
Cs symmetry. The appearance of the formally for-
bidden B, mode as a weak shoulder near 1970 cm™'
is probably due to the asymmetry of the ligand ttaS,®
although other explanations have been suggested!®
for the appearance of this mode in similar complexes.

The absorption of medium intensity at ca. 1640
cm~! may be assigned to the ketonic carbonyl group
of the monothio-B-diketone.

The position of the ketonic CO stretch in the in-
frared spectra ofthe penta- and tetracarbonyls of ttaS

(9 (a) F.T. Delbeke, E.G. Claeys, R.M. Caluwe and G.P. Van
der Kelen, /. Organometal. Chem., 23, 505 (1970). (b) F.T. Delbeke,
E.G. Clayes, and G.P. Van der Kelen, ibid., 25, 219 (1970).

(10) M.Y. Darensbourg and D.J. Darensbourg, Inorg. Chem., 9, 32
(1970).

(11) (a) R.K.Y.Ho, S.E. Livingstonc and T.N. Lockyer, Austral.
J. Chem., 21, 103 (1968). (b) M.A. Bush, D.E. Fenton, R.S. Nyholm,
and M.R. Truter, Chem. Commun., 1335 (1870).

Barnett, Cooper | Investigation of Metal-Sulfur and Metal-Oxigen Bonding in Derivatives of the Group VIA Carbonyls



616

Table IV. Solvent Dependence of Infrared Frequencies. (v(C-O) in cm™),

Complex Frequencies Medium eb
Al B, Al B, B-dikeS
Mo(CO),ttaS™ 2012 1911 1861 1800 1600 CHCI, 4.81
2008 1909 1866 1808 1605 CH.CI, 9.08
2008 1904 1874 1816 1605 acetone 20.70
2008 1905 1874 1815 1605 THF —_
2020 1912 1853 1793 1598 Nujol —
A_xz B| E .A\l B—dlkeS
W(CO)sttaS~ 2070 1977 1932 1885 1630 CHCJ, 4.81
2060 1974 1929 1880 1643 CH.ClL 9.08
2057 1967 1921 1882 1640 acetone 20.70
2080 a a a 1624 KBr disc —

aSolid state effects cause extra bands. ? Dielectric const.”

Table V. Carbonyl Stretching Frequencies of PPh; Adducts
in CH:Cl, solution (V(C-O) in cm™).

Complex A’ A’ A”
Cr(€0),(PPhy)tta~ 1888 1803 1770
Mo(CO)i(PPhy)tta- 1890 1792 1756
W(CO)s(PPhs)tta~ 1885 1777 1741
Cr(CQO);(PPh;)ttaS- 4 1903 1820 1795
Mo(CO):(PPh;)ttaS— 1906 1808 1775
W(CO):(PPh;)ttaS- 1900 1802 1763

«THF solution (unstable in CH,CL,).

Table VI. Symmetric and Asymmetric Vibrations of the CF;
groups in Nujol mull. (v(C-F) in em™),

Compound Sym. Asym.
tta 1201 1160
Cr(CO)tta- 1182 1132
Mo(CO)tta- 1188 1144
W(CO).tta- 1190 1145
Cr(CO)s(PPhy)tta~ 1182 1127
Mo(CO),(PPh;)tta~ 1180 1128
W(CO):(PPhy)tta~ 1182 1130
ttaS 1201 1143
Cr(CO)sttaS- 1188 1134
Mo(CO)sttaS- 1188 1125
W(CO)sttaS— 1189 1135
Cr(CO)attaS— 1180 1131
Mo(CO)ttaS— 1180 1120
W(CO),ttaS- 1181 1132
Cr(CQ)s(PPhy)ttaS— 1170 1117
Mo(CO)s(PPhy)ttaS- 1170 1125
W(CO);(PPh)ttaS- 1171 1129

relative to the free ligand (1621 cm™!) is diagnostic
of the mode of coordination."” In the pentacarbo-
nyls the band occurs at higher wavenumber which
suggests monodentate sulphur coordination while in
the tetracarbonyls it occurs at lower wavenumber in-
dicating bidentate chelation.

