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Insertion of 2,3-Dihydrothiophene into Platinum and Osmium
Hydrides: A Model for Reactions Occurring during Thiophene
Hydrodesulfurization
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Reaction of HPt(acetone)(PEt;),* with 2,3-DHT results in the formation of the sulfur-coordinated 2,3-DHT
compound I. Subsequent rearrangement by slow insertion of the 2,3-DHT olefin into the Pt—-H bond gives
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I1, which was characterized by an X-ray diffraction study. Compound II reacts with H, at 150 °C to yield
butane. A tungsten analogue (VIIIa) of II is prepared from the reaction of CpW(CO);™ with 2-chloro-
tetrahydrothiophene followed by photolytic decarbonylation. The reaction of VIIIa with HCI yields an

Cl
HCI -~ PPh -
Cp(CO‘)ZW@ — CD(CO)ZW\S ' Gocowl ZSX
Q PPhy

unstable tetrahydrothiophene (THT) complex IX. These reactions serve as models for the conversion of
thiophene to THT and C, products. Insertion of 2,3-DHT into a metal cluster hydride is achieved in the
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reaction of 2,3-DHT with Hy0s3(CO)gPPh; to form X whose structure was established by X-ray diffraction.

Introduction

Catalytic hydrodesulfurization (HDS), a process which
is used to remove sulfur from thiophene and other sul-
fur-containing organics in crude oil and coal liquids, is
carried out over a sulfided Co-Mo/Al,O3 catalyst. Of the
many organosulfur compounds present in petroleum
feedstocks, thiophene has been studied most intensively
as a representative component which is difficult to de-
sulfurize. Numerous investigations have been directed at
understanding how thiophene undergoes HDS on hetero-
geneous catalysts.! Dihydrothiophene (2,3-DHT) has been
proposed as an intermediate in the HDS of thiophene (eq
1) by Amberg and others;? this proposal is supported by
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our model HDS studies.!P* Catalytic reactor studies® of
2,3-DHT show that it undergoes rapid desulfurization and
is therefore a plausible intermediate in thiophene HDS.

*Iowa State University Molecular Structure Laboratory.
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However, considerable hydrogenation to tetrahydro-
thiophene (THT) also occurs (eq 1). This latter reaction
may occur by olefin insertion, a reaction that may be
particularly favorable because of the coordinating ability
of the sulfur in 2,3-DHT,* which brings the olefinic group
near the catalyst surface.

It was therefore of interest to explore the reactivity of
2,3-DHT with metal hydride complexes to see if hydrogen
migration to the partly hydrogenated thiophene occurs.
The results in this paper demonstrate that insertion of
2,3-DHT into metal hydride bonds occurs readily to give
metallathiacyclopropane complexes which upon protona-
tion yield tetrahydrothiophene.

Experimental Section

General Procedures. All reactions were carried out under
an atmosphere of prepurified N, at room temperature using

(1) (a) Mitchell, P. C. H. In Catalysis; Kemball, C., Ed.; The Chemical
Society: London, 1977; Vol. 1, p 223; Vol. 4, p 203 (Special Periodical
Report). (b) Lesch, D. A.; Richardson, J. W., Jr.; Jacobson, R. A.; An-
gelici, R. J. J. Am. Chem. Soc. 1984, 106, 2901. (c) Huckett, S. C.; Sauer,
N. N.; Angelici, R. J. Organometallics 1987, 6, 591. (d) Spies, G. H.;
Angelici, R. J. Organometallics 1987, 6, 1897. (e) Hachgenei, J. W.;
Angelici, R. J. Angew. Chem., Int. Ed. Engl. 1987, 26, 909. (f) Hachgenei,
J. W.; Angelici, R. J. J. Organomet. Chem. 1988, 355, 359.

(2) (a) Desikan, P.; Amberg, C. H. Can. J. Chem. 1964, 42, 843. (b)
Zdrazil, M. Collect. Czech. Chem. Commun. 1975, 40, 3491. (c) Devan-
neux, J.; Marvin, J. J. Catal. 1981, 69, 202.

(3) (a) Angelici, R. J. Acc. Chem. Res. 1988, 21, 387. (b) Markel, E.
J.; Sauer, N. N.; Angelici, R. J.; Schrader, G. L. J. Catal. 1989, 116, 11.

(4) (a) Sauer, N. N,; Angelici, R. J. Inorg. Chem. 1987, 26, 3424. (b)
Sauer, N. N.; Angelici, R. J.; Huang, Y. C. J.; Trahanovsky, W. S. J. Org.
Chem. 1986, 51, 113.
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Table I. Infrared Spectra of the Complexes in Hexanes
»(CO), cm™

complex

[HP4(PEty),(2,3-DHT)|PF, (1)
[Pt(PEty),(DHT-H)]PF, (II)
[Pt(PPhj)o(DHT-H)|PF, (III)
[Pt(PPhyMe),(DHT-H)]PF, (IV)
Cp(CO),W(DHT-H) (Va)

2030 (ms), 1940 (s), 1927 (s)
Cp(CO);Mo(DHT-H) (Vb) 2033 (ms), 1951 (s), 1935 (s)
Cp{(CO),Fe(DHT-H) (VI) 2020 (s), 1959 (s)
[Cp(CO),Fe(DHT-H:-Me]PF, (VII)* 2040 (s), 1978 (s)
Cp(CO);W(#*-DHT-H) (VIlla) 1936 (s), 1849 (s)
Cp(CO);Mo(n*-DHT-H) (VIIIb) 1944 (s), 1858 (s)
Cp(CO),W(THT)C1 (IX)* 1954 (s), 1851 (s)
HOs3(CO)y(PPh,)(DHT-H) (X) 2090 (mw), 2052 (s), 2030
(vs), 2009 (s), 1991 (ms),
1969 (s), 1965 (m, sh),
1955 (m), 1944 (w)
2090 (w), 2082 (m), 2070 (s),
2060 (ms), 2047 (w), 2034
(s), 2014 (m), 1991 (mw)

HOs3(C0)1o(DHT-H) (XI)

aIn CH,Cl, solvent.

standard inert atmosphere and Schlenk’ techniques unless oth-
erwise stated. Tetrahydrofuran (THF) and Et,O were distilled
under N, from Na/benzophenone. Hexanes, MeCN and CH,Cl,
were distilled from CaH, under N,. Acetone was purged with N,
and dried over molecular sieves for several weeks. Benzene was
distilled from LiAlH, under N, and stored over Na metal.

Infrared spectra were obtained by using a Perkin Elmer 681
spectrophotometer; the spectra were referenced to the 1944.0 cm™
band of polystyrene. The 'H and *C{H} NMR data were obtained
on a Nicolet NT 300-MHz spectrometer using Me,Si as the in-
ternal reference. The 3'P and temperature-dependent NMR
spectra were recorded on a Bruker WM 300 MHz instrument. The
31P signals which are upfield of the HyPO, external reference are
given as negative values, The !®*Pt NMR spectra were obtained
on a Bruker WM 200-MHz instrument. Chemical shifts were
measured relative to 0.2 M K;PtCl, (in 0.4 M KCl/D;0), which
was used as an external reference (-1627.0 ppm vs 0.2 M K,PtCl,
in H,0).6 Electron-impact mass spectra (EIMS) and GC-MS
spectra were obtained on a Finnigan 4000. Fast atom bom-
bardment (FAB, glycerol matrix) mass spectra were obtained by
using a Kratos MS-50 spectrometer.

Diphenylmethylphosphine and PEt; were obtained from Strem
Chemicals and used without further purification. Triphenyl-
phosphine was used as received from SCM Chemicals. Adsorption
(80200 mesh) alumina was used as received from Fisher Scientific.

Photochemical reactions were carried out with a 254-nm light
in a quartz Schlenk tube equipped with a cooling probe using a
reactor obtained from Bradford Scientific, Inc., Marblehead, MA.

The compounds trans-HPt(PEt,),Cl,” trans-HPt(PMePh,),C12
tram-HPt(PPh3)201,9 HgOSa(Co)lo,lo and HzOSa(CO)g(PPha)u were
prepared by using reported routes. The compounds [HPt(ace-
tone){PRy)o]* (PR3 = PEt;, PMePh,, PPhy) were generated as
described by Clark and Jablonski.!? The X-ray crystal structure
analysis data are summarized in Table IV. In addition to the data
given below, the compounds were characterized by their IR, NMR
and mass spectra (Tables I-III).

Reaction of [HPt(acetone)(PR;),]* with 2,3-DHT. An
acetone (15 mL) solution of HPt(PEt;),Cl (0.21 g, 0.48 mmol) was
added to an acetone (15 mL) solution of AgPF (0.12 g, 0.48 mmol).
This mixture was stirred for 15 min, and the AgCl formed was
removed by filtration through a medium glass frit. The filtrate

(5) (a) Shriver, D. F.; Drezdon, M. A. The Manipulation of Air Sen-
sitive Compounds, 2nd ed.; Wiley: New York, 1986. (b) Herzog, S.;
Dehnert, J.; Luhder, K. Technique of Inorganic Chemistry; Jonassen, H.
B., Ed.; Interscience: New York, 1969; Vol. VIL

(6) Hollis, L. S.; Lippard, S. J. J. Am. Chem. Soc. 1983, 105, 3494.

(7) Parshall, G. W. Inorg. Synth. 1970, 12, 26.

(8) Clark, H. C.; Kurosawa, H. J. Organomet. Chem. 1972, 36, 399.

(9) Cariati, F.; Ugo, R.; Bonati, F. Inorg. Chem. 1966, 5, 1128.

(10) Knog, S. A. R.; Koepke, J. W.; Andrews, M. A.; Kaesz, H. D. J.
Am. Chem. Soc. 1975, 97, 3942,

(11) Deeming, A. J.; Hasso, S. J. Organomet. Chem. 1975, 88, C21.

