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Reductive dehalogenation of a-halo ketones and esters is effectively achieved by using a novel reducing system 
comprised of phenylsilane and catalytic amounb of molybdenum hexacarbonyl and triphenylphosphine. Reactions 
are carried out at 60-80 O C  in variety of solvents, including THF, benzene, toluene, and diglyme. With respect 
to a-halo carbonyl reduction, this combination of Mo(0) and phenylsilane is superior to our previously described 
palladium(O)/diphenylsilane system and produces higher yields and cleaner products. 

Introduction 
Methods for selective removal of halogen substituents 

adjacent to a carbonyl functionality yielding the parent 
carbonyl compound have recently received considerable 
attention. The various procedures and reagents that have 
been developed for reductive dehalogenation of a-halo 
carbonyl compounds include (a) reducing agents such as 
zinc in acetic acid,l sodium dithionate,2 organotin hy- 
drides: borohydride? and low-valent transition-metal salts 
(e.g. titanium(II1): vanadium(I1): and chromium(I1)'); (b) 
strong nucleophiles that may act as reducing agents such 
as iodide ions,8  phosphine^,^ iodophosphines,1° iodotri- 
methylsilane,'l thiols,12 selenols,13 tell~rolates,'~ amines15; 
(c) stoichiometric amounts of zero-valent transition-metal 
carbonyls of iron,16 cobalt,17 and molybdenuml8; and (d) 
heterogeneous hydrogenation catalysts involving transi- 
tion-metal surfaces.lg 

In recent years we have developed an array of composite 
reducing systems based on new combinations of tin or 
silicon hydrides with transition-metal catalysts, including 
palladium,20 ruthenium,21 and molybdenum.22 These 
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represent a promising new family of reducing media, 
particularly useful for reductive cleavage of allylic heter- 
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(e) Grieco, P. A. J. Org. Chem. 1972, 37, 2363. 
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Table I. Reduction of a-Halo Ketones with Pd(O)/Ph,SiH,O 

entry (mmol) (mol %) (equiv) additive (equiv) solvent temp time (h) yieldb (%) 
substrate Pd(PPhJ4 Ph2SiH2 

1 3, 0.59 7 1.3 ZnC12 (2.8) CHC13 RT' 1 70 
2 3, 0.83 8 1.5 THF RT 0.5 73 
3 3, 0.83 8 1.5c THF RT 20 5 
4 3, 0.83 a 1.5d THF RT 0.1 60 
5 3, 0.30 8e 1.4 PPh3 (0.16) THF RT 24 70 
6 2, 0.32 7 1.1 ZnC12 (0.33) THF RT 12 50 
7 2, 0.32 7 1.1 THF RT 12 60 
8 2, 0.54 3.5 0.9 NaOAc (1.6) THF RT 4 60 
9 2, 0.32 7 1.1 K2C03 (1) THF RT 6 70 

11 9, 0.37 5 2.2 KzC03 (2) THF RT 12 25 
10 7, 0.19 10 3 K2C03 (1.8) THF RT 12 55 

All reactions were carried out according to the general procedure given in the Experimental Section. Yields were determined by GC 
and/or by NMR using internal standards. CEgSiH was used instead of Ph2SiHz. dPhSiH3 was used instead of Ph2SiHz. ePd(OAc)z was 
employed instead of Pd(PPh3)& f R T  = room temperature. 

