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Abstract

Complexes [(CsHs),MCl,] (M = Ti, Zr) react with the 2-(diphenyl-phosphino)phenol HO(C¢H ,)PPh, in the presence of
imidazole to give the corresponding complexes [Cp,ZrCKOC¢H, PPh,)], 1 and [Cp,M(OC(H PPh,),] (2: M=Ti; 3: M=Zr).
Under the same experimental conditions, the bulkier ligand 2-(diphenylphosphinomethyl)-4-methylphenol HO(C H,)-
(CH;)CH,PPh, failed to react with [Cp,MCl,] (Ti or Zr) but with Cp,Z:«(CH,), gives the methyl complex
[Cp, Zr(CH 3 {O(C4H ;XCH,)CH,PPh,}], 4 and [Cp,Zr{O(C,H;XCH ;)CH,PPh,],], 5. Compounds 1 and 3 crystallize from
CH,Cl, solution, and their structures have been determined. The relatively short Zr-O bond distance of 1.979(7) A, and the
Zr-0O-C bond angle of 160.2(5)°, in one phenoxy ligand of 3 suggest significant double bonding between Zr and O atoms.
Chemical reduction of 1 with Na/Hg gives the expected cyclic P-metallated Zr'" species [Cp,Zr(OC4H ,PPPh,)] characterized
by EPR (g=1976; a(*'P)=14.6 G.). Preliminary data indicate that 3 acts as a diphosphine ligand upon reaction with
[{Rh(CO),C1},].
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1. Introduction

The linkage of early transition metals to electron-rich
metals such as rhodium, is of great interest because of
the potential cooperative reactivity of two widely dif-
ferent metals [1]. Among the various bridging modes
via an heteroatom such as P [1b] or S [2] used to create
such links, is our development using the diphenylphos-
phinomethyl groups Ph,PCH, [3], bonded to an early
transition metal (Ti or Zr) via metal-carbon bonds and
to rhodium via Rh-P bonds. Hydroformylation cataly-
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ses were performed, more active and selective than
those with simple mononuclear rhodium complexes
[3b,4]. Another approach could use a bifunctional
P,O-ligand [5]. An alkoxy link to an early transition
metal and a phosphine link to a late transition metal
should both be robust enough to withstand the condi-
tions necessary to affect small molecule reactivity be-
tween cooperative metal centres.

In the initial efforts reported here, 2-(diphenylphos-
phino)phenol HO(C,H ,)PPh, [6] and 2-(diphenylphos-
phinomethyl)-4-methylphenol HO(C,H,;)XCH,;)CH ,-
PPh, [7] have been used to synthesise bis(cyclopenta-
dienyl) phenolato-titanium and zirconium complexes,
and the X-ray structures of [Cp,ZrCI(OC H,PPh,)] 1
and Cp,Zr(OC H,PPh,), 3 are described. We re-
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cently used HO(C4H,)PPh, in the synthesis of ruthe-
nium complexes [8,9]. To our knowledge no metal
complex derived from HO(C,H;XCH,)CH,PPh, has
been described.

2. Experimental details

All manipulations were carried out under argon by
conventional Schlenk tube techniques or using a dry
box (Vacuum Atmosphere Dri-Lab) filled with argon.
Liquids were transferred via syringe or cannula. All
solvents were dried and distilled under argon and
degassed before use. THF was distilled from sodium /
benzophenone, and CH,Cl, from calcium dihydride.
[Cp,ZrCl,] and [Cp,TiCl,] were purchased from
Aldrich Chemical Co. and used without further purifi-
cation. (Cp,ZrHC)),,, (Cp,ZrH,), [10], [Cp,Z1(CH ,),]
[11], HO(C4H ,)PPh, [6], and HOC H ;(CH;)CH,PPh,
[7] were prepared and isolated as described elsewhere.
'H, BCand *'P NMR spectra were recorded on Bruker
WH 90 or WM 250 spectrometers. ESR spectra were
recorded on a Bruker ER 200 T spectrometer. Elemen-
tal analyses were performed by the Service Central de
Microanalyse du CNRS.

21. 'H and PC NMR data of the 2(diphenylphos-
phino)phenol and 2-(diphenylphosphinomethyl)-4-meth-
yilphenol

The numbering scheme for assigning °C aryl NMR
resonances (only the quaternary carbon resonances are
reported) is as shown.

