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Summary 

Reactions of some [M(q5-C5H5)2L2]ni complexes (M = MO, W; L = ligand; 
n = 0, 1,2) with NaBH, and LiAlH, are reported. New neutral and cationic 
hydride derivatives of the type [M($-C,H,),HL]“’ (m = 0,l) are described, 
in particular the six halohydride complexes [M(~J’-C~H~)~HX]. The deuteration 
studies were carried out, but the results do not lead to definite conclusions 
about the mechanism_ 

Introduction 

As Green has pointed out [ 11, the vast majority of the reactions undergone 
by molybdenum and tungsten complexes of the type [M(T~-C~H~)~L~]~+ do 
not involve the M(q5-CsHs)2 moiety, and this fragment is remarkably stable. 
However, it has been shown that, in the case of nucleophilic attack of hydride 
ion on [Mo($CSHS)z(dppe)]*+ , the reaction center is one of the $-C5H5 rings 
[Z]. Similarly, (C6Fs)-adds to one of the rings of [M(Q~-C,H,)~C~~] (M = MO, W) 
to give CM(175-C~H5)(C5~C6H~)H(CsH5)1 C31 , and the reaction of [W(q5-C5H5)2- 
Cl,] with LiAlDb leads to a partially ringdeuterated product [4] _ Furthermore, 
reaction of [Mo($-CsHs)&l(Et)] with trialkylphosphines gives [Mo($-CsHs)- 
(e&o-q4-C&Et)C1(PR3)] involving metal-to-ring migration of the ethyl group 
[5]_ Another example of this type of reaction has been reported for [V($- 
C,H, Whl l3 l- 

These redts suggest that a closer look at reactions in which the cyclopenta- 
dienyl rings may be involved will be &&ful, and we describe below some studies 
of the nucleophihc substitution reactions of hydride with some M’V(q5-C5H5)2 
(M = MO, W) derivatives. 

0022-328X/82/000~000/$02,75 0 1982 Elsevier Sequoia S.A. 
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Chemical studies 

Reaction of [M(v~-C,H,)~X~] (I): M = MO, W; X = Cl, Br, I) with a ligand L, in 
the presence of 1 or 2 molar equivalents of TI[ PF6 ] : in refluxing acetone, aceto- 
nitrile, or dimethyl sulfoxide is a well established method [7] for the prepara- 
tion of cationic complexes of the type [M($-CSH5),XL]* and [M($-CSH,),L2]2+. 
The new complexes: [Mo($-C5H5)zBr(PMezPh)] [PF,] (II), [Mo(~~-C,H,),C~- 
(NH,)] [PFJ (III) and [Mo($‘-C5H,)zBr(NH3) ] [PFs] (IV), as well as the known 
complex tMo(~5-C~W2(NH~M CPF& WI PI, were prepared in this way. The 
new complex [Mo($-C,H,),(SCH,CH,SMe)] [PF,] (VI) was prepared by 
methylation of [Mo($-C&H~)~ {S,(CH& ] with MeI, as was described for the 
tungsten analogue [9]. Relevant data for the characterization of these com- 
plexes, and all ozher new complexes prepared in the course of this work are 
presented in Table 1. 

Treatment of tetrahydrofuran (THF) suspensions of III, IV, V and of com- 
plex [Mo($-C,H,),(acac)]+ (VII) [lo] with NaBH, at room temperature gave 
the dihyclride [Mo($-C~H,)~H~] in quantitative yield. On the other hand, under 
the same conditions, monocations II and VI yielded the mono-hydrido com- 
plexes [Mo($-C5H,)2H(PMe2Ph] [PF,] (VIII) and [Mo($-C5H,)2H(SCH2CH2SMe)] 
(IX), respectively. 

Treatment of the dibalide complexes I, suspended in THF containing about 
3% (v/v) of water, with N&H, at -50°C gave brown solutions after 4 h reac- 
tion. Work-up of these solutions conveniently affords two complexes in varying 
relative yield: the dihydride [M($-C5H5)2H2] and the corresponding halohydride 
-[M($-C5H5)$IX J . Under comparable reaction conditions the molybdenum 
dihalides give a greater proportion of dihydride than do their tungsten analoges. 
Use of longer reaction times, higher temperatures, or LiAl& as reductant 
yields only the dihydride in both the molybdenum and tungsten series. 

By careful control of the reaction conditions and work-up, we were able to 
isolate the complete set of six halohydride complexes [M(Q*-C~H~),HX] (M = 
MO, W; X = Cl, Br, I); only two of these (M = MO, X = I; M = W, X = Cl) were 
.previously known, and had been prepared by different routes [ 11,,12]_ A note- 
worthy observation is that in these halohydride complexes the ‘H NMR chemical 
shift of the hydride shows a regular dependence on the electronegativity of X, 
whereas no trend is observable for the cyclopentadienyl proton resonance. 

