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I . Introduction 

Nitrosyl complexes of transition metals have created considerable 
interest for many years . Attempts have been made to understand the 
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nature of the bond formed between metal ions and the nitrosyl group 
(21, 36, 41). However, similar molecules containing the isoelectronic 
thionitrosyl ligand (NS) have only been discovered since 1974 (17). 
One of the reasons for the relatively late development of the chemistry 
of transition-metal thionitrosyl complexes is undoubtedly the instabil- 
ity of NS compared to NO and the present lack of reagents that can be 
utilized to introduce the thionitrosyl group into the transition-metal 
complexes. 

The presence of the thionitrosyl monomer NS was observed for the 
first time by Fowler and Bakker in 1932, while studying the band 
spectrum of emitted light after passing an electric discharge through a 
mixture of nitrogen and sulfur vapor (22). A review article by Glemser 
and Mews (23) has described the preparation and physical properties of 
ionic compounds of composition NS+MF6- (M = As, Sb) and NS+BF4-, 
as well as covalent compounds like NSF, NSF3, and NSC1. Herberhold 
has reported metal complexes with thionitrosyl ligands (28). 

A. THE THIONITROSYL RADICAL 

The thionitrosyl radical with one unpaired electron, unlike its homo- 
log NO, polymerizes so readily that it is not possible to isolate it as a 
monomer, solid, or liquid, and even in the gas phase -NS has only a 
transient existence (27). Like NO, it can also exist as NS+ or NS-, 
respectively, by losing or gaining an electron (19,45), and, therefore, 
most of its properties should be approximately similar to those of NO. 
It has a low ionization potential (44) of 9.85 eV and a high dipole 
moment (14), 1.83 h 0.03 D. It is a paramagnetic molecule having a 
doublet 2 ~ 1 / 2  ground state with the lowest excited state, ' r3 /2 ,  lying 
about 223 cm-l above the ground-state level. A large number of papers 
related to the microwave spectrum of NS have appeared in the litera- 
ture (20,35,55), and the excited valence states B 2 r ,  A2A, G2Z-, H2r,  
and 12C+ have been identified in addition to the ground state X 2 r .  The 
vibration frequency of the gaseous NS molecule is 1204.1 cm-l(16,65). 
The ESR spectrum of the NS radical has also been studied (15, 69); it 
consists of three triplets. The g factor is consistent with the value 
expected for a molecule in a 'r3/2 state in the lowest rotational level 
with J = #. 

B. BONDING MODES IN METAL COMPLEXES 

It is evident that NS can be stabilized by coordination to many tran- 
sition metals, and well over 50 thionitrosyl complexes havq been re- 
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ported. Although the majority of metal thionitrosyl complexes contain 
terminal NS ligands, there are a few examples of bridging thionitrosyl 
groups. Similar to nitrosyl complexes, there are three principal bond- 
ing modes in thionitrosyl complexes: 
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In case a the thionitrosyl ligand can be represented as coordinated 
“NS+” and in b as coordinated “NS-.” 

Because of the isoelectronic nature of NO and NS, there has been 
considerable interest in the comparative bonding properties of these 
ligands. The molecular orbitals for NO and NS are compared in Fig. 1 
(59). The 70 donor orbital of NS is a t  higher energy than the 5m donor 
orbital of NO, whereas the 37r (n*) acceptor level of NS is at lower 
energy than the 27r (T*)  acceptor level of NO. There is weaker p7r-p7r 
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FIG. 1. Molecular orbital diagrams for NO and NS ground-state configurations: (NO) 
lo2, 2u2, 3u2, 4u2, In‘, 5u2, 2 ~ ’ ;  (NS) la2, 2u2, 3uz, 4u2, ln4, 5v2, 6u2, 719, 2n4, 3nI. 
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bonding for sulfur compared to oxygen. It should also be mentioned 
that the 7 u  level of NS is significantly antibonding in character. These 
results lead one to  expect that  M-NS bonds should be stronger than 
M-NO bonds. Comparison of the spectroscopic properties and the 
electronic structures of M-NX complexes have indicated that NS is a 
better u-donor and n-acceptor ligand than NO. 

There has been no comprehensive review of transition-metal thioni- 
trosyl complexes; only a brief introduction has appeared in the litera- 
ture (18,23,28,42). The objectives of this account are (1) to illustrate 
the currently available synthetic routes to  metal thionitrosyl com- 
plexes and (2) to give a brief review of the physicochemical properties 
of these new classes of complexes. Because many metal nitrosyls have 
been used as reagents in organic synthesis and as homogeneous cata- 
lysts in industrial reactions, it is anticipated that some metal thioni- 
trosyls may well find similar uses in the future. 

