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A New Type of Heterobimetallic Compound Containing Tungstenocene: Synthesis,

Reactivity, NMR, and Stereochemical Studies
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Reaction of [PP¥M(CO)s]Li salts (M = Cr or W) toward tungstenocene dichloride occurs via a cyclopentadienyl
ring substitution and yields the corresponding binuclear compouyteSsHs)[#°-CsHsPPBM(CO)s]W(H)CI, 2.
They react with LiAlH, to give the corresponding dihydride complexg% CsHs)[#%-CsH4PPRM(CO)s]WH,, 3.
These species have been proven to be photosensitive leading to the cyclic heterobimét&lids)[75-CsHa-

PPhM(CO)4W(u-H)H compounds4; analytical data and spectroscopic measurements on compléndicate

that a hydride group functions as a bridging ligand. Crystalda{M = Cr) were obtained as red needles,
grown from toluene solution. An isotropic refinement of only 1243 d&ta (50(F)) from a low resolution data

set (3707 datagmin = 0.9 A) indicated significant systematic error. Thus it was possible only to ascertain that
the connectivity of the non-hydrogen atoms is not inconsistent with the model proposed from solution NMR and
that the Cr-*W separation of 3.30 A precludes a direct-@¥ bond. 4a crystallizes in space groupbca(No.

61), witha = 19.693(8) A,b = 20.34(1) A,c = 11.695(5) A,V = 46823 B, andZ = 8. Further information

on this preliminary structure determination is provided in the Supporting Information. These reactions have been
investigated with stereochemical factors in mind using the ring substituted tungtenocene comflighd £
Me),WCly; the 1-3 regioselectivity of the ring disubstitution reaction is proposed on the basisl BfMR
experiments. The temperature dependent relaxation time measured between 295 and 213 K by the inversion
recovery method makes it possible to determine a propsaton distance between the two H ligands of 2.0 A

in 4a.

Introduction

as bis(cyclopentadienytphosphido complexes,M(PR;) and
some of their corresponding oxides or sulfides where=Mb,
Ta, Mo or W8

Our examination of new routes to prepare bimetallic com-
plexes concerns the preparation of systems with functionalized

In stoichiometric or catalytic reactions, heterobinuclear or-
ganometallic complexes are currently of considerable interest
because of their potential to exhibit various reactivities at the

two different metal centers. Several synthetic approaches to
such systems have been explored, both3wttwithouf metal-

cyclopentadienyl ligands. Different methods have been re-

metal bonds. However, the generally weak-M' bond of the

former complexes appears to be unfavorable when investigating (4) (&) Mercer, W. C.; Whittle, R. R.; Burkhardt, E. W.; Geoffroy, G. L.

dinuclear reactivity*. The stability of the bimetallic framework
of the latter complexes is enhanced by the presence of a
bidentate ligand linking the two disparate metal sfttes.

Over the past few years, our group has developed and
explored the synthesis of metallocenic molecules (with group
5 or 6 metals) which contain an electron-donating site. Among
the most successful classes of these ligands are compounds such
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ported: (i) direct electrophilic substitutions, which are well inversion-recovery method (186r—90) was used to determirk.
documented for ferrocenic and cyclopentadienyl manganeseThe calculation of the relaxation times was carried out using the
tadienyl ligand prior to its introduction to the metal cerfter; ©f the pulses were controlled in each experiment. In edgh
(iii) lithiation reactions of the metallocene compl&ae® (iv) experiment, the waiting period was 5 times the expected relaxation

. . . . ’ ... time and 10-11 variable delays were employed. Errors in Sch
direct cyclopentadienyl ligand substitution as reported with

. . . . . determinations werec5%. The symbol®, m, p, andi correspond to
tungstenocene dihydride by reaction with alkyldichloroborédnes. ortho, meta, para, and ipso carbons of the phenyl groups respectively.
We have recently observed that S4Cl, (M = Mo,W)

> el . Preparation of Complexes 2 and 2 To 15 mL of a THF
undergoes nucleophilic substitution at one Cp ring when exposedsyspension of GRWCl, (890 mg, 2.31 mmol) was added 5 mL of a
to a metalated phosphide, followed by an orthometalation THF solution of LijM'(CO}PPh] (2.33 mmol) (M = Cr, W) rapidly.

reaction when M= Mo, leading to type | (M= Mo)®or Il (M The mixture was stirred at room temperature for 1 h. THF was removed
= W) dinuclear complexes. in vacuo, and the residue was washed with 40 mL of pentane and
chromatographed [eluent: toluene/THF, 1/1] to gi®eas a beige
s s T ’ powder. 2' was synthesized by the same procedure but ugir@4H.-
(°-CsHs)(n>-CsHy)Mo[o-CgH4P(PR)M'(CO)5](X) 1 M = Ck. Mo, W Me),WCl, instead of CBWCl,.
(7 -C5H) [n-Cs HyP(Phy M{(CO)sWEEDCL - (75-CsHs)[5>-CsH4PPh,Cr(CO)sW(H)C, 2a. Yield: 50%. IR