2.1.1. (C4H;),P(C,H,)OH

'"H NMR (CDCl,) & (ppm) 6.7 (s, broad, 1H, OH);
6.9-7.6 m (m, 14H, ary)). “C {\H} NMR (CDCly) 3
(ppm) 134.5 (d, JCP =3.8 Hz, C3); 134.9 (d, Jep =47
Hz, C2); 159.15 (d, YJp = 17.6 Hz, C1). 3p (1H) NMR
(CDCl,) 8 (ppm) —27.1.

212 (C4Hs),PCH,(C4H;)(CH;)OH

"H NMR (CDCl,) & (ppm) 1.98 (s, 3H, CH,); 3.36
(s, 2H, CH,); 4.9-5.7 (s, broad, 1H, OH); 6.5-7.4 (m,
13H, aryl). e {1H} NMR (CDCly) & (ppm) 20.5 (s,
CH,); 30.7 (d, JC,,_145 Hz, CH,); 123.8 (d, %Jp =
8.05 Hz, C2); 129.6 (d, “Jop = 0.5 Hz, C4); 138.9 (d,
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Scheme 1.

Jep =14.5 Hz, C3); 152.4 (d, *Jp = 3.6 Hz, C1). *'P
{*H} NMR (CDCl,) & (ppm) —16.3.

2.2. Preparation of compound [Cp,ZrCl{O(C,H,)-
PPh,}], 1

A solution of 0.48 g (1.7 mmol) of HOC H,PPh, in
10 ml of CH,Cl, was added dropwise to a solution of
0.50 g (1.71 mmol) of [Cp,ZrCl,] in 20 ml of CH,Cl,
mixed with a solution of 0.12 g (1.76 mmol) of imida-
zole in 20 ml of CH,Cl,. The resulting mixture was
stirred for 2 h at room temperature, and the course of
the reaction was monitored by *'P NMR spectroscopy.
The hydrochloride salt was separated by filtration and
the solvent removed in vacuo to give 1 as a white solid.
Yield 0.82 g (90%). Crystalline 1 may be obtained from
CH,Cl, at 0°C. Anal. Calc. for C,H,,CIOPZr: C,
62.98; H, 4.48. Found C, 63.3; H, 4.82%. 'H NMR
(CDClg) 8 (ppm) 6.2 (s, 10 H, Cp); 6.6-7.4 (m, 14H,
aryl). °C { H} NMR (CDCl,) 6 (ppm) 114.9 (s, Cp);
124.3 (d, JCP—73 Hz, C3); 136.8 (d, JCP—104 Hz,
C2); 167.6 (d, Y =179 Hz, CD. *'P {{H} NMR
(CDCl5) & (ppm) —16.7.

2.3. Chemical reduction of 1 with Na / Hg

1 (100 mg, 0.135 mmol) in 0.5 ml of THF was
treated with 1.1 equivalent of Na/Hg amalgam. The
dark brown solution was stirred for 12 h, and moni-
tored by the ESR technique.

2.4. Preparation of [Cp,Ti{O(C4H,)PPh,},], 2

The procedure described above was used to synthe-
size compound 2 starting from [Cp,TiCl,] (0.45 g; 1.82
mmol), HOC,H,PPh, (1.0 g; 3.64 mmol) and imida-
zole (0.25 g; 3.6 mmol). White crystalline 2 was ob-
tained from a mixture of CH,Cl, and cyclohexane
(1/1). Yield 0.8 g (60%). Anal. Calc. for C (H,,O,P,Ti:
C, 75.4; H, 5.2. Found: C, 74.8; H. 5.7%. 'H NMR
(CDCI?) 8 (ppm) 5.8 (s, 10H, Cp); 6.5-7.6 (m, 28H,
aryl.). °C { H} NMR (CDCl,) & (ppm) 116.3 (s, Cp);
1243 (d, JCP—SO Hz, C3); 137.5 (d, 'Jop =11 Hz,
C2), 1718 (d, Yep =179 Hz, Cl). *P {IH} NMR
(CDCl5) 8 (ppm) — 16.

