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Summary 

A systematic study of reaction of organic halides with MoHzCp,, (Cp = 
q5-C5H5) was performed and the results were compared with those of WH2Cpz, 
MoH,(dppe), (dppe = 1,2-bis(diphenylphosphino)ethane), and FeHl(dppe),. 
Among many organic halides, PhCH-CBr,--CH2 was reduced stereoselectively 
by MoH&p, to the monobromo stage. The reaction mechanism was studied 
with optically active PhCH(C1)C02Et and also with addition of some radical 
reagents to reveal a radical-chain mechanism. Selective reduction of ar-dicar- 
bony1 compounds to the 4ietol was effected by MoH,Cp,. A similar radical 
mechanism is proposed for this novel reaction_ 

Reductive dehalogenation of organic halides by metal hydrides, e.g., LiAlH+ 
NaBH,, NaBH,(CN), or LiCu(R)H, has been studied extensively in efforts to 
achieve regio- and stereo-selectivity [ 11 _ Recently, some new metal hydrides, 
LiBH(Et),, or 9-borabicyclo[3,3,1] nonanatelithium, have achieved some of the 
desired selectivity [ 2]_ The dehalogenation reactions of transition metal hydrides 
and their mechanisms, however, have been neither fully elucidated nor exten- 
sively explored. Recent advances in the chemistry of thermally stable transition 
metal polyhydrides led us to examine their application in the dehalogenation of 
organic halides. We have studied the reactions of MH2(q-C5H5)7 (M = MO, W, 
$-C5H, = Cp), FeH,jdppe), or MH,(dppe), (M = MO, W; dppe = 1,2-bis(di- 
phenylphosphino)ethane) with various organic halides. Since reactions of 
WH&p? with some organic polyhalides have already been reported by Green 
and Knowles [ 31, we directed our attention particularly to the scope, selectiv- 
ity and mechanisms. 

From the mechanistic point of view, the reaction of organic halides with 
labile, low-valent transition metal complexes, e.g., Pt(PPh3)1, often is compli- 
cated by the presence of highly reactive species formed by dissociation of the 
ligands. A conspicuous feature of the coordinatively saturated hydrides used in 
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the present study is the fact that they do not dissociate during the reaction- 
Therefore, the mechanism should be simplified for analysis of the reaction path. 

In the course of the preserrt study, selective reduction of one of the carbonyl 
groups of a-diketones was found to be effected by MoHzCp,. The mechanism 
&Id stereochemistry of these reductions of alkyl halides or a&ketones with 
transition metal poiyhydrides were studied to examine the possible radical 
character of the reactive intermediates involved. 

Results and discussion 

Trends in the reactivity of nlhyl halides toward MoH,Cp, 
Generally, the reactivity of alkyi halides toward MoH&p, is in a relative order 

similar to that observed toward SnH&. Thus, Me1 or Et1 reacted even at room 
temperature, bl:f- even reactive alkyl chlorides (ally& benzyl) were inert. The rela- 
tive reactivity order for the variation of halogen in RX-is I > Br > Cl > F, and of 
the alkyl group is CH2Ar > CH2-CH=CH2 > CH,-CO,R > CH, (Table 1). Alkenyl 
or aryl halides are much less reactive. Thus, ClCH=CHCl or PhCH=CHBr reacted 
only slowly at 60°C. Iodobenzene did not react even at 100°C. Polyhalogenated 
compounds are reduced in a stepwise fashion. 

PhCHCl? room PhCHZCl 80°C - PhCH3 

CCL, --1oo CHC13 3ooc_, CH2C12 

The corresponding reactions of WHzCpz, in general, were slower than those of 
MoH,Cp2. A competition reaction of CHJ for an equimolar mixture of MoH&p, 
and WHzCpl gave only MoI,Cpl. Coordinately saturated polyhydrides, MoH,- 
(dppe),, WH,(tippe), and FeH2(dppe),, are generally unreactive to the usual 
alkyl halides when the reactions are attempted in the dark. 