Table 11. Mo(0)-Catalyzed Reduction of 3-Bromoheptan-4-one" 

entry (mmol) (mol %) (mol %) PPh, (mol %) (mol %) solvent (mL) temp ("C) time (h) vieldb (%) 
substrate MO(CO)~ PhSiH3 NaHC03 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

0.13 
0.30 
0.18 
0.20 
0.17 
0.17 
0.23 
0.30 
0.35 
0.12 
0.34 
0.34 
0.25 
0.31 
0.34 
0.33 
0.44 
0.33 

25 
2.3 
6.4 

20 
49 
23 
3.3 
4.7 

11 
4.4c 
5 
6 
7 
7.4 
7.5 
5.7 
5.5 

40 

170 
240 
200 
180 
230 
170 
200 
170 
160 
150 
150 
200 
190d 
240e 
150 
40 
20 

110 

260 

130 

17 100 
23 110 
27 130 
30.3 100 
29.1 120 
24.7 230 
24.5 180 

190 

THF (1.0) 
THF (1.0) 
THF (1.0) 
THF (1.0) 
THF (1.0) 
THF (0.5) 

THF (1.0) 
THF (1.0) 
benzene (1.0) 
hexane (0.5) 
THF (1.0) 
THF (1.0) 
THF (1.0) 
THF (1.0) 
THF (1.0) 

65 
65 
65 
65 
65 
65 
70 
70 
80 
65 
65 
80 
80 
65 
65 
65 
65 
65 

3.0 
2.0 
2.0 
4.0 
2.5 
1.75 
0.5 
1.0 
0.5 
4.0 
2.25 
2.75 
3.0 

3.5 
0.8 
2.3 
2.0 

12 

traces 
18 
33 
75 
100 
100 
15 
24 
50 
no reaction 
100 
97 
no reaction 
100 
6 
100 
79 
45 

a All reactions were carried out according to the general procedure given in the Experimental Section. Yields were determined by GC 
and/or by NMR by using internal standards. cMo(N2)2(dppe)2 was employed instead of 1. dPhzSiHz was employed instead of phenylsilane. 
e Polymethylhydrosiloxane (PMHS) was employed instead of phenylsilane. 

osubstituents under extremely mild conditions and for 
highly controlled conjugate reduction of a,@-unsaturated 
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2091 (b) Noyori, R.; Hayakawa, Y.; Funakura, M.; Takaya, H.; Murai, 
S.; Kobayashi, R.; Tsutaumi, S. J. Am. Chem. Soc. 1972, 94, 7202. (c) 
Noyori, R.; Hayakawa, Y.; Takaya, H.; Murai, S.; Kobayashi, R.; Sonoda, 
N. J. Am. Chem. SOC. 1978,100,1759 (d) Alper, H. In Organic Synthesis 
uia Metal Carbonyls; Wender, I., Pino, P., Eds.; Wdey-Interscience: New 
York, 1977; Vol. 2. (e) Alper, H.; Keung, E. C. H. J. Org. Chem. 1972, 
37,2566. (0 Alper, H. Tetrahedron Lett. 1975, 2257. (8) Nelson, S. J.; 
Detre, G.; Tanabe, M. Tetrahedron Lett. 1973,447. (h) Luh, T. Y.; Lai, 
C. H.; Lei, K. L.; Tam, S. W. J. Org. Chem. 1979, 44, 641. 

(17) Alper, H.; Logbo, K. D.; des Abbayes, H. Tetrahedron Lett. 1977, 
2861. 

(18) (a) Alper, H.; Des Roches, D. J.  Org. Chem. 1976, 41, 806. (b) 
Alper, H.; Pattee, L. J. Org. Chem. 1979, 44, 2568. 

(19) (a) Denton, D. A.; McQuillin, F. J.; Simpson, P. L. J. Chem. SOC. 
1964,5535. (b) Sargent, L. J.; Agar, J. H. J. Org. Chem. 1958,23,1938. 
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carbonyl compounds. 
In this paper we describe a new application of such 

composite reducing systems for reductive dehalogenation 
of a-halo carbonyl compounds. 

