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Abstract

The synthesis and reactions of bimetallic Zr-Mo and Ze-W complexes with bridging CHPPh, ligands (henceforth abbreviated as
Cp') are described. Reaction of Cp'ZrCl, (1) with organolithium or Grignard reagents gives CphZiR , (R = Me (3), p-C,H,CH, (5),
CH,SiMe, (6D while with AIMe, the mono-exchange product Cp',ZHCHMe (2) is formed. Phenyllithium converts 2 into Cp, Z{Me)Ph
(4). From 1-3 the substitution products {Cp,ZrMe) s w-0)] (7), Cp', Zi{8R), (R = Me (Ba), Ph (8b). CH,C . H Cl (8¢)), Cp,ZriMe)OR
(R = CH,CF, (). 1-Bu (b)), und Cp’,ZHCHO7-Bu (10) were obtained. Treatment of [Mo(CO) (norbornadiene)] with cither 2, 4 or Y3
gives the bis-Cp” bridged binucteur tetracarbonyl complexes [Cply Z{MeXXIMo(CO)Y, | (X = CI (11), Ph (12), OCH,CF, (13)). Binuclear
complexes [CpyZuXH p-CDM(CO),] (X = Me, M = Mo, W (14a,b). X = Or-Bu, M = Mo (16)) which costain an additional bridging
chloride ligand were obtained similarly from [M(CO) (cycloheptatriene)] and the appropriate zirconium compound. The chloride bridge is
readily opened by addition of either PMe, or -BuNC producing complexes [Cp’y ZrClL,M(CO), L] (L = PMe, (I18a,b), +-BuNC (19a,b))
and [Cp', ZiCIXMeIM(CO), PMe | 20ab; M = Mo (a), W (D), Exchange of zirconivm-hound chloride for organic groups is achieved
by treatment of 18ah or 19a.b with LiR which gives {Cp', ZiMe, MCCO) L] (L = PMe, (2ab), <BuNC (22a.h). M = Ma (8), W (b)) us
well as [CphZeR , MAHCO) PMe (R = Ph (23), Tol (24)). € -C coupling of two nitride ligands with u Zr-bound methyl group w give a
bridging 1.3-ditminato ligand takes place upon reacting Cp'a ZeMe, (3 with [WICOI(NCR), ). The products [Cp’ 26 u-HN -C(R)=CH
CORY = NIWICO) TR = Ph(28), CH,Ph (26)) were tully characterized by magnetic resonance including "CNMR of the doubly labelled
dertvative 26 °. Protonation of 26 using [PhMe ,NHIBPW, gives the corresponding 1 3-diimine complex [Cp2d w-HN=C(R)-CH,
CIRY= NIWICO) JBN, U = CH L Ph, 27). @ 1997 Elsevier Scienee S.A,

Kevawends: Zirconium; Maolybdenum: Tungsten; Bimetallic complexes; Ligund coupling

1. Introduction clopentadienes have proven to be particulurly relinble

braces to hold a titanium or zirconium atom and & *late’

Complexes in which two metal atoms of very ditfer-
ent electron count are held in close proximity seem to
ofter fascinating opportunities to achieve novel types of
reactions as a result of the simultancous and cooperative
imeraction of substrate molecules with, e.g., a hard,
oxophilic and a soft, carbophilic metal center. In order
to preserve the integrity of the binuclear complex it
seems advisable to tie the (wo metal atoms together
with bridging ligands [2-11]. Phosphino-substituted cy-

" Corresponding author,

" For Pan 11, see Ref. [1).
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transition metal in close proximity [12,13]. Additional
interest in this field arises from the notion that com-
plexes of this type can be seen as molecular models of
metal-oxide supported heterogencous catalysts [14.15),
Despite these expectations the success in terms of find-
ing true examples of reactions involving both metal
centers has remained rather limited.

Some time ago we have reported the synthesis of
binuclear complexes which. in addition to two bridging
diphenylphosphino~-cyclopentadienide ligands, comtain
a chloride bridge between a @ and a d° metal center.
This bridge is rapidly opened even by weakly coordinat-
ing ligands such as acetonitrile (Eq. (1)) [1.12], thus
allowing for the facile addition of substrate molecules.
Here we report on the extension of this work to com-
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plexes comtaining zirconium-oxygen and zirconium-
carbon bonds.

I r°° —_ Ch, | L-uulal"co

CI’M

SN

M= Ti, 2, M =Cr, Mo, W
L = MeCN, P(OMa),, CO

()

2. Results and discussion
2.1. Mononuclear zirconium complexes

The well-known zirconium complexes 1-3 [16,17)
(Scheme 1) form the basis of our present work. 2 has
been synthiesized previously by cleaving a methyl group
from 3 with lead dichloride [17). A more convenient
access 1o 2 is the selective monomethylation [18,19] of
1 using trimethylaluminium. Reaction of 2 with phenyl-
lithium gave the mixed organozirconium complex 4
while the symmetrical complexes § and 6 were obtained
as usual by treating 1 with the respective lithium or
Grignard reagents. 4=6 are colourless crystalline com-
pounds which are soluble wuhﬁut decomposition only
in THF or benzene, Their 'H-NMR spectra in the 5-7
ppm region are quite characteristic. The symmetrical
compounds 8 und 6 exhibit two narrow multiplets as
expected for un AAMM' spin system, while in the
unsymmetrical compound 4 all protons on each Cp'
ligand are nonequivalent giving rise to four well-sep-
arated multiplet signals (Table 1). This feature turns out
1o aid greatly in the identification of unknown products.

