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62% ( 2 )  

Electron-releasing substituents appear to retard the rate 
of alkylation, as evidenced by the diminished reactivity 
of di-p-tolyl sulfone. The sensitivity of the reaction to the 
nature of substituents is also reflected in the ratio of al- 
kylation products realized with the unsymmetrical diary1 
sulfone, phenyl p-tolyl sulfone (eq 3). 

A - 

8% 66% ( 3 )  

Alkyl aryl sulfones react more sluggishly, giving lower 
yields of the desired products (eq 4). 

3 8 1  

The reaction appears to be general and applicable to 
other less hindered trialkylborohydrides bearing primary 
alkyl substituents (n-butyl and isobutyl). Even more im- 
portant, the alkylation proceeds without detectable rear- 
rangement of the carbon skeleton of the alkyl group, a 
valuable characteristic. The highly hindered reagent, 
lithium tri-sec-butylborohydride (L-Selectridee), failed to 
give any significant amount of sec-butylbenzene (eq 5). 

(o)-so2-@) .p I -  B U G  29% 

L I -SeC-Bu3EH. 

r e f l u x ,  24 h s e c - B u a < I %  

The reaction appears to involve the following stages, 
consistent with the above experimental observations (eq 

Further, it is possible that the diethylborane (3) thus 
formed hydroborates the intermediates 1 or 2, thereby 
lowering the yield of the final product, ethylbenzene. 
Consequently, trapping the diethylborane produced should 
enhance the yield of ethylbenzene. Indeed, when the re- 
action of diphenyl sulfone with lithium triethylborohydride 
was carried out in the presence of excess l-octene, the yield 
of ethylbenzene was increased to 92%; oxidation (NaOH- 
H202) of the reaction mixture revealed the presence of an 
equivalent amount of l-octanol(>99% isomeric purity). 
Further evidence for the intermediacy of diethylborane was 
obtained by the conversion of the diethyl alkylborane 

6-8). 
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produced to the corresponding tertiary alcohol by the 
DCME reaction13 (eq 9). 

I 
OH (9)  

In conclusion, the reaction of aryl sulfones with unhin- 
dered lithium trialkylborohydride provides the first ex- 
ample of trialkylborohydride mediated carbon-carbon 
bond formation in aromatic systems. The alkylation 
proceeds regiospecifically without any rearrangement of 
the alkyl group. 

Registry No. Diphenyl sulfone, 127-63-9; lithium triethyl- 
borohydride, 22560-16-3; ethylbenzene, 100-41-4; lithium ben- 
zenesulfinate, 16883-74-2; di-p-tolyl sulfone, 599-66-6; p-ethyl- 
toluene, 622-96-8; phenyl p-tolyl sulfone, 640-57-3; methyl phenyl 
sulfone, 3112-85-4; lithium tributylborohydride, 67335-72-2; 
lithium triieobutylborohydride, 63717-73-7; butylbenmne, 104-51-8; 
isobutylbenzene, 538-93-2. 

(13) Brown, H. C.; Carleon, B. A. J .  Org. Chem. 1973,38,2422-2424. 
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Summary: Some cyclopentadienyl complexes of palla- 
dium and platinum, when treated with tertiary phosphines, 
are shown to promote and undergo H-D exchange reac- 
tions with a range of deuterated solvents. Two or more 
routes are involved in the exchange process, one of 
which depends on base catalysis via zerovalent metal 
complexes generated during the course of the reactions. 

1983 American Chemical Society 



Communications Organometallics, Vol. 2, No. 6, 1983 781 

When the reactions were performed in CDC1, solution, 
the 'H NMR spectra exhibited a sharp singlet at 6 7.25 due 
to CHCl,, as well as the resonances associated with [Pd- 
(v5-C5H5)(C6H4N=NC6H5)(PR3)] (11). The concentration 
of CHC1, increased over several hours, whereas the signals 
due to the cyclopentadienyl groups diminished. The ef- 
ficiency with which the tertiary phosphines produced 
CHC13 decreased in the same order as their ability to form 
11, namely, P-n-Bu, > PMe2Ph > PMePh, > PPh,. This 
parallels the order of decreasing nucle~philicity.~ That 
the H-D exchange process involves the C5H5 ring protons 
was shown by the reaction of [Pd(v5-C5D5)(C6H4N= 
Nc6H&]'' with P-n-By in CHCl3 This resulted in a signal 
at 6 5.90, which may be asaigned to the protonated complex 
I. 