(12) Clark, H. C.; Jablonski, R. C. Inorg. Chem. 1974, 13, 2213.
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was then treated with 2,3-DHT* (0.20 M solution in pentane, 2.5
mL, 0.50 mmol), and the mixture was stirred for 2 h. The volume
of the solution was reduced to ~5 mL, layered with Et,O (25 mL),
and stored at —20 °C for 3 days. The white needlelike solid
[HPt(PEt,)5(2,3-DHT)]PF (I) (0.19 g, 83%) was filtered off and
dried. Anal. Caled for C,gHg,F,PsPtS: C, 28.96; H, 5.62; S, 4.83.
Found: C, 29.01; H, 6.02; S, 5.08. 3C NMR (CDCly): 6 133.82
(m, C5), 121.35 (m, C4), 38.04 and 34.95 (C2, C3), 18.70 [m,
P(CH,CH,);], 8.60 [m, P(CH,CHj;)]. *'P NMR (CDCly): §20.11
(Jpip = 2565 Hz). %Pt NMR (CDCl;): 5 -3381.3 (pseudo dt, Jpp;
~ 2547 Hz, Jyp, = 1237 Hz). Compound I is stable in air and
can be handled at ambient temperature for short periods of time.
No changes were observed in I when stored at —20 °C for 9 months.
However, when I was stored at room temperature, it slowly became
pale yellow. The yellow solid was found to be [Pt-
(PEtg),DHT-H)]PFg (II). The complete conversion of I to II
occurred over a period of 3 months in the solid state at room
temperature. In solution at ambient temperature I is converted
to Il in a month, and at 60 °C, I goes to II in 1 week. The
conversion of I to II was monitored by 'H and '%Pt NMR at 60
°C and 3'P NMR at ambient temperature. Spectral data for II:
13C NMR (CDCl;) 6 64.07 (d, Jpic = 339 Hz, J onepc = 61.3 He,
C2), (41.17 (pseudo triplet), 37.61 (s), 31.58 (Jp,c = 29.1 Hz) C3,
C4, C5]; *'P NMR (CDCl,) 6 15.75 (Jpp = 2796 Hz), 17.01 (Jpip
= 4339 Hz); %Pt NMR (CDCl;) 6 -3387.4 (pseudo dd, Jpp; = 4330
Hz, Jpp, = 2796 Hz).

As described for HPt(PEt,),Cl, an acetone (20 mL) solution
of HPt(PPh,),Cl (0.15 g, 0.20 mmol) was treated with an acetone
(10 mL) solution of AgPF¢ (0.053 g, 0.21 mmol). After the solution
was stirred for 15 min, the AgCl formed was filtered off through
a medium frit. The filtrate was treated with 1.5 equiv (0.30 mmol)
of a 0.28 M pentane solution of 2,3-DHT. The mixture was stirred
for 2 h. The resulting pale yellow solution was reduced in volume
in vacuo to ~5 mL, layered with Et,0 (~25 mL), and stored at
—20 °C for 3 days. Compound [Pt(PPh,),(DHT-H)]PF; (III) (0.12
g, 65%) was filtered off and dried. Anal. Caled for CyHyFoP;PtS:
C, 50.48; H, 3.92. Found: C, 50.73; H, 4.51.

Similarly an acetone (20 mL) solution of HPt(PMePh,),Cl (0.16
g, 0.25 mmol) was treated with AgPFg (0.058 g, 0.23 mmol) for
15 min. After filtration through a medium frit, a pentane solution
of 2,3-DHT (3.8 mL, 0.15 M, 0.57 mmol) was added, and the
solution was stirred for 2 h. Upon workup, as described for the
PPh; analogue, {Pt(PMePh,),(DHT-H)]PF, (IV) (0.097 g, 47%)
was obtained.

X-ray Structure Determination of [Pt(PEt;),(DHT-H)]-
PF; (I1). A colorless crystal of [Pt(PEt;)o(DHT-H)]PF;, formed
by diffusion of Et,0 into a CDCl; solution at —20 °C, was mounted
on a glass fiber in a random orientation. Cell constants and an
orientation matrix for data collection were obtained from least-
squares refinement by using the setting angles of 17 reflections
in the range 25° < 26 < 32°. Important crystallographic data are
summarized in Table IV.

A total of 6089 reflections were collected in the +h,+k,xl
quadrant, of which 5421 were unique and not systematically
absent. Three representative reflections measured every 60 min
indicated a total loss in intensity of 18.1%. A decay correction
was therefore applied to the data.

Lorentz and polarization corrections were applied to the data.
Intensities of equivalent reflections were averaged. The agreement
factors for the averaging of 847 observed reflections were 1.7%
based on intensity and 1.4% based on F,.

The positions of the two independent Pt cations in a unit cell
were given by direct methods.!® Following isotropic refinement
of the Pt atoms, the P and S atoms in the coordination sphere
were placed based on a difference Fourier map. The two Pt
complexes are very similar in internal structure, but an analysis
of the molecular packing indicated that they are in different
environments with respect to the PFy~ groups, and so indeed are
crystallographically distinct. While one of the PFg ions behaved
normally, the second could not be successfully refined as the
expected seven-atom model. Peaks in the difference Fourier

(13) {a) SHELXS-86, Sheldrick, G. M. Institut fur Anorganische
Chemie der Universitat, Géttingen, FRG (b) Sheldrick, G. M. In Com-
puting in Crystallography; Schenk, H., Olthof-Hazekamp, R., Van
Koningsveld, H., Bassi, G. C., Eds.; Delft University: Delft, 1978.
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Table II. 'H NMR Data for the Complexes in CDCl,

Glavee et al.

hydrothiophene ligand resonances

other resonances

2,3-DHT® 3.22 (t, 2 H, H2), 2.74 (tt, 2 H, H3), 5.63 (dt, 1 H, H4), 6.16 (dt, 1 H, H5)

I 3.66 (m, 2 H, H29), 3.08 (m, 2 H, H3), 6.14 (m, 1 H, H4), 6.27 (m, 1 H, H5)

I 370 (m, 1 H, H2), 3.32 (m, 1 H, Hbx,), 3.18 (m, 1 H, Hb.04.), 2.82 (m, 1 H, H3,54,), 2.79 (m,
1 H, H3), 2.00 (m, 1 H, Hdoy), 1.74 (m, 1 H, Hdppgo)

I 3.74 (m, 1 H, H2°), 2.83 (m, 1 H, Hb,,), 2.56 (m, 1 H, H3.4,), 2.19 (m, 1 H, H3,,,), 1.83 (m,
9 H, H5,., and Ha,,), 153 (m, 1 H, Hpng)

Vae 3.35 (dd/ 1 H, H29), 2.66 (m, 2 H, Hberommtento), 254 (m, 1 H, H,p), 1.86 (m, 1 H, Hd,y,),
170 (m, 1 H, Hego), 1.38 (m, 1 H, Hépng,)

Vbe 3.47 (dd,* 1H, H2°), 2.68 (m, 2 H, Hbqzoandense)s 2.59 (m, 1 H, Huo), 1.90 (m, 1 H, Hd,y,),
1.74 (m, 1 H, H3,,.), 1.35 (m, 1 H, Héego)

VIe 3.47 (dd', 1 H, H29), 271 (m, 2 H, Hbqqopngende), 241 (m, 1 H, H3,..), 1.97 (m, 1 H, Hd,,,),
1.60 (m, 1 H, H3qy), 1.41 (m, 1 H, Hdyy)

VII 1.7-3.¢/

VIIla®  3.56 (d* 1 H, H2), 2.49 (dd’, 1 H, H.q,), 1.95 (m, 2 H, H3.q, and Hb,y,), 1.56 (m, 1 H,
H3exo)v 132 (m, 1 H, H4exo): 0.97 (m, 1 H, H4end0)

VIIIbe 3.67 (d™, 1 H, H2°), 2.46 (dd*, 1 H, H5,,4,), 1.87 (m, 2 H, H3,,4, and H5,,,), 1.64 (m, 1 H,
H3,.,), 1.24 (m, br, 1 H, Hd,,,), 0.87 (m, 1 H, H.pg,)

IXe 3.16 (m, 4 H), 3.08 (m, 4 H)

X 3.18 (m. 1 H, H2?), 2.98 (m, 1 H, Hb,y,), 2.82 (m, 1 H, H5,,40), 2.51 (m, 2 H, Hugo and
H4,,), 2.34 (m, 1 H, H3,y,), 1.89 (m, 1 H, Ha,,,)

XIer 3.00 (m, 1 H, H2P), 2.68 (m, 1 H, Hb,y), 2.46 (m, 1 H, Hb.4,), 2.33 (m, 2 H, H3sq, and

1.93 [m, 12 H, P(CH20H3)3],
1.14 [m, 18 H, P(CH;CHy)s],
-13.32 (9 lines, 1 H, Pt-H)®

1.96 [m, 12 H, P(CHZCHS)SL
1.10 [m, 18 H, P(CH,CHy)s)

7.32 (m, 15 H, PPhy)

4.76 (s, 5 H, Cp)

4.76 (s, 5 H, Cp)

472 (s, 5 H, Cp)

5.17, 5.09 (10:6, Cp), 2.54, 2.79

(10:6, Me)

473 (s, 5 H, Cp)

4.73 (s, 5 H, Cp)

5.32 (s, 5 H, Cp)

7.49 (m, 15 H, PPhy), ~16.507

(s, br, 1 H, Os-H)
-16.56 (s, 1 H, Os—H)

Hd, 1), 1.92 (m, 1 H, H3,,,), 1.77 (m, 1 H, H4,,)
H HH
a HH 4 8 \ 9y bJpy = 14.4 Hz, Jpyy = 1242 Hz. °
S

H, o:\g °H do‘\\H“"
fJ=45Hz J =118 Hz. # H,,e;_A N
%, /S'Henoo
“

ML .