Tuble 1

LiMe AlMe,
Cp'ZrMe; =  Cp'pZrCl, e Cp',Zr{ClIMe
3 1 2
1MR LiPh
Cp'ZR, Cp'2ZriMe)Ph
5,6 4

MR | LICiH.CH;  CIMCH,SiMe,

Scheme 1,

Organozirconium complexes of this type are ex-
tremely moisture sensitive. When 3 is taken up in a
solvent which has not been rigorously purified, it is
immediately transformed into the binuclear oxo-bridged
compiex 7 which was isolated as an off-white micro-
crystalline powder. The analogous compound
[(Cp,ZrMe),( u-0)] is well-known and has been char-
acterized by X-ray crystallography [19). This high reac-
tivity towards protic reagents can be exploited for the
synthesis of substitution products as shown in Scheme
2.

Thiols rapidly cleave off both methyl groups. the
strongly m-donnting alkoxide substituent, however,
seems (o stabilize the unsymmetrical exchange product
against further nucleophilic attack. This, of course, aids
also in the selective exchange of one chloride ligand as
shown by the synthesis of 10, while with thiolate as a
nucleophile only complete substitution is  observed
(Scheme 2). The spectroscopic properties of complexes
7-10 are similur (o those ol the diorgano-zirconocenes,
Occasionally some of the 'H(Cp')-resonances coincide,
e.g., for 8¢ (anly one broad signal obser\md) or 9b (two
broad signals in 6:2 intensity ratio), The "' P-resonances

NMR spectroscopic duta of mononuclear zirconium complexes Cpl,ZiRR’ (4-10) *

No R R "H-NMR(C,D,) Cp’ kR YPLNMR (CD,)
4 Me Ph 577598614 6.27 0.4 - 189
8§ (C,H,CH,), 8§95 6.44 236{CH,) ~18.3
6 (CH,SiMe,). 5976 0.33 (CH . ) 0.05 (Me) -179
7 Me ce O 377590 6.04 6.27 040 - 189
Ba (5Me), 587 5.98 2.66 {SMe) -197
1Y (SPh), 0.02 6.26 ~18.1
8e (SCH,C, H,CD, 590 412(8CH,) - 198
% Me OCH,CF, 5.83 592 .96 6.00 0.43 (Me) 388 (OCH ) * - 198
% Me OrBu 599 6,34 0.32 (M) 101 (r-Bu) ~193
1) Ol Or-Bu 6.156.27 1.09 (+-Bu) ~18.7

Aw! signals in the 6.5-8.0 ppm region are uncharacteristic and have been omitted.

® KF-H) =9 He,
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KOt-Bu
Cp2Zr(Cl)Me  =rmocmwmwmnll-  Cp’Z01{Me)(OR)
2 R]CH.CF; t-Bu
HOCH,CF l @a 9%
_ H0
CppZriVie; ——ememceps  [(Cp pZrMe),{n-O))
3 7
RSH
Cp'2Zr(SR);
NaSR
/ R|Me Ph CHGGHCI
Cp'2ZrCl,
1 % lsa b ac
Cp';ZnCINOt-Bu)
10

Scheme 2.

of all compounds appear in the expected range at —17
to -20 ppm.

2.2, Bimwlear complexeys

We have shown previously that 1 und 8a can act as
either bi- or tri-dentate ligands towards carbony! com-

plexes of the chromium triad [1,12] through donation of

clectron pairs {from both phosphorus atoms as well as
the chloride or thiolate group, respectively. Similarly
the unsymmetrical methyl zirconocenes 2, 4, and Ya
react  with tricarbonyl(norbornudieng)molybdenum o
give the binuclear complexes 11-13 (Eqg. (2)).

« Cyiy

_, CHy
(:p‘,“"r\x ¢ [Mo(CONMCHp)] e

(2)
PPh,
X in . Co
. ou.Moul
H’c ': :::EE:: / | \co
th o
11-13 |11 12 13

X |Gt Ph OCHCFs

These are yellow microcrystalline compounds whose
nature is immediately apparent from their sputro'»u)pu.
data (Table 2). Of note are four differem 'H-NMR

signals of the inequivalent Cp’ protons and a downfield
resonance at ca. 30 ppm for the Mo-coordinated PPh,
groups. Upon heating in toluene 11 gives off a CO
ligand to form the purple Cl-bridged complex 14a while
12 and 13 decompose into a variety of products of
which the mononuclear molybdenum complex 15 [20]
could be identified (Eq. (3)). This fairly ready cleavage
of the Cp’ ligands from zirconium was quite unexpected
and turned out to be a recurring problem in the chem-
istry of these binuclear systems.