Reactions of I with PMePh, in a range of deuterated 
solvents gave the following order for the extent of proton 
incorporation into the solvent, as measured by 'H NMR 
spectroscopy: CD,CN = (CD,),CO > CDC1, > CD2C12 >> 
C6D5CD3 = 0. In addition, any moisture present in the 
solvents became involved in the exchange reactions. 
Moreover, addition of 2 drops of D20 to a NMR tube 
containing an acetone-d6 solution of I greatly enhanced the 
rate and degree of H-D exchange on P-n-Bus addition. On 
the other hand, reaction of I with P-n-Bu, in rigorously 
dried CDCl, resulted in no H-D exchange. It may be noted 
that the solvent sequence above approximately follows 
their pK, values" and also reflects their diminishing 
propensity to absorb moisture. We believe both to be 
critical factors. 

In a number of experiments, production of protonated 
solvents continued after the cyclopentadienyl resonances 
had disappeared or reached a steady intensity. This in- 
dicates that a t  least two independent processes are in- 
volved, not all of which involve analogues of compounds 
I or 11. 

One process undoubtedly utilizes zerovalent palladium 
complexes, generated in the course of reaction 1. In sup- 
port of this, we have found [Pd(P-n-Bu,),] or [Pd- 
(PMePh2)4], prepared from [Pd2(~-C1)z(?13-C3H5)2] and 
PR3: to be active catalysts in a number of H-D exchange 
reactions involving organic compounds and DzO. Such 
complexes are expected to react with water to produce 
hydridopalladium species and hydroxide ions,', which in- 
itiate base-catalyzed exchange reactions. Base catalysis 
as a H-D exchange mechanism is well-known,13 and it 
explains the observed dependence on solvent acidity. 
Related exchange reactions between ketones and DzO, 
catalyzed by platinum(0) complexes, have been rep01ted.l~ 
The reversible formation of 11, and its analogues, ensures 
that [PdL,] is formed even when only 1 equiv of tertiary 
phosphine is added to I. 

A number of possibilities exist for the alternative pro- 
cess(es) involving the cyclopentadienyl protons. Elimi- 
nation of the C6H5- anion from I1 upon further attack of 
P-n-Bu3 could initiate the base-catalyzed H-D exchange 
sequence, and, indeed, the elimination may be reversible. 
Such an elimination has not been previously proposed, but 

(9) Tolman, C. A. Chem. Reu. 1977, 77, 313. 
(10) Anderson, G. K.; Cross, R. J.; Phillips, I. G. J. Chem. SOC., Chem. 

Commun. 1978, 709. 
(11) Cram, D. J. "Organic Chemistry"; Blomquist, A. T., Ed.: Academic 

Press: New York, 1965; Vol. 4. 
(12) These probably exist as ion pairs, since conductance measure- 

menta have indicated that free ions are not involved in the case of pal- 
ladiiim 14 

Reactions of cyclopentadienyl complexes of palladium 
and platinum with tertiary phosphines or other neutral 
ligands commonly proceed by a v5 - 9' rearrangement of 
the cyclopentadienyl group in the absence of a suitable 
leaving group.'-3 We have found that in certain deuter- 
ated solvents reaction to give zerovalent compounds can 
occur instead, accompanied by extensive isotopic exchange 
between the hydrogen atoms of the cyclopentadienyl ring 
and the solvent. 

