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Summary 

Reaction of R-N=S=N-R (R = t-CJH9, 4-Me&H,) with [Fe,(CO),[ leads to 
the rupture of one or two N=S double bonds as evidenced by the formation of 
a number of complexes containing R-NS, R-N and S fragments. In the case 
of R = t-&H, and 4-Me&H, the RNS fragment behaves as a four-electron 
donor ligand, with the NS bond still double, and as a six-electron donor ligand, 
with the NS bond single, bridging two iron atoms in [FeJCO),(RNS)] and 
[ Fe,(CO),(RNS)], respectively_ 

Insertion of CO into the NS bond of [Fe,(CO),(RNS)] yields [Fe,(CO),- 
{RNC(O)S}]; a crystal structure determination has been carried out for the 
product with R = 4-Me&H,. Heating of t!le solid complex affords azotoluene, 
which is also isolated from the reaction mixtures. In the case of R = t-C4H9- 
[Fe2(C0).&], [Fe3(C0)&] and [ Fe,(C0)9(RNS)S] are also formed. A crystal 
structure determination of the last compound reveals a prismane type structure, 
in which both a six-electron donor RNS fragment and a four-electron donor S 
atom are linked to the three iron atoms. 

* For part x see ref. 1. 
** To whom correspondence should be addressed. 
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For R = 4-MeC6H, a different trinuclear iron complex [Fe,(CO),(RN)SI was 
isolated, and the structure was established by a crystal structure determination; 
a nitrene fragment (RN) as well as a S atom are both triply bridging to a non 
linear array of three iron atoms of the Fe,(C0)9 skeleton. 

Introduction 

-Research on the coordination behaviour of N,N’-disubstituted sulfurdiimines, 
R-N=S=N-R, and N-sulfinylanilines, R-N=S=O, towards metal atoms has 
shown that, depending on the type of metal atom, the ligands may bond via 
the N atom, the S atom or the r-N=S bond [l-6]. Metal--N=S bonding is 
especially favoured when the metal atom is in a low oxidation state, e.g., Rh’, 
lr’ [l], Ni” [2] and Pt” [3], i.e., where extensive -rr-backbonding to the empty 
rr*-orbit& of the N=S bond is possible. The metal-rr-N=S bond is particularly 
interesting, as it offers an opportunity of activating the N=S bond. It has 
been found that [Pt(PPh,)JAr-N=S=N-Ar)], which contains a metal-- 
N=S bond, is only stable in solution at low temperature [3] and at higher tem- 
peratures is converted into a Ptir complex in which the N=S bond has been 
ruptured [2-53 (Fig. 1A). A similar rupture of the N=S bond of 2,1,3-benzo- 
thiadiazole by Pt” occurs, as was demonstrated by isolation of [Pt2S{N(6+-N- 
4,5-Me&H,)}@-PPh,)(PPh,),Ph] from the reaction [6]. 

It is interesting that the rearrangement of the sulfurdiimines bonded to Pt” 
[2-51 is similar to that found in the reaction of azobenzene derivatives with 
iron carbonyls [7] (Fig. 1). Otsuka et al. [lS] found that reaction of iron 
carbonyl with R-N=S=N-R afforded azobenzene for R.= C6H5 and [Fe,- 
(CO),(RNS)] for R = t-C4H9. In the latter dinuclear iron complex the RNS 
group which results from a cleavage of the N=S bond is probably linked as a 
six electron donor to two’ iron atoms. 
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Fig. 1. (A) Reaction of AI-N=S=N-Ar with [Pt(PPh3)2(C2Hj)l: <B) reaction of Ar-S=N-Ar with 

CF~(CO)SI. 
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In the light of our knowledge of the behaviour towards metal atoms of N=S 
bonds in N=S=O and N=S=N molecules it seemed worthwhile to study the 
reaction of iron carbonyls with sulfurdiimines in much greater detail in order 
to find out which other fragments in addition to RNS can be captured by metal 
atoms, since in principle S atoms and nitrene fragments could also be formed. 
Furthermore, the occurrence of rearrangements such as those observed in the 
reaction of azobenzene with iron carbonyls should be possible in our reactions 
by cleavage of N=S bonds in a sulfurdiimine. 

The presence of a nitrene fragment in polynuclear metal compounds has. 
already been established by Otsuka et al. [9,10] and Gall et al. [11] in the 
reactions of [CpNi(CO),] (Cp = cyclopentadiene) and [ Fe(CO),(NO)],Hg with 
di-t-butylsulfurdiimine (DBSD), which result in [ (CpNij,N-t-C,H,)] and [Fe,- 
WOMN-t-CJ%MJ, respectively. In both cluster compounds a nitrene fragment 
is linked to three metal atoms. 

We describe below the full details * reported for the reaction of [Fe?(CO),] 
with R-N=S=N-R (R = t-C4H9 and +MeC,H,); we show not only that RNS, 
RN and S fragments can be captured, but also that rearrangements between 
the various polynuclear species take place leading to novel iron clusters **. 

Experimental 

All reactions were carried out under dry oxygen-free nitrogen_ Solvents were 
dried over sodium wire and distilled under N2 before use. The preparations of 
R-N=S=N-R, R = t-&H9 (DBSD) 1141 and R = 4-Me&H, (DTSD) [15], 
[Fe,(CO)B] and [Fe,(CO),,] [ 161 have been described. 

