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Zirconocene and hafnocene complexes such as CpzMH2 and CpzM(C1)H (M = Zr or Hf) were 
found to  catalyze efficiently the selective dimerization of aldehydes to esters under mild conditions. 
Hafnocene complexes exhibited higher activity than the corresponding zirconocene complexes, 
while titanocene complexes were inert in the present reaction. The reaction was found to  be 
markedly influenced by the structure of the aldehydes used. Cross-dimerization could be achieved 
by allowing CpzZrHz or CpzZr(C1)H to react with two different aldehydes whose reactivities are 
slightly different from each other. 

Introduction 

The Tishchenko reaction is well-known as the method 
for the preparation of esters from aldehydes' and has been 
studied in detai1.W Although this method is usually 
carried out using aluminum alkoxides as catalysts, some 
catalytic systems such as B(OH)3,6 LiWO2,7 Fe(C0)4",8 
EtLnI (Ln = Pr, Nd, Sm),9 and SmIzlOJl have also been 
reported to promote the dimerization of aldehydes to 
esters. Recently, hydroruthenium complexes such as 
RuHz(PPh3)4 were reported to catalyze not only the 
dimerization of aldehydes to estersI2 but also the oxidative 
transformation of alcohols and diols to esters and lac- 
tones,l3 respectively. 

Previously, we showed that zirconocene and hafnocene 
complexes such as CpzMHz (M = Zr or Hf) efficiently 
catalyze the hydrogen-transfer reaction of alcohols to 
carbonyl compounds (i.e., Meerwein-Ponndorf-Verley 
type reduction and Oppenauer ~xidation). '~ We now find 
that group 4 metallocene complexes promote the selective 
dimerization of aldehydes to esters in fair to good yields 
under mild conditions. This system was extended to the 
cross-esterification of two different aldehydes whose 
reactivities are different from each other. 

1. Homo-Dimerization of Aldehydes to Esters 

3-Cyclohexene-1-carboxaldehyde (1) was chosen as a 
model substrate and allowed to react in the presence of 
group 4 metallocene complexes (eq 1). Table I shows the 
dimerization of 1 to (3-cyclohexenyl)methyl3-cyclohexene- 

(1) Tishchenko, W. J .  Russ. Phys.-Chem. SOC. 1906, 38,355. 
(2) Wagner, R. M.; Zook, H. D. Synthetic Organic Chemistry; Wiley, 

(3) Ogata, Y.; Kawasaki, A,; Kishi, I. Tetrahedron 1967, 23, 825. 
(4) Lin, I.; Day, A. R. J .  Am. Chem. SOC. 1962, 74, 5133. 
(5) Villani, F. J.; Nord, F. F. J .  Am. Chem. SOC. 1946, 69, 2605. 
(6) Stapp, P. R. J .  Org. Chem. 1973,38, 1433. 
(7) Villacorta, G. M.; Filippo, J. S., Jr. J. Org. Chem. 1983,48, 1151. 
(8) Yamashita, M.; Watanabe, Y.; Mitsudo, T.; Takegami, Y. Bull. 

(9) Yokoo, K.; Mine, N.; Taniguchi, H.; Fujiwara, Y. J .  Organomet. 

New York, 1953; p 494. 

Chem. SOC. Jpn. 1976,49,3697. 

Chem. 1986.279. C19. 
(10) Ev&D.'A.fHoveyda, A. H. J .  Am. Chem. SOC. 1990,112,6447. 
(11) Curran, D. P.; Wolin, R. L. Synlett 1991, 317. 
(12) Ito, T.; Horino, H.; Koshino, Y.; Yamamoto, A. Bull. Chem. SOC. 

Jpn.  1982, 55, 504. 
(13) Murahaahi, 5.; Naota, T.; Ito, K.; Maeda, Y.; Taki, M. J .  Org. 

Chem. 1987,52,4319. 

M. J .  Org. Chem. 1986,51, 240. 
(14) Ishii, Y .; Nakano, T.; Inada, A.; Kishigami, K.; Sakurai, K.; Ogawa, 

Table I. Dimerization of 3-Cyclohexene-1-carboxaldehyde 
(1) to (3-Cyclohexenyl)metbyl3-Cyclohexene-l-carboxylate 

(2) by Various Group 4 Metallocene Complexes' 
run catalyst conv/% yield/% 

1 
2 
3 
4 b  
5 
6 
7 
8 
9 

10 
11 
12 

CpzZrHz 92 
CpzHfH2 95 
CpzZr( H)CI 9 

CpzZrClz 0 
C p H f C 12 

CpzHfCl~/Zn-BuLi 100 
CpzTiC12/2n-BuLi 13 

Cp2HfCl~/n-BuLi 95 

CpzZr(H)Cl 91 
CpZHf(H)CI 90 

0 
Cp2ZrC12/2n-BuLi 91 

Cp2ZrClz/n-BuLi 82 

90 
87 

9 
94 
61 
0 
0 

93 
95 
6 

80 
89 

a 1 ( 5  mmol) was allowed to react under the influence of catalyst ( 5  
mol %) at 0 'C for 0.5 h under Ar. 17 OC, 8 h. 

