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Esters can be isolated in good yields by the reaction of acid chlorides with hydrogen in the presence of 
2,4,6-collidine and catalytic quantities of either (Ph3P)~Ru(H)C1 or (Ph3P)3RuC12 in toluene. Acylruthenium 
hydrides are possible reaction intermediates. 
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The Rosenmund reduction1n2 (heterogeneous Pd-cata- 
lyzed hydrogenolysis of acid chlorides to aldehydes) and 
the Tishchenko reaction3*' (aldehyde dimerization to es- 
ters) are of significant importance in synthetic organic 
chemistry. 
Rosenmund reaction 

Pd/BdO, 
RCOCl + Hz - RCHO + HCl 

Tishchenko reaction 
AI(0Et)s 

2RCHO - RCOOCHZR 

Barium sulfate or charcoal-supported palladium is the 
usual catalyst for the Rosenmund reductiona2 The ho- 
mogeneous palladium-catalyzed hydrogenolysis of m- 
(trifluoromethy1)benzoyl fluoride (EhN P(H2) = 55-100 
bar; RCO) = 1-90 k, 175 OC; 6 h) was recently described, 
affording the corresponding aldehyde in 0.5-25 % yield.6 
To our knowledge, no reports have appeared on the ho- 
mogeneously catalyzed Rosenmund reaction between acid 
chlorides and Hz. The Tishchenko dimerization is usually 
catalyzed by aluminum alkoxides;' however, boric acid: 
LiWOt7 Na2Fe(C0)',8 and some hydridoruthenium com- 
plexes have also been shown to induce this process. The 
main goal of the present work was to develop a selective 
method for the homogeneous transition-metal-catalyzed 
Rosenmund-type hydrogenolysis and a one-pot synthesis 
of esters from acid chlorides and Hz based on sequential 
Rosenmund and Tishchenko reactions. 

Results and Discussion 
Recently it was shown that highly reactive coordinatively 

unsaturated rhodium species generated by reductive 
elimination of HCl from chloro hydrido complexes 
[hRh(H)Cl2](L = i-Pr3P, Cy,P) under phase-transfer ca- 
talysis (PTC)l0 and biphasic" conditions efficiently cata- 

(1) (a) Rocienmund, K. W. Chem. Bet. 1918,51,686. (b) Rosenmund, 
K. W.; Zetzche, F. Chem. Ber. 1921,54,425. 

(2) For reviews, see: (a) Mosettig,.E.; Mozingo, R. Org. React. 1948, 
4, 362. (b) Rylander, P. N. Catalytic Hydrogenation Over Platinum 
Metals; Academic Preacc New York, 1967; p 398. (c) Colquhoun, H. M.; 
Holton, J.; Thompn, D. J.; Twigg, M. V. New Pathways for Organic 
Synthesis. Practical Applicationu of Transition Metals; Plenum Press: 
New YoFk, 1984; p 310. 

(3) - 0, V. E. J. Russ. Phye. Chem. Soc. 1906,38,356,482,540, 
647. .. . 

(4) For reviews, see: (a) March, J. Advanced Organic Chemistry; 3rd 
ed.; John Wiley and Sone: New York, l W ,  p 1119. (b) Cichon, L. Wiad. 
Chem. 1966,20,641,783. 

(5) Braden, R.; Himmler, T. J. Organomet. Chem. 1989, 367, C 12. 
(6) Stapp, P. R. J. Org. Chem. 1978,38,1433. 
(7) Vficorta, G. M.; San Filippo, J., Jr. J.  Org. Chem. l98S, 48,1151. 
(8) Yamaahita, M.; Watanabe, Y.; Mitaudo, T.; Takegami, Y. Bull. 

Chem. SOC. Jpn. 1976,49, 3597. 