Reactior, a: DBSD with [Fe2(CO),] 
A mixture of 14.3 mmol of [Fe,(CO),] and about 14.3 mmol of DBSD in 

100 ml hexane (or benzene) was stirred at room temperature with exclusion of 
light for 3 days. The resulting red solution was filtered and poured on to a 
silica gel column (diameter: 0.05 m, length 0.6 m). n-Hexane was used as an 
eluent. The various fractions were concentrated to small volumes in vacuum and 
set aside at -30°C. Crystals were obtained of [ Fe2(C0)6(RNS)] (IIa), [Fe,(CO),- 
(RNS)S] (VIIa) and of a mixture of [Fe2(C0)&] (Va) and [Fe,(CO)&] (Via). 
Further purification by sublimation in vacuum at 45°C was carried out for 
IIa. Va and Via could not be separated by sublimation. Analytically pure Via 
was obtained by repeated crystallization in hexane. VIIa decomposed in 
vacuum. When crystallization did not occur, the fractions were concentrated 
to dryness. Subsequent sublimation of the resulting residues afforded [ Fe2(CO),- 

(RNS)l (I j d a an an oily mixture of Ia and [Fe,(CO), {RNC(O)S}] (IIIa), respec- 
tively. All complexes were unstable in CHCl+ Yields calculated with respect to 
iron: Ia 0.02 mmol (O-l%), IIa 1 mmol (7%), IIIa not isolated, Va not isolated 
pure, Via 0.15 mmol (1.5%) and VIIa 0.1 mmol (1%). 

* Some of the results were described in a preliminary communication [ 121. 
** hI.0. calculations and U.P.S. spectroscoxw results of these compounds will be published 1131. 
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Reaction b: DTSD’with [Fe2(CO),] 
The conditions described for reaction a were used, except that the reaction 

was performed on a larger scale, involving 71.5 mmol of each compound. The 
various fractions from column chromatography gave crystals for IIIb, IVb, and 
[Fe3(CO),(RN)S] (VIIIb), which were further purified by sublimation at 45°C 
in vacuum. Ib and IIb were studied only in solution. Yields calculated with 
respect to iron: IIIb 0.2 mmol (O-3%), IVb 0.2 mmol (O-3%), and VIIIb 2.2 
mm01 (4.5%). 

Spectroscopic measurements and analytical data 
.The ‘H NMR spectra were recorded on Varian A60 (C-W.) and XL 100 (F-T.) 

spectrometers_ The IR and Raman spectra were recorded on Beckman IR 
4250 and Jobin Yvon Ramanor HG 2 S spectrophotometers, respectively. The 
70 eV E.I. mass spectra were recorded with a Varian MAT 711 mass spectrom- 
eter; the samples were introduced into the ion source (200°C) with a direct 
insertion probe at ca. 100°C. Elemental analyses (Table 1) were carried out by 
the elemental analytical section of the Institute for Organic Chemistry TNO, 
Utrecht. Analytical data for sulfur are less accurate because of the presence of 
iron in the complexes. 

Crystal data 
- 

From single crystal diffractometry: IIIb: a 7.301(l), b 29.845(2), c 7.960(l) 
A, fl 90.20(l)“, 2 4, monoclinic, space group P2,/n; VIIa: a 11.039(l), b 
11.525(l), c 15.996(l) a, p 96.241(6), 2 4, monoclinic, space group PZ,/n; 
VIIIb: a 8.917({. j, b 15641(l), c 15_868(2) .k, LY 79.34(l), fi 74.53(l), y 85.43(l)“, 
2 4, triclinic, space group pi. 

Intensity data, structure determination and refinement 
[Fe,(CO), {4-MeCJ&NC(O)S)] (Illb). 2629 independent reflections were 

measured on a Nonius CAD 4 automatic four circle diffractometer (Cu-K,, 

TABLE1 

ANALYTICALDATAANDMASSSPECTRA 

Compound Found (calcd.) (%) m/c 

C H N 0 S 

<Ha) 

(IIIb) 

(IVb) 

(Via) 

(VIhj 

(VIIIb) 

[F+(CO)6(t-C&yN.%1 31.30 
(31.37) 

CF~~(CO)~{~-M~C~F~~NC(~)S}I 38.75 

(37.79) 
(4-&1&@&)2 79.25 

(79.97) 

CFe3(CO)9S21 22.i7 

(22.35) 
IFcj(C(>jy(t-C?fi9NSjSl 28.60 

(28.14) 
[Fe3(CO)9(4-MeC6H~N)Sl 34.64 

(31.51) 

2.33 
(2.37) 
1.84 

(1.59) 
6.65 

(6.71) 

1.91 2.52 

(1.63) (2.52) 
1.38 2.59 

(1.27) (2.52) 

3.67 
(3.66) 
3.29 

(3.15) 

13.14 
(13.32) 

24.96 7.97 

(25.Oi) (8.37) 
6.34 

(7.213 

28.65 1q.40 

(29.76) (13.26) 
.25.-%7 8.21 
(25.95) (11.56) 

6.09 

(5.76) 

383 

(383) 

210 
(210) 
484 

(481) - 

667 

(555) 
558 

(557) 
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6’ - 26 scan), 1655 of which were below the 20 level and were treated as 
unobserved. The structure was solved by locating the two Fe atoms from an 
E*-Patterson synthesis. After two difference Fourier syntheses, all nonhydrogen 
atoms could be located. Block-diagonal least squares refinement, anisotropic 
for Fe and S and isotropic for 0, C and N, converged to an R index of 13.9%. 
Anisotropic least squares refinement for all non-hydrogen atoms reduced R to 
7.1% for the 974 observed reflections_ No absorption correction was applied. 

