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Spectroscopic evidence and the kinetice of CO uptake in the reaction of HCo(CO), (1) with 2,3-di- 
methyl-l,3-butadiene (2) are consistent with a rate-determining concerted 1,4 addition of 1 to the s-cis 
conformation of 2 forming (2,3-dimethyl-2-butenyl)cobalt tetracarbonyl (3): k I 5 O c  = 1.42 X loT2 M-' s-l 
( k I 5 O C  = 1.79 x lod2 M-' s-' with DCo(CO),). The intermediate 3 successively (a) rearranges in a first-order 
reaction to (3,4-dimethyl-3-pentenoyl)cobalt tricarbonyl (4), which in turn adds CO to form (3,4-di- 
methyl-3-pentenoy1)cobalt tetracarbonyl (5), and (b) reacts with 1 in a bimolecular homolytic displacement 
reaction leading to 2,3-dimethyl-l-butene where a H atom is abstracted from 1 by the y-carbon atom of 
3 and simultaneously .CO(CO)~ is eliminated. The ratio of the rate constants of these two competing fast 
reactions is 20.7 M-' (12.5 M-' in the case with DCo(CO),) at 5 O C .  

Introduction 
The reaction of HCo(CO), with the olefinic double bond 

is regarded as one of the steps in the cobalt-catalyzed 
hydroformylation reaction.* The stoichiometric reaction 
between conjugated diolefins and HCo(CO), has been 
studied previously, and the resulting complexes have been 
de~cribed.~ Simultaneously with complex formation, 
hydrogenation of diolefin to monoolefin occurs. I t  was 
suggested that the monoolefin arises through an q1 complex 
formed by the 1,4 addition of HCo(CO), to the diolefin and 
the q3-allyl type complex is a byproduct rather than an 
intermediate of monoolefin formation., Later it has been 
suggested that in the case of 1,3-butadiene the cis-ql-bu- 
tenyl complex is probably the principal intermediate of 
1-butene formation but that also the q3-methallyl com- 
plexes could be precursors to 1-butene and other butenes 
as well.5 

Now we report the results of our kinetic study that 
allows a more detailed description of the reactions between 
HCo(CO), and conjugated diolefins. In our experiments 
2,3-dimethyl-1,3-butadiene has been used mainly as a 
model substrate. 

Results 
Conjugated diolefins absorbed CO in the presence of 

HCo(CO),, but after a rapid CO uptake slow evolution of 
CO occurred. Table I shows the initial rates of CO uptake 
(reo) and CO release (r& and the maximum amounts of 
CO absorbed (CO,,,) and then released (-Coma) for 
various conjugated diolefins. 

The comparison of the initial CO absorption rates in 
Table I shows that the straight-chain tram diolefins were 
more reactive than the cis ones and that two substituents 
in the 1,4-positions were unfavorable but not so if they 
were in the 2,3-positions. High reactivity was found for 
cyclic diolefins. 

(1) Presented in part at  the 22nd ICCC, Budapest, 1982; Abstract Fr 

(2) Heck, R. F.; Breslow, D. S. J.  Am. Chem. SOC. 1961, 83, 4023. 
(3) (a) Prichard, W. W. US .  Patent 2600571, 1952. (b) Jonassen, H. 

B.; Stearns, R. I.; Kenttamaa, J.; Moore, D. W.; Whittaker, A. G. J. Am. 
Chen. SOC. 1958,80,2586. (c) Aldridge, C. L.; Jonaasen, H. B.; Pulkkinen, 
E. Chem. Ind. (London) 1960,374. (e) Heck, R. F.; Breslow, D. S. J. Am. 
Chem. SOC. 1961,83, 1097. (0 Bertrand, J .  A.; Jonassen, H. B.; Moore, 
D. W. Inorg. Chem. 1963,2, 601. (g) Husebye, S.; Jonassen, H. B. Acta 
Chem. Scand. 1964,18, 1581. (d) Moore, D. W.; Jonassen, H. B.; Joyner, 
T. B.; Bertrand, A. J. Chem. Ind. (London) 1960, 1304. 