2.5. Preparation of [Cp,Zr{O(CsH,)PPh,},] - CH,Cl,,
3

The procedure described above was used to synthe-
size compound 3 starting from [Cp,ZrCl,] (0.47 g, 1.62
mmol), imidazole (0.22 g, 3.24 mmol) and
HO(C4H ,)PPh, (0.90 g, 3.24 mmol). After work up,
slow diffusion of hexane into the CH,Cl, solution gave
crystals suitable for an X-ray structure determination.
Yield 0.65 g (48%). Anal. Cale. for C,;H ,,Cl,0,P,Zr:
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C, 65.59; H, 4.64. Found C, 66.5; H, 4.61%. "H NMR
(CDCl;) 8 (ppm) 6.2 (s, 10 H, Cp); 6.6-7.4 (m, 28H,
aryl.). °C {'H} NMR (CDCl,) & (ppm) 113.6 (s, Cp);
124.8 (d, 'Jop = 6.7 Hz, C3); 137.4 (d, 'Jp = 11.4 Hz,
C2); 167.8 (d, *J, =179 Hz, C1). *'P {'HY NMR
(CDCl5) & (ppm) —16.9.

2.6. Preparation of [Cp,Zr(CH;){O(C4H;)(CH,)-
CH,PPh,}], 4

To a stirred solution of [Cp,Zr(CH,),] (0, 40 g 1.59
mmol) in 10 ml CH,Cl, at 0°C was added dropwise a
solution of HO(C¢H,;XCH;)CH,PPh, (0.48 g, 1.59
mmol) in 10 ml of CH,Cl,. The mixture was warmed
to room temperature and stirred for 15 h. The solution
was evaporated to dryness and the product crystallized
from CH,Cl,/hexane at low temperature. Yield 0.29 g
(34%). Anal. Calc. for C;;H,,0PZr: C, 68.73; H, 5.77.
Found: C, 68.90; H, 5.79%. '"H NMR (CD,Cl,) &
(ppm) 0.3 (s, 3H, CH;Zr); 2.1 (s, 3H, CH); 3.2 (s, 2H,
CH,); 6.1 (s, 10 H, Cp); 7.5-6.3 (m, 13H, aryl). *C
{'"H) NMR (CD,Cl,) & (ppm) 20.5 (s, CH,Zr); 22.6 (s,
CH,); 29.6 (d, 'J» = 14.8 Hz, CH,P); 111.6 (s, Cp);
124.70 (d, *Jp = 5.5 Hz, C2); 139.8 (d, 'Jop = 13.6 Hz,
C3); 161.0 (d, *Jep=4.3 Hz, C1). 'P {'"H} NMR
(CDCl;) 8 (ppm) —13.4.

2.7. Preparation of [Cp,Zr{O(C4H;)(CH;)CH,-
PPh,},], 5

The procedure described above was used to synthe-
size compound § starting from [Cp,Zr(CH;),](0.19 g,
0.75 mmol) and HO(C;H;XCH;)CH,PPh, (0.46 g,
1.51 mmol). Yield 0.25 g (40%). Anal. calc. for
CsoH,O,P,Zr; C, 72.22; H, 5.57. Found, C, 71.75; H,
5.7%. '"H NMR (CD,Cl,) é (ppm) 2.1 (s, 3H, CH,);
3.3 (s, 2H, CH,); 6.4 (s, 10H, Cp); 7.5-6.5 (m, 13H,
aryl). °C {"H) NMR (CD,Cl,) & (ppm) 20.6 (s, CH.,);
30.2 (d, Jep = 15 Hz, CH,P); 113.8 (s, Cp); 125.15 (d,
2JC%= 7.2 Hz, C2); 139.7 (d, 'Jop = 16.6 Hz, C3); 161.6
(d, “Jep = 4.5 Hz, C1). *'P {'"H} NMR (CDCl,) & (ppm)
—15.1.

2.8. Reaction of 3 with [{Rh(CO),Cl},]

Complex 3 (0.223 g, 0.287 mmol) in THF (5 ml) was
added slowly to a THF solution of [{Rh(CO),Cl},]
(0.056 g, 0, 143 mmol), at room temperature. The
resulting solution was evacuated from time to time
during the addition to remove CO evolved. After addi-
tion, the solution was stirred for 2 h and a yellow
precipitate was filtered off, washed with 5 ml THF and
dried in vacuo. Anal. Calc. for C,;H;3,ClIO;P,RhZr; C,
59.87; H, 4.04. Found, C, 59.60; H, 4.60%. '"H NMR
(CD,Cl,) 6 (ppm) 6.31 (s, 10H, Cp); 7.5-6.3 (m, 14 H,