Further evidence that the ketonic carbonyl group
is not coordinated in the pentacarbonyl complexes is
obtained from-the solvent dependence of the infra-
red spectra of both tta and ttaS complexes (Table 1V).
The uncoordinated ketonic CO group is affected

Inorganica Chimica Acta 7:4| December, 1973

markedly by the solvent while the coordinated keto-
nic CO .groups in the tta and ttaS tetracarbonyls are
relatively insensitive to changes in solvent. This
shows that the ketonic CO groups of the two types
of complexes are in different environments an substan-
tiates the monodentate sulphur coordination in the
pentacarbonyls.

The phosphine substituted tricarbonyl complexes
of tta and ttaS exhibit three terminal CO stretching
bands in the 2100-1500 cm™' region, corresponding
to the 2A” and A” modes of C, symmetry (Table V).©®
The highest A’ mode is very close in frequency to
the B, mode of the parent tetracarbonyl although it
is symmetry related to the A;' mode (Figure 2).

—Mo(CO),ttas™

-- -Mo(CO)JPPhJ"oS_

V4

Transmission

;7 *Peaks dueto
tetracarbonyl

t P

~

-

2000 1900 1800 1700

Frequency -cm™
Figure 2. Comparison of the infrared spectra of tri- and
tetracarbonyl derivatives of ttaS,

The shift to higher frequency results from the addi-
tional component due to the stretching of the CO
group {rans to PPhs. The second A’ mode is equi-
valent by symmetry to the B, mode of the tetracar-
bonyls and is observed at almost the same frequency.

(b) The Region 1500-700 ¢z ~'. The only readily
assigned bands in this region are those of the CF;
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Table VII. Positions and Relative Intensities of v(M-C) and 8§(M-C-O).

Complex V(M-C) (cm™) 8(M-C-0) (cm™)
B1 a A, A[

Cr(CO)tta~ & 389,380 430 — 688 655 619 589
(s) (m) (w) (m) (m.s.) (w)

Cr(CO)4tta~ ¢ 397,375 435 — 680 652 620 585
(s) (m) (w) (m) (m.s.) (w)

Mo(CO)tta™ ® 335 370 399 640 617 570 519
(v.s) (w) (w) (w.sh) (m.w.) (m.s.) (w)

W(CO)tta~© 348 415 —_ 655 600 570 524
(s) (m) (w) (m) (m) (w)

Cr(CO)uttaS- % 405 435 — 679 645 630 612
(m) (m) (m) (m) (m) (m)

Mo(CO)4ttaS- o 338 285 400 639 603 574 559
(s) (w) (w) (m) (m) (m) (m)

W(CO,ttaS- o 355 400 _— 621 596 578 562
(s) (w) (m) (m) (m) (m)
E« A,

W(CO)sttaS- & 383 421 620 600 586 530
(s) (w) (w) (s) (s) (w)

W(CO)sttaS- ¢ 372 415 635 602 580 530
(s) (w) (w) (s) (s) (w)

Mo(CO)sttaS- & 350 395 600 542 — —
(s) (W) (s) (s)

Mo(CO)ttaS- ¢ 365 395 582 555 —_ —_
(s) (w) (s) (m)

Cr(CO)sttaS— 2 452 533 668 657 —_ —_—
(m) (m) (s) (s)

4May be coupled with w(M-O)/v(M-S). ?Sclid state (Nujol mull). ¢ Solution (CH.Cl,) v = very, s = strong, m = medium,
w = weak, sh = shoulder.