(4) Ungviiry, F.; MarkB, L. Acta Chim. Acad. Sci. Hung. 1969,62,425. 
(5) Rupilius, W.; Orchin, M. J .  Org. Chem. 1971, 36, 3604. 
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The data in Table I show also that added C O ~ ( C O ) ~  had 
practically no influence6 on rco, CO,, and reo. The very 
slow CO evolution in the experiments when no HCo(CO), 
was present a t  the beginning was due to the formation of 
some ( q4-2,3-dimethyl-l,3-butadiene)dicobalt hexacarbonyl 
that could be detected in the infrared spectrum of the 
reaction mixture by its characteristic bridging u(C0) band 
at  1839 cm-l.' 

With use of DCo(CO), instead of HCO(CO)~, higher 
values of rco and CO, could be observed. Changing the 
solvent n-heptane for Nujol resulted in lower values of reo, 
rxo ,  and CO,,. 

The characteristic changes of the terminal u(C0) bands 
in the infrared spectrum of the reaction mixture (after 
removal of C O ~ ( C O ) ~  by crystallization at -79 "C) in the 
case of isoprene and 2,3-dimethyl-l,3-butadiene are shown 
in Figure 1. At  the end of CO absorption a mixture of 
acyl- and alkylcobalt tetracarbonyls was present8 (Figure 
la). The ratio of these compounds could be roughly es- 
timated from the spectra by assuming the same molar 
absorbancies for the highest (A,) u(C0) bands of the acyl- 
and alkyl compounds. In this way acyl/alkyl ratios of 1/1, 
4/1, 9/1, and 15/1 were calculated in the products ob- 
tained from isoprene, 2,3-dimethyl-1,3-butadiene, trans- 
1,3-pentadiene, and 1,3-~yclohexadiene, respectively. The 
successive transformation of these complexes into q3-al- 
lyl-type cobalt tricarbonyls was the reason for the slow CO 
evolution that followed. During this process the acyl/alkyl 
ratio remained unchanged (Figure lb). At the end of CO 
evolution the amount of released CO and the infrared 

(6) (a) Ungviry, F.; Markb, L. J.  Organomet. Chem. 1981, 219, 397. 
(b) Ungviry, F. Acta Chim. Acad. Sci. Hung. 1982, 111, 117. 

(7) Newman, J.; Manning, A. R. J. Chem. SOC., Dalton Trans. 1973, 
1593. 

(8) Typical infrared spectra of acylcobalt tetracarb~nyls~ show four 
and those of alkylcobalt tetracarbonylssJO three terminal v(C0) bands. 
The highest band for the acyl appears at  somewhat higher wavenumberdl 
than for the related alkyl, and the two bands are usually well resolved 
even in the case of acyl-alkyl mixtures.*2 In our case these bands ap- 
peared in n-heptane solution at  2103 and 2091 cm-I starting from 2,3- 
dimethyl-1,3-butadiene and a t  2103.4 and 2093.3 cm-' starting from 
isoprene. 

(9) Markb, L.; Bor, G.; Almisy, G.; SzaM, P. Brennst. Chem. 1963,44, 
184. 

(10) (a) Galamb, V.; PUyi, G.; Cser, F.; Furmanova, M. G.; Struchkov, 
Y. T. J. Organomet. Chem. 1981, 209, 183. (b) PHlyi, G.; Galamb, V.; 
Roder, A. Atti Accad. Sci. Bologna, Cl. Sci. Fis., Rend. 1981, 8, 67. (c) 
Galamb, V.; PUyi, G. Coord. Chem. Rev., in press. 

(11) (a) Nagy-Magoa, 2.; Bor, G.; MarkB, L. J. Organomet. Chem. 1968, 
14,205. (b) Galamb, V.; PBlyi, G. J.  Chem. SOC., Chem. Commun. 1982, 
487. 

(12) MarkB, L. In "Fundamental Research in Homogeneous Catalysis"; 
Plenum Press: New York; 1984; Vol. 4, p 1. 
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Table I. Initial Rates and the Maxima of CO Uptake and Release in the Reaction of HCo(CO), (0.0208 M) with 

1467 

Conjugated Diolefins (0.140 M) in n-Heptane Solution at  10 'C under CO at Atmospheric Pressure 

trans-1,3-pentadiene 
cis-l,3-pentadiene 
trans, trans-2,4-hexadiene 
cis, trans-2,4 -hexadiene 
isoprene 

1,3-cyclohexadiene 

1,3-cyclopentadiene 

COmaxa 
0.50 (0.09) 

106rCo, M s-'  