Perfluoro compounds, e.g., perfluoroheptane-1 or perfluorobutene-2, react 

TABLE 1 

REACTIVITY OF ORGANIC HALIDES OF DIFFERING STRUCTURES TOWARD MoHZCp2 

Reaction at room temperature a No reaction (or only slight reaction) 

inlh in 1 day in 1 day 

CF3I 
CHjI 
CHzIZ 
CHzBr2 
MeO,CCH$ 
NCCHzBr 
BrCFzCF2Br 
M~OZCCHZB~ 
CHCI3 
(CHBrCO~Me)~ 

C,H$ 
n-C3H7I 
i-C3HTI 
CH?=CH-CH2Br 
BrCH2CH2Br 
PhCH,Br 
CH$J.l:! 
CH3O$CH$l 
NCCH$I 
PhCHCl, 
Ph3CCI 

Phi 
EtBr 
n-BuBr 
CICHICH$l 
n-BuCl 
CHC1=CC12 
PhCHKI 
Ph&w(Br)C02Et 

a Reactions run at room temperature (-20°C) &I benzene or as the neat liquid with saturated solutions 
of MOHICPZ. The halogen is replaced with H in the reactions with monohalo compounds. Vicinal dibro- 
mides are debrominated to the corresponding okfins. Geminal polyhalides are reduced stepese (see text). 
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very slowly with MoH,Cpz upon heating to 60-80°C. The deep brown product 
which was formed was not fully characterized, but preliminary data (IR and 
‘H and “F NMR) indicate it to be MoFzCpz. 

The course of the reaction of MoH&p, with an excess of ally1 bromide was 
followed by ‘H NMR at 36°C in (CD,),CO. The rate, as determined by the 
decrease of the concentrations of the reactants, was first-order in each reactant. 
During the kinetic runs, two sharp singlets at 6 5.03 and 5.60 ppm appeared and 
increased until ca. 50% reaction and then decreased. The peak at 6 5.60 ppm 
was found to be due to the dissolved MoBrtCp,_ The observed decrease of the 
peak is due to the precipitation of this final product. The peak at 6 5.03 ppm 
decreased at a faster rate prior to the decrease of the peak at 6 5.60 ppm and 
probably was due to the intermediate species, MoHBrCp,. In support of this, 
a new hydrido proton signal appeared at 6 -9.3 ppm (at lower field from the 
hydrido NMR peak of MoH,Cp,) and decreased synchronously with the peak at 
6 5.03 ppm. 

The reaction of MoHZCpl with benzyl bromide Z&O was examined by ‘H NMR 
and the appearance of the same two peaks, 6 5.03 and 5.60 ppm, was observed. 
Continuous NMR observation of these reactions did not give any evidence for a 
CIDNP effect. 

Stereochemistry 
Among organic halides with activating cr-substituents, an optically active 

secondary alkyl chloride PhCH(C1)C02Me( [a]n (neat) + 58.4” ), was examined 
in its reaction with MoDzCp2 at room temperature. The organic product, 
PhCHDCO,Et, which was isolated and examined (IR and NMR), was not opti- 
cally a.ctive. For further confirmation, it was converted to the corresponding 
alcohol by reaction with LiA1H4 in ether and the alcohol also was examined for 
optical activity: [a]‘,” - 0”. (Optically pure PhCHDCH?OH has [(Y]E -t 1.51” 
(neat) [4]). a-Bromo-d-camphor reacted with MoH,Cp, in perdeuteriotoluene 
for 18 h at 20°C to give camphor and MoBr,Cp, in good yields. No deuterium 
was incorporated from the solvent into the camphor. The reactivity toward 
MoH,Cp, was as expected for an cr-bromoketone (see Table 1). Since the bro- 
mine substituent is situated on the chiral carbon atom in or-bromocamphor, the 
stereochemistry of the debromination was examined with MoD&p,. The deute- 
rated camphor obtained in the reaction was investigated by ‘H NMR to reveal 
mostly retention of the stereochemistry at the e-carbon. The extent of deuteria- 
tion was found to be about 70% by NMR and by the mass spectrum. The’-hy- 

MoQzCP~ 

drogen incorporated into the camphor seems to be derived from the hydrogen 
on the Cp ring of MoD,Cpz. 

Since MoH?Cp, reduces gem-dibromo compounds to the corresponding mono- 
bromo stage, the stereochemistry of this reaction was investigated with two 



186 

cyclopropyl compounds. Thus, 9,9-dibromo-bicyclo[6_1_0]nonane was reduced 
selectively to the cis-monobromo compound and l,l-dibromo-Z-phenylcyclo- 
propane to cis-1-bromo-2-phenylcyclopropane. The same type of debromination 
is known to occur with tin hydrides .[5a] _ In their reactions the stereoselectivity 
depended on the steric crowding at the metal. The observed high selectivity in 
the present reactions indicates severe steric crowding at the molybdenum site.. 