Table 1
Crystallographic data and details of data collection and structure
solution and refinement for compounds 1 and 3

Formula ZrCIPOC,xH,, ZrP,0,C sH 4,
CH,(Cl,
fw 534.1 960.9
System monoclinic triclinic
Space group P2, /a P/1
a, A 13.270(9) 8.893(8)
b, A 14.061(4) 11.055(8)
¢, A 14.024(8) 21.165(5)
o 83.5(1)
B 108.4(1) 86.5(1)
b’ 88.4(1)
Vv, A3 2483 2063
Z 4 2
d e, gcm 3 1.429 1.386
u(Mo-Ka),cm™!  6.24 5.05
F(000Xe) 1088 884
8 range, deg 1<9<25 1<8<30
T(k) 295 295
h range —15-15 —-12-12
k range 0-16 -15-15
! range 0-16 0-29
Scan type w/20 w/28
Scan width, deg 0.55+0.35tan 6 0.7+0.35tan 6
Scan speed, variable variable
deg min !
Diffractometer Enraf Nonius CAD 4  Enraf Nonius CAD 4
No. of unique 8943 8875
reflections
No. of reflections 1648 3828
with I>20(1)
No. of refined 290 488
parameters
R? 0.0391 0.0479
R," 0.0457 0.0544

*R=3|Fyl—kIF.I/3|Fl.
®Ry=[3,(IFy|-F.?/5, F22

aryl). “C{"HXCDCI,) & (ppm) 191.9 ppm (dt, CO,
Ugne = 70.4 Hz; *Jepp =% cpg = 15 Hz); 174.2 (dd, C,,
C;, Jop = 7.0 Hz, 2gpe = 30.2 Hz); 161.6 (d, C,, Jgp
=9.7 Hz); 1144 (s, Cp). *'P {{H} NMR (CDCl,) 5
(ppm) 46.95 (e = 131.1 Hz, °J,p = 304.3 Hz); 25.45
(URhS =136.0, Hz, *Jpp = 304.3 Hz); 4.62 (g, p = 134.1
Hz, “Jpp = 312.7 Hz); the second minor set is over-
lapped by the peaks observed at high field at § 25.45.

2.9. X-ray crystal structure determination of
[Cp,ZrC{O(C4H,)PPh,}] (1) and [Cp,Zr{O(C,H,)-
PPh,},] (3). Collection and reduction of X-ray data

Data were collected on an Enraf Nonius CAD 4
four-circle diffractometer with graphite monochro-
mated Mo Ka radiation at room temperature. Unit
cell parameters and basic information about data col-
lection and structure refinement are given in Table 1.
Accurate lattice parameters and orientation matrix
were obtained from least-squares refinement of the
setting angles of 25 well-centred reflections found by
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an automated search routine. During data collection,
no deorientation or decay was detected. The intensity
data were corrected for Lorentz and polarization ef-
fects. The structure was solved using Patterson meth-
ods of sHELX 86 [12]. Final positional and equivalent or
isotropic temperature factors are listed in Tables 2 and
3. A complete list of bond lengths and angles, and
tables of anisotropic temperature factors and hydrogen
atom coordinates, have been deposited at the Cam-
bridge Crystallographic Data Centre.

3. Results and discussion

All complexes can be obtained in relatively good
yields, and in crystalline form from CH,Cl,. We were
unable to prepare the chlorotitanium complex
[Cp,TiC{O(C4H ,)PPh,}] by this method and only a
mixture of [Cp,TiCl,] and 2 was obtained. Complex 3
crystallizes with one molecule of solvent whereas 1 is
always contaminated with some CH,Cl,. A long drying
period is required to eliminate the solvent. Others
routes can be envisaged that may lead to the desired
Zr compounds: (Cp,ZrHCl), or (Cp,ZrH,), in the
presence of 2-(diphenylphosphino)phenol also lead to 1
and 3. Reaction of 2-(diphenylphosphinomethyl-4-
methyl phenol, HO(C H,;)CH,;)CH,PPh,, with
[Cp,MCl,] under the same experimental conditions of
solvent (CH,Cl,) and with imidazole as HCI trap does
not give the expected complexes cleanly, and other
unidentified species are observed by '"H NMR spec-
troscopy. Another route from [Cp,Zr(CH,),] and
HO(C,H,XCH,)CH,PPh, via methane evolution suc-
cessfully gave the corresponding zirconium complexes
[Cp,Zr(CH  {O(C(H;)CH;)CH,PPh,}] 4 and
[Cp,Zr{O(C¢H; XCH,)CH,PPh,},] 5.