Jpn. 1982,55,504. 
(9) Ito, T.; Horino, H.; Koehiro, Y.; Yamamoto, A Bull. Chem. Soc. 

lyze hydrogenolysis of the C-Cl bond in chloroarenes.'2 It 
seemed reasonable to apply this system to the hydrogen- 
olysis of a carbon-chlorine bond in acid chlorides. Ob- 
viously, the reaction conditions must have been signifi- 
cantly modified, due to high reactivity of acid chlorides 
toward many bases, including alkali and water. In other 
words, it was necessary to select a strong base possessing 
low nucleophilicity, which strongly bin& HC1, but does 
not react with acid chlorides. The following bases have 
been tested: triethylamine, 1,8-bis(dimethylamino)- 
naphthalene (Proton Sponge), diisopropylethylamine, 
2,4,6-collidine, activated molecular sieves, potassium car- 
bonate, sodium bicarbonate, and calcium hydroxide. 2- 
Naphthaldehyde was obtained in 61% isolated yield 
starting from 2-naphthoyl chloride, Hz, and triethylamine. 
Naphthalene (3.5% yield) was a byproduct of this trans- 
formation. 

61% 

The reaction of benzoyl chloride under the same con- 
ditions resulted in the formation of benzaldehyde in 30% 
yield (GLC). Unfortunately, even lower yields (0-15%) 
of aldehydes were obtained in the case of other aromatic 
acid chlorides. The process is sensitive to the nature of 
the base, with no reaction of benzoyl chloride observed by 
the use of Proton Sponge, K2C03, or molecular sieves. 
Sodium bicarbonate and calcium hydroxide caused the 
hydrolysis of acid chlorides. Collidine and diisopropyl- 
amine gave lower yields of the desired products than tri- 
ethylamine. The temperature of the reaction should not 
be higher than 50-60 OC, otherwise extensive decarbon- 
ylation13 and catalyst poisoning occurs. 

In the search for a more efficient catalyst for the ho- 
mogeneous Roaenmund-type reduction, we found that the 
well-known chlorohydridoruthenium complex 
[(Ph,P),Ru(H)Cl] is able to catalyze both the Rosenmund 
reduction and the Tishchenko dimerization. 

Since the reaction conditions (Hz, base) are suitable for 
the conversion of tris(tripheny1phosphine)ruthenium di- 
chloride to the tris(tripheny1phosphine)rutheniu.n chlo- 
rohydride?' both complexes were tried as the catalysts. As 

[(Ph$)&u(H)CII, 2,4,6-collidino 
2ArCoC1 + 2H2 toluene. 1 a h .  56 OC. 16-24 h. -2HC: 

ArCHzCOOAr 
52-85% 
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Table I. Ruthenium-Catalyzed Synthesis of Esters from Acid Chlorideso 

2RCOCl + 2H2 RCOOCH2R 

isolated m:b vco, 
R [Rul time, h yield, % cm-' 'H NMR: 6 (CDClS) 

C6H6 (Ph3P)SRuClg 19 75 1719 5.35 (a, 2 H, CH,); 7.2-8.1 (m, 10H) 

p-CH&gH4 (PhaP)SRuC12 20 85 1717 2.33 (a, 3 H, CH,); 2.38 (8, 3 H, CH,); 5.28 (8, 2 H, CHI); 7.1-8.0 (m, 8 H) 
m-CH3CgH4 (Ph3P),RuC12 21 77 1719 2.35 (8, 3 H, CH,); 2.38 (8 ,  3 H, CH,); 5.30 (8, 2 H, CH,); 7.1-8.0 (m, 8 H) 
o-CH&H~ (PhSP)SRuC12 20 52 1716 2.40 (a, 3 H, CH,); 2.60 (8, 3 H, CH,); 5.35 (a, 2 H, CH,); 7.1-8.0 (m, 8 H) 
2-naphthyle (PhSP),RuCl, 24 61 1710 5.60 (8, 2 H, CH,); 7.4-8.7 (m, 14 H) 
1-naphthyld (PhSP),RuC12 24 55 1701 5.90 (a, 2 H, CH,); 7.4-9.0 (m, 14 H) 

PClCgH,' (Ph3P)sRuC12 20 52 1712 5.30 (8, 2 H, CH,); 7.3-8.1 (m, 4 H) 

pCHsOCgH4 (Ph3P),RuC12 22 ca. 25f 1710 3.79 (8 ,  3 H, CH,); 3.82 (a, 3 H, CH,) 
(PhaP)aRu(H)Cl 19 57 5.25 (8, 2 H, CH,); 6.8-8.1 (m, 4 H) 