I I .  Preparation of Thionitrosyl Complexes 

In general, metal nitrosyl complexes are readily available by reac- 
tions of metal salts or metal complexes with NO gas. In view of the 
instability of NS, this approach could not be applied to  the synthesis of 
metal thionitrosyl complexes. 

As yet, there is no general synthetic route to  metal thionitrosyl 
complexes. However there are a few limited preparative methods 
known which are discussed here. 

1. Reactions of nitride complexes with elemental sulfur or with sul- 

2. Reaction of trithiazyltrichloride [(NSC1)31 with transition-metal 

3. Elimination of fluoride from NSF metal complexes 
4. Generation of NS+ salts and its reaction with metal complexes 

fur halides 

complexes 

A. CHROMIUM 

In a preliminary communication, Kolthammer and Legzdins (24,38) 
reported that Na[($-C5H5)Cr(C0)31 was found to react with trithiazyl- 
trichloride in tetrahydrofuran (THF) to  yield the first organometallic 
thionitrosyl complex ( T ~ - C ~ H ~ ) C ~ ( C O ) ~ ( N S )  by the reaction 

THF 
Na[(q6-C6H6)Cr(C0)31 + f(NSCU3 - (q6-C6H6)Cr(C0)2(NS) + CO + NaCl 
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Herberhold and Haumaier (29) showed that the reaction of NS+PF6-, 
obtained in situ from (NSCU3 and AgPFG (1 : 31, with benzene tricar- 
bony1 chromium in acetonitrile solution yields the cationic thionitrosyl 
complex [Cr(NS)(NCMe)51(PF6)2. In the presence of t-butyl isocyanide 
and zinc powder this complex is reduced to [Cr(NS)(CNCMe3)5]PF6. 

B. THIONITROSOAMINE COMPLEXES 

The unstable dimethyl(thionitroso)amine, prepared from dimethyl- 
hydrazine and elemental sulfur, reacts in THF with (C0)5Cr.  THF to 
yield the 1 : 1 complex: 

H3C, S 
N-N' + (CO)&r. THF -+ (CH&N2SCr(CO)5 + THF 

/ 
H3C 

The structure was investigated by X-ray analysis. The dimethyl- 
(thionitroso)amine ligand coordinates via the sulfur atom to the metal 
atom. The Cr-C bond distance [184.6(2) pm] of the CO group in the 
trans position to the sulfur atom is shortened in comparison to the 
average value of the remaining CO ligands [190.3(5)1 (58): 

ti 

0 

C. MOLYBDENUM 

The complexes MO(NS)(S~CNR~)~ [Rz = Me2, Etz, or (CH2141 (11,121 
were prepared by treating the dioxo complex Mo02(S2CNR2)3 with 
trimethylsilylazide in acetonitrile under reflux. This reaction proceeds 
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via intermediate formation of a nitrido complex and, subsequently, the 
nitrido complex MoN(S2CNRd3 reacts with elemental sulfur in reflux- 
ing acetonitrile to give the appropriate thionitrosyl complex. 

D. RHENIUM 

Reactions of S2C12 with ReNC12(PRPh2) (R = Ph or n-Prf yield the 
thionitrosyl complexes R ~ ( N S ) C ~ S ( P R P ~ ~ ) ~  (12). The complexes Re- 
NX2(PR3I3 (PR3 = PMezPh, PEtzPh, or PMePh2; X = C1 or Br) react 
with half an equivalent of S2C12 to give the complexes of composition 
Re(NS)C1X(PR3I3. Reaction of the nitrido complex ReNC12(PR3)3 
with an excess of SzC12 or SCl2 affords the derivatives Re(NS)- 
C13(PR3)2. Similarly, the reaction of S2C12 with [ReNCl(dppe)21C1 
(dppe = Ph2PCH2CH2PPh2) results in the formation of [Re(NS)Cl 
(dppe)&l. In the IR spectra of these rhenium complexes, a single 
strong peak observed in the region 1167-1185 cm-l confirms the pres- 
ence of the NS+ cation. The [Re(C0)5NS12+ cation is prepared from the 
reaction of Re(C0)SBr and NS+SbFs- and also by elimination of a 
fluoride ion of [Re(CO)S(NSF)I+, by means of AsF5 (43) .  

