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Addition of butyllithium to Ti(*-CsH;)(n"-C;H5) and subsequent reaction with Ph,PCl afforded the titanium(II) phosphine
Ti(7*-CsHs)(n’-C;HgPPh,) (3). Complex 3 shows coordinating capabilities, and by displacement of one carbonyl of Ni(CO),,
Fe(CO)s, and Mo(CO) bimetallic complexes Ti(n*-CsHs)(n’-C;HsPPh,M(CO),) (5-7) were isolated in which the oxidation
state (II) for titanium is retained. Infrared data indicated that phosphine 3 has a donating capability only slightly stronger
than that of PPh;. The compound Ti(#°-CsH;s)(n'-CyH¢PPh,Mo(CO)s)C¢HCH; crystallizes in the centrosymmetric group
PT with cell dimensions @ = 10.274 (4) A, b= 14228 () A, c = 13245 () A, a = 111.71 (3)°, 8 = 67.84 (3)°, v =
110.06 (3)°, and Z = 2. Refinement based on 3177 observed diffractometer data converged at R, = 0.040. The molybdenum
atom is roughly in the C;-ring plane at a nonbonding distance of 5.442 (2) A from the titanium atom, but the Mo—P-C(C,Hj)
angle (120.1 (3)°) is much larger than the Mo—P~C(C¢H;) angles. The Ph,PMo(CO); group leads to the shortening of
the Ti~Cs-ring distance (2.305 A) and to the lengthening of the Ti~C;-ring distance (2.203 A); both planes are no longer
parallel in the sandwich unit. The coordination of the molybdenum corresponds to an octahedron with a long Mo—P bond
length (2.563 (2) A) and a short trans-Mo—C(5) bond distance (1.960 (8) A).

Introduction

In spite of increasing interest in heterobimetallic systems,?
few of them containing a group 4A metal and involving a
metal-metal bond such as Cp,Ti-Mo(CO);Cp® or Cp,-
(CH;)Zr-Mo(CO),Cp* have been reported. However, ex-
amples of heterobimetallic complexes where a group 4A metal
is linked to another metal through bridging atoms such as
oxygen, sulfur, or phosphorus,®* bridging carbonyl groups,$
or a bridging cyclopentadienyl ligand’ are already known but
they usually involve a high oxidation state (IV) and show a
low reactivity.

In order to associate a group 4A metal in a low oxidation
state to a second metal, bridging ligands having two inde-
pendent coordination sites have to be elaborated. A promising
field consists of the synthesis of bridging ligands containing
a hydrocarbon cycle which coordinates to the 4A metal to give
a stable bond. A first approach has been reported by the
synthesis of the [(C¢H,),PCH,Si(CH,),CsH,]" ligand, fol-
lowed by its coordination to a Zr(IV) atom.®

In this direction we have orientated our efforts in the syn-
thesis of heterobinuclear complexes including a titanium(II)
atom, for which reduction properties resulting from the low
oxidation state (II) could be expected.®

We report here (i) the preparation of a novel organometallic
phosphine containing a titanium(II) atom, [Ti(n*-
CsH;)(n"-C,HgPPh,)], starting from the sandwich complex
Ti(9*-CsHs)(n"-C;H,),’ (ii) the access to heterobimetallic
systems, for which the oxidation state II is retained for the
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titanium, by coordination of the phosphorus group to metal
carbonyls, and (iii) the X-ray diffraction structure of (n°-
CsHs)Ti(ﬂ7'C7H6PPh2)MO(CO)s'C6H5CH3 in order to study
the conformation of the molecule with respect to both metals
and how the coordination of the phosphorus atom to molyb-
denum(0) modifies the sandwich unit.

Experimental Section

Synthesis. All reactions were carried out under argon atmosphere
in dry, deoxygenated soivents. Chlorodiphenylphosphine (Alfa In-
organics) was distilled before use. Infrared spectra were recorded
with a Perkin-Elmer 457 spectrophotometer.

Preparations. Ti(n’-CsHs)(n’-C;H,) (1). Its preparation was based
on one reported procedure,'® and the yields were significantly improved
by adding a small amount of FeCl, as activator. In a 1-L flask
containing 20 g of magnesium chips were added 2 g of anhydrous
FeCl,, 50 mL of cycloheptatriene, 50 mL of THF, and, over a 3-h
period to allow the warming of the stirred reaction mixture, a solution
of 60 g (0.27 mol) of TiCl;(CsHs) in 450 mL of THF. The mixture
was stirred at room temperature for 12 h, and the volatile products
were evaporated under vacuum. Sublimation of the residue (130 °C,
102 mmHg) gave a biue solid, which was washed with hexane and
dried under vacuum: 88% yield (48.8 g); 'H NMR (C¢D) & 5.47
(s, C;Hy), 4.97 (s, CsHs).

Ti(n’-CsHs)(9"-C;HePPh,) (3). A 12-mL quantity of a hexane
solution of #-butyllithium (1.6 M) was added to a blue suspension,
maintained at 0 °C, of 3.7 g (18.1 mmol) of 1 in 120 mL of ether.
The mixture was stirred for 5 h at 0 °C to afford a black-green mixture
containing 2 (an intermediate). Four grams (18.1 mmol) of PPh,Cl
was then added, and the stirring was maintained overnight. The
solvents were removed under vacuum, and the residue was extracted
with 120 mL of hot toluene. The cooling of the solution led to the
formation of blue crystals of the phosphine 3. Filtration gave 4.8 g
(68%) of the product. Anal. Caled for Co4H, PTi: C, 74.24; H, 5.45;
P, 7.98. Found: C, 74.30; H, 5.73; P, 7.74. 'H NMR (C¢Dg): &
7.25 (m, C¢Hs); 6.05 (m, 2 H) and 5.60 (m, 4 H) (C;Hy); 5.10 (s,
CsHy).