(THF, cnmY): 2062 w, 1938 s+ sh (vco). *H NMR (CDCly): 6 —10.72
» . ) . (s + d, WYU(*WH) = 58 Hz, 1H, WH), 4.12 (m, 1H, &4), 4.62 (s,
In addition to stereochemical studies, our study will empha- sy GHs), 4.63 (m, 1H, GHJ), 4.83 (m, 1H, GH), 5.82 (m, 1H, GH,),
size the properties of the type Il bimetallic system inherent in 7.39-7.64 (m, 10H, GHs). 'H NMR (CeDe): 6 —10.54 (s+ d, 1J(18&
the presence of a reactive tungsten site. In this regard we havewH) = 58 Hz, 1H, WH), 3.50 (m, 1H, €4), 3.98 (m, 1H, GH,),
investigated the reactivity of the dihydride complexes, and the 4.14 (s, 5H, GHs), 4.57 (m, 1H, GHa), 5.03 (m, 1H, GHy), 6.99-
results of this study are presented herein. The crystal structure?.02 (m, 6H, GHs), 7.44-7.53 (m, 2H, GHs), 7.60-7.70 (m, 2H,
and the full spectroscopic characterization of a new type of Cetts). *P{’H} NMR (CDCL): 0 48.9; #P{H} NMR (CcDe):
dinuclear species containing intramolecular bridging hydrido 48.2; *CA{*H} NMR (CsDs): 6 79.69 (s, 1C, €Ha), 83.53 (s, 1C,
ligands are reported. CsHa), 85.49 (s, 5C, €Hs), 87.75 (d,J(CP) = 30 Hz, 1C, i-GHJ),
87.77 (d,J(CP)= 5 Hz, 1C, GH,), 102.50 (dJ(CP)= 11.4 Hz, 1C,
Experimental Section CsHa), 130.01 (s, 1Cp-CeHs), 130.48 (s, 1Cp-CeHs), 132.53 (d J(CP)
= 10.61 Hz, 2Cp-CgHs), 133.45 (d J(CP)= 11.37 Hz, 2C, 0-GHs),
General Considerations. All reactions were carried out under an  137.89 (d J(CP)= 38.6 Hz, 1C, i-GHs), 139.47 (d,J(CP)= 37.1 Hz,
atmosphere of purified argon. The solvents were dried by the 1C,i-GHs), (m-CsHs masked by the solvent), 217.19 @CP)= 12.9
appropriate procedure and distilled under argon prior to use. StandardHz, 4C, CO), 221.62 (dJ(CP)= 5.30 Hz, 1C, CO). Anal. Calcd for
Schlenk-line technique and conventional glass vessels were employedC,;H,,POWCrCl: C, 44.62: H, 2.77. Found: C,44.3; H, 3.0.
Elemental analyses were performed by the CNRS microanalytical  (55-CsHs)[55-CsH4PPhRW(CO)sW(H)CI, 2b. Yield: 50%. IR
laboratory. Field desorption and electron ionization mass spectra were(THF, cnt): 2071 w, 1938 st sh (rco). *H NMR (CDCL): 6 —10.72
run respectively on a Finnigan MAT 311 instrument and a Kratos (s + d, tJ(*8WH) = 57 Hz, 1H, WH), 4.14 (m, 1H, ), 4.53 (m,
Concept 32S. IR spectra were recorded on a Nicolet 205 instrument. 1H, GHy), 4.62 (s, 5H, GHs), 4.87 (m, 1H, GHa), 5.87 (M, 1H, GH.,),
Dichloro complexes GiWCl, and ¢;°-CsH4Me),WCl, were prepared 7.43-7.64 (m, 10H, GHs). 3P{'H} NMR (CDCL): o 12.4 (s+ d,
by published procedurés. The lithium reagent, LIIM(CO)PPh], was 1J(18WH) = 255 Hz). MS (FD): 857.9 (M). Anal. Calcd for GHye
prepared according to the literature mettodsing low-chloride POW,CI: C, 37.77; H, 2.35. Found: C, 38.0; H, 2.4.
methyllithium (Janssen). (175-CsHa-Me){ 5-CsH3(1-Me)[3-PPh,Cr(CO) ]} W(H)Cl.  2'a:
NMR Procedures. H, $3C and3!P NMR spectra were collected  vyield: 25%. IR (THF, cnml): 2062 w, 1937 s+ sh (o). 'H NMR
on Bruker AC-200 and AC-80 spectrometers. The conventional (cpcly): ¢ —9.47 (s+ d, LJ(183WH) = 74 Hz, 1H, WH), 2.00 (s, 6H,

' CHa), 3.76 (m, 1H), 3.83 (m, 1H), 4.08 (m, 1H), 4.46 (m, 1H), 4.60
(6) (a) Bonnet,G.; Lavastre, O.; Leblanc J.-C.; B&miC.New J. Chem. (m, 1H), 4.88 (m, 1H), 5.48 (m, 1H), 483 or CsH,, 7.42-7.62 (m,

1988 12, 551. (b) BarfeC.; Kubicki, M. M.; Leblanc, J.-C.; Me, 1 S 13(18 —
C. Inorg. Chem199Q 29, 5244. () Challet, S.: Leblanc, J.-C.; ey 10H, GHs). "H NMR (CeDo): 0 —9.04 (s+ d, }J(*WH) = 74 Hz,

C. New J. Chem1993 17, 251. (d) Challet, S.; Kubicki, M. M.;  1H: WH), 1.75 (s, 3H, Ch), 1.86 (s, 3H, CH), 3.23 (m, 1H), 3.53 (m,
Leblanc, J.-C.; Mie, C.; Nuber, BJ. Organomet. Chen1994 483 1H), 3.83 (m, 1H), 4.40 (m, 2H), 4.84 (m, 1H), 4.91 (m, 1H3Hg or
47. (e) Challet, S.; Lavastre, O.; Mm, C.; Leblanc, J.-C.; Nuber, B.  CsHg4, 6.91-7.04 (m, 6H, GHs), 7.44-7.53 (m, 4H, GHs). SP{H}
New J. Chem1994 18, 1155. (f) Bonnet, G.; Lavastre, O.; Boni, G.;  NMR (CDCL): ¢ 52.5. *3C{*H} NMR (CeDe): ¢ 15.60 (s, 1C, Ch),
Leblanc, J.-C.; M&e, C.C. R. Acad. Sci. Paris, Ser. 2994 319, 16.58 (s, 1C, Ch), 75.33 (s, 1C), 77.51 (s, 1C), 81.82 (CP)= 32

1293. (g) Oudet, P.; Kubicki, M. K.; Mse, C.OrganometallicsL994 i
13, 4278. (h) BarfeC.; Boudot, P.; Kubicki, M. M.; Mcse, C.Inorg. Hz, 1C, i-C), 84.61 (s, 1C), 85.43 (s, 1C), 86.03 (s, 1C), 86.41 (d,

Chem.1995 34, 284. (i) Lavastre, O.: Bonnet, G.; Leblanc, J.-C.; J(CP)= 6 Hz, 1C), 89.22 (s, 1C), 118.00 (s, 1C, i-C), (the third i-C
Moise, C.Polyhedron1995 14, 307. masked), €Hs or GsHa, 130.04 (s, 1Cp-CeHs), 130.33 (s, 1Cp-CeHs),

(7) Deeming, A. J. IComprehensie Organometallic Chemistrywilkin- 132.39 (d,J(CP) = 10.6 Hz, 2C,0-C¢Hs), 133.58 (d,J(CP)= 11.4
son, G., Stone, F. G. A, Abel, E. W,, Eds.; Pergamon: Oxford, Hz, 2C,0-C¢Hs), 136.81 (d,J(CP) = 37.14 Hz, 1C, i-GHs), 140.72

England, 1982; Vol. 4, p 377. Watts, W. Ibid. 1982, Vol. 8, p 1013. (d, J(CP) = 37.14 Hz, 1C, i-GHs), (M-CsHs masked by the solvent)
(8) (a) Lee, I.; Dahan, F.; Maisonnat, A.; Poilblanc, &ganometallics ' N 15121 ' _ '
1994 13, 2750. (b) Brumas, B.; de Caro, D.; Dahan, F.; de Montauzon, 217.28 (d,J(CP) = 12.13 Hz, 4C, CO), 221.55 (d(CP) = 6.06 Hz,

D.; Poilblanc, R Organometallics1993 12, 1503. (c) Leblanc, J-C.; ~ 1C, CO). MS (FD): 754.1 (M).

