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Table I 
Reduction of 2-Cyclopentenone with 

Various Reducing Agents 
Product composition,” % 

LiAIHd, THF,  Oob 0.0 14.0 2.5 83.5 
LiAlH(O-tevt-.Bu),, 0.0 0.0 11.2 88.8 

THF,  Oob 
NaBH,, EtOH, 780b 0.0 0.0 0.0 100.0 
AlH,, THF,  Oob 0.0 90.0 6.1 3.9 

9-BBN, THF,  Ood 0.0 100.0 0.0 0.0 

i-BUzAlH, CsHs, 0.5 99.0 0.0 0.5 
Ooc 

a Analysis by GLC. Reference 7 .  c Reference 9a. Present work. 

2-Cyclohexenone is converted to 2-cyclohexenol in quan- 
titative yield (eq 3). 
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Even 2-cyclopentenone, known for it’s susceptibility to 
undergo conjugate addition with hydride reducing agents? 
is cleanly converted to the desired 2-cyclopentenol in es- 
sentially quantitative yield (eq 4). 
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Results sumnnarized in Table I clearly reveals the superi- 

ority of 9-BBN over previously available reagents, such as 
lithium aluminum hydride, lithium tri-tert- butoxyalumi- 
nohydride, sodium borohydride, and aluminum hydride. 

Further, the results of the competition experiments in- 
volving 2-cyclohexenone and organic compounds contain- 
ing representative functional groups toward 9-BBN and of 
other research underway5 indicate that the present reac- 
tion can tolerate the presence of a large variety of function- 
al groups, such as nitro, halogen, epoxide, carboxylic acid, 
ester, amide, nitrile, sulfide, disulfide, sulfoxide, sulfone, 
tosylate, azo, etc. This is a major advantage of 9-BBN over 
other reagents such as diisobutylaluminum h ~ d r i d e . ~  The 
remarkable utility of 9-BBN for such selective reductions 
involving polyfunctional substrates is confirmed by the se- 
lective conversion of 4-carbethoxy-3-methyl-2-cyclohexe- 
none to 4-carbethoxy-3-methyl-2-cyclohexenol and 0- nitro- 
cinnamaldehydc! to o-nitrocinnamyl alcohol in yields of 95 
and 76%, respectively (eq 5). 
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The following preparative procedure for the reduction of 
2-cyclopentenone to 2-cyclopentenol is representative. An 
oven-dried 500-nnl three-necked flask, equipped with a side 
arm fitted with ;a silicone rubber stopple, egg-shaped stir- 

ring bar, and pressure equalizing dropping funnel con- 
nected to a mercury bubbler through a connecting tube, 
was flame dried and cooled to room temperature under a 
dry stream of nitrogen. The flask was charged with 25 ml of 
dry THF and 8.35 ml (8.21 g, 100 mmol) of 2-cyclopenten- 
one (n20D 1.4814) and cooled to Ou with an ice bath. Then, 
171.7 ml (103 mmol) of a 0.6 M 9-BBN solution in THF 
was added dropwise over a period of 2 hr with vigorous stir- 
ring. After 4 hr at  Oo, the solution-was stirred for 2 hr at  
25O. Then 0.5 ml of methanol was added to destroy excess 
9-BBN. THF was removed under reduced pressure and dry 
n-pentane (100 ml) added, followed by 6.4 ml (6.3 g, 103 
mmol) of 2-aminoethaliol. Immediately the ethanolamine 
derivative of 9-BBN precipitated. The mixture was centri- 
fuged and the clean pentane layer decanted. The precipi- 
tate was washed with three 30-ml portions of n-pentane 
and centrifuged, and the decantates were added to the 
main fraction. Pentane was distilled off and the residue on 
vacuum distillation gave 7.12 g (85%) of 2-cyclopentenol as 
a colorless liquid, bp 78O (59 mm), n20D 1.4716 [1it.lo bp 
52O (12 mm), n20D 1.47171, >99% pure by GLC. 