Results and Discussion 
One might anticipate that the a-halo carbonyl func- 

tionality, being isoelectronic with the allylic halide func- 
tion, would be easily reduced to the parent carbonyl by 
a system that reduces allylic functions. This hypothesis 
was also supported by the report that reductive dehalo- 
genation of a-halo ketones takes place with the Pd(O)/ 
hexamethyldisilane although under drastic con- 
ditions (i.e. 140-170 "C for 4-17 h). Indeed, our initial 
attempts to reduce phenacyl bromide (3) with Pd(O)/ 
PhzSiHz, using the optimal conditions that we used earlier 
for allylic reduction,20d resulted in formation of aceto- 
phenone within less than l h. yields, however, did not 
exceed 7040% (Table I, entries 1-4). Monohydridosilanes 

(20) (a) Keinan, E.; Greenspoon, N. J. Am. Chem. SOC. 1986,108,7314. 
(b) Keinan, E.; Greenspoon, N. Org. Synth., in press. (c) Keinan, E.; 
Greenspoon, N. Tetrahedron, Lett. 1985, 26, 1353. (d) Keinan, E.; 
Greenspoon, N. Zsr. J. Chem. 1984,24,82. (e) Keinan, E.; Greenspoon, 
N. J.  Org. Chem. 1983,48,3545. (f) Keinan, E.; Greenspoon, N. Tetra- 
hedron Lett. 1982, 23, 241. (9) Keinan, E.; Gleize, P. A. Tetrahedron 
Lett. 1982, 23, 477. 

(21) Keinan, E.; Godinger, N.; Greenspoon, N., submitted for publi- 
cation. 

(22) Keinan, E.; Perez, D. J.  Org. Chem. 1987, 52, 2576. 
(23) Urata, H.; Suzuki, H.; Moro-Oka, Y.; Ikawa, T. J.  Organomet. 

Chem. 1982,234, 367. 
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Table 111. Mo(0)-Catalyzed Reduction of a-Halo Carbonyl Compoundsn 
substrate MO(CO)~ PhSiH3 NaHC03 

entry (mmol) (mol W )  (mol %) PPh, (mol %) (mol W )  solvent (mL) temp ("C) time (h) yieldb (%) 
1 3 (0.21) 6 240 26 250 THF (0.75) 65 5.0 90 
2 3 (0.62) 6 120 27 110 benzene (1.00) 80 3.25 95 
3 4 (0.24) 5 210 20 150 THF (0.75) 65 4.5 100 
4 4 (0.50) 8 150 33 130 benzene (1.00) 80 2.0 >95 
5 4 (0.25) 5 200 19 140 toluene (0.50) 95 1.0 >95 
6 5 (0.41) 5 180 19 80 THF (0.75) 65 1.0 >95 
7 5 (0.41) 6 180 26 80 benzene (0.50) 80 1.0 77 
8 6 (0.30) 5 200 23 100 THF (0.75) 65 1.33 80 
9 7 (0.31) 7 190 26 140 THF (1.00) 65 8.5 35 

10 7 (0.21) 6 280 24 130 toluene (0.50) 75 12.0 45 
11 7 (0.44) 11 160 THF (1.5) 65 2.5 100 
12 8 (0.42) 7 130 26 150 THF (1.00) 65 8.75 70 
13 8 (0.45) 6 160 26 80 toluene (0.50) 75 5.5 90 
14 9 (0.39) 5 160 19 110 benzene (0.50) 80 2.5 70 
15 10 (0.29) 7 170 31 120 THF (0.75) 65 2.0 >95 
16 10 (0.38) 4 160 16 80 diglyme (0.50) 75 1.2 100 
17 11 (0.40) 6 150 20 80 THF (1.00) 65 1.0 100 
18 12 (0.32) 5 190 17 100 THF (0.75) 65 5.5 100 
19 13 (0.49) 4 140 18 70 THF (0.75) 65 4.5 90 
20 14 (0.40) 6 170 26 110 benzene (0.50) 80 24 75 

"All reactions were carried out according to the general procedure given in the Experimental Section. bYields were determined by GC 
and/or by NMR by using internal standards. 

such as triethylsilane or polymethylhydrosiloxane were 
found to be essentially inert in this reaction. Conversely, 
phenylsilane was too reacive, reminiscent of the behavior 
of tributyltin hydride,20e its palladium-catalyzed decom- 
position into disilane and hydrogen gas occurring at a rate 
that is either comparable to or greater than that of re- 
duction. 

