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Summary

‘The preparation and properties are reported of M(CO),(RN=S=NR) (M = Cr,
Mo, W; R = i-Pr, t-Bu), in which the ligand is bidentate and in the frans,trans
configuration, and of M(CO)s(RN=S=NR) (M = Cr, W; R = Et, i-Pr) in which
~ the sulfurdiimine is monodentate and in the cis, trans ccnfiguration. In both
‘cases the ligand is linked to the metal atom via the N-atom(s). With M(CO)s-

(MeN=S=NMe) a second isomer is found in which the sulfurdiimine is probably
bonded via the S-atom to the metal. All the pentacarbonyl compounds are ,
fluxional; this is attributed to a gliding movement of the metal atom along’ the
N=S=N system. ,

- Both W(CO)q(t-BuN——S-N-tBu) and W(CO)S(MeNos—NMe) show vibronic
coupling of metal to ligand charge transfer transitions with sulfurdiimine vibra-
tions, as shown with Resonance Raman, but only for W(CO)S(MeN—-S—NMe) also
with the symmetric mode of the equatorial carbonyl groups. The metal—sulfur- -
diimine bond appears to be weak for M(CO)S(RN—-S N R) but strong for. . -

‘ M(COL(RN-—S-NR) , R

; Introductlon

B Prevmus work on sulfurdumme compounds of Pt(II) [1 2 4], Pd(II) [3], Rh(I)
f and Ir(I) 4] has shown that su]furdmnme in the trans trans conﬁguratlon may =

- be bonded as a monodentate or bxdentate hgand [4] In the cis,trans. confxgura
,,}_tlon the hgand can only behave as a monodentate hgand- Two_xsomers" however ,
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Fig. 1. Known modes of coordination of sulfurdiimines to a metal atom. The Roman numerals have been
assigned in ref. 1.

are generally found depending on which N-atom is bonded to the metal atom
[1—4]. (Fig. 1).

‘Extensive 1H and 13C NMR studies have shown that the isomers in which the
sulfurdiimine is monodentate may interconvert intermolecularly, or intramole-
cularly by means of various different movements of sulfurdiimine [1—4].

In order to investigate other possible bonding modes (e.g. via S or via the
N=S double bond), complexes of zerovalent metals are also being investigated.
In the course of this work the compounds M(CQ),(t-BuN=S=N-t-Bu) (M = Cr,
Mo, W) were reported by Lindsell and Faulds [5], who made tentative proposals
for the structures on the basis of '"H NMR and IR. These and other compounds
of formula M{CO),(RN=S=NR) were prepared independently by us by different
methods, as well as a new series of compounds of formula M(CO);(RN=S=NR).
Crystal structure determinations on W{CO).,(t-BulN=S=N-t-Bu) [6] and W(CO);-
(MeN=S=NMe) [7] and extensive spectroscopic studies (*H and !*C NMR, IR,
UV, Raman and Resonance Raman) give insight into the bonding of both series
and on the fluxional movements of the pentacarbonyl compounds.

Experimental

All reactions were carried out under an atmosphere of dry oxygen free
nitrogen. Solvents were dried and deoxygenated with the utmost care.

Preparation of M(CO)s(THF) (M = Cr, W)

- The compounds M(CO)s(THF') were prepared according to the literature [8]
by the UV irradiation of M(CO), (10 mmol) in tetrahydrofuran (300 ml), while
‘N, was bubbled through the mixture. After 24 h 80—90% conversion to M(CO)S-

(THF) was achleved

’ Preparatzon of M(CO)S(RN=S"NR) (M =Cr, W R = Me, Et i-Pr)
_Sulfurdiimine (3 mmol) was added to a cooled (—20°C) THF solutlon (100
: ml) of M(CO)S(THF) (3 mmol). The reaction mixture was allowed to stand for
‘1h at room temperature after which the solvent was removed under vacuum. = -
~Thered oﬂy residue was ‘dissolved in pentane (175 ml) and filtered. W(CO)S B
.‘.(DMSD) (DMSD dl.methylsulfurdumme) crystalhzed out at -—-20°C as large red
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- ‘crystals (yield 65%). The other products were isolated as red oils in similar

yields. Cr(CO)s(DiPrSD) (DiPrSD = di- isopropylsulfurdiimine) must be kept in -

- the cold, as otherwise the compound is- slowly converted into Cr(CO),;(DiPrSD).