Complexes 1-5 were characterized by elemental
analysis, 'H, ®C and p NMR spectroscopy, and by
two X-ray crystallographic studies of 1 and 3. The 'H
and ®C {'H} NMR spectra show the expected reso-
nances for the Cp ligands, which are magnetically
equivalent. The >C {{H} NMR resonances of the qua-
ternary carbon attached to the oxygen atom exhibits
the expected resonance at a lower value than in the
poreligand. The 3'p {(TH} NMR spectra display a single
peak for all compounds (8*'P= —16 ppm), in the
range of the unreacted (diphenylphosphino)phenol and
2-diphenylphosphino-4-methylphenol (—27.1 ppm and

Table 2

Fractional atomic coordinates for [Cp, ZrCI(OC4H ,PPh,)]
Atom  x y z U
ZR(1) 0.08999(7)  0.22875(7) 0.4395(7)  0.0267
CL(1) 0.0113(2) 0.1760(2) 0.5680(2) 0.0478
P(D) —0.0153(2) 0.2476(2) 0.1170(2) 0.0384
o) —0.0371(5) 0.214%(4) 0.3181(4) 0.0342
) —0.0955(8) 0.150%(7) 0.2511(7) 0.0334
) -0.1012(7) 0.1603(7) 0.1500(7) 0.0304
C(3) —-0.1656(9) 0.0948(8) 0.0818(7) 0.0422
o4 —0.2208(9) 0.0252(8) 0.1121(9) 0.0475
Cc(5) —0.2116(9) 0.0167(7) 0.2117(9) 0.0468
(6 —0.1496(8) 0.079%(7) 0.2814(7) 0.0337
cn —0.0734(9) 0.3625(7) 0.1288(7) 0.0294
C(®) ~0.1697(9) 0.3758(8) 0.1479(8) 0.0435
(0 ()} —0.203(1) 0.466(1) 0.1630(9) 0.0629
C(10) —0.142(1) 0.5433(8) 0.158(1) 0.0603
can —0.050(1) 0.533(1) 0.137(1) 0.0682
C(12) —0.017(1) 0.4427(8) 0.1232(9) 0.0515
ca13) —0.0535(8) 0.2335(9) —0.0199(6) 0.0400
C(14) —0.1460(8) 0.2688(8) —0.0868(7) 0.0462
c(15) —0.1689(9) 0.2539(8) —0.1891(8) 0.0591
C(16) —-0.098(1) 0.207(1) ~0.224409) 0.0692
can —0.009(1) 0.172(1) -0.160(1) 0.0857
C(18) 0.0177(9) 0.185(1) - 0.0561(9) 0.0647
Cc(19) 0.2062(9) 0.3721(8) 0.477(1) 0.0403
CQ20) 0.158(1) 0.3712(8) 0.5511(8) 0.0450
c2n 0.049(1) 0.3891(8) 0.501(1) 0.0541
(22) 0.0349(9) 0.3997(8) 0.399(1) 0.0494
C(23) 0.129(1) 0.3869%(8) 0.3838(8) 0.0468
C24) 0.240(1) 0.1659%(9) 0.388(1) 0.0528
C(25) 0.155(1) 0.104(1) 0.3465(9) 0.0519
C(26) 0.136(1) 0.0586(8) 0.424(1) 0.0540
«27) 0.207(1) 0.089%(1) 0.514(1) 0.0610
C(28) 0.269(1) 0.1549(9) 0.490(1) 0.0574

—16.3 ppm respectively), ruling out any direct Zr—P
interaction in solution [13].