E. RUTHENIUM 

The ruthenium thionitrosyl complexes Ru(NS)C13L2 (L = PPh3, 
AsPh3) are prepared by the reaction of RuC13 4 H2O with (NSC1)3 in 
THF in the presence of triphenylphosphine or triphenylarsine (51 1. 
Reaction of R u C ~ ~ ( P P ~ ~ ) ~  with NSCl(THF1, results in the formation of 
the dithionitrosyl complex, which, on recrystallization with different 
solvents, gives solvated complexes of composition Ru(NS)2C12(PPh3 l2 . 
X (X = CH2C12, CHC13, or CHBr3). The IR spectra of these complexes 
show absorption bands at 1300 cm-', which suggest the presence of a 
coordinated NS+ ligand, and at 1120 cm-l, due to coordination of an  
NS- ligand (33). An X-ray crystal-structure analysis of the analogous 
nitrosyl complex Ru(NO)C13(PPh3)2 showed the Ru-NO system is es- 
sentially linear with angle Ru-N-0 equal to 180" (26). It is there- 
fore extremely likely that thionitrosyl analogs have a linear RUNS 
POUP. 
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F. OSMIUM 

Green thionitrosyl complexes of osmium have been reported as a 
result of reactions of OsNX3L2 [X = C1 or Br, L = AsPh3, PMe2Ph or 4 
(2,2'bipyridyl)l with half an equivalent of S2C12. Addition of pyridine 
(py) to a methylene chloride solution of the product formed by reaction 
of (Bu4N)0sNCl4 with S2Cl2, gives Os(NSlCls(py12. The osmium 
thionitrosyl complexes of composition Os(NS)C13L2 (L = PPh3 or 
AsPh3) are obtained by the reaction of (NSClh in THF with OsC13 in 
the presence of PPh3 or AsPh3, respectively (12,51).  

G. COBALT 

Reaction of (NSC1I3 in THF with CoH[P(OPh)314 results in the for- 
mation of the five-coordinated air-sensitive intermediate thionitrosyl 
complex Co(NS)C12[P(OPh)3]2 (UNS = 1113 cm-'1 (661, which, on reac- 
tion with air or oxygen, is converted to the thionitro complex Co(NS0) 
C12[P(OPh)312. The IR spectrum of the thionitro complex exhibits ab- 
sorption bands at 1540 and 990 cm-l, which are assigned to U N O  and 
VNS, respectively, of the NSO group. 

H. RHODIUM 

Trithiazyltrichloride reacts with Rh(CO)C1(PPh3)2 to yield the green 
complex [Rh(CO)(NS)Cl2(PPh3)I2 (34, 531, which is also prepared by 
treating RhH(CO)(PPh3)3 with a solution of trithiazyltrichloride in 
THF . 

The reactions of [Rh(CO)(NS)C12(PPh3)l2 with (L = PPh3 or AsPh3) 
result in the formation of red-brown complexes of composition 
Rh(CO)(NS)C12LZ. The products of these reactions strongly depend on 
the refluxing time. Similarly, the reaction of NSCl(THF), with Rh(C0) 
Cl(AsPh3)z results in the formation of a yellow-green complex 
[Rh(CO)(NS)C12(AsPh3)12, which reacts with AsPh3 to give Rh(C0)- 

The IR spectrum of Rh(CO)(NS)(PPh3)2 shows absorption bands at  
1970 cm-l (due to uco) and a t  1122 cm-' (due to U N S ) .  Rh(NS)(PPh& is 
also obtained by treating NSCNTHF), with RhCl(PPh3)s in the pres- 

(NS)C12(AsPh3)2 (54).  



344 H. W. ROESKY AND K. K .  PANDEY 

ence of PPh3 and zinc. Its IR spectrum shows an absorption band at 
1100 cm-l, due to V N S .  (NSClh reacts with RhX(PPhd3 (X = C1 or Br) 
and with RhH(PPh3)4 to yield the brown complex [Rh(NS)C1X(PPh3)12, 
which on reaction with triphenylphosphine or triphenylarsine results 
in the formation of the complex Rh(NS)ClX(PPh3)2 and Rh(NS)ClX- 
(PPh3)(AsPh3). These pentacoordinated complexes are also obtained 
by the reaction of (NSC1I3 with RhC13 3H20 in the presence of L. The 
IR spectra of the complexes Rh(NS)C12L2 and Rh(NS)ClBr(PPh& show 
absorption bands in the range 1118-1120 cm-', due to vNS (46,53,54, 
56). 