Cp&l(X)H (5 mol%) 

0 O"C, 0.5 h under Ar 0 
1 M = Zr or Hf 

X = H or CI 
2 

1-carboxylate (2) by a variety of zirconocene and hafnocene 
c0mp1exes.l~ 

Under the influence of a catalytic amount of his($- 
cyclopentadieny1)zirconium dihydride (CpzZrHz), alde- 
hyde 1 was converted into ester 2 at 0 "C with a short 
reaction time (0.5 h) in good yield. In a manner similar 
to that with CpzZrHz, the corresponding hafnocene 
complex, CpzHfHz, readily catalyzed the dimerization of 
1 to 2. Under these conditions, the catalytic activity of 
CpzZr(C1)H was quite low compared with that of Cpz- 
ZrHz, and 2 was formed in only9 % yield (run 3). However, 
when the reaction was carried out at higher temperature 
(17 "C) for 8 h, 2 was obtained in satisfactory yield (94%). 
Unlike CpzZr(Cl)H, the corresponding hafnocene complex, 
CpzHf(Cl)H, indicated higher catalytic activity than Cpz- 
Zr(C1)H to form 2 in 67 % yield. Both CpzZrClp and Cpz- 
HfClz were inert for the present reaction. Plausible low 
valent zirconocene and hafnocene complexes, CpzM (M = 
Zr or Hf), obtained by treating CpzMClz with n-BuLi (2 

(15) Although 2 gave a W-NMR consisting of 14 carbon signale, 2 was 
found to consist of an isomeric mixture of twodiastereomers. It is because 
the analytical data of 2 were completely consistent with those of 2 prepared 
independently by the esterification of the corresponding acid and alcohol 
under acidic conditions, which leads to a mixture of two diastereoisomers. 
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Dimerization of Aldehydes to Esters 

Table 11. Dimerization of Aldehydes to Esters Catalyzed by 
CpzMHz (M = Zr, Hf)' 

Organometallics, Vol. 12, No. 9, 1993 3749 

2. Cross-Dimerization of Aldehydes by CpzZrHz 
and Cp2Zr(Cl)H 

The cross-esterification of two different aldehydes by 
the Tishchenko type reaction has been examined using 
several catalytic systems. However, it is difficult to achieve 
the reaction with high selectivity. Thus, we attempted 
the cross-dimerizations of 1: 1 binary mixtures of butanal 
(3a) and various aldehydes in the presence of a catalytic 
amount of CpzZr(C1)H or CpzZrHz. The reaction of a 1:l 
mixture of 3a and 2-methylpropanal (3c) under the 
influence of CpzZrH2 a t  20 "C for 0.5 h resulted in all 
possible esters, mixed cross-dimers 5 and 6, and homo- 
dimers 4a and 4c (eq 3) (Table 111). 

3a + 3c I 

Cp2ZrH2 (5 mol%) 

20°C, 0.5 h under Ar 

0 + Ate- 0 

8 
(3) cross dimer 

Cp2MHz ester 
run aldehyde (M = Zr, Hf) conv/% (yield/%) 

1 3a Zr 70 4a (60) 
2 3s Hf 90 4a (78) 
36 3b Zr 88 4b (42) 
4 3b Hf 97 4b (57) 
5 3c Zr 94 4c (92) 
6 3c Hf 97 4c (92) 
7 3d Zr 84 (64) 
8 3d Hf 97 (92) 
96 3e Zr 72 4e (62) 

10 3e Hf 95 4e (84) 
1 1  3f Zr 92 4f (79) 

1 3b 3g Zr 10 4g (7) 
1 46 3g Hf 13 4g (9) 

12 3f Hf 99 4f (80) 

Aldehyde (5 mmol) was allowed to react with CpzMH2 (M = Zr, 
Hf; 5 mol %) at 0 OC for 0.5 h under Ar. 17 OC, 0.5 h. 

equiv), catalyzed the dimerization of 1 to 2 in excellent 
yields, while the CpzTiClzl2n-BuLi system exhibited very 
little activity. It is interesting to note that the zirconocene 
and hafnocene complexes, derived from CpzZrClz and 1 
equiv of n-BuLi, were also efficient, though the catalytic 
activities were slightly lower than the complexes obtained 
from Cp2MC12 and 2 equiv of n-BuLi. 

