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cm, the region of the spectra expected for N-H stretching
vibrations. It is of interest to mnote that
[(Me;SiCH,),AIN(Me)H], has been reported to exist as the
trans isomer with only a single proton resonance for the
methylene protons of CH,SiMe;.4

In summary, a comparison of data for the series of
compounds AlR;, AIR,H, AIR,Br, R,AIPPh,, and R,AIN-
(Me)H demonstrates that neopentyl derivatives are less
associated than (trimethylsilyl)methyl derivatives if they
are electron-deficient but more associated if they are
electron-precise. Presumably for electron-deficient com-
pounds withdrawal of electron density from the bridging
unit is the dominant factor influencing the degree of as-
sociation, whereas for electron-precise compounds where

there are plenty of electrons, the enhanced Lewis acidity
of the aluminum is most important.
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Cations of the type Fe(n>-CS,;R)(CO),(L),* (L = PPhy; R = Me (2a), Et (2b), CH,C(Me)=CH, (2¢))
react with NaBH, to afford, via electron transfer, C-C coupling products (RS),C,S,Fe,(CO) (L), (3a—c).
Complexes 2 containing an acylalkyl group, R, also give complexes 3d,e, but only on reduction with activated
magnesium. Reduction of cations 2a-¢ with sodium amalgam leads first to 3a—c and then to the
(RS),C,8,Fe(CO),(L) complexes (4). Complexes 4a—c are also obtained on treatment of 3a—c with Lewis
acids in the presence of air. Cation 2h (L = P(OMe);, R = Me) is less easily reduced (E, = ~0.81 V vs
SCE) than 2a (L = PPhy; E. = -0.74 V vs SCE) and, when treated with NaBH,, undergoes electron transfer
and hydride addition: complex 6, analogous to 3, and Fe(n?>-HCS,Me)(CO),L, (5) are thus formed. Reaction
of 2h with Na/Hg affords by contrast small amounts of FeCS(CO),L; (8) and (R,S),C;S,Fe(CO)L; (9).
The X-ray diffraction structures of 3a and 4a have been determined. 3a: space group P1,Z =2, ¢ = 9.669
(2) A, b=13477(3) A, ¢ =17.323 (3) A, @ = 101.1 (2)°, 8 = 91.5 (2)°, v = 110.3 (2)°, V = 2048 A3, R =
0.058 for 3802 reflections having I > o(I). 4a: space group P2;/a,Z = 4,a = 24.144 (6) A, b = 10.017 (2)

A, ¢ =10.745 (2) A, a = 97.38 (2)°, V = 2577 A%, R = 0.084 for 2440 reflections having I > 3e(]).

Introduction

Heteroallenes have a potential for the formation of
carbon—carbon bonds and, as far as carbon disulfide and
isothiocyanate are concerned, for the elaboration of sul-
fur-containing inorganic and organic substrates. However,
this requires activation of the heteroallene, which can be
achieved by coordination to a metal center.!* Examples
of metal-promoted dimerization of heteroallenes involving
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the formation of carbon—heteroatom bonds have been re-
ported.> These result from oxidative, “head-to-tail” cou-
pling. Only a few processes involving “head-to-head” C-C
bond coupling of heteroallenes have been discovered.®12
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Early electrochemical studies® of a bis(dithiooxalato)cop-
per(II) system showed a reversible C—-C bond formation
between two sulfur-coordinated SCO ligands. C-C cou-
pling of carbodiimide was observed by reaction with
Cp,Ti(CO), to give (Cp,TI)(RN),C-C(NR),(TiCp,). C-C
coupling of CS, was first achieved by reaction with Fe,-
(C0O),,® and afforded the complex (OC) Fe,(S,C-CS,)-
Fez(co)s of type A, and ((C5H5)Ni)2(CO)2 and ((C5Mes)'
Ni),(CO),® also react with CS, to give ((CsHz)Ni);)a(us-
S)z(CgS4) of type B and ((C5Me5)Ni)2(Czs4) of type C,
respectively (Scheme I). The treatment of (triphos)-
MCI(CX,) complexes (M = Rh, Ir; CX, = CSe,,° CS,11)
with Lewis acids or even alcohols provide a general route
to the formation of (triphos)M(C,X,)M(triphos)?* cations
of typ2e C for which the dimerization has been rational-
ized.!

We wish to report a new type of C—C bond formation
from a CS, derivative coordinated to an iron center. This
reaction was found in the course of our initial effort to
reduce alkylated Fe(n?-CS,) derivatives, namely, Fe(n?*
CS,R)* cations. This C-C coupling reaction involves a
one-electron process, either from borohydride or from
sodium amalgam, and leads to the dimerization of the
n*-CS,R group to afford tetrathiooxalate iron derivatives.
The reaction pathways are based on the X-ray structure
determination of two key derivatives of tetrathiooxalate,
one coordinated to a binuclear and the other coordinated
to a mononuclear iron moiety.

The reaction of L,M(n?-CS,R)* cations with sodium
borohydride has been shown to markedly depend on the
nature of the L,M moiety. The first reported example!?
indicated that Os(32-CS;Me)(CO),(PPh,),* with NaBH,
gave Os(H) (n}-CS,;Me) (CO)o(PPh;), which eventually, on
heating, lost MeSH to afford the complex Os(CS)(CO),-
(PPhg),. The complex [N(CH,CH,PPh,);Co(n>-CS;Me)*1
under similar conditions led directly to elimination of the
SMe group and formation of N(CH,CH,PPh,});Co(CS)-
BPh,. By contrast, Cpy(Bu)Nb(»%-CS;Me)* gave an un-
identified adduct with borohydride which eventually
transformed into Cp,(Bu)Nb(s2-HCS,Me).’> Recently we
observed that [Fe(n?>-CS;Me)(CO),(L),*] (D, L = PMey)
behaved toward NaBH, quite differently. Addition of
hydride to the coordinated CS,Me carbon took place af-
fording the dithioformate iron complex E!® (Scheme II).
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Conversely, reduction of D, containing PMe, groups, with
sodium amalgam yielded the Fe®(CS) complex F. We now
wish to show that the presence of PPh; groups in a com-
plex of type D reorientates the course of the reactions with
either borohydride or sodium amalgam.

Experimental Section

Syntheses. All reactions were carried out under a nitrogen
atmosphere by using Schlenk techniques. NMR spectra were
recorded on Bruker WP 80 FT (*H, %P, 3C) and on Bruker AM
300 WB FT (**C) instruments, and mass spectra were obtained
with a Varian MAT 311 spectrometer at the “Centre de Mesures
Physiques de I’Ouest”, University of Rennes, Rennes, France.
Elemental analyses were performed by CNRS, Villeurbanne,
France.

Materials. Solvents were dried by reflux over appropriate
drying agents and stored under inert atmosphere. Tetrahydro-
furan and diethyl ether were distilled over sodium benzophenone
ketyl, pentane, hexane, and acetonitrile were distilled over calcium
hydride, and dichloromethane was distilled over phosphorus
pentoxide first and then over calcium hydride.

Electrochemical Studies. Cyclic voltammetric measurements
were obtained with the use of a conventional three-electrode
system. The working electrode was a platinum electrode. A
Tacussel UAP-4 or PAR Model 362 potentiostat and a Kipp and
Zonen BD 90 X-Y recorder were used for cyclic voltammetric
experiments. All the measurements were carried out at 25 °C
under a nitrogen atmosphere with a solution of the complex
(1.4-1.5 X 10° M) in 0.1 M Bu,NPF,;/CH;CN. All the potentials
are referred to a saturated calomel electrode.

Synthesis of Cationic Complexes 2. Complexes 2a—¢ were
prepared from Fe(n?-CS,)(CO)y(PPh,),!8 (1) in dichloromethane
at room temperature with an excess of methyl iodide, ethyl iodide,
or 2-methylallyl chloride according to the procedure published
for 2a.!71% The yellow salts 2a—c were thus obtained.

2a: 95% (810 mg); IR (Nujol) 2050, 1978 cm™. 2b: 87% (755
mg); IR (Nujol) 2040, 1970 cm™. 2¢: 90% (760 mg); IR (Nujol)
2040, 1980 cm™.

Complex 2h was obtained from Fe(n?-CS,)(CO),(P(OMe)s),'®
according to the general procedure.!”