Our initial studies concerned [ P x  
(v5-C5H5) (C6H4N=NC6H4)] (I)! Treatment of 1 in tolu- 
ene-d8 with 1 mol equiv of P-n-Bu3 resulted in an 80% 
reduction in intensity of the cyclopentadienyl resonance 
at 6 5.65 and the appearance of a doublet at 6 5.80 (J(P,H) 
= 1.5 Hz). This doublet gradually diminished to zero 
intensity over 24 h, while the original singlet regained ca. 
75% of ita former intensity. Successive applications of 
P-n-Bu3 to a total of 4 or more mol equiv resulted in the 
final disappearance of the cyclopentadienyl resonances 
from the 'H NMR spectra. These observations may be 
explained in terms of eq 1, coordination of P-n-Bu, being 

I 
D.4 

I 

I P - n - 0 ~  
Pd-P-n-Bu3 - - CPd(P-n-Bu3141 (1) 

/ 

I1 

reversible due to the ability of the nitrogen atom to 
reattack the metal center: and the liberated P-n-Bu, is 
ultimately consumed in forming [pd(P-n-B~,)~]. 

The tertiary phosphines PMe2Ph, PMePh,, and PPh3 
had similar effects on I, although the cyclopentadienyl 
resonances were broad, indicating that phoephine exchange 
occurs a t  a rate comparable with the NMR time scale.5 
Addition of 4 mol equiv of PMePh, to I allowed isolation 
of [Pd(PMePh,),] as yellow crystals (Calcd: C, 68.90, H, 
5.78. Found: C, 68.91, H, 5.62.) Similar eliminations of 
organic groups from Pd(I1) or Pt(I1) complexes by tertiary 
phosphines to generate zerovalent species are well docu- 
mented.6v7 Unless the reactions are performed under 
anaerobic conditions, the tertiary phosphine is steadily 
oxidized, catalyzed by [Pd(PR3)4].B 

(1) Cross, R. J.; Wardle, R. J. Chem. SOC. A 1971, 2000. 
(2) Tune, D. J.; Werner, H. H e l a  Chim. Acta 1976,58, 2240. 
(3) Goel. A. B.: Goel, S.: Van Der Veer, D.; Clark, H. C. Znorg. Chim. 

Acta 1981,53, L117. 
(4) Cope, A. C.; Siekman, R. W. J. Am. Chem. SOC. 1966, 87, 3272. 
(5) Cross. R. J.: Tennent, N.  H. J. Chem. Soc., Dalton Tram.  1974, 

1444: 
(6) Kuran, W.; Musco, A. Znorg. Chim. Acto 1975,12, 187. 
(7) Mukhedkar, A. J.; Green, M.; Stone, F. G. A. J.  Chem. SOC. A 1969, 

3023. Clark, H. C.; Itoh, K. Znorg. Chem. 1971,10,1707. Brateman, P. 
S.; Cross, R. J.; Young, G. B. J. Chem. SOC., Dalton Tram.  1976,1310. 

(8) Cook, C. D.; Jauhal, G. S. Znorg. Nucl. Chem. Lett. 1967, 3, 31. 
Birk, J. P.; Halpern, J.; Pickard, A. L. J. Am. Chem. SOC. 1968,90,4491. 
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(14) Ycshida, T.: Matauda, T.; Okano, T.; Kitani, T.; Otsuka, S. J. Am. 
pleton Century Crofta: New York, 1971. 

Chem. SOC. 1979, 101, 2027. 
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a similar displacement of p-diketonate anions from pal- 
ladium(I1) has been observed to cause H-D exchange with 
CDCl3l5 This route can successfully explain the formation 
of protonated cyclopentadienyl complexes from the deu- 
terated starting material, and the observed dependence on 
water concentration, since base catalysis is again involved. 

A second possibility is transfer of a hydride from the 
cyclopentadienyl ring to palladium. This could also result 
in H-D exchange, such a process perhaps being facilitated 
by phosphine migration to the ring.16 Formation of a 
hydridopalladium species by this route should be reversible 
and could cause complete deuteration of the cyclo- 
pentadienyl ring. Alternatively, protonation of the cy- 
clopentadienyl ring and elimination of cyclopentadiene 
could in principle occur, although this is unlikely to be 
reversible and no obvious proton source is available. 