-CO H;C\zrm. cl- '""MO"'. cO
-1
Pns §
1113 =i 100°C e @
o
. Phy
—dg-c—-. Pu, l"'"c

P~ o
Phz ¢
0

15

A cleaner access to triply bridged complexes is pro-
vided by the reaction of the zirconocene precursors with
iricarbonyl(cycloheptatriene) complexes of  molybde-
num or tungsten (Eq. (4)),

« CyMy

el
Cn'zzr(x + MCON(CrHy)] ot

(4

x\ zr“wc| -u"Mﬂ" co

@_ /‘8 X | me me OrBu

P M|Mo W Mo
142 14b 18

14a, b, 16

For M= W the reaction is quite slow but can be
accelerated by adding a small amount of cobaltocene as
an electron transfer catalyst [21). 14a,b are deep purple
microcrystalline materials while 16 is an orange-brown
compound. Despite repeated attempts, we have been
unable 10 grow X-ray quality crystals of any of these
triply bridged complexes. In part this is due 1o the high
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sensitivity of these compounds and the limited range of
suitable solvents. Spectroscopically, these triply-bridged
binuclear complexes are similar to the dichloro deriva-
tives we have reported previously [1.12] (Table 2). A
particularly chamctenstu feature is the additional high-
field shift of the "'P resonances brought about by the
presence of a third bridge between the two metal atoms.
This is certainly a steric effect rather than an electronic

one, similar to the ‘chelate ring contribution’ to the
""P-NMR shift of regular organophosphine ligands [22].

In our previous work we have noted that halide
bridges of this type are readily opened by adding small
ligand molecules such as MeCN, P(OMe),. or CO. For
comparison, we have treated the complexes 17a,b [12]
with PMe; or +-BuNC and obtained the expected substi-
tution products 18a,b and 19a,b (Eq. (5)).In much the

Table 2
NMR specrroscapic duta of binuclear complexes [Cp', ZRRIM(COY, L} (11-27) *
Vo "H-NMR (C,D,) Cp’ RR L YP-NMR(C,D,)
i §.7R 591 6.336.58 0.34 (Me) 2
12 5.605996.32 0.05 (M¢) 09
13 §.635826.106.27 0.28 (Me) 0.2
387(OCH,) "
14a 6.05 - 6.48 6.65 6.86 0.50 (Me) 210
14b 6.16 6.31 6,64 6.83 0.70 (Me) 9.2
16 601 6.11 6,22 6.60 118 (1-Bw) 26.8
18a 6.38 6.30 0,49 0.61 (PMe ) 284 2740
18b ¢ 6,50 6.61 6.7§ 6,80 082 (PMe )’ 166 F, —g"
19a° 6.51 6,67 6,69 1.08 (r-Bu) 330
19b 6,35 6.38 6.50 6,71 0,78 (1-Bu) 6.7
20a 6, 106,90 (m) 0.23 (Mg) 0.60 (PMe )’ ot 2780
0 36 (Me) 0.70(PMe ) A -2
206 6.30-7.00 (m) 0.00 (Me) OR0 (PMe ) ¥ 150!, -d6.3"!
0.20 (M) 087 (PMe ) 153, ~4a.d"
Ha 6186186082674 ={),38 (M¢) 0.70(PMe oY 278
= {123 (M¢)
21b 606 6,10 644 6,06 = (1,42 (Me) 0758 (PMe V' O™, =dos™
= 00,21 (Me}
b3 0,06 6.2306.36 6 5% = 16 (M) 76 (1 Bu? 1.7
S0, 18 (Med
k511 6136230 3K 6,50 =012 (Me) 074 (. Bw) 49"
0.5 (Me)
23 635 0.80 0672 OROPMe ) LTI I
24 6406306 74 342 (Me) 0,77 Mg, ) M3 et
219 {M¢)
28 SA4 5406 501574 £.40 (NH) RI3{Ch rAR
26 4.9 8,19 8 46 3.30 2CH D 466 (CH L) ol
4.74 (NH) SA0(CH) ¢
by 47149336157 LieCH,) L A0(CH ) .
K63 INH) A28 (CH D

An! signals in the 6,580 ppm region are uncharactenistic and have been omitted,

"IE-H) = 9 Hy,

CHP-H) =6 e
TINP-P) = 26 Hy

. Revorded n €D.C1

THP-HY = T Hy,

CHWoP) = 234 H
" 'tham ~ 213 My,
CHWLPY - M0 Hy
PRy = 27 Wy
L IP=P) = 25 Wy,
ORPPY = 2 Hy
AW AP = 237 Hp
CUHHHY = 2 Hy
“LAWAPY - 228 Hy
HH-HY = Wy,
CUHW-PY = 226 Wy
CTHAW-PY = 22 Wy

LHP-PY = 25 My,
PP - 28 Wy
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same way the chloride bridge of 14a,b is opened in the
presence of PMe, (Eq. (6)).

ﬂ: : 27—"“PPI\2

= e e s
Png §

{5)

cc‘|>|a’ L ““M.“..co
Tl
he §
Ph, L | PMe; PMe; t-BuNC tBuNC
M Mo w Mo W
18, 19 18a 186 19a  19b

192,b + PMOy  mmmeet» (6)

o—reh, CoypPh;

|
c'b!a. MG,P-...M...-‘CO & c'::;«zr oc ““llMlC"'co

s W IR Y o W B
ph; § = e §
M] Mo W
208 20b

®

These reactions are accompanied by a conspicuous
colour change from deep purple to yellow. “'P.NMR
spectroscopy reveals that 20a,b are formed as 1:1 mix-
tures of two diastereoisomers, This indeed had to be
expected for a reaction which as a first step involves the
dissociation of the M-Cl bond followed by a rapid
rearrangement  of the  five-coordinated  intermediate
[M(CO).(PPh,R),] [23].