Complexes 2d and 2e were made by addition of HBF,-OEt,
(1.2 mmol, 0.3 mL) to the solution of Fe(n2-CS,)(CO),(PPhy),1®
(1) (0.712 g, 1 mmol) in 20 mL of dichloromethane, followed by
addition of 1.1 mmol of the unsaturated carbonyl compound,
pulegone (d) or benzylideneacetone (e), in 5 mL of dichloro-
methane. The mixture was stirred at room temperature for 15
min. The solution was concentrated to ca. 5 mL, and then addition
of diethyl ether led to the precipitation of the salt 2d or 2e.

2d: 80% (0.73 g) obtained from 1 mL of (+)-pulegone; mp
145-146 °C; IR (Nujol) 2045, 1980, 1700 cm™; 3P NMR (CDCl,,
32.38 MHz, 305 K) ¢ 556.08 (s, PPhy). Anal. Caled for
CyHP,038,FeBF: C, 61.78; H, 4.97; P, 6.50. Found: C, 61.56;
H, 4.60; P, 7.02.

2e: 75% (0.69 g) obtained from 0.15 mL of 4-phenyl-3-bu-
ten-2-one; mp 163-165 °C; IR (Nujol) 2050, 1975, 1710 cm™%; 3P
NMR (CDCl;, 32.38 MHz, 305 K) 5 50.92 (s, PPh;). Anal. Caled
for C,gHgoP,048,FeBF: C, 62.11; H, 4.47; P, 6.54. Found: C,
62.82; H, 4.82; P, 7.01.

Synthesis of Complexes 3. Method A (3a—c): Addition of
Borohydride to Complexes 2. The addition of 2 equivalents
of NaBH, (0.38 g) to a THF solution (100 mL) of 2a (5 mmol,
4.27 g) at room temperature led after 2 h of stirring to the for-
mation of a purple product. Solvent evaporation under reduced
pressure and silica gel chromatography under nitrogen of the
resulting mixture with ether and then THF as eluents gave 64%
vield of the compound 3a after recrystallization in THF /hexane.
3b (556%) and 3c (35%) were also obtained by using the same
procedure from 2b and 2c.

Method B (3a—c): Reduction of Complexes 2 with Na/Hg.
A THF (20 mL) solution of 2a (0.5 mmol, 0.43 g) was added to
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5 mL of 1% sodium amalgam (1 mmol of Na) and stirred at room
temperature. The reaction was monitored by using thin-layer
chromatography. After 20 min, the reaction gave a mixture of
two complexes, 3a (purple) and 4a (blue) that were separated by
column chromatography (eluents, pentane—ether for 4a (traces)
and then THF for 3a (major)). Crystallization in THF-hexane
led to 40% yield of 3a. Similarly 3b (35%) and 3¢ (30%) were
obtained from 2b and 2¢c.

Method C (3d,e): Reduction with Magnesium. Activated
magnesium (4 equiv) was prepared by stirring 4 mmol of Mg with
1 mmol of HgCl, in THF for 30 min, followed by decantation of
the solution and washing of the magnesium with THF.?® Complex
2d (915 mg, 1 mmol) or 2e (920 mg, 1 mmol) in 20 mL of THF
was added to the activated magnesium. The mixture was stirred
at room temperature for 24 h. Filtration, solvent evaporation,
and silica-gel chromatography under nitrogen (eluent, hexane—
ether) led to 35% of 3d (210 mg) and 30% of 3e (180 mg).

Characterization of Complexes 3. 3a: mp 176-178 °C; IR
(Nujol) 1990 (vs), 1950 (s), 1930 (vs), 1910 (m) cm}; 3'P NMR
(CD,Cl,, 309 K, 32.38 MHz) § 58.4 (s, PPh;); 'H NMR (CD,Cl,,
305 K, 80 MHz) 4 7.70, 7.42 (m, C¢H;), 1.61 (s, SMe). Anal. Caled
for Co,H,;30,PS,Fe: C, 56.78; H, 3.89; P, 6.65; S, 13.78. Found:
C, 56.50; H, 3.75; P, 6.36; S, 13.40.

3b: mp 120-122 °C; IR (Nujol) 2000 (vs), 1975 (vs), 1958 (s),
1935 (m) em™; 3P NMR (CgDy, 306 K, 32.38 MHz) 6 58.8 (s, PPhy);
H NMR (C¢Dq, 300 K, 80 MHz) § 7.8 (m, CgHj), 2.30 (q, CH,,
3J = 7.1 Hz), 0.90 (t, CH;). Anal. Caled for Cy3H,00,PSFe: C,
57.63; H, 4.20; P, 6.46; S, 13.38. Found: C, 57.52; H, 4.78; P, 6.48;
S, 13.43.

3¢: mp 126-127 °C; IR (Nujol) 1990 (s), 1940 (s), 1910 (s), 1905
(m) em™; 3P NMR (C¢Ds, 300 K, 32.38 MHz) & 81.18 (s, PPhy);
H NMR (C¢Dy, 300 K, 80 MHz) 5 7.68, 7.39 (m, C¢Hj), 4.70 (s,
=CH,), 2.81 (s, CH,), 1.60 (s, =CH;). Anal. Caled for
CyH,,0,PS,Fe: C, 58.49; H, 4.46; P, 6.28. Found: C, 58.30; H,
4.42; P, 6.30.

3d: mp 147-150 °C; IR (Nujol) 1985 (s), 1950 (vs), 1920 (s),
1885 (m), 1720 (m) em™!; 3'P NMR (CDCl,, 304 K, 32.38 MHz)
6 63.02 (S, PPha). Anal. Caled for 031H3203P82Fe: C, 6169; H,
5.34; S, 10.62; P, 5.13. Found: C, 61.90; H, 5.48; S, 10.68; P, 5.17.

3e: mp 156-158 °C; IR (Nujol) 1990 (s), 1950 (vs), 1915 (s),
1890 (m), 1720 (m) cm™; 1P NMR (CDCl,, 304 K, 32.38 MHz)
8 63.32 (s, PPhy). Anal. Caled for C3,H,O3PSFe: C, 62.32; H,
4.39; S, 10.73; P, 5.18. Found: C, 62.09; H, 4.58; S, 10.34; P, 5.25.

Synthesis of Complexes 4. Method A (4a—e¢): Oxidation
of 3. The isolated complexes 3 in THF solution were transformed
slowly into the products 4 in the presence of air. This trans-
formation was accelerated by addition of acids or ceric salts. For
example, 1 mmol (0.87 g) of 3a in THF (20 mL), stirred for L h
with an excess of Ce** salt (Ce(NO,),) and in the presence of air,
gave a blue solution. Filtration, evaporation of the solvent under
reduced pressure and silica gel chromatography under nitrogen
of the resulting mixture with pentane gave, after crystallization
in pentane, a 30% yield of 4a. The same complex 4a was obtained
in similar yield, but after 10 min at room temperature, when two
drops of (14 M) HNO; were added to the solution of 3a in the
presence of air. 4b (30%), 4¢ (35%), 4d (10%), and 4e (5%) were
obtained analogously.

Method B (4a—c): Reduction of 2, Complex 2a (0.5 mmol,
0.43 g) in 20 mL of THF was added to 5 mL of 1% sodium
amalgam. The reaction solution rapidly turned purple and then
blue. After 1.5 h of stirring at room temperature only complex
4a (blue) was present, as indicated by thin-layer chromatography
(eluent, pentane). Silica gel chromatography (pentane) gave 40%
yield of blue crystals of 4a. Similarly 4b and 4c were obtained
in 30% and 25% yields, respectively, from 2b (0.41 g) and 2¢ (0.40
g).

Characterization of Complexes 4. 4a: mp 130-131 °C; IR
(Nujol) 2010 (vs}), 1950 (vs), 1100 (vs) em™; 3'P NMR (CDCl,, 309
K, 32.38 MHz) 4 43.35 (s, PPh,); 'TH NMR (CDCl,, 305 K, 80 MHz)
6 7.66 (m, C¢Hjg), 1.55 (s, SMe). Anal. Caled for Cy H,,0,PS,Fe:
C, 51.80; H, 3.80; P, 5.56; S, 23.04. Found: C, 52.11; H, 3.83; P,
5.97; S, 22.29.