[Fe3(C0)9(t-C4HJW3)SJ (VIIa). 3671 independent reflections were measured 
on a Nonius CAD 4 automatic four circle diffractometer (Cu-K,, 0 - 20 scan), 
1980 of which were below the 2.50 level and were treated as unobserved. 
The structure was solved by locating the three Fe and two S atoms by SIMPEL, 
an interactive program system for direct methods [ 171. After three difference 
Fourier syntheses, all non-hydrogen atoms were located. Block-diagonal least 
squares refinement, anisotropic for Fe and S and isotropic for 0, C and N, 
converged to an R index of 12.6%. After correction for absorption, anisotropic 
least squares refinement for all non-hydrogen atoms reduced R to 6.7% for the 
1637 observed reflections. 

[Fe,(CO),(4-Me&H&)S] (VIIIb). A crystal, approximately 0.40 X 0.40 X 
0.15 mm, was mounted on a glass fiber and aligned with [ 1101 coincident with 
the diffractometer Q axis. 4276 independent reflections were measured on a 
Nonius CAD 4 automatic four circle diffractometer (Cu-K,, 0 - 28 scan), 1648 
of which were below the 20 level and were treated as unobserved. The structure 
was solved by locating the six Fe and two S atoms by SIMPEL [17]. After 
three difference Fouriersyntheses,allnon-hydrogen atoms werelocated.Block- 

diagonal least squares refinement, anisotropic for Fe and S and isotropic for 
0, C and N, converged to an R index of 14.3%. After correction for absorption 
(p = 192.0 cm-‘) block diagonal least squares refinement reduced R to 9.5% 
for the 2628 observed reflections_ 

Results 

The scheme in Fig. 6 shows the various reaction products, which were iden- 
tified by elemental analysis, ‘H NMR, mass, IR and Raman spectroscopy 
(Tables l-3). The structures of IIIb, VIIa and VIIIb were established by single 
crystal X-ray diffraction, the results of which will be described first. The 
characterization of other products present in the reaction mixtures will then 
be described_ 

The molecular structure of [Fe2(CO)6 {4-MeC,HflC(O)S)] (IIIb) 
The atomic coordinates, bond distances and bond angles are listed in Table 4, 

5 and 6, respectively. The molecular structure (Fig. 2) consists of two Fe(C0)3 
groups bonded to each other by a single metal-metal bond. The atoms are 
bridged by both the nitrogen and the sulfur atoms, which are connected to each 
other by a cvbonyl group. The Fe-Fe distance of 2.431(4) a, Fe-S distances 
of 2.270(5) and 2.279(5) and Fe-N distances of 2.02(l) K are consistent with 
values observed for similar complexes [ 18,191. The averaged Fe-C and C-O 
distances are l-82(4) and l-11(3) 8, respectively. The Fe-C-O angles do not 
deviate significantly from 180”. 
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TABLE 3 

lH NMR DATA = 

Compound Solvent ppm relative to TMS 

(Ia) 
(IW 

(IIIa) 

(1%) 
(VIIIb) 

C7Ds 
C7Ds 
CDCl3 

C7Ds 
CDC13 

C7D8 
CDCI3 

7.80(d) 
6.80(d) 

7.10(d) 

7.30(d) 
6.47(d) 

6.80(d) 

0.96(s) 
0.68(s) 
1.15(s) 
1.08(s) 
1.42(s) 
1.87(s) 

2.58(s) 

a d = doublet. s = singlet. 

Except for the phenyl group, the molecule has a mirror plane, within the 
limits of accuracy; this passes through N, S, C(S), O(8) and the point midway 
between the Fe atoms. The dihedral angle between this mirror plane and the 
plane through the phenyl group is 81”. 

Disregarding the Fe-Fe bonding the local coordination about each iron atom 
(see Fig. 3) may be described as a distorted tetragonal pyramid having the 
two carbonyl ligands and the two bridging N and S atoms located in the basal 
plane with the carbonyl ligand at the axial site. The Fe-Fe bond is actually bent, 
and lies approximately along the extrapolation of the two Fe-(CO) (axial) 
bonds [20]. The N-C(8)-S angle is 102(l)“, the Fe(l)-N-Fe(B) angle is 
74-O(4)” and the Fe(l)-S-Fe(2) angle is 64.6(l)“, which are small both for 
an sp2 and sp3 hybridisation. They are, however, rather similar to those found 

Fig. 2. hlolecular structure of CFe&O),5 {4-MeC6HaNC(O)S}l (HIb). 
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TABLE5 

BONDDISTANCES(&(WITHSTANDARDDEVIATIONS) 

IIIb VIIa VIIIb' VIIIb" 

Fe<ZjFe(l) 

Fe(2jFe(3) 

Fe(ljS<l) 
Fe(l)-S(2) 
Fe(2jS(l) 

Fe(2jS(2) 
Fe(3jSU) 
~ec3jsc2) 
Fe(1j-N 

Fe!2jN 
Fe(3j-N 

N-S(l) 
Fc(ljC(11) 
Fe(ljC(12) 
Fe(ljC(13) 
Fe<2jC<21) 

Fe(2)--C(22) 
Fe(%jC(23) 
Fe<3jC(31) 
Fe(3jCX32) 

=(3k-'X33) 
C(lljO(11) 
C(12jO(12) 