HBIO

hJ = 4.8 Hz, J = 11.6 Hz.

d Assignment made by comparison with Il ®In C¢De.

iJ =46 Hz, J =109 Hz. /Two isomers of VII are

apparent from the Cp and Me signals. The signals cotresponding to the methylene protons, however, are indistinguishable. *J = 5.6 Hz.

lJ =129 Hz, J = 6.3 Hz.

mJ=59Hz "J=135Hz J=63Hz °InCDCl. » H

‘s Hexo

a&Huo
Hendo 90bserved as two doublets at

&
exo

M—M

-54 °C; 6 ~16.48 (Jpy = 2.6 Hz), -16.52 (Jpy = 2.6 Hz). "By comparison to X.

Table III. Mass Spectra of the Complexes

Ie 518 (M?), 489 (M* - Et), 431 [M* - (DHT + H), base
peak], 399 [M* - (PEt; + H)], 313 (PtPEt;")

1Ie 518 (M*, base peak), 489 (M* - Et), 431 [M* - (DHT +
H)J, 399 [M* - (PEt,; + H)], 313 (PtPEts*)

111 806 (MY, base peak), 719 [M* - (DHT + H)J, 457 [M* -
(DHT + H + PPhy))]

Ive 682 (M*, base peak), 595 [M - (DHT + H)}, 481 [M* -
(PMePh, + H)], 395 (PtPMePh,*)

Vb 306 (M* - CO), 278 (M* - 2C0), 248 [M* - (2CO + 2H)],
220 [M* - (3CO + 2H)], 87 (DHT-H*, base peak)

VI 236 (M* - CO), 208 (M* - 2C0), 121 (CpFe*), 87
(DHT-H*, base peak)

VII® 279 (M*, base peak), 223 (M* - 2C0), 177 (CpFe(C0)."),
102 (DHT-H-Me)

VIIIa 392 (M*, base peak), 364 (M* - CO), 336 (M* - 2C0), 87
(DHT-H*)

VIIIb 306 (M*Y), 278 (M* - CO), 248 [M* - (2CO + 2H), base
peak], 220 (CpMo(CO),H*), 87 (DHT-H*)

Xe 1174 (M*, base peak), 1146 (M* — CO), 1118 (M* - 2CO),
1090 (M* - 3CO)

XI 940 (M*), 912 (M* - CO), 882 (M* - 2CO), 856 (M* -
3C0), 828 (M* - 4C0), 800 (M* - 5C0), 86 (DHT, base
peak)

sBy FAB.

syntheses persisted which seemed to define a second significant
orientation of the PFg unit. A model was therefore developed

in which two Fg octahedrons were refined about the single
phosphorus labeled P(6). For the two sets of F atoms [labeled
F(7)-F(12) and F(7)-F(12')] the expected P-F and F-F distances
were added to the refinement as observations. Refinement was
then carried out with the further requirement that the sum of
the occupancies of the two Fg groups equal 1. These groups so
constrained refined to 58.0% occupancy in the major orientation
and 42.0% occupancy in the minor orientation. Hydrogen atoms
were not included in the model. The atomic positional parameters
are given in Table VI. The atoms Pt, S, P(1), P(2), etc. correspond
to one independent cation in the unit cell, while Pt’, §’, P(1'), P(2),
etc. correspond to the other cation of II in the unit cell.

Refinement of the structure was carried out by using the
SHELX76 package.'® Scattering factors were taken from Cromer
and Waber.* Anomalous dispersion effects were included in F;®
the values for £’ and f ” were those of Cromer.®

Reaction of [Pt(PEt;),(DHT-H)]PF¢ (II) and H,. A THF
(3.0 mL) solution of II (0.050 g, 0.075 mmol) was placed in an
autoclave in a glass liner under Hy. The H; pressure was increased
to 500 psi and the autoclave heated to 150 °C. The mixture was
allowed to cool to ambient temperature after 3 h. An evacuated

(14) Cromer, D. T.; Waber, J. T. International Tables for X-ray
Crystallography; The Kynoch Press: Birmingham, England, 1974; Vol.
IV, Table 2.2B.

(15) Ibers, J. A.; Hamilton, W. C. Acta Crystallogr. 1964, 17, 781.

(16) Cromer, D. T. International Tables for X-ray Crystallography;
The Kynoch Press, Birmingham, England, 1974; Vol. IV, Table 2.3.1.
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Table IV. Summary of Crystal Data for
[Pt(PEt;);(DHT ¢ H)]PF, (II) and

HOs4(CO)o(PPhy) (DHT ¢ H) (X)

II X
formula CIGH37FGP3PtS CslH2309083PS
fw 663.59 1173.16
space group P2;/n P2,/c
a, 8.0162 (9) 9.474 (2)

b, A 35.246 (8) 12.752 (1)
¢, A 17.811 (4) 27.020 (3)
B, deg 90.82 (1) 91.98 (1)
V, A3 5032 (3) 3262 (1)
Z 8 4
degteas 8/ cm® 1.752 2.388
cryst size, mm 0.25 X 0.27 x 0.3 X0.3x0.2
0.15
u(Mo Ka), em™? 59.46 118.4
diffractometer Enraf-Nonius Enraf-Nonius
CAD4 CAD4
graphite mono-  graphite mono-
chromator chromator
Mo Ka (A = Mo Ka (A =
0.71073 A) 0.71073 A)
orientatn reflectns, no., 17, 25-32° 25, 20-33°
range (26)
temp, °C 22@1 22+1
scan method 6-26 6-26
data collectn range, 26, deg 4-45 4-50
no. of unique data, total 5421 5728
with F.2 > 30(F.2) 3932 4422
no. of parameters refined 482 406
trans. factors, max, min 0.999, 0.752 0.999, 0.428
(¥ scans)
Ro 0.0480 0.0277
R,® 0.0685 0.0394
quality-of-fit indicator® 2.44 1.12
largest shift/esd, final 0.02 <0.01
cycle
largest peak, e/A® 1.03 0.97

R = 5 |IFo| = [Fdi/ ZIFol. * Ry = [ZwiFol - |F)?/ TwlFof1% w
= 1/0*F). Quality-of-fit = [(ZwlFel ~ F?/ N -

] 1
parameters. .

Schlenk flask was filled with a portion of the gas phase of the
reaction mixture and the GC-MS obtained. Analysis of the GC
showed butane (0.023 mmol, 30%) was produced. It is also evident
from the GC-MS of the solution that some butane was present
in the liquid phase. A black-brown residue was generated in this
reaction. The 'H NMR (CDCl;) and MS spectra of this residue
showed that it contained Pt, PEt;, and S. However, we were
unable to determine its exact nature.

Synthesis of Cp(CO);M(DHT-H) (Va,M = W; Vb, M =
Mo). To a stirred THF (25 mL) solution of CpW(CO),™ prepared
as described by Gladysz and co-workers!’ from [CpW(CO)sl, (0.97
g, 1.6 mmol) and Na(BEt;H) (1.0 M in THF, 2.5 mL, 2.5 mmol),
a benzene (20 mL) solution of chlorotetrahydrothiophene was
added. The chlorotetrahydrothiophene was prepared by slowly
adding N-chlorosuccinimide (NCS) (1.5 g, 11.2 mmol) (over a
period of 15-30 min) to a benzene (20 mL) solution of tetra-
hydrothiophene (1.0 mL, 11.4 mmol) under N,.!® After stirring
for 1 h, the succinimide generated was filtered off. The CpW-
(CO);™ and chlorotetrahydrothiophene mixture was stirred for 1
h and the solvent removed in vacuo. The residue was dissolved
in a minimum amount of Et,0 and transferred onto a column of
alumina (1 X 10 cm). Elution with hexanes led to the isolation
of Va from the first yellow band. Removal of solvent from the
yellow solution yielded Va (0.69 g, 55%) as a yellow oil. The
elemental analysis of Va was not obtained because it was air and
thermally unstable.

The Mo analogue of Va, Vb, was prepared in a similar fashion
starting with [CpMo(CO)s], (0.50 g, 1.0 mmol) in THF (30 mL),
Na(BEt;H) (1.0 M in THF, 2.5 mL, 2.5 mmol), and a benzene

(17) Gladysz, J. A.; Williams, G. M.; Tam, W.; Johnson, D. L.; Parker,
D. W. Inorg. Chem. 1979, 18, 553.
(18) Tuleen, D. L.; Bennett, R. H. J. Heterocycl. Chem. 1969, 6, 115.
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(10 mL) solution of chlorotetrahydrothiophene prepared from
THT (0.12 mL, 1.4 mmol) and NCS (0.15 g, 1.12 mmol). Com-
pound Vb (0.20 g, 30%) was isolated as a yellow oil upon workup
as described in the synthesis of the W analogue. Because of the
instability of Vb, its elemental analysis was not obtained.

Synthesis of CpFe(CO),(DHT-H) (VI). To a stirred THF
(40 mL) solution of CpFe(CO),™ prepared from [CpFe(CO),],'*
(1.4 g, 3.8 mmol) using sodium amalgam generated from sodium
metal (0.32 g, 14 mmol) and 8 mL of Hg was added a benzene
(10 mL) solution of chlorotetrahydrothiophene synthesized as
described in the preceding procedure from THT (1.0 mL, 11
mmol) and NCS (1.6 g, 11 mmol). The mixture was stirred for
1 h and the volume of the solvent reduced to 2 mL in vacuo.
Diethyl ether (5 mL) was added to the mixture and the slurry
transferred on to a column of alumina (2.5 X 12 cm). Elution with
hexanes led to the isolation of VI (0.60 g, 29%) as a yellow-brown
oil. Because of the instability of VI, its elemental analysis was
not obtained. Some [CpFe(CO),], (0.50 g, 37%) was recovered
on elution with Et,0. *C NMR (CzDg) of VI: §217.26 and 216.68
(CO); 85.78 (Cp); 45.88, 33.78, 31.71, and 29.98 (DHT-H).