group. Table VI shows C—F symmetric and asym- carbonyl complexes./”¥ To assist us in making these
metric vibrations® for the complexes of tta and ttaS, assignments we have attempted to apply the general
compared to the free ligands. Both frequencies rules'™® that, (a) v(M—C) + v (C—O) = constant,
decrease on coordination. In the ttaS complexes the (b) §(M—C-0) occurs at higher frequency than
decrease is greatest for the tricarbonyls and least v(M-C).
for the pentacarbonyls. Similarly the tta tricarbonyls We also expect some coupling between the symme-
show a greater shift in this frequency than the corre- try related modes of w(M-S), v(M—0O) and w(M-C).
sponding tetracarbonyls. For example it is very likely that the intense B; M—C
The tetracarbonyl and tricarbonyl complexes are stretching mode contains a considerable contribution
expected to give rise to lower CF; vibrational fre- from w(M--O).
quencies than the pentacarbonyls, since this group is The M—C stretches for the tta and ttaS tetracarbo-
closer to the site of coordination in the former com- nyl complexes are difficult to correlate, in that these
pounds. The further shifts which occur when PPh, bands occur at higher wavenumber in the ttaS com-
is substituted for CO correlate with the changes in plexes than in the tta analogues whereas the rule (a)
delocalisation inferred from the nmr spectra. In- would predict the opposite effect. This unexpected
creased localisation of charge (Figure 1(c)) throughout order of the M-C bands has been noted in other
the ligand would result in accumulation of §4- charge systems. For example, in the complexes M(CO)sL
adjacent to the CFs; group, causing ¢ withdrawal of where L represents a series of ligands with different
electron density from the C—F bond. donor atoms the expected reciprocal dependence of
Although the CFs groups are well removed from v(C-0) (E mode) on w(M—C) (E mode) was nct ob-
the site of coordination they are nevertheless sensi- served."? A rationalisation of this was put forward
tive to variations in metal-ligand bonding. by Brown and Dobson on the basis of Fenske and
DeKock’s concept''® of "direct donation” from ligand
(c) The Region 700-250 cm~'. Absorptions corre- o orbitals into the =* orbitals of the cis carbonyl

sponding to v(M—C), 8§(M—C—-O) and v(M--L) occur groups.
in this range, ® and we have made tentative assign-
ments (Table VII) of some of these bands by compa-
rison with other 3-diketone and monothio-B-diketone

Solvent Dependence of Infrared Spectra. A plot
of the terminal carbonyl stretching frequencies of

Mo(CO\ttaS~ (Table 1V) against 2 where

(12) (a) L.]. Bellamy *’The Infrared Spectra of Complex Molecules’
Methuen (1966).
(b) C.N.R. Rao ’’Chemical Applications of Infrared Spectro- (14) M.K. Cooper and G.H. Barnett, unpublished re;ults

scopy’’ Academic Press, Necw York and London, 1963. (15) R.A. Brown and G.R. Dobson, Inorg Chim. Acta, 65 (1972).
(13) D.M. Adams ’’Mctal-Ligand and Related Vibrations’’ Arnold (16) (a) R.F. Fenske and R.J. DeKock, Inorg. Chem., 9, 1053 (1970).
London, 1967. (b) R.F. Fenske and M.B. Hall, ibid., 11, 1619 (1972).
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e is the dielectric constant of the medium 7 is shown
in Figure 3. The A:'V and B, modes (Figure 3(a))
which represent the stretching of the equatorial (trans
to the diketone) CO groups increase markedly in

frequency with increasing solvent polarity, whilst the
A1® and B, modes of the axial groups exhibit the

L 1820
v(c-0) ,P vic-0)
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5 ’
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Figure 3. Carbonyl stretching frequency [W(C-O)] versus
(e—1/e+2) for Mo(CO).ttaS-. (a) A0 and B, modes-
cm~. (b)) AQ and B, modes-cm—'.
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Figure 4. Carbonyl stretching frequency [W(C-O)] versus
(e—1/e+2) for W(CO)sttaS~. (a) A and B.O modes-
cm-'. (b) A;’0O and EQ modes-cm™'.

(17) ”"The Handbook of Physics and Chemistry’® Ed. R.C. Weast,
The Chemical Rubber Co. 1971.
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expected decrease in frequency with increasing sol-
vation.'® These results are typical of all the tetra-
carbonyl complexes.

A similar plot for the pentacarbonyl complex
W(CO)sttaS~ (Figure 4) shows a decrease in the A%,
B\ and E modes with increasing polarity of the solvent,
whilst the A, mode representing the trans CO group
remains virtually unchanged. The Cr and Mo com-
plexes exhibit similar changes.

The phenomenon of increasing stretching frequen-
cy with increasing solvent polarity has been reported
for nitrosyl chloride,® some metal carbonyl hali-
des™® and Mo(CO)4bipy,""» and has been explained in
the case of the carbonyl halides by assuming specific
solvation of the metal-halogen bond."® It has been
suggested that the more polar solvents augment the

B+ 56—
M—C-O dipole"® thereby decreasing the C—O bond
strength and perhaps increasing the M-C bond
strength. Recent evidence™ based on reactivity of
the carbonyl carbon shows that lowering of the C-O
bond strength by increased w-back-donation tends to
neutralise the positive charge on the carbon atom.
This suggests that the dipole which is being solvated

5 5
is l\}i—C—O and thus solvent interactions will take
place mainly at the O™ . The effect should still
decrease the C—O bond strength.