(19) Sikora, D. J.; Rausch, M. D.; Rogers, R. D.; Atwood, J. L. J. Am.
Chem. Soc. 1981, 103, 1265.
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4b: mp 168-170 °C; IR (Nujol) 2005 (vs), 1950 (vs) cm™!; 3'P
NMR (C¢D, 308 K, 32.38 MHz) § 41.6 (s, PPh;); 'H NMR (CgDs,
306 K, 80 MHz) 6 7.7 (m, C¢Hy), 2.20 (q, CH,, %J = 7.0 Hz), 0.80
(t, CHs, %J = 7.0 Hz). Anal. Calcd for CoHo;0,PS,Fe: C, 53.42;
H, 4.31; S, 21.94. Found: C, 53.15; H, 4.34; S, 21.24.

4c: mp 168-170 °C; IR (Nujol) 2000 (vs), 1930 (vs), 1080 (vs)
em™; 3P NMR (CgDs, 306 K, 32.28 MHz) & 64.86 (s, PPhy); 'H
NMR (CgDy, 306 K, 80 MHz) § 6.98 (m, CgH;), 4.81 and 4.67 (s,
=CH,), 3.77 (s, SCH,), 1.79 (s, CH;). Anal. Calcd for
CyHg0,PSFe: C, 56.22; H, 4.81; P, 4.88. Found: C, 56.25; H,
4.67; P, 5.02.

4d: IR (Nujol) 1995 (vs), 1945 (vs), 1720 (m) cm™’. Anal. Caled
for C,,H,,0,PS,Fe: C, 60.56; H, 5.93. Found: C, 59.88; H, 6.08.

4e: IR (Nujol) 1990 (vs), 1945 (vs), 1680 (m) em™.

Reductions of Cation 2h. Reduction with NaBH,, Syn-
thesis of 5-7. The addition of 2 equiv of NaBH, (0.152 g) to a
THEF solution (40 mL) of 2h (2 mmol, 1.2 g) led after 3 h of stirring
at room temperature to the formation of two different products.
Solvent evaporation under reduced pressure and silica gel chro-
matography under nitrogen of the resulting mixture gave the
unstable yellow complex 5 (eluent, pentane) and then the red oily
complex 6 (eluent, ether) in 30% yield.

After its extraction in pentane, the very unstable intermediate
5 was solubilized in benzene. To this solution was added an excess
of dimethyl acetylenedicarboxylate immediately. The solution
color turned rapidly from yellow to red. After 30 min of reaction
at room temperature, thick-layer chromatography (eluent, ether)
followed by crystallization in ether led to 0.12 g of red crystals
of 7 (10%).

Characterization of Complexes 6 and 7. 6: IR (Nujol) 1995
{vs), 1950 (m), 1930 (vs), 1920 (m) cm™; 3'P NMR (C¢D;CDs, 309
K, 32.38 MHz) 6 275.5 (s, P(OMe);); '"H NMR (C¢D;CD;, 309 K,
80 MHz) 5 2.1 (s, SMe), 3.5 (d, P(OMe)s, Jpy = 11.5 Hz); mass
spectrum, m/e found 625.8493 (caled for (M — CO)* (C13H,,0p-
P,SFe,), 625.8477). 7: mp 162 °C dec; IR (Nujol) 1965 (vs), 1690
(s), 1720 (s), 1590 (m) cm™; mass spectrum, m/e found 593.9805
(calcd for M+ (ClstgOszSzFe), 5939846); 1I'I NMR (CDCIg, 303
K, 80 MHz) 4 3.79 and 3.69 (dd, P(OMe)s, ®Jpy = 11 Hz), 3.77
and 3.72 (s, CO,Me), 2.08 and 2.04 (SMe), CH masked by CO,Me
and P(OMe),.

Reduction with Activated Magnesium: Synthesis of 6.
Complex 2h (1 mmol, 0.6 g) in THF solution (20 mL) was added
to 4 equiv of magnesium activated by HgCl,.!* The mixture was
stirred at room temperature for 12 h. The solution turned red,
and after filtration, solvent evaporation, and silica gel column
chromatography under nitrogen (eluent, hexane—ether) we ob-
tained a 30% yield of 6 (0.18 g).

Reduction with Sodium Amalgam: Synthesis of 8 and 9.
A THF (20 mL) solution of 2h (1 mmol, 0.6 g) was added to 5
mL of 1% sodium amalgam and the mixture stirred at room
temperature. After 2 h, the solution turned violet and thin-layer
chromatography showed the formation of two products: yellow
and violet. The two complexes were separated by silica gel
chromatography under nitrogen (eluent, pentane-ether) and
obtained in 5% (8, yellow) and 35% (9, violet) yields.

Characterization of Complexes 8 and 9. 8: IR (Nujol) 1970
(vs), 1910 (vs), 1240 (vs) cm™; mass spectrum, m/e found 403.9538
(caled for M* (CgH305P,SFe), 403.9538), 367 (M — CO%), 348 (M
- 2C0)*%); '"H NMR (CgDq, 306 K, 80 MHz) 4 3.67 (t, P(OMe)s,
JpH =12 HZ).

9: IR (Nujol) 1955 (vs) cm™; mass spectrum, m/e found
513.9247 (caled for M* (C,;H,,0,P,SFe), 513.9229), 486 (M ~
CO™%); 'H NMR (C¢D;sCDg, 306 K, 80 MHz) & 3.24 (t, P(OMe),,
IaJPH + 5JPHI =122 HZ), 31P NMR (C6D5CD3, 306 K, 32.38 MHZ)
8 173.6 (s, P(OMe)s).

X-ray Diffraction Studies. A summary of crystal data for
both compounds 3a and 4a is reported in Table I. Details of the
data collection and crystal structure solution are given below,
separately.

Complex 3a. The sample was studied with an automatic
CAD-4 Enraf-Nonius diffractometer. The parameters of the unit
cell were determined and refined with a set of 25 reflections (6°
< 8 < 13°). During the data collection (Table I), three orientation
reflections (measured each 400 data without reorientation) and
three standard reflections (measured each 3600 s without ap-
preciable decay) were considered. The data were corrected for
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Table I. Summary of Crystal Data

3a 4a
formula CyHgO,PS,Fe,  CyHy0,PS,Fe
mol wt 930.7 556.5
cryst size, mm 0.10 X 0.15 X 0.2 0.425 X 0.15 X 0.20
system triclinic monoclinic
space group Pi P2,/a
a, A 9.669 (2) 24,144 (6)
b, & 13.477 (3) 10.017 (2)
¢, A 17.323 (3) 10.745 (2)
a, deg 101.1 (2) 90.0
8, deg 91.5 (2) 97.38 (2)
v, deg 110.3 (2) 90.0
v, A? 2048 2577
Z 2 4
daleds grcm™ 1.51 1.43
w(Mo Ka), em™? 10.13 9.75
radiatn graphite-monochromated Mo Ko
(A =0.71069 &)
26 range, deg 2-50 5-50
scan width, w/260 1.00 1.00
scan speed, deg-s™ tmax = 608 0.05
octants collected h,xk !l +h,k,l
total data 7220 5057
unique data (I > 30(l)) 3802 (I > o(])) 2400 (I > 3o(D))
R 0.058 0.084
R, 0.058 0.095

Lorentz and polarization effects with a small linear absorption
coefficient (u(Mo Ka) = 10.13 em™), and equidimensional crystal
corrections for absorption were deemed unnecessary. Anomalous
dispersion corrections were taken from ref 20. The structure was
solved with a Patterson map and several Fourier differences. After
isotropic and anisotropic refinements of Fe, S, P, C, and O atoms,
many hydrogen atoms were located with a Fourier difference map.
The remaining ones were set in calculated positions. The full-
matrix least-squares refinement (x, y, 2, and §;; for non-hydrogen
atoms; x, y, and 2z for hydrogen atoms) gave R = 3 ||F| — |Fl/1F
= 0,058 and R, = [T w(|Fy| - |F)?/ Zw|F,|2]*/? = 0.058. The final
residual electronic density is less than 0.7 e A=, Final coordinates
of all the non-hydrogen atoms are given in Table II.