C(13jO(13) 
c(21)-0(21) 
C<22)_0(22) 
C(23)_0(23) 
C(31)_0(31) 
C<32jO(32) 
C(33jO(33) 

C(8)_-0(8) 
N-C(l) 
N--C(S) 
S-C(S) 

C(ljC(2) 
CUjC(3) 

C<l)--c<Q) 
C(l)--c<6) 
C(2)--c(3) 
C(3jC<4) 
C<4jC<5) 
C(4jC(7) 
C(5jC(6) 

2.431(4) 

2_270<5) 
- 

2.279(5) 
- 

- 
- 

2.02(l) 

2.02(l) 

- 

l-81(2) 
l-83(2) 
l-79(2) 
l-76(2) 
1.88(2) 
l-85(2) 
- 
- 
- 

l-10(3) 

1.11(3) 
l-14(3) 
l-15(3) 
1.06<3) 
1.11(3) 
- 
- 
- 

1.24(Z) 
1.42(2) 

1.42(2) 
l-79(2) 

l-43(2) 
- 

- 

1.35<2) 
l-40(2) 
1.41(3) 
l-40(3) 

1.54(3) 
l-35(3) 

2.614(4) 
2.227<5) 

2.314(6) 
- 

2.237(6) 
2.259(5) 
2.253<6) 
2.08(l) 

2.09(l) 

l-70(2) 
l-87(2) 
l-75(2) 
l-77(2) 
l-86(2) 
1.75(2) 
l-76(2) 
l-74(2) 
l-74(2) 
l-80(2) 
l-09(3) 

1.16(3) 
l-17(3) 
l-11(3) 
1.18(3) 
1.16(3) 
l-17(3) 
l-15(3) 
l-15(3) 
- 

1.51(2) 
- 
- 

1.56(3) 
l-51(3) 
1.59(3) 
- 
- 
- 
- 
- 
- 

2.50(l) 2.51(l) 
2.52(l) 2.53(l) 
2.23(2) 2.23(2) 

2.24(2) 2.24(l) 

2.54(l) 2.24(l) 

l-92(2) 

l-94(2) 

l-91(2) 

1.95(2) 

l-94(2) 

l-94(2) 

l-77(3) 
l-82(3) 
l-75(3) 
l-79(3) 
1.69(2) 
l-83(3) 
l-81(3) 
l-79(3) 
l-74(3) 
l-17(3) 

1.13(4) 
l-16(3) 

l-14(4) 
1X0(3) 
l-13(4) 
1.14(4) 

l-13(3) 
l-19(4) 

l-81(3) 
1.85(3) 

l-72(3) 
l-77(3) 
l-72(3) 
l-69(4) 
l-82(3) 
l-75(3) 

l-77(3) 
l-14(3) 

l-11(4) 
l-17(4) 

l-17(4) 
1.19(4) 

1.21(5) 
1.15(4) 
l-15(4) 
1.13(4) 

l-51(3) l-42(3) 

l-37(3) l-36(4) 

1.37<4) 
l-46(4) 
l-35(4) 
l-35(4) 
l-64(5) 
l-42(4) 

1.45(4) 
l-45(5) 
l-42(5) 
l-32(4) 
l-56(5) 
l-42(4) 

in similar complexes [18,19]. The coordination about C(S) is planar, whereas 
the coordination about N is a distorted tetrahedron. 

The molecular structure of [Fe,(CO),(t-CJ3JE)S] (VIIa) 
The atomic coordinates, bond distances, bond angles and dihedral angles are 

listed in Tables 4, 5, 7 and 8. The molecular structure (Fig. 4) consists of three 
Fe(CO), groups with one single metal-metal bond, a t-C,H9NS fragment with 
a single N-S bond and a sulfur atom. The RNS fragment and the sulfur atom 
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TABLE6 

BOND ANGLES OF IIIb (de& <WITH STANDARD DEVIATIONS) 

Fe(2jFe(ljN 
Fe(BjFe(1j-S 
N-Fe(ljS 
Fe(ljFe<BjN 
Fe(ljFe(2j-S 
N-Fe(2j-S 
Fe(ljS-Fe(S) 

Fe(ljS-cc8) 
Fe(2jS-c(8) 
N--C(8jS 

N-c(8)_0<8) 
S-a8)--0(8) 
Fe(2jN-Fe(l) 

Fe(2jN--C(S) 
Fe(ljN-C(S) 

52.9(4) 
57.9(l) 

71.0<4) 
53.1(3) 
57.5(l) 
70.9(4) 
64.6(l) 
76.8<5) 
75.9(5) 

102(l) 
128(2) 
130(l) 

74-O(4) 
93.3(S) 

93.9(S) 

C(ll)-Fe(lK(12) 
C(lljFe(l~(13) 

C(12jFe(lK(13) 
C(lljFe<ljN 
C<12jFe(ljS 
C<13jFe<ljFe(2) 
C<21jFe(2jC(22) 
C(21jFe(2jC(23) 
C(22jFe(2jC(23) 
C(21jFe(2jN 
C<22 jFe(2jS 
C(23jFe(2jFe(l) 

C(ljN-Fe(l) 
C(ljN-Fe(2) 

C(ljN-C(W 

93m 
94(l) 

980) 
156(l) 
156(l) 
155(l) 

90(l) 
98(l) 

101(l) 

155(l) 
158(l) 
150(l) 
130(l) 
133(l) 
120(l) 

each bridge the three Fe atoms in such a way that the skeleton, formed by the 
three Fe, two S and one N atoms, has an approximate prismane configuration. 
The only significant deviation from this configuration is the difference in 
lengths of the N-S (1.70 A) and of the Fe(Z)-Fe(3) (2.614 A) bonds. The 
average dihedral angle between the three prism faces is 60”, whereas tine average 

Fig. 3. Coordination about Fe in [Fez(C0)6{4-MeC~H~NC(O)S}](IIIb). 
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Fib. 4. Molecularstructure of CFq(CO)g(t-C4HgNS)SI(VIIa). 