@ 

5r H 
MoH,cp, 

Ph Ph er 

MO H2Cp2 
- 

MoDICp, as a reagent for deuteration 
The behavior of MoHzCp, is different from that of typical hydride reagents, 

e.g. LiA1H4, in its reaction with c-haloketones. LiA1H4 reduces the carbonyl 
group of the haloketone but MoH&p, replaces halide with hydrogen. This reac- 

I-iAl H4 
XC HZCOR - XCH2CH-R 

I 

S CH.,--R 
MOHKPZ 

0 

tion can be utilized to introduce one D atom into the a-methyl or a-methylene 
group of ketones. One interesting use of MoDzCpz thus is as a reagent for the 
introduction of a deuterium atom into a specific position of an organic mole- 
cule_ Reaction of MoD,Cp, with cY-bromocamphor gave ar-endo-d,-camphor_ (~,a- 
Dichlorotoluene gave a-chlorokd-toluene. The deuteriation reagent, MOD&~,, 
can be prepared simply by dissolution of MoH,Cp, in a mixture of D,O/CH,CN 
at room temperature, followed by evaporation of the solution_ The deuterium 
content can be improved by repetition of this procedure_ WD&p, can be ob- 

MoHzCp, 
DzO in CH;CN 

t MOD&~, 

tamed similarly from WH,Cp,. 

Selective reduction of cu-dicarbonyl compounds 
Benzil and phenylglyoxylate were slowly reduced by MoH,Cp, in toluene 
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to give benzoin(a!-ketoalcohol) and ethyl mandelate, respectively. The reaction 
of benzil gave a deep brown complex, MoCp,(PhCO -‘COPh), in which the dike- 
tone coordinates as a diphenylethylenediolato ligand, Ph-C(O-)= C(O-)Ph. The 

stereochemistry and regioselectivity of this reduction was investigated in the 
reduction of camphorquinone. The reaction occurred at 80°C in 2 h to give 01- 
hydroxycamphor in which one isomer predominated (see below). By contrast, 
similar reduction of camphorquinone with Zn/AcOH gave almost equal amounts 
of the isomeric a-hydroxycamphors [6]. Tk reaction of these or-dicarbonyl 
compounds with WH$p, did not proceed even when they were heated at 80°C. 

0 OH 

o! - hydroxycamphor Cl- hydroxyepicamphor 

MoH$D, 
g II 

Zn/AcOH 
I II 

Reaction of MoH&p, with alkyl halides in the presence of free radical or radical- 
trapping reagen ts 

The mechanism of oxidative addition of alkyl halides to low-valent transition 
metal complexes has been investigated by several groups and a radical chain or 
non-chain mechanism have been proposed [ 7]_ The present reaction is consider- 
ed to be similar to the oxidative addition in that the initial interaction involves 
interaction of a low-valent metal complex with a reactive alkyl halide. 

Small amounts of various free radical reagents, e.g., galvinoxyl, 1,3,5-tri- 
phenylverdazyl, N,N-diphenylpicrylhydrazyl and radical trapping reagents, e.g., 
duroquinone, were found to inhibit the reaction of MoH,Cpz with a-bromo- 
camphor at 20°C for several hours. On heating at 80”C, the reaction proceeded 
slowly. The reaction of 9,9-dibromobicylo[6,l,Q]nonane with MoH&Yp, was 
aiso strongly hindered by duroquinone for neariy one day. The inhibition 
strongly suggests that these reactions foljow a radical chain pathway. No radical 
polymerization of methyl acrylate was observed with the system WHICp,/GC14 
at 20°C. Thermally induced radical polymerization (at 120°C) of methyl acryl- 

ate is inhibited mth MoH,Cp, [ 81. 
The stoichiometric reaction of MoHzCpz with di-t-butylnitroxide in toluene 

gave a deep green, air-sensitive solution. Addition of PhCH(Cl)C02Et to the 
green solution yielded a brown precipitate of MoCl&p,. The solution species 
which resulted in the stoichiometric reaction of MoH&p, with t-Bu,NO- showed 
no definite ESR signals. The accelerating effect of a small amount of t-Bu,NO’ 
in the reduction of PhCH(C1)C02Et by MoH&p, was demonstrated in a separate 
experiment in toluene. The dark brown precipitate of MoCl&p, was formed in 
10 mm in the accelerated reaction_ Without t-Bu,NO' , the same reaction gave 
the precipitate in 1 h and was complete only after standing overnight. 