The related his-thiolato complexes [W(~;I’-C,H,),(SR),] [13] do not react 
with NaBH, under these conditions, but they do react with LiAIHa, giving the 
mono-thiolato complexes [W($GH,),H(SR)] (R = Me, Ph). 

Labelling experiments 

In order to probe the possible involvement of the cyclopentadienyl ring in 
the reactions described above, several of them were repeated using NaBD, or 
LiAlD4 in rigorously dried solvents; these reactions are summarised in Table 2. 

Since our main interest was in determining the presence or absence of C-D 
bonds in the $-C5H5 rings, several of the resulting hydride (deuteride) species 
were not isolated as such but instead were treated with halocarbons which intro- 
duce halide in place of a hydride ligand. The resulting halides are more stable 
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and easier to purify. By “d” dihydride” in Table 2, we mean a species whose 
properties (color, air stability, ease of sublimation, and solubility) are identical 
with those of [M($-C,H,),H,] except for the IR spectrum, where both C-H 
and C-D as well as M-D and M-H stretching bands are present; thus, n is the 
total number of D atoms in “d” dihydride” (not determined) irrespective of 
the actual position of deuterium (at the ring and/or at the metal) in the com- 
plex. 

2+ 

+H-ID-1 1 - 
H(D) 

I 

+ 

H 
. . . . - 

I 

H(D) 

d”lM +C5H5)2 H2’ 

l+ 

-L 

_l 

1 2 
L=S ;X=S in L=PMe2Ph;X=Br 

SCHEME 1 
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Discussion 

The products obtained from the reaction of [MCplLz]“**+ derivatives with 
NaBHa or LiAlH, are either [MCp,H,] or [MCp2HLIo*‘*. Although these results 
are in contrast to the behaviour of the dication [MoCp,dppe]*+ where H- 
attacks at the exe-face of one of the $-CsHs rings to give the cyclopentadiene 
complex [Mo($-CSHS)(q4-C,Hg)dppe]+ [23 we believe that an analogous mecha- 
nism operates i.e. an initial attack of H- (D-) at a $X&H, ring is followed by 
migration of endo-H in an intermediate Q~-C~H~-Q~-C~H~D complex to give the 
final product, as shown in Scheme 1. 

Such a mechanism is in agreement with some recent generalizations about 
the regioselectivity of nucleophilic additions to organometallic cations contain- 
ing unsaturated hydrocarbons. The difference in the products obtained may 
be ascribed to thermodynamic rather than kinetic control in the case of cations 
II-VI. A similar endo migration, but of ethyl rather than hydride, was observed 
by Benfield and Green [5] (Scheme 2). 

For neutral complexes the data available do not allow a definitive mechanistic 
assignment. The possibility of direct attack on the metal followed by D-/H- 
migration to the ring is excluded since the results of 1abelIing experiments D8, 
([Mo(+C,H&HJ + D,O/THF) and D7 ([Mo(+-CSHS),H2] + NaBD,), show 
that no intra- or intermolecular metal-to-ring H/D exchange takes place in 
[Mo($-C,-H,),H,D,-i], since only partial deuteration at the metal was observed 
in both experiments_ Experiment D7 is co-n&tent with a report by Cooper and 
Green that no ring deuteration occurs in the reaction of [W(q5-C,H,),H,] with 
LiAlD4 [4]. 

The possibility that ring deuteration occurs by means of intramolecular H/D 
exchange in species such as [M($-C,H,),(BD,)]+ 1151 cannot be entirely ruled 
out by our results, but no evidence for such an intermediate was detected and 
the covalency of MO-H and W-H bonds certainly argues against the stability of 
such species [ 16,17]_ Finally-either a mechanism analogous to that proposed 
for the cationic complexes or an intermolecular mechanism are not excluded 
by the data now available. A more detailed analysis by mass spectrometry of 
the products from deuteration studies is now under way. 

Experimental 

All preparations were carried out under dry N,. Solvents were dried and 
distilled over sodium benzophenone ketyl imme&ately before use. Tetrahydro- 
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furan (THF) and 1,2_dimethoxyethane (DME) used in the labelling experiments 
were dried in the same way, then refluxed over LiAlHa and finally distilled 
under vacuum directly into the reaction vessel. The IR spectra were determined 
on a Perkin-Elmer 457 spectrophotometer as KBr pellets and the ‘H NMR 
spectra recorded on a JEOL JNM-lOO-PFT spectrometer. Microanalyses were 
performed in our laboratory, or by A.G. and G.F. Olney, Ditchling, Hassocks, 
England. 

