
Journal of Organometallic Chemistry, 182 (1979) 299-311 
0 Elsetier SequoiaS.A.,lkmsann e- PrintedinTheNetherlands 

THE STOICHIO~fETRIC~HYDROGEhTATIOX OF 1,1-DIPHENYL- 

ETHYLENE WITH HYDRIDOCOBALT TETRACARBONYL; 

DIFFERENCES FROM THE HYDROFORMYLATION REACTION 

Jerome A. Roth" and Milton Orchin"* 

Department of Chemistry, University of Cincinnati, 

Cincinnati, Ohio 45221 

(Received July 13th, 1979) 

Summary 

The kinetics of the stoichiometric hydrogenation of 

l,l-diphenylethylene with HCo(C0)4 is cleanly second order, 

permitting a determination of the activation parameters. The 

rate is unaffected by the atmosphere over the reaction and is 

enhanced by substituting DCO(CO)~ for HCO(CO)~_ These 

results contrast sharply with those secured in the hydra: 

formylation of 1-alkenes and thus dual mechanistic pathways 

are available for the reaction of HCo(CO)4 with unsaturated 

systems. It is very possible that the stoichiometric hydro- 

genation of l,l-diphenylethylene involves a geminate free- 

radical pair but definitive proof is still lacking. 

-Introduction 

Much of our knowledge concerning the mechanism of co- 

balt-catalyzed hydroformylation of I-alkenes has been 

secured from studies on stoichiometric hydroformylations, 
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using HCc(C0)4 to furnish all the additional hydrogen re- 

quired for the aldehydes produced by the reaction. The 

mechanism of such hydroformylations is very complex, in- 

volving perhaps six or seven equilibria prior to product 

formation [1,2,3]. These stoichiometric studies have re- 

vealed that hydroformylations of I-alkenes are characterized 

by: (aj pseudo first order kinetics; (b) the formation and 

intermediacy of a-complexes and a-complexes of both alkyl- 

and acylcobalt with varying molar quantities of ligated 

CO; (c) relatively poor (35-60s) yields of isolable products; 

(d) a high degree of sensitivity to the presence of an 

atmosphere of CO; (e) deuterium isotope effects close to 

1.0 when using DCo(C0)4; and (f) the formation of only small 

quantities of saturated hydrocarbons [1,2,3]. We wish to 

report here on the stoichiometric reaction between HCo(CO), 

and l,l-diphenylethylene (Ph2C=CHZ. l), a reaction which we 

find to differ remarkably with respect to all the above 

features which characterize the hydroformylation reaction. 

Results and Discussion 

The reaction between l,l-diphenylethylene and hydrido- 

cobalt tetracarbonyl proceeds rapidly 

hydrogenation: 

PhZC=CH2 f ZHCo(CO)& Ph2CHCH3 

and exclusively by 

+ Co2(CO)g 

In all the rate studies reported here, except for those 

conducted at very low temperatures, the reaction was 

carried to completion and a quantitative yield of 

l,l-diphenylethane was obtained. The progress of the 

reaction was determined by periodic removal of aliquots, 

quenching with triphenylphosphine (4,5], and analyzing the 

aliquots by gas chromatography. The results of five typical 



CHCo(CO)& -- 

x10 
2b 

-6.55 

5.60 

12.9 

2.64 

5.58 

TABLE 1 

Rate of Hydrogenation of l,l-Diphenylethylene at O°C.a 

x10 [Ph2C=CH2] 
2 

2.83 

2.83 

2.83 

2.83 

l-42 

rate0 a 
Ph,CHCH, % c (mol l-lsec-1)x105 

100 4.47 

99.0 4.02 

100 11.3 

46.7 1.83 

100 2.36 
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ke (1 IiIOl 
-1 

set-l)x102 

.\ 2.42 

2.50 

3.1 

2.45 

2.13 

a At one atmosphere CO Zn CH2C12. 

b 
Initial concentration detenmined titrametrically. 

c Determined by glc. 

d 
Initial rate of disappearance of l,l-diphenylethene. 

e 
+ 0.15 

experiments are given in Table 1. The reaction conforms 

to the second-order rate expression: 

-d[Ph2C=CB2] 

dt = k[Ph$=c]I2] [HCo(CO)J 

From rate measurement at 23", 0", and -23OC (Table Z), 

values of AH*=17.0?0.3 kcaljmole, and 
+ 

AS =-lo z 2 eu were 

calculated. 