In conclusion, it should be pointed out that 9-BBN pos- 
sesses certain major advantages over other reagents for this 
transformation. It reduces 2-enones, normally highly sus- 
ceptible to conjugate reduction, cleanly to the allylic alco- 
hols. Yet it is a very mild reducing agent, similar to sodium 
borohydride and lithium tri-tert- butoxyaluminohydride in 
its selectivity. 
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Photoannelations with a-Formyl Ketones. 
Enol Specificity in the Reaction of Acyclic 

a-Formyl Ketones with Alkenes’ 

Summary: The irradiation of several acyclic a-formyl ke- 
tones in the presence of alkenes gives rise to photoproducts 
derived exclusively from that tautomer enolized toward the 
aldehyde carbonyl, which can then be cyclized to provide a 
new cyclohexenone annelation sequence. 

Sir: The photochemical cycloaddition of fl  diketones to alk- 
enes2a,b is well documented and has been adequately re- 
viewed.38-* In general this reaction can be viewed as pro- 
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ceeding through one of two possible enols to give a substi- 
tuted 2-acylcyclobutanol which then suffers ring fragmen- 
tation yielding a 1,5 diketone. Subsequent aldol cyclization 
of the photoproduct affords- various cyclohexenones. Al- 

0 

though the material yields are generally good, the consider- 
able synthetic potential of this two-step sequence has not 
been totally realized. In significant measure this is due to 
the large number of products which often results. For ex- 
ample, the reaction between an unsymmetrical 0 diketone 
and an unsymmetrical alkene followed by aldolization can 
give eight’ structurally different cyclohexenones, neglecting 
stereoisomers. This multiplicity arises because there are (a) 
two reactive enol tautomers per diketone, (b) two alkene 
orientations per enol, and (c) two aldol products per photo- 
product. Such mixtures have often restricted the prepara- 
tive value of the process.3f 

We now wish to report that the analogous reaction with 
a-formyl ketones leads to a significant reduction in product 
complexity and renders the process generally useful. 

It occurred to us some time ago that acyclic a-formyl ke- 
tones might be attractive partners in photochemical anne- 
lations. We reasoned that their use could result in signifi- 
cant simplification of the photochemical annelation se- 
quence, as compared to (3 diketones. For instance, a twofold 
simplification arises directly because the ketoaldehyde 
photoproduct can only undergo a single aldol cyclization. 
We hoped that additional simplification would result if the 
two enol tautomers were sufficiently different, either in re- 
activity or concentration, to permit preferential reaction of 
one tautomer in the photochemical cycloaddition step. It is 
the purpose of this paper to report that our preliminary 
findings are in complete accord with these expectations 
and that a potentially general and useful annelation pro- 
cess has emerged. To date there have been no reports of 
such reactions with a-formyl ketones, although two groups 
have employed a dialdehyde in ingenious syntheses of loga- 
nin.* 

0 OHCAR, - 7 

la, R, = R2 = H5a’b 
b, Rl = H, R, = i-C,jH75i 
c ,  R, = R2 = CH35’d 

( iB ( 6 6.7 !4 6 9.2 
The NMR spectra of various acyclic a-formyl ketones 

clearly indicate that they are totally enolized and that 
there is an appreciable concentration of both enols in all 
 case^.^^^ In fact the relative amounts of the two enols are 

rather insensitive to substitution patterns, in contrast to 
the formyl derivatives of cyclic ketones.6a It was thus some- 
what surprising when irradiation of various symmetrical 
alkenes with a-formyl ketones provided products which 
were exclusively derived from tautomer A. For instance 
formylacetone and tetramethylethylene afforded keto alde- 
hyde 3a in quantitative yield. Particularly diagnostic was 
the aldehyde singlet at  9.64. There was no trace of an addi- 
tional aldehyde proton absorption (triplet) for the alterna- 
tive photoproduct 5a, ruling out the intervention of tau- 
tomer B in the photocycloaddition. Acid-catalyzed cycliza- 
tion of 3a then yielded cyclohexenone 4a (69%)8 as a single 
homogeneous ~ubstance.~ Similar results were obtained 
with 4-isopropylformylacetone (lb) which was smoothly 
converted to keto aldehyde 3b.8 In no instance were we able 
to detect even trace quantities of 5b which would arise 
from the alternate enol tautomer B. 