Although reduction proceeded quite rapidly, formation 
of the parent ketone was accompanied by substantial 
quantities of unidentified polar side products. This 
drawback became even more significant with more steri- 
cally hindered substrates, their reduction proceeding much 
more sluggishly. For example, reduction of 3-bromo- 
heptan-Cone (2) was approximately ten times slower than 
that of 3 and gave only moderate yields (Table I, entries 
6-9). Addition of ZnClz (which is known to promote Pd- 
(0)-catalyzed reductionszos4) had no effect on either re- 
action rate or yield. Using a slightly basic medium, how- 
ever, engendered by addition of potassium carbonate, 
produced somewhat higher reduction rates and yields, but 
these conditions also promoted formation of the corre- 
sponding a,@-unsaturated ketone, possibly via a @-hydride 
elimination process of the corresponding palladium eno- 
late.24 Reduction of a more sterically hindered secondary 
bromo ketone, bromocamphor (entry lo), proceeded, as 
expected, with lower efficiency. Much lower yields were 
observed in the case of tertiary bromo ketone 9 (entry 11). 

The rather poor results obtained with palladium(0) 
turned our attention to molybdenum(O), which in addition 
to its catalytic potential is an effective reducing agent by 
virture of its stable high oxidation states.25 In fact, Mo- 
(CO), (1) is one of the few soluble transition-metal com- 
plexes that were found active in reductive dehalogenation 
of a-halo ketones,16-18 stoichiometric quantities of which 
were employed for this purpose by Alper.18 

Table I1 summarizes our initial studies with 1. We have 
chosen 3-bromoheptan-4-one (2) as our model substrate 
because both 2 and its reduced form, 4-heptanone, can be 
easily, quantitatively determined by either GC or lH NMR. 
Alper's homogeneous reaction conditions involve heating 

(24) Townsend, J. M.; Reingold, I. D.; Kendall, M. C. R.; Spencer, T. 

(25) Kitley, S. W. Comprehensiue Organometallic Chemistry; Perga- 
A. J. Org. Chem. 1975,40, 2976. 

mon Press: Oxford, 1982; Vol. 3, p 1079. 

the substrate to 85-90 "C for 48 h with equimolar amounts 
of 1 in dry DME.18 Therefore, as expected, our initial 
attempts to reduce 2 with catalytic amounts of 1 in re- 
fluxing THF for less than 3 h at 65 "C resulted in only 
negligible traces of 4-heptan0ne~~ along with substantial 
amounts of unidentified side products (Table 11, entry 1). 

The situation was significantly improved by adding 
hydridosilane to the system. As illustrated in Table 11, 
entries 2-6, this modification enabled complete reduction 
of 2 with less than equimolar quantities of 1. Yet, it ap- 
pears that even in the presence of excess phenylsilane, 1 
mol of 1 cannot reduce more than 5 mol of 2. This stoi- 
chiometry cannot be regarded as a catalytic process be- 
cause Mo may be easily oxidized up to the +5 and even 
+6 oxidation states. Increasing temperature, addition of 
sodium bicarbonate, or carrying out the reaction in the 
absence of solvent all resulted in only minor improvements 
of reduction rates and yields (entries 7-9) but did not 
increase the molybdenum turnover numbers beyond five. 