“The oils could not be further purified owing to their instability. Analyses, how-
ever, were generally satisfactory. Some impurities are probably present in Cr(CO)s-
(DESD) (DESD = diethylsulfurdiimine) and Cr(CO)s(DiPrSD) (Table 1). With
Mo, pure compounds could not be obtained, although spectroscopic data show
their existence in solution.

Preparatzon ofM(CO)4(RN—S NR)(M=Cr,R = t-Bu, z-Pr M=Mo, W; R =
t-Bu)

Method A. The preparation is analogous to that of the pentacarbonyl deriva-
tives. When R = i-Pr the THF solution was allowed to stand for several hours at
room temperature. Greenish looking crystals were obtained from pentane solu-
tions. Metal hexacarbonyl was removed under vacuum. (Yields of about 40%.)
W(CO).(DiPrSD) could not be isolated, but was identified using NMR and IR.

Method B. Sulfurdiimine (2 mmol) was added to a stirred suspension of
[M(CO)sClINEt, [92] (2 mmol). Reaction times of 4 h at 80°C, and 40 h at
20°C were used for W and Mo respectively. With Cr reaction only occurred on
addition of NaBPh,, after which the solution was allowed to stand for 40 h at
20°C. After filtration and evaporation of the solvent the products were recrystal-
lized from pentane. The yields of 10 to 20% could be raised to 20 to 40% by
the addition of NaBPh, (2 mmol) to the reaction mixture.

A different preparative method was described by Lindsell and Faulds [5].

The compounds M(CO);(RN=S=NR) are photosensitive and very sensitive
to moisture. They are soluble in common organic solvents. The tetracarbonyl
metal derivatives may be sublimed, while the pentacarbonyl compounds decom-
pose in vacuum.

The C and H analyses were carried out in this laboratory (Table 1)..

'H NMR spectra were recorded with Varian HA 100, XL-100 and T 60
spectrometers; !*C NMR spectra with a Varian CFT-20 spectrometer. IR spec-
tra were recorded with Beckmann IR 7 and IR 12 spectrophotometers and

@

TABLE 1
ANALYTICAL DATA FOR M(CO),(RNSNR) (x = 4, 5)

Compound Dec. Analysis found (calcd.) (%)
: temp. CC)
C H
W(CO)4(DBSD) 125 30.45 (30.65) 3.82 (3.86)
W(CO)5(DiPrSD) oil 28.16 (28.10) 3.33 (3.00)
W(CO)s{DESD) oil 24.76 (24.45) 2.22 (2.28)
W(CO)s(DMSD) " 50 ) 20.61 (20.31) 1.55 (1.46)
Cr(CO)4(DBSD) _ 95 = - . 41.97 (42.60) 5.46 (5.36) ,
-Cr(C0O)4(DiPrSD) 176 |- .3B.60 (38.71) 4.93 (4.55)
Cr(CO)5(DiPrSD) © 7 oil T 37.54(39.05) ' 38.97(4.17)
" CI(CO)s(DESD) - = oil © '33.31.(34.85) ' 3.66 (3.25)° -
Cr(CO)s(DMSD) = . - oil = -~ ..29.30(29.79) 2.32(2.14)

'Mo(CO)i(DBSD)" . . "- 86 ..° _ 38.02(37.70) . 4.68(4.75) .




1mme)‘and of- W(CO)S(DMSD) were recorded for 2 X 10' M solutlons m ben- g

ne; using benzene as an internal standard.
' The electromc absorptlon spectra were recorded on a Cary 14 spectrophotom— :

k ; Results

:'H and *3*C NMR spectra o
. M(CO)4(RN—S—NR) (M = Cr, Mo, W R= z-Pr tBu) The: complexes M(CO)4
(RN—S—-NR) are formed for R = t-Bu, and in the case of Cr also for R =i-Pr,
. but not for R = Me and Et. The R groups are equivalent as is shown by 'H and
13C NMR (Tables 2 and 3 and Fig. 2).
" The chemical shifts are solvent dependent {Table 2). From the NMR data and
other data (vide infra) it was concluded that the sulfurdiimine is bonded as a bi-

.- dentate ligand and this was confn:med by a single crystal X-ray determination

[6] (Fig. 3).