The zirconium-bound chloride ligands of 18ab and
19a,b can be exchanged for methyl or aryl groups by
treatment with organolithium reagents (Eq. (7). The
new compounds are yellow microcrystalline powders
which, like their mononuclear counterparts 36, are
highly sensitive towards oxyg.n, moisture, and halocar-
bon solvents. NMR spectra could therefore be recorded
only in C,D, where these compounds have limited
solubility. The most conspicuous feature is the non-

equivalence of the diastereotopic methyl groups of 2la,b
and 22a.b.

-2Licl
18a,
s by 2R ————  Rsa L"*-an-“co
a.b R . ~
/l Co
P
Ph, §

21-24

{n
R Me Me Me Me Ph Tol
MosP MeyP &BUNC +BuNC MeP MeyP
M| Mo W Mo w Mo No
2ia  21b 22a 22b 23 24

-

It was hoped that the high reactivity of the zirconium-
carbon o bonds in combination with the high electron
density at the d° metal center would give rise 10 inser-
tion reactions of the metal-coordinated carbon monox-
ide or isonitrile ligands. Even careful heating in toluene.
however, produced only an intractable mixwre of de-
composition products among which the Cp-dimer de-
rived complex 1§ could be identified in some instances.
Considerable effort was also made 1o generate a zirco-
nium cation by cleaving off a methyl group either by
oxidation or by treatment with various Branstedt acids
[24]. again without any success. Monitoring such reac-
tions by 'H and "' P-NMR indicated extensive decompo-
sition accompanied by carbonyl scrambling. This time,
the d” metal center appears 1o be the “weak spot’ of
these systens.

In still another atiempt at synthesizing  binuclear
complexes which contain reactive groups at both metal
centers, Cp',ZrMe, (3) was treated with the tristnitrile)
complexes [M(CO)(NCR),} (M = Mo, R = Me: M =
W. R = Me. Et). A steady colour change of the solution
to deep orunge indicated o fairly rapid reaction of the
two compounds. NMR monitoring, however. revealed
that the expected coupling products analogous to 22
(L = RCN instead of -BuNC) were not formed. The
signals of the Zr-hound methyl groups disappeared alto-
gether, only one nitrile molecule per Mo or W complex
was liberated. and two widely separated signals for
methy! or ethyl groups. respectively. appeared indicat-
ing that some transformation of the nitrile ligands had
oceurred, In additon. a weak signal at ca. 5 ppm hinted
at the formation of some Kind of an unsaturated system.
The remaining spectral data were clean but did not yield
any further clues regarding the nature of the new com-
pounds. All attempts at isolation proved fruitless due to
an unfortunate combination of high sensitivity and low
propensity to crystallize.
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Analogous but readily isolable products were ob-
tained from the reaction of 3 with the tris(benzonitrile)
and tris(benzylcyanide) complexes of tungsten (Eq. (8)).

-CH,

cp',zr’w’ + IWCORINCR] —
ey

(8)

‘\PPN,
X /-F"’ | _co
H b g
\N’ N'vl“CO

ALK

R| Ph CH,Ph
H R 25 26

25 and 26 are maroon microcrystalline solids which are
readlly soluble in benzene or toluene. In addition to the
'"H-NMR signals (Table 2) analogous to those mcn-
tioned above a weak broad signal was found which ¢

be assigned t0 a NH group. The ' 'C-NMR speura
exhibit two low-field signals at 162 and 184 ppm, the
latter split into a narrow triplet due to coupling to two
equivalent phosphorus nuclei. An additional signal is
found at 106 ppm. a region typical for the central
carbon atom of 1,3-diiminato complexes [25]. 1n order
to further corroborate this assignment reaction (8) was
repeated using [W(CO),(N"CCH,Ph),) (907 en-
riched), The resulting doubly labelled compound 26°
dad indeed show the expected enhancement of the two

e wignals at 1625 and 183.8 ppm, and no 'C-"'C
coupling. This allows us to clearly rule out a 1.2-diim-
ine structure which might have been formed by the
reductive coupling of two nitrile ligands [26),

The formation of 28 and 26 must at some stage
involve the insertion of the nitrile into the zirconium-
carbon bond. It has been noted earlier that neutral
complexes Cp.MR, (M =Ti, Zr) do not react with
nitriles [27), and this was corroborated also by u contro)
experiment involving 3 and benzyl cyanide. Cationic
organozirconocenes, however, do insert the C-N triple
bond, the active species being the coordinatively satu-
rated complexes [Cp,ZHRXNCMe).]* [27] which can
be obtained from Cp,ZrR, by either protonolysis or
oxidation [24] in acetonitrile solvent. One might thus
suspect that in the present case a similar intermediate is
formed in small amounts by the action of minute traces
of acid or oxidunts, However, even with pure
[Cp,Ze(MeXNCMe),]* the insertion is slow (80%
completion after 45 h at 23°C {27) such ‘hat the
presence of an analogous binuclear cation in trace quan-

tities could not account for the smooth formation of

compounds 28 und 26. We, therefore, consider a ditter-

R HT -R
C [ o]
HyC N n
| { Ny
HC~2Zr (CO)s D e s HC=Zry __WI(CO)s
A B
RCN
He
Hy 9
R\c/c C’R ch\ -R
P o8
- P b
Zry_ JWI(CO) RCN—Zr\ ,W(CO),
p g N’
D C
tautomerization
25, 26
Scheme 3.

ent course of events as outlined in Scheme 3 more
likely.