The parent dihydrides [M($C5HS)2H2 J (M = MO, W) were prepared by the 
procedure used by Green and Knowles [lS]. The dihalide derivatives [M(q’- 
C,H,),X,] (M = MO, W; X = halide) were prepared as described by Cooper and 
Green [4]. 

Preparation of [Mo($-C,H&Br(PMe,Ph)J[PF6 f _ A suspension of [Mo($- 
CSH5)2Br2] (0.45 g; 1.04 mmol) and Tl [PF,] (0.37 g; 1.06 mol) in acetone 
(30 cm3) was treated with excess (0.2 cm”) PMe,Ph and heated at reflux for 2 h. 
After filtration to separate TlBr, the purple solution was taken to dryness in 
vacuum and the residue washed with E&O (5 X 5 cm3)_ A first recrystallization 
from acetone/toluene, followed by a recrystallization from acetone/Et,0 gave 
purple crystals (85%) of [Mo($-C5H,),Br(PMezPh)] [PF,]. 

Preparation of [Mo($-C,H,),X(N,Y;)] [PF, J and [Mo(~~-C~H~)~(NH~)J [PF, J2 
(X = Cl, Br). A solution of [Mo($-C~H~)~C&] (1.0 g; 3.4 mmol) and T1[PF6] (1.2 
g; 3.4 mmol) in DMSO (30 cm3) was treated with gaseous NH, for 15 minutes. 
The purple mixture was evaporated at reduced pressure (-95°C) and the result- 
ing oil washed with toluene (5 X 10 cm3), Et,0 (5 X 10 cm3) and CH2C12 (3 X 5 
cm.‘) and then dried in vacuum. Extraction with acetone gave a greenish solu- 
tion which was taken to dryness in vacuum. Extraction of this residue with 
MeOH followed by concentration gave dark green crystals of [Mo(~~-C~H~)~C~- 
(NH,)] [PF,]; yield ca. 40%. Starting with CMo($-C,H,),Br,] and using MeCN 
as solvent, [Mo(7;IS-C5H5)2Br(NH3)] [PF,] was obtained in 70% yield. When the 
reaction was carried out under similar conditions but with a l/2 (Mo/Tl) molar 
ratio the compound [Mo($-C~H~)~(NH~)~] [PFs12 was isolated in 60% yield. 

Preparation of [Mo($-C5H&SCH&H2SCH3)] 1. CH31 (2 cm3) was added 
to a saturated solution of [Mo($-C,H,),(SCH,CH,S)] (0.55 g; 1.7 mmol) in 
CH&&. After 30 minutes orange crystals separated and were filtered off, 
washed with Et20 (2 X 5 cm3) and dried. Yield of [Mo($-&H~)~(SCH~CH~- 
SCH,)]I, 95%_ 

Reactions of [Mo($-C,H,),( acacll[BF,l, [Mo(?‘-C,H~)~X(NH~)~[PF,l (X = 
Cl, Br) and [Mo($-C,Hs),(NH3)J[PF612 with NaBH4_ Essentially the same 
procedure was employed for all these reactions: a suspension of 0.5 mmol of the 
cation in THF was treated with excess NaBH, (2 mmol) at room temperature 
with stirring until all the complex dissolved. The mixture was taken to dryness 
and extracted with dry toluene. Upon concentration and cooling of the extract, 
crystals of [Mo($-C,H&H,] were obtained in essentially quantitative yield. 

Reaction of [Mo(_rl’-C5H,),(SCH&H,)l I with NaBW,. A suspension of 
[Mo(Q~-C&H&(SCH~CH~~CH,)I I in dry THF (30 cm3) was treated with excess 
NaBHa at room temperature. No reaction was apparent after 1.5 h, but one 
started upon addition of 5 drops of water. After 2 h the orange solution was 
taken to dryness. The toluene extract of the residue was concentrated and 
cooled to - - 2O”C, yielding [Mo($-&H~)~(SCH~CH~SCH~)(H)] as orange 
crystals (80%). 



Reaction of [Mo($-CSH&Br(PMe2Ph)][PF,] with NaBH,. solution of 
[Mo($-C,H,),Br(PMe,Ph)][PF,] 

[Mo($-CSH,)2H(PMe2Ph)] [PF,] from the ‘H NMR spectrum 
in M2CO-&, (which was identical to that observed for [Mo($-&H,),H(PMe,Ph)] 
I [19]) and by isolation of [Mo($-CSH,),Br(PMezPh)][PF,] when CHBr3 was 
added to an acetone solution of the yellow residue. 