81 
73 0.41 io.t8j 

[& 1 .o 
0.4 

28.8 0.37 (0.20) 
29.1; 0.37' (0.20) 
37 .O 0.3gd (0.18) 

61.2 0.37 (0.10) 
60.7' 0.37' (0.10) 
82.2d 0.46d (0.09) 
29.2f 0.31 f (0.20) 
13.2 0.48 10.14) 

106rGo, M s - '  ~o,axa 

5.3 0.56 (36) 
4.0 

1.7 0.99 (10) 
1.8' 
1.52d 0.97 (20) 
0.02 e 
0.89 0.64 (26) 
0.92' 
0.8gd 
0.57f 
2.0 0.49 (9) 

70.1' 0.48' (0.14) 2.1' 
107.0d 0.52d (0.10) 1.5d 

4.9 0.09 (0.40) 

1.6 0.03 (0.30) 

32.1 0.14 (0.05) 2.7 
33.6' 0.14' (0.05) 2.7 ' 

. ,  

0.54d (10) 

a mol of CO/mol of HCo(CO),, time necessary (hours). >50% HCo(CO), unreacted. ' In the presence of initially 
added [Co,(CO),] = 0.0344 M. 
adding HCo(CO),. In Nujol solution. g a-Terpinene. (R)-(-)-a-Phellandrene. 

With DCo(CO),. e In the presence of initially added [Co,(CO),] = 0.0344 M but without 

A B 

2100 2000 cm-' 2100 2000 cm-' ql'+- 10 min o . q f i A ' r  6 min 

0.36 0.37 

1600 min 1 1 -027 
600 min 1 
- 0.63 

Figure 1. Characteristic changes of the terminal v(C0) bands 
in the infrared spectrum of reaction mixtures of HCO(CO)~ with 
isoprene (A) or with 2,3-dhethyl-l,%butadiene (B), after &(CO), 
was frozen out at  -79 "C. Reaction conditions: 10 OC; 1 bar of 
CO. Initial concentrations: [HCo(CO)4] = 0.0208 M and [diene] 
= 0.140 M in n-heptane solution. Readion time (min) and amount 
of CO absorbed (+) or released (-) as mol of CO/mol of HCO(CO)~ 
are indicated. 

spectra (Figure IC) showed the quantitative transformation 
of all acyl and alkyl complexes into q3-allyl-type cobalt 
tri~arbony1s.l~ The CO evolution could not be reversed 
with 80 bar of CO at  25 "C in 10 h.14 

The products and the rates of their formation were in- 
vestigated in detail in the case of 2,3-dimethyl-1,3-buta- 
diene as the substrate. 

The products formed from HCO(CO)~ and 2,3-di- 
methyl-l,&butadiene under CO depended on the concen- 
tration of the reactants (Table II). At high concentrations 
of HCo(C0)4 only small amounts of CO were absorbed and 
HCo(C014 was consumed mainly in hydrogenation reac- 
tions. The major hydrogenated product was 2,3-di- 

(13) Kemmitt, R. D. W.; Rueeel, D. R 'Comprehensive Organometallic 
Chemistry": Wilkinson, G., Ed.; Peraamon Press: Oxford. 1982; Vol. 5, . .  . - . .  
pp 211-222; 

(14) TO achieve CO u take in (&llyl)Co(CO)s, in frozen CO matrix, 

(15) Rest, A. J., Taylor, D. J. J. Chem. SOC., Dalton Tram. 1983,1291. 
irradiation is necessary! 

/ 

0 50 100 150 200 

Figure 2. [2]/rco against ~ / [HCO(CO)~]  for the reaction of 
2,3-dimethyl-1,3-butadiene with HCo(CO), under atmospheric 
pressure of CO at 5 OC in n-heptane solution: 0, experiments 
using DCO(CO)~ 

methyl-1-butene accompanied by minor amounb of 2,3- 
dimethyl-2-butene as could be checked by GC and 'H 
NMFtls analyses. Increasing CO pressure from 1 to 80 bar, 
the amount and the composition of hydrogenated products 