On the basis of these results, a variety of aldehydes 
were allowed to react under the influence of Cp2ZrH2 or 
CpzHfHz in the absence of solvent at  0 "C (eq 2). 
Representative results are shown in Table 11. 

CpzZrH? (5 mol%) 

O'C, 0.5 h under Ar R-COOCHrR (2) 
4 

RGHo 
3 

394 R- 394 R- 

Linear aldehydes such as butanal (3a) and hexanal (3b) 
were slightly reluctant toward dimerization by CpzZrHz 
to produce the corresponding esters, 4a and 4b, in fair 
yields, but the reactions proceeded readily using CpzHfHz. 
Branched aldehydes, 2-methylpropanal (3c) and 2-me- 
thylpentanal (3d), having an alkyl substituent at  the 
a-carbon, were similarly dimerized to produce 2-methyl- 
l-propyl2-methylpropanoate (4c) and 2-methyl-l-pentyl 
2-methylpentanoate (4d), respectively. Ester 4d consisted 
of about a 1:l diastereoisomeric mixture. The esterifi- 
cation of an a,a-disubstituted aldehyde such as 2,2- 
dimethylpropanal (3e) was difficult, but when the reaction 
was carried out at  room temperature (17 "C), 2,2-dimethyl- 
l-propyl2,2-dimethylpropanoate (4e) was obtained in fair 
yield. Cyclohexanecarboxaldehyde (30 afforded l-cyclo- 
hexylmethyl cyclohexanecarboxylate ( 4 0  in high yield. 
Unfortunately, benzaldehyde (3g) was quite difficult to 
convert into benzyl benzoate (4g) in satisfactory yield even 
at  room temperature. 

The hydrogenation of aldehydes 3a and 3c was accom- 
panied by an undesired reaction, especially in CpzZrHz, 
to form the corresponding alcohols. The CpzZr(C1)H 
catalyzed reaction afforded cross-dimer 5 in preference to 
alternative ester 6. The preferred formation of 5 shows 
that 3c is more easily added to the zirconocene complexes 
than 3a. Similar results were also obtained in the cross- 
dimerization of 3a with cyclohexanecarboxaldehyde (30. 

It is interesting to note that the cross-esterification of 
3a with benzaldehyde (3g) was smoothly catalyzed by both 
CpzZr(C1)H and CpzZrHz complexes, despite the fact that 
the esterification of 3g itself was difficult under these 
conditions. It is particularly of interest that the cross- 
esterification of 3a with 3g proceeded in high selectivity 
to give benzyl butyrate (7) without formation of butyl 
benzoate (8) as the cross-dimer. In addition, the cross- 
dimer 7 was obtained in preference to the homo-dimer 4a. 
To explain this observation, it is considered that the 
insertion of 3g into the Zr-H bond occurs more easily 
than that of 3a. When a 1:2 mixture of 3a and 3g was 
allowed to react in the presence of CpzZr(Cl)H, 7 was 
exclusively formed as the cross-dimer (eq 4). 

Cp2Zr(CI)H (5 mol%) 
+ 3g 2O0C,O.5 h underk 

--Yo .B + q o -  
O 7  O 8  

(4) crossdimer (54%,  7 : 8 = 9 9 > 1 )  

4a + *  
homodimer (22%, C : 4 g = 9 9 : 1 )  

It is noteworthy that 7 was selectively produced from 
3a and 3g by using the zirconocene complexes, because 
the cross-esterification of 3a and 3g using RuHz(PPh8)d 
affords the homo-dimer 4a in preference to the mixed 
dimers 7 and 8.12 

In order to achieve the cross-dimerization of different 
kinds of aldehydes having similar reactivities, CpzZr(C1)H 
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Table 111. Cross-Dimerization of Aldehydes Catalyzed by CpzZrHz and Cp2Zr(C1)HJ 
aldehyde yield/mmol 

R1-CHO RLCHO catalyst R1-C02CHrRZ RZ-C02CHrRL RI-COzCHrR' R2-C02CHz-R2 R1-CH20H R2-CHzOH 

30 3c Cp2ZrH2 0.63 0.32 0.40 0.54 0.22 0.39 

31 CpzZrH2 0.63 0.22 0.24 0.56 0.20 0.49 

3g CpZrHz 0.85 trace 0.56 0.04 0.14 0.52 
3g CpzZr(C1)H 0.78 trace 0.64 0.03 0.07 0.13 
3gb CpzZrH2 1.27 0.05 0.39 0.07 0.17 0.90 
3gb CpzZr(C1)H 1.35 trace 0.49 0.06 0.07 0.36 