In Mo(CO)ttaS— this is observed only in the axial
CO groups. Although it presumably operates in the

equatorial CO groups as well, the changing polarity
5+ 8- 5+ &
of the M—S and M-O bonds with increased solvent

polarity is the dominant effect. Since the diketone
has a formal negative charge increased solvation should
stabilise this charge on the ligand and thus make it
a poorer ¢ donor. This would result in a decrease in
the M—C bond strength of the equatorial CO groups
and would adequately explain the trends shown in
Figure 3(a).

In the pentacarbonyl complexes the constancy of
the A;! vibration probably results from a similar

5+ 5—
effect, the decrease due to solvation of M—C—~O being

8 —
offset by the solvation of the 1\71—88 bond. Further
support for this rationale is to be found in the sol-
vent dependence of the carbonyl stretching frequen-
cies of Cr(CO)s piperidine.®¥ In this case the A;!
vibration does decrease with increasing solvent pola-

5+ 5
rity since the M—C-O solvent interaction now do-
minates any effect due to the solvation of the piper-
idine moiety.

" It thus szems clear that solvent shifts in substituted
metal carbonyls depend not only on solvation of the

&+ 5—
M—-C-0O groups but also on the charge distribution
over the substituent ligands.

Bonding. The presence of a sulphur donor in the
monothio-B-diketone ttaS, introduces the possibility

(18) L.A.W. Hales and R.|. lrving, Spectrochim Acta (A), 23,
2981 (1967)

(19) L.M. Haines and M.H.B. Stiddard, Adv. in Inorg. and Ra-
diochem., 12, 53 (1969).

(20) D.J. Darensbourg and M.Y. Darensbourg, Inorg. Chem., 9,
1691 (1970).
(19%;) R.J. Dennenberg and D.]. Darensbourg, Inorg. Chem., 11, 72



of metal to sulphur dr—dn back-bonding which can-
not occur in the oxygen analogue tta. In the carbo-
nyl complexes of these ligands, ttaS might be expec-
ted to give rise to higher values of the carbonyl stret-
ching force constants k; and k,* than tta, due to
M-S = bonding. However tta (pK. 8.64)"® is a
stronger ¢ donor than ttaS (pK. 7.05)"® and this
should also lead to the high values of k; and k: for
the ttaS complexes, as shown in Table III.

A comparison of the values of these constants for
M(CO)ttaS— with those for M(CO)stta~ (Table VII)
shows that Ak;> Ak, as expected on the basis of sim-
ple = bonding arguments. Isotropic ¢ bonding diffe-
rences would influence the axial and equatorial car-
bonyls equally, whereas the greater degree of “direct
donation”® from the ¢ orbitals of ttaS into the w*
of the remaining CO groups would be expected to
affect k, more than k;. The possibility of “direct do-
nation” cannot be ruled out but of the two anisotro-
pic effects = bonding must be greater in magnitude.

The relative positions of the M—C stretching mo-
des in the tetracarbonyls (Table VII) provide some
evidence for a component of “direct donation” bet-
ween ttaS and the CO groups.”? The observed in-
crease in the M—C stretching frequencies of M(CO)s
ttaS~ relative to M(CO)tta~ is in agreement with
ttaS being a stronger “direct donor” than tta,!®
Although = bonding alone would have the opposite
effect, we cannot rule out the possibility that cou-
pling ‘with other modes e.g., 8(M—C—0O) might ac-
count for the relative positions of w(M—C).

Two qualitative methods have been proposed for
evaluating thc ¢ and w contributions to the metal-
ligand bond in the pentacarbonyl complexes, M(CO)sL.

Graham™® has suggested the following relation-
ships,

Ak1=AO'+2ATt (§))
Ak;=Ac+ Ax 2

A recent modification of these which eliminates o
effects has been put forward by Brown and Dobson”
and is based on the concept of “direct donation”.
They suggest

Ak, =2An (3)

Ak,=Ad+ A= 4)
(where Ad is the change in « direct donation »).

