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left only a small residue on evaporation, suggesting that most of 
the ethyl metaphosphate decomposed during the distillation. 

All of the 1,2-dibromopropane was recovered using the standard 
procedure. Even when the reaction mixture was refluxed for 
5 hr, 86% of the dibromide survived. In both runs, provision 
was made to collect evolved propene over water, but none was 
produced. The experimental data are summarized in Table 11. 
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It has been known that epoxides are transformed to 
the corresponding ketones by the action of cobalt tetra- 
carbonyl anion or dicobalt octacarbony1.l In  the 
presence of carbon monoxide, carbon monoxide inser- 
tion reactions occur to give p-hydroxy carboxylic 
acid esters in alcohol solution2 and @unsaturated 
acids in benzene solution. Furthermore, under the oxo 
conditions, a,p-unsaturated aldehydes are p r ~ d u c e d . ~  
Although the interesting reaction behaviors of a-organo- 
metallic compounds toward olefins, acetylenes, ke- 
tones, or aldehydes have been evealed during these 10 
years, the reactivity of alkyl or acyl transition metal 
complexes toward epoxides has not yet been defined. 
However, the facility with which n-methallylnickel 
bromide reacts with styrene oxide to give 2-methyl-4- 
phenyl-5 -h ydroxypen tene-15 suggests that the analo- 
gous reactions of alkyl or acyl transition metal com- 
plexes might be important in organic synthesis. 

Lithium acylmetal carbonylates, prepared by the 
reaction between organolithium compounds and metal 
carbonyls, are efficient nucleophilic acylating agents, 
and many useful organic reactions using these reagents, 
such as syntheses of aldehydes,B a~ylo ins ,~  a-diketones,' 
unsymmetrical  ketone^,^ and 1,4-dicarbonyl com- 
pounds8 have been reported, The reaction of lithium 
aroylnickel carbonylate with styrene oxide was carried 
out and it was found that the product is not the ex- 
pected aroylphenylethyl alcohol but a,p-diphenyl-y- 
butyrolactone, which seemed to be produced by di- 
merization and hydrogen abstraction of styrene oxide. 
In  this paper, we report the formation of a,p-diphenyl- 
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y-butyrolactone from styrene oxide by the action of 
lithium aroylnickel carbonylate or dibenzyliron tetra- 
carbonyl, which is a new type of transformation of ole- 
fin oxide and would promise a unique synthetic route to 
lactones from olefin oxides. 

Results and Discussion 
Styrene oxide undergoes reaction with lithium ben- 

zoylnickel carbonylate (1) to give trans-a,p-diphenyl- 
y-butyrolactone (2, 19.3%) , benzyl phenyl ketone (3, 
trace), benzoin (23~5%)~ and benzoic acid (9.0%). The 
latter two compounds are produced by the hydrolysis 
of 1,' and the former two seem to be the products de- 
rived from the reaction between styrene oxide and l. 

1 

1 . H '  

2. A 
2 (19.3%) 

C,H,CH,CC,Hj + C~H~C-CHCGH~ 4- CGHjCOOH 
II I (9.0%) (1) 0 OH 

3 (trace) (23.5%) 

II 
0 

The formation of 2 was not explained by the com- 
bination of benzoyl group in 1 with styrene oxide; so, in 
order to clarify whether the phenyl groups in 2 came 
from styrene oxide or 1, an analogous reaction was 
carried out using lithium p-toluoylnickel carbonylate 
(4) instead of 1. 
C~H~CH-CHZ + Li[p-CH3CsH4CKi(CO)s] + 2 (17.0%) + 

A II 
0 

4 
'0' 

CaHsCHzCC6H4CHa-p + (p-CH3CeH9)zCO + (p-CH&sH4C-)z 

0 I/ li 
5 (1 .7%) (21.0%) (trace) 

(2 ) 