Moise, C.; Maisonnat, A.; Poilblanc, R.; Charrier, C.; Mathey,JF. (75-CsHsMe){n>-CsH3(1-Me)[3-PPhW/(CO)s]} W(H)CI, 2'b.
Organomet. Chenl982 231 C43. (d) Szymoniak, J.; Kubicki, M. Yield: 25%. IR (THF, cnd): 2071 w, 1936 st sh (rco). 'H NMR
M.; Besanon, J.; Mése, C.Inorg. Chim. Actal991, 180, 153. (e) (CDCl): 6 —9.50 (s+ d, L(*¥WH) = 72 Hz, 1H, WH), 1.99 (s, 6H,

Casey, C. P.; Bullock, R. M.; Fultz, W. C.; Rheingold, A. L.
Organometallics1982 1, 1591. CHy), 3.77 (m, 2H), 4.15 (m, 1H), 4.43 (m, 1H), 4.59 (m, 1H), 4.87

(9) Braunschweig, H.; Wagner, Them. Ber1994 127, 1613. (m, 1H), 5.52 (M, 1H), €Hs or GsHg, 7.42-7.56 (M, 10H, GHs). 3P-

(10) Rigny, S.; Leblanc, J-C.; Mse, C.; Nuber, BJ. Chem. Soc., Chem.  {*H} NMR (CDClk): 6 18.0 (s+ d; JJ(**WP) = 251 Hz). MS (FD):
Commun.1995 45. ‘ 886.2 (M").

(11) Rigny, S.; Leblanc, J.-C.; Mse, C.New J. Chem1995 19, 145. Preparation of Complexes 3 and 3 To 20 mL of a THF solution

(12) (a) Persson, C.; Andersson, @rganometallics1993 12, 2370. (b) . 0
Cox, P. A Grebenik, P.. Perutz. R. N.: Robinson, M. D.- Grinter. R.: of 2 (1.5 mmol), was added LiAlld(excess 30%) slowly at 8C. The

Stern, D. RInorg. Chem.1983 22, 3614. resulting mixture was stirred fo3 h atroom temperature. Excess
(13) Breen, M. J.; Shulman, P. M.; Geoffroy, G. L.; Rheingold, A. L.; LiAIH 4 was filtered off. After hydrolysis of the filtrate, the solvent
Fultz, W. C.Organometallics1984 3, 782. was removed in vacuo3 was then obtained as yellow needles after
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extraction with ether and purification by recrystallization from toluene. Scheme 1
The same procedure was used 3b(using a THF solution of'), but

it was always obtained witd'. 3' was never found pure. Ph‘ P h
(175-05H5)[1]5-C5H4PthCr(CO) 5]WH 2 3a. Yield: 40%. IR (THF, R FS\
cmY): 2061 w, 1936 s+ sh (co). H NMR (CeDe): & —11.43 (s+ @ M(CO)s
d, LJ(*BWH) = 73 Hz, 2H, WH), 3.92 (m, 2H, &), 4.06 (s, 5H, - \
CeHs), 4.43 (m, 2H, GH), 6.94-6.99 (m, 6H, GHs), 7.46-7.55 (m, }N\g: _[PPhoM(CO)) W
4H, GeHs). 3P{IH} NMR (CsDg): ¢ 48.9. B3C{H} NMR (CeDg): o @\R Qé \
74.60 (s, 5C, €Hs), 74.94 (s, 2C, €H,), 78.66 (s, 2C, €Ha), (i-CsHa R
not detected), 129.8 (s, 2@-CgHs), 132.96 (d,J(CP)= 11.9 Hz, 4C,
0-CgHs), 139.16 (dJ(CP)= 37.4 Hz, 2C, i-GHs), (m-CsHsmasked by R=H:1 R=H: 2a,2b
the solvent), 217.59 (dl(CP) = 13.8 Hz, 4C, CO), 221.82 (d(CP) R=CHy:1' R=CH, : 2'a, 2'b
=6.2 Hz, 1C, CO). MS (FD): 692.1 (M). Anal. Calcd for G/Has- (a :M=Cr ; b:M=W)
WPCrQs: C, 46.85; H, 3.06. Found: C, 47.1; H, 3.0.
(35-CsHs)[55-CsH4PPhW(CO)s]WH 5, 3b. Yield: 40%. IR (THF, Chart 12
cmY): 2072 w, 1937 st sh (vco); *H NMR (CeDg): 6 —11.44 (s+
d, J(*BWH) = 72 Hz, 2H, WH), 3.88 (m, 2H, &), 4.04 (s, 5H, Me  pphML, PPhoML,
CsHs), 4.46 (M, 2H, GHy), 6.93-6.97 (M, 6H, GHs), 7.44-7.54 (m, @/ @ZM"
4H, CHs). 3P{*H} NMR (CsDe): 6 15.1 (s+ d, LJ(*8WP) = 255 H
Hz). MS (El): 824 (M"). Anal. Calcd for GH»W.PQ;: C, 39.35; Wil(;, W=gi
H, 2.57. Found: C, 39.0; H, 2.6 . <Q§:: <Q$3
(75-CsHaMe){ 75-CsHs(1-Me)[3-PPh,Cr(CO) ]} WH>, 3a. Yield: Me Me
30%. IR (THF, cntd): 2060 w, 1938 st sh (vco). *H NMR (CeDe): I n
8 —10.85 (dd2)(HH) = 8.9 Hz,%J(**WH) = 76 Hz, 1H, WH),—10.24
(dd, 2J(HH) = 8.9 Hz, LJ(18WH) = 77 Hz, 1H, WH), 1.78 (s, 3H, PPh.ML
CHy), 1.97 (s, 3H, CH), 3.52 (m, 1H), 3.79 (m, 1H), 3.88 (m, 1H), PPhoML, 2t
4.19 (m, 1H), 4.29 (m, 1H), 4.39 (M, 1H), 4.46 (M, 1H}HG or CsHa, Me—@/ X
6.96-6.99 (M, 6H, GHs), 7.50-7.58 (M, 4H, GHs). 3P{1H} NMR }N‘.“H Me w:‘g,
(CéDg): 6 48.9. These characteristics are obtained from the spectrum % ~Cl @
of the crude material. Q\ Me
(7°-CsH4Me){ 575-CsH3(1-Me)[3-PPhW(CO)s]} WH,, 3b: The char- Me W
acteristics of this product cannot be obtained. n
Preparation of Complexes 4 and 4 A solution of3 (1.5 mmol) 2 Only one enantiomeric form is represented.