We have calculated the = contribution to the bon-
ding of ttaS in W(CO)sttaS— using both these appro-
aches (Table IX). For comparison we have also ex-
amined the carbonyl stretching force constants {from
data obtained in CH,Cl, solution) of a series of com-
plexes W(CO)sRCO,~® for which = bonding should
‘be negligible. In these calculations the complex
W(CO)sHCO;~ has been used as a reference. The
Graham ¢ and = parameters indicate that the carbo-
xylates are weak ¢ donors and good = donors, whe-
reas the method of Brown and Dobson shows that
these anions have negligible © effects and are in ge-
neral poor “direct donors”. Although the values of

(22) W.A.G. Graham, Inorg Chem., 7, 315 (1968). .
(23 W.J.Schlientz, Y. Lavender, N. Welcman, R.B. King and
].K.Ruff, J. Organometal. Chem., 33, 357 (1971).
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Table VIIl. Values of ki, and k; for M(CO)ttaS~ relative to
M(CO)tta (m-dyne/A).

Metal Ak, Ak,
Cr 0.22 0.16
Mo 0.21 0.14
w 0.21 0.17

the Graham o parameters fit the expected gradation
in ¢ abilities of the oxygen ligands we favour the
conclusions based on the Brown-Dobson method.
Molecular orbital calculations by Fenske® for metal
carbony!l halide complexes have shown that although
the Graham parameters indicate that the halide ions
are © donors,™ the trends in the parameters are best
explained by invoking “direct donation” from the
halogen to the cis CO groups.

With regard to ttaS, the Brown-Dobson parameters
show that relative to the formate ion, the monothio-
fB-diketone acts as a strong ™ acceptor. As a “direct
donor” it is also marginally better than formate ion
and very much better than the fluorinated carboxy-
lates. We have confirmed these properties in a num-
ber of other monothio-8-diketone complexes.!¥

Conclusions

From the infrared and nmr spectra of the tetra-
carbonyl and pentacarbonyl complexes of ttaS we
have obtained evidence for both © bonding and
“direct donation” between the metal and the mo-
nothio-B-diketone. In gengral sulphur is a better
direct donor” than oxygen which is to be expected
since the o orbital of sulphur is larger and less direc-
tional than that of oxygen. We suggest that M-S
back bonding is responsible for the differences bet-
ween the nmr spectra of W(CO),ttaS~ and W(CO),tta”
and this is substantiated by the large positive ® pa-
rameter calculated from the infrared data for W(CO)s-
ttaS-.

The infrared data for all the complexes were ob-
tained from dichloromethane solutions and in view
of the predictable solvent dependence of these data,
the results are reasonably self-consistent. However,
comparison of the complex Cr(CO)spiperidine®” with
the carboxylate complexes (Table 1X) results in ridi-
culous values of the m parameter, even though the
same solvent was employed in both cases. It should
be noted that the piperidine and carboxylate com-
plexes are neutral and anionic respectively and we
believc that self-consistent results can only be obtai-
ned by comparing complexes of the same charge.

Experimental Section

Thenoyltrifluoroacetone (tta) and chromium hexa-
carbonyl were obtained from Fluka A.G. Buchs S.G.
Molybdenum and tungsten hexacarbonyls were obtai-
ned from B.D.H. The solvents were purified and
dried by conventional methods.®

(24) D.D. Perrin, W.L.F. Armarego and D.R. Perrin, *’Purification
of Laboratory Solvents ' -Pergamon (1966).
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Table IX. (i) Ac and An parameters of W(CO);L relative to W(CO)HCO,.*

Ligand k€ ky € Aga A a Ad? Am b
HCO:- 13.89 15.50 —_ _— — —_
CH,CO;~ 13.83 15.56 +0.06 —0.12 +0.09 —0.03
C.H;CO,~ 13.98 15.68 +0.27 —0.09 +0.13 +0.05
C¢HsCO;- 13.80 15.58 +0.25 —0.17 +0.13 —0.05
CF:CO;~ 13.96 15.71 +0.35 —0.14 +0.17 +0.04
C,F;CO;~ 13.85 15.64 +0.32 —0.18 +0.18 —0.02
CsFsCO,~ 13.94 15.70 +0.35 —0.15 +0.17 +0.03
ttaS- 14.49 15.76 —0.08 +0.34 —0.04 +0.30

(if) Cr(CO)sL relative to Cr(CO);CF;CO;".