I. IRIDIUM 

Reaction of (NSCU3 in THF separately with Ir(CO)Cl(PPh3)2 and 
IrH(CO)(PPh3)3 yields the brown complex Ir(CO)(NS)C12(PPh3)2. The 
reaction of Ir(CO)C1(PPh3)2 with (NSC1)3 in THF in an oxygen atmo- 
sphere affords a bright green complex of composition Ir(CO)(NSO)- 
C12(PPh3)2 with 40% yield (46). The same compound is also obtained 
when Ir(CO)C1(02)(PPh3)2 is treated with NSCl(THF1,. This indicates 
that the Vaska complex in solution takes up oxygen from the atmo- 
sphere to  form the oxygen-containing complex, which, on reaction with 
(NSC1)3, forms the NSO iridium complex. Covalent and ionic (2-4, 6, 
57,60,6I) derivatives containing the NSO group are well known. The 
gas-phase reaction of NH3 with thionyl chloride has long been known 
(6,601 to produce thionylimide and ammonium chloride. The IR (671, 
microwave (371, ultraviolet (I), and photoelectronic spectra (68) of 
HNSO have been reported. The IR spectrum of Ir(CO)(NSO)Cl2(PPh3)2 
exhibits absorption bands at 2060 cm-', due to vco , and three bands at 
1160, 1060, and 565 cm-l, which are attributed to the v,,(NSO), 
v,,(NSO) stretching modes and 6(NSO) of the NSO ligand, respec- 
tively. These frequencies are comparable to the asymmetric and sym- 
metric stretching and bending modes of coordinated SO2, which is 
isoelectronic with the NSO- group. 

J. PLATINUM 

The major product of the reaction of Pt(PPh& and S4N4H4 in ace- 
tone has been determined to be (Ph3P)2Pt(OSNH)2 from single-crystal 
X-ray diffraction data. (Ph3P)2Pt(OSNH)2 exists as a square-planar 
complex with a cis arrangement of ligands. Each triphenylphosphine 
ligand is trans to an OSNH, which is coordinated to platinum via 
oxygen (8-10,30). The structure shows some divergence between the 
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two HNSO ligands, particularly 0-S bond lengths 126(1) and 134(2) 
pm and Pt-0-S angles 138.1(10) and 129.5(9)". Better agreement is 
shown by S-N bond lengths 148(2) and 145(2) pm, and 0-S-N 
angles 121.9(12) and 122.0(9)". The S-0 and S-N distances are 
shorter than those determined by microwave spectroscopy (37) for cis- 
thionylimide [S-0 145.1(5), S-N 151.2(5) pml. The possibility that 
the ligands are also arranged in the thiazyl S-hydroxide form cannot 
be eliminated. The thiazyl S-hydroxide HOSN has been reported (68). 

Pt(OSNH)&N2H2 has been prepared by the reaction of an  aqueous 
solution of K2PtCl4 with S4N4H4 in acetone (9). The absorption spec- 
trum in DMF of Pt(OSNH)2S2N2H2 shows three absorption bands a t  
450, 310, and 300 nm, possibly due to electronic transitions 'Al, + 

lAZg, 'Alg + lBlg, and 'Alg + 'E,, respectively. These three transitions 
are typical of square-planar d8 configurations. The proposed structure 
is 

H 

K. METAL COMPLEXES WITH THIAZYL FLUORIDE AND THIAZYL 
TRIFLUORIDE LIGANDS 

The chemistry of these complexes has been reviewed by Glemser and 
Mews (23). Therefore, these complexes are mentioned here only 
briefly. They are prepared in liquid SO2 by treating the metal com- 
plexes of [M(SO~),](ASF~)~ (M = Co or Ni) and [Re(CO)5S021AsF~ with 
NSF or [M(SO~),I(ASF~)~ (M = Mn, Fe, Co, Ni, or Cu), AgAsFs, [M(CO)5- 
S021AsFs (M = Mn or Re), and [q5-C5H5Fe(CO)2S021A~F6 with NSF3. 

The M2+ cations are able to coordinate to six NSF but only to four 
NSF3 ligands. An interesting observation was made that in NSF as 
well as in NSF3 complexes the N-S bond length is shorter than in the 
free ligands. 

Ill. Reactions of Thionitrosyl Complexes 

The reaction of (q5-C5HS)Cr(CO)2(NS) with NOCl and NOPF6 gives 
the nitrosyl complex ( V ~ - C ~ H ~ ) C ~ ( N O ) ~ C ~  and the nitrosylthionitrosyl 
complex [(v~-C~H~)C~(CO)(NO)(NS)]PF~,  respectively (25). 

+ [(q5-C5H5)Cr(CO)(NO)(NS)IPF6 + CO CH&N/CH&lz 
(q5-C5H6)Cr(C0)2(NS) + NOPFs 
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This cationic nitrosylthionitrosyl complex exhibits a uco at  2122 cm- ', 
a VNO at  1790 cm-l, and a UNS at 1243 cm-l. [(q5-CsH5)Cr(CO)(NO)- 
(NS)IPFs undergoes nucleophilic attack by I- to give (q5 -  
C5H5)Cr(N0)21. The thionitrosyl complex (q5-C5H5)Cr(C0)2(NS) does 
not react with triphenylphosphine, although its nitrosyl analog reacts 
with triphenylphosphine to yield (q5-C5H5)Cr(CO)(PPh3)(NO). 
[Cr(NS)(CNCMe3)51PF6 has also been reported to react with NOPF6 or 
AgPF6 to give [Cr(NS)(CNCMe3)51(PFsl2 (29). 