3c Cp2Zr(Cl)H 0.58 0.29 0.40 0.48 0.13 0.20 

3f CpzZr(C1)H 0.95 0.26 0.56 0.43 0.14 0.21 

a R1-CHO (2.5 mmol) and R2-CHO (2.5 mmol) were allowed to react with CpzZrHz or CpzZr(C1)H (0.25 mmol, 5 mol %) at 20 OC for 0.5 h 
under Ar. * 3g'(5.0 mmol) was used. 

was allowed to stoichiometrically react with 3f followed 
by 3c. As expected, the cross-dimerization was successfully 
carried out to form cross-dimer 9 without the formation 
of the alternative cross-dimer 10, along with a small amount 
of homo-dimers 4c and 4f (eq 5). 

3c ix"v0 + 41 + 4c 

3f o y o d  + 4f + 4c 

0 ether, rd., 8 h r . L  8 h 
9 (34 %) (6 Yo) ( 5 % )  

CI 
C P 4 "  4:- 

ether, r.i., 8 h rd., 8 h 0 
10 (36 "/a) (8 %) (6 %) 

(5) 

It was found that the initially used aldehyde 3f was 
introduced to the alcohol side of the ester. In contrast, 
3c was allowed to react with CpzZr(C1)H followed by 3f 
to form cross-ester 10. 

When bis(~5-cyclopentadieny1)chlorozirconium deu- 
teride, CpZZr(Cl)D, was used in the cross-esterification of 
3f with 3c, (cyclohexyl-1)methyl-d 2-methylpropanoate 
(1 1) in which deuterium is incorporated more than >98 % 
was obtained in 35% yield (eq 6). 

11 (35 Yo) 

Reaction Path 

To obtain the mechanistic information concerning the 
present esterification of aldehydes, zirconocene complexes 
CpzZrHz and CpzZr(C1)H were allowed to react with 2 
equiv of 2-methylpropanal (3c) at 0 "C for 0.5 h. During 
this reaction of the CpzZrHz with 3c, no ester was formed, 
while in the reaction of the CpzZr(C1)H ester 4c was 
obtained in 36% yield. This observation suggests that 
two molecules of aldehyde are capable of being inserted 
into the CpzZrHz to form CpzZr(OCH2R)z, while only one 
molecule of aldehyde adds to CpzZr(C1)H to form Cpz- 
Zr(C1)OCHzR. 

NMR results are especially helpful for explaining the 
differences in selectivity in cross-esterification. The lH- 
NMR of a 1:l mixture of CpzZr(C1)H and 3a or benzal- 
dehyde (3g) gave a doublet at  6 3.6 due to a methylene 
proton or a singlet at  6 4.9 due to a methylene, which 
shows the formation of CpzZr(Cl)OCHzCH(CH& (12) or 
CpzZr(C1)OCHzPh (131, respectively (Figure 1). 

Furthermore, the lH-NMR of a mixture of CpzZr(C1)H 
and 3a (2 equiv) indicated the formation of 12 and ester 

4a.'6 However, the lH-NMR spectrum of a mixture of 
CpzZr(C1)H and 3g (2 equiv) was found to consist of 13 
and the unreacted 3g,17 but no peak signifying ester 4g 
was observed. The former observation indicates that the 
migration of the 2-methylpropoxy moiety from the re- 
sulting complex 12 to a second aldehyde occurs smoothly 
to form the ester 4a via an intermediate [Bl, as discussed 
later. In contrast to the reaction with the aliphatic 
aldehyde 3a, the reaction of CpaZr(C1)H with aromatic 
aldehyde 3g stopped at the formation stage of 13 without 
the production of the ester 4g, and the 3g remaining was 
recovered unaltered. This fact shows that the migation 
of the benzyloxy moiety from complex 13 to a second 3g 
is difficult to take place. However, it was found that the 
reaction of complex 13 with an aliphatic aldehyde such as 
3a produced cross-ester 7 (22% ) together with 4a (20% ) 
after quenching with water (eq 7). 

? 
Cp2Zr-OCH2Ph + 2 a * 

r.t., 8 h 
13 

-Yo B + 4a (7) 
U 

7 (22 %) (20 %) 

We are therefore forced to assume that the coordination 
of the aromatic aldehyde 3g to complex 13 takes place 
with more difficulty than that of the aliphatic aldehyde 
3a to 13 probably because of the lower electron density of 
the carbonyl oxygen of 3g based on the electron-with- 
drawing property of the phenyl group. 