(16) Performing the reaction in an NMR tube by mixing HCo(CO), 
and 2,3-dimethyl-1,3-butadiene in 1:l molar ratio a t  -79 OC in CHzClz 
solution and recording the spectra between 0.5 and 3 ppm (6 )  repeatedly 
every 20 s in a way similar to that described in ref 17, the growing signals 
assigned to 2,3-dimethyl-l-butene [ 6  0.98 (6 H, d), 1.70 (3 H, s)] and 
2,3-dimethyl-2-butene [6  1.62 (12 H, s)] could be observed. In contrary 
to observations with 1,l-diphenylethylene" and styrene,'* these signals 
did not show anomalous intensities. The ratio of 2,3-dimethyl-l-butene 
to 2,3-dimethyl-2-butene remained constant within one experiment, but 
values of 11 and 5 were observed if the concentrations of 1 were 0.6 and 
0.01 M and those of 2 0.3 and 0.2 M, respectively. At the end of the 
reaction only traces of aldehydes [6 9.64 (CHO)] could be detected in the 
spectra. 

(17) Nalesnik, T. E.; Orchin, M. Organometallics 1982, 1,  222. 
(18) Bockman, T. M.; Garat, J. F.; King, R. B.; Mark6, L.; Ungvby, 

F., unpublished CIDNF' observations in the reaction of styrene with 
HCo(C0)d the hydrogenated product ethylbenzene shows an emission 
at  8 1.16 (t) and an enhanced absorption at  6 2.56 (q); among the carbo- 
nylated producta phenyl methyl ketene shows an enhanced absorption 
a t  6 2.00 (8 ) .  
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1468 Organometallics, Vol. 3, No. 10, 1984 Unguciry and Mark6 

Table 11. Effect of Concentrations on Product Composition in the Reaction of HCo(CO), with 
2,3-Dimethyl-1,3-butadiene under CO a t  Atmospheric Pressure at 1 0  "C 

mmol 0.70 1.20 0.04 (2)  0.54 0.05 0.59 
0.53 0.05 0.58 
0.53 0.05 0.58 

l"0l 0.70 1.20 d (2)  
mmol 0.70 1.2OC 0.07 (2)  

0.49 0.05 0.50 
0.05 0.53 

mmol 0.70 1.20 0.06 (10) 
mmol 0.70 1.2OC 0.11 (10) 0.49 

I f 

+ c o 2 1 c o l ~  >-cco,col, + >-ccoco,,,l, 6 mln 
n-heplant lmLI  

+ H C O ( C O ) ~  + C O O  

mrilol 1.9 0.28 0.10 (13) 0.02 0.08 0.09 
mmol 7.5 0.15 0.09 (29) 
mmol 7.5 0.15' 0.10 (29) 

0.02 0 .OB 0.025 
0.02 0.09 0.02 

M *  + con 

CO~COl ,  

"01 0.02 0.08 (13) 0.10 0.18 

a Measured gasometrically. Determined by gas chromatography using n-nonane as internal standard. ' Determined by 
an infrared spectrographic method using the known molar absorbance of Co,(CO),: 
Pino, P. J. Organomef. Chem. 1981, 213, 303. 
measured. 
cobalt and Co,(CO), concentrations. RCo(CO), and RCOCo(CO), ratios were estimated by assuming the same molar 
absorbancies for the A, v(C0) bands of the alkyl and acyl complexes. 

Spindler, F.; Bor, G.; Dietler, U. K.;  

DCo(CO),. f Sums of RCo(CO), and RCOCo(CO), were calculated from the differences between the total 

Based on infrared spectrum, calculated from the 

Reaction performed under 80  bar of CO pressure; CO uptake was not 

total cobalt 

did not change. At low concentrations of HCO(CO)~ and 
high concentrations of 2,3-dimethyl-1,3-butadiene, CO 
absorptions up to 0.69 mol/mol of HCO(CO)~ occurred and 
besides minor amounts of hydrogenated products, mainly, 
an acyl-typeg and an alkyl-typelo cobalt tetracarbonyl, 
could be detected in the reaction mixture by IR spec- 
troscopy. These complexes decomposed on standing at 10 
"C quantitatively into (2,3-dimethyl-q3-buteny1)cobalt 
tricarbonyl, giving off the calculated amount of CO. The 
material balances (Table 11), 'H NMR spectra,l6 and IR 
spectralg showed only very little aldehyde formation during 
CO uptake. 