Complex 4a. A Philips PW 1100 automated four-circle dif-
fractometer was used for experimental work under Mo Ko ra-
diation. A set of high-angle reflections was used for the centering
procedure of the crystal. Three standard reflections were collected
every 2 h (no appreciable decay of intensity was observed). The
data were corrected for Lorentz and polarization effects. Nu-
merical absorption corrections were applied with transmission
factors ranging between 0.87 and 0.72. Atomic scattering factors
were those tabulated by Cromer and Weber.?* Anomalous dis-
persion corrections were taken from ref 20. Anomalous dispersion
corrections were taken from ref 20. The computational work was
essentially performed by using the SHELX76 system.?? The
structure was solved by direct methods and Fourier techniques.
Rigid-body models (Dg;, symmetry) for the phenyl rings were
adopted during the least-squares refinement. The hydrogen atoms
were introduced at calculated positions (C~H = 1.0 A). Anisotropic
thermal parameters were used for Fe, P, and S atoms. The final
difference Fourier map is essentially featureless with largest peaks
less than 1 /A% Final coordinates of all the non-hydrogen atoms
are reported in Table III.

Results and Discussion

Synthesis and Characterization of Complexes 3.
The reaction of the Fe(n?-CS,R)*I" complex 2a with 2
equiv of NaBH, in THF at room temperature for 3 h led
to the gradual formation of a purple derivative, 3a, which
was obtained, after purification by chromatography, in
64% yield. Similarly, the salt 2b gave the compound 3b

(20) International Tables for Crystallography; Kynoch: Birmingham,
1974; Vol. 4.

(21) Cromer, D. T.; Weber, J. T. Acta Crystallogr. 1965, 18, 104.

(22) Sheldrick, G. M. SHELX76, Program for Crystal Structure De-
terminations; University of Cambridge: Cambridge, 1976.
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Figure 1. ORTEP drawing of Fe,S;C,(SMe),(CO),(PPhy), (3a).

(55%), which, like 3a, is air-sensitive in solution. Complex
3a was also obtained in similar yield (62-65%) by reaction
of 2a with 2 equiv of (PhyPNPPh;)BH, or by reaction of
NaBH, with 2a containing the noncoordinating anion X~
= PF¢ (Scheme III).

Complexes 3a and 3b showed four terminal carbonyl
absorption bands in the infrared spectrum and contained,
as indicated by 'H NMR, one SR group per PPh; ligand.
The X-ray diffraction structure of 3a was determined. It
establishes (Figure 1) that complexes 3 are Fe-Fe bi-
metallic derivatives with a dialkyl tetrathiooxalate ligand
bridging two Fe(CO),(PPhy) moieties. Thus the formation
of complexes 3, formally resulting from C-C and Fe-Fe
bond couplings, requires an overall two-electron reduction
of two 2a molecules and elimination of one PPh; group
from each iron center.

It is worth recalling that in the formation of Fe(y2-CH-
(SMe)S)(CO),(PMe,), from Fe(n?-CS,;Me)(CO).(PMe,),*
the function of borohydride was to release the hydride that
was incorporated in the former complex.!® Conversely, the
formation of 3 requires one-electron transfer from boro-
hydride to complexes 2, without incorporation of hydride.
This observation suggested that complexes 3 could be also
obtained by a one-electron reduction, with the appropriate
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Table I1. Positional Parameters and Their Estimated Standard De\}iations for Fe,S,C,(SMe),(CO),(PPhy), (3a)°

atom x % z U, A?
Fe(l) 0.4955 (1) 0.39470 (8) 0.20368 (7) 1.54 (2)
Fe(2) 0.4875 (1) 0.58040 (8) 0.24957 (7) 1.59 (2)
S(1) 0.6805 (2) 0.5472 (1) 0.1920 (1) 1.58 (4)
S(2) 0.5517 (2) 0.4854 (1) 0.3325 (1) 1.74 (4)
S(3) 0.8558 (2) 0.5731 (2) 0.4317 (1) 2.45 (5)
S(4) 0.9898 (2) 0.6625 (2) 0.2802 (1) 2.60 (5)
P(1) 0.5903 (2) 0.7562 (2) 0.3115 (1) 1.80 (5)
P(2) 0.6125 (2) 0.2751 (2) 0.1873 (1) 1.62 (4)
0Q) 1.3721 (6) 0.3580 (5) 0.0410 (3) 3.68 (2)
0(©Q) 0.2153 (6) 0.2589 (5) 0.2486 (4) 3.76 (2)
0(3) 0.3767 (7) 0.6126 (5) 0.1029 (4) 4.8 (2)
04) 0.2005 (6) 0.5182 (5) 0.3122 (4) 4.72 (2)
C(1) 0.4214 (8) 0.3712 (6) 0.1049 (5) 2.24 (2)
C(2) 0.3273 (8) 0.3124 (6) 0.2304 (4) 1.84 (4)
C(3) 0.4195 (8) 0.6021 (7) 0.1629 (5) 2.88 (2)
C(4) 0.3137 (9) 0.5474 (6) 0.2877 (5) 2.56 (2)
C(5) 1.041 (1) 0.6143 (8) 0.1866 (6) 3.84 (3)
C(6) 0.8078 (7) 0.5773 (5) 0.2788 (4) 1.52 (2)
C(7) 0.7505 (7) 0.5448 (5) 0.3408 (4) 1.52 (2)
C(8) 0.732 (1) 0.4864 (7) 0.4856 (5) 3.1(2)
C(9) 0.6832 (8) 0.7805 (5) 0.4102 (5) 1.8 (2)
CQ10) 0.8343 (8) 0.8452 (6) 0.4332 (5) 2.3 (2)
C(11) 0.8948 (9) 0.8566 (6) 0.5075 (5) 2.9 (2)
C(12) 0.814 (1) 0.8109 (6) 0.5625 (5) 3.0 (2
C(13) 0.6665 (9) 0.7458 (6) 0.5409 (5) 2.7 (2)
C(14) 0.6017 (8) 0.7296 (6) 0.4654 (5) 2.3 (2)
C(15) 0.7258 (8) 0.8509 (5) 0.2628 (5) 1.9 (2)
C(16) 0.774 (1) 0.8165 (6) 0.1927 (8) 3.3 (2)
Cc@17) 0.879 (1) 0.8895 (7) 0.1571 (6) 4.9 (3)
C(18) 0.926 (1) 0.9969 (7) 0.1920 (6) 4.5 (3)
C(19) 0.8810 (9) 1.0336 (6) 0.2606 (6) 3.1(2)
C(20) 0.7775 (8) 0.9605 (6) 0.2956 (5) 2.2 (2)
C(21) 0.4578 (7) 0.8280 (5) 0.3289 (5) 1.8 (2)
C(22) 0.3894 (8) 0.8410 (6) 0.2624 (5) 2.2 (2)
C(23) 0.2937 (9) 0.8988 (7) 0.2719 (6) 3.1(2)
C(24) 0.2564 (9) 0.9359 (6) 0.3438 (8) 3.1(2)
C(25) 0.322 (1) 0.9232 (7) 0.4091 (6) 3.5 (2)
C(26) 0.4244 (9) 0.8686 (7) 0.4013 (5) 3.3 (2)
C(27) 0.7707 (7) 0.3028 (5) 0.1264 (4) 1.5 (2)
C(28) 0.8870 (8) 0.2643 (6) 0.1354 (5) 2.4 (2)
C(29) 0.9994 (8) 0.2867 (7) 0.0871 (5) 3.4 (2)
C(30) 0.9981 (9) 0.3376 (7) 0.0272 (5) 2.7(2)
C(31) 0.8813 (9) 0.3728 (6) 0.0169 (5) 2.3(2)
C(32) 0.7689 (7) 0.3538 (6) 0.0656 (4) 1.8 (2)
C(33) 0.6894 (8) 0.2582 (5) 0.2794 (4) 1.8 (2)
C(34) 0.6001 (8) 0.1850 (6) 0.3187 (5) 2.0 (2)