TABLE7 

BOND ANGLES OFVIIa(deg)(WITHSTANDARDDEVIATIO_NS) 

S(l)-Fe(1j-N 
S(l)-Fe(ljS(2) 

N-Fe(lbS(2) 
C(lI)-Fe<l)-C(lZ) 
C(ll)-Fe(l)-C(13) 
C(12)-Fe(l)-C(13) 

C(U)--Fe(l)--N 
C(12)-Fe(l)-S(2) 
C(13jFe<l)-S(1) 
N-Fe<2)--F&3) 
Fe(3)--Fe(2)-S(2) 
N-Fe(2)-S(2) 

C(21)-Fe(2)-C(22) 
C(21)_Fe(2)-C<23) 

C(22)-Fe(2)-C(23) 
C<21)-Fe<2FS(2) 
C<22)-Fe<2)--N 

C(23)_Fe<ZjFe(3) 
S(l)-Fe(3)_Fe(2) 

S(l)_Fe(3kS(2) 
%2)-Fe(3)-Fe(2) 

46.5(4) 
82.4(2) 

81.6(4) 

88(l) 
100(l) 

920) 
153(l) 
175(l) 
150(l) 
80.3(4) 
54.7(2) 
83.1(4) 

91(l) 
104(l) 

89(l) 
148(l) 
171(l) 
163(l) 

75.5(2) 

83X2) 
54-l(2) 

C(31)-Fe(3jC(32) 
C(31jFe(3)--C(33) 

C(32)-Fe(3)--C(33) 
C(31)-Fe(3PS(2) 
C(32)-Fe<3)--S(1) 
C(33jFe(3)-Fe(2) 

Fe(l)-S(l)_N 
Fe(l)-S(l)--Fe(3) 
Fe(3)_S(lPN 
Fe<l)-_.!%2)-F‘.=<2) 

Fe(l)-S(2)-Fe(3) 
Fe(2)-+(2jFc(3) 

S(l)_N-Fe(2) 
S(l)-N-Fe(l) 
Fe(l)-N-Fe(B) 

N-C(l)-C(2) 
N--c(l)-c(3) 
N-C(l)-C(4) 

c(zk-~m-~(3) 
cm-~(1t-c~4) 
c(3bC(lt-c(4) 
C(l)-N-S(l) 
C(l)-N-Fe(l) 

C(l)-N-Fe(2) 

90(l) 
102(l) 

89(l) 
157(l) 
175(l) 
154(l) 

62.2(5) 
97.1<2) 

lOO.2(5) 
90.7<2) 

?4.8(2) 
71.2(2) 

103.7(7) 
71.4(5) 

101.8(6) 

108(2) 
ill(2) 

112(2) 
lli(2) 
105(2) 
llO(2) 
119(l) 

121(l) 

126(l) 
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TABLE 8 

DIHEDRAL ANGLES OF VIIa BETWEEN PLANES 

Plane Atoms defining the plane Dihedral angles (de&c) 

1 Fe(2). Fe(3). SW, N l-2 61.8 2-4 89.2 

2 Fe(l). Fe(2), S(2). N l-3 59.2 2-5 87.9 

3 Fe(l). I+(3). S(1). S(2) l-4 89.6 3-4 82.6 

4 FeW. Fe(3). S(2) l-5 84.9 3-5 89.3 

5 Fe(l). S(1). N 2-3 59.6 4-5 7.1 

dihedral angle between the two triangles and the prism faces is 87” (see Table 8). 
The NS double bond, which is 1.53 A in the free ligand [Zl], is lengthened in 

VIIa to 1.70 A, which is the distance found for a single N-S bond [6]. The 
Fe-Fe distance of 2.614(4) A, the Fe-S distances of 2.227(5)-2.314(6) A 
and the Fe-N distances cf 2.08(l) and 2.09(l) are consistent with valu& 
observed for other comp&xes [18,19]_ The average Fe-C and the average C-O 
distances are 1.78(5) and l-15(3) A, respectively-The Fe-C-O angles do not 
deviate significantly from 180” _ 

The coordination around both iron atoms is similar, and approximately octa- 
hedral. The four atoms around Fe(l) (S(l), N, C(11) and C(13) lie in nrle plane, 
which is perpendicular to the approximately linear C(12)-Fe(l)-S(2) axis. This 
is also found for the four atoms around Fe(2) (C(21), C(23), S(2) and Fe(3)) 
with respect to the N-Fe(2)-C(22) axis and for the four atoms around Fe(3) 
(C(31), C(33), S(2) and Fe(2)) with respect to the C(32)-Fe(3)-S(1) axis. In 
all these three planes a deviation from the ideal octahedral geometry is found 
for the angle involved in.the prismane skeleton. The average V&.E for this angle 
is 52(4)“, whereas the average of the other angles in these planes is 103(4)". Just 
as with IIIb, it is assumed that the Fe-Fe bond is, in fact, bent and lies approxi- 
mately along the extrapolation of the Fe(2)-C(23) and Fe(3)-C(33) bonds 
[20]. 