The IR spectra of [Cr(NS)(CNCMe3)5](PF6)2 includes absorptions at 
2225 cm-I (attributable to U C N )  and 1220 cm-' (attributable to u N S ) .  

The thionitrosyl stretching frequency occurs a t  higher energy than 
that exhibited by the [Cr(NS)(CNCMe3)5]PF6 complex. This is consis- 
tent with a decrease in electron density a t  the metal center which 
manifests itself in less back donation from the metal d orbital to the 
NST* orbitals (64) .  

The desulfurization of thionitrosyl complexes of molybdenum, rhe- 
nium, and osmium to the parent nitrido complexes have been observed 
by refluxing the complexes with n-Bu3P in toluene or acetonitrile (12). 
The reaction of Re(Ns)clz(PMe~Ph)~ with KNCS or Na(S2CNMe2) 
leads to Re(NS)ClL(PMezPh)3 [L = NCS or (S2CNMe2)I. 

Re(NS)C1(NCS)(PMe2Ph)3 + KCI 
Re(NS)Clz(PMe2Ph)3 

NatSLCNMe,, Re(NS)Cl(PMezPh)3(SzCNMe2) + NaCl 

The cationic thionitrosyl complex [Re(NS)Cl(dppe)zlCl also reacts with 
FeC13 or NHIPFB with formation of the FeC14- or PF6- salt. 

iI [Re(NS)Cl(dppe)lPF~ + NH&l 

[Re(NS)Cl(dppe)lFeC14 

[Re(NS)Cl(dppe)zlCl 

NHIPFti 

The ruthenium dithionitrosyl complex Ru(NS)&12(PPh& 3 CHzC12 
was found to react with NOX (X = C1 or Br) to yield the nitrosyl 
thionitrosyl complexes Ru(NO)(NS)ClX(PPh3)2 (X = C1 or Br) at room 
temperature (25 ' C) whereas refluxing the reaction mixture with ex- 
cess NOX or N2O3 led to formation of the nitrosyl complexes Ru(N0)- 
ClXz(PPh& (X = C1 or Br) (33). The IR spectra of Ru(NO)(NS)- 
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Cl(PPh3)z exhibits V N O  a t  1880 cm- and v N S  at 1320 cm-'. Reaction of 
Ru(NS)zClz(PPh3)ZCHzClz with HzO affords R U ( N S ) ( N S O H ) C ~ ( P P ~ ~ ) ~  
and HCI. 

In the IR spectrum of the complex RU(NS)(NSOH)CUPP~~)~ it was 
found that the band at 1330 cm-l disappeared and a new band due to 
the coordinated NSOH group appeared, although the position of the 
band at  1120 cm-l remained the same. Whether the thionylimide is 
bonded via oxygen or nitrogen to ruthenium is not known. Reactions of 
Ru(NS12Clz(PPh3)~ . CHzCla with Xz (Xz = Cl2, Brz, or Iz) result in the 
formation of charge-transfer complexes with the composition Ru 
( N S ) Z C ~ ~ ( P P ~ ~ ) Z C H ~ C ~ Z  . Xz. 

When nitrosyl halides NOX (X = C1 or Br) react with Rh(CO)(NS)- 
Cl2L2 (L = PPh3 or AsPhs), the displacement of the thionitrosyl group 
and the formation of carbonylnitrosyl complexes of rhodium(III), 
Rh(CO)(NO)ClXLZ (X = C1 or Br; L = PPh3 or AsPh.31, (54) are ob- 
served. The mechanism of the reaction is not yet known. The complex 
Rh(NS)(PPh3 l3  reacts with chlorine to give the pentacoordinated com- 
plex Rh(NS)Clz(PPh3)2 (46).  