atom x % z U, A2
C(35) 0.654 (1) 0.1745 (6) 0.3902 (5) 2.9 (2)
C(36) 0.796 (1) 0.2350 (6) 0.4229 (5) 3.2(2)
C(37) 0.8843 (9) 0.3084 (6) 0.3836 (5) 2.9 (2)
C(38) 0.8314 (9) 0.3220 (6) 0.3136 (5) 2.3 (2)
C(39) 0.5009 (9) 0.1360 (8) 0.1373 (5) 2.2 (2)
C(40) 0.3587 (9) 0.1075 (8) 0.1015 (5) 2.8 (2)
C41) 0.276 (1) 0.0028 (7) 0.0616 (6) 3.8 (3)
C(42) 0.336 (1) -0.0760 (7) 0.0582 (8) 4.1 (3)
C(43) 0.478 (1) -0.0504 (8) 0.0928 (8) 3.4 (2)
C(44) 0.5585 (9) 0.0519 (6) 0.1330 (5) 2.6 (2)
H(10) 0.889 (7) 0.859 (5) 0.390 (4) 3.2%
H(11) 0.977 (8) 0.909 (5) 0.531 (4) 3.2%
H(12) 0.866 (7) 0.825 (5) 0.622 (4) 3.2%
H(13) 0.615 (7) 0.709 (5) -0.572 (4) 3.2%
H(14) 0.495 (7) 0.685 (5) 0.444 (4) 3.2%
H(16) 0.730 (7) 0.735 (5) 0.158 (4) 3.2%
H(@17) 0.909 (7) 0.870 (5) 1 0.119 (4) 3.2%
H(18) 1.000 (7) 1.036 (5) 0.165 (4) 3.2%
H(19) 0.914 (7) 1.102 (5) 0.289 (4) 3.2%
H(20) 0.742 (7) 0.984 (5) 0.348 (4) 3.2%
H(22) 0.401 (7) 0.792 (5) 0.209 (4) 3.2%
H(23) 0.252 (7) 0.893 (5) 0.237 (4) 3.2%
H(24) 0.209 (7) 0.997 (5) 0.361 (4) 3.2%
H(25) 0.321 (7) 0.960 (5) 0.460 (4) 3.2%
H(26) 0.474 (7) 0.870 (5) 0.449 (4) 3.2%
H(28) 0.862 (7) 0.213 (5) 0.178 (4) 3.2*
H(29) 1.065 (7) 0.272 (5) 0.089 (4) 3.2%
H(30) 1.076 (7) 0.360 (5) -0.006 (4) 3.2%
H(31) 0.887 (7) 0.417 (5) -0.023 (4) 3.2%
H(32) 0.695 (8) 0.381 (5) 0.057 (4) 3.2%
H(34) 0.507 (7) 0.138 (5) 0.296 (4) 3.2%
H(35) 0.592 (7). 0.116 (5) 0.407 (4) 3.2%
H(36) 0.821 (7) 0.221 (5) 0.463 (4) 3.2%
H(37) 0.969 (7) 0.351 (5) 0.408 (4) 3.2%
H(38) 0.894 (7) 0.379 (5) 0.291 (4) 3.2%
H(40) 0.324 (7) 0.167 (5) 0.100 (4) 3.2%
H(41) 0.190 (7) —0.001 (5) 0.030 (4) 3.2%
H(42) 0.298 (7) -0.134 (5) 0.029 (4) 3.2%
H(43) 0.525 (7) -0.100 (5) 0.093 (4) 3.2%
H(44) 0.653 (7) 0.070 (5) 0.168 (4) 3.2%
H(5A) 1.116 (7) 0.673 (5) 0.181 (4) 3.2%
H(5B) 1.018 (7) 0.540 (5) 0.179 (4) 3.2*
H(C) 0.967 (7) 0.609 (5) 0.147 (4) 3.2%
H(8A) 0.764 (7) 0.484 (5) 0.527 (4) 3.2%
H(8B) 0.645 (7) 0.526 (5) 0.512 (4) 3.2%
H(8C) 0.712 (7) 0.419 (5) 0.463 (4) 3.2%

¢ Parameters with an asterisk were refined isotropically. Anisotropically refined atoms are given in the form of the isotropic equivalent
thermal parameter defined as (*/3)[2*B(1,1) + b?B(2,2) + ¢?B(3,3) + ab(cos v)B(1,2) + ac(cos 8)B(1,3) + bc(cos a)B(2,3)].

reducing reagent. Complex 2a was therefore reacted in
THF at room temperature with an excess of 1% sodium
amalgam. A color change occurred rapidly, and monitoring
of the reaction, using thin-layer chromatography, showed
the formation of 3a and a small amount of a blue product
(4a) which increased with reaction time. After a short
time, 20 min, column chromatography allowed successive
isolation of traces of 4a (eluent, pentane—ether) and then
40% of 3a (eluent, THF). Analogously, 3b was obtained
in 35% yield by reduction of 2b with sodium amalgam.
Complex 2¢ containing an allyl group at the exocyclic
sulfur atom was made in order to explore the possible
involvement of the C=C double bond in the reaction.
Complex 2¢ in THF with NaBH, led to the formation of
complex 3¢ in 30% yield. Sodium amalgam also trans-
formed 2¢ into 3e, which was isolated in (30%) after a 15
min reaction. It thus appeared that the presence of an allyl
group did not modify the reactivity of complexes 2.
Consequently, the reactivity of complexes 2 with boro-
hydride or a source of electrons was expected to be mainly
determined by the potential of reduction of the iron cation
2.
Complexes 2 were then studied by using cyclic voltam-
metry. In acetonitrile with (Bu,N)PFy as electrolyte, all

complexes showed a similar behavior: one irreversible
reduction wave at negative potential was observed at a scan
rate of 200 mV-s! (Table IV). Only for 2g (I. = PMe,),
with a higher scan rate, was a reversible wave observed.
The reduction potential does not depend on the nature of
the anion X~ (I, PF) for 2a. By contrast, it depends
strongly on the nature of both the phosphine and the R
groups. The easiest reduction ever.tually leading to com-
plexes 3 occurs with complexes 2a—c, containing PPh,
groups. For complexes 2f and 2g, containing more elec-
tron-donating phosphines, PMe,Ph and PMe,, respec-
tively, the reduction occurs at more negative potentials.
These latter complexes when treated with borohydride do
not capture an electron but give instead Fe(n?-CH-
(SMe)S)(CO)4(PR;); complexes, via hydride addition to
the CS,R carbon.'® The large difference between the po-
tential of borohydride (E° is —2.25 V vs SCE for the 1/2
H,/H" system) and that of complexes 2a-c (in the range
—0.74 t0 -0.79 V vs SCE, Table IV) may be responsible for
electron transfer, as opposed to hydride addition, to 2a—c.
The reduction of 2f and 2g requires an even stronger re-
ducing reagent than hydride such as sodium amalgam.
The nature of the PR ligands is also critical in determining
the reactivity pattern. In the formation of the Fe(CS)-
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Table III. Final Atomic Coordinates and Thermal
Parameters for FeS,C,(SMe),(CO),(PPh;) (4a)°

atom x y z Usquis® A2
Fe 1016 (1) 1669 (1) 1651 (1) 36 (1)
S(1) 1609 (1) 1112 (3) 3249 (2) 44 (1)
S(2) 1584 (1) 764 (3) 449 (3) 65 (2)
S(3) 2619 (1) -672 (5) 3756 (4) 89 (2)
S(4) 2578 (2) -1110 (4) 862 (4) 86 (2)
P(1) 562 (1) 2919 (2) 2927 (2) 32 (1)
0(1) 645 (5) 3499 (10) 445 (9) 99 (7)
0(2) 136 (4) -324 (9) 1325 (8) 77 (6)
C() 790 (4) 2767 (11) 375 (10) 51 (7)
C(2) 471 (5) 466 (11) 1445 (9) 51 (7)
C(3) 2105 (4) 130 (10) 2722 (10) 47 (8)
C4) 2088 (4) -38 (11) 1434 (11) 55 (7)
C(5) 2298 (7) -821 (20) 5158 (16) 110 (14)
C(6) 2492 (9) =702 (21) -803 (17) 137 (16)
C21 599 (3) 1107 (5) 4890 (5) 49 (3)
C31 737 (3) 655 (5) 6118 (5) 60 (3)
C41 977 (3) 1528 (5) 7047 (5) 67 (3)
C51 1078 (3) 2853 (5) 6747 (5) 61 (3)
Ce1 940 (3) 3305 (5) 5518 (5) 46 (2)
C11 701 (3) 2432 (5) 4589 (5) 29 (2)
C22 -512 (3) 3127 (7) 3619 (5) 53 (3)
C32 -1093 (3) 3205 (7) 3385 (5) 66 (3)
C42 -1361 (3) 3105 (7) 2158 (5) 82 (4)
Cs52 -1047 (3) 2929 (7) 1166 (5) 100 (5}
Cé62 -466 (3) 2852 (7) 1401 (5) 64 (3)
C12 -199 (3) 2951 (7) 2628 (5) 38 (2)
C23 362 (2) 5700 (6) 2906 (7) 55 (3)
C33 526 (2) 7032 (6) 2858 (7) 64 (3)
C43 1085 (2) 7349 (6) 2796 (7) 60 (3)
C53 1479 (2) 6333 (6) 2782 (7) 67 (3)
Cs83 1315 (2) 5001 (6) 2829 (7) 57 (3)
C13 757 (2) 4684 (6) 2891 (7) 36 (2)

¢Atoms Fe through Cg, refined anisotropically, are given as
Uequiv- remaining atoms were refined isotropically. Coordinates
multiplied by 10* and temperature factors by 10°.