Promoted by the close proximity of the two metal
centers, the initially formed binuclear complex A under-
goes an intramolecular methyl transfer to the tungsten-
coordinated nitrile. A proton is then transferred from the
acidic a-methy] group of the imine to the basic metal-
bound methyl group. The vacunt site thus created at
zirconium is taken up by a nitrile molecule which is
then attacked by the enolate-type methylene group to
give the L 3-diiminato complex D. A sontewhat similar
mechanism has been proposed (or the addition of iwo
anisonitrite molecules to Cp; ScCH | (28] Proton migra-
tion finaily yields the end products 28 and 26, respec-
tively.

The diimine hgands in 28 and 26 are apparently quite
tightly bound. All attempts at liberation from the com-
plex or controlled hydrolysis to give a L3-diketonute
complex were unsuccessful. However, 26 cun cleanly
and reversibly be protonated using weak Bronstedi acids
(Eq. (9.

H

i H, M *
PRCHy, o€, L CH:PH PROH,  EX, o CHIP
l ﬂ [ ¢
e ‘a(_,wicm, A W oS wicon
&~
4
1 2 )

The formation of 27 is accompanied by a conspicuous
high-frequency shm ol the #(CQ) vibrations of the
W(CO), group. The "'C signal of the enamine carbon is
shifted 26 ppm downficld 10 [88.5 ppm while that of
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the bridging imine group experiences a slight upfield
shift. The methine signal at 106.0 ppm is replaced by a
methylene signal at 57.7 ppm. The protons at this
methylene group resonate a .32 ppm while the NH
proton is shifted even further downfield to 8.63 ppm.
Taken together this is convincing evidence that protona-
tion takes place at the central carbon atom of the
1,3-diiminato ligand.

3. Conclusions

Established synthetic methods provide a variety of
PPh,-substituted zirconocene derivatives which are suit-
able building blocks for the construction of binuclear
metal complexes. The presence of a late transition metal
in the system does in general not interfere with the
usual nucleophitic substitution reactions at zirconium.
Ligand addition to the late transition metal is particu-
larly facile for bimetallic complexes which contain a
chioride bridge that can be opened under mild condi-
tions. However, true examples of a cooperative action
of both metal centers in ligand-based reactions are still
rare. More work is obviously required in order o
establish a generalized concept of bimetallic activation,

4. Experimental section

Al manipulations were carried out in Schlenk-type
plassware under an atmosphere of purified nitrogen or
argon. Solvents were dried and distilled under nitrogen
prior to use. NMR solvents were degassed and stored
under nitrogen over molecular sieves, NMR: Bruker AC
200, Bruker AMX 4(.)() chemical shifts are u,:|]mncd in
ppm vs. TMS ('H, "'C) and 85% H,PO, (VP IR:
Bruker IFS 25, Perkin-Elmer 283,

The following starting materials were prepured by
published procedures: Cp', ZrCl, (1) [16], Cp',ZrMe, (3)
(171 [Mo(CO), (norbornadiene)] [29], [M(CO) (cyclo-
heptatriene)] (M = Mo, W) [30,31), [ClZr( p-
CH, PPh,),( u-COM(CO), ] (M = Mo (17a), W (17b))
[12] [M(CO),(NCR) ] (M=Mo, R=Me: M=W, R
= Me. Et, Ph) [31.32), PhCH}'CN [33] All other
reagents were used as obtained wmmercmlly

4.1. CpLZrCDMe (2)

To a soluon of Cp,ZrCl, (1) (173 g, 2.61 mmol} in
toluene (50 ml) is added at = 70°C o solution of AlMe,
in toluene (3.0 ml, 6.0 mmol). After 10 min the mixture
is allowed 1o warm up to room temp. and stirred for 24
h. Then [Ph,PICI (1.03 g, 2.75 mmol) is adde’ the
mixture is stirred again for a few minutes and' fihered.
The filtrate is concentrated to o few milliliters and the
product precipitated by addition of pentane. Yield 1.14

g (68%), slightly yellow crystalline powder. The spec-
troscopic properties agree with the data given in the
literature {17,

4.2. Cp,ZriMe)Ph (4)

To a solution of Cp,Z(CDMe (2) (0.21 g, 0.33
mmol) in THF (5 ml) is added a solution of PhLi in
ether (0.52 mol /1, 0.33 mmol). After | h the solvent is
removed under vacuum and the residue extracted with
benzene. After partial evaporation of the solvent the
product is precipitated by adding pentane. Yield 0.17 g
(76%), yellow crystalline powder, dec. 110°C. Due to
the high air sensitivity of this material satisfactory
elemental analyses could not be obtained.

4.3. CpLZHC H,CH,), (5)

To a solution of Cp,ZrCl, (1) (0.63 g, 0.96 mmol) in
benzene (15 ml) is added a solution of para-tolyllithium
in ether (2.0 mmol) and allowed to react for 20 min at
20°C. The solution is then filtered and concentrated, and
the product is precipitated by adding pentane. Yield
0.52 g (70%), yellow crystalline powder, m.p. 75°C.
Due to the high air sensitivity of this material satisfac-
tory elemental analyses could not be obtained.

4.4, CphZACH, SiMe ), (6)

A solution of Cp,ZrCl, (1) (098 g, 1.48 mmol) i
benzene (25 mb) is  treated  with an excess of
Me ,SiCH, MgCl (4.0 mmol) in ether at 20°C. After 15
h the mixwre is taken to dryness and the residue
extracted with pentane. The solution is filtered and
concentrated, and the product is allowed 1o crystaflize at
= 70°C. Yield 0.61 g (54%), yellow crystalline powder,
dec. 85°C. Anal. found: C, 67.18. H. 6.56.
C ) Hoy P, S, Zr (764.20) cale.: C. 66.01 H, 6.60.