When Ph3P or 2,4-dinitrophenylhydrazine was added 
to the reaction mixture after CO uptake, (3,4-dimethyl- 
3-pentenoy1)cobalt tricarbonyl triphenylphosphine20 (in 
40% yield based on HCo(CO),) or a mixture of (2,4-di- 
nitrophenylhydrazones of unsaturated C7 aldehyde iso- 
mers21 (in less than 1% yield based on HCo(CO),) was 
isolated. The Ph3P-substituted derivative of the alkyl- 
cobalt carbonyl could not be observed in the IR spectrum 
even immediately after Ph3P addition. 

The reaction between 2,3-dimethyl-1,3-butadiene and 
HCO(CO)~ under CO was followed by measuring the rate 
of CO uptake. Table I11 compiles the results of these 
kinetic measurements. The initial rates of CO uptake were 
approximately first order in diene and zero order in CO. 
The order in HCo(CO), was between zero and one. The 
amount of absorbed CO increased by raising the initial 
concentration of the diene or by lowering the initial con- 
centration of HCo(CO),. The rate of CO evolution ( r x o )  

(19) The aldehyde formed in the reaction showed a v(C0) band at 1718 
cm-' in heptane solution. With use of DCO(CO)~ in the reaction this band 
appeared at 1707 cm-'. 

(20) The preparation of this compound was described in ref 3e, al- 
though ita structure was only assumed. This turned out to be correct as 
shown by its 'H NMR spectrum [a (CeD6) 1.52 (3 H, 8,  3-CH3), 1.67 (3 

m, o,p-C6H6), 7.38 (6 H, m, m-CBH6)]. With use of DCO(CO)~ in the 
preparation the 'H NMR spectrum was identical with the exception that 
at 6 1.67 only 2 H appeared according to the monodeuterization of the 

(21) TLC chromatography on silica gel showed the presence of three 
isomers having the same M+ 292 in their mass spectra. 

H, 8,  4-CH3 (a), 1.73 (3 H, 8, 4-CH3 ( E ) ) ,  4.05 (2 H, 8, CHZ), 6.92 (9 H, 

4-CH3 (Z). 

Table 111. Initial Rates of CO Uptake (rco) and the 
Maxima of CO Absorption (CO,,) in the Reaction of 
HCo(CO), (1) with 2,3-Dimethyl-l,3-butadiene (2)  in 

n-Heptane Solution under Various Conditions 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 

2.08 
0.52 
0.63 
0.63' 
0.80 
0.80' 
1.04 
1.04' 
1.40 
1.40 ' 
2.08 
2.08' 
4.16 
4.16' 
8.32 
8.32' 
2.08 
2.08 
2.08 
2.08 ' 
2.08 
2.08 
2.08 
0.53 
1.04 
2.08 
2.08 
4.16 

56.0 0.97 
28.0 0.98 
28.0 0.98 
28.0 1.00 
28.0 0.98 
28.0 1.00 
28.0 0.98 
28.0 1.00 
28.0 0.98 
28.0 1.00 
28.0 0.99 
28.0 0.99 
28.0 0.98 
28.0 1.00 
28.0 0.98 
28.0 0.99 
14.0 0.99 
14.0 2.29 
14.0 3.01 
14.0 0.99 

7.0 0.99 
3.5 0.98 
3.5 2.26 

25.0 1.02 
3.5 1.03 
3.5 1.02 
7.0 1.02 
7.0 1.03 

111 
19.5 
22.3 
29.6 
28.4 
36.2 
33.8 
45.0 
41.6 
59.6 
58.9 
83.7 
91.7 

140.8 
121.3 
202.6 

32.3 
34.7 
35.0 
44.0 
15.9 

8.1 
8.7 

25.5 
12.0 
16.0 
32.0 
47.7 

0.52 
0.68 
0.65 
0.68 
0.62 
0.65 
0.55 
0.62 
0.50 
0.59 
0.44 
0.53 
0.34 
0.43 
0.21 
0.30 
0.37d 
0.39 e 
0.39 
0.47 
0.31 
0.24 
0.28 
0.62 
0.33 
0.22 
0.30 
0.19 

a Calculated from pco and the solubility of CO in n- 
heptane (Gjaldbaek, J. C. Acta Chem. Scand. 1952,6,  
623; Ungvdry, F. J. Organomet. Chem. 1972, 36,363).  