in THF (100 mL) was irradiated with a HANAU TQ 150 lamp for 3

h at room temperature. The solvent was evaporated to give a red(CsDg): 6 —14.6 (ddd2J(HH) = 8 Hz, LJ(8WH) = 66 Hz,2)(PH)=

powder. The crude product was chromatographed (eluent: toluene).2.5 Hz, 1H, WH),—12.5 (ddd,2J(HH) = 8 Hz, 1J(83WH) = 72 Hz,

4 was recrystallized from toluene as red needldswas prepared by 2J(PH) = 4 Hz, YJ(**3WH) masked, 1H, WH), 1.08 (s, 3H, G} 1.98

the same procedure, using a solution3of (s, 3H, CH), 3.53 (m, 1H), 3.90 (m, 2H), 4.08 (m, 1H), 4.18 (m, 1H),

1 —

(5-CsHs)[75-CsH4PPh,Cr(CO) W (u-H)H 4a. Yield: 60%. IR ‘;gg(%é'&' ‘238 éﬂ’)lﬂ)lbﬁ';ﬂ\l%:“’(égi),7('50%?5'5'3’ fﬁ';g%_'

(THF, cn?): 1999 w, 1893 s, 1848 0). *H NMR (CsDg): 6 —17.08 WP) =.236 H’z) ’MS ?F.D)' 824.4 (M) ' ' '

(s + d, LJ(1BWH) = 67 Hz, 2H, WH), 3.56 (m, 2H, &), 4.17 (s, : : : :

5H, GHs), 4.46 (m, 2H, GHy), 6.96-7.02 (m, 6H, GHs), 7.91-8.00

(M, 4H, GHs). 3P{H} NMR (CeDe): 6 47.7. BC{*H} NMR

(CeDe): 6 76.71 (d,J(CP)= 4.5 Hz, 2C, GH4), 77.01 (s, 5C, €Hs), Complexes 2 and 2 The bimetallic complexega (M =

77.35 (d.J(CP)= 6.8 Hz, 2C, GH,), (Ii-CsHa not detected), 128.81 (d,  Cr) and2b (M = W) are synthesized via the rapid addition of

J(CP) = 9.85 Hz, 4C,m-CeHs), 130.35 (s, 2Cp-CeHs), 132.71 (d,  the freshly prepared [PRM(CO):]Li salt to CpWCl, suspended

J(CP) = 13.64 Hz, 4C’°'EGH5)' 136.92 (d,J(CP) = 31.08 Hz, 25' in THF, under an inert atmosphere at room temperature (Scheme

-CoHg), 221.44 (d,J(CP) = 14.5 Hz, 1C, CO), 22161 (dCP) = 1). Compoundg are separated from reactants by chromatog-

14.5 Hz, 1C, CO), 230.00 (d(CP)= 1.7 Hz, 1C, CO), 230.71 (d, . . .
J(CP):Z'13'7’ Hz )1'C Co). (,\(jll(s (F)D): 664_2?@' Anal). Calcd fo(r raphy; they are fully characterized by field desorption mass

CoéHiPCIWQ;: C, 47.01; H, 3.19. Found: C, 47.9; H, 3.3. spectrometry, IR, anéH and*P NMR.

I . The typical patterns of the [M(CG))fragments are present
(’75'C5H15)_[’75'C5H4PPh2W(CO)4]W(#'"PH' 4b. Yield: 60%. IR in the infrared spectra. THe&l NMR spectra o are consistent
ggg'zggH))'j%OS:ViJl(?z?a\(,)\,i)li‘lgféo,)_jz 1HJ(’I]8'\3<I/\|7|—E)CG¥D?A-1.3 ;;42?_'3 with a ring substitut_ion reaction; the _newly generated c_hiral
WH): 3.59 (m, 2H,' GHa), 4.15 (s, '5H, é—is), 458 (m, 2H, él44),‘ tungsten is responsible for the four signals of the substituted

Results and Discussion

6.91-7.04 (m, 6H, GHs), 7.83-7.93 (M, 4H, GHs). 3*P{H} NMR cyclopentadienyl protons, and the hydride signal is located at

(CsDe): 0 3.6 (s+ d, LI(BWP) = 236 Hz). MS (FD): 796.4 (M). —10.54 ppm 2a) and —10.72 ppm 2b) with the expected

Anal. Calcd for Gs H.PWs04: C, 39.23; H, 2.66. Found: C,39.1; 83W—H coupling €a.57 Hz).

H, 2.6. The basic synthetic methodology was used to prepare

, complexe' from the corresponding tungstenocene dichloride

5-CsHMe){ 5°-CsH3(1-Me)[3-PPh,Cr(CO) J} W(u-H)H, 4'a. . . o

Yie(fé: 0%, |F)Q{('ZFHF5: C3r$71): 12,[98 W, 18853 N )1‘326 ,(féo)_) 51NMR CP2WCI, (Cp = 7°-CsHqMe).  In this case, the ring substitution

(CeDe): O —18.2 (dd,2J(HH) = 8 Hz, J(¥WH) = 71 Hz, 1H, WH), reaction occurs at a prostereogenic cyclopentadienyl ligand. Two

—13.9 (dd,2J(HH) = 8 Hz, WJ(*8WH) = 67 Hz, 1H, WH), 1.15 (s, sets of planar prochiral andg (to the methyl group) hydrogen
3H, CHy), 1.95 (s, 3H, CH), 3.48 (m, 1H), 3.94 (m, 1H), 3.98 (m,  atoms can be substituted leading to fdurl{/ ) racemic isomers

1H), 4.04 (m, 1H), 4.17 (m, 1H), 4.33 (m, 1H), 4.51 (m, 1H}HG or (Chart 1).