Reaction of CpFe(CO),(DHT-H) (VI) with [Me;O]BF,. A
CH,Cl, (20 mL) solution of VI (0.093 g, 0.35 mmol) was treated
with [MezO]BF, (0.072 g, 0.49 mmol). The mixture was stirred
for 1 h, KPFg (~1.0 g) added, and stirring continued for 30 min.
Addition of excess Et,0 (~80 mL) led to the precipitation of a
yellow solid. After filtration, the residue was washed with several
portions of Et,0 and then extracted with CH,Cl; (20 mL). The
CH,Cl, extract was layered with hexanes (100 mL) and stored
at =20 °C for 3 days. The air-stable yellow solid [CpFe(CO),-
(DHT-H-Me)]PF, (VII) (0.097 g, 65%) was filtered off and dried
in vacuo. Anal. Caled for C;,H;sFsFeO,PS: C, 33.99; H, 3.57;
S, 7.55. Found: C, 33.99; H, 3.93; S, 7.97.

Synthesis of Cp(CO),M(n>-DHT-H) (VIIIa, M = W; VIIIb,
M = Mo). A hexanes (30 mL) solution of Va (0.16 g, 0.38 mmol)
was placed in a quartz tube equipped with a water-cooled probe
and purged with N,. The solution was irradiated with a 254-nm
light for 90 min. The mixture was then transferred onto a column
of alumina (1 X 10 cm). A yellow band containing unreacted Va
was first eluted with hexanes. Elution with hexanes/Et,0 (8:2)
gave pure VIlla, as the second yellow band. Slow removal of the
solvent in vacuo yielded an air-stable yellow crystalline solid, VIIIa
(0.11 g, 75%). 3C NMR (C¢Dg): 6 237.78 and 233.70 (CO); 90.44
(Cp); 35.94, 35.30, 34.59, and 32.52 (DHT-H). Anal. Calcd for
C11H,0,8W: C, 33.70; H, 3.08; S, 8.16. Found: C, 33.62; H, 2.95;
S, 8.33.

The Mo analogue VIITb was prepared similarly starting with
Vb (0.10 g, 0.30 mmol). Chromatographic purification on a column
of alumina (1 X 15 cm) eluting with hexanes/Et,0 (5:1) led to
the isolation of VIIIb as the first yellow band which yielded 0.020
g (22%) of VIIIb as a yellow solid when the solvent was removed
in vacuo.

Attempts to prepare Cp(CO)Fe(52-DHT-H) by photolysis of
VI were unsuccessful.

Reaction of CpW(CO),(»>-DHT-H) (VIIIa) with HCI.
Hydrogen chloride gas (3.5 mL, 0.18 mmol) was syringed into a
stirred CH,Cl; (20 mL) solution of VIIIa (0.048 g, 0.12 mmol).
An instant color change from yellow to red was observed which
signified the formation of the unstable compound CpW(CO),-
(THT)CI (IX) (IR and 'H NMR are given in Tables I and II,
respectively). The reaction mixture was immediately treated with
PPh; (0.033 g, 0.13 mmol), and stirring was continued for 15 min,
After removal of solvent, the residue was extracted with CHCl,.
Removal of the solvent from CHCl; extract under vacuum led
to the isolation of CpW(CO),(PPh;)CI? (0.060 g, 81%), which
was identified by comparing its IR and 'H NMR with those
reported in the literature. Free tetrahydrothiophene [!H NMR
(CDyCly): 6 2.78 (m, 4 H), 1.91 (m, 4 H)] was also generated in
this reaction.

Reaction of H,0s3(CO),L (L = CO, PPh;) with 2,3-DHT.
To a stirred hexane (50 mL) slurry of H,0s3(CO)g(PPh,) (0.25
g, 0.23 mmol) was added a 0.22 M solution of 2,3-DHT* in pentane
(7.5 mL, 1.6 mmol). The mixture was stirred continuously for

(19) King, R. B. In Organometallic Syntheses; Eisch, J. J., King, R.
B., Eds.; Academic Press: New York, 1965; Vol. 1, p 151.
(20) Alway, D. G.; Barnett, K. W. Inorg. Chem. 1980, 19, 1533.
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7 days after which it was transferred onto a column of silica gel
(1.0 X 12 cm). The long reaction time was presumably due in
part to the fact that HyOs3(CO)g(PPhy) is only sparingly soluble
in hexanes. Elution with hexanes resulted in the removal of a
small amount of unreacted H,0s3(CO)y(PPhj). Addition of
hexane/Et,0 (1:1) to the column resulted in the elution of a yellow
band. The solvent was removed in vacuo and the residue re-
dissolved in a minimum amount of hexanes and stored at -20 °C
for 3 days. Extremely stable gold cubelike crystals of HOs;-
(CO)o(PPhy)(DHT-H) (X) (0.21 g, 78% ) were obtained. Anal.
Calcd for Cg;Hy30408,PS: C, 31.76; H, 1.98. Found: C, 31.85;
H, 1.92.

The analogous reaction of Hy0s3(CO),, (0.071 g, 0.083 mmol)
with 0.36 M 2,3-DHT* (4.4 mL, 1.6 mmol in pentane) in hexane
(20 mL) for 40 h resulted in the formation of HOs3(CO),o(DHT-H)
(XI) (0.051 g, 72%) as an air-stable yellow powder which was only
sparingly soluble in common organic solvents such as hexanes,
THEF, toluene, CH,Cl;, DMSO, (CH,),C=0, and CHsCN. Anal.
Caled for C,4Hg0,00s,:8: C, 17.91; H, 0.86. Found: C, 17.85; H,
1.09.

X-ray Structure Determination of HOQs;(CO)q(PPhg)-
(DHT-H) (X). A yellow crystal of HOs3(CO)g(PPhy)(DHT-H)
was mounted on a glass fiber in a random orientation. Cell
constants and an orientation matrix for data collection were
obtained from least-squares refinement using setting angles of
25 reflections in the range 20° < 26 < 33°. A total of 6298
reflections were collected in the +h,+k,%! quadrant of which 5728
were unique and not systematically absent. No decay correction
was applied.

Lorentz and polarization corrections were applied to the data.
An empirical absorption correction based on a series of y-scans
of five reflections and their Friedel mates was applied to the data.
Additional crystallographic data appear in Table IV.

The positions of the three Os atoms were given by the direct
method. Following isotropic refinement of the Os atoms, the P
and S atoms in the coordination sphere were placed on the basis
of a difference Fourier map. The remainder of the non-hydrogen
atoms were then located via subsequent cycles of least-squares
refinement followed by difference Fourier maps. The positions
of the hydrogen atoms were calculated for the PPhg and hydro-
thiophene (DHT-H) and were used to calculate structure factors
only,

The largest peak in the final difference Fourier had a height
of 0.97 /A8, This peak was 2.0530 from Os(2) and 1.9120 from
0s(3) (Figure 2). The Os(2)-0s(3) distance of 3.0178 (5) A was
the longest Os—0Os distance in the molecule. While attempts to
refine this peak as a hydride led to lower R and R,, values, the
isotropic thermal parameter associated with this peak was neg-
ative. This peak was therefore excluded from the final model for
X.

Procedures for structure solution were the same as described
for 11,13-16

Results and Discussion
Reaction of HPt(acetone)(PEt;),* and 2,3-DHT.
The reaction of trans-HPt(acetone)(PEtg),* and 2,3-DHT
leads to the formation of the sulfur-coordinated trans-
HPt(2,3-DHT)(PEts),* (I) which is isolated as a colorless
crystalline solid (eq 2, step a). Compound I is charac-

4 3'1*
HPES T Z \> H PEL * EtsP }<§5
Pt —s——> Pt —A—> P (2)
(a) ;N (b) /~g

/N
EP O=CMe,

Et,P ® EtsP

1 II

terized by its mass and 'H NMR spectra as well as ele-
mental analysis. The FAB mass spectrum of I shows an
m/e value of 518 (M%) which represents HPt(2,3-
DHT)(PEty),*. The hydride of I is observed at —13.32 ppm
as a triplet with coupling constants of Jpy; = 1242 Hz and
Jpy = 14.4 Hz. The olefin signals of the 2,3-DHT in
compound I (Table II) are shifted downfield with respect
to that of the free ligand [6 6.16 (H5), 5.63 (H4), 2.74 (H3),
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"
we 1t HP ool
CHa N -(CHg)2C=0 bt
e, oA AN
2 P O=C(CH3), P CH,
+ + \ +
- P Pl
(CHaC=0 P ] PP -0 P
/Pt\ —_— ’F’t\ - /Pt\ﬁHz
P CH,CHs (CH3)sC=0 CHxCHs H o ch,
P = PEt,

3.22 (H2)]. In coordinated olefin complexes, there is an
upfield shift of the olefin signals with respect to the free
ligand as illustrated in compound B;?! in free styrene (A),
protons H,, Hg, and H; occur at 6 6.71, 5.27, and 5.82,
respectively, as compared with (6 4.77, 4.50), (6 4.84, 5.70),
and 6 4.48 for the same protons in B. Such upfield shifts

CI\ /CI
H
A\ /HB Pt
- H, H/ \HH
i
Ph He PR""H Ph™'H
A B

upon coordination of olefins have been well documented
in the literature.? The downfield shift observed for the
olefin signals in I therefore suggests that the 2,3-DHT is
coordinated through the sulfur. Similar downfield shifts
have been observed in previously reported sulfur-
coordinated 2,3-DHT complexes: trans-PdCl,(2,3-
DHT),,* Ru(C0)5Cl,(2,3-DHT),* [Re(CO);(2,3-DHT)]*,%
W(CO0);(2,3-DHT),* and Cr(C0);(2,3-DHT).%®

Compound I slowly rearranges to II (eq 2, step b) by
migration of the terminal hydride ligand to the 8-olefin
carbon with the formation of a Pt—-C o-bond. Compound
IT was isolated as a pale yellow crystalline solid and
characterized by its FAB mass spectrum, 'H and 3C NMR,
and an X-ray structural study (see below). This rear-
rangement occurs both in solution and in the solid state
at ambient temperature over a period of 30 and 90 days,
respectively. A relatively fast (7 days) rearrangement is
observed at 60 °C in CDCl; solution.