~02NCgH4' (Ph,P)&u(H)Cl 24 67 1720 5.50 (8, 2 H, CH,); 7.5-8.4 (m, 8 H) 
2-fury1 (Ph,P),Ru(H)Cl 21 ca. Id 1725 5.25 (8, 2 H, CH,); 7.1-7.8 (m, 6 H) 

OReaction conditione: 1 mmol of acid chloride, 2 mmol of collidine, 0.05 mmol of [Ru], 2 mL of toluene, H2 (1 atm), 55 "C (oil bath). 
bNujol mull for solids, neat compound for liquids. Lmp 95 OC (from hexane). Anal. Calcd for CnHlsO2: C, 84.59; H, 5.16. Found C, 84.w 
H, 5.38. dmp 76-77 "C (from hexane). 'mp 70-72 "C (see ref 15). f lH NMR yield. 

(PhsP)SRu(H)Cl 20 85 

(PhaP)sRu(H)Cl 15 55 

(PhsP)gRu(H)Cl 15 53 

shown in Table I, in some cases the chlorohydrido- 
ruthenium complex indeed can be quite successfully re- 
placed by ita precursor, [ (Ph3P)3RuC1z]. These transfor- 
mations represent the fist example of a one-pot consec- 
utive Rosenmund and Tishchenko reaction. Almost no 
difference in ester yields was found when the ruthenium 
dichloride was used instead of the ruthenium chloro- 
hydride as the catalyst for the reactions of Cchlorobenzoyl 
and 1-naphthoyl chlorides. However, the replacement of 
[(Ph,P),Ru(H)Cl] for [(Ph,P),RuClZ] led to slight or even 
dramatic changes in yields of benzyl benzoate and 4,4'- 
dimethoxybenzyl benzoate, respectively. 

A number of aroyl chlorides containing electron-with- 
drawing and electron-donating substituents have been 
successfully converted into the corresponding esters, which 
were characterized by 'H NMR and IR spectral data (see 
Table I). However, aliphatic carboxylic acid chlorides (e.g., 
CH3COCl and c-C6HllCOC1) did not produce any ester 
under the same conditions. Neither reduction of the nitro 
group nor hydrogenolysis of the aromatic carbon-chlorine 
bond occurred when 4-nitrobenzoyl chloride and 4- 
chlorobenzoyl chloride, respectively, were subjected to the 
reaction. Earlier it was shown that the complex 
[(Ph,P),RuClz] in the presence of aqueous alkali does not 
catalyze any reaction between nitroarenes and hydrogen," 
unless quite drastic conditions are used (80-90 atm, 
120-125 OC).18 

Arenes (5-10% yield), arising from reductive decarbo- 
nylation of the starting acid chlorides, are byproducta of 
the reaction. Sometimes carboxylic acid anhydrides are 
also formed, when the conversion of the starting acid 
chloride is far from quantitative (the reaction is difficult 
to follow). In the presence of 2,4,6-collidine the remaining 
acid chloride produces the corresponding anhydride upon 
hydrolysis during workup. 

Several mechanisms can be considered for the ruthe- 
nium-catalyzed reductive dimerization of acid chlorides 
leading to esters. Scheme I describes a possible mechanism 
for the catalytic hydrogenolysis of the carbon-chlorine 
bond in acid chlorides. The reductive elimination of HC1 

(14) Hallman, P. S.; McGarvey, B. R.; Wilkineon, G. J. Chem. SOC. A 

(15) Rueggeberg, W. H. C.; Gineburg, A.; Frantz, R. K. J. Am. Chem. 

(16) Davis, M. J. Chem. SOC. 1966, 3981. 
(17) Januszkiewicz, K.; Alper, H. J. Mol. Catal. 1983, 19, 139. 
(18) Knifton, J. J. Org. Chem. 1976,40,519; 1976,41, 1200. 

1968,3143. 

SOC. 1946,67, 2154. 