The chemical reduction of 1 with sodium amalgam
Na/Hg in THF for 12 h gives, an intense Zr™ ESR
signal although the reduction requires a long time by
comparison with other Zr' species generated by
chemical reduction [14]. The remarkably stable ESR
signal consists of a doublet centred at g = 1.976 consis-
tent with splitting by one Zr™ nucleus and one P
nucleus (a(®'P) = 14.6 G, I =1/2, 100%; a(°'Zr) =11
G, I =5/2, 1123%) as a monophosphidozirco-
nium(I111) species [3a,14b,15]. Although the ESR data
are not sufficient to confirm a direct ZrIII-P interac-
tion, we postulate a structure as a P-cyclometallated
[Cp,ZrO(CH )PPh,] species [3a,14b].

[Cp,MCl,] + HO(C4H,)PPh, + base —— [Cp,MCI(OC¢H ,PPh,)] + [HCI, base]

1:M=2Zr

[Cp,MCl, ] + 2 HO(C4H 4)PPh, + base —— [Cp,M(OC¢H ,PPh,),] + 2[HCI, base]

2:M=Ti
3 M=7Zr

Scheme 2.
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Table 3

Fractional atomic coordinates for [Cp,Zr(OC¢H ,PPh,),]

Atom  x y z Uio
ZR(1) 0.29811(8) 0.36935(7) 0.22650(4)  0.0366
P(D) 0.3661(2) 0.2867(2) 0.02909(9)  0.0385
P(2) 0.3594(2) 0.0119(2) 0.34052(9)  0.0442
o 0.3348(5) 0.2395(4) 0.1681(2) 0.0415
(0]¢)] 0.2659(6) 0.2643(4) 0.3081(2) 0.0489
CL(D) —0.128%(3) 0.7554(3) 0.3325(D 0.0944
CL(2) —0.1935(4) 0.5149(3) 0.3939(1) 0.1031
i 0.0244(9) 0.3625(9) 0.1956(5) 0.0599
c2) 0.018%(9) 0.4177(9) 0.2519(4) 0.0611
Cc@3) 0.094(D) 0.5275(8) 0.2397(5) 0.0629
c4) 0.141(D 0.5412(9) 0.1747(5) 0.0687
() 0.098(1) 0.439(1) 0.1493(4) 0.0599
() 0.566(1) 0.3737(9) 0.2623(7) 0.0702
c 0.576(1) 0.398(1) 0.1973(6) 0.0647
c(8) 0.505(1) 0.508(1) 0.1815(6) 0.0751
c9) 0.454(1) 0.552(1) 0.236(1) 0.0826
c(10$) 0.487(1) 0.470(1) 0.2856(5) 0.0720
can 0.2694(7) 0.1516(6) 0.1409(3) 0.0352
C(12) 0.2831(D 0.1526(6) 0.0744(3) 0.0347
C(13) 0.2189(8) 0.0574(6) 0.0475(3) 0.0420
c(14) 0.1440(8) —-0.0357(7) 0.0846(4) 0.0478
c@as) 0.1320(9) - 0.0341(7) 0.1506(4) 0.0491
C(16) 0.1926(9) 0.0599(7) 0.1785(4) 0.0472
can 0.3535(8) 0.2497(6) —0.0522(3) 0.0386
Cc(18) 0.4598(8) 0.179%(7) - 0.0835(4) 0.0455
19 0.444(1) 0.1548(7) —0.1447(4) 0.0521
cQm 0.316(1) 0.1966(8) —-0.1757(4) 0.0592
c@ 0.210(1) 0.2654(9) —0.1458(4) 0.0620
C(22) 0.2302(8) 0.2942(7) —0.0851(4) 0.0510
C(23) 0.5682(7) 0.2649(6) 0.0401(3) 0.0386
CQ4) 0.6309(8) 0.1629(7) 0.0732(4) 0.0492
c@2s) 0.787(1) 0.1521(8) 0.0809(4) 0.0549
C(26) 0.8787(9) 0.2441(9) 0.0556(5) 0.0615
c@2n 0.818(1) 0.3455(9) 0.0232(5) 0.0630
C(28) 0.6637(9) 0.3575(7) 0.0151(4) 0.0511
c29) 0.2289(8) 0.2306(7) 0.3692(3) 0.0418
C(30) 0.263%(8) 0.1095(6) 0.3949(3) 0.0409
c@3n 0.218(1) 0.0744(8) 0.04581(4)  0.0590
C@32) 0.140(1) 0.153(1) 0.4950(4) 0.0671
C(33) 0.114(1) 0.2711(9) 0.4702(4) 0.0653
C(34) 0.1568(9) 0.3096(7) 0.4084(4) 0.0538
C@35) 0.5570(8) 0.0604(6) 0.3386(4) 0.0463
C(36) 0.645(1) 0.0474(8) 0.2831(5) 0.0663
c3M 0.794(1) 0.076(1) 0.2789(6) 0.0828
c(38) 0.858(1) 0.117(D 0.3271(8) 0.0782
C(39 0.773(1) 0.1372(9) 0.3823(5) 0.0742
Cm 0.619(1) 0.1086(8) 0.3871(4) 0.0616
C41) 0.3675(9) —0.1357(7) 0.3891(4) 0.0474
C(42) 0.478(1) —0.1739(8) 0.4309(4) 0.0623
C(43) 0.475(1) —0.2887(9) 0.4641(5)  0.0775
C44) 0.360(1) -0.3668(8) 0.4565(6) 0.0722
C45) 0.250(1) —0.330(1) 0.4161(6) 0.0892
C(46) 0.255(1) ~0.2157(8) 0.3821(5) 0.0717
C4n —0.244(1) 0.631(1) 0.3381(5) 0.0816