© M(CO)s(RN=S=NR) (M = Cr, W; R = Me, Et, i-Pr). The '3C and 'H NMR
- data (Tables 3 and 4) show the existence of one isomer if R = Et or i-Pr for both

Cr and W. This isomer has two non-equivalent R groups at —25°C.

' Two isomers In unequal ratio were observed for M(CO)s(DMSD). The most
abundant isomer has two nonequivalent R groups while the less abundant isomer,
as is particularly clear from the '*C NMR spectra (Table 4), has equivalent R

" groups even at —60°C. Both NMR and IR data showed that for R = Me and Et
no tetracarbonyl species are present.

The compounds with the two non-equivalent R groups probably all have the
structure shown in Fig. 4, which was determined for W(CO)s(DMSD) by a single

- crystal X-ray investigation [7]. The sulfurdiimine is monodentate and in the -

- cis, trans-configuration. The structure is similar to that of [PtCl,(DBSD)(C,H,)]
[10]. :

The structure of the second less abundant isomer of W(CO)s;(DMSD) with

TABLE 2
lH NMR DATA FOR M(CO)3(RNSNR) ‘ppm rel. to TMS)

Cornpound Solvent N—CHj3 , resonances of R (CH3), resonances of R J (Hz)
VI vir
W(CO)4(DBSD) ’ C+Dg ’ 1.18s
L CDC13 1.58s
Cr(CO)4(DBSD) CiDg 1.25s
; - CDCl3 . 1.55s
Mo(CO)4(DBSD) ‘C7Dg ) ' ©1.17s
. - . "CDCl3 _ ©1.57s )
W(CQ)4(DiPrSD) C4Dg | .3.04h : : 0.87d o p 6
Cr(C0)4(DiPISD) ~ - CsDsg__ 3.74h R 1184 Y

s, 'singlet; d, doublet{ h, heptet. .
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" Fig. 2. The assignment of the R groups for configurations I, VI and VIII of Tables 2, 3 and 4.

"~ the two magnetically equivalent R groups is less certain. On the basis of the NMR

. spectra the most likely structure involves a sulfur-coordinated ligand with the
R groups in the trans,trans-configuration (configuration VI of [1], Fig. 5), or
-~ much less likely, with the R groups in the cis,cis configuration. In principle the
ligand may also be in the cis, trans configuration, but then one has to assume a

very rapid inversion at both N-atoms or, less likely, rotations about both N=8
bonds. These movements, however, have never been observed below —45°C for

N-coordinated monodentate sulfurdiimines [1,3,4]. Nevertheless they are not
rigorously excluded, as e.g. inversions might be more rapid for S-coordinated

. sulfurdiimines.

- The complexes W(CO)s(RN=S=NR) become fluxional at temperatures of
about —6, 8 and —5°C for R = Me, Et and i-Pr respectively. The second isomer
participates in the process, as is clear from Fig. 5.

With Cr(CO)s(RN=S=NR) the fluxional movements commence at about 25
and 0°C for R = Et and i-Pr respectively. The situation for R = Me could not be
studied very well as the '"H NMR signals are broad. It seems, however, that the
complex is not fluxionai below 30°C. All fluxional processes are intramolecular,
as the changes of the line shapes with the temperature are independent of the
concentrations of the complex and of added free ligand, while for R = i-Pr,
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B ‘, TABLE P

Vj-lH NMR DATA FOR M(CO)s(RNSNR) (ppm. :el to TMS in C7D3) T
A very.br broad; g, quartet; h, heptet: t, triplet: d, doublet..

o Cdxhpound" I t N—CH3_,, resonances of RS (CH3), reSonf'inces of RS J (Hz)
cloE co — , - ,
: Ia Ib Ia’ - . Y
. W(CO)s(DMSD) ¢ 30 -3.15(¢br) 2.83(br) .
. - - —25 2.97q 2.58q - 1.4
W(CO);(DESD) 30 3.85(br) 3.55(br) 0.98t? ) -7
. —25 3.76q 3.12q 0.91t 0.82t 7
W(CO)s5(DiPrSD). 30 =4.70(vbr) 2=3.70(vbr) 1.114 b 6
. —25 4.77h 3.44h 0.944 0.834 6
Cr(CO)s5(DMSD) - 30 3.00(br) 2.91(br)
—25 2.83(br) 2.77(br)
Cr(CO)5(DESD) 30 3.64(br) 3.21(br) 0.96¢t 0.84t 7
—25 3.50q 3.00q 0.98t 0.72t T
Cx(CO)5(DiPrSD) —25 4.84h 298h 0.99d 0.744 6