[Ti(n*-CsHs)(n'-C;HPPh,CH,)]I (4). A suspension of 1 equiv
of compound 3 in diethyl ether with 2 equiv of methyl iodide was stirred
at room temperature for 2 days. Filtration gave in quantitative yield
the blue salt 4. Although compound 4 slowly decomposes in acetonitrile
solutions, crystals of 4 were obtained by fast crystallization in ace-
tonitrile. Anal. Caled for C;sH,,IPTi: C, 56.63; H, 4.56; P, 5.84;
I, 23.93. Found: C, 56.11; H, 4.62; P, 5.38; 1, 23.26.
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(n’-CsHs) Ti(n"-C,HgPPhy)Mo(CO)s-CsHsCH;

Table I. Relevant Crystallographic Data

compd Ti(n*-C H,)[n"-C,H,PPh,Mo(CO),]-
C,H,CH,

formula TiMoPO,C, H,,

mol wt 715.8

a 10.274 (4) A

b 14,228 (4) A

c 13.245(4) A

a 111.71 3)°

g 67.84 (3)°

Y 110.06 (3)°

|4 1619 A3

Z 2

F(000) 728

t 20 °C

caled density 1.467 gcm™?

measd density 145+ 0.03gcm™®

abs coeff 0.75 mm™!

cryst syst triclinic

space group Pl

cryst size (0.2 X0.2 Xx0.2) mm

radiation Mo Ke (0.71069 &)

monochromator graphite

cryst-counter dist 173 mm

scan angle (1.00 + 0.35'tan 9)°

max scan time 120s

receiving aperture 2.00'+ 0.35tan g
no. of data collected 8900
no. of obsd data 3177
no. of refined variables 484
Ry, = Ew[(IFy1- IF,?/ 0.040
TwiF, ]/

Ti(n’-CsHs)[n'-C;HPPh,Ni(CO);] (5). To a solution of 1.53 g
(3.94 mmol) of phosphine 3 in 70 mL of hexane was added 2 g (11.7
mmol) of Ni(CO),. The solution was stirred at room temperature
for 24 h and then concentrated and cooled at —20 °C. A yield of 1.3
8 (62%) of blue crystals of § was then obtained by filtration. Anal.
Calcd for C5,H,PO;NITi: C, 61.07; H, 3.99; P, 5.83. Found: C,
60.87; H, 4.00; P, 5.71. IR (hexane): vco 2067, 2005, and 1990 cm™..
'H NMR (C¢Dg¢): 6 7.28 (m, C¢Hs); 6.38 (m, 4 H) and 5.65 (m,
2 H) (C,Hg); 4.94 (s, CsHy).

Ti(n*>-CsHs)[n"-C;HPPh,Fe(CO),] (6). The mixture containing
5 g (12.9 mmol) of the phosphine 3, 3.9 g (20 mmol) of Fe(CO)s and
70 mL of toluene was heated in an autoclave at 140 °C for 30 h. After
cooling, the mixture was chromatographed on a neutral alumina
column (toluene eluent). The blue fraction was recovered and gave
blue crystals of 6 when the toluene was removed under vacuum,; yield
2 g (28%). Anal. Calcd for C4H, O,PFeTi: C, 60.47; H, 3.81; P,
5.57. Found: C, 60.33; H, 3.67; P, 5.43. IR (hexane): vgo 2049,
1981, 1952, and 1935 cm™. 'H NMR (C¢Hy): & 7.28 (m, C¢Hs);
6.50 (m, 2 H) and 5.53 (m, 4 H) (C,Hg); 4.95 (s, CsHs).

Ti(ﬂs-C5H5)[117-C7H6PP|12M0(C0)5]’C6}‘l5CH3 (7). A solution of
2.7 g (6.96 mmot) of phosphine 3 and 1.9 g (7.2 mmol) of Mo(CO),
in 100 mL of toluene was refluxed for 2 h and then filtered, con-
centrated under vacuum, and cooled at ~20 °C. The blue crystals
of 7 that separated were washed with toluene and dried under vacuum;
yield 3 g (60%). The slow cooling of a toluene solution of complex
7 afforded crystals suitable for X-ray analysis. Anal. Calcd for
CisH,50sPMoTi: C, 60.35; H, 4.08; P, 4.32. Found: C, 59.54; H,
4.11; P, 4.30. IR (Nujol): »cgo 2080, 1995, 1940, and 1915 cm™.

Collection and Reduction of X-ray Data. Crystals of the title
complex Ti(-CsHs)[(n"-C,Hg)PPhyMo(CO);]-C¢HsCH; suitable
for X-ray analysis were obtained by crystallization in toluene. A crystal
of approximate dimensions of 0.2 mm was mounted in a sealed
Lindemann tube under an inert atmosphere. Preliminary photographic
data showed that the crystal belonged to the triclinic system. Accurate
cell parameters were obtained by a least-squares analysis of 25 carefully
centered diffractometer reflections from diverse regions of reciprocal
space. Table I gives the pertinent crystal data and all the details of
data collection intensities, which were collected with use of the /26
method on a Nonius CAD-4 automated diffractometer using Mo Ko
radiation (A = 0.71069 A). All the 3177 independent reflections
measured having I > 2.50(]) were used in the structure solution and
refinement. The data were corrected for Lorentz-polarization effects.
No correction for absorption was deemed necessary because of the
small size of the crystal and the very small linear absorption coefficient
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(¢ =0.75 mm™). The two standard reflections monitored every hour
of exposure did not show any significant changes in intensity
throughout the course of data collection.