After the reaction was complete, the ether was 
evaporated and the benzene-soluble part was distilled 
under reduced pressure. Then, 2 was obtained in a 
similar yield to that from reaction 3 ,  and the forma- 
tion of benzyl p-tolyl ketone 5 corresponded to the 
formation of 3. Di-p-tolyl ketone and pip'-bitolyl are 
the products formed by thermal decomposition of 4.7 
The fact that 2 was obtained in both reactions 1 and 2 in 
similar yields shows that the aroyl group in 1 or 4 is not 
incorporated into the structure of 2, and so 2 mol of 
styrene oxide is transformed to 1 mol of 2 with the aid 
of the aroylnickel carbonylate complex. As the reac- 
tion mixture before distillation (bath temp 200-250") 
under reduced pressure does not show a peak due to the 
carbonyl group of the y-lactone at  1780 em-', heating 
is necessary for the formation of 2 in addition to the 
aroylnickel carbonylate complex. By column chro- 
matographic separation of the residual oil after removal 
of the solvent, the crude material, which had a peak at  
3600-3200 cm-1 and no peaks in the carbonyl region 
(2100-1630 cm-l), was obtained from the methanol 
eluate, and this material, which could not be purified by 
recrystallization, was transformed to 2 by heating above 
200". This suggests that an alcoholic compound is 
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formed prior to the formation of 2 and heating of the 
compound results in the formation of 2. The forma- 
tion of 3 in reaction l and 5 in reaction 2 is important in 
spite of the low yields, for they are the sole products, 
respectively, formed by the addition of the aryl group 
in the nickel complex to styrene oxide, but the mech- 
anism is still open to question. 

C,H,CH-CH, 

(3) 
‘0’ 

Li[ArCNi(CO)J ArCCH2CsHj 
II 
0 

II 
0 

Further, to establish the formation of y-lactone from 
styrene oxide by the action of metal complexes, the 
reactions of styrene oxide with dibenzyliron tetracar- 
bonyl, nickel carbonyl, iron tetracarbonylate anion, 
and palladium dichloride were carried out. Styrene 
oxide gives 2 and a- and P-phenylethyl phenylacetate (7 
and 8) by the reaction with dibenzyliron tetracarbonyl 

6 (reaction 4). In  the formation of the esters 7 and 8, 
the sequences shown in Scheme I seem to be probable. 

SCHEME I 

r 1 

+C,H,CH-CH, , 1 ‘o/ I 

When propylene oxide was used instead of styrene 
oxide, isopropyl phenylacetate, and n-propyl phenyl- 
acetate were produced. The formation of the y-lac- 
tone 2 was not explained in terms of the attack of the 
benzyl or the phenylacetyl group to styrene oxide, for 
in the analogous reaction using p-methylbenzyl bro- 
mide instead of benzyl halide as a partner in the reac- 
tion with iron tetracarbonylate anion, 2 was also pro- 
duced in a similar yield (14.9%). Styrene oxide (2 
mol) is transformed to 2 as well as in the case of reac- 
tion 1 or 2. 

On the other hand, in the case of nickel carbonyl, 
styrene oxide was transformed to 2 (trace amount) and 
phenylacetaldehyde (8.3%) but not to acetophenone. 

CeHsC H-C Hz 
‘0’ 

Ni(C0)r ____f 2 (trace) + C6H5CH2CHO (5) 

From the reaction of styrene oxide with disodium iron 
tetracarbonylate, 2 (trace amount), styrene (l.l%), 
and a-phenylethyl alcohol (18.9%) were obtained (re- 
action 6 ) .  Therefore, nickel carbonyl or disodium iron 

(8.3%) 

NazFe(C0)c 

2 (trace) f CsH&H=CH2 4- C B H ~ C H C H ~  (6) A* 
(1.1%) (18.9%) 

tetracarbonylate is not effective for the transformation 
of styrene oxide to 2. As the formation of 2 from sty- 
rene oxide seems to involve the dimerization and the 
hydrogen abstraction processes, i t  is expected that 
palladium dichloride which causes easy hydrogen 
transfer may cause the analogous reaction behavior to 
occur, but the formation of 2 was not observed and 
the isolated products were phenylacetaldehyde (10.0%) 
and trans-2,5-diphenyl-l,4-dioxane (2.5010, reaction 7).9 

(2.5%) 