CsHa, 7.00-7.10 (m, 6H, GHs), 7.91-8.06 (m, 4H, GHs). 3'P{'H} However, a careful examination of thel NMR spectra of

NMR (CeDe): 0 48.3. MS (FD): 692.4 (M). Anal. Calcd for GdHas- the crude material reveals the formation of only one bimetallic

PCWQ;: C, 48.58; H, 3.64. Found: C, 49.3; H, 4.5. complex2' and shows the presence of seven inequivalent types
(5-CsHa-Me){ 55-CsH3(1-Me)[3-PPRW(CO) 4} W(u-H)H. 4'b. of cyclopentadienyl hydrogens, at room temperature. These

Yield: 50%. IR (THF, cn®): 2004 w, 1889 s, 1843 %4c). H NMR observations suggest that the substitution reaction occurs via a
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completelyregioselectie pathway, leading to a-12 or a 1-3
disubstituted cyclopentadienyl ligand, ordé&stereoselecte
reaction, excluding the possibility of a ready inversion of the
chiral tungsten center or at planar chiral ring.

The 1,3-regioselectivity (structure of this ring substitution
reaction is proposed on the basis of NMR decoupling experi-
ments ¢ide infra): however, the exact structurdl( or IV) of
complexes2'a or 2'b is not elucidated.

ns]

R=H:2 ; R=Me :2'

lLiAIH4

Two mechanistic pathways can account for the substitution R PPhoM(CO)s
at the Cp ring: first, in a &' type reaction, a direct attack of @/
the metallophosphide anion on the cyclopentadienyl ligand with Weerstt
a concomitant displacement of a chloride ion can occur. The QQS\H
final step involves insertion of the tungsten carbenic moiety A

into a Cp C-H bond (Scheme 2); such a mechanism has been
proposed by Green for the reaction of &YCl, with CsFsLil4
and more recently by Coopérfor nucleophilic substitution

R=H:3 ; R=Me : 3’

reactions on the cationic tungstenocene derivative\\&Br)- 1hv
(SMe)] ™. Ph Ph
In the second possibility (Scheme 3), postulated by Schubert R \¢

for the formation of ring silylated tungstenocéfe? or

molybdenocen¥® complexes, the products result from an
intramolecular migration of the silyl group, primarily bound to
the metal center. With molybdenum, the rearrangement can
be induced by a basic agent {Bu or LDA) which is supposed

\E/"
8

ns)

to achieve a deprotonation at the Cp ligand. The opposite
electronic character of a phosphorus group compared with a
silyl group prompts us to preclude this molecular rearrangement
hypothesis, but no direct evidence allows us to reach this
conclusion unambiguously.

R=H:4 ; R=Me : &4’
M=Cr:a ; M=W:b

the [Cr(CO}] group without notable shift compared to those
Complexes 3, 3 4 and 4. A pale orange-colored solution  of precursor2a However, H NMR data for 3 clearly
of complexes2 in THF reacts rapidly with LiAIH at 0°C to demonstrate th€s symmetry of these dihydride complexes since
produce a yellow species. After hydrolysis, solvent elimination only two resonance signals are observed for the Cp ring protons.
and extraction with ether, the crude product affords pure yellow  Carbon monoxide is evolved by photochemical exposure of
crystals of complexe8 on recrystallization from toluene. complexes3 in THF solution. After chromatographic work up,
The infrared spectrum dda shows the CO absorptions, at  analytically pure complexe4 are obtained as red crystals by
2061 and 1936 crt (large with a shoulder), characteristic of  recrystalization from toluene (Scheme 4). These new cyclic
u-hydrido bimetallic complexes result from a donor (\M
bonds)— acceptor (Lewis acid Cr center) interaction. Their
structure is well established according to their spectroscopic data.
More specifically, the proton NMR spectrum dfexhibits a

(14) Green, M. L. H.; Lindsell, W. EJ. Chem. Soc. A969 2215.

(15) Forschner, T. C.; Cooper, N.J.Am. Chem. S0d.989 111, 7420.

(16) (a) Schubert, U.; Schenkel, Bhem. Ber1988 121, 939. (b) Seebald,
S.; Mayer, B.; Schubert, Ul. Organomet. Cherml993 462 225.
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Figure 1. Cp region of the'H NMR spectrum of4'a in tolueneds at 295 K (200 MHz) (a) when the G (b) and CHC? (c) protons are

irradiated.

highly shielded hydride resonance compared with precussor
that appears near11.4 ppm; however, the high field shift is

Table 1. *H NMR Chemical Shifts and Coupling Constants for
Complex4'a in Toluenesds at 295 K

clearly dependent on the nature of the metal M €\VCr, Ad s athlg(g)K T(le(iQ)gs)
= 5.65 ppm; M= W, Ao = 2.8 ppm). The'H NMR and13C ' ;
NMR spectra of4 accord with theCs symmetry of these proton__ppm) J(H2) 200 MHz _ at 200 Mhz
CHs—C! 2210 J(CHs~WHY)=1.0 1.35  0.222(233)
molecules. CH;—C8 1.460 0.890  0.259 (233)
These procedures have also been successfully used forH2 3H5 4.419 J(HZS—H3A = 2.7 2933 0.725 (233)
preparing the methylated complex@sind4’; but after reduction ’ 4.280 J(H25—H43) =2.0 2.285  0.672(233)
of the monohydride complexe, the crude material consists J(H?5~WH?!) = 0.5
of a3 + 4 mixture. Unfortunately, complexe¥ do not survive H? 4.194 J(H3-H%)=3.1 2.042  0.525(238)
silica gel chromatography and can not be further purified. J(H-WH) =1.0
However, corresponding pu complexes are obtained by Eg g?gg J(HO—H10) = 2210 0.672(233)
ST ) . . (H*—H19) =29 1.633  0.447 (223)
complete photochemical irradiation of the preceding mixture JH—H®) =15
as microcrystalline red solids . THel NMR spectra show at J(H-WHY) = 1.0
high field an AMX (A, M = H; X = W) pattern assignable to JH-P)=15
the diastereotopic Wihydrides and a set of seven signals for H* 4.574 J(HiE—P); 2.7 1.895  0.725(238)
the cyclopentadienyl protons: these observations are consistent 32:10::7; 2 ig
with the presence of the chiral plane due to the homoannular J(HO-WH2) 14
heterodisubstitution. H7 4737 JH-WHY)'=1.0  1.869 0.545 (223)
In order to determine the regioselectivity of the ring-sub- JH™-P)=2.0
stitution reaction and to ascertain thdydrido structure, further ~ H™ —13.91 B]E:i_w;) =677.% 1.541  0.347 (223)
detailed NMR studies of compleXa are reported below. Hi2 1827 J(HZ-W) = 72.0 1614  0.344 (223)