(CO)4(PMe,R), complexes, by Na/Hg reduction of Fe-
(n*-CS;R)(CO)5(PMesR),* cations, there was no elimina-
tion of PR, groups.”® Thus, the lability of the Fe-PPh;
bond in the reduced complexes 2a—c probably determined
their transformation into 3a—c¢ rather than into Fe’-
(CS)(CO),(PR3), complexes.

We have shown previously that complexes of type 2d
and 2e, with structures similar to those of 2a—e, could be
obtained easily.? Addition of an «,8-unsaturated ketone
such as pulegone (d} and benzylideneacetone (e) to com-
plex 1, in the presence of a slight excess of 1 equiv of HBF,,
afforded the red salts 2d (80%) and 2e (75%). These salts
resulted from two-fragment addition, the uncoordinated
and nucleophilic sulfur atom of 1 at the 8-carbon and the
proton at the a-carbon of the enone substrate. However,
in the presence of a base, complexes 2d and 2e afforded
immediately the precursor 1 and the enone. The addition
of NaBH, to complexes 2d,e also led to their deprotonation
and the release of complex 1 rather than formation of
complexes 3d,e. Sodium amalgam could not be used to
avoid the reduction of the ketone carbonyl. A milder
reducing reagent had to be found to produce 3d and 3e.
Cyclic voltammetry of 2d in acetonitrile indicated that the
reduction potential (E, = —0.98 V vs SCE) was much more
negative than those of complexes 2a-c (Table IV). The
R group bonded to the sulfur atom in 2d contains an
electron-withdrawing carbonyl group. If its electronic in-
fluence was predominant, a shift toward a less negative
value would have been expected. The observed shift may
be due to the steric influence of the pulegone fragment that

(23) Touchard, D.; Lelay, C.; Fillaut, J.-L.; Dixneuf, P, H. J. Chem.
Soc., Chem. Commun. 1986, 1, 37.
(24) Plusquellec, D.; Dixneuf, P. H. Organometallics 1982, 1, 1401.
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Table IV. Reduction Potentials and Infrared Absorptions
of Complexes Fe(n*-CS,R)(CO),L,* X" (2)

L R X~ E°°V b
2a PPh, Me I -0.74 1978
2050
2a PPh, Me PFs  -074 1978
2050
2b PPh, Et Br  -076 1975
2050
2¢ PPh, CH,C(Me)=CH, CI  -0.79 1980
2040
2f PMe,Ph  Me PFs  -094 1970
2040
2¢  PMe, Me PFs -1.04 1965
2035
2d PPh, M BF, 098 1980
MEQ—Q 2045

o]
2h P(OMe); Me PFe  -0.81 2020
2075

% Determined by cyclic voltammetry with a 1.5 X 10% M of
complex in 0.1 M of Bu,NPF; in CH;CN (200 mV-s). ®In cm™
(Nujol mull).

probably creates an interaction with the PPh; groups.
Consequently, a distorsion in the structure of the molecule
2d, as compared to that of 2a—¢, may be responsible for
the observed shift. For a milder reagent able to reduce
2d we selected magnesium [E°(Mg?**/Mg) = -2.62 and
E°(Na*/Na) = —2.96 V vs SCE]. When activated by
treatment with mercury dichloride, magnesium slowly
converted 2d and 2e into 3d and 3e. After 24 h at room
temperature 3d and 3e were isolated in 35% and 30%
yields, respectively. This simple reduction reaction allowed
production of an iron complex of tetrathiooxalate con-
taining two chiral ketone fragments in 3d.

Synthesis and Characterization of Complexes 4.
During the isolation of 3a, it was observed that its solution
in the presence of air turned from red to green. Thin-layer
chromatography revealed the formation of a blue product.
The formation of this blue compound, from a solution of
3a, was accelerated by the addition of several drops of an
aqueous solution of either H,0,, nitric acid, or a ceric salt
in the presence of air. When an aqueous solution of 3a
was stirred with an aqueous solution of Ce(NO;), at room
temperature in air atmosphere for 1 h, 3a was completely
converted. Purification using chromatography and crys-
tallization allowed the isolation of a 30% yield of the blue
complex 4a. The same yield of 4a was obtained when a
solution of HNO, was used. A similar transformation of
3b and 3c led to the isolation of the blue complexes 4b
(30%) and 4c¢ (35%) (Scheme III).

Complexes 4a~c showed in their infrared spectra two
terminal carbonyl absorption bands. The 'H NMR spectra
indicated two SR groups per PR; ligand, suggesting the
loss of a phosphorus ligand from 3. The *'P NMR spectra
showed one single line at a slightly higher field for 4 than
for 3.

Treatment of complexes 3d and 3e with a ceric salt also
led to blue complexes but in low yield. 4d (10%) and 4e
(56%) were only identified only on the basis of their infrared
spectra that showed two terminal carbonyl absorptions,
as in 4a—e¢, and one ketonic carbonyl absorption.

Formation of the same blue complexes 4 was observed
when the reduction of the salts 2 with sodium amalgam
was carried out for more than half an hour. The reaction
of 4a in THF with sodium amalgam was complete after
1.5 h at 25 °C. Silica gel column chromatography allowed
the isolation of 40% of 4a. 4b (30%) and 4c¢ (25%) were
obtained similarly by reduction of 3b and 3¢ for 1.5 h. The
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Figure 2. ORTEP drawing of FeS,C5(SMe),(CO),(PPh;) (4a).

direct reduction of the salts 2 presents the advantage of
leading to either complexes 3 or 4 depending on the re-
action time.

The structure of complexes 4 was based on an X-ray
diffraction determination of 4a. It shows (Figure 2) that
the tetrathiooxalate ligand has been retained but its two
thioketonic sulfur atoms are now bonded to one iron atom.
Each iron atom retains one PPh; and two carbonyl ligands.
Consequently, the overall transformation of 3 to 4 corre-
sponds to the formal loss of one Fe(CO)y(PPhy) moiety,
accompanied by a rearrangement of the coordinated tet-
rathiooxalate ligand.

Reactivity of the Derivative 2h, Containing P-
(OMe); Groups. Cyclic voltammetry on the salt 2h,
containing P(OMe); groups, gave an E, value of —0.81 V
vs SCE. Whereas the electron-donating influence of L
group (P(OMe); < PPh; < PMe,Ph < PMe;) is reflected
in the »(CO) frequencies of complexes 2 (Table IV), the
E, value for 2h, which lies between those of 2a and 2f,
indicates that the electronic influence of the ligand L does
not correlate with the reduction potential. The ease of
reduction follows the sequence PPh; > P(OMe); >
PMe,Ph > PMe;. This observation may be explained by

the work of Giering et al.,?’ who interpreted unexpected

values of potential in terms of steric effects. The more
sterically encumbered complexes (e.g. 2a—c) are easier to
reduce than expected from consideration of the electronic
effects of the ancillary ligands (e.g. than 2h). The cathodic
potential of 2h between those of 2a and 2f led us to in-
vestigate whether its behavior toward hydride and re-
duction with magnesium or sodium amalgam were similar
to that of 2a or to that of 2f,g.