It is interesting to note that styrene oxide is trans- 
formed to trans-a$-diphenyl-y-butyrolactone by the 
action of lithium aroylnickel carbonylate or dibenzyl- 
iron tetracarbonyl in contrast to the reaction of styrene 
oxide with r-methallylnickel b r ~ m i d e , ~  in which case 
the epoxide ring was cleaved as a result of the addition 
of the methallyl group to form 2-methyl-4-phenyl-5- 
hydroxypentene-1. A study of the mechanism of the 
y-lactone formation reaction, which remained unex- 
plored because of the lack of structure determination of 
the precursor to the y-lactone, and further studies of 
the reaction between a-organometallic compounds and 
olefin oxides are continuing and will be reported in the 
near future. 

Experimental Section 

Yields of 2,3 ,5 ,  
7, and 8 and the products obtained in parts F, G, and H were 
calculated based on the used styrene oxide, and those of the 
other products were calculated based on the used organic halide. 
Gas-liquid partition chromatographic analyses were performed 
on a Yanagimoto GCG-5DH instrument using 2.5 m X 3 mm 
columns packed with 5y0 SE-30 (column temperature 160-280°, 
4’ min-’, carrier gas He, 15 cc min-’) or on a Hitachi K53 in- 
strument using 2.4 m X 3 mm columns packed with Polyester 
DS (column temperature 160°, carrier gas He, 25 cc min-l). 

A. Reaction of Styrene Oxide with Lithium Benzoylnickel 
Carbony1ate.-The ether solution (50 ml) of nickel carbonyl 
(17.1 g, 0.1 mol) was added dropwise to the ether solution of 
phenyllithium prepared from bromobenzene (15.7 g, 0.1 mol) 
and lithium metal (1.5 g, 0.22 g-atom) a t  -70 to -60°, and the 
mixture was stirred for 2 hr a t  that temperature.’ Then styrene 

All reactions were carried out under nitrogen. 

(9) This compound WRS known to be produced by the action of tetrachloro- 
R .  K. Summerbell and M. J. Kland-English, J .  Amsr. tin on styrene oxide: 

Chem. S O O . , . ~ ~ ,  5095 (1955). 
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oxide (15 g, 0.13 mol) was added to this lithium benzoylnickel 
carbonylate solution and the mixture was stirred for 5 hr from 
-60' to room temperature. Benzene (100 ml) was added to this 
solution and the mixture was stirred for 5 hr a t  50-60'. After 
hydrolysis with 4 N hydrochloric acid (50 ml), the reaction mix- 
ture was extracted with ether, and this ether solution was sep- 
arated by extraction with 5% aqueous sodium hydroxide to an 
acidic part and a neutral part. From the acidic part, benzoic 
acid (1.1 g, 9.0%) was obtained. The neutral part was distilled 
under reduced pressure after removal of the solvents to give the 
following fractions: 1, bp 50-100' (5 mm), 1.6 g; 2, bp 100- 
180' (5 mm), 9.4 g; 3, bp 180-200" (5 mm), 6.6 g; and 4, bp 
200-210' (2 mm), 2.4 g. Most of fraction 1 consisted of the re- 
covered styrene oxide. Recrystallization of fractions 2 and 3 
from petroleum ether (bp 3O-6O0)-benzene gave trans-or,p- 
diphenyl-7-butyrolactone (2) [mp 96-96.5"; white crystals; 
m/e 238, 193, 179, 116; YC-o 1780 cm-l; nmr (CDCL) T 6.05 
(2 H), 5.1-5.8 (2 H), 2.75 (10 H )  (Anal. Calcd for Cl6HI1O2: 
C, 80.64; H, 5.92; mol wt, 238. Found: C, 81.00; H ,  5.90); 
3 g, 19.3%] and benzoin (2.5 g, 23.5%). Benzyl phenyl ketone 
(3, trace) was identified by glpc of fractions 2 and 3. Alkali 
hydrolysis (KOH-ethylene glycol) of 2 gave or,p-diphenyl-y 
hydroxybutyric acid: mp 147-148'; white crystals; m/e 
256, 238, 179, 137; YC-o 1690 cm-l; YO-H 3600-3300 cm-l. 
Reduction of 2 with lithium aluminum hydride gave 2,3-diphenyl- 
1,4-butanediol: mp 102-102.5'; white crystals; m/e 242, 212, 
194, 180, 165; YO-H 3400 cm-l; nmr (CDCla) T 7.25 (2 H), 6.60 
(2 H) ,  6.10 (4 H), 3.00 (10 H ) .  As fraction 4 had no peaks at  the 
carbonyl region of the lactone, more purification was not carried 
out. 