Reaction mechanism 
(a) Reaction of alkyl halides with MH,Cp2_ The results described above are 

now combined for consideration of the reaction mechanism. A radical chain 
mechanism (eq. 1-4) is implied by (a) the presence of an induction period for 
relatively unreactive alkyl halides, (b) the stereochemical result (racemization 
at the chiml a-carbon), and (c) the inhibition of the reaction by suitable radical- 
trapping reagents. The relative reactivity trend with variation of the structure of 
alkyl halides also can be interpreted in terms of the ease in halogen atom abstrac- 
tion to give the corresponding alkyl radicals_ 

R’ + MH2Cp2 + R-H + -MHCp, (1) 

R’ + MHXCpz + R-H + ‘MXCp2 (2) 

‘MHCp, + R-X + MHXCp2 + R’ (3) 

‘MXCp2 + R-X + MX2Cp, + R’ (4) 

A similar mechanism has been proposed for reaction of tin or germanium hy- 
drides [ll] _ The abstraction of halogen probably is a relatively slow process. 
The rate law observed in reaction of ally1 bromide with MoH,Cp, lends support 
to this inference. 

(b) Reactiorz of a-dicarbonyl compounds with MoHzCp,. The radical character 
of this reaction is shown hy the strong inhibition observed on addition of duro- 
quinone. The radical species probably is generated by charge transfer from 
MoHzCp, to the dicarbonyl compounds_ One electron reduction of a-dicarbonyl 
compounds to radical L: -ions is well known [13]. By contrast, one electron 
oxidation of MoH,Cp2- destroys its stable electronic configuration and would 
result in hitherto uncharacterized unstable cationic species [MoH,Cp,] +_ This 
reactive hydride would then react with the dicarbonyl radical anion as shown 
below to form the hydrogenated product. 

\ / 
MoHzCP, + 

OH=-=x0 

- [MoHac~z]+ [O+<O] T 

MoH,Cp, 

The regioselectivity observed in reduction of camphorquinone indicates prefer- 
ential attack at the less-hindered side of the quinone by the hydridomolybdenum 
species. This type of selection could never be achieved with conventionai reducing 
agents such as Zn/AcOH. 

The lability at the metal-hydrogen bonds seems to be an important factor in 
this reaction since the isostructural tungsten hydride, WH,Cp2, did not reduce 01- 
dicarbonyl compounds, even at higher temperature. 
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(c) Reaction of MoH,(dppe), with alkyl halides. The polyhydrides of general 
formula, MH,(dppe), (M = Fe, n = 2; M = MO or W, z = 4) react only slowly with 

CC4 in the dark. On exposure to sunlight, the reaction readily proceeded to 
give the cqrresponding dichloro complexes, MClz(dppe)z (M = Fe, MO, W). Thkse 
coordipatively saturated polyhydrides are generally less reactive to alkyl halides 
as co-&pared with MH2Cp2 type hydrides. They also are inert to a-dicarbonyl 
compounds such as benzil at ambient temperature. The inertness can be corre- 
lated with the inability of these polyhydrides to form charge transfer complexes 
with weak electron acceptors such as fumaronitrile or maleic anhydride [ 121. 

Experimental 

Materials and apparatus. MH,Cp, (M = MO, W) [ 141, FeHz(dppe)? [15], 
MH,(dppe), (M = MO, W) [ 161, (+)-PhCHClCO,Et [ 171, and (t-Bu)?NO [ 181 
were prepared by methods in the literature_ The other organic halides were 
commercial products. All the reactions of the air-sensitive metal hydrides were 
carried out under nitrogen. 

Reaction of transition metal polyhydrides with organic halides 
The reactions of MoH?Cp, or WH2Cpz were examined using their saturated 

toluene solutions (usually 50 mg in 2 ml)_ The organic halides were added in 
large excess to the solution at room temperature and the resulting color change 
was monitored. Occurrence of the reaction was evidenced by a change of the 
yellow color to brown. When the formation of MXzCpz exceeds ca. 3 mg, a 
brown precipitate of MX2Cp2 is formed. Since the halides, MX7Cp,, are almost 
insoluble in usual organic solvents, the amount of the precipitate readily mdi- 
cates extent of the reaction_ 

The solution was examined by ‘H NMR spectroscopy to determine the struc- 
ture and the yields of the dehalogenated organic proclucts. In the case of mono- 
or gem-halo compounds, the halogen atom is replaced with hydrogen in almost 
quantitative yield. A vie-dibromo compound, (CHBrC0,CH3)z, gave dimethyl 
fumarate. Since the hydride was not available in large quantities, the isolation 
of the dehalogenated organic products by distillation was not practical. 