Preliminary results show that 3 can form bimetallic
complexes [Zr, Rh] via a bridging P atom. Upon adding
the dinuclear rhodium complex [{Rh(CO),Cl},] to 3 in
THF, under a partial vacuum to aid CO evolution, the
heterometallic {Cp,Zr(OC,H,PPh,),(Rh(CO)CD)},, 6

Table 4 .
Selected bonds lengths (A) and angles (°) of compound 1 with
estimated standard deviations in parentheses

Zr-Cp(A) * 2.209(4)) Zr-Cp(B)? 2.216(9)
Zr-Cl 2.465(3)  Zr-O 1.993(6))
(-0 1.35(1) C(2)-P 1.83(1)
a(7)-P 1.82(1) C(13)-P 1.836(9)
Cp(A)-Zr—-Cp(B)*  130.5(3) O-Zr-Cp(A) ? 105.8(8)
O(1)-Zr-Cp(B) 2 105.7(1)  Cl-Zr-Cp(A)# 107.3(9)
Cl-Zr-Cp(B) # 106.0(1)  0-Zr-Cl 99.0(2)
Zr-0(1)-C(1) 144.33)  CQ)-P()-C(7) 104.9(5)
C(2)-P(1)-C(13) 101.03)  C(M-P(1)-C(13)  101.9(5)

? Cp(A) and Cp(B) are the centres of the cyclopentadienyl {C(13)-
C(23)] and [C(24)-C(28)] rings, respectively.

(n=1 or 2) is obtained, but its insolubility in C{H,
prevents cryoscopic measurements. The '"H NMR spec-
trum shows the expected peak of the Cp signal at lower
field than for 3. A characteristic doublet of triplets is
observed in the C{*H}NMR spectrum at 191.9 ppm
attributed to the CO resonance (g, = 70.4 Hz; 2JCPA
=21CPB =15 Hz). The IR spectrum shows a character-
istic CO frequency at 1960 cm~! in CH,Cl, solution.
The room temperature ' P{'H} NMR spectrum shows
a principal ABX pattern (8 P,, 46.95; 8Py, 25.45 ppm)
with %Jpp = 304.3 Hz, a coupling characteristic of trans
for the phosphorus atoms around rhodium (a minor
ABX pattern is observed also at lower field §P,, 46.2
ppm, 2Jpp=312.7 Hz; the other part of this ABX
system overlaps the peaks observed at & 25.45). Al-
though diphosphine rhodium complexes are well docu-
mented, there are very few cases where the rhodium
metal is trans chelated by a diphosphine, though
precedents were already observed in [Cp,Zr-
(CH,PPh,),RhH(PPh;)] [4e], [Cp,Zr(CH,PPh,),Rh-
(CO)CDN] [16] and [[Cp,ZrCI(CH,PPh,)],Rh(CO)CI]
[17]. We cannot, however, yet distinguish between a
monomeric and a dimeric form. Further studies will be
undertaken to prepare other bimetallic systems
[Zr, Rh].