Solution and Refinement of the Structure. All calculations were
performed on a IRIS 50 computer. Atomic scattering factors were
taken from a tabulation by Cromer and Mann. The positions of the
heaviest atoms (Mo, Ti, P) were found with the aid of the SHELx!
program from the examination of the Patterson function, of the
centrosymmetric P1 space group. The positions of all the remaining
non-hydrogen atoms were located from a three-dimensional electron
density difference map. Refinement of the scale factor and positional
and isotropic thermal parameters of these 44 atoms by a full-matrix
least-squares technique led to an R value of 0.072. After anisotropic
refinement of all these atoms (R = 0.055), a Fourier difference map
showed the positions of all the independent hydrogen atoms. With
isotropic thermal parameters fixed at 5.0 A2, the hydrogen atom
coordinates were refined along with the non-hydrogen anisotropic
parameters to give a convergence for R = 0.042 and R,, = 0.040. The
function minimized during least-squares refinement was }_w([F,| -
|F])?, with the weighting scheme w!/2 = | if F, < P, and w!/2 = P, /F,
if F, > P, with P; = (F,(max)?/10)!/2 and with the aid of CRISAFFI,
a program by Marsau.!? The maximum shift/esd of the last cycle
was 0.2, and the final difference was devoid of any significant features.
Table II lists the atomic parameters of atoms with their esd’s. The
most significant bond distances and angles are given in Tables III
and IV, respectively.

Results and Discussion

Synthetic Aspects. It had been shown!? that the lithiation
of the titanium(II) complex Ti(n’-CsHs)(n-C,H;) (1), per-
formed by treatment with n-butyllithium in ether, occurred
essentially (95%) at the seven-membered ring. Solutions
containing the intermediate 2 could then be used to selectively
introduce a functional group on the cycloheptatrienyl ligand.
Thus the treatment of an ether solution of 2 at 0 °C with 1
equiv of chlorodiphenylphosphine led us to the isolation of the
blue titanium(II)-containing phosphine 3 with 68% yield
(Scheme I).'4