B. Reaction of Styrene Oxide with Lithium p-Toluoylnickel 
Carbonylate .-In place of bromobenzene, p-bromotoluene (17.1 g, 
0.1 mol) was used, and an analogous reaction was carried out 
under the same conditions as those of reaction A. After the re- 
action was over, the reaction mixture was extracted with hot 
benzene and the benzene-soluble part was distilled under reduced 
pressure to give 2 (3.0 g, 17.0%), benzyl p-tolyl ketone 5 (0.5 
g, 1,7%), di-p-tolyl ketone (4.4 g, 21,0%), and p,p'-bitolyl 
(trace). The identification and the calculation of yields of the 
products were carried out by glpc analysis. Instead of dis- 
tillation under reduced pressure, the reaction mixture was sep- 
arated by alumina column chromatography, and 5, di-p-tolyl 
ketone, and p,p'-bitolyl were also obtained from a benzene or ether 
eluate. From the methanol eluate, ayellow solid (16.4 g) was ob- 
tained, and it showed a peak a t  3600-3200 cm-' but no peaks at  
the carbonyl region. Attempts to purify this yellow solid were 
unsuccessful but it was transformed to 2 (2 g) by distillation under 
reduced pressure above 200'. 

C. Reaction of Styrene Oxide with Dibenzyliron Tetracar- 
bonylate .-To the tetrahydrofuran solution (150 ml) of disodium 
iron tetracarbonylate prepared from sodium dispersion (1.4 g, 
0.06 g-atom) and triiron dodecacarbonyl (5 g, 0.01 mol), styrene 
oxide (15.5 g, 0.13 mol) was added a t  -40 to -30". After 
stirring for 1-2 hr a t  that temperature, benzyl bromide (10.3 g, 
0.06 mol) was added and the reaction mixture was stirred for 2 
hr from -30' to room temperature and then for 4 hr under re- 
fluxing tetrahydrofuran. The solvent was removed by dis- 
tillation and then the residue was extracted with hot benzene. 
The benzene-soluble part was distilled under reduced pressure 
after removal of benzene to give the following fractions: 1, bp 
80-140' (0.4 mm), 2.0 g; 2, bp 140-200' (1 mm), 6.0 g. A glpc 
analysis of these fractions showed that fraction 1 consisted of 
dibenzyl ketone (1.5 g, 23.8'70) and bibenzyl (0.5 g, 9.2%), and 
fraction 2 consisted of 2 (2.8 g, 19.6%), or-phenylethyl phenyl- 
acetate 7 (2.2 g, 14.8y0), and p-phenylethyl phenylacetate 8 
(trace). An analogous reaction using benzyl iodide (13.1 g, 
0.06 mol) gave the same products: dibenzyl ketone (1.4 g, 
22.2y0), bibenzyl (1.9 g, 35.0'70)~ 2 (2.3 g, 16.1'7)) 7 (0.2 g, 
1.4%), and 8 (trace). 

D.  Reaction of Styrene Oxide with Di-(p-methylbenzy1)iron 
Tetracarbony1.-In place of benzyl halide, p-methylbenzyl 
bromide (11.1 g, 0.06 mol) was used and an analogous reaction 
was carried out under the same conditions as that in part C. 
Products were or-phenylethyl alcohol (0.8 g, 11.1%), p,p ' -  
dimethylbibenzyl (0.8 g, 13.2%), di-(p-methylbenzyl) ketone 
(1.9 g, 27.9%), and 2 (1.0 g, 14.9%), which were identified by 
glpc analysis. 