Rh(NS)(PPh3)3 + Clp -+ Rh(NS)CIz(PPh3)2 + PPh3 

BRIDGED THIONITROSYL COMPLEXES 

It was mentioned earlier that  the thionitrosyl group (NS) can form 
metal-N(S)-metal bridge complexes. Reaction of trithiazyltrichloride 
in THF or CCld-CHC13 (1 : 1)  with Rh(NO)ClZ(PPh& leads to the for- 
mation of a novel complex of composition [Rh(pNS)Cl~(PPh3)12, which 
has been isolated as brown, shining crystals (49,  50).  A plausible 
mechanism involves the prior formation of the six-coordinate interme- 
diate sulfur monoxide complex LRh(NS)(SO)Clz(PPh3)32, (VSO = 1035 
cm- ' ), which reacts readily with triphenylphosphine to give [Rh( p- 
NS)ClZPPh312, SPPh3, and OPPh3. The formation of triphenylphos- 
phine sulfide and triphenylphosphine oxide from [Ir(S~Oz)(dppe)2ICl 
with triphenylphosphine has been reported by Schmid and Ritter (62, 
63). 

Similar reactions of NSCl(THF), with Rh(NO)L3 (L = PPh3 or 
Aspha), Rh(NO)C1Br(PPh3)z, Rh(NO)Brz(PPhs )2 ,  or Rh(NOIC12 
(AsPh3)z result in the formation of brown complexes with the com- 
position Rh(p-NS)Xz(MPh3)z (X = C1 or Br; M = P or As) (46,561. All 
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these thionitrosyl bridged complexes are air stable, nonelectrolytic, 
diamagnetic solids. The IR spectra exhibit a slightly broad band at  840 
cm-l, which is attributed to the bridging thionitrosyl group. The ab- 
sence of a band around 1630 cm-' [due to  VNO (48) and the appear- 
ance of a new band at  840 cm-' indicate the replacement of the nitrosyl 
group by the thionitrosyl group. 

In order to prove further the bridging nature of the NS group, the 
reactions of [Rh(pNS)X2(MPh3)]2 with PPh3 and AsPh3 have been 
carried out. These reactions result in the cleavage of the bridge and 
yield complexes of composition Rh(NS)XZ(MPh&. 

M = P  L=PPh3 
M =  P L =  AsPha 
M = AS L =PPh3 
M = AS L =  AsPh3 

The IR spectra of the complexes Rh(NSIX2L2 show absorption bands 
around 1118-1120 cm-' [due to terminal (NS)] and disappearance of 
the band at 840 cm-l. This supports the view that the band at 840 cm-' 
in the complexes [Rh(p-NS)X2L12 is the characteristic band of a bridg- 
ing thionitrosyl group. 

Displacement of an NO group by NS is observed in iridium nitrosyl 
complexes, but, contrary to  rhodium and iridium complexes, Ru(I1) and 
Os(I1) complexes of composition M(NO)X3(PPh& (M = Ru or 0s; X = 
C1 or Br) do not react with (NSC1)3 (46). 

It is obvious from these reactions that the NO group is replaced by 
the NS group in those metal nitrosyl complexes in which vNO appears 
at relatively low frequencies. 

IV. Properties of Thionitrosyl Complexes 

The ligand NS might be expected to have bonding properties similar 
to those of NO. As in nitrosyl complexes the most readily accessible 
and sensitive technique for identifying metal thionitrosyl complexes is 
IR spectroscopy. A variety of other physical techniques has been ap- 
plied to thionitrosyl complexes, but these have concentrated on com- 
paring analogous nitrosyl and thionitrosyl systems. 
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A. THEORETICAL STUDIES 

It has been shown previously that NS is a better u donor and 7~ 

acceptor than NO. Physical measurements have supported the conclu- 
sion that NS binds more strongly to an  electron-rich metal than does 
NO. An investigation of the electronic structure of (q5-C5H5)Cr- 
(C0)2(NS) by photoelectron spectroscopy (31) and theoretical calcula- 
tions has been reported by Lichtenberger and Fenske (40). Their study 
confirms the early predictions, based on molecular orbital theory, that 
the NS group is a slightly better u donor than NO. The improved donor 
ability results from the additional charge on the nitrogen atom, both 
from the less electronegative sulfur atom and the improved 7r-acceptor 
ability of NS. As in the case of CO and CS (281, this also has an  
important influence on their chemical and physical properties. 

B. IR STUDIES 

Nitrosyl stretching-frequency modes in metal nitrosyl complexes 
have a characteristic intense absorption in the region between 1500 
and 2000 cm-l, depending on the type of bonding involved in the nitro- 
syl complexes. At present the frequency range for different modes in 
thionitrosyl complexes has been found to be between 840 and 1370 
cm-'. The NS stretching frequency in the linear M-NS structure 
generally appears at higher values (261, in the range between 1150 
and 1370 cm-'. The complexes that absorb in the region 1110-1130 
cm-' have been considered to involve bonding of the terminal bent 
type (Table I). 