The novel phosphine 3 is stable under inert atmosphere and
reacts slowly with an excess of methyl iodide to afford
quantitatively the phosphonium salt 4. This reaction indicates
that the 16-electron complex 3 is rather stable to the oxidative
addition of the titanium(II) by alkyl halides and that the
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Table II. Positional and Thermal Parameters and Their Estimated Standard Deviations®
X Y Z By, B,, B, B, B, B,
Mo(1) 0.1966 (1) 0.0313 (0) 0.2070 (1) 0.0091 (1) 0.0039(0) 0.0055(0) 0.0015 (0) -0.0023 (0) 0.0009 (0)
Ti(1) 0.0319 (1) 0.3462 (1) 0.1843 (1) 0.0104 (2) 0.0046 (1) 0.0046 (1) 0.0020 (1) -0.0029 (1) 0.0013 (1)
P(1) 0.1930 (2) 0.2235 (1) 0.3050 (1) 0.0068 (2) 0.0030(1) 0.0038(1) 0.0009 (1) -0.0019 (1) 0.0007 (1)
cQ) 0.1882 (8) 0.0369 (5) 0.0587(6) 0.0123 (11) 0.0047 (5) 0.0070 (6) 0.0018 (6) —0.0035(7) 0.0003 (4)
o) 0.1792 (7 0.0360 (§) —0.0240(5) 0.0221 (11) 0.0106 (5) 0.0076 (5) 0.0041 (6) —0.0045 (6) 0.0019 (4)
C(2) 0.4152 (8) 0.0714 (5) 0.1569 (6) 0.0101 (10) 0.0047 (5) 0.0084 (7) 0.0019 (5) -0.0030 (7) 0.0012 (4)
0(2) 0.5383 (6) 0.0903 (5) 0.1280 (6) 0.0096 (8) 0.0094 (5) 0.0161 (8) 0.0019(5) -0.0028(6) 0.0037 (5)
C4) -0.0248(8) —0.0173 (6) 0.2586 (7) 0.0112(11) 0.0060 (5) 0.0092(D) 0.0020 (6) -—0.0028 (7) 0.0030 (5)
O@4) —-0.1457(6) -0.0458(5) 0.2888 (6) 0.0105(8) 0.0112(6) 0.0188(9) 0.0011 (6) -—-0.0028 (7) 0.0083 (6)
C(@3) 0.1936 (9) 0.0130 (5) 0.3552(6) 0.0178 (13) 0.0043 (5) 0.0073(7) 0.0026 (6) —0.0043 (8) 0.0008 (4)
0@3) 0.1886 (99 —0.0022(5) 0.4346 (5) 0.0362(16) 0.0084 (5) 0.0100 (6) 0.0042 (7) -0.0089 (8) 0.0030 (5)
C(5) 0.2134 (8) -—0.1134(5) 0.1359 (7) 0.0127(11) 0.0042(4) 0.0087 (7) 0.0020 (6) -0.0041 (D) 0.0004 (4)
0(5) 0.2262 (7) -0.1981 (4) 0.0944 (5) 0.0197 (10) 0.0048 (4) 0.0138(7) 0.0039 (5) -0.0049 (7) -0.0000 (4)
C(11) 0.0397(11) 0.3857 (8) 0.0294 (7) 0.0201 (16) 0.0148 (10) 0.0077 (8) 0.0065 (10) -0.0027 (9) 0.0066 (7)
C(12) 0.1391(12) 0.4663 (7) 0.0807 (8) 0.0274 (19) 0.0066 (6) 0.0094 (8) 0.0041 (9) 0.0005 (10)  0.0051 (6)
C(13) 0.2470 (9) 0.4199 (7) 0.0715(7) 0.0124(12) 0.0107(8) 0.0078 () 0.0009 (8) —0.0015 (7) 0.0052 (6)
C(14) 0.2142 (10) 0.3179(D 0.0140(7) 0.0171 (15) 0.0109(8) 0.0072(7) 0.0061 (9) 0.0001 (8) 0.0031 (6)
C(15) 0.0912(11) 0.2976 (7) -0.0107(7) 0.0244 (18) 0.0101 (8) 0.0056 (7 0.0042 (9) —0.0046 (9) 0.0019 (6)
C(21) 0.0582(7) 0.2766 (4) 0.2980 (5) 0.0079 (8) 0.0037 (@) 0.0041 (5) 0.0017 (4) -0.0020(5) 0.0012 (3)
C(22) -0.0463 (7) 0.2047 (5) 0.2424 (6) 0.0091 (9) 0.0038(4) 0.0064 (6) 0.0011 (5) —0.0034 (6) 0.0011 (4)
C(23) -0.1616 (8) 0.2288 (6) 0.2249 (7) 0.0109 (10) 0.0056 (5) 0.0097 (D) 0.0016 (6) -—0.0055(7) 0.0019 (5)
C(24) -0.2043 (8) 0.3163 (6) 0.2593 (7)  0.0099 (10) 0.0075 (6) 0.0096 (8) 0.0020 (6) —0.0046 (7) 0.0032 (5)
C(25) ~-0.1423 (9) 0.4156 (6) 0.3188(6) 0.0139 (12) 0.0060(5) 0.0074 (7) 0.0048 (6) -—0.0027 (7 0.0016 (5)
C(26) -0.0212(8) 0.4465 (5) 0.3592(6) 0.0132(11) 0.0045(@4) 0.0054 (5 0.0031 (6) ~-0.0023 (6) 0.0004 (4)
C(27) 0.0685(7) 0.3851 (5) 0.3496 (5) 0.0106 (9) 0.0041(4) 0.0037 (5) 0.0020(5) -0.0023 (5) 0.0006 (3)
C@31) 0.1573 (D 0.2502 (4) 0.4579 (5) 0.0094 (9) 0.0024 (3) 0.0043 (5) 0.0009 (4) —0.0025 (5) 0.0006 (3)
C(32) 0.2619 (8) 0.2499 (5) 0.5004 (6) 0.0123 (10) 0.0042(4) 0.0086 (6) 0.0008 (5) --0.0050 (6) 0.0014 4)
C(33) 0.2313(9) 0.2616 (5) 0.6168 (7) 0.0183 (13) 0.0047 (5) 0.0085(7) -0.0001(6) —0.0085 (8) 0.0021 (5)
C(34) 0.1003 (10) 0.2731 (6) 0.6857 (6) 0.0219 (15) 0.0056 (5) 0.0048 (6) 0.0017(7) -0.0045 (8) 0.0010 (4)
C(35) -0.0063 (9) 0.2715 (6) 0.6464 (6) 0.0157 (12) 0.0083 (5) 0.0050 (6) 0.0032 (6) -0.0011(7) 0.0020 (4)
C(36) 0.0212(8) 0.2598 (5) 0.5322(6) 0.0118(10) 0.0049 (4) 0.0048 (5) 0.0019 (5) —0.0019 (6) 0.0016 (4)
C@41) 0.3641 (7) 0.3181 (5) 0.2662 (5) 0.0074 (8) 0.0041(4) 0.0055(5) 0.0016 (5) -0.0025 (5) 0.0018 (4)
C42) 0.4429(8) 0.3030 (5) 0.1526 (6) 0.0103 (10) 0.0048 (4) 0.0064 (6) 0.0016 (5) —0.0023 (6) 0.0018 (4)
C43) 0.5687(8) 0.3742 (6) 0.1171(7) 0.0098 (10) 0.0070 (5) 0.0078 (7) 0.0025 (6) —0.0008 (6) 0.0036 (5)
C@44) 0.6145(8) 0.4628 (6) 0.1950 (7) 0.0088 (10) 0.0068 (5) 0.0113(8) 0.0003 (6) —0.0026 (7) 0.0051 (6)
C@45) 0.5392(9) 0.4787 (5) 0.3054 (7) 0.0121 (11) 0.0041(5) 0.0118(8) 0.0002 (6) —0.0054 (8) 0.0017 (5)
C(46) 0.4138(8) 0.4075 (5) 0.3444 (6) 0.0111 (10) 0.0045 @) 0.0071 (6) 0.0010 (5) —0.0036 (6) 0.0017 (4)
C(51) 0.4669(11) 0.8183(8) 0.2912(9) 0.0163 (16) 0.0127(9) 0.0167(12) 0.0029 (10) -0.0042(11) 0.0078 (9)
C(52) 0.4309(12) 0.7122(9) 0.2415 (10) 0.0217 (19) 0.0124 (10) 0.0145(12) 0.0031 (11) -0.0064 (12) 0.0041 (9)
C(53) 0.3649(13) 0.6539(9) 0.3136 (10) 0.0238 (20) 0.0122(10) 0.0156 (12) 0.0030(11) -0.0069 (13)  0.0044 (9)
C(54) 0.3347(12) 0.6857 (9) 0.4268 (10) 0.0195(18) 0.0122(10) 0.0184 (14) 0.0026 (11) -0.0050 (13)  0.0057 (9)
C(55) 0.3686 (13) 0.7833 (10) 0.4728(10) 0.0242 (22) 0.0179 (13) 0.0157(14) 0.0075 (14) -—0.0031 (14)  0.0046 (11)
C(56) 0.4322(14) 0.8541 (9) 0.4070 (11) 0.0301 (23) 0.0099(9) 0.0184 (14) 0.0039 (12) ~0.0094 (15) 0.0012 (9
C(57) 0.5341(14) 0.8838(10) 0.2156 (12) 0.0254 (23) 0.0179 (13) 0.0212(16) 0.0034 (14) -0.0065 (16) 0.0085 (12)
x 5% z X 5% z
H(11) —0.0381 (76) 0.3931 (54) 0.0293 (59) H(36) -0.0586 (76) 0.2518 (53) 0.5062 (59)
H(12) 0.1485 (76) 0.5254 (54) 0.1197 (59) H(42) 0.4145 (76) 0.2417 (53) 0.1039 (59
H(13) 0.3237 (76) 0.4540 (54) 0.0943 (60) H(43) 0.6129 (76) 0.3589 (54) 0.0400 (59)
H(14) 0.2727 (76) 0.2754 (53) -0.0012 (59) H(44) 0.6840 (78) 0.5077 (53) 0.1779 (59)
H(15) 0.0497 (76) 0.2301 (54) —0.0465 (59) H(45) 0.5644 (76) 0.5258 (53) 0.3473 (59)
H(22) -0.0312(75) 0.1425 (53) 0.2123 (59) H(46) 0.3551 (76) 0.4188 (53) 0.4192 (59)
H(23) —0.2141 (76) 0.1647 (53) 0.1740 (59) H(52) 0.4511 (76) 0.6812 (53) 0.1551 (59)
H(24) -0.2719 (76) 0.3108 (53) 0.2298 (59) H(53) 0.3406 (76) 0.5776 (53) 0.2760 (59)
H(25) -0.1719 (77) 0.4629 (54) 0.3203 (59) H(54) 0.2816 (77) 0.6311 (54) 0.4788 (59)
H(26) 0.0184 (76) 0.5135 (54) 0.3904 (60) H(55) 0.3571 (76) 0.8137 (53) 0.5545 (59)
H(27) 0.1425 (76) 0.4227 (53) 0.3739 (59) H(56) 0.4558 (76) 0.9325 (52) 0.4422 (58)
H@32) 0.3299 (76) 0.2361 (53) 0.4609 (59) H(57) 0.4871 (76) 0.9526 (53) 0.2913 (59)
H(33) 0.3038 (76) 0.2550 (53) 0.6275 (59) H(58) 0.5089 (76) 0.8148 (53) 0.1389 (59)
H@34) 0.0794 (75) 0.2809 (53) 0.7617 (59) H(59) 0.6511 (75) 0.9388 (53) 0.2320 (59)
H(35) —0.1016 (76) 0.2775 (54) 0.6952 (60)