Two equivalents of NaBH, were added to a THF solu-
tion of 2h, and after 3 h at room temperature, a yellow and
a red product were separated by using silica gel column
chromatography and elution first with pentane and then
with ether. From the ether fraction 30% yield of complex
6 was isolated. An analogous structure to that of 3 was
established for 6 on the basis of a mass spectrum and other
spectroscopic data (Scheme IV). The first fraction from
chromatography eluted with pentane afforded an unstable
intermediate that could not be characterized directly. Its
chromatographic behavior suggested that its structure
might correspond to that of 5, analogous to the dithio-
formate iron complex (Scheme II) previously obtained by
addition of borohydride to 2f and 2g.’® To support this
structure for 5, addition of dimethyl acetylenedicarboxylate
was carried out and a red product, 7, resulted. The
structure of 7 is similar to that of the reaction products

(25) Neal Golovin, N.; Martiur Rahman, Md.; Belmonte, J. E.; Giering,
W. P. Organometallics 1985, 4, 1981.
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of stable dithioformate iron complexes containing PMe;
or PMe,Ph with dimethyl acetylenedicarboxylate.' The
nature of the products 5 and 6 obtained by the reaction
of 2h with borohydride indicated that 2h has a behavior
toward hydride that is intermediate between that of 2a (L
= PPh,) and 2f or 2g (L. = PMeyPh, PMey), respectively.
2a gave exclusively a complex, 3, analogous to 6, and 2f
and 2g gave exclusively a complex analogous to 5. Thus
the behavior of 2h seems mainly to be determined by the
reduction potential, which indicates that electron transfer
is less favored with 2h than with 2a.

The reduction of 2h in THF with activated magnesium
led to the formation of 30% of complex 6, similar to the
transformation of 2d and 2e into 3d and 3e. The reduction
of 2h with sodium amalgam led to a small amount (5%)
of a yellow complex, 8, and to 35% of a violet derivative,
9. Complex 8 showed an infrared absorption at 1240 cm™
typical of a FeCS group® in addition to two terminal
carbonyl absorptions. Its structure is consistent with that
of Fe(CS)(CO),(PR;); complexes that were previously
obtained on treatment with Na/Hg of 2f and 2g that
contain the more basic ligands PMe,Ph and PMe;,? re-
spectively. The structure of the violet complex 9 corre-
sponds to that of derivatives 4, formed by Na/Hg reduc-
tion of 2a (L = PPhy), but containing two P(OMe); groups
bonded to the iron center. Complex 9 probably results
from 6 by elimination of one Fe(CO),(P(OMe);) moiety,
followed by substitution of one carbonyl by P{OMe);.

Description of the X-ray Structures of 3a and 4a.
Drawings of molecules 3a and 4a are shown in Figures 1
and 2, respectively. A selection of bond distances and bond
angles is displayed in Table V for 3a and Table VI for 4a.

Molecule 3a results from two Fe(CO),(PPh;) moieties
linked via an Fe-Fe bond and held together by two sulfur
atoms of a crosswise bridging ligand, S;C,(SMe),. Thus,
the S,C,(SMe), molecule sits upright on the “sawhorse”
formed by the two Fe(CO)4(PPh;) units. This “sawhorse”
has a wide open saddle as indicated by the large P(2)-
Fe(1)-Fe(2) and Fe(1)-Fe(2)-P(1) angles of 152.8 (5)° and
152.5 (5)°, respectively. The two Fe(CO),PPh; fragments
are almost eclipsed so that the plane containing the
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Table V. Bond Lengths (A) and Angles (deg) for
Fe,S,C,(SMe),(CO)(PPh;), (3a)

Fe(1)-Fe(2) 2.525 (2) P(1)-C(9) 1.828 (7)

Fe(1)-8(1) 2.258 (2) P(1)-C(15) 1.836 (7)

Fe(1)-S(2) 2.280 (2) P(1)-C(21) 1.854 (6)

Fe(1)-P(2) 2.249 (2) P(2)-C(27) 1.852 (6)

Fe(1)-C(1) 1.764 (7) P(2)-C(33) 1.830 (6)

Fe(1)-C(2) 1.754 (6) P(2)-C(39) 1.832 (6)

Fe(2)-S(1) 2.276 (2) o(1)-C(1) 1.151 (7)

Fe(2)-S(2) 2.303 (2) 0(2)-C(2) 1.164 (7)

Fe(2)-P(1) 2.256 (2) 0(3)-C(3) 1.161 (8)

Fe(2)-C(3) 1739 (1) 0(4)-C(4) 1.150 (8)

Fe(2)-C(4) 1.763 (8) C®-C(7) 1.303 (8)

S(1)-C(6) 1.807 (6)

S(2)-C(7) 1.798 (6)

S(3)-C(7) 1.754 (6)

8(3)-C(8) 1.783 (9)

S4)-C(5) 1.778 (10)

5(4)-C(8) 1.733 (6)
S(1)~-Fe(1)-8(2)  79.31 (6) P(1)-Fe(2)-C(3)  96.6 (3)
S(1)-Fe(1)~P(2) 101.00 (7) P(1)-Fe(2)-C(4)  99.6 (2)
S(1)-Fe(1)-C(1)  92.0 (2) C(3)-Fe(2)-C{4) 93.1 (3)
S(1)-Fe(1)-C(2) 150.9 (2) Fe(1)-S(1)-Fe(2) 67.07 (8)
S(2)-Fe(1)-P(2) 106.60 (7) Fe(1)-S(2)-Fe(2) 66.24 (6)
S(2)-Fe(1)-C(1) 154.4 (2) C(7M-S(3)-C(8)  102.6 (3)
S(2)-Fe(1)-C(2) 87.9 (2) C(5)-S(4)-C(6)  103.5 (4)
P(2)-Fe(1)-C(1) 98.6 (2) Fe(1)-C(1)-0(1) 178.4 (8)
P(2)-Fe(1)-C(2) 98.7 (2) Fe(1)-C(2)-0(2) 179.1 (6)
C(1)-Fe(1)-C(2) 924 (3) Fe(2)-C(3)-0(3) 176.5 (7)
S(1)-Fe(2)-8(2)  178.46 (6) Fe(2)-C(4)-0(4) 174.8 (7)

S(1)-Fe(2)-P(1) 102.71 (7) S(1)-C(6)-8(4) 119.2 (4)
S(1)-Fe(2)-C(3) 925 (2) S(1)-C(6)-C(7)  116.5 (4)
S(1)-Fe(2)-C(4) 156.2 (2) S(2)-C(7)-8(3) 120.9 (4)
S(2)-Fe(2)-P(1) 105.50 (7) S(2)-C(7)-C(6)  115.8 (5)

S(2)-Fe(2)-C(3) 157.4 (3)
S(2)-Fe(2)-C(4) 87.7(2)

Table VI. Bond Lengths (&) and Angles (deg) for
Fe(PPh;)(C0O),(C,S,(CHy)p) (4a)°

Fe-S(1) 2.163 (3) S(4)-C(6) 1.820 (19)
Fe-S(2) 2.196 (3) P-C11 1.840 (6)
Fe-P 2.244 (3) P-C12 1.824 (7)
Fe-C(1) 1.788 (1) P-C13 1.831 (7)
Fe-C(2) 1.776 (13) O(1)-C(1) 1.165 (12)
S(1)-C(3) 1.701 (10) 0(2)-C(2) 1.127 (13)
S(2)-C(4) 1.708 (12) C(3)-C(4) 1.390 (15)
S(3)-C(3) 1.750 (10)
S(3)-C(5) 1.787 (18)
S(4)-C(4) 1,767 (11)
S(1)-Fe-S(2) 87.8(1) TFe-P-Cl1 113.8 (2)
S(1)-Fe-P 89.1 (1) Fe-P-C12 117.5 (2)
S(1)-Fe—C(1) 150.8 (4)  Fe-P-Cl3 112.3 (2)
S(1)-Fe-C(2) 109.1 (3) Cl11-P-Ci2 103.3 (3)
S(2)-Fe-P 168.6 (1) C11-P-Cl3 105.1 (3)
S(2)-Fe-C(1) 87.4 (3) Ci12-P-C13 103.6 (3)
S(2)-Fe-C(2) 98.9 (4) Fe-C(1)-0(1) 179.0 (11)
P-Fe-C(1) 90.0 (3) Fe-C(2)-0(2) 178.2 (10)
P-Fe-C(2) 92.5 (3) S(-C(3)-8(3) 121.7 (7
C(1)-Fe-C(2) 100.0 (5)  S(1)-C(3)-C(4) 118.0 (8)
Fe-S(1)-C(3) 107.9 ((4) S(3)-C(3)-C(4) 120.3(8)
Fe-S(2)-C(4) 106.2 (4) S(2)-C(4)-S(4) 121.8(7)
C(3)-S(3)-C(5) 1029 (8)  S(2)-C(4)-C(3) 119.2 (8)
C(4)-S4)-C(6) 102.0(7) S(4)-C4)-C(3) 119.0 (8)

“The phenyl rings were refined as rigid groups of Dy, symmetry
with C-C distances fixed at 1.395 A.