Similar reactions of HPt(acetone)(PMePhy),* and
HPt(acetone)(PPhg),* result in the direct formation of the
DHT'H inserted products analogous to II with no 'H NMR
evidence for S-coordinated 2,3-DHT intermediates. A
similar effect of phosphine ligands is observed for ethylene
insertion into the Pt-H bond in HPt(C,H )(PMePh,),*,
which is much faster than the analogous reaction of
HPt(CzH4)(PEt3)2+.12’24

The mechanism of reaction 2 is probably related to that
of other olefin insertions into Pt—-H bonds. Clark and
co-workers® reported that HPt(acetone)(PMePh,),* rap-
idly coordinates ethylene at —50 °C to give a square-planar
hydrido olefin complex (eq 3). The same reaction carried
out at room temperature results in facile insertion of
ethylene into the Pt-H bond to give, after halide

(21) Albinati, A.; Caseri, W. R.; Pregosin, P. S. Organometallics 1987,
6, 788,

(22) (a) Laycock, D. E.; Baird, M. C. Inorg. Chim. Acta 1980, 42, 263.
(b) Kreiter, C. G.; Koemm, U. Z. Naturforsch. 1983, 38b, 943. (c) John-
son, L. K.; Angelici, R. J. Inorg. Chem. 1987, 26, 973. (d) Green, M. L.
H.; Nagy, P. L. L. J. Organomet. Chem. 1963, 1, 58. (e) Faller, J. W.;
Johnson, B. V. J. Organomet. Chem. 1975, 88, 101.

(28) Eekhof, J. H.; Hogeveen, H.; Kellog, R. M. J. Organomet. Chem.
1978, 161, 361.

(24) (a) Clark, H. C.; Kurosawa, K. Inorg. Chem. 1972, 11, 1275. (b)
Deeming, A. J.; Johnson, B. F. G.; Lewis, J. J. Chem. Soc. D 1970, 598.
(c¢) Deeming, A. J.; Johnson, B. F. G.; Lewis, J. J. Chem. Soc., Dalton
Trans. 1973, 1848,



Thiophene Hydrodesulfurization
HPH(CH4) (PMePhy);*
HP1(acetone)(PMePhol” + CHy ~ 3

Lel PHC,Hs) (C1 )(PMePhy),
quenching, the alkyl product trans-Pt(C,H;)X(PMePhy),.
A mechanistic scheme (Scheme I) involving reversible
ethylene substitution and a slower rate-determining in-
sertion step was suggested on the basis of kinetic studies
carried out with trans-HPt(acetone)(PEt,),*.12 It was
noted by these authors that.the kinetic studies could not
distinguish between insertion from a rearranged four-co-
ordinate intermediate and an insertion which is essentially
associative in nature proceeding from a five-coordinate
solvent-containing complex.

In light of the above results, it is reasonable to envisage
the insertion of 2,3-DHT into trans-HPt(acetone) (PRy),*
as occurring via a similar mechanism (Scheme II). The
initial coordination of 2,3-DHT via the S is supported by
the isolation of trans-HPt(2,3-DHT)(PEts),* (I) in good
yield (83%). Subsequent rearrangement of I to give the
olefin-inserted product Pt(PEts)o(DHT-H)* (II) has been
monitored by 'H NMR spectrometry in the hydride region
at 60 °C. The spectrum obtained 30 min after a CDCl,
solution of I was warmed to 60 °C shows the growth of a
new hydride peak at -4.73 ppm. A steady-state concen-
tration of this hydride is observed in the spectrum recorded
5 h later. This signal, which is assigned to the hydride in
C, is a 9-line pattern (Jp,.y = 954 Hz, Jp _y = 13.4 Hz).
There is no coupling between the hydride and the olefin
protons presumably because their dihedral angle ap-
proaches 90°. A new set of hydride signals becomes ap-
parent in the spectrum obtained within 90 min after
heating the CDCl, solution to 60 °C. This 18-line pattern
(Jp-y = 792 Hz, Jp_ .y = 158 Hz, Jyy = 16.3 Hz due to
coupling with the olefinic protons) at —6.29 ppm corre-
sponds to D (Scheme II), and like the hydride signal ob-
served at —4.73 ppm, reaches a steady-state concentration
in the spectrum recorded 5 h later. A cis phosphorus
hydride coupling is not observed, presumably because it
is small. It is also worth noting that examples of Pt! (e.g.,
{HPt(AsEt,),[P(OMe);]iCl10,, Jp - = <2 Hz) have been
reported where the cis phosphorus-hydride coupling con-
stants are extremely small.?%% The stationary state of C
and D persists for 2-3 days as the starting hydride signals
slowly disappear and II forms by slow transfer of the H
ligand to the §-olefin carbon with concomitant Pt-C and
Pt-S bond formation. At the end of the reaction, C and
D disappear. Thus, the NMR spectra are consistent with
the mechanism in Scheme II but do not prove it.

Structure of [Pt(PEt;),(DHT-H)]PF, (II). A per-
spective view of one of the cations from II showing the
numbering scheme and thermal ellipsoids is given in Figure
1. Selected angles and distances are listed in Table V.

There are two independent cationic Pt complexes and
two PFg anions in a unit cell. The bond angles and dis-
tances for both cations are, however, the same within ex-
perimental error; the discussion is therefore limited to one
of the cations. The core atoms of the cation in II, Pt, S,
C(2), P(1), and P(2) lie in a plane. The angle between this
plane and that defined by S, C(2), C(3), and C(5) is 107.3
(6)°. The Pt-S distance of 2.328 (6) A is similar to Pt-S
distances found in the following compounds: the « and
8 isomers of [(PryP)CIPt(u-SCN),PtCl(PPr;)]% (2.327 and

(25) Jesson, J. P. In Transition Metal Hydrides; Muetterties, E. L.,
Ed.; Marcel Dekker: New York, 1971; p 75 and references therein.
(26) Church, M. J.; Mays, M. J. J. Chem. Soc. A 1970, 1938.
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Table V. Selected Bond Distances (A) and Angles (deg) for
[Pt(PEt;),(DHT » H)]PF, (II)

Bond Distances (&)

Pt-S 2.328 (6)° S-C(2) 1.78 (2)
Pt-P(1) 2.242 (5) C(5)-C(4) 1.52 (3)
Pt-P(2) 2.306 (4) C(4)-C(3) 1.59 (3)
Pt-C(2) 2.12 (1) C(3)-C(2) 1.53 (3)
S-C(5) 1.83 (2)
Pr-8/ 2.319 (6) S-C(2) 1.78 (2)
Pt-P(1") 2.242 (5) C(5)-C4) 1.55 (3)
Pt-P(2') 2.304 (4) C4")-C(3") 1.55 (3)
Pv-C(2) 2.16 (2) C(3)-C(29) 1.55 (3)
S-C(5") 1.83 (2)
Bond Angles (deg)
S-Pt-P(2) 107.9 1) Pt-S-C(2) 60.6 (6)
S-Pt-C(2) 46.7 (4) Pt-C(2)-S 72.7 (5)
P(1)-Pt-P(2) 101.8 (2) Pt-C(2)-C(3) 117.0 (1)
P(1)-Pt-C(2) 103.5 (5) Pt-S-C(5) 104.8 (7)
C(2)-S-C(5) 957 (8) S-C(2)-C(3) 109 (1)
S-C(5)-C(4) 105 (1) C(2)-C(3)-C(4) 105 (1)
C(5)-C(4)-C(3) 108 (2)
S'-Pt/-P(2') 108.9 (2) Pt-S-C(2) 62.1 (8)
S-Pt’-C(2) 46.7 (5) Pt'-C(2)-8 71.2 (6)
P(1)-Pt-P(2) 102.6 (1) Pt-C(2)-C(3) 114 (1)
P(1')-Pt’-C(2') 101.7 (5) Pt'-S-C(5") 106.3 (8)
C(2)-8"-C(5") 97 (1) S-C(2)-C(3") 108 (1)
S-C(5)-C(4) 104 (1) C(2)-C(3)-C(4") 107 (2)

C(5)-C(4)-C(3) 109 (2)

4The numbers in parentheses are estimated standard deviations.

/C(IS)

C(15)

\A
O cam

Figure 1. An ORTEP drawing of the [Pt(PEt3),(DHT-H)]* cation
in II showing the numbering scheme.

2.408 A, respectively) as well as the Pd-S distance of 2.371
(1) A in E2 The Pt-C bond distance of 2.12 (1) A is

PhaP_  _-CHe
a” s

e
E
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Table VI. Positional Parameters and Their Estimated
Standard Deviations for [Pt(PEt;),(DHT ¢ H)]PF, (II)*

atom x y 2 B} A?
Pt 0.67560 (9)  0.20692 (2) 0.23616 (3) 3.36 (2)
S 0.5140 (7) 0.2575 (2) 0.2772 (3) 6.1 (2)
P(l) 0.7976 (7) 0.1507 (1) 0.2578 (3) 4.5(1)
P(2) 0.7265 (6) 0.2159 (1) 0.1103 (2) 3.7(1)
C(1) 0.793 (3) 0.1363 (5) 0.357 (1) 6.0 (6)
C(2) 0.572 (2) 0.2212 (5) 0.34186 (7) 3.8 (5)

C(3) 0.691 (3)
C(4) 0.793 (3)
C(5) 0.665 (3)
C(6) 0.855 (3)

0.2381 (7) 0.401

(1) 7.2(7)
0.2697 (6) 0.357 (

(

(

(

1

1) 7.3 (7)
0.2925 (5) 0.312 (1) 6.5 (6)

0.0960 (6) 0.375

C(15) 1.016 (2) 0.1473 (6) 0.229 (1) 5:6 6

(

C(M 0.710 (2) 0.1738 (5) 0.0477 (9) 2 (5)
C(8) 0.734 (3) 0.1845 (7)  —0.038 (1) 6 (7)
C(9) 0.576 (3) 0.2489 (5) 0.070 (1) 4.6 (5)
C(10) 0.398 (3) 0.2336 (6) 0.079 (1) 6.4 (7)
C(11) 0.925 (2) 0.2372 (6) 0.088 (1) 6.7 (7)
C(12) 0.969 (3) 0.2710 (6) 0.144 (1) 7.4 (7)
C(13) 0.685 (3) 0.1098 (5) 0.208 (1) 6.4 (7)
C(14) 0.505 (3) 0.1115 (6) 0.223 (1) 8.2 (8)