Assuming that the problem arises from the difficulty of 
regenerating Mo(0) from its partially oxidized forms, we 
iooked for methods to stabilize the catalyst. One approach 
involved the employment of M ~ ( N ~ ) ~ ( d p p e ) ~ ,  which is a 
useful catalyst in a number of transfer hydrogenation re- 
act ion~.~ '  This complex, however, was found to be inef- 
fective for our reaction (Table 11, entry 10). Nevertheless, 
addition of triphenylphosphine to 1 (about 3-4 equiv of 
PPh, per molybdenum) resulted in a truly catalytic process 
involving molybdenum, allowing employment of less than 
2 mol % of this transition metal. Interestingly, higher 
concentrations of phosphine ligands did not inhibit the 
reaction. In fact, any concentration ratio of PPh3 to Mo(0) 
from 2:l to 20:l had equal effects on reaction rates and 

(26) It appears that rapid reduction occurs at elevated temperatures. 
Injecting a sample of the reaction mixture (containing 2 and at least 20 
mol % of 1 with or without silane) to the GC injection port (>250 " C )  
resulted in an apparent quantitative conversion into 4-heptanone. This 
observation, however, does not represent the situation in benzene or THF 
at reflux temperatures. Essentially no reaction was observed when the 
molybdenum complex waa removed from the mixture (by precipitation 
with cold hexane and filtration) prior to injection into the GC. Accord- 
ingly, no reaction waa observed when the mixture was analyzed by NMR 
instead of GC. 

(27) (a) Tatsumi, T.; Shibagaki, M.; Tominaga, H. J. Mol. Catal. 1981, 
13,331. (b) Tatsumi, T.; Hashimoto, K.; Tominaga, H.; Mizuta, Y.; Hata, 
K.; Hidai, M.; Uchida, Y. J. Organomet. Chem. 1983, 252, 105. 
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yields. An exception to this generalization is the reduction 
of bromocamphor, 7 (entries 9-11 in Table 111), in which 
the absence of phosphine ligands resulted in a truly cat- 
alytic reaction and significantly higher yields. 

Reactions proceeded with satisfactory rates in either 
refluxing THF or benzene or in toluene and diglyme at  
similar temperatures, but not, however, in hexane, which 
is a poor solvent for the molybdenum complex (Table 11, 
entries 11-13, and Table 111). Using GC analyses, no 
change in reduction rates was observed on addition of a 
solid base (e.g. NaHC03). However, in the absence of base, 
the reaction mixture turned highly acidic, causing dete- 
rioration of both starting material and product and in- 
creasing the amounts of side products, particularly during 
long reactions. 

In agreement with our previous work on conjugate re- 
ductions with the Mo(O)/silane PhSiH3 was 
found to be the most reactive hydridosilane out of a dozen 
readily available hydridosilanes checked.20" For example, 
reduction with diphenylsilane (Table 11, entry 14) pro- 
ceeded between 10 to 20 times slower than that with 
phenylsilane, and the corresponding reaction with poly- 
methylhydrosiloxane (PMHS) was found to be too slow 
to be practial (Table 11, entry 15). It appears that the 
required amount of phenylsilane for complete reduction 
is approximately 0.5 mol per mol of substrate, implying 
that two out of the three hydrides of the silane molecule 
may actively participate in the reaction (Table 11, entries 
16-18). Nevertheless, in order to achieve maximal re- 
duction rates, particularly on a small scale, we employed 
more than 1 mol of hydridosilane per mol of substrate. 
Thus, the set of conditions described in entry 16 of Table 

I1 represents a satisfactory system for reduction of 2, 
leading to quantitative reduction in less than 50 min. 
Using this optimal set of conditions, reduction of a dozen 
other a-halocarbonyl compounds (Chart I) was carried out 
successfully, demonstrating the generality of this reaction 
(Table 111). 
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From the examples in Table 111, it appears that the 
reaction proceeds equally well with primary, secondary, 
and tertiary bromo ketones. a-Chloro carbonyl compounds 
may also be reduced under these conditions, and the re- 
action is applicable to ketones as well as to esters. aromatic 
bromide (Table 111, entries 3 and 4) remains intact under 
the reaction conditions. 