Finally, it is possible that some (though not all) of the 
H-D exchange involving the ring protons is catalyzed by 
[PdL,]. Addition of 0.17 mol equiv of [Pd(P-n-Bu3),] to 
a solution of 1 in acetone-d6/D20 caused almost quanti- 
tative exchange within the cyclopentadienyl ring, while the 
appearance of signals a t  6 2.10 (quintet) and 3.50 (br s) 
indicated the formation of CHD2COCD3 and HOD (or 
H20), respectively. The fact that H-D exchange between 
water and the solvent has been observed to proceed in- 
dependently of any change in cyclopentadienyl proton 
intensity, however, means that such a route for exchange 
of the ring protons could not be fast compared to the other 
process(es) involving the ring. Indeed, during the deu- 
teration of I in the presence of [Pd(P-n-Bu3),] I1 was also 
observed, indicating that P-n-Bu3 dissociation occurs, 
thereby opening the way for alternative mechanisms to 
operate here also. 

Investigations of other cyclopentadienyl systems are 
being undertaken at  present. Addition of tertiary phos- 
phines to solutions of [ Ni(q5-C5H5) (C6H4N=NC6H,) J did 
not result in any isotopic exchange, but [Pd(q5- 
C5H5)(C6H5)(P-n-Bu3)] reacted with P-n-Bus in deuterio- 
chloroform to yield some protonated solvent. A series of 
complexes [Pt(q5-C5H5)R(PR1,)] also reacted with PRI3 to 
give CHCl,, the rate of H-D exchange decreasing in the 
orders PR13 = PMe2Ph > PMePh2 and R = p-Me2NC6H4 

These reactions present some interesting possibilities 
for the generation of deuterated or partially deuterated 
organic and organometallic molecules under very mild 
conditions, as well as providing an approach to the acti- 
vation of water toward synthetically useful reactions, and 
work is currently in progress in these directions. 

> p-MeOC6H4 > C6H5 > ccl=Cc12. 
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Summary: Formate (v-C,H,)Re(NO)(PPh,)pCHO) (1) de- 
carboxylates to (q-C,H,)Re(NO)(PPh3)(H) (2) without PPh, 
dissociation, with retention at rhenium, with k,lk, (1 12 
"C) = 1.55 f 0.19, AH* = 26.8 f 0.6 kcal/mol, and 
ASS = -6.3 f 1.3 eu. 

Catalyst-bound formates have been proposed as inter- 
mediates in some water gas shift  reaction^,^^^ the iridium- 
catalyzed isomerization of methyl formate to acetic acid,5 
transfer hydrogenations involving formate ion,6 metal- 
catalyzed decarboxylations of formic acid,' and C02/Hz 
reactiom8 Consequently, the chemistry of transition- 
metal formate complexes has been of intense recent in- 
teresta4l9 In this communication, we report the synthesis 
of the first optically active formate complex (q-C5H5)Re- 
(NO)(PPh,)(OCHO) (1) and mechanistic details on its 
decarboxylation to hydride (q-C5H5)Re(NO)(PPh3)(H) (2). 

Reaction of racemic (q-C5H5)Re(NO)(PPh3)(CH3)l0 (3) 
with 1.5 equiv of 88% aqueous HC02H in CH2C12 at  -24 
"C gave, after workup and CHzC12/hexane recrystalliza- 
tion, red needles of (q-C,H,)Re(NO)(PPh,)(OCHO)- 
0.75CH2C12 (1.0.75CHZClz) in 79% yield (eq 1). Subse- 
quent rapid CH2C1,/ hexane precipitation gave solvate free 
1. The presence of the formate ligand was indicated by 
a 'H NMR resonance at  6 8.06, a 13C NMR resonance at  
171.4 ppm, and IR v m  at 1616 (s) and vHXo2 at 2850 (w, 
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