)
C(16) 1.122 (3) 0.1791 (7) 0.265 (1) 8.4 (8)
Pt ~-0.29645 (9)  0.04237 (2)  0.71497 (4) 3.66 (2)
s -0.4570 (8)  -0.0048 (2) 0.6582 (3) 7.0 (2)
P(2’)  -0.2850 (6) 0.0284 (1) 0.8407 (2) 3.7
P19y -0.1688 (7) 0.0988 (1) 0.7056 (2) 4.1 (1)
C(y  -0.272 (3) 0.0662 (8) 0.910 (1) 6.5 (6)

Cg)  ~0.278 (3) 0:0541 (6 0.992 (1) 7.3 (7)

C(11) -0.073 (3) 0.0036 (6) 0.864 (1) 6.7 (7)
C(12) -0.036 (3) -0.0287 (6) 0.813 (2) 8.2 (9)
C(9)  -0.430 (3) -0.0048 (6) 0.870 (1) 6.5 (7)
C(10)  -0.605 (3) 0.0130 (7) 0.860 (1) 7.8 (8)
C(15)  0.059 (2) 0.0978 (6) 0.730 (1) 5.5 (6)
C(18)  0.147 (3) 0.0668 (7) 0.685 (1) 7.4 (8)
C(13) -0.254 (3) 0.1362 (5) 0.767 (1) 6.2 (7)
C(14) -0.442 (3) 0.1387 (6) 0.760 (1) 7.9 (8
C(1)  -0.183 (2) 0.1192 (5) 0.6132 (9) 5.3 (5)
C®')  -0.116 (3) 0.1588 (6) 0.603 (1) 7.6 (7)
C(5)  -0.311 (3) -0.0398 (6) 0.623 (1) 8.0 (8)
C4) -0.175 (3) -0.0157 (6) 0.584 (1) 7.7 (8)
C3)  -0.259 (3) 0.0192 (6) 0.546 (1) 7.3 (7
C@)  -0.390 (3) 0.0341 (5) 0.6016 (9) 6.1 (6)
P(5) 0.3314 (8) 0.1387 (2) 0.4920 (3) 5.5 (2)

P(6) 0.2073 (8) 0.1161 (2)  -0.0100 (3) 6.2 (2)
F(1) 0.323 (2) 0.1437 (4) 0.5789 (6) 11.5 (5)
Fi2) 0.347 (2) 0.1330 (3) 0.4055 (5) 8.5 (4)
F(3) 0.487 (2) 0.1662 (4) 0.4927 (8)  12.5 (6)
F(4) 0.217 (2) 0.1733 (4) 0.4816 (8) 12.5 (6)
¥(5) 0.457 (2) 0.1042 (4) 0.5013 (8)  11.5 (5)
F(6) 0.182 (2) 0.1110 (4) 0.4947 (7)  10.2 (5)
F(T) 0.052 (2) 0.1132 (7) 0.044 (1) 8.4 (8)*
F(8) 0.329 (4) 0.115 (1) 0.060 (2) 18.0 (1)*
F(9) 0.357 (3) 0.1156 (9) -0.063 (2) 14.0 ()*
F(10) 0.086 (3) 0.1205 (8)  -0.082 (1) 10.7 (9)*
F(11) 0.201 (3) 0.0713 (6) -0.014 (2) 11.5 (9)*
F(12) 0.198 (3) 0.1613 (6)  -0.002 (2) 11.0 (1)*
F(7’) 0.353 (4) 0.0889 (9) 0.017 (2) 12.0 (1)*
F(8) 0.178 (4) 0.087 (1) -0.076 (2) 12,0 (1)*

F9) 0.087 (4) 0.142 (1)
F(10")  0.235 (4) 0.143 (1)
F(11)  0.078 (5) 0.094 (1)
F(12)  0.347 (4) 0.1405 (9)

-0.050 (2) 14.0 (2)*
0.059 (2) 12.0 (1)*
0.040 (2) 21.0 (3)*

-0.050 (2) 10.0 (1)*

?Parameters with an asterisk were refined isotropically.
b Anisotropically refined atoms are given in the form of the iso-
tropic equivalent displacement parameter defined as (*/3)[a?B(1,1)
+ 5%B(2,2) + ¢%(3,3) + ab(cos v)B(1,2) + ac(cos 8)B(1,3) + bc(cos
«)B(2,3)].

comparable to the bond distances found in the following
compounds: Pd-C in E [2.042 (6) A] and cis-{(PhsP),Pt-
[(NC);C=C(CN),]} (2.11 A),%® which has a metallacyclo-

(27) (a) Owston, P. G.; Rowe, J. M. Acta Crystallogr. 1960, 13, 253. (b)
Gregory, U. A,; Jarvis, J. A. J.; Kilbourn, B. T.; Owston, P. G. J. Chem.
Soc. A 1970, 2770.

(28) Miki, K.; Kai, Y.; Yasuoka, N.; Kasai, N. J. Organomet. Chem.
1977, 135, 53.
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propane geometry. Of the Pt—-P bond distances in II, the
longer (2.306 (4) A) is trans to the carbon; it is similar to
the Pt-P distance in cis-{(PhyP),Pt[(NC),C=C(CN),}}
(2.29 A).2 The short Pt-P distance (2.242 (5) A) is com-
parable to the Pd-P bond distance (2.267 (1) A) in E.28
The longer Pt-P(2) is a result of the stronger trans influ-
ence of C(2) than S.3%8! The S-C(2) bond (1.78 (2) A) is
a relatively short S-C(alkyl) distance (range 1.80-1.84 A)32
but is not nearly as short as the C=S double bond (1.618
(8) A) in the thioacetone ligand of W(CO)5(S=CMe,).?
The S-C bond length in E [1.756 (6) A} is also slightly
shorter than a S—C(alkyl) distance. Kasai and co-workers®
argue that the S—-C bond in E is a single bond which may
have partial double-bond character. In light of the simi-
larity between the interaction of the n>-CH,SMe ligand
with the Pd metal center in E and the n>-DHT-H ligand
with Pt in II, it is reasonable to suggest there may be some
double-bond character in the S—C bond in II, albeit small.
The Pt-S—C(2) bond angle [60.6 (6)°] in II is comparable
to the 57.0 (2)° observed for Pd-S-C in E. Other angles
in the DHT-H ligand are given in Table V. The C-C
distances in the DHT-H ligand which range between 1.50
and 1.59 A are comparable to reported® C(sp®)-C(sp?)
distances. Even though C(4) is puckered in such a way
as to place one of its hydrogens above the Pt, the calculated
Pt-H distance (2.85 A) is much longer than Mo-H dis-
tances (2.27 (8) and 1.88 (8) A) observed in molybdenum
complexes in which agostic interactions have been estab-
lished.?® The metallic radius of Pt is similar to that of
Mo (1.39 and 1.36 A, respectively).®®

Reaction of [Pt(PEt;),(DHT-H)]PF, (II) with H,.
HDS studies of 2,3-DHT show?® that both desulfurization
and THT formation occur (eq 1). These reactions may
proceed via initial olefin insertion as in eq 2, followed by
subsequent desulfurization or hydrogenation. That de-
sulfurization is possible is demonstrated by the reaction
of II with H, at 150 °C in THF over a period of 3 h to yield
butane in greater than 30% yield. Although this reaction
did not yield H,S in the gaseous phase, the mass spectrum
of the black oily residue generated in this reaction showed
fragments which were made up of S, Pt, and PEt;. Hardly
any reaction occurred between II and H, at 90 °C in 5 h.

Synthesis and Reactions of Cp(CO),_ ,M(DHT-H).
In order to explore the chemistry of complexes, other than
11, containing the DHT-H ligand, we prepared compounds
Va, Vb, and VI by the reaction of Na[CpM(CO),] and
CH.CIS (eq 4). The yellow oils Va,b were characterized

(29) (a) Panattoni, C.; Bombieri, G.; Belluco, U.; Baddley, W. H. J.
Am. Chem. Soc. 1968, 90, 798. (b) Bombieri, G.; Forsellini, E.; Panattoni,
C.; Graziani, R.; Bandoli, G. J. Chem. Soc. A 1970, 1313.

(30) Appleton, T. G,; Clark, H. C.; Manzer, L. E. Coord. Chem. Rev.
1973, 10, 335.

(31) McWeeny, R.; Mason, R.; Towl, A. D. C. Discuss. Faraday Soc.
1969, 47, 20.

(32) O’Connor, E. J.; Helquist, P. J. Am. Chem. Soc. 1982, 104, 1869
and references therein.

(33) (a) Karcher, B. A,; Jacobson, R. A. J. Organomet. Chem. 1977,
132, 387. (b) Abrahams, S. C. . Rev., Chem. Soc. 1956, 10, 407. (c)
Mayerle, J. J. Inorg. Chem. 1977, 16, 916.

(34) (a) Bartell, L. S.; Higginbotham, H. K. J. Chem. Phys. 1965, 42,
851. (b) Wagner, R. S.; Dailey, B. P. J. Chem. Phys. 1957, 26, 1588. (c)
Momany, F. A,; Bonham, R. A.; Druelinger, M. L. J. Am. Chem. Soc.
1963, 85, 3075. (d) Lide, D. R.; Jen, M. J. Chem. Phys. 1963, 38, 1504.
(e) Bonham, R. A.; Bartell, L. S.; Kohl, D. A. J. Am. Chem. Soc. 1959,
81, 4765. (f) lijima, T. Bull. Chem. Soc. Jpn. 1972, 45, 1291. (g) Hil-
derbrandt, R. L.; Wieser, J. D. J. Mol. Struct. 1973, 15, 27. (h) Tables
of Interatomic Distances and Configuration in Molecules and Ions. Spec.
Publ.—Chem. Soc. 1958, No. 11. (i) International Distances Supplement.
Spec. Publ.—Chem. Soc. 1965, No. 18.