1H and 3C NMR and 'H NMR Relaxation Studies of
Complexes 3a, 33 4a, and 4a. Structural features of the
bimetallic dihydride complexes obtained in this work and

aNear to a minimum.

relative arrangements of the GEnd phosphorus groups inthe and a quite narrow singlet at 1.460 ppm assigned (see below)

twice substituted Cp rings of complex8sand4' have been  to the ChH groups at € and C atoms, respectively (Table 1,

mainly established by the detailed NMR study of compound Chart 2).

4a. The Cp protons off'a are manifested as seven multiplets
The 'H NMR spectrum of this complex in tolueng-ct (Figure 1a) in full accord with the planar chiral complex. We

295 K shows a remarkably broadened resonance at 2.210 pprhave found that irradiation of the signal at 2.210 ppm leads to
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Chart 2

Table 2. 3C{!H} NMR Chemical Shifts and Coupling Constants
for Complex4'a in C¢Dg at 295 K

C o (ppm) J(Hz)
CHs 15.05 and 14.72
ct 99.257
Cc? Cs 83.26, 82.44
cs, ct 75.44,73.12
(o8 63.80 J(C*—-P)=40.1
C,C°,C°  84.13,82.14,71.92
ce 98.14 J(C-P)=45
P—CsHs
Ca 136.97, 137.99 J(Cy—P)=36.7
Cortho 132.88, 132.45 J(Corthe—P)=12.9
Cheta 128
Coara 130.35, 130.21
C0 230.59
c¥o 231.04 J(CO-P)=145
Cl20, Clf0  221.73,221.44 J(CO-P)=14.4 and 15.2

aMasked by the solvent.

transformations of only two multiplets of the Cp protons
centered at 4.419 and 4.280 ppm in Figure 1b. A similar result
is observed on irradiation of the signal at 1.460 ppm: the two
broadened multiplets at 3.795 and 4.737 ppm (Figure 1la)
transform to the well-resolved resonances in Figure 1c. Both
these effects are interpreted by-H decoupling of the Ckl
and Cp protons separated by four chemical béhded thus,
the 1-3 arrangement of the GHand phosphorus groups (Chart

Inorganic Chemistry, Vol. 35, No. 11, 1998207

Table 3. Carbonyl Chemical Shifts for Complexd&, 4a and3a
in CgDs at 295 K

complex J (ppm) (assignments) 2J(CO—P) (Hz)

4'a 221.73, 221.44 (cis to P and WH 14.4,15.2
230.59 (trans to P) <3
231.04 (trans to WhH) 145

4a 221.61 (cis to P and WH) 145
230.00 (trans to P) 1.7
230.71 (trans to WhH) 13.7

3a 217.59 (cisto P) 13.8
221.82 (trans to P) 6.2

Scheme 5
Cr

Cr Cr
Hi\H H/jI)\H
XK XA
(w ) Bslgw)

A B (o}
Scheme 6
PPh,
aw H
(Cp)(CP )W L Cr(CO)4
D

Table 2 shows the four CO groups to be nonequivalent in
4'a. The resonances at 231.04, 221.73, and 221.44 ppm can
be attributed to the CO ligands located cis to the phmoiety
on the basis of the well-resolveéd(CP) constants of 1415
Hz 1% No C—P coupling was resolved for the signal at 230.59
ppm assigned therefore to the trans-located CO ligand.

This approach based on tB&CP) constants was used to
attribute the signals in the carbonyl region of tf& {1H} NMR
spectrum of compounda (Table 3). In this case, doublet

2) can be accurately deduced from the double resonance’®Sonances at230.71 and 230.00 ppm withJ(&) values of

experiments.

Selective H-H decoupling experiments have allowed deter-
mination of the protor proton, protor-phosphorus and proten
183 coupling constants id'a; from these, it is possible to carry
out the spectral assignments in Table 1.

It has been reported earlier that th{elP) splittings of 2-2.4
Hz are easily resolved in tht#H NMR spectra of 1,tbis-
(diphenylphosphino)ferrocene and its Pt derivatives when the
IH(Cp) anc®'P nuclei are coupled through three chemical bonds.
At the same time, the correspondidg(HP) constants were
unresolved for these compounidsin full agreement with these
data, resonances of’nd HO show the3J(HP) values of 2.0
and 2.7 Hz providing satisfactory additional evidence for the
1—3-substituted Cp ring id'a. In turn, the observation of the
H7 and H resonances in the Gtdecoupling experiments allows
the correct assignments for both €groups in Table 1.

The 13C{!H} and proton-coupled®*C NMR data collected
for a GDs solution of 4a at 295 K provide the spectral
assignments in Table 2, which correspond correcthf@®oNMR
data reported earlier for Crcarbonyl complexe¥’

(17) Gunther, H.La Spectroscopie de RMNMasson:
Barcelona, 1994; p 129.

(18) Bandini, A. L.; Banditelli, G.; Cinellu, M. A.; Sanna, G.; Minghetti,
G.; Demartin, F.; Manassero, Nhorg. Chem.1989 28, 404.

(19) (a) Mann, B. E.; Taylor, B. F3C NMR Data for Organometallic
CompoundsAcademic Press: New York, 1981. (b) Colquhoun, I. J.;
Grim, S. O.; McFarlane, W.; Mitchell, J. Dnorg. Chem.1981, 20,
2516. (c) Bodner, G. Minorg. Chem1975 14, 2694. (d) Bodner, G.
M.; Gaul, M. J. Organomet. Cheni975 101, 63.