Although most of the reactions described in Table 111 
were carried out on a small scale, reductions may be con- 
veniently performed on a preparative scale. For example, 
reduction of 1.62 g of bromononanone 15 was completed 
within 80 min, affording 5-nonanone in 96% yield. Sim- 
ilarly, conversion of a-bromocamphor (7) into camphor 
(81%) was carried out on a 10-mmol scale. 

At this point the exact details of the catalytic cycles of 
both the pdadium-and molybdenum-catalyzed reductions 
are unknown. It is conceivable that in both cases the 
reaction involves an oxidative addition of the halo carbonyl 
to the transition metal, leading to the corresponding 
palladium or molybdenum enolate, followed by hydride 
transfer to the metal, and subsequently to the substrate. 
This assumption is supported in the Pd case by the ap- 
pearance of substantial quantities of the corresponding 
a,@-unsaturated ketone.24 Also, reduction of phenacyl 
bromide with dideuteriodiphenylsilane and Pd(0) catalyst 
resulted in formation of monodeuterioacetophenone as the 
major product (proved by GCMS analysis). Similar deu- 
terium incorporation was observed with molybdenum as 
well when reduction of 9 and 10 was carried out with 
phenyltrideuteriosilane. Nevertheless, the molybdenum 
case seems to differ from that of palladium, as reduction 
also proceeds to some extent in the absence of silane. 
However, the difference in reaction rates observed with 
or without silane indicates that the actual catalyst is, 
probably, an activated molybdenum complex, generated 
by reaction of 1 and hydridosilane. The existence of such 
an activated catalyst is supported by the observation of 
a latent period of 0.2-2 h in most of the reactions. In some 
cases, the reduction itself was shorter than the latent pe- 
riod. Moreover, addition of a working reaction mixture 
to a fresh one resulted in rapid reduction of the additional 
substrate with no latent period. I t  appears that both ac- 
tivation of the catalyst and the reduction itself require 
temperatures of at least 60-70 OC, as no reaction took place 
at room temperature by using a heat-treated THF solution 
of 1 and phenylsilane. 

Conclusion 
This study has demonstrated the advantages of using 

phenylsilane with catalytic amounts of molybdenum hex- 
acarbonyl and triphenylphosphine as an effective reducing 
system for reductive dehalogenation of a-halo carbonyl 
compounds. With respect to a-halo carbonyl reduction, 
this Mo(0) system was found to be superior to our pre- 
viously described palladium(O)/diphenylsilane mixture, 
resulting in higher yields and clean products. 

Experimental Section 
Infrared spectra were measured on the neat compounds on a 

FT/infrared Nicolet MX-1 spectrometer. 'H NMR spectra were 
measured in deuteriochloroform of a Varian FT-80A or Bruker 
WH-270 NMR spectrometer. GC-MS analyses were carried out 
on a Finnigan 4500 spectrometer. Thin layer chromatography 
(TLC) was performed on aluminum sheets precoated with silica 
gel (Merck, Kieselgel60, F-254, Art. No. 5549). Column chro- 
matography separations were performed on silica gel (Merck, 
Kieselgel60, 230-400 mesh, Ar. No. 9385) under pressure of 0.4 
atm (flash chromatography). GC analyses were performed on a 
Spectra Physics 7100 (FI detector) gas chromatograph equipped 
with a 0.125 in. X 2 f t  column packed with 10% SE-30 on 
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Chromosorb W. Preparative GC separations were carried out with 
a Varian Aerograph 9OP (TC detector) equipped with either a 
'I2 in. x 20 f t  column packed with 10% carbowax 20M on 
Chromosorb W or a 3/e in. X 20 ft column packed with 10% SE30 
on Chromosorb W. Distillations were usually performed with a 
Buchi Kugelrohr apparatus and the temperatures given are pot 
temperatures. Tetrahydrofuran, diglyme, benzene, and toluene 
were distilled over sodium benzophenone ketyl. Tetrakis(tri- 
pheny1phosphine)palladium was prepared from palladium di- 
chloride.28 Phenylsilane and phenyltrideuteriosilane were pre- 
pared by reduction of trichlorophenylsilane with LiAlH, and 
LiA1D4, respectively, in dry ether.29 