@ Assignment by analogy with [PtCIL,(RNSNR)L] {1]. b Collapsed signals. € The signal of the symmetric
isomer VI lies at 2.86s ppm at —25°C. =

where Cr(CO)4;(DiPrSD) and Cr(CO)s(DiPrSD) exist together, no exchange be-
tween the two complexes was observed on the NMR time scale from —60 to
50°C.

Electronic absorption spectra

Apart from ligand-field and metal to carbonyl charge transfer bands the
spectra (Table 5) of all compeunds possess an extra CT band at lower energy.
These CT bands are far more mtense for M(CO).(RN=S=NR) than for M(CO);-
(RN=S=NR).

M(CO),(RN=S=NR). The intensities of these CT bands are high and not
solvent dependent. While the CT bands of the Cr and Mo compounds are shifted
to higher frequency in polar solvents, W(CO),(DBSD) does not show any
solvent shift.
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:' ELECTRONIC ABSORPTION SPECTRA OF M(CO)4(B.NSNB.) AND M(CO)s(RNSNR)

:Compound i SLamall T mMeL
‘Cr(CO)s(DMSD) 23'900 (2 000) - . 19 500 (1 600)
Cr(CO)5(DESD). . 24 000(2'400) - 19 600 (1 300)_
-Cr(CO)5(DiPrSD) - 25 300 .. 20000

“ W(CO)5(DMSD) - .24 800 (3 500) - - 19 700 (3 600)
W(CO)s(DESD) 26 400 (2 000)° . 20000 ( -700)
W(CO)s(DiP1SD) - 25 800 (2 500) -~ 20 100 (1 500)

“Cr(C0)4(DIiPISD) - 22 700 (2 000) " 17 400 (15 000)

_Cr(CO)4(DBSD) 23100 (2 100) :- "~ 17 200 (15 000) -
Mo(CO)4(DBSD) 25 400 (3 000) .- .18 200 (20 000)
W(CO)4(DBSD) - 24700 (3 700) 19 300 (19 000)

Values in cm‘l The molar extinctions, in paxentheses, are not very accurate because of some decomposx- .
txom .

from W(CO);(DMSD) to the less stable W(CO)s(DESD) the intensity of the
band decreases appreciably. Furthermore, the much less stable Mo compounds,
which have only been observed in solution, hardly show this CT band as can be
seen from Fig. 6.

Infrared and Raman spectra

Since many of the compounds decompose in the laser beam, even w1th the
use of a spinning cell {11}, the vibrational results are mainly denved from IR
spectra. (Tables 6 and 7).

The C—O stretching vibrations could readily be a551gned by comparison with
literature values and by the solvent dependence of the trans-CO stretching
models [12—14]. The assignment of v(M—C) for M(CO)s(RN=S=NR).is tenta-
tive and based on recent results of Dobson et al. [15]. The §(MCO) frequencies

© Absorbance - ——es-

’ .4000 ~ 4500

.-g_,-'——-—-)umR) . -

._'Fxg. 6. The electromc absorptxon svectxa of. W(CO)s(DMSD) in n-C-;Hls (a). W(Co)s(D SD) in CH201
"(b) and £ Mo(CO)s(DESD) ln CH;CI . ;
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CTABLES .t o . S o -
',VIBRATIONAL FREQUENCIES OF VS(NSN) AND ﬁ(NSN) FOR THE FREE AND COORDINATED
_SULFURDu\nNEs (m cm’ ‘) T ] ) S A T L

“'pDMSD’ .. . “DESD © . _;Siéysvn-rbf*- S .DBSD
.Vu SO P 5 p e u_ 5'9 o 5
"L 1075 . . 807 1071 - 773 - - 1056 - 756. ° 1066 . - 678 -
.CHCO)sL - 1082 805 . . 1055 B I R '
W(CO)sL' - . 1060 = ~809 - - 1056 .~ 770 1023 - S
Cr(CONL S : 1095 - 852 1090 - 755
Mo(CONL . - : ' o f .. 1080 ' 776 .
- W(CO)4L o : 1070 - 776 .