L = PP$ BH+CI- 
B 2,4,6-(CH&%H2N 

from the starting hydridoruthenium chloride, followed by 
oxidative addition of an aroyl chloride, may afford 1. A 
similar transformation, with Hz playing the role of the acid 
chloride, has already been published.1° Addition of di- 
hydrogen to the pentacoordinated compound 1 would give 
$Hz octahedral ruthenium(I1) complex 2. Transition- 
metal dihydrogen complexes (including many 
Ynonclassicaln ruthenium hydrides) have become quite 
common in organometallic and coordination chemistry over 
the last seven years.lS Both cationicm and neutralz1 ru- 
thenium $-HZ complexes are readily deprotonated, and 
deprotonation of 2 with 2,4,6-collidine followed by elimi- 
nation of C1- leads to the acylruthenium hydride 3, which 
then eliminates the aldehyde. 

The catalytic dimerization of the formed aldehyde can 
proceed via two pathways similar to those proposed in ref 
9. Indeed, when benzaldehyde was allowed to react under 
the same conditions, benzyl benzoate (40% yield) was 
isolated from the reaction mixture after 4 h (the conversion 

(19) For review, see: (a) Kubae, G. T. Acc. Chem. Res. 1988,21,120. 
(b) Henderson, R. A. Tmnsition Metal Chem. 1988,13,474. (c) Ginzbug, 
A. G.; Bagatur'yanta, A. A. Metalloorg. Khim. 1989,2,243; Organomet. 
Chem. USSR 1989,2, 111 (English Translation). (d) Crabtree, R. H.; 
Hamilton, D. G. Adu. Organomet. Chem. 1988,28,299. (e) Crabtree, R. 
H. Acc. Chem. Res. 1996,23,95. 

(20) Jia, G.: Morris, R. H. J. Am. Chem. SOC. 1991, 113, 875 and 
references cited therein. 

(21) (a) Linn, D. E.; Halpern, J. J.  Am. Chem. Soc. 1987,109, 2969. 
(b) Morton, D.; Cole-Hamilton, D. J. J. Chem. SOC., Chem. Commun. 
1988, 1154. 
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of benzaldehyde was 100%; no reaction occurred in the 
absence of the ruthenium catalyst). Therefore, the rate 
of aldehyde dimerization is significantly higher than the 
rate of acid chloride hydrogenolysis (see Table I for re- 
action times). The absence of aldehydes among the re- 
action products, even when the conversion of starting acid 
chloride w&9 far from completion, conf? i i  this conclusion. 
Another mechanism not involving the generation of free 
aldehyde should also be considered. Complex 3 (Scheme 
I) was proposeds to react with another aldehyde molecule 
to give acyl-alkoxcAype intermediate 4. Reductive elim- 
ination of ester from 4 would lead to regeneration of the 
catalytically active ruthenium(0) species [L3Ru]. 
ArCORu(H)L3 + ArCHO - ArCORu(OCH2Ar)L3 - 

3 4 
ArCOOCH2Ar + [L3Ru] 

A possible mechanism for the rhodium-catalyzed ho- 
mogeneous Rosenmund-type reaction is probably the same 
as that for the hydrogenolysis of the carbon-chlorine bond 
in chloroarenes catalyzed by the same complex under 
phase-transfer or biphasic conditions.12 

In conclusion, this research has resulted in the first 
examples of metal complex catalyzed homogeneous Ro- 
senmund-type reduction and of a one-pot Rosenmund 
reduction and Tishchenko disproportionation reactions of 
acid chlorides. 

Experimental Section 
Spectral measurements were carried out on the following 

equipment: Varian XL 300 ('H NMR), Bomemn MB-100 (FT- 
IR), and VG 5050 micromass (mass spectra) spectrometers. 
Melting points were determined with a Fisher-Johns apparatus. 
A Varian 6000 instrument was used for GLC analysis, using 3% 
OV-17 on Chromosorb W. Benzoyl chloride (Fisher Scientific 
Company) was distilled under reduced pressure prior to use. All 
other acid chlorides, triethylamine, 2,4,6-collidine, and tri- 
phenylphosphine were purchased from Aldrich Chemical Co. and 
were used as received, as were aqueous ruthenium trichloride 
(Johnson-Matthey) and hydrogen (Air Products). The complexes 
[(CyP)&h(H)C41," [PhSPdRu(H)Cll (the aqueous NaB&/C& 

procedure of Wilkinson and co-workers was used),l' and 
[ (Ph3P)SRuC12]22 were prepared as described in the literature. 