Paris, Milan,

13.7 and 1.7 Hz correspond to the CO ligands located cis and
trans to the phosphorus group, respectively. Another two CO
groups (located cis to the P®p moiety) are equivalent and
observed as a doublet resonance at 221.61 ppmJ(@R) =
14.5 Hz.

Comparison of the spectral behaviors of compouaand
4'a containing the PCr(CQ)moieties and comple® with the
octahedral PCr(CQ@)ragment shows that Cr centers4a and
4'a are rigid on the NMR time scale. Therefore formation of
W—H—Cr bridge° in 4a and 4'a (structuresA, B and C in
Scheme 5) can be suggested in order to explain this structural
rigidity.

It should be noted that metaietal bonding (structur®,
Scheme 6) interactions, as proposed fop\@pl>Cr(CO), 4P
can be deduced neither frothl, 13C NMR data nor from an
X-ray structure study ofla (ORTEP, Figure 4), that indicates
a large separation (3.30 A) between the two metallic atoms;
therefore, they are not considered in this section of the work.

In addition structured\,, B andC have already been discussed
for different bimetallic complexes, for example, (®W(u-H).-
Rh(PPR)2)PFR;,2%2 and [CrWH(CO)g] ~.20¢

The neutron diffraction study of GploH, has shown the
pseudotetrahedral coordination around the Mo center and the

(20) (a) Alcock, N. W.; Howarth, O. W.; Moore, P.; Morris, G. E.Chem.
Soc., Chem. Commui979 1160. (b) Albinati, A.; Togni, A.; Venanzi,
L. M. Organometallics1986 5, 1785. (c) Okuda, J.; Murray, R. C;
Dewan, J. C.; Schrock, R. FOrganometallics1986 5, 1681. (d)
Churchill, M. K.; Chang, S. W. YInorg. Chem.1974 13, 2413. (e)
Hayter, R. G.J. Am. Chem. S0d.966 88, 4376.
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tolueneds solution of4'a between 295 and 213 K and we have
found that theT; times reach a minimum at 22233 K for all
observed protons. Table 1 lists the data obtained.
Intramolecular protofrproton and metatproton dipole-
dipole interactions are known to dominate fherelaxation of
hydride ligands in transition metal hydride systet#23 The
ASOARAAGASAALARBASOALRRMSERLARAA SORARAN Timin values were found to be very similar for the WH
20 28 piif 2 2 resonances and for tA8WH satellites of4'a showing metat
proton interactions to be insignificant. The contribution caused
Figure 2. Carbonyl region of thé’C NMR spectrum of complexa by the influence of the Cp, CGHand PPh protons can be also
in CeDs (295 K) with selective decoupling of the PPprotons. ignored because of their remoteness from the WH ligands. Thus,
the proton-proton distance between the H ligands4 is
calculated as 2.0 A from eq 1. Equation 1 is valid for classical
hydrides in the case of an isotropic molecular mofibn.

Mot (B) = 2.405(200 /)" 1)

However, it has recently been shown that this isotropic motion
— approach, even though not strictly correct, provides quite reliable
284 2 L0 28 26 24 22 ppm structural informatior?®¢ The W—H bond lengths in different
hydride complexes (including the bridging hydride systems) lie
between values of 1.7#8 @ and 1.86 A20d.250 Then, the
H—W-—H angle can be calculated fofa as 72 or 66,
respectively. Thus, the relaxation data correctly support the
above suggested H location.

The proton-proton distance of 2.0 A seems to be quite
realistic because practically the same value can be calculated
from T; relaxation data collected for the Glgrotons of4'a at
room temperature. Molecular reorientations of the;@Qkbups
are known to be anisotropic due to very fast rotation around
the C-CHs bond?%2 In the fast motion regime this rotation
leads to the maximum anisotropy effect described in %252

7T

Figure 3. Carbonyl region of thé3C NMR spectrum of comple#'a
in CsDs (295 K) with selective decoupling of the PPbrotons.

Tl(aniso) — 4-|—1(iso) (2)

Table 1 shows that the room temperatufga"so) value
amounts to 1.35 and 0.890 s for the £gtoups at €and G,
respectively. It is clear that a contribution caused by dipole
dipole interactions between the gprotons and the neighboring
protons of the bulky PRigroup should be minimal in the first
case. Each proton in the GHgroup interacts with two
neighboring protons of this group and therefore the experimental
Figure 4. ORTEP drawing of the #-CsHs)[75-CsHsPPh- T value of 1.35 s is 2 times smaller than that in the case of the
interaction of only two protons: 2.7 s. Then, thgiso(CH,)
value of 0.675 s can be obtained from eq 2.

- 1
Cr(COYW(u-H)(H), 4a. Selected bond lengths (A): CrP1 =
2.36(2), W1-C5 = 2.28(3), P+C5 = 1.83(4), P:-C16 = 1.82(3),

P1-C22 = 1.81(4). Selected bond angles (deg): €P1—C5 = The rate of the spinlattice relaxation of a pair of protons is
102(1), P1-Crl—C23= 95(2), P-Crl—C24= 88(2), P-Crl—C25 described by eq 3 in the fast motion regif§eéwhereyy and h
= 96(2), P:-Cr1—C26 = 173(2). are the well-known constantsc is the correlation time of

. S . isotropic motions andy-4 is the protor-proton distance.
location of the hydride ligands with a -HMo—H angle of

75.5.21 a |t has also been found that geometries of the-Cp UTy(He+H) =%, v, 0lry ] %2 3)
WH; moieties in some heterobimetallic complexes remain
pseudotetrahedral despite the formation of the-My-metal
bridges?%. 216 Therefore the arrangement of the hydride ligands (22) (a) Farrar, T. C.; Quinting, G. R. Phys. Cheml986 90, 2834. (b)
shown in Chart 2 seems to be quite reasonable for complexes  Bautista, M. T.; Earl, K. A.; Maltby, P. A.; Morris, R. H.; Schweitzer,

! ; P C.T.; Sella, AJ. Am. Chem. S0d988 110, 7031. (c) Desrosiers, P.
4aand4'a. It should be noted that this location is shown for J Chi, L.: Lin, L Richards, R.; Halpern, . Am. Chem. S0d991,

a conformation o#'a in which steric interactions between the 113 4173.

bulky groups are minimal. We believe that i ¢C'CH;—W— (23) (a) Gusev, D. G.; Vimenits, A. B.; Bakhmutov, V.lhorg. Chem.