CF;,CO;,~ 13.92 15.71 — — —
ttaS- 14.49 15.77 +0.52 —0.24 +0.29
piperidine 14.61 15.69 +0.71 —0.37 +0.35

2 Graham Ac and Aw* 5 Brown-Dobson Ad and Aw* ¢Calculated by the Cotton-Kraihanzel method.® * Positive values of
Acg, A and Ad indicate that the ligands are better acceptors than the reference. Negative values imply that the ligands are

better donors.**

Infrared spectra in the region 4000-250 cm~! were
recorded on a Perkin-Elmer 457 Grating Infrared
Spectrometer in Nujol mulls on CsI plates and in
solution in KBr cells (0.1 mm). Above 600 cm™!
polystyrene peaks were used to calibrate the instru-
ment. The calibrant below 600 cm™' was indene. Fre-
quencies are believed to be accurate to £1 cm™.

The nmr spectra of both the ligands and the com-
plexes in tetrahydrofuran solution were run on a
Varian A60 Spectrometer.

Conductivity of the complexes ca. 107*M in THF
were measured with a Mullard conductivity bridge
and dip-type bright platinum' electrodes.

Microanalyses (Table 1) were performed by the
C.S.I.LR.O. Microanalytical Service, Melbourne (Au-
stralia) and Alfred Bernhardt, Microanalytical La-
boratories, Elbach (W. Germany).

The complexes NEt[M(CO)Cl] were made under
nitrogen by the method of Abel, Butler and Reid,®
the ligand ttaS was prepared as described by Living-
stone et al. " and the thallium complexes TI(tta)
and TI(ttaS) by the procedure of Hartmann, Kilner
and Wojcicki.®™  Other preparations were carried
out in an inert atmosphere (N;) dry box, as follows.

Pentacarbonyl complexes of monothiothenoyltrifluo-
acetone. TIttaS (0.4 g: 1.0 mmole) in diglyme (10
ml) was added to a solution of NEt,[W(CQO)sCl]
(0.4 g; 0.9 mmole) in diglyme (10 ml). The solution
rapidly turned deep orange-red and a precipitate for-
med. After stirring for 10 minutes the solution was
filtered through microcrystalline cellulose and petro-
leum ether (50 ml) was added slowly to the filtrate
with stirring. Red needle-like crystals rapidly formed
and were filtered off and washed succesively with
diisopropyl ether and petroleum ether then dried by
suction. Yield 0.5 g.

The molybdenum and chromium complexes were

(25) E.W. Abel, 1.S. Butler and J.G. Reid, J. Chem. Soc., 2068
(1963).
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prepared similarly but in ethanol and with the reac-
tion period reduced to 5 minutes to inhibit the for-
mation of the tetracarbonyl complexes.

Yield of NEt[Mo(CO)sttaS] 01¢g
Yield of NEt.[Cr(CO)sttaS] 02 g

Tetracarbonyl complexes of tta and ttaS. These
were prepared by the same method as that used for
the pentacarbonyls but in diglyme at 60-80°. Addi-
tion of petroleum ether tc the filtrate produced an oil
which was dissolved in a minimum volume of ethanol.
Cautions addition, with stirring, of diisopropyl ether
and finally petroleum ether gave intensely coloured
crystals of the product. Yield 0.2 to 0.4 g.

Tricarbonyl complexes. The tetracarbonyl com-
plexes prepared as above were treated with a twofold
excess of triphenvlphosphine in tetrahydrofuran at
40°. The solutions changed colour and after 10-15
minutes were filtered through microcrystalline cellu-
lose. Diisopropyl ether was added slowly with stir-
ring to the filtrate, giving crystals of the tricarbonyl
complexes, which were filtered off and washed
thoroughly with diisopropyl ether and petroleum
ether.

Molecular weight of NEt,J]W(CO)sttaS). The spa-
ce group and unit cell dimensions of the complex
were determined by standard-X-ray photographic tech-
niques on a single crystal. From these data.and the
density of the crystals the molecular weight was cal-
culated to be 708. The theoretical value for N(C:Hs)s
[W(CO)5C3H4F3820] IS 69139
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