The molecular structure of [Fe,(C0),(4-lMeCBH~)S] (VIIIb) 
There are two molecules in the asymmetric unit, VIIIb’ and VIIIb”. Their 

atomic coordinates, bond distances and bond angles are listed in Tables 4, 5 
and 9, respectively. The molecular structure (Fig. 5) consists of three Fe(CO)s 
groups with two single metal-metal bbnds, while an RN fragment and an S atom 
both bridge the three iron atoms. The local coordination about Fe(l) and Fe(3) 
is similar to that for Fe(l) and Fe(2) ii~ [Fe2(CO),(4-MeC,H,NC(O)S)I (IIIb) 
(see Fig. 3). So, for VIIIb the same remarks concerning the Fe-Fe bonds could 
be made as for IIIb. The central iron atom, Fe(2), has a seven-coordinate 
geometry. Compound VIIIb is isostructural with [ Fe,(CO)&], [Fe,(CO),Sez], 
[FeX(CO),((C,Ii,),C=N2)23 and [Fe3(C0)9(CH3N)2] [19,27,35]. The Fe-Fe 
distances of 2.50(1)-2.53(l) A, Fe-N distances of 1.91(2)-1.94(2) A and 
Fe-S distances of 2.23(2)-2.24(2) A are consistent with values observed for 
similar complexes [18,19,27,35]. The averaged Fe-C and C-O distances are 
f-77(5) and l-16(3) A resp. 



349 

TABLE9 

BONDANGLESOFVIIIb(de~)(WITHSTANDARDDEVIATIONS) 

VIIIb' VIIIb" vmb VIIIb" 

Fe(l)--S-Fe(B) 

Fe(2)--S-Fe(3) 

Fe(l)--S-Fe(3) 
Fe(l)--N-Fe(2) 
Fe(2)-N-Fe(3) 

Fe(l)-N-Fe(3) 
Fe(l)-N-C(l) 

Fe(2)_N-C(1) 
Fe(3)-N-C(l) 
S-Fe(l)-_N 
S-Fe(l)-Fe(2) 
N-Fe(ljFe(2) 
S-Fe(1j-N 
S-Fe(2)-Fe(l) 
S-Fe(2)-Fe(3) 
N-Fe(P)-Fe(l) 
N-Fe(2)-Fe(3) 
Fe(l)-Fe(2jFe(3) 
S-Fe(3)_N 
S-Fe(3)-Fe(2) 

68.0(2) 
68.7(2) 
91-l(3) 
80X(7) 
81.7(7) 

112.5(9) 
123(2) 
128(l) 
119(2) 

75.7(6) 
56.2(2) 
50.1(5) 
75.0(5) 

55.8(2) 
55.6(2) 
49.3(6) 
48.6(6) 
78.8(2) 
75.7<6) 
55.7(2) 

68.4(2) 
68.8(2) 

90.7(3) 
80.3(7) 
81.1(6) 

109.5(S) 
122(l) 
132(2) 

121(l) 

76.9(5) 
56-O(2) 

49.7(6) 
76.8(5) 
55.6(2) 
55.6(2) 
49.9(5) 
49.4(5) 
78.2(2) 
76.9<6) 
55.7(2) 

N-Fe(3)-Fe(2) 

S-Fe(lJ-C(ll) 
N-Fe(l)-C<12) 
Fe(2jFe(l)-C(13) 
S-Fe(2)-C(21) 
S-Fe(Z)-_C(22) 
S-Fe<2)-C(23) 
N-Fe(2)-C(21) 
N-Fe(Z(-C<22) 

N-Fe(2)-C(23) 
Fe(l)_Fe(2)-C(21) 
Fe(l)-Fe(2jC(22) 
Fe(l)-Fe(2)-_C(23) 
Fe(3jFe(2)_C(21) 
Fe(3t_Fe(2)-_C(22) 
Fe(3.&Fe(2-(23) 
S-Fe(3jC(31) 
N-Fe(3)--C(33) 
Fe(2)--Fe(3+C<32) 

49.7(5) 

165(l) 

156(l) 
148(l) 
145(l) 
115(l) 

87(l) 

95(l) 
106(l) 

157(l) 

92(l) 
154(l) 
f09(1) 
138(l) 

77(l) 
130(l) 
171(l) 
159(l) 
138(l) 

49.5(6) 
164(l) 
157(l) 
144(l) 
142(l) 
117(l) 

89(l) 

96(l) 
104(l) 

163(l) 

91(l) 
153(l) 
114(l) 
142(l) 

77(l) 
128(l) 

168(l) 
158(l) 
140(l) 

Reaction a; R = t-C&T9 
Otsuka et al. [17] have described the reaction of DBSD with [Fe(COL] in 

hexane at ambient temperature under irradiation with diffuse sunlight, which 
yielded only IIa (Fig. 6). In contrast, we have studied the reaction of DBSD 

Fig. 5. The molecularstructure of CFe3(CO)9(40-hfeCgHqN)SI (VIIIb). 
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&i&t-C4Hg 

b. R=4-MeC6H4 

‘\N=S 

- 

it 
0 

I a.b. 