On the basis of the these results, the following route is 
suggested for the present catalytic conversion of aldehyde 
into ester using CpzZr(C1)H (Scheme I). 

The aldehyde inserts into the Zr-H bond to form an 
alkoxyzirconium species [AI which is the key intermediate 
in the present reaction. The second molecule of aldehyde 
coordinates to complex A, followed by the migratory 
insertion of the aldehyde to form complex B. The third 
aldehyde molecule coordinates to intermediate B on which 
a subsequent hydrogen transfer reaction to the third 
aldehyde via a six-membered transition state C produces 
the ester, while complex A is regenerated. However, the 
higher activity of the sterically crowded aldehydes such 
as 3e and 3f compared to that of the linear aldehydes such 
as 3a and 3b may suggest a reaction sequence which 
involves a direct /3-hydride elimination from the inter- 

(16) Complex 12 was treated with ether containing water to give 
2-methylpropanol and 4a in 50% and 36% yields, respectively, based on 
30 used. 

(17) Treatment of complex 13 similar to that of ref 16 afforded benzyl 
alcohol (49%) and 3g (42%). 
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Figure 1. 'H-NMR spectra of Cp2Zr(C1)OCH2CH(CH& (12) and Cp,Zr(Cl)OCHzPh (13). 

Scheme I. Conceivable Reaction Path for 
Dimerization of Aldehyde to Ester Catalyzed by 

CpzZr(C1)H 
CI 

7 
R~CHO ir 

A2 

I 

n 
[BI 

mediate B releasing the ester and regenerating the Cpz- 
Zr(C1)H. Unfortunately, if the reaction of an aldehyde 
with CpzZr(C1)H progresses more easily than that with 
CpzZr(C1)OCHzR [AI, CpzZr(C1)H is difficult to observed 
in the NMR study even though the CpzZr(C1)H is 
regenerated by the @-hydride elimination from complex 
B. Therefore, we are unable to determine whether the 
reaction proceeds via the six-membered transition state 
C or the direct 8-hydride elimination from B in the reaction 
sequence shown in Scheme I. 

In the CpzZrHz catalyzed esterification of aldehyde, i t  
is probable that the reaction proceeds via the dialkoxy- 
zirconium complex such as CpzZr(0R)z rather than the 
monoalkoxy complex such as CpzZr(H)OR, because two 
molecules of aldehyde insert very readily into the Zr-H 
bond. Indeed, the reaction of CpzZrHz with 2 equiv of 3c 
produced no ester, as previously mentioned. 

In conclusion, we have presented the selective dimer- 
ization of aldehydes catalyzed by zirconocene and 
hafnocene complexes. It is noteworthy that  the cross- 
esterification between benzaldehyde (3g) and various 
aldehydes was achieved with high selectivity, despite the 
fact that  the esterification of3g itself was difficult to  carry 
out using the present catalytic systems. 

Experimental Section 
All reactions and manipulations were carried out under argon 

using flame dried Schlenk tubes. Solvents were dried and purified 
in the usual manner and stored under an argon atmosphere. 
Commercial aldehydes were freshly distilled over 4-A molecular 
sieves. The reaction products were quantitatively analyzed by 
GLC using an internal standard. GLC was performed using a 
PEG (25-m) column. IR spectra were recorded on a FT-IR 
spectrometer. 'H- and W-NMR spectra were obtained on a 
400-MHz spectrometer. 

Preparation of Group 4 Metallocene Complexes. CpzZrC12, 
CpzZr(Cl)H, and Cp2ZrH2 were prepared according to conven- 
tional m e t h o d ~ . ~ ~ J ~  The low valent zirconocene complex, Cp&, 
was obtained by adding n-BuLi (1.6 mol/L hexane solution, 0.31 
mL) to a solution of CpzZrCl2 (0.073 g, 0.25 mmol) in anhydrous 
THF (0.5 mL) at 0 OC, followed by solvent removal in uacuo.10 
Various hafnocene complexes were prepared by a procedure 
similar to the corresponding zirconocene complexes. CpzZr(C1)D 
was obtained by using LiAlDd instead of LiAlI& during the 
preparation of the corresponding hydride complex. 