@ The form of the anisotropic thermal ellipsoid is exp[—(B,,h* + B,,k* + B,,I* + 2B,,hk + 2B ,hl + 2B, kD)].

phosphorus atom keeps its nucleophilic character.

In addition, the phosphorus group of the organometallic
phosphine 3 retains its coordinating capability and can be used
for the formation of heterobimetallic complexes. One carbonyl
of metal carbonyls such as Ni(CO),, Fe(CO)s, or Mo(CO),
could be displaced, and coordination of the phosphine 3 took
place. Thus on treatment of 3 with Ni(CO), in hexane, at
room temperature, the blue titanium(II)-nickel(0) complex
§ was formed and isolated in 62% yield (Scheme I). Phosphine
3 was reacted with neat Fe(CO); in an autoclave at 140 °C,
and 28% of derivative 6 was isolated with use of chromatog-

raphy. After 3 was refluxed with a slight excess of Mo(CO),
in toluene, the blue bimetallic complex 7, which has a very
low solubility in toluene, crystallized in 68% yield. Derivatives
87 gave satisfactory elementary analyses.

The complexes 57 showed in their infrared spectrum ter-
minal carbonyls only, indicating the absence of titanium-metal
interactions, which would have given subsequent bridging of
one carbonyl. Therefore the titanium retains a d? configuration
in these 16-electron titanium(II) complexes. The infrared data
allows the comparison of the electronic effect of the phosphine
3 with that of other phosphorus ligands in the Ni(CO);L series



(ﬂs'CsHs)Ti(ﬂ7'C7H6Pth)MO(CO)s'C6H5CH3

Table 111. Selected Bond Distances (A) and Esd’s

Ti-C(11) 2287 (11) CA1~C(12)  1.401 (16)
Ti-C(12) 2306 (12) C(12)-C(13)  1.421 (15)
Ti-C(13) 2301 (9)  C(13)-C(14)  1.356 (13)
Ti-C(14) 2328 (10) C(14-C(15)  1.334 (15)
Ti-C(15) 2302(11) C(15-C(11) 1.373 (15)
Ti-C(21) 2217(7)  CQ1-C(22)  1.423 (10)
Ti-C(22) 2.205(7)  C(22)-C(23)  1.408 (10)
Ti-C(23) 2196 (8)  C(23)-C(24)  1.404 (11)
Ti-C(24) 2.201(8)  C(24)-C(25)  1.400 (12)
Ti-C(25) 2204 (9)  C(25)-C(26)  1.407 (10)
Ti-C(26) 2199(8)  C(26)}-C(27)  1.418 (10)
Ti-C(27) 219 (1) CQI-C(L  1.422(10)
Mo-P 2.563(2)  P-C(21) 1.834 (7)
Mo-C(1) 2030(8)  P-C(31) 1.829 (7)
Mo-C(2) 2.022(8)  P-C(41) 1.836 (1)
Mo-C(3) 2061 (9)  c(1)-0(1) 1.129 (10)
Mo-C(4) 2054 (8)  (2)-0(2) 1.138 (10)
Mo-C(5) 1.960 (8) C(3)-0(3) 1.129 (12)
Mo---O(1) 3.157(7)  C(4)-0(4) 1.126 (10)
Mo---O(2) 3.159(6)  C(5)-0(5) 1.156 (10)
Mo---0(3)  3.189 (9) e Ty

Mo---0%) 3179¢6 o0 3793 3)
Mo- - 0(5) 3.116 (7) Ti- - ‘Mo 5442 (2)

C56
c57
Cs5
(o} 3]
C54
C52
C53

Figure 1. Orthogonal projection on the C, ring plane of the molecule
Ti(n*-CsHs) [(n"-C;HgPPh;)Mo(CO)J-C¢HCH,.

studied by Tolman.!* The Ni(CO);P(OPh); complex was
used as internal standard, and the comparison of § with Ni-
(CO);PPh; showed that the higher frequency carbonyl ab-
sorption band of § (2067 cm™) is actually lower by 2 £ 0.5
cm™! than the corresponding band of Ni(CO),PPh; (2069
cm™). Therefore, the electronic effect of the phosphine 3 is
not very different from the effect of PPh;. The x coefficient!’
of the group (°-CsH;)Ti(n"-C,H,) bonded to phosphorus is
2.3 £ 0.5 cm™!; which is close to the value of x = 2.6 cm™

(15) C. A. Tolman, Chem. Rev., 77, 313 (1977).
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Figure 2. View of the molecule Ti(n’-CsH;)[(n’-C;HsPPh;)Mo-
(CO);]-C¢HsCH, in the direction parallel to the C; ring plane.