WI 3Fe 

1% - 

lCO)3Fe+- 

Pa xra XLlra XULb 

Fig. 6. The different reaction products from the reaction of [Fe&O)91 with R-N=S=N-R <R = 

t-C4H9, &MeCgH4). 

with [ Fe,(C0)9] in hexane and benzene at ambient temperature. Our reaction 
yielded six different complexes, of which IIa was the main product. The 
proposed structure of this compound consists of an RNS fragment bound to a 
dinuclear [Fe2(CO),] entity. The presence of a single Fe-Fe bond is confirmed 
by the occurrence of a strong polarized band at 208 cm-’ in the Raman spectrum, 
in agreement with previously reported data [22], and supported by the fact 
that the intensity of this band is enhanced hy a factor of two with respect to 
the solvent (benzene) at 606 cm-’ when the exitation line is changed from 
6471 to 5145 A [23]. Other bands in this low frequency region of the Rarnan 
spectrum at 360, 314 and 260 cm-’ are tentatively assigned to Fe-S and Fe-N 
stretching modes, by analogy with reported data for v(FeS) [22] (see Table 2). 

Since IIIa and IIIb appear to have almost identical carbonyl stretching 
frequencies, the structure of IIIa, which was studied only in solution, is 

assumed to be similar to IIIb, for which the structure has been established by 
X-ray diffraction_ 

When the reaction was followed by ‘H NMR spectroscopy (Table 3) it was 
found that Ia is the main product and IIa is a by-product, formed in a 7/l 
molar ratio. The other products could not be detected by ‘H NMR. Only IIa 
could be isolated in substantial amount t.hough sufficient Ia was obtained to 
give an IR spectrum_ The stretching frequencies of the terminal carbonyl groups 
are similar to those of IIa and IIIa, whereas the stretching frequencies of the 
bridging carbonyl groups differ by only 17 cm-‘_ In the region between 650 
and 1350 cm-’ the IR spectrum of Ia differs from that of IIa, which indicates 
the presence of a differently bonded NS fragment. From these observations, 
and by analogy with similar diiron complexes involving cyclic azo compounds 



351 

[24,25], structure Ia, shown in Fig. 6, is proposed. An alternative structure 
involves an end-on coordinated RNS group, which bridges the twb Fe atoms 
via the S atom. 

The well kno\m compounds Va [26] and Via 1271 were difficult to isolate 
pure from the reaction mixture. After repeated crystallization only Via was 
obtained pure. In the Raman spectrum of Via shows three bands in the metal- 
metal stretching frequency region at 170,197 and 219 cm-‘. The two strongest 
bands are tentatively assigned to v(Fe-Fe), whereas the third band could arise 
from a 6(C-Fe-C) [22,23]. A band at 297 cm-’ is tentatively assigned to 
v(FeS). 

The mass spectrum of VIIa (Table 1) shows a parent peak at m/e 667 as well 
as fragments resulting from the successive loss of eleven carbonyl groups. 
This points to the overall formula [Fe,(CO),,(RNS)S]. This means that for 
VIIa a Fe(CO), fragment is added to the original compound_ From U.P.S. 
experiments it has been shown that VIIa is unstable in vacuum. 

Reaction b, R = 4-&leC&i~ 
Just as in reaction a (with DBSD), the products Ib, IIb and IIIb are formed. 

Ib and IIb have only been studied in solution. The values for v(C0) of Ia with 
respect to Ib, and IIa with respect to IIb are almost similar (Table 2). In con- 
trast with reaction a, only a small trace of IIb is found, while IIIb is the only 
isolated dinuclear iron complex. In the Raman spectrum of IIIb at 220 cm-’ a 
band is found which is tentatively assigned to v(Fe-Fe) and bands at 276 and 
302 cm-’ to v(FeS) by analogy with IIa and by comparison with other data 
[22] (Table 2). 

The formation of azotoluene (IVb) is probably caused by decomposition of 
IIIb, because it is also formed when solid IIIb is heated under nitrogen in a 
thermoanalyser. Otsuka et al. [7] isolated only azobeniene and a trace of 
aniline from the reaction of [ Fe,(CO),] with Ph-N=S=N-Ph, whereas IIb was 
prepared from a reaction between [ Fe,(CO),] and Ph-N=S=O. 

Discussion 

(A) Structural aspects 

For [Fe,(COj,(RNS)] (I) a structure containing a bridging carbbnyl group is 
proposed. Assuming that each of the iron atoms fulfills the 18 electron rule, 
this implies that the RNS ligand, which is positioned parallel to the Fe-Fe axis, 
must act as a four-electron donor, and so an NS double bond inust also be 
present_ 

In [Fe,(CO),(RNS)] (II) the RNS fragment is rotated by 90” with respect 
to the Fe-Fe bond, so that the sulfur and nitrogen bridge the two iron atoms. 
In this structure the RNS ligand acts as a six-electron donor and thus has a 
single NS bond. The structural features of this complex are similar to those of 
[Fe2(CO),(S,)] (V), for which the structure has been established by X-ray 
diffraction [26], and to those of [Fe,(CO),(N-N)] [24,25,28-311. 