4.5 (LCps ZrMe)y( u-0)] (7)

CpiZrMe, (3) (0.50 g. 0.81 mmol) is dissolved in
untreated THE (15 m1) and allowed to stand for 30 min.
The solution is concentrated and filtered, and the prad-
uct precipitated by adding pentune. Yield 0.30 g (60%),
off-white powder, m.p. 140°C (dec.). Anal. found: C,
67.57. H. 4.83, C ,,H,,OP, Zr, (1225.60) calc.: C. 68.6().
H. 5.10.

4.6. CpsZrisMe), (8a), Cp',Zr(SPh), (8b)

To a solution of Cp,ZrCl, (1) (0.56 g, 0.85 mmol) in
THF (15 ml) is added a slight excess (1.85 mmol) of the
respective sodium thiolate, The mixture is stirred for 3
h, evaporated, and extracted with benzene. After filtru-
tion the product is crystallized by adding pentane.
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8a: Yield 0.37 g (64%). orange crystalline powder,
mp. 110°C (dec.). Anal. found: C, 63.62; H, 55I.
C, H,P,S, Zr (683.96) calc.: C, 63.22; H, 5.01.

8b: Yicld 0.57 g (83%), orange crystalline powder,
m.p. 97°C (dec.). Anal. found: C, 66.73; H. 4.57.
C H . P.S,Zr (808.11) calc.: C, 68.37; H, 4.74.

4.7, CpyZHSCH,C, H,Cl, (8¢)

To a soluiion of Cp’ZrMe, (3) (0.26 g. 0.42 mmol)
in ether (S ml) is added para-chlorobenzyl thiol (0.16 g,
1.01 mmol). After 2 d the solution is concentrated and
the product precipitated by addition of pentane. Yield
0.29 g (81%), orange crystalline powder. m.p. 121°C.
Anal. found: C, 64.64; H, 4.57. CH,CL,P,S,Zr
(905.05) cale.: C, 63.70: H, 4.46.

4.8, Cp\ZHMe)OCH,CF, (9a)

To a solution of Cp,ZrMe, (3) (0.11 g. 0. 18 mmol)
in THF (5 ml) a stoichiometric amount of 2,2.2-trifluo-
roethanol (13 ul.) is added. Further workup as de-
scribed above for 8¢ gave 9a as a beige microcrysialline
powder. Yield 0.07 g (62%). dec. 96°C. Anal. found: C,
63.89; H, 4.62. C,,;H,,F,OP,Zr (703.83) calc.: C,
63.14. H, 4.73.

3.9. Cp',ZriMe)O(1-Bu) (9B)

To a solution of CpiZdCMe (2) (041 g, 0.64
mmol) in THF (10 m) an excess of KO#-Bu (015 g,
1.33 rmol) is added. After stiing (o1 one hour the
sofvent is removed und the tesidue extracied twice with
10 ml of benzene. The filtered extract is concentrated
end the product precipitated with pentane, Yield 0.3 g
(785%), yellow crystalline powder, dec. 112°C. Anul.
ound: C, 68.68. H, 3.75. C,H ,,OP,Zr (677.92) calv.:
C. 69.10; H, 595,

4.10. Cp\ZNCHN-Bir) (10)

A solution of Cp\7rC1, (1) (0,42 g, 0.64 mmol) in
THE (10 mb) is treated as described above for 9b. Yield
0.32 g (78%). yellow crystalline powder, dec. 112°C.
Anal. found: C, 6545 H, 586. C,H,,CIOP,Zr
(698.33) culc.: €. 65.36; H. §.34,

4. 1CPAZAMNXIMACO), |, X = €1 (11, Ph (12),
OCH,CF, (13)

The mononuctear zirconium complex Cp,ZrMe)X
(045 mmol) is wken up in 10 ml of either
dichloromethane (X = Cl, OCH,CF,) or benzene (X =
Ph). After adding {Mo(CO) (norboradiene)] (0.15 g.
0.50 mmol) the mixture is stired for 30 min. The
volume of the solution is then reduced to a few miililiters

and the product precipitated by adding pentane. The
solid is filtered off, washed repeatedly with pentane.
and dried.

11: Yield 0.34 g (88%). yellow crystals, m.p. 128°C
(dec.). IR (NujoD): 2014(m), 192Ks), 1604(vs), 1883(s)
cm™!' (CO). Anal. found: C, 55.09; H. 3.94.
C.,H,,CIMoO, P, Zr (848.23) calc.: C. 55.22; H, 3.68.

12: Yield 0.32 g (79%), yellow crystals, m.p. 113°C.
Anal. found: C. 60.62; H, 4.36. C,.H,,MoO,P,Zr
(889.89) calc.: C, 60.74; H, 4.08.

13: Yield 0.31 g (76%), yellow crystalline powder,
m.p. 97°C. IR {Nujol): 2017(m), 1927(s). 1898(vs) cm ™'
(CO). Anal. found: C, 54.30; H, 23.85.
C, H . F,MoOP, Zr (911.81) cale.: C, 54.01; H, 3.65.