The IR spectrum of (q5-C5H5)Cr(C0)2(NS) exhibits absorption bands 
at  2033 and 1962 cm-' (due to V C O )  and a t  1180 cm-' (due to V N S ) .  The 
vco bands of (q5-C5H5)Cr(C0)2(NS) appear a t  higher frequencies than 
those of (q5-C5H5)Cr(C0)2(NO). The IR spectrum of the green complex 
[Rh(CO)(NS)Cl2(PPh3)I2 shows absorption bands a t  2110, 1118, 340, 
and 260 cm-l in addition to the characteristic bands of PPh3. The 
bands at  2110 and 1118 cm-l are characteristic stretching frequencies 
of terminal carbonyl and thionitrosyl groups. The band a t  340 cm-l is 
typical of VRhCI, whereas the band at 260 cm-' could be due to either 
VRhCl or to bridging chlorine modes. The IR spectra of Rh(CO)(NS)C12Lz 
(L = PPh3 or AsPh3) exhibits absorption bands a t  vco = 2105, V N S  = 

1120, and VRhCl = 330 cm-'. According to the magnetic data these 
complexes are diamagnetic, suggesting rhodium to be present either in 
a +1 [Rh(I)NS+] or a +3 [Rh(III)NS-1 oxidation state. The high fre- 
quency of vco is also reasonable for a Rh(II1) system. 



TABLE I 

IR DATA OF THIONITROSYL COMPLEXES 

Complex 
VNS 

(cm-') References Complex 
*S 

(crn-l) References 

1180 
1150 
1243 
1135 
1220 
1245 
- 
- 

- 
1180 
1167 
1172 
1168 
1177 
1150 
1177 
1185 
1173 
1183 
1228 
1230 
1220 
1214 
1226 
1371 
1297 
1295 
1300 

t )  1120 
1320 

1320 
1120 
1294 
1290 
1285 
1282 
1284 
1270 
1280 
1130 
1118 
1120 
1120 
1120 
1122 
1100 
1120 
1120 
1120 
1120 
1120 
1118 
1120 
840 
840 
840 
840 
1115 
1115 
1186 
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TABLE I1 

COMPARISON OF CARBONYL STRETCHING FREQUENCIES IN NITROSYL AND 
THIONITROSYL COMPLEXES 

x = o  x = s  
hXl VCO 

Complex (cm-') (cm-l) References 

( V ~ - C ~ H ~ ) C ~ ( C O ) ~ ( N X )  2038, 1955 2033, 1962 (38) 
Rh(CO)(NX)ClZ(PPh3)2 2090 2105 (54 )  
Ir(CO)(NX)CI2(PPh& 2055 2050 (39,52) 

A comparison of the spectroscopic properties of the carbonyl com- 
plexes (q5-C5H5)Cr(C0)2NX, Rh(CO)(NX)C12(PPh3)2, and Ir(CO)(NX)- 
Clz(PPh& (X = 0 or S; Table 11) indicates that the NS ligand is more 
effective in removing electron density from the central metal atom 
than is the NO ligand. 

C. NMR STUDIES 

The 'H-NMR spectrum of (q5-C5H5)Cr(CO)2NS consists of a single 
sharp peak that occurs at a slightly lower field than the corresponding 
absorption due to the cyclopentadienyl protons of the nitrosyl analogs. 
Similarly, the 13C-NMR chemical shifts of the cyclopentadienyl and 
carbonyl carbons are further downfield from Me4& for the complex (q5- 
C5H5)Cr(C0)2(NS). The lH-NMR spectrum of Mo(NS)(S2CNMe2)3 in 
nitrobenzene at  room temperature shows a 1 : 2 : 3 triplet consisting of 
two overlapping doublets (due to the dithiocarbamate methyl groups). 

The 'H-NMR spectrum of Re(NS)Clz(PMezPh)3 consists of two trip- 
lets and a doublet in the tertiary phosphine alkyl group region, indi- 
cating a meridional configuration: 

S 
N 

Cl,(i ,PMe,Ph 

PhMe,P 1 PMe,Ph 
c1 

,Re, 

The 31P-NMR spectra of [ReCl(N)(dppe)zlCI and [ReC1(NS)(dppe)zlC1 
both have a singlet at approximately 120 ppm, confirming that four 
phosphorus atoms lie in the plane, with the NS and C1 in a trans 
position. 
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D. MASS SPECTRAL DATA 

In their attempt to  gain further insight into the bonding of Cr-NX 
(X = 0, S), Legzdins et al. (24,38) investigated the low-resolution mass 
spectral data of (q5-C5H5)Cr(C0)2(NX) complexes, and both types of 
complexes were observed to undergo similar fragmentations: C5H5Cr- 
(C0)2(NX)+, C5H5Cr(CO)(NX)+, C5H&r(NX)+, C5H&r+, and Cr+. The 
C5H5Cr(NS)+ ion is markedly more abundant in the mass spectrum of 
the thionitrosyl complex than is the corresponding ion in the spectrum 
of the nitrosyl complex. It was noted that carbonyls were lost in prefer- 
ence to the thionitrosyl group. 