Substrates. Compounds 3,4,7, 12, and 13 were purchased 
from Aldrich and 14 from Light & Co. Ltd. Compound 5 was 
prepared as reported.m Compounds 2, 8,31 9,% lo,= and 15 were 
prepared by dropwise addition of bromine (0.1 mol) into a solution 
of the parent ketone (0.1 mol) in glacial acetic acid (50 mL) a t  
room temperature, followed by extraction with ether, washing with 
aqueous sodium carbonate, removal of the solvent, and finally 
vacuum distillation. All products were found to be pure by GC 
and NMR. Compounds 694 and 11% were prepared by dropwise 
addition of bromine (0.1 mol) into a vigorously stirred mixture 
of the parent ketone (0.1 mol) in water (50 mL) at  room tem- 
perature, followed by ether extraction and distillation. 

General Procedure for Dehalogenation with Pd(0) Cata- 
lyst. The a-halo ketone (0.10.83 mmol) was dissolved in T H F  
(5 mL) along with diphenylsilane (1.0-3 equiv) and, in some cases, 
K&OS (1-2 equiv). Pd(PPh& (3.5-10 mol %) was added and 
the mixture was stirred at  room temperature (inert atmosphere 
was not required). The composition of reaction mixture was 

(28) Coulson, D. R. Znorg. Synth. 1972,13, 121. 
(29) Harvey, M. C.; Nebergall, W. H.; Peake, J. S. J. Am. Chem. SOC. 

1957, 79,1437. 
(30) (a) Gaudry, M.; Marquet, A. Org. Synth. 1976,55,24. &I) Roueael, 

C.; Babadjamian, A.; Chanon, M.; Metzger, J. Bull SOC. Chim. Fr. 1971, 
1087. 

(31) Dalton, P. R.; Rodebaugh, R. K.; Jefford, C. W. J. Org. Chem. 
1972, 37, 362. 

(32) House, H. 0.; Frank, G. A. J. Org. Chem. 1966,30, 2948. 
(33) Hart, H.; Lerner, L. R. J.  Org. Chem. 1967, 32, 2669. 
(34) Garbiech, E. W., Jr. J.  Am. Chem. SOC. 1964,86,1780. 
(35) Garbisch, E. W., Jr. J. Org. Chem. 1965, 30, 2109. 

monitored by GC using internal standards. More details are given 
in Table I. 

General Procedure for Dehalogenation with Mo(0) Cat- 
alyst. The CY-halo carbonyl subatrate (0.2-0.6 "01) was dissolved 
in T H F  (0.5-1.0 mL) and mixed with MO(CO)~ (4-11 mol %), 
triphenylphosphine (17-33 mol %), phenylsilane (120-280 mol 
%), and sodium bicarbonate (80-250 mol%). The mixture was 
refluxed or heated to the desired temperature (when other solvent 
was used). Progress of the reaction progress was monitored by 
GC and/or NMR, using internal standards. More details are given 
in Tables I1 and 111. 

Preparative Procedures. Reduction of 4-Bromononan- 
5-One. A mixture comprised of 4-bromononan-&one (1.62 g, 6.87 
mmol), MO(CO)~ (0.09 g, 0.34 mmol), phenylsilane (1.08 g, 10 
mmol), triphenylphosphine (0.35 g, 1.33 mmol), and NaHCOs (0.83 
g, 9.83 "01) in 7 mL of THF was refluxed for 80 min (completion 
of the reaction was evident by GC). The mixture was cooled to 
room temperature, water (0.15 mL) was added, and the solvent 
was removed under reduced pressure. Distillation of the residue 
afforded pure (GC, NMR) 5-nonanone (0.98 g, 96% yield). 