Stereochemistry of dehalogenation of optically active PhCHCICOzEt by 
MoD,Cp2 

l$loD,Cpz (100 mg, isotopic purity 95%, 4 mmolj and optically active 
PhCH(C1)C02Et (180 mg, 0.9 mmol, an + 58.4”) were dissolved in 3 ml of 
deaerated benzene. No apparent change occurred. On standing, the mixture be- 
came deep brown in 1 h and after 1 night, a deep brown precipitate and a 
brownish, clear solution resulted_ For completion of the reaction the mixture 
was allowed to stand for a further night and finally warmed to 70°C for 1 h. 
A pale brown, clear solution with a deep brown, crystalline precipitate resulted. 
The clear supematant liquid, after exposure to air, was separated and its rota- 
tion was measured to find, [oI]~ 0” - t0.2” ([C,H,] 5). When consideration of 
a small amount of the unreacted optically active chloride was made, the rota- 
tion of PhCHDCO?Et is practically nil. For confirmation of the stereochemical 
result, the crude ester was reduced by excess LiAlH4 in ether to the correspond- 
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of the solve&, colorless crystals were sublimed at 8O”C/6 mmHg. The ‘H NMR 
spectrum (CDCL,) indicated the presence of a-hydroxycamphor by the doublet 
signal (J = 5 Hz) at 6 4.22 ppm together with or-hydroxyisocamphor in about 
l/l0 amount (identified by a singlet at 6 3.78 ppm, see text for structure). For 
the purposes of comparison, similar reduction of camphorquinone was perform- 
ed with Zn/AcOH and the product was isolated by sublimation in vacua. The ‘H 
NMR spectrum of the sublimate showed the presence of a l/l mixture of a-hy- 
droxycamphor and or-hydroxyisocamphor. 

The molybdenum-containing reaction product obtained as the sublimation 
residue was a deep brown, air-sensitive solid which was soluble in DMSO. It 
showed one sharp NMR signal for the Cp protons in DMSO-d6 to indicate the 
absence of chiral camphorquinone molecule coordinated to the metal. 

Effect of duroquinone in the reactions of MoH2Cp, 
(a) With ethyl iodide. The reaction in the presence of duroquinone was 

examined in benzene at 20°C. No sign of reaction between ethyl iodide and 
MoH?Cp, was detected even after 5 h. After overnight standing, the clear solu- 
tion turned to pale green. Then it was heated at 80°C to force the reaction to 
occur, a brown solution with some brown precipitates resulted_ 

(b) With ethyl ar-chlorophenylacetate. A yellow sclution of duroquinone and 
MoHzCpz in benzene was mixed with ethyl a-chlorophenylacetate at 20°C. 
Instantly, the solution became green, colorless crystals formed from the green 
solution in 1 h. Even after 1 night, no brown precipitate of MoC1,Cpz formed. 
The colorless precipitate was isolated by decantation and was found to be duro- 
hydroquinone by IR. 

(c) With benzzl The reaction between benzil and MoH,Cp, was esamined in 
the presence of duroquinone. Even after 3 h at 20°C, no change in co?or from 
the initial yellow was observed_ The solution became deep brown on o;rernight 
standing_ For completion of the reaction, it was heated at reflux to give MoCp,- 
(PhCOCOPh). 

(d) With camphorquinone. A yellow reaction mixture containing camphor- 
quinone, MoH&pz, and duroquinone in benzene changed to a brown solution 
containing some colorless crystals of durohydroquinone in 1 h at 20°C. The 
amount of the crystals slowly increased during 4 h. In the absence of camphor- 
quinone, no such precipitation of crystalline durohydroquinone (reduction of 
duroquinone) occurred. 

Kir,etics of the reaction of MoH,C’p2 with allyl bromide 

A saturated acetone-d6 solution (7 ml) of MoH?Cp, (20 mg) was placed in an 
NMR tube under nitrogen and mixed with an excess of ally1 bromide (45-72 
mg). The reaction was monitored by the rate of decrease of the ‘H NMR peaks 
due to MoH?Cp, and ally1 bromide and also by the increase of the peaks due to 
propene and MoBr,Cp,. The peaks ascribable to unisolable “MoHBrCpz” were 
observed at 5.03 and -9.3 ppm ITMS) during the kinetic runs. The reaction 
took about 1 day for completion at 36°C. The reaction with benzyl bromide 
went about 5-times faster and was inconvenient for the measurement_ No induc- 
tion period was observed in these reactions. The observed second order rate 
constant, as measured by the decrease in the concentration of MoHICp,, was 
-8 X lo-’ mol-’ 1-l min-’ _ 
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