C56

Ccs

4
C14 Ca3

C15 c11 Cs57

Figure 3. ORTEP drawing of Ti(n’-CsH;)[(n’-C;HPPh,)Mo-
(CO);]<C¢HsCH; with the atoms represented by their 50% probability
ellipsoids for thermal motion.

found for the methyl group as compared to x = 4.3 cm™ for
the phenyl group. Hence a donating capability of phosphine
3 slightly stronger than that of PPh; is expected.

The availability of crystals of 7 led us to determine its X-ray
structure. Very few structural studies of titanium(II) com-
plexes have been carried out, and those of Ti(CO),(n’-CsHs),'
and Ti(n°-CsH;)(n’-C;H;)!7 have been reported. Of special
interest will be the direct comparison of structural data of the
latter complex with those of 7; thus we expect to observe the
influence of the ~-PPh,Mo(CO); substituent on the sandwich
unit. Morever, the structure of 7 is expected to give infor-
mation on the relative position of the metal atoms.

Description and Discussion of the Molecular Structure of
Ti(ar’-CsHy)[n’-C;HsPPh,Mo(CO)s}CH,CH; (7). Perspective
views of the molecular geometry are illustrated in Figures 1
and 2 and show that the Ti(n’-CsHs)(n"-C;Hg) moiety retains
a sandwich structure. Figure 3 displays the thermal ellipsoids
representing the atoms.

The values of the equivalent isotropic parameters B, of
(CsH;)C atoms are larger (4.76-5.61 A?) than those of the
C,H, ring (2.49-4.29 A?). The amplitude of the C thermal
oscillations can be correlated to the strength of the Ti-ring

(16) J.L. Atwood, K. E. Stone, H. G. Alt, D. C. Hrneir, and M. D. Rausch,
J. Organomet. Chem., 132, 223 (1977).
(17) J.D. Zeinstra and J. L. de Boer, J. Organomet. Chem., 54, 207 (1973).
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Table IV. Selected Bond Angles (Deg) and Standard Deviations

P-Mo-C(1) 934 @) C(11)-C(12)-C(13) 105.8 (1.3)
P-Mo-C(2) 89.8 (#) C(12)-C(13)-C(14) 108.1 (1.2)
P-Mo-C(3) 90.4 (4) C(13)-C(14)-C(15) 108.7 (1.3)"
P-Mo-C(4) 93.0 (4) C(14)-C(15»C(11) 110.6 (L.3)
P-Mo-C(5) 175.3 (6) C(15-C(11)-C(12) 106.8(1.3)"

Mo-C(1)~0(1) 177.0 (7) C(21)-C(22)-C(23) 129.0 (0.9)
Mo-C(2)-0(2) 177.5(7) C(22)-C(23)-C(24) 128.9 (1.0)
Mo-C(3)-0(3) 176.5(8) C(23)-C(24)-C(25) 128.9(1.0)
Mo-C(4-0(4) 177.7(7) C(24)-C(25)-C(26) 128.5 (1.0)
Mo~-C(5)-0(5) 178.5(7) C(25)-C(26)-C(27) 128.7 (0.9)
C(1)-Mo-C(2) 91.3 (6) C(26)-C(27)-C(21) 129.0 (0.9)
C(1)-Mo-C(3) 175.1 (8) C(27)-C(21)-C(22) 126.9 (0.9)

C(1»Mo-C(4) 90.3(6) P-C(21)-C(22) 116.6 (6)
C(1)-Mo-C(5) 89.4 (6) P-C(21)-C(27) 116.5 (6)
C(2-Mo—C(3) 91.7(6) P-C(31)-C(32) 120.0 (6)
C(2)-Mo-C(4) 176.7(8) P-C(31)-C(36) 121.0 (6)
C(2)-Mo-C(5) 86.5(6) P-C(41)-C(42) 118.5 (6)
C(3;—M0—C(4) 86.5(6) P-C(41)-C(46) 122.9 (6)
C(3)-Mo-C(5)  86.9(6) ((21)-P-C(31) 102.3 (6)
C(4»Mo-C(5)  90.7(6) ((21)-P-C(41) 103.5 (6)
Mo-P-C(21)  120.1(3) C(31)-P-C(41) 103.0 (6)
Mo-P-C(31)  109.8 (3)

Mo-P-C(41)  115.9 (3)

bond; the stronger the Ti~C(ring) bond, the smaller the
thermal parameter. Furthermore, the weaker agitation of
(C;H,)C atoms can also be explained by the additional link
to the PPh,Mo(CO); group: the C(21) atom, which is bonded
to the phosphorus atom, has a very small B, value (2.49 A?)
whereas the other C atoms show an increasing of the thermal
parameter with the distance from the P atom, the two farthest
C atoms having the maximum values (4.12 and 4.29 AD).

Figure 2 shows that both the P-C(21) and the P-Mo bonds
are roughly in the ring plane, the molybdenum atom being
slightly shifted toward the titanium atom at 0.03 A from the
C,Hg ring plane. The Ti atom is at a 5.442 (2) A distance
from the Mo atom, so that no direct interaction between the
metal atoms can be considered. The phenyl groups bonded
to phosphorus are equivalently displaced on each side of the
C,Hj ring plane, but they have different orientations as com-
pared to the Mo(CO)s group probably due to the proximity
on one side of the bulky Ti(CsHs) group.