(35) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983, 250,
395.

(36) Moeller, T. In Inorganic Chemistry; A Modern Introduction;
Wiley: New York, 1982; p 70.
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by their mass, IR, and 'H NMR spectra. The yellow-brown
iron analogue VI was also characterized by its MS, IR, 'H,
and ¥C NMR spectra. Because the hydrogens on the
DHT-H are all inequivalent, a complicated 'H NMR
pattern was obtained. A combination of two-dimensional
NMR (COSY) and selective decoupling were employed in
making proton assignments to VI (Table II). The 'H as-
signments to Va and Vb were done by analogy.
Compounds VIIIa and VIIIb were obtained by photo-
lysis of Va and Vb, respectively. Compound VIIIa was

o, {3 o
\ S hv \M/O )

co oc |
co

M=W, VIlla
M = Mo, VIIIb
isolated as a yellow crystalline solid in 75% yield whereas
the less stable Mo analogue VIIIb was obtained in 22%
yield. These complexes presumably have a structure sim-
ilar to that of the oxygen analogue (1°-C;H,Me)-

(CO);Mo[CH(CH,)30}, which was characterized by X-ray
diffraction.’” The metallathiacyclopropane (VIIIa) was
characterized by its MS, IR, 'H, and *C NMR spectra as
well as by elemental analysis. A combination of two-di-
mensional NMR (COSY) and selective decoupling exper-
iments were employed in making the 'H assignments
(Table II) to the complicated spectrum of the DHT-H
ligand. Proton assignments in VIIIb were done by analogy.
Attempts to form CpFe(CO)(n*>-DHT-H) by photolysis of
CpFe(CO)o(DHT-H) were unsuccessful.

However, VI reacts with Me;O" to give the corre-
sponding alkylated product (eq 6), which was characterized
by IR, MS, and 'H NMR spectra and by elemental anal-
ysis. The 'H NMR shows there are two isomers of VII (eq
6) which presumably result from slow inversion at the
pyramidal sulfur at room temperature.

Cp Cp "l+

AN * N

Ve 3 MO ,Feis) )
oc”| ® oc’ ]

o] C Me

o) 0

VI VII

Reaction of VIIIa with HCI leads to the formation of an
unstable tetrahydrothiophene (THT) complex IX (eq 7),
which was only characterized by its IR and 'H NMR
spectra. The THT is readily displaced by PPh; to give

Co CpW(CO)o(PPh3CI

N Ho PN _a PP

w —_— —_— +
oc”| @ OC/VIV\S\) s

° : O

Viiia 154
CpW(CO),(PPh,)CI? and free THT which was observed
by !H NMR. Compound VIIIa does not react with PMe,
at ambient temperature. The Pt analogue II does not react
with PPh; or [PPN]CI at 25 °C.
_ Reaction of H,0s;(CO),L (L = CO, PPh;) with 2,3-
DHT. Reaction of HyOs3(CO)y(PPhy) with 2,3-DHT at

(87) Adams, H.; Bailey, N. A.; Cahill, P.; Rogers, D.; Winter, M. J. J.
Chem. Soc., Dalton Trans. 1986, 2119,
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QO
Figure 2. Molecular structure of HOsg(CO)q(PPhg)(DHT-H) (X).

ambient temperature over a period of 7 days results in the
formation of HOs;(CO)g(PPhy)(DHT-H) (X) (eq 8).

|//-C:-|s-§ . @ S |7

|
-0 Os - S Os =
AN g o// N ®
i \/?{—L
X

Compound X was obtained as a yellow crystalline solid and
characterized by its IR, MS, and !H NMR spectra as well
as by elemental analysis and X-ray structure determina-
tion. In the analogous reaction of HyOs3(CO),o, the DHT-H
complex is formed in only 40 h and precipitates out of
hexanes as a yellow powder which is only sparingly soluble
in most organic solvents. Compound HOs;(CO),,(DHT-H)
(XI) was characterized by its IR and MS spectra and el-
emental analysis.

The hydride in complex X is observed as a broad signal
at —16.50 ppm at ambient temperature in the 'H NMR
(CDCly) spectrum. On cooling to -53 °C it becomes two
doublets which integrate to !/, proton each which indicates
equal occupancy of the bridging hydride positions on the
two Os—Os bonds containing the Os(PPh;) group. Owing
to the inequivalency of all the hydrogens in the DHT-H
ligand, a complicated pattern is observed in the 'H NMR
spectrum; the assignments in Table II were made by a 2-D
COSY experiment.

It has been reported that the reaction of HyOs3(CO)q
with neat methyl vinyl ether, MeOCH=CH,, at ambient
temperature over a period of 1 week gives the 1-meth-
oxyethyl compound HOs;(MeOCHMe)(CO),, coordinated
through a carbon and oxygen.®® The methoxyethyl cluster
compound reverts to HyOs5(CO), and methyl vinyl ether
over several weeks in the absence of the ether. A similar
reaction of Hy0s3(CO),, and PhASCH=CH, over a period
of 2 h gives the thioether compound HOs;(PhSCHMe)-
(CO)yg in 90% yield.’® The reaction of 2,3-DHT and
H,0s5(C0O)y, is considerably slower than the analogous
reaction described for PhSCH==CH,.

Structure of HOs3;(CO),PPh;(DHT-H) (X). A per-
spective view of the molecule showing the thermal ellip-
soids and numbering scheme is given in Figure 2. The
carbons in the phenyl ring of the PPhy are not shown.

(38) (a) Boyar, E.; Deeming, A. J.; Arce, A. J.; de Sanctis, Y. J. Orga-
nomet. Chem. 1984, 276, C45. (b) Boyar, E.; Deeming, A. J.; Henrick, K.;
McPartlin, M.; Scott, A. J. Chem. Soc., Dalton Trans. 1986, 1431.



1864 Organometallics, Vol. 8, No. 8, 1989

Table VII. Selected Bond Distances (A) and Angles (deg)
for HOs3(CO)y(PPh3)(DHT ¢ H) (X)

Glavee et al.

Table VIII. Positional Parameters for
HOs3(CO)y(PPh;)(DHT o H) (X)°

Bond Distances (&)

0s(1)-0s(2) 2.7907 (4)° 0s(2)-C(2) 2.215 (8)
Os(1)-0s(3) 2.8977 (4) Os(3)-P(1) 2,373 (2)
0s(2)-0s(3) 3.0718 (5) S(1)-C(2) 1.815 (8)
Os(1)-8(1) 2.407 (2) S(1)-C(5) 1.82 (1)

Cc-C 1.52 (av) 0s-C(0) 1.88-1.94

Bond Angles (deg)

0s(1)-0s(2)-0s(3) 59.01 (1)* O0s(1)-S(1)-C(5)  112.7 (8)
0s(2)-0s(3)-0s(1) 55.65 (1) 0s(2)-C(2)-C(3) 118.8 (5)
0s(3)-0s(1)-0s(2) 65.34 (1) S(1)-C(5)-C(4) 106.8 (7)
S(1)-0s(1)-0s(2)  76.64 (6) C(4)-C(3)-C(2) 109.3 (8)
Os(1)-0s(2)-C(2) 78.8 (2) 0s(2)-C(2)-S(1)  106.5 (3)
Os(1)-8(1)-C(2) 97.9 (4) 0s(3)-0s(2)-C(2) 86.4 (2)

2See Table V for footnote.

Selected bond distances and angles are given in Table VII.

The plane described by the three osmium atoms is at
an angle of 89.82° with respect to the plane defined by
Os(1), Os(2), S, and C(2). The latter plane is 117.7 (2)°
from the plane in which S, C(2), C(3), and C(5) are found.
Carbon 4 lies 0.53 (1) A beneath the S, C(2), C(8), C(5)
plane. The distances in the core of the complex are similar
in many respects to those of the dithioformate-bridged
complex (u-H)(u-S;CH)Os5(CO)g(PMe,Ph) (F).?* The

]

DHT-H-bridged Os(1)-0s(2) distance (2.7907 (4) A) is the
shortest Os—Os bond length in X; likewise, the dithio-
formate-bridged Os-Os distance (2.854 (1) A) is the
shortest in F. The longest Os—Os distance (3.043 (1) A)
in F was assigned to the hydride-bridged Os—Os bond, as
it is known*#2 that metal-metal bonds are lengthened by
a hydride bridge. In X, the longest distance (3.0718 (5)
A) is Os(2)-0s(3), which is presumably also the site of the
bridging hydride; this is supported by a peak of electron
density in this region found in the structure solution (see
the Experimental Section). The Os(1)-C(2) bond in X is
2.215 (8) A. This distance is similar to the sum (2.21 A)
of the metallic and covalent radii®® of Os and C{sp®). The
distance (2.407 (2) A) between Os(1) and S(1) in X is
comparable to the Os-S distances in F (2.424 (2) and 2.442
(2) A) and Os%(u-SPh)(p-CH=CH2)(CO)10 (2.459 (4) and
2.446 (4) A).%8® The average C-C distance (1.52 A) in the
DHT-H ligand and the C-S distances of 1.815 and 1.82 A
are in the range of normal C—C3* and C-$% distances,
respectively.