Reaction of [M($-CSH,)2X2] with NaBHa (M = MO, W; X = Cl, Br, I, SR); 
The following procedure is a typical preparation and was used with minor 
variations for the entire series. A suspension of 1 mmol of [M(Q~-C&H~)~X~] in 
THF (30 cm3) and 1 cm3 of water, was treated with a large excess of NaBHa 
(6 mmol) at 50°C. After 4 h, or when no more dihalide remained in suspension, 
the solvent was evaporated and the residue extracted with warm toluene. Upon 
concentration of the brown solutions, crystals of the halohydrides [M(+Z,H,),- 
HX] separated_ (Alternatively, 1,2dimethoxyethane can be used as solvent; in 
this case added water is not required in order to initiate reaction_) For reactions 
with M = MO some [Mo($-C5H,)zH,] is always formed. In these cases the tolu- 
ene extract was chromatographed on an alumina column prepared in light 
petroleum, elution with toluene afforded the dihydride and a elution with 
CH&lJacetone (l/l) gave the halohydride. The eluates, in all cases, were recrys- 
tallized from toluene, When reactions were allowed to continue for more than 
16 h, [M($-CSH,)2H2] was formed in almost quantitative yield from all the 
dihalide complexes. In rigorously dry THF these reactions are very slow. 

No reaction of [Mo($-C~H~)~(S~H,CH~S)] or [W($-C,H,),(SR),] (R = Me, 
Ph) with NaBH, was observed under these conditions. 

Reactions of [W(r$-C,H&SR),] (R = Me, Ph) with LiAIH,. A suspension of 
0.5 mmol of [W($-CSHs)2(SPh),] in dry THF (20 cm3) was treated at room 
temperature with LiAlH, (1 mmol) until all the starting complex dissolved 
(30 min). The mixture was then evaporated at a temperature below 25”C, and 
cold ethanol was added until no further reaction was observed. The mixture 
was then taken to dryness and the residue extracted with toluene. Upon evapo- 
ration and addition of pentane to the extract, yellow-orange crystals of [W(q’- 
C,H,),H(SPh)] separated in 60% yield. 

_ A similar procedure was followed for the preparation of [W($-C,H,),H(SMe)] 
from [W($-CsH,)z(SMe),], but 1,2climethoxyethane was used as solvent, since 
reaction in ‘THF was very slow. The yield was 40%. 

Labelling experiments (Table 2) 
Some typical experiments, chosen to illustrate the isolation methods, are 

described. 
Isolation method (a). A suspension of [Mo(~~-C~H~)~H~] in rigorously dried 

THF was treated with a two-fold excess of LiAlD.+ at 50°C until the solution 
turned light yellow. The solvent was evaporated under vacuum and the residue 
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extracted with dry toluene. The yellow solution was pumped to dryness and 
the residue sublimed on to a cold finger inserted into the reaction vessel. 

Isolation method (b). [Mo($-CSHS)2(SPh)2] was treated with LiAlD4 as 
described above for the dihydride. The yellow solution obtained was taken 
to dryness, the residue was extracted with dry toluene, and 5 cm3 of CC4 was 
added to the extract. Green crystals quickly precipitated, and were washed 
with dry toluene and with dry diethyl ether, and then dried under vacuum. 

&sol&ion method (c)_ The reaction of [W(Q~-C&H~)~C!~~] with a five-fold 
excess of NaBD4 in refluxing THF took place very slowly. After two days, with 
unchanged dichloride still present, the solvent was evaporated. The residue 
was extracted with dry toluene and the brown solution concentrated under 
vacuum until deep red crystals separated. These were filtered off, washed with 
dry diethyl ether and dried under vacuum. 

Isolation method (d). The reaction of [Mo(Q~-C~H,)J,] with NaBD, was 
performed as in the examples above but in refluxing 1,2_dimethoxyethane for 
2-5 h_ After evaporation of the solvent the residue was extracted with dry 
toluene. Upon concentration, green crystals of d” [Mo(rl’-C,HS),HI] separated, 
and these were washed with pentane. The mother liquor was filtered, taken 
to dryness, and “d”[Mo(T-C5H5),H,]” recovered by sublimation as in (a). 

Isokation method (e). A solution of freshly sublimed [Mo($-C~H,)~H~] 
(150 mg) in a mixture of dry THF (15 cm”) and 1 cm3 of D20 was heated at 
reflux for 2 h and then taken to dryness. The same -treatment was repeated 
twice more, and the resulting residue, [Mo(~-C,H,),H,D,_,] was thoroughly 
dried under vacuum. 

Isolation method (f). A solution of [Mo(q5-C,H,),Br(PMe,Ph)] [PF,] (200 
mg) in Me&O-d6 (10 cm3) was treated with a two-fold excess of NaBD4. When 
the solution became yellow, the solvent was evaporated and the residue extracted 
with CH,Cl,. CHBr, (2 cm3) was added to the yellow extract, causing a rapid 
color change to deep purple. The purple product was recrystallized from 
CH,C1JEt20 to give needles of dR [Mo($-C,H,),Br(PMe2Ph)] [PF,] _ 
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