CpzZrCl2: IR (KBr) 3105,1440,1015,810 cm-1. 
CpzZr(C1)H IR (KBr) 3095, 1460, 1390, 1010, 810 cm-'. 
CpzZrHz: IR (KBr) 3070, 1525, 1330, 1015, 805 cm-I. 
CpzHfCl2: IR (KBr) 3105, 1440, 1015,815 cm-'. 
Cp2Hf(Cl)H IR (KBr) 3100,1460,1390, 1015,810 cm-'. 
Cp2HfH2: IR (KBr) 3070, 1570,1380,1015,810 cm-I. 
CpzZr(C1)D: IR (KBr) 3095, 1440, 1025,1010,810 cm-I. 
General Procedure for Dimerization of Aldehydes Cat- 

alyzed by Group 4 Metallocene Complexes. Into the Schlenk 
tube containing CpzZrH2 (0.056 g, 0.25 mmol), freshly distilled 
3-cyclohexene-1-carboxaldehyde (1) (0.55 g, 5 "01) was added 
at 0 OC under the argon atmosphere. The reaction mixture was 
stirred at 0 OC for 0.5 h. GLC analysis of the resulting yellow 
solution indicated the presence of (3-cyclohexenyl)methy13-cy- 
clohexene-1-carboxylate (2) and a small amount of 3-cyclohex- 
enemethanol. Reactions of other aldehydes were carried out using 
the previously described method. 

General Procedure for Cross-Dimerization of Aldehydes 
Catalyzed by CpzMHs and CpzM(C1)H (M = Z r  or Hf). Into 
the Schlenk tube containing catalyst (0.25 mmol) were added at 
OOCamixtureoffreshlydistilledbutanal(3a) (0.180g, 2.5mmol) 
and 2-methylpropanal ( 3 4  (0.180 g, 2.5 mmol). The reaction 
mixture was stirred at 20 "C for 0.5 h under an argon atmosphere. 

(18) Reid, A. F.; Wailes, P. C. A u t .  J. Chem. 1966,19, 309. 
(19) Wailes, P. C.; Weigold, H. Znorg. Synth. 1979,19, 223. 
(20) Negishi, E.; Miller, S. R. J.  Org. Chem. 1989,54,6014. 
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From GLC analysis of the resulting yellow solution, all possible 
estrs 4a, 4c, 5 and 6 were observed accompanied by small amounts 
of 1-butanol and 2-methyl-1-propanol. Cross-dimerization of 
other aldehydes were similarly carried out. 

Stoichiometric Cross-Dimerization of Cyclohexanecar- 
boxaldehyde (3f) with 2-Methylpropanal (3c). Into the 
Schlenk tube containing CpzZr(C1)H (0.258 g, 1 mmol) in ether 
(1 mL) was added 3f (0.112 g, 1 mmol), and the mixture was 
stirred at 20 OC for 8 h. To the resulting solution was added 3c 
(0.072 g, 1 mmol), and the solution was further stirred for 8 h to 
provide a yellow suspended solution. GLC analysis of the solution 
indicated the presence of the cross-dimer, 1-cyclohexylmethyl 
2-methylpropanoate (9), and homo-dimers. 

Reaction of 2-Methylpropanal (3c) with CprZr(C1)H or 
CptZrHa. Into the Schlenk tube containing the zirconocene 
complex (1 mmol) in ether (1 mL) was added 3c (0.144 g, 2 mmol), 
and the mixture was stirred at 20 OC for 8 h. In the case of the 
CpzZr(C1)H, GLC analysis of the reactant indicated the presence 
of the corresponding ester 4c, while from the reaction with Cpz- 
ZrHz, no ester was observed. 

Cross-Dimerization of CpzZr(C1)D with Cyclohexane- 
carboxaldehyde (3f) and 2-Methylpropanal (3c). Into the 
Schlenk tube containing CpzZr(C1)D (0.259 g, 1 mmol) in ether 
(1 mL) was added 3f (0.112 g, 1 mmol), and the mixture was 
stirred at 20 OC for 8 h. To the resulting solution was added 3c 
(0.072 g, 1 mmol), and the solution was further stirred for 8 h to 
provide a yellow suspended solution. lH- and W-NMR spectra 
indicated the presence of an ester incorporated deuterium, 
(cyclohexyl-1)methyl-d 2-methylpropanoate (1 1). 

NMR Study of the Reaction of CpzZr(C1)H with Alde- 
hydes. Into the Schlenk tube containing CpzZr(C1)H (0.258 g, 
1 mmol) in C& (1 mL) was added 2-methylpropanal (3c) (0.072 
g, 1 mmol) or benzaldehyde (3g) (0.106 g, 1 mmol). Stirring the 
reaction mixture at 20 "C for 8 h under an argon atmosphere 
provided complex 12 or 13, respectively. lH- and 13C-NMR 
spectra were measured intact under an argon atmosphere. 

CpZZr(Cl)OCH&H(CHa)z (12): lH-NMR (CeDdMe4Si) 6 
5.96 (8, lOH), 3.60 (d, 2H), 1.60 (sept, lH), 2.83 (6H); W-NMR 
(C&B/Me$i) 6 113.4, 82.5, 32.0, 19.2. 