412, 1CPLZr XN u-COMICO), I, X = Me. M = Mo
(14a). M = W (14b), X = Oir-Bu). M = W (16)

The mononuclear zirconium complex Cp’,Zr(X)Cl
(0.59 mmol) is taken up in benzene (10 ml). After
addition of [M(CO)(cycloheptatriene)] (0.59 mmol) and
a trace of cobaltocene for M = W the mixture is stirred
for 45 min and worked up as described above for
11-13.

Ha: Yield 0.37 g (76%), purple crystalline powder,
m.p. 142°C (dec.). IR (Nujol): 1940(s). 1855(s), 1822(s)
em ' (CO). Anal. found: C, 5550 H. 4.06.
C wH,,/CIMoO, P, Zr (820.22) cule.: C, 55,65, H, 381,

14b: Yield 0.39 g (73%), purple crystals, m.p. 127°C,
IR (Nujol): 1938(s), 1834(s), I827(s) cm ' (CO). Anal.
tound: C, 50.70; H, 4.03. C ,H,,CIO,P,WZr (908.13)
cale: €, 50.26. H, 344

16 Yield 0.33 g (64%), orunge=brown crystadline
powder, m.p. 127°C. IR (Nujol): 1930(s),  184R(s),
1807(s) cm ' (CO). Anal. found: C. 56,03, H. 4.6,
C, H,,CIMoO,P.Zr (R78.30) cule.: €. §6.07; H, 4,25,

A3 ACP, 2rCLMICON LI L. = PMe,. M = Mo (18a),
W (18b). 1. = t-BuNC, M = Mo (19a). W (19b)

To a solution of the binuclear complex 17ab (0.80
mmol) in dichloromethune (10 ml) is added a slieght
excess (0.90 mmol) of rimethylphosphine or tert.-butyl
isonitrile. After the mixture has been stirved for 30 min
it is worked up as described above for 11-13.

18a: Yield 0.61 g (83%), yellow crystals, mp. 150°C
tdec.). IR (CH,CL ) 1943(s), 1853(s), 1838(s) cm ™!
{CO). Anal. found: C. 52.75. H, 4.26.
CaoH 0L M0, P Zr (916.72) cale: C. 52415 H, 4.07.

18b: Yield 0.61 g (76%), yellow crystals, m.p. 210°C
(dec.). IR {(CH,CI,): 1940(s), 1845(s). 1825(s) em '
(CO). Anal. found: C. 47.37; H, 419,
C . H:CLO PWZr (1004.63) cale.: C, 47.82: H 3.71.

19a: Yield 0.58 g (79%). yellow crysialline powder,
dec. 165°C. IR (Nujol): 20119%(s) cm ' (CN): 1936(s).
1858(s). 1840(s) em ™' (CO). Anal. found: C. 54.19; H.
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405: N, 141. C,,H,,C1,MoNO,P,Zr (923.77) calc.:
C. 5461 H, 4.04: N, 1.52,

19b: Yield 0.43 g (53%), yellow crystalline powder.
m.p. 160°C (dec.). IR (CH,CL.): 2115(s) cm ™' (CN):
1939(s). 1857(s). 1847(s) cm ™' (CO). Anal. found: C.
50.23:H 3.71: N.0.97. C,, H,,Cl.NO,P,WZr (101 1.69)
calc.: C, 49.86; H. 3.69; N 1.38.

4.14. [Cp'.ZriMe)CIMICO),{ PMe ;)]. M = Mo (20a). W
(208)

A solution of the binuclear complex i4a,b (0.50
mmol) in benzene (10 ml) is treated with a slight excess
(0.60 mmol) of trimethylphosphine for 1 h. Workup as
described above for 11-13. 20a: Yield 0.34 g (76%),
yellow crystalline powder, m.p. 158°C (dec.). IR (Nujol):
1935(s). 1850(s). 1827(s) cm™' (CO). Anal. found: C,
55.20: H. 4.61. C, H ,,CIMoO,P,Zr (896.30) calc.: C,
54.94; H. 4.50.

20b: Yield 0.33 g (68%), yellow crystals, m.p. 153°C.
IR (Nujol): 1930(s). 1840(s), 1823(s) em ' (CO). Anal.
found: C. 49.49; H. 4.22. C,,H,,CIO,P.WZr (984.21)
cale.: C. 50.04; H 4.10.

415, [Cp\ZrMe, MICO)(PMe ). M = Mo (21a). W
(21b)

To a suspension of the binuclear complex 18a,b
(0.80 mmol) in beazene (20 mb) an exactly stoichiomet-
vic amount of methylithivm in ether s added. The
mixture is stirred for 30 min e room temperature and
then taken to dryness. The residue is extracted with
thice 10 ml portions of benzene, the combined extraces
are evaporated and the product precipitated by adding
pentane. 2040 Yield 044 p (62%), yellow crystallive
powder, m.p. 160°C (dee). IR (CHLCIL): 1938(s),
1840(s), 1825(s) em ' (CO). Anal. found: C, 56.94; H,
458 C L H,  MoO P Zr (875.89) eale: €. 57.59: H,
4.95,

21b: Yield 0.55 g (71%), yellow crystalline powder,
m.p. 205°C (dee). IR (Nujol): 1935(s), 1838(s), i82((s)
em™! (CO). Anal. found: C. §2.50; H. 4.40.
C . H,:0,P,WZr (963.79) cale.: C, 52.34: H 4.50.