Relevance to Thiophene HDS. As noted in the In-
troduction, 2,3-DHT undergoes ready hydrogenation to
tetrahydrothiophene (eq 2) under HDS conditions. A
possible mechanism (eq 9) for this hydrogenation involves

S@) 87 7
o 2) al ]

|

AN
H

(9)
M

initial coordination of the S to a metal hydride site followed

(39) Adams, R. D.; Selegue, J. P. J. Organomet. Chem. 1980, 195, 223.
(40) Teller, R. G.; Bau, R. Struct. Bonding (Berlin) 1981, 44, 1.
(41) Churchill, M. R.; Hollander, F. J. Inorg. Chem. 1980, 19, 306.
(42) Deeming, A. J. Adv. Organomet. Chem. 1986, 26, 1.

atom x y z B, A?
Os(1) 0.33432 (3) 0.43523 (2) 0.17478 (1) 2.582 (

6)
0s(2) 0.12751 (3) 0.58784 (3)  0.15715 (1) 2.615 (6)
0s(3) 0.42534 (3) 0.61317 (2)  0.11730 (1) 2.383 (6)

S(1) 0.3661 (3)  0.5522 (2) 0.24417 (9) 3.74 (5)
P() 0.4423 (2)  0.7725 (2) 0.07251 (8) 2.46 (4)
0(10)  0.2464 (8)  0.3158 (5) 0.0822 (3) 5.5(2)
O(11)  0.6222 (7)  0.3324 (6) 0.1969 (3) 6.3(2)
0(12) 0.1633 (8)  0.2782 (6) 0.2317 3) 7.0 (2)
0O(13) -0.053 (1) 0.7851 (6) 0.1587 (3) 8.1(2)
O(14) -0.0909 (8)  0.4508 (8) 0.2041 (4) 8.4 (2)
O(15)  0.5791 (9)  0.7220 (6) 0.2037 (3) 6.7(2)
O(16)  0.7101 (7)  0.5071 (6) 0.1053 (3) 6.0 (2)
O(t7)  0.0154 (8) 0.5114 (6) 0.0560 (3) 5.7 (2)
0(18)  0.3317 (8)  0.4989 (5) 0.0212 (2) 4.9 (2)
C(2) 0.2199 (8)  0.6400 (6) 0.2294 (3) 2.4 (1)
C(3) 0.127 (1) 0.6333 (8) 0.2767 (4) 4.7 (2)
C) 0.144 (1) 0.5266 (9) 0.3000 (4) 5.7 (3)
C(5) 0.295 (1) 0.4994 (8) 0.3008 (4) 4.7(2)
C(10) 0.2833 (9)  0.3626 (6) 0.1156 (4) 3.6 (2)
C(11)  0.516 (1) 0.3728 (7) 0.1881 (3) 3.6 (2)
C(12) 0.229 (1) 0.3369 (7) 0.2109 (4) 4.3 (2)
C(13) 0.015(1) 0.7142 (8) 0.1571 (3) 4.4 (2)
C(14) -0.006 (1) 0.5023 (9) 0.1872 (4) 5.2 (3)
C(15)  0.514 (1) 0.6811 (7) 0.1743 (4)  3.9(2)
C(18)  0.602 (1) 0.5472 (7) 0.1096 (4) 3.9 (2)
C(17)  0.0602 {9)  0.5384 (7) 0.0928 (4) 3.8(2)
C(18)  0.3598 (9)  0.5411 (T) 0.0580 (4) 3.6 (2)
C(20) 03517 (9)  0.8871 (6) 0.0986 (3) 3.2 (2)
C(21) 0.328 (1) 0.8955 (7) 0.1474 (4) 54 (3)
C(22) 0.261(1) 0.9815 (9) 0.1677 (4) 6.4 (3)
C(23) 0.218 (1) 1.0623 (7) 0.1352 (4) 5.1 (3)
C(24) 0.238 (1) 1.0560 (7) 0.0853 (4) 4.8(2)
C(25)  0.305 (1) 0.9687 (7) 0.0670 (4) 3.9 (2)
C(26) 0.6239 (8)  0.8188 (6) 0.0638 (3) 2.6 (2)
C(27)  0.6651 (9)  0.9217 (6) 0.0714 (3) 3.2 (2)
C(28)  0.802 (1) 0.9516 (7) 0.0618 (4) 4.3 (2)
C(29) 0.894 (1) 0.8803 (9) 0.0450 (4) 4.8 (2)
C(30) 0.8553 (9) 0.7775 (7) 0.0367 (4) 3.9(2)
C(31)  0.7178 (9)  0.7460 (7) 0.0467 (3) 3.5 (2)
C(32) 0.3664 (8)  0.7670 (6) 0.0096 (3) 2.7 (2)
C(33) 0.4440(9) 0.7882(7) -0.0327 (4) 3.8 (2)
C(34)  0.380 (1) 0.7800 (8)  -0.0788 (4) 4.6 (2)
C(35)  0.241 (1) 0.7484 (8) -0.0852 (4) 4.6 (2)
C(36) 0.163 (1) 0.7285 (8)  -0.0440 (4) 4.1 (2)
C@37)  0225(1) 0.7386 (7) 0.0026 (4) 3.9 (2)

2See Table VI for footnotes.

by hydrogen transfer to the 8-carbon of the olefin to give
an 7>-DHT-H intermediate (step 1). This may occur by
linkage isomerization from S-coordinated to olefin-coor-
dinated 2,3-DHT as proposed (Scheme II) for the insertion
reaction with HPt(acetone)(PRg),*. It is also possible that
hydrogen transfer occurs to an n3-coordinated (through
both the S and olefin) 2,3-DHT.

One could also imagine the H transfer to 2,3-DHT as
oceurring at two metal centers on a catalyst surface (eq
10). An analogous transfer was observed in the reaction

i
M—M M—;»A
N

of H,0s4(CO),o with 2,3-DHT (eq 8). The final conversion
of the »>-DHT-H intermediates, M in eq 9 and N in eq 10,
to THT could occur by transfer of another hydrogen to
the ligand. Perhaps related to this later step is the reaction
(eq 7) of CpW(CO),(»*-DHT-H) with HCl to give CpW-
(CO)5(THT)CL. These studies demonstrate that there are
model reactions of 2,3-DHT complexes which reasonably
account for the hydrogenation of 2,3-DHT to THT on
HDS catalysts.
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Electron-Transfer Reactions of Divalent Ytterbium Metallocenes.
Synthesis of the Series [(Me;C;),Yb],[u-E] (E = O, S, Se, or
Te) and Crystal Structure of [(Mes;C;),Yb],[u-Se]
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The preparation of the divalent, base-free compounds (Me;C5);M (M = Eu or Sm) from their respective
diethyl ether complexes is described. Reaction of (Me;Cs)sM (M = Yb or Sm) with N,O gives
[(MesCs)oM]y[u-O] in high yield. Additionally, (MesC;),Yb reacts with PhsPS or As,S; or COS, PhyPSe
or elemental Se, or n-BugPTe or elemental Te, to give the bridging chalcogenides [(MesCs),Yb]o[u-E] where
E is S, Se, or Te, respectively. Magnetic susceptibility studies show that there is no magnetic exchange
between the paramagnetic f metals across the bridging group 16 dianions. The variable-temperature magnetic
studies also show that (Me;Cs),Sm and [(MesCs),Sm],[1-O] display temperature-independent paramagnetism
as predicted by Van Vleck. The crystal structure of [(MesCs)oYb],[u-Se] is tetragonal, P42,c, with a =
14.984 (5) A and ¢ = 19.165 (9) A. For Z = 4 the calculated density is 1.491 g/cm® The structure was
refined by full-matrix least squares to a conventional R factor of 0.031 [3797 data, F2 > 2¢(F?)]. The selenium
atom is on a twofold axis and bonds to two Yb atoms in a nearly linear structure (Yb—Se~Yb angle = 171.09
(6)°). The Yb atom is #5-bonded to two cyclopentadienyl rings and is on a plane defined by the centers
of the two rings and the selenium atom. Distances are Yb—Se = 2.621 (1) &, Yb—C(av) = 2.609 (7) A, and
{Yb-Cp(ring)) = 2.319 (2) A, and Yb-Se-Yb is 171.09 (6)°.

The divalent lanthanide metallocene (Me;Cs),Yb(OEt,)
has been shown to be an electron-transfer reagent toward
a variety of organic and organo-transition-metal com-
pounds.! In these reactions (Me;C;),Yb(OEt,) acts as a
soluble source of an electron (the reduction potential of
(MesCs); Yb(OEL,) in acetonitrile is —1.35 V (SCE)!d) and
the tight ion-pair complexes that result are often readily
soluble in and crystallize from hydrocarbon solvents. The
tight ion pairs are of considerable interest since deductions
about the electronic structure of the anionic fragments can
be made from the solid-state structure. In this way insight
into the bonding in negative ions, radical anions, and di-
anions has been obtained. The electron-transfer chemistry
of the trivalent uranium metallocene (RC;H,);U has been
explored pairwise with (Me;C;),Yb, and the results have
been used in a similar way.2 One of the most interesting
structural features in the uranium studies is the reaction
product of (MeC;H,)3U(thf) and PhyPS, [(MeC;H/)3U],-
[u-S], in which the U-S-U angle is 164.9 (5)° and the U-S
distance of 2.60 (1) A is the shortest U-S distance so far
determined. There is no magnetic interaction in the
chalcogenide-bridged complexes [(MeC;H,);Uly[u-E],

* Address all correspondence to this author at Chemistry De-
partment, University of California, Berkeley, California 94720.
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Table I. Some Physical Properties of [(Me;Cs);Yb],[u-E]

v(Yb-E-Yb),® 'H NMR
E mp, °C color cm™ (v1/2)°
0 334-3837  orange 673 24.4 (980)
S 278-282 red 379 13.4 (640)
Se  265-270  purple 247 12.1 (500)
Te  235-238 green 12.6 (290)

%The asymmetric stretching frequency, assuming a linear mole-
cule, in the infrared spectrum. The assignment is made by com-
parison of the individual spectra. The band is of strong intensity.
®The 'H NMR spectrum in toluene-dg at 32 °C; the chemical shift
is expressed in 6 units and the width at half-height expressed in hz.

where E is S, Se, or Te, since the magnetic susceptibility
as a function of temperature (4-300 K) shows that the 52
ions behave as isolated paramagnets.?® The related yt-
terbium(III) complexes [(Me;C;);Yb]o[u-E] were of interest
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