Reaction of Propyrene Oxide with Dibenzyliron Tetra- 
carbonyl.-Prouvrene oxide (14.0 g, 0.24 mol) and benzyl iodide 
E. 

(13.1 g, 0.06 mbi) were used and an analogous reactionwas car- 

ried out under the same conditions as in reaction C, and isopropyl 
phenylacetate (0.18 g, 1.7%), n-propyl phenylacetate (0.14 g, 
1.3%), dibenzyl ketone (1.5 g, 23.8%), and bibenzyl (2.5 g, 
45.6%) were identified by glpc analysis. 

F. Reaction of Styrene Oxide with Nickel Carbonyl.-A 
mixture of styrene oxide (2.4 g, 0.02 mol) and nickel carbonyl 
(3.5 g, 0.02 mol) in ether (10 ml) and benzene (10 ml) was 
stirred for 3 hr a t  10" and then for 5 hr a t  50'. After removal of 
the solvents and the remaining nickel carbonyl, the residual oil 
was distilled under reduced pressure to give phenylacetaldehyde 
(0.2 g, 8.3%) and 2 (trace), whichwere identified by glpc analysis. 
Phenylacetaldehyde was also confirmed by its infrared (2750, 
1730 em-l) and nmr (T 0.55) spectra. No acetophenone was 
detected by glpc. 

Reaction of Styrene Oxide with Disodium Iron Tetra- 
carbony1ate.-Styrene oxide (1.56 g, 0.013 mol) was added to the 
tetrahydrofuran solution of disodium iron tetracarbonylate, pre- 
pared from triiron dodecacarbonyl (1.7 g, 0.0034 mol) and sodium 
dispersion (0.7 g, 0.03 g-atom), and the mixture was stirred for 
9 hr under refluxing tetrahydrofuran. After removal of the sol- 
vent, the residue was filtered and the filtrate was distilled under 
reduced pressure to give styrene (0.015 g, l.l%), or-phenylethyl 
alcohol (0.3 g, 18.9%), and 2 (trace), which were identified by 
glpc analysis. 

H. Reaction of Styrene Oxide with Palladium Dichloride.- 
Styrene oxide (4.8 g, 0.04 mol) was added to a suspensionof palla- 
dium dichloride in benzene (50 ml); the mixture was stirred for 
27 hr under reflux of benzene. The mixture was filtered and the 
filtrate was distilled under reduced pressure after removal of 
benzene to give the following fractions: 1, bp 60-82' (12 mm), 
0.62 g; 2, bp 100-134' (1.5 mm), 0.89 g; 3, bp 150-210' (1 
mm), 1 .O g. A glpc analysis of fractions 1 and 2 showed that the 
recovered styrene oxide (0.5 g, 10.4%) and phenylacetaldehyde 
(0.48 g, lO.Ooj,) were contained in these fractions. Recrystalli- 
zation of fraction 2 from petroleum ether gave trans-2,5-diphenyl- 
1,4-dioxane: mp 180-180.5' (litme 174-175'); white plates; 
m/e 240, 149, 120, 104, 91. Anal. Calcd for CIBH~~OZ:  C, 
79.97; H, 6.71; mol wt, 240. Found: C, 80.69; H, 6.93. 
As fraction 3 had no peaks at the carbonyl region of the lactone, 
more purification was not carried out. 

Registry No.-1, 25154-62-5; 2, 25109-89-1 ; 4, 
25154-63-6; 6, 25154-64-7; styrene oxide, 96-09-3; 
di- (p-methylbenzyl) iron tetracarbonyl, 25 154-65-8 ; a, p- 
diphenyl-y-hydroxybutyric acid, 25109-09-4 ; 2,3-di- 
phenyl-l14-butanediol, 6583-62-6. 
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The synthesis of compounds such as the title com- 
pound I was undertaken because of their possible use as 
valuable reagents for the synthesis of a variety of a- 
substituted acids desired for testing for biological ac- 
tivity. In  addition, the novel functionality, epoxide 
and ortho ester, would make a study of their chemical 
reactivity of interest. 
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