416, [Cp\ ZrMe , MICO),CN(1-Bu)|, M = Mo (22a), W
(22b)

A suspension of the binuclear complex 19a,b (0.80
mmol) in benzene (20 ml) is weated with methyllithium
and worked up as described above.

22a: Yield 0.57 g (81%). yellow crystalline powder,
m.p. 180°C (dec). IR (Nujol): 2123(s) em ' (CN):
1934(s). 1849(x), 1840(+) em ™' (CO). Anal. found: C,
56.19. H, 4.88: N, 1.52. C,;H,;MoNO,P,Zr (882.94)
calc.: C. §9.80; H. 491 N, 1.59.

22b: Yield 0.52 g (67%). yellow crystalline powder,

m.p. 200°C (dec.). IR (Nujol): 2118(s) cm ™! (CN);
1938(s), 1850(s). 1840(s) cm ™! (CO). Anal. found: C.
34.50: H. 4510 N, 1.38. C,,H,,NO,P,WZr (970.85)
calc.: C. 54.44; H. 4.46: N 1.4

4.17. (CpLZrR, Mo{CO) (PMe,)]. R = Ph (23}, p
C,H,CH, (24)

A suspension of the binuclear complex 18a,b (0.80
minol) in benzene (20 ml) is treated with the respective
aryllithium reagent and worked up as described above.

23: Yield 0.46 g (58%), yellow crystalline powder,
m.p. 130°C (dec.). IR (THF): 1942(s), 1851(s), 1839(s)
em”! (CO). Anal. found: C, 62.29; H, 5.15.
Csa H;zMoO, P, Zr (1000.03) cale.: C, 62.46; H, 4.74.

24: Yield 0.58 g (71%). yellow crystalline powder.
m.p. 110°C. IR (THF): 1941(s). 1852(s). 1838(s) cm '
(CO). Anal. found: C, 63.45; H, 5.28. C,,H;,MoQO P, Zr
(1028.08) cale.: €. 63.09; H 5.00.

418, [Cp, 2 u-HN-C(R)= CH-C(R)= NIWI(CO), ],
R = Ph (25), CH, Ph (26)

A solution of [W(CO),(NCEV),] (1.00 g, 2.31 mmol)
and either benzonitrile (4.00 g, 38.8 mmol) or benzyl-
cyanide (4.00 g, 32.4 mmol) in THF (20 ml) is refluxed
for 3 h. The solution is then concentrated, ether is
added. and the resulting yellow crystalline powder is
filtered off, washed repeatedly with ether, and dried.
The product is sufficiently pure (by IR) for the next
step. CphZrMe, (3) (059 g 096 mmol) and
(W(CO)(NCR),] (1.05 mmol) are suspended in ben-
rene and stired for 18 h oat room temperature. The
mixture is then filtered. the solution concentrated. and
the product precipitated by adding pentane.

28: Yield 0.77 g (749%), maroon crystalline powder,
m.p. H6C. IR (CH,CL,): 1928(s), 1860(s), 182((s)
em” ! (COY. MC-NMR (THF /acetone-d,, ) (selected sig-
nals): & 105.7 (s, CH), 161.0 (s, HNCPh), 183.7 (1,
"JP-C) = 2 Hz, N=CPh). Anal. found: C, §7.18: H.
3.71. N, 2.79. Cq, H,,N,O,P,WZy (1077.92) calc.: C.
57.94; H. 3.74. N, 2.60.

26: Yield 0.75 g (719%). maroon crystalline powder.
m.p. 98°C (dec.). IR (Nujol): 1928(s), 186((s). 1820(s)
em ' (CO). "C-NMR (THF /acetone-d,, ) (selected sig-
nals): § 457 (s, CH,Ph), 569 (s, CH,Ph). 106.0 (s,
CH). 162.5 (s, HNCCH, Ph). 183.8 (1, J(P-C) = 2 Hz,
N=CCH,Ph). Anal. found. C. §9.90: H. 4.36: N, 2.42.
CoH N0, P.WZr (1105.98) cale.: C. 58.64; H. 4.01;
N 2.53.

409, [Cp Zru-HN-C " (CH,Ph)= CH~
CH(CH. Phi=NIWICO), ] (267

The isotopically labeled compound was obtained in
the same way on an appropriately reduced (0.41) mmol)
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scale. The "C-NMR spectrum showed a drastic en-
hancement of the signals at 162.5 and 183.8 ppm.

4.20. [Cp,Zr(uw-HN = C(CH,Ph)-CH ,-
C(CH, Ph)= NIW(CO), |BPh, (27)

A solution of 26 (0.50 g 045 mmol) and
[PhMe, NH]BPh, (0.19 g, 0.43 mmol) in THF (10 ml)
was stitred overnight. The mixture was then filtered,
partly evaporated, and the product precipitated by adding
benzene. Yield 0.56 g (92%), red crystalline powder,
m.p. 106°C (dec.). IR (Nujol): 1960(s), 1896(s), 1860(s)
em™! (CO). *C-NMR (CD,Cl,) (selected signals): &
46.5 (s. CH,Ph), 470 (s, “CH, ,Ph), 57.7 (s, CH,).
188.5 (s, HNCCH,Ph), 183.1 (1, J(P-C)=3 Hz.
N=CCH,Ph). Anal. found: C, 63.99: H, 5.34; N, 1.64.
CsHys BN, O, P,WZr (1426.22) cale.: C, 65.69: H, 4.59;
N 1.96.
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