% Raman results from CgHg solution. b see also [11.€ In the light oi the above results the assxgnments of
Lindsell and Faulds {5]. obtained from IR spectra on M(CO)q(DBSD) appear to be doubtful. .

of both types of compound and the »(M—C) values of M(CO)4(RN=S=NR) are
in close agreement with literature results [12,16,17]. The results in Table 8 show
that large frequency shifts for ligand vibrations are only found for §(NSN) in -
the tetracarbonyl compounds, when a shift of about 100 cm"l to higher frequen—
cies is observed.

Resonance Raman spectra

The resonance Raman spectra have been studied for W(CO), (DMSD) ar.d
W(CO)4(DBSD) (see Fig. 7 and 8 and Experimental).

Although v (NSN) is very weak with respect to §(INSN) the pentacarbonyl ,
compound shows intensity enhancements for v,(NSN), 6(NSN) and for the sym-
metric CO stretching mode of the equatorial carbonyls on approaching the
maximum of the CT band at about 500 nm. Figure 7 shows that the maxima -
of the excitation profiles nearly coincide with the maximum of the CT band and

a103t
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Fig. 8. Resonance Raman spectra of W(CO)4(DBSD). Intensities of v, s(NSN) (—-—-— ) and S(NSN) (------ )

relative to the 992 em™! band of benzere.

that the resonance enhancement is proportional to the molar extmctlon coeffi-
cient €.

Resonance Raman effects for W(CO)4(DBSD) are found for a number of vibra-
tions, but are especially large for v ,(NSN) and §(INSN). Just as for W(CO);(DMSD)
the intensity enhancements are proportional to € and the maxima of the excita-

_tion profiles nearly coincide with the maximum of the CT transition (Fig. 8).
Contrary to the resuits for the pentacarbonyl compound, hardly any CO vibra-
tion could be observed for W(CO),(DBSD), while both »,(NSN) and §(NSN)

- are strong
DlSCllSS_lOD

- The first point of interest is that the sulfurdiimine acts preferentially as a
bidentate ligand. if R is a bulky group (i-Pr and t-Bu), while the monodentate

A 51tuat10n is observed for R = Me and Et and also for R = i-Pr. Therefore great -

: 51mllant1es exist with the prev10usly reported compounds ‘of Rh(I) and Tr(I) [4],
“in which for R =t-Bu the sulfurdiimine also prefers the b1dentate lmkage owmg

__}_ no doubt to less steric hmdrance with the other ligands.

The ﬂux10na1 behavmur of M(CO);(RN= S—NR), which mvolves the mtercon—*

.__;verswn of the R.groups between different sites, cannot be explained by the

~N—N jump-: process observed for [PtClz(RN—S—NR)L] [1]. The latter. process

: proceeds via an intermediate in which the sulfurdiimine is bidentate and in the -

trans trans-conflguratlon, and Whlch therefore is unhkely to occur for M(CO)S .
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Fig. 9. The proposed mechanism for the intramolecular interconversion of the R groups pf M(CO)5(RNSNR).

the sulfur atom. This can also explain the involvement of the second isomer of
W(CO)s(DMSD), for which an S-bonded structure was proposed.

It is noteworthy that this process is very similar to the movements of the
allene group in [Fe(CO),(TMA)] (TMA = tetramethylallene) [17] and in [PtCl,-
(TMA)L] [19,20]. The influence of R on the process is irregular, and wiil not
be discussed, as too little is known about the relative importance of the various
steps.

The bonding properties will be discussed on the basis of the spectroscoplc and
structural data (Fig. 3 and 4).

In W(CO)s(DMSD) the W(CO)s moiety is influenced by the sulfurdiimine in
much the same way as by amine ligands [12], as is demonstrated by the frequen-
cies of the CO vibrations (Table 9). '

The weak and broad CT transitions of the pentacarbonyl derivatives have also
been found for other pentacarbonyl compounds [22]. With sulfurdiimine com-
pounds the broadness might be caused by the instability.