CpzZr(C1)OCHah (13): lH-NMR (C&$MerSi) 6 7.24-7.10 
(m, 5H), 5.94 (8, lOH), 4.89 (8,  2H); W-NMR (CBDdMeBi) 6 
142.5, 128.6, 127.3, 126.6, 113.7, 77.2. 
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lH), 1.18 (d, 6H), 0.94 (d, 6H); 13C-NMR (CDCldMerSi) 6 177.0, 
70.2, 34.0, 27.7, 19.0, 18.9. 

2-Methyl-1-pentyl 2-methylpentanoate (4d): IR (NaCl) 
2961,2934,2874,1736,1465,1379,1246,1181,1149,1085,984, 
741 cm-1. 1H-NMR (CDCIdMe4Si) 6 3.98-3.92 (m, lH), 3.89- 
3.83 (m, lH), 2.45 (sext, lH), 1.83-1.62 (m, lH), 1.46-1.25 (m, 
8H), 1.14 (d, 3H), 0.93-0.88 (m, 9H). l3C-NMR (CDCldMerSi) 
6 177.0,69.1,39.5,39.4,36.0,35.7,32.4,20.4,19.9,17.1,16.9,16.8, 
14.2, 14.0. 

2,2-Dimethyl-l-propyl 2,2-dimethylpropanoate (4e): IR 
(NaC1) 2961,2907,2873,1733,1480,1366,1286,1159,988 cm-l; 
1H-NMR (CDCls/Me4Si) 6 3.75 (s,2H), 1.22 (8,9H), 0.95 (s,9H); 
W-NMR (CDCldMe4Si) 6 178.5, 73.6, 38.9, 31.5, 27.3, 26.4. 

1-Cyclohexylmethyl cyclohexanecarboxylate (4f): IR 
(NaC1) 2930,2855,1730,1450,1310,1245,1170,1135,1035 cm-I. 
lH-NMR (CDCls/Me4Si) 6 3.86 (d, 2H), 2.33-2.25 (m, lH), 1.92- 
1.88 (m, 2H), 1.74-1.57 (m, 9H), 1.48-1.39 (m, 2H), 1.33-1.11 (m, 
6H), 1.01-0.92 (m, 2H). W-NMR (CDCldMerSi) 6 176.2,69.3, 
43.4, 37.2, 29.9, 29.1, 26.4, 25.8, 25.7, 25.5. 

Benzyl benzoate (413): IR (NaCl) 1720, 1452, 1376, 1314, 
1272,1110,1070,1026, 751,712 cm-1; 'H-NMR (CDCldMerSi) 
6 8.08 (d, 2H), 7.56 (t, lH), 7.46-7.32 (m, 7H), 5.37 (s, 2H); I3C- 
NMR (CDCUMeSi) 6 166.4, 136.0, 133.0, 130.1, 129.7, 128.6, 
128.4, 128.2, 128.1, 66.7. 

2-Methyl-1-propyl 1-butanoate (5): IR (NaC1) 2965,2875, 
1740,1470,1380,1179,1000,755 cm-1; lH-NMR (CDCls/MerSi) 
6 3.86 (d, 2H), 2.30 (t, 2H), 1.93 (sept, lH), 1.66 (sext, 2H), 0.95 
(t, 3H), 0.93 (d, 6H); W-NMR (CDC13/Me4Si) 6 173.8,70.4,36.3, 
27.7, 19.1, 18.5, 13.7. 

1-Butyl 2-methylpropanoate (6): IR (NaCl) 2964,2936,2876, 
1737, 1470, 1390, 1345, 1193, 1159, 1078, 972 cm-l; lH-NMR 
(CDCldMe4Si) 6 4.07 (t, 2H), 2.54 (sept, lH), 1.61 (hept, 2H), 
1.38 (sext, 2H), 1.16 (d, 6H), 0.94 (t, 3H); W-NMR (CDC&/ 
Mersi) 6 177.6, 64.4, 34.3, 31.0, 19.4, 19.3, 14.0. 

Benzyl 1-butanoate (7): IR (NaCl) 3035,2965,2875,1735, 
1455, 1255, 1170, 1090, 975, 750, 700 cm-l; lH-NMR (CDCld 
Mersi) 6 7.36-7.32 (m, 5H), 5.12 (s,2H), 2.34 (t, 2H), 1.67 (sext, 
2H), 0.95 (t, 3H); 13C-NMR (CDCls/MerSi) 6 173.5,136.2,128.6, 
128.2, 66.1, 36.2, 18.5, 13.7. 