S,C,(SMe), ligand is almost a plane of symmetry of the
molecule 3a. An orthogonal pseudosymmetry plane is also
defined by the metal and phosphorus atoms. Divergences
from ideal C,, symmetry are mainly brought about by
different orientations of the phenyl rings of the phosphines
and the methyl groups attached to the uncoordinated
sulfur atoms that are not coplanar with the C,S; plane.
The Fe,S, core of the molecule has a butterfly-type
structure with the Fe-Fe bond located along the hinge.
The apex is occupied by the sulfur atoms S(1) and S(2).
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The angle between the Fe(1)-Fe(2) and S(1)--S(2) vectors
is 89.9 (4)°. The Fe-Fe bond length (2.525 (2) A) compares
well with other Fe~Fe single bond distances found in other
complexes with similar frameworks such as in (CO);Fe-
(Ph,C,8,)Fe(C0)42 (2.507 (5) A). The angles Fe(1)-S-
(1)-Fe(2) (67.07 (6)°) and Fe(1)-S(2)-Fe(2) (66.24 (6)°) are
acute; the Fe-S, C-S, and C-C distances in the above
reference® and in 3a compare as follows: 2.26 (1) (av) vs
2.28 (2) &; 1.78 (3) vs 1.80 A; 1.35 (1) vs 1.31 (1) A, re-
spectively.

Molecule 4a contains a five-coordinate iron atom bonded
to one PPh, ligand, two carbonyl groups, and two sulfur
atoms of the S,C,(SMe), ligand. The large values of the
two angles C(1)-Fe—S(1) and P-Fe-S(2) (150.8 (4) and
168.6 (1)°, respectively) indicate that the coordination
polyhedron approximates a square pyramid. The Me,C,S,
ligand chelates the metal at basal sites of the pyramid, and
the C(2)-0(2) carbonyl occupies the apex. From an al-
ternate viewpoint the complex can be described as assem-
bled from the hemioctahedral L;M fragment, (PPhy)-
(CO)yFe, and a molecule of Me,C,S,, which is essentially
planar except for the terminal methyl groups (the out-
of-plane displacement of C(6) is as much as 0.76 A). The
Fe-S distances (2.18 (2) A) are significantly shorter in 4a
than in 3a (2.28 (2) A), indicating a great deal of electron
delocalization within the Fe-S—C—C-S metallacycle. This
is also reflected in the C-C bond that is much longer in
4a, 1.390 (15) A vs 1.35 (2) A in (Ph,C;S,)Fe(CO)¢?* and
1.303 (8) A in 3a. Concomitantly, the (Fe)S—C distances
decrease in the reverse order: 1.802 (6) A in 3a, 1.775 A
in (CO)sFe(PhyC,S,)Fe(C0O);,28 and 1.704 (12) A in 4a.
These trends are consistent with a stronger electron release
from the S,C,(SMe), ligand toward the iron atom in 3a
than in 4a.

Discussion of the Mechanism. An attempt to ra-
tionalize the formation of complexes 3 from cations 2 is
provided by Scheme V. (i) The first step corresponds to
a one-electron transfer, either from borohydride or from
sodium amalgam, to the cation 2. The large difference
between the reduction potential (E,) of cations 2 (Table
IV) and the potential of the 1/2 Hy/H™ system (E° = -2.25
V vs SCE) allows electron transfer to occur from the hy-
dride. This reduction process is faster with sodium
amalgam, which shows a more negative potential (E°
(Na*/Na) = —2.96 V vs SCE). According to the MO dia-

(26) Weber, H. P.; Bryan, R. F. J. Chem. Soc. A 1967, 182.
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gram for a metal/5>-CS, interaction,! the electron is ex-
pected to be transferred to a = * antibonding MO of CS,,

centered mainly on the carbon atom, as indicated in-

structure G. This orbital energy is slightly lower in cation
2 than in its precursor Fe(n*-CS,) derivative. (ii) The
second step may be related to the elimination of one PPh,
group from G and the formation of the unsaturated species
H. Indeed, we have shown? that although the Ph,P groups
are strongly bonded to iron in cation 2, these groups are
immediately displaced by PMe; groups on electrocatalytic
reduction to afford complex 2f. Under conditions corre-
sponding to that of 2 — 3 but in the presence of PMe; the
dimerization into 3 was not observed. Instead substitution
of PPh; groups occurs. (iii) The electronic unsaturation
at the iron center in species H may promote the homolytic
cleavage of the Fe—C(SR) bond to give species 122 (iv)
The nature of I would then explain its dimerization into
J. (v) The intermediate J would become 3 by coordination
of each sulfur atom to the second metal center, allowing
the iron atoms to reach their 18-electron configuration.

Conclusion

The above results show an example of the striking in-
fluence of ancillary ligands on the reactivity of a metal-

(27) Fillaut, J. L.; Touchard, D.; Dixneuf, P., unpublished results.

(28) Homolysis of the M—C bond in Rh(4?*CS,) complexes has already
been shown and rationalized!? on account of an intended but avoided
crossing of two levels centered on the metal and carbon atoms, respec-
tively. In that case the conditions were the proper ones for the formation
of a diradical species. In the case of the species H the M~C dissociation
pathway is complicated by the fact that the carbon is taken as having
already a radical character.

substrate moiety. The reaction of Fe(n2-CS;R)(CO),(L),*
cations 2 (L. = PPh; or P(OMe),), with either borohydride
or sodium amalgam, shows that the nature of the reaction
products depends not only on the electron donor capability
of L but also on the Fe-L lability and the reduction po-
tential of the cation. The latter is related to both steric
and electronic effects of L. Our study of cations 2 shows
that the influence of L. = PPh; is to favor monoelectronic
processes, and this leads to reactions different from those
with L. = PMe;. By contrast, L = P(OMe); shows, as
indicated by its reduction potential and not by its elec-
tronic effect, a behavior that is in between that of L =
PPh; and that of L = PMe,. It is thus shown that the
nature of L in cations 2 determines the behavior of the
Fe(n%-CS,R)* moiety.
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It is shown that Arrhenius parameters for various methylated disilane decomposition reactions are not
consistent with recent time-resolved rate measurements for SiH, and SiMe,. Possible reasons for this are
discussed, and existing data are reassessed to provide heats of formation of 26 ( 2) and 44 (£ 3) kcal mol™!

for SiMe, and SiHMe, respectively.

Introduction

Silylenes, SiH,Me,_, (n = 0, 1, or 2) are implicated as
intermediates in many high-temperature organosilane re-
actions.! Mechanistic understanding of such reaction
systems has reached the point where analytical and kinetic
data are routinely fitted with kinetic modeling schemes.?3
Much information on the behavior of silylenes has come
from studies of the thermal decompositions of the me-
thyldisilanes

(1) Gaspar, P. P. Reactive Intermediates (Wiley) 1978, 1, 229; 1981,
2, 335; 1985, 3, 333.

(2) See for example: Davidson, I. M. T.; Hughes, K. J.; Scampton, R.
J. J. Organomet. Chem. 1984, 272, 11.

(3) See for example: Rickborn, S. F.; Rogers, D. S.; Ring, M. A,,
O’Neal, H. E. J. Phys. Chem. 1986, 90, 408.

Si,H,Meq , — SiH,Me,_, + SiH,Me,, (1)

where x = 0-6, y = 0-2, and z = x-y. For example, a
knowledge of the activation energy E, for such a process,
combined with the reverse activation energy E_;, leads to
AH,_,. The heat of formation of the silylene, AH°-
(SiH,Me,.,), can then be obtained provided the heats of
formation of the silane SiH,Me,_, and disilane Si,H Me,_,
are known.

Several gas-phase kinetic studies of methyldisilanes have
been carried out,*” and activation energies obtained. Until

(4) Vanderwielen, A. J.; Ring, M. A; O’Neal, H. E. J. Am. Chem. Soc.
1975, 97, 993.

(5) Davidson, I. M. T.; Matthews, J. I. J. Chem. Soc., Faraday Trans.
11976, 72, 1403.
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