2-Napthaldehyde from 2-Naphthoyl Chloride. A mixture 
of 2-naphthoyl chloride (0.29 g, 1.52 mmol), benzene (2 mL), 
triethylamine (1.1 mL), and [(Cy&')&h(H)CU (0.075 g, 0.1 "01) 
was placed in a 150-mL Schlenk tube, and the mixture was im- 
mediately degassed by two freeze-pump-thaw cycles. The 
Schlenk tube was purged with H2, and the reaction mixture was 
vigorously stirred under H2 at  50 "C (oil bath) for 65 h. Water 
(10 mL) and benzene (12 mL) were added, and the organic layer 
was separated, washed with water (2 X 10 mL), and subjected 
to rotary evaporation. The residue was chromatographed on silica 
gel first with pentane, to give naphthalene (0.00s g; 3.5%), mp 
80-82 "C, and then with benzene, to form 0.242 g of crude 2- 
naphthaldehyde. The latter was purified by vacuum sublimation: 
yield 0.145 g (61%); mp 6&62 OC (lit.29 mp 59-62 "C). 'H NMR: 
S 7.5-8.4 (m, 7 H, C1&), 10.1 (8, 1 H, CHO). 

The reaction of benzoyl chloride under the same conditions 
afforded benzaldehyde in 30% yield (GLC using internal stand- 
ard). 

General Procedure for the Ruthenium-Catalyzed Prep- 
aration of Esters from Acid Chlorides. A solution of toluene 
(2 mL), acid chloride (1 mmol), and 2,4,6-collidine (2 mmol) was 
placed in a 150-mL Schlenk tube. The ruthenium complex (0.05 
mmol; see Table I) was added to the degassed solution, and the 
mixture was immediately degassed by two freezepumpthaw 
cycles. The Schlenk tube was purged with H2, and the reaction 
mixture was stirred under H2 at  55 "C (oil bath; see Table I for 
reaction times). Benzene (10 mL) was added, the mixture was 
washed with 10% HCl(2 X 5 mL), and the organic extract was 
concentrated by rotary evaporation. The residue was chroma- 
tographed on silica gel to give the pure ester. For C6H&OC1, 
CH3C6H4COC1, and CH30CBH4COCl, the residue was dissolved 
in pentane, the solution was filtered through a short silica plug, 
and the filtrate was concentrated by rotary evaporation and dried. 
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Optically pure (>97% ee) (2R,4R)-1,2:4,5-diepoxypentane (1) and its enantiomer can be prepared in three 
s t e p  from 2,rl-pentanedione without the need for chromatographic purification. Diepoxide 1 is an efficient precursor 
to a wide variety of optically pure syn and anti 1,3-diols. Reaction with excess nucleophile gives symmetric 

R l y  R2 R y R  

R l V  --* R l W  R2 

OH OH OH OH 
asymmetric anll,3-diol / symmetric antC1,3-diol / 

\ 
rfv 
0 0  

fR,R)-l 

OH 0 OH OH 
monoepoxide 5 syml,3-diol 

anti 1,3-dioh in good yield. Reaction with a slight excess of alkyllithium under Ganem's conditions gives the 
monoepoxides 5 in good yield. Addition of a second nucleophile to monoepoxide 5 gives asymmetric anti 1,3-diols. 
Mitsunobu inversion of monoepoxide 5 followed by addition of a second nucleophile gives syn 1,3-diols. Optically 
pure syn and anti l,3-diols are available from diepoxide 1 in one to three steps and good overall yield. 

We became interested in the C2 symmetric diepoxide 1 
as a building block for l,&diols as part of a convergent 

0022-3263/91/1956-5161$02.50/0 

strategy to prepare alternating poly01 chains of the type 
found in polyene macrolide antibiotics. Our initial syn- 
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