H%) coupling constant of 1.0 Hz through four chemical bonds 1991, 30, 3116. (b) Luo, X.; Lui, H.; Crabtree, R. Hnorg. Chem.

. : , 1991, 30, 4740. (c) Gusev, D. G.; Nietlispach, D.; Vimenits, A. B.;

is resolved in théH NMR spectrum of4'a due to the trans- Bakhmutov, V. I.: Berke, Hinorg. Chem.1993 32, 3270.

locations of the above nuclei in such a conformation. (24) For example: (a) Hamilton, D. G.; Crabtree, R.J4Am. Chem. Soc.
To support the hydride arrangement in ScheméHt, T, 1988 110 4126. (b) Gusev, D. G.; Vimenits, A. B.; Bakhmutov, V.

. . . I. Inorg. Chim. Actal991, 179, 195.
relaxation time measuremefitshave been performed in a  (55) (3 kim, A. J.; Fronczek, F. R.; Butler, L. G.; Chen, S.; Keiter, E. A.

J. Am Chem. Soc1991 113 9090. (b) Orpen, A. G.; Brammer, L,;

(21) (a) Schultz, A. J.; Stearley, K. L.; Willams, J. M.; Mink, Rworg. Allen, F. H.; Kennard, O.; Watson, D. G.; Taylor, R.Chem. Soc.,
Chem.1977, 16, 3303. (b) Howarth, O. W.; McAteer, C. H.; Moore, Dalton Trans.1989 S1.
P.; Morris, G. E.; Alcock, N. WJ. Chem. Soc., Dalton Tran982 (26) (a) Woesner, D. El. Chem. Physl962 36, 1. (b) Abragam, S. The

541. Principles of Nuclear Magnetism, Clarendron, Oxford, England, 1961.
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Table 4. *H NMR Data for the Hydride Ligands in Complexés,
3a, 4a, 3aand4b

OwH JW—H) J(H—H) Ta(s) at 303 K,
complex (ppm) (Hz) (Hz) 80 MHz
4'a —13.91 67.0 7.9 1.772
—18.27 72.0 2.01

3Ja —10.25 78.7 8.9 1.113

—10.86 76.8 1.070

4a —16.99 67 2.006

3a —11.43 73 1.590
4b —14.33 67.6
14.8

Equation 3 written for the WH and CH protons with
elimination ofyy, h, andzc takes the form in (4), which makes

Wbl T CHeeH = [Tl(iso)(WH‘“H)/Tl(iso)(CH”‘H)] ve 4)

it possible to determine the WHH distance because the
standard protosiproton distance in the GHyroup is known as
1.78 A27 This approach leads to the WH value of 2.0 or
2.1 A if the T, value of 1.541 or 1.614 s (Table 1) is used.

Table 4 lists théH NMR parameters collected for the hydride
ligands of W/Cr compound8 and 4 in C¢Ds. The T; data
correspond accurately to the classical nature of these complexe
according toT; criterion of Hamilton and Crabtreé2 The H
ligands of complex3a with the octahedral Cr center show a
resonance withJ(WH) = 73.0 Hz. The high field shift of 5.65
ppm accompanied by a decrease in‘tl{#VH) value is observed
for the H ligands wheBatransforms tala. Both spectroscopic
effects can be attributed to H binding to the Cr center in complex
4ain full accord with the abové3C NMR data. Nevertheless
the high value of théJ(WH) coupling constant suggests that
the W—H interactions remain strong ia.2%°

Table 4 shows the hydride signal to be a singlet in‘He
NMR spectrum of4a and therefore structurA in Scheme 5
can be unambiguously rejected. Thus, the static symmetric
structure B (global 2e H-W—H bridging moiety) and the
nonrigid structureC (dynamic 2e monohydride bridge) seem
to be the most reasonable for this complex. The formation of
H bridges is consistent with thes0s 'H NMR spectrum of
complex4b, showing constants of 67.6 and 14.8 Hz. A similar
effect was already reported for §H,W(COX* and we

believe that such coupling constants can be interpreted in terms

of the stronger W-H bonding interactions in the case of the
tetrahedral W center. In addition, the significalitiP) value

(27) Lide, D. K. Handbook of Chemistry and Physic&rd ed., 199%
1992; CRC Press: Boston, MA, 1992.
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of 3 Hz was found for the H ligands aofb and no WH—P
coupling was resolved for compouidth. In our opinion, this
fact supports the formation of WH—W bridges in4b.

Unfortunately, the choice between two binding moBeand
C is quite difficult in the case of symmetrical complexés
and4b. Actually, in the'3C NMR spectrum oflawith selective
decoupling of the PRiprotons, we have found the additional
triplet W*HCr—13CO coupling of 2.3 Hz for the resonances of
two equivalent CO groups located cis to the phosphorus and H
ligands (Figure 2). However, the above triplet splittings can
be interpreted in terms of both structural mo&eandC. This
is quite obvious forB and possible in the case of dynamic
structure C because of equally-populated isomeric states.
Therefore, this structural problem was solved in the present work
on the basis of the NMR data collected for the3tsubstituted
complexes3'a and4'a.

The diastereotopic H ligands 8fa are manifested in thtH
NMR spectrum as two resonances—t0.25 {J(WH) = 78.7
Hz) and—10.86 {J(WH) = 76.8 Hz) ppm with H-H coupling
of 8.9 Hz (Table 4). If complexXd'a had the structurd, it
would give four WH resonances because of its plane chirality.
However, none were observed in the variable-temperdtdre
NMR spectra of4'a in tolueneds between 213 and 295 K.
?\/Ioreover, the diastereotopic chemical shift difference for the
H ligands increases from 0.61 to 4.36 ppm wiB&mtransforms
to 4a (Table 4). Both spectral features conflict strongly with
structureA containing the single WH—Cr bridging bond and
with symmetric structur®. At the same time, these NMR data
can be rationalized in terms of dynamic struct@ewhen
populations of diastereomeric forms 4fa are unequal. To
support this suggestion, thess 13C NMR spectrum ofd'a
was obtained with selective decoupling of the PPBlotons.
The carbonyl region of this spectrum in Figure 3 shows clearly
additionaldoublet W!HCr—13CO splittings of 5 Hz observed
for the CO groups located cis to the phosphorus and H ligands.
Thus, the last experiment provides accurate evidence for
structure C which is probably valid for all the bridging
complexes obtained in this work.
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