The mass spectrum of the complexes Mo(NS)(S&NR2)3 [Rz = Me2, 
Et2, or (CHd4] all show peaks attributable to the parent ions, together 
with those assigned to [Mo(S2CNR2)31+ and [MOS(SZCNRZ)~I+. 

E. X-RAY STRUCTURAL DETERMINATIONS 

The structures of (q5-C5H5)Cr(C0)2(NS) (24, 25) and 
Mo(NS)(SzCNMe2)3 (12,321 have been determined by X-ray crystallog- 
raphy. In both complexes the thionitrosyl ligand coordinates essen- 
tially linearly to the metal via the nitrogen atom, with M-NS angles 
of 176.8(1) and 172.0(7)”, respectively, suggesting that the NS ligand is 
functioning as a three-electron donor. The molecular geometry of the 
chromium thionitrosyl complex is similar to  that exhibited by the mol- 
ecules (q5-C5H~)Mn(C0)3 (7) and (q5-C5H5)Cr(COfz(NO) (51, and the 
Cr-C(C5H5), Cr-C(0) and C-0 bond lengths are comparable to  
those found in other cyclopentadienylchromium carbonyls (64). The 
structure of Mo(NS)(SZCNMe& is pentagonal bipyramidal, with a lin- 
ear apical NS group. A comparison of the thionitrosyl complex 
Mo(NS)(S&NMe2)3 with the nitrosyl complex Mo(NO)(S~CN-~-BU~)~ 
(13) indicates that in both complexes the M-N distance and 
M-N-X (X = S, 0) angle are equal, within the limits of experimen- 
tal error (Table 111). 

TABLE I11 

CRYSTALLOGRAPHIC DATA FOR THIONITROSYL COMPLEXES 

M-NS N-S M-N 
Complex (pm) (pm) (pm) References 

(q6-C6H6)Cr(C0)2(NS) 176.8(1) 155.1 169.4(3) (24,25) 
Mo(NS)(S2CNMe2)3 172.0(7) 159 173 (32) 
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F. ELECTRONIC SPECTRAL DATA 

The electronic spectrum of [Rh(CO)(NS)C12(PPh3)12 shows bands at  
15,300, 21,745, and 27,760 cm-*. The spectra of the complexes 
Rh(C0)(NX)Cl2(PPh3)2 (X = 0 or S) show bands at 25,000, 29,410, 
and 22,220,27,200 cm-l, respectively. The very high intensity of these 
bands suggests that they should be charge transfer and not d-d transi- 
tiod bands. All d-d transitions are masked by intense charge-transfer 
bands, and hence no d-d bands appeared in any of the spectra of these 
complexes. 

V. Prospects 

It is evident that the chemistry of thionitrosyl will continue to be a 
fertile area of research. One major difference between metal nitrosyl 
and thionitrosyl is the present scarcity of complexes containing multi- 
ple NS groups. It is probable that future research will show that these 
types of complexes will be difficult to obtain because of the destabiliz- 
ing effect resulting from the strong acceptor capacity of the NS ligand. 
Finally, it is anticipated that the catalytic potential of these complexes 
will become an important research area. The availability of these com- 
plexes now makes possible a systematic study of the different modes of 
bonding of NS groups to transition metals. The following are some of 
the problems that will be investigated in the future. 

1. The syntheses and reactions of thionitrosyl complexes of the other 
transition and nontransition metal ions 

2. The reactions of electrophilic and nucleophilic reagents with the 
thionitrosyl group 

3. Syntheses of complexes having two or more thionitrosyl groups in 
the molecule 

4. Syntheses of complexes in which sulfur is end-on coordinated 
with the NS group 

5.  Conversion of the thionitrosyl group to nitride complexes by pull- 
ing sulfur out of the coordinated NS by metal ions such as Hg2+, 
Hg+, Pd2+, Agf, Pb2+, etc. 

6. Reactions of the coordinated NS group with molecular oxygen or 
other oxidizing agents to  convert NS to an oxygen- or nitrogen- 

bonded NSO- ligand or to a thionitro (N' 
S- 

) group B O  
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7. Reactions of molecular oxygen complexes with thionitrosyl chlo- 

8. Preparation of metal complexes with the ligands R2NN=S, 
ride 

RN=S=S, S=NN=S, RN=S, NSe, and NTe 
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