-As already pomted out by Lindsell and Faulds [5] the M(CO), mo1ety of

TABLE 9 : .
VIBR.ATIO"IAL STRETCHING FREQUENCIES OF THE CO GROUPS OF W(CO)SL AND W(CO)4L

Compound - A2 E Ay T A2 - Azt B; B
'V'W(CO)S(EtzNH)a'b -.2073. 1980 1919

W(CO0)s(CsHsN) &P - 2073 1934 . 1921

W(CO)s(DMSD)% -~ 2073 . 1940 - .1924 : S
~W(CO)a(tmen) &2 e © - Y 2008 1872. . 1864. 1838 .
W(CO)4(phen) %, - o soe o 2003 18860 - 1892 . 1840 . o
:_W(CO)4(DBSD)° o : Sl 2019 1917“ : ,.1917 f 1877 S

- S IR :esults ftom 2’2 &mmethylpentane or hepta.ne ‘solutions, b From ref. 12. € IR results from! cs2
= ,solutlonsrv t.men, N, NN' N' -tetramethylethylene diamine; phen. - phenanlhrolme d_From yef. 13:°
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‘ :M(CO)‘,,(DBSD) is much more influenced by the sulfurdiimine than by other N-

. bonded ligands, which is clearly demonstrated by the frequencies of the CO -

'stretchmg modes in these complexes (Table 9) [13]. The high frequency
‘shifts are caused by strong m-bonding between the metal and the sulfurdiimine.
‘This w-bonding is also reflected in the thermal stability of these compounds and

-is mainly responsible for the high intensity of the CT bands, which will now be
discussed in some detail.

The sharp and intense CT bands of the Cr and Mo tetracarbonyl compounds
shift to higher frequencies in polar solvents, which means that the electronic
transitions are antiparallel to the ground state dipole moment. This moment lies
along the z axis (Fig. 3) in the direction of the carbonyl groups, as shown by the
solvent dependence of the stretching frequencies of the trans-CO’s. Therefore
the CT transitions are metal to sulfurdiimine in character, just as for the corre-
sponding phenanthroline, Hipyridine [21] and 1,4-heterobutadiene compounds
[23]. The z-axis is totally symmetric in C,, symmetry and therefore the ground-
and excited states of the CT transitions must have the same symmetry. The
occupied metal d orbitals belong to symmetry species A,, A, and B,, while
the lowest empty orbital of the sulfurdiimine belongs to symmetry B,. It is

. evident from the strong 7-bonding and very intense CT bands observed that the
metal and sulfurdiimine B, orbitals overlap strongly.

- The CT band of W(CO),(DBSD) does not show solvent dependence, which
‘means that the mixing of the metal and sulfurdiimine B, orbitals is the same in
ground- and excited states (see also [23]). In this case the m-bonding stabiliza-
tion of thé metal—sulfurdiimine bond can be calculated from half the CT transi-
tion energy to be 27.6 kcal mol™, whieh is similar to the value of 23 kcal mol™
found for a 1,4-heterobutadiene tetracarbonyl compound [24].

‘The strong enhancement of Raman intensity for v,(NSN) and 6(NSN) in the
Resonance Raman specira of both the tetra- and penta-carbonyl! compounds is
in accordance with the assignment of the CT bands to metal to sulfurdiimine
transitions. There is, however, an important difference between W(CO);(DMSD)
and W(CO), (DBSD) in that the carbonyl stretching vibrations of the tetracar-
bonyl compound do not show enhancement of Raman intensity and could
hardly even be detected. Thus the CT transition of the tetracarbonyl compound
is fully localized in the metal—sulfurdiimine bonding region, without any detect-
able contribution of CO orbitals. On the other hand, W(CO)s(DMSD) shows
Resonance enhancement for v ,{CO) of the equatorial carbonyls. Therefore, a
strong mixing with equatorial CO orbitals is present here in the excited state, as
‘might be expected from the much weaker metal—sulfurdiimine 7-bond in the
pentacarbonyl compounds. The axial CO orbitals, however, do not contribute
to the CT transition.

. The fact that only one »(CO) shows Resonance enhancement demonstrates -
"that hardly any mixing of ax1al and equatorial CO stretching modes occurs for
: W(CO)S(DMSD)
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