The stoichiometric hydroformylation of alkenes is highly 

sensitive to even very small changes in the partial pressure 

of co; there is a substantial enhancement of rate when hydro- 

formylations are conducted under nitrogen, or other inert 
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TABLE 2 

Effect of Temperature and Atmosphere on the Rate 

of Hydrogenation of l,l-Diphenylethylene a 

EHCo(CO),,l 

2b 

rate, 

x10 CPh 
-2 

C=CH,l_xlO 2 T(V) Gas= (mol l-%ec-l)x105 -_ 

6.55 2.83 0.0 co 4.47 

6.55 2.83 0.0 N2 4.10 

4.10 2.83 23.0 CO 20-3 

3.17 2.83 -23e CO 0.161 

kd (1 moil 

set-')x102 

2.42 

2.21 

17.5 

0.112 

a In CH2C12. 

b Determined titrametrically. 

c One atmosphere of gas; solvent purged at least 15 min. with same gas before 

run commenced. 

d 15% 

e Dry-ice/CC14 bath. 

gases,accompanied by decreased yields of aldehydes and dra- 

matically increased isomerization of the 1-alkene [S]. In 

the case ofl_, however, the reaction is essentially unaffected 

by conducting it under nitrogen rather than under CO, as the 

data in Table 2 show. Clearly, the reaction does not require 

that1 displace a coordinated CO on cobalt, as is the case 

with 1-alkenes. Accordingly, it appears that P-complexation 

either does not occur or is kinetically unimportant during 

the hydrogenation of 1. P 

In previous studies on the stoichiometric hydroformylation 

of cyclopentene (61, and the decomposition of HCO(CO)~ [6,7], 
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it was 

in the 

inated 

to the 

shown that, under CO, there is an induction period 

reaction and that this induction period can be elim- 

(for reasons not clearly understood) by adding Co2(CO), 

reaction mixture. Figure 1 shows the typical behavior 

exhibited hy 1-hexene. Under CO, an induction period is 

observed, but the rate is subsequently very similar to that 

under CO with Coz(CO)3 added at the start of the reaction. 

The reaction of 1 with HCO(CO)~ shows no such induction 

period; the presence of Co2(CO)g does not affect the rate. 

Figure 1 also shows the amazingly rapid catalytic isomeri- 

zation of l-hexene with HCO(CO)~ under N2, a phenomenon 

previcusly reported in detail in a study of 4-methyl-l- 

pentene IS]. This figure also shows, as expected,- that 

0 _ _ 
8-O 0 40 120 160 200 240 286 

TIME, MIN 

Fig. -1: Disappearance of 1-hexene at 22OC under various 

conditions: 0, under CO; 0, under CO, Co2(CO) 
8 

added; A, DCO(CO)~, under CO, Co2(CO)g added; 

A, .under N2. 
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there is essentially no isotope effect in the stoichiometric 

hydroformylation of 1-hexene. 

Although solvent effects on the catalytic hydroformylation 

reaction have been studied 183, there is relatively little 

information on the effects of solvent on the stoichiometric 

hydroformylation reaction. We have examined the effects of 

various solvent systems on the stoichiometric hydrogenation 

of 1 and obtained the results shown in Table 3. Although 

TABLE 3 

Effect of Solvent on the Rate of Hydrogenation of 

l,l-Diphenylethylene'at O°C a 

kc 

CECo(CO),, 3_ x 102 ~Ph3C=CHClGx102 Solventb (1 mol -1 sec-1)x102 

5.60 

S-6 

6.85 

4.32 

6.76 

6.16 

6.04 

6-65 

5.65 

5.65 

10.5 
*_ 

8.69 

2.83 

2.83 

2.83 

2.83 

2.83 

2.83 

2.83 

2.83 

2.83 

2.83 

2.83 

2.83 

CH2C12 

hex+e 

CHC13 

d 
THF 

acetone 
d 

acetonitrile 
d 

acetone/water (77/231d 

CH2C12/EtOH (99_5/0.5) 

CH2C12/EtOH (90/10) 

CH2C12/EtOH (80/20) 

CH2C12/EtOH <SO/SO) 

EtOH (lOOjd 

2.50 

2.72 

2.28 

1.80 

2.28 

1.93 

0.289 

2.43 

2.98 

2.80 

0.562 

0.123 

5.5 2.83 N-Methylpyrmlidone no reaction 

a Under one at&sphere CO. 

b For mixed solvents, numbers refer to vdlume percent. 

c ?5% of value shown. 

d Yield of tiphenyle'thane substantially less than theoretical_ 
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most of the aprotic solvents give approximately the same. 

rate, the jresults are difficult to interpret. The reduced 

rates observed with solvent containing a high proportion of 

ethanol, and with aqueous systems, may be due to solvation 

and/or ionization of HCo(C0)4 in such media 191. Using the 

highly polar, non-protic N-methylpyrrolidone as solvent, no 

reaction is observed. Apparently, this solvent completely 

deprotonates the HCo(C0)4 [lo], making the latter unavail- 

able as a reducing agent. 

With respect to the mechanism of the reaction, the 

evidence is consistent with the overall scheme shown in 

equation (1). 

k 
Ph,C=CtI, i + HCo(C0)4\ '~[conplex] 

HCo(C0) 
-% Ph2CHCH3 + Co2(CO)3 

21 5 
(11 

The structure of the complex is obviously of critical im- 

portance. 

It has been suggested that the observed hydrogenation 

of polynuclear hydrocarbons under catalytic 0x0 conditions 

proceeds by a radical mechanism [ll]. Radical intermediates 

have previously been suggested [12] as intermediates in the 

reduction of a,B-unsaturated substrates achieved with 

[HCo(CN)5]~-, although the reduction of l_ in this system is 

quite slow [13]. More recently, convincing N>fR evidence 

(CIDNP) has been published in a particularly insightful 

paper, showing that the reduction of u-methylstyrene by 

HMn(C0)5 proceeds by a mechanism involving a free radical 

geminate pair [14]. If such a mechanism were applicable 

to our stoichiometric reduction, the [complex] in equation 

(1) may be the geminate radical pair Ph2iCH5, .co(co)4. 

The reduction of2 with DCO(CO)~ resulted in a pronounced 

inverse isotope effect (Table 4)_ While such isotope effects 
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cffco(co),,l X10 
2 

5.60 

5-60 

5.6 

a * 0.04 

TABLE 4 

Isotope Effect Due to DCo(CO), on rhe Rate of 

Hydrogenation of l,l-Diphenylethylene at OOC. 

CPh,C=CH2]_ x10 
2 

Solvent k(l rn~l--%.ec-~) x102 

2.83 hexane 4-20 

2.83 hexane 4-25 

2.83 CH2C12 4-32 

are relatively rare, they have also been observed in the 

related system with H>In(CO)S [14]. Such an effect [15] 

may be taken to indicate that the transition state in the 

a 
k&)_ 

O-59 

0.58 

0.58 

.-~.- 

would expect that the necessity of combining two -Co(CO) 
4 

species (to form Co,(CO),) would provide an opportunity to 

intercept or spectrally observe such radicals_ However, 
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TABLE 5 

Deuterium Exchange with and Addition to 

l,l-Diphenylethylene- 

CBC0(CO)~lc:~102 CPh2C=CH21=~102 Solvent 

20 2.83 CH*C12 

5.6 2.83 CH2C12 

5.60 2.83 hexane 

-13 11.2 hexane 

-8 11.2 hexane 

- ._-_ . _ 

a Methylene group of&; values iO.03. 

Ph2CHCH3 

100 

-100 

57.2 

37.2 

No. D 

=CHqa 

C 
l.!ethyl group of 2; values kO.05. 

+ 

the crucial (and perhaps definitive) IWIR (CIDNP) experi- 

ments remain to be successfully performed with HCo(C0)4 in 

order to demonstrate existence of the geminate radical pair. 

The-hydrogenation of _1 with DCo(C0)4 at various concen- 

trations (Table 5) provides some information on the relative 

values of th‘e rate constants in Equation (1). With a 3.5 

to 1 stoichiometric ratio of DCo(C0)4 to ,1, 82% of the 

methine hydrogen and 57% of the methyl hydrogen in 2 are 

derived from DCo(C0)4. At the other extreme, with only a 

0.36 to 1 stoichiometric ratio initially present (and all 

of the DCo(C0)4 ultimately consumed) about 45% of the 

methine and 35% of the methyl hydrogen are derived from 
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DCo(C0)4, and 14% of the original methylidene hydrogens 

are exchanged. These data suggest that in Equation (l), 

Conclusions - 

The work presented here indicates that at least t'wo 

kinds of mechanisms may be operative during the reaction of 

~Co(CO)4 with carbon-carbon double bonds. Those substrates 

such as 1,1-diphenylethylene that readily undergo hydrogen- 

ation may very well do so by a non-chain geminate pair radical 

mechanism, but those that undergo hydroformylation such as 

I-alkenes proceed by the ~+o complex sequence. Essentially 

the same suggestion has been advanced elsewhere [ll]_ The 

substrates that lead to both hydrogenation and hydroformy-- 

lation may be proceeding by both mechanisms simultaneously 

r11,20,211, and such cases need to be re-examined and new 

examples sought to determine the contribution each mechan- 

ism makes to a particular reaction. 

EXPERIMENTAL 

Materiafs and Equipment - 

1,1-Diphenylethylene 

Chemical Company, and was 

by gas chromatography. 1 

was used directly. 

was purchased from Aldrich 

found to be greater than 99% pure 

Hexene was also from Aldrich and 

AMethylene chloride was pui-chased from Fiatheson, Coleman, 

and Bell and was dried by distillation from P205. Tetra- 

hydrofuran was also obtained from MC&B and was dried by 

filtering through Pz05. Other solvents were used without 

further purification. 

Dicobalt octacarbonyl was prepared in a stirred auto- 

clave as previously described [li']. 
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Gas chromatographic analyses were performed with an 

F&b1 Model 700 with katharometer detector. The following 

columns were used: 1) for l,l-diphenylethylene, a l/4" x 15' 

10% SE-30 on Chromosorb W at 190°C under flowing helium; 

2) for 1-hexene, a l/4" x 15' 20% carbowax 20M on Chromosorb 

W at 67°C under flowing helium. 

Rate of Hydrogenation of l,l-Diphenylethylene. Because of 

its slow decomposition above O"C, HCo(C0)4 was prepared 

immediately prior to each kinetic run. The pyridine-H2S.04 

method [lo] was usually used and the gas phase HCO(CO)~ 

passed through a short column of P205 and then directly into 

about 13 ml of solvent at -78OC, under flowing CO (10 cc/min). 

Typically, 0.25g COAX yields a 13 ml solution of about 

0.06 fi. The exact concentration was obtained by removing 

a 2.00 ml aliquot at O"C, adding it to 5.00 ml of 0.1 M - 

NaOH and back-titrating to the phenolphthalein end pcint with 

0.01 HCl [18]. Of the remaining solution, 10.0 ml was re- 

moved by pipette and transferred to a 50 ml, CO purged round- 

bottom flask immersed in a water or ice-bath. After 15 

minutes (to allow for temperature equilibration) the-reaction 

was commenced by syringing 50.0 ml of 1,1-diphenylethylene 

into the thermostated solution. At convenient intervals, 

the flask was opened (under flowing CO) and 1.00 ml samples 

removed and quenched with 0.5 ml of 1-E-I PPh5 in ethyl ether. - 

After precipitation and coagulation (ca lhr) of cobalt - 

complexes, the solution was filtered through glass wool, and 

analyzed by glc. 1-Hexene was treated in exactly the same 

way. For experiments under nitrogen, the solvents and glass- 

ware were purged for 15-30 minutes at 0“C before commencing 

the reaction. For experiments with DCO(CO)~, the HCO(CO)~ 

solution was prepared in the usual way, then shaken with 

5.00 ml D20, the mixture cooled in dry-ice/acetone, and the- 
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DCo(C0)4 solution removed and its concentration determined. 

Alternatively, hexane solutions of DCo(C0)4 can be prepared 

directly with Co2(CO)g, DMF, and 20% DC1 [19]. 
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