Figure 1 shows the molecule of toluene, which is away from
the complex and has only a very weak interaction with it (C-H
~ 3.0-3.2 &).

Ti(CsH;)(C;H,) Sandwich Moeity. Data for this group can
be compared directly to those of the precursor Ti(n’-
C;H,)(n’-C;H;)"" (1). Both rings are planar, but they are
slightly away from being parallel (Table S1, supplementary
material) whereas they are parallel in 1. The Ti atom is
exactly at the section of the axes going through the center of
gravity of each ring, and the axes make an angle of only 5.6
(2)°. It is noteworthy that the Ti—C(1li) distances are shorter
in 7 (2.305 A) than in 1 (2.321 A) whereas the Ti-~C(2i)
distances are slightly longer in 7 (2.203 A) than in 1 (2.194
A). The Ti atom is much closer to the C,Hj ring (1.484 A)
than to the CsH; ring (1.985 A) as was already observed in
1 (1.490 and 1.994 i, respectively!?).

The surprisingly short Ti-C,;H,-ring distance may be ex-
plained in terms of a strengthening of the corresponding bond
by an electron transfer from the formal d? titanium(II) atom
toward the C;H, ligand. This electron redistribution would
shift the formal (5°-CsHs)(n"-C;H,)Ti" toward the canonical
form (#*-CsHs)(n’-C;H,)TiV, in which the C,H; ligand would
be considered as a formal triradical diene. This electron
transfer is supported by the low reactivity of complexes 7 and
1 as compared to what would be expected for a 16-electron
titanium(II) complex. However, complex 1 keeps a strong
reducing property, for the treatment of complex 1 with an-

Demerseman et al.

hydrous HCl in diethyl ether'® gave quantitatively the known
violet polymeric titanium(III) complex [CpTiCl,],. Therefore,
1 and its derivatives are still best described as titanium(II)
complexes.

Environment of the Phosphorus Atom. The environment of
the phosphorus atom is tetrahedral. The P-C(21) is, as ex-
pected, in the 7-carbon-ring plane, but surprisingly the P-Mo
bond is very close to this plane (Figure 2) so that the phenyl
groups are almost equivalently displaced on each side of the
C(21)-P-Mo plane [C(21)-P-C(31) = 102.3 (6)°, C(21)-
P-C(41) = 103.5 (6)°, Mo—P-C(31) = 109.8 (3)°, Mo-P-
C(41) = 115.9 (3)°]. The three C-P-C angles are equivalent
[C(31)-P-C(41) = 103.0 (6)°]. The C-P-C angles are al-
ways shorter than the M—P-C angles, as it is observed, for
instance, in Mo(CO),(Ph,PCH,PPh,).? The dihedral angles
of the phosphorus subsitutent planes are shown in Table S1.
More distortion is found in the Mo—P—C angles [Mo-P-C(21)
= 120.1 (3)°] as compared to that in Mo-P-C(C,H;) angles,
and this is clearly due to the bulkiness of the Mo(CO); unit
in the plane of the C, ring. The P-C(21) bond length [1.834
(7) Al is equivalent to P-C(31) [1.829 (7) A] and to P-C(41)
[1.836 (6) A]. This implies that a strong effect of the coor-
dinated C,H, substituent as compared to the phenyl groups
is not to be expected.

Coordination of Molybdenum. The coordination of the
molybdenum corresponds to an almost regular octahedron with
the phosphorus atom at one apical position and the P-Mo-
C(5) angle of 175.3 (6)° (Figure 1). The molybdenum atom
is shifted toward the phosphorus atom and is 0.05 A above
the equatorial atom plane, which is 0.08 A above the equatorial
oxygen atom plane in the same direction.

The four equatorial carbonyls are equivalent with average
Mo—C bond distances of 2.04 A and C-O bond lengths of 1.13
A. The apical carbonyl shows a shorter Mo—~C bond length
[Mo~C(5) = 1.960 (8) A] and a longer C-O bond length
[C(5)-O(5) = 1.156 (10) A]. This modification in the Mo~
C-0 linkage is consistent with the presence of an electron-
donating group in the trans position to the carbonyl which
increases the Mo~C = back-bonding such as in Mo(CO),-
(Ph,PCH,PPh,);'® this modification was not observed for less
electron-donating phosphorus groups such as in Mo(CO)PF,*
or Mo(CO);(P,S;).2!