la, b (CH&*C(CHah+ [I::&:] - 
&C Ri 

2a, b 

CH3H&Ho 

5a, b 6a, b 
H 

I 
Rl 

7a, b.c 8a, b, c 

la-8a, Rl = R2= H; lb-Bb, R, = H, Rz = z-C,H,; 
lc-8c, Rl = Rz = CH, 

We have also caused formyl ketones la-c to react with 
cyclohexene and again the results indicate a specific reac- 
tion with tautomer A. For example, formylacetone (la) 
reacted with cyclohexene at - 2 O O  to -3OO to give ketoal- 
dehyde 7a which was then directly cyclized to octalone 8a 
(mixture of stereoisomers).sp10 In a similar fashion, formyl 
ketones lb and IC were specifically converted to the substi- 
tuted octalones 8b and 8c8,11 

An explanation for the selective enol reactivity observed 
in this study is difficult to advance at  this time. We have 
made the qualitative observation that formyl ketone l b  af- 
fords more product than does acetylacetone in a competi- 
tive reaction for excess cyclohexene. However, the revers- 
ible formation of intermediates in this reaction12 does not 
permit us to determine the relative rates of reaction. 

Taken together, the experiments that we have reported 
here indicate that alkenes can be expected to react prefer- 
entially, if not exclusively, with that tautomer of a simple 
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acyclic a-formyl ketone which is enolized toward the alde- 
hyde carbonyl. Because the photoproducts can only under- 
go aldolization in a single sense, a fourfold simplification in 
the overall annelation sequence has resulted, compared 
with the analogous reactions with ,6 diketones. In terms of 
net structural change, the reaction can be summarized by 
the following equation. 

The single remaining point of ambiguity, orientation of 
the photoaddition with unsymmetrical alkenes, is currently 
under investigation. Based on preliminary findings we ex- 
pect our studies to result in a general cyclohexenone syn- 
thesis which complements existing methods.13 
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Indirect Bromination 
by Reaction of Aniline Hydrobromide 

with Dimethyl Sulfoxide 

Summary:  Indirect bromination of aniline can be achieved 
by reaction of the aniline hydrobromide salt with dimethyl 
sulfoxide to afford p-bromoaniline and o-bromoaniline in a 
12:l ratio. This simple indirect bromination proceeds with 
a high degree of regiospecificity to afford predominantly 
p -  bromoaniline. 

Sir: Fletcher and coworkers1 have reported that 2-amino- 
3-bromofluorenone is obtained from the reaction of tert- 
butyl bromide and 2-aminofluorenone in dimethyl sulfox- 
ide and from the reaction of 2-aminofluorenone with 48% 
HBr in dimethyl sulfoxide. We wish to report that the reac- 
tion of aniline hydrobromide with dimethyl sulfoxide at  an 
elevated temperature (refluxed for 45 min) afforded pre- 
dominantly the p-bromoaniline in 74% yield and only 6% 
0- bromoaniline. This indirect bromination process is sum- 
marized in Scheme I which depicts the DMSO-Br2 adduct2 
I1 as the active brominating species. 

Scheme I 
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C6H5NH3 + Br- + DMSO S 

c ~ H ~ N H ~  
I 

f 
HOSMe, + Br- ;--t HBr 

2HBr + DMSO - H,O 3- 

f + HOSMe, + Br- 

+ DMSO 

Me,S + Br,' 

DMSO + Br, G DMSO-Br, 
I1 

I 

74% 6% 

The process depicted in Scheme I illustrates the selective 
indirect bromination of aniline by way of its hydrobromide 
salt to yield almost exclusively p-bromoaniline.3 This re- 
sult is somewhat surprising since direct b r ~ m i n a t i o n ~ ~  of 
aniline in most instances yields di- and trisubstituted de- 
rivatives. 

Although the DMSO-Br2 adduct has been depicted in 
Scheme I as the brominating species we have no direct evi- 
dence of its constitution. A second possible brominating 
agent is the M e 2 s - B ~  a d d ~ c t ; ~  dimethyl sulfide formed in 
the oxidation of hydrogen bromide could complex with free 
bromine. However the formation of both of the bromine 
adducts would be expected to be reversible processes, and 
it would be anticipated that the reaction conditions would 
favor the formation of the DMSO-Br2 adduct (provided 
that the thermodynamic stabilities of the two adducts are 
not vastly different), since the reaction is normally carried 
out in the presence of a large excess of DMSO. 

p -  and o-Bromoaniline. Aniline hydrobromide (13.05 g, 0.075 
mol) was added to 100 ml of dimethyl sulfoxide5 and the resulting 
mixture was refluxed for 45 min. The reaction was allowed to cool 
to room temperature and poured into a dilute solution of sodium 