Table 5
Selected bond lengths (A) and angles (°) of compound 3 with
estimated standard deviations in parentheses

Zr-Cp(A) ? 2.246(8) Zr-Cp(B)* 2.37(5)

Zr-O(1) 2.004(1)  Zr-0(2) 1.979(7)
C(1D-0(1) 1.348(8) C(29)-0(2) 1.327(8)
C(12)-P(1) 1.821(7)  C(30)-P(2) 1.821(7)
Cp(A)-Zr-Cp(B)*  127.7(5)  O(D-Zr-Cp(A)*  105.8(8)
O(1)-Zr-Cp(B) 107.3(9)  O(Q)-Zr-Cp(A)*  107.5(7)
O(2)-Zr-Cp(B) * 105.6(1)  O(1)-Zr-0O(2) 99.0(2)

Zr-0O(1)-C(11) 1443(3)  Zr-0(2)-C(2) 160.2(5)
C(12)-P(1)-CQ7) 101.03)  C(12)-P(1)-C(23)  103.6(3)
C(7-P(1)-C(23) 101.8(3)  C(30)-P(2)-C(35)  102.4(6)
C(30)-P(2)-C(41) 102.7(3)  C(35)-P(Q2)-C(41)  101.7(3)

* Cp(A), Cp(B) are the centres of the cyclopentadienyl [C(1)-C(5)]
and [C(6)-C(10)] rings, respectively.
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[Cp,Zr(CH,),] + HO(C4H;)(CH3)CH,PPh, —— [Cp, ZrCH3{ O(C¢H3)(CH 3 )CH,PPh,} | + CH,

4

[Cp,Zr(CH;),] + 2 HO(C(H,)(CH,)CH, PPh, —— [Cp,Zr{O(CH;)(CH;)CH, PPh, },] + 2 CH,

5

Scheme 3.

4, Structure descriptions

The complexes 1 and 3 were crystallized from
dichloromethane solution as colourless crystals, and
the structures were determined by X-ray diffraction.
Compound 3 crystallizes as the solvate [Cp,Zr(OC H ,-
PPh,),] CH,Cl,. orTEP representations of complexes
1 and 3 are given in Figs. 1 and 2 respectively. Selected
bond distances and angles for 1 and 3 are given in
Tables 4 and 5, respectively. The coordination geome-
try of the Zr is pseudotetrahedral for both molecules,
and there are some structural analogies. The Cp(A)-
Zr—Cp(B) angle for 1 (130.5(3)°) and 3 (127.7(5)°) as
well as the Zr-C and/or Zr-Cp and Zr-Cl bond
lengths appear to be normal compared with those of
the zirconocene complexes [18]. The angles of O(1)-
Z1—Cl in 2 and O(1)-Zr—O(2) in 3 are similar (99.0(2)°).
The molecular fragment [Zr-O(1)-C-C-P(1)], corre-
sponding to the O(C4,H,)PPh, group, shows nearly
identical structural characteristics in both molecules; in

\

cit

c12

particular, Zr-O(1)-C(1) and Zr-O(1)-C(11) angles
are practically equivalent in 1 and 3 ((143.4(6)°) and
(144.3(3)°) respectively). However, in compound 3,
which contains a second —-O(C¢H,)PPh, ligand, the
Zr—-0(2)-C(29) angle (160.2(5)) is larger than those
discussed above. The relatively short Zr-0(2) distance
(1.979(7) A) associated with the large angle in this
fragment is indicative of a 7 bonding between the Zr
and O atoms. Similar early transition metal oxygen =
bonding has been implied in several other systems [19]
and in particular for [(MeOCH,CH,OMe)ZrCl,-
(OSiPh,),] [20] (d(Zr-0O) 1.91(1) A; Zr-O-Si angle
171(1)°). No evidence for any direct Zr-P interaction
in the solid state was found in the structural data. The
intramolecglar Zr-P distances (1: 4.30 A; 3: 4379 A
and 4.429 A for Zr-P(1) and Zr-P(2) respectively) are
significantly longer than in related compounds where
such interactions exist [21]. A trans orientation of both
organic fragments relative to the O(1)ZrO(2) plane
appears in 3 with P(1) and P(2) phosphorus atoms

c10

Fig. 1. orteP drawing of a molecule of complex 1. Thermal ellipsoids are drawn at 30% probability.
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CLg

Fig. 2. orTEP drawing of a molecule of complex 3. Thermal ellipsoids are drawn at 30% probability.

above and below the plane by —0.344 A and 0.903 A,
respectively, the three phenyl groups being in a helical
arrangement.
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