Reduction of a-Bromocamphor. A mixture of a-bromo- 
camphor (2.24 g, 9.69 mmol), MO(CO)~ (0.14 g, 0.53 mmol), 
phenylsilane (1.30 g, 12 mmol), and NaHC03 (0.88 g, 10.46 "01) 
in 6 mL of THF was refluxed for 1.5 h (completion of the reaction 
was evident by GC). The solution was worked up as described 
above, affording pure camphor (GC, NMR) (1.19 g, 81% yield). 

Acknowledgment. W e  thank the fellowship program 
of the Consejo Nacional de Investigaciones Cientificas y 
Tecnicas de la Republica Argentina for their  generous 
financial support. 

Registry No. 1,13939-06-5; 2,42330-10-9; 2 (debromo deriv), 
123-19-3; 3, 70-11-1; 3 (debromo deriv), 98-86-2; 4, 99-73-0; 4 
(debromo deriv), 99-90-1; 5,19967-55-6; 5 (debromo deriv), 563- 
80-4; 6, 822-85-5; 6 (debromo deriv), 108-94-1; 7, 1925-58-2; 7 
(debromo deriv), 76-22-2; 8,1073-252; 8 (debromo deriv), 497-38-1; 
9, 3212-63-3; 9 (debromo deriv), 565-80-0; 10, 2648-71-7; 11, 
10409-47-9; 11 (debromo deriv), 583-60-8; 12, 533-68-6; 12 (de- 
bromo deriv), 105-54-4; 13,532-27-4; 14, 107-59-5; 14 (debromo 
deriv), 123-86-4; 15, 42330-11-0; 15 (debromo deriv), 502-56-7; 
Ph2SiH2, 775-12-2; Pd(PPh3)4, 14221-01-3; Et3SiH, 617-86-7; 
PhSiHQ, 694-53-1; P ~ ( O A C ) ~ ,  3375-31-3. 

Fjord Region 3,4-Diol 1,2-Epoxides and Other Derivatives in the 1,2,3,4- and 
5,6,7,8-Benzo Rings of the Carcinogen Benzo[g]chrysene 

Clifford M. Utermoehlen, Mahatam Singh, and Roland E. Lehr* 

Department of Chemistry, University of Oklahoma, Norman, Oklahoma 73019 

Received June 8, 1987 

Dihydrodiol and diol epoxide derivatives of the carcinogen benzo[g]chrysene (BgCh) have been prepared to 
probe structural factors involved in the carcinogenesis and mutagenesis of polycyclic aromatic hydrocarbons. 
Preparation of 1,2-dihydrobenzo[g]chryaen-4(3H)-one (6) and 7,&dihydrobenzo[g]chrysen-5(6H)-one (1 11, ketones 
suitable for further elaboration to potential metabolites of benzo[g]chrysene in the 1,2,3,4- and 5,6,7,8-benzo 
rings, respectively, was achieved through two cyclization steps. Photochemical closure of 241- or 2-naphthy1)styrene 
derivatives 4 and 9 afforded chrysene and benzo[c]phenanthrene ring systems with a butyric esterlacid side chain 
poised for a second ring closure (acid-catalyzed) to the desired ketones. Preparation of pure BgCh 3,4-diol 
l,%epoxides 23 and 24 from the dihydrodiol diester 14 by conversion to separable trans bromohydrins, cyclization 
to the epoxides, and hydrolysis of the acetates was found to be more successful than preparation from the dihydrodiol 
15. 

I n  the mid-l970s,  evidence linking diol epoxide deriva- 
tives of polycyclic aromatic  hydrocarbons (PAHs) to t h e  
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carcinogenicity of P A H s  began to emerge.lI2 Since then,  
syntheses  of these molecules a n d  their  dihydrodiol pre- 
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