1-Butyl benzoate (8): IR (NaCl) 2960,2874,1720,1602,1452, 
1385, 1314, 1276, 1176, 1112, 1070, 1027, 711 cm-l; 'H-NMR 
(CDCldMerSi) 6 8.05 (d, 2H), 7.55 (t, lH), 7.44 (t, 2H), 4.33 (t, 
2H), 1.76 (hept, 2H), 1.48 (sext, 2H), 0.98 (t, 3H); W-NMR 
(CDCldMe4Si) 6 166.7,132.8,130.5,129.5,128.3,64.8,30.7,19.3, 
13.7. 
1-Cyclohexylmethyl2-methylpropanoate (9): IR (NaCl) 

2974,2929,2854,1737,1470,1451,1391,1344,1261,1194,1156, 
1076,991,756 cm-l. lH-NMR (CDCldMe4Si) 6 3.87 (d, 2H), 2.55 
(sept, lH), 1.75-1.58 (m, 7H), 1.31-1.10 (m, 8H), 1.01-0.95 (m, 
2H); WhNMR (CDCldMerSi) 6 177.3,69.4,37.2,34.1,29.7,26.4, 
25.7, 19.1. 

2-Methyl-1-propyl cyclohexanecarboxylate (10): IR (NaCI) 
2934,2857,1733,1469,1451,1380,1313,1247,1171,1133,1039, 
992, 756 cm-1. 'H-NMR (CDCls/MelSi) 6 3.84 (d, 2H), 2.30 (tt, 
lH), 1.94-1.89 (m, 3H), 1.76-1.73 (m, 3H), 1.49-1.40 (m, 2H), 
1.33-1.18 (m, 3H), 0.93 (d, 6H); 13C-NMR (CDCldMedSi) S 176.2, 
70.2, 43.3, 29.1, 27.8, 25.8, 25.5, 19.1. 

(Cyclohexyl-1)methyl-d 2-methylpropanoate (11): 'H- 
NMR (CDCls/Me4Si) 6 3.86-3.84 (m, lH), 2.55 (sept, lH), 1.75- 
1.60 (m, 7H), 1.29-1.14 (m, 8H), 1.01-0.92 (m, 2H); W-NMR 
(CDCldMe4Si) 6 177.3, 69.1 (t), 37.1, 34.1, 29.7, 29.6, 26.4, 25.7, 
19.1. 
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Spectral Data 
(3-Cyclohexeny1)methyl 3-Cyclohexene-1-carboxylate 

(2): IR (NaCl) 3025,2920, 2840, 1735, 1440, 1305, 1220, 1165, 
1015,655 cm-1; 'H-NMR (CDCldMerSi) 6 5.68 (m, 4H), 4.00 (d, 
2H), 2.57 (m, lH), 2.27-1.95 (m, 8H), 1.81-1.64 (m, 3H), 1.38- 
1.27 (m, 1H);W-NMR (CDCl$Me$i) 6 175.9,127.1,126.7,125.6, 
125.3, 68.6, 39.5, 33.1, 28.2, 27.5, 25.3, 25.1, 24.5. 

1-Butyl 1-butanoate (4a): IR (NaC1) 2965,2875,1740,1460, 
1255, 1180, 1093 cm-1; 'H-NMR (CDCls/Me4Si) 6 4.08 (t, 2H), 
2.28 (t, 2H), 1.68 (m, 4H), 1.38 (sext, 2H), 0.95 (t, 3H), 0.94 (t, 
3H); 1%-NMR (CDClJMekSi) 6 173.9,64.1,36.3,30.7,19.2,18.5, 
13.8, 13.7. 

1-Hexyl 1-hexanoate (4b): IR (NaCl) 2958,2932,2861,1738, 
1466,1245, 1174,1111,999,729 cm-'; lH-NMR (CDCldMe4Si) 
6 4.06 (t, 2H), 2.29 (t, 2H), 1.67-1.58 (m, 4H), 1.38-1.24 (m, lOH), 
0.91-0.87 (m, 6H); W-NMR (CDCldMerSi) 6 174.0,64.4, 34.4, 
31.4, 31.3, 28.6, 25.6, 24.7, 22.5, 22.3, 14.0, 13.9. 

2-Methyl-1-propyl 2-methylpropanoate (4c): IR (NaC1) 
2970, 2880, 1740, 1470, 1385, 1260, 1195, 1155, 1075 cm-l; lH- 
NMR (CDCls/MerSi) 6 3.85 (d, 2H), 2.56 (sept, lH), 1.94 (sept, 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 S
ep

te
m

be
r 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/o
m

00
03

3a
05

3