[Fel,(CO),RNC(0)S] (III) has an RNC(O)S fragment, which is bonded to the 
[Fe ,<ZO),] entity via a N and S atom positioned similarly as the RNS fra,%ent 
in II and likewise a six-electron donor. III is the first example of a compound 
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in which a carbonyl group is inserted into an NS bond. A few examples of 
similar insertion processes in N-N bonds have been reported for [ Fe,(C0)6- 
(RNNR)] [28-30,32,33)]. Such an inserted carbonyl group has also been found 
in [(CpCo), {t-C,H,NC(O)N-t-&H, }I, which was prepared from DBSD and 
[CpCo(CO)J [9,341. Accordingly, upon reaction with Co’ DBSD gives an 
R-N-C(O)-N-R fragment, whereas with Fe0 an R-N-C(O)-S fragment is 
obtained_ 

In [ Fe,(CO),(RNS)S] (VIIIb) a triply bridging four-electron donor nitrene 
(RN) and a triply bridging four-electron donor S atom are each linked to the 
[Fe,(C0)9] entity, which contains two Fe-Fe bonds. The structural features 
of this complex are very similar to [ Fe,(CO),S,] (Via) [27] and to [Fe3(C0)9- 
(RN),] [28-30,35,36-j. 

The most interesting product, however, is [Fe,(CO),(RNS)S] (VIIa), not 
only because the skeleton, formed by the three iron, two sulfur and one 
nitrogen atoms, has a p&mane structure, which is novel in cluster chemistry, 
but also because only one Fe-Fe bond is present in the trinuclear iron com- 
plex. Previously two types of triiron clusters containing ligands which are 
bonded via hetero atoms w&e known: (i) clusters containing two Fe-Fe bonds 
and two triply bridging ligands each acting as a four-electron donor such as 
VIIIb [28-30, 35-371; (ii) clusters containing three Fe-Fe bonds are one 
ligand, bridging the three iron atoms and acting as a six-electron donor [7,25,38]. 
In VIIa both a triply bridging four-electron donor sulfur and a bridging six- 
electron donor RNS ligand are present. This results in a total of 52 valence 
electrons for the cluster, which means that only one Fe-Fe bond is necessary 
to give an 18 electron configuration on each of the iron atoms. 

(B) Some aspects of the reaction route 
The present work is to our knowledge the first attempt to study in detail the 

products obtained by the cl’eavage of the R-N=S=N-R molecule and rearrange- 
ment of the fragments on iron centers. At this stage of our study there is no 
direct evidence for the sequences by which the products are formed. However, 
on the basis of the structures of the isolated compounds and by analogy with 
information from the literature some conclusions about the course of the 
reaction can be drawn. In particular the product ratio of the various complexes 
seemed to be dependent on R. 

Conversions of I into II involves the loss of a two-electron donor carbonyl 
ligand with concomitant rotation of the four-electron donor RNS ligand, which 
then becomes a six-electron donor ligand via bridging N and S atoms. This 
process necessarily weakens the NS bond, which formally has a double bond 
character in I but a single bond character in II. In this respect it seems plausible 
to assume that III is formed from II by insertion of CO into the weakened NS 
bond. The overall reaction from I -+ II -+ III thus illustrates how an NS bond 
can become activated on a metal-metal center towards an insertion reaction_ 
The suggested processes have been observed for the reactions of similar cyclo- 
azo compounds with [ Fe2(CO),] (I -+ II) [24,25] and for t-he reaction of RN3, 
RNCO or RNO? with [Fe,(CO),] (II + III) [28-301. The fact that for R = 
4MeC,H, compound IIIb and for R = t-C4H9 compound IIa is the main product 
may be clue to electronic, kinetic, a steric effects. It is not clear which 
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effect dominates in the insertion reaction of a carbonyl group in the NS bond. 
The difference between reactions a and b with respect to.the yields of 

product II and III has consequences for the formation of further products_ 
A possible route for the formation of the trinuclear complexes is a reaction of 
the dinuclear species with another iron carbonyl complex or fragment_ For 
example [Fe2(CO),(S,)] (Va) decomposes in [Fe,(CO)&] (Via), which is in 
agreement with previous observations 1281. In reaction b the dinuclear complex 
IIIb is present in relatively large amounts, and it seems likely that this dinuclear 
species reacts with another iron carbonyl fragment to give VIIIb. This process 
is similar to that for [ Fe2(C0)6 { RNC(O)NR}], which gives a dinitrene complex 
of the type [Fe,(CO),(NR)*] [28-301. The same applies for the conversion of 
IIa into VIIa in reaction a. In this case, however, the RNS fragment remains 
intact, which is in agreement with the conversion of similar complexes [Fe,- 
(CO),(N-N)] into [ Fe,(CO),(N-N)] (Fig. 1) [7,25,38], in which the cyclic- 
azo group remains unaltered_ An obvious difference from the present reaction 
is that in VIIIa a triply bridged S atom is also present. This can be rationalised 
by a reaction of [Fe,(CO)&!Q] (Va) giving [Fe,(C0)9(RNS)S] (VIIa), in 
which Va provides a [Fe(C0)3S] fragment. 

It is noteworthy that in the reaction b (R = 4-Me&H,), IIIb is a minor product 
while VIIIb is the major product. The fact that in this reaction [Fe2(C0)3(S2)] 
and [ Fe3(C0)&] are essentially absent suggests that Va is highly reactive 
towards either IIIb or an intermediate which is formed from IIIb by elimina- 
tion of an OCS fragment_ The yield of VIIa is low, indicating that IIa is some- 
what inert towards Va and thus in reaction a Va and Via are also present. 

The formation of azotoiuene (IVb) from IIIb is another interesting aspect of 
the reaction. In a separate experiment it was shown that azotoluene is produced 
by heating the solid carbonyl-inserted product IIIb. Elimination of a nitrene 
species occurs, and this dimerizes to give an azo compound. The residual 
product, which must be a dinuclear iron species containing a carbonyl sulfide 
iigand, has not been scanned. 
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