After the CO uptake ceased a slow CO evolution began. 
The initial rate of this CO evolution (r-co) is given in two 
cases in order t o  show its dependence on CO concentra- 
tion: r-co = 0.6 x M s - l ;  e rmc0 = 0.3 X M 
s - l .  e DCo(CO),. 

during (2,3-dimethyl-q3-buteny1)cobalt tricarbonyl for- 
mation showed a negative dependence on CO concentra- 
tion. 
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Reaction of H C O ( C O ) ~  with 2,3-Dimethyl-1,3-Butadiene 

Scheme I 
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Scheme I1 

4 5 

' -MI1  kM 
slow fast 

. f  HCo(CO), 

1 ;=/I..' L V  w 

t I 

_.._ ... -.... 1 

CO(COI, + c o  I+' ~ 

7 + *CO(CO)4 

8 
2 .CO(CO), -'c CO,(CO)B 

Discussion 
The experimental results can be explained by assuming 

the rate-determining formation of an intermediate from 
the diene and HCO(CO)~, followed by competing reactions 
leading to the products 5, 6, 7, and 8 (Scheme I). 

The formation of 7 under 1 bar of CO is very slow in 
comparison to that of 5 ,6 ,  and 8. Since 8 is formed only 
in minor amounts, the main competition in the early stages 
of the reaction is between the formation of 4 and 6. Be- 
cause the equilibrium between 4 and 5 is nearer to the side 
of 5,  the observed rate of CO uptake (reo) is the same as 
the rate of formation of 4 from 3 by alkyl migration. 

With the assumption of steady-state concentration for 
the intermediate 3, rco can be described under these sim- 
plified conditions by eq 1 or after rearrangement (eq 2). 

rco = -dCO/dt = klkM[1][2]/(kM + k ~ [ 1 ] )  (1) 

[2l/rco = l /ki[lI  + k ~ / h k ~  (2) 

Rate equation (2) describes the experimentally observed 
orders for 1, CO, and 2. With use of the data obtained at 
5 "C (Table 111) and a plot of [2]/rco against 1/[1], the 
experimental points give straight lines (Figure 2), where 
kl and the ratio kH/kM can be calculated from the slope 
and the intercept. For HCO(CO)~ and DCO(CO)~ we obtain 

and 12.5 M-l, respectively. These data show an inverse 
kinetic isotope effect for the rate-determining step and a 
normal one for the hydrogenation if we assume that there 
is no effect on kM. 

The inverse kinetic isotope effect is similar to that of 
the reaction between HCo(CO), and l,l-diphenylethylenea 
or styrenez3 where the intermediate formation of radical 
pairs was proven unambiguously by CIDP experiments"Je 
and a solvent viscosity effect." No CIDW effect has been 
found in the present system, and so there is no support 
for radical pair intermediates in the reaction of 1 and 2. 
Some conclusions regarding the mechanism of this step 
can be drawn, however, from the influence of the diolefin 
structure on the rate of the reaction (Table I). These rates 
can be rationalized by assuming a rate-determining 1,4 
addition of the H-Co bond to the diene in the s-cis con- 

k l  = 1.42 X and 1.79 X M-' s-l and kH/kM = 20.7 

(22) Roth, J. A.; Orchin, M. J .  Organomet. Chem. 1979, 182, 299. 
(23) UngvBry, F.; Markb, L. Organometallics 1982, 1 ,  1120. 
(24) UngvHry, F.; Mark6, L. J.  Organomet. Chem. 1983, 249, 411. 

C'H3 y 3  

I 
(0Cl,c'0 + H-C-C + do(C01, 

1 %  
CH, CH2 

2 lO(C0)' - co,(col, 

formation. Indeed, in the case of cyclic dienes, where the 
two double bonds are fixed in the s-cis conformation, 
significantly higher reactivities were found. On the other 
hand the reactivity of open chain dienes depended on the 
equilibrium constant for the conformational interconver- 
sion. As known from the Diels-Alder reaction, a cis 1- 
substituent favors the s-trans form and thus causes lower 
reactivity than a trans 1-substituent, whereas a 2-sub- 
stituent or 2,3-substituents favor the s-cis form and lead 
to enhanced reactivities in comparison to the unsubstituted 
or less substituted diene. A similar pattern of reactivities 
has been reported recently26 in the reaction of HFe(C- 
O)4SiC1, with conjugated dienes. On the basis of these 
observations, we suggest that the 1,4 addition of HCO(CO)~ 
to conjugated dienes is a concerted reaction. 

The formation of 6 does not depend on CO and shows 
a normal kinetic isotope effect. These facts are in sharp 
contrast to the observations made with the HCo(CO), + 
heptene reaction6 and the reduction of (ethoxycarbonyl)- 
methylcobalt tetracarbonyl by 1,26 where negative depen- 
dencies on CO and practically no kinetic isotope effects 
were found with DCo(CO),. These differences strongly 
suggest that the formation of 6 from 3 and 1 proceeds by 
another way. As the main pathway we propose a homolytic 
displacement reaction27 in which a H atom is abstracted 
from 1 by the y-carbon atom of 3 and simultaneously 
.Co(CO), is eliminated (Scheme 11). 

The small amount of 2,3-dimethyl-2-butene (8) is cer- 
tainly not the result of a subsequent isomerization of 6 
because the ratio of butenes during their formation is 
constant and independent of CO pressure. The ratio 6/8 
is, however, higher if the ratio of 1/2 is higher or the re- 
action of 1 with 2 occurs in a more concentrated solution.16 
This fact points to a different mechanism for the formation 
of 8. Probably homolytic decomposition of the ($-alke- 
ny1)cobalt carbonyl 3 furnishes 2,&dimethylbutenyl rad- 
icals and these react with 1 (Scheme I). Due to the delo- 
calized character of the 2,3-dimethylbutenyl radical a small 
fraction of 6 may be formed by this route too. 

Experimental Section 
General Techniques. Infrared spectra were recorded on a 

Carl Zeiss Jena IR 75 spectrophotometer. NMR spectra were 
recorded with a Tesla BS 487/C 80-MHz spectrometer using 
Me,Si as the internal standard. Mass spectral analyses were 
carried out with a JEOL B 300 spectrometer fitted with a JMA 
2000p system. Analysis of the volatile compounds was performed 
on an analytical Carlo Erba Fradovap Model C gas chromatograph 
using a 3-m column with 10% @-oxydipropiononitrile on 60-80 

(25) (a) Connolly, J. W. l83rd National Meeting of the American 
Chemical Society, Las Vegas, NV, 1982; American Chemical Society: 
Washington, D.C., 1982; Abstr. Inor 219. (b) Connolly, J. W., submitted 
for publication. 

(26) Hoff, C. D.; UngvBry, F.; King, R. B.; Mark6, L. J. Am. Chem. 
SOC., submitted for publication. 

(27) Johnson, M. D. Acc. Chem. Res. 1983, 16, 343. 
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mesh Chromosorb P stationary phase at 40 O C ,  40 mL of N 
H2/min., HWD. All manipulations involving air-sensitive or- 
ganometallic compounds were carried out by using the usual 
anaerobic technique.% Reactions under 80 bar of CO were 
performed with 6-mL samples in a 20-mL stainless-steel rocking 
autoclave. 
Materials. The solvents were dried in the usual way and stored 

under CO. Commercial dienes were freshly distilled under CO. 
Stock solutions of HCO(CO)~ were prepared in n-octane from 
CO&O)~, DMF, and concentrated HCL" DCO(CO)~ was prepared 
from HCO(CO)~ solutions by H-D exchange with a 50-fold molar 
excess of D20.29 Isotopic purity was >95% as calculated from 
mass spectrometric measurements of its decomposition products. 
Dicobalt octacarbonyl was doubly recrystaked fmt from CH2Clz 
and then from n-heptane under CO. 

Kinetic runs were performed in a gasometric apparatus fitted 
with a mercury-Wed gas burette. A 5 L  buffer flask was connected 
to the levelling vessel of the gas burette and kept at the pressure 
of the reaction vessel. All parta of the apparatus were thermo- 
stated (h0.05 "C). The actual total pressure was determined in 
millimeters of Hg by using an open mercury manometer measuring 
the pressure difference between the atmosphere and the reaction 
vessel. The reaction was started by injecting the diene into the 

(28) Shiver, D. F. T h e  Manipulation of Air-Sensitive Compounds"; 

(29) h, L. Ph.D. Dissertation, University of Cincinnati, Cincinnati, 
R. E. Krieger, Publishing Co.: Malabar, FL, 1982. 

OH, 1965, p 81. 

vigorously stirred solutions of HCO(CO)~ The initial rate of CO 
uptake and the initial rate of CO release were calculated from 
the change of gas volume with time. 

Preparation of Aldehyde 2,4-Dinitrophenylhydrazones. 
To a solution of 0.33 mL of 2,3-dimethyl-1,3-butadiene (2.65 "01) 
in 9 mL of n-heptane under CO at 10 O C  was added 4.6 mL of 
a 0.65 M solution of HCo(CO)* in n-octane (3.0 mmol) dropwise 
in 50 min. During this time 0.8 mmol of CO was absorbed. The 
reaction mixture was stored on dry ice overnight and was fiitered 
in the cold to separate crystalline CO~(CO)~ A solution of 198 
mg (1 mmol) of 2,4-dinitrophenylhydrazine and 0.15 mL of 
concentrated HCl in 5 mL of methanol was added to the fitrate 
and the mixture evaporated to dryness in vacuo. The hydrazone 
was extracted with CH2C12, and after evaporation of the solvent 
it was recrystallized twice from benzene. A 50-mg (0.17-"01) 
sample of yellow crystalline product resulted. TLC chromatog- 
raphy on Silicagel G (benzenepetroleum ether = 51) showed the 
presence of three isomers, all of which had the expected M+ 292 
in their mass spectra. 
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The (1,3- entadiene)zirconocene complex and ita higher homologues of the type (q5-C5H5)2Zr(CR'- 

substituted pentadienyl anions through novel m rearrangement of hydrido-2,4-pentadienylzirconium species. 
The 'H NMR studies on these complexes revealed that the 1,3-pentadiene and 2,4-hexadiene complexes 
are composed of ca. 1:l mixture of s-cis and s-trans isomers while each of the complexes containing 
2-methyl-l,3-pentadiene, 3-methyl-l,3-pentadiene, 2,4-dimethyl-l,3-pentadiene, 1-(trimethylsily1)-1,3- 
pentadiene, and 1,5-bis(trimethylsilyl)-1,3-pentadiene ligands consists of a single isomer of s-cis structure. 
The process of hydrogen transfer was elucidated on the basis of the analysis of the stoichiometric reaction 
between (q5-C5HS)2ZrDCl and (2-methylpentadieny1)potassium. The reaction of (q6-CsHs)2Zr(2,4-hexadiene) 
with 1-alkenes or 2-butyne showed that the coordinated diene is easily expelled to give zirconacyclopentanes 
or a zirconacyclopentadiene derivative, respectively. The addition of butanal or 3-pentanone resulted in 
double insertion into the 2,4-hexadiene moiety to selectively afford 3-hexene-1,g-diols through hydrolysis. 

(CH3)==CR B CRS=CR4H) were prepared by reaction of (qS-CSHs)2ZrHCl with alkyl-substituted or non- 

Introduction 
Chemistry of diene complexes of group 4A early tran- 

sition metals has received considerable attention in recent 
years because of their unique structural pattern coupled 
with their unusually high selectivity observed in the re- 
action with various electrophiles. For example, s-trans- 
q4-diene coordination to  mononuclear metal species was 
first discovered in the case of zirconocene complexes,12 and 

(1) Y. Kai, N. Kanehiaa, K. Miki, N. Kasai, K. Mashima, K. Nagasuna, 
H. Yasuda, and A. Nakamura, J .  Chem. SOC., Chem. Comnutz., 191, 
(1982). 

0276-7333/84/2303-1470$01.50/0 

the extremely high regioselective dienylation of saturated 
or unsaturated carbonyl compounds has been achieved 
with these c o m p l e x e ~ . ~ ~ ~  The following four procedures 
have been known for the preparation of a series of zirco- 
nium-diene complexes: (1) reaction of Cp2ZrC12 (Cp = 

(2) G. Erker, J. Wicher, K. Engel, F. Rosehfeldt, W. Dietrich, and C. 
Krtiger J. Am. Chem. SOC., 102,6346 (1980). 

(3) (a) H. Yasuda, Y. Kajihara, K. Mashma, K. Nagasuna, and A. 
Nakamura, Chem. Lett.,  671 (1981); (b) Y. Kai, N. Kanehisa, K. Miki, 
N. Kami, M. Akita, H. Yasuda, and A. Nakamura, Bull. Chem. SOC. Jpn., 
56, 3735 (1983). 

(4) M. Akita, H. Yasuda, and A. Nakamura, Chem. Lett., 217 (1983). 
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