Finally the P-Mo bond length of 2.563 (2) A can be com-
pared to other phosphorus—molybdenum bond distances in
phosphorus-group pentacarbonyl molybdenum(0) complexes
such as Mo(CO);P[(CH,)¢N;]* (2.479 A) and Mo(CO),-
(P,S;)?! [2.471 (9) A] or in the cis-disubstituted Mo(CO),-
(Ph,PCH,PPh,)"® [2.535 (3) and 2.501 (2) A]. This indicates
a very long Mo—P bond length in 7. In addition the comparison
of the P-Mo bond length in 7 to those found in the (u-H)-
[Mo(CO),PMePh,],” anion? [2.541 (4) and 2.553 (4) A] is
of special interest, for we have shown by infrared data that
the PMePh, ligand presents a donating capability very similar
to that of the phosphine 3. Therefore the slightly longer P-Mo
bond distance in the neutral complex 7 is not related to the
electron-donor effect of the phosphine but may be related to
the steric hindrance of the organometallic phosphine 3.
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The pentachalcogenides (CsH4R),TiEs (R = H, CHj; E = S, Se) react with acetylenes, ZC=CZ (Z = CO,CH,;, CF;)
to give the alkene dichalcogenide compounds, (CsH,R),TiE,C,Z,, which were isolated as dark green crystalline solids.
The dithiolene syntheses proceed in ca. 40% yield at 140 °C while the corresponding diselenene synthesis was quantitative
at 80 °C. The new compounds were characterized by 'H, 1*C, F, and 77Se NMR, IR, mass spectrometry, and electrochemistry.
(CsH,CH,;),TiS,C,(CO,CHs;), crystallizes in the triclinic space group P1-C! (No. 2) with one molecule per unit cell of
dimensions a = 9.312 (2) A, 5 = 9.886 (2) &, ¢ = 11.225 (3) A, a = 109.35 (2)°, 8 = 88.25 (2)°, and vy = 105.78 (2)°.
Empirically weighted full-matrix least-squares refinement employing isotropic thermal parameters for hydrogen atoms
and anisotropic thermal parameters for all others converged to R;(based on f) = 0.032 and R, = 0.039 for 4098 independent
reflections having 20y,x, < 58.7° and I > 3o(I). The structure analysis revealed a conventional bis(methylcyclo-
pentadienyl)titanium moiety chelated by the sulfur atoms of the dithiolene. The conversion of (CsH;),TiSes to its alkene
diselenide derivative was characterized as a function of reactant concentrations and temperature. In refluxing 1,2-dichloroethane
solution, this reaction was found to be first order with respect to both acetylene and pentaselenide concentrations, the
second-order rate constant being 1.58 X 10~ M~ sl at 83.5 °C. The compounds (CsH,R),TiE,C,Z, were found to react
with a variety of dichloro compounds, L,MCl,, to give the ligand-exchange products L, ME,C,Z, (Z = CO,CH;) and
(CsH,R),TiCl,. In this way the following new compounds were prepared: Ni(Se,C,Z,)(Ph,PCH,CH,CH,PPh,), Pt-
(E,C,Z,)(PPh;), (E = S, Se), Pty(Se,C,Z,),(Ph,PC,PPh,),, (AsPhy)[Rh(Se,C,Z,)(CO),], and SCSe,C,Z,. Alcoholysis
of (CsH;),TiSe,C,(CO,CH3), in basic methanol gave solutions of Na,Se,C,(CO,CHj,),, which was derivatized with CH;I

(2 equiv) and cis-PtCl,(PPh;),.

Introduction

Transition-metal complexes containing polysulfido chelates
have been recognized since the report of the (NH,),PtS;;
structure in 1967.! This compound, whose synthesis was first
described in 1903,2 is composed of octahedral platinum(IV)
coordinated to three bidentate Ss>~ chelates. In recent years
several other examples of penta- and tetrasulfido metal chelates
have been prepared although generally not by design. Those
characterized crystallographically include (CsH;),MS;s (M =
Ti,»* V4, (C;H;),MS, (M = Mo, W), (PhP),Fe,(u-
S)2(Ss)2,* (PhyP),Mo(S),(u-S),FeS;,® (Et,N),MoS(S,),,”
Mo, (-8)(8)2(S,)(S4),” (CsHs)Co(Ss)PMe;,® NH,CuS,,°

(1) Jones, P. E; Katz, L. J. Chem. Soc., Chem. Commun. 1967, 842. For
the structure of the related potassium salt, K,PtS, s, see: Spangenberg,
M.; Bronger, W. Z. Naturforsch., B. Anorg. Chem., Org. Chem. 1978,
338, 482,

(2) Hofmann, K. A.; Hochtlen, F. Ber. Dtsch. Chem. Ges. 1903, 36, 3090.

(3) Epstein, E. F.; Bernal, L. J. Organomet. Chem. 1971, 26, 229.

(4) Muller, K. G,; Petersen, J. L.; Dahl, L. F. J. Organomet. Chem. 1976,
111,91,

(5) (a) Block, H. D.; Allman, R. Cryst. Struct. Commun. 1975, 4, 53. (b)
Davis, B. R.; Bernal, 1.; Kdpf, H. Angew. Chem., Int. Ed. Engl. 1971,
10, 921.

(6) (a) Coucouvanis, D.; Swenson, D.; Stremple, D.; Baenziger, N. C. J.
Am. Chem. Soc. 1979, 101, 3392. (b) Coucouvanis, D.; Baenziger, N.
C.; Simhon, E. D.; Stremple, P.; Swenson, D.; Kostikas, A.; Simopoulos,
A.; Petrouleas, V.; Papaefthymiou, V. Ibid. 1980, 102, 1730.

(7) (a) Simhon, E. D.; Baenziger, N. C.; Kanatizidis, M.; Draganjac, M.;
Coucouvanis, D. J. Am. Chem. Soc. 1981, 103, 1218. (b) Clegg, W.;
Christou, G.; Garner, C. D.; Sheldrick, G. M. Inorg. Chem. 1981, 20,
1562.

(8) Burschka, C.; Leonard, K.; Werner, H. Z. Anorg. Allg. Chem. 1980,
464, 30.
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Of the polysulfido chelates, the reactivity of only (Cs-
H;),TiSs and (NH,),PtS,s have been examined. For the
titanium complex two reactivity patterns have been elucidated:
transfer of an S; unit to nonmetal halides and sulfur ab-
straction concomitant with rearrangement. Illustrative of the
first of these is the synthesis of cyclo-S, from (CsH;),TiSs and
S,Cl, (eq 1),!? a process that exploits the halophilicity of the

(CsHy),TiSs + S,Cl, — (CsHy),TiClL, + S, (1)

(9) Burschka, C. Z. Naturforsch., B: Anorg. Chem., Org. Chem. 1980, 358,
1511.
(10) Maheu, L. J.; Pignolet, L. H. J. Am. Chem. Soc. 1980, 102, 6346.
(11) Haradem, P. S.; Cronin, J. L.; Krause, R. A.; Katz, L. Inorg. Chim